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ABSTRACT 

UCRL-19915 

The reactions 58Ni (p, 3He ) and 58Ni (p,t) have been studied at a proton 

energy of 45 MeV. An average energy resolution of 45 keV has been achieved • 

. Angular distributions have been obtained for 26 levels of 56Co and 20 states 

of 56Ni. The experimental results have been compared with DWBA calculations 

using spectroscopic amplitudes given by a microscopic calculation. 
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I. INTRODUCTION 

In the nuclear shell model both, 5?co and 56Ni may, be thought of as'having 

relatively simple structures. In 56Ni (Z = N = 28) both neutrons and protons 

have just filled the If7/2 shell, while 56Co may be regarded as a 56Ni core plus 

a single If
7

/ 2 proton hole and 1 neutron outside that shell. Consequently, micro

scopic calculations of wave functions describing the states of these nuclei are 

available for both. l ,2,3 Experimentally, however, neither of these nuclei may 

be studied by the familiar methods of inelastic scattering or single-particle 

transfer reactions. Consequently the only available results have been obtained 

from decay experiments,4,5,6,7~8 two particle transfer, or charge exchange 

reactions. 56co, for example has been investigated byroeans of the 

54F (3H )56C t' 9,10,11,12 t 1 58N, (d ) 9,10,13,14,15 e e, p a reac lon a ow energy; l, a , 

54Fe (a, d)16 and 56Fe (He 3, t).17,.18,19,20 To date, however, no study of 56Co 

with the (p, 3He ) reaction has been reported, mainly due to the large negative 

Q value for the reaction (-11.839 MeV).21 The previous experiments have yielded con

siderable information on the structure of low-lying 56Co states and have located 

some two-particle, two-hole states, including the T = 2 isobaric analogs of the 

ground and first excited (2+) states of 56Fe .9,lO,20 

The nature of these two-particle, two-hole states has also been quali

tatively confirmed by the 56Fe (3He , t) reaction, which is particularly well 

suited, as a result of the 56Fe structure, for their formation. In this same 

study,18,19 however, a number of states were observed whose angular distributions 

do not display the expected shapes. This failure may be due to a poor description 

of either the nuclear structure or the reaction mechanism. In either case a 

study of the (p, 3He ) reaction should be helpful i~ understanding more' 56co 

states. 
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The 56Ni nucleus is more difficult to study. To date, only two kinds of 

experiments have been performed: 54
Fe (Iie3 , n), 11 which measured the 56Ni mass 

and excitation energies for three excited states; and three previous 

58Ni (p,t)22,23,24 experiments. The last of these, byDayies et a1. 24 had an 

energy resolution of 70 keV and identified a number of states up to excitation 

energies of 8.5 MeV including the T = 1 isobaric analogs of several 56Co levels. 

In view of the better energy resolution obtainable here, it seemed worthwhile 

to restudy the (p,t) reaction. In addition, since it was done simultaneously 

with the (p, 3He ) reaction, a comparison of the cross sections for formation 

of pairs of isobaric analog levels is possible. 

Final:q,there~are now available for both nuclei new microscopic wave 

functions. 3 They will be compared to the experimental results. The sensitivity 

of the calculated angular distributions to the wave functions used will provide 

a more quantitative test for these wave functions. 

",. 

.. 
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II. EXPERIMENTAL 

The 45-MeV proton beam of the 88-inch Berkeley cyclotron has been used 

to bombard a self supporting 58Ni foil. The target was isotopically enriched, 

(> 99%) and its thickness was 200+ 50 l1g/cm2. 'Outgoing tritons and 3He ,s were 

detected by means of two solid state silicon E-6E telescopes (6E = 250 llID, 

E = 3 mm), coupled to a Goulding particle identifier. Data were taken between 

14° and 70° em. The cross section errors which will be indicated in tables or 

graphs are only statistical. An error o'f approximately 25% in the absolute cross 

sections results from the uncertainty in target thickness. Energy calibration 

of the ,system was accomplished by ,means of the ground state Q-values for 

58Ni (p,t) and 58Ni (p, 3He ) (Ref. 21) together with Q-values for the same reac

tions on 160 (Ref. 21) which was present as a target contaminant. 
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Figure 1 displays an experimental spectrum. The overall resolution is 

50 ± 5 keV.' 'Angular distributions have been 'measured for 26 3He groups cor

responding to levels in 56Co up to 5.2 MeV exci tat ion energy • In a first step, 

.56 using either empirical curves relative to previously known levels In Co, or 

rough DWBA calculations, twenty-one of these can be classified according to the 

strongest component of the angular momentum (L) of the transferred nucleon pair. 

Four L = 0 transitions have been observed, eleven L = 2, five L = 4, and one 

L = 6. The angular distributions are shown in Fig. 2 . Table I summarizes the 

excitation energies and L-values measured in the present experiment and com-

pares them withdther available experimental results. 

B. 

Triton groups corresponding to 24 levels of 56Ni have been detected. 

The highest excitation energy observed was 8.896 MeV. A typical triton energy 

spectrum' is shown in Fig. 3. Angular distributions were measured for 20 states. 

For 17 of these, .L values have been confirmed or assigned. A summary of the 

energy levels, spins, parities, and total cross sections (integrated from 14° 

to 70°) is given in Table II. Also listed there are the results of the experi'-

, 24 
ment of Davies et al. All of the angular distributions measured in the pre-

sent experiment are shown in Fig. 4. 
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IV. CROSS SECTION CALCULATIONS 

A. General Formalism 

The general formalism for two-particle transfer reactions has been 

. 25 26 
extensively descrJ.bed.·.' Assuming a spin-isospin dependent, zero-range 

interaction,the two particle transfer cross section can be written: 

do 
dQ= 

x 

where 

where 

llAl\ ~ 2sb+l 

(2nh2)2 k (2s +1) 
a a 

L gN(LSJT) BLA(e) 

N 

'~(LSJ'I') = L 
nlR-lJ l 
n 2R-2 j 2 

L [ bST (TB TBTT I TA TA)D(S ,T) 

JMOAOb LSTA 

2 

(2) 

2 
bST is essentially a spectroscopic factor for the light particle. Also 

27 D{S,T )is a spin-isospin exchange term introduced by Hardy and T,owner. It can 

be deduced from the force mixture which is used. In the following calculations 

we have taken the value 0.42 for the ratio R 

R = D(l,O) 
D(O,l) 

2 

This corresponds to the force mixture of Gillet and Vinh-Mau for 160 .28 
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All the quantum numbers are defined as 

J(M)' = 

a ab = a, 

L(A) } 
S = 
T(-r) .' 

