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ABSTRACT

The reactions 581\11(13, 3He) and 58Ni(p,t) have been studied at a proton

‘energy of 45 MeV. An average energy resolution of U5 keV has been achieved.

56

Angular distributions have been obtained for 26 levels of ”Co and 20 states -

56

of “"Ni. 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*éhell,moﬂel’both,SéCo aﬁd 56

Ni may.be thought of as‘having

relatively simple structures. In “ONi (z = N = 28) both neutrons and protons
: . v 6

have just filled the 1f sheli, while ?§Co may be regarded as a ~ Ni core plus

7/2

-pfoton'h¢1e and 1 neutron outside that-shéll. Consequently, micro-

a Single'1f7/2.

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 fhe,familiar.methods of inelastic scéttering or single—particle.

transfer reactions. Consequently the only available results have been obtained

4,5,6,7,8

two pafticle transfer,:or charge exchange

_ reactions. Séco,lfor example has been investigated by means of the

9,10,1L,12 o4 1ow energy; Ni(a, o

)-9,10,13,1h,15
17,18,19;20 '

5LlFe( 3He, p) 5600 reaction

54 56 3

re(a, 3¢ ana 56

Fe(He”, t) To date, however, no study of ° Co

with the (p, 3Hé) rééction has been reported, mainly due to the large negative

Q. value for the'reactidn (~11.839 MeV).21 ThéNPrevious.experimentS'have yielded con-
éiderabié inforﬁation on thé structure: of low—lying_?6CQ‘states ahd have located
some two—paﬁficle, two-hole states, including the T =*évisobaric analogs of the
ground and first’excited (2*) states or Ore.910,20 |
The nature of these two-particle, two-hole sfaféé has‘also peen quali;;

56

Fe(BHe, t) reaction, which is particularly well

56

tatively confifmed by the

suited, as a result of the Fe stfucture, for their formation, ‘In this same -

8,19

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 in understanding more 56Co

states.
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56Ni nucleus is more difficult to study. 'To;dates only two kinds of

vShFé(ﬁeB, n),l; 56

The

experiments have been performed: which measured the Ni mass ' A

and excitation}energies for three excited states; andithree previous
58 22,23,24 ’
(p, )=

Ni(p 3expériments. The last of these, by'bavies gzlgl.gh had an

energy resolution of TO kéV and identified a number df'states up to excitation

56

energies of SLS.MeV including ﬁhe T = i-isobaric analogs'of séveral Co levels.
In view of the bétter energy resolution obfainable hefé,fit seemed worthwhile
>to reStudyvthe (p;t) reaction. In addition, since it wa§'done simultaneously
with the (p, 3He)‘reaction; a comparison of the cross‘éeCtions.for formation
of pairs of isobarié analog ievels is possible. |

Finally;,there,are now available for both.nuéléi new microscopic wave
functions.3 They will be éompafed to the experimenta;'féSuits;‘ TheVSensitiVity
of the calcﬁiétéd angular distributions té the wave fﬁnctions ﬁsed will_prévide

a more quantitative test for these wave functions.
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II. EXPERIMENTAL

The hS-MeV proton beam of the 88-inch Berkeley cyclotron has been used
. 58

to bombard a self supporting “ Ni foil. The target was isotopically enriched '

(> 99%) and its thickness was 200 F 50 ug/cmg. " Outgoing tritons and 3He's'were_

detected by means of two solid state silicon E—AE teléscdpes (AE = 250 ﬁm,
E=3m), cbupled to a Goulding particle identifier.: Data ﬁeré faken between
14° and T70° cm. .The cross section errors ﬁhich will:be indicated in tables or
graphs;aré oﬁl& statistical. An error of appfoximatelj é5% in the absolute cross
sections resuits from the uncertainty in target thickness. Enérgy calibration
of‘theAsystem'ﬁés.accomplished by meeans of the*groundZStéte 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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'III. RESULTS

A; 56Co

Figuré'l displayé an experimental spectrum. Hfhe'overall resolutidn.i§ 
50 * 5-keV.'-Angulaf distributionS’havefbeen~measured‘fof'26 3§e groups cdr-
responding_tq'le§els in 5600 up to 5.2.MeV‘excitation:energy. In a first étep,
using either'eﬁpirical curves relative to pfeviously known levels in'56Co,-or
rough DWBA calcuiations, twenty-one of these can be classifiedvaccordiné to the'
strongest compénént of the angular mbﬁentum (L) of the tréﬁsferred nucleon pair.
Four L = 0 ﬁranSitions have been observed,. eleven L ; 2;,five L= h; and one -
L= 6. The angﬁlar distributions are showﬁ in'Fig. éﬂ .Tabie I.summariZes the'
excitation energies and L-values measured in,the presénﬁ éxperimentrand com- .
pafes them with éther available expefiméntal results.
56,

Ni

B.

Tritén groups corresponding to.2h levels of 56Ni have been detecfed.

The highest excitation energy observed was 8.896 MeV.:vA'typical trifon.energy-
spectrum“isvshown in Fig. 3. Angular distributions Qefé measured for 20 statesk
For 17 of these, L values have been confirmed or assigred. A summarj'of the -
energy levels;,épins, parities, and total cross sections'(integrafed from lh°.f
to 70°) is given in Table iI. Also listed there are the results of the experi;;-
- ment of Davies g;_gl,gh All of the angular distributiqns measured ih.the pre-

sent experiment are shown in Fig. k.-
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IV.. CROSS SECTION CALCULATIONS -

A. General Formalism

- The general formalism for two-particle transfer reactions has been

25,26

- extensively deScribed... Assuming a spin-isospin . dependent, zero-range

interaction, the two particle transfer cross secfion'cén'benwritten:

» it "EE ésb+l) 2:

) g (nrr ERREICRD

ST

QT T .22 k. ‘2s +1
o (emT)T Ta T s ! oLsTa
Ab
- ) o ,
X }E:gN(LSJT) B (0)] ; . o : - (1)
m o | | o _ . . _
where
g (LsJT) - S l/Q'n 2.3 -ﬁ L.j.) G (LéJT)v (2)
&y : AR ‘Pprpdiifatadn’ Oy > e).
onhydy ' |
nokodp
where b 2 is essentially a spectroscopic factor for the light particle. Also

N s s . . L . o7 -
D(s,T) -is a spin-isospin exchange term introduced by Hardy and Towner. T It can
be dedﬁced from the force mixture which is used. In the following calculations

we have taken the value 0.42 for the ratio R

D(1,0) |2
0

.0
D(0,1)

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)z=:3f' total angular momentum of the finel nuclear state (and its
z component).
O, Ob 5_‘ oz component of spin of incoming and'outgbing'partiCles
Y - c . ; ‘ e
' respectively.
L(A) orbital angular momentum, total spih;.and isospin of the~cénter-
(1) of mass of the transferred: nucleon pair (and their Z components).
N = oprincipal quantum number of theﬂcenter}of*mass motionvof;the
nucleon pair.
[nlﬁljl],[nzléj2] = quantum numbers of nuclear shelllfrbm which nucleons 1 and ~

2 are picked up.

The spectroscopic amplitude SABl/e expresses the parentage of;the.tarth'

nﬁcleus A, based on the finai nuéleus B plus 2 nucleons in the shells .
[nlllji], [n222j2],'and is exactly the_guantity-defined by Towner and Hardy.26 
The quaﬁtities .GN(LSJT) -gre theAstructurezamplitﬁdesftabulatéd by.G}endenning‘in
Refs..29-and'30; 'BLA(B) includes geometrical factors and the radial'integral §:_

the form. factor.

