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The excitation of the double-phonon giant dipole resonance was observed in heavy projectile nuclei imping-
ing on targets of high nuclear charge with energies of 500–700 MeV/nucleon. New experimental data are
presented for136Xe and238U together with further analysis of earlier data on208Pb. Differential cross sections
ds/dE* andds/du for electromagnetic excitations were deduced. Depending on the isotope, cross sections
appear to be enhanced in comparison to those expected from a purely harmonic nuclear dipole response. The
cumulative effect of excitations of two-phonon states composed of one dipole and one quadrupole phonon, of
predicted anharmonicities in the double-phonon dipole response, and of damping of the dipole resonance
during the collision may account for the discrepancy. In addition, decay properties of two-phonon resonances
were studied and compared to that of a statistical decay.
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I. INTRODUCTION

Giant resonances in atomic nuclei are collective reson
states at excitation energies above the nucleon separatio
ergy, built by a coherent motion involving many nucleon
Such resonances can be viewed as a high-frequency
small-amplitude vibration that is damped by coupling
more complex states. In general, the damping width exce
considerably the (g, particle, fission! decay width and
amounts to several MeV. In a quantal description, giant re
nances are understood as the one-phonon state of a nu
density or shape vibration. Since the vibration amplitu
amounts to only a few percent of the relevant nuclear dim
sion, the vibration, to lowest order, should reflect harmo
properties. In reactions providing interaction times shor
than that of damping and decay, more than one phonon
be created forming the multiphonon giant resonances. S
they are embedded into a continuum of states with increa
density, selective probes and excitation mechanisms are
quired.

Double-phonon resonances were excited in pion dou
charge-exchange reactions, selective touDTzu52 transitions
@1#. Double excitation of the isoscalar giant quadrupole re
nance was observed in heavy-ion reactions at intermed
energies@2#. Coulomb excitation in peripheral heavy-ion co
lisions at bombarding energies up to about 1 GeV/nucl

*Present address: NSCL, East Lansing, Michigan 48824, US
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was found to populate the two-phonon isovector giant dip
resonance with rather large cross sections of several h
dreds of millibarns @3#. From such measurements, th
double-phonon excitation energies appear at about twice
single-phonon energies and their widths in between 1.5
times that of the single-phonon width, thus in line with
harmonic vibration picture. The respective experimen
resolution, however, does not permit to conclude on sm
anharmonicities as expected on theoretical grounds~see be-
low!. In some cases, however, excitation cross sections s
to significantly deviate from those deduced from react
models with an underlying ansatz of a harmonic giant re
nance response.

The present paper comprises measurements aiming a
two-phonon giant dipole resonances~DGDR! in heavy nu-
clei. The DGDR peak energies in heavy nuclei are expec
around 25–30 MeV excitation energy. Simple consideratio
show that the process of electromagnetic excitation in
ripheral heavy-ion collisions at bombarding energies arou
500–700 MeV/nucleon can reach out to such high excitat
energies only via multistep excitations, almost exclusively
DGDR type. Thus, high-energy heavy-ion collisions provi
a clean probe and were utilized in this study.

New experimental data are presented for the semima
nucleus 136Xe and the quadrupole-deformed and fiss
nucleus 238U, together with a further analysis of data fro
an earlier experiment on the doubly magic nucleus208Pb. In
case of136Xe, the present experiment manifests a remeas
ment of earlier data obtained by the same collaboration@4#,
©2003 The American Physical Society17-1



.

ra

a
nc
es

e
s
u

iv
o
e

rg
tro

e

r

t
a
n

rin
ia
d
h
ta

bl

io

e

s
g
ca
a
d
p
s

ob
e

e
h

r
d in

c-
ita-
een
ere
l-
rns

lli-

ent

ors
th

nt,
ass,
rons
rge
-
s

rgy

d-
y-
e-
ta,

etic

r-of-
il in

l

K. BORETZKY et al. PHYSICAL REVIEW C 68, 024317 ~2003!
now performed with an improved experimental technique

II. THE EXPERIMENTS ON 136Xe, 208Pb, AND 238U

Within this paper, we present results from three sepa
experiments performed at the heavy-ion synchrotron~SIS!
facility at GSI, Darmstadt. These studies were devoted to
investigation of the double-phonon giant dipole resona
employing electromagnetic excitation of the projectil
136Xe, 208Pb, and238U at high bombarding energies~500–
700 MeV/nucleon! on heavy targets of high nuclear charg
In heavy nuclei as investigated here, the decay of giant re
nances is dominated by neutron evaporation and subseq
g decay of the residual fragment. In case of238U, the fission
decay channel competes with neutron emission.

The experimental apparatus allowed for a semiexclus
measurement including the fragment and emitted neutr
andg rays, from which the primary excitation energy of th
projectiles was reconstructed and, therefore, ene
differential cross sections are accessible. In addition, neu
and g-decay spectra were analyzed. In case of136Xe, the
angular distribution of the scattered projectile was also m
sured.

The semimagic nucleus136Xe was the first nucleus fo
which such a kinematical experiment was carried out@4#. It
yielded a considerable cross section enhancement for
DGDR. The data on136Xe presented here, stem from a me
surement with an improved setup. Improvements concer
especially the fragment mass measurement, theg-detection
system, and the determination of the fragment scatte
angle. The latter is important for the angular different
cross section measurement which was already publishe
Ref. @5#. Here, the136Xe results will be supplemented wit
the energy-differential cross sections from three different
gets.

The findings of the experiment performed on the dou
magic nucleus208Pb were partly published in Ref.@6#. In this
paper, we deliver additional information about the excitat
spectra measured with five different targets~U, 23Pb, Ho,
Sn! and discuss the decay characteristics, leading to an
perimental value for the spreading width of the DGDR.

For the deformed and fissile nucleus238U, inclusive data
on the DGDR exist for the neutron decay@7# and for the
fission decay@8–10#, which led to inconsistent conclusion
concerning a possible enhancement of the DGDR stren
The DGDR cross section obtained from the neutron de
was found to be consistent with that expected from the h
monic approximation, the data from the fission decay in
cated a cross section enhancement. From the present ex
ment of more exclusive type, the energy differential cro
sections for the neutron decay of238U after Coulomb exci-
tation on Pb and Sn targets at 500 MeV/nucleon were
tained. The fission decay channel, also covered in this m
surement, is currently analyzed and will be published in
forthcoming communication.

III. THE EXPERIMENTAL METHOD

As the experimental method and setup for the three m
surements are similar, we discuss it in detail only for t
02431
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136Xe case~Sec. III A!. Modifications in case of the othe
two experiments, as far as being substantial, are describe
Secs. III B and III C.

A. The 136Xe experiment

1. Techniques and observables

As already mentioned, we employ the method of proje
tile excitation on a heavy target, which leads to large exc
tion cross sections due to the Coulomb interaction betw
projectile and target. At high bombarding energies, h
500–700 MeV/nucleon, dipole excitations of high-lying co
lective states occur with cross sections of the order of ba
for the GDR, and of the order of several hundreds of mi
barns for the DGDR@3#.

In our approach, the excitation energyE* of the projectile
is reconstructed by a kinematical complete measurem
covering all products of the decaying system.

The experimental setup for the136Xe experiment is shown
schematically in Fig. 1. It consists of a number of detect
measuring time of flight, position, and energy loss of bo
the incoming projectile and outgoing projectile fragme
thus enabling the determination of momentum, charge, m
and the scattering angle of the heavy fragment. The neut
emitted from the excited projectile are detected in the la
area neutron detector~LAND !, their momenta are deter
mined from position and time-of-flight information. Energie
and angles of the emittedg rays are measured with the 4p
NaI spectrometer Crystal Ball~CB!. This information allows
for an event-by-event reconstruction of the excitation ene
E* by analyzing the invariant massM through

M25S (
i

Pi D 2

5~M P1E* !2, ~1!

wherePi denote the four-momenta of all dissociation pro
ucts andM P the projectile rest mass. In this way, the energ
differential cross section distributions are obtained. Lik
wise, from the spatial components of the four-momen
momentum or angular distributions can be deduced. Kin
energy spectra of emitted neutrons org-ray spectra, for in-
stance, can also be transformed into the projectile cente
mass frame. The experimental setup is explained in deta
the following section.

