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Absiract .

Some of the bound and unbound states of **Ti kave a pror.ounced alpha-particle
structure. and their energies and widths may be obtained from aa alpha-*°Ca potential.
The differential cross-sections for the elastic scattering of alpha particies by *°Ca may
also be describied by such a potential, and sorme features indicate the presence of unbound
states of ' Ti. The attermpts to unify these bound and scattering phenomena by the
sazie potential aze d~scribed, together with some new calculations using a cosh potential.

1. Introd &t

There is v . b evidence that nuclcons in the nucleus can form transient substruc-
tures that persi s’oag enough to allow them to be described by the single-particle model.
O! these suby -x:tures the aipha-particle is the most likely becacse of its high binding
energy. We t -sexpect to find nuclear states that can be described as ax alpha-particle
moving in t » potential due to the remaining nucleons.

This < del has a numbe. of observable consequences both for nuclear structure
aad for nucles - reactions, corresponding to the alpha-particle being in bound or in scat-
tering states, o the alpha-particle is bound. it can be in a series of states corresponding
to excited st3ses of the nucleus. These states may be identified by their abnormally
higd populat: n in alpka-transfer reactions and by enhanced gamina transitions be-
iweee them. 3" the alpha-particle is unbound. the scattesing may show effccts that can
be associated with the unbound states of the composite system.

In the case of nuclcons, both the bound and unbound states can be described by
tke same energy-dependent one-body potential, with real and imaginary parts varying
srioothly with energy (llodgson, 1987). The putpose of the present work is to sce
whether the alpha particle data at negative and positive energies can be unified in the
samie way. T e

There are several ways in which the alphs particle anolysis differs from the nucleon
acalysis. §o addition to the effccts due to the transient nature of the alpha-particle
sudstructures. the most notable difference is that for some nuclei the imaginary part
of :he alpha potential is abnormally low, so that the unbound states in the continuum
have obsesvable effects on the differential elastic scattering cross-sections. in particular
the anomalously high cross-sections in the backward disection.

* Permanent address: Instituto de Estudos Avancados. Centro Técnico Aeroespacial
12.225 Sio José dos Campos, S.P. Drasil, '



. o=
R

The nclcu “'Ti is pasticularly suitable for analysis b«?hc It is the mwn‘
system formed whea alpha-particles are elnncuh scatteced by **Ca. The closed-shell
nature of ®Ca easures that the i imaginary part o( the optical potential is small. and
this gives rise to the anomalous large aagle scattering (ALAS) that has been extensively
studied. In such cases it is possible 1o extract information on tie unbound states of ** Ti
from the elastic scattering data. The states of **Ti are known from gamma ray spectza
and studies of alpha-transfer reactions. Additional infermatica that can be agalysed
with the alpha-cluster model are the B{E2) transition rates between membders of the
ground state band (see Table 2.1) and the fusion cross-section as a function of umdoaz
energy (see Fig.3.2). The available experimental data oa the bound and yunbound states

of ““Ti are sul\nmumd in Fig.1.1.
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Fig.1.1.

(a) Expcﬂnmd data on the pouiblc bound and urvound alpha-cluster states of
4T3, relative t0 the alpba-pasticle ~ *°Ca threshold at 5.127 MeV. The states
are Jabelled to indicale the experimental metbods used to detect them: (A) The
ground state band (Simpson ef aof, 1975). (B) A state at 8.54 MeV relative to
tbe ground state strongly populated in the *Ca(®Li,d) reaction (Stzohbusch ¢t o/,
1974). (C) A group of four mixed-pasity states at 11.2, 11.7, 12.2 and! 12.8 MeV
found from (a,a) scattering (Frekess et ol, 1976, 1983). (D) The lower mesmbers
of & band of nine states found from (o, 0) scastesing at Ligher energies (Stock ef
ol, 1972; Lohner «f o/, 1978). '

(b) States of **Tj calculated from a phesomesological potential (delcl et ol, 1988).

(c) States of “‘l'i (Present work). \

The sim o! this work Is to uaify these data by & unique alph-pmidc optical
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potential. This should provide further information about the alpha-nucleus interaction.

and may provide incentives for experimental work. For example, the model may predict
states that have not been observed, perhaps because of their small width, and it would
then be important to look for them. :

In Section 2 we summarise vhe analyses of the bound and unbound states of ** Ti.
aad in the following section the scattering of alpba-particles by *°Ca.

2.  The Bound and Unbound States of **Ti

The cluster model assumes that the alpha-pasticle is moving in a one-body poten-
tial with principal quantum number N and orbital angular momentum quantum number

L. These are related to the quastum aumbers n, { of the constituent nucleoas by the
Talmi-Moshidsky relation

4
W+l=) (2n+1) . 21
inl
Values of IV Jess than 12 are excluded by the Pauli Principle.

Maony analyses of bound (Buck et al, 1975) and scattering ( Delbar et al, 1978) data
bave shown that the energies and widths of the compound states are rather sensitive to
the form of the potential, and jn pasticular that the Saxon-\Woods form is inadequate.
Better results have been obtained with the squared Saxon-\Woods form (S'W2), the cosh
form and various folded potentials.

