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ABsTRACT

We measured s__ix_ fairiy complete_.\- angular distributlions of
elastic, inelastic. and a-transfer reactlans of the 'C+™Mg systenm
at:. E‘:'.t = 25.2 Me¥.:. We  performed coupled channels calculations
using the:. Algebralc Scattering. Theory . with nuclear algebraic
potentisal derlved  from- nuclear: phase shifts and using avallable
structure:.informations for--the lnelastlic coupling strengths. = The
back angle«rise- in-the.elastlc cross sectlion is: fully explaired by

the couplings between: elastic and transfer channels.

Angular distributions of elastic and lnelastic scattering
and x-transfer reactlions between na type nuclel of the s-d shell
present osclllatling shapes with strong rlse in the backward angular
r'eglonl’z’. Recent studies™* of the 2‘ll"lg-'-mO' system have
Indicated that the coupling between elastlc and ground state
a-transfer channels- can have an important con.tr'ibution to explain
the bacik angle anomalles cbserved 1n the elastic, inelastle and
transfer cross-sectlons. The recent work of Alhessid and
Iachelle™® has shown that their Algebrale Scattering Thecory (AST)
can be applled to heavy lon reactions, allowing the coupling of
several reaction channels.

We applled the AST to our seven reactlon channel data on
12Ci-z“b'[g system to show the correlation between channel couplings
and backward anomalles. We also derlved the f-dependence of the
.nuclear‘ algebralc potentlal from nuclear phase shifts and used ‘it
in our seven coupled-channela AST cnlcuiatlons. Detmlls of the AST
should be found in references § and 6 and references thereln.

In the algebraic approach the funetlonal form of the

S-matrix 1s determined from assumptlons. about the dynamlc symmelry
of the relative motlon of celliding particles. No - explictt
reference 1s made to potentials and Schrédinger equation; the cross.
sections are directly calculated from  the S;ma.trlx. The maln:
advantage of this algebralc approach s that the wmultichanpel.
situation can be easily generallzed from the one-channel problem,
solving & set of coupled algebralc equations instead of coupled
differential equations.
. In the case of heavy ton scattering near the Coulomb
barrler, Alhassld and Iachelle™® Iassumed -that. the S-matrix
derived from S0(3,1) algebra (eq. 1)} Is valid ln the presence of
the nuclear petential: .
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where the total algebraic potential v(& k} can.be written as:.




. _  uzze® : .
VLK) = v (k) + v (LK) = ot @

where v (tk}: is. called the - algebraic’ nuclear - potential and.

absorption can: be-.taken: lnto account: by making. vxgz.k) ‘complex.

Data. can. be analyzed:. using. simple . models for- the E—aependence of"

'V (£, k}.: and Alhassid-Tachelle  used: a .Woods-Saxon. é-dependence to
a.nal,vse the: data’of. %0+ Mg at 27: 8 Hev®). _
_ - However, - it seened: interesting. “to - determine - the
£ide§endence of: the algebrale nuclear potential that corresponds to

& Houds—-Saxon potential tn- r-space, {.e. that has the same elastic '

‘scattering: S-matrix,

For & real potenttal, the nucIlea.r phasée shifts are

're-'lated:i—__to “the algebralc nuclear potential by .the following

relationg::
8k} = Arg. I (Bistv (6D T (31
e Redlk) v LR
_65(k1.== v (lk)pen) + E listse— — ¥ete -m' o (4
n=a

whér_e--.&i(k]' ai'e-_'thé-r"ea;l. phase .. shifts and: $(&+1} is  the
Digamma-function... For- high-angular momenta.the bracket In the

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

Sylkh- = v (LKL _ (5)
SR £ o :
. ,‘He--c[_educed:-.nume_r.-lcal;l.y. the algebralc nuéléar petent.ial by
" an-iterative method. using eq.. (4). and (5) that.glves exactly the
sane. nuclear phaSe shifts- obtalned solving Schréid-i_nger equation for
& r-eal Hoods-Saxon well

" The real- algebraic nuclear potential obtained numerically

in this lte'r-ative.. procedure,. can- be. fitted by the -i‘ol-l-owln"g
empirlcal parametrization:

1.6

exp [—
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real _ o
Va (Lx) =

. +1 —E‘O S
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(6)

We assumed a simllar f-dependence for the imaginary part.

of vn__(é. k).

