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THE 3-1P(t,p)53_P REACTION AND THE USEFULNESS OF DOUBLE-STRIPPING
IN DISTINGUISHING BETWEEN SHELL MODEL CALCULATIONS

W. G. Davies '
Nuclear Physics Laboratory, Oxford, and
Nuclear Research Center
The University of Alberta
Edmonton, Alberta, Canada

J.ZC, Hardy .

‘ Nuclear Physics Labbfatory,foxford, and
Lawrence Radiation Laboratory, Berkeley, Calierniaf*v

and
W. Darcey

*. . Nuclear Physics Laboratory, Oxford

, "'rAbstfact

The reaction'5lP(t,§)53P has been ﬁsed to identify the ground state
and 18 excited stafes of.SEP. The L-values of the'neutron-pairs‘ﬁransferfed
‘to seven of the levels wefe determined, aﬁd spectroscopic‘argUments used ﬁo
assign spins and parities. Shell modelvcalculations havé been carried out
using five sets of two—bodyAinteraction matrix elements, and the results
were compared to the observed relative ?eak cross secﬁions‘ The same
Calculations.were also used in é discuésioniof'the reactibn ?hS(d,EHe)35P

. +
and the B'-decay of 29Ar to T = 2 levels in --Cl.

5 The sensitivity

of the two-nucleon transfer reaction to small differences in the calculated

wave functions is emphasized.

fPresent address: Chalk River Nuclear Laboratories, Chalk River, Ontario.

T+Present address: Lawrence Radiation Laboratory, Berkeley, California.
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1. :Ihtroduction

The (t,p).reaction has already been usedl) in the (291/2, ld5/9)
~shell to investigate some of-the consequences of existing shell-model |
Caiculatioﬂse’a’u). A particularly simple case was chosen, the tafget being
the "core" nucleus 28Si, in order to single out the effects of particular
tWo;body matrix elements. Since the differential cross-section fof a
two-nucleon transfer reaction depends criticéliy upon the signs as well
'as'magnitudés bf shell-model éomponents in the nuclear wave functions, the
signs of two matfix elementé could be uniquely.determined. It is now of
interest to iﬁveStigate the‘same reaction.on'nuclei whose wave functions
depend not Just on the choice of a few two-body mafrix_elements, but on that
of all 15 matrix elements (and 2 single-particle binding energies) necessary
:to specify the entire sheli. There have beeﬁ a number of determinations of
~ these matrix elemenfs using vérious criterial’e’B’u),_all of Which lead to
similar fits to e#perimental enérgy levels. it is then particularly valuable
to have an additional sensitive test of the relative merits of thgse
célculatidns.‘

3.

The eXperiment éhbsen for this purpose was 3lP(t,p The nucléi

involved have.enough active pérticles that their wave functions depend upon

all matrix elements, and thére is the additional advantage that none of the

53

levels in 7P were used in the original determination of the matrix-element

values, ﬁhus providing an independent -assessment.

As an additionél source ofjspeétroscopic information,.as well as
underlining the value of the two-nucleon‘data, caiculations are presented
for the reaction 3LLS(d,BHe)ﬁP and the B+—d¢cay'qf the mirror mucleus -JAr

3 33 '

to T =% states in

5 Cl.
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2. Theory
2.1. THE (%,p) REACTION
The differential cross-section of the‘reaotion-A(t,p)B can be described
using the distorted waﬁevBorn'approximationv(DWBA).~ if fho interaction is
assumed to have zero rénge, énd the effects of spin-orbit coupling in the

5,

optical potentials are'negleoted, the following expression is obtained

%% = 7 HP;EE"‘ ;B : éijgzi;: = ’bgm (TANATNlTBﬁB)
(2mr” ) t A A -
| Pfe - | R Rt
X I‘Ei: 2-5 - 1/2 - 1/2(p o ,JT) 1/2 1/2 S
_ PP 172 v
: 17P2 _ _
{91 42
o AN _
)T e feose) of (1)
a’b '

where 5 and k are the-redﬁcod‘méss and wave number of the light particles,
L(A), S, J and T vare-the quantum numbers of the transferred pair of
neutrons; |
'bST- is esséntially an overlap‘faotor for ﬁhe light particles, and
in the,casé of‘the (t,p) reaction it equals 88 o. 8T 1
Qy l/2(plp2,JT), the spectroscoplc amplltude,’ is related to the

probability that the nucleons common to A and B have

identical configurations in‘both, and that the two additional
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nucleons in B - have shell-model configurations denoted by
pl(E[nlglji]) and :pg(s[ngﬂgjé]) ..VIg,general, configuratiqn

mixing in the wave functions of A and B introduces a coherent

sum over all such possibilities.

