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Cross section angular distributions of Mg( 0, 0) Mg reaction 

at 50 MeV incident energy leading to the first four excited states ir. 

Mg and the elastic and inelastic scattering for 0 + Mg at 50 MeV 

and 0 + Mg at 56 MeV have been measured in order to investigate the 

reaction mechanism of the two-nucleon transfer reaction including the 

analysis of incident and exit channels. The measured angular distributions 

were analyzed in the framework of the EFR-DWBA. Two neutron trans/er 

amplitudes were determined using the 2s-!d shell model amplitudes cal

culated by Chung and Wildenthal. The large experimental cross section 

in contrast to the smallness of the direct transfer amplitude and the 

peculiar shape of the measured angular distribution of the lowest 2. 

state suggests that this level is mainly excited by two-step processes. 

It is shown that a CCBA calculation describes successfully the angular 
+ *)f\ 

distributions of the ground state and the 2 state in Mg, 

NUCLEAR REACTIONS Mg( 0, 0) Mg, E]8 0 = 50 MeV, measured o(0,E ) ; 
2 4Mg(' 80, 1 80) 2 4Mg, E-8 0 = 50 MeV and

 2 6Mg ( 1 60,' 60) 2 6Mg. El6 0 =
 5 5 M e V > 

elastic and inelastic scattering, measured o(G); enriched targets ; op

tical mode] paraniPtcx-s deduced from scattering : microscopic EFR-

. DWBA and CCBA analysis with shell-model wave functions. 



I. INTRODUCTION 

A previous investigation of the heavy-ion two-neutron transfer reaction 
9fi I ft 1 fi 9ft Mg( 0, 0) Mg demonstrated the necessity to include inelastic excitations 

of target and residual nuclei in terras of coupled-channel calculations in order 

to achieve quantitative agreement with measured cross section angular distri

butions, Remaining discrepancies were attributed to well known ambiguities in 
2-3 the choice of optical model (0M) parameters and the missing of consistent 

deformation parameters. It was pointed that a good description of the elastic 

and inelastic scattering data in the entrance and exit channels are needed for 

calculations in the framework of the distorted wave (DWBA) and coupled-channel 

Born approximation (CCBA). 

In the present investigation of the Hg( 0, 0) Mg reaction , we mea

sured the 0 + Mg and 0 + Mg elastic and inelastic scattering for a 

consistent determination of the parameters which should be used in DWBA and 

CCBA calculations. Exact finite range (EFR-) DW3A calculations of four low 
+ + 9fi ' 

lying 0 and 2 states in Mg are performed using two-nucleon reduced spec

troscopic amplitudes calculated from shell model transfer amplitudes 

( Mg-> Mg, E < 5 MeV) for the ( 0, 0) reaction. For reasons of comparison, 

spectroscopic amplitudes of the (t,p) reaction have been calculated. The re

sulting transfer probabilities are compared to the integrated measured cross 

sections of the ( 0, 0) and (t,p) reactions. 

Reducing ambiguities from OM and nuclear structure assumptions in this 

way,the ( 0, 0) stripping reaction on Mg is offering a critical test of 

the validity of reaction mechanism calculations of single-and multiple-step 
•. . 24 he shell model description of the Mg ground sta •. . 24 processes. The shell model description of the Mg ground state is dominated 

by the [d,,J , . ]_d,-.„|, configuration relative to the 0 core. In two 



neutron stripping onto Mg.the Mg ground state is formed predominantly by 

adding the two neutrons to the d-,, subshell. The population of the first ex-
+ 26 cited 2. level in Mg has to be attributed mainly to the excitation of 

protons,as a total spin of 3=2 cannot be obtained by coupling 6 neutrons in 
+ 26 the filled d, .- shell. Therefore the 2. level in Mg can be populated only 

by a two-step process via an inelastic target excitation. CCBA calculations 
+ + 

leading to the 0 ground state and 1.81 MeV 2. state will be presented. While 
a coupled-channel calculation is necessary for a description of the I.81 MeV 
+ 2 state it will be shown that the simple diffractional model of Frahn and 

Venter is able to reproduce the angular distributions of the 0 ground state 

and the 0 + state at 3.59 MeV. 

The experimental procedure and results will be presented first, followed 

by the semi-classical description of the quasi elastic transitions to the 0 

states. Then the coupled-channel analysis of the 0 + Mg and 0 + ~ Mg 

will be presented. The topics of the following sections will be the EFR-DWBA 

and the CCBA analysis of the transfer data. 

II. EXPERIMENTAL PROCEDURE 

The measurements of the Mg( 0, 0) Mg transfer reaction and the 

elastic and inelastic scattering of Mg( 0, 0') Mg and ' Mg( 0, 0')" Mg 

have been carried out using the 6 atomic charge state of the 0 and 0 

beams of the Saclay super FN tandem accelerator. The beam was focussed through 
2 an entrance slit system of 1.5 x 2.0 mm opening onto the targets of isotopically 

ni r\r 
enriched Mg (enrichment ; 99.7 %) and Mg (enrichment : 99.77 % ) . Both 

-2 . -2 
magnesium targets of 100 ± 20 ug cm thickness were evaporated on 25 ug cm 

-2 thick carbon backings with.a thin geld layer (about 1 pg cm ). To prevent 

evaporation of the magnesium during the experiment the targets were covered 
-2 with a 7 ug cm carbon layer. 



