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Proton emission in inelastic scattering of40Ca on 40Ca at 50 MeV/nucleon
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Inelastic scattering of40Ca on40Ca at 50 MeV/nucleon has been measured in coincidence with light charged
particles detected over a large angular domain. The giant resonance region of the inelastic spectrum is shown
to be dominated by the isoscalar giant quadrupole resonance. The characteristics of the emitted protons allow
us to separate four reaction mechanisms contributing to the high excitation energy region of the inelastic
spectrum~E* . 30 MeV!: pickup breakup, knockout, inelastic scattering to high-lying target states, and a new
mechanism responsible for the emission of fast-moving protons. A sizable direct decay branch towards hole
states of39K is measured for the giant quadrupole resonance in40Ca. Evidence is given for the excitation of the
two-phonon giant quadrupole resonance, characterized by its direct decay scheme. The energy and width of
this two-phonon state are in agreement with a harmonic picture for collective nuclear excitations.
@S0556-2813~97!03612-1#

PACS number~s!: 24.30.Cz, 24.50.1g, 25.70.Bc
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I. INTRODUCTION

In the late 1970s, the study of dissipative heavy-ion c
lisions revealed intriguing effects in the energy spectra
inelastically scattered nuclei in heavy-ion collisions. A d
tailed examination of the inelastic channel, showed the e
tence of small regularly spaced structures in the incomple
relaxed region of the energy spectra, superimposed on a l
background. These structures were first observed in
40Ca1 40Ca and63Cu1 63Cu collisions at low incident ener
gies ~7 and 10 MeV per nucleon! @1,2#. Their main charac-
teristics are their regular spacing, their relatively narr
widths, and their angular distributions strongly peak
around the grazing angle. A semiclassical calculation w
developed@3#, based on a microscopic description of t
giant resonances~GRs! excited while the heavy ions trave
on classical trajectories, which predicted the excitation
multiphonon states. Thereafter, a tentative interpretation
the observed bumps in terms of multiphonon states built w
GRs was given.

The onset of new accelerators delivering heavy ions
intermediate energies~30 to 100 MeV per nucleon! stimu-
lated new research in this field. A large number of inelas
scattering experiments were performed at GANIL, with va
ous projectile-target combinations at different incident en
gies around 50 MeV/nucleon@4,5#. The great improvemen
in energy resolution obtained with the use of a magne
spectrometer led to a quantitative understanding of the G
excited in these reactions with very large differential cro
sections and peak to background ratios@6,7#, offering favor-
able conditions for the observation of multiphonon states

However, progress in the understanding of higher ly
structures was hampered by the fact that many mechani

*On leave from University of Teheran, Iran.
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besides the excitation of the target, contribute to the inela
excitation spectrum. In order to disentangle the target e
tation from the different reaction mechanisms occurring
the inelastic channel, coincidence experiments between s
tered projectile and light particles are necessary. Indeed, l
particles stemming from the decay of collective modes
cited in the slowly recoiling target nucleus are emitted in
directions in the laboratory frame, whereas reaction mec
nisms known to populate the inelastic channel such as pic
breakup@8# or knockout, give rise to very specific angula
distributions of the emitted particles, focused around the
rection of the ejectile in the former case and around the
rection of the recoiling target in the latter. Coincidence e
periments not only allow us to identify the different reactio
mechanisms and to unambiguously select target excitat
in the inelastic spectra, but they also might provide a sig
ture for multiphonon states by the study of their decay.

In this paper, we will report on the results concerning t
inelastic scattering of 50 MeV/nucleon40Ca on 40Ca target
studied in coincidence with light charged particles. This s
tem has been chosen for many reasons. First of all, prope
of giant resonances in40Ca are well documented from nu
merous previous experiments@9#. The 40Ca1 40Ca reaction
has been extensively studied previously in inclusive exp
ments at different lower incident energies. At about 50 Me
nucleon, and for intermediate mass nuclei such as40Ca, cal-
culations show that the nuclear interaction is predomin
and will excite mainly isoscalar GRs; the contribution of t
isovector giant dipole resonance is expected to be relativ
small. Moreover, at this bombarding energy the partic
emitted by the projectilelike and the targetlike sources
well separated in velocity space allowing to disentangle
contribution of the target excitation from the other mech
nisms.

In the following, an extensive analysis of the inelas
channel from the40Ca1 40Ca reaction will be presented. Af
3187 © 1997 The American Physical Society
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3188 56J. A. SCARPACIet al.
ter the description of the experimental set up in Sec II,
clusive data will be presented and the multipole composit
of the giant resonance bump observed in40Ca will be ana-
lyzed in Sec. III. The different mechanisms contributing
the inelastic spectrum will be extracted from the coinciden
data and discussed in Sec. IV. Section V will be devoted
the study of the decay of the GR and the multiphonon sta
and a new method to sign the presence of multipho
strength in the inelastic spectrum will be emphasized. C
clusions will be drawn in Sec. VI. Some of the results p
sented in this paper have previously been published@10,11#.
Comprehensive reviews on the subject of multiphonon e
tations can be found in@12,13#.

II. EXPERIMENTAL METHOD

The experiment was performed at the GANIL facility, b
bombarding an evaporated self-supported 0.5 mg/cm2 natCa
target with a 50 MeV/nucleon40Ca beam.

A. Detection of the scattered fragments

The inelastically scattered fragments were measured
tweenu lab51° and 5°~the grazing angle for this reaction
approximately 1°) using the SPEG spectrometer with
standard detection system@14#: two drift chambers for posi-
tion measurements and an ionization chamber backed
plastic scintillator for particle identification. The ionizatio
chamber gives a measurement of the atomic numberZ of the
detected fragment while a time of flight measurement wit
resolution of 500 ps, obtained between the plastic signal
the RF of the cyclotron, allows to separate the different m
over charge ratios A/Q. Unambiguous identification
40Ca201 was obtained as shown in Fig. 1. An excitation e
ergy range of about 150 MeV was covered in one setting
the magnetic field. The measured total energy resolution
800 keV. The angular resolution was approximately 0.2°

B. Light particle detection

Light charged particles were detected in 29 cesium iod
~CsI! elements of the multidetector array PACHA@15#.

