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Abstract

The charge and mass transition matrix elements of the neutron-rich iso’i%ﬁa\dg have been extracted from inelastic
scattering ort%8pp andl?c targets at 324 MeV. The measured inelastic cross sections for the fitsstates were compared
to coupled-channels calculations, which take into account the feeding from higher excited states. The method was tested with
24Mg inelastic scattering data obtained in the same experiment. In the framework of the rotational model, the charge and mass
deformations are identical and largg|(~ 0.5—0.6) for both isotopesd 2001 Elsevier Science B.V. All rights reserved.

PACS 21.10.Dr; 21.10.-k; 25.70.Hi; 27.20+t

The behaviour of magic numbers for nuclei far from of neutrons across th& = 20 shell gap to the fp-
stability has been an issue of much interest in nuclear orbitals are more strongly bound than thaOstates
structure ever since the neutron rich Na and Mg nu- and dominate ground-state configurations, produc-
clei aroundN = 20 were found to be more bound ing the so-called “island of inversion” [3]. A related
than predicted by a spherical closed-shell prescrip- question is whether in these extreme conditions the de-
tion [1]. Shell model calculations [2-6] have demon- formation of proton and neutron distributions is iden-
strated that folZz = 10-12 andV = 19-22, the 2w tical or if a decoupling of the densities occurs. Identi-
configurations arising from the excitation of a pair cal deformations are predicted in the relativistic mean

field [7] and in the antisymmetrized molecular model

_ [8], whereas different deformations are obtained in the
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Hartree—Fock—Bogoliubov (HFB) [9] and in the stan-
dard shell model [6]. Recent constrained HF calcula-
tions with a separable monopole interaction [10] pre-
dict similar proton and neutron deformations.

An experimental determination of the neutron and
proton deformations 0f*30-3Mg was undertaken at
GANIL (Caen, France) via inelastic scattering of sec-
ondary 2430:331g beams or?%Pb and!?C targets.
For the N = Z 2*Mg nucleus, the deformation pa-
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forward angles (0—2°with respect to the beam axis).
Two annular telescopes 5iSi;) were employed to
detect the scattered Mg nuclei over angular ranges of
2.1°-4.5 and 4.5-10.0, respectively. The angular
range in the present experiment was larger than in ear-
lier experiments [12,13], covering the domain of both
Coulomb and nuclear excitations.

The secondary beams could be clearly identified
event-by-event ilA E-TOF andA E-E spectra. The

rameters are well known [11] and were used to test time-of-flight (TOF) was measured before the reac-
our method, whereas fa*’-33ig only Coulomb ex- tion target between a micro-channel plate (MCP) de-
citation was measured previously [12,13]. A primary tector placed at the second image point of the LISE
beam of 77A MeV 23S was used to produce sec- spectrometer and the cyclotron radio-frequency signal.
ondary?439:3\g beams of 374 MeV with the LISE Due to the selection with the achromatic degrader and
spectrometer [14] and an achromatic Be degrader. TheLise, the resolution of the time of flight was enough

intensities 0f24303Mg secondary beams were, re-
spectively, 2800s, 1800's and 38s, while the corre-

to separate®Mg from the main impurities’2-33Al
and 3435, The inelastic events were not separated

sponding purities were 98%, 88% and 10%. The beam from elastic events in the\ E-E locii due to the
profiles were measured using a pair of drift chambers large momentum spread of the beam. The inelastically

located in front of and behind the target (cd1 and cd2
in Fig. 1). Reaction targets of 200 ng? of 208pb
and 80 mgcn? of 1°C were used. The beam energy
was 32A MeV at the target mid-point for both tar-
gets. The experimental set-up is shown in Fig. 1. The

scattered events were instead identified bythey
deexcitation measured in coincidence with the Mg nu-
clei. For the detection of the rays, we used two sets
of 7 hexagonal Nal (lengtl 20 cm and diametege
15.8 cm) at~ 9C° relative to the beam axis; 7 above

charged particle detection system consisted of three Siand 7 below the target, 17 cm from the target. The

telescopes. The telescope $ias used to stop the sec-

absolute photo-peak efficiencies 6.5 x 10~3) and

ondary beam and to detect scattered particles at veryenergy resolution<{ 7%) were determined for-rays

Fig. 1. Experimental set-up.

of 0.6616 MeV from a'3’Cs source and 1.173 and
1.333 MeV from®°Co decay, using sources of known
activity mounted on the target holder. The efficiency
for othery-ray energies was interpolated by a simula-
tion based on the GEANT code. A layer of lead was
used to shield ther detectors fromy-rays produced

in reactions of Mg nuclei with the Si detectors. The
Doppler-shiftand broadening due to the in-flightay
emission of the scattered Mg nuclei was corrected on a
event-by-event basis using the relative angle between
the scattered Mg nuclei (measured in the drift cham-
ber behind the target) and the Nal detector registering
the coincideny/ -ray.

