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THE (p,t) AND (p, 3He) REACTIONS ON (2s-ld) SHELL NUCLEI 

Heinz Brunnader 

Department of Chemistry and Lawrence Radiation Laboratory 
University of California, Berkeley, California 94720 

January 1969 

·The excitations of high isospin (T=2) analogue states in the 

T =0 and the T=+l A=4n nuclei have been measured for the entire (sd) 
z z 

shell using the (p,t) and (p, 3He) reactions induced by 45 HeV protons. 

Also, the reactions 40Ar(p,t) 38Ar and 
40

Ar(p}He) 38cl '·rere utilized to 

observe the first T=3 analogue states in the T =1 and T =2 nuclei. In 
z z 

addition to these high T states, a number of T=l analogue states vere 

also observed. The ratio of the observed cross sections for these T=l 

analogue states was compared with the ratio predicted from the D~-TBA 

cross section expressions. This predicted ratio is found to de~end on 

the typ~ of transition by vhich the final analogue states are fon:;ed, 

and hence may be used to provide structural information on the analogues 

without the use of detailed wave functions. The ( p, t) react ion ,,;e.s 

further utilized to extend the range of known excitations 

18
Ne and 34Ar. All Coulomb displacement data in the (lp) 

in the nuclei 

' ( l '' ) ana _J5/ 2 

shells, including those derived from this work, were fitted to param-

eterized Coulomb displacement energy formulae derived in the jj-coup-

ling low seniority and 'iVigner supermultiplet schemes. The results 1-rere 

used to predict the masses of yet unmeasured neutron deficient nuclei 

in this region. 
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I. INTRODUCTION 

There has been an increasing utilization of two nucleon transfer 

reactions in recent years to determine nuclear level structure and to 

obtain spectroscopic information. Much of this information has been de-

rived from a comparison of characteristic shapes of angular distributions 

of reaction products. However, the increasing application of distorted 

wave Born approximation (DWBA) caluclations1- 5 has permitted the interpre-

tation of the results in terms of detailed nuclear structure. 

The differential cross section for a two nucleon transfer reaction, 

neglecting spin-orbit torces, can be written as: 

L. f(S,T)I2:~1Q. 2 (I-1) 
LSJT N 

where Q.1 and Q.2 are the angularmomenta of the transferred n'ucleon:s which 

. . . _tl/2 
can be coupled to states of LSJT; ~ is the spectroscopic factor, and 

B is the transition probability of a structureless pair of particles. As 

a result of this coherent sum over d 1 / 2 and B, the detailed comparison 

with experiment is strongly dependent upon accurate wave functions . 

. Some ~spectroscopic information~ however, can be obtained without 

detailed wave functions from the comparisons of the cross sections of 

analogue final states (same J7f;T) produced by mirror reaction~; an 

3 example would be the (p,t) and (p, He) reactions. For final states with 

a final isospin, Tf = Ti + l both reactions are restricted to S=O, T=l 

transfer. Consequently, the angular distributions observed for the 

outgoing tritons and 3He particles populating such states should be 
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identical in shape and differ only in magnitude by a factor depending on 

the reaction kinematics and on an isospin Clebsch-Gordan coupling co­

efficient. This fact has been utilized preyiously6 ' 7 to identify the 

T=3/2 and T=2 states produced by these reactions. This thesis extends 

such comparison to states of high isospin (Tf=T.+l) in (sd)-shell nuclei. 
. l. 

For final states with Tf=T. (T. =l ,2), the cross section ratios 
. l. l. 

for analogue states are found to depend on the type of transition by which 

they are produced. Hence the ratios can be used to distinguish states pro.,. 

duced by the pickup of two particles from the same shell (i.e. , j 2 pickup) 

or different shells (j 1j 2-pickup). In certain favorable cases, the cross 

section ratio observed for j 1 j 2 pickup m~y also be used to determine the 

spin and parity of the final states. A comparison of the observed cross 

section ratios with those predicted fro~ nuclear configurations is made 

for Tf=T. states in nuclei of the ( sd) -shelL 
. l. 

Assuming the charge independence of nuclear forces analogue states 

will have identical nuclear configurations, the differences in their 

masses, corrected for the neutron-hydrogen mass difference, should, 

therefore be due simply to the Coulomb interaction. 8 
Recently, Hecht has 

derived Coulomb energy formulae ·for two limiting coupling schemes: the 

jj-coupling low seniority scheme, and the Wigner supermultiplet scheme. 

These energy formulae have been utilized to obtain a general Coulomb dis-

placement energy formula for each of the coupling schemes. In principle, 

any deviations observed between the calculated and experimental displace-

ment energies can be interpreted as non-Coulomb charge-dependent effects, 

including the charge~dependence of nuclear forces. In this work, however, 

~ .. 
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the general displacement formulae have been parameterized and fitted to 

the experimental data. 

Multiplets based on ground states with T=T > 0 which lie entirely z 

within either the (lp)- or (ld512 )-shells were used to obtain the dis­

placement energies. The data for each shell were treated separately to 

minimize unrelated effects. Both the seniority and the supermultiplet 

formulae were used in the (ld512 )-shell in order to determine the effect 

of the different coupling schemes. Only the supermultiplet scheme was 

used to fit the (lp)-shell, because the seniority scheme is not valid 

over the combined (lp312 )- and (lp112 )-shel~s. 

The good agreement obtained in fitting the experimental data in-

dicate that these formulae may be used to predict the masses of yet un-

measured nuclei' and their analogues from the known mass of any one member 

of'a multiplet. Such predictions have been tabulated for multiplets of 

T > 2. In cases where no members of a multiplet have been reported, the 

Coulomb displacement energies have been listed instead. 
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II. THEORY 

A. Cross Section Ratios of Analogue States 

Several distorted wave theories of direct two-nucleon transfer 

reactions have been developed1 ' 2 ' 9 and have been extensively applied to 

experimental data. Because of the coherent sum over structural and 

kinematic factors, the two-nucleon transfer DWBA theory requires the 

knowledge of detailed nuclear wave functions for the initial and final 

states of the reaction in order to calculate spectroscopic information. 

As a-result, a comparison of observed intensities with pre,dicted values 

provides a very sensitive test of the nuclear wave functions. No wave 

function information, however, can be obtained directly from the ex-

periment using this approach because of these coherent effects. 

However, by comparing the experimental cross section ratio ob-

. 3 
tained for the mirror pickup reactions, (p,t) and (p, He), proceeding to 

analogue final states (identical J'IT ;T), with the calculated ratio, some 

nuclear structure information can be obtained. Using the DWBA formalism 

1 of Glendenning, the expression for the differential cross section, 

neglecting spin-orbit forces, can be written as follows: 

do o: kf "\' 2 "\' I) . 
(d~) k ~ CsTL L..J GNLSJT 

i LSJT M N 
( II-1) 

where N is the principal quantum number, L is the angular momentum, and 

M is its projection, and kf and ki are the wave numbers of the light out­

going and incoming particles, respectively. 

,.., 2 . 2 ]2 
The term CSc:.T = bST I<Tf T T fT IT.T .>_I [D(S,T) for a pickup 

Z · Z l Zl . 
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2 
reaction, where bST is an overlap integral involving the spin-isospin 

wave functions of the transferred pair of nucleons, and the A=3 ground 

state wave functions. 

for ( p, t) 
( II-2) 

The Clebsch-Gordan coefficient relates the isospins of the initial and 

final nuclear states produced by the transfer of the nucleon pair with 

1 isospin T and a projection Tz where Tz is defined as 2(N-Z). The spin 

factor [D(S,T)] is a function of SandT and results from introducing 

spin and isospin exchange terms in the interaction potential. 5 The 

nuclear structure factor, GNLSJT' is given by: 

where~· is the overlap of the relative motion in the target of the 
n 

( II-3) 

transferred pair with the motion in the light nuclide which is formed 

and can be evaluated by the following relationship: 

~ = [(2n-l)!]
112 

n 2n-l(n-l)! 

3/2 

(
. 2/b ~1/2 n ) ·(l 

6n + v 
n = 1,2, ... 

( II-4) 
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The size parameter n of the light residual nuclide1 is related to its 

mean square radius by n2 = l/~r2 > for mass 3 particles. vis the 

strength parameter of the harmonic oscillator wave functions of the 

transferred pair of nucleons. 

