Lawrence Berkeley National Laboratory
Recent Work

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

Permalink
https://escholarship.org/uc/item/36n8t6dx

Author
Brunnader, Heinz.

Publication Date
1969

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/36n8t6dx
https://escholarship.org
http://www.cdlib.org/

i s% ks

RECEIVED
LAWRENCE
RADIATION LABCRATORY

AR 17 19bd

3
THE (p,t) AND (p, "He) REACTIONS ON
(2s-1d) SHELL NUCLEI

Heinz Brunnader
(Ph. D. Thesis)

January 1969

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
: which may be borrowed for two weeks.
b For a personal retention copy, call

Tech. Info. Division, Ext. 5545

R s e sl

LAWRENCE RADIATION LABORATORY

w "\*___#,\’ L .

UCRL-18716

“/‘;'
Ve
/

_______ B &_ﬁw@

f

UNIVERSITY of CALIFORNIA BERKELEY

91L87-T1TYDN



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain coirect information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRL-18716

UNIVERSITY OF CALIFORNIA

(\ l ' " Lawrence Radiation Laboratory
“ Berkeley, California 94720°
AEC Contract No. W=Th05-eng-L8.

< o

THE_(p,t) AND'(p;3He)'REACTi0Ns ON (2s—ld)VSHELL NUCLEI

B HeinZ'Brﬁnnader'
-~ (Ph.D. Thesis)

. 3.'January 1969

<



I.

II1.

III.

v,

B.

-iii-

TABLE OF CONTENTS

Cross Section Ratios of Analogue States ........

Selection Rules for Two Nucleon Pickup Reactions

EXPERIMENTAL PROCEDURE ............ e

D.

Cyclotron and External Beam Facilities .........

Targets viieeveertvanensnssassnnesas ‘;............;
Detectors and Electronics ..... P et esessennus

Data Handling ...eceeov.. e tereeierie i,

EXPERIMENTAL RESULTS .....ccevievinns et essene EEEEREE

A.

B.

26,

_hO

20 18 20
Ne(pst)
21 21

22I\Te(p,t)20Ne and 22Ne(p, He) F T=2 States ...

25Mg(p,t)23Mg and 25Mg(p; Hé) Na; T=3/2 States

Mg(p,t)ehMg and 26M (p,3He)2hNa; T=2 States ..

30 30

34

51(p,t)%%1 and 3%i(p,3He)2%A1; T=2 States ..

(p
s(p,t)3% ana 345(p,3He)3%p, 1=2 States ......

3k 36

300r(p,t)3ar, 36 Ar(p,_He) C1 and ar(a, )3

‘Reactions .f;;,.....; ........................ e

38

t)36 38 Ar(d o)

Ar(p, Ar, Ar(p, He)36Cl and °
Reactlons et iseeeeean i iee s e re e eneeea
Ar(p,t) Ar, Ar(p,3Hé)3801 andvho r
Reactlons ..Q...;Q.;.,..;...};...; ............ .

l‘LQCa(p t)""Ca and k2 Ca(p, He)hOK; T=2 States ...

Ne(p5t)l9Ne and Ne(p,3He)l9F;'T=3/2 States .

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

---------

oooooooooo

Ne and Ne(p,3He)l8F Reactions ....... PR .

oooooooooo

----------

----------



e

V.  DISCUSSION OF RESULTS

-iv-

A. Cross Section Ratioé of States with T =Ti+l

f

B. Cross Section Ratios of States'ﬁith.Tf=Ti,..
20

1.

Mg -

28g; _

y, 32

Ne -~

- 36

Ar -

6. Fpr

S -

20

2k

32
36,
38

F T=1 States

D R R I I I R I O O I N A NI N S S P

LR R I N A A N Y

@9 000 000 rLLeNI AT EELESIOETS O EOETDN

~-Na T=1 Statés,...;;.
2By ) Dol States seveeriiiirinenn.
“P T=l'Statos s
Cl T=i Stafes .....;..

c1 T=2=Statés e

C e s s e 0

s e s s v e s

L A N T N .o

C. Coulomb Dlsplacement Energles of Analogue States ..o......

1. Calculatlon of Coulomb Energy Dlsplacements ceesraaen

2. Coulomb Displacement Energies-Comparison

w1th Experiment

- 3. Mass Predictions

"BEFERENCESV....{..

FIGURE CAPTIONS ....

- ACKNOWLEDGMENTS .....

VI.' SUMMARY AND CONCLUSIONS

es s et e s e s es s s eevvnse L R R N

I R e L R R I S B N R RS N W I W )

..... sesese
ss s s .o
cs e
. . e v e

LI Y e e s » .
. e v e ..

. .. . . .
. . . .

90
90

96

lo2

108

. 11k

116

121

126

126

133

148

155

. 157

159

.. 165



i
i

-y -

THE (p,t) AND (p, He) REACTIONS ON (2s-1d) SHELL NUCLET .
| Heinz Brunnader

Department of Chemistry and_Lawfence Radiation Laboratory
University of‘California, Berkeley, California 94720

January 1969

ABSTRACT
" The excitatibns of high isospin (T=2) aﬁalogue states in the
TZ¥O and the T£:+l"A=hn ﬁucléi have been measured for the entire (sd)
shell using the‘(p,t) and (p,3He)_reactions induced by 45 MeV éfotons.
Also? the reactions hOAr(p,t)BsAr and'hoAr(p,ﬁHe)38Cl wvere ﬁtilized to
observe the firsth#3 analogue states in the f%¥l and TZ=2 nueclei. in_
addition to these‘high TQstatés, é nﬁmber of T=1 analogue stétés wére

also observed. The ratio of the observed cross sections for these T=1

analogue states was compared with the ratio predicted from the DWRA

- cross section expressions. This predicted ratio is found to depend on

the type of transition by which the final analogue states are formed,
and hence may be used to provide structural information on the anzlogue

without the use of detailed wave functions. The (p,t) reaction was

. further utilized to extend the range of known excitations in the nuclei

in ' ' ” :
3 Ar. 'All Coulomb displacement data in the (1p) and (23.,.)

Ne and
shells,:ihcludiné those derivedtfrom tﬁis work, were fitted to param-
eterized Coulomb displaéement energy forﬁulae derivea.in:the 3j-coup-
ling_lo& seﬁiority and Qignef Supermulﬁiplef_échemes.. The re;ults wvere

used to predict the masses of yet unmeasured neutron deficient nuclei

in this region.

w
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I.“INTRODUCTIONv
There has been an increasiné utilization of two nucleon transfer
reactions in recent yeers to determine nuclear level structure and to
obtain spectroscopic:infbrmation. Much ef'this information has been_de—
rived from a eomparieon of characteristic shapes of angular distributions
of reaction products. -Hewever,ithe increasing applieation of distorted

1-5

wave Born approximation (DWBA) caluclations™ ~ has permitted the interpre-
tation of the results in terms of detailed nuclear structure.

The -differential cross section fer a two nucleon transfer reaction,

neglecting spin-orbit forces, can be written as:

S0y o N L2 1/2 0 . .51 2
(35 z f(S,T)Iz ,_4’ (2%, LSJT) NL(E 6 Q)l C(1e1)
LSJT N :

where Zlfandjgz afe'the.angular?momentavof’the transferred hueieoﬁs_which
can be'coupled to Stdtes.bf LSJT;,gdl/Q:iS the_speetroscopic factbr, and
"B is the trans1tlon probablelty of a structureless palr of par+1cles As
va result of thlsicoherent sum over_ef /_ and B, the detalled comparison
with experlment is strongly dependent upon accurate wave functlons

;Seme'SPectroscopic information, however? can be obtained withoﬁt
_ defaiiedvﬁeQevfunctiens frem'the‘compafiSOns of the eross sections of
_analogue fihai states.(Seme“JﬂéT) produced by mirror reactione; - an
examplezﬁoﬁld beAthe (é,t)veﬁd (p,3ﬁe) reactions. Forvfihal states with
‘a finel_isospin -Tf ;”Ti + i‘both reactions are resfricted to S=O- T=1

’  ﬁranefer. Consequently, the angular dlstrlbutlons observed for the.

/ outgolne trltonq and 3ﬂe partlcles populatlng such states should ve



identical in shape and differ only in magnitude by a factor depending on
the reaction kinematics and on an isospin Clebsch-Gordan coupling'co-

6.7 to identify the

efficient. This fact has been utilized préyiously
T=3/2 and T=2 states produced by these reactions. This thesis extends .
such comparison to states of high isospin (Tf=Ti+l) in (sd)-shell nuclei.

For final states with Tf=Ti (Ti=l’2)’ the cross section ratios

for analogue states are"fdund:to depend on the type of transition by which
they are produced. Hence tﬁe ratios caﬁ be used to distinguish Stétes-pro—
duced by the pickup of two particles from the same shell (i.e., j2 pickup)
orvdifferent shells (jljg—pickup).v In certain favorable cases, the cross

- section ratio observed for 3132 pickﬁp may also be used tO'detefmine the
spin and parity of the final states.‘ A“comparison of theIObseerd cross

» sectioh ratioé‘with those predicfed from nuclear'configuratiohs is méde,
.féf.Tf=Ti states'in_nucleivof the.(sd)—ghell;

Assuming‘the charge‘independende of’nucleaf forces analogue states
will have identical nuclear configurations,ithe differences in their
masses,_corrected fér the neutron-hydrogen méSS’difference, should;
therefore be due simély to the Coulomb interaéfion. Recently; Hecht8 has
defived Coulomb enérgy formulae for two limiting coupling schemes: the

jj-céupling 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 inferpreted as“non-Coulomb_charge—dependent effects,

including the charge—dependénée of nuclear‘fdrces. In this work,-however,



e

~ formulae were used in the (1d

the general displacement formulae have been parameterized and fitted to
the experimental data.
Multiplets based on ground states with T=TZ >0 which lie entirely

within either the (1p)- or (1c15 /2)—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

)-shell in order to determine the effect

5/2

of the different éoupling schemes. Ohly the supermultiplet scheme was

used to fit the (1lp)-shell, because the seniority scheme is not valid

‘over the combined (lp3/2)— and (lp1/2)—shelis.

The good agreement obtained in fitting the é#perimentai dataiin—
dicate that these formulae may be used to prediét the masses of yet un-
measured nuclei and their analogues from the known mass of any one member
of 'a multiplet. Such.prédictidns.haQé been tabulated fof multiplets of
T > 2{ In caseé Whefe]novmémbérs of'a multiplet have been reported, the

Coulomb displacemént.enefgies 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

2,9

reactions have been deveiopedl’ >” and have been extensively applied to
experimental data. Because of the coheréht sum over structural and
kinematic factors, the two—nugieon transfér DWBA theory requires the
knowledge of detailed nuclear;ﬁave funcfi&ﬁs for the initial and final
states of the reactioﬁ in order to calculate spectroscopic information.
As a .result, a comparison of¥observed infensities with predicted valﬁes
providés a very sensitive test of the nuclear wave functions. ¥No wave
function information; howéver,vcan be obtained directly from the ex- -
periment using this approach becaﬁse of these cbherent effects.

HoweVer; by_comparing the experimental Cross éectiénvratio ob-
tained for the‘mirror pickup reéctiéns, (b,t) and (p;3He), proceeding to
analogue fihal’stéteé (identiéél Jﬂ;T),'With the calculatéd ratio, some
ﬁuclear structure ihformation can be'obtained. Using the DWBA formalism

ovalendenning,l the exPression for the differential cross section,

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

do _2.25 2.25 N LM 2 | |
(dﬂ "k, Csp M'Ld Cyrsor By (kyokp) ' (11-1)
N o :

i LSJT

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

M is its projection, and K,

going and incoming particles, respectively. s

2 .2 m 2 2
. = , ) i
The term Cgp bSTII(Tf.T TZfTZ!TiTZi 19Ip(s,T)]" for a pickup

_énd ki are the wave numbers of the light out--



reaction, where.bgT is an overlap integral involving the spin-isospin

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

state wave functions.

(5. 6.) for (p,t) |
b - : 80 T o R o (II—Q)

: - 3
1/2[(6SO §Tl)f+ (GSl GTO)].for (P, He)
The Clebsch-Gordan coefficient relates the isospins of the initial and
final nuclear states produced by‘the transfer of the nucleon pair with
isospin T and a projection TZ where Tz'is defined as %{N-Z).v The spin
factor [D(S,T)] is a function bf S'and T and results from 1ntroduc1ng

spln and 1sosp1n exchange terms 1n the 1nteract10n potentlal > The

nuclear strugtgre factorerNLSJT,~1s glven by:

el - T8 % L
. 2722 1/2 s NERY

Cxrsar Q Z g )3 RIS PUEEY R
| 1 da 7
x <n121n %,:L|% 0 N L:L) C , o (11-3)

where Qﬁ is the overlap of the relative motion in the térget of the
‘transferred pair with the motion in the light nuclide which is formed -
and can be evaluaﬁéd by the folldwing relationship:

9 -

A l2n_l(n—l)f

i il I T
5 . - n=1,2,...
6n+ v N Ty



The size parameter n of the.light residual,nuclidel is related to its
mean square radius by n2 = l/6<r2) for mass 3 particles. Vv is the
strength‘parameter of the harmonic oscillator wave functions of the
vtransferred fair'of nucleons.

(II1-5)

. - 1 | if [nlﬁljl] = (ngzgjg]

/5 otherwise

‘,Cil/z([n 2.35.1n.2.j.]1; JT) is the spectroscopic factor for the production
B I L M RS Rr=aC) il
of a final state with J,T by pickup of 2 particles with quantum numbers

[nlllJl] and-[nzkgjz] respectively. . The factor, [LSJ] is defined as: -

21 22 L . L, &, L
= 2 5[ [‘(2L+l)(2S+]}_)(23»l+l),(_232+l)]1 L 2 s (11-6)
dy do J Jy do d

whefe {L,5,J} is a-sténdard 9-J COefficient as defined in de Shalit and
Talmilo and comes from the transformatién from j-j to L S coﬁpling; and.
(ﬁlﬁlﬁglé:L | nONL:L ) represents the transformation from the individual
coordinates of thevtwornucieqné to center-of-mass and‘relative coordinates.
.The véiues for‘these transforma£ion braékétsvhave been tabulated by Brody
aﬁd Moshinsky.ll. {Note that the values fabulatéd in Ref. 11 use thé
;rédial Quéntum numbervﬁ, which is.reléted to the principal quantum number'
NL

n by n=n+l.) The term BM' is the transfer amplitude represénting the

probability of transférring‘a stfuctﬁreless pair of nucleons from the



target to the.incident particle. Although there is a slight kinematic
dependence in this term,'it Wiil be treated as'identiCal for both (p,t)
and (p,3He) pickuébe'anélogue stateé. This assumption has been shown to
be accéptable'in the comparison of (p,t) and (b,3He) cross sections for
5=0, T=1 tranéitions>from T=1/2 states to T=3/2 states, where agreement
to better than 10% is obtained for the (lp)shell and the (ld)shell.h’l‘?

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 6bserved 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:

. | - Con(t) ]
Edc/dﬂ)( ) B .zLSJT ST zN ' GNLS’JT(t)' : (11-7)
do—/dQ) ) = ~ . V . 2 . ‘ -
(p,3He) 3 2 (3 ’
e SHe ZLSJT C_ST( He) L‘N[ Cyrggr(He)

+

Restricting these pickup reactions to even-even targets (Jz'= 0)
and‘assuming for the derivation, single initial and final configurations

the summation over M disappears and a further simplificatioh can be made

. : : -> C > -> ) .
in the above expression. Since Jf = Ji + J, then for even-even targets,

Jf-= J. Thus the summation oVer J required. to evaiﬁaﬁe the ratid reduces

.to a single term for both reactions. ' Similarly, for the (p,t) reaction,

" the transition éan_proceed only by S=0, T=1 transfer. From the equation

> > > . ) .
J =L+ 5, it is evident that for S=0, J=L, and hence the summations over



L, 8, and T are also replaced by a single term. The (p,3He) reaction,

howevér, can in generai proceéd'by both 8=0, T=1 and S=1, T=0 tranéfer.

This reduces the summaﬁion over S and T to two terms. Since, in this =
comparison, only the ratio for natural parity states is considered (the
(p,t) reaction on O+ targets can populate only nafural parity states,

i.e., states With ﬂ=(—)J),.again oply a single L can contributg, eliminat-
ing the sum over L. (In principle, for (§,3He) reactions, J=L, L*l, but
since ﬂf=(—)Lﬂi a tfansfer of'Lii would change the parity of the states
préduced and hence_résqlts in unnatural parity states. Thus the:expression

for the cross section ratio, Rc, can beisimplified to give:

2 2
R (47%e) = (@0/a) vy _ X Cor(®) |Cyragn(t) ]
c - ( dg./dQ ) '(vp R 3He) ksHe Z CST( 3He ) GNLSJT( 3He ) 2
s,T |
(11-8)

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

NLSJ v
. _ . ' . : 1/2 .
that only two factors, the spectroscopic factor-(gJ;B ) and the [9j]-
factor can depend on S or T, and hence differ for (p,t) and (p,3He).
_ X ' . . . 2. :
‘By evaluating ﬁhe summatlon? substltut}ng for CST and GNLSJT and
cancelling common factors, Eq. (II-8) can be rewritten as follows:
S ok E I(T: 17 .1 I.7 ) |2 ' : | v
3 _ _t - £ Taf Sitzi i
R,(t/7He) = ¢ 1 T 12 . 3] 12 2
, -3 =[¢(r S+ 2 T
He 2|<Tf1TZfo}TiTzi>l 5R.<TfOTZfO'TiTZi)’ lf(zd)!

(11-9)-



where

f(gi) S — - i - : | - (11-10)

(@)

| and - v . R = ;[D(IO)] zg .
1 - - - ' (11-11)

R is the ratio of strengths of the 51nglet and trlplet spin terms, and

is usually taken to be 1/3. b5

’.sting the relationship :

%, %, | | ' B L8, L

Tan Ty (D)2 41)] - D9 (3150040 | T2

22 =) [3L(L+l)]l/2 520

Jp 3y 9 RPN
(I1-12)

andvrecognizing the following equalitiest

(i) For all stable targets; Ti = TZi

(ii)  For (p,t);szf = T,; - ; = Ti -1

The equallty ‘as glven by M. Rotenberg, R. BlVlnS, N Metropolls, and -
J. K. Wooten, Jr., Table of 3n-j Symbols, Technology Press, M.I.T.
Cambridge (1959), and by de Shalit and Talml,lo are erroneous. The
. ' correct equation has been derived by W. E. Rose and L. C. Biedenharn, in

B report number (ORNL-1779) and J. M. Kennedy and W. T. Sharp in the AECL
report number (CRT-580). : ' -




-10-

N T o -
(iii) For (p? He); T =T, =T,

(iv) For (p,He), 8 = 1 term; T_ = T,

sArrT o |rr ) =(T, 0T, 0]T,T,) =1
-t zfz' 121 i i i'i

‘ ( . ‘ 1 : 2
_ Sk I,:Tf 17-1 1|T1Ti>]
R (t/7He) = - _- :
c k3 . . 1/2 2
He dag (T=0)
o yvi2 1 AB A
KT 1T 0], T | + =6 .
AB v ’
(1I-13)
" where
= . ) 3 _ _ o ' . - . 2 + N
A= 08(0+ 1) - 000, + 1] - (3,05, + 1) J2(J2>> 1)1
(1I-1k) -
2 . ' '
l. - j Pickup:
‘ For a pickup involving twd.particles from the same shell (i.e.,
,_32 pickup), le= 22 and jl = 32.- Hence A = 0, so that there is no
S = 1 component to the transition amplitude_for the (p,3Hé) reaction
between such initial and final states. Thus, the cross section ratio
‘becomes
. : v2k£ KT -1 1fr7)|? |
R,(3%; t/7He) =gx— (11-15)

: - 5
He )
, I(T}lTi o T,T)|
A j2 pickup can produce final analogue states of T%=Ti+l and.
Tf=Ti configurations.. .For these two cases, the Clebsch-Gordan coeffi-

cients can be'evaluéted to give the following results:

-
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oo s Bue) o —t 2
T, =T, +1 R (T, 3t/7He) = = (37 -1) (11-16)
L He f
- 2 3 Ky 2
T, =T, R (3758/7He) = ;57— &~ (II-17)
“He f '
2. jlj2 Pickup:

The pickup of two particles from different shells (i.e., jljg_

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

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

contribute only for the lattef, thelcross section ratib expression for
IStétes of T =T +1 is identical to that given in Eq.v(II-l6).. For the case
of:Tf=Ti,vhowever,_the S=1, T=0 termvcan.nOWACOntribute to fhe'transfer
amplitude of the (p,3He) rgaction. In order to eyaluate the spectroscopiq
factors in the étructuré ﬁérm,.a particular cénfiguration for fhe,final.
state must be assﬁﬁed.“

Algebraib expressions for the.spectroscopic factdrs are given by
Towner and Hardyl3 for tﬁo—nucleon pickup reactions. If one considers

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

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

Y

w2 INCLETOM =05t =l =021 (11-18)
' _1 R S '
- [ 1/2)3 _1/o018 5/2)7 Ls o iac o)
‘ Jp=1/23t.=1/2 /2 t1=1/2'7 Tf
(residual nucleus)
* [(lp 1/2) -1/2 t —1/a(ld_5/2)32 5/2;t -1/2]J,_

(transferred palr)



then:

e -1 (n%
o= (=) .
AB 1

x {(1a 5/2) (J;;ti){l(lc} 5/2

i,jf
1]
X ‘jf

J

f .

where ( {[ }'s are single

/2 n‘1/2

31 9

st
9y

1
J J

~12-

: . n n
(f) ((1p 1/2) l(Ji;ti-){I(lp_ 1/2) b

t, by by

| '
th t, t!
T, T T,

-1

Jf;t

DREE: 1/2)H

o3 s) 5 (2d 5/2) ‘

(II-19)

particlé coefficients of fractional parentage.

Since ‘the shell—model'cpnfigurations are identical for analogue

final states, the cfp's are the
nomial coefficients. Also, the

identical in both the (p,t) and

transition of the'form described above

the (p,3He) reactions.

-~ 1
e 2 Y
l .
' = 1
2 0%
1/2 - :
_ Ay T, 0 T,
)z (w=0r {f " 4 /Te(Tp + 1)
L= 1) [, % t] T
AR - f 2 i
1 !
t - t
2 %
T, 1 Té
. where v o -
v = g _ .v ' : "_ '
T = [£,(6;+1) - £ (£{+1)] - [pf t1+1)]

same for both reactions, as are the bi-
(93] éoeffiéient in J is found to be -

Hence, for a

(II-20)

(I1-21)
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t, and t! and t
i i f

and t% are;the'isospins.giveh by Eq. (II-18). These
t'g arefthe.i$ospins'to which the particles in each active subshell of
the initial ahd final configurations‘are coupled.

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

Clebsch-Gordan coefficients produces the following result

57-1
, : k o ‘ 2 (T, +1)
s s, 3 - t .2 ‘ Lo—_)\ L4 f —
. Rc(quzgt/ He) = PO T ‘[1 *3 2 AT ] (1T gg)

The ratio of differential cross sections tofanalogué states pro-
duced by both the (p,t) and (p,3He)_reactions is summarized below:

(a) Case 1: T, = T, + 1: both thev(p,t) and (p;SHe) reactions

" can proceed only through the S=0, T=1 term in the transition amplitude.

