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ABSTRACT 
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The (a,d) reactions on targets of 13c, 14c, 15N, and 20Ne were 

studied using alpha particle beams of 40.1, 46.0, 45.4, and 44.5 MeV, 

respectively. Angular distributions were obtained. States with 

(ld5/2)~+,0 configuration were located and possible spin assignments 

were suggested. These states are: 15N 13.03 MeV(11/2-), 11.95 MeV(9/2-); 

16N 5075 MeV(5+); 170 7.74 MeV (11/2-) , 9014 MeV(9/2-); 2~a 1.528 MeV 5+. 

S t 'd· t f 52C 54,56F 59C 58,60,6~_. 63c d 
epar~ e 1S0 opes 0 r, e, 0, -~1, u, an 

64 6668 , , Znwere used as targets to study the (a,d) reaction with a 50 MeV 

alpha particle beam. States with a probable configuration of (lg9/2)~ ° 
54 56 58' were located. These states are Mn 9.47 MeV, Co 8.92 Mev, Co 6.79 MeV, 

60 62 64 66 68 Cu 5.99 MeV, Cu 4.75 MeV, Cu 4.57 Mev, Ga 2.99 Mev,Ga 2.88 Mev, 

70Ga 2.88 Mev. 

The residual interaction energies between the proton and neutron 

2 2 2 
in the configurations (ld5/ 2)5+,0 and (lf7/ 2)7+,0' and (lg9/2)9t,0 were, 

extracted from the excitation energies determined in the present work and 

For T f ° nUClides, z 

an ninteraction model" method'was proposed to extract the residual inter-

action energy. The mean values of the residual interaction energies are 

about -3.9, -3.0, -2.2 MeV respectively for the three mentioned configura-

tions. These is a slight decrease of residual 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 simultaneously with the 

(a,d) reactions are also briefly reported. t 

/ 

, 
I 
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I • INTRODUCTION 

Pioneering spectroscopic studies of (a,d) reaction on nuclides 

with A ~ 40 using alpha particle beam energy from 42 MeV to 53 Mevl ,2,3 

have suggested that the most strongly populated states are those in which 

1 the captured proton and neutron enter the same shell model state and 

couple to the maximum angular momentum with 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 represented by the following vector 

coupling relation: 

where J
i

, Ti are the total angular momentum and isobaric spin of the 

target nuclide; jl==j2' t l == t2 == 1/2 are those of the shell model states 

into which the proton and neutron are captured; and J
f

, Tf are those of 

the final state. ~e allowed J
f 

values have the range: 

I J. - 2j I < J f < I: J. + 2j I 
~ - - ~ 

Hence, levels with a multiplicity of (23.+1) (if 2j>J.) or [2(2j)+1] 
.~ ~ 

(if 2j<J.) will be strongly populated. 
~ 

These studies of (a,d) reactions were carried but by Rivet 

t 1 3 t t l·d 12C 14,15N 160 20N 24,26Mg 288 . 328 e a. on arge nuc ~ es, "e, ,~" 

40 40 Ax, and Ca. The following levels of the residual nuclides were 

strongly populated and were assigned to the configuration 
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14N: 9,.00 MeV (5+ ) 

160: 14.33 MeV (4+) , 14.74 Mev(6+), 16.16 MeV(5+) 

170: 7.6 MeV(11/2-), 9.0 MeV(9/2-) 

18F: 1.119 MeV (5+ ). (Ref. 4) 

2~a: 1.53 MeV (5+ ) 

26Al: Ground state (5+). 

(J.,T. + ( )2 'l'hose of 
If''l/2 7+~f,Tf = T. 

are: 
1 1 

1 

26Al: 8.27 MeV(7+) 

28Al : 9.80 MeV(7+) 

30p : 7.03 MeV(7+) 

34Cl: 5.2 Mey'(7+) 

4~ : 1. 87 MeV( 7+ ) 

42 Se: 0.60MeV(7+) 

Since 2j > J. in all these cases, we expect a multiplicity of (2J.+ 1) 
1 . . 1 

levels for each nuclide. F'or even-even target nuclides with J i ==0, 

there should be only one highly populated J!eve1. For target nuclides 

14N(J.== 1) and 15N(J.== 1/2) we expect a multiplet of three and two 
1 . 1 

levels, respectively, to occur. These predictions were borne out by 

the experiments. 

The assignments of these high spin levels were based on three 

criteria: 

t 

" ; 
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a) Large '~oss section. 

b) Similarity in the shape of the angular distributions (a more 

or less monotonically decreasing curve with little structure). 

c) That a smooth decreasing curve be obtained when -~ was 

plotted against A 0d "where -Q- is equal to the sum of -[Q value of re s l ua~ "f' 

the (a:,d) reaction] and the excitation energy of the assigneo. state; 

and A 0d 1 is the mass number of the residual nucleus (At t+2 ). reSl ua arge 

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 lSp, the 26Al g.s. 

42 with JlT = 5+, and Sc 0.6 MeV 7+ or 6+. Recently, the 8.963 MeV level 

of 14N was assigned spin 5+,5,6 the 10131 MeV level of l~ was defini~ely 

established as having spin 5+,7 and the 1.530 MeV level of 2~a was 

assigned the sp~n 5+.8 All these direct experimental assignments are in 

agreement with the predictions of the proposed model obtained from the 

systematics of the (a:,d) reactions. These agreements strongly indicate 

the correctness and the reliability of the model. 

In order to test further the validity of the model and to extend 

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

istence of [J VTi- +: (lg9/2J29+ OJ J-: T =. 'T '. states, the target nuclei 
., . f, f. i 

13,14C l~- 20N 52C 54,5h 58 ,60,62..-0 59C 63C d 64,66,68Z , .... :N, e, r, '"'Fe, -I'll, 0, u an n 

were used in the study of the (a:,d) reaction with alpha-particle beam 

energies from 40 MeV to 50 MeV. The spectra from (a:,t) reactions were 

simultaneously recorded. The multiplicities of the strongly populated 

levels were found to be in accord with the predictions. Levels with a 

2 
probable (lg9/2)9+,0 configuration were located. 
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The resid.ual interaction energies between the captured proton 

and neutron in (ld5/ 2);+,o or (lf7/2)~+,O or (lg9/2)~,O configuration 

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

culated by a converitio~ shell model calculation. 

\ , 
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II. EXPERIMENTAL PROCEDURE 

A. Experiments 

The 88-Inch Cyclotron and Beam Optics 

UCRL-18470 

The Berkeley 88-inch Sector-focused cyclotron was uSed to provide 

alpha particle beams from 40 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

collimator); 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 which bent the 

beam 57° and focused the beam at the position of analyzing slit (which has· 

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

focused the beam on the target located in the center of the scattering 

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

integrating electrometer used to measure the beam current. The beam 

energy 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 table. 9 The beam spot size on 

the target was 0.06" wide and 0.1" high in general. The beam intensity 

was 0.5-1 \.lA. 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 equipment in the scattering chamber is 

shown in Fig. 2. The target frame 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 reduced by cooling. Both the 

mounting ring and the target assembly could be moved by remote control. 

An oil-diffusion pump and mechanical pump were used to evacuate the 

cba.mber 'and beam pipes 0 

3. Electronics 

The electronics used are shown schematically in Fig. 3. Two 

counter telescopes each consisting of two lithiUm-drifted silicon semi-

conductor detectors (called LSE and E (let,ectors), were used to measure the 
:'. _. "'. . \- '-:.- .. 

'. energy.as-:w1:Hl as to identify the particles. AE detectors with a typical 

thickness of·0.020" or,0.060"and E detectors with a thickness 0.120" 

were used. The detector voltage applied depended on the thicklless of the 

counter. Typically, 200 volts were used for 0.060" thickAE detector 

and 400 volts for 0.120" E detector. 
, . 

Signals generated by the AE and E detectors were fed into a 

charge-sensitive preamplifier (P.A.) located in the scattering chamber 

and then connected to the linear amplifier system in the counting room 

where the incoming pulses were shaped, amplified, and stretched to 3-4 

I-lsec wide. In pulse shaping, typically a time constant of 0.5 I-lsec (for 

AE amplifier) or 0.2 I-lsec (for E amplifier) was used for the integrator. 

, 

Delay line was used for differentiation. A slow coincidence of 1 I-lsec ~ 

was required between the AE and E Signal to feed into the Goulding-Landis 

particle identifier. ll This identifier is based on the property. that 

the light charged particles follow the empirical range energy relation 

, 
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R = A El •73 between E = 10-100 MeV. A is a constant and is equal to 

32.2, 19.1, 14.2, 3.54, 2.95 for p, d, t, 3He , and 4He respectively 

where R is the range in mg/cm2 and E is the energy in MeV. If T is the 

thickness of the 6E detector, and 6E, E are the energy lost in the 6E 

and E detectors; it follows: 

Since T is a constant, different particles will have different T/A'values. 

Since the voltage signals generated by 6E, E detectors are directly pro-

portional to the energy loss in each detector, a circuit that treats the 

signal voltages from 6E, E detectors in a combination equivalent to the 

right side of the above equation will generate different size output signal 

(i.e .', vOltage) for different kinds of particles. This signal is called 

the identifier signal. Figure 4 shows the spectrum of identifier signals 

stored in a 400 channel pulse-height analyzer-RIDL. Discriminators in the 

router were set at the,positions of the valleys in the identifier spectrum 

so that deuteron and triton energy spectra could be stored in different 

groups of a Nuclear Data pulse-height analyzer ND-160M which contains four 

groups each having 1024 channels. Two systems, Le., two detector telescopes 

at about 20 degrees apart,were simultaneously used to take the data. After 

each run, the information stored in the ND-160M were transferred to a "micro" 

magnetic tape of an on-line PDP-5 computer.12 While the ND was storing the 

data for the next run, the PDP-5was used to plot out the spectra of pre-

vious runs or to calculate the differential cross sections for peaks of 

interest in the spectrum. This immediate data analysis is very valuable 

, 
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because it allows one to check that all the systems 'are working correctly 

and that the aims of the experiment are being fulfilled at a rather early 

stage of the experiment. After the conclusion of the experiment, the in-

formation stored in the "micro" tape were transferred to an IBM magnetic 

tape which was used for further data analysis on the CDC-6600 computer. 

A monitor counter located in the scattering chamber at 19 deg to 

the incident beam "Tas used to monitor the target thickness as well as beam 

energy. 

A cylindrical chamber of approximately 3" in diameter and 1" in 

height was used as gas target. The ,V"indo'\vs for entry and exit of beam 

.p~rticles and for the escape of secondary particles were 0.0001" thick 

Havar foil manufactured by Hamilton Watch Company.13 A tJ~icalpressure 

of about 20 cm Hg was used in the gas cell. 

13 13 14 
The C target was a CH4 gas which contained 93.7% CH. The 

15N target gas had an isotropic purity of 99.71%15 and the 20Ne target 

gas had an isotropic purity of 98.1%.16 

The solid targets of medium mass nuclides were prepared by vacuum 

evaporation of the metal onto a glass or metal plate coated with a thin 

layer of NaCl or Teepol17 as ~arting agent to permit separation of the 

foil from the plate. 
·1 

The self-supporting foils were then mounted on 

aluminum rectangular plates with 3/4 inch holes in the center. The target 

18 materials were obtained from Union Carbide Nuclear Company. The purity 

of the 52
Cr , 54Fe , 56Fe , 58l'Ii, 60Ni , 62Ni , 59coJ 63cu, 64zn.J 66zn , and 68zn 

targets were 99.%, 90-98%, 98-99.%,98-99.%, 95-99.8%, 95-99%, 99.%, 

9909%, 99%, 90-99%, and 95-99% res~ectivelyo 

i 
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The 14C target was borrowed from Bookhaven. 19 Gold backing of 

thickness 2 mg/ cm2 were used.. This target contained large amounts of 12C 

d 160 " "t an mpurl y. 

B. Data Reduction Methods 

The excitation energies of the levels were determined by using 

20 the computer program Lorna which uses as input known excitation 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: 

where Nt' Mt , tt are the number of nuclei/molecule, molecular weight in 

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

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

inches; VJ'2' H2 are the width, the height of the detector slit in inches 

respectively; Z is the atomic number of the incident particle; C is the 

total counts in the peak of interest; B is the total \J.c(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 Targei: 

(T +273)) p • 
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where SL is the laboratory angle between outgoing light particle and 

incident beam; T, P are the temperature in cc, and pressure in cm of Hg 

of the gas target respectively; Rl and R2 are the distance from the center i.J 

of the gas target to the back of the gas target defining slit (see Fig. 2), 

to the back of the detector slits in inches respectively; Wl is the width 

of the gas target defining slit; and Nt' R, W2 , H2 , Z,:C, B, J have the 

same definition mentioned before. 