- 4 -

Outgoing reaction products of the ( 0, 0) reaction were momentum 

analyzed in the Saclay Q3D magnetic spectrometer and detected by a two-stage 

gas counter of 60 cm effective length mounted along the focal plane. The first 

stage was a transmission resistive wire gas counter providing the energy-loss 

signal and the position information. The second counter measured the residual 

energy E of the detected particles. Identification of the 0 particles was 

achieved by appropriate windows in the ÛE and E r spectra which were corrected 

for energy variation along the detector plane. 

The solid angle was defined by horizontal and vertical entrance slits 

of the Q3D spectrometer. The horizontal acceptance was ± 10 mrd small enough 

to resolve the oscillatory structure of the angular distributions. For a 

reasonable counting rate the vertical slits were opened to ± 60 mrd . 

A sample spectrum in Fig, I shows 7 strongly populated states in the exci

tation energy range up to 5.47 MeV. Energies, spins and parities shown were 

taken from the compilation of Endt and Van der Leun. The energy resolution 

was typically 300 keV. 

The dead time was determined by the ratio of the number of events from 

the two-stage counter with the number of events stored by the computer. 

All data are corrected for dead time losses which were typically 2 % and 

always smaller than 8 %. Relative cross sections were obtained by normalizing 

the number of counts of every measurement to the number of counts of elas-

tically scattered particles detected in a surface barrier detector located 

at 0, , = 30° in the scattering chamber. 

Absolute cross sections were determined by normalizing the relative 

cross sections to the forward elastic scattering data assumed to be purs 

Rutherford scattering. 

In order to optimize the counting efficiency the most abundant atomic 



8 charge state was measured. Charge state distributions were determined for 

three different energies. The results were found to be in agreement within 
o 

5 7- with values given by Marion and Young, 

1 ft ifi The overall uncertainty of the absolute cross sections of the ( 0, 0) 

measurements is estimated to be 15 Z resulting from uncertainties in the dead 

time correction factors, the charge state distribution,statistical error due 

to low counting rate and the deviation of the measured elastic scattering and 

the calculated Rutherford cross sections at forward angles. 

The elastic and inelastic scattering of 0 on Mg was measured with a 
9 

multi-telescope counter mounted in a scattering chamber. This detector consisted 

of a >AE resistive wire gas counter followed by a 5 cm long surface barrier si

licon detector providing the signal of the residual energy E . Seven entrance 

slits covered with thin gas tight Kapton foils were associated to seven 

different scattering angles separated by A6 = 2°, Vertical and horizontal 

apsrtures were ± 31 and ± 1,9 mrd respectively. The position measureme.it 

allowed to define the scattering angle while particle identification was 

achieved by windows in the AE and E spectra. To obtain total energy spectra 

AE and E signals were added. The high efficiency of this detector allows 

extensive measurements for large scattering angles. But for angles smaller 
than 6 =17° the counter did not allow to resolve the inelastic scattering cm & 

peak from the elastic one. Therefore for these angles, measurements were carried 

out using the Q3D spectrometer. 

In the angular range 0. . = J4° - 20°, where the 1.81 MeV inelastic peak 

of Mg overlaps with the Qxygen impurity peak, a W0 3 target was used to measure 

the oxygen contribution which was subtracted from the spectra. 

The 0 scattering on Kg was measured using the Q3D spectrometer in 

order to resolve the inelastic states. For angles 6 , > 37° the most abundant 
l a b *•• 

+ 7 charge state has been measured. 

http://measureme.it


III. EXPERIMENTAL RESULTS 

The sample spectrum of the Mg( 0, 0) Mg reaction displayed in 

"Fig. 1 shows seven strongly excited states of which the four low lying 

have been analyzed in this investigation. 

Angular distributions of these states, measured from 8, , = 8° to 31° in 

1° steps,are shown in Figs. 2 and 3 together with eye-guiding lines. No data 

could be taken for the ground state transition for 0. , = 8° - 12° because 
18 

of a nearby impurity peak of elastically scattered 0 particles due to pile-up 

effects. A pile-up rejection system reduced this impurity peak betwejr, 12° 

and 20° but this impurity prevented as from measuring the most forward angles. 

Strong oscillations are observed for the 0 ground state with a maxima 

to minima ratio of 20 and a periodicity of 6.5° which corresponds to a grazing 

wave with critical angular momentum of L - 28-h". The angular distribution of 
the second 0. state at E « 3.59 MeV shows oscillations which are in phase 2 x ' 
with the ground state oscillations but less pronounced. 

For both states the cross sections of the maxima are decreasing with the 

same slope with increasing scattering angles. 

The 2 + levels at E = 1.81 and 2.94 MeV (Fig. 3) have a slightly different 

periodicity of about 7° which corresponds to a critical angular momentum L = 26-h". 

Moreover the shape of the 2 angular distribution suggests the existence of 

other interfering contributions which shift the oscillations at angles larger 

than 35° and produce the forward angle enhancement. 

The unnatural parity 3 state at 3,94 MeV is not excited in the ( 0 , 0) 

reaction as can be seen from the spectrum in Fig. 1. This non observation con

firms the assumptions of the two neutron transfer calculation that sequential 

transfer processes are negligible and that the two neutrons are tranyferred in 



a Os relative state. The three states at E = 4.33, 4,84 and 5,47 MeV have 

been measured over a small angular range of 10° only. Therefore no angular dis

tributions are shown but the integrated cross sections will be used for the 

comparison with spectroscopic factors from shell model calculations and (t,p) 

reactions. 

