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Evidence for a highly deformed band in **0+ 10 breakup of 32S
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A study of the’C(**Mg, 10 %0)*He reaction has revealel8O + %0 breakup from states if’S in the
excitation region ranging from 32 to 38 MeV. The spins of the states near 33, 35, and 38 MeV of excitation,
obtained from angular correlations, are measured t¢16¢ or 12%), (12" or 14%), and (14* or 16%),
respectively. These may be interpreted as arising from a highly deformed b&f@. in

PACS numbsgps): 25.70.Ef, 21.10.Re, 27.36t

I. INTRODUCTION with various theoretical calculations which have predicted
the existence of deformed shape isomers in many light alpha
In recent years the breakup éfMg to 2C + !2C has conjugate nuclei, ranging from?C to **Ti, and including
been observed in a number of experimdits6)]. Breakupis  2°Si and 3%S. These calculations include the Nilsson-
seen to occur from discrete states in the excifétlg ~ Strutinsky calculations of Leander and Larssd], the
nucleus in the excitation range 20—30 MeV. This is also théiartree-Fock calculations of Flocaret al. [11], and the
excitation region in which the quasimolecular or barrier resoBloch-Brink alpha cluster model calculations of Zhang, Rae,
nances have been seen ¥C + 2C scattering measure- and Merchan{12]. However, although the measurement by
ments[7], and recently an association between these resdennettet al. showed yield in the'0 +_160 breakup chan-
nances and the breakup states has been proposed followind'@l, they were unable to show that this corresponded to de-
high resolution breakup measureméa]. This has lead to CaysS from SpeCifiC states in th&S nucleus. Hence it is im-
speculation that such a breakup may also be observed @pPrtant to study this breakup process in more detail than the
285j and %25, since resonances are also observed?® +  earlier measurement allowed.
160 and %0 + %0 scattering studie]. In this paper we report evidence for the breakup® to

Bennettet al. [9] have previously reported evidence for - 'O + %0 observed in thé’C(**Mg,*°0 *°0)*He reaction.
the breakup of3Si to 2C + 0 and 325 to %0 + 160.  Bennettet al. [9] have used the Harvey rul¢$3] to show
They found that this breakup depends on how these nucléfat the formation of a configuration iffS which can decay
are excited, suggesting that the breakup states correspond @ O + *°O is precluded when using &S projectile or an

specific configurations. These observations are in agreementPickup reaction onto &°Si projectile, but is allowed with
a doublee (or ®Be) transfer reaction onto Mg projectile.

The Harvey rules emerge naturally from considerations of
"Present address: Department of Physics, University of Surreyn€ Pauli principle and have been discussed by Mdsélin
Guildford, Surrey, GU2 5XH, United Kingdom. the context of a two-center shell model, and by Freeal.
"Present address: Department of Physics, University of Manched15] in the context of the two-center harmonic oscillator.
ter, Manchester, M13 9PL, United Kingdom.
t ; :
Present address: Defence Research Estgbllshment Malverr.], St. Il. EXPERIMENTAL DETAILS
Andrews Road, Great Malvern, Worcestershire, WR14 3PS, United
Kingdom. The experiment was performed using a 170 M&WIig
$present address: School of Sciences, University of Staffordshirdgeam, provided by the 14UD tandem accelerator of the De-
College Road, Stoke on Trent, ST4 2DE, United Kingdom. partment of Nuclear Physics at the Australian National Uni-
IPresent address: Department of Physics, University of Surreyersity. The beam was incident on a 45® cm™2 natural
Guildford, Surrey, GU2 5XH, United Kingdom. carbon target. CoincidertfO nuclei from the breakup of the
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FIG. 1. Total energy spectrum f3fO + %0 breakup of*%S at
arm angle settings of 14°/14°.

excited %2S nucleus following the'’C(**Mg, %0 1€0)“*He
reaction were detected in two gas-silicon hybrid detector
telescopes placed on either side of the beam on movable 40T
arms. Each hybrid telescope consisted of two detectors. At 204
the front of the hybrid was a 50 mm thick gas ionization , ) , . ,
chamber filled to 120 torr with propane which acted as a 20 25 30 35 40 45 50
AE detector. At the rear of the gas region was a position Excitation Energy in °S (MeV)

sensitive silicon strip detector, comprised of 16 independent

horizontal strips fabricated onto a single 50 mm50 mm
silicon slice. The silicon detector provided both position and
energy information and when used in conjunction with the
gas detector also provideE-E particle identification. A
more detailed description of the hybrid detectors has bee
given by Curtiset al.[16]. The target to silicon detector dis-
tance for this experiment was 235 mm, and two pairs of arm
angle settings were used, 14°/14° and 18°/18°. The angular ] )
acceptance of each detector telescope was 45 msr. The be®¢@m and fragments in the target that dominatesEfe
exposures at the two arm angle settings were 0.8 mC and 2rgsolution. The lower peak in Fig. 1, label€g,y, corre-