The relation between total cross section and differential cross 

section is as follows: 

(0.0") 
dD c.m. 

sine de = 27Tf 1 (dO) d(cose) an c.m. 
-1 

where e is the center-of-mass scattering angle. O"T is only integrated 

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

method is used for the integration. 
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III • METHODS OF THEORETICAL CALCULATIONS 

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.,,2l 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: 

(3-1) 

where Y£ m are spherical harmonics normalized over the unit sphere and 
1 1 

Rn £ (rl ) are the radial wave functions which are defined as: 
1 1 

£' .2/2 1 -rl 
r+ e 

2/ n (n +£ +l/M-k -rl 2[, L 1 l_l-~ 2kJ e E -k k' r l k=O n l - • 

(3-2) 
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and 

Here, r is in units of the size parameter l~, so that r is written 

instead of the usual.f;;; •• ·, where V is the HO parameter. 

The radial C1.uantum number nl used, bad value one less than the 

usual definition for shell model states. Hence, a Id
5
/ 2 state was denoted 

by HO wave function Inl ; 0, £1 ; 2). 

The motion of the two particles in a HO well can be described by 

the radius vectors ~l' ~2; radial Quantum numbers nl , n2; and orbital 

angular momentum Quantum numbers £1' £2. This motion can eQually well be 

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, radial and or"Qital Quantum numbers were then deSignated by R, N, 

Land r, n, £ for the two parts respectively. The relation between these 

two coordinate systems was defined as: 

~ 
r ; 

~ 

R (3-4) 

The Quantities defined in EQ. (3-4) are more convenient than those given 

by the more usual definitions: 

~ 
r ; If ; 

f 
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They have the advantage that the flO wave func:tions have the same form 

in both coordinate systems. Equation (3-5) was obtained from energy 

conservation considerations. The quantity p is called "the energy index 

of the two particle system·." It is the energy above the zero'th order 

energy of two non-interacting particles in a flO well, since the single 

particle energy En P. , in units of TIro, is equal to 2nl HI +3/2. The total 
1 1 

wave functions for a two-particle system can be written in the two schemes 

as: 

(3-6) 

or 

where ~ is the total orbital angular momentum, ~ is its magnetic quantum 

. number , and ml , m2 , m, M are the magnetic quantum numbers. The wave 

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

functions of the type (3-7) as follows: 

(3-8) 

The expans:ion coefficients, (np. ,NL,~lnl P.l,n2P.2'~) (which were tabulated 

by Moshinsky and Brody),21 are called the "transformation brackets." 

They transform the wave function from HO well coordinates to relative 

center-of-mass coordinates. This transformation is independent of the 

magnetic quantum number ~. 
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If V(r) is the interaction potential bet"leen the t,~o particles, 

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

n n l 

== .. ~ anfk ~ 
1+1'+2k+2k' . r . 

== 

k==O k I =0 

[ f
oo 2 

2 2p -:1' 
r(p+3/2 } r e VCr} 

o . 

1/2U+f...' )+n+n' 

L: 
p = 1/2(£+£'} 

B{ni,n'£',p) . I 
P 

/ 

(3-9) 

here the summation over the index k,k I has been changed to p,k and hence 

the sU!mna.tion limits should be chanced. Therefore, p has -the l:lmit 

If n > n 1 th(;n 

~: = p - 1/2(£+£')-n' 

1..- =p - 1/2 (£+.e' ) 

1: := p - 1/2 (£-1-£ ,) -n I 

(3-10) 

for 1/2{.£+£I)+n + 1 ~ P ~ 1/2(f+£I)+n+n' 

(3-11) 

• 
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The B coeff5dent, Le., B(n£,n'1',pL the summation index p, and Talmi 

integral I are defined as: 
p 

B 
B(n£,n'£',p) = r(p;3/2) L an£k an,£!p .. 1/2(£+£')-k (3-12) 

k:=a 

p = k + k' + (1 + £')/2 

2 100 
2p -r 

2 
() r2 dr r(p+3/2) reV r 

o 
(3-14) 

Here, r(x+l)=xf(x) for x> 3/2, and r(3/2)=~n /2. The definition of I p 

is a special example of the general definition with v set equal to 1. 

The transformation brackets, the B coefficients, and possible values of 

p for definite values of the energy index and the total orbital angular 

momentum ~ 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. 

For states with total angular momentum J: 
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(3-16) 

There are no space symmetries in the ket(I» and bra «I) wavefunction 

. unless (nl£l) == (n2£2) •. The brackets which contain a 9-j symbol are the 

squares of the coefficients for transforming from jj to LS coupling. 

According to the Pauli principle , the total wavefunction must be 

antisymmetric. For two particles in states jl' j2 which couple to J and 

good isobaric spin quantum number T, the following antisymmetrization 

consideration should be followed. The total wave function of the two 

particles must be antisymmetric. It can be broken into three parts- T, 

S, £ - each havings its own symmetry. For T == 0 states, in using Eq. 

(3-16) if S ==1, £ can only take even values and only the triplet-even 

potential VTE(r) leads to non-zerO matrix elements while for S == 0,£ can 

only take odd values and the singlet-odd potential V SO(r) leads to non-zero 

matrix elements. Similarilyfor T = 1 states, if S = 1 then only VTO(r), 

and if S == 0 the~ only VSE(r) contribute. Note here it is only the "£" -

the relative orbital angular momentum - and not "L" that determines the 

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

have different n,£ values, i.e., (nl£l) -:/ (n2£2)' then the right side of 

f 
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Eq. (3-16) must -oe multiplied by a f'2.ctor of 2. This factor arises from 

the normalization of the antisymmetrized wave function of two particles. 

If the central interaction is assumed to have a Gaussian radial 

dependence, i.e.,: 

VCr) = -v o 
e 

2 
-~ r o 

then the Talmi integral reduces to a simple form 

I 
P 

= 
-v o 

2p+2 
r 

where r is in units of the size parameter b where b = (~/Mill)1/2 = (1/v)1/2 

and EO v is:in units of lib 2 0 Here v is the HO parameter. Since the j j - LS 

expansion coefficients are easily available and the transformation brackets, 

Bcoefficients, and the 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: 

VTE 

-0.2922 F-2 • ra 2 

-52 e MeV 

1.6 VSO = 0 

VTO/VTE -1/2. 
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This was the poteutial used by True22 in calculatitlg the 14N spectrum ex-

cept for VTO which is the stron~est repulsive potential estimated by 

Redlich. 23 Since:ra was the internucleon distance i.e., x: ,= 11,

but 1 defined by Moshinsky was'? = (t
1

'--'::;2) /..[2, it follows that: 

(3-18) 

for the triplet-even potential. For the other three potentials, only the 

V value should be changed. The flO parameter was estimated from o 

v = (2nl +tl +3!2)!R2 where nlhas the Moshinsky definition given above and 

2 2 I· 24 R is the eXpectatidn value of ri of the state nlt l ). 

B. Interaction Energy between Particles in Non-Equivalent Orbits 

Let there be 111 particles of jl which couple to T1Jl and n2 

particles of j2 which couple to T2J 2 • T1Jl and T2J 2 couple to form the 

state TJ. The interaction energy between the n
l 

particles and the n2 

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

elements V(jlj2,T'J') as follows: 25 

= 

, 
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x 

x 

Tll 1/2 Tl Tll 1/2 Ti 

x 1: (2T12+1) T22 1/2 T2 T22 1/2 T2 

T12 fl1 T'T T12 T'T 
~12 

J ll jlJ1 
J ll jl Ji 

X 1: (2J12+1) J 22 j2J 2 J 22 j2 J 2 (3-19) 
J 12 J 12 J' J J

12 
J' J 

where the brackets [( I] and [\)] are the coefficients of fractional 

parentage (cfp), the Vik are the interaction potentials between nucleons, 

and 

The above equation was used to calculate the residual interaction energy 

between the proton and neutron both in the Id
5

/ 2 shell model state for the 

11/2- levels of 15N and 170, the 5+ level of l~, and the 6+ level of 160, 

2 2 
as well as (lf

7
/ 2 )7+' and (lg9/2 )9+ shell model states. It was also used 

in predicting the excitation energies by following the Talmi method of 

. . . 26 
shell model calculation. 
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IV. EXPERIMEN'rAL . RESULTS 

A. Th~. ~a,d) React~ons 

This reaction was studied with a methane gas target which con

tained 93.7% ,13C, at an alpha particle beam energy of 40.1 MeV. A typical 

spectrum taken at e(lab) = 12.0° is shown in Fi~. 5. The methane gas was 

found to decompose at a constant rate under irradiation of the incident 

beam. This effect was corrected by using the monitor counter results. 

Angular distributions for e(lab) = 10.0°-75.0° are shown in Fig. 6. The 

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

here, together with the total cross sections and previously known level 

information, are listed in Table I. 

As shown in the spectrum, only a few levels were populated strongly. 

The 13.028 MeV and 11. 950 MeV levels were assigned as 'the doublet state 

with configuration: 

These assignments will be discussed in detail in Chapter V. 

2. 14c(a,d)16N 

Solid 14C on a gold backing was used as the target. This re-

action was studied with an alpha particle beam energy of 46.0 MeV.. A 

typical spectrum taken ate(lab) = 15.6° is shown in Fig. 7. Angular 

distributions for 8(lab) = 11.7°-80.2° are shown in Fig. 8. The resolu-

tion was about 160 keV. 

f 
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500 .-----.----.---,---,--,..--.--r--,--,---,---,---,---.-----r 

OJ 
c: 
c: 
o 

..c: 
o 
... 
OJ 

a. 250 
VI -c: 
:J 
o 

U 

13.03 

11.95 

12.32 

13 C (O,d)15 N 

9.81 
7/2 

6.34 

5.27 
5/2+ 

7.58 312-
9.17 7/2+ j 

8.59 7. 
3/2+ .17 

512+ 14 
N 

g.S. 

Channel number 

Eo= 40.1 MeV 

81=12.0 0 

g.s. 
1/2-

o 

XBLla7 - 814! 

Fig. 5 Deuteron energy spectrum for the reaction 1)C(CX,d)15N 

at e(lab) = 12.0 deg with E(CX) = 40.1 MeV. 
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Deuteron angular distributions for the reaction 13c(a,d)15N 

atE(a) = 40.1 MeV. 
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Table 1. 15Nlevels observed in 13c{a, d) 15N reaction at 40 .1 MeV. 
~~' 

-----------.--.,---- .. ---.---~--,.-.. ------------------_._----------------------"" .------.. ----.--.------------.- .... ~,-.--~--.----~-.. ----~--.----.¥---.--.-.-----.. -~.---------.----------.-

:t 1,c:'velf3 
_. ,. a,b,c 
I'.!."·cv2.0u~}X_J:~::E~!~~J;c:Qc_:h<.::ve.l':,._ 

obscrver.l Energy J Tlltr~ytC'jtf DomJnante 
.'-'. ' ... ,,:;, -

(11(~V) (r'ijcv) 'JT (mb) conf"j,Cura t :i"OIl 
- .. ----.---,--~-- .. ,.,- .. ----. --------_. __ .-... __ ._-- .------------ ---_._,._-

0 0 1/2- 0.61 (Pl/2) 
-1 

5.266±0.020 5·2'70 5/2+ 2.25 2 
(P1/ 2)0 d5/ 2 

5·299 1/2+ 2 
(P1/2)0 2s1/2 

6.33'6±0.030 6.323 3/2- (P3/2)~ f 

7·170±0.020 '7.154 5/2+ 0.70 2 
(P1/ 2)1 d5/ 2 

'7.300 3/2+ 2 
(P1/ 2)i 2s1/2 

'7. 58l±0. 020 '7.963 '7/2+ 0.94 2 
(P1/ 2\ d5/ 2 

8.312 1/2+(3/2+) 2 
(P1/ 2)1 2s1/2 

8.58'7±0.020 8.5'70 3/2+ 0.50 2 
(P1/ 2)1 d5/ 2 

9·052 1/2+,3/2+ 

9 • 169±0 . 030 9·155 3/2-(5/2) 1.19 

9.233 ~5/2 

9.'762 5/2-

9·808±0.020 9·832 7/2(-) 2.15 
, 

9·929 1/2+,3/2+ 

, 10.074 3/2+ 

10.451±0.020 10.458 " 3/2,5/2, '7/2 

10.548 5/2 
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Table I. (continued) 

----_.--, -~-~ --~-~ ~--,-.-

Levels 
obse:rycd 

(MeV) 

10.698±o.020 

11·950±0.020 

12.318±0.030 

13.028±0.020 

}:;;ner2,Y 
(Me V) 

10.710 

10.815 

11.243 

11.299 

11.438 

11.616 

11.773 

11.885 

11·950 

11·972 

12.103 
''; 

12.152 

12·333 

12.502 

12.928 

12.93 

13·15 

13.18 

J 
iT 

3/2+ 

3/2 

>1/2-

1/2-

1/2+ 

1/2+ (T;::,3/2) 

3/2+ 

3/2-

(9!2-)g 

>1/2 
1/2-

5/2 

3/2 

5/2 

5/2+(T;::,3/2 ) 

3/2+ 

7/2-

(11/2-)g 

Intensity 
(mb) 

3.20 

4.82 

UCRL-18470 

Dom1nant 
configuration 

~ef. 27A . bRef . 2~, CRef • 2~, ~ange of integration: 10.0 to 75.0 deg 
(lab), '"'Ref. 30, Ref. 31, As§igned by this work. 

