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Abstract. Differential cross sections for elastic and inelastic scattering of 35 MeV alpha 
particles have been measured from R,,,= 10" to 100" in 1'-2" steps. An optical model 
analysis of the elastic scattering data has been carried out using Woods-Saran and 
Woods-Saxon squared radial dependences for real as well as imaginary parts of the 
potential. The most sensitive region of the potential in predicting the elastic scattering 
cross sections has been determined using a notch perturbation test. The problem of 
discrete family ambiguity in the optical model analysis of elastic data has also been 
investigated. The inelastic scattering data have been analysed in terms of the collective 
model using the distorted-wave Born approximation (DWBA), where the distorted waves 
arc generated by the optical potential obtained from the elastic scattering data. The 
deformation parameter (&), thus obtained compares well with the values reported 
earlier in the literature. 

I optical model and DWBA analyses. 

NUCLEAR REACTIONS 01 + %, E,,, = 35 M e V ,  01 beam, enriched target, 
measured do(l?)/dQ for elastic and inelastic scattering, solid state detectors, 
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at 42 MeV from e,, - 12" to 47". by Rebel et al [2] at 104 MeV from Om - 10" to 
48", and by Yntema and Satchler [3] at 43 MeV up to Olab = 51" only. Roberson et al 
[4] measured the elastic scattering angular distribution of alpha particles from '% 
(up to O,, -80") at 140 MeV and analysed the data in terms of the optical model 
with Woods-Saxon as well as Woods-Saxon squared form factors for the real part 
of the potential. The two forms of the optical potential gave an equally good 
description of the data up to -60" but beyond that (up to -80") the Woods-Saxon 
squared form gave a better fit. The Woods-Saxon squared and other non-standard 
forms of optical potential have been used for explaining the elastic alpha scattering 
data for other nuclei also [5-71. 

In this paper we present results of our measurement on elastic scattering of alpha 

with Woods-Saxon and Woods-Saxon squared type radial dependences. The data 
can help to reduce the ambiguities in the optical model parameters. We have carried 
out the notch perturbation test [8] in order to determine the radial region of 
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pzrtir!es from 4% a! E, = 35 MeV and !heir analysis in terms of the optical mode! 
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sensitivity in predicting the elastic scattering. The inelastic scattering data for the 
0.889 MeV, 2+ excited state of 4% have been analysed in terms of the collective 
model using the distorted-wave Born approximation. 

V Raghunatha Rao et a1 

2. Experimental procedure 

The experiment was performed at the Variable Energy Cyclotron Centre, Bhabha 
Atomic Research Centre, Calcutta, using an unanalysed alpha beam (with an energy 
spread of -0.5%) from the 224cm cyclotron. The alpha beam was focused onto a 
self-supporting foil of "Ti, having a thickness of 1 . 0 8 0 m g ~ m - ~  and 81.02% 
enrichment, mounted at the centre of the 91.5 cm diameter scattering chamber. The 
target thickness was measured both by weighing and by measuring the energy loss of 
5.5 MeV alpha particles from a "'Am source. The beam currents ranged from about 
SnA (at most forward angles) to 300nA (at most backward angles). Five Si(Li) 
detectors, having depletion depths of 22mm,  were used to detect the scattered 
alpha particles. The angular acceptance of the detectors was about f0.5". The 
overall energy resolution in the spectra of scattered alpha particles was s270 keV, 
which was more than adequate to  resolve elastic and inelastic peaks of interest. 
However, the resolution was not sufficient to separate the contributions of scattering 
from T i  present in the target. Thus the enrichment (81.02%) of the target was 
appropriately accounted for in the thickness but no corrections were made to the 
scattered yields. Therefore, the cross sections include contributions from 4% also. 
The absolute values of cross sections were obtained by using the total charge 
collected in the electron-suppressed deep Faraday cup. Standard electronics 
(EG&G ORTEC 572 amplifiers) was used for pulse amplification, and a Canberra 
series 88 multiparameter analysing system was used for pulse height analysis. The 
multiparameter system was interfaced to a magnetic tape unit. The data were 
dumped on tapes at the end of each run for further off-line analysis. 

The elastic and inelastic (to 0.889 MeV, 2+ state) scattering angular distributions 
from T i  were measured at E, = 35 MeV in the angular range from Blab = Io" to 
100" in steps of 1"-2". The overall errors in the cross sections due to uncertainties in 
the target thickness, integrated charge and solid angle are estimated, including 
counting statistics, to range from S 6  to 10%. The errors are shown when they 
exceed the size of the point. 

