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Proton decay following the transfer reaction„7Li, 6He… on 40Ca and 90Zr
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The charged particle decay of continuum states excited by the single proton stripping reaction (7Li, 6He) at
a bombarding energy of 50 MeV/nucleon on targets of40Ca and90Zr was measured and compared with
theoretical predictions. The results suggest that most of the strength in the continuum arises from decay of
unbound states in the intermediate nucleus rather than from breakup of the7Li projectile. There is substantial
direct decay to the low-lying states in the final nucleus for both targets.

PACS number~s!: 25.70.Hi, 23.20.En, 24.60.2k
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I. INTRODUCTION

A continuum, usually considered a ‘‘background,’’ is o
ten observed at high excitation energy in single nucle
stripping reactions@1#. This continuum makes it difficult to
extract information about the states observed as broad r
nancelike structures at high excitation energy. In many ca
the continuum is assumed to arise from breakup proce
and is simply regarded as an uninteresting and unwa
complication to be subtracted empirically from the spectru
The present experiment is designed to separate the cross
tion due to resonance states from the breakup processe
detection of decay protons at backward angles in coincide
with ejectiles at zero degrees. In addition, the coincide
measurements will permit an investigation of the damping
these resonance states by comparison with a statistical d
model, thus determining the direct component of their dec

A recent semiclassical approach developed by Bon
corso and Brink@2–5# ~BB! has attempted to calculate th
strength from both breakup and resonance absorption in
continuum in a unified manner. This approach treats the p
cess of breakup of the projectile and capture of a nucl
into an unbound state simultaneously and has been quite
cessful in explaining the energy dependence of the inclu
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cross section for a number of neutron-transfer reactions
duced by heavy ions@6#. The model predicts that for man
heavy-ion induced neutron-transfer reactions at bombard
energies above 20 MeV/nucleon, a significant amount of
strength in the continuum arises from capture into re
nances which subsequently decay by particle emission.
fortunately the BB model has not yet been extended
charged-particle transfer reactions. However, in proton tra
fer on a number of targets@7#, broad peaks are also observe
above an underlying continuum and, particularly at exci
tion energies where the proton decay energy is above
Coulomb barrier, similar results to those predicted in neut
transfer are expected. This experiment attempts to test s
predictions on two medium-weight targets.

Breakup processes can be divided into two broad cate
ries, elastic breakup and inelastic breakup. In the ela
breakup process, the projectile fragments because of its
teraction with the target nucleus while leaving the target
its ground state. Both fragments from the original project
move along a path similar to the extension of the projectil
path and are therefore emitted preferentially at forwa
angles. In an inelastic breakup process, the target can
excited. In general, the distribution of particles from inelas
breakup will also be peaked at forward angles, whereas
decay from resonant states will be symmetric about 90°
the center of mass of the decaying nucleus. In the BB mo
elastic breakup is defined as breakup without any interac
in the final state between the projectile and the target po
tial. The absorption process, associated with the imagin
part of the nucleon-target optical potential, involves a fin
state interaction and includes both resonance absorption
inelastic breakup. The relative strength of the elastic a
inelastic breakup processes depends upon the rela
strength of the real and imaginary parts of the optical pot
tial used in the BB model and thus depends on the detail
the reaction including the bombarding energy.

The decay of resonance states can proceed either
direct process or a statistical process. If the resonance s
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are fully damped, their decay should be predicted by sta
tical decay calculations. Departures from such predicti
will identify direct decay of the resonance states. In additi
the angular distributions of the decay protons may prov
information on the spin parity of the decaying resonan
states. Finally, the direct decay, particularly for high-lyin
states, should provide some indication of the parentage
these states.

Specifically, the present experiment explores the natur
the underlying continuum in the case of the react
(7Li, 6He) at 50 MeV/nucleon on40Ca and90Zr by observing
the proton decay of states in41Sc and91Nb above the proton
emission threshold. This reaction is known to populate br
resonance states in a variety of targets@7# and the6He ejec-
tile has no particle-stable excited states to complicate
residual spectra. The targets were chosen because they
low-energy thresholds for proton emission and compa
tively high neutron emission thresholds. The6He particles
were detected near zero degrees in coincidence with
charged particles emitted at backward angles. This techn
is expected to select states which arise from capture
resonance states of the target plus a single proton, an
exclude particles resulting from elastic breakup which w
be emitted at forward angles. This assumption was chec
by placing one proton detector at 32° to monitor the symm
try of the angular correlation, since breakup processes
show a maximum towards forward angles.