, 
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14C (a,d)16 N. 

14N 8.963 
5+ 

4 
N8.489 

14N 6.44 

18 F 1.119 

5+ 

3.96 

Channel number 

Ea= 46.0 MeV 

81 =15.6° 

0.31 
3-

14 N+ 
g.s. g.s. 

2-
~ 

XBLee1- 514. 

14 16 
Fig. 7 Deuteron energy spectrum for the reaction C(a,d) N at 

e(lab) = 15.6 deg with E(a) = 46.0 MeV. 



~ 

If) 

........ 

.0 

E 

3.96 

..,30-

14C (a,d )16 N 

46·0 MeV 

UCRL-18470 

c; 10 
"'0 
........ 
b· 
"'0 7.60 

0.31 

Bc.m. ( deg ) 

XBL687- 311 S 

Fig. 8 Deuteron angular distributions for the reaction 14c(a,d)16N 

at E(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: 

The measured excitation energies and total cross sections together with 

recent energy level information of 16N are listed in Table II. 

, 
Gaseous 15N with 99.71% purity was used as the target. The 

reaction was studied with an alpha particle beam energy of 45.4 MeV. A 

spectrum taken at e(lab) = 13.2° is shown in Fig. 9. Angular distribu-

tions for e(lab) = 11.2°-70.8° are shown in Fig. 10. The resolution 

was about 150 keV. The measured excitation energies and total cross 

sections together with energy level information of 170 are listed in 

Table III. 

Two strong levels at 7.742 and 9.137 MeV were assigned to have 

the dominant configuration: 

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

Better resolution was obtained. in this work. 

This reaction was studied with an alpha particle beam energy 

of 44.5 MeV with a gaseous 20Ne target with purity 98.1%. Figure 11 

is the spectrum taken at e(lab) = 11.2°. Angular distributions for 
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Table II. 16 . 14 16 . 
N levels observed In C(a)d) N reactlon at 40.6 MeV. 

---------------------------

Lcvc;lf~ 

oh;3erved 
(VicV) 

Pl'cvj,OlJslv rc·po:cte0. levels a ----_._--,' -_ ... =-.-._-_._------

o 

0.307±0.02 

3.9t)1±0.02 

5.745±0.02 

. .~ 

Energy 
(I.leV) 

o 

0.120 

0·300 

0.399 

3.359 

3·519 

3·957 

4.31S 

4.391 

4.725 

4.774 

5·053 

5.130 

5.150 

5.226 

5.305 

5.520 

5·730 

6.009 

6.167 

J 
'iT 

2-

0-

3-

1-

1+ 

(0-) 

1+ 

1-

(1)2)3)+ 

(5+)C 

(3-) 

.-------------------

Inte!1c; i ty -b Dora:in8.nt a 
(!nb) coni'iSt:;xe;c:ion 

1.35 

3.43 

10.07 

-1 
(Pl/2) , d5/ 2 

(P1/ 2)-12S1/2 

(P1/ 2 )-1 d
5
/ 2 

(P1/ 2)-1 2s1/2 

2 2 c 
(d5/ 2 ) 5+(P1/ 2 }O+ 

(P3/ 2 ) -1 d5/ 2 
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Table II. (Continued) 
If". 

.'~-"-------'---------'------------ .. --.. -.. -.------------------- .. ------------------.--
a ________ •• _____ • __ ••• ,. ___ .------------------- •• -.-.• - ______________ • ________ ._4 _____ . ____ " _____ ~ .. __ 

Levclc; 
observed 

(l\leV) 
r:::nergy 
(MeV) 

<T 
7T 

--.----_._---------_ .. _--_._-------_ .. 
6.371 

6.422 (2-) 

6.512 

6.613 

6.854 

7.006 

7·133 

7.250 

7.599±0.03 7·573 

7.640 

Inte:r1G lty 
(rab) 

J)omJ.ll2,nt. 
configuxai.;:i.cn 

~ef. 32; bRange of integration: 11.7 to 80.2 deg (lab); cThis work. 
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ClJ 
Co 

en -c: 
::l 
o 

U 

12.23 
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Fig. 9 Deuteron energy spectrum 1'or the reaction 15N(a,d)17
0 at 

e(lab) == 13.2 deg with E(a) == 45.4 MeV. 
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Table III. 170 levels observed in 15N(a,d)17o reaction at 45.4 MeV. 

--_._--_.-

Leveh; 
ohscrvcli 

(ljeV) 

o 
0.870±0.050 

3.850±0.050 
4.566±0.050 

5.208±0.030 

7.742±0.020 

8.147±0.030 

Erl'"'T' C'y 
(l'l~;Vr 

o 
0.871 
3.058 
3.846 

4.555 
5.083 
5.217 
5.378 
5.697 
5~ 729 
5.866 
5.940 
6.24 
6.38 
6.87 
7.161 
7.28 

7.373 
(.560 
7.676 
7.691 
7.694 

7.91 
8.08 
8.20 

8.27 

J 
7f 

5/2-

1/2+ 
(1/2-) 

5/2-

3/2-

3/2+ 

3/2-

7/2-

>3/2 

1/2-

1/2+ 

5/2 

3/2+ 

5/2 

?7/2 

3/2 

7/2 
3/2 ., 

IntcnsityC 
(mb) 

1.15 
0.11 

1.35 

1.37 

(11/2- )d,e 6.58 

1/2 

3/2 

3/2 0.30 

Do:ntnEmt 
confj_E:';t1Y'at:i on 

d5/ 2 s.p. 
2s1/2 s.p. 

~/2 s.p. 

0.67 
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Table III. (Continued) 
---- --_._----------- .• -.. __ ............ _ .... _----_._----_._._----.. __ ._------_._--_ .. _------._------_._------_.---_ ... -

ol)~;crvecI 

(}.lcV) 

8. 459±0. 030 

8.890±0.030 

9·137±0.030 

8·340 
8.390 
8.460 

8.493 
(8.59) 
8.70 
8.89 
8.96 
9.06 

9·15 
9·20 
9·50 
9·73 
9.78 
9.89 

~/2 
5/2 
7/2 

3/2 

3/2 
3/2 

7/2 

Intej'ls ity Domino.nt 
(mb) c:m,:f':igura::_;:Loll 

0.68 

0.53 

(9/~)d,e 2.70 

5/2 

7/2 

7/2 

0.69 

9/2 

abc 
Ref. 29; Ref. 33; Range of integration: 11.2 to 70.8 deg (lab); 

~ef. 2; eAssigned by this work. 
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2.98 
(3) 

Chan nel number 

UCRL-18470 

2°N e (a ,d) 2Z Na 

Ea= 44.5 MeV 

e = 11.20 
I 

1.53 
5+ 

!CaLI.7- 814 T 

. 20 22 
Deuteron energy spectrum for the reaction Ne(a,d) Na 

at e(lab) = 11.2 deg with E(a) = 44.5 MeV. 
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/ e(lab) = 9.0°-50.0° are shown in Fig. 12. The resolution was about 

110 keV. The measured excitation energies and total cross sections 

together with energy level information of 2~a are listed in Table IV. 

In general, the levels populated were the same as a previous 

study of this reactj_on. 3 However, a better resolution was obtained, and 

the excitation energy studied was extended to about 15 MeV. Three levels 

(1.528, 7.460 and 7.874 MeV) were strongly populated. The level at 1.528 

MeV was aSSigned to have the dominant configuration: 

The level at 7.460 MeV was assigned to have: 

configuration. A brief discussion of the configuration of the 7.460 and 

7.874 MeV levels is made in Chapter V section F. 

5· 52cr(a,d)54Mn,54,56Fe{a,d)56,58Co,59Co{a,d)61Ni,58,60,6~i{a,d) 
60,62,64C 63c {a d)65z d 64,66,68z {a d)66,68,70G u; u; n, an n , a 

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 15 different angles were taken. 

Separated isotope targets with purity ra.nging from 9O'fo to 99.gjo were 

used. The target thicknesses were from 153 ~g/cm2 to 630 ~g/cm2. In 

order to stop the deuterons, a counter telescope with a ~ counter 

0.06" thick and an E counter 0.12" thick was used. The dead layer of 
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20 )22 Ne (a, d No 
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Fig. 12 Deuteron angular distributions for the reaction 20Ne (a,d)22Na 

at E(a) = 44.5 MeV. 
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Table IV. 22Na levels observed in 20Ne (a,d)22Na reaction at 44.5 MeV. 
------'------* .. -.. --.-.----.--~---.- ... -------"-~-."--.~.-.-.----.-~---.. ------.-.--------------.---.---.-... 

o 

I,cvcls 
ob:c:cl'vcd 

(£'leV) 

1. 528±0. 020 

1. 946±0. 030 

2.558±0.040 

2.976£ 0 .020 

4.488±0.030 

4.,733±0.020 

5.339±0.030 

6. 274±0. 020 

6.617±0.030 

7.042±0.030 

7.460±0.030 

7.874±0.030 

8.091±0.040 

8.659±0.040 

Encl'C.\' 

o 
0.58305 

0.656 

0.8909 

1.5281 

1.9359 

1.9518 

1.9835 
2.2104 

2.5715 

2.9686 

3.0594 

3.526 

3.712 

3.949 

4.077 

4.325 

4.363 

J7T 

3+ 

1+ 

0+ 

4+ 

5+ 

1+ 

(2+ ) 

2+,3+ 

1-

1(+),2 

(3 ) 

(2) 

>2 

>2 

1 

1 2 , , 

High level density 

T 

o 
o 
1 

o 
o 

1 

(1) 

Spin and parity unknown 

d 
Int,'Ylsit;1 

(mb) 

0.17 

2.49 
. 0.35 

0.07 

0.70 

, 0.34 

0.50 

0.28 

0.22 

0.63 

0.42 

2.05 

0.97 
0.42 

0.72 

Doinjnant 
(:onf:i,C;l):r.at 'i. on 

(d )2 e,f 
5/2 5+ 
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Table IV • (continued) 

----------------.------------~----------.--.-.----.------------;-----------------.-- _. ---.-------.--.~-.---.- ... -------------:------------~-----

If2vels 
obscrvccl 

(l.;eV) . 
Trlte~l~;it:( Du:dna.nt. 

. (1ilb) COl!l":i.gnratjon 
-------------------;-.- --.----.--~ .. -------- --_._----_._---.---

9.356±0.040· 

9.990±0.040 

10.990±0;040 

High level density 

Spin and p3.ri ty lmknmm 

0·59 

0.45 

0.69 

8....- b c CL 
rtef. 34; . Ref. 8; Ref. 35; Range of:L'1tegration: 9.0 to 50.0 deg 

(lab); eRef . 3; fAssigned by this vlOrk. 

) 

... 
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this thick 6E detector was the main cause of the loss of resolution to 

a value of 170 keY. Spectra of deutrons from these reactions are shown 

in Figs. 13-23. The high selectivity in populating states by (a,d) 

reaction again prevailed in this mass region. States where the captured 

proton-neutron pair were probably both in 199/2 state arid coupled to 9+ 

were assigned for these nuclides. These states are listed in Table VI 

in Chapter V section 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 (a,t) Reactions 

Very few (a,t) reactions have been previously studied. 48 ,49 

In the present work, the (a,t) reaction was studied to locate previously 

unknown 199/2 Single particle states. In the light elements, the (a,t) 

reaction was studied mainly because it could be observed simultaneously 

with the (a,d) reactions. 

Since the Q-values of (a,d) and (a,t) reactions were close, the 

triton and deuteron spectra were recorded simultaneously in the different 

groups of the Nuclear Data pulse height analyzer. The triton spectra 

from (a,t) reaction~ on targets of 12,13,14c , 15N, 20Ne , 52Cr , 54,56Fe , 

59Co , 58,60,6~i, 63Cu , 64,66,68zn, together with angular distributions 

f ·· 13,14C rom , 15 20 60 . N,Ne and Nl targets are shown from Figs. 24-44. 

The measured excitation energies are marked on the spectra. 

