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THE (0t,d) REACTION ON LIGHT AND MEDTUM MASS NUCLIDES
Chi Chang Lu
* Lawrence Radiation ILaboratory
University of California
- Berkeley, California
August 1968
ABSTRACT

| ' 2
The (o,d) reactions on targets of 15C th, 15N and ONe vere

istudled using alpha particle beams of 40.1, 46.0, 45.L, and 4k.5 Mev,

respectively. Angular distributions were obtained. States with

(ld5/2 5+,0 configuration were located and possible spin assignments
were suggested. These states are: Loy 13.03 MeV(11/2-), 11.95 MeV(9/2-);
16

N 5.75 MeV(5+); o 7.74 MeV(11/2-), 9.1k Mev(9/2-); %N, 1.528 MeV 5+,

Separated isotopeé of 520r 5&,56 5900 58’60’621\1' 65@u,

“Zn were used as targets to study the (a d) reactlon w1th a 50 MeV
alpha partlcle beam.  States with a probable conflguratlon of (lg9/2 9+,0
)

were located. These states are 5th 9.7 MeV, 5600 8.92 Mev, 5800 6.79 MeV,

0%y 5.99 Mev, 20y 4.75 MeV, Oloy 157 Mev,v66Ga 2.99 Mev, %86, 2.88 Mev,
7QGa 2.88 Mev. |

The residual interaction energies between the proton and neutron

" in the conf1gurat1ons (1d5/2 5+,0 and (lf7/2)7+_0, and (1g9/2)9+ o Were

_extracted from the exc1tat10n energles determined in the present work and

previous work on (14 and (lf states. For T, # 0 nuclides,

5/2)5+ o 7/2 7+ 0

1

" an "interaction model" method was proposed to extract the re81dual 1nter-

éction energy. The mean values of the residual interaction energies are
about ?5;9,'-3.0, -2.2 MeV respectively for.the three mentioned configura-

tions. These is a slight decrease df:residuai_interaction energy with
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increasing A. These results are reproduced excellently by conventional
shell model calculations.
The results of (a,t) reactions studied simulbaneously with the

(o,d) reactions are also briefly reported.
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I. TINTRODUCTION

Pioneering spectroscopic studies of (X,d) reaction on nuclides
with A < HO using alpha particle beam energy from 42 MeV to 53 MeVl."z’5
have suggested that the most strongly populated stateé are those in which
the capbtured proton aﬁd néutron enter the same shell modei étatel and
couple to the maximum éngﬁlar momeﬁtum wifh zero isobaric spin.2 The
pair couples to the spin and isobaric spin of the target nuclide to give
the total angular momentum and isobaric spin of the preferentially popu-
lated state. The situation can be répresented by the following vector
coupling relation: |

s T - = - =

(355 Ty + [ap,%,) + (3, 3,)]

S
) =
23,00 Ty Tp = T,

where Ji’ Ti'afe the total angular momentum and isobaric spin of the

o = 1/2 are those of the sheli_mbdel states

Tes
the final state. The allowed J, values have the range:

into which the proton and neutron are céﬁfﬁ}éd;mand J Tf are those of

W"%15%5“%+%‘

Hence, levels with a multiplicity of (2Ji+1) (if 2j>Ji) or [2(23)+1]
(if 2j<Ji) will be strongly populated.

These studies of (®,d) reactions were carried out by Rivet

et a1.7 on target nuclides 15, 1H 10y 16g 20y, 2h,26, 28, 32

b %0

2
OAr, and Ca. The following levels of the residual nuclides were

strongly pdpulated and werevassigned to the configuration
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[ + (18, )y o
Tis T 50050000 1 = T
1h
N: 9.00 Mev(5+)
60. 14,33 Mev (b+), 1h.7h MeV(6+), 16.16 MeV(5+)

To. 7.6 MeV(11/2-), 9.0 MeV(9/2-)
85, 1,119 Mev(5+). (Rer. 1)
Na:  1.53 MeV(5+)

26Al: Ground state (5+)°

p 2 -
+ , 1 :
Those of [;i?Ti (1f7/2)7+%‘,T _q ore:

“OA1: 8.27 MeV(TH)
28y 9.80 Mev(7+).
Pp 1 7.03 MeV(7+)
Me1: 5.2 Mevi(Tr)

hey 1.87 MeV{T+)

"2ge: 0.60 UeV(T+)

Since 2j > J 1n all these cases, we expect a multlpllclty of (2J + l)
levels for each nuclide. For even-even target ‘nuclides with J ;’O,
there should be only one highly populated‘ievel. For target nuclides
15
(J = 1) and N(J = 1/2) we expect a multlplet of three and two

1evels, respectlvely, to occur.’ These predlctlons were borne out by
the ekperiments.

The assignments of these high spin levels were based on thrée

criteria:
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a) Largé (ross section.

b) Similarity in the shape of the angular distributions (a more
or lessvmonotonically decreasing curve with little structure).

c) Thaﬁ a smooth decreasing curve be obtained when -Qp was

plotted against A where -Qf is equal to the sum of -[Q value of

e51duaf

the (a,d) reaction ] and the exc1tat10n energy of the assigned state;

+2).

At the time when these assignments were made the only spins known from

other work were a possible 5+ state at about 1 MeV in 18F; the 26Al g.S.

and A is the mass number of the residual nucleus (A

residual target

- with JT = 5+, and %25¢ 0.6 Mev T+ or 6+. Recently, the 8.963 MeV level
of 1uN ﬁas'assigned spin 5+,5’6 the 1.131 MeV level of'laF was défini}ely
eétablished as having spin 5+,7 and the 1.530 MeV'level.of 22Na was |
assigned the sﬁin 5+.8 A1l these direct experimental assignments are in

'agfeemeﬁt with the predictions of the proposed model-obtained from the
syStemaﬁics of the (,d) reacfions. These agreements étrongiy'indicate

~the correctness and fhénreliability of the model.

In'ordér to:test further the validity of-the model and to extend :

: the study to the medium mass region (52 <AL 70) in a search er_the ex-

~istence of [Jl,T + (lg9/2 o+, O]Jf,Tf LA states, the tarééf nucléi
13,1& 151\1, 20y Ne, 2Cr 5k, 56Fe 58 60 62N1 5900 630, and 6l ,66 68

were used in £he study of the (a,d) reaction with alpha-partlcle beam
ehergies from 40 MeV to 50 MeV. The specfra from (0,t) reactions Were>
simultaneously fecérded. The'multiplicitiésrof the strongly populated
levels weré found'tb be:in accord wiﬁh»the predictions. Levels with a

. . o o
robable (1 configuration were located.
P S ( g9/2?9+,0 1 g Y ‘
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The residual interaction'energies between the captured proton

and neutron in (1d or (1f configuration

2 2 2
5/2)5+,0 7/2)74,0 °F (189/0) g1 0

were extracted. They are in satisfactory agreement with the values cal-

culated by a comventiomal shell model calculation.



-6

5= - UCRL~18470

IT. EXPERIMENTAL PROCEDURE

A. Ezgeriments

71. The 88-Inch Cyclotron and Beam Optics

The Berkeley 88-inch Sector-focused cyclotron was used to provide
alpha particle beamé,from-ho MeV to 50 MeV. The beams were then trans-
ported to the scattering chamber as shown in Fig. 1. _After extraction

from the cyclotron, the beam passed through a radial collimator (X-

‘coliimator); a quadrupole doublet which brought the beam to a radial focus

at the first radial focus position marked on the figure; a vertical coll-
imator (Y-collimator); a uniform field circular pole magnet whiéh bent the

beam 57° and focused the beam at the position ofvanalyzing slit’(which has-

a typical width of 0.06"); and a second guadrupole focusing magnet which

focused the beam on the target located in the center of.thé7scattering

~ chamber. Finally the beam was stopped by a Faraday cup connected to an

integrating electrometer used to measure the beam current. The beam
eﬁergy was determined by measuring its range in aluminum foils of known

thickness and then converting the range into equivalent energy by.using

~Williamson and Boujot's range and energy tab1e°9 The beam spbt_size on

the target was 0,06" wide and 0.1" high in general. The beam intensity

was 0.5-1 uA. Quartz plates were used at both analyzing slit and target

position to reveal the beam image.

2. The 36-Inch Scattering Chamber

The arrangement of the equibment in the seaﬁtering chamber is

shown in Fig. 2. The tafgetvframe in the center could be raised, lowered

- or rotated and could hold either a frame for solid targets or a gas

target cell. The detector box was fastened both to a mounting ring
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which could be rotated and to a Freon;cooled copper block to permit
operation of the Si(Li) detectors at about -25°C. Electronic. noise
generated by the detectors was much'réduced.by cooling. Both the
mounting ring and the target assembly céuld be moved by rémote control.
An oii—diffusion pump and mechanical pump were used to evacuatevthe
'dhamberfand beam pipes. | |
3. Electrpnics
The electronics used are éhéwn sche@aﬁicaily in Fig;.5. Two
'countér telescopes each consisting of two lithium-driftedvsilicon semi-
conductqr_detegtor%!(called AE and E éeﬁgctqrs); weré used to measure tﬁe
~eneré?;§s;wéll as to‘idéﬁfify tﬁé particles. AE.detectors with a typical
£h§gkness of -0.020" or. 0.060" and E detectors with a thickness;q}leo"
bwefé usedl “fhe détectbr‘voltage applied depended on the thickheés éf the
couﬁter. Typically, 200 volts were used for 0.060" thick AR detector
~ and 400 volts for 0.120" E detector. “
| Signals generated by the AE and E.Qetectbrs wefe féd-intbva
charge~sensitive preamplifier (P,A.) located in the scattering éhamber
and then éonnected to ﬁhe linear amplifier system in the counting»room
where the incoming pulsés were shaped, amplified, and stretched to 3.l
usec wide. In pulse shaping,'fypically a'ﬁiﬁé constant Of_0.5 usec (for
AN amplifier) o£'0.2 nsec (for E amplifier) was used for the integrator.
Delay line was used for differentiation. A siow coinCidencevof 1 psec -
was required béfween_the AE and E signal to fééd into the Goulding-Landis
particle identifier.’’ This identifier is based on the property that

‘the light charged particles follow the empirical range energy relation

A

4
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Pulse-height analyzer

. e ————
Detectors : I :
AE, E = = g 5
7% ‘ : : l ~ & s 2 l
| |2 s 2 S| |
| {2 s g gl
o = - =1
| - 3 - a |
I |
N R S S S
P.A. YP.A. :
! Discriminator Discriminator
‘[Amplitier Amplifier ' & router a '9”'9'
Coincidence l |
| | Function | Function | |
: | generator % | generator |
' ' I |
ED__ —‘Eg | E¢AE, | Mixer |E+AE, |
. g { | omplifier | | - |
E | | | IEZ
] Gated | | [cated P
AE, | |mixer | || mixer (BB
T
b — | L '
System | System | System 2
identifier identifier
XBLG"!‘SO.GG
Fig. 3 Schematic diagram of electronics.
7
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R=A El°75 between E = 10-100 MeV. A is a constant and is equal to
3

32.2, 19.1, 1k.2, 3.54, 2.95 for p, 4, t, “He, and uHe respectively
where R is the range in mg/cm2 and E is the energy in Mev. If T is the
thickness of the AE detector, and AE, E are the energy lost in the AE

and E detectors, it follows:

Th = (5 + 2m) TP g3

Since T isva.constant, different particles will have different T/A’values.
Since the voltage signals generated by AE, E detectors are directly pro-
portional to the energy loss in each detector, a circuit that treats the
signal voltages from‘AE, E detectors in a combinétion équivalent to the

right side of the above equation will generate different size ogtput signal
(iae.g voltage) for different kinds of particles. This signal is called

- the identifier signal. Figure L4 shows the spectrum of identifier signals
stored in a 400 channel pulse-height analyzer-RIDL. Discriminators in the
’;outer we?e set.at the positions of“tbg‘valleys in the identifier épeétrum
sé that deuﬁeron and tritOn energy spectra could be'stOred in different
groups of & Nuclear Data bulse-height analyzé? ND-lGOM which contains four
groups each havihg‘lOQh channels. Two systems, i.e., two detECtor.telESCOPES
at about 20 degrees apart, were simuitaneoﬁsly usea to take the data. After
each run, the information stored in the ND-160M were transferred to a "micro"
.magnetic ﬁape of an on-line PDP-5 compu’;er.12 While the ND was storing the 1\
data for the next'ruQ, the PDP-5 was used to plot out the speétra of pre-
 vious runs or to caléulate thevdifferential cross sections for péaks of

interest in the spectrum. This immediate data analysis is very valuable
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because it aliows one to check that all the.syéﬁems‘aréﬂworking'cdrrectly
- and that'the aims of the expefiﬁent aré being fulfilled at a féther early
stage of the experiment. Aftér the gonqiusion of the expériment, the in-
formation stored in the "ﬁiéro" tape werévtransferred_to an TBM magnetic
tape which was used for further data analysis on the CDC-6600_computer3

A monitor counfer located in the scattering chambér at 19 dég to -
-the incident beam was used to honitor the target thicknéés as well as béém
energy. | |

A cylindrical chamber of appfbximately 5”‘in diamefer and 1" in:
héight.was used as gaé target. The windows for enﬁry and exif bf beam
:particles and for the eséape of secondary particles Weré'OJOOOl" thiék
Havar foil manufacﬁured,by Hamilton Watch'Company.ia_ A typical pressure
of about EOICﬁ Hg was used in the gas cell. | | o |
13, . . I . 15,
The C target was a CHM ggs yhlch contained 95.7% CH. | The
: 15N target gas had an isotropic purify of‘99.71%15 andvthé 2ONe target
gas had an isotropic purity of 98;1%.16 .
o  The'solid'targets of medivm méss_nuclideé'werévprepared By vacuum
.évaporation of the metal onto a'glﬁss or metal plate coaﬁgd with a thin
layer of;NaCl or ieepoll7 asvﬁarting agent_ﬁo permit separation‘of the‘
_ féillfrom the plate. The,self—supborting foils were tﬂeﬁ mounted_én
'alumihum rectangular plates with 3/l inch holes in the éenter{ The target.
materials were obtained-from ﬁnion Carbide Nuclear Company;l8  Thé purity
of the'SQCr, 51;Fe, 56Fe; 58ﬁi, 6QNi, 62Ni, 59Co; 630u, 6th§ 66Zn',ﬂ-anid 682n
targets were 99.9%, 90-98%, 98-99.9%, 98-99.9%, 95-99.8%, 95-99%, 99.9%,
9909%, 9%, 90—99%;'and 95—99% fespectively° |
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19 Gold backing of

thickness 2 mg/cm2 were used. This target contained large amounts of 120

and 16O impurity. .

