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180 +8Be breakup of 2*Mg via the “C(*°*Ne, °0®Be)®Be and °C(**Mg, °0®Be)!°C reactions
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A study of the®C(**Ne, *%0 ®Be)®Be and*?C(**Mg, %0 ®Be)!°C reactions has revealdfO+8Be breakup
occurring from specific states in téMg nucleus at high-excitation energies. A spin assignment has been
determined for one of these states from an angular correlation measurement of the breakup fragments. In the
20Ne beam reaction, states have been identified at 22.33, 22.96, 24.00, 24.43, 24.88, 25.53, 27.35, 27.97, 28.88,
and 30.13 MeV, and in thé“Mg beam reaction states have been identified at 20.58, 21.54, 22.70, and 24.31
MeV. The results have been compared with previous measurements dP@he?C breakup channel.
[S0556-28188)03209-9

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

[. INTRODUCTION efficiencies resulted in low breakup yields making interpre-
tation difficult.
Following the initial observation of th&C+2C molecu- More recently, inverse kinematic reactions have provided

lar resonances by Almqvistt al. [1], many experiments a successful means of studying th&C+'%C breakup of
have been performed in an attempt to establish a link bestates in**Mg by scattering €*Mg beam from a*?C target
tween these resonances and state&iflg and hence infer (e.g. [6,7]). For example, a measurement of the
some cluster structure within that nucleus. One line of ap+?C(**Mg, 12C'%C)'“C reaction at 170 MeV indicated a series
proach has been a study of the fissiorf®g into two 12C  of states in**Mg displaying energy-spin systematics charac-
nuclei in order to identify any correspondence with the scatieristic of a rotational band with large deformati8i. Fur-
tering resonances and provide further insight into the structhermore, the moment of inertia deduced from these mea-
tural properties of these states. Early studies used the elesurements was close to that observed for the scattering
trofission of 2*Mg [2] and the inverse process of radiative resonances. While these breakup results suggest the exis-
capture[3]. Both these measurements revealed the existendence of high lying excited states fiMg with a pronounced
of a series of states around an excitation energy of 22 MeV*’C+%C cluster configuration, no definite association of
in the 2*Mg nucleus. However, these states did not appear tthese states with the scattering resonances was possible.
coincide with the resonances observed in tf@+1°C sys- However, the results from a recent high resolution measure-
tem. Inelastic scattering of alpha partic[d$ and protong5]  ment of the?C(**Mg, *°C*?C)*“C reaction 9] would suggest
have also been used to excite g nucleus in an attempt that the energies, spins and widths of ti€+°C breakup
to probe these breakup states and, while these measuremestates are in good agreement with those of the molecular
removed the low multipolarity restriction of the electrofis- resonances. This gives a strong indication that there is a di-
sion and radiative capture measurements, the low detectiamct relationship between these two phenomena.
Alongside the experimental evidence for the existence of
highly deformed states iffMg with a possible cluster struc-
*Present address: DERA Malvern, St. Andrews Road, Malvernture, theoretical calculations also indicate that such structures
WR14 3PS, U.K. may exist. Nilsson-Strutinsky calculations for the potential
"Present address: Department of Physics and Astronomy, Schustenergy surface iR*Mg predict the existence of several stable
Laboratory, University of Manchester, Manchester, M13 9PI, U.K. configurations at high deformatidd0]. The cranked cluster
*Present address: Modisette Associates, Inc., 8441 Gulf Freewaynodel developed by Marsh and Rie] also predicts that a
Suite 207, Houston, TX 77017. number of quasi-stable cluster configurations should exist in
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this nucleus and, on the basis of their deformation and shelirrangements used were identical in both experiments.
model configuration, these cluster states have been associ- In order to reconstruct events with three-body final states,
ated with the minima in the Nilsson-Strutinsky calculationsit is necessary to obtain position and energy information for
[12]. Cranked calculations suggest several of the minima thaivo of the three final-state particles. To detect and identify
appear have moments of inertia consistent with that detelﬂ]e 160 nuc|ei, three heavy ion detector te|esc0pes were em-
mined from the*’C+°C breakup results. _ ployed. Each telescope consisted of three silicon surface bar-