ALADIN

POS CB

Beam

Target

PIN

           Aperture

Veto

TOF     Fiber

LAND

-stripSi-µ

FIG. 1. ~Color online! Schematic view of the experimenta
setup. Shown are the beam and fragment counters~see text!, the
dipole magnet~ALADIN !, the 4p NaI Crystal Ballg spectrometer
~CB!, and the neutron detector~LAND !.
7-2
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2. Detection system

The 54
136Xe projectiles in an atomic charge state 461 were

accelerated by the SIS to 700 MeV/nucleon. After extracti
the beam passed a diaphragm with a 1 mm circular aper
Only ions passing the aperture were transported by the b
line to the experimental area, while particles hitting the d
phragm material became essentially fully stripped and w
removed from the beam by deflecting magnets. This met
allowed for an efficient reduction of the beam emittan
which is of substantial importance in order to perform t
scattering angle measurement.

The Xe projectiles hit a position sensitive organic scin
lator detector~POS!, which acts also as start counter for th
time-of-flight measurement. The detector with an active a
of 535 cm2 and a thickness of 25 mg/cm2 was located abou
10 m upstream from the target. The scintillator was coup
to four phototubes allowing, from their relative light outpu
to determine the position of incidence in both directio
(x,y) perpendicular to the beam with a resolution ofsx,y
50.5 mm. In order to avoid angular straggling effects
front of the target, instead of a second position sensi
detector, an active four-jaw beam collimator was placed
m in front of the target. Projectiles hitting the collimato
were rejected by the trigger decision. The aperture is cho
to be 1 mm31 mm (3 mm33 mm) for a thin Pb target~for
other targets!. An additional active four-jaw beam collimato
with an aperture of 10 mm38 mm placed directly behind
POS served to control the beam size. In a distance of
behind the target, two single-sided Si-strip detectors
100 mm pitch and 150mm thickness were used to measu
the (x,y) position of the scattered fragments after the re
tion in the target. From the measured trajectories of both
incoming and outgoing Xe ions the scattering angleQ can be
deduced which, for Coulomb scattering at energies as hig
in this experiment, amounts to values belowQmax.
'8 mrad, see Sec. IV A. Two p-i-n silicon diodes~PIN! with
a thickness of 170mm were placed behind the target in ord
to obtain the charge of the fragments with a resolution
about 1%~full width at half maximum, FWHM!.

The charged fragments were deflected by a dipole ma
~ALADIN ! with a large gap, and their trajectories were fu
ther determined in the dispersive plane from the o
dimensional position information of two scintillating fibe
detectors with a pitch of 1 mm@11#. The position measure
ments determine the magnetic rigidity of the fragmen
Time-of-flight information and a second charge identificati
was obtained from a detector array~TOF! of thin organic
plastic scintillators of 2 m32 m size and placed about 7 m
behind the magnet. Integrating the information on nucl
charge, magnetic rigidity, and time of flight, the fragme
mass can be analyzed. The mass resolution depends o
target thickness, for the measurement with the thin Pb ta
a resolution equivalent toDA/A50.0058 ~FWHM! was
achieved. The target position was surrounded by a 4p array
of 162 NaI modules for the detection of theg rays emitted
after projectile excitation, the~CB! spectrometer.

The neutrons evaporated from the excited projectile
detected about 11 m downstream from the target in
02431
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LAND @12#, centered around the beam direction. Due to
kinematical forward focusing of neutrons emitted from t
high-energy projectile, essentially the full neutron solid an
is covered. The LAND detector with a size of 2 m32 m and
1 m depth is built from 200 modules, each one of a volu
of 0.1 m32.0 m30.1 m and consisting of alternating laye
of scintillator and iron material. Each module is read o
from the two far sides by photomultipliers, delivering timin
information. From the sum of the two time signals, the ne
tron time of flight, and from the time difference, the neutr
position of incidence can be derived. An array of organ
plastic scintillators~Veto! in front of LAND served to reject
incident charged particles. The LAND detector is calibrat
using the recognition of tracks from cosmic rays travers
the detector and inducing signals in several modules.
time resolution of the modules amounts to aboutDt
5500–600 ps~FWHM! and the position resolution toDx
57 –10 cm. The absolute time-of-flight calibration betwe
target and the LAND detector was achieved by utilizi
high-energyg rays emitted in more central nuclear collision
between projectile and target. Multineutron hits are analy
from their hit pattern provided by the modular detector stru
ture. The detection capabilities of LAND were studied
detail in a calibration experiment using tagged neutrons fr
the breakup of a deuteron beam at various beam ener
The one-neutron detection efficiency is shown in Fig. 2 a
function of the neutron energy in the laboratory frame.
case of the Xe experiment it results in«1n50.95.

For neutrons emitted with kinetic energies ofTkin50.5, 1,
and 4 MeV in the projectile center-of-mass frame, a reso
tion of s(Tkin)50.36, 0.45, 1.0 MeV was obtained, respe

0

0.2

0.4

0.6

0.8

1

1.2

0 200 400 600 800 1000 1200

E
ffi

ci
en

cy

Tn  [ MeV ]

FIG. 2. LAND detection efficiency for neutrons of energyTn .
The dotted line presents a fit to the data of the calibration exp
ment, the solid line shows the predictions of a detector simulat
The simulation underestimates the measured efficiency tow
lower neutron energies because secondary particles were tr
down to 50 MeV kinetic energy only.
7-3
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tively. The multineutron recognition was studied applying
event-mixing technique using the deuteron breakup data.
the case of DGDR studies, an event misinterpretation
wards a too high neutron multiplicity would lead to seve
changes in the shape of the energy-differential cross sec
due to the additional binding energy assigned to this artifi
neutron. The procedure for the identification of multineutr
hits, therefore, was optimized such that the misinterpreta
towards a too high neutron number was nearly comple
suppressed. Under these conditions, the efficiencies to d
the correct neutron multiplicity reduce to 0.71, 0.38, a
0.16 for neutron multiplicities of 1, 2, and 3, respective
The misidentification is substantially reduced by requiri
that the neutron decay multiplicity matches with the o
served Xe fragment mass within resolution. This requirem
not only reduces a misidentification of the neutron multipl
ity, it also eliminates, to a large extent, nucleon knocko
reactions, since in knockout reactions, neutrons are scatt
to large angles beyond the acceptance of LAND.

The 136Xe beam is directed onto different targets, i.
208Pb (1060 mg/cm2), 208Pb (54 mg/cm2), natSn
(239 mg/cm2), and natC (274 mg/cm2) targets. The carbon
target served to control cross section contributions origin
ing from nuclear interactions. An additional measurem
was performed without inserting a target in order to det
mine background contributions from beam ions interacting
detector or other materials~the flight path of the heavy ion
was kept under vacuum up to the TOF detector!.

During the whole experiment, events without interacti
of the primary beam were registered in a downscaled m
allowing to normalize properly the measured cross sectio

3. Detector response and experimental filter

As stated above, in heavy nuclei such as Xe or Pb, g
resonances decay essentially by neutron evaporation. In
sequence, reaction channels were selected and analyze
which the nuclear charge of the projectile was preserved
yielded the emission of up to three neutrons. Higher neut
decay multiplicities did not contribute significantly.

In a first step, the geometrical acceptance of our dete
system for these reaction channels was examined em
cally. From the position distribution of neutrons in LAND,
geometrical acceptance of 97% for single neutrons was
termined. For the projectile fragment, the solid angle cov
age depends on the mass of the fragment since the defle
in the dipole magnet depends on the fragment magnetic
gidity. For the same reason, the acceptance also dep
slightly on the target~thickness!. For example, for the thick
Pb-target a geometrical acceptance for the projectile fr
ment of 80%, 74%, and 63% for the 1n,2n,3n removal
channels was determined, respectively.

The detection response with respect to excitation ene
is determined by two major components, the neutron rec
nition, especially for multineutron events in LAND, and th
response of theg-ray spectrometer.

As far as theg-ray detection is concerned, the experime
tal resolution severely suffers from atomic interaction
Atomic interactions of the beam with the heavy targets
duce a large x-ray and bremsstrahlung background wh
02431
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depends on the nuclear charge of target and projectile as
as on beam energy~see Ref.@13# and references therein!.
This background could be determined in our experiment
analyzing theg-ray spectra for projectiles which did not un
dergo nuclear interactions. For example, the average en
deposit in the Crystal Ball spectrometer due to atomic int
actions was found to amount to 6.5 MeV with a standa
deviation of 2.1 MeV in case of the thick lead target, whi
represents the worst case; an average energy deposit of
0.9 MeV was observed for the tin target.

This average energy deposit can be subtracted on
event-by-event basis, but the inherent statistical distribut
leads to a considerable smearing of theg-ray detection re-
sponse. In order to reduce this effect, we decided to uti
only the forward hemisphere of the Crystal Ball spectro
eter. Since the atomic background exhibits a nearly isotro
angular distribution, it is reduced by a factor of 2, while t
efficiency to detectg rays from the projectile is reduced b
only 20% due to the Lorentz boost.

