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ABSTRACT

12,16

Highly excited states cbserved in the Cc{ 0,a)24Mg rea-

tion are analyzed within the statistical model. Ewvidence that the
E* = 28.21 MeV, 33.34 MeV, and 38.22 MeV states correspond to high
spin states is found. The 24Mg yrast line can be identified up to

the 12+ state located at 28.21 MeV excitation energy.
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I. INTRODUCTION

24

The determination of the ““Mg vrast line has been the subject

of great interest and intense investigation {1-6) in recent years

for several reasons:

24

1. Mg is one of the heaviest nuclei where complete shell

model calculations are still possible and where pure
microscopic and macroscopic methods both can be applied
to the same phenomenae (i.e., backbending, etc. . .) and

thus be compareq (476)
2. 24Mg is one of the nuclei whose yrast line is best known
when compared to the liquid drop limit.

24Mg yrast line has a particular interest since the

process 12C + 12C -5 24Mg* is one of the best candidates

3. The

for an yrast limitation of the heavy ion fusion cross sec—
tion {7}.
4. Some os the gross structures cbserved in the a-spectra

12C(lso,u) reaction, up to high bombarding ener-

from the
gies [40 MeV < E(1%0) < 150 Mevl, can be related to stat—
istical decay of the compound nucleus to clusters of
states located near the yrast line {"yrast clusters“)(s).
Very little information exists on the yrast lines of medium-
light nuclei at high excitation energies. This is mainly the re-
sult of the low threshold for particlae emission (v10 - 14 MeV) that
limits the applicability of y-y and particle~y correlation studies.

Therefore, particle spectroscopy, and mainly the use of high spin

selective heavy-ion reactions has been one of the most common spec-




troscopic tools. This method has already been used in the suggestion
of a state at E* (24Mg) = 20.26 MeV as a possible 10t yrast mem- -
bercz) in connection with the compcound nucleus description of
the reaction.

A variety of theoretical calculations are available in the
literature cn 24Mg up to very highly excited high spin states.
Shell model calculations, performed by Watt et al.(4), based on

2

the Preedom and Wildenthal (PW) interaction, predict the 4Mg yrast

line up to the I = 12 state and indicate that it displays an effecive

rigid rotor behaviour up to this state, even though they found that

the band structure does not persist beyond I = §. Muhlans et alfs}

24M§ adopfing for the gen=-

studied the pair field of rotating
erating two body force the surface delta interaction., In this
case, the eguilibrium deformation was taken for each angular moﬁ-
entum from a Strutinsky calculation without pairing and an upbending
up the yrast line results for I = 10 - 16. However, when the defor-
mation was kept constant, the upbend was suppressed..
When the Hartree-Fock approximation, with the Skirme force, is

24

applied to describe the Mg ground state band, projecting -states of

(10), a clear backbending is Qbserﬁed at I = 10

gond angular momentum
- 12,

These predictions make the region above E* n 20 MeV of special
interest. ILow lying states in 24Mg have been systematically sﬁudie&

(11, 12)

. 2 .
esing the 1 c(lso,aa} correlation However, the branching

ratio for the decay of highly excited 24Mg states E*(ééMg} > 20 MeV

ZONe (gs) are negligible and the spins of such states mea—

(12)

to the
sured by means of triple correlation methods are ambiguous
Therefore, in these cases a careful statistical analysis of the _ s
reaction mechanisum and transition probabilities has to be pe:formed
using the Hauserxr-~Feshbach fqrmalism.

In this paper we present reéults on the investigation of A
hiéhly excited states observed in the 120(160,Q)24ﬁg reaction at

24M§ high spin

E(lGO) = 97 MeV. These transitions are associated to
states on the basis of compound nucleus model fits of the angglar
distributions and ahsglute cross sections taking into account ail

the statistical characteristics of the process. . .