A study of the'*C(*Ne, *C'“C)°Be reaction[13], using  rier detectors; a relatively thinE passing detectd80 um),
an alpha transfer process to excite the states of interest, rgy, intermediate thickness detector(300 «m), and a final
vealeo_l states if*Mg showing close agreement with those stopping detectof2000 um). The stopping detectors were
seen in th624M9 beam data. The selective nature of thehick enough to stop alpha-particles passing through the tele-
transfer reaction suggests the association between theggopes and could therefore be used in the offline analysis to
structures and the octupole stabilized prolate minimum preajiminate pile-up events involving alpha particles which
dicted by the Nilsson-Strutinsky calculations, which has apere was a very high flux The AE and E detectors were
dominant 4-4h configuration in its wave function. This position sensitive in one dimension, with orthogonal axes so
structure has a 3:1 axis deformation and in the cranked clusss tg determine both in-plane and out-of-plane position in-
ter model regime corresponds to ar'®0-a configuration.  formation. The three telescopes were mounted in a vertical
Interestingly, this prolate configuration has been aSSOCiateerangement to provide coverage for both in-plane and out-
with the *“C+*’C molecular resonances by several authorspf-plane coincidences. In both experiments, the two tele-
[11,14,15, supporting the view that thé’C+'°C breakup  scopes mounted above and below the horizontal scattering
reactions may be populating the same states seen in thgane were angled at 10° to the horizontal plane such that all
12C+1%C scattering measurements. three telescopes were an equal distance from the térget

If the prolate shape isomer is indeed responsible for thenm). In this configuration the solid angle subtended by each
Y’C+1C breakup yield, then theoretical models suggestelescope was 6.94 msr.
similar yields should be observed in other breakup channels. |n order to detect the two alpha particles from the breakup
For example, the oscillator model developed by Hal]  of e, ., a 1000um thick silicon strip detector was situated
suggests that excited structures based on this configuratiggh the other side of the beam axis. This detector consisted of
would be expected to break up into either ##€+1°C or  sixteen position sensitive strips formed on a single silicon
'°0+®Be partitions, with both fragments in their ground sjice, with the horizontal and vertical dimensions of each
states. In addition, time-dependent Hartree-Fock calculationgtrip being 50 mm and 3 mm, respectively. Using resistive
[17,18 suggest the vibrational motion of &Cys+'°C(0;)  charge division in the horizontal plane, signals were taken
system gives rise to an-'%0-a or *%0-a-a« configuration  from both ends of each strip. These signals then provided the
for a considerable portion of the time which would againenergy and in-plane position information for each incident
enhance decay to th€O-+5Be channel. Observation of the alpha-particle. The vertical position of the strip in the array
same states breaking up into both #€+*°C and'®0+8Be  provided the out-of-plane position information for each de-
channels would, therefore, support the association of théected alpha particle. A sheet of 178n thick mylar ab-
breakup states with the deformed prolate structure. Furthesorber was mounted in front of this detector to prevent the
more, a study of the asymmetric fission channel allows thelamaging flux of elastically scattered beam particles from
possible identification of any odd parity states in the rota-entering the detector. This detector was also situated 120 mm
tional sequence which are forbidden to decay by symmetrirom the target position giving a solid angle of 170 msr.
fission and have therefore not been observed in earlier In order to obtain the energy and position response of the
12C+12C breakup measurements. heavy ion telescopes, a grid consisting of accurately posi-

A measurement of the reactiof’C(**Mg, °0®Be)’°C  tioned holes was placed in front of each telescope and elas-
has previously been reported by Fultenhal. [19] and did tically scattered ions of known energy were recorded through
indeed show breakup occurring from the excitation regioneach hole. This technique also enabled estimates of the en-
of interest between 20—25 MeV. However, due to the ratheergy and position resolutions to be determined. T@ en-
poor resolution and detection efficiency, no evidence wagrgy resolution of the heavy ion telescopes was 400 keV and
seen in thé'®*0+®Be breakup yield for states similar to those 550 keV for the?*Mg and ?°Ne beam experiments, respec-
seen in the'?C+'2C channel. This measurement has there4ively, whilst the in-plane and out-of-plane position resolu-
fore been repeated with an improved detection arrangemetibns were estimated to be 0.6 mm.
and, to complement this, a similar excitation region has The energy calibration of the alpha detector was obtained
also been studied using the alpha transfer reactionysing known states in °Ne observed in the