FIG. 1. Mass and charge identification of the ejectiles. TheM /Q
parameter is related to the time of flight of the ejectile and theZ
parameter to the energy loss in the ionization chamber.
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These detectors consist of cylindrical CsI crystals of 30 m
thickness available in two diameters: 15 and 33 mm. Perm
nent magnets are placed in front of all the detectors to shi
the detectors from secondary electrons coming from the
get. The crystals are read out by photomultipliers. On ea
detector, an optical fiber connected to a light emitting dio
allows to check the system operation and the gain stabi
during the experiment.

Figure 2 shows the position of the detectors around
target. The system covered the whole angular domain w
the exception of small wedges between215° and 16°
around the beam direction and between110° and135°.
Positive angles refer to the same side of the beam as
spectrometer. The detectors can be separated into t
groups. From135° to 265° ~clockwise!, sixteen small de-
tectors are positioned 10 cm away from the target. Nine
in the horizontal plane located every 15°, and seven
placed in between these detectors, 25° out of plane. In
forward direction, on the left side of the beam, eleven 33 m
diameter detectors set at 40 cm from the target cover
angular range between247° and215°, five are in the hori-
zontal plane and six are located 8° out of plane. On the ri
side of the beam, three small detectors are set at 55 cm f
the target, close to beam direction at16°, 18° and110°.
The total solid angle covered by the CsI detectors is 3% o
p.

FIG. 2. Experimental setup indicating the positions of the C
detectors. SPEG indicates the in-plane angular acceptance of
spectrometer. See text for more details.
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56 3189PROTON EMISSION IN INELASTIC SCATTERING OF . . .
Protons, deuterons, tritons, anda particles were identified
by pulse shape analysis. A ‘‘fast’’ component was obtain
by integrating the signal in a 400 ns wide gate and a ‘‘slow
component was given by the integration in a 1.5ms wide
gate, starting 1.2ms after the end of the fast gate. A typic
fast versus slow bidimensional plot is displayed in Fig. 3 a
shows the unambiguous identification of the proton anda
particles down to 2 and 5 MeV, respectively. At lower en
gies, a time of flight measurement between CsI detectors
the cyclotron RF allows to unambiguously identify the d
ferent particles.

The light particle energy calibrations were performed
detecting momentum analyzed secondary light part
beams in all the counters set at zero degrees. Howeve
production of a proton beam of less than 10 MeV could
be achieved. For lower energies, the particle decay tow
the ground state~GS! of the daughter nucleus provided a
excellent energy calibration. This is demonstrated in Fig
which shows for an inelastically scattered ejectile in coin
dence with a proton the reconstructed excitation energy
the target versus the fast component of the CsI. In this
dimensional plot, discrete levels of the daughter nucleus
pear as tilted lines. As the initial target excitation energy
known from two-body kinematics, the GS line yields a dire
calibration of the fast component into proton kinetic ener

The energy resolution for protons was close to 2% ab
20 MeV, dropping to about 6% around 10 MeV. The dete
tion threshold ranged between 1 and 3.5 MeV for proto
and approximately 5 MeV fora particles depending on th
counter. In order to be able to add the data from vario
detectors, a software threshold of 4 MeV for protons in

FIG. 3. Particle identification with the cesium iodide detecto
of the Pacha ensemble. The fast component is the result of
integration of the photomultiplier output signal in a 400 ns g
while the slow component results from the integration in a gate
ms wide beginning 1.6ms after the start of the signal. The inset
a zoom of the low energy part of the figure. Arrows indicate
calibration for protons.
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center of mass of the recoiling40Ca nucleus was used durin
the analysis.

III. INCLUSIVE DATA

Figure 5 displays the inclusive inelastic spectrum
1.7°<u lab<5°. Inclusive inelastic data for angles belo
u51.7° could not be used because of the presence of
scattering from the hydrogen contamination in the target

he

5

FIG. 4. Excitation energy of the system versus the fast com
nent of a CsI detector for coincidence events between a40Ca ejec-
tile and a proton. One can observe a well separated line corresp
ing to events where protons are feeding the ground state of
daughter nucleus39K. These two-dimensional plots allow to cal
brate the CsI detectors for protons. An example of corresponde
between excitation energy and proton kinetic energy is shown.

FIG. 5. Inclusive inelastic spectrum with 100 keV/channel e
ergy binning ~bottom! and 1 MeV/channel energy binning~top!.
Left-hand scale refers to lower spectrum and right-hand scal
upper spectrum.
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3190 56J. A. SCARPACIet al.
the lower excitation region, the spectrum exhibits seve
discrete peaks. The state located at 3.74 MeV correspon
the well-known first collective 32 state in40Ca which can be
excited both in the projectile and the target nuclei since i
located below the particle emission threshold. A group
states is observed at around 7 MeV excitation energy.
higher excitation energy, the large bump of the GR dom
nates the spectrum with a peak-to-background ratio clos
one. It is split into two components centered at 14 and 1
MeV excitation energy. It was observed that the relative
tensities of the two components of the GR integrated o
different angular domains remain the same, suggesting
only one L-multipolarity component dominates. When th
energy scale is compressed~1 MeV/channel!, some small
bumps are observed at energies above the GR. In this re
calculations@16# predict that the strongest resonant contrib
tion comes from multiphonon states built with the GR.
weaker but sizable contribution from high multipolarity
one-phonon GRs~mainly L53 andL54) is also expected
The isovector GQR is predicted to be located in the sa
region, however, its cross section should be very low due
the relatively weak contribution of the Coulomb interacti
in the reaction studied. Around 60 MeV excitation energy
large plateau is observed in the inelastic spectrum due
three-body processes such as pickup breakup. This me
nism will be discussed later in the paper.

In order to analyze the data, inelastic angular distributio
were calculated using the coupled channel codeECIS @17#
and standard collective form factors. The optical model
tentials were obtained by fitting the measured elastic sca
ing angular distributions. The set of parameters used is lis
in Table I. The validity of these parameters has been chec
by applying them to the angular distribution calculation
the collective 32 level. Although this level at 3.74 MeV
cannot be separated from the 21 level at 3.90 MeV, the cross
section of the 32 state is expected to be ten times larger th
for the 21 state when using the sum-rule values obtained
Ref. @18#.

