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Abstract *

Some of the bound and unbound states of HTi have a pronounced alpha-particle
structure, and their energies and widths may be obtained from an alpha-*°Ca potential.
The differential cross-sections for the clastic scattering of alpha particles by *°Ca may
also be described by such a potential, and some features indicate the presence of unbound
states of 44Tt. The attempts to unify these bound and scattering phenomena by the
saae potential arc Ascribed, together with some new calculations using a cosh potential.

1. Inlrodx .•» v

There u * •-•* i» evidence that nucleons in the nucleus can form transient substruc-
tures that persl s 'oag enough to allow them to be described by the single-particle model.
Of these sut.v "Xtures the aipha-particle is the most likely because of its high binding
energy. We t s expect to find nuclear states that ran be described .is a:: alpha-particle
moving in t » potential due to the remaining nudeous.

This r.\ del haa a numbe. of observable consequences both for nuclear structure
aad for nude»* reactions, corresponding to the alpha-particle being in bound or in scat-
tering states. *i the alpha-particle is bound, it can be in a series of states corresponding
to excited st;>ss of the nucleus. These states may be identified by their abnormally
hija populate n in alpha-transfer reactions and by enhanced gamma transitions be-
tween them. 1 the aipha-particle is unbound, the scattering may show effects that can
be associated with the unbound states of tKe composite system.

In the case of nuclcons. both the bound and unbound states can be described by
tbe same energy-dependent one-body potential, with real and imaginary parts varying
sruoothly with energy (Hodgson, 193"). The purpose of the present work is to see
whether the alpha particte data at negative and positive energies can be unified in the
sane way.

There arc several ways in which the alpha particle analysis differs from the nucleon
analysis. Io addition to the effects due to the transient nature of the alpha-particle
tubitructvrcs. the most notable difference it that for some nuclei the imaginary part
of the alpha potential is abnormally low. so that the unbound states in the continuum
have observable effects on the differential elastic scattering cross-sections, in particular
the anomalously high cross-sections in the backward direction.

* Permanent address: Instituto dt Estudos Avançados. Centro Técnico Aeroespacial
12.335 Sio José dos Campo*. SP. Drasil.
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The nudeui "Ti is particularly tuilable for analysis bccftte it is the compound
system formed «he* alpha-particles are elastically scattered by **Ca. The closed-shell
nature of "Ca ensures that the imaginary part of the optical potential is small, and
this gives rise to the anomalous large angle scattering (ALAS) that has been extensively
studicd. b such cases it is possible to extract information on the unbound states of "Ti
from the clastic scattering data. The states of "Ti are known from gamma ray spectra
and studies of alpha-transfer reactions. Additional infornuuen that can be analysed
with the alpha-duster model are the B(E2) transition rates between members of the
ground state band (sec Table 2.1) and the fusion cross-section as a function of-incident
energy (see Fig.3.2). The available experimental dataoa the bound and unbound states
of **Ti are summarised in Fig. 1.1.
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Fig.l.l.
(a) Experimental data on the possible bound and vr.bouBd alpha-cluster states of

"Ti, relative to the alpba-partide - "Ca threshold at $.127 McV. The states
arc labelled to indicate the experimental methods used to detect them: (A) The
ground state band (Simpson et cl, 1975). (B) A state at 8.54 MeV relative to
the grousd state «trongly populated is the *9C*('U4) reaction (Strohbuscb tt el,
1974). (C) A group of four mixed-parity states at 11.2,11.7,12.2 am! 12J McV
found from (o ,o) scattering (Frekers it et, 1976,1983). (D) The lower members
of • bud of nine states found from (o,o) scattering at higher energies (Stock tt
«Í, 1972; Uhaer tt cl, 191$).

(b) States of "Ti calculated from a phcnomenological potential (Michel tt at, 1989).
(c)Stwcf of «Ti (Pretest work). ,

The aim of this work is to unify these data by a unique alpha-partide optical
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potential. TU* should provide further information «beat the alpha-nude** interaction.
and may provide incentives for experimental work. For example, the model may predict
«ate» that have not been observed, perhaps became of thnr smalt width, and it would
then be important to took for them.

la Section 2 we summarise the analyses of the bound and unbound states of **Ti.
aad in the following section the scattering of alpha-particles by **Ca.

