PHYSICAL REVIEW C VOLUME 53, NUMBER 6 JUNE 1996

Angular correlations for a-particle decay in the reaction *°C[**C,'*C(3]) —®Be(0]) +a ]*°C*
at E.,=32.5 MeV
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We present angular correlations in “Basel” coordinates ferparticle decay in measurements of
ao[12c,17c(3;) —%Be(0) ) + a]*®C* scattering aE. ,,=32.5 MeV. A semiclassical model of the angular
correlation function has been used to describe the observed angular correlations in the various exit channels.
We demonstrate that the semiclassical result can be used even in the case where there are two nonzero spins
in the exit channel if the decay products from both ejectiles are detected. We apply this new method to the
mutual sequential breakup reacti&C] *2C,*2C(3; ) —8Be(0; ) + «]*?C(3;) —°®Be(0;) +a. We deduce that
the scattering occurs dominantly to a final state with fully aligned spins and orbital angular momentum
L’'=12 or 14.[S0556-28186)01206-X

PACS numbes): 25.70.Ef, 21.60.Gx, 27.38t, 27.20:+n

I. INTRODUCTION nances is provided by the band crossing ma@&M) [14].
This predicts excitation function enhancements in tget+0
New experimental studies of scattering reactions to stateg; , 0, +3;, and G +0; channels at this energy, when
high above the & particle decay threshold 1ﬁ4M9 have  realistic transition densities fot’C [15] are included16].
revealed new resonant structure in th&C+*°C system.  Tpis model suggests that the structure of thet®; reso-
Most notably, it "’}E pelgrslthat Ehel W'de+ resonance first 1€, nce can be understood in terms of a weakly coupled 3
Eorte_dszlré Mth\e/ 1 cl 'thQ (03] ZIIC(IOZ) rteactlczs fa}[th plus 3 configuration, where thedad particles do not neces-
ség]t't(_arin. croess [S(]a,c\t,;/cl)n :?;g#stﬁ: gegggf;r;;g r‘r?a € sarily form a chain state. The BCM predicts a dominant par-
g mmay rg('lal wave of L=J=18 for the G +0, channel, somewhat

also be common to a number of other channels. We hav, . :
previously reported on similar behavior for scattering to thel@/g€r than those in the experimental data=(14,16[1)).
L is the orbital angular momentum addhe total spin. The

12C(03)+'C(37) and 2C(0;)+'C(03) channels[2],
(©) (31) (©2) %) (2] 0, +3; resonance is predicted to be the result of a similarly

whilst Freemanet al. [3] have found that the'®0(0;)+ _ r
8Be(0;) channel also resonates at this energy with the cha/€Xtended & structure coupled to an excitetfC(3;) core

acteristic 90° enhancement. This striking feature in the anWith stretched angular momentuim=J—3. This model has
gular distribution originally suggested that the 32.5 Mevhad some fUCC?SS in reproducing resonances at other ener-
0 +0; resonance be considered as an approximate sha@es in the c+ C syste+m. T+he resonances discovered by
eigenstatd4,5], where many overlapping resonances withCormieret al.[17]in the 0} +2; and 2 +2; channels and
different L values are excited. It was thought that this de-those by Fultoret al.[18] for scattering to the p+0, and
formed structure was consistent with the formation ofaa 6 07 +3; states are also observed in BCM calculations
linear chain configuratiof6,7] (LCC) at E,=46.4 MeV in  [14,16,19. Note that only the more recent formulation of the
2"Mg. The crankeda-cluster model[6] predicts a band BCM [16], which incorporates a distorted form factor for the
crossing between the ground state and cheiciuster con- 05 level in '°C, can describe the excitation function en-
figurations in 2*Mg near E,=50 MeV andL=16. This hancement seen in the angular momentum mismatched
seemed to be confirmed by the observation of dominant arB; +0; channel.
gular momentd =14 and 16[1] in the reaction. However, The physics underlying the BCM is rather simple;
the resonant strength recently discovered in other decayamely, it predicts that molecular resonances should be
channeld?2,3,8,9 at this energy presents a challenge to thisdominated by an aligned coupling between the orbital angu-
interpretation. Since the dominant decay mode otvd €C lar momentum and intrinsic spin. One expects this result
is expected to be through symmetric fission to twol3TC’s  quite naturally given the negativ@ value of these reactions.
or three®Be nuclei[13], the observation of strong resonance Such alignments have been observed in studie$?6fon
for scattering to nuclei with no relation to chain configura- >C collisions for the single and mutual excitation of the
tions is surprising. Moreover, the;Ostate in'C is widely ~ '%C(2]) state using particle~ray angular correlationg20—
accepted as having at best only a limited overlap withwa 3 22]. Resonances in the cross section were found to be
LCC structureg/10—17. It is thus difficult to construct ad  uniquely associated with a strong enhancement of the spin
chain from two2C(0;) state13]. alignment, particularly in the mutual;2channe[22]. These