0, 1, L o |
. 2 is the normalized 9-j symbol required to transform
1/2 1/2 8 ' : .
_ from j-j to LS ¢oupling.
‘Iﬂ ) is the same funttidn as that defined by Austern gE Ei'é) and

is given by:

1/2
(zaogbojLo)(waoszlLA)

rLA  ‘za-zbf£. (2£é¥l)(2££+l). (kbgA):
= [' (2L+1) }'[(zbfA):}
(2)

£l£2L£ Zb , S .
b/ & is an integral over the partial waves -and the form factor

of'the reaction:

2Lk 2 ’ LT o : .
/L2 a’ B : 1 ~ LT A
/ _'-A—l-{—k_ Uﬂ (kt,r) 31 (r)Uf (kp, -B' I‘)dr .
: Pt J b : "a v
o : | (3)

In order_toﬂexpiiciﬁly evaluate this radial integral,'a choice must.

be made for the form of the wave function of the tritoh, as ﬁell as that of

the captured neutrons bound in the residual nucleus. Two possible choices

will be considered here. The first assumes thaﬁ the triton wave function

N,

may be represented by a delta function and that the bound neutrons are

éaptured as independent particles in a Saxon-WOods'well8). This is often
called the "point triton" approximation (PT) and yields the following

5):

expression
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gL L e
o Ay te,-L (22, +1)(24,+1). s
SL (r) =Dy i > ° l'(ELﬂf“ (zflOfg!‘Lo)
[nf'j'][ (n,1,5,1 S |
R 2%pdo (x) o )
) T . ,vr E . . . »

- where D _ is. the zero-range constant, and the single-particle wave functions
rwere taken to be

[an](r)

r

1 | ¢£“”J]( [ifym(g)] - (5)

.The second choice assumes that the triton Wave function has a Gaussian

Lgformg) and the single—ﬁartiCle wave functions are given by:

R ¢>EH£J] (r) = Rﬁg(vrg) it sz(?_)]_‘ - K . (6)

iwhere n'=n-1, and Rﬁz is the radial part of the usual harmonic oscillator.
i : ‘ . : o .

L wave function;o). We shall refer to this as the."zefo-range interaction”

;apprOXimation (z1). The form factor, correspondlng to equatlon (L), 155)
{
5{ £1£2L \/__' R R -
gr (7)) = Vhm o Cpi T T Z - (mONL:L[a lllnglzg.L PR RN.L(er ) o
| (1)

where l ) 1is a Moshinsky transformation~bracketll), and Qn results
from integration over the relative cpordinafes of the trénsferred'neutrons;

9)_. i

n has been evaluated in ref.
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As indicated for the‘PT approximation, the radial wave functions of the
captured nucleons are taken to be eigenfupétiohs of a Saﬁon5Woods potential,
since such wave functioné exhibit”an asymptotic behaviour which corresponds
to some binding energy. In]pfacticé, the well-depth is adjusted for both
wave functians to ﬁake the bindihg energy of each nucleon equal to half the -
observed separation energy. On the other hand, tﬂé haﬁmonic oscillator wave
function used in the 2I approximationfdoes not_haVe the_correctvasymptotic
form. To correct for this, it is matched at some suitably largé radius to a
Haﬂkel\functién corresponding‘to the total.obserVed separation energyg).

The PT and ZI approximations are éxpected to give very_similar>predictipns
at least in cases, such as_tﬁose»coﬁsidered here, wherevthe L-values of the

transferred nucleons are not too different. Tt.will be seen in what follows

(where =0 and 2) that this is correct.

2.2.' SHELL MODEL CALCULATION

| In Writing;the.single particle wéve functions as in equations (5) and
(6), we have tacitly assumed spherical symmetry. bin accord with this assump-
.tion we sﬁall adopt the intermediate-coupling shell;model, and generate
nuclear wave functions for A(BlP) and B(BBP) from which the spectroscopic
amplitudes can be calcuiated.

, The details of the shell4ﬁodel calculationé that will be used here
are similar to those described by Glaudemans et 2&.2)1 Our model assumés
288i'to_be_lan inert core, and considers the additional active nucleons to
| be in.ﬁhe 251/2 and 1d5/2 shells. The resiaual interactidnS'between fhese

active nucleons can be expressed as linear combinations of two-body-interaction .