In figure i we present our experimental elastlc angular

distribution of Mg('%c,'®)™Mg, together with results of AST

‘using the above algebralc potential-{eq.2 and. B} (solid line) and.

of optlcal model caleculations (dashed Iine): The perameters used: .

in AST approach are V = 2.0, V =.5,0, C = 14.5 and A = 1.7. The
optical potentlal para.meter‘s are ¥ o= 10 MeV, T = 1.318 fm;, & =

0.618 fm, W= 23. 4 MeV,. l‘or = 1,:199 ‘Fm. and.az'n 0552 fm.. ‘Both:
caiculations- reproduce well :the' . forward “angle *reglon  and’

underestimate: -the- backward cross-section, 'a: fedture common to~

strongly a.bsorblflg potentials.
The osclillations and back angle rise could be reproduced.

by - decreasing A or VI. In analogy to sharp edge or surface.

transparent optical potentl_als. However our alm was not Just
reproduce the beckward anomaly but get a better: understanding of
the: origln of these anomalies. We will swe in the following that

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

the elastic cross. sectlion.
In the case of n coupled reaction-channels, the algebraic

potential becomes an' mam symmetric complex matrlx. The diagonai

-elements correspond to potentlals producing elastic scattering in
.“cha.nnels 1 =1,2,...,n and the off-dlagonal elements vu' correspend. -

to coupling petentials' producing transltlons between states 1 and.

SBI

J- The S-matrix 1s calculated dlagonalizing the matrix v "The
do

cross sectlons A are- easily: obtalned from the elements SU' of
] s
the S-matrix.
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We: used the same  f-dependence for the off-dlagonal

element. ,vu- as:.ln. ref. B. . It 1s.a Woods-Saxon derivative

:_Zfdep_endence-.. for- the nuclear; part and-a 1 de'pendence for the long

&
range: Coulomb-excitation:
R

-.;v‘_J.F_!-kJ_, = - Myy GE.

A
- | oCJ. .
"IU T] for &> Euc

where: tﬂ- is. the Coulomb grazling angular mamentum, n_':j_ and _n':j are

the nuclear and. -Coulomb coupilng strengths and A is the

multipolarity of the inelastic exclitatlion. We made some
calculatlon usign-Gaussian form factors for -the nuclear -part of v

vl-j.-- Using. the. -rotational. frame approxlmat.ion".' the: spin
depe.ndence can  be taken Into account and the- inelastic coupling
“'strengths: béi;ueen states with.spins | and J should be proportional

N T

iy oa i
e /B (o s <. J]g, 1> (8):
0 0 0§, 'A. ’

,I'F'

The reduced matrix elements.-'(.j"Q;\ﬂLS: can be related to

B(EA; 1]} for. the. Coulomb. exclitation and to B?\ for the inelastic

nuclear - excitatlion. Then - the 'nJ values can be related to
avallable structure mformation for‘ the lnelastic transitions

In. the followlng we describe. the. experimental procedure
a_._nd_re'sults.f

We measured at Ecn =.25.2 MeV six falrly complete angular

15..
and: the- conclusiens: were nob. affected by the functiomal form of -

distributions for the s&stem 121.’.'+2“l'13 namely the elastic.

scattering  “ug('%c, Fcr®Mg se.t the lnelastic’  scatterings
Pg(*%c, Po)*ug (2N 137 MeVJ and ZmMpc'%c, 12c}z"l-sg (4‘+2"‘ 4.2
HeV} and the a-transfer r‘eactlons Mg( C 1801 s’

g%, %0)®%Ne (2", 1.63 Mev), ZMg('%c,0rPe (4%,4.25 Hev).

The beam of '°C was obtained from the S&c Paulo  Pelletron
Accelerator and was focussed oh an lsoctopieally enriched 2“.Mg
target of 50 ug/cme' é.vapcrated. 61’1: Carbkon. backlng and cqnts_.lning a
small amount of Bl The outgging. pax}tlcles were detected by 'a
telescope consisting of a positlon sensitive: .lon.lza.tion_ cha_rﬁber
followed by SI eurface baprier -detectors. 'TheL hq.ckﬁard ‘angle:
reglon- of the angular distributions: was measured detecting. the
hea.vier--recoil particies: 2o and'-z'Mg Ain the forward hemlsphere

The experimenta.l resolution was  not sufficlent to separate the

- doublet in Mg at 4.12 MeV({4') and 4.24 MeV (2'").

