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L 5/2)5+ 0 and (lg9/2)9+ 0
Strongly Populated by the (a,d) Reaction®

c. C,_LuT, M. S. Zisman, and B. G. Harvey*'

- High Spin States of Configuration (14

'Lawrence Radiation Laboratory,
University of California
' Berkeley, California 94720

Jenuary 1969 - |

ABSTRACT |
~The (a,d) reactions on'targets of 130;_th, 15I\AI,'and 2QNe were studied

- using alpha partlcle beams of hO 1, 46.0, h5 h, and Uh.5 Mev, respectlvely

Angular dlstrlbutlons were obtained. States where the captured proton—

neutren pair is in the (14 ) configuration coupled to an unperturbed

5/2
target core are located and p0351ble spin as51gnments are suggested These

15 16

54,0

‘states are

170, T.T4 MeV (11/2f) 9 14 Mev (9/2-); 22Na, 1.528 MeV (5+).

SQCr 54, 56 o | 58,60,62Ni, ahd‘

N, 13.03 MeV (11/2- ), 11.95 Mev (9/2-); "W, 5.75 MeV (5+);

Separated isotopes

6h 66 6 R .
8Zn were used as targets to study the (a,d) reaction with a 50 MeV

alphavparticle beam. vStates with a probable configuration_of"(lg9/é)g+ C

ok 5600,d8.92 MeV; 56

6hcu,‘h.57 MeV; 66Ga,‘2;99 MeV;b68Ga§ 2.88 MeV;

were ‘located. These states are. ~Co, 6.79 MeV;

6oCu, 5.99 MeV;‘62Cu,-ﬁ.75'MeV;

Mn, 9.47 MeV;

TOGa, 2.88.MeV}

. The_residual interactionienergies between the proton ‘and neutron in
)2. )2 o
5/275+,0° T7/2°7+,0

from the excitation'energiesvdetermined in the present work and prevdous.work

)

the configurations (14 (1r , and (1g9v/2')§+ 0 were de'rvive‘('i

’

‘ { . 2 . 5 A . R ) 1 ., N o
on (14 5/q 54,0 and (1f7/2)7+’0 states. For Tz # 0 nuclides, an 1oteraetlon
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I. INTRODUCTION

- Pioneering spectfoscopic studiés of (a,d) reattions_bn nuclidésvwifh"-

1,2,3 ,

A < 40 using alpha particle beam energies from 42 MeV to 53 MeV ~ have

» suggestéd that ‘the most strongly populated states are:those invwhiCh the
_captured proton and neutron enter the same shell model state and couple to

the maximum angular momentum with zero isobaric spih’.;2 The pair cQuples to

the spin and isobaric sﬁin of the target nuclide to give the total angular
momentum and isobaric spin of the preferentially popuiated state. The

situation can be represented by the following vector coupling relation:

T+ 3 ol o
i ‘i D Jdos J=gJ,T=Q Jf’Tr = Ti

o where_Ji',Ti are the total angular momentum and isobaric spin‘ofvthé tafgét'

nuclide, j,t are those of the shell model state'iﬁto which the prdtoh and

neutron are capturedg and Jf,T ‘are those of the fiﬁai-state;" Théxallowed

°f

J yalues.have the;range:

e

]Ji—JISJfS]Ji+J|

Hence, levels with a multiplicity of '(2Ji+l), if J>J, 5 or (2J+1), if JﬁJig

will be strongly populated.

These studies of (a,d) reactions were carried out by Rivet et al.3‘t

: 12, 14,1 : L,26 ‘ o ho o
on target nuclides 2C, ? 5N, 160, zoNe, 2% 6Mg,.?88i, 328, uOAr,;and OCa.

~ The followihg>levels of.the-residual nuclides were Strongly_populated,and B

o)

5+,0]

I3 N . - ' + t : B ’
were assigned to the c§nf;guratlon [Ji’Ti ; (ld5/2) IR SR
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_ thzl'g.oo MeV (5+)
100 1439 Mev (k+), 14.81 MeV (6+), 16.2h MeV (5+) (Refs. 3,75) - X
1T ' | |

0: 7.6 MeV (11/2-), 9.0 MeV (9/2-)

. . . v )
';BF: 1.119 MeV (5+) (Ref. k) L - _ '

22Na: l€53 MeV.(5+)

' 26Al:  Ground_state_(5+)‘ ’ L

. ‘ N . , 2 . .
Thosg of [Ji,Ti +-(lf7/2)7+,01J are:

f’Tf:Ti

26p1: 8.27 Mev (7+)
.28Ai: 9.80 MeV’(7+):
P: 7.03 MeV (7f)'
Cl: 5.2 MeV (7%)
K: 1.87FMeV.(7+5
Sc: 0.60 MeV (T+)
'vsince  J$Ji in_aii thesg-qases, we.gépéct’a multipliéity of (2Ji+l) levels
for eéch.nuciide. vFOr even-even #afgét nuclideg, ﬁherg Ji=b, there Shquld
be only oné_hiéhly populated ievel.; Fgr.targeﬁ nugiid?s th(Ji;l) and |
%SN(Ji=l/2):we expect.a mﬁltiplét,of tﬁree and twp'iefelsf respectivé}j, ﬁo
oqcur:. These prédictions ére borﬂe oﬁt'by*the experiﬁents. ' :
Tﬂeléséignmeﬁts'of.ﬁhese high spin levels were based on thréé

criteria: : |

é)_Largest cross sectioﬁ,

) Siﬁilarity in the shapé of.aﬁguiar distributioh.(d mpfe qf less
mOnotonically decreasing cur&e'with.little,struéture) . ‘. ,: B : (4
residual’

c) A smooth decreasing curve when —Qf'was plotted against A

where. -Q

¢ is equal to the sum of -[Q value of the (q,d) reaction] and the
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excitation energy of the assigned state, and A is the mass number of

residual

the residual nucleus (A 2). At the time when these assignments were

+
‘ target _
made, the only spins known from other work were a possible.5+ state at about

1 MeV in 18F, 26Al-g;s. 5+, and h2Sc 0.6 MeV T+ or 6+. Reéently,vthe 8.963 MeV_

5,6

level of th was assigned spin 5+, the 1.131 MeV level of l8F was definitely

7 and the 1.530 MeV lével ofvgeNa was assigned '

ésfablishéd aé.havingﬁspinj54,
the épin:5+;8 All these direct experimental assignments are -in agreement
with the_pfedictions of the propoééd model obtained from thevsystemafidé of
the (a,d)ireactions. These agreements éfrongly indicate thé>feliability of
the model.

| In ordef to test furthervthe validity of the model and to extend'the

~ study to the medium mass region-(52 < A < 70) in a search for the existence

13,1&C 1520 . 52

v Of»[qi’Ti + (lg9/2)9+’&J v states, the targets N, " Ne, Cr,

| T=1, 58 ,
Sh’56Fe, 58?60762Ni,v ' and 6h’66’68Zn were used in the studyzof the
(a;d) reactionawith alpha-particle beam energies‘frbm 40 MeV to 50 MeV. The
multiplicitiés of the stréngly populatéd levels were féund to be in éécordv
with the predictions. \Levels With a probable (lg9/2)§+,0-configufatibn weréf

located.
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B v II. EXPERIMENTAL

The Berkeley 88-inch sector-focused éyclotron was used to provide » ~
>al§ha'particle béams from 40 MeV to 50 MeV; A counter'ielescope éohéisting
of two‘lithiumfdrifted silicon semicénductor-detectors‘was used to measure
‘the energy as Vell as to identify.the particles. Tﬂe details‘of this éystem
.have been désgfibed ﬁreviously39’3 .

'A éylindricél‘chamber of approximately 3" in diameter and l";in
height was used as:é gas taréétm_'Tﬂe'winddws for entr& and. exit of beam
ﬁarficles and fér‘the escape of sécoﬁdarj férticles were OfOOOl" tﬁiék Havar -
,f'oil'.v'lO rA tybical pressure of about 20 cm Hg was used in fhe gés-éell.