matrix elements. If the relevant wave functions for the nuclei involved
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are written as
o n m,
| | & (8)
. “ E 'nj m, o
C = b. : ., 4 Y .3
wTB j{:j .Jw(é Wh; 83 rB)

then‘the coefficients a; (or bé) are domponentslof an‘eigenvectér of the
N-bod& Hamiltoﬁian, where N = n, +-mi‘(or nj‘+ mj). ?he notation used in
equation {8), and in subsequent equations, is similar to that of Mécfarlane
and Frenchlg). The symbols s" and a" indiéate n-particles in the ESl/Ev

shell and m-particles in.the 1d shell; the Greek letters. o and B

3/2

(v and &) denote all gquantum numbers which are necessary to specify the

state of those particleé in the 2s and ld5/2 shell respectively. The

1/2
quantum numbers of the complete nuélear wave functions-are represented by
FA and TB. | |
All wave functions deScribing nuclei with active nucleons in. these

two shells can now be.computed,ffom a knowledgé of seventeen paraméters,
fifteen two-body—interaction matrix eiements and two single particle binding
' energies. There are-fhree possible methods.for detéfﬁining the values of
the parameters:

| 1) ithey may be calculatedxdirecﬁly from first prihciples assuming
a pa&ticulaf form for the nﬁcleon-nucleon_interaction;

2) - they may be calculated by choosing an interaction potential which

involves a restricted number of free'parametefs,_the values of which being
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determined from a 1eaSt—sqﬁafes fit of'the energj eigenvalues to certain
experimental energy levels; |

or ~ 3) all seventeen paraméters may be treatéd as free, and optimum -
values determined'ffom-a similar least-squares -fit.

Five sets of matrix éieménts will be uéed in the‘préseht calculations,
énd'thése are listed in ﬁable 1. Thé criteriavused in their determination 
will be discussed individually.

Set I: These matrix‘eleménté were evaluafed ﬁsing method 3) where
a least-squaresvfit.was obtainedB) to the binding energies of 50 sélected
_levelé in nuclei betweén 288i and.uoCé. —

| Set II: An anaiysis'of the reacﬁion QBSi(t,p)BOSi indiéatedl)'fhat 
the sign of <s2|V[d2)Ol had been incofrectly choSen in ref. 5). Set II

is identical to Set I except that this Sign has been éhanged, and as such it
is unoptimized in the sense that it was not fitted to data throughout the
éntire'shell. It is introdﬁééd‘solely to shqw the affect of the sign change.
The following set also uses the sign_changé but it has been optimized;‘there
are ﬁo large discrepancies ﬁetﬁeen the twé.

Set IIT: ;The method used was the same as thaf‘for Séﬁ I except that
the binding energies of 60 levels were uﬁilized in the fitu). The sign of . -
(82|V|d2>01 was ﬁﬁe'éaﬁe as in Set 1.

Set IV: Method 3) was again used, but in:this case fhe excitation
enérgies, rather than the binding energies, of 35 levels were considered.

Set V: The surface delta interaction (SDI) was employed to express
all-two—body matrix elements in ferms of two parameters; the strengths
.of the (8=0) and (S=1) interactionsh’lB). Method 2) was thenvused to

 determine these parameters by fitting excitation energiesh).
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2.3. CAICULATION OF SPECTROSCOPIC AMPLITUDES
For the reaction A(t,p)B we shall consider .the wave functions of A
and B are those given by equation (8). Spectroscopic amplitudes can beé

readily calculated for states described by such shell model wave functions5).

There are three possible ways. of transferring two nucleons into the 2s

1/2
and ldB/é‘shells, and thé eXplicit equations for, the relevant spectroscopic ..

ampl@tudes.are;

| ' - SR oy /2 -
C 4 1/2 : - T T, -y 4o, /n.(n, -1) n. = n,-2 .-
‘ 2.,y = : B ANy i 573 o d J RN
B (B =) PERNE < - > (s dystle 7 apssry
x U(s,0.T.5T,v.) & 5 .. . &
J i B ‘A 3 _mi,mj : n-i+2,nj »Bi’Sj

1/2 : m-1 - -, n n,-1 m, - m,-1
‘ K ~ . ] - 1/2 j . } . .

. -2
.]_J

l/é ~ ) _ vm.,(ml;l)v‘l./2 m, m,;2 v'
| Q}AB‘(.&E;F) =Z aibj(M—'—) EECR AL ,_Bi.;dgl‘“}_

X U(y.B.TI37,8.) 8 & ‘
73 1"B A J) ni,nj ,:mi+2’mjv Q%,y

5 (9)
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In the interpretation of these equations, the normaliZed Racah coeffi-
cients. U, and the ndrmalized 9-j symbols [ ], with Greek letter arguments,

should be written as;product pairs in J and T: For example,

i

_U(oi0éqéq ;a5ag) —*U(JlJEJBJu;;5J6)U(T1T2T5TA;T5T6)

o | (L1)7*T

il

Also (-1

2.4. CAICULATION OF B-DECAY TRANSITION RATES -
The ft-value for B-transition is, in general, given by the relationlu):
'2ﬁ5(zn2)(ﬁ7/m’5cu) 3 )
3 0~ ! 6.2 x 10

£t = - = - — - (10)
g3<})2 + gi<2>2 ' <;>2‘+ 1.4 <g)2 o '

where . and ‘gA are the vector and axial-vector coupling constants and the .

