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ABSTRACT
Elastic and inélastic scattering of 40.5 MeV'a-pérticles from targetsvof
Cle, 013, Nlu, N15, 016, and Ol8lwasAstudied. Angularvdistriﬁutioﬂs were meas-
ured for a larée number éf excitéd states. |
It was found that the shape of the angular diétribution‘depends onAthe
nature of the single particle transition involved. 8ix examples of éuadrupqle
transitions involving promotlon of a p5/2 nucledn fo the pl/2 shell Werg found;
Although the cross sections varied over a tenfold range, the shapes qf the
angular distributions remained very similar.
Six exémples éf'the dipole transitiop pl/e'faasl/g and éeyen examples
of the octupole transition pl/?“_’d5/2 were also observed.v The dipole transi-
tions gave angular distributions of a characterlstic and unusual shape |

Excitation of the N 1h levels at 9.41, 9,71, 10.22, and 10.55 MeV sug-

gestS'that they are all T=0. The levels at 6.05, 6.70, 7.h40, and 7.60 MeV
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were not observed: probably they do not eXist;n A weak level ét 10.85 Mevlaﬁd
.two strongly excited levels (or groups of levels) at 11;3 and 12.9 MeV were . ¢
observed in Nlu,
The angular distribution of parﬁicles scattered from the 4.45 Mev
level of 018 suggestsistrongly that this level is-l- rather thén'5+.
Severaljunnatural parity states were observed;,But no states known to
have isotopic spin different from the greund state;
The angular distributions for several scattered particle .groups were
compared with distorted wave Born approximation calculatiéns end very approxi-
mate reduced transition'probabilities for excitatien of the levels were obtained.

For the guadrupole and octupole excitations the results are in reasonably good

agreement with values measured by electromagnetic methods.

o]
B

VIvy
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I. INTRODUCTION

The inelastic scattering of a;pérticies‘is_a.ﬁseful methpd for studying
the surface shapes‘of meaium-mass nuciei.l The levels most strongly excited
are the 2+, A+, and 3- collective states, It is thefefore for the excitation
of éuch levels that most of tﬁe angular distribﬁtiohs of scattered partiéles
have been measured. The shapes of the angﬁlar distribﬁtions are determined by
the angular momentum transfer I, whilelthe ébsoluﬁé value of the differential
Cross section depends upon the collective strength of the level excited.

The light nuclei present many oppoftunities for studying inelastic
scattering of Q-particles from,targetswfor which thelstructure of the initial
and final nuclear/gtateé is ratherlweli underston.v In many cases the transi-
tions should be almost pure single-particle rather thanlcollective{"Large
numbers of levels are sufficiently well separated in ehergy tQ permit resolu-
tion of the correspgndinglgroups bf scattered particles. ‘

In the preéent survey exﬁeriment, elastic and ipelastiq scattering of
L0.5 MeV a-particles from targets of Clg, Cla, Nlu, N15, Ol6, and O18 was
studied, using the Berkeley EQM—cm (88-inch)'spiral ridge cyclbtroni The
energy was chosen begause it ié,sufficiently high to évoid the worst c0mplica¥
tions of éompound nuclear effects but sufficiently,low to permit good energy

resolution to be obtained with silicon detectors.
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II. EXPERIMENTAL METHOD
The elastic and inelastic scattering of h0t5 i:0.5 MeV helium ions
from the Berkeley 224-cm (88-inch) spiral ridge cyclotroh,was studied with

12 target was a .

v o -
the equipment that has been previously described. The C
1.61 mg/cm film made by charring filter paper. Oxygen was removed by heating
to about 1400°C in vacuo. The C 3 target was ethylene gas (CQHh) containing

3

. 28.9 atom-percent of Cl . Considerable decdmposition of thesethylene occurred

during the course of the measurements, even though the gas pressure in the

13

target cell remained perfectly constant. The cross sections for C were there-

: 12 : ‘
fore obtained by reference to the C peaks in the energy spectra.

u, N15 16 14

, O, and O18 targets were natural N, and O, gas (for N

: 1

The N 5 o
18

7).

and 016) or separated isotopes of 99:9% isotopic purityl(Nl5 and 0 The
gases were contained in a T7.66.cm diameter cell with a ‘window of Havar foil
0.00025 ecm thick. 1024 channels of a Nuclear Data ND-160 aﬁalyzer recorded the
pulses from a lithium-drifted'siiicon detector'l.S mm thick. Thé energy resolq-
tion ranged‘from 100 té 300»keV, dépending on theAscattering_éngle. It was
limited by multiple scattering‘of a-particles in the,HaVaf windows gnd in the
targét gas. This angularAdisperéion produces a correspdnding'energy dispersion
which is very serious When'the energy of scattered particies is a steep func-
tioh of scattering angle, as it was in the present work.. Spectra taken at

angles in the vicinity of 25 deg in the laboratory-system are shown in Figs. 1,

2, and 3.

* - :
Hamilton Watch Company, Waltham, Massachusetts.

R

-
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III. RESULTS

'ENERGY 1EVELS OBSERVED

The energies oflinélastic groups Weré.measurede'bnly with sufficient
accuracy to permit identification of the'corréspondihg excited states.

Carbon-12

Scattering of O-particles by 012 has been extensively s‘c,udie<i.3'9

The energy levels above about 8 MeV are obscured by a strong continuous gpec-.

- trum due to four-body break-up,'Cle+O%ahaLlQ Except for the very broad

10.1 MeV (0+) level, all known levels up to 14 MeV were observed, including

the O+ level at 7.656 MeV and the unnatural parity (1+) level at 12.71 MeV.

Carbon-13

The scattering of Q-particles by C15 was observed, but not studied, by

Fulbright et al.ll We observed excitation of levels only below 8 MeV since the

continuum from the four-body break-up of C~ was very large (70%;of the target
o .

was Cl ). DNo excitation was observed of the levels at 5.51 and 6.10 MeV re-

. 12
ported in the reaction Bll(He5,p)ClB.

Nitrogen-1k4
In Nlu, excitation of the first few levels by inelastic scattering of

13,14

a-particles has been previously reported. We observed excitation of many
levels up to an excitation.of about 13 MeV. No Q-groups corresponding to the
previously_reported15 levels at 6.70, 7.40, and 7.60 MeV were observed, con-

firming an earlier suggestion16 that'these-levelsAof'Nlu do not in fact exist.

' Furthermore, the level at 6.05 MeV reported in the reaction le(HeB,a)Nlu

(Ref. 17) was not observed.
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No known T=1 levelé'Wefe definitély obsérvéd.to-be excited. A béak
.corresponding to an excitation of 9.1 MeV is probably due to;exéitation'of the
recenply found 2- level at‘9.129 MeV18 rather ﬁhén tovexcitation of the é.l? 4
- MeV 2+, T=1 level. , ~ |

Observation of the le&els at 9.41, 9.71, 10.22, and 10.55:MeV suggests
strongly that they are all 7=0. |

A weakly excitéd level was observed.at 10.85 MeV-and-two very strong
* levels (or groups of levels) at 11.3 and 12.9 MeV. lPresumaBiy'£heywalso»are

T=0.

Nitrogen-15 : {

Alpha particle scattering by Nl5 was first'studied recently at Berkeley.

We have observed excitation of many levels ﬁp to 15 Mergut withouﬁ resoiving
the hiéher levels. -The level rep;rtea at 9.77 MeV20 Wés not obsefved.,"
- Oxygen-16 '
Scattefing of a—ﬁarticles by 616 has been very widely .s'tudiedz_s’21_23
fof different incident pérticle energies. Excitétioh of levels_up to 15 MeV
was obsérved in the present work. The'unnatural parity.E- 1e§el at 8.870 MeV
was quite strongly excited. Thev0+ excited ieiels at 6.052 and 11.26 MeV were
not observably populated. The O- leveis at 10.925 aﬁd 12.798 MeV,(whose exci-

tation is forbidden by conservation of spin and parity)lwere'not'dbserved.

Oxygen-18

Many levels below 8 MeV of excitation were observed, but there was no

detectable population of the 6.86 MeV ievel._

19

- }

@
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AEQULAR DISTRIBUTIONS . ~ . _

Elastic and 1nelast1c angular distributions for C7 2, Cli, Nlu, le,
016, and Ol8 are shown in Figs. 4 to 9. The.differential cross sectionsuare
given in Tables 1-6. Statlstlcal errors were in nearly all cases smaller
than random and systematic errors- (1mperfect measurement of target gas pres-
sure and temperature,aerrors of background subtract;on, difficulties of
resolving peaks from one'another, and beam integration'éfrors). All these
sources of error producea an uncertainty of about *6% in the cross_secfions
of levels excited with average intensity. qu weakly e#cited or impeffectly
resolved levels the errors were saﬁuraily mach greater, but are very difficult
to estimate.  The angular uncertainty in all cases is 0.5 deg, due mainly to
multiple scattering in the gas cell windoysﬂ- o | |

Since it is impertant in some\calculatiohs to knoa what relative weights
_to attach to the individual members of a set of measurements,,the statistieal
errors are given for the elastic cross sections in Tables 1-6. The statistical
error will measure approximately the relative weights that should'se attached
to the cross section vaiues. | | |

A computer program was;used to‘make least-squares fits of”Gaussian
peaks to resolve the individual contributiOns af'imperfeefly.fésolved doublets
and triplets in the experimental energy spectra, for instance the R 91 5.10 MeV

1u *
and 5. 69 5.83% MeV doublets of N

*We are indebted to Dr. A. Springer for writing:this program.