I1. EXPERIMENT

Measurements were made on the University of Rochester MP tan-

185 peam was used with a

dem accelerator. A 94 MeV and 97 MeV
natural C target of m‘40ug/cm2. Alpha spectra were reco?&ed.using
the split-pole magnetic spectrograpﬁ and (AE-E} position sensitive
proportional eounter at the focal plane.

Typical o evaporation spectra mesured at GLAB = 137, 23?,33°
and 43° at E('°0) = 97Mev and at 3° at B(}%0) = 94Mev are shown in
Fig. 1. In order to enhance the visibility of the discreate traﬁs—_
itions to 24Mg £inal stétes, the smooth evaporation background has
been subtracted. (see figure 1). The backgrouhd in these spectra
*2 ~ fitted with a 5th order polynomial and has been studied in some
detail in ref. 8,

The overall energy resolution was of the order of 130 KeV.

. 2 N
The focal plane calibxation has been performed using the same 1"(.‘, !

(*°0,a) 2*Mg. reaction at lawer bombarding energies E(3%0) n 50-65

A -
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g

MeV looking at the well known low lying transitions. A third

order polynomial has been used to calibrate the focal plane and
the uncertainties in the excitation functions are estimated to be

24

Transitions leading to " Mg states from

smaller than 100 KeV.

E*(24Mg)=20 MeV to 38 MeV were then observed in the focal plane.

Differential cross sections of the seleétively populated
highly excited states were calculated. The absolute cross sec—
tion scale is accurate to v 20% and possible uncertanties from the

background subtractions were also taken into account.

I1IXY. RESULTS AND ANALY¥SIS

" In the present paper we focus our attention on the E*(24Mg}=
28.21 MeV, 33.34 MeV, 34.22 MeV and 38.20 MeV states which corres-
pond to the transition which are still selectively populated at

candidatesz} {Fig.1}.

backward angles and therefore are yrast state

The background that we have subtracted in these spectra has
been studied in considerable detail in Ref. 8 and 13 and is very well
described in both magnitude and shape by statistical model calcula-
tions for all bombarding energies up to E(lGO) ~ 150 MeV. In par-
ticular, at the energies reported in this work, the background is
completely consistent with compound nucleus decay{ and no signifi-
cant contributions of other processes such as projectile. break-up can
be reported.

The absolute differential cross sections obtained in the pre-
sent work (fig. 2) were analysed on the basis of the Hauser-

Feschbach statistical model. Calculations were performed using

14

the code STATIS Enowing however, that statistical

" dure is given.

model predictions are notoriously sensitive to the model parameters,

we calibrated them against a very broad range of bombarding energies,

angular momentum of final states and excitation energies.

This has been done using the data reported in ref.8, consigt-
ing of the excitation functions of the E*t24Mg) = 0.0 MeV (Jﬁ=0+),
13.21 MeV (37=0"}, 13.21 Mev (3"=8%), 20.26 Mev (3"=(10%)} ana 20.9
MeVv (Jn=(10+)) states from E(160)=40 to 150 MeV. These data PLO—
vide very servere constraints on the model parémeters guarenteeing
that we are sensitive to the entire range of entrance channel part-
ial waves. In order to eliminate the influence of model parameters

on the results, we fit the obserﬁed cross sections and high spin

- selectivity at low bombarding energies, where it is accepted that

the compound nucleus mechanism dominates the reaction cross section,
and then kept them constant for all energies. It can be seen in
Ref. B8, that the energy dependence of these selected states are very
well described up to E(lGO) = 150 MeV, with reascnable compound nu- .
¢leus critical angular momenta.(IS)

The energy dependence of the exit channel transmission coef-
ficients, have a very strong effect on the energy dependence of
the high spin selectivity. ‘These parameters were determined by
fitting the oscillatory angular distributions of the ground state.
transition over a broad energy range. These fits have already been
pPresented in Ref. (16) where a complete discussion of this proce-
The Ie§e1 density pafameters were taken from ref.2,
where their influence on statisical model calculation Ffor 24Mg
In particular, the value of a =

were studied in detail, a/7.4




anda spin cut off parameter appropriate to a rigid 24Mg rotor with

1220 = 185 KeV were used.