The experimental angular distributliens are presented on
fig.. 2. The elastic _a.nd lneldstic,.cross sections. present . smooth
escillation in the forward angle reglon: and strong rlse. ln
lntermediaté and backward angles. . All the transt:?et:‘. raactions. have
strong. rise In the  back engle reglﬁn _presentlng a.ngula.r
dlstributlons which are almost. symmetrlca.l a.r-ound 80°,

We. performed coupled channels calculations ustng AST,
with.7 channels to reproduce- _the_six measured angular dis_tnlbutlgns-‘
of " the 12C+2*Mg system.  The calculated cross sectlons for - the.
inelastlc__ll" and 2'° states were summed to compare: with the

experimental angular distributlon. In flg. 2 we _show. the results

of these calculatlons together wlth:the experimental data..

Pé.ram_ete:‘s of the off-diagonal couﬁling.for‘m Ea&:tors.EUR.
UI_. EO,A)U (Table 1) were determined by fitting the . perlod,. phase.
and  ampiitude of oscillatlons In the forward angle . regiton. of
inelastic and transfer cross sectlions. OQur- experimental data.,.'
presenting many well deflned osclllatlons up to the _1ﬁtgr§nedlal’,e-__
angle. reglion, allow a very accurate determination.of 80- and A

values of the coupling form. factors. We. used. the same parameters




for-all ‘lne'last.ic. and transfer trans'iti.‘_c}ns respectively, though f.hé
Eo' of " the: form: f'actors should decrease with increasing excitation
'ene'rgy.'. - Due: - .to this-. approxlma.tion the oscillations of the 4
transfer cross- section. gekt. out. of pha.se far 1ntermediate angles_
{5ee Flgure 2}. i

The- pa.rametérs- that define the diagonal - matrix- elements:
of" the- outgolng: channel. '"0+°%Ne, were determined by fitting the-
experihental’ -mnguiar ‘distributlon® of ‘the 185+ él-asti_c:_

scatfer'fng. at E-‘ =22:2 MeV'(:see 'fkg 1}. The. inelastic: couplling
" strengths: [Coulomb and nuclear): were- calculated: from experlmental
. B{EX) and B " values using eq. (8} and the absolute. norrnallza.tion is
obta.lnec! by f}.tting the 2* 1neIast1c angula.r distribution. The
'hexadecapole def‘ormations (B V-of Mg and PNe were alse included,

'produclng direct coupling betwaen ‘the 0% and 4 states, The‘_
transfer ._.coup_ung strengths were adjusted ta fit the magnltude of

the. transfer- cross sectlohs . ‘Table- II shows the. structure
1nfor-mar.tiona avalleble and - the "1 values: used ln the seven coupled
channels caiculatlon.

The flts are. ln very' good agreement with the data. ~ The.

abzolute: ma_gn!.tude, -the: perlod: and. phase of oscillations. and the

backward: rise-are well 'beproddced‘ " The-only cross. sectlon whi'ch is’

someuhal: under-esl:tmated by the: calculaticns is oi‘ the sum of the
and 2t states The: couleng strengths were- derived from
vaila.ble B(EX) and ’BJ\ informat tons.. ’

In. fig: 3 ve. shou the: eff‘ect on: the. elastlc angular

distributlcn-due to. the coupling of. transfer channels: added one by

. .ope:. We can verify that:the backward increase. in the ela_stlc' cross:

section- comes: from: the. coupling -to. the transfer states. The

contributien of ‘exclted transfer states s very important. Similar

‘ calcui‘ations. coupling only with inelastic 2* and 4" states, have

shown that the-effect:of the 1nelast1c coupllings:is much weaker at
back angles,.
Concludlng,_ we - measured sBix falrly compiete anguiar

distributlons of elastlc, Inelastic and a~transfer reactlons of the

e+ g aysten at E., = 25.2 MeV. " We used the AST to couple ail

the channels measured in our experlment; We determined the form of

the: nuclear algebrale potentlal from. nuclear phase shifts and tts

parimeters by fitting the incoming and outgolag elastlc scatfering

data, . The 1né_last1c coeupling strengths were: derived from avallable

B(EA) and BA Informatlions . and a good fit was obtained for all

cha.nn_el_s. The ‘back angle rilse In the :elasti'c cross. s_éction is. .

fully explained by the coupling. between elastic and transfer

channels.
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FioURe CAPTIONS

' Flgﬁre

Figure.

Flgure: .

1.

2.