II. EXPERIMENTAL PROCEDURE

The 7Li projectiles were accelerated to 50 MeV/nucle
by the K1200 superconducting cyclotron at Michigan St
University. For the 40Ca target, natural calcium meta
~96.94%40Ca) was rolled to a thickness of 4.4 mg/cm2. The
90Zr target was enriched to 98.7% and was 5.1 mg/cm2 thick.
The 6He ejectiles were detected around zero degrees in
focal plane of the A1200 beam analyzer system@8#, the sec-
ond half of which was used as a magnetic spectrograph
an angular acceptance of 4 msr. This restricted the detec
of 6He particles to a maximum angle of two degrees. T
ability of this system to detect cleanly the6He particles at
small angles close to zero degrees simplified the analys
the experiment because the recoil direction of the interm
ate heavy ion is therefore constrained also to be close to
degrees. The focal plane detectors consisted of two pos
sensitive silicon detectors~1 mm thick, 1 cm high, and 5 cm
long! one behind the other and separated by 1 cm, and
lowed by a plastic scintillator. The particles detected in
focal plane were identified by energy loss in the two posit
sensitive detectors, total energy in the plastic scintillator a
time of flight between the plastic scintillator and the bea
pulse. The energy resolution for the6He spectra was abou
500 keV full width at half maximum.

An array of eight silicon detectors, each of 5 cm2 area and
5 mm thick were arranged to detect charged particles in
incidence with the6He particles in the focal plane, and t
measure the angular correlation,W(u). Thin aluminized My-
lar foils of thickness about 25mm were placed in front of the
silicon detectors to stop low-energy electrons from the tar
04460
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reaching the detectors. Each of the silicon detectors in
array was located approximately 14 cm from the targ
Seven silicon detectors were placed at backward angle
the range of 161°>u>110°, and the eighth atu532°. The
total solid angle of the silicon detector array was 0.20
This system allowed the detection of charged particles,
did not permit the identification of the particle type. How
ever, since the Coulomb barrier fora particles is twice the
barrier for protons, very fewa particles are expected to b
emitted. In addition, deuterons are not expected through
most of the energy region of interest because their thresh
energy is significantly~typically 10 MeV! higher than the
energy threshold for proton emission. These qualitative
pectations were confirmed by calculations with the progr
CASCADE @9#, which uses Hauser-Feshbach theory, and p
dicts very limiteda or deuteron emission in the excitatio
energy range of interest in the nuclei studied in this exp
ment.

The energy calibration of the focal plane was carried
using elastic scattering from a12C target. For the calibra-
tions, the elastically scattered particles from12C were moved
across the focal plane by varying the magnetic field of
dipole magnet. The silicon detector array was energy c
brated using the12C~7Li, 6He!13N reaction and observing th
decay protons from specific known states in13N. The 6He
singles spectra for the40Ca, 90Zr~7Li, 6He! reactions ob-
tained at zero degrees are displayed in Fig. 1, as well as
spectra of6He detected in coincidence with all protons o
served in the charged particle array. These latter spe
show only true events. The yields were corrected for rand
coincidences by setting gates on the ‘‘true1random’’ and
‘‘random’’ channels in the time spectrum. The time diffe
ence between a6He detected in the focal plane and a prot
detected in the silicon array, appropriately delayed, was
corded event by event and used to make a coincident t
spectrum for each silicon proton detector. The excitation
ergies corresponding to the proton and neutron emiss
thresholds (Bp51.08 and 5.15 MeV;Bn516.29 and 12.06
MeV, for the 40Ca and90Zr targets, respectively! are indi-
cated in the figure by arrows.

III. THEORETICAL CALCULATIONS

As mentioned in the Introduction, the inclusive spectru
can contain events from both breakup processes and tra
to resonance states in the intermediate nucleus. In orde
separate these processes, the protons emitted from the
bound region of the intermediate nucleus were measure
coincidence with6He particles detected at zero degrees. T
energy spectrum of these emitted protons gives the exc
energy spectrum of the final nucleus, which in this case
also the target nucleus.

For a given event, the excitation energy of the fin
nucleus after the emission of a single proton (Ef) is deter-
mined using the equation

Ef5Ex2Ep~mf1mp!/mf2Sp , ~1!
4-2
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where Ex is the excitation energy of the intermedia
nucleus,Ep is the energy of the emitted proton, evaluated
the center-of-mass frame,Sp is the proton separation energ
and mf and mp are the masses of the final~target! nucleus
and the proton, respectively.