12C(®Ne, 0°Be)®Be. 12C(*Ne, 0a)'’C reaction, which was recorded simulta-
neously with the data of interest. In both experiments, the
Il. EXPERIMENTAL PROCEDURE energy resolution of each strip in the alpha detector was be-

tween 300 and 500 keV for single alpha particle events. The

The first experiment was carried out at the Nuclear Strucposition response of the strips in the alpha detector was as-

ture Facility at Daresbury using a 170 Mé¥Mg beam to  sumed to be linear and the in-plane position resolution for a

study the'?C(**Mg, 1%0PBe)'°C reaction. The second experi- single alpha particle was estimated to be about 0.5 mm. The

ment was performed using a 160 M&dNe beam from the out-of-plane position resolution was governed by the height
88-Inch Cyclotron at the Lawrence Berkeley Laboratory toof the strips, which was 3 mm.

study the 2C(**Ne,0°Be)®Be reaction. The detection  In the first experiment, data were obtained for one set of
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FIG. 1. Reconstructed relative energy spectrum for coincident
alpha particles in the strip detector. The peak at 92 keV signifies the 150+
breakup from’Be, 5 events.
1001
detector angles, 11.0° and 18.0° for the heavy ion telescopes
and strip detector, respectively. Natural carbon targets of 50T
both 200g cm 2 and 400ug cm 2 thickness were used
during this experiment, and the accumulated beam charge for O 110 1m0 10 e 150 10 1v a0
the two targets was 1.23 mC and 5.57 mC, respectively, after
accounting for the dead-time of the data acquisition hard- E (MeV)
ware.

In the second experiment, the strip detector was situated FIG. 2. Total energy spectra for coincidetfiO+%Be nuclei
at 21.0°, but data were taken at two angle settings of théom the '°C(**Mg, *0®Be)*?C and the *C(**Ne, %0 ®Be)®Be
heavy ion telescopes, namely 15.5° and 12.0°. A natural carmeasurements. The peaks labe@gg,, correspond to all three par-
bon target of thickness 240g cm 2 was used, and the ac- ticles being emitted in their ground states.
cumulated beam charge, after accounting for dead-time, was ) )
2.58 mC at the 15.5°/21.0° setting, and 1.64 mC at the 12.0‘*793_"3/_"00 telescopes will be presented here becaus_e the
21.0° setting. The uncertainty in the accumulated bean$tatistics in the other two telescopes were rather poor. Figure

charge is estimated to be about 25% due to an intermitterd,  Shows  typical E,; spectra obtained from the
hardware malfunction. 12C(**Mg,*%0%Be)?C and °C(*Ne®0°Be)®Be reactions.

The peaks labele@yq, correspond to all three final state
1. ANALYSIS particles emitted in their ground states and subsequent lower-
energy peaks correspond to excitation of one or more of the
The analysis of the data from both experiments followedfragments Qg4 events are selected in software and the rela-
an identical procedure. The heavy ion telescopes provide thgve energy of the two detected breakup fragments is recon-
necessary particle identification to distinguish @ nuclei  structed to give a measure of the excitation in #ibg
of interest in the breakup channel and also yield the energgpucleus.
and angle information for each incident ion. The relative Figure 3 shows the reconstructed excitation spectra ob-
energy of the alpha particles from tABe decay is obtained tained from both reactions. The dotted lines on this figure are
from the energies and angles of two coincident alpha pareetection efficiency curves which have been calculated using
ticles in the strip detector, after a correction has been made Monte Carlo simulation, taking into account angle cover-
for the energy loss in the mylar absorber. Figure 1 shows thage and energy detection thresholds, and requiring that the
reconstructed relative energy spectrum for coincident alphavo alphas from théBe breakup arrive in different strips on
particles during the'’C(*°Ne, *°0®Be)®Be experiment. The the strip detector. The simulation assumes an exponential
Q-value forBBeg_S_breakup into two alpha particles is 92 keV falloff of the primary reaction cross section with center-of-
and 8Beg_s_ events can, therefore, be selected by applying anass scattering angle and isotropic distributions for'fivg
software gate on the peak at 92 keV in the relative energynd ®Be breakup. It should be noted that while the variation
spectrum. of the calculated efficiency with excitation is rather insensi-
By obtaining the energy and angle information of thetive to these assumptions, the absolute value of the efficiency
1%0+8Be breakup fragments, conservation of momenturmis not, and hence the cross sections for different reactions
then gives the kinematic information on the unobserved reand different angle settings cannot be compared. However,
coil nucleus. The total energy in the exit chankg); is the  as a guide to the order of magnitude, the Monte Carlo simu-
sum of the measuretfO and®Be energies and the calculated lations indicate a detection efficiency of around 1% at the
recoil energy and this gives a measure of @e&alue for a  peak of the curve for both of the reactions studied.
particular reaction. The energy centroids and widttBWHM) of the peaks in
Only coincidences involving the middle of the three Fig. 3 are shown in Tables | and Il and have been obtained
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80 PETINNT TABLE I. Excitation energies for the states identified in the
11.0718.0° C("Mg, O'Be)C 12C(*°Ne t50%Be)®Be reaction. The energy centroids, associated er-
170 MeV rors and widths(FWHM) have been extracted using a Gaussian
peak fitting routind 20]. Each peak is subject to an additional sys-
tematic uncertainty of~250 keV. Using a Monte Carlo computer
code to simulate the reaction, the excitation energy resolution for
each state is estimated to bel50—-550 keV.

