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ABSTRACT

We Measured six fairly complete angular distributions of

elastic. Inelastic and a-transfer reactions of the UO 2*Hg syste*

at E - 25.2 MeV. We performed coupled channels calculations

using the Algebraic Scattering Theory with nuclear algebraic

potential derived fro» nuclear phase shifts and using available

structure Informations for ihe inelastic coupling strengths. The

back angle rise in the elastic cross section is fully explained by

the couplings between elastic and transfer channels.



Angular distributions or elastic and inelastic scattering

and ct-transfer reactions between na type nuclei of the s-d shell

present oscillating shapes with strong rise In the backward angular

region1'31. Recent studies3'41 of the 2*Mg*t60 system have

indicated that the coupling between elastic and ground state

a-transfer channels can have an Important contribution to explain

the back angle anomalies observed In the elastic, inelastic and

transfer cross-sections. The recent work of Alhassld and

lachello8'" has shown that their Algebraic Scattering Theory (AST)

can be applied to heavy ion reactions, allowing the coupling of

several reaction channels.

We applied the AST to our seven reaction channel data on
13C+24Mg system to show the correlation between channel couplings

and backward anomalies. We also derived the {-dependence of the

nuclear algebraic potential fro* nuclear phase shifts and used it

In our seven coupled-channels AST calculations. Details of tho AST

should be found in references 5 and 6 and references therein.

In the algebraic approach the functional fora of the

S-natrix is determined from assumptions about the dynamic symmetry

cf the relative motion of colliding particles. No explicit

reference Is made to potentials and Schrodlnger equation; the cross

sections are directly calculated from the S-matrlx. The main

advantage of this algebraic approach Is that the multichannel,

situation can be easily ̂ generali zed froa the one-channel problem,

solving a set of coupled algebraic equations Instead of coupled

differential equations.

In the case of heavy Ion scattering near the Coulomb

barrier, Alhassld and lachello*'6' assumed that the S-matrlx

derived from 50(3,1) algebra (eq. 1) is valid in the presence of

the nuclear potential:

where the total algebraic potential v((,k) can be written
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where vB(/,k) is called the algebraic nuclear potential and

absorption can be taken into account by Baking v (t,k) complex.

Data can be analyzed using sluple Models for the t-dependence of

v (£,k) and Alhassld-Iacbello used a Moods-Saxon ^-dependence to

analyse the data of "(H^Mg at 27.8 MeV8'61.

However, it seesed Interesting to deteralne the

{-dependence of the algebraic nuclear potential that corresponds to

a Woods-Saxon potential In r-space. I.e. that has the sane elastic

scattering S-aatrix.

For a real potential, the nuclear phase shifts are

related to the algebraic nuclear potential by the follovlrg

relations?

*£(k) • Arg T (ffrlHv ((.k)) (3)

n«0

where 6£(k) are the real phase shifts and K M ) is the

Dlgaama-functlon. For high angular momenta the bracket in the

right side of eq. (4) vanishes and we can write

í,(k) • vU,kWl*l) (5)

We deduced miner1cally the algebraic nuclear potential by

an Iterative sethod using eq. (4) and (5) that gives exactly the

saae> nuclear phase shifts obtained solving Schrddinger equation for

a real Woods-Saxon well.

The real algebraic nuclear potential obtained numerically



In this Iterative procedure, can be fitted by the following

empirical parajwtrlzatlon:

««

™P

We assumed a similar {-dependence for the Imaginary part

of vK(t.k).

In figure 1 we present our experimental elastic angular
distribution of 21Mg(l8C,l2C)a*Mg. together with results of AST
using the above algebraic potential (eq.2 and 6) (solid line) and
of optical model calculations (dashed Une). The parameters used
In AST approach are V - 2.0. V • 5.0, t - 14.5 and A « 1.7. The

R I O

optical potential parameters are V • 10 HeV, r - 1.318 fn. a «

0.618 fm, W > 23.4 HeV. r^ « 1.1S9 fm and a( • 0.552 fm. Both

calculations reproduce well the forward angle region and

underestimate the backward cross-section, a feature common to

strongly absorbing potentials.

The oscillations and back angle rise could be reproduced

by decreasing a or V , In analogy to sharp edge or surface

transparent optical potentials. However our aim was not Just

reproduce the backward anomaly but get a better understanding of

the origin of these anomalies. Ve will s«e In the following that

the Inclusion of a-transfer couplings produces the backward rise in

the elastic cross section.