A comparison 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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reaction. Figure 24 is the spectrum from the 12C(cx,t)13N reaction. The 

single particle IP1/2 and Id
5
/ 2 level of 13N (g.s. 1/2-, and 3.56 MeV 

5/2 ) 22 t 1 1 t d Th t .p the 1.3c (rv,t)14N re-+ are s rong y popu a e _. e spec -rum J..rom \.h 

action is shown in Fig. ~5. The g.s, and the 5.104 and 5.832 MeV levelE 

of 14N arC' known to have the dominant configurations of (lPl/2)~+,0' 

(ld5/ 2)lPl/2)2_,0 and (ld5/ 2,lPl/2)3_,0 respectively22 and they aye strong

ly populated. The stripped proton prefers to be captured in the IP1/2 or 

Id
5

/ 2 shell model state. The triton angular distributions are shown in 

Fig. 26. In the 15N spectrum, shown in Fig. 27, two large peaks at 0 and 

5.266 MeV excitation correspond to levels with dominant configurations 

(lPl/2)~/2-,1/2 and Lld5/ 2(14c g.s~)]5/2+,1/2 respectively.3
0 

In the 160 

spectrum shown in Fig. 29, three strong peaks at 0, 6.135 and 8.875 MeV 

are known to have the dominant configurations (lPl/2)~+,0 ,(ld
5

/ 2,lPl/2-
1

)3_,0 

( . -1) 50 and Id
5
/ 2,lPl/2 2-,0 respectively. The triton angular distributions 

for 15N and 160 are shown in Figs. 28 and 30 respectively. The spectrum 

of tritons from the 20Ne(cx,t)2~a reaction is shown in Fig. 31. The 0.32 

MeV (the known value is 0.335 MeV) 5/2+ and 5.11 MeV levels are strongly 

populated. The 0.33B MeV level was described by several calculations to 

be the second member of 'the K = 3/2+ ground state rotational band. 51 

Since the (d,n) reaction .shows that this level has .e
p 

= 2 and in (cx,t) 

reaction it is populated much stronger than all the other members of the 

K = 3/2+ rotational band-g.s. 3/2+, 1.171 7/2+, and 2.81 (9/2), the 

evidence indicates that the 0.335 MeV level may have a strong parentage 

of the configuration ( ' ) 20 [ nld
5

/ 2 ( Ne core)]. Whether the collective 

description and the single particle description of the 0.335 MeV state 
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are the same is a problem remaining to be verified. The nature of the 

5.106 MeV level is unknown. In 2~e, the mirror nucleus of 2~a, there 

are three states (4.53, 5.434 and 5.632 MeV) in the vicinity of 5 MeV 

with 1, 
n 

= 2 determined by the (d,p) reaction. 
, 17 -

In ° the ld5/ 2-ld3/ 2 

splitting is 5.083 MeV. From this evidence, it is possible that the-

5.11 MeV level may have the configuration [(?Ttd
3

/ 2) (
20

Ne core)]. 'Ex

perimental determination of the 1, value from (~e, d) or(d,n) reactions 
" p 

and the spin value from particle-gamma. work are needed in order to 

establish the above postulation. The structureless angular distribution 

from the (a,t) reaction populating this state is shown in Fig. 32. 

Obviously it will not allow a unique determination of 1,. p 

The spectra from (a,t) reactions on medium mass targets are shown 

from Figs. 33-44. The known single particle configurations are also shown 

.on the spectra 0 Comparing to the known level information, 52-56 the 

lf
7

/ 2, lf5
/ 2, and 199/2 single particle states are populated strongly. 

Following this trend, the following speculations are made: 
\ 

5~- - 67 69 a) The -Mn 6.31 or 6.54 MeV, Ga 2.10 MeV and Ga,0.58 MeV 

levels are 199/2 single particle levels. 

b) The 63Cu 0.97 MeV, 67Ga 0.38 MeV, and 69Ga 0.58 MeV levles 

are lf5/2 single particle levels. 

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

uration (lg9/2' lf7/ 2-
1

)8,7,6_. The b:i-oad peak at about 5 MeV obviously 

consists of sever~l levels. These levels and the one at about 4.37 MeV 

may have the configuration (lf
7

/ 2, lf
5

/ 2). 
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From these results, it is clear that at alpha particle beam 

energies from 40-50 MeV the (a,t) reaction prefers to populate single 
- --

particle states where the stripped proton is captured into the ld
5

/ 2 

or lPl/2 shell model state in the light nuclides and into the lf7/2 ' 

lf5/2 ' or ~g9/2 state in the medium mass nuclides studied. 

... 
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V. DISCUSSIONS 

A. Criteria to Identify the (ld5/2)§~ and (lg9/2)~ Levels 

and Rationale for These Criteria 

The (ld5/2)~ levels in light nuclides assigned by the present 

study and previous work2 ,3 are summarized in Table V. If from other work 

there are more accurately determined excitation energies for these levels, 

these values are listed. 2 
The angular distributions of the (ld

5
/ 2)5+ 

levels obtained by this work are shown in Fig. 45. These angular dis

tributions are similar to those of known 5+ levels of previous (a,d) work. 

Only one of the latter, that of the 8.963 MeV 5+ level of 14N, is also 

shown in Fig. 45. 

As stated in the introduction, the criteria for identification of 

these states are that the cross section be large, the angular distributions 

The large cross sections arise from the following causes: 

a) These states have higher spins than other states and hence 

the cross section is enhanced by a large statistical factor (23+1) due to 

the equal probability of populating the magnetic substates. 

b) The structure facto; G for these states is large. 57 This 

means roughly that the initial state and the deuteron picked up from the 

a particl-e have large overlap with the final state. 

c) At 40-50 MeV alpha particle beam energy the momentum trans-

ferred to the target (l2::SAS<?4) by the captured proton-neutron pair at the 

", ~ . 
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Table V. The (ld
5

/ 2);+ levels observed in the (a,d) reaction and 

their -Qf values. 

Final 

nucleus 

22 . 
Na 

Energy of 
Excitation 

(MeV) 

11. 95 ±0.02 

13.03 ±0.02 

5.75 ±0.02 

14.33 ±0.10b 

14.74 ±O.lOb 

16.16 ±0.10b 

7.74 ±0.02 

9.14 ±0.03 

1. 1310!0 • OP15 c 

1. 528l±0. 0003 d 

g.s. 

-Q 
f 

(MeV) 

22.54 

20.72 

19·13 

17.44 

17.S5 

19.27 

17.45 

14.10 

12.43 

(9/2-) 

(11/2-) 

(5+) 

(4,5+)i 

(5,4+)i . 

(6+)i,e 

(11/2-) 

(9/2-) 

a.... b c seL. 4e.... f .... fl- S Kef. 5; Ref. 3; Ref. 5 ; -Ref. 3; Kef. 59; . Ref. 7; -Kef. ; 

~ef. 60; iAss:i:gned by this work. 

T 

o 

1/2 

1/2 

1 

o 

o 

o 

1/2 

1/2 

o 

o 

o 
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10 

~ 

en i5N13.03 " ..0 

E 

C3 
"C 10 
" b 
"C 

Fig. 45 

14N8.963 

10 50 70 90 

8c.rn. (deg) 

X B LSB 7-3120A 

Deuteron angular distributions from (a,d) reactions for 

states with (ld5/2)~+,O configuration • 
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nuclear surface is about 4~ which favors capture of the two particles both 

into Id
5

/ 2 shell model state and which can give an L = £n + £p = 2 + 2 = 4 

transfer.) 

The gross similarity of the angular distributions is caused by 

the fact that they are all characterized by L = 4 transfer. The monoton-

ically decreasing nature of the -Qf vs A "d· 1 curve can be expected by 
reSl ua 

the following considerations. 

The monotonical decreasing of -Qf value with increasing A of the 

residual nucieus can be understood by the following consideration. To form . 

the level, one needs energy to break an alpha particle into deuteron, pro-

ton and neutron, denoted by EN d • When the proton and neutron are 
u,- ,p ,n 

captured into the Id
5

/ 2 shell, one gets back energy equal to the separation 

energies of the Id
5

/ 2 proton·and neutron from the target core,denoted by 

Sand S. Further energy is liberated from the residual interaction be-
p n 

tween proton, neutron in the state (ld5/2)~+' denoted by -Epn • 

is positive. Hence 

Q E - S - S + E -f CX-d,p,n p n pn 

Here -E pn 

= E - (T ' + V ' ) - '{'T + V ) + E CX-d;p,n p p-core. n n-core pD 

E T CX-d,p,n p T+E -(V +V ) n pn p-core n-core 

constant - (V + V ') , p-core n-core 

where T ,T are the kinetic energies of the proton and neutron respectively 
p n 

in the Id
5

/ 2 state and V V are their interaction energies with p-core' n-core, ' 

.. 
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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 + Vn core)' becomes p-core -

stronger when the core has more lPl/2 nucleons (discussed in Section E), 

-Qr decreases as A increases. Further discussion in Section E will clarify 

this point. Figure 46 shows a plot of -Qf vs A for 2 
(ld5/ 2)5+ levels as 

and (lf7/2)~+ levels3 and well as for previously assigned (ld
5

/ 2,lf
7

/ 2)6_ 

for the (lg9/2)~ levels assigned by this work. 

monotonical~y decreasing pattern is followed. 

For each configuration, a 

The (lg9/2)~+ levels assigned by this study are listed in Table 

VI. Since no angular distributions were taken for these states, the 

assignment of these states was based on the two criteria of a smooth 

monotonically decreasing curve of the ~Qf vs A 'd I plot and largest res). ua 

cross section. 

The_ ca~s~_B fpr_ the relatively large -cross sections for states 

with configuration (lg9/2)~+,0 are still the same as discussed in the case 

for those with (ld5/2)~+,0 configuration. Here, at 40-50 MeV alpha particle 

beam energy the momentum transferred to the target (52:5A:s68) by the cap-

tured proton-neutron pair at the nuclear surface is about 8~ which favors 

capture of the two particles both into Ig9/2 shell model state and which 

can give an ~ = £ + t = 4 + 4 = 8 transfer. n p 

It was found, however, that in 54
Mn and 56Co it was necessary to 

choose the second most strongly populated level in order to obtain a 

smoothly varying -~ vs ~esidual plot. This is not unreasonable, since 

the (a,t) spectra show that If7/2 single-particle proton capture predominates 
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2 
o (I d 5/2 ) 5 + I eve I s 
• (ld 512 , If7l2 )6- levels 
c (lf712)~+ levels 

• (I g!!l/2):+ levels 

Ii • 
• 9 0 c 

• • 
0 
0 0 0 c • • • • • 

0 c 

0 c 

65 70 

A of residual nucleus 

XBL687·3121 

) 

Relation bet'W~en the mass number A of product nucleus and the 

Q-value of formation of the levels 'With2(ld5/2)~+,O' (lf7/2)~+,O' 
(ld5/ 2,lf7/ 2)6_,o' and probably (lg9/2)9+,O configuration 

strongly populated by the (a, d) reaction. 

.. 
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Table VI. High spin [probably (lg9/2)~+] levels observed in the 
(a,d) reaction. 

Final Energy Level -Q 
f 

nucleus (MeV) (MeV) 

54' 
Mn 9.47±0.05 20.04 

56eo 8.92±0.03 19.85 

58 Co 6.791:0.03 18.27 

60e u 5·991:0.03 18.58 

62 eu 4.75±0.03 17.12 

6~eu 4.57±0.03 16.60 

66aa 2·991:0.03 16.00 

68aa 2.88±0.03 15.40 

70 - --Ga - -2.88±0;-03 14.69 
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over the 199/2 single-particle capture in these nuclides, and thus we 

might expect large cross sections for levels with a configuration which 

includes a lf7/2 prot.on to appear in the (a,d) reaction in addition to the 
2 . 

(lg9/2)9+ levels. In the higher mass region the (a,t) reaction shows that 

199/2 proton capture is predominant, and here we find that the most strongly 

populated level should be chosen as 

For the two odd-A targets, 

2 
the (lg9/2)9+ levels. 

59Co and 63Cu there are , no strongly 

populated levels in the (a,d) spectra. Tnis is consistent. with previous 

results. For a target with ground state spin J i 10 a multiplet of (2Ji+l) 

states can be formed from vector coupling J. to the total angular momentum, 1. . 

2j, of the captured pair, if J. < 2j. In the present case, the ground state 
1 

spins are 59Co(J. = 7/2) and 63Cu(J. = 3/2) and we' expect that the capture 
1 1 

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 

In the Configuration of (ld5/2)~+,0' or (lf7/2)~+,0 or (lg9/2)~+ 

In the previous section we have discussed the assignment of 

2 
proton-neutron two-particle excited states with the configuration (ld

5
/ 2)5+. 

From the excitation energies of these two-particle excited states together 

with known neighboring single-particle excitation energies, the residual 

interaction energy Epn between the proton and neutron can be calculated. 
, 

The method of calculation is outlined below. 