\

. Fermi and Gamov-Teller matrix elements have been denoted by (1) and (g).
For the transition A}—E» B, where the wave functions are again written as
in equation (8), the matrix elements can be}evaluated from the following

1)+,15).

equations

2
(1) J, ,J. °T

(T (T,+1) - T, ,T._1 &
ATAT a?s Taty

ZAT7ZB

> 1 i :<: n‘J- o
<.0‘> = | rm— Z \ z a.b. S. 'y.,d 6.;F '
EJA+1 MAMB 13 i73 0 | J°°B

(nimi)' . ) o

n, m . la .
0, Al s tega e, 2 | (11)
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The Gamow-Teller matrix elément can be expressed as a sum over one-

body‘matrix elements;

' L2 . . - 2
| T 1 T 1
2 1 B - A\ 1
@ =g [P R ) Y e 0 e lode,)
2JA+l T T T ' i e £
zB Tz TzA ijr
where -
| (27, +1)(2y.+1). |1/2 :
Ly _ A J 7 -
(Uge) = 2. (Zs+1)(2a 1) Uy 38510359 )
’ ) . ,nj nj—l ' nj nj-l
x Y Ulmysiisey) (s dysls ) (e doy(]s )
; |
and
N (ergtl) | 1/2 .
Waa? =™y | eawry | - UlTEv;285505T,)

~ _ ,oom, - om.-1 m,  m, -1
X ZU(néjdl;dsi) (a Ja.j{ld Jom) (a B flad m)
. |

The one-body matrix elements (ercTHpr> have the values

il
(o)}

(sllolls)

-62/5

and (d“cf“d)
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3, Ekﬁerimental Procedure and Results

The 51P(t,p)BBP experiment was performed with 12.1 MeV incident tritons’

from the A.W.R.E. (Aldermaston) Tandem Van de Graaff. The emitted protons

were recorded on "Ilford K-2" nuclear emulsions placed in the focal pianes of

the 24-gap magnetic spectrographlé). The‘phosphorus_target was ~ 300 ugm/cm?

4

thiék, vacuum evaporated 6n a 10 ugm/cm? carbon backlng. Figufe 1 shows the
energy.spectrum.recordéd at 27,5°'fof a BOOO uC. exposure, where fhe énergy

. 33P ﬁp to 5.8 MeV exéitationa
Angglar"distributiong of those proton groupé ﬁhich corresponded to levels

below 5 MeV éhd appeared to be predominantly stripping in character are dis-

played in fig. 2. The curves shown in the figure were computed using both

the PT and ZI approximations. The program used for the PT calculations

was coded by M. J. L. Yates, while that used in the ZI-calculation was based
on DWUCK (coded by P. D. Kunz) and modified by us.| The parameters used -for

the computations are given in table 2. The triton parameters werevinterpolated"

27 55

from the elastic scattering resultsl7) for 12 MeV tritons on ~ 'Al and

while those for protons were_taken8) from 17.6 MeV data on'?7Al.

c1,

The energies of the observed levels along with the L-values giving
best fit to the daba'éfe listed in table 3 fogether:with the results of
18y S _ 20. |
Bearse et al.” ), Currie and Evansl9), and Moss et al.eo).

ot

TWe should like t0 acknowledge M. J. L. Yates and P. D. Kunz for making théir

. programs available.
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b Anaiysis

4.1. THE REACTION ~'P(t,p)> P
- An energy level diagram corresponding to the éxpefimentally observed

levels up to 5.deeV of excitation.is shown on the ieft of'fig. 3. Also shown
~in the figure are thé results of shell_quél calcuiations using the five sets
of matrix e}éménts listed in table 1 and described in sectioﬁ 2.2. A1l
calculatiOné give the same sequencerfor the lower excited states, and it ié
evidenf that each produces‘ag agceptable fit fo»the level spacings, although
Sef IV appeafs to give_thé'best ovéralllagreeﬁent; It is'perhaps_not .
surp?ising that all sets éive similar adequate agreement to energy level data,
.since it is Just sﬁch data that was used originally in determining values for

335

the matrix elements. However, it should be noted that no levels in , other

than the ground state, were used in any of the matrix element determinations.
‘Tt will now be of interest to investigate in more detail. the validity of the
calculated wave functions; and for this purpose we shail examine not only the

" double-stripping data'reported-here, but also the proton piék-up-experiment

of Bearse €t §£.18) and the PB-decay transition rates?l’gz) from the mirror

nucleus

The first step towards comparing the calculations with the (%,p)
- experiment is to establish the idenﬁity of the levels observed. From the
L-values of the observed transitions (listed in table 3), it is possible

