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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 forr*®Xe and?3%U together with further analysis of earlier data #%b. Differential cross sections
do/dE* andda/d# 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.

DOI: 10.1103/PhysRevC.68.024317 PACS nunier24.30.Cz, 25.70.De

[. INTRODUCTION was found to populate the two-phonon isovector giant dipole
resonance with rather large cross sections of several hun-
Giant resonances in atomic nuclei are collective resonardreds of millibarns[3]. From such measurements, the
states at excitation energies above the nucleon separation eteuble-phonon excitation energies appear at about twice the
ergy, built by a coherent motion involving many nucleons.single-phonon energies and their widths in between 1.5-2
Such resonances can be viewed as a high-frequency btiimes that of the single-phonon width, thus in line with a
small-amplitude vibration that is damped by coupling toharmonic vibration picture. The respective experimental
more complex states. In general, the damping width exceed®solution, however, does not permit to conclude on small
considerably the ¢, particle, fission decay width and anharmonicities as expected on theoretical grousds be-
amounts to several MeV. In a quantal description, giant resolow). In some cases, however, excitation cross sections seem
nances are understood as the one-phonon state of a nuclgarsignificantly deviate from those deduced from reaction
density or shape vibration. Since the vibration amplitudemodels with an underlying ansatz of a harmonic giant reso-
amounts to only a few percent of the relevant nuclear dimennance response.
sion, the vibration, to lowest order, should reflect harmonic The present paper comprises measurements aiming at the
properties. In reactions providing interaction times shortetwo-phonon giant dipole resonancé3GDR) in heavy nu-
than that of damping and decay, more than one phonon caslei. The DGDR peak energies in heavy nuclei are expected
be created forming the multiphonon giant resonances. Sincaround 25-30 MeV excitation energy. Simple considerations
they are embedded into a continuum of states with increasinghow that the process of electromagnetic excitation in pe-
density, selective probes and excitation mechanisms are reipheral heavy-ion collisions at bombarding energies around
quired. 500-700 MeV/nucleon can reach out to such high excitation
Double-phonon resonances were excited in pion doubleenergies only via multistep excitations, almost exclusively of
charge-exchange reactions, selectivéAd,|=2 transitions DGDR type. Thus, high-energy heavy-ion collisions provide
[1]. Double excitation of the isoscalar giant quadrupole resoa clean probe and were utilized in this study.
nance was observed in heavy-ion reactions at intermediate New experimental data are presented for the semimagic
energieg2]. Coulomb excitation in peripheral heavy-ion col- nucleus *®Xe and the quadrupole-deformed and fissile
lisions at bombarding energies up to about 1 GeV/nucleomucleus?3®U, together with a further analysis of data from
an earlier experiment on the doubly magic nuclé®®b. In
case of*3%Xe, the present experiment manifests a remeasure-
*Present address: NSCL, East Lansing, Michigan 48824, USA. ment of earlier data obtained by the same collabordiidn
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now performed with an improved experimental technique. oor o
~

Target

Il. THE EXPERIMENTS ON 13%Ke, 2%%ph, AND 238U Aperture Si-p-strip ALADIN

Within this paper, we present results from three separatg H/ \ a
experiments performed at the heavy-ion synchrottSts) - I

facility at GSI, Darmstadt. These studies were devoted to af |
investigation of the double-phonon giant dipole resonanceg  ros cB PIN Veto LAND
employing electromagnetic excitation of the projectiles
136xe, 20%h, and?*8J at high bombarding energig§00—
700 MeV/nucleoh on heavy targets of high nuclear charge. FIG. 1. (Color onling Schematic view of the experimental

In heavy nuclei as investigated here, the decay of giant resgetup. Shown are the beam and fragment courites text, the
nances is dominated by neutron evaporation and subsequeHpole magnetALADIN ), the 4 Nal Crystal Bally spectrometer

y decay of the residual fragment. In case?®U, the fission ~ (CB). and the neutron detectdcAND).

decay channel competes with neutron emission.

The experimental apparatus allowed for a semiexclusive >Xe case(Sec. lll A). Modifications in case of the other
measurement including the fragment and emitted neutron&vo experiments, as far as being substantial, are described in
andy rays, from which the primary excitation energy of the Secs. Il B and Il C.
projectilies was reconstructed and, therefore, energy-
differential cross sections are accessible. In addition, neutron A. The 13%Xe experiment
and y-decay spectra were analyzed. In casel¥Ke, the
angular distribution of the scattered projectile was also mea-
sured. As already mentioned, we employ the method of projec-