.... 



-87- UCRL-18410 

For T = o nuclei the calculation is simple. For example in 18F , z . 

the 1.131 MeV 5+ level was assigned to have thecc:rfiguration 

The total separation energy of the proton and neutron in this configuration 

, 16 
from the 0 is: 

= S - E* p,n 

where S is the separation energy of the last proton and neutron in the pn 

ground state of l8r from the 160 core and E* is the excitation energy of 

2 
the' (ld

5
!2)5+ state. E* is equal to 1.131 MeV in this case. LetS 

P 

denote the separation energy of a proton in the ld
5

/ 2 single particle 

state of l1F and Sn represent the separation energy of a neutron in the 

Id,5/2 single particle state of 110 • Then, 

S = S +S -E T P n pn 

where Epn = E(ld5/2)~+,0 is the residual interaction energy for Tz = 0 

nuclei. Th~ results of these calculations for the nuclides l~, l~, 22Na 

26 and Al are listed in Table VII. The neighboring single particle states 

used in the calculation are also tabulated. The residual interaction 

energies stay fairly·constant over this mass region from A = 14 to 26 

with a Value of about -3.9 MeV, (i.e., attractive). Except for the 

nucleus 26Al , the residual interaction decreases slightly with increasing A. 

For T1 0 nuclei the situation is more complicated. As an example, z 

the 11/2-, T = 1/2 state of 15N will be discussed in the following paragraphs 



Table VII.* Experimental residual interaction energies for (ld5/2)~+,0 
configuration. 

Two-particle 

excited 

states 

14N: 8.963 5+a 

18E: 1.131 5+ c 

2~a: 1.528 5+d 

26Al : 0.000 5+e 

15 
N: 13.03 f 

(11/2-) 

17 4 0: 7. 7 f 
(11/2-) 

160_ 16.16 
- (6+)f 

16 
N: 5.75f (5+) 

* 

Single particle state 

Assumed ld5/ 2 Assumed ld5/ 2 
neutron states . proton states 

13c: 3.85 5/2+b,n 13N: 3.56 5/2+b,n 

170: 0.0005/2+b,n 17F: 0.000 5/2+b,n 

2~e: 0.353 5/2'+» 2~a: 0.338 5/2+e 

25./ e Mg: 0.000 5 2+ 25A1: 0.000 5/2+e 

14c: 6.723 e-,T=lg,n,£ 14N: 5.83 3_,T=oh,n 

16N: 0.300 3_,T=li ,n 16 6 . j 0: .1353-,T=0. 
13.26 3-,T=lJ 

15N: 7.57 7/2+k 150 : 7.28 (7/2+)k 
£ =2 n 

15c: 0.75 5/2+,T=3/21 ,n 15N: 5.276 5!2+,T=1!2k 

12.502 5/2+,T=3/2m 

All the energies are in units of MeV. 

+Ca1culated by using the interaction model discussed in the text. 
Note~ Experimental proton-neutron residual interaction energy. 

. 2 
E(ld5/ 2)5+,O 
See Note 1 

-4.05 

-3.88 

-3.4'7 

-4,04 

-3.57 
+ 

-3.69+ 

-3.52+ 

-3.82+ 

b c (L .. f .., . 
~ef. 5,6; Ref. 22; Ref. 7; -Ref. 8; ~ef. 60; Ref. 61; t%ef. 62; ~ef_ 22;~ef. 32; JRef. 50; 
-~ef. 28; fRef. 29; ~ef. 63; ~ef. 26; PRef. 51. 

I 
(X) 
Q:) 
I 

g 
t:-I 
I 

~ 
Q:) 

+=" 
-J 
.. ::; 
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in considerable detail. This state is assumed to bavethe following 

configuration: 

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

[(12C core) Pl/2]. The interaction energy of two nucleons in (ld5/2)~+,O 

with. one nucleon in the IP1/2 state can be calculated by applying 

Eq. (3-19). The result is: 

2 

( (d5/ 2);" ,0 P1/2 J = 11/2, T = 1/21 !i V 13 

where. 

Here V .. or V is a charge-independent interaction. 
~J 

acts with a IP1/2 neutron only in the T' = 1 state. 

1 

A Id
5

/ 2 neutron inter

This interaction is: 

Only J' = 3 is possible, for if J' = 2, the d
5

/ 2 proton (J == 5/2) cannot 

couple to tris value (2) to give a final state with J = 11/2, as is seen 

in.the following diagram. 

Pl/2 d5/ 2 d5/ 2 
--~::> ::> ::> 
------------------------::> 

J = 11/2 
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However a d
5

/ 2 proton can interact with a Pl/2 neutron both in T = 0 or 

T =.1 state. The present physical picture suggested that the total inter

action between the IP1/2 neutron and the (ld5/2)~nucleons can be repre-

sented by two terms, the n-n interactionV.3,l' 

and V.3,O which equals the n-p interaction V.3' 

latter be a and b. Then, 

and a combination of V.3,l 

Let the coefficients of the 

Here a and b can be interpreted as the probabilities that the d
5

/ 2 proton 

will interact with the Pl/2 neutron to form T = 0, J = .3,and T = 1 J = .3 

states, respectively, where the proton is in the Id
5

/ 2 state specified and 

the configuration: 

T --1/2 z ' 

sta.tes: 'V 7T and 'V 

The proof of this statement follows from the discussion of Chapter III, 

Section B. The quantitjesaand b can be determined by requiring that the 

above total linteraction energy of d
5

/ 2 nucleons to the Pl/2 neutron be 

equal to the sum of the interaction of the d
5

/ 2 proton to the Pl/2 neutron 

and of the d
5

/ 2 neutron to the Pl/2 neutron. That is: 

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-

neutron interaction. Since (a+b) is the total probability of a d
5

/ 2 proton 

.. 
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in~eracting with a Pl/2 neutron, it should be equal to one: the above 

values of a and b satisfy this requirement. 

The interaction between the Id
5

/ 2 nucleons and the 12C core is 

neglected in thE a-bove discussion. If this interaction is taken into 

account, then the meaning implied by Eq. (5-2) is as follows: 

The total interaction energies of the proton-neutron pair 

in the (ld
5

/ 2);+,o configuration to the 13C core can be 

separated into two parts: 

a) The d
5

/ 2 neutron-to-core interaction which is the 

same as that in the (d
5

/ 2,Pl/2)3-,1 state in 14C• 

b) The d
5

/ 2 proton-to-core interaction wbich half of 

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

the (d
5

/ 2,Pl/2)3-,O state in 14N and half of the 

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

(d5/ 2,Pl/2)3-,1 state in 14N• 

\ 

The residual interaction energies can now be calculated following the same 

procedure as discussed in the T z 

separation energy of T = 0 and T 

spective probabilities a and b. 

or· (d5/ 2,Pl/2)3- ,1 state of 14N, 

the time while the proton in the 

= 0 case where S should be the average p .. 

= 1 states of 14N weighted by their re-

the proton is in the d
5

/ 2 

[(d5/2)~,O Pl/2]J,T state 

state half of 

of 15N can only 

be .in the d
5

/ 2 state. Therefore, an additional Coulomb energy difference 

must be. introduced. The Coulomb energy difference between a d
5

/ 2 proton 

. ~ ~ 
coupled to the C core and a Pl/2 proton coupled to thee core is just 
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the difference of the excitation energy between the d5/~ single particle 

13 ,13 8 ' 6' excited states of - C-and N, w~ich are 3. 5 MeV and 3.5 MeV, respect-
, 

ively. This difference is equal to 0.29 MeV. The Coulomb energy correc-

tion which will be denoted by C inEq. (5-4,) is equal to half of this 

value, i.e., 0.15 MeV. 

Fot more general cases, where there are n, Pl/2 nucleons in the 

ground state of target core with J" Til, one can write down the following 

formula: 
2 n+2 

(Pl/2)~1I ,TII(d5/2)~,OJ,Ti~i j~Vij' (Pl/2)~1I ,TII(d5/2)~,OJ ,T) 

n+l 

+ (bJ 1+1 ) (Pl/2) ~II ,T"d5/ 2J I ,T '=T"+:~ j~2 Vlj(Pl/2)~1I ,T"d5/ 2J I ,T '==T"+: 1/2>J 

if Til I O. If Til == 0, then T' can only have the value Til + 1/2 == 1/2. 

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

~ ,~ ~ 

JI + 5/2 == J, 

r,J I
J and b'T I,' represents the following matrix element: 
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Both the left side of Eq. (5-3) for n+2 nucleons, and the two terms on 

the right side for n+l nucleons can be expressed in terms of two "body matrix 

elements by using Eq. (3-19). From such expressions~ it would be actually 

possible to obta;i.n Eq. (5-3) directly for each example in this thesis. 

The, solution of the constants aJI' and bJ" is obtained by requiring that 

the 'coefficients of a two body matrix element occurring in the left side 

of Eq. (5-3) should be equal to those at the right side. The probability 

2 
that the d

5
/ 2 proton (in a configuration (d

5
/ 2)5,O ) will interact with 

the ta.rget in the {JI,T':::::T"- 1/2) or (J',T':::::T"+ 1/2) configuration is 

~,r. or bJr. respectively. The proof of this statement follows from con

siderations similar to those of Section III.B applied to the configurations 

on both sides of $q. (5-3). The (d
5

/ 2,Pl/2) interaction energies can be 

taken from the 'e xcited siR tes of the "target plus one" nucleus. The 

probability toot the d
5

/ 2 neutron (in the configuration (ld5/2)~,O ) will 

interact with the target core in the (J' ,T':::T"+ 1/2) state is equalto L 

These (d5/2~Pl/2) interaction energies can betaken from the excited states 

of the "target plus one neutron" nucleus. The residual interaction energies 
• 2 

between the ld
5

/ 2 proton and neutron in the (ld
5

/ 2)5,O configuration can 

now be calculated by fbllowing the same procedure as discussed in the 

Tz ::: ° case, provided that Sp ::::: Sd5/2P is now the average separation energy 

of the J'T' states in the "target plus one proton" nucleus weighted by their 

respective probabilities aJ1 and bJ1 • The detailed proof is omitted. 

Coulomb energy correction must be introduced because in the 

[(Pl/2)~"T,,(d5/2)~,O]J,T configuration, there is always one proton 

in the ld5/ 2 state, while in the [(Pl/2)~"T"d5/2]J'TI configuration of 
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the IItargetplus one proton ll nucleus, the probability ofa proton in the 

ld
5

/
2 

state is not ah7ays equal to 1. This probability, denoted !>y ~" 
is . equal to (TIl T,+,h '/'2,' _"2!T 1T I )2 -where Til, T' is the T's of, the ground , z .ifc:;;.,.J.{' ,.if.' z.' 

state of the target and the states in IItarget plus one proton ll nucleus con-

sidered and T' is the "Til value [=(N-Z)/2] of the "target plus one proton!! 
z z 

nucleus. No-w the Coulomb correction can be included in the follo-wing way: 

S' = S . + C 
d5/ 2P d5/ 2P 

= :S + E' J (1-RT'~"-1/2) ~ aJo' + (l~~'=T"+ 1/2) L bJI~ , 
, d5/ 2P c 

J' 

'\lhere E' is tre Coulomb energy \-lhich is equal to: 
c 

• 

'\7i th E ( .t. -X) represents the Coulomb energy bet-ween an .t. proton and a 
c J J 

structure X which may consist of many nucleons or just one. Here, m is 

the nU!'llber of Pl/2 protons in the ground state of the target nucleus. 

Sd5/2P is the separation energy weighted by the a
J

, and b
J

,. and 

Sd
5

/
2P 

is the separation energy after correction for the Coulomb energy. 

The KT, values thus calculated are 1/2 for both T'=O and 1 with Til = 1/2 

(Le., 13C or. l5N target), 1 for T':1/2 '~ith T"::;O (Le., 14N target), and 

2/3 and l/~ respectively for T':1/2 and 3/2 with T":l (Le.,14c as target). 

The E' value used for both 15N and l6N is 0.29 MeV. This i~ the difference 
c 

bet"7een the excitation energies of the d
5
/ 2 single particle state of the 

. ) 
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13c and 13N nuclei (i.e., 3.85 and 3.56 MeV respectively). The 

Ec (7TPI / 2- 'ITpl/2) value is calculated frqn the binding energies of the 

grqund states 'of 15N and 150 • The Ec ('ITpl/2- 7Td
5

/ 2) is equal to 0.40 MeV 

which is calctllated from the analog states of 14C and 140 with configura-

tion (d
5
/'iPl/2)3-,1' No Coulomb energy correction, C, is needed for the 

160 case. 