Counts per Channel
S
(=)

FIG. 2. Excitation energy spectrum fdfO + 160 breakup of
325 at(a) arm angle settings of 14°/14° aifbd) arm angle settings
of 18°/18°. The detector efficiency profiles are shown by the solid
curve through the solid squares, the peak values being indicated.
he classical Coulomb barrier position is indicated by the vertical
Irow.

mC, respectively. sponds to events in which one of the tdRD nuclei is emit-
ted in either its first or second excited sté6e05 MeV, and
lll. RESULTS AND DISCUSSION 6.13 MeV, respectively

By gating on events falling within th@,44 peak the ex-
Figure 1 shows the total energ§{,) spectrum obtained citation of the resonant?S nucleus can be determined by

from the coincident detection of the twlO nuclei at the calculating the relative energy between the th® frag-
14°/14° arm angle setting. The quantiy, is the sum of the ments for each event. The question as to whether the two
energies of the two detected nuclei and the third undetectetfO fragments do indeed arise from a commi® parent
recoiling particle(which is determined by using momentum will be discussed below. The process by which the excitation
conservation between the two detected fragments and thenergy is determined is described in more detail in Ri].
beam, assuming a three-body final stafehe peak labeled Figure 2a) shows the excitation energy spectrum ob-
Qggg COrresponds to events where all three exit channel patained for the'®0 + %0 breakup for the data taken at the
ticles emerge in their ground states, and thus lies at an enerdy}°/14° arm angle setting. Despite the low statistics there is
equal to the sum of the beam energy and the three-bodgvidence for several peaks in the 32—38 MeV excitation en-
reactionQ value. For the?C(**Mg,®0 ®0)“*He reaction ergy range. The overall profile of the spectrum is modified by
this Q value is equal to- 6.883 MeV. The measured width of the variation of the coincidence detection efficiency with ex-
the Qqqq Peak is(2800 = 250 keV. This value agrees well citation energy. The efficiency profile has been determined
with the (2700 + 400 keV predicted by a Monte Carlo code by a Monte Carlo simulation in which an exponentially de-
that has been developed to simulate breakup reacf®hs creasing cross section is assumed for the initial scattering
This simulation includes the effects of interactions of the[17]. An isotropic distribution is used for the subsequent
beam and breakup fragments in the target, the detector pepreakup. The result of the simulation is shown by the solid
formance, and the reaction kinematics. The Monte Carlo reeurve through the solid squares, and indicates that the ab-
sults show that it is the differential energy loss between thesence of events above 40 MeV in the excitation spectrum is
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FIG. 3. Reconstructed excitation energy assumifg + 0 FIG. 4 A Monte Carlo simulation of the reaction
breakup of 3%S plotted against that calculated assumif® + ’C(**Mg,*Ne*) "0, *Ne* — O + “He for excitation energies

“He breakup of?®Ne. Data for the two pairs of arm angles are N 2Ne corresponding to states seen by Rseal. [18] in the
combined. 12C(*%0,%Ne*) ®Be reaction.

To investigate further the contribution from thHéO +

a result of the falloff in efficiency with increasing energy. At 4He breakup of excited states fiNe we have performed
excitation energies below 30 MeV the spectrum is supextensive Monte Carlo simulations of tHéC(%“Mg, 2°Ne*)
pressed by the proximity to the Coulomb barrier between the6p, 2Ne* — 160 + “He reaction, in which the exact ge-
breakup fragments, which is indicated by the vertical arrowometries and electronic thresholds of the experiment were

Figure Zb) shows the excitation energy spectrum ob-used. The states ifPNe between 9 and 21 MeV of excitation
tained from the data taken at the 18°/18° arm angle settingvhich were observed it®0O + “He breakup following the
together with the corresponding efficiency profile. As in Fig. 2C(*%0,?°Ne*)®Be reaction[18] were simulated in turn.
2(a) several peaks may be seen within the overall profile ofThe pseudodata from this simulation was then analyzed in
the spectrum. Two of the pealat 34.7 MeV and 35.6 Me)  the same way as the real data. Figure 4 shows a two-
seen in Fig. &) can also be seen in Fig(d, suggesting that dimensional plot o (*%0-0) versusE (*%0-*He) (similar
they represent true states and are not simply an effect of th® the plot in Fig. 3 from this analysis. The upper set of
low statistics. The predicted experimental resolution in thediagonal loci represents events where the incortéot the
reconstructed excitation energy spectrum, obtained from gecoiling-target-like nucleus, has been associated with the
Monte Carlo simulation of the reaction, (800 = 30) keV. “He. The lower horizontal loci correspond to the
This Monte Carlo calculation was similar to that performedcorrect 10, the breakup fragment, being associated with
for the total energy spectrum. the “He. Between the two lobes corresponding to the