The experimental angular distribution of the peak at
MeV is displayed on Fig. 6 and shows an excellent agr
ment with the calculation for anL53 transition. Taking into
account that the state can be excited in both the proje
and the target, aB(E3) value of 9.3 W.u. is extracted. Thi
value is lower than the adopted values of 30.7 W.u. repo
in the literature@19#. Similarly low B(E3) values have been
systematically extracted from heavy-ion collisions as
ported by Ref.@7#. According to Ref.@20#, this apparent
hindrance of the 32 excitations induced by nuclear scatterin
is a consequence of the use of the deformed optical pote
model for the analysis of hadronic scattering. This discr
ancy disappears when a folding model analysis is used.

The theoretical angular distribution of the isoscalarL50,
2–6 resonances and of theL51 isovector resonance, calcu
lated at 17 MeV excitation energy and for 100% of the e
ergy weighted sum rule~EWSR!, are shown on Fig. 7. Fo

TABLE I. Parameters for the optical potential.

V ~MeV! r v ~fm! av ~fm! W ~MeV! r w ~fm! aw ~fm! r c ~fm!

20.1 1.28 0.67 14.8 1.28 0.67 1.2
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multipolaritiesL>3 the angular distributions are not chara
teristic of the multipolarity. This feature is a well-know
drawback of the use of heavy-ion beams for the study
GRs, compared to light hadronic probes@6#. The L50 and
L52 distributions can only be distinguished from the oth
isoscalar distributions at very small angles. The isovec
L51 resonance, which is only excited by the Coulomb
teraction, presents a very distinct distribution with a stro
maximum near the grazing angle and a steeper slope at l
angles compared to the isoscalar resonances. However, i
present experiment, the Coulomb interaction is relativ
weak and in the angular range 3.4°<uc.m.<10°, the cross
section for the isovector giant dipole resonance is expec
to be small.

A general method for heavy ion scattering to extract
different multipolarities contributing to the giant resonan
peak was described in Ref.@21#. In this procedure the inelas
tic spectrum is divided into small energy bins and the an

FIG. 6. Angular distribution of the 3.7 MeV peak. Solid lin
represents the DWBAECIS calculation performed as described
text.

FIG. 7. Theoretical angular distributions of the isosca
L50,2-6 resonances and of theL51 isovector resonance, calcu
lated with the DWBA codeECIS at 17 MeV excitation energy and
for 100% of the energy weighted sum rule~EWSR!. The arrow
indicates the smallest angle for which the inclusive data could
analyzed.
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56 3191PROTON EMISSION IN INELASTIC SCATTERING OF . . .
lar distribution is extracted for each bin. The angular dis
bution is then fitted using a minimum-x2 procedure by a
linear combination of the theoretical angular distributio
calculated for different multipolarities and possibly a bac
ground angular distribution.

dsexp

dV
~E!5(

L
SL~E!

dsL

dV
~E!1

dsB

dV
~E!,

where (dsexp/dV)(E) is the experimental differential cros
section for the energy bin centered atE, (dsL /dV)(E) is
the calculated differential cross section for 100% of the
ergy weighted sum rule~EWSR!, SL(E) is the percentage o
the sum rule exhausted by theL component in theE energy
bin and (dsB /dV)(E) the background angular distribution

This method relies on the sensitivity of the angular dis
butions to the multipolarity. In the present case, the calcu
tions described above show that the method will only all
to separate the cross section into three components: the
calar resonancesL50 andL>2, the isovectorL51 reso-
nance and the background. The isovector dipole resonan
expected to contribute very weakly to the resonance bum
the angular range considered, and the method is not sens
enough to allow a precise extraction of its cross secti
Therefore, the isovector dipole contribution was calcula
assuming a Lorentzian shape with a mean energy of 20 M
a width of 5.5 MeV, and exhausting 100% of the Thoma
Reiche-Kuhn sum rule. The exponential dependence of
Coulomb excitation probability, which results in an enhan
ment of the low-energy portion of the resonance and to
average shift of its centroid@6# was taken into account. Afte
subtraction of thisL51 component, the inelastic spectru
was divided into 1 MeV bins and the angular distribution
each bin was extracted. Each angular distribution was t
fitted by a linear combination of the calculated angular d
tribution for L52 and the angular distribution of the bac
ground which was assumed to be similar to the angular
tribution of the energy region located immediately above
GRs. An example of the fit is shown in Fig. 8 for the regi
between 15 and 16 MeV excitation energy. Both theL52
and the background angular distributions are shown as
as their sum. Similar quality fits were obtained for all t
energy bins.

The final result of the decomposition is represented in F
9. As mentioned above, in the angular range studied in
analysis~from 1.7° to 5° in the laboratory!, the L51 com-
ponent has a negligible contribution to the cross section
shown in the figure. The background component extrac
from this analysis is approximately constant over all the
citation energy range. The main part of the cross section
be attributed toL50 or L>2 multipolarities which exhibit
two components. Assuming onlyL52, the EWSR sum rule
is about 40610 % in the 12 to 22 MeV excitation energ
region, compatible with the results reported in the literat
@9#, although it is slightly smaller than the mean value
these results. It should be noted that any small contribu
of higher multipolarity would strongly decrease this value.
the following, onlyL52 strength will be assumed. Note th
the use of the deformed potential model may slightly d
crease the extracted sum rule strength compared to a c
plete folding model analysis. This effect increases w
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higher multipolarities but has been shown to be significa
even forL52 in the case of light nuclei@20#.

IV. COINCIDENCE DATA-REACTION MECHANISMS

In the following, we will show the potential of the coin-
cidence measurement to disentangle the mechanisms con
uting to the inelastic channel. In the present experiment on
proton coincidence data will be discussed. Figure 10 show
density plot of the invariant cross section for protons in th
(Vi ,V') velocity plane, corrected for detector solid angles
in coincidence with the inelastic channel, i.e., a40Ca de-
tected in the spectrometer. In this plot, no gate is placed
the energy of the40Ca. Random coincidences, which contrib
uted less than 10% of the total counting rate, were su

FIG. 8. Fit of the experimental angular distribution~dots! by a
linear combination of the calculated angular distribution forL52
~dotted line! and the angular distribution of the background~dash
dotted line!, for the region between 15 and 16 MeV excitation en
ergy.