g =I~ ( II-5) 
otherwise 

~~~2 ([n1~1J 1 ][n2~2j 2 ]; JT) is the spectroscopic factor for the production 

of a final state with J,T by pickup of 2 particles with quantum numbers 

~1 ~2 Ll ~ ~2 L 

1 1 [ ( 21+ 1) ( 2S+ 1) ( 2j
1 

+ 1) ( 2j 
2 

+ l)fl 2 1 1 ( II-6) 
2 2 :r 2 2 s 

jl j2 jl j2 J 

where {L,S,J} is a standard 9-'j coefficient as defined in de Shalit and 

Talmi
10 

and comes from the transformation from j-j to L S coupling; and 

< nl~ln2~2:L I nONL:L) represents the transformation from the individual 

coordinates of the two·nucleons to center-of-mass and relative coordinates. 

The values for these transformation brackets have been tabulated by Brody 

and Moshinsky. 11 (Note that the values tabulated in Ref. 11 use the 

radial quantum number n, which is related to the principal quantum number 

n by n=n+l.) M The term BNL is the transfer amplitude representing the 

probability of transferring·a structureless pair of nucleons from the 
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target to the incident particle. Although there is a slight kinematic 

dependence in this term, it will be treated as identical for both (p,t) 

and (p, 3He) pickup to analogue states. This assumption has been shown to 

be acceptable in the com~arison of (p,t) and (p, 3He) cross sections for 

S=O, T=l transitions from T=l/2 states to T=3/2 states, where agreement 

to better than 10% is obtained for the (lp)shell and the Qd)shell. 4 ' 12 

In order to derive spectrpscopic information from cross section 

data without the use of detailed wave functions one can employ the mag-

nitude ratios of analogue states observed in mirror reactions• If the 

(p,t) and (p, 3He) mirror reactions are observed on the same target and 

populate analogue final ·states, then the ratio of the differential cross 

sections can be written as: 

( do I ds-2 ) ( P , t ) = 

(do I ds-2) ( p, 3He) "' 2 3 ~ r 3 12 ~ CST( He) ~ GNLSJT( He) 
LSJT · N 

(II-7) 

• TI + Restricting these pickup react1.ons to even-even targets (J. = 0 ) 
l. 

and assuming for the derivation, single initial and final configurations 

\ 
the summation over M disappears and a further simplification can be made 

-r -r -r 
in the above expression. Since Jf = Ji + J, then for even-even targets, 

Jf = J. Thus the summation over J required to evaluate the ratio reduces 

. to a single term for both reactions. Similarly, for the (p,t) reaction, 

the transition can proceed only by S=O, T=l transfer. From the equation 

-r -+ -+ 
.J = L + S, it is evident that for S=O, .J=L, and hence the swmnations over 
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1, S, and Tare also replaced by a single term. The (p, 3He) reaction, 

however, can in general proceed by both S=O, T=l and S=l, T=O transfer. 

This reduces the summation overS and T to two terms. Since, in this 

comparison, only the ratio for natural parity states is considered (the 

(p,t) reaction on 0+ targets can populate only natural parity states, 

i.e., states with n=(-)J), again only a single 1 can contribute, eliminat­

ing the sum over 1. (In principle, for (p,3He) reactions, J=1, 1±1, but 

since Tif=(-)
1
ni a transfer of 1±1 would change the parity of the states 

produced and henc~ results in unnatural parity states. Thus the expression 

for the cross section ratio, R , can be simplified to give: . c 

= ( da/ dQ) ( P , t ) 
= 

(da/dD)(p,3He) 2 c~T(3He) IGN1SJT(3He) 12 

S,T 

(II-8) 

From the definition of GN1SJT given by Eq. (II-3), it is evident 

that only two factors, the spectroscopic factor (~112 ) and the [9j]­
AB 

3 factor can depend on SorT, and hence differ for (p,t) and (p, He). 

2 
By evaluating the summation, substituting for CST and GN1SJT and 

cancelling common factors, Eq. (II-8) can be. rewritten as follows: 

( II-9) 
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where Q,l Q,2 L 

J_l/2 (T=O) 1 1 1 AB 2 2 . ' 
jl j2 J 

f (.ef,) = 
Q,l Q,2 L 

( II-10) 

dl/2 (T=l) 1 ! 0 . AB · 2 2 

j 1 
j J 

2 

and R PD(lO)] !2 
= [D(Ol)] ( II-11) 

R is the ratio of strengths of the singlet and triplet spin terms, and 

is usually taken to be 1/3. 4 '5 .. · 

and 

·* 

* Using the relationship 

recognizing the following equalities: 

( i) For all stable targets; T. 
1 

(ii) For (p,t); T = T - 1 = zf zi 

Q,l Q,2 L 

l l 
0 -

2 2 
jl j2 J 

(II-12) 

= T 
zi 

T. - l 
1 

'rhe equality as given by M. Rotenberg, R. Bivins, N. Metropolis , and 
J. K. Wooten, Jr., Table of 3n.:..j Symbols, Technology Press, M.I.T., 
Cambridge (1959), and by de Shalit and Talmi,lO are erroneous. The 
correct equation has been derived by W. E'. Rose and L. C. Biedenharn, in 
report number (ORNL-1779) and J. M. Kennedy and W. T. Sharp in the AECL 
report number (CRT-580). 
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(iii) For (p,3~e); T = T = T. zf zi .1 

(iv) For (p, 3He), s = l term; Tf = T. 1 

:. ( TfT T fT I T . T .> == ( T . 0 T . 0 I T . T .> = l · Z Z · 1 Z1 1 1 1 1 

Hence 
2k I<. Tf l T.; -1. lj T1. T1.> 1

2 

R .(t/3He) . t ... 
c = k3H.e • 1 l/2(T ) 

. . 2 l .8AB =O 
I<T lT.OIT.T) I + -3 CSl . l/2 • 

f 1 1 1 .fl!! ( T=l) 
. AB 

2 

v'L(L+l) 

(II-13) 

. where 

[jl(jl + l) - j2(j2 + l)] 

( II-14) 

1 .2 p· k • J 1c up 

For a pickup involving two particles from the same shell (i.e., 

J2 
pickup), ~l = ~2 and J1 = J2 . Hence A = 0, so that there is no 

S = l component to the transition amplitude for the (p, 3He) reaction 

between such initial and final states. Thus, the cross section ratio 

becomes 

2 3 2kt 
R ( j ; t I He) = k3.:"""" 

c He 

I ( T 1 T. -1 ll T. T .> 1
2 

r 1 1 1 
. 2 

I<T~T. 0 I T.T.> I r 1 1 1 

( II-15) 

A j
2 pickup can produce final analogue states of Tr=Ti+l and 

Tf=Ti configurations. For these two cases, the Clebsch-Gordan 'coeffi­

cients can be evaluated to give the following results: 

• 
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Tf T. + 1 Rc(T+;t/
3

He) 
kt 2 

= = --. 
(2Tf-l) l k3He 

( II-16) 

Tf T. R (j 2 ·t/3He) 
kt. 2 

= = --. 
l c ' k3He Tf 

(II-17) 

The pickup of two particles. from different shells (i.e., j 1j 2 

pickup) can again proceed to two types of final states: those with 

Tf=Ti+l and those with'Tf=Ti. Because the structure dependent term can 

contribute only for the latter, the. cross section ratio expression for 

states of Tf=T.+l is identical to that given in Eq. (II-16). For the case l . 

of Tf=Ti, however, the S=l, T=O term can now contribute to the transfer 

amplitude of the (p, 3He) reaction. In order to evaluate the spectroscopic 

factors in the structure term, a particular configuration for the final 

state must be assumed. 

Algebraic expressions for the spectroscopic factors are given by 

Towner and Hardy13 for two-nucleon pickup reactions. If one considers 

the pickup of one particle from the outer shell, and one particle from 

22 
the second shell, with lower shells filled, e.g., for a Ne target 

+ 

4 6 
[(lp l/2 )J. =O·t.=O(ld 5/ 2 )J.!=O·t!=lJJ.=O T.=l 

. i 'l l 'l .l 'l 

H 

[(lp l/2)~f=l/2;tf=l/2(ld 5/2)~r=5/2;tr=l/2JJf;Tf 
(residual nucieus) 

I 1 1 
[(lp l/2)jl=l/2;tl=l/2(ld 5/2)j2=5/2;t2=1/2)J;T 

(transferred pair) 

( II-18) 
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n .· 
5/2)n2-l(jf;tf);(ld 5/2)

1> 
X ( (ld 5/2) 2(jj_;tj_){l(ld 

jf jl ji tf tl t. 
~ 

X j I j2 j! tl t2 t! f 1 f ~ 
(II-19) 

Jf J J. Tf T T. 
~ ~ 

where ( {I } 1 s are single particle coefficients of fractional parentage. 

Since the shell-model configurations are identical for analogue 

final states, the cfp 1 s are the same for both reactions, as are the bi-

nomial coefficients. Also, the [9j] coefficient in J is found to be 

identical in both the (p,t) and the (p, 3He) reactions. Hence, for a 

transition of the form described above 

tf 
l 

t. 2 ~ 

t' 
l 

t! f 2 ]. 

l/2 
Tf 0 T. 

_JAB (T = 0) ~ jTf{Tf + l) 

.J_l/2' (T 
= = ( II-20) 

l) tf 
l t. 1" 

= 2 AB ~ 

t' 
l 

t! f 2 ~ 

Tf l T. 
]. 

where 

1" = [t.(t.+l)- t!(t!+l)]- [tf(tf+l) .... tf1 (tf1+l)] 
]. ~ ~ ~ ·. 

( II-21) 

,. 

" 
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t. and t! arid tf and t' are the isospins given by Eq. ( II-18). These 
l 1 f 

t's are the isospins to which the particles in each active subshell of 

the initial and final configurations are coupled. 

Substituting this result into Eq. {II-13), and evaluating the 

Clebsch-Gordan coefficients produces the following result 

(Tf + 1)2 ]-1 
L(L+ l} (II-22) 

The ratio of differential cross sections to" analogue states pro­

duced by both the (p,t) and (p, 3He) reactions is summarized below: 

(a) Case 1: Tf = Ti + 1: bQth the (p,t) and (p,3He) ~eactions 

can proceed only through the S=O, T=l term in the transition amplitude. 

The ratio for this case is ent~rely general and totally independent of 
0 

any assumed configurations for either the initial and final states. 

H (T ; t/3H ) = c + e 
2 ( II-16) 

(b) Case 2: Tf = Ti' pickup of j
2 

configuration: Because the 

factor A.=O for this type of transition on even-eventargets, only the 

S=O, T=l term can again contribute to the reaction cross section. In 
. ) 

this case the value of the ratio is again independent of any configuration 
! . . 

assumed for either the initial or final states. It should also be noted 

2 that this ratio is independent of any mixture of j transfers, provided 

essentially all transfers between initial and final states proceed by 

.2 some J process. 
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(c) Case 3: Tf = Ti, pickup·of j 1 j 2 configuration: Both the 

S=O, T=l term and the S=l, T=O term can contribute to the cross section 

of the (p, 3He) reaction in this case. In addition to the restriction to 

even-even (J~ = 0+) targets, this ratio depends on the assumed initial and 
l 

final configurations, because T is related to the isospins of the sub-

shells- see Eq. (II-21). 

[
l + !. A2 

3 2 
T 

-1 

(Tf + ~~2]. .· 
L(L + 

( II-22) 

In .the case of a j 1 j 2 transition, the cross section ratio is seen 

to depend strongly on the angular momentum transfer, L. Hence, for states 

with relatively pure initial and final configurations, related by a simple 

j 1J2 transfer, the cross section ratio could be used to assi~n spins to 

final states. For example, consider a pair of states in mass 40, produced 

by a transition such as: 

[( · )8 ( I )2 J [( I )7 · 1 
. ld 312 00 lf 7 2 01 01 + ld 3 2 312 l/2(lf 112)112 li2]Jl 

Since the parity change is odd for such a transition, only odd J analogues 

. 3 
will be produced by both the (p,t) anq. (p, He) reacttons. Hence, the J of 

··the final state is either 3- or 5-. For Jrr = 3~, the cross section ratio 

is expected to be ktlk3He; for a J7T = 5 it is 1.42 k/k3He' These 

differences should be readily observable. 

.. 
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It should also be noted, however, that a mixture.of j 1 j 2 transi­

tions between the same initial and final states can produce a cro.ss 

section ratio less than that calculated for either component, through 

interference in the coherent sum over GNLSJT' Under g£ circumstances, 

however, can the j 1 j 2 ratio exceed that for j
2 it must always be less. 

Thus, a transition can be unambiguously identified as j
2 , even without 

the knowledge of precise initial and final state wave functions. 

B. Selection Rules for Two Nucleon Pickup Reactions 

The selection rules pertaining to two nucleon transfer reactions 

h b t . 1 d" . 'd . 1 1 •13 •14 d 1 th 1 . ave een ex ens1ve y 1scusse prev1ous y · an on y ose app y1ng 

to the reactions treated in this work will be given here. Since all 

· t d" d restr;cted to JTI. -- 0+ t t exper1men s 1,scusse are _,_ 1 arge s, 

( II-23) 

Also, only pure relative S pickup for the nucleon pair is considered. 

Thus the angular momentum and parity transferred by.the reaction are 

and 

where 

-+ -+ -+ 7 -+ 
J = L + S = 1~ + S 

L II. 
~TI = (-) = (-) 

( II-24) 

the center-of-mass angular momentum of the pair. 

Since the deuteron has spin 1, and the a-particle is spinless, the (d,a) 

·reaction is restricted to S=l, T=O transfer. Since the wave function of 

the pair must be ant:isymmetric, then for' j
2 pickup, J must be odd if T is 

even. Thus, since T=O for the (d,a) reaction, even spin states should 

+ not be produced from 0 targets in this manner. 
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Summarizing the selection rules for even-even targets, the 

following is obtained: 

(p,t) 

(d,a.) 

S=O,T=l only 

S=O,T=l and 

S=l,T=O(a) 

S'=l,T=O only 

j 2 . k JTI + l p~c up -+ = even on y 

j
1

j
2 

pickup -+ natural TI states 

J
2 

pickup -+ } ( ) 
· no restriction b (II-26) 

j
1

j
2 

pickup -+ 

+ 
= odd only } 

(b) (II-27) 
restrictions 

(a) If only S=O, T=l can contribute, the (p, 3He) selection rules are 

identical to those for (p,t). 

(b) No restrictions imposed by the reaction beyond those imposed by 

the J and TI of the picked-up pair of nucleons. 
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III. EXPERIMENTAL PROCEDURE 

A. ·Cyclotron and External Beam Facilities 

The experiments discussed in this work were carried out using 

45 MeV proton and deuteron beams in the Cave 2 external beam facility 

. . . 15 
of the 88-in. cyclotron. A schematic diagram of the cyclotron and 

experimental facili t:Les is shown in Fig .. 1. 

The charged particle beams were extracted at a radius of 39.3 

inches by an electrostatic deflector, and were subsequently centered 

·using vertical and radial steering magnets located immediately after 

the vertical collimator. The beams were then magnetically analyzed by 

being deflected through an angle of 39.5 degrees, onto a 0.040-inch 

tantalum analyzing 'slit, locat.ed at the vault wall. The typical beam-

energy resoluti'on obtained after analysis was approximately 0.14%. After 

passing into the experimental cave, the beams were brought to a radial 

and vertical focus in the center of an 18-inch scatter .chamber, using 

two sets of doublet quadrupole magnets. The beam spots obtained ranged 

from o.o6oxo.o6o to 0.100X0.100 inches in size. To permit positioning 

and focusing of the beam in the center of the scatter chamber, a luminous 

fon
16 

marked with grid lines 0.063-inches apart and viewed by remote 

television was used. A second such foil was placed 28 inches behind the 

chamber to permit a determination of beam angle deviations from the 

optic axis of the system .. The beam energy for each experiment was deter-

mined using a series of five remotely-controlled ten'-position foil 

wheels, containing aluminum degrader foils of varying thicknesses. The 

range-energy tables of C. C. Maples17 were used to obtain particle 
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energies from the measured aluminum ranges. The beam current, which 

ranged from 50 nA. to 1.0 llA. depending ori the target and the scattering 

angle, was monitored using a Faraday cup in conjunction with an integrat-

ing beam electrometer. The precision of the beam integration system was 

measured to be about 1%. 

B. Targets 

A detailed diagram of the scatter chamber, gas target and gas 

handling apparatus is shown ih Fig. 2. Since many of the gases used as 

target materials in these experiments were separated isotopes available 

only in limited supply, every effort was made to keep the volume of the 

gas cell and gas handling apparatus to a minimum_, in order to give 

maximum pressure in the gas cell from small initial amounts of gas. An 

additional consideration in minimizing volumes was to permit efficient 

recovery of the gas after use. The gas cell used consisted of a stain­

less steel cylindrical frame 2.50-inches in diameter and 0.875-inches 

high. It had a 315 degree continuous window of 0.0001-inch Havar foil, 18 

and conical inserts top and bottom (see insert in Fig. 2) to further 

reduce the volume. The inserts were required to be conical to permit 

the detection of particles by counters placed 10 degrees out of the 

horizontal plane. The cellvolume excluding small entrance tubing was 

measured to be 47.0 cm3 . The operating gas pressure in the cell was 

determined by a mercury U-tube manometer, and ranged from 20-30 em. of 

mercury. 

The gas temperature was measured using a thermometer placed 

near the scatter chamber. 
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In order to recover separated isotope gases after use, the gases 

were expanded into a large expansion flask, which could subsequently be 

pumped full of mercury, compressing the gas int;o previously evacuated 

recovery bottles. Repeating this pumping process about 3 times permitted 

the recovery of essentially all the gas used in the experiment. 

The solid targets used in this series of experiments were all 

self-supporting evaporated foils, ranging in thickness from ~ioo ~g/cm2 

2 to ~1 mg/cm . With the exception of the CdS targets used for the re-

. 34 32 34 3 32 . act2ons S(p,t) S and S(p, He) P, the targets were essentlally pure. 

(A smali amount of carbon and oxygen was usually present; these impurities 

were used as internal calibrations.) 

The targets were mounted on target frames which were subsequently 

placed in a movable target ladder, capable of accepting up to five tar-

gets. This ladder could be raised and lowered by remote control, to 

permit the use of several targets without the need to open the scatter 

chamber. This target ladder could also be rotated to any angle with 

respect to the beam, but since two telescopes at opposite sides of the 

chamber were used to collect data, the target angle was usually set at 

90 degrees with respect to the beam. 

C. Detectors and Electronics 

Two independent counter assemblies, mounted 10 degrees above 

and below the horizontal scattering plane were used to detect the re­

action products. These assemblies could be set independently to any 

scatter chamber angle, the upper assembly from eLAB = 10 degrees to 

BLAB = 170 degrees, and the lower assembly from BLAB = 10 degrees to 
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SLAB= 110 degrees. Each counter assembly consisted of a 3 counter­

telescope holder, which was mounted externally about 18 inches from the 

target, and could be isolated from the scatter chamber by a vacuum valve. 

A set of tantalum collimators 0.085-inches wide, 0.200-inches high and 

of adequate thickness to stop elastically scattered particles was mounted 

at a distance of 18.75 inches from the center of the target. In addi­

tion, for gas targets, a second radial collimator 0.085-inches wide was 

installed 4.50 inches ,from the target cepter to completely define the 

solid angle. The solid angle subtended by each counter telescope was 

found to be 5Xl0-5sr., with an angular resolution of 0.26 degrees. 

For these experiments, a three detector counter telescope was 

used in each of the systems. Each telescope consisted of a 6.1 mil 

phosphorus diffused silicon Lili transmission detector, a 120 mil lithium 

drifted silicon stopping (E) detector, and a 20 mil lithium drifted 

silicon E-reject detector, operated in anti-coincidence to eliminate 

long range particles penetrating the E detector. The E detector was 

rotated, with its normal at an angle of 30 degrees to the incident 

particles, in order to provide a greater effective counter thickness 

for stopping high energy tritons. 

The detectors were connected to fast-rise charge sensitive pre­

amplifiers, which were mounted as close as possible i~ order to minimize 

signal losses and reduce pickup noise. The preamplified signals were 

subsequently transmitted from the experimental area to a remote counting 

area, where they were delay-line shaped and further amplified. A 

schematic diagram of the countingequipment is shown in Fig. 3. The 
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~E and E signals, after satisfying slow (2T=2 ~sec.) coincidence re­

quirements, were fed into a Goulding-Landis two-counter particle 

identifier. 19 Using the empirical range-energy relationship 

this identifier produced an output logic pulse which was proportional 

to the particle type, in coincidence with the total energy signal of 

the particle obtained by summing the ~ and E signals. A typical 

particle identifier spectrum is shown in Fig. 4. The particle-type 

logic signals were fed into a 4-.channel router, each channel consisting 

of a single channel analyzer, which triggered a routing signal when 

fired. The router S.C.A. 's were set around tritons, 3He and a-particle 

signals, as well as a safety group in the deuteron-triton valley, and 

were subsequently used to route the coincident energy signal into the 

appropriate segment of a pulse-height analyzer, permitting the simul­

taneous accumulation of triton, 3He and a-particle spectra. One system 

utilized a Nuclear Data ND-160 4096 channel pulse-height analyzer, 

operating in a 4xlo24 channel mode. The other system used a 4096 channel 

analogue-to-digital converter, with up to 8 logic (router) buffers, to 

feed a PDP~5 computer, programmed to accumulate data. 

The router single channel analyzer for tritons was set to ex­

clude any deuteron component, and hence also excluded "leak...,through" 

tritons, i.e., those normally rare tritons which channel through the 

relatively thin ~E detector, producing particle identifier signals 

.. 



fJ) -c: 
:l 
0 
u 

10,000 

1000 

100 

Group 
I 2 

-25-

3 4 

a 

Channel 
XBL6812 -7530 

Figure 4 



-26-

somewhat smaller than expected. In order to obtain a measure of the 

amount of. thes_e leakthrough tritons, the deuteron-triton valley was 

monitored, and any coptribution added to the triton spectra. Less than 

10% leakthrough was detected for the highest energy triton observed 

("'36 MeV), and essentially none was observed for tritons of less than 

30 MeV. 

The particle identification signals, both free and gated by the 

router, were monitored on RIDL 400 channel analyzers. The overall energy 

resolution (FWHM) typically obtained from this system was 110-150 keV 

for tritons, and 120-170 keV for 3He particles, depending on target 

thickness ,and kinematics. 

A monitor counter, mounted in the horizontal plane, at a fixed 

angle of e1AB = 27.5 degrees, was used in addition to the two counter 

telescopes, to check targets for decomposition, and to observe any 

changes in beam energy. The collimator used with this counter had a 

0.200-inch circular aperture and was mounted 23.94 inches from the 

target center, giving it approximately the same angle of acceptance as 

that of the counter telescopes. The monitor counter was usually used 

to monitor the (p,a) reaction since the positive Q-value of the reaction 

renders it virtually free from interferences at high particle energies. 

D. Data Handling 

After accumulation on the PDP-5 computer, the data were stored 

011 DEC-555 magnetic tapes, which could be reread to produce printouts 

and graphs. The data accumulated in the ND-160 analyzer could also be 

transferred to the PDP-5, where it could be handled in the same manner. 
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Facilities were also available to transfer data to an IBM compatable 

magnetic tape, to permit further analysis using a CDC-6600 computer. 

After correcting appropriately for leakthrough, the differential 

cross section at each angle was obtained using the formulae given below .. 

(a) Solid Target: 

C (ZMR) 2 
= JS X -B X X NAt 

1 

(b) Gas.Target 

-4 2.660Xl0 ~b/sr. 

C [z X (T + 273) X (11 + 12 )
2 

X sin8] _4 = J X -X ---;;;N,.A""'Pw~ .. -.~X -(r:l:--+---::-1--;:/1=-'·"""")r-""" __ ....;.. ·- X 6 . 53 0 Xl 0 ubI sr 
81 B l l 2 

J 8 = Jacobian for the transformation from lab to center-of-mass 
1 

C/B = counts /~ oulomb 

Z = charge of the incident particle 

M = molecular weight of the target (gm/mole) 

R = distance.to the front of the rear collimator 1'rom target 

N = number of target nuclei per molecule 

A 2 = area of the rear collimator (em ) 

2 t = target thickness (mg/cm ) 

11 = distance to the back of front collimator from target center 

12 = distance from 11 to the front of the rear collimator 

p = pressure of the gas (em Hg) 

wl = width of front collimator 

T = temperature of 'the gas (OC) 

The errors shown on the experimental points in all the angular 

distributions are pure counting statistical errors. 
