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Résumé 2014Les sections efficaces différentielles de la diffusion élastique 11B(p, p) ont été
mesurées entre Ep = 3,0 et 5,2 MeV. L’analyse effectuée au moyen du formalisme de la matrice R
a permis de mettre en évidence quatre niveaux du carbone 12 à Ex ~ 19 MeV (JII = 4-), 19,20 MeV
(JII = 1-), 19,50 MeV (JII = 2-) et 19,70 MeV (JII = 1+). Leur caractère T = 1 est discuté.

Abstract. 2014 The (p, p) elastic scattering cross-section on 11B has been measured between Ep = 3.0
and 5.2 MeV. Analysis with the R-matrix formalism establishes four levels in 12C at Ex ~ 19 MeV

(JII = 4-), 19.20 MeV (JII = 1-), 19.50 MeV (JII = 2-) and 19.70 MeV (JII = 1+). Their possible
T = 1 nature is discussed.
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1. Introduction. - Analog states in 12C of the

seven first low-lying states in 12B have previously
been identified by comparing the reduced proton
widths obtained in elastic scattering on 11 B and the
reduced neutron widths deduced from the (d, p),
(d, n) and (n, n) reactions. However the elastic scatter-
ing data were not extended above Ep = 3.5 MeV [1].
Spin and parity assignments for many levels above
Ex = 18.5 MeV in 12C are uncertain or conflicting.
In order to study these levels we measured the cross-
section of the 11 B(p, p)"B reaction between 3.0

and 5.2 MeV. The data have been analysed in the
framework of the R-matrix formalism.

2. Experimental results. - Excitation curves for

11 B(p, p) 11 B elastic scattering have been measured
at eight angles (Olab = 40°, 60°, 75°, 90°, 120°, 140°,
160° and 170°) up to 5.2 MeV at the 6 MeV Strasbourg
Van de Graaff accelerator, by 15 to 25 keV steps using
a 70 J.1gjcm2 self-supported "B target (95 % enrich-
ment). The overall energy resolution was about 20 keV.
The data have been normalized on the absolute cross-
section measurement of Chanut [2], obtained with
a diborane gas target. In the region of Ep from 3.0 to
3.5 MeV where the two measurements overlap, the
data are in good agreement with previous works of
Segel et al. [3], Tautfest et al. [4] and Symons et al. [5].
Figure 1 shows our results between 3 and 5 MeV
at four angles. Statistical errors are smaller than the
data points.

FIG. 1. -11B(p, p) differential cross-sections between Ep = 3.0
and 5.2 MeV at four angles. Theoretical curves in dashed lines
show Coulomb scattering; solid lines are the fits obtained with the
parameters of table I, assuming a 4- level at Ex = 19.02 MeV, and
dotted lines show the fits assuming a 2- level at Ex = 18.94 MeV.
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3. Analysis. - Analysis of the data was carried
out using the R-matrix theory of Lane and Thomas [6].
The collision matrix is written in the one-level approxi-
mation where the energy dependence of the resonance
parameters was evaluated explicitly. The level shift
and the penetration factor were calculated at an

interaction radius parameter ro = 1.4 fm. The boun-

dary condition is chosen so that Bl = - I. The partial
waves were limited to I K 3. The excitation curves
exhibit two regions around 3.2 MeV and 4.0 MeV
with strongly interfering resonances.

