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The alpha-particle transfer reaction '“C("Li,ty)'30 was used to study gamma deexcitation modes
in 80 at a bombarding energy E; =15 MeV. In this measurement 4 X 10° triton-gamma coin-
cidence events were collected. All natural parity states up to the alpha-particle threshold at 6.227
MeV were studied. These data together with our previously published study of states above thresh-
old, using the a+'*C radiative capture reaction, provide relatively complete spectroscopic informa-
tion on states in "*O up to 8.3 MeV in excitation energy. Previously reported major gamma decay
branching ratios were remeasured with higher accuracy and good agreement is found. Several new
weak deexcitation modes are reported. Enhanced E1 decays, B(E1)=10"2 Weisskopf unit, were
observed among the J™=0;, 1{, 1;, 2{, and 3; states, representing some of the most enhanced
ET’s found in even-even nuclei. A strong empirical correlation between enhanced E1 decays and
cluster structure is established. These enhanced B(E1)’s suggest a selective deexcitation mode in
which the states involved preferentially decay to cluster states. The cluster states are strongly popu-
lated in cluster transfer reactions and weakly populated in (¢,p) reactions. Predictions of the vibron
cluster model are compared with our data. The presence in our data of contaminant lines from
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4C("Li,a)!"N allowed extraction of some information on '’N.

I. INTRODUCTION

The 4 =18 mass chain,! and '¥0 in particular, pro-
vides a good illustration of the charge independence of
the nucleon-nucleon interaction, and of isospin multiplet
structure in light nuclei. In this mass region one finds
evidence for coexistence between simple two-neutron
shell-model states, multiparticle-multihole collective
states, and those apparently having well-defined cluster
structure.?”7 This interplay has prompted extensive ex-
perimental®~!° and theoretical®’~ 23 effort.

A renewed interest in 80 was generated by the sugges-
tions of Tachello®* and of Iachello and Jackson®® that
cluster states should yield collective enhanced E 1 deexci-
tation transitions. This suggestion is similar to an earlier
work of Buck and Pilt,?® who predicted enhanced E1’s
linking ¢+'°0O cluster states in '°F. In such cluster
states, the center of charge is displaced from the center of
mass, yielding nuclear polarization and enhanced E1 de-
cay matrix elements.?”%?

Our earlier reports®>*® on enhanced E1 transitions in
130 have resulted in several attempts to reproduce the ob-
served enhancements on the basis of current nuclear-
structure models. These included a sum-rule model,?! a
time-dependent Hartree-Fock (TDHF) model,*?> two
generator-coordinate-method (GCM) cluster models3 3¢
(similar in nature but with contradicting conclusions),
and large-basis shell-model calculations.?”3® While it is
clear that cluster states give rise to polarization and thus
to enhanced E 1 deexcitations, it is very difficult to calcu-
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late the corresponding matrix elements of cluster states in
a microscopic way. The calculations reported to date in-
dicate a sensitive interplay between E1 enhancements
arising from cluster structure and those arising from
complex shell-model admixtures in the state wave func-
tions. On one hand, the sum-rule model of Alhassid, Gai,
and Bertsch®! predicts enhanced E1 decays from cluster
states with B(E 1)~ 1072 Weisskopf unit (W.u.). On the
other hand, early estimates of Millener using the
Millener-Kurath?! interaction reveal enhanced E I’s aris-
ing from two-neutron states which are of the same order
of magnitude.

In this paper we report measurements on enhanced E'1
transitions in 80 and observe that, empirically, the avail-
able data exhibit strong selectivity and preferential E1
deexcitations to and from cluster collective states. This
conclusion is empirical, and therefore independent of any
model prediction. In Sec. II of this paper we describe the
experimental procedures. The experimental results are
presented in Sec. III, and in Sec. IV we discuss the nature
of the observed enhanced E1 transitions. Conclusions
are presented in Sec. V.

