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Three resonances in *C+C with E_ ;, (J") of 8.85(6%), 11.2(8*), and 18.75(10%) are re-
ported. Together with earlier data, these resonances fit in a rotational band in Mg, A
model based on the rotation-vibration coupling is proposed to account for these data.

Several recent experiments'™* have provided
new information on spins and parities of reso-
nances in ®*Mg at high energies of exitation. In
the present experiment, we investigate the reac-
tion *C(**C, a)*°Ne in the range 6.85<E. <15
MeV and report three resonances at E. ,, =8.85,
11.2, and 13.75 MeV to which we assign definite
J" values. Combining these results with the data
from previously reported measurements® and the
results of other authors,"'?**"° we attempt a uni-
fied picture of the resonances in **Mg.

The present experiment was performed using
the Model FN tandem accelerator of the Centre
d’Etudes Nucléaires Bruyéres le Chatel. « par-
ticles from the reaction *C(*3C,a)*°Ne were mo-
mentum analyzed in a split-pole magnetic spectro-
graph and detected in position-sensitive detectors.
The excitation functions of four a groups leading
to, respectively, the ground state and the 1.63—,
4.25-, and 4.97-MeV states in *°Ne were meas-
ured at 10° and 20° using a 30-pug/cm? carbon tar-
get. In addition, the ground-state excitation func-
tion was measured at 7.5° lab using a 50-ug/cm?®
target. From the correlated maxima in the exci-
tation functions of transitions leading to natural-
parity states in ?**°Ne and the relative smallness of
the 27 excitation function at very forward angles,
energies around E. , =8.85, 11.2, and 13.75 MeV
were selected as likely candidates for resonances,
and ground-state a@ angular distributions were
measured on and off these energies. For a nar-
row, noninterfering resonance of spin J =L, the
angular distribution follows the form

0(8) =A2P;| cosbl|? 1)

or else (equivalently)

Imax =2L

25 a;p,(cosd) (I even). (2)

i=0

ag(9) =

The comparison of the angular distributions at
E . =11.2 and 13.75 MeV with the P2(cosf) and
P,’(cosf) shapes, respectively, is shown in
Fig. 1; the agreement is quite satisfactory.

The measured angular distributions were sub-
sequently submitted to a x%(/;,x) analysis using
expression (2). The values of x? plotted vs the
maximal degree of polynomials used are shown
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FIG. 1. The 11.2- and 13.75-MeV angular distribu-
tions compared with the P82(cos0) and sz(cose) shapes,
respectively.
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FIG. 2. Resonances in '’C + ’C plotted as E.,(**Mg)
vs measured spin. Data: ARGONNE, Ref. 2; PENN,
Ref. 6; CHALK RIVER, Refs. 4 and 9; PRESENT, this
work; SACLAY, Ref. 3; ERLANGEN, Ref. 8; FLORI-
DA, Ref. 7 (only selected resonances of given J™ plot-
ted); YALE, Ref. 1. Inset: Plot of x?® vs I, for the
angular distributions at 11.2 and 13.75 MeV.

in the inset of Fig. 2 for the 11.2- and 13.75-MeV
angular distributions; the values of x?(l,.x) drop
sharply for I, =16 and [, =20, respectively,
and remain stable afterwards. These findings
confirm the J"=8" and 10* assignments to these
-resonances. An equally sharp decrease in x*( pax)
is observed for the 8.85-MeV resonance at [
=12, giving J"=6" (not shown in the figure).
Angular distributions off the resonance ener-
gies showed none of the features described above.
Thus, it appears that no explanation in terms of
grazing angular momentum [~ (8—12)% in this en-
ergy region for a collision radius of 5 fm] could
account for the above-described resonant beha-
vior. Crucial to the resonance interpretation,
however, is the elimination of the possibility of
statistical fluctuations and other nonresonant
phenomena. In this respect we observed that for
all the reported resonances the extrema in the
excitation functions were correlated for all transi-
tions leading to natural-parity states. We also
looked for evidence for the above resonances in
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other reaction channels. A resonance at 8.85
MeV was reported by Basrak ef al.® in *C(*2C,p),
while a resonance around 11.4 MeV was reported
by Cosman et al.? in *C(**C,p) and by Fletcher

et al.” in *C(**C,®Be); finally, a resonance in
120 (*2C, ®Be) at 13.85 MeV was reported in Ref. 7.
After cross checking the energies of the reso-
nances and taking into account their experimental
width, we concluded that the uncertainty in our
reported energies is + 0.075 MeV. Thus an in-
dubitable identification with the above resonances
could be done only for the 8.85-MeV one.

