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Particle-particle coincidence measurements have been performed to study directly the
particle decay modes of the isoscalar giant quadrupole resonance in ®Zn, *Zn, and **Zn.
The resonance was excited via inelastic alpha particle scattering at 160 MeV and decay pro-
tons, neutrons, and alpha particles were detected in coincidence at a number of angles.

The importance of statistical processes in the décay of the giant quadrupole resonance is
shown by the similarity of the measured branching ratios to statistical model predictions,
which vary systematically across the Zn isotopes. This result is consistent with exciton
model calculations which predict that the giant quadrupole resonance width in Zn isotopes
is predominantly a spreading width rather than an escape width.

NUCLEAR REACTIONS Zn(a,ax), *Zn(a,ax), ®Zn(a,ax),

x = p,n,a, E, = 160 MeV; measured d*0/d Q,d O, dE ,dE, ; de-

duced giant quadrupole resonance branching ratios; compared with
branching ratios calculated in statistical model.

I. INTRODUCTION

The isoscalar giant quadrupole resonance (GQR)
has been observed in a wide variety of nuclei
through inelastic scattering using such projectiles as
the electron, pion, light and heavy ions.!~® The
systematics of the GQR excitation energy and width
have been established through alpha particle scatter-
ing. A survey of 96 and 115 MeV inelastic alpha
particle scattering has revealed a GQR peak in nu-
clei in the mass range 32 < 4 < 208.5 Studies at
higher alpha particle bombarding energies have
identified the GQR in systems lighter than mass 32,
such as 28Si and '°0.!%!" However, the GQR has
not been located in '*C.!? The resonance appears at
an excitation energy of about 634 ~'/* MeV, except
for the lightest systems, where it is located at slight-
ly lower energies. The GQR widths decrease with
increasing mass number from about 6 MeV in 0
to 2.6 MeV in 2%Pb. Also, the GQR seen in the
lighter elements exhausts from 30—60 % of the
isoscalar electric quadrupole energy weighted sum
rule (EWSR), while in the heaviest elements it ex-
hausts essentially all of the EWSR strength.

Various macroscopic and microscopic theories
have been advanced to describe the systematics of
giant resonances. (For an extensive list see Ref. 13.)
For example, a recent macroscopic theory describes
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the isoscalar giant resonances as the motion of a
viscous fluid within deformable boundaries.!* Good
fits are obtained for the GQR energy as a function
of mass, but the widths are generally underestimat-
ed. The microscopic theories of giant resonances
have also had some difficulty in accounting for the
resonance widths. Calculations for spherically sym-
metric nuclei, such as '°0, °Ca, and 2°®Pb, have
shown that the large resonance widths cannot be
predicted unless multiparticle, multihole states are
included along with the simple one-particle, one-
hole (1p-1h) GQR configurations.'4~16

In an independent particle harmonic oscillator
picture, the GQR is initially excited as a superposi-
tion of 1p-1h states in which the particle is promot-
ed by two oscillator shells. If the state immediately
decays by emitting a particle, this process is charac-
terized by an “escape width,” I''. If the GQR
proceeds through more complex particle-hole states
(2p-2h, 3p-3h, etc.), before decaying, this is
described by a “spreading width,” T'*. The total
width of the state is the sum of the partial widths of .
its various decay modes. It is therefore necessary to
study the decay properties of the GQR to learn
more about its structure and to understand the ori-
gin of its width.

The strong excitation of the GQR in inelastic ha-
dron scattering has made direct particle-particle
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coincidence measurements of the GQR decay feasi-
ble. Such experiments have now been performed on
several nuclei from 2C to ®*Ni.!10~1217-20 Some
coincidence work has been done to look for giant
resonance neutron decay or fission decay in the
mass region of 2®Pb and above, but the experimen-
tal picture is not firmly established at this time.?! =2
The results of GQR charged particle decay experi-
ments done at Texas A&M on “’Ca (Ref. 17) and at
Maryland on >®Ni (Ref. 18) indicate the possibility
of a statistical decay process. It was suggested that
a study of nuclei with quite different particle decay
thresholds and penetrabilities was needed to deter-
mine the extent of the influence of statistical effects
on the decay.'® We present here the results of a
coincidence experiment designed to look for the
strong isotopic (particle emission threshold) depen-
dence of the GQR decay in %Zn, %Zn, and %Zn
which is predicted by Hauser-Feshbach calculations.
The total proton, neutron, and alpha particle decay
branching ratios of the GQR peak and the underly-
ing nuclear continuum have been measured and
these will be compared with statistical model predic-

tions.