II. EXPERIMENTAL PROCEDURE

The “C('Li, )80 coincidence experiment was car-
ried out using 15 MeV ’Li beams from the MP1 Yale
University tandem. Enriched (96%) self-supporting *C
targets, produced at the Chalk River Laboratories,>® of
areal density 40 ug/cm? were used. The outgoing parti-
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cles were detected in a silicon surface-barrier detector in
coincidence with gamma radiations detected in a Ge(Li)
detector. The particle detector was an annular solid-state
detector centered at 0° and placed 3 cm away from the
target, subtending a solid angle of 85 msr
(6=10.7°%12.1°). An aluminum foil, of areal density 42
mg/cm?, was placed in front of this detector to stop all
nuclei heavier than alpha particles. The alpha particles
produced in the “C(’Li,a)'’N reaction lose sufficient en-
ergy in the foil to be less energetic than tritons corre-
sponding to 6 MeV of excitation energy in %0. Lighter
hydrogen isotopes deposit only a small amount of energy
in the detector active volume, permitting accumulation of
background-free triton spectra up to energies correspond-
ing to states in '*0>6 MeV and below. The energy reso-
lution was 8E =250 keV and was primarily limited by
straggling in the aluminum foil and by kinematic
broadening reflecting the large angular aperture of the
detector.

The gamma radiation was detected using a Ge(Li)
detector having 20% efficiency relative to a standard
7.5X7.5 cm Nal(T1) detector. The Ge(Li) detector was
placed 3.5 cm away from the target at an angle of 125°
with respect to the beam (55° at backward angles), sub-
tending an effective solid angle of 0.68 srad (.e.,
AB=25°%). For the case of dipole and quadrupole radia-
tions the angular distributions can be expressed as

W(G):A0[1+a2Q2A2P2(9)+a4Q4A4P4(0)] (1)

in the usual notation*>*! where Q, is an angular distribu-

tion attenuation factor arising from the detector’s finite
size, and a, is a quenching factor arising from the finite
m-substate population. For 6=55°, P,=0 and
P,=—0.38 with Q,=0.5 for our geometry.*’ With
a,=0.1,* corresponding to detecting the tritons at 10°
with a distribution of m substates of 6m /J =0.4, we esti-
mate the largest contributions from the last term in Eq.
(1), for a 2—0 transition with 4,=—1.71, to amount to
only 3% of the total intensity. For most of the other
transitions this contribution is significantly smaller than
1%. By placing our gamma-ray detector at 6=55" we
were thus able to measure (relative) angle-integrated in-
tensities without measuring complete angular distribu-
tions.

The relative efficiency of the gamma detector was mea-
sured as a function of energy using *’Eu, ??®Th, and **Co
standard sources. The latter was produced via the
S%Fe(p,n)’°Co reaction using proton beams from the
Brookhaven National Laboratory cyclotron. These
sources allowed calibration of the detector to 3.5 MeV.
For higher energies we derived an efficiency curve using
published data for a similar detector that defined the ex-
pected deviations from an E ~* behavior.*>** While the
large amount of data collected in this work allowed us to
measure the deexcitation of states in 30 with excellent
statistics, systematic uncertainties in some cases govern
the quoted accuracy. In all cases the quoted uncertain-
ties include both statistical and systematic components.

A fast coincidence was required between the particle
and gamma ray detectors, with a time resolution of 5 nsec
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(FWHM). 4X 10° coincidence events were collected dur-
ing 85 h with beam on target, with an average beam in-
tensity of 30 chargenA. The average detector counting
rates were 3 kHz in the particle detector, and 4.5 kHz in
the gamma-ray detector, yielding approximately 16 coin-
cidence events per second.

III. EXPERIMENTAL RESULTS

The natural parity states of 30 populated in the
“C("Li,ty)"®0 coincidence experiment are indicated in
Fig. 1, which shows the triton spectrum measured in
coincidence with gamma radiations having E, >0.511
MeV. This spectrum appears to be almost free of back-
ground for triton groups corresponding to states in 20
below 6 MeV of excitation. All natural parity states up
to the alpha-particle threshold, and including the 4,
state at 7.12 MeV, were populated in this reaction.
Reflecting the large solid angle of the particle detector,
triton groups corresponding to the states of interest are
not resolved in this spectrum; however, their respective
gamma deexcitations are clearly resolved in the Ge(Li)
spectra.

The data reduction was accomplished by gating on
different triton groups to establish the coincident gamma
spectra. Such spectra thus show the primary gamma
deexcitations of the selected states and of the subsequent
daughter states in the deexcitation cascade. The branch-
ing ratios are then obtained from the relative intensity ra-
tios of the primary transitions, and also from the intensi-
ties of the subsequent radiations in the cascade. It was
required that the intensities thus obtained be internally
consistent. The upper limits obtained in this work were
obtained in a similar fashion, and are quoted here at the
level of one standard deviation above background (60%
confidence level). The gamma spectra are shown in Figs.
2-4. The obtained branching ratios are shown in Fig. 5
and are listed in Table I.
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FIG. 1. Triton spectrum measured in coincidence with gam-
ma rays (E, >511 keV), from '“C(’Li,zy)"®*0. The experimen-
tal resolution (8E <250 keV) reflects the large solid angle of the
particle detector and the presence of the aluminum absorber as
discussed in the text. The a+ '*C threshold is indicated.
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FIG. 2. Gamma-ray spectra in coincidence with specified triton groups.

