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INTRODUCTION.

Among the different nuclear regions, the one where nuclei
have protons or neutrons between 20 and 23 has always been
considered with particuiar intérest, since, following the shell
model plcture, nucleons are f£illing a falrly well isolated
single particle level (the 1 fo,, major shell) of quite a large
J to allow several simple shell model states.

This argument was based namely on the relatively large
energy gap between the 1 f7/2 and the nelghbouring 2s-1d4 and
ZPB/Z shells (of the order of some MeV),.

It was soon recognized, however, that simple shell model
predictions, such as the regularities expected from the i=j

coupling in Calcium isotopes, are not fulfilled l.

In the last years a large amount of new experinental data
has been produced in this region, due to the improvement in the
detection technijues and to the extension of possible nuclear |
reactions by using proper bombarding energies and complex
projectiles. On the other hand, a lot of caleulations have been
performed in order to explain better the level propertles of
such nuclei. Most of these éalculations have been confined to
the spherical shell model approach with residual interactions
and configuration mixing, at least to test the validity of the
fascinating hypothesis about the special character of the 1f2/2

nuclear region.

One argument in favour of this pileture was the presence of



2

the doubly magic 4OCa to be considered as a "stabilizing core" of
such nuclel. Thils could be true In first approximation as is sup
ported by the experimental evidence of the stabllization of the

2s and 1d binding energles in the le/Z nucleil as compared with
the increasing trend of the 1s and 1p binding energles in 1light
nuclel 2. However, this doé&és not mean that 4Oca is an "inert
core® without an appreciable influence on the level structure of
the 1f7/2 nuclei. We will see, summarizing the available
experimental data, that the situation seems to be quite different;
moreover, the experimental results obtained by stripping and pick-
up reactions point out that the shell closure at N or Z = 20 does
not correspond to a sharp Ferml surface; instead there seems to be
evidence of a superconducting behaviour with s-d levels pnoccupied

and p~f levels occupied (see Fig. 1).

A detalled treatment of such a situation on the basis of the
B.C.S5. theory would be certainly interesting.

Coming back to the available calculations on the basis of

the spherical: shell model, one can distinguish two basic ap-

proaches:

a) spherical shell model plus an "effective" residual interaction
(following the method pﬁrsued by the Talmi school); the two
hody matrix elements are evaluaﬁed from the (lfz/agz

experimental spectra and treated as containing all the neces~

sary information on the residual interaction. The detailed
investigation of the validity on this approach has been

performed by McCullen, Bayman and Zamick - (MBZ), taking into
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account only the pure (1f7/2)n configuration.

Though;many of the observed properties are accounted for by
this model,-there are serious discrepancies which cannot be
avoided probably without more realistiec assumptions. Sdme
improvements have recently been obtained, in the framework
of the "effective™ residual interaction assumption, includ-
ing higher configurations such as the 2p3/2 shell, which
would give rise to (lfyfg)n 1(2p3/2) admixtures. These
caleulations have been limited so far to the Calcium iso-

4

topes “ and to the N = 28 isotones °. The first ones are

described in terms of wave functions composed of an inert
40ca core plus n neutrons in the (1f,,.)% -l
4

pr2? and (1f,,,

(2p3/2) configurations ~; in the second case the assumed

48

Inert core is Ca and the extra n protons outside this core

n n=1 5
belong to (lf'?/Z) and (lf'?/Z) (2p3/2) configurations *.
Here the two=body matrix elements are specifled by fititing
some well known levels of the even isotopes and the single
particle energies are taken from a shell model interpreta~

tion of the 410& and 4980 spectra.

Spherical shell model with a detailed (usnally dencted-

‘"more. realistic") residual interaction taking into account

many configuration mixing., Calculations on this line have.

been performed by Komoda 6 using Serber and Rosenfeld spin

.exchange forces and 1f372 and Zpl/Z mixing, and by Raz and

7

Soga considering oscillator wave functions with restric—

tion to be 2p3/2 contribution and to Ca-isotopes.



Agaln, some jmprovements are obtalned, namely for the location

of the levels in the Calcium isotopes 7

or in predicting
magnetic moments and M1 transition probabillties 6; however,
some major discrepancies remain such as the predictions of low
1ying high spin levels and the presence of excited states which

escape the above degcriptions.

Among these states, the low lying 0+ and 2+ levels in 420&
and 44Ca, for example, seem to be related to some core excita-
tions coming from a relaxation ln rigidity of the core of 20.

Such states are better described as deformed states 8.

A fundamental question related to the effectlve two-parti-
cle interaction pqtential is its connection with a ®“realistic"
two-body force. A first attempt to understand the intrinsic
nature of the phenomenological interaction which is "effective"
in reproducing the known experimental levels of the Calcium
isotopes was already made by Levinsoﬁ and Ford l; it was found,
assuming a central two-body force with singlet character for
equivalent particles, that the empirical potential should be
shallower and of longer range than that required by the nucleon-
nucleon scattering at low energy. A more detailed analysis on
this line has been performed by Mitler 9 who has shown that, in
the framework of any lntermediate shell model calculation, the
effective two-body (static) internucleon potential fitting the
experimental levels of 420& and 450& should be long-ranged,
with a weak repulsive (rather than attractive) triplet odd



part and a strong attractive (rather than weal, répulsive) tensor

part.

Generally speaking shell model calculations must be performed
with an effective interaction rather different from the two~body
force for free nucleons. This "effective" interaction is the so-
called "reaction matrix" to which any phenomenclogical two-body
interaction which deseribes the nuclear level properties should be
connected 10.

As pointed out by Talmi ‘!, there is an infinite variety of

phenomenological interactions which can be used, leaving the
choice quite arbitrary.

On the other hand the deviation of the "unrealistic"
potentials, which have to be used in many calculations of this
type, from the reaction matrix, presumably compensate in part
for lignoring core states and surface-particle interaction as

well as ﬁorzusi&g=&pprnximﬁt@'raﬂiél'aependenbe 9.

The importance of core and surface contributions is related
to phenomenoléogical collective properties which seem to be
present also in 1f?[2 nuclei, namely in the quite large
enhancement of B2 transitions especially in the middle of the

shell, as we shall see later.
o ' . _
This, together with the. arguments in favour of a not too

rigid OCa core, wnuld suggest & more powerful description.in.
terms of residual interactions of the pairing plus gquadrupole
force type. This approach has also been explored in different



ways, such as the Elliott generating procedure used by Lawsen and by Law
son and Zeidman allowing the nuclear well to have a Y, deforma-
tion which simulates the residual interaction between 1f7/2

12

nucleons or taking the gquadrupole force as responsible of

the splitting of the degenerate seniority spectrum.B.

The point here is to.find a classification scheme better
than the seniority coupling scheme in the frame-work of the
pure 1f7/2 configuration. The results are guite similar to
those ohtained by using the "experimental®™ two-body interaction,

as shown by the good overlaps between ground state wave funce
tions_B.

It is clear that, if the configuration mixing is needed,
such approaches could be extended on this line. On the other
hand, taking into account the possibility of deformation in the

1f7/2 regiony one may go quite far consldering rotational motion.

This has been done~veryﬁ£aeeﬂt$¥wbg»Malik:andecholz“;3
who have calculated the negative parity levels of the odd nucleil
using the strong coupling symmetric rotator model including the
Corlolis interactlon between different rotational bands. The
computed level spectra compars favourably with the experimental-=
ones and some peculiar features such as the 7/2” and 5/2 ground
state angulér momenta are reproduced as well as in the case of
spherical shell model approcaches, showing this is not.a peculiar
property of a particular model.

It is interesting to note that some difficulties encounter-
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ed in the shsll model treatmen® are avoided here, namely the
reproduction of the ground state triplets in 47V and‘49V and
the correct number of levels below 2.5 MeV at least for nuclei

in the upper half of the 1f?/2 shell.

We may observe in this connection that the number of low-
lying levels for nuclei in the lower half of the shell is, in
genersl, greater than predicted by the various models. This
is certainly related to the presence of low=lying positive
parity states (14 or 2s hole states) and to lavels arising from
a more or less pronounced fragmentation of the single-particle
states. As we shall see later, the number and the location of

such levels depend strongly on the vicinity of the cores of 20
or 289

To take into account, in a more complete way, such states,
one should enlarge the model space to be used in the calenla-
tions. This-is-a very difficult task (cfr. ref, I, whicH
could be more or less avoided by assuming some lowest order
perturbation on the limited space wave functions, such :as
deformations arising from particle-hole excitations. This has
been-done ‘quite successfully for the 2s-1d nucIéI'xé'starfing
ﬁmomvthé"160 cores where mixtures of shell model states wifh
.intrinsic deformations due to the raising of closed shell
particles into the next shell are considered. -

The same approach has been recently extended in the £/,

region, by Gerace and Green, taking into account such mixtures
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4OCa core . Some improvements have been obtained

in the
' .4 42,
concerning the electromagnetic transitlions in = Ca and a8 as

we shall discuss later.

These calculations need an arbitrary choice for the
coupling scheme to be used In constructing the deformed states
and for the two=body force which enter in defining the matrix
element between spherical and deformed states (Gerace and Green

make use of the Hamada~Johnson potential).

On the other hand, the possible core excitations can be
taken into account by allowing collective vibrations (quadru-
pole and octupole states) and treating the odd particle levels
as dus to a weak coupling between single particle states and the
16

even core excitations o This excited core model has been ap-

lied with some success to heavier nuclei such as the Cu isotopes,
where mualtiplets of levels arising from the coupling of the 2+
and 3~ levels of the even-even Ni isotopes to the 2p3/2_(or
higher) single particle orbit have been observed.

It 1s not the aim of these lectures to give a systematic
review of the nuclear properties in the region of lf.?/2 nuclel

or to discuss the validity of the different models used in the
calculations available so far.

Rather, I will summarize some recent experimental data,
which give an interesting amount of infbrmation on special states

with typlical properties, among the nuclear levels in this regilon.

o ——— e e e — e i
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I. IHE §1f7/22 CONFIGURATTION AND THE EXPERIMENTAL LEVEL.SPECTRAL

l. Two-Body Spectra

First, we shall start by considering the reference
experimental information one needs to perform shell model calcula-
tions.

Soy if one likes to use pure (lf7/2)n configuration and two-

body effective interaction, the (lf?/a)2 experimental speckra (T =

= 0 and T=1 two=-particle spectra) should be well established.

It isa general property of any two body force which ig ef-
fective in the j-j coupling scheme, that the average (charge
independent) interaction energy of all states with a definite
isobaric spin T (and T,) in the 3% configuration can be expressed
as a linear combination of the average energles of the T=1 angd
T=0 states of the 32 configuration (efr. ref. 11 and 35).

)® configuration the energy of a level with a

In the (f7/2 .
given ‘angular momentum J is then a linear combination of the
energles of the levels belonging to the (f7/2)2 configuration.
The coefficlents pf the linear combination are determined by fit

ting the level spacings VJ-VO of the (f )2 spectra.

72
These spectra should be observed in the nuclei 420a, 4ZSQ,

460&, 50T1, 541?0 311d|54000

The observed low-lying 1evel_snectra_of\ggga22 (two.f7/2.

neutrons) and Of ggTi28_(tw0 f£5/, protons) support the validity

of such a coupling scheme, except for the presence of the 0+
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and 27 levels at 1.84 and 2.43 MeV respectively (see Fig. 2),

which on the other hand may be considered as.belonging to dif=-
ferent configurations not affecting the (lfz/z)n spectrum. In
facty such states should arise from the excitation of a proton
palr from the 2s=-1d to the unoccupied lf,”2 shell, in the case

420&; the corresponding states in 5°Ti should be formed by

of
esciting a neutron pair and this is forbidden by the complete-

ly filled f7/2 shell.

The T=0 two particle spectrum should be found in 358021;
here the experimental situatlon seems to be seriously modified,

as compared with the old data quoted in ref. (3).

The available experimental information on the 4280 levels
is reported in Table I, where the results of (BHE, D) 18, 19, 20
(¢y n) 21, (g @) 2z and (BHe, ) 23 reactions are sum-

marized.

The spin and isospin assignements.in Table I follow from
experimental angular distributions in the (3Hb, p) reactions
and from the selective properties of the (ety d) reaction which
can transfer two nucleons only in isospin singlet states al-
lowing only levels with odd J (4OCadis_the_target nucleus) %
The comparison with the levels of 420& (T=1) made by the

24

400a(t, p) reactions allows this assignement to be unique.

There are some discrepancies, -however, in the measured

energles, which do not allow a complete spin and isospin as-
signment. |
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The major one arises from the difference between the
results of the (oty n) and (x, d) experiments. As pointed out by
Rivet et al. 22, this is probably due to the too large mass
excess found in the (x, n) reaction as compared with the other
values; if this 1s true the 1340 and 1420 keV levels found in
ref. 21 should compare with the 1430 and 1510 keV levels found
in {ety d) and (3Hb, p) experiments, respectively.

On the other hand, the various (3He, p) experiments leave
the possibility of more than two levels around 1.5 MeV. If one
tries to normalize the observed levels with the help of the
reported mass excess (efr. ref. 19) and the selective («, d)
data, one obtains the "normalized spectrum" reported in Table I
(within some 20 keV), in agreement with a recent compilation of
the low lying energy levels of 4250 made by Endt and Van der

Leun and quoted by Cookson 5 as a private communication.

The questions which remain open are those concerning the
location of the “frué":Cfb/Zja' 3+fstaﬁe, owing to the presence
of two possible candidates at 1508 and 2218 keV, and the
compatibility of the presenée of so many levels below 3 MeV
with the pure (1f,,,)° configuration.

It 1s interesting to note the establishment of the 0 (T=L)
level at 1890 keV, which is the isobaric analog of the 0 level
at 1840 ke¥ in the “parent” %2ca.

This is relevant in connection with thes p+-decay of the o
ground-state of 42Ca, as pointed out by Noack 26; in fact, if
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the overlap of the two ground-state wave functions is perfect,
as lndicated by the superallowed Fermi character of the cor-
responding  transition {log £t = 3.477 % 0.010 %7 to be

140 decay 28;

compared with the value 3.485 + 0.030 for the
cfr. Fig. 3}, the two states are members of the same isobaric

multiplet (T=1), i.e.:
|%28¢y, = 1%y . (1)

This fact gives us no information about the corresponding

configurations, except that they are identical.

