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This paper is dedicated to the memory of my dear collègue
and friend Patricia Massolo who died on June 30, 1993 at
the young age of 43 in the midst of the prime years of her
life and of her career.

Abstract :
Transfer reactions induced by hadronic probes at intermediate energies have
revealed a rich spectrum of high-lying excitations embedded in the nuclear
continuum. The investigation of their decay properties is believed to be a severe
test of their microscopic structure as predicted by microscopic nuclear models. In
addition the degree of damping of these simples modes in the nuclear continuum
can be obtained by means of the measured particle (n,p) decay branching ratios.
We report here on the neutron and proton decay studies of high-lying single-
particle states in heavy nuclei.

1. INTRODUCTION

A large body of data has been already collected on the gross properties (excitation
energy, width, strength) of a limited number of giant resonances [1] and single-
particle states [2]. These simple modes are generally located at rather high
excitation energy (10-20 MeV). In the inelastic, charge-exchange or transfer
reactions studies, they are observed as "giant" states embedded in a subtantial
continuum.
Of special interest is the determination of their degree of damping due to the
coupling of the simple mode with the high density of more complex states. Decisive
progress in the understanding of the damping process of highly excited states can
be made by studying their decay properties. The underlying continuum in the
region where are located the "giant" states is rather large. This continuum is
believed to be due to fast-processes (knock-out, break-up, etc...). Exclusive
experiments may reduce this continuum significantly because the energy and/or
the angular correlations of these processes differ from those related to the decay
of the high-lying states.
Through these decay studies, the most important goal is to gain insight on the
microscopic structure of the high-lying modes. Taking the single-particle case as
an example the total width of the state can be written F = FT + F* where F, TT and
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P1 are the total, escape and damping width, respectively. The decay process is
schematically represented in fig. 1.
If the state decays before
complete equilibration, the „ „
corresponding decay width I~T

characterizes the coupling of
the simple mode to the
ground and low-lying
collective excitations of the
core. The damping width P1

results from the coupling of
the single-particle state to
more complex np-mh states.
It is a measure of the degree
of thermalisation of the state
which will decay statistically
in the same way than a
compound state of the same
spin and parity at the same
excitation energy.
I n s u m m a r y t h e
measurements of the decay
channels as compared to
statistical model calculations
will lead to a determination
of the escape width.
In the next section, after a brief description of the results from inclusive transfer
reactions, we will discuss the decay properties of high-spin single-particle states
in the Zr and Pb regions through the investigation of the (a,3He n) and (7Li, 6He
p) processes. Conclusions and outlooks will be given in sec. 3.
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Figure 1. Schematic representation of the decay process of
a single-particle state.

2.TRANSFER REACTIONS TO CONTINUUM STATES AND THE DECAY
PROPERTIES OF HIGH-LYING SINGLE-PARTICLE MODES

The one nucléon transfer reaction is a simple method for studying deep-hole states
and is the only way to populate particle states at high excitation energy in nuclei
[2]. Both light and heavy ions transfers at intermediate energies (30-50 A.MeV) are
very effective in the excitation process of high-lying single-particle states. The
high-lying modes are observed as broad structures above the particle threshold in
(cc,t) [3], (7Li,6He) [4], (a,3He) [5], (20Ne1

19Ne) [6,7] as illustrated in figs 2 and 3.
These spectra were obtained in single arm experiments using broad range
magnetic spectrometers to detect at very forward angles the ejectile and to cover
a wide range in excitation energy in the final nucleus.
At low excitation energies, the spectra of figs 2 and 3 are predicted to be
dominated by transfers to the available high-spin valence orbitals namely, the liJW2



and mostly ljJBJ2 states
in 209Pb (fig. 2) and
the lg9/2 level in 91Nb
(fig. 3).
The observed strong
selectivity for high-
spins single-particle
states which is
generally observed in
stripping reactions at
30-50 A.MeV is due to
the large mismatch
between initial and
final grazing angular
momentum values.
Broad structures
excited around 10
MeV in 209Pb and at
6.9 and 15 MeV in
91Nb arise from the
population of high-
spin outer subshells,
namely lk17/2 in

 209Pb
[2,5-7], lim in 91Nb
[4,8]. The shape and
the magnitude of the
underlying continuum
is very different
depending on the
reaction and the
incident energy. This
part of cross-section
may arise from fast
processes Gike break-
up both elastic or
inelastic, transfer-
evaporation, etc...)
and/or may originate
from transfer to
continuum states.
Recently a reaction
model developped by
Bonaccorso and Brink
(BB) treats the whole
process (break-up,
capture to resonant
states) simultaneously
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Figure 2.3He energy spectrum from the reaction 208PbCa1
3He)209Pb

at 183 MeV. The solid line indicates the calculated yield for the
elastic break-up of a in 3He + n (Taken from Ref.5).
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Figure 3. 6He residual energy spectrum from the reaction
90Zr(7Li^He)91Nb at 30 A-MeV. The solid line has the same meaning
as in Fig. 2 (Break-up Of7Li -» €He+p) (Taken from Réf. 4).



