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ABSTRACT 

The nuclear reactions xl6Sn(d,p)ll7Sn, 133Sn(d,p)133Sn, and 

134Sn(d,p)l25Sn have been studied at incident deuteron energies between 

U.35 and 5.55 MeV. Below 5.2-MeV excitation energy, 52 levels are ob

served in 1X7Sn, U9 in 133Sn, and k9 in 12BSn. Many of the upper levels 

in all three nuclei are previously unreported, as is the 0.859-MeV level 

in 135Sn. Comparison is made between our results and those of other ex

periments to help establish the orbital angular momentum transfer and 

total angular momentum of the observed levels. 

Angular distributions of the differential cross section at sev

eral incident deuteron energies have been measured for certain states of 

interest in ll7Sn, 133Sn, and lseSn. Angular distributions are tabu

lated for all resolved levels in the "LlsSn(d,p)ll7Sn reaction at 5.35 

MeV, and the 134Sn(d,p)13SSn reaction at 5.55 MeV. Cross sections at 

l6o° with = 5.15 MeV are reported for all observed levels in 133Sn. 

Excitation functions for the ll6Sn(d,p)ll7Sn reaction at deuteron ener

gies between b.35 and 5-55 MeV in steps of 100 keV were measured at 1600 

for the first three states in ll7Sn. 

A DWBA stripping analysis of the angular distributions and exci

tation functions is discussed, and values for the reduced width and 

spectroscopic factor are given. The spectroscopic factors are relative

ly insensitive to the optical-model parameters for the deuteron and pro-
I 

ton. Values of the spectroscopic factor for a given level at all 

ix 
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incident deuteron energies are consistent to better than 10$. The spec

troscopic factor, but not the reduced width, is quite sensitive to the 

method of calculating the neutron bound state wave function. The spec

troscopic factors are estimated to be accurate to approximately 15°l>. 

Comparison of the present spectroscopic factors with those ob

tained from other experiments reveals general agreement with most of the 

other experiments. Occupation parameters from the experimental spectro

scopic factors are compared with results from recent pairing theory cal

culations. It is concluded that pairing theory can describe fairly 

accurately the filling of shell-model orbits in the ground state of even 

tin isotopes, and that the lowest levels of the odd tin isotopes can be 

described as predominantly one-quasi-particle states. 



CHAPTER I 

INTRODUCTION 

The tin isotopes, with a closed shell of protons and a wide 

range of neutron numbers, offer special opportunities for studying nu

clear structure and nuclear reactions. The nuclear structure is rela

tively simple and has been represented fairly accurately by shell-model 

calculations using pairing theory [1-73. One is able to measure various 

quantities as the N=50 to 82 neutron shell is filled and compare them 

with experiment. 

In a comprehensive study of (d,p) stripping and (d,t) pickup re

actions at 15 MeV on the available isotopes from A=112 to 12k, Schneid, 

Prakash, and Cohen [8] obtained, among other things, spectroscopic 

factors and corresponding occupation parameters for the active neutron 

orbits. The spectroscopic factors were obtained from the stripping 

cross sections by comparison with distorted-wave Born approximation 

(DWBA) calculations of the cross sections. For the three orbits which 

are filling most rapidly in the available tin isotopes, the 3sl9 2d3, 
S 2" 

and lh , the experimental values agree with recent calculations of oc-
2 

cupation parameters [^,5>93 to within the rather large uncertainties 

present in DWBA analysis at the energy used by Schneid et al. [83. 

Many uncertainties in DWBA theory for the (d,p) reaction on 

heavy nuclei like tin are reduced if the incident deuteron energy is 

1 



2 

sufficiently below the Coulomb barrier, and if the Q, value of the reac

tion is sufficiently small. Also it is possible under these conditions 

to extract a reduced width which is independent of the assumed bound 

state neutron wave function [10,ll]. 

We have studied the reactions ll6Sn(d,p)117Sn, 138Sn(d,p)1S3Sn, 

and I24Sn(d,p)125Sn at incident deuteron energies down to approximately 

one half the Coulonib barrier in order to obtain reduced widths and more 

accurate spectroscopic factors and to assess the reliability of these 

measurements. In Chapter V, spectroscopic factors and their change with 

neutron number are compared with occupation parameters from simple pair

ing theory and with results from other experiments, including those of 

Schneid et al. [8]. In the process of studying the reactions, we have 

observed new levels in ll7Sn, 1S3Sn, and 13BSn, and have associated lev

els not previously reported in stripping reactions with levels observed 

in pickup reactions [ll,12] and gamma decay [13], 

Much theoretical [11,lU] and experimental effort has been de

voted to investigating the possibility that more reliable spectroscopic 

factors may be obtained from DWBA. analysis of neutron stripping reac

tions at incident energies below the Coulomb barrier than at the usual 

energies above the Coulomb barrier. There are several reasons for 

thinking that this might be the case, particularly when both the inci

dent and outgoing particle energies are well below the Coulomb barrier 

so the distorted waves are attenuated rapidly near the nuclear surface. 

The bound state neutron wave function falls off slowly with radius, so 

the overlap with the incident and outgoing distorted waves occurs 
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predominantly outside the nuclear radius in a region where many of the 

uncertainties in the DWBA. method are minimized. The Born approximation 

is more valid since the reaction channels are very weak compared to the 

incident elastic channel. The neglect of compound nucleus effects is 

less serious, and simplifying assumptions about the internal structure 

of multinucleon projectiles should be more valid. Most importantly, the 

distorted waves are relatively insensitive at the low energies to the 

uncertain nuclear optical-model potentials. Under very favorable condi

tions of low bombarding energy, near zero Q, value, and heavy targets, 

the nuclear potentials for the distorted waves may be omitted. 

The effect of these advantages has been demonstrated for many 

(d,p) reactions of practical interest for which relatively consistent 

spectroscopic factors have been obtained over a range of subcoulomb en

ergies and/or with a variety of acceptable optical-model parameters 

ClO,l5-2o]. Neglecting the uncertainty in the bound state neutron wave 

function which affects reactions both above and below the Coulomb bar

rier [193, spectroscopic factors reliable to approximately 10$ have been 

reported for Coulomb stripping compared to approximately 30$ above the 
Is* /<b 

Coulomb barrier [1^,15]. 

Some of the heavier isotopes of tin were chosen for the present 

experiment because the ground state Q value of the (d,p) reaction to odd 

tin isotopes decreases with increasing mass. A lower Q value for the 

reaction to a given state means the outgoing proton is at a lower energy 

and the bound state neutron wave function falls off more slowly with 

radius thus enabling more accurate calculations and yielding higher 

cross sections. 



k 

In comparison with the Coulomb barrier of approximately 9 MeV in 

tin, the lowest proton energy of interest was approximately b MeV. The 

highest proton energy of interest was approximately 10 MeV from the 

(d,p) reaction to the ground state of ll7Sn at 5.35 MeV bombarding ener

gy. The zero orbital angular momentum transfer in this case favors a 

smaller interaction radius for this reaction, thus making it the most 

sensitive to optical-model parameters and compound nucleus effects. The 

effect of various optical-model parameters on the calculated differen

tial cross section for the ground state and first excited state of ll7Sn 

was tested. Excitation functions were measured at one angle for the 

first three states in ll7Sn from U.35 to 5.35 MeV to check for the 

smooth variation with energy expected of pure stripping reactions. As a 

final reliability check and to obtain accurate averaged results, spec

troscopic factors were extracted from angular distributions for several 

states from all three reactions at several incident deuteron energies. 

The major uncertainty remaining in the spectroscopic factors is 

due to our lack of knowledge of how to treat the bound state neutron 

wave function. We have followed the usual separation energy prescrip

tion for determining the potential well depth. We have tried to obtain 

the best possible potential well parameters for use with that prescrip

tion, and have assessed the effects of those parameters on the spectro

scopic factors. 

The calculated DWBA cross section for Coulomb stripping is de

pendent only on the tail of the bound state neutron wave function, and 

only the normalization of the tail is uncertain. A reduced width which 
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is proportional to the spectroscopic factor times the square of the 

bound state neutron wave function at some large radius Rq is independent 

of the uncertainties in the wave function [10,ll]. To test another 

method of calculating bound state wave functions one must merely calcu

late the value of the new wave function at Rq to obtain spectroscopic 

factors from our reported reduced widths. 

Experimental procedures including methods of data analysis to 

obtain energy calibrations and cross sections are discussed in Chapter 

II. In Chapter III, experimental results including excitation energies, 

angular distributions and excitation functions are presented. The angu

lar distributions at these bombarding energies are not very sensitive to 

orbital angular momentum transfer Jt>n and are certainly not sensitive to 

total angular momentum transfer j. Our cross sections and excitation 

energies are compared in Chapter III with results of other experiments 

to establish the and j value assignments of states we have observed. 

Explanation of the DWBA calculations is included in Chapter IV. 

The determination of important parameters in the calculations is ex

plained and the sensitivity of spectroscopic factors and reduced widths 

to various parameters is discussed. The extracted values of the spec

troscopic factors and reduced widths are presented. 

In Chapter V, the spectroscopic factors are compared with other 

experimental values and with the predictions of pairing theory for the 

low-lying states. A summary and conclusions are presented in Chapter 

VI. 



CHAPTER II 

EXPERIMENTAL PROCEDURES 

Experimental Arrangement 

The experiments described in this dissertation were carried out 

in the Van de Graaff Laboratory of the University of Arizona. Deuteron 

beams up to 5.55 MeV were available from the High Voltage Engineering 

Corporation Model CN Van de Graaff. A new beam line was established 

with control slits and viewing quartz approximately 3.1 meters from the 

axis of rotation of the 90° bending magnet. The scattering chamber was 

installed with the target position 66 cm from the control slits. The 

control slits and scattering chamber were within the focal range of the 

Van de Graaff and 90° bending magnet system. 

The beam energy was selected in the 90° bending magnet. The 

magnetic field was monitored with a Varieui FH-20 Hall-effect gaussmeter, 

whose probe was firmly attached between the pole faces of the bending 

magnet. The beam energy was calibrated for this beam line to 3 keV pre-
* 

cision using the l88l-keV threshold in the 7Li(p,n)7Be reaction. On a 

separate occasion, the beam energy was calibrated at U806 keV to 5 keV 

precision using a resonance in proton elastic scattering on 1SC [2l], 

The two measurements were consistent to 1 keV using the non-relativistic 

formula for a charged particle in a magnetic field, 

E = (B3Z3)/MK . 

6 

(1) 
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The constant, K, was determined to be H05.6U (gauss)3/(AMU-MeV) using a 

proton mass of 1 AMU. Using an integer mass for the deuteron as was 

done gives a 5-keV error at 5-MeV incident deuteron energy. A recent 

measurement of the 7Li(p,n)8Be threshold by D. L. Barker and L. C. 

Mclntyre [22] showed a change in the constant K of 0.2% over a one-year 

period. They also determined that with protons at l88l keV, the beam 

energy changes only k keV for each cm change in the vertical position of 

the control slits. 

The scattering chamber was developed from an existing chamber 

and stand. The chamber and stand were built by A. S. Goodman for a dif

ferent type of experiment. 

Drawings of the scattering chamber viewed from the top and from 

the side are presented in Figs. 1 and 2, respectively. A given letter 

labels the same parts in both drawings. Detectors can be mounted within 

30° of each other, and positioned from 170° to 0° from the beam direction 

on either side of the beam, cables permitting. The detector angle 

is set from outside by manually turning the small 10-cm gear which 

drives the 23-cm gear-scattering table. When set at integer angles, the 

scattering table position may be reatf directly through the glass viewing 

port to 0.1°. The positioning of a detector relative to the beam di

rection was checked by measuring elastic scattering between 21° and 25° 

on either side of the beam. The detector angle at that time was found 

to be accurate to ± 0.1°. 

The collimating apertures used throughout these experiments for 

the movable detectors were 0.^75 cm in diameter. These safely defined a 



Fig. 1. Top view of the ^U-cm scattering chamber. 

A cross section through the horizontal plane of the beam line is shown. Major parts below 

the beam line are included. Parts are identified as follows: 

A. Stainless steel chamber 

B. Port for 12-pin electrical feedthrough 

C. Ten-cm gear on shaft to outside 

D. Tantalum Faraday cup 

E. Tantalum electron suppressor ring 

F. Twenty-three-cm aluminum gear-scattering 
table 

G. Target and holder 

H. Teflon insulators, supports, and bearings 

I. Tantalum-surfaopd backscatter shield 

J. Detector angle indicator 

K. Aluminum arm with dovetail track 

L. Detector collimating apertures 

M. Silicon surface-barrier detector 

N. Brass detector mount 

0. Cooling line 

P. Vacuum port 

Q. Tantalum anti-scattering apertures 

R. Carbon beam-defining aperture 

S. Tantalum beam-defining aperture 

T. Removable beam collimator assembly 

U. Stray beam shield 

V. Monitor detector aperture 

W. Monitor detector and mount 

X. Microdot detector cable feedthrough 

Y. Stainless steel detector coolant 
feedthrough 

Z. Tantalum anti-reaction aperture 

a. Insulators 

Parts C, F, H, J, K, 0, P are below the horizontal plane of the beam line. 
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Fig. 1. Top view of the kb-cm. scattering chamber. 
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Fig. 2. Cross section drawing of the kb-cm. scattering 

The parts are identified as follows: 

A. Stainless steel chamber 

D. Tantalum Faraday cup 

E. Tantalum electron suppressor ring 

F. Aluminum gear-scattering table 

G. Three-position target holder 

H. Teflon insulators, supports and bearings 

I. Tantalum-surfaced backscatter shield 

K. Aluminum arm with dovetail track 

L. Detector collimating apertures 

M. Silicon surface-barrier detector 

N. Detector mounts, brass 

P. Small arc of 15-cm vacuum port 

chamber. 

Q,. Tantalum anti-scattering aperture 

R. Carbon beam-defining aperture 

T. Removable beam collimator assembly 

U. Stray beam shield 

Z. Tantalum anti-reaction aperture 

a. Insulators 

b. Electron suppression magnets 

c. Removable stainless steel top 

d. Target angle dial 

e. Target position scale 

f. Glass viewing port 
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large sensitive area on the smallest detectors used, 25 mm2. The detec

tor collimators were separated by 2.2 cm. The back collimator was 13.2 

cm from the target. In this geometry the movable detectors subtended a 

solid angle about the target of 1.02 millisteradians. The solid angle 

on three such detector assemblies was shown to be the same within the 

l.U$ statistics obtained when an alpha particle source was placed in the 

target position. The fixed monitor detector was covered with a 0.32 cm 

diameter aperture, 17.6 cm from the target. The aperture was centered 

at a scattering angle of l6o.5°. Thus the monitor detector subtended a 

solid angle of 0.26U millisteradians. Although several detectors were 

often mounted on the scattering table, only one detector was used in a 

given run because the available routing to the pulse-height analyzer 

memory was possibly too slow, and all 102U channels of the memory were 

usually needed for one detector. Also, at any given time, one detector 

would prove far superior in resolution. 

The target angle could be determined to ± 0.5° and the target 

height to ± 0.0U cm. Target angles were set in a reflection geometry 

for scattering angles greater than 100° and in a transmission geometry 

for scattering angles of 100° or less. The target angle was determined 

in the following manner. Uniform targets are assumed. If the differen

tial energy loss for the incident deuterons is R times greater than that 

for the outgoing protons of interest, then the minimum proton energy 

resolution loss due to target thickness is obtained in the case of re

flection geometry by minimizing R sec cp^ + sec cp^, where cpd and cp^ are 

the angles less than 90° between the normal to the target and the direc

tion of the deuterons and protons respectively. In the transmission 
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geometry the best proton resolution is obtained if R sec cpd = sec cp^. A 

value of 2 was used for R which is appropriate for approximately U.8 MeV 

deuterons and 7 MeV protons. 

The beam collimator assembly was constructed from a U0.1+ cm 

length of 1.6 cm O.D. stainless steel pipe. The whole assembly could be 

removed from inside the chamber. The current on any beam-defining aper

ture as well as the current on the target or Faraday cup, could be read 

in the control room. The detector ground was insulated from the chamber. 

The beam-defining apertures used were 0.2k cm in diameter. The 

front one was made of tantalum and was placed 1+1.2 cm from the target. 

The back beam-defining aperture was 15.7 cm from the target. It was 

made of carbon to minimize elastic scattering, and was .covered by a tan

talum aperture of slightly larger diameter to reduce neutron production. 

Two tantalum anti-scattering apertures 0.32 cm in diameter were used. 

The back aperture was placed 8.3 cm in front of the target, and the 

front one was fixed 1.7 cm behind the front beam-defining collimator. 

Although this collimation could allow a ± 0.5° uncertainty in the beam 

direction and a 0.U6 cm diameter beam spot on the target, such large 

deviations were never realized in practice. During alignment, the beam 

cross section was about as large as the collimators and the chamber was 

aligned to minimize the current on both collimators and give a circular 

beam spot on a quartz crystal in one of the target positions. Proper 

collimation is, of course, quite important in obtaining high resolution 

and being able to obtain accurate elastic cross sections and cross sec

tions for peaks below the elastic peak. 
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Provisions were made for cooling the detectors. Twenty-pound 

blocks of dry ice could be placed in several inches of ethyl alcohol in 

an insulated chest. The alcohol was pumped with a standard sump pump 

used' for evaporative coolers. The alcohol was pumped through copper 

tubing in each brass detector mount. Tygon or vinyl plastic tubing was 

used outside the chamber and tygon tubing was used for a flexible con

nection inside the chamber. The tygon outgassed rapidly at room temper

ature but did not affect the vacuum appreciably when cooled. When the 

chamber was fully loaded, detectors cooled, and the detector cables had 

outgassed for ten hours, the chamber pressure was on the order of 

4 x 10~7 mm of mercury. The detectors could be warmed rapidly by at

taching a second pump in room temperature alcohol to the chamber feed-

throughs. Warm water up to body temperature was used for the final 

warming. 

The movable detectors, as opposed to the fixed monitor detector, 

were always used in the half of the chamber which had the detector lead 

feedthroughs and the detector cooling line feedthroughs. Having both 

the cooling and the detector leads coming in the same port necessitated 

warming of the Microdot detector lead feedthroughs with a flow of warm 

air to prevent condensation. The tygon cooling lines also were too in

flexible when cooled to dry ice temperatures to be able to flex enough 

for a detector rotation in the small space available. Imperial Eastman 

"Polyflo" maintains its flexibility at low temperatures. Also, standard 

vacuum tight fittings exist for that tubing. However, even at room tem

perature Polyflo is probably not flexible enough to replace the tygon in 
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the chamber in the present configuration. This less than ideal configu

ration was necessitated by the geometry of the chamber which we were not 

free to modify appreciably. A better configuration is to have the cool

ing lines and the detector leads come through the center of the bottom 

of the chamber, such that the feedthroughs rotate with the scattering 

table. This would allow shorter lines inside the chamber with less 

chance of their getting fouled. The cooling lines on, the outside could 

be arranged to rotate while cold. At present the gate valve flange on 

the pump-out port covers the center of the bottom of the chamber. 

Clearly it would also be better to have a long extension port 

for the Faraday cup. The tantalum-surfaced backscatter shield,labeled 

I in Figs. 1 and 2,was required to insure that the detectors at backward 

angles could not receive particles backscattered from the internal Fara

day cup. When the target holder is raised, the backscatter shield 

rotates with the target holder, so the shield can be placed at any de

sired angle. 

Electron suppression magnets were placed in the brass detector 

mounts. The 290 gauss field between the magnets is enough to deflect 20-

keV electrons incident normal to the^.detectors so that the electrons 

will not reach the plane of the back detector collimator. The front 

fringing field should prevent low-energy electrons from making a tight 

spiral right into the detector. A 0.5-MeV proton is deflected by the 

suppression magnets only 30 jjm at the back detector collimator. Spectra 

were never taken without the electron suppression magnets. The neces

sity of using them for high resolution spectra is well established [23]. 
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Electronics and Detectors 

Silicon surface-barrier detectors with a maximum depletion depth 

of 1000 pm were used in the experiments described in this dissertation. 