The ratio for this case is ehﬁirely general‘and totélly independént of

any assumed configurations for either the initial and final states.

k

R (T 5 t/3, ) = ; (11-16)
et T+ He' ~ K3y, (er,-1) _
(b) Case 2: 3Tf”= T, > pickup'of'je configuration: Because the

factor A=0 fof this type of trénéition on even—eventfaQéets, ohly the
S=O,'Tél_£ermvcan agéinlconfribgte to fherreacfion-cfosgyséction. In.
this'casé the valué_bf tﬁe ratio ié aégin independept»of any_éénfiguration
aésumed for either:the initial of-finél states: _It'should_alsé be néted'v
théf this ratio is‘ihdependéntlbf‘any mixture of jg trgﬁéféfs; provided‘ |

essentially'all transfers betweén initial and final’étates proceed'by

~ some J process.
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2. t 2
R (55 t/3, ) = - (II-17)
e He k3He- Tf
(c) Case 3: T, = T, pickuptof 3195 configuration: Both the

S#O, T=1 term and the S=1, T=0 term,can contribute to the cross section

of the (p,3He) reaction in this case. FIn'addition:to the restriction to
R . . .

even-even (Jg = 0 ) targets, this ratio depends on the assumed initial and

'"final configurations, because T is related to the iéospins of the sub-

shells - see Eq. (II-21).

2
k 42 (T, + 1)
R U1dp3t/ 35 )= 53 " 1 [l Y32 LD ] (11-22)

"He  °f

-In the case of a J transition, the cross section ratio is seen

132

to'depend strongly on the angular momentum traﬁsfer, L. Hénce, for states
with relatively pure initial and final configurations, related by a simple

j132 transfer, the cross seétion ratio could be used to assign spins to

final states. For example, consider a pairvof states in mass hO,'produced

by a transition such as:

2 ;'v" T 1 :
01101 [(1a 3/2)3/2 1/2(1f 7/2)7/2‘1/2JJ1

[(14 3/2)80(1f.7/2)

Sincé the parity change‘is odd for such a trénsition, only odd J analogues.

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

“'the final state is eithefv3_ or 5 . For :Jr = 37, the cross section ratio

s expected to be kt/kBHe;

: T - R
f = it i . .
or a q_ 5 }t is 1.42 kt/k3He These

‘differences should be reéadily obsérVable,



‘interference in the coherent sum over G

'however, can the j

. have been extensi#ely discussed previously
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It should aléo be noted, however, that a mixture of jlj transi-

2

tions between the same initial and final states can produce a cross

-section ratio less than that calculated for either component, through

NLSIT Under no circumstances,

lj2 ratio exceed that for j2: it must always be less.

Thus, a transition can be unambiguously identified as 32, 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

l’;3’lh and only those applying

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

. o -
experiments discussed are restricted to Jg = 0 targets,

> > > > . :
J.=Jd=1+5 . - (11-23)

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

Thus the angular momentum and périty transferred by the reaction are

F=T+5=1% +3 | (II-2L)
and
L A
Amo= (=) = (=)
where K = ll + 12 = the center-of-mass angular momentum of the pair.

v Since the deuteron has spin 1, énd the o-particle is spinless, the (d,a)v

reaction is restricted to S=1, T=0 transfer. Since the wave function of

the pair must be antisymmetric, then for 32 pickup, J must be odd ifnT is
even. Thus, since T=0 for the (d,a) reaction, even spin sﬁatés shduld

_ v b . .
not be produced from O targets in this manner.
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Summarizing the selection rules for even-even targets, the

‘following is obtained:

. . : +
(p,t) $=0,T=1 only j? pickup -+ J" = even only } )
' ‘ » (1I-25
3132 pickup - natural T states
3 : 2 .

(p,”He)  S=0,T=1 and J° pickup + ) (b) ¢

: . (a) S no restriction (11-26)

S=},T=0 ,jlj2 pickup -

' . - I +

(d,a) - 8=1,T=0 only 3 pickup =+ J = odd only

(55 } (1I-27)

.5132 pickup -+ no restrictions

(a) If only S8=0, T=1 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 T of the picked;up pair of nucleons.



.
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" ITI. EXPERIMENTAL PROCEDURE

A. 'CYélotron and.Externél Beam Facilities

The experiments discussed in this work were carried out using

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

“of the 88—in.’éyclp£ron;15 A schematic diagram of the cyclotron and

experimental facilities is shown in Fig. 1.

The charged particle beams'wefe extracted at a radius of 39.3

inches by an eleptrOStatic.defiector, and were subsequently centered

'ﬁéing vertical and radial steéring magnets locatedvimmediately after

the vertical collimator. The beams were then magnetically analyzed by

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

' tantalum analyzing slit, located at the vault wall. - The typical beam—

_ energy resolution obtained after analysis was apprOximaﬁely 0.14%. After

paséing into the expérimentél cave, the beams Were_brOUght'td a radial
aﬁdvyerticalvfocusvin the céhter of an 18-inch scatter chamber, using

two éefs of doublet quédrupole magnets. The 5eam spots obtained ranged
from 0.060%0.060 to O;lOOXO.lOO inches in size. To permit positioning
and'fdcusing of the beam iﬁ the center of the scatter chamber, arluminoué
foill6 marked with grid lines 0.063¥incﬁes apart and viewed by remote
television was used. A second such foil Was‘placed 28 inches behind the
chamber to permit a'determiﬁation of beam”aﬁgle déviatipnébfrom the

optic axis of the system. - The beam energy for eaéh 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. Maple517 wefe used to obtain particle
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energies from the measured aluminum ranges. The beam current, which

fanged from 50 nA. to 1.0 hA; dependiﬁgbon the target and the scattering

‘angle;'was monitoied using a Faraday cup in conjunction with an integrat-

ing beam electrometer. The preéiéion of the beam integration system &as
measured to be about'l%.
B. Targets
A detailed diagram of th¢ SCattef chamber, gas target and gas
handlinévapparatus is_Shown,in'Fig._Q. Sincermahj of the gases used as
targeﬁ ﬁaterials:iﬁ these experiments were séparated isotopes available
only in limited supply,.every effort waé'mgaé to keep the volume of the

gas cell and gas handling apparatus to a minimum)'in'ordérvto give

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

additiénél ébnéideration in.mipimizing volumes was to permit éfficieﬁt
recovery of the gas after use. The gas cell‘ﬁsed cdnsiéted Qf a stain-
less steel cylindrical frame 2.56—inches in diaﬁeter and'd.875-inch¢s
high. It had a 315 dégree_éontinuous window of 0.0001-inch Havar foil,18

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

"reduce the voluméﬂ The inserts were requifed,to be conical to permit

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

horizoptai.plane. vThevceil”volumé excluding small entrance tubing. was
meashred fo be h7ﬁ0.cﬁ3.: The.opérating gas pressuré in the‘cell Vas
defermined by a mercury U-tube manometer, and ranged from.éO—BO cem. of
merqufy, -

' Thé'gas temperature was measured using a thermomeﬁer plaéed

near the scatter chamber.
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in order to recover separated isotop¢ gases after use, ﬁhe gases
were expanded into é-large expansion flask, which could subsequently be
pumped full of mercury,'compressing’thé'gas‘into previously evacuated
recovery bottles. Repeating this pﬁmping process about 3 times permitted
the recovery of ésseﬁtially éll the gas used in the experiment.

The solid»tafgets used in this series of experimentsxwere all

self—supportiﬁg evaporated foils, ranging in thickness from 100 ug/cm2

. to Al mg/cmg. With the exception of the CdS targets used for the re-

actions 3hS(p,t)328’and 3)+S(p,3He)32P, the targets were essentially pure.

(A‘émali amount of carbon and oxygen was ﬁsually pfesent; these impurities

were used as internal calibrations.)

The targets were mounted on target frames which were subsequgntly

 placed in é’ﬁovable.tafget laddef; capable of aécepting_up to five tar-

gets. This ladder could be raised and lowered by remote control, to
pefmit 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 beém;-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 dégrees above

and below the horizontal scattering.plane were used to détect the re-

action products. These assemblies could be set independently‘tO'any

scatter chamber angle, the'uppér assembly from eLAB :'10 degrees to
eLABv=~lTO degrees, ang ;hgﬂlower_assembly f;om eLAB f ;O degrees ﬁo
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LAB

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

v] = 110 degrees. Each counter assembly consisted of a 3 counter-

target, and could be isolated from the scatter chamber bj a vacuum valve.
A set of tantalum collimators 0.085-incheé wide, 0.200-inches high and

of édequate thicknessvtb Stop elastically scattered particles.was mounted
at a,disténce of 18;75:inches frém the center of the target. In:addi-
tion, for gas targetggva second radial collimator O.b85-inéhes wide.was
installe& k.50 inchés’from the target cégter to completely define the

" .solid angle. The solid angle Subténdedvby eaéh counter telescope was
found té be 5*10f5sr;;lwith aﬁ angular resolution of 0.26 degrees.

‘For these exﬁeriments, a three detector countervtelescope waé
used in each of. the systems. Each telescope consisted of a 6.l.mil
phosphorus diffused'silicon AE tfansmission detector, a 120 mil lithium
drifted silicon stoppiﬁg (E) detéctor, and a 20 mil lithium drifted
- silicon E-reject deté¢tor, dperated:in”anti-coincidenCe to’éliﬁinate
long rénge particlés pehétratingvthé E détecfor; The E detector was
rotated, with its normgl at an‘angle of 30 degrees to the incident.
particles, in order to prbvide a greater effectiﬁe counter thickﬁess
for stopping high energy tritons.

Thé-detectors were conneéted to qut—rise charge senéitive pre--
,amplifieré, which were mounted as close as possible ié order to minimize
. signal losées:and reduce piqkup noise. The préamplified'sighéls‘were
E subsequently.transmittéd from the experimeﬁtai area to a remote counting
area, Vﬁere they were delay-line shaped and further amplifiéd. A

schematic diagram of the counﬂing*equipment is shown in Fig. 3. The
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- AE and E signals, after satisfying slow (21=2 usec.) coincidence re-
quirements, were fed into a Goulding—Léndis two-counter particle
identifier.lg Using the empirical range-energy relationship
R = aElTY3

this ‘identifier produced an butpufblogié pulée which was proportional
to the particle type, in coincidence with the total energy signal of
the particle obtainéd by summing the AE and E signals.‘ A typical
particle identifier spectrum is shown in Fig. 4. The particle-type
logic signals were fed into a l-channel router, each channel.¢onSiSting
.of a single channel analygzer, which.triggeréd 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 éubsequently used to route the-poincident energy signal into the
appropriate segment of a pulse-height analyzer, permitfing the siﬁul-
taneoﬁs accunmulation of triton, 3He and O-particle spectra. Qne system
utilized a Nuclear Data ND-160 4096 channel pulse-height analyzer,
operating in a 4x1024 channel mode. The other system used & 4096 channel
'analogue-to—digital'conyerter, with up. to 8 logic (router) buffers, to
feed'a’PDPAS computer, programmed té'accumulate data. |

| v‘Thé router single channel aﬁalyzgr for tritons'was set to ex-
clude any deuteron component, and.hénce also exciuded "l eak-through"
“tritons, i.e., those nérmally rare'tritons~vhich channel through the 

relatively thin AE detector, producing particle identifier signéls
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somewhat smaller thaﬁ‘expected. In order_to.obtain-a measure of the
,ameﬁnt of. these leakthrough tritons, the deuferqn—triton valley was
monitored, and any‘conpribution added to the triton spectra. Less than
10% leakthfough was_&eteeted_for the highest energy tfiton observed
(v36 MeV), and essentiélly neﬁe was observed for tritons of iess than
30 MeV.

The particle identification signeis,'both free and gated by the
foﬁter; were monitored on RIbL.hOO channel analyzers. The overall energy
resolution.(FWHM) typically ebtained_from'this syetem was 1104156 keV
for fritons,‘and 120-170 keV for'3He3partidies, depending on target
thickness(and kinematics.

A ﬁonitor.cOuneer, mounted in the horiéontal plane, af a fixed
bangle,of'GLAB = 27.5 degreee,'wes used in addition to the two counter
telescopes, to check tafgets fbr‘decompositiong and te observe any
'changes in beam energy. _The collimator used with this counter had a
0.200-inch circular aperture and was mounted 23.9h_inches‘from the

target center, giving it approximately the.saﬁe angle of acceptance as.
that of the counﬁer telescopes. The monitor counter was usuaily used
to monitof.the (p,o) reection since the positive Q—yalﬁe of the reacfion

renders it virtually free from interferences at high particle energies.

D. Data Handling
Affer accumﬁlatieﬁ”en fhe PDP—S computer, the data were stofed' q

on DEC-SSSImagnetic ﬁapeé, which could be refeea to.pfodﬁee priﬁtouts
and graphe.‘ The date accumulated in»the‘ND—l6O anelyzer eeuld alse be

“transferred to the PDP-5, where‘it could be handled in the samie manner;
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Facilities were also available to transfer data to an IBM compatable
magnétic tape, to permit.further‘analyéis using a CDC-6600 computer.

_ Aftér correcting appropfiatelyvfor leakthrough, the differential
Cross section at each’aﬁgle was obtained usingbthe formulae given below.

(a) So0lid Target:

(%%{#n = JQLX‘%-X>£%%5%318"2.660810_% ub/sr.
(v) GaS'Target
o < (7 + 273) x ( )2 x sing’ .
. (g_g) = Jg vx%*' - N(.I;PP; 2??1 +(il/; 1)12‘) S ><6-‘530><lo_b'ub/sr
cm L - IR S 172

' JeL = Jacobiah-for thé‘f?ansformatibn‘frpm ;ab to_cepter—offmass
C/B = counts /U .oulomb

'~ Z = charge of the incident particle
M = molecular ﬁeight of thé tafget (gm/mole)
F = distaﬁce,to the front of fhe réar collimator froﬁ target
N = numbef‘éf targét nuclei pef moiecule
A = aréa of the rear collimator (cme)
t = target.thickness (mg/cmz) ”
-Ll = distance td'thé back of front collimatq; from target center
L2 = distaﬁce from Ll to_the front df thé.fear collimator..
P = pressure'of the gas‘(cm Hé)

: Wi =:widfh of frohtlgqilimator'
T = temperature of ‘the gas (°c)

The .errors shown on the experimenﬁal points in all the angular

distributions are pure.counting statistical errors.



The excitation energies of the statés,gbserved in this series
of experiments were determined by the compgter program, LORNA.2O. This
program estéblished an energy scaie by finding a ieast squares fit to
peaks whose Q—vaiues were known,.after cbrrecting all incoming and out-

going particles for kinematic effects and absorber losses. For the

data described, contaminants were often present‘or introduced to provide

calibrations. In particular, states produced from the reactions lgc(p,t)loc

:and 12C(p,3He . B were especially useful throughout: the masses of the

ground and first excited.states of.lOC were taken from a recent re-evalua-
. . v an . . 10
tion by Brunnader et al.,gl while the level information for OB levels

[a)

was taken from Ajzenberg-Selove and Lauritzen.Q‘

L I
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Iv. EXPERIMENTAL‘RESULTS
If a target nucléus-has ispspin Ti’ then the ratio“of thé differ-
ential cross—seqtion for the'(p,f) and (p,3He) reactions leading to
analogue final statés.with'isospiﬁ T

=T, + 1 can, as derived in Sec. II,
f i :

be expreSéed_simply where charge-dependent effects are neglected:

(a0/a0)
(as/a%)

pyt)  _ %, 2

= . : - (Tv-1)
p,30e)  Fne | eTp=1

. Thus, in this approkimation, the differential cross sections to

' _analogue'states'should be identical in shape, and their‘magnitudes should

be in the ratio of (k‘/k3 ) when T, = 3/2; (th/3k3 ) vhen T, = 2; and -
, - t’ " ~He f ? He’ ° _ i

2 k

(%73

f
He) when Tf = 3. These propertieé provide an unambiguous ex-
'perimental method for'identifying analogue states.le
The series of experiments discussed here included a remeasurement
' - on on 22e ang 26 N
of the (p,t) reaction on e and " Mg targets in which carbon impurities
had been added to provide an_enérgy calibration. In particular, the

ground and first eXcited states of lOC, produced in the reaction

C(p,t C, resultéd‘in triton peaks Whose'energies bracket that of

thé T=2 staﬁes in 2QNe aﬁd 2LMg. Since the ground-state mass excess of
lQC taken from the then current mass table523 was 15.658i0.013 MeV, it
was tﬁerefore surprising to bbsérve_a discrepancy of VL5 keV With the

acceﬁted énergiesbéf the_T=2 staﬁes'in 20Ne and 2LLMg (ﬁhicﬁ‘wefe known
to 2.4 keV and +5.0 keV resﬁ.). ‘This led to a re-evéluation of the 1OC‘

mass excess,gl 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 in loCSﬁas found to be 3.344*0.008 MeV. Using
these remeasured values for the_lOC states, good agreement with the

accepted values of the 2oNe and 2hMg states was obtained.

A. Oe (p,t) l8Ne‘and.20Ne (p,3He) 18F Reactions

2l

) 9

In order to calibrate the “"Ne (p,t) 19%e ana “lwe (p,3He F

'data which.ﬁill be discussed ;n Seq; IV-B, it was necessary to establish
ﬁhe excitation‘energiés and fe1ative magﬁitudes of ‘the states produced
b& the (p,t) and (p,3He).reactions on the'zONe'fresent in the 2lye-
enriched farget. For this pupréé; targets consisting of pure neon and
a neon-methane (L0-60% résp,)vﬁixture‘wefe used, the neon being 99.9%
enriched in 2oNe. A sihglé set of spectra were obtéined for each tele-
at eLAB = 22.3 deérées, using the pure neon target. Accurate excitation
energies-were then obtained from the neon-methane mixed target,.with the
known mass-10 stétes proViding internal calibrafions? in addition tq the
known states in maés—lB.
A éeries of four.sets of spectra on the mixed target were ﬁaken

at apgles rangihg»from eLAB = é2.3.degrees to eLAB = Lh1.0 degrges; the

LAB.= 26.8 degrees for 2570 microcoulombs are shown

.spectra:éollected at 0
in Fig. 5. Tﬁe stétes whose energies'aré marked without brackefs.in the
figure, were used to establish the mass-18 calibrétion; fhe bracketéd‘
energies - represent the best value_determined for the states marked.
The’fiﬁal excitation“energies determined from this eXperimegt for 18Ne'

ol-26

are listed in Table 1, together with previous measufemehts.
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Table 1.  Excited states of 18Ne.

This Work | Previous Work Ref. Average
(MeV * keV) (MeV * keV) (MeV % keV)

g.s g.s —
1.890 * 20 ’, 1.8873 * 0.2 (a) 1.8873 = 0.2%
3.375 % 30 | 3.3762 £ 0.k (é)‘ 3.3762 + 0.4
3,588 + 25%t _ 3.5763 * 2.0 E (a) 3.5763 t 2.0
3,616k *+ 0.6 (a)  3.6164 * 0.6
4,580 * 30 4,558 * 13.5 (b,c)  k.562 £ 12.2

| £ '25' 5.1&0' t

5.115 18.0 _ (b) 5.1%32 & 15%

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

19

1-Th'is value was used in the analysis of lI\Te(p',t) “Ne because it

v ' +
represents the effective energy of the unresolved mixture of the (O )

(+

state at 3.5673 MeV and the 2 state at 3.616k4 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. H. Towle, ahd G. J. Wall, Nucl. Phys. Al118, 500 (1968).
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| Since the denéity of states in l8F is iarge at higher excitatioﬁs,
it is difficult to make a,meaniﬁgful comparisoﬁ of states observed in
thesé experimeﬁts with those observed-pre%iously. There is, however,
only one state which isvnecessary for subsequent calibrations, and the
excitation:energy obtained fqr if from these measuremenfs isr6.270i0.030
MeV. (Although.thié peak is‘ﬁof élea?ly resolved in Fig.-S from the
‘loB* l;fﬁ-MeV:sfate; fhis was nof fhé case .at other angles observed.)
j This value should.be ébmpare@ with 6.265%0.013 MeV, measured in the re-
actidn27  160(3He,p)l8F,.and becauéé of the greater accﬁracy of the
. latter, it waé_gsed in the foilbwing.sectiOQSg
Since fhe_primary.purpose of obtaining these data was fo'provide
" energy caliﬁratioﬁs‘for subsequent‘experiméﬁts, the raﬁge 6f angles
covered was small with large incréménts betWeen’succéssive angles. Hence,
the aﬁailable data were considered inadequate to provide meaningful angular
distributioné and, as a result, no attempt was madé tq extract this type
of information. o |
19 21

B. “INe (p.t)

Ne and ““Ne (p,SHe) 19F; T = 3/2 States

The neon'targefvused_in these experimentsvwas enriched in 21Ne,

20

with an isotopic composition of 21.1% ““Ne, 56.3% 2he and 22.6% *2Ye.

Seven angles, ranging from 0 . = ;1,7° to eLAB‘= 31.5°? were studied in

order to obtain ahgulér distribution data. A pair of spéétra'collected

at eLAB =-22,3° for 4880 microcoulombs, is shown in Fig. 6.
| Rough coulomb energy calculations assuming a uniformly.chargea
5. :

sphere predict the T =:3/2‘analogue ievels in l9Ne and-"“F -to lie at an

excitation of approximately.7.5 MeV. The peaks marked as T.= 3/2 1in
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Fig. 6 are conéiétent;with tﬁese values. The angular distributions of
vthe tritons and 3He—particles correspondingbto the T = 3/2* anaiogue
states are shown in the upper protion»df Fig. 7. The experimental 3re
data have been multipliea by'kﬁ/RBHe (=O.93) in order to facilitate the
comparison of cross section magnitudes. The shape and magnitudes of the
distributions are indeed identicél, within the expected éccuracy of the
approximations used in'the‘derivafion of Eq. (IV-1), and thus, the

: T = 3/2 character of the levels is established. Triton angular dis-
trihutions characferistic of L;O and L=2 transfer are also shown for

19

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

" cluded for the (p,t) reaction‘onLEONe leading to the ground state of
18 19 |

. ) . : + ) AU 1)
Ne. (There were no states'in Ne known to be 3/2 , and since the. J

~ T + : ’ S o
~of 2]'I\Ie is 3/2°, there could be no "known”-L=O angular distributions to

stétes in that nucleus. Instead, for comparison the L=0 distribution of

tritons leading to the'lBNe ground state from the reaction e

g.5., has been included..) Ffom]the characteristic L=0 distribution

shape, it is possible to identify both the 4.013 MeV state in }gNe, as.
o | S . | |

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‘pfogram DWUCK ~and the optical-

model potentials listed ‘in Table 2.29 The results of the computatioﬁs,

which assumed pure L=Q or L=2 transfer, are shownvas_thé'dasﬁed curves
» in'Fig.'7. These éurves were normalized to the experimental data, giving

very good fits and confirming the abo?e assignments. However,'thé Jm.of

19

0, which is the TZ= 3/2 member of this analogue multiplet, is known to
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| j 2
Table 2. Optical model parameters 9 used in DWBA calculations

Térget Projectile V(Mev) Wé(MeV) r{fm.)
D 0 sL5 - 19.0 1.25
" e, e £, %He 1620 37.5 1.25
e - p 5.5 - 19.0 1.15
t, 5He 162.0 37.5 1.15 .6
2og . p - 515 'f 19.0  1.15
| t,-BHe 1620 37.5 © 1,15
30q5 : L 51.5 19.0 | 1.15 .5
| t, “He "160;0 , 38.5 1.15
36Ar, 38Ar, MOy | - 51.5 19.0 1.15
t, He 160.0 38.5 1.15

R, used throughout = 1.20 fm.
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19 9

+ . ' '
be 5/2 indicating that the T = 3/2 levels produced in ~“Ne and 1 F by

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

state of 19

0 - a 3/2" state at 0.095 MeV. | o i .

The exéitation energies of the analogue state; were determined
in the‘manner_previously described and the final results are listed in
Table 3. There»have been,no.previously reported.measurementsvof either

30 of the

T = 3/2 state, although an observation has been reported
| | .19
lowest T = 3/2vstate in 77F.

The calibration -of the 3He specfrumvalso yielded an energy for
the lowest T = 2 state in 2OF} the accuracy of which depends largely
upbn the 6(265t0.013 MeV state in l8F. This stéte will be discussed in

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

c. 22Ne (p,t) goNe and 22Ne (p,SHe) 2OF5 T = 2 States

Although the excitations bf-tﬁe lowesf T=2 analogue states in
mass 20 had been repqited previduéiy;6;3l_33 and although fhe éxperimental
uncertainty on‘the lowest T=2 state inlgONe was sufficiently small to
‘preclude any improvement by thg present méasurements, the (p,t) énd
,(p,3He) expériments on 22Ne were repeated primarily to reduce the ex-—
isting uncertaiﬁfy on the,excitatidn of.the lowest T=2 state.in 2OF.
HoWever, the good agreement betwegn thé present determination of the
T=2 sfate in 2ONe and previous.data‘may be.takénvas a measure of the
reliability of these methods;

v.In’ordef 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.