The 1uC target was borrowed from Rookhaven.

B. Data Reduction Methods

The excitation energies of the levels were determined by using
the computer proéram Lornazo which uses as input known excitaﬁion energies
of states to establish an energy scale and then uses this scale to determine
the unknown excitation energies. Differential cross sections were also
calculated by using this program according to the following formulas:

For Solid Target:

M, |
( 9y 266o><107<N,t><'Ii‘2 >(ZC)J mb/sr
| t/ Vo' Hp

C.l.

o M, tt are the number'ofvnuclei/molecule, molecular>weigh£_iﬁ_

g/mole, and thickness in mg/cm2 of the target respectively; R is'the;dis_

where N, , M

' tance from the center of the target +to the back of the detector slits in

inches;uwz, H, are the width, the height“of the detector slit in inches

2

respectively;‘z is the atomic number of the incident particle; C is the

' £Otal counts in the peak of interest; B is the total pc(micro Coulomb) of

the incident beam used for taking the spectrum; J is the Jacobian for the
transformation of the differential cross section in laboratory coordinates
to‘center—of#mass coordinates.

For Gas Targef:

ag s B —f.,j.- B sin GL (T + 273)
&), p, 7 OO0 X 20 (ﬁ W (TR /R,) P '

2
<% 5 > ( ) J mb/sr.
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Where GL is the laboratory angle between outgoing light particle and
incident %beam; T, P are the temperature in °C, and pressure in cm of Hg

of the gas target respectively; Rl and R2 are the distance from the center 'g'k

of the gas target to the back of the gas target defining slit (see Fig. 2),
to the hack of the detector slits in inéhes,respectively;wl is the width

R, W, H,, Z;.C, B, J have the

t? 27

of the'gas target defining slit; and N s

same definition mentioned before.
The relation between total cross section and.differentialvcfoss

section is as follows:

» T 4 (t do ‘ :
op = mf &) emeao- eﬂf %) a(cos6)
0 . )

where 6 is the.center-of-mass scattering angle. o, is only integrated

T
over the range of angles studied in each experiment. The trapezoidal

method is used for the integration.
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IIT. METHODS OF THEORETICAL CALCULATTIONS

‘A. Shell Model Calculation

- Conventional shell model calculations were used to calculate

matrix element of the residual interaction between the two nucleons
outside the core-nucleus. This method was described in detail in Moshinsky
and Brody's "Table of Transformation Brackets."21 Following is a brief
outline of the general principle of this table and its application to cal-
culate the diagonal matrix elements of the interaction.
Harmonic oscillator (HO) wave functions were used for single
particle wave functions. The general form is:
ln gm ) =9 (r,,0,8) =R, (r;) ¥ (6,0)  (3-1)
1171 | nlliml 1 _nlll 1 ﬂlml »
where Yzlml'are spherical harmonics normalized over the unit sphere and
Rn ﬂl(rl) are the radial wave functions which are defined as:
1771 .
: y 1/2 o
N v A
N (v} - »2(n1.‘) rzl . ry/2 L/el+1/2 2
] “1/2 ' '
v ~ : z :
2(ny7) 1. -r2,/2 (™t 1+l/ . \E 1
=[ : r’l' e 1 ,E: ’ T%~' - 2K
F(n1+/zl+3/2) 1 1= nl—k / k! 1
2 n 1/2 ' )
- 1 1 %
R LA, r1/2 > {[ e(nl.v) ] (nl+/zl+1/2>(_l)_k 2k
X ‘ = % £
. : » 1 = P(nl+21+5/é). n, X X! | 1
- :, . . ‘ ‘ | . . . n_:..“
1 k=0 1T
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and

0

./ oo[Rnljzl(rl) ]2 .ridrl =1 : - (5-3).

Here, r is in units of the size parameter l/J;, so that r is written
" instead of the usual Nvyr:, where vy is the HO ‘parameter.

used. had value ‘one less than the

#

The radial quantum number nl

usual definition for shell model states. Hence, a 14 state was denoted

| 5/2
by HO wave function ln1 =0, £, = 2).

The motion of the two particles in a HO well can be described by
the radius vectors 53, ;;; radial quantum numbers nl, nn; and orbital

angular momentum qﬁantum numbers /£ 12. This motion can equalLy‘Well be

1’
described as consisting of the motion of the center-of-mass and the rela-
‘tive motion of the two particles around their mass-center. The radius
vector, radiél and orbital quantum numbers were then designated by R,fN; 

'L and r, n, £ for the two parts reépectively. The relation between these’

two coordinate systems was defined as:

r = (’1?1-?-2)/{2 R = () +T,)N2 | (3-1)
2ny + 4yt 2yt ly =2+ LFN LI p | (3-5)

The quantities defined in qu (5-&)-arevmore convenient than those giveh
by the more usual definitions:

- R P S
ro=r -7, R = (rl + r2)/2
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They have the advaﬁtagé that the HO wave functions have the same form

-in both coordinate systems. Equation (5-5) weg obtained from energy

conservation considerations. The quantity p is called "the energy index
of the two partiéle system." It is the energy above the zeroth order
energy of two non-interacting particles in a HO well, since the single.
parﬁicie energy En1£17in units of  %w, is'gqual to 2nl+£1+5/2; vTheAtotal
wave functions for a two-particle system can be written in the two schemes
as:

Injty, npty, M) = 5 (gtmm D) Ry (2 Ry, (rp)
m,m, - 171 272

| Yy (G190 ngmz(eg,@e) | (3-6) o
or ‘
lot, WL, ) -3 () R ,(r) Ry (R) * ¥, (6,0) Y(6,9)  (3-7)

where A is the total orbital angular momentum, p is its magnetic quantum

.number, and m,, My, M, M are the magnetic quantum numbers. The wave

function of Bq. (3-6) can be expanded as a linear combination of wave

functions of the type (3-T) as follows:

‘nlll,néle,xu )= ;&h |ng,NL,An) (nz,NL,xlnlzi,ngzg,x> (3-8)
n » .

The expansion coefficients, (nl,NL,h]nlzl,nelg,K) (which were tabulated
by Moshihsky and Brod;y),g1 are called the "transformation brackets."
They transform the wave funétion from HO well coordinates to relative
éentereoffmass ¢toordinates. This transformation is independent of the .

magnetic quantum number p.
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If V(r) is the interaction potential betwéen the two particles,

. then using Ea. (3-2), one has::

;£~ an(r? V{r) R ). () ?2 ar

k=0

o

n A nt .
2. anfkkjiz an'z'kf./r T

I=O

1/2(£+£%)inin' _ g

2.

{(:E: ntx

p = 1/2(L+£') LY k=2

{+2 "42k+2k !

2 e
e V(r)r" ar

_ : N D) ]
n'2tp- 1/2(£+41)-k z |

e ® 2p P 2
[W{ e V) x dr]

1/2(£+£")+nn?

B(nﬁ:hlﬁ')P)

P = 1/2(2+1")

. I '
b

(3-9)

here the summation over the index k,k' has been changed to p;k gnd hence

the summation limits should be changed. Therefore, p has'the limit

1/2(8 + 2') < p‘S-l/Q(ﬁ + L) +

If n>n' the

=
2

Nt ittt
o
W

11

0

e’

-_1/2(e+£})v

- 1/2(L+4')-n"
- 1/2(6+8t)

- 1f2(4+40)-n?

for

for

for

n+n' " , o (3-10)

i/e(z;é?) <p< 1/2(gfgl)fn.

1/2( 444 )4n" + 1 S.p < 1/2(£+£')fn-

1/2(2+£')4n + 1 < p < 1/2(4+L")+nin’

(3-11)

¢
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The B coefficient, i.e., B(nf,n'4',p), the summation index p, and Talmi

integral'Ip are defined as:

_ B
B(ni,n’ﬂ‘,‘p) - P(P;B 2) Z
. k=

fntk "n'eip- 1/2(8+£')-k (3-12)

p=k+k'+ (£ +12")/2 g (3-13)
T ‘= 2 foo P e"r2 V(r) r? ar ' (3-1k4)
P I'(p+3/2) o : v |

Here, I'(x+1)= x'(x) for x > 3/2, and T'(3/2) = N /2. The definition of Ip
is a special example of the general defini‘i:ion with:'v set equal to 1.
The’transforrhation b?ack_ets » the B coefficients, and possible values of
‘p for definite valués of the energy index and the total orbital angularv '
moméntum A were tabulated by Moshinsky and Brody. To calculate the di-

‘ agonal matrix element of the interaction energy between two particles,

the following equation can be applied.

(nlll,ngle,MlV(r) .!nllll,nzzz,)\u)

: . p nw | S
_ njzzm_, [.(nENLKIananZEX)]’/;) an(r) v(r) an(r)_r dr

, 2
nZNL [@mxlglz.-lnzzgx)] [%: B(nf,nf,p) ° 1] (3-15)

‘ For- states with total angular momentum J:
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(ny£13/2335 mplpl/23p5 TV Imy £11/2535 mp2p1/2505 T)

-

£q1/2 3 2

:}%_l:(2?\.+1)(28+1)(231+1)(23‘2+l) 3z§1é2§‘]%$](nlzl,ﬁ212,mlv(r)vlnlzl,nzzg,m> Y

| | o v ' 2y 1/2 31 ? o
= X2 {[kEX&l)(28+l)(2jl+1)(232+1) 3£2x142J52€ ]. .

AS nfNL

17172

(nANIA|n, £.n 127,)2;[‘2 B(nf,nt,p) - Ip]}. - (3-16)

There are no spaée symmetries in the ke%(|>) énd bra (<|) wavefunction
~unless (nlll) = (ngﬂz).‘ The brackets whiéh contain a 9;j symbol are the
squares of the éoefficients for.trénsforming from jj to 1S coupiingf'
According to the Pauli principle, the total wavefunction must be
anﬁisymmetric. Fbr two‘particles in states jl, j2 which couple to J and =
good isobaric spin qnantum number T, the folloWing antisymmefrizatioh_
gonsideration should be followed. The total wave function of fhé two
particles must be.antiSymmetric; ‘it'can be broken into three partsf T,
S, I - each hévings its owﬁ(symmetry. For T = O states, in_usiﬁg Eqg.
- (3-16) if 8 =1, £ can onlyvﬁake even values and only theitriﬁlet-evén
| potential VTE(r) ieads to non-zero matrix elements while for S = O, k can

only take odd values aﬁd the singlet-odd potential V )'leads to non-zero

so*
matrix elements. Similariiy'for T=1 sﬁates, if 8 = 1 then only VTo(r),
and if S = O then only VSE(r) contribute. Note.here it is only the "{" -
the relative orbital angular'momentum - and not "L" that detefmines the i

symmetry of the orbital part of the wave function. If the two'particles

bave different n,f values, i.e., (n 2) # (n,f,), then the right side of
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.Eq. (3-16) must ve multiplied by a factor of 2, This factor arises from
the normalization of the antisymmetrized wave function of two particles.

If the central interaction is assumed to have & Gaussian radial

dependence, i.e.,:
V(r) = =V e

then the Talmi integral reduces to a simple form

2
(18 )r
2p+2 e o ar

-2y
_ O
o ~ T(p+3/2) ng i

-V

o | - (3-17)
(I+BO)P+5/2 . ,
e (1/v§i/2

’ where r is in units of the size parameter b where b = (h/Mw)
ahd.syvisin_ﬁnits of l/-'b2° ‘Here v is the.HO parameter. Sinee the jj-1LS
exbansion coefficients are easily available and the transformatien'brackets,
B,eoefficients, and fhe allowed p values are tabulated, the calculation of
diagonal matrix elements is very simple for a Gaussian interaction.

The potential used in the calculation was:

-0.2922 F72 - rag
VTE = =52 e MeV

\ 1.6 Vo, =0

/sy =

VTO/VTE = -1/25
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This was the pbtential used by True22 in ecalculating the'luN spectrum ex-

cept for V, . which is the strongest repulsive potential estimated by

TO
: _ : N
Redlich_.23 Since r, vas the internucleon distance i.e., r, = ;1 - ;;;

but T defined by Moshinsky wﬁsj;fé"(?an ;;)/‘Jé, it follows that:

=52 . : 2 -
I = . S MeV ‘ (3-18)
P (1 +-O.5922 x 2)P +3/2 o v o

for the triplét—even potential. 'For the other three potentials, only the -

VO value should be changed. The HO.parameter was estimated from
v =.(2nl+£l+5/2)/R2 where n. has the Moshinsky definition given above and

R® is the expectation value of r? of the state ln121>,2u

B. Interaction Energy between Particles in Non-Equivalent Orbits

Let there be n., particles of jl which couple to T.J and n,

1 191

'particles of 52 which couple to T2J2. TlJl and T2J2 couple to form the

state TJ. The interaction energy between the n 2'

1

particlés can be expressed in terms of two body interaction energy matrix

particles and the n

elements V(J T'J') as follows: o2

127
n, n, n;  nytnp 'hl n,
. . . . ) s tmeTtY) IimirTe
(3,701 3,) 3,7 (@1 3,)TT Do Vi |3y (qTia)ay (ogmara)T)
i=1 ken. 41 :
1
| .7 ) R L
_ ) _ S 1.1 : ‘ 1 n . ,
= nn, 2 -[_31 °‘1T1J1{ J1 (allTllJll)J_lTlJl]

011T11971%0Topdon

[nl—l . n, ] [n2 ng?l .
4 a 5 1 1 s . 1 1 1 s s )
I (O 709,10y l}»Jl M1 e aeTszv{‘Jz (0T

)3 TT

L)

i)
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n.-1 ) n
: 27 2 .
. . T . . )<
X [32 (GEE_QQJQQ)JETéJéI} o éTQJE] [2Tl+1)(2Ti+1)(2r2+1)(2T;+1)
1/2 | ‘
X (9‘1 1) (g +1)(2J +l)(2J +1) X (2T'+1)(2J'+1)V(le2T'J')

1/2 T, 1/2 Ty
:E: (2T12+1) 5 1/2 1, { ) op 1/2 T}

X
Tio u
) o
| J11 993 ) [ 1 |
) : . s 1 -
X JZ (23, ,41) 1950 3oT0 ) (Top Jp T3 , (3-19)
12 g arglla _gvg

12 12

where the brackets [{|] and [l]] are the coefficients of fractional
" . parentage (cfp), the V are the interaction potentials between nuclebns,
and

V(313,T107) = (3y 1/2, 35 1/2, T3 IV,pl0q 172, 55 2/2, T1T7)

The above equation was ﬁsed to calculate the residual interaction energy

betWeen the proton and neutron both in the ld5/2’shell model state for the

11/2— levels of - 5N and 176 the 5+ level of l6N and the 6+ level of 16O

as well as (1f7/2)7+, and (1g9/2)9+ shellkmodel states. Tt was also used
in predicting the excitation energies by following the Talmi method of

26

shell model calculation.
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TV. EXPERIMENTAL RESULTS

A. The (,d) Reactions

1. YPe(a,a)Pn

R This reaction was studied with a methane gaS‘térget which con-
tained 95.7%'150, at an alpha particle beam energy of L0.1 MeV.‘ A typicél
spectrum taken at 9(1éb) = 12.0° is shown in Fig. 5. The‘méfhanevgas was
fbund to,decompose at_a constant rate under irradiafion of the incident
beam. This effect was corrected by using the monitor countef results.
Angular distributions for 6(1ab) = 10.0°-75.0° are shown in Fig. 6. The
resolﬁfion;(FWHM)_was about 1§o’kev. 'The.excitation energieé determined
here, togethér With-the total créss secﬁions andwpréviously known level
'information, are listed in Table I. |

Aé shown in the spectrum, only a few levels‘were pbpulated strongiy.'