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The excitation energies of the states observed in this series 

20 
of experiments were determined by the computer program, LORNA. This 

program established an energy scale by finding a least squares fit to 

peaks whose Q-values were known, after correcting all incoming.and out-

going particles for kinematic effects and absorber losses. For the 

data described, contaminants weJr"e often present or introduced to provide 

calibrations. In particular, states produced from the reactions 
12

c(p,t)
10

c 

and 12c ( p , 3He ) 1, 0B . . 11· f l th h t were e~pec1a y use u . roug ou : the masses of the 

ground and first excited states of 10c were taken from a recent re-evalua-

21 10 
tion by Brunnader et al. , while the level information for B levels 

was taken fromAjzenberg,-Selove and Lauritzen. 22 
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IV. EXPERIMENTAL RESULTS 

If a target nucleus has isospin T., then the ratio of the differ­
~ 

ential cross-section for the (p,t) and (p, 3He) reactions leading to 

analogue final states with isospin Tf = T. + 1 can, as derived in Sec. II, 
~· 

be expressed simply where charge-dependent effects are neglected: 

(do/dO)(p,t) = 

( dq/ dO) ( p , 3He) 
2 (IV-1) 

Thus, in this approximation, the differential cross sections to 

analogue states should be identical in shape, and their magnitudes should 

be in the ratio of (k/k3He) when Tf = when T = 2; and 
f 

2k 5k 
( t/ 3He) wh.:!;n Tf = 3. These properties provide an unambiguous ex-

12 
perimental method for identifying analogue states. 

The series of experiments discussed here included a remeasurement 

of the (p,t) reaction on 2~e and 26Mg targets in which carbon impurities 

had been added to provide an energy calibration. In particular, the 

ground and first excited states of 10c, produced in the reaction 

12· 10 
C(p,t) C, resulted in triton peaks whose energies bracket that of 

. 20 24 the T=2 states ~n Ne and ·Mg. Since the ground-state mass excess of 

10c taken from the then current mass tables 23 was 15.658±0.013 MeV, it 

was therefore surprising to observe a discrepancy of 'V45 keV with the 

20 24 . 
accepted energies of the T=2 states in Ne and Mg (which were known 

to ±2.4 keV and ±5.0 keV resp.). This led to a re-evaluation of the 
10c 

mass excess, 21 giving agreement with a new experimentally determined value 
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of 15.7025±0.0018 MeV for the ground state. The excitation energy of 

the first excited state 
10 . 

in C was found to be 3.344±0.008 MeV. Using 

these remeasured values for the 
10 

C states, good agreement with the 

accepted values of the 20Ne and 24Mg states was obtained. 

A. 20Ne (p,t) 18Ne and 20Ne (p, 3He) 18F Reactions 

In order to calibrate the 21Ne (p,t) 19Ne and 2~e (p, 3He) l9F 

data which will be discussed in Sec: IV-B, it was necessary to establish 

the excitation energies and relative magnitudes of the states produced 

by the (p,t) and (p, 3He) reactions on the 20Ne present in the 21Ne-

enriched target. For this purpose, targets consisting of pure neon and 

a neon-methane (40-60% resp.) mixture were used, the neon being 99.9% 

. h d . 20N· enr~c e ~n e. A single set of spectra were obtained for each tele-

at 8LAB = 22.3 degrees, using the pure neon target. Accurate excitation 

energies were then obtained from the neon-methane mixed target, with the 

known mass-10 states providing internal calibrations, in addition to the 

known states in mass-18. 

A series of four sets of spectra on the mixed target were taken 

at angles ranging from 8LAB = 22.3. degrees to 6LAB = 41.0 degrees; the 

spectra collected at eLAB = 26.8 degrees for 2570 microcoulombs are shown 

in Fig. 5. The states whose energies are marked without brackets in the 

figure, were used to establish the mass-18 calibration; the bracketed 

energies represent the best value determined for the states marked. 

The final excitation energies determined from this experiment for 
18

Ne 

are listed in Table 1, together with previous measurements. 24-26 
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Table l. Excited states of 18Ne. 

This Work 
(MeV ± keV) 

Previous Work 
(MeV ± keV) 

Ref. Average 
(MeV ±. keV) 

g.s. 

l. 890 ± 20 

3.375 ± 30 

3.588 ± 25*t 

4.580 ± 30 

5.115 ± 25 

1.8873 

3·3762 

3.5763 

3.6164 

4.558 

5.140 

g.s. 

± 0.2 

± 0.4 

± 2.0 

± 0.6 

± 13.5 

± 18.0 

(a) 1.8873 ± 0.2* 

(a) 3·3762 ± 0.4 

(a) 3.5763 ± 2.0 

(a) 3.6164 ± 0.6 

(b,c) 4.562 ± 12.2 

(b) 5.132 ± 15* 

* . . 21 ( ) 19 These values were used as known in the analysis of Ne p,t Ne 

tThis value was used in the analysis of 21Ne(p:,t) 19Ne because it 

( 0+) represents the effective energy of the unresolved mixture of the 

state at 3. 5673 MeV and the 2,( +) state at 3. 6164 MeV, both populated by 

the (p,t) reaction. 

(a)R. D. Gill, B. C. Robertson, J. L'Ecuyer, R. A. I. Bell, and H. J. Rose, 

Phys. Lett. 28B, 116 (1968). 

(b)E. Adelberger, Thesis, California Institue of Technology, unpublished. 

(c)J. 8 ( 68) H. Towle, and G. J. Wall, Nucl. Phys. All , 500 19 . 

.. 
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Since the density of states in 18F is large at higher excitations, 

it is difficult to make a meaningful comparison of states ·observed in 

these experiments with those observed previously. There is, however, 

only one state which is necessary for subsequent calibrations, and the 

excitation energy obtained for it from these measurements is 6.270±0.030 

MeV. (Although this peak is not clearly resolved in Fig. 5 from the 

10B* 1.74-MeV state, this was not the case at other angles observed.) 

This value should be compared with 6.265±0.013 MeV, measured in there­

action27 16o( 3He,p) 18F, and because of the greater accuracy of the 

latter, it was used in the following sections. 

Since the primary purpose of obtaining these data was to provide 

energy calibrations for subsequent experiments, the range of angles 

' covered was sma:ll with large increments between successive angles. Hence, 

the available data were considered inadequate to provide meaningful angular 

distributions and, as a result, no attempt was rn.ade to extract this type 

of information. 

B. 
21

Ne (p,t) 19Ne and 
21

Ne (p, 3He) 19F; T = 3/2 States 

The neon target used in these experiments was enriched in 
21

Ne, 

20 21 22 
with an isotopic composition of 21.1% Ne, 56.3% Ne and 22.6% Ne. 

Seven angles, ranging from 8LAB = 11.7° to 8LAB = 31.5°, were studied in 

order to obtain angular distribution data. A pair of spectra collected 

at SLAB= 22.3° for 4880 inicrocoulombs, is shown in Fig. 6. 

Rough coulomb energy calculations assuming a uniformly charged 

sphere predict the T = 3/2 analogue levels in 19Ne and 19F to lie at an 

* excitation of approximately,7.5 MeV. The peaks marked as T = 3/2 in 
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Fig. 6 are consistent with these values. The angular distributions of 

the tritons and 3He-particles corresponding to the T = 3/2* analogue 

states are shown in theupper protion of Fig. 7. The experimental 3He 

data have been multiplied by kt/k3He ( =0. 93) in order to facilitate the 

comparison of cross section magnitudes. The shape and magnitudes of the 

distributions are indeed identical, within the expected accuracy of the 

approximations used in the derivation of Eq. (IV-1), and thus, the 

T = 3/2 character of the levels is established. Triton angular dis-

tributions characteristic of 1=0 and 1=2 transfer are also shown for 

two T = 1/2 levels in 19Ne; in addition, the 1=0 distribution is in-

( ) 20 . 
eluded for the p,t reaction on Ne leading to the ground state of 

18
Ne. (There were no states in 19Ne known to be 3/2+, and since the J1T 

of 
21

Ne is 3/2+, there couldbe no "known" 1=0 angular distributions to 

states in that nucleus. Instead, for comparison the 1=0 distribution of 

tritons leading to the 
18

Ne ground st~te fromthe reaction 
20

Ne(p,t)
18

Ne 

g.s., has been included .. ) From the characteristic 1=0 distribution 

shape, it is possible to identify both the 4.013 MeV state in 19Ne, as 

+ well as the analogue states, to be 3/2 . To provide additional verifica-

tion, distorted wave Born approximation (DWBA) calculations were performed 

. 28 
using a modified version of the computer program DWUCK and the optical-

model potentials listed in Table 2. 29 The results of the computations, 

which assumed pure 1=0 or 1=2 transfer, are shown as the dashed curves 

in Fig. 7. These curves were normalized to the experimental data, giving 

very good fits and confirming the above assignments. However, the J1T of 

19o, which is the T = 3/2 member of this analogue multiplet, is known to 
z 
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Table 2. Optical niodel par~ni.eters29 used in DWBA calculations 

Target Projectile V(MeV) 

p 51.5 

20N . e, 2~e t, 3He 162.0 

22Ne p 51.5 

t, 3He 162.0 

25Mg p 51.5 

t, 3He 162.0 

30Si p 51.5 

t, 3He 160.0 

36A 38A r, r, 4oAr p 51.5 

t, 3He 160.0 

R used throughout 
c 

W (MeV) s 

19.0 

37.5 

19.0 

37.5 

19.0 

37·5 

19.0 

38.5 

19.0 

38.5 

= 1.20 fm. 

r( fm.) a 

1.25 0.5 

1.25 0.6 

1.15 0.5 

1.15 0.6 

1.15 0.5 

1.15 0.6 

1.15 0.5 

L.l5 0.6 

1.15 0.5 

1.15 0.6 
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be 5/2+ indicating that the T = 3/2 levels produced in 19Ne and 19F by 

the (p,t) and (p, 3He) reactions must be analogues to the first excited 

state of 19o - a 3/2+ state at 0.095 MeV. 

The excitation energies of the analogue state.s were determined 

in the manner previously described and the final results are listed in 

Table 3. There have been no previously reported measurements of either 

* 30 T = 3/2 state, although an observation has been reported of the 

lowest T = 3/2 state in 19F. 

The calibration of the 3He spectrum also yielded an energy for 

the lowest T = 2 state in 2°F, the accuracy of which depends largely 

upon the 6.265±0.013 MeV state in 
18F. This state will be discussed in 

greater detail in the next section (Sec. IV;-C). 

C. 22Ne (p,t) 20Ne and 22Ne (p, 3He) 
2°F; T = 2 States 

Although the excitations of the lowest T=2 analogue states in 

mass 20 had been reported previously, 6•31- 33 and although the experimental 

uncertainty on the lowest T=2 state in 20Ne was sufficiently small to 

preclude any improvement by the present measurements, the (p,t) and 

(p, 3He) experiments on 22Ne were repeated primarily to reduce the ex-

. 20 
isting uncertainty on the excitation of the lowest T=2 state in F. 

However, the good agreement between the present determination of the 

T=2 state in 
20

Ne and previous data may be taken as a measure of the 

reliability of these methods. 

In order to provide internal calibrations in the region of the 

T=2 states, a neon-methane mixed (50%-50%) target was used in addition 
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'~ ~ -. 

'·· Table 3. Summary of experimental results for high T states. 

~=========================================== 

N~cleus Analogue 
State 

1f J . j T 

l9F* 3/2+;3/2 

·10 ·,.{Ne* 3/2+;3/2 

20F + 
2 0 

20Ne + 
2 0 

23Na I + I 5; 2 j 3 2 

23Mg 5/2+;3/2 

24Na + 2 0 

24Mg + 
0 ·2 

28Al + 
2 0 

28Si + 
2 0 

32p 0+ 2 

32s + 
2 0 

36C,l 0 
+ 2 

36·1. + 
2 Ar 0 

38c~ + 
0 3 

38Ar + 
0 ' 3. 

4oK: + 
2 0 

4oca 0+ 2 

* These levels are 

analogous to the 

Excitation energy 
This Work Previ'ous Work (Bef.) 

(J14eV ± keV) (MeV ± keV) 

7.660±35. not reported 

7.620±25 not reported 

6. 523±35 6.43±100 (a) 

16. 722±25 16.732±2.4 (a,b,c,d) 

7.910±30 7.890±30 (e,f) 

7.788±25 not reported 

5· 978±35 5.98±48 (g,h) 

15. 426±30 15.436±5 (i, j 'k) 

5.983±25 not reported 

15.206±25 not reported 

5.071±40 not reported 

12.034±40 not reported 

4. 295±30 not reporte·d 

10.858±35 not reported 

8.216±25 not reported 

18. 784±30 not reported 

4.375±25 4.370±70 (g) 

ll. 978±25 ll. 970±65 (g) 

not the lowest T=3/2 levels in mass-19, 

first excited state 
.· 19 

(0.09~ MeV) of D. 

Average 

(MeV ± keV) 

7. 660±35 

7.620±25 

. 6. 513±33 

16. 732±2. 4 

7. 900±21 

7. 788±25 

5·979±28 

15. 436±5 

5.983±25 

15. 206±25 

5.071±40 

12.034±40 

4. 295±30 

10.858±35 

8.216±25 

18. 784±30 

4.374±24 

11.977±23 

but are 
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Table 3. Continued 

(a)J. Cerny, R. H. Pehl, and G. T. Garvey, Phys. Lett. 12, 234 (1964). 

(b)E. Adelberger and A. B. McDonald, Phys. Lett. 24B, 270 (1967). 

(c)H. M. Kuan, D. W. Heikkinen, K. A. Snover, F. Riess and S. S. Hanna, 

Phys. Lett. 25B, 217 (1967). 

(d)R. h lj ( 6 ) Bloc , R. E. Pixley, and P. Truul, Phys. Lett. 25B, 215 19 7 . 

(e)S. Mubarakrnand, and B. E. F. Macefield, Nucl. Phys. A98, 97 (1967) 

and private communication to J. C. Hardy. 

(f)J. Dubois, Nucl. Phys. Al04, 657 (1967). 

(g)G. T. Garvey and J. Cern~_unpublished. 
(h) 

F. G. Kingston, R. J. Griffiths, R. A. Johnston, W. R. Gibson and 

E. A. McClatchie,Phys. Lett. 22 458 (1966). 

(i)G. T. Garvey, J, Cerny, and R. H. Pehl, Phys. Rev. Lett. 12 726 (1964). 

(j)E. Adelberger, and A. B. McDonald, Phys. Lett. 24B, 270 (1967) and 

erratum Phys. Lett. 24B, 618 (1967).-

Riess, W. J. O'Connell, D. W. Heikkinen, H. M. Kuan, and 

S. S. Hanria, Phys. Rev. Lett. 19, 327 (1967). 
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to the pure neon target. The neon gas used was 92.0% enriched in 
22

Ne, 

20 21 
the proportions of the remaining isotopes being 7.6% Ne and 0.4% Ne. 

Figure 8 shows the triton and 3He spectra taken at 8LAB = 36.2 degrees 

for 9280 microcoulombs. Although the cross section for 1=0 transfer is 

relatively low at this angle, i_t is greater than for any other angle at 

which the T=2 states in both 20Ne and 2°F are simultaneously resolved 

from all the calibration peaks. The excitation energies of the observed 

analogue states were determined primarily by using the known states in 

10c and 10B as calibrations. 

Since angular distributions of the tritons and 3He particles 
. . . •. . 6 

corresponding to th~ .analogue T=2 states had been previously measured, 

spectra were recorded only at 8LAB = 36.2 degrees. Hence no further 

angular distribution informatiqn was obtained from this data. 

The excitation obtained for the T=2 state in 20Ne is given in 

Table 3, and is found to be in good agreement with the accepted value. 

Excitations for additional states, potentially of T=l character, were 

determined in 20Ne as well, with observed values of 10.890±0.050, 

11.100±0.40 and 12.250±0.40 MeV. These will be discussed later in Sec. 

V-B-1. 

The value for the excitation of the T=2 state in 2°F quoted in 

Table 3 is based on a weighted average of the value obtained from these 

experiments and the data discussed previously inSec. IV-B. 
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D. 25Mg (p,t) 23Mg and 25Mg.(p, 3He) 23Na; T = 3/2 States 

The target used in these experiments was a 500 ~g/cm2 self­

supporting evaporated magnesium foil, enriched in 25Mg. The components 

of this target were 
24

Mg(8.29%), 25Mg(9L54%), 
26

Mg(O.l7%), and, in 

addition, small amounts of oxygen and carbon impurities. Spectra were 

obtained at six angles. between e1AB = 17 .. 2 degrees. and 8LAB = 31. 5 

degrees, with the spectra obtained at e1AB = 24.1 degrees for 970 micro­

coulombs being shown in Fig. 9. 

Rough coulomb energy calculations indicated that the T = 3/2 

analogue states should lie at an excitation of about 7.8 MeV in both 

23Mg and 23Na. The peaks marked T = 3/2 in Fig. 9 are consistent with 

these expectations. The upper portion of Fig. 10 shows the angular 

distributions of the corresponding tritons and 3He particles, the latter 

having been multiplied by kt/k3He(=0.92). The similarity of the dis­

tributions satisfies the requirements of Eq. (IV-1), and establishes 

these levels as being T = 3/2. Also shown in the lower portion of Fig. 

10 .are the angular distributions for the (p, t) reactions to the ground 

state (3/2+) and 0.451 MeV state (5/2+) of 23Mg. Since the spin-parity 

of 25Mg is 5/2+, the former transition should be characterized by pre-

dominantly 1=2 transfer, while the latter should be 1=0. By simple 

comparison, the angular momentum transfer to the analogue states is 
. ' 

determined to be principally 1=0. The dashed curves are again DWBA 

calculations, using the optical model parameters listed in Table 2, and 

normalized to the experimental data. Based on these 1 transfers, it is 
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possible to assign a spin-parity to the T = 3/2 states of 5/2+, indicating 

23 that they are analogues to the ground state of Ne. 

The excitation energies of the analogue states were determined 

precisely by using as known those peaks whose energies are marked in 

Fig. 9; the primary calibration points in the (p,t) spectrum were the 

ground states of 10c, 2~g, a~d 14o, while in the (p, 3He) spectrum the 

10 principal points were the ground state of B and the 2.31 MeV (T=l) 

first excited state in 14N. The results obtained are given in Table 3 

where, for the case of the T = 3/2 level in 23Na, it can be seen that 

there is good agreement with earlier measurements. 34 •35 The T = 3/2 

23. 
analogue level in Mg had not been reported previously. 

E. 26 24 26 3 24 Mg (p,t) Mg and Mg (p, He) Na; T=2 States 

The target used for this work was a 1.26 mg/cm2 self-supporting 

magnesium foil, enriched to 99.2% in 2~g. Figure ll shows the triton and 

3 He spectra observed at 6LAB = 22.3 degrees for 3200 microcoulombs. It 

is evident from the figure that a significant amount of carbon was 

present in the target;· the peaks corresponding to states in 10c and 10B 

provided the primary source of calibration, although all other peaks with 

(unbracketed) energies marked.in the figure were also used. 

As was the case with the T=2 states in mass-20, the lowest.T=2 

l t t . 24M· d 24N h d b . l . d t. f. d 31 •36- 39 ana ague s a es 1.n g an a, a een prev1.ous y 1. en 1. 1.e , 

and in fact, the angular distributions of the (p,t) reaction to states 
29 

in 
24

JvJg (including the T=2 analogue) had also been extensively studied. 
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Consequently no attempt was made here to obtain angular distributions; 

both telescopes were set at eLAB = 22.3 degrees. This angle was chosen 

because it was near the maximum in the 1=0 angular distribution, as well 

24 24 
as being one at which the analogue states, in both Mg and Na were 

resolved from nearby impurity levels. 

Again, the experimental uncertainty on the excitation energy of 

the T=2 state in 24Mg is too small, (±5.0 keV), to be improved by the 

present work, but its remeasurement provided another check on the accuracy 

of this method. Using the corrected mass for 10c, excellent agreement 

was obtained with previous values as shown in Table 3. The excitation 

energy obtained for the analogue state in 24Na is also given in Table 3, 

together with a weighted average of all previous data; the final over-

all average also includes_the present results. 

Excitation energies for states in 24Mg of potential T=l character 

were also determined from this work and are summarized in Table 4. A 

comparison of these states with observed 
24

Na states will be discussed 

in detail in Sec. V-~2. 

F. 30 . 28 30 . 3· 28 
. Si (p,t) Si and s~ (p, He)· Al; T=2 States 

The target used here was a self-:supporting evaporated silicon foil, 

420 ~g/cm2 thick obtained from ORNL40 and enriched to 89.12% in 30si; the 

. remai'ning isotopic impurities. w~re 10.16%. 28si, and 0. 72% 29si. Significant 

amounts of carbon and oxygen were also present, and provided useful cali­

brations at higher excitation energies. A sample set of triton and 3He 

spectra obtained at 8LAB = 18.0 degrees for 2150 microcoulombs is shown in 

Fig. 12. 
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Table 4. Summary of T=l State~ observed in Mass-24 

Nucleus This Work 
(MeV ± keV) JTI; T 

Previous Work Average 

* 

9.526 ± 25 

10.080 ± 30 

10.337 ± 35 

10.740 ± 35 

10.977 ± 40 

+ 2 . 
' 

11.160 ± 35 (1,3)-; 

g.s. 

o. 546 ± 35 

;l 

1. 498 ± 35 ~ ;l 

1.890 ± 30 

;l 

+ <:::4) . ; l 

(MeV± keV) Ref. (MeV± keV) 

9.517 ± 6 (a) 

10. 0 72 ± 8 (a ) 

10.353 ± 20 (a) 

10. 73 7 ± 9 (a) 

not reported 

9·517 ± 6* 

10.072 ± 8* 

10.348 ± 17 

10.737 ± 9 

10.977 ± 4o 

11.165 ± 5 (a) 11.165 ± 5 

11~391 ± 4 (a) 11.391 ± 4 

g.s* (a) 

0. 472 ± 0. 2 (a ) 0. 4 72 ± 0. 2 

0.563 ± 0.2 (a)' 0.563 ± 0.2 

1.341 ± 0.2 (a) 1.341 ± 0.2 

1.347 ± 0.3 (a) 1~347 ± 0.} 

1.508 ± 10 (b) 1.508 ± 10 

1.885 ± 0.3 (a) 1.885 ± 0.3 

These states were used as known, in addition to the other calibrations 

discussed in the text . 

. (a)P. · ( 6. ) M. Endt and C. Van der Leun, Nucl. Phys. Al05, 1 19 7 . 

(b)R. Jahr, J. A. H. Pfleger and H. Zell, Phys. Lett. 25B, 113 (1967). -·-.. 
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Since these T=2 states had not been reported previously, a 

28 
rough Coulomb energy calculation based on the mass excess of Mg was 

used to predict excitation energies of 15.3 MeV in 28si· and 6.1 MeV in 

28
Al for these states. The peaks marked T=2 in Fig. 12 were found to be 

consistent witn these predictions. Spectra were measured for seven 

angles, ranging from BLAB = 14.1 degrees to 6LAB = 36.2 degrees. 

In the upper portion of Fig. 13 are shown the angular distribu-
3 .. 

tions of triton and He particles corresponding to the T=2 analogue 

states in 28si and 28Al; the 3He distribution has been multiplied by 

the momentum and isospin coupling coefficients as suggested by Eq; (IV-1), 

to facilitate comparison. Within the accuracy of the approximation used 

in the derivatiop_ of Eq. (IV-1), good agreement is obtained for the (p,t) 

and (p,3 He) cross section shapes and magnitudes, establishing these 

states as T=2 analogue states. Also shown in the figure are the 

characteristic 1=0 and 1=2 transitions to the ground and 1.779 MeV 

t t
. . . 28s. 

s a es 1n 1. Simple comparison shows the analogue states to be 1=0 

t . t . h. h ' 30s' ' JTT . 0+ . t ' t f th . rans1 1ons, w 1c , s1nce 1 1s · · = perm1 s an ass1gnmen o e1r 

J
71 as 0+, identifying them as analogues to the 

28
Mg ground state. 

Further verification of the assigned 1 values was obtained from DWBA 

fits using the optical model parameters listed in Table 2. As was done 

previously, the fits, showp as solid curves in Fig. 13, were normalized 

to the experimental data. Because at some angles the T=2 state in 
28

Al 

10 * is degenerate with the B 0.717 MeV state, it was necessary to sub-

tract this latter component; its strength was determined from the 

10 10 * known cross section ratio of the B ground state to the · B 0.717-MeV 
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state, measured previously. The errors shown on the experimental points, 

however, still represent only the pure statistical error, as is the case 

for all data shown. 

The states used as energy calibrations for the T=2 states in 

mass-28 are shown in Fig.l2. Where interferences prevent the accurate 

determination of peak positions, the data were not used in the energy 

determinations, although cross section values were extracted as described 

above. The final excitation energies obtained for the analogue states 

are shown in Table 3. 

Excitation energies of strong states in the region of excitation 

immediately above the lowest T=l state were also extracted for both 28si 

and 
28

Al. The energies observed for states in 28si were 10 .675±0 .030 MeV, 

and 10.903±0.030 MeV, which agree well with previously reported states41 

at 10.710±0.020 MeV and 10.909±0.010 MeV (see Fig. 14a). States observed 

28 
in Al were found to have excitations which corresponded within errors 

to the previously reported states at 1. 372 MeV and 1. 633 MeV. Possible 

JTI and T assignements are discussed later in Sec.V~B-3. Because the lower 

t t . . 28s· 11 k . 41 tt t . s a es l.n l. e.re we nown, no a emp was made to determ1.ne 

accurate energies or angular distributions. 

G. 
34s (p,t) 32s and 34s (p, 3He) 32P; T=2 States 

A self-supporting GdS target, approximately 100 ~g/ cm
2 

thick, 

was used, The sulfur component of the target was 67.92% enriched in 

the ¢ 32 44¢ 33 . %36 remaining isotopes being 31. 55;• S, 0. . I• S, and 0. 09 • S. 