Two Ortec detectors of 200 mms-area performed well cooled and uncooled 

throughout the experiments, but at best had only 50-keV resolution. One 

was always used for the monitor detector. Most spectra were taken with 

a 25 mm2-area detector from Princeton Gamma-Tech Inc. or its identical 

replacement. After being cooled and warmed up several times, both of 

the 25 mm8 detectors suffered microplasma breakdown at less than l/H-

full bias at room temperature. The second detector clearly showed some 

recovery ability over a one-month time sitting at atmospheric pressure. 

A block diagram of the usual electronics configuration is shown 

in Fig. 3. The detector signals were amplified by charge-sensitive Or

tec 109 preamplifiers. The pulses were further amplified and shaped for 

maximum energy resolution with Ortec UlO amplifiers. The resolution of 

this basic amplifier system was determined with equivalent 8-MeV pulses 

from a precision pulser, using typical shaping including single differ

entiation and integration of 0.5 (j-sec time constant. With no detector, 

the system resolution was 7 keV FWHM. With the best detector, uncooled, 

12-keV resolution was obtained with the pulser. The resolution under 

running conditions was limited by the thickness and non-uniformity of 

the targets to 23 keV FWHM. 

A single channel analyzer was used to place a window on the 

Monitor detector peak produced by deuterons elastically scattered from 

the tin. The resulting logic signals were scaled. Care was taken to 

center the window on the elastics in the same manner for all runs. 
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Pulse pile-up within the resolving time of the multichannel ana

lyzer was a clear problem in the present applications with an elastic 

count rate often 106 times higher than the reactions of interest. The 

fast time derivation of the Ortec 260 Time Pickoff produces fast logic 

signals for pulses including those much closer together than the re

solving time of the multichannel analyzer. After slight amplification, 

the logic signals drove an Ortec kokk Pile-up Inspector. Pulses within 

a certain inspect interval triggered a blocking pulse of twice the dura

tion of the inspect interval. For the duration of a blocking pulse ap

plied to a d.c.-coupled Canberra Industries ll+51 Linear Gate in its 

anti-coincidence mode, no linear signal is allowed to pass through the 

gate. The linear signals were suitably delayed such that two pulses 

within the usual 8-microsecond inspect interval of the pile-up inspector 

were blocked completely at the gate. The number of pulses rejected by 

the pile-up inspector were counted, as were the number allowed to pass. 

These numbers gave the system dead time in each run due to pile-up in

spection. 

An Ortec 438 Baseline Restorer and direct access to the ADC im

proved resolution considerably. The^multichanne1 pulse-height analyzer 

consisted of a l6lF ^096-channel ADC and 18QM 102̂ -channel memory unit 

of the Nuclear Data Corporation. The analyzer live time was compared 

with a real time clock to obtain analyzer dead time. The analyzer live 

time was based on an internal clock subject to the same dead time as 

analyzed signals. The resulting dead time was then accurate, assuming 

a steady count rate. 



17 

Target Preparation 

The three isotopes of tin used as targets were obtained from Oak 

Ridge National Laboratory in the form of metal powder. The most effec

tive method developed for producing thin self-supporting targets with a 

small amount of material involved evaporating the metal in a high vacuum 

from a vertical tantalum tube approximately 0.28 cm in diameter. A tube 

9 cm long was cut 3/*+ of the way through, 2 l/2 cm from the top, and 

bent over 90° "to allow the tin vapor to escape straight up. The bottom 

2 l/2 cm was bent 90° the other direction. Near the bottom of the ver

tical section the tube was flattened and welded shut. The two ends were 

clamped to copper electrodes for resistive heating of the tube. 

Tin was deposited on soaped glass microscope slides approximate

ly 2.6 cm above the mouth of the tube. Target-size squares of tin were 

floated off in water. Surface tension of the water was reduced with 

photo-flo and the foils were lifted off with target holders. During 

evaporation, the tin did not stick to the soap, or even to 10 ̂ g/cm3 

carbon foils, nearly as well as to clean glass. Approximately 10 tar

gets, 0.8 cm in diameter of thickness from 200-^00 ng/cm3, were produced 

in one evaporation of 35 mg of 134Sn. A few targets of 133Sn were 

similarly obtained, ranging from 200-^50 }j,g/cm3. Targets of 116 Sn rang

ing from approximately 180-300 p,g/cm3 were evaporated with a tantalum 

tube. An earlier set of 116Sn targets 500-800 ̂ g/cm3 thick were evapo

rated from a carbon crucible with an electron gun. 

An analysis of the amount of 38Si and other contaminants, pre

sent in the targets and in the material before evaporation, indicated 
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that the amount of these contaminants evaporated onto the targets can be 

reduced greatly by heating the material only enough to slowly evaporate 

the tin. This procedure was followed with 134Sn targets. The tempera

ture of the tantalum tube was raised at the end of the evaporation of 

1lfi 122 the Sn and Sn targets. On these targets, the surface receiving 

the final evaporation had a dull grey to bluish cast indicating contami

nation . 

Data Collection Procedures 

At the beginning of a series of runs, the chamber was aligned as 

previously described in the discussion of the beam collimation assembly. 

Minimum slit scattering was essential for clean spectraj however, the 

beam could not be too well focused without endangering the target. A 

beam of 320 nA melted a hole in a 124Sn target. Also, to obtain reason

able count rates the current on target had to be reduced to a level that 

could only be obtained by stopping much of the beam with the control 

slits and front collimator. It proved essential to have the beam focus 

in front of the target rather than after it. Under typical running con

ditions with 200 nA registered in the Faraday cup, the front and back 

collimators registered 25 and 10 nA respectively. 

Run times were varied considerably to obtain reasonably consis

tent statistics. Ninety minutes was usual at 5.55 MeV and backward 

angles. This yielded better than 1000 microcoulombs of integrated beam 

current at 250 nA with 1.5$ total dead time. Runs of seven hours with 

8$ dead time were common at lower energies and forward angles. 
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After each run, the spectra plus the pulse-height analyzer live 

time were listed, punched on paper tape, and plotted on a linear scale. 

Integrated beam current taken with an Elcor Model A309A integrator was 

recorded along with the run real time, and the number of pulses passed 

and rejected by the pile-up inspector. 

Data Analysis 

To facilitate reduction of the data on the University of Ari

zona's CDC 6UOO computer, the spectra on paper tape were converted to 

punched cards using a tape-to-card converter or the fortran program 

TTC of R. L. Hershberger. Semi-log plots of the spectra on translucent 

paper were produced using the CALCOMP plotting routine SMLPLT. These 

could be overlaid to identify levels by size and kinematic shift. 

The number of counts in peaks and their positions were deter

mined several ways. Multiplets were often unfolded with the program 

Gaussian-II feU], It fits up to ten peaks with symmetric or skewed 

Gaussians along with a quadratic or exponential background. The counts 

in many peaks and the error were determined by hand in the same manner 

as will now be described for the program ACK. 

The position and total counts of most of the peaks were deter

mined with the computer code ACK. This program requires as input the 

position and height of a background point on each side of each peak in a 

single run. A linear background is assumed. For each peak, the number 

of counts, A, the number of background counts below the peak, B, and the 

h centroid are determined. The error calculated for A is (A+2B) . The 

number of counts in each peak of a given run and the error in that 
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number is normalized to give relative or absolute cross sections. Mass

es, ground state Q values, and known or estimated excitation energies 

for all the levels being studied plus possible contaminant, levels can be 

included in the program input. Where suitable, an actual peak in the 

spectrum can be associated with a given level. Kinematics are calcu

lated to yield center-of-mass scattering angle and outgoing particle en

ergy for each level. To give the expected channel, xcalc> *"or each 

level, the outgoing particle energy is used with linear energy calibra

tion parameters which are part of the program input. Where a peak has 

been associated with a level, the centroid of the peak, x, minus the 

expected position for the level, xcalc> is given. 

To obtain an accurate, nonlinear energy calibration, the ACK 

output, x-xcâ cJ was plotted against the outgoing particle energy for 

each identified peak. An example of such an energy calibration proce

dure is demonstrated in Fig. k for the 123Sn(d,p)123Sn reaction at l6o° 

with 5.15-MeV incident deuterons. As in all such plots, a smooth cali

bration curve, dashed curve in Fig. U, could be drawn through the unob-

12 16 go 
scured contaminant peaks from deuterons on C, 0, and Si. The 

excitation energies of these contaminant levels £25] and the ground 

state Q values [26] are well known. A second curve, the solid curve in 

Fig. H, is drawn equidistant from the first, dashed, curve and passing 

through the ground state of the tin nucleus being studied. The devia

tion of the point for an excited state in the tin from the final curve 

gives the difference between the state's assumed excitation energy and 

the observed excitation energy. The amount the second curve had to be 



Fig. h. Energy calibration curve for a charged-particle spectrum. 

Deuterons of 5.15 MeV were incident on 133Sn and products were viewed at l60°. The 

deviation, x-x . , from a linear energy calibration with 10.09 keV/ch is plotted 
CSilC 

against outgoing particle energy, for each peak. Numbers above the points are 

excitation energies used with the linear energy calibration to obtain the expected 

position of the peak, xcalc> and the outgoing particle energy. The dashed curve is 

a fit to the contaminant. • The solid curve is equidistant from the dashed curve and 

passes through the Sn ground state doublet. 
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shifted is related to the error in the assumed Q value for the reaction 

leading to the ground state of the nucleus being studied. However, a 

correction must be made because most of the contaminants are on the 

downstream surface of the target, the last side evaporated. This is in

dicated by calibration plots at more forward angles in which the contam

inant curve moves up relative to the tin (d,p) and elastic peaks. 

A fortran program, Q, was written to do the above calibration 

procedure numerically. Program Q, uses the output of ACK. A least 

squares fit of any chosen calibration peaks in a spectrum is made to a 

polynomial of up to tenth order to obtain an accurate energy calibration. 

The new Q value and excitation energy of each peak in the spectrum is 

then calculated. Agreement within a few keV is obtained between the 

numerical and graphical methods. The experimental results reported in 

this dissertation were obtained with the graphical method. 

Normalization of Cross Sections 

The absolute cross sections for the (d,p) reaction were obtained 

by assuming that for each energy studied the deuteron elastic scattering 

cross section on tin at l60° is accurately calculated with the DWBA pro

gram DWUCK using parameter set A as described in Chapter IV. Let 

(da/dQ)(d,p) represent the measured laboratory differential cross sec

tion for some level at a given energy and scattering angle, and let 

(dcj_/dfi)(l6o°) represent the elastic cross section calculated with DWUCK 

for that energy at l6o° and converted to the laboratory frame. Then, 

& (a-p) » ar <l6o°) "o > <2> 
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where M^, is the number of counts in the elastic peak in the monitor de

tector set at l6o° , and N(d,p) is the number of counts observed in the 

movable detector for the peak whose cross section is being measured. 

The effective ratio of the solid angle of the monitor detector to that 

of the movable detector is represented by R^. 

The term effective solid angle ratio is used because the window 

on the elastics in the monitor spectra was necessarily wide to insure 

the elastic peak was not being attenuated by the single channel analyzer 

thresholds. Also, no background was subtracted from the monitor elas

tics . Rq was determined by comparing the number of elastic counts in 

the movable detector to the monitor yield for eleven runs using various 

energies and targets and with both detectors at l6o°. Care was taken to 

determine the number of elastic counts in the movable detector in the 

same manner in which the smaller peaks from the (d,p) reaction would be 

handled. Uniform criteria for determining the number of elastic counts 

were used which were consistent to less than 3but an absolute error 

of 6% is assigned to R^. 

The DWBA calculations of the elastic cross section, 

(dji;i/dQ)(l60o), were verified in two^ways. First, the shape of the cal-£1 * 

culated and experimental elastic scattering angular distributions were 

compared. The angular distribution of calculated and experimental elas

tic scattering relative to Rutherford scattering is shown in Fig. 5 for 

5.55-MeV deuterons on 124Sn and for l+.55-MeV deuterons on 116Sn. All 

the differential cross sections are given for the center-of-mass frame. 

The solid curves connect results calculated with the program DWUCK using 
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Fig. 5- Deuteron elastic scattering angular distributions. 

The ratio of the experimental differential cross section in the 

center-of-mass frame to the Rutherford differential cross sec

tion is shown for deuterons elastically scattered from 124Sn at 

5.55 MeV and 116Sn at U.55 MeV. The solid curves connect 

results calculated with the program DWUCK using parameter set A 

as described in Chapter IV. 
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parameter set A. Deuteron parameter sets A and B discussed in Chapter 

IV as well as two other quite different deuteron parameter sets yielded 

elastic scattering consistent to 1% at all angles for 5.35-MeV deuterons 

incident on 116Sn. Absolute normalization of the experimental points is 

determined by the theoretical curves. The agreement of the shape of the 

theoretical curves with the data justifies our use of the theoretical 

cross sections at l60° for normalization, since the elastic scattering 

at these energies and this target Z is known to be Rutherford at forward 

angles [10,16,27]. The experimental points are obtained from the same 

runs as the (d,p) angular distributions reported in the next chapter for 

the same targets and incident energies. These relatively smooth elastic 

angular distributions then serve to verify the accuracy of the shape of 

our (d,p) angular distributions. 

A second test shows that our use of ( da^/cID) (l6o° ) at all ener

gies is equivalent to trusting the elastic scattering calculation only 

at U.55 MeV where the deviation from Rutherford scattering is less than 

1%. In seven runs taken under similar conditions on a 1S4Sn target at 

5.55> 5.15, and U.55 MeV, the monitor elastic yield, integrated beam 

current, and calculated elastic cross section at the appropriate energy 

were used to give a number proportional to the target thickness for each 

run. The standard deviation of these numbers was ± 1.3$ of the mean. 

The above tests imply our use of the DWBA calculated elastic 

scattering at l6o° for normalization contributes only about a 2$ error 

to the (d,p) cross sections. The total normalization error for the 

(d,p) cross sections is estimated to be 7$. 



CHAPTER III 

EXPERIMENTAL RESULTS 

The experimental results will be presented separately for each 

of the three reactions studied, ll6Sn(d,p)117Sn, 1S2Sn(d,p)133Sn, and 

1S4Sn(d,p)136Sn. Results included in this chapter for all three reac

tions are: 

1. The ground state Q, values and the excitation energy of ob

served levels, 

2. The angular distribution of the differential cross section 

for the population of certain states of interest at several incident 

deuteron energies. 

The angular distribution of the differential cross section is tabulated 

for all resolved levels in ll7Sn and 135Sn from the reactions at E^ = 

5-35 MeV for 117Sn and = 5•55 MeV for 135Sn. Cross sections at l60° 

are presented for all observed levels in 1S3Sn. Excitation functions at 

incident deuteron energies from ^.35 to 5.35 MeV are presented for the 
* 

first three levels in lx7Sn. Because angular distributions at subcou-

lomb energies are not very sensitive to orbital angular momentum trans

fer, and because our statistics are poor for weaker levels, comparisons 

are made with other experiments to help determine the orbital and total 

angular momentum of the observed states in all three nuclei studied. 

Discussion of spectroscopic factors is deferred to the following chapter 

on reaction theory and analysis. 

26 
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The 116Sn(d,p)1:i7Sn Reaction 

Discussion of the Spectra 

A typical charged particle spectrum resulting from incident deu-

terons at 5.35 MeV on a target enriched to 95.7$ in 116Sn is shown in 

Fig. 6. The target thickness is approximately 200 ̂ g/cm2. At this 

backward scattering angle of l6o°, the peaks for (d,p) reactions on tin 

are higher relative to low-mass contaminants and elastic deuterons than 

at more forward angles. The deuteron elastic scattering peak is in 

channel 363. The elastics are not shown in this figure but are included 

in Figs. 12 and 15 for the other nuclei. The broad bump labeled pile-up 

of elastics is at twice the energy of deuterons scattered elastically 

from the 1X6Sn. The reduction of the width of the pile-up from, several 

MeV to around 250 k.eV was discussed in the previous section on electron

ics . At 50°, with a beam current much reduced from that allowable at 

backward angles, this pile-up peak is 18 times higher than the xl7Sn 

ground state peak. The kinematic shift of the pile-up peak to the re

gion of the first three states in ll7Sn discouraged measurement of angu

lar distributions for this nucleus at incident deuteron energies greater 

than U.55 MeV and less than 5.15 MeV. 

Ground State Q Value 

The ground state Q value was determined for this reaction to be 

1*720 ± 8 keV. It was obtained from six energy calibration curves simi

lar to the sample in Fig. 4 which is discussed in the previous chapter. 

This Q value measurement is in good agreement with the accepted value of 



cvr 

1,6 Sn (d,p) "7Sn 
Ed *5.35 MeV 

0 * 160" 

cvj 

in m <v 

m 

0-o to 

CM M (O CM <D <0 
ro OJ 

CM CM 

</> ro 

CM CM CM 

400 600 700 500 800 
CHANNEL NUM8ER 

• Fig. 6. Proton spectrum from the llsSn(d,p)ll7Sn reaction at E^ = 5-35 MeV and 9 = l60°. 

ro 
03 



29 

1+717 ± 5 keV of Ref.[26]and serves to help establish the less-well-known 

Q values for the (d,p) reaction to XsaSn and 125Sn. 

Excitation Energies and 
Possible JL and J Values 

n 

The measured excitation energies of states in Sn are listed 

in Table 1. As with the other two nuclei studied only those levels are 

reported which were observed at different scattering angles and incident 

energies to separate them from light mass contaminants. The isotopic 

abundance of contaminant isotopes of tin were known for the targets. 

The expected positions of peaks from strong levels in the other isotopes 

of tin were followed carefully during the analysis. The excitation en

ergies were determined from four energy calibration curves similar to 

Fig. The energies are self-consistent to approximately ̂  5 keV. 

They have an rms deviation of less than 9 keV from the energies of the 

levels up to 2.83 MeV determined in each of several recent \-decay 

studies [13,28,29]. The energies of the levels around 4.55-MeV excita

tion have an absolute accuracy of better than 15 keV. 

Also included in Table 1 are I and J value assignments for 

states in ll7Sn based primarily on other experiments. Most of the as

signments are from Ref. 8 based on their (d,p) angular distributions and 

the ratio test with their (d,t) cross sections at two angles. Assign

ments from other references are footnoted. Several small levels are 

identified with levels observed in the (p,d) reaction at 30 MeV [12], 

but it is of course not certain that the two experiments are exciting 

the same states. Uncertain assignments are enclosed in parentheses. 
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Table 1. Energy levels in ll7Sn.a 

(MeV)b An' 2,jC 
E 
A,X,r\b A , 2*J° 
(MeV) n' tMeV)b 

0.000 si 2.36 3.637 (P3) 

0.157 d3 2.39 (sl)f 3.716 

0.313 hll 2.461 (f7) 3.785 (f7) 

0.705 g7 2.545 (f7) 3.875 

1.015 d5,(3)d 2.656 (d)f 3.95 

1.178 d5 2.707 3.98 

1.302 (f7) 2.770 (d3)e 4.02 

1.^99 d(5,3) 2.827 (p3) 4.11 

1.589 2.909 4.16 

1.668 (d5) 3.02k 4.21 

1.948 (p+f,3+5) 3.113 (d3)e 4.29 

2.007 (p)e 3.14 U.36 

2.0k6 (f7) 3.172 4.1+2 

2.076 (sl)e 3.235 (f7) 4.46 

2.146 (d3)e 3.325 (p3) 4.49 

2.203 3.4l4 4.55 

2.256 3.464 (P3) 

2.31 (d5) 3.580 

aExcitation energies determined, in the ll6Sn(d,p)ll7Sn reaction are 
listed with probable orbital and total angular momentum assignments. 
y. 
Absolute uncertainties are less than 10 keV and 15 keV for energies 
listed with 1- and 10-keV precision respectively. 