%

fmicleus' Analogue Excitation energy
State This Work  Previous Work (Ref.). Average
JU,oT (MeV * keV) (MeV * keV) (MeV * keV)

195 3/2%i3/2  7.660435 not reported 7.660%35
Foyex ygzyé 'L&m25 - nm:mmmwa‘ - 'L&mms
20p ot ; 2 6.523%35  6.43%100 (a) 6.513%33
2Oe. 0" ;2 16.722%25  16.732%2.4 (a,b,c,d)  16.752%2.L
fa 5/2+;5/2} 7.910830  7.890%30 (e,f) 7.900%21
Dug - s/eti3/2 778825 mot reported 7.788405
e ot 2 5.978%35  5.98+8 (g,h) 5.97928
2L*Mgu | o ;2 15.u26i56',f 15;M56i5 (1,d,k) 15;&56t5'
By ot v.'i5,§8§té5 | vnot,réported . 5.983%05
2851'7 . ot ;2 15.006%25 ,-nq£ reborted _ . 15.206%25
Zp ot o © 5.071%h0 _ﬁot fepprtea : o 5.071£h0
g o' ;e v;é.o5utuo‘ ot repprtéd 12.03k40

36a otz hegstso not reported k.295%30

' BGAT ot o 10.858%35 fiot reported 10.858+435
}38C; oty - 8.216%25 not reported 8.216%25
B 0ty s 18.784430  not fepdrtéd , __18.78utjo
M otie warss boto (g) 0 hoThish
AOCa o ; 2 .11.978i25 ‘ 11.970%65 ;(g) ,}  C11.977%23

These levels are not the lowest T=5/2 levels in mass-19, but are

analogous to the first excited state (0.095 MeV) of 190.
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Table 3.  Continued

(a)s, Cerny, R. H. Pehl, and G. T. Garvey, Phys. Lett. 12, 23l (196k).

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

(e )H M. Kuan, D. Ww. Helelh 1, K A. Snover, F. Riess and S..S. Hanna,
Phys. Lett. 25B, 217 (1967).

{3)g. Bioeh, R. E. Pixley, and P. Trufl, Phys. Lett. 258, 215 (1967).

(e >S Mubarakmand, and B. E. F. Macefleld Nucl. Phys. A98, 97 (1967)
and private communication to J. C Hardy

(£); Dubois, Nucl. Phys. AlOh, 657 (1967).

(g)G. T. Garvey and‘J. Cerﬁy?unpublished.

(h)F.'G. Kingston, R. J. Griffifhs,.R. A. Johnston, W. R. Gibson and
E. A. McClatchie,Phys. Lett.vgg'h58 (1966).

(i)G. T; Garvey, J;_Cerny, and R. H. Pehl, Phys. Rev. Lett. 12 726 (196k4).

(J)E. Adelberger, and A. B.chDonald, Phys. Lett. 24B, 270 (1967) and
erratum Phys. Lett. 24B, 618 (1967). |

(k)F. Riess, W. J. OEConnell, D. W. Heikkinen, H. M. Kuan, and

S. S. Hanna, Phys. Rev. Lett. 19, 327 (1967).
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to the pure neon target. The neon gas used was 92.0% enriched in 22Ne,
the proportions of the remaiﬁiﬂg isotopes being 7.6%20Ne'and 0.&%21Ne.

Figure 8 shows the triton and.sHe spectra taken at eLAB

= 36.2 degreeé
for 9280 microcoulombs. Aithough the. cross sectién for L=0 tfansfer is
relatively 1ow'ét this angle, it is grgater than for any other angle at
which the T=2 states iﬁ both 2ONe'and 20? are'simultaneéusly.resolved
_~from all.tﬁe calibrétion peaks. The excitation enérgies of the observed
-éﬁalogue states were determinga primarily by using the known stafes in
lOC and lOB_as calibrations._

Since,angular distribu£ions of thé‘tritons‘anq 34e particles
corresponding to the.analogﬁe.T=é states had bééh‘previousiy measured,

SPecﬁra ’werevrecorded only at éLA. = 36.2»dégrees. Héhce'no further

B
angular distribﬁtion»informatiqﬁ ﬁas thained from thiéudata.

The excitation obtainéd for fhe T$2 sgate in 2ONe is_given in
Table 3, and is found.to be in good agreement with fhe accepted value.
Excitations for additional states,vpotentially of T=1 character, were
:detefmined in QONQ és well, with observed values of 10.89010.056,..
11.100£o.ho and 12.250+0.40 MeV. 'These will be discussed later in Sec.
yepe1l | | |
| .. The value fof'the excitation of thé T=2 state in 2OF_quoted in
Tébie‘3 is based on a weighted averaée,qf the &alue obtained from these

" experiments and the_data.discussed previously in Sec. IV-B.
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25 23 2 23

D. Mg and SMg‘(p,BHe) Na; T = 3/2 States

Mg (P:t)

The target used in these experiments was a 500 ug/cem” self-

25,

supporfing evaporated magnesium foil, enriched in ““Mg. The components

~ of this targethere 2hMg(8.29%); 25Mg(91;5h%), 26Mg(0.17%), and, in

addition, small amounts of oxygen and carbon impurifies. Spectra’were

optalned aﬁ_31x angles between eLAB

= 17.2 degrees and 9 = 31.5

LAB

degrees, with the spectra obtained at 6L = 24,1 degrees for 970 micro-

AB
coulombs being shown in Fig. 9.

-Rough coulomb energy‘calculations'indicated that the T = 3/2
analogue etatee should lie_at-an excitation of about.7.8 Me& in both
| 23Mg and 23Na. ”The peaks marked T = 3/2 in Fig; 9 ere consistent with
'theseve#pectatibns. The upper'poftiontof Fig. 10 shoﬁs the anguler
vdistributions of the corfespohding t;itens and 3Hevﬁerticles, the latter
naving been mul&ipiied by kt/k3He(=O°92)' :The‘similarity of the dis-
tributions satisfies the requirements of Eq. (IV-1), and establishes
these levels as beiﬁgvT'= 3/2. Also shown in the lewer portion of Fig.
10 are the engular_dis£ributions for the (p,t) reactions to the ground

state (3/2%) and 0.451 MeV state (5/27) of °

25

Mg. vSinee the spinfparity
of Mg is 5/2+, the former transition should be charecterized by pre-
dominantly L=2 transfer, while the latter'should be L=b; By simple
comparison, fﬁe.anguler momentum tfansfer to'the'analogue stafes is
'determined £0‘be prineipelly L¥o§ The daehed_curves are.agein_DWBA -
s calculéfione;'uSing tﬁe optieai model parameters.listed‘in Tabielz, aﬁd_

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

23Ne.

that théy are analogues to the ground state of
._Thevexcitation energies of the'analogue states weré determined
frecisely by gsing as known those peaks whose energies are marked in
Fig. 9; ﬁhe primary calibration boints in thé (p,t) spectrum werevthe
ground states or 2Mg, and O while in the (p,BHe) spectrum the
principal.points were the\grocnd state of “OB and the 2.31 MeV (T=1)
firsf excited state in th. The results_obtainedvare given ianable 3
where, for the case of the T = 3/2 level in 23Na, it can be seen that
34,35

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

analogue‘leVél in ?3Mg had not been reported previously.

E. 2% (p,t) 2he and 2Oug (p,3me) ZMway T2 States

The target used for this work was a 1. 26 mg/cm2 elf supporting
magnesium foil, enriched to 99. 27311 qu Figure 11 shows the triton and

3He spectra observed at 9 = 22.3 degrees for 3200 microcoulombs. It

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

present in the target;"thé peaks corresponding to states in lOC and lOB

provided the primary source of calibration, although all other peaks with
(unbracketedj'energies marked in the figure wérc ciso used.

As_was the case with‘the'T=2 states in mass-20, the lowest .T=2
éhalogue states in ?AMg aﬁd hNa had been previously identified, 31 36-39 r
and in fact; fhe angular distfibuﬁions of the (p,t) reaction to states
iﬁVZhMg (including the:T=2vanalcguc) had_aléo been extensiveiy stildied.29
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Consequently no attempt was made here to obtdin angular distributions;

both telescopes_were set at’eLA = 22.3 degrees. This angle was chosen

B

because it was near the makimum in the L=0 aﬁgular distribution, as well
as being one at whiéh fhe analogue'state5|in both 2hMg and 22“I\Ia. were |
resolved from nearby impurity levele.-

Agaiﬁ,_the experimental uncertainty on the excitation energy of
_ the‘T=2 state in 2hMg is too emall, (iS.O keV),.to be improved by the
present work, but its remeasurement provided another check on the accuracy
- of this method. Using the cofrected mase fer lOC, excellent agreement
wes ebtained with pfe&ieus'values_as shown in Table 3. The.excitation
“energy obteined fqr the analogue state iﬁ-tha is also given in Table 3,
‘together with a weighted aVefage of all previous déta; the‘final over-
all average-aleo includes the present results.

" Bxcitation energies for states.in 2hMg of potential T=1 charactef
,,Wére also determined'ffom this work and are summarized ianable‘h. A

comparison of these states with observed 2hNa states will be discussed

in detail in Sec. V-B-2.

F. 3%i (p,t) si and 3%i (p,3He) 2%a1; T=2 states

The target used here was a self-supporting evaporatedvsilicon foil,

30

heo-ug/cm2 thick obtained from ORNLhO and enriched to 89.12% in ~7Si; the

_remaining isotopic impurities.were 10.16%”2881, and 0.72% 2955 . Significant

amqunts of carbon and’oxjgen were'alse present, and provided:useful cali-
’bretiens etAhigher,e£eitétiOn eneféiee. A sample_set-of tritoﬁ and 3He
_speéﬁra obtained afieLAB‘= 18.6 degrees_for élSO microcoulembs is shown in
Fig. 12. |

.
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Table k. ’Summary oth=l'State$ observed in Mass-2k

Nuclews  This Work " Previous Work Average
(MeV * keV) J7; T (MeV * keV) Ref. (MeV * keV)
g | 9.6 ras| W1 9.517 + 6 (a) | 9.517 * 6%
 10.080 ¢ 30 (2+§1)  10.072 £ 8 (a) |10.072 * 8%
10.537 £ 35| 2% 10.353 * 20 (a) | 10.348 %17
Dt £35|  153(1). 100737 £ 9 (a) |10.737 £ 9
10677 + bo| ﬂ " not reported 10.977 * ho
160 5 35| (L,3)5 11655 (a) | 10165 £ 5
'11;375 tho| 17 ';-'_ 11;391 tk '(a)_. 11.391 * &
EAHNIa‘_' Cees. | oW1 st (a) ] ._;_;_____"
: 6.5A6't 55 4;*;1  o.he prI(a) | o.u72 ¢ o{ex
N 0.563 * 0.2 (a) | 0.563 * 0.2
1 1.3411£'b.2 (a)f‘ 1.3#1 £ 0.2
1.498 + 35| { ;1. _:: 1347 * O.3:(a) '1;3u7_: 0.3
| | ' ";1 ._ | 1.508 +10 (b) |.1.508 £ 10
1.890 * 50 ] (5A)*;1 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.
(e, Endt and C. Van der Leun, Nucl. Phys. Al05, 1 (1967).

(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'feported previously, a
rough Coulomb ehergy calculation based on the mass excess of 28Mg was

used to_predict excitation energies of 15.3 MeV in 28Sivand 6.1 MeV in
_ 28Al for these states. - The peaks-marked T=2 in Fig. 12 were found to be

consistent with these predictionms. Spectra were measured for seven

angles, ranging from © = lh.l-degrees to eLAB = 36.2 degrees.

LAB

"In the upper pbrtion of Fig. 13 are shown the angular distribu-

tions of triton and 3He_particles corresponding to the T=2'analogue

‘states in 28Si and 28Al; the 3Hé distribution has been multiplied by

the'momentum and isospin coupling cpeffiéients as suggested by Eq. (IV-1),
to facilitate compafison. Within thé accurécy of ﬁhé abﬁroximation used
in the dérivation of Eq..kIV;l);hgdod agreement isvobtained for the (p,t)
and.(p,3He) cross SectibnAshapes and maénitudes, establishing these
states‘as T=2 analoéue>§ta£éé._'Also shown in the.figure are the
characteristic L=0 and Lfé trénéifions to the'grduﬁd and 1.779 MeV

28

statés in Si. Simple comparison shows the analogue states to be L=0

: fransifions, which, since 3OSi is JTr ='0+ permits an assignment of their
Jw_as O+, identifying them as énalogues to the 28Mg ground_étatg.
Further verifiéation_of thg éssigned L values was obtained from DWBA
fits using the optical model,parémefers listed in Table 2. As was done

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

28

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

10

. ‘ ' * ’ . _ :
is degenerate with the B 0.717 MeV state, it was necessary to sub-

tract this latter component; its'strengthiwas determinedvfrom'the

known cross section ratio of the lOB'ground state to the 10

B* 0.717-MeV
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state; meaéured previously. The errere shown on the experimental points,
however, still represent only the pure statistical error, as is the case
for»ell data shown. |

The states.ueed as energy calibratioﬁs for the T=2 states in
mass-28 are shoﬁn in Fig.l2. Where interferences prevent the accurate
determination of peak.poeitions, the data were not used in the énergy
determinations, although cross eection velues ﬁere extracted as described
above. The final excitation eneréies obtained for the analogue states
are shbwh in Table 3. | |

Excitation eﬁergies of streng stetes in thevregien of excitation
(immediately above the lowest T=1 statevwere also extractea fer both 28Si.
xfana Al. The energies observed for stetes in_QBSi were‘10.675t0;030_MeV’
and 10.903t0tO30.MeV,'whicbvagree_vell with previously reported.stateshl
at 10.710%0.020 MeV and 16.9o9io,01o MeV (see Fig; 1ka). States observed
vi 28Al were fbund to haVe excitations which corresponded within errors
“to the prev1ously reported states at 1.372 MeV and 1. 633 MeV.  Possible
tJ and T ass1gnements are discussed later in Sec.V-B-3. Because the lower
states in 28Si.are well knOwn;hl no attempt was made to determine

accurate energies or angular distributions.

6. 3% (pst) 328 and 3¥s (p 3He) 32p.  p=p states

A self-supporting CdS target approx1mately 100 ug/cm thick,

was used, The sulfur component of the target was 67.92%-enricheq'in

BMS the remalnlng isotopes. belng 31.55% 32 L7 33g S, and_0.09%36S.

b

s 0.L
This target was also found to contaln small quantities of oxygen and

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

3281 was

- rough Coulomb energy calculation based on the mass-excess of’
used to predict approximate excitaﬁion energies for these states. The
states shown in Fig. 15 marked as T=2 are consistent with these pre-

dicted values. A series of four angles ranging from GL = 20.5 degrees

AB
tO eLAB = 31.5 degrees were measured; sémple spectra obtained at
eLAB = 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 veryvlbw counting rates. Consequently spectra

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

a maximﬁm. The ratio of the triton énd 3He cross sections tp the T=2
énalogue.states were obfained,vhowever, at'allbﬁeasured angles anq found
 't§'have a value for 2kt/3k3He-(=O.6O).Which agrees'with that calculated
 by Eq. (IV—lj. Since no‘systematic variation.in cross section ratios
; waé detecféa‘as a fuﬁctibn of angle it-is’conclﬁded that in the region»v
meaéured, thg angular distribﬁtibn éhapes are also identical. On fhe
basis of this cross section data, the.énérgy systematics of T=2 étates
iinvthe (sd)-shell, and the.Coulpmb calculation energy pre&iction, these
ft states are aésigned és T=2 anaiogue states. Because of the enhancement
of these transitions at_GLA

g = 22.3 degrees, it is likely that they are

" {1=0) transitions, forming O - states analogous to the T=2 328i ground
state.
The excitation energy obtained for the T=2 analogue state in
32 ’ '

S is based primari;y on the»lOC and l)40 groﬁnd states, although the
30 3 o

S ground state and 2S 2.237-MeV states were also used; the excitation
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energy of the T=2 analogue state in 32? is based on the'lOB ground and

30

0.717-MeV states, as well as the - P 0.678-MeV state, which is the T=1

30

analdgue to the S ground state. Final'excitation'energies obtained

for the T=2 states are listed in Table 3.
Using the ébove calibrations, the energy determined for the

lowest observed T=1 state in 328 agreed well with a previous measure-

 ment of 7.005%0.005 Mev._hl

= 22.3 degrees

. A natural cadmium sulfide target was run at eLAB
32 304

~ in order to establish the states prcduced by the reactions S(p,t)

)30 3

and 328(p,3He P on the 528 present in the 3hS enriched ﬁarget. The

’ only'states observed with signifidant cross section were the 308 ground
20 ,

state and its T=1 analogue in ~ P. These states were identified in the

' vspégtra obtained from the 3hSéenriched target and were used as calibra-

"tions.

36 34 36 3 ) 34 36

H. Ar (p,t) ~ Ar, ““Ar(p,”He) ° Cl and ~ Ar (d,a)'BhCl Reactions

Although thé excitations of States in 3hAr have recently:been

-kl

measuredh "7 up té about 4 MeV, there has been substantial disagreement

in excitations reportéd; and no spin—parity assignments. had been made.

3 3L_LAr reaction was uséd to establish g’ values and extend

The ~“Ar(p,t)

‘the rénée of excitéd states'observed. -The excitation eﬁergies of states_
iﬁ-3%Cl were better knownul with spinéisospin‘assignmeﬁts having recently'
Béeh’madé up to ah eXCitation>of 3.5 MeV.h5 A comparison of.the‘(p;t);
(p,3Hé), and.(d,d) reactions was used to‘establishvthé isospinlof the

states observed in 3”01.
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The argon target used for these experiments was 99.6% enriched

36

. . 3, :
in “"Ar. Triton and “He spectra were recorded over an angular range of

eLAB =10.0 degrees to eLAB = 60.5‘degrees; the o-particle spectra were

taken over a range of © = 1kh.1 degrees to eLAB = 50.7 degrees. The

LAB

triton and 3He spectra obtained at 9§ = 24.1 degrees for BLSO micro-

LAB

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

at eLAB = 22.3 degrees for 2200 microcoulombs is shown in the upper.
portion of Fig. 17. The excitation energies determined for the 3LLAI'
states observed by the (p,t) reaction were based on the known 3hAr

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

" the energy scale was established by the reactions 12C(p,t)lOC and

160 1L

(p,t)” 0, using a carbon dioxidevtarget run immediately before and
~ after the 36Ar experiments.v The values obtained are shown in square
‘brackets in Fig. 16, and summarized in Table 5.

Although McMurray et al.h3 agree well with the other mass excess
values reported for.the 3hAr ground étate, their determination of ex-
cited states in 3hAr appears to be erroneous. Because of the large in-
consistencies noted, their wvalues Qere not used in obtaining the average
excitation summarized in Table 5. The values obtained for the excita-
tions of states inVBhAr utiiizing the (p,t) reéction are found to agree
325(3 )3hAr reaction, as

well with previous determinations from the He,n

reported by Hagen et al.hh A comparison of levels reported for mass-3k
'is shown in Fig. 18.

The excitations of 3hCl states produced by the reaction

36 )Sh

Ar(p,3

He Cl were determined using 3hCl states of known excitation



_59_

Table 5.':Summary of 36Ar (p,;t) 5LPAI- Reaction
This Worki ' Previbus Work Average
Excitation _ ~ Intensity Excitation Ref. Excitation
(MeV + kev) J7 . (MeV * kev) J" (MeV * kev) IV
ground state - ot 500pb/sr g.5. O+a,b,c o"
2.098 35 (27)a
2,097 * 20 2" 100ub/sr{ 2.190 tlhp* b\ 2.092 t15 2
| é.lO t BOV c
: | | 3.50 £ 60" b}
3,303 * 25 2" 1o0ub/sr - 3,302 + 19 2
' - 3.30.* 30 c
5}899 25 o+  100ub/sr  3.90 * 30 ¢ 3.900 19 O
L.05 30 c L.05 £ 30
_ k.15 + 30 c k.15 30
h.56 £35  (37)  Soub/sr k.56 £ 35 (37)
b97 £ 4o hopb/ st k.97 * Lo
5,34 £ bo .20ub/sr 5.34 = Lo -
- Co - {not . '
6.10 = ko 45ub/sr | reported 6.10 * Lo
_— " Ypreviously ’ :
6.86 * 4o ~20ub/sT 6.86 * Lo
734 * b5 U5/ st 7.34 £ 145
7.53 + 45 30ub/sT 7.53 45
7.95 £ 50 - 30ub/s1 7.95 £ 50

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

a

hys. A94, 261 (1967).

(b)w. R. McMurray, P. Van der Merve, and I. J. Van Heerden, Nucl. Phys.

A92, Lol (1
(c)u. Hagen,

967).

K. H.

d%ffer outside errors and are presumed €rroneous. o
R. G. Miller and R. W. Kavanagh,Phys. Lett. 22, 461:(1966); Nucl.

Maier, and R. Michaelsen, Phys. Lett. 26B, 432 (1948).
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up to 2.162 MeV. The excitations of 3hCl states produced by
36 34 . s s - 3k _
Ar(d,a)” Cl were identified using the known ~ Cl T=0 states up to

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

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

as T=0 from a comparison of (p,t) and (p,3He) were produced in,the

(d,a) reaction, confirmiug the earlier asSignmenths as summarized in
Table 6. A single exception was uoted in the case of the State at

3;3h9 MeV, however, and will be discussed below.

 The angular distributions obtained for states identified as T=1

in mass—3& are shown in Fig. 19. The 3He cross section data have been
| multiﬁlied byva factor of t/k3H , as suggested by Eq. (IV-1). The
_dashed curves +hrough the triton data serve to guide the eye; the
identical curves have been drawn through the_3He data to facilitate'

tﬁe eomparison‘of distribution shaﬁes. After correction for the above
','faetor, the'Cross‘sectiqn magnitudesbfor both the triton ahd 3He dis-

_ tributions'are'exbected,vwifhin the accurac& ef:Eq. (IV-l); to Be'
.idenfical. :Good agreement is obtaiued for‘all-T=l analogue sﬁates
except the“3hAr 3.303_MeVi3hcl‘3.3h3 MeV states; here the cross secﬁiens
- are observed to differ by a factor ef 4. A further study of the states
n 3k, 3k

Cl by the reaction.36Ar (d,0) ~Cl revealed that a state, with an

. observed excitation of 3.33i0.035 MeV was populated in this reaction.

34

L Energy cons1derations and angular distribution shapes suggest the Ar :

3.303 Mev-3l‘

Cl 3. 3&3 MeV states are T=1 analogues However, s1nce the
‘(d a) reactlon here populated only T‘O states,the population of a state

at 3. 33 MeV by this reaction suggests an unresolved doublet at this



Table 6. Summary of 36Ar(p,5He)3ucl_and'36Ar(d,a)5u01 Reactions
"This Work _ Previous Work Average
Intensity - .

