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1. - INTRODUCTION.

The quartet model, proposed some years ago by Danos and Gillet(l), has received some ex
perimental support, essentially from the transfer reactions of a, 8Be and 12C clusters on N=Z
even-even targets'</,

This work investigates the possibility to produce, through the 19F(p, a)180 reaction, |211|
quartet states in zoNe, involving excitations of quartets from the (Op) to the (Of, 1p) shell.

20Ne states with large components of quartet structure should decay preferentially by a-
emission and therefore produce resonances in the lgF{p,a) excitation functions. In particular
1211] states should exhibit for the a -line reduced widths larger than for the a, one (see Fig.
1). as this last process involves more complicated decays with quartet scattering, i.e.

¢2e 211 || 150 210 + a5) > £ 20Ne 211 || 160 300 + ¢} .

The energy range of the incident protons was initially taken as 0.70% EP:E 1.55 MeV, as the
model(3) locates the O band-head of the | 213 ] configuration at an excitation energy E, = (13.3+

3 \P'Pf) MeV, with Vp'pf<: MeV (see Fig. 1)
In this range only a O" resonance was found (at E_= 0.845 MeV), but it is not due to quar-

tet excitations!?). On the other hand Middleton et al. () I%cated the | 220 | O* band-head at B, =
7.195 MeV in 2ONe. instead of the predicted(?’) value of 5.1 MeV (this difference of ~ 40% gives
the degree of reliability of one of the fundamental hypotheses of the model, i. e, the independence
of the quartet-quartet hole interaction potentials from the mass number). The measurements
were therefore extended to higher energies. Partial results previously published 6) have shown
that the O1 state at E; 14,467 MeV has some quartet component. This state was tentatively
identified with the | 211 l band-head essentially because other OV states in literature seemed to
be very far in energy and identifying one of them with the claimed band-head would require a big
change in the interaction potentials. On the other hand, the investigation of the high excitation re
pion of H'iO (Ex = 21-25 MeV) through the 14N(d, n.)lzc reaction('?), provided no evidence of -
quartet states.

In this paper the results of the analysis of other resonances are presented, also including
some 27 levels, in order to investigate the possible production of other members of quasi-rota-
rional quartet bands and to collect some other information on this complex situation.
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FIG. 1 - a) Schematic illustration of the reaction 19F(p,a)]6(l b) The previsions of the quar
tet model(3) for the 20Ne and 160 nuclei, B



Moreover, this paper presents the results obtained on three other a-lines, studied in order
to obtain information about the ways of decay of the 20Ne intermediate states,

2. - EXPERIMENTAL METHODS,

The measuremerts were carried out at the Laboratori Nazionali di Legnaro (Padova). Some
tests were also performed at the TTT-3 Tandem accelerator in Napoli.

Targets of CalFyp or- BaFy evaporated onto carbon backings were used. The thicknesses ran
ged from 10 to 50 ug/ em? ; appropriate corrections for the absorption of incident protons were
made,

Excitation functions for the transitions leading to the ground state and to the lowest four ex
cited states, namely gqgq, Qys @1, @2, Q3 (see Fig. 1) were measured in the range 0.70 £ Epé
£ 2.68 MeV in steps ranging from 5 to 50 keV.

A tﬁpzcal spectrum obtained with the thinnest target has been previously reported(4) Codes
TALPA(®) and SIRIO(9) were used to extract physical parameters of the peaks in the spectra; the
reduction to absolute cross-sections was achieved by normalizing to the elastic data on Ca or Ba,
The errors shown in all the figures are the results of least-square fits,

The measured angular distributions were fitted by Legendre Polynomial expansions, In or-
der to obtain the maximum degree (vmpayx) to be used, a variance-ratio F-test(10) was used every
where ; results are reported only near the analysed resonances in Table I, where the confidence