13¢ target was & CH, gas which contained 93.7% 130Hh.llf_The Ly

The
e . : : . g2 20 L .
target gas had an isotopic purity of 99.71% and the Ne target gas .had an
: L 13 Lo 1 L6 R
~“isotopic purity of 98.1%. The solid _ C target, which contained large -
o 12, 16, . s SV 2
amounts of C and O impurities, was mounted on a 2vmg/cm gold backing.

’ Thélsolid tafgets of medium mass nuclides15 were prepared by vacuum
:evaporation'of the metal onto a,glass.or'metal plate coated with a thin ;ayer‘
df NaCl'or Teepollh‘as parting agent to‘perMit Separation.df the foil from
the plate.: The seif—supporting fbilsvweré then:mounted-oh aluminum rectangular
plates with 3/4 inch holes in the center. The-isotopic purity of the various

targets was: oCr (99.9%), *'Fe (90-98%), *°Fe (98-99.9%), “Oni (98-99.9%),

O (95-99.8%), %21 (95-99%), ®"zn (99%), %zn (90-99%), ana zn (95-99%).

W o
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IIT. RESULTS
A Be(a,a)x

This reaction was studied with ablBC'methane gas target at ankalpha

‘particle beam energy of 40.1 MeV. A typical spectrum taken -at 6(lab) = 12.0°
_is shown in Fig. 1. The methane gas was found to decompose at a.constant

‘rate under irradiation,of the incidentvbeam.‘ This effect was_corrected by;

using the results of a monitor counter mounted at a fixed angle of 19° (lab).

Angular distributions for f(cm ) = l2;h°-88.2° are Shown in Fig. 2. The energyvj

‘resolution (FWHM) was about 130 keV. The excitation energies determined here,

together with the total cross sections and previouslylknown level informathn,
afeilisted;in Table I. | | |

As shown in Fig. .l only a few levels‘were populated strongly -The
l3 028 MeV and 11. 950 MeV levels were ass1gned as the doublet state w1th |
conflguratlon.
(14 )2

1/2-,1/2"775/2 5+,0]ll/2~,1/27

[(13C.g.s.)
- 9/2-,1/2"

These assignments will be discussed in detail in Sectl Iv.

: B; }hc(azd) ,

(g L - '
Solid C on a geld backing was used.as the target. This reaction

was studied with an alpha partlcle beam energy of h6 0 MeV vA'typical

spectrum taken at e(lab) 15.6° is’ shown in Flg 3. Angular distributhns

for 6(cem ) = 14.5°-93.9° are shown in Flg. h. The energy resolution (FWHM) was

abOutil6O keV.
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The-only highly:populatedilevel-(at exc1tatlon 5 7h5 MeV) was

a551gned to have the domlnant conflguratlon
5 . f

_)2

(lds/e 5+, o]5+ 1

Blﬁc g s )O+ 1

— - F— . - . f e N e . - - G P % — :‘ 4 e

The measured exc1tatlon energles and total cross sectlons together w1th

. AN
§

recent energy level 1nformat10n of 6N are llsted 1n Table II

L ¢ Pre,0)tTo
3 e

nGaseous o was used as the target The reactlon was studled w1th

d'_an alpha partlcle beam energy of MS h MeV.v A spectrum taken at G(Iab) 13 2°‘fl5'

is shown in Plg 5 Angular dlstrlbutlons for e(cm ) 13 5° 82 2°'are shown'f
:.'1n Flg 6 The energy resolutlon (FWHM) was about lSO keV The measured
'I.jex01tat10n energles and total Ccross. sectlons, together w1th energy level _vi'b

7O are llsted 1n Table III

‘balnformatlon of
Two strong levels at 7 7&2 and 9 137 MeV were ass1gned to have the
”.dominant conflgurat1on.,.' .
: “--‘ é'

(xa_ )

1/2-=, 1/2 5/2 5+ 0]11/2-,1/2

[(15N & 5 )
o /2— 1/2

- This'result;is,inuagreenent,with:thevprewious (a d) study at hT MeV. e Bettern_

. resolution was Obtained in this work.
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D. 20Ne(u5d)22

This reaction was studied with an alpha particle beam energy of LlL.5 MeV

_and a’gaseous 20Ne target. Figure 7 is a spectrum taken atve(lab)': 11.2°,

Angular distributions for 6(cm) = 10.5°-57.4° are shown in Fig: 8. The energy

resolution was about 110 keV (FWHM). The measured excitetion energies and .

total chss sections together with energy level informetioh of 22Ne are listed

in Table IV.

In general;_the levels populated were the same as e preVious‘etudy

-of this reaction.> However, better resolution was obtained and the excita-

tion energY'studied was extended to about 16:MeV. 'Three_ievelsl(l.528,

7. h60, and T7.8Th MeV) were.Strongly populated. The level at 1;528 MeV was

-ass1gned 0 have the domlnant conflguratlon

20 o2 1
[ e g.s.)0+,O(ld5/2)5+’o]5+’0

My, Fe (a d)56 58 58.60. 62 ( Jd)60,62’,6hcu

*20r(a,d)*Mun, 225
— L 6h,86,68, d)66 5,70,

These reactions were studied with an alpha particle beam energy of

| S0.0 MeV at four lab angles——lho 20°, 34° (or 35°)vand Loo (or y1°). Separated

1sotope targets with purity ranging from: 907 to 99.9% were used. 'The:target
thicknesses Varled‘from 153 to 630 ug/em . In or@er te step-the‘deeterons; e
counter telescoée #ith a AR eounfer 0.06" thiCk and an E‘counter 0. lQ"'thick :
was used. The dead layer of this thick AE detector was the main cause of the
loss of energy resolutlon to a typlcal value of 170 keV (FWHM) Spectra of

deuterons irom.these,reactlons are shown in Figs. 9-17. The hlgh select1v1ty
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.

in poﬁﬁlating States'by the (a,d) réaction again prevailed in this mass region.

States Where_the captﬁred proton—neutrog ?air are probabiy both in the 1g9/2f
stateiand coupled to 9+ Were-éssigned for these huclides. 'The'diffefential
érdss~sécti6ns for formation of these sfatgs at fbrward-dngleé were about

1 mb/sr. Previoﬁsij knownfleyel informétion.forvthe product nuclei can be

found in Refs. 26-37.

*
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IV. DISCUSSION

" A. Criteria to Identify the (1d r/g 5 O and (lg /2 9+ g_Levels Levels
The (14 ')2 levels in llght huclides assigned by the present study

5/275+,0

aud previous work?s3 are summarized in Table V. If from other work there
are more accurately.determined excitation energies for these levels,rthese,
values are listed.. Anéular distributionsvcorrespondingvto the (14 5/2)§+ 0
levels obtained by this work arevshowh in Fig. 18. These angular dlstrlbu—
tlons are s1mllar to thosebof known 5+ levels of prev1ous (d d) work. Only
one of the latter, that of the 8. 963 MeV 5+ level of th, is also shown in
Fig. 18 | o

As stated in‘thekrntrOduction, the'criteria fortidentificatlon of7
these‘states:are that the cross section:be.large;:the anéular.distrihutiohs
he similar to each other and thatlthe value of —Qf decrease‘monotonicallv
vith_increasiug Aof thevresidual huCleus. '(Qf is the Q-value for formation_
of the level.)