B. ‘' Seleéction Rules

Assuming that in both 3He and t; the three nucléonéfhave'atrelative-
angular momentum O, ¢one finds S + T = 1 and ﬂi-ﬂf = (-)L;
The seléction rules can be summarized as'follows'fdr a zero spiﬁ

target:
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1. (p),sHe)nreaction. For the transitions to the positive parity states in
56Co the L values will be eveh, thus in the general case where the tiwo particles

‘are transferred from diffefent shells:

| - s=0 T=1
if J is even, J

L
B =)

1}

1 T=0

if Jisodd, S=1,T=0andL=JF1 |,

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

J even only the (5 =0, T=1) possibility remains.

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

Thus the selection rules are:

o L
o= (=)

L=Jand T
_ i

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

parity states.

C. Calculation of the Cross Section

- The caiculation of the cross section has been carried out using Glen—'

, | 29,30 ... ' |
denning's values for the structure factors G, 9,3 and the computer code DWUCK31
modified by J. C. Hardy to perform two-nucleon transfer calculations,

includihg 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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two 3He. These are listed in Table III. Various combinstions of proton—tfiton

and proton—3He‘potentials have been tested on thet(p t) experiment to determine

-

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

was Obtained us1ng set 1 for the protons and set 6 for the tr1tons. The use oft - ¢
potential 5 for -the tritons and 3He's gave the same shapes a.nd the same rela- _‘
tive_strengths‘fof all states, although.calculated absolute cross sections were

changed. Potentials 4 and 7 gave significantiy pooref:fits to experimental angu-

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

“the (p,t) and (p, 3He) reactions.

E. Spectroscopic~Factors and Shell Model Wave Functions

It can be seen in Eq. (1) that the exPression.fon'the cross section
involves a coherent sum over Various single particle components (nlj). Conse¥
quently it is 1mp0551ble,vgiven experlmental eross sectlons, to determlne spece
tfoscopic amplitudes. However, thls also implies that the calculatlon of two—partlcle
transfer cross sectlons prov1des a test of'not’ only the magnltude but the s1gns

of various components of any theoretlcal wave function.

4

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', -

56 56

ho
all the states of Co and Ni. These were calculated assuming an inert . Ca -

core and configurations involving up to 2 holes in the lfT/ shell -with the

rémaining nucleons distributed over the 2p3/2, 2pl/2, and lf5/2 shells. Single
5T

Co spect:r-um.-?"6

37

particle energies used were those which best reproduced the
Matrix elements were calculated using.the_interactionnof Kuo' and Brown.
Thefstetes which resulted from 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 shapé of the angﬁiér distributions are
. ‘ 56Co eleven L = 2
trénsitions, ?hich may correspond to either 2+ or 3+ statés. The micfoscopic

calculations>do not predict very dramatic changes in the éngﬁlér distributions'
between 2+.ana 3+, as shown in Fig. 7. Consequently, the ériteria'adopted for
this compariéoﬁ_are based on first, the shape (dominantvL—value)-of the cross

section; se¢ond, ﬁhe order in excitation energy; and tﬁird the strength of the

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

malization factor N, where

N = d(experimental)/O(theoretical)._
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V. DISCUSSION

A. 56Co

Below:255,MeV, the level dehsity_ofi56Co is such that the present experi;'
ment should bé gble to.resolve.ﬁosf states. That'this.was:accomplished is indi1
cated by the‘exééllent agreement of expitation energiés Vith other;high resolution
experiments. Abéve 2.5 MeV, however, the level density'increaéés sd'that,iexcept :
for the éelectivify of the reaction mechanism, very few.single states §h§u1d'be
resolved With our resolﬁti0n~>,From‘this:point 6f vieﬁ a qomparison‘of various -
experimental.rééults will be éiven. .

Within Simple shell model considerations, the lowest lying states of

5600 are expectéd'to.be 1 pérticle—l hole states of the'férm_

[(mf

-1 o -1 S .
7/2) (“?3/2>]2,3,u,5 o Lmea o) 0vpy o) I3 gy s e 50 "85 0]y 5 35,6

Vervier's wave functionsl indicate that these levels-éhpuid lie below approxi-.-
mately 3.5 MeV. |

_ The 2‘pafticle—2 hole states should begin to éppear at higher energies;i
the lowest group being of the configuration | |

[ty /) (Mg ) (V0300 1005

the centroid for this configuration is exﬁected at'appfoximateiy.2.5 MeV.lO é par-
tiéle—2 holé levels may be pictured in terms of a "weék—éouplihg" model used b& :
Arima gz_gi;38 for 16O and Sherr et al. for h2Sc.39 Let us adopt the folloﬁiqé :

notations to represent a 2 particle-2 hole state;

o B (Tp) Jp)
y“ § (Tys Jy)
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where o and 'B irepresent'the number of protons and néutrons respectivély, |
outside a closed f7/2 shell; Y and § the number of proﬁdns and neutrons'in
the f7/2 shell; T o(h) and J o(h) represent the total 1sosp1n and spin of the par-_
ticles (holes).- Any two particle-2 hole state of 5600 may then be represented
by the following_configurations: |

11T =0
10 = 618 Ty=1
27 = Ti7TTy=0
.ol _Je_ 11 =1
T3 2 R PRI

8

T L1 1]3Tp=1 '
.-{ | Tﬁ-l% 2

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

The outer partiéles in,ll ) for example can exist in states which are already

known, namely the (T = 0, J = 1,3) states of'SSCu and similarly:the noles in

[1 ) form the (T = 1, J = 0,2;&;6).levelsvofpshFeﬁd_ASSuming»a Jp, Jh;fJ independent
' | 56

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

coupling all the T = 0 (J = 1,3) statés of 580u (Ref. 40) to the T =1, J = 0,2?h,6
5k '

Fe (Ref. 41). Using Zamick's formulation?gg'the energies for levels

580u l+ and 3+ stateé

states of
. of'configurétion:II ) corresponding to the coupling of the

5k

;tb the ~ Fe ground state will be given by:

Ble = M(> Cu + ) - M(56Co) + u(PMe) - M(56Ni)l— ha + 2¢ .
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‘This energy will be comparéd to that of the previouslyvknown o analog (3.587)

and antianalog (1.LlLL4 MeV) states which are:

B(0") . - l-{_M(SSCu)O+ - u(°%o) + M(ShFe) - M(56Ni) + 2c}

' +-%—{M(58Ni) - M(56Co) + M(SuCo) - M(56Ni)} ~baFp o,

_Where a  is the center of gravity of particle-hole states; c is the Coulomb paf-

ticle hole energy and b characterizes the separation df fhe T=1andT=2

56

centers of gravity.hz The sign + refers to the analog state. In ° Co the

difference of the energies of the (T = 1) and (T = 2) of states equals 2b and yields
b = 1.07 MeV. Thié value is smaller fhan usual.h2 The Coﬁldmb energy ¢ wiiL.
be taken as -0.l Mev.hgv Teking as reference the 0' (T = 1) 1.Mb4 MeV state we
can eliminate the- a»-pafameter. This' yields finally'féf:the°1+'and 3+'states ¢f
configuration |1 ) predicted energies which are 2.17 aﬂd 2.62 MeV reséectively{'.
In the same.way,.states of the form |[2), |3}, and |4 can be COnstfucted by )
%1 (Rer. 8) ana Moo (Rer. 43),-or 0

coupling the known levels of cu (Ref. %0)

5k

and ”'Fe {Ref: 41), with the proper isospin.’ In particular 7' and 17 levels-of

configuraticnflé ) can be.predicted at 2;86‘and,3.78 MeV;'respectiveLy,

One shoﬁld e#pect to see only a few of'these-étdtes, since most of themL
are capable of mixing with some nearby level.- In particular, these‘O*, l+3 3+,:
7+ and second'lf stafes might be relatively pure. Our discussionrin.terms of |
this model will be restricted to these le#els.