N = 

total angular momentum of the final nuclear state (and its 

Z cOmponent). 

z component of spin of incoming and outgoing particles 

respectively. 

orbital an~ular momentum, total spin, and isospin of the center 

of mass of the ,transferred nucleon pair (and their Z components). 

principal quantum number of the center of mass motion of,the 

nucleon pair. 

[nl~ljl],[n2~2j2] = quantum numbers of nuclear shell from which nucleons 1 and 

2 are picked up. 

The spectroscopic amplitude SAB 1/2 expresses the parentage of the target 

nucleus A, based on the final nucleus B plus 2 nucleons in the shells 

B. 'Select:tion Rules 

Assuming that in both 3He and t, the three nucleons: have a relative 

'L angular momentum 0, one finds S + T = land TIi TI f = (-) ~ 

The selection rules can be summarized as follows fot' a z'ero spin 

target: 



I ",. 

-7- UCRL-19915 

1. ( 3H \ t" p> " ,e/' reac l.cm. For the transitions to the positive parity states in 

56Co the L values will be even, thus in the general case where the two particles 

are transferred from different shells: 

if J is even, J = L {s = 0 
S = 1 

T = 1 

T = 0 

if J is odd, S = 1, T = 0 and L = J + 1 

when both of the particles are from the same shell, J + S must be even and for 

J even only the (8 = 0, T = 1) possibility remains. 

2. (p,t) reaction. The isospin of the removed neutron pair is T = 1. 

Thus the selection rules are: 

Under these conditions the (p,t) reaction allows the observation of only natural 

parity states. 

C. Calculation of the Cross Section 

The calculation of the cross section has been carried out using Glen-

" ,29,30" . 31 dennl.ng's values for the structure factors G, and the G:omputer code DWUCK 

modified by J. C. Hardy to perform two-nucleon transfer calculations, 

including coherence effects caused by spin-orbit terms in the optical potentials. 

D. Optical Potentials 

Several optical potentials have been tested in each of the particle 

channels. Three different proton potentials have been used, two triton, and 
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3 two He. These are listed in Table III. Various combinations of proton-triton 

3 and proton- He potentials have been tested on the (p, t ) experiment to determine 

which gave the best fit to the ground state angular distribution. The best fit 

was obtained using set 1 for the protons and set 6 for the tritons. The use of 

potential 5 for the tritons and 3He,s gave the same shapes and the same rela-

tive strengths for all states, although calculated absolute cross sections were 

changed. Potentials 4 and 7 gave significantly poorer fits to experimental angu-

lar distributions. The results presented here used the same potentials for both 

the (p,t) and(p, 3He ) reactions. 

E. Spectroscop1cFactors and Shell Model Wave Functions 

It can be seen in Eq. (1) that the expression for the cross section 

involves a coherent sum over various single particle components (nij). Conse-

quently it is impbssible, given experimental cross sections, to determine spec-

troscopic amplitudes. However ~ this also implies that the calcillation of two-particle 

transfer cross sections provides a test of'·not' only the magnitude but the signs 

of various components of any theoretical wave function. 

For the present work, wave functions and two-particle spectroscopic fac

tors have been calculated by McGrory3 and used for the 58Ni ground state, and 

all the states of 56Co and 56Ni . These were calculated assuming an inert 40Ca 

core and configurations involving up to 2 holes in the If7/2 shell,with the 

remaining nucleons distributed over the 2p3/2' 2pl/2' and If5!2 shells. Single 

particle energies used were those which best reproduced the 57Co spectrum. 36 

Matrix elements were calculated using the ,interaction of Kuo and Brown. 37 

The states which resulted froin this calculation are shown and compared 

with experiment in Figs. 5 and 6. It is clear that an unambiguous comparison 
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of theory with experiment based on excitation energy alone is not possible. In 

addition, determinations based on the shape of the angular distributions are 

also sometimes ambiguous. For instance, we have obseryed in 56Co eleven L = 2 

transitions, which m~ correspond to either 2+ or 3+ states. The microscopic 

calculations do not predict very dramatic changes in the angular distributions 

+ + between 2 .and 3 , as shown in Fig. 7. Consequently, the criteria adopted for 

this comparison are based on first, the shape (dominant L-value) of the cross 

section; second, the order in excitation energy; and third the strength of the 

calculated cross section compared to experiment, expressed in terms of the nor-

malization factor N, where 

N = a(experimental)/a(theoretical). 
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Below 2.5 MeV, the level density of 56Co is such that the present experi-

ment should be able to resolve most states. That this was accomplished is indi--

cated by the excellent agreement of excitation energies with other high resolution 

experiments. Above 2.5 MeV, however, the level density increases so that, except 

for the selectivity of the reaction mechanism, very few single states should be 

resolved with our resolution. . FroIn. this point of view a comparison of various 

experimental results will be given. 

Within simple shell model considerations, the lowest lying states of 

56Co are expected to be 1 particle-l hole states of the form 

Vervier's wave functions
l 

indicate that these levels should lie below approxi-

mately 3.5 MeV. 

The 2 particle-2 hole states should begin to appear at higher energies, 

the lowest group being of the configuration 

[ (7ff 7/2)-2( 7fP3/2) (Vp3/2) ] o~~:: 3 

the centroid for this configuration is expected at approximately 2.5 MeV. 10 2 par-

ticle-2 hole levels may be pictured ih terms of a "weak-coupling" model used by 

. . 38 16 42 39 
ArJ.ma et al~ for 0 and Sherr et al.for Sc. Let us adopt the following 

notations to represent a 2 particle-2 hole state; 

II 

,. 
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where a. and'S represent the number of protons and neutrons respectively, 

outside a closed f7/2 shell; y and 0 the number of protons and neutrons in 

the f7/2 shell; Tp(h) and Jp(h) represent the total isospin and spin of the par-
56 " 

ticles (holes). Any two particle-2 hole state of Co may then be represented 

by the following configurations: 

11 } HiT = ° = ' , 8 T~ = 1 

12} = roTp= 1 
7 7 'Th = 0 

13 } {( 1- rt-fl ill) Tp = I} = 7 7-"ii /2 ' Th = 1 T = 1 

14 } {( 1 m l ill?p = I} = 7 7 +"ii 2 " 12 Th = 1 T = 

Each of these configurations, however, is similar to a known nucleus. 