On the other hand, we know that the 420a ground-state is
strongly correlated with the O° level at 1840 keV by a fast mong
pole (EO) transition 29; this indicates that core excitations
have an appreciable influence in the 420& ground-state. Then, we
should expect the same correlations in 4280, whose ot level at
1890 keV should overlap with the parent analogue of
42C‘:aL{-IALZSc >l.89 = 1""|4°‘2Ca>1“84 and decay to the ge ground
- state via a strong monopole transition. This poiht has not been
investigated so far. Moreover, a disturbing feature is the fact
that such correlations would favour the P decay from the 4280
ground-state into the 0" excited state of %2Ca; this is in
contradiction with the superallowed decay into the 420& ground
state, because the corresponding wave functions would be ap=-
preclably perturbed by the Coulomb interaction in presence of

22

any core excitations and consequently should not overlap

perfectly. On the other hand, no branch to the second O+ level
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of 42Sc has been observed so far.

Finally, if one looks at the B- decay of 42K into 420& (efr.
Fig. 3), the experimental branching ratio for the decay to the

+
first excited 2+ and the 0 ground-states gives:

logft(J=2) = logft(J=0) = 0.8 2)
whereas the theoretical value caleulated assuming pure (f.;,/z)2

configurations is + 1.6,

This is a further indication that the (f7/2)2 pure
configuration is already inadequate for 420&, when the intrinsice

nature of the various states is concerned.

It must be remembered however that the knowledge of the
various features of the two-body spectra is still important in
order to calculate the excitation energles, at least in first
approximation, without any assumption about the "effective"
interaction. It is an assumption of any shell model caleulations
that the influence .of the core.is restricted to wave functions
(1.e. to the moment and transition operators) and to the binding
energles and does not concern appreciably the excitation energles
of the low-lying levels (cfr. ref. 10). On the other hand, these
calculations enable us to ascertain If there is a systematic

trend in the fallure of the simplified descriptions.

For instance, if we still consider the levels of *“Ca, we
note that for the ﬁ+ decay from the 7  1isomeric state of 8¢
(efr. Fig. 3) into the 67 level of %2a the experimental logft
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value (4.185 + 0.070 2?) is in perfect agreement with the
theoretical value (4.185) caleulated on the basis of pure (f )2

configurations for both states 26. This is the best result

7/2

among the various comparisons between experimental and theoreticd

~transition probabilities in this mass region 12.

The conclusion should be that at least the 6" 1evel of *ca
and the 7+ level of 428c arlse from the pure(f7/2)2 configuration.

A contribution to the determination of the 1evels belonging

to the (f7/2)2 configuration could be provided by the comparison
48

with the (f7/2)(f7/2) particle-hole spectrum. The Sc spectTum
is the one of interest; it can be related to the 42Sc spectrum by

the simple particle~hole transformation:

- JII
EX(§5™0) = - T (23+1) s E;(33) (3)
assuming pure (j)2 shell model configuration 30,
48,

The level scheme of ““Sc has been the sﬁbject of many
investigations very recently namely by (p, ny) 31, (dyot) 52 and
(t,x) 30 reactions. The low-lying levels of such an intesting

nucleus observed in different experiments are reported in Fig. 4.

The problem here is the fact that, as yet, the different
spin assignements and, consequently, the identification of the
"true (f7/2) (f7/2)fl spectrum is not unique. Only the ground-
state spin has been definitely measured as 6 97 apd the angul ar
distributions measured in the (t,o) experiment allow only the
identification of the levels with a large amount of the 1f
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configuration ({=3).

However, taking this into account and consldering that the
high-spin levels {such as the 7% and 5+ states) are selected in
the 50T1(d,a) reaction, which involves a large angular momentum
transfer, while the low=-spin statesa are preferred in the
480a(p, ny) reaction, we can make a reasonable assumption on

the 488c spectrum as shown in Pig. 4.

The question arises about the location of the l+ level,

belonging to the (f7/2)(f7/2)“1 configuration.

In fact, above the exeitation energy reached in the (t,o)
experiments, there are other levels seen in the (p, n) reactions,
which may have spin 1+, beside the 1.14 and 2.7 MeV levels.

Leaving this unassigned, we can compare the assumed

48

(f7/2)(f7/2)'1 spectrum of ~-8c with that calculated via the

particle~hole transformation from the normalized (f7/2)2 spectrum
of s, The comparison leaves the situation quite unsatisfacto-

ry as shown in Table <.

On the other hand, one can try to construct the complete
particle-particle and particle~hole spectra starting from those
levels of both nucleil which are better known experimentallyy and
‘complete set of states by a least-square fit in the particle-hole
transformation. This has been performed by Schw;r%z 30 vhose

results are also shown in Table 2.

Starting from the known )= 3 transitions in the'49Ti(t,00
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TABIE 2: Comparison between the observed spectrum of B3¢ and the (1rf7 /2)1
(ve, /2)“’1 spectrum calcalated on the basis of the particle-hole transforma-
tion from the assused (£, /2)2 spoctrum of %Sc, reported in Table 1.  The
results of the lesst square fit of Schwartz are also reported for comparison
(All energies in keV).

I.SBc 4230 : Z’zSc: Z'SSc

J Assumed
Observed | Calculated | (efr. least square fit ({ref. 30)

Table 1) '

0| 6680 6895 0 0 7150
1| =700 2350 620 704 2700
2] 143 287 1590 1607 580
3| 622 408 1520 | 1556 60
4 252 184 2820 2835 230
5 131 128 1430 1540 131
6 0 o | 32% 3127 _ 0
7 1100 L w6 | 6o 420 | 1170
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reaction, Schwartz assumes as fixed parameters the following
1evels‘ang§3pins (energies in keV): O (6+); 131 (5+); 230 (4+);.
610 (3+); 2760 (without spin assignment) and 7150 (O+, analogue
of the *®ca ground-state) for 48sc, ana 0 (0%); 00 (753

620 (135 2750 (4%) and 3190 (6%) for “Cse.

The calculated and observed spectra show that several
crucial points should be still clarified. For instance, the 3
and 57 levels of the (f7/2)2 configuration are calculated at
1.556 and 1.540 MeV respectively near the observed 2 level at
1.59 MeV. This result agaln points out the Importance of a
clear ldentification of such a triplet around 1.5 MeV., More-
over, the succéss of the Sclwartz calculations depends on the
establishment of a 2* state of *Bsc quite close to the 3* state
at 620 keV; such a level has never been observed in the various

experiments reported so far.

That the (lf.z/a)2 configurationriSTquéteﬁ#arﬁfrom=béiﬁg
well established is also clear by comparing the level sequence
found in 5400 to the other two-particile spectra. By the
prineciple of equivalence of particles and holes, the level

scheme of 233027 (a proton and a nentren holes in the‘f.?/2 shell) -
should be the same as that of 4280.

This is an open .question, as shown - in:Fig. 2, where the-
levels of 54Co.recently found by (p, n)(as“énd'(EHb, t) 23"reac-—

tions are compared with the levels of 420&, 50T1, 54Fe and 4280.



If one assumes, as it seems to be reasonable, that the
0.937 MeV level of 5400,13'1+ and one of the two levels near
1.5 MeV is the expected 2 (T =1) state, the level sequence
becomes similar; it would be interesting to ascertain if the
missing level, as compared to the triplet at the same energy in
42Sc, is the 3+ state observed in this latter, which competes
with the second 3° level at 2.22 MeV in being described as
belonging to thé (f7/2)(f7/2)-1 configuration.

A clearer situmation in the case of 5400 is not surprising

if onme invokes the difference in rigidity between the “Oca and

480& cores. Whatever the case may be, the question of

ldentifying the compléte two=body spectrum in the framework of

the pure (f7/2)n configuration is still open.

+
2, The (L£7/2)—3 Spectra and the Related Electromagnetic

Transitlions

Another possibility to check the internal consistency
of the pure (f7,2)n configuration assump{{on is to look at the
detailed properties of those spectra which, following this as-
sumption, should belong to the (£, /2)5 configuration.

This consistency may be checked not only with respect to
the level sequence, but also with respect to the electronaggetic
transition probabilities between members of the threé-identical
partiele_configuration.

The Pauli principle allows for the (f7/2)3 configuration
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states with spinst 3/2, 5/2, 7/2, 9/2, 11/2, 13/2, 15/2 and
negative parity; the ordering in energy depends on the effect
of the resldual interaction between the nucleons beyond closed
shells. In generaly the very short range of such an inter-
action gives J=j for the ground state. This is the case of
the 1f,,, shellj the nuclel in point are 30Cayz) 39Car51 23V28
and ggMnZB._ The low-lying levels of such nuclei are shown in
Fig. 5; where the decay properties of the lowest 5/2  and 3/2°

states are also indicated.

The 7/2f, 8/2" 5 3/2° sequence 1s now quite well establish-
ed in all’ these nuclel, though it is clear that the excitation
energles do not follow any expected regularity; especlally 456&
shows a singular behaviour with the 5/2 state lying too low and
the 3/2” state too high, as compared with the other spectra.

On the other hand, the other members of the (1f,,,)%
configuration have been well established so far only in the case

of Sly except for the 13/2 level.

Concerning the level spectra, a gtriking feature 1s the
presence of other levels in the region where only the (f7/2)3
states are expected, ise< below 3 MeV if one takes OV as the
typrical nucleus. Such levels may arise from single particle
excitations concerning the 2psy, and lfsf2 orbltals (negative
parity states) or 2s-l1d orbitals (positive parity states). How-
ever, 1t can be geen that the level density in 4ca or ¥ea is

quite higher than the level density in 51? or 55Mn.
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We shall come back to this interesting point by discussing

the level Specﬁra of the "one particle" nuclel such as 4

4980 a

Ca and_

We only note here that so many levels would also indicate
the presence of other coupling modes, such as the mixing of
shell model and deformed states or the coupling of a single
particle state with some core excitation as already mentioned.
For instance, in *7Ca the 7/2" single-proton state might counple
to the 2+ excltation of the 420& core and give rise to a multi-
plet of levels with all spins ranging from 3/2° to 11/2 . Such
levels should compete with the ones belonging to the (f2/2)3
configuration and with the same spin.

Referring to 5V, which is the best known, all the states
arising from the coupling of the f7/2 odd proton to the first
2t excited state of the soTi core, might be identified except
for the 7/2” level (the 7/2” ground state would arise_from the

coupling of the odd 7/2" proton to the O ground state of the

core),

More crucial tests should be found in the electromagnetic
transitions connecting the different levels, to decide between
the two different models. This has been done by Vervier 34
who has compared the available experimental data”qﬁ.the transi
tion probabilities in %1V with the predictions of the-"three
particle configuration model" and of the "core-particle coupl=-

ing model”. It is found that the E2 transition probabilities
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contradict béth modelsy whereas the M1 transition probabllities
are in better agreement with the (f7/2)3 conflguration assump-
tion.

We shall limit our discussion here to the M1 and B2 transi
tion probabilities concerning the decay of the lowest 5/2° and
3/2" states, for which there 1s experimental information not
restricted to the 51V nucleus, in connection with the validity
of the pure (lf.?},z)ﬂ configuration.

Ml Transitions: It is known that, in the long wave approxima-
tion, taking the magnetic moment operator as a single-particle
operatory Ml transitions are forbidden between members of the

(1) configuration of identical particles 35=

This is not only true in the seniority coupling scheme
because of the seniority change AV = 2, but it 1s a general
property of the single~body magnetic moment operator, which
takes the _special form: ZFI =igjﬁ where g is the nucleon (proton
or neutron, following the case in point) gyromagnetic factor.

So that the magnetic dipole matrix element < j° JM]ZPiljnﬁ*H'>
vanishes if J £ Jt.

It 1s then expected that both the possible M1 transitions
(3/27 =>»5/27 and §/2° —=7/27) between the lowest levels of
the (f7/2)33 spectra of Flg. 5 are strongly hindered; in the
framework of the simple.seniorlty scheme, only the (5/2 —7/2M1
transition would be forbidden (AV = 2) whilst the (3/2 -»5/2)M1
transition would be allowed (AV = 0).
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On the other hand, the B2 transitions betweén the three
levels considered here should have single-particle character if
shell model (f?/2)3 wave functlons were assumed. However, since
the effective two—bddy interaction 1is taken from experimental
nuclear spectra, it contains already all the effects which
escape the simple shell model'descripticn such as short range
correlations and core polarizations. Such effects are
"simulated" in the pure shell model transition operators bj "ef-
fective charges™ for the 11’.7/2 proton and the lf7/2 neutron
respectively, which should be the same for the different E2
transition strengths in the 1f7/2 nuclei.

The reduced EZ transition probabilities are simply given by
the relation -°;

1l
B(E2, J ~>7/2) === 1<(772)%3| |>: 82 1(2)? 772512 (a)
i=1

where Zi T§3) Is the effectlve single particle operator" which
is related, via the usual coefficlents of fractional parentage,

to the effective E2 operator in the 1f7/2 orblit:
IKts,,, )3JIIZ M2 12,07 25 %<2 152 172512 . (s

The reduced'matrix element of this latter can be taken
from the observed transition strengths in neighbouring nuclei
such as the B(E2) values corresponding“tb“thé”oi'-'Z&'transi-
tlons in the even~even nueléi with (f7/2) configuration:

2(7/2)+1
|.< 7721 |82 7/25|%=

B (R2(7/2)5+(7/2)3)=2B(E2,0"+2*) (6)
in 6% x cm® units
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The ratlo between this value and the reduced matrix element of
the "real" EZ operator is given in terms of an "effective charge"
for the proton (proton transition) or for the neutron (neutron

transition) in the 1f7/2 orblt:

<7/24 182} |7/2 > C.X ex= e (proton)
= constx ed P eff
<7/2||r2¥2| |7/2) c,

(7)

Xe = e,pp (neutron)

Taking the known B(E2,0 =2") values for 5011, 5%Fe (proton)
and *2Ca (neutron), i.e. (4.0 + 0.8), (5.33 i 0.26) and

(3.7 + 0.8) in e2 X 10_50 cm4 units, respectively {cfr. ref. 34
and F. R. Metzger and G. K. Tandon, Phys. Rev. 148, 1133 (1966)},

we obtain, using for instance harmonic osecillator funetions: 34

<7/2|1E2]17/2> = (0.305+ 0.022) x & x 10~2% on
with an effective charge e,p, = (2.1 + 0.1) e for the proton and
<7/2)|B2[7/2> = (0.272 + 0.058) x e x 10~2% o (8)

with an effective charge Bopp = (1.9—% .C.4)e- for the -neutron.