The semimagic nucleu$®*Xe was the first nucleus for tile excitation on a heavy target, which leads to large excita-
which such a kinematical experiment was carried[ddt It tion cross sections due to the Coulomb interaction between
yielded a considerable cross section enhancement for thsrojectile and target. At high bombarding energies, here
DGDR. The data ort**Xe presented here, stem from a mea-500—700 MeV/nucleon, dipole excitations of high-lying col-
surement with an improved setup. Improvements concernelgctive states occur with cross sections of the order of barns
especially the fragment mass measurement,ytuetection  for the GDR, and of the order of several hundreds of milli-
system, and the determination of the fragment scatterinparns for the DGDH3].
angle. The latter is important for the angular differential In our approach, the excitation energy of the projectile
cross section measurement which was already published i8 reconstructed by a kinematical complete measurement
Ref. [5]. Here, the'*®Xe results will be supplemented with covering all products of the decaying system.
the energy-differential cross sections from three different tar- The experimental setup for thHé%e experiment is shown
gets. schematically in Fig. 1. It consists of a number of detectors

The findings of the experiment performed on the doublymeasuring time of flight, position, and energy loss of both
magic nucleus®®Pb were partly published in Re®]. In this  the incoming projectile and outgoing projectile fragment,
paper, we deliver additional information about the excitationthus enabling the determination of momentum, charge, mass,
spectra measured with five different targéts 2XPb, Ho,  and the scattering angle of the heavy fragment. The neutrons
Sn) and discuss the decay characteristics, leading to an exemitted from the excited projectile are detected in the large
perimental value for the spreading width of the DGDR. area neutron detectaiL,AND), their momenta are deter-

For the deformed and fissile nucled®U, inclusive data mined from position and time-of-flight information. Energies
on the DGDR exist for the neutron dec@y| and for the and angles of the emittegl rays are measured with ther4
fission decay[8-10], which led to inconsistent conclusions Nal spectrometer Crystal BaICB). This information allows
concerning a possible enhancement of the DGDR strengtlfor an event-by-event reconstruction of the excitation energy
The DGDR cross section obtained from the neutron decaj(* by analyzing the invariant ma$g through
was found to be consistent with that expected from the har-
monic approximation, the data from the fission decay indi-
cated a cross section enhancement. From the present experi- M?= ( 2 P
ment of more exclusive type, the energy differential cross '

sections for the neutron decay &fU after Coulomb exc- whereP; denote the four-momenta of all dissociation prod-

tation on Pb and Sn targets at 500 MeV/nucleon were ob- cts andVl - the proiectile rest mass. In this wav. the enerav-
tained. The fission decay channel, also covered in this me%ifferentialpcrosg slection distributitlans are ot))/t’ained Li%—
surement, is currently analyzed and will be published in a . ; ’
. L wise, from the spatial components of the four-momenta,
forthcoming communication. S oo
momentum or angular distributions can be deduced. Kinetic
energy spectra of emitted neutrons pray spectra, for in-
stance, can also be transformed into the projectile center-of-
As the experimental method and setup for the three meanass frame. The experimental setup is explained in detail in

surements are similar, we discuss it in detail only for thethe following section.

1. Techniques and observables

2
=(Mp+E*)?, @

Ill. THE EXPERIMENTAL METHOD
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2. Detection system 1.2

The £3%e projectiles in an atomic charge state"4@ere
accelerated by the SIS to 700 MeV/nucleon. After extraction,
the beam passed a diaphragm with a 1 mm circular aperture.
Only ions passing the aperture were transported by the beam
line to the experimental area, while particles hitting the dia-
phragm material became essentially fully stripped and were .
removed from the beam by deflecting magnets. This method&
allowed for an efficient reduction of the beam emittance, -
which is of substantial importance in order to perform the
scattering angle measurement.

The Xe projectiles hit a position sensitive organic scintil-
lator detector(POS, which acts also as start counter for the
time-of-flight measurement. The detector with an active area
of 5x 5 cn? and a thickness of 25 mg/éwas located about
10 m upstream from the target. The scintillator was coupled _
to four phototubes allowing, from their relative light output, 0 w w w w w
to determine the position of incidence in both directions 0 200 400 600 800 1000 12
(x,y) perpendicular to the beam with a resolution «@f , T, [MeV]
=0.5 mm. In order to avoid angular straggling effects in
front of the target, instead of a second position sensitive FiG. 2. LAND detection efficiency for neutrons of energy.
detector, an active four-jaw beam collimator was placed 1.5he dotted line presents a fit to the data of the calibration experi-
m in front of the target. Projectiles hitting the collimator ment, the solid line shows the predictions of a detector simulation.
were rejected by the trigger decision. The aperture is choseThe simulation underestimates the measured efficiency towards
to be 1 mnx 1 mm (3 mmx3 mm) for a thin Pb targetfor lower neutron energies because secondary particles were traced
other targets An additional active four-jaw beam collimator down to 50 MeV kinetic energy only.
with an aperture of 10 mix8 mm placed directly behind
POS served to control the beam size. In a distance of 1 mAND [12], centered around the beam direction. Due to the
behind the target, two single-sided Si-strip detectors okinematical forward focusing of neutrons emitted from the
100 xm pitch and 15Qum thickness were used to measure high-energy projectile, essentially the full neutron solid angle
the (x,y) position of the scattered fragments after the reacis covered. The LAND detector with a size of 2¢@ m and
tion in the target. From the measured trajectories of both th& m depth is built from 200 modules, each one of a volume
incoming and outgoing Xe ions the scattering arglean be  of 0.1 mx 2.0 mx 0.1 m and consisting of alternating layers
deduced which, for Coulomb scattering at energies as high axf scintillator and iron material. Each module is read out
in this experiment, amounts to values belo®,,,  from the two far sides by photomultipliers, delivering timing
~8 mrad, see Sec. IV A. Two p-i-n silicon diod@IN) with  information. From the sum of the two time signals, the neu-
a thickness of 17Qwm were placed behind the target in order tron time of flight, and from the time difference, the neutron
to obtain the charge of the fragments with a resolution ofposition of incidence can be derived. An array of organic
about 1%(full width at half maximum, FWHM. plastic scintillatorgVeto) in front of LAND served to reject

