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Excitation of the isovector giant monopole resonances via thenatPb„3He,tp… reaction
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The natPb(3He,t) reaction and the subsequent decay of the excited nucleus by proton emission at backward
angles were studied atE(3He)5177 MeV with the aim to separate the 2\v isovector monopole strength in Bi
isotopes from the continuum background. Since the continuum is largely due to quasifree processes associated
with forward-peaked high-energy protons, the observed resonance-to-continuum ratio is drastically improved
when coincidences between ejectile tritons and protons emitted at backward angles are required. Furthermore,
the cross section for the monopole resonances excited via (3He,t) is, unlike the cross sections for higher
multipolarity excitations, strongly forward peaked. By comparing coincidence spectra atu t'0° and at finite
angles, monopole strength was found in the region245,Q,230 MeV. The measured monopole cross
section is compared with distorted-wave Born approximation calculations for spin-flip and non-spin-flip is-
ovector monopole excitations. It is found that 20% of the respective non-energy-weighted sum rules are
exhausted in the proton-decay channel.
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I. INTRODUCTION

Isovector giant monopole resonances have been a su
of special interest for many years already@1#. They are clas-
sified as two different modes. The first one is the isovec
non-spin-flip giant monopole resonance~IVGMR, DL50,
DS50, DT51) for which the excitation can be describe
macroscopically by compressional, out-of-phase breath
oscillations of protons and neutrons in the nucleus. The s
ond one, the isovector spin-flip giant monopole resona
~IVSGMR, DL50, DS51, DT51), is the spin-flip partner
of the IVGMR. The IVSGMR is not so easily depicted in
macroscopic picture. However, from a microscopic point
view the two resonances are very similar. Both resonan
are described as coherent superpositions of 2\v one-
particle–one-hole~1p-1h! transitions with a change in prin
cipal quantum numberDN51 and no change in orbital an
gular momentum (DL50) @2,3#.

The IVGMR and IVSGMR are of intrinsic interest be
cause they represent fundamental modes of collec
nuclear excitations induced by a compressive force and
an important role in understanding nuclear-structure
Coulomb effects. The IVGMR is thought to mediate isosp
symmetry breaking and isospin mixing via the long-ran
monopole term of the Coulomb interaction between
IVGMR and the isobaric analog state~IAS! @4,5#. On the
other hand, experimental information about the IVGMR a
IVSGMR is scarce. This is due to a combination of th
large widths (;10 MeV) and the presence of a large no
resonant continuum background in the reaction spectra.

Until recently, evidence for the IVGMR was only foun
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via DTz511 charge-exchange reactions: the (p2,p0) reac-
tion on various targets@6–8# and the60Ni( 7Li, 7Be) reaction
@9#. This can be understood since forDTz511 charge-
exchange reactions the resonances have a lower excit
energy, their final states have only one isospin (T5T011;
T0 is the isospin of the target ground state!, and competing
1\v resonances, such as the isovector giant dipole re
nance~IVGDR, DL51, DS50) and the isovector spin-flip
giant dipole resonance~IVSGDR, DL51, DS51, DJ
50,1,2), are absent or at least strongly Pauli blocked. S
the interpretation of the above-mentioned experimental
sults is seriously hampered because of the continuum b
ground. Other attempts to locate the IVGMR, using t
(p1,p0) @6–8#, 90Zr(n,p) @10#, (13C,13N) @11–13#, and
124Sn(3He,tn) @14# reactions, have been unsuccessful or
best ambiguous. Excitation of the IVSGMR was conjectur
in the study of (3He,t) singles spectra at projectile energi
of 600 and 900 MeV@15,16# and the (p,n) reaction at 795
MeV @17#. Also, in these cases, the interpretation is ambig
ous. Very recently, a comparative study of the (pW ,nW ) reac-
tions at 200 MeV and 800 MeV bombarding energies@18#
gives an indication of the excitation of a strong resonance
forward scattering angles, suggesting the presence of
IVSGMR.

Since the early 1970s, various theoretical approaches h
been developed to describe the IVGMR and IVSGMR. Tra
sition matrix elements of the IVGMR were estimated
Auerbach in 1972@19#. In 1975, calculations in a hydrody
namical framework were performed by Auerbach a
Yeverechyahu@20#. In anticipation of the experimental re
sults from thep-charge-exchange experiments, microsco
calculations for the IVGMR were performed@2,21,22#. Inter-
pretation of the IVSGMR in terms of hydrodynamical calc
lations is complex because of the difficulty in treating t
d-
©2001 The American Physical Society13-1
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spin degree of freedom. Auerbach and Klein performed c
culations for the IVSGMR in a Hartree-Fock, random-pha
approximation~HF-RPA! framework@3# and concluded tha
the strength distributions for the IVGMR and IVSGMR a
similar in location and shape. The relative contributions
the two resonances to the monopole cross section are d
mined by the energy dependence of the effective nucle
nucleon (NN) interaction and theQ-value dependence of th
reaction mechanism@23,24#. At bombarding energiesE
>100 MeV/nucleon, isovector non-spin-flip transitions m
diated through theVt component of the effective force ar
weak compared to contributions from spin-flip transition
which are mediated through theVst andVTt components of
the force. The opposite is true forE<50 MeV/nucleon. Fur-
thermore, at low bombarding energies the cross section
the IVSGMR and IVGMR are expected to decrease stron
as a function of their excitation energy because of the
creasing momentum mismatch~see also below!. This article
deals with the study of thenatPb(3He,t) reaction atE(3He)
5177 MeV. The basic results have previously been repo
in Ref. @25#. The expected cross section for the IVGM
reaches a maximum at this bombarding energy, although
still considerably lower than that expected for the IVSGM

In order to investigate the various giant resonances
cited in charge-exchange reactions often a phenomenolo
description for the quasifree processes is employed to
move their contributions from the measured spectra. T
method was introduced by Erellet al. @6# for the
p-charge-exchange reaction. It can, however, lead to la
systematic errors for the extracted giant-resonance cross
tions and is not applicable to investigate the IVGMR a
IVSGMR excited via the single-arm (3He,t) reaction dis-
cussed in this paper. Therefore, an exclusive measurem
was performed by requiring coincidences between the trit
at very forward angles, including zero degrees, and prot
emitted at backward angles. In this way the relative con
bution of the continuum background is strongly reduc
This method is based on the fact that the quasifree c
tinuum is largely due to the breakup pickup~BU!, i.e.,
breakup of the projectile and subsequent nucleon pic
from the target, and charge-exchange knockon~KO! reac-
tions. Both processes are associated with forward-pea
high-energy protons in coincidence with the tritons@26,27#.
In the plane-wave impulse approximation~PWIA!, their
cross sections are simply but realistically expressed as

d2s

dV1dE1
~BU!5phase space3uT2Au2UFS pW 12

1

3
pW [ 3He] D U2

,

~1!

d2s

dV1dE1
~KO!5phase space3uT1Au2uF~pW 1!u2, ~2!

where particle 1 is the emitted proton. In BU, a proton ins
the 3He is a spectator andT2A is theT matrix for quasifree
single-neutron pickup leading to the outgoing triton. In K
the proton results from a quasifreen(3He,t)p reaction. The
factor uFu2 gives the momentum distribution of the specta
proton inside the projectile in BU and that of the stru
03461
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neutron in KO. Both cross sections are forward peaked
BU by the spectator momentum distribution and in KO
the properties of the quasifreeT matrix. Since particle decay
from monopole resonances, like the IVSGMR and IVGM
is isotropic, the requirement of a coincidence between a
ward triton and a proton emitted at backward angles stron
suppresses the contribution of the BU and KO processe
the continuum background and thus increases the resona
to-continuum ratio.

Of course, the applicability of the method strongly d
pends on the branching ratios for proton decay from the re
nances under investigation. Roughly speaking, decay f
an excited nucleus can occur in two ways. The first one
direct decay~associated with the escape width,G↑), i.e., par-
ticle emission from the first step due to a strong over
between the 1p-1h excited stated and the ground or sin
hole state of the residual nucleus coupled to a particle in
continuum. This decay mode is, in the case ofDTz521
excitations, strongly associated with proton decay, beca
the doorway states of the resonances ha
1p(particle)-1n(hole) structure~for DTz511 excitations,
the situation is reversed and a neutron particle in the c
tinuum and a proton-hole state is created, thus resulting
direct neutron emission!.

The second decay mode is associated with decay from
so-called compound nucleus, i.e., after the excited state
coupled to more and more complex configurations (np-nh)
and reached statistical equilibrium. Different decay chann
will compete and emission will occur statistically~the result-
ing width is the so-called spreading widthG↓). In the case of
heavy nuclei, this decay channel is strongly dominated
neutron~and g) emission, since the Coulomb barrier effe
tively inhibits statistical decay by proton emission. If stat
tical decay is dominant, then sufficiently high rates can
expected by investigating the neutron-decay channel. Al
this line of thought an experiment was performed to meas
the IVGMR and IVSGMR via the124Sn(3He,tn) reaction
@14#, requiring coincidences between tritons at forwa
angles and neutrons at backward angles. However, no
dence for the presence of the IVGMR and IVSGMR w
obtained.

It should also be noted that decay from an intermedi
state in the equilibriation process~preequilibrium! also oc-
curs.

Over the last decade, there has been growing evide
that doorway states of the giant resonances excited via
(3He,t) reaction have nonvanishing escape widths for dir
proton decay into low-lying neutron hole states. To
branching ratios for the direct proton decay channel for
Gamow-Teller resonance~GTR, DL50, DS51) of 4.9%
61.3% @28,29# and for the isovector spin-flip giant dipol
resonance~IVSGDR! of 13.4%63.9% @29,30# have been
reported, both excited via the208Pb(3He,t) reaction at 450
MeV. These results are well reproduced by calculations in
extended continuum RPA framework by Moukhaiet al. @31#.
Similar calculations predict a high proton branching rati
(>50%) for both the IVGMR and IVSGMR in208Bi @32#.
This is due to two effects. First, for these resonances a
excitation energy of approximately 35 MeV, the availab
3-2
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EXCITATION OF THE ISOVECTOR GIANT MONOPOLE . . . PHYSICAL REVIEW C 63 034613
kinetic energy for proton decay is large, thereby diminish
the importance of the Coulomb barrier. Second, the auth
argue that the spreading width saturates at higher excita
energies. The branching ratio for direct proton decay t
increases with excitation energy, making it a useful probe
locate these resonances. Furthermore, investigating
branching ratios for direct proton decay of a giant resona
is of great interest, since the results serve as a quantita
test of the wave functions which result from microscop
theoretical calculations.

The expected nonvanishing branching ratios for decay
proton emission from the IVSGMR and IVGMR and th
method of increasing the resonance-to-continuum ratio
requiring coincidences between the forward triton and ba
ward emitted proton form the basis for the presently d
cussed experiment.

II. EXPERIMENTAL SETUP

A 177 MeV 3He21 beam was accelerated with the AGO
cyclotron at KVI and transported to Big-Bite Spectrome
~BBS! @33#. The target was a metallic foil ofnatPb with a
thickness of 7.8 mg/cm2 thickness. A focal-plane detectio
system constructed at IPN Orsay@34,35# ~see Fig. 1! was
used to detect the tritons. Two cathode-strip chamb
~CSC’s! put in the focal plane of the BBS to serve
position-sensitive detectors. Each CSC consists of
planes: a central cathode plane, two cathode-strip planes~one
on each side of the central plane!, and two anode-wire plane
which are placed between the cathode-strip planes and
central cathode plane. The electron avalanche at the a
wires created through gas ionization by a passing part
induces an image charge on the cathode strips. These ch
signals are preamplified and read out. The centroid of
charge distribution is calculated on-line by a digital-sign
processor~DSP!. For details on the electronics of the dete
tion system, see Ref.@36#. Each of the CSC’s has so-calle
‘‘ U-type’’ and ‘‘V-type’’ planes; i.e., their strips are at righ
angles with each other and at 45° with the horizontal pla
From theU andV coordinates found in each of the CSC’

FIG. 1. The focal-plane detection system made by IPN Or
which consists of the cathode-strip chambers~CSC’s!, scintillators,
ionization chamber, and parallel-plate avalanche counter~PPAC!
~the latter two were not used in the present experiment!. The CSC’s
are placed inside a vacuum tank which is fitted to the exit of
dipole magnet of the BBS spectrometer.
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horizontal and vertical positions in the detectors can be
culated and by combining the results of the two CSC’s
horizontal and vertical angles can be determined. The c
odes consist of 128 gold strips with a width of 6 mm and
pitch of 6.4 mm. The anodes consist of gold-plated tungs
wires with a diameter of 20mm and with a pitch of 3.2 mm.
The central cathode decouples theU and V parts of the
chamber and the electric field in each part is shaped by
anode plane and two cathode planes. The distance betw
each of the anodes and the central cathode is 8 mm and
distance of the anodes to the stripped cathodes is 6 mm.
total surface of the detection area is 9743250 mm2. The
detector gas used was an argon-ethane mixture~80%/20%!
and was kept at a pressure of 1 bar. The CSC’s are pla
inside a vacuum tank. At the exit of the tank a 1 mmthick
stainless steel plate was mounted which enables the part
to reach a segmented scintillator stack that is mounted
hind the vacuum tank. The first layer of scintillators has fo
segments of 2 mm thickness each and the second layer
two segments of 5 mm thickness each. The stack serves
ferent purposes. It provides the event trigger, gives the s
signal for the time-of-flight~TOF! measurement with respec
to the rf of the cyclotron of particles passing through t
spectrometer, and is used for particle identification and
clusion of experimental background by means ofDE-E mea-
surements.

The BBS consists of two quadrupole magnets and a
pole magnet. The two quadrupole magnets are located
stream from the dipole magnet and the distance with res
to the dipole magnet can be varied to change the opt
properties of the spectrometer. For this experiment, mod
~for details, see Ref.@33#! was used. In this mode, the BB
has a large maximum solid angle~9.2 msr, i.e., a maximum
horizontal opening angle of 66 mrad and a maximum verti
opening angle of 140 mrad!, which allows one to cover a
large angular range in one setting. The opening angle of
BBS was set to center around21° with respect to the beam
i.e., the beam entered the spectrometer off center, along
concave~shorter-radius! edge of the dipole. The beam wa
stopped in a Faraday cup which was placed inside the dip
magnet. The beam current (;1 e nA) was read out for ab-
solute cross-section determination. Careful tuning of
beam could not prevent some scattering in the Faraday
to be present in the measured data. However, since the
was shielded from the detectors used for measuring de
protons from the target at backwards angles~see below!, this
background can only contribute to random coincidences
tween tritons in the focal plane and decay protons.

Relevant experimental observables~i.e., the scattering
angle and momentum of the scattered particle! are found by
tracing measured quantities in the focal plane back to
target. The parameters needed to perform this ray tracing
deduced from a calibration measurement using a ‘‘sieve s
which is placed in front of the opening of the spectrome
~for the procedure, see@37#!. Although such a calibration
was performed during this experiment, a special ang
defining aperture was used to make hardware cuts in
solid angle of the BBS. This aperture is displayed in Fig.
There are three rectangular holes, centered at vertical s
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e
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R. G. T. ZEGERSet al. PHYSICAL REVIEW C 63 034613
tering angles of22.9°, 0°, and12.9°, with vertical opening
angles of 1.15°, 2.3°, and 1.15°, respectively. The horizo
opening angle was 3.8° and thus triton scattering angles
tween 0° and;4.7° were covered. The central hole in th
aperture encompasses the maximum(0°) of theangular dis-
tributions of the IVSGMR and IVGMR~see below! and will
be referred to as ‘‘gate I’’ throughout this article. The ave
age scattering angle in gate I is 1.4°. The upper and lo
holes encompass the first minimum in the angular distri
tions of the IVGMR and IVSGMR (;3°) and the combina-
tion of the two is called ‘‘gate II.’’ The average triton sca
tering angle for this gate is 3.2°. Using these gates, v
clean cuts in scattering angle are obtained.

Although the momentum bite of the BBS is large~19%!,
the momentum range was limited by the focal-plane de
tion system and the need to reduce experimental backgro
A Q-value range of 33 MeV could be covered. It was d
cided to measure the range betweenQ5215 MeV andQ
5248 MeV, since besides covering the range of interest
the IVGMR and IVSGMR~expected atQ;238 MeV with
a width of ;10 MeV), also the IAS (Q5218.1 MeV) will
be included in the spectra, which is convenient for calib
tion purposes and comparison with previous experime
results. Matters are complicated by a seriously degra
resolution of the vertical scattering angle when the BBS
tuned to give point-to-point focusing from target to foc
plane. This is due to the fact that the vertical position in
focal plane is the main parameter for determining the vert
component of the scattering angle and, as explained ab
this information is crucial for the experiment. The proble

FIG. 2. The angle-defining aperture used to obtain very ac
rately defined cuts in the opening angle of the spectrometer~see
text!.
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can be solved by increasing the magnetic fields of the fi
quadrupole magnet to move the vertical focal plane upstre
and approach point-to-parallel focusing. For the BBS
mode B, applicability of this method is restricted by the lo
in vertical acceptance and the method only works for par
the momentum bite. TheQ-value range where good vertica
position resolution in the focal plane and thus good reso
tion for the vertical component of the scattering angle can
obtained was chosen to be betweenQ5227 MeV andQ
5248 MeV. This is, of course, the range of interest for t
IVGMR and IVSGMR. The energy resolution obtained w
360 keV. The energy resolution of the spectrometer and
incoming beam contributes 250 keV to this number. T
remainder is due to the difference in energy loss in the ta
for tritons and3He, respectively.

Protons were detected in the so-called ‘‘Silicon Bal
@37#. For the present experiment it consisted of 15 lithiu
drifted silicon @Si~Li !# detectors, each of which has a thic
ness of 5 mm and an effective area of 450 mm2. A drawing
of the configuration used is shown in Fig. 3. Fifteen detect
were placed at polar angles ranging from 95° to 160° a
azimuthal angles between220° and 40°, each at a distanc
of 10 cm from the target. One position, in the central ar
was left open to allow the beam to pass through. Almost
of the full solid angle was covered. The detectors we
cooled through conduction by liquid alcohol to a temperat
of 230 °C to improve the resolution to a typical value of 3
keV @38#. Because of the limited thickness of the Si~Li ! de-
tectors, protons with an energy higher than 30 MeV w
punch through and consequently deposit less than their
energy~see Fig. 4!. This results in an ambiguity in the de
termination of proton energy for decay from highly excite
states in the present experiment and it is, therefore, diffi
to distinguish between the various decay modes~direct, sta-
tistical, or semidirect! as will become clear in the discussio
of the results below. In the experiment, it was not necess
to perform particle identification@by means of puttingDE
detectors in front of the Si~Li ! detectors# for particles emitted

-

FIG. 3. The Silicon-Ball charged-particle detector as used in
natPb(3He,tp) experiment at KVI. The detectors themselves are
shown. One position is left open for the beam~as indicated by the
arrow! to pass through. Generally speaking, the position and n
ber of detectors are adjustable to match demands for specific
periments.
3-4
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EXCITATION OF THE ISOVECTOR GIANT MONOPOLE . . . PHYSICAL REVIEW C 63 034613
at backward angles. Decay bya-particle emission is, as a
consequence of the Coulomb barrier, strongly inhibited a
can be neglected.3He particles due to elastic scattering fro
the target and deuterons from breakup processes are stro
forward peaked and, moreover, only contribute to rand
coincidences. The prompt-to-random coincidence ratio w
approximately 3 to 1.

During the experiment, singles and coincidence data w
taken simultaneously. The former were downscaled by a
tor of 16. The focal-plane detection efficiency was 98%,
termined by comparing the accepted events with the num
of triggers from the scintillator detectors. The electronics l
time was 99%.

III. SINGLES DATA

In Fig. 5 the singlesQ, value spectrum is shown. TheQ
values for the excitation of the IAS in Bi for the variou
isotopes innatPb (52.3%208Pb, 22.6%207Pb, 23.6%206Pb,

FIG. 4. The energy deposited in 5 mm thick Si~Li ! detectors as
a function of proton energy. At a proton energy of approximately
MeV the protons punch through the detector and deposit less
ergy. The dotted lines indicate the uncertainty due to stragg
~note that the intrinsic detector resolution is only 30 keV!.

FIG. 5. SinglesQ-value spectrum for thenatPb(3He,t) reaction
at 177 MeV andu t521°. A phenomenological approximation fo
the continuum background~see text! as well as the estimated con
tribution to the spectra from the IVGMR and IVSGMR is drawn
03461
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and 1.5%204Pb) are similar (218.06 MeV, 218.12 MeV,
218.16 MeV, and218.27 MeV @39#, respectively! since
they essentially depend on the Coulomb displacement. W
the resolution of 360 keV, they cannot be distinguished a
the IAS’s were observed as one single peak. The large bu
in Fig. 5 atQ;25 MeV is due to the IVGDR and IVSGDR
the GTR is situated between the IAS and this bump, but
hardly be distinguished. An estimate of the continuum ba
ground is drawn in the figure based on the phenomenolog
description by Errellet al. @6#. Estimates for the parameter
used are very similar or equal to the ones used in Ref.@40#.
An estimate for the combined cross section due to
IVGMR and IVSGMR is also shown~the cross-section cal
culations are discussed below!, situated at and assumedQ
5238 MeV and a width of 10 MeV. As can be seen, it on
accounts for a small fraction of the total cross section c
tained in the continuum and, with the uncertainty in the d
scription of the quasifree continuum and possible contam
tions due to experimental background, it is impossible
draw any conclusions on its existence from such a sing
spectrum.

Figure 6 shows a level scheme for the various resonan
excited via the208Pb(3He,t) reaction. The positions of the
resonances are expected to be very similar for the variou
isotopes. Note that theQ values for the decay by proto
emission from the relevant Pb isotopes are equal within
MeV. TheQ value for the IVGMR was calculated using@41#

QIVGMR5QIAS2V0A21/32~T011!V1 /A, ~3!

whereV0 and V1 depend on the model used. It is assum
that only the lowest of the three possible isospin compone
of the IVGMR is excited. This is to a large extent true f
heavy nuclei with large neutron excess@in the case of208Pb
more than 95% of the transition probability should go to th
component, as estimated from the isospin-coupling~Clebsch-
Gordan! coefficients#. In the hydrodynamical modelV0

0
n-
g

FIG. 6. Level scheme indicating the various giant resonan
excited via the208Pb(3He,t) reaction and their subsequent decay
proton emission.
3-5
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R. G. T. ZEGERSet al. PHYSICAL REVIEW C 63 034613
equals 170 MeV@41# but other approaches@2# suggest a
lower value of 155 MeV.V1 has been found to be strong
quenched with respect to the single-particle symmetry po
tial ('100 MeV @41#! and is approximately 60 MeV
@2,20,42,43#. We thus find a rough estimate of238 MeV
for theQ value of the IVGMR in208Bi. For the width of the
IVGMR the situation is very unclear. Predictions vary b
tween 5 and 15 MeV@2,5,6,20#. The Q value for the IVS-
GMR is assumed to be equal to that of the IVGMR. For t
isovector giant quadrupole resonance~IVGQR! V0 was taken
130 MeV @1#. The positions of the GTR and IVSGDR wer
taken from Refs.@28–30# and the position of the IVGDR is
taken from Ref.@44#.

Calculations in the distorted-wave Born approximati
~DWBA! framework were performed to estimate the cro
sections of the IVGMR and IVSGMR excited through th
208Pb(3He,t)208Bi reaction. To this end, wave functions pro
jected on a complete 1p-1h basis were calculated i
normal-mode procedure@41,45#. In this approach, the re
sponse of the nucleus to the action of an operatorO is ex-
panded over the 1p-1h basis:

uNMT,LSJM&5N21(
ph

v j h
uj p

u j p , j h
21 ;JM&

3^ j pj h
21 ;JMuuOT,LSJuu0&. ~4!

For isovector non-spin-flip modes the operator is

OT51,L0J5r lYLtz , ~5!

where l usually equals the multipolarityL except for the
IVGMR, in which casel52, andtz is the third componen
of the isospin operator. The ground-state neutron-hole oc
pation probabilities, represented by the fullness param
v2( j ), and the proton-particle occupation probabilities, re
resented by the emptiness parameteru2( j ), were chosen as
unity and zero, respectively, since208Pb is a doubly magic
nucleus. Generally speaking,v j

21uj
251 holds for all j. For

isovector spin-flip modes the operator is

OT51,L1J5r l@s ^ YL#Jtz . ~6!

Similar to the non-spin-flip case,l usually equalsL, except
for the IVSGMR, in which casel52.

The factorN in Eq. ~4! is chosen such that the norm
mode exhausts the full multipole strength:

STLJ5(
M

u^NMT,LSJMuOT,LSJu0&u2

5(
ph

v j h

2 uj p

2 u^ j p , j h
21 ;JMuuOT,LSJuu0&u2. ~7!

In other words, 100% of the non-energy-weighted sum r
~NEWSR! associated with the operatorOT,LSJ is exhausted.
For the IVGMR and IVSGMR, which are 2\v, Jp501 and
11 transitions, respectively, many p-h configurations co
tribute. Calculations were performed using the codeNORMOD
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@46#. The strengths calculated for the IVGMR, IVSGMR
and also the IAS and GTR are listed in Table I.

The value found for the strength of the IAS, when mul
plied by 4p @because of the presence ofYL with L50 in the
operator definition~4!#, equals 44, which is the Fermi sum
rule (N2Z) for 208Pb. Likewise, if the value found for the
GTR is multiplied by 4p, the Ikeda-Fujii-Fujita sum rule
3(N2Z) is found. The values for the IVGMR and IVSGMR
are larger than the results from the HF-RPA calculations
Auerbach and Klein@2,3# by a factor of 2 –3. Note that the
definition for the monopole operator used by these auth
differs by a factorA8p from Eq. ~5!. If this is taken into
account, their numbers for the strength of the IVGMR a
IVSGMR, 2.53104 fm4 and 4.53104 fm4, respectively,
become 1000 fm4 and 1776 fm4. The reason for this over
estimation is similar to the difference between HF-RPA a
Tamm-Dancoff~TD! calculations@3#, namely, that the HF-
RPA approach takes ground-state correlations into acco
in contrast to the TD and normal-mode calculations.

DWBA calculations were performed using the co
DW81 @47#. An effective projectile-target interaction wa
used where the interaction is written in terms of Yukaw
functions ~for an extensive discussion see@24,48#!. Param-
eters for the interaction were taken from the prelimina
analysis of the12,13,14C(3He,t)12,13,14N reactions at 200 MeV
@49# and from the40Ca(3He,t)40Sc(21

2151
2) reaction at 197

MeV @50#, except for the central isospin strength (Vt) which
was determined from fitting the cross section of the IAS
the calculation. A value forVt of 3.560.1 MeV was found
~see below!, corresponding well to previously extracted va
ues from (3He,t) experiments at a similar bombarding e
ergy @37,40#. The other parameters were taken:Vst
523.5 MeV, VTt523.0 MeV, whileVLSt was kept zero
@24#. The 3He optical-model parameters were taken from t
literature (3He on 208Pb at 217 MeV@51#!. For the tritons the
potential-well depths were taken 85% of the depths for
3He particles@52#.

Results for transitions withDL50 ~top panel!, 1 ~center
panel!, and 2~bottom panel! are displayed in Fig. 7. In ad
dition to the IVGMR and IVSGMR, these include the resu
for the IAS, GTR, IVGDR, IVSGDR~components withJp

502,12, and 22 at Ex523.8 MeV, Ex522.9 MeV, and
Ex520.1 MeV, respectively@53#!, and IVGQR. The appro-
priate normal-mode wave functions for each resonance w
used. The monopole transitions peak at 0° and have a m
mum around 3°. The IVSGMR is dominant over th
IVGMR by more than a factor of 3. The summed cross s
tion of the IVSGMR and IVGMR at 0° is almost 30% of tha
for the IAS.

TABLE I. Transition strengths calculated in a normal-mode p
cedure~see text!.

Mode Strength

IAS 3.5
GTR 10.5
IVGMR 2229 fm4

IVSGMR 6146 fm4
3-6
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Figure 7 shows that the dipole resonances peak aro
2.5°. The 22 component of the IVSGDR is dominant. Th
IVGQR is more or less flat below 4°. Its cross section at
is larger than that of the IVGMR but lower than that of th
IVSGMR. Since the IVGQR is also expected to have a rat
large width, it overlaps with the IVSGMR and IVGMR
Therefore, these resonances can only be distinguished
comparing spectra at different scattering angles.

As a result of the fact that there was some experime
background present in the singles data which could no
taken away by applying software cuts in the off-line analys
only the angular distribution of the IAS was carefully inve
tigated, since it is such a well-defined peak. TheDW81 cal-
culations were transformed to the laboratory frame a
folded according to the angular apertures subdivided into
11 mrad wide bins. The comparison between the calculat
and experimental results are shown in Fig. 8, showing ex
lent agreement.

IV. COINCIDENCE DATA

Figure 9 shows the coincidenceQ-value spectrum. Its ba
sic structure is similar to that of the singles spectrum

FIG. 7. DWBA calculations for the monopole~top panel!, di-
pole ~center panel!, and quadrupole~bottom panel! isovector giant
resonances excited via the208Pb(3He,t) reaction at 177 MeV.
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strong peak due to the IAS and a bump atQ;25 MeV are
seen. The branching ratio for proton decay from the IAS
Bi was determined to be 69%63%, which is consistent with
the result of 64%64% obtained by weighting previousl
measured branching ratios of the IAS for the various targ
of Pb isotopes (73%614% for 204Pb, 60.5%64.2% for
206Pb, 67.7%64.5% for 207Pb @39#, and 63.5%63.0% for
208Pb @54#! with the isotopic natural abundances. This hi
branching ratio, which is associated with direct decay, is d
to the fact that decay from the IAS by~statistical! neutron
emission is isospin forbidden and is only possible as a re
of isospin mixing. Since the IAS is located above the Co
lomb barrier, proton decay is allowed.

Caution is needed to interpret the bump atQ;25 MeV.
In first instance, one would associate it with proton dec
from the IVGDR and IVSGDR. It can be shown using th
PWIA of Eq. ~2! @37,55,56#, however, that contributions
from charge-exchange KO to the coincidence spectra
peak around thisQ value. In both the direct-decay proce
from the IVGDR/IVSGDR and the KO process, the sam
neutron-hole residual states are populated and the two ca
be separated experimentally. It was also found that the p
ton detectors positioned at the most forward anglesup

FIG. 8. Differential cross section of the IAS as a function of t
laboratory horizontal angle and fitted DWBA calculation. The c
culated curve is folded over 11 mrad wide bins to compare with
data.

FIG. 9. CoincidenceQ-value spectrum for thenatPb(3He,tp)
reaction at 177 MeV andu t521°.
3-7
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595°) had significantly~factor of 2! more events than the
proton detectors at more backward angles. This is poss
another indication for KO or BU components in the coin
dent spectra. It must be realized, however, that decay f
the IVGDR and IVSGDR is also not isotropic and that it
therefore, impossible to draw conclusions on the nature
the bump atQ;25 MeV using these experimental resul
Better insight can only be gained by studying the coin
dences between tritons and protons emitted at much m
forward angles where BU and KO processes are domin
but this was not pursued in the present experiment. For
analysis of theQ value range of interest for the IVGMR an
IVSGMR, the proton detectors put at the most forwa
angles were excluded, as a result of the suspected high
tibutions form KO or BU.

In Fig. 10, the proton energy is plotted versusQ value.
The punch-through point (Q'238 MeV), i.e., the point at
which protons have sufficient energy to pass through
Si~Li ! detector~see Fig. 4!, is indicated. The dark diagona
band in Fig. 10 corresponds to a combination of decay fr
the excited nuclei to low-lying neutron-hole states~direct
decay! and BU and KO processes. AtQ values below
238 MeV, a very weak punch-through band can be dis
guished ~see Fig. 4!. Protons emitted from the excite
nucleus in a statistical way are expected to have an energ
approximately 10 MeV and to make up 0.1% of the to
statistical decay according to calculations with the codeCAS-

CADE @57#. Although protons of;10 MeV are detected, it is
impossible to assign them to a certain decay process.

In order to investigate the possible presence of monop
strength, the (3He,tp) spectra at different triton scatterin
angles were compared. The gates set by the angle-defi
aperture~Fig. 2! were used. The result is shown in Fig. 1
The top panel shows theQ-value spectra for GATE I and
GATE II and the bottom panel is the difference between
two. There is clearly an excess cross section in GATE I, i
forward scattering angles, which is a signature of monop
contributions to the spectra. The total excess in cross sec
in GATE I with respect to GATE II is 2462.8 mb/sr2. The
data points in the highestQ-value bin ~45–48 MeV! have

FIG. 10. Proton energy versusQ for the natPb(3He,tp) reaction
at 177 MeV. The point where high-energy protons punch throu
the 5 mm thick Si~Li ! detectors is indicated~see Fig. 4!.
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slightly larger error bars since a fraction of the opening an
below the median was cut due to a missing strip in the foc
plane detector and only events with a positive vertical sc
tering angle were used.

The angular correlation of the excess in cross section
forward triton scattering angles as a function of proton an
is plotted in Fig. 12. To make these figures, detectors w
~nearly! the same polar angle@Fig. 12~a!# and azimuthal
angle@Fig. 12~b!# are grouped together. The angular corre
tion is consistent with isotropy, as is expected for decay fr
monopole resonances. It is certainly not forward peaked a
therefore, these events are not due to KO or BU. We c
clude that monopole strength has been found. For the de
mination of the exhaustion of sum-rule strength of the IV
GMR and IVGMR, the measured excess cross section
integrated over the full proton solid angle, with a result
301635 mb/sr.

V. INTERPRETATION AND CONCLUSIONS

In order to determine the exhaustion of the NEWSR
the IVGMR and the IVSGMR, the experimental results ha
to be compared with the DWBA calculations. For the latt

h

FIG. 11. ~a! Coincidence spectra for thenatPb(3He,tp) reaction

at 177 MeV for ū t51.4° ~GATE I! and ū t53.2° ~GATE II!. ~b!
The difference between the spectra in~a!.

FIG. 12. Excess in counts at forward triton scattering angles~see
Fig. 11! per proton detector as a function ofup ~a! andfp ~b!. The
dotted line is the average excess in counts per detector.
3-8
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by definition the full NEWSR is exhausted because
normal-mode procedure was used to create the wave f
tions. Because of the large widths of the IVGMR a
IVSGMR, cross-section calculations were performed for
full Q-value range of interest. The result is shown in Fig. 1
The cross section drops strongly per unit strength as a fu
tion of 2Q. This is because of the increasing momentu
transfer with decreasingQ and the fact that the monopol
cross sections peak at zero momentum transfer. Although
IVSGMR is dominant by a factor of 3 over the IVGMR
contributions from the latter are not negligible. Since th
angular distributions are so similar, it is impossible to dist
guish between the monopole resonances from the pre
data.

The DWBA cross sections were folded over the open
angle defined by the special aperture and the experime
results were divided by these folded calculations. The
haustion of the NEWSR for the IVGMR and IVSGMR as
function of Q value is shown in Fig. 14. The strength dist
bution peaks atQ'241 MeV. The result of the highes
Q-value bin~45–48 MeV! is not included in Fig. 14, becaus
of the large error bar. The percentage of exhaustion in
bin is 20%615%, which indicates that more monopo
strength could be present beyond the range presently
ered. BetweenQ5230 MeV andQ5245 MeV a fraction

FIG. 13. Dependence of 0° cross sections of the IVGMR a
IVSGMR on Q.

FIG. 14. Strength distribution extracted from the experimen
results in terms of exhaustion of the NEWSR for the IVGMR a
IVSGMR as a function ofQ. The curve is the result of a fit with a
Lorentzian~reducedx253). Its width (G) is 11 MeV.
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of 0.2060.04 of the NEWSR is found in the proton-deca
channel. The curve in Fig. 14 is the result of a fit with
Lorentzian. Although the fit is poor, the extracted width (G)
of 11 MeV is comparable with the predictions. The e
hausted fraction of the NEWSR in the proton-decay chan
indicates that if the branching ratio for decay by proton em
sion is 20%, the full NEWSR for the IVGMR and IVSGMR
can be accounted for. If the calculation of the NEWSR in t
normal-mode framework is indeed a factor of 2–3 too hig
as suggested by the HF-RPA calculations, the branching
tio for proton emission from the IVSGMR and IVGMR
should be higher by the same factor~if a linear relationship
between strength and cross section is assumed! in order to
not to exceed full exhaustion of the NEWSR.

As a result of the punch-through effect, it is impossible
distinguish between the various decay channels~i.e., statisti-
cal, direct, or an intermediate channel!. However, an upper
limit for the direct decay to the neutron-hole states below
excitation energy of 5 MeV in the residual nuclei was det
mined, by assuming that all events that have a measu
proton energy corresponding to a punch-through proton
longing to such a decay, stem from direct decay only. It w
found that 40%620% of the total ‘‘monopole events’’ are
possible candidates for direct decay to these low-ly
neutron-hole states, which corresponds to 8%64% of the
normal-mode NEWSR. Since the statistical decay is v
unlikely, the results suggest that a large fraction of t
proton-decay channel goes through semidirect channel
direct channels to highly excited~deeply bound! neutron-
hole states.

So far, we have assumed that the IVGMR and IVSGM
are superimposed on a ‘‘background’’ that has a flat angu
distribution. Possible interference from other resonances
neglected. Although this is justifiable for the IVGQR, since
has a flat angular distribution, the tails of the IVGDR a
IVSGDR distributions could influence the results. Also t
possibility of high-lying Gamow-Teller strength cannot b
ignored. The latter is a related to the fact that only 60%
the Ikeda-Fujii-Fujita sum rule is recovered in the main pe
of the GTR @58#. It has been argued that this is caused
mixing of the 1p-1h states with 2p-2h states via the stro
tensor interaction@59–61# which would result in shifting of
Gamow-Teller strength to excitation energies up to 50 Me
The other possible explanation is an admixture of
D(1232)-isobar nucleon-hole (D-h) into the 1p-1h Gamow-
Teller state@62# leading to a shift of Gamow-Teller strengt
would be shifted to excitation energies of;300 MeV. In
this latter case, no contributions in the excitation-ene
range of importance for the IVGMR and IVSGMR is to b
expected.

Influence from the tails of the dipole resonances was
vestigated by applying cuts in the opening angle differ
from the hardware cuts defined by the aperture, using
ray-tracing capabilities for the BBS. Since the monopole a
dipole angular distributions are rather different, a possi
interference between the two can be made visible by co
paring spectra gated on different portions of the open
angle. It was found that a best fit to all cuts could be mad
a small dipole contribution is assumed at high excitation

d

l
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ergies. This would mean that the actual monopole cross
tion should be slightly larger than the value mentioned ab
~the monopole cross section integrated over the full pro
solid angle would rise by 20% to 360mb/sr).

Influence due to high-lying Gamow-Teller strength c
only be investigated by comparing calculated strengths
cross sections, since the angular distribution of the GTR
very similar to those of the IVSGMR and IVGMR~see Fig.
7!. As a test, we assumed that all monopole cross sect
found are in fact due to high-lying Gamow-Teller streng
In that case, 52% of the Ikeda-Fujii-Fujita sum rule is e
hausted in the proton-decay channel only. This is alre
more than the Gamow-Teller strength missing at lower ex
tation energies. Since the branching ratio for decay by pro
emission is significantly smaller than 1, we conclude that
observed monopole cross section at high excitation ener
can only for a minor fraction be due to Gamow-Tell
strength. In fact, if we assume that all missing Gamow-Te
strength is indeed located in230,Q,245 MeV and, fur-
thermore, that proton decay branching ratio for the IVGM
IVSGMR, and GTR are equal, the DWBA calculations pr
dict that 15% of the measured monopole cross section is
to Gamow-Teller strength. Therefore, the cross section
signed to the IVGMR and IVSGMR could be overestimat
by 15%~i.e., the measured cross section due to the IVGM
and IVSGMR would drop to 256mb/sr).

In conclusion, the present measurement of
natPb(3He,t1p) reaction atE(3He)5177 MeV revealed,
for the first time, 2\v isovector monopole strength in th
DTz521 channel. We find that the measured monop
cross section for230,Q,245 MeV in the proton-decay
channel is 301635660 mb/sr, where the first error margi
s
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is of statistical and the second is of systematic nature. T
strength is ascribed to the IVGMR and IVSGMR, and
terms of their NEWSR, 20%64%64% is exhausted~note
that the systematic error margin is determined under the
sumption that the magnitude of interference due to dipole
Gamow-Teller strength is independent ofQ value!. Thus, if
the branching ratio for proton emission from the IVGMR a
IVSGMR is 20%, the full sum rules would be exhauste
Taking into account that the strengths calculated in
normal-mode procedure could well overestimate the t
strengths by a factor of 2–3~as indicated by HF-RPA calcu
lations! the branching ratios should be higher. Such a h
number is favored by recent calculations for the branch
ratio for direct decay by proton emission from the IVSGM
and IVGMR in an extended continuum RPA framewor
(>50%) @31,32#. However, in the present experimental r
sults it is impossible to separate the decay into different~i.e.,
statistical, direct, and semidirect! channels. Nevertheless, th
upper limit for direct decay into neutron-hole states below
excitation energy of 5 MeV in the residual nucleus on
amounts to 40%620% of the total decay by proton emissio
from the IVGMR and IVSGMR, which corresponds to on
8%64% exhaustion of the NEWSR. A branching ratio
>50% for direct proton decay seems therefore unlikely.
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