The above method is used to calculate the residual interaction 

for the 15N 13.023 MeV, 170 7.743 Mev, 160 16.16 Mev, and 16N 5.747 MeV 

levels assuming that these states have spins 11/2, 11/2, 6, and 5 respect-

tively. The values obtained, as well as the level information of neigh-

boring nuclides used, are listed in Table VII. The residual interaction 

energies again stay fairly constant at about -3.7 MeV. The results of 

the interaction energy calculation between d
5

/ 2 and Pl/2 nucleons obtained 

by-applying Eq. (3-19) are also summarized in Table VIII.; These results 

are -then used to deduce the constants aJ1 and bJ, needed in breaking the 

total interaction of (ld5/2)~+,0' to core into proton-to-core and neutron

to~core interactions. Results obtained are given in Table IX. The name 

"interaction model" is used to signify the present separation of inter-

action energy. 

From (a,d) experiments, a level in each of the four T = 0 z 

1 . 14N 18F, 22..-a and 26Al was . . d . 5+ d th fi t· nllC el.,!IJ: assl.gne spl.n an. e con gura l.on 
..... 2 

(ld
5

/ 2)5+' From independent work, each of these levels is known to have 

spin 5+. One may therefore safely assume that the main configuration is 
- 2 
incieed (ld

5
/ 2)5+" Further, the experimental residual interaction energies 

stay constant at about -3.9 MeV over the mass region A= 14 to 26. As 

\ 



. Table VIII. 

Nucleus 
A A-l 

15N 

170 

160 

16N,160 

160 

~ 

15N,150 

16N 

15N 

15c,l5N 

~nteract~on energ~ between IP1/2 and Id5/ 2 nucleons expressed in terms of. two body 
~nteract~on energ~es 

r 

Interaction energy (diagonal matrix elementson1y) 

2 J=11/21· ~ V. I".) 
«(d5/ 2)5,0 Pl/~=1/2 i=l ~3 

2 3 J =11 2 L LV .. / 
1

2 5 

«d5/ 2)5,0(Pl / 2)1/2,1/2 T=1/2 i=l j=3 ~J 

. 3 J =3 LV. ,I) 4 I (d5/ 2 (P1/ 2)1/2,1/2 T=O !j==2 IJ. 

3 J==3 
(d5/ 2 (Pl / 2)1/2,1/2 T=1 I

· 4 
. LV· 
j";'2,lj I :~) 

2 .... = Z LV II 2 · J 6 I· 2 4 I 
«(d5/ 2 )5,0 (P1/ 2)1,0 T=Oi=1 j=3 ~ij } 

2 J =7/2 I 3 I" 
(d5/ 2 (P1/ 2)1,0 T=1/2 .. j~2 V1j · ) 

2 4 I· 2 2 J =5 L LV:" 
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will be shown in the 
2 . 

Section-, D, , this value of the (ld
5
/ 2) 5+ inter-

action energy is very reasQnable. Thus one may have considerable con~ 

fidence in the method used for the extraction of the interaction energies 

for the T = 0 nuclei. Since the calculation of the iriteraction energy 

for the T t 0 nuclei gives a result in excellent agreement with that 
z , 

obtained for the T = 0 nuclei, one may have cons:lderable confidence in z 

the method of calculation as well as in the assignments of spin and 

parities for the levels of T t 0 nuclei shown in Table VII. Alternatively, . z 

an experimental verification of the spin of these states would prove the 

correctness of the above "interaction model" method approach used for 

those T t 0 nuclides. z 

One can expect that the above calculational method, for both 

o or T 1= 0 nuclides, is quite good on the following two accounts: z 

a) Because of the high spin value of the state considered, con-

figuration mixing is small. 

b) By using experimental energies of n'eighboring nuclei, some 

core excitation has already been taken into account. That is to say, 

the states of neighboring nuclei used in the calculation do not have 

to have aivery pure configuration. As, long as the presence of the addi-

tional d
5
/ 2 nucleon of the two particle 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 [(12C core)(Pl/2)n]o 

.. 
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Following the same method as discussed above, the residual in

teractionenergies between proton and neutron in (lf7/2)~+,0 configura

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

energies of the two-particle excited states used here are from Refo 3. 

28 
For Al, the val~e of aJ '=7/2 and bJ' =7/2 are 2/3 and 1/3 respectively. 

The E' value of Eq. (5-4) is 0.25 MeV which is the difference of the c . 

assumed "7/2 single particle state in 2~g and 25Al (i.e., 3.97 Mev and 

3.72 MeV respectively). The residual interaction energy stays fairly 

constant but decreases slightly faster with increasing A as compared to 

the (1~/2)~,0 residual interaction energies. 

Similarily, the l1interaction model" methbd can be applied to 

calculate the residual interaction energies between proton and neutron 

in(lg9/2)~,O configuration. These calculations need the value of the 

excitation energies of the analog states. The single particle 199/2 

states in 59Cu and 6lCu analog to 59Ni and 6lwi are known. 54 The Coulomb 
. 6 

displacement energy, E , of 5~, 55Co , 3Cu , Ga (natural mixture of . c 

isotopes) analog to the ground state of 53Cr , 55Fe , 63Ni , and Zn is equal 

to 8.390 MeV, 80660 MeV, 9.300 MeV, and 9.76 MeV respectively.69 The 

199/2 analog states are assumed to have the same excitation energies 

above the analog states of the ground states of 53Cr ; 55Fe , 63Ni , 65Zn 

and 67Zn as the excitation energies of the 199/2 single particle states 

of the latter nuclei. Coulomb energy corrections are not included be-

cause there is not enough experimental information to calculate these 

values. This is justified from the previous calculations for (ld5/2)~,0 

which have shown that these corrections are only about 150-220 keV. 
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* 2 Table X. Experimental residual interaction energies for (lf7/ 2)7+,0 
configuration. 

Two-particle 
excited 
states 

26Al : 8.27 

42 Sc: 0.60 

* 

Single particle states a 

Assumed lf7/2 Assumed lf7/2 
neutron states proton states 

25Mg : 

29Si: 

33S 

41 
Ca: 

3.97(5/2,7/2)- 25Al : 3.72 7/2_a ,b 

(d,p) 1. =3 n 

3.623 7/2- 29p : 3.44 7/2_c,d,b 

. (d,p) 1. =3 n 
( 3He , d) , (d, n ) £ =3 p 

2.937 7/2- 33Cl : (2.5)d 

(d,p) £ =3 n 

0.000 7/2-
41 

Sc: 0.000 7/2-

(d,p) 1. =3 n (t,d),(d,n) £ =3 p 

3.575(7/2,5/2)- 27Al : 6.48 7/2(5/2)e,b 
T=3/2 T=1/2 

10.50 7/2_f 
T=3/2 

All the energies are' in the units of MeV. 

2 
E(lf7/ 2)7+,0 
See note 1. 

-3.44 

-2.89 

-(3.11) 

-2.62 

-(2.(6) 

Note 1: Experimental proton-neutron residual interaction.energy. 

aAllithe single particle states information are from ref. 60 if not other
'Wise indicated. 

bRef • 64, cRef • 65, ~ef. 66, ~ef. 67, fRef. 68. 
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The constants aJ1 and bJ, for each nucleus are determined with 

the following assumption about the configuration of the ground state of 

the target core~ 

62.-_ . 
~1: 

2 2 
(2p3/2)O+,1 or (lf5/ 2)O+,1 

4 4 
(2p3/2)O+,2 or (lf5/ 2)O+,2 

6 
(lf5/ 2)O+,3 

8 
(lf5/ 2)O+,2 

4 2. 4 ( 2 
(2pl/2)O+,O(2p3/2)O+,1 or (2pl/2)O+,O lf5/ 2)O+,1 

In all the cases thus calculated, the constants aJ1 and bJ, have the value: 

where T. is the isobaric spin quantum number of the target. The results 
~ 

of these calculations are listed in Table XI. For the nuclei 58Co and 

7°Ga, the target nuclei (i.e., 56Fe and 68zn) have to occupy two shell 

model states beyond a closed lf7/2 shell. Equation (3-19) is no longer 

adequate to treat this case. Hence, no calculation has been made for 

these two nuclides. Although configurations which may be different from 
.' - 62.-_. 64 66 
the true ones are assumed for the g.s. of ~~, Zn,and Zn, the cal-

culatedvalues may still be good on account of the second reason 

diScussed above. 
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* 2 Table XI. Experimental residual interaction energies for (lg9/2) 9+, 0 

configuration. 

Two'tParticle 

excited 
states 

·60 
Cu: 5.99 

62cu: 4.75 

64 
Cu: 4.57 

66aa: 2.99 

68aa : 2.88 

* 

Single12article states 

Assumed 199/2 Assumed 199/2 
neutron states proton statesk 

63Ni : 1. 7b 

(centroid) 

67 d Zn: 0.64 

(centroid) 

53Mn : (6.4)e 

(10.72)f 

55Co : 6.01 9/2+e,g,h 

(8.56)f 

59cu: 2.99 9/2+e,i 

6.86 C9/2+)f 

61CU : 2.71 9/2+e,i 

8.56 (9/2+)f 

63· 
Cu: 2.51 9/2+J 

(10.46)f 

65aa : 2.03 9/2+k,e 

(7.l0)f 

67aa : 2.10e 

(8.98)f 

All. the energies are in units of MeV. 

See note 1 

-(2.54) 

-2.42 

- (1. 93) 

-(2.22) . 

Note.' 1: Experimental proton-neutron residual interaction energy. 

~ef. 70, bRef. 71,. cRef . 39, <1tef. 43,44,~ef. 72, fRef. 73, ~ef. 52" 

~ef. 53, ~ef! 54, jRef. 55. 

kOf the two excitation energies listed for each nucleus, the lower one 

is the analog gej/2 state to the neutron g9/2 state. 
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The (lg9/2)~,0 interaction energies stay fairly constant and 

vary from -2.54 to, -2.07 MeV as A increases from 54 to 68. This gradual 

decreasing 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 

With the Configuration (ld5/2)~+,0 

One could also use the following method to calculate the excita

tion energies of the (ld5/2)~+,0 states for the nuclei _ l~, 16N, 160 and 

170. It is assumed that the residual interaction energy of (ld
5

/ 2)§+,0 

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

oneases Talmi's method with the change that the (d
5

/ 2 Pl/2) interaction 

energies (i.e., V3 0' V2 0' V3 1; and V2 1) are expressed in terms of , " , 
excitation energies of certain states of neighboring nuclei that can also 

be expressed in terms of (d
5

/ 2 Pl/2) interaction energies. Let B(Az)J,T 

denote the binding energy relative to 12C, €. denote the separation energy 
7TJ 

of a j proton from 13N, and € • denote the separation energy of a.j neutron 
VJ 

from 13C• As an example, in order to calculate the excitation energy of 

15 2 
the state in N with the configuration [Pl/2(d~15,0 ]11/2- ,1/2' one can 

write down the following expressions: 

.' [15 () 2 1__ 3 
B N, Pl/2 d5/ 2 5,0]11/2,1/2 ::; V5,0 + 2'l3,0 + "2V3,1 + E7f5/2 

+ EV5/2 + B(13Cr) 

'. 14 . 1 1 13 l~-
B( N)3,0:: V3,0 + "2(E7I'5/2 + EV5/2) +"2 [B( C) + B( -'N)] 
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B(14N) V l( + ) + 1 [B(13C) + B(PL_)] 
3,1 == 3,1 + '2 E1f5/2 ,. EV5/2 '2 "N 

l( _ E ) _ 1[B(13C) + B(13N)) 
+ 2 €1f5/2 V5/2 2 

= 10.608 MeV. 

2 '2 
Here; V

5
,0 is (d

5
j2 J=5, T==olv\d

5
/ 2 J=5, T=O) and is assumed to have a 

value 3090 MeV. The 5.832 MeV 3-,0; 50104 MeV 2-,0; 8.906 MeV 3-,1; and 

,14 6 14 9.508 MeV 2-,1 levels of N and the 0723 MeV 3-,1 level ofC are 

assumed to hav.e the configuration (d
5

/ 2 Pl/2)J ,T with J=3 or 2 and T=O or 1-

The binding energies of these levels are calculated from these excitation 

energies and the ground state binding energy of 14N• Since 

(15) , B N, g.s. 1/2,1/2 == 23.331 MeV, 

it follows that the excitation energyE is given by: x 

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

previously. The direct connection can be seen by the following considera
I 

tionso The proton separation energies for the 14N states with configura-
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14 14 13 
Sp( N)3,0 = B( N)3,0 - B( C) 

14 14 13 
Sp( N)3,1 =B( N)3,1 - B( C), 

respectively. The neutron separation energy for the 14C state with con-

, (14 ) (14 ) (13 ) 
Sn C 3,1 = B C 3,1 - B C 0 

15 ' 
The total separation energy of a neutron and a proton for the N state 

with configuration[Pl/2(d5/2)~,0] 11/2-,1/2 is! 