FIG. 9. Decomposition of the GR region intoL50 or L>2
multipolarities and the background. TheL51 component is also
represented for 100% of the EWSR.
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3192 56J. A. SCARPACIet al.
tracted. In the forward direction aroundup5215° and18°,
an accumulation of fast moving protons is observed whic
characteristic of the presence of the pickup breakup me
nism. An almost isotropic component of low velocity proto
centered around the recoiling target nucleus reflects the
cay of states excited in the target through inelastic scatter
At negative angles, around250°, the proton yield is
strongly enhanced by recoiling protons stemming from
elastic scattering on the hydrogen contaminant of the tar
The knockout process onto protons from the target is a
expected to give rise to protons around this recoiling an
Another interesting feature is apparent around140° where
fast protons~up to 50 MeV kinetic energy! are present,
which are not observed at the most backward angles. T
component cannot be accounted for by the decay of the
jectile or the target and will be discussed in Sec. IV C. In
backward hemisphere in the laboratory frame, only prot
coming from the decay of the target are emitted. Therefo
the measurement of inelastic scattering in coincidence w
backward emitted protons is a method to focus on pure
elastic scattering by eliminating the other mechanisms wh
give rise to particles emitted in the forward direction.

A. The pick-up break-up process

Pickup breakup reactions~PUBU! occur when the projec
tilelike fragment produced in a one-nucleon pick-up react
decays in flight by re-emitting the captured nucleon@8#. The
secondary light particles are assumed to be emitted isotr
cally in the projectilelike fragment frame, thus, their labor
tory velocity is boosted by the velocity of the projectilelik
fragment. At 50 MeV/nucleon incident energy, they are w
separated from the particles emitted by the decay of the
get ~see Fig. 10!. Measurements of the velocity of the ligh
particles emitted in coincidence with the ejectiles is thu
very efficient tool to discriminate the pickup breakup rea

FIG. 10. Experimental invariant proton cross section rep
sented in the (Vi ,V') plane in coincidence with inelastic scatterin
Each cone corresponds to one proton detector. The arrow indic
the average velocity of the40Ca ejectile detected in the spectrom
eter on the right side of the beam. Contour plot: Monte Carlo sim
lation of the invariant proton cross section in coincidence with
elastic scattering for the pickup breakup and the target decay~see
text!.
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tions from the target excitations. In the present experim
the main pickup breakup contribution comes from the f
lowing reaction:

40Ca140Ca→ 41Sc139K

↓
40Ca1p.

Note that in simple transfer reactions at intermediate
ergies it has been shown that the donor nucleus~in this case
the targetlike nucleus! is very weakly excited@22,23#, and
thus the major part of the excitation energy of the system
be attributed to the projectilelike fragment.

A Monte Carlo simulation has been performed for t
PUBU mechanism. In this calculation only the one-prot
pickup channel was taken into account. The excitation
ergy distribution of the41Sc was chosen as a Gaussian ce
tered at 15 MeV, with a variance of 7 MeV, to favor sing
proton emission by the quasiprojectile. For higher excitat
energies the41Sc will emit more than one light particle, an
the daughter nucleus will not populate the inelastic chan
The shape of the excitation energy distribution was found
to affect the final result. The decay of the excited nuclei w
calculated using a modified version@24# of the Monte Carlo
evaporation codeLILITA @25# which calculates the kinetic
energy of emitted light particles on an event by event ba
The characteristic proton ring shown in Fig. 10 as a cont
plot, corresponding to the emission from the projectileli
fragment, is concentrated in a cone of approximately 3
opening angle in the laboratory frame. Note that the asy
metry of the projectile ring observed in the calculation aris
from a kinematical effect due to the forward focused prima
angular distribution of the transfer products@26#.

The inelastic scattering, leading to the excitation of t
target, has also been simulated. The emitted protons com
from the target present an almost isotropic component in
laboratory frame, nicely reproducing the ring center
around the recoiling target.

Figure 11 shows the40Ca spectra in coincidence wit
protons detected atup518° @Fig. 11~a!# and 215° @Fig.
11~b!#, where the pickup breakup process is prevalent. T
two spectra exhibit very different shapes, due to the fact t
two kinematical solutions~forward and backward! are al-
lowed for proton emission at the angle closest to the ejec
(up518°), while at an angle further away (up5216°),
corresponding to the edge of the proton ring, these two
lutions are degenerate~see Fig. 10!. The Monte Carlo calcu-
lation ~represented by histograms! gives a very good descrip
tion of the data, using only one overall normalizatio
coefficient for the two spectra. The relative normalizati
depends mainly upon the angular distribution of the prim
transfer products, which was chosen to be equal to the
perimental 41Sc distribution. Note that the calculation wa
performed assuming no excitation of the target nucleus.
excitation energyEt* in the target would shift the spectr
towards higher apparent excitation energies by a quan
equal toEt* @8#. The agreement obtained confirms that du
ing the transfer process, the donor nucleus~here the target! is
at most weakly excited.

Applying the normalization factor, previously found to fi
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56 3193PROTON EMISSION IN INELASTIC SCATTERING OF . . .
the coincidence data, to the full calculation without any co
straint on the proton angle allows to estimate the total c
tribution of the pickup breakup process to the inclusive
elastic cross section. The result displayed by a histogram
compared to the inclusive experimental spectrum in F
11~c!. The proton pickup breakup reaction accounts for o
about 20% of the inelastic cross section in the region
tween 50 and 90 MeV excitation energy. Since neutro
were not detected in this experiment, the neutron pick
breakup contribution can only be grossly estimated by th
retical considerations. Distorted-wave Born approximat
~DWBA! calculations using the codePTOLEMY @27# predict
that, for an excitation energy of the projectilelike fragment
15 MeV, proton transfer is about twice as probable as n
tron transfer, which can be explained by the large neut
binding energy in40Ca. Moreover, the statistical decay co
CASCADE @28# shows that a41Sc nucleus excited to 15 MeV
will decay with 60% probability by single proton emissio
while a 41Ca, produced by neutron transfer, with the sa
excitation energy, has only a 25% probability of deexciti

FIG. 11. Inelastic spectra in coincidence with protons detec
at up518° ~a! and216° ~b!, where the pickup breakup process
prevalent. TheLILITA Monte Carlo calculation is represented b
solid lines.~c! Contribution of the proton pickup breakup process
the inclusive inelastic spectrum.
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by single neutron emission. Combining the formation a
decay probabilities, the neutron pickup breakup cross sec
is expected to be about one quarter of the proton pic
breakup cross section in the reaction studied. Even mak
allowance for a large uncertainty in this prediction, t
pickup breakup mechanism cannot account for more t
30% of the total cross section in the high excitation ene
region of the inelastic spectrum. It should be noted that t
value strongly depends on the reaction studied since
transfer probabilities are expected to depend dramatic
upon projectile-target combination and bombarding ene
@29#.