For a selected region of excitation energyDEx and a re-
gion DEf of the final nucleus spectrum, the angular corre
tion function can be written as

W~qc.m.!5Np~q!4p/@Ns•DV# ~2!

whereNp(q) is the measured number of protons correc
for the ratio of center of mass to laboratory cross section,Ns
is the number of singles events in the excitation energy s
DEx , and DV is the solid angle of an individual proto
detector. As noted above, the decay of resonance s
should be symmetric about 90°. Thus, any asymmetry in
correlation function, particularly an asymmetric increase
forward angles, will indicate the presence of breakup p
cesses contributing to the inclusive spectra. The correla
function given in Eq.~2! can be fitted with a Legendre poly
nomial series from which the proton multiplicitiesM p can be
extracted, viz.

W~qc.m.!5M pSai Pi~cosqc.m.!, ~ i even! ~3!

where the fitting is made neglecting the forward-angle 3
point. In any particular case, the fitting is done up to a ma
mum value of the rank of the Legendre polynomial, depe
ing on the spin values. Detailed results for both targets w
be discussed in the following sections. For the40Ca target,
theoretical predictions of the angular correlations were m
for two 9/21→01 transitions with the programCORELY @10#
in a similar fashion to that described for neutron dec
@11,12#. Here, we have not calculated the density matrix,
rather made the simple assumption of a 100% populatio
the 63/2 magnetic substates. The optical potential para
eters of Perey@13# were used for the proton-nucleus scatt
ing states.

The probability of statistical proton decay from the e
cited nucleus to the target nucleus was calculated w
CASCADE in a similar manner to Refs.@14–16#. In the
CASCADE calculations, the optical model parameters of Pe
@13# were used to calculate the proton transmission coe
cients. SinceCASCADE is based on the statistical decay of
compound nucleus, level schemes of the excited intermed
and daughter nuclei must be input. For41Sc, known levels
with their spins were used up to 3.9 MeV excitation. T
upper limit for the known levels was taken at 1.4 MeV
91Nb. For the daughter nuclei, the limits were chosen fr
the available data. Above these energies, the level den
was calculated using the parameters taken from Dilget al.
@17#. The spin distribution in the91Nb compound nucleus
was calculated within the statistical procedure ofCASCADE

using the internally calculated values for the maximum
gular momentum and the diffuseness. For41Sc, the angular
momentum distribution used was that determined by K
et al. @18# in the 40Ca(3He,d) reaction. As a check, the an
gular momentum values in the compound nucleus were
ied over a wide range and the multiplicities calculated
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CASCADE were found to be rather insensitive to these valu
The standard values of the other parameters were used
the dominant contribution to particle decay arises from
Coulomb and centrifugal barriers.

The mean proton multiplicity has been calculated with a
MeV threshold applied to the proton spectra which cor
sponds to the experimental threshold of the backward-an
detectors~the forward-angle detector, which had a high
threshold, was not included in the experimental analys!.
This software threshold is applied to the protons in t
center-of-mass frame of the excited nucleus. The calcula
takes into account neutron decay,g decay, and the Coulomb
barrier. The calculated multiplicities were not very sensiti
to the angular momentum distribution of the compou
nucleus. The results may be compared directly to the y
for proton decay measured in the coincidence experimen
the ratio of the measured multiplicity to the calculated one
close to unity, it suggests that the inclusive spectrum
mainly a result of absorption into resonance states. On
other hand, if this same ratio is small, this implies that t
inclusive spectrum has a substantial contribution fro
breakup processes.

IV. RESULTS AND DISCUSSION

A. 40Ca„7Li, 6He¿p…

The 6He singles spectrum from the reaction40Ca~7Li,
6He!41Sc obtained at zero degrees is shown in Fig. 1~a!. Two
states are seen to be strongly excited in41Sc, the ground state
(7/22) and an excited 9/21 state near 5 MeV. Between 6 an
20 MeV excitation energy, no other prominent peaks
observed although there is an indication of structure at e
tation energies near 9 and 11 MeV. This singles spectrum
quite similar to the spectra observed in both the40Ca~13C,
12B!41Sc @19# and 40Ca(3He, d)41Sc @20# reactions. Both of
these reactions show similar strong excitation of the 1f 7/2
ground state and a 1g9/2 state at 5.04 MeV. The (3He, d)
experiment at 240 MeV bombarding energy also obser
additional 1g9/2 strength between 8 and 12 MeV excitatio
energy in 41Sc. The small structures observed in the sa
region in the present experiment probably arise from po
lation of this 1g9/2 strength.