, . + :
to restrict the ground state to % and the first three excited states to
+ + ' : :
g or g . It seems reasonable, then, initially to associate these levels
' 1+ 3+ 5+ 3+

with the sequence in the calculations, i.e. 5555555 - In table 4 we

compare the experimentally observed relative peak intensities with those
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obtained using DWBA computatibns and the PT appréximatibn._ Again the five
sets of matrix elements weré employed in calculating the spectroscopic
amplitudeé. However, here additional ambiguities arise.. For calculations
involvihg the effective interaction matrix elements (sets I-IV) the relative
sign of the s and 4 'éiggle—particle radial wave functions is uhdefined,
: eﬁen though the signs of the matrix elements (sd|V]d2) and (52|V|sd>
ﬁay have been.specified.+ :Cdnsequently, for each of Sets I-IV, two
separate calculations of the rélatiﬁe peak intensities were made, corre-
‘ P v

sponding to the two possible choices of relétive signs. 'Thé calculations
denoted by "a" assumed that all single particle wave functions were positive
asymptoticaliy, while those denoted by "5" made thexopposite choice for the
relétive signs. |

- In the derivation‘of the matrix elements for the Surface Delta Inter-
action (Set V) tﬁe-inter;étipn potential was defined to be attfactivelB)
and it was assumed that "the radial one-barticie wave fanctions of the active
shells all ﬁave approximatelnyhe same form and ampiitude at the nuclear

. 5) _ .

surface"u). Since there is good evidence”) that the (t,p) reaction is pre-

. dominantly sensitive to the radial wave functions in the surface and external

T ' '
An ambiguity with an equivalent effect is the order of coupling £ and
s to give Jj; this is also unspecified in a2 shell model calculation

involving only the 1d and 2s shells.

3/2 1/2
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regions, the convention chosenﬂfor the wave fnnétions in the'DWBA was that
each should be positivevasymptotiCally. .H0werer, the definition of the
spherical Harmonics used in ref.'lB)'did not include the factsr.'iz, as
. in equations (5) and (6), and the appropriate‘changes were made in our
calculations. |

Tt can be readily seen from table b that dramatically‘different results
are predicted'byhnsing‘the varibus sets of twb—body matrix elenents and sign
conventions. ‘However, it is important to note_tnat all of the sets used (exseptIIa)
predict peak cross sections which are inconsistent with the inverse identification
for the first two ex01ted states. Consequently, we shall ass1gn (3) td
the 1.L427 MeV state and (-2-)+ to the 1.845 MeV state

The results of a similar calculation, in whicn tne 7T apprpximation
was used, are snown in table 5. 'Evidently, the different anproximation usedi
makes little essential change in the conclus1ons, and it is apparent from both
tables 4 and 5 that the best overall agreement with the data is produced. by
Sets IVb and-V. Using these matrix-element sets, relative intensities have
been calculated for all additional states predicted to be below 5 MeV, and the
results are listed in table 6 Since both_the PT and ZI approximations
.in this application give similar resnlts, only the former was used in this
table. Above the third excited‘state no other positive-parity states are

predicted to be strongly excited and this is confirmed by the data on table 3. |

1-r_'['he same.tentative assignment-was made in ref. l8) and has been confirmed

recently by Moss et al.gg).
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It is not possible on the basis of predicted intensities to determine the spin-

+ 5t :
% , g ) imposed

parity of the state at 3.272 MeV beybnd the restrictiﬁn to (

by its probable L-value. ﬁ '
It‘shquld be pointed out that the calcﬁlated resﬁlts in tables 4-6

used the bound-state parametéés ‘r=13 and a;O.6 for the PT calculations

and v=0.318 - for the ZI calculations. Ail caleulated results in these tables

_ aie relatiﬁely insensiﬁive to éhangeS'in the optical model parameters.

Includéd in the experimental results'in table 3 are-tﬁo additional

strong leveisvwhose configurations are beyond the scope of our caiculations.

"The state at 4.218 MeV is populated by an L=3 ,transition which restricts

its spin-parity to g— or %_. Since this state is presumably the lowest
negative-parity state in 55P, its spin-parity is probably g_, representing

the excitation of a single nucleon into the (lf7/2)—shell. This assignment

is corroborated by the fact that the first negative-parity state in 5-lPis
.- :

5 and liés.at an excitation energy-of L. 431 MeV. A strong L=0 transition

is also observed“to a state at 5.650 MeV ihdicating that the predominate

configuration of this state presumably corresponds to the excitation of two

péired nucleons into the (lf7/2)-shell.
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4L.2. THE REACTION 5LLS(d,BHe)BBP
For‘comparison, the calculated spectroécopic,factors for the reaction

BHS(d )55

P are shown in table 7. These values are considerably less -
sensitive to the choice of'matrix elements than were the comparable
calculations for ﬁhe (t,p) reaction. (Of course, for single-nucleon tfansfer
reactions the ambiguity in the rélative signs of the radial wave functions is.
no longer important. ) Although the availéble‘experimental evidencel8) is
inéomplete, including only the ground and second excited state, it is unlikely
that more detalled information would enable a Judgment to be made of ‘the
relative merits of the various calculations. Certalnly, the ground state
spectroscopic factors are’all roughly equiValent and aye in reasonable agree-
ment with the expérimental value of 1.8.