Excitation I (p,oHe)(d,@) Excitation JTT  Ref. Excitation I T
(#eV . % keV) (ub/sr) (MeV % keV) - (MeV * keV)

gk 051 260 - g.s. 031 e - 051
O.lh6(T)(a) 50 0 - 100 - 0.1k62 * 0.3 370 c,a 0.1462 £.0.3 3750
0. 460 ;0 200 75 0.460 * 1l 150 c,a 0.460 * 1k 1750
1.231 0 25 - 1.231 + 1k - 250 c,a 1.231 + 1k 2%:0
1.891 ° ;0 ~20 - 1.891 * 14 (3+);o c,d 1.891 + 14 (5+),o
2.162 2%1 65 ho 2.162 + 14 251 c,a 2.162 * 14 2"1
2.596 + 25 ;0 80 1ko 2.587 + 1+ (1,27);0 e, 2.500 + 13 (1,27);0
3.126 * 30 ;0 100 - 3,130 * 20 1750 c,a 3.129 + 17 1750
3.53 + 35(2) ;0 - 370 not reported - 5.33 * 35 - (;0)
5.35 £ 35 251 200° - 5,340 * 20 2%1 c,a 3,34 + 18 2"
3.94 * 35 o+;1 60 - 3.94 £ 35 o+;1
b.67 * 35 (37);1 Lo - level density 4L.67 £ 35 (37);1
b.97 * 35 ;0 180 k2o too large for hoor £ 35 ;0
5.60 * Lo Lo 95 meaningful 5.60 * 4o

6.16 * Lo - 70 - comparison 6.16 £ 4o

7.07 * Lo . 30 - 7.07 * ko

T Values listed without error bars were used to determine the energy scale.

)
)
)p,
)

Excitations from (d,a) — all others from (p,3He).
Includes any contribution to 3.33 MeV state also.

M. Endt and C. Van der Leun, Nucl. Phys. A105, 1 (1967).

J. Kouloumdjian, . J. L'Ecuyer, and R. Fournier, Report #LYCEN-6830 (1967).

_1,-(9.‘;
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energy (3.3hiQ.O3O MeV), composed of a Jﬁ = 2+, T=1 member and a
J" = (1,2,3%), T=0 member.

The angular distriﬁutions for states assigned a JTT by these ex-
periments are compared with the known L=0 and L=2 distributions in mass
36 and 38 in Fig. 20; The:dashed curves are DWBA fits uéing the péfam—
eters givenbin Table 2. The'angﬁlar-distributions obtained for the T=0
states in mass_3h are shown in Fig. 21. The curves drawn through these
daﬁa serve only to éuide the'éye. Definite assignments of T ﬁere made
up to &5 MeV, based'én th¢ comparison of energy and angular distribution
déta. Above this, however, statistics and complex distriﬁﬁtion shapes

precluded definite,JW; T assignments; The distributions obtained are,

neﬁer—the—less,shown in Fig. 22.

I. 38Ar (p,t) 36Ar, 38Ar (p,BHe) 36Cl and 38Ar (d,a) 36Cl_Reactions
Although the original purpose of studying the reactions 38Ar(p,t)
36 38 ' |

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

préviously unreported T=2 analogue states in mass-36, complete angular
distributions were measured; further the reaction 3BAr(d,oc)36C1 was also
studied‘in order!to pfovide nuclear structure information aboﬁt the levels
observed. The target used for these experiments was argon_gaé, with an

6Ar, 50.8% 38Ar, and 25.9% hOAr, and a

isotopic composition. of 23.3% 3
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 calibrétion could be gained by adding methane. Instead, as

- was done previously in the 2;Ne case, accurately determined states in
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'T=0 States in mass 34 from 38Ar(p,3He) 34C|

Figure 21
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Other states in mass 34
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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.GLA§=ll.T degrees to eLAB = 50.7 degrees; the

sample spectra shown in Fig. 23 were obtained at 8 = 22.3 degrees for

LAB

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 GL = 22.3 degrees for L4000 microcoulombs, shown in

AB
the center portion of Fig. 17.

Rough Coulomb energyvcalculations based on the mass excess of

36

36 Ar should be at an eXcitation

S indicated the T=2 analogue state in
~ of approximately 10.9 MeV, and its analogue in 3601 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
in 3)"Ar, 36Ar, and 38Ar gs caiibrations, accurate excitétion energies |
were determined forvthe T=2 analogu¢ state in 36Ar, as well as two
strongly populated (T=1) states at 8.456+0,025 MeV and 9.701+0.030 MeV.
Thé levels observed from the (p,t) reaction are summarized in Taﬁle T.

36 36

The Cl T=2 excitation is bésed on known excited state in 3hCl, —Cl1,

8 - o :
3 Cl, including the previously calibrated T=3 state in 3801 (see

and
Sec. IV-J). The T=2 analbgue.state excitations are summarized in Table
3,vand a complete list of étatés observed in the (p,BHe) and (d,a) re-
actions is given in Taﬁle 8.‘. |

The angular distributiéns ébtained for the T=1 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 58Af(p,t)36Ar Reaction

: . a) :
This Work - Previous Work Average
Excitation Intensity  Excitation Excitation
(MeV * keV) JGT (ub/sr) (MeV * kev) J7;T (Mev * kev)  J7;T
ges.x o';0 W30 g-s. 050 - 0"50
+ ' + +
1.970% 2 ;0 k10 1.9701 £ 0.7 2 ;0 1.9701 = 0.7 2°;0
L. 178% (37);0 60 h.1779 * 0.7 37;0 L1779 £ 0.7 3730
. L4135 £ 5 5*0 b3 £ 5 b0
h.h20 20 ;0 160 . : +
L hhol £ 1.2 27;0 - L.hhol * 1.2 2 ;0
_ . : : + +
6.610% 2"1 0 60 6.6119 t 0.9 (27);1 6.6119 * 0.9 2t
8.546 £ 25 251 .190 density of levels too 8.546 * 25 _2+;l
-high to make comparison
' + _ +
9.70L * 30 0;1 85 | ‘ 9.701 * 30 0 ;1
+ + .
t 35 0 ;2

©10.858 ¢ 35 0 ;2 80 10.858

(a),

Only those previously known-36Ar states corresponding to observed
states are listed. Ref: P. M. Endt and C. Van der Leun, Nucl. Phys.
A105, 1 (1967).

(*)

These states were used as calibrations in addition to the impurity states

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




'~ Table 8. Summary of 58Ar(p53He)5§Cl and 3_8Ar(d.0t)56cl Reactions

(%)

.ahd C. Van der Leun, Nucl. Phys. A105, 1 (1967).

_:This Wbrk S PfeVioUs-Work(a)_' ] v : Avérége
' _ Intensity ) o : '
Ezcitation  J7;T (p,JHe) (a,0) Excitation J™;T - -~ Excitation J73T
eV = kev) (ub/sr) (MeV * keV). - (MeV * keV)
é;s.* I T ~50(b)1 : <20(d) - g.s. ot o g5, ot
0. 788* | '(5)' - <18o(d)'. | 0.788 = 2 " (3)+;1 l‘f 0.788 t 2 (5)+;1
1.16kx <130(8) (c). | 116k x 2 (1)1 L6k 2 (1)1
1. 508% 200 120 ',»1.598'£A54 (1,2)51 1598 3 (1,2)"1
1.9k £ 25 (2")51 -130(P) g0 1.'9’49“t 3 2"51 1.949 £ 3 2"51
2500 25 0 a0 edoris (L2 - oedor s (L,2)5
) [5.12]}* 35(2) (c) e | | [3.12] o¥1
S 5.0470 £ 25 60 (c) 3470 5 (<3)751 .07k 25 (<3)751
5.980 £ 35 . 90 (c) 3970 %5 (3)51 0 3.970 £ 5 (55)',1
i.295 * 30 ot;e 130 (¢) ot fepdrtedi B 1,295 % 30 of2
£.657 + 30 160le) s00(e) - - 5.657 * 30
Thesevstétes were used as calibrations, and were not determined ffom ﬁhis éxperiment.
(a)Oniy thoSe.previously knoyn 5601 states cbrfespénding to observed states listed. Ref: P. M. Endt

C=¢l-



-

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)Thesé cross sections may contain other interfering states, but such

contributions are expected to be small.

(e)These states may also contain contaminant contributions: .

Estimated energy - see text.

o



-T5-
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distributions serve to guide the eye; the same curves have been drawn

3

through the (p,3He) distributions. The T=1 ~“He data have been multiplied

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

k as suggested by Eq. (IV-1). 1In view

36

data have beenmultiplied vy ° /34

of the fact that the distributions for all T=1 states in Cl shown in

Fig. 24 were obtained by subtracting impurity components in the angular

1

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

36

préviously identified states, the " Ar 6.612 MeV state is observed to be

o ’ + -
produced by an L=2 transition, determining its JTT as 2 . From energy

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

36

T=1 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"T of this level as 2+, and- identifying it,

36

. on the basis of J" and energy to be analogous to the ~ Cl 1.949-MeV state.

36

. The angulér distribution of the Ar 9.701 MeV state, however, is

' +
characteristic of L=0 transfer, and allows the assignment of J" =0

36

for this level. In Cl, there are no known JTT =.O+ 1evels,hl but a

36

rough Coulomb ‘energy calculation based on the ““Ar 9.701 MeV level pre-

dicts such a level at &3.12 MeV. A state of this energy would be de-

3k

generate with the c1 2}590 MeV state, and the angular distribution

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

34

pohent due to the Cl 2,590 MeV state. The distribution shape is

i e ' + .
A consistent with an L=0 transfer, suggesting an unresolved 0 state in
36 | | '

Cliaf about 3.12 MeV. The T=2 analogue diétributions are character-

s s s Lt s s s
istically L=0, assigning the J" as 0 for these states. This is in



© ko

~T7~

. - , _ ¢
agreement with the expected J“, since the Tz=2 analqgue state (3 S

. . + '
ground state) is known to have JTT = 0 .. The cross section_ratio ob-

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

36

distributions measured for low lying (T=0) states in Ar obtained

from the reaction 38Ar.(p;t)'36Ar are shown in Fig. 25. The L=0 and 2
transitions to states'in'36Ar are summarized in Fig. 20.

7. Our (pe) Bpr, Moy (p,te) 3801 ana “ar(a.0) 38

Cl Reactions

Slnce ‘the 1sosp1n of the ko Ar ground state is T 2, the reactions-

8, b
t)3 Ar and "CAr Ar(p, He)3 C1 may be used to produce T=3 states in

Ar(p,
vthe T —+l and T ‘+2 members of the mass 38 multlplet To determine the
exc1tat10n energles and cross sectlons of these T=3 analogue states, and -
addltlonally to provide a measure of ercltatlons and 1nten51t1es of all
states produced by the (p,t) and (p, He) reactlons for callbratlon pur-
- poses in 38Ar d1scussed in Sec. Iv-I, a natural argon target was used.
: Natural argon; Wthh is 99. 67 Ar, was_used both as a pure gas to_pro—
vide angularvdistributionvdsta, and in.an argon—methane.(BO%-éo% resp,)
mixture to provide sccurate excitstions cf states observed. The (d,a)
reactibu was'also studied.on_this target‘and is found to.ccnfirm the high
isospin assignment in'addition to proriding additional”spectroscopic
_ informstion,;ss wiil'be discussed inJSec. V-B-6. |

| .'Triton and 3He spectra were taken‘ouer an engulsr range o£ﬂ39°
frombé LAB = ll T degrees to 6 l = 50;7 degrees for the pure target; |

accurate exc1tat10ns were derlved from several spectra obtalned at

. eLAB’= 26,8'degrees using the mlged'target, where all states of interest
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were.separéted from the mass-10 calibration peaks. These energies are
summarized in Tablés 9 and 10. A sample,pair of spectra, collected for
12,553 microcoulombs are shown in Fig. 26. The a-particle data were

AB

= 22.3 dégrees for 5300 microcoulombs

collected over angles ranging from GL = 1L4.1 degrees to 045 = 50.7

. degrees; a spectrum, takeg at eLAB

is shown in the lower.portion of Fig. 17.
The angular distributions obtained for high-isospin analogue

38

states in 38Ar and °°C1 are shown in Fig. 27. As in previous cases,

the dashed line represents the same tritbn'curvevshape, drawn through

3

both the triton and He dafa.A The 3He angular distributibn for the T=3

analogue state has been multiplied by 2kt[5k,3fﬂe as-suggested by Eq. (IV-1).

3

The normalization factors of tﬁe other “He distributions depehd on

structure and will be discuésed in Sec; V-B-6.The anguler distributions

38

of_additional Cl states, ﬁhosé analogﬁes were not observed with

sufficient cross section to permit comparison, are shown in Fig. 28.

38

T=l’stateé:in 38Ar have no analogues in Cl (a TZ=2 nucleus) and their

angular distributions are shown in Fig. 29.
Since no T=3 analogﬁe‘states'haVé been reported in TZ=1 light
nuclei, this experiment repfesehts a feasibility test of using the (p,t)

and (p,3Hé) readtiqn'to populate suéh states. A rough Coulomb energy

38

¢a1culation, based én the mass excess of the ~ S ground state, assuming

a uniformly charged sphere, predicted these states to lie at about

38 38

B lQ.O;MéV‘in “"Ar and at about 8.3 MeV in ’"Cl. The excitations deter- -

mined for the states marked as T=3 in Fig. 26 are consistent with these

predicti@hs; The excitgtion of the T=3 analogue in 38Ar was determined



Table 9. Summary of the %OAr(p,t) 58Ar Reaction |

(a)

. "This Work Previous Work

_ . __Average
Excitation ; IntenSity  Excitation ‘ : D Excitation
(MeV 't keV) IT3T (ub/st)  (MeV * keV) SR (L. (MeV * kev) T
_g.s;%-‘;(  ‘Of;1ﬂ_ 380 ,‘ : g,é. O+jl’ g.s. ;1
2.168x - 2%1 1h 0 2.16768 .14 2% 2.16768 + .1k 2"
5577031 10 3.3768 * .3 of1 33768 .3 ot
. p3.8100% .2 371 3.8100 .2 351
5,892 £30° ;1 2200 |~ - | | ]
o bsese e s (2) 3.936. .5 (2)"51
u;588~t-25.* ';1;' 70 k585 s 5751 4.585 £ .5 5;;1
© 5150 £25 ;1 120 5.155 £ 10 (1,2)%51 5.153 * 10 (1,2)"51
5.578 £35 ; 75 5.551 * 10 (1,2)"52 5.551 * 10 (1,2)"51
- ‘_ o 5.591 * 2.0 .1 5.501 * 2.0. 31
6.255 30 i1 45 density of states is 6.253 £30 31
6.466 £ 45 ;1 35 - too high for 6.466 + 45 ;1
70110 £ 45 51 <20 comparison 7.110 * 45 ;1
70655 £ho 51 ~20 7.653 * 4o ;1
8.883 tho . ;1 U5 8.883 * ko ;1

e



Table 9. Continued

This Work _ PreviOﬁs Work(a) - | “Average.

Excitetion ,‘ . Intensity Excitatioh__ “ Excitation '
(MeV * keV) Jﬂ;T. (wb/sr) | (MeV * keV) . JT;T (MeV * keV) SR S |
11.300 * b5 20 11.303 57 11.300 * L5

13.090 40 35 - , ©13.090 * ho

B3 s o L 13332 35 5(2)
13.700 £ ko 5(2) ko o . 13.700 ko (2)

+

18.78k £330 0733 25 S L 18.78k 30 03

(a)Only those previously known 58Ar states corresponding. to ooserved states are listed. Ref:
'P. M. Endt and C. Van der Leun, Nucl. Phys. Al105, 1 (1967) '

. 2 .
( )These states were used as calibratibns, and were not determined in this experiment.

(1 )Thls .value represents the average excitation of the unresolved states at 3.810 MeV and 3.9%6
MeV. respectlvely ‘

T8



Table 10. Summary of the

Lo

Ar(

p,BHe)BBCl and qur(d,a)58Cl Reactions;

P. M. Endt and C. Van der Leun, Nucl. Phys. Al05, 1 (1967).

" This Work Previous Work(a) Average
Intensity
Fxcitation (p)BHe)(d,a) Excitation Excitation
(MeV * kev)  J;T  (ub/sr) (MeV * keV) JTm (MeV * keV) JTsT
g.s. ;2 ~25 ~25 ‘ g.5. 27;2 - 2732
0.691 + 30 | ;2‘ 12 ' 35 . 0.671 *3 5;2 . 0.671 %3 5752
0.761 * 3 (3)7;2 . 0.76L %3 (3)7;2
+ CF
1.88h + 45 ;2 100 160 1789 = 7 L 1.789 = 7 s
' o ' 1.986 = 6 7 1.986 £ 6 s
2.48% + Lo <15 60 2. 461 + 12 (+).5 2,463 + 11.3 (+).5
2.756 * 25. 150 5 2.752 % 12 "2 2.75% * 11 =52
3.190 * 35 25 - 3.190 * 35
5.h90 * 35 25 50 3.490 * 35
3.770 35 35 65 3.770 £ 35
I.3hs * 35 <20 -- h.3k5 £ 35
5.38. £ 50 v <20 90 5.38 % 50
6.63 * 50 ~20 -- 6.63 * 50 }
8.216 +25 033 170 - 8.216 *+ 25 03
(a)Only those previously known_58Cl states corresponding to observed states are listed. Ref:
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T=1 States in Mass-38 from *°Ar(p, +) 38
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pfimariiy from the lOC'__-ground"and‘3.31+-MeV states; the excitations of
intenmediete T=2 states in.tne tegion of ll—ih MeV were determined using
the above states and knownhldlow—lying states in 38Ar'shc'>wn unbracketed
in Fig; 26. The exoitations of states ih 38C1 were determined using the
known i'esolvedhl states at'low exoitatiOn in 3801'and theblOBdstates.

The finel excitetions obtained for the T=3 states areAsummarized in

. Table 3. ‘The exCitations and‘cross'section data for T=2:states are given
. in Tables 9 and 10. ’ -

From a comparlson of the angular dlstrﬁbutlons for the T=3 states

with known L=O dlstrlbutlons prev1ously obtalned (see F1g 20), it is

" evident that these states are found by L=0 transitions. Thus a value of

i 384
[

+ .
-dJ =0 1is assigned, conflrmlng the states as*analogues,tO' The
-_obseryed relative magnitudes,of the (p,t) and (p,3He) distributions are

found to agree very well with that. expected from‘Eq._(IV—l), confirmingd

the T=3 assignment to these states.

K. h?Ca'(p,t) hOCaLand tha (p,SHe) l‘lOK; T=2 States

The target used to'determine.the excitation energies of T=2
analogue states in-mass—ho.ﬁas a Self—Supporting evaporated calcium foil,
with a thlckness of NhOO ug/cm2, ‘and 1sot0p1c enrichment of tha of

h Ca 0.06% 3 a,

9k, h2% the remalnlng 1sotop1c comp051tlons were 4.96%,
0. 567 a, <‘0.05% 6Ca, and < 0. 057 Ca.: Impurity oxygen and carbon
were also found to be present in substantial quantltles, and the well

v known.states.in-loC»(loB) lh (lh )

produced by the (p,t) and (p,3He)
{neactions provedﬂto be uSeful’calibratlons for the exc1tation energies

of the T=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
hOAr ground state. The states identified as T=2 states in Fig. 30
are consistent with thése values.

A series of four angles ranging from eLA = 18.0 degrees to

B

[ar)
|

= 31.5 degfees were measured. A pair of spectra, obtained at

(e}
I

= 26.8 degrees for 3554 microcoulombs is shown in Fig. 30. The
‘ angular distributions of the states identified as T=2 analogues show
a charapteristic L=0 shape, which assigns a Jﬂ of O+ to these states,
and identifies the states as analogues to the'uOAr 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 Eqg. (IV-1) (2kf/3k3He = 0.62).
The excitation energy obtained for the T=2 analogue state in
o, . L1 ., ko C o . o
Ca is based on the low states in Ca shown in Fig. 30, in addition
10 14 ’
to the "7°C and ~ 'C ground states. No other strong states were observed
in the triton spectra. The excitation of the T=2 analogue in hOK was
determined using known 10w-excitedhl states in hOK, and the impurity
14 '

N and lOB states shown in Fig. 30. The excitafions 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 reéults are'summarized in Table 11. Wherever possible,
the contributions to the cross section by interfering states have been
removed prior to detérmininé the experimental cross.section ratios.
E#cept in those cases where the interferihg states are of unknown
strength, good agreement is obtained between the experiﬁental and cal-
culated ratios. The.cross seétidn ratio expressions were'deriyed

assuming that B%L(ki,k

expression were essentially identical for both the (p,t) and (p,3He)

f) and Qn occﬁrring in the DWBA éross section

reactions to analogue'final states. The good agreement obtained with

experiment appears to Justify these assumptions.

B. Cross Section Ratios of States with T, =T,

The results obtained for states of T =Ti character are dis-

f
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'.
- distinguish states produced byva j2 transfer from thosevproduced‘by
the transfef.of more complicated configurations (i.e., jlj2 pickup)5
Since a specific configuration is'required‘to déferminé a value fdr
the theorgtiéal ratio forijljé.trahsfer'the éimplest shell model con-

figurations consistent with the known character of the state were uséd

for this purpose.
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Table 11. . Summary of exbefimental and‘calculated
cross section ratios for states with Tf=Ti+l.’

Cl 2.162 MeV

5 R ( ey (8)
J ?T States Rx(t/3He? Rc(t/3He? v Comments
18 ' _ . 18 . .
oti1 " Ne g.s. 1.4540.15 1.88 B F 1.081 MeV state is |
; 18F 1.081 MeV - Tt _one of unresolved quar-
ot : tet, the remaining states
’ -are T=0.
+ l8Ne 1.887 Mev o o : 18 has unresolved T=0
231 18, - 1.62+0.20 . 1.86 state at 3.13 MeV.
F 3.060 MeV o o :
: ;.' '19Ne 7 6é0 MeV . :These ététes afe anal-
St T first excited state:
20 o o '
+ . S
0 ;2 20Ne 16'732 Mev 0.70+0.09 0.62 . The cross section data
“F 6.513 MeV for this ratio Wa? Eaken
. R , from Cerny et al. b '
| . 23 . _ | . )
itisse BTN gsig0o ggp it siege are el
S Na 7.900 MeV . » & &
v . : state.
' 2y 15.426 Mev | iy
0t;2 ol & 030 MY 5.61+0.06  0.61
| Na 5.978 MeV - |
+ '28Si,l5.206 MeV ' : g 28A1.T=2 croés secfion
0 ;2. - ~ 777 0.54+0.20 - 0.60 -, _ e 10
28Al 5.983' MeV ‘ obtained by stripping VB
S T 0.717 MeV state at GLAB
. _ = 150-050 v v
32 . . : , . ' »
+ L0314 - '
ot.o S 12v031&MeV 0.66+0.06 0.60 _ ?hln pérget§ gnd }ow beam
32p 5.071 MeV ' intensity limited count-
: ’ S ~ing statistics.
3b, | , o
+ : . . o
oty AT es 1.924#0.19 . 1.80
. 34 v S .
: Cl g.s. : .
. 34 g : .
+ . : . 3 S . . .
2731 3hAr 2.092 MV 1 shio.20  1.78°
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Table 11. (Continued)

(a)

J ;T States. : Rx(t/3He) Rc(t/3He) Comments
+ 340r 3.303 Mev ' 36pr(a,0)3%]1 reveals
0 ;1 0.50+0.05 1.77 . N
: BhCl 3.343 MeV previously unreported
: T=0 state at 3.33%0.035
MeV. :
+ 3)4AI‘ 3.900 MeV
"0 31 3h : 1.67+0.17 1.77
Cl 3.940 MeV ' :
(37)s1 | 3hAr 4,563 MeV 1'3840 8 1.76 Small cross section-
i ShCl 4.660 MeV U o high density of states.
+ 364y 10.858 Mev
0*;2 iy . 0.62£0.07  0.60
Cl L4.295 MeV i
o+ 38y 18.784 Mev -
10733 38 : ©~" 0.36%0.0k 0.35
¢l 8.216 MeV .-
+ 00s 11.978 Mev
0 ;2 : 0.60%0.05 0.62

40 K L4.375 MeV

a) The calculated ratio is based on Eq. (IV-1).

(b v ' .
(v) J. Cerny, R. H. Pehl, and G. T. Garvey, Phys. Letters 12, 234 (1964).