An alternative explanation of thE, ,=32.5 MeV reso- data suggest that the resonant configuration is characteristi-
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cally different from that of the nonresonant weakly aligned (A,A-CH<)
background and that the respective orientation of the de-
formed 2C nuclei plays a decisive role in this resonance
behavior.

It would be interesting to make similar measurements of
the alignment in the case of the resonances observed in the
3] channels in the"’C+ 12C system, especially in order to
test the hypotheses proposed to explain the 32.5 MeV reso-
nances. Since the,3channels involve excitations to nuclear
states above the decay threshold for particle emission, par- FIG. 1. Velocity vectors in the center of mass for the sequential
ticle detection techniques for determining angular correlabreakup reactionA,A* —C+c) defining the correlation variables
tions and spin alignments must be used. One such methdds =90°,¢5 ,#¥s,xg) in the “Basel” coordinate scheme.
has been discussed previously and illustrated for the case of
the sequential breakup reactiotfC['°C,'*C(3]) —°®Be decgy_. _The depe_ndence of the direction of particle decay on
(05)+a]¥2C(0}) at E.,=27 MeV [23]. The data pre- the initial scattering angle can reveal many features of the
sented display a strong spin alignment at this energy whickeaction process. In particular, the gross structure of the an-

coincides with one of the resonances observed by FultofUlar correlations may be used to determine the spins of the
et al. [18] in this channel. nuclei, often in a model-independent manner, while the fine

Here, we report on similar measurements extended tgetails may in conjunction with reaction models reveal the
the case of mutual sequential breakup. In particular, wén-Substate populatior28]. ,
have examined the data of Chappedtal. [2] and The Basel coordinate system adopted in the present analy-
reconstructed 12C[1C,12C(3;)—®Be(0 ) +a]'?C* and sis is defined in Fig. 1. In this representation, thaxis is
127 12~ 12~v(2—Y . BRa((* 12~(2-y_, 8 + defined on an event-by-event basis to lie perpendicular to the

C[ *“C,“C(3 Be(0;)+ C(3 Be(0;)+ . ; L

[ (31)—"Be(0) +a] “C(3,)— Be(0;)+a reaction Ky) plane and is taken as the beam direction. The
trajectory of the ejectile nucleud* is then given by the

angular correlations & ,,=32.5 MeV. We choose to study
these angular correlations using the “Basel” coordinate sys . 2
g J y anglesdg and ¢f , where 65 is fixed at 90° by definition.

tem[24] as was used in the partickeray correlation studies ) -
[21,29. The theoretical angular correlation function reduces! & @ngles/g and yg characterize the breakup by defining

to a particularly simple form using a semiclassical approxi-the orientation ofv, (the relgtive velocity vector between
mation in Basel coordinates in which the physical interpre-fn€ decay product€ andc) with respect to the out-of-plane

tation of the data is transparent. This form of the correlatior{?) and beamX) axes. Most of the events considered here
function also yields an efficient method of projection by @€ restricted by the detector geometry to be in plane. We

which to study the correlation ridge structures in one dimenihus takeyg= /2. _ o
sion[25]. The ridge periodicity and projection gradient are The semiclassical angul_ar correlgtlon function in Basel
related to the spins and angular momenta in the final statgoordinates has been obtained previoig§]. In these co-
As indicated above, we also present angular correlations fdrdinates, using the decay amplitude

the mutual inelastic scattering®C[*°C,*?C(3;)]*°C(3;).