In the case of n coupled reaction-channels, the algebraic

potential becomes an n*n symmetric complex matrix. The diagonal

•elements correspond to potentials producing elastic scattering in

'channels 1 - l,2,...,n and the off-diagonal elements v correspond

to coupling potentials producing transitions between states 1 and

J. The S-aatrlx Is calculated dlagonallzlng the matrix v*'". The

cross sections [|s| are easily obtained from the elements 5 of
the S-matrlx.



We used the same (-dependence for the off-diagonal
element v as In ref. 6. It Is a Woods-Saxon derivative

I.^-dependence for the nuclear purl and a. -y dependence for the long

range Coulomb excitation:

for I < I

(7)

f o r l > l !
i e

where I Is the Coulomb grazing angular momentum, q and q' are
eC IJ 1J

the nuclear and Coulomb coupling strengths and X Is the

mult lpolarlty of the Inelastic excitation. We made some

calculation uslgn Gaussian for» factors for the nuclear part of v

and the conclusions were not affected by the functional form of

v . Using the rotational frame approximation , the spin

dependence can be taken Into account and the Inelastic coupling

strengths between states with spins 1 and J should be proportional

to:

l
< J|QA|1> (8)

The reduced matrix elements <j|Qx|l> can be related to

B(EX;i-»J) for the Coulomb excitation and to (J^ for the Inelastic

nuclear excitation. Then the q values can be related to

available structure Information for the Inelastic transitions.

In the following we describe the experimental procedure

and results.

We measured at E » 25.2 MeV six fairly complete angular



distributions for the system laC+MMg. namely the elastic

scattering "Mgí^C.^O^Hg m . the Inelastic scatterings
c.^l^Hg (2*. 1.37 HeV) mnd MHg(t2C.l2C)MMg (4%2f*.4.2

MeV) and the a-transfer reactions ^ . .

(2*.1.63 HeV). ^ ( " c / ' o j ^ N e C4*.4.25 HeV).
The beam of _ **C was obtained fro* the Sio Paulo Pelletron

Accelerator and was focussed on an lsotoplcally enriched M H g

target of 50 Mg/ca evaporated on Carbon backing and containing a

small aaount of Bl. The outgoing particles were detected by a

telescope consisting of a position sensitive lonlzatlon chamber

followed by SI surface barrier detectors. The backward angle

region of the angular distributions was Measured detecting the
20 24

heavier recoil particles Ne and Hg In the forward hemisphere.

The experimental resolution was not sufficient to separate the

doublet In MKg at 4.12 HeV(4*) and 4.24 HeV (2**).

The experlaental angular distributions are presented on

fig. 2. The elastic and Inelastic cross sections present smooth

oscillation In the forward angle region and strong rise In

lnteraedlate and backward angles. All the transfer reactions have

strong rise In the back angle region, presenting angular

distributions which are almost symmetrical around 90*.

We performed coupled channels calculations using AST,

with 7 channels to reproduce the six neasured angular distributions*

of the 12O2*Hg system. The calculated cross sections for the

Inelastic 4* and 2'* spates were sunned to compare with the

experimental angular distribution. In fig. Z we show the results

x>r these calculations together with the experlaental data.

Parameters of the off-diagonal coupling fora factors (U ,
Ul' <»' A )II

 (TabIe l) "*** determined by fitting the period, phase

and amplitude of oscillations In the forward angle region of

Inelastic and transfer cross sections. Our experimental data,

presenting aany well defined oscillations up to the lnteraedlate

angle region, allow n very accurate determination of I and A

values of the coupling fora factors. We used the same parameters
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for mil Inelastic and transfer transitions respectively, though the

€ of the for» factors should decrease with Increasing excitation

energy. Due to this approximation the oscillations of the 4*

transfer cross section get out of phase for Intermediate angles

(tee rigur» 2).

The- parameters that define the diagonal matrix elements

or the outgoing channel * W . *re determined by fitting the

experimental angular distribution"' of the ' ^ " W elastic

scattering at Ea - 22.2 MeV (see fig. 1). The Inelastic coupling

strengths (Coulomb and nuclear} were cm" culmted from experimental

B(E%) and (t> values using eq. (81 and the absolute normalization is

obtained by fitting the 2* inelastic angular distribution. The

hexadecapole deformations O J of MHg and * W were also Included,

producing direct coupling between the 0* and 4* states. The

transfer coupling strengths were adjusted to fit the magnitude of

the transfer cross sections. Table II shows the structure

Informations available and the * values used In the seven coupled

channels calculation.

The fits are In very good agreement with the data. The

absolute magnitude, the period and phase of oscillations and the

backward rise are well reproduced. The only cross section which is

somewhat under-estimated by the calculations is of the sum of the

4* and 2'* states. The coupling strengths were derived from

available B(EA) and 0. Informations.