Spn = B(15N)11/2,1/2 - B(13C). 

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

1 14 14 . 14 ' 
S = V5 '0 + (-2' [S ( N)3 ° + S ( N)3 1] + S ( C)3 l} pn ,p , p , n , 

1 12) , 12 
+ l'2[Ec(Pl/2- c - Ec(d5/ 2 - C)]} 

( 12 ) ( 12 ) where Ec Pl/2 - C or [Ec d
5

/ 2 - C] denotes the Coulomb energy between 

a Pl/2 proton [ora d
5

/ 2 proton] and the 12C core. The quantity in the last 

bracket {} of the last equation is eooactly the additional Coulomb energy 

difference needed in the previous method and denoted C previously. The two 

methods are identical. 
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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 15N are assumed 

2 
to be the J,T states of the configuration [(Pl/2YO,1 d

5
/ 2 ]J,T' where 

16 
J = 5/2 and T =1/2 or 3/2. For 0, the 7.563 MeV 7/2+,1/2 and 7.154 

MeV 5/2+,1/2 levels·of 11N and the 7.28 MeV 7/2(+),1/2 and 6.86 MeV 

5/2+,1/2 levels of 150 are assumed to be the J,T states of the configura

tion [(Pl/2)~,0 d
5

/ 2 ]J,T with J = 7/2 or 5/2 and T = 1/2~ For 1
70 , the 

6.13 MeV 3-,0; 8.88 MeV 2-,0; 13.26 MeV 3-,1; and 12.97 MeV 2-,1 levels 

of .160 and the 0.300 MeV 3-,1 level of 16N are assumed to be the J,T 

states of the configuration (P~/2 d
5

/ 2)J,T ~i~h 0 == 3 or 2 andT = 0 or 1. 

The results are presented in Fig. 47. 

D. Shell Model Calculations 

In this section the results of the. calculations using two kinds 

of. shell model calculation methods, the conventional method and Talmi's 

method, will be dis9ussed and compared with the results obtained in the 

last two sections. The method of conventional shell model calculation 

has been discussed in Chapter III, Section.A. This method as well as a 

computer program written by Dr. W. W. True are used to calculate the 

residual interaction energies between the proton and neutron in the con-

figuration (ld5/)~+,0' (lf7/2)~+,0' and (lg9/2)~+,0. Tables XII, XIII, 

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

three configurations respectively. 

In these calculations, only VTE is needed. 

configuration, two sets of 'Harmonic Oscillator parameter, v's are used. 

The first set corresponds to selecting the v for 18F as follows: 

.,. 
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13 1'4 __ 9/2, "1303 9.14--
12: 72 1I12-~:\ · -, -- 8.41--' 9/2-,., ..... 

(calc.) '11.95 __ 11/2.:",-7.74--7.55 
( exp.) 

170 

15~78 6+ _---16.16 5.71 5+ ---5.75 
15.06 5+ .... ---14.73 
·14.59 4 + .. ----14.33 

160 
16 N 

XBL689-6790 

Fig. 47 Comparison between the experimental excitation energies 
. 2 ' ' 

of the (1a,/2)5+,0 levels and the theoretical values 

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

neutron residual interaction energies of 
2 .. 

(ld
5

/ 2)5+ configuration. 

Shell model calculation a 
Experimentalb 

Nucleus 
-2 

vI (in F ) El 
( -2 . v

2 
in F ) E2 

. 2 
E(ld5/ 2)5+,0 

141'1 0.326 -4.601 0.306 -4.291 -4.05 

151'1 0.318 -4.481 0.299 -4.177 -3·57 

16N 0.311 -4.365 0.292 -4.068 -3.8.2 

160 
, 

0.311 -1~.365 0.292 -4.068 ~3·52 

170 0.304 -4.258 0.285 -3.968 . -3.69 

18
F 0.298 _1~.165 0.280 -3.880 -3.88 

22Na 0.278 -}.847 0.261 -3.582 -3~47 

26
A1 0.262 -3.601 0.246 ) -3.349 -4.04 

aThe choices of two sets of v's are discussed in the text. 

All the energies are in units of HeV. 

b From Table VII. 



'. 

.. "'" 

Table XIII. 

Nucleus 

26Al 

28A1 

30p 

3461 
42 '-

sc 
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Comparison oetween theoretical and experimental 

proton-neutron residual interaction energies of 

(If'7/2)~+,0 configuration. 

Shell model calculationa 
E . t- b 

( -2 
xperlmen aJ.. 

v in F ) E E(lf'7/2)~+,0 

0.276 -3·150 -3.44 

0.269 -3.064 - (2. ~96) 

0.262 -2·980 -2.89 

0.251 -2.836 -(3.11) 

0.234 -2.614 -2.62 

~he choice of v's is discussed in the text. All the energies are in 

the units of MeV. 

o 
From Table X . 
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'. 

Table XIV. Comparison between theoretical and experimental proton~ 
2 

neutron residual intera.ction energies of (lS9/2)9+,0. 

Nucleus 

54
Mn 

56 . . Co 

60cu 

62cu 

64cu 

66
Ga 

68aa 

configurati9n. 

0.226 

0.224 

0.219 

0.2i6 

0.214 

0.212 

0.209 

. a 
Shell model calculation 

-2.198 0.244 -2.400 

-2.167 0.241 

-2.111 00236 

-2.083 0.233 -2.275 

-2.059 0.231 -2.247 

-2.033 00228 -2.221 

-2.008 0.226 -2.195 

Experimentalb 

'E(lg9/2)~,0 

-(2.49) 

-(2.54) 

-2.42 

-(2.22) 

-(2.07) 

aThe choice of two sets of v ts are disc~ssed in the text. All the 

energies are in the units of MeV. 

15 From Table XI. 

'. 
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where R(which is equal to 3.428 = 1.333X171/ 3F) is the equivalent uni-

radius of A= 17 nuclei obtained from the Coulomb energy difference of 

mirror nuclei. 74 From this relation V«A-2/ 3 • However, empirically, from 

th~present results~A-l/3 gives a better fit, and will be used. The 

1/3 For 
other 'V's are obtained by assuming an inverse dependence on A • 

example: 

The second ~et is chosen such that the vof 18F -will give the same residual 

interaction energy as the experimental value. The other v's are again 

obtained from the value for 18F by taking inverse proportionality to Al/3. 

·22 
For (lf

7
/ 2 )7+,0 the same approach as for the first set of v's of (ld

5
/ 2)5+,0 

configuration is used. The radius of A = 41 nuclei which is equal to 4.388 

F is .. used· to fix the v' for 42Sc first.. Two sets of V's are also used for 

(lg9/2)~,0 configuration~ The first set of V's is obtained by calculating 

the radius of 73Ge first • From the table and Eq. (1) of Ref. 69: 

Hence 

~ = 10.2 MeV for Ge experimental data 
c 

The" for 73Ge is then calculated and the btherv's are obtained by using 

the inverse proportionality to Al/3. The second set of V's is obtained by 

req~iring that the V of 66Ga will give an interaction energy equivalent 
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to the experimental values and the other l"S are obtained. by applying 

the inverse proportionality to AI/3. The v values which are ca~culated 

from the often used formula ~41 A-l / 3 give too strong interaction energies 

and are not used here. 

Comparison of the theoretical results thus obtained for the 

residual interaction energy with the experimentally extracted values 

allows the conclusion that the agreement is in general satisfactory. A 
.. 2 

reasonable slight adjustment of v's (the second set) for (ld
5

/ 2)5+,O and 

(lg9/2)~+,O configuration gives excellent agreement while no adjustment 

2 
is needed for the v's of the (lf

7
/ 2 )7+,O configuration. Kuo and Brown 

have calculated the residual interaction energy between proton and neutron 

in the (ld5/2}~+,oconfiguration from the free nucleon-nucleon scattering 

potential (Le., 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)~+,O' 
2 2· 3 

(lf
7

/ 2)7+,O' and (lg9/2)9+,O made in the last section and previous work 

are correct. 

One can also follow Talmi's method26 to predict the excitation 
! 

energy of states which have (ld5/2)~+,O configuration by assuming that 

the residual interaction matrix element of (ld5/2)~+,O configuration 

remains constant and has a magnitude 3090 MeV. The following parameters 

are taken from Ref. 26, with the convention that if an energy represents 

attraction, it has positive sign. 
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I 

v = 1.750 ± 0.041 MeV 
2 

V3 = 1.604 ± 0.035 MeV 

Cd = 0·979 ± 0.044 MeV 

where. they are defined by: 
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V2 = -0.486 ± 0.048 MeV 

VI 
3 

0.067 ± 0.039 MeV 

Cd = -1.639 ± 0.057 MeV 

and Cd' C<I. are the sum of' the interaction to the 12C core and the kinetic 

energy of' a d
5

/ 2 proton or of' a .. d
5

/ 2 neutron respectively. Here, V J is 
'". 

the matrix element' of' the interaction b et'We en a neutron and a proton, and 

VI 
J 

is that between two like nucleons. 

~(13C) = 4.95 MeV E':r(14C) = 13.12 MeV 

~(14N) = 12.49 MeV E':r(15N) = 23.33 MeV 

E':r(16N) .. - 25.99 MeV ~(160) = 35.44 MeV 

~(170) = 39.59 MeV 
. . . . 

where ~ is the total experimental binding energy beyond 12c. The 

Coulomb energy between a d
5

/ 2 proton and a Pl/2 proton is 0.40 MeV. 

This is estimated :from the excitation energies of' the analog states 

of' l4cand 140 . Equation (3-19) is also used to calculate the inter-

action energies f'or configurations wi thd
5

/ 2 and Pl / 2 nucleons. The' 

calculation results are listed in Table XV and are also plotted in 

Fig. )+8. 



Table XV.* Calculated excitation energies of [(d5/2)~+,0(pl/2)n] configurations using Talmi 

and Unna's parameters ofVJ , VJ, Cd and Cd and experimental groUnd state binding energies. 

Nucleus 

15N 1l/2-

9/2-

16N 5+ 

160 6+ 

5+ 

4+ 

Configurat;ipn 

2 
(d5/ 2)5Pl/2 

11 

2 2 
(d5/ 2)5(P1/ 2)0 

a" Total energy 

E (13 ) , , 
T C g.s. +Cd+Cd+V3:rV3+V5 

11 +CdC~+~2(V3+V3)+ ~~(V2+V2)+V5 

E(14 )" +C' 7( ')' 5 ('V' V') ---rr C g.s. +Cd d+ 6' V3+V3 + 6' ,2+ 2 +V5 

( )
2 2 14 , 

d5/ 2 5(Pl / 2)1 ~( N g.s.)+Cd+Cd+2(V3+V3)+V5+Ec 

11 

11 

11 

11 

+V3+V3+V2+V2+V5+EC 

~(V3+V3)+ ~(V2+V2)+V5+Ec 

170 11/2- (d5/2)~(Pl/2)~/2 ET:(15N g.s·)+Cd+Cd+ f(V3+V3)+ t(V2+V2)+V5+E~ 

9/2 -
11 " '+ t(V3+V3)+ l(V2+V2)+V5+E~ 

18F 5+ (d' )2( )4 E (160 ) ,7( ') 2( ') -' 5/2 5 Pl / 2 0 T g.s. +Cd+Cd+ 3" V3+V3 '+3 V2+V2 +V5+'2Ec 

* All the energies are in units of MeV. 

E,b 

= 9,:85 MeV 13 .. 48 

= 9.48 13.85 

=19.36 6.63 

=18.67 16·~77 

=18.27 17.17 

=17~93 17.:'51 

=30.84 8.75 

=30. 47 9.12 

=:43.8;9 1·32 

aBinding energy of 12C was sub~~~cted. E is the Coulomb energy between d
5
/ 2 proton 

and Pl /2 proton, and is equal to -0;40 MeV. 

bCalculated excitation energy • 
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8.75 11/2-
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170 

5+ 

6.63 5+ 

" , 
'5.75 

X BL 687- 3403 

Fig. 48 Comparison between the experimental excitation energies of· the 
.2 

(ld
5
/ 2 )5+,O levels and the theoretical :alues using Talmits 

method of shell model calculation. 
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For the 9/2-state of l5N and 170 and 4+ and 5+ state of 160, 

other configurations such as [(d
5

/ 2 d
3

/ 2)4+,0(Pl/2)n] may mix with the 

[(d5/2)~+,0(pl/2)n] configuration. Hence, for such states one does not 

expect good agreement between the experimental excita.tion energies and 

the above the0retically calcula.ted values which are based on the assumption 

16 of only one sipgle configuration. For the 5+ state of N, the configura-

tion [(d5/ 2 d3/ 2 )4+,1(Pl/2)i+,0] may mix with the configuration 

[(d5/2)~+,0(Pl/2);+,1] •. However for the 11/2-states of l~ and 170, ahd the 

6+ state of 160, no configuration of simple structure can be mixed in, so 

that good agreement is expected. For these states the association of the 

calculated level to the experimental levels for 15N, 160 is obvious and is 

indicated by the dashed lines in Fig. 48. For 170, the calculated 11/2-

state at 8.62 MeV can be equally well associated with either the 9.14 MeV 

or the 7.74 MeV level. However, in the "interaction model" calculation in 

the last sectio:r: (see Fig. 47), the choice of 7.74 MeV level as 11/2-

gives a better agreement with the theoretical calculations. Because the 

interaction modeLmethod uses the excitation energies of neighboring 

nuclides which may contain some core excitation (i.e., of 15N in this case), 

this method will give better agreement to the experimental value if the 

target core has a core excitation component. Recent analysis of core 

polarization effects in 15N_150by Brown and Shukla suggest that there 

may be 10% of 2p:-3b components in the ground state wave function of 15N 

or 150 .76 

The position of the 2p-2h 6+ state in 160 is very perplexing. 