A spectrum of6He in coincidence with all protons de
tected in the charged particle array is shown in Fig. 1~b!.
Accidentals have been subtracted. The proton-emiss
threshold in41Sc is 1.09 MeV, but, as described in Sec. III,
software threshold of 2.0 MeV has been applied. The 5
MeV peak, corresponding to theg9/2 state is clearly seen
There is also structure observed near 9 and 11 MeV, m
clearly than in the singles spectrum. There does not appe
be any dramatic decrease in the coincidence spectrum
the neutron threshold of 16.15 MeV, presumably because
then the contribution from two-proton decay is beginning
take effect. Although the two-proton decay threshold is 9
MeV, both the proton energies need to be high to hav
reasonable probability of decay through the Coulomb barr
Two-proton decay to39K may account for the rise in the
coincidence spectrum around 17 MeV of excitation in41Sc.
4-3
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G. H. YOO et al. PHYSICAL REVIEW C 62 044604
The final excitation energy in40Ca was calculated from
the decay proton energies as described in Sec. III. Figu
shows examples of final energy spectra for three differ
excitation energy regions in41Sc (961 MeV, 1561 MeV,
and 2161 MeV), each at three angles. At the most forwa
angle of 32°, decay to the ground state is observed stro
even at the highest excitation energy. At backward ang
~119° and 161°!, the ground state and a few low-lying stat
are observed in40Ca for decay from the 8–10 MeV excita
tion energy region in the intermediate nucleus41Sc. How-
ever, at higher excitation energies in41Sc, the decay to the
ground state and low-lying states in40Ca is much weaker and
the predominant decay is to high-lying states in40Ca. This is
similar to the results obtained for neutron decay followi
neutron stripping on64Ni, 90Zr, and 120Sn @11#.

Some representative angular distributions for decays
MeV wide regions of excitation energy in the final nucleu
40Ca, are shown in Fig. 3. For certain cases where the pro
energy is 4 MeV or less, only a lower limit could be obtain
for the cross section at 32°, because of the relatively h
threshold on this detector~note that the 32° data were no
used in further analysis!. The angular distributions for the
lower excitation energy regions of the intermediate nucl
41Sc, which decay to the ground state of40Ca, are peaked in

FIG. 1. Singles~top panel! and coincidence~bottom panel!
spectra for the (7Li, 6He) reaction at 50 MeV/nucleon on targets
40Ca and90Zr. Arrows indicate the proton and neutron emissi
thresholds in each case.
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the backward direction. However, as the excitation energ
41Sc increases the angular distributions for ground-state
cay become isotropic except for the most forward angle. T
increase of the cross section at forward angles is presum
caused by breakup of the incident7Li projectile, the yield of
which tends to be greatest near the beam direction. For
cays to higher excitation energy regions in the final nucle
40Ca, the angular distributions are quite isotropic for all e
citation energy regions of the intermediate nucleus,41Sc.
Two of the experimental angular distributions from the 5 a
9 MeV regions of41Sc are compared with calculations fro
CORELY as described in Sec. III. These calculations assu
decay of a 9/21 state to the 01 ground state of40Ca and are
in reasonably good agreement with the measured ang
distributions of the emitted protons.

Figure 4 ~upper panel! shows a spectrum ofEf , deter-
mined from Eq. ~1! for all backward-angle coincidenc
events. The ground state of40Ca is populated quite strongly
The next most prominent feature is the peak near 4 M
which probably has components corresponding to the2

state at 3.74 MeV as well as the 21 state at 3.90 MeV and
the 52 state at 4.5 MeV. Higher states in40Ca up to 15 MeV
excitation energy are also populated.CASCADE calculations,
normalized to the experimental data at excitation energ

FIG. 2. Spectra ofEf for 40Ca constructed from various 2-MeV
slices in excitation energy of41Sc ~as noted on each plot! at labo-
ratory angles of 32°, 119°, and 161°.
4-4
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PROTON DECAY FOLLOWING THE TRANSFER . . . PHYSICAL REVIEW C 62 044604
above 10 MeV, are shown as a solid line in the same fig
The CASCADE predictions are significantly lower than th
population of the low-lying states, particularly of the grou
state where the ratio of observed to predicted strengt
more than a factor of 3. This indicates that there is signific
direct decay from the highly excited states in41Sc to the
ground state of40Ca and to the low-lying states around
MeV.