The experimental results of the elastic and inelastic scattering of the 

incident and exit reaction channels are shown in Figs 4-8. The elastic scattering 

of 0 on Mg was measured at 50 MeV incident energy in the angular range 

8 = 8° - 72°. No oscillations are present at backward angles. Angular distri

butions of the excited states in 0 (E = 1.81 MeV) and Mg (E = 1.37 MeV) 

show the effects of the Coulomb-nuclear interference at forward angles. Missing 

data points and large error bars in this angular range are due to the presence 

of target contaminations. 

l f\ ?fi The 0 + Mg elastic scattering at 56 MeV incident energy was .measured 

from 9 •= 7° to 104°. Clear oscillations are observed for angles larger than cm ° 
6 = 50° which should provide a strong criterion for the determination of 

the optical model parameters. Oscillations at backward angles are also seen in 

the angular distributions of the inelastic scattering leading to the 2 states 

at E = 1.81 and 2.94 MeV. The oscillations of the lowest 2 state are out of 

phase with the elastic scattering oscillations as expected from the refraction 

effect. 

IV. SEMI-CLASSICAL DESCRIPTION 

The 0 and 0 elastic scattering data show the familiar rainbow maxi

mum and the small Fresnel diffraction minimum in the illuminated angle region. 

1 (\ Pfi The oscillations observed at larger scattering angles in 0 t Mg 

scattering are attributed to interferences between waves diffused and refracted 

by the nuclear potential respectively on each side of the target nucleus, the 



inner part being strongly absorptive. The angular spacing AG = 8° of these 

oscillations is related to the radiusof target (R.) and projectile-(R,) in the 

following way : A8 = 2ir/k(R +R ) with k = wave number (see Table J). The 

semi-classical model of Frahn and Venter offers a formulation of the S-matrix 

for the elastic scattering and for the transfer in terms of the same cut-off 

parameters. The transition amplitude f(8) is written 

. *° 
f(e) = ~^ L_ < 2* + 1> \ e xP (2 i<V ̂  < c o s 8) 

in which a is the coulomb phase shift for the £ partial wave and the re-' 

flection coefficient n is expressed in terms of a Woods-Saxon function 
L -2. _j 

g(£) = (1+exp —-— ) for both scattering and transfer reaction. 

The cut off angular momentum L is defined so that no scattering takes 

place if £ < L and complete absorption occurs if £ > L . In Table I the values 

of 6 and L , determined using the "quarter point" recipe are shown . The value 

of L is found to be very similar to the calculated grazing angular momentum L . c G 

In principle the diffuseness parameter A can be calculated from the 

magnitude of the rainbow maximum of the elastic angular distributions neglecting 
13 the relative phases of the interfering waves at the rainbow angle ). Instead 

of this questionable procedure A is expressed in terms of the thickness parameter 

d in the following way : A = kd f(sin 8 /2). 

1/3 1/3 R, the interaction radius is written as RQ(A. + A. ) where R is the second 

ajustable parameter. 

This simple parametrization provides excellent fits of Mg( 0, 0)~ Mg 

for both 0 states and for the Mg( 0, 0) ' Mg reaction using very similar 

values for d and R . These values have been shown to describe successfully 

different oxygen induced transfer reactions on Si and ' 2 6Ng targets. 
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In spite of its success to describe the L=0 transfer reactions, the use 

of this model is limited because only Coulomb phase shifts are considered 

which is known to be incorrect from DWBA and does not offer a chance to test 

nuclear structure effects. 

It would be useful, however, to connect the r\ parametrisation to the 

characteristics of the optical model potential utilized in elastic or in trans

fer calculations. 

V. COUPLED-CHANNEL ANALYSIS OF 0 + 26flg and 1 80 + 2'1Mg 

The elastic and inelastic angular distributions of the 0 + .Mg and 

the 0 + Mg scattering have been analysed using the coupled-channel code ECIS. 

In order to fit the data this program performs a least square optimization 

of the real and imaginary potential parameters and of the deformation length 

&r coupling the elastic and inelastic amplitudes. Identical deformations à 

were assumed for the real, imaginary and coulomb part of the potential. Th..' 

coulomb radius r was chosen to be equal to the real potential radius r . The 

starting vaiuesof Sr deduced from B(E2) measurements are presented in 

Table III with other results from heavy-ion inelastic flattering. 

, 16„ 26„ , , A, 0 + Mg channel. 

The search was initiated with potential parameters taken from a previous 
I r JO 

analysis of the 0 + Si system in which the elastic and inelastic scattering 

from 0° to 180°were analysed for different incident energies The resulting 

potential (PI) is listed in Table II and the curves are shown in Figs.6 and 7. 

