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THE INELASTIC SCATTERING OF l7.8-MeV PROTONS FROM 

58Ni , 60Ni , AND l20Sn AND THE DETERMINATION OF SPIN AND PARITY 

ASSIGNMENTS FOR 58Ni.FROM a-PARTICLE SCATTERING* 

** O. N. Jarvis, B. G. Harvey, D. L.Hendrie, and Jeannette Mahoney. 

Lawrence Radiation Laboratory 
University of California 

B~rkeley, California 

Abstract 

Protons of energy about 17.8'MeV were scattered from targets of 58
Ni , 

60 120 
Ni, and Sn, Precise angular distributions were obtained over the angular 

o 0 
range 20 -170 for most of the low-lying excited states in each nucleus. Also, 

50-MeV a part'icles were scattered from 58
Ni to determine the spin-parity assign-

ments for a number of levels. Using these assignments, it was found that the 

58 . 
Ni proton scattering angular distributions for levels with the same spin and 

parity demonstrated defini te similarities. Optical model studies were made 

for the proton elastic scattering data and the resulting potentials were used 

to obtain satisfactory DWBA predictions for the collective 2+ and 3- levels. 

The proton scattering angular distributions for many of the weaker levels were 

also found to resemble strongly the collective model DWBA predictions. 

* ~, This work was performed under the auspices of the. U. S.Atomic Energy Commission. 

** Permanent address: Atomic Energy Research Establishment, Harwell, Berkshire, 

England. 
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1. Introduction 

The purpose of the present work was to provide data suitable for 

detailed comparison with theory, such as the microscopic description of in

elastic scattering as developed, for example, by Glendenning and Veneronil ). 

Inelastic scattering ot 17.8-MeV protons from the low-lying.levels in the nuclei 

58
Ni , 60Ni , and 120Sn is suitable for this purpose because nuclear wave func

tioncalcuiations have been made
2

), based on the two quasiparticle description 

of the excited states and with the. closed shells regarded, as inert. Glendenning 

and Veneroni have demonstrated that these calculations produce the desired en-

hancement for the collective 2+ ,(single-phonon) levels. 

The present choice of proton bombarding energy was such that compound 

nucleus effects were expected to be small, yet the energy resolution suffi-

ciently good that the scattering from the majority of levels could be clearly 

resolved. The precise energy was dictated by the fact that elastic scattering 

polarization data (but no cross-section data) we~e available3 ) for the nickel 

isotopes at 17.8 MeV. ' 

Although the locations of the low-lying levels in the nickel and tin 

isotopes are well-known, information regarding the spins and parities of these 

levels is far from complete. It is, of course, essential that such information 

be available before comparison between theory and experiment can be made. For 

this reason the scattering of 50-MeV 0: particles from 58Ni was studied, re-

sulting in new assignments for many levels. Unfortunately, this procedure 

could not be pursued profitably for 120Sn because the unknown levels were only 

very \-leakly excited. 
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Since the present experimental program was begun the results of sev-

eral other experimental studies of the nickel isotopes have become available. 

Elastic cross-section data at 18.6 MeV have been published by Eccles et a1. 4) 

and polarization data at 16.5 and 18.6 MeV have been obtained by Darriulat 

et al. 5,6). Eccles et al. also measured the inelastic cross sections for scat-

tering to the collective 2+ and 3-- levels in several iron and nickel isotopes, 

but study of other levels was impossible with their energy resolution (200 keV). 

Inelastic scattering from Z == 28 isotopes has also been. investigated by Roberson 

and Funsten 7 ) at 17.5 MeV with good energy resolution but over a restricted 

1 (300_900). angu ar range The details of the present experimental procedure 

are described in section 2 and the results are described in section 3. 

Before the current theor~es of inelastic scattering can be applied, 

the elastic scattering data must be reduced to the form of an optical model 

potential. Of the relevant optical model analyses made to date only that of 
- 6 . -

Kossanyi-Demay et al. ) at 18.6 MeV used cross-section data (from ref. 4) 

obtained with separated iso~opetargets. The analyses of Baugh et a1. 3,8) at 

17.8 MeV used the cross-section data of Dayton and SChrank9) in which targets 

of the natural elements were used. For this reason it was considered of value 

to repeat the analysis of the 17.8-MeV polarization data using our cross-section 

data for the nickel isotopes. No polarization data in the present energy region 

120 is currently available for - Sn. Using the potentials found in this analysis, 

DWBA calculations were carried out. For the collective 2+ and 3- levels a 

comparison was made between the results of using real and complex interaction 

potentials in these calculations, and the sensitivity to the particular choice 

of ?ptical model potential was investigated. The results of this work are 

described in section 4. 

" \ 
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The a-particle elastic scattering data were also analyzed in terms of 

the optical model. DWBA calculations were then made for each excited state 

and the quality of the fit· to the data was the basis on which the spin assign-

\:.,: ments ,,,ere made. This analysis is described in s\'=ction 5. 

Finally, in section 6, a comparison is made between the results of the 

proton and a-particle work and further tentat~ve assignments are made.· It is 

relevant to note that sometimes even the fact that a level is not excited at 

all in a-particle scattering can be combined with other experimental evidence 

to result in quite strong unique assignments. 

2. Experimental Technique 

The Berkeley 88-inch variable energy cyclotron was used·as the source 

of bombarding particles (17. 8-MeV protons or. 50-MeV a particles). Much of the 
. . . 10 * 

experimental arrangement has been described elsewhere ). The targets con-

sisted of isotopically enri.ched 58
Ni (99.95%), 60Ni (98.21%) ,and 120Sn (98.39%). 

These targets WE:!re used in the form of self-supporting evaporated metallic foils 

having surface densities of about 350 fJ.g/cm2, these densities· being determined 

by weighing (to an estimated accuracy of about ±7%). 

The particle beam was initially momentum analyzed by passage through a 

·0· 
0.15-cm slit placed behind a 57 magnet and was then focused (with no further 

.* 
Obtained from Stable Isotopes Division, Oak Ridge National Laboratory, Oak 

Ridge, Tennessee. 
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cOllimation) at the target position where it formed a beam spot about 0.3-cm 

high and,O.15-cm wide. The beam was finally collected in a magnetically 

shielded Faraday cup. The scattered particles were stopped in cooled lithium-

drifted silicon detectors, 0.3-cm thick for the proton work and 0.15-cm thick 

for the a-particle work. o Two detectors spaced 20 apart were used for the 

'proton work but four detectors spaced 2
0 

apart were used for the a-particle 

work where the angular distributions have considerable structure. The overall 

angular resolution of these detectors "18.S about ±O. 250
., A separate silicon 

o ' 
detector, set at,a fixed scattering angle of 20 , was used throughout for 

monitoring purposes. 

Pulses from the silicon detectors were amplified by charge sensitive 

pre-amplifiers placed within the vacuum system of the scattering chamber. 

After further amplification the pulses were routed into different quadrants 

of a Nuclear Data 4096 channel pulse-height 'analyzer. At the end of each 

cycle of data taking, determined by the collection of a pre~set charge in the 

Faraday cup charge integrat.or, the pulse-height spectra were transferred to a 

PDP 5 computer which plotted the spectra and also stored them on magnetic tape 

for further analysis at a later time. 

Clearly resolved peaks in the experimental spectra could be analyzed 

immediately by using the light-pen facility of the PDP 5 computer, but where 

the levels ~lere not clearly resolved' it was necessary to use a least-squares 

routinell ) which fitted gaussian shaped peaks to the levels of interest. This 

final data reduction was performed using the Lawrence Radiation Laboratory 

IBM 7094 computer. Little uncertainty in the results was introduced by the 

use of this fitting technique even though each peak did not possess a true 

gaussian shape and had a low energy tail containing about 3% of the total counts 
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in the peak. This tail was mainly due to a low energy component in the beam 

. ' resulting from slit scattering at the analyzing magnet slit . 

The relativee:::rors were generally ±3% for the elastic scattering and 

1-,( between 4% and 25% for the inelastic'levels depending upon their relative in-

tensities and 'excitation energies. For the weaker levels background subtrac-

tions and statistics were thelimi ting factor "but in the case of peaks not 

clearly resolved there'l-las also some uncertainty involved in the use of the 

fitting program. For the strongest peaks the statistical errors were negli-

gible and the quoted errors reflect more the reproducibility of the data within 

a run (consisting typically of five 8-hour shifts). Impurity peaks were readily 

distinguished by their kinematic behavicr with scattering angle; only carbon 

and o~Jgen were present in significant quantity. The presence of such impurities 

resulted in a loss of cross-section data for various energy levels at particular 

angles. Beam energies were measured by determining the range in aluminum and 

,using range-energy tables12 ) and were checked by use of the scattering kinematics. 

3.' , Experimental Results 

Typical ,energy spectra for the three proton experiments and the single 

a-particle experiment are presented in figs. 1-4. These spectra are shown on 

~ logarithmic intensity scales and the energy scales are different in each case. 

The energy level schemes are also shown in figs. 1-4. The scheme for 

58
Nlo lOS '13)' ° d °t mostly that quoted by Swenson and Mohindra ; the spln an parl y 

assignments for this nucleus will be discussed later. For 60Ni the energies 

are the MIT values quoted by Matsuda14 ) and the spin and parity assignments 
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are as given by Mohindra and Van Patter15 ). For: 120Sn the energies are those 

. 16 
given by.Allen et I'll. ) and the .spin and parity assignments are as discussed 

by them together with results obt.ained from the decay of 120Sb17 ). For 58Ni 

120 
and Sn the levels marked by an asterisk appear not to have been reported 

previously. 

3.1. PRO'IDN SCATTERING 

The proton elastic scattering angular distributions are shown in figs. 

