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Excitation functions for®O+ « elastic scattering were measured by a method using inverse kinematics and
a thick gas target. An analysis of the data corresponding to the excitation energy regions of 11.8—13.7 MeV and
19.0-22.0 MeV in?’Ne was carried out. A surprising splitting of 137, 77, and 9 a-cluster levels into
doublets was found if’Ne.

DOI: 10.1103/PhysRevC.64.051302 PACS nuner21.10—k, 24.30-v, 27.30:+t

Knowledge ofa-cluster structure is based mainly on in- resonance scattering method, which can be used with con-
vestigations of lightN=Z nuclei[1,2]. The most detailed ventional as well as with radioactive beapi$,16. Before
investigations ofa-cluster structure in thé®0 and the®®Ne  the present work, the excitation functions for elastic scatter-
nuclei were the result of long-term studies of elastic resoing of « particles on*®0 had been studied only at low en-
nance scattering af particles on'“C and*°0 target{3—6. ergies[17,18, where several levels have been identified be-
A very clear and beautiful picture of quasirotational bands oftween 2.0 and 3.2 Me\t.m). These data did not lead to any
levels with largea-reduced widths was found in these nu- deductions onx-cluster bands irf?Ne or to indications of a
clei, which manifested a molecular structure of cluster levelsspecific influence of the extra neutrons on theluster de-
The data or’®Ne have been reviewed by Richafdg, who  gree of freedom.
grouped the levels into several cluster bands. It was shown The experiment was carried out at the K-130 Cyclotron of
that the 0 band was characterized by an extremely largethe University of Jyvakyla Finland, with an 80 MeV*0
reduced width forx decay to the ground state 6f0. Much ~ beam. The beam entered a large scattering chamber via a
less is known about-cluster structure inN#Z nuclei. 3 um thick window made of Havar foil*¥0 ions back-
Many detailed theoretical calculations have suggested thatcattered from this foil were used to monitor the beam inten-
clustering remains in systems composed of a collectioa of sity. The chamber was filled with helium gas of 99.9% pu-
particles and valence nucleons. The most recent results, usty. The recoilinga particles(a result of interaction of the
ing the molecular orbital model, can be found &} (see also  oxygen ions with heliuthwere detected by an array of sili-
references thereinVon Oertzen introduced the notion of a con detectors positioned in the chamlgier the ga$ in the
“dimer” for a two-center structure and “polymers” for mul- forward direction, including 0°. A gas pressure of 370 Torr
ticenter(chain states. In a series of papd&-11] he com-  was used to stop the beam before the 0° detector. This in-
piled the information on the existence of dimer structures irverse kinematics approadi5,16 allowed us to measure
°Be and %Be, as well as the possible existence of furthercontinuously a large excitation region éNe (12—22 Me\j
dimers and polymers. He also found a rapid increase of moin a single run. The time-of-flight method using the radio
ment of inertia for the dimer states. Older references withfrequency(RF) of the cyclotron and time signals from the
similar ideas can be found iri0]. detectors was used to selegtparticles from protons; the

The experimental investigations of the cluster structuresime resolution was about 2 ns FWHM. The experimental
in N#Z nuclei have been handicapped by experimental difsetup is sketched in Fig. 1. The transformations of raw spec-
ficulties. Recently several groups tried to reach cluster statesa into the c.m. system were made by means of a computer
in neutron-rich nuclei by means of radioactive beams. Firstcode which takes into account all the relevant experimental
Korsheninnikovet al.[12] found some evidence for states in conditions. The other experimental details as well as the
12Be with possiblea+4n+ « structure. More recently, evi- structure of the code are given elsewhgt®,20.
dence for similar structures was also found'fBe [13] and Excitation functions at 20 different angles were measured
in 19Be [14]. These very interesting findings, with a few for the c.m. energy range 2.1-12.5 MeV, which corresponds
tentative spin determinations, do not yet lead to a clear picto excitation energies of 11.8—22.2 MeV. We will use, as a
ture and are rather evidence of the interest in the problem.rule, the c.m. energy of the interacting particles which is

The present work reports data aencluster states with simply related to excitation energy a$f.,=E.n.
negative parity up to spin 9in ?’Ne, obtained by a new +9.67 MeV (energy threshold for ther decay in ?>Ne).

Figures 2 and 3 present excitation functions at 180° and
angular distributions for regions of particular interest. The
*On leave from Kurchatov Institute, Moscow, Russia. precision of the excitation energy values is about 20 keV,
"Deceased. defined mainly by the energy calibration of the detectors and
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FIG. 1. Experimental setup. The scattering chamber was fiIIed’g100
with helium gas acting as target and beam absorber. An array of S5
detectors registered recail particles.