This target was also found to contain small quantities of oxygen and 

carbon. 
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Because no T=2 analogue states had been reported previously, a 

rough Coulomb energy calculation based on the mass-excess of 32si was 

used to predict approximate excitation energies for these states. The 

states shown in Fig. 15 marked as T=2 are consistent with these pre-

dieted values. ·A series of four angles ranging from SLAB = 20.5 degrees 

to eLAB = 31.5 degrees were measured; sample spectra obtained at 

8LAB = 22.3 degrees for 6380 microcoulombs are shown in Fig. 15. The 

thin targets available were capable of withstanding only very small beam 

intensities, resulting in very low counting rates. Consequently spectra 

were recorded only near angles where the 1=0 angular distributions were 

a maximum. The ratio of the triton and 3He cross sections to the T=2 

analogue states were obtained, however, at all measured angles an?- found 

to have a value·for 
2
kt/3k3He (=0.60) which agrees with that calculated 

by Eq. (IV-1). Since no systematic variation in cross section ratios 

was detected as a function of angle it is concluded that in the region 

measured, the angular distribution shapes are also identical. On the 

basis of this cross section data, the energy systematics of T=2 states 

in the (sd)-shell, and the Coulomb calculation energy prediction, these 

states are assigned as T=2 analogue states. Because of the enhancement 

of these transitions at 8LAB = 22.3 degrees, it is likely that they are 

(L=O) transitions, formin~ 0+ states analogous to the T=2 32si ground 

state. 

The excitation energy obtained for the T=2 analogue state in 

32s is based primarily on the 10c and 
14o ground states, although the 

30 32 . . 
S ground state and S 2.237-MeV states were also used; the excitation 
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energy of the T=2 analogue state in 32P is based on the 
10B ground and 

0.717~MeV states, as well as the 30P 0.678-MeV state, which is the T=l 

30 analogue to the 8 ground state. Final excitation energies obtained 

for the T=2 states are listed in Table 3. 

Using the above calibrations, the energy determined for the 

lowest observed T=l state in 328 agreed well with a previous measure-

41 ment of 7.005±0.005 MeV. 

A natural cadmium sulfide target was run at eLAB = 22.3 degrees 

in order to establish the states produced by the reactions 328(p,t) 308 

32 3 30 32 . 34 and 8(p, He) P on the 8 present 1n the 8 enriched target. The 

only states observed with significant cross section were the 308 ground 

state and its T=l analogue in 30P. These states were identified in the 

spectra obtained from the 348-enriched target and were used as calibra-

·tions. 

H. 36 34 36 3 34 36 34 . Ar (p,t) Ar, Ar(p, He) · Cl and Ar (d,a) Cl React1ons 

Although the excitations of states in 34Ar have recently been 

42-44 
measured up to about 4 MeV, there has been substantial disagreement 

in excitations reported, and no spin-parity assignments. had been made. 

The 36Ar(p,t) 34Ar reaction was used to establish JTI values and extend 

the range of excited states observed. The excitation energies of states 

. 34 . 41 
in· .Cl were better known with spin-isospin assignments having recently 

45 been made up to an excitation of 3.5 MeV. A comparison of the (p,t), 

(p, 3He), and (d,a) reactions was used to establish the isospin of the 

states observed in 34c1. 
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The argon target used for these experiments was 99.6% enriched 

in 36Ar. Triton and 3He spectra were recorded over an angular range of 

8LAB =lO.Odegrees to 8LAB = 60.5 degrees; the a-particle spectra were 

taken over a range of SLAB= 14.1 degrees to SLAB= 50.7 degrees. The 

triton and 3He spectra obtained at SLAB = 24.1 degrees for 3450 micro­

coulombs are shown in Fig. 16. A representative a-spectrum, recorded 

at SLAB = 22.3 degrees for 2200 microcoulombs is shown in the upper 

portion of Fig. 17. 34 The excitation energies determined for the Ar 

34 states observed by the (p,t) reaction were based on the known Ar 

ground state Q-value, and the impurity 14o ground state; the slope of 

the energy scale was established by the reactions 12c(p,t) 10c and 

16 14 . · O(p,t) 0, us~ng a carbon dioxide target run immediately before and 

36 after the Ar experiments. The values obtained are shown in square 

brackets in Fig. 16, and summarized in Table 5. 

Although McMurray et a1. 43 agree well with the other mass excess 

34 values reported for the Ar ground state, their determination of ex-

cited states in 34Ar appears to be erroneous. Because of the large in-

consistencies noted, their values were not used in obtaining the average 

excitation summarized in Table 5. 

tions of states in 34Ar utilizing 

well with previous determinations 

The values obtained for the excita-

the (p,t) re~ction are found to agree 

32 3 34 . from the S( He,n) Ar react1on, as 

reported by Hagen et a1. 44 A comparison of levels reported for mass-34 

is shown in Fig. 18. 

The excitations of 34c1 states produced by the reaction 

36 3 34 . 34 Ar(p, He) Cl were determ1ned using Cl states of known excitation 
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Table 5. 36 34 Summary of Ar (p;t) Ar Reaction 

This Work 

Excitation 

(MeV ± keV) JTI 

ground state 0+ 

2.097 ± 20 

3.303 ± 25 

3.899 ± 25 

* 

4.56 ± 35 

4.97 ± 4o 

5.34 ± 4o 

6.1o ± 4o 

6.86 ± 4o 

7.34 ± 45 

7.53 ± 45 

7.95 ± 50 

Previous Work 

Intensity Excitation 

(MeV ± keV) JTI 

500i-Lb/sr g.s. 

2.058 ± 35 

* lOO!lb/sr 2.190 ± 4o 

lOO~b/sr ~ 
lOO!lb/sr 

40!lb/sr 

-20!lb/sr 

2.10 ± 30 

3·59 ± 60 * 

3.30 ± 30 

3.90 ± 30 

4.05 ± 30 

4.15 ± 30 

not 
45!lb/sr reported 

previously 
-20!lb/sr 

45!lb/ sr 

30!lb/ sr 

30!lb/sr 

Average 

Ref. Excitation 

c 

c 

c 

(MeV ± keV) 

2.092 ± 15 2+ 

3.302 ± 19 

3.900 ± 19 

4.05 ± 30 

4.15 ± 30 

4.56 ± 35 (3-) 

4.97 ± 4o 

5.34 ± 4o 

6.10 ± 4o 

6.86 ± 4o 

7.34 ± 45 

7.53 ± 45 

7.95 ± 50 

These values were not used in obtaining the average value because they 

d)ffer outside errors and are presumed erroneous. 
(a R. G. Miller and R. w. Kavanagh,Phys. Lett. 22, 461-(1966); Nucl. 

Phys. A94, 261 (1967). 

(b)VJ. R. McMurray, P. Vander Merve, and I. J. Var: Heerden, Nucl. Phys. 
A92, 401 ( 1967) . 

(c)M. Hagen, K. H. Maier. and R. Michaelsen, Phys. Lett. 26B, 432 (1968). 
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up to 2.162 MeV. The excitations of 34c1 states produced by 

36Ar(d,a) 34cl were identified'using the known 34c1 T=O states up to 

2.162 MeV, and the 4.97 MeV state previously determined from the 

(p, 3He) reaction. A comparison of the results shows states identified 

as T=O from a comparison of (p,t) and (p, 3He) were produced in the' 

(d,a) reaction, confirming the earlier assignment45 as summarized in 

Table 6. A single exception was noted in the case of the state at 

3.349 MeV, however, and will be discussed below. 

The angular distributions obtained for states identified as T=l 

in mass-34 are shown in Fig. 19. The 3He cross section data have been 
2k . 

multiplied by a factor of t/k3He' as suggested by Eq. (IV-1). The 

dashed curves through the triton data serve to guide the eye; the 

identical curves have been drawn through the 3He data to facilitate 

the comparison of distribution shapes. After correction for the above 

factor, the cross section magnitudes for both the triton and 3He dis-

tributions are expected, within the accuracy of Eq. (IV-1), to be 

identical. Good agreement is obtained for all T=l analogue states 

except the 34
Ar 3.303 Mev-34cl 3.343 MeV states; here the cross sections 

are observed to differ by a factor of 4. A further study of the states 

in 34c1 by the reaction 36Ar (d,a) 34c1 revealed that a state, with an 

observed excitation of 3.33±0.035 MeV was populated in this reaction. 

Energy considerations and angular distribution shapes suggest the 34Ar 
' 34 

3.303 MeV- Cl 3.343 MeV states are T=l analogues. However, since the 

(d,a) reaction here populated only T=O states,the population of a state 

at 3. 33 MeV by this reaction sugges.ts an unresolved doublet at this 



Table 6. \ . 36 3 34 36 . 34 
Summary of Ar(p, He) Cl and Ar(d,cx) Cl Reactions . . . . 

This Work Previous Work Average 
Intensity 

Excitation 
7T 

J ;T (p, 3He)(d,cx) Excitation J7T;T Ref. Excitation 
(HeV.± keV) (IJ.b/sr) (MeV ± keV) (MeV ± keV) 

+ 
260 

+ 
g.s. 0 ; l - g. s. 0 ;l c -

U.l46(t)(a) 0.1462 ± 0.3 
+ 

0.1462 ± 0.3 ;0 - 100 3 ;0 c,d 

o.46o 200 o.46o ± 14 
+ o.46o ± 14 ;0 75 l ;0 c,d 

l. 231 ;0 25 - 1.231 ± 14 
+ 

2 ;0 c,d 1.231 ± 14 

1.891 ;0 ~20 - 1.891 ± 14 (3+);0 c,d 1.891 ± 14. 

2.162 
+ 

65 ~4o 2.162 ± 14 
+ 2.162 ± 14 2 ; l 2 ;l c,d 

2.596 ± 25 ·o ' . 80 140 2.587 ± 14 + (1,2 );0 c,d 2. 590 ± 13 

3.126 ± 30 ;0 100 - 3.130 ± 20 
+ 

l ;0 c,d 3.129 ± 17 

3.33 ± 35(a) ;0 - 370 not reported - 3·33 ± 35 

3.35 ± 35 
+ 

2 ; l 200b - 3.340 ± 20 
+ 

2 ; l c,d 3.34 ± 18 

3.94 ± 35 
+ 

6o 3.94 ± 35 0 ;l -
4.67 ± 35 (3-);l 4o - level density 4.67 ± 35 

4.97 ± 35 ;0 180 420 too large for 4.97 ± 35 

5.60 ± 4o 4o 95 meaningful 5.6o ± 4o 

6.16 ± 40 70 - comparison 6.16 ± 4o 

7.07 ± 40 30 - 7.07 ± 4o 

~(1• )Values listed without error bars were used to determine the energy scale. 
a Excitations from (d,a) -all others from (p,3He). 
~b )Includes any contribution to 3 .. 33 MeV state also. 

J7T;T 

+ 
0 ; l 

+ 
3 ;0 

+ 
l ;0 

+ 
2 ;0 

C3 +); o 
+ 

2 ; l 
+ 

(1,2 );0 
+ 

l ;0 

( j 0) 
+ 

2 j l 
+ 

0 ;l 

(3-);l 

;0 

c )p. M. Endt and C. Van d'er Leun, Nucl. Phys. Al05, l ( 1967) . 
(d)J. Kouloumdjian, ._ J., J;,_~.!s.lJYer_~ and R. Fournier, Report #LYCEN~6830 (~1~9~6~7~)=-:·=·====== 
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1T + energy (3.34±0.030 MeV), composed of a J = 2 , T=l member and a 

7T + ·• . 
J = (1,2,3 ), T=O member. 

The angular distributions for states assigned a J1T by these ex-

periments are compared with the known 1=0 and 1=2 distributions in mass 

36 and 38 in Fig. 20. The dashed curves are DWBA fits using the param-

eters given in Table 2. The angular distributions obtained for the T=O 

states in mass 34 are shown in Fig. 21. The curves drawn through these 

data serve only to guide the eye. Definite assignments of T were made 

up to ~5 MeV, based on the comparison of energy and angular distribution 

data. Above this, however, statis~ics an,d complex distribution shapes 

precluded definite JTI; T assignments. The distributions obtained are, 

never-the-less,shown in Fig. 22. 

I. 
38 . 36 38 ~ 36 38 36 . Ar (p,t) Ar, · Ar (p, He) Cl and Ar (d,a) Cl Reactlons 

Although the original purpose of studying the reactions 38Ar(p,t) 

36Ar and 38Ar(p, 3He) 36cl was to obtain values for the excitation of the 

previously unreported T=2 analogue states in mass-36, complete angular 

distributions :were measured; further the reaction 38Ar(d,a) 36cl was also 

studied in order to provide nuclear structure information about the levels 

observed. The target used for these experiments was argon gas, with an 

isotopic composition.of 23.3% 36Ar, 50.8% 38Ar, and 25.9% 
40

Ar, and a 

chemical composition of 99.9% argon. Because of the mixture of gases 

present in the target, the spectra were sufficiently complex that no ad-

vantage in calibration could be gained by adding methane. Instead, as 

was done previously in the 21Ne case, accurately determined states in 
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mass-34 and mass-38 were used to determine the excitation energies of 

the unknown states in mass-36. 

Spectra were obtained for the (p,t) and (p, 3He) reactions over 

an angular range from e
1

AB:: 11.7 degrees to eLAB = 50.7 degrees; the 

sample spectra shown in Fig. 23 were obtained at eLAB = 22.3 degrees for 

7562 microcoulombs. The (d,a) data were measured for angles ranging 

from eLAB = 14.1 degrees to eLAB = 50.7 degrees, with a representative 

spectrum, taken. at eLAB = 22.3 degrees for 4000 microcoulombs, shown in 

the center portion of Fig. 17. 

Rough Coulomb energy calculations based on the mass excess of 

36s indicated the T=2 analogue state in 36Ar should be at an excitation 

of approximately 10.9 MeV, and its analogue in 36c1 should be at an ex-

citation of approximately 4.3 MeV. The peaks marked as T=2 states in 

Fig. 23 are consistent with these values. Using the known excited states 

. 34 36 38 1n Ar, Ar, and Ar as calibrations, accurate excitation energies 

were determined for the T=2 analogue state in 36Ar, as well as two 

strongly populated (T=l) states at 8.456±0.025 MeV and 9.701±0.030 MeV. 

The levels observed from the (p,t) reaction are summarized in Table 7. 

The 
36

c1 T=2 excitation is based on known excited state in 34c1, 36c1, 

and
38

c1, including the previously calibrated T=3 state in 38c1 (see 

Sec. IV-J). The T=2 analogue state excitations are summarized in Table 

3, and a complete list of states observed in the (p, 3He) and (d,a) re-

actions is given in Table 8. 

The angular distributions obtained for the T=l and T=2 states 

in mass-36 are shown in Fig. 24. The dashed curves through the (p,t) 

... 
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Table 7. Summary of 38Ar(p,t)36Ar Reaction 

This Work Previous Work 
(a) 

Average 

Excitation Intensi.ty Excitation Excitation 

(MeV ± keV) J?T;T ( IJ.b/ sr) (MeV ± keV) J?T;T (MeV ± keV) J?T;T 

g. s.* + 
0 ;0 430 g.s. + + 

0 ;0 0 ;0 

+ 
410 ± 0.7 

+ ± + 
1.970* 2 ;0 1. 9701 2 ;0 1. 9701 0.7 2 ;0 

4.178* (3 - );0 60 4.1779 ± 0.7 3 -;0 4.1779 ± 0.7 3 -;0 

{ 4.413 
+ 

)~ .. 413 
+ ± 5 4 ;0 ± 5 4 ;0 

4.420 ± 20 ;0 160 + + 
4.4401 ± 1.2 2 ;0 4.4401 ± 1.2 2 ; 0 

6.612* 
+ 

60 6. 6119 ± 0.9 (2+);1 6.6119 ± + 
2 ;1 0.9 2 ;1 

8.5!+6 ± 25 2 
+ 
;1 190 density of levels too 8.546 ± 25 

+ 
2 j 1 

. high to make comparison 

± 30 
+ 

85 ± 
+ 

9. 701 0 ; 1 9.701 30 0 ;1 

10.858 ± 35 
+ 

0 ;2 80 10.85,8 ± 35 
+ 

0 ·2 
. ' 

(a)Only those previously known 36Ar states corresponding to observed 

states are listed. Ref: P. M. Endt and c. Van der Leun, Nucl. Phys. 

Al05, l (1967). 

(*)These states were used as calibrations in addition to the impurity states 

discussed in the text, and ·were not determined in this work. 

.. 



t 

Excitation 
(!YleV ± keV) 

g .. s.* 

0:738* 

1.164* 

l. 598* 

Table 8. 

'rhis Work 

7T J ;T 

(2+);1 

1.944 ± 25 (2+);1 

. 2. 500 ± 25 

~.12] t 
).470 ± 25 

3.980 ± 35 

4.295 ± 30 0+·2 
' 

5. 657 ± 30 

... 

Summary of 38Ar(p, 3He )36cl and 38Ar( d.a)36cl Reactions 

Intensity 

( p, 3He ) ( d, a) 
( flb/ sr) 

-30(b) 

(c) 

<l30(d) 

. 200 

-l30(b) 

. 90 

35(b) 

6o 

90 

. 130 

160(e) 

<20(d) 

<l80(d) 

(c) 

120 

So 

100 

(c) 

(c) 

(c) 

(c) 

500(e) 

Previous Work(a) 

Excitation J7T·T 
' 

(MeV ± keV) · 

g. s. 

o. 788 ± 2 

1.164 ± 2 

l. 598 ± 3. 

l. 949 ± 3 

2.497 ± 5 

3.474 ± 5 

3·970 ± 5 

not reported 

+ 
0 ;l 

(3)+;1 

(1)+;1 

+ (1,2) ;1 

2+;1 

+ (1,2) ;1 

(~3)-;1 

<~3r ;l 

Averi:ige 

Excitation J7T; 'r 
(~eV ± keV) 

g·. s .. 

o. 788 ± 2 

1.164 ± 2 

0+·1 
' 

(3)+;1 

(l)+;l 

L 598 ± 3 . ( l, 2 ) +; l 

1. 949 ± 3 

2.497 ± 5 

[3 .12] 

3.474 ± 5 

3.970 ± 5 

4.295 ± 30 

5. 657 ± 30 

+ 2 ;,1 

+ (1,2) ;l 

. + 
0·· ;l 

(~3)-;1 

(s_3)-;l 

+ -1 
0 ;2 

(* ),I'hese states were used as calibrations, and were not determined from this experiment. 

(a)On1y those previously known 36cl states corresponding to observed states listed. Ref: P. M. Endt 

and C. Van der Leun, Nucl. Phys. Al05, l (1967). 
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Table 8. Continued 

(b)These cross sections were obtained by subtracting cross-sections due 

to known impurities. 

(c)These states were insufficiently strong to permit accurate cross­

section determinations. 

(d)These cross sections may contain oth~r interfering states, but such 

contributions are expected to be small. 

(e)These states may also contain contaminant contributions . 

t Estimated energy ~ see text. 
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distributions serve to guide the eye; the same curves have been drawn 

through the (p, 3He) distributions. The T=l 3He data have been multiplied 

by normalization factors which will be discussed in SecY~B-5. The T=2 

data have been multiplied by 
2
kt/3He as suggested by Eq. ( IV-1). In view 

of the fact that the distributions for all T=l states in 36c1 shown in 

Fig. 24 were obtained by subtr·acting impurity components in the angular 

distributions, good agreement in shape is observed. By comparison with 

previously identified states, the 36Ar 6.612 MeV state is observed to be 

'IT + produced by an L=2 transition, determining its J as 2 . From energy 

consideration and its known Jn, this state is identified as the lowest 

36 T=l analogue to the Cl ground state. Similarly, the angular distribu-

tion corresponding to the state at 8.546 MeV is observed to be character­

istic of L=2, determining the J'IT of this level as 2+, and identifying it, 

on the basis of Jrr and energy to be analogous to the 36c1 1.949-MeV state. 

The angular distribution of the 36Ar 9.701 MeV state, however, is 

characteristic of L=O transfer, and allows the assignment of Jrr = 0+ 

36 rr + 41 for this level. In Cl, there are no known J = 0 levels, but a 

36 rough Coulomb ·energy calculation based on the Ar 9.701 MeV level pre-

diets such a level at ~3.12 MeV. A state of this energy would be de­

generate with the 34c1 2.590 MeV state, and the angular distribution 

plotted for ·this [ 3.12 MeV] state is obtained by subtracting the com­

ponent due to the 34c1 2.590 MeV state. The distribution shape is 

consistent with an L=O transfer, suggesting an unresolved 0+ state in 

36 Cl at about 3.12 MeV. The T=2 analogue distributions are character-

rr + istically L=O~ assigning the J as 0 for these states. This is in 



-77-

' 36 
agreement with the expected Jn, since .the Tz=2 analogue state ( S 

TI + ground state) is known to have J = 0 • The cross section ratio ob-

tained is consistent with that expected from Eq. (IV-1). The angular 

distributions measured for low lying (T=O) states in 36Ar obtained 

·. 38. 36 from the reactlon Ar ( p, t) . Ar are shown in Fig. 25. The L=O and 2 

transitions to states in 36Ar are summarized in Fig. 20. 

J. 4o 38 4o . 3 · 38 · 4o 38 
Ar (p,t) Ar, Ar (p, He) Cl and . Ar(d,a.) . Cl Reactions 

Since the isospin of the 40Ar ground state is T=2, the reactions 

4o 38 4o 3 . 38 · 
Ar(p,t) Ar and Ar(p, He) Cl may be used to produce T=3 states in 

the T =+1 and T =+2 members of the mass 38multiplet. To determine the z z . . 
. . 

excitation energies and cross sections of these T=3 analogue states, and 

additionally to provide a measure of excitations and intensities or all 

states produced by the (p,t)·and (p,3He) reactions forcalibration pur-

. 38A d · d . . S IV I poses J.n r J.scusse J.n ec. - , a natural argon target was used. 

40 
Natural argon, which is 99.6% Ar, was used both as a pure gas to pro-

vide angular distribution data, and in an argon-methane (80%-20% resp.) 

mixture to provide accurate excitation~ of states observed. The (d.,a.) 

reaction was also studied on this target and is found to confirm the high 

isospin assignment in addition to providing additional spectroscopic 

information,· as will be discussed in Sec. V-B-6. 

Triton and 3He spectra were taken over an angular range of 39° 

rrom SLAB = 11.7 degrees to SLAB .. = 50 .7 degrees for the pure target; 

accurate excitations were derived from several spectra obtained at 

SLAB = 26.8 degrees using the mi,ted target, where all states of interest 
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T = 0 States in Mass-36 from 38 Ar (p,t) 36 Ar 
~, ..... 

I \ . \ \ I ., ,,, \ 
' \ 111 Ground state 

, .... ~, 
•, ._ 

I 

\ .,-, 
I I 't 
I I \ 

\ ' \ \ I 
~I 

'\ 1.970 MeV 
. ._ • .-.-.., state 

\ 

~, 
'i.. 

10 20 30 40 50 60 70 

8 

.. l 
~ .... 

,._...... [4.420 Mev] 
'e, state 

' ,A-I' ~~~ 

10 20 30 40 50 60 70 

c.m. 

XBLGBI0-7026 

Figure 25 

... 



were separated from the m:ass:...1o calibration peaks. These energies are 

summarized in Tables 9 and 10. A sample pair of spectra, collected for 

12,553 microcoulombs are shown in Fig. 26. The a-particle data were 

collected over angles ranging from 8LAB = 14.1 degrees to SLAB= 50.7 

degrees; a spectrum, taken at SLAB = 22.3 degrees for 5300 microcoulombs 

is shown in the lower portion of Fig. 17. 

The angular distributions obtained for high-isospin analogue 

. 38 38 states ~n Ar and Clare shown in Fig. 27. As in previous cases, 

the dashed line represents the same triton curve shape, drawn through 

both the triton and 3He data. The 3He angular distribution for the T=3 

analogue state has been multiplied by 2kt/5k~e as suggested by Eq. (IV-1). 

The normalization factors of the other 3He distributions depend on 

structure and'will be discussed in Sec. V-B-6.The angular distributions 

of additional 38c1 states, whose analogues were not observed with 

sufficient cross section to permit comparison, are shown in Fig. 28. 

T=l states in 38Ar have no analogues in 38c1 (a Tz=2 nucleus) and their 

angular distributions are shown in Fig. 29. 

Since no T=3 analogue states have been reported in T =1 light 
z 

nuclei, this' experiment represents a feasibility test of using the (p,t) 

3 . 
and (p, He) reaction to populate such states. A rough Coulomb energy 

1 1. t• b d th of, the 38s d t t · ca cu a ~on, ase on e mass excess groun s a e, assum~ng 

a 1,1niformly charged sphere, predicted these states to lie at about 

19.0 MeV in 38Ar and at about 8.3 MeV in 38c1. The excitations· deter-

mined for the states marked as T=3 in Fig. 26 are consistent with these 

predictions~ The excitation of the T=3 analogue in 38Ar was determined 



Table 9· Summary of .the 40Ar(p,t) 38Ar Re~ction 

This Work Previous Work(a) Average 
Excitation Intensity Excitation EXcitation 

(MeV ± keV) J7T·T 
~· , . (fJ."Q/sr) (MeV ± keV) J7T;T (MeV ± keV) J7T;T 

. + . 
380 

+ + 
g.s.* 0 ;1 g.s . 0 ;1 g. s .. 0 ;1 

2.168* 
. + ~ 
2 ';1 i4 2.16768 ± .14 + 2 ;1 2.16768 ± .14 + 

2 ;1 

3.377* 
+ 14o 3·3768 ± ·3 

+ 3·3T68 ± ~3 
+ 

0 .;l 0 ;1 0 ;1 

3.892 ± 30t 
I 3.8100 ± .2 3-;1 3.8100 ± .2 3-;1 

;1 220 
(2)+;1 3.936 ± .5 (2)+;1 3.936 ± .5 

4. 588 ± -25 . ;1 70 4.585 ± ·5 5-; 1 4.585 ± ·5 5-;1 I 
()) 
0 

5.150 ± 25 
+ . + I ;1 120 5.153 ± 10 ( 1, 2) ; 1 5.153 ± .10 (1,2) ;1 

5.578 ± 35 ;1 75 5.551 ± 10 (1,2)+;1 5.551 ± 10 + (1,2) ;1 
5.·591 ± 2.0 ;1 5·591 ± 2.0. ;1 

6.253 ± 30 ;1 45 density of states is 6.253 ± 30 ;1 
6.466 ± 45 ;1 35 too high for 6.466 ± 45 ;1 

7.110 ± 45 ;l <20 comparison 7.110 ± 45 ;1 

7. 653 ± 4o ;1 -20 7. 653 ± 4o ;1 

8.883 ± 4o jl 45 8.883 ± 4o ;1 

··•·· 

-· •· 
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Table 9. Continued 

This Work Previ_ous Work(a) Average 

Excitation Intensity Excitatio!1 Excitation 

(MeV ± keV) JTI;T (f.l.b/ sr) (MeV ± keV) . JTI; T (MeV ± keV) JTI;T 

ll. 300 ± 45 20 11.303 5-; ll. 300 ± 45 

13. 090 ± 4o 35 13.090 ± 4o 

13.332 ± 35 ;(2) 6o 13.332 ± 35 ;(2) 

13.700 ± 40 ; (2) 4o 13.700 ± 4o ;(2) 

18.784 ± 30 0+;3 25 18.784 ± 30 0+;3 

(a)Only those previously known 38Ar states corresponding to observed states are listed. Ref: 
P. M. Endt and C. Vander Leun, Nucl. Phys. Al05, l (1967). 

(*)These states were used as calibrations, and were not determined in this experiment. 

(t)This value represents the average excitation of the unresolved states at 3.810 MeV. and 3.936 
MeV. respectively. 

I 
0:> 
1-' 
I 



Table 10. 4o 3 38 4o 38 Summary of the Ar(p, He) Cl and Ar(d,a) Cl Reactions; 

This Work Previous Work(a) Average 
Intensity 

Tl:xcitation (p, 3He )( d,a) Excitation Excitation 

(MeV ± keV) J7T;T ( 1-!b/ sr) (MeV ± keV) J7T;T (MeV ± keV) J7T;T 

g. s. ;2 ~25 ~25 g.s. 2-;2 -- 2- ;2 

0.691±30 ;2 12 35 {0.671±3 5-;2 0.671 ± 3 5-;2 

0. 761 ± 3 (3)-;.2 0.761 ± 3 (3)-;2 

{ L 789 ± 7 
+ 

l. 789 ± 7 + 
1.884 ± 45 ;2 100 160 l ;2 l ;2 

l. 986 ± 6 - ;2 L986 ± 6 -;2 
I 

( +) ·2 ( +) ·2 
en 

2. L~83 ± 4o <15 6o 2.461 ± 12 2. 463 ± 11.3 1\) 

J ' I 

2.756 ± 25 150 75 2.752 ± 12 -;2 2. 753 ± ll -;2 

3.190 ± 35 25 -- 3.190 ± 35 

3.11·90 ± 35 25 50 3· 490 ± 35 

3. 770 ± 35 35 65 3.770 ± 35 

4.345 :!: 35 <20 -- 4.345 ± 35 

5.38 ± 50 <20 90 5.38 ± 50 

6.63 ±50 ~20 -- 6. 63 ± 50 

8.216 ± 25 
+. 

70 8.216 ± 25 + 
0 ;3 -- 0 ;3 