2. Th« Bound and Unbound State* of " T i

The cluster model assumes that the alpha-particle is moving in a one-body poten-
tial with principal quantum number fi and orbital angular momentum quantum number
L. These are related to the quantum numbers n, I of the constituent nucleoss by the
Talmi-Moihiiisky relation

f (2 1)
••I

Values of A' less than 12 are excluded by the Fault Principle.
Many analyses of bound (Buck ci at, 1975) and scattering (Delbar et at, 1978) data

have shown that the energies and widths of the compound stales are rather sensitive to
the form of the potential, and in particular that the Saxon-Woods form is inadequate.
Belter results have been obtained with the squared Saxon-Woods form (SW2), the cosh
form and various folded potentials.

When the form of the potential has been chosen, the parameters are varied to
optimise the fit to selected data, b the case of the SW2 and cosh potentials, the radius
asd surface diffuseness parameters 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
number is aot known, so that a chosen state of known L can be fitted with several
different values of V and corresponding values of .V. It is thus sometimes necessary to
try two or more values of V aad to assess their acceptability by the goodness of fit of
the corresponding potentials to a wide range of data.

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

This form Was found by Buck et at (1975) to be better than the Saxon-Woods
fora for the analysis of alpha-clutter states in " 0 and "N, probably because it more
nearly approximates the folding model potential.

CalcoUtioas of the energies asd widths of slates ia "Ti have bees made using
this potential by Pal and Levas (lWO)and the results are shown ia Fig.2.1 asd Table
2.1. The radius it of the potential was chosen to Win the range r # ( / i i& + A\f3) £
R & r a 4 | / > , where re and rj were fouad from the valves of it giving (be best fit in the
' •0 regie» (Back asd Pill, 1977). The values of V asd e were tbea chosen to give the
best overall^U tolhe towlyiag alpha cluster Mate». These parameter values are given
in Table 2.2. They, also used a folded potential with a delta aucleon-nudeon interaction
with the alpha aso; "Ca densities of Vary asd Dever (I973) and of Sick (1979). aad the
restlts are site shows is Fig.2.1 asd Table 2.1.
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Fig .2.1. Experimental and calculated states of th* 2.V + 1 c 12 alpha-cluster state*
in "Ti (Pal asd lorn. 1980). /

Tablt 2.1. B(E2)
Itansitios

V-o*
4* - 2*
6 * - 4 *
8* — 6*

10* ~ 8*
12* - 1 0 *

values for transitions in "Ti
Experiment
13 ±4(1)
30 ±6(1)
17*3(2)
> 1.5 (3)
15 ±3 (3)
<6.3 (4)

Folded
9.5

12.6
U.9
SrS
7.6
3.5

in Wciukopf
1

5.5
7.1
6.4
4.8
3.0
1.4

2

21.7
29.5
29.6
26.5
20.7
12.3

References: (1) Cixen tt at, 1973; (2) Simpson tt el, (1973); (3) Simpson tt ol, (1975);
Kolata el ol, (1974).

Table 2.2. Potential Parameters used by Pal and Lova» (1980).
Potcatitl V(MtV) R (fa) a (fa)

1 241.9 , 3 0.6S
2 161.9 3 1.4-

Further ulcalations of tbc stractart of «4Ti were nade by Michel tt at (1916a),
asd their rtmlu «ré coapared with the experimental data is Fif.1.1. They »sed a
potential Jon* by Odbsr tt §1 (1978) to fit» wide range of MCa(a,o) eUitlc scaiierloj
data (se« foctios 3). The depth of the potential was thes adjusted to jive the correct

, energy of tack K S K relative to the a 4 "C* threshold ssd the results tor the B(E2)
valM* ss4 < t? >»/» for the H • 12 ssd It m 13 basds a/e «hows is TabU 2X U I»
•«table that the B(E2)ral«es for the A • 12 be«d are in food accord with the data.

T i t Ittafdmtr IMS radii, also give» Is Tablt 2.3, decrease from A « 4.40 fa



Table 2.3.
Theoretical and experimental B(E2) values for the J — J -1 transitions (in W.V.),
and interduster rms radii for the "Ti A* = 12 and <V s 13 states. The local potential
deptb given for lhe A* • 12 states is thai reproducing the experimentai energies with
respect to the o * *°Ca thr-shoid: for the .V s 13 states L'o is fixed to the average value
to » ISO M*V (Michel tt at. 19S6a).

0*
2*
4*
6+
8*

10*
12*

Co
(MeV)

131.1
152.5
131.2
1S0.7
179.0
181.8
186.8

B
Thcor.

-
11.6
159
15.2
12.S
3.1
3.6

.V e 12
(£2) <

E.\?t.
-
13 ±4
30 ±6
17±3
> 1.5
15 ±3
<6.3

: Ri >l/i

(fm)

4.50
4.51
4.47
4.33
4.27
4.06
3.S3

J'

r
3"
5"
7"
97

11"
13"

A- = 13
D{E2) <
Theor.