°A11 but the footnoted assignments are the same as in Ref.[8]. Assign
ments in parentheses are uncertain. 
dSee Ref. [28]. 
eSee Ref. [12]. 
fSee Ref. [30]. 
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Several recent works have included level diagrams reviewing ex

perimental observations on the low-lying states of 1X7Sn [9>28,293« The 

total angular momentum assignments for the first six states as well as 

the limits for the l.l+99-MeV level have been verified in Ref. [28] on the 

basis of log-ft values and relative photon intensities from ll7Sb decay 

and in some cases by 117In decay. In that work the 1.015-MeV level is 

clearly a doublet with a J=5/2 state at 1.020 MeV. It is unclear whether 

the lower member of the doublet is populated in the (d,p), (d,t), and 

(p,d) experiments. Refs. [8] and [12] report a d5 assignment for the 
~2 

1.015-MeV level. If the 1.015-MeV peak were a doublet composed of two 

levels of equal strength and separated by 15 keVj its width would be 

noticeably large in the present spectra. A typical peak adjacent to the 

1.015-MeV peak was fitted best with a Gaussian of 21.5 ̂  1.9-keV FWHM. 

That peak was then added to an identical peak 15 keV away. The result

ing peak was fitted best with a Gaussian of 31.2 ± 0.9-keV FWHM. Fits 

to the 1.015-MeV peak at two angles did not show a significant increase 

in width over adjacent states. 

The 1.1+99- and 1.589-MeV levels were tentatively assigned dt 
5 
2 

configurations in Ref. [8],as were all the An=2 states with high excita

tion energies. The d states were generally expected at much lower en-
t 

ergies. Some d3 strength for the l.U99-MeV level was reported in Ref. 
2" 

[12]. Gamma branching indicated J=5/2 or 3/2 for both the I.U99- and 

1.589-MeV levels. In Ref. [12], d3 assignments were made to high excited 
~z 

states on the basis of their angular distributions. However, they found 

no clear indication for either J assignment for the l.lj-99-MeV level. 
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The 1.589-MeV level is more weakly populated relative to the other ̂ n=2 

states in our experiment at 5.35 MeV than at 15 MeV [8]. A much larger 

value of JI could give that difference, but the spin assignment of 5/2 

or 3/2 makes a large j&n unlikely. The 1.589-MeV level may actually be 

the J&n=l or 5 state reported by Ref.[12] at 1.58 MeV. It should be noted, 

however, that the energy calibration in Ref .[12] appears about 30 keV 

high in this region. 

The levels at 2.007 , 2.076, 2.1*16, 2.770, and 3.113 MeV are pre

viously unobserved in the (d,p) reaction, but may correspond to the 

levels observed with approximately the same energies in the pick-up re

actions of Ref.[12]. In that paper they were assigned the configurations 

listed in Table 1 (footnote e). The 2.39- and 2.656-MeV levels may be 

respectively the <&n=0 and 4n=2 level observed at those excitation ener

gies in Ref.[30]. The energy calibration in that paper seems to be with

in 10 keV of ours. 

A level was observed in Ref.[j2] at 2.83 MeV with the same d3 
~z 

assignment and the same strength as their 2.77-MeV level. That suggests 

there is some d3 component in our 2.827-MeV level. However, as can be 
2" 

seen from our cross sections in Tablg 2, which will be discussed later, 

the 2.827-MeV level is populated ten times more strongly than the 2.770 

in our experiment at 5.35 MeV. The remainder of the 2.827-MeV level is 

then probably f7 or p^ from the unfilled N=82 to 126 shell. Such states 
2" "2 

would of course not be excited in simple pick-up reactions, while they 

dominate. (d,p) spectra at excitation energies above 2.5 MeV. There 

seems to be some confusion on the relative identity of the 2.92- and 
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2.83-MeV levels in Ref.[8]. In their sample (d,p) spectrum, the 2.92-MeV 

peak is about six times smaller than the 3.83-MeV peak in agreement with 

our results. In their Table III, the 2.83 peak is treated as a small, 

unidentified state, and the 2.92 is listed with a large cross section 

and the assignment shown in their Fig. 5. The angular distributions in 

that energy range do not fluctuate that much. The 2.83 probably had the 

large p3 yield assigned to their 2.92-MeV level. 
IT 
In ll7Sn, the d5 orbit is almost completely filled while the d3 

1 ~z 
is less than half full. The ratio of pick-up to stripping cross sec

tions should then be larger for reactions to the d5 than the d3 states. 
"2 ~Z 

This ratio test has been applied in previous work on the odd tin iso

topes. Cavanagh et al. [12} compared their (p,d) cross sections with 

the (d,p) cross sections of Ref.£8]for all the n̂=2 states common to 

both experiments in the odd tin isotopes from A=113 to 123. Cavanagh 

et al. found good agreement in J assignments between their angular dis

tribution method and the ratio test. This included many weakly-

populated levels. 

Clearly, the ratio test could be misleading for levels, particu

larly weak ones, which have a complex configuration. Caution is recom

mended in applying the ratio test to weak levels [3]. 

A comparison of our (d,p) cross sections with those from the 

(p,d) reaction of Ref.ti2 3 appear useful for identification of our levels 

as well as assignment of spins since we have observed levels new to the 

(d,p) reaction possibly corresponding to J&n=2 states of Ref.[32]. One 

should keep in mind the fact that cross sections for a given type of 
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level should increase more rapidly with excitation energy for our reac

tions below the Coulomb barrier than for the pick-up reaction at 30 MeV. 

For the d3 states, the 0.157-MeV level, and the much smaller 
J 

2.1^6, 2.770, and 3.113, the ratio (am (p,d))/(cr(l60°)(d,p)) is 6o, 70, lllaX 

40, and 20, respectively. For the predominantly d5 1.015 and the dg 
z ~z 

1.178, the same cross section ratio is M+0 and 300 respectively. This 

large (p,d)/(d,p) cross section ratio for the 1.015 implies the d3 1.005 
2" 

level is not strongly excited in the (d,p) reaction. The cross section 

ratio for the d5 or d3 l.U99-MeV level is 60, favoring the d3 assignment. 
T 2" J 

If the l.l+99-MeV level were pure d3 it would have an unexpectedly large 
"2 

(d,p) spectroscopic factor. Little can be deduced from the intermediate 

value of 130 for the ratio for the 1.668. The 1.668 was assigned J=5/2 

in Ref.[j2], based on its angular distribution. It is assumed this state 

is the 1.71-MeV level of Ref.&2]and the 1.670 of Ref.[29]. Based on its 

(p,d) angular distribution [12], the I.U7 was given a d3 assignment. 
1 

Its absence in th?.(d,p) spectra along with its (p,d) cross section sug

gests a d configuration. From angular correlations, a spin of 5/2 was 
5 
2 

assigned to the corresponding l.UH6-MeV level in Ref.[3l]. 

In the comparison of the 15-MeV (d,p) yields of Ref.[8]with the 

(p,d) yields of Ref.0-2], approximately the same relative cross section 

ratios as those we have just given are obtained for all the above-

mentioned n̂=2 states from the 0.157 through the 1.668. Approximately 

the same relative ratios are obtained for the same states up through the 

I.U99 in comparing the (d,p) cross-sections of Ref.[83 with their own 

(d,t) data reported in the same paper. 
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The 2.203-MeV level is new and rather strongly populated. The 

2.38-MeV level of Kef. 18] is a doublet. The 3.1^ of Ref. [32] is a triplet 

including the 3.113 already discussed. Other new levels are those at 

3.1H1̂ -, 3.580-, 3.716-, 3«95-, and H.02-MeV excitation, as well as all 

but two or three of those from 4.11 through U.55 MeV. Some association 

of the 11- to 4.55-MeV levels can be made with broad groups seen in 

the early work of Ref.[32], if it is assumed their energy calibration was 

high by up to 150 keV. There is no evidence that we have observed the 

possible 23/2+ state reported at 3.683 MeV in Ref.[33]. 

Angular Distributions of 
Differential Cross Sections 

The measured cross sections from 70° to l6o° for the (d,p) reac

tion at = 5.35 MeV to all observed states in ll7Sn are listed in 

Table 2. Cross sections and errors are in p,b/sr. The cross sections 

and errors were obtained with the computer code ACK described in Chapter 

II. Therefore, with the exceptions noted shortly, errors listed are 

based on the statistical error in determining the number of counts in a 

peak with a given background. The 7$ absolute normalization error is 

not included, nor is the error in separating adjacent levels. The sepa

ration error is quite high on close states at high excitation energy . 

such as the 3.95-3-98-MeV doublet. In the l6o° spectrum, the 1.948- to 

2.076-MeV quartet was fitted simultaneously with four Gaussians using 

the computer code Gaussian II [24]. The errors for those states are 

based on that fit. The cross sections for the 3.113- to 3.735-MeV quar

tet were checked with the Gaussian-fit program at l6o° and 100°. A ver

tical line in the table connects states which were not separated 



Table 2. Experimentally-measured cross sections of levels excited in the reaction ll6Sn(d,p)1X7Sn 
at 5.35 MeV.a 

Excita
tion 
Energy 
(MeV) 

Laboratory Angles 

Excita
tion 
Energy 
(MeV) l6oc 150® • i4ofl 120° 100° 90° 80° 70° 

0.00 63 ± 3 57 ± 3 6i ± 2 56 ± 3 63 ± 3 73 ± 3 68 ± 3 45 3 

0.16 86 ± 3 93 ± 4 93 ± 3 103 ± 4 87 ± 3 83 i: 3 6o X 3 

0.31 33 ± 2 32 ± 3 29 ± 2 27 ± 2 22 ± 2 14.4 ± 1.3 5.4 ± 0.9 

0.71 3.7 ± 0.7 4.2 ± 0.9 2.9 ± 0.7 4.3 ± 1.0 2.2 ± 0.6 1.5 ± 0.6 

1.02 22 ± 2 17 ± 2 22.1 ± 1.5 24 ± 2 21 ± 2 17.2 ± 1.5 l6.l ± 1.5 

1.18 17.1 ± 1.4 15 ± 2 1U.8 ± 1.2 14.8 ± 1.5 12.5 ± 1.4 12.5 ± 1.5 8.8 ± 1.0 10.5 ± 1.3 

1.30 13.4 ± 1.3 16 i 2 12.b dt 1.0 13.5 ± 1.5 9.6 ± 1.3 

1.50 9-1 ± 1.5 13.5 ± 1.0 13.6 ± 1.5 10.0 ± 1.3 7.7 ± 1.0 8.2 ± 1.1 

1.59 0.7 ± 0.5 0.9 X 0.8 1.6 ± 0.5 1.7 ± 0.6 0.9 ± 0.6 1.1 ± 0.6 

1.67 3.6 ± 0.7 2.9 ± 0.9 4.3 ± 0.8 2.0 ± 0.7 1.9 ± 0.7 2.5 ± 0.7 

1.95 3.6 ± 0.6 2.2 ± l.i 3.3 ± 0.7 3.4 ± 0.9 1.6 ± 0.6 2.1 ± 0.8 

2.01 6.6 ± 0.8 4.7 dh l.b 3.3 ± l.l 3.7 ± 0.8 
• 

2.05 14.3 ± 1.3 "16 ± 2 19.4 ± 1.5 *17 ± 2 14 ± 2 14.4 ± 1.5 "4.4 db l.l 

2.08 5.0 ± 0.8 

2.15 1.9 ± 0.5 1.7 ± 0.7 1.4 ± 0.6 1.7 ± 0.6 

2.20 7.1 ± 0.9 5-9 ± l.U 5.1 i 0.8 3.9 ± 0.9 4.2 ± 0.9 4.6 ± 0.9 

2.26 2.6 ± 0.8 2.2 ± 1.1 2.2 ± 0.8 2.3 ± 0.9 

2.31 4.6 ± 0.9 1.7 ± 1.0 3.4 ± 0.8 3.2 ± 0.9 

2.36 4.3 ± 1.0 2.6 ± 0.8 



Table 2 (continued). Experimentally-measured cross sections of levels excited in the reaction 
6Sn(d,p) Sn at 5-35 MeV.a 

Excita
tion 
Energy 
(MeV) 

Laboratory Angles 

Excita
tion 
Energy 
(MeV) 1600 • 150" • lltO" t 120° 100e i 90° 1 8oe > 70° 

2.39 1.5 ± 0.6 5 ± 2 2.1 ± 0.8 

2 .H6 27 ± 3 26 ± 2 27 ± 2 21 ± 2 16 ± 2 7.1 ± 1.1 

2.55 l*+.5 ± 1.5 12 ± 2 11.6 ± 1.1 9-6 ± 1.5 7.7 ± 1.1 5.2 ± 1.0 it.it ± 0.9 

2.66 *t.5 ± 1.0 8 ± 2 6.8 ± 0.9 5.7 ± 1.0 it.5 ± 1.0 5.0 ± 1.0 

2.71 3.9 ± 0.8 5.3 ± 1.5 b.3 ± 0.9 b.l ± 1.0 b.2 ± 0.9 3.5 ± 1.1 3.5 ± 0.9 2.2 ± 1.1 

2.77 lt.lt ± 1.5 2.1 ± 0.7 1.8 ± 0.9 

2.83 38 ± 2 3b ± 3 3b ± 2 25 ± 2 21 ± 2 21 ± 2 

2.91 8.0 ± l.l 6 ± 2 it.3 ± 0.9 5-9 ± 1.3 

3.02 13 ± 2 16 4. 3 15.4 ± 1.5 11 ± 2 6.0 ± 1.1* it.O ± 1.3 

3.11 9.6 ± 1.5 10 ± 2 2 

3.1b 6 ± 3 2.7 ± 1.5 

3.17 68 ± k 53 ± 1+ b6 ± 3 1*2 ± 3 35 ± 3 2 it ± 2 12 ± 2 

3.24 110 ± b 97 5 90 ± 3 86 ± 5 60 ± It 29 ± 3 

3.33 ^3 ± 3 33 ± b 2U ± 3 15 ± 3 12 ± 2 

3.^1 lt.0 ± 1.1 

3 M ^5 ± 3 37 ± b 37 ± 2 3b ± 3 37 ± 3 32 ± 3 

3.58 20 ± 2 12 ± 3 12 ± 2 13 ± 2 11 ± 2 7 ± 2 

3.6b 5 ± 2 6 ± 2 5 2 7 ± 2 

3.72 28 3 22 ± it 26 ± 2 19 ± 3 u> 



Table 2 fcontinued). Experimentally-measured cross sections of levels excited in the reaction 
116Sn(d,p)Al7Sn at 5.35 MeV.a 

Excita
tion 
Energy 
(MeV) 160° 

laboratory Angles 

150° 1H00 120° 100° 90° 80° 70° 

3.79 69 ± k 58 ± 5 56 ± 3 26 ± b 16 ± 2 

3.88 79 ± 4 70 ± 5 62 ± 3 72 ± k 39 ± 4 30 ± 3 16 ± 2 

3.95 "138 ± 5 33 ± It 

3.98 80 ±6 50 ± It 11 ± 3 

U.02 108 ± 5 65 ± 6 66 ± It 1+8 ± 3 26 ± 3 

it.11 20 ± u - 30 ± 3 22 3 10 ± 3 

4.16 87 ± 6 75 ± 6 60 ± 5 66 ± 5 55 ± it 30 ± it 

U.21 204 ± 6 17^ ± 8 173 ± 6 192 ± 7 120 ± 5 85 ± it 

it .29 30 ± it 

it.36 16 ± 3 2b ± b 33 ± it 18 ± 3 

h.h2 25 i it 22 ± 4 
• 

13 ± 3 

b.b6 "123 ± 5 111 ± 7 157 ± 5 62 ± 5 

b.b$ 23 ± u 16 ± 3 

b.55 21 ± 3 

Errors are just statistical except where noted in the text. 

00 CO 
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at a given angle. The cross section is then given for the whole group 

of unresolved states. 

A few of the angular distributions of cross sections listed in 

Table 2 are plotted in Figs. 7 and 8. The smooth curves indicate theo

retical cross sections normalized to the data. The calculation of the 

theoretical cross sections with the computer code DWUCK and the result

ing spectroscopic factors are discussed in the next chapter. Note the 

relative cross sections between states have been changed in Pigs. 7 and 

8 for display purposes. Fig", 7 includes, some of the larger proton 

groups assigned f7 configurations [8]. The states with low Q, values 
~z 

tend to have an angular distribution more peaked in the backward direc

tion as one would expect. The levels at 1.302- and 3.785-MeV excitation 

energy have Q, values of 3.^18 and 0.935 MeV respectively. Tbe fit to 

the 2.55-MeV level is almost flat enough to suggest it has a lower orbi

tal angular momentum transfer than but it is not as flat as an 

j&n=l angular distribution. Fig. 8 shows angular distributions for a few 

A =2 states and the g , 0.705-MeV state and the h,, , 0.313-MeV state. 
n \ TT 

The angular distribution at incident deuteron energies of 5.35, 

5.15, and U.55 MeV is plotted for the transition to the ground state and 

the 0.157-MeV level in Figs. 9 and 10 respectively. At the higher inci

dent energies one can easily identify the orbital angular momentum of 

the ̂ n=0 ground state and the J&n=2 0.157-MeV, first excited state by the 

shape of the angular distributions. Separation of similar values by 

angular distribution shapes is generally possible at those energies only 

with the high-Q-value states or with very good statistics. The ^.55-MeV 
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Fig. 7. Angular distribution for several ̂ n=3 states in Sn. 

Relative differential cross sections with different normaliza

tion for each state, are given for the 1X6Sn(d,p)'l"l'7Sn reaction 

at = 5.35 MeV. The smooth curves are from DWBA calculations 

with parameter set A and are normalized to the experimental 

points. 
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at Ed = 5.35 MeV. The smooth curves are from DWEA calculations 

with parameter set A and are normalized to the experimental 

points. 
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Fig. 9. Angular distribution for the ground state of ll7Sn. 

The differential cross section is given for the xl6Sn(d,p)i:L7Sn 

reaction leading to the ground state of 117Sn at = 5.35, 

5.15> and ^.55 MeV. The solid curves are from DWBA calcula

tions with potential set A and are normalized to the experimen

tal points. 
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Fig. 10. Angular distribution for the first excited state in 117Sn. 

The differential cross section is given for the 116Sn(d,p)ll7Sn 

reaction leading to the first excited state of ll7Sn at 

= 5.35> 5«15> and 4.55 MeV. The solid curves are from DWBA 

calculations with potential set A and are normalized to the 

experimental points. 
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angular distributions for ll7Sn were the only angular distributions tak

en before pile-up inspection and thinner targets were introduced. Sev

eral points were taken later which verified the normalization of the 

U.55-MeV set of angular distributions. 

Excitation Functions for the 
First Three States in ll7Sn 

Relative yields for the population of the first three states in 

ll7Sn via the 116Sn(d,p)ll7Sn reaction were measured at l606 for deuter-

on energies from U.35 MeV to 5.35 MeV at 100-keV intervals. These exci

tation functions are plotted as points in Fig. 11. Representative 

statistical errors are shown for the points at U.35 and 5.25 MeV. 

Theoretical cross sections at U.55, 5.15, and 5.35 MeV are plotted as 

open circles normalized to the experimental points at 5.35 MeV. The 

theoretical cross sections were calculated using the computer code DWUCK. 

The calculations are discussed in the next chapter. The experimental 

yields were normalized against elastic scattering in the monitor detec

tor positioned at l6o°. The elastic scattering was assumed to be Ruth

erford. This is correct at the lowest energies, but overestimates the 

elastic scattering by about 6$ at 5*35 MeV. The calculated points were 

corrected to show this same bias, i.e., each theoretical (d,p) cross 

section was multiplied by the optical-model elastic cross section of 

DWUCK, and divided by the Rutherford cross section. 

The main information to be obtained from the excitation func

tions is that they are relatively smooth and have approximately the same 

slope as the DWBA. stripping calculations. Pure stripping cross sections 
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should change smoothly with energy, whereas compound-nucleus contribu

tions can make excitation functions quite bumpy at some angles. One 

does not expect to have much compound-nucleus formation at these low 

energies, and the decay of the compound nucleus to the (d,p) channel 

should be minimal as we are high above the threshold for neutron emis

sion from the compound nucleus. Torti and Graetzer [l8] used a Hauser-

Feshbach calculation to estimate the compound-nucleus contribution to 

the 87Rb(d,p)88Rb reaction at deuteron energies near the Coulomb barrier. 