The large’cross sections arise from the following causes:

t Sa) These states have higher'spins than othergstates‘and.hence the

cross sectiou is enhancedbby a large Statisticalvfactor (2J+1). |

38

b) The structure factor G for these states is_large;v This means.;

’roughly that the initial}state plus the deuteron-picked up from theba parti—,

cle‘have large overlap With the final state-
c) At LO-50 MeV alpha partlcle beam’ energy the momentum transferred

to the target (12 S AL 2h) by the captured proton- neutron pair at the

'naclear surface is about hh Wthh favors capture of the two partlcles 1nto

the 14, /) shell model state (which can give_an L = Qn + Rp = 2 + 2.#FH :

N

. D
trans fer).
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' ’ ' : . ' .1 .
For,Tz.= 0. nuclei the calculation is simple. For example, . in ,‘N,- e

the 8.963 MeV 5+ level was -assigned, to have the configuration ‘-

[ 12 _. 2
B c Core)(ld5/2)5+,0]5+,0»

The total.separation energy of the proton andvneutronuinﬂthis toﬁfiguratioh ‘

. from the 12C»core,'denoted by-ST, is

. % o 2 ] S B .
Sp =8, - F =8, +8 - E(ld /2)5+ o S (1)

where Sbﬂe ie.phe'separation energy'Qf’the>¥gst'protqniéﬁd@qeutrOnA;n the

ground state of th-fromﬁthe 120 core, -E  is the excitation energy of the

(1d5/2)5+ 6 state (equal §0'8.963 MeV in this éase),.esb .isethelsepération
energy of_anpfptonfiﬂ the*lds/e single- partlcle staﬁe Of, N(3 56 MeV 5/2+
state), Sﬁ " is the separatidn energy of .a neutron-in the lds/éfSInglé#"-
particle state~of ‘C(3 85 ‘MeV 5/2+ state), and E( 5/2)5+ o is. the re31dual
1nteractlon energy between ‘the proton and the neutron’ in the conflgurationlf
(ld5/2)5+,0.-vThe results.of these célchlatiens for the nuclides,l%N,vlaF,
22 26

Na, and ""Al are lisfed in Table VII. The ﬁeighboring sihgle.particle
statee used in'the celcﬁlations are also tabulated. .The'ﬁaes table of Ref. 7h:
is used in calculating thexseparation‘energies. The reeidual inﬁefaction
eﬁergies etay fairly cohstant‘ovefethis mass reéion from A = 14 to 26 with a_
.valuevof abouﬁ —3.9 MeV, (i.e., attractive). Exeept for the nucleue 26Al,'
.fthe reSidﬁei:interaetieﬂ.decreesee elightlyfﬁfth increaeihg A.
| For"Tz £ 0 nﬁeiei the eitﬁetion is more comblicatea.i As “an exaﬁ?le,
the 11/2-, T = 1/2 state of 1oW,which is assumed to hayevthe following con- ¢

“figuration:



ix

. conflguratlon (14

- elements V

: 1 . ,
‘ state of 5N can only be in the d

~15- -  UCRL-18719

13 ; 2
[ -‘C.Core’l/e—,1/2(1d5/2)5+,0]_11/2~,1/2 .

will be discussed below.
The S = value in Eg. (1) is equal to the neutron separation energy
from the 13C round state in the th state yith‘confi uration (d_,. . : ) v
~groun i nfigurat 5/2,131(2 31"

The Sp value in Eq. (1) is equal to the'mean'value of the proton separation

energy frem the 30 ground state welghted by assumlng that the - probablllty '
L1k | |
in the N(d5/2’91/2)3—,0 state is aJ, and the probablllty in the .
1k : is : - .
N(a 5/2,pl/2)3_ is J". The probabllltles aJl and bJ, are obta}ned

by requiring that the total 1nteractlon energy of the two d5/2 nucleons in a

o - "13 . v
,5/2)5+,0 #o the pl/2 negtron of ‘C be equal to the sum

of the interaction of_the d

5/2

. proton to the pl/gvneutronyand of the 5/2
neutﬁon to the pl/é_neutron. -That is,.

. ] ) : .
. 2 - CT=17 m— = : = >
.<(ld5/2)5+5ovpl/2 ;-11/2 T—l/2 = /2)5+ 0 p1/2 J=11/2, i};/z_
N P |
| [a3 3,0 *. 3 Va,l] V31
On the rightlside of the above equation the notation V_,- is used. The

T

quantities in the bracket represent the neutron—@roton interaction’and the

last term'represents the neutron-neutron interaction. The quantlty on the
left side of the above equation can be expressed in terms of two body matrlx

vby applying Eq. (37—19) of Ref. 50. However, 1t-must,be

Jr,T!
- b o
. noted i : \
note vthat in the (4 5/2,pl/2)3__ r (4 5/E,p]_/2)3__ state .of N the proton
. C 2 -
, t 2
is in the d5/2 state half of the time while the proton in the [(d5/2)5+,0p1/2]J,T

state. Therefore, an additional Coulomb

5/2
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energy correctlon ‘must be 1ntroduced. The Coulomb energy' differenee between

12
d5/2 proton,coupled to the'lQC core and a Pl/2 proton coupled to the_ C

core is just the difference of the ‘excitation energy between the d5/2 single

i3

particle excited states of 3¢ ana N, which are 3.85 MeV and 3.56 MeV,

respectively. This difference is equal to.o.29 MeV. _The Coulomb energy cor-

rection'isveqﬁal to half of'this Value, i.ew 50.15 MeV.

i

The above method is used to calculate the. residual 1nteract1on for the

16 16

N(13 023 MeV), o7, 43 Mev) (16 2h MeV), and (5»7h7 MeV) levels

assuming. that these states have splns ll/2 ll/2 6 and 5 respect1vely
ThevCoulomb energy corrections are O.lS? 0.22, O, and 0.13 MeV respectlvely;
The valaes ebtaised,.as well as the level infofmatiba of neighborlﬁg nuclides
.used, arevlisted‘in Table VII. The name "interaction model" ls used to sig-

nify the present separation of interaction energy‘ef (14 5/2) -to-core

5+

into proton~-to-core and neutron-to-core interactions.

' o - c 1
From (0,d) experiments, a level in each of the four TZ‘= 0 nuclei = N,

18 )2

F;IQQNa, and 26Al was‘aSSigned spin 5+ and the'configuration (core)(ld
‘From independent Work,‘eachfof these levels is'knowh to have spin 5+. One
_mayntherefore‘safély assume that the main configuration islindeed

(core)(ld ) . Further, the experimental residual interaction energies

5/2 5+ 0* , '
.stay constant.at abQut‘—3;9 MeV over‘the_mass:region A= lh to. 26 as w1ll be

)2

fshownvin Part D. - This value of the (14 1nteract10n enervy is very

5/2

reasonable, prov1ng that the method used for the extractlon of the 1nteract10n

5+, O

energlesvfor the T =0 nuclelvls ‘correct. Slnce the calculation of the 1nter—
actlon energy for the T # O nucle1 glves a result in excellent agreement
- with that obtalned for the T =0 nuclel, one may have con31derable_conf1dence

in the method of calculatlon as well as . in the assignments of spins and

5/2'5+,0°
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_parities:fof the levels of TZ # 0 nuclei shown in Table VII. "Alternatively,
an experimental verifiéafion of the spin of these states would prove‘ﬁhe
correctness of the above interaction model approach used for the: TZ #;O

.nuclides.

¥

One can expect that the above calculational method, for both TZI= 0

I

or-T% #0 puélides, is_Qﬁite‘goéd bn the follﬁwing two acCounts:
a) Beéause of the high spin vélﬁe of ﬁhe state cohsidered, cénfigura—
tion mixing is sﬁall. | |
b) By using‘experimeﬁtal énergiés-of peiéhboring nuélei, some core
.excitation has aiready'been taken into account. That ié to say, the states
"vofAﬁéighboring nuclei used in the calculation need not have a very pure con-

figufation._'As longvas the présénce'of the'additiohal a nucleon -of the:

5/2

two ﬁarticle'state does not alter this configuration appreciably, the inter-

action energyithus.calculated may still be accurateveven though the true

configuration of the target is not purely [(12C core)(pl/ejn].

Following the same method as discussed above, the_residuai interaction

énergy between proﬁon and neutroﬁ in the (1f7/2)$+;0 configuration has been cal-
. . . . b1 .

culated. The results are listed in Table VIII. The excitation energies bf

28

the two-particle excited states used here are. from Ref. 3. For Al, the

values of Aand‘ th

'aJ, are 2/3 and 1/3, respectively. The Coulomb energy
correction is 0.11 MeV. The residual interacﬁion énérgy stays-féirlyvconstant
)

but decreases slightly faster with increasing A as compared to the (l'ds/2 5+.,0

residual interaction energies. :

Similarly, the interaction model method_canvbé applied to calculate

the residual interaction energies between proton and neutron in the -
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configufatibn. These calculations need'the value of the excita~

tion energles of the. analog states The single particle lg9/2 states in'59

59 56

Nl and 61N1 are known.