An independent analysis of the 0 + MR elastic scattering, performed 
18 recently as a function of incident energies from 35 to 50 MeV leads to a 

W similar parameter set (P2 in Table II), The ratio vr which is connected with the 
oscillations and the geometrical parameters are not significantly different. The 
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reproduction of the oscillations of the elastic scattering is slightly improved 

but the inelastic, scattering fit is not as good as the results with P! (Figs. 6 

and 7), It should be mentioned that these oscillations found in the 0 + Mg 

are not observed in the 0 + Mg scattering. * A strong correlation between 

a and 8 has been found. The cross section magnitudes for inelastic scattering 

between 30° and 80° are proportional to (Br )". The uncertainties in the ab

solute inelastic cross-section lead to error bars on the gr final values which 

are estimated to be of the order of 10 %. 

_ 18„ 24„ . , 
B. 0 + Mg channel 

18 24 
The computer search for the best potentials for the 0 + Mg scattering 

18 28 I n 

was started with the parameters E 18-3 describing the 0 + Si system. It 

was not possible to include simultaneously the inelastic scattering to the 

+ 18 + 24 
2. of 0 and 2. of Mg in this calculation because the computer code did not 

allow this type of coupling. By including the inelastic channels separately, 

only the linear slope of the elastic curve at larger angles is slightly changed. 

In this way, two sets of parameters were, obtained (P4 and P5 on tab'îe II) which 

are identical except for a. small difference in the imaginary diffuseness a . 

In both inelastic curves, the interference structure at forward angles 

18 
is not perfectly reproduced. In the scattering of 0 on different Mi isotopes, 

similar discrepancies were observed for the ejectile excitation in a coupled 

channel analysis which included simultaneously ejectile, target excitations 

19 
and reorientation e.ffects. The determination of j5r__ is given by the fit of 

large angle measurements and should not depend on this discrepancy. The r.r 
v 

values, deduced from, the analysis of the 2 levels of 0, ~4Mg and i0Mt; are 

compared in Table III with other values from literature. 

However these potentials are round inadequate to reproduce the shape of 

the transfer with the DWBA and with the CCUA as will be discussed £urt'.i-ji . 
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20 . ' . 
A surface transparent potential P3 was the only one found, which could provide 
a reasonable agreement with the measured data. 

The scattering curves calculated with potential P3 appear on Figs.4 and 6. 
2 

Starting from potential P3 the minimization of the x did n o t drive to any si
gnificant improvement in reproducing the scattering of the transfer data .(Poten
tial P4 on Figs. 4 and 6). 

VI. EFR-DWBA AND CCBA CALCULATIONS 

21 
The generalized EFR-CCBA transfer amplitude can be written as : 

T E F R - C C B A V , if Xb7i'<2b-?b')<IB'MB'Sb'Mb'iV'IA'MA'S«'Ma'> « I v ^ - V ^ Â -A'a 
B'b' 

in which the wave functions x a u <* X a r e the generalised distorted wave 

(1) 

functions of the entrance and exit channels. These wave ''unctions are determined 

by the coupled channel analysis of the elastic and inelastic scattering as 

shown in the preceding section. The brackets <|j> correspond to the form factors 

associated to the different channels which contribute to the formation of a re

sidual nucleus SL?.ce. The DWBA implies the assumption that the direct channel 

dominates the transfer process. These direct terirs will be considered first in 

order to check the optical model potentials and to evaluate the discrepancies 

due to ignoring the coupling between the ground state and the excited states 

for these deformed nuclei. 

A. The two-nucleon form-factor 

In both the DWBA and the CCBA calculations, the form factors have the 

following form 

<I_MnS.M1!v|lAM..s M > = I <I„M„ ll.M,xS. M. |v|S M > de B 3 b T > ' ' A A a a . J B B ' A A b b ' ' a a x (2) 

The overlap integral on the right side of eq, 1 is expressed in terms of two 

nucléon spectroscopic amplitudes B which are calculated in the full 1dr ,,1^. ., 
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22 
Id,/, shell raodel space (Table 4) and of antisymmetrized two-nucleon wave 

func t ion $ . 

<I„M_|l.M.> = E B , } . . < I .M, jm. | l „M> x *. , ( r , , r ! ) (3) 
u u ' j W 3 A A J j ' B B j m . u u ' M * 1' v ' 

A similar expression holds for the second factor in the overlap integral. 

In this calculation we assume that the two nucléons are transferred as 

a cluster in its Os relative state and that the interaction potential V, (R,) 

(post representation) is binding the neutron pair to the 0 core. Using the 

transformation from j-j to L-S coupling and the Talmi-Moshinsky relations, 

the two-nucleon wave functions can be factorized in the center of mass motion 

$„,(R) and the internal relative motion of the two nucléons. Then the form fac

tor can be written as in the case of one-nucleon transfer reaction 

F '- S d18* 
£ SJ N l L l N 2 L 2

 M1 L1 N2 L2 
[V/Kl^AV/2^ "W2b' «> 

where s and j are the spins of the transferred neutron pair respectively in 

the projectile and residual nucleus and 1 is the transferred angular momentum. 

These quantum numbers satisfy the following conservation rules. 

Î - Î4 = ÎB-ÎA 

b a 

I , I„, S , S, are the spins of the target, residual nucleus, projectile and 

- 1/2 £sî 
ejectile and I, stands for (21^+1) , g *. corresponds to Clebsh-Gordan 

coefficients and phase factors. 