'.'-L?“?"\%,
iddﬁﬁ
(s (L
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Carbon-12 (Fig. 4)

The curves for the M.435‘Mev 2+ and 7.656 MeV O¥ levels oscillate , v
clearly out of phase with that of the elastic group,rin‘egreement‘with tﬁe |
| normal Blair phase rule,¥.but the angular disoribution for the 2+ level shows
no strong oscillations beyond 50 deg. |

The oscillatory behavior of the angular distribﬁtion for the 9.64 MeV
3- level is unusually weak,vbut fhis'is;perhapg‘due to tﬁe unoertainty in the
subtraction of the large background from the four-body break-up. The absence
of the first minimum (which would be at about 2Q deg in thiS'case) is charac-

teristic of L=3 transitions. i

Carbon-13 (Flg 5)
The.angular distribution for the 3. 085 MeV l/2+ level is 1n phase with
that of the elastic group as requ;red by the_phase rulelfor an odd-L transition
with change of parity.v'PreVious tests of the phase,fule'haye invol&ed the ex-
- citation of more or less collective tfanoitions, - Thus itviSeinteresting to
observe that the rule is clearly obeyed for this'pure single;particle transition.
For the (7.498 = 7.553) MeV unresolved. doublet the negative parity
level (7.553 MeV, 5/2 ) was respon51ble for very approximately two- thlrds of
the combined cross section. The 5u850 MeV 5/2+.level was excited much less ;
.stroogly than ﬁhe 3.680 MeV 3/2- level, but it‘appears'to obey the phase rule
at small angles. | |
Nitrogen-14 (Fig. 6)
The 519&5 MeV 1+ and 7.03 MeV 2+ 1evelé'give angula;‘distributions that
oscillate out. of phase with the elastic cross section, their shapes are char- - ~

acteristic of L=2 transitions. The angular‘distrlbutlons for the h.9ltMeV 0-,



.
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‘the 7.115 MeV‘lével._ The 8.870 MeV 2- unnatural parity level -is, as expected,

~7- — | “UCRL-16573

5.10 MeV 2-, 5.69 MeV 1-. and 5.83 MeV 3- levels are in phase with the elastic.

angular distribution; these levels are exclted by L=l dr.L=3 transitions (see

below), The 6.21 MeV 1+ level gives rise to an angulérAdistribution ver& simi-
lar.in shépe to those of ﬁhe'5.lO and 5.83 MeV.negative périty levels} It, and
thé 6.44 MeV 3+ level, are believed to be excited by a éecond_order proceés (the".
differential cross sections are about one-tenth of those for the 5.10 and 5.83%

MeV levels). | | |

Nitrogen-15 (Fig. 7)

Angular distributions for £he (5.276 MeV 5/2+, 5.504'M¢v 1/2+) unre-
solved doublet, 7.31 MeV 5/é+,and 7.57jMeV 7/2+ levels are in phase with the
elastic angular distribution, éonsistent with the positive pafity of.all theée
levels. By comparing the slopes at small angies,land tﬁ; félatiye heights of.
the maxima, we assign an L=l transition to the 7,51 MeV leﬁél and L=3 to the
other two. The 8.31 MeV (1/2+ or-3/2+) and 8.57 MeV (5/é+) levels are weakly
excited, and .while their angﬁlar distribuﬁionsiare consisﬁent with a pqsitiVe
parity assignment for these levels, the curves grevnot accurate enough'to giVe
definite information about the L-value fqr'the'transitions.

The 6.%28 MeV (3/2-) level gives an angﬁlar distribution tha£ at sméll

angles looks clearly like an L=2 transition;

Oxygen-16 (Fig. 8)

The cross sections;fér the 6.131 MeV 3-, 7.115 MeV 1- and 8.870 MéV
2~ levels are. in phaseAwith the aﬁgular distribution of the elésﬁiC'group, in
agreement with their-negative.péfity, 'CompariSQn.between their‘curves'suggests
an L=3 transiﬁion for the 6.131 aﬁd 8f870 MeV iévels‘and'an L=1 transition for |

3,20,2k4

only weakly excited.
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Excitation of thé 6.916 MeV 2+ level gives an_angula; distfibution‘that
is no£ exactly out of phasevwith the elasﬁic Ccross sectién, but it is consistent
with the positive parity of the level when the curve isiqohtrasted with éhe
angular distributions of the known negative parity levels.

An unresolved group was observed at an excitation of 13.1 MeV but the
angular distribution is not piotted in Fig. 8,“That_we observed excitation of
levels ét‘all in this.energylregioﬁ’confirﬁs the'existenée of the 2+, T=0 level

recently found at 13.1 Mev.8

Oxygen-18 (Fig; 9) - N

The 5.09 MeV 3—; the (6.34 MéV-6;59 MeV) unresolved do;blet and the
(7.96 MeV-8.04 MeV-8.08 MeV) unresolved triplet have angular distributions that
are in phase with the elastic curve, cofresponding tb od&-L transitions with a
change of parity. The transition is élgarly«L=3 for excitation of thé 5.09 MeV
level. The 7.96 MeV and 8.08 MeV members of the tfiplet seem to Se‘only weakly
excited. The angular distributions for the 1.98 MeV and 3.92 MeV 2+ levels are
almost exactly out of phase with the elgstic ahgulér distribution, confirming the
positive parity Qf‘tﬁe levels, The oscillation; of their angular distributions
are much stronger than those for any other levels sbffar observed émong ﬁhe.
light nuclei: they resemble the angular distribﬁtions obtained in the excitation
of strongly collective quadrupole levels in SOmewhgt heavier nuclei.

The angular distribution for excitation of the 4;55 MeV level is .clearly
due to én L=l transition. :Thé spin of the level must thereforevbe lé'rather,' "

than 3+ or 3-.25f28
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Iv. DISCUSSION.V

The angﬁlar distributions seem to fall:into.groupsvdepending on the
particular dominant‘single~partic1evtransitionfinvolved in fhevexciﬁaﬁieﬁ.v In
this respect the angﬁlar distributionS'for ekcitation ef‘levels in the light‘v
nuclei differ from those fof excitation of coliectiyevleveis in,heavier nucléi,
where'the shepe of the engular distributipn depende.almost entirel& oﬁ the
angulaf momentum transfer, aﬁd where the.differeﬁce betweee an L=l or 3 or an
L=2 or 4 angular distribution:is rather small except at small angles. |

N

25/2 mapl/g, L=2ITransitioﬁ' | :
The p5/2 ~9pl/21transition mighf involve a chaege of Otor 2 unite of
~angular momentum. If the interaction between an Q-particle and a nucleoﬁ is
sbin-independent, the transition will involve only the ofbital angular momeﬁtum
of the nﬁcleon,.with no change of spin. The change in the'tetal.enguler momen~
tum must be 2[2 + %[g =1lor2 units.-'Hehce in the absence-of spin-fiip_and of
parity change, L can only be 2. |
Six transitions have been observed-that;are believed to involve the
12 5

*

promotion of a p3/2 nucleon into the pl/2 shell. In four cases (C
4. 433 MeV;‘013 5/2-, 7.553 MeV; ¢t 3/2-, 3.680 MeV; and Nt? 3/2~, 6.328 MeV
ievels) conservation of angular momentum and parity requires that the excita-
tions be L=2. Since the angular distributions.of the scattered G-particles

are very much alike in all six cases, it seems quite probable that all'six

transitions are quadrupole. .