The measured proton multiplicity was obtained as
scribed in Sec. III and is compared with the results o
CASCADE calculation in Fig. 5~upper panel!. The calculated
multiplicity rises quite rapidly above 14 MeV excitation e
ergy as the proton energies from the (p,2p) channel~thresh-
old 9.42 MeV! exceed the Coulomb and centrifugal barrie
However, no corresponding increase is observed in the m
sured multiplicity. At 20 MeV excitation energy, the calc
lated multiplicity is roughly 50% larger than the measur
multiplicity implying that about one third of the inclusiv
spectrum arises from breakup processes at excitation e
gies between 14 and 22 MeV. This conclusion is rather
dependent of the parameters of the model since once

FIG. 3. Angular correlationsW(u) for 41Sc→40Ca1p, plotted
as a function of proton laboratory angle. The specific mean exc
tion energy in the initial (Ex) and final (Ef) nuclei are given on
each plot in MeV. The bar on the vertical arrow at 32° for certa
cases represents a lower limit, as explained in the text. The cu
areCORELY predictions, normalized to the data.
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proton energies significantly exceed the Coulomb and c
trifugal barriers, the states must decay.

B. 90Zr „7Li, 6He¿p…

The 6He spectrum from the reaction90Zr~7Li, 6He!91Nb
obtained at zero degrees is shown in Fig. 1~c!. The ground
state (9/21) is strongly excited, which agrees with the pr
dicted favorable angular momentum matching for anl 54
transfer@21#. Broad peaks are observed at excitation energ
of 6.1 and 9.2 MeV. Similar features were observed in d
for the same reaction at a bombarding energy of 30 Me
nucleon@7#. A small sharp peak is observed near 12 Me
This appears to correspond to the excitation of one or m
of the three isobaric analog states~IAS! observed at 11.93
12.07, and 12.15 MeV by Finkelet al. @22#. The 12 MeV
state observed in the present experiment is likely to b
high-spin state, either 7/21 or 11/22, both of which are an-
ticipated in this region. The other IAS observed in Ref.@22#
at 9.86 MeV (5/21) and 13.38 MeV (7/21) do not appear to
be strongly excited in the present reaction, although one c
not rule out the 9.86 MeV state being obscured by the br
state near 9.2 MeV.

Proton emission is expected to be dominant up to
neutron threshold of 12.06 MeV. However, due to the stro
Coulomb and centrifugal barriers, proton emission
strongly suppressed below 9 MeV. Hence, the strong pe
seen near 6.5 and 9.0 MeV in the singles spectrum are
seen in the coincidence spectrum@see Fig. 1~d!#. This differ-
ence is confirmed by theCASCADE calculations, which pre-
dict that proton decay is strongly suppressed in this reg
The IAS near 12 MeV show up much more strongly in t
coincidence spectrum than in the singles spectrum.

a-

es

FIG. 4. Composite spectra of the final energy (Ef) in 40Ca and
90Zr for all backward angle detectors. The solid lines are
CASCADE predictions described in the text.
4-5
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G. H. YOO et al. PHYSICAL REVIEW C 62 044604
Excitation energy (Ef) spectra of90Zr from the proton
decay of 91Nb were obtained as described in Sec. III a
some examples are shown in Fig. 6. In order to obtain su
cient statistics in this case, the width of the energy slice
the intermediate nucleus was 4 MeV. The ground state
90Zr is not strongly excited but there is significant streng
observed in the region around 3 MeV in90Zr. This strength
arises from decay of the 12 MeV excitation energy region
91Nb. The 3 MeV region of excitation energy in90Zr con-
tains a 52 state at 2.3 MeV, a 32 state at 2.7 MeV, a 41

state at 3.1 MeV, and a 61 state at 3.4 MeV. From the
centroid of the peak, and that of the corresponding pea
the coincidence spectrum~see below!, it appears that there i
significant excitation of the 32 state, although the resolutio
of the present experiment is not sufficient to resolve the s
cific states. For higher excitation energies in91Nb the decay
is predominantly by emission of low-energy protons imp
ing mainly a statistical process. We note that the thresh
for two-proton emission in91Nb is 13.54 MeV, and the re
quirement that both protons escape through the Coulo
barrier means that two-proton emission will not be sign
cant below about 21 MeV of excitation.