II. EXPERIMENTAL PROCEDURE

The experimental arrangement for the GQR par-
ticle decay measurements is shown schematically in
Fig. 1. The GQR was excited through 160 MeV al-
pha particle scattering detected at 14° in the lab,
near the third maximum in the angular distribution
of the GQR in Zn. At this angle, the nuclear con-
tinuum underlying the resonance was rather flat

Experimental

while the GQR cross section remained adequate.
Low energy decay particles were analyzed in secon-
dary charged particle detector telescopes (labeled D)
or a neutron counter (labeled N). Each decay parti-
cle telescope was placed in coincidence separately
with each of two independent scattered particle
detectors (labeled S) using standard fast timing logic.
The scattered particle detectors were located at
equal angles on opposite sides of the beam, which
provided a total of six coincidence angle pairs per
run. The inelastic alpha particle singles spectra
from S'1 and S2 were also taken during the runs.

All targets were isotopically enriched, self-
supporting foils of the order of 1 mg/cm? in thick-
ness. The target angle shown in Fig. 1 was chosen
to reduce the effective target thickness for the low
energy decay charged particles. Beam currents were
limited to between 10 and 20 nA, which resulted in
a real to random charged particle coincidence rate
of about 4 to 1 in the region of the GQR.

Charged particles were detected in conventional
AE -E solid state counter telescopes. Each scattered
alpha particle system consisted of a 1 mm Si AE
detector followed by a 5 mm Si(Li) E detector
turned to an angle of 60° to increase the effective
detector thickness. The solid angles for the two
scattered alpha particle systems were about 2 msr,
with angular acceptances of about 2°. The low ener-
gy decay charged particles were essentially limited
to protons and alpha particles. These were detected
in a system with a 28 um Si AE detector and a 2
mm Si(Li) E detector. A 500 um Si detector was
used to reject any high energy particles that passed
through the first two counters. The recoil nuclei
and a small number of very low energy protons and
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FIG. 1. The experimental setup for the GQR decay coincidence experiment.



alpha particles were stopped in the AE detector and
were identified by time of flight. The two decay
particle solid angles were about 10 msr and the an-
gular acceptances of the order of 6°.

The decay neutron detector was a 5in. X Sin.
cylindrical NE-102 plastic scintillator. The detector
was unshielded and neutron-gamma ray separation
was made through time of flight relative to the scat-
tered alpha particle detector. It was placed just out-
side of the 0.76 cm thick scattering chamber wall
and the estimated 3— 5 % neutron attentuation in
the wall was neglected. The solid angle and angular
acceptance were approximately 15 msr and 8,
respectively. The neutron detector threshold was es-
timated from the position of the Compton edge of a
137Cs source. Detector efficiencies as a function of
neutron energy and detector threshold setting were
calculated by Kalenda using the Monte Carlo tech-
nique of Ref. 24. The effective detector efficiency in
the energy range of the detected neutrons was es-
timated to be 54 + 20 %.

III. DATA ANALYSIS AND RESULTS

The experiment was designed to measure the pro-
ton, neutron, and alpha particle decay branching ra-
tios of the GQR in %Zn, ®Zn, and *®Zn. Only the
total GQR particle decay branching ratios were
measured since previous results'® from the GQR
decay in >® Ni showed that the resonance decay to
specific final states could not be distinguished from
that of the continuum background.