These "effective charges" can then be used in order to
calculate all the E2 reduced transition probabilities between
different states of the (1f,2/2)n configuration. Table 3 sum-~
marizes the available experiméntal data on the decay properties

of the 5/2° and 3/2° levels of the four nuclei of Pig. 5.

The most abundant amount of data—concerns 51?,'which

remains the typical nucleus to be compared with the theoretical

predictions 34. However, very recently, some new information
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TABIE 3: Experimental values comcerning Ml and E2 transitions from the loweal
3/2" and 5/2 levels in the (£,/,)*" miclel, The half lives T,/, oo giving
in pa (10™12 gec), the reduced tranaition probabilities B(M1) and B(B2) are
given in nm (miclear magnetons) and in e x 10 50 anl' unitas respectively. The
single-particle values B(m.) and B(Ez) correspond to the Weisskopf units,
taking into account the statistieal fac't-ors for L= |.Ti-Tf[ {ransitions.

Expe;ai::ntal 43% 450‘ 51y 53&1
T, /5(5/27) 8o (8 26721 P 176 (¢
|8(5/227/2)1? u | | 0.19740, 012 0.3740.05
B(M1,5/27/2) | 3 — x107 (5.420.5)x10™ (6.840,7)x10™>
80
B(M1,5/2->7/2) heb
2 > ——x107 (1.820.1)x20~3 (2.220.2)x10™>
BOML) g+l
B(B2,5/2-7/2) 0.169+0.022 0. 2440.4
B(B2,5/2-7/2)
1582 2123
B(Ez)gp
' - (a) {
1'1/2(3/2 ) £ 250 .
B(E2,3/2-7/2) 2 0,07 Szﬁéﬁ:ﬁﬂ
B(E2,3/2+1/2) 5 3 6454102
(3/2=5/7)
s 0.25 {233 0.28 0.67
1,(3/2+/2) o
| " 0.031#0.005
. . 2 0.031+0.005 : - 8160
8 (3/2+5/2)|* 91822 900 "5 %0
(9.8+40.2) x 107
B(M1,3/25/2)

(103:_00 5) X 10-3
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(CONT'D TABIR 3)

B(ML,3/25/2) (34220.5) x 10-?5
: (4e5+1.7) x 107

B{M1) ap -
B(B2,3/2 +5/2) oz}%g:ga
B(B2,3/2+5/2) 1.14C.3

B(B2) op
B(B2,3/2+5/2)

£ 36 Chod 5.4 £3.8

B(B2,3/2+>1/2)

(a) R. S. Weaver and R. Barton, Canadian Journ. Phys. 40, 660 (1962);
(b) I. Y. Krause, Phys. Rev. 129, 1330 (1963);
(c) Gorodetzky, Sctmlz, Bozek, Knipper, Nucl. Phys. 83, 519 (1966).

For the other data see refs. 34, 36, 37, 38, 39 and 40.



32

has bBeen obtained on the lowest level of 53Mn by Vuister 36 using
the 520r(p,7055Mn reaction; spin, parities and E2/M1 mixing |
ratiios have been defiuced from (p, 74) angular correlation and gam
ma-ray polarization measurements. Moreower a recent iavestiga
tidn on *°Ca via the *%ca(d, py)?Sca, performed at the Van de
Grgaff Laboratory of the Umiversity: of Padua 37, has proved that
the 1.43 MeV level is indeed.a 3/2” state, which decaysiakso toi
the ground state with a (cascade/cross-ower) ratio of 70/30.

The data on %°Ca are taken essentially from the (& 4* J -and
Q‘AQE ;
(44 p) experiments of the M.I.T. Group 38

It appears from Table 3 that a complete comparison between
the different nuelel needs more additienal .information, namely
that concerning the half lives and E2/M1 mixing ratios. in 4%a
and %5ca and (B2 3/2  —=0/27) tran&itiqq—pnobabilixiesnin,430am
450& and 53Mn.

Moreover,vthe-BGEZJ:expe%%meﬁtaxivaines=ﬁﬁﬁﬁérﬁ1ﬁg’the"

3/2 — 7/2 transition in 517 are quite questionable, due to the
large discrepancy between the two quoted Jimits, the lower 39
being in agreement with the theoretical prediction based on an
"effective™ B2 transttion operator in the lf7/2 orblt, correspond
ing to an effective proton charge ranging from 1.5 to 2e.

The only conclusionsuwhichncan-be drawn at- present -are the
following:
(a) The hindrance factor for M1 transitions in 51y and %2Mn 1s
at least of the order of 10+3, indicating that such transi-



tions are indeed strongly inhibited in these nuclel. For
43Ca-only a lower limit can be extracted from the
experimental data; this limit 1s also of the order of 10~J.

(b) The E2 transitions are enhanced by a factor of the order
of 10 in 51? and 53Mn; this enhancement could be explained
in the case of the 5/2 — 7/2 transition by introducing the
effective charge for the 1f?/2 proton in agreement with
that used for other f7/a nueclei (SOT, 52Cr) as shown by

34

Vervier .

The calculated B(E2) value would be (1.96 + 0.39)e2><10'5o
cm4 to be compared with the experimental values of
(1.69 + 0.22)e% x 10750 cn® for 51y and (2.4 + 0.4)e2 x 10750

cm& for 53Mn.

On the other hand, the known experimental data concerning
the (B2, 3/2 =7/2) transition in M are in disagreement with
each otherj the calculated B(E2) value, using the same ef-
fective proton charge is (0.68 + 0.14)e2 x 1050 cm4, which
agrees with the experimental value of (0.763;0.15)e2x110'50
cm? 39, but it is by a factor 3 out as compared with the other

experimental data, whose average value is (1.86 + O.Z’?)e2 x
% 10-50 cmé. 40.

It is hoped that new and better experimental data will
clarify this situation.
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(¢)  The g 522, 3' g :7). g ratio has two possible values in the

case of 5lV and 53Mn, corresponding to two different wvalues of
52 in both cases for the 3/2° —=5/2" transition. The two set
of values (0.16 and 5.4; 0.14 and 3.8 respectively) are consist
ent with each other, showing strong similarities between the
two nuclei. Moreover, assuming the 3/2 —+5/2 transition to be
mostly E2 in all nuciei, as allowed by the highest 62 value for
51V and saﬁn and as a consequence of the forbidden of the cor-
" responding M1 fractlon in the (f7/2)3 coupling scheme, we can

B(E2 (5)
get the 7 B2, 3/2>7]2 ratlio, from the de-excltation branching
ratio of the 3/2° level, also for By and *5ca.

The comparison shows that 450& 1s consistent with Sy and
53Mn (see Table 3), while the same is not true for 430a, where

a ~10 times greater wvalue 1s found.

Disregarding a few discrepancies which need to be
clarified-bettery-one -could  say that  the (f7/2)3 coupling mode
works better near the core of 28 nucleons. The most promising

nucleus s8till remains 517 which has 3 protons outside the 480&

coTe.

There is another way to get more insight into the nature
of the above mentioned states, by direct transfer reactions
such as stripping. - It is known that the (d, p) reaction
strength to a state of definite J from a target nucleus of
ground-state ot is a direct measure of how well that state is

described as an even number of nucleons coupled to O angular
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momentum together, with an odd neutron with single particle
angular momentum j=J,. 41 The same should he true for proton

transfer reactions such as (BHQ, dl.

This is the case of states such as

3 2
(1£9/2)3=9/, and {(1f7/2)o(2p3/2)}J==3/2 or

2
SOV S CEIPO] PR
for the nuclei in point. The corresponding angular distribu-
tions should be consistent with an orbital angular momentum

1=3 (1£7/2), 1 (2p3/2) and 3% (1f5/2)’ respectively, of the

transferred nucleon.

These states have strong similarity with single-particle
states and should be observed with large cross-section in

stripping reactions.

On the other hand, the other (1f772)§27/2 states do not
present this single-particle nature so that thelr production
in first order stripping should be forbidden and may occur
only via admixtures of other configurations, such as those
mentioned above, into these states or via some second order
process 42 such as nucleon transfer following the execitation

of the target nucleus or inelastic scattering on the final
nucleus by the outgoing particile.

The experimental results concerning stripping reactions
leading to the lowest states of %7Ca, %50a and v are sum-
marized in Table 4.
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It can be seen that the (f?/2)3 configuration model is in
good agreement with the strong excitation of the 7/2" ground
state, which takes practically all the strength of the correg
ponding L= 3 transition (1008 in the case of 51¥), and with
the absence of a first order stripping process leading to the
5/2" levels.

The observation of such levels seems better explained by
43

second order processes s as mentioned above, due to the fact

that the weak transitions to these states do not show ,Q= 3

character as expected 1if some lf.”2 admixtures wouuld have been

present.*

A strong argument in favour of the (1f7/2)3 configuration
for the 5/2 level of °1V is the observation of a weak §,=3
transition to the 5/2 level of 49? (at 89 keV) in the ;

48T1(3H2e, )%y reaction; in this latter the different be-

haviour would indicate some 1f5/2 mixing 44.

* It should be pointed cut (ofr. ref. 43) that even a very small 2/,
admixture into the 5/2 levels indicates a strong interaction between the
(1r7/2)§/2 and [klfbyé)i (lfs/zi]s/z configuration. However, the transi
tions in questiom do not show stripping pattern and the corresponding
angular distritutions which show backward peaking cannot be interpreted
by the suggested form factor for configuration mixing.
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On the.other hand, = 1 stripping to the 3/2” levels is
observed, showing that some mixing with the Lflf3!2j§(2g§/?215£2
conflguration wowdd exist. Again 51y i1s favoured, sinée the.
corresponding spectroscopic factor is very small (2% of the
total 2p3/2 strength) whereas for the other nuclel it is not

unappreciable.
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II. QUADRUPOLE AND OCTUPOLE EXCITATIONS IN EVEN-EVEN NUCLEI

A well established experimental fact is the presence of 2+
and 3~ levels in the even-even nuclei with enhanced transition
probabilities, as inferred by Coulomb excitation and lnelastic
scattering. The experimental B(E2) values for the lowest 2"
state in a number of nuclel are reported in Table 5§ with the
corresponding enhancement factor B(EE)/B(EZ)Sp in Weisskopf

units.

The enhancement of the E2 transitlion rates is not a strong
objection to the pure (f7/2)2 configuration if one assumes that
- 1t 1is contained in the "effective"” operator which is responsiile
of the guadrupocle transition. As already mentioned, one
introduces the concept of "effective charge" which should be
used to simulate any perturbing correlations such as the pola-
rization of the core by the outside nucleons. The effective
charges corresponding to the various (g7/2)i2 and (1'7/2)-":4
nuclei are reported in Table 5. They can be evaluated by
comparing the effectlve quadrupole operator to the "real"

operator, l.e.: |<f7/2||T(2)||f7/2>|

=]

o ff (8)

ey 12252 2 12,01

The effective operator 1s related to the observed transition

rate by the expression: . ( )2 ( )2)
' BUE L2l 272
<t 118 g,, 517 = (9)

- 4 4
1.8B(82y(fr))5) o> (£r,5)5)



40

TABIE 5: Reduced transition probabilities of the first 2‘P levels in even-

even nuclei of the 1f
vealues in-ez x 10

7/2 shell. The energies are given in MeV and the B(E2)
=50 e units. The B(E2)/B(E2)ap ratio is given in Weisms-

kopf units. The corresponding deformation distance |3211 (in fermi) is report
ed as the sppropriate collective parameter, together with the effective

orbit which accounts for the enhanced transition

charge e of £ in the 11’7 /2
strengths.
| ucleus! B(2")| B(B2,2">0")| B(E2)/B(R2) | BB o otr
400q  13.903 | 0,29£0.09 (a)| 3.0£1.0 0.330.5 (b)
4200 {1.524 | 0.7420.27 ()| 8.521.9 1.0 1.980.4
40s 11,156 | 0.68#0.12 (a)| 7.261.7 0.9 1.620.3 (e)
45ca 11.347 | 0.85+0.15 (g)| 8.5:L.5 1.2 (e)| 1.620.2 (e)
Boa |3.830 0.53 (2£)
4605 10,889 | 1.6740.35 ()|  1s3 l2 (1)
“Brs 10,990 | 1.320.1 (b)| 1281 1.0 (1)
05 {1,570 | 0.8s0.2 (1))  7.541.5 0.7 (1) | 2.0%0.4
Ocr |0.783 23 ()| 227 L2 (1)
e |1.434 | 0.921.4 (b,0) 8213 0.750.9 (1,0] 2.250.2
Shpe 42 | 1.0620.5 ()] 9.0#0.5 0.65 (1) | 2.320.1
(a) (e,e') D. Blum, P. Barreau and J. Bellicard, Phys. Letters 4, 109 (1963);
(b) {o¢yed)s The minimum value is taken from ref. 5557 the maximom valne im
normalized to other (w,c'} data on the basie of the reported cross~sec-
tions (ref. 53);
(e) %eagéi)'luoreacenqea F. B. Metzger and G, K. Tandon, Fhys. Rev. 148, 1133
1966);
(d) Coulomb excitation: D. 8, Mdreev, V. D. Vasilev, G. M. Gusinski, K. I.
Erokhina and I. K. Lemberg, B. A. 8. U.S.S.R. Phys. Sect. 25, 842 (1961);
(e) (4,4') and (p.p'): ref. 38; the fit to the experimental angular distribu-
tion is obtained here by taking only the real part of the optical poten-
tial as responsible of the surface-coupling collective motion; P2 =
= 0,2840.04.
(£) (o,f)s ref. 54;
() caloulatéd on the basis of the (3R value, taking R=1.2 A" fa;
(k) Goulomb excitations I.Kh, Lemberg (ref., 40); F. K. McGowan, P.H. Stelson,

Rs L. Robinson, W. Milner and J. L. G. Ford, Proc. of the Conf. on Nuclear
Spin-Parity Assignment, N.Y. 1966, p.222; (p, p' 150 MeV) 48Ti and 52Cr:
E‘af, 157; (ey0')s J. Bellicard, P. Barreau and D. Blum, Nucl.Phys. 60, 319
1964); '
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for (f7/2) or (f?IZ) configuration respectively.