We note that, for example, the branching ratios in the
deexcitation of the 2 state obtained in this work are
B(2; —2{)=0.889(10) and B(2] —0;)=0.11(10),
which are in excellent agreement with those obtained
from measurements of complete angular distributions as
reported in Ref. 9: ie., B(2; —2;)=0.870(30) and
B(2f —0,,)=0.130(30). We note a small discrepancy
between our data and those of Ref. 9 in the case of the
deexcitation of the 0; state for which we quote
B(0; —17)=0.548(50) and B(0; —2%)=0.452(50),
whereas in Ref. 9 we find B(0; —17)=0.46(5), and
B(0f —27)=0.54(5). The results, however, are still
consistent within the quoted uncertainties.

In addition to the major decay modes in 20, we also
extracted data on very weak branching ratios for the
deexcitation of the J™=2; and 3; states and found them
to correspond to (unexpectedly) large B(E2) values.
Despite the fact that our experimental uncertainties here

are large (£50% ), we quote these results because of their
theoretical importance and as a motivation of future ex-
periments.

The 1.857 MeV deexcitation expected from the
43 -2 transition appears superimposed on the higher-
energy tail of the prominent 1.850 MeV deexcitation
from '"N; the subsequent deexcitation of the 25 state
(B =0.559) was therefore used to extract an upper limit
on the intensity of the 4, —2; deexcitation, as listed in
Table I. The location of the expected, but not observed
line, is also shown in the inset of Fig. 4.

For the extraction of reduced transition rates we used
lifetime data quoted in Ref. 1. For the J"’=2;, 1,7, and
4" states, lifetimes were deduced from (e,e’)," (y,y"),!"
and alpha particle width data,*® respectively, together
with our measured branching ratios. The reduced matrix
elements thus obtained are listed in Table I; the indicated
uncertainties include those in the branching ratios and
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FIG. 3. Gamma-ray spectra in coincidence with specified triton groups. The expected location of the unobserved 1, —0,, transi-
tion is indicated. (Note that in this energy region the background is at a level of 10 counts per channel.) In the inset, we show the

enhanced E1 deexcitation of the 25 — 1~ state.

the lifetimes.

Several contaminant gamma-ray lines originating in
10, 170, 0, and "N appear in Figs. 3 and 4, from the
following reactions: '“C(’Li,dy)"0, 2C(’Li,dy)"0,
2¢("Li, t9)'0, and *C("Li,ay)!"N. These contaminant
-lines, together with the lines associated with 130, allow us
to account for all gamma-ray lines appearing in our coin-
cidence spectra. We also note the increasing intensity of
the annihilation radiation peak at 0.511 MeV—which in
the case of the higher states in 'O arises from increased
pair production by the higher-energy gamma rays, pro-
ducing prompt 0.511 MeV radiation at the walls of the
scattering chamber. Using the contaminant lines from
"N shown in Fig. 4, we were able to extract major
branching ratios for the deexcitation of certain states in
7N, as shown in Fig. 6 and listed in Table II.

IV. DISCUSSION
Below 8.3 MeV excitation in '*0 we find three 07

states, four 17 states, four 27 states, three 3~ states, and
two 47 states,! for which a major fraction of all possible

46 E1 deexcitations have been studied in our previous
work*® and in this work. The corresponding B(E1)’s, to-
gether with a few additional ones arising from 5~ states
and from non-natural parity states, form a substantial
statistical sample in which we can search for characteris-
tic trends exhibited by enhanced E'1 deexcitations in 130,
In Fig. 7 we show the distribution of the 41 measured
B(E1) matrix elements in '80. All reduced matrix ele-
ments smaller then 5X10™* W.u., including some mea-
sured upper limits, have been grouped together for pre-
sentation here. Larger-value upper limits are not yet
sufficiently defined to allow inclusion in our analysis.
From the data presented in Fig. 7 we calculate the ensem-
ble average of the B(E1)s in '®0 to be 1.6 X 1073 W.u.
with a distribution concentrated between 4.6X 10> and
8.6X 10™* W.u. This includes roughly 60% of the data
points, as would be the case for a normal distribution. Of
particular interest then are the enhanced E1’s lying out-
side this distribution, i.e., seven transitions with
B(E1)>0.7X1072 W.u. We first review some of the
properties of the states involved in these enhanced E'1
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FIG. 4. Gamma-ray spectra in coincidence with specified triton groups. The expected location of the unobserved 1; —2; and
1; =2 transitions are indicated. Contaminant lines from "N and '°O are identified. In the inset we show the energy region corre-
sponding to the unobserved 2y —2{" transition, which would be associated with the unobserved 4;" —2; decay, as discussed in the
text. The upper limit on this decay branching ratio extracted for this transition was confirmed more recently.*’