The 13%.028 MeV and 11.950 MeV leveis weré assigned as ‘the douﬁle%isfate
with configuration:

13 ‘ 2 _
[0 gese)y jo_ 170 (g p0)s, 61 4970 170
. . . : 9/2‘)1/2

“These assignments will be discussed in détail in Chapter V.

2. 1hC(azd)l6N

Solid lLLCvon a gold-backing was used as the_target.j This re-
action was studied with an alpha particle beam energy of 46.0 MeVo A
tyﬁiéal spectrum takeﬁ at 8(lab) = 15.6° is shown in Fig. 7. Angular
distriﬁutiohs for 6(1ab) =11.7°-80.2° are shown in Fig. 8. The resolu—>f

tion was about 160 ¥eV.
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500 T T T Y T T T T T T T T T
" 13.03 .
- lsC(Q,d)'sN ]

. , , Eq= 40! MeV '
- , 6,=12.0° ~
5.27 : '

I~ - 5/2+ -
250F | - ﬂ

Channel number

XBL8B7 - 3i43

. 15,0 41
Fig. 5 Deuteron energy spectrum for the reaction 3C(oz,d) 2 N
at 0(lab) = 12.0 deg with E(a) = k0.1 MeV.
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Fig. 6 Deuteron angular distributions for the reaction C(Ot,d) N
at E(x) = 40.1 MeV. ' -
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Table I. l51\T levels observed in BC'('a,d)wN reaction at 40.1 MeV.
. . - . , . a,b,c N
9 levels Previously revovited .Levej.s:
observed Energy ' J In'tensit".§1' Dominant®
(Mev) - (rev) mo (ub) configuration
' ' -1
0 -0 1/2- 0.61 (pl/e)
- 2
5.26620.020 5.270 5/2+ 2.25 (pl/g)O d5/2
5.299 1/2+ | (pl/g)g 281/ -
_ . -1 f
6.5360.030 6.523 3/2- (pi/g)aé
2
7.170£0.020 7.154 5/g+ 0770 (pl/g),1 d5/2
7.300 3 /24 (pl/e)i 25, /o
o o 2
7.58119,020 7.563 7/2+. , 0.9k (pl/z)l Q5/2
8.312 - 1/2+(3/2+) (pl/2)l 231/2
8.587+0.020 - 8.570 3/2+ \0.50» (pl/g)l d5/2
9.052 1/2+,3/2+
9.169:0.030 9.155 3/2-(5/2) 11.19
9.253 <5/2
9.762 5/2-
9.808£0.020 9.83%2 7/2(-) . 2.15
A o 9.9 1/e+,3/2+
10.07L 3/2+
10.1451+0.020 10.458 3/2,5/2,7/2
10.548 | 5/2
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Table I. (continued)

UCRL-18470

(1ab), ®Ref. 30, “Ref. 31, ®Asfigned by this work.

Levels | Previously reported levels
observed nergy ’ J Intensity Domingnt
- (1eV) (ev) i (ub) configuration
10.698£0.020 - 10.710 '3/2'+  |
10.815 v5/2.
11.2L43 >1/2-
11.299 1/2-1
11.438 1/2+
11.616 1/2+(T=3/2)
11.773 3/2+
11.885 3/2- |
) 11.95040.020 11.950 (9/2-)8  3.20 - '(&5/2)2 bi/gg
>1/2 : '
11_972, - 1/2-
12.103 '5/2
: 12;15é 3/2
12.318+0.030 '12.333‘ - 5/2
| 12.502 5/2+(T=3/2)
12;928 3/2+
| 12.95 .: 7/2-
13.028+0.020 : (11/2-)g L.82 (d5/2)§,Pl/ég
15.15 '
15.18 | | |
®Ref. 27 bRef. 2§,AcRef} 2 s dRahge of integrefion: 10.0 to 75.0 deg
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T T T T T T T T T T T — T T
4
33 l4C (a,d)lsN»
Eq=46.0 Mev _
_ ,/5.75 6,=15.6" -
“N 8963 )

L S+ 4
150 F _ F g N

O T l. T 1 ] T 1
200 300 400 500 600 700 800 9

Channel - number

XBLEAT~ 3144

. N 16
Fig. 7 Deuteron energy spectrum for the reaction 1 C(a,d)” N at

6(1ab) = 15.6 deg with E(x) = 46.0 MeV.
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lo T i L R] LIS ST T A ¥ ‘. 1 1 3
- 575 . ' .
g | “C (a,d)'®N ]
[ 3.96 46.0 MeV ]
S ]
— -

F ;
— —
of- T

- 7.60 N
[ 0.31 1.

- . : .
| ] 1 | 1 | 1 | | ]
10 30 50 70 90
Qc.m. (deqg) -

XeLe8?7 -~ 3158

Fig. 8 Deuteron angular distributions for the reactionvlhc(a,d)l N
' ‘at B(a) = 46.0 MeV. ’
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The only highly populated level (at excitation 5.745 MeV) was
assigned to have the dominant configuration:

[(1MC g.5.)

’0+,1 ]

2
(195054 0dse,1

The measured excitation energies and total cross sections together with

\
recent energy level information of *6N are listed in Table IT.

5. y(a,a)To

Cascous 17N with 99.71% purity was used as the target. The

reaction was studied with an alpha particie beam energy of 45.h Mev. A
spéctrum taken at 6(lab) = 13.2° is shown in Fig. 9. Angular distribu-
tions for 6(lab) = 11.2°-70.8° are shown in Fig. 10. The resolution
wés avout 150 keV, The measured excitation'energies and total cfoss'
sections together with energy level information of 17O are listed in.
Table III.

B - Two strong levels at 7.7&2 and 9.137 MeV were assigned to have

the dominant configuration:

[(Px g.s.) (4

2
5/2)5+,o]11/2-,1/2

Heo/e Y

This result is in agreement with the previous (¢,d) study at 47 MeV.2

Better resolution was obtained in this work.

k. - %One(a,a)* N
This reaction was studied with an alpha particle beam energy
of 4.5 MeV with a gaéeous 2Oy target with purity 98.1%. Figure 11

is the spectrum taken at 6(lab) = 11.2°. Angular distributions for
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g _ \ . o
. 1% 1evels observea in T C(Oé,d):L N reaction at 40.6 MeV.

- Levels Previously reporited levels &
obs er ‘{ed Energy ' J Tntensity Dominent ®
(tiev) (riev) - . () configuration
- R

0 0 2- 1.35 (pl/Q) A5/

0.120 0- ‘ (pl/g)fl‘Esl/g .

' -1

0.307io.og o.;oo | »5- 2.52 (pl/g) d5/2

0.399 1- (py/p) " 285

" 3.359 1+ |
3.519° (0-)
%.961+0.,02 3,957 (1,2,3)+ 3.L3

k.%18 1+

4.391

e S ) T8

bk C(1,2,3)+ o "
5.055
5.130
5150
. 5.226 |
5.305 2- (91/2) 4y
| 5.520 _ - |
- ' _ ' .c , o . o 5 C

5.745:0.02 5.730 (5+)° 20.07 - (ag/0)5,(py p)o,
| | 6.009 (3-)

 6.167

'<p3/2)-l 3572

&
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Table IT. (Continuved) :
. ~ |
% Tevels Previously reporied levels
obs%ryec, Energy J Intensity Dominant
e, T T ’ : 3 o}
(1ieV) (MeV) m (ub) conriguraticn

7.599+0.03

6.371
6.422 (2-)
6.512
6.613
6.854
7.006
1.133
7;250

7573 w0

7.640

(P5/2>

d

5/2

aRef.fBQ; bRange of integration:

11.7 to 80.2 deg (lab); SThis work.

&
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9.14 Eq= 454 MeV
8, =132°
569
1/2-
gs
_ 5/2+
200+ 7_74 | 5.21 N
B ; | 7-_37 J
\lr, =l
. _ Coowv
oL » 1 1 I 1 L LJ lim

!
500 600 . 700
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|
300 400

e
900 . 1000

XBL 687 -3157

3 B . 1
Fig. 9 Deuteron energy spectrum for the reaction 151\T(O£,d) 7'0 at
6(1ab) = 13.2 deg with E(x) = 45.h MeV.
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Fig. 10 Deuteron angular distributions for the reaction
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Table IIT. ~10 levels observed in 15N(o:,d)l7O reaction at 45.4 MeV.
Tevels Previously reported levels a.,b ,
ob‘sc-:}rvled Energy ' J Intensity© , Dominant
(ev) (MeV) m (mb) configuration
0 0 5/2- 1.5 45 /p P
0.870+0.050 ) 0.87; 1/2+ 0.11 2s1/2 SeP.
3.058 - (1/e-)
3,850£0.050 - 3,846 5/2- 0.18
4.566£0.050 4.555 3/2-  0.09
- 15.083 7 a5 /p 5-2-
5.2080.030 5.217 135
5.518 3/2-
5.690+£0,030 5.697 7/2- 1.37
| 5.729 | | -
5.866 >3/2
5.940 , 1/2-
6.2
 6.38 o 1/2+
6.87
7.161 5/2
, : 7.28 S 3/ex . |
7.367£0.050  7.3T3 | s5/2 » 0.67
7.560 >7/2 ‘
7.676 3/2
7.691 /e
S 7.694 - 3/2 . |
7.742£0.020 | C(/e-)e 658 (d5/2)§Pi}ed’e
7.91 1/2 -
8.08 . 3/2 ,
8.147+0.030 8.20 .. 3/2  0.30

8.27
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Teble III. (Continued)

UCRL-1847C

Tevels

Previouvsly reported lovels

observed, ¥nergy J Trbensity Dominsnt
(vev) (rieV) m (mb) configurabion
8.340 1/2
8.390 5/2 ,
8.459:0.030 8.1460 7/2 0.68
| 8.493 3/2
(8.59)
8.70 3/2 »
8.890+0.0%0 8.89 3/2 0.5%
8.9 /2
9.06 S o
9.137+0.050 9.15 (/)% 2.70 (d5/2)§pi}2d’e
o ’ 9.20 5/2 _
9.50 /2
- 9.73 7/2
9.814£0.030 9.78 | 0.69
9.89 9/2 |

®Ref. 29; bRef. 33; “Range of integration: 11.2 to 70.8Adeg (1ab);

dRef. 2; ?Assigned by this work.




channel

per

Counts

.38- ~ UCRL-18470

500 "1 '} T 1. b R ¥ v v T L T 1 T T
2Ne (a,d)®No
| E,=44.5 Mev ]

Q=|L2°f

153
L o (5+ : .

7.46
250+ , - o

- _ 787

N O
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8(1ab) = 9.0°-50.0° are shown in Fig. 12. The resolﬁtion was about
110 keV. The measured excitation energies and total cross sections
together with energy level information of 22Na are 1isted in Table 1IV.

In general,‘the'levels populated were the same as a previous
study of this reaction.§ However, a better resolution was.obtained, and.
the excitation energy studied was extended to about 15 MeV. Three levels
(1.528, 7.460 and 7.87h MeV) were strongly populated. The level at 1.528

MeV was assigned to have the dominant'configuratioﬁ:

(%

Ne g.s.) (1a

2
0+,0 5/2°5+,075+,0
The level at. 7.460 MeV was assigned to have:

20
[(Fme g.5.), o (185 170)6- od6- o

’ cOnfiguration. A brief discussion of the configuration of the 7..460. and .

- 7.874 MeV levels is made in Chapter V section F. -

5. 9%r(a,a) M, 2 Ppe (a,a) 205800, 5%0 (@, a) M, 5860568y (o a)
60’62’6uCu,6BCu(a,d)65Zn, and 6M,66,_68Zn(a’d)66,68,7oGa

These reactions were studied with an alpha particle beam energy
;of 50.0 MeV at four angles - 14,20,34 (or 35), 40 (or 41), except the
reaction on 60Ni for which data‘at:l5 different angles were taken.
Separated isotope targets with purity ranging from 90% to 99.9% were
used.. The target thiCknesséé were from 153 ug/cm2 tob650 ug/cmz._ In
7

order tO'stop thé,deuterons,_a counter telescope with a AE counter

0.06" thick and an E counter 0.12" thick was used. The dead‘layervof
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' Table IV. 221\1& levels observed in 20l\Te (Oc,d)eeNa reaction at LL4.5 MeV.

' I-e\‘/els : Pl"C‘V'iOU.S.'L}\,_'._‘}j(—If]?(j.\ﬁ‘y"'ti’;“f'(}_,'_ulC”\’Cf..-].fsa"b a
obzerved Fnergy - Jm T Tntimsity Dominant
(Mev) (1iev) (ub) confipguration
0 0 3+ 0 0.17
0.58305 1+ 0
0.656 0+ 1
| 0.8909 It 0
1.528+0,020 ©1.5281 5t 0 2,49 (d5/2)§+e’f
1.946+0,030 1.9359 1+ “0.35 :
1.9518 (2+) 1
1.9835 24,5+
| 2.210L 1-
2.558:0.040 2,575  1(+),2 0.07
2.976£0.020 2.9686 (3) 0.70
' 3.059 (2)
3.526 >
3.712 P
3.949° 1 o L
4077 (1)
4,325 ' )
4,363 1,2
4, 488+0.030 "~ 0.3h4
4. 73%£0.,020 | ‘ High level density 0.50
5.339t0.030  °  Spin and parity unknown  0.28
6,274£0,020 0.22
6,61710.030 0.63
7.042£0.030 _ 0.k2
71u60to.o5o - 7.48¢ 2.05 (d5/2,f7/2)6_e
7.874£0.030 - 7.89° 0.97 | |
8.091+0.040 0.4
- 8.659£0.040 0.72
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Table IV . (continued)

Tevels Previousty report 15
Obleoi\riﬂ }?;;eiz'g;;} S g | P ) Toteneity” Dostinznt
AN (reV) 7 (wb) . configuration
9.356+0.040 . High level deﬁSity' , 0.59
9.990+0.040 o . 0.45
10.990£0. 040 Spin and parity unXnown 0.69

\

®Ref. 3k; bRef. 8; “Rer. 35;- dRange of,integration: 9.0 to 50.0 deg
(120); SRef. 3; ‘Assigned by this work. '
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this thick AF detector was the main cause of the loss of resolution to

a value of 170 RKeV. Spectra.of deutrons from these reactions are shown
in Figs. 13-25. The high selectivity in populating states By (a,d)
reaction again prevailed in this mass region. States wheré the captured
proton-neutron pair were probably both in 1g9/2 state and coupled to 9+
were assigned for these nuclides. These states are listed in Téble Vi
in Chapter V seétion A, The differential cross sections for formation
of these states at forward angles were about 1 mb/sr. Previously known

level information for the product nuclei can be found in refs. 36-47.