In Fig 2. we display the Doppler corrected energy
spectra of they-rays measured in the Nal array in
coincidence with the Mg particles detected in the
Si telescopes for thé*Mg+ 12C, 3%Mg +1?C and
32Mg + 12C reactions (most of the inelastic scattering
cross-section is concentrated ing 8Sue to the inverse
kinematics). A peak at 0.885 MeV, clearly seen in the
32Mg spectrum, corresponds to the transition from the
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Fig. 2. Doppler correctedy-ray spectra for the?*Mg+ 12C,
30Mg + 12C and32Mg + 12C reactions.

first 2™ state to the ground-state [15] and a smaller
peak at~ 1.44 MeV is associated with the decay
from a state at 2.321 MeV [16] to the 0.885 MeV
state. In the®Mg spectrum, the 1.482 MeV transition
from the first 2 state to the ground-state [17] is
observed. The anisotropy of therays was estimated
for both pure Coulomb or nuclear excitations and
pure E2 transitions. Its contribution, though small, was
included in the final uncertainty.

The experimental de-excitation cross-sectiap,
integrated in angle, is defined as

Canp — Ncoin
o® NincNtarge€ (Nal)e (Si)
SEXp Sexp(sik)
= — = 1
€S S (1)

where, the number of coincidencégein was deter-
mined after subtracting the underlying background
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and the contribution from accidental coincidences,
Ninc is the total number of incident projectileSiarget
the number of target atoms per €na(Nal) the pho-
topeak efficiency of the Nal detectors an(Si;) the
probability for detecting an inelastic event in thh
Sitelescopei(=1, 2, 3).

The detection probabilitiesSiy) (k =1, 2, 3) were
calculated using a Monte Carlo simulation where the
measured profile of the incident secondary beam, the
angular straggling in the target, and the geometry of
the respective gitelescope were included. It took into
account the scattering probabiliff(6) as a function
of the laboratory anglé (obtained from the calculated
inelastic angular distribution),

A
do do
fO)= d—g(e)d.o// d—g(@)d.@.
0

The detection probability for th&°8Pb target was
largest for Sj (~ 0.55) decreasing te- 0.20 for Sp,
and being almost negligible for $iThe experimen-
tal quantitySexp(Six), which represents the fraction of
the de-excitation cross-section measured in the respec-
tive kth Si telescope, is presented in Table 1 together
with the angle-integrated experimental de-excitation
Cross-section®exp(Sit) = Sexp(Six)/€(Sik). The ra-
tios Sexp(Six)/€(Siy) are fairly constant, within the
experimental uncertainties, proving the correctness of
our detection probabilities(Siy). The adopted value
of the angle-integrated experimental de-excitation
cross-sectiomexp(2t — 07) was calculated by divid-
ing the sum ofSexp(Six) by the sum ok (Si).

In Fig. 3 we present the inelastic scattering angu-
lar distributions for thé*Mg + 2%8Pb and®*Mg + 12C
systems, calculated using the ECIS94 coupled-channels
code [18]. The contributions arising from Coulomb
and nuclear excitations are presented. AtABRleV,
most of the inelastic cross section is covered by our ex-
perimental angular range of zero to 10 degrees. Con-
trary to higher incident energies, f8P%Pb the con-
tribution of the nuclear amplitude to the integrated
inelastic cross section is significant only for angles
larger than the Fresnel maximum. The contribution of
higher lying excited states, which decay to the first 2
state — the feeding cross-sectiog@eq(J* — 27) —
has to be subtracted to obtain the experimental exci-
tation cross-sectionsexc(0t — 21). In the case of
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Table 1

The quantitiesSexp(Six) and oexp(Six) are defined in the text. We also present the adopted values of the experimental angle integrated de-
excitation cross-sectiongexp, the calculated feeding cross-sections and the experimental angle-integrated excitation crossesggtitans
the six systems studied