deexcitations.

Collective states and band structure in 0. The
ground state of '*0 and the J7=05" state in 80 have well
understood two-neutron parentage. All the observed
properties of the 03+ state, including its Coulomb energy
shift,*® suggest that it is a member of the |s,,; T=1) iso-
spin triplet, which includes the corresponding states in
BF and '*Ne. The empirical wave functions of this state
and of the 0T ground state’ are very close to those based
upon a simple quasispin model,*”*® for example,

0, ) =V6/8ld%,(+V27/8]83,,) ,
07 ) =~v2/8ld2,, ) —V6/8|S2,,) .

The identification of the J”=05", 2, and 4, states in

(2)

180 as collective states has been discussed at length in the
literature (see, for example, Ref. 7), while other states are
identified as simple two-neutron states expected within
the framework of a simple O#iw sd shell model. These col-
lective positive-parity states are believed to have predom-
inantly 4p-2h cluster structure and are suggested to form
a collective quadrupole band. It appears that the J™=4
state mixes with the collective state, as suggested by the
weak B(25 —4;)=1.1(6)% reported here, correspond-
ing to an enhanced B(E21:4;" —25)=11(6) W.u. In ad-
dition, the present upper limit of 0.6% on the 4,7 —23
transition is confirmed in a recent experiment where it is
measured®’ to be equal to 0.3%0.08%, yielding a very
small B(E2:4; —2§)=5.7 (1.9) W.u. As discussed in
Ref. 49 this small B(E2) is in strong disagreement with
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FIG. 5. Branching ratios for gamma-ray deexcitations in 30, as listed in Table I.

expectations based on a collective coexistence model
identifying a collective band, including the J”=02+, 2;,
and 4] states.

Systematic data also indicate that the 1; and 3,
negative-parity states are collective. The shell-model in-
terpretation of these negative-parity states as ¢+ '°N
(Refs. 21 and 23) cluster states has an overlap with an
a+'C parentage, used for the description of the
positive-parity  cluster states: consequently, both
positive- and negative-parity states have overlapping clus-
ter structure. We also note that the J™=3; state in %0
exhibits a large alpha particle width, 6(21=24%,45 again
suggesting a+ '*C cluster parentage. Finally, we find a
large alpha-particle spectroscopic factor'>~ !’ for the 1,
state, as large as that of the 1; state, and small (¢,p),
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FIG. 6. Branching ratios for gamma-ray deexcitations in '’N,
as listed in Table II.

two-neutron transfer cross section, smaller than that to
the 1, state. We thus conclude, based on the empirical
data, that the 1, and 1, states are of similar structure,
or substantially mixed. We now turn to the observed
enhancement of E'1 matrix elements linking these states
in '*0.

Selective enhanced E1’s in %0. The most interesting
result of our present study is the observation of selective
enhanced E1 deexcitations. In Fig. 8 we show the deex-
citation patterns of the four known 1~ states and two 3~
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FIG. 7. Distribution of 41 measured E1 matrix elements in
18,
0.



2133

PRI

,t7)130 REACTION

i

l4c(7L

SPECTROSCOPY OF 0

0T XWOY'L 14 (€11 11 fo PE'S
(0£)0°9

0T X (D)1l 14 #)9°¢ #)9'¢ 4 9T'S
IL>1 (4} L0> L0> _€ 60°S
2-0IX(S1S'L I #TY 0009 (218" _1 IS4
»_0IXST> 17 6'0> 60> i 06€
+—O0I X (EDP'9 19 (€)s°T (€)$°T K] £€9°¢
<01 X9'¢> 1q 1> €1> +C 361

c_0IX(£)91 17 (6)9°88 (02088 (6)L88 ) 000 4 (9)€££00°0 079
_OIX(P)IL'T 14 ()08 (0909 (09)8'+$ _1 IS4
0e>1 q 0s> 0> o> K4 06°¢