Table 12

. Summary of - experimental and calculated cross.section ratios for states of T =Ti'

f

"Al 0.031 MeV

J ;T  States R (t/3, ) Pickup R (t/3. ) Majo? Component of
o X THe ¢ THe Final State Shell-
Model Configuration
. 2O%e 10.275 Mev o | N
2731 20 9h+0.20 - " (145/2) 1.88 [(1p1/2) (ld5/2) ]
A &t , : 00 21°21
_ - F g S. .
(3;)-1 e QNe 12.250 MeV. 4 3349 15 (1p1/2)(1d5/2) 1.30 [(1p1/2) (1d5/2)2 ]
- 20p 1,851 Mev - - £ 1/2 1/2 5/2 1/2
Ra) g 9517 wev 5240.30 (ids/é)z 1.86 [(1p1/2)* (145/2)8.1 |
; ok i , A P00 L1'h1
Na g.s. ' :
o+ 2hM 10.072 MeV ‘ (2 T P!
(2751 8 .3620.30 (1d5/2) 1.86 f(lpl/z) (1d5/2)21]21
- ‘ Na 0. 563 MeV
2l ' ..
1 Mg 10.737 MeV .2810._25 3135 A U SR
EhNa[1.35] MeV
ol .
31 2hMg 10.377 MeV 4 1140.10 313, U S —
‘ Na 1.508 MeV -
é+-1 285i 9.319 MeV 1 +b 10 (1d5/2)(2s1/2) 1.51 ‘[(ld5/2)ll (2 1/2) ]
’ 28 | +15#0-10 - {1a5/2)fesl/z) -2 | 5/2 1/2'251/2)1 /0 172101

31 o

-g6-



Table 12 (Continued)

3801 3.190 Mev

J,T 'Statés Rx(t/3He) _ Pickup Rc(t/3He) - Major Component of Final
‘ . : State Shell-Model Con-
figuration
+ :288i 10 700 MeV o 10, 2
0 ;1 8 s 1.864.20 (1a5/2) 1.84 [(ld5/2)01(2sl/2)0i]01
| Al [1.37] MeV - o
s, 28g; iOv909kMeV ' ‘ | > .10, P
(2" %1 44 . 1.8120.20 (1d5/2) ©1.83 [(1a5/2)5,(2s1/2) 11,
“Al 1.633 MeV : , ;
ot | 328. 7'005“Mev‘ 1.20+0 15 v(2si/2)(ld5/2) 102 [(231/2)3? (1&3/2)l : ]
329 0.078 Mev - . 1/2 .1/2 3/2 1/2°21
+ 36pr 6.612 Mev ' . 2 N N "
2 ;1 : ST 1.9020.20 (1a3/2) 1.81 . [(2s1/2)..(143/2),,]
36, - » 00 21721
b Cl g.s.
2+~i Er 8.546 uev 1.4640.20 (2s1/2)(1d3/2) 1.32 [(2s1/2)3, . (1a3/2)° ]
’ 36¢1 1.949 MeV : o . 1/2 1/2 3/2 1/2°21
" Bur 9.701 Mev (a) 2 ‘ 2 6
0 ;1 36 ) 2.43+0.70 (2s1/2) 1.80 [(2sl/2)01(ld3/2)01]01
Cl [3.12] MeV : , ’ '
32 38Ar 13.332 MeV 0.43+0.10 (1d3/2)(1f7/2) 0 hs(b)[(1d3/2)5 (lf7/2)l -
: 38Cl 2.752 MeV 3/2 3/2 7/2 1/2°32
38
.2 Ar 13.700 MeV 1.1240.20 j2

_f.(6_.
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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

comparea5to the state of interest.

Becéuse the cross section ratio depends on configuration,
this one was assumed'to provide an order of magnitude
expected. Other jljg pickup configurations give about

thé same vélues_(i0.20).
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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 3

He‘data; the experimental cross section ratio was taken as
that multipliéation factor requiréd to produce the best fit. The first
maxima in the distributions‘wére most heavily weighted in determining
the normalization factof excebi for these cases where no maximum was
discernable. Here the normalization was-weighted by the angles haying
the largest cross seétion measured with adequate statistics.

20 _ 20

1. Ne F T=]1 States

The excitation energies of the states in 20F's_hown'in Fig. 31.

b7

were taken from de Lopez et‘al'.h6 and Chagnoh. The excitation of the

lowest T=1 level in 2QNe is based Qn‘measurémehts by PearsonySVand
MacFarlane.hg Using this level as a calibration in addition to the loC
ieveis, the excitations of the higherlying levels were determined frdm

this work. The 20

Na states, taken from Endthl are also shown for com-
" parison.
. v : 22 20 . s s
Two states observed in the reaction ““Ne(p,t)“ Ne were identified
-as T=1 in character. The cross séction data- for other states in this re-
.gion of excitation in 2ON.e wéfe insufficient to provide additional JH;T

- assignments.

20 . . ! .
a. Ne 10.275 MeV - 2QF ground states. These states are

identified as T=1 analogue states from energy systematics and because
both states are produced with identical éngular momentum transfers in the
mirror (p,t) and (p,3He) reactions. The oObserved angular distributions’®

for these states are shown in the upper'portidn'of Fig. 32, and are found
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T=1 Anoclogue states in 20F

T T =T T T

] [
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1 11 1||1, — NNy

N _
5.0L 22 Ne(p,t) 20Ne 22Ne(p,3He)20F
| )
- 20Ne 10.275 Mev 20F g6,
. T=1 . J7= 2+
J7= 2% x1.88
1.0— N
C \
il ﬁ’_ \\
:E‘ 5.0t
> - 20 0.652 MeV
o o VT=tLm7
= X 1.88
L0
e
o .
=~ 1.Op—
. i 2oN_e 10.890 Mev
?,- o.55 (T=0)
= :
N
b |
©
~— £=
10— _
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Wwm=37)
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i2 24 36 12 24 36
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. Figure 32
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to be consistent with an L=2 tranéfér.' The solid curves in the figure
repfesent the same guide—the—eye.iiné through both the triton and 3He
- data. The 3He data have been.multiplied by the calculated ratio for 32
~ pickup (=l.88) to faciiitate comparison.' The dashed curve is a DWBA fit

for a L=2 transfer using the parameters given in Table 2.

- Despite some earlier uncertaintyu6’h7 in the spin-parity assign-

Co o : +
ment of 20F, itS»Jﬂ has been confirmed by this experiment to be 2 .

Previous work, using the reaction 19_F(d,p)2OF to populate the gfound state,

~ has shdwh this stripping reaqtion proceeds with ln=2, giving JTT of the
+ +
final state as 1, 2, or 3-. Since the (p,t) reaction on 0 nuclei, re-

~ stricted to populating natural parity states, can be used to pbpulate the

2oNe analogue to the QOF_g.s{? this implies that both states have natural

parity. Hence, the observed L=2 transitions assign a Jn-of 2 to the QQNe

10.275 MeV and -°F ground‘étatgs.
The observed.cross section:ratio for these states is foﬁnd to be
‘Rx(t/3He) =:l.9L¢O.20vwhich is.an exCeilent agfeement wifﬁ the ratio cal-
vCulated‘on the'basié of j2 pickup, as shown in Taﬁle 12. The croés‘section

‘pickup, are typically ~1.3, as also shown in

ratios. calculated for a jij2

Table 12.
The cross séction ratio obtained for these states is consistent
with the,following éimple sheil—model.pickup:

et 7oy (yae /16 7 SN !
[(1p1/2)4o(1a5/2) 1 3 T(1p1/2) (1a5/2) 5,1,
If this latter configﬁration‘ié indeed'the'principal component of the 20F

' ground state, théh this staté $hbuld not be observed in the‘reaction-
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22Ne(d,a)20F, because the pickup of (d 5/2)2 particles cannot, as shown

by Eq. (II-27), be coupled'to even-spin natural parity states. Hence, the

. ° . +
transition from the 0+‘22Ne ground state to the 2 20F ground state is

forbidden.
Experimentally, the 2OF ground state produced by the (d'a) re-

actlon using 40O MeV 1nc1dent deuterons, is observed with an 1nten51ty of

50

only 8% of the strongest state in the spectruma Such a small cross

section may be readil& explained by small admixtures of other configura-

tions.to the wave functions of the initial 22Ne and final 2OF states.
-b. 20Ne 12.250 MeV -~ 0F 1, 851 MeV states. Energy systematics

"~ and angular distribution data suggest that the oNe 12;250—MeV'and the 2OF

1.851-MeV state are analogue T=1 states. As shown in the lower portion .of
-Flg 32 the triton and 3He distributions are distinctive and v1rtually
1dent1cal in shape for both states, the solld curves are the same gulde—
the—eye line through both distributions. The broken curves are DWBA fits
for the L ualues indicated usiug'the parameters giVen in‘Tabled2. A com-
‘parison with the distinctive L=0 and L=2 shapes observed previously (see
Fig. 20) shows these distributions to be totally different. No.JTT has
been previously reported for either.state, but present experimeuts
»suggest & J"=(37) to be consistent with:all data obtained.

The experimental cross section: ratlo obtained for these.states
is.Rx(t/3He)'é 1.331Qf15'wbichzis'inconsistent with a ratio of:l.88,
””calculatedvaSSuming j2npickup.‘ HoweVer"the calculated ratio for a jij2

(1d5/2) 1.

01-01’ 5/2 1/2°31

“is found to be Rc=1;30, whichvagrees very well with the experimental value

p;ckup'of:the7sort.[(1p1/2) (1a5/2)% 1 Klpl/2)1/2 1/2
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.obtained.' From simple shell;modei considerations, such a configuration
would be likely for the lowest j ? pickup.in these nuclei. Although the -
conflguratlon can also be recoupled to glve a state of J —2 s Such a
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. Figuré Sé‘snOWSﬂthe.cross section data to be consistent with
the DWBA calculation for'L=3; The calculeted L=1 distribution is also
‘shown for comparison.

The 20F l 851 MeV state is observed to be the strongest state

populeted in the reaction 22y, (d a)2OF and hence must have a primary
configuration of either (1@5/2) 'coupled to'a_flnal J'=1, 3 or 5
(p1/2)(as5/2), (the J"=0, 2 or k&t are not allowed by Eg. (II—?T)). Any
configuretion coupied to 1;3'or‘5f is ruled out because their analogues
:would not be observed in thev(p,tjbreection. Hence it apnears-this‘state
'is a natural parityestate of (pi/2,d5/2) character with a J'=(37).

| Further verification of this'configuration\suggested for the
#ONe 12.250 Mev and °%F 1.851 MeV states is obtained from the TOF(a,p)?°F
.reaction. A state witn.thisvconfiguration would not be expected to be

19

produced by this strlpplng reactlon, because the F ground state wave

functlon does not have much p—hole state admlxture, as would be required
_to produce this state in ?OF by the (d,p) reaction. The work by de Lopezh6
S L7 L L E : . _ ‘
and Chagnon T confirms that this state is indeed very weakly produced.
. ¢ .
01-°01

gives a calculated ratio of RC=O.68.

An additional 3195 pickup, of the type [(lpl/E)go(ldS/Q)

"+ [(1p1/2)3 (15/2)? I

1/2 1/2 5/2 3/2 31
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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

Qbser#ed in 20Ne at excitations of 10.890 MeV and ll:lOO which may be T=1
in charactef. From energy considerations; it is expectéd that the 20N¢
10.890 MeV state is analogous to the 20F 0.652 MeV state. The angular
vrdistfibutions observéd for the triton and'3He particles corresponding to
these states are not the same in shape (see Fig. 32), suggesting the states
; ére nof formed by the same angular momentﬁm tfansfer; and hence aré not
v analogués. Because the T=1 analoéuevin 20Nevto the 20F70.65‘2 is not ob—b
sérved in the‘(p,t) réactidn, thig would suggest a Jﬂ=l;3+. for this
 state, based on these and the‘(d,p) results. |

B Similarly,.a T=1 state in 20Ne at an excitatioh of 11.100 MeV
is éxpected td be analgous to a state in 20F at an excitation of "0.8 MeV.
Due.to the number of states in this.regioh, no stéte in the 3He spectrum
was observed with sufficient cross section and separation from the neigh-
Bouring strong states to permit comparison.

2. '2hMg - 21”lI\Tza. T=1 States

The excitation energies given for the tha states shown in Fig.

33 were. taken from Eﬁdt énd Van Der ieunhl except for that of 1.508%20.010

state which has been recently reported by Jahr et al.51

The excitation
. energies shown for 2hMg were also taken from Endt, except for the states
reported at 10.7LOi0,03S'MeV and.10.977i0.0h0 MeV which are detérmined

from this work. A (Jﬁ;T)$(3_;l) has been assigned to the latter state

énd its analogue in 2uNa as being consistent with all experimental data.
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The present work also observgs states atiekcitations of 10.337x0.035 MeV
and 11.375+0.040 MeV,. which are to be compared with the previously reported
states at 10.353i0.0201and il.39li0.00h MeV. . Because of the greater
accuracy of the latter excitatiéns, these have been used in.the figure.

The states reported by Endthl

fdf 2hAl»bave also been includea for com-
parisbn.

The cross section ratios were obtained in the manner described
previously. Due to the better counting statisticsbavai;able at Scmw2h°;
 .these'data Werg‘weighted more strongly than the other-points obtained in
‘the‘distributions,v1Be¢ause the angular diStributiOns of states in 2hMg‘

29 only

50

. produced by the (p,t) reaction had been extensively studied,

sufficient distributions were obtained for the (p,BHe) reaction”” to in-

dicate the analogue naturé of the states observed.

a. g 9.517 MeV - ?Ma ground states. The excitation

: enérgies and angulaf distribution data determined for thesé states
idehtify them as the previously reportedb'l lowest T=1 analogue states
in’mass 24. The observéd distributions are similar, and are consistent
with the previdusly assigned-Jﬂ=ﬁ+.

The experimental cross section ratio for these stafes isvfound
to be Rx(t/3He) = 2.52%0.30 which is higher than the calculatea ratio.for“

o v S . . _ o
*J pickup, Rc=l.86. Since the calculated ratio for jlj2 pickup can never
exceed the_,j2 ratio, and is generally much smaller (see Table 12), for
simple shell model configurations, this results is consistent only with

a 32 pickup.
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A éossible éXplanation:of»the énhénced Cross éection observed
for the 2hMg 9.517 MeV state by the (p,t) feaction is the inclusion of
unresolved T=0 states. Endthl has reported two states, one at 9.#56i0.012

'MeV of unknown J" and épofhef at 9.52 (no reportéd error) MeV with a "
=(6"), which would béAﬁnresolved iﬁ this work. However, the,peaks ob-
sérVed in.fhis work aré éharp ahd éymmetric. Since 2hMg is known to be a

‘deformed nucleus,-high.J states.are.popdlated with relatively iarge crosé

sections. Consequentlybthé_Q{Sé MeV (JW;T)=((6+);O) state which is
virtuall&.degenerate ﬁith theslowest T=l‘$tate could make a signifiéant

contribution to the cross section, and give rise to this abnormally large

. ratio.

b. 21‘LMg 10.072 MeV - 21+1\Ta§0.563 MeV states. From previous

' workhl and energy systematics these states have been identified as T=1

analogue states. DPresent energy determinations and similar angular dis-

2L

. ) : ' + .
~tributions confirm the earlier assignments of (J";T)=(2 ;1) for the ~ Mg
10.072 MeV and QhNavO.563vMeV states.

Since the {(p,t) réaption on O+ targets cannoﬁ populate unnatural

. S N
‘parity states, the 9.984 MeV state in 2hMg, with a (J7;T)=(1";(1)) would
o o

-not be produced by this reaction. However, its analogue, the ~ Na O.h72

YMeV state can be produced by the (p,3He) reaction, both‘by L=0 and L=2.
- angular momentum transfer. With an experimental resolution of ViS50 keV,

2k

this state should be unresolved from the ~ Na 2+ state, and would con-
tribute to that cross sectidn. donsequéntly the experimental fatio is

expected to fall somewhat below the calculated'value.
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For these 2' states (2'Mg 10.072 MeV and 2'Na 0.563 MeV) a 32

picku? gives a calculated ratio of Ré=l.86.r The experimental cross
section ratio is found to beva(t/3He)=3.36iO.30 which is higher than

~ expected.

The enhanced triton crosé section is possibly due to the in-

. clusion of unresolved T=0 states, which may be produced #ith significant
cross éection in the deférmed 21‘Mg nucleus. Two states, with excitation
energies reportedhl fo be -10.0251£0.015 MeV and 10.161+0.015 MeV, are
sufficiently close to be uﬁresolved from the 10.072 MeV state.. They
should, however, significantly broaden the observed peak if théy are pro-
duced. The obserVed.peak corresponding fo the 10.072 MeV state is

I
~symmetric and shows no greater FWHM than other peaks observed at this

29

energy. Earlier angular distribution data from Cosper et al. do sﬁggest

. though, that this stafe is complex.

c. ehMg 10.74 MeV - 2hNa 1.34 MeV states. From energy

‘systematics, (see Fig. 33) it appeérs that the 10.737 MeV 1';(1) state
. in 2l+Mg is analogbusit§ one of the fwo states in 2ANa located ét an ex-
citatioﬁ of about l.3h:MeV. Since béth the states in 2hNa musf have

analégues invthg.a Seéond T=1 state near the 2hMg 10.737 MeV state is
»'predicﬁed. |
2k

In the reaction 26Mg(p,t) Mg, the state observed at an ex-
. citation of 10.7L0*0.035 MeV is fouﬁd to have a cross section 30% larger e
_than’the lowest T=1 state. Since the (p,t) reaction does not populate

unnatural parity states, this state cannot be the previousiy reported

+
17;(1) state at 10.737 MeV. It is assumed this state is analogous to
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experimental ratio obtained here with the J
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the second state in 2l‘lNa-aﬁ: 1.34 MeV. The angular distribution obtained

29

using a 46 MeV proton beam by Cosper et al.”” for the 10.ThL MeV state

suggests an L=1 or L=2 angular momentum transfer.

2k,

The cross section ratio obtained for the ~ Mg 10.74 state and

the component of the zuMg 1.34 MeV state extracted from the unresolved

- multiplet at'eLAB = 22.3° gives an experimental cross section of

Rx(t/3Hé)=l.28iO.35 suggesting these states are probably not formed by

. pure j2 pickup. Since no Jn information is known about these states, it

is not possible to suggest a likely configuration. A comparison of the

132 ratios calculated in

.-Table 12 shows them to be cons1stent

a. Mg 10.977 Mev - by 1. 508 MeV states. The existence of

.e;a state'in hNa at an exc1tation of 1. 508 MeV by Jahr et al.sl is con—
:firmed by these experlments. Because this state is not clearly resolved '
'vfrom the l.3h MeV doublet no accurate ehergy determination could be made

'; from this work; Fronvenergy systemetics, however, this state appeare to
“be an analogue to a 2'h_Mg state observed at an excitation of 10.977+0.040

-iMeV.

The observed cross section ratio'for these states is found to

be R (t/3 ) 0. ll+0 10 1nd1cating a- complex pickup of configuratlons,

certainly 1nclud1ng strongly mixed jlj plckup

24

Prev1ous work suggests J<h for the " 'Na 1.508 MeV state, based

on its lack'of strength in the reactions 2hNe(B-)2uNa,h; and 23Na(d,p)

24 . 52,53 . . N ' _ - -
Na.5 ’53_ The similarity of behavior noted for this state based on the

assumption of a 3132 chkup, with that of the 2OF 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:

[(1p1/2) (1d5/2)01]Ol [(1p1/2)1/2 1/2(1d5/2)5/2 1/0d31 R.=1.30

(ld5/2) ] RC=O.68

—osl1p1/2)3 -

1/2 1/2 5/2 3/2

(Siﬁée’these states must be natural parity‘étates,‘andvthe parity must be
oddifrom (p1/2)(d5/2).pickup, only J"=3" ié.allowed.) This J'=3" is also
éohéistent Witﬁ the observed B decay déta, since AJ=3;AU=- is strongly
“forbidden. |
| Thé observed cross section ratio is significantiy_lower than

'that.célculated for either suggested configuration. This means that
néither is.dominant, and substéntial cancellation of transition amplitudes
is possible.

3. :288i 8Al T=1 States

The excitation energies shown in Fig. lla for the T=1 states in
‘mass—28 are taken from Endt and Van der Leun,hl except for thé state in
2881 at 10. 700 MeV, whlch representé an average of the previously re-
“ported - valuehl of 10. 710+O 020 MeV and the value of 10. 676+O 030 MeV ob-
tained in the présent experiments. The sp1n—par1ty values reported for
‘-éxcited T=i étates in 288i are determihed by tﬁe‘charactefistic_L=O and
zL=2_aﬁgulaf'momentum transfers shown ih Fig. 3k, (Compare the observed

shapes with those shown in Fig; 20.) Based on the spin assignments in
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‘T=I Analogue states in mass-28
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28 28 2§A

Si, and the analogue character of the“10.909'MeV' Si and 1.633 MeV 1
states, it is possible tO»tentatively'ass;gn a Jﬂ=(2*) to the latter state.
The experiméﬁtal cross_section ratiobwas determined as described

previously. The solidféurves through the (p,t) data serve to guide the
eye; the identical curves have beén drawn through the (p,SHe)-distribu—
tions to facilitate cdmparison{ The statistical errors on the experimental
cross section points are indicated in Fig. 34.  The dashed curves repre- |
sent DWBA fits, using pure configurations and single L transfers. The
'parameters used for the fits are summarized in Table 2.

a. Bsi 9,370 Mev - 241 0.031 MeV states. The angular dis-

: tributidn'qbservedbfor the T=1 state at 9.379 MeV in 28Si is found tb
~‘exhibit a characteristic L=2 shape, confirming the earlief tentative
assignment of 2+ fbr‘this‘state.ul The distribution observed for 3He
particles corresponding to the 0.031 MeV state n 28Al was found to be
identical in shape to the 9}379 MeV state in 28Si (see Fig. 34). From
the identity'of theirfangular distfibutioné,‘and ffom energy'systemafics,
these stateé were aé%igned as T=1 anéiogues in maés 28. |
v The experimehtal'qross sectioh fatio obtaiﬁed for these states
:iS Rx(t/3H6)=l.15iO.lO. Because the 2 0.031 MeV state in 28Al'is un-
“resolved ffom the 3+ ground state, the lgtter Wiil alsd'contribute to the
 §bsérved 3He,cross section? Since the 3+.analogue in 28Si cannot be pro-
”ducédﬁin first order b?vthe'(p;t)rreaéfion, the observed fatio is exfected
to be somewhat lOWer‘than calCulafed. Detailed wave functions for these
_states are not available, hehqé it is nof'possible to eStimafe the rela-

. ' = + + :
tive strengths for the 2 and 3 states in 28Al.

oy
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'The:experimeﬁtal precision in the energy determinations'of these
experiﬁents is found to be 30 keV. As a result, it was not possible to
use the "effective excitaﬁioh" obtained, as a measure of the relative
strengfhs of these.states.‘ Also, both states are produced prlmarlly by
‘an L=2 angular momentumvtransfer, and hence the angular dlstrlbutlon shape
would be insensitive tovthe ameunts of eech state present.

Fromlsimple Shell model cOnsideratiQns, the transition can prob-
ablyfbe representedeas occurring primarily as followsf
(251/2) ]

[(1d5/2)O (251/2)2 ] '_[(1d5/2>

o' 01 01 5/2 1/2 1/2°1/2'21

:The theOretieal croés:sectibn Caleﬁiated for such a cenfiguration is
Rc=i751, as eomﬁaredyto a raﬁie ef BC=1.8h calculated for a jeicenfigura—
tion.. |

The experimental reSﬁlt appears indicative of a J,J, bickup,
but because no]estimape of the magniﬁude'of the croSs,Section of the 3+
Qvground state in 28Ai is.aﬁaiiabie, no definite assignment‘can be made.

b. 25 10.700 Mev - %41 1.35 Mev state. A state, with a

’cherecteriétic L=0 aﬁguiaf distribution has been observed in 2SSi, at'an
| 'exc1tatlon energy of lO TOO+O 030 MeV If this state is a T=l'state,
 one would expect from energy systematlcs, to flnd its analogue in _8Al at
- an exc1tat10n Qf about 1735 MeV, :Suchba_state is in fact observed by the
' (p;sHe)_reaction, at’an excitafidh‘ofAl.BSib;Ohb MeV, and is produced by
" an L#O.fransfef.’ Aitﬁoﬁgﬁ‘fhese date‘are consistent with a previously

_ reported 1 ~state at an excitetion of 1.372*0.005 MeV in 28Al, this state
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state cannot be the analogue to the 2831 10.700 since the Jﬂ’of the latter

has been identified as 0 by fhe.(p,t) reaction. The J" of the 28Al 1.372

28

. | o .
MeV state has been assigned from the B-decay of the ~ Mg O ground state,

‘ .
and this state has been observed in a variety of neutron stripping re-

a7

' 'aétions on “'Al, such as 27Al(d,p)28Al. Hence, it appears unlikely that

- the Jﬂ assignment of_the 1.372 MeV state in 28Al is in error; a more
probable explanation is the éXistence of an additional state in 28Al, witﬁ
a J Tof 0" at an excitation of 1.3500.040 MeV.