(a)Only those previously known 38cl states corresponding to observed states are listed. Ref: 

P. M. Endt and C. Van der Leun, Nucl. Phys. Al05, l (1967). 

'· 
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primarily from the 10c ground and 3.34 MeV states; the excitations of 

intermediate T=2 states in the region of ll-14 MeV were determined using 

. . 41 38 . 
the above states and known low-lying states in Ar shown unbracketed 

in Fig. 26. The excitations of states in 38c1 were determined using the 

-41 . 38 10 known resolved states at low excitation in Cl and the B states. 

The final excitations obtained for the T=3 states are summarized in 

Table 3. The excitations and cross section data for T=2states are given 

in Tables 9 and 10. 

From a comparison of the angular distributions for the T=3 states 

with known 1=0 distributions previously obtained (see Fig. 20),- it is 

evident that these states are found by 1=0 transitions. Thus a value of 

J'TT = 0+ is assigned, confirming the states as analogues to 38s. The 

observed relat'ive magnitudes of the (p,t) and (p, 3He) distributions are 

found to agree very well with that expected from Eq. (IV-1), confirming 

the T=3 assignment to these states. 

K. 42 · 4o 42 3 4o 
.Ca (p,t) Ca and Ca (p, He) K; T=2 States 

The target used to determine the excitation energies of T=2 

analogue states in mass-40 was a self-supporting evaporated calcium foil, 

with a thickness ·of 'V400 ]..lg/ cm2 , ·and isotopic enrichment of 42ca of 

·-- -. 40 43 
94.42%; the remaining isotopic compositions were 4.96%, Ca, 0.06% Ca, 

44 46 48 0.56% Ca, < 0.05% Ca, and < 0.05% Ca. Impurity oxygen and carbon 

were also found to .be present in substantial quantities, and the well 

10 10 14 14 3 known states in C ( B) and 0( N) produced by the (p,t) and (p, He) 

_ reactions proved to be useful calib_rations for the excitation energies 

of tlw '1'=2 analogue states. 
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An approximate excitation for the T=2 states in mass-40 was 

obtained from a Coulomb calculation based on the mass excess of the 

4o Ar ground state. The states identified as T=2 states in Fig. 30 

are consistent with these values. 

A series of four angles ranging from 8LAB = 18.0 degrees to 

6LAB = 31.5 degrees were measured. A pair of spectra, obtained at 

6LAB = 26.8 degrees for 3554 microcoulombs is shown in Fig. 30. The 

angular distributions of the states identified as T=2 analogues show 

a characteristic 1=0 shape, which assigns a JTI of 0+ to these states, 

and identifies the states as analogues to the 40Ar ground state. The 

cross section ratio obtained for the triton and 3He distributions is 

found to be 0. 60±0. 05 which is in excellent agreement with that ex-

pected from Eq. (IV-1) 2k 
( t/3k3He = 0.62). 

The excitation energy obtained for the T=2 analogue state in 

4oc . 41 . 4oc h . . 3 . dd't' a 1s based on the low states 1n a s own 1n F1g. 0, 1n a 1 10n 

10 14 to the C and C ground states. No other strong states were observed 

in the triton spectra. The excitation of the T=2 analogue in 
4

°K was 

determined using known low-excited41 states in 4°K, and the impurity 

14
N and 

10
B states shown in Fig. 30. The excitations of the T=2 states 

obtained are summarized in Table 3. 
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V. DISCUSSION OF RESULTS 

A. Cross Section Ratios of States with Tf = Ti + 1 

These states have been discussed individually in Sec. IV, and 

the overall results are summarized in Table 11. Wherever possible, 

the contributions to the cross section by interfering states have been 

removed prior to determining the experimental cross section ratios. 

Except in those cases where the interfering states are of unknown 

strength, good agreement is obtained between the experimental and cal-

culated ratios. The cross section ratio expressions were derived 

assuming that B~1 (ki,kf) and On occurring in the DWBA cross section 

expression were essentially identical for both the (p,t) and (p, 3He) 

reactions to analogue final states. The good agreement obtained with 

experiment appears to justify these assumptions. 

B. Cross Section Ratios of States with Tf = Ti 

The results obtained for states of Tf=Ti character are dis­

cussed in detail below, and are summarized in Table 12. The cross 

section ratios of the (p,t) and (p, 3He) reactions have been used to 

2 . 
distinguish states produced by a j transfer from those produced by 

the transfer of more complicated configurations (i.e. , j 
1 

j 2 pickup). 

Since a specific configuration is required to determine a value for 

the theoretical ratio for j
1

j
2 

transfer the simplest shell model con­

figurations consistent with the known character of the state were used 

for this purpose. 

... 
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Table 11. Summary of experimental and calculated 
cross section ratios for states with Tf=Ti+l. 

States 

18 Ne_g.s. 
18F l. 081 MeV 

18Ne 1.887 MeV 

18 6 F 3.0 0 MeV 

l.45±0.i5 

1.62±0.20 

- + l 9Ne 7.620 MeV 
3/2 ;3/2 19 1.05±0.10 

+ 
0 ;2 

5/2+;3/2 

o+·2 ' . 

+ 0 ;2 

+ 
0 ;l 

+ . 
2 ;l 

F .7.660 MeV 

20Ne 16.732 MeV 
2 0.70±0.09 

°F 6.513 MeV 

23 Mg,7.788 MeV 
23Na 7.900 MeV 

0.85±0.09 

24 
Mg 15.426 MeV 0. 6l±0.06 24Na 5.978 MeV . 

28
si 15.206 MeV 

28 0.54±0.10 
Al 5.983MeV 

32 S l2.034MeV 
32 . 

P 5.071 MeV 

34Ar g.s 
34c1 g.s. 

34Ar 2.092 MeV 
34c1 2.162 MeV 

o;66±o.o6 

1.92±0.19 

1.54±0.20 

1.88 

1.86 

0.93 

0.62 

0.92 

0.61 

0.60 

0.60 

1.80 

1.78 

Comments 

18 . 8 F 1.0 l MeV state is 
one of unresolved quar­
tet, the remaining states 
are T=O. 

l8F has unresolved T=O 
state at 3.13 Mev. 

These states are anal­
ogous to 19o* 0.095 MeV 
first excited state. 

The cross section data 
for this ratio wa9 taken 
from Cerny et al.lb) 

These states are anal­
ogous to 23Ne ground 
state. 

28Al T=2 cross section 
obtained by stripping JOB 
0.717 MeV state at 6LAB 
= 15°-25°. 

Thin targets and low beam 
intensity limited count­
ing statistics. 
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Table ll. (Continued) 

JTI;T States R (t/3H ) R (t/3 )(a) Comments x e c He 

34Ar 3.303MeV 36 34 
0+;1 0.50±0.05 1.77 Ar(d,a) Cl reveals 

34c1 3.343 MeV 
previously unreported 
T=O state at 3.33±0.035 
MeV. 

+ 34Ar 3.900 MeV 
l. 67±0 .17 1.77 0 ;l 

34Cl 3.940 MeV 

(3-);l 
34Ar 4. 563 MeV 1.38±0.28 l. 76 

Small cross section-
34c1 4.660 MeV 

high density of states. 

+ 36Ar 10.858 MeV 0.62±0.07 0.60 0 ;2 36c1 4.295 MeV 

0+;3 
38Ar 18.784 MeV 0.36±0.04 0.35 38c1 8.216 MeV 

40 + Ca 11.978 MeV 0 60+0 05 0.62 0 ;2 40 K 4.375 MeV . - . 

(a) 
The calculated ratio is based on Eq. (IV-1). 

(b) 
J. Cerny, R. H. Pehl, and G. T. Garvey, Phys. Letters 12, 234 (1964). 
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Table 12. Summary of experimental and calculated cross section ratios for states of Tf=Ti. 

JTI;T States R (t/3H ) Pickup R (t/3H ) Major Component of x e c e Final State Shell-
Model Configuration 

20 
(ld5/2) 2 4 4 2+;1 Ne 10.275 MeV 

1.94 ±.0 .20 1.88 [(lpl/2) 00 (1d5/2) 21 J21 20 F g.s. 

20 
[(lpl/2)~/2 l/2(1d5/2)~/2 1/2]31 (3-) ;1 Ne 12.250 MeV 

1.33±0.15 (lpl/2)(ld5/2) 1.30 
20F 1.851 MeV 

24 
9.517 MeV (ld5/2) 2 4 . 8 4+ Mg 

1.86 ;1 24 2. 52 ±0.30 [(lp1/2) 00 (ld5/2) 41 J41 I 
Na g.s. \0 

w 
I 

24 
(ld5/2) 2 . 4 . 8 + Mg 10.072 MeV 3.36±0.30 1.86 ( 2 ) ;1 

24Na 
[(lpl}2)

00
(ld5/2)

21
]
21 0.563 MeV 

24 l. 28 ±0 .25 ;1 Mg 10.737 MeV jlj2 ---- ----------------------
24 

Na[l.35] MeV 

24 
;1 Mg 10.977 MeV 0.11±0.10 jlj2 ---- ----------------------24Na l. 508 MeV 

+ 28Si 9.379 MeV (ld5/2)(2s1/2) 11 1 2 ;1 
28Al 

1.15±0.10 1.51 [(ld5/2)5/2 1/2(2s1/2)1/2 1/2]21 
0.031 MeV 



Table 12 (Continued) 

Jrr·T States R (t/3H ) Pickup R (t/3H ) Major Component of Final 
' x e c e State Shell-Model Con-

figuration 

28
si 10.700 MeV (ld5/2) 2 10 2 + 

l. 86 :!0. 20 1.84 [(ld5/2) 01 (2sl/2) 01 J01 0 ;1 28Al [ 1. 37] MeV 

28si 10.909 MeV (ld5/2) 2 10 2 ( 2 + ); 1 1.81±0;20 1.83 [(ld5/2) 21 (2sl/2) 01 J21 28Al 1.633 MeV 

-+ 32s 7.005 MeV 1.20±0.15 (2sl/2)(ld5/2) 1:22 [(2sl/2)~/2 112 (ld3/2)~;2 1;2 1~1 I 
2 ;1 

32p 
\0 0.078 MeV 
.j:::"" 

I 

+ 36Ar 6.612 MeV 1.90±0. 20 (ld3/2) 2 ·1.81 [ ( 2sl/2) ~0( ld3/2) ~l] 21 2 ;1 36 · Cl g.s. 

+ 36Ar 8.546 MeV 1. 46±0. 20 (2sl/2)(ld3/2) 1.22 [(2sl/2)~/2 l/2(ld3/2)~/2 1/2]21 2 ;1 
36Cl 1.949 MeV 

36Ar 9.701 MeV 2.43±0.70(a) (2sl/2) 2 2 6 + 
1.80 [(2sl/2) 01 (ld3/2) 01 J01 0 ;1 36c1 [3.12] MeV 

38Ar 13.332 MeV (b) 5 )1 ] ;2 0.43±0.10 (ld3/2) (lf7 /2) 0.45. [(ld3/2)3/2 3/2(lf7/2 1/2 1/2 32 38Cl 2.752MeV 

38Ar 13.700 MeV 1.12±0 .20 .2 0.90 --------------------------;2 
38Cl 

J 
3.190 MeV 
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Table 12 (continued) 

The values in square brackets in this table denote approximate excitations 

of states suspected but as yet unconfirmed by other measurements. 

(a) 
The errors on this ratio are somewhat larger than normal 

because the interfering state has a large cross section 

compared to the state of interest. 

(b) Because the cross section ratio depends on configuration, 

this one was assumed to provide an order of magnitude 

expected. Other j
1

j
2 

pickup configurations give about 

the same values ( ±o. 20) . 
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To obtain the cross section ratios for these comparisons, the 

best guide-the-eye line, drawn through the triton data was also drawn 

through the 3He data; the experimental cross section ratio was taken as 

that multiplication factor required to produce the best fit. The first 

maxima in the distributions·were most heavily weighted in determining 

the normalization factor except for these. cases where no maximum was 

discernable. Here the normalization was weighted by the angles having 

the largest cross section measured with adequate statistics. 

1. 
20

Ne - 2°F T=l States 

Th 't t' . f th t t ' 2°F h ' F' 31 e exc1 a 10n energ1es o e s a es 1n s own 1n 1g. . 

were taken from de Lopez et a1. 46 and Chagnon. 47 The excitation of the 

20 48 
lowest T=l level in Ne is based on measurements by Pearson and 

MacFarlane. 49 Using this level as a calibration in addition to the 
10c 

lev~ls, the excitations of the higher lying levels were determined from 

20 . 41 
this work. The Na states, taken from Endt are also shown for com-

pari son. 

Two states observed in the reaction 22Ne(p,t) 20Ne were identified 

as T=l in character. The cross section data for other states in this re-

20 ' 
gion of excitation in Ne were insufficient to provide additional Jrr;T 

assignments. 

a. 
20 . 20 

Ne 10.275 MeV - F ground states. These states are 

identified as T=l analogue states from energy systematics and because 

both states are produced with identical angular momentum transfers in the 

mirror (p,t) and (p, 3He) reactions. The observed angular distributions 50 

for these states are shown in the upper portion of Fig. 32, and are found 
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T= I Analogue states in 20F 
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to be consistent with an 1=2 transfer. The solid curves in the figure 

represent the same guide-the-eye lin~ through both the triton and 3He 

data. The 3He data have been multiplied by the calculated ratio for j
2 

pickup (=1.88) to facilitate comparison.· The dashed curve is a DWBA fit 

for a 1=2 transfer using the paraineters given in Table 2. 

Despite some earlier uncertainty46 , 47 in the spin-parity assign-

ment of 2°F, its JTI + has been confirmed by this experiment to be 2 . 

Previous work, using the reaction 19F(d,p)2°F to populate the ground state, 

has shown this stripping reaction proceeds' with 1 =2, giving JTI of the 
n 

final state as l, 2, or 3+. Since the (p,t) reaction on 0+ nuclei, re-

stricted to populating natural parity states, can be used to populate the 

20 20 . . 
Ne analogue to the F g.s., this implies that both states have natural 

parity. Hence, the observed 1=2 transitions assign a JTI of 2+ to the 20Ne 
. . 20 

10.275 MeV and · F ground states. 

The observed cross section ratio for these states is found to be 

Rx(t/3He) = 1.94±0.20 which is an excellent agreement with the ratio cal­

culated on the basis of j
2 pickup, as shown in Table 12. The cross section 

ratios calculated for a j
1

j
2 

pickup, are typically "-'1.3, as also shown in 

Table 12. 

The cross section ratio obtained for these states is consistent 

with the following simple shell-model pickup: 

. 4 . 6 4 4 
[(lpl/2) 00 (ld5/2) 01 J

0
i [(lpl/2) 00 (ld5/2) 21 J21 

If this latter configuration .is indeed the principal component of the 2°F 

ground state, then this state should not be observed in the reaction 
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22 ( ) 20 . . ( I ) 2 Ne d,a F, because the pickup of· d 5 2 particles cannot, as shown 

by Eq. (II-27), be coupled to even-spin natural parity states. Hence, the 

'+ 22 + 20 transition from the 0 Ne ground state to the 2 F ground state is 

forbidden. 

Experimentally, the 2°F ground state produced by the (d,a) re-

action using 40 MeV incident deuterons, is observed with an intensity of 

only 8% of the strongest state in the spectrum. 50 Such a small cross 

section may be readily explained by small admixtures of other configura­

tions to the wave functions of the initial 22Ne and final 2°F states. 

20 20 8 . b. Ne 12.250 MeV - . F 1. 51 MeV states. Energy systematics 

20 20 and angular distribution data suggest that the Ne 12.250-MeV and the F 

1.851-MeV state are analogue T=l states. As shown in the lower portion .of 

Fig. 32, the triton and 3He distributions are distinctive and virtually 

identical in shape for both states; the solid curves are the same guide-

the-eye line through both distributions. The broken curves are DWBA fits 

for the L values indicated using the parameters given in Table 2. A com-

parison with the distinctive L=O and L=2 shapes observed previously (see 

Fig. 20) shows these distributions to be totally different. No JTI has 

been previously reported for either state, but present experiments 

suggest a J7T=(3-) to be consistent with all data obtained. 

The experimental cross section ratio obtained .for these states 

is R (t/3H. ) = 1.33±0.15 which is inconsistent with a ratio of 1.88, ·x e 

calculated assuming j
2 pickup. However, the calculated ratio for a j 1J2 

pickup of the sort [ (lpl/2)~0(ld5/2)~1 J0i,[(lpl/2)i12 112(ld5/2) ;;2 1; 2131 

is found to be R =1.30, which agrees very well with the experimental value c . 

.. 
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obtained. From simple shell-'model considerations, such a configuration 

would be likely for the lowest J1 j 2 pickup in these nuclei. Although the 

'IT -configuration can also be recoupled to give a state of J =2 , such a 

. ( ) . 22 state cannot be produced by the p,t reaction on Ne and hence the prob-

able spin-parity of the observed states is restricted to 3 for these con-

figurations. Figure 32 shows the cross section data to be consistent with 

the DWBA calculation for 1=3. The calculated L=l distribution is also 

shown for comparison. 

The 2°F 1.851 MeV state is observed to be the strongest state 

22 . (.. )20 populated in the reaction Ne d,a F, and hence must have a primary 

configuration of either (ld5/2) 2 coupled to a final J'IT=l, 3 or 5+, or 

(pl/2)(d5/2), (the J'IT=O, 2 or 4+ are not allowed by Eq. (II-27)). Any 

+ configuration coupled to 1,3 or 5 is ruled out because their analogues 

would not be observed in the (p,t) reaction. Hence it app~ars this state 

is a natural parity state of (pl/2,d5/2) character with a J'IT=(3-). 

Further verification of this configuration suggested for the 

20
Ne 12.250 MeV and 2°F 1.851 MeV states is obtained from the 19F(d,p) 2°F 

reaction. A state with this configuration would not be expected to be 

produced by this stripping reaction, because the 19F ground state wave 

function does not have much p-hole state admixture, as would be required 

to produce this state in 2°F by the (d,p) 

and Chagnon47 confirms that this state is 

reaction. 
.. 46 

The work by de Lope2 

indeed very weakly produced . 

An additional j 1 j 2 pickup, of the type [(lpl/2)~0 (ld5/2)~1 J 01 
. 3 5 

-+ [(lpl/2)112 112 (ld5/2)
512 312

J
31 

gives a calculated ratio of Rc=0.68. 
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Because the observed ratio disagrees strongly with this ratio, any sig-

nificant admixtures of this configuration are unlikely. 

c. Other T=l states in mass 20. Additional states have been 

observed in 20Ne at excitations of 10.890 MeV and 11.100 which may be T=l 

in character. 
20 

From energy considerations, it is expected that the Ne 

20 10.890 MeV state is analogous to the F 0.652 MeV state. The angular 

distributions observed for the triton and 3He particles corresponding to 

these states are not the same in shape (see Fig. 32), suggesting the states 

are not formed by the same angular momentum transfer, and hence are not 

analogues. Because the T=l analogue in 20Ne to the 2°F 0.652 is not ob-

TT + 
served in the (p,t) reaction, this would suggest a J =1,3 for this 

state, based on these and the (d,p) results. 

Similarly, a T=l state in 20Ne at an excitation of 11.100 MeV 

is expected to be analgous to a state in 2°F at an excitation of rvo.8 MeV. 

Due to the number of state$ in this region, no state in the 3He spectrum 

was observed with sufficient cross section and separation from the neigh-

bouring strong states to permit comparison. 

2. 
24

Mg -
24

Na T=l States 

The excitation energies given for the 
24

Na states shown in Fig. 

33 were taken 
. . . . 41 

from Endt and VanDer Leun except for that of 1.508±0.010 

state which has been recently reported by Jahr et a1. 51 The excitation 

24 energies shown for Mg were also taken from Endt, except for the states 

reported at 10.740±0.035 MeV and 10.977±0.040 MeV which are determined 

from this work. 
TT . . 

A (J ;T)=(3-;l) has been assigned to the latter state 

and its analogue in 24Na as being consistent with all experimental data. 
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The present work also observes states at excitations of 10.337±0.035 MeV 

and 11.375±0.040 MeV, which are to be compared with the previously reported 

states at 10.353±0.020 and 11.391±0.004 MeV. Because of the greater 

accuracy of the latter excitations, these have been used in the figure. 

The states reported by Endt41 for 24Al have also been included for com-

pari son. 

The cross section ratios were obtained in the manner described 

previously. Due to the better counting statistics available at 6 ~24°, em 

these data were weighted more strongly than the other points obtained in 

the distributions. Because the angular distributions of states in 
24

Mg 

produced by the (p, t) reaction. had been extensively studied, 29 only 

sufficient distributions were obtained for the (p, 3He) reaction50 to in-

dicate the analogue nature of the states observed. 

24 24 . 
a. Mg 9. 517 MeV - Na ground states. The excitation 

energies and angular distribution data determined for these states 

identify them as the previously reported41 lowest T=l analogue states 

in mass 24. The observed distributions are similar, and are consistent 

with the previously assigned J~=4+. 

The experimental cross section ratio for these states is found 

to be R (t/3H ) = 2.52±0.30 which is higher than the calculated ratio for x e 

;2 86 J pickup, R =1. . 
c 

exceed the j
2 ratio, 

Since the calculated ratio for j
1

j
2 

pickup can never 

and is generally much smaller (see Table 12), for 

simple shell model configurations, this results is consistent only with 

a j
2 pickup. 
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A possible explanation of the enhanced cross section observed 

24 
for the Mg 9.517 MeV state by the (p,t) reaction is the inclusion of 

41 . 
unresolved T=O states. Endt has reported two states, one at 9.456±0.012 

TI · TI 
MeV of unknown J and another at 9. 52 (no reported error) MeV with a J 

=( 6+), which would be unresolved in this work. However, the peaks ob-

d . th' k h d .t . s~nce 24Mg ~s known to be a serve 1n. l.S wor ares arp an symme r1c. • • 

deformed nucleus, high J states are populated with relatively large cross 

TI ( + sections. Consequently the 9.52 MeV (J ;T)= (6 );0) state which is 

virtually degenerate with the lowest T=l state could make a significant 

contribution to the cross section; and give rise to this abnormally large 

ratio. 

b. 
24 24 . 

Mg 10.072 MeV - Na 0. 563 MeV states. From previous 

41 work and energy systematics these states have been identified as T=l 

analogue states. Present energy determinations and similar angular dis­

tributions confirm the earlier assignments of (JTI;T)=(2+;1) for the 24Mg 

10.072 MeV and 24Na 0.563 MeV states. 

Since the (p,t) rea.ction on + 0 targets cannot populate unnatural 

parity states, the 9. 984 MeV state in 
24Mg, with a (JTI;T)=(l+;(l)) would 

not be produced by this reaction. However, its analogue, the 
24

Na 0.472 

MeV state can be produced by the (p, 3He) reaction, both by 1=0 and 1=2 

angular momentum transfer. With an experimental resolution of ~150 keV, 

24 + . 
this state shouJd be unresolved from the Na 2 state, and would con-

tribute to that cross section. Consequently the experimental ratio is 

expected to fall somewhat below the calculated value. 
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. + 24 . 24 2 
For these 2 states ( Mg 10.072 MeV and Na 0. 563 MeV) a j 

pickup gives a calculated ratio of Rc=l.86., The experimental cross 

section ratio is found to be R (t/3H )=3.36±0.30 which is higher than x e 

expected. 

The enhanced triton cross section is possibly due to the in-

elusion of unresolved T=O states, which may be produced with significant 

cross section in the deformed 24Mg nucleus. Two states, with excitation 

41 . 
energies reported to be 10.025±0.015 MeV and 10.161±0.015 MeV, are 

sufficiently close to be unresolved from the 10.072 MeV state. They 

should, however, significantly broaden the observed peak if they are pro-

duced. The observed peak corresponding to the 10.072 MeV state is 
I 

symmetric and shows no greater FWHM than other peaks observed at this 

energy. 29 Earlier angular distribution data from Cosper et al. do suggest 

though, that this state is complex. 

24 24 
c. Mg 10.74 MeV- Na L34 MeV states. From energy 

systematics, (see Fig. 33) it appears that the 10.737 MeV 1+;(1) state 

. 24M . 1 t h . 24 . 1n g 1s ana ogous o one of t e two states 1n Na located at an ex-

citation of about 1.34 MeV. 24 Since both the states in Na must have 

analogues in 
24

Mg a second T=l state near the 24Mg 10.737 MeV state is 

predicted. 

In the reaction 26Mg(p,t) 24Mg, the state observed at an ex-

citation of 10.740±0.035 MeV is found to have a cross section 30% larger 

than the lowest T=l state. Since the (p,t) reaction does not populate 

unnatural parity states, this state cannot be the previously reported 

+ 
1 ;(1) state at 10.737 MeV. It is assumed this state is analogous to 

...-
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the second state in 
24

Na at 1.34 MeV. The angular distribution obtained 

using a 46 MeV proton beam by Cosper et a1. 29 for the 10.74 MeV state 

suggests an L=l or 1=2 angular momentum transfer. 

24 The cross section ratio obtained for the Mg 10.74 state and 

' 24 4 the component ·of the Mg 1.3 MeV state extracted from the unresolved 

multiplet at eLAB = 22.3° gives an experimental cross section of 

R (t/3H )=1.28±0.35 suggesting these states are probably not formed by 
x e 

.2 . k pure J plc up. Since no JTI information is known about these states, it 

is not possible to suggest a likely configuration. A comparison of the 

experimental ratio obtained here with the j 1 j 2 
ratios calculated in 

Table 12 shows them to be consistent. 

d. 
24 24 

Mg 10.977 MeV - Na 1.508 MeV states. The existence of 

a state in 
24

Na at an excitation of 1. 508 MeV by Jahr et al. 51 is ccin-

firmed by these experiments. Because this state is not clearly resolved 

from the 1.34 MeV doublet no accurate energy determination could be made 

from this work. From energy systematics, however, this state appears to 

be an analogue to a 
24

Mg state observed at an excitation of 10.977±0.040 

MeV. 