701

60T

50T

a0t

30¢

E, (MeV) Error AE, (keV) Measured widthkeV)
o [ | || I 22.33 28 620
107 22.96 53 840
120 i . oo s ao 24.00 40 750
12.0%21.0° 2C(*Ne,°0°Be)’Be 24.43 24 800
1004 160 MeV 24.88 24 550
D 25.53 70 600
g  sot 27.35 28 700
g 27.97 25 900
8 0t 28.88 30 920
é 30.13 36 1080
2 a0t
QO

204 the beam axis and the relative velocity vector of the breakup

fragments. Fo*Mg nuclei scattered a#* =0°, and with a

0 g . i l‘"'; o, spinless recoil nucleus, conservation hf determines that
80T 15.5%21.0° “C(*Ne,“0"Be)'Be only them=0 substate can be populated for any state of spin
704 160 MeV J, where the beam direction is taken as the quantization axis.

If the breakup fragments also have zero spin, the distribution
of the breakup yield as a function ¢fis then represented by
the square of a Legendre polynomial of orde’A measure

of the periodicity of the minima a#* =0° then identifies the
spin of the state.

Away from 6* =0°, the restriction on populatingpm=0
substates is removed and the angular correlation becomes
more complicated. However, if, as in these measurements,
the breakup fragments are restricted by the detector arrange-
ment to be emitted approximately in the primary scattering
plane, some simplicity in the correlation is retained. Specifi-
Excitation energy (MeV) cally, while the dependence of the yield gris no longer a
squared Legendre polynomial of ordér it still oscillates
with the same periodicity, but with the phase shifted in pro-
portion to the value of¢*. Hence the angular correlation

601
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40t
30t
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0 ¥ + + t
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FIG. 3. Mg excitation spectra for thé’C(**Mg, 1%0°Be)'%C
and ?C(®*™Ne, 1%0°Be)®Be reactions at two different angle settings,

after gating on theQq4 peaks of the correspondirig, spectra. . . . .
The dotted lines show the relative coincidence detection efficienctakes the form of a series of diagonal ridges in #ey

as a function of excitation, calculated using a Monte Carlo simula?é)la‘ne whose minima at the* :O. axis coincide Wlth those
tion. as described in the text. of a squared Legendre polynomial of ordeA derivation of

this behavior is given in Ref21]. By projecting the data
from a Gaussian peak fitting routifi20]. In addition to the back along the ridges onto th# =0 axis, the spin of the
random error quoted on the excitation energy, all centroidstate can be determined by comparing the position of the
are subject to an additional uncertainty of approximately 250minima in the projected data with squared Legendre polyno-
keV due to systematic uncertainties in the absolute excitatiomials of various orders.
energy scale. Using a Monte Carlo computer code to simu-
late tghye breakup pr%cess, the excitation l3energy resolution s TABLE Il States identified in the*C(*'Mg,"*0"Be)*C reac-
estimated to be=450—550 keV. Since the measured widths 0" USing & Monte Carlo computer code, the experimental resolu-

. N . tion is estimated to be-450 keV. For details, see caption for Table

are considerably greater than the simulated resolution, these
measured widths may represent the natural widths of the

states. Howeve_r, it is more likely that some or all of these E, (MeV) Error AE, (keV) Measured widtt{keV)
states are multiplets.