The outer particles in, II} for example can exist in states which are already 

known, namely the (T = 0, J = 1,3),st-ates of 58Cu and similarly, the holes in 

II) form the (T = 1, J = 0,2:,4-O6) levels of 54 Fe. , Assuming a J p ' J h-, J indepeIldent 

particle-hole interaction, one may construct a series of T = 1 states of 56Co by 

coupling all the T = 0 (J = 1,3) states of 58cu (Ref. 40) to the T = 1, J = 0,2,4,6 

states of 54Fe (Ref. 41). Using Zamick's formulation,42 the energies for levels 

I . ,58 +, + of configuration I} corresponding to the coupllng of the Cu 1 and 3 states 

to the 54Fe ground state will be given by: 
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This energy will be compared to that of the previously known 0+ analog (3.587) 

and antianalog (L 444 MeV) states which are: 

where a is the center of gravity of particle-hole states; c is the Coulomb par-

ticle hole energy and 

, 42 
centers of gravity. 

b characterizes the separation of the T = 1 and T = 2 

The sign + refers to the analog state. In 56Co the 

+ 
difference of the energies of the (T = 1) and (T = 2) 0 states equals 2b and yields 

b = 1.07 MeV. This value is smaller than usual. 42 The Coulomb energy c will 

42 + 
be taken as -0. 4 MeV. Te..king as reference the 0 (T =1) L 444 MeV state we 

can elimin'at,e the, a" parameter. Thisc yields finally for the'l+ and 3+ states of 

configuration 11) predicted energies whi'ch are 2.17 and 2.62 MeV respectively. 

In the same way, states of the form 12), 13), and 14 ) can be constructed by 

coupling the known levels of 5
8
Ni (Ref~ 8) and 54Co (Ref. 43),or 58Cu (Ref. 40) 

and 54Fe (Ref. 4'1) ,'With the proper isospin.' ' In parti'cul,ar 7~ and 1+ levels of 

configura.t'ibn',12) 'can be predicted at 2~86 ,and, 3.78 MeV, respectively. 

One sho~ld expect to see only a few of these states, since most of them 

t o + + 3+ are capable of mixing with some nearby leveL In par l.cular, these 0 ,1, , ' 

+ +' ° b ° 7 and second 1 states m1.ght e relat1.vely pure. Our discussion in terms of 

this model will be restricted to these levels. 

Examination of the configurations shows immediately that states of the 

form 11) will be preferentially excited by (3He ,p) reactions, 12) will be 

enhanced in (p, 3He ) reactions, while 13) and 14) should be equally strong in 

both reactions. 

'. 
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To compare the observed cross section with theory in a quantitative way, 

we shall use McGrory's wave functions and DWBA as outlined in Section IV. It 

is necessary before proceeding, however,to point out several remarks on this 

calculation. First , at the proton energy available (Ep' = 45 MeV) it is quite 

possible to observe pi ckup of nucleons from deeper shells, exciting states such 

as [(d
3

/ 2 )-2(P3/2)2]. These configurations are not ihcluded iii McGrory's calcu-

lations. 
. 3 

Second+y, since the absolute value of the (p, He) cross section is 

not calculated, agreement with observed strengths will be judged as reasonable 

if the normalization constant N = a(expeI'iment)/a(theoretical) agrees within a 

factor of two with an average normalization (N) = 37, determined from the four 

states which are assumed to be well known as described by the 

[( 7ff7 /2) -1(vP3
/ 2 ) ]2+3+4+5+ config,uration. These levels are the ground state 

+ . + + + 
(4 ), 0.166 MeV (3 ), 0.578 MeV (5 ) and 1.001 MeV (2 ) levels. The 

calculated wave functions for these states include effectively a strong com-

ponent of this configuration. There is, however, some ambiguity for the 1.001 MeV 

level since the 0.961 MeV state also displ~s an L = 2 angular distribution and 

has nearly the same strength. Assignment of J7f = 2+ to the 1.001 MeV state is 

based on a better agreement with ,the shape 'of the ahgular distribution. A sum-

mary of the experimental results compared to the McGrory calculation, is pre-

sented in Table IV. The 0.961 MeV state is tentatively assigned as the second 

level with J7f == 3+, although the rather large normalization makes this questionable. 

Two weak states, principally L = 4 are seen at 0.84 and 1.106 MeV. In (d,a) 

experiments15 a state was seen at 0.824 MeV with L = 4 and another at 1.107 MeV 

with L = 2 + 4. Both of these states give rather poor results when compared with 

+ 4+ . either 52 or 2 states of the McGrory's 6aleulat ion. 
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The transition to the 1.444 MeV state is principally L = O. Its spin 

. 6 7 10 18 + has prev10usly " , been limited to be 1- or 0 , so that the assignment 

7T + 
J = 0 , T = 1 may now be made. This state would correspond to a one phonon pair-

56". .44 + ingvibration state taking Ni g~ound state .as re:ference. As expected for a 0, 

:the 1. 444 ~Vlevel j,s n.Qt ~xcit~d inj d ,~)-, but:i.s reasonably populated in' both 

3 3 ( He, p) and (p, He), as shown in Fig. 8, which gives a comparison of the inte-

:56 3 56 
grated cross sections :for these two reactions, as well as for the' Fe( He, t) Co 

reaction. at~300.:The relative:,strength o:f· the T.444'.MeVstate in:.the tWb reactions is 

a further indication that this level is the 0+ T = 1 state with the configuration 

13) in the weak-coupling model. Also,as predicted for such a state, it is very 

weakly excited in (3He , t) reactions18,19 where in fact it exhibits an angular 

. 18 + distributipn Qf L = 1 shape. This is not surprising since several known 0 anti-

45 analog states . e::thi bi t ang~lar d:i,stri butionswi. th L = 1 §hapes o. The cross section 

predicted for this state (O~) by- McGrory issgmeWhat small. 

The 1+ nature of the 1.714 MeV level has been previously established. 

It :furnishes an example of well-mixed L values (0,2) :for an unnatural parity 

state. 
+ . 15 

It is also assigned 1 in the most recent (d,a) experiment. The fact 

that this state is strongly excited in the (3He , p) experiments suggests that 

it might correspond to the :weak-coupling 1+ of configuration 11) predicted 

at 2.17 MeV. However, this state is also populated in (p, 3He ) indicating that 

it also contains some admixture of other states, such as the 1+ of :form 12 ) 

predicted at 3.78 MeV. McGrory's wave :function for this state (l~) contains 

many terms, the strongest o:f which are types II} and 13 }. Un:fortunately, the 

calculated cross section is somewhat small, indicating perhaps that a stronger 

type 12} . component is needed. 