‘B. The (&,t) Reactions y

Very few (a,t) reactioﬁs have been previously studied.u8’ég
in’the present work, the (a,t) feaction was studied to locate previously
unknown lg9/2 single particle statesf In the light elements, the_(a,t)
réacﬁion was studied mainly because it could be observed simultaneously
with #he (Q,d) reactions.-

Since.tﬁe Q-values of (2,d) and (@,t) reactions were close, the
vtriton and deﬁteron spectra were recorded simultaneously in the.different
groups 6f the Nuclear Data pglse height analyzer. The trith spectra

12,15,1uc, 15y QQNE’ 5gCr’ 5&,56Fe,

from (a,t) reactions on targets of 5

%o, 58,60,62Ni, 650@, 6l ,66,68

Zn, together with angular distributions

15’luC, 1bN, QQNe and 60Ni targets are shown from Figs. 2h-ll,

from
The measured excitation energies are marked on the spectra.
A compafison of the high cross section peaks populated by the

(a;t) reaction with the ‘known shell model configurations for the corres-

ponding levels helps to elucidate the general characteristics of this
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Fig. 20 Deuteron energy spectrum for the reaction 630u(o¢,d)65Zn at
'6(1ab) = 14 deg with E(q) = 50.0 MeV.
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4 | . 0
'»(lpl/Q)i/E—,l/Q and. [1&5/2(l c g.s.)]5/2+,l/2 respectlvely.5 In the T 0

e the second member Of‘the'K = 3/2+ ground state rotational band.

-55- UCRL-1847C

_reaction., Figure 2Lk is the spectrum from the 120(d,t)L5N reaction. The

12

single particle 1p and 1d level of N (g.s. 1/2-, and 3.56 MeV
1/2 5/2 , ’

5/2+)22 are strongly populated. The spectrum from the l;C (a,t)luN re-

action is shown in Fig. 25. The g.s. and the 5.10L and 5.832 MeV levels

of 1MN are known to have the dominant configurations of (1pl/2)§+ 0?
i+,

(ld5/2’1p1/2)2—,0 and (ld5/2,1p1/2)5_’0 respectivelyée and they are strong-

1y populated.' The stripped proton prefers to be captured in the 1p1/2 or

1d shell model state. The triton angular distributions are shown in

5/2 |
Fig. 26. In the 15N spectrum, shown in Fig. 27, two large peaks at C and
5.266 MeV excitation correspond to levels with deminant configurations
16
spectrum shown in Fig. 29, three strong peaks at 0, 6.135 and 8.875 MeV
. . . L -1
are known to have the dominant configurations (1p1/2)0+,0 X1d5/2,1pl/2. )
-1 i 20 The triton angular distributions
and (ld5/2?lpl/2 )2_’0 respectively. i gu i i
for 15N and 160 are shown in Figs. 28 and 30 respectively. The spectrum
N 20 21, L - '
of tritons from the Ne(a,t) a reaction is shown in Fig. 31. The 0.3%2
MeV (the known value is 0.335 MeV).5/2+ and 5.11 MeV levels are strongly
populated. The 0.3%6 MeV level was described by several calculations to
v 51
Since the (d,n) reaction shows that this level has ﬂp_: 2 and in (a,t)
reaction it is populeted much stronger than all the other members of the
K = 3/2+ rotational band-g.s. 3/2+, 1.171L T/2+, and 2.81 (9/2), the
evidence indicates that the 0.3%5 MeV level may have a strong parentage
of the configuration [(ﬂjds/g)(goNe core)]. Whether the collective

description and the single particle description of the 0.335 MeV state

3’;0
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6(1ab) = 15.2 deg with E(x) = 45.4 MeV.
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arelthe same is a @roblem remaining to be verified. The nature of'the
5.106 MeV level is unknown. In glNe, the mirror nucléus of 2lNa., there
are three states (4.53, 5.434 and 5.632 MeV) in the vicinity of 5 MeV
with zn % 2 determined by the (d,p) reaction. 15'170 the ld5/é—ld3/2
splitting is 5.083 MeV. From this evidence, it is possible that the:
5.11 MeV level may have the configuration.[(ﬂidB/Q)(goNe core)]; .Ex_
.Egrimental determination of the ﬁp value f?ém.(EHe, a) or(a,n) reactibns
and the spin value. from parficle-gammalwork are needed in order to
establish the above postulation. The structureless angular distfibution
from the (a,t) reaction populating this state is shown in‘Fig.-BE.
Ob&iously it will not alloﬁ a unique determination of 2p.

‘TheISPectra from (@,t) reactions on medium mass targéts are shown
from Figs. 53-&&. The known single particle configurations are also shown

52-56 e

_pnlthe spectra. Comparing to the known level information,
lf7/2, 1f5/2, and_lg9/2 single particle states are populated strongly.
Following this trend; the following speculations are made:

a) The 55Mnr6;51 or 6.54 MeV, 67Ga 2.10 MeV and 69Gat0.58 MeV

v levels are lg9/2 single particle levels.

) The %ou 0.97 Mev, ©Toa 0.38 Mev, and ®%a 0.58 MeV 1evies
are 1f5-/2 single particle levels.

60Ni the multiplets at about 6.5 MeV may have the config-

ce) In
. ' ] » .
uration (1 1f ' . : : i
» i ( 89/2, 7/2 )8,7,6— The broad Peak at about 5 MeV obviously
consists of several levels. _These levels and the one at about M.BT MeV

" may have the configuration (1f7/2, 1f5/2).
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Fig. 37 Triton energy spectrum for the reaction
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FrOm‘these results, it is clear thatvat alpha particle beam
energies from 40-50 MeV the (0,t) reaction prefers to populate single
éarticle states‘whefe ﬁhéJétripped Prbﬁbn is captufed into the 1d5/2
or lpl/2 shell model state in the light nuclides and into the lf7/2,

1f5/2, or ¥g9/2 state in the medium mass nuclides studied.
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V. DISCUSSIONS

A.  Criteria to Identify the (ld5/2)5+ and (1 g9/2 Levels
and Rationale for These Crlterla

The (ld5/2) 1eve1s in light nuclides assigned by the present
study and previous work 2,3 are summarized in Table V. If from other work
.uhere are more accurately determined excitation energies for these Weveis,
'these values are listed. The angular distributions of the (ld5/2)5+
1eveis obtained by this work are shown in Fig. U5. These angular dis-
tribﬁtions are similar to those of known 5+ levels of previous (@,d) work.
Only one of the latter, that of the.8.963 MeV 5+ level of th’ is also .
shown in Fig. 45.

As state&vin the introductien, the criteria for identification of
theee states are that the cross section be large, the angular distributions
be.similaf to each other and that there be a monotonicaelly decreasing,-Qf |
value with: increasing A of tpe;residualinueleus.r,(-Qf_is the Q-value for
formation of the level.) |

The large cross sections arise from the following_causes:

a) These states have higher spins than other states and hence3
thejcross section is enhanced by a large statistical factor (29+1) due ﬁo
| ~thefequal proﬁability of populating the magnetic substates.

Ib)' The structure factof G for these states isvlerge,57 This
medhé roughly thaﬁ the iﬁitial state and the deuteron picked up from the
o partlcle have large overlap with the final state. |

c) At hO 50 MeV alpha particle beam energy the momentum trans-

ferred to the target (125&52&) by the captured proton-neutron pair at the



Table V. The (1d

. )2
5/275+
their -Qf values.
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levels observed in the (a,d)-reaction and

Energy of

Final —Qf g T
nucleus g Exc?§2$§on -(MeV) | '
1 8.963+0.002% 22,5 5% 0
Loy 11.95 £0.02 19.6k4 (9/2-) 1/2

13.03 +0,02 20.72 (11/2-) 1/2
16N' 5.75 +0.02 19.13 (5+) 1
‘l6o 14,33 £0.10° 1704 (54 0

14,74 £0.10° 17.85 (5,0+)% S0

16.16 £0.10° 19.27 (6+)128 o
o 7.74 £0.02 17.54 (11/2-). /2

9.1% *0.03 18.94 (9/2-) . 1/2

18, 1.131040,0015° 17.45 5. L 0
22N 1.5081:0,0005% 14,10 548 0
260 g.s. 12.13 587 0
®Ref. 5; "Ref. 3; ‘Ref. 58; "Ref. 3k; ®Ref. 59; Ref. T Emef. 8;
"Ref. 603 'Assigned by this work.
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nuclear surface is about U# which favors capture of the two particles both

\

into 14 shell model state and which can give an L = £+ ﬁp =2+2=15h

5/2

tra.nsfer.5
The gross similarity of the angular distributions is caused by
the fact that they are all characterized by I = 4 transfer. The monoton-

ically decreasing nature of the -Qf vs A curve can be expected by

residual

the following considerations.

The monotoniéal decreasing of -Qf value with incfeasing.A of tﬁe
residual nucleus can be understéod by the following consideration. To form
the level, onexneeds energy to break an alphavparticle into deuteron, pro-

ton and neutron, denoted by Ea . When the proton and neutron are

"d}P:n

captured into‘fhe 1d shell,'one gets back energy equal to the separation

5/2

energies 6f the ld5/2 proton and neutron from the target core, denoted by

Sp and Sn° Further energy is liberated from the residual interaction be-

2

tweep prgton, neutron in the state (ld5/2)5+,

depoted by "Epn‘ Here -Epn-

is positive. Hence

'Qf = Ea4d,p,n - Sp - Sn + Epn
= Ea_d,,i),n - (Tp', + Vp‘-core),._i-__!('fla + Vn_coré) + Epn
= Ea-d;p,n - Tp ~ Tyt Epn B ('VP-COI‘e + V_n"core)
= constant -V(Vp_core-+ Vn-éofe)’ (5-1)

where Tp,-Tn are the kinetic energies of the proton and neutron respectively

in the 14 state and V are their interaction energies with

v
p-core’ 'n-core

5/2
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~

the target core. The convention is adopted where V. and V
} p-core n-core
- usually have negative values. Since the interaction energy between the

proton-neutron pair and the target core, i.e. (v beéomes

p-core + Vn-core)’
stronger when the core has more lpl/2 nucleons (discussed in Section E),'
—Qf‘decreaSes as A increases. Further discussion in Section E will clarify
this point. Figure 46 shows a plot of -Qf vs A for (ld5/2)§+ levels as

3

ﬁell és for previbusiy assigned (ld5/2,1f7/2)6_ and (1f7/2)$+ levels” and
~ for ﬁhév(lg9/2)§+ levels assigned by this work. For each configuration, a
monotonically decreasing pattern is foilowéd.

The (1g9/2)g+flevels assigned by this_study are 1iéted in Table
VI.j»Since no_ahgular distributions were taken for these states, the
‘aSSiénﬁeﬁt of these states was based on the two criteria of a smooth
monofogicaliy decreasing éurve of the =Qf Vs Aresidual plot.and-largéSt
croés seétion.
v 7The7cags¢§7fpr7the relatively 1argefcross-sectioné'for states’

2
9+,0

configuration. Here, at 4O-50 MeV alpha particle

withfcdnfiguration (1g9/2) are still the same as discussed in the case

2

for those with (1d_,
- E ( 5/2)5+,0

‘beam enérgy the momentum transferred to the target (525A§68) by the cap-
turéd pfofon-neutron‘pair at the nucléar sufface is abéut 8ﬁ:whiéh favors
captﬁré of the two. particles bpth into lg9/2 shell model state and which
cénfgive an L - £+ Zp = & + 4 = 8 transfer. v

" It was found, however, that in 2'Mn and J0Co 1t was necessary to
chodée the second mqst s#rongly popﬁiated level in order to obtain a
'sﬁoothiybv5ryiﬂg -Qf Vs Arésidual_plot.i This'is not unreasohable,‘sinceb

the (q,t) spectra show that'lf7/2 single-particle proton capture predominates’
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Table V'_L' ngh spin [probably (lg9 /2 9+] levels observed in the .

(oe a) reactlon

VF:inal Energy Level -Q £

" nucleus (Mev) - : | (MeV)
’5th | - 9.47£0.05 | ; 20.0k
566, | T 8.92id.05 '- 19.85
Boo | 6.79%0.03 18y
696u - 5.99+0.03 - 18.58
'6?Cu | 4.75+0.03 | : 17.12

| égcu._ | | 4.5740.03 | | 16;60 |
_6§éév | 2.99+0.0% ; | 6.00
68Gé' E .2.88i0.03 ' o 15.&0‘
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over the lg9/2 single-particle capture in these nuclidés, and thus we

might expect large cross sections for levels with a configuration which
includes a lf7/2 proﬁpn to appear ip the (0,d4) reaction in addition to the
(lg9/2)g+ levels. TIn the higher mass'region-the (a,t) reaction shows that
lg9/2 proton capture is predominant, and herelwe ?ind that the mosﬁ';trongly
populated level should be chosen as the (lg9/2)g% levels.

For the two odd-A targéts, 5900 and 65011, there are no strongly
populated levels in the (@,d) spectra. This is consistent,with:previous
results. For a target with ground state spin Iy # 0 a multiplet of (2J1+l)
statés can bé formed from vector coupling Ji to the total angulér moﬁentum,
2j, of the captured pair, if Ji < 2j. 1In the present case; the ground state
spins are 5900(Ji.=‘7/2) and 65Cu(Ji = 3/2) and we expect that the capfure
strength will be distributed over many states in the multiplet. This has
the effect of decreasing the strength of each of the high-spin levels |
relative to the other states made in the reaction, and»a'single strongly—

excited level is no longer observed.