The experimental cross section ratio obtained, assuming a T=l

character forvthese;states, is found to be
t/ = 1.86%0.
Rx(t/3He) 1.86%0.20

 'which'is consistent with a theoretical ratio of Rc=l.8h; calculatedkfor
: 5
a J pickup.
The observed J'(=0") and the low excitation may be explained by
a transition of the type

2]

N 10
01-01

[(1a5/2 Ol(2s1/2)2 ]

' 12, :
[(1d5/2)00(2;1/2) 01 01

‘This configuration is consistent with the fact that the 28Al'l.35'MeV
state has not been observed in neutron stripping feactions, since it would -
. bé produced only by_é»core excitation in addifion to the.pickup of a

" neutron.
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30 54

Experimeﬁts,using the reaction Si(d,a)28Al have been performed
at a deuteron energyvqf 9.5 MeVg but‘ﬁo evidencéiof another state has been
observed. This is additional confirmatibn of the configuration suggested
abo&é, since the J=O fransfer is forbidden in.the'(d;a) reaction.

. 2851 10.909 Mev - 28A1 1.633 MeV states. The angular dis-

~tributions observed for.théée‘states were identical in shape, and ex-
hibited a charactéfistié L=2 structure, és shown in the lower portion of

. Fig. 3k. From this and energy systematlcs; these states were tentatively
a331gned as T 1l analogue states. Based on the‘angular distribution shapes,

the J" of the 10.909 MeV state in. QSSi'can'be assigned as 2°. If these

states are 1ndeed analogues, a J -2 can élsd Be assigned to thevl,633

. MeV state in 28A1. | \ | |

The experimental cross section ratio obtained is
Y = g * ‘ .
R (t/3y,) 1,81,0.20.

which agrees well with the ratio‘Rc=l;83 calculated assuming a 32 transfer.
Based on simple sheli model considerations, and the known g"

~of the states, the transfer céh be explained by a pickup of the sort:

Y2

o 231/2) [(ld5/2 (2s1/2) ]

[(1a5/2 Ol 21

Ol Ol
. The " Al 1.633 MeV state is observed in the (d,0) reaction, but

- because of the low E =9.5'MeV) used, nq-information about its structure |

4l
can be obtained from the intensity of this staﬁe relative to other states

produced by the reaction.
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h. 325 - 3% 1= states

The energy level data shown ianig. 14b for the T=1 states in
mass 32 are taken fromiEndt and Van der Leun.hl Because the thin targets
used in these experiﬁegﬁs were capablébof withstanding only small beam
intensities, only thoée ﬁnglés near the peak of the IL=0 diétributions
were measured.’.Cénsequentiy, the data are insufficient to extract angular
distributioné.i To obtéin the:créss section ratio for the T=1 states, the
ratio Of-counts obsefved for several indi#idual runs were averaged;.the
final result was corrected for Je-(Jaéobian);

325 7.005 Mev (2%;1) state and its

In this experiment,_only_thé
analogue in‘32P.weré:obserVed:with.sufficient’cross section to bermit com-
pariﬁon. Although no angular disfributions are available ffom these ex-
ﬁeriments, previous'ﬁofkhlbhas shown these states to be T=1 analogues.

32P ground state

‘The position of the 1% state analogous to the
is”unkn0wn in the other members of this multiplet. It should not, however,
interfere in the case of 325, since it is an unnatural parity state and

would not be produced by the (p,t) reaction on 3hs, Tn the 32

P case, the
17 state is nét»completgly resolved from the ot excited sfate, but a peak
asymimetry was obéerved‘and corrected for;v

~ From the wavévfunctions as calculated by Glaudémans et al.,55
the followihg initial énd final gonfigﬁrations (negiecting smail’components)

“are obtained:
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4 "'u 2 b

. L

» Sg.s. Y(0' ) = -0.842 008 Ol+o :352 s, oo'o -339 544 02

32, . 3 it 22
Pes. V() =-0. 755 8172 1/2%3/2 1/2+O .34 8T 4dg, +0. 330 50197

3

+0. 330 s1/2 1704 3/2 3/2

P

. S ’ +
0.78 MeV Y(27) 1/2 1/2% 3/2 1/2

-0. 85h s3 +O 330 5]

1/2 1/2 3/2 1/2.
 An inspection of these.wave funcﬁions’revééls that;the.méjor component
" of both the 2% ana l+:sﬁates in 32p iévprodﬁced by (251/2)(ld3/2) pickup.
v:COnsequéntly both states will be pfoduCedbprimarily by an L#Q"transifién.
Bgsed on this assumptioﬁ, the bWﬁA‘predicfion for the relative strengths
of the 27:1% are calculated_ﬁé be 4.h4:1. |

' Th¢ bbServed cross.éection ratio, correcting for péakrasymmetry,
is found to be R (t/3y )=t 20£0.15 which is consistent with the calculated
. ratlo R -l 22, based on the 3132 tran51t;on:
]

(ld3/2)3/2 1/2

[(2s1/2) (1a3/2)2,1 ~ [(231/2)1/2 1/2 21

" The ratio calculated for>j? tréﬁsitipﬁs‘is Rc=l.82, and is inconsistent
~with t@é experimental data.

o ,'Thé experiméntal croés'seﬁtioh ratib obfainéd using the whole
3Hé.p35k (1ffaﬁd 2+‘state§)_gives a value of R (t/3, )= 1.00£0.12. Cor-.

o 3 S ' ' o o
_recting this ratio based on the relative 2 :1 strengths of h.h;l as
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calculated abovg, gives a final result of Rx(t/3He(corr))=l;2310.l5.. This
is iﬁ excellent agreement with the result obtained by correctiﬁg the 3He
crosé 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 ihdicate
- the type of transition observed, and hence possible major components of
the configurafion of fhe fihal'states prodﬁced.

5. 36Ar - 3601 T=1 States

36

The energies of the excited states in Cl and the lowest T=1

state in 36Ar, as shown in Fig. 35 are taken from Endt and Van der Leun.hl-
The higher'T=l statés in 36Ar are determined from this work. The state in
: 3601 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 R . 36 g 4O
"“7Ar, 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 thev(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 3601 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. 36Ar 6.612 MeV - 36

- B .
36Ar..-'had'been tentatively assigned as (2 ). The

¢l ground States.. The spin-parity of
the ioweet T=1 state iﬁ .
angular distribution‘oeteined from the (pyt) reaction eorreSponding to . .
this state is characﬁeristic“of an L=2 tfansfer, and hence confirmsbthe

above assignment. The angulaf distribution observed for the 36Cl ground "
state is, within statistics; essentiall§ the same, as shown in Fig. 2k,

and confirms the analegue character of these leveis;

» 25 have_calculated the following wave functions

for the‘38Ar target and the 36Ar 6.612 MeV—36Cl 0.000 MeV final states:

GlaudemanS'ef al.

38, : w46 2 .8
Arg;s. V(0 ) = =0.973 sndo; =0.230 s .4,
36A-_f/3601(T=1) v(2%) = -0.930 sgodgl -0.27h sgldgl

An examination of these wave functions shows that the dominant
mode of this transition'will be j2 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-

8 >
generate 3 Clg s is Rx(t/3He)=l.9OiO;2O which is in excellent agreement

with the predicted 52 ratio.
Further evidence for the j2 chafacter of the pickup leading to
~the lowest T=1 state in mass—36_is obtained from a comparison of the

38Ar(d,a)36c1,

" 'relative magnitudes of states*observed b&'the reaetion
:_Since'the'pickup in this reaction is primarily s=1, T=0, even spin-

-natural parity states with a j2 configuration Vould not be produced
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tributions obtained correspbnding to the

‘distribution obtained for the

- Glaudemans et al.

19—

36Cl

since they require T=1 pickup. The intensity observed for the
ground state in the (d,a) reaction was found to be approximately 8% of
that observed for the_strongest state in the spectrum.

3801 ground state produced by the (d,a) reaction

Although the
s R To I . - 36 .
on the impurity ~Ar is unresolved from the ~ Cl ground state in these

experiments, the observed cross section for the former state is suffici-

ently small, as determined using a pure #OAr target, that any contributions

~can be ignored for these comparisons.

36

b. Ar 8.546 MeV - 36

c1 1.949 MeV states. The angular dis- -

36Ar 8.5&6_MeV and 36

Cl 1.949

MeV states are shown in Fig. 24. On the basis of the characteristic L=2

36

Ar 8.546 MeV state, a JW=2+‘is'assigned.

" The angular distribution obtained forvthe‘l;9h9 MeV state is identical

. v + -
in shape, confirming the earlier 2 assignment.h-l Based on this 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 correcfing forvthé known contribution of the
38

Cl 1.88 MeV unresolved multiplet of states gives Rx(t/3He)=l.h6iO.20
which indicates the transiticn is not a j2 pidkup.

The wave-~function of this‘finalvstafe has been -calculated by
55 |

as-fsllows3'negleéting small compohents:’

+0.454 s3

+) .5
1/2 1/2%3/2 3/2

3045301 (1=1) w(2*) = 0.820 s§/2'1/2d§/2 1/2
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This transition would‘proceéd'primarily by § pickup of the type

4192
[(2s1/2) ¢ (1a3/2)8 10+ [(2s1/2)3 ), | ,(1a3/2)2 ) o]

01-01 1/2 1/2

which predicts a cross section ratio Of Rc=l.2l. This value is essentially
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.

38 36

From the Ar(d,0)7 Cl experiment, the intensity of 1.949 MeV

state in 3601 is. observed to be apﬁroximately 3 times larger than that of
the ground state. This result is consistent with a pickup which is pre-

132 in character.

c. Oar 9.701 Mev -

‘dominantly j

3601 3.12 MeV states. A characteristic

L=0 transition of moderate strength was observed ieading to a‘state in
36Ar at an excitation of 9;76110.030=Mev [see Fig. 24]; a J"=0" is assigned
“to this state. From the systematics of (p,t) reaction on dfher_targets in
 the 2s-1d shell, it appears unlikely thaf a T=0 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 7 Ar state, the energy predicted for the ~"Cl analogue

~state is found to be 3.12.MeV. Because of target impurities, this state

3hCi 2.596 MeV state produced by the

6Ar(p,3He)3h01§ Subtracting the contribution of the 3h01 state,

. was found to be degenerate with the
reaction 3

the ahgular distribution shown in Fig. 24 was obtained. The errors shown

in the figure are counting statistical errors only, but a comparison with
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the shape observed fof‘the'BéAr’9.7Ol MeV state reveals the shapes to be

identical (within statistics).

55

. . . N
Glaudemans et al.”” have calculated the wavefunction for a 0

36

‘ 5 L | N
state in Cl at an excitation of 3.30 MeV (neglecting small components)

. to be:

36, 36 (v Y o o oae 3 5 2 6
Ar/-"c1(T=1)y(0") = 0.217 51/2 1/2%1/2 172 ¥ 0-976 spd0,
A comparison of this wave function with that calculated for 38Arg 5. Te-

veals these states are.simply related through a j2 pickup from the major

compoﬁent of:the target configuration.

The experimehtal cross sectionrratio;oﬁserved fdf thé 36Ar 9.701
MeV and 3601 (3.12) MeV states is-RX(t/BHe)iQ.h3iO.70 which agrees well
with the theoretical j° ratio of R =1.80. ~

The (3.12) MeV state is not observed with sufficient cross -

38

section in the “"Ar (d,o) 36Cl reaction to permit an accurate determina—
tion. This weak population is consistent with the previously assigned
_ jg character of the state.

6. 3Bup _ 38 T=2 States

38

- The excitation energies of the states shown in Fig. 36 for ~°Cl

up'to.2.752 MeV are taken from Endt and Van der Leun;hl-the‘higher ex-—
‘cited states were determined by this work. Also determined here are the

o, 8 : : o : ‘ o o -
-excited 3 Ar states which are produced at excitations above that expected

38 38

for the Cl ground state. (This T=2 state

- 1in 3 Ar is an unnatural parity state, and hence would not be produced by

Ar state_analogous to the
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the (p,t) reaction on hOAr,,— its. expected poéitidn is obtained from a.

rough Coulomb calculation based on the mass excess of 38Clg s ). The

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 Jﬂ=5—

states at 11.7303 and 11;308 MeV,hl’56

37

‘which have been produced by the

reaction Cl(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/T the'comparison of these ratios to determine cohfigura—

f’
tions becomes less sensitive as T increases. In addition, the high ex-

38

.- citations of the Ar T=2 states places them on a relatively large back-

ground when producedvby the (p,t) reaction. Consequentiy only those states

with exceptionally lérge cross'sections can be accurately compared.

38 38

a. Ar 11.300 MeV — >°C1 0.691 MeV states.  With an experi-

‘mental resolution of N130 keV FWHM it was not possible to clearly resolve
the J"=5" and (37) states reported-at 0.671 and 0.761 MeV respectively in
38 | o

Cl. But since both are negative natural parity states, both their
ahalogues in 38Ar'should.be produced, and‘éll must be produced by'jlj2
pickup from a hOAr target.

Assuming simple shell model‘configurations for the transitions:

1 ]

T [(1a3/2)? (1£7/2)
Ctay2)b 221, L 323 R 1/2'52
| o [(1a3/2) (1£7/2)7 15 170050

. 3/2 3/2
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The calculated cross section ratio is RC(S_)=O.6H3 and Rc(3-)=0.h52.
Hence the experimentéiiraiio is expectéd to lie between these values.
From energy systematics, thesé states are potential analogues.
The experimentally observed ahgulaf diétributions however, are shown in
Fig. 27 to be dissimilér‘in'shape; Hencé it appears that other states

38

are contfibuting to .the

38

Ar state observed, in addition to the analogues

Cl 5 and 37 states. This complex structure is consistent with

41,56

of the

" there being two 5 states near this excitation, as previously reported.

38 38

Cdnseqﬁently, no comparison can be made for the ~ Ar 11.300 MeV and ~ Cl

V.O.69l'MéV states.

. 38 38 .. ) X
b. Ar-13.332 MeV - Cl 2.752 -MeV states. The angular dis-
38 38

‘:tributiqns observed for the Ar 13.332 MeV and Cl 2.752 MeV states are

found; within étatistiés to exhibit essentially'the same Shapes.(see Fig.

27). From this, and from energy systematics, these states are tentatively
5.assigned'as T=2 analogues.

Although identical, the angular distributiqns are insufficiently

“distinctive to permit a spin assignment from these data. Since the spins

of these states are unknown, it is not possible tc suggest any configura-

38

tions, however, the known negative parity of the Cl 2.752 MeV statéhl

'i:means'thesé stateS'must'be formed by J,J,

pickup. Calculations shown in
the preceeding séctibn show Rc is in the range_of‘0.6 + 0.4 for simple
configurations; but_is gquallto 0.9 for 32 pickup. |

" The experimental,cfo;s section ratio observed for these states
is Rx(t/3ﬁé)=o.ﬁ3tb.io'which,is consistent only with J

1J2 plgkupf
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character of these states is

38

Additional evidence for the J

Lo

192

obtained from the reaction Ar(d,a)38Cl. The ~-Cl 2.752 MeV is observed

to be a very strongly excited state in the spectrum. For reasoris dis-
cussed previously, this is consistent with a j

c. '38Ar 13.700 MeV - 38

lj2 character of this state.

Cl 3.190 MeV states. The next states

observed in mass-38 which, based on similar angular distributions .and
energy systematics could be tentativelyvaSSigned as T=2 analogue states,

38 38

. were observed in Af and Ci,at excitations of 13.700 MeV and 3.190 MeV
vrespectiveiy. The distribution shapes of_fhese states are illustrated
in Fig. o7
'.Again; the'angulér_distributions of the'sﬁates are not suffici-
ently characteristic tO’permit é'spin assignment from this work. The
experimental.cross secfion ratié’fOr-these states if found to’be

Rx(t/BHe)=l.lEiO.20 Whichris inconsistent with the J ratios calculated

lj2
-in.the previous seétions. The calculated ratio for'j2 is, of course, .
independeﬁt of configuration; ana ié found to be RC=O.9O. Since the
pickup is j2 in nature;'avpositive parity céﬁ be assigned beéause j2
pickup on even-even targets can prodﬁce ohly positive parity final states.

The 32 configuration of these states is consistént_with the

N - . v |
OAr(d,a)38 3801 3.190 MeV state to be populated

38

Cl data, which shows the
~ with an intensity of V10% of that of the Cl 2.752 MeV state discussed

in the preceeding éection._A
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C. Coulomb Displacement Energies of Analogue States

1. Calculation of Coulomb Energy Displacements

~The potentialtﬁhich déscribes thé Coulomb interaction between
nucleons can Be expressed in terﬁs of three operators in isospin space, a
scalar, a vector and a tensor.e’57 Using first order perturbation theory,
the general expression for the Céﬁlomb energy of a state with A nucleons
can be derived ffom this potential. The result obtained for a state with
isospin quantum numbers T gnd T; is |

(0)( (l)(A,T)+[3T§-T(T+l)]E(Q)(A,T) (v-1)

EC(A,TfTZ) = E A,T)+TZE

where E(0)5 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,TZ) = a(A,T)‘+ b(A;T)Té + c(A,T)Tz2 ' (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 obsefved

59

expérimentally. Sihcevany chafgé dependent effect arising from_

“two body forces which can Bé tﬁééﬁed as -a simple pertﬁrbation also

_ gifes rige fo only quadratic ﬁefmsvin TZQ6Q thé‘cogfficieﬁts Qf the_IMME_A
will ihélude not'only the effect of the Coulomb force, but also other

small effects such.as those which might result from the charge dependenge.
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of nuclear forces. Ho%éver, the‘comparison with calculations which in-
cludevthe known chérge dependent (Couidmb) effects would yield a magnitﬁde
fbf any édditional ﬁucleér charge depéhdence.

| For the ﬁurpcée of such a comparison, the Coulomb displacement
énergies caﬁ ge used; ;In terms of those quantities defined by Eq. (V—i),

the Coulomb displacement energy between neighbouring isobars is given by

AE(A,T,T, - 1|T ) ='E (A,1,1 ) - E (4,1, - 1)

= Eél)(A,T) - 3(er, - 1) 8 (4,1) (v-3)
'_This'quantity is.given experimeﬁtally by
AEC(A,T,TZ - lITZ_) = (A,T,7, - 1_.) -m (A,T,7 ) + An (v-k)

_ where Am is the neutfoh-hyarogen mass difference (=O.782h'MeV). Any
differenéeé between the calculations using Eq._(V—3) and the experimental
‘quantities givén by Eq. (V—&) can be interpreted as arising frcm non-

f.Coulomb.charge—depenaent forcés. In'fhis work,‘however, Eq. (V-3) is

1_pafameterized according to calculatiohs based on two different coupling .

" schemes. The five paramefefs'uSed are determined from a fit to the data

’ throughout'the‘enti?e‘shell;.oniy'the final'Valués obtained for the

parameters are used for'cdmparison.-
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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

(1) (2).

theoretical expressions for E and E ; the representation used is

such that each state is defined by the quantum numbers v,t(reduced isospin),

Ji and T.- The expressions aré given in_terms‘of two-body Coulomb-energy

matrix elements

£

3r, .
1J

jEJ'j> (v-5)

Thé interaction of the nucleons in the j-shell with those in the core is

2
v,t=550
FERECEN

given by

8, = 22 | %g%lf%%'<:(jjé)J' | 3% (jjc)J':> T (v-6)
T'hd, | * |

In fhis formulation, there are three parameters to be evalﬁated, or treated
as free; they are a.> V, and Vé, where ﬁé is the avérage seniority = 2

matrix element as defined by

_ |
V2 T D) (37 > ey, (v-T)

J' even >0

As described below, these expressions have been generalized in

“the mannef_deSQribed by JéneckeSQ 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 param4>

eters to five and should permit direct comparison with experiment.
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To 1llustrate the method used, an isobaric multiplet with con-

61

flguration J and seniorlty 0 is considered. From Table 1 of Ref. 8,

ithe follow1ng expre581ons are obtained

E(l)l='3ac +'3b(n-l)'+_12c(3+1) - - (a)
co | | (v-8)
.‘E(Q)i= b+c+ c[(n;aj—l)g - (2J+h)?] o L ,(b)d '

(2r-1)(21+3)

vhere a has been defined in Eq. (V-6) and

_2041) -V, -V, - Vo - V5

s e Trgpy 0 9

. Using these expre581ons and Eq (Vv3), a formula for the Coulomb
fdlsplacement energy depending on a ’ b .and ¢ could be derlved However,
the add1t10na1 charge dependent effects are expected to have a 51gn1f1cant,'
effect upon the parameter_c. In‘particular, the_electromagnetlc spin-
orbit interacthm§%¥mﬁeen nncleons isnerpected to increase this paremeter
up to LO%, and its increase in the tensor coefficient should exceéd that
.’in_the vector coefficient.by a factor l.7(=(é -&, )/g ). Hence the quantity

(1)

in Eq. (V 8a), and
(1)

‘¢ in Eq. (V-8) is replaced by two parameters, c

(2) (2)

in Eq (V Bb) It should be noted ‘that. the parameters c and c
Wlll also contain the charge—dependent effects of‘the nuclear force
Also considered in'thevparameterization was the variation of
charge radins with nass numher,'since this affects'the values‘of'matrik
:elementsvin Egs. (V-5 and V—G). ‘The radius rariation nsedlin this work

was
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' 1 n, _.. -
= R.|. - e =l = V-1
R = Ry[1 *3 A 3] 2B, T (v-10)
where n is the number of active nﬁcleons (sA-N); N is the number of
nucleons in the core (=4 for (1p)-shell and =16 for. (1d5/2)-shell) and
RO 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

/3

approximately to Al + 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:

(1)

oyt ve)

DR o
AE (A,T,T -1]T,) = [a+B(5 - T)) + A)Y >

where =
a = 3a + 12c(l)(j + 1)
e 1
B = 6b
‘Y(l) = 3C(1) : ‘ ‘1 =.la'2
~ The general formulaé63 for jn configurations with v < 2 are given
~in Table 13; they were all calculated using expressions for E(l) and

' E(g) given in Table 1 of Ref. 8. dete that the expressions for v=2 cases

59

have been'simplifiedbusing the fact that, to a good approximation

V=V, for all J'(even) > 2. For the particular example chosen (v=0) the

coefficient Al=d and'the expression for A2‘is given by the first line of

Table 13.



;‘Table 13. Coefficients in the. expansion of the Coulomb dlsplacement energy;

a\ (A T, T, l|T ) = [a+ (— - T )B + Ay (1) + A2 (2)][f(x)] » where Al and A,

- are llsted for configurations Jn in the senlorlty scheme.