, .. 
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We have measured three L = 2 angular distributions (1.924, 2.050 and 

2.220 MeV) in agreement with previous experiments. The 1.924 MeV state is 

observed in both (He3, p) and' (p, 3He ) experiments, it has been proposed as the 

2p-2h antianalog 3+ state. lO AngUlar distributions calculated using McGrory's 

+ + + 
wave functions suggest that these three states should be 33, 22' and 23 respec-

tively. 

The 2.271 MeV level is the only L = 6 transition observed in the present 

experiment. Selection rules allow J = 5, 6, 7. The state has also been reported 

as strongly excited by Scheider and Daehnick15 at 2.272 MeV. Since (d,a) par-

( )-2 + ticularly favors configurations such as f7/2 J=7' the 7 assignment seems most 

probable~ This level corresponds to the 7+ of form 12} predicted at 2.86 MeV by 

the weak coupling model. This is particularly favorable for pickup reactions 

which are the only ones to report this state. Calculations with McGrory's wave 

+ + functions yield a reasonable fit for 6 or 7. However, the strength calculated 

for the 7+ (N =40) is much more reasonable than for the 6~ (N = 220). The cor

responding wave functions 7~ is mainly [( f7 /2)72(P3/2)~,2]7+ "rllich is type 12} 

as expected. 

We have observed no L = 2 transition near 2.3 MeV. Our resolution did not 

allow us to separate this state from the observed 2.271 MeV level, but if the 

3 (p, He) experiment allows the excitation of an L = 2 level here, it is weakly 

excited. This suggests that the strong (L = 2) 2.296 MeV'level observed in Ref. 10 

can be the 3+ state of configuration II} predicted at 2.62 MeV by the weak coup:-

ling model. The 2.371 MeV state is weakly excited and yields a structureless 

angular distribution. 

The well separated 2.456 MeV level displays an L = 0 angular distribution 

but can be compared with the calculated curves corresponding to either the O~ 
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(T = 1) or 
+ . 

12 {T = 1) states with comparable normalizations (Fig. 2). No 

possible 1+ state has been observed in the previous (3He , p) experiments 

(Table I). This level could be compared with the predicted 3.78 MeV 1+ state 

described by the component 12), but it is unexpectedly weakly excited and its 

excitation energy. is rather low. On the other hand; this state should not be 

observed at all in the (3He , p) experiment (Fig. 8) 'whereas the observation of ail 

eventual 0+ state is allowed. The observation of a single 2.460 MeV level in 

the Pittsburgh (d,a.) experiment15 is a good indication that this level is 1+ 

d + . an not 0 , but thlS state corresponds probably to a more complicated structure. 

Levels above 2.5 MeV 

Above 2.5 MeV, th~ level density is increased, making more questionable' 

any further identification with McGrory's predicted states, except fora few 

selected states. 

The 2.626 MeV level displays an L = 2 angular distribution which suggests 

a 2+ or 3+ spin assignment, if the (d,a.) experiment had not indicated that there 

is a doublet at 2.597 - 2.623 MeV. 

The 2.736 MeV level displays a straight line angular distribution which 

+ . () . 15 might suggest a 1 assignment. But once more the most recent d,a. experlment 

+ report a doublet at a corresponding energy, just as for the 3.048 (4 ?), 3.137 

+ + + 
(3 ?) and 3.396 (2 , 3 ?) levels. 

Analog States 

The existence of an. Lc = . 0 doublet around a 3 • .55 MeV excitation energy has 

been observed by· Belote et al .. 9 This doublet has also been investigated by the;· 

3 . 17 18 19 20 ( He,t) experlments. ' " Levels are reported at 3.587 and 3.585 MeV in' 

(d,a.) experiments9,15 but they are weakly excited and can be other states. 

Dzubay et al. 20 have reported 8 states between 3.362 and 3.614 MeV (Table I). 

~I 

.' 
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They definitely assign the 3.522 and 3.592 MeV states spins O+(T = 1) and 0+ 

(T = 2) respectively, w-ith a certain isbspinimpurity. We have measured L = 0 

angular distributions for levels at 3.501 and 3.587 MeV. 

If one refers to the weak-coupling model, dealing with pure configurations, 

3 .Qjg.. 
the (p, He) reaction is expected to select the term ill in components 13 > and 

14 >. Then the ratio of the expected cross sections for the analog T = 2 and 

antianalog T= 1 states is 

da/dQ (T = 2) 
R = da/dD (T = 1) = 1 

Matching the experimental angular distributions for the 3.587 and 1.444 MeV 

states, we find R = 1.6 + 0.4, which is compatible with the previous determina-

. 6 12 . 9 (3 ) tions of 1.7 and 1.2 in He, p • It is difficult to draw any significant 

conclusion from this ratio with respect to the pairing vibration model since, 

in our experiment, the cross section ratio can be modified by the presence of 

additional unresolved states close to the 3.587 MeV level. In addition, however, 

a small amount of 4 particle-2 hole components in the 58Ni ground state can 

drastically affect the experimental value for this ratio. 

The ratio of the cross sections for the 3.587 and 3.501 MeV levels has 

been found to be J .• 4 + 0.5 in the present experiment. In the same way this ratio 

has to be compared with the value of 2 found by Dzubay20 in (3He , t), and the 

value of 2 drawn from the Belote (3He , p) experiment. 9 McGrory's wave functions 

do not take into account the isospin mixing observed for these states by Dzubay 

et al. 20 They lead to calculated angular distributions which are both too weak, 

but the large normalization we get for the 3.501 state suggests this level is 

+ not the O2 , T = 1 of McGrory. The calculated cross section for the previously 

+ known analog 2 , T = 2 state is slightly small. 
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Additional states 

The 5.090 and 5.187 MeV levels are strongly excited, especially the 

first one. The angular distribution for the 5.187 MeV level can be classified 

as L = 2, but that corresponding to the 5.090 MeV does not display any signi- . 

ficant pattern. . Considering that the most strongly excited state in the low 

( -2 2 
energy spectrum corresponds to an f7/2 ,P3/2 )7+ configuration, the strength of 

the 5.090 MeV level suggests that it might result from the pickup of a deeper d
3

/
2 

+ (-2 2) nucleon pair, leading to the 3 state in the d
3

/ 2 P3/2 configuration. 