Cu

and 6;Cu analog to The Coulomb displacement energies,

53, 55. 63

'E_, of the “"Mn, Co, 2>Cu, and Ga (natural mixture of isotopes) analogs

to the’ground states of 53Cr'; 55Fe,'63N1, and Zn are equal to 8. 390 NeV

8 660 MeV, 9. 300 MeV, and 9.76 MeV respectlvely o7 The lg9/2 analog states ‘

are assumed to have the same exc1tat10n energies above the analogs of

53 . .55 63 . 65 67

the grOuhd states of Cr, Fe, "°Ni, Zn, and- Zn-as the excitation
energies of thel_gg/2 singie parﬁicle states of the lahter nuolei. Cou;omb
ehergy~oorfections are nof inclﬁded beoause there is not enough expefimental’
hjihformatioh to caichlate these values. This is jusfified from the previous

calculations for (14 ) Wthh have shown that these correctlons are only

_ 5/2°5+,0
about 150-220 keV.
The constants &z and bJ, for each nucleus are determined:with'

the-following»éssUmption about the configufation of the ground state of the.

‘ target'core:

5 52Cr:‘ (1f7/2)éi?2
"?hFe;j (lf%/g)ét ) .
S8y (?p3/2)o+,1 5. (lf5/2)§+.l | S _
o 6ON1§ f(2p3/2>3+,2 or (lf5/2)3+;2_ s o h-"ﬁ
s, RE R .
[ 2(1f5/2)§+ 5
.h66. N 6

e (eny 2 173005
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In all the cases thus calculated, the constants. ay and bJ, “have the

value:

a, = 20, /(27.+1) _ b.., = 1/(2T.+1) -
1 1 : 1

J! J!
‘where Ti is the»isobaric spin quantum number of the target. The results. -

70 |

. ’ - , s
of these calculations are listed in Table IX. For the nuclei > Co and‘ Gaﬂ

(56 68

Fe and =~ Zn) have to occupy two shell model states.

or (P_3/2')v6_(fb

the target nuclei

'(i-e°’b(f7/2)—2(p3/2)—2. 5/2)6, respectively)vbeyond”a c}osed lf7/2

shell. Then, one needs to calculate the interactien energy between the g9/2

nucleons,andbthe and nucleons in the configufetion

h 2.

n o ' :
i . : 2
GOl G2 (g ) ]
[ 1 JlTl 2 J2T2 ©9/2 9+,0}J,T

Equation (37-19) of Ref}'so is no lenger adequate to treat this case. _Hence, -

no calculation has been made for these two nuclides. Although configurations
Whleh may be different from the true ones are assumed for the g.s. .of Ni,
-6l |

.6 . '
Zn, and 6Zn, the calculated values may still be correct due to the second

reason: discussed above.

C. Calculation of Excitation Energies of States
2.

, 5/27°5+,0

-One eould_use the following method .to calculate the excitation =~

2 \ | .15 16 16 AT
r/2)5+‘0 states for the nuclei N,. N, 0, an@u‘ 0.

with the Configuration (1d

energies of the (14
5/2)5+ o Stays.

cbnstant'Over-this mass region and has a value of 3.90 MeV. Then one uses

It is assumed that the res1dual 1nteractlon energy of (ld

Talmi's method with the change that: the (a4 )‘interaction energies
L . . , 5/2p1/2

) are expressed in terms of excitation

(1.e., Vv V. V3,l’ ?nd:VQ,l |

3,07 2,07



o0 'UCRL-18719

" energies of certain.states of neighboring nuclei that can also be expressed'

in terms of (4 ) interaction energies.

5/2P1/2

' In the calculations fof ;6N the 0 75 MeV 5/2+, 3/2 Jevel of- 5

C and
the 5. 276 MeV 5/2+ 1/2 12. 502 MeV 5/2+ 3/2 levels of 5N are_assumed to be

. . 2
“the J,T states of the_conflguratlon [(pl/2)0 1 5/2]J T
16

T = 1/2bor 3/2. For ~ 0, the T7.563 MeV 7/2+ '1/2 and 7. 15h MeV 5/2+ 1/2
15

, where J =.5/2 and

levels of ~°N andvthe 7.28 MeV 7/2(+),l/2 and_6.86,MeV 5/2+,1/2 levels of 15O

are eesumed to be the J,T states of the configuration [(pl/2)l 0 d5/2]J T
with J = 7/2 or 5/2 and T ="1/2 For 17o ‘the 6.13 MeV 3-,0; 8.88 MeV 2- o
13.26° ‘MeV 3-,1; and’ 12 97 MeV 2-,1 levels of 16O_and‘the ground state 2—,1;
O.300vMeV 3—,1 levels of ;6N,are assumed to be the,J3T states of the configura-

). . with J = 3 or 2 and T = 0 or 1. The results are presented

‘tion (p; I
9

1 d
P12 %5/
in Fig. 20.

"~ Comparable but less accurate results'?re obtainedAfor the levels using
Talmi_and Unna's empiricai matrix e'lement.s.l}8 - The results are shOWn'in Fig. 21.
Becauée thevfirst.mefhod uses the excitation ehergies'of neighboring
nuclides which-may»contain some core excifatieni this method will give better

v_agreement to the experlmental value if the target has a.core ex01tat10n

‘component (i.e., cannot bevrepresented as a simple (pl/2) conflguratlon)

For'example, fecent analysis of corevpolarization effects in 15. 5O by Brown .

and Shukla suggest that there may be 107 of 2p-3h components in the “ground
15 15 66

v’state;wave function of N or If, on the other hand, there is a con-.
‘siderable fragmentation of single-particle strength in the A+l nuclei, then -

associating the configuration with only one state may also be inappropriate.
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The ordering of the triplet in l60 is interesting. PreviouS'exPerig
mental,work3 suggested that the ordering of the states might be U+, 6+, 5+
‘based on the (2J + 1) rule. However, the (2J+1) rule is not followed for the

15, . 17

doublet levels of both "“N and = 'O strongly populated with ‘the (d,d).reaction.

- This is perhaps not unexpected since, particularly for the lowest spin?member
of a multiplet, configuratienvmixing is generally possible. In 16O'there’are
»Quite a few known L+ states and at least one 6+vstate67d(at 16.2 MeV) which -

could possibly mix with the 2p-2h states observed in'the (0,d) reaction.

Recently the ;hN(a,d)l6O experiment was repeated75 at B, = 40 MeV. With much

better'resolution than the previous experiment3 a state at 15. 8 MeV, unobserved
in the earlier Work was found to be contrlbutlng to the cross section of the
¢6 2h MeV state. Thus, the agreement w1th the (2Jv+ l) rule was only apparent

The excitation energles used here are those from Ref. T5.

The known, 6+ in this region was identified by Carter, et al. as a

E member of a hp—hh rotational band built on the 6 MeV 0+ state _It has also
12 (6 68

been observed in the fourfpartlcle transfer Li d) O reactlon However,

vcarter67 quotes a width of 380 keV for the lp-ih 6+ state at 16.2 MeV, with a
’ 7 5

lower limit of 200 keV. Our data'” indicates that the strong state observed

“in the (a, d) reaction at 16 2L ‘MeV. has a width almost surely less than 200 keV,
which seems 1ncons1stent with assoc1at1ng it with the 16 2 ‘MeV Lp-kh 6+ state.

Zuker,'et al.69 have done a shell model calculation of the levels of

'

O'using a.closed 120 core and con31der1ng partlcles in the lpl/2, ld5/2, and

2s /-:shells., They found a hp—hh 6+ state. (presumably that of Carter, et al 67)

~at 17 L ‘MeV and a trlplet of levels of conflguratlon
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[(1_2(:-) )2 (a )

2 .
o+,o'(P1/2 1+,0 '°5/2 5+,O]h,5,6+,0
which‘were~relatively pure. Their wave functions76 indicate.that.ﬁhe statesi@
are'6+c(lh.9 MeV), S5+ (15.5 MeV), and 4+ (16.19 MeV). The L+ wave function
_has about 20% Lp-lh mixed with the dominant 2p-2h configuration, while the 5+

- 16

and 6+ states are more pure, having only about 5% Lp-bh admixture. Our own.
calculations suggest that the 6+ 2p-2h state is the one at 16.24 MeV (see
Fig. 20),vbut unless the.lower-limit quoted by Carter771is incorrect, this

seems unlikely.
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D. Shell Model Calculations

Conventional shell model calculations are also used to calculate the
residual interaction energies between proton and neutron'in‘the oonfigura—

)2

5+,0 In these calculations only

tions (14 (1f

5/2

. a triplet—even potential is needed. This is taken from Ref. h3 and is equal to:

7/2)7+ 0’ and (.Lg9/2)9+ o

2

-0.2922 r (Mev)

vYTE.= "5? €

_Tables X, XI, and XII list the reéults of these.calculations_for»the above
mentioned’threé configurationé, respectively. Two sets of'Harmonic Oscillator

”pafamete?,‘v, (i.e., v, andvvg) are used. Within each set, the v . value for
v 18 k2 66, } v |
the nucleus F, ~"Sc, and Ga is fixed first. The other Vv's ~for states
_ with:ﬁhe same configurationvare obtained by assumihg an inverse dependence on

1/3.