The maximum calculated contribution to the (d,p) differential cross 

section was less than 5$. Of all the single-particle states studied in 

any of the three nuclei, the n̂=0 ground state and n̂=2 0.157-MeV level 

11*7 of Sn might show the largest deviations from pure subcoulomb strip

ping behavior because of their low values and high Q values. 

It is not clear whether the waviness is real in the excitation 

functions of the 0.157- and 0.313-MeV levels. The excitation functions 

were taken with a thick target and relatively poor detector yielding 60-

keV resolution. They were also taken before pile-up inspection was 

added to the electronics system. The peak of the pile-up at twice the 

energy of the elastic deuterons is moving through the three states 

studied toward states of higher excitation energy as the incident deu

teron energy is decreased. The small pile-up peak could have affected 

the excitation function slightly although counting rates were kept low 

to minimize this effect. The ground state should have been clear of the 

pile-up at energies below U.95 MeV and the 0.313-MeV level should have 

been clear at energies less than U.65 MeV. 
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The 133Sn(d,p)X3aSn Reaction 

Discussion of the Spectra 

The sample charged-particle spectrum in Fig. 12 shows the levels 

observed in 133Sn from the reaction 133Sn(d,p)133Sn. The incident deu-

teron energy was 5.15 MeV, and the scattering angle 150°. The targets 

were approximately 300 ̂ g/cm3 and were enriched to 92.3$ in 182Sn. The 

amount of unidentified contaminants of approximate atomic mass 50 was 

greater for the 132Sn targets than for those of llBSn and 134Sn. Due to 

target thickness or non-uniformity, the resolution was not quite as good 

as in the best cases for the 116Sn and 124Sn. These factors coupled 

122 with a lower maximum deuteron energy for Sn probably prevented iden

tification of as many weakly-populated states in 123Sn as were evident 

in ll7Sn and 186Sn. However, seven new levels were found in the region 

of k.7- to 5.2-MeV excitation energy. Angular distributions were ex

tracted for the first two excited states, from the reaction at 5«15j 

U.75) and 1+.55 MeV incident deuteron energy. The data did not seem to 

warrant the extraction of angular distributions for all the excited 

states, so only the cross section at l6o° from the reaction at = 5.15 

MeV is given for all observed levels. 

Ground State Q Value 

The Q value for the reaction l33Sn(d,p)l33Sn to the ground state 

of 133Sn was determined to be 3716 ± 11 keV, intermediate between the 

often-accepted values of 3707 ± 11 keV [26], and 3726 ± 12 keV [3*0. 

The present determination was based on energy calibration curves for the 
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runs at 5.15-MeV incident deuteron energy at l6o° and 90° • This Q, value 

is accurate to ± 7% relative to the ground state Q values for the 

xl6Sn(d,p)ll7Sn and 134Sn(d,p)125Sn reactions. 

12 1 Observed States in Sn and 
Comparison to Previous Studies 

The energy levels of 123Sn have been studied via several reac

tions; some of the studies covered 11')'Sn which we have already discussed. 

Schneid, Prakash, and Cohen [8], in their major work on available tin 

isotopes, obtained spectroscopic factors and assigned £n and J17 values 

to many states in x3aSn. These assignments were based on angular dis

tributions from the (d,p) reaction at 15 MeV, and some (d,t) data at 15 

MeV. Nealy and Sheline [3^] resolved the ground state and first excited 

state in 133Sn and X85Sn, as well as many new states above 2.5-MeV exci

tation. They looked at only three angles in the (d,p) reaction at ap

proximately 12 MeV, and reported no cross sections. In their study of 

odd tin isotopes from A=lll to 123, Cavanagh et al. [12] used the (p,d) 

reaction at 30 MeV. They determined orbital and total angular momentum 

of a large number of states in the N=50 to 82 shell. The (p,d) reaction 

did not excite states from the N=82 to 126 shell. That shell should be 

completely unfilled in the ground states of the even tin isotopes, and 

the (p,d) reaction to odd tin isotopes must pick neutrons from those 

even ground states. Boyd and Arking [353 and Arking et al. [36] have 

assigned spins and parities to states in isotopes of antimony which are 

the isobaric analogs of states in 13XSn, x33Sn, and X35Sn. The analysis 

was made from cross section and polarization measurements of protons 
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scattered elastically from even isotopes of tin. Many new states in 

ll3Sn and 123Sn have reportedly been observed by Borello et al. [37l, 

but we have not obtained those results. They are as yet unpublished. 

12 3 The excitation energies of states in Sn, as measured in the 

present experiment, are listed in Table 3. These excitation energies 

were determined from two energy calibration curves similar to the one in 

Fig. and from comparison with many other runs. All excitation ener

gies should be accurate to less than 15 keV. The excitation energies of 

levels above 1 MeV are uniformly about 10 keV less than those reported 

in Ref.[3^]. 

There is a noticeable widening of the high energy side of the 

proton peak for the ground state plus the 0.025-MeV state doublet. The 

widening is due to the weakly populated ground state. The ground state 

and first excited state peak in the 5.15-MeV runs at six angles were 

fitted by two Gaussians. The only restriction on the parameters of the 

fit was that the widths, although variable, had to be the same for both 

Gaussians. The mean separation of the two Gaussians for the six runs 

was found to be 25 ± 3 keV. The ground state was an average 12 ± 6% of 

the total peak area. This gives little error to the spectroscopic fac

tor for the 0.025-MeV level. 

Differential cross sections for the population of states in 

123Sn in the reaction 122Sn(d,p)183Sn at E^ = 5.15 MeV and a scattering 

angle of l60° are listed in Table 3. These cross sections and errors in 

jib/sr, were extracted in the same manner as the cross sections listed in 

Table 2. Errors are statistical, not including the absolute normaliza

tion error of 7%. The peak separation errors are not included except 
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Table 3. Energy levels in 1S3Sn.a 

Ex 
(MeV)b 

da/da (l60°) 

(ib/sr 
in,^° 

Ex 
(MeV)b 

da/dO (160°) 

nb/sr 

0.000 11 ± 8 hll 3.252 50 ± 4 (d3d,P36) 

0.025 94 ± 8 d3 3.345 6l ± 17 

0.150 73 ± 2 si 3.383 363 ± 7 P3e,f 

0.926 9.9 ± 1.1 3.443 91 ± 4 

1.191 32 ± 2 d5,(+g7d) 3.522 77 ±4 (p3) 

1.485 17.1 ± 1.3 d5 4.033 121 ± 8 P3e'f 

2.157 1.5 ± 0.6 (P3,d5) 4.087 127 ± 7 

2.260 7.5 ± 1.0 (p3,d3d) 4.242 87 ± 8 (p3)e 

2.362 2.0 ± 0.8 4.436 56 ± 6 

2.612 5.2 ± 1.3 (sl)d 4.702 63 ± 5 

2.667 55 ± 8 4.773 137 ± 7 

2.716 257 ± 18 (f)7"S 4.845 29 ± 4 

2.746 80 ± 13 4.875 37 ± 5 

2.820 18 ± 2 (f7) 4.923 22 ± 4 

3.o4o 16 ± 4 (f7) 4.964 16 ± 4 

3.130 46 ± 11 f7e,f 5.019 12 ± 4 

3.196 15 ± 3 5.127 37 ± 5 

o 

Listed are excitation energies and the differential cross sections at 
l60° for levels observed in the 183Sn(d,p)133Sn reaction at 5.15 MeV. 
Also given are the probable orbital and total angular momentum assign
ments . 

Absolute uncertainties are less than 15 keV. 

°A11 but the footnoted assignments are the same as in Ref. [8]. Assign
ments in parentheses are uncertain. 

^See Ref. [12], 
eSee Refs.[35] and [36], 
fSee Ref. [8]. 
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for the unresolved, ground state and 0.025, and the triplet including the 

2.667- to 2.7U6-MeV levels. The triplet was fitted simultaneously with 

three Gaussians yielding the listed cross sections and errors and their 

relative excitation energies. The ground state and 0.025 cross sections 

and errors were obtained from the Gaussian fits described in the previ

ous paragraph. The differential cross section at l60° is indicative of 

the relative production of a state at this low incident energy since the 

angular distributions are almost flat for all states at the most back

ward angles. 

The orbital and total angular momentum assignments in Table 3 

are based on the best possible identification of the observed states in 

133Sn with those in the previously-mentioned references for which and 

J values were deduced. The assignments are those of Schneid et al. [8] 

unless otherwise noted by footnote. Uncertain assignments are listed in 

parentheses. The first three states are well known and contain most of 

the strength for the h^, d3, and s orbits in order of increasing exci-
"5~ 2 £ 

tation energy. The main d5 strength is split between the 1.191- and 
"2 

l.U85-MeV levels. Some g? component was also apparent for the 1.191 in 
"2 

the pickup reaction of Ref.[l2]. In Ref .[3IO, two peaks in the region of 
* 

the 1.191-MeV level were reported with a separation of Ho keV. 

The configuration of the 0.926-MeV level and the possibly analo

gous 0.936 in l35Sn has been a question for some time. Schneid et al. 

[8] note the structureless angular distribution and the weak production 

of the O.926 and the 0.936 in the (d,t) reaction relative to the (d,p) 

reaction. They contend these are not single-particle states in 123Sn 
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and 125Sn. The 0.926 was indeed only weakly excited in the (p,d) reac

tion of Ref.[12] in which it was given a d5 assignment. In the present 
"2 

(d,p) reactions around 5 MeV, the O.926 of 123Sn and 0.936 of 13BSn were 

produced with approximately the same yield as the other states relative 

to the (d,p) cross sections at 15 MeV [8]. The ratio of stripping to 

pick-up yields for the two states are more consistent with a d3 than a 
~z 

d5 assignment. The 0.936 of 12BSn has been shown to have a spin of 3/2 

or 1/2 [13]. 

Our failure to observe any levels between 1.5- and 2.1-MeV exci

tation is more indicative of the background and statistics in our spec

tra than the nature of the states that have already been reported there. 

All the levels in 133Sn reported here up through the U.l+36 have 

been observed in previous (d,p) reactions, except for the 2.612. It is 

probably the s state observed in the (p,d) reaction at 2.62-MeV excita-

tion [12], The 7/2" resonance corresponding to the 2.7l6-MeV level 

which was studied in Refs.|35] and [35] probably includes the 2.7^- and 

possibly the 2.667-MeV levels. The six levels above H.8 MeV have not 

been previously reported. 

Angular Distributions of 
Differential Cross Sections 

Angular distributions were extracted for the production of the 

first two excited states in X23Sn via the 133Sn(d,p)123Sn reaction at 

= 5.15j ^.75> and U.55 MeV. The angular distributions for the 0.150-

MeV s level are shown in Fig. 13, and those for the 0.025-MeV d3 level 
2 2" 

are shown in Fig. 1^. These angular distributions are still indicative 
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Fig. 13. Angular distribution for the second excited state in 123Sn. 

The differential cross section is given for the 12SSn(d,p)133Sn 

reaction leading to the second excited state of lsaSn at 

Ed = 5.15, ̂ .75, and U.55 MeV. The solid curves are from DWBA 

calculations with potential set A and are normalized to the 

experimental points. 
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Fig. 1^. Angular distribution for the first excited state in 133Sn. 

The differential cross section is given for the 12aSn(d,p)ls3Sn 

reaction leading to the first excited state of 133Sn at 

= 5,.15> 1+.75> and U.55 MeV. The solid curves are from DWBA 

calculations with potential set A and are normalized to the 

experimental points. 
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of the orbital angular momentum transfer, AI . The smooth curves connect 

theoretical cross sections normalized to the data. The theory and its 

results will be discussed in the next chapter. 

The separation of the ground state and 0.025-MeV state by fit

ting with two Gaussians was discussed in the previous section on the 

excitation energies of states in 123Sn. As we said before, the ground 

state was found to be an average of 12 ± 6$ of the total peak area in 

the runs at 5.15 MeV. The peak separation was found to be consistent 

both between runs and with a previous high resolution determination [3*0. 

Due to the large fitting errors, the extracted cross sections for the 

ground state did not show an angular distribution characteristic of an 

£n=5 transition. For that reason, the 0.025-MeV level angular distribu

tion at = 5-15 MeV was normalized by subtracting 12$ from the doublet 

cross section at each angle. The angular distributions at = 4.75 and 

4.55 MeV were corrected for the ground state by subtracting 11%. This 

is in contrast to the similar case in 135Sn, where slightly better reso

lution and less contaminants yielded a good angular distribution for the 

small J&n=5 ground state with 27 keV separation from the first excited 

state. 

The *24Sn(d,p)18SSn Reaction 

Discussion of the Spectra 

A typical charged-particle spectrum from the reaction 

l24Sn(d,p)l3eSn is shown in Fig. 15. The number over a peak is the ex

citation energy of the resulting level in la6Sn. The incident deuteron 
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energy was 5.55 MeV for this run and the scattering angle was 120°. The 

targets had an isotopic purity of 9^*7$ 1S4Sn. Other contaminants than 

160 and 12C were almost undetectable in the 5.55-MeV runs. The targets 

were self-supporting and approximately 270 iJ-g/cm3 thick. 

The small peak marked with an asterisk to the right of the main 

elastic peak was an electronic effect which we will call elastic spill

over. It was approximately proportional in size to the 134Sn(d,d)124Sn 

elastic peak and maintained a set separation from the elastics. The 

elastic spillover prevented reliable measurement of the cross section 

for the 3.^16-MeV level. The spillover was also evident in the reac-

X lfi 122 tions on Sn and Sn, but it was unresolved from the elastic peak in 

those spectra except in the runs of 5«35-MeV deuterons incident on 116Sn. 

The ground state of ls8Sn is unresolved from the 0.027-MeV first 

excited state. The ground state is evident as a slight hump on the 

ground-state plus 0.027-MeV-state doublet. 

Ground State Q Value 

The ground state Q value for the reaction 124Sn(d,p)l25Sn was 

determined to be 3515 ̂  11 keV. The usually quoted values are 35^3 * 13 
«r 

keV [26] or 3506 ± 12 keV [3*0. The present value was determined from 

two energy calibration curves for runs at l60° and 90°, with Ed = 5.15 

MeV. Calibrations were also made for the immediately preceding or suc

ceeding runs which were at the same energy and angle, but used the ll6Sn 

and 122 Sn targets. 
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Excitation Energies and Possible 
and J Values 

The states of X25Sn have been studied in all but one of the ref

erences described in the section of this chapter titled "Observed States 

in 123Sn and Comparison to Previous Studies". The unavailability of 

136Sn as a target rules out single-neutron pick-up reactions to ls5Sn. 

A study of the states in 126Sn below 1.6-MeV excitation via the (d,p) 

reaction at 5.1 and J2.0 MeV has recently been completed [193• In that 

work, spectroscopic factors are extracted for 7 of the first 9 states in 

l25Sn, and two new orbital angular momentum values are obtained. 

The measured excitation energies of states in 135Sn are listed 

in Table U. They were obtained from several energy calibration curves 

of the type demonstrated in Fig. U. Uncertainties are less than 10 keV 

for excitation energies listed with 1-keV precision and less than 15 keV 

for those listed with 10-keV precision. The listed excitation energies 

usually agree with those of Ref.[3^3to less than 5 keV. 

The orbital and total angular momentum of the states observed in 

12BSn are listed in Table 4. In discussing the identity of some ob

served states we rely on their yield. Cross sections are listed in 

Table 5> and are discussed in the next section. The assignments for the 

ground state, first, second, sixth, and eighth excited states in 125Sn 

are well known [8,13,19>3^-363• The 0.859-MeV level is new. We have no 

information on its possible identity. The 0.936-MeV level was discussed 

in conjunction with the 0.926-MeV level of 123Sn. It does not show a 

characteristic single-particle angular distribution [8,193, but its 

angular distribution at 12 MeV was fitted best [193 an A =5 DWBA 
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Table 4. Energy levels in 135Sn.a 

(MeV)b V 2-J° ( lev) b  V 2* j C  (MeV)b V 2'jC 

0.000 hll 2.800 4.l6 

0.028 d3 2.883 4.20 (f7) 

0.217 si 2.99 4.29 

0.859 3.02 4.32 

0.936 (d3)6̂  3.080 (p3) 4.43 

1.069 ? 1,3+ 3.15 4.51 

1.261 d5 3.18 (f7) 4.55 

1.364 (g7)e 3.247 4.65 

1.5^0 d5 3.344 (f7,p3d) 4.73 

1.756 3.4l6 p3 4.78 

1.803 3.82' 4.83 ( f7)  

1.892 3.85 (f7,pld) 4.88 

2.254 si 3.87 4.90 

2.355 (p3) 3.92 k.98 

2.46 3.97 5.06 

2.589 (f7) 4.03 (p3,ld) 

2.760 (f)7~ 10 

Excitation energies determined in the 124Sn(d,p)13BSn reaction are 
listed with probable orbital and total angular momentum assignments. 

^Uncertainties are less than 10 keV for energies listed with 1-keV 
precision and less than 15 keV for those listed with 10-keV precision. 

°A11 but the footnoted assignments are the same as in Ref .[8], Assign
ments in parentheses are uncertain. 

^See Refs.[35] and [363. 
eSee Ref.[19]. 
fSee Ref.[13], 
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calculation. The spin and parity of both the 0.936- and 1.069-MeV lev

els have been shown to be l/2+ or 3/2+ [13]. The 1.756- and 1.803-MeV 

levels form a previously unresolved doublet. 

All the assignments in Ref.[8] to levels above 2.3-MeV excita

tion are to the f7 and p3 orbits. The spins were assigned on the basis 
2 2 

of the simple shell model. Isobaric analogs to five of these states 

have been assigned 7/2~, 3/2", and l/2~ spins [35,363, not always in 

agreement with the tentative choices in Ref .[8], The assignment by Boyd 

and Arking [35] of J = l/2~ "to analog of the strong J&n=l level at 

^.03 MeV is somewhat unexpected from the simple shell model. The 3/2 

spin assignment in Table VII of Ref.[8] for the n̂=3 state at ^.20 MeV 

was probably meant to be 7/2. Twelve of the levels we have observed 

above 3.95-MeV excitation are new. 