Simple con8ide~ationsallow an estimate for the excitation energy of 

thl' S 3+ t t s a e. It is possible to evaluate the spacing [I.E between the 

( -2 2) ( -2 2) 
f7/2 ' P3/2 7+ state at 2.271 MeV and the d3/ 2 ·, P3/2 3+ state 

where E and E are the proton and neutron single particle energy differences 
p n 

between the If7/2 and Id
3

/ 2 shells, respectively, and which can be taken from 

Ref. 46, and are Ep = En = 2.1 MeV and Mland M2 are the residual interaction 

+ . 
matrix elements between, respectively, two f7/2 holes coupled to 7 , T = 0 and-

+ 38 two d
3

/ 2 holes coupled to 3 , T = o. Ml can be calculated in K using the code 

4748 4 PHYLLIS .. with True I s potential and is found to be 2. MeV. M2 is already 

known to be 2.6 MeV. 16 Thus the 3+ state is expected to be about 6.3 MeV exci

tation and the 1+ at 7 MeV. These are not too far from the measured energies .. 

Assuming then that both levels have T = 1 and a simple shell model wave function 

for the 58Ni ground state, we have calculated angular distributions for spins 

+ 1+ + + 0, , 2 , and 3 • 
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Figure 2 shows that the calculated angular distribution for the 3+ state 

does not agree very well with the experimental results for the 5.090 MeV 

state. A better agreement is obtained if the curve calculated for the 1+ 

state of the same configuration is added, (dashed curve). That could indicate 

that either this level is not resolved from another L = 2 state, or that there 

are in the wave function configurati'onmixtureswhich Ilroiidea strong L= 2 com-

ponent. 

In contrast, the 5.187 MeV angular distribution is well reproduced by 

any L = 2 calculation (J1T = 2+ or 1+). The renormalizations for these calcu-

lations are given with the figures and do not allow any further identification. 

If the 5.090 MeV state is a 3+ with the proposed structure, then it should be 

observed in the 58Ni (d,a) experiment. HjOrth14 observed a strong level at 

5.18 MeV excitation energy which could be one of these states. Furthermore, 

such a level must be observed in other (p, 3He ) or (d,a) experim~nts, on the 

iron isotopes for example. The excitation energy of these states can be pre-

dicted either from the ground state of the target nucleus or from the first strong 

7+ if it is known. In 52Mn for instance, the 7+ state is known49 at 0.85 MeV 

and one would expect such a state about 2.75 MeV above the 7+ (as in 56Co ) , which 

is an excitation energy of about 3.6 MeV. 

B . 

. The states observed in the present ex.periment include all but one of 

those reported by Davies et al. 24 In addition, the better energy resolution of 

the present experiment permitted detection of ten new levels as indicated in 

Table II. Many of the excitation energies reported here appear to be inconsistent 
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with those reported in Ref. 24. However, they agree very well with the result 

of Miller and Kavan~h, 11 and are'consistent 'with our energy deterininationffor 56co .· 

L-value assignments agree with Ref. 24 with one exception. The 5.339 MeV 

state 
~ +. 

has been reported to be 2 , while the present work measures an angular 

distribution which is flatter than a 2+, suggesting perhaps a 6+. 

Of the other five states for which spin assignments have been made, two 
i 

(6.222, 6.554) must be considered only tentative, inasmuch as agreements with experi-

mental data are rather poor. The assignments of 3 + to the state at 5.483., MeV, 2 

to the 6.318 MeV state, and 0+ to the 7.289 MeV state, appear more certain. 

The possible energy levels of 56Ni may be constructed by considering 

58Ni to consist of a closed shell plus two paired valence neutrons in the P3/2' 

f5/2 or Pl/2 shells. A (p,t) experiment would then be expected to excite states 

16 
of the form (f

7
/ 2 )J=0 by pickup of the two valence neutrons; 

[(f7/ 2 ?5(P3/2)]J=2+,4+ ; [(f7/ 2 )15(f5/ 2 )]J=2+,4+,6+ ; and [(f7/ 2 )15(Pl/2)]J=4+ 

by the pickup of one core and one valence neutron. In addition, a large number 

of two particle-two hole states may be constructed which result from pickup of 

two core-~ucleons. 

The' 2particle-2 hole states may be discussed. in terms of weak-coupling 

, 56 
as was done for. Co •. However ,,'its: complete construction' should require a knowledge 

of the levels of 54Ni and 58Zn which are not available, and in addition the level 

scheme which can be deduced from the known 54Co and 58cu states is much more com-

56 + plicated than for Co. Discussion will, therefore, be limited to some 0 states. 

+ The reference level is assumed to be the first observed a at 5. 000 MeV. Other T = a 

states . .are them predicted at 1.91, 8'.b8,\9~4and 10.14 MeV. Only the 5.000 MeV 

state has:'; a configuration which allows it to be observed through the 58Ni(p, t) 

reaction unless there is sbtn~ level mixing. 

... 

.~. 

.. 
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Perhaps the most serious flaw in this picture is that it ignores the 

presence of more complicated configurations in the 56Ni ground state. Wong 

and Davies
2 

have shown that some 2 particle-2 hole and 4 parlicle-4 hole 

configurations are necessary in order to obtain any agreement with the experi-

mentally observed energy levels. Unfortunately the inclusion of 4 particle-4 hole 
, , 

configurations would make a calculation such as McGrory's completely impractical. 

As a result" McGrory~ calculations yield an energy spectrum in which the 

ground state-2: spacing is much too large. This is just the effect observed by 

Wong and Davies. In addition, since the configuration space is limited to the 

lf7/2' 2P3/2' If5/2' 2Pl/2 shells, negative parity states cannot be described. 

Experimentally,at least three negative parity states are observed, presumably 

resulting from pickup from the d
3

/ 2 shell. 

In spite of this, however, the positive parity states have been com-

pared with McGrory's calculations, as shown in Fig. 6 and listed in Table V. 

The first five excited T = 0, J # 0 states are described as mainly 

15 ' 
[(f

7
/ 2 )7/2(~j)j]J' Examination of the normalizations obtained using this 

description indicates that it is fairly reasonable. In addition this accounts 

+ for all but one (4
3

) of the states which one can form by means of simple one-

particle-one hole configurations. 