TABLE I - Confidence levels Q(F/ vl, vz) of the variance ratio F-test,

%y Deduced | %5 Deduced
E (MeV)| o value of v value of
p max - max )
2 4 gl TOF 2 4 6 mex
1.12 0.002 0. 01 0.5 4 0.002 0.002 0.5 4
| Il
I
1. 34 0. 002 0. 002 Qzh 4 0.002 | 0,02 0.2-0.5 4
1. 36 0.002 0.002 0.5 4 0,002 0.05 0.5 4
2.09 0,002 i 0. 002 0.5 -4 0.002 0.002 0.5 4
2,13 0.002 . 0.5 - 2 0.002 | 20,05 0.5 4
i
2.18 | 0.002: 0.1 - 2 0.002 |20.5 - 2
i i
2. 35 0.002  0.002 1 ~0.5 4 0.002 | 0.002 0.1 4

levels Q(F/%q, ¥y) of performing a 1St type error (i. e. rejection of the true null-hypothesis that
the introduction of the assumed maximum order in the expansion is not justified) are shown. The
se values of V54 were also used to draw the curves in all the cases they are shown, The obtai-
ned values do not exceed 4 in any case. An accurate inspection of the higher coefficients (v =5, 6)
has ensured us that no casual cancellation occurs for the €= 3 terms; this is consistent with the
h_vpothesis(ll) that at these low incident proton energies only s, p and d partial waves take part
to the reactions and permits an analysis of the angular distributions in terms of the first five coef

ficients of the expansion: 4

a( @ ) - X B,cos¥(6

) (1)
cM L% C. M.



where the B, are directly connected to the contributions of the single partial waves{11) For the
@, and @, groups the final channel spin is 0 and the knowledge of the transferred orbital angular
momentum uniquely defines the J7 of the intermediate levels; these values are reported in the

analysis of the single resonances.

3. - RESULTS.

The results are reported separately for the lower and the higher energy region.

3.1. - Energy region 0.70% Epé 1.556 MeV,

The partial yields, measured at eight different angles, are shown in Figs. 2-6. In this ener
gy range complete angular distributions were measured only near even-parity observed resonan-
ces for ay and G, (E_ = 0.845, 1.115, 1.355 MeV). The resonance at Ej = 0.845 MeV has alrea
dy been analysed(d'f ’I%e angular distributions relative to the other two resonances are shown in
Figs. 7, 8. Odd-parity resanances were not analysed, as they cannot be due to quartet excita
tions(1), -

The results on @y, &g, ag are in very good agreement with those reported in refs. (12, 15),
Also for a, and a, a good agreement is obtained with the data of refs. (11,12,13, 14, 16) for what
concerns the yields, the cross-sections at the resonances and the angular distributions too, when
reported. i
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3.2, - Energy region 1.55€ Ep < 2,68 MeV,

The results obtained in this region are displayed in Figs. 9-14. Only the Legendre Poly-
nomial fits were reported for the @, a5 and ag angular distributions.

Integrated cross-sections relative to a, and a,-groups, previously published(s), are shown
for completeness in Fig. 14, For energies above E = 2.38 MeV it was not possible to separate
Ena;mbiguously the a, -a; doublet. The corresponding contributions were so completely disregar

ed,

For the y-emitting levels, when all the total yields are available, the cross-sections have
been also summed (see Fig. 14) in order to better compare them with the existing data, usually
reported in the form of r-yields“‘h 15) A rough agreement has been obtained with the results
of Ranken et al.(14) One must note that these authors have calculated the total cross-sections on
the basis of the assumption of an isotropic distribution of the y-rays and this assumption is not
well verified at all the energies, as one can see from Figs, 11,12,13. Moreover, their yieldwas
obtained with a great uncertainty due to the target thickness, as noted by Ask(15) A better agree
ment has been obtained with the data of Hellborg and Ask(15) himself, who measured yields and
angular distributions at the resonances, also for what concerns the relative intensities of the
three ¥ -lines,

Data on @, in this region are available in refs. (14,16, 17, 18). Our results are in very
good agreement with the total yields and angular distributions of Breuer and Jahnke(17) and also
with the yields at fixed angles of the other authors,