Examiﬁation of the éonfigurations shows immediately thaf states of ﬁhé fV
form |1) will be preferentially excited by (3He,p) reactions, |2) will be

enhanced in (p, 3He) reactions, while |3) and |4 ) should be equally strong in

both reactions.
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To ¢oﬁpare the observed cross section with thébry in é quantiﬁativé‘way,
we shallvuse McGro?y's wave functions ana‘bWBA aé'outlihed in Seétion wv. It
is ﬁéceésary befofe proéeeding, howeQer,to poiﬁt out sevéral remarks on this
calculétiqn. ,Fifét, at the ﬁroton eﬁeréy available (Ep”= 45 MeV) it is quite
possible to 6béerﬁe pickup of nucleons from deeper»sheils, exciting states such

)-2

as [(d (P3/2)2]- These cotfigurations are not included inh MéGrory's calcu- -

3/2

lations. Secondly, since the absolute value of the (p, 3He) cross section is

not calculated; agreement with observed strengths will be judged as reasoﬁable

if the normalization constant N = G(experiment)/G(théofetical) agrees within é

factor of two with an average normalization (N) = 37,faetermined from the four
states which ére assumed to be . - well known as desciibéd by tﬁe

[(nf7/2)-l(vp3/2)]2+3+h+5; configuration. These levels are the ground state

h, 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‘cdnfiguration. There is, however, some‘émbiguity for the 1.001 MeV
level since the 0.961 MeV stéte also displayé an L = 2 ahgular distribution and-
has nearly the same strength. Assigoment of J' = 2" to the 1.001 MeV state is
based on a be#ter agreement with:the'shape'of'the-angular'distribution. A sum-
mary of the exﬁerimental 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 J" = 3+, although fhe rather large normalization makes this queétionable..
Two weak stateé, principaily L = b are seen at 0.84 and 1.106 MeV. In (d,a)

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

with L = 2'+ 4. Both of these stateé give rather poor resulté when compared with

+ ' , ' .
either 5, or h; states of the McGrory's. ¢aleulation.
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The transition to the l.hhh MeV state is prihcipally L = 0. Its spin'
6,7,10,18 ’

- +
has previously been limited to be 1 or O , so that the assignment

T+ ' ' .
J =0, T=1may now be made. This state would correspond to a one phonon pair-

56

ing vibration state taking ~ Ni ground state as feferéncégh; : As-expected for a 0*,

| the 1.h4k MeV;leyel.is ngtfexcitedfin;(d,a)} but~isvreasqnably-populated~ingboth
(3He, p) and (p, 3He), as shown in Fig. 8, which giveé é_cdmparison of'the inte-
grated cross sectiohs for these two reactions, as welllasmforﬁ%hef56Fe(3Hé;]t)56Co
reaction!atESOO;;ﬂThe relative.strength of the 1.4k MeV' state in the two reactions is
a further indication that this level is the otr=1 stafe with thé‘configuratibn

|3 ) in the weak-coupling model. Also,as predicted for such a state, it is very

18,19

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

distribution of L = 1 shape,._l8 This is not surprising since several known O+ anti-

ahalog statéshs

-exhibit angular distributions with L =_i:§hapes,' Thé.cross section
predicted for this state CG;) by McGrory is'égmewhat sﬁall. |

The l+ nature of the l.flh MeV level has been previously éstéblished. i
It furnishes anvexample of well-mixed L values (0,2) for:én unnatural parity .

15 The facfi

state. It is‘also assigned 1% in the most recent (d,q)vexéeriment.
that this state is strongly excited in the (3He, p) experimenté suggests that

it might correspond to the weak-coupling 1" or configufation ll ) prédicted

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 Ié)
vpredicted at 3.78 MeV. McGrory's wave function for this state'(lz) contains

many terms, the strongest of which are types Il ) andv13 ) . Unfortunately, the:._
calculated cross section is somewhat small, indicating perhaps that.a Stronger;‘

\

" type |2 ) component is needed.

»
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We have measured three L = 2 angular distributiens (1.924, 2.050 and

2.220 MeV) in egreement with previous experiments. The 1. 92h MeV state is

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

L+ ,
2p-2h antianalog 3 state.lo Angular distributions calculated using -McGrory's
+
wave functions suggest that these three states should be 33, 22, and 2; respec-
tively. |

The 2.271 MeV level is the only L = 6 transition'phserved 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 (4, a) par- :

ticularly favors configurations such as (f 7/2)J-T’ the 7 as51gnment seems most

probable. This level corresponds to the T of form |2 )vpredicted 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 T'. However, the strength calculated
. N .
for the 7+ (N = L40) is much more reasonable than for the‘6l (N = 220). The cor-
. o o -2 2. . |
responding wave functlons,Yl is marnly [(f7/2)7 (p3/2)05é]7+ which is type |2
as expected. '

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

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

“(p, 3He) 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 conflguratlon |1) 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 ﬁell separated 2.&56>MeV level displays‘an L = 0 angular distribution

0 . . . +
but can be compared with the calculated curves corresponding to-either the 02
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.(T = 1) or 1; (T = 1) statés with comparablé-normalizafioﬁs~(Fig.‘2). No -

possible 1% state has been observed in‘the previous (3He; p)_éxPerimenté

(Table I). rThiS-level could be compared with the predicté&“3.78 MeV 17 state - -  l,‘ a
described By the:cbﬁponeht |2 >, but it is unexpéctedly weakly exCited and its ‘
excitaﬁibn energyyis rather low. On the other hand, this'State shoula not be
observed at all in the (3He; p) experiment (Fig. 8)'Wherééé:the‘observation of an
eventual 0+ state is allowed. The observation of a singlé 2.460 MeV levél in

15

the Pittsburgh (d,0) experiment™ is a good indication that this level is 1%

+ | S v
and not 0 , but this state corresponds probably to a more complicated structure.

.Levels above 2.5 MéV

Above 2. 5 MeV the level density is 1néreased maklng more questlonéﬁle
any further identification with McGrory's predlcted states, except for ‘a few.
selected states. . ; ' .

The.2.626vMeV level displays an L = 2 angularfdistfibution which suggests
a 2+ or 3+ sPin‘aésignment, if the (d,0) experiment had ﬁot indicated that there
i¢ a doublet at 2.597 - 2.623 MeV. |

. The 2.736 MeV level displays a straight line éﬁgﬁlér distributioﬁ which
.might suggest'a_l* assignment. But once more the most recent (d,a) experimentl
report a doublet at a corresponding energy, jusf as for the 3.0h8.(h+?); 3.137

(3%2) and 3.396 (2%, 3%9) 1evels.