Fig. 10 shows the differential cross sections for inelastic scattering

g : o y 12 ' n
of O-particles from the 4. U433 MeV 2+ level of ot , the 3.680 MeV 3/2- and
7.553 MeV 5/2- levels of Cli, the 3.945 MeV 1+ and 7.03 MeV 2+ levels of Nl :
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and the 6.3%28 MeV 5/2- level of Nl5,plotted as a function of'the parameter

3

kRO = 1/2( k, +k )(1 3 A 1/ +1.2)6cm, where k, and k. ‘are the center-of-mass wave

£
numbers of the incident pafticle and_of the outgoing partiéle et 0 deg."All
these levels give rise to angular distributions;ef about the same shape. Fig. lO o
also shows the angular distributiqms for excitation of the'6}916 MeV 2+ levelm |
of 0% and the 1.98 MeV.and 3.92 MeV 2+ levels of 00 for which the shape is
quite different. | |
The shell model components with the largest amplitudes in the weve

. ) .
functions of the L.433 MeV level of Cl , the 3.945 MeV and 7.05 MeV levels of

1h .15 b8, -3 29 u 12 -1 30,31
N~ and the 6.328 MeV level of N°~7 are: s p (p5/2 P1/2)2’ ( 5/2 1/2)1 5
and suplgp;}Q ’2 respectively. Thus these four levels can be exc¢ited by pro-

motlon of a p5/2 nucleon into the: pl/2 shell Since the-angular distributions
for excitation of the 3. 680 MeV 3/2 and 7.553 MeV 5/2 levels of C 13 resemble

15

those of the other four, these levels of C should be largely

Su 8' -1 )
P P5/2 Py/272 Py/oi3/2,5/2 ¢

The angular distributions for the two 2+ levels of 018 and for .the
6.916 MeV 2+ level of O16 are quite different frem the others shown in Fig. 10.
.Since the p1/2 shell is filled in these two nuclei, the promotion p3/2 —»pl/2 is-
impossible. The angular dlstrlbutlons thus seem- to be dependent upon the
details of the transition and not. only upon the angular momentum change.

The configuration given above for the 5/2e and 5/2- levels of 013 at
5.680 and 7.553 MeV respectively corresponds tofcoupling of the pl/2 0dd neutron
to a C12 core in the 4.433 MeV 2+ excited state. If the coupling is weak, the
angular distributions for the two levels should be similar in shape to that for v
the excitatien of the 2+ state in 012.' Further, the reduced transition proba- Con

bilities, B(E2)4 of the two Cl5 levels should be equal to that for the 2+ 012

level.
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The angular distributions for the three levels have roughly the same

shape. At the maximum near 40 deg, the sum of the cross sections for the two
13

C levels is about 11 mb/sr whereas the corresponding C12 Cross secﬁion‘is
o 18 mb/sr. The cross sections do not obey either the (2J+i)‘rule or the center
of gravity theorem.35_ The ratherlarge splitting (3.87 MeV) between the two

. levels shows, of course, that the coupling is in fact rather strong.-

21/2-—9251/2,‘L=l Transition

The promotion pl/2 —>2s1/2 necessarily:invqlves a dipole fransition
(L=1). Although there is a general similarity between thé iﬁelastic-scattering
ana electric transitions of the same mﬁltipole,ofder,ju there aré ceftain im_
‘ portant differences in the special case of a dipole traﬁsitidhf
Protqns and‘neutrons interaét in a,differepﬁ waymwith anfelectromag— ‘
netic field (since their electric charge aﬁd mggneticlmoménts aré'different);

The interaction Hamiltonian cah therefore be written explicitly in terms of

the third component of isospin:

| :

A
e : 1 . . .
Hing = - iZl Bows - al) *3 Gy ru)g - ¥
{L' P .
e ) 1 :
- L. f v, coalr) s (e —vu.)g'-H] |
s R ] [c' * i e Vp mt i j .
=H,*H .

| 1s the third

component of d vector, producing different isospin selection rules. On making

The first sum.(Ho) is a scalar invisospin space; but H

T a multipole expansion of Hint"it is found thatxH contains almost no El part

0
35

. provided that kR << 1.”7 Electric dipole transitions therefore oceur predominantly
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sH

through the isospin vector part Hl leads oniy to motion of the nuclear center

0
of mass.

Under the assumption that the particle;"can be represented by pléne'
waves, and that they interact with the nucleéné,through a zero-raﬁge force,
the inelastic scattering operator has .the same formtas the'spin-independent‘-
part of the electric operator of the same multipole order.Bu Howe&er;~under
the further assumption that.thé particleé intefaét~identically with protons
and neutrons, theré will be nothing to correspona.to Hl’ and hence dipole
inelastic scattering excitations will be forbidden provided phét QR K1
(where Q is the momentum transfer). »

Nevertheléss, éeveral examples ;f dipole—excitation wérerbserQed in
the present work. This may be.due to breakdown of any of~£he assumptions men-
tioned above, but most pfobably the excitation arises from ﬁne failure of -the
plane wave assumption that\is to be expecﬁed for.strongly-interaéting particleg
such as a-particles. | | |

Excitation through a multiple.scéttéring processiis aiso poésible. It
has previously been postulated for-excitationvﬁf the-5;80 MeV 1- level in Ne20,36
by an octupole transition to the 7.17 MeV 3- level.followed by a quadfupole
transition to the 1- level. The angular distrigution for formétion of the 1-
level was out of phase with the elastiq angular distributiop,'as‘might be
expected for a double trgnsition to a negative’barity'state. However, of the

dipole levels studied in the present work only the 4.L45 MeV level of_ol.8 gave

an anomalous angular distribution. There is a#fyet no evidence'ﬁhat multiple

L 4]

: ' 16
transitions are involved in excitation of the 7.115 MeV 1- level of 0, even

37

though the strong E3 transition tolthe'6.151 MeV 3- level -andvthe'strong E2

38

transition from the %3- to the 1- level should make this a particularly : v

favorable case.
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Angular dlstrlbutlons of a-partlcles correspondlng to excitation- éf the
13.085 MeV 1/2+ level of 0;3, the .91 MeV O- and 5.69 MeV I~ levels of N u, the, 
7.31 MeV 3/2+ level of‘le;vthe 7.115 MeV 1- level of O'6 and-the.h.hB MeV 1-
level of 018 are éhown,in Fig. 11. :The differentiai 9ros§.sections are plotted.
as a function of the parameter kRE. Except for the 3.085 MeV level of'ClB, for |
which the data are poor at small angles, the anguiar distributions have a very
characteristic and unusﬁél shape—there is littlé.br no decfease in crosé seé-,
tiqp between the first and second maxima. The shell model components‘with the
largest amplitudes for thesé levels:aie; SMPBS 1/2 (5 085 MeV,. »015);59'

i : | o liy 30, u 12
s p8(pl/2 51/2)0,1’ (k.91 MeV and 5.69 MeV, N ),7% %t {

15,32 u 12, -1
%) and s <P1/2 1/2)1 (7.115 MeV, 0

(p, P 1]
1/2 1/2 1 1/2J5/2
(7.31 MéV, N 16) 29’40 Thus these
excited states can be formed by the single-nucleon transitlon.pl/Q.;>2sl/2;
Sebe59 has calculated wave functions for the positive parity lévels
of 013’ assuming thgt the odd Aeutron can be in the 231/2?ld5/2"0r ;d5/2
shell model states coupied to a C12 core that ¢an-be either in-the O+ ground
state or in the 2+ 4. 433 MeV state. According}to this MOdel, the 3.085 MeV
l/2+ state is almost pure 251/2 with the C;Q cére in the ground'state. - The
6.860 MeV 5/2+ level of Cl5 is only weakly excited "at most angles; consistent
with Sebe's wave function,according'to whiqh excitation both of'tﬁe Cl?'core
and of the odd neﬁtron would be required. The }.850 Mev 5/2} 1eve1‘shou1d be
excited quité readily by a pl/2 ~§d5/2 transition of the odd'neutrén, but for
some reason the peak is'apparently only a minor component of the 5;680-5.850
S . : : 13

MeV unresolved doublet. The positive parity levels of C can be fofmed only

by excitation of p-shell nucledns;into the sd shell, whereas the.negative
. : i ‘

parity levels can be formed by prdcesses related to the very strong excitation

of the C M M}B MeV quadrupole level.
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In earlier experiments with 65 MeV alpha pérticles,e the characteristic

L=l shape observed in the present work for the angular'distribution corresponding

o . 16 - ~ .
to excitation of the 7.115 MeV 1- level of O~ was not observed. Its angular

distribution differed from the L=3 shape only in the absence of a sharp peak at

207,

-4 L=3 Trarisition
By /o2 85/p 15 | | -
The promotlon of a pl/2 nucleon to the d5/ shell'could involve an

‘orbital angular momentum transfer of 1 or 3 unlts. Seven examples of this

\

transition have been identified: some:of them’are'required'by.angular momen-

tum and parity conservation to be L=3 (e.g., the excitation of the 6.131 MeV
16y

%3- level of 0" ). The similarity of the seven angular distributioné suggests

that these transitions are all octupole.