Information on the spin of the breakup states can be ob- 20.58 40 1050
tained from the angular correlation of the breakup fragments  21.54 46 1320
[21]. This angular correlation can be expressed in terms of 22.70 64 1450
the center-of-mass scattering angfe of the excited?’Mg 24.31 115 1800

nucleus and the breakup angle being the angle between
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FIG. 4. Angular correlation for the state identified at 24.43 MeV 20
in the 2C(**Ne, 1%0®Be)®Be reaction. The solid line indicates the 10
calculated region of phase space accessible, whilst the dashed line: o
indicate the expected positions of ridges in the angular correlation 40} P,
for aJ=9 state.
30
It has also been showj22,21] that the gradient of the 20
ridges in thed* - ¢ plane is given by 10
de* J % % 40 go E) 126 pT 1:160 180
5T 1)
d P
& f ‘}’pmj (degrees)
provided that¢* is small andJ<I;, wherel; denotes the FIG. 5. Projection of the angular correlation data onto g

dominant partial wave in the exit channelJifs determined =0 axis for the state at 24.43 MeV identified in the

from the periodicity of the ridges, a value forcan then be  2C(*Ne,'®0®Be)®Be reaction. The projection is overlaid with

obtained from the gradient. squared Legendre polynomials of various orders as indicated in the
Figure 4 shows the two dimensional angular correlatiorfigure. On this basis the most suitable spin assignment for this state

for the state identified at 24.43 MeV in the isJ=9.

12C(*°Ne 1%0®Be)®Be reaction, with data from the two angle

settings combined. In this plot, instead of using a Sphericaéssignment for this state &= 9. Based on the angle used to

polar _coordinate system, we have usedéthe so-called “axial”proj(_}Ct the data, this assignment implies a valud faf 22.
coordinate system in which the angléS and 4 are pro- If we assume a stretched configuration such that ¢+ J,

jected IEIO ttf:e horlhzontalbscatterlr;g Elanfe tf(; giek, and wherel; denotes the dominant partial wave in the entrance
Yax- It has been shown by Freg23] that for detector ge- channel, we obtain a value for of 31. This is somewhat

O”.‘e”'es Of. the kind employed in these. measurementg, thgmaller than the value of the grazihgredicted by optical
axial coordinate system enhances the ridge structure in the

correlation. The solid line around the data shows the calcur-nOOIeI calculations using potential parameters obtained by

lated boundary of the* - acceptance for the two angle fitting to elastic scattering data Bom=23.3 Mey [24.] apd
settings combined, based on the energy and angle thresholﬁsm: 145'3 MeV [25]. Hovx_/ever, bOth pot_enUgIs indicate
of the detectors. The dashed lines indicate the expected pdiat @ wide spread of partial waves is active in the surface
sitions of the ridges in the correlation, based on a spin as®®gion, with T(l) falling from 0.9 to 0.1 over the range
signment ofJ=9, |;,=22. ~30-40. Hence, a value of 31 for the domindrit this

The corresponding projection along the ridges onto thd€action is not inconsistent with these calculations.
6% =0 axis is shown in Fig. 5. There is some uncertainty in Unfortunately, the angular correlations for the other peaks
the true angle of the ridges, and hence the angle whicRbserved in the two reactions studied do not have sufficiently
should be used for projecting the data. The angle we used iwell-defined ridge structure to allow definite spin assign-
this case was that which provided the optimum peak-toments to be made. One likely reason for this is that the ob-
valley ratio in the projection. The projection has been over-served peaks are composed of two or more states of different
laid with squared Legendre polynomials of various ordersspins, and hence the structure in the angular correlation is
and on this basis it can be seen that the most suitable spimashed out.
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IV. DISCUSSION 80
- - . 70 . IZC(“Mg,loOg‘ BBe!s)UCSS
Figure 3 shows the reconstructed excitation spectra ob- o E,,. = 170 MeV
tained from the °0+%Be breakup measurements. The :