The response behavior of the detection system is w
understood but, nevertheless, too complex to be decon
luted from the measured spectra in a straightforward man
In consequence, instead of attempting a deconvolution of
spectra, we decided to construct an ‘‘experimental filter’’ th
needs to be applied to theoretically obtained cross sec
distributions prior to comparison with the experimental r
sults. This filter simulates in a Monte Carlo technique t
response of the various components of the detection sys
but also physical effects as those of the atomic backgro
discussed above.

In this procedure, the decay has to be modeled for a gi
calculated differential excitation cross section. For ea
adopted excitation energy, first, the decay channel is cho
according toGxn /G tot(E* ) data from photoabsorption mea
surements~for details see Ref.@4# and references cited
therein!. The neutron and subsequentg-ray decays are then
described according to the statistical model, which is stee
by level density parameters within the continuum and
known low-lying bound states. Provisions are taken to
scribe also nonstatistical direct decay components, as
served, e.g., for the208Pb case in Ref.@14#. In a second step
the detector response is incorporated.

~i! The resolutions for the Xe fragment detectors we
implemented.

~ii ! The neutron detector response was taken from
deuteron breakup calibration measurement. Therein, ev
of higher neutron multiplicity were produced from the de
teron calibration applying an event mixing technique.

~iii ! The response with regard tog-ray observation was
deduced from detailed GEANT simulations which we
checked by means of calibration data using standardg-ray
sources. The experimentally determined atomic backgro
was added on top of it, see above. Finally, the simulated d
were analyzed in the same manner as the experimental
applying identical selection criteria, and were only then co
pared to each other.

Figure 3 shows an example of the modification of t
input cross section distribution due to the experimental fi
for one-phonon giant dipole and quadrupole resonance
7-4



s

nc
n

th

rv
ita
th

n
i

e
6
ce

s

as
d

see

V
y by
bil-
on
a-
to

ing
an-
ded
tra-
ea-
rrays
ce.
nel,
th-
r-

re
rd
tar-

0

ies
ro-
tra-

-
key
ich
act

of
ent

t-
,

on

of
ring
of

rder
ea-

e
g

d
fr
on
el:
ipo

TWO-PHONON GIANT RESONANCES IN136Xe, . . . PHYSICAL REVIEW C68, 024317 ~2003!
the upper part and for the double-phonon giant dipole re
nance in the lower part for the case of136Xe impinging on
the thick Pb target.

As seen for the example for the one-phonon resona
the calculated curve is smeared out due to the experime
resolutions. The major part of this effect is explained by
large amount of atomic background in theg-ray measure-
ment using the thick Pb target. For the DGDR, we obse
that part of the cross section is shifted towards lower exc
tion energies, essentially due to a misinterpretation of
number of emitted neutrons.

The input to the theoretical cross section distributions a
to the filter determining the decay mode will be discussed
detail in Sec. IV.

B. The 208Pb experiment

The setup used for208Pb projectiles~640 MeV/nucleon! is
described in Ref.@6#. The main differences compared to th
Xe experiment concern theg detector, which consisted of 6
BaF2 crystals surrounding the target, leading to a redu
efficiency.

A rather systematic measurement was performed using
different targets, i.e., U (238 mg/cm2), Pb ~256 and
798 mg/cm2), Ho (800 mg/cm2), Sn (500 mg/cm2), and C
(180 mg/cm2), all of natural abundance. The intention w
to distinguish between one- and two-step excitations an

0

50

100

150

200

0

2

4

6

8

0 5 10 15 20 25 30 35 40

1ph
dσ

/d
E

*  [m
b/

M
eV

]

2ph

 E* [MeV]

-Q(1n) -Q(2n) -Q(3n)

FIG. 3. ~Color online! Upper panel: The solid line shows th
energy-differential electromagnetic cross section of one-phonon
ant dipole and quadrupole resonances excited in136Xe projectiles
~700 MeV/nucleon! impinging on a thick Pb target as calculate
within the semiclassical approach using resonance parameters
literature~see Table I!. The dashed line represents the modificati
of this distribution due to the experimental filter. Lower pan
Same as upper panel, however for the double-phonon giant d
resonance as obtained from the folding model. Thresholds (2Q)
for the decay into one, two, and three neutrons are indicated.
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disentangle electromagnetic and nuclear contributions,
Sec. V.

C. The 238U experiment

The nucleus238U has a fission threshold around 5 Me
excitation energy, and thus giant resonances may deca
neutron emission as well as by fission. The fission proba
ity increases with excitation energy, therefore higher-phon
states should be ‘‘enhanced’’ in the fission channel. The m
jor difference in the setup of the U experiment compared
the Xe experiment resulted from the request of detect
both fission fragments in addition to the neutron decay ch
nel. Therefore the fragment counters had to be subdivi
into two active arrays placed on both sides of the beam
jectory. This is of influence also for the neutron decay m
surement, because the inactive area between the two a
led to a certain reduction in projectile fragment acceptan
Here, we report only results from the neutron decay chan
details of the fission measurement will be reported in a for
coming publication. Furthermore, instead of the full CB a
ray for theg-ray detection only part of the NaI crystals we
available. A total of 33 crystals were mounted in forwa
direction, and 41 crystals formed a ring surrounding the
get at 90°.

The experiment utilized an238U beam at an energy of 50
MeV/nucleon impinging on natural Pb (302 mg/cm2), Sn
(239 mg/cm2), and C (274 mg/cm2) targets.

IV. DATA ANALYSIS AND RESULTS FOR 136Xe

A. Angular differential cross section data

As will be discussed later, the analysis of our data rel
heavily on a description of electromagnetic excitation p
cesses within the semiclassical approximation. Classical
jectories are characterized by the impact parameterb.
Nuclear processes are taken into account as an~partial! ab-
sorption of the incoming flux for collisions at small internu
clear distances within the reach of the nuclear force. The
parameter is the minimum impact parameter around wh
nuclear absorption starts to dominate. This minimum imp
parameter needs to be determined empirically. One aim
the Xe experiment was thus to measure angular fragm
distributions after Coulomb excitation. At high energies~here
700 MeV/nucleon!, Coulomb scattering leads to small sca
tering anglesQ of the fragment in the laboratory system
which are connected to the impact parameterb of the reac-
tion by

Q5
2ZpZte

2

bv2gmp

, ~2!

whereZp andZt represent the nuclear charge of the collisi
partners,mp the rest mass andv the velocity of the projec-
tile, andg the Lorentz factor. The experimental challenge
a precise angular measurement with maximum scatte
angles below 10 mrad requires a setup with a minimum
detector material passed by the ions and thin targets in o
to reduce angular straggling, and very precise position m

i-

om

le
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surements. Here, we used208Pb (54 mg/cm2), natSn
(239 mg/cm2), and natC (274 mg/cm2) targets. The overal
angular resolution~including small-angle straggling! of our
detector setup as described above resulted in a width ofsQ

50.62~1.20! mrad for the Pb~Sn! target. Details of this par
of the experiment are found in Ref.@5#, here we summarize
results only to the extent needed for further discussion.

The differential cross sectionsds/dQ are presented in
Fig. 4 for the measurement on the Pb and Sn targets.
spectra are dominated by electromagnetic excitation. In o
to judge on the amount of nuclear excitations we contrast
cross section distributions with the spectrum obtained for
carbon target~upper panel of Fig. 4!, and with a spectrum for
the Sn target but requiring a fragment charge ofZ553
~lower panel of Fig. 4!, both of which are essentially dete
mined by nuclear interactions. In the latter case, one co
argue that electromagnetic excitations may also contribut
the one-proton removal reaction. Statistical emission of p
tons from excited heavy nuclei, however, is strongly su
pressed by the Coulomb barrier. A nonstatistical neutron
cay component is observed in the data as outlined in

Pb target

C target

dσ
/d

θ
[m

b/
m

ra
d]

Sn target

Z=53

scattering angle θ [mrad]

dσ
/d

θ
[m

b/
m

ra
d]

0

200

400

600

0

100

200

300

400

0 1 2 3 4 5 6 7 8

FIG. 4. ~Color online! Angular differential cross section for th
Coulomb excitation of136Xe ~700 MeV/nucleon! on a Pb target
~upper panel! and on a Sn target~lower panel!. The data are com-
pared with semiclassical calculations using a sharp cutoff minim
impact parameterbmin ~solid lines! and a smooth cutoff from the
soft-spheres model~dashed lines!. Arrows indicate scattering angle
corresponding tobmin . The calculated distributions are convolute
with the experimental resolution. The shaded areas show
amount of nuclear contributions determined from the measurem
with the C target~upper panel!, and for a one-proton removal reac
tion in the Sn target~lower panel!.
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following section with an upper limit of about 20 mb in cas
of the Sn target. A corresponding proton-decay compon
may contribute to the proton-removal channel, but obviou
the proton decay from the giant resonance domain is m
smaller than the neutron decay. The procedure of subtrac
the contribution to the neutron decay channels arising fr
nuclear excitations is described in the following section.

