"M1 TRANSITIONS FROM ISOBARIC ANALOG STATES IN (f-p) SHELL NUCLEI"?
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RESUMO

As intensidades das transicdes M! para o decaimento dos estados andlogos isobdricos, em micleos com A = 49 até
A = 57, tem sido calculadas no modelo de camudas no espago extendido levando em eonta excitagdes tipo particula — bu-
raco de carogo, inversdo do spin do proton, bem como mecanismo de invergdo do isospin do micleon. Usa-se uma versio.
modificada da interagdo de Kuo — brown baseada na andlise de regra de somas dos dados das reagbes de transferéncia de um
proton na regido (f—p). No espago extendido do modelo, explica-se bem o ‘Quenching’ da intensidade de transicio M1 para
o decaimento de estado andlogo isobdrico, 3/27 eo estado antiandlogo de baixa energin nos micleos 49 oo Sy e 35¢y.
Um @mumento, quando comparado com valores de particula tinica, das infensidades de transipio M1, para o decaimento dos
estados andlogos — 1/27 e 5/27 ¢é previsto. Os espectros de energia e as distribuicOes das intensidades de transferéncia de
unico proton sao discutidas,
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1 — INTRODUCTION

High resolution single nucleon transfer data and (p,n)
reaction data available for 493-:, 31y, 53Mn and 5557C0
Nuclei show characteristic single nucleon transfer strength
distributions. Many of the states, characterised by isospin
value T >, are readily identified as analogs of the low-
lying states in the neighbouring (target+one neutron) spectra.
Another interesting feature is a strong quenching of the
observedy M1 transition strength for 3/27, Analog state,
decay to the strongest 3/27, T < state, as compared to
the weak-coupling model predictions. Maripuu [1,30}
has earlier explained the quenching of M1 transition strength
as being due to the mixing of single— particle state with
core-polarised components. A recent study [ 2 ] of isovector
magnetic transitions for N = 29 and N =28 isotones shows
that spin non-flip (f7 /2—{7 /2) transition plays an important
role. The present shell-model study aims at a quantitative
understanding of the observed quenching of M1 transitions
besides trying to reproduce the multiplicities, relative
energy-spacings and spectroscopic strength distributions
for 3/27, 5/27 and 1/27 states in the nuclei mentioned
above.

Shell-model calculations have been carried out for
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N = 28 nuclei by Auerbach [ 3 Jtaking proton configurations.
(Hn? ;2) and (1%}]2? *2p3 {'2) outside a 48Ca core. The mixed
configuration calculations of Lips and McEllistrem [ 4 ]
fail to predict 52~ and 1/27 levels in >V and 33Mn since
no lfgyp and 2p, 2 protons are included in allowed
configurations for these nuclei. Experimentally observed
3/27 transfer strength distribution is also not reproduced
for 51V, 53Mn and 3>Co nuclei. The predictions of strong
coupling symmetiric rotator model including coriolis
coupling applied to some (f—p) shell nuclei by Malik
and Scholz [ 5 ] have been found to be inconsistent with
experitnental cbservations, A dynamical model calculation
[ 6 ] of odd—A (f—p) shell nuclei, however, gives a good
description of lowlying spectra. An odd-nucleus in this
model is described as a particle coupled to (A1) nucleons
ot an odd-hole coupled to (A + 1) nucleons. For the case
of 475c, Bloom et. al. [ 7 ] calculated the 3/2~ and 1/2~
states using Kuo and brown interaction. Though the
reduction of transition strength for 3/27 analog state decay
to the strongest T-<C level is reproduced, the interaction
does not place the energy centroids of T 2> and T <states
at rght position hence the configuration mixing is not
realistic.

A recent sheil-model calculation [ 8 ] in a model
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space including excitations of one nucleon from 1f7/2
orbit to 2p45, 15y -and 2pg 2 orbits for nuclei with
(A =52 —55)shows an improved agreement with experiment
for properties of low-lying excited states, For M1 transitions
spin-flip and isospin-flip modes of nucleon excitations
are important. We wse an extended model space which
inciudes the relevant core excited configurations so as to
account for (lp-th) excitations of the core, {2p3/2—2p1/2}
and (1f7;2—1{5/9) spin-flip as well as (n—p) isospin-flip
mechanisms, .