The experimental excitation curves 11 B(p, p) show
the well-established In = 2+ resonance at

and a large anomaly centered at Ep N 3.35 MeV.
The study of theoretical curves for two levels indicates
that this anomaly is due to excitation of a s- or d-wave
resonance. The existence of a broad level (T N 1 MeV)
in 12C at the excitation of

has previously been reported [3]. The yield curve of the
2.125 MeV y-ray from the 11 B(p, p’ y) reaction shows a
broad structure centered at about Ep = 3.35 MeV [3, 7].
We measured the 11 B(p, p’)"B (2.125 MeV) angular
distribution at this resonance energy and fitted it with

Legendre polynomials (Fig. 2). This angular dis-
tribution is approximately of the form (1-0.22 PI)
and can only be explained by the interference between
levels of opposite parity. One of these levels is the
18.82 MeV (J’ = 2+) which appears in the excitation
curve of the 11B(p, p’ y) reaction. Thus the broad
level at Ep = 3.5 MeV has JH = 0-, 1- or 2-, but

only In = 1- is consistent with the result deduced
from the 11B(p, 70) reaction [3]. However it was found
impossible to obtain a common satisfactory fit for the
eight angles with these two levels only. Especially
the observed increase of the yield at backward angles,
just above the 3.12 MeV resonance, is not predicted

FIG. 2. - Relative angular distribution of 11B(p, p)11B*
(2.125 MeV) at E, = 3.350 MeV. The solid line is the Legendre

polynomial fit for L = 1.

by the theory. Thus it appears that there is another
level near Ep = 3.3 MeV in 12C contributing to the
differential cross-section which was not taken into
account previously. The analysis of the experimental
data indicates d-wave proton formation, but does not
allow an unambiguous choice between In = 2- and
4 -. A 0 -, I - or 3 - assignment to this level gives a
much worse agreement than J’ = 2 - or 4-. Therefore
we conclude to the existence of a 1- level at

Ex = 19.2 MeV with FPIF ~-- 0.5 and a (2, 4)- level
at E_, ;::t 19 MeV.
Two resonances, one of s-wave character at

Ep = 3.85 MeV, the other of a p-wave character at
Ep = 4.1 MeV contribute to the peak at Ep ;::z 4 MeV.
The first level has a width of about 400 keV due to l=0
and 1 = 2 components with In = 1- or 2 - . The fact
that the 3.85 MeV level is observed neither in the

11 B(p, ao) nor in the 11B(p, p’ y) reaction indicates
that a spin and a parity 2- must be preferred. Further-
more the 2- assignment for this level is suggested
from the 12C(p, p’ y) reaction [8]. This resonance is
strongly excited in the 11B(p, al) reaction where the
cross-sections show a large peak at Ep~ 3.7 MeV.
The second level (F  0.25 MeV) results from a p-
or f-wave. The fact that the 0+ fit for this level does not

reproduce all of the qualitative features of the diffe-
rential cross sections rules out this choice. However
it is necessary to introduce a state with a contribution
of f-waves to explain the magnitude of the experi-
mental cross sections at elab = 120°-140°. This
level is not excited in the other channel, except
11 B(p, n) which shows a weak resonance of similar
width at this energy [9] leading to FPIF &#x3E; 0.8. This

value favours a fit of the data with In = 1 +, excluding
spins 2+ and 3 + which would give a too large cross-
section.
The best overall fits of the excitation functions at

four angles from Ep = 3.0 to 5.0 MeV are shown by

TABLE I

Resonance parameters used in the analysis of elastic
scattering of protons on IlBfor 3.0  Ep  5.2 MeV.
The interaction radius used in this analysis is a = 4.51 fm
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the solid curves in figure 1. The resonance parameters
used to obtain this fit are given in table I. The well-
known resonances outside the present energy range
were also included. Hence contributions from the

following resonances have been considered in the
theoretical analysis : Ep = 0.675(2-), 1.4(1-),
2.57(2-), 2.62(3-), 7.2(1-) and 10.3(2-) [1, 2, 10].
We have also examinated the case of a state JH = 2 -
at Ex ;:z 19.0 MeV, but it was found to be quite impos-
sible to get a satisfactory fit at each of the eight angles
(Fig. 1, dashed curve). Particularly, predictions bet-
ween 3.5 and 4 MeV are much too high at laboratory
angles of 60°, 75° and 95°, and too low at 40°. Thus
we conclude that there is a broad level in 12C with
In = 4- at Ex -- 19 MeV.