The charged fragments were deflected by a dipole magnétcident charged particles. The LAND detector is calibrated
(ALADIN ) with a large gap, and their trajectories were fur- using the recognition of tracks from cosmic rays traversing
ther determined in the dispersive plane from the onethe detector and inducing signals in several modules. The
dimensional position information of two scintillating fiber time resolution of the modules amounts to abaht
detectors with a pitch of 1 mriil1]. The position measure- =500-600 ps(FWHM) and the position resolution tAx
ments determine the magnetic rigidity of the fragments.=7-10 cm. The absolute time-of-flight calibration between
Time-of-flight information and a second charge identificationtarget and the LAND detector was achieved by utilizing
was obtained from a detector arr@JOF) of thin organic  high-energyy rays emitted in more central nuclear collisions
plastic scintillators of 2 ix 2 m size and placed about 7 m between projectile and target. Multineutron hits are analyzed
behind the magnet. Integrating the information on nucleafrom their hit pattern provided by the modular detector struc-
charge, magnetic rigidity, and time of flight, the fragmentture. The detection capabilities of LAND were studied in
mass can be analyzed. The mass resolution depends on ttietail in a calibration experiment using tagged neutrons from
target thickness, for the measurement with the thin Pb targehe breakup of a deuteron beam at various beam energies.
a resolution equivalent tAAA/A=0.0058 (FWHM) was The one-neutron detection efficiency is shown in Fig. 2 as a
achieved. The target position was surrounded byraadray  function of the neutron energy in the laboratory frame. In
of 162 Nal modules for the detection of therays emitted case of the Xe experiment it results ¢n,= 0.95.
after projectile excitation, thé€CB) spectrometer. For neutrons emitted with kinetic energiesigf,=0.5, 1,

The neutrons evaporated from the excited projectile arand 4 MeV in the projectile center-of-mass frame, a resolu-
detected about 11 m downstream from the target in théion of o(Ty;,) =0.36, 0.45, 1.0 MeV was obtained, respec-

