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A SIMPLE METHOD FOR INVESTIGATING THE PARENTAGE OF STATES
USING TWO NUCLEON TRANSFER REACTIONS

J. C. Hardy, H. Brunnader and-Joseph Cerny

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

April 16, 1969

A promising method is described for investigating the par-

entage of nuclear states. It involves the simultaneous observafion
of (p,t) _gﬁdv.(p;5He) rgactionsb’bn ,O+" (T‘?_O)_ targéts prOPV

ducing analogue fiﬁal states with the same iSospin as the target.
v:Experimentél results for 20 < A< J56 CTM=_1). reveal a number of

states with apparently very simple parentage fpr'which 32 x"paifed"f

‘pick-up predominates.

The simultaneous observation of (p,t) and (p,BHe) reactions on a

1-5

target with isospih Ti has been used for some time™ - to locate and'identify

analogﬁe final states with isospin Tf = Ti + 1. The signature of a pair of

such states is that the angular distributions of the corresponding tritons and

3

He ,particles have the same shape, and their magnitudes are related by a simple

‘calculable factor. In this letter we shall first examine what is now a fairly

large‘body of felevant‘experimental data, and use it.as a means of establishing
the yélidiﬁy of the approximations made in céléuléting the cross seCfion ratio.
We wiil tpen use the same approximations.to calculate ratios for analagug.final
states with Tf = Ti' In certain cases the same experimental techniqges can be

used not only to identify such states, but also to determine information regarding

their structure. Experimental data presented on such states in sd~shell nuclei
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indicate a striking simplici%y'in their parentaée. Evidently.the experimental
method described proﬁidés a'new and uséful spectroséopic tool for investigating
the parentage Qf nuélear states. ‘

'Aﬁ expression for the differential cross section for thé.two—nucleon
ﬁick-up reaction A(a,b)B can be derived using the distorted wave Bofn ap-

proximation (DWBA). If spin-orbit forces are neglected, the result obtained

637 ’

is
LSJT

: 2 2 2
dSZ y ’ZA p (TghpT N[T,N )° [D(s T)] |Z GNLSJTBA (X, %y ) (1)

Here bgT is a spectroscoplc factor for the light partlcles a and b; it

equals 1/2(6SO m * GSlaTO)” for (p, He) and GSOGTl for (p, ).7 The func-

tion D(S,T) depends7’ upon the strength of the spin and isospin exchange

terms in the interaction potential. The term BRN contains distorted waves

and thé form factor of the transferred nucléons, while GNLSJT contains all
the'information on nuclear structure. The latter is written:
o, P 1/2 ,
' 12 1/2 . . .
GNLSJT _ (2- 6"1"2) Q, }BAB (p,p,3L8IT) (mONL:L|n 2 n8,:0)  (2)

Heré the sﬁmmafion is over all possible configgrations pi[E(niliji)] for the
transferred ﬁarticles; Qn is the overlap of the relative motion of these
éartlcles in the target with thelr relative motion in the triton (or 3He
partlcle), and <|> is a Moshlnsky bracket.g The spectroscoplc amplltude,

iéz, i§ an 6verlapvintegral which is a ﬁeasﬁreﬂof the'probability that the : A
nucleons which are common to the initial and final nuclear sfates Vill have -
identical cohfigurations-ih'both_and.that.the extra nucleons_in A are in
shell;model states pl and p2.

For those cases in which (p,t) and (p,3He) reactions on the same

target(produce analogue final states with Tf = 'I‘i + 1, fhe sum over § and T
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in Eq’ (1) is restricted to a s1ngle term (S = 0; T = 1) and all factors in
(2) except 9 are the same for both reactions. The ratio of their dif-

ferent;al Cross sections_may then\be written (with GNLJ EEZS%;ANLJ)‘aSF

L L X 5
(p,t)- R | é r . IZ: plpg ANLJ[ LN](p,t)l'
(p,%Héf 'k3He (2T |§:Nplpz ANLJ[ LN](é;BHé)

5y (3)