Figure 12 shows the angulér.distributions of CG-particles scattered from

14

the 5.10 MeV 2- and 5.83 MeV 3- levels .of N , the 5.276 MeV 5/2+ and 7.57 MeV

15

7/2+ levels of N* 7, the 6.131 MeV 5--and'8.870 MeV 2- 1eve1s‘of_o16 and the

. 18 ’ : .
5.09 MeV 3- level of O ~, The shell model components with the. largest ampli-~

tudes in the wave functions of these leve}s are s p (pl/2 5/2)2 3 (N ,

)20t (v, 5.276 ana

29,40

5.10 and 5.85 MeV s'p’ (pl/E 5/2 3p1/2 5/2 7/2

L :
7.57 Mev),52 and s plg(pl/l2 d5/2)2)5 (0 ot , 8.870 and 6.131 Me V)

Thus
the most important single particle transition.in the excitation of these
levels should be pl/2 —>d5/

In the case of the 8. 870 MeV 2- level of 016, either octupole or
‘dipole exc1tat10n would have po be accompanied by a spin-flip, so it is per-
haps surprising thatret small angles the angular distributien resembles rather

closely those of the non-spin-flip transitions, although at larger.angles sub-

stantial differences are observeaﬁ' The diffe%ential cross section for formation

i

7;?;
-}
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of the 2; level begins to-rise at large ang}es:l this behavior is charactef-
istic of the more complex exeitation~processes.5 In scettering experimeﬁts et
65 MeV,g excitation of'the‘E- level gaVe an angularldistributioﬁ that seemed
closer to the L=l shape than to L=3. |

In an earlier publicetion,l9 the excitapion of thev5.276 and‘7.57-MeV,

levels of N15

was considered as an example of weak coupling of‘an'oddrnueleon

(in this case a pl/2 proton hole)'to an oetupeie:core vibratiop, the eore in this
instance being 016. The octﬁpole reduced transition probabilities, B(EB)i/eQ; '
were found to be nearly equal for these two levels'in Nl5\te-that~for the 6.lBi
MeV octupole state of 016. "The week ceupling model appears to:give a'better
account of these octupele staﬁes that it did for the Quadrupole levels of C15

. ' o 1 '
- discussed above. The coupling is in fact somewhat weaker in N 5: the splitting

is only 2.29 MeV compared with 3.87 MeV in 3.
In addition to the octupole levels, one mlght expect to find in N 5
doublets of levels based on the strongly ex01ted l— and 2+ levels of O16 The

1
1/2+ and 3/2+ levels of N 2

at 5.304 and 7.51 MeV are poss1ble candidates for
the dipole doublet. The 5.304 MeV level was not resolved in the present work;
the 7.3%1 MeV level, however, does give an angular distribution similer te thaé
of the 7.115 MeV 1- level of ot®. S | : ’

The only guadrupole level found in‘N15 (the 6.328 MeV 3/2- le&el)
appears to be related to the p5/2 —9pl/2 single particle transition rather than
to the 6. 916 MeV 2+ level of o16

The L=3 excitation of the 3- level of 612 gives an angular distribu-
tion markedly different from the octupole exciﬁatiens.considered in the present
section. In_ClQ, the single particle transitien with the largest amplitude .

. \ g 29 ‘
is p5/2 «eds/g rather than pl/2 —ad5/2. Asfln the case of the quadrupole




o
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&

levels discussed above, the detailed shape of an'ocfupolejangular‘distrihution
seems to depend on the details of the transition as well as on the angular

momentum transfer.

Two-Nucleon Transitions ' ' oL o . ~

Several transitions, corresponding to the promotion of two nucleons from .

one shell into another were observed.

In Cle, the 7.656 MeV O+ level is excited w1th surprlslng strength

con51der1ng that it can be populated Only by the promot:on of two or four

nucleons from the p ground state 1nto the hlgher shells. The strong exci-

3/2
tatlon of the 012 b 433 MeV 2+ level shows that the indlvidual pB/2 —apl/Q

quadrupole tran51tlons are collectlvely enhanced

. LR 48
The configurations s p (51/2)1 and s p (s 1/2 5/2 3 of the 6.21 and
1L 31

6.44 MeV levels of N require'that these states be formed from the ground

state through the two-nucleon promoti.ons (pl/2 —>2sl/2) and (pl/2 7>2s1/2)

(pl/2<a a /o)' The cross sections are indeed rather small, as are .those for

formation of the 8.99 MeV 1+ s p (p ‘2 u 8 (4 )2
3/2)1 (452 5

levels, which could be populated through the transitions (p5/2 —apl/g) and

and 8. 965 MeV 5+ &

(pl/2 - d5/2)

"REDUCED TRANSITION PROBABILITIES
Comparlson of experimental cross sectlons with distorted wave Born -
approximation (DWBA) calculations permits the extraction of reduced transi-

i

. : . 3 . .
tion probabilities. The potential used in thei present work was of the form: ")

fans; ~Lovmay

Y
st

2 T
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, - r-R,,-1 o r-R ;l .
- - + LA B A = :
V=V, -V [1+exp( - )1 + iW [l+exp& b_)]

where Vc’ VR, and W Qre the Cpuloﬁb, reaiigﬁd imaginéfy parts of the poten-
.tial respéctively. The parameters a:and b aréﬁféléﬁéd to the diffuseﬁessvof
the réél and imaginary potentials. " |

The appropriate values of the parametefé VR’ W, a and b were obtéined
from an'thica1 model analysis of the elastic éhgular distriﬁution, using a
coﬁputer program described by R. H. Pehl.LLl ‘Reasoriably good fitS‘té the-exper;
imenfal‘eléstic aﬁgular distributions Were>obtained_With ﬁﬁé parametérg shown
in Table 7. As a typiéal example, Fig; ljlshows the‘calculétéd and experimentai_
elastic anguiar distributions for Nl5. | | |

With the parameters shown in?Table 7, and using a derivative Woods-Saxon
nuclear form factor, inelastic angul;; distributiqhé were calculated in DWBA:-
The calculated angular distributions were-ne&ef a pérticulérly.good fit to thé
experimental results: probably more detailed ééléuiations with microscopic
wave functions are needed, although‘results of éome preliminary attempts.were
not particularly encouraging. <Nevertﬁele§s, cOmpar?son of tﬁe calculated and
experimental angular distributions was made in order to extract extremely‘
approximate values of the réduced guadrupole and ocﬁupqle transition probabil-
ities connec%iﬁg the -target ground stéte and éﬁch e#cited state. " The values
thus oﬁtainedlare given in Table$%8 and 9. Two fairly typical comparisons of
calcﬁlated and eXperimentallangular distributﬁdns'are shown in Figs. 1k and 15.

| As Table 8 shows{>the présent experiment yielded values for the reduced

electric quadrupole transition probabilities B(_E2)¢/e2 in surprisingly good

agreement with values obtained by other workers by electromagnetic measurements
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(except for the 5!92 MeV level of Oi8). The E(EB)&/eE values of Table 9‘are
lower by a factor of about 2 than the three eiectromagnetic results. .
In view of the profound difference betweenvthevineiastic scattering‘
dipole operator and the electric dipole operator,:there is little point in
comparing the inelastic scéttering.di?ole transition probabilities with the
eleetromagnetic valnes, especially eince the use of a éollective-nuclearfmodel _
for theidistorted wave calculations makes little sense for the dipole-stetes;
Neverthelees, it is interesting that the inelastic;ecattering cross sections
for excitation of the 7.il5 MeV and h.;5 MeV 1- levels_of\016 end:O18
respectively 1OLL and 106 times greater,than would be expected“from the elec-":
tromagnetic dipole tranSition probabilities
For the self- conJugate nucleus O 6, the ieoepinf;ector part Hl of the
electromagnetic Hamiltonian vanishes} so apart from.the differenoes due‘tovthe
greater absorption of Q-particles (and therefore greater‘departure from the - .
plane wave approximation) the inelastic scattering and electromagnetic transi-
tions should be formally similer. That they are not is presumably due to the -
very great distortion of the.a-particle waves. '
The DWBA calculation gave an angular distribntion for excitation of the
L. L5 MeV_l- level of Ol8 that was in very poor agreement with the experimental
results. Figure ll shows that although the angular distribution for thlS level
has the equal maxima that seem to be characteristic ‘of the dipole transitions,
the values of XRO at which they fell are substantially lower than for any other v
of the dipole excitations. As already mentioned double excitation through
the 5.09 MeV:3- level might be important. ’

'Further studies of the véry interesting dipole excitations are in

progress.

-

D
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FIGURE CAPTIONS

1. Energy spectra of HO 5 MeV a—partlcles scattered from C

and C 2 (lower).

2. Energy spectra of Lo. 5 MeV.0-particles scattered from N

and N 5 (lower)

3. Energy spectra of. MO 5 MeV a-partlcles scattered from O

and O (lowex)

4.  Angular distributions
. . 12
MéV a-particles by C .

5. Angular distributions

MeV Q-particles by 015.