5-7, where the results are displayed as ratios to the Rutherford cross sections. 

58Nl·. 58 . 6 The Ni proton data were taken at an energy of 17. 9±O.05 MeV 

and with an energy resolution (FWHM) of about 45 keV. Angular distributions 

were obtained for most of the low-lying levels (listed in table 4), the excep-' 

tions including the levels at 3.524 and 3.588 MeV which were only weakly excited, 

the doublets at about 4.9 . and 5.1 MeV, and the group of levels (at least 

four) at about 5.45 MeV. The collective 3- level at 4.472 MeV is seen to 

be closely surrounded by s~veral levels which are not all strongly excited. 

Of these levels reliable angular distributions could only be obtained for. the 

4.405-and 4. 472-MeV level~. The experimental cross-section data are displayed 

in fig. 8, where the various levels have been grouped according to level spin 

as determined from the a-particle scattering measurements. 

60Ni . The 60Ni data were taken at l7.9l±0.05 MeV with a resolution of 

30 keV. The 3.587- and 3.886-MeV levels were only weakly excited, and the 3.184-

and 3.191-MeV levels appeared as an .unresolved doublet. From figs. 1 and 2 it 

can be seen immediately that the majority of levels in 60Ni are considerably 

less strongly excited than in ·58
Ni . The level spacings are also smaller (note 

"I 
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the different energy scales). The angular distributions for the six most 

strongly.excited levels are given in fig. 9 .. The remaining levels were iso-. 

tropic ( to within the fairly large statisti'cal errors) and possessed differ-

. 'Ii ential cross sectionsin'the range between 0.01 to 0.10 mb/sr. 

120S n. 
120 

The Sn data were taken at lY.79±0.05 MeV with a resoluti0n 

of 25 keV. The angular distributions for the most strongly excited states are 

shown in fig. 10. The levels at. 1.872 and 2.088 MeV were almost isotropic at 

0'.01 to 0.02 mb/ sr .. No inelastic scattering data were obtained for .angles 

forward of 45
0 

owing to the very strong elastic scattering. 

3.2. ALPHA-PARTICLE SCATTERING 

) 58
Ni . The 58Ni a-particle data were taken at 50.2±0.1 MeV with an 

. energy resolution of about 80 keV. A restricted angular range (100 _650
) 

was studied as it is only necessary to obtain the positions of the first few 

diffraction maxima in order to determine the phase relationships between the 

various excited states. Th:= very small .angle scattering is of particular 

value but coulomb elastic scattering prevented much useful 

o data being obtained for angle,s below 15. Results of the ex-scattering work 

are shown in fig. 11. Several.levels were too weakly excited for useful data 

to be extractedj . these levels are noted in table 4. The 5.07- and 5.10-MeV 

~ levels were not resolved, although b6th were strongly excited. 

3.3. GENERAL 

Where comparison between 'our proton data and that obtained by other 

workers is possible the agreement' is found to be good. The elastic scattering data are 
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sensitive to the precise beam energies but there are no obvious systematic 
. 0 ' 4 

differences from the data of Dayton and Schrank?) or of Eccles et al. ). The 

inelastic scattering data for the 2+ and 3- levels in the nickel isotopes '..' 

agree very well with {hose of Eccles et al. Agreement with the data of Roberson 

et al. 7) is also good, within the somewhat limited statistics, and over the 

restricted angular range for which comparison is possible. 

Elastic and ihelastic scattering of a par{iclesfrom 58
Ni have prev

iously been studied at several energies
18

,19) but only a few excited states 

were considered and the energy resolution was poor. 

4. Analysis of the Proton Scattering Data 

4.1. THE OPTICAL MODEL 

The optical model potential used in the present IVorktook the form 

v(~) .. v.. (1"') V ( '" ) ... - /-+ e'r. - i (VI - 4- W. 0.1.1 ~ ) (' 'J a.r I ... e"-

(r-R )/(a ), x = (r-R )/(a ), with R = r Al / 3, 
, w' w s s s v v 

etc. The coulomb potential was assumed to have the form for a uniformly 

charged sphere 

~(f") = z:e 1-

( 3 - t''1. ) ~~ r ~ '-
2 Rc Rt. , 

... 2 et. .,.. "J R <. 

'r 
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where Rc = r cA
l

/ 3., The optical model predictions fo~ both cross-section O'(G) 

and polarization P'( G) are insensitive to' the value of r . the value r = 1. 25 fm 
c' c 

was assumed. 

,The optimum values for the optical model parameters were obtained using 

a modified version of the search code SEE~O) .. The parameters were varied so 

as to minimize the quantity X2 = X2 + X2 where 

'NC"I O':rr j'l. y.; ""~ " cr;:~ (Oi) - "e"1tp (G i ) 

lllJ LlO"(e;) , , 

X 1.. ::: 

7t 

N;rl 

~., 
~" ( e d - 1'~xe ( 0, ) 

2-

A'P(e,) . 

Because the overall normalization of the cross-section data was not precisely 

',determined, the normalization factor f... was adjusted so as to optimize the fit 

to the data by satisfying the equation (d X!)/(d,f...) = O. No similar renormaliza

tion was used for the polarization data, although it will be seen later that 
, . 

such a procedure might have been desirable. 

2 The experimental errors used in the evaluation of X were ±3% for the 

O'(G) data. For the p(G) data ·the measurements of Baugh et al. 3 ) were used, the 

statistical errors quoted by them being increased in accordance with a later 

analysis of Baugh, Griff.ith, 
. '8 

and R~man ) to make allowance for inelastic contam-

.. ,'" ination and angular resolution effects. 

The recent analysis of Kossanyi-Demay ·68 et a1. ) ,Baugh 'et a1. ), 

. 21 22 23·' 24 
Boschitz ), Perey ), Greenlees"and Pyle ), and Rosen eta1. .) have demon-

" 25 
strated that the average parameters obtained by Perey ) in an extensive anal-

ySis of cross-section data need revision if polarization data are also to be 
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fitted. The modifications concern mainly the spin-orbit parameters, which are 

21 . 
conveniently summarized by Boschitz ) for the 18.5-to 20.5-MeV range as 

v = 5. 5±0. 5 MeV, a = o. 55±0. 05 fm, r = 1.12±0.05 fm. For the present anal-s s s 

ysis the initial values for the central part of the potential were taken from 

8 t.he . results of Baugh et al.. ). No satisfactory method of searching for a best 

solution was found and our final parameter sets were eventually obtained by 

fitting the o(G) and p(G) data for 60Ni separately and using the averaged 

parameters as starting values for the comb.ined analysis·. Perversely, this 

procedure was unsatisfactory for 58
Ni , for which the best fit wa~ obtained starting 

directly from the final parameters of the 60Ni solution. The final parameter 

sets are .gi ven in table 1.. 

In agreement with refs. 6, 21, and 22, where was treated as a 

separate parametE;r, we found a ~ a ~ 0.5 fm. s w - In the other analyses 

wa~ set equal to a . 
v 

Further, with a . s separately adjusted we found 

a s 

r 
s 

to be no longer sensitively determined and r = r = 1.25 fm would have been s v· 

acceptable. Combinations of volume and surface absorption were tried but pure 

. surface absorption gave the best results. The central radius r ·was not 
v 

treated as a search variable but it was found that equally good solutions 

existed for 1.15 fm < r < 1.30 fm. The fits to the data were not improved 
- v - . 

by changing W from its expected value of zero. 
s 

The diffuseness parameter a was found to be much greater than the 
v 

value 0.65 fm proposed by Perey. It is this feature which is responsible for 

the large values predicted for the reaction cross-sections (OR)' Pollock and 

26 Schrank ) have determined oR = 898±53 nib for natural nickel at 16.4 MeV. 

Further measurements at 17 MeV have been made by Cole et al. 27 ) in which the 
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appreciably larger result oR.::: 1015±32, mb,was obtained as an average of two 

experiments (which gave the sa~e ,result). These results are essentially at-

t "b t l...l t 58
N" d th ". t" 'f 60N" ld 11 b 70 b 28) rl u au e 0 l an e cross ~ec lon or lCOU we e m greater " 

No attempt was made to force a fit to'these data. In the present context it is 

interesting to note the situation ~hich exists in ~roton scattering in the 150-

, 29 
to' 180-MeV region, recently discussed by Elton ). At these high energies a 

fit to the' differential cross-section data forces the imaginary part W(r) ,of 

the Saxon-Woods potentiai to extend to larger radii than the real part VCr). 

This feature ;results in reaction cross-section predictions which are too large. 

To obtain a simultaneous fit to, both o( G) and OR data Elton demonstrated the 

apparent necessity for VCr) to become repulsive in the central region of the 

, nucleus. It is tempting to consider that a similar feature could improve the' 

present situation at 18 MeV. 

Our final parameter sets are rather different from those of Kossanyi-

6 . " 25 
Demayet al. ), in whose analyses the average parameters of Perey ) were 

retained as far as possible: That some difference in parameters should nec-

essarily occur is made clear by a comparison of the polarizat ion data for the 

nickel isotopes at 16.5, 17.8, and 18.6 MeV obtained by the saclay6) and 

Birmingham3 ) groups. 'Although the two groups claim normalization of their 

data to the same, polarimeter calibration30 ), the Saclay data were larger by a 

factor of about 1. 3 than the Birmingham data. The reason for this discrepancy 

is not obvious. 

The importance of adjusting the spin-orbit geometry factors separately 

" 2 
is demonstrated by the larger values of X (see table 1) obtained when the o(e) 

and peg) data were analyzed with the applied constraints a == a and r sv s r . 
v 
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In order to gain some idea of the importance of the choice of the optical model 

parameters on the DWBA calculations we also chose to fit the cross-section data 

alone, with V heated as an adjustable parameter. The 120Sn data were included 
s 

in this analysis. In figs. 5-7 the optical model predictions for the poten-

tials giving the best fit to both cross-section and polarization data are com-

pared with predictions for the potentials which fit only the cross-section data. 