%ﬂ%’éﬂ%

.The numerator and denominator of the bradketed factor on the riéﬁf‘hand side
of Eq. (3) differ prihcipally inasmuch as‘the mdéé—3 %ave functioné and the
réaétion Q—valués are different} The effects of both éaﬁ‘bevéstimatéd.. It
vfhe pérget’hucleus has A < 60, then the diffefence in the mass-3 wave func-
| tioﬁsAaffects"R by <2%; and by choosing a suitébly hiéh boﬁbarding énergy

(Ep:é 45 MeV).the effect of the different Q-values (2.5 < AQ < 8.5) on R is
55%}. Thus, to a good_approxiﬁation the bracketed faéfor may bévéssumed.eqqal
to one,

Experiﬁentél crogsésectioﬁ ratids (156 é ech < 45°) to such analogue

< 3) are listed in

states for a number of nuclei with 14 < A < 40 (and 1 < Tf <

Tabléil together with the values of R calculated from the first two~factors
in Eq. (3). ‘The agreement is uniformly excellent and justifies neglecting the
.third'factorvin fhat equation.

What has not been recognized previdusly is that by making.the same
approximations for any O+vtarget'a simple result: can also be derivedvfor the
cross-section ratiosvco?responding to certain analogue final stateé with'Tf ='Ti.
Then; only transitions £o natural«parity levelS'(ﬁ = (—)J) will be excited in
pggh;(p,t) and‘(p,3He) réactiohs, and each will be characterized by a single

L-value, namely that fbr which L = J. Two general cases will be considered:



e . ‘ S UCRL~18873

(i) If both picked-up nucleons come from the same shell (i.e. referring to

Eq._(2), p, = p, for all terms in the sum) then, in order to produce a natural
parity state, J must be even‘and the total isospin of the transferréd nucleons
©is restricted to T =4l in order to presérve the anti—symmetry of their wave
functioh. This is the ééme rgstriction, though for a différent reason, as

thatvwhich led to the derivation of Eq. (3). The subsequent approximation

which was used to redgce‘that equation can again be used with the result:

- .2 SR o
R -2 | , (1)

(ii) If, on the other hand, the two picked-up nucléons come from different
Shells'(i'?f"pl Z p, for at leaét one term in the sum in Eq. (2)) tﬁen T =0
and'T‘= 1 are both permitted in the (p,3He) regction. Thus, any mixture of
both“paired?and*uhpaired?particles or combinations of di fferent “unpaired”
particles involved in the £ransfer would ig_géneral result in a ratia less
- than that given by Eq. (b).

| As a quantifétive example, consider the.transfer of specific tunpaired
paffibles characterized by pl and p2. Using algébraic expressions7 for the
JT) and invoking a variant of the same

. spectroscopic amplitudes Agié2(plp2§

approximation, the cross-section ratio can be expressed in the form:

. v 2)-1
. k3 Tf 3 12 L(I+1) ’
He

where A = [2)(2+1) = (4,41)] - [3,(3,41) - 3,(3,#1)]

5

and T = [t (tl+l) - F té+l)] - [ti(ti+l) ;’£é(té+1)] . | (5)

1
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‘The factor 1/3 is the approximate value for [D(l,O)/D(O,l)]2 determined in

Refs;'8 and 10; also t, end t!(i = 1,2) are the initial and final isospins

of the shells from which the nucleons are plcked up. T In the ~ sd-shell the

ratio-caloulated from Eq. (5) would typically be less than the palred"

value.by r\130%.

To summarize, the angular dlstrlbutlons of (p,t) and (p;3He) reactions

" on O nucle1 leadlng to analogue final states w1th T, = Ti should beéldentical_

£

1n shape and their relatlve magnitudes should acqulre & maximum value when
the wave functlon of the final state differs from that of the target ground
state by the removal of paired nucleons. It should be emphasized that in
prineiple ény number of shells can be involved; and tnat there ‘is no festric—
tion on the complexity of.the wave functions of the iniﬁial and final sta£es.
These trunsitions can be disoerned-since any unpalred particles_involved in
the tfensferIWOuld reéuce tne'magnitude ratio.