6. Angular distributions

MeV «-particles by Nlu.
T.: Angular distributions
MeV Q-particles by Nl5.
8.' Angular distributions
MeV a;perticles by 016.
9. Angﬁlar distributions

MeV Q-particles by 018.

10. L=2 angular distributions for inelastic

a-particles.

a-particles.

for

for

for

for

for

for
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and
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inelastic'scattering

N

inelasticvscatterihg
inelastiéfscattering
inelastic scattering

inelastic scattering

inelastic scattering

11. L=1 angular distributions for inelastic scattering of Lo.

12L L=3 angular distributions for ineiasfic scattering of ko,

Q-particles.

13. vOpiical model fitvto.elastievscattering

by Nl5,
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scattering of 40.5 MeV"
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5 MeV . -
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14, Distorted Wave Born Approximationv(DWBA) anéulaf.distribution fof
exci£ation of the 6.916 MeV 2+ level of O}6lby ihelasticlscatteriné of_ o w
40.5 MeV o-particles. (The fit is represéntative Qf.the:worst-resultsd.
15; Distorted Wave Born Approximation (DWBA) angulér distribution for
5

excitation of the 5.276 MeV 5/2+.level of N by inelastic scattering of

40.5 MeV Q-particles. (The fit is representative of the best results).
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¢ . Table I. ce. ' ' .

E_ = 40.5 MeV

a
e xS ey e
- : Stat. - R = ' -
Oen (ﬁgfg) el Oem (igﬁg) Ben (xig;gg) Oem '(xdng;g?) ‘
10.8 14128 16.5 | o1k 30.1
13.5 1593 6.4 ' ' : , k.2 . 22.5
16.1 328 2.6 16.5 4.3 ) ' : 17.0 25.6
18.8 84.4 - k.3 : 19.2 4.6 19.5 3.73 19.8 18.2
214 - B1.2 1.h 21.9 35.7 22.3 2.57 22,6 14.0
241 190 2.1 oh.6 22.2 25.0 0.855 5.4 11.0
L 26.7 208 1.7 27.3  13.9 27.8 0.%03 28.1 - 8.87
©29.3. 130 1.2 30,0 1L.b4 - 30.5 0.899 30.9  6.84
32.0 52.9 0.37 - 32.6 13.67 C.33.2 2.37 33.7 - 6.21
3W.6 8.5 0.15 35.3 16.8 35.9 - 3.00 36.4 6.62
37.2 1.87 0.07 37,9 1t.2 ©38.6  2.64 39.1 7.2k
. 39.8 11 - - 0.20 40.6. .. 15.3 b3 .37 .. . M9 T80 -
h2.h 25.8  0.26  L3.2 11.0 1.0 0.438 Bh6 o 6.65
4.9 28.2 . 0.28 45.9 - 8.28 - k6.7 0.276 - 47.3 5.63 -
¥7.5  20.8 | 0.17 48.5 6.43 ° < 49.3  0.736 . 50.0 4.83
50.1 12.5° 0.12 51.2 ho97 T 520 o121 ©52.6 . ka2
52.6 125 0.10 53.6 .89 sk6 . 1.0 ¢ 55.3 3.66
55.1 .22 70.10 56.2 b.64 - 57.2 132 579 . 3.5
57.6 : 10.5 0.13 = 58.7 ﬁ.22"“'v © 59.8 v 0.823- . 60.6 T 3.60
60.1 15.5 0.15 61.3 3.89 62.4 0.546 63.2 " 3.18
62.6 17.5 0.16  63.8 3.78 6497 0,517 65.7 - 2.71-
65.0 14.8 -0.10 66.3 3.69  67.k 0.846 68.3 = 2.%
65.0 6.5 o.21 71.8 4.30 72.4 1.21 ' 73-3 . 1.hk2
© Th.T 4.35 0.08 - 76.1 5.20 T7-4 0.813 78.3 1.96
79.4 3.08 0.07 80.8 7.30  82.2 0.652 83.2 2.22 -

84.0 1.72 0.05 85.5 5.56 - 86.9 0.499 s

-Gg= o

¢LGYT-TMoN
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Table II. ci3.

E, = 40.5 MeV

Elsstic "3.085 MeVv . 3.680 MeV . " 73,850 MeVv 7.498 + 7.553 Mev
1/e- - 12+ 3/e- 5/2+ 7/2+  5/e-
A .Stst. e . : e I
9cm (gg;c;?‘) .(51;701. ecm - kggég) - ecm ‘ (g{‘);gg) vecm . A(i‘yig) .ecm A (:z’g;(:g)
: sT) : .

197  1Lh ol o ‘ 20.0 NG 20.1 14.8 C 2ks 4.59
21.0 58.8 1.12 _ , . 21.4 b.hs 21.4 . 10.7 27.2 2.86
23.6 132 0.92 24,0 2.41 24.0 677 29.8 2.69
2.2 153 6.27 2%6.5 3.26 26.6 1.67 - %.6 k.4 32.5 2.98
28.8 109 2.62 29.2 ©  1.32 29.2 2.77 T 29.3 1.56 36.5 k.52
28.8 98.0 0.78 31.8 0.52 31.9 3.53 31.9 1 0.59 _ 37.8 .23 -
31.3 347 3.4 3.4 0.5k 34.5 4.19 34.5 0.49 . 37.8 4.49
3.3 439 0.53 35.7 0.81 35.8 b.6h 35.8 0.80 40.4 %.75
33.9 ° 847.- 0.20 - 37.0 0.87 ©37.0 5.03 C37.1 0.43 43.1 L.17
35.2 2.32°  ° o.11 37.0 0.98 37.0,  4.18 3.1 - L2 k5. 3.28
36.5 9.68 0.22 39.5 1.43 : 39.6 4.69 7 TU39.7 1 1.52 47.0 3.09
36.5 - 12.1 0.28 ¥2.1 1.08 L he.2 k.19 o he2 1.22 49.5 2.0k
39.0 20.3 - 0.37 Lh.7 0.93 44.8 3.71 44.8 0.93 53.4 . 1.95

b6 . 21l 043 - -b5.9 055 . 6.0 3.17 461 7 0.23 Sh.7 o 2.0k
4.1 28.1 0.39 . i8.5 0.29 48.6 2.24 . 48.6 0.60 - 56.0 1.70
45.3 - .23.3 0.49 52.2 0.21 524 2.01 52.4 ©0.10 58.5 1.53
45.3 20.4 1.37 53.5 0.26 53.6 1.96 53.7 0.19 - 6L.0 1.75
47.9 %.7. - 0.46 ©sh. 0.2k 5k.9 1.86 54.9 0.29 63.5 1.72.
51.5 0.1, 0.23 57.2 0.32 574 1m 57.4 0.11 6.0 1.9
52.9 10.6 0.21 59.7 0.30 59.9 2.06 59.9 0.15 68.5 . 1.89

" 54,1 11.0 " 0.23. " 62.2 0.23 : 62.3 1.72 62.% 0.17 70.9 2.02

' 56.6 11.4 0.21 67.0 0.15 - 64.8 1.h2 - Teu.8 0.18 3.4 1.80
59.0 15.1 0.41 " 69.4 0.31 67.2 1.20 67.2 ©0.57 5.8 '1.63
61.4 15.0 0.41 71.8 0.34 69.6 1.58 69.7 0.09 ~
63.9 3.3 - 2.5 .2 041 72.0  -0.82 . 72.0 1.0
66.3 12.1 0.16 ' Thak 2.20
68.6 8.5k  0.20 -
71.0 5.82 0.17

T3.4 © 3.89 0.19

~ 3
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. - s . v v
Table III. k.
H

Ej « 40.5 MeV ] .

Elsstic 3.545 Mev 4.91 Mev ‘ 5.10 MeV 5.69.Mev 5.83 MeV 6.21 Mev 6. Me¥ 7.03 MeV
1+ Level . 1+ Lével 0- lLevel . 2- level 1- Level 3~ Level 1% level 3+ level . 2+ Level
Stat.