3. Results and discussion 

3.1. Elastic scattering 

The measured elastic scattering angular distribution exhibits pronounced oscilla- 
tions, as can be noted from figure 1. An optical model analysis of the data was 
carried out using a six-parameter (excluding m and n) potential of the following 
form: 

where Vc(r, R,) is the Coulomb potential due to a uniformly charged sphere of 
radius R,= 1.3Ay3fm; VR, V, and AT are the strengths of the real and imaginary 
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Figure 1. The ratio of differential elastic scattering cross section to the Rutherford cross 
section plotted as a function of centre-of-mass angle along with the standard optical 
model fit using Woads-Saxon form facton. The parameters for this fit are listed in set A 
of table 1. 

parts, and the target mass respectively. The Woods-Saxon form factors are given by 

f(r , rx ,ax)= {l+exp[(r-R,)/a,Il-' (2) 
where 

- - - D  - - r  
1 - n. "I 1. 

D - "  1 1 1 3  nx - r x r l . r  

Here r,, a, are the corresponding radius and diffuseness parameters. The form 
factor powers m and n are integers, both permitted to assume values 1 and 2. Figure 
1 also shows the optical model fit to the data with m = n = 1 (standard Woods- 
Saxon form for the radial dependence of the optical potential). Thus the optical 
model with standard Woods-Saxon form of the potential provides a very good 
description of the data, particularly up to e,, - 75" or so. At large scattering angles 
only the overall behaviour of the data is reproduced. 

Noting that in the past [4-71 the Woods-Saxon squared type of radial 
dependences have been used for real, as well as for both the real and the imaginary 
parts of the optical potential for describing the elastic angular distributions of the 
alpha particles over a broad angular range, we also carried out an analysis of our 
data in terms of the optical model with Woods-Saxon squared radial dependences 
(m = 1, n = 2; m = 2, n = 1) of the optical potential. The results of this analysis are 
shown in figure 2. It turns out that the potential with m = 1, n = 2 (full curve) gives an 
overall better representation of the data in the entire angular range compared with 
the m = n = 1 combination (see figure 1). With m = 1, n = 2 combination there is 
another family of the potential parameters (dotted curve) which gives an even better 
fit in the angular range from e,, - 10" to 70" hut worse beyond 70". Of course, the 
m = 2, n = 1 potential set (broken curve) provides by far the best representation of 
our data in the entire angular range. Thus the present data favour a Woods-Saxon 
squared form for the real part of the potential. This has also been noted by 
Roberson et al [4] for 46.48,5(tIi at E, = 140 MeV, and by Pes1 et a1 (71 for "Ca. 'Vi 
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Figure 2. The ratio of the differential elastic cross section to the Rutherford cross 
section plotted as a function of centre-of-mass angle along with the fits obtained using 
the optical model having Woads-Saxon squared type ptentials. The full a w e  
corresponds to potential set B, the dotted curve to set C and the broken C U N ~  to set D 
..c ."lrL 1 
"1 L P Y . C  1. 

and "Cr at 104Mev, in addition to Gubler et a1 [6] for ' q i  and "Cr in a broad 
energy range. In a separate analysis of or + 40Ca data, Gubler et a1 [8] argued that 
an optical potential with real part raised to the power 2.65 closely resembles the 

might as well be a physically reasonable form to be employed to provide good fits to 
the elastic data. All the optical potential parameters are listed in table 1. In the 
same table the X2-values per degree of freedom and the reaction cross sections 
obtained from the optical model analysis are also given. It may be mentioned that 
an attempt with m = n = 2 combination resulted in a hopeless fit (not shown in 

It might be mentioned that for elastic scattering of or-particles the Fourier- 
Bessel potential has been used in place of the conventional Woods-Saxon form 
[9-111. However, it is not very efficient to use such a potential unless data cover a 
sufficiently large angular range. In addition, the number of parameters increases 
from 6 in the convential optical potential to about 15 or so. The Fourier-Bessel 
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Table 1. Optical model parameters deduced from elastic scattering angular distribution, 
y2-per degree of freedom, and total reaction cross sections. 