Angular Distributions of 
Differential Cross Sections 

Tabulated in Table 5 is the angular distribution of the differ

ential cross section in the 134,Sn(d,p)125Sn reaction to each state or 

group of states resolved at E^ = 5.55 MeV. Errors are statistical with 

the same limitations described for the ll7Sn cross sections in Table 2, 

i.e., the absolute normalization error of 7°/o is not included nor is the 

error in separating adjacent levels with a few exceptions. The doublet 

comprised of the 2.760- and 2.800-MeV levels was fitted with two Gaus-

sians in four runs at angles from l6o° to 90°. The relative intensity 

of the two levels was approximately the same in those four runs. The 

relative intensity was taken to be the same at all angles. The errors 



Table 5. Experimentally-measured cross sections of levels excited in the reaction 124Sn(d,p)l25Sn 
at 5.55 MeV.a 

Excita
tion 
Energy Laboratory Angles 

(MeV) l6oe » lUoc 1 130s > 120° • 100° 90° 1 8o° 70° 

0.00b  26 ± k 31 ± 1+ 22 ± k 2k ± 5 16 ± 3 13 ± 2 9 ± 2 6.5 ± l.U 

0.03 1U3 ± 6 1^5 ± 6 1^1+ 6 lM+ ± 7 127 ± 6 121 ± 5 98 ± k 79 ± 3 

0.22 112 ± 5 105 ± k 10U ± 5 102 ± 5 106 ± 5 111 ± k 103 ± k 82 ± 3 

0.86 2.1 ± 0.6 l+.l ± 0.8 2.1 ± 0.5 0.6 ± 0.3 1.8 ± 0.5 1.8 ± 0.6 

0.9k 13.1 ± 1.5 13.8 ± 1.5 11.1+ ± 1.2 15.1 ± 1.3 lU.lv ± 1.3 8.7 ± 1.3 7.2 ± 1.2 

1.07 2.k  ±  0.7 2.5 ± 0.7 2.k  ± 0.6 l+.l ± 0.7 3.2 ± 0.6 3.9 ± 0.8 

1.26 1+7 ± 3 1+8 ± 3 50 ± 2 *+3 ± 2 39 ± 2 36 ± 2 29 ± 2 

1.36 2.9 ± 0.7 3.5 0.8 2.5 ± 0.6 2.k  ± 0.6 2.6 ± 0.6 

1.5k 29 ± 2 33 ± 2 31 ± 2 26 ± 2 27 ± 2 21 ± 2 18 ± 2 

1.76 2.2 ± 0.7 2.3 ± 0.6 1.3 ± 0.1+ 1.7 0.6 2.1 dh 0.6 

1.80 6.1 ± 1.1 5.6 ± 0.9 5-5 ± 0.8 6.8 ± 0.5 k.7 ± 0.8 

I.89 5.9 ± 1.1 6.5 ± 1.1 l+.l ± 0.7 7.6 1.1 1+.0 ± 0.8 

2.25 7.9 ± 1.1+ 7.6 ± 1.4 13.1 ± 1.1+ 9 ± 2 

2.36 16 ± 2 ll+ ± 2 10.7 ± 1.3 17 dh 2 16 ± 2 

2 M 2.8 ± 0.7 2.6 1.1 2.9 ± 0.8 3.2 ± 1.3 

2.59 13 ± 2 li+ ± 2 15 ± 2 

2.76 93k ± 38 857 ± 35 723 ± 28 532 ± 21 1+25 ± 17 ro
 

0
0
 

H
 

H
-

12 

2.80 106 ± 15 96 ± 1*+ 80 ± 12 59 ± 8 1+7 ± 6 32 ± if 

2.88 56 ± 3 1+7 ± 3 32 ± 2 31 ± 3 17 ± 2 ro 



Table 5 (continued). Experimentally-measured cross sections of levels excited in the reaction 
l34Sn(d,p) Sn at 5-55 MeV.a 

Excita
tion 
Energy-

Laboratory Angles 

(MeV) l60° l4o° 130° 120° 100° 90° 8o° 70° 

2.99 15 ± 3 
-

15 ± 2 15 ± 2 
• 

3.02 27 ± 3 48 ± 3 17 ± 2 18 ± 2 27 ± 3 

3.08 59 ± 3 44 ± 3 58 ± 3 37 ± 3 25 ± 3 

3.15 r • 

' 

3.18 L100 ± ̂  107 ± 4 * 95 ± 4 82 ± 4 .53 ± 4 

3.25 28 ± 3 30 ± 3 25 ± 3 7 ± 3 11 ± 3 

3.34 

3.42 

3.82 
3.85 

3.87 

3.92 

3.97 

4.03 

4.10 

4.16 

4.20 

4.29 

4.32 

U32 ± 9 

184 ± 9 

[ 276 ± 9 
18 ± 4 

483 ± 8 

1509 ± 46 

130 ± 19 

175 ± 8 

219 ± 9 

275 ± 10 

560 ± 15 

1632 ± 18 [ 

691 ± 15 

22 ± 5 

1368 ± 15 

428 ± 14 

8 ± 3 

'1279 ± 15 

216 ± 19 156 ±6 

181 ± 7 181 ± 7 

190 ± 9 fl73 ± 8 

167 ± 7 

164 H-

106 ± 6 

73 ± 6 

>15 ± 15 242 ± 12 221 ± 21 

9 ± 4 

20 ± 6 

1016 ± 28 853 ± 18 '647 ± 18 

71 ± 16 

122 ± 11 78 ± 7 " 

157 ± 7 93 ± 7 115 ± 11 

"170 ± 9 72 ± 8 *104 ± 13 

28 ± 5 

419 ± 17 



Table 5 (continued). Experimentally-measured cross sections of levels excited in the reaction 
Sn(d,p) Sn at 5-55 MeV.a 

Excita
tion 
Energy 
(MeV) 16 0° 

Laboratory Angles 

li+0° 130° 120° 100° 90° 80° 70° 

k.b3 

**.51 

*f.55 

if .65 

^.73 

1+.78 

lf.83 

If. 88 

If. 90 

4.98 

5.06 

61 ± 7 

62 ± 7 

118 ± 7 

"333 ± 11 

88 ± 7 

25 ± 5 

48 ± 5 

80 ± 6 

66 ± 7 

6U ± 7 

56 ± 7 

105 ± 7 

57 ± 6 

296 ± 11 

75 ± 7 

22 ± U * 

Uif ± 6 

72 ± 7 

66 ± 7 

83 ± 6 

68 ± 5 

135 ± 6 

82 ± 6 

'325 ± 9 

90 ± 6 

97 ± 7 

76 ± 6 

6U ± 6 

66 ± 6 

118 ± 7 

if5 ± 5 

291 ± 9 

78 ± 6 

51 ± 5 

37 ± 5 

58 ± 6 

79 ± 6 

76 ± 6 

100 ± 6 

U7 ± U 

'230 ± 9 

57 * 7 

47 ± 7 

31 ± 7 

69 i 8 

3. 
Cross sections and errors are given for the laboratory frame in p,b/sr. Errors axe just statistical 
except where noted in the text. 

^The ground state cross section may be more uncertain than indicated. See text. 



65 

for the 2.760- and 2.800-MeV levels are based on the fitting errors. 

Gaussian fits and errors are given for the U.03- and U.lO-MeV doublet at 

16 0° and 100°. 

As with the 123Sn spectra, Gaussians of equal width were fitted 

to the first three states in 125Sn to separate the unresolved ground 

state and first excited state doublet. Reasonable values of Chi squared 

were obtained for these fits while attempted fits of three Gaussians to 

two single peaks in the same spectra failed to converge. In fits to the 

eight runs at = 5.55 MeV and at angles from l6o° through 70°, the 

r.m.s. separation of the ground state and first excited state was found 

to be 28 ± 2 keV. The cross sections and errors listed in Table 5 and 

plotted in Figs. 16, YJ, and 18 for the ground state and first two ex

cited states are from those Gaussian fits. The ground state cross sec

tion varies .from only &fo of the first excited state cross section at 70° 

to 21°jo at 1̂ 0°. As can be seen in Fig. 16, the singular distribution of 

the ground state cross section is a good fit to the smooth curve repre

senting the DWBA ̂ n=5 calculation. This would seem to be unlikely un

less we were actually measuring the ground state cross section. However, 

this cross section cannot be viewed as absolutely certain. 

Other angular distributions from Table 5 are shown in Fig. 16 

along with fitted DWBA curves. They include the d5 states at 1.26l and 
"2 

1.5^0 MeV and the states at 0.936 and 1.36'+ MeV with probable assign

ments of d3 and g? respectively. 
"2 "2 

Angular distributions and fitted DWBA curves for incident ener

gies of 5»55» 5.15, H.75> and 4.55 MeV are shown in Figs 17 and 18 for 

the d3 first excited state and s. second excited state respectively. 
2 t 
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«L2 5 Fig. l6. Angular distribution for several states in Sn. 

The differential cross section is given for the 124Sn(d,p)l2eSn 

reaction leading to several states in 135Sn at = 5.55 MeV. 

The solid curves are from DWBA. calculations with potential set 

A and are normalized to the experimental points. 
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Fig. 17. Angular distribution for the second excited state in XS5Sn. 

The differential cross section is given for the 1S4Sn(d,p)18SSn 

reaction leading to the second excited state of 126Sn at 

= 5.55, 5.15, ^.75, and U.55 MeV. The solid curves are 

from DWBA calculations with potential set A and are normalized 

to the experimental points. 
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Fig. 18. Angular distribution for the first excited state in 18eSn. 

The differential cross section is given for the 184Sn(dJp)12SSn 

reaction leading to the first excited state of 12eSn at = 

5.55, 5.15, *+.75, and U.55 MeV. The solid curves are from 

DWBA calculations with potential set A and are normalized 

to the experimental points. 
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The separation of the ground, state and first excited state peaks in the 

Ed = 5'55-MeV runs was just discussed. Gaussian fits were made in the 

same manner in the spectra at 5-15 and ̂ .55 MeV. In all but the E^ = 

4.75-MeV angular distributions, fitted cross sections and errors are 

plotted in Figs. 17 and 18 for the first and second excited states re

spectively. A dispersion of 20 keV per channel used in the U.75-MeV 

spectra made fitting impractical. In the E^ = 5.15-MeV spectra the av

erage fitted ground state cross section was 11 ± k% of the total ground 

state and first excited state cross section. At U.55 MeV the average 

ratio was 12 ± b%. The ground state to first excited state yield ratio 

did not change in a strong, systematic way with angle at U.55 and 5.15 

MeV, so the 0.26-MeV first excited state cross section at U.75 MeV was 

taken to be 88% of the doublet cross section. The errors shown for the 

E^ = U.75-MeV angular distributions are the usual statistical errors. 

Fig. 19 shows the angular distribution at 5.55> ^.75, and U.55 

MeV for the J&n=l state at U.03-MeV excitation energy. With a Q, value of 

-0.51 the lt.03-MeV level has angular distributions strongly peaked in 

the backward direction as is characteristic of pure Coulomb stripping. 

The first two excited states have somewhat more detailed angular distri-

butions similar to the corresponding low-lying Jin=0 and n̂=2 states in 

xl7Sn and 133Sn. 
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Fig. 19. Angular distribution for the U.03-MeV-level in i35Sn. 

The differential cross section is given for the 124Sn(d,p)lssSn 

reaction leading to the U.03-MeV level of l2SSn at Ed = 5.55, 

U.75» and U.55 MeV. The solid curves are from DWBA calcula

tions with potential set A and are normalized to the experi

mental points. 



CHAPTER IV 

DWBA ANALYSIS 

Description of the DWBA Calculations 

The DWBA calculations of differential cross sections reported in 

this work were performed with the computer code DWUCK, version of 26 

October 1967, written and supplied by P. D. Kunz, in a private communi

cation [38]. 

In the present description we will rely heavily on Kunz' 

"Algebra used by DWUCK" [39] and "Instructions for use of DWUCK" [^O]. 

The calculations are performed in the zero-range approximation. The op

tion is included for calculating the local energy approximation for 

finite range effects and non-local potentials. Spin-orbit forces may be 

included in the entrance and exit channels as well as in the bound state 

for the transferred particle(s). 

The Transition Amplitude 

The transition amplitude assumed for the reaction A(a,b)B is of 

the form 

T - J J%B J13̂  <4'%' <»B|V|aA> . (3) 

where is the distorted wave of particle b with momentum and sepa

ration r. relative to the residual nucleus B. Similarly, x+ is the 
Qt 
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distorted wave for particle a with coordinates relative to the target 

nucleus A. The calculation of the distorted waves will be described 

later. J is the Jacobian of the transformation to the relative coordi

nates. The matrix element (bB|V|aA) signifies integration over all in

ternal coordinates of the colliding pairs, (b,B) and (a,A). When 

projectile a is a deuteron and projectile b is a proton, the interaction 

potential is usually approximated by the proton-neutron interaction Vnp 

which is independent of the coordinates of the target nucleus, A, and 

the residual nucleus, B. Thus the matrix element may be separated into 

two parts [l6], 

<bB|V|aA> - <B|A> <b|Vnp|a> . (H) 

In practice, the matrix element is expanded in a series of terms, 

each of which corresponds to the target nucleus receiving a particle and 

a transfer of total angular momentum j with orbital and spin angular mo

mentum JL and s respectively. If the projectiles a and b have spins s& 

and s^ respectively, and nuclei A and B have spins and Jg, then 

[Hi,p. 82] 

A 5 = i B - 4 > s = s a - s b ; a n d A = 4 < - s  ( 5 )  

When only the S-state contribution of the deuteron is treated, as is the 

case in DWUCK, the matrix element vanishes for the (d,p) reaction except 

when s = l/2 [Hi,p. 162]. The parity of the transition in a zero-range 
6 

calculation is given by (-1) , a condition called "natural parity". 
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Written out completely, the matrix element (bB| V| aA.) becomes for 

(d,p) stripping [393 

(WlAKplWaV YJtaT<W 

Usm <VW'nalsama> ^A^aVaI-Wl ' (6) 

where arises from the overlap integral <B|A), of the residual 

and target nucleus wave functions. may be regarded as the 

radial wave function of the captured neutron normalized by 

JV(rnA)rEdr = 1- <7) 

The product, /s.. D(r . ) is a measure of the strength of the interaction, 
Joj ***110 

(p|Vnp|d). The spectroscopic factor will be explained shortly. In 

the zero range approximation, 

D<£nb> = Do 6<Sn " S>> * <8) 

* 

A value of approximately 1.5 x 104 MeV2-F3 is standard for DQ
S . A value 

of 1.53 x 104 MeV2-F3 was used, based on derivations in [39] and [Uo3 in 

which a Hulthen wave function was used for the deuteron. 

If one wants to express the reaction for definite isospin trans

fer, t, then the summation in (6) must be over t as well as A and j and 

the isospin vector addition coefficient C must be added inside the sum

mation [Ul,p.82], One then may quote C3S«. which is independent of the 
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actual and assumed isospin transfer. But this does not concern us in 

neutron stripping reactions where t is always l/2 and C3 = 1. 

The Differential Cross Section 

The differential cross section for the reaction A(a,b)B is given 

in terras of the transition amplitude by [39] 

!Vb_ \ _i i_ } . (9) 

dH ~ 2 \3 k 2J +1 2s +1 i „ „ „ I1! ' Ky' 
(2nfi ) a A a A B^a^) 

where u. and k. are the reduced mass and relative momentum in channel i. 
l l 

The cross section actually calculated by DWUCK does not include 

the spectroscopic factor and certain other terms. The differential 

cross section for (d,p) stripping to a single-particle state in terms of 

the differential cross 

Ref.[39l>in fms/sr by 

6  •? 

the differential cross section calculated by DWUCK, is given in 

2Jfi+l ^ Dq2 ffDW ^ 2s+l ,^ 

dn = 2Ja+1 j&j 1q4 2 j+1 2 K ' 

For even-even target nuclei, = 0 and j - yielding singly 

• <u> 

The cross section calculated by DWUCK is related to the usual single-

particle cross section of the program Julie, for single nucleon transfer, 
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The Spectroscopic Factor 

The spectroscopic factor, Stf is determined experimentally as x>Q 

the normalization factor in matching the angular distribution of the 

theoretical differential cross section for the full single-particle 

strength, 1.53 , to the angular distribution of the experimental 

differential cross section, cto^/dQ. For simplicity, we will drop the 

identification. S is varied to minimize the chi squared 

f i r ) ~i3 1 
ftrHTrr^-  ̂  WJ } - < 1 3> 
^  o .  

l 

where 6. is the error in the experimental cross section at angle 0.. 
X 1 

In practice this least squares fit was approximated by overlaying semi-

logarithmic plots of the theoretical and experimental angular distribu

tions to obtain the fits shown in the figures of angular distributions 

in the previous chapter. 

The spectroscopic factor for (d,p) stripping, S.., can be undergo 
stood in terms of the shell model as the square of the projection of the 

wave function of the residual nucleus, ̂  , onto the vector-coupled 

product of the target nucleus wave function, and a single-particle 

state, ^ If we consider the case where nuclei A and B consist re

spectively of n-1 and n equivalent active or valence neutrons plus inert 

spin zero cores [Ul,p. 290], 

= <*> 

the superscript a indicates wave functions for only the active neutrons. 
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When a maximum number of the active neutrons are paired to spin zero in 

the target and residual nucleus, 

S4j = 1 " <15> 

for pickup from odd nuclei or stripping to odd nuclei; and 

s«d - n 

for pickup from even nuclei, or stripping to even nuclei. We have taken 

n to be the number of valence neutrons in the heavier of the two nuclei. 

The Reduced Width 

As we will see later, the major uncertainty in the distorted 

wave theoretical cross section is in the calculation of the radial part 

of the bound state neutron wave function, uJjj(rn^)- incident and 

outgoing particles are well below the Coulomb barrier, the stripping oc

curs predominantly far outside the nucleus. Outside the nucleus the 

neutron wave function is known to be proportional to a spherical Hankel 

function [l6]; 

un(r) = Nh^^ikr), for r > 1^. (17) 

Here 

k - K2"A„ Kl • <l8> 

where Bn is the neutron binding energy or, in experimental terms, the 

separation energy, and is the reduced mass. The constant of 
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proportionality, N, is determined by the overall normalization of the 

radial wave function, Eq. (7), and is therefore dependent on the neutron 

well parameters. However, for stripping outside the nucleus the calcu

lated cross section is proportional to N3, and the quantity cx^/N3 is in

dependent of the neutron well model and choice of parameters. 

Two quantities, the reduced width factor [10,11] and, more 

recently, the reduced normalization [l6] have been introduced to repre

sent spectroscopic information while taking advantage of the relatively 

model-independent calculation of CT^/K2 for Coulomb stripping. We use 

the former for convenience. 

Noting again that at some radius, Rq, well outside the nucleus, 

u
n(R0) is proportional to N, we define the. single-particle reduced width 

as [10,11] 

h3R u 3(R„) 
v - ° n 0 (19) 
y° ' 

where is the reduced mass. The reduced width is defined by 

'*J - s« • <20> 

Its independence of the normalization of the neutron wave function is 

apparent in the following equation analogous to Eq. (11), 

(an)expt = 1'53 Yjy ™ ' (21) 
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To be certain that the shape of the asymptotic tail of the neu

tron wave function was unaffected by the matching to the inner wave 

function, a radius R = 11 fin was chosen for calculation of the reduced 
' o 

i 
widths. This compares with an average 6.2 fin for rQA , the neutron well 

radius for the tin isotopes studied. As we will see later, the reduced 

width with this Rq is quite independent of our neutron well parameters 

including the correction for non-local potentials. 

This relatively model-independent experimental quantity, y, is 

only valuable for comparison with nuclear-structure calculations if a 

trustworthy value of un(RQ) is available to convert y to a spectroscopic 

factor. Most structure calculations use neutron wave functions which 

are not matched to a proper asymptotic tail and are therefore useless in 

producing a theoretical value for the reduced width at the large radius 

Rq chosen to be in the region of the asymptotic tail. The main use of 

the reduced width, or just publication of un(RQ) for each level, should 

then be the elimination of the need for full DWBA calculations just for 

comparison of experimental measurements and for study of the behavior of 

spectroscopic factors, using certain new ways of calculating neutron 

wave functions. 

The Distorted Waves 

The distorted waves and are well represented outside the 

nucleus by Coulomb partial waves with nuclear phase shifts obtained from 

elastic scattering [ll]. For incident and outgoing particle energies 

well below the Coulomb barrier, the distorted waves contribute to the 



79 

overlap integral contained in Eq. (3)> only in the region outside the 

nucleus. The distorted waves calculated with optical-model potentials 

obtained from elastic scattering should therefore be accurate for Cou

lomb' stripping. At particle energies far below the Coulomb barrier 

there are major ambiguities in the nuclear optical-model parameters ob

tained from elastic scattering analysis. As is evident in Fig. 5> our 

featureless elastic deuteron angular distributions, which vary only 

slightly from Rutherford scattering, do not contain enough information 

to determine the many optical-model parameters unambiguously. However, 

this is mainly a reflection of the insensitivity of the distorted waves 

to the nuclear distorting potentials. Parameters extrapolated from 

higher-energy analysis should serve quite well. 

The fairly standard form for the optical model potential is [Uo] 

In the above equation, Vc is the potential between a point projectile of 

4 
charge z and a uniformly-charged nucleus of charge Z and radius A3. 

For the nuclear potentials, the real central well shape is of the volume 

Woods-Saxon form, 

f(xi) = (1 + e i)"1 (23) 

where 

x 
i a. 

l 
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and i\ and a^ are the well radius parameter and diffuseness, respective

ly for a well of type i. In DWUCK, the atomic number A of the target 

nucleus is taken from the input the target mass in AMU, so the radi-

% i 
us of a potential well, r^A , is given as r^M^,3. The masses therefore 

have to be given precisely. The depth of the real volume well and that 

of the imaginary surface derivative well are given by VD and V_, respec-A 1 

tively. Compared with the parameters Vg and W^ used by Perey [^2], = 

-V0 and V_ = The real spin-orbit potential is of the Thomas form. 
o ± JD 

The spin-orbit parameter is related to the usual spin-orbit term, Vqq j  

by 

Tsor = 2 N," VS0 - ''"so ' (25) 

where is the reduced pion Compton wavelength. The negative sign of 

the spin-orbit term in Eq. (22) contradicts Ref.O+o], but is compatible 

with the program DWUCK and with the use of a negative Vg0R in the exam

ples in Ref.[Uo], 

The Neutron Radial Wave Function 

In the usual DWBA calculation, the summation over jI and j in Eq. 