2 — BASIS VECTOR SPACE AND TWO-BODY
INTERACTION

The calculations have been done within the frame
work of shell-model in (n—p) formalism. Using standard
multipole techniques [ 9 ], state operators are constructed
for states arising due to relevant configurations for a given
nucleus. The state operator for a given single-particle orbit
has neutron operator coupled to proton part of the operator
for the same orbit. Shell model code ‘SHAMILT* was
developd following the general scheme given by French et.
al. [10] and can handle neuirons and protons in upto eight
orbits.

We focus attention on the states arising due to single
proton transfer to 2p5 /2 Ifsy; and 2pys orbits of a
target nucleus represented by pure shell-model configutarion
of the type [ v (1 712) x 7 (K5 ;2) } JoTo outside a 40Ca

core; with To =N5Z andn = 0, 2, 4, 6. In addition the case
of OFe target, having two neutrons in 2p3 o orbit is also
considered. The interaction of the incoming proton with
the target excites the core as such the residual nucleus
states have contributions from configurations with particle
coupled to various core excited states, The simplest of the
core excitation modes is angular momentum excitation due
to the readjustinents of nucleonic orbits. Particle-core
interaction may as well flip the spin of a 2p3;3 or lyg/)
nucleon or flip the isospin of lfqn neutron. In general,
the incoming proton may be coupled to (lp—lh) excitations
of the eore. Our model space comprises the (lfr;,l _,2),

LA, /2)"(2]93/2’ 1£52-2p1/2)! Jand [ (i 7,2?JX(293/2,
1f5/2 2p1/2)* | configurations, as shown in Fig. (1), and
accounts for the core excitation processes mentioned above

taking place in the (f—p) space. For 57Co nucleus two addi-
tional neutrons are restricted to 2pg; orbit in seniority
zero state.
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The effective interaction is a modified Kuo-Brown

[ 11 ] interaction with T = O part of (If7/3 ~2p, },2} (If7 /2
2pq f2) and (1f7)5 — ltsgg) interaction made more aftrac-
tive by adding —0.5 MeV. On the other haad, T=l part of

(lt7/2 _2p3sp) and (If7/2 — 2p1/2) interaction is weakened
by 0.2 Me\? Two-body matrix elements of

Tahle 1. Modified Kuo and Brown interaction matis dements (in MeV)

IT=0
w
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7977?2110 LK -LID 0.0 —3L100 0.0 0.230 aan
ST57T —-0.013 0.204 0278 0.331 0456 -~0.5%4
3737 —0a6l 0173 0.153 0.345
1717 0,229 -0.074

a} Ref.[15]

(if7/2 —¥5/) part of interaction have been made more
repulsive by 0.3 Mev. Such modifications are suggested
by comparison of average Kuo-Brown interaction energies
with empirical average interaction parameters obtained by
sum rule analysis [ 12 ] of (f—p) shell single nucleon transfer
reaction data. The pure KB interaction predicts highly
compressed spectra [ 13 ] in the sense that correct energy
splitting between the T > and T <sets of siates is not
reproduced. The modifications are aimed at producing
realistic energy separations between 3/27, 1/27 and
5/27 energy centroids and are consistent with those
suggested by Pasquini and Zuker [ 14 ]. The single-particle
energies used for 1f7/, 2p3f2; 2P /2 and Ifg;p orbits
are 0.0, 2.1, 44 and 6.6 MeV, respectively. Empirical
values [ 15 ]have been used for (lf2 } two —body matrix
elements. Table (1) lists the two-body matrix elements
which have been modified.