Total reaction 
VR rn a. V, rI a, Form factor cross section 

Set (MeV) (fm) (fm) (MeV) (fm) (fm) powers x2 (b) 

A 148.W 1.452 0,546 30.00 1.520 0.395 m = l , n = l  38.87 1.365 
B 146.97 1.439 0.589 22.34 1.749 0.493 m = l , n = 2  17.88 1.386 
C 136.58 1.466 0.571 29.06 1.710 0.549 m = l , n = 2  23.03 1.390 
D 92.46 1.603 1.103 14.79 1.706 0.402 m = Z , n = l  16.52 1.398 
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potential provides better representation of the elastic data at larger angles (see 
[IO, 111 for example). This approach is not really model independent in the sense 
that the number of terms involved and the cut-off radius can only be varied within 
certain reasonable limits and, of course there is some dependence on the initial 
values of the parameters of the Woods-Saxon potential 191. We, however, did not 
attempt to use this type of potential for the present analysis. 

We also calculated the strong absorption radius using the relation [12] 

R,,= ( q / k ) l l +  [ I +  (La+ l/2)'/q21"7 (3) 
where I,, is the value of the orbital angular momentum for which the transmission 
coefficient becomes 0.5, q is the Sommerfeld parameter and k is the wavenumher. 
The R,, was found to be 7.651fm, which compares very well with the value of 
7.692 fm reported by Fernandez and Blair [l] at 42 MeV. 

3.1.1. Notch perfurbafion test. Radial sensitivity of the optical potential to elastic 
scattering was investigated by carrying out a radial notch perturbation test [13]. The 
usual procedure of introducing a radial perturbation in the potential into a localized 
radial region and seeing its effects on the predicted cross sections was followed. We 
multiplied the potential by a perturbing factor (for the real part R and the imaginary 
part I) as follows 

where 
",(r) = VR(IIfR(d1 - 4dfp(r)[l -f&)I) 

fp(r) = (1  + exp[(r - R,)/a,l)-' 

(4) 

( 5 )  
and d was taken as unity. 

The position of the centre of this notch is the R, parameter, which was varied 
from 4 to IOfm. The value of U ,  was kept at 0 . l fm  in both the real and imaginary 
cases. The values of x2 were calculated separately for real and imaginary parts in 
steps of 0.5 fm. Figure 3 shows the plot of x2 as a function of notch radius R,. It is 
found that the x' maximum occurs at -5.7 fm for the real part and at -6 fm for the 
imaginary part. These values are well inside the strong absorption radius of -7.6 fm, 
calculated from equation (3). It might he pointed out that the use of a much weaker 
notch (d = 0.2, for example) gives the same overall behaviour as noted in figure 3 
(with d = 1.0). The ,y' maximum occurs at -5.8 fm for the real part and at -6.1 fm 
for the imaginary part. From figure 3 we infer that q i  nucleus appears effectively 
black to 35 MeV alpha particles within the first 4 fm of the radius. In the angular 
range of our data, a comparison of the predicted angular distribution with the 
perturbed potential having notches at r =5.7fm (for real) and r = 6 f m  (for 
imaginary) with the one using the unperturbed potential shows that the main 
angular region of sensitivity is for angles beyond -50". 

3.1.2. Dixrete potentia[ family ambiguities. In optical model analysis of low-energy 
elastic scattering data the existence of discrete family ambiguities is well known. It 
is, therefore, not possible to determine the real part of the potential uniquely. One 
can really obtain several discrete potentials giving equally good fits to the data. 
However, the range of these families can be narrowed down with the availability of 
the data over a large angular range. We determined the possible potential families 
that were allowed by the present data. The best fit potential with the usual 
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Fwe 3. The notch perturbation test: the ,y2-values plotted as a function of the notch 
radius for real and imaginary parts of the potential. 

Woods-Saxon form ( m  = n =  1 )  was taken as the zeroth family ( N = O )  and the 
potentials for N =  f l  families were given by [14]: 

V,,  = V, f (h/R,)[(E, ,  + V, - VC)/2m]'" + h2/8pR: (6) 
with R, = R,(1 + n'a$/R',)"', V, = 1.44 Z ,  x 2 / R ,  MeV as the Coulomb potential 
and as the reduced mass. Similarly V,, and higher families can be obtained. Using 
these values of the potential depths, and the R ,  and a,, the values of volume 
integrals (Jr) were calculated. The imaginary part of the potential was kept fixed and 
equal to the corresponding hest fit value (N = 0). The X2-values for various potential 
families including the ones which do not satisfy the family ambiguity condition were 
calculated. The results are plotted in figure 4 from where the discrete family 
ambiguity in potential values can be noted. As expected, there are large x2 values 
(the maximum to minimum x2 value ratios ranging from -1.6 to -4) in between the 
various families. The data permit five potential families. It might be mentioned that 
Yntema and Satchler [3] obtained three sets of five-parameter potentials for T i  at 
43MeV with quite different real and imaginary depths but more or less similar 
X2-values. Of course, their data were limited to Olah = 51" only. 