(6) is replaced by a single term of a given $, and j. The neutron bound 

state radial wave function u^ is calculated in a potential well, usual

ly Woods Saxon. The well depth is varied to give the proper separation 

energy for the neutron so the internal wave function can be matched to 

the proper asymptotic tail of the form in Eq. (l?). This is the conven

tional separation energy, SE, prescription. Such a procedure would be 
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correct for stripping to a pure single-particle state. Significant 

variations of this procedure [^3-^7] allow for configuration mixing of 

different shell model states, but the calculations are at present too 

cumbersome to apply to nuclei as complex as the tin isotopes. Results 

of such calculations on various nuclei indicate differences in cross 

section from the SE procedure as high as 20-50% C+5-^7]. 

A variation of the usual prescription was suggested by Pinkston 

and Satchler [U!+] for vibrational nuclei. They propose keeping the well 

depth constant for all states and adjusting the neutron radius parameter 

to obtain the correct separation energy for each state. As they indi

cate, this can require large changes in well radius which have rather 

large effects on the spectroscopic factors. In principle, however, 

there is no reason for varying the neutron radius by large amounts, 

rather than the well depth. For our reported results, the standard well 

depth variation was used. Our reduced widths make further testing of 

this Pinkston and Satchler approach quite simple. 

In the present calculation, the neutron wave function is calcu

lated in a potential well of the same form as Eq. (22), with fixed geom

etry and with V^=0 and VgQR replaced by VR•(VSOR/^-2), where VSOR is 

the input variable for a second spin-orbit option in DWUCK. Since V0 is I\ 

close to U5 MeV, VgQR VSOR. The previous warning to choose the target 

mass properly because of its relation to the radius of the potentials is 

particularly important in the neutron wave function calculations because 

of the dependence of the cross section on the potential radius. 
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Corrections to Local, 
Zero-Range Calculations 

The finite range correction for the n-p potential and the cor

rection for non-locality in the distorting potential for each wave 

function including the bound state neutron wave function are calculated 

by DWUCK in the local energy approximation (LEA) [^8;Ul,pp. 113,215] 

Each correction introduces into the integrand of the transition ampli

tude the factor given below which is dependent on the various potentials 

used. 

The finite range correction is given by [Uo] 

m„m„ 

/ 
r 0 m m -i i 

u)(r) = L1 + T IT1 RS(Vr) " Vp(r) ~ Vn(r) " €_r> (26) 

where is the optical potential for particle i, € is the binding en

ergy of the deuteron, and R is the finite range correction parameter. 

The non-local correction factor for particle i is £Ho] 

^(r) = [l - jj-f^Vi(r)]"* , (27) 

where p is the non-local range parameter. The non-local correction for 

the deuteron and proton and the finite range correction were included in 

all the quoted calculations, although the effect was quite small. 

The non-local correction for the bound state neutron potentials, 

however, has a marked effect on the cross section; since the non-local 

correction decreases the wave function in the nuclear interior, it 

thereby increases the normalization of the asymptotic tail in the region 

where stripping occurs. The non-local correction for the bound state 
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potentials is not included in our main results, although the effects of 

the correction are studied carefully. Ulrici and Hering [H9] have shown 

that the LEA is in good agreement with a more complete treatment of non

local effects in the bound state wave function. There had been earlier 

indications that the LEA had an incorrect effect on the tail of the 

bound state wave function [.50], 

DWUCK does not include provisions for calculating the effects of 

electric polarization of the deuteron by the Coulomb potential of the 

target. Calculations have shown the effect on differential cross sec

tions is rather small [ll,l6,5l], The effect varies appreciably with 

large changes in incident energy and Q value but varies only slightly 

with orbital angular momentum transfer. For Coulomb (d,p) stripping to 

the first two states in 139Ba, Rapaport and Kerman [16] obtain approxi

mately a 6% increase in the calculated cross section from the electric 

polarization of the deuteron. The effect on all our reported cross sec

tions is probably less than 10$, and the effect is probably almost uni

form for the low-lying states in all three nuclei studied. 

DWBA Parameters Used and Their Effects 
40 

Deuteron and Proton 
Parameters 

As we discussed in the previous section on the deuteron and pro

ton distorted waves, unique optical-model parameters are not obtainable 

from elastic scattering angular distributions of particles well below 

the Coulomb barrier. This is clearly the situation for deuterons inci

dent on tin at the energies we have employed, and is true for some of 
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the lower-energy protons of interest to us, as low as b MeV for the 

H.03-MeV level in l25Sn. However, when the elastic scattering angular 

distributions become insensitive to the potential parameters, so should 

the stripping angular distributions and cross sections. Parameters 

extrapolated from higher energies should then suffice. In fact, the 

often-used procedure of adjusting optical-model parameters for fitting 

stripping angular distributions can lead to more consistent results than 

are obtained with "proper" optical-model parameters [153• We have tried 

various deuteron and proton parameters from higher energy elastic-

scattering analysis, and checked the effects of the parameters on the 

DWBA stripping calculations. 

Several sets of potential parameters for potentials of the form 

in Eq.. (22) were tried and varied to obtain the best fit to the angular 

distribution of the (d,p) reaction at 5-35 MeV, leading to the ^n=0 

ground state of 117Sn. This angular distribution should have the great

est dependence on the optical parameters. 

The proton parameters of Perey [U2] and the deuteron parameters 

of Perey and Perey set a [52'] gave the best fits. They are listed as 

parameter set A in Table 6. These sets are from average fits over a 

A. 
wide range of nuclei and energies, and include a terra in Z/A3, a nuclear 

symmetry term, and an energy dependence in the real and imaginary well 

depth. The linear energy dependence in the real central well of 

AV^/AE = + 0.55 for protons and +0.51 for deuterons was included in the 

present calculations for the different states in all three reactions. 

These are rather small changes, but slight improvement in fits to 
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Table 6. Potential parameters. 

VR rR aR VI rI aI 
r c v 

SOR 
Particle Set (MeV) (F) (F) (MeV) (F) (F) (F) (MeV) 

Deuteron A -73.b 1.15 0.87 6k. 1.37 0.70 1.15 0.0 

B+ -109. 1.15 0.81 6k. 1.3k 0.68 1.15 0.0 

Proton A -55.8b 1.25 0.65 6 0 .  1.25 0.U7 1.25 -30.0 

D' -51.0 1.25 0.7^7 6 0 .  1.352 0.53 1.25 -30.0 

VS0R 

Neutron A1 c 1.25 0.65 25 
* 

c 1.27 0.65 
-

25 

parameter set A was used for quoted results, with neutron set A., used for the llsSn('d,p)117Sn 
reaction, and set Aq was used for the 123Sn(d,p)133Sn and 124Sn("d,p)l3SSn reactions. 

Adjusted for particle energy. 

The neutron real well depth is adjusted to obtain the proper binding energy. 
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angular distributions from the 0OZr(d,p)91Zr reaction over a wide range 

of subcoulomb energies was observed [27] with inclusion of a similar 

energy dependence for the deuterons. The other variables in the real 

and imaginary well depth were kept constant for all of the final calcu

lations . 

The geometrical parameters r^ and a^ of the real volume poten

tial well were used for the spin-orbit well. The proton spin-orbit 

potential had only a 1$ effect on the differential cross sections, and 

was dropped in some of the later calculations to save computer time. 

Deuteron set B+, listed in Table 6, was obtained from set b of 

Ref.fe2],but V„ is increased 22% as suggested by an analysis of the 

energy dependence of deuteron elastic scattering parameters for 114Cd 

[53]- The larger VD is more in accord with the present preference for 

deuteron potentials approximately twice those for protons. Proton set 

D1 is from analysis of proton elastic scattering on 116Sn at 9*8 MeV 

L5I0, except the value of V^. has been increased from U3 to 60 MeV. Pro-

ton energies from the population of the ground state of Sn were as 

high as 10 MeV in our experiments. 

Angular distributions calculated with the parameter sets listed 

in Table 6 are compared with experiment in Fig. 20 for the (d,p) reac

tion at 5»35 MeV, leading to the first two states in 117Sn. As is 

typical for reasonable sets of optical-model parameters, the spectro

scopic factors resulting from these sets vary by less than 12$, and 

relative spectroscopic factors between states vary a smaller amount. 

Similar tests, concentrating on the real well depths for the deuteron 

and proton showed a variation of less than % in the spectroscopic 



Fig. 20. Sensitivity of angular distributions to deuteron and proton 
potentials. 

Calculated angular distributions are compared with 

experiment for the (d,p) reaction at 5.35 MeV leading to 

the first two states in ll7Sn. Deuteron sets A and B+, 

and proton sets A and D' are used to show the effects of 

various parameters on the shape and magnitude of the 

angular distributions. Nuclear potentials are zero for 

the curve labeled Coulomb. 
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Fig. 20. Sensitivity of angular distributions to deuteron and proton 
potentials. 
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factor for the 0.217-MeV level in the 1S4Sn(d,p)lsBSn reaction at 5.1 

MeV [193. At higher energies the variation is often much larger, using 

parameter sets that fit the elastic scattering data equally well [15>55] 

Reduction of the proton imaginary potential increases the oscil

latory behavior of the angular distributions. A 30$ decrease in Vj can 

cause a 60$ increase in the calculated height of the peak at 35° in the 

ll7Sn ground state angular distribution. The changes at angles greater 

than 70°, however, are around 10$. Variation of the proton imaginary 

potential with isotope as indicated by the nuclear symmetry term, 

AVj = 180 A[(N-z)/A], of the Perey analysis [^2] would increase V^. from 

60 MeV for ll7Sn to 65 MeV for lssSn. Such a change has a negligible 

effect on the shape and magnitude of calculated angular distributions 

and was not included for the reported calculations. 

The dashed curve in Fig. 20 labeled Coulomb shows the ground 

state angular distribution with all nuclear potentials set to zero. 

With increasing orbital angular momentum transfer and decreasing Q value 

the regular optical-model angular distributions approach the pure Cou

lomb values. For the angular distribution shown in Fig. 19 for the U.03 

MeV level in 125Sn, the calculations with and without nuclear potentials 
* 

at = U.75 MeV differ by less than at any angle greater than Uo°. 

The finite range correction, Eq. (26), was included in the re

ported calculations. A value of 0.621 [^-03 for the finite range correc

tion parameter R was used causing a typical increase of approximately 4$ 

in the calculated cross sections. The value of the non-local range 

parameter 0 in Eq. (27) was set at O.85 for the proton and 0.5^ for the 

deuteron [Ho]. The combined non-local correction for these two 



89 

particles resulted in a decrease in the calculated cross section of less 

than 1% at angles greater than 60°. 

Choice of Neutron Well 
Geometry 

Clearly the greatest uncertainty in the calculated cross sec

tions arises from the uncertainty in the neutron potential parameters, 

in particular the Woods-Saxon well geometry, which is taken to be the 

same for both the central and spin-orbit potentials. The more critical 

well parameter, the radius r , is usually varied, and the diffuseness, 

an, kept constant at some value. Happily for those making comparisons, 

an is becoming somewhat standard in Coulomb-stripping analysis at 0.65 

fm, the value we have chosen. Keeping the diffuseness constant is some

what justified by the success of the reformulated optical potential [56], 

which has shown that variation of only one parameter, the volume inte

gral of the potential well, is needed to fit elastic scattering data as 

well as the standard optical model does. 

As will be discussed later, varying the neutron radius parameter 

has an effect on the spectroscopic factor of a state which depends pri

marily on the principal quantum numbpr of the state [15]. In (d,p) 

stripping reactions on doubly-closed shell nuclei, one should be able to 

determine the neutron radius parameter and have a consistency check by 

requiring that spectroscopic factors be near unity for the major low-

lying states, and not change systematically with the principal quantum 

number of those states. In two separate experiments [l5>17] on the 

208Pb(d,p)209Pb reaction at subcoulomb energies, this method has yielded 
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a value for heavy nuclei of r = 1.23 fin with a = 0.65 fm. The value 
n n 

of r would have been somewhat smaller if correction had been made for 
n 

non-locality in the bound state potential. 

The real well radius parameter of 1.25 fm and diffuseness of 

0.65 fm used in the Perey set of proton parameters are close to the fig

ures just mentioned for lead. They are also the values used by Schneid 

et al. [8] in their comprehensive analysis of spectroscopic factors in 

the tin isotopes, and are consistent to approximately ± 2% with the 

parameters obtained recently from proton elastic scattering on the high

er A even tin isotopes at many incident energies [35>36,57]-

The values rn = 1.25 fm and an = O.65 fm were therefore adopted 

for most of the present calculations. However, measurements of the dif

ference in rms matter radii of the even tin isotopes show a radius de-

.1 
pendence of greater than A3. This indicates rn should be larger for 

184Sn than llsSn. 

In a study of polarization and cross section angular distribu

tions for protons elastically scattered from isotopes of tin, standard 

optical-model analysis was used by Boyd et al. [57] "to determine the 

nuclear matter rms radius for x30Snt-. Differences in the elastic scat

tering data were then used to obtain relative rms matter radii for 1X6Sn, 

118Sn, and 124Sn to ± 0.01 fin. 

In the reformulated optical model [56], the mean square radius 

of a real central optical-model potential well (r^QS) niay be obtained 

from the rms radius of nuclear matter (r.,2) by 
M 

<rRCS> - <rM2> + <r2Ba> ' (28> 
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where (r_ 3) is the rms radius of the spin and isospin independent part 
dB 

of the two-nucleon interaction. A value of 4.3 fm3 was used in Ref.[57] 

for (r0 2), and we therefore use it to obtain (r_. 2) for 116Sn and 184Sn. <£]3 KC 

The mean square radius of a Woods-Saxon well can be related to 

the radius parameter and diffuseness by [.56] 

<rKCS> = f rn2 A§ + ̂  an2 • ' <29> 

Using a value of afl = O.65 fm, we obtain from the rms matter 

radii of Ref.t>7], an rn of 1.220 fm for ll6Sn and 1.2^3 fm for 124Sn. 

From the quoted errors for the (r^8)6, assuming an is a known constant, 

the absolute uncertainties in r are 0.03 fm and the relative uncertain-
n 

ties are 0.003 fm. Using the average <r^ Xs from three separate experi

ments quoted in Ref.[57l, one obtains values for rn of 1.233 fm for 

116Sn and 1.251 fm for 124Sn. 

A difference in r of about 0.02 fm between 116Sn and 124Sn 
n 

seems to be clearly indicated. This is a non-negligible difference for 

obtaining relative spectroscopic factors between these two isotopes. As 

can be seen from Table 8 to be discussed shortly, a decrease of 0.02 fa 

in r increases the spectroscopic factors from about 7% for the 3s, 
n £ 

states to about 13$ for the lh^ states. For comparison of our more ex

tensive DWBA calculations for the (d,p) reaction on ll6Sn with those of 

Ref.[8],the value of rR = 1.25 fm was maintained for xl6Sn while a value 

of rn = 1.27 fm was adopted for 123Sn and l24Sn. Based on all the re

cent proton elastic scattering information [35,36, 5^,57], 0.03 fm is a 
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reasonable estimate for the absolute uncertainty in rn for the fixed 

diffuseness. 

Effects of Variations in the 
Neutron Potential 

As we have mentioned several times, the major limit on the ac

curacy of extracted spectroscopic factors lies in the uncertainty in the 

bound state neutron potentials. The resulting uncertainty is not just 

in the absolute spectroscopic factors, but in the relative values for 

different states of the same nucleus. 

The variation of spectroscopic factors with important neutron 

potential parameters is summarized in Table 7 for several states in 

ll7Sn and 12eSn. Spectroscopic factors are given for two or three dif

ferent values of the neutron radius parameter rn< In the first case 

shown in Table 7, calculations were done with a local potential with no 

spin-orbit interaction. For the states in ll7Sn, results are given also 

for calculations with a spin-orbit interaction using VS0R=25 MeV, and 

for calculations with the same spin-orbit interaction and a correction 

for non-local potentials using & = 0.8. The spectroscopic factor for 

each state calculated with rR = 1.25»fta, VSOR = 25 MeV, and j3 = 0 is 

taken as a standard. Listed in parentheses beside spectroscopic factors 

calculated with different parameters is the percent deviation from the 

standard value. 

The neutron spin-orbit potential obviously has a different ef

fect for states depending on their orbital and total angular momentum. 

As the figures for 7Sn in Table 7 indicate, removing the spin-orbit 
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Table 7. Effects of the neutron potential parameters. 

116 Sn(d,p)ll7Sn Q g.s. = b.720 Ed = 5-35 MeV 

Correc 3s£ Ex = 0.0 2df Ex = 0.16 11 S
 0.31 

tions 

VSOR 9 r • 1.19 n 
r = 1.25 
n rn = 1.25 rn = 1.19 rn = 1.25 

0 0 0.65(27) 0.51(0) 0.67(-I2) 1.5M105) 0.97(29) 

25 0 0.65(27) 0.51(*) 0.76(*) 1.17(56) 0.75(*) 

25 0.8 0.5M6) O.H2(-l8) 0.62(-l8) 0.90(20) 0.58(-23) 

13 4 'Sn(d,^)125Sn Q g.s. = 3-515 Ed = 5-55 MeV 

3s& Ex = 0.22 2df E = 
* X 

0.03 3PI Ex = 4.03 

r = 1.19 
n 

r = 1.25 
n 

r = 1.29 r = I.19 
n y n y 

r = 1.25 
n 

rn = 1.19 r = 1.25 
n 

0 0 0.326(24) 0.263(*) 0.228(-13) 0.55(31) 0.i*2(*) 0.31(15) 0.27(*) 

81 
Spectroscopic factors are given as a function of the neutron bound state radius parameter, inclusion 
of a bound state spin-orbit potential of VS0R=25 MeV, and inclusion of the non-local correction to 
the bound state potentials (f) = 0.8). The well diffuseness is fixed at a^ = O.65 ftn, and rn is in 
fm. Listed in parentheses is the percent deviation of a spectroscopic factor from the one with an 
asterisk. 
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potential increases the spectroscopic factor for the h , 0.31-MeV state 
~sr 

by 29% while decreasing the spectroscopic factor for the d3, 0.l6-MeV 
~z 

state by 12$. The effect is a 7% increase for the 0.l6-MeV state 

treated as a d5 state and a 5$ increase for the dg state at 2.31 MeV. 
2" 1 

This is indicative of a slight dependence of the spin-orbit effect on Q, 

value or, equivalently, neutron binding energy. 

The need for a bound state spin-orbit potential is well estab

lished and its strength can be determined reasonably well by proton 

elastic scattering. For a given geometry and central potential, the 

spin-orbit potential should be able to reproduce the splitting between 

two good single-particle states with j = Jt, + l/2 and j = Z - l/2. 

Our value of VSOR = 25 MeV corresponds to a usual spin-orbit 

potential, V , varying from 5.7 to 6.7 MeV, depending on the central 
SO 

well depth. This is in the lower range of spin-orbit strengths deter

mined from elastic scattering. Values of V commonly range as high as s o 

8 MeV. Refs.[8] and D.9l>with which we v/ill compare our spectroscopic 

factors, used VgQ =7.5 MeV and VSOR = 20 MeV, respectively. 

The variation of spectroscopic factors with the neutron well 

radius is approximately linear over the small range of radii we have 

considered. In Ref.Q-6], the dependence is shown to be exponential for 

X> =1 transitions in the 40Ca(d,p)41Ca reaction over a range of r = 1.0 
n n 

to 1.5 fm. In a rather complete study [15] of the effects of varying 

the neutron potential well geometry for the S08Pb(d,p)309Pb reaction, 

Jeans et al. [15] observed that the main difference from state to state 

in the effect of varying rn was due to the number of nodes in the neu

tron wave function, i.e., the principal quantum number, n, minus one and 
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to a lesser extent to the differences in the binding energy of each 

state. These observations seem to be verified by our analysis. 