Only Ranken et al.(M) have published results on G In this case serious discrepancies
exist with our data, In particular the resonance we found at E_ = 2,08 MeV (see Fig, 14) is not
reporied at all. These discrepancies will be discussed in subsection 4,2.2,

4. - DISCUSSION.,

One of the important known features of the studied excitation functions, also noted in the
review papers quoted as ref, (19), is that the resonances of a, are generally identical to those
of ay and different from those of a4, gy, Q3. Our results confirm this general trend; howe-
ver, some differences exist.

4.1. - __y-emitting levels,

For what concerns @y, gy, Gg, from the excitation functions, shown in Figs. 4,5, 6, 14,
one can see that actually most of the resonances are common, also with different strengths, but
some other, viz. at Ep = 2.08; 1.18, 1.28 and 2.22 ‘MeV (the last three not reported in ref. (19))
seem to be present only for the negative-parity final states (a; and a3) and not for a,(21),
This is an interesting feature, as an hypothesis exists, based on experiments on 12C(a, @) reac
tion(20), that this last state at Ey = 6.92 MeV in 160 belongs to the same rotational band as the
0%, 6.06 MeV state; the widths of the band suggested to the authors an @-particle cluster con-
figuration for these excited states. In ref.(21) the same band is interpreted as a mixture of de-
formed two particles-two holes and four particles-four holes states with the usual spherical
shell-model ground state, and therefore of great interest from the quartet point of view. (One
must remember that in ref. (3) the potential interaction V, , sd is fixed just by setting the one
quartet-one quartet hole excitation energy equal to the excitation energy of this band-head, i.e,
6.06 MeV),

On the other hand, the refined measurements of Hellborg and Ask(15) show that in some
cases the 6. 92 MeV  y-ray (}'2) resonates at slightly different energies than the 6.13 MeV (}'1)
and 7,12 MeV (}'3) ones, but not at the same energies at which a_ does, In our measurements
no common decay via @, and @9 has been observed at all, so the claimed hypothesis cannot be
confirmed at an high degree of reliability.




w 10 =

6
4
24
0
2
0
2
0
2
0
2
0
5
-
~ 0
]
5 2
c
-
oy
o (o]
1
]
1

5,
.

O N O NO N O N © N O N O

O N O M ON © N O N O

; T T 0 T 1
30 60 90 120 150 180 0 0 60 90 180
®C.M. 3 120 150 18

FIG. 9 - Angular distributions for the o 4-group in the energy range 2.06 $ E, < 2.68

MeV, The curves are Legendre Polynomial fits with different values of Ymayx (seetext),



120

150

180

i
120 150 180

FIG. 10 - Angular distributions of the a g -group in the energy range 2.06 < Epé 2.38 MeV. The curves are
Legendre Polynomial fits with different values of w3y (see text).

w IS



v— -
oAl
0O 30 80 90 120 150
A
5
4 4
3
2
1 1.85
X
[
- 1.80
~ 0 — = =T
-]
€ : A
ro— " . | Tmm==-
L g
S 1 o
] Il T~ 1.78
~ i TR as -
5 ' .
- ¢ Sy
- | .70
¥
1
1
10 1.65
=
8 o -
A BN
3 gt E
: ‘f 1.60 2
)
q
4 &
2
) . . . . 1.55 °
o 30 60 90 120 150 180 @
C.M.

..ZI_

FIG, 11 - Legendre Polyaomial fits with different values of wvp5, (see text) of the angular distributions of the

@ -group, in the energy range 1.55 < Ep < 2. 38 MeV.



= I3 =

120

150

90

30 60 90 520 150 180

o]

150 180 ®°
C.M,

60 90

30

120 180

60

30

(15/9w)] UPp/o0p

W

-

< 2.68 MeV.

P

-
=

a9-group in the energy range 1.55

11 for the

FIG. 12 - Same as Fig.