4. 2 . ,DWBA ANALYSES ' 

The inelastic scattering; to the "collective" vibrational 2+ and 3- levels 

is assumed to be caused by a direct reaction. For these calculations the DWBA 

computer ,code JULIE wasused31 ,32 ). For orientation purposes a very brief sketch 

of the calculation is given here. Using the conventional nomenclature, the DWBA 

I I 

,theory gives the inelastic scattering, differential cross section as 

dO" / dn.:L (r / "1f-r,~r' (It.f/k~) LAir 1 If.l1. 
, ' . 

where the transition amplitude, is 

The X(k, r) are the distorted waves describing the elastic scattering of the parti- .?' 

cle by the nucleus before and after the ineiastic transition; these distorted 
I 

waves are generated from the optical model potential. After application of the 

Wigner-Eckart theorem to the ,matrix element contained in Tfi a reduced matrix 

element is obtained which, within the framework of the collective model, is a 

product of the deformation parameter I3L and the radial derivative of the optical 
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model potential which describes the elastic scattering. Thus, '13
L 

is the only 

quantity. appearing in the calculationwhich.is not pre-determined . 

The results of the DWBA calculations for the 2+ and 3- collective 

levels are shown in figs. 8-10 and the values for f3
L 

are presented in table 2, 

together with the results of other workers. These calculations were made for 

b'oth real and complex deformed potentials. It is now recognized that the cal-

'culation in which the complex deformed potential is used generally gives the 

better fit to experimental data and we demonstrate in section 5.2 that certain' 

ambiguities present in the analysis of the ex-particle data can only be resolved 

if the complex interaction form is used. Figs. 8-10 show that the magnitudes' 

of the cross sections. for the collective levels are little affected by the change 

, from real to complex form for the deformed potential, but the complex form does 

produce the better fit to the data. 

In our. calculations the spin-orbit part of the potential could not be 

deformed; inasmuch as V 2jvt < 0.3 the inclusion of this term would be expected , s -

. to produce even less effect, than the change from real to complex form factors. 

At higher energies. deformation of the spin-orbit term can be important 33 ) .. 

The'optical "model potentials used for the nickel DWBA calculations 

displayed in figs. 8-10 were, those giving the best fit to both cross-section 

and polarization data. Calculations were also made with the potentials obtained 

." by fitting only the cross-section data; it was found that although the shapes 

of the calculated angular distributions were very similar for the two potentials, 

the resulting values for 132 were significantly different (see table 2). We 

would naturally expect that the correct choice of potential to be that which 

" 

fits both cross-section and polarization data. This choice is supported by 

the agreement shown in' table 2 with the 132 values obtained by other methods. 

,;.' 
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The calculations discussed above included coulomb excitation as a 

possible excitation mode. In table 2 the values given within parentheses were 

obtained vlith the coulomb excitation mechanism neglected. It can be seen that 

the sens,itivity cif f:32 to the optical potentials obtains only when the coulomb 

excitation mechanism is included. The present sensitivity to the optical poten-

tial is due to the co~lomb excitation amplitude interfering destructively with 
- -

the nuclear amplitude, this effect being most serious for small angles (up to 

the first maximum). - Thereafter, it acts only as a scaling factor to reduce the 

_ nickel cross sections by about 10% for the 2+ levels and 5% for the 3- levels. 

This sensitivity to the inclusion of coulomb excitation would be minimized by 

fitting the calculations to the data by using the least-squares method, rather 

than normalizing to the first maximum as we have done (following the customary 

procedure). However, the theoretical fit to the data is. not sufficiently good 

for the correct fitting procedure to be folloVled and, moreover, the collective 

model calculations are expected34 ) to apply best for the forward angle scat-

- -tering. From the above dis.cussion it will be realized that our final values 

for f:3
L 

have associated uncertainties of at least ±10%. 

It is well-known that the optical model potential is energy dependent, 

but in the present calculations the distorted -HaVeS for the outgoing channel 

were generated from the same potential as used for the incoming channel and the 

interaction. We found the results of the DWBA calculations to be quite insen-

-sitive to this simplification by performing calculations for the nickel isotopes 

in which the outgoing distorted waves were generated from the potentials obtained 

by Lind et al. 35 ) in an analysis of both cross-section and polarization data at 

14.5 MeV. 

'J 
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\ ' 

4 As shown in table 2, the values obtained by Eccles et al. ) for ~L 

from DWBA calculations are significantly higher than our results, despite the 

apparent similarity between both the experimental data and the calculated 

angular distribution shapes. This comparison should qe made to our set of 

"parameters obtained from the real interaction calculations using the optical 

, model potential which fitted the cross-section data only and which included the 

coulomb excitation mechanism. It is interesting to note that the shapes of the 

angular distribution's ,calculated by Eccles et al. for the 2+ states using a 
,coupled:"channels code are very similar to our results using the complex inter-

, ' 

, action form-factqr DWBA calculation. (The values obtained for ~2 are also 

smaller than those obtained, from their DWBA ,calculation:) This confirms their 

speculation that the difference between their DWBA and coupled-channels calcu-

lations lies mainly in the fact that only the latter inc:).uded a complex form 

factor. Consequently, we conclude that the magnitude of the deformation param-

eter is small enough that the DWBA calculation represents a valid approximation 

in the p~esent case. 

'The calculations of Roberson and Funsten7) included only the real inter-

action form 'factor. Moreover, they used Perey's averaged optical model poten-

tials but excluded the spin-orbit term from the calculation of the distorted 
I 

waves. These two approximations make very little difference to the shape of 

the angular distributions in the forward hemisphere. In fact, the neglect of 

the spin-orbit potential in the elastic scattering channels has no greater 

'effect on the complete angular distribution than d?es neglect of the imaginary 

part of the interaction potential. The excellent agreement of Roberson and 

Funsten's values with our final preferred set is presumably fortuitous. 
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Also shown in table 2 are the values for [3L Obtained by Fricke and 

satchler36 ) in an analysis of proton scattering at 40 MeV, the averaged values 

obtained from high energy electron scattering and coulomb excitation methods 37 ), 

and finally the values o~tained from the analysis of our (a,ex') work on 58
Ni. 

As pointed out by Blair38 ) the important quantity determined in the DWBA cal-

culations is the product [3LR, where R is the interaction radius, rather than 

[3L alone. Consequently, the results quoted here have been corrected to corre-

. 1/3 . spond to a radius R = 1. 25 A fm. The agreement between our (p, p') and 

(a,a') work is excellent. The different methods for determining [3L agree to 

about ±10%, which is within the experimental errors for most determinations. 

DWBA calculations using the collective model form factor were also made 

for levels other than the strong collective levels. The results of these cal-

culations for such levels clearly needs some justification. Use of the DWBA 

(in first order) requires that the levels should be excited in a direct single-

excitation process. Such levels should be excited more strongly than those for 

which a more complicated me~hanism is involved. Our experimental results are 

consequently biased in favor of levels excited directly because angular dis-

tributions were only obtai.ned for the strongest levels. The collective model 

form factors are known to give good results for a-particle scattering because, 

owing to the strong absorption, the angular distributions are characterized 

mainly by the angular momentum transfer and the form factors serve mainly to 

give an overall scaling factorl ). Thus we certainly expect spin assignments 

from a-particle scattering to be reliable but the derived deformation param-
, 

eters maybe peculiar to a-particle scattering. In proton scattering, by con-

trast, the angular distributions are sensitive to the nature of the form factors 

)" 

" ,) 
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and there ,is no obvious reason for .the.collecti'{e model to be applicable other 

than for .the strongest ("colledive") levels. However, when the results .of the 

collective model calculations are_ compared with the more appropriate calcula-

, tions which assume single-particle excitations in nuclei where the shell-model 

wave functions are known fairly well it is found that the two sets of calculated 

angular distributions compare rather ,well, although the absolute scales may 

dtffer conSiderably. This result is expeded to hold for the "collective" 

levels (see ref. 4) -but was also found to hold for some· weaker levels in?2Cr 

. 40 41 
by Funsten et, al. ) and for the Zr isotopes by Gray et al. ) and Stautburg 

42 
and Kraushaar ) for 19-MeV protons. Thus we may expect our collective model 

calculations to reproduce the shape of the angular distributions and so to 

provide a possible method of making spin assignments from proton scattering. 

In fact we found -that this was indeed possible for the 4+ levels in 58
Ni. 

. ,The r34 values, however, probably constitute :Little more than a convenient method 

of parametrizing the data. It is of interest, however, to compare r3
L 

ve.lues 

derived from fitting the non-colleCtive levels excited in proton scattering 

with those obtained from ex-particle scattering. This is done in table 4, 

'where the agreement is found to be surprisingly good. 

5.. Analysis of the a-Particle Scattering Data 

OPTICAL MODEL 

In the analysis of the. ex-particle scattering from 58
Ni the optical. 

model potential was assumed to have the customary volume imaginary part. As 

only a restricted angular range was covered the further restriction of equal 

geometric parameters for real and imaginary parts of the potential was assumed-
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thus, there 'Here only four adj ustable parameters. 43 As. is very well-known ), 0:-

particle.scattering does not yield a unique optical potential,but rather a ·set 

of potentials. This is illustrated in table 3 where five acceptable sets of 

parameters are given. The quantity X2jpoint was calculated assuming relative 

cross-section errors of ±5%. The quality of the fit is shown in fig. ll(a), 

where the ratio of cross section to the Rutherford cross section .is presented.' 

.. The several sets of parameters give very similar predictions . 