The differential cross section of the GQR from
160 MeV inelastic alpha particle scattering at 14°
was measured for each isotope simultaneously with
the coincidence data. The singles spectra are shown
as parts (a) of Figs. 2—4. The GQR is visible for
all three isotopes as a broad peak centered at about
15.5 MeV and resting on a large nuclear continu-
um. A carbon-hydrogen contaminant spectrum has
been subtracted from all of the Zn spectra. Based
on the '2C ground state strength in the Zn singles
spectra before subtraction, it was estimated that >C
contamination contributed 7%, 4%, and 3% to the
yield found in the GQR regions of %Zn, %Zn, and
88Zn, respectively.

The GQR shapes and strengths look very similar
in the three '>C subtracted singles spectra. There is
a shoulder on the low excitation energy side of the
%Zn GQR peak which may be due to incomplete
subtraction of the '2C 9.6 MeV 3~ state. Also, the
continuum is slightly. larger in the %Zn spectrum
than that observed for the heavier isotopes. Results
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FIG. 2. (a) The inelastic alpha particle spectrum at 14°
for the reaction #Zn(a,a’)*Zn at 160 MeV. The same
spectrum is also shown subject to the requirement of (b) a
proton, (c) an alpha particle, or (d) a neutron coincidence
in a second detector. These spectra represent an integra-
tion over decay particle angles and have been corrected
for a small amount of carbon-hydrogen contamination.
The effective one particle and lowest multiparticle emis-
sion thresholds in *Zn are indicated in (b)—(d). Max-
imum and minimum estimates of the continuum back-
grounds are shown as dashed lines.

from 129 MeV inelastic alpha particle scattering
from %Zn and *Zn provide evidence for the pres-
ence of a giant monopole resonance (GMR) com-
ponent in the high excitation energy side of the
GQR peak.”> The possible presence of a small
amount of GMR strength in the GQR region of Zn
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has been neglected in the present analysis.

The extraction of the GQR cross section is com-
plicated by the ambiguity in determining the shape
of the nuclear continuum beneath it. This continu-
um background shape has been estimated by inter-
polation between the regions on either side of the
resonance peak. These estimates are shown as
dashed lines in the figures. The GQR singles yield
above this continuum [Figs. 2(a), 3(a), and 4(a)] is
thus determined to be 14+ 2, 13.5+ 1.5, and 13+ 1
mb/sr for %Zn, %Zn, and 68Zn, respectively. The
uncertainties are obtained by extracting the GQR
yields with the maximum and minimum possible
background estimates that are consistent with the
data. The respective peak to background ratios are
1/3.4, 1/2.8, and 1/2.8.
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FIG. 3. The CH subtracted singles and particle-
particle coincidence spectra of %Zn, as in Fig. 2.
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FIG. 4. The CH subtracted spectra of ®*Zn, as in Fig.
2.

Parts (b)—(d) of Figs. 2—4 show the inelastic al-
pha particle spectrum with the requirement of a
proton, alpha particle, or neutron coincidence in a
decay particle detector, respectively. These coin-
cidence spectra represent angular integrations over
decay particle detectors and may be directly com-
pared with the singles spectra. It is assumed that
the distribution of decay products is axially sym-
metric about the Zn GQR recoil direction in the
center-of-mass system of the recoiling excited nu-
cleus. However, recoil center-of-mass effects for the
Zn nuclei were only of the order of 10% and there-
fore all integrations have been performed in the la-
boratory system. As with the singles spectra, the
corresponding angle-integrated coincidence spectra



from a CH target have been subtracted from the Zn
coincidence spectra to correct for a small amount of
contamination. The main effect of the subtractions
was to reduce the alpha particle decay yield from
7n by about 20% in the excitation energy region
above 15 MeV.

The %Zn and ®Zn charged particle coincidence
spectra represent an integration over eight decay
particle angles (see Table I). These angles were ap-
proximately evenly spaced between the GQR recoil
and opposite recoil directions, within the reaction
plane. The ®Zn charged particle coincidence spec-
tra were derived from four decay angles (see Table
I). Contributions from charged particles stopping in
the decay AE detectors were negligible and not in-
cluded in the integrated coincidence spectra. All
neutron coincidence spectra were obtained by in-
tegrating over the two coincidence angles defined by
the NE-102 counter, about — 60° and 160° relative
to the Zn GQR recoil direction. Absolute cross
sections have been obtained by dividing by the es-
timated 54% neutron detector efficiency.