B. Residual interaction Energies between Proton and,Neutron

. s S an 2 X 2 o)
Ig the Conflguratlon of (1d5/2)5+’0, or (1f7/2)7+,0 or (lg9/2)9+

In the previous section we have discussed the assignment of
‘protoh-neﬁtron twp-partiéle excited states with the configuration (ld5/2)§+.
From the excitation energies of these two-particle excited statés together
- with known neighboring single-particle excitation energies, the residual
iﬁteractidn energy Epn between the proton and neutron céﬁ be~cé1¢u1ated.

The method of calculation is outlined below.
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For TZ = 0 nuclei the calculation is simple. For example in 18F,

the 1.131 MeV 5+ level was assigned %o have the configuration

L(C 60 core) (1a /2)5+ 03540 \

The total separation_energy of the proton and neutron_in this configuretion

from the l6O is:

where.Spn is the separation energy of the last proton and neutron in the

ground state of 18F from the 16O core and EX is the excitation energy of
‘ 2 y - X . . (

the (1d_. state. ET is equal to 1.131 MeV in this case. Ilet S

denéte the seperation energy of a proton in the 1d5/2 single particle

state of 17F and Sn represent the separation energy of a neutron in the

'1d5/2 single particle state of 7o, Then,

S. = 8 +8 -E
T P n ¢!

where Ep = E(1d5/2)5+ 0 is the re31dual interaction energy for T =0
nuclel. The results of these calculations for the nuclides 1”N l8F 22Na,
and,?6Al are listed in Table VII. The neighboring S1ng1e particle states
ueed in the calculation are also tabulated. The residual interaction
energies eray fairly:constant over this mass region from A = 1k to 26

.w1th a value of about —5 9 MeV (1 e., attractlve) Except for the

nuqleus 6A1, the re31dual 1nteract10n decreases slightly with 1ncre351ng A,

For T % 0 nucle1 the s1tuat1on is more compllcated . As an example,

the 11/2-, T = 1/2 state of Loy w1ll be discussed in the follow1ng paragraphs



*
Table VII.

Experimental residual interaction energies for (1d

configuration.

)2
5/2'5+,0

Two-particle

Single partlcle state

excited | Assu@ed g/ Assumed ld5/2 | E(ld5/2)§+’o
states neutron states . _proton states See Note 1L
luN: 8.963 542 150: 3.85 5/2+b’n 5N 3. 56 5/2 -4,05
Bp. 1,131 5:° 170: 0.000 5/24P57 5. 0,000 5/24° n -3.88
22a: 1.528 542 2lye: 0.353 5/2+ 2lya: 0.338 5/2+° ~3.h7
26p01; 0.000 54 22Mg: 0.000 5/2+° 22011 0.000 5/24° -L,0h
Py 13.03 . e, 6,723 e-, =187 4 P4, 5.83 3. p=0 3,57
(11/2-) -
Yo: Tk 6y 0.300 3-, =12 160: 6.135 3-,1-07 -3.69"
(11/2-) : 13,26 3- T—lJ
0. 16,16 y: 7,57 7/24F 156: 7.28 (7/2+) 3,527
(6+)F _ £,=2
n: 5,75 Ye: 0,75 5/ek,m3/2" P 5.076 s/es, 121 /28 3.8
(59T - : 12.502 5/2+,T=3 /2"

% -
All the energies are in units of MeV.

Calculated by using the interaction model discussed in the téxt.
Notel: Experimental proton-neutron residual 1nteractlon energy.

®Ref. 5,6; bRef. 22,

kRef 28;

Ref. T; "Ref. 8; ?Ref 60;
fRef. 29; mRef. 633 “Ref. 26; PRef. 51.

TRef. 61; ®Ret. 62; hRef. 22; iRef 30,

JRef. 50;

..88-

UL GT~TEoN
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in considérable detail. This state is assumed to have the following

: cbnfiguration:‘
13 2
LC7e core)y po 1 (.1d5/2)5+,o]11/25,1/2

Assume that the ground state of 13C has the pure configuration

12, : L ] : . pe)
[(=°C core) p1/2]. The interaction energy-of two nucleons in (1d5/2)5+,0
with one nucleon in the lpl/2 state can be calculated by applying
Eq. (3-19)° The result is:

, , 5 |

'<(d 92- P,/sd =11/2, T = 1/2 V..l (a ")2 D, s J = 11/2
V5/275+,0 F1/2 “ 1oy 13|'%5/2’5+,0 P1/2 ’

T

l/2> ="(l/2)v3’Tl =0 + (3/2)V5,T1 =1

where .

[}
n

0) .

Vi 2 0= (Ggp Byt T =0 (Vldg Py 3T, T

‘1>

-
1
1l

: L Y oapt
Vg1 <d5/2 Pyl ST = 1 lvld5/2 Psp 3t

Heré'vij or V is a charge-independent interaction. A ld5/2 neutron inter-

aCtSiWith allpl/e neutron only in the T' = 1 state. This interaction is:
| |__‘ | - T =
(d5/2 Pl/QHJ = 3,7 = 1|V|d5/2 Pl/2 J' =3, T =1) VB,T, -1

" Only J' = 3 is possible, for if J' = 2, the d_,, proton (J = 5/2) cannot

A | 5/2 |
couple to this value (2) to give a final state with J = 11/2, as is seen
ingihe following diagram.

P12

J=11/2
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However a d5/2 proton can interact with a pl/2 neutron both in T = O or

T'=.1 state. The present physical picture suggested that the total inter-
. o .2
actlgn between the lpl/2 neutron and tbe (1d5/2)5+nucleons can be repre-

sented by two terms, the n-n interaction V

5

and VBIO which equals the n-p interaction V
2

latter be a and b. Then,

l, and a combination of VB,l

3

V., =aV +DbV .
3 3,0 5,1

Here a and b can be interpreted as the probabilities that the'd5/2 proton
will interact with the pl/2 heutroh tc formT =0, J =3, and T =1J =3

states, respectively, where the proton is in the 1d state specified and

5/2

the configuration:

' Tmo=1/2
{p1/2—,1/2 (d5/2)5+,o]11/2-,1/2 z /
states: v mand v
The proof of this statement follows from the discussion of Chapter III,
Section B. Tﬁe quantitiesaand b can be determined by requiring that the

above total interaction energy of d nucleons to the pl/2 neutron be

| 5/2
equal to the sum of the interaction of the d

5/2

5/2 proton to the P1/2 neutron

and of the d neutron to the Pl/? neutron. That is:

(1/2)v5’,17.‘.,.=O + (5/2)V5,T,=l = laVypi gt B Vs qpeoyd ¥ V5 g (5-2)

Hence a = 1/2 and b = 1/2. Then the quantities in the bracket represent
the neutron-proton interaction and the last term represents the neutron-

neutfon‘interaction. Since (a+b) is the total probability of a d5/2 prdton

Let the coefficients of the
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‘_interactiqg with a pl/2 neutron, it should be equal to one:.the above
vaiues of a and b satisfy this requirement.

| The inferaction between the 1d5/2 nucleons and the 120 core is
jhegleCted'in the above discussion. If this interaction is taken into
account, then the meaning implied by Eq. (5-2) is as follows:

e The_total interaction energiesvof'the proton-neutron pair

in the (14 configuration to the 130 core can be

)2
5/2°5+,0

separated into two parts:

a) The d neutron-to-core interaction which ig the

5/2 \
. .1
same as that in the (d5/2’P1/2)5-,1 state in ~ C.

b) The d5/2 proton-to—core interaction which half of

the time (because a = 1/2) is the same as that 1n‘

1h

the (d5/2,p1/2)3_’0 state in ~ N and half of the

time (because b = 1/2) is the same as that of the

(d5/2,pl/2)5_,l state in 1MN.

. The residual interaction energies can now be calculated following the same

‘proeedure as discussed in the T, = O case where Sp should be the average -

1 states of th weighted by their re--

eepe;ation energy of T = O and T

speCtive probebilities a2 and b. It must be noted that in the (d /g,pl/g) ,0

1k,

or: (d5/2,p1/2)3 , state of ~'N ‘the proton is in. the d5/2 state half of

. , 15 '
the time while the proton in the [(d5/2)5 o pl/2 3,T staﬁe of ~“N can only

‘be‘ln the 4 state. Therefore, an addltlonal Coulomb energy difference

5/2

musi be‘introduced The Coulomb energy difference between a. d5/2 proton

coupled to ﬁhe C core and a pl/2 proton coupled to the 1.2-C-core is- just
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the differenceiof the excitation energy between the d5/2 single particle
excited states of 12C and lBN, which are 3.85 MeV and 3.56 MeV, respect-

ively. This difference is éqpalvto 0.29 Mer The Coulomb energy correc-
tion which will be denoted by C in Eq. (5—#) is equel to half of this
value, i.e., 0.15 MeV. -

Fotr more general cases, where thefe are !%pl/Q mucleons in the

grbund state of target core with J" T", one can write down the following

formula:
2 nt2

| n 2 ~. T n 2
g(pl/Q)J",T”(d5/2)5,OJ2T_ggi‘SZ%'Vij (pl/E)J",T"(d5/2)5’OJ}T>

' n+l . S
= N . n . LTt 1_m_ l n ] - "
% [aJ 1 < (pl/e)Ju ,T"d5/2’ Jt,T'=T 5 jZL‘; Vlj (pl/E)J"’T"d‘j/QJ VT =T l/2>

n+l

‘ n L 1 E - .o\n

t LI LA N > 1 L LR

+ (bJ,+1)((Pl/g)J."T..d5/2J SII=TE| 2 Vg _(pl/g)J,,,T...d5/2J , T =T 1/2.)]

= 'a,vJ’ : ' :'J' s R -
Jz':g J [T':T"- 1/2]+ bJ. [T'ff'”" ,1/2] +[T'=T"+ 1/2]‘ i

if ™" # 0. If T" = O, then T' can only have the value T" + 1/2 = 1/2,

Hence a_, = 0 and bJ, = 1. Here, J' must satisfy the following relation:

Jl
—

- -,
Jt+ 5/2 =J,
and L%,} represents the following matrix element:

n+l

3 v
agfe 1

By o)y om s 7T -

‘R .l " .
<(P1/2)J”,T" d5/2 J ,T
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‘Both the 1ef§ side of Eq. (5—5) for n+2 nucleons, and the two ferms on
.the.right gide for n+l nucleons can be expressed in terms of two body matfix
elements by using Eq._(3—19). Fro@ such expreSsioneﬁ it would be actually
'poseible to ebtain Eq. (5-3) dii»ectly for. each example in this thesis.
| The,solutienYOf the constants a&,, and by,, is obtained by requiring thaf
fhercoefficients of a two body metrix elemeﬁt oceurring in the left side
of Eq. (5-3) should be equal to those at the right side. The probability
that .:t.he d5 /2‘proton »(ir‘l a configuration (<_15 /2)2,0 ) will interact wi_thﬁ
" the target in the {J',T'=T"- 1/2) or (J',T'=T"+ 1/2) configuration is
%I“ er b, respective;y. The proof of this.statement follqwe from con~
siderations similar to those of Section III.B applied to fhe configurations
on_eeth'sides of Eq. (5-5).' The (d5/2’P1/2) interaction energies can be |
takeh from the excited states of the "target plus one" nueleus° The
proeebility that the d5/2 neutron (in the configuration (ld5/2 ) will:
1nteract Wlth the target core in the (31,7'=T"+ 1/2) state is equal to 1.
These (d5/2’P1/2) 1nteract10n energles can be taken from the exc1ted states.
of the "target plus one neutron" nucleus. The residual interaction energles
configuration can

betﬁéen the 14 proton and neutron in the (1d

)2
5/2 5/275,0
now.be calculated by fbllowing the same procedure as discussed in the

Tz =0 eese, provided thet Sp'=»sa5/2P is,new the everage separation energy
of the JTe stateS‘in_the "target plus one proton" nucleus weighted by their

' respectlve probablllties aJ, and b The detailed proof is.omitted@

Jr
Coulomb energy correctlon must be introduced because in the
[(P1/2 nTn(d5/2)5 0°J,T conflguratlon, ‘there. is always one proton ‘

in tbe ld5/é state, while in the [(pl/2 "T"d5/2 Jrpe conflguratlon of»
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the "target plus one prdton"Anucleus, the probability of a proton in the

1d state is not always equal to 1. This probability, denoted b&-KT,,

5/2 | | |
is .equal to (T",T;+J,/2,1/'2,-,J/2|T'Tz')2, where T", T' is the T's of the ground
state of the target and the states in "target plus one protbn" nucleus con-

sidered and T; is the "T" value [=(N- Z)/2] of the "target plus one proton

nucleus. Now the Coulomb correctlon can be 1ncluded in the follow1ng way:

S' =8 _+C
5/2p A5 /0P

:‘:Sd D + Eé g(lle"::T"-l/Q)Z a—'Jﬁv'*' (l-jI<|I|I=T"+ 1/2)2 bJ
. ,5/2 . J! J!

vhere Eé'is the Coulomb energy vhich is equal to:

B} = (B (ndg )p- ey - Ec-(ﬂpl/g' o)y [EJ”%/Q' ('”Pl/e)m}

- EC[HPI/Q’A(ﬂPl/é)m}jv

with Ec( ﬂj—X) represents the Coulomb energy between &n ﬂj proton end a
structure X which may consist of many nucleons or just one., Here, m is .
the number of Pl/2 protons in the ground state of the target nucleus.