. 5.2. DWBA ANALYSES 

58 The DWBA analysis of 43-MeV 0: particles scattered from Ni has been 

described in detail by Bassell et al. 39 ). We assume here that both real and 

imaginary parts of the optical potential should be deformed; in the present 

case inclusion of the imaginary part serves only to change the overall scale 

factor ((32). The effect of including coulomb excitation as a possible exci-

tation mode was found to be negligible over the angular range for which we have 

data. The optical model potential used for the following analysis was that 
i 

with V ~ 70 MeV as this gave, marginally, the best fit to the elastic scattering 

data. However, calculations were made for the collective 2+ level using each of 

the five potentials in turn. 1he resulting angular distributions were almost 

identical but the magnitudes of the cross .sections were slightly different. 

For each potential the values for (3 were Obtain~d from the best fit of the DWBA 

curves to the several maxima of the experimental cross sectionsj these values 

.varied between 0.164 and 0.176. After correction for the differing interaction 

radii through the relationship 

, 

"'. 
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the values obtained for ~ were in the range O~212 to 0.196, in good agreement 

with the .proton scatterine; result. For a real interact ion form factor this 

variation would have been from 0.25 to 0.20. Thus, for the complex interaction 

• calculation the particular choice of optical potential is unimportant. 

The angular distributions for the elastic and inelastic levels have 

already heen presented in fig. ll( a, b J c). These figures also show the results 

of the DWBA calculations, each curve representing the particular angular 

momentum transfer which best fits the data. 

For the strongly excited levels on 1.456(2+), 3.615(4+)J 4.472(3-), 

and 4.75 MeV ( 4+) the DWBA curves based on the one-phonon form factor produce 

excellent fits to the data leaving no doubt as to the level spins nor to the 

direct one-step nature of the excitation process. The 1. 456-and 4. 472-MeV 

levels are, of course, the well-known 2+ and 3- collective levels. The fits 

to the remaining levels are not so definite and will be considered in order 

of excitation energy. 

. . 45 46 
The 2.458-MeV level has already been given a 4+ assignment ' ); the 

DWBA curve. for L = 4. indeed gives the best fit, whic.h is good at small angles 

but which moves gradually out of phase with increasing angle. This behavior 

is interpreted by assuming that a multiple excitation process is competing 

,. with the direct excitation mechanism at the present energy. 
'. 44 

It has been shown .) 
1 

that a level formed by' such a double excitation process (in this case two quad-

rupole phonons are involved) should be out of phase with the distribution 
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expected for a direct excitation. Such a double excitation mechanism would be" 

most important at large angles because the overall slope of the angular distri-

bution shows a distinctly less sharp fall with angle for the double-excitation 

process than for the direct process. Double ,excitation of the first 4+ level 

in medium weight nuclides has been discussed previously18,19,47 ). Thus, our, 

results may be interpreted as showing this 4+ level to be a combination of one 

hexadecapole phonon and two quadrupolephonons. 

The 2. 773-MeV level was originally given a tentative 0+ assignment
48

) 

but Henrickson et al. 45 ) now regard.this as most unlikely. A spin of 2 or 3 

is indicated by (p, p ') work13 ) in the compound nucleus energy region, between 

9 and 10 MeV. Our (a,a r ) angular distribution looks peculiar, but at large 

angles is in phase with the elastic scattering which would indicate negative 

pari ty. As a neg,ati ve parity state at such a low excitation is most unlikely, 

and as' unnatural parity states are unlikely to be strongly excited in a-parti

cle scattering49 ),'we conclude that this is probably a 2+ state formed by double 

excitation, This accounts both for the reversed phase and the peculiar small 

angle behavior. It also provides support for the collective two-phonon descrip-

tion of the second 2+ state. 

The 2.900-and 2.940-MeV levels were not resolved in the (a,q') work, 

and were only weakly excited. The 2. 900-MeV level has ,been assigned spin 1 in 

low energy (p,p') scattering13 ). Thi~ weak excitation by a particles implies 

positive parity. The 2.940-MeV level could be the missing 0+ level of the 

,two-phonon triplet (which the collective model would lead us to expect at an 

excitation energy of double that of the first 2+ level)--indeed, it now seems 

f 
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to be the only candidate for this assignment. This would be in agreement with 

the weak excitation by a particles and is strongly supported, if not confirmed, 

by the proton work (see sectiori 6). 

The 3.035-and 3. 260-MeV levels have distributions characteristic of 

spin 2+. This is in agreement with previous assignments (see table 4). However, 

the excitations are clearly more complicated than the direct single excitation 

which is appropriate for the collective 2+ level. The 3.414-MeV level is very 

weakly excited. It 'has been given 13) a spin of 2 or 3 from the low energy, 

(p,p') work. The assignment of (Jrr) == 3+ is therefore preferred. The 3.524-MeV 

1 1 · b t fl·t . 4 . t . t . th th 'k46 , 48) eve lS es assumlng a + asslgnmen In agreemen Wl 0 er war . 
,4 

The 3. 588-MeV level has been assigned 5) a spin 1 or 2 and the very weak a 

excitation is consistent with Jrr = 1+. The 3. 773-MeV level has been assigned 

spin 3, the weak excitation bY,a particles implies positive p';trity. T,he 3.895-MeV 

level clearly has Jft == 2+. 

The 4.103-MeV level has been aSSigned13,45) spin 2. Our (a,a') angular 

distribution is peculiar in, that it completely lacks the usual OSCillatory 

behavior. The implication is that this level in fact consists of a very close 

doublet, or else the excitation mechanism is particularly complicated. Finally, 

both 4.405-and 5. 59-MeV levels were best fitted by the L == 4 calculations. 

The above comments and conclusions are summarized in table 4. The spin 

~ and parity assignments given in fig.' 1 were based upon a consideration of the 

data contained in this tab~e. Also contained in table 4 are the values for ~L 

(for H == 1.25 Al / 3 fm) 'deduced from the DWBAcalculations. To simplify com-

parison with results from different experiments we have also included the ratios 

, of the electromagnetic reduced matrix element to its single-particle value 
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l3(EA.,A.~O)/B(EA.,A.--o)SP' This ratio ,is determined using the formulae 

B(E'~t~-O) .. ( 3 Z e 'R.~.ly~ (!.A,lll 
4- 7t li\-rl 

and 
(3 (EA,~ .... ,,) , 

, S.p. 

where 1/3 R = 1.20 A fm, as usually used for electromagnetic work. '" 

, Unfortunatel~ very few measurements have been made' of these transition strengths 

except for the first 2+ level, for which good agreement has already been demon

strated. We show the results of the electron scattering work of Crannell et a1. 50) 

in table 4. The agreement between the results of the twO very different exper-

imental methods is encouraging. 

6. Discussion 

The most important preliminary to the theoretical description of the 

proton inelastic scatt~ring results is the determination of spiri and parity 

assignments. It is therefore of interest to examine the proton scattering 

angular distributions to see whether it is possible to make new assignments or, 

for 58Ni , at least check assignments made from the (0,0') work. As discussed 

in section 4.2, the collective model'DWBA calculations may be expected to be 

of some value in such work. 

• 

/' 
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58
Ni was investigated most thoroughly because the low-lying excited 

states are quite strongly excited both by (p,p') and (0:,0:'), scattering and 

the experimental energy resolution was adequate to ,resolve the majority of 

the levels. 'In fig. 8 the various angular distributions are grouped together 

according to the spins as determined from the (0:,0:') work. The 2+ levels show 

quite distinct similarities .. The two levels at 3.414 and 3.773 MeV (tentatively 

given 3+ assignments) possess nearly identical angular distributions and the 

group of 4+ levels .are all very similar. As displaye.d ·in-the figure the grouping 

appears quite natural and consequently provides strong supporting evidence for 

the assignments .. 

DWBA calculations were made for the noncollective 2+ and 4+ levels. 

The only 2+ level fitted well was that at 3.895 MeV but all the 4+ distribu-

tionsbore a considerable resemblance to the calculations, the poorest fit 

being for the first (2. 458-MeV) level.' The values for t3 obtained from these 

calculations are presented tn table 4 where they can be seen to agree very 

well with the results of the (0:,0:') work. In view of our earlier comments 

regarding extracting t3 values from the weak levels this agreement should be 

regarded as very surprising, indicating possibly that the present DWBA cal-

culation approach based on the one-phonon form factor has greater validity 

;than is expected. However, although the present calculations fit the data 

, quite well it would clearly not be safe to make spin assignments directly 

from such (p,p') work alone.' 

'l'he results for thi2 2.900- an'd' 2. 940-MeV levels are of poor quality 

because these levels are only weakly excited and were barely resolved. However, 

study of even these data permits a very strong assignment of spin 0 to the 

2.940-MeV level to be made. Two pieces of evidence are available ft';'rthis 
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purpose. The first, and strongest, is the similarity between the angular 

distributions for the 2.940-MeV level in 58Ni and the 2. 286-MeV level in 

60Ni , ,,,hich is a known 0+ level. Both distributions show a deep minimum at 

o 90 , a feature not shared by any other levels. The second piece of evidence 

is rather tenuous and depends on.the observation that the 2.90-and 2.94-MeV 

levels are symmetric about 900
, .which indicates that the main excitation mech-

anism may be through the compound nucleus. Assuming this to be the case, we 

can compare the ratios of the integrated cross sections with the (2J+l) rule. 