The observatlon of a relatlvely large cross section for the pick-up
5+

reaction to. the 5 state at 1. 8L5 MeV ) may be taken as evidence that

there is some contribution from (14 )-hole configurations particularly in

5/2

this state. These configurations are omitted from our calculations, but are
not expected to change signifiéantly the results in tables 4-6 since

L + ’
(14 )-hole admixtures in the L . ground state of_BlP are expected to be

5/2 5
33

very small. The effect of such admixtures in states in ““P would consequently
be to reduce somewhat the calculated differential cross-section for production
of these states.from the (t,p).reaction, thus impfoving the agreement already

noted in tables L and 5.
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33

4.3, THE B-DECAY OF ““Ar

>

Since 53Ar is the mirror of BBP, its B=decay to T = 5 levels in 55Cl

involves wave functions that are identical to those already calculated for

21,22 33

Ar, the

55P._ In studies of delayed protons ) following the decay of

521,

lowest T = % analogue level:wés'identified in - In addiﬁion to a

+ :
super-allowed P -decay branch to this level, three other branches were observed

33

leading to states at higher éxcitation energy in C1l than the analogue level.

" The strength of these branches suggested that some, 1f not all, also led to

33

T = é_ states. In table 8 the states of interest in ““Cl are liéted, together:

2
with the experimental log ft values (hormalized tb a value of 3.2 for the analogue

33 3
2

transition). It is clear that the 6.22 MeV state in ““Cl cannot be a T =
state, but it'is tempting to conclude that the 7.50 and 8.15 MeV states are.

However, all the evidence encountered so far indicates that the 1.84 MeV

.33 - - o\t . )
level in ““P has a spin of (5) and thus its analogue in ““C1l would not be
. . _ + + )
expected to be fed by an allowed £ -transition from the % ground state of

33

' 55Ar. It is possible that the state at 8.15 MeV in “7Cl is the analogue of

33

+
the (%) state at 2.5% MeV in ““P, but if this is so it is superficially

33

~ surprising that the analogue to the (%)+'state at 1.43 MeV in ““P is not also
fed by a transition with a particularly iOW‘lOg ft value. In table 9 the
calculated log ft values for tranéitions‘to thé relevaﬁt sfates in 55Cl are
shown, where the same five sets of matrix elementsvwere used. Although more
sensitive than single stripping, it is appérent that the B+—decay transition
rates are, for the mosf pért, relatively.insenéitive to this choice., It is
also true that in all cases, the B+-transition to the lowest %+ state is

inhibited by more than a factor of ten over that to the second % state.
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3501

This is consistenfvwith the identification of. the 8.15 MeV state in
| c s o -
as‘(Jﬂ;T) = (é ,2), but certainly none of the calculations adequately explain

the unusual enhancement of thé.B—transitibn_to this level..
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 5; Conclusions
Fr0m>the experimental data and calculations presented here we have

53

éttemptedvto conclude not only spectroscopic information about “~P but also

to relate this information to shell-model caiculations which apply to all

nuclei within the (251/2, ld5/2) shells. All the calculaiions which we con- 
sidéred‘provided equally good agreement to energy level data but gave dramatically
different predictions for transition strengths in the (t,p) reaction. The

faqt that this reaction proVed to be such a sensitive probe of the details

of the calculations seemgd-especially interesfing when compared with calculations
involving other, moré common, spectroscopic tools_— single nﬁcleon transfer
reactions, éﬁd B-decay. Thus, the exéellent agreement between experiment and

the effeétivé-interaction_shell—modei calcuiatidns ﬁéing matrix-element Sets

IV and V is noteworthy particularly considering that there is good evidence

ffom the (d,BHé) reaction that at léast the 1.845 MeV level contains signifi-
cant admigtures of configuratiqns which inélude holes in the (ld5/2) shell.
Apparently thé calculations, all of which considered that shéll to be closed,

do account reasonably well for thosé parts of the wave functions which include

- active nucleons only in the (28122) and'(ldB/e) shells. Since the next higher
shells are of Q§p0§ite parity, their effects on low excited states are small.
Thus if the:targétfground.state'includes little contribution from shells

assumed inactive, a t&o—nucleon stripping reaction provides é sensitive test

6f the rélevant components in the calcﬁlated wave functions without undue

distbrtion from neglected components. Such would not be the case for the

corresponding two-nucleon pick-up reaction.
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A1l sets with the exééptidn.of set V freated'the,iB matrix élementsfand