The real operator would depend on the radial wave functions
used to calculate the radial integral
m .
;[ r® R(r)dr which enter in the expansion of ||r22(2)(6,*¢)||.

0
Using harmonic oscillator wave functlions, the values Corp given in

Tahle 5§ are obtained.

They are not too different from the values obtained using
other types of radial wave functions 34. It can be seen that ef-

féctive charges of the order of 2e_  (where e  is the free proton

p P
charge) should be used.

Since this corresponds to the results found for heavier
nuclely where gquadrupole excltations are better described as col~
lective vibrations, it is not surprising that the 2° levels of

the f7/2 nuclel have been considered in the framework of the col-
lective-models.,

There is a simple way to relate the observed transition
rates to the phenomenoclogical collective parameters. The dif-
ferential cross-section for an inelastlc scattering process may

be derived from the main equation of the D.W.B.A. theory:

(1) (o, o')/: A. Bussiere-De Mercy, J. C. Favre and G. Vallois, Proc. of
the Conf. on Nuclear Spin-Parity Assignment, Gatlinburg 1965; K.Y,
19%’ p. =AOS;

(1) ofr. ref. 34 for Coulomb excitation; (p, p'): ref. 45.
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do f )i 3 f t _
> I8} 12 (10)

where

*
BE = (2£+1)-% J’%(-)(kf, r)[Yf(f'zl Fﬂ (r) %(+)(ki,r)dr .

The x(k, r) are the incoming and outgolng distorted wave
functions satisfying the Schrddinger equation for the spin-
independent optical potential U(r) fitting the elastic scatter-

ing data:
hZ
[-""'V + O(r) -E:|x=0 (11)
Zm .

The "form factor® Fl(r) may be obtalned considering either single

-particle excitatlon or collective excitation.

In the first case, it is related to the strength parameter
VG of the used potential and plays the role of a single-particle

operator 45 .

In th_e second case 1t may be written in the simple way:
(p=o0)
- d
Fp(r) = « (24+1) Py By — U(r -R,) (12)

dr
where U = U(r-R(6)) is the deformed well with R ='-RO_EI.+Z£[3LY?( eﬂ

and ﬁ?.. 1s the deformation parameter, which, in the case of col~

lective vibrations 1s a dynamical variable.

The parameter ﬁﬁ’ which can be extracted from the observed

form factor, 1s simply related to the reduced transition probabill
ty B(E}) by
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2
2
B(EYL) = (3- z33> i) . &2 (13)
4 - 20+

(using a uniform charge distribution).

Then, for B2 transitions, we have
B(E2, 2-+0) = 2z B2 B%.6° (14)
20w
On the other hand, Coulomb excitation glves directly the
B(E2, O0-> 2) values, which enables us to derive the parameter ﬁa
through the expression (14) (taking into account the statistical
factor 2J. + 1 =5):

3
B(E2, 0-2) = = 5 R%.0 . (15)

a4

It is customary to use as the appropriate parameter for
comparing different interaction models the deformation distance
FLRO’ since the parameter [3l depends on the penetrability of
the bombarding particle %0; on the other hand, the effective
radius which should be used is different from the electromagnetic
radius and depends on which part (real or imaginary) of the
optical potential is of major importance in fitting the

experimental cross-sections.

In Table 5 the fpR, values are listed (in Ferml) mostly
arising from (ctyod ) experiments, where the radii of the real

and imaginary part of the potential used are the same.
The striking features which appear from Table 5 are:

(a) the f-R, values are considerably reduced for N = 28 nuclei;
(b) the "collective™ behaviour is more pronounced in nuclei

with N # 28 and with small neutron excess in the 1f7/2
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(c) the Calecium isotopes show a rather surprising behaviour
since thé collective parameter does not decrease in going
from 4ZCa to 466&, as expected whereas it drops rapldly
to the smallest values for the doubly closed shell 4OCa
and 4BCa.

It is emphasized that the 2" states in the even-even (f?/a)
nuclel, which can be formed by coupling two or four f7/2 nucleons
to J = 2 in the pure configuration model, could contain zlso
components of the four particle~two hole configuration, such as
{(f7/2)4(d2/2)'2}5=2 or six pa;ticlg-two hele configuration such
as {(f7/2) (dafz)-Z}J=2 respectively.

This 1is related to the exeitation of the 4OCa core given by
two particle-two hole states.

In 4OCa no even parity states can be formed, in the strict

shell model picture, by one particle Jjumping only one shell
(2s~1d -2p-1f), but a particle jumping two SHEX¥s or—d two
particle-two hole configuration is needed, Thils latter can be
reached, with a one-step transition, only if the g.s. contalns

already the two particle=~two hole component.

The corresponding transition rate might then have single
particle strength even if the initial and final vave functions

are deformed by the presence of such correlations.

This is in fact observed for the 3.90 MeV B2 transition
(see Table 5), in spite of the fact that a 204 deformation aris-
ing from 2 particle~? hole and 4 particle-4 hole configurations
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0

in the 4Oca ground-state accounts for only~1/4 of the observed

transition rate 15. A larger deformation 1s then needed to ac=-
count for thils "single-particle" transition; pick-up 47 and

48 reactions on 4%Ca have indeed shown that a ~40%

stfipping
deformation 1s required, though the analysis of such experiments

is questionable when deformed states are involved 49

On the other hand, in 480& the even parity states can be
reached without changing the neutron oscillator shell; a quadru
pole excitation, for instance, may correspond to the
{(Zpafa)l (lf7/2)=1}J=2 configuration in the 27 state, so that a
higher degree of "“collectiveness" in the corresponding F2 transi
tion as shown by tha,%ZRo value in comparison with.400a, is not
surprizing and does not affect the spherical assumption for 480a.

We should mention, in this context, that in some inelastic
scattering experiment, the comparison between 40Ca and 480& shows
that the exeltation cross-section of the first 2+ level of the
Tatter is smaller than the corresponding excitation in the former.
This fact has also been interpreted as due to the different
strueture in both nuclei due to the closure of the ld3/2 and
11’7/2 neutron shells respectively 50.

In considering 3~ levels, one should note that they cannot

be described in terms of single-particle excitations in:the

(f.?/a)n conflguration, since no negative parity states may be

formed by coupling two nucleons in the 1f orbit. The only pos-
8ibility, in order to maintain a shell model description is to
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invoke a coupling between nucleons in different orbits with op-

posite parity such as {(1f)(1g)} or {(1p)(1g)}. However, a

more reallstic assumption 1s to consider the excitation arising -
from the promotion of nucleons of the ld=-2s closed shell of the

core to the 1f=2p orbits; these particle-hole states of negatlve

parity, need only a single nucl eon jumping one major shell, so

that no important enhancement of the corresponding transition

rate 1s expected.

The microscople description of the 3~ level is then related
to a particle hole model; the lowering of one of such states
from its unperturbed position is allowed, this state taking up

most of the whole octupole strength 51.

On the other hand, the 3  1levels can be interpreted as col-
lective octupole vibrations arising from the coherent mode of
motion, such as the guadrupole excitations. These octupole vilra
tions have, generally, energles of the order of h“bsc.’ l.e. of
the order of IO MeV, but can be lLowered due to spin-orbit coupl-
ing and give rise to several 3 1levels, in the low=energy part
of the spectrum, with a more or less important fraction of the
octupole strength (we are considering here only the T=0
component of the vibrational states).52

The éxperimental evidence of the collective properties of
such states I¥ generally inferred from the inelastic scattering
cross-gsections through the relation (13).

Then, the deformation distance ﬁ3R0 can be extracted, to
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account for the collective behaviour, once the experimental
angular distributions have peen fitted using the appropriate
theoretical form factor. However, it must be pointed out that
the use of a uniform charge distributlion here -1s more question~
able since ﬁ3 is piopqrtional to R6; then the degree of valldi-

ty of the ecollective parameters 4s here less quantitative than
in the case of E2 transitiens.

Table §.summarlzes the available experimental data on 3

levels of the f?/Z micle!l including 400& and 480a as reference

nucleil for the possible particle-hole excltations.

It is sean that the 3™ strength is strongly fragmented

into several levels without favouring a particular state, as

expocted rrom this particls~hole model 5‘1, On the other hand

the only state wh&ﬁhwmight~be considered as having collective
charactar is the lowest 3~ level of 4063. It is intesresting
to note, also here, that the excitation of the corresponding 3

48 . '
Ca is strongly reduced,; while the energy 1is quite

level in
higher 52,

This-ﬁ&ﬁﬁhiﬁﬁﬁ&ueiataﬁ te the "blocking effects" of the
closura of-the.1r7/2 neutron shell, which inhibits the forma-
tion of particle~hole péirs of opposite parity, while this is

- allowed in 4003; nesded ﬁe give low=lying octupole states 54

The fact that many 3 levels are lowered with important
relative strength is not the only qualltative disagreement with
the particle-hole model. Another peculiar feature is that the

addition of "valence® nucleons decreases the strength of the
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TABLIE 63

Ogtupole excitatiocns in f7
deformation distance PBR {in Fermi).

, even-even miclei and cerresponding
The 3(33)/5(33) ratios are also

reported where they have been determined. The relative cmansoctima

a

normslized te the lowest 3~ level of 400:. as obtained in ref. 53 are

rel
reported.
. 3(1393-"" 0) (G)
Nuclous E(37) 3 B, O el
B(E3),,p

40cq 3.73 77008 @) | 0.85:2.3. %) [ 100
5.90 0.18
6.28 0.5320.13 (a) 0.40 28
6.58 0.31 16

42q 3ubd 51
4T3 17
498 7
5451 4 .
5.69 5.6
6.17 8.7

b oy 3430 34

' 438 T

4.90 5.6
5.22 7.6
5.65 5.4,

45cq 3,61 0.4580.7 (g
4ol 0.41£0.65

“Boa 450 0.56 () f 3
5015 0.17
5,37 0.23 [ 6.3
7.05 0.16 -
7.6 0.33 18
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CONT'D PABIE 6
4y 3.55 0.35 ()
4e15 0.40
5.90 0.40
By 3.62 32 8 | oy (8)
4040 105&1.0
50py hodi2 05 &) |
6055 0.2
6275 0.3
7.10 0.3 13
7.70 0.2
520p 46 6s1 (&) 0.5 ()
6.6 31 0.3
7.1 2.4 0.3
{7.9) 2edy
54?0 498 4 (g) 0-4 (r)
6.4 5

(a)
(3:7]

{e) .

(d)

(e)
(£)

(e)

(e, @*): ofr. (a) Tadle 5.

THe valie 0585 and"those corvesponding to the other levels of “OCa are
from the («,; o¥) data reported in ref. 55; the value which can be
extracted from (a) is 33 0.65, where as values of 1.36 and 1.29
have also been reported in (o, o') and (BHe, 3He‘) experiments (refs.
53 and 56 respectively).

(o ¢*)s ref. 53. The o, and relative cross-sections are normslized
to the lowest 3~ level of “*‘Ca.

derived from £, = 0.16 (3.61 MeV) and 0,15 (4.43 MeV) of ref. 38 (4,d"
and p,p') and normalized to 4Oca.
(o; ¢¥)s all the data concerning
(o, 0') from (1) of Table 5.

Cfr. ref. 47 and (h) of Table 5.

480& are from (f) of Table 5.
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lowest 3~ levels as can be seen in Table 6.

Moreover the sum of the strengths of the 3~ levels drops

monotonlically from A = 40 to A = 50,

On the other hand a general feature of the collective models

is also violated by the 3  levels of the 1f7/2 nuclei.

Their strengths do not increase when the states become
nearer to the ground-statej; in fact, in going from 4OCa to 440a
the excltatlon energy goes down, but the corresponding octupole
strength reduces to 304. This could be explained in assuming
that, at the same time, there is a considerable decrease in the

48

ground-state correlations, approaching “~Ca.

From this point of view, the collective behaviour is more
evident in the first 2% levels, as already mentioned, apart from
the shell effects. Fig. 6 shows the general trend of the lowest
2+ excltation energles and the corresponding PZRo as a function

of N for the different even-even nuclei following the f7/2 shell
£111ing. |

The representation of the corresponding trend for the two
lowest 3~ levels is shown in Fig. 7. Here no important shell
effects are present as expected, while the. sharing of the

octupole strength shows a preference for the first 3~ state near

400&.
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III. SINGLE PARTICLE AND HOLE STATES IN f,,, NUGCLET

7/ 2
To take into account more configurations-in the shell model
calculations, the knowledge of the single particle spacings 1is

needed.

Here the question is not very easy to solve, since the
various pick-up and stripping experiments performed in the recent
years have shown that the strength of the single particle states

such as the 2p3/2, lf5/2 and Zp% is dissolved into many levels of
the lf7/2 nuclei.

Moreover, these experiments clearly prove that important
admixtures of other configurations are already present in the

ground-state of the target nuclei.

If one considers, for example, the level spectra of'4lCa
and 41Sc, where one would like to observe the "true" location
of the lf7/2, 2p3/2, 1f5/2 and Zp* single particle excitations
corresponding to the. empiy orbitals outside the N or Z =20 core,
one of the striking feature is the presence of a large number of

levels above an energy gap of about 2 MeV.

The situation is illustrated in Fig. 8, where the experiment
al spectra of both nuclei are reported,; as found in the more

recent stripping reactions 57, 58.

The two spectra show strong similarities, with two 3/2"
levelsand positive parity'stateS's(B/Z+ and 1/2+ lavels) which

should arise evidently from core excitations; Moreover many
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= 1 levels are also present which might be due to a large
fragmentation of the 2pj single particle state,

On the other hand,; the level density 1s really very high.