"Analog States

" The eXistence of an,L5='O doublet around a.3.55 MeV excitation énefgy héé'
been observed by Belote gﬁ_gg,9 This doublet has also been investigated by thef*

17,18,19,20 Levels are reported at 3.587 and 3. 585 MeV in’

(3He,t) experiments.
(d,a) experiments9’15 but they are weakly excited and can be other states.-

Dzubay gg.gl.zo have reported 8 states between 3.362 and 3.61h MeV (Table 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, with ‘a certain isbspin'impurity,' We have measured L = .0
angularvdistribuiions for levels at 3.501 and 3.587 MeV. .

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

3He) reaction is expected to select the term ? $ in components |3 ) and

Ih ). Then the ratio of the expected‘cross sections for the analog T = 2 and

the (p,

antianalog T = 1 states is

_do/dn (T
T do/4dQ (T

nin
no
R

R

Métching thevekperimentél anguiér distributions for the 3;587 and l.hhﬁ MeV -
states, we fiﬁd»ﬁ'= 1.6 % 0.4, which is comﬁatible with the previous determina-
tions of 1.6_712 éﬁd 1.27 in (3He, p). It is difficulﬁﬁto draw any significant
conclusién from this.rafio with.respect to the pairing vibration model since,

in our experiﬁent, the cfoss section raﬁio can be modified by the presence of 1
additionalvunrééolved stateé close to the 3.587 MeV level. In éddition, howevef,
a'small.amount:of L pafticlé-Z hole components iﬁ the 58Ni ground state.can
drésticéily)affect the experiméntal value for this ratip.

| The ratio of the cross sections for the 3.587 and 3.501 MeV levels has-
been found to be 1.4 ¥ 0.5 in the present experiment.. Iﬁ the same way this ratio
has to be campared with the value of 2 found by Dzubaygo.in (3H¢,_t), and the
value of 2 drawn from the Belote (3Hé, p) experiment.g McGrory's wave functioﬁs 
do not take inﬁo account the isospin mixiné observed for these states by Dzubay |

20

EE.§l° They‘leAd to calculated angular distribﬁtions'which are both too weak, -

but the large normalization we get for the 3.501 state suggests this level is
.\ : . v

2!

. .

known analog 2 , T = 2 state is slightly small.

not the 0,, T = 1 of McGrory. The calculated cross section for the previously -
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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 I = 2, but that corresponding‘to the 5.090 MeV doeS'th display any signi- XY

ficant pattern. -Considering that the most strongly exéited state in the low

2

energy spectrum corresponds to an (f s p3/22)7+ configuration, the strength of

7/2
the 5.090 MeV level suggests that it might result from the pickup of a deeper d
. o v

3/2

nucleon pair, leading to the 3" state in the (d3/2- ,:p3/22) configuration.

Simple considerations allow an estimate for the excitation energy of

this'3+ state. It is possible to evaluate the spacing'AE'between the

( -2 2

2. . . -
7,0 s P3jp )+ state at 2.271 MeV and the (d3/2 :

2
,.p3/2 )3+ state

AE.=€p+€n+M1"M2 s

where ep and Eﬁ are the proton and neutron single particlé energy differences

between the 1f and 14 shells, respectively, and which can be taken from

7/2 3/2

Ref. 46, and are Ep =e = 2.1 MeV and Mi-and M2 are the residual interaction

+
matrix elements between, respectively, two f holes coupled to 7 , T = 0 and -

1/2

+ ' ' '
3/2 holes coupled to 3 , T = 0. Ml can be calculated in 38K using the code

PHYLLIS *7 with - True's™0 potential and is found to be 2.4 MeV. M

two 4

o is alfeady

known to be 2.6 MeV.l6 Thus the 3' state is expected to be about 6.3 MeV exci-
+ ‘ ‘ : L
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

58

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

+ + 4+ +
0, 1,2, and 3.
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Figure‘é shows that the calculafed angﬁlar distfibutién for'the 3+:stafe
does not agreé véry'well with.the:experimentalvresulfsIfor the 5.090 MeV
State;" A'better agreement is obtained if the cﬁrvé célculéted for the l+
state of thevsame:configuratioﬂ is added, (dashed cur?e)f That could indicate

that either this level is not resolved from another L = 2 stafe,.orvthat there

are in the wave function cofifiguration mixtures which provide a stromg L = 2 com-

ponent.

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

‘any L =2 calculation (J" =2 or l+). The renormalizations for these calcu-

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

If the 5.090 MeV étate is a 3+ with the proposed structure, then it should be
| 58

observed in thev‘

Ni_(d,a) experiment. Hjorthlh observed a strong level at
5.18 MeV‘excitatibn energy which could be one bf these States. Furthermore,
such a level must be observed in other (p,_3He) or (d,d) eiperiments, on the
iron isotopeé fof eXample.. The excitation energy of the$e states can be pie-

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

52, L9

+
Mn for instance, the 7+ state is known |

7 if it is known. In at 0.85 MeV

56

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

is an excitation energy of about 3.6 MeV.
56

B. °°Ni

- - The states observed in the preéent experiment_include'all but one of

those reported by Davies gg.él.gu 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 heré appear to be inconsistent
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with those reported in Ref. 2L, . However, they agree very.well with the result

of Miller and_Ka.vanagh,ll and are-consistent with our . energy determination“for.5600;

L-value aésignments agree with Ref. 24 with one exéeption, 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.bther five states for which'spin assignments have been made,‘twd
) . . c |
(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 T7.289 MeV state, appear more certain.

56

The possible energy levels of “ Ni may be constructed by cdnsiderihg

58

Ni to consist of a closed.shell plus two paifed valence neutrOns'in'the p3/2;
f5/2 or pl/2 shells. A (p,t) experiment would fhen be expected to excite states_
: _ )16 . _ o
T/2°3=0 _
15 . \15,.. _ 15 .
(000 (g ) Dycpe i 3 L0 1) (8 ) ) 1 o 5 and (27 00200y 1))y

of the form (f by pickup of the two valence neutrons;

by the pickup of one core and one valence neutron. In addition, a large number
of two particlé—two hole states may be constructed which result from pickup»ofv
two core-nucleons.

The 2 particle-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 '
5k 58 '

Ni and

of the levels of Zn which are not‘available,-and in addition the ievel

54 58

scheme which can be deduced from the known ~ Co and

56

Cu states is muéh_mbre:ébm- ..
plicated than for ~ Co. Discussion will, therefore; be limited to some.0+'state5-
The reference ievel is assumed to be the first observed 0+ at 5.000 MeV.v Otﬁef T = d
states. are then predicted at 7.91, 8.08,79.% and lo;lh MeV. Only the 5000 MeV
state has f}r. a configuration which allows it to be observed through the SSNi(p,t)

reaction ‘unless there 1s some level mixing.

-
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resulting from pickup from the d

'[(f7/2
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Perhaps the most serious flaw in this'piétﬁré is that it ignores the

56

pfesenée of more COmplicafed COnfigurations in the Ni groﬁnd state. Wong
and Davies2 haveIShown that some 2 particie-2‘hole and hvparticle—h ﬁole
configurations are necessary in_ordef to obtain any agreemeht with the experi-
mentally obsefved energy levels. Unfortunately the inclusion of 4 particle-k hole
configurations would make a calcuiation Such as‘McGrory;évcoméletely impractical.
As a_result;,McGroryé éalculations yield an enérgy spectrum in which the
ground state—21 séacing is much too large. This is just tﬂe effect observed by
Wong and Davies. In addition, since the cénfiguratioh sbace is limited to the
lf7/2, 2p3/2,'1f5/2,'2pl/2.shells, negative parity sﬁateélcannot be describedg
Experimentali&,lat.least three negative parity states afe observed, presumably'

3/2

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

shell.

péred with Mchory's calcuiations, as shown in Fig. 6 and.listed in Table V.
The first fivévexcited T=0,dJd # 0 states are described.as mainly
15)7/2(£j)j]J . Examination of the normalizatiéﬁs obtained using this
description‘indicates.that it is fairly reasonable. In addition thisvaccountsv'
for all but one (h;).of the states which one can form by means of simple one-
particle-one hole configﬁrations.