3.1.3. Energy dependence of optical model parameters. In order to have an idea 
about the energy dependence of the strengths of real and imaginary parts of the 
optical potential for (Y + 9 i  we carried out six-parameter optical model fits to the 
data [2] and [3] and took the standard form potential parameters from [4] .  In this 
way the four (including our own) data sets indicated an energy dependence of the 
form 

V, = (155.9 - 0.40EC,) MeV (7) 
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Figure 4. Variation of the x2  per point as a function of the volume integral of the real 
potential (1,). The labels (-3), (-2). (-I), (0). (+l) ,  (+2), (+3) represent different 
discrete potential families discussed in the text. 

for the real part and 

V, = (19.50 + 0.016E,,) MeV 

for the imaginary part. It should be pointed out that we did get one family of 
potential parameters with V, = 151.12 and Vi = 19.50 which were included in the 
above mentioned data set to  get this (equations (7) and (8)) energy dependence of 
tuc ~ c a l  arru rmag~r ra~y  y a a .  liie u ry t i~  UI in= imaginary parr given in iabie i is of 
course much higher. 
.L ^ _ ^ ^ I  --A:-.--: TC. I._.L .c&L.:~...-:~~-~~-~ ~~~~ 

3.2. Inelastic scattering 

Inelastic scattering cross sections to the first excited state of '% at 0.889 MeV with 
spin 2+ were extracted from the corresponding inelastic yields to  get the inelastic 
scattering angular distribution. This angular distribution was analysed in terms of 
the collective model using the distorted-wave Born approximation. The distorted 
waves were generated by the optical potential (m = n = 1) deduced from the elastic 
data (see table 1). The DWBA calculations were carried out using the computer code 
DWUCK4 [15]. As can be seen in figure 5, the DWBA cakulations reproduce the data 
rather well until -90" beyond which the calculated values are somewhat higher. This 
analysis yielded a value of lB21 = 0.20 (obtained through the relation p:= 
(do /dn)E ip , / (do /dQ) I~~  at forward angles) for " v i  (0.889 MeV 2+ state) which 
compares very well with the p 2  = 0.19 ?c 0.01 obtained by Rebel et a1 [2] from the 
extended optical model, and agrees fully with p 2  = 0.20 obtained from the P 2 R  value 
reported by Roberson et a1 [4]. A value of B2 = 0.22 obtained from the deformation 
iength deduced b y  the Saciay group jig at 44 MeV, aiso agrees weii with our values 
of p2 .  The &values obtained by Yntema and Satchler [3] at 43 MeV using the three 
sets of optical potentials ranged between 0.206 and 0.227. The present &value 
agrees reasonably well with them. 
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Fiyre 5. Inelastic scattering cross Sections to the 0.889MeV, 2+ state of 4*ri plotted as 
a function of the centre-of-mass angle. The full curve is calculated using the DWBA 

formalism. 

4. Conclusion 

The measured elastic scattering angular distribution of alpha particles from T i  at 
35 MeV can be represented quite well with the standard optical potential up to  -75” 
or so. At larger angles only the overall behaviour of the data is reproduced. The 
non-standard form (Woods-Saxon for real part and Woods-Saxon squared for 
imaginary part) of the optical potential gave a reasonable description of the data 
between O,, = 10°-700 but not beyond that, particularly at larger angles. The best 
overall representation of the data was obtained with optical potential having the real 
part as Woods-Saxon squared and this imaginary part as a simple Woods-Saxon 
form. Thus the present data favour this type of potential and draw further support 
for its employment from the earlier analyses [4-71. 

The notch perturbation test reveals that the sensitive region of the potential for 
predicting the elastic scattering is from 4 to 7 f m  which is within the strong 
absorption radius of 1.6 fm. 

The present data allow only five acceptable families of the real part of the optical 
potential. 

The quadrupole deformation parameter (p2 = 0.20), deduced from the DWBA 

analysis of the inelastic data agrees very well with the corresponding values reported 
in the literature. 
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