2s i 
The spectroscopic amplitudes d j" result from the overlap of the 

a r r 2 L 2 

transfer amplitudes of the two neutrons from the projectile to the ejectile 

with the amplitudes B of the two neutrons added to the target nuclei to 
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generate the different final states (Table V). Details of the calculations of 

dH 1L,N 2L 2
 a r e § i v e n i n r e f * U 

The following two arguments support the assumption of a Os relative state 
of the two neutrons. 

i) The two neutrons in n,Jl.j, n.Uyio state, are geometrically coupled to 

NL, v\ states. The coefficients of these transformations are "about one order 

of magnitude larger if v •» X = 0. 

ii) The transfer form factor will increase at the nuclear surface yhere 
23 the heavy ion transfer takes place with increasing main quantum number N. 

Because of the conservation of j2n+£ = 2N+L+2v+A, the N values are larger when 

B. Comparison of experimental and theoretical strengths 
ID I £ 

of ( 0, 0) and (t,p) reactions 
With the same assumptions the amplitudes d„ . . of the (t,p) 4 28 reaction have been calculated for the six lowest states observed in Mg. 

The results are summarized in table V. 
2 The measured cross sections are proportional to (2L+l)d„ , „ , .In 

r r N|L|N2L2 
order to compare the theoretical and the experimental results, the cross 

sections have been integrated over the measured angular range for ( 0, 0) 

and over the forward angles up to 60° in (t,p). For a correct comparison, 
I Q 1 £ 

the experimental ( 0, 0) cross sections have to be compensated for the 

strong Q value effect. Indeed the optimum Q value is at E = 8.3 MeV excitation 

energy. Therefore, measured cross sections have been corrected using the factor 
exp (-E /c) where the constant c was chosen to 3.63 to normalise both 0„ strengths x 2 
to the same value. Also the experimental and theoretical values for the (t,p) 

reaction have been normalized for equal intensities of the 0- state. 
+ 

The comparison of the results in Fig. 11 shows that the calculated 2 
strengths are always underestimated compared to the experimental values, in 
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+ + + 
contrast to the 0 states. The most underpredicted levels are the 2 and 2 
levels. The other 2 states are rnnderpredicted by significant factors (3.5 

24 and 8) for (t,p), a well known fact from other studies and a factor of about 

2 for ( 0, 0) reactions. The underestimation of the 2. level is even more 

striking in ( 0, 0) compared to the (t,p) reaction. This comes from the exr 

tremely small d„ _ „ , value resulting from destructive interferences of the NjL]N2L2 
different shell model transfer amplitudes shown in Table IV. 

Comparing the different intensities for the (t,p) reaction the small 

strength for the 2. level is in agreement with a relatively weak measured 

excitation of this level. On the contrary the 2j level in ( 0, 0) is the 

strongest excited state in the experiment while the calculated strength is 

negligibly small. This is a clear evidence for the importance of two-steps 
ID I £ 

processes in the ( 0, 0) reaction. 

C. EFR-DWBA calculations 

The EFR-DWBA calculations were performed with the computer code Saturn-
25 Mars I. Optical model set 1 of Table II was used to calculate, the distorted 

waves x for CCBA calculations. This set should also reproduce the dominant 

ground state transition in DWBA calculations. Despite of the fact that the 

potentials are describing almost perfectly the elastic and inelastic scattering 

with coupled-channel calculations, they are not describing the ground state 

transition at all as seen in Fig. 12. The curve shows the bell shape typical 

for low energy measurements. Also the other three states are not reproduced. 

Using the surface transparent potential P3 in the incident and exit 

channels, the oscillatory structure of the transfer data is quite well repro

duced, except for the depth of the minima set 2 (Fig. 12). This potential, 

however, does not fit the scattering data as shown on Figs. 4 and 6.DWBA cal-
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culations with P4 in both reaction channels give almost the same results as 

with P3. 

This shows that the explicit investigation of the wave functions in the 

incident and exit channels does not provide consistent potentials which allow 

the DWBA description of the transfer data. 

It is a characteristic feature of heavy ion stripping reactions (such as 

( 0, 0), ( 0, C) ,( 0, C) ,( 0, C) that oscillations are much more 

pronounced for the 0. ground states than for the excited states which fact is not 
28 accounted for by DWBA. As this is observed also when the excited state spin 

value is 0 , it cannot be attributed to the summation over the magnetic sub-

states. This effect can also not be explained by angular momentum or energy 

matching because, in this reaction, the excited 0, states of Mg and Mg are 

better matched than the 0. ground states. 

A possible reason for this effect may be the dominance of the direct 

process for the ground state to the ground state transitions. 

For the 2. final state, the slope of the angular distribution is much 

steeper than in the DWBA prediction as observed also for 2. states populated 

through other heavy ion transfer reactions. 

For reasons of comparison the curves of the DWBA calculations have been 

normalized to match the data in the angular range of 8 r M= 30° to 50° as shown 

in Fig. 12, In table VI the normalization factors N = (da/dQ) /(do/dB) „, 

are shown with potential set 2 which reproduces the main features of the data. 

Their value, around 50-oxcept for the 2 state - reflects the usual normalization 

problem found in heavy ion transfer DWBA descriptions. The extremely large value 

of N for the 2. state indicates again the existence of transitions which are 

not accounted for by one step DWBA calculations. 

The sequential transfer mechanism could be considered too ; it has been 



calculated to be the dominant process in case of two-proton stripping °; for 

the two-neutron stripping however, Greiner has shown that it was at most 

of the same order of magnitude than the direct transfer and that the shape of 

the angular distribution weald not change when this process is included. 