At higher excitation energies one expects to see the more complicated

;2Vpartic1e—2'hole states. Comparison of states at E = 6.318 MeV and E = 6.554 MeV

with 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
| o | + 0 . .

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

large; however, the fit is rather poor and perhaps the level is not really a 2 .
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: . ' o+ .
Also observed in the present experiment were four 0 , T = O states

(E = 0., 5.000, 6. 644 and, perhaps, 7.289 MeV). ,Again<thisvis just the number

which one would expect to result from the configurations (fT/ 16)J=6,

22, -2 2y 2 2
(172" P32 Vgm0 (F772 > T50 )gag a0 (75" £y /57

coupling,3 excited O+ states are expected at 5.000, 7.91, and 10.1k MeV. This

7=0° In terms of weak

is somewhat different from the ekperimental values. Excébt for the first, however,
which is the ground state, the calculated wave functions_for the 0+ states ‘exhi-
bit considerablé configuration mixing. Neverthelgss, the normalizations for all
but the O; state (E = 6.6hh MeV) are quite reasonable, in comparison Witﬁ the

one particle-one hole states. The largévﬁormalization ébnstant (N = 8500) for:
6.64k4 MeV level suggests that this level is not the 0; lefel predicted by McGrofy._
If this level ié compared to the following Oz'state a much more reasonable N

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

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

the referenée O+ state.

-Wong gnd Dévies2 showed previously that a strqng'four—particle, fOur—hdle
component is needed to accounﬁ.forathe observed energies of the low lying statéé
in 56Ni. Pure two particle two ﬁole cémponents gi&e higher excitation energies:
The 5.000 Mev 0% level may not be the suitable reférence for the (T = 0) 2 particle-
2-hole states. vThis energy can be estimated if one considers that the'O+ states

58

: + ‘ L .
deduced from the coupling of the 0 T = 1 levels in Cu and 5l‘lCo may have isos=
pin T =0, 1 or 2. The energy separations between these states can be evaluated
through a simplified relation deduced from = Zamick's formalism

E=E +207 (T + 1)
0 2 ?

£
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56

where E depends upon the 7 Ni structure and b 'has been definedvearlief.

0
We have established in 56Co that b = l‘OT‘MeV; We shell'see that the 0+ T=1

1
56Ni‘. This allows ﬁe to expect-the corresponding
= 0 and T = 2 states at 6.8h and 10.05 MeV excitation energies respectively.
The 6.64L MeV level is a reasonable candidate to be the former state. 1In addition,
in the same way es we did for the (T = 1) and (T = 2) O states in 56Co,'it ie 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 respectlvely.

The experlmental value of the ratio

7.912 MeV) T
6.6hh_Mev) T

_o(E.' —-
o  ofE

Hiu
=

is a further indication that the 6.6LL 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 Oh state has effectively

the suitable structure. The T7.289 MeV level has been tentatively assigned O and

could be another candidate. However,-the corresponding. Ro valﬁe, 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 ekperimehtal determination:

50

9.90 ¥ 0.10 MeV. Three negative parity states have been observed here. Drawn'’

in'Fig. 4 are calculated curves which’cofresPond to.eimple shell model wave fuhc—

tlons for these states, assumlng the pick-up of an s-d. Shell neutron. The 3~ ass1gn-

ment for the 7.567 MeV state is consistent with that of Davies et al. 2k The l3’>

5. h83 MeV level is a good candidate to be the flrst 3 state as suggested by the -
figure where the prev1ous energies measured by (a,a! ) inelastic scattering for

the first 2_ and higher 3" states in the Z = 28 and N = 28 nuclei are displayed.sl’sz
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C. 1Isobaric Analog Stateé

A number of pairs of states have been seen in the (p,t) and (p, 3ke)
reactions which appear likely to be isobaric analogs. Figure 10 compares all .

56

:fhe states observed in the twovfeactions. In this figure the “"Co ground state
| iélaligned wigh the 6.&19 MeV h+, whose energy is yery close to the value
(6.40 MeV) estimated from Ref. 53 and using tﬁe 56Co(p,ﬁ)_Q value calculated by
Mattaubh EE'§£.5h. If appears likely then that only two excited state 'analogs‘
have beeﬁ observed, namely the 2% at 1.001 MeV and the 0" at”l.hhh MeV in 56Co;
Selection rules for (p,t) of course férbid the excitation bf unhatural parify
étates, or if they are excited they may not have shapes'éharactefistic of anj
angﬁlar moﬁentum;ior the appropriate strengths. |

If the states in question are isobafic analog pairs, then one should Be-
abie to estimate the ratio of the (p,t) to (p, 3He) cross sections.(R).‘ This

55

is given by Hardy et al. when both nucleons are pickéd up from the same_shell; as

Ry = (K, /K5 )(2/T.)
: THe .

where Tes is the isospin of the final 'level."'-”He_i'e,'Tf equals. 1. - Otherwise - -

- 2
N I et 1) 7t
1 0 3 g2 L{L + 1) i

where

>
i

(83087 + 1) = 8508, + DT = (3,05 + 1) = Jpla + 1))

= [t (1:JL +1) - t2(t2 +1)] - [ti(tj'_ +1) - té(té +1)]

=]
|

1
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ljl and n2223 ;whlch have isospin
12 t2 respectively before the transition, ti and té_after the transition.

if the nucleons are removed from shells nl£ 5

t
The values for this ratio, both experimental and calculated are given
in Table VI. It is clear that both the h+ and O+ have just the expected strength.

+ . . . : _ _ :
The 0 can only be formed by removal of two f nucleons, so that R must have the

7/2
“value 1.7. Similérly, if the ground state of 5600 is I(f7/2)‘l(p3/2)]h then itbv
is formed mainly fhrough pickuf of an fT/é ; p3/2 nucleoﬁ pair and R should be
1.59, which is consistent with the observed value. For the 2+,'however, R experi-
mentalvis considefébly larger than the predicted upper limit (RO) even after
taking account of the larger error 'which results from.the faét thét the 5600 péak
is bne of a poorly resolved doublet. Thié larée valu§ for R might résult from R

50Ni, or it might indicate that the

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

Jution experiment would help to resolve this question.

CONCLUSION

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

Both the (p,
get nucleus. Some of the observed levels have been discussed in terms of ‘a weak
coupling model. As far as possible the experimental reéﬁlts have béen compared
wiﬁh ﬁicroscopic shell model calculations showing a reasonable overall agreemenﬁ;

56

There isbexpefimeﬁtai evidence, at least in “ Co,that above 2.5 MeV excitation g
energy the experimental resolﬁtion has limited the pbssibilities for‘inter-
pretatidn, Ih the (p, 3He) experiment, two_lévels aré ﬁreferentially exciféd

. which can be described iﬁ terms of pickup of a nué¢leon pair coupled tq maximum

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

favor the comparison to either a weak coupling model or McGrory's calculations.
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Our expsfimentsl results seem to indicaté thaf-any model which can'pre;
dict energies more accurately will be helpful becausélof the possible ambiguities
due to the similsfitiss ofbsxpérimental angular'aistributions. | o - .

nThe present experiment bfovides best angular mdmentum matching at |
L=2.4h= f(Kiﬂ— Ef)R] and thefefore forms L = 2 csmnonents prefsrentially.
It wonld be valnable to compare the results of this sxperimsnt, not snly to other
types of experiment, but alsQ to othef (p, 3He) invesfigations at highervenergy.'
For exanple, usiné a 70 MeV proton'beam onelmight eipecf éhsnges in angular dis-
tributions corresponding to mixed L transitons, since the'higher energy_would _
favor the_highsf (L_= %) value.