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

., 



J, 

-117- UCRL-18470 

the triplet of levels-14.33, 14.74, 16.16 MeV, strongly populated by the 

(a,d) reaction. If the cross sections for the formation of the members 

of the triplet are proportional to (2J+l), the spin-parity assignment 

would be 4+, 6+, 5+ for the 14.33, 14.74, 16.16 MeV states respectively.3 

(This (2J+l) rule is not followed for both the doublet level of 15N'and 

170 populated through (a,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 

15Nassuming that the former state has spin 11/2 and the latter has spin 

9/2. Those for the 7.74 MeV (11/2-) and 9.14 MeV (9/2) level of 170 are 

0.5.5 mb and 0.27 mb respectively. Hence determination of spin by this 

(2J+l) rule may not be too reliable.) Carter et al. 77 have shown the 
1 

16.2 MeV level to have spin 6+ from a 12c(a,a,)12c study. This state was 

considered as one of the members of the 4p-4h rotational band. The down

ward bending of this band was explained by Celenza et ale 78 by introducing 

2p-2h mixture to the 4p-4h component. The dominant 4p-4h 6+ state was 

predicted to lie at 15.83 MeV and 2p-2h 6+ state at 12.17 MeV. Kelson 

predicted the 4p-4h 6+ state at about 14 MeV. 50 Recent shell model cal

culations by Zaker et ale 79 predicted a 4p-4h state at 17.4 MeV and a 2p-2h 

state 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 

level is a 2p-2h state with spin and parity 6+. Since it is unlikely that 

. twO' levels with ,:the same spin and parity will have energy very close to 

16 14 16 . each other; the 16.16 MeV level of 0 strongly populated by the N(a,d) 0 

reaction may be the same state as observed by Carteret al.at 16.2 MeV. 

A spin parity determination for the 14.33, 14.73 and 16.16 MeV level of 

160 '11,\ needed, .tn order to clarify this confusion. 
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E. -Qf vs Aresidual Plot for States with configur,ation' (ld5/2)~+,0 

In Section A it is stated that one expects a monotonically 

decreasing -Qf value (i.e., Q-value for formation of the level) with 

increasing A or residual nucleus for states with configuration 

2 
(ld

5
/ 2 )5+,0. The reason for this expection can be understood clearly 

by the following considerations. 

The interaction energy between d
5

/ 2 and Pl/2 nucleons in the 

configuration [(d5/2)~+,O(Pl/2)~' ,T']J,T where n ranges from 1 to 4, was 

obtained in the above calculation by first applying Eq. (3-19) and then 

substituting values of;V
3

, V2, V3, and V~ determined by Talmi and Unna 

(listed in the .last section). These values are plotted against n, the 

number oflPl / 2 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 the following center-of-mass theorem: 

whereV(jj ,} is the average interaction energy (Le., the interaction 

energy of the centroid). The positions of these centroids are designated 

in Fig. 49 by a triangle. These points form a straight l,ine with a slope: 

-1.502 MeV 

This is the additional Pl/2-d5/2 interaction energy gained by adding one 

more nucleon to the Pl/2 shell. From Eq.(5-3), -Qf is the sum of a 

constant and the interaction energy of d
5

/ 2 nucleons (w~t~ configuration 

• 
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Fig. 49 'Interaction energies between d
5
/ 2 and PI/2 nucleons in ,the 

configuration [(ld5/2)~+,o(IPI/2)~t,Tt]J,T as a function of 
n, the number of nucleons in IPI / 2 shell. 
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(d5/2)~+,0) to the target core. The interaction of the d
5

/ 2 nucleon to 

. the target core can be separated into the sum of the interaction of d
5

/ 2 

proton and neutron to the l2C core, a constant, and the interaction of 

d
5

/ 2 proton and neutron to the Pl/2 nucleons. Thus, in a..-Qf vs _A plot 

one can expect a general smooth, monotonical decrease of -Qf value 

(increasin~ Pl/2-d5/2 interaction) with increasing A (increasing number 

of Pl/2 nucleons). The experimental results can be shown to be in agree

ment with this expectation by the following consideration. Since the 

highest spin state in eachmu.ltiplet usually has less configuration mixing, 

one can first assume that one of the experimentally determined multiplet 

states is th~s state. Then, the position of the multiplet centroid rela-

tive to this state is taken from Fig. 49. After correcting for the 

Pl/2-d5/2 Coulomb energy difference, a line giving the best fit to these 

estimated centroid positions has a. slope equal to -1.55 MeV/nucleon with 

the choice that the 13.03 MeV state of l~ and the 7.75 MeV of 170 are 

the -11/2-states, and that the 16.16 MeV state of 160 is the 6+ state. 

These choices are the same as those made in Section C. The centroid 

position for 170 is off the line. Figure 50 is a different representation 

(graphical) of the results obtained by applying Talmi's method. This 

graph is plotted in order to see 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 with configura-

2 
tion other than (ld

5
/ 2)5+,0 in the light nuclides are made in this section 

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

.. 
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Fig. 50 Relation between A and Qf of estimated centroid position 
2 

. of (ld
5

/ 2)5+,O configuration. 
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states. These speculations are highly tentative and need further evidence 

to confirm their correctness. 

In the previously studied 12C(a:,d)14N react.ion,80 the magnitudes 

of the cross sections for populating states of different configurations 

have the following order: 

This would imply that a medium size peak in a deuteron spectrum of light 

nuclides from (a:,d) reaction may result from a (sl/2 d5/2Y5t,0 capture 

of the proton-neutron pair. Thus the 9.808 MeV state of 15N may have the 

dominant configuration: 

The possible association of 9.808 MeV level with the known 9.832 MeV 7/2 

state makes this assignment appear to be very plausible. The 5.690 MeV 

level of 170 may have the cominant configuration: 

Since the known 5.697 MeV level has spin-parity 7/2-, this assignment 

. . 16 
appears to be very probable. The 3.961 MeV level of N determined by the 

present work is presumably the same as the previously known 3.957 MeV 

level. This level was populated by the (t,p) reaction on l4N target32 

with an angular momentum transfer L equal to 2 (determined.by plane wave 

analysis cif the angular distribution). A possible spin-parity of (1,2,3)+ 

• 

,-

I 
·1 

I 
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was assigned. Combining this result with the expectation from the results 

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

figuration: 

. 2~-
where a and b are the amplitude of each configuration. The g.s. of ~a 

is a3+ state. It may nave some component of the (sl/2d5/2)3+,0 configura

tiono The 0.9371 MeV 3+,0 state oflSp is known to have dominant configura

tion (s,d)2 and was populated by the (a,d) reaction with medium cross 

4 16 3 section. The 11.09 MeV level of ° populated by the (a,d) reacti.on 

may have the configuration: 

[(Sl/2d5/2)3+,0 (P1/2)i+,oJ4+,0 

or 3+,0 

or 2+,0 

with J7T, T :::: 4+, ° most likely. This ass ignment is supported by the ex

istence of a previously known 4+ level at 11.094 MeV and a 3+ level at 
. 81 

11.080 MeV. 

The 7.46 MeV state of 2~a was assigned a configuration 

(d5/2f7/2)6-,0 (ref. 3). However, the 2~e(p,~)2~a study of Arnell et al. 35 

showed that the 7.48 MeV level decays 90% to the g.s. 3+,0 state, 8% to 

the 1.95 MeV (2+), 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 40% 

to the 0.89 MeV 4+,0 state. A 6- assignment to the 7.48 MeV level would 
. . 

requireari E3 transition to the g.s. Ej.!ld M4 or E5 transition to the (2+) 
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or 1+ state respectively. It is unlikely that one would observe a prompt 

H4 or E5 transition. However if the 7.89 HeV level is assigned as 6-, 

the trans,ition to the 1.53 MeV 5+,0 level is an El transition and the 

transition to the 0.89 HeV 4+,0 level is an 1112, transition. Although El 

transitions bet'Heen two T :::: ° states (i.e., t[i,:::: 0) in self conjugate 

nuclides (Le., Tz :::: ° nuclides) are T-forbidden with a retardation factor 

which is often approximately 10, there are other cases 'Hhere T-:forbidden 

El transitions have the same transition strengths as those of the average 

normal El transitions. 82 The occurrence of El,t[i :::: ° transitions in 2~a' 

cannot be ruled out. 
, 2~~ 

If the 7.48 HeV level of ~a is assigned to have a 

configuration (d
5

/ 2 d
3

/ 2Y4+,0' the transition to the goS. 3+,0 level would 

be Hl and the transitions to the 1.95 MeV (2+), 1.94 MeV 1+ levels ,wuld 

beE2 and M3 respectively. As discussed in'Chapter IV, Section B, it is 

1 0k 1 th t th 5'l06~' V t ttl 1 t dOth 20hle (a,t) very ley a e. 1'1e s a e, S rong y popu a e In,, e H 

2~a reaction, may have,a dominant configuration [(
20

Ne core )d
3

/ 2] 0 Hence, 

in the (a,d) reaction, the state"'fith, configuration (d
5

/ 2 ci
3

/ 2) 4+,0 may 
--.'- -.--

be strongly populated. Since in the (a,d) reaction the cross sections for 

population of the 7.46 and 7087 HeV levels are not much different, a shift 

in assignment does not contradict severly to the criteria used in estab

lishing this assignment0 3 The assi@lment of dominant configuration of 

(d5/ 2 d3/ 2)4+,0 and (d5/ 2 f 7/ 2)6_,oto the 7.46 and 7087HeVlevels 

respectively seems in more reasonable agreement with the results of 

(p;y) work. 

.' 



UCRL-18470 

VI. CONCLUSIONS 

From the evidence presented in the previous Chapter of discussion, 

it can be concluded that: 

a) The systematic trend of (a,d) reactions at alpha particle 

energy )+0-50 MeV to populate strongly the states with a (j)~j+ 0 configura-
. . , 

tion still persists in the medium mass region nuclides studied. 

b) States with configuration: [(target 'core)(lg9/2)~,J are 

located. 

2 
c) states ~ith configuration [(target core)(ld

5
/ 2 )5+,0)] of 

. 15 1617 20 
N, N, ° and Ne are located. 

d) The residual interaction energies bet~een proton and neutron 

2 2 2' 
in the configurations (ld5/ 2 )5+,0' (lf7/ 2 )7+,0' and (lg9/2)9+,0 are about 

..;3 ·9, ~3 .0, -2.2 MeV respectively. Ther~ is a slight decrease of these 

residual iriteraction energies ~ith increasing A for all these three con-

figurations. The magnitudes of these residual interaction energies and 

their variation ~ith A are reproduced excellently by conventional shell 

~odel calculations. 

e) The "interaction model" method used to extract from the ex-

perimental results the residual interaction energies for T f 0 nuclides 
z 

is believed to be correct, because it generates residual interaction 

energies ~hich are in agreement with those obtained for T = ° nuclides, . z 

as ~ell as in agreement ~ith the results obtained by the conventional 

shell model calculations. This method ~hich uses the excitation energy 

information of nuclei ~i th mass number A to calculate the residual inter-

aetion energies or excitation energies of levels in nucleus ~:i.th mass 
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number A+l is believed to be more accurate than the method which tries 

to get a set of matrix elements from fitting the excitation energies of 

nuclides with a wider range of A. 

f) The 16.16 MeV level of 160 has a ,dominant2p-2h configuration, 

[ (ld5/2)~+,~(lPl/2)i+,0]' and may have a ,SPin-Parity 6+. 

The identification of the configuration of those states which 

are populated with medium cross sections in the (a,a) reaction by 

establishing systematic trends, spin and parity determination, and shell 

model calculation will be very interesting. 
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