In view of the pure P %(cosf) shapes for the
ground-state angular distributions, the drop in
x? at 2L =12, 16, and 20, the correlated maxima
in the transitions to natural-parity states in *Ne,
the minima in the forward-angle transitions to
the 2° state, as well as the presence of some of
these resonances in other reaction channels, we
conclude that pure J"=6%, 8%, and 10* resonances
exist in **Mg at 22.8+ 0.1, 25.1+0.1, and 27.7+0.1
MeV, respectively. The experimental width I'ey
of the first resonance is estimated at ~0.2 MeV,
while those of the two latter resonances are esti-
mated at ~0.3 MeV.

Figure 2 shows the present results together
with the results of some earlier measurements
plotted vs I(I +1). Two features of this plot strike
the eye: (i) All the measured values lie on a fair-
ly straight line, and (ii) resonances of the same
J" appear to be grouped within a few MeV.

A conclusion stemming from (i) is the presence
of a collective rotational band at high energies of
excitation in **Mg. Such a band has already been
proposed by Cosman et al.® Starting from the 4"
and 6% resonances at 19.9 and 21.4 MeV, respec-
tively, these authors have determined a slope for
the proposed rotational band and found that sever-
al other resonances (23.3, 28.2, 33.2, and 39
MeV) fall on the same straight line (see Fig. 2).
Thus, they have assigned J" values of 8%, 10*,
12*, and 14" to these resonances, respectively.
We have proceeded in a different way, i.e., we
have plotted E .. vs the measured values of I(I +1).
Although our results show that the J" assignments
of Ref. 8 are essentially correct, it is clear from
Fig. 2 that a whole domain (rather than a line) in
the E¢y. vs I(I +1) plane should be taken into ac-
count.

The grouping of resonances of the same J" into
clusters is suggestive of fragmenting of wide
shape resonances (a few MeV) into narrower
ones (a few hundred keV). This phenomenon,
pointed out by Feshbach,'® has already been ob-



VoLuME 39, NUMBER 18

PHYSICAL REVIEW LETTERS

31 OCTOBER 1977

served in Ref. 7; the present results, however,
suggest a considerably larger amount of mixing
in of resonances differing by 2 units of spin. It
is also obvious that other resonances of J"=6"
should be expected around E, , =8 MeV.

The existence of narrow resonances at high ex-
citation energies implies a particular intrinsic
structure. A vibration coupled to a rotational
band, for example, would provide such a struc-
ture, exhibiting both the grouping and smaller
admixtures of resonances of close J" values. The
existence of rotational bands at high energies of
excitation was predicted a few years ago by Fink
et al.™ and by Arima et al.'? Both of these pre-
dictions yielded bands in “molecular” channels
which agreed with the experimentally observed
resonance domain in **Mg. The calculated widths
of the resonances were, however, substantially
larger than the observed widths of a few hundred
keV,; on the other hand, these widths would agree
with the spreading of the envelopes of resonances
of the same J" (a few MeV).

Taking the above models at their face value,
we can describe the observed “molecular” band
in terms of two rotating '*C nuclei, where the
splitting of the wide (rotational) resonances would
be due to surface vibrations of the rotating *C-!2C
system. Thus the physical picture would be the
following: First, the two colliding *2C nuclei pro-
vide a rotor consisting of a 2C-'2C “molecule.”
It is impressive that the average slope of E vs
I +1) in Fig. 2 gives an experimental moment of
inertia for the rotating system essentially equal
to that of two carbon nuclei rotating around a me-
dian axis at a distance R =1.3X12Y3=3 fm. This
value of the moment of inertia is about twice as
large as that deduced from the ground-state band
in 2*Mg. Pushing this picture still further, we
obtain the value of 2.6 x10%* s™! for the frequency
of rotation corresponding to, e.g., the 8" reso-
nance at 11.2 MeV. Furthermore, considering
the envelope of all the known 8" resonances (~3
MeV) as the width of the 8" “molecular” reso-
nance, we obtain a lifetime of ~4x10722 5, Thus
in the above simple picture, the two '2C nuclei
would perform a fraction (~75) of a full rotation
before either coalescing or splitting into the **C
+1!2C exit channel.