At higher excitation energies one expects to see the more complicated 

2 particle-2 hole states. Comparison of states at E = 6.318 MeV and E = 6.554 MeV 

wi th McGrory's wave functions yields the normalizations shown in Table V. The 

value N = 64 is quite reasonable and compares very well with those obtained for 

one-particle, one-hole states. The normalization for tl1e 2t (N = 375) is quite 

+ 
large; however, the fit is rather poor and perhaps the level is not really a 2 • 



-22- UCRL-19915 

Also observed in the present experiment were four 0+ T = 0 states 

(E = 0., 5.000, 6.644 and, perhaps, 1.289 MeV) .. Again this is just the number 

which one would expect to result from the configurations (f
7

/
2

16
)J=0' 

( -2· 2) ( -2 2) (-2 2) 
f7/2 P3/2 J=O'. f7/2 ' f5/2 J=O and f7/2 Pl/2 J=O' In terms of weak· 

coupling,3 excited 0+ states are expected at 5.000, 7.91, and 10.14 MeV. This 

is somewhat different from the experimental values. Except for the first, however, 

.. + 
which is the ground state, the calculated wave functions for the 0 states exhi-

bit considerable configuration mixing. Nevertheless, the normalizations for all 

+ but the 0
3 

state (E = 6.644 MeV) are quite reasonable, in comparison with the 

one particle-one hole states. The large normalization constant (N = 8500) for· 

+ 
6.644 MeV level suggests that this level is not the 0

3 
~evel predicted by McGrory. 

+ 
If this level is compared to the following 0

4 
state a much more reasonable N 

value (N = 120) is obtained. The apparent failure of the weak coupling model 

+ . 
can be due to either a strong mixture of these 0 states or to a poor choice for 

the reference 0+ state. 

Wong and Davies
2 

showed previously that a strong four-particle, four-hole 

component is needed to account .for: the obseryedenergies of the low lying states 

in 56Ni . Pure two particle two hole components give higher excitation energies. 

The 5.000 MeV 0+ level may not be the suitable reference for the(T = 0) 2 particle-

2 hole states. This energy can be estimated if one considers that the 0+ states 

deduced from the coupling of the 0+ T = 1 levels in 58cu and 54Co may have isos-

pin T = 0, 1 or 2. The-'e-nergyseparations between these states can be evaluated 

through a simplified relation deduced from ., l' .42 Zam1ck s forma 1sm 

E = EO + ~ T (T + 1) 

'0' 

.. 
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t 56N; where EO depends upon he ..L structure and bhas been defined earlier. 

We have established in 56Co that b = 1.07 MeV. We shall see that the o~ T = 1 

state lies at 7.912 MeV in 56Ni. This allows us to expect the corresponding 

T = 0 and T = 2 states at 6.84 and 10.05 MeV excitation energies respectively. 

The 6.644 MeV level is a reasonable candidate to be the former state. In addition, 

in the same way as we did for the (T = 1) and (T = 2) 0+ states in 56co , it is pos-

sible to predict relative strengths for these T = 0, 1 and 2 states. In the (p,t) 

reaction, they are expected to be proportional to 1/3, 1/2 and 1/6 respectively. 

The experimental value of the ratio 

cr(E = 7.912 MeV} T = 1 
Ra = aCE _ 6.644 MeV) T = 0 = 1.5 ± 0.3 

is a further indication that the 6.644 MeV state is the right reference state for 

the 2-particle, 2-hole levels predicted by the weak coupling model in 56Ni . 

+ . . 
The wave function predicted by McGrory for the 04 state has effect~vely 

the suitable structure. The 7.289 MeV level has been tentatively assigned 0+ and 

could be another candidate. However,the corresponding Ra value, smaller by a 

+ factor of two,is less convincing. The predicted energy value for the (T = 2) 0 

state is in good agreement with the previous experimental determination: 

- 50 9.90 + 0.10 MeV. Three negative parity states have. been observed here. Drawn 

in Fig. 4 are calculated curves which correspond to simple shell model wave func-

tions·for these states, assuming the pick-up of an s-d.shell neutron. The 3- assign

ment for the 7.567 MeV state is consistent with that of Davies et al. 24 The 

5.483 MeV level is a good candidate to be the first 3- state as suggested by the 

figure where the previous energies measured by (0.,0.') inelastic scattering for 

the first 2+ and higher 3- states in the Z = 28 and N = 28 nuclei are displayed. 5l ,52 
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C. Isobaric Analog States 

A number of pairs of' states have been s,een in the (p,t) and (p, 3He ) 

reactions which appear likely to be isobaric analogs. Figure 10 compares all 

the states observed in the two reactions. 56 In this figure the Co ground state 

+ is aligned with the 6.419 MeV 4 , whose energy is very close to the value 

(6.40 MeV) estimated from Ref. 53 and using the 56co (p,n) Q value calculated by 

'4 Mattauch et al. 5 It appears likely then that only two excited state 'analogs 

have been observed, namely the 2+ at 1. 001 MeV and the 0+ atl.444 MeV in 56co . 

Selection rules for (p,t) of course forbid the excitation of unnatural parity 

s,tates, or if they are excited they may not have shapes· characteristic of any 

angular momentum, or the appropriate strengths. 

If the states in question are isobaric analog pairs, then one should be 

able to estimate the ratio of the (p,t) to (p, 3He ) cross sections (R). This 

is given by Hardy et al. 55 when both nucleons are picked up from the same shell, as 

where Tr , is the isospin' bfthe :final level. "Here, 'I'f equals 1. ,'Otherwise 

where 

~' 
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if the nucleons are removed from shells nlR.ljl and n2R.2j2which have isospin 

t l , t2 respectively before the transition, ti and t2 after the transition. 

The values for this ratio, both experimental and calculated are given 

. 4+ . + 
~n Table VI. It is clear that both the and 0 have just the expected strength. 

+ The 0 can only be formed by removal of two f7/2 nucleons, sO' that R must have the 

value 1.7. Similarly, if the ground state of 56Co is [(f
7

/ 2 )-1(P3/2)]4 then it 

is formed mainly through pickup of an f7/2 - P3/2 nucleon pair and R should be 

1.59, which is consistent with the observed value. For the 2+, however, R experi-

mental is considerably larger than the predicted upper limit (RO) even after 

. 56 
taking account of the larger error which results from the fact that the Co peak 

is one of a poorly resolved doublet. This large value for R might result from 

the presence of an unresolved state in the 56Ni , or it might indicate that the 

+ 2 state in nickel is not really the analog of the cobalt level. A better reso-

lution experiment would help to resolve this question. 

CONCLUSION 

Both the (p, 3He ) and (p,t) reactions have been studied on the 58Ni tar-

get nucleus. Some of the observed levels have been discussed in terms of a weak 

coupling model. As far as possible the experimental results have been compared 

with microscopic shell model calculations showing a reasonable overall agreement. 