0.6

Efficie
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tively. The multineutron recognition was studied applying andepends on the nuclear charge of target and projectile as well
event-mixing technique using the deuteron breakup data. Fars on beam energgsee Ref[13] and references thergin
the case of DGDR studies, an event misinterpretation toThis background could be determined in our experiment by
wards a too high neutron multiplicity would lead to severeanalyzing they-ray spectra for projectiles which did not un-
changes in the shape of the energy-differential cross sectiafflergo nuclear interactions. For example, the average energy
due to the additional binding energy assigned to this artificiajeposit in the Crystal Ball spectrometer due to atomic inter-
neutron. The procedure for the identification of multineutrongctions was found to amount to 6.5 MeV with a standard
hits, therefore, was optimized such that the misinterpretatiogeviation of 2.1 MeV in case of the thick lead target, which
towards a too high neutron number was nearly completelyepresents the worst case; an average energy deposit of only
suppressed. Under these conditions, the efficiencies to deteglg Mev was observed for the tin target.
the correct neutron mu_lti_p_licity reduce to 0.71, 0.38_, and  This average energy deposit can be subtracted on an
0.16 for neutron multiplicities of 1, 2, and 3, respectively. eyent-by-event basis, but the inherent statistical distribution
The misidentification is substantially reduced by requiringjeads to a considerable smearing of theay detection re-
that the neutron decay multiplicity matches with the ob-gponse. In order to reduce this effect, we decided to utilize
served Xe fragment mass within resolution. This requiremeng)my the forward hemisphere of the Crystal Ball spectrom-
not only reduces a misidentification of the neutron multiplic- gter. Since the atomic background exhibits a nearly isotropic
ity, it also eliminates, to a large extent, nucleon knockoutangylar distribution, it is reduced by a factor of 2, while the
reactions, since in knockout reactions, neutrons are scatter@;lﬁciency to detecty rays from the projectile is reduced by
to large angles beyond the acceptance of LAND. only 20% due to the Lorentz boost.
2 The *e beam is d|re2%ted onto different targne;tts, 1.8, The response behavior of the detection system is well
®Pb (1060 mg/cr), *Pb (54 mg/cr), SN understood but, nevertheless, too complex to be deconvo-
(239 mg/cnd), and "'C (274 mg/crf) targets. The carbon  |yted from the measured spectra in a straightforward manner.
target served to control cross section contributions originatin consequence, instead of attempting a deconvolution of the
ing from nuclear interactions. An additional measuremenipectra, we decided to construct an “experimental filter” that
was performed without inserting a target in order to deterneeds to be applied to theoretically obtained cross section
mine background contributions from beam ions interacting ingistributions prior to comparison with the experimental re-
detector or other materialghe flight path of the heavy ions sylts. This filter simulates in a Monte Carlo technique the
was kept under vacuum up to the TOF detector - ~ response of the various components of the detection system,
During the whole experiment, events without interactionpyt also physical effects as those of the atomic background
of the primary beam were registered in a downscaled modgiscussed above.
allowing to normalize properly the measured cross sections. | this procedure, the decay has to be modeled for a given
calculated differential excitation cross section. For each
adopted excitation energy, first, the decay channel is chosen
As stated above, in heavy nuclei such as Xe or Pb, gianaccording tol',,,/I";,(E*) data from photoabsorption mea-
resonances decay essentially by neutron evaporation. In cogurements(for details see Ref[4] and references cited
sequence, reaction channels were selected and analyzed fberein). The neutron and subsequeptray decays are then
which the nuclear charge of the projectile was preserved buiescribed according to the statistical model, which is steered
yielded the emission of up to three neutrons. Higher neutroiy level density parameters within the continuum and by
decay multiplicities did not contribute significantly. known low-lying bound states. Provisions are taken to de-
In a first step, the geometrical acceptance of our detectascribe also nonstatistical direct decay components, as ob-
system for these reaction channels was examined empirserved, e.g., for thé%Pb case in Ref.14]. In a second step,
cally. From the position distribution of neutrons in LAND, a the detector response is incorporated.
geometrical acceptance of 97% for single neutrons was de- (i) The resolutions for the Xe fragment detectors were
termined. For the projectile fragment, the solid angle coverimplemented.
age depends on the mass of the fragment since the deflection (i) The neutron detector response was taken from the
in the dipole magnet depends on the fragment magnetic rideuteron breakup calibration measurement. Therein, events
gidity. For the same reason, the acceptance also depend§higher neutron multiplicity were produced from the deu-
slightly on the targetthickness. For example, for the thick teron calibration applying an event mixing technique.
Pb-target a geometrical acceptance for the projectile frag- (iii) The response with regard tp-ray observation was
ment of 80%, 74%, and 63% for then12n,3n removal deduced from detailed GEANT simulations which were
channels was determined, respectively. checked by means of calibration data using standarey
The detection response with respect to excitation energgources. The experimentally determined atomic background
is determined by two major components, the neutron recogwvas added on top of it, see above. Finally, the simulated data
nition, especially for multineutron events in LAND, and the were analyzed in the same manner as the experimental data
response of the~ray spectrometer. applying identical selection criteria, and were only then com-
As far as they-ray detection is concerned, the experimen-pared to each other.
tal resolution severely suffers from atomic interactions. Figure 3 shows an example of the modification of the
Atomic interactions of the beam with the heavy targets in-input cross section distribution due to the experimental filter
duce a large x-ray and bremsstrahlung background whicfor one-phonon giant dipole and quadrupole resonances in

3. Detector response and experimental filter
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disentangle electromagnetic and nuclear contributions, see
1ph Sec. V.

N
o
o
T
L

C. The 8% experiment

*

do/dE" [mb/MeV]

: The nucleus®®®J has a fission threshold around 5 MeV
excitation energy, and thus giant resonances may decay by
] neutron emission as well as by fission. The fission probabil-
ity increases with excitation energy, therefore higher-phonon
states should be “enhanced” in the fission channel. The ma-
jor difference in the setup of the U experiment compared to
the Xe experiment resulted from the request of detecting
both fission fragments in addition to the neutron decay chan-
nel. Therefore the fragment counters had to be subdivided
into two active arrays placed on both sides of the beam tra-
jectory. This is of influence also for the neutron decay mea-
surement, because the inactive area between the two arrays
led to a certain reduction in projectile fragment acceptance.
Here, we report only results from the neutron decay channel,
details of the fission measurement will be reported in a forth-
coming publication. Furthermore, instead of the full CB ar-
ray for they-ray detection only part of the Nal crystals were
FIG. 3. (Color online Upper panel: The solid line shows the available. A total of 33 crystals were mounted in forward
energy-differential electromagnetic cross section of one-phonon gidirection, and 41 crystals formed a ring surrounding the tar-
ant dipole and quadrupole resonances excited®i e projectiles ~ get at 90°.
(700 MeV/nucleoh impinging on a thick Pb target as calculated  The experiment utilized af®*® beam at an energy of 500
within the semiclassical approach using resonance parameters froMeV/nucleon impinging on natural Pb (302 mgim Sn
literature(see Table)l The dashed line represents the modification (239 mg/cn%), and C (274 mg/cﬁj targets.
of this distribution due to the experimental filter. Lower panel:
Same as uppel’ pane|, hOWeVer fOI’ the dOUb|e-ph0n0n giant dlpole IV. DATA ANALYSIS AND RESULTS FOR lSGXe
resonance as obtained from the folding model. Threshotd®)
for the decay into one, two, and three neutrons are indicated. A. Angular differential cross section data