The observed cross section ratio for these states is found to 

be R (t/3H )=0.11±0.10 indicating a complex pickup of configurations, x e 

certainly including strongly mixed j 1 j 2 pickup. 

Previous work suggests J~4 for the 24Na 1.508 MeV state, based 

on its lack of s-l;rength in the reactions 24Ne(I3-) 24Na 41 and 23Na(d,p) 

24N 52.,53 a. The similarity of behavior noted for this state based on the 

. 20 
assumption of a j 1 j 2 pickup, with that of the F 1.851 MeV state discussed 
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previously, suggests that the lack of strength of this state in the (d,p) 

reaction can be accounted for by a p-hole configuration. Hence, the 

possible configuration of the final state may be a mixture of the following: 

R =1.30 
c 

R =0.68 
c 

(Since these states must be natural parity states, and the parity must be 

odd from (pl/2)(d5/2) pickup, only J7T=3- is allowed.) 
7T -This J =3 is also 

consistent with the observed B decay data, since ~J=3;~7T=- is strongly 

forbidden. 

The observed cross section ratio is significantly lower than 

that calculated for either suggested .configuration. This means that 

neither 'is dominant, and substantial cancellation of transition amplitudes 

is possible. 

3. 
28

si -
28

Al T=l States 

The excitation energies shown in Fig. 14a for the T=l states in 

mass-28 are taken from Endt and Vander Leun,
41 

except for the state in 

28
si at 10.700 MeV, which represents an average of the previously re-

. 41 
ported value of 10.710±0.020 MeV and the value of 10.676±0.030 MeV ob-

tained in the present experiments. The spin-parity values reported for 

excited T==l states in 28si are determined by the characteristic 1=0 and 

1=2 angular momentum transfers shown in Fig. 34. (Compare the observed 

shapes with those shown in Fig.· 20.) Based on the spin assignments in 



Cl) -c: 
:::3 

.Q .... 
0 

~ 
(.) -c; 

"0 
........ 
b 
"0 

12 

.• 

-109-
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28si, and the analogue character of thel0.909 MeV 28si and 1.633 MeV 
28

Al 

7T + states, it is possible to tentatively assign a J =(2 ·) to the latter state. 

The experimental cross section ratio was determined as described 

previously. The solid curves through the (p,t) data serve to guide the 

eye; the identical curves have been drawn through the (p, 3He) distribu-

tions to facilitate comparison. The statistical errors on the experimental 

cross section points are indicated in Fig. 34. The dashed curves repre-

sent D\f.BA fits, using pure configurations and single L transfers. The 

parameters used for the fits are summarized in Table 2. 

a. 28
si 9.379 MeV -

28
Al 0.031 MeV states. The angular dis-

tribution observed for the T=l state at 9.379 MeV in 28si is found to 

exhibit a characteristic 1=2 shape, confirming the earlier tentative 

assignment of 2+ for this state. 41 The distribution observed for 3He 

particles corresponding to the 0.031 MeV state in 28Al was found to be 

identical in shape to the 9.379 MeV state in 
28

si (see Fig. 34). From 

the identity of their angular distributions, and from energy systematics, 

these states were assigned as T=l analogues in mass 28. 

The experimental cross section ratio obtained for these states 

is R (t/3H )=1.15±0.10. Because the 2+ 0.031 MeV state in 28Al is un-x e 
. + 

resolved from the 3 ground state, the latter will also contribute to the 

observed 3~e cross section. S . th 3+ . 1 . 28s· t b ~nee e ana ogue ~n ~ canno e pro-

duced in first order by the (p,t) reaction, the observed ratio is expected 

to be somewhat lower than calculated. Detailed wave functions for these 

states are not available, hence it is not possible to estimate the rela­

tive strengths for the 2+ and 3+ states in 28Al. 
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The experimental precision in the energy det.erminations of these 

experiments is found to be 'V30 keV. As a result, it was not possible to 

use the treffective excitation'' obtained, as a measure of the relative 

strengths of these states. Also, both states are produced primarily by 

an L=2 angular momentum transfer, and hence the angular distribution shape 

would be insensitive to the amounts of each state present. 

From simple shell model considerations, the transition can prob-

ably be represented as occurring primarily as follows: 

The theoretical cross section calculated for such a configuration is 

R =1.51, as compared to a ratio of R =1.84 calculated for a j
2 

configura-c .c . 

tiOrJ.. 

The experimental result appears indicative of a j 1 j 2 pickup, 

+ but because no estimate of the magnitude of the cross section of the 3 

ground state in 28Al is available, no definite assignment can be made. 

b. 
28 . .· . 28 

81 10.700 MeV -. Al 1.35 MeV state. A state, with a 

characteristic L=O angular distribution has been observed in 28si, at an 

excitation energy of 10.700±0.030MeV. If this state is a T=l state, 

one would expect from energy systematics, to find its analogue in 28Al at 

an excitation of about 1.35 MeV ... Such a state is in fact observed by the 

(p, 3He) reaction, at an excitation of 1.35±0.040 MeV, and is produced by 

an L=O transfer·. Although these data are consistent with a previously 

reported 1+ state at an excitation of 1.372±0.005 l'-1eV in 28Al, this state 
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state cannot be the analogue to the 28si 10.700 since the JTI of the latter 

has been identified as 0+ by the (p,t) reaction. The JTI of the 
28

Al 1.372 

. 28 + 
MeV state has been assigned from the B-decay of the Mg 0 ground state, 

I 

and this state has been observed in a variety of neutron stripping re-

actions on 27Al, such as 27Al(d,p) 28Al. Hence, it appears unlikely that 

the JTI assignment of the 1.372 MeV state in 28Al is in error; a more 

probable explanation :l.s the existence of an additional state in 
28

Al, with 

TI + 
a J of 0 at an excitation of 1;350±0.040 MeV. 

The experimental cross section ratio obtained, assuming a T=l 

character for these states, is found to be 

which is consistent with a theoretical ratio of R =1.84; calculated for 
c 

a j 2 . k 
p~c up. 

TI + The observed J (=0 ) and ~he low excitation may be explained by 

a transition of the type 

This configuration is consistent with the fact that the 28Al 1.35 MeV 

state has not been observed in neutron stripping reactions, since it would · 

be produced only by a core excitation in addition to the pickup of a 

neutron. 
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Experiments using the reaction 30si(d,a) 28Al have been performed54 

at a deuteron energy of 9.5 MeV; but no evidence of another state has been 

observed. This is additional confirmation of the configuration suggested 

above, since the J=O transfer is forbidden in the (d,a) reaction . 

. 28 28 6 . c. Si 10.909 MeV - Al 1. 33 MeV states. The angular dis-

tributions observed for these states were identical in shape, and ex-

hibited a characteristic 1=2 structure, as shown in the lower portion of 

Fig. 34. Fr~m this and energy systematics, these states were tentatively 

assigned as T=l analogue states. Based on the angular distribution shapes, 

the JTI of the 10.909 MeV state in 28si can be assigned as 2+. If these 

TI + . 
states are indeed analogues, a J =2 can also be assigned to the 1.633 

MeV state in 28Al. 

The experimental cross section ratio obtained is 

R (t/3H· ) = 1.81±0.20 x e 

2 . 
which agrees well with the ratio Rc =1. 83 calculated assuming a j transfer. 

Based on simple shell model considerations, and the known JTI 

of the states, the transfer can be explained by.a pickup of the sort: 

T 28A 6 . . ( ) he · 1 1. 33 MeV state is observed in the d,a reaction, but 

because of the low Ed(=9.5 MeV) used, no information about its structure 

can be obtained from the intensity of this state relative to other states 

produced by the reaction. 
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4. 32s - 32P T=l States 

The energy level data shown in Fig. 14b for the T=l states in 

41 mass 32 are taken from Endt and Van der Leun. Because the thin targets 

used in these experiments were capable of withstanding only small beam 

intensities, only those angles near the peak of the 1=0 distributions 

were measured. Consequently, the data are insufficient to extract angular 

distributions. To obtain the cross section ratio for the T=l states, the 

ratio of counts observed for several individual runs were averaged; the 

final result was corrected for J 8 . (Jacobian). 

In this experiment, only th~ 32s 7.005 MeV (2+;1) state and.its 

analogue in 32P were observed with sufficient cross section to permit com-

parison. Although no angular distributions are available from these ex­

periments, previous ·work41 has shown these states to be T=l analogues. 

The position of the 1+ state analogous to the 32P ground state 

is unknown in the other members of this multiplet. It should not, however, 

interfere in the case of 32s, since it is an unnaturai parity state and 

would not be produced by the (p,t) reaction on 34s. In the 32P case, the 

+ . + 
1 state is not completely resolved from the 2 excited state, but a peak 

asymmetry was observed and corrected for. 

From the wave functions as calculated by Glaudemans et a1., 55 

the following initial and final configurations (neglecting small components) 

are obtained: 
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32p 1/1(1+) . 3 1 
1/2+0.374 

2 2 2 2 
= -0.758 sl/2 l/2d3/2. s10d01+0.330 sOldlO g.s. 

+0.330 1 3 
sl/2 l/2d3/2 3/2 

0.78 MeV 1/1(2+) -0.854 3 1 1 3 = sl/2 l/2d3/2 1/2+0 · 330 sl/2 l/2d3/2 1/2 

An inspection of these wave functions reveals that the major component 

of both the 2+ and 1+ states in 32P is produced by (2sl/2)(ld3/2) pickup. 

Consequently both states will be produced p~imarily by an 1=2 transition. 

Based on this assumption, the DWBA prediction for the relative strengths 

+ + . 
of the 2 :1 ·are calculated to be 4.4:1. 

The observed cross section ratio, correcting for peak asymmetry, 

is found to be Rx(t/3He)=l.20±0.15 which is consistent with the calculated 

ratio, Rc=l.22, based on the j 1j 2 transition: 

The ratio calculated for J2 transitions is R =1.82, and is inconsistent 
c. 

with the experimental data . 

The experimental cross section ratio obtained using the whole 
3 . . + + 

He peak (1 . and 2 states) gives a value of R (t/3H )= 1.00±0.12. Cor-. · x e 
+ + recting this ratio based on the relative 2 :1 strengths of 4.4:1 as 



calculated above, gives a final result of R (t/3H (corr))=l.23±0.15. This x e 

is in excellent agreement with the result obtained by correcting the 3He 

cross section for observed peak asymmetry. 

The experimental ratio obtained agrees very well with theoretical 

predictions. The availability of wave functions in this case has provided 

confirmation of the effectiveness of the cross section ratio to indicate 

the type of transition observed, and hence possible major components of 

the configuration of the final states produced. 

36Ar - 36c1 T=l States 5· 

The energies of the excited states in 36c1 and the lowest T=l 

36 41 state in Ar, as shown in Fig. 35 are taken from Endt and Van der Leun. 

The higher T=l states in 36Ar are determined from this work. The state in 

36 Cl at 3.12 was not observed sufficiently resolved from target impurities 

to permit a determination of its excitation; the value given is obtained 

from a rough Coulomb energy calculation, based on the excitation of the 

36 Ar 9.701 MeV state. 

The target used for these experiments contained only 50.8% 

38 36 40 Ar, the remaining isotopic composition being 23.3% Ar and 26.9% Ar. 

Consequently the density of states observed at higher excitation was large, 

particularly in the (p, 3He) reaction where all target components have 

similar Q-values and produce odd-odd final nuclei. 

As a result of this mixed target, the cross sections of states 

in 
36

c1 were obtained by subtracting the known impurity components, and 

the experimental errors are somewhat larger than the pure counting statistic 

errors shown in Fig. 24. The experimental cross section ratio was obtained 

as previously described. 
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a. 
36 36 . Ar 6.612 MeV - Cl ground states. The spin-parity of 

the lowest T=l state i~ 36Ar .had been tentatively assigned as (2+). The 

angular distribution obtained from the (p,t) reaction corresponding to 

this state is characteristic of an 1=2 transfer, and hence confirms the 

above assignment. The angular distribution observed for the 36c1 ground 

state is, within statistics, essentially the same, as shown in Fig. 24, 

and confirms the analogue character of these levels. 

Glaudemans et 

38 for the Ar target and 

a1. 55 have calculated the following wave functions 

the 36Ar 6.612 Mev-36cl 0.000 MeV final states: 

38Ar. 
g.s. 

An examination of these wave functions shows that the dominant 

mode of this transition will be j
2 pickup. This pickup predicts a cal-

culated value for the cross section ratio of Rc=l.82. The experimentally 

observed cross section ratio corrected for any contribution from the de-

ge1;1erate 38
c1 is R (t/3H )=1.90±0.20 g.s. x e which is in excellent agreement 

with the predicted j
2 ratio. 

2 Further evidence for the j character of the pickup leading to 

the lowest T=l state in mass-36 is obtained from a comparison of the 

·relative magnitudes of states observed by the reaction 38Ar(d,ci) 36cl. 

Since the pickup in this reacti_on is primarily S=l, T=O, even spin­

natural parity states with a j
2 configuration would not be produced 

.. 
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· th · T 1 · k T.he 1'ntens1'ty observed for the 36
c1 s1nce ey requ1re = .p1c up. 

ground state in the (d,a) reaction was found to be approximately 8% of 

that observed for the.strongest state in the spectrum~ 

Although the 38c1 ground state produced by the (d,a) reaction 

on the impurity' 40Ar is unresolved from the 36c1 ground state in these 

experiments, the observed cross section for the former state is suffici­

ently small, as determined using a pure 
40

Ar target, that any contributions 

can be ignored for these comparisons. 

b. 
36 Ar 8. 546 MeV - 36

c1 1. 949 MeV states. The angular dis-

tributions obtained corresponding to the 36Ar 8.546 MeV and 36
c1 1.949 

MeV states are shown in Fig. 24. On the basis of the characteristic 1=2 

distribution obtained for the 36Ar 8.546 MeV state, a JTI=2+ is assigned. 

The angular distribution obtained for the 1.949 MeN state is identical 

. + . . t 41 . in shape, confirming the earl1er 2 ass1gnmen . · Based on th1s fact; 

and excitation·energy systematics, these states are determined to be 

analogues. 

The experimental cross section ratio, using the value obtained 

36 for the Cl state after correcting for the known contribution of the 

38 Cl 1.88 MeV unresolved multiplet of states gives R (t/3H )=1.46±0.20 
x e 

which indicates the transition is not a j
2 pickup. 

The wave-function of this final state has been calculated by 

. 55 . 
· Glaudemans et al. as follows, neglecting small components: 
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This transition wouldproceed primarily by j
1

j
2 

pickup of the type 

which predicts a cross section ratio of R =1.21. This value is essentially c 

in agreement with the experimental ratio given above. The small dis-

crepancy noted is attributable to the 'admixture of other configurations 

in the initial and final states. 

From the 38Ar(d,a.) 36cl experiment, the intensity of 1.949 MeV 

state in 36c1 is observed to be approximately 3 times larger than that of 

the ground state. This result is consistent with a pickup which is pre-

dominantly j 1 j 2 in character. 

c. 36Ar 9.701 MeV - 36c1 3.12 MeV states. A characteristic 

1=0 transition of moderate strength was observed leading to a state in 

36Ar at an excitation of 9.701±0.030 MeV [see Fig. 24]; a J1T=O+ is assigned 

tQ this state. From the systematics of (p,t) reaction on other targets in 

the 2s-ld shell, it appears unlikely that a T=O state at such a high ex-

citation would have such a large cross section. 

Using a Coulomb energy calculation, based on the observed 

36 . 36 excitation of the Ar state, the energy predJ.cted for the Cl analogue 

state is found to be 3.12 MeV. Because of target impurities, this state 

. . 34 6 . was found to be degenerate with the Cl 2. 59 MeV state produced by the 

. ' . 36A ( 3H )34cl S bt . 34c1 reac~J.on r p, e . u ractJ.ng the contribution of the state, 

the angular distribution shown in Fig. 24 was obtained. The errors shown 

in the figure are counting statistical errors only, but a comparison with 

if 
' 
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. 36 
the shape observed for the Ar 9.701 MeV state reveals the shapes to be 

identical (within statistics). 

Glaudemans et al )5 have calculated the wavefunction for a 0 + 

state in 36c1 at an'excitation 
1

of 3. 30 MeV (neglecting small components) 

to be: 

A comparison of this wave function with that calculated for 38Ar . g.s. re-

veals these states are simply related through a j 2 pickup from the major 

component of the target configuration. 

The experimental cross section ratio observed for the 36Ar 9.701 

MeV and 36c1 ( 3.12) MeV states is R ( t/3H )=~2. 43±0 .70 which agrees well x e 

with the theoretical J' 
2 ratio of R =1. 80. c . 

The (3.12) MeV state is not observed with sufficient cross 

section in the 38Ar (d,a) 36ca reaction to permit an accurate determina-

tion. This weak population is consistent with the previously assigned 

j 2 character of the state. 

6. 
38

Ar - 38c1 T=2 States 

The excitation energies of the states shown in Fig. 36 for 38c1 

41 up to 2.752 MeV are taken from Endt and Van der Leun; the higher ex-

·cited states were determined by this work. Also determined here are the 

excited 
38

Ar states which are produced at excitations above that expected 

38 . 38 
for the Ar state analogous to the Cl ground state. (This T=2 state 

. 38A . ln r lS an unnatural parity state, and hence would not be produced by 
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the (p,t) reaction on 40Ar, - its expected position is obtained from a 

rough Coulomb calculation based on the mass excess of 38 Cl ) . The g.s. 

state in 38Ar observed by this work at 11.300±0.045 MeV is, within error, 

in agreement with either (or both) of the two previously reported J7T=5-

. . 8 41 56 . states at 11.303 and 11.30 MeV, ' which have been produced by the 

reaction 37cl(p,y) 38Ar. 

The experimental cross section ratios were obtained as des-

cribed previously. Since the calculated cross section ratio depends on 

a factor of 2/Tf, the comparison of these ratios to determine configura-

tions becomes less sensitive as T increases. In addition, the high ex­

citations of the 38Ar T=2 states places them on a relatively large back-

ground when produced by the (p,t) reaction. Consequently only those states 

with exceptionally large cross sections can be accurately compared. 

a. 38 Ar 11.300 MeV - 38c1 0. 691 MeV states. With an experi-

mental resolution of ~130 keV FWHM it was not possible to clearly resolve 

the Jrr=5- and (3-) states reported at 0.671 and 0.761 MeV respectively in 

38
c1. But since both are negative natural parity states, both their 

analogues in 38Ar should be produced, and all must be produced by j
1

j
2 

40 pickup from a Ar target. 

Assuming simple shell model configurations for the transitions: 

t. [ .( ld3/2) 5/ 
3 2 

\ 
[ (ld3/2)~/2 

1 
3/2(lf7/2)7/2 1/2]52 

3/2(lf7 / 2 )~/2 l/2]32 



-124.;.. 

The calculated cross section ratio is R (5-)=0.643 and R (3-)=0.452. 
c c 

Hence the experimental ratio is expected to lie between these values. 

From ~nergy systematics, these states are potential analogues. 

The experimentally observed angular distributions however, are shown in 

Fig. 27 to be dissimilar in shape. 

are contributing to the 38Ar state 

Hence it appears that other states 

observed, in addition to the analogues 

38 - -of the Cl 5 and 3 states. This complex structure is consistent with 

. 41 56 there being two 5- states near this excitation, as prev1ously reported. ' 

38 38 Consequently, no comparison can be made for the Ar 11.300 MeV and Cl 

0. 691 MeV states. 

b. 38Ar 13.332 MeV - 38c1 2.752 MeV states. The angular dis­

tributions observed fbr the 38Ar 13.332 MeV and 38c1 2.752 MeV states are 

found, within statistics to exhibit essentially the same shapes (see Fig. 

27). From this, and from energy systematics, these states are tentatively 

assigned as T=2 analogues. 

Although identical, the angular distributions are insufficiently 

distinctive to permit a spin assignment from these data. Since the spins 

.of these states are unknown, it is not possible to suggest any configura-

38 ·41 tions, however, the known negative parity of the Cl 2.752 MeV state 

means these states must be formed by j 1 j 2 pickup. Calculations shown in 

the preceeding section show R is in the range of 0.6 ~ 0.4 for simple . c 

configurations, but is equal to ~0.9 for j
2 pickup. 

The experimental cross section ratio observed for these states 

is R (t/3H )=0.43±0.10 which is consistent only with J1 j 2 pickup. 
x e . 
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Additional evidence for the j
1

j 2 character of these states is 

obtained from the reaction 40Ar(d,a) 38cl. The 38c1 2.752 MeV is observed 

to be a very strongly excited state in the spectrum. For reasons dis-

cussed previously, this is consistent with a j
1

j 2 character of this state. 

38 38 . 
c. · Ar 13.700 MeV - Cl 3.190 MeV states. The next states 

observed in mass-38 which, based on simiiar angular distributions .and' 

energy systematics could be tentatively assigned as T=2 analogue states, 

were observed in 38Ar and 38c1 at excitations of 13.700 MeV and 3.190 MeV 

respectively. The distribution shapes of these states are illustrated 

in Fig. 27. 

Again, the angular distributions of the states are not suffici-

ently characteristic to permit a spin assignment from this work. The 

experimental cross section ratio for these states if found to be 

Rx(t/3He)=l.l2±0.20 which is inconsistent with the j 1 j 2 ratios calculated 

in the previous sections. The calculated ratio for j
2 is, of course, 

independent of configuration, and is found to be R =0.90. Since the 
c 

pickup is j
2 

in nature, a positive parity can be assigned because j
2 

pickup on even-even targets can produce only positive parity final states. 

The j
2 configuration of these states is consistent with the 

40 38 38 Ar(d,a) Cl data, which shows the Cl 3.190 MeV state to be populated 

. . 38 
with an intensity of ~10% of that of the Cl 2.752 MeV state discussed 

in the preceeding section. 
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C. Coulomb Displacement Energies of Analogue States 

1. Calculation of Coulomb Energy Displacements 

The potential which describes the Coulomb interaction between 

nucleons can be expressed in terms of three operators in isospin space, a 

scalar, a vector and a tensor. 8 •57 Using first order perturbation theory, 

the general expression for the Coulomb energy of a state with A nucleons 

can be derived from this potential. The result obtained for a state with 

isospin quantum numbers T and T is 
z 

E (A,T,T) = E(O)(A,T)+T E(l)(A,T)+[3T2-T(T+l))E( 2 )(A,T) 
c z z z (V-1) 

where E(O), E(l), and E( 2 ) are the isoscalar, isovector and isotensor 

coefficients. These coefficients, which depend only on A and T are re-

lated to the coefficients (a,b,c) of the isobaric multiplet mass equa­

tion ( IMME): 58 

M(A,T,T ) = a(A,T) + b(A,T)T + c(A,T)T 2 
z z z (V-2) 

The IMME has been used successfully to relate the masses of members 

of an isobaric multiplet, and, with the possible exception of the mass 9 

T=3/2 multiplet, no deviations from its predictions have been observed 

experimentally. 59 Since any charge dependent effect arising from 

two body forces which can be tx·eated as a simple perturbation also 

. . 60 
gives rise to only quadratic terms in T , . the coefficients of the IMHE ' . z 

will include not only the effect of the Coulomb force, but also other 

small effects such as those which might result from the charge dependence. 