[9-10] and has had some success in explaining the shape of the continuum of a
number of transfer reactions spectra [4,7]. At energies above 20 A.MeV, the BB
approach predicts that most of the strength in the continuum arises from capture
into resonant states in the target rather than from the break-up of the projectile.
Taking the transfer spectra of Figs. 2 and 3 as examples, the neutron, proton
emission thresholds in 209Pb and 91Nb are located at 3.9 and 5.15 MeV, respectively.
The emitted particles (n,p) from projectile break-up will be strongly focussed
around the recoil and will travel at beam velocity (- 30 to 40 MeV). On the
opposite the decay of continuum states of the target will lead to the emission of low
velocities protons and neutrons (1-10 MeV). These characteristics will be used in
the exclusive measurements presented in the next section to help to disantangle
these two mechanisms.

2.1. Decay properties of continuum states in 200Pb
The 208Pb(a,3He-n) reaction has been investigated using an a-particle beam of 122
MeV delivered by the KVI AVF-cyclotron. The outgoing 3He particles, emitted in
a solid angle of 10 msr around 0°, were detected at the focal plane of the Q-MG/2
magnetic spectrograph. The momentum acceptance of the spectrometer allowed to
investigate excitation energies in 209Pb between 3.9 MeV (neutron threshold) and
22 MeV in a single setting of the magnetic field.
The resulting 3He singles spectrum is shown in fig. 4a together with the BB model
predictions for this reaction [U]. Note the strong population of the structure
around 10 MeV in 209Pb, and the rather structurless continuum at high excitation
energy. The BB model predicts a negligible contribution of the elastic break-up to
this continuum whereas the transfer to resonant states account for the observed
cross-section (solid line of fig. 4a). The calculted distributions of the single particle
resonant states [11] shown in the bottom part of fig. 4a agree quite well with the
conclusions of C.P. Massolo et al [5], namely a strong contribution of the 1 = 8 s-p
states (lk,7/2) between 8 and 12 MeV whereas at higher excitation energies the BB
model overshoot the data. Broads 1 = 9 and 1 = 10 resonant s-p states give rise to
the observed structure in the calculated spectrum whereas the experimental data
display a structurless continuum above 13 MeV.

2.1.1 Exclusive spectra from the reaction 208Pb(a,3He n)
To measure in coincidence with the 3He ejectile, detected around 0°, the neutron
emission from unbound 209Pb highly excited states, a neutron time of flight
spectrometer "EDEN" has been employed [12]. EDEN consists of 40 identical
NE213 cells with diameter and thickness of 20 cm and 5 cm, respectively. They
were placed at 1.75 m from the target. Fifteen detectors were put in the horizontal
plane, both sides of the beam direction, from 68° to 168° and from 190° to 208°.
The others were arranged in two subshells above and below these horizontal
positions. The energy of the neutron was deduced from a time of flight
measurement. The performances of the EDEN array (energy resolution, efficiency)
are described in réf. [12].
The energy spectrum of fig. 4b, has been built by requesting a true coincidence
between the 3He ejectiles and any of the 40 EDEN cells with a threshold of 0.5
MeV on the neutrons energies. The exclusive cross-section (a,3He n) rises sharply
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from the threshold, (3.9
MeV) and the bump at 10
MeV is now well defined. A
second broad structure
appears in the coincident
spectrum (fig. 4b), a few
MeV above the 2n
threshold (11.3 MeV).
The measured multiplicity
value in the same energy
interval follows closely the
shape of the coincident
spectrum as shown by the
dashed line of fig. 4b. It
takes a value much lower
than one (0.1 - 0.3)
between 5 and 8 MeV
indicating a strong
competition with y-rays
emission due to the high-
spin values of the decaying
states in 209Pb.
The gross structure
centered around 10 MeV
has a multiplicity of about
0.8. The second bump (14-
20 MeV) is strongly
correlated with the rise of
the multiplicity due to the
opening of the 2n channel.
The measured value of 1.5-
1.7 indicates clearly that is
this energy range (14-20
MeV), the enhancement of
cross-section in the
exclusive spectrum (fig. 4b)
is due the increasing
competition of the 2n
channel.
Two dimensional [EsHe-En]
spectra for each detector
were further transformed into [E^ - EJ spectra where E^ is the excitation energy
in 209Pb and Erf is defined as E^ - En(c.m) - Sn, Sn being the one neutron emission
threshold (3.9 MeV). Fig. 5 displays the E^ spectrum of neutrons in coincidence
with 3He particles corresponding to six energy regions in 209Pb.
At rather low E^, neutron decay to ground and low- lying collectives, 3", 5" states
in 208Pb is favored. Above 13 MeV, the neutron spectra does not display any sharp