2 single-particle enérgies as'free pargmgtérs7to be determined from fitting
energy level data; by.aSSumiﬂé a surface,deltévinteraction Set V was.
expressed in terms of only.thfee,free paraméters% Conseéuently it is.remérkable 
that the latﬁer reproduces energy levelsjthrbughoﬁt thé shell,as well as giving
speéifié égreeﬁeﬁt with the reaction data préSented here. FIn addition,.since
our conclusions are similaf to those drawn from the less-detailed analysisl)
of the reaction QSSi(ﬁ;p)BOSi, there“is also every reason to believe thét this
matrix;element set (as weli'as”Set IV) should-ﬁork'eqpally well throughout the
entire region — 2881 to uoCa.> Hoﬁever, eVen'if this is_sd, it is clear that
calculations which aiso inglude active nucleons in the.(ld5/2)—shell must
vbe performed before pick-up data can be explained as well. .For the.tjme Being,
:«'there is éonsolation in the fact»that the existing calculatibns,.iimited as
they are, can pfovideébetternagregment withcéxperiment than might have been
expected. |

| It‘is’unforfunaté thaﬁ;ﬁhevonly matrix-element set (Ij for which wave

functions have been published5) is the one least able to explain the experi-

~mental data.

‘e
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- Figure Captions

1. Energy specffum for the reaction 3lP(t,p‘)jj.P reéorded at a laboratory

angle of 27.5°.

2. Angular distributions of'sgleéted proton groups from the reaction

Slp(4,p)7P. The results of DWBA calculations for the indicated L

'values are also shown: the solid curve corresponds to the PT apﬁrokimation;

the dashed curve, to the ZI approximation. The optical model parameters
used érebgiVén_in_ﬁable42; o - o R
3p.

5.'vExpérimental?ahdJCaléulated energy level schemes for The numbers

in Roman numerals beneath the calculated levelvschemes correspond tO'thé

matrix element sets listed in table 2.

4%
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Table_lv
Matrix elem.enfosfr for the 2s . shells in Mev
JT set T 1T III IV v
»<s2|V|32)Oi - 135 135 1.3 - 1.0 -1
(s%|v|s%)10 - 2.40 - 2.40 .3 - 2.2 _ 0.5
<d2|V|d2)Ol - 2.28 - 2.28 .0 - 1.8 - 2.1
(d2|V1d2>21 ; + 0.16 +.0.16 .2 + 0.2 - 0.L
{&®v]a®10 - 0.92 - 0.92 1.5 - 1.3 - 0.6
(6°|v]a%)30 - 2.6k - 2.6k .5 - 2.3 - 0.6
(sle[sd>1o - 3.86 - 3.86 6 - 3.4 - 1.0
(sd|V]sd)11 +1.79 + i.79 5 +0.9 0
(sd|V]|sa)20, - 1.25 -'1.25 '.u - 1.5 - 0.6
(sa|v|sa)2l - 1.01 - 1.01. .8 - 0.5 - 0.9
(s?|v]sa)10 - 0.29 - 0.29 5 - 0.k 0
(sdlvld2>21 + 0.62 74 0.62 .6 + 0.5 + 0.6
(sav|a®)10 - 0.72 - 0.72 .6 - 0.6 - 0.6
<s2|V|d2>Ql + 1.&9 - 1.k9 5 - 1.6 - 1.5
(sEIV!dg)lO + 0.0k + 0.0k .2 0.k + 0.3
B - 8.39 - 8.39 8.5
E, =17.17 - 7.17 7.2
By - By a + 1.3 + 1.8 .

Ta11 matrix

for the discrepancies with ref.

‘elements shown in the table are fully antisymmetric.

3 _)'.

This accounts
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Table 2

Optical model parameters

U W a

U v ro ref.

(MeV) — (MeV)  (fm)  (fm)
Tritons 145.2 53%.7 0.6 1.L0 ‘
Protons - . 51.8 8.6 O.h8: 1.30 8)

UCRL-18686

AR
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Tabie‘5_
* Experimental»Resulté
- Present Experiment ‘ . _ PEEZi;EZ v
Level Energy L Jm Relative Peak Energy
' (keV) Intensities  (kev)
g.5 0 0 12 1.000 0
1 1h27. ¢ 15 "1¢ > 5/5% 0.005 1435 * 3
2 1845 * 15 2 52" ' 0.030 1850 * 3
3 2550 * 15 2 /2" 0.027 2543 £ 1
oy 3272.i 15 (2) (5/2f,5/2f) 0.002 '
5 3488 * i5v - ~0.001 3500 + 8
6 3623 15 ~0.001 3638 * 10
y hokl + 15 ~0.001
-8 4218 * 15 3 7/2% 0.0%0
9 U8LT * 20 |
10 5039 * 26
11 5177 t_éo
12 5368 20
13 5438 * 20
S 1h - 5485 20
. | 15 5535 20
16 © 5619 * 20
© 17 5650 20 0 1/2 0.170
18 5783 * 20

+
See refs.