To provide a preliminary expefimental investigation'of thisntheOry,

we haye examined the (p,t) and (p,3He) reactions on even-even T = 1 target

nuclei in the region 22 < A < 38. The experiments were carried out using the
external 45.0 MeV proton beam of the Berkeley 88-inch cyclotron. Reaction

products were detected and identified using a solid-state counter telescope;'

hspectra_of-tritons ahd 3He particles were recorded simultaneously. A detailed

description of the apparatus is given elsewhere.

20 26 30.. 3L

‘5Fivebtargets were bombarded: Ne, Mg, “°8i, 7S, and 38

Ar. ‘As en

example of the experimental results, triton and:3He spectra from the 2-2Ne

3

" .target are shown in Fig. 1. As with the other targets,.angular distributions

‘were extracted for all statistically significant peaks whose energies might

correspond to pairs of T = 1 final states; the angulaf range covered was
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‘typically 15° < ch,s 45°, If the angular distribuﬁions for’two of these
stateé had the same shape, then they were positi&ely identified as being T = 1
.‘analogues. In mass 20, two pgirs were observedvand these have been marked in
‘the figure. A iist of such gtates covering allvtargetsvinvestigated,is given
inzTable 2 togefher with cross-section ratios extracted from the datal 'The‘
top half df the table includes'bnly the lowest natural—parity T=1 sfate in
each nucleus, while in the bottom half a number of excited T = 1 states are:
.shoﬁg. Those energies for which error bars are given were determined from thié
worig thelothérs were taken from;Ref. 11, |
Calculated values for the cross-sectioﬁ rﬁtioé, assuming the picked-up
nucleons are "pgired", comprise the last column of Table 2. Those cases forH
whichvthe experiméntal ratio is significahtly less than the calculated one must
involve some "unpairéd" piék%?ﬁ; then the calculéted ratio in the table is
bracketed. .-Two Qbservatiohs can‘be made immediately from the bottom half of
the tabie; First, the two pairs of O+ levels, ﬁhich could only be produced by
pairéd pick-up, do indeed show the maximum ratio; and second, the (3_) levels,
which could not involve paired pick-up, give a reduced value as expected. -
The most striking result, however, appears in the top half of the

‘table. Here, three transitions are indicated as being dominated by the trans-
fer o} paired nucleons. These transitions ére Just the ones which would have
been prediééed_from the simplesthhell model interpretatioﬁ as being jn +'jn_2;
thé remaining transitions would ﬁave been pred;éted as crossing subshells with

unpaired transfer. %ﬁe{e can be ho doubt that the wave functions of the
states involved in these reactions are vastly more compléx than is indicated
'By such a simple model, so it is therefore all the more surprising that at

least in the case of peired transfer. the parentage remains simple. These

H

|
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_conclﬁSionS are furthervéonfirméd by results of the reactions 22Ne(d,OL)QOF and

38Af(d,a)36c

1. Since the (d,a) reaction must traﬁsfer T =0, paired fick—up-
tq néﬁural parity Statgs ié'fé?ﬁidden. ‘Threé of the fivevtransitibné listéd
'in”Tabiesé.fQ? these térgetrnﬁcléi were charaéterizéd aé_being "paired"; as
exéegtéd,.ail Werevobsérved to bévwéak (<8% of the stfongesf ﬁransi#ion).

| The usefulness of thefexperiméntal‘method as a genéral spectrosco?ic
téoljis certainly not liﬁited to the mass région diSCQSséd here. The approxi-
| matiéns are widely applicable and, although Eqs.'(h) and (5) ihdicate that R
 decreases with increasiﬁg T, the percentage difference between "pai?éd" and
,“unpaired" transfer becomes greater. Thus with iarger A (and T) the éensié
- tivity of‘fhe method will be increased. Thé gfriking reéults aifeédy obtained
prOVide‘useful restricﬁions"ﬁpr future model.calcﬁlatibnsa and:invitefhdre