Figure 4a. 208PbCa1
3He)209Pb singles spectrum. The solid line

is the prediction of the BB model for transfer to continuum
states [U]. The strengths for L = 8,9,10 resonant states are
also plotted.

Figure 4b. 208PWa1
3He)209Pb* -» n+208Pb, 6 3He= 0°, 60° < On

< 210°. Coincident events are summed for all neutrons
energies and angles. The dashed line represents the measured
neutron multiplicity for the indicated vertical scale (left).



peak but have rather typical
statistical patterns. In between (8-
13 MeV) both features characterize
the decay. Note that in this energy
range, the broad structure around
10 MeV in the singles and
coincidence spectra of figs 4a,b
decays mainly to the 5" level at
3.19 MeV and to multiplets of
states around the J* = 7" level at
4.03 MeV and the J* = 1O+ level at
4.89 MeV.

2.1.2. Angular correlation analysis,
spins assignments and branching
ratios
From the (E16 - Exf| two
dimensional spectra, one can
extract the number of counts
N^) in each EDEN detectors,
corresponding to the neutron decay
of an energy bin E^ in 209Pb to
various final states in 208Pb. Given
the present cylindrical geometry
with detection of the ejectile
around 0°, the angular correlation
of the emitted neutron can be
expressed by a sum of Legendre
polynomials
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Figure 5. Final states population of 208Pb from
the neutron decay of 209Pb excited states (4 < Ex,
< 22 MeV). Well resolved low-lying 208Pb states
are populated up to 13 MeV.
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Here W(G) is the normalized angular correlation and A0 is proportional to the
branching ratio F^/T where F1

1̂. is the partial width and T the total width of the
decaying state. The theoretical angular correlation shapes are characteristic of the
spin values involved in the decay in some particular cases such as decay to the O+

ground state.

i) The bump region 8.5 < E^ < 12 MeV
For this energy range only a very weak decay branch can be measured for the
transition to the 208Pb ground state, Tj0+VT = 5.10'3. In spite of low statistics, it can
be seen, from the angular correlation displayed in fig. 6, that a good fit is obtained
for the lkn/2 to O+ transition. This result confirms the high-spin value of this
structure inferred from previous inclusive experiments [2,5-6].
Branching ratios of about 4.10"2 and 11.10"2 were measured for the 3"and 5" decay
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channels, respectively.
The angular correlation
measured for the decay to
the 5* is also backward
p e a k e d a n d w e l l
reproduced by a mixing of
l J i s / 2 a n d l k 1 7 / 2
configurations. For the
8.5-12 MeV energy bin,
one observes the largest
branching ratios for the
decay to the groups of
states at 4.0 MeV (7') and
4.9 MeV (10*) in 208Pb.
The corresponding
angular correlations are
nearly isotropic as
expected for low {
transitions between high-
spin states.
In summary, the bump
structure arises from a
strong concentration of 1
k17/2 single-particle
strength and displays strong feeding to high-spin final states in 208Pb whereas the
decays to the ground and low-lying collective states are rather weak.

<8-12 MeV> -» G.S.

100 150
6 (deg)

200

Figure 6. Angular correlation of neutrons for the g.s. decay of
the gross structure located between 8.0 and 12 MeV in 209Pb. The
solid line is the DWBA prediction for lk]M, initial spin.

U) The continuum region Ex > 12 MeV
As already discussed in the previous section (2.1.1), the evolution of the neutron
multiplicity with excitation energy from 12 to 16 MeV is related to the growing
competition between one and two neutron emission. This behaviour of the neutron
multiplicity is well reproduced by statistical caluclations (see next section)
assuming initial states with spins 17/2,19/2 and 21/2 as predicted by the BB model
[Uj. Very weak branches (< 10"2) to well defined final states in 208Pb are observed.

