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Neutron Decay of the Giant Quadrupole Resonance Region in Pb

H. Steuer, W. Eyrich, A. Hofmann, H. Ortner, U. Scheib, R. Stamminger, and D. Steuer
I'hysikaLisches Institut der Unix ersitat Erlangen -Nurnberg, D-8520 Erlangen, Germany

H. Rebel
Kernforsohungssentrum Karlsruhe, Institut fur Angezoandte Kernphysih, D-7500 Karlsruhe, Germany

(Received 12 June 1981)

The n decay of the giant resonance region between 8.5 and 12.5 MeV in 8Pb has been
studied in an (&,o."n) coincidence experiment at E„=104 MeV. The energy resolution
was sufficient to observe the decay into the different states of Pb separately. The

.f3+
strong population of the

&
state shows that large contributions of the total strength ex-

cited in the giant quadrupole resonance region have multipolarities ~ 4. The & spectra
coincident with the decay neutrons show fine structures in the giant quadrupole reso-
nance region of Pb.

PACS numbers: 24.30.Cz, 27.80.+w, 25.60.-t

In heavy nuclei the decay of the giant reso-
nances (GR's) takes place predominantly by emis-
sion of neutrons because of the high Coulomb
barriers for the emission of charged particles.
Therefore the investigation of the decay of the
GR's becomes very difficult for those nuclei,
and up to now only few experimental data have
been available.

In a previous experiment' performed on '"Pb,
we demonstrated that it is possible to get im-
portant information about the neutron decay chan-
nel by measuring the y quanta from the deexcita-
tion of the residual nucleus "'Pb in coincidence
with the scattered particles instead of the neu-
trons themselves. To obtain complete informa-
tion, however, the direct measurement of the
neutrons in coincidence with the scattered par-
ticles seems to be indispensable. Compared to
the n'-y experiment the obvious advantage of the
a -n experiment is that it is possible to observe
the decay into all states populated in the residual
nucleus (especially into the ground state and the
isomeric ~2' state at 1.63 MeV in "'Pb), and that
there are no side-feeding problems. The energy
resolution, however, is limited not only by the
energy resolution of the measured neutrons but
also by the resolution of the scattered n particles,
and there is an experimental threshold which
limits the lowest n energy observable. Although
the information which can be obtained from both
types of experiments is overlapping to some ex-
tent, important aspects exist where they are
complementary.

In this I etter we mainly report the results of
an (o., n'n) coincidence experiment on "'Pb about
the decay of the giant quadrupole resonance (GQR)

which is located around 10.9 MeV. The experi-
ment was performed on the energy-analyzed 104-
MeV n beam of the Karlsruhe cyclotron. The
aim of this experiment was to study the decay of
the GR region between 8.5 and 12.5 MeV into the
individual states of "'Pb for small energy inter-
vals corresponding to the fine structure observed
in the n'-y experiment. ' In order to avoid model-
dependent assumptions a sufficient average over
the angular correlation function is necessary.
Therefore we measured absolute angular correla-
tions at eight special positions of the neutron de-
tectors out of the reaction plane. This gives an
exact average of the angular correlation function
for multipolarities up to two and a still satis-
factory average for higher multipolarities. To
separate the GR strengths from the physical back-
ground four Si(Li) o. detectors arranged symmet-
rically with respect to the beam axis were placed
at maxima (y„. t, b

= 23.5 ) and minima (ya»b = 17 )

of the o. angular distribution of the GQR. The en-
ergy resolution for the u particles was about 220
keV. To obtain a sufficient energy resolution of
the decay neutrons we applied a time-of-flight
technique using two plastic detectors with an area
of 25&25 cm' at a flight distance of about 1.50
m. The n detectors were shielded against back-
ground radiation by lead, cadmium, and paraffin
enriched with boron. The time resolution against
the high frequency of the cyclotron was about 1.4
nsec. This corresponds to an energy resolution
between about 40 and 300 keV for the neutrons
of interest. The energy threshold of the n de-
tectors was about 1 MeV; the lowest energy eval-
uated was about 1.3 MeV. Above this energy the

efficiency of the n detectors is nearly constant

1702 Oc 1981 The American Physical Society



VOLUME 47, NUMBER 24 PHYSICAL REVIEW LETTERS 14 DECEMBER 1981

over the interesting ener rnergy region of the neutrons
n a ition to thhe neutrons we measured the y

quanta in coincidence with the scattere n
a eig t equivalent positions by tw G 'I '

ectors, in a way similar to that in Ref. 1.
The setu of thup o e electronics was based on fast-
slow-circuit technique The interesting events
were stored in list min is mode on magnetic tapes. The

d
i ormation recorded was th
ere n particles, the time of flight of th

trons the ener
o e neu-

e energy of the y quanta, and the time-
of -flight differences between n t'en n particles and
neutrons and between 0. pa t lr ic es and y quanta.