One assumption made in the analysis of this data is that’C(?*Mg, 2°Ne*) 1°0 reaction in Fig. 4 is a clear region. Any
the detected'®O nuclei are fragments from the breakup of data in this region in Fig. 3 should therefore correspond to
%23, It would be possible, however, to produce the same exithe 12C(2Mg, %0 160)“*He reaction. Figure 5 shows the re-
channel particles from thé’C(**Mg,*Ne*)®O reaction, sults from a similar Monte Carlo simulation of the
followed by breakup of the excite®’Ne nucleus t0*®0 +  12c(24Mmg, %0 160)“He reaction for states at energies corre-
“He. If such a process were to occur, then the reconstructesponding to those seen in Figgapand 2b). As expected
excitation energy of thé°Ne nucleus, determined by calcu- this shows vertical loci in the two-dimensional plot. The
lating the relative energy between one of the t#® nuclei  Monte Carlo simulations provide a very consistent descrip-
and the *He particle, may show structure corresponding totion of the results shown in Fig. 3. The simulations suggest
breakup from specific excited statesNe. Figure 3 shows that by placing a software window about the central region
a two-dimensional plot of the excitation energy as calculateaf the data in Fig. 3, the genuin€0 + 10 states can be
assuming®0 + 1°0 breakup of*2S against that calculated separated from the background HO + “He states. The
assuming thé®0 + “He breakup of°Ne, for the combined excitation energy spectrum produced by such a gating is
data taken at both 14°/14° and 18°/18° arm angle settings. Bhown in Fig. 6, where there is much clearer evidence for
is possible to see vertical loci corresponding to the statediscrete states at energies of approximately 33, 35, and 38
seen in Figs. @) and 2b) in this plot. Although there is little  MeV.
evidence for horizontal loci, there is some evidence at the top Integrating the data appearing in Figga2and Zb) al-
of the plot for diagonal correlations. Such loci could arise iflowed upper limits for the integrated double differential cross
fragments from the*?C(**Mg,?°Ne*) 10 reaction were in-  section for the'®0 + %0 breakup of*?S to be obtained. The
deed being detected, but with the reconstruction being peresultant values arel®c/dQ,dQ, = (0.19 = 0.03 mb
formed between ther particle and the wrond®0 nucleus.  sr™2 for the 14°/14° arm angle setting addo/dQ,dQ, =
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FIG. 5. A Monte Carlo simulation of the reaction 0
12C(2*Mg, %0 %0)“He for excitation energies iffS corresponding

(c) States at 37.6 and 38.3 MeV
to the states seen in Figs(a2and 2b). R
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(0.21+ 0.03 mb sr ? for the data obtained at 18°/18°. It is
noted that these cross sections include background statistics
from the *2C(**Mg, ?°Ne*) 1%0 reaction as seen from Figs. 4 ; ] :
and 5, where the loci for thé2C(**Mg,*%0 1%0)“He reac- % 4 e s 1o 10 o 160
tion states are seen to extend into the region of data associ- Yo (de9)

ated with the®0 + “He breakup of?*®Ne. Placing a soft-

ware window about the central region of the data in Fig. 3to FIG. 7. Experimental angular correlation projections onto the
obtain the filtered excitation energy spectrum shown in Fig. @ =0 (¢) axis (solid histogrampfor (&) the state at 33.0 MeV
therefore caused some of the data from #5® + 10 overlaid with a Legendre polynomial of order {@otted ling, (b)
breakup of32S to be rejected. By integrating the 18°/18° armth_e states at 34.7 and 35.6 MeV overlaid with a Legendre poly_no-
angle setting events seen in Fgja lower limit on the inte- mllal of order 14, andc) thg states at 37.6 and 38.3 MeV overlaid
grated double differential cross section was obtainedV't" & Legendre polynomial of order 16.

d?0/dQ,dQ, = (0.062+ 0.0029 mb sr 2. om 16 ,

In order to determine the spins of the observed stategh® “O-70 breakup vector and the beam axis. These angles
two-dimensional angular correlation plots were made by1ave been defined for example by Marsh and R&%. The
windowing on each of the peaks seen in Fig. 6. The angle@ngular correlations reveal ridges in the/y space{19,20
used for the correlations ag¥ , the center of mass scattering Which have a characteristic gradient given Byge, where

angle of the excited®S nucleus, andy, the angle between J represents the spin of the state dgdthe grazing angular
momentum of the final state outgoing resonant parfi2lg.