The fact that the fitted data set is so extensive, and thé
guality of the fit is satisfactory, allows us to compare with some
confidence the Hauser-Feshbach calculations to the data obtained in
the present work.

It is known that the angular distributions of transtitions to
lower spin final states in heavy ion compound reactions are very
anisctropic (i.e. 1/sin 9) due to the strong alignment of the com=
pound nuéleus apgular momentum Jcn with the orbital angular mom-=
entum Ka of the emitted particle. It has also been shown 2} that
when higher spin states are populated in the final nucleus, this alig-
nment is lost, giving rise to more isotopic angular distributions.
The most isotropic angular disfributions-is obserﬁed when ghe final
state angular momentiim (If) is comparable to the critical angular mom—
mentum(Jc) for the compound nucleus formation. The anisotropies A=
do (0°) / dc(90°) can easily vary from values anlQ (when Ifmq) to Anvl
(Ifch).

The data presented in figure 2 display an anisotropy small
enough for the states at E*{24Mg) = 29.21 MeV, 33.34 MeV, 34.22 MeV
and 38.26 MeV to be considered high spin states. The high select~

ivity of these states indicates that they ;re located near the 24Mg-
yrast line. _
xz fits the absclute differential cross section to statistical

model calculations, as a function of the spin of the final state

(assuming singlets), were performed and are shown in figure 3. The
28.21 MeV state overcomes the 95% confidence level for a I = 127
assignment.

In order to estimate the influence of the statistical
fluctuations on the interpretation of the data, the
effective number of channels Neff as a function of the center of
mass angle for differential cross sections and for total cross sec-

tions, were evaluated for all the considered transitions using the

code STATIS {14}. A value N

eff(eCM = 90°) = 5-6 has been obtained.
These numbers are substantially smaller than the maximum value pos- <
. . _ 1 . -
sible, i.e. Nmax =3 (21A + 1) (2Ia + 1) (21B + 1) (21b + 1) for the

reaction Ala,b)B, due to the truncation of the entrance channel par-
tial waves at the critical angular momentum which limits fusion cross
sections. The fluctuation analysis of the angular distributions, when
compared to other states and to the background 8) indicate that the
damping factor for the statistical fluctuations (Exicson fluctuations)
is ;arge encugh td indicate that the 20.21 Mev, 33.3@ MeV 34.22 MeV
and 38.20 MeV are high spin states and that the spin values suggested
are confident within one unit of angular momentuﬁ, In paxticular,
the inclusion o©f the 28.21 MeV excitation energy state in

24

the Mg yrast sequence as the 12+ yrast stéte is supported by the

fluctuation analysis of the angular distribution with 75% probabili -

17

ty' ! and at 95% level according to the y2 fit.

2

it is important to notice that the y“ fit to fhe magnitude of

~ the E* = 33,34 MeV state converges to the value 14+. However, this

particular transition displays a broader peak than can be accounted




for by the system resolution. In the case of corresponding to a sin-
glet, the final state has a natural width P33 g 230 keV. Further

discussion of this state should await higher resolution measurements.
Based on this new proposed yrast sequence it is possible to
calculate the effective moment of inertia as a function of the
rotational frequency squared {—23— vs ﬁzm }+ A comparison to the
theoretical predications is shown in figure 4.
The experimental data (full lines) indicates that “Mg tends toward an
effective rigid rotor-like behaviour with constant effedtive moment of

equivalent to an A = 24 sphere ({%3— = 5.85 MeV ). The

inertia
calculations performed by Milhlhans et al. {ref, 8} in fig. 4B are
able to reproduce this tendency only when the deformation of the sys—
tem is maintained constant (Bry = 0.35; =109}, otherﬁise a clear up-
bend appears already at the I = 8 state. .Even with this constant de-
formation, together with the interaction strength used in their cal-
culations {i.e. GD = 0.62), the moment of inertia turns out to he
smaller than the experimental one. The constant deformation adopted
in ref 9 (B,y = 0.35; -10°} corresponds ta the ground state. However,