0 3p 60 90 120 150 180
2.45

1\
=]

'
)

[2.35

/2.30
(2] 30 60 90 120 150 180

2.65

2.860

/2.55

120 150 180,
C.M.

FIG. 13 - Same as Fig. 12 for the ag-group.

_bI-



W |

- 15 -

o a

J 200-
L e \ .
300+ 150 \
| i -\. ’.‘..'. \\\'!‘-!\i 3
zoo.l -[ Ny / 1004 %—4’ \!i
/ |
100 5 l-\\ /' 504 1/
.o.l" .-.-/. ..l' . “’!/
1 vt
o+ + + t t + t = + t
A
I 4
E |
15 }i*/ A
30! / ‘} 1501 ! \
i g "i! H H'H ]
20 -/\ ﬁ [' \i/ 1004 & ‘!
K _/ }"i v
Yo \J ! 4 WA
10 i i 50 },-{
-\,."“*
0 + n 1 [e] "i’—. i '..l—'/ 1 t 4
60 1 d o 60 0{71
50 ¢ so{
i - i
4
40 H 40 ¥
R | "
2] { %] {J l f fA{'l
'§ A% I l | i
20 Ii ," 20-§ i {m! / \{{’
.! H \L"V“. N\ e
10-!‘ 104 !
L = 18 2.0 2.2 2.4 28 [: f,a(Me“)‘,g s 22 2.4 2.8

FIG. 14 - Integrated cross-sections versus the incident proton energy for the

a,, 29, @3 and

< o
p= 2,68 MeV,

Ao Lo,
range 1.55 £ E

a, +a, +a, (¥-emitting levels) -groups in the energy




..

-

- 16 -

4.2, - 0+ states,

4,2.1, - Resonances at Ep = 1,115 and = 1, 355 MeV,

Our data in these regions are not enough to carry a complete independent analysis, but, as

we pointed out in subsection 3.1, they agree well with the ones reported by Isoya et a1,(11,13
so the coefficients of cos @¢ py , shown in Fig. 15 together with the integrated cross-sections,
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have a behaviour very similar to that reported by these authors. The assignments of 2% for the
I of both tohese interinediate states are therefore confirmed. The values of the partial ( Fi} and
reduced (71“) widths canzbe read in ref. (11), They show that, expecially in the second case, the
J.l-) are larger than the y“o and Yg“_

On the other hand, no large anomalies appear in the elastic scattering data(4, 22, 23), as the
ones observed in the region around E_ = 1.35 MeV are clearly ascribed 23,24) t6 the neighbouring
2" states, which produce resonances in the (p, ay) excitation function at E; = 1, 346 and E =

1,372 MeV., Therefore the wave functions of these states must contain large mixtures of é)iffe—
rent components,

4.2.2, - Resonances in the region 2. 00 E £ 2. 68 MeV.

P
This is surely the most interesting region, as a resonance for a_ at Ep ¥ 2,08 MeV is re
ported for the first time,

In the work of Ranken et al.'14) the resonance at E_ = 2,18 MeV for . is identified with
the one at E_ ¥ 2,13 MeV in a,, but this identification is based only on fjartial yield at GLAB =
909 for ag, not completely in agreement with the data of other authors 16, 17), One can note
from Figs. 9, 10 that the maxima of the resonances have different positions at different angles;

the same remarks has been made by Ranken et al, (14) themselves. Moreover they noted that
this resonance shows a large discrepancy in the ratio of the strengths 7y, Q/Yazﬂ; with respect to
the other resonances in the same region, this ascribed to a superposition of several resonances.
This argumen® led the authors to an assignment of o* (or perhaps 17) for the J% of the corre-

sponding intermediate state in 2C'Ne, not in agreement with the results of refs, (16, 17).