Whea the form of tbe poteatial has been chosen, the parameters aze vasied to
optimise the fit 10 selected data. In the case of the SW2 and cosh potentials, the radius
and surface diffuseness pacameters are usually fixed to values similar to those of the
corresponding folded potential, and then the potential depth V is adjusted to fit chosen
states. This criterion is insufficient to fix the depth, because the principal quantum
sumber is vot known, so that a chosen state of known L can be fitted with several
different values of V and corresponding values of N. It is thus sometimes necessary to
try two or more values of V and to assess their acceptability by the goodness of fit of
the corresponding potentials to a wide rasge of data.

The widths and enesgies of the bound states can be calculated {rom a purely
real potential. but for the unbound scattesing states this must be supplemented by an
imaginasy potential that is determined from the scattering data by the usual parameter
optimisation procedure. This imaginary potential can have the Saxon-\Voods. Saxon-
Woods derivative or the cosh form

V{1 + ch(R/a)}

V=V + ch(r/a) + ch(R/a)

(2.2)

. This form was found by Buck et of (1975) to be better than the Saxon-\Woods
form for the analysis of alpha-cluster states in ¥O and N, probably because it more
searly approximates the folding model potestial.

Calculations of the energies and widths of states in *‘Ti have been made usiog
this potential by P4l and Lovas (1980)-and the results aze sbown in Fig.2.1 and Tabls
2.1. The sadius R of ths poteatial was chosen 10 Li¢ in the range ro(Adlss + AV
R S ryA'/3, whete ry and 1, were fousd from thbe values of R giving the best fit in the
%0 ragion (Buck and Pilt, 1977). The valuss of V sad ¢ were then chosen to give the
best overall ¢ to $he low-lying alphs cluster ststes. These parameter values arse given
in Table 2.2. They, also used a folded potential with a delta nucleon-nucleon interaction
with the alphs and “*Cs densities of Vary aad Dover (1973) aad of Sick (1979), and the
results are aloo shown in Fig.2.1 and Tabls 2.1.



A d & s
4 — —
r ;:
VJ -~
Expen- Colculations
ment  foldng ! 2

Fig.2.1. Experimental and calculated states of the 2N + L = 12 alpba-¢lyster states

in 4‘Ti (Pal agd Lovas, 1980). K
Table 2.1, B(E?) values for traasitions in **Ti in Weisskopf units.

Transition Experiment  Folded 1 2

=0t 13£4(1) 9.5 55 2.7

W —2¥  306(1) 12.6 71 295

6* —4*  2723(2) 1.9 64 206

8% — 6* >15 (3) v.8 48 265

10* — 8¢ 153 (3) 76 30 27

12% - 10* <63 (4) 35 14 123

References: (1) Cixon ¢t of, 1973; (2) Simpson ¢t &/, (1973); (3) Simpson et el, (1975);
Kolats ¢t al, (1974).

Table 2.2. Potential Paranieters used by PAl and Lovas (1980).
Potential V (MeV) R (Im) 8 (fm)

l 241.9 . 3 0.68
2 1619 3 14,

v .-
14

Fusther calculations of the ssrucsuze of *T) were made by Michel et of (1986s),
aad their results aré compared with the experimental dass is Fig.1.3. They wsed &
potential found by Delbar of ol (1978) to fit & wide range of ‘°Ca(a,0) elastic scattering
data (ses Sectios 3). The depth of the potential was thes adjusted to give the currect

. energy of each stats relative to the a + ““Ca threshold and the results for the B(E2)
values and < R? >3/3 for the N = 12 a3d N = 13 baads ase showa in Table 2.3. It is
sotabie that the B(E2) values for the N = 12 baad ase in good accord with the data.

The intescluster RMS radil, also gives ia Tadle 2.3, decrease from R = 4.50 fm
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‘Table 2.3.

Theoretical and experimental B(E2) values for the J —~ J — 2 transitions {(in W.U.),
and intercluster rms radii for the “*Ti .V = 12 and ¥ = 13 states. The local potential
depth given for the .V = 12 states is that reproducing the experimental energies with
respect to the @ + *°Ca threshold: for the .V = 13 states Up is fixed to the average value
Uo = 130 MeV (Michel et al. 1936a).