For the interpretation of the spectra, the impact param
dependent Coulomb excitation cross section is computed
semiclassical approach@15#. Excitations of the isovector gi-
ant dipole resonance~GDR!, the isoscalar and isovector gian
quadrupole resonances (GQRis,iv), and the DGDR are taken
into account. According to the fact that xenon is gaseous
experimental data on the giant resonance parameters e
Therefore, the parameters of the GDR as well as the ph
neutron decay channels needed to be interpolated from
toabsorption measurements of the neighboring nuclei,
133Cs and138Ba @16#, which leads to an uncertainty of abou
15% in the integrated strength. The parameters for
GQRis,iv are extracted from the data systematics given
Refs. @17,18# and @19#, respectively, the integrated streng
exhibiting an uncertainty of about620%. The adopted gian
resonance parameters are given in Table I.

The contribution from the DGDR was obtained within th
folding model @20#, see also below. The excitation of th
single GDR delivers by far the strongest contribution to t
cross sections. The most crucial point in these calculati
concerns the treatment of impact parameters within the
gion of grazing incidence, where the nuclear absorption s
in. In literature, frequently a ‘‘sharp-cutoff’’ approximation i
applied, with a ‘‘minimum impact parameter’’bmin separat-
ing the domains of Coulomb and nuclear interactions. D
ferent parametrizations for the choice of this valuebmin exist
@21,22#. Alternatively a ‘‘smooth cutoff’’ may be used, a
proposed in Ref.@23# with the ‘‘soft-spheres’’ model. The
angular distributions calculated in semiclassical approxim
tion for various choices ofbmin were convoluted with the
instrumental resolution and then compared to the data.
ure 4 shows the best fit for a sharp-cutoff minimum impa
parameterbmin resulting from ax2 analysis~solid line! and
the distribution obtained from the soft-spheres mo
~dashed line!. The experimental angular resolution, unfort
nately, masks the differences in the distributions predicted
the two models. In case of the sharp-cutoff approximati
values ofbmin

expt514.560.4 fm andbmin
expt513.660.6 fm are

obtained from the fits for the Pb and Sn targets, respectiv
For the Pb targetbmin

expt is in perfect agreement with the pa
rametrization of Benesh, Cook, and Vary~BCV! @21#, the
parametrization of Kox@22# gives a too large value. For th

m

e
nt

TABLE I. Resonance parameters for the GDR and the GQRis,iv
in 136Xe as adopted from literature. The strength is quoted a
percentage of the related energy-weighted sum rules.

E1ph ~MeV! G ~MeV! Strength~%!

GDR 15.3 4.9 110–140
GQRis 12.6 3.3 80–120
GQRiv 25.3 6.5 80–120
7-6
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TWO-PHONON GIANT RESONANCES IN136Xe, . . . PHYSICAL REVIEW C68, 024317 ~2003!
Sn target,bmin
expt is found in between that of the BCV and th

of the Kox parametrization. In any case, the measuremen
the angular cross section distributions shows that the spe
can be well described within the semiclassical approxima
with a proper choice ofbmin . A more detailed discussion o
these data is given in Ref.@5#.

B. The excitation energy spectra

From the invariant mass, Eq.~1!, of the Xe fragment and
the emitted neutrons andg-rays, the136Xe excitation energy
E* is obtained event-by-event and the energy differen
cross sectionsds/dE* can be deduced. The spectrum for t
thick Pb target is shown in Fig. 5. The background measu
without target, contributing 15% to the cross section, is
ready subtracted. By using the measurement with the C
get, moreover, the nuclear cross section was estimated
was also subtracted. For that purpose, the measureme
the C target was analyzed under identical conditions as
the Pb target. For the C target, electromagnetic excitat
can be neglected and the observed cross sections can b
signed solely to nuclear excitations. Cross sections of nuc
neutron-removal reactions in heavy-ion collisions can
scaled with the radii of the interacting nuclei as discussed
Ref. @24#. From a fit on the systematics of experimental d
using the ‘‘factorization model’’@25–27#, a scaling can be
derived of the form

dσ
/d

E
* 

[m
b/

M
eV

]
-Q(1n) -Q(2n) -Q(3n)

GDR + GQR
 

1n-3n

    

E* [MeV]

dσ
/d

E
* 

[m
b/

M
eV

]

1

10

10 2

-5

0

5

10

15

0 5 10 15 20 25 30 35 40

FIG. 5. ~Color online! Upper panel: Experimental differentia
cross sectionds/dE* for 136Xe and the thick Pb target. Thresho
energies (2Q) for the separation of one to three neutrons are in
cated. The solid line represents the calculated sum of cross sec
for one-phonon giant dipole and quadrupole resonances. Lo
panel: Difference in measured and calculated cross sections
upper panel.
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sC ~3!

with a50.14(0.01) as shown in Ref.@28#. The nuclear con-
tributions determined according to the above scaling p
scription amount to 5% for the Pb targets and 10% for
Sn target, thus are small in both cases. It should be not
that the experimental cross section distribution as shown
Fig. 5 extends to excitation energies below the one-neu
separation threshold. This effect arises, because only
meang-energy deposit of the atomic background distributi
can be subtracted.

In order to analyze the measured differential cross s
tions ds/dE* and eventually to extract the double-phon
components, we proceed in the following manner:

~i! The distributions of the single-phonon dipole an
quadrupole strength over excitation energy were adop
from independent measurements, see Table I and above

~ii ! From these distributions, the electromagnetic exc
tion cross sections for the heavy-ion collisions of inter
were computed in semiclassical approximation, and a sh
cutoff minimum impact parameter according to the BCV p
rametrization was chosen as it was found to be consis
with the analysis of the angular distributions discussed in
preceding section. Multistep excitations depleting to so
extent the excitation of single giant resonance phonons
favor of higher-phonon states were taken into account
applying the ‘‘folding model’’ @20#. The folding model de-
scribes correctly the electromagnetic multistep excitatio
within the equidistantly spaced levels of a harmonic osci
tor and also accounts for the nonzero width of the giant re
nances. Throughout this paper, cross sections comp
within the folding model serve as reference for a harmo
response with regard to multiphonon states, as freque
used in literature.

~iii ! The calculated cross sections are passed through
experimental filter and are then compared to the experim
tal data. For the experimental filter, modeling of the decay
the excited nuclei is required as was outlined in Sec. II A
For 136Xe, level density parameters were taken from Re
@29,30#.

In a first approach of data analysis, cross sections ca
lated in this manner for the sum of single-phonon giant
pole and quadrupole resonance excitations are compare
the measurement in Fig. 5. The only free parameter in
calculation was that of the overall normalization being a
justed at lower excitation energies. Below an excitation
ergy of 20 MeV, we observe a perfect description of t
experimental data. Above 20 MeV, an excess in experime
cross section is found, centered around 30 MeV.

For the final analysis, we parametrize the excess cr
section by a Gaussian distribution. In ax-square fitting pro-
cedure applied simultaneously to all spectra obtained for
three different targets, the centroid and width of the Gauss
distribution were determined, the normalization of both t
single-phonon cross sections and that of the excess c
section were adjusted individually for each target. In th
way, we obtain excess cross sections of 163~20! mb and

-
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er
m
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dσ
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]

1n 2n 3n

neutron velocity v [cm/ns]

2n 3n

   1. neutron

   2. neutron
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FIG. 6. ~Color online! Neutron velocity spec-
tra in the laboratory frame measured with th
thick Pb target. Left-hand panel: For the on
neutron decay channel. Middle panels: For t
first and second neutrons detected for the tw
neutrons decay channel. Right-hand panels:
the first and second neutron detected for t
three-neutron decay channel. The solid curv
show the result from the Monte Carlo simulatio
The dashed line indicates the cut on slow ne
trons, see text.
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85~30! mb for the thick Pb target and the Sn target, resp
tively. The counting statistics obtained with the thin Pb tar
was not sufficient. The value of 163~20! mb for the Pb target
should be compared to the previously published DGDR cr
section of 215~50! mb @4#, which deviate from each other b
one standard deviation. It should also be noticed that
corresponding spectrum shown in Ref.@4# was obtained after
deconvoluting the measured cross section distribution w
the atomic background distribution discussed above. H
we refrain from such an attempt because deconvolution
larges statistical fluctuations considerably.