It is our opinion that the new resonance at E;# 2.08 MeV in a, corresponds to that at
By ¥ 2.13 MeV in a,, and in the same way the resonances at E, ¥ 2.30 MeV in @5 and at E_=
*'2.35 MeV in ag are the same, while the resonance at E | 2,18 MeV in a; has no partnerg
(in the limits of detection of the present experiment) in the excitation function of a,. This in-
terpretation is also confirmed by the behaviour of the coefficients of cos GC, M. shown in Fig.
16. One can clearly infer that the resonances at E_ #2.08 and E_ = 2,30 MeV for a, and at
E) Y2 13 and E_ =~ 2, 35 MeV for a, are due to g+ states, as tP?e By and B, coefficients and
a[lso the interference terms resonate (these assignments are in agreement with those of ref, (17)).
In the case of the E_ =~ 2. 18 MeV resonance in (i P only the B, coefficient resonates ; all the ot-
her ones cross zero close to the resonance energy. This excludes casual cancellations of the
terms relative to € - 1,2, so this resonance can be attributed to a 0% level, with all the charac
teristics of the band-head of the | 211 | quartet configuration, as will be clear in the following. -
The broad resonance at E_ ~ 2, 82 MeV in . a_ seems clearly due to a 17 level; no interference

o
with a 0" state, as supposed in ref, (16), can be argued by an insight of Fig. 16.

The parameters of the resonances, i.e. the centroids Eg, the total widths I' and the re-
sonant cross-sections o) were obtained by an analysis of the ¢l(E,) in Lorentz functions; the
results are summarized in Table II, Typical errors in I' and 0g are of the order of 15%.

TABLE II - Parameters of the resonances in the range 2.0 sEp.s 2.45 MeV.

oy @

2_(Me 3 eV / i =
F‘R( TeV) LAB“ eV) aleb) ER(MeV) : I"LAB(keV) UR(mb)

2.080 60 12,1 2,133 80 9.5

2,180 41 12,2

2,303 70 17T 0 2,347 95 17,8
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In order fo obtain the reduced widths, )’i?. the partial widths I and therefore the cross-
sections oh must be knownfor all the possible decays of the intermediatellevels. Inthis energyregion,
besides the elastic scattering and the «a-emission. the inelastic scattering to the first five low
excited levels in '9F is present. It has been studied again by Ranken et al. (14), who gave the ex
citation functions of low energy y-rays from the 19F(p, p‘)lgl“’t reaction, At E, #2.11 and E_ =
= 2,18 MeV they show minima, so the corresponding states in Ne do not decay via inelastic scat
tering; only at Ep ¥ 2,33 MeV a clear resonance exists, for which one can calculate roughly the
inelastic cross-sections:

o(p, py) ~ 145 mb ; a(p, py) ~ 100 mb ;
o(p, pg) ~ T mb; o(p, pg) ~» Tmb; o (p, pg) ~ 30 mb .

On the other hand, our data on elastic scattering, reported in Fig. 17, show only two large
anomalies, at E, = 1.97 and E, = 2, 33 MeV. Therefore in the analysis of the resonances at E, =
=2,11 and E_ ~2, 18 MeV the smaller value of I, has been assumed between the two coming out

from the calculations ; only for the resonance at EI; ¥ 2,33 MeV the larger one should be taken,

The results of the analysis are:

a) Resonance at Ep = 2,11 MeV, 2% (only in a4 and ag)

I,= 3.0kev; I, =33.0keV; L, =42.0keV;
2 2 2
¥y =25,0 keV ; Yo = 3.3keV; Yo =23.5 keV ,
p 0 14
= + :
b) Resonance at Ep = 2,18 MeV, 0" (only in )

= . F = .
Fp 5.0 keV ; L. 35.0 keV ;
y2 - 3.9kev; e - 8.7keV .
P T

c) Resonance at Ep = 2.33 MeV, 2% (in Qos s Gy p')

In this case the attempt to obtain the partial widths using for the total width the largest value
among those arising from the yields of the different a-lines (95 keV) gave complex values for
I’ ., this indicating that these decays are not due all to the same intermediate level. Since it
is impossible from our data to distinguish what decays are due to one or another intermediate
state, this resonance has not been more investigated,