. : N=12 ’ N=13
Us B(E?) < R >3 B(E?) < R*>V?
J* (MeV) Theor. Expt. (f) J*  Theor. (fm)
0% 1841 - - 4.50 1= - 5.35
2* 182.5 11.6 1324 4.51 3= 23.5 $.28
4% 1812 159 " 306 4.47 = 30.2 $.15
6+ 1807 152 1T&3 4.33 T 264 495
g* 179.0 128 >1.5 4.27 9 20.0 4.71
10+ 1818 3.1 15£3 4.06 - 12.8 4.43
12*  186.8 36 <63 3.83 13- 5.9 4.1

for the ground siate to R = J.83 fro for the 12* state, showing the antistretching
effect. These radii may be compared with the sum of the alpha-particie and *°Ca radii,
which is 5.16 {m. Since the validity of the clustering model requires rather weak overlap
between the alpha-particle and the **Ca nucleus, this indicates that it is probably valid
for the low-lying states but becomes progressively weaker for the higher states. The
intercluster radii are much lasger for the ¥ = 13 band, indicating that it has a strong
cluster character. These states have not beea observed possibly because of their small
widihs, which are calculated to be less than 1 keV for the lowest lying states, and only
280 keV even for the 13- state which terminates the bacd.

Horiuchi (1985) has argued that the alpha-cluster model should not be applied to
the ground state band because it always puts the 1™ state at a2 lower energy (2round
MeV') than the 07 state at 8.54 MeV. Instead. he suggested that the rmodel should be
applied to the 0* (8.54 MeV) and 1~ (11.7 MeV) states, but not to the ground state
band. Ohkubo (19%S) bas investigated tbis using a folding model poteatial chosen so0
that the first Pauli-allowed ¥ = 12, 0* state corresponds to the 0% state at 8.54 MeV,
Je then calcwlated the fusion excitation function, which agreed quite well with the data,
and also the elastic scattering cross-sections for a range of energies from 18 t0 100 MeV.
TEese showed agree with the data as lower encrgies but failed badly at higher energies,
indicating that this poteatial is unacceptable.

Another possidility is that, asin the proposal of Horiuchi. the analysis should omit
the ground state band. and should be applied to the excited mixed parsity cluster states
io the group C in Fig.1.1. (Tohsaki-Suzuki and Naim, 1977, Friedsich and Langanke,
1975; Langaske, 1982; Wintgen et of, 1983). Ohkubo (1930) also investigated this
possibility using a folded potential fitted to the 0% state at 11.2 MeV, and found very
similaz sesults to those just meotioned. samely that it fails to fit the higher energy
scattering data. :

The essential physical defect in both these potentials is that the raiabow scattering
begias at 100 Jow a3 esergy. This could perhaps be obtained by allowing the potential
to become deeper as the energy increases. but this is physically unacceptable. It is not
possible to improve the fit by adjusting the imaginary potential.

*
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3. . Elastic Scattering and Fusion Cross-Sections

The sequence of bound alpha-cluster states discussed in the.;m'ious section ex-
tends to positive energies and affects the corresponding elastic scattering cross-sections.
As the enesgy increases inelastic scattering and other reactions become possible. and
these also affect the elastic scattering. The infuence of the non-elastic processes oa the
elastic scattering can be described globally by allowing the potential to become com-
plex. and this in turn broadens the states ia the contiruum. Optical model adalyses
usually require imaginary potentials of several MeV', and the states in the contiowsm
are broadened by a correspondiag amouat. Furthermore, many partial waves contribute
to the cross-section. As a result, the structire that might be expected in the differential
cross-sections due to the states ia the co3azinuum is usually so smeared out as to be
unobservable. . .

There are bowever some exceptions to this. If the target is a doubly magic nucleus
there are few low-energy excited states, and so inelastic scattering isless Likely. Reactions
are also inhibited if the projectile is also magic. Thus the elastic scattering of alpba-
particles by magic nuclei provides very favourable circumstances for the obsesvation of
structure in the elastic scattering due to states in the continuum. Indeed such structure
bas been known for many years in the differential czoss-section for the elastic scattering
of alpba-particles by ‘°Ca; the effects are particulasly notable at large angles and ase
referred to as the back-angle anomaly, or asomalous lazge-angle scattering (ALAS). The
anomaly consists in back-angle crossesectioas that are one or two orders ,f mageitude
greater than those found .n-scattering from neighbouring nuclei. The *agomaly’ is now
well understood; in neighbouring nuclei there are very many more reiction chanaels
open and so the imagizary potential is much lasger aad the structure is washed out.