410& and 50 levels in 415c below 6 MeV of

There are 80 levels in
excitatlion energy. This should be compared with a number of only
10 levels. in the same energy range, for 490&,'where the single
particle levels above the 1f7/2 closed shell of neutrons, Seem

to be better established, as we shall see later.

S0 many levels in nuclel which could be deseribed in terms
of one particle outside a doubly closed shell core (1.e. %Oca)
indicate that the simple shell model picture is really inadequate.
Core polarization effects and other coupling modes should be
important. That the “Coa ground-state should contain important
fractions of other configurations has been proved in many
instances. Moreover, part of the odd (natural) parity levels in
4lCa and 4180 could arise from the coupling of the available
single-particle states to core exeitations such as the quadru-
pole vibrations (2% states) of 2%ca {E(Z+) = 3,9 Me?} or
Zoq {E(2+) = 1.5 MeV}.

However; if the pertinent problem here is the. location of
the unperturbed single particle or single hole states, this
can be solved in a simple way, once the varlgus levels arising
from the fragmentation of the above states have been establish-

ed by stripping or pick-up.

If E1 denotes the excitation energy of a defined level
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belonging to the QJIShell model statey the unperturbed single
particle en:eurgy'E‘Q;| is given by the centre of gravity rela=

tion: 59
A 15)
E,, = . 15
L3
148y

Then the question is to establish the stripping or plek-up

pattern of the various individual levels characterizing them
with a definite spectroscopic factor S given by the comparison

between the experimental and theoretical cross-sections.

Before discussing the experimental data on this topiesy, I
will briefly mention an important aspect related to the
identificatlon of the 2p;,, states in “'ca ana Yge,

1. ZIhe 3/2” Levels in *Ica and %Isc

The two lowest 3/2” levels observed in stripping reactions

in both nuclei qxhaust'the single-particle strength expected
from the simple shell model. Indeed, the corresponding spectro
scopie factors are 0.95 and 0.28 (8,4 = 1+22) for the 1.95 and
2.47 MeV levels respectively in “Ica 57; 0.9 and 0.1 (s, =1.0)
for the 1.72 and 2.41 MeV levels respectively in g, 58 (cfr.
Table 7).

If they amevemtirely due to a simple splitting of the
?pzfz Slhigle-particle state, we expect them to decay into the
272"groﬁhd+S€§ﬁéf#ﬁaisingle—particle B2 transitions (we assume

- that the ground state is mostly a pure 1f7/2 state, as shown by
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the corresponding stripping Spectrdscopic factor, which in both

cases 1s about unity).

However, the recent experimental determinations of the cor-
responding half-lives and E2 transition ratios have shown that
the situation 1s strongly different °C.

The peculiar feature in both nueleil is the strong inhibi-
tion of the E2 transition from the upper 3/2" level to the
ground=-state, while the lower level shows a slightly enhanced

decay as compared with a single-partiele transition.

The experimental data are summarized in Table 7+ where the
reduced EZ2 transition probabilities and the single particle

strengths are compared with recent theoretical predictions.

Assuming the upper 3/2 level to contain indeed a signifig
ant single=particle component, there must be other terms in the
EZ2 transiticn in order to cancel the single-particle contribu-~

tion *.

Such terms could be due %o a superposition of core excita-
tions on the single particle state, which cancel the E2 ground-
state transition from the upper 3/2” level and enhance the

Ssimilar-transition from the lower 3/2” level.

In the simplest shell model picture, the B2 transitions are forbidden for |
neutrons (e=0). However, aa glready mentioned, such transitions are
found eyperimentally and ascribed to the effective charge inflnence (re-
normelization of the core due to the valence nucleons).
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TABIE 7: Properties of the two lowest 3/2" levels in ‘e and *'Sc. The
experimental B(R2) values =nd stripping spectroscopic factors Sp3 /3 are
reported for each level (the correspending energies are in MeV). The ratio
V(B2)/B(E2) _ is given in Weisskopf units times the statistical factor {7.,
(B2)/B(E2)_ is g opf S Sagtor %47
The B(RB2)'s and the ratios of the single particle strengths

15 SPS(3/2+7/2)3
are cowpared with the Gerace and Green calculations .
B(3/27) 8(3/2),/8(3/2),|  B{E:3/2-7/2)
- Sp3/2 ¥ 2 2,100 o
. B(E2
Exp. (&)} rneor &) Exp.(b) Theory (e) 8P
1.94 | 0.95 0.59+0.13| .57 | 0.64 | 2.820.6
4lay 2.383.4 | 3.3
2.46 | 0.28 €0.0014 | 0,012 | 0.08 | £0.006
1.72 | 0.9 1.01#0.34| 112 122 | 4.821.7
4150 9 901
2.41 | 0.1 £0.0042 | 0,014 | 0.08 | <0.02

(a) Ref. 57 and 58;
(b) BRef. 60;

(¢) Ref. 15: The two theoretical values correspond to different deforms-
tion parameters (3 for the Nilsson orbitals.
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The agreement with the experimental data is obtained 1n the

framework of the Gerace and Green calculatlons 15

s taking into agc
count mixing between the shell model states and deformed states

arising from many particle-many hole excitations.

In this model the single particle states ZLf'W.2 and 2p3/2 are
allowed to mix with 3 particle=-2 hole and 5 particle-4 hole states
obtained by lifting up two or four particles from the d-s into the
f-p deformed orbitals (Nilsson orbitals). These states are con-
nected with the 2 particle-~Z hole and 4 particle—-4 hole states of

the 4009. core, which provides the corresponding matrix elements.

The wave functions of the 7/2° ground-state and 3/2° excited
states obtained by Gerace and Green have the following components:

4lCa>7/2 = 0.96|1p=0h)+0.28|3p=2h>=0.05| 5p=4h) ;

410a>3;g5- 0.77]1p-0h>+0.52}|3p=2h)=0.37 | 5p~4h) ;

#cays;57= 0.44] 1p=0h>=0.07| 5p-2h>+0.90| 5p-4h>
and

418c>g/2 = 4lCa>‘.;/2'

4lsc>%;gl- 0.86|1p~0h)+0.45|3p-2hy=0.22}5p-4h >

g >3,2 0.30]1p=Ch)~0,12] 3p~2h)+0.94|5p=4h} .

This means that, while the lower 3/2 “levels are.deformed by
an.extent of 25 to 40%, the upper 3/2 levels are mostlky: Sp~4h:
states with more than 804 deformation.
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To construct these states, Gerace and Green must introduce
another.3/2-'1evel at about 3.9 MeV in both cases, which is
mostly a 3p~-2Zh state.

With the corresponding wave functions and matrix alements,
the electromagnetic transition rates and the single~particle
fractions could be calculated. The results are also listed in
Table 7 and show a satisfactory agreement with the experimental
data. The two 3/2” levels have in fact a similar structure
except for a phase change between the spherical and deformed
components. This phase change provides the reqﬁired cancella=

tion of the single particle transition from the upper 3/2°
level to the 7/2° ground-state.

2o Single Particle States and Stripping Reactions

From the stand-point of the simple shell model, one would
expect that, in stripping reactions, the single particle excita
tlons correspond.to the direet tramsfer of a neutron (d, p reag
tions) or a proton (3He, d reactions) into the unoccupied orbits
outside the closed-shell core, These excitations should appear
as proton or neutron groups respectively in the experimental
spectra,mcharacterized'by"typiéal angular distributions strip-

ping pattern and large spectroscopie factors).

The cross-section_for,a.stripping reaction 1s given by the
product-of two factorss ohe of them is the interaction
probability o(©,E) which depends on the reaction mechanism and
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contains all the angular and energy dependence; it 1is generally
calculated in the distorted wave approximation. The second
term 1s the so called spectroscopic factor Siﬂ’ which represents
the probability that the transferred neutron will he captured In
the particular state of the residual nucleus. Then SLJ eOp=
responds to the overlap between the final and initial nuclear

wave functions and is model-dependent.
Then we may simply write:

do

— = ¥ [(25,41)/(25,41)) P54 o (0,E) (16)
ag £ 0 4 .

where N is a normalization faector which assures the fit of the
experlmental cross-section by the calculated one, including the
overlap of the wave functlon of the transferred nucleon with
the internal wave function of the outgoing particle in the strip
ping projectile; Jb and.J'f are the initial and final angular

momenta. If the target nucleus is even-even, Jo=0 and Jf= J,
so that:
do 2

= §(2)+1)C78, ;0 (8,E) . (17)
In the following we shall consider only this particular case,
which is of interest for-our presentafion:

The factor CZ is 1nclﬁded to take into account the split-
ting of the single-particle stPengbh® into the isospin dif-
ferent. components (Ty=I +% and T, = T, -%) which are allowed

when a proton is added to a neutron-rich target with an empty



62

or partially filled neutron orbit 61¢

As already mentioned, o (9,E) should fit the observed
angular distribution which is strongly {-dependent so that the
transferred orbital angular momentum is always established.
Since j =1% %, the determination of £ alone is insufficient to
fix j, which then requires generally other kind of experiments
(polarization or y=-ray angular correlation); however, it has
been recently discovered that some j-dependence is displayed in
the stripping angular distributions of the same £52, probably
due to spin-orbit inferaction, which generally ié not Included
in the D.W.B.A. calculations.

For instance, the observed f{=1 angular distribution for
a (d, p) reaction leading to J==% level differs from the one
corresponding to a J=3/2 level in that it shows a pronounced
dip at about 130°., This effect has indeed been observed in the
lf7/2 nuclear region, where it has a relevant importance in
dfstinguishing between the 2p3/2 and 2py levels. The difference
between the 1f_,, and 1f/n (2=3) angular distributions is less
pronounced; however, the large energy gap (i.e. the spin-orbit
splitting) between these two states and the fact that the 1f?/2.
strength is mostly concentrated in the ground-state of the odd

nuclei in this region should avold serious ambiguities.

Figure 9 displays somé typical angular distributions
observed in stripping reactions in the 1f7/2 reglon.

The nuclear structure information is confined to the
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spectroscople factor 833' This is related to the number of un-
occupled states in the'ﬂj orbit, l.e.:
<ny, (210

Sp. = = =1-7% (18)
bl 7 (2541)  (2341) 23

where <n>£'1 1s the average number of holes in the £j orbit and
(ZJ+1)V§ is the corresponding occupation number, where V? ac-
counts for the probability that the EJ orbits in outer shells
be partially filled due to short=-range correlations as the
palring interaction 63.

In the simplest shell model picture (sharp Fermi surface)
ij = 13 then the occupation numﬁer is simply 2j+1. Moreover,
<n>£J counts the real number of available holes 1n the £J
orbit.

Obviously, if the single particle strength is fragmented
into several levels, each of them being characterized by an
individual spectroscopic factor Sii we have

8y, =2,5, ana  c?

= 2
Syy = 24675 - (19)
The factor C2 determines the way in which the total cross-
section 1s distributed among the states of different Ty 1l.e.

Po=m 3k oard b= oL
T) T0+2andTZ"To Eo

1t is clear that if the stripping reactions corresponds to

a“neutronjtnansfer,;such as (dy=p)-ort (%, d) only T, states

2

¢an” be:produced"so that ¢~ = 1.

If we are dealing with a prbton transfer reaction both
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isospin states are allowed. Following the formalism of French

61 the single particle strength & which accounts,

and MacFarlane
in this case, for the number of the available proton holes

<np>£j conslsts of two terms:

G = Gp *+ Gp, (20)
where
1
G.I.> = — <apd gy (21)
1
&T<=<np>“-2T°+l<nn>gj . (22)

Ebre<<nn>£’3 is the number of neutron-holes in the same ﬂj orbit.

Then the spectroscopic factors are glven by

i
2 2
c8 = {24678} = <n> (23)
[ &;Im 2, 1:‘T> (2rixzr ) B H i

. X : 1
c2sy .| = czs]= < - <n_>
[ QﬂT( [zi Upe 250 [n">"3 2T°'+1nn£J
t24)
If the neutron orbit Bj is already f1lled, clearly‘(nn>£j =0

and

and GT vanishes, so that 8, = CZS y lee. CZ = 1.
> 4 15

Consider, for instance, the 4BCa(3H3e, d)49$c reaction 64.
The added proton may be transferred into the 1f7/2, 2p3/2-..
.+ unfilled orbits outside the Z =20 closed shell. |
Since the neutrons fill completely fhé""iff‘? /2 OTbit (1i=28),
only the T, = 7/2 proton state can be produced with Jp= =2

4
(i.e. the 9Sc ground state), so that the corresponding spectro
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scoplc factor should be 1 (C5=1). On the other hand, the 20575
single particle state (or the levels among which it is

distributed) splits into two isobaric spin components with
single particle fraction:

(25)

j.0.8 T=9/2 1 4 1
ZICZS_;I = r— = =~
g 9

ZPz/2

(26)

The above relations hold for target nuclel with positive
neutron excess, of course. The particular case of N=Z (i.e.
40, for example) will give GT< =0, since T =0 and (np> L1 =
=’énﬁk-qu as-expected. In factsy thenreactian;4q€2€§EE?&%5£Sb;
for example, should produce the T==% states in 41Sc, which are

the isobaric analogs of the 4lCa parent states 65.

Let us come back to the nuclel with valence nucleons,
which should give us the necéssary'informatiog on the single-
particle states outside the closed shell of 20.

The available experimental data concérring stripping

reactios on %0ca and 48ca are summarized in Tabié 8.

The results of ‘the 4BCa(d, n)7ca  are also shown in order
to compare the stripping spectrum of 490& with those of the
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other nuclel. This comparison is quite i1lluminating since it
shows that the single particle states are much iess fragmented
outside the N=28 core. Also the excitation of hole states is
much weakers; in fact, only the ZdS/Z core state seems to bhe
present; this fact 1s probably due to a rearrangement of the

*
2s+~1d neutron shell when the 1f7/2 orbit is filled.

The difference between 49Ca and 410a is striking: we have
mentioned previously that in the excitation energy range of 6
MeV 4lca has 80 levels, among which about 20 probably arise
from single particle states; in the same energy interval 490&

has only 10 levels, 7 of them being single particle states.