The %Zn coincidence spectra of Fig. 2 all exhibit
an enhanced yield above the estimated continuum
background (dashed lines) in the region of excitation
of the GQR which can be associated with the parti-
cle decay of the resonance. The coincidence spectra
of Fig. 3 show that the decay charged particle yield
from %Zn is greatly reduced relative to that from
%7Zn. There is little if any yield above the continu-
um background that would correspond to proton or
alpha particle decay of the GQR in ®Zn. Most of
the decay strength is observed in the neutron coin-
cidence spectrum. The 8Zn particle coincidence
spectra of Fig. 4 continue the trends observed for
%Zn. Practically no proton yield and very little al-
pha particle yield exist in the GQR region of ®*Zn.
The neutron yield dominates.

TABLE 1. Angles of observation for decay charged
particles in the laboratory system. The inelastically scat-
tered alpha particles were detected at Oy, = + 14°.

Target Angles of observation
%Zn +40°, +80°, +120°, +160°
%Zn +40°, +80°, +120°, +160°
8Zn +40°, +160°
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Other features of the coincidence spectra are best
understood in terms of the effective particle emis-
sion thresholds. The excitation energies correspond-
ing to the effective one particle and lowest multipar-
ticle emission thresholds are indicated in Figs. 2 —4.
Each single charge particle effective threshold is de-
fined here to be the particle separation energy plus
the height of the Coulomb barrier. The shapes of
the energy spectra of the decay particles are charac-
teristic of a particle evaporation process (see Fig. 5).
The Coulomb barrier height was estimated from the
maxima in the decay charged particle spectra to be
4.3 MeV for protons and 8.2 MeV for alpha parti-
cles. The neutron emission threshold is the sum of
the separation energy and the height of the angular
momentum barrier. This barrier was below the
lower experimental cutoff in the neutron energy
spectrum (about 0.6 MeV) and it was assumed to be
about 0.5 MeV. Each multiparticle effective thresh-
old is the sum of the appropriate separation energy
and the barrier height for each particle.

Yield is seen in all of the coincidence spectra
down to excitation energies near the effective one
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FIG. 5. (a) Proton and (b) alpha particle decay energy
spectra from %Zn.
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particle thresholds, as expected. In some cases, high
effective particle thresholds inhibit particle emission
from the low excitation energy side of the GQR
peak. The presence of counts in the excitation re-
gion of the Zn discrete states is due to statistical
fluctuations which lead to imperfect random coin-
cidence subtraction. The small number of these
counts indicates that the random subtraction is ade-
quate for the purposes of the experiment.

Particle emission from the region of excitation
between the effective one particle and two particle
emission thresholds is limited to a single nucleon or
alpha particle, neglecting gamma ray competition.
In this region, the sum of the proton, neutron, and
alpha particle yields should equal that of the singles
yield. The sum of the coincidence yields in the ex-
citation energy range of 15— 17 MeV is found to ac-
count for 100% of the singles yield, within experi-
mental uncertainties. This also confirms the calcu-
lated neutron detector efficiency that was used in
the normalization of the neutron coincidence spec-
tra.

In the region of excitation above the effective two
particle thresholds the emitted particle multiplicity
is expected to be greater than one. The sum of the
coincidence yields may then exceed that of the sin-
gles yield. This is especially apparent in the neutron
decay yields from %6Zn and ®Zn, each of which is
larger than its respective singles yield above the 2n
threshold. In fact, the 2n effective threshold in ®*Zn
is low enough to allow multiple neutron emission

from the high excitation energy side of the GQR
peak. Also, a secondary bump is seen in some of
the nucleon decay coincidence spectra above the
GQR region which is not seen in the singles spectra.
These structures seem to be associated with the mul-
tiparticle effective threshold. They probably reflect
an increase in particle multiplicity at energies where
one or more strong two particle emission channels
open followed by a decrease in multiplicity with the
onset of similar processes in other channels. The
presence of such competing channel effects compli-
cates the extraction of the GQR decay yields.