As Table 7 indicates, the increase in spectroscopic factor as 

the neutron well radius is changed from 1.25 to 1,19 fm is 2and 31$>, 

respectively for the 3S;, , 0.22-MeV, and 2d3, 0.03-MeV states in 135Sn, 
£ 2 

and 56% for the lh^, 0.31-MeV state in 117Sn. Under the same condi-
s 

tions, the change in spectroscopic factor is 2Of0 for the 3s.,, 2.39-MeV 
a 

state in 117Sn, showing a slight lessening of the effect for lower neu

tron binding energy. Approximately the same information on the effect 

of varying rn is given in Table 8, which lists the percent change in the 

calculated cross section for the (d,p) reaction to seven states in 

1S5Sn, when rn is changed from 1.29 to 1.27 fm. One will recall that a 

radius parameter of 1.27 fm was used to calculate the neutron wave func

tion for 123Sn and 135Sn, and 1.25 fm was used for 117Sn. 

Returning to Table 7, one can see that the inclusion of the cor

rection in the local energy approximation for non-locality in the bound 

state potentials has a sizable effect on the spectroscopic factors 

ranging from -18$ for the 3s^ and 2d3 states in 117Sn to -23% for the 
s i 

lh,., state. Since the spectroscopic studies of neutron well geometry on 
¥• 

which we have relied did not include a non-local correction, and since 

it was thought at the time we started our analysis that there was major 

disagreement about the applicability of the correction to bound state 

wave functions, it was not included for our reported results. As can be 

deduced from a linear extrapolation of the figures for ll7Sn in Table 7, 

approximately the same spectroscopic factors would result if the non

local correction with = 0.8 were included and rn were reduced from 
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Table 8.. The change in calculated cross sections with a 0.02 fm de
crease in rn.a 

124Sn(d,p)13sSn rn = 1.29 to 1.27 Ed = 5.55 MeV 

n,A,2*j E 
X 

3s 1 0.22 -7 

3s 1 2.25 -6 

3p3 1+.03 -5 

2d3 0.03 -8 

2d5 l .$k -8 

2f7 2.76 -8 

lhll 0.00 -13 

167 1.36 -12 

aListed is the percent change in the calculated cross section for the 
1S4Sn(d,p)125Sn reaction to several states in 125Sn when rn is changed 
from 1.29 to 1.27 fm. 
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1.25 to 1.21 fm. The spectroscopic factors for the 3s. and lh states 
~£ IT 

would be changed by about -2% and +5% respectively. Relative spectro

scopic factors would be almost unchanged for states in the different 

isotopes with the same orbital and total angular momentum. 

One may observe in Table 7 that the effects of varying the neu

tron radius over this range and including spin-orbit or non-local cor

rections are approximately independent of each other. Also, the effects 

of these changes are quite independent of the incident deuteron energy 

in the range from U.5 to 5.5 MeV. In fact, Powell et al. [19] have 

shown that similar changes in r , VSOR, and p cause approximately the 

same change in calculated cross sections for the 134Sn(d,p)125Sn reac

tion at 12 MeV as at 5.1 MeV incident deuteron energy. Thus, they have 

disproved the argument that Coulomb stripping is more dependent on the 

neutron well parameters than stripping somewhat above the Coulomb bar

rier. 

Based on proton elastic scattering data, we estimated the uncer

tainty in rfi to be 0.03 fm for an=0.65 fm. This is also a reasonable 

uncertainty from extrapolation of the parameters based on spectroscopic 

factors in Pb. The uncertainty in rn yields an uncertainty in spectro

scopic factors due to neutron well parameters of approximately 25$ for 

the lhj.1 and lg7 states and approximately 13% for the other states. If, 
-sr t 

however, by comparison with theory or with (p,d) experiments using the 

same neutron well geometry one is convinced that the spectroscopic fac

tor for the lh,, state is known to better than 25$, then the sr>ectro-
-TT 

scopic factors for the s, d, and f states are probably known quite well. 
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That is assuming the whole approach of treating the states as single-

particle states and keeping a fixed neutron well geometry for all states 

is valid. At the end of the next chapter, we argue on the basis of a 

sum .rule that we do indeed know the spectroscopic factor for ll7Sn 

to better than 25%, probably to the accuracy attained for relative 

spectroscopic factors. The variation of spectroscopic factors with the 

deuteron and proton optical-model parameters and with neutron well para

meters suggests that the spectroscopic factors for the different states 

are correct relative to each other, to better than 15$. 

For a given state in Table 7, the reduced width varies by less 

than 2<j0 for any listed combination of the parameters. Excluding the 

lhj^ state, the variation in reduced width is less than 0.5%. This 
s 

indicates that the stripping is occurring well outside the nucleus and 

is dependent only on the normalization of the asymptotic tail of the 

neutron wave function. 

Deduced Spectroscopic Factors and Reduced Widths 

Clearly the spectroscopic factor and reduced width obtained for 

a given level should be independent of the incident-particle energy in 

the reaction used to measure those quantities. Consistent determination 

of spectroscopic factors at several different incident-particle energies 

is a good indication that relative cross sections are being measured ac

curately, that the optical-model parameters for the incident and out

going particles are suitable, and that the basic assumptions of the 

analysis such as assuming pure stripping, are suitable. 
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Spectroscopic factors were extracted for the first s^^ state and 
s 

d3 state.in 11?Sn, 1S3Sn, and X3eSn from data at each of the three or 
1" 
four incident deuteron energies used to study each nucleus. These spec

troscopic factors are listed in Table 9> along with the spectroscopic 

factor for the h, , 0.31-MeV state in ll7Sn obtained at E, = 5-35 and 

5.15 MeV, and the spectroscopic factor taken at three energies for the 

p^ U.03-MeV level in 135Sn. Beside each spectroscopic factor is its 
"a 
percent deviation from the energy-averaged value for that state. 

The variation of the spectroscopic factors with energy is ap

proximately within statistical uncertainties in the experimental cross 

sections for all the states listed in Table 9, except for the d3, 0.OS
'S" 

MeV state and p , U.03-MeV state in 1S5Sn. There is a very slight ten
's? 

dency toward smaller spectroscopic factors at lower incident deuteron 

energy. This trend could be reversed by rather substantial changes in 

the optical-model parameters [27]. Reduced widths would show the same 

variation with incident deuteron energy as the spectroscopic factors 

since the neutron wave function is independent of the incident energy. 

The variations shown in Table 9 are considerably less than the 

variation of spectroscopic factors with bombarding energy, when those 

energies are above the Coulomb barrier [15)58]. Except for the uncer

tainties from the neutron well geometry, our spectroscopic factors for 

states listed in Table 9 seem reliable to better than 10$. 

Listed in Table 10 are the spectroscopic factors obtained in the 

ll6Sn(d,p)ll7Sn reaction at E^ = 5.35 MeV for all of the identified s, d, 

g, and h states, and the more prominent f states in 1X7Sn. Reduced 
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Table 9. Deduced spectroscopic factors at several incident deuteron 
energies. (<fa) = % deviation of S from the average value. 
$D = 100 (S-S J/S .) v avg" avg ' 

Ed 

0.0 
MeV 
S 

si 
p 

0.16 
MeV 
S 

df 
ioD 

0.31 
MeV 
S 

h^ 
lob 

5.35 0.52 0 0.76 0 0.79 0 

ll6Sn(d,p)ll7Sn 5.15 0.5^ 4 0.78 3 0.79 0 

H.55 0.50 -4 0.74 -3 

Avg. 0.52 0.76 0.79 

Ed 

0.15 
MeV 
S 

si 
°JoD 

0.03 
MeV 
S 

A ̂  

°/oD 

5.15 0.30 3 0.45. 2 

132Sn(d,p)133Sn 4.75 0.28 -3 0.43 -2 

4.55 0.29 0 O.Uif 0 

Avg. 0.29 0.44 

Ed 

0.22 
MeV 
S 

0.03 
MeV 
S 2* 

4.03 
MeV 
S 

p| 
cloD 

5.55 0.25 0.1+3 8 0.25 9 

5.15 0.23 -i+ 0.42 5 

xs4Sn(d,p)lseSn 4.75 0.24 0 0.38 -5 0.22 -4 

4.55 0.23 -4 0.36 -10 0.23 0 

Avg. 0.24 o.4o 0.23 
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Table 10. Spectroscopic factor and reduced width for states in lx*Sn.a 

E X n,A,2-j y S sb sb 

(MeV) (assumed) (keV) 5.35 MeV 15 MeV renorm. 

0.0 3s 1 2.17 0.52 0.65 0.1+9 

0.157 2d3 1.57 O.76 0.55 0.65 

0.313 lhll 0.277 0.79 0.81 

0.705 lg7 0.01+3 0.11 0.13 0.13 

1.015 2d5 0.219 0.061+ 0.06l 0.079 

1.178 2d5 0.039 0.033 0.01+3 

1.302 2f7 0.107 0.037 0.029 

1.^99 2d5 0.028 0.020 0.026 

1.668 2d5 0.007 0.007 0.009 

2.01+6 2f7 0.027 0.025 

2.076 3s 1 0.009 

2.1U6 2d3 0.005 

2.31 2d5 0.023 0.001+ 0.012 0.016 

2.39 3s 1 0.01+5 0.001+ 

2.461 2f7 0.01+1+ 0.030 

2.5^5 2f7 0.087 0.019 0.017 

2.770 2d3 0.006 

3.113 2d3 0.089 0.013 

3.235 2f7 0.12 0.120 

3.785 2f7 0.1+37 0.058 0.030 

Results of the analysis of the ll6Sn(d,p)ll7Sn reaction at E^ = 5.35 
MeV are compared with the spectroscopic factors from the same reaction 
at 15 MeV [ 8 ]. 
bSee Ref.[8]. S „ = their S , times the renormalization renorm measured 
coefficient in their Table 9. 
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widths for Rq = 11 fm are given for most of those states and a compari

son is made with the experimental and renormalized spectroscopic factors 

from the (d,p) reaction at 15 MeV £8]. 

It should be noted that there is no uniform upper limit on the 

value of reduced widths comparable to the unit upper limit on spectro

scopic factors. The statistical weight factors for the (d,p) spectro

scopic factors are such that, neglecting the effects of spin-orbit 

forces, (2j+l)S is independent of the assumed angular momentum j of the 

state. Spin-orbit effects in the neutron bound state are non-negligible 

but may be estimated using Table 7. If the 1.^99-MeV level were d3 in-
"2 

stead of d5 as some of the evidence in Chapter 3 indicates its spectro-
~z 

scopic factor would be 0.0U9. The relation of the spectroscopic factors 

to theory and other experiments including Ref.[8]will be discussed in 

the next chapter. 

Spectroscopic factors and reduced widths were extracted for 

three states in 123Sn from the 13aSn(d,p)123Sn reaction at = 5.15 MeV. 

Spectroscopic factors and reduced widths were extracted for ten states 

in X25Sn from the 124Sn(d,p)125Sn reaction at Ed = 5.55 MeV. The 

results for 123Sn and lsBSn are listed in Tables 11 and 12, respectively. 

Included in these tables are related spectroscopic factors from other 

experiments. In the next chapter a comparison will be made between 

these listed sets of spectroscopic factors. 
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Table 11. Spectroscopic factor and reduced width for states in 13aSn.a 

Ex 
(MeV) 

n,A,2 

(assumed) 
V 

(keV) 

S 

5.15 MeV 

Sb 

15 MeV 

b 
s 

renorm. 

c 
S 
PP 

0.025 2d3 1.73 0.U5 oM 0.52 0.28 

0.150 3s 1 2.27 0.30 0.36 0.27 0.18 

2.716 2f7 2.39 0.25 0.60 

aResults of the analysis of the 138Sn(d,p)1S3Sn reaction at = 5.15 
MeV are compared with spectroscopic factors for the same states and the 
same reaction at 15 MeV [ 8 ] and for the isobaric analog states from the 
ia3Sn(p,p)l22Sn reaction. 

See Ref. [8]. Srenorm = their Smeasured times the renormalization 
coefficient in their Table 9-

cSee Refs.[35,36]. 



Table 12. Spectroscopic factor and reduced width for states in 12SSn.a 

E >^>2 *J V s S S° sc s d 
(MeV) (assumed) (keV) 5.55 MeV 15 MeV Renorm. 5.1 MeV 12 MeV PP 

0.000 lhll 0.186 0.29 0.315 

0.028 2d3 1.64 0.43 0.34 0.4l 0.212 0.24 

0.0 + 0.028 2d3 0.48 0.336 

0.217 3sl 2.12 0.25 0.25 0.19 0.186 0.168 0.19 

0.936 

1.261 

2d3 

2d5 

0.129 
0.318 

0.023 

o.o4o 0.039 0.051 0.032 

0.014 
l2d5) 
0.034 0.040 

1.364 lg7 0.024 0.022 0.032 

1.5^0 2d5 0.181 0.022 0.023 0.030 0.016 0.021 0.014 

2.254 3sl o\l33 0.006 0.009 0.007 

2.760 2f7 4.35 0.53 0.79 

4.03 
"3p3 

3pl 

32.5 

25.4 

0.25 

0.53 

0.24 

Results of the analysis of the 184Sn(d,p)12sSn reaction at E^ = 5.55 MeV are compared with spectro
scopic factors for the same states and the same reaction [ 8, 193 and for the isobaric analog states 
from the i34Sn(p,p)ia4Sn reaction [35!• 

^See Ref.[81. s
renorm = ̂ e^-r ^measured "k3-mes the renorraalization coefficient in their Table 9-

CSee Ref.[l9l. 

^See Refs.[35,36]. 



CHAPTER V 

COMPARISON OF SPECTROSCOPIC FACTORS WITH 
THEORY AND WITH OTHER EXPERIMENTS 

Comparison with Other Experimental Determinations 

Most spectroscopic factors from other experiments which may be 

compared directly with the present values are listed for the appro

priate nucleus in Tables 10, 11 and 12. The results of Schneid et al. 

[8] from the (d,p) reaction at 15 MeV may be compared with our results 

for all three nuclei, 1A7Sn, X23Sn, and 125Sn. As discussed in the 

previous chapter, this comparison is particularly valid since the neu

tron well parameters used in the analysis of both experiments are ap

proximately the same. 

Schneid et al. [83 also obtained complementary (d,t) cross sec

tions but were not able to obtain spectroscopic factors directly from 

DWBA calculations because accurate triton optical-model parameters were 

not available for tin. In order to obtain (d,t) spectroscopic factors 

they used DWBA calculations to remove the Q, value dependence of the 

(d,t) cross sections. A simple result of pairing theory, Eq. (30) in 

the next section, was used for each state, s^, d3, dg, and g?, over all 
£ 2 2" 2 

the isotopes studied to normalize the (d,t) spectroscopic factors and 

renormalize the (d,p) spectroscopic factors. The renormalized (d,p) 

spectroscopic factors, S in Tables 10, 11 and 12, are then consis-c renorm 

tent on an average basis over the isotopes with the (t,d) results and the 

relation of Eq. (30). 

105 
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In the next section, a comparison is made between the spectro

scopic factors for the lowest s. , d , g , and h states that we have in i- 3 2. 1 1-
2 2 2 2 

common with the 15-MeV experiment of Schneid et al. [8]. For the main 

117 s, and the main d states in Sn, the renormalized 15-MeV spectroscop
ic i 
ic factor is in much better agreement with oar result than the experi

mental 15-MeV value. The 3Ofo renormalization change for the d states 
5 
2 

seems a factor of two too large, in 123Sn and 125Sn, both 15-MeV sets 

agree with our spectroscopic factors about equally well. 

The f7 spectroscopic factors for Sn from the experiment at 15 
~2 

MeV are noticeably lower than the present values, considering the fact 

that the 15-MeV results for the 2.0^6-, 3.235-> and 3,785-MeV levels in

clude unresolved levels. In the present analysis, spectroscopic factors 

were not extracted for the p3 levels in Sn, however, our value agrees 
2 

with the 15-MeV result for the large isolated p level in 125Sn. 

The spectroscopic factors S listed in Tables 11 and 12 are for 
PP 

isobaric analogs in 123Sb and 135Sb to some of the states we have ob

served in 123Sn and 125Sn. They are preliminary results obtained by 

Boyd and Arking from study of resonances in the 123Sn(p,p)122Sn and 

X34Sn(p,p)124Sn reactions [353> using methods described in Ref. 36. 

The S^p may be compared with spectroscopic factors Sn calculated 

by a different method in the same references for the same data and with 

spectroscopic factors from an earlier experiment, using the same reac

tion on many isotopes of tin [59]. The S listed in Tables 11 and 12 
PP 

resemble our spectroscopic factors for the analogous states in Sn. 

Since Boyd reported very few resonances in the region of the analogs to 
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the 2.760-MeV level in 12SSn, and the 2.716 in 12aSn, we might assume 

that the S for the analogs to the 2.760- and 2.7l6-MeV levels are af-
PP 

fected by the nearby states. States within ± 50 keV have cross sections 

in our spectra totaling 11% of the 2.760 cross section, and 53% of the 

2.716 cross section. 

A rather complete comparison of spectroscopic factors S ex

tracted by resonance analysis v/ith those from DVJBA. methods is reported 

in Ref.[6o], In a study of many states in the Ba isotopes, they used the 

same optical-model parameters and well parameters for both methods. The 

agreement between the two approaches was fairly good, but large discrep

ancies existed for some states. 

The spectroscopic factors in Table 12 marked 5-1 MeV and 12 MeV 

are from the study of the 124Sn(d,p)128Sn reaction at those energies by 

Powell, Dallimore, and Davidson [193• The listed spectroscopic factors 

are based on local, zero-range (LZR) calculations. Powell et al. also 

included spectroscopic factors based on calculations including, in the 

local energy approximation, corrections for non-local and finite range 

effects in all potentials. The calculations were performed with the 

DWBA code DWUCK with similar neutron- potential parameters to those we 

used. 

Making corrections for the slight differences in the calcula

tions, our spectroscopic factors should be approximately 10% smaller 

than their IZR values listed in Table 12, at least for their 5.1-MeV re

sults. To the contrary, their 5-1-MeV IZR spectroscopic factors are 

from 20-3C% smaller than ours. One may compare the experimental cross 
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sections from their figures for the 0.217-MeV level and the 0.028 plus 

ground state with our cross sections at 5.15 MeV, interpolated to 5*1 

MeV. This shows that the difference is almost entirely in the experi

mental cross section. The most likely sources of the difference are an 

error of 150-200 keV in incident deuteron energy, or an error in target 

thickness and detector solid angle determination, both of which seem 

quite unlikely in our experiment with the procedures described in Chap

ter II. Powell et al. [.193 used approximately the same elastic scatter

ing method as we did for determining target thickness and detector solid 

angle; however, they may have normalized against beam current, and may 

have evaporated some of their target with the beam. 

Comparison of Experimental and Theoretical 
Occupation parameters 

The single-particle shell model assumes that a certain number of 

valence nucleons move in a common potential produced by an inner core of 

nucleons which is comprised of pairs of identical particles coupled to 

zero spin and magnetic moment. The number of particles not so coupled 

is the seniority of the system. Varying residual interactions may be in

cluded between the active nucleons. Calculations of this type can pre

dict many properties of a wide range of nuclei. The extreme single-

particle model treats only one nucleon moving in an average (shell 

model) potential due to the remaining even-even core. This model, with 

a spin-orbit term in the potential yields the familiar single-particle 

wave functions and single-particle energy levels. Relatively large gaps 

exist between some of the single-particle levels. Nucleons filling 
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levels up to a gap are often considered to form a closed shell for more 

complete single-particle shell models. 

Such a gap exists in the single-particle energies when levels up 

through the lg^ are filled with fifty nucleons. Thus in the tin iso

topes with fifty protons, the protons are expected to form a rather 

inert spherical core for the ground and lowest excited states, and the 

neutrons are expected to be filling the lg7, 2dg, 2d3, Ss^ and lh., 
J J T a is 

levels in the N=50 to 82 shell in that approximate order. The above 

ordering of levels is followed in the excitation energies of the low-

lying states of 113-Sn, indicating a particle-like configuration for that 

nucleus, and the inverse ordering is followed in the excitation energies 

of the states of 1S6Sn, indicating a hole-like configuration £12]. 