A Thé v values for.thé nucloileF,_hzso, énd”66Ga are calculated

1
. e .70
according to the following equation ":

vl_=v(2n'+ % - 1/2)/R°

where n, % are the principle quantum_numbér and.orbital'angular momentum of

the shéll model state concerned, réspectively, and R- is its rms radiusa

18

For "°F and thc, R is assumed to be the same as

E the équivalent uniform.réaius of A =17 and A #'hl‘nﬁclei obtained from the

Tl The V Avalué of 66Ga'is‘

Coulomb energy dlfference of mirror nuclei. 1

T3

fixed by flrst calculatlng a -V, value'for Ge (the flrst lg9/2 neutron)

1
using'the above équation with R calculated from Fq (1) of‘RefL-SZ,and then -
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. : - . : : - , 6
taking an inverse proportionality to Al/3. The vg_'values of l8F and ~Ga

~are obtained by adjusting their values such that they will give the same

residual'interaction energies as the,experimentally'calculatéd Vélues{ The..

Vv values which are calculated from the often-used formula fiw =41 A-l/3 give

toq strbng_interaction eﬁergies and are Qot used here.

. Comparisoh_éf the thedretical results thus obtained forrthé'residual
iﬁteraétion energj'witﬁ'tﬁé‘experiméntall& extracted'Vaiues allows the -con-
clusion that.the agfeémedt is in general'satisfa¢torj. A ;easbnable‘slight..

adjustment of v's (the Second'set)'for.(lds/2)2 | and ( )

54,0 copflg—

2
185/279+4,0 ¢

'.uratiOn‘giVes excellent agreement while no adjuétment is needed for the v's

of the (1f ) configuration. Kuo and Brown have éalculated the residual

2
_ 5+,0
for 42gc

2.
7/2°7+,0

interaction énergy between proton-and neutron in:the configuration (ld572)
v _ : .2 .

7+ O'and (

fbr,the nucleus l'8F (Ref. 72) and both (lf7/2)

s

1 .

| g9/2)9+,0
(Ref. T3) from a free nucleon-nucleon scattering potential (i.e., the Hamada-

‘Johnston potential). The results, =3.69 MeV, -2.199 MeV, and -1.840 MeV for
“the three configurations, are in agreement with the ekpefimentally_calcﬁlated

valueé as well as_withvthé values_dbtained from conventional shell model

73

calculations. Their'wave.function for the T+, T =0 staté'of'hesc is

o 2 oo 2

which sdpports'the postulate thét_this’?# stéte-has dominant configuration

(%0, e 2 1 3
[(Fes coreraey 2, o 2

These- results indicaté that the assignments -of sﬁqtes_with pﬁre configuration
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2 2
's+,0° :

(1 B o

5/2 1/2

previous work3 are reasonable.

(1f , and made in the last section and

(189/2)9+ 0

v. CONCLUSIONS_'. RS S
From the evidence-preseﬁted in.the previoﬁs sectioﬁbit;;an be con-
'ciuded that:
a):The systemstic trend ef (& d)vreactlons at .alpha partlcle energy

‘ho- 50 MeV to populate strongly the states with a (J)

2 +,0 eonflggratlon stlll

pers1sts in the medium mass reglon_nuclldes studled.

b) States ﬁith‘configuratidn [(target core)(lg- ')2 ] are located.

2

5+ O)] of N, N,

c) States with conflguratlon [(target core)(ld /2)
17 -

O,vand Na are 1ocated,
"~ 3d) The residual interaction energies between proton'and neutron in

)2

v y ‘ - . N
© . . 3.
he configurations (1a (lf7/2)7+ 0° and (lg9/2)9+’o‘are_about 3 9?.1

/2

-3.0, —2 2 MeV respectlvely ' There is a slight_decreaSe‘of these residual

5+,0°

interaction energles Wlthllncreasing A for all three coﬁfigurétiohs. " The
magnitudes of these residual interaction energies‘and'their Vsriationiwith A
are repfoduced satisfactorily by conventional‘sﬁell_model ealcuiations.

| e) The "interaction model" ﬁethod used to extract from the”exberi—
mestalvresqlts_the residual interaction energiesjfdr Tz #0 nuclidesz%s
believed.tq be good,sbeeause'it’generates fesidual interaction energies'yhich
are in -agreement both with those obtained f‘or_TZ =.O nuclides, andeith the
results ebtsined by the shell model calculations. This method, which uses

the excitation energy information of nuclei with mass number A to calculate
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e the reeidual5interaction energiee or'excitatiqn'energies Ofﬂlevels;innthen
_nncleus'with:mass number'A+l'is'beiievedjte be moreNaccnratezthantthe method‘

 whith tiies”to éetja:Set of‘matrix~e1ements?from_fifting,the,éxcitatiqﬁ“;""

a

energles of nuclldes w1th a w1der range of A

) S o) The 16 2h MeV level of 16o has a dominantﬂzp;éh‘cdnfiguratiqns_
7 lh ; . N v
[( N g. 5. )

P PR - Lo

t 6+ E i-:
14, O ( ) ]h 5 6+ O and nay haye a- sp1n parl Y o xperd B
3mental determlnatlon of the spln of thls state 1s needed in order to conflrm ﬂ”'

5/2 o, 0

e

g’ thls a531gnment.';f
“::Tne_identifieation'6f-theicenfignrafien-of’thoeedstafeefwndeﬁ'are?,

pebniatedinifﬁ:neddum ¢f¢§é]s§g£i6ﬁé;iﬁ'ﬁhéﬁ(&;a)afééétiaﬁfbi”gséabiisﬁiné

vsygﬁé@afic_t;eﬁas,:SPinfgﬁdea}ity defefmination,gand éhelijmbdéincgiéulaiien]

\3WillrbeNvery infereefingij”
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62.

63.
6l .
- 65.

66.
6T,
68.

69,
70.
1.

‘.72.
T3.
Th.
g
76.

TT.

'B.

-31- B ; . 'UCRL-18719

J. O'Brien, W. E. Dorenbusch, T. A. Belote,vand’J. Rapaport, Nucl.

Phys. A104, 609 (1967); D. D. Armstrong and A. G. Blair, Phys. Rev.

B.

A,

_M.

140, B1226 (1965); P. H. Vuister, Nucl. Phys. A91, 521 .(1967).

Rosner and C. H. Holbrow, Phys. Rev.';;g, 1080 (1967).
G. Blair, Phys Rev. 1L0, B6LS (1965).

G. Betigeri, H H. Duhm R. Santo, R. Stock, and R. Bock Nucl

Phys. Al00, 416 (1967)

.G. E. Brown and A.. P. Shukla Prlnceton Unlver51ty Report PUC 937 268
(1967).
E. B. Carter, G. E. Mltchell ‘and R. H. Davis, Phys Rev. 133, Blh2l

’(196h)- E. B Carter Phys. Letters 27B 202 (1968)

vK Meler-Ewert K. Bethge, and K. —O Pfelffer, Nucl. Phys AllO, 142

(1968). ‘

A.'P. Zuker, B;_Buck, anva; B. McGrory,4Phyet Rev. Lettere_gl, 39_(1968).