50

4 | -Q(1n)

o

. . As will be discussed later, the analysis of our data relies
the upper part and for the double-phonon giant dipole resoneavily on a description of electromagnetic excitation pro-
nance in the lower part for the case bfXe impinging on  cesses within the semiclassical approximation. Classical tra-
the thick Pb target. jectories are characterized by the impact paramdter

As seen for the example for the one-phonon resonanceyyclear processes are taken into account agartial) ab-
the calculated curve is smeared out due to the experimentahrption of the incoming flux for collisions at small internu-
resolutions. The major part of this effect is explained by thecjear distances within the reach of the nuclear force. The key
large amount of atomic background in theray measure- parameter is the minimum impact parameter around which
ment using the thick Pb target. For the DGDR, we observeyclear absorption starts to dominate. This minimum impact
that part of the cross section is shifted towards lower eXCitaparameter needs to be determined empirically. One aim of
tion energies,.essentially due to a misinterpretation of thgne Xe experiment was thus to measure angular fragment
number of emitted neutrons. distributions after Coulomb excitation. At high energibsre

The input to the theoretical cross section distributions andgg MeV/nucleop, Coulomb scattering leads to small scat-
to thg _filter determining the decay mode will be discussed irtering angles® of the fragment in the laboratory system,
detail in Sec. IV. which are connected to the impact paramétaf the reac-

tion by
B. The 2%Ph experiment

The setup used fof*®Pb projectile$640 MeV/nucleohis - ,
described in Ref[6]. The main differences compared to the bvzvmp
Xe experiment concern the detector, which consisted of 66
BaF, crystals surrounding the target, leading to a reduceavhereZ, andZ, represent the nuclear charge of the collision
efficiency. partnersm, the rest mass and the velocity of the projec-

Arather systematic measurement was performed using sitle, andy the Lorentz factor. The experimental challenge of
different targets, i.e., U (238 mg/@n Pb (256 and a precise angular measurement with maximum scattering
798 mg/cm), Ho (800 mg/cm), Sn (500 mg/cr), and C  angles below 10 mrad requires a setup with a minimum of
(180 mg/cm), all of natural abundance. The intention was detector material passed by the ions and thin targets in order
to distinguish between one- and two-step excitations and tto reduce angular straggling, and very precise position mea-

27,7,€°
= @
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T TABLE I. Resonance parameters for the GDR and the GQR

El in 13 ; i
© Pb target in 1%%Xe as adopted from literature. The strength is quoted as a
% 600 + percentage of the related energy-weighted sum rules.
% Eipn (MeV) I' (MeV) Strength(%)
E 400 GDR 15.3 49 110-140
GQR, 12.6 3.3 80-120
GOR, 25.3 6.5 80-120
200
following section with an upper limit of about 20 mb in case
0 of the Sn target. A corresponding proton-decay component
§ may contribute to the proton-removal channel, but obviously,
£ 400 the proton decay from the giant resonance domain is much
S smaller than the neutron decay. The procedure of subtracting
£ the contribution to the neutron decay channels arising from
< 300 nuclear excitations is described in the following section.
IS For the interpretation of the spectra, the impact parameter
© 200 dependent Coulomb excitation cross section is computed in a
semiclassical approadii5]. Excitations of the isovector gi-
ant dipole resonand&DR), the isoscalar and isovector giant
100 quadrupole resonances (GQR), and the DGDR are taken
into account. According to the fact that xenon is gaseous, no
0 experimental data on the giant resonance parameters exist.

8 Therefore, the parameters of the GDR as well as the photo-
scattering angled [mrad] neutron decay channels needed to be interpolated from pho-
toabsorption measurements of the neighboring nuclei, i.e.,
FIG. 4. (Color onling Angular differential cross section for the 133Cs and*3Ba[16], which leads to an uncertainty of about
Coulomb excitation of'*®Xe (700 MeV/nucleoh on a Pb target 1504 in the integrated strength. The parameters for the
(upper pangland on a Sn targetower pane). The data are com- GQRs,;, are extracted from the data systematics given in
pared with semiclassical galc_ulatlons using a sharp cutoff minimunRefs. [17,18 and[19], respectively, the integrated strength
Impact parametebyiy (SOHd. lineg and a smooth Cumﬁ, from the exhibiting an uncertainty of about 20%. The adopted giant
zg‘;tr:fh:rzgisnm?g@asﬁd "n?)s ,;krtro;vz_mtd.ugattg scattering anlglfs ', resonance parameters are given in Table I.