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of nuclear forces. However, the comparison with calculations which in-

elude the known charge dependent (Coulomb) effects would yield a magnitude 

I, for any additional nuclear charge dependence. 

For the purpose of such a comparison, the Coulomb displacement 

energies can be used. In terms .of those quantities defined by Eq. (V-1), 

the Coulomb displacemept energy between neighbouring isobars is given by 

Lm (A,T,T - 1jT ) - E (A,T,T ) - E (A,T,T - 1) . c z . . z c z c z 

= E(l)(A T) - 3(2T - 1) E( 2)(A,T) 
c ' . z (V-3) 

This quantity is given experimentally by 

LlE (A,T,T - ljT ) = m '(A,T,T - 1) - m (A,T,T ) + Llm c z z z . . z (V-4) 

where Llm is the neutron-hydrogen mass difference (=0, 7824 MeV). Any 

differences between the calculations using Eq. (V-3) and the experimental 

quantities given by Eq. (V-4) can be interpreted as arising frcm non-

Coulomb charge-dependent forces. In this work, however, Eq. (V-3) is 

parameterized according to calculations based on two different coupling 

schemes. The five parameters used are determined from a fit to the data 

· throughout the entire shell; only the final values obtained for the 

parameters are used for comparison . 
.... 
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a. Low-seniority limit of the jj-coupling scheme. Using shell 

model states of configuration jn and seniority < 2 Hecht8 has derived 

theoretical expressions for E(l) and E( 2); the representation used is 

such that each state is defined by the quantum numbers v,t(reduced isospin), 

J: and T. · The expressions are given in terms of two-body Coulomb-energy 

matrix elements 

2 
e 

3r .. 
~J 

(V-5) 

The interaction of the nucleons in the j-shell with those in the core is 

given by 

ac =I 
J I j 

' c 

( 2J I+ 1) < ( . . ) J I I L I ( . . ) J I) 
( 2J + 1 ) J J c 3r . . . J J c 

~J 

(V-6) 

In this formulation, there are three parameters to be evaluated, or treated 

as free; they are ac, V, and V 2 , where V 
2 

is the average seniority = 2 

matrix element as defined by 

(2J 1+l)VJ 1 (V-7) 
J 1 even >0 

As described below, these expressions have been generalized in 

II 59 the manner described by Janecke · to take into account additional non-

Coulomb charge dependent effects and the variation of nuclear radius with 

mass number. This results in an increase of the number of free param-

eters to five and should permit direct comparison with experiment. 
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To illustrate the method used, .an isobaric multiplet with con­

figuration jn and seniority 0 is considered. ·From Table 1 of Ref. 8, 61 

the following expressions are obtained: 

(1) 
E = 3a + 3b(n-l) + 12c(j+l) c 

(a) 

. . 2 2 
E(2) = b + c + c[ (n-2j-l) ., (2j+4) ] . (b) 

. ( 2T-l )( 2T+3) . · 

where a has been defined in Eq. (V-6) and c 

b = 
2{J+l) • v2 - v0 

2(2j+l) and 
vo - v2 

c = 4 • ( 2j+l): 

(V-8) 

(V-9) 

Using these expressions and Eq. (Y-3), a formula for the Coulomb 

displacement energy depending on ac, b, and c could be deriyed. However, 

the additional charge dependent effects are expected to have a significant 

effect upon the parameter'c. I~ particular, the electromagnetic spin­

orbit interaction6~tween nucleons is expected to increase this parameter 

up to· 40%, and its increase in the tensor coefficient should exceed that 

in the vector coefficient by a factor L7(=(g -g)/g). Hence the quantity 
p n P 

c in Eq. (V-8) is replaced by two parameters, c (l) . in Eq. (V.;..8a), .and 
; 

. (2) 
c · in Eq. {V-8b). It should be noted that the parameters.c(l) and c( 2 ) 

. . 

. . I 

will also contain the charge..;.dependent effects of the nuclear force. 

Also considered in th~ parameterization was the var~ation of .,. 

charge radius with mass number, since this affects the values of matrix 

· elements in Eqs. (V-5 and V-6). The radius variation used· in this work 

was 
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(V-10) 

where n is the number of active nucleons (?=A-N); N is the number of 

nucleons in the core (=4 for (lp)-shell and =16 for (ld5/2)-shell) and 

R0 is the charge radius of the core. Equation (V-10) is the first term 

of a binomial expansion and, for A=l this variation of R corresponds 

approximately to A113 . In this work A has been treated as a free param-

eter. 

Having modified Eq. (V-8) in this manner, Eq. (V-3) can be used 

to give a final expression for the Coulomb displacement energy: 

where 

a= 3ac + 12c(l)(j
1 

+ 1) 

8 = 6b 

(i) 3c(i) y = i = 1,2 

(V-11) 

The general formulae63 for jn configurations with \1 ~ 2 are given 

in Table 13; the~ were all calculated using expressions for E(l) and 

E( 2 ) · · T f 8 f 2 g1ven 1n able 1 o Ref ... Note that the expressions or \1= cases 

have been simplified using the fact that, to a good approximation59 

VJ,=V2 for all J'(even) ~ 2. For the particular example chosen (\1=0) the 

coefficient A1=0 an~ the expression for A2 is given by the first line of 

Table 13. 

•· 
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0. 0 . 

l l/2 

2 0 

2 l 

J 

0 

j 

Table 13. Coefficients in the expansion of the Coulomb displacement energy; 

fill (A,T,T -liT ) ::: [a+ (-2n- T )!3 + A1'Y(l) + A2'Y( 2 )J[f(!-.)]-l, where A
1 

and A"' c z z z . c 
are listed for configurations jn in the seniority scheme. 

Al 

0, -(2Tz-1) [ 1 

(n-2j -1) -:-(- )n/2-T( 2T+l) ( 2j+3) 
-{2T -1) [ 1 

2T(T+l) z . 

+ 

+ 

A 
2 

(2j+4f -(n-2j-1)
2 J 

(2T-l)(2T+3) 

(2j+3 )
2

- ( n-2j-1 )
2 J 

4T(T+l) 

odd 0 -(2Tz -1) [ 1 + (2j+2)
2
-(n-2j-d ] 

( 2T-l)( 2T+3) 

even,>O 2( n'-2j -1) 
· -(2Tz-1) [ 1 + (2j+l)(2j+3)-(n-2j-l)

2 

T(T+l) T(T+l) 

- 3(2j+2)
2

-3(n-2j-1)
2

] 
(2T-l)(2T+3) 

I 
1-' 

. w 
1-' 
I 
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b. The Wigner superm'tlltiplet scheme. Hecht8 has pointed out 

that approximation similar to those made in the seniority scheme should 

also be valid for other coupling schemes, and he has derived general 

algebraic expressions for E(l) and E( 2 ) assuming certain configurations 

in the Wigner supermultiplet scheme. 64 States in this coupling scheme 

are characterized by the q_uantum numbers L, S, T and [f) where [f) is 

the partition which characterized a particular irreducible representa­

tion65466 of u4 symmetr;y. The form of [f] is given by [f)=[x
1

,x
2

,x
3

,x4J 

where L xi=n, the number of nucleons in the major oscillator shell and 

i=l 

x. '> xk when i < k. 
l. -

The supermultiplet q_uantuiri numbers of the ground states have been 

predicted by Jahn65 for nuclei through the (p)- and (d)-shells. Using 

these results and the formulae in Ref. 8, general expressions for the 

Coulomb. displacement energies applying to most ground state supermultiplets 

throughout the ·shell have been derived. The following example will 

illustrate the method used: consider .states for which <% - T) and A are 

both even (i.e., analogues to ground states of even-even nuclei). These 

states must be 1s
0

, and Table 2 of Ref. 65 indicates that all such states 

in the (p)- and (d)-shells are characterizedby partitions of the type 

[x+y, x+y, x, x]; for example, the d6 state with T=l is [42]:::[2211]. The 

expressions for E(l) and E( 2 ) given in Table 1 of Ref. 8 are for partitions 

of.this type, and the general expression for the Coulomb displacement 

energy was obtained in the same manner as described for the seniority 

scheme. The resulting expression has the identical form as Eq_. (V-11), viz: 
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L\E (A,T,T - ljT) = [a+S(!!.
2
.- Tz) + A

1
y(l)+A

2
y( 2 )][f(f.)]-l 

C . Z· Z 

but in this cas.e, 

a- 3a 1 + 18c(l)
1 

c 

S( 6b 1
. 

{i) .·. 3c ( i) I 
y = i = 1,2 

(V-12) 

, . ( i) I 
Note that a 1

, b 1 , and c are primed values, and appear in the notation 
c ' ' 

of Ref. 8. ·The general formulae for A1 and A2 for most ground state 

configurations are given in Table 14; the only cases where these formulae 

· are inadequate are for those multiplets based on the ground states of 

odd-odd nuclei .with T > 1. For the example being considered, the value 

for A1=o and for A2 is given by the first line in Table 14. 

A comparison of the formulae listed in Tables 13 and 14 shows a 

number of striking similarities, in spite of the different character of 

the coupling schemes used in their derivation. This, in view of the 

similarity of the general expressions [Eqs. (V-ll and V-12)] for the 

Coulomb displacement energies, suggests that these expressions might 

also apply in some more realistic intermediate coupling scheme. 

2. Coulomb Displacement Energies-Comparison with Experiment 

.The experimentally determined Coulomb displacement energies 

throughout the total (lp)- .and the (ld5/2)-shells, including those 
I . . 

determined from this work are summarized in Tables 15 and 16. The values 

quoted represent the weighted averages of all the data given in the 

references, and are intended to be complete up to September 1968. 

I 
I 



Table 14. Coefficients in the expansion of the Coulomb displacement energy, ~c(A,T,T2 -l!T2 ) 

[a+(~- T
2

)13 + A
1

) 1) + A
2
1'( 2 )][f(A.)]-l where A

1 
and A

2 
are listed for -various gr:Jund 

state configurations in the (P-) and (d-) shells using the supermultiplet scheme. The Wigner super-

'-" 
multiplet quantum numbers are denoted by [ f]! 

Cf'J s J 
n 
2 -T X Al A2 

(x+y,x+y,x,x]a 0 0 n-2T 
0 (2T -1) [ 1-

2
T+5 J even --

4 z 2T-l 

(x+y,x+y,x+l,x] l/2 3/2,5/2 odd n-2T-2 

4 1 
!:- -T 

(2T -11[1 + 3-(2T+J){2T+5) J 2 3 -(-) T' 
( x+y,x+y-l,x,x] l/2 3/2,5/2 

n-2T I z 4T(T+l) 
even --

4 
I 

b 
2,3,4 

n-4 
(2Tz -1) [6 - 4s(S+1)J [x+2,x+l,x+l,x] 0,1 odd - 0 

4 

(a)T > 0 

(b)Only applies to ground states when T = l 

., 

I 
I-' w 
~ 
I 
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Table 15. Experimental and calculated Coulomb displacement energies for 
(lp) shell data using the supermultiplet scheme. 

7T 3 3- 3 Experimental All J 2• and All (J7T·T)=- ·-) 
A T T J1T ~Ec(A,T, T-ljT) Ref. 

) 2 '2 
z z z even A data data 

(keV) ~c (calc.) o (~E~)* ~c (calc.) o(~Ec)* 
· (keV) (ke ) (keV) (keV~ 

5 1/2 1/2 3/2- 1007.4±41.6t (a) 760.0. -247.4 

7 1/2 1/2 3/2- 1644 ~ 0±1.,5 (a) 1655.7: 11.7 

9 1/2 1/2 3/2-' 1850.5±1.6 (a) 1888.4 37.9 
11 1/2 1/2 3/2- 2763.1±1.2 (b) ~666.9 -96.2 

13 1/2 1/2 3/2- 2830.0±10.0 (c,d) 2842.7 12.7 

15 1/2 1/2 3/2- 3397.9±5.6 (c,e) 3528.0 130.1 

6 1 1 0+ 834.6±5.7 (a) 836.2 1.6 

10 1 1 o+ 1967.6±3.0 (a) 1935.2 -32.4 
14 1 1 0+ 2839.2±1.2 (c,d) 2867.9 28.7 

6 1 0 o+ 1508.0±6.5 (a) 1599.4 91.4 
10 1 0 o+ 2692.7±2.7 (a,f) 2636.0 -56.7 
14 1 0 o+ 3613.0±1.3 (d,g) 3515·7 -97.3 

7 3/2 3/2 3/2- 859.7±50.0 (h,i) 787.6 -72.1 866.3 6.6 

9 3/2 3/2 3/2- 1559.9±21.0 (a,i) 1448.6 -111.3 1574.1 14.2 

13 3/2 3/2 3/2- 2452.4±5.1. (c,i) 2436.9 -15.5 2453.5 1.1 

7 3/2 1/2 3/2- 1370.0±50.0 ( i) 1451.1 81.1 1402.7 32.7 

9 3/2 1/2 3/2- 2114.5±7.3 (i) 2084.4 -30.1 2101.9 -12.6 
13 3/2 1/2 3/2~ 2962.0±5.1 ( i) 3023.6 61.6 2965.0 3.0 

7 3/2 -1/2 3/2- 1947.5±105.0 ( i ,j) 2114.6 167.1 1939.1 -8.4 

9 3/2 -1/2 3/2- 2623.8±7.2 (i,k) 2720.2 96.4 2629.8 6.0 

13 3/2 -1/2 3/2- 3481.2±70.0 (i,l) 3610.3 129.1 3476.5 -4.7 
12 2 1 o+ 2242.2±122.0 (i) 2457.4 215.2 
8 .1 1 2+* 3541. 7±2.1 (a) 3549.0 7.3 

12 1 -'1 l+=i= 5536.6±5.3 (b,c) 5513.0 -23.6 

x2/degree of freedom= 609.5/18=33.9 2 .16/3=0. 72 
• 
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Table 15 (Continued) 

References to Table 15. 

* o(~E) = ~E (calc.)- ~E (exp.) 
c c ; c 

t \ These are the experimental errors on the values l~sted. The errors 

used in the calculation have 10 keV added in quadrature. 

* These values are double Coulomb energies, which do not depend on S, 

and hence are included here. 

(a)T. Lauritzen and F. Ajzenberg-Selove, Nucl. Phys. 78, 1 (1966). 

(b)F. Ajzenberg-Selove and T. Lauritzen, Nucl. Phys. All4, 1 (1968). 

( c )c. 4 ( 66) Maples, G. W. Goth, and J. Cerny, Nucl. Data£, 29 19 . 

(d) 
F. Ajzenberg-Selove and T. Lauritzen, Nucl. Phys. 11, 1 (1958). 

(e)E. K. Warburton, J. W. Olness, andD. E. Alburger, Phys. Rev. 140, 

Bl202 (1965). 

(f)H. Brunnader, J. C. Hardy, and J. Cerny, Phys. Rev. 174, 1247 (1968). 

(g)J. M. Freeman, J. G. Jenkins, D. C. Robinson, G. Murray, W. E. Burcham, 

Phys. Letters 27B, 156 (1968). 

(h) 
R. H. Stokes and P. G. Young, Phys. Rev. Letters 18, 611 (1967). 

(i)J. Cerny, Ann. Rev. of Nucl. Sci. 18, 27 (1968). 

(j)R. L. McGrath, J. Cerny, and E. Norbeck, Phys. Rev. Letters 19, 1442 

(1967). 

(k) 
C. A. Barnes, E. G. Adelberger, D. C. Hensle:r, and A. B. McDonald, 

Inter. Nucl. Phys. Conf., 261, R. L. Becker, C. D. Goodman, P. H. 

Stelson, and A. Zucker, eds., (Academic Press, New York,l967)pp. 1121. 

(l) T c H p 1 G F u • erny, R. . ehl, G. But er, D. . leming, C. Maples , and C. 

Detraz, Phys. Letters 20, 35 (1966). 
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Table 16. Experimental and calculated Coulomb displacement energies for (ld5/2) shell data. 

A T T J1T Experimental Seniority Calculations Supermultiplet Calculations z L'lE (A,T,T -llir ) L'lE o(L'lE )** ~E . o{L'lE )** 
c z z c c c c 

(keV) (keV) (keV) (keV) (keV) 

17 1/2 +1/2 5/2+ 4 . a 35 2.0±1.0 35ll-2 .2 0.2 3542.8 0.6 

19 1/2 +1/2 5/2+* 4o6o.8±2.0b,c 4104.3 43.5t 4103.2 42.4t 
21 . 1/2 +1/2 5/2+* 4315.3±8.3b,d 4316.6 1.3 4314.8 -0.5 

23 1/2 +1/2 5/2+* 4850.5±4.7b 4861.1 10.6 4860.0 9.5 
25 1/2 +1/2 5/2+ 5062. 5±1.1 e 5062.6 0.1 5062.2 -0.3 

27 1/2 +1/2 5/2+ 5592.5±3.2b 5590.3 -2.2 5592.8 0.3 
18 1 +1 o+ 3478.9±l.Oa,f 3549.4 70.5t 3510.4 31.5t 

4027.8±8.4b,g 
I 

20 1 +1 2+ 4024.9 -2.9 ...... -- -- w 

4282.1±2.8b,h 
...;;j 

22 1 +1 0+ 4279.0 -3.1 4280.0 -2.1 I 

24 1 +1 4+ 4783.5±4.6b,i 4790.2 6.7 --
26 1 +1 0+ 5014.8±4.2b 5021.1 6.3 5025.0 10.2 
18 1 0 0+ 4187.6±4.8a,f 4142.8 -44.8t 4137.6 -50.0t 
20 ·. 1 0 2+ 4420.9±30.8b,g 4386.3 -34.6 

22 1 0 0+ 4931.6±20.2b,h 4901.2 -30.4 4897.0 -34.6 

24 1 0 4+ 5148.7±7.7b,i 5144.9 -3.8 

26 1 0 0+ 5623.2±11.6b 5592.8 -30.4 5632.1 8.9 

19 3/2 +3/2 3/2+ 3528.3±35.9j,k 3524.6 -3.7 3501.8 -26.5 

3954.4±9.21 . 
3964.7 3944.9 21 3/2 +3/2 5/2+ 10.3 -9.5 

23 3/2 +3/2 5/2+ 4302. 7±21. 3j ,m 4268.8 -33.9 4268.4 -34.3 

25 3/2 +3/2 5/2+ 4743.4±15.8n 4707.1 -36.3. 4698.2 -45.2 

Continued 



'l'able 16. Experimental and calculated Coulonb displacement energies for (ld5/2) shell data. 
=---==-=--===-==-=--=- - ·- - ---- -=======:....--=-=~-===----=:==:-.:.=:-.::=.=.:--=-=--= 

A T T Jlf Experimental Seniority Calculations Supermultiplet Calculations 
z ~E (A,T,T -liT ) ~E o(~E )** llE o (~E ) *;·:· 

'c z z c c c c 
(keV) (keV) (keV) (keV) (keV) 

19 3/2 +l/2 3/2+ 3980. 4±43 .. OJ ,k 3997.3 16.9 3989.0 8.6 

21 3/2 +l/2 5/2+ 4440 • 4±9 o 2·1 
c_ 4439.6 -0.8 4428.1 -12.4 

23 3/2 +l/2 5/2+ 4726.0±32.7j,m 4739.3 13.3 474T. 7 21.7 

25 3/2 +l/2 5/2+ 5161.4±15:3n 5166.7 5.3 5173.6 12.2 

20 2 +2 0+ 3484.4±33.9a,j 3516.0 31.6 3481.7 -2.7 

24 2 +2 0+ 4292.4±29.7a,j,q 4259.9 -33.1 4245.5 -46.9 

20 .2 +l 0+ 3971.4±33.0a,j,p 3986.4 15.00 3966.8 -4.6 .I 
·l::c' 

24 2 +l 0+ 4724.4±28.4r 4721.0 -3.4 4722.8 -1.6 
U> 
(X) 

8448. 7±31.9* ,b 
I 

20 l +l 2+ -- -- 8418.8 -29·9 
24 l +l 4+ 9932.2±9.o*•b -- -- 9923.0 -9.2 

* + These states are not ground states but the lowest excited 5/2 states. 

** o ( ll E ) =~E (calc • ) - t.E ( exp. ) 
t . c c c 2 

These vaiues were not used in the X fit. 

* These values are double Coulomb displacement energies. 

Continued 

~- ~ "' 



r 

Table 16. Continued. 

aC. C. Maples, G. W. Goth, and J~ Cerny, Nucl. Data A2, 429 (1966). 

bP. M. Endt and C. Vander Leun, NuclPhys. Al05, 1"0967). 

cF. Ajzenberg.;.Selove and T. Lauritzen, Nucl. Phys. 11, l (1959); J. W~ Olness, A. R. Poletti and 

E. K. Warburton, Phys. Rev. 161, 1131 (1967). 

dT. Lauritzen and F. Aj zenberg-Selove, Nucl. Data Sheets, May ( 1962). 

ec. Van der Leun, private communication (1968) giving the mass excesses of 25Al and 25Mg as 

-8.914-5±0;0021 MeV and -13.1947±0.0018 MeV respectively. 

fA. E. Blaugrund, D. H. Youngblood, G. C. Morrison, and R. E. Segel, to be published; E. K. Warburton, 

J. W. Olness, and A. R. Poletti, Phys. Rev. 155, 1164 (1967). 

giL D. McFarlane and A. Siivola, Nucl. Phys. 59, 168 (1964);. J. ·D. Pearson and R. H. Spear, 

Nuc l. Phys. 54, 434 ( 1964) . 

hA. Gallman, Z Frick, E. K. Warburton, D. E. Alberger, and S. Hechtl, Phys. Re.v. 163, 1190 (1967). · 

iA. J. Armini, J. w. Sunier, and J, R. Richardson, Phys. Rev. 165, 1194{1997). · 

jThis work. 

kJ. L. Wiza, and R. Middleton, Phys. Rev. 143, 676 (1965); F. A. El Bedewi, M. A. Fawzi, and N. S. 

Rigk, Proc. Int'l. -Conf. on Nucl. Phys. (Paris, 1964); R. Moreh, and A. A. Jaffe, Proc. Phys. Soc. 

(London) 84, 330 (1964). 
1 H. Brunnader, J. C. Hardy, and J. Cerny, to be published; D. C. Hensley, Phys. Lett. 27B, 644 (1968); . -

A. B. McDonald and E. G. Adelberger, Phys. Lett. 26B, 380 (1968). 

ms. Mubarakmand and B. E. F. Macefield, Nucl. Phys. A98, 97 (1967) and private communication from 

B. E. F. Macefield; J. Dubois, Nucl. Phys. Al04, 657 (1967). 
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Table 16. Continued. 

nJ. C. Hardy and D. J. Skyrme in Isotopic Spin in Nucl. Phys., (J. D. Fox arid D. ·~Rohson, ed. 

Academic Press, N. Y. and London) (l966)·pp. 701; D. Denhard, and J. L. Yntema~ Phys. Rev. 160, 
' --

96LJ- (1967); G. C. Morrison, D. H. Youngblood, R. C. Bearse and R. E. Segel, to ;be published. 

These values have been appropriately corrected for the changes noted in Ref. e. 

PE. Adelberger, and.A. B. McDonald, Phys. Lett. 24B, 270 (1967); H. ~· Kuan, D.lw. Heikk~nen,' 
K. A. Snover, F. Rless, and S. S. Hanna, Phys. Lett. 25B, 217 (1967), R. Block, R. E. Plxley,_ 

and :P. Truo1, Phys. Lett. 25B, 215 (1967). 

qF. G. Kingston, R. J. Griffiths, A. R. Johnston, W. R. Gibson, and E. A. McClatchie, Phys. Lett. 

22, 458 ( 1966). 

rE. Adelberger, and A. B. McDonald, Phys. Lett. 24B, 270 (1967); F. Riess, W. J. O'Connell, D. W. 

Heikkinen, H. M. Kuan, and S. S. Hanna, Phys. Rev. Lett. 19, 367 (1967). 
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The errors given for each Coulomb displacement energy are the experimental 

uncertainties. The tables only include those multiplets for which, in 

terms of the simple shell-model, all active nucleons can be considered to 

be entirely within the same [(lp) or (ld5/2)] shell. In addition, for each 

value of A and T, only multiplets built o'n the ground states of T=T members z 

are considered; an exception arises for those odd A nuclei whose spins and 

parities are not 3/2- for the (lp) shell case, and 5/2+ for the (ld 5/2) 

shell; here the lowest 3/2- (5/2+) states were used. In the T=3/2 

multiplets for A=ll and 19 the 3/2- ( 5/2+) states are not known for all 

members. As a result, in mass 11, ,the T=3/2 states were not included in 

the analysis of the (lp) shel],., and in mass 19, the (J7T;T)=(3/2+;3/2) 

states were used iristead in the analysis of the (ld5/2) shell. In all 

subsequent fitting, these. two massl9 T=3/2 displacement energies were 

both included and removed; at no time was the overall fit changed by 

their inclusion. The last two items in each table are double Coulomb 

displacement energies which are denoted by ~E (A,T,T -2jT ). c z . z 

In Eq. (V-11) for the seniority scheme, and Eq. (V-12) for the 

supermultiplet scheme, the Coulomb displacement energy is given in terms 

of five parameters; 
(l) (2) . . 

a, e, y , y and A. These equations have been 

fitted to the data presented in Tables 15 and 16 by treating all five 

parameters as free, and minimizing the function x2 , where x2 
is defined 

by: 

2 M 

X =2 
~E (calc). - ~E (exp.). 12 

c 1 c 1 

cr(exp. )i 
(V-13) 

i=l 
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M is the total number of experimental values fit and o(exp) is the ex-

perimental error. If the averaged experimental errors in Tables 15 and 

16 represent a good approximation to the true standard deviations, then 

the chi-square test can be applied to the final Y
2 . obtained by minimiz­

"nun 

ing Eq. (V-13). If all the single displacement energies for the (ld5/2) 

shell (Table 16) are used, M=28, and the number of degrees of freedom of 

the assumed chi-square distribution is (28-5-1)=22. Under these conditions 

2 for art acceptable fit, Y should lie between ll and 37. Since the method 
"min 

of determining experimental errors is inconsistent between different 

authors, it seems likely that these errors are, at best, only an indica-

tion of the true standard deviations. Consequently, the chi-square test 

should, in this work, be interpreted somewhat loosely. 

a. Fitting of seniority and supermultiplet schemes to the 

(ld5/2)-shell. The variation of x2 as a function of A for this shell is 

shown in Fig. 37 for three cases in both the seniority and supermultiplet 

schemes. 2 Each point on the graph corresponds to the minimization of X 

as a function of a, S, y(l) and y( 2 ) for a particular choice of A. The 

three cases considered are: 

(I) For the seniority scheme, all single displacement energies 

listed in Table 16 were used. For the supermultiplet scheme all single 

displacement energies were used except those for the T=l multiplets of 

A=20 and 24. As indicated by the fourth line in Table 14, such mult:i.plets 

can have either S=O or l, and the calculated displacement energies depend 

on this choice. However, when T =1, the double Coulomb displacement energy z 

is independent of S, and consequently the four single displacement energies 
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were replaced. by the two double values appearing at the end of the 

table. 

(II) The same values were used as in (I) except the two energies for 

A=l8, T=l were removed. 

(III) The same values were used as in (II) except the single energy for 

A=l9, T=l/2 was removed. 

The removal of additional data did not improve the observed x2 per degree 

of freedom. 

It is evident from Fig. 37 that both (I) and (II) give totally 

2 
unacceptable Xmin' For case (III), the seniority and supermultiplet 

calculations involve, respectively, 19 and 17 degrees of freedom for which 

the range of acceptability of x2 is 8 to 34 and 7 to 31. In view of the 

reservations about x2 noted earlier, case (III) is deemed to be an 

acceptable fit for both schemes. 

2 The values of the parameters for the minimum X for case (III) in 

the (ld5/2)-shell, using both the seniority and supermultiplet calcula-

tions are summarized in Table l7a; the displacement energies calculated 

using these parameters are listed in columns 6 and 8 of Table 16. Ex-

cellent agreement is obtained between the calculated displacement energies, 

and also between the calculated and experimental values. 

The anomalous behavior of the A=l8 triplet appears to be analogous 

to the A=42 case,57 , 67 both nuclei corresponding to n=2 in their respec-

tive shells (ld5/2 and lf7/2) .. The behavior of both may be due to isospin 

mixing, but it is then unclear why only these multiplets are affected. 
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Table 17. Parameters obtained from fitting Coulomb displacement energies. 

(a)ld 5/2 Shell Seniority and Supermultiplet Scheme 

Quantity Value from least squares fit using: 

Seniority Scheme Supermultiplet Scheme 

* * A. 0.23 ± 0.03 0.19 ± 0.03 

ex 3673 ± 3 kev 3643 ± 3 keV 

t3 419 ± 6 keV 421 ± 6 keV 

'Y(l) 8.14 ± 0.09 keV 14.40 ± 0.12 keV 

"'( 2) 6.41 ± 0.03 keV 17.44 ± 0.15 keV 

* This corresponds to an increase of ~Cf'/o in the p-p interaction radius 

from the beginni;ng to the end o.f the shell. 

(b) 1p shell Supermultiplet Scheme only. 

Quantity Value from least squares fit using: 

7T I -All J = 3_2 & even A data All (J7T;T) = (3L2-; 3L2) data 
A. 0.28 ± 0.03 0.10 ± 0.03 

ex 941.9 .± 5 keV 1065.2 ± 6 keV 

t3 665.5 ± 6 keV 498.9 ± 5 keV 
'Y(l) 27.4 ± 0.2 keV 63.2 ± 0.5 keV 
12) 11.1 ± 0.1 keV 12.7 ± 0.1 keV 
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Another possible expl~nation is suggested by the poor agreement for A=l9, 

where wave function calculations show strong admixtures of higher shells. 

Such admixtures appear to be appreciable only at the beginning of the 

(ld5/2)-shell. 

b. Fitting ofthe supermultiplet scheme to the (lp)-shell. The 

seniority scheme was not used to fit the (lp)-shell data because it does 

not apply over the two (lp3/2) and (lpl/2) subshells. Also, due to the 