In fig. 3 we show the effect on the elastic angular

distribution due to the coupling of transfer channels added one by

one. We can verify that the backward Increase In the elastic cross

section comes from the coupling to the transfer states. The

contribution of excited transfer states is very Important. Similar

calculations, coupling only with Inelastic 2* and 4* states, have

shown that the effect of the Inelastic couplings Is much weaker at

back angles.

Concluding, we measured six fairly complete angular

distributions of elastic, Inelastic UIKJ a-transfer reactions of the



syste» at E ^ - 25.2 HeV. II» used the AST to couple all

the channels Measured In our experiment. V* determined the fore, of

the nuclear algebraic potential fro» nuclear phase shifts and Its

paraaeters by fitting the lncoalng and outgoing elastic scattering

data. The Inelastic coupling strengths were derived frost available

B(EA) and 0. Informations and a good fit uas obtained for all

channels. The back angle rise In the elastic cross section .Is

fully explained by the coupling between elastic and transfer

channels.
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FIGURE CAPTIONS

Figure 1. Experimental elastic angular distribution or 12C»3*Hg
aeasured In this works and of O**°Ne (ref. 8). The
solid lines are AST calculations with parameters
presented on table I. The dashed line Is optical model
calculation. Its parameters are quoted In text.

Figure 2. Experimental angular distributions of Indicated reac-
tions, measured In this work. The solid lines are the
result of the calculations coupling seven reactions
channels in the AST scheme. Parameters used are
presented on tables I and II.

Figure 3. Experimental elastic angular» distribution of 12C*2*Mg.
The dashed-dot line is the result of AST calculation

without any couplings, the dotted line with coupling
between elastic and ground-state transfer channels,
dashed line with couplings to 0 and 2 transfer states,
solid line vith couplings to 0*. 2* and 4* transfer
states.
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TABLE CAPTIONS

Table I. The reactions channels with parameters characterizing the
diagonal elements v and off diagonal elements v .

Table II. The available structure Informations and the coupling
strenghts used In the AST calculations. They were
deduced using equation 8 and normalized for the first
0* •» 2* Inelastic transition. Couplings not quoted were
not considered In the calculation.
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Table I

Channel

n*

J

t

2

3

4

5

6

7

Reaction Channel

1 -> J

l2C*2«ng->12C*ZW>

12C424Mg.12C*24Mg(4*)

I2C*ZV»"c*24Mg(2'*>

1W1VlWl

Q

0

-1.37

-4.12

-4.24

-2.15

-3.78

-6.40

Diagonal

VR

2.0

2 . 0

2 . 0

2 .0

2 .0

2 .0

2.0

VI

6.0

6 .0

6.0

6 .0

6 .0

6 .0

6 .0

El eaents

*o

14.5

14.5

14.5

14.5

14.0

14.0

14.0

*oc

10.0

10.0

10.0

10.0

10.0

10.0

10.0

vu

A

1.7

1.7

1.7

1.7

1.5

1.5

1.5

orf-dlagonal ele-
ments v. .

UR

6.0

6 . 0

6 . 0

6 . 0

8.0

8 .0

8 .0

UI

l .S

1.5

l . S

1.5

1.5

1.5

1.5

'o

17.5

17.5

17.5

17.5

18.85

18.85

18.85

A

0.9

0.9

0.9

0.9

0 .4

0.4

0.4
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Table II

Nucleus

24Hg

Inelastic Transitions

1 -» J

0%2*(1.37 MeV)
2*(1.37 MeV)̂ 4 (4.12 MeV)
0 -»4 (4.12 MeV)
0 -»2' (4.24 MeV)

0*-*2*(1.63 MeV)
2 (1,63 MeV)-»4 (4.25 MeV)
0 -»4 (4.25 MeV)

Transfer Transitions

1 -» J

2jMg(0;) -» ̂ N e ( o : )
;TMg(O*) •» 2°Ne{2*)

24Mg(4*) •» ̂ NeiO*)

B(EX;1-*J)

e2f.2A

430*
106b

1100^
25b

370'

10990c

'A

•0.45C>d

-0.05C-d

>0.40C'd

40.19C>d

Sq(24Mg(i) - 20Ne(J)*«)

Sq(exp)

0.2lJ
0.19J.
0.871

5 (theor)
<l

0.358

0.058

0.28*
0.13*

0*

-0.27
-0.60
•0.24
-0.065

-0.25
-0.55
-0.74

<i

O
 O

 O
 O

 O

0.081
0.18

-0.01
0.02

0.074
0.164
0.044

'u

0.0275
0.046
0.068
0.018

0

a - Ref. 9
d - Ref. 12
g - Ref. 15

b - Rer. 10
e - Ref. 13

c - Ref. 11
f - Ref. 14
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