=50
18 )




Comparison of experimental relative peak cross-sections for 51P(t,p

Table 4

VP

with those calculated using various sets of two-body matrix elements.
The distorted wave calculations assumed the PT approximation

Level

Calculations using Matrix Element Set -

: ﬁ Exper-

Energy iment - - : : o . o : .

- (MeV) - Ia Ib ITa IIb 111a IITb IVa IVb v
-0 1/2"  1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000- 1.000  1.000
1.ke7 3/2°  0.005 0.035 0.30L 0.007 0.0007 0.008 0.0005 . .01l  .002  .005
1.845 5/27  0.030 2.559 0.315 ©0.005 0.068 0.013 0.067  .019 . .062  .065
2.530 - 5/2" 0.027 2.087 0.122 0.0006 0.070 0.0008 0.065  .003 053 .06L

34

Ao deritsiielyl

_88_



Comparison of expérimental relative peak cross-sections for 51P(t,p)

Table 5

335

with those calculated using various sets of two-body matrix elements.
The distorted wave calculations assumed the ZI gpproximation

Level‘

0.179

0.003

Calculations using Matrix Element Set -
- m  Exper- .
Energy J iment : ' : ’

(MeV) ; Ia Ib Ila 1Ib IITa ~ IITb  IVa IV -~V
0 1/2" 1.000  1.000 1.000 1.000 1.000 .1.000 1.000 1.000 1.000  1.000
1.ho7 3/2°  0.005 0.045 0.416 0.006 - 0.0006 0.007 0.0006 0.010 0.002 0.00k
1.845 5/2°  0.030 3.580 0.416 0.002 0.064 0.012 . 0.062 0.017. 0.057 0.060
2.530 5/2+ 0.027  3.010 0.0004 0.066 .0.0006 0.062. 0.050 - 0.058

-62-

9898T-THON
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- Table 6
Calculated relative peak intensities for all leVels predicted to be below

5 MeV using the two matrix-element sets giving best fit to the data for the
first three excited states. The DWBA calculations assumed the PT approximatiOn

Leﬁel : : 1 Calcuiaﬁiéhs using Ma%rixfElement'Set-
Qrder--r "'jn"' T .  ‘x A . ‘
0 1/2" 1000 ~1.000
1 st ooz 005
2 5t 062 - .06
3 3/2" - .053 B - .06l
i 3/2" .00 ) . .o002
5 5ot .002 | 005
¢ | .002 S .00k
7 005 .00%

8 ) 0007 .006
9 ~ .0006 o o2

+These_ numbers are not necessarily‘synonamous with thé experimental level

numbering in table 3 and fig. 1.

'y

¥
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Table 7
N Calculated absolute spectroscopic factors (CES) for
5_LLS(d,B_He)BBP using various'sets of two-body matrix elements
. Calculations using Mattix Element Set -
Level Energies . byl
(Mev) I II III - IV v
' o+ ' '
o - : 1/2 1.620  1.553 - 1.581  1.588  1.511
1.427 - 3/2" 0 o.262.  0.432  0.410  0.381  0.h12
1.845 5/2° “ - - - -

2.530 5/2+ © 0.038 0.007  0.00k  0.021L  0.030

«
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' Table 8
Data -on'BBAr f—B—-> 53C‘]. (T = 5/2) o
o St Relative ‘ -) : - Known » _
Excitation Energy ~ Excitation Energy  Excitation Energy log ft values
33 : o D34 .33 ot '
n “7Cl in 77C1l in 7P 55, B 33+
(MeV) (MeV) L vy o o TAr—— 70l
5.56 + .02 o o - 3.2
6.22 + .03 0.66 S ks
| L3
7.50 * .05 1.9% 1.84 | b2
8.15 * .07 2.5 2.5 3.8
TAverage‘ values from ref, o122 )
)
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- Table 9

Calculated log ft values for some allowed transitions

in Opr B 53301 % (1 = 3/2)

| UCRL-18686

Calcula%ionSvusing Matrix Element Set -

Levels . J,T 7 _ .
| I I I IV v
0 1/27,3/2 '35.04 - 5.0k "3.ou - 5.0b .3.04
1 5/2+,5/év. 1l 8.0  6.9% . 6.90  T7.26
2 »5/2+,3/é' | second forbidden
5 5/25,3/2 571 5.66  5.78  6.08  5.56
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EXCITATION ENERGY
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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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