System Sexp(Sia)  Sexp(Si2)  Sexp(Siy)  oexp(Siz)  oexp(Si)  oexp(Siy) Oexp Ofeed Oexc
(mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb)
0-2.7 2.1-453 45-10 2t ot  JT -2t ot -2t
24Mg +208pp - 644 10 268+ 26 - 386+ 63 432447 422446 89+ 7 333+ 46
30Mg +208pp - 10915 251422 - 367440  418+45  402+43 50+ 10 352+ 44
32Mmg 4 208pp - 164£30 276+ 39 - 560+ 72 544460 550+ 72 44+ 10 505+ 73
2AMg+12C  53+4 21+3 - 67+6 92+9 - 76+ 8 27+6 49+9
30Mg+12Cc  53+5 8+2 - 57+6 64+ 7 - 61+7 1545 46+ 8
32Mg+12Cc  65+6 - - 7049 - - 70+ 9 13+ 4 57410

tion of the 2", 3= and I" states up to 11.4 MeV.
The same deformation lengthBR were used for the
charge and mass distributions;(= ,39’ = 0.606 with
Ry = R. = 1.20 AY3) of the rotational bands. They
were obtained assuming the adopted valuB@&?2) =
4324 12 ¢2fm* [11] for 2*Mg and the relation

B(E2 0" — 2%) = [(3/4n)ZeR2B5]". )

In the first coupling scheme both the optical po-
tential of Barrette et al. [19] (Pot.B) and the prox-
imity potential [20] (Pot.P1 foP*Mg+2%Pb: v =
W = 6580 MeV, r, = r; = 1.21 fm and Pot.P2
for 22Mg+12C: v = W = 4130 MeV, r, = r; =
1.141 fm and diffusivitya, = a; = 0.630 fm for both)

|

0‘ > 4 6 - ‘8 ‘ 10 "‘1‘2‘ ‘ '1‘4 were used. The angular variation xp was well re-
®,,,(degrees) produced by b(_)th potentlals._After We|ght|n_g the c_al-
culated excitation cross-sections for the higher lying
Fig. 3. Calculated inelastic angular distribution for the reactions €Xcited states by the respective branching ratios for de-
24Mg +2%8Pb and2*Mg+12C. The contributions arising from  cay to the first 2, the total feeding to the first2state
nuclear and Coulomb excitations are represented by the dotted andyyas deduced. It should be noted that the contribution

dashed lines, respectively. from individual states depends to some extent on the

coupling scheme used, however the sum of all con-
24Mg the level scheme is known and the feeding cross tributions is quite similar and within the experimen-
section was calculated using the code ECIS94 with tal uncertainties in the measured cross-sections. The
two coupling schemes and optical potentials: (i) an cross-sections are presented in Table 2, where the di-
asymmetric rotational model with th€ = 0 ground- rect excitation of the first 2 state in presence of cou-
state band and th€ = 2 band (based on thg*?state) plings, the feeding of the first'2state by higher lying
coupled together and direct excitation of the 8nd states, and the sum (the total calculated de-excitation
1~ states up to 11.4 MeV (a total of 13 excited states), cross-section) are listed. The cross-sections have sim-
(i) a symmetric rotational model with direct excita- ilar values for the two optical potentials used, even in
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Table 2
The calculated cross-sections for direct excitation of the fitsstte in?4

by higher-lying states and their sum, the total calculated de-excitation cross-section, to be compared with the total experimental de-excitation
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Mg in the presence of couplings, for the feeding of the firstseate

cross-section (last column). Potentials B, P1 and P2 are defined in the text

System Pot. o (0t — 21) (mb) o (feeding) (mb) (2t — 07) (mb) oexp(2t — 0T) (mb)
24Mg +208pp B 367 85 452 422 46
P1 378 95 473
24Mmg+12c B 54 24 78 76:8
P2 52 27 79

the case of thé?C where the nuclear interaction is
dominant. Very good agreement is observed between
the experimental and calculated de-excitation cross-
sections (Table 2) for the first'2state of2*Mg, for
reactions on both%%Pb and'?C, demonstrating the re-
liability of the method.