Aside from the excitation energy spectra, our data all
to inspect carefully the different components which even
ally determine the excitation energy distribution, i.e., t
g-sum energy spectra and the neutron velocity or ene
spectra. Theg-sum energy spectra, which were differentiat
according to the different neutron decay channels, agree
well with that obtained from our Monte Carlo simulatio
The experimental neutron velocity spectra as shown in F
6, however, exhibit a component of slow neutrons, which
qualitatively but not quantitatively reproduced by the calc
lation which assumes statistical decay. The effect appea
be most pronounced for the 2n channel. At high neutron
velocities, slight but less pronounced deviations are also
served. Towards high velocities, however, the spectra
02431
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come Lorentz compressed and deviations are more diffi
to disentangle.

Attempts to remove the discrepancy by a variation of
level density parameters governing the statistical neutron
cay failed. Allowing for a nonstatistical neutron decay com
ponent directly into the ground state or its near vicinity w
a relative intensity of up to 10%, moreover, was also n
successful. The slow neutron component, in conseque
has to be assigned either to a residual instrumental b
ground or to a physical process that we do not control
should be noticed that the neutron decay spectra obtaine
the excitation of208Pb do not exhibit such effects, see th
data presented in Sec. V B.

In order to study the influence of this unexplained neutr
component, the slow neutrons were cut out, the cut be
indicated in Fig. 6, and the analysis was repeated under
constraint. The excitation energy spectra obtained from
analysis are shown in Fig. 7. The cross sections for the o
phonon transitions changed only slightly, the excess cr
section at high excitation energies, however, reduced
106~17! mb in case of the thick Pb target and to 62~32! mb in
case of the Sn target. The two results obtained from ana
ing the data with or without cutting on the neutrons, may
considered to deliver lower and upper limits for the exce
cross section. In Table II, we quote average values with s
d
d-
R
R

ted
er
n
e

 d
σ/

dE
* 

[m
b/

M
eV

] GDR
is./iv. GQR
DGDR
sum

Pbthick-Target Pbthin-Target Sn-Target

0 10 20 30 0 10 20 30 0 10 20 30 40

E* [MeV]

 

 

1
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FIG. 7. ~Color online! Lower panels: Experi-
mental excitation energy spectra for136Xe ~700
MeV/nucleon! on the three targets. The soli
lines show the result of the data analysis inclu
ing cross sections for GDR, GQR, and DGD
excitations, the dashed lines those without DGD
excitations. The calculated spectra are convolu
with the response of the detector system. Upp
panels: Calculated spectra prior to convolutio
for the GDR, isovector and isoscalar GQR, th
DGDR, and their sum, as indicated in figure.
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tematic errors covering the results from both approaches
In Table II, we assign the excess cross section to the

citation cross section for the double-phonon giant dip
resonance. The arguments are the following.

~i! The cross section above'20 MeV excitation energy
cannot be attributed to a single-step excitation since the a
batic cutoff suppresses single-step excitations dramatic
as can be verified by means of semiclassical calculation

~ii ! Since the GDR excitation is the dominant single-s
process, see Fig. 7, thus the DGDR excitation should be
most likely two-step process.

We discuss in Sec. VII B possible contributions fro
other two-step processes.

Table II summarizes the results obtained for136Xe in
comparison to the values expected within the harmonic li
for giant dipole resonance excitations. For a state formed
two non-interacting phonons, the excitation energy and
width should be twice as large as for the corresponding o
phonon state@3#. Within the experimental errors of a few
MeV, no significant deviation is observed. Most noticeab
at one hand, a reduction of the single-phonon cross sec
and on the other hand, an enhancement of the double-ph
cross section is observed, both in comparison to
harmonic-limit value. Averaging over all targets, the redu
tion of the single-phonon cross section amounts to 25~15!%,
where the error is essentially reflecting the uncertainty in
photoabsorption cross sections, see Table II. A similar, so
what larger effect was observed in the earlier measurem
for 136Xe @4#.

V. THE RESULTS ON 208Pb

Results from the208Pb experiment are partly published
Ref. @6#. Here, we briefly summarize and, in addition, pr
vide an analysis of the giant resonance decay data delive
supplementary information.

A. The excitation energy spectra

The energy-differential cross sections for208Pb projectiles
~640 MeV/nucleon! on six different targets were determine

TABLE II. Experimental results for the GDR and DGDR i
136Xe in comparison to values obtained in the harmonic limit. T
errors quoted forsharm result from the uncertainty in photoabso
tion cross sections. Forsexpt~DGDR!, the statistical and systemat
cal errors are given separately, see text.

136Xe
Resonance Observable Target

Pbthick Pbthin Sn

GDR sexpt ~mb! 1243 ~14! 1380 ~55! 661 ~26!

GDR sharm ~mb! 1695 ~250! 1695 ~250! 790 ~120!
DGDR Eexpt ~MeV! 29.8(12.5,22.1)
DGDR Eharm ~MeV! 30.6
DGDR Gexpt ~MeV! 12.2(17.5,23.3) ~FWHM!

DGDR Gharm ~MeV! 9.8
DGDR sexpt ~mb! 135 ~20; 30! 73 ~32; 15!
DGDR sharm ~mb! 90 ~20! 21 ~5!
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from the experiment. U (238 mg/cm2), Pb ~256 and
798 mg/cm2), Ho (800 mg/cm2), Sn (500 mg/cm2), and C
(180 mg/cm2) were used as target material, all of natur
abundance. The treatment of data and the analysis of
excitation spectra was performed in essentially the sa
manner as in the case of136Xe, for details see Ref.@6#.
Figure 8 shows the excitation energy spectra for the hea
targets in comparison to the calculated cross sections.

The giant resonance parameters entering the calcula
are taken from the photoabsorption measurements@31,32#
for the isovector GDR, from electron scattering data@33# for
the GQRis , and from Refs.@19,34# for the GQRiv , see Table
III. As in the case of136Xe, the cross section attributed to th
DGDR was parametrized by a Gaussian distribution, para
eters of which were obtained in a chi-square fitting pro
dure. As seen from Fig. 8, the experimental spectra can
most perfectly be reproduced by the calculated ones. Ta
IV summarizes the experimental data. It should be notic

FIG. 8. Same as Fig. 7, but for208Pb~640 MeV/nucleon! on five
different targets.

TABLE III. Same as Table I, but for208Pb.

E1ph ~MeV! G ~MeV! Strength~%!

GDR 13.6 3.7 110.8
11.6 2.1 10.8

GQRis 10.6 2.7 100
GQRiv 22.0 5.5 100
7-9
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TABLE IV. Same as Table II, but for the experimental results for208Pb.

208Pb
Resonance Observable Target

U Pbthick Pbthin Ho Sn

GDR sexpt ~mb! 3595 (108) 3445 (69) 3168 (95) 2421 (48) 1427 (4
GDR sharm ~mb! 3655 3140 2345 1515
DGDR Eexpt ~MeV! 26.6~8! a

DGDR Eharm ~MeV! 26.8
DGDR Gexpt ~MeV! 6.3 ~1.3! a ~FWHM!

DGDR Gharm ~MeV! 8.0
DGDR sexpt ~mb! 486 (90) 376 (61) 352 (65) 270 (48) 68 (30)
DGDR sharm ~mb! 378 279 158 66

aAverage value from this experiment and that in Ref.@35#.
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that, in contrast to136Xe, the cross sections for the singl
phonon GDR excitation agree rather well with the calcula
ones based on photoabsorption measurements.

Integrated GDR and DGDR cross sections are shown
Fig. 9 as a function of the charge of the target. In a dou
logarithmical presentation, a 1.8~3! times steeper rise of th

FIG. 9. Upper panel: Integrated cross sections for the GDR
the DGDR in 208Pb measured on different targets of nuclear cha
ZT . The dashed lines interpolate cross-section predictions from
semiclassical calculation; in case of the DGDR, the calculated
ues are multiplied by a factor of 1.33. Lower panel: Ratio of t
experimental cross sections for the DGDR in208Pb to the ones
calculated in the harmonic limit. The mean value and its error
indicated by solid and dashed lines, respectively.
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DGDR cross section with target charge is observed as c
pared to that for the GDR@6#. For a two-step electromagneti
excitation in comparison to a one-step excitation, a facto
close to 2 is expected, see the semiclassical calculat
shown in Fig. 9. This provides evidence that the cross sec
assigned to the DGDR indeed arises essentially from a t
step excitation. The lower panel of Fig. 9 compares the
perimental DGDR cross section to those obtained in the h
monic limit. Averaged over all targets, we find a rat
amounting to 1.33~16!.