In order to obtain the spectra of the deca neu-
e region into the various states

o Pb kinematical plots were made
event. Two re

ma e eventby
wo representative spectra' summed

over two positions of the n detectors are shown
in Fig. 1. The cey correspond to a minimum (17 )

and a maximum (23.5') of the n an ug
n o e QR, respectively. The indicated

energies of the low-lying levels in "'Pb
with the eak

in agree
pe s of the experimental spectra. B

foldin the s e'
g e spectra with Gaussians of half widths

c ra. y

known from the
as

experimental energy resol t'

shown by the dotted curves in Fi
u ion

o ulatio
es in ig. I, the

the d
popu a ion of the individual states "'Pb

e decay of the region of the GQR in "'Pb can
be gathered. Thg . The most surprising result which
is conspicuous in all spectra i this e strong ap-
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FIG. IG. 1. Neutron spectra of the decay of the
region in 2 8Pb into Ovpb for the two n-scatteri
~~~les observed. The dotted curves ree o curves represent Gaus-

e experimental data.
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pearance of the isomeric ~' t t .sac.
The experimental res ults can be compared 'th

cula ion
the predictions of a simple st t' t's a is ical-model cal-
cu a ion where the decay probabiliti i y of a certain

u ipolarity is given by the sum tsum over the con-
ri u ing transmission coefficients. In F' 2

ive branching ratios are calculated as a

207
function of ener for tgy he five lowest states in

'Pb. The higher statetes, which can be populated
for E„("'Pb)2 10 MeV, contribute with less than
about 30~$ to the strength f tho e whole energy
region between 8.5 and 12 5 M V
~ ~ ~

e . The relative
intensities for the population of th
s a es in Pb obtained from this calculation
under the assummption of only F2 strength in th
GR region of Pb

in e
g' o Pb agree qualitatively with the

y e, state, how-experimental data. Obviousl the ~'
ever, is practically not populated from the d

of E2 stren th
om e ecay

The o
g in the interesting energy region.

e population from E4 stren h is st'l
small w

n is still relatively
ma whereas it is strong from E6 st
e —, s ate behaves vice versa. Therefore we

claim that the states with the l
'O'Pb are o

e ower spins in
Pb are populated mainly from E2 stren th.

the ~2' state hoowever, is populated from higher
multipolarities. Because th e minima are more
pronounced in the n angular d t bis ri ution for E2
strength than for higher multipolarities, more-
over, one should expect that the ~' st

ive y more strongly populated for the position
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of the o/ detector in a minimum of the angular
distribution of the GQR than in a maximum. This
trend is confirmed by the experiment as can be
seen by comparing the upper and lower parts of
Fig. 1. Thus the decay of the quadrupole strength
and the physical background, especially the con-
tribution of higher multipolarities, can be rough-
ly separated. In general in this way model-in-
dependent information about the strengths of dif-
ferent multipolarities in the GR region can be
obtained provided that it decays with sufficiently
small n energies to states of sufficiently differ-
ent spins.

In Figs. 3(a)-3(c) the strength distributions in
Pb corresponding to the decay into the ground

state ( —,
'

), the first and second excited state ( 2
—', ), and the third excited state (~2') of 20'Pb are
shown for the energy region between 8.5 and 12.5
MeV. The energy thresholds of the 0/'-n experi-
ment lie about 1.3 MeV above the physical thresh-
olds. The results of the n'-n experiment are
represented by the drawn curves in Figs. 3(a)-
3(c). The strength distribution for the decay into
the first and second excited states extracted from
the a'-n experiment is completed below the ex-
perimental threshold by the data of the n'-y ex-
periment [dotted curve in Fig. 3(b)], where no
experimental threshold occurs. For the ~2' state
the strength between the physical and experi-
mental thresholds [dotted curve in Fig. 3(c)]
was obtained' by comparison of the spectra of
the decay experiment with the respective singles
spectrum, which is shown in Fig. 3(d) for the u-
scattering angle of 23.5'. The strength distribu-
tions thus available in the energy region between
8.5 and 12.5 MeV for the decay into the lowest