Apart from the pickup breakup contribution, three oth
proton components are present; protons arising from the
cay of excited target states, a possible knockout of nucle
of the target by the projectile and fast protons focused
angles on the same side of the beam as the ejectile ar
from a new mechanism that will be discussed in the follo
ing. To disentangle these three components, the proton
gular correlations will now be investigated.

B. Angular correlations

From a theoretical point of view, the calculation of th
angular correlation functions for the decay of an excit
nucleus, implies the knowledge of the two main steps of
reaction. The first step is the excitation of the target throu
the inelastic reaction, usually described in the framework
DWBA calculations. The second step is the subsequent
cay of the excited state.

The probability distributionWL(u,f) which governs the
angular correlation of light particles depends on the quan
numbers (Ji

p , mi , Jf
p , mf), of the intermediate and the fina

state, respectively, and it depends also on the characteri
of the decay channel: spin (sp), energy (Ep), and angular
momentum (l ) of the emitted particle. A full calculation o
the probability distribution would require the knowledge
both the population of the magnetic substates for the in
mediate state and the details of the wave function for
emitted particle. The angular correlation function takes
simple form in the plane wave Born approximation for
pureL intermediate state decaying via a spinless particlea
particle! toward aJp501 final state. The quantization axi
is taken along the recoil axis, so that only them50 magnetic
substate is populated. In this case the correlation func
can be expressed as a function of spherical harmonics@30#.
The correlation function exhibits a symmetric pattern arou
690° in the rest frame of the recoil nucleus and the shap
the experimental correlation gives a direct access to the
of the intermediate state. In the present experiment, wh
the emitted particle is a proton, severall values can be in-
volved in the decay channel and the extraction of the in
mediate state characteristics is no longer straightforward.
nally, the probability that several intermediate states c
contribute is high and this effect should also be taken i
account. Consequently, in the present paper, we will lim
ourselves to a qualitative discussion of the experimental
gular correlations.

Figure 12 displays the angular distributions of proto
emitted in coincidence with40Ca fragments detected in th
SPEG spectrometer for events which leave the resid

d
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3194 56J. A. SCARPACIet al.
nucleus 39K in the ground state. Data are displayed in th
rest frame of the excited40Ca recoil nucleus for several ex-
citation energy bins.uc.m. is the emission angle of the protons
with respect to the direction of the recoil nucleus, increasin
in the clockwise direction. A fit was performed using a poly
nomial up to the fourth power of the function cosine. Param
eters were adjusted to fit only the backward detectors~with
respect to the beam! where no process other than the emis
sion by the recoil nucleus is expected. Under the assumpt
of the emission by the40Ca recoil nucleus, the data should
exhibit a symmetric behavior around the recoil directio
(u50°). However, a large deviation from the polynomial fi
is observed between 90° and 180°, for all energy bins abo
18 MeV, revealing the existence of another process f
which the rest frame of the recoil nucleus is not the releva
system of reference. In order to get more quantitative info
mation regarding this unexplained process, angular corre
tions were plotted in the laboratory frame after subtraction
the polynomial fits~Fig. 13!. A Gaussian fit was performed
for each of the bins which characteristics are displayed in t
panels. In the last two bins the pick-up break-up mechanis
starts to contribute which moves the excess yield to smal
angles. Excluding these last two bins, the average posit

FIG. 12. Angular distributions of protons emitted in coincidenc
with 40Ca fragments for events which leave the residual nucle
39K in the ground state, and for different excitation energy bin
Data are displayed in the rest frame of the excited40Ca recoil
nucleus. Solid lines are a fit to the data~see text!
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and width @full width at half maximum~FWHM!# for our
new component are 41° and 74°, respectively. Moreover,
asymmetry between 0° and 180° is clearly apparent in the
for excitation energies between 18 and 38 MeV which
consistent with the presence of proton knockout by the p
jectile.

C. Fast proton emission

A useful concept for the analysis of the coincidence d
is that of missing energyEmiss, which is defined as the ex
citation energyE* minus the kinetic energy of the emitte
light particleEp

c.m. and the kinetic energy of the target rem
nant ET8 in the center of mass of the recoiling targe
Emiss5E* 2Ep

c.m.2ET8. In the case of the emission of onl
one particle,Emiss is directly related to the final state energ
of the daughter nucleusEf s by Emiss5Ef s 2Q, whereQ is
the binding energy of the emitted particle.

The contribution of the new component to the missi
energy spectrum is shown in Fig. 14~a!. Only excitation en-
ergies above 30 MeV have been included, and two group
detectors have been selected, one around150° @Fig. 14~a!#,
where the unexpected proton yield is observed, and the o
at backward angles in the laboratory frame@Fig. 14~b!#,
where protons are coming from the target decay. For the

s
.

FIG. 13. Angular correlations in the laboratory frame after su
traction of the fits~see Fig. 12!. The solid lines are a Gaussian fit t
the data.u0 and G are the centroid and width~FWHM! of the
Gaussian.
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56 3195PROTON EMISSION IN INELASTIC SCATTERING OF . . .
spectra we observe a large bump around 30 MeV that co
sponds to the decay of the target. For forward proton an
only ~top of figure!, an important contribution populating th
GS and several excited states of the daughter nucleus39K is
observed.

To extract the contribution to the inelastic spectrum
this new mechanism, the inelastic spectrum in coincide
with backward detectors~120°<up<160°), where only tar-
get decay is present, was subtracted from the spectrum
coincidence with forward detectors (30°<up<70°), after
suitable normalization for the solid angles of the parti
detectors. The two inelastic spectra, and the result of

FIG. 14. Missing energy spectra displayed for two groups
detectors, one around150° ~a! and the other at backward angles
the laboratory frame~b!, for excitation energies above 30 MeV.
e-
es

f
e
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e

subtraction are shown on Fig. 15, both with~right panel! and
without ~left panel! gating on discrete final states in39K
(Ef s,8 MeV!. The two resulting spectra@Figs. 15~e! and
15~f!# are very similar, confirming that the fast mechanis
mainly populates the low-lying states of39K. The contribu-
tion of this mechanism to the inelastic spectrum sets in
around 20 MeV excitation energy and therefore does
contribute to the inelastic cross section in the GR region.
maximum is located around 30 MeV. Above, this contrib
tion decreases but persists up to excitation energies as
as 80 MeV. In order to extract quantitatively the contributi
of this mechanism to the inclusive inelastic spectrum, kno
edge of the out-of-plane correlation between the ejectile
the proton would be necessary. Similar observations h
been made in the inelastic reactions208Pb(17O, 17O n) @31#,
90,94Zr(36Ar, 36Ar n) @32#, and 58Ni( 40Ar, 40Ar n or p)
@33,34#, where fast neutrons and protons emitted in the f
ward direction were observed. This latter experiment w
allow us to bring new information such as the azimuth
angular correlation between the particle and the ejectile
the contribution of this new mechanism to the inelastic sp
trum @35#.