D. The EFR-CCBA calculations 

EFR-CCBA calculations were performed with a new version of the computer 
99 + 

code SATURN-MARS II for the description of the transfer data to the 0 GS and 
+ 26 2. in Mg. The coupling scheme of these calculations is displayed in Fig. 13, 

involving the routes 1 to 4 of which only 1 and 4 contribute significantly, as 

expected from the corresponding amplitudes, calculated as shown in Sect. VI. A. 

The optical model parameters and coupling coefficients beiug determined, there 

is no free parameters. However, as already shown in the preceding section, the 

potential set I does not reproduce the transfer data at all. In these calculations 

set 2 was used with the absorption depth reduced to 60 MeV as a fraction of the 
absorption is generated from the coupling. 

The calculated curves are compared to the data in Fig. 14, For the 0J 

ground state the direct transfer (route 1) is the main contribution to the total 

cross section. The two indirect routes 1 and 4 are equally important for the 

description of the 2. state data. 

While the calculated curve does not ajree perfectly with the data, there 

is some amelioration of the overall shape for the 2. state, compared to the 

DWBA results. But the misrepresentation of the depth of the minima subsists. 

The remarkable improvement of the CCBA calculation stands in the sojution of 

the relative normalization discrepancy between the C t and 2. levels. Both 

curves are plotted without relative normalization in Fig 14. This shows that 

indirect processes are essentia] for the correct description of the 2 + state 
ID If 

obtained with ( 0, 0) reaction. 
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SUMMARY 

In this work the four low lying levels populated by the Mg( 0, 0) Mg 

reaction and the elastic and inelastic scattering of the entrance ( 0+ Mg) 
1 ft ?ft 

and exit ( 0+ Mg) channels have been investigated consistently in the frame
work of the C,C, model for the scattering and of the CCBA for the. transfer data. 
The validity of the semi-classical transfer model and of the EFR-DWBA has been 
tested, 

From this study we draw the following conclusions : 

l ft ?ft Strong oscillations at large angles are observed in 0 + Mg elastic 

scattering while there is no oscillation in 0 + Mg. This behaviour is well 

accounted for by the optical model analysis. Bui the so found potentials were 

not adequate to explain the transfer data. With a unique set of only two para

meters, d and R, the semi-classical model is able to reproduce the shape of the 

measured angular distribution for transitions to the 0 states. 

It was not possible to find an optical potential set providing sir.ml-

taneously good descriptions for the elastic-inelastic data using a CC model 

and of the transfer data using the CCBA. The transfer data could be reproduced 

only using a surface transparent potential. 

18 1ft The comparison of the ( 0, 0) and (t,p) reaction strengths, calculated 

with microscopic shell model wave functions and the corresponding measured values 

shows that the experimental 2 strengths are systematically larger than the 

theoretical values. 

Assuming only direct transfer, the DWBA calculations of ( 0, 0) based 

on microscopic transfer amplitudes underestimate drastically the 2. cross sections 

This failure has been cured by including two-step processes with the CCBA. 
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FIGURE CAPTIONS 

Fig. 1 Typical momentum spectrum for the transfer reaction. 

Fig, 2 Experimental transfer angular distributions for the two first 0 

states with lines to guide the eye. 

Fig, 3 Experimental transfer angular distribution for the two first 2 states 

with lines to guide the eye, 

16 26 
Fig. 4 Angular distributions of the 0 + Mg elastic scattering. Data points 

with statistical error bars are shown. Curves represent optical model 

calculations with different potentials from Table II. 

Fig. 5 Experimental and theoretical results of the Mg( 0, 0) Mg* scatte

ring. Results of CC calculations for the 2j angular distribution are 

shown with O.M. potentials PI and P2 (Table II). 

Fig. & Inelastic scattering data of 0 + Mg (2*) with calculated curves 

with O.M. potentials P3, P4 (see Table II). 

Fig. 7 Experimental and calculated angular distributions of elastic scattering 

of 0 on Mg. The potentials P5 and P6 defined on Table II are giving 

the same curve. 

24 1A 18 # ?& * 
Fig. 8 Experimental results of the Mg( 0, 0 ') Mg scattering. The curves 

show CC calculations with potentials P5 and P6 defined in Table II. 

Fig, 9 Results of the Mg( 0, 0) Mg transfer data together with curves 

of semi-classical calculations. Parameters details are discussed in 

Sect, IV. N is the normalization factor. 

76 jo i £. oo 

Fig,10 Experimental results of ~ Mg( 0, 0) Mg from ref, 1, together with 

a semi-classical calculation as explained in Sect. IV. 

Fig,11 Comparison of the experimental and calculated intensities for the 

two nucléon stripping reactions. For details see Sect IV. 



12 Experimental and DWBA results for the Mg( 0, 0) Mg : first four 

states angular distributions are shown. Optica] potential set 1 and 

set 2 are defined on Table II. 

13 Coupling scheme of the channels involved in the CCBA calculations. 

The two step routes proceed via target and residual nucleus inelastic 

excitation. 

14 Experimental data and results of the CCBA calculation for the first 

two levels of Mg. The numbers. 1 and 4 refer to the contributions 

from route 1 and route 4. N is the normalization factor as defined 

in Sect. VI-D. 
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TABLE CAPTIONS 

Table I Kinematical and semi-classical quantities calculated for the 

scattering channels. 