Ae“' _ ._‘::;:g?  ovven - Pen ‘::;f’}?_ - Cen , (‘:;fﬁﬁ) i (:‘;;:2) "o ('i:; ) e oo (2:;:) ‘ew (::;:) "en (::ﬁg).
7.7 2815 13.3 18.3 1.43 15.7 0.3k 15.7 3.29 5.8 0.228 15.8 1.89 S .519 7.2 .908 18.5 0.407
0.k 389.5 9.64 18.4 1.23 - 17.0 0.h4sk 17.1 3.80 17.1 0.398 17.1 5.28 18.4 .349 18.5 .592 18.5 1.21
1.7 2450.5 . 20.0 20.9 0.967 18.3 0.119 18.4 3.51 18.4 0.215 18.4 4.78 18.4 .64l 18.5 .919 2l.2 0.5k6
12.9 1672 1.6 20.9 0.793 18.3 0.387 18.4 4.53 18.4 0.385 18.4 5.82 .21 .37 21.1 RASY 21.2 0.972
13.0 1368.1 19.2 23.5 0.480 . 21.0 0.471 21.0 3.48 21.0 0.231 _ 21.0 .98 21.1 476 21.1 819 23.8 - 0.436
13.0  2460.9 12.0 23.5 0.436 21.0 0.357 21,0 . k.60 21.0 1 0.358 . - 21.0 6.41 23.7 .193 23.7 .360 . 23.8 0.457
15.k 367 2.31 26.1 0.329 23.6 0.650 23.6 2.5h4 23.6 0.492 23.6 3.86 . 23.7 270 23.7 557 26.4 0.502
15.5 269 - 1.34 26.2 0.579 23.6 0.785 23.6 3.25 23.6 0.363 23.6 5.5 26.3. .23 . 26.3 .h80 6.4 0.47h
16.8 72.8- 0.84 8.6 0.721 26.1 0.890 . 6.2 1.99 2%.2 0.739 26.3 3.16 '26.3 .208 26.3 432 6.4 . 0.478
18.0 15.2 0.16 28.8 ~ 0.770 26.1 0.732 2.2 2.31 26.2 0.384 2.3 k.07 . 28.9 227 28.9 .307 29.0 0.561
8.1 10.37 ., 0.14 31.6 1.04 28.7 0.625 28.8 1.29 28.8 0.658 © 8.9 2.09 . 28.9 .184 28.9 .316 29.0 0.537

J20.5 73.2 - 1.19 .31.8 1.036 -~ . 28.7 - .. 0.466 - 28.8° . 1.h2 i 28.8 0.157 28.9 - 2.66 31.5 . .156° 3L.5. .198 31.6 - 0.3k
20.6 7.8 0.1 33.8 1.39 31.3 0.656 31.3 0.809 31.%  ° 0.209 314 41(50 31.5 .A55 31.5 .216 31.6 0.77k
23.1 163.1 0.ko 33.9 .34 0 313 0.525 T 31.3 0.TTh /314 0.161. 31.5 CL.47 %1 . .35 % 224 3h.2 0.854
23.1 174 0.62 _36l3 1.39 33.9 0.805 33.9 . 0.834 34.0 0.352 -7 -3k.0. . 1.22 3.1 .159 P .1T2 34.2 0.883
25.7 178 0.49 - 36.4 1.38 33.9 0.518 33.9 0.870 k.0  0.512 3.0 1.02 36.7 .161 36.7 .228 36.8 0.935
25.8 181.9 0.67 38.9 1.6 36.5 1.08 36.5 1.0% "36.6 0.595 36.6 1.79 36.7 182 36.7 151 36.8 0.873
25.8 158.9 0.9% 39.0 1.31 36.5 0.748 . 36.5 0.948 36.6 0.917 36.6 1.16 39.2 .22) 39.3 a7 39.4 0.804
5.8 155.7 . 0.59 1.4 1.03 39.0 1.17 . .3%.0 1.19 . 39.1 1.03 - 39.2 1.h2 39.2 .188 39.3 T4 o394 0.83
8.2 n2 - -0.32 . - 415 . 0.969 . . 39.0 - 0.913° 39.0- -~ 1.05 ... 39.1 _ 0.833 " 39.2 171 - . kLB . .15 418 07230 T - h2.0 0 0.533
8.3 84.2 0.58 43.9 . 0.830 k1.5 = 0.945 5.6 0.649 b1.7 1.38 .7 0.924 41.8 .189 41.8 -129 42.0 . 0.676
28.3 106.1 " 0.53 4.0 0.800 4.5 0.998 41.6 . 0.941 41.7 1.83 3.7 1.92 © .3 .168 LU .1587 42.0 0.760
30.7 0.5 0.20 6.4 0.630‘ n.s 0.855 11.6 0.926 n.7 0.843 hi.7 1.87 y,3 152 R .10h Lh.5 - 0.607
30.9 36.25 0.23 46.5 0.603 Lk 0.625 44,1 0.737 k.2 0.957 k4.3 1.43 ' 4.9 .16 46.9 .168 Lk.5 0.567
33.3 8.39 0.097 18.9 0.550 bh.1 0.696 Lh.1 0.678 kb2 i 0.706 .3 160 46.9 .17 46.9 .108 47.0 0.500
33.4 6.80 0.085- '49.0 0.509 46.6 0.149 - 6.6 0.3%5 4.8 ° 0.562 46.8. 0.951 4ol .180 bg.b 131 - 47.1 0.462
35.8 10.3 0.13 51.4 0.543 6.6 0.539 46.6 0.389 .8  0.590 46.8 1.04 hgfb .145 LR .073 %9.6 0.392
35.9 13.k0 0.13 - 5L.5 0.419 49.1 0.259 R TN 0.355 - 49.3 0.397 49.3 0,645 51.9 .186 52.0 119 49.6 0.480
38.3 23.95 0.12 T 539 0.3%5 k9.1 0.306 4g9.2 0.340 " 49.3 0.338 49.3 0.748 51.9 .136 52.0 .085 - ‘52,1 0.416
38.4 27.2 0.16 54.0  0.306 51.6 0.135 51.6 0.424 51.8 0.161 51.8 - 0.535 sh.k .20k sh.s .12k 52.1 0.390
40.8 31.0 S0.1% 56.4 - 0.318 51.6 - 0135 "51.6 0416 -- - 51,8 0.164. 518 | 0.523 . sk +188 5h.5 .057 54.6 1 0.386
40.9 . 26.5 ©0.32 " 56.h 7 . 0.288 . Skl 0.160 sh.1 0.443 56.7 0.176 54.3 o.481 56.9 257 56.9 049 Sh.6  0.u5h
ko.9 33.4 0.76 58.8 . 0.266 sh.1 0.1k sh.1- O.542 5k.3 0,057 54.3 0.473 61.8 .22k 61.9  .070 5Tl 0.Lgo
k0.9 33.4 0.18 "58.8 0.301 56.6 0.156 56.6 0.608 . 5h.3 0.183 - 56.8 0.559 - 64.2 T2 6s.3 .03 57.1 . 0.UT3
%0.9 25.1 0.21 58.8 0.250 S N 0.193 61.5 0.486 61.7 0.245 61.7 0.7hh 69.0 .37 69.1 -037 59.6 0.505
43.3 2.8 0.1% 61.2° " 0.295 ~ 63.9 0.023 63.9 0.606 6h.1 0.214 64.1 0.735 . T13.8 -100 73.9 -058 - 62.0 0.500
43.% 2.8 0.17 61.2 0.232 68.7 0.126 68.7 0.2 ) 68.9 0.220 68.9 o.452 . ) 62.0 0.606
45.7 19.5 0.13 63.6 0.264 3.4 0.122 73.% 0.511 13.6 0.362 3.7 0.21% ' ' C . 64.5 0.5k1
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Table III. (cont, )

Elastic 3.945 MeV i : , : 7.03 MeV
1+ Level ) 1+ Level ' 24 Level
Stat ' ‘ :
] do/d®  Error ] do/dD . 0 do/dn
em {mb/sr) - (mb/sr) cm (mb/sx) -~ - - - . - : em (mb/sr)

45.9 16.2 0.09 63.8 0.264 ' 64.5 0.690

8.2 124 . -0:09° 66.2 . 0.260 - : ' 66.9 0.513

48.3 1057 0.07 68.14 0.320 69.3 0.508

50:7 10.4 0.09 "~ 68.5 0.233 _ . ‘ 69.3 0.583

50.8 8.91 0.07 70.8 0.233 : o T1.7 0.422

53.1 12.1 . 0.10 73.1 0.220 _ ' 74.0 0.428

53.2 11.01 0.08 5.6 0.187 ) '

55.5  13.71 0.09 77-9 0.19%4

55.5  15.5 0.12 82.4 0.211

58.0 17.7 0.19 - 86.9 0.197

58.0 4.7 0.10

58.0. .7 L1674 - T0a2 : - .

60.4 13.7 0.08 - _ o

60.4 16.5 0.10 _, : ‘ 7 o 1

62.7 4.6 010 ' (?o

62.9 11.8 0.075

65.2 8.68 0.065 _ _

66.9 -8.37 - ~0.075 ‘ . PN -

67.6 6.32 0.057 T

69.8 L.86 . 0.051

72.1 k.07 0.037

72.1 5.27 0.063 : o

4.6 3.5 0.035 . S / .