We find these cross sections for the 2. 90,.. and 2. 94-MeV .levels to be in the 

ratio (L 9±0. 9): LAccepi;ing the spin 1 assignment of Swenson and Mohindra13 ) 

for the 2. 90-MeV. level leads to the suggestion of spin ° for the 2.94-MeV 

leveL That this ratio is reduced from the simple compound nucleus value of 

3.:1 is to oeexpectedbecause the collective model two-phonon description of 

the first-excited 0+ state would lead to a cross section weakly enhanced through 

a double-excitation process over the compound nucleus value. No such simple 

enhancement for the spin-l ~evel is expected. The.alternative conclusion (see 

ref. 13) that the 2.94-MeV level has a high spin (~) which would also yield a 

compound nucleus cross section of the right magnitude (after allowance has been 

made for the centrifugalbarri~r . penetrability) can be exclude.d because it 

o would not give an angular distribution which displayed a minimum at 90 . 

6 60Nlo .2. 

. 60 ( . ). As would oe expected, the Ni p,p' results are very similar to those 

for corresponding levels in 58
Ni. Only the collective 2+ and 3- levels were 

well described by our use of the one-phonon form factors in the DWBA calculations. 

The other levels were not well represented and hence presumaoly have different 

form factors and/or receive important contributions from several-step scattering 

processes. 

• 
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6.3. 120Sn 

120·· . 
For Sn the collective 2+ and 3- .levels were fitted quite well by 

the DWBA calc,ulations. However, as for the nickel isotopes the fit to the 

1 first 4+ level is not good (1\ "'" 0.03) but the 2.272-MeV level, which is pre

sumably the 5- level discussed by Bolotin et al. 17 ), is fitted very well by the· 

L = 5 calculation (with ~5 = 0.05). Spin assignments have not previously been 

made for the remaining levels .. The angular distributions for the 2.455-,2.67-, 

3.06- and3.l7-MeV levels are all very similar and are fitted adequately by.the 

L :: 4 calculations (with ~4 values 0.08,·0.04, 0.04, 0.07).· The 3.45-MeV level 

is best fit by L.= 3 but the quality of the fit is poor. It will be interesting 

to see if these tentative assignment~ can be confirmed by other· experimental 

techniques. 

7. Conclusion 

The inelastic scattering of l7.8-MeV protons from a number of levels 

in 58 ,60Ni and 120Sn has been studied. As expected, the scattering from the 

known collective levels has been found to be fitted quite well by the DWBA 

calculations. However , it was shown that care .should be taken in these cal-

culations to use optical model potentials which fits both elastic scattering 

cross-section and polarization data.· When this was done the resulting values 

for the deformation parameter agreed with values derived from other methods. 

In particular good agreement with values 'obtained from the (0;,0;') work was 

obtained. 

The 58Ni (P,P') data was examined closely and it was found that the 

angular distributions for levels of the same spin displayed quite similar .. 
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. shapes. The collective model DWBA calculations ,,,ere also compared with the 

non-collective levels in all three nuclei and it was found that many of these 

levels were fitted quite well. A possible,reason for the success of these col-

lective model DWBA calculations lies in the fact that a relatively low proton 

energy was chosen with the result that the long wave length of the incident 

protons averages over the details of the interaction form factor whereas at 

higher energies these details would be of importance. The calculations of 

Glendenning and Veneronil ) show this effect in the comparison of the cross 

section for 11- and 40-MeV protons. 

The combination of the present results for 58Ni of both (p,p ,) and 

(0:,0:') experiments with other work has yielded strong spin and parity assign-

ments for the majority of levels below 5-MeV excitation. It is interesting 

to note that levels' haveb~~n id~ntified in' 58Ni which may be associ'ated with. 

the expected collective two-phonon triplet of 0+, 2+, 4+ levels. This feature 

is of importance for the microscopic description of the inelastic scattering 
. " 

using the two quasiparticle description of Arvieu et al. 2 ) because such a 

description can only describe single phonon collec~ive levels, four quasi-

particles being required to describe two-phonon levels. Preliminary results . 

. of the calculations of Glendenning using this model have already been PUblishedl ) 

and comparisons * with the present data have also been gi ven 51 , 52). 
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Table 1 

Optical Model Parameters for Proton Scattering at about 17.8 MeV 

V WI V CY
R

( mb) 2; X
2 IN a r a r a r X N v v w w s s s (J (J 7f 7f 

Ni 58 1.006 46.94 0.781 1.25 10·90 0.432 1.]04 - 4.39 0·530 1.202 1078 21.9 9·8 

N· 60 -l - 0·984 46.45 0.846 1.25 11·90 0.465 1.279 5.48 0·502 1.253 1185 17·3 11.6 

Ni 58 1.008 47.21 0·770 1.25 10.98 0.434 1.289 4.04 a r 1072 28.4 19·5 
~~ 

v v 

Ni60 
0·978 47.42 0.843 1.25 12.60 0.448 1.282 4.74 a r ll85 22·5 29·5 v v 

Ni 58 1.000 46.75 - 0.678 1. 25 13.07 0.389 1.259 -9·06 a r 958 4.2 v v-

Ni60 46.59 0.754 14.19 0.422 1.261 8.89 
I 

1.000 1.25 a r 1090 3·0 - w v v 0 
I 

Sn120 1.000 50.70 0.665 1. 25 13.22 0.556 1.230 7.40 -a r 1243 -- 2.6 v v 

Note: Potential depths are given in MeV, lengths in fm. 

<. 
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Table 2 

Values of' the deformation parameters for the collective levels derived from the present data compared with other results 

Target In Q(MeV) 

2+ 

3-

2+ 

3-

":1.456 

-4.472 

-1. 332 

-4.038 

2+ -1.166 

3- -2.391 

1 

(a+p) 

0.21{0.20) 

0.16(0.15) 

0.21(0.20) 

0.17(0.17) 

2 

·a 

0.24(0.20) 

0.17(0.16) 

0.25(0.20) 

0.18(0.17) 

0.12( 0.11) 

0.14(0.14) 

3 4 

Real 

(a+P) 

0.22(0.20) 

0.15(0.15) 

a 

0.25(0.22) 

0.17(0.16 ) 

0.22(0.195) 0.24(0.22) 

0.15(0.145) 0.16(0.15) 

0.13{0.12) 

.. 0.14(0.14) 

5 6 

!~.:§_~::YJpl~~2 
DWBA C.C. 

0.24' 

0.19 

0·30 

0.22 

0.21 

0.26 

7 8 

17.5 MeV 40 MeV 

(p,p') (p,p') 

0.21 0.18 

0.15 0.18 

0.21 0.21 

0.17 0.16 

9 
C.E. 

o.18±o.01 

O.20±0·.01 

0.107±0.oio· 

10 

50 MeV 

(a,a' ) 

0.21 

0.15 

Notes: Present (p,p') results are given in the first four columns. (a+P) denotes results from optical model potential which fitted 

both cross-section and polarization data, etc. "Complex" and "Real" refer to the interaction form-factor. The first column contains 

our preferred (p,p') set. The values for ~L contained within parentheses were obtained without coulomb excitation as a possible ex-

citation mode. 
4 Columns 5 and 6 show the results of Eccles et al. ) using DWBA and coupled-channels calculations. 

Columns 7 and 8 show the (p,p') results of Roberson and Funsten7) and of Fricke and Satchler36 ). 

Column 9 gives the averaged results obtained in electron scattering and coulomb excitation work37). 

Column 10 gives our (a,a') results. 

The results quoted in colunins 8-10 have been corrected to R = 1.25 Al/3 (see text). 

M_.< ...... ". _______ ..... .-.....~_ .. _ ... __ ~~ ........... _____ . ..-. __________ ,.,........,.~ ___ .:.,... __ ~.~ __ ~_ .... _-~_ ,._.~.~.-._ 

-J 

, 
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Table 3 

Optical Model Parameters for 58Ni (ex,ex) at E :::: ex . 50.2 MeV 

V W r a °R(mb) . i/N 
v v 

1 33.4 15·1 1.610 0.608 1600 5·5 

2 69.7 .19·1 1. 508 0.584 1550 4.6 

3 105·3 22·3 1.456 0·571 1533 5·5 

4 .144.5. 25.4 1.417 0.563 1525 6.9 

5 188.2 28.8 1.385 0·557 1519 8.4 . 

'Note: Potential depths are given in MeV, lengths in fm. 

I 
.1 

" 

\ 



Table 4 

Summary of Data on Spin and Parity Assignments for 58
N1 

This work B(Et..)/B(Et..) s.p. 

Level (p,p'y) (e,e') (p,p' ) (d,d') (a,a') f3
L
(a,a' ) t3

L
(p,p' ) (a,a' ) . (e ,e' ) Final Jrc 

(t'leV) ref. 45 ref. 50 ref. 13 ref •. 46 Present ref. 50 values 

5.59 4+ 0.06 ±0.01 0.1l±0.O3 1. 51 4+ 

5.45 (group) 

5·10 not res. 
5.01 

4·95 
4.90 

4.75 4+ 0.08 ±0.01 0.ll±0.03 2.2 ±0.6 4+ , 
1.."" 

'l. 52+4. 54 weak w 
I 

4.472 3- 3- 0.15 ±0.01 0.16±0.02 7.8 ±l.0 13.2±L8 3-
4.444 weak 

4.405 4+ 0.08 ±0.01 .0.09±0.03 2.4 ±0.6 4+ 
4.383 weak 

4.347+4.352 weak 

4.291 
4.103 2 , (2) 2 
3.895 . 2 2+ 0.035±0.005 0.04±0.01 0.4 ±0.1 2+ 

3.713 3 v. weak 3( +) C 
0 

3.615 4+ 0.050±0.005 o.08±0.03 0.9 ±0.2 4+ f1 
I 
I-' 

3.588 1,2 v. weak weak (1+ ) -.. 
w 
VI 
N 

(continued) 



Table 4. (continued) 

This work B(E~)/B(E~) s.p. 