This fact is not so relevant, however, since a higher
multiplicity of levels is expected in 4lCa, in comparison with
49Ca, due to the bracking of proton pairs; for instance, the
number of levels arising from the {[Ewd3/2)_l (wf7/2)%](Vf7/274}
configuration, which 1s allowed in 4J'Ca, is 28, whereas in Yeca

only the [rﬂd3/2 (wf7/2){](vp3/2 } is possible due to the

neutron filling of the 1f orbit; this configuratlion gives 16
7/2

levels 66.

It must be observed, however, that [ = 2 levels excited in stripping reac-—
tions méy arise from the micleon transfer into the overlying 2d5/2 or 2d 3/2
shells. The excitation of the same levels-in pick-up resctions assures:
their identification as 1d,,, hole-states; however contribution of.2d:

3/2
.levels in stripping cannot be excluded.
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Such levels belong to the two partlicle-one hole excitations
in nuclei with valence nucleons and are described in terms of
configurations consisting of one hole in the 2s-1d shell and two
particles in the 2p-1f shell. Clearly these excitations may be
due either to proton or to neutron holes and are isospin-

dependent. (We shall come back to this point in discussing the
hole states in this region).

The excltation of hole states by stripping reactions implies
that the 2s-1d shell 1s not completely filled and that there is a
finite probability to find the corresponding orbits unoccupled
(i.e. ij(l, or Ufjﬁo, in the pairing theory langunage).

For instance, the 1= 2 stripping levels of *lCa 1isted in
Table 8 arise probably from the 2d3/2 hole excitation; assuming
they display the whole stripping strength, and since the sum of
the corresponding spectroscopic factor is 0.38, this would mean
that the 1d3/2 neutron orbit in 4OCa is 384 empty. On the other
hands the sm of the spedtroscopie factors for the If7/2 and
2p3/2,states, in the same éxperiment, is 1 or even more, indicat
ing that the corresponding orbits in 4OCa are substantially empty,
instead of being partially filled in order to compensate the

partial emptiness of the ldjfz orbit.

However, it must be remembered that the reliability. of the
spectﬁa@@apﬁéﬁfactors extracted from D.W.B.A. calculations is not

better than 20% due to the various approximations involved 57

The most 1mportant are the zero-range approximation i.e. the
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use of ahzero-ranga interaction between the transferred nucleon
and the outgoing particle, the omission of the spin orbit coupl
ing and the choice of the optical potential.

The first and the second can be remedied by more sophisti-

cated caleulations 67.

Frequently the effects of the more realistic finite range
interaction may be simulated by a lower cut-off on the radial
integral omitting the contribution from the nuclear interior.
This generally reduces the cross—-section, as expected for a
finite=range interaction, but the degree of cancellation which
i1s needed, cannot be predicted since it is likely to vary from
case to case. On the other hand, the spin=-orbit
could increase the cross-section by an amount whicﬂ'compensates
the finite~range effect so that the rellability of the lowest
approximations is far from being well established. interaction

Fortunately, since the finlte~range effects are greatest
in the nuclear interior, where only the smallest 1 partial waves
have appreciable values non affecting the shape of the angular
distributions, the ifmposition of = lower cut-off in the radial
integral 1is sufficient to account for such effects.’

Finally, the -elastic scattering data do not give a unique
set of optical potentials, so that the ‘incoming and outgoing.
distorted waves are not completely detertiined and lead to .une
eertainty in the calculation of o (9, E). rnis difficulty is

often overcome by a best £it to the observed angular distribu-
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tich, simce the dirtorted wave theory is sensitive only to the

gross difference between different potentials 68

The - conclusion should be that the spectroscopic ' factors
such as those reported in Table 8 are certainly affected by un-
certainties of the order of 20%, in the best circunstances,

The spectroscopic factor for the transition to the 7/2°
ground-state of 410& in the 4oca(d,p)4lCa reaction has been.
found to be unity by Belote et al. and 0.87 by Lee et al. {cfr.
ref. 57). The possibility that the if7/2 strength may be less
than expected by the simple shell model has been checked by
using the specular pick-up reaction 400a(p,d)390a, where a weak
excitation to a 7/2" level (£n==3) has been observed 69. More-
over, the presence of I =1 transitions, aside the L= 3 one ,
in the 4%ca(3He,x)°%Ca reaction 9 shows that not only (1f)2
but also (Zp)2 components are contained in the 10c, ground~

state.

This fact seems to be less pronounced In the case of 480&;
indeed, the 4BCa(p,d)égca reaction leading to the single particle
levels outside the filled 1f7/2 neutron shell does not show ap-
preciable vopulation of liﬁfz_gtates while the- whole.2p3/2

single particle -strength iszconcentrated in one level only 66.

Correspondingiy,'thgypiék&gg:réactiqns on_4BCagdq“notm
excite appreclably Zp states in. 47Ga: this- is- shown-in-Table 9,
where the lowest lévels of" 42?& éxcited by the neutron pick-up

8Ca 64, 70 are compared with those found in some stripping
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TAHIE 9: Low-lying levels of *'Ca excited in stripping and pick-up resctioms

on 460; and 4sca respectively. The notations are the same as used in Table
8. The observed spectroscopic factors 8 are compared with the simple shell
model predictions S‘l‘.h"

Ievel {a) 5e(d,p)*7ca (D) j’sca(p,d_)z’?(h (¢)
£ KA RN > GL ] S tai{ 8 Stn
0 72" 3| 0.27 0.26 0,25 | 3| 1.0 1
2,01 32" 1| 0.83 0.98 1 1 0.005 0
4e01 3/2" 1013 0.015
2.58 3/2° 2 0,02 0 2 | 1
2.60 /2" | o002 | 005 [0 | o }0;1 1
2,85 1/2" 1| 0.04 0.05 || 1
2.87 /2" 1| 0.25 0.26
3.30 (1/27) 1 0,035 1
4.05 /2" 1/ 0.13 0.015
4edD 1105 0.6 ||
4480 (1/27) | 1] 0.13 0.15 ||
4eT8 (5/27) 3 | 0.13 0.13 } L
5.31 (5/27) | 3| 0.06 0.0r |f

{a) Bjerregaard et al., ref. 71;
(b) Belote et al., ref. 71;
(G) Ref. 70,
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reactions on 460& 71

L ]

3. Single Hole states and Pick-Up Reactions in 1f7/2 Nuclel
The complete information onm the 3ingle particle states to be

considered in caleulations involving configuration mixing should

account for hole states-in the 4°ca or 48Ca cores, also.

The location of such states is provided by pick-up reactions
such as (p,d), (d;t), (BHQ, o}, which ecorrespond to neqtroﬁ plck-
up or (4, 3He) and (t,«) which correspond to proton pick-up. The
theoretical description-and formalism for such reactions are the
same as for stripping, so that the considerations developed inIII.
2 apply also here.

As already mentioned, the hole states in lf.7/2 nuclel appear
at excltation energies surprizingly low. 1In fact, such states
can be produced by pfomoting & nucleon from the 1ld-2s shell to
the 1f7/2 or, more generally, to the 1f-2p shell, giving rise to
& Z-particle-one<holte-excitation of positive parity. The energy
spacing between the 1d3/2 and 1f7/2 orbit, for instance, is given
by the difference between the corresponding nucleon binding
energles, i.e. the binding energy In the nucleus with a, 245/,
nucleon ‘hole and the one in the nucleus with a'1f7/2_va1énce
nucleon. For éxaﬁﬁ&&a taking 400& as a reference core, the f

d3!2 Splitting,is_giveﬁ;by 72,
Byldz,)- By(£,,5) =B, (*%a) - B_(*ca) =
= (15.64~8.36) MeV=7,28 MeV for a neutron;

72"

(27)
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and

- 41
Bp(d3/2) B(f.?/z) B( Ca) B( Se) = (28)

= (8.33- 1.08) MeV = 7.25 MeV for a proton
On the other hand, taking 4803 as the reference core, the
experimental information or binding energles concern the f?/Z_
- d3/2 proteonr splitting and the p3/2-f7/2 neutron splitting,
since the 1f?/2 neutron shell has beep filled:

49 _
B (f7/2) -B (p3/2) B( Ca)-Bn( Ca) =

| (29)
= (9.94~ 5.14) MeV = 4,80 MeV

- 48 49
(d3/2) B (f,”z) B( Ca) - B( Sa) =

(30)
= (15.80-9.62) MeV = £.18 MeV

43
If we assume that the f7/2 - d3/2 neutron splitting in *“Ca is
not too different from the same splitting in 400&, we see that
no hole states below 6 MeV would be expected in the 1f,,, odd

nuclel.

The occurrence of low-lying poslitive parity states in f7/2
nuclei is one of the most interesting problems from the
theoretical point of view, since it definitely proves that the
simplest shell model picture is Inadéquate. Moreover, the loca
tion of subh‘st&teé does not follow a sfstematic trend as we

shall® see later.

Let us confine our considerations here to the 1d3/2 and
Zs% hole excltations by pick-up reactions on 4003 and 480&.
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The avallable experlimental data are summarized in Table 10.

BCa

It can be seen that in going from the *%ca to the 2
closed shells, the 25%"1d3/2 splitting 1s strongly reduced,
both for protons and neutrons,:by‘almost 2+4 MeV, Moreover,
there is a recent experimental evidence that the spln sequence
of the two levels in 47x (1.e. the ground state and the first
excited state at 0.36 MeV) is reversed 73, 50 that the 31/2 -

= dz/, splitting will change by almost 3 MeV, in the proton case.

This fact may be interpreted as due to a residual attractive
interaction between the neutrons filling the 1f7/2 orbit and the
1d3/2 nucleons (protons and neutrons) which are pushed down and
come near the 23% orblt. Consequently, the 1f7/2-1d3/2 inter-
action is stronger then the 1f3/2 - 231/2 Interactlion. Moreover,
the fact that the change in the S1/2 = 63/2 splitting 1s more
pronounced (by ~0.6 MeV) in the proton case, is already an indi-
cation of a residual interaction which 1is stronger in the T = 0
than in T = 1 two particIe statés.

The amount of information on the proton-hole states has

been recently increased using direet interaetions of high energy

protons a or electrons 74.

These so~called “quasi free scattering® experiments are.
described as knoek-out reactions on single nucleons of the target
nucleus, i.e. (p, 2p) or (gy e'p) reactions. The knocked proton
is extracted from the nucleus, where 1t has a given binding energy
ng satisfying the energy and momentum relation
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A
]

o° El'F_E_2+B£J+ER

—— -

L i
Po=Pl+p2+pB

39

where E_; El'and*E2 are the energles of the Incoming and out-
going particles and ER is the recoll energy, which may gensrally
be neglected. The.sﬁmmed energy spectrum 314:E2 would proton
groups belonging to different L orbitals (By j = By~ (By+Ep)).
Horeo?ery.the.mbmentua'relatiah-beéomes very simple in a proper
kinematies; for instance, in (p, 2p) reactions, by_chpd§;pg op~-
posite scattering angles for the two outgoing prdtons, we have
simply E1=E2_ and §E=BE=§:SO that PR =P, ~2pcos6® if € is the
scattering angle:f.na coplanar geometry. Using the impulse ap=
proximétiqn and neglecting distorsion effects, one hasi

PR =P, = 2p cos8=Q (32)
where Q is the momentum of the proton in the nucleus. Since
Q=0 when £=0, the knock out of s-protons corresponds to a

maximum in the observed -angular distributions at 6 = @_ =

P 75 0.~
= arc.cos E— '« Consequently, (p, 2p) reactions. are of
> .

special Interest for the charaecterization of s 'prdton- holes. Due
to the importance of d-iétortion'effec{‘.'s in the proton-nucleus

Interaction, the (py 2p) reactions give significant information
for the less bound states and_{ _not too different. from. zero. In

the lffZZ'}Zi region: this 1s the cgse of 2sy and 1d5}25- hole states.

Figure 10 shows the relevant information obtained at a

bombaraing gnergy of 155 MeV:ix a serles of experiments perform-

ed at Orsay 2,*
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It is interesting to note that the excitation energy for
2s and 14 proton hole states is about the same for sll the
/2 5/2 . .
four odd nuclel with N = 20 (°’K) and N near 28 (°1v, 5%un, 37co).
The (231/2)-1 excitation energy for protons (~ 2.6 MeV) cor=
responds well to that for neutrons (~ 2.5 MeV) as found in (p;d)
reactions on 2%a and ¥ = 28 nuclei (i.e. qui, 520r, 54Fe).

4. Unperturbed Single Particle States (SPS) in the lf7/2
Region

The location of the "unperturbed" 1f, 2p, 1d and 2s single

particle states, which are of main interest in the 1f7/2 reglion,

may be derived from the varlous stripping or pick-up reactions,

using the centrold relation (15), once the spectréscopie factors

for the different fragments have been extracted and the sum rule

Spy = 24 84 has been mostly satisfied.

It should be noted that in applying relation (15) the
centrolids of the neutron single -particle-states-eorrespond--to-
one definite isospin value, whilst for protons two components
with different isospin (T¢ and T,) of the SPS are generated from
the protom transfer. Both campoﬁents can be fragmented into

several ievels, whose ecentroid is given by-€15).

In order to compare SP proton states with SP neutron states,
one must take into account the splitting of the SP proton
strength due to the isospin compling 76,“using*relatians_(20),
(21) and (22): |
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Fre {CZSL ;l] P N [cz.sf :J] Ty

[czsﬁd] <t [CZSLJ_JT >

where E(SPS) is the "true" centroid of the execitation energy coxr

B(SPS) =

(33)

responding to the 3 single particle state; ET( and ET§ are the
centroids of the T¢ and Ty components calenlated using the rels
tion (15}, respectively.

Using the appropriate sum ruleé, we obtain the excltation
energies (referred to the 1f,, or 1d3/2 states) reported in
Table 11 and 12 for the odd Calcium and Potassium isotopes and
for the N = 28 odd isotones 77, respectively.

The first ones represent the centroids of the single
particle and single hole neutron states as a function of the £il
ling of the 1f7/2 neutron shell; the second ones represent the
centroids of the corresponding proton states as a function of
the filling of the lf7/2 proton shell. It can be see; that in
the newtron case the spacing between single particle states above
the lf7/2 shell does not change appreciably in going from N = 21
to N = 29, whereas the ld3/2 - 251/2 splitting decreases system-
atically, as already mentioned, in both Calcium and Potassium
isotopes. On the other hand, the single particle proton states
for the N = 28 nuclei show more fluctuations in the corresponding
‘spacings, whilst the splitting between the 14

372 3428775 hole
states seems to have been stablilized by the £i11ing of the 15,5

shell with neutrons.