. -
2S.7
30.2
26.4
20.0
12.8
5.9

(fm)

5.35
5.2S
5.15
4.95
4.71
4.43
4.14

for the ground s:ate to R » 3.S3 fen for :hc 12* state, showing the anttsirctching
effect. These radii nay be compared with the sum of the alpha-particle and *°Ca radii,
which is 5.16 fm. Since the validity of the clustering model requires rather weak overlap
between tbe alpha-particle and the 40Ca nucleus, this indicates that it is probably valid
for the low-lying stales but becomes progressively weaker for the higher stales. The
interduster radii are much larger for the A' s 13 band, indic&'.tng thai it has a strong
duster character. These states have not been observed possibly because of their small
widths, 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 (1955) has argued that the alpha-duster model should not be applied to
tbe ground state baed because it always puts the 1" state at t lower energy (around 5
MeV) than the 0" state at 8.54 MeV. Instead, he suggested that the nodel should be
applied to the 0* (S.54 MeV) and 1' (11.7 MeV) stales, but not to the ground state
band. Ohkubo (195S) has investigated this using a folding nodel potential chosen so
that the first Pauli-allowed A' « 12.0* state corresponds to tbe 0* state at 8.54 MeV.
He then calculated tbe fusion excitation function, which agreed quite well with the data.
and also the clastic scattering cross-sections for a range of energies from 18 to 100 MeV.
These showed agree with the data at lower energies but failed badly at higher energies,
indicating that this potential is unacceptable.

Another possibility it that, as in tbc proposal of Horiuchi. the analysis should omit
tbe ground state band, and should be applied to the excited nixed parity duster states
in the group C in Fig.1.1. (Tohiaki-Suxuki and Nai», 1977, Friedrich and Langankc,
1975; LaAgaakc. 19S2; Wiotgcn tt at, 1983). Ohkubo (19S0) also investigated this
possibility using a folded potential fitted to tbe 0* state at 11.2 MeV, and found very
similar results to those just mentioned, namely that it fails to At tbc higher energy
scattering data.

Toe essential physical defect in both these potentials is that the rainbow scattering
begins at too low as energy. This could perhaps be obtained by allowing tbe potential
to become deeper as the energy increases, but this is physically unacceptable. It is not
possible IO improve tbe lit by adjusting tbc imaginary potential.



3. Elastic Scattering and Fusion Cross-Sections

The sequence of bound alpha-cluster states discussed in the previous section ex-
tends to positive energies and affects the corresponding elastic scattering cross-sections.
As the energy (scream inelastic scattering and other reactions become possible, and
these also affect the elastic scattering. The iafiuence of the non-elastic processes on the
elastic Mattering can be described globally by allowing the potential to become com-
plex, and this in turn broadens the states is the continuum. Optical model analyses
usually require imaginary potentials of several MeV. and the states in the continuum
are broadened by a corresponding amount. Furthermore, many partial «raves contribute
to the cross-section. As a result, the structure that might be expected in the differential
cross-sections due to the states ia the coatinuu&i is usually so smeared out a* to be
unobservable. \

There art however tome exceptions to this. If the target is a doubly magic nucleus
there are few low-energy excited states, and so inelastic scattering is less likely. Reactions
are also inhibited if the projectile is also oagic. Thus the elastic scattering of alpha-
particles by magic nuclei provides very favourable circumstances for the observation of
structure ia the elastic scattering due to states in the continuum, Indeed such structure
has been known for many years in the differential cross-section for the elastic scattering
of alpba-particlcs by *°Ca; the effects are particularly notable at large angles and are
referred to as the back-angle anomaly, or aaoaalous large-angle scattering (ALAS). The
anomaly consists in back-angle cross»»cctioas that are one or two orders »f magnitude
greater than those found .n scattering froa neighbouring nuclei. The 'anomaly' is now
well understood; in neighbouring nuclei there arc very many more reaction channels
open and so the imaginary potential is ouch larger aad the structure is washed out.

There have beer, many optical model analyses of the differential cross-section
for the elastic scattering of alpha-particles by <0Ca. a particularly comprehensive one
being that of Deibar tt a/ (197S). They analysed data from 29-100 MeV asd obtained
excellent fits using a Saxon-Woods squared potential with parameters

U m 195.6(1 - 0.0016S£). rk * 1.37, o . « 1.39

W m 2.99 + 0.2SS£, rw « 1.75, a,, - 1.00.