The simultaneous measurement of decay angles for the (—1)ke‘ikXBdLo
breakup of both recoil and ejectile nuclei provides a new

technique by which to examine the spin orientation in se- . . . : .
he semiclassical angular correlation function for single ex-

guential mutual breakup reactions. Although the results front.~ : d a sinale incid d final L’ ial
our existing data are ambiguous we believe that importan?ggﬂggsatg a single incident and final (') partial wave

information can be extracted from both the single and mutuall
12C(37)—®Be(0]) +a correlation functions in a simple

™
E) , (2.1

. ’ . . . 1 . 1 |2 |2
way. This paper is mainly concerned with the new simplew(¢s ,xg)c — [sin | L'+ = | ¢ + kxg+ —|| dio| =
technique for extracting reaction information from the mu- singg 2 4 2
tual channel. 2.2

for a spin zero recoil. Herd is the projection of ejectile spin
(1) on thez axis.
The combined use of the Basel coordinate system and the
semiclassical approximation results in considerable physical
Particle decay angular correlation measurements have b#sight into the nature of the scattering reaction. The chosen
come well established in the study of heavy-ion sequentiat axis, perpendicular to the reaction plane, is also parallel to
breakup reactions using the techniques of resonant partickhe orbital angular momentum vectdr’ semiclassically.
decay spectroscoph26,27. A sequential breakup reaction, Thus the angular momentum transfer in the reaction is
a(A,A* —C+c)a, consists of scattering a projectitefrom L'—L and the projection of this on theaxis must be equal
a targeta to form an intermediate nucleus* which then to the projectionk) of the ejectile spin vectdron thez axis
decays via particle emission to leave a three-body final statin this approximation. Ifk=1 then the vectorl is fully
C+c+a. Mutual sequential breakum(A,A* —C+c)a* aligned alond- andL is exactly parallel td_'. For reactions
—D+d, is said to occur when both the ejectild®) and  with a very negativeQ value the dominant’ is generally
recoil (@*) nuclei are excited above the threshold for particlemuch less tha. so that the only important contribution to

II. ANGULAR CORRELATIONS
IN BASEL COORDINATES
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lar correlation compared to thef , xg) phase spaceshown as the
FIG. 2. Two-body Q value for 2C*+12C* events at grid of dotg defined by the detector geometry.
E.m=32.5 MeV reconstructed frorfa) 3a+3a and(b) 3a+1 hits
identified on either side of the beam direction. nal states following the detection of onlyr5coincidences.
We therefore consider four-, five-, and six-fold particle-hit
the cross section comes from the maximum possible value dfata in the following analysis.
k, namely,k=1. However, forQ=0, there would be a dis-
tribution of possiblek values althouglk=0 may dominate.
In such cases the alignment bfs not well defined and for V. RESULTS AND ANALYSIS
any incident partial wavé there will be several exit partial A. C[*2C,*C(37) —®Be(07) +a]**C(07 ) angular
wavesL’ contributing simultaneously. The direction of the correlations
vector| is then different for each possible partial walve

- - 8 + _
(Note that the semiclassical approximation assumes that F|_gure 3 shows the&c(?’l)_’ Begol);;a a?gular cor
| <L so that the projection df ' — L on thez axis is always relation pattern observed in thH€C(3;)+ %C(0;) channel

assumed to be approximately—L althoughL’ may not be atE.,=32.5 MeV. A series of prominent ridges can be seen
exactly parallel toL_.) in these data within a segmented detection boundary. The

limits of this boundary agree well with the phase space cov-
erage predicted by three-body kinemati@g] (Fig. 3). The
. EXPERIMENTAL DETAILS small differences between the observed and calculated phase
aces in Fig. 3 arise from deficiencies in the kinematics
ulation. Most importantly, the reaction proceeds to a
four-body final state wheréBe(0;) further decays into @

. . s
The experimental method used in these measurements ha
been described in detail elsewh¢gé. Briefly, the setup con-

sisted of three 25 cth) 500 um thick position sensitive strip particles. In addition, the characteristic position-dependent

detectors (PSSD’g, each segmented into 16 strips. The )
PSSD's were arranged with their centers 12 o from thé i UESTRR 0 AR O e T e el
target at+25°, +52°, and—32° in the horizontal plane P . g P