It should be pointed out that the single particle excitation
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TABIE 1}: OCentroids of the excitation energies corresponding to the single
particle (and single hole) neutron states in the odd Calcium and Potasaium
igotopes; calculated from the data of neutron transfer reactions using relg
tion (15). The energles (in MeV) are referred to the 1£., /2 OF 1d3 /2 ground

-states.

Por 43

Ga they refer to the 2p3 /2 ground state,

s8 | P6a (a)|“ca ()| “Poa (c) 45ca (o) | “Tca (a) PO (o)
1:5/2 5.5 be5 4 505 3.96
2}3]/2 4015 4023 4025 3-95 2.03
293/2 3&95 201 e 19 2016 2035 0
.,/ 2.8 0 0 () 0
W,/ ] =245 -1.38 | -9 -2.58
281/2 ""'2. 55 930 05 "'1096. -2.4 "2060

d3/2== 31/2 2055 1.60 0.58 Oo5 0102
SPs ¥k 1) |“k(g |“rm %@ | Yxq
lf7/2 2082 1.29 1
1d3 /2 0 o 0 0 0.37
251/2 "2#53 ’0.98 (“’0065) "'0.47 0
MS/Z “’505

(a) Ref. 58; (b)-Bef. 57; (c) Ref. 43; (d) Refs. 70 and 71; {e) Ref. &3

(£} BRef.2 and (o} of Table 10;

(g) only from (p, v) and (p, p) work (cfr.

Nuclear Data); () from “®Ga(x, p)s Schwarts et al., Phys, Bev. 101, 1370
(2956); (i) Ref.. 73,
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TABIE 12% ntroids of the excitation energiss-of single particle (aiﬂgla
hole) protom states in the odd isctomes with: N=28; calculated from the data
of proton transfer reactions using relations (15) and (33)s PFor each
mcleus the centroid of the lowest isospin SPS component (Eg ) is also
reported. The “ISc data are also'listed for comparison. For the hale states
only the lowest isospin components are listed,

Al (a) | 495 00)| Bl (4) | 53, (o) | 55, (e)

- 2 il e R Ll
Wory | 59 5495 465 | | 448} 4001 § 4.6 | 3.58
201/, 3.5 |69 604 | 6.2 |5.72) 5.6 | 4.7 | 5.8 | 3.96
yy | LTT [heh [3.54 | 349 | 2.95 [ 3.5 | 249 || 40| 243
1,/ o | oo 0 0 ol o | o 0
4, 223 | 26® | aa
2857, | . -2.38 2.5 ) | 20
Wepy | 5 (£) [~=5.2 (£} | 5.5 (2)

a1, | 0.15 |  0.13 0.31

(a) Ref. 58;

(b)  BRef. 64;

(¢) BRef. 765 -

(d) Raf.; ut

(9) 2 Neubanj R.HI Bassel andl. T, Htebert, BAPS 11, 64 (1966)
(£) Ref. 2.
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energies referred to the 1:2/2 state show & qulite important
decrease from “78c to 5500, i.e. following the lf.z/2 proton fil.
ling (by almost 1 MeV). This fact has been reported also for
the neutron case by Cohen 78 and assoclated with a more general
effect, the "self-binding effect", for which the shell or sub-
shell which is £illing moves down in energy due to the stronger

attraction among nucleons in the same orbit 79.

In the neutron case the comparison should be made between
410& and 490&; in this latter the ZPB/Z"lf?/Z spacing is not
known from direct measurements, since the 1f orbit is entirely
occupied and pick-up experiments 1eading to the 490a levels do
not exist. One could take the difference between the proton
binding energles in 490& and 480& as glven by the relation (29)
l.e. 4.8 MeV; in this way one obtains a lowering of the 1f7/2
neutron orbit of 2.7 MeV relative to the other states. On the
other hand if one looks at *’Ca (cfr. Table 11), one £inds that
@herabserve&“apz/z;flfbfz spacing is only 2.35 MeV leading to a
lovwering of the lf,z/2 state of 0.25 MeV. This corresponds very
well to the calculations performed recently by Sartoris and Za~

mick 80

40,

taking the experimental single particle energies.for
2 and using a perturbation method to obtain the change of
these energles due to the addition of the eight lea neutronsy
the matrix elements of the interaction being of the ‘Hamads-
Johnston- type. However, the same suthors have found that the

negative parity levels of 4703 can be well reproduced modifying



the position of the 1f7/2 level relative to the other single
particle states; the best agreement is found for a 2p3/2-1f7/2
spacing of 3.6 MeV, which would carrespond to a lowering of the
lf7/2 neutron orbit by 1.5 MeV in going from N=20 to N= 28.

8Ca could

The fact that the real 2p3/2-1f7/2 spacing for 4
not correspond to the binding energy difference may be related
to a renormalization of the core, which can be different follow
ing the presence of one particle or one hole beyond the closed

shell.

Figure 11 shows the variations of the single particle
states, relative to the 2p3/2 level in golng from N=20 to N= 28
and from 2=21 to 2=27. For N=28 we have reported the three

different situations discussed above.

The extra strong attraction between nucleons of the same
orbit 1s expected to be active also for the B-r% state, when the
£+éé state 1s f£illing. The evidence for a lowering of the Lfg ),
state is rather negative, when the 1f7/2 state is filling by
nucleons of the same kind (neutrons or protons) whilst the effect
on the 1f.,> proton state when the‘1f7/2 neutron orbit is filling

1s about the same as for the 1f7/2 proton state (~ 2.6 MeV).

Referring to the centroids of the 2p and 1f single particle
states and to the corresponding spin-orbit splitting one ‘notes
the following features: (a) the spacing between the centroids of-
the 2? and 1f neutron states varies from 0.3 MeV (4lca) to 0.22
MeV (*7Ca) and to 0.88 (or 1.75) MeV for 49Ca, i.e.
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n n : .
E(2p)-B(1f) = (E(2p)-E(1f) ]N_20= 0.58-(or 1.45) MeV (34)

(b) the corresponding spacing for proton states varies from -0.3
£o 2.5 MeV in £illing the 1f,,, shell with neutrons, L.e.:

B(2p)-E(1f) lp - {B(2p)-E(1f) ' = 2.8 Mev (35)
J N=28 N=20

(c) the same spacing (proton) varies from 2.8 to 2.55 MeV in r£i]
ling lf,”2 shell with protonss once it has been filled with

neutrons, i.e.:

B(2p)-B(1E) | ~{R(2p)-E(1£) §' = 0.25 Mev (36)
Z=21

This would indicate once more a stronger residual inter-
action in the T= 0 than in the T=1 two nucleon state. The
result 1s a tighter binding for the protons, when the 1f7/2
shell is full of neutrons. Moreover, as already mentioned in
connection with the ZdBZZHhOle states, not only the 18y, but
also the 2d;,, proton states are pushed down by the neutron
excess in the lf7/2 shell. This is in agreemeht with the
decrease of the mean charge radius from A = 40 to A = 48 as

observed experimentally (efr. ref. 65).

Once the 1f7/2 neutron shell has been filled, no important
effects are observed in filling the I{Zég{proton shell; this |
could be associated with a blockling effect of the neutron excess.
However, all these effects are also related to the more or less

important modifigation in the spin~orbit splitting. One can see
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from Pig. 11 that the spin-orbit splitting concerning the Zp
state 1s not seriously modified both for neutrons (E(pl/2 -

e, ana 9ca) ana protons (E(pl/a)- E3/2)

- E(pB/Z)_ﬁz MeV for
o 1.8 MeV for 415(: and '5500 and &~ 2.5 MeV for 49Sc); the same

is not true for the spin-orbit splitting concerning the 1f state:
it changes from 5.5 in oy 0 6.2 MeV in 47Ca and 7.7 (or 8.7)
tn “9ca; from 5.9 MeV for *1s¢ and “Vse to 4.6 MeV for T5co. The
fact that 1t remains contant from 41$c to 4950 is due to the
self-binding effect in both lf?,z and 1f5/2 proton level, when

the 1f7/2 neutron shell is fitting.

As a summary, Fig. 12 shows the spacings between the un-
perturbed single particle states referred to the 4OCa and 480&
cores. For the 1d and 2s hole states the isospln coupling has
not been taken into account. However, for the ld3/2-1f7/2
splitting, this effect is already included, since the difference
of nucleon binding energies have been considered; for the 23%
&tate. it_1s supposed-that- the spacing- between the centroids of
the 251/2 and 1d3/2 states 1s not too different from the spacing
between the centrolds with the assumption that the isovector-

monopole interaction is the same for the two pair of orbits 81.
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DEFORMATIONS IN THE lfp/ SHELL

We have already observed that the general enhancement of E2Z
transitions in the 1f7/2 shell may indicate some kind of deforma
tion in the shell model states. The fragmentation of the single
particle states and the presence of low-lying levels with
positive parity may be a further support of the presence -of
deformed orbitals in the 1f7/2 region.

Fig. 13 displays the Nilsson diagram for this region show-
ing the splitting of the 1f7/2’ ld3/2 and Zsl/2 shells into
doubly degenerate levels, due to an axially symmetric non spheric

al field.

If the deformation is responsible of the various splitting
it would modify the single particle states giving rise to ad-
mixtures of levels with the same angular momentum; consequently

the intrinsic states are no longer states of a pure f7/2 con-

figuration.

Moreover positive parity states could be produced at low

excitation energles as it is the case in nuclel with half-filled
shell.

We shall summarize here two relevant facts, i.e. some low-
lying hole states in odd nuclei and some negative parity levels

which could be described as arising from rotational bands.
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1. Hole States and Deformation in the 1f,,, Shell

We have seen that in the odd Calcium and Potassium isotopes
%he ld3/2— 231/2 spacing decrease systemabtlecally as one goes
from N =20 to §=28. This is not true for the Scandium isotopes
which show a maximum at N=24(*5se) 1.6. in the middle of the
shell. Correspondingly the excitation energy of the lowest 3/2"
level has minimum (13 keV) as shown in Fig. 14, where the exci-
tation enérgies of the lowest 3/2% and 1/2" states and the cor=-
responding spacings for some odd nuclei are reported.

The peculiar feature of the lowest 3/2+ level in *Ssc 1s
its very large spectroscepic faetor in stripping reactions 82.
This would indicate a quite strong failure of the spherical
shell model description, in spite of the fact that the excilta-
tion energles of the lowest 3/Z+ levels in the odd Scandlum
isotopes can be accounted for as the T, components of the d3/2
proton hole states in a coupling scheme where the even number
of nucleons (protons and neutrons) couple to angular momentum

and isobaric spin zero.

This model has been developed by Bansal and French 81 who

have calculate the excitation energies of the T< and T>
components of such states from the known binding energies,

obtzining a satisfactory agreement with the observed T¢ levels.

The stripping data concerning the possible 1d3/2_and 251/2
hole states in the edd Caleium and Potassium i1sotopes are sum-

marized in Table 13.
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TABIE ]3: Spectroscopic factors for exciting 1;:13 /2 and 131/2 hole states (T¢
components for the Sc isotopes) in the odd Ca and S¢ isotopes by stripping

reactions.

*The data concerning the lf,? /2 single particle states are also reported

for comparison.

Neutron Stripping: 28 7 W,/ /2
eXpe theor. stheorm 8 theor=o

4044 (d,p)*Ca 1.0 1.0 0.35 0,38
4ge(d,p)*Ca 0.42 0.5 0,038 0.055
485e(a,p)* ca 0.26 0.25 0.02 0.025
‘Bca(d,p)”"ca 0.0 0.0 0.0 0.0

| Proton strippiag: By | eme | theors | Sypeor® | Sypgor™
4054 (3ge,a)*8¢ 0.39 1.0 0.09
4200 (>He,d) 3¢ 0.68 0.75 0.22 0.16
b aq (3He ,a)4730 0.71 0.95 0.53 0.27

- 40a(%He,d)47s0 " 0.91 0.96 0.1 | oy
4844 (3He,d)4%s6 1.0 1.0 0.05 0.005
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The difference between Calclum and Scandium isotopes is
striking. The probability of transferring a ﬁeutron into the
ld3/2 or 251/2 orbits of the even Calcium targets (i.e. the
"emptiness" of such orbits, which should be occupied in the
extreme shell model picture) decreases systematically in fil-
1ing the lf7/2 shell, as expected. On the other hand, the
probability of transferring a proton into the same orbits has a
maximam when the 1f7/2 neutron shell is half filled. The strip-
plng spectroscopic factors are large for %OCa (neutrons), 2ca

460& (protons)B%

(both neutrons and protons) ca (protons) and
showing that the 4OCa core 1s less rigid for neutrons than for
-protons, while the neutron addition up to 46Ca is not sufficient
to stabilize the proton core. When N =28 the rigidity of the

core reaches its maximum.

45

It should be remembered that 43Sc, Sc and 47Sc'are the

nuclel whose low-lying levels escape completely any pure shell

model calculations E .

Plendl et al. have pointed out that the positive parity

levels in the odd Sec isotopes can be accounted for on the basis

of thewamguntpoffdeformation-84 85.

This can be seen from the Nilsson diagram shown in Fig. 14
remembering that, for a positive deformation, the position of
the 7/2" ground state can_be restablished below the Nilsson orbit
14 (l ), taking into account the highly negative decoupling
parameter of this latter and the Coriolis coupling between 7/2°
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levels of different bands, which cause a depression of the 7/2
member. The 7/2° level has the same energy'dependence on ‘the
deformation as the %- level; consequently, the exeltation energy
of the 3/2+ level, if it arises from the K=3/2 band (Nilsson
orbit number 8), decreases with inereasing deformation. Thus.

the more strongly deformed nucleus would be 45Sc,

as expected
from the assumption that nuclei with semi-filled shells can
present large deformation. On the other hand, the spacing between
the lowest 3/2" and 1/2% 1levels would be given by the spacing
between the corresponding Nilsson orbits (numbers 8 and 11). It
is seen from the Nllsson diagram that such a spacing increases
as a function of the deformation, as 1t 1s found in the Scandium
isotopes. Moreover, for the single closed shell 49Sc the two

levels should become very near, as found experimentally (cfr.