There is experimental evidence, at least in 56co, that above 2.5 MeV exci tatibn 

energy the experimental resolution has limited the possibilities for .inter

pretation~ In the (p, 3He ) experiment, two levels are preferentially excited 

which can be described in terms of pickup of a,nucleon pair coupled to maximum 

J. Most of the other observed levels have comparable strengths. This does not 

favor the comparison to either a weak coupling model or McGrory's calcula.tions. 
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Our experimental results seem to indicate that an~ model which can pre

dict e~ergies more accurately will be helpful becaus.e of the poss.ible ambiguities 

due to the similarities of experimental angular. distributions • 

The preseht experiment provides best angular momentum matching at 

4- 4-
L = 2.4 h = [(ki - kf)R] and therefore forms L = 2 com~onents preferentially. 

It would be valuable to compare the results of this experiment, not only to other 

types of experiment, but also to other Cp, 3He ) investigations at higher energy. 

For example, using a 70 MeV proton beam one might expect changes in angular dis-

tributions corresponding to mixed L transitons, since the higher energy would 

favor the_higher (L = 4) value. 

In the (p,t) reaction, the selection rules remove these ambiguities and 

allow unique spin assignments once an L value is determined. Consequently, in 

the present experiment, six new spin assignments have been suggested. In com-

paring experimental results with McGrory's calculations, it is clear that his 

wave functions give very poor predictions for-excitation energies., On the other 

hand, employing the criteria which we have adopted for comparing theoretical and 

experimental results, one can obtain reasonably good estimates for the cross 

sections, especially the 1 particle-l hole states. 

Finally, the relative strengths of states excited via (p, 3He ) and (p,t) 

reactions'provides additional evidence for the assignment T = 1 to the 6.419, 

and 7.912 MeV levels in 56Ni . However, a further experiment is required for 

the 7.456 MeV 2+. 

.,., . 
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TABLE CAPTIONS 

Table I. Experimental determinations of the 56Co levels. 

a. This work 

b. Ref. 8 
,.,. 

c. Ref. 9 

d. Ref. 10 

e. Ref. 11 

f. Ref. 13 

g. Ref. 14 

h. Ref. 15 

i- Ref. 19 

j. Ref. 20 

k. Ref. 16 

Table II. Summary of results of 58Ni (P,t)56Ni experiments. 

Table III. Optical potentials used in the DWBA calculations. 

Table IV. Numerical results for the 58
Ni (p, 3He ) 56Co experiment. Given for each 

level are the energy (MeV), strongest transferred angular momentum (L), cross 

sections integrated between 14 and 62° CM, the possible spin and parity referred 

to McGrory's predictions and the corresponding normalization constant N, as 
,,'\ 

defined in the text. 

• Table V. C . ". f .. t 1 and theoretl" cal levels l"n 56N1". omparlson o· exper1.men a Odd spin 

states and states of undetermined spin have been omitted. 

Table VI. See the table itself. 
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3.129 

3.166 

3.245 

3.286 

3.373 

3.422. 

(3.499) 

3.514 

3.536 

3.585 

3.699 

. 3. 781 

3.796 3.794 

3.846 ,3.:849 

h 

J" 
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0.0 

0.160 

0.590 

1. 000 ' 
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i 

J" E* 

3.362. 

3.423 

3.489 

.1 

3.522 0+ 
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3.590 0+ 3.592 0+ 

3.602 

3.694 

J" 

54Fe (a, 

k 

l 

1.010 

1. 720 

1.960 

2.350 

3.000 

3.130, 

3.570 

d) 

.. ' 

3.873·'1 

4.18 

5·18 

(4) 

3.934 ,3.992 

4.014 

4.045 

4.117 

4.164 4.170 

4.450 

5.400 

5.530 
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4.980 

5.440 

6.560 
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Table II. Summary of Results of 58Ni(p~t) Experiments 

SEin and Parit;ta J7T 
Integrated 

ExcitationEner~2 EzMeV cross sec-
tion er 2 ~b 

Present Work Ref. (24) Present Work Ref • (24) Present Work 

... 

0.00 0.000 0+ 0+ 192.9 ± 19 

2.697 ± 0.015 2.64 2+ 2+ 23.6 ± 2.8 

3.956 ± 0.015 3·90 4+ 4+ 37.1 ± 4.1 

5.000± 0.020 4.95 0+ 0+ 6.49 ± 1.50 

5.339 ± 0.020 5.33 6+ (2+) 12.7 ± 1.7 

5.483 ± 0.025 3 - 4.80 ± 1.12 

5.989 ± 0.020 5.90 (4+) (4+) 7.48 ± 1.37 

6.222 ± 0.035 (2+) 2.24 ± 0.74 

6.318 ± 0.025 2+ 5.80 ± 1.25 

6.419 ± 0.015 6.38 4+ 4+ 17.5 ± 1.93 

6.554 ± 0.020 (2+) 21. 4 ± 2.55 

6.644 ± 0.020 6.58 0+ 0+ 16.8 ± 2.12 

7.021 ± 0.025 7.00 4.36 ± 1.0 

7.170 ± 0.030 7.12 1 - 1 - 6.99 ± 1.37 

7.289 ± 0.025 0+ 7.55 ± 1. 50 

7.455 ± 0.020 7.42 2+ 2+ 43.4 ± 4.3 

7.567 ± 0.015 . 7.56 -3 3 - 25.7 ± 2.55 

7.653 ± 0.030 (1-~2+) 6.99 ± 1.37 

7.788 ± 0.030 5.86 ± 1.75 
... , 

0+ 0+ 7.912 ± 0.020 7.92 25.2 ± 2.7 

(8.082) ± 0.100 

8.48 2+ . 

8.654 ± 0.020 

8.771 ± 0.025 

8.896 ± 0.020 
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Table III. 

Volume Imaginary Part 

Particle Real Part _ Volume Derivative 

V r a WI r I aI WD rD ~ 
(MeV) (fm) (fm) (MeV) ( fm) (fm) (MeV) ( fm) (fm) 

Proton -49.49 1.109 0.782 -6.5 1.477 0.495 -2.08 1. 477 0.495 

-45.05 1.16 0.75 -6.63 1.37 0.63 -1.22 1.37 0.63 

-42.7 1~211 0.707 -1. 5 1. 067 0.545 -10.3 1.067 0.545 

He3 -137.4 1.082 0.805 -16.1 1.66 -0.795 

-172.6 1.147 0.712 -20.16 1.562 0.802 

t -154.3 1.24 0.677 -26.11 1.431 0.85 

-169.7 1.16 0.732 -22.8 1. 510 0.796 

.. ~ 
:,,3 

Spin Orbit 

Volume 

VSO rSO aSO 
(MeV) (fm) (fm) 

5.53 1.071 0.641 

6.04 1.064 0.738 

7.67 1.211 0.707 

Ref. - NO 

32 1 

33 2 

36 3 

36 4 

34 5 

35 6 

35 7 

f.' 