In the'(n,t) reaction, the selection rules rémsve tnese ambiguities and
allow unique spin assignments once an L value is determined. Consequéntly, inf
. the present experiment, six new spin assignments havs bsen suggested.. In com--
paring experimental results with McGrory's édlculations, it is clear that his
wave functions givs very poor predictions for"excitationfenergies\ On the other
hand, employing ;he criteria which we have adopted fsr comparing theoretical and
experimentalvrésults, one can obtain reasonably goodnestimates for the cross
sections, espécislly the 1 particle-1 hole states.

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

{w

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 requifed_for

the T.456 Mev 2.



»

27— . UCRL-19915

ACKNOWLEDGMENTS
Both of us want to thank Dr. B. G. Harvey for the warm hospitality of

his laboratory. It is also a pleasure to thank Prof. R. Sherr for many 111umi-

56

nating discussions of_56cb and “ Ni, Dr. J. B. McGrory for_his interest in these

experiments and the calculation of wave functions and'épeétroscopic amplitudes

56 56

for “ Ni and ” Co, Dr. J. C. Hardy who introduced us to double particle transfer
and provided his computing code, Mr. M. 5. Zisman, Mr.vJ.‘D. Sherman and Miss

J. Mahoney for their help before and during the experiménts, and Mr. C. Ellsworth,
58 B ' )

who made the ~ Ni target.



*

+

NATO Fellow on leave from CEN de Saclay, France. Permanent address: DPhN/ME

—28- | © UCRL-19915

FOOTNOTES AND REFERENCES

Work performed under the auspices of the U. S. Atomic Energy Commission.

Centre d'Etudes Nucleaires de Saclay; France.

1.

10.

11.

12.

13.

1k,

15.

16.

17.

Pefmaneﬁtvaddréss: NASA Lewis Research Center, Cleveland, Ohio. _ : ‘b

J. Vervier, Nucl. Phys. T8, 497 (1966).

S. 5. A. Wohg and W. G. Davies,'Phys. Letters.g§§, 77 (1968).

J. B. McGrory, private communlcatlon.

D. O. Wellq, S. L. Blatt and W. E. Meyerhof Phys. Rev. 130 1961 (1963)
R. C. Jenklns and W. E. Meyerhof, Nucl. Phys. 58, th (l96h)

c. J. Plluso, D. O. Wells and D. K. McDaniels, Nucl. Phys. 77, 193 (1966).
M. Onhuma, Y. Hashimoto and I. Tomita, Nucl. Phys. 66, 337 (1965).

C. M. Lederer, J. M. Hollander and I. Perlman, Table of Isotopes, sixth Ed

John Wiley and Sons Inc., New York.

T. A. Belote, W. E. Dorenbusch and J. Rapaport, Nucl;’Phys. Al09, 666 (1968).
J. M. Laget and J. Gastebois, Nucl. Phys. Al122, 431 (1968).

R. G. Miller and R. W. Kavanagh, Nucl. Phys. égg; 261 (1967).

c. Shin, B. Povh, K. Schadewalt and J. P. Wurm, Phys. Rev. Letters 22,

1124 (1969). | |

J. M. Bjeregaard, P. F. Dahl, O. Hansen and G. Sidegius, Nucl. Phys. 51,

641 (196&),

S. A. Hjorth, Ark. Fys. 33, 1L7 (1966). S ' B a“

M. Schneider snd W. W. Daehnick, Bull. Am. Phys. Soc., January 1970, Bd. b,
p. 62 and W. W. Daehnick, private communication. | | |
C. C. Lu, M. S. Zisman and B. G. Harvey, Phys. Rev. 186, 1086 (1969). |

F. D. Bechetti, Jr., D. Dehnard and T. G. Dzubay; proceedings of the second

conference on the nuclear isospin, Asilomar, Academic Press, New York, 1969,

p. 171.




18.

19.

20.

21.
22,
23.
2k,

25.
26.

27.
28,

29.

- 30.

31.

32.

33.
3k,

35.

-29- - . UCRL-19915

P. G. Roos and C D. Goodman, ibid p. 297.
G. Bruge, A, Chaumeaux, Ha Duc Long, P. Roussel and L. Valentin, Bull. Am.
Phys Soc., December 1969, AET p. 1208

T. G. Dzubay, R Sherr, F. D Bechettl, and D Dehnard Nuecl. Phys Alh2,

" 188 (1970)

C. Maples, G. w ' Goth and J. Cerny, Nucl Data Vol 2, (1966), pl 429,

G. Bassani, N. M; Hintz, and G. D. Kavaloskl, Phys Rev 136, B1006 (196L4).
C. G. Hoot, M. Kondo and M. Rickey, Nucl. Phys. T1, 449 (1965).

W. G. Davies, J. E. Kitching, W. McClatchie, D. G. Monfague, K. Remavataram,

and N. S. Chant, Phys. Letters 27B, 363 (1968).

'N. K. Glendenning Phys. Rev. 137, B102 (1965).

I. S. Towner and J. C. Hardy, Advances' in Physics 18, 401 (1969).

J. C. Hafdy'and I. S. Towner, Phys.'Lgtters B25, 98 (1967).

V. G111e£ and N. Vinh-Mau, Nucl. Phys. §§9'321 (1964).

N. K. Glenaenning, Tables of Strucfure‘Amplitudeé for the (ps 3He) Reactiéﬁ,
Lawrenceiﬁadiation Laboratory Report UCRL-18269, unpublished.

N. K. Gléndenning, Tables of Structure Amplitude for the (p,t) Reaction,
Lawrence Radiation Laboratéry Report UCRL-18268, unpublished.

Code written by P. D. Kuntz, unpublished.

M. H. Fricke, E. E. Gréss, B. J. Morton, and A. Zucker, Phys. Rev. 156,

1207 (1967).

M. P. Fricke and G. R. Satchler, Phys. Rev. 139, B567 (1965).

vP}vE. Hodgson, Advance in Phys. 17, 563, and included references.

E. R. Flynn, D. D. Armstrong, J. G. Berry, and A. G. Blair, Phys. Rev. 182,

1113 (1969).



.

37.
38.
39.
40.

L1.

L2,
43.
LY,

| L5.
L6.
L7,
48.
k9.

50.
51.

52.

53.
54,

- 55.