B. Decay properties

In heavy nuclei, such as208Pb, the giant resonances di
cussed here decay predominantly via the emission of n
trons. The Coulomb barrier suppresses decay channels
volving charged particles, and the directg -decay back to the
ground state contributes to about 1% only. Due to inter
nucleon-nucleon collisions, giant resonances, manifestin
coherent superposition of one particle–one hole states,
after formation gradually transformed into complex ma
particle–many hole states prior to decay by particle em
sion. This process is reflected by the ‘‘spreading width’’
giant resonances. These states of complex configuration m
likely decay in a statistical manner. For the GDR in208Pb,
two experiments@36,14# reported nonstatistical decay com
ponents contributing to less than 10% to the total de
spectrum.

In order to illuminate the decay characteristics, in partic
lar from excitation energies around the DGDR, we inspec
neutron decay spectra. For that purpose we analyzed kin
energy (Tkin) spectra of the neutrons emitted from the e
cited projectiles after a Lorentz transformation into the p
jectile center-of-mass frame. In a first step, guided by
assumption of a purely statistical decay mode, we comp
these spectra to a~modified! Maxwellian distribution of the
form

ds/dTkin5const.Tkin
n e2(Tkin /T) ~4!

with the slope parameterTo being related to the excitation
energy or temperature of the nucleus. In cases where
one neutron is emitted, the exponentn51 is chosen, for
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e
e
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higher neutron multiplicitiesn51/2. The latter was sug
gested to be appropriate in case of emission of more than
neutron @37#. Figure 10 shows the neutron kinetic ener
spectra, more precisely the quantity 1/Tkinds/dTkin , for
events of one-neutron emission; such events can be a
uted solely to one-phonon excitations. The measured spe
can be well reproduced by the Maxwellian distribution ov
about three orders of magnitude in cross section.

Figure 11 shows the corresponding spectra, accompa
by the emission of two neutrons. Such events are more
sitive to the decay out of the DGDR domain. Again, t
measured spectra appear to be well reproduced by the M
wellian distribution.

In a second step, a more elaborated investigation of
neutron decay data was performed by comparing to calc
tions using the statistical decay codeCASCADE @38#. Neutron
decay spectra were calculated for excitation energies ofE*
58 –40 MeV in bins of 1 MeV. The decay spectra we
weighted each according to the energy differential cross
tions known from the excitation energy spectra and th
added up. In addition to the statistical decay, a nonstatis
neutron-decay branch was introduced accounting for a di
transition to the ground state of207Pb. The relative strength
of this ‘‘direct’’ decay was a free parameter. The result
shown in Fig. 12.

The inset in this figure shows thex2 values per degree o
freedom for different choices of relative strength of the no
statistical component. Obviously, this component contribu
to 10% at most, as was found for the GDR in Refs.@36,14#.

T
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T [MeV]kin

FIG. 10. Neutron kinetic energy spectra, 1/Tkinds/dTkin , in the
208Pb projectile center-of-mass frame for different targets as in
cated and for events with emission of one neutron. Solid lines
resent Maxwell distributions with adjusted slope parameterTo , see
Eq. ~4!, after folding with the experimental response.
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C. Double-phonon spreading width

Combining the cross sections from this experiment
208Pb covering the GDR and DGDR neutron decay w
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FIG. 11. Same as Fig. 10, but for events where two neutrons

emitted.

FIG. 12. Neutron kinetic energy spectra in the208Pb projectile
center-of-mass frame, comprising events with emission of up
three neutrons. Calculations within the statistical model but incl
ing direct decay components~see text! contributing 0%, 10%, 20%,
and 30% are shown as solid, dashed, dashed-dotted, and d
curves, respectively. The inset shows the respective normalizex2

values.
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those from a measurement of the direct GDR and DG
g-decay in the same nucleus@35#, allows to determine the
branching ratio BRg/n of g and neutron decay in a straigh
forward manner. After scaling slightly the cross sections
cording to the fact that the beam energy was different for
two experiments, we deduce a one-phonon~1ph! GDR
branching ratio ofBRg/n

1ph50.01960.002 which is in good
agreement with the value found in Ref.@39#. For the two-
phonon~2ph! giant dipole resonance, here the branching
tio is deduced for the first time amounting to a value
BR2g/n

2ph 5(4.561.5)31024 for the doubleg decay.
Using these values, one can derive the spreading widthG↓

as was outlined in Ref.@3#. As shown above, the neutro
decay spectra observed for208Pb do not exhibit any signifi-
cant contribution from direct particle decay. Thus, the p
ticle escape widthG↑ can be ignored in the following con
sideration. Two processes remain competing in
destruction of the coherent giant resonance states: the d
g back decay of widthGg and the spreading into man
particle–many hole configurations of widthG↓. The branch-
ing ratios BR(2)g/n are thus given by the ratiosGg

1ph/(G↓)1ph

for the one-phonon state andGg
2ph/(G↓)2ph for the two-

phonon state. Adopting noninteracting phonons,
2g-decay branching ratio BR2g/n

2ph can be written as

BR2g/n
2ph 5

Gg
2ph

~G↓!2ph

Gg
1ph

~G↓!1ph
52

~G↓!1ph

~G↓!2ph F Gg
1ph

~G↓!1phG 2

, ~5!

therein usingGg
2ph52Gg

1ph , i.e., the Bose factor for identica
phonons. The relative spreading width (G↓)2ph/(G↓)1ph may
now be obtained from Eq.~5! by inserting the experimenta
values for theg-decay branches. Two effects still have to
taken into account. First, as the DGDR cross section
observed to be enhanced by a factor of 1.3360.16 ~see Sec.
V A !, Gg

2ph has to be enhanced by this factor. Second, th
is also a statistical component forg transitions to the ground
state contributing about 20–30 % to the totalg decay for the
GDR in 208Pb @39#; for the DGDR this contribution can b
neglected due to the increased level density. The two eff
practically cancel each other and a value
(G↓)2ph/(G↓)1ph51.660.5 is determined from Eq.~5!. This
relative spreading width is in accordance with the ratio
apparent widths of DGDR and GDR in208Pb as quoted in
Table VII amounting toG2ph/G1ph51.660.3. Both values
indicate a DGDR spreading width somewhat lower than
value (G↓)2ph/(G↓)1ph52 expected for noninteractin
phonons.

VI. THE RESULTS ON 238U

For 238U, both the neutron decay and the fission chan
are open after giant resonance excitations. Here we pre
the results of the neutron decay analysis only. These stu
are performed similarly to that of the Xe and the Pb expe
ment. Figure 13 shows the measured differential cross
tion ds/dE* for the excitation of238U on Pb (302 mg/cm2)
and Sn (239 mg/cm2) targets at 500 MeV/nucleon bombar
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ing energy, as obtained for the one- to three-neutron de
channels.

Nuclear excitation contributions were subtracted using
measurement with a carbon target (274 mg/cm2) ~compare
Sec. IV B!, the factor for the scaling of nuclear effects wi
target mass from C to Pb~Sn! target is applied according to
Ref. @8#, resulting in a factor of 2.060.4 (1.860.4).

The differential cross sections are compared to calcu
tions as described for136Xe in Sec. IV A. The resonance
parameters for the one phonon excitations are listed in Ta
V and were taken from photoabsorption data@40# for the
GDR in 238U and from electron scattering data for th
GQRis,iv @41–43#. Photoabsorption cross sections in238U
exhibit a double hump structure reflecting the intrinsic qua
rupole deformation of this nucleus. In the respective elec

dσ
/d

E*
[b

/M
eV

]

 Pb target

 

 

E* [MeV]

 Sn target

 

 

10
-3

10
-2

10
-1

10
-3

10
-2

10
-1

0 5 10 15 20 25 30 35 40

FIG. 13. ~Color online! Differential cross section for the excita
tion and subsequent neutron decay of238U on Pb~upper panel! and
on Sn~lower panel! targets at a bombarding energy of 500 Me
nucleon. The dashed line represents cross sections calculate
one-phonon giant resonance~GDR and GQR! excitations after ap-
plying the experimental filter. The solid line reflects the sum
one-phonon and two-phonon components.

TABLE V. Same as Table I, but for giant resonances in238U.

E1ph ~MeV! G ~MeV! Strength~%!

GDR 10.77 2.37 34
13.80 5.13 109

GQRis 9.9 3.0 100
GQRiv 21.6 5.0 70
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TWO-PHONON GIANT RESONANCES IN136Xe, . . . PHYSICAL REVIEW C68, 024317 ~2003!
magnetic cross section at 500 MeV/nucleon, the upper c
ponent, however, appears to be drastically reduced due to
adiabaticity conditions in such heavy-ion collision.

The decay branchings into the various neutron and fiss
decay channels are known up to 18 MeV excitation ene
@40# and were extrapolated for higher excitation energies
lowing the prescription in Ref.@7#.