Level (p,p'r) (e,e') (p,p' ) (d,d') (0,0') i3L (0,0' ) fjL(P,P') (0,0' ) (e,e' ) Final Jrr 
(MeV) ref. 45 ref. 50 ref. 13 ref. 46 Present ref. 50 values 

3.524 4+ 4+ 4+ 0.035±0.005 weak O.45±O.15 2.5±O.6 4+ 

3.414 2,3 v. weak (3+ ) 

3.260 2+ 2+ 2+ 2+ 2+ 0.065±0.OO7 1.4 ±0.3 4.5±1.6 2+ 

3.035 low J 2+ 2+ 0.053±O.O05 1.0 ±0.2 2+' 

2.940 (6) v. weak J = 0 0+ 

2.900 1 v. weak· J = 1 1+ 

2·773 not 0,4 2,3 2+ 2+ 

2.458 .4+ ' 4+ 4+ 0.084±0.0l0 O.1l±0.04 2.6 ±o.6 2.2±0·7 4+ , 
\.AI 

1.456 2+ O. 206±0. 010 O.20±O.Ol 14.4 ±O.15 14.3±L9 2+ ~ , 

< . 



" 
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Figure Captions 

Fig. 1- ' 58
Ni (p, p' ) energy spectrum at scattering angle 140

0
• 

Fig. 2. 60Ni (p ,p' ) energy spectrum at scattering angle 140
0

• 

120 ()' .' 0 Fig. 3. ,Sn p,p' energy spectrum atscatterlng angle 140 . 

Fig. 4. 58
Ni (CX,CX') energy spectrum at scattering angle 26°. 

Fig. 5. Results of the optical model calculations for proton scattering off 

58Ni . at 17.7 MeV. The cross-section data are presented as ratios to the 

Rutherford scattering cross sections. The solid line gives the predictions 

obtained after fitting both cross-section and polarization data, the dotted 

i cline:. is for ',8. fit to the cross~sectiotldata alone. 

Fig. 6'. Results of the optical model calculations for proton scattering off 

60Ni at 17.9 MeV. See caption to fig. 5. 

Fig. 7.' Results of the optical model calculations for proton scattering off 

, 120Sn at 17.8 MeV. See caption to fig. 5. 

Fig. 8. Proton inelastic scattering angular distributions for 58
Ni . The data 

for the quadrupole leve,,ls is shown in fig. 8(a), for the hexadecapole (L = 4) 

levels in fig. 8(b), and the remaining levels in fig. 8(c). The solid lines 

give the results of assuming a complex interaction in the DWBA calculations, 

the dotted lines give the results for a real interaction. 

Fig. 9. Proton inelastic scattering angular distributions for 60Ni . The solid 

culation, the dotted lines give the results for a real interaction. 

Fig. 10. Proton inelastic scattering angular distributions for 1208n . The 

data for levels of known spin are given in fig. 10(a), the remainder in 

fig. 10(b). The solid lines give the results of assuming a complex inter-

action in the DWBA calculaUons, the dotted lines give the results for a 

real interaction. 
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Fig. ll(a). The elastic scattering angular distribution for 50 MeV a particles 

from 58
Ni is shown, the data being presented as a ratio to the Rutherford 

scattering cross section. Also presented are the inelastic angular dis-

tributions for these levels which are best described as being in phase 

with the elastic scattering. The 4.106-MeV angular distribution is in-

cluded also. For the elastic scattering, the curve represents the optical 

model prediction (see text). .For the inelastic levels the appropriate 

DWBA curves are shown. 

Fig. ll(b). The 58Ni (a,a') angular distributions for the levels assigned 

J:rr == 2+. The solid lines are the DWBA L = 2 curves. 

Fig. ll( c). The 58Ni (a,a') angular distributions for the levels assigned· 

J:rr = l~+. The solid lines are the DWBA L = 4 curves. 
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58
N, ( , )58N, 

l p,p J_ Proton Energy 17.69±0.03 MeV (lab) 

Center of mass cross-sections in nib! sr 

c.m. 
Q := 0 - Q := -1. 456 Q := -2.458 Q := -2.773 Q := -2·900 

Elastic (2+.) (4+ ) (2+ ) (1+ ) 

10.2 54,400 
15·3 7,280 4.06 ±0.60 1. 72 ±O. 31~ 
20·3 2,086 6.20 1.67 
25.4 851 6.99 1. 42 0.234 0.190±0.080 
30.5 428 9·55 1. 24 0.201 O·325±0.050 
35.6 235 10.10 1.16 0.202 0.137±0.020 
40.6 163 9.58 1. 05 0.170 0.090±0.020 
45.7 0 124 7.75 0·91 0.140 0.100±0.040 
50.8 90.6 5.64 ' 0.79 0.100 0.080±0.060 
55.8 58.5 3.84 0.88 0.130 0.064±0.030 
60.9 29·0 2.72 0.80 0.096 0.050±0.O10 
65·9 9.60 2.11 0.65 0.086 0.034±0.008 
71.0 3.60 0·55 0.091 0.040±0.020 
76.0 6.05 1. 95 0.410 0.104 0.059±0.015 
81.0 11.65 2.03 0·315 0.101 0.040±0.008 
86.0 15.56 0.251 0.098 0.062±0.010 
91.0 16.36 1. 74 0.255 0.097 o. 05J+±0. 008 
96.0 13·75 1..47 0.221 0.082 0.072±0.010 

101.0 9.65 1.19 0.183 0.089 0.ojl±0.004 
106.0 5·90 1. 03 0.171 O.04l±0.008 
110·9 3.40 0.84 0.186 0.107 
115·9 2·37 0.72 0.193 0.120 0.025±0.015 
120·9 2.19 0.62 0.135 o. 03~-±0. 008 
125.8 2.75 0.61 0.164 0.036±0.020 
130.8 3.58 0.60 0.144 o. 060±0. 008 
135·7 4.12 0.77 0.137 0.060±0.015 
140.6 4.89 1.00 0.154 0.112 0.062±0.015 
145.6 5.46 1. 23 00.152 0.095 0.082±0.030 
150.5 5.79 1. 46 0.159 0.101 0.082±0.030 
155.4 5.70 1. 52 0.136 0.110±0.020 
160·3 4·95 1. 27 0.099 0.100±0.20 
165.3 4.95 1. 27 0.099 

----- -i 70-:-2 4-:-44- oo~_ 0.097 --0--0-;-074- ·O··;-j:"54 -- -- -~ ----=--=-

Relative 
errors ±3% ±4% ±6% ±8% 

Overall normalization error ±5% 

(continued) 
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58Ni {p, p , ) 58Ni Proton Energy 17.69±0.03 MeV (lab2 

Center of mass cross-sections in mb/sr 

c.m. Q = -2.940 Q = -3·035 Q = -3.260 Q = -3.414 Q = 3.615 
(0+ ) (2+ ) '(2+ ) (3+ ) (4+) 

-
10.2 
15·3 
20.'3 
25.4 O. 040±0. 040 0.540 
30·5 0.120±0.050 0.360 0.481 0.155±0.020 0.458' 
35.6 0.040±0.020 0.401 0.520 0.498 
40.6 0.040±0.030 0.410 0.576 0.131±0.030 0.486 
45.7 0.030±0.020 0.327 0.511 0.478 ' 
50.8 0.080±0.060 0.288 0.412 ' 0.129 0.475 
55.8. 0.036±0.025 0.229 0.381 0.093 0.393 
60.9 0.060±0.050 0.232 0.283 0.085 . 0.368 
65.9 0.057±0.010 0.186 0.265 0.087 ' 0.308 
71.0 0.040±0.020 0.208 0.240 0.093 0.302 
76.0 0.0~9±0.010 0.222 0.245 0.075 0.278 
81. 0 0.020±0.010 0.245 0.240 0.088 0.256 
86.0 0.015±0.010 0.268 0.240 ,0.082 0.222 

91:0 ' ' 0'005+0 . 010 , 
. -0.005 0.262 0.221 0.082 0.176 

96.0 0.005±0.005 .0.266 0.223 0.077 0.175 
, 101. 0; 0.015±0.010 0.265 ' 0.248 0.085 0.159 ' 

106.0 0.021±0.008 0.231 0.231 0.060 0.125 
110·9 0.246 0.256 0.067 0.120 
115·9 0.025±0.015 0.255 0.077 0.103 
120·9 0.036±0.009 0.-196 0.290 0.080 0.115 
125.8 o. 036±0. 020 0.170 '0.090 0.111 
130.8 0.031±0.008 0'.151 0.196 0.125 
135.7 0.060±0.015 0.133 0.202 0.080 0.136 
140.6 0.040±0.015 0.117 0.175 0.082 
145.6 0.030±0.030 0.114 0.194 0.079 0.199 
150:5 0.020±0.020 0.120 0.214 0.067 0.185 
155.4 0.030±0.030 0.147 0.234 0.052 0.181 
160.3 <0.030±0.20 0.178 0.262 0.052 0.212 
165.3 0.192 0.269 0.044 
170.2 0.221 0.290 0.199 

" Relative 
errors ±7% ±7% ±10% ±7% 

Overall normalization error ±5% 

(continued) 
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-58Ni (p, p , ) 58Ni Proton Energy 17.69±0.03 MeV (lab) 

Center of mass cross-sections in mb/sr 

c.m. Q = -3.773 Q = -3.895 Q = -4.103 Q = -4.405 Q = -4.472 
(3+ ) (2+ ) (2 ) (4+ ) (3- ) 