breakup is seen to occur from a series of discrete states in th: 50

range 20—30 MeV excitation in théMg nucleus. The exci- “0

tation energies of the individual states identified in the two s0

reactions are shown in Tables | and II. An interesting feature 20

of the breakup yields is that tH&C(*°Ne 2*Mg*)®Be reaction 10

is seen to populate states towards slightly higher excitation 0 s
energies than th&C(**Mg,?*Mg*)'?C reaction. This may be o0 & “o('Me."C,, "C,)"C,
explained by angular momentum matching favoring the E,,, = 170 MeV
population of higher-energy states by alpha transfer. The un- % ' '

fortunate consequence of this is that the region of overlap in 40
excitation energy observed with the two entrance channels is 30
too small to allow a direct correspondence to be made be-_
tween the individual states identified in each case. A similarg
problem was encountered in previous measurements of the
12C+12C channe[8,13]. g L0 clonsu |

The results from those measurements are shown in Fig. 62 “eNe."C, ", pe,,
for comparison with the present measurements. In the ab-Z2 200 Freun = 160 MeV
sence of spin assignments, it is difficult to make a definitive ©
statement about the similarity of the states observed in the 10
two decay channels. THE0+8Be channel appears to have a
larger density of states than tHéC+'2C channel, but this
may be a result of the fact that observation of breakup states 50
with odd spin is not possible in th#C+12C measurements
due to the symmetry of the findfC+1°C system, whereas
both odd and even spin states may contribute to the asym. ' >
metric breakup yield. This hypothesis is supported by the 120
observation of al=9 state in the present work.

In an additional measurement of th&(?°°Ne °C'°C)®Be
reaction carried out at a beam energy of 300 M@4], no
breakup yield was observed from states abeve3 MeV
excitation in the**Mg nucleus, despite the higher energy and
angular momentum introduced into the system. The cessa )
tion of the yield in the'?C+2C breakup measurements was, ‘B 2 22 24 % 2 s @2 o
therefore, thought to arise from the termination of the rota-

tional band associated with these states. Interestingly, the

breakup yield in thé’C(*Ne °0®Be)®Be reaction dies away i FIG. 6. quréparisc;n of bretﬁku'o f.StateS Otfl_she rve?j iT Varfious ;ﬁac'
at a similar excitation energy as in théC(*®Ne°’Ct?C)®Be ~ jo05, &> Indicated in fhe ‘igure. ihe dala for the
reaction despite the efficiency for detection remaining high “C(*™Ne, 1°0"Be)*Be reaction is the combined data from both the
. . T angle settings used in the present work.
in this region in both cases.

20

100

12,20, 16, 8 8
‘C("Ne, 0gs Begs) Begx
E,,, = 160 MeV

Excitation energy (MeV)

this structure would readily breakup intfO+%Be frag-
ments, and time-dependent Hartree-Fock calculafibrisl§

Two reactions have been studied to look f§0+8Be  also suggest the importance of this channel. The present data
breakup of highly excited deformed states?iMg. In the  show that breakup is indeed observed in tf@+®Be chan-
reaction ?C(**Mg,'%0®Be)'°C, breakup has been observed nel, but the lack of spin assignments precludes any direct
from a series of states in the range 20—25 MeV excitationcomparison with the'?C+*2C breakup results. The single
with individual states identified at 20.58, 21.54, 22.70, andspin assignment which has been possible in this study is for
24.31 MeV. The alpha transfer reactiic(*Ne 60°Be)®Be ~ a state with]J=9. If the same states are being observed in
has revealed breakup occurring from a slightly higher excifoth breakup channels, then measurements of this kind offer
tation region in the®*Mg nucleus, with states identified at the possibility of investigating odd spin members of the
22.33, 22.96, 24.00, 24.43 24.88, 25.53, 27.35, 27.97, 28.88;Mg molecular band.
and 30.13 MeV. The angular correlation of the breakup frag-
ments has been used to obtain a spin assignmeht@&f for ACKNOWLEDGMENTS
the state at 24.43 MeV. This work was supported by NATO research Grant No.
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