3 - ENERGY - SPECTRA AND SPECTROSCOPIC
STRNGTHS

Calculated and experimental spectroscopic factors
243
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(C2S) versus excitation energies are presented for 3/27,
5/27, 1/2~ levels in nuclei 495¢, 31y, 53Mn and 35:57Co
in Fig. (2-6). To facilite comparison calcuiated strongest
3127, T< level has been made to coincide with its
experimental counierpart in all the cases. This amounts
to an overall shift of 1.11, Q.24, 0.11, —0.53, and —0.65
MeV of the calculated spectra in the case of 495, Sly,
33Mn, 35Co and 37Co nuclei respectively. No parameter
fitting has been done to produce absolute energies which
are very sensitive to (»1'7 2) part of the interaction. We
notice however that the correct relative energy splittings
between strongest T > and T < states for each JT value
as well as those belonging to different J®  values are
reproduced. This can be taken to indicate that the energies
of the states being mixed have comect energy separations
between themselves thus configuration mixing is more
realistic.
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49g;: . We may note that for 495 all the calculated
levels upto 6.14 MeV are readily identified with their
counterparts in experimental spectra [ 16 P! and
calculated C2S values are in good agreement with the
measured ones. Fig. (2) shows the calculated strongest
3/27, §/27 and 1/27 levels at 3.08, 4.16, and 4.24 MeV

respectively as compared to corresponding observed levels

at 3.08, 407, and 449 MeV. Calculated strongest 3/27,
T > level at 11.75 Mev compares well with the observed
3/2" analog state at 11.57 MeV. For calculated 1727
and 5/2~ analog states at 13.67 MeV (C2S = 0.08) and
16.03 MeV (CZS = 0.06) observed analog states lie at
13.557 MeV (C28 = 0.04) and 15.584 MeV(C2S = 0.05)
respectively.
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5iy: — In this nucleus, Fig. (3),. the strongest
3/2—, T = 5/2 state at 241 Mev carries 50% of the
spectroscopic strength whereas its experimental | 17 )
counterpart is much stronger with 65% strength. A spin
assignment of 5/2~ to the level at 3.07 MeV (C28 =0.17)
is consistent with 14% strength seen split up into two
components at 3.32 MeV and 3.50 MeV in the calculated
5/2~ spectra. The caloulated Isobaric Analog States are
readily identified with their experimental counterparts.
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53Mn: — With five protons outside a 48Ca core, we
expect 53Mn spectra to be much more complex than the
other nuclei included in this study, The calculated as well
as observed [18, 32] spectra, Fig. (4), shows at least three
strong components for spin values of 3/27 and 1/27

with energies and strengths in reasonable agreement. For
5/2— spectra theory concentrates 50% of the strength at
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3,95 MeV, where as observed 5/2— level with 21%, 7%, and
11% strength are seen at energies of 3,67 MeV, 4.07 MeV
and 4.96 MeV respeciively.

Experimentally various isobaric resonances with
different spins and parities have been identified at
excitation energies where resonances are well separated. A
very good correspondence is obtained between calculated,
T = 5/2, states, (3/27, 6.98 MeV), (1/2™, 7.67 MeV)
and the observed IAR at (327, 6,997 MeV), (1/27,7.548
MeV) respectively. '

COBALT =55
T T
a5 i CALC, ! b 1
0.4 i g | wE /g |
¥ 03] i ;l ‘ ]
i B YN b
0.1 |y - 1 o
o il P S ! | ey
0s EXPT. - 1 .
0.4 g g 548
& o ! b }
oz 1 . _ 4 ] |
014 i ] | -
i ! ‘ |
o Ly | . il .Eu_ . . | . 1 _.[
2 2 4 § B 0O 2 4 6 8 0 2 4 & 8§