J 
W 
+0-
J 

c:::: 
Q 
!:O 
t-t 
J 
f-J 
\0 
\0 
f-J 

-VI 
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Table IV. 58Ni (p, He3)56Co Ep = 45 MeV 

E(MeV) L a(jJb) J7T N E(MeV) L a(jJb) J7T N 
n n 

0.0 4 9.79 ± 1.68 4+ 
1 

18 2.371 ± 0.015 7.61 ± 2.3 

0.166 ± 0.010 2 15.8 ±1.90 3+ 
1 60 2;456 ± 0.015 0 12.8± 2.2 1+ 

2 366 

0.578 ± 0.010 4 23.4 ± 2.80 51 25 2.626 ± 0.015 2 11. 8 ± 2. 2+,3+ 

0.84 ± 0.015 4 3.74 ± 1.25 {42 t7: 2.734 ± 0.015 9.54 ± 1.68 1+? 0+2? 
5+ 

2 

0.961 ± 0.015 2 10.9 ± 2.2 3+ 2 370 2.946 ± 0.020 2.2 ± 0.9 

1. 001 ± 0.015 2 14.4 ± 2.9 2+ 
1 35 3.048 ± 0.020 4 9.8 ± 1.7 4+'1 

3' 14 

f~ to I 

1.106 ± 0.015 4 4.06 ± 1. 0 2+4? 14.3 ± 2.3 3+? w 3.137 ± 0.015 VI 

5~ 10 I 

1. 444 ± 0.015 0 11. 9 ± 1. 8 0+ 
1 98 3.396 ± 0.015 2 9.42 ± 1.9 2+,3+ 

1. 714 ± 0.015 0+2 5.67 ± 1.56 1+ 
1 418 3.501 ± 0.015 0 15.7 ± 3.4 0+ 

2 415 

1. 924 ± 0.015 2 15.2 ± 2.3 3+ 
3 370 3.587 ± 0.015 0 19.5 ± 3.7 0+ T=2 

1 
110 

2.050± 0.015 2 22.6 ± 2.3 2+ 35 4.432 ± 0.020 2 15.8 ± 2.4 2+ T=2 185 
2 1 

2.220 ± 0.015 2 4.49 ± 1.12 2+ 
3 

31 5.090 ± 0.020 51. 4 ± 6.4 

2.271 ± 0.010 6 41.2 ± 4.1 7+ 
1 

40 5.187 ± 0.020 2? 15.4 ± 6.2 1+ ,2+? 

c: 
() 
~ 
t"i 
I 
I-' 
\0 
\0 
I-' 
VI 
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Table V. 

J7T E " (MeV) Eth t" l{MeV) 
N - o(e?92eriment) 

n . experJ.menta1 eore J.ca - dtheory~ 

T = o States .. 
0+ 
1 O. o. 78 

2+ 
1 2.697 6.363 31 

4+ 
1 3.956 6.614 38 

0+ 
2 .5.000 9.150 43 

6+ 
1 5.339 7.479 52 

(4+) 
2 5.989 7.716 98 

2+ 
2 6.222 8.465 74 

2+ 
3 6.318 9.567 64 

(2+) 
4 6.554 9.860 375 

0+ 
3 

6.644 9.760 8500 

0+ 
4 7.289 11.168 48 

T = 1 States !' 

4+ 6.419 7.537 16 
1 

') 

2+ 
1 

7.455 8.496 34 

0+ 
1 

7.912 10.062 . 78 
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Table VI. a 

Spins E(Co56) E(Ni 56 - 6.419) R experiment RO Rl R2 

4+ o. MeV O. MeV 1. 55 =+= 0.3 1.7 1. 59 0.94 

2+ 0.960 1.036 4.5 =+= 2.0 1.7 1. 39 0.46 

0+ 1. 444 1.493 1.7 =+= 0.3 1.7 

R = cr(p,t)/cr(p, 3He ) 

a..... ° dOt °t ° f 1 t tOO 56No d 56C ROth ~nerg1es an 1n enS1 les 0 ana og s a e pa1rs 1n 1 an o. 0 1S e 

expected ratio O(p,t)/cr(p, 3He ) if both transferred nucleons are from the same 

shell; Rl is for pickup from the f7/2 and P3/2 shells; R2 is for pickup from 

the f7/2 and f5/2 shells • 
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FIGURE CAPTIONS 

Fig. 1. 
58. 3 56· .. 

Experimental spectrum for the N2(p, He) Go reaction. 

Fig. 2. Angular distributions measured for the 58Ni (p, 3He )56co reaction. The 

curves are calculated using McGrory's spectroscopic amplitudes when a spin 

is indicated. The others must be considered as DWBA curves. The curves 

relative to the 5.090 and 5.187 levels have been calculated assuming pure 

58 [-2 2] . shel] model wave functions for the Ni gs and d
3

/ 2 P3/2 configurations 

for 56Co • N is the normalization constant, as defined in the text. 

Fig. 3. Experimental s.pectrum for the 58Ni (p,t)56Ni reaction. 

Fig. 4. Angular distributions measured for the 58Ni (p,t)56Ni reactions. The 

curves correspond to DWBA predictions as explained in the text. 

Fig. 5. Comparison of the 56Co experimental spectrum to the theoretical pre-

dictions of Vervier and McGrory. 

Fig. 6. Comparison of the 56Ni experimental spectrum to the predictions of 

McGrory. Only the natural parity states are shown. For a more convenient 

presentation, the energies of the levels predicted by McGrory have been 

+ aligned on the first experimental 2 state. 

Fig. 7. Calculated angular distributions for the 58Ni (p, 3He )56co reaction. 

The angular distributions corresponding to the first four 3+ states in 

McGrory's calculations, are compared to those for first four 2+ (L = 2) and 

first 4 + states. 
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Fig. 8. The integrated cross sections for the levels oQserved in the 
." 

5
8
Ni (p, 3He )56Co reaction (this work) are compared to a) those measured 

in the 54Fe ( 3He ,p) 56Co experiment of Ref. 10 and b) to a 56Co spectrum 

of the 56Fe (3He , t) reaction. 19 The lines are proportional to the strengths. 

Fig. 9. First 2+ and first and higher 3- levels in the even N = 28 and Z = 28 

nuclei. 

Fig. 10. Comparison of the 56co energy levels to the states above 6.419 MeV 

. 56N· 
~n ~. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, 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 informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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