4. Discussion. - In conclusion, the analysis of the
elastic scattering cross-sections between 3 and 5 MeV
supports the existence of 12C levels with spins 2+,
4-, 1’, 2- and I’ at E. = 18.82, ;:t 19, 19.2, 19.5
and 19.7 MeV. The parameters of the 2 + level are in
good agreement with those of Segel et al. [3]. The 4-,
1- and 2 - levels have been suggested at similar ener-
gies but the corresponding parameters were not

given [1].
It can of course not be deduced from this experiment

whether observed resonances correspond to T = 1
states in 12C. However, using the level parameters
obtained from our analysis together with information
from other reactions and comparison with 12 B levels

leads to some speculations on the possible T = 1
nature of these levels.
The 2+ (18.82 MeV) level has been established

previously as a T = 1 analog of the 3.76 MeV state
in 12B [1]. The 19.2 MeV state Jll = 1- is highly
excited in the 1.1 B(p, 70) reaction. This fact and the
small alpha particle width indicate an assignment
T = 1 for this state, in agreement with the conclusion
of Segel et al. [3]. The corresponding level T = 1
in 12 B is not well known, though the "B(n, n) elastic
scattering data does not preclude of an additional
broad 1- state in 12 B between the 3.39 and 4.30 MeV
states [11]. The 19.5 MeV state (J’ = 2 - ) was sug-
gested in inelastic electron scattering and was assigned
T = 1 [12]. This state is a candidate for the analog of
the 2-, 4.37 MeV state in 12 B.

There is very little additional information on the

19.7 MeV level. Our spin assignment, Jll = 1 +,
its width and Coulomb energy shift compared to
other known T = 1 states in 12C make it a good
candidate for the analog of the 4.99 MeV level in 12 B.
A similar comparison between the JH = 4- levels
in 12B at 4.521 MeV and 12C aft - 19 MeV is highly
questionable as the latter one is very broad and its
energy is depressed by about 600 keV from its expected
location.
Three of the authors (Y. R., A. G.-L., H. B.) thank

the Commissariat a l’Energie Atomique for its support.
We also express our thanks to 6 MeV accelerator
staff.

References

[1] AJZENBERG-SELOVE, F., Nucl. Phys. A 248 (1975) 1.
[2] CHANUT, Y., Thèse, Université de Lyon I (1973), unpublished.
[3] SEGEL, R. E., HANNA, S. S. and ALLAS, R. G., Phys. Rev. 139

(1965) B 818.
[4] TAUTFEST, G. W. and RUBIN, S., Phys. Rev. 103 (1956) 196.
[5] SYMONS, G. D. and TREACY, P. B., Nucl. Phys. 46 (1963) 93.
[6] LANE, A. M. and THOMAS, R. G., Rev. Mod. Phys. 30 (1958) 257.
[7] BAIR, J. K., KINGTON, J. D. and WILLARD, H. B., Phys. Rev. 100

(1955) 21.
[8] JACMART, J. C., GARRON, J. P., RIOU, M. and RUHLA, C., Phys.

Lett. 8 (1964) 269.

[9] OVERLEY, J. C. and BORCHERS, R. R., Nucl. Phys. 65 (1965) 156.
[10] GLAVISH, H. F., HANNA, S. S., AVIDA, R., BOYD, R. N., CHANG

C. C. and DIENER, E., Phys. Rev. Lett. 28 (1972) 766.
[11] LANE, R. O., NELSON, C. E., ADAMS, J. L., MONAHAN, J. E., 

ELWYN, A. J., MOORING, F. P. and LANGSDORF Jr., A.,
Phys. Rev. C 2 (1970) 2097.

[12] YAMAGUCHI, A., TERASAWA, T., NAKAHARA, K. and TORIZUKA,
Y., Phys. Rev. C 3 (1971) 1750.