- -30- R UCRL-19915

G. Gatroussis, R. A. Mayer, L..G. Mann, and J. B. McGrory, Phys. Rev. 180,

>1052 (1969)

T. T. S. Kuo and G. E. Brown, Nucl Phys. Al1L, 241 (1968).

A. Arima, M. Horiuchi, T. Sebe, Phys. Letters ggg,_129 (1967).

R. Sherr, T} S. Bathia; D. Cline and J. J. Schwartz, to be published.

H. Rudolf, R. L. McGrath, and P. J. Cooney, Bull. Am. Phys. Soc., April 1970,
HF12, p. h79‘ - |

J. M. Moss, Ph D. Theszs, Lawrence Radiatlon Laboratory Report UCRL-18902
April- 1969

L. Zamick} Phys;‘Letters ;g,v580 (1965). |
J.-J. Schwartz, R. Sherr, and T. Bhathia, Bull. Am. Phys. Soc. 13, 1Lh6 (1968).
0. Nathan, in International Symposium on Nuclear Sthcture Dubna 1968..
International Atomic Energy Agency, Vienna, Austrla, 1969, . l9l

R. Hlnrlchs, G. Crawley, and R. Sherr, to be publlshod

V. Gillet, B. Glraud and M. Rho, Nucl Phys. A103 257 (1967)

M. S. leman, prlvate communication. | |

W. W. True, Phys. Rev. 130, 1530 (1963).

G. Bruge, A.'Bussieré, H. Paraggi, P. Kossanyi—Deméy, J. M. Loiseaux, P. }

Roussel and L. Valentin, Nucl. Phys. A129, 417 (1969).

J. Cerny, Ann. Rev.bNucl. Sei. ;ﬁ; 27 (1968).

R. J. Peterson, Phys. Rev. ;59,_31%79 (1965).

G. Bruge, J. C. Faivre, H! Fafragi_and A. Bussiere, Nucl. Phys. Alk6, 597 :
(1970). | |

R. Sherr, Phys. Letters 24B, 321 (1967).

J. H. E. Mattauch, W. Thiele, and A. H. Wapstra,.Nucl. Phys. 67, 37 (1965)!

J. C. Hardy, M. Brunnader, and J. Cerny, Phys. Rev. Letters 22, 1439 (1969).



31— k - . UCRL-19915

TABLE CAPTIONS

56

Teble I. Experimental determinations of the ~ Co levels.

a. This #6rk".

b. Ref. 8
c. Ref. 9
d. Ref. lb
e. Ref. 11
f. Ref. 13 '
g. Ref. 1L~
h. Ref. 15
i. Ref. 19'

- j. Ref. 20
k. vRef. 16

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

Table IIT. Optiéal potentials used in the DWBA calculations.
. v s ,

Table IV. Numerical results for the ~ Ni(p, 3He)5600.expériment. Given for each
level are the energy (MeV), strongest transferred’éngular momentum (L), cross
sections intégrated between 1k and 62° CM, the possible spin and parify referred
to McGrory's predictions and the corresponding normalization constant N, as
defined .in the text.

.Table V.F’CompgriSOn of experimental and theoretical levels inv56Ni; 0dd spin .
states and states of undetermined spin have been omitted. |

Table VI. See the table itself.
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Table_I.
this work decay - shFe(sﬂe, p)SGCo AN 5eNi(d,a)SGCo ) R ‘ 56Fe(3He, t)SGCo 5)‘F‘e(o,d)
u b ) c - d e £ g c d h i b ~ ok
" B a7 P L e L B* B* e L e e a1 " J S e
0. N 0.0 Wt 0.0 0.0 L. 0.0 o. 0. R 0. 0. y 0.0 y
0.166 3t 0.1583 3* 0.155 0.167 2 0.166  0.158 0.167 2  0.160 0.165 0.157 2 0.160 3 B
0.578 s* 0.592 0.575 L 0.576° 0.578 0.582 L  0.575 0.578 0.5712 2+k 0,590 5 ’ 0.570"
0.840  u*, 5% . 0.832 '0.829 (0.810) {k,2)- 0.830 0.827 (0.82L) N '
0.961  3* 0.9705 - 2% - 0.976 1.000 2 0.978. 0.965 - 0.972 . "0:964 2 .
1.001 2* ) 1.008 1.008 1.013  1.003" 2 1.000° 2 . 1.010°
1.026 . '
1.106  u*,s* 11117 1.111 (1.16) 2 1116 1121 1,07 2+k
1.246 ‘ -
1.k00 o* 1.h512 (17,2%) 1.453 0 1.k53 0 1445 1,415 1.448 ) 1.470
: ’ 1.592 (1.670)
1.71h 1t 1.7209  (1%) T 1.721  o+2 1.721  o+#2  1.723  1.714  1.730  (0) 1,718 1.720 . 1.711 0 1.720 1.720
1.924 3* : 1.929 2 1.927 2 1.93%  2.925 1.94 . 2  .1.929 1'.93o> 1.921 2 1.9% -1.960
2.050 2" 2. 067 2.051 2 2.087 2.056 (2.040) (2) 2.058 2.058 2.0k9 2 2.070 ' :
2.220 2* 2,24k 2,225 2.222 2,224 (2.21%) 2
2.271 7 2.283 2.296 2 2,312 2.291 2.300 6 2.285 2,284 - 2.272. € 2.290 . e
) "2.3h7 © 0 2.35
2,371 - 2.381  2.358 2.359 2.361 e
2.456 e 2,471 L 2.481  (0) 2.469 2.473 . 2,460
: 2.608 2,597
2.626 2%,3" 2.623 h
2.647 2.636 2.635 (2.636)
2.650 L 2.667 (2.655) .
' 2.725 2.717 2,720
2.734 1*e 2.7hk 2.740 : 2.750 . )
© . 2.180 (0} 2.773
2.927 o (2o )
2.946 : - 2.932 2.963 2 2.971 (2.960) . 3.000 ' 3.000.
‘ (3.035) : : o
3.048 Wty ' ) i 3.008 .. (3.050)
3.069 3.061  3.061
’ 3.081 2 3.080 3.077 . xS
3.137 3*e ) : 2 3.129 3129 : 3.130.
3.178 2 3.160 3.176 3.166 3.200 :
: 3.2h4 ‘3.245 .
3.295 .3.286 3.330
3.396 3%,2" 3.385 2 3.313 3.3713 3.362.
3.432 3.b22. 3.423
3.505 (3.499) 3.489 :
3.501 o* 3.511 0 3,514 3.510 o 3.522° o
_ 3.5%. 3.539 o
3.587 3.57T - 0 3.613 o0 ' 3.587 3.585 3.500. oF 3.592 of 3570
3.602 ’
3.703 3.699 3.694
‘3.781
3.796 3.79%
"3.816 . 3.849
3.873 -
3,934 " 3.992
hoih _ Wt
L. 062 2 4,05 T
b7 .
) 128 (W)  haek L.170
L. 432 2 k. 451 2 ) o 4450 2
c 4.993 ’ 4.980
5.090 . 5.097
5.187 2 s . 5:18
5.347
5,400
5.440
5.495
5.530
6.560

8.920
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Table II. Summary of Results of 58Ni(p,t)- Experiments
Excitation Energy, E, MeV : Spin snd Parity, J" iﬁZZErSZif
. o _ ' . tion O, Ub
Present Work - Ref. (24) Present Work Ref. (24) Present Work
- 0.00 7 0.000 ot ot 192.9 + 19
2.697 + 0,015 2.6k | 2t 23.6 + 2.8
3.956 + 0.015 ~ 3.90 R S 37.1 ¢ k.1
5.000 * 0,020 k.95 h of 0 6.49 + 1.50
5.339 % 0.020 ' 5.33 | | 6 (2 127t
5.483 £ 0.025 | 3T 480 * 1.12
5.989 + 0.020 5.90 (u%) Ty T.u8 F 1.37
6.222 + 0.035 o G35 . 2.24 * 0.7k
1 6.318 £ 0.025 . 2 | 5.80 * 1.25
6.419 + 0.015 - 6.38 * T 17.5 % 1.93
6.554 £ 0.020 , (2") 21.4 * 2.55
6.6L4 £ 0.020  6.58 o ' ot 16.8 % 2.12
7.021 + 0.025  7.00 . S - - 4,36 * 1.0
7.170 + 0.030  T7.12 1 T 6.99 * 1.37
7.289 + 0.025 o ot 7.55 % 1.50
7.455 + 0,020  T.k2 | 2t 2t B34+ 4.3
7.567 + 0,015  T.56 o 3 3T 25.7%2.55
7.653 + 0.030 (17,2%) 6.99 * 1.37
7.788 + 0.030. .. S 5.86 * 1.75
7.912 % 0.020  T7.92 ot B 25,2 * 2.7
(8.082) *+ 0.100 | ' |
| . 8.L8 ot
8.654 + 0.020 -
8.771 + 0.025
8.896 * 0.020




Teble III.