For all backward angle coincidence events,Ef is calcu-
lated and the resulting spectrum is displayed in Fig. 4~lower
panel!. The ground state of90Zr is populated fairly strongly,
although not as strongly as the region between 2 and 4 M
The centroid of this peak is at 2.7 MeV, suggesting that
main contribution is from the 32 state, as discussed abov

FIG. 5. Experimental proton multiplicities~points! and corre-
spondingCASCADE calculations~solid lines! plotted against final
energy (Ef) for the 40Ca and90Zr targets.
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The CASCADE calculations are normalized to the experime
tal data at excitation energies around 10 MeV and are sh
as a solid line in the same figure. TheCASCADE calculations
predict most of the spectrum of90Zr quite well including the
ground-state strength. The notable exception is the exp
mentally strong yield to the 3 MeV region. This streng
likely arises from the direct decay of one or more of the IA
near 12 MeV by a direct nonstatistical process. With som
what better resolution more definitive information could
obtained on this transition.

Some examples of angular distributions of various tran
tions from 91Nb to 90Zr are shown in Fig. 7. For the case o
91Nb~12 MeV! to 90Zr~3 MeV! where the proton energy i
less than 4 MeV, only a lower limit could be obtained for th
cross section at 32°, because of the relatively high thresh
on this detector. The angular distributions are all quite i
tropic except for the 32° point, for which, apart from the ca
mentioned above, the cross section is slightly higher th
that of the backward-angle points. Again this may be
residue of breakup effects and so this angle was neglecte
further analysis. There is a slight increase towards backw
angles in the case of the fairly weak transition from the
MeV region to the ground state of90Zr. The angular distri-
bution for the decay of the 12 MeV region to the regio
around 3 MeV is quite flat, presumably because of the la
number of possiblel values for the decay protons.

The proton multiplicity was determined as a function
excitation energy as described in Sec. III. Figure 5~lower
panel! compares the multiplicity as a function of excitatio
energy in 91Nb. In this case, there is good agreement b
tween the experimental results and theCASCADE calculations
throughout the measuredEf spectrum. This suggests tha
most of the observed strength, at least up to 20 MeV exc
tion energy, is due to proton decay from the compou

FIG. 6. Spectra ofEf for 90Zr constructed from 4-MeV slices in
excitation energy of91Nb at laboratory angles of 32°, 119°, an
161°.
4-6
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nucleus or resonance states formed in the transfer pro
and not from breakup.

V. CONCLUSIONS

Proton decay following the proton transfer reaction (7Li,
6He) on targets of40Ca and90Zr was measured at 50 MeV
nucleon bombarding energy in order to investigate the sou
of the underlying continuum observed in this and many ot
stripping reactions. By measuring the coincident protons
backward angles, we are able to eliminate the contributio
elastic breakup. The angular distributions of the emitted p
tons were measured for slices of excitation energy in

FIG. 7. Angular correlationsW(u) for 91Nb→90Zr1p, plotted
as a function of proton laboratory angle. The mean excitation
ergy in the initial (Ex) and final (Ef) nuclei are given on each plo
in MeV. The bar on the vertical arrow at 32° for91Nb~12 MeV! to
90Zr~3 MeV! represents a lower limit, as explained in the text.
.

.
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intermediate nucleus and compared to predictions, fr
which the proton multiplicities were extracted. These prot
multiplicities were compared with the proton multiplicit
calculated by the programCASCADE. In addition, the decay
spectra were compared toCASCADE calculations and the
amount of direct decay was therefore determined.

In the case of the40Ca target, there is reasonable agre
ment between the measured multiplicities and the predicti
of CASCADE up to an excitation energy of 14 MeV in41Sc.
This implies that in this energy region the singles spectr
arises predominantly~about 70%! from compound or reso-
nance states and that there is very little contribution to
singles spectrum from breakup processes. At higher exc
tion energies, the calculated multiplicities are higher than
measured ones implying that there is an increased contr
tion from breakup. However, even up to 20 MeV there is s
a very significant contribution from resonant states. Ther
significant direct decay observed to the ground state an
states near 4 MeV in40Ca.

The situation is somewhat more complicated in the c
of the 90Zr target. The cross section for the proton dec
obtained from the transfer cross section and the proton de
probability agreed well with the data at low excitation ener
in 91Nb. However, the statistical calculations ofCASCADE do
not take into account the direct decay of the IAS observ
nearEf512 MeV. In addition the onset of neutron emissio
lies in the same position as the strongly excited IAS. Nev
theless, theCASCADE multiplicity predictions follow the rise
and fall of the data in this region. Even at higher excitati
energies, there is reasonable agreement with theCASCADE

calculation, which implies that there is substantial sequen
decay taking place.
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