;c 

10.2 
15·3 
20.3 
25.4 0.417 0.835 
30.5 0.129±0.040 0·319±0.027 0.154 1.18 

:35.6 0.074±0.020 0·330 0.000 0.405 1.11 
40.6 0.1l7±0.030 0·355 0.103 0.425 1.44 
45.7 .0.114±0.030 0.294 0.1l6 0.387 1.65 
50.8 0.073±0.025 0.300 0.1l4 0.465 1.85 
55.8 0.060 0.219 0.135 0.406 1.69 
60.9 . 0.042 0.139 0.137 0.406 . 1.54 
:65.9 0.051 0.083 0.126 0·382 1. 27 
,71.0 0.056 0.086 0.129 0.,411 1. 09 
;':{6.0 0.049 0.077 . 0.090 0.356 0.890 . 
8.1.0 0.055 0.056 0.1l0 0·375 0.836 
86.0 0.065 0.075 0.088 0·327 0.750 
91.0 0.062 0.075 0.088 0.299 0.717 
96.0 0.065 0.060 0.092 0.278 0.710 

101.0 0.067 0.070 0.085 0.245 0.640 
106.0 0.066 0.054 ' 0.103 0.231 0.675 
110·9 0.049 0.060 0.100 0.208 0.658 
115·9 0.055 0.049 0.096 0.199 0.666 
120·9 0.046 0.046 0.090 0.167 0.675 
125.8 0.057 '. 0.044 0.087 0.180 0'.617 
130.8 0.046 0.041 0.091 0.196 0.606 
135.7 ' 0.051 0.042 0.079 0.168 0.539 
140.6 0.049 0.044 0.090 0.141 0.498 
145.6 ' 0.045 0.071 0.127 0.440 
150.5 0.056 0.064 0.143 0.390 

, 155.4 0.038 0.064 0.147 0.343 
160.3 0.032 0.072 0.130 0.272 
165.3 0.021 0.072 0·1l5 0.194' 
170.2 0.018 0.046 0.071 0.1()9 _0. J:.23 

Relative 
errors ±15% ±15% ±10% ±15% ±7% 

Overall-,normalization error ±5%. -

(continued) 



c.m. 

10.2 
15.3 
20.3 
25.4 
30·5 
35.6 
40.6 
45.7 
50.8 
55.8 
60.9 

, :65:9 
:71.0 
76.0 
81.0 
86.0 
91.0 
96.0 

101.0 
106.0 
110.9 
115·9 
120·9 
125.8 
130.8 
135·7 
140.6 
145.6 
150·5 
155.4 
160.3 
165.3 
170.2 

Relative 
errors 

Q = -4.75 
(4+ ) 

1.12 

0.811 
0.720 . 
0.820 
0.670 
0.616 
0.726 
0.685 
0.610 
0.478 
0.411 
0.2,90 
0.284 

. 0.241 
0.247 
0.205 
0.226 
0.204 
0.181 
0.156 . 
0.132 
0.149 
0.144 
0.149 
0.151 
0.178 
0.176 
0.193 
0.173 

±7% 

-40-

. Center of mass cross-sections in mb/ sr 

Q = -5·59 
(4+ ) 

0.587 
0.655 
0.435 
0.525 . 
0.561 
0·570 
0.346 
0.460 

0.496 
0.472 
0.418 
0·350 
0·350 
0.326 
0.265 
0.252 
0 .. 250 
0.245 
0.244 
0.216 
0.212 
0.175 
0.194 
0.186 
0.188 
0.175 
0.172 
0.165 
0.162 

±10% 

Overall normalization error ±5% 

UCRL~17352 
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60Ni (P,P I )60Ni Proton Energy 17.91±0.05 MeV (lab) 

Center of mass cross-sections inmb! sr 

c.m. Q=O Q=-1. 332 Q=-2.159 Q=-2.286 Q=-2.505 Q=-3.119 Q=-4.038 
e1a?tic 2+ 2+ ' 0+ 4+ 2+ 3-

15·2 5754. 2.96 ---
20·3 1663. 4.73 ' 1. 54 

, 25.4, 746. 6.77 1.17 
30·5 372. 9·10, 0.074 1.00 0.354 0.94 
35.6 192. 9·46 0.068 0·71 0.270 1.19 
40.6 131. 8.92 0.082 0.77 0.244 1. 57 
45·7 94.0 , 6.76 0.078 0.73 0.197 1.77"1 
50·7 68.9 ' 5·03 0.058 0.022 0.68 0.221 1. 85 
55.8 41.2,' ,3· 37 0.058 ' 0.033 0.68 0.221 1. 75 
60.8 18.4 2.25 • 0.051 0.031 0.58 0.189 1. 54 
63.4, 10·5 '2.06 0.055 0.025 0·57 0.212 1. 36 
65·9 5·75 0.057 0.028 0·52 0.200 1.16 
,68.4 3.45 1.80 0.055 0.034 0.50 0.189 1.07 
70·9 " 3.00 1.69 0.032 0.029 0.407 0.175 0·935 
73.4 ",4.61 1.79 0.026 0.040 0.383 0.170 0·930 ' 
75·9~ , ,6.56 1.73 0.027 0.032 0.312 0.163 0.774 
78.5 9·51 ' 1.84 0.036 0.049 0.298 0.166 0.732 
81.0 11.1 0.028 0.015 0.218 0.133 0.646 
86.0 14.0 -1.66 0.034 0.010 ' 0.166 0.095 0.641 
91.0 13·1 1.47 0.135 0.08l} 0.595 
96.0 10.6 1.32 ' 0.028 0.007 0.131 0.066 0.642 \ 

101.0 6.35 1.12 '0.023 0.005 0.104 0.050 0.539 
105·9 3.68 0.98 0.015 0.016 0.100 0.049 0.628 
110·9 1.84 0.83- 0.017 0.018 ' 0.085 0.045 0.580 
115·9 1.62 0.78 0.023 0.086 0.566 
120.8 2.03 '0.66 0.015 0.082 0.046 0.535 

,125.8 2.71 0.59 0.026 0.022 0.090 0.049 0.513 
130·7' 3.18 0.56 0.031 0.014 0.043 0.496 
135·7 3.42 ' 0.62 0.034 0.011 0.076 0.058 0.458 
140.6 3.56 0.78 0.046 0.006 0.076 0.068 0.434 
145.6 3.66 0.94 0.053 0.006 0.088 0.067 0.376 
150·5 3.49 , 1.13 0.067 0.009 0.083 0.064 0.308 
155·4 3.44 1.16 0.070 0.007 0.079 0.058 0.284 
160.3 3.08 1.10 0.056 0.009 0.080 0.068 
165.3 ,;2.64 0·92 0.059 0.004 0.054 0.060 

Relative , 
errors ±3% ±4% ±15% ' ±25% ±10% ±15% ±6% 

Overall normalization error ±5% 
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1208 ( I ~120S .... n p,p n Proton energy 17.70±0.05 MeV 

Center of mass cross-sections in mb/sr 

Q = 0 Q = -1.166 Q = -2.183 Q = -2.272 Q ; -2.391 
c.m. (0+ ) (2+) (4+ ) (5- ) (3- ) 

20.2' 10600 
25·2 4390 
30.2 1953 
35·3 726 
40.3 270 
45.1 148 ,1.24 0.191 0.423 1.85 
50.2 127·5 1.13 0.176 0.444 1.43 
55·2 116 1.45 0.157 0'.461 0·975 
60.2 95.0 1. 56 0.118 0.443 0·707 
65.2 69.3 1.60 0.085 0.400 0·705 
70.2 41.4 1. 33 0.073 0.339 0·918 
75·3 20.6 0·936 0.074 0.223 1.019 
80.3 10.0 0.594 0.085 0.167 1.08 
85· 3 7.43 0.397 0.081 1.062 
90.3 8·95 0.295 0.065 0.168 0.818 
95·3 11.4 0·351 0.060 0.163 0.612 

100.3 11.9 0.430 0.152 0.412 
105.3 10.4 0.052 0.287 
110.2 7·92 0.450 0.054 0.168 
115·2 5·02 0.391 0.045 0.154 0.265 
120.2 2.83 
125·2 1.90 ' , 0.194 0.039 0.114 0.341 
130.2 1.98 0.155 0.036 0.104 0·373 
135·1 2.45 Q..153 0.028 0.081 0.356 
140.1 2.86 0.161 0.027 0.070 0.322 
145.1 2·92 0.187 0.028 0.060 0.274 
150.0 2·57 0.229 0.021 0.052 0.239 
155·0 2·31 0.280 0.023 0.040 0.209 
160.0 1. 79 ' 0·320 0.020 0.042 0.172 
164·9 1.27 0.343 0.025 0.045 0.121 
169.9 0.700 0.304 0.021 0.039 0.090 

Relative 
error's ±3% ±6% ±10% ±8% ±6% 

( continued) 
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120sn~p, p , l 20Sn Proton energy 17.70±0.05 MeV 

Center of mass cross-'sections 
" 

in mbj sr 

c.m. Q ~ -2.455 Q = -2.67 Q = -3.06 Q = -3·17 Q = -3.45 
(4+ ) (4+ ) (4+ ) (4+ ) 0- ) 

20.2 
25·2 
30.2 
35·3 
40.3 
45.1 0.403 " 0.182 0.388 0'.127 
50.2 0·333 0.166 0·310 0.093 
55.2 0.316 0.132 0.287 0.094 
60.2 0.263 0.064 0.104 0.236 0.088 
65.2 0.211 0.059 0.065 0.179 0.076 
70.2 0.165 0.063 0.042 0.139 0.078 
75·3 0.165 0.051 0.035 0.095 0.090 
80.3 0.155 0.043 0.032 0.086 0.091 

" 85.3 0.158 . 0.045 0.042 0.094 0.081 
90·3 0.082 0.050 0.098 0.074 
95·3 0.179 0.047 0.106 0.056 

100·3 0.160 0.044 0.048 0.106 0.041 
105.3 0.130 0.039 0.124 0.040 
110.2 . 0.126 0.035 0.032 0.083 0.041 
115.2 0.100 0.028 0.038 
120.2 

'125.2 0.068 0.016 ' o. 05~( 0.044 . 
130.2 0.057 0.018 0.014 0.046 0.038 
135.1 0.057 0.016 0.046 0.037 
140.1 0.050 0.012 . 0.019 0.057 0.030 
145.1 0.056 0.017 0.020 " --- 0.028 
150.0 0.057 0.016 0.020 0.049 ---
155·0 0.066 0.018 0.019 0.046 0.044 
160.0 0.064 0.020 0.026 0.0~'9 
164.9 0.078 0.019 0.022 0.050 

.169.9 0.072 0.024 0.020 0.044 

Relative. 
errors ±8% ±8% ±10% ±8% ±8% 
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58Ni (cx,cx" )58Ni ' E - = 50.2 MeV ~lab L -a . 