V. COINCIDENCE DATA: DECAY OF GIANT
RESONANCES AND MULTIPHONON STATES

As quoted in the introduction of Sec. IV, the origin of th
protons emitted at backward angles is emission from exc
target states. In this section, an original method to sign m
tiphonon excitations in the inelastic spectrum through th

f

f
l

FIG. 15. Inelastic spectra in coincidence with protons emitted in the forward~a!, ~b! and backward~c!, ~d! directions and subtraction o
the two spectra~e!, ~f! which shows the contribution of the new fast proton mechanism. Left panel~a!, ~c!, ~e! is for all events and right pane
~b!, ~d!, ~f! for final state energies below 8 MeV in39K.



lu
th

k-

it
ic

t
u
a

ti-

d

ded

mp-
os-
nt.
ct
gy
l
we
he
ic-

gy,

ev-
wo
hed
e

6
of

s are

dth
a

the
r
o-

ndi-
iled
cay

first
the
ted
r
ure
ach

per-
will
d to
he
ysis
high
res-

ro-

tes
e
a-

k-
ed

um

-

3196 56J. A. SCARPACIet al.
specific particle decay pattern will be described. The exc
sive inelastic spectra will be presented and the decay of
GR and higher excitation energy regions studied.

A. Inelastic spectrum in coincidence with backward emitted
protons

The 40Ca inelastic spectrum in coincidence with bac
ward emitted protons is shown in Fig. 16~a!. One should note
that this spectrum has to be corrected for proton multiplic
with the excitation energy since events with larger multipl
ity are detected with a greater efficiency@15#. Because of the
small solid angle of our detection system, the probability
detect at least one proton is directly proportional to the m
tiplicity of emitted protons. The proton multiplicity as

FIG. 16. ~a! 40Ca inelastic spectrum in coincidence with bac
ward emitted protons. The proton multiplicity function calculat
with LILITA is shown as a histogram.~b! Corrected spectrum with
two estimated backgrounds shown as solid and dashed lines.~c!, ~d!
Result of the subtraction of the backgrounds from the spectr
Solid lines are Gaussian fits.E0 and G are the centroid and the
width ~FHWM! of the Gaussian.R is the cross section ratio be
tween the GR and the extracted bump.
-
e

y
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o
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function of excitation energy was calculated by two statis
cal decay codesLILITA andCASCADE. The result is very simi-
lar for the two codes and the multiplicity function calculate
with LILITA is shown in Fig. 16~a! as a full line. The cor-
rected spectrum, which is the coincidence spectrum divi
by this multiplicity function, is displayed in Fig. 16~b!. One
should be aware that, in such a correction, the main assu
tion is that particle emission is purely statistical and a p
sible contribution of direct decay is not taken into accou
However, in our case, the proton multiplicity of the dire
decay of a multiphonon state built with a GR of ener
around 16 MeV is similar to the multiplicity of a statistica
decay from an equivalent energy region. In this regard
can consider that our multiplicity function deduced from t
statistical codes reflects fairly well the target decay multipl
ity.

The corrected coincidence spectrum@Fig. 16~b!#, shows a
prominent structure at twice the GQR excitation ener
which was barely visible in the inclusive spectrum~Fig. 5!.
In order to estimate the characteristics of this structure, s
eral polynomial fits of the background were subtracted. T
examples of backgrounds are shown as solid and das
lines in Fig. 16~b!, and the result of their subtraction from th
spectrum, fitted by Gaussians, are displayed in Figs. 1~c!
and 16~d!. From these two subtracted spectra, the energy
the structure is found to be 34.860.5 MeV, the FWHM
8.862 MeV, and the cross section 1568 times smaller than
the giant resonance cross section. These characteristic
compatible with the multiphonon model@36# which predicts
a two-phonon state at twice the energy of the GR, a wi
equal toA2 times the width of the one-phonon state and
cross section ratio of about 20 between the GR and
double phonon@37#. However, theoretical calculations fo
this energy region predict the presence of both the tw
phonon state and other high-lying giant resonances@16#. Al-
though, the structure observed appears to be a good ca
date for a double quadrupole phonon excitation, a deta
study of its decay and a comparison with the direct de
pattern of the GQR is needed to confirm this hypothesis.

Indeed, as a giant resonance is understood as the
oscillator quantum, multiphonons can be defined as
higher quanta. A multiphonon excitation can be interpre
as a simultaneous excitation ofn identical phonons, in othe
words, a giant resonance built on other GRs. In the pict
where all phonons are excited and decay independently, e
phonon is expected to exhibit the same direct decay pro
ties as the giant resonance. The decay of the first phonon
populate the hole states of the daughter nucleus couple
the remaining phonon which will then decay, feeding t
two-hole states of the final nucleus. Therefore, the anal
of the decay of both the GR and the observed states at
excitation energies should allow us to characterize the p
ence of multiphonon strength.

B. Giant resonance decay

Particle decay of GRs can occur through various p
cesses. The coupling of the particle-hole (1p-1h) states to
the continuum gives rise to the direct decay which popula
the hole states of theA-1 residual nucleus with an escap
width G↑. The study of such direct decay provides inform

.
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56 3197PROTON EMISSION IN INELASTIC SCATTERING OF . . .
tion on the microscopic structure of the GR and can furn
a signature of a multiphonon state as will be shown in
following paragraph. The mixing of the 1p-1h states with
more complicated states 2p-2h, which can then couple agai
to 3p-3h and eventually tonp-nh states until a completely
equilibrated system is reached, leads to the statistical de
of the compound nucleus. This process, gives rise to
spreading widthG↓. The statistical decay can be calculat
by means of the Hauser-Feschbach formalism. In this c
no information on the microscopic structure of the init
state is conserved.