T T T

~ 0
the uncertainties of the data on specific energy loss of the-%}zoo
80 ions in helium. The absolute cross section values areBlSo
obtained with 25% precision. o

The excitation functions, shown in Figs. 2 and 3, were 100
analyzed according to the method proposed by Hauetsat
[21] and Billen[6]. Following the procedure outlined 5] 50
and successfully used by the Wisconsin grésge[22], and o
references therein we separated the scattering amplitude 0
into a nonresonant term plus the sum of resonant partia 100
waves. For spinless particles, the scattering amplitude can b

l|-II|IIII|II|I|I

written as 75
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()= 0)+ p(0) X xplix) — 3¢ S (2t 1) s
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X[exp(2iB ) —1]exp2i( 4 +w)))P| (cosh), 34 3.5 3.6 3.7 3.8
E,, (MeV)

«y
. ... FIG. 2. Excitation function of®0+ « elastic scattering for the
Wh_erep andy are the bacl_<gr_ound am_plltude and phase Shlftvanergy region 2.1-4.1 Mekt.m). The best fit, convoluted with the
B is aresonant phase shif, is a relative background phase experimental resolution, is shown as a solid bold curve. The dashed

shift, andfc(0) and w, the Coulomb amplitude and phase ¢rye in the top figure presents the nonconvoluted best fit. Numbers

shift. Then the cross section will be over the peaks give the spins of the corresponding resonances. For
the filled area, a sample angular distribution is given. The excitation
do —1(0)[2 2 function in the inset is taken froifil8]. See text for description.
aq —fO% 2

As seen in Fig. 2, there is good agreement between the
experimental data of the present work and those of Héi.
r in the low excitation region, where the dependence of our
B,m=arctar{2(E_E) . (3 da_lta_ upon the experlr_nental condltlons is highes¢ uncer-
resm tainties in determination of registration angle and place of
interaction grow at low energigsAlso our analysis con-
The background amplitude was assumed to be smoothly firmed all nine resonance assignments given in R for
dependent on energy and was interpolated by straight linage excitation region 2.1-3.3 Me{¢.m). In particular, we
connecting a set of energy poir{fsur points for the 3 MeV  ¢onfirm the two strong and similar Lresonances at 2.91 and
excitation interval. In order to reduce the number of free 3 17 MeVv. The agreement for the resonance positions is bet-
parameters, the background phase shiftvas taken to be ter than 20 keV, which seems even too good because we
zero. Phase shiftgh  were fixed for each resonance and gpserved position shifts of this order due to the influence of
were not varied with energy and angle. higher resonances. The latter were not taken into account in