The Zn GQR yields from the angle integrated
coincidence spectra were obtained, as for the singles
yields, by summing the counts above maximum and
minimum estimated continuum backgrounds. The
results for the particle decay branching ratios of
each Zn GQR and the continuum background
beneath it are summarized in Table II. The com-
bined error estimates from the singles and coin-
cidence yields are given. The uncertainties in the
neutron branching ratios are dominated by the es-
timated uncertainty in the neutron detector efficien-
cy. The values of the charged particle decay
branches have about 20% errors for the GQR and
about 10% errors for the background. The uncer-
tainties in the neutron decay branches are all of the
order of 40%. The measured total particle decay
strength for each Zn isotope accounts for 100% of
the singles GQR cross section. However, the large
uncertainties leave room for the possibility of gam-

TABLE II. Experimental decay branches and statistical model predictions.

Experimental Calculated
Decay Underlying Hauser-Feshbach
Nucleus particle GQR continuum JT=2% all J”

Zn p 38 + 7 24 + 2 46 43
n 59 +27 58 +23 28 34
a 20 + 4 9.3+ 1.2 26 23

Zn p 44+ 1.6 74+ 0.4 6 ,
n 113 +45 88 +34 86 91
a 3.7+ 09 37+ 04 8 4

%Zn )4 08+ 0.8 46+ 04 1 1
n 124 +51 111 +43 96 97

a 3.1+ 0.8 26+ 0.2 3 2
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ma ray decay. This is especially true on the low ex-
citation energy side of each Zn GQR peak, where
the total particle decay strength seen in the coin-
cidence spectra seems to fall short of the yield in the
singles spectrum.

The statistical model prediction of a shift from
charged particle to neutron GQR decay with in-
creasing neutron excess in Zn is seen in the mea-
sured branching ratios. Also, the decay branches of
the GQR and the underlying continuum for each
isotope are generally similar. The coincidence spec-
tra themselves exhibit a clear dependence on the po-
sitions of the various effective particle emission
thresholds. These results confirm the importance of
statistical effects in the decay of the GQR in medi-
um mass nuclei.

IV. DISCUSSION

A comparison of the experimentally measured
branching ratios with Hauser-Feshbach calculations
provides an indication of the extent to which the
GQR decay is influenced by statistical processes.
The Hauser-Feshbach spin dependent formulation
of compound nucleus reaction theory predicts the
relative average cross sections for the statistical de-
cay of a fused target plus projectile system.?® For
the purpose of calculating the decay of the GQR in
a given target, the resonance has been assumed to be
formed by proton capture into the GQR on the
(Z — 1,4 — 1) target. The results depend only on
nuclear transmission factors, level densities, Q
values, and the conservation laws.

The statistical model calculations have been made
with the computer code STATIS.?” The program
obtains transmission factors and spin dependent lev-
el densities from rough parametrizations. The ex-
perimental energies and spins of the lowest few
known states of each residual nucleus were used in
the calculations. The empirical level density formu-
la was used for the region of excitation above these
states with a level density parameter of @ = A4/8
MeV~!. Table II shows the calculated branching
ratios for a 27 state at the GQR excitation energy
in each Zn isotope as well as for a sum over all J”
at that energy. One would expect that if the GQR
decays statistically, its decay branches should be
predicted by the Hauser-Feshbach calculation for
J7=2%. The continuum decay branches should
contain contributions from many different spins.
They should be comparable with the results which
are summed over J”. It is clear from the table that
the calculations for a 2™ state are about the same as
those averaged over J”.

The measured values for the Zn GQR and the
underlying continuum decay branches are in general
agreement with the statistical model predictions.
The small experimental continuum proton yield in
68Zn is larger than the calculated value by much
more than the estimated empirical uncertainty. The
charged particle continuum yield in %Zn is signifi-
cantly less than calculated. The measured neutron
branches are generally higher than the predictions,
but they are still in agreement within the rather
large uncertainties. In some cases the measured
values for the neutron decay branches exceed
100%. This may be due in part to possible multi-
ple neutron emission from the high excitation ener-
gy side of the GQR region.