2.1.3. Comparison with the statistical model and "direct" branching ratios
Once the experimental decay properties of continuum states in 209Pb have been
established, one has to examine if the results are consistent or not with the
assumption of a pure statistical decay process.
Predictions of the statistical model depend on various parameters, the most
sensitives being (i) the initial spins distributions in the compound nucleus; ii) the
levels densities in the residual nuclei.
The distributions of spins in the compound 209Pb nucleus as a function of excitation
energy have been deduced from the single-particle strength distributions as
obtained by C.P. Massolo et al [5] for the 6-12 MeV range and from the predictions
from the BB model [11] at higher excitation energies (Ex > 12 MeV).
As regards to levels densities, discrete known levels up to 5 MeV in 208Pb, 3.5 MeV
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in 207Pb were taken into
a c c o u n t in the
calculations. Above
these energies, level
d e n s i t i e s a r e
parametrized using the
analytic form of the
backshifted Fermi gas
model. Some minor
adjustments of the
density and pairing
parameters (a,A) as
well as for the
boundaries E1 and E2
where one has to match
the discrete levels (E1)
and the liquid drop
formulae (E2) to the
Fermi gas density were
made in order to better
reproduce the low
energy part of the
neutron spectra.
N e u t r o n spectra
calculated with the
code CASCADE [13]
can be then compared
to the experimental
ones after supression of
energies below 0.5 MeV and convolution with the energy dependent resolution line
shapes. The calculated spectrum is normalized to the experimental one, the
normalization is usually done by superimposing the low energy part of both
spectra. High energy neutrons in excess as compared to the normalized calculated
spectrum are therefore assume to originate from the direct emission process.
For the high-lying s-p excitations located between 8.5 and 12 MeV in 208Pb, the
experimental and calculated spectra are shown in fig. 7. Clear departures from a
statistical decay are observed for the ground, low-lying 3" and 5" and for the 4.9
MeV groups of high-spin states in 208Pb. The direct branching ratios can be
extracted using the relation

Ex in 208Pb (MeV)

Figure 7. Neutron spectra (histograms) from the
decay of the bump region (8.5-12 MeV) in 209Pb
compared to the predictions of the statistical model
(full lines). Note the logarithmic scales.

r-(r, -F (2)

where F is the normalization factor of the calculated statistical neutron spectra.
The evolution with excitation energy of (rj/T)exp and (ryr)STAT ratios are presented
in fig. 8.
Below 7 MeV only the g.s decay is possible, implying that there is no valuable
arguments to determine the nature (statistical or direct) of the decay. In a wide
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excitation energy range around 10
MeV, the (r/r)exp values are much
larger than the calculated ones
(r/T)STAT. From relation (2) we
have deduced the following values
for the direct decay of the 8-12
MeV bump to the ground, 3" and
5' states Of208Pb

rT
gyr=o.5 %, rT

3./r=2%, rT
B./r=4%

This is an important result
leading to the conclusion that a
sizeable amount of "direct" decay
can be extracted and compared to
the predictions from microscopic
nuclear model calculations.
We have also extracted branching
ratios corresponding to the groups
of levels around 4.0 and 4.9 MeV,
labelled (7') and (1O+) in fig. 8
respectively. The decay to the (7")
seems to be consistent with the
statistical calculations whereas
the decay to the (1O+) is not
reproduced which may indicates
either large direct decay to high-
spin non-collectives states or may
reveal the uncertainties on our
knowledge of the level density at
high-spins in 208Pb in this
intermediate energy range.

Figure 8. Branching ratios for neutron
decays to 208Pb ground and excited states
from the 7-12 MeV energy region in
209Pb.
expts (dots); statistical calculations (solid
lines)
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2.2 Decay of continuum states in 91Nb via the reaction 90Zr(7Li^He p)
at 50 A,MeV

A large continuum usually considered as a "background", appears under any
features observed at high excitation energy in single nucléon stripping reactions
as illustrated in figs. 2 and 3. The strength in this continuum may arise from the
break-up of the projectile (or related fast processes) but also from transfers to
unbound resonant states at high excitation energy. The reaction 90Zr(7LiJ6He)91Nb*
-» p + 90Zr was investigated at 50 A. MeV in order to explore the question of the
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the origin of the continuum. The 7Li projectiles were accelerated by the K 1200
superconducting cyclotron at MSU-NSCL. The 6He ejectiles were detected around
zero degree at the focal plane of the A1200 magnetic system set in the
spectrometer mode. An excitation energy range of about 20 MeV has been covered.
The charged particles emitted at backward angles in coincidence with the 6He's
were detected by an array of 3 Si PIN diodes (0.38 mm thick, 3x3 cm2) located at
10 cm from the target. This arrangment allows the detection of the charged
particles but does not permit their identification. However since the Coulomb
barrier for a-particles is twice the one for protons, very few cc-particles are
expected to be emitted. This zero degree coïncidence technique will select states
which arise from proton capture into resonant states in 91Nb and subsequently
decay by emitting low energy protons as compared to charged particles originating
from break-up of the projectile which will be emitted at forward angles along with
the projectile and which will fly at beam velocity.
The BB model was used to
calculate the proton transfer
cross-section to unbound final 80