Some of their calculations art compared with experimental data ia Fig 3.1.
Tbt fusion excitation function for alpha-particles on <0Ca has a» oscillatory struc-

ture from 10-27 MeV (Ebcrhard tl at. 1979), and this has btta analysed by Michel « «/
(1986b) using a modified form of tbt potential of Deibar c< el It is notable from Fig.3.1
that the flu at lower energies ate not so good as those at higher energies, aad so MicheJ
d •/ modified tht potential of Deibar tí tl by applying a cut-off factor to the linear
energy dtpendtsct of tbt imaginary depth: this gives a good overall lit to tht excitation
functions for ttastic scattering at several angles from 12 to .6 M*V found by Robinson
tl •/ (1968). At shown in FjgJ.2a, tht corresponding reaction cross-section shows little
if nay structurt, and is larger (has the measured fusion excitation function. Tbt dif-
ference is attributed to direct reactions, and following the work of Hatogsi «I «I (1982)
these were tains isto account by rtducing tht radius of tht imaginary potencial from 6
to 4 fm. Tbo resulting fusion cross-section shows tht same structurt a* the experimental
data. A decomposition of tht fusion cross-section into tht contributions of individual
partia) wave» (FIgJ.2b) shows that it is tht tvts partial wave» of tbt JV • 14 band that
art respossfMt for tht structure tht odd partial waves give a fusion cross section that
snows almost so structure. Substqutstly, Ohkubo and Brink (1987) showed that tbt
oscillatory stracturt is dut to iottrfortsct between tst waves refltcttd by tbt Internal
asd txttrssl potential bnrritn. ' ! '
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Fig.3.2.
(a) Experimental fusion cross-sections for alpha-particles on *°C* (Ebcrhard tt «I.

1979) compared witl t ie reaction cross-section (full line) and fusion cross-section
(dashed line) calculated from codifications of the potential of Delbar tt «7 (197S)
(Michel tl oi, 1986b).

(b) Calculated fusion cross-sections for alpha-particles on 49Ca shoving the contri-
butions of odd and even partial waves to the observed structure (Michel tl el.
193Gb).

W HO ÍÍ5 #,

Fig.3.9. Difltrtotial cfpff>ftctiosf for t i t elastic scattering of alpba-particles by ° C a
is t i t backward direction fttttd by Ugtsdrt polynomial» (Ubner tt eL 1971).

Tit dJAftstial «tff fottlts» to t i t backward direction wtrt aaalystd V Lftbaer
€t •/ ( I f l t ) I f itUsf t i t btft Ltfts4rt potyBomialf, a* * lows Is Fif.3 J. Tlttstrfftf
f l i l ^ f r X ( i ) l F i ^ 4 b y

• rsmtowt I—% wfcjct It supported I f t i t extrapolation to t i t 1" state at U.7

ftrsctsft to tUf ftttt ItCMft its mail width (40 KeV) to Incompatible witl Its position

• ... v •:*



with respect to th» I B 1 barrier. A caluUtioa of its width «stag a potential adjusted
to give Ik» comet «aergy for tke state gpvtt abort 1 MeV (Michel el d. 199U). Ohkubo
(19S7) kat shorn ho» th» observed strocUre is attributable to tk» combined effects of
tk* broad resonant high spin states.

so wo ao ico /so

Fí(.3.4. I-viIucs extracted from a Lcgeadre pdynomixl analysis of ike elastic scat-
tering of aipka>particles by *°Ca as a foaction of energy. Tke dot-dash line shows the
grazing lvalue calculated by l^ * kR {R m l.2[Alf*(a) * yt l /3(MCa)) (Ukner el al.
197S).

We have made calculations of the bound and unbound states of "Ti. and the
results are compared with the experimental data in Fig.1.1. We used a potential of the
cosh form (2.1) and adjusted its parameters to optimise the fit to tke data. We also
calculated tke widths of tk* states and these are given in Table 3.1.

Table 3.1.
Theoretical energies asd width» for the N • 12 and A' - 13 bands of «Ti. A "cosh"
geometry is used for the local, real potential with parameters V9 m 174.9 MeV R • 2.9
fm tad a s 1.3 fa . Th* energies arc givta with respect to the o-*°Ca breakup threshold
is "Ti,

N m 12 If m 13
J' E V J' B T

(MeV) (M«V) (MeV) (MeV)

0*
8*
4*
6*
• •

10*
. * •

raufal

-441
- 4 4 5
-2.71
- 0 4 7
2.47 < 10
64» 2x11

1149 2X11

1 ta Praf. S. Chin

I" i

r
7"

9* 11-
r* i3-

ibofof vmlaabl

- 044
M7
3.17
6.69
9.14

13.72
1943

Iceomm*

<io-*
<io-*
< 10"*

10-»
. 0.026

0.14
0.2S

MS OS thl
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