Experimental elastic angular cllisstgibutlbn of.E2C+24Mg
measured . in this workm and of 0O+ Ne (ref. 8). The

solld lipes are AST calculations with parameters -

presented on tabie I. The dashed line ls optlcal model
calculation, Its paramebers atre quoted 1ln text. -

Experimental angular distributions of Iindicated reac~
tions, measured- in thls. work. The. solid lines are the
result of the calculations coupling seven. reactlons
channels. in the AST scheme. Paraméters used are
presented on- tables I and:II. ’

Experimental elastlc a.rigular distribvutlion of 12C+-24'Mg.

The dashed~dot' line is the result of AST calculation
without any couplings, .the dotted Iine with coupling.
between, elastic and - ground-state transfer channels,.

dashed line with couplings to a* g.nd 2: transi;er' states,
solld line wlth couplings te 0, 2 " and 4 transfer
states. .

11

TaBLE CAPTIONS

Table I,

Table 11.

The reactlons channeis with parameters characterlzlng the: ..

diagonal elements MY and off dlagon@l_element_s_vl_j_._

The avallable structure. informations. and: the:-couplling
strenghts- used:: in  the: AST calculations.'. They - were

dgdu’ced- using equation. 8 and normalized for the first.
0 2 2 lneiastic transltlon. Couplings' hot::quoted. were-

not ceonsidered in the calculatioh.

12
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Tabie I ' Table IT

| - — ) N
f ) “[Channel [Reaction Channel @ |[Diagonal Elements vy j|0Ff-diagonal ele- Nucleus |Inelastic- Transitions B(EA: 1)) B, n‘fJ KW
o : ments v '
o~ T . 1J - 1 5 eZrn
J RlVi b bel 2 U |Ur |8 2%y 07427(1.37 Mev 4302 1+0.45%%[-0.27 | 0.081
. . - ] — 2 37 MeV 4. Vit o1 -0. .18
RO £ o - o e o i e e by ey e e e et e e B I el et
b [Tee Mg e+ * Moy | o |2.0/ei0l14.5[10.0(1.7|6.0]1.5|17.5 lo.8 0t aa H a2 e " oab -05 *g-ggs “3-01
— e | ) | —_— e : -0. .02
RN S SO-7 N I e b b ‘ - i
2 C+™ Mg+ “C+ Mg(2" ) |-1:37|2.0]6:0114.5]|10.0|1.7(6.0| 1. 5117, 5. . - =
_ He Mga'y ) I ! o 9_‘.‘ - ! D_g <One 072" (1.63 Mev 370p +0.40%%-0,25 | 0.074
g 12C+24Mg-)12C+24Mg(4 ) l-ai12{a.0fs.0)14:5]10.0f1. 7|6, 0| 1.5|17'5 |o.g 0*9@“?2 g;-v;t-f)(a:.zs Me¥) mgggc 0. 16°+ & ‘g-gz g-éﬁ
: ! : 4. eV} . +0. e i & .
SRR -5 2412, 24 il omaals o PRE Sl il bnaey — :
oo C+ Mg > o+ Mgttt | -a:2412.0/6:0]12.510.0|1.7|8.0|1.517. 5 0.9 54 =5 = T
w2 - F N TR U P A _— Transfer Transitions Sq[ Mglll) = ""Nelj)+e) nu nw'
5 | 4Hg—> 0+*MNeto’ ) |-2:15(2.0(6.0/14.0/10.01.515.0| 1.5/ 18.85 0. 4. Los :
| o e | e | e | — | — S (theon
& 2 g%+ ne(2) |-3.78(2.0(6.0|14.0|10.0/1.5|5.0]1.5|15.85 0.2 q{exm gl theor)
- - | — | ——— | —]—— _— 28, .+ 30 4 : :
7 12C+24Mg~;160+20Ne{2 Y. [-6.40]2.0(6.0|14.0{10.0|1.5/8.0(1.5/18.85]0.4 24M8(0, ) > 5 Net0 ) o.21f | 0.35% o | 0.0275]
24MB(00) -+ SoNe(2]} a. 19F 0.05 0 0.046 -
Ma(o;) » J Ne(4)) 0.87" 0.28% 9 | 0.068
24M8(2,) 5 SoNe(0]) - 0.138 o 0.018
Mg(a™) » ““Nelo™) - o8 0 0
: & ~ Ref. § b - Ref. 10 : ¢ - Ref. 11
d - Ref. t2 e - Ref, 1% £ - Ref, 14
g - Ref. 15 : o
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