ITesp g Wmin. The caicuiated distributions are convolute The contribution from the DGDR was obtained within the
with the experimental resolution. The shaded areas show thF lding model [20] Iso bel Th itati f1h
amount of nuclear contributions determined from the measuremen? g mode - See aiso below. e exc .alo.n o e
single GDR delivers by far the strongest contribution to the
cross sections. The most crucial point in these calculations
concerns the treatment of impact parameters within the re-
surements. Here, we used®Pb (54 mg/crf), "3'Sn  gion of grazing incidence, where the nuclear absorption sets
(239 mg/cm), and "3'C (274 mg/cm) targets. The overall in. In literature, frequently a “sharp-cutoff” approximation is
angular resolutior(including small-angle stragglingof our  applied, with a “minimum impact parameteti,,;, separat-
detector setup as described above resulted in a widthgof ing the domains of Coulomb and nuclear interactions. Dif-
=0.62(1.20 mrad for the PHSn) target. Details of this part ferent parametrizations for the choice of this valg, exist
of the experiment are found in RdE], here we summarize [21,22. Alternatively a “smooth cutoff” may be used, as
results only to the extent needed for further discussion. ~ proposed in Ref[23] with the “soft-spheres” model. The

The differential cross sectiondo/d® are presented in angular distributions calculated in semiclassical approxima-
Fig. 4 for the measurement on the Pb and Sn targets. THéon for various choices ob,;, were convoluted with the
spectra are dominated by electromagnetic excitation. In orddpstrumental resolution and then compared to the data. Fig-
to judge on the amount of nuclear excitations we contrast thére 4 shows the best fit for a sharp-cutoff minimum impact
cross section distributions with the spectrum obtained for th@arameteiby,;, resulting from ay? analysis(solid line) and
carbon targetupper panel of Fig. % and with a spectrum for the distribution obtained from the soft-spheres model
the Sn target but requiring a fragment chargeZ0£53  (dashed ling The experimental angular resolution, unfortu-
(lower panel of Fig. % both of which are essentially deter- nately, masks the differences in the distributions predicted by
mined by nuclear interactions. In the latter case, one coulghe two models. In case of the sharp-cutoff approximation,
argue that electromagnetic excitations may also contribute tgalues ofbyih'=14.5+0.4 fm andb{h'=13.6+0.6 fm are
the one-proton removal reaction. Statistical emission of proebtained from the fits for the Pb and Sn targets, respectively.
tons from excited heavy nuclei, however, is strongly sup-For the Pb targeb®%P'is in perfect agreement with the pa-
pressed by the Coulomb barrier. A nonstatistical neutron derametrization of Benesh, Cook, and VafBCV) [21], the
cay component is observed in the data as outlined in thearametrization of KoX22] gives a too large value. For the

with the C targe{upper pangl| and for a one-proton removal reac-
tion in the Sn targetlower panel.
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= Qan) _-Q@m  -Q@n) nuc|_=1+aA'jf/gr0_ @
= 107F : E e 14aal8 ¢
Q 1
E o
il "”«uﬁ,. ot with a=0.14(0.01) as shown in ReR28]. The nuclear con-
T\; 10 P +.+~$ tributions determined according to the above scaling pre-
o scription amount to 5% for the Pb targets and 10% for the
Sn target, thus are small in both cases. It should be noticed
1l — GDR +GQR | that the experimental cross section distribution as shown in
Fig. 5 extends to excitation energies below the one-neutron
e H i separation threshold. This effect arises, because only the
%' 15 | ] meany-energy deposit of the atomic background distribution
s | 1 can be subtracted.
E 10 I | | I IR l | In order to analyze the measured differential cross sec-
= [“ \ T tions do/dE* and eventually to extract the double-phonon
u + | ﬂ |~ components, we proceed in the following manner:

B ST 1 ‘ ‘ | I I (i) The distributions of the single-phonon dipole and
© o h T l L t quadrupole strength over excitation energy were adopted
0 h%'f’f_}.” | i | from independent measurements, see Table | and above.

[ + H ‘ (i) From these distributions, the electromagnetic excita-
5 “ 1 tion cross sections for the heavy-ion collisions of interest
L L L ol L L L

were computed in semiclassical approximation, and a sharp
cutoff minimum impact parameter according to the BCV pa-
rametrization was chosen as it was found to be consistent
with the analysis of the angular distributions discussed in the
i " 13 ; preceding section. Multistep excitations depleting to some
Cross.seCt'om”/dE for Gxe. and the thick Pb target. ThreShpld. extent the excitation of single giant resonance phonons in
energies Q) for the separation of one to three neutrons are indi- . .