extremely high accuracy of some of the data in this shell, the x2 was 

strongly influenced by these values. To eliminate this strong dependence 

on such limited data, 10 keV were added in quadrature to all experimental 

errors prior to fitting the data. (Table 15 shows only the experimental 

error.) 

The variation of x2 as a function of A for the (lp)-shell was ob-

served to be similar to that shown in Fig. 37. In this shell, only two 

cases were considered. 

( I) All the single displacement energies listed in Table 15 except 

for mass 8 and 12, which for reasons identical to those discussed for 

mass 20 and 24, were replaced by their respective double displacement 

energies. 

(II) All the single displacement energies for the (JiT;T)=(3/2-;3/2) 

data. 

The values obtained for ·the parameters in the (lp)-shell using the 

supermultiplet scheme for the two cases are given in .Table l7b. The 

calculated displacement energies obtained using these parameters are 

given in columns 6 and 8 of Table 15. 2 The X per degree of freedom for 

,. 

.... 
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case (1) was found to be 33.9 and the x2 
J?er degree of freedom for case 

(rr) was found to be 0.72; both calculations were done with 10 keV added 

in quadrature to the experimental errors. A comparison of the calculations 

and the experimental data shows good agreement can be obtained using only 

the T=3/2 data. 

The relatively poor fit (average error ~80 keV) obtained for case 

(I) is not surprising in view of the particle instability and strong iso-

spin mixing which exists in some light nuclei. It appears likely that the 

unbound character of both mass 5 nuclei may give rise to significant 

Thomas-Ehrman shifts, that could readily account for the deviations ob-

served. 

Similarly, 

larger deviation 

the instability of 6Be.appears to contribute to the 

6 6 observed for the Li- Be displacement energy as compared 

.to that of the 6He...;6Li displacement. The average error for the mass 7 

T=3/2 quartet is also observed to be larger, even in the good fit in 

case (II). Because it was necessary to use excited states in the case 

of the A=l3 and A=l5 T=l/2 doublets, the simple approximation of the can-

• II 68 cellation of core contributions may not be valid. F~nally, Janecke has 

shown in a detailed analysis of T=3/2 and ~=2 states that the observed 

deviations for these Coulomb displacements·can be at least partly attrib-

uted to isospin mixing. · The good fit obtained for case (II) ; which uses 

only the T=3/2 data, may indicate this mixing is strongly dependent on 

T but not A. The range of data fit, however, is relatively small. 
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3. Mass Predictions 

Using the parameters listed in Table 17, it is possible tc cal-

culate any Coulomb displacement energy within the (lp)- and (ld5/2)-

shells. Thus, if the mass of an? member of a multiplet is known, the 

masses of the other members can readily be predicted. The masses of 

eight, as yet unmeasured, neutron deficient nuclei have been calculated 

in this manner. The results for both schemes are given in Table 18,69 

"N'here the quoted errors include only the experimental err J::· Jf the 

masses upon which the prediction is based. For example, the mass of 

25
si is obtained by adding the displacement energy, minus the neutron-

hydrogen mass difference (0.7824 MeV) to the mass of the T=3/2 analogue 

state in 25Al; since the experimental error quoted on that state is 

±8 keV, that is the error quoted in Table 18. The agreement between 

calculations made using both coupling schemes is found to be'very good; 

the worst deviation noted was 48 keV for 24si. Also shown in Table 18 

are the mass predictions by Kelson and Garvey, 69 which are found to be 

consistently lower, except for mass 8. 

Based on the predicted masses given in Table 18, the unreported 

nuclei, 
20

Mg and 24si are expected to be stable since their last proton 

is bound by more than 2.70 MeV. The nuclei 22Al and 23Al are predicted 

to be stable to proton emission by 'IJ0.16 MeV, while the nuclei. 19Na and 

8c are predicted to be unstable by 0.36 and 4.00 MeV, respectively. 

In a similar manner, the excitation energies of T=2 states in 

some T =0 and ±1 nuclei have been calculated, and the results are 
z 

.. 
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Table 18. Mass predictions for neutron deficient nuclei within the 
(lp)- and (ld 5/2)-shells. 

Mass excess calculated using: 

Nuclues Seniority Scheme Supermultiplet Scheme 

{MeV ± keV~=I: (MeV ± keV)=I: 

Garvey-Ke1son 
Prediction(a) 

8c 35.62 ± 120(35-54 ± 120)b 35-79 

19Na 12.965 ± 25* 12.968 ± 25* 12.87 

20Mg 17.509 ± 2 17.510 ± 2 17.40 

21.,;, ug 10.916 ± 7 10.910 ± 7 10.79 

22A1 18.059 ± 30 l7.93t 

23Al 6.743 ± 25 6.758±25 6. 7l 

24Si 10.765 ± 5 10.813 ± 5 10.72 

25Si 3.828 ± 8 3.Bo4 ± 8 3-77 

* . The errors quoted only include the experimental error in the masses 
upon which the prediction is based. 

* + The ground state mass excess is calculated assuming that the lowest 3/2 

state in l9Na is at 0.095 MeV, as in its mirror, l9o. 

tThis value is calculated for the Garvey-Kelson mass prediction using the 

new value for 
22

F. 70 

(a)I. Kelson and G. T. Garvey, Phys. Lett. 23', 689 (1966). 

(b)The value in parenthesis is calculated using the supermultiplet scheme 

and the (J'IT;T).= (3/2-; 3/2) data. The other value is based on the 

total J'IT = 3/2- and even A data. 
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tabulated in Table 19 for the (lp) -shell. The T=2 state in 
8

Be can 

decay through only one isospin allowed channel, to 6He + 2p, to which 

it is predicted unbound by ~0.16 MeV. The T=2 state ·excitations pre-

dieted for nuclei in t.he (ld5/2) shell are given in Table 20. The 

mass-22 multiplet is assumed to have seniority=2, and consequently the 

relevant predictions for the T=2 excited states in the T =0 and ±l 
z 

nuclei depend upon whether the J of these states is even or odd. Since 

22 70 + the F ground state probably has J=l , the predictions for the odd-J 

case are more likely correct. 

Finally, the mass differences of all remaining members of multiplets 

within the (lp) and (ld5/2) shells have been calculated and are given in 

Tables 21 and 22 respectively. It should be emphasized that the values 

tabulated here are the mass differences, the neutron-hydrogen mass 

difference has been included. Thus, for example, if the mass of 210 

were known, the mass of its T=5/2 analogue in 21F could be calculated 

in the seniority scheme by simply adding the value listed in the table; 

i.e., 2. 712 MeV. 

r 
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Table 19. Predicted excitations of unobs.erved T=2 analogue states 

in (lp) shell nuclei. using the supermultiplet scheme. 

Nucleus Excitation energy of T=2 state calculated using: 

All iTT = 3/2 & even A data All (iTT;T) = (3/2-;3/2) data 

(MeV ± keV) (MeV ± keV)t 

Li 10.72 ± 120 10.88 ± 120 

8 
Be 27.40 ± 120 27.59 ± 120 

10.73 ± 120 10.85 ± 120 

t The errors quoted only include the experimental errors in the masses 

upon which the prediction is based. (ie. 
8

He mass excess 

= 31.65 ± 0.12 MeV) . 
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Table 20. Predicted excitations of unobserved T=2 analogue states 

in ( ld
5
/ 2 )-shell nuclei. 

Nucleus J 

20Na 0+ 

22Ne even 

odd 

22Na even 

odd 

22Mg even 

odd 

24A1 + 
0 

Excitation energy of T = 2 state 
Seniority scheme 

(MeV±keV)t 

6.492 ± 30 

14.011 * ± 30 

13-987 ± 30 

14.760 ± 30 

14.727 ± 30 

13-978 ± 35 

13-953 ± 35 

5-954 ± 9 

calculated using: 
Supermultiplet scheme 

t (MeV±keV) 

6.486 ± 30 

5-971 ± 9 

t The errors quoted only include the experimental error in the masses 

upon which the predictions depend. 

* of 22F being 2.828± All mass-22 predictions depend upon the mass excess 
. 70 

0.030 MeV. 
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Table 21. · Predicted mass differences between members of 

higher (>3/2) isobaric multiplets in the (lp)-shell 

using the supermultiplet scheme . 

between Mass difference Supermultiplet SchemP _ 
T analogue states in: All J = 3/2-; even A All (J;T) = (3/2 ;3/2) 

data (MeV) data (MeV) 

2 12 * B l2Be 1.077 1.080 

2 
12 * c 12 * B l. 675t 1.596 

2 12 * N 12 * - c 2.273 2.111 

2 120 12 * 
- N 2.872 2.627 

5/2 9Li 
-l(-

- 9He -0.016 0.109 

5/2 9Be * 9L. * o.6o4 0.617 - 1. 

5/2 9 * - 9Be * 1.224 B 1.125 

5/2 9 * c 9 * - B 1.843 1.634 

5/2 9N 9 * - c 2.463 2.142 

5/2 
11Li * llHe 0.582 - 0.710 

5/2 
11 Be * l~i* - 1.177 1.210 

5/2 
ll * llBe * B 1.772 1. 710 

5/2 
ll * c ll * 

- B 2.367 2.210 

5/2 l~ ll * - c 2.962 2.711 
lOLi * lORe 3 -0.015 0.159 
lOBe * lOL" * 0.664 3 - 1. 0.593 

3 
10 * B 10 * Be 1.200 1.168 

3 
10 * c 10 * 

- B 1~807 1.672 

3 
10 * N 10 * - c 2.414 2.176 

3 100 10 * 
- N 3.021 2.681 

tThis value has been experimentally measured and has been included in the 

data fit. 
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Table 22. Predicted mass differences between different members of 

T = 5/2 and 3 isobaric multiplets in the (ld
5
/ 2) shell. 

r-

Mass-difference between Mass difference caluclated with _r 

T analogue states in: 
Seniority scheme Supermu1tiplet scheme 

(MeV) (MeV) 

5/2 21Al-2~* 4.492 4.508 

5/2 2~ * 2~ * g - a 4.047 4.054 

5/2 2~ * 2~ * a.- e 3.602 3.6oo 

5/2 2~e*-2~* 3.157 3.145 

5/2 '2~* 21 - 0 2. 712 2.691 

. 5/2 23Si-23Al* 4.893 4.911 

5/2 23 * 23 * A1 - Mg 4.452 4.460 

5/2 23Mg*-23Na * 4.012 4.010 

5/2 23N :* 23N * a- e 3-571 3-559 

5/2 23Ne*-23F 3-130 3.108 

3 22Si-22A1* 4.915 4.937 

3 
22 * 22 * 

Al - Mg 4.472 4.484 

3 
22 * 22 * Mg - Na 4.029 4.032 

3 
22 * 22 * Na - Ne 3.586 3·579 

3 
22 * 22 * 

Ne - F 3.144 3.127 

3 22F*-220 2.701 2.674 

v· 
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VI. SUMMARY AND CONCLUSIONS 

·. 3 .· 
The (p,t) and (p, He) two nucleon transfer reactions have been 

utilized to produce high-isospin analogue states in (2s....;ld) shell nuclei. 

The results obtained for T=2 (T=3) states in T =0 (1) and T =1 (2) z z 

nuclei are summarized in Table 3,· A comparison of the cross sections of 

these Tf=Ti+l states ..vith that expected from DWBA predictions has shown 

excellent agreement throughout. As a result, it appears to justify the 

M approximation that small kinematic effects in BNL (ki ;kf) [see Eq. (II-1)] 

can be neglected when populating analogue states by the (p,t) and (p, 3He) 

reactions. The agreement obtained establishes this comparison as an 

unambiguous test for such Tf=Ti+l analogue states. 

In addition, the (p,t) re~ction has been used to extend the known 

level information throughout the sd shell, particularly on 18Ne and 34Ar. 

These (p,t) results are summarized in Tables 1 and 5. The characteristic 

angular distributions observed in the (p,t) reaction permitted the assign-

. 7T . 
ment of numerous J values throughout the shell. 

A detailed comparison of cross sections for analogue states pro-

· duced in these reactions with Tf=Ti was also carried out. Where the states 

compared were free of interferences, or where the relative magnitudes of 

the unresolved states could be predicted, the cross section ratio could 

indeed be utilized to distinguish between transitions involving j 2 and 

j 1j 2 pickup, and hence provide information on the structure of the final 

state. The cross section ratio for j
1

j 2 states .can in principle be used 

to provide information on the J7T of a state. However, in the data ob-

tained in this work only a single case lends itself to this interpretation 
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.( 38Ar 13.332 MeV- 38c1 2.752MeV), and here statistics are inadequate 

to permit definite conclusions. This method could prove to be more use-

ful in higher A nuclei. .~ 

Using the expressions for Coulomb energies as derived by Hecht, 8 

general formulae for displacement energies were derived in two limiting 

coupling schemes. The resulting formulae were parameterized, arid all 

available (lp)- and (ld5/2)-shell data were fit. Although the parameters 

obtained can provide information on the non-Coulomb charge dependent 

forces, the region of data fit was inadequate to permit any conclusions 

of this nature. The parameters were used, however, to predict a number 

of masses of unreported nuclei, and the excitations of high T states in 

these mass regions. 
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,FIGURE CAPriONS 

Fig. l. The general layout of the 88-inch cyclotron and the Cave 2 

external beam facility. 

Fig. 2. The detailed diagra~ of the scatterchamber, gas target and 

gas handling apparatus used in these experiments. 

Fig. 3. A schematic diagram of the electronic setup used in con-

junction with the two counter particle identifier: only system 1 

is shown in its entirety, system 2 being identical. 

Fig. 4. A representative pa.rticle identifier .spectrum with router 

gates set as marked on the safety group ( 1) .• the triton group ( 2), 

the 3He group (3) and the a"':'particle group ( 4). 

. 20 18 Fig. 5. Energy spectra of the react1ons Ne(p,t) Ne and 

20
Ne(p, 3He)

18
F, taken at SLAB 26.8o for 2570 f..I.Coulombs. The 

target was a 4o:60 mixture of neon and methane, the neon being 

99.9% enriched in 
20

Ne. All peaks whose energies are marked 

(unbracketed) were used as calibrations. 

Fig. 6. Energy spectra of the reactions 2~e(p,t) 19Ne and 

2~e(p, 3He)
1

9F taken at SLAB 22.3o for 4880 f..LCoulombs. The 

neon target was enriched to 56.3% in 
2~e, and included 21.1% 

20 ·. 22 
Ne and 22.6% Ne. All peaks whose energies are marked 

(unbracketed) were used to establish the calibration. 

Fig. 7. Angular distributions of the reactions 21Ne(p,t)19Ne and 

2~e(p, 3He) 19F leading to the T = 3/2 analogue states, the 
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(p, 3He) cross sections having been multiplied by 0.93 to correct for 

kinematic effects. The angular distributions of the reaction 

2~e(p,t) 19Ne leading to the 4.013 MeV and ground state, are shown 

for comparison. The dashed curves represent DWBA fits for the L 

values indicated, using the parameters given in Table 2. The 18Ne 

g.s. is also shown. 

Fig. 8. 
22 20 

Energy spectra of the reactions Ne(p,t) Ne and 

22 ( 3 )20 6 Ne p, He F taken at SLAB= 3 .2° for 9280 ~Coulombs. The 

target was a 50:50 mixture of neon and methane, the neon being 92.o% 

. h d . 22N enr~c e ~n e. All peaks whose energies are unbracketed were used 

to establish the calibration. 

Fig. 9. Energy spectra of the reactions 25Mg(p,t)23Mg and 25Mg(p,3He) 

23Na taken at SLAB 24.lo for 970 ~Coulombs. The target was 

9l.5m enr1.'ched 1.'n25Mg. All k h · k d ( 70 • pea s w ose energ1.es are mar e un-

bracketed) were used as calibrations. 

Fig. 10.·; Angular distributions of the reactions 25Mg(p,t)
2

3Mg and 

25Mg(p,3He)23Na leading to the T = 3/2 analogue states, the (p, 3He) 

cross section having been multipl:Led by 0.92 to correct for kinematic 

effects. The angular distributions of the (p,t) reaction leading 

+ + to the 5/2 0.450 MeV state and to the 3/2 ground states are also 

shown for comparison. The dashed curves represent DWBA fits for the 

-L---values- ind-icated,-usi-ng-~the .-pal"ameters -g-ive-n-- i-n-Ta-ble~2. --~ 

Fig. ll. Energy spectra of the reactions 26Mg(p:,t)
24

Mg and 

26 3 24 -
Mg(p, He) Na taken_at SLAB = 22.3° for 3200 ~Coulombs. The 

target was 99.2% enriched in 26Mg. All peaks whose energies were 

marked (unbracketed) were used to establish calibration: see text. 
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Fig. 12. Energy spectra of the reactions 308i(p,t)
28

8i and 

30
81.' (p, 3He)

28
Al taken a·t· SLAB 18 0° f 2150 C l b = . or ~ ou om s. The 

target was, 89. 12% enriched in 308i; the remaining target components 

were 10.16% 288i and 0.72%_ 298i .. The calibration was established 

using the resolved known states shown. 

Fig• 13. Angular distributions of the reactions 308i(p,t)288i and 

308i(p; 3He)28Al leading to the T = 2 analogue states, the (p, 3He) 

cross section data having been multiplied by 0.62 as suggested by 

Eq. IV-l. The distributions of the (p,t) reaction leading to the 

28
8i ground and L 780 MeV states are shown for comparison. The 

solid curves represent DWBA fits for L = 0 (analogue T = 2 and 

ground states) and L == 2 ( l. 780 MeV state) using the parameters 

given in Table 2. 

Fig. 14. · Energy level diagrams of knoWn T = 1 states in mass-28 and 

32 F 1 ·t th T o 1 1 · 288· ·a 328 h b mass- . or c ar1. y, e = eve s 1.n 1. an · ave een 

deleted, and the lowest T = 1 levels in all nuclei in the triad have 

been set equaL 

Fig. 15. Eriergy spectra of the reactions 348(p,t)328 and 348(p, 3He) 

32P taken at BLAB = 22.3° for 6380 ~Coulombs. The target 67.92% 

34 . . 32 33 36 enriched in 8, w1. th 31. 55% 8, 0. 44% 8 and 0. 09% 8. The 

calibration for the T = 2 states was established using the clearly 

resolved known states shown . 
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Fig. 16. Energy spectra of the reactions 36Ar(p,t)34Ar and 

36
Ar(p, 3He)34cl taken at BLAB 24.1° for 3450 ~Coulombs. The 

argon gas used was 99.6% enriched in 36Ar. The excitations shown 

(bracketed) were determined in this work; the calibration was 

established using the unbracketed states and a c~2 target run 

before and aft;er the Ar experiments: see text. 

Fig. 17. Energy spectra of the reactions 36Ar( d,a:)34cl, 

38Ar(d,a:)36cl and 40Ar(d,a:)38cl all taken at BLAB 22.3° for 

2200 ~Coulombs, 4ooo ~Coulombs and 5300 ~Coulombs resp. The 36Ar 

target was 99.6% enriched in 36Ar, the 38Ar target was 50.8% en-

38 40A· t 1 t t riched in Ar and the r targe was a natura argon arge 

t:nt 4o ( 99. u1o Ar). 

Fig. 18. Energy level diagrams of the known states in mass-34. The 

4 4 ground states of 3 8 and 3 Ar are normalized to the same energy as 

the 34c1 ground state. Some levels not observed in these ex-

periments are deleted. 

Fig. 19. Angular distributions of the reactions 36Ar(p,t)3 4Ar and 

36Ar(p,3He)34cl leading to T = 1 final states. The 3He data have 

been multiplied by 2kt/k
3 

as suggested by Eq. IV-1. The 
He 

dashed curves through the triton data serve to guide the eye; the 

identical curves have been drawn through the 3He data 

(arbitr_arily_normalized)_.to facilitate shape compa-rison.-----

Fig. 20. Angular distributions of the reactions 36Ar(p,t)34Ar, 

38Ar(p,t)36Ar and 40Ar(p,t)38Ar leading to Jn = 0+ and 2+ states. 
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The dashed curves are DWBA fits obtained using the parameters given 

in Table 2. The errors shown on the points are based purely on 

counting s~atistical errors, with no inclusion of background error. 

Fig. 21. Angular distributions of the reaction 36Ar(p, 3H~)34cl 

leading to T = 0 ·final states. The dashed curves serve only to 

guide the eye; they have no theoretical significance. 

Fig. 22. Angular distributions of the reactions 36Ar(p,t)3 4Ar and 

36Ar(p, 3He)34cl leading to final states of higher excitation. The 

curves through the data serve only to guide the eye. The errors 

on the ·data are purely counting statistical e.rrors. No J7T; T 

could be assigned for these states from this work. 

Fig. 23. Energy spectra of the reactions 38Ar(p,t)36Ar and 

3
8
Ar(p, 3He)36cl taken at BLAB = 22.3° for 7562 J.lCoulombs. The 

. 8 
argon gas was 50.8% 3 Ar; the· other components were 23.3% 

36 4o Ar and 25.9% Ar. The excitations shown bracketed were determined 

in this work; the calibration was established using the known re-

solved states marked. 

Fig. 24. Angular distributions of the reactions 38Ar(p,t)36Ar and 

38Ar(p, 3He)36cl leading to T = l and T = 2 analogue final states. 

The 3He cross section data corresponding to the 36cl ground and 

1. 949 MeV states have been normalized to the triton data; that 

. . 36 
corresponding to the proposed state in Cl at 3.12 MeV has been 

multiplied by the factor predicted assuming its formation by 
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(2s 1/2)
2 

pickup.· The 3He data corresponding to the T = 2 

analogue has been multiplied by the factor suggested by Eq. IV-1. 

The dashed curves through the triton. data serve to guide the eye; 

the identical curve has been drawn through the 3He data. 

Fig. 25. Angular distributions of the l:'eaction 38Ar(p,t)36Ar leading 

to T = 0 final states. The curve serves only to guide the eye. 

Fig. 26. Energy spectra of the reactions 40Ar(p,t)38Ar and 40Ar 

(p, 3He)38cl taken at BLAB = 26.8o for 12553 ~J,Coulombs. The 

target was a mixture (80:20) of natural argon (99.6% 40Ar) and 

methane. The states shown bracketed were determined in this work; 

the calibration was established using the known resolved states. 

Fig. 27. Angular distrihution of the reactions 40Ar(p,t)38Ar and 

40Ar(p, 3He)38cl leading to T = 2 and T = 3 final states. The 

T = 2 3He data with corresponding triton data was multiplied by 

the factor predicted based on the configuration of the pickup 

forming the state. The T = 3 3He data have been multiplied by 

the factor suggested by Eq. IV-1. The dashed curves through the 

triton data serve to guide the eye; the identical curves have 

been drawn through the 3He data. 

Fig. 28. Angular distributions of the reaction 
40

Ar(p, 3~e)38cl 

leading to T = 2 final states whose triton analogues were not 

observed with sufficient cross section to permit comparisons. The 

r'-

J 

dashed curves serve to guide the eye. i' 
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Fig. 29. Angular distributions of the reaction 40Ar(p,t)38Ar 

leading to T = 1 final states. The dashed curves serve to guide the 

eye. 

Fig. 30. Energy spectra of the reactions 42ca(p>t) 40ca and 

42 ·3 4o Ca(p, He) K taken at eLAB = 26;8o for 3554 ~Coulombs. The 

4 4 al . 42 . target was 9 . 2/o enriched in Ca. The excitations of the T = 2 

states were determined' using those known resolved states shown 

as calibrations. 

Fig. 31. Energy level diagram of the known T = 1 states in mass-20. 

The 2°F and 20Na ground states have been normalized to the lowest 

20 T = l level in Ne for comparison. 

Fig. 32. Angular distributions of the reaction 
22

Ne(p,t)20Ne and 

22Ne(p, 3He)2°F leading toT = l final states. The 3He data have 

been multiplied by the factor predicted assuming j
2 pickup. The 

solid lines through the triton data serve to guide the eye: the 

identical lines h~ve been drawn through the 3He data. The broken 

lines represent DWBA fits, for L = 2 in the case of the 20Ne 

10.275 MeV state, and the L values indicated for the 

20Ne 12.250 MeV state. The parameters used are given in Table 2. 

Fig. 33. Energy level diagram of the known T = 1 states in mass-24. 

24 24 . 
The Na and Al ground states have been normalized to the lowest 

T = l level in 24Mg to simplify comparison. 

Fig. 34. Angular distributions of the reactions 30Si(p,t)28si and 

30si(p, 3ne)28Al l~ading toT = l final states. The solid curves 
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serve to guide the eye; the identical curve has been drawn 

through the 3He data. The dashed c'llrves represent L = 0 (for the 

' 
10.700 MeV state) and L = 2 (for the 9.379 MeV and 10.909 MeV 

states) DWBA fits using the parameters in Table 2. 

Fig. 35. Energy level diagram of the known T' = l states in mass-36. 

The 36c1 and 36K ground states have been normalized to the lowest 

T = 1 state in 36Ar to simplify comparison. 

Fig. 36. Energy levels of the known T = 2 states in mass-38. The 38cl 

ground state has been normalized to the predicted excitation of the 

lowest T = 2 state in 38Ar. The lowest T = l state in 38K has 

been normalized to the 38Ar ground state for comparison. 

Fig. 37. A plot of the goodness of fit parameter (x2 ) versus the 

strength of the A de~endence (~) used in predicting Coulomb 

energy differences based on the seniority and supermultiplet 

energy equations for the (ld 5/2)-shelL The significance of the 

curves I, II, and III is discussed in section V-C of the text. 

)! 
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LEGAL NOTICE 

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

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

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

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