states for the 90Zn(7Li^He)
reaction at 50 A.MeV [9,1O].
The calculated cross-section is
compared to the single spectrum
in fig. 9a. Above 10 MeV in 91Nb
the BB model predicts that the
cross-section arises from the
transfer to unbound states in 91Nb
with high-spins, e.g. Jf = 11/2,
13/2 and 15/2.
In the single spectrum of Fig. 9a,
broad peaks are observed at 6.1
and 9.2 MeV. A sharp peak,
identified as a high-spin Isobaric
Analog State (IAS), is observed
near 12 MeV. In the Fig. 9b is

Figure 9a. Comparison between the
experimental and calculated spectrum
for the 90ZK7Li^He) reaction at zero
degree using the BB model (dotted line).
Solid lines show the individual
components.

Figure 9b. Comparison of the
experimental branching ratios (•) with
the calculated ones (solid line) see text.

displayed the experimental proton branching ratios for excited states in 91Nb
located between 7 and 18 MeV. In this figure, the contribution of the sharp IAS at
12 MeV has been subtracted, assuming TJT=I for this level.

0.0
10

91Nb (MeV)
15
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Due to the Coulomb centrifugal barrier, the proton decay probability rises sharply
from 9 to 12 MeV and drops prescipitously, presumably because of the opening of
the neutron channel at 12.06 MeV. To evaluate the decay probability of unbound
states in 91Nb, we have used the BB model to calculate the formation cross-section
o(E,If) as a function of the excitation energy E and for all angular momentum lf.
Then this quantity has been folded with proton decay probability P(EjI0Ef) from the
code CASCADE [13].
The experimental and calculated branching ratios are shown in fig. 9b. Striking
similarities, both in shape and magnitude are observed between the two curves.
However the rise of the experimental branching ratios occurs about 1 MeV before
the theoretical ones. In addition the measured values above 12.5 MeV are about
50 % lower than the predictions for the statistical model. The observed differences
may be due to the accuracy of the spins distributions of the emitted states as
calculated in the BB model. Angular correlations measurements in order to
determine the spins of the unbound states in 81Nb are underway in order to have
a better comparison with the predictions of the statistical model.

3. CONCLUSIONS

Neutron and proton decay of high spin resonant states in heavy nuclei have been
investigated for the first time in a wide range of excitation energy.
High-spins single-particle states in 209Pb corresponding to the 2hn/2, lj13/2 and
mostly lk17/2 subshells and located between 8.5 and 12 MeV show significant direct
feeding to the ground and low-lying collective states in 208Pb. The total direct
branching amount to 7 %, a number very similar to the one found for the decay of
giant resonances in 208Pb [I]. At higher excitation energies (E56 > 12 MeV).
continuum states with spin J1 > 17/2 have a decay pattern consistent with the
statistical assumption. Therefore in the lead region the thermalization process of
the s-p states is rather complete at an excitation energy of about 12 MeV.
The B.B. model was rather successful in explaining that at incident energies
between 20 and 50 A.MeV, the transfer cross-section for the (a,3He) reaction is
dominated by the population of unbound resonant states with high-spin values. In
the case of the 90Zr(7Li^He) reaction, better experimental data is needed to test the
BB model predictions.
Two open problems remain to be adressed by the coming experiments, exploiting
the precision and the large statistical accuracy of modern multidetectors like
EDEN,
(i) What is the limiting excitation energy for complete thermalization of single
particle excitations as a function of the nuclear masses and spin values. The
transfer plus decay experiments on 48Ca, 90Zr and 120Sn will bring soon the first
answer.
(ii) With a better control of the parameters used in the statistical calculations and
in particular the level density, it may become possible to reveal direct decay
branches to no-collectives levels which acts as doorways in the damping process,
a new decay mode not included in the microscopic theory of the damping of the
simple modes of excitations of the nucleus.
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