(1ol g #)9°6v 09)0°¥S 0S)T'Sy +C 86'1 fo #0T0 PE's
01X (6L 1q €)0'¢ (€)0°¢ _1 ¥y
(8)01°0 JdA #)L'8 L8 & (X3
FNO'ET q 9)0°1 9)0'1 K] €9°¢
(09)¢11l 41 @11 911 ¥ S8

()60 frdc ($)S1°0=¢

-0l X(£)S'p 1924 OD6'sS (0£)0'89 O16'sS +C 86'1

30T (44 (6)€°0€ (0)0°T¢ (6)£°0¢ ) 000 4 s(L)0110°0 9T's
LS> q $1°0> $1°0> _1 SHy
c_0IX(01)S°C 14 (8)L°LI (000°LY (8)6°L1 K4 6°€
»—OI X (€1)6°T) 17 onro 00)0°8 on9's ¥ 6s'¢

»— 01 X(EDL'S 1q 6)T9L ©0)0'sL 01)$9L LT 86'1 ‘¢ (527900 ors
c_01X(01)T°T! 19 6)$°T Qe 91 & 6°€
-0 X(L)8'T 19 (€D10L (1D91L (01)6'89 fo £9°¢
»—01X(9)P°TL 19 Cv'LT (Imose O1S6T +C 86'1

,_0IX0°¢> 19 70> 1> 70> +0 000 N (§1)§90°0 Sty

(LE)9'S récy (#)T1°0=¢

(910 192 (11088 (T1)L98 (01)6'88 +C 861

s°1 q (anozi @neel onrir 40 000 & 2(ST)8E20°0 6°€

el (41 2001 001 001 42 36’1 ) (9D8¢’1 £€9°¢

me1 (44 001 001 001 +C 86'1 ¥ @N8¥T $S'€

my'e (44 001 001 001 40 000 4 (L)08'T 86'1

(M) (T A Yq qoperdopy Tl ‘6 s u3sa1gd Ir (AW ‘g A o(09sd) 2 (ASW) ‘A

(%) one1 Surnjouelg

"y, Ut $AB03p pUrWeS 10§ sonjes Suiyouelq A IAVL



M. GAI, M. RUSCEV, D. A. BROMLEY, AND J. W. OLNESS

2134

"A® (9)9T7°0=1 91Pap M ‘S ‘JOU JO A3 (07)S60°0="1 PUB [ J9¥ JO (1)6°0="1/"1 WoIf,

*219Y parrodar sorjel Suryouelq pajdope Sy} UO paseq SI AWINIJI] PIINPaP ‘I ‘JoY Jo eyep (,4‘A) woiyg,
‘0=9 voﬁsmﬁﬁ

*310Y payrodal sorjel Suryoueiq pajdope oY) WO paseq SI AWIJI] PIONPIP ‘g1 ‘JoY JO BIEP (,2°0) WOIL,
"6 'J9y woy a1e pajonb () sone SuIxI,

" "Pa110d31 81 9(9)0€0°0 JO g 0« .05

*038] (0] )b =2 :6 "Joy JO JUDLIDINSLIUI W]

19311P 912INOOE $SI] Y} YA JUIWIIITE JUI[[20XD UI 2938 (G7)§ €T =1~ UILIQO M ‘sonjer Suryouelq paydope oy} pue ,wy, 2 (01)7°7C=(, T+ ,0:TH)g 6] Jo JO INS3I (,2°7) YY) WOL],
*saseo [[e ur ‘urds mo[ 03 Y31y woiy paysi| aIe s(YF)g,

"Pasn seM sIeq 10119 £q pajySiom a8e1aAy,

*Pay19ads 3SIMIDY)O SSIUN | “JOy WOIJ BIEP WY,

c_0IXTT1> 19 70> 70> N 0¥'9
> q 90> 90> 4 97§
»- 0T X(@®)T°€E 19 €)1 €)1 _€ 60°S
9)¢C q 81 81 & 06'¢
SI0> 2 €0> €0> (01)8%'0=0/"1
-0IX(€9)E'L I (onooL (001)0°09 (onooL +F qaly
8)€°¢ (4 (S)o'LT (001)0°0¥ ($)0°LT +C 86'1 & (L)§700°0 L
01X (6)8°1 14 6)9°S 6)9°S N4 97's
0L X (€009} ny (6)8°6 (6)8°6 _€ 60'S
09)L'6 q onsz 18T _1 Py
»—0IX (0161 1q one9 (05)0°01 one9 & 6°¢
»—0IX(9)T°1! 14 @nyL @Y'L +F Ss'¢
»—0I X (61)L°E 19 (81)1°89 (0$)0°06 (81)1°89 +C 861 X (ST)OE0'0 0¥'9
(M) (YA Yq (prdopy 71 ‘6 'sIPY Juasaigd ir (ASW) 77 il ((09sd) 2 (AW 'q