The resonance phase shift is given by
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E" (MeV) nately, there are no low spin resonances, which would not be
19 19.5 20 20.5 21 21.5 22 evident at 180° but could distort the spectra at smaller c.m.
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angles. Due to the opposite signs of the Legendre polynomi-
als at 180° for the odd and even spins, the shapes faréd
(8,10)" are quite different due to interference with the Ru-
therford amplitude, which increases with decrease of the c.m.
angle. Figure 3 demonstrates an excitation function at 180°
for the energy region from 9.3—12.5 MeV. Angular distribu-
tions for the filled areagwhere dominating resonances are
observed are given under each area. For the two &so-
nances, the difference in shapes and angular dependence for
%) 9~ and 10 assignment is shown. All “background” reso-
‘ *. nances in the 500 keV region around the main resonance
b were taken out, and the 9(dotted curve or 10" (dash-
dotted curve test was made as for single resonances in the
presence of Rutherford scatteritand far away resonanges
171.1° The evident differences near the zeros of both polynomials,
{ as well as the fair description of the spectra with the 9
Jf assignment, provides for reliable identification of the spin.
‘ The possibility of an 8 assignment is easily rejected.
The excitation region from 9—10 Melt.m, appeared to
- be difficult to analyze. A continuous spectrum, rising to
smaller c.m. angles, is evident. The nature of this spectrum is
not directly taken into account in our analysis, which means
that the resonance phases are not fiagatiori. Also a few
low spin resonances, where parameters cannot be reliably
fixed in the measured angular interval, strongly interfere with
LA VT the dominating peaks. As demonstrated in Fig. 3, we have
£ ! obtained a reasonably good fit to the data with two dominat-
112 12 122 124 ing 7~ resonances. Figure 3 also shows the results of a
change of the 7 assignment to 5 or 9. As can be seen,
the different polynomial behavior enables one to reject the
FIG. 3. Excitation function of'®0+ « elastic scattering for the 5~ and 9 possibilities (dotted curve is for 5 and dash-
energy region 9.3-12.5 MeX.m). The best fit, convoluted with  dotted for 97). A change to even-spin resonances (&)
the experimental resolution, is shown as a solid bold curve. Theyith reasonablgsmal) nuclear phases destroys the (fits
dashed curve in the top figure presents the nonconvoluted best filyould be expected This can be considereif the dominat-
Numbers over the peaks give the spins of the corresponding resgng resonances are really even-spis evidence for a wrong
nances. For the fiIIe_d areas, sample angular fjisftributions are giveﬂ‘escription of the “background” resonances. We tried and
in the three lowest figures. See text for description. failed to obtain a fit with even spins of the dominating reso-
nances. Unfortunately this cannot be considered as strong
Refs.[17,18. The available data from Refgl7,18 greatly = evidence against the possibility in question. Still, we con-
simplify the spin assignments for the two dominating reso-sider the 7 assignment for the 9.61 and 9.89 M&¥.m)
nances at 3.3—3.9 MeV. Also, Rutherford scattering is theesonances as the most probable.
dominant continuous spectrum in the low energy interval. In practice, the analysis of the data turned out to be the
Therefore the interference of the resonances with the cormost difficult part of the work. While all measurements took
tinuous spectrum is well defined by the resonance spin. Duabout 3 d, the analysis took well over a year. The main dif-
to these factors the assignments to the strongest resonandisilty is the high number of interfering resonances. The
in this region are very reliable. The*2assignments are treatment of the data revealed over 100 new state¥Nie,
readily rejected due to characteristic interference with thewvhich were considered “background” resonances in the pre-
Rutherford amplitude. The dashed curve on the three lowestentation above. A very detailed presentation is needed to
excitation functions of Fig. 2 gives an example of the inter-discuss these weaker resonances, and the complete results
ference pattern for the 2 assignment. The %4 assignment  will be published elsewhere. Due to specific difficultiex-
gives too rapid a decrease of cross section towards the highplained in the last paragraph for the energy region 9-10
angles(dotted curves in Fig. )2 In addition, both even-spin MeV but even more prominent in case of the 4.5-8.5 MeV
possibilities distort the fit at lower energies. region the treatment of the excitation function between 4.5
In the high energy regiofil0.7-12.5 MeV c.m.the con- and 8.5 MeV has not been finished. It is important to note
tinuous spectrum is very small. Therefore the phases of ththat energy-spin systematid¢see Fig. 4 suggest that 5
dominating high spin resonances are also defined. Fortwstates should appear in the vicinity of 5.5 Méym,).
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l4¢ cantly higher moment of inertia for th&Ne band and split-
i o ting of band levels i"?Ne. If we take, as an example, the 6

2r . MeV region around known 7 and 9~ cluster levels in"Ne

(9.0 and 12.7 MeY, we can find only two other resonances
with the same spin. The largeat width of these(othep
resonances is less than 0.01 of that of gheluster states.

A new feature of the?Ne nucleus(in comparison with
20Ne) is the addition of two neutrons to two magic cofte

—_
[=4
——

Energy (MeV)
o %
T T

: a particle and*®0) forming the a-cluster states ir*Ne.
AL There are several successful descriptions of neutron-rich nu-
- e Lovel clei in the framework of one or two clusters interacting with
L g oo Ve extra neutrong [8,10] and references thergirvon Oertzen
2r o Nelevels . ' .
o considered systems ofr particles with extra neutrons
ol [9-11]. He found a strong increase of moment of inertia for
0 20 30 100 some dimer configurations, but did not indicate a possibility

40 60
fn for doubling of states. Recently Itagaki and Okabe published

FIG. 4. The energy-spin systematics féiNe negative parity ~a very complete analysis dPBe spectra using a microscopic
rotational band with large.-decay reduced widtttaken from[7]), a+ a+n+n approach based on the molecular orbit model.
and ?’Ne states observed in this work. Energies are given relative torhey found an enlargement of the« distance due to two
the a threshold. valence neutrons along the « axis, and they predicted pairs

of states with negative parity for eadhdue to coupling of

Thus, we confirmed two strong 1lresonances, found two configurations of two neutrons with the same and opposite
strong 3 resonances, two strong 9and probably two 7 spin direction. However, this couplingccuring also for ab-
resonances. A summary of the resonance parameters is givanrmal parity statgsseems a result of the specific single
in Table 1. The precision of the evaluated widths is bettemucleon orbits, and its relevance to the case is not evi-
than 25% (for 7~ somewhat worge The sums of the re- dent. (It is important to note that the results of the present
duced widths for each doublet are comparable with thevork should not be interpreted as indirect evidence for the
Wigner limit. As usual,I',=2P,y2 and the Wigner limit, ~absence of similar effects for positive parity states. The situ-
7\2/\/- is equal to (%2)/(2uR?). ation is simply uncertain. Generally, as is knowrffiNe, the