SdS/QP is the separation energy welghted by the aJ, and bJ,

54 / is the separatlon energy after correctlon ‘for the Coulomb energy.

and

The K, velues thus calculated are 1/2 for both T’—O and 1 with T" = 1/2

15

(i.e., le or. “N target), 1 for T'=1/2 with T"=0 (i. e., 1hN target), and

f2/5 and 1/3 respectively for T'—l/2 and 5/2 with T"~l (i.e. ,1uC as target).
The Eé value used for both 15N and 6N is 0.29 MeV. This is the difference :

betveen the excitation energies of the d572'single particle state of the
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3¢ ana Ow nuclei (i.e., 3.85 and %.56 MeV respectively). The
Ec(ﬂpl/g- ﬂPl/E) value is calculated from the binding energies of the

-

ground. states of o8 and 1%0. The Ec(ﬂpl/Q_ nd ) is equal to 0.40 MeV

5/2
whiéh ié calculated-from the analog states_of'th and 1uo with configura-
‘tlon (a /2p1/2 3.,1° No Coulomb energy correction, C, is needed for the
O case. ‘
The above method is used to calculate the residual interaction

160 16.16 Mev, and 1o 5.747 Mev

| foffthe_l5N 13.023 MeV, (0 7.743 Mev,
' 1ev§1s assuming that these states have spins 11/2, 11/2, 6, and 5 respect;
’ ti{ély. The values obtained, as well as the level information of neigh-
1boring nuclides USed,_are 1isted in Table VII. The residual interaction
enérgies again stay fairly constant at about ~3.7 MeV. The results of
ﬁhe¥interaction epergy éalculation between d5/2 and pi/2 nucleéns obtained
By!applying Eq. (3-19) are also summarized in Table VIITI. ; These results
vare “then used to deduce the constants 811 and th needed in breaking thé
' to?gl interacfion of (1d5/2 5+,O’ to core into proton-t@-core;and neutron-
to;¢ore intertictions. Results obtained are given in Table IX, The name
“inﬁeraC£ion model" is used to signify the present separétion.of inter-
acﬁion eneigy. - v | |

From (a a) experimenfs a level in each of the four T =0
nﬂélel‘ 2Na and Al was ass1gned spin 5+ and. the configuration

(ld From independent work, each of these levels is known to have

5/2 5+ | |
spln 5+. One may therefore safely assume that the main configuration is
 1ndeed (1d5/2) ."Furfher,'the experimental residual interaction energies

.stay constant at about -3.9 MeV over the mass reglon A= 1L to 26, As



Table VIII. TInteraction energy between lpl /2 and ld5 /2 nucleons expressed in terms of two body
: T ~interaction energies . ‘

Nucleus Interaction energy (disgonal matrix elements .only)
A A-1 ‘ o '
T ~11/2 o 1 3
1 ‘ a z \A ==V =V
17. 2 3 J=11/2| 2 o 13 N . By
0 <(d5/2)5,0(P1/2)1/2,1/2 m=1/2 %1 J§5V1J _ )= 12'5,1=0" 12'2, T—O L'z —1 E 2,T=1
. _ b '
- J=3 , _2 2 2
16, (a5 (pl/2 1/2,1/2 4 3%2 Tyl T3 Vs,ma0" 8 Vo 10" 2 V3,1
-t _
16 16 J=3 n I 9 2
N,~ 0 <d5/2 (Pl/e 1/2, 1/2 ngv 3| ) =2 "3,1-0" & Y2,1a" 3 V5,00
0 <(d5/2 5,0 (Pl/Q)l,O =0 |i2y j§3~vﬁjv roo- Vs,m=0" V5,
15, 15 - o J=7f2 | 3 o _1 L2
N, © <-d5/2 (P1/2)1,O T=1/2 | j=2 S13) ) 2 V5’T=0+, 2 VB’T'—‘
16 2 2 5 _ T, > + Ly 5
N <(‘15/2)5,0(1’1/2)0,1 T=1 21 Z5vi . ") B 12V3,T—o 12Vé 70" LV 3,T=1 uVé T=1
L =1 J=
15 . \2  J=5/2 | 3 Wy -1 5 1 5.
. Csjo ®1/2)0,1 oy [FRAEE "8 V5,107 8 V2,10" 25 V3,047 2k Yo,
56, (ae . (oo )2 . I=0/2 ; vilny Ty L5
’ 5/2 \P1/2lo,1 m3/2 |2, Vag| !t 6 V3,11 T 8 Vp,p21

-96 -

0L 8T-T1900
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. fable TX.
‘ 7.+ 1s mot included,

R

Interactibn’model.*'ihe Coulomb energy po#rept;on; c, =

'Interaction nodel

t Total interaction L "Proton-core ‘ Neutrbh-cbre

L E[(d5/2 5;3<p1/2 e, v -, 1+{T. 11/2 : {[T;'lll o

1=3. (J'=3 I T
.1=:[(c15/2 50(p1/2 /2, 1/2] ([T. ]+[ ]}/2 + ([T. ]} :

7 : .2 o gws c5/2 ' /o
el (ds/a 5, o(Pl/a 0, 1] _ =(3[T Jﬁ“ Tl_352]}" {[Tv.ﬁ;a]] :

) | State' :
| 15 11/2
| N ‘17°Vii/2;“
'A 160 6+ :
‘16N}5+
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will be shown in the . 86ctionfD,, this value of the (1d5/2 o ;hter- 
action energy is very reasonable. Thus one may have considerable con-
fidence in the method used for the extraction of the interaciion energies
for»the T=20 nuelei. Since the.calculation of the interection energy
for the Tzl% O nuclei gives a result in excellent agreement with that
obtained for the TZ ;_O nuclei, one may have considerable confidence in
the method ofvcalculation as well as in the assignments'of spin and
parities for the 1evels of TZ # 0 nuclei shown in Table’VII. Alternatively,
ah experimental verification of_the-spin of these states‘Wouid prove the
 correctness of thefabove "interaction model" methbd approach used for
those T # 0 nuclides. |

One can expect that the above calculational method for both
- T =0 or TZ 40 nuclides, is quite good on the following two accounts:

a) 'Becauee of the high spin value of the stete considered, eon—
figuration mixing is small.

b) By using experimental energies_of nreighboring nuelei; some
core excitation has already been taken inte account} That.is to say,
the states of neighboring nuclei used in the calculatien‘do not have
to have a'very pure configﬁratien. As‘iong 88 the presence of the addi-
tional d5/2 nucleon of the two paftiele state does not alter this con-
figuration appreciably, the interaction energy thus calculated may still

be. accurate even though the true configuration of the target is not

purely [(lQC'core)(pl/g)n]°
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Following the same method as discussed above,vthe residual in-

vteractlon energles between proton and neutron in (1f configura- -

7/2 7+ 0

tion are calculated. The results are listed in Table X. The excitation .

energies of the two-particle excited states used here are from Ref. 5{

28
"Al, the value of aJ, 7/2 T 7/2

The E' value of Eq. (5 4) is 0.25 Mev which is the difference of the
25

and b are 2/3 and 1/3 respectlvely

assumed 7/2 single particle state in SMS and Al (i.e., 3.97 Mev and
3472 MeV respectively). The residual interaction energy stays fairly
cchstant but decreases slightly faster with increasing A as compared to
thef(ld5/2)§+’o residual interaction energies.

' Similarily, the "interaction model" method can be applied to
'calculate the residual intehaction‘energies between proton and neutron
in (lg9/2)g+ o configuration. These calculations need the value of the
ex01tat10n energies of the analog states. The single particle 1g9/2
states in 59Cu and 61 Cu analog to 59N1 and lNl are known.5ui The Coulomb
.dlsplacement energy, E_, of 25, 55Co 630u, Ge (natural mixture of
1sotopes) analog to the ground state of 55Cr 55Fe, 63Ni, and Zn is equal :
£o 8.390 MeV, 8.660 MeV, 9.300 MeV, and 9.76 MeV respectively.’? The
lg9/2 analog states are assumed to have the»same excitation energies
above the analog states of the ground states of 530r« 55Fe 63N1 65Zn
h'and 67Zn as the excitation energies of the 1g9/2 s1ngle partlcle states”
v Qf-the latter nuclei. Coulomb energy corrections are not 1ncluded be-
cause there is'not enough experimental informaticn to calculate these
values. ThlS is Juqtlfled fran the prev1ous calculatlons for (14,

5/2 5+,
which have shown that these corrections are only about 150-220 ch.
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Table X.* Experimental residual interasction energies for (1f7/2)$
. . . : +’0
configuration. /
Two-particle : Singlebpartiéle statesa | 0
e:zizzz Assumed lf7/2: Assumed lf7/2 E(lf7/2)7+,o
neutron states proton states See note 1.
26Al: 8.27 25Mg: 3.97(5/2,7/2)- 2n1: 3,72 7/2;a?b -3 .4k
(d)P) £n=5
5% . 7.03 ®%i: 3.623 /2 2% . 5.0 7/2-S%P -2.89
(a,p) 253 (°se,a), (a,n) £ =3
he1. 5.0 | Dg . 2.937 7/e- P (2.5)¢ -{3.11)
(d,p) £ =3 .
*2ge: 0.60 M 0.000 T/2- Mge: 0,000 /- -2.62
v . (d:P) £n=5 (t’d);(d)n) 1p=3' . .
28Al; 9.80 27Mg: 3.575(7/2,5/2)- 2Tar: 6.148 7/2(5/2)e’b
: T=3/2 T=1/2
10,50 7/2-% - -(2.96)

T=3/2

% . .
All the energies are in the units of MeV.
Noteglz_ Experimental proton-neutron residual interadtion;énergy.

aAll.-'-t"he single particle states information are from ref. 60 if not other-
wise indicated. v .

PRef. 6, Ref. 65, Ref. €6, °Rer. 67, TRer. €8.
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The constants a., and b_, for each nucleus are determined with

Jl

the following assumption about the configuration of the ground state of

the target core:

Pors (27,000

Mpe: (1f7/2)ét,1

58Ni:' (2P5/2)§+’1 ér (lf5/2)§+,l |

©0y; (2p5/2)g+,2 or (1f§/2)g+,2 |

6
O+,3

. 8
7n: (1f5/2)0+,2

o2y (lf5/2)

6l

66 2

Y- S b -

. ifr .
Zn: (291/2)o+,o(2p3/2)o+,1 or (2P1/2)o+,o( 5/2)o+,1
In all the cases thus calcﬁlated, the constants aJ; and bJ, have the value:

az, =2T:1/(211+ 1) by = 1/(2‘Pi+ 1)

ﬁhere Tiis'the isobaric spin quantum number of the target. The results

Of these calculations are listed in Table XI. For the nuclei 58Co and
70 56 68

Ga, the target nuclei (i.e., ” Fe and 7n) have to occupy two shell

mbdel states beyond a closed 1f shell., Equation (3-19) is no longer

7/2

adequate to treat this case. Hence, no calculation has been made for
'fhese»two nuclides. Although configurations which may be different from

L

T - : : . 6
-the true ones are assumed for the g.s. of 62Ni, 6 Zn, and 6Zn, the cal-
culated values may still be good on account of the second reason

discussed above.
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Table XI. Experimental residual interaction emergies for (lg.,. ).
| S 9/2"9+,0
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2

:TWOfParticle

Sigg;e partiéle states

Assumed lg9/2

Assumed lg9/2v

2
#(89/2)54,0

is the analog gg/e state tb the neutron'gg/2 state.. .

excited neutron states proton statesk See note 1
states . ’
Mmoot Por: 3.0 924 P (6.4)° (2.h9)
(10.72)f
56Co: 8.92 *Ve: 3.80 9/2+b 0.5590: 6.01 9/2+e,g,h ~(2.54)
| - (8.56)% |
%0m: 5.99 P9i: 3.07 9/e+° Pou: 2.99 9/e+®? oo
: | 6.86 (9/2+)F
Rou: b5 w2z g2 P amoga®t )
| S 8.56 (9/e+)F 3
OHou: b.57 SSp: 1.7° 830u: 2.51 9/e+? C(L93)
(centroid) (10.’+6)f . :
Cga: 2.99 | ®57n: 1.04 g9/o+d ta: 2,03 9/2+¢ —(2'2é)'
. (7.10)F
'68G§:‘2.88 67Zn: 0.64 67Ga: 2.10° _(2,07) 
(centroid) (8.98)" .
*All:the energies are in units of MeV. _ , ,
Note '1l: Experimental proton-neutron residual interactidn energy.
?Ref. 70, bRef. T1, “Ref. 39, dRef. 43,4k, ®Ref. 72, TRef. T3, ERef. 52,
hRef. 53, iRef, 5k, JRer, 55.
k

Of the two,excitatiqn energies listed for each nucleus, the lower one
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S o |
© The (1 interaction energies stay fair constant and
| - ( g9/2)9+’0 _ g . 3 ly .
~ vary from -2.54 to -2.07 MeV as A increases from 54 to 68. This gradual
decreasihg of interaction energy with increasing A is expected from shell

model calculations. This point will be further discussed in " Section D.

C. Calculation of Excitation Energies of States

, 2
With the Configuration (14
i . g ( 5/2)2"7:0
One could also use the following method to calculate the excita-
tion energies of the (ld5/2 §+ 0 states for the nuclei - 15N‘ l61\T, 160 and

‘ ;700 It is assumed that the residusl interaction energy of (ld5/2)5+ o

‘ stays.constant over this mass region and has a value of 3.90 MeV. Then

one uses Talmi's method with the change that the (d5/2 pl/g) interaction

energies (i.e., VB,O’ V2,0’ VB,l’ and V2,l) are expressed in terms of

excitation energies of certain states of neighboring nuclei that can also

e expressed in terms of (d5/2 P1/2) interaction energles. Iet B(AZ)

denote . the binding energy relative to 120, eﬁj denote the separation energy
: of a’j proton from 5N, and evj denote the seperation energy of & Jj neutron

' 'from 5C° As an example; in order to calculate‘the excitation_energy of

- : oI5 : ' 2 .
9the,etete in ~“N with the cenfiguratlon [P1/2(dﬁé%5,0]11/2-,1/2’ one can

write down the following expressions:: '

CBUN, Py p(dg0)s 0l /0 170 = V50 * év5,o 2V3 1Y /2.

+ €

o2+ BC7O)

) + 3 [B(DC) + B<13N>]

IR DU
M3,0 = V5,0 * 3l6ms/2 * 5/2
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[B( c) + B(W)]

1h _ 1'
B( N)B, = V3 2 ﬁ5/2 + €v5/2) + =
s(*c) V. o+ e, + B(*3%0)

5.:1.=- 3,1 - V5/2

Ak, i

+ B( N)j;l] + B( 0)5’1

- 23(*%) + B(PW)]

= 10.608 MeV. ' | (5-5)

. - S :
Here, V5,O is (& 5/ J=5,. T—OlV|d5/2 J=5, T=0) and is assumed to have a

value 3.90 MeV. The 5.83%2 MeV 3-,0; 5. 1ou MeV 2-,0; 8.906 MeV 3- )15 and

. 9.508 MeV 2-,1 levels of LN and the 6.723 MeV 3-,1 level of ll‘Lc are

assumed to have the conflguratlon (d5/2 Pl/Q)J,T with ;:5‘or 2 and T=0 or

The binding energies. of these levels are calculated from these excitation

energles agd the ground state binding energy of l%N. Since
15 _ px mm

B(™-N, g.s.)l/2’1/2 = 23,331 MeV,

it follows that the excitation ener.gyEx is given by:

'Ex[15N, pl/g(d5/2 5.0 11/2 1/2 23%.331 - 10. 608 12.723 MeV.

This method is just another form of the "interaction model" method mentioned

pre#iouslye The direct connection can be seen by the following considera-

tions. The proton separation'energiesbfor-the 1uN stateé with configura-

t1on (2175 85/)5-,0 % (r/p 85/0)5. 1 ove
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oAby b 13,y
v »SP( N)E:O - B( N)B:O - B(°7¢)

“B(lBC)J

1k A
SP(_ N)5:l —FB( N)3;1

respectively..' The neutron separation energy for the lLLC state with con- -

_figuration (P1/2 d5/é)§;,l is:
. 1k .;_ 1k 13
sn( C)B,l = B( 0)3,1 - B(*C).