J 3Ai A
R S - r s o
C - DU | . (23+4)%-(n-23-1)2
S0 T }_ 0. : _ _ f(eTZfl) 1 (2T-1)(2Tf5)
L (@e23-1)-()Y2 T (2r)(2543) oy | L (233)P<(n-2g-1)? .
| odd | | o - | _(éT o1 (23+2)?;(n;2j;i)2 |
%8 R . = (er-1)(21+3)
> even, >0 2(n-23-1) er oy [ 1+ (20)(293)(n-23-1)°
o o) SR T(T+1)
. ' . L

3(24+2)°-3(n-25-1)°
(er-1)(2T+3)
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i

b. The Wigner supermultiplet 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

(1) (2)

algebraic expressions'for E and E° ' assuming certain configurations

in the Wigner supermultiplet scheme.6h States in this coupling scheme
are characterized by the quantum numbers L, S, T and [¥] where [¥] is
thé partition which chafacterized a particular irreduciblefrepresenta—
>tion65£66 of Uh symmétry; The fofm of [fj is given by [§]=[xl,x2,x3,xh]

_ Wherezz xi=p;.thevnumber of nucleons in the major oscillator shell and

=] ; S . I

=

X, > X, when i < k.
i—"k

The supermultiplet quantum numbers of the ground states have been

65 for muclei through the (p)- and (d)-shells. Using

v:predicted by Jahn
these reéults ana the quﬁulae.in Ref.b8, genefal expressionsufor the
Coulomb;displécement'energieé applying toAmoét ground state supermultiplets
throughout the sshell have beén derived. The following example will

~ 1llustrate the method used: consiaer’states for which (%—— T) and A are
both even (i.e., analogues to ground states of even-even nuclei)} These
'istates must be lSO, and'Table 2 Qf Eef; 65 indicates that all sucﬁ states
“in the (p)- and (d)—sheils afe_éharagterized'by partitions of the tyée
x+y, x+y, x; x]; for example, the d6 state with T=1 is [L2]=[2211]. The
expressions for E(l) and E(Z) given in Table 1 of Ref. 8 are for partitions
of . this type, and the génefal_expreésion 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 Eg. (V-11), viz:



-133-

2

| 480,11, - 11,) = e -1 ¢y ey Bion™ a2

but in this case,

e 3a{ +’18c(l)!
T e
Bi=.

Y125 Ci=1,2

"
)
o

f Noté thét aé, §f,'aﬁd'c(i)' éré pfimea valges, énd apbéar_in the notation
- of Ref. 8,-<Thevgéner§i formulae for Ai‘and A, for most ground state
 ichfigﬁrations_are giQen'iniTable ih; the only cases whereithesevformulae
¥ afévinadequété'are for those'multipléts'baéed 6n the ground states of
odd-odd nu;lei with‘T:>'1. For thé é#ample’being considered, the vélue

- fof_Al=O.and'for A2'is.given by the first,line in Table 1k.

: _A.compgfisén of the formulae listed in TablesilB and lhjshows a
'number,of striking'simiiariﬁieé, in épite of the différént character of
the coupling séhemes‘uséd iﬁ theif aéfivation. This, iﬁ view of the
;,simiiafity of the'gegeral-expressionsb[Eqs. (v-11 and V-12)] for the
Cdulbmb'displacement enérgies, suggests that'thése'expressions might

also apply in some more realistic intermediate coupling'scheme;

. 2;  Cqulomb Displacement Energies-Comparison with Experimént

;HThe;expe#imentally‘détefmined_Coﬁiomb.displacement energiés_v

: thféughéﬁtlﬁne tbté14(1p)-.ana'thg'(lds/e)-ghells, inéluding those
deternined from this work are sumarized in Tables 15 and 16. The values
quofed repfésent'£hé ﬁeiéhtedfévérages of all the dafa given in the

references, and are intended to be complete up to September 1968.



Table 1k. Coefficients in the expansion of the Coulomb displacement energy, 'AEC(A,T,TZ-I{TZ)
are listed for various ground

[a‘+ (% -T,)B + Aly(l) + Agy(g)][f(x)]‘l, where A, and A,

state configurations in the (P-) and (d-) shells using the supermultiplet scheme. The Wigner super-

multiplet quantum numbers are denoted by [f].
[xty,x+y,%,%]° 0 0 even  REL. S0 (e |- 2R
‘ : - b - 27-1
[x+y, x+y,x+1,x] 1/2 3/2,5/2 odd n-2T-2 | 3
: | . L ] ) &
27 2 (eron) 5-(21+3)(21+5) |
| | P 3 (ereyy |1 2N
[x+y,x+y-1,%,x] 1/2 3/2,5/2  even n-2T '
o . 4
[x+2,x+1,%x+1,x] 0,1 2,3,k4 odd Eiﬁ 0 (2Tz-l) [é - hs(s+1)]
(8)p 5 o
(b)Only applies to ground states when T = 1
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Table 15. Experimental and calculated Coulomb displacement energies for
(lp) shell data using the supermultiplet scheme.

10
o1k

© 10
- 14

S . Experimental 11 3=, ena  A11 (JT, T) %—-%)
A ToT, _ J° LE(AT, T,1 'ITZ) ‘Ref. ven A data dats
(keV) : 'AE,(calc.) 8(AE.)* AE.(cale.) &(AEq)*
I " (keV) (ke¥)  (keV) (keV)
5 1/2 '1/2 3/2-  1'(’)07.,1+¢1¢1.'64r (a)  760.0 . -247.L
1/2 1/2 3/2-7 16hh.0t1.5  (a) 1655.7 1  11.7
1/2 1/2 3/2-° 1850.5:1.6 . (a) 1888.k  37.9
11 1/2 1/2 3/2- 2763.1#1.2  (b) 2666.9  -96.2
13 1/2 1/2 3/2- 2830.0:10.0 (c,d) 28k2.7  12.7
15 1/2 1/2 3/2- 3397.9:5.6 (c,e) 3528.0  130.1
6 1 1 o° 83h.6t5.7 (a) 836.2 1.6
1 1 of 1967.6:3.0  (a) 1935.2  -32.}
1 1 0" 2839.2£1.2 (c,d) 2867.9 28.7
6 1 o ot 1508.Ci6.5 o (a) 1599.%  91.h
1 0 ot 2692.7:2.7 (a,f) 2636.0  -56.7
1 0 0% 3613.0:1.3 (d,g) 3515.7  -97.3 o
3/2.3/2 3/2- 859.7%#50.0 (n,i) 787.6  -T2.1  866.3 6.6
©9 3/2 3/2 3/2- 1559.9%21.0 (a,i) 1448.6 -111.3 157h.1  1k.2
13 3/2 3/2 3/2- 2u52.4#5.1  (c,i) 2436.9 -15.5 2u53.5 1.1
7 3/2 1/2 3/2- 1370.0%50.0 (i)  1khs1.1 81.1 1402.7 32.7
9 3/2 1/2 3/2-‘.211h.5¢7.3 (i) 208k.k = -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,3) 2114.6  167.1  1939.1 ~-8.k
L9 '3/2 -1/2 3/2- 2623.8:7.2 (i,k) 2720.2  96.h - 2629.8 6.0
13 3/2 =1/2 3/2- 3481.2:70.0 (i,1) 3610.3 129.1  3476.5 -L.7
“120t 2 1 ot 22k2.2t122.0 (i)  245T.L  215.2 -
8 1 1 2t 3shiLTeea o (a)  3549.0 7.3
12 0 -23.6

11 1% 5536.655.3  (b,c) 5513.C

i-x?/de'sree of freedom =  609.5_/18=33.9 . 2.16/3=0.72
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Table 15 (Continued)

References to Table lS.

" 6(4E)) = AE_(calc.) - AE (exp.)

ol Ec calc. - Ec exp.
T These are the experimental errors on the values 1isted. The errors
used in the calculation have 10 .keV added in gquadrature.

These values are double Coulomb energies, which do not depend on S,

_énd hence are included here.

(a)
(v)
(e)
_ (d)F. Ajzenberg-Selove and T. Lauritzen, Nuecl. Phys. 11, 1 (1958).

(e) |

T. Lauritzen and F. Ajzenberg-Selove, Nucl. Phys. 78, 1 (1966).
F. Ajzenberg-Selove and T. Lauritzen, Nucl. Phys. AllL4, 1 (1968).

C. Maples, G. W. Goth, and J. Cerny, Nucl. Data 2, 429 (1966).

E. K. Warburton, J. W. Olness, and D. E. Alburger, Phys. Rev. 140,

B1202 (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)Jt Cerny,»Anh. ReQ;_of Nucl. Sci. ;§$ 27 (1968).
(j)R. L. McGrath, J. Cerny, -and E. Norbeck, Phys. Rev. Leéters 19, 1kbh2
- (1967).

'(k)C. A. Barnes, E. G. Adelberger, D. C. Hehéley, and A. B. McDonald,
Inter. Nucl. Phys. Cbnf., 261; R. T. Béckgr, C. D. Goodman, P. H.

‘Stelson, and A. Zucker, eds., (Academic Press, New York,1967)pp. 1121.

(1, Cerny, R. H. Pehl, G. Butler, D. G. Fleming, C. Maples, and C.

Détraz, Phys. Letters 20, 35 (1966).



Table 16. _Experimental'and caiculated Coulomb displacement energies for (1d5/2) shell data.

20

+3/2

5/0+

ST T g Expeérimental Seniority Calculations Supérmultiplet;Calcﬁlafidns
' 2z AEC(A,T,TZ—1|TZ) AE G(AEC)** AR G(AEC)**
(keV) (keV) (keV) (keV) (keV)
17 1/2  +1/2  5/2+  3542.0%1.0% 3she.2 0.2 3542.8 - 0.6
19 1/2 +1/2 5/2+*  L4060.8:2.0°°C 410k.3 35T 4103.2 . wo. ut
21 1/2  +1/2  5/2+* 4315.3:8,3°°4 4316.6 1.3 'h31h,8 | 0.5
23, 1/2 +1/2  5/2#*  LB50.5:k.7° 4861.1 10.6  4860.0 9.5
25 1/2 +1/2  S5/2+  5062.5:1.1° 5062.6 0.1 5062.2 -0.3
27 1/2  +1/2  5/2+ 5592.5+3. 2" 5590.3 -2.2 15592.8 0.3
18 1 o+ - of © 3u78.0x1.0™T - 35h9.4 70.5T 3510.k 3157 a
200 1 +1 o+ 4027.828.4°°6 ho2k.9 -2.9 - - f&i
22 1 +1 o+ 4282.1+2.8°°" 4279.0 -3.1 4280.0 -2.1 'jé-
2h 1 +1 b+ 4783.5:4.6°°1 4790.2 6.7 el -
1 +1 0¥ 5014.8+k.2° 5021.1 6.3 5025.0 10.2
18 1 0 o+ L187.6:k.8%°T bk2.8  -kk.gt b137.6 -50.0%
1 o o+ 4420.9+30.8°°8  4386.3 - -3L.6 — -
22 1 0 o+ h931.6:20.2°°"  hgo1.2  -30.k 14897.0 -34.6
2 1 o W s8.Tar.7™t T sukhg 3.8 - —-
26 1 0 o+ 5623.2+11.6°  5592.8  -30.4 5632.1 8.9
19 -3/2 +3/2 3/2+  3528.3:35.99°F 3506 3.7 3501.8 26,5
21 3/2 . +3/2 5/2+ 3954, 4. 2T "3964.7 10.3 3944.9 -9.5
23 3/2 +3/2.  5/2+ h302.7121.33’m 4268.8 -33.9 4268 .4 -34.3
25 3/ 4743.4+15.8" ¥707.1 _36.3 - 4698.2

-45.2

Continued



_ Téble.l6. Experimental and calculated'Coulomb displacement'ehergies for (1d5/2) shell data.

* %

s(A Eé) =AEc(calc.) 5'AEc(exp.)

.t.
+

These values were not used in the x2 fit.

These values are double Coulomb displacement energies.

_These states are not ground states but the lowest excited 5/2f

states.

A T T J"T Expefimental Seniority Calculations Supermultiplet Calculations
' z AEC(A,T,TZ—IITZ)_ AE_ 8(8E )" AE, §(aE )**
(kev) (keV) (kev) (kev) (keV)

19 3/2 +1/2 3/2+ 3980.hth3,03’k‘ 3997.3 16.9 3989.0 8.6

21 3/2 +1/2  5/2+  Whho.kxg.2l - 4439.6 -0.8 4281 12,4

23 3/2 +1/2  5/2+  L726.0t32.79°™  4739.3 . 13.3 LTUT.T 2.7

25 3/2 +i/2} 5/2+ 5161.4#15.3% © © 5166.7 5.3 5173.6 12.2

20 2 +2 o+ 3u8h.433.9%9  3516.0 31.6 3481.7 2.7

24 2 42 o+ b292.4t29.72292  Losgi9 33,1 1245.5 -46.9
120 2 +1 0+ 3971.4¢33.0%29°P 3986, 15.00 3966.8 -h6 L
. 0o+ N RE R 4721.0 3.k 4722.8 -1.6 @
20 1 +1 2+ 8&&8.7¢31.9*’b - - 8418.8 -29:9

2y 1 % b+ 9932.2t9.0%P - -- 9923.0 -9.2

*

Continued
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c. C. Maples, G. w .Goth, and J. Cerny, Nucl..Data A2, 129 (1966).

UP. M, Endt and c Van der Leun, Nucl Phys. A105, 1 (1967). )

F. Agzenberg-Selove and T. Lauritzen, Nuel. Phys. 11, 1 (1959); J. W. Olness, A. R. Poletti and
. K. Warburton, Phys. Rev. 161, 1131 (1967). E | g o

dep., Laurit;en:and F. Ajzenberg-Selove, Nucl; Data ‘Sheets, May (1962). » '

C

1=

2-5-Mg”as~

.'Van.der Leun, private'communication (1968) giving the mass excesses of-25Al_and
-8.91M5+O 0021 MeV and -13.1947+0.0018 MeV respectlvely ;
A E. Blaugrund, D. H. Youngblood G. C. Morrlson, and R. E. Segel to be publlshed E. K.Wwarburton,
J. W.. Olness, and A. R. Poletti, Phys. Rev. 155, 116k (1967) o . ' ’
8R. D. McFarlane and A. Siivola, Nucl. Phys. 22, 168 (1964),_ J. D. Pearson and R;VH.:Spear;

' Nunl “Phys. 5k, L3l (196h4). | .
A Gallman, G. Frick, E. K. Warburton, D. E. Alberger, and S. Hechtl, Phys. Rev. 163, 1190 (1967)
h, g, Armlnl, J. W. Sunier, and J. R. Richardson, Phys. Rev. 165, 1194 (1967)

4ﬁf6€T-

JThlc work. _ ‘ :
J, L. Wiza, and R. Middleton, Phys. Rev. ;&g,v676»(1965); F. A. E1 Bedewi, M. A. Fawzi, and N. S.
Rigk, Proc. Iht'l..Conf. on Nucl. Phys. (Paris, 1964); R. Moreh, and A. A. Jaffe, Proc. Phys. Soc.
(London) 8k, 330 (1964). | o - |

Y. Brunnader, J. C. Hardy, and J. Cerny, to be published; D. C. Hensley, Phys. Lett. 27B, 64k (1968);

'A. B. McDonald and E. G. Adelberger, Phys. Let£. 268, 380 ('19_68).

M3, Mubarakmand and B. E. F. Macefield, Nucl. Phys. A98, 97 (1967) and private commnication from
B. E. F. Macefield; J. Dubois, Nucl. Phys. égg&,'657 (1967).

Continued
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"1, ¢C. Hardy and D. J. Skyrme in Isotopic Spin in Nucl. Phys}, (J. D. Fox and D.fRohson, ed.

Academic Press, N. Y. and London) (1966) pp. 701; D. Denhard, and J. L. Yntema, Phys. Rev. 160,
‘be published.

964 (1967); G. C. Morrison, D. H. Youngblood, R. C. Bearse and R. E. Segel, to

These valueé have been appropriately corrected for. the changes noted in Ref. e.
.pE Adelberger, and A. B. McDonald, Phys.. Lett. 2L, 270 (1967) H. M. Kuan, D.|W. Heikkinen,

K. A. Snover, F. Riess, and S. S. Hanna, Phys. Lett. 25B, 217 (1967); R. Block) R. E. Pixley, ' -

and P. Trilol, Phys. Lett. 25B, 215 (1967). S

%, G. 'Kingston, R. J,‘Griffiths, A. R. Johnston, W. R. Gibson, and E. A. McClatchie, Phys.
22, 458 (1966). | , o | -
'E. Adelberger, and A. B. McDonald, Phys. Lett. 2LB, 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 error§ given for_ea§h Couiomb aisplacemeﬁf_energy are thé experimental
iuncerfainties. :Thé taBleé only.include those.multiblets fdf which,‘in
terms.of theksimple,sheii;moaél, ail agﬁive nucleons can ﬁe considéred to
be entirely within the?é;hé (1p) or (ldS/Q)]sheli. :Ih addition, for each
'vvalﬁe of A and T, dnly'ﬁuitipléts_ﬁuilt dnvthe ground states of'T=TZ'mémbers
are cénsideréd; an excéption afiéeé for those odd A nuc;ei whose spins and
‘parities ére ndt 3/2_'for the (lp).shell cése, and'5/2+ for the (14 5/2)
shell; here the loweét 3/2-_(5/2+)'stat§s were uséd; In the T=3/2
.'multipléts for A=11 and 19 the 372_ (S/2+).$£atés are not known for all
members.‘ As a'fesﬁit, in mass li,:the T=3/2 states werévnot’included in
: fhe.aﬁaiysis of the (1p) shell, and in mass 19, the (JW;T)=(3/2f;3/2)
states were used instead in the éﬂalyéis of the (id5/25 shell. In all
Subsequent fitting,xfhese,two.ﬁass*l9.T=3/2 displaéement energies were
~ both included and removed; a£ ﬁo.time.was‘the overéll fiﬁ chdnged by
their inclusion.. The last two items.inheéch table aré double Coulomb
" displacement energies which are denoted by AEC(A,T,TZfEJTZ);
In Eq.f(V—ll) for- the seniority scheme, and Eq. (V-12) for the
viSupermultiplet scheme, the_Coulomb dispia¢eﬁent energy is given in terms
of five parameteré; a, B, y(l), Y(2) ahd.k;: fhese equétions‘have been
fittéd to the data presented in Tableé 15 aha 16 by treating all five
parameferé as free,bahd minimizing thé function’vxz,‘vihere'x2 is:defined

" by:

(v-13)
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M is the total number of experimental values fit and o(exp) is‘the ex—
perimenfal error. If the averaged experimental errors in Tables 15 and

16 represent & good approximation to thé true standard deviations, thén

the chi-square test can be.applied to fhe final Xﬁin obtained by minimiz-
ing Eq. (V-13). If_all.the single displacement energies for the (145/2)
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
. for an acéepﬁable fit, Xiin should lie between 11 and 37. Since the method
:’of'determining experimental errors is inconsistent between différent

- authors, it seeﬁs likély that these efrors are, at best, only an indica-
tion of theltrue sténdard deviafions. Consequently, the chi-square test

should, in this work, be interpreted somewhat loosely.

a. Fitting of seniority and supermultiplet schemes to the

(145/2)-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. Each point on the graph corresponds to the minimization of x2

(1) . (2)

,  as a function of o, B, Y and Yy for a particular‘choice of A. The
three cases consideﬁed are:

(I) For the séniority scheme, all singlé displacement energies
listed in Table,16'were,used; For thé supermultiplet scheme all sinéle
displacément energieé ﬁere used exce?t thdsé for the T=1 multiplets of
A=20 épd.2h. -Aé indiéated By fhe fourth line in Table 14, such multiplets
"‘can héve eithef‘s=0 or ;; and the calculatgd displacement energies depend:
on_this ;hoige.',Howévgr,rwhen Tz=l, the double Coulomb displacement energy

is iﬁdependent 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 usedvas in (I) except the two energies for
A=18, T=1 were removédf.
(III) The same values were used as in (II) except the single energy for
A=19, T=1/2 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
' unacceptable Xiin'  Fcr case_(III), the seniority and supermultiplet
caiculations involve, respectively, 19 aﬁd 17 degrees of freedom for which
the range of acceptability of leis 8 to 34 and 7 to 31. In view of the
reservations about x2 noted eérlier, case (III) is deemed to be an
’ acceptablé £it for both SChemes.
. The values of the parameters for thebminimum X2 fof case (III) in
the (ld5/2)—shell, using both thé seniority and supermultiplet calcula-
tions are summarized ianable 17a; the displacement energies calculated
using thesé parameteis are lisféd in columﬁs 6 and 8 6f Table 16. - Ex-
cellent agreement is obtained between the calculated displacement energies,
and alsé between the calculated and experimental values.

The anomaléus behavipr of the A=18 triplet appearé to be analogous

ST,67

to the A=L2 case, both nuclei corresponding to n=2 in their respéc—
‘tive shells (1d5/2 and 1£7/2). . The behavior of both may be due to isospin

mixing, but it is then uncleérwhy Only these multiplets are affected.

R
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Table 17. Parameters obtained from'fitting Coulomb displacement energies.

(a)ld 5/2 Shell Seniorityvand Supermultiplet Scheme

'Quantity- Value from least squares. fit using: ‘
' Seniority Scheme : Supermultiplet Scheme
A - 0.23 £ 0.03 ‘ 0.19 * 0.03 .
- | 3675 t3 kev 3643 £ 3 kev
B M9 £ 6 kev | b2l * 6 keV
'qﬂl) : 8.14 £0.09 kev - 14.b40 *0.12 keV
Z"w(2> 6.4 i 0.03 keV ' 17.44

.0.15  keV

* This corresponds to an increase of ~9%,in the p-p interaction radius

from the beginning to the end of the shell.

- () 1p shell Supermultiplét Scheme only.
‘Quantity . Value from least.squares fit using:

A11 J7 =3/27 g even A data ALl (I;T) = (3/27;3/2)data

+in

SIC IS
n '

©0.28° * 0.03 - 0.10 0:03
941.9. + 5 kev | 1065.2 * 6 keV
665.5 * 6 keV ' : 498.9 't 5 keV
) 27.4 £ 0.2 kev - 63.2 * 0.5 keV
) 11.1 £ 0.1 keV 0 12.7 0.1 keV
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.Another possible explénétién is suggested by the poor agreement for A=19,
whére-wave fuhction ¢aicﬁlatiqns show strong admixtures of higher shells.