o . favor of higher-phonon states were taken into account by
cated. The solid line represents the calculated sum of cross sections lying the “folding model”[20]. The folding model de-
for one-phonon giant dipole and quadrupole resonances. Lowe?ppby 9 " thg lect ) i It'gt itati
panel: Difference in measured and calculated cross sections fror%(?n _es Correc. Y e electromagnetic multistep erx0| a I.ons
u within the equidistantly spaced levels of a harmonic oscilla-

pper panel. b -
tor and also accounts for the nonzero width of the giant reso-
Sn targeth®Ptis found in between that of the BCV and that N&NCes. Throughout this paper, cross sections computed

of the Kox Egrametrization. In any case, the measurement d/]vithin the folding model serve as reference for a harmonic

the angular cross section distributions shows that the spectfﬁSponse with regard to multiphonon states, as frequently

can be well described within the semiclassical approximatior'r’se.q in literature. .
with a proper choice ob,,;,. A more detailed discussion of ('"). The caI_cuIated cross sections are passed through the
these data is given in Ref5]. experimental filter and_ are ther_l comparec_j to the experimen-
tal data. For the experimental filter, modeling of the decay of
the excited nuclei is required as was outlined in Sec. Il A 2.
For 1%xe, level density parameters were taken from Refs.
From the invariant mass, E{l), of the Xe fragment and [29,30.
the emitted neutrons angrays, the'*%Xe excitation energy In a first approach of data analysis, cross sections calcu-
E* is obtained event-by-event and the energy differentialated in this manner for the sum of single-phonon giant di-
cross sectionda/dE* can be deduced. The spectrum for the pole and quadrupole resonance excitations are compared to
thick Pb target is shown in Fig. 5. The background measurethe measurement in Fig. 5. The only free parameter in the
without target, contributing 15% to the cross section, is al-calculation was that of the overall normalization being ad-
ready subtracted. By using the measurement with the C tajusted at lower excitation energies. Below an excitation en-
get, moreover, the nuclear cross section was estimated amigy of 20 MeV, we observe a perfect description of the
was also subtracted. For that purpose, the measurement erperimental data. Above 20 MeV, an excess in experimental
the C target was analyzed under identical conditions as focross section is found, centered around 30 MeV.
the Pb target. For the C target, electromagnetic excitations For the final analysis, we parametrize the excess cross
can be neglected and the observed cross sections can be asetion by a Gaussian distribution. Inyasquare fitting pro-
signed solely to nuclear excitations. Cross sections of nuclearedure applied simultaneously to all spectra obtained for the
neutron-removal reactions in heavy-ion collisions can behree different targets, the centroid and width of the Gaussian
scaled with the radii of the interacting nuclei as discussed imistribution were determined, the normalization of both the
Ref.[24]. From a fit on the systematics of experimental datasingle-phonon cross sections and that of the excess cross
using the “factorization model125-27, a scaling can be section were adjusted individually for each target. In this
derived of the form way, we obtain excess cross sections of (268 mb and

0 5 10 15 20 25 30 35
E* [MeV]

40

FIG. 5. (Color onlineg Upper panel: Experimental differential

B. The excitation energy spectra
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FIG. 6. (Color online Neutron velocity spec-
tra in the laboratory frame measured with the
thick Pb target. Left-hand panel: For the one-
neutron decay channel. Middle panels: For the
first and second neutrons detected for the two-
neutrons decay channel. Right-hand panels: for
the first and second neutron detected for the
three-neutron decay channel. The solid curves
show the result from the Monte Carlo simulation.
The dashed line indicates the cut on slow neu-
trons, see text.

do/dv [arb. units]

10

A 1. neutron

A 2. neutron

— simulation

10 F

26 22 23 24 25 26
neutron velocity v [cm/ns]

21 22 23 24 25

85(30) mb for the thick Pb target and the Sn target, respeceome Lorentz compressed and deviations are more difficult
tively. The counting statistics obtained with the thin Pb targetto disentangle.
was not sufficient. The value of 168) mb for the Pb target Attempts to remove the discrepancy by a variation of the
should be compared to the previously published DGDR croskevel density parameters governing the statistical neutron de-
section of 21860) mb[4], which deviate from each other by cay failed. Allowing for a nonstatistical neutron decay com-
one standard deviation. It should also be noticed that theonent directly into the ground state or its near vicinity with
corresponding spectrum shown in Ref] was obtained after a relative intensity of up to 10%, moreover, was also not
deconvoluting the measured cross section distribution witlsuccessful. The slow neutron component, in consequence,
the atomic background distribution discussed above. Herdhas to be assigned either to a residual instrumental back-
we refrain from such an attempt because deconvolution erground or to a physical process that we do not control. It
larges statistical fluctuations considerably. should be noticed that the neutron decay spectra obtained for
Aside from the excitation energy spectra, our data allowthe excitation of?°®Pb do not exhibit such effects, see the
to inspect carefully the different components which eventu-data presented in Sec. V B.
ally determine the excitation energy distribution, i.e., the In order to study the influence of this unexplained neutron
y-sum energy spectra and the neutron velocity or energgomponent, the slow neutrons were cut out, the cut being
spectra. They-sum energy spectra, which were differentiatedindicated in Fig. 6, and the analysis was repeated under this
according to the different neutron decay channels, agree vemgonstraint. The excitation energy spectra obtained from this
well with that obtained from our Monte Carlo simulation. analysis are shown in Fig. 7. The cross sections for the one-
The experimental neutron velocity spectra as shown in Figphonon transitions changed only slightly, the excess cross
6, however, exhibit a component of slow neutrons, which issection at high excitation energies, however, reduced to
qualitatively but not quantitatively reproduced by the calcu-106(17) mb in case of the thick Pb target and ta%2 mb in
lation which assumes statistical decay. The effect appears twase of the Sn target. The two results obtained from analyz-
be most pronounced for then2channel. At high neutron ing the data with or without cutting on the neutrons, may be
velocities, slight but less pronounced deviations are also okzonsidered to deliver lower and upper limits for the excess
served. Towards high velocities, however, the spectra becross section. In Table Il, we quote average values with sys-