The toﬁal sepafation energy of a neutron and a proton for the 15N statév

car o . _ 2 . el
w1th_conflggratlon[pl/z(ds/z)s,o]11/2_31/2 15.

Spn- = B(151\7)11/2,1/2 - B(*%).

From these definitions of separation energies and Eqs. (5-5), it follows that:

' 1 14 1L 1L

SPn = V5,0 +.{§[SP(, N)3:0'+ SP( N)5:1] ¥ Sn( 0)3’1}
'4-{%EB(130) ) B(liN)l"%[eﬂ5/2 - §v5/2]}‘

Spn = Va0 * RIS, (M5 o+ sp(ll*;v)B,l] +5,(Mo)5 1)

+ L%{Ec(pl/é.- %) -'Eé(ds/g - 120)]}_

where Ec_(pl/2 - 12C)'or [Ec(d 120)] denotes the Coulomb energy between

5/2

a Plyé proton [or a 4., proton] and the ‘°C core. The quantity in the last

5/2
Jbracket {} of the last equation is exactly the additional Coulomb energy
difference needed in the previous method and denoted C previously. The two

"methdds are idéntical;
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In the calculations for 16N, the 0.75 MeV 5/2+,3/2 level of 15C |
and the 5.276 MeV 5/2+,1/2; 12.502 MeV 5/2+,3/2 level of 1y are assumed
2 P
to be the J,T states of the conflguratlon [(p1/2 0,1 5/2 3, where
= 5/2 and T = 1/2 or 3/2. For 16o, the 7.563 MeV 7/2+,1/2 and 7.154
MeV 5/2+, 1/2 1evels of "N and the 7.28 MeV 7/2(+), 1/2 and 6.86 Mev
5/2+,1/2 levels of 20 are assumed to be the J,T states of the configura-
. 2. . | _ /o 17
tion [(pl/e)l’o q5/2]J’T With J = 17/2 or 5/2 and T = 1/2. For ~ 0, the
" 6.13% MeV 3-,0; 8.88-MeV 2-,0; 13.26 MeV 3-,1; and 12.97 MeV 2-,1 levels
f.l60 and the O,BOO MeV 3-,1 level of l6N are assumed to be the J,T
' A R , e -
states of the configuration (Pl/E d5/2)J,T W}th J = 3 or 2and T = O or 1,

The results are presented in Fig. U47.

D. Shell Model Caleulations

In this section the results of the. calculations using"two-kinds
of. shell model calculation methods, the conventional method and Talmi's
method, willibevdiseussed and compared with the results obtained in the
last two sections. The method of conventionai’shell model calculation
has been discussed in Chapter ITII, Section A. This method as well as a
computer program written by Dr. W. W. True are used to calculate the
re51dua1 interaction energies. between the proton and neutron in the cone
(1f

figuration (1d Tables XII; XI1I,

| 5/2)5+,0’ 7/2')7+,0’- and (1g9/2)9+,0'

and XIV list the results of these calculations for the above mentioned

three configurations respeetively°

: 2
| In these calculations, only V, TR is needed. For the (ld5/2)5+,0
configuration, two sets of Harmonic Oscillator parameter, ¥'s are used.
| 18 |

The first set corresponds to selecting the v for ~F as follows:
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9/2'\_,. 3 03___ o - 9. 14

e T R VN V0
(cale) 1195 155 ——— 1= 114 ——
o ' (exp.) | '

15.78 s--~16.16 51 64575 ——

15.06 — 5+ 47— :

X

16 O 16y
XBL689-6790

: Flg L7  Comparison between the experimental excitation energies

~of the (ld5 /2)2 +,0 levels and 'the_theo_retica.l'valties o

using the interaction model method.
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. Table XII. Comparison between theoretical and experimental proton-

A1l the energies are in uniﬁé of MeV.

"bFrom Table VII.F

neutron-residual interaction energies of (ld5/2)§+ cénfiguration. i
_ &
" Nucleus Shell model calculation - Experimentalb | -
L2y _ .2 T : 2 B
vy (in F ) By " vp(in ¥ ) 2 EQdg )5, o
1hN' '0.326 -h.601 0.306 ' _h.é91" L'_u.o5
Ly 0318 - -, 481 0.299 b7 - =357
_16N_ 0.311 -k,365 "0.292 -4, 068 -3.82
16 A ' . .
0 0.311 -4.,3%65 0.292 -4,068 -3.52
1T 0.304 4,258 0.285 -3.968 -3.69
P 0.293 -, 165 10,280 -3.880 . -3.88 -
g 0.278 '--5;8u7 ‘ 0.261 -3.582 - -3.h7
265 0.262 -3.601 0.246 '-3.349 “4.0l
_ aThevchoices 6f two sets of v'!s are discussed in-fhe téxt.-
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‘Table XIIT. Comperison. between theoretical and experimental

proton~-neutron residual interaction energies of

(1f7/2)$+,0 configuration.
o o Shell model calculationa b
~ Nucleus - ‘ ; J(in F’Q) o ‘ Experigegtal
A . | E(lf7/2)7+’o‘
| 26, 0.276 .'_ -3.150 3.1k
2341’ | 0.269 -3.06k | -(2{96)_
30 0.262 | -2.980 -2.89
3%@1' | o om S 2836 -(3.11)
h?écﬂ; | - 0.23k | - -2.60h B -2.62

a"T'L‘he choice of v's is discussed in the text. All the energies are in
the units of MeV.

bFfom Table X.
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\

Comparison'between theoretical and experimental proton— 
neutron residual interaction energies of (1
& (eg/p)o.,0

configuration.

Shell model calculation®

Nucléus : : Experimentalb
o2y P oy 2

v,(in F°) E v(in ¥7°) B, E(lg9/2)9+,o
Sh - . .

Mn 0.226 - -2,198 - 0.2uh . -2.h00 -(2.49)
5606 0.224 . -2.167 - o0.2W1 -2.366‘ o -(2.54)
600y 0.219 C-2,111  0.236 2,303 -2. b2
62 - . R

Cu 0.216 -2.083 0.233 -2.275 . -2.32
6¥cu 0.21h - -2.059 0.251 Lom2.2h7 -(1.93)
6§Ga 0.212 2,033  0.228  -2.221 -(2.22)
%8, 0.209 -2.008  0.226 -2,195 . -(2.07)

%The choice of two sets of v's are discﬁssed in the text. All the

energies are in the units of MeV.

bFrom Table XT. -

(
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’v(18F) =(2n + £ + 5/2)/32 = 5.5/5,u282 = 0.2978

‘where R'(whicn is equal to 3.&28 = l.553x17l/5F) is the equivalent uni-
“radius of A = 17 nu iclei obtained from the Coulomb energy difference of
‘mirror nuc].ei.7lL From this relation w<A 2/5. However, emplrlcally, from

>,the present results VA~ /5 gives a better fit, and will be used. The
/5 For

other'v's are obtained by assuming an inverse dependence on A

example:

S = 16) = v(*%) - (175)'/

__Theﬂseeond set is chosen such that the v ‘of 18F will give the same residual

interaetion energy as the experimental value. The other y's are again

obtained from ﬁhe value for l8F by taking inverse proportlonallty to A /3

For if the same & roach as for the flrst set of v's of (14
( 7/2 7 o PP ( 5/2)5+ 0

' conflguratlon is used. The radius of A = 41 nuclei which is equal to 4,388
. iS“used'tovfix the v for l,'2Sc first. Two sets of y's are also used for

(lg9/2)3+'d configuration. The first set of ¥'s is obtained by calculating

the radius of Tge first. From the table and Eq. (1) of Ref. 69:

AEC = 10.2 MeV for Ge experimental data
o /B (2 + 1,2) = [0.6(28 + 1) - 0.613 2%/3 - (-1)50 3]~——7—e2 '
' c g - * ° o . ' r Al 5
Hence v
(75Ge) =r_ T3 /3 _ 5.20 tm r = 1.2kk
7'3Ge is then calculated and the other +'s are obtained by using

s

theginverse proportionality to A . The»second set of y's is obtained byv

Theuy for

'reduiring that the v of 66Gavwill give an interaction energy‘eQuivalent
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to the experimental values and the ether v's are obtained'by appiying
the inverseiproportionality to Al/B. The # valaee which are ea;culated
from the often used formula Huw=ll A-l/3 give too strong iﬁteraction energies
and are not used here. |

Comparison of the theoretical results thus obtained for the
residual interaction energy with the experlmentally extracted values
allows the conclusion that the agreement is in general satlsfactory. A

reasonable slight adgustment of v's (the second set) for (1d5/2) and

5+,0
(1g9/2)9+ 0 conflguratlon gives excellent agreement wh11e no adJustment
is needed for the ' s of the (1f7/2 7+,0 conflguratlon. KUo and Brown
bave calculated the re51dual'1nteract10n energy between proton and neutron
in the (1d5/2)§+ O.cbnfiguration from the free nucleon-nucleon scattering .
’ 2 .

potential (iae., Hamada-Johnston potential).75 The result, -3.67 MeV, is
in agreement with the experimentally extracted values as well as with the
value obtained from simple shell model calculations. These results in-
dicate that the assignments of states with configuration (ld5/2)§+ 0’

2

2 2 . » . . 3
if, and (1 made in the last. section and previous work
( .7/2)7+;0’ ( g9/2)9+:0 B P :
are correct.

'One can 8180 follow Talmi's method26_to predict the excitation

energy of states which have (1d5/2) configuration by assumlng that -

5+ 0.

the re31dual interaction matrix element of (ld configuration

5/2)5+,0
remains constant and has a magnitude 3.90 MeV. The following parameters
are taken from Ref. 26, with the.cohventioﬁ that if an energy represents

attraction, it has positive sign.
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-0.486 + 0.048 MeV

<
no

5 1;750 + 0.04b1 MeV 'Vé =
vy = 1.60k + 0.035 MeV Vz = 0.067 * 6.039,Mev
Cq = 0.979 % 0.0Lh MeV | Cy = -1.639 + 0.057 MeV

where. they are defined by:

Vj _ % [(d5/2pl/éJ,T = 0] V| d5/2p1/? J,T,.= 0)
+ (dg 5Py /o751 = 1lV|d5/2pl/2 5T = 1)

and Céf'cd are the sum of the interaction to the 120 core and the kinetic

energy Qf:a d5/2 proton or of a 4, neutronvreSPectively. Here, Vj is

5/2

the ﬁatrix element of the interaction between a neutron and s proton, end

V} is that between two like nucleons.

ET(15C) = 4.95 MeV ET(lLL = 15.12 MeV
ET(l M) = 12.h9 MeV ET( N) = 23.33 MeV

| ET( N) = 25.99 MeV ’ET( ='35.hl+ MeV -
5,(T0) = 39.59 Hev | |

where E& is the total experlmental bindlng energy beyond 12 The

'Coulomb energy between a g proton and a Pl/2 proton is: 0. hO MeV.

5/2
ThlS is estlmated from the exc1tat10n energies of the analog states '
of luC and h 0. Equatlon (3 19) is also used to calculate the 1nter-»

_action energies for conflguratlons w1th d5/é and p1/2 nucleons t The;v

ealcul&tion resultq are listed in Table XV and are ‘also plotted in

| Flg h8.
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* and Unna's parameters of VJ, V! T2 C and C' and experlmental ground state binding energles.

_Table XV." Calcwlated excitation energies of [(d5/2 5, O(pl/2) ] configurations using Talmi

and Pl/2 proton. and is equal to -0- hO Me¥.

: Calculated excitation energy.

5/2

Nucleus Configuration l ‘Total energya” gtP
oy 11/2- (4 )2 E (15c s )+c +C AV, V4T = 9.85MeV  13.48 T
N5 05Py 7, T 88+ JHCqtlatVHVz+Vy » = 9.8 13..
- g9fe- M -‘ ' " +C+Cd*i§(v +v')+ (v +VL)+Y, 5 = 9.48 1}.85
. 2 pain -
16N 5+ (d5/2)§(pl/2)o ET( C g.s.)+C +cd+ 6(v +v')+ 5(v +Vé)+V5 =19.36 6.63
- 2 1k | -
»160 6+ (d5/2)5(pl/2 1 ET( N g.s.)+Cd+C'+2(V +V‘)+V5+E =18.'67 16..77
5+ | " | " +V5+V%+Vé+Vé+V5+E ';A =18.57 ”17.i71~
S " +g(v v )+ z (V2+Vé)+V5+Ec =195 1751
17 5_ A5y , L E E
0 11/2 (d5/2)5(p1/2)1/2 T( N g.s.)+C gz(v +v')+ fVé)+V5+Ec =30. 84 8L75
9/2- " " + E(V +v§)+ E(v2+vé)+v5+Eé =507u7 9.12"
F 5+ (= )2( )-LL ' E (166 " )+c +C )+ (v +V*)+2(v +V! ) 4V_+2F =U%.89 1.32
*AL1 the energies are in units of MeV.
Blnding energy of 120 was subbracted. E 1e the Coulomb energy between d proton~-'

4TI~

oLRGT-THN
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13.85 9/2- , .
13.48 ————|/2-~--13.03 9.12 gs0- 914
, R ' 8.75 1s2-
fcalm) 11.95 774
'5N (exp.) l70
1.32 5+ . ,
1.13 5+
| | | I8
17.51 — 4+ - F
77 - 54 -
|6.7‘7‘ 6+au_ .16 6.63 5«:\
B ) | - ) . \
~5.75
14.73
. 14,33 . _ :
'6() -.|(;’~_~l

XBL687-3403

Fig. 48 Comparisenvbetween the experimental exeitation energies of the

(14 ‘)2 levels and the theoretical values using Talmi's
5/2'5+,0 © , .