The shock between the two '2C nuclei may lead
to surface vibrations in the system, similar to
B and y vibrations. These vibrations will split
a wide rotational resonance into several narrow-
er resonances. We can apply the first-order ro-
tation-vibration model,'* where the energy spec-
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FIG. 3. Comparison of the experimental and calcula-
ted resonance spectra (rotation-vibration model, no
coupling).

trum is given by
Exnpn, = T +1)— K| 3¢
+GIK] +1 +2n,)E, +(ny+3)Eg, (3)

with n,=n,=1. The parameter 3€=%2/29 is de-
termined from the average slope in Fig. 2. We
take E3 =0.8 MeV (an arbitrary but reasonable
value); then, fixing the bandhead near the experi-
mental value of E., =4.2 MeV, we obtain E, =1.1
MeV. Thus the ratio E,/E appears as the only
free parameter in the calculation. Figure 3
shows that the calculated and experimental spec-
tra are in fair qualitative agreement. It is hoped
that inclusion of the rotation-vibration coupling
would improve the above picture, giving, in par-
ticular, the width of the resonances.

A more sophisticated approach, but leading to
similar conclusions, has been suggested by
Leander and Larssen.'* Their results show that
a shell develops for N =Z =12 with increasing de-
formation, thus favoring the formation of 2C
clusters. The collective rotation of these
may be associated with the observed rotational
band.

An additional piece of information on the nature
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of these resonances is given by the '2C +'2C and
@, widths, I'c and I'gy. From o4 =87A%(2L +1)I'¢
XTI, /T?=8.942.3 mb for all the 11.2-MeV 8"
resonance, one obtains I'cI",,/T'?=0.015+0.004,
which is comparable with the value of 0.0068 ob-
tained in Ref. 2 for the 19.0-MeV 10" resonance.
Furthermore, taking I' ~ Fao +I'¢, one obtains that
I‘uO~I‘c within the experimental error. From the
relative penetrabilities of '*C and & particles,
for the reduced widths we conclude yc2>ya02,

thus strengthening the “molecular” picture of the
resonances.
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Three-Photon Excitation of Xenon and Carbon quoxide
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With intense light of a pulsed tunable dye laser, the 3131 resonance state of xenon and the
P, @, and R branches of the (2-0) band of CO in the fourth positive system (Al[1— X!3+)
are excited by simultaneous absorption of three visible laser photons. The excitation is
monitored by detecting the fluorescent decay in the vacuum ultraviolet.,

We report the excitation of Xe and CO by simul-
taneous absorption of three visible photons, In
this first observation of the excitation of an atom-
ic and a molecular gas by three-photon absorp-
tion! the P, resonance state of xenon and the P,
@, and R branches of the (2-0) band of CO in the
fourth positive system (A'll-X'>*) are excited
with intense tunable-dye-laser radiation of about
4400 A, The three-photon excitation is monitored
by detecting the fluorescent decay of the excited
states in the vacuum ultraviolet,

There is considerable interest in three-photon
excitation of atomic and molecular states, For
instance, as demonstrated in the present experi-
ments, this method permits high-resolution laser
spectroscopy in the spectral region of the vacuum
ultraviolet in a simple experimental arrangement,
In this spectral region nonlinear laser spectros-
copy has been performed so far by two-photon
excitation of atoms? and molecules® with intense
ultraviolet light of frequency-doubled dye lasers,
Since two-photon excitation is restricted to the
excitation of levels of the same parity as the
ground state and three-photon absorption excites
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states of opposite parity, the two methods com-
plement each other for nonlinear spectroscopy.
As discussed bélow, both methods can provide a
Doppler-free recording of the observed transi-
tions in an almost identical, simple scheme of
excitation, ,

The intense tunable-laser radiation, required
for the present experiments, is generated with a
pulsed-dye-laser oscillator amplifier system,*
For the recording of the three-photon exitation of
xenon (Fig, 1) the blue laser light, exceeding 80-
kW pulse peak power, was focused by a lens of
500-mm focal length into a small gas cell (a 50-
cm-long section of 20-mm-diam glass tubing
with parallel quartz windows) to a beam waist of
about 50 um. The fluorescence at x =1470 A is
observed through a MgF, side window and moni-
tored by a solar-blind photomultiplier (EMR 541
G). The signal is amplified and accumulated by
a gated integrator before being recorded by an
x-y recorder, Because of the high transition
probability® (4 =2.2 X108 sec™?!) of the observed
resonance transition, the fluorescence is reso-
nantly trapped and reduced due to the quenching