A comparison of the present results with well-known datapositive parity states have smallerwidths, manifest them-
on a-cluster states irf°Ne is instructive for identifying the Selves as weaker resonances, and should be considered
new features of théNe spectrum. It is well known that Within the complete picture of the resonance state&’te.
general features of the elastic scatteringaoparticles, as However, we confirm two nearby and strong @esonances
well as a-cluster resonances, can be described in the framdn the lowest energy part of the measured excitation function,
work of potential model$[23,24] and references thergiin ~ Which were observed in earlier works7,18.) Looking for-
this approach, thex-cluster states in both nuclef’Ne and  Ward for a qualitative explanation of the observed doubling
20Ne, are expected to be at similar excitation energies calcef the states in”Ne, it is probably reasonable to consider
lated relative to the correspondingdecay thresholds. Ac- two coupled channelsx+ %0 and °He+*0. Let us sup-
cording to[ 7], only a single negative parity-cluster band is  Pose that the coupling corresponds to transfer of a correlated
characterized by the very large reduced widths. This negativ&Wave neutron pait‘dineutron”) from the *°0 core in*%0
parity rotational band ir"Ne is shown in Fig. 4 together tO thea core in °He, and back again. Thus it couples chan-
with ?Ne levels found in the present work. Two new fea- Nels with the same total angular momentinand we come
tures of 22Ne in Comparison W|thzoNe are ObViOUS: S|gn|f|_ toa piCtUre Where the neutron pair W|th Zero Orbital momen-
tum moves between two wellgenerated by and °0),
reminding one of the Josephson effect in superconductivity;
the probability of pair transfer relative to single nucleon
N E, E I Tum TulTwi Y%  Yo.ly%y  fransferis increased due to the centrifugal barrier. The fact

TABLE I. Summary of resonance parameteR=5.0 fm).

(MeV) (MeV) (keV) % (kev) % that the estimated moment of inertia is 27% higher %de
(A?/21 is 0.134 MeV for ®°Ne and 0.105 MeV for®*Ne,
1 291 1258 I 97 36 79 10 according to the energy-spin systematics shown in Fjg. 4
2 317 1284 1 145 72 150 20 supports the assumption that part of the time the 0
3 352 1319 3 67 40 144 19 system exists a§He+1%0. (An increase of reduced mass
4 374 1341 3 56 40 82 1 and effective radius for'®0+ « in comparison with 10
5 961 1928 (7) 88 25 64 8 + a could result in only an 8% increase of moment of iner-
6 989 1956 (7) 75 23 41 5 tia). A similar analog of the nuclear Josephson effect was
7 1118 2085 9 110 14.5 303 51 considered irf25]. A very crude model of the above could
8 1217 2184 9 170 29 441 57 consist of two potential wells separated by a potential barrier,

as presented if26]. (This calculation is a single dimensional
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case, but we have checked that the conclusions are the saftfs case, measurements with an incidéiMe beam would

in three dimensions Of course a real few-body problem determine the spectrum ef-cluster states irf?Mg. In par-

should be solved to prove the validity of the speculations;cylar, the comparison of the mirror spectra gives a way of

above. Nonetheless, the observed effect can be a manifesi@a|yating the radii of the cluster states.

tion of the exotic nuclear structure. _ We claim the unexpected observation of doublets of twin-
The above speculations in no way should be considered e 1- 3= 7= and 9 levels in 22Ne. which have an

explanations of the observed effect; rather we would like t0,_cjyster nature. Probably this finding is a manifestation of

show the direction of our reflections. Several measurements, exotic nuclear structure. There is a need for additional

can provide additional information. After the excitation en- neagurements to clear up the specific nature of the observed

ergies of the main peaks have been defined it is not to@rect.

difficult to make a more exact determination of the param-

eters in the conventional setup. 90° measurements will help The authors are indebted to Professor G. Crawley, Profes-

to select odd or even spins for the states.

sor B. Danilin, Professor E. Saperstain, and to Dr. L. Grig-

It would be important to observe decay branches to therenko for stimulating discussions. The authors acknowledge
excited 0" states in'®0. The fact that we are investigating a the support of the Academy of Finland. The Russian physi-
non-self-conjugate nucleus gives us the possibility of makingeists are thankful for the support of the RFBR under Grant
“mirror” measurements by means of radioactive beams. InNo. 00-02-17401.
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