There bave been many optical model analyses of the differential cross-section
for the elastic scattesing of -alpha-particles by *°Ca, a particulasly comprehensive one
beiog that of Delbar ef o/ (1978). They asalysed data from 29-100 MeV and obtained
excellent fits using a Saxon-Woods squased poteatial with parameters

U =19%.6(1 ~0.00168F). r, =137, @a,=139

W = 2994+ 0288E, rw = 1.75, aw = 1,00, (3-1)
Some of their calculations are compared with experimental data is Fig 3.1,

The fusion excitation function for alpha-pasticles on *°Ca bas an oscillatory struc-
ture from 10-27 MeV (Eberhasd ¢t o/, 1979), and this bas been analysed by Michel ¢ ol
(1986b) using s modified form of the potential of Delbar et al. It is notable from Fig.3.1
that the fits at lowsr energies ase not so good as those at higher energies. and so Michel
¢t ol modified the potential of Delbar ¢f of by applying a cut-off factor to the lisear
energy dependence of the imaginary depsb: this gives a good overall fit to the excitation
functions for elastic scattering at several acgles from 12 te .8 MaV found by Robiason
¢t ol (1968). As shows in Fig.3.2a, the comresponding reaction cross-section shows listle
If any structure, asd is Jasgér thaa the measured fusion excitation function. The dif-
ference is attribuied to direct reactions, asd following the work of Hategal ¢f ol (1982)
these were takes into sccount by reducing the radius of the imaginasy potesiial from 6
to 4 {m. The resulting fusion cross-section shows the same structure as the experimestal
data. A decosaposition of the fusion cross-sectios into the contributions of iacividual
partial waves (Fig.3.2b) shows that is is the eves pastial waves of the N = 14 band that
sre responsible for the structure; the odd partial waves give a fusion cross section that
sbows almost 8o stracture. Subsequentiy, Obkubo and Brink (1987) showed that the
oscillatory structure is due to interference betwoss the waves reflected by the internal
824 extersal poteatial basriers. : ’
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%ig.3.3,  Differential cross-sectios for the elastic scattering of alpha-pasticles by “Ca
compased with optical model caleulations. The full curve sbows the results of a calcy-
latios with the potestial (3.1) and the dashed curve the result of & global search with
s more Sexible parametrisatios (Delbas ¢f ol, 1978).
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(a) Experimental fusion cross-sections for alpha-pacticles oo *°Ca (Eberhard et al,
1979) compared with the reaction cross-section (full line) and fusion cross-section
(dashed line) calculated from modifications of the potential of Delbas et ol (1978)
(Michel et o, 1986b). T

(b) Calculated fusion cross-sections for alpha-particles on *°Ca showing the cor.t:i-
butions of 0odd and even pastial waves to the observed structure (Michel et al,
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Fig.3.3. Differential cross-sectioss for the dastic scattering of alpba-pasticles by °Ca
in the backwasd direction fitted by Legeodre polynomials (Lbaer ¢f ol 1978).

‘The differential cruss-sections in the backwasd drection were asalysed by Loboer
¢t ol (1978) by fisting the best Logendre polysomials, as shows is Fig.3.3. The energies
of these states is plotted as o function of L(L + 1) is Fig.3.4, and the lineasity suggests
s rotational band, which is supperted by the extrapolation to the 1= state ot 1).7
MaV. Ohkubo (1968) bowever says that it Is dificult to assign o simple 0 + *Ca cluster
strecture to this state because jis small wideh (40 KeV) s incompatible with its position
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ith respect to the L = 1 barrier. A calculation of its width using 2 potestial adjusted
to give the correct energy for the state gives about 1 MeV (Michel ef ol, 1986a). Ohkubo
(1987) bas shown how the observed structure is attributable to the combined effects of
the broad resonant high spin states.
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Fig.3.4. L-values extracted [rom a Legendre polynomial analysis of the elastic scat-
tericg of alpha-pasticies by *°Ca as a fuaction of energy. The dot-dash line shows the
grazing L-value calculated by L,, = kR (R = 1.2(A'3(a) + A’/3(*°Ca)) (Lohaer et ol.
1978).

We have rzade calculations of the bound and unbound states of *Ti. and the

" results are compared with the experimental dataio Fig.1.1. We used a potential of the

cosh form (2.1) and adjusted its parageters to optimise the fit to the data. We also
calculated the widths of the states and these ace given in Table 3.1.

_ Table 3.1.
Theoretical energies and widths for the N = 12 and N = 13 bands of “Ti. A “cosh”
geometry is used for the local, real poteatial with pasameters Vo = 174.9 MeV R = 2.9

fm and a = 1.3 fa. The energies are given with respect to the a-**Ca dreakup threshold
is “Ti.

Ne=12 N=13

PLA r Jo E .T

(MeV)"  (MeV) (MeV) (MeV)
0* -4.61 -’ 1=, 08 <10°*
2* ~4.08 - 3 147 <107
& 21 - 5 217 <10t
6* -057 - 7= 5.6 10-?
(34 247 <10°* 9~ 914 . 0.026
10 655 2x10°° - 1372 014
2% 1189, 2x10° 13 1983 028

We are grateful to Prof. S. Obkube for valusble comments on this paper.
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