(%) onex Juryouerg

‘(ponunuo)) ‘TATAV.L



43 SPECTROSCOPY OF “0: MC(-ILi,t'y)mO REACTION;. .. 2135
TABLE II. Branching ratios for gamma decays in ''N.
Branching ratio (%)

E; J7r E, J7 2 b Present Adopted®
1.85 %Jr 0.0 %A 83(3) 90(3) 94.7(10) 93.2(25)
1.374 %7 17(3) 10(3) 5.3(10) 6.8(25)
1.91 3= 0.0 1= 74(4) 78(3) 82.5(30) 78.9(23)
1.374 %7 26(4) 22(3) 17.5(30) 21.1(23)

*Guillaume et al., Nucl. Phys. A272, 338 (1976).

°D.W.O. Rogers et al., Nucl. Phys. A226, 424 (1974); A226, 445 (1974).

“Average weighted by error bars was used.

states in '30. Some of these data are taken from our pre-
viously reported work*®® on radiative capture of alpha
particles by C.

We first examine the deexcitation of the 3; state,* for
which the selective E1 matrix elements are most clearly
evident. The J7=37 state (which is known to have large
alpha cluster parentage, 62=24%) deexcites preferential-
ly to the collective 2; state, and the transitions to the
lower-lying two-neutron 27 states (which should be
favored as a consequence of the larger transition energy)

are not observed. The upper limits established for the
corresponding branching ratios would indicate B(E1) re-
duced matrix elements which are some 2 orders of magni-
tude  smaller  than the observed  enhanced
B(E1: 37 -»25)=1.4(3)X10"2 W.u. For the two-
neutron states we find hindrance of B(E1)’s of the mag-
nitude usually found in even-even nuclei. We note in Fig.
8 that the J"=3; state exhibits a mildly enhanced E1
deexcitation, with B(E11:4%—37)=4.7(12)X1073
W.u. However, as noted above, this 4;" state acquires an

100~ 2 2
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- 2
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FIG. 8. Characteristics of enhanced E1 transitions in '30. All enhanced E1 transitions measured in %0 are shown, exhibiting a

correlation with cluster structure as discussed in the text.
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admixture from the collective 41 state and the observed
weak enhancement of the B(E 1) reduced matrix element
may reflect that collective admixture.

In contrast, the noncollective J"=3, state displays all
possible E1 deexcitation modes with no apparent selec-
tivity, as shown in Fig. 8. However, the strongest ob-
served B(E1) from this state is again that to the collec-
tive 23+ state, and all other B(E1) values are between
1073 and 10™* W.u., as characteristic of B(E1) transi-
tions in light even-even nuclei. The 3, state is not con-
sidered to be a collective state, and it exhibits nonselec-
tive weak E'1 deexcitations. The 1; and 1, states also
have small alpha particle reduced widths and, as shown
in Fig. 8, these states again exhibit nonselective weak E'1
decays.

The deexcitation of the collective 1, state, shown in
Fig. 8, is also very selective. In this case the enhanced
E 1 deexcitation is preferentially to the well known 4p-2h
02+ state and not to any of the other lower-lying O
states; in Fig. 3 we indicate in the observed spectrum
where the transition to the two-neutron d2 ,(0™) ground
state would have been expected. A less clear situation ex-
ists for the matrix elements connecting this 1; state to
2% states. While we observe an enhanced E1 to the col-
lective 2; state, we also find a somewhat smaller, but still
enhanced B(E1) to the 2 state (see Fig. 8). Again the
situation here suggests a mixing of the 25" and 2j states,
as discussed earlier in this paper and in Ref. 29. A recent
study of ®O(e,e’)'*O* by Manley et al.™ suggests a con-
siderable mixing of 4p-2h amplitude in the 2 state at
8.29 MeV. This result may justify remeasuring the
alpha-particle width of the 2; state, quoted as
I'(lab)=1.6+1.0 keV, with §2=2.0%1.5 %, as shown in
Fig. 8.