Experimentally, the direct decay part of the GQR is e
tracted by constructing the missing energy spectrum and
comparing it with the equivalent spectrum calculated w
the statistical decay codeCASCADE. For a given energy re
gion, we calculate the proton energy spectrum for eac
MeV wide bin with CASCADE, convolute it with a 800 keV
Gaussian to simulate the experimental resolution, and tr
form it into missing energy spectrum by subtracting the p
ton energies from the excitation energy of the bin. Then
sum the results obtained for each bin with a weight given
the inclusive spectrum. Figure 17~a! compares the statistica
calculation ~histograms! to the data, for the GQR regio
(12<E* <20 MeV!. The calculation has been normalized
as to never overshoot the data, in order to obtain the m
mum contribution consistent with statistical decay. An e
cess of cross section for decay to the GS, and the first exc
hole state at 2.6 MeV of39K is observed, making up abou
30% of the proton decay. This excess can be ascribe
direct decay, 16% populating the GS and 14% the first
cited state. However, it must be recalled that a threshold
MeV was set on the proton energy. One way to estimate
effect of the threshold is to assume that all protons of ene
below 4 MeV are due to statistical decay. The fraction
protons below 4 MeV can then be calculated by the co
CASCADE, and is found to be equal to 30% of the total num
ber of protons emitted by statistical decay. Adding these
energy protons, which were not detected, to the meas
number of statistically emitted protons, one obtains a 2
direct decay branch for the GQR region in40Ca. Yet it
should not be forgotten that the GQR is superimposed ov
background that was not identified but is due neither to
pickup breakup mechanism nor to the newly observ
mechanism presented in Sec. IV C since their contribut
sets in at a higher excitation energy. Our measuremen
cludes the contribution from the background which induce
large uncertainty on the direct decay branch of the GQR.
example, if one assumes that this background is due to ta
excitation and that it decays purely statistically, the GQ
direct decay branch would be 46%.

At least two previous measurements of the decay of
GQR in 40Ca exist@38,39#. No statistical calculation were
performed in these references and therefore the percenta
direct decay could not be extracted. However, the rela
population of the GS (p0 decay! and the first excited stat
(p1 decay! were extracted for the energy region betwe
16.4 and 20.7 MeV in Ref.@39# and the two bumps of the
GQR, 13.5 to 15.6 MeV and 15.6 to 22.5 MeV in Ref.@38#.
In the region of the second bump these two measuremen
not agree, Ref.@38# finds twice as muchp0 thanp1 whereas
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Ref. @39# finds 3 times lessp0 thanp1. This could be due to
very different proton energy thresholds in both experimen
2 MeV in Ref. @39# and 4.6 MeV in Ref.@38#. In our work
we find a ratiop0 over p1 of 0.9 for this energy region~15.6
to 22.5 MeV! in between the two measurements cited abo
with a proton threshold of 4 MeV. However, we should not
that the background underlying the GQR is very different
light-ion or heavy-ion experiments making the compariso
somewhat hazardous.

FIG. 17. ~a! Missing energy spectrum gated on the GQR~12–20
MeV! for protons emitted in the backward direction between150°
and1250°. The histogram is the result of theCASCADE calculation
~see text!. ~b! Same for the double phonon region~30–38 MeV!. ~c!
same as~b! for detectors located between1120° and1235°. ~d!
Simulated missing energy spectrum for the double phonon dir
decay. Solid line is for 100% direct decay and dashed line for 30
direct decay~see text!. Vertical bars indicate the missing energy
corresponding to the various decay paths. The upper scale sh
the 39K excitation energy.
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FIG. 18. Schematic diagram of the proton d
rect decay of the GR, the double and the trip
phonon. The full arrows are the decays taken in
account in the direct decay simulations while th
dashed arrows are other possible decays.
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C. Decay of the two-phonon state

For excitation energies in40Ca around 34 MeV, corre
sponding to the structure observed in Fig. 16, the miss
energy spectrum@Fig. 17~b!# shows two main features. Firs
of all, a population of the GS and the 2.6 MeV state in39K is
observed. The angular correlations presented in Sec. I
show that this component does not correspond to the d
decay of a GR but is due to a new dynamical effect.
shown in Fig. 17~c!, this contribution completely disappea
when restricting the coincidence to backward detectors
cated between1120° and1235° in the laboratory.

More surprisingly, various peaks located around 26 M
missing energy show up, superimposed on a broad contr
tion. At these high excitation energies in40Ca, two protons
can be emitted, while only one is detected. If the first pro
is detected, peaks in the missing energy spectrum mean
a small number of states must be preferentially populate
39K around 17 MeV excitation energy. In the same way,
we detect the second emitted proton which populates
38Ar, peaks will show up only if the initial excited nucleu
40Ca, has decayed through particular states in39K, to well
defined low lying states in38Ar. This is precisely the picture
expected for the direct decay of a two-phonon state. Fo
statistical decay, no structure is expected in the missing
ergy spectrum. This is shown by theCASCADE calculation
performed for this energy region which predicts a bro
bump without any structure, centered around 28 MeV in
missing energy spectrum~histogram!. In both spectra@Figs.
17~b! and 17~c!# an excess of cross section is observed c
tered at 26 MeV.

Figure 18 sketches the direct decay scheme of GR
well as the proton direct decay of a double and a triple GR
40Ca. For the single phonon~GR!, the proton direct decay
populates the GS and the first hole states at 2.6 MeV of
39K. For a double GR two protons are emitted. The fi
emission will populate the hole states of the daughter nuc
coupled to the GR, and the second emission will feed
two-hole states of the final nucleus. A similar pattern wou
occur for the decay of the three-phonon state, feeding
g
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three-hole states of theA-3 nucleus.
In order to ascertain if the peaks observed in the miss