Projecting these ridges onto th€*(=0) ¢ axis at an angle

704 C*Mg, 0 *0)'He which is parallel to the gradient of the ridges allows a Leg-
‘ (12, 14% endre polynomial to be overlaid on the correlations, of the
601 - form |Pjcos@)]|® [6]. The Legendre polynomials most

closely describing the correlations with the peaks near 33,

£ 507 (14’ 16) 35, and 38 MeV are shown in Figs. 7 and 8.

§ a0t Figure {a shows a Legendre polynomial of order 12

3 overlaid onto the projection of thé*/ plot for the state

£ 307 centered at 33 MeV. The angle of projection of #e s plot

§ used to produce the projection shown in Figa)#ields the
201 gradientd/l gg. Assuming alignment of the angular momen-
104 tum in the reaction thehg=J+Ig¢ [22], and from this the

] grazing angular momentum of the initial incoming patrticle,

o - a

0 pa 5 i ) s = lg, is calculated tq b§26.6 = 1.6)%. Figur_e 1b) shows a
Legendre polynomial of ordel = 14 overlaid onto the pro-
jection for the two states centered at 35 MeV, for which the
FIG. 6. Excitation energy spectrum f8fO + %0 breakup of ~ projection angle yieldég = (29.2= 1.7)%. The projection
%23 for events gated on a selected region of Fig. 3. Data for the twdor the states centered at 38 MeV is shown in Fig).7In
pairs of arm angles are combined. this figure a Legendre polynomial of ordér= 16 is overlaid

Excitation Energy in S (MeV)
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" which I = (26.2 = 1.6)A4. The excitation energies of the

as] (e) State at 33.0 Mev P,=10 states seen in Fig. 6 are listed in Table I, as are the proposed
iy AV N spin assignments and deduced grazing angular momenta of

the initial incoming particlel g, .

In order to distinguish between these alternative values of
| 5, a series of distorted-wave Born approximat{@wWBA)
calculations was made for thEC(*“Mg, 3S*)*He reaction.

In the calculations the®®’S was assumed to be excited to

¢ states of energyspin) of 33 MeV (10" and 12), 35 MeV
| () States ot 34.7 and 35,6 MoV (12 and 14"), and 38 MeV(14" and 16"). The optical
N Y T T S S R R parameters of Daneshaver al. [23] were used to generate
the distorted waves, and the bound states of the transferred
8Be clusters were calculated in a conventional Woods-Saxon
well with parametersR=1.25(AY3+83) fm and a=0.65
fm, using 2N+ 1 =20 for thes-d shell and N+1=8 for the
p shell. Figure 9 shows the partial cross sections versus par-
tial wave number for these calculations. It is seen in Fig) 9

: that for a state aE, = 33 MeV and spinJ=10" the peak
as] (c) States at 37.6 and 36.3 MeV P,=14 contribution is near a partial wave numbgg = 244, while

PN FONE for the J=12" state the peak contribution lies neatgr =
26#. For a state at an excitation energy of 35 MeV and spin
J=12" the peak contribution lies nedg, = 25 and, for
J=14", |5 = 274, Fig. 9Ab). Figure 9c) shows that for a
J=14" state atE, = 38 MeV the peak contribution is-
| ool I = 26h, and forJ=16" the peak contribution lies close to
N R ) L | = 28h. The calculated values of the initial grazing angu-
%0 40 60 80 100 120 140 160 lar momentl , are listed in Table | for comparison with the

Yo (de) experimental values obtained in the present work. It is seen
that the calculations lend support to the valuesl gf ex-
FIG. 8. Experimental angular correlation projections onto thetracted from the slopes of the angular correlations, but are

0*=0 (4) axis (solid histogramsfor (a) the state at 33.0 MeV  ynaple to distinguish between the assignment$16f® or
overlaid with a Legendre polynomial of order 1€otted ling, (b) 12%), (12* or 14"), and(14* or 167).

the states at 34.7 and 35.6 MeV overlaid with a Legendre polyno- Figure 10 shows the knowhfO + 160 scattering reso-

Vrciltil gch;rderdlz, anlc(c) th_e Istr;ltesdat Iﬁ(ﬁ and 38.3 MeV overlaid nances on a plot of energy against stiken from Cindro

gendre polynomial of order 4. [7]). The locus of the resonances is consistent with a rota-
tional sequence. The solid horizontal lines show the location

onto the projection, the projection angle yielding = (29.9  of the states observed in the present breakup measurement.