The J7™=1, state also deexcites preferentially by an
enhanced E1 transition to the collective 23 state, but not
to any of the other lower-lying 2% states in 80. In Fig. 4
we indicate, in the measured spectrum, the expected loca-
tion of the unobserved transitions. Again, the enhanced
B(E1) to the collective 25 state, and the absence of any
transition to two-neutron low-lying 2% states, suggests
that the B(E 1) enhancement reflects cluster parentage of
the states involved.

A correlation of enhanced E1 deexcitations
[B(E1)>2.0X1073 W.u.] and alpha-particle spectroscop-
ic factors. A hint to the origin of the enhanced E1’s can
be found by considering alpha-particle spectroscopic fac-
tors of the states involved in the enhanced E1 decay.
Here we only consider B(E1)>2.0X1073 W.u., larger
than the measured mean (see  above) of
B(E1)=1.6X10"° W.u. Weak B(E1)s (<107* W.u.)
may arise for a number of reasons such as cancellations,
complicated structure, etc. Consequently, in general,
weak E1’s do not reveal nuclear-structure information,
and therefore are not considered here. In Fig. 9 we plot
enhanced E1 transitions in %0 measured in this work
against the experimentally measured!” alpha-particle
spectroscopic factors for the initial and final states in-
volved in the deexcitations.

Unfortunately, for a few states measured in the radia-
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FIG. 9. Enhanced E1 deexcitations [B(E1)>2.0X1073
W.u.] plotted against alpha-particle spectroscopic factors of the
initial and final states. All known spectroscopic factors are
plotted as deduced from (°Li,d) data and given in Ref. 17. A
clear correlation of E1 enhancement and large alpha-particle
spectroscopic factors is observed with deviation only for the
B(E1:2§ —17)=7.5(7)X 1073 W.u.,, as discussed in text.

tive capture work* alpha-particle spectroscopic factor
information is not available, and hence these states can-
not be included here. However, we emphasize that for
these higher-lying states the alpha-particle reduced
widths are measured, as plotted in Fig. 8, and in this case
nonselective weak B(E1)’s are shown to be found for the
noncluster states, characterized by small alpha-particle
reduced widths (82~ a few percent). The B(E1)’s are
converted for all transitions to have the initial state of
higher spin. The alpha-particle spectroscopic factors
were extracted from (°Li,d ) data and are listed separate-
ly!? for negative-(S,) and positive-(Sy) parity states, and
we therefore use in our plot an arbitrary unit for the spec-
troscopic factors.

We clearly observe a correlation of the B(E 1) values of
enhanced E1 deexcitations [B(E1)>2.0X107% W.u.]
and alpha-particle spectroscopic factors, with one data
point, the B(E2:2] —17)=7.5(7)X10"% W.u., deviat-
ing significantly from the smooth line drawn in the figure.
However it appears that the data are consistent with a
mixing of the two 25" and 2; states, which leads to a
spreading of the E1 strength. In fact, it appears that the
data on enhanced B(E1)’s suggest an almost linear
dependence of B(E1) values on Sinitialgfinal a5 would be
expected if the enhanced B(E1)’s arose from cluster
structures. We emphasize again that this correlation is
based only on experimental data.

While we have demonstrated that enhanced E 1’s arise
from states of large alpha-particle spectroscopic factors,
the contrary is not claimed. Namely, states with large
alpha-particle spectroscopic factors do not necessarily ex-
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hibit enhanced E 1’s. In Ref. 31 it is suggested that only a
subset of alpha-cluster states, denoted as cluster-
molecular states, exhibit enhanced E1’s. In a cluster-
molecular state the alpha-particle is well separated from
the A —4 core nucleus. '

We then conclude, based on the data shown in Fig. 8,
and the correlation shown in Fig. 9, that there exists a
correlation between enhanced E 1 deexcitations and clus-
ter states in '80. We further suggest the following as
empirical deexcitation general guide lines for E1 enhance-
ment in 30:

(a) In the case that both initial and final states are clus-
ter states (i.e., either a+'*C or ¢ +°N cluster states) the
enhanced E I’s are at the level of > 1072 W.u.

(b) In the case that one of the states is of cluster nature
and the second is considerably admixed, the B(E1)’s are
at the level of (3-6)X 1073 W.u.

(c) In the case that both initial and final states are sim-
ple two-neutron states the B(E1)’s are hindered at the
level of <1073-10"* W.u.