i R .~ .compared with the loci of maxima in the correlation func-
relative to the beam direction. A natural carbon target foil OftionsW( * o) [Eq. (2.2)], for a number ofL’ values and
aerial density 9Qug cm 2 was used. This system allowed k=13 i ¢.B Xe) LEQ- (-9,
the scattering to channels above the multiptdecay thresh- _'?Hénoglsgérsé d ridaes are clearly 60° aparvin from E
old to be studied. For example, Fig. 2 demonstrates the rang& 2 th . 9 berm/k y d thi P 'j(lglsk—:a _”?'
of 2C* +12C* inelastic scattering channels identified in the \-2) (e SPaCIngA xg must be and this yieldsc=3. The
present data &, =32.5 MeV. The simultaneous detection 9radient of the ridges i8 yg/A¢g =(L'+3)/k. Note ,that
of 3@ + 3a hits on either side of the beam is characteristicthf sem:clagsmal correlation function is independerit ‘oat
of the scattering to states f3C* above thea-decay thresh- ¢&=90°. Since the present data span only a narrow range
old (7.37 MeV) [Fig. 2@)]. For the similar case of @+ 1  about$z=90°, an unambiguous assignment of the domi-
hits [Fig. 2(b)], the individual hit may correspond to either NantL’ value in this channel is not possible. However, we
an intact *2C nucleus below the breakup threshold oran May examine the structure in this correlation more closely by
particle. In this spectrum, th&’C*(>7.37 Me\) + 12C* assuming possible ridge gradients and projecting the data
(<7.37 Me\) case has been selected by comparing the twoonto thexg=0, ¢g axis. This is equivalent to averaging the
body Q values for scattering td?C* on either side of the data along lines of constagts + xgk/(L’+3), as in Fig. 5.
beam. Events were discarded for which @evalues did not  This averaging process is advantageous since from{Z).
match to within 500 keV, thus reducing the background.the angular correlation depends only on a linear combination
Note that the overdetermination of reaction kinematics inof the angles¢y and xg. If the data are dominated by a
these measurements also allows the reconstructiomrdi-6  single combination of on&’ and onek then the averaging
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FIG. 4. The'aC['%C,12C(3])— ®Be(07)+«]'*C(0;) angular FIG. 6. The'2C['aC,'2C(3])— ®Be(0y)+«]*?C(03) angular

correlation overlayed with the calculated loci of maxima in the correlation and loci of maxima in the correlation functions
semiclassical correlation function®/(¢g ,xs) for k=3 and the  W(¢§ ,xg) for k=3 and theL’ values indicated.

L' values indicated. . -y 8 "
Figure 6 shows théC(3])—®Be(0;) +« angular cor-

. _ ___relation pattern observed in tHéC(37) + *2C(0;) channel.
procedure enhances the statistics without any loss of inforgne_gimensional projections of this correlation are given in
mation since the correlation is the square of a pure SiNgjg. 7. As was noted above the data do not deterniihe
wave. However, even if the latter condition of a single com-ye||. However, note that if, in both of the above examples,
bination of L’ andk is true, we do not necessarily knaav  the measured range @by was extended the correlation
priori which values ofL" andk dominate. These must be analysis would determing’. This is illustrated below for
deduced from the experimental data. A convenient way to dghe mutual case where the range of angles obtained from our
this is to evaluatepy + xgk/(L’+3) on an event-by-event existing data set is larger.
basis and histogram the data as a function of this variable.

This can be done for several valueskoindL’. When the B. Spin-orientation alignment

correct choice ok andL’ is made(which is equivalent to in 12c[12C,2C(37)]1%C(37) scattering

choosing the projection gradignd regular sequence of . . .
maxima and minima should be seen in the one-dimensional We will now consider the particle decay angular correla-

: : Y S
projection of the correlation spectrum. If the wrong choice oftl'onS for the mutual inelastic scatterinfC[*“C,*C(3;)]
k or L' is made and the data span a sufficiently large phase C(31)- In this case, the variation over the possibiesub-

space in theg’ and yg variables then the maxima and States for recoil nuclei with spin destroys any ridge pattern in
minima will be smeared out. As we noted our data are refhe simple ¢z, xe) plot (Fig. 8. However, the present mea-
stricted in¢% space and do not determine the gradient at alfurements allow us to investigate both the correlation angles

well. Since the correlation function is nearly independent ofs and xg for the breakup of both the ejectile and recoil
L’ all projections show similar structure. nuclei simultaneously. The semiclassical angular correlation

function for mutual excitation and decay can be obtained in a
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FIG. 5. One-dimensional projections of tke-3 angular corre- FIG. 7. One-dimensional projections of tke-3 angular corre-