The state at Eyx ="14.85 MeV, Z"', corresponding to the resonance at Ep = 2,11 MeV, shows
the same characteristics as the previously studied(6) level at E, = 14,467 MeV, 0+,

In both cases only elastic scattering and decays via a, and o, are observed, this exclud-
ing the formation of compound nucleus intermediate states. The relevant values of }’az and }'az
with respect to y_ seem to indicate relevant collective components for these states. oMor‘eover-,
the absolute values of 7’::? , lower than 1% of the corresponding Wigner limit (0.59 MeV), are si
milar to the ones indicated by Vogt(25) for the low-lying eight particles-four holes (8p - 4h) rota-
tional "super band" in 2oNe, about one order of magnitude lower than the adjacent cluster (four
particles) band. This and the fact that }’0_2 > }’az lead to assigne to these states a configuration
of the type (8p - 4h), probably mixed to oth''r shell model states. In this case they could belong to
the | 220 quartet configuration with a large breaking of aligned neutron-proton pairs in the Stretch
schemell), and consequently with a large loss of radial overlap and symmetry energy, An alterna-
te way to obtain so excited | 220 | quartet states is to look at the intrashell quartet excitations, as
described by Satpathy et al. (26) 15 so, these states can also be arranged in the same rotational
band, given the similarity of the values of the reduced widths(25), The enormous moment of iner
tia cor('gg)sponding to the energy splitting of ¥ 380 keV has to be expected for so excited (8p - 4h)
states . -
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FIG. 17 - Ratio of the elastic to the Rutherford cross-section for the 19F(p, p)lgF
reaction in the energy range 1.8 £ E £ 2,7 MeV at scattering angles of a) 6

= 98.0°, b) BC.M = 125,59 and ¢ ec. M. * 139.19, The curves are intended °
only as a guide for the eye.
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By the arguments that only the elastic and a, decay channels are observed, with }’az > },2

IT.
and }’rrfx-v 2% of the Wigner limit, a pure (8p - 4h) configuration is attributed to the state at E, e
- 14,92 MeV, 0%, carresponding to E 2.18 MeV. This state shows consequently the highest
probability to be identified with the 07 band-head of the |211| quartet configuration.

In this case one can easily obtain the unknown value of Vp ¢ In fact, recalculating the va
lue o' Vi g4 021 the basis of the results of Middleton et a1,(o) andjtaking the original value(3) for
Vil (J , one obtains for Vp,p!' a value of ~ 650 keV, in agreement with the previsions of the mo-
del (=1 Mev)(3),

e o R

This is consistent at least with the hypothesis of constant interaction potentials versus the
number of excited quartets,

5. - CONCLUSIONS.

[n conclusion, we can say that out search for quartet states has given some positive output.
Mwo st ates with somc quartet component (at Ex = 14, 467 and E, = 14,85 MeV in 2C'Ne) have be-
en found, possibly belonging to the same quasi-ro*ational band,

Moreover, the | 211] 0% band-head has been identified at E, = 14,92 MeV in 2ONe, this
permitting the evaluation of the unknown value of Vp, pf 8s ™~ 650 keV, in agreement with the pre
visions of ref, (3). This has confirmed the validity of one of the fundamental hypotheses of the
quartet model, i.e, the independence of the interaction potentials from the excitation energy, at
least up to about Ey = 15 MeV. For higher excitation energies, it seems(7) that the quartet sta-
tes are spread out over many other compound states by residual interactions, this implying that
the quartet model is inadequate,

The hypothesis that the two states at Ex = 6,06 MeV, 0% and at E, = 6,92 MeV, 2% in 160
hbelong to the same rotational band cannot be confirmed by our results ; however, some differen-
ces exist between the excitation functions of @5 (leading to the 6. 92 MeV state) and the other
transitions leading to y-emitting levels, this showing some fundamental difference in the struc
ture of these opposite-parity states. -
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