M. G. Redlich, Phys. Rev 99 1&27 (1955) | |

L. R B. Elton Nuclear Slzes (Oxford Unlver31ty Press, Oxford, England
1961), P - 56. |

T. T. S. Kuo and G. E. Brown, Nuei,_Phye. 85, 40 (1966).

T. T. S. Kuo and G. E. Brown,,Nucl._Phys. AlLl, 241 (1968).

C. Mapies, G. W. GOth,,and J. Cerny, Tables of Afomie Masses (ﬁnpﬁblished),
_ M.vS leman E. A McClatchle, and B. G. Harvey, to be publlshed |

A: P. Zuker Brookhaven Natlonal Laboratory, (prlvate communlcatlon).

E.

. B. Carter, Trinity.University,-(private communication) .



”if'Table 1.

';Sﬁ”le&éls bbservéd in

SR A

13

C(u;d)
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N reaction at k0.1 MeV.

~Le§éléf '

observed
C(MeV)

- Energy

)

Prev1ously reported levelsg

. wjﬁ

e
(mb)

Inten51tyd-'.v'
©. .. configuration -

. ..j ::e
Dominant

0.

“170%0

5870,

;isgto

.266&0;

;336t0.

;581#0;

.80810.

4510,

69810.

020 -

030.

1020
020
020

ode e
020

020

020

N

v ';o;
',1:10
(iibg
"}jfloa

RS

9

00 0 0. 0 0F e

210
5.299
6.323.
154
300
563
s
570"
.052'“
dss
233
SR
!85é5, 5"h
.929 ;;:ff
otk
158

'710.. -
EICRE

fﬁ3 .

‘l/é_ "

‘157247&.353;

"f 1/é+ﬁf

R 7S
5155/é+fjf7' S
e
:V7/2+  B
:”?'1/2+( /2f5  
_';3/2+J ;V
':~i i/24;3/2f?
"3/é¥K}/é) fca :
B  5;/g7f‘q'”
7/2( Xffﬁiai"

f'1/2+ 3/2+:‘f.;[

3/2+';uﬂf>”

‘-f5/2 '{’

| _ﬁ 3/2, 5/2 T2
5u8'{§,f_n-'

S s1/ao

 ;(pl72
5 :K%j2
"f°§(p1/2)o

 :(pl/2)l

R
R

)d'd5/2~
ESV- A

---17f :

2

f"(Pl/e)l 5/2;.”

2

2

:, 3(Pl/2)l 5/2 :

251/2.”

2 -

'v:£P1/221 A5/2;; r5

“(continued) -
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Table I. Continued{

UCRL418719 '

g

a. . - & o
- Range of integration: 10.0 to 75.0 deg (lab).

eReferenee 20,

gAssigned.by’this wdrk.

fReference-2‘l.

Levels Previously reported levelsa’b’C _ Intehsityd Dominant® ‘
observed ' (mb) configuration.
- (MeV) " Energy Jm . . ' ‘
o - (MeV) : o
11.299° 1/2- i.
11.438 1/2+ |
11.616 - 1/2+(T=3/2)
11.973 3/2+
11.885 3/2~ - ,
11.950¥o.020 . 11.950 (9/2-)8 | . 3.20 (a_, )2 p 8
- - o o 5/2°5 F1/2
>1/2
11.972 C1/2-
12.103 T 5/2
12.152 " 3/2
12.318+0.030. 12.333 52 _
| 12.502 5/2+(T=3/2)
12.928 3/2-
- 12.93 7/2-
. ' - \& o : o 2
,;3.02§fo.029 | (11/2-) k.82 (ds/g)slrpl/2
13.15° '
13.18
a, o . b, ¢ -
Reference 17. Reference 18. . o Reference 19.
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‘16  '

1 Table 1. " NLiévels‘6béef§ed in C(a d) N reactlon st L6.0 MeV

-Levels =~ Previously reported levels; o 'Intensityb.f" -Dominaﬁt;
observed ~ e S .+ (mb) .+  .configuration

‘:v..o*l?o'” 7i:.;  }‘;¢% R "(Pl/e)—} 251/2 |

©0.307#0.02 0 C0.300 . 3= 2.5 fju,f(?l/e A,
| 'f f.,o}399f ;if__::;vn'if .:1éusf'¢;-’-fd’}x o (pl/é)‘l 25172‘
335900 1w | | ' e

3900 (o)

w

3.9610.02 95T (1,2,3)¢ L 33

T R

e

301 -
wms e T,
.ILS;653 ﬁ— o PR

'.ai5;13o' |
,i?S;isofi J,{ SRS

,.T i;.é26_ ’

| FPI/?};j, 3/2,

5.305 . ee
5.520
“ UiO;O7; ”( )2 (_.j )
IR A 5/2 S+ p1/2 0+

’ -1
p3/2

5.TES0.020 L L5730 L (s8)°

a

167

371

';: (continuedf

 3/?{.. s

2 c ;1. ;



_35..

Table II. Continued.

UCRL-18719

Levels Previously reported leve_lsa '

observed

(MeV) . Energy

(MeV)

(mb)
Jmw S

Intensityb

. ‘ . a8
Dominant
configuration

6.
- 6.
6.

7.599%0.03 7.

hoo

613

.854
006 .
133

.250

573

640

430

'v_(p3/2>-1

d

5/2

a ' ‘
Reference 22.

bRangé of integration:

cThis_work.

11.7 to 80.2 deg (lab). -




,;vagble'IIIL“:%7

d.lévéls'observedfin].

74365 )

l5N(

 UCRL-18719

.d,d);7Q réactioh1at_hS,h'MéVff u3

o “luev) .

;Levéiéﬁ
observed -

vEﬁergy"' _
 i:.(MeV) '.‘

gﬁ~»uPre§iouély'reported~levelsa’p_ _

[Inténsity® nt oo
‘.;'cohfiguratign-“

Dominant -

[870£0.050

.850£0.050 |

o hl566£0.050
.2080.030 .

v;690i0,0301f '”

- j.367:0303o’” i-i'

'-‘ol

oV oN O\

I A

8?1- i , s
t0§8f e
g8y6 C e
4355} .
083
#217_5:f
697
g
1950  _;;. _
E
{sj_j_
‘161€; 7':w:-
28
;‘_:,373} | g
0
676
'§9lf,

'AB/é;i';f '
_vff 1/2; ,  “»’_
?*(;)é;). %j"'
: 1_5/2;:5 :

3/2+

350

e

23/2

)331i1/2?x.7" §
3/

- 3/2

06T

27/2

”;_ 5/?»$fpav..
os

1/2‘Sfp’=

“.(coptinuéd)



. Table ITI. Continued.

' UCRL-18719

lﬂLéﬁels
observed

(MeV)

”Ehergy
- (MeV) -

lPreViously'ré?orted levelsa

gl

,b

»Intensityc
(mb) ~ -

" Dominant’

" configuration

L T.Theto.

© 814740

'":'8;896£o;

  9g137io;

 9.81kx0.

ngiu:;

030

030

030 -

030 - - -

84590030

Coregk

;éb..;
.3ﬁd3 '
g§9o‘f. ,
o
;;93 :i~:L- :  
.595
;fOL S
189ﬂj]  
96
-bé,if j; | L U
'153t‘ ’  :,”(972?)d’évif"
;2Q.f;: |
150 
.73 }'
8

_  ‘3/2.:

e
e

3

'.i i/é[' 
e
B2

o  é/é  .9

Laje
SR

ST
_7 775 ;‘ ;

'f‘if?,(lizg;)é’é; ‘ »'fV‘

s

58

e
68

C0.53

- as70)

2 -l-é;ev"

C (asp)5 21

pitldse
| 5Pz

Coke

. ";(contiﬁued) B
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Table III. Continued. .

 aR¢fefenéé“l9.“ . o
- . Reference 23. .
. “Range of integration:  11.2 to 70.8 deg (lab).

’dReferencé 2.

 ®Assigned by this work: '
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Tablé Iv. 22Na levels obsérved‘invgoNe(a,d)geNa feaction_af Lhh.5 MeV.