It should be noted in this comparison that the sta-
tistical model calculations contain uncertainties in
that they use some parametrizations for quantities
rather than the measured values for each nucleus.
However, these effects should be small relative to
the experimental uncertainties since the model is
used only to calculate the relative decay strengths
and not absolute cross sections. Within the accura-
cy of the data and the calculations, the particle de-
cay of the GQR in the three Zn isotopes studied ap-
pears to be predominantly statistical in nature.

A systematic picture of the GQR decay proper-
ties is beginning to emerge from the coincidence ex-
periments that have been performed to date. These
have generally employed inelastic alpha particle
scattering, for which the GQR is the most prom-
inent giant resonance to be excited. A review of the
coincidence experiments has been given by
Wagner.?! It has been shown that essentially no
GQR exists in '>C,'? establishing a lower mass
limit on the observation of the resonance. The
GQR that is seen in such nuclei as '°0 and %S has
a somewhat larger alpha particle decay branch than
statistical model predictions and little proton decay
is seen. 011

However, a large GQR proton decay and small
alpha particle decay are observed from “’Ca (Ref.
17) and *®Ni,'® which are compatible with Hauser-
Feshbach calculations. It is inferred from a lack of
charged particle decay that neutron emission is the
most important GQR decay channel in *Ni?’ The
present work shows that single nucleon emission is
found to dominate the GQR decay of **Zn and neu-
tron emission is the overwhelming GQR decay
mode in ®Zn and *8Zn. These results are also in
agreement with a statistical model of the decay pro-
cess. While the GQR may not be compact and ob-
servable in the lightest systems and seems to have
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nonstatistical components in light nuclei, the experi-
ments between “°Ca and ®*Zn show strong evidence
of statistical decay. The only other GQR coin-
cidence experiments that have been performed so far
are in the mass range 4 > 200 and the results for
heavy nuclei are still unclear. For example, one
group reports that no GQR peak is seen in the fis-
sion coincidence spectrum of 2**U,?? while another
group finds a very structured spectrum.?

It is interesting to note that a recent shell model
calculation by Faessler et al.,”® which includes
predominatly 1p-1h excitations, predicts the details
of the 0 GQR decay fairly well and is consistent
with results for the “’Ca GQR decay. However, the
measurements of Ref. 17 set only an upper limit
on the ratio of the alpha particle to proton decay of
the GQR in “Ca. While statistical model calcula-
tions underestimate this ratio by about a factor of
2.5 in the case of '°0, they are, like the shell model
calculations, also consistent with the “°Ca
results,'®2!

The experimental situation of the GQR decay in
58Nii has been greatly clarified within the last year.
Hayward has reported that a virtual photon spec-
trum analysis of charged particle electroproduction
data from *®Ni (Ref. 29) that yielded an essentially
100% GQR alpha particle decay branch has been
redone.’® The alpha particle branch has been re-
duced by more than a factor of 3, but the GQR
proton decay strength remains unmeasurable. The
same type of experiment and analysis have been per-
formed on ®Ni at Glasgow>! and these results are
consistent with the 59% proton and 12% alpha
particle GQR decay branches found in our previous
coincidence work.!® A second coincidence experi-
ment has been done by Knopfle et al., in which
GQR decay branches are found of 65% for the
proton channel and less than 30% for the alpha
particle channel.’ Finally, the results of a recent
coupled channels calculations for low energy alpha
particle scattering on >*Fe are found to be consistent
with a 12% *®Ni GQR alpha particle decay
branch.>? It now appears that the results of the
coincidence experiments are well established, and in
agreement with a statistical decay process.