76.9 . 3.4 0.03% , . . ,

81.3 1.99 . 0.028 . . v T -

85.8 0.844 0.019 o ' :

16.4- -~ 2,76 - 0.078 . '_ . : - T S T

130.1  3.33 0.089 o ' ' ,

13%.4 3.01 0.084 ) (c;)

138.6 .79 0.105 - : : ) [?1

2.7 %.90 0.105 o ’ 4 ‘ : : . \EJ;\
o




. . Teble IV. N©. " - ’ *
E = %0.5 MeV
Elestic 5.276 + 5.304 MeV - 6.328 MeV 7-16 MeV 731 MeV 7-5T MeV 8.31 Mev 8.57 MeV
ye- 5/e+  1fex o 3/e() (5/2+) 3/e+ (7/2%) (1/2+) (3/2+)
Stet.
e Rl Scn (ﬁgﬁﬁ) el % (e ®en (iﬁfﬁ?) bem /Dy e o e (e
10.3 . 4oko 12.8 10.5% 4.28 10.6 3.71 17.2 0.97 17.3 0.792 17.3 7.50. 21.6 0.347 21.6 0.416
12.9 1230 L.97 15.71 6.6 13.2 8.30 21.5 0.591 18.6  1.k6 18.6 -3 23.9 0.403 23.9 - 0.334
15.4 iy - 1.3 17.0 5.89 ‘ 15.8 5.48 23.7 0.562 21.5 1.31 21.5 6.85 26.4 0.217 26.4 0.24kY -
16.7 36.h 0.39 18.29 6.72 18.4 3.92 26.3 0.341 23.7 1.44 23.8 5.84 29.0 0.239 29.0 0.155
17.9 8.19 0.15 ' 21.3 7.33 17.1 3.96 28.8 0.223 26.3 1.20 26.4 4.28 31.6 0.159 31.6 0.086
20.9 128.2 0.46 23.2 7.22 21.4 1.98 34.0 0.063 . 8.8 0.856 " 28.9 3.17 3h.1 0.164 3h4.2 0.177
21.6 177-7 1.60 23.4  6.16 23.5 1.06 36.5 0.053 31.5 0.686 31.5, 2.54 _' 36.7 0.249 36.7 0.188
22.8 207.2 1.92 2%.0 11 26.1 0.671 16.6 0.127 3.0 0.661 34.0 2.61 39.3 0.260 39.3 .0.207
23.5 200 1.8 28.5 2.47 28.7 0.971 54.0 0.117 36.5 0.976 36.6 2.75 41.8. 0.250 %1.8 0.140
2.1 196.4 1.77 31.1 1.63 31.2 1.61 56.5 0.084 ©39.1 1.12 39.1 3.17 - 4.3 0.324 bk 0.093
25.4 151.8 .21 33.2 1.83 33.8 2.02 58.9 0.112 41.6 0.991 1.7 2.80 k6.9 0.240 k6.9 0.071
25.5 152.4 0.55 36.15 2.42 36.3 1.75 66.1 0.025 .1 1.1k Lho1 3.96 kg.3 0.277 L.y 0.062
- - 26.6- 121.3° - .09 - Soo38 276 . 38.9 - 1.64 68.5 0.063 . 6.6 0.663 4.7 2.13  .51.8 0.237 . 51.9.  0.061 .
28.0 3.1 0.%0 hr.2 2.61 .y 109 713.2 0.079 h9.1. 0.500 kg.2 1.67 54.3 0.176 544 0.088
30.5 17.15 . 0.20 43.7 1.98 43.9 0.731 77.8 0.003 51.6 - 0.kg5 51.7 - 1.50 ° 56.8 0.125 56.8 0.053
33.0 2.43 0.079 K6.2 1.4 46.4 0.539 82.4 0.033 skl 0.285 sk.1 1.40 59.2 0.072. 59.3 0.058
35.5 10.86 - 0.17 48.65 0.830 48.9 - 0.531 86.9 0.003 56.5 0.351 56.6 1.16 61.7 0.09% 61.8 0.041
38.0 20.6 0.25 51.15 0.714 51.4 0.603 95.6 0.023 59.0 0.307 59.1 1.17 6h.1 0.048 6h.1 0.03h4
ho.4 20.9 0.26 .. . -53.6 . o.'786 - 53.75 - 0.65T7 99.8 0.252 61.4 0.h44 61.5 1.12 .66.5 ' 0.033 66.5 0.046
k2.9 s T 0.2 56.0 ' 0.897 . 56.3 0.633 103.9 0.019 63.8 0.522 63:9 1.06 €8.8 0.0%0 68.9" 0.0kT -
45.3 8.32 0.12 - 58.5 0.941 - 58.7  0.542 o 66.2 0.493 66.3 0.923 73.6  0.048 73.7  0.105
k7.8 5.85 0.11 S 60.8 - 0.921 . 610 0.528 o - 68.6 o_.h93 _ 68.6 0.876 78.'2 S 0.112 78.3 0.087
50.2 8.02 0.10 63.3 0.773 . 63.55  0.558 - T3.3 0.603 3.4 0.835 , -
52.5 10.9 0.11 65.6 _0.645 68.35 0.550 - - ' | 1.9 0.770 ~ T18.0 0.798 B
55.0 12.5 . 0.12. 67.9 0.680 " 13.0 0.529 B2k 0.937" . 82.5 - 0.737
57.4 1n.8s 0.12 2.7 0.89% 17.6 0.426 T . 86.9 0.325 - 87.0 0.377
59.8 9.99 0.11 113 1.0 82,15 0.312 . - 95.6  0.560 C95.7 0.628
62.1 7.02 0.085 81.8 0.824 " 86.6 0.198 99.8  0.476 99.9 - 0.409
64.5 - 5.10° 0.0Th 86.3 0.598 91,0 0.261 : - 101(.0’ 0.352 104.1 0.619
66.8 k.21 0.069 90.7 0.619 95.3 0.336
1.4 2.70 0.057 95.0 0.691 99.5  0.280 _ )
173.7 1.53 0.0k 99.2  0.523 " 103.7 0.222 -
80.5 0.720 0.025 103.3 0.645 .
84.9 0.128  0.0030
89.3 0.063 0.0078
93.5 0.436 0.027
917 0713 0.036
g oy 0.816  0.038

“68‘"
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&

Teble V. 0.
_,Ea = 40.5 MeV
Elestic 6.131 MeV 6.916 MeV ™ 7.115 MeV 8.870 Mev 9.85 MeV 11.08 MeV
» o 3- level 2+ Level 1- Level 2- Level 2+ Level 3+ Level
Stat. .

%em é%fii‘) el Ocn (igfig) Ocm (ﬁgﬁg) Oem (3{:;22) Oem (35522) Oem (i{:ﬁg) Ocn (ﬁ{'ﬁ?)
15.01 228 1.y 10.2 17.0 17.9 12.1 18.0 1.72 18.1 1.2 18.2 - ~ 0.3 18.3 ~ 1.9
17.50 20.0 0.24 12.8 15.4 20.5 8.23 20.5 2.20 20.7 1.33 20.8 ~ 0.3 20.9 ~ 1.9
19.99 156 0.78 15.3 17.5 23.0 5.60 23.1 2.37 23.3 1.05 o234 0.597 23.5 1.88
22,47 251 1.00 17.9 20.3 23.0 5.40 23.1 1.76 25.8 © 0.900 - 25.9 0.352 26.1 1.76
22.47 239 2.1 20.4 20.7 25.6 5.68 25.6 1.78 28.4 0.550 28.5 0.290 28.7 1.61

S2h.95 2020 T . .-1.2 23.0 17.0 28.1 6.07 - 28.1 1.15. 30.9 0.509- '33.6 0.221 3.8 - 0,945 -
C27.h 92.9 0.65 23.0 15.5 30.6 6.00 30.6 1.06 33.5 0.533 ' 36.2 0.195 36.4 0.734
29.9 19.0 0.21 25.5 11.6 33.2 ko2 33ﬂ2 1.55 . . _36.0 0.670 '38.7 0.330 38.9 0.707 2
32.3 1.86 0.07 28.0 6.6 35.7 '3.19 35.7 2.21 38.5 0.767 hi.2 0.330 41.5 0.636 §>
34.8° 15.1 0.21 30.5 5.01 38.2 2.02 ' 38.2 2.62 41.0 0.802 43.7 0.251 k4.0 0.563
"~ 37.2 26.5 _ - 0.29 33.1 5.54 ho.7 1.73 ho.7 2.65 43.5 0.6k3 hs,? 0.201 46.5 0.37% _
39.7-- - 24.8 0.27 35.6-  6.80- - h3i1 .70 h3.2 S 2,19 - - 6.0 0.428 T 48.7 0,137 - k9.0~ 0.423
ho.1 13.2 0.21 38.1 T.h2 45.6 1.h49 k5.7 1.66 48.5 0.186 51.2 0.095 51.5 0.355
k.5 h.o1 0.13 4.5 7.20 48.0 1.61 k8.1 1.15 51.0 0.123 53.7 0.160 54.0 - 0.352
46.9 407 0.12 43.0 5.41 50.5 1.25 50.6 0.90 53.4 0.154 ' 56.1 0.179 56.5 0.283
ho.3 9.29 0.19. 45.5 3.41 53.0 1.h1 53.0 | 0.50 55.9 - 0.159 61.0 0.233 61.4 0.236
51T 15.5 0.26 k7.9 2.56 55.4 1.23 55.4 0.45 60.7 0.267 65.8 0.159 66.2 0.188
54.1 17.7 0.28 50.4 2.35 60.2 1.1% 60.2 0.3%L 65.5 0.191 70.5 0.146 70.9 0.068
58.8 11.2 0.23 52.8 2.5 6h.9 0.885 65.0 0.53 70.2 0.508
63.5 5.51 ©  0.16 ©55.2°° 2.72 69.6 0.48 69.7° - 0.63 7
68.1 4.67 0.16 60.0 2.43 ' o
' ' 64.7 - .2.06 . P
69.4 1.91 e
b=
N
3