 Levels - Previously reported 1evels®? Intensityd . Dominant
observed S - . (mb) - - configuration
(MeV) ~ Energy oo Jm T :
- o (MeV) : ‘
0: | o 3+ 0 .1 0.17 ,
0.5835 1+ o o |
0656 ot ' 1 1
0.8909 | ‘u; - 0
1;52810.620. - i}528; J ' .” $+-‘ oo o9 | (d5/2)§+_e’f
19460030 19359 - 1+ © 0.3
| Col9s18 o (e 1
1.9835 24,3+
. Cop2l0h . 1= ;
'é}558io,0ho 2;5715 : 1(+),2.' o . 0.07
2.976t0.020  2.9686. 'f-(3)‘ R .~ 0.70
3504 (2) o
3526 22 A
s w2
3.9k | 1
b.077 - (1)
4.325
S ko363 1,2 |
h;u88io.03o ‘ B Lo 0.34 -
u;733£6}020 o High'lé&él aensity ": . o.éo

5.339+0.030 . Spin and:parity unknown - .. 0.28

(continued)



40~

UCRL-18719

Table IV. Continued.

Levels Previdusly reported levélsa’ Intensity.d Dominant
observed o : (mb) configuration
(MeV) Energy Jm T : '
(MeV) '
6.274+0.020 0.22
6.617+0.030 0.63
7.042+0.030 0.42
. . . .C e ' e
7.&60-0,0397 - T.48 2.05° (§5/2,f7/2)6_
T.874%0.030  7.89° 0.97 o |
8.091+0.0L0: 0.42
8.659+0.040 0.72
9.356*0.0L40 - 0.59
9.990+0.040 ' High level density 0.L5
110.990+0.0k0 Spin and parity unknown 0.69

aReference 2&;'

bReference 8.

c. ' o
Reference 25.
dRange of integration: 9:0 to 50.0 deg (lab).

eReference 3.

fAssigned by this work.




eReference_hO.

:fReference T.

'lAssigned by this work. -

sReference 8.

41— UCRL-18719
Table V. The (ld5/2)§+’é levels obsefved.in the fq,d) reaction
' - Jand’theirv—Qf values;
Final Energy_of» —Q% mo T
nucleus ~excitation - i '
| (MeV) (MeV)
Lhy 8.963°20.002% 22.5h 54 0
oy : 11.95 16;02_ 19.6L (9/2~)”‘_ K » :;/é
13.03 £0.02 20.72 (11/2-) 1/2
16y 5.75 $0.02 19.13 (54) 1
16, 1439 to}QSb | 17.50 - (h,5¥)i. 0
1481 20.03P v17;92‘ (5,h+)i' 0
| 716}2h _io;Q3b 119.35 (6+)1>¢ 0
1o 7.7k 40.02 17.5h (11/2-) 1/2
| 9.14 £0.03 18.94 (9/2-) 1/2
- 18F_. ©1.1310%0.0015° 17.45 547 0
“Pya 1.528140.0003° k.10 5+8 0
26, g.5. 1 12.43 5B 0
®Reference 5. _-bﬁéfefénce 75.  “Reference 39. Ipeserence 24.

Bpeference hlg
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‘Table VI. High spin [probably (lg9/2)

9+] levels observed in the (d,@),réaction.j

'Final' e L Energy Level R ' .7!.f~%Qf:

e 9005 20l
_56co<j  S T . . 8.92£0.03 Sy ’19}85-'
o Bee 6790003 o T aser

80w o sig9r0i03 . 018058
ke PR - e R
';,6Fcui,f>;f ;;f{i fijf -  ,;f,'_” f'4.57¢o,03f§45f77i . ”,-, 5; “‘ﬁf*:15:60 B

68

(MeV) ,,:" iij;.@j:_..-ilﬁ:  >.,_ lé(MéV)17’lv':

vCut.; - . -_ . }v -  "  ‘;V.;L;TS#ofds{v;;;tii:ffff;ﬁ; ]i:f ;Gi;¢  l75l2:v".; 

e ” A .”7 ] ‘fg,991b.03_..iﬁ f_ fi g Tfj;f5_ 16,00

MO e 2.88&0.03;5’. ‘}uj' o _jﬁ';_ ff{jfi¥}691ﬂ




configuration.

Table VII.a Experimental residual interéctioh energies. for (ld5/2)§+ 0
Two-particle : : * Single particle state
excited states _ ' o o , o @
: E(1a
Assume@ ld5/2 _Assumed ld5/2 ( 5/2)5+,O
neutron states proton states : ’
M osa9e3 5+ 3o 3i8s 57240 B 3s65/24%% 0 Lhlos
19 1.131 5+° Mo:  0.000 5/2+%74 r: 0.000 5/24%°% -3.88
“Cha: 1.528 548 “lye: 0.353 5/247 “wa: 0.338 5/2+" o3
2601: 0.000 5 ®mMg: 0.000 5/240 2p1: o0.000 5/2+% . -h.oh
5. 13.03 (11/2-)Y e 6.723 3o, 1=190000 iy 583 3, Tﬁoi’q : -3.57P
’ , : ' . © 8.90 3-, T=1kK»q
o: .74 (11/2-)t 164, 0.300 3, r=1*2 165, 6.135 3-, T=O$ o - -3.69°
: : : : 13.26 3-, T=1
0 16.24 (6+)% lSN;- 7.57 7/24% 0. 7.28 (7/24)" Lo=2 ~3.417
16 15 n —3.82b

On: 575 (54)% Sc: 0.75 5/2+,1=3/2%°% n. 5,276 5/2+, TE1/2P

12.502 5/2+, T=3/2P -

aAll‘the energieé are in units of MeV.

bCaiculated by'ﬁsing the interaétion model discussed in the text.

CExperimental proton-neutron residual interaction energy.

do . e .. £ g 4 h ' i
References 5,6. "Reference L3. Reference 7. °Reference 8. Reference U1, Reference Lk,
Reference 45.  "Reference 43. “Reference 22. eference 46. “Reference 18. Reference 19.

‘PRreference L. 9Reference L48. _rReference L9,

_SW—

| 6TLYT-THON
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‘Table VIII.a Experimental residual interaction energies for‘the

(lf7/é)$+ o configuration.
,0

- 28

Twe;?erticle o ~ Single particle states® = E(lf7/2)$+,0b
excited : _ : .
states - Assumed 1f7/2 . Assumed 1f7/o
~neutron states proton states
6010 82T Dwg:  3.97 (5/2,7/2)-  Pa1: 372 7/2-°% 3.
30p,  7.03 %% 3.623 7/2- 29p. 3.4y 7/2-%9 . _5.89
o » _ Ve : 0 =2
: | (é,p)rln—3. - (FHe,d), (d,n) £.=3 |
Ferr s - FBs 20937 7/2- FBa: et o (3.1)
- (a,p) 2 =3 _. N -
hag ., 0.60 glca: 10.000 T/2- hlscg' 0.000 7/2- L -2.62
(a,p) & =3 (t,d),(a,n) 4 =3
a1 9.80 . “Tvg: 3.575 (1/2,5/2)- ZTa1: 6.u8 7/2(5/2)8%
| ' - T=3/2 | T=1/2
’ 10.50 /2= -2.96
T=3/2

‘aAll the energies are iﬁ the units of MeV. 

| . = . L o A : g
Experimental proton-neutron residual interaction energy. -

€a11 the single particle state information is from Ref. 41 if not otherwise

indicated.
d ' .
Reference 51.

hRef‘erence 55.°

eReference 52.

fReference 53.