Such admixtures appear to be appreciable only at the beginﬁing of the r
(1d5/2)-shell. |

3

b. Fitting of the supermultiplet scheme to the (1p)-shell. The

seniority scheme was:ﬁot used to fit the (lp)-shell data because it does
- not apply over the two (1p3/é) and (lpl/2):subsheils. Also, due to the
: extremély'high‘gccﬁfacy of some of the date in this shell, the xz_was
strongly influénced:by these values.v To eliminate this strong dependence
fyOn such limited data, 10 keV were added in quadrature to all experimental
errors ﬁrior to fitting the data. (Table 15 shows only the:experimental
error.j

The variation of x2 as a function of A for thé (1p)-shell was ob-
v'serﬁed to be siﬁilar‘to'that‘shown in Fig. 37. 1In this shell, only two
'casésbﬁere:considered, |

(I) All the single displacement energies listed in Table 15 except
for mgsé 8 and 12, wﬁich for reasons identical to thosevdiscussed for
ma;s 20 and 2L, were fepléced byvtheir respective double displacement
energies. v _

(1D Ail tﬁe éingle'dispiacéﬁent energies for the (3™, m)=(3/2733/2)
déta; '. |

. '.Thg values obtained qu'tﬁe pﬁramefers'in.the (lp)-shéllvusing the

supermultiplet scheme for the tw§ caées are given ih:Table lfb. The
caléulated-displaéeﬁéht energieé obﬁainéd uéing theSe parameters are

given in columns 6 and 8vof’Tablé 15. -The-x2 per degree of freedom.forv



. -.-l:-)-l-’?"—

case (1) Qas found tozbg 33.9'and.€hejxg per degrée”of freedom for case
(11) was fbund to be}O.TZé both’@élculafions were done with ld keV»added
in gquadrature to the experiméntﬁi-érroré. A coﬁparison of the calculations
and the experiméntal data shows good agréément can be obtained using only
the T=3/2 data. = |
The relatively poér_fit (average error 80 keV) obtained for case
(1) is noﬁ surprising in.view bf.the particie instability and strong iso-
 sﬁiﬁ'mixing which exiéts in éome light nﬁclei. It appears likély that the
_ﬁnbound character of.both mass’S,nuclei méy give rise to significant
 Thomas-Ehrman shifts,_fhat'could féadily account for.the deviations ob-
- served. |
Similarly, the ihétabilify of.6Be-appears,tq cbntribute to thé
f larger déviation observed for the 6Li;6Be displaéement enérgy as cémpared
';to £hat of the 6He+6Li diSplacémeﬁf} The avefage error for the mass 7
l:T=3/é quartet is also Obséfvedvto be larger, eveﬁ in>£he good fit in.
féase (IT). Because itiWasineceséary to use excited states in the case
'.bqf the A=13 and A=15 T=l/2 doublets;_the simple apprbximétion of the can-
cellation of core coptributions may ﬁot be valid.. Finally,»Jénecke68 has |
'shown in a détailed»aﬁalysis of T=3/2 and T=2 states fhat_the observed
fdeviaticns for theSé Cdulomb displacemenﬁs’cén Be af Ieastvpartiy attrib- -
' uted to iéosﬁin mixing;"Thevgdod:fit obfained.for case (II);'which uses
“.onl& the T=3/2 data, may indicate.this mixiné is strongly dePeﬁdent:on

T but not A.'vThé_range.of data fit, however, is relatively small.
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3. Mass Predictions

Using the paramgters‘listéd‘in Table 17, it ié possible tc cal-
culate any Coulomb displacement‘energy within the (1lp)- and (ld5/°?-
shells. .Thus, if the mass of any membér of a multiplet is known,.the
masses of the other members can readily‘bé predicted. The masses cf
eight, aé yet unmeasured, nehtron‘deficient nuclei have been calculiated
in this manner. The'fesu;ts for both schemes are given in Table 18,69
wrere the quoted errérs include only the experimental errar 3f the
masses upon which the predictioﬁ is based. For example, the_mass of
25Si is obtained by_adding the displacement enefgy, minus thé neutron-
hydrogen mass difference (Q.78éh_MeV)ftolthe mass of the T;3/2 analogue
'state in 25Al;"since the expérimental érror quoted on that state is
+8 keV, that is the‘error qubtéd in Table 18. The,agreement‘bétween
calculations made ﬁsiﬁg bofh éoﬁpling schemes is found to be very good;

the worst deviation noted was 48 keV for 2%81. Also shown iﬁ{Table 18

69

are the mass predictions by Keison and Garvey, which aré found to be
consistently lower, except for mass 8.

Based on the predicted masses given in Table 18, the unreported
nuclei, 2OMg énd-thi are expected to bé stable since their last pfotqn

23Al are predicted

'is bound by more than 2.70 MeV. The nuclei -2A1 and
-to bé'stable to proton émission by %O.l6vMeV, while the nuclei,lgNa and
gc.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 TZ=O and *1 nuclei have been calculated, and the results are
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- Table 18. Mass predlctlons for neutron deficient nuelei within tne
o (1p)- and (1d 5/2)-shells.

" 20

Mass»excess calculated using: ' . Garvey-Kelson

Nuclues Seniority Scheme Supermultiplet Scheme | Prediction'?

(MeV * kéV)* o  (Mev ¢ keV)+ |

& 356 £ 120(35.50 £ 120)° 35,79
Pra - i2.965 1}25* 12,968 £ 5% | 12.87
Mg ) - 17.509 ivé 17.510 * 2. o 17.40
eLig | 10;916‘i_f | 5110.910 7 10.79
22 18;659 t30 . —_— | O 17.93+
Bp1 | 6.74% £ 25 6758 + 25 - 6.71
2hgy ’{ 10.765 * 5 1@85:t5 | o 10.72
25811  EE 3.828.i 8 | 3.80& + 8 3. 77

# ‘The errors quoted only include the’ experlmental error in the masses
upon which the predlctlon is based. :

: +
The ground state mass excess is calculated assuming that the lowest 3/2

19 Yo.

state in ~“Na is at 0.095 MeV, as in its mirror,

.TThlS value is calculated for the Garvey-Kelson mass predlctlon using the

new value for 22F. 70

(a)g Kelson and G.. T Garvey, Phys Lett..23;'689 (1966).

(o )The value in parenthes1s is calculated u81ng the supermultlplet scheme
and the (J7;T) = (3/2 ; 3/2) data. ‘The other value is based on the
total I = 3/27 ‘and even A data. ' . '
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tabulated in Table 19 for the (1p)-shell. The T=2 state in 85e can
decéy.through only one iéospin_ailowed channel, to 6He + 2p, to which
'it ié predicted unbound by-¢0.16 MéV. vfhe T=2 state'eicitations pre-
dicted for nuclei in the (ldS/z)vshéll are given in Table 20. The 3
mass-22 multiplet is assumed to have seniority=2, and cohsequently the

relevant predictions for the Té2‘excited states in the Té=0 and 1

“nuclei depend upon Vhether the J of these states is even or odd. Since

‘the 22F ground;stateTO probably has J=l+, fhe predictions for the édd—J

: cése are more_likely correct. .

Finally, the‘mésé differences of all rémaininé members of multiplets

- within the (1p) and (1d5/2) shells have been calculated and are’given in

 {Tabies 21 and 22 respectiveiy.v 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 21O

were known, the mass of its T=5/2 analogue in 21F could be calculated
Ny in the seniority scheme by simply adding the value listed in the table;

' i.e., 2.712 MeV. .
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'Table 19. Predlcted exc1tat10ns of" unobserved T=2 analogue states

in (lp) shell nucle1 us1ng the supermultlplet scheme.

Nucleus Excitation_energy of T=2 state calculated using:

211 J" = 3/2 & even A data ALl (J7;T) = (3/27;3/2) date

_ (MeV t keV) (MeV * keV)+

O : ‘ 10.72 £ 120 . | “ 10.88 * 120
Be - © er.ho 120 : 27.59 * 120
-8 | 10.73 + 120 . 10.85 * 120

TThe errors quoted only include the experimental errors in the masses
upon which the prediction is based. (ie. 8He mass excess

31 65 * 0.12 MeV).




ep

-152-

~ Table 20. Predicted excitations of unobserved T=2 analogue states

in (14.,,)-shell nuclei.

5/2

Exc1tat10n energy of T = 2 state calculated using:

Nucleus J Senlorlty scheme Supermultiplet scheme f

(Mev+kev) | 3 (Mevikev)'

VQONa _ o 6.492 £ 30 . 6.486 * 30
.22Né even 1&.611 t 30* -
odd 13.987 * 30 - | B .
Na | eveﬁ . 1lh.760 % 30 | | . -
| odd  1k.727 £ 30 -
»22Mg | even 13.978 + 35 o 1‘ | -
odd 1395 %35 -

éhAl_» , ‘o+ o 5.§5u by | somig

+The errors quoted only include the experimental error in the masses

upon which the predictibns depend

All mass-22 predlctlons depend upon the mass excess of F being 2.828i-
0.030 MeV. 7
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- Table El.y'PrediCtéd mass differences between members of
higher (>3/2) isobaric multiplets in the (1p)-shell

using the supermultiplet scheme.

- Mass difference between isugermultiplet Scheme S »
T analogue states. in: ALl J = 3/27; even A A11 (3;T) = (3/27;3/2)

‘data (MeV) - data (MeV)
2 t2gh | 12pe 1,077 - 1.080
2 1ep* | tegt 1,675 1.596
2 Lay* _ 18g¥ 2.273 2.111
2 2y . ey 2.872 2.627
52 i’ - Jre -0.016 ©0.109
5/2  7Be - 7ni" 0. 60k 0.617
= 9% Ine* ' '
5/2 B - 7Be 1.224 1.125.
5/2 o L9 1.843 1.63k
5/2 N 2.463 '2Jﬁ2v
5/2 }1Li* - Mhe . 0.582 0.710
5/2 A 1.177 1.210
52 Moo Heet 1.772 '1.710
11 % 11 %
5/2 ) c - llB* 2.367 2.210 -
5/2 . W oot - 2.962 .- 2.711
3 100" - 104 -0.015 0.159
R S P 0.593 0. 66k
3 10T 1057 1,200 1.168
3 0% 10g™ 1.807 1.672
5 oy 0T 2,41k 2.176
5 10 % 3.021 2.681

data fit. .

fThis value'has'been experimentally measured and has been included in the




Table 22. Predicted mass differences between different members of
T = 5/2 and 3 isobaric multiplets in the (1d »

154

5/2)

shell.

Mass-difference between

Mass difference caluclated with

W W W W W

T analogue states in: .

' Seniority scheme Supermultiplet scheme
(MeV) (MeV)
5/2 21A1-21Mg* 4. ko2 | 4.508
'5/2 ElMg*-glNa* L.ok7 k.o5hk
5/2 glNa%-QlNe* 3.602 3. 600
5/2 elye* By 3.157 3.145
5/2 et ey, 2.712 2.691
5/2 2351-2501% 4.893 4.911
5/2 23a1 P b b5 I, 460
5/2 25Mg*-23,1\1a* " k.012 k. 010
5/2 Dne” - Bne” 3.571 3.559
5/2 Dne" . Bp 3.130 3.108
3 22g5.2201" L.915 L.937
ST Vi b b7 . 48l
EEMg*-ggNa* L.029 4.03%32
S e 3.586 3.579
2one*-2ep" 3,144 3.127
2eg* 22 2.701 2.67k4
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'VI. SUMMARY AND CONCLUSIONS
‘The (p,t) and»(p,3He) two nucleon transfer reactions have been

utilized to produce high-isospin analogue states in (2s-1d) shell nuclei.

The results obtained for T=2 (T=3) states in T =0 (1) and T =1 (2)
nuclei are summarized in Table 3." A compérison of the cross sections of
these Tf=Ti+l states with that expected from DWBA predictions has shown

excellent agreement thrdughoth Asva result, it appears to justify the

) [see Eq. (11-1)]'

“approximation that small kinematic effects in B,

wp (Kgok

£
can be neglected when-populatihg ahalogue states by the (p,t) and (p,3H¢)

feactions."The agreement obtained establishes this comparison as an

' unambiguous test for such TséTi+1 analogue states.

il
In'addition;rthe (p,t) feéction has been used to extend the known

31*Ar.

level information»thrgughout thé sd shell, particularly on 18Ne and
These (p,t)‘fesults'aie.summgrized in,TaBles 1 and. 5. The characteristic
.angular distributions:obsérvéd in the (p,t) reaction pefmittedfthe assign-
_'ment'of‘numerous Jﬂ_values thrOughbﬁf thevshell.
Avdetai;ed domparison of cross sections for analogue states pro-
‘duced in these reactiohs with Tf=Ti-was also carried out. Where the states
‘compared werezfree df interferénces, or where the relative magnitudes of
. the unresdlved.stétes couid Se.pfédicted; the cross section ratio céuld.
"indéed be utilized to distinguish between transitions invol&iné 52 and'
‘jijg pickup, gnd hénce provide'iﬁfdfmation on the.structﬁre bf the fiﬁal
192

state. The crbss section ratio for states can in principle be used

T to proVide information on the J© of a state. However, in the data ob-

tained in this'work,oniy a single case lends itself to this interpretation
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Ar 13.332 MeV - 3801 2.752 MeV), and here statistics are inadequate

’(38
to permit definite conclusipnsf This method'could prove to be more use-
'fui in higher A nuclei.

- Using the ekpfeSsioﬁs'for Coulomb energies as derived by Hecht,
general formulse for‘displaceﬁent energies were derived in two limitihg
coupling schemes. The resulﬁing formulae were pafameterized, and ali
available (lp)- and (1d5/2)-shell data were fit. Although the parameters
~obtained can provide information on the non-Coulomb charge dependent-
fdrces, the reéion»of data fit was inadequate to permif any conclusions
6f this nature. The parameters were used, nowever, té predict a number

_.of masses of unreported nuclei, and the ekcitations of high T states in

.. these mass regions.
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|  FIGURE CAPTTONS

1. The general laypuﬁ‘of thé 88-inch cyclotron and the Cave 2
external‘beam faéility. |

2. The detailed diaéraﬁ of the scatterchamber, gas farget and
gas handlipg apparatus‘used:in these experiments. .

3. - A schematic diagraﬁ of theJelectronic setup used in con-
Junction With the two counter particle identifier: only system 1
is shown in its entirety;'system 2 being identical;

L, _. A repreSentétive particle identifier spectrum wifh'router

gates set as marked on the safety group (1), the triton group (2),

the He group'(§)"and the aeparticlé group (h).

5. Energy spectra of the reactions 20Ne(p,t)l81\1e and
2ONe(p,'BHe)'lgF,'takér_lﬁat 'GLAB =.26;8° for 2570 uCoulombs. The
target was a L0: 60 mixture of neon and'methane, the neon being
99. 9% enriched in'EONe. Ail péaks whose energies are marked
(unbracketed) were uséd as calibrations. _

6. Energy spectra of the reactions 2]'.l\le(p,t)l91\le and

glNe(p, 5H_é)lgFltaken at QLAB = 22-3° for 4880 pCoulombs. The
neon target was.énrichéd to”56;3% in ElNe, and includedbei.l%

o 2 ' , .
?Cye and 22.6% Ne. A1 peaks whose energies are marked

(unbracketed) were used to establish the calibration.

7..,  Angular distributioné of ﬁhe reactions 21Ne(p,t)lgNe and

oy o o _ S
: lNe(p, 3He)l9F leading to the T = 3/2 analogue states, the



Fig.

Fig.

Fig.

10."1 Angular distributions of the reactions 2oMe(p,t

-166-

(p;BHe) cross sections having been multiplied by 0.93 to correct for
kinematic effects. The angular distributions of the reaction
21, 19 , ‘ ' L

e(p,t) ’Ne leading to the 4.013 MeV and ground state, are shown
for comparison. The dashed curves represent DWBA fité for the L
values indicated, using the parameters given in Table 2.‘ The l8Ne
g.s. is also shown.

- . 22 20

8. Energy spectra of the reactions ~ Ne(p,t)  Ne and
22Ne(p,BHe)EOF taken at O, = 36.2° - for 9280 wCoulombs. The
target was a 50:50 mixture of neon and methane, the neon being 92.0%

enriched in 22Ne. All peaks whose energies are unbracketed were used

to establish the calibration.

"9. ' Energy spectra of the reactions 25Mg(p,t)EBMg and 2/Mg(p,5He)'

?3Na taken at O = 24.1° for 970 uCoulombs. The target was
LA :

B
91.5%.enriched in25Mg.' All peaks whose energies are ﬁarkéd'(un-
bracketed) were used as caiibfations._ |
)EBMg and
25Mg(p,BHe)nga 1eading.to the T = 3/2 analogue staﬁes, the (p,BHe)

cross section having been multiplied by 0.92 to correct for kinematic

effects. The angular distributions of the (p,t) reaction leading

S ' + '
. to the 5/2+ 0.450 MeV state and to the 3/2 ground states are also

‘Fig.

»Lmvalues~indicated;—usingftherparameterswgivenningTable;E. ———— e

shown for comparisonf The dashed curves represent DWBA fits for the

11. Energy spectra ofvthe>reaétions 2~6Mg(p-,'t)2LLMg and

26Mg(p,3He)2uNa taken“ét'vGLAB = 22.3° for 3200 pCoulombs. - The

“target was 99.2% enriched in 26Mg. All peaks whose energies were

j  marked (unbraéketed)vwere used to establish calibration: see text.




Fig.

target was 89.12% enriched in

-167-,

12.  Energy spectra of the reactions 5OSi(p,t)28Si and

5 si(p, 5He)28Al taken at"GLAB' = 18.0° for 2150 pCoulombs. The

30

Si;?-the remaining‘target componehts

: were'lO.l6% 2881 and O.YE%_?gsi. The calibration was established

Fig;

using the resolved known states shown.

13.  Angular distributions of the reactions 3OSi(p,t)ESSi and

5oSi(p; 5He)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-1. The distributions of the (p,t) reaction leading to the
2881 ground and 1.780 MeV states are shown for comparison. The

solid curves represent DWBA fits for L = O (analogue T = 2 and

- ground states) and L = 2 (1.780 MeV state) using the parameters

Fig.

. Fig.

given in Table 2.
1k, Energy level diagrams of known T = 1 states in mass-28 and
. | o8 32 |
mass-32. For clarity, the T =0 levels in "S1 and ~ S have been
deleted, and the lowest T = 1 levels in all nuclei in the triad have
been set equal.
15.- Energy spectra of the reactions 3&S(p,t)BES and 5L"_S(p,FBHe)'

52P taken'at_ QLAB = 22.3° for 6380 uCoulombs; The target 67.92%

‘enriched in O, with~31.55% 525 0.4 335 and 0.09% 2%5. The

calibration foir the T = 2 states was.éstablished using the_cleafly-

.resolved,known states- shown.
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16. Energy spectra of the reactions 36Ar(p,t)5uAr and

)6Ar(p,3He)3uCl.taken at 6 =24,1° for 3450 uCoulombs. The

LAB
argon gas used was 99.6% enriched in 56Ar. The excitations shown
(bracketed) were determined in this work; +the calibration was N

established using the unbrackéfed States and a CO2 target run

before and after the Ar experiments: see text.

17. Energy spectra of the reactions 36Ar(d;a)5hCl,
38 pr(a,2)3%1 ana hoAr(d,a)58Cl all taken at 6,  =22.3° for
2200 pCoulombs, 4000 uCoulombs and 5300 uCoulombs resp. The 56Ar

38

tafget WaS'99.6%‘enriched in 36Ar; the ““Ar target was 50.8% en-

riched in 58Ar'ahd the AOAr target was a natural argon target
o bo v | |

(99.6% "“Ar).

18. - Energy level diagrams of the known states in mass-34. The

ground states of 54S'and 5uﬁ.l"_'ar'e normalized to the same energy as
the 34Cl ground state. Some levels not observed in these ex-
periments are'deleted;

- ¢ hd Tt o 36 3k
19. Angular distributions of the reactions Ar(p,t)” Ar and
56Ar(p,3He)3uCl.leading to T = 1 final states. The ~He data have

been multiplied by 2kt/k5 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 throﬁgh the 5He data

(arbibnarily,normalized)ﬂtoIfacilitate»shape-comparisonf——~~ =

20. Angular distributions of the_reactionsv36Ar(p,t)3yAr; - &

38Ar(p,t)36Ar,and hoAr(p,t)BBAr leading to J7 = 0" and 2" states.
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- The dashed curves -are DWBA- fits obtained using thé'parameters given

Fig.

Fig.

in_Table 2. The errors shbﬁn on the points are based ﬁurely on
counting sﬁaﬁistiéél'errors, with no iﬁglﬁsion of backgfound'error.
21. Angular distributibns of the reaction 56Ar(p, 5Hé)5uCl
ieaaing to T =0 'final stéteé; The dashed curves serve only to
guide the eye; they have.no th¢oretical significance.

56Ar(p,t)5uAr'and

22.  Angular distributions of the reactions
36 33 SR . . e
Ar(p, “He)” Cl leading to final states of higher excitation. The

curves through the data serve only to guide the eye. The errors

v

" on the ‘data are purely countiﬁg statistical errors. NoJ'; T

Fig.
38

could be aséigned for theée states from this work.

23. Energy spectra of the'reactiqns 58Ar(p,£)56Ar and -

Ar(p, 5He)56Cl.£aken at GLAB = 22.3%° for 7562 pCoulombs. The
S 58

argon gas was 50.8% Ar; +the other componenﬁs were-25.5%

5

7~ . .
oAr and 25.9% uOAr. The excitations shown bracketed were determined

in this wofk;"the calibration was established using the known re-

- solved states marked.

Fig.

" The

36

2k,  Angular distributions of the reactions 58Ar(p,t) Ar and

38Ar(p,-3He)_56C_l leading to T =1 and T = 2 analogue final states.

¥ 56Cl ground and

He érosslsection daﬁa corresponding to the
1.949 MeV states have been.normalized-to the triton data; that
corresponding to the proposed state in 3601 at 3.12 MeV has been

multiplied by fhe faétdrvpredicted 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 bvaq. Iv-1.
The>dashed curves through the triton data serve to‘guide the éye;
the identical curve has beeﬁ drawnvthrough'thé tie data.

3

Fig. 25. Angular distributionsvof the reaction 8Ar(p,t)36Ar leading

to. T = 0 final states. Tﬁe‘curve serveé only to guide the eye.
Fig. 26. Energy spectra of the réactions lL’OA;r'(p,t)38Ar and hoAr
(p, 3He)58_Cl taken at eLAB = é6.8° for 12553 uCoulombs. - The
target was a mixture (80:20) of natﬁrai argon (99.6% qur) and
. methane. The:states shown bracketed were determined in this work;
the calibration was establishéd using the known fesolved states.
t)38'

Fig. 27. Angular_distrihution of the reactions qur(p, Ar and

hOAr(p, 5He)5801 leading to T = 2 and T = 3 final states. The
T =2 5He data with corresponding triton data was multiplied by
the factor predicted based -on the configuration of the pickup

forming the state. The T = 3 5

He data have been multiplied by
the factor suggested by Eq. IV-1l. The dashed curves through the
‘triton data serve to guide the eye; the identical curves have

 been drawn through the JHe data.
. e .o bo, .3 (38

Fig. 28.  Angular distributions of the reaction  Ar(p, “He)” Cl
leading to T =2 final states whose triton'Analogues were not

observed with sufficient cross section to permit comparisons. The

dashed curves serye to guide the eye.

¥ .

(-

v
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Fig. 29.  Angular distributiohs'of the reaction hoAr(p,t)58Ar
leading to T = 1 final states,k The dashed curves serve to guide the

eye.

Fig. 50. Energy spectra of the reactiohs ugCa(p;t)uOCa'and

LLECa(P;’BHe)uOK taken at QLAB = 26.8° for 3554 puCoulombs. The

target was 9b.4o% enriched in ugCa. 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 2O,F and 2ONa-ground states have been normalized to the lowest

T =1 level in “Oye for comparison.
N e - .22 .20
Fig. 32. Angular distributions of the reaction ._Ne(p,t) Ne -and

22 (P: 5 3

He)EOF leading to T = 1 final states. The “He data have

- been multlplled by the factor predlcted assumlng J plckup The

solid lines through the triton data serve to gulde the eye the'

3-He data. The broken

lines represent DWBA fits, for I = 2 in the case of the 2ONe

identical llnes have been drawn through the

10.275 MeV'state, and the L wvalues indicated for the

2ONe 12. 250 MeV state The.parameters used are given in Table 2.

'Fig. 55. Energy level dlagram of the known T = 1 states in mass- 2h

2k

The ~ Na and EuAl ground states have been normalized to the lowest

T = 1 level in ?&Mg to‘simplify comparison.

Fig. 34.  Angular distributions of the reactions 5OSi(p,t)EBSi and
% 5 _ _ _

Q L . o .
Sl(p, He)E&Al leading to T = 1 final states. The solid curves
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serve to guide the eye; the identical curve has been drawn

through the 5He data. The dashed curves represent L =0 (for the

10. 700 Meﬁ state) and L = 2 (for the 9.379 MeV and 10.909 MeV o
states) DWBA fits using the parameters in Table 2. R

Fig. 35. Ehefgy level diagram of the known T = 1 states in mass-36. |
The 3601 and 56K ground states have been normalized to tﬂé lowést

T =1 state in 56Ar to simplify comparison.

8

Fig. 36. Energy levels of the known T = 2 states in mass-38. The 5 Cl'

ground'state has been normalized to the predicted excitation of the

38

lowest T = 2 state in 58Ar. The lowest T =1 state in X has

38

been normalized to the ” Ar ground state for comparison.

iFig. 37. A plot of the goodness of fit parameter,(xg) versus the
strengthlbf the. A dependence (\) used in predicting Coulomb
energy'differenceé based on the seniorify and supermultiplet

energy equations for the (1d 5/2)-shell. The significance of the

curves I,.II, and IIT is discussed 1in section V-C of the text.

o
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LEGAL NOTICE

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

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

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

As used in the above, "person acting on behalf of the Commission”

" includes any employee or contractor of the Commission, or employee of

such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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