Center of mass cross-sections in mbj sr 

c.m. Q = 0 Q = -1.456 Q = -2.458 Q = -2.773 Q=-3·035 
Elastic (2+ ) (4+ ) (2+ ) (2+ ) 

., 
10·7 11795±446 57·9 3·0 ±1.0 2.2 ±0.7 
12.8 4347±444 24·9 3·73 0.50 ±0.30 2.68 ±0.37 
15.0 2429 2.8 ±0.8 3.80 0.17-±0.05 0·53 
17.1 1390±30 13~7 3.16 0.349 0.89 
19·2 341 26.9 1. 03 0.122 1. 43 
21.4 138 13.2 0.22 0.142 0.06 
23·5 235 1. 54 0.74 0.150 , 0.34 
25.6 184 3.10 1.42 0.090 0.066 
26.7 110. 
27·7 50.2 9.78 1.00 0.49 
28.8 12·3 10.1' . 0.61 0.84 
29·9 5.07 8.32 0·37 0.138 
30·9 16.5 5·39 0.186 0.207 0.58 
32.0 30.8 2.40 0.184 0.44 
33·0 39.4 0.709 0.201 0.27 
34.1 40.7 0.523 0.38 0.093 
35·1 31. 8 1.64 0.48 0.049±0.010 
36.2 19·5 3.06 0.46 0.074 
37.3 7.58 4.21 0·33 0.032 0.192 
38.3 1. 31 4.33 0.235 0.020 0.237 
39·4 3·90 3.88 0.143 0.025 0.210 
40.4 3.64 2.64 0.078 0.053 0.212 
41. 5 7.54 1. 57 0.091 0.079 O. 173±0. 016 
42.6 10.7 0.81 0.155 0.074 0.113 
43.6 11.1 0.57 0.162 ·0;072 O. 061±0. 010 
44.7 .9·50 0.80 0.239 ,0.071 0.038±0.004 
45.7 6.70 1. 26 0.224 0.060 0.031±0.006 
46.8 3.58 1. 65 . 0.201 0.034 0.045±0.006 
47.8 1.66 1.90 0.171 . 0.017±0.005 0.063±0.009 

" 

49·9 : 0·951 1.44 0.105 0.014±0.005 0.085±0.011 
51. 0 1.88 1.08 0.094 ' 0.016 0.066±0.006 
53·0 3·52 0.535 0.118 0.025 0.028±0.004 
55·1 2.83 0.540 0.129 0.025±0.003 
57.2 ,1. 33 0.804 0.115 0.011±0.002 0.028±0.003 

-59·3 ':, .:':', 0.458 ' - 0.827 0 .. 078 0.006±0.002 
61.4 ,,';·,0.546 0.573 0.058 0.008±0.002 0.03l±0.003 
63.4 0.821 0·300 0.050 0.012±0.002 O. 017±O. 002 

Relative 
errors ±5% ±5% ±6% ±10% ±6% 

(unless specified) 
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58Ni (cxJcx' )58Ni E = 50.2 MeV (lab) --a . 

Center of mass cross-sections in mb/sr 

c ;m. Q = -3.260 Q = -3.524- Q = -3.615 Q = ;';.3.895 Q = -4.103 
(2+) . (4+ ) (4+ ) (2+ ) (2+ ) 

10.7 3·9 ±0·5 0.40 ±0.40 1. 00 ±0.40 
12.8 3·9 '±0.5 0.50 ±0.20 1. 20 ±0.40 1.18 ±0.30 
15.0 0.74 ±0.10 0.20 ±0.10 1.6G 0.225 0.23 ±0.08 
17.1 0.94 0·37 1. 52 0.40 0.43l±0.025 

.19·2 1.69 0.38 0.63 0.56 0.197 
21.4 1.41 0.144 0.139 0·34 0.155 
23·5 0.46 0.072 0.195 0.067 0.099 
25.6 0.136 0.162 0.44 O.lC)l 0.066 
26.7 0.225 

.27.7 1 0.58 0.219 0.42 0.245 0.080 
28.8 0.89 1.; 0.180 0·33 0.232 0.063±0.010 
29·9 0·95 0.142 0.240 0.164 
30·9 0.136 0.103±0.13 0.076±0.010 
32.0 - 0.61 0.038±0.010 0.066 
33·0 0.36 0.055±0.008 
34.1 0.213 0.121 0.080±0.008 
35·1 0.135±0.014 0.143±0.014 0.039±0.006 
36.2 0.107 0.11:8 0.157 0.083±0.010 0.053 
37·3 .. o. 326. 0.094±0.011 0.156 0.087±0.010 0.050±0.008 
38·3 0.283 0.093±0.010 0.147 .. 0.083 O. 046±0. 006 
39·4 0.308 0.052±0.010 o. 044±0. 008 
40.4 0.281 0.033±0.003 o. 041+±0. 008 
41. 5 0.017±0.005 0.035±0.006 
42.6 0.168 0.025±6.003 0.038±0.003 0.018±0.002 
43.6 0.113±0.012 0.030±0.010 0.042±0.008 0.027±0.006 0.056±0.009 
44.7 O. 049±0. 005 . 0.030±0.005 0.077 .0. 025±0. 003 0.044 
45~7 0.031±0.006 0.055±0.010 0.071±0.009 0.042±0.010 O. 041+±0. 008 
46.8 O. 04·1±0. 004 0;072 0.041 0.034 
47.8 0.053±0.009 0.023±0.006 0.050±0.008 0.063±0.010 0.023±0.006 
4·9·9 0.085±0.011 0.028±0.006 0.025±0.006 0.035±0.006 0.027±0.006 

-51.0 0.100 0.019 0.030±0.003 0.021±0.002 0.055 
53·0 0.058 0.013 0.014±0.002 0.015±0.002 0.033 
55·1 0.025±0.003 0.031 0.027±0.003 0.017±0.002 0.028 
57.2 0.031±0.003 0.033±0.003 0.030±0.003 0.018±0.002 0.020±0.003 

.·59·3 ·0. 055±0. 005· 0.025±0.003 0.028±0.003 O. 016±0. 002 0.019 
61.4 0.020±0.003 . o. 020±0. 003 0.014±0.002 0.019 .. 63.4 0.045±0.003 0.031±0.003 0.008±0.001 0.020±0.003 

Relative 
. errors ±6% ±6% ±6% ±7% ±10% 

(unless specified). 
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58Ni ( cx, d) 58Ni ~ == 50.2 MeV (lab) 

Center of mass cross-sections in mb/sr 

c.m. Q == -4~'405 Q = -4.472 Q == -4.75 Q= -5· 59 
(4+ ) (3- ) (4+ ) (4+ ) 

10.7 ' 1.40 ±0.40 19·0 ±1.0 
12.8 1. 30 ±0.60 19·3 '2;33 ±0.35 2.65 ±0.80 
15'.0 3.00 ±1.00 12·5 3·12' 1.45 
17.1 2.90 ±0.30 3.28 2.65 0.8y±0.40 
19·2 1.61 '2~04 1. 51 0.96 
21.4 0.242 5·71 0.45 0.50 
23.5 6.51 0·39 0.20 ±0.05 
25.6 0·59 3.68 0.86 0.30 
26.7 0.39 
27.7 0·97 ' 0.87-· 0.95 0.51 
28.8 0.72 0.76 0.84 0.45 
29·9 0.64 1. 36 0·51 ' 0.40 ±0.20 
30·9 0.62 1. 78 0·31 0.41 
32.0 0.33 ±o.6 2.41 0.20 0.21 ±0.04 
33.0 2.48 0.133±0.013 0.164 

,'34.1 " 2.28 0.215 0.109 
35.'1 ' 1.62 0.238 0.113±0.011 
36.2 1. 56 ' 0·38 0.139 
37·3 0.40 0.79 0.47 0.230 
38.3 0.42 0·31 0.224 
39.4 0.31 0.47 0.281 0.250 
40.4 0.251 0.70 0.,171 0.165±0.37 
41. 5 0.14l±0.014 , 0.82 0.121±0.014 
42.6 , O. 078±0. 030 
43.6 0·99 0.055±0.010 0.124±0.013 

• 44.7 0.066 
45.7 0.48 0.096 
46.8 0.133 0.32 0.103 
47.8 0.133 0.28 ±0.02, 0.127±0.013 0.108±0.O15 
49.9' 0.127±O. 013 " 0.28 ±O.O2, 0.105±0.012 0.139 
51.0 0.119 0.38 0.080 
53.0 '0.075 0.45 0.039±0.004 0.051±0.015 
55·1 0.40, 0.036 0.069 
57.2 0.055, : " 0.179 0.067 , 

59-3 ' , 0.094 0.129 0.069, 0.075 
61.4· 0.088 .: I 0.129 0.039 0.072 
63.4 0.044 0.158 0.028±0.003 

Relative 
errors ±6% ±6% ±6% ±7% 

(unless specified) 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mISSIon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
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mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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