+ 1.8)%. Alternative polynomials may be overlaid on these These appear to lie on the same trajectory as the scattering

projections, yielding values d?; = 10 for E, ~ 33 MeV, resonances, suggesting that the same underlying structure is

for which |, is calculated to bé22.2 = 1.4, shown in  being observed in the two measurements.

Fig. 8@). For the states centeredBt ~ 35 MeV, a polyno- By considering these states #8S as members of a de-

mial of P; = 12 may also be overlaid on the projection, formed rotational band with excitation energiegs = E, +

yieldinglg, = (25.0 + 1.4%. This is shown in Fig. &). In  (%#2/27)J(J+1) we can obtain the gradient &, versusJ

Fig. 8(c) the projection for the states centeredEgt ~ 38  asA?/27 = 49 keV (for spins of 10", 12*, and 14") or 42

MeV is shown overlaid with a polynomial d?; = 14, for  keV (for spins of 12", 14", and 16"). These values agree

Counts per Channel

Counts per Channel

Counts per Channel
n
o

TABLE |I. List of excitation energies, proposed spins, and deduced grazing angular momenta in the
entrance channel ¢) for the states seen in Fig. 6. The calculated valuds;cdire also listed. The states at
34.69 and 35.64 MeV and also those at 37.55 and 38.32 MeV were paired together in order to make the spin
assignments as listed.

Proposed Deduced Calculated
Ex (MeV) spin (&) Lo (7) lai (R)
33.03* 0.12 10 222+ 14 ~ 24
12 26.6*+ 1.6 ~ 26
34.69+ 0.08 and 35.64+ 0.06 12 25.0+ 14 ~ 25
14 29.2+ 1.7 ~ 27
37.55+ 0.11 and 38.32t 0.12 14 26.2+ 1.6 ~ 26

16 209+ 18 ~ 28
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FIG. 10. Energy-spin systematics for th# + %0 scattering
resonances listed by Cindf@], represented by the open circles.

ooiat ©J=16 o . E,= 38 MeV \ > - !

0oz Je14 m .- The solid horizontal lines represent the states observed in the
2 . present breakup measurement. The dashed diagonal line represents
Fat - the rotational parameter calculated by Cindro for two touching
§ o008 . 180 nuclei in a dimolecular configuration.
§ 0.006 . .
£ oo . et tion energy range. Projections of angular correlations for
© o002 . P '. states near 33, 35, and 38 MeV, supported by DWBA calcu-

ooootamanpengiseese? Lo lations, suggest spins in the range "1Al6", placing the

5 10 15 20 25 30 35 40 45

states on the locus of resonances observed®® + %0
scattering, and yielding a rotational parameterzéf27 in

the range 42—49 keV. These discrete states are similar in
nature to those seen in tHéC + 12C breakup of?*Mg and

may be indicative of similar underlying nuclear structure ef-
fects. Both alpha cluster model and Nilsson-Strutinsky cal-
culations predict the existence of highly deformed shape iso-
meric states in2S in this excitation region. However, in
order to make a more conclusive association between the
observed states and these deformed configuratiamng the

well with the observed®0 + %0 scattering resonance data resonances observed #0 + O scattering studigst is
rotational trajectory, and are also in agreement with the corelear that a higher resolution measurement is needed not only
responding parameter calculated by Cindro for two touchingor a detailed study of the excitation spectrum but for the
%0 nuclei in a dimolecular configuration, 43.3 kg¥].  confirmation of the spins of the states obtained in this mea-
Such a gradient is indicated in Fig. 10 by the dashed diagosurement.
nal line, and it can be seen that the rotational spacing of the
calculation agrees well with the breakup data and the scat-

tering resonance@t is noted that vertical position of the line
is arbitrary, as the band head enefgyis not determined in
the calculations of Cindpo

Partial wave number (L)

FIG. 9. Partial cross section versus partial wave number ob
tained from DWBA calculations of the reactiolfC(**Mg, 3°S*)
“He for excitations ofa) aJ=10" state at 33 Me\(solid squares
and aJ=12" state at 33 Me\(solid circles, (b) aJ=12" state at
35 MeV (solid squaresand aJ=14" state at 35 MeV(solid
circles, and(c) a J=14" state at 38 MeV(solid squaresand a
J=16" state at 38 Me\(solid circles.
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