The width of a giant resonance is related to its de-
cay properties in that it consists of the sum of the
escape width and the spreading (or damping) width.
The escape width "' is due to the coupling of the
resonance to the continuum, while I'Y, the spreading
width, is due to the coupling to nuclear states which
are more complicated than the initial 1p-2h confi-
gurations. If the coupling of the resonance to the
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complex multiparticle, multihole states is strong, the
nucleus will equilibrate and its decay will be charac-
teristic of a compound nucleus. If a strong cou-
pling to the continuum exists, the resonance will de-
cay by direct particle emission. Otherwise, the de-
cay properties will fall somewhere between these
two extremes. Without a detailed knowledge of the
wave function for the GQR, the interplay between
direct particle emission and equilibrium may be par-
tially understood in the context of a preequilibrium
exciton model calculation. This model has been
used to account for the high energy continuum
spectra seen in medium and high energy projectile
scattering.>>** In the following, the exciton model
will be used to estimate the escape and spreading
widths as a function of nuclear mass.

In the preequilibrium exciton model, 333 a projec-
tile and target are treated as a composite system
formed in a specific particle-hole state after their
first nuclear interaction. The particular initial state
depends, in general, on the projectile. The system is
then allowed to proceed to more complicated mul-
tiparticle, multihole states via energy conserving
two-body residual interactions. Each step in the
reaction is characterized by the exciton number (the
number of particles and holes excited) and by the
excitation energy. At each stage, the system is al-
lowed to create or destroy a particle-hole pair or de-
cay by particle emission. In the exciton model for-
malism, the widths for these three processes are I" ,,
I'_, and T, respectively. They are defined as a
function of the particle number (p), the hole
number (4), and the excitation energy. At any
stage in the process, the total width is equal to

F(p,h )E) = F+(P,h )E) + F—(p,h )E) + Fc(p,h ’E)'

The spreading width of a configuration, ', is iden-
tified with T and the escape width I'" is equal to
I',. The total width is essentially equal to

', + T, =T"'+T" in the early stages of the
equilibration process because I' _ is usually negligi-
ble. The system is considered to be equilibrated
when the particle-hole pair creation rate equals the
annihilation rate, ', = I' _. Any further particle
emission then occurs through an evaporation pro-
cess.

The initial configuration of the GQR in the exci-
ton model is a 1p-1h state of the target nucleus with
an excitation energy equal to the resonance centroid
energy. Preequilibrium model estimates of the ratio
of the GQR escape width to the total width I" for
various nuclei from >C to 2*Bi are shown in Table
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TABLE III. Preequilibrium estimates of the GQR escape widths for various nuclei.

GQR
Nucleus excitation Binding energies

energy (C'/T) 1p-1h  (T'/T) up to 4p-4h
(MeV) n P a (%) (%)

2¢ 27.5 18.719  15.956 7.368 21 43

150 21 15.666 12.112 7.152 17 33

Ne 23.2 16.857 12.835 4.733 15 41

Mg 21.8 16.530 11.683 9.310 13 20

%Mg 21.3 11.086 14.128  10.603 20 32

LN 21 13.304  8.258  10.077 21 35

2854 20.7 17.155 11.570 9.964 9 12

28 19.8 15.080  8.855 6.950 13 20

“Ca 18.4 15.620  8.315 7.036 9 12

BNi 16.3 12.181  8.173 6.396 6 7

2N 19.9 10.589  11.101 7.021 7 8

%Zn 15.75 11.840  7.689 3.951 6 7

%Zn 15.59 11.030  8.898 4.548 6 7

%87Zn 15.43 10.191  9.978 5.302 7 8

07 14.1 11.982  8.372 6.680 1 1

2094 10.6 7.434 3781 —3.127 3 3

III. They were calculated with the program
PREQEC (see Appendix C of Ref. 37 ) using an ini-
tial 1p-1h configuration at the GQR excitation ener-
gy in each nucleus.

The table shows the results for the initial 1p-1h
configuration and the contributions up to the 4p-4h
stage of the calculation. The calculated ratios for
the 1p-1h through the 3p-3h step are essentially the
same and represent single nucleon emission. There
is an increase in (I''/T") at the 4p-4h step, especially
for the lighter nuclei, because alpha particle emis-
sion becomes possible when four or more particles
are excited. There is then little change in (I''/T")
beyond the 4p-4h stage.