general and detéiled'expgriﬁéntal investigations.
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Table 1. Experimental and calculated rélative cross—-sections

do )
3 (pot)/3g (», e

) for states with T,

=T, + 1.
i

Alldwed

Finai States Target Cross—éection ratio
‘ J“,Tf L-value(s.) nucleus R(exp) R(cale) Ref.
o",1 0 léo 2.19%0.22 1.88 2
ot 0 36y 1.9240.19 1.80 5
ot 2 36y 1.54+0.20 1.78 5
3/2%,3/2 0,2 2lye 1.05%0.10 0.93 4
5/2%,3/2 0,2,l 2oNg 0.85%0.09 0.92 L
5/2%,3/2 0,2,k 2T 0.8940.09 0.90 3
5/2%,3/2 2 lp 0.71#0.11 0.88 3
p*,z 0 22Ne 0.70+0.09 0.62 1,k
df;a 0 26ye 0.61%0.06 0.61 Y
o*,2 o 3054 0.54%0.10 0.60 5 #
o+,2 0 3hs 0.66to.o6 0.60 5 4
Q+,2 0 3$Ar 0.6240.07 0.60 5
o¥,2 0 42ca 0.60%0.05 0.60 5
0753 d yOAr '0.36io.oﬁ .35 5
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Table'2 Experlmental ‘and calculated relatlve cross- sectlons'

(p, t)/ dU (p,~ He) for states with T Ti;

aQ £
Final states . Target " _Cross-section ratio
C S ' ' ' nucleus ' R :
nucleus = Ex . Jm,T .  ;R(exp)v ~R(32§calc)
Oye 10.275 . 2o e
oot 2h1 Ne' - ©  2.00t0.20 - 1.88
F g.s. : ' ' ' )
2§Mg, 9.517 . ' o6 S
oy S S Mg © 2.50%0.30 1.86
"Na . g.8. S ' S - o
81, 9.379 . 30- . T
o8 - 4 2,1 si - 1.15£0.10 - [1.84]
AL - 0.031 : ' S o o
25+ 7.005 . 3 | | B
32 Lo 2,1 : s . ©1.20£0.30 [1.82]
P v 0.078 :
36 : 27,1 *“Ar 1.90%0.20 - - 1.81
Cl g.5. _ ' . . -
“Ove 12.25%0.03) -
o0 . (37),1 : Ne - 1.40£0.15 e
F . 1.851 E . ;
284, 110.70+0.03 . b4 0. S _
o8 o 0,1 Si '1.85%0.20 1.8k
AL 1.35£0.03 | :
28y; °10.909 b 30, - -
o8 " * § (27,17 Si 1.80£0.20 1.83
a1 1.633 o . .
Opr 8.55+0.03) . 38 - SR,
36 . ‘ 2,1 Ar 1.430.20 {1.81]
cy 1.949 :
o gr0s0.03) , % o
6. 0 ,1% Ar 2.20%0.70 - 1.80
c1 3.12#0.10 » . .

(continued)
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Table 2. Continued.

SThe ground state of 28Al was nbt resolved from its 2+ state, so the,éuoted
experimental ratié is a lower limit. For various reasons‘(e.g;,bpure L =2
angﬁlar,diétribution) if seems unlikely that this ratio wil; approach‘the‘
"paired" value.

bTheéé spin-parities were deﬁermined from this work by fitting experimental
angular distributionsvwith ﬁWBA calculations.

®As a simple example of an "unpaired" ratio for this tfansitioﬁ, pick-up from

the pl/2 and 4 shells yields a value for R " of 1.30.

5/2
a R 11, 28 . . . A +
A level is known in Al at 1.372 MeV which is certainly 1 ; the strong

. ‘ :
O observed by us presumably indicates the presence of a doublet.

FIGURE CAPTION
Fig. 1. Energy spectra from the reactions 22Ne(p,t)eoNe and 22Ne(p,BHe)eoF.
The target was a 50:50 mixture of neon and methane, the neon being 92%

A .2 ' . .
enriched in 2Ne. The methane was used to provide an energy calibration.

o
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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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