The level schemes 01%3Mg nuclei are not so
well known as of?*Mg, and we cannot make a de-
tailed calculation of the feeding contributions as we
did for 2*Mg. The feeding contributions fot%-33Vig
were consequently estimated by scaling the feeding
cross-section o*Mg according to the one-proton sep-
aration energys, (11.63 MeV) in2*Mg and the one-
neutron separation energy, 6.29 MeV in3°Mg and
5.65 MeV in32Mg. This correction is based on the
assumption that the total feeding cross-section should
be proportional to the highest excitation energy which
still decays byy -emission, i.e., to the one proton sep-
aration energy fof*Mg and the one neutron separa-
tion energy for’%3ag. The detailed calculations of
the feeding contribution included not only the decay
from the next excited state (most probably)4as in
the analysis of Ref. [13], but also all possible contri-
butions from higher lying states. Table 1 includes the
total de-excitation cross-sections, the calculated feed-
ing cross-sections, and the difference corresponding to
the estimated experimental excitation cross-section of
the first 2" state,cexc(0™ — 27).

The excitation cross-section calculated with the
ECIS94 code with a symmetric rotational form fac-
tor with two deformation lengths, the charge and op-
tical deformation lengthg. R, and BoptRopt as free
parameters, in order to reproduce the experimental
excitation cross-sectiongy(0™ — 2*) on both tar-

gets. The mass deformation length was obtained un-
der the assumption oByRy = BoptRopt. The in-
elastic excitation induced b$*®Pb depends mainly
on B.R. and little on By Ry over the angular range
considered here. In contrast, in the case'4® in-
duced excitation, the main contribution comes from
By Ry. When describing the scattering of one Mg
isotope on both targets, we use the same Coulomb
and nuclear deformation length% R. and By Ry
(with R. = Ry = 1.20 A3 fm). The calculations
were performed with the different optical potentials
quoted above (B, P1,P2) and the final uncertainty in
the g-values includes the effect of the uncertainty in
the optical potentials.

The deformation parametegs and 8y obtained in
this way for3%Mg and3?Mg are presented in Table 3,
together with the results of calculations. An important
feature can be observed immediately: the charge and
mass deformations are identical within the uncertain-
ties for both nuclei. This resultis in agreement with the
predictions of Refs. [7,8,10] and in variance with the
predictions of Refs. [6,9]. Th8(E2) values were cal-
culated from thes. values usingR. = 1.20 A1/3 fm
and Eq. (2) and they are presented in Table 4 to-
gether with previous experimental and theoretical re-
sults. OurB(E2) value for 32Mg agrees within un-
certainties with the results of [12], while ol (E2)
values for30:3Mg are significantly higher than the
values reported in Ref. [13]. Fo?Mg, the results
of the standard shell model [4,6] calculations are in
reasonable agreement with our measured values. The
HFB calculations of Ref. [21] predict lower transition
probabilities for3%-33Vig. The constrained HF calcu-
lations of Ref. [10] with a separable interaction pre-
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Izzkte:i:formation parameters and deformation lengti?$-8:3dg compared with calculations
This work Ref. [7] Ref. [6] Ref. [10]
Be BN BeRe BN RN BeRe BN RN BeRe BN RN BeRe BN RN
?’Mg  0.5740.04 0.57:0.052 1.97-0.14 1.97:0.18 145 137 - - 250 235
30Mg 0.52+0.035 0.56£0.045 1.95:-0.13 1.86:0.17 0.91 0.73 — - 1.97 1.82
32Mg 0.61+0.044  0.54:0.05 2.3H0.17 2.08:0.19 1.34 1.41 1.45 0.91 1.96 1.84
Table 4

The reduced transition probabilitigy E2, 0t — 21) of 24:30:39yg. The adopted value df(E2, 0T — 27) of 24Mg is 432¢2 fm?. The results
of this work are compared with previous experimental results and calculationsB (B2 values of Ref. [6] were obtained from 2p—2h and
4p-4h ground-state configurations f%iMg and 0p—0h foP%Mg

This work Ref. [12] Ref. [13] Ref. [6] Ref. [21] Ref. [10] Ref. [22]
B(E2) 2fm*  B(E2) 2fm*  B(E2 2fm*  B(E2 2fm*  B(E2 2fm*  B(E2) 2fm*  B(E2) 2fm*
24\Mg 383+ 53 - - - - 616 -
30Mmg 435+ 58 - 295+ 26 242 200 442 182
32Mg 622+ 90 454+ 78 333+ 70 49(/650 333 456 593
dict similar and large deformations for both3avg. Acknowledgements
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