energy spectra are related to two-phonon excitations, a si
lation of the direct decay of a double GR was performed w
the following hypothesis. Both components of the GR~at 14
and 17.5 MeV! are assumed to populate by direct decay
GS and the first excited hole state at 2.6 MeV in39K with
equal probability, using the information as extracted from
study of the GR decay. The GR built on the GS of39K can
either populate the GS or the first excited two-hole state
38Ar at 2.1 MeV, while the GR built on the first excite
one-hole state of39K can only decay to the excited two-hol
states of38Ar, either the same 2.1 MeV state as mention
above or a higher energy state. However, our present
does not provide enough information to know precise
which state is involved, and so our simulation will not in
clude this last possible decay to a higher energy state. Th
different decay combinations taken into account give rise
well defined values of the missing energy. Due to the dou
bump of the single GR, ten values, shown by solid bars
Fig. 17~d!, contribute to the missing energy spectrum. Ta
ing into account the experimental resolution~800 keV! and a
phonon width of 1.8 MeV for each the bump of the GR, t
final result ~histogram! exhibits a shape with four peaks i
remarkable agreement with what is observed in the exp
mental missing energy spectrum. In this simulation we
sume that whenever the first phonon has decayed dire
the second phonon has undergone a direct decay as
However, if we take into account that the direct decay p
centage is 30% for each of the phonons, we would exp
that when the first phonon has decayed directly the sec
phonon has a 30% chance to decay directly and a 7
chance to decay statistically. The dot-dashed spectrum is
tained with this assumption, usingCASCADE whenever the
GR in 39K decays statistically. In this case the peaks s
persist but are less pronounced.

Another possible contribution to the missing energy sp
trum built with one detected proton could come from t
directn-p decay channel. If we rely on the neutron to prot
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56 3199PROTON EMISSION IN INELASTIC SCATTERING OF . . .
ratio predicted for a purely statistical decay of the GR
40Ca, the double direct decay through a neutron first and th
a proton should be small. Nevertheless, if such a case d
occur, due to the high threshold for neutron emission, on
the GS of 39Ca would be populated, coupled to the secon
GR. Then, if we assume a proton direct decay to the GS
38K only, the corresponding missing energy would be 23
MeV, feeding the second lower peak observed in the da
and also predicted by the proton-proton direct decay simu
tion. Therefore, the presence of such a decay channel wo
not alter the peaks predicted by the simulation, and was
taken into account. The comparison of the experimen
missing energy spectrum that presents peaks around the
citation energy of the GR in39K and the direct-decay simu-
lation that predicts such peaks for a direct decay of a tw
phonon state in40Ca conclusively demonstrates the existen
of the double phonon built with the GQR in40Ca.

D. Higher excitation energy region

The method developed previously can be applied
search for higher order phonon strength. The missing ene
spectrum for the backward detectors located between1120°
and 1235° is extracted for an excitation energy in40Ca of
about 50 MeV~around the expected three-phonon excitatio
energy! and is shown in Fig. 19 together with the statistica
decay calculation performed withCASCADE. The large bump
around 30 MeV missing energy is rather well reproduced
this calculation although some excess strength is presen
tentative three phonon decay simulation has also been p
formed assuming a 100% proton direct decay branch feed
with equal probability the ground states of39K, 38Ar, and
37Cl, and their first excited hole states at 2.6, 2.1, and 1
MeV, respectively. Obviously other excited states, label
with question marks in Fig. 18, ought to be included to tak
into account all the possible direct decays. Our present d

FIG. 19. Missing energy spectrum gated on the 40 to 55 Me
excitation energy region for the backward detector located betwe
1120° and1235°. The histogram is the result of theCASCADE

calculation while the solid line results from the simulation of th
direct decay of a three-phonon state~see text!. Vertical bars indicate
the missing energy corresponding to the various decay paths.
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however, with only one proton detected out of three emit
particles, does not provide enough information as to w
other states are involved in the decay. Thus no definite c
clusion can be draw from our data on the possible prese
of a three-phonon state. In order to obtain more exclus
information and be able to sign the direct decay of a thr
phonon state, one would have to detect all the decaying
ticles simultaneously.

VI. CONCLUSION

Inelastic scattering of40Ca on 40Ca at 50 MeV/nucleon
was studied in coincidence with protons measured ove
large angular domain. An analysis of the inclusive inelas
spectrum shows that the giant resonance region is domin
by the excitation of the isoscalar GQR superimposed o
background. At higher excitation energies, several mec
nisms contribute to the inelastic cross section. Particle co
cidence measurements are demonstrated to be a pow
tool to disentangle these contributions.

In a cone of 30° around the beam direction, the pro
cross section is dominated by fast protons emitted fr
pickup breakup reactions. This mechanism accounts fo
most 30% of the inclusive inelastic cross section at appa
excitation energies above 30 MeV. Evidence for a pro
knockout process is seen at angles around the recoil direc
and for apparent excitation energies between 18 and
MeV.

Centered around140°, a component of fast moving pro
tons is observed, which strongly feeds the GS and the
excited states of39K. However, the angular distribution o
this component is consistent neither with the direct decay
high-energy giant resonances, nor with pickup breakup re
tions. The production mechanism of these protons rema
for the moment an open question which should be addres
by dedicated experiments in order to enhance our knowle
of the rich phenomenology of very peripheral heavy ion e
counters.

The investigation of target excitations with no contrib
tion from other mechanisms is made possible by gating
backward emitted protons. The GQR region in40Ca was
found to have a 23% direct decay branch towards the gro
state and first excited state in39K. Furthermore, through the
observation of its specific direct decay pattern, the prese
of the double GQR has been demonstrated in the excita
energy region between 30 and 38 MeV. The ene
(34.860.5 MeV! and width (8.862 MeV! of this state are in
agreement with a harmonic picture of collective nuclear
citations. The cross section ratio between the one-pho
state~the GR! and the two-phonon state found to be 1568 is
consistent with theoretical calculations@37#. Heavy-ion in-
elastic scattering at incident energy around 50 MeV/nucle
combined with particle decay measurement is thus a uni
tool to investigate multiphonon states built with the gia
quadrupole resonance in nuclei. Recently, the two-pho
GDR was observed in various nuclei with different expe
mental probes: pion double charge exchange reaction
LAMPF ~Los Alamos! @40,41#, and relativistic heavy-ion
Coulomb excitation at SIS~Darmstadt! @42–44#.

Up to now, the existence of the two phonon GQR and
two phonon GDR has been clearly established. No solid e

en
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dence of triple phonon states has been found to date.
most promising path towards the observation of the tri
GQR is the particle decay method presented here. Howe
the present experimental setup, with a particle detection
ficiency of less than 3%, cannot meet the challenge
straightforward way to increase this efficiency would be
use of a 4p charged particle array in coincidence with
spectrometer. This would also allow to detect simultaneou
Ja
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,
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all particles emitted by a multiphonon state, leading to
more precise understanding of its decay.
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