lation in the2C(07) +2C(3]) channel for a number df’ values. lation in the2C(03) + 12C(37) channel for a number df’ values.
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oy
similar way to that used by Hahne and R&8]. The decay k=) 1800
amplitude for a specifik andk’ for the case of two separate B
nuclei is -
= 120.0
. ar . ’ ’ ar
ko—ik | k' a—ik’ |
(—=1)<e™ XBdkO(E)(_l) e! XBdka(E)' (4.2 60.0
Herek andk’ are the projections of the twC spins ( and 0.0 :
1’) on thez axis andk+k’ is now identified withL—L’. 480 650 o S?é’eg) 1050 1250
Using the formalism of Hahn and Rae, this amplitude gives B
the final angular correlation function FIG. 9. 202%C2C(3))— ®Be(0))+a]®C(3))— °Be
1 1 (07)+ea angular correlations including consideration of the recoil
W( %, xB . XB) > m Sir{ L'+ > dE+kxs+k xg breakup anglefa) X= yg+ x5 and(b) X= xg— xg-
) ) projection of the three-dimensional correlation
LT q! Z d (Z 4.2) W( o5 ,xs,xg) ONto a single axis using various assumptions
4] k0| 2] “Kk0{2 for k, k', andL’.
where agairL’ is the final state orbital angul_ar momentum. V. CONCLUSIONS
If we assume thak andk’ have equal magnitudes then we )
can plot the correlation as a functionXf yg+ x5. We find We have compared angular correlation measurements for

that ridge structure is observed in plotsgf versusX when e, 12C(3,) — °Be(0] ) + o] iC* scattering  at
X= xg+ xg [Fig. 9a@)] but not whenX= xg— xg [Fig. Ab)]. o o ,
Projections of these correlations are shown in Fig. 10. A swo| =12 1 =16 343"
regular sequence of peaks can be seen inXhkeyg+ xg 4000 |
projections forL’ =12 and 14. No structure is observed for 000 |
the X= xg— xg case. Note that again the ridges have a spac-
ing of 60° in theX= yg+ xg direction, suggesting thatand

k' are predominantly both equal to 3. Also note that in this
case the projected correlations do indeed provide some infor
mation onL’. Structure in the projected correlations is only
visible if we assuméd.’ to be either 12 or 14 in our event-
by-event histogramming. Again a wider angular coverage
would make this assignment unambiguous. These results im- 2000 ¢

2000

100.0 -

)
_8 0.0 Attt t et
O 5000 F '=10 T L'=14

400.0 T

300.0

ply that the 12C(3]) nuclei scatter dominantly with fully 100 f o
aligned spins, i.e. K=k+k'=6 andL’'=12 or 14 in this Py P NN, = W - S -
— . . 60.0 100.0 140.0 1800 2200 600 1000 1400 180.0 220.0
channel. This is consistent with the very negatvealue for o, +XK/(L'+0.5) (deg)
the reaction so that for each inciddntonly L'=L —6 con-
tributes. This suggests a resonant spinjefL’+K=18 or FIG. 10. Projections of th&/( 4% ,X) angular correlations in the

20. Hence considerable information can be gleaned from¥2c(3;)+'2C(3]) channel fork=k’=3 and theL’ values indi-
these mutual angular correlations by the simple technique afated.
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E.m=32.5 MeV to a semiclassical description of the corre-this energy. In the new model proposed by Rae, Fry, and
lation function in Basel coordinates. The present analysidMerchant, theE; ,,=32.5 MeV resonance is thought to be
suggests that the dominant partial wave C(3;) + the result of the scattering of’C nuclei with threefold
12C(3;) scattering aE,=32.5 MeV isL'=12 or 14 and  a-cluster symmetry and aligned spins. The present data in-
that the dominant partial wave in the incident channel isdicate that a correlated full spin alignment between the de-
L=18 or 20(the incident partial wave is equal to the total formed nuclei in the®C(3;)+*4C(3;) channel has been
spinJ). This result cannot be compared with the band crossobserved aE ,=32.5 MeV.

ing model of this reactioifi16] since the mutual 3 channel
was not considered in those calculations. Our experimental
results may be consistent with a new model of the 32.5 MeV
resonance presented recently by Rae, Fry, and Mer¢Baht
but more extensive angular correlation data are required to \We would like to thank our Charissa and A.N.U. collabo-
make the dominant partial wave assignments less ambiguators for their work on the original experiment. The experi-
ous, especially in the Pz+ 3; channels. It will also be nec- ment was carried out under an agreement between the
essary to establish that thg 3 3; channel is resonant at E.P.S.R.C. and the A.N.U.
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