Fig. 14).

Another striking feature of 4380 and perhaps 458c spectrum
'iS;themlange“numbGF=9%=p06$$iveﬁpEFfﬁF;§§&@E§£&BOVG=¥H€=TGW§Bt
3/2+ and 1/27 levels and below 2 MeV excitation. Such states
can be accounted for by the rotational bands K = %+ and %+ 86
or even better by all the rotational hole-bands in the 1d~2s
shell 87?~allbwed~ta"mix“%bgeﬁne: by the Corfolfs coupling.

iQ_Eﬁs_l£7y2i§£§ll~

We have already mentiored tHat, concerning the nérmal’

(hegative parity) levels of the odd 1fp,n nuclel, their density
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is often higher than expected from the single shell model plcture.
This density cannot be account for even if one invokes the strong
fragmentation of the single particle states, as found in the strip
ping reactions. In fact, many no stripping levels are present in
a large number of odd nuclei (Cfr. the case of 4lca, 430a and the

Scandium isotopes).

‘One may also try a deseription of such levels in terms of
core exclitations arising from the weak coupling between single

particle and core states. This attempt has been made for 430& 38
and even for“slvi where the (f,,,)"

better 34.

0/ conflguration seems to apply

However, the large splitting which should be aseribed to
such excitation suggests that a stronger coupling has to be
considered. For instance, in 490& and 4380 the spread of the
levels which eould belong to the multiplet arising from the coupl
ing of the 2" core excited state (4?Ca or ¥ca) with a o
neutron or proton,; is about 2 MeV, to be compared with a 1.5 or
1.1 MeV core excitation energy. Such a spread suggests that the
weak coupllng model is a poor approximation. A strong coupling
model should take into account the rotational motion or the mix-
ing between deformed and shell model states. This last approach

has been developed by Gerace and Green for the Caleium isotopes,
as already mentioned 15.

-The rotational bands in the 1f-2p shell have been consider-
ed in detalls by Malik and Scholz by using a Coriolis coupling
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nixes different hands in a deformed core and the coupling
strength of this perturbatlon is inversely proportional to the
moment of inertia of the system, which is in turn proportional
to A§/3. This means that the Coriolls coupling can be very
important in light nuclei, giving rise to a strong mixing
between different bands. Consequently, the level sequence ex-
pected from the Nilsson dlagram can be, in many cases, entirely

destroyed.

Malik and Scholz have computed the matrlx elements of the
Coriolils coupling from the single particle wave functions in a
symmetric deformed well, where the intrinsic motion is described
by the usual Nilsson Hamiltonian:

B=- (07208 +% p5rFyPefe?)seT LT (33)
where p is the reduced mass of the last nucleonj G==-0.26hw0 is

the spin~orbit strength and D= (-0.0%5 e-0¢06)hm° is the flat-

tening parameter.

The total Hamiltonian is expressed in terms of the total

angular momentum I:

H = (hzf 2J )EL'Z"'JZ'-Z(-IP-T)] + HP (34)

where
T=F+7

and_ﬁband Tare the angular momenta of the deformed core and of
the Iast odd nucleon, respectively. The Goriolis term 7.7 1s
given by the coupling between the intrinsic motion of the odd

nucleon and the core rotation.
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The rotational constant A5=h;/2J is taken from the energies
of the first excited 2" states of the neighbouring even-even

nuclel, which should be assumed as having rotational character.

With this model many levels of a large number of odd nuclei
are well fitted together with some electromagnetic transition

probabilities.

In particular, the model predicts correctly the ground-

state spin for all nuclei, including the anomalous cases of

47T1, Yor ana 51Mn, which have 5/2° ground-state, and the low-
lying 3/27 states which are hardly explained on the basis of the
spherical shell model (Cfr. 43Ca.and Sler). of particular
interest are the odd Vanadium isotopes, namely 47V and 49V,wmefe
the lowest 7/2°, 5/2" and 3/2” levels form a triplet very close
to the ground state. This can seen from Fig. 15 where the theore

tical spectra for different deformation are compared with the

observed ones in 47? and 49V.

The spectrum of 49V has been recently investigated by the

49‘l‘i(p, ny) reaction using high resolution solid state
88

detectors, and by the 49T1(3H;e,d) reaction ¥, 1t is found

that the observed_negative parity levels in IV fit well in the
Coriolis coupling model for ranging between - 0.39 and = 0.40
(prolate shape). The same behaviour 1s expected for 47V, which
has the same_rotational-constant 13. “Ip_is interesting to note
that the ground state of this nucleus has been recently found

to have spin 3/2° by the 46’1‘1(3H2e,d) reaction at the Pennsylva-
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nla Tandem Accelerator 89. This assignment can be succegsfully
accounted for by the model employed by Malik and Scholz for a

quite large deformation, L.e. [3=+ 0.6 or - 0.5. Taking into
account the agreement with the level scheme of 49V and other

neighbouring nuclei, the negative deformation is favoured.

That the 4’y ground state has spin 3/2 instead of 5/2°
as previously accepted, it has been confirmed by a direct

measurement using the atomic beam magnetic resonance method 90.
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V. ISOBARIC ANATOG RESONANCES AND SHELL MODEL STATES IN THE

1f /2 NUCLEI

2Ly padleliid
A great interest has been devoted to the isobarlc analog
states in the 1f.2/2 region in the recent years. Some pecullar
features such as the behaviour of the Coulomb energy differ-
ences following the accommodation of the interacting proton in
the 1f7/26on outer shells, have been discussed in the Bayman's
5

lectures .

We shall 1imit the discussion here to a recent example of
an interesting isobaric analog resonance, which can give inform
atlion on the properties of single particle shell model states

beyond the lf7/2 shell. The states in question are the 2p3/2
levels of 4980.

1. The Ground-State Isobaric Analog Resonance of 49Sc
438

Recent proton induced reactions on *°Ca, mostly (p,p) or
(psy n7) have established the presence of a strong resonance in
the 4980 compound nucleus, which corresponds to the isobaric

analog of the 490& ground state.

The schematic diagram of the reactions leading to such

state is shown in Pig. 16.

The elastic protbn scattering experiment performed by
Jones et"al.'gl has identified at least two components of this
isobaric analog state at E;‘m‘ = 1945 and 1935 keV respectively

(energy in the center of mass of the compound nucleus). The
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corresponding total widths [‘and proton widths [; are repo:ted

In Table.

On the other hand, a high resolution (p, nv) experiment

performed at the Van de Graaf accelerator of the University of

92

Padua has shown that the ground-state analog is split into

seven components as illustrated in Fig. 17,where the yield of
the 780 keV 7¥-ray arising from the 1.40 MeV level of 4850 is
reported. Thils fine structure was in fact discovered due to

the rather peculiar neutron decay of the isobaric analog state

into the 1.4 MeV level of 48
48

Sc¢; such level is produced in the
Ca(p,n)488c reaction only via the excitation of the isobaric
analog state in 49Sc, for a bombarding energy between 1.95 and
2.4 MeV, whilst the other 1ow-iying levels correspond to many
resonances of the compound nucleus, as shown by the yleld of
the 370 keV 7 -ray arising from the 0.62 MeV level of 4BSc,
which takes most of the neutron decay from 4950. Since the
neutron emission from the T = §/2 isobaric analog into the T=3
levels of 488c 1s isospin forbldden (AT = 3/2), it occurs via
the Coulomb mixing between Ty, and T, resonances with the same

spin 3/2° in 49Sc; consequently the fine structure resolved

would correspond to the various T¢ states among which the strength

of the Ty isobaric analog is dissolved.

The widths corresponding to the major resonances are also

reported in Table 14. We note that the second resonance observed

in the (p,p) experiment corresponds in fact to a doublet resolved -

in the (p, ny) work.
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We have already seen (cfr; Table 8) that the *7ca ground
étate is a relatively pure single particle 2p3/2 state with a
stripping spectroscopic factor close to unlty. The same
~ spectroscople factor shou;d be found for the proton scattering
leading to its isobaric analog in 4980. This can be extracted
from the corresponding proton widfh f; by the relation: 93

= +
SPP (zt l)r;/[;P
where T is the isobarie spin of the target nucleus (4 in our
case) and f;p in the single particle proton width estimated
from optical model calculations (see ref. 91).

From the data of Table 14 one can see that the Spp value
corresponding to the major component of the splitting of the
isobaric analog state is quite close to unity, showing that this

component takes most of the (2p3/2)T> strength.

Consequently one would expect a strong ~ decay from such
resonance to thellowest (sziz)lzileve;s as observed in light

nuclei such as 2 Dy 35Cl and 3'/E:!..,. where very strong (1:2 Weiss

kopf units) analogue-antianalogue M1 transitions were found ’2.

Recently, Chasman et al. 95 have studied the v decay of
the two strongest Tesonances reported in the previous experiment.
The capture #~-ray spectrum was remarkable because 1t showed a
strong E2 transition to the 4980 ground state (7/27) and an un-
observable weak Ml t:ansition to the 3/27 level at 3.09 MeV
(efr. Fig. 16) for the major component of the isobaric analog.
If the 3.09 MeV is a strong component of ‘the (2p3/2)T< single
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particle state, as found in stripping reaction 64 (the correspond
ing spectroscople factor is 0.68; cfr. Table 8), this 1is in

contradiction with the above statement ¥*.

Note added in proof. The 48Ga,(p,p) and 4BGa.(p,'r) experiments have been
repeated by G. B. Vingiani, G. Chilosi and W. Bruynesteyn (Phys. Letters
206B, 285, 1968) with high resolution; the splitting of the analogue into
geven components with J = 3/2 has been confirmed; morecver the capture
Y-ray spectrum confirms the presence of an B2 g.s. transition (5.,10'3

W.u.) and the sbsence of an ML trensition (<6.10™% W.u.) to the 3/2"

level at 3.09 MeV, while other sirong tranaitions to p states at 6 MeV
excitation energy have been observed. This result would indicate that
the (2py,)y  state.in 49g¢ 15 much more fraguented than indicated by
stripping reactions, and that the 3.09 level is not the strongest frag-

ment,
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TABIE OF CONT

il

Fig. 1.

Fig. 2.

Fig. 3.

Figt 5'0

Fig. 6.

Fig. 7.

Fig. 8.

Pg. 9.

Level occupation of protons or neutrons of 405 following the
extreme single particle picture (sharp Fermi surface) or the
superconducting behaviour (pairing force, diffuse Fermi surface).

Low-1lying levels of nuclel with two particles or two holes in the
lf,? /2 shell. For the corresponding references see th; text and
Nuclear Data. The triplet of levels at ~2.5 MeV in >“Fe has
been recently determined by D. J. Clmrch, R. N. Horoshko and G,
Mitchell (B.A.P.S. 12, 111, 1967) with the assignment 0° to the
2.56 MeV level,

Level acheme of *2Ca and its relations with the ' decay of “%Sc
and the fa-decaa' of 42K.

Low-1ying levels of muclei with 3 particles (3 holes) in the
lf 7 /2 shelln

Energies of the first 2" levels and corresponding deformatiom
length; as a function of N, of the even-even muclei filling 1f /2
shell, including Ca. and 480a.

Energies of the lowest 3~ levels and corresponding deformation
lengths as a function of N, of the even-even muclei f£illing 1,7,
shell.- The [3311 values rezgrted here are normalized to the.
average value of [333 for ""Ca teking the limits reported in
Table 6, The sum of the total 3  stremgth in each micleus relati-
ve %o the total 3~ strength in “OCa (i.e. the ratio 1a(37)/240,,
(37)) as reported in ref. 53, is also shownm.

i
level spectra of 410& and "lSc from stripping reactions:
400q(a,p)*Lca (ret. 57) and “ca(’e, a)*18c (ret. 58).

Observed angular distributions in stripping reactiom populating
L=3 and 1= 1 levels of muclei in the 11.'7/2 region. The data
are taken from ref. 62.



110

ri‘t 100 -

Fig.

Fig.

Fig.

Fig.

Fig.

FPig.

Fig.

15.

16.

17.

(a) Binding energies Bp of 28,/, protons in some 1f, /2 muclei,
from (pg 2p) reactions; the full line cémnects the data cor-
responding to even-even residual miclei. The target miclei are
indicated in the upper side of the figure, The points indicated
as 1<i3 /2 and 11‘7/2 correspond to the proton binding energies in
the ground-state of the target mucleus. (b) Excitation energies
E of 231/2 and 1d5 /2 proton hole states in the odd muclei
reported 1n (a); (c) Excitation energlies of 251/2 proton hele
states in the even-even muiclei reported in (a). The main dif-

ferencs betwsen (b) and (o) is due to pairing effects.

Single particle energles; relative to the 2p3 /2 state of 4’1-‘.!@.,‘
490; (and 4?(}a) (neutron states) and of [’J'Sc, 493:: and 5500
(proton states). The variations are indicated by dashed lines.
The centroids of the 1f and 2p states are also indicated with
the corresponding spin-orbit aplitiing.

Centroids of the unperturbed single particle neutron and proton
states referred to the mca and 436& cores,

Schematic representation of the Nilsson diagram concerning the
splitting of the 1f7/2, 1':13 /2 and 231/2 gtates in a deformed
field; 3 is the deformation.

Excitation energy of the lowest 3/2?‘ “and I/Z*""Iavels and corres-

ponding spacing (in Me¥) for the odd Ca, Sc, T and V isotopes.
Por the K isctopes the 3/2° - 1/2° spacing is the excitation
ensrgy of the 1/2+ levels,

Gomparison between the observed spectra of 'V and “%% with the
lovels calculated in the Coriolis coupling model for different
valnes of the deformation ﬁo

Schematic dlagram of (p,p) and (p, ny) reactions leading to the
isobaric analog (T =9/2, T ; 7/2) of the “Jca groind state).
The neutron emissien to the B3, 1evel (ref. 92) and the o decay
to the lowest levels of #7Sg (ref, 95) are also shown.

Tields of the 780 and 370 keV 4 -rays from the proton bombard-
ment of a thin l’sca target.
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