when the s-d shell band cutoff is reached, 24

Mg becomes oblate, and
a transition ®o (B,y) = (0.30; -860°) takes place at I = ID;_ The pre-
dicted upbend is associated with -the occupation of the rotationally
aligned 1f, 7,2 orbital by one neutron and cne proton. On the other
hand, this model is in accordance with the shell model calculatlons
performed by Watt et al.(4) who found that the yrast I =.8 state is

formed esgentially by rotational alignment of one neutron pair and

one proton pair in the 16.5/2 shell. The predicted yrast sequence of

0*. The 8% (x" =

this shell model calculation is shown in fig. 4a {dashed lines).
According to these calculations, the lowest predicted gt state
{at BE* = 12,53 MeV) does not belong to the ground state band K’ =
0+’ is predicted at 13.63 MeV. The calculated
yrast 10t state decays as strongly to the I = 8, K" = 07 state as
to the I =.§, K = 2+ state, and the lowest 12+ decays very weakly
to the first I = 10 state. This leads to the conclusion that the
band structure starts to disappear arouhd I =238 -10.

Calculatiohs using the Hartree-Fock approximation (10)'with
the Skirme force (fig 40) Predict an upbending around spin 12. They
also make clear that at these high spin values the s-d shell is no
longer sufficient to provide states of the correct J with the nec-

essary configurational structure to continue the band. The cogf~

are (E*; I, Cg)

0.324),

ficients of the s-d shell orbital expansion C;

(0.0; 0%, 0.78), (1.34 mev, 2%, 0.415), (4.26 Mev, 4%,
0.0211), (19.54 MeV, 107
).

Data from the present work suggest that the 12% yrast can-

(8.33 MeV, 67, 0.12), (13.18 Mev, g7,

0.0017) and (25.00 Mev, 12%, 5 x 1075

didate found at 28.21 MeV determines a constant effective moment

of inertia for the 2%

Mg up te this state. However, since band
structure is not expected to survive up to these high spin states,
i£ appears that a constant effective moment of inertia results in
spite of the alignment of nucleons in the f7/2 shell.'

The states observed at 33,34 MeV and 34.22 MeV excitation

energy may correspond to I = 137 or 14+ states. In this case, the




predicted upbending in the yrast sequence would occur. If it
turns out, however, that the lowest I = 14 state is the 38.20
MeV, the yrast line still would display a constant moment of in-
ertia., Purther experiments will be required to settle this
gquestion.

If this latter case is confirmed, and if the spin seguence

1 1ZC molecular resonances

2
proposed by Cormier et al. for the C ¥+
. .. 24
is confirmed ‘18), the expected backbending in Mg must occur

at the lowest at I = 14 due to the crossing molecular band. This

final moment of inertia would not be in conflict with the extreme-

deformation expected by the liguid drop model.
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FIGUEE CAPTIONS
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1z - ..
C( 0, 2!_1Mg reaction

Figure 1. Background subtracted spectra from the (

at E(M%) = 94 and 97 Mev.

Figure 2. Experimental angular distributions conpared to the calculated
differential cross sections (full lines) for different final

state angular momenta.

. 2 . '
-Figure 3. X fits of the absolute differential cross sections. to

statistical model calculations as a function of the spin of

the 24Mg _fj.nal state.

Figure 4. Effective poment of inertia 29/‘52 as a function of the

rotational frequency squared ﬁzwz. The large solid points

+

4,6,8,10,12+andfulllinerepreseﬁttheexperiuﬁntal

results.
A. The dashed line (W) represents the predictions from reference 4.
B. The dashed lines (ML, M2, M3) are from reference 9.
M: {p,¥) =const. = (0.35, -10°), Gj = 0.62
M2: (p,¥) varies, G0 = 0,62

M3: (;3 , %) varies, G0 =0

C. The dashed line représents the predicted curve ‘from reference 10.
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