Volune Imaginary Part Spin Orbit |
Particle Real Part . Volume Derivative Volume Ref. - NO©
vooor e LSS S L TS T Vso  Tso %o
(Mev)  (fm)  (fm)  (Mev) (fm) (fm)  (MeV) (fm) (fm)  (MeV) (fm)  (fm)
Proton -49.4k9 1.109 0.782 6.5 1.bk77 0.495 -2.08 1.477 0.k495 | 5.53 1.071 0.641 32 1
-45.,05 1.16 0.75 -6.63 1.37 0.63  -1.22 1.37 0.63 6.0k 1.064 0.738 33 2
-k2.7  1.211 o0.707  -1.5 1.067 0.545 -10.3 1.067 0.545 T7.67 1.211 0.707 36 3
fe3 ~137.4 1.082 0.805 -16.1 -1.66 -0.795 36 L _
~172.6 1.147 0.712 -20.16 1.562 0.802 38 5 &
: L
t -15k.3 1.2k  0.677 -26.11 1.L431 0.85 35 6
_169.7V 1.16 0.732 -22.8 1.510 0.796 35 7
=
Q
=)
71 .
}._l
" \O
- \O
G

e

£4




Table IV. “ONi(p, He3)’%Co.  Ep = U5 Mev
E(MeV) L o(ub) | ng N E(MeV) L o(ub) | TN
0.0 b 9.79 + 1.68 h; 18 2.371 * 0.015 - T.61 2.3 - -
;166 * 0.010 2 15.8+1.90 3% 60 245 +0.015 0 12.8 2.2 15 366
.578 + 0.010 4k  23.h +2.80 st 25 2.626 £ 0.015 2  11.8 * 2. o%,3*
. | ¥3 170. o
.84 * 0,015 Y 3.74 £ 1,25 - 2.734 * 0.015 0+2? 9.54 * 1,68 1te
.961 £ 0.015 2  10.9 £ 2.2 3% 370 2.946 + 0.020 - 2.2 0.9
001 0,015 2 iklza2g9 2} 35 3.048 £ 0.020 b 9.8 * 1.7 e 1k
| | B 210 |
.106 £ 0.015 4 = L4.06 t 1.0 , 3.137 * 0.015  2+k? 14,3 % 2.3 3*e
55 10 : '

Ll 0,015 0 11.9 + 1.8 o{ 98 3.396 * 0.015 2 9.42 £ 1,9 o* 3t
.71k £ 0,015 0+2 5.67 * 1.56 11 418 3.501 £ 0.015 0 15.7 * 3.4 o; 415
.92L * 0.015 2 15,2 % 2.3 3§» »4370[“"','3.587 * 0,015 0 19.5 % 3.7 01 T=2 * 110
.050 * 0.015 o 022.6 % 2.3 25 35 4. 432 * 0,020 2 15.8 + 2,4 21 T=2 185
.220 * 0.015 2 bho * 1,12 '2§ 31 5.090 * 0,020 51.4 + 6.4
.271 ¥ 0,010 6 b2 * L1 71 Lo 5.187 £ 0.020 27  15.k % 6.2 1*,2%e

_SE_

- GT66T~THON
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Table V.

m . : . o _ ol{experiment) -

In Eexperimental(MeV) Etheoretical(MeV). N = o(theory)
T = O States

+

0] . 0. 0. 78

+ ,

21 2.697 6.363 31
1{ '3.956 6.61k4 38

+ . | '

0, .5.000 9.150 43

+ . : :

6] 5.339 7.479 52
(47) 5.989 T7.716 98
22 6.222 8. 465 T
2*3’ 6.318 9.567 6L
(2;:) 6.55L 9. 860 375
oy . 6.6LL 9.760 8500
oy 7.289 11.168 8

T = 1 States

l{ 6.1419 7.537 16
21 7.455 8.496 3l
N 7.912 10.062 - 78

. A
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Table VI.%
. 56 .56 _

Spins _E(qo ) E(Ni”~ - 6.5419) Rexperiment R, Ry R,
s 0. MeV 0. MeV. 1.55 F 0.3 1.7  1.59  0.94%
o* 0.960 1.036 k5 F¥2.0 | 1.7 1.39  0.46
ot 1Ll 1.493 1.7 0.3 1.7

- -
R = o(p,t)/o(p, ~He)
aEnergies and‘intensities of analog state pairs in 56Ni and 5600. RO is the

3

expected ratio o(p,t)/o(p, “He) if both transferred nucleons are from the same

shell; R, is for pickup from the f and p3/2 shellls;“R2 is for pickup from

1 7/2

the £,/ and £5 /o shells.
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FIGURE CAPTIONS
58

Ni(p, 3He)56cc'reaCtion;

Fig. 1. Experimental spectrum for the
58N 3, 156

' Fig. 2. Angular distributions measured for the i(p, “He) Co reaction. The

‘curves are calculated’using McGrory's spectroscopic amplitﬁdes when a spin
is indicated. The othérs must be considered as DWBA curves. The curves

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

shell model wave functions for the 585 gs and [d3)2*2‘P3/22] configurations

56

for Co. cN is the normalization constant, as defined in‘the text.

58 56

Fig. 3. Experimental spectrum for the ~ Ni(p,t)’ Ni reaction.

5

Fig. k. Angulér distributions measured for the 8Ni(p;t)56Ni reactions. The

curves correspond to DWBA predictions as explainedcin the text.

Fig. 5. Comparison of the 56

Co experimental spectrum'tO'the theoretical pre-.
dictions of Vervier and McGrory. 7

Fig. 6. Comparison of the 56Ni_experimental spectrum to- the predictioﬁs of -
McGrory. Only the natural parity states are shown. " For a more convenient
presentction, the energies of the levels predicted by McGrory have been
aligned on the first experimental 2" state. _ |

Fig. 7.A Calculated.angulaf distributions for the 58Ni(p; 3Hé)56Cc reaction. 'l

The angﬁlar 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.



-39~ S UCRL~-19915

Fig. 8. The integrated croés sections for the levels dbserved in the

5

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

5 56

hFé(3He,‘p)5600'experiment of Ref. 10 and b) to a ~ Co spectrum

of the 56Fe(3_He, t) reaction.>’

in the

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.

56

Fig. 10. Compafison of the Co energy levels to the states above 6.419 MeV

56

in Ni.
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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 emp]oyee 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. v
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