In the following general description of the application of pair

ing theory to the isotopes of tin, we rely greatly on a recent review 

article by E. U. Baranger [9]. Clearly, the number of active neutrons 

and single-particle states in the intermediate mass tin isotopes such as 

ll7Sn is too great to be handled by conventional shell-model programs, 

which include interactions between the active neutrons, nor have such 

shell-model programs yet been applied to the lightest and heaviest tin 

isotopes,, The main residual interaction between the active neutrons is 

the pairing force. The BCS theory of superconductivity handles a pairing 

force in a simple, approximate way. Applications of the BCS theory to 

single closed-shell nuclei such as the tin isotopes have been fairly 

successful for over a decade. The ground state of an even number of 

active identical particles spread over a chosen number of single-

particle levels is assumed to consist of pairs of particles coupled to 
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zero angular momentum, i.e., seniority-zero. The "gap equations" of the 

theory are used to determine the set of occupation probabilities of the 

single-particle levels which yields the lowest energy for the system. 

A transformation is made to quasi-particle states which are 

linear combinations of single-particle and single-hole states. In this 

linear expansion, the square of the coefficients for the particle- and 

hole-states are the "emptiness" and "fullness" parameters u.2 and v.3 of 
0 0 

the QP state, where (2j+l)v.2 equals the expectation value of the number 
J 

of identical spin j particles in the QP state and 

u 2 + v 2 = 1 . (30) 
J J 

There is a one-quasi-particle (1QP) state for each single-particle 

state. Interactions between quasi-particles may be transformed from 

single-particle interactions and handled in an analogous way to single-

particle interactions. 

The lowest states of the odd isotopes are 1QP states. Higher 

excited states are 3QP and 5QP states or, if collective vibrations of 

the core are included explicitly, 1QP plus phonon states. The simple 

excited states of even isotopes are 2QP and states with excitation 

energies equal to the sum of appropriate 1QP energies. Thus, the exci

tation of the first simple excited state in even isotopes is twice the 

lowest 1QP energy. This is the energy gap observed in even spectra. 

The occupation parameters v.2 and u.3 may be measured experimen-
0 0 

4. tally by stripping and pickup reactions. In pairing theory, for even 0 

targets, stripping and pickup reactions to a state of spin j have cross 
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sections proportional to u.s and v.3, respectively [61,623. For odd 
J J 

targets in a state of spin j, stripping and pickup cross sections to the 

even ground state are proportional to v.s and u.s, respectively. In ac-
J J 

cordance with these relations, we have equations analogous to Eqs. (15) 

and (16) of the previous chapter. 

If we again let nucleus B be the heavier of the two nuclei 

rather than being the residual nucleus, then simple pairing theory (pure 

1QP states) predicts 

S. = (2j+1) v 3(B), for even B, (31) 
J J 

and 

S. = u.s(A), for even A &l] . (32) 
J J 

Eqs. (31) and (32) may be compared with exact sum rules which do 

not depend on pairing theory, but only on the assumption that just neu

trons are active. The general non-energy-weighted (NEW) monopole sum 

rule for stripping is 

2J„+1 
\ ZB 

_ A 
aB B 

^ 2J +1 S^AJA'^lQfBJB^ = <neutron holes» A^j » <33) 

where the right side, the expectation value of the number of neutron 

holes of spin j, is equal to (2j+1) u.s(A) of pairing theory. Any addi-

tional quantum numbers needed to fully specify the state are represented 

by or, and the quantity after S is just an identifier. 
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For pickup transitions, 

v~ 
L S(aAJA'^laBJB^ = <neutrons> B>j » (3^) 
VA 

where the expectation value of the number of neutrons of spin j is equal 

to (2J+1) v?(B) of pairing theory. French and Macfarlane [63] have 
J 

shown that if protons are active in the same orbit, j, then Eq. (3^) 

must include a term on the left side for pickup to states with isospin 

Tfl = T-, + l/2. The additional terra is C3 Tj S , where C3 is 

Va 
l/(2Tg+2). For an even, seniority-zero target nucleus, the sums in 

Eqs. (33) and (3^) are over all final states of spin j. 

In the event the entire S sum is concentrated in a single final 

state, Eq. (33) becomes identical with Eq. (32) for stripping, and Eq. 

(3I+) reduces, to Eq. (31) for pickup. This is approximately the case for 

the s , d , h , and g7 states in the odd tin isotopes with A=115 to 125. 
"g t T 2 

In these nuclei, the lowest level with each of the above assignments has 

greater than 9 times the yield of any other level with the same assign

ment [8,12]. The same is true for i:L1Sn and ll3Sn except for some 

strength in a higher s. state in 111Sn and some fairly strong higher s 
k k 

and d3 states in 113Sn. Using just the main four low levels in each odd 
~z 

nucleus, the experimental occupation parameters u.3 and v.3 are obtained 
J J 

from Eqs. (31) and (32) for = l/2+, 3/2+, 7/2+, and ll/2". The ex

perimental and theoretical occupation parameters are compared in Fig. 21, 

which is taken largely from a similar figure in the review work of E. U. 

Baranger [9], which is in turn taken in part from Ref.[5], The theoreti

cal curve of Ref.[93, and the (p,d) results for v.3 of Cavanagh [6^,65]> 
J 



Fig. 21. Comparison of theoretical and experimental occupation parameters. 

Occupation parameters based on the lowest level of each indicated spin are shown. 

The theoretical curve is from Ref. [9]. The experimental values are based on the 

spectroscopic factor for stripping or pickup to or from the lowest state of spin j. 

The symbol • and x are from the present experiment and Ref. £8], respectively. 

They represent values of u^.3 from the (d,p) reaction on even isotopes. The tri

angles indicate values of v.3 from the (d,p) reaction on odd isotopes [8]. The 

circles represent values of from the (p,d) spectroscopic factors of Refs. 

[643 and [65]. 
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Fig. 21. Comparison of theoretical and experimental occupation parameters. 
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which we have not seen, are taken from Ref.fel. The u.3 from earlier 
t) 

(d,p) data [8] are the same as in Ref .19], except for u8xl for ll2Sn. We 
-sr 

have added the present experimental values of u^2 as well as the vxz 

from the (d,p) transition to the ground state of even isotopes [8]. Our 

values are based on the energy averaged spectroscopic factors of Table 9 

for levels included in that table. Other appropriate experimental re

sults for one nucleus [19>30], and unpublished results for X33Sn shown 

in Ref.[9], have been omitted for clarity. In comparing results in cases 

such as the s state in 124Sn, or the g? state in all the isotopes, 
8 ~z 

where one occupation parameter is near zero, and the other near unity, 

it is more appropriate to think of the difference in results in terms of 

a percentage of the larger occupation parameter. 

The theoretical values shown in Fig. 21 are for 1QP states. If 

the states were pure 1QP states and the experiments and DWBA theory were 

correct, the experimental points and the theory would coincide for each 

nucleus. In fact, they do fairly well. 

Calculations using a Gaussian residual interaction with phenome-

nological parameters indicate 3QP admixtures to the same states affect 

the occupation parameters by less than 10$ except for the g7 state in 
2 

the heavier isotopes [If]. This is consistent with the small cross sec

tions observed for any higher levels with the same configuration. Other 

experiments more sensitive to slight deviations from pure 1QP states 

indicate some admixture of other configurations [9]. 

Except for the 0.02 fhi increase in our value of r for 132Sn and 
n 

124Sn, and an almost negligible difference in the spin-orbit potential, 
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the neutron well parameters used in the present work are the same as 

those used by Schneid et al. [8]. Major differences in u.2 between the 
J 

two experiments then should be due to some nonstripping reaction 

strength in either experiment or to the rather great sensitivity to 

optical-model parameters at the higher energy of Ref.(8], A significant 

difference between the two experiments is apparent for 118Sn with their 

ux2 larger than ours and u3s smaller than ours. Thus, each experiment 
2 2" 

would give a different slope to the u^2 versus isotope curve for those 

two states. 

If the real central well parameters for the neutron were chosen 

correctly, assuming pure 1QP states, then u.2 from the (d,p) reaction on 
tJ 

the even isotopes should equal (1-v.2) from the (d,p) reaction on the 
0 

appropriate odd isotopes and the (p,d) reaction on the appropriate even 

isotopes. This is approximately the case. Unfortunately, not having 

obtained Refs .[6H] and [65],we do not know any details of the DWBA analy-

sis of the (p,d) data; so only a comparison of the relative change of 

the occupation parameters with A is meaningful. In that respect our 

agreement with their results is at least as good as with the (d,p) data 

of Ref.[8], The fairly large separation between the (p,d) results and 

ours on the s^^ levels indicates inaccuracy of some type considering the 
a 

relative insensitivity of the &n~0 spectroscopic factors to neutron well 

parameters. It is interesting to note that the theoretical u.2 for the 

s states are higher, in better agreement with our measurements, when 
2 
second-order corrections in the matrix elements are not included in the 

calculations [5]. The d3 occupation parameters are only slightly af-
"2 

fected by the second-order corrections. 
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In renormalizing their occupation parameters, Schneid et al. [8] 

made u.2 from their (d,p) data equal l-v.s from their (d,t) data as much 
0 J 

as was possible through choosing for all isotopes a renormalization con

stant for each angular momentum j. Plotted as in Fig. 21, their renor-

malized occupation parameters for the d3 and sx states give clearly 
2 "2 

better agreement with our experimental u^.2 results than did their ex

perimental u.2. For the s3 states there is better agreement of the re-
J g 

normalized values with our results than with the theory or the (p,d) 

results. 

Although our cross section for the h^ ground state of 125Sn may 

be somewhat uncertain, it is unlikely that the cross section is as large 

as would be necessary for agreement with the (p,d) data or the theory. 

This would require the ground state to contribute as much as 3C$ of the 

total ground state plus first excited state doublet cross section. This 

seemed clearly unlikely in looking at the spectra. Our value of u2? for 
J 

124Sn is from the 1.36U-MeV level in 1S5Sn. The g7 assignment for this 
"2 

level is tentative [19], and it is not clear that there are no g7 levels 
~z 

in 12SSn with larger yields, but obscured by even stronger peaks such as 

the one at 1.26l MeV. 

The general agreement of the simple experimental and theoretical 

occupation parameters indicates that the pairing theory description of 

the ground state of the even tin isotopes is fairly accurate, and it 

indicates that the lowest levels of the odd tin isotopes can be de

scribed by predominantly IQP states. Or, as E.U. Baranger [9], concluded, 

at least the lowest levels of the odd tin isotopes are predominantly IQp 

states with respect to the ground state of the even tin isotopes. 
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One can almost say that the experimental data displayed in Fig. 

21 is consistent within the uncertainties arising from just the choice 

of optical-model parameters. This might serve as inducement for a 

series of experiments on the isotopes of tin involving both stripping 

and pickup reactions at subcoulomb energies to see just how closely the 

occupation parameters from stripping and pickup can be matched, and to 

try to explain the difference. The (d,t) and (t,d) reactions would be 

ideal since the Q, values are much closer to zero for those reactions 

than for the (d,p) and (p,d) reactions. This is important because the 

neutron binding energies are high for the even tin isotopes, so Coulomb 

stripping conditions will be hard to realize for (p,d) reactions to the 

lowest states of the odd isotopes. 

If we include in Eq. (33) a summation over j for all the orbits 

in the N=50 to 82 shell, then we should obtain from the sum of weighted 

spectroscopic factors the number of holes from that shell in the target 

ground state, 

£ (2j+l) S . = S (neutron holes). , (35) 
Qfj j J 

where we have taken = 0 and = j. For ll6Sn this should be 82-N = 

16 holes to a high degree of accuracy, since the spectrum is fairly well 

known, and pickup reactions show no evidence of filling the next higher 

shell while stripping reactions show no evidence of holes from the next 

lower shell. Also, in the calculations of Ref.C5],Vj3 2! 0.99 for states 

of the next lower shell, and u.s s* 0.98 for states of the next higher 
J 
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shell. The deviation of these quantities from unity is somewhat higher 

for 124Sn than for 116Sn. 

The sum of our weighted spectroscopic factors is 15.U for states 

in the N=50 to 82 shell in 1X7Sn. The h,, state contributes 9-5 to this 
Tr 

sum, so it seems that on theoretical grounds we can say the absolute er

ror in the h, spectroscopic factors in 11?Sn is considerably less than 
Hr-

30$. Perhaps 15$ is a reasonable estimate for the absolute spectroscop

ic factors on all the low-lying states, wherever statistics permit. The 

sum in Eq. (35) for our results on the Xs4Sn(d,p)13BSn reaction is 6.k  

rather than 8, the expected number of holes. This is consistent with 

our disagreement with theory for the spectroscopic factor for the hxi 
T 

ground state in 135Sn as indicated in Fig. 21, and is fairly strong evi

dence that our measured ground state cross section is too low. If the 

same value of the neutron radius parameter were used for Sn as was 

used for 1 1 6Sn, then the spectroscopic sum would be increased from 6 .k  

to approximately 7.2. It is quite possible that our error in the ground 

state cross section is large enough to bring the sum of weighted spec

troscopic factors down from 8.0 to 7.2. 

The d5 levels in the heavier'odd isotopes are quite fragmented 
z 

and lie at excitation energies near 1 MeV and higher, above the other 

main single-particle levels which we have just discussed, except for the 

g? in several cases. The level schemes above 1 MeV are complex and not 
*2 
well understood. Considerable theoretical effort has gone into attempts 

to explain many higher levels on the basis of weak or intermediate 

coupling models in which 1QP states are coupled to the first or second 
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vibrational states of the even-even core [2,3]. Higher states were also 

predicted in a more microscopic approach [U], 

Several comparisons have been made between experiments and the 

predictions of these models especially for ll7Sn [8,9528,30]. We will 

not add to the comparisons at this time, but hope that our more detailed 

(d,p) spectra including the new levels below 2 MeV in Sn, and our 

more easily interpreted cross sections and spectroscopic factors will be 

useful in future attempts at understanding this region of the energy 

spectra of "^"^n, 1S3Sn, and 1S6Sn. 

It is interesting to note that in expanding their model space to 

obtain the odd-even mass difference with realistic interactions, Kuo, 

Baranger, and Baranger [66] included levels from the next neutron shell, 

so perhaps in the not too distant future there will be a possibility of 

some detailed understanding of the f and p levels that dominate the 
"2 

(d,p) spectra at higher excitation energies in the odd tin isotopes. 



CHAPTER VI 

SUMMARY AND CONCLUSION 

In order to obtain accurate spectroscopic factors and reduced 

widths for stripping to odd tin isotopes, we have studied the reactions 

116Sn(d,p)117Sn, lssSn(d,p)123Sn, and 124Sn(d,p)ls5Sn at incident deu-

teron energies between U.35 and 5.55 MeV. 

Despite the generally low cross sections and interference from 

low mass contaminants attendant with the low bombarding energies, many 

previously unreported levels were observed in all three residual nuclei. 

Most of the new levels are at excitation energies above k MeV. In X2BSn, 

however, we have observed a new level at 0.859 MeV, and determined that 

the level at approximately 1.80 MeV is a doublet. Between 2- and U-MeV 

excitation in 117Sn, six levels are previously unreported and six are 

new to stripping reactions. Comparison is made between our results and 

those of other experiments to help establish the orbital and total angu

lar momentum of the observed levels. The Q value for the reactions to 

the ground states of 117Sn, xs3Sn, and 136Sn is U.720, 3.7l6> and 3.515 

MeV, respectively. 

Excitation functions for the 116Sn(d,p)117Sn reaction at l6o° 

and deuteron energies between U.35 and 5-35 MeV were measured for the 

first three states in ll7Sn. These showed relatively smooth variations 

with energy and were fitted well with DWBA calculations. 

120 
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The angular distribution of the differential cross section was 

extracted for all levels resolved in the xl6Sn(d,p)ll7Sn reaction at 

5.35 MeV and the 134Sn(d,p)136Sn reaction at 5-55 MeV. The differential 

cross section at l6o° was determined for all observed levels in the 

1S3Sn(d,p)123Sn reaction at 5.15 MeV. Angular distributions were ex

tracted for three levels populated in that reaction. 

DWBA calculations with the computer code DWUCK were fitted to 

the experimental angular distributions to obtain spectroscopic factors 

for the reaction to twenty states in 117Sn, three states in 123Sn, and 

ten states in 12BSn. Reduced widths were calculated for most of these 

states. The reduced widths are of value because they are independent of 

the rather large uncertainties in the calculation of the bound state 

wave function for the neutron. 

Angular distributions of the differential cross section at sev

eral incident deuteron energies were extracted for certain states of 

interest in all three odd nuclei studied. Deduced spectroscopic factors 

for a given level were consistent at all energies to better than ICffo. 

Good fits to the angular distributions were obtained with DWBA 

calculations. The variation of the theoretical cross sections with rea

sonable variations in the optical-model parameters was observed to be 

less than about 12% in the worst cases. At higher energies, the varia

tion in S is often much larger using parameter sets that fit the elastic 

scattering data equally well [15»55]. 

The absolute value but not the shape of calculated angular dis

tributions are quite sensitive to the method of calculating the neutron 
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bound-state wave function. The separation energy prescription was used 

to determine the depth of the potential well for the neutron including a 

volume Woods-Saxon potential and a Thomas spin-orbit potential. If this 

common prescription is appropriate for the levels studied, then our 

analysis in Chapter IV indicated the major uncertainty in the calculated 

cross sections arises from the uncertainty in the geometrical parameters 

of the potential well for the neutron. However, application of the sum 

rule, Eq. (35) > indicated that the geometrical parameters were chosen 

correctly for 116Sn; so the absolute errors in spectroscopic factors are 

approximately the same as the uncertainty in the relative spectroscopic 

factors. The relative spectroscopic factors are probably accurate to 

better than 15% 

For 182Sn and la4Sn the radius parameter rR for the neutron well 

1 Is was increased 0.02 fm over the value for Sn to 1.27 flu. This in

crease was based on recent determinations of relative rms neutron radii 

for the tin isotopes [57]. The sum of weighted spectroscopic factors, 

Eq. (35)> for states in 126Sn from the N=50 to 82 shell was 6.h instead 

of the number of neutron holes, 8. This suggests that the increase in 

rn for 122Sn and 124Sn was inappropriate, or that our somewhat uncertain 

cross section for the hlx ground state of 136Sn is much too small. 
~~7T 

We have compared our spectroscopic factors with those obtained 

from other (d,p) experiments and from experiments using different reac

tions. The agreement is generally within the expected uncertainties, 

with one exception. The spectroscopic factors of Powell et al. [19] 

from the 124Sn(d,p)125Sn reaction at E^ = 5.1 MeV, and from DWBA. 
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calculations similar to ours, are 20-30$ smaller than our spectroscopic 

factors for the same states. The difference appears to be in the mea

sured differential cross sections. The uncertainty in our absolute 

cross sections is approximately 7$. 

The shell model states filling most rapidly in the tin isotopes 

are the lh.., , 2d , 3s., and to some extent, the lg states. The occupa-
¥ f £ \ 

tion parameters for these states in the ground state of even tin iso

topes are obtained approximately from experimental spectroscopic factors 

for the lowest state of the appropriate spin in the odd tin isotopes. 

The present experimental occupation parameters and those of other strip

ping and pickup experiments are compared with results from recent pair

ing theory calculations. There is general agreement of the experimental 

values with each other and the theory, although not always within the 

15io accuracy we claim for the present results. It is concluded that 

pairing theory can describe fairly accurately the filling of the shell 

model states in the ground state of the even tin isotopes, and that the 

lowest levels of the odd tin isotopes can be described by predominantly 

one-quasi-particle states. 

A particularly interesting test of the structure of tin isotopes 

and of the DWBA reaction theory at subcoulomb energies would be provided 

by comparison of u.3 and v.8 from (t,d) and (d,t) reaction studies simi-
«3 J 

lar to our (d,p) experiment. 
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