EXCITATION EMERGY IN MeV

53Co: — The strongest calculated 3/27 T <C level
carries a strength of 48%, whereas the measured [ 19 ]
strength is about 30% though Ref. [ 20 ] reports an
observed value of 42%. The observed 1/27 level at 2.935
Mev is a possible candidate to be the counterpart of the
calculated 127 level carrying 24% strength, The strongest
T < 1/27 level is, nevertheless, found at 448 MeV in
the calculated spectra. For proton transfer to fi'g /2 orbit,
T <strength is seen to split up into two almost equally
strong components at 3.51 MeV and 3.81 MeV in the
caleulated spectra. A simdlar splitting is clearly seen in the
experimental spectra with the components placed at
3.30 MeV and 4.177 MeV respectively,
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Theory reproduces reasonably well, Fig. (5), the .
relative energy splittings amongst the T >> states for Je
32—, 12—, 5/27), as well as the spectroscopic strengths
7Co: — Available S6Fe (p, v)°7Co and 36Fe (3He, d)
57co data [ 21,22 ] indicate that many characteristics of
(f—p) shell nuclei are seen in 57Co spectra. The calculated
STco spectrum is seen {o be shrinked, Fig. (5), in the sense
that the relative energy separation between the centroids
of T >and T <sets of energy levels is smaller as compared
to that observed c:;perimcntally. With two additional
neutrons outside the 48Ca core and the if7/2 orbit almost
full for protons, (f7/2-2p3/2) and (2p3 2 —2p1/2) part
of two-body interaction tums out to piay a dominant role
in °7Co, The shrinkage of spectra as we go from 33Co to
57Co indicates that a suitable renormalisation of the
interaction is necessary.

Calculated spectra show three levels, (3/27. 1.38
MeV), (1/27, 1.507 MeV), (3/27, 1.88 MeV) in good
correspondence with those observed at (3/27, 1.377
MeV),(1/27, 1.507 MeV) and (3/27, 1.88 MeV).

4 — M1 TRANSITION STRENGTHS

Reduced M1 transition strengths for J7, T 2> state
decay to low-lying T <states are listed in W.u. in Tabels-,
(2, 3 and 4).

In the model space used, a strong hindrance of M1
transition rate for 3/27, analog state decay to strongest
3727, T <levels is well reproduced in nuclei 4980, Sty
and 37Co (Table 2, 3). Dominant M1 transitions for decay
of 3/2— analog states are shifted to a higher energy region
as expected. It is interesting to note that isospin excitations
as well as spin-flip reduce the transition strenght by a factor
of 0.9 x:10~2 in 498c. Tn 51V nucleus, calculated total
M1 transition strength of 0.54 » 10~2W.u., for the decay
of (3/2—, T )+ levels at 901 and 9.06 MeV to (3/27,
T <) level at 241 MeV, is seen to be quenched by a
factor 10.6 'x "10—2 and matches well with the observed
B(M1) value of 0.85%10~2 W.u. for 9.41 MeV analog state
decay to 2.41 MeV state.

In the nucleus 53Mn, theory predicts a reduction of
M1 transition strength for the decay of 3f2— analog state
at 6.98 MeV to (32—, T>) level at 2.41 Me V by a factor
of 1.8 =10~2 as compared to the corresponding single-
particle value, Also strong trassitions to 3/27 levels in
energy region upto 642 MeV are expected. Experimental
data for the decay of 3/27 analog state at 6.97 MeV is
very limited. For the higher lying 3/27, analog state at
928 MeV Ml decay strength to antianalog state at 2.41
MeV is seen to be quenched by a factor of 0.19 whereas
calculated reduction factor for corresponding decay is 0.06.

Calculated B(M1) values for the decay of (3/27,
T = 3/2) state at 475 MeV in 35Co nucleus, to levels at
2.16 MeV and 2.65 MeV are quenched as compared to
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single-particle value, but are seen to be stronger than the queniching of (3/27, analog state) at 7.26 MeV to the

corresponding values reported experimentally {Table 4). (327, T <Ylevel at 1.38 MeV is well reproduced in the

On the other hand, M1 and E2 transition strengths for the Nucleus 37Co. However the calculation predicts a stronger

decay of a higher lying calculated 3/27 analog state at transition to the next 3/2~, T <{level contrary to a weaker
~ 641 MeV compare reasonably well with those for the transition reporied for decay to level at 1.76 MeV.

decay of observed analog state at 6.83 MeV. Ohserved

TABLE 2. Mi Transition strengths (in W.u.} for the decay of Isobaric Analog States in the nuclei 49gc ang Sty.