Pb,

hick™ 12rget Pb,,,-Target Sn-Target
! ! " ___GDR

FIG. 7. (Color online Lower panels: Experi-
mental excitation energy spectra f&iXe (700
MeV/nucleon on the three targets. The solid
lines show the result of the data analysis includ-
ing cross sections for GDR, GQR, and DGDR
excitations, the dashed lines those without DGDR
excitations. The calculated spectra are convoluted
with the response of the detector system. Upper
panels: Calculated spectra prior to convolution
for the GDR, isovector and isoscalar GQR, the
DGDR, and their sum, as indicated in figure.

do/dE* [mb/MeV]

10 20 40

30
E* [MeV]
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TABLE II. Experimental results for the GDR and DGDR in
136Xe in comparison to values obtained in the harmonic limit. The
errors quoted fowry,,m result from the uncertainty in photoabsor-
tion cross sections. Far.,,(DGDR), the statistical and systemati-
cal errors are given separately, see text.

102F

136y o
Resonance Observable Target s
Pbipick Pbpin Sn

GDR Texpt (Mb) 1243(14) 1380(55) 661 (26) 0d
GDR Oharm (M) 1695(250  1695(250) 790 (120) :
DGDR  Egypt (MeV) 29.8(+2.5-2.1)

DGDR  Epam (MeV) 30.6 102
DGDR  Tgypi (MeV) 12.2(+ 7.5~ 3.3) (FWHM)
DGDR  T'parm (MeV) 9.8

DGDR 0y (mb)  135(20; 30 73(32; 15 18
DGDR  oparm (Mb) 90 (20) 21 (5)

do/dE" Imb/MeV]

--- GDR --- DGDR
««is./iv. GQR — sum

tematic errors covering the results from both approaches.

In Table Il, we assign the excess cross section to the ex-
citation cross section for the double-phonon giant dipole 102
resonance. The arguments are the following.

(i) The cross section above20 MeV excitation energy 10¢
cannot be attributed to a single-step excitation since the adia- ;
batic cutoff suppresses single-step excitations dramatically, 0
as can be verified by means of semiclassical calculations. E* [MeV]

(ii) Since the GDR excitation is the dominant single-step ) )
process, see Fig. 7, thus the DGDR excitation should be the FIG- 8. Same as Fig. 7, but f6f°Pb (640 MeV/nucleonon five
most likely two-step process. different targets.

We discuss in Sec. VII B possible contributions from
other two-step processes. from the experiment. U (238 mg/@n Pb (256 and

Table Il summarizes the results obtained f&¥Xe in 798 mg/cm), Ho (800 mg/cr), Sn (500 mg/crf), and C
comparison to the values expected within the harmonic limi{180 mg/cri) were used as target material, all of natural
for giant dipole resonance excitations. For a state formed bgbundance. The treatment of data and the analysis of the
two non-interacting phonons, the excitation energy and thexcitation spectra was performed in essentially the same
width should be twice as large as for the corresponding onemanner as in the case df®e, for details see Ref(6].
phonon statg3]. Within the experimental errors of a few Figure 8 shows the excitation energy spectra for the heavier
MeV, no significant deviation is observed. Most noticeably,targets in comparison to the calculated cross sections.
at one hand, a reduction of the single-phonon cross section, The giant resonance parameters entering the calculation
and on the other hand, an enhancement of the double-phon@fie taken from the photoabsorption measuremgdis32]
cross section is observed, both in comparison to theor the isovector GDR, from electron scattering de&a] for
harmonic-limit value. Averaging over all targets, the reduc-the GQR,, and from Refs[19,34 for the GQR, , see Table
tion of the single-phonon cross section amounts td286, ||, As in the case of!**Xe, the cross section attributed to the
where the error is essentia”y reflecting the Uncertainty in th@GDR was parametrized by a Gaussian distribution, param-
photoabsorption Cross SeCtionS, see Table Il. ASimilar, SOMe&sters of which were obtained in a Chi_square f|tt|ng proce-
what larger effect was observed in the earlier measuremegfyre. As seen from Fig. 8, the experimental spectra can al-
for 13%Ke [4]. most perfectly be