Corresponding behavior is evident for collective
enhanced E2 deexcitations as observed for example in
Ne. Such correlations between enhanced E1 deexcita-
tions and collective states is established here for the first
time as an empirical correlation, suggesting a collective
origin for enhanced E 1’s in '*0.

Application of a vibron model to 0. We have carried
out a preliminary application of the vibron model**% to
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this U(4) model. We present here the model calculations
as a way of introducing this vibron model, without draw-
ing any firm conclusion with respect to the interpretation
of the data.

All predictions of energy and deexcitation matrix ele-
ments in these cases are given in closed-form analytic ex-
pressions.’! In the U(3) limit?*?> the energy spectrum is
given by

E(n,L)=en+BL (L +1) (3)
with n counting the number of dipole phonons and e its
energy. We assumed B to be small, corresponding to har-
monic oscillations in three dimensions. The matrix ele-
ments of the dipole operator are then related to the num-
ber of dipole phonons n, total number of bosons N, and
the angular momentum of the state. For example, for a
stretched intraband E 1 decay we find®!

{([N],n,L||(sp)V||[N],n —1,L—1)
=VL(n+L+1)N—n+1).

4)

In the O(4) limit, on the other hand, the energy spec-
trum is given by
E(v,L)=Av(N —v +1)+BL(L +1) (5)

with v labeling the vibrational bandhead in this
vibration-rotation picture, and given by v=(N—0)/2

our data in the limiting symmetries [O(4) and U(3)] of with o=N, N—2,..., 0 or 1. The constant B
UB) N=3 EXPERIMENT 04) N=3
PARAM: E*(l-) B(E*I‘) X 10 W.u. PARAM: E*(l-)
B(EI:I"=0*) ET <7.5 MeV E¥*(03)
B(EL:I"=0")
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[95:24%] 8:29 33 T3
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FIG. 10. Comparison between the predictions of the vibron model?*?*>% in its two limiting symmetries, and the data reported
herein. All E1 transitions from states below 7.5 MeV and having reduced matrix elements larger than 2X 10~ W.u. are shown. As
discussed in the text, existing data suggest that the 03 state is of two-neutron (s, ,,)? character and therefore is not included in the
collective vibron model space.
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represents the moment of inertia of the dipole band,
B=#*/21=0.35 MeV, as compared to the classical mo-
ment of inertia of two touching a-'*C spheres, with
B =0.29 MeV for Ry=1.2 fm. In this O(4) limit only in-
traband decays are allowed with

([Nl,0,L +1||(ps +sp)V||[N],s,L)
=V(oc—L)Xo+L+2)YL+1). (6)

We have calculated the spectra predicted in these two
limits and the matrix elements of the E1 operator using
equations 3 through 6. In the U(3) limit there is only a
single free parameter associated with the matrix elements
and one with the energy of states (the dipole phonon en-
ergy); in the O(4) limit, two parameters are needed to
reproduce the state energies. The model parameters are
shown in Fig. 10. The effective number of bosons is a free
parameter, but the exact value of the B(E 1) reduced ma-
trix element is not sensitive to it, and its major effect is on
the number of states predicted by the model.

The predictions of a vibron model for E1 transitions in
80 are compared to our data in Fig. 10. All E1’s are
predicted to within factors of 3-4, despite the small num-
ber of free parameters and the fact that we have assumed
limiting symmetries. However, in this description the 05
is assumed to be collective, contrary to our previous dis-
cussion, see Eq. (2). If we assume an O(4) limit, E1 tran-
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sitions between different bands (interband) are forbidden,
and the observed interband transitions may arise from
mixing between states in different bands and from break-
ing of the O(4) symmetry. It should be emphasized that
transition amplitudes involving two-neutron states are
not included in this model space. If we assume a U(3)
symmetry, interband E1 transitions are allowed but the
transition between the excited 1, and the first 0" states,
for example, are forbidden, since they correspond to two
dipole phonon transitions.

V. CONCLUSIONS

We report herein a detailed study of the deexcitation of
all the natural parity states in %0 up to the alpha-particle
threshold; these data are complementary to those report-
ed earlier from a study of the radiative capture of alpha
particles by *C. A strong empirical correlation between
enhanced E1 and cluster states is established, based on
observation of the strong selectivity of these E1 deexcita-
tion. This empirical correlation established here for E'1
transitions for the first time, suggests a collective origin
for E1 enhancements in '30. We attempt to fit the data
with a vibron model at its limiting symmetries, and point
out both the successes and failures of the model.
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