Calc. Expt.
El - Ef 27 - 27 BoMD g -~ gf 2 - 2f  BMD
x X . . A X x
(MeV) {MeV) (W.u.) {(MeV?} (MieY) {W.u,)
495
o
11.75¢ - 3.08 3 - 3 0.7x10~2 11577 . 50 3 - 3 0.1x10~2°
11.75 > 5.09 3 - 3 0.15 11.57 =  6.50 3 - 3 0,240
11.75 — 6.77 3 - 3 D41 1157 =  6.73 3 - 3 0,299
1.7~ 7.33 3 - 3 0.97 11.57 —  6.98 3 - 3 0.360
11.75 — 8.78 3 - 3 0.51
13.67¢ - 4.24 1 - 1 3.8x10~2
13.67 = 9.00 1 - 1 1.60
16.03¢ — 4.16 s —- 5 0.39x10'?
16.03 - 5.19 35 - 5 2.0x10~2
Sty
. BMD BM1yd

) (W) (W)
9016, - 2.41 3 - 3 D34 x10-2 941 D 44 3 - 3 0.85x10~2
5.06% — 2.41 3 - 3 0.20 x 10~2
9.06 - 4.45 3 - 3 0.35 941 —~ 4.2 3 - 3 .05
g8 -~ 5.95 3 > 3 0.15 g4l > 465 3 - 3 0.12
9.06 > 6.84 3 - 3 0.15 941 = 4285 3 - 3 0.13
906 - 7.5% 3 - 3 0.27 9.41 - 530 3 - 3 0).06
32) Ref. (22), b) Ref, (23), ¢) Isobaric Analog State d) Ref, (24}, ¢) Ref. (17).

' _ _ _
TABLE 3. M1 {ransition strengths {in W.u.) for the decay of [sobaric Analog States in the nucleus 33p4p,
Cale. Expt.

&} > B! = 2" BMy el - & 5w en
{Me¥D {(MeV} (W) (MeY) {MeV} {(W.u.)
5300
6986 > 2.41 3 -+ 3 2.1x10~7
698 — 2.74 3 - 3 0.34
698 425 3 - 3 0.31
698 — 6.16 3 - 3 0.49
698 - 6.42 3 - 3 0.41
767 > 230 1 - t 92x10~2 755 - 267 1 - 1 41x10 2
167 - 3.78 1 - 1 4.5%x1071! 755 — 348 1 - 1 4.0x10—2
92¢ 2.41 3 - 3 66x1072  9.28° = 24y 3 - 3 2.2x10-18
952¢ > 378 1 - 1 1.3x10—2
9.52 - 6.89 1 - 1 0.07 .
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9665 3.78 1 - 1 0.2x10~2
9.66 - 6.89 1 - 1 0.18
971¢ = 3.95 5 - 5 0.05
9.76¢ — 395 5 - 5 0.03

Semina, 10(4):242-249, 1989

966 — 367 5 -» 5 0.388

) kobaric Analog State, ) Ref. (25), g) Ref. (26)

TABLE 4. M1 transition strengths (in W.u.) for the decay of Isobaric Analog States in the nuclei >5Co and 57Co.

Cale. Expt.

E’: - E; 2 25 oMy E:: - E i i s ut BMpX
(MeV) (Me¥) (W) (MeV) (MeV) (W)
55¢o ..
461 > 265 3 - 3 68x10°2 471 - 256 3 - 3 3.6x10~3!