The experimental data and the calculated energy diffe
tial cross section distributions are compared to each othe
Fig. 13. Evidently, the cross section for the DGDR contr
utes only a very small fraction of the total observed o
since the DGDR decays to most extent into fission. Due
the low branch of the DGDR cross section into the neut
decay channels, only a restricted analysis was feasible,
rameters such as width and splitting into different comp
nents expected for a strongly deformed nucleus could no
determined. Instead, as far as the DGDR is concerned
compare the data only with the predictions obtained wit
the folding model. The normalizations for single-phonon a
DGDR excitations, however, were varied. The calcula
cross sections for the one-phonon and the DGDR excitat
after passing the experimental filter and proper normaliza
are included in Fig. 13. The overall normalization of t
experimental data, moreover, was somewhat hampered
the requirement of implementing measuring devices cov
ing the fission channel as well, see Sec. III C. We thus pre
to quote only the ratio of the GDR and DGDR cross sect
where uncertainties in normalization cancel. The resul
given in Table VI. Within errors, this ratio is found to be
agreement with that of the harmonic prediction and confir
the earlier result from an inclusive measurement of the n
tron decay in Ref.@7#.

VII. SUMMARY OF EXPERIMENTAL RESULTS
AND DISCUSSION

A. Summary

The results from the experiments for136Xe, 208Pb, and
238U may be summarized as follows

~1! Peripheral collisions between two heavy ions at bo
barding energies of several hundreds of MeV/nucle
give rise to inelastic excitations in the domain of up
several tens of MeV in excitation energy with cross s
tions of the order of several barns. These cross sect
are essentially due to electromagnetic excitation p
cesses.

~2! The measurement of the angular distribution of the sc
tered projectile in case of136Xe appears to be well re
produced within the framework of the semiclassical a

TABLE VI. Ratio of cross sections for the DGDR and the GD
in 238U from this experiment and from calculations in the harmo
limit.

Pb target Sn target

(sDGDR /sGDR)expt 0.071~26! 0.057~34!

(sDGDR /sGDR)harm 0.067 0.034
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proach. A minimum impact parameter separates rat
sharply the domain of electromagnetic excitations fro
that of nuclear processes resulting in absorption.

~3! The 208Pb measurement with five different targets, at o
hand, shows that the overwhelming part of the cross s
tion can be understood as an electromagnetic single-
excitation to the giant dipole resonance with small co
tributions from quadrupole resonances. On the ot
hand, the excess cross section observed at excitation
ergies above the one-phonon resonances was foun
arise essentially from a two-step excitation mechanis
thus is most likely to be assigned to the double-phon
giant dipole resonance. The parameters deduced for
DGDR are, at least qualitatively, in accord with the e
pectations within the harmonic limit. Yet, depending o
the nucleus, an enhancement in excitation cross sec
for the DGDR is observed if compared to the foldin
model based on a harmonic response.

~4! The neutron decay seems to be governed by statis
decay properties. Only for136Xe, a small deviating com-
ponent was observed, the origin of which is not clear.
208Pb, both the DGDR apparent width and the DGD
spreading width extracted independently from our d
together with that for the double-g decay indicate a
value somewhat lower than expected for noninteract
phonons.

Table VII summarizes the DGDR results from the expe
ments reported here by comparing to the values obtai
adopting a harmonic response. The values quoted are t
obtained after averaging the results from different targets

B. Discussion

Experimental studies of double-phonon giant resonan
stimulated a considerable theoretical activity, essentially
two frontiers: microscopic calculations for the doubl
phonon nuclear response and reaction dynamics studies
latter ones to most extent concerned with the apparent
hancement of the electromagnetic DGDR cross sections.
a comprehensive overview of the various efforts we refer

TABLE VII. Double-phonon giant dipole parameters, i.e., pe
energyE, apparent widthG, and cross sections (scor) from this
experiment in relation to their values adopting a harmonic dip
response.s and scor denote cross sections prior to and after co
rections for contributions from GDR̂GQR excitations, respec
tively. The value given in square brackets for208Pb is that for the
spreading width. The data available from different targets were
eraged. The second error quoted fors/sharm for 136Xe represents
the systematic error, see text.

DGDR E/Eharm G/Gharm s/sharm scor/sharm

136Xe 0.97~8! 1.25(234
177) 1.54 ~22; 30! 1.35 ~21; 26!

208Pb 0.99~3! 0.79 ~16! 1.33 ~16! 1.08 ~13!

@0.80 ~25!#
238U 1.13 ~36! 0.90 ~29!
7-13
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K. BORETZKY et al. PHYSICAL REVIEW C 68, 024317 ~2003!
the most recent review papers@3,44# and the references give
therein. Here, we restrict ourselves to the most extensiv
discussed topics:~i! a physical background in the DGDR
excitation energy regime from two-phonon states of ot
character than the DGDR,~ii ! the role of an anharmonic
nuclear response, and~iii ! effects due to damping of the co
herent one-phonon state during the heavy-ion collision.

Contributions from other two-phonon states.So far, the
cross section observed on top of that from one-phonon g
resonance was assigned to the DGDR solely. It was
cussed in Refs.@45–47# that other two-phonon states ma
contribute to the experimentally observed cross sectio
There, for the specific case of208Pb, it was derived on the
basis of microscopic calculations that the excitation of su
states could increase the cross section in the DGDR en
regime on a level of about 20%, thus reproducing alm
quantitatively the measured cross section. The most sig
cant contribution stems from two-phonon states built by c
pling of a GDR phonon with a GQR phonon.

In order to illuminate the magnitude of such contrib
tions, we performed coupled-channels calculations for
nuclei under investigation. The adopted scheme of excita
pathways is shown in Fig. 14. The required excitation en
gies and transition matrix elements for the single-phon
excitations were extracted from experimental quantities,
Tables I, III, and V. The transition matrix elements for th
multiphonon states were deduced from that between gro
state and one-phonon state applying the relevant spin fac
and, in case of identical phonons, the Bose factors.

The coupled-channels calculations result in a cross
tion of 15–20 % in case of GQRis^ GDR and to about 10%
in case of GQRiv ^ GDR, relative to that of the DGDR. Fo
208Pb, these values are of similar magnitude as found in
RPA calculations in Ref.@45#. The coupled-channels calcu
lations are schematic to the extent that the width of the g
resonances is ignored. In order to illustrate the overlap of
various two-phonon states, we convoluted the calcula
cross section with the respective width of the two on
phonon states involved, the result is shown for208Pb in Fig.
15. It appears that the GQRis^ GDR state fully overlaps and
the GQRiv ^ GDR overlaps to about 50% with the DGDR
Tentatively, we subtracted these contributions, resulting

FIG. 14. Excitation pathways adopted for the coupled-chann
calculation estimating cross sections for two-phonon states of
GDR^ GQR. TGDR denotes three-phonon giant dipole resonan
02431
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corrected DGDR cross sections which are included in Ta
VII and, for the Pb target, are shown in Fig. 16.

Anharmonicities. Naturally, the investigation of the
DGDR spectral distribution is concerned with the question
which extent a harmonic behavior is obeyed.

To which extent anharmonicities effect the electroma
netic DGDR cross sections was studied in a more empir
approach in Refs.@48–50#. Therein, an anharmonic vibratio
was considered with parameters governing the degree of
harmonicity being introduced ad hoc. The results of R
@48#, in particular, inferred that even modest anharmonicit
can affect the DGDR cross sections considerably. In R
@50#, a similar type of calculation was performed; DGD
energy shifts were combined with a change of the oscilla
frequency in order to assure that the energy of the sin
GDR remains at its experimentally known value. This calc
lation resulted in much smaller effects on DGDR cross s
tions in comparison to those of@48#.

ls
e
s.

FIG. 15. Cross section distributions for the GDR~solid line! and
double-phonon states populated in208Pb projectiles~640 MeV/
nucleon! impinging on a Pb target: DGDR~dashed line!, GDR
^ GQRis ~dashed-dotted line!, GDR^ GQRiv ~dotted line!.