Table II Optical model parameters of Woods-Saxon potentials found in this work. 

Set I and II are used for the transfer calculations. 

Table III Scattering lengths resulting from this study and compared to exist

ing values. 

The |3r of the first column are calculated from B(E2) with formula 

B(E2) 0+->-2+ = (-^- ZeR)2(6R)2 where R = 1.35 A 1 / 3fm. 

Table IV Two-nucleon spectroscopic amplitudes calculated from shell model 

wave functions (ref. 21) 

Table V Reduced spectroscopic amplitudes for Mg( 0, 0) Mg and 
Mg(t>p) Mg reactions. The signs are give i with time ruvursal 

phase-convention and assuming the radial part of the wave function 

is positive at infinity. 

SGS 
for the DWBA calculations with potential SET 2 of Table II. 

Tbale VI Absolute (N = o /OT,,,OA) and relative R = -r— normalization factors 
exp/ DWBA N r 
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Table I 

E inc 
CMeV) 

E cn, 

(McV) 

Bc t Coulomb Barrier 

(MeV) 

k 

<fm"') 

n Coulomb parameter. 

" O • 2 6 M g 

l 8 0 • i4Hg 

56 

50 

31.81 

28.57 

15.76 

15.69 

4.07 

3.75 

8.06 

9.07 

E. tnc 

<MeV) 

Calculated grazing conditions Cut off values 

E. tnc 

<MeV) 

e 

(deg) fll unit) 
°c <°/°Rut 

(deg) 

- 1/4) 

(fm) 

1 , L - k R (1-2; /kR ) " 2 -c c c 
(ffunit) 

1/2. E. tnc 

<MeV) 

e 

(deg) fll unit) 
°c <°/°Rut 

(deg) 

- 1/4) 

(fm) 
î in 6 / 2 ' c 

L - k R (1-2; /kR ) " 2 -c c c 
(ffunit) 

1/2. 

, 6 0 • 2 6Mg 

, 8 o • 2 \ 

56 

50 

34 

44.4 

26.41 

22.22 

33 

43 

8.95 

9.01 

26.7 

22.5 



Table I I 

r 
V 

(MeV) 

r 
V 

(fm) 

a 
V 

(fm) 

W 

(MeV) 

r 
w 
(fm) 

a 
w 

(fm) 

G 
2 

X /N(£.s) X 2/N(2*) 
" t ô t 8 ' 5 " 

(mb) 
°tot 2Î 

(mb) 

2 6 M g +

 1 6 0 

. 26.. „+ 
g.s. and Mg 2 state 

r PI 

P2 

P3 

. P4 

50.45 

24.83 

37 

38.7 

1.30 

1 .35 

1.40 

1 .48 

0.503 

0.47 

0.40 

0.40 

10.51 

5.6 

78. 

72 

1.35 

1.35 

1.29 

1.30 

0.36 

0.49 

0.174 

0.161 

0.372 

II 

0.158 

0.16 

4.25 

26. 

0.8 

58.9 

I1.10 3 

10.10 

16.3 

1510 

1493 

1610 

1800 

52. 

57. 

90. 

43. 

2V +

 , 8o 
g.s. and Mg 2. state - P5 

l R + 
g.s. and 0 2 state - P6 

13.05 

it 

1.35 

ft 

0.618 

tt 

26.78 

ii 

1.23 

ii 

0.54 

0.59 

0.408 

0.327 

1.37 lo"* 

1.95 lu"''' 

26.15 

7.59 

1314 

1347 

51 . 

21 . 

Set 1 2 4Mg • 1 60 Pot 1 

2 4 M g + "O Pot 5 

Set 2 Pot 3 

2*Mg + " O Pot 3 
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Table I I I 

Nuclei Level E ex 
(MeV) 

B(E2)e 2 .b 2 a ) 

(e .fm ) 
611 (fm) 6R (fm) 

from l i terature 
BR:(£m) 

from this work 

Mg A \.z: 0.037 1.62 1.43 i 0.15 

M H g A 1.37 0.043 1.85 1.48 ± .24 b ) 1.59 ± 0.15 

, 8o A 1.98 0.0039 1.03 1.30 C ) 

1.77 10.07 d ) 

1.85 e > 

1.15 ± 0.15 

) 



Table IV 

:'N;-2•:•:,-. ses<>fcï> Et„o:oV) 
1 

(d5/2 d5/2) I (d5/2 sl/2) 
! 

(Ù5/2 d3/2) (sl/2 sl/2) (sl/2 d3/2) «3/2 c3/:) ! 

1 

0* 0* 
1 1 

» ; : -

°> 22 

°; =: 
21 °î 

0 

3.59 

.1.81 

2.94 

4.33 

4.83 

0 

4.09 

1.75 

3.25 

4.88 

5.26 

AJ-0 

AJ-2 

AJ-4 

.73?9 

.0697 

-.1675 

. 2043 

-.1603 

-.2019 

-.7801 

.6362 

-.341i 

.09 S 4 

.0284 

.3397 

.1745 

-.1548 

-.2397 

-.2254 

.0340 

-.0028 

-.0176 

.ORS 3 

-.050? 