' 1
4.75¢ > 2.16 3 - 3 65x10°2  475¢ > 23¢ 3 - 3 <sox1073
475 > 265 31 = 3 0.91 415 > 2.5 3 -3 D.7x10~2!
534¢ = 2,89 1 - 1 1.30
534 - 448 1 - 1 1.21
641 - 2.16 3 - 3 Lzx107l ggae 50 946 3 - 3 0.9x10~2
6.41 - 265 3 - 3 1.9x102 683 - 256 3 - 3 D.5x10~2
641 - 4.75 3 > 3 Lox10-l 683 ~ 472 3 - 3 0.5x10~}
57¢o

(B(M1) (B(M1)m
{W.0.) (W)
467 - 1.38 3 - 3 13x107l 760 > 13 3 -+ 3 0.76x10~1
467 > 1.88 3 - 3 28x1071 726 - 1.7 3 - 3 2.1x10—2
443¢  ~ 166 1 ) ) )
_ Toan. = s
Y . rite e
443¢ = 1.66 1 — i 0.31
S A O N R S T .

5.04¢ = 1.66 1 -+ -1 019 .
644 3.8 5 > 5 1.0x10~4 BEE
6.44 - 3.52 5 - 5 2.0x10—2

c) Isobaric analog State, k) Ref. (27), 1) Ref. (28), m) Ref. (29), n) Ref. (21).

The mechanism responsible for the quenching of
3/2 , analog state decay to anlianalog state enhances the
strength of M1 transitions, as compared to single particle
values, for the (1/2 , analog state) decay to low-ying
(1/27, T <) levels as shown in Tables (2a, 2b and 2c).
Also (5/27, analog state) M1 decay strengths, predicted to
be entremely weak in weak coupling model, are an order of
magnitude stronger for decay to 5/27, T < states lying
in a higher energy region than the antianalog in nuclei
8¢, S1v and Mn33, In 53Mn sobaric analog resonance
at 9.66 MeV is seen to decay to 5/27 — Antianalog state

at 3.67 MeV with M1 transition strength enhanced by
a factor of (47) as compared to the corresponding single-
particle value. The calculated total M1—decay strength
for 5/27, T > states at 9.71 MeV and 9.76 MeV to
the strongest 5/2 level at 3.95 MeV is seen to be enhanced
by a factor of (10) as compared to the single-particle
value.

5 - CONCLUSIONS

Using a modified version of Kuo and Brown
247
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interaction, in a model space which accounts for isospin-
flip, spin-flip and (1p-1h) excitations of core nucleons, the
observed quenching of M1 transition strengths for (3/27,
analog state) decay to the strongest (3/2 . T <<) level is
well reproduced for the nuclei 49g¢c, Slv and 37¢o.
Quenching is partially due to configuration mixing and
partially due to interference terms arising due to isospin-
flip and spin-flip of the core nucleons. Similar reduction
of B(M1) values is predicted by calculation for nuclei
S3Mn, and 9°Co. In all these cases, dominant M1

Semina, 10(4) :242-249, 1989

transitions are shifted to a higher energy region. As the
target isospin varies from T g = 4 to Tq = 1, the claculated
quenching factor shows a slight increase and then
diminishes as proton occupancy of Ifj;/z orbit increases.

An enhancement, compared to single particle values,
of M1 transition strenghts for the decay of 1/27, analog
states and 5/27, analog states to respective low-lying
T <energy levels is predicted. Such hehaviour is partially
confirmed in the case of 5/27, analog state decay in the
nucleus S3Mn.

ABSTRACT

M1 mransition strengths for the decay of Isobaric Analog States in the nuclei with (A = 49 o0 A = 57) have been calculated
in a shell modelf space which accounts for the(lIp-Ih) excitations of the core, proton spinlip as well as [sospin flip mechanisms.
A modified version of Kuc and Brown interaction, based on sum-rule analysis of single nucleon transfer reaction data in
the (f-p} region has been used. In the extended model space, the observed quenching of Ml transition strength for the
3/2 Isobaric Anelog State decay to the low lying antianalog stare is well reproduced for the nuclei 495, 31y and 330,
An enchancement, as compared to the single-particle values, of MI iransition strengths for the decay of 1/2~ and 5/2°

analog states is predicted. Energy spectra and single-proton transfer strength distributions are discussed.

KEY WORDS: M[ rransitions; Spectroscopic factors; Shell-model; Isobaric Analog States; {f—p) region.
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