The exciton model calculation predicts that direct
particle emission will provide a 30—40 % contribu-
tion to the total GQR width for nuclei of mass
A < 28. This contribution decreases with increasing
mass down to values of only a few percent for *°Zr
and 2®Bi. It is less than 9% for any of the nuclei
with mass 4 > 40 for which (I''/T") was computed.
Comparison of the 1p-1h results with the 4p-4h
values shows that direct alpha particle emission is
competitive with direct nucleon emission in the
lighter nuclei and that it becomes insignificant for
the heavier ones. This is consistent with measured

branching ratios. In the case of the Zn isotopes,
direct particle emission is predicted to contribute
about 7% to the total GQR width. In summary,
the preequilibrium_exciton model predicts that
direct and statistical particle emission are compar-
able in light nuclei. However, in the mass range
A > 40, direct particle emission is suppressed by
more than a factor of 10 relative to statistical
processes.

It should be noted that the exciton model calcula-
tions described above use an unrealistic equal-
spacing model for the nuclear level density. Also,
the model uses a simple 1p-1h initial configuration
for the GQR state even though the resonance is a
superposition of many 1p-1h states. It has been
suggested by Luk’yanov™® that the collective nature
of the GQR could be treated by using an effective
initial 1p-1h state density which is much larger than
the normal values. This would tend to enhance
direct particle emission, but an effective 1p-1h state
density has not been incorporated into the calcula-
tions presented here. Nevertheless, these model cal-
culations provide an indication of the relative impor-
tance of direct and statistical decay of the GQR as a
function of nuclear mass. They are also consistent
with the experimental observations.
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V. CONCLUSION

A direct particle-particle coincidence experiment
has been performed to look for the strong isotopic
(particle emission threshold) dependence of the
GQR particle decay in Zn which is predicted by
Hauser-Feshbach calculations. The total GQR pro-
ton, neutron, and alpha particle decay branching ra-
tios have been measured on %Zn, %Zn, and %Zn.
They are similar to those of the underlying continu-
um and to statistical model predictions, within the
experimental uncertainties. The Zn coincidence
spectra also exhibit a dependence on particle emis-
sion thresholds and barriers and on particle multi-
plicities. The results indicate a strong statistical in-
fluence on the particle decay from the entire GQR
region of excitation in the Zn isotopes.

Other coincidence studies have shown evidence
for a large, nonstatistical GQR alpha particle decay
from light systems, such as '°0O (Ref. 10) and 2%Si.!!
However, work on “’Ca (Ref. 17) and on **Ni (Ref.
18) show a large GQR proton decay which is com-
patible with a statistical model interpretation. The
results of the present Zn experiment show that sin-
gle nucleon emission accounts for most of the GQR
decay from %Zn and that the GQR in %Zn and
%87Zn decays almost exclusively by neutron emission.
This is also in qualitative agreement with statistical
model predictions. GQR decay experiments have
been performed recently in the mass region of
A > 200, but some of these results are contradicto-
ry at the present time.2!~2* The trend observed in
the light mass region is for the strong GQR alpha
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particle decay to give way to single nucleon emis-
sion with increasing mass. It has been shown that
this is in agreement with the predictions of the pree-
quilibrium exciton model. The exciton model cal-
culations also indicate that statistial GQR particle
emission is favored over direct emission by about a
factor of 10 for nuclei of mass 4 > 40. The total
width of the GQR in this mass region is therefore
largely a damping width, consistent with the ob-
served statistical decay.

The presence of direct GQR particle decay com-
ponents in the light nuclei may yet provide detailed
information on the initial 1p-1h configurations
which make up the GQR state. If the dominance
of the statistical GQR decay seen in heavier ele-
ments is confirmed throughout the rest of the mass
range, the simple 1p-1h GQR structure will be ob-
scured because it is strongly coupled to more com-
plex particle-hole states. In this case, the isoscalar
GQR will be seen as the initial stage of an energy
dissipation mechanism in which the energy of the
collective GQR vibration is spread into many com-
plex nuclear degrees of freedom.
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