~ .method of shell model calculation.
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For the 9/2-state of 15ﬁ and ~ 10 and U+ and 54 state of 160;
other configurations such'ae [(d5/2 d3/2)u+;0(p1/2)n]may-nix with the
[(d5/2)§+’o(pl/2)n] configuretion.' Hence, for such states one does not
expect good agreement between the experimental excitation energies and
the above theoretically calculated values which are based on the assumption
of only one single configuration. For the 5+ state of‘l6N the configura-
tlon [(d /2 3/2)h+ l(pl/2 14, O] may mix with the configuration
5/2 5+ o(P1/2)0+ 1
6+ state of 16O, no configuration of 81mple structure can be mlted in, so
that good agreement is expected. TFor theseastates the aSsociation of the
celculated level to the experimental levels for 15N, 16O is obvious and is
indicated by the dashed lines in Fig. 48, For 17O,'the oalculated il/2—‘.
state at 8.62 MeV can be equally well associated with either the 9.1k MeV‘
or the 7.74 MeV level. However, in the "interaction model” oalculation in
the last section (see Fig;'h7), the choice of T7.T4 MeV lenel as 11/2-:
‘givee a better.agreement with the theoretical calculations. Because the
interaction modelﬁnethod uses the excitation energiesfof neighboring |
nuclides which may contain some core excitation (i.e.; of 2N in this case),
this method will give better agreement to the experimental taer if the
target core has a core excitation component. Recent analysis of core
polarlzatlon effects in 5N 15O by Brown and Shukla suggest that there
may be 10% of 2p-3h components in the ground state wave functlon of 5N
150,76 '
The position Of tnex2p—2h‘6%vstate.in 16O is‘very Péfplexing.

t From the systematics of (2,d) work, the 2p-2h 6+ state must be one of

However for the 11/2-states of 5N and o, and the
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the triplet of levels-1k.33, 1k, 7h 16 16 MeV, strongly populated by the
‘(a d) reaction. If the cross sections for the formatlon of the members
of the triplet are proportienal to (2J+;), the spin-parity assignment
-would be b+, 6+, 5+ for the 1h 3%, 1k.7h, 16 16 MeV states respectively.3
(This (27+1) rule is not followed for both the doublet 1evel of 5N and |
7O populated through (o,d) reaction. The cross sections after dividing by
(2J+l)‘are 0.40 mb and 0.32 mb for the 13.03 MeV and 11,95 MeV level of

5N assumlng that the former state has spln 11/2 and the latter has - spln_v
9/2;' Those for the 7. T4 MeV (11/2-) and 9.14 MeV (9/2) level of 170 are
- 0.55 mb and 0.27 mb respectlvely. Hence determination of spin by this
v(2J+1) rule may not be too reliable. ) Carter et al.77 have ehown‘the-‘r
)12 e

16.2 MeV level to have spin 6+ from & ToC(a,q study. This state was

cons;dered as one of the members of the Up-lh rotational band. The down-
.Ward.bending of this band was explained by Celenza et a1.78-bylintroducing'
.2p-2h mixture to the Up- hh component. The dominant hﬁ—hh 6+ sfate was
predlcted to 11e at 15.8% MeV and 2p-2h 6+ state at 12.17 MeV. Kelson
predicted the Lp-th 6+ state at about 1k M.eV'.50 Recent shell model cal-
_culations by Zaker et al.79 predicted a Yp-kh state at 17.4 MeV and a 2p-2h ar
s£a£e at around 15 Mev with a 6+ state at about 14.5 Mev. However, the
calculations in;the last sections (see Fig. 47) indicate that the 16.16.MeV
' 1evel is a 2p~2h state ﬁith'spin.and parity 6+, Since'it is unlikely that
:two levels w1th the same sp1n and parity will have energy very close to
.,eacnrother; the_16.16 MeV level of 16o strongly populated by the N(a,d)l6o
'reacrion may be the same state as observed by Carter et al. at 16.2 MeV.
A spin parlty determlnation for the 14, 33, lh 73 and 16. 16 MeV level of

\(O s needed in order to clarif‘ this‘confusion,
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2
E.vv-Qf s A 5+,O

residual [10F for States with Ccnfigurationi(ld5/2)

In Section A it is stated that one expects a monotonically
decreasing -Q. value (i.e., Q-value for formation of the level) with
increasing A or residual‘nucleus for states with configuration

(18 )2 . The reason for this expection can be understood clearly
5/2/5+,0 »
by the following considerations.

The interaction energy between d5/2 and Pl/2 nucleons in the

o . 2 0 , | |
configuration [(d5/2)5+,0(p1/2)J',T']J,T where n ranges from 1 to L, was

obtained in the above calculation By first applying Eq._(3—l9) and then
3 V2,.V', and Vé determined by Talmi and Unna
(1isted in the last section). These values are plotted against n, the

substituting values of .V

number of*lpl/g nucleons, or the mass number A of the residual nucleus
as shown in Fig. 49.; For cases where the mentioned configuration gives
two or three allowed J values, the centroid position:of each of this

multiplet is calculated by ﬁhé following center-of-mass theorem:
V(33" = ;‘:(EJH) v(33'3)/ L(as+): - 19-3t<a g [
. J .

where v(33') is the average interaction energy (i.e., the interaction

enérgy.of’ﬁhe centrqid). The‘positions of these centroids are desigﬁated

inzFig. 49 by a triangle.. These pointsyférm'a straighf line with a slope:

dE_ . 7 : _5—_ . S _ L
& - "1z (v5 + v5) -5 (V2,+ Vi) = -1.502 MeV

This is the additidnal p1/2-d5/2 interaction énergy gained by adding one
more nucleon to the pl/é shell. From Eq. (5-3), ~Qp is the sum of a

constant and the interaction energy of d5/2 nucleons (with configuration
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Number of IP”2 nucleons
- I 2 3 q 5
O T 1 —T T =

R T 1 | n
| 15 16 7 18 19
Mass number A

XBL687-3117 -

Fig. ko " Tnteraction energies bétvieeri ds o ‘and Py /2 nucleons in.the
configuration [(ld5/2)5+ O(lpl/e)J' ‘I"]J o 85 & function of
n, the number of nucleons in lpl /2 shell.
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(d5/2)§+,0) to the target core. ThevinFeraction of the d5/2 nucleonlﬁo
'the target core can be separated into the sum of ‘the interaction of d5/2
proton and neutron to the»lEC core, a constant, and the interaction of
d5/2 proton and neutron to the pi/2 nucleong. Thus , ;n a»le yg_A plot

one can expect a-general smooth, monotonical decrease of -Qp value
(increasing pl/e-d5/2 interaction) with increasing A (increasing number

of pl/2 nucleons). The experimentgl results can bé shown to be in ag?ee-
ment with this éxpectation by the following consideration. Since the .
highest spiﬁ state in each multiplet usually has less configurétion mixing,
one.can fiﬁst éssume that‘ohe of the experimentally‘determinéd mulfiplet
states is this state.i Then, the poéition of the multiplet centroid rela-
tive to this state is taken from Figo-ﬁ9. rAfter correcting for the
pl/é_dé/E Céulomb energy difference,:a line giving the best fit to thésé
»estimated-centroid-positions has a slope equal to -1055'MeV/huc1eon with

the choice that the 13.03 MeV state of “°N and the 7.75 MeV of 10 are

the 11/2-states, and that.the i6.l6 MeV state of 16O is the 6¥'staté._
These choices are the samé as those mgde in Section C..  The céntroidv:

. position for 17O is.off the line. 'Figure 50 is a different representation
(gfaphical) of the results obtained‘by‘applying Talmi's'meﬁhod} This |
graph is plotted in ofder té éeé more clearly why one expects a general'

monotonic decrease of -Qf values with increasing A.

' F. Other Possible Two-Nucleon Excited States

Speculations concerning two-nucleon excited states Wifh configura-

tion other than (ld5/2)§+ o in the light nuclides are made in this section
; .

with the hope that this may arouse interest in the further study of these

e
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Fig. 50' Relation between A and Qf of estimated centroid positlon

- of (ld configuration.

5/2 5’*‘:



-122- , UCRL-18470

states. These speculations ere highly tentative and need further evidence
to confirm their coffecthess.

In the}pfeviously studied lgd(d,d)luN reaction,SO the magnitudes‘
of the cross sectiOns for populeting states of different configurations

have the following order:

otley 8 70)1 0!
.0[(d5/2 54 ol > 6[(Pl/2 5/2)5+ 0l ® 0[(81/2 5/2 34, O] | or 0-,0
or 2+,0 or_” S
[(31/2)1+,0]

Thisvwould'imply that a medium size peak in a deuteron spectrum of light
nuclldes from (@,d) reaction may result from a (31/2 d5/2)5f,0 capture .
of the”proton—neutron pair. Thus the 9.808 MeV state of 15N'may have the

dominant eOnfiguration:

[(31/2 5/2 3+, oP1/2] 7/2-
The pbseible association of 9.808 Mev level with the known 9.8%2 MeV 7/2
state'makes this assignment appear to be very plausible. The 5.690 MeV

- level of 17O may have the cominant configuration:

-1
'[(31/2d5/'2)3+,o p1/2_]7/2-,0

Since the known'5;697_MeV level has spih-parity 7/2—,ethis asSignment

l61\1 determined by the

appears to be very probable. The 5.961 MeV level of
present Werk is presumably the same as the pfeviously known 5.957 MeV
1eve1 » This 1eve1 was populated by the (t,p) reaction on lLLN ﬁarget32

i'with an angular momentum transfer L equal to 2 (determlned by plane wave

analysis of the angular distribution). A possible sp;n-parlty of (1,2,3)+ =
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Was‘assighed. Combining this result with the expectation from the results

of the (@,d) reaction, it appears that this state may have a dominant cori-

figuration:

] ]

)2
a[(sl/e 5/2 3+, o(P1/2 O+,1°3+,1 © (51/2 5/2 3+, 1(p1/2 1+,07%+,1

vhere a and b are the amplitude of each configuration. The g.s._of.eeNa

is a 3+ state. It may have some component of the (Sl/2d5/2)3+,0 configura-
tion. The 0.9371 MeV 3+,0 state of‘18F is known to have dominant cohfigura-
tion”'(s,dv)2 and was populated by the (a,d) reaction with medium cross
sec‘bion.LL The 11.09 MeV level of O populated by the (a,d) reaction5

v_ may have the conflguratlon'

[(51/2 5/2) 3+,0 (P1/2)1+ 0lhe,0
or 3+,0
or 2+,0
w1th Jﬁ T = h+ 0 most likely. This assignment is supported by the ex-
1stence of a prev1ously known W+ level at 11.094 MeV and a 3+ 1eve1 at
11, 080 mev, B2 | |
22N ' .y R .
The T7.46 MeV state: of a was assigned a configuration
‘(d5/2 7/2)6 0 (ref. 3). However, the 1Ne(p,'y) 22Na study of Arnell et al.55, ‘
showed that the T.48 MeV 1eve1 decays 90% to the g.s. 3+,0 state, 8% to
- the 1.95 Mev (2+4), T = 1 or 1.94% MeV 1+ state, and 2% to the 3.07 MeV (2)
state. The 7.89 MeV state decays 60% to the 1.53 MeV, 5+ 0 state and Log
- to the 0. 89 MeV h+ O state. A 6- ass1gnment to the 7.&8 MEV Tevel would

: require-an;EB ‘trensition to the g.s. andfMA or E5 trahsition to the (2+) .
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or 1+ state respectively. It is unlikely that one would observe a prompt

Mu or ES tran81tlon. However if the 7.89 M°V level is a551gned as 6-,

O

the tran31t10n to the l 53. MeV 5+,0 level is an E1 tranultlon and the
tran51tlon to the 0. 89 MeV bt 0 level is an M2 tran51tlon. Although El

” tran51tlons vetween two T = O states (1.e.,.AT-~ O) in self congugate.
nuclidesv(i.e.,‘TZ_='O nuolides) arelT-fofoiaden w1th a retardatlon factor
vvhich isfoftenvapproximately.lQ,_therelarerther_cases wherewvaorBidden
El.fransitions heve the se@e.tfaneition strengﬁhs as.those of.the.everage_b
normaliEl'transitloes;82 The occurrenoe‘of El;lﬁm =‘O traﬁsltions iﬁ 22Naf
caﬁnot'bevfuled out.' I the'7,h8 MeV level’of Q?Ne ls assignedkto have a
configuratioh (dé/ede/é)M% 6, the traneitioﬁ.to.the g.5. 5+ 0 level woul&'
be M1 and the tran51tlons to the 1.95 NeV (2%), 1.94 MeV 1+ levels would
be B2 and M3 respectlvely. As dlscussed»ln_Chapter lV, Section B, 1t is
very likely that the 5.106 Mev state, strongly populéted in.the Qoﬁé(a,t)

2la reaction, may have a domlnanu conflguratlon K Ne core)d Hence,

5/2
in the (q,@) reaetlon,'the stave;W1pp“eonflguratlon.(d5/2 5/2)h+ o may

be stronglyvpopulated 4.Sloce in the’ (a a) reactlon the cross sectlons for
populatlon of the T. h6 and 7. 87 MeV levels are not much dlfferent a shift
in asslgnment does not contred;ct severly tolthe crluer;a used in estab- |
lishing fhis aseignment 3 Thevassignmenf of-dOminant configuretioﬁ of
(a 5/ 5/2)u+ o and (a 5/ 7/2)6 0t the 7.46 and 7.87 MeV levels.

respectlvelv seems in more reasonable agreemenb with the reqults of

" (p,y) work. AT o
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VI CONCLUSIQNS
From the evidence presented in the previous Chapter of discussion,
1t can be concluded that:
a) The systematic trend of (a, d)‘reacfions at alpha particle
_energy h0-50 MeV to populate strongly the states Wlth a (J)2 4,0 configura-
tlon stlll per81sts in the medium mass region nuclides studled
b) Stgtes with conflgurat;on'hﬂtarget core)(lg9/2 9+’d] gre |
located.
c) States with configufation [ (target core)(ld5/2 5+, O)] of
.liﬁ, l_61\1,%170 and ?ONe are located.
| d) The résidual interaétion energies-between proﬁon and neutron
?‘1n the conflgurations (1d5/2 §+ o (1f7/2 74,07 and (lg9/2 9+,0 are about
;-3 9, -5 0, -—2.2_MeV respectlvely. There is a slight decrease of these
residual interaction ehergieé with increasihg_A for allvfheée threé con-
,figdraéions. The hagnitudes of these regidual interactibn’energies ahd
:tﬂéirlvariatién with A are reproduced excellently by conventional shell
model caléulations;
| e) Thev"interactibn model"” method used to extract fromlthe ex-
périmental resuits the residuél interaction energies for Tz # 0 nuclides
isnbeligved to be correct, Becagse it generates residual interaction |
ehergiestwhich aré in agréémeﬁt with those obtained for TZ = 0 nuclides,
agfwell.as'in agreement with the results obtained. by the conventional
sﬁéll médel calcﬁlations. This mefhod which uses'the excitation energy
_ ithrma£ioﬁ of nucléi ﬁith mass number A-to caiculate.the residual inter-

action energies or excltetion energies of levels in nucleus with mass
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number A+l is believed to be more accufate than the methdd which tries
to get a set of matrix elements from fitting the excitation enefgies of

nuclides with a wideéer range of A.

f) The 16.16 MeV level of l6O has a,dOminant-QPQEh configuration, -

2 2 ' e '
[(ld5/2)5+,0(lp1/2)1+,01’ and may have a spin-parity 6+.

The identification of the configuration of those states which .
are populated with medium cross sections in the (@,d) reaction by
establishing systematic trends, épin and parity determination, and shell B

model calculation will be very interesting.

%)
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