-.0295 

-.0790 

.2839 

.3543 

.2595 

.0569 

.0354 

-.2042 

-.1536 

-.0904 

-.0353 

.2570 

.3433 

.0333 

.0473 

-.12;0 

-.110? 

.0051 

.2723 

.CGSO 

, s o 1 5 o 

0 0 -0.866 

! 
-0.4130 -.233 



- 28 -

Table V 

1 8 0 + 16 0 Zhl\% •* 2 6 M g N l L l 
N 2 L 2 V . N 2 L 2 

o;.o; 0 ; . 0 ; 2 0 2 0 - .2031 

» Î * » ; 2 0 2 0 - . 1293 

° ; - 2 i 2 0 2 - .00006 

o ; . 2 j 2 0 2 .04035 

° Î - ^ 2 0 2 - .01209 

° Î * * ; 2 0 2 - .03149 

*î * < 2 0 2 - .06063 

*î**î AJ=0 2 0 2 0 - .2116 

ÛJ=2 2 0 1 2 - .03468 

AJ«=4 2 0 0 4 - .01209 

(t - p) 2 > * M g ^ 2 6 M g 

i + i + 

2 * 2 o ; . o ; 0 0 2 0 - .39828 

°1 "°2 0 0 2 0 .25355 

°î**î 0 0 1 2 - .00011 

°î**î 0 0 1 2 - .06872 

° î ^ 0 0 1 2 0 

° ; - ; 0 0 I 2 +.05370 



I 

TABLE VI 

E MeV ex J N R 

0 . 0 °; 65 1 

1.81 A 18 10 6 27 10 

2.94 A 25 0.38 

3.59 °; 44 0.68 



2 4 M g r o ; 6 o ) ' 2 B M g * 
E 1 8 n , 50MeV / 8 1 5 o =26 

2 + 

2.94 

Q = 472/iCb A 

1.81 

I 

V ".. J I . 
100 

« e « _ c a 
- • • • era J - — o«-

500 



1. 

0 2 3.59 MeV _ 

0.2 

0.1 

\ 

E 

E 

b 0.1 
-a 

0.01 

2 4 M g ( 1 8 0 j 1 6 0 ) 2 6 M g 

E l a b = 50MeV 

10 20 30 
6cm (deg) 

40 



20 30 
9cm (deg) 



1 _ a: b 
b 

.1 
10 

10 

.3 
10 

.4 
10 -

2 6 M g ( 1 6 0 , 1 6 0 ) 2 6 M g 

E l a b = 56MeV 

0 40 60 
8 c m (deg) 



100 

-Q 10 E 

E 
a 
\ 1. 'k 

0.1 

2 6 M g (16 0 j 16 0 ) 26Mg 

E l a b = 56MeV 
2} E ex = 1-81 MeV 

2.94 MeV x* s | ^ \ 

2? i f \ \ 

\ 

i ï 
i i i i i 

0 10 20 30 40 50 60 70 
8cm (deg) 



• 

V 
2 6 Mg | 16 0 J6 0 )26 M g 

100 - i 
1 !* 

E lab = 56 MeV 

••. r r\ r\ 
: *:i ! ' \ ! \ P3 

• \i 
\if 

W.r-
Pi 

7T10 \J 
w * \ 

00 '•••l / - i 

\ "ft \ 
J D - S* Î r\ 
Ê V * ~ 1.81 MeV 

E 1 
LJ '• 

2Î 

a - \ 

-o * 
\ > 
to 

X 3 _ s -? $ 

0.1 
? • • * • ' 

I' i 

1 1 i i 1 1 1 

0 10 20 30 40 50 60 70 
8cm (deg) 



0 
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.1 
10 

b 

-2 
10 
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= 50MeV 

OMPot P5,P6 
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100 "1 i I i i i r 
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10 

^ 1 
e 
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.100 
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• a 
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•a 

— i 1 1 1 1 n 
24 18 18 24 * 
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T F -

2 *Mg( 1 V 6 0) 2 6 Mg 
E=50 MeV 

0£ 3.59MeV R0= 1.80 
d =0.15 

• i L c = 26.9 
\ ^ N =2.1 

0 10 20 30 4.0 50 

Bern ( d e 9 5 



in 
JQ 

a 
b 1.0 

X) 

2 6 Mg( 1 V 6 0) 2 8 Mg 

R0=1.75 
d =0.15 
L c = 27.6 
N =4.5 

0 10 20 30 40 
8 c m (deg) 

50 



2 4 M g ( l 8 0 , 1 6 0 ) 2 6 M g 
E18o=50MeV 

0 Theoretical intensities 
8 Experimental intensities 

lot 

0 

1.81 MeV 

A 
2.94 3.59 4.33 4.84 

VA 
24 

n 

Mg (f,p)2 6Mg 
Et=11MeV 

xiL_L 

E e x (MeV) 

°2 2 

3.93 
3Î 



o.i 

5 0.01 

2*Mg( 1 8(V 60) 2 6Mg 

OM set 1 
__0M set2 

3.59 M eV 

24 Mg( 1 8 0, 1 6 0) 2 6 Mg 

2 + 2.94 MeV 

OM set 1 
OM set 2 

¥ '-

«** 

0.1b 

2 / 'Mg( 1 V 6 0) 2 6 Mg 

0 } g.s, 

0.01 
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6 c m (deg) 

50 



1.37 MeV 2 + 
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26 
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Mg 
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m 50 