: gRefere_nce

sl
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Table IX.2 Experimental residual interaction energies

C 2 . .
for (lg9/2)9+,o cgnflguratlon.

vao—pérticle 7 Single particlebstatés . - E(lg9/é)§+,ob
excited : : .
states , Assumed lg Assumed lg .
' neutron stg{gs proton sta%égn
M 947 _ 23cr: 3.70 9/2+° >n: (6.1)8 - S 2(2.39)
‘ o | (10.72)" -
565, 8ﬂ92  2Ope: 3.80 9/2+¢ 5500:  6.01 972482153 _(2.51)
! o ' | (8.56)h |
,60Cu; 5.99  '59Ni: 3.07 9/2¢4°  Zous 2,99 9/2‘_+g’k o2.b2
| B 6.86 (9/2-)P
' 620uf 475 ;61Ni: 2,13.9/2+e; '610u:f 2.71 9/2+g’k ' 'f2.3h
' 8.56 (9/2+)h
Oheu: w57 TR L L 3cu: - 2051 924 2(1.93)
v . . (centroid) : (10.46)0
50 2.99 | S5 1.0k g/2+F 65Ga: 2.03 9/248™ . _(2.22)
- LR o o (7.1o)h_
68a: 2.88 o ;'67Zn: o_..6"u-f Tga: 2,108 7 —(2.07)
| (8.98)F

aAll the energies,are in units of MeV.
Experimental prdtbn-neutron residual interaction enérgy.
c A e £ . - g :
Reference 58. Reference 59. Reference 29. References 33,34. Reference 60.
h. . ‘ ' i I k. R m .
Reference 61. ~"Reference 62. VReference 63. ~Reference 56. “~Ref. 64. ~Ref. 65.
Ror the tyo excitation energies listed for each nucieus,'the lower one is the

analogvgé/s state to the neutron g9/° state. -
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Table X Comparlson between theoretlcal and experlmental proton-neutron -

: re51dual 1nteract10n energles of (ld ) conflguratlon

57275+

Nueleus; R .. Shell model calculatlonaffi L Experlmentalb

2y L(ld )2

(i RN 2y
v, ln F Elf'_'_‘ (1n F ?Uf'i“- E 5/2 5+ o

-

‘N1577;}';i o,326v".2‘_}-hﬂ60ifff jio,306 : 'e:['Q£;é91'}'.¢j5_~~hﬁ05_.fe
N'ee‘fvlﬁap,3lée>  ?1';F-ﬁsl;f f:7 _0}295:"f’;v:n:i77nhe‘:”:%é3}57 s
N'_f"' ;[6;3ii::_,ii ;ﬂ73é5f'.V? 5561292¥f5.";¥166étv fﬁ"f;3;§é o
of';’A;feﬂo;311’ e }Q ,ﬁ.36§"“f" -”éﬁzé? e’;"fég;668 8 '*Ee;3juu _iJ
0 0.30% . h2ss . 0.285 ., -3.068" . -3.69
o F‘f_' i 0!298.:1f34‘fg3165f‘eﬂ ; b.ééogkjfe:J¥3;88§ j';;jn;-3.é8_
2y, 17_;e- 0.278 zf_f?j;33547 ‘ : ;oiéeifff‘;¢a;3§§az“jffr‘ ];3.u7‘

2641_'7 o 0;262'351'; '3;601‘, ﬂ 3.50Q2L613f'{e1—3,éhéxf} S luow

'aThe ehoices‘ef.fwo_sets:ef_ v's afe'diseuesed in'fhé text."
.vAll the enegles are_lh units of MeV.:'”“ -

bFrom Tabie VII

T
Eisy
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Table XI. Comparison between theorétical'and'experimental proton-neutron

- . . ' . 2 . .
residual 1nteractlon energlgs of (lf7/2)7+,o_conflguratlon.
_Nuéleus * Shell model calculation® Experimentalb

vy (in F2) E E(;f7/2)7+,0'-
26 o S - -
Al . 0.276 -3.150" . _ -3.44
28 | | o .
AL . . 0.269 ~3.06k4 ~(2.96)
B Y- . -2.980 | -2.89
3k . . . ) |
cl : 0.251. - -2.836 - -(3.11)
se 0.23k S -2.61L - -2.62

#The choice}of' V's 1is discussed in the text. All the energies are in
units of MeV. .

bFrom Table VIII.




Table XII

-“ resldual 1nteract10n energles of (1g9/2)

'::an_ E

9+ O

UCRL-18719.

Comparlson between theoretlcal and experlmental proton—neutron

'conflguratlon

"Nueleﬁs'vr'

(1n F

2)_.'

Shell model calculatlona'

e 7_

‘v\)

v, (1n’F

)

E

CR(
2

Experlmentalb'

)2

lg9/2 9+ 0o

'55h"

o
Oy
24y

By
66,

68

e

-~ Ga .

o o.22h

BREEOTS R

©10.219°

9'0;226" )

L 0.216

Yoo0.212

2,198

o6

2.033

-2.008

fifé;ésgf

7]' -2, -

~2.083

023 -

. o}gﬁﬁ"'

0IBNT

Lolo.e3L

10.228°

70.226

{2ﬁ7i j”

(500

;366‘;\'ﬁv
.303

275 -

e

:=/,gf(e.4g)”
SERTI

'l;¥2}hée;f'7
193
C(eee) -

_Yz;(?;o7)_: 

.éThe:éhoice”of twb;sete:of’:v's.‘

are in units of MeV. -~

bFrbmlTable;IX.:

;Qféog.

is  discussed ih theeﬁext.

the

‘energies




Fig.
Fig.
Fig.

Fig.
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FIGURE CAPTIONS

1. Deuteron energy spectrum
angle of 12° (1lab). .

2. Angular distributions of
E = 40.1 MeV..
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3. Deuteron energy spectrum
angle of .15.6° (1ab).

L.

Angular distributions of

CE_ = 146.0 MeV.
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5. Déuteron energy spectrum'

angle of 13.2° (1lab).

6. Ahgular'distribﬁtions'of
E = L5k Mev.

o

T. Deuteron energy spectrum

angle of 11.2° (1ab).

. 8. Angular distributions of

E = 4.5 MeV.
o B

9. Deuteron energy spectrum

scattering angle of 20° (lab).

10.

scattering_angle of 20° (lab).

11. :Deuteron'energy:spectrum from the reaction

ISCattering ahgle of 20° (lab).

' o1l 6. .
from the reaction l+C(a,d) 6N at a scattering

Delteron energy spectrum from the reaction

from the 13C(a,d)15N reaction'at a scattering

_ 1
deuterons from the reaction 13C(a,d) 5N at

. L : .
deuterons from the reaction th(a,d) 6N at

. . - 17 ) ;
from the reaction lSN(a,d) 7O at a scattering

o - . RUE
deuterons from the reaction lsN(a,d)vYO at

22

from the reaction 20Ne(a,d) Na at a scattering

deuterons from the reaction 2ONe(oL,d)nga'ét

52Cr(a,d)sth at a

from the reéction

5'hFe(O(.,d)5‘6Co»a.vt: a

56Fe(a,d)58Co aﬁia
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Flg, 12.. Deuteron energy spectrum from the reactlon Nl(a,d) Cu at a
lvsoattering angle'of:35° (1ab).
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Pig. 13. Deuteron energy spectrum from the reaction. Nl(a,d) Cu at a
scattering angle of 20° (lab).
' ' 62 6L

Fig. 1b. Deuteron energy spectrum from the reaction Nl(a d) Cu at &

scattering angle of 20° (lab).

6k NI

Fig. 15. Deuteron eﬁergy spectrum from the reaction “7n(a,;d)”Ga at. a’
) Scatteriﬁg ahgle of 20°;(lab)._ ;
: ST ' - .66, o 168
Flg l6 Deuteron energy spectrum from the reaction "Zn(a,d)” Ga at a
scatterlng angle of 20° (1ab). -
. . v y C 68, ;- 10
Fig. l7._ Deuteron.energy spectrumvfromlthe reaction. Zn(a,d)"' "Ga
scattering angle of 20° (1lab).
'Fig.'IS;A Angular distributions-of deuteroué'frOm (a,d) reactions to states

configuration.,

of’ (ld /2)5+ 0 | | |
Fig.'lQ; Relationship between the mass number A of the product nucleus and
' 2 2

4 -

he Q value of formatlon of levels w1th (ld5/2)5+ 0 (lf7/2)7+ O’

( )6 .0° and [probably] (lg9/2)9+ 0 conflguratlons strongly

5/2’ 7/2
3 populated by the (a d) reaction.

Fig._20. Comparison between the experimental excitation energies. of the

v 5 _ . v v A
(ld5/2)5+ 0 levels and the theoretical values using the level information
Ty : ’ : ' ' : A . - . - .

- from neighboring nuclides.
Fig. 21. COmparison between the experimental excitation energies'of'the
'(1d5/0);+ 0 levels and the theoretical values using Talmi's method of

‘shell model calculation..
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LEGAL NOTICE

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

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

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

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