four states of "'Pb show fine structures. In
spite of the relatively large experimental errors
the pattern of the spectra of Figs. 3(a) and 3(b)
seems to be roughly correlated, whereas there
is practically no correlation with the strength
distribution corresponding to the ~2' state. This
confirms the statement that the ~2' state and the
other states in Pb are mainly fed from strengths
of different multipolarities. Fine structure in
the E2 distribution in the energy region discussed
was also observed in a recent (e, e') scattering
experiment. '

Summing up the strengths decaying into the
lowest four states of "'Pb one gets (V6+ 5) /c of
the total strength excited in the energy interval
between 8.5 and 12.5 MeV. Up to about 11 MeV
nearly the whole strength decays into these
states. At higher energies the decay into higher
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FIG. 3. Strength distributions in ~08pb corresponding
to the decay into {a) the ground state, {b) the first and
second excited states, and {c) the third excited state
in &b, and {d) the corresponding singles spectrum.

states of "'pb becomes important [hatched area
in Fig. 3(d)], but the fraction decaying into the
lowest four states is still large.

From Fig. 3(c) it can be seen that the strength
distribution of the decay into the ~2' state in-
creases with a steep slope immediately above
the physical threshold at 9.0 MeV. It exhausts
about 20/& of the total strength in the region be-
tween E„=8.5 and 12.5 MeV. From this it must
be concluded that a considerable part of the
strength excited in cI scattering in the GQR
region of ' 'Pb has multipolarities higher than
or equal to 4. This is in agreement with random-
phase approximation calculations, "which pre-
dict considerable E4 and E6 strength in this en-
ergy region. The fraction of higher multipolari-
ties can be estimated by comparing the experi-
mental strengths with the model calculations of
Fig. 2. Under the assumption that the strength
feeding the ~2' state has a pure multipolarity
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higher than 6 one gets a lower limit for this frac-
tion of about 20/o, a pure multipolarity of 4 is
not sufficient to reproduce the strong experi-
mental population of the ~2' state. The more
realistic assumption of a distribution around a
multipolarity of 6 leads to a fraction of about
40% of the total strength.
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schungszentrum Karlsruhe.
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Measurements of the elastic scattering of C on ' C at ten laboratory energies between
120 and 290 MeV were made to determine the reaction cross section Oz and the total
nuclear cross section o.~. Analysis of these data and existing data at lower energies
shows that oz reaches a maximum at around 200 MeV in the laboratory whereas 0~ shows
little variation with bombarding energy.

PACS numbers: 25.70.Hi

The variation of the nuclea, r reaction cross sec-
tion o„(E)has been investigated recently by
DeVries and collaborators. " They have focused
attention on the fact that values of 0„for light-ion
projectiles (up to helium) cannot be parametrized
by the usual geometric form

over the entire energy range. For example, if A
is adjusted to reproduce o~ at low energies, Eq.
(1) overestimates o„at high energies. The differ-
ence between this geometric limit and the meas-
ured values has been parametrized by multiplying
the right-hand side of Eq. (1) by a factor 1 —T(E)
where T(E), the transparency, reflects a finite

mean free path for the interacting ions. The au-
thors of Ref. 1 emphasize that values of T in-
crease quite rapidly at energies above 10 MeV/A
even for strongly absorbed projectiles such as n
particles and that this increase seems to corre-
late with the known falloff of the nucleon-nucleon
cross section" suggesting the dominance of the
latter in determining o„.

Calculations of the energy variation of oz (Refs.
1 and 2) and or, the total nuclear cross section, '
based on the Glauber model give quite a good ac-
count of the available data and in this sense sup-
port the above conclusion. In particular the cal-
culations predict that for "C + "C scattering o~
and o ~ reach a maximum at E, -100 MeV.

Although some data for "C+"C exist at high-
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