ﬂ
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o7 - Table VI. o*®, ‘ )

E = k0.5 MeV

5.25 + 5.33
Elsstic 1.980 Mev 3.55 + 3.53 MeV 3.92 MeV k.k5 Mev 5.09 MeV + 5.37 MeV
o+ 2 b o+ 2 13+, 1-) (3-) (2+, Or, 3+)
Stat.
ben (igﬁf) iyl en (::5:?) Cem (gﬁg) fen (ﬂg) ben (if;;:g) Oem (;,’,;7:‘,’) Cem (,f,{:f‘:?)
9.9 5040 20 10.0 3k.0
12.3 1450 1 12.4 h1.1 12.6 7.60
©o k.8 L _eko 1.h “1k.9 35.0 15.0 3.26 15.0 9.06 . 15.0 12.5 15.0 2.56
17.2 Lo R’y 17.3 19.% 17.4 2.18 17.h 4.16 17.5 0.97 17.5 12.5 17.5 1.18
19.7 173 " 0.9 19.8 6.37 19.9 2.00 19.9 1.23 19.9 1.19 20.0 10.3 20.0 0.91
22.1 224 0.9 22.2 3.11 22.3 2,02 22.4 1.18 22.4 1.00 22,4 7.18 22.5 0.51
2k.5 155 0.8 24.7 6.15 24.8 1.96 24.8 2.30 2.9 0.67 2h.9 3.55 2h.9 0.78
27.0 5%.1 1.2 27.1 8.86 27.2 1.43 27.3 2.68 27;3 0.73 27.4 1.04 '
29.4 6.26 0.1 29.5 7.14 29.7 1.05 29.7 1.88 29.7 1.08 ) .
31.8 5.67 0.1 31.9 3.85 ' 32.1 0.82 32.1 1.05 32.2 1.14 32.3 2.10
3.2 19.5 0.2 34.3 1.40 345 0.78 34.6 0.40 34.6 1.00 34,7 2.73
36.6 23.8 0.2 36.9 _ 1.45 36.9 0.60 37.0 0.45 37.0 0.51 37.1 ‘1.95 . 37.1 0.47
39.0 18.1 0.1 39.2 2.98 39.3 0.63 39.4 0.73 39.5 0.25 39.5 1.50 39.6 0.42
hyis 7 Bi36 L7 0.09 - 41.6 3.98 k1.7 0.50 41.8 0.90 n.9 0.12 32,0 0.77 he.'_o' 0.31
43.7 ' 2.79 0.05 43.9 3.98 5.1 0.30 by.2 0.79 14,3 0.098 L4 0.51 4.5 0.22
46.1 3.1k " 0.06 46.3 3.11 46.5 0.20 %6.6 0.48 16.7 0.11 46.7 0.60 46.8  0.14 ,
8.4 5.88 . 0.08 8.7 1.90 48.9 0.26 _h9.o 0.23 Th9L0 T 0.076 k9.1 0.59 49.2 0.19 kl_)j
50.8 6.53 0.03 51.0 1.56 51.2 0.28 51.0 0.22 51.% 0.059 51.5 0.58 51.2 0.23 i
55.4 5.56 0.06 55.7 2.10 55.9 0.37 56.0 0.3h4 56.1 0.145 56.2 0.45 56.2 0.054
60.0 2.26 0.0k 60.3 1.75 '
- © 6,19 MeV - 6.34 + 6.39 MeV T.12 MeV 7.83 MeV 33603323" 8.21 + 8.28 Mev
T ? b+ ? 7, e, 1 2+ - .
Cein (ﬁfﬁ) fem (iﬁfﬂ?) Cem d:f‘:‘;) Oem (:{',;:2) fem (i{:f:g) Oem (:,:;Zf)
17.6 1.54 17.6 2.82 17.6 2,"hh 17.7 1.11 17.7 1.55 17.7 k.19
20.1 1.47 20.1 2.30 20.1 1.92 20.2  0.69 20.2 1.73 - 20.2 | 2.52
22.5 0.98 22.5 2.08 22.6 1.61 22.7 . 0.53 22.7 1.86 22.7 1.90
5.0 0.51 25.0 1.63 25.1 1.15 25.1 0.42 125.2 “1.3% - 25.2 1.49
27.5 0.42 27.5 0.96 27.6  0.7h 27.6 0.k 27.7 0.80 27.7 1.48
29.9 0.33 29.9. .. 0.83 30.0 0.66- 30.1- 0.47- ' . © 30.2 1,17
32.4 0.29 32.4 1.00 32.5 0.67 32.6 0.37 32.6 0.43 32.6 1.17
34.8 0.13 34.8 ©1.27 34.9 0.69 '35.0 0.3% 35.1 0.59 35.1 0.91 8
37-3 o.11 37.3 1.23 ~37.4 0.60 . 375 0.37 37.5 0.72 37-5 0.32 @
39.7 0.065 39.7 S 1.2% 39.8 0.52 - 39.9 0.29- - -39.9 0.82 %0.0 0.h2 - 1
k2.1 0.07h B2.1 0.93 2.2 0.37 ba.l 0.21 k2.b 0.72 b2.b o2 K
.7 - 0.28 44.8 0.21 44.8 0.57 4.8 0.k2 ﬂ
5.1 0.31 w.2” 0.9 ¥7.2 0.48 K7.2 0.3 M
%9.3 0.084 49.5 0.4 49,6 0.18 49.6 0.40 49.7 0.40
51.7 . 0.09% 517 0.k 51.9 0.37 52,0 0.22 52.0 0.42" 52,1 - 0.31
’ 56.4 0.27 56.6 0.34 56.7 0.22 56.8 0.47 56.8 0.32
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Table 7. Parameters for optical potentiai.

Nucleus v (MeV) W (MeV) ~a (fm) | N b (fm)
ct? . 3k, bl - 9.62 0.486 . 0.700
ct? 37.89 oz 0.519 0.500
N | 35,05 9,48 0.550 0.700
e 45.09 1507 © o 0.586 . 0.500
ot 45.71 1525 0.606 ©0.500
'8 4660 S15.70 - 0.551 o o.5oo,'
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Table 8. Reduced electric quadfupole transition probabilities.
Level Jm B(E2)4/e” (fm’) |1 Other values, comments
clg, 4, 433 MeV 2+ . 13 . B 9.6 fmu (Ref. h2)
ct?, 3.680 Mev  3/2- ~6 ' DWBA fit not good.
7.55% MeV. 5/2- 6 | DWBA fit not good.
Nl“, 3.945 MeV 1+ 6.5 . 6.21 * 0.37 fm” (Ref. U43)
7.03 MeV o2+ '5,5 | 3.3 fmu.(Ref. k3) -
15 6.328 Mev  3/2- 4.9 | '
0%, 6.916 Mev 2+ 7.7 | 4.3 £ 1.1 fu’ (Ref. bk)
18 , o 7.2 % 0.14 tu" (Ref. 15)
07, 1.980 MeV 2+ 8.k . _— L ,
o ' 18.0 £ 3.6 fm (Ref. 46)
3.92 MeV 2+ 3.0 0.16 * 0:01k b (Ref. W7)
‘ ‘ "% 0.009 et
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Table 9. Reduced electric octupole transition probabilities.

Level Jm B(E5)¢/e2 (fm6) Othe£ values,'comments.

clg, 9.64 Mev 3- 50 - 70 DWBA fit poor
Nlu, 5.10 MeV . .. s 104 £ 21 fm6 (Ref. 43)

5.83 MeV 32 _60 108 * 6-fm6 (Ref. 43)
Nl5, 5.276 MeV. 5/2+ 60

7.57 MeV 7/2+ 60
o 6.17:1 MoV 3- 90 | 210 " iz fn® (Ref. 37)
0, 5.00 Mev  3- ko § o |

.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

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

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