FIG. 16. Experimental DGDR cross sections relative to th
harmonic values prior to~open circles! and after ~filled circles!
subtraction of contributions from two-phonon states of type GD
^ GQR for the three measured nuclei on a Pb target. The hatc
areas indicate the expected increase of the cross sections due
non damping during the collision. Star symbols~connected by a
dashed line! reflect the increase of cross section due to an anh
monic dipole response relative to the harmonic response~see text!.
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TWO-PHONON GIANT RESONANCES IN136Xe, . . . PHYSICAL REVIEW C68, 024317 ~2003!
In a number of microscopic calculations, energy shifts a
the splitting of the DGDR resonance into itsI p501 and 21

spin components were derived, see Refs.@3,44# for a survey.
Such studies, in general, result in small relative energy sh
of the order of typically a few hundreds of keV in heavi
nuclei, with mass dependencies proportional toA21 @51# or
A24/3 @52,53#, see also Ref.@54#. The systematic calculation
of Ponomarevet al. @51# spanning over a wide range in ma
yielded, for example, an energy shift of the DGDR 21 state
in 208Pb of 2158 keV and a mass~A! dependence of the
DGDR energy shift was found of the formDE5bA2a with
b5237(8) MeV anda51.08(6). One- and two-phonon
configurations were included in this calculation. In Ref.@55#,
selected three-phonon configurations were included wh
appeared to have a minor effect on the DGDR energy sh

Very recently, however, it was shown by Fallotet al. @56#
that the inclusion of specific three-phonon states can be
cial. The DGDR, in particular, seems to be influenced m
strongly by its mixing with a three-phonon state built fro
two dipole and one monopole giant resonance phonon.
cording to Ref.@56#, the coupling of two-phonon states wit
three-phonon states yields considerably larger down-shift
the two-phonon spectrum. For example, the DGDR 21 state
was found to be shifted by2600 keV, i.e., four times the
value obtained in Ref.@51#.

Unfortunately, such energy shifts of below about 1 Me
cannot be resolved with the present experimental techniq
A shift of EDGDR , however, influences the electromagne
excitation strength in a twofold way, first due to the adiaba
cutoff of the virtual phonon spectrum and second, due to
related change in the transition matrix element. Both effe
enhance~decrease! the cross section for lower~higher! val-
ues ofEDGDR in comparison to the harmonic limit.

In order to illustrate the effect of an anharmonicity on t
electromagnetic excitation cross sections, we perform
coupled-channel calculations for the nuclei under investi
tion. For that purpose, we adopted the result of Fallotet al.
for the case of208Pb, which we scale according to anA21

dependence in order to obtain values for136Xe and238U, i.e.,
for the DGDR 21 state we adopt an energy shiftDE
52125A21 MeV. The relevantE1 matrix elements were
then computed using Eqs.~8!–~11! provided in Ref.@50# for
an anharmonic oscillator. The results of our calculation
shown in Fig. 16 and should be compared to the experim
tal data after subtraction of the GDR̂GQR contributions
~filled circles in Fig. 16!. The DGDR cross sections increa
by about 10–20 % and approach the experimental data m
closely. The calculations, however, should be considere
only schematic ones, a more correct treatment would req
to deduce energy shifts and splittings as well as transi
matrix elements from a microscopic approach in a consis
manner, an approach beyond the scope of this experime
paper.

Dynamical effects.Dynamical effects due to the spreadin
width of the giant dipole resonance were discussed in
literature @57–62#. The basic idea is that, during the coll
sion, the excited coherent one-phonon state according t
spreading width is transformed into a state of ‘‘comple
many particle–many hole states. This process, in princi
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depletes the flux available for forming a coherent tw
phonon state during the ongoing electromagnetic interac
in the heavy-ion collision, see, e.g., Ref.@61#. It was pointed
out in Ref.@60#, however, that a GDR phonon may be bu
on top of the complex state as well according to the Brin
Axel hypothesis. A second excitation pathway thus opens
which may add to the coherent two-phonon excitation a
which could modify the DGDR cross section. Very recent
this idea was followed up by Gu and Weidenmu¨ller @62# who
performed detailed calculations applying random-mat
theory. For the system208Pb ~640 MeV/nucleon! on a Pb
target as investigated experimentally here, both calculati
@60,62# find an increase of the DGDR cross section.

The magnitude of the effect is governed by the time sc
on which the spreading proceeds,td'\/G↓, in proportion to
the time interval during which the Coulomb interaction i
duces phonon excitations,tc'2b/gv, depending on impac
parameterb and the projectile velocityv. To illustrate, we
quote the ratiotc /td for the collisional systems under inves
tigation for an impact parameter of 15 fm, around which t
cross section for two-phonon excitation peaks; values
tc /td50.52, 0.41, and 0.58 for136Xe, 208Pb, and238U are
obtained, respectively. These values vary only little for t
collision systems investigated here, and the effect on
DGDR cross sections should be very similar in magnitude
case of136Xe and 238U slightly higher than in case of208Pb.
For the latter case, i.e.,208Pb ~640 MeV/nucleon! on a Pb
target, a DGDR cross section enhancement of 10% was
tained from the calculations of Ref.@62#, seeR2 values in
Fig. 3 therein, and 14% from that of Ref.@60#, see Fig. 7
therein. It may thus be guessed that the effect of dampin
the coherent phonon state during the collision should
crease the DGDR cross sections by 10–15 % for all th
systems investigated here. This enhancement of DGDR c
section is indicated in Fig. 16.

We notice that the calculations in Ref.@60# also predict a
reduction in cross section for the single-phonon GDR,
small, however, in comparison to the reduction observ
here for 136Xe. In order to investigate systematically the e
fect of the spreading width, experiments would have to
performed at much lower bombarding energies, typically 1
MeV/nucleon, at which the increase of cross section is p
dicted to be much more pronounced.

VIII. CONCLUSION

Single- and double-phonon states of the isovector g
dipole resonance were observed in high-energy heavy
collisions with cross sections amounting to several barns
several hundreds of millibarns, respectively. Cross sec
distributions with regard to scattering angle and excitat
energy are quantitatively described by electromagnetic e
tation treated in semiclassical approximation. Integrated o
phonon cross sections are in accord with photoabsorp
measurements, only for136Xe a significant reduction was
found which may be linked to observed small nonstatisti
neutron-decay components.

The neutron decay out of the DGDR excitation ener
domain was studied in detail for208Pb and, here, exhibits
7-15
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essentially statistical features only. From a combination
results of the neutron decay measurement presented her
an earlier two-photon decay experiment, the spreading w
of the DGDR in 208Pb could be obtained.

The integrated cross sections in the domain of the dou
phonon giant dipole resonance appear, depending on
nucleus, to be enhanced in comparison to the cross se
expected relying on a harmonic dipole response. A num
of effects were discussed, each of which increases the DG
cross section on a level of 10–20 %, and the cumula
action of which may eventually be responsible for the o
served cross section enhancement: Contributions from
excitation of two-phonon states of type GDR^ GQR; the
spreading of the one-phonon state during the heavy-ion
lision; an anharmonic dipole response. At present, the in
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vidual contributions from such effects cannot be dise
tangled on experimental grounds and remain a challeng
task for measurements with advanced methods.
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Sümmerer, J. Stroth, E. Wajda, W. Walus, S. Wan, and
Wollersheim, Phys. Rev. C60, 051601~1999!.

@6# K. Boretzky, J. Stroth, E. Wajda, T. Aumann, T. Blaich, J. Cu
Th.W. Elze, H. Emling, W. Henning, R. Holzmann, H. Klin
gler, R. Kulessa, J.V. Kratz, D. Lambrecht, Y. Leifels,
Lubkiewicz, K. Stelzer, W. Walus, M. Zinser, and E. Zud
Phys. Lett. B384, 30 ~1996!.

@7# T. Aumann, K. Su¨mmerer, H. Geissel, B. Blank, T. Brohm
H.-G. Clerc, S. Czajkowski, C. Donzaud, A. Grewe, E. Hane
A. Heinz, H. Irnich, A.J.M. de Jong, J.V. Kratz, A. Magel, G
Münzenberg, F. Nickel, M. Pfu¨tzner, A. Piechaczek, C. Ro¨hl,
C. Scheidenberger, K.-H. Schmidt, W. Schwab, S. Steinha¨user,
W. Trinder, and B. Voss, Z. Phys. A352, 163 ~1995!.

@8# T. Rubehn, W. Mu¨ller, R. Bassini, M. Begemann-Blaich, T
Blaich, A. Ferrero, C. Gross, G. Imme, I. Iori, G. Kunde, W
Kunze, V. Lindenstruth, U. Lynen, T. Mo¨hlenkamp, L. Mor-
etto, B. Ocker, J. Pochodzalla, G. Raciti, S. Reito, H. Sann
Schüttauf, W. Seidel, V. Serfling, W. Trautmann, A. Trzcinsk
G. Verde, A. Wörner, E. Zude, and B. Zwieglinski, Z. Phys.
353, 197 ~1995!.

@9# P. Armbruster, M. Bernas, S. Czajkowski, H. Geissel, T. A
mann, P. Dessagne, C. Donzaud, E. Hanelt, A. Heinz,
Hesse, C. Kozhuharov, C. Miehe, G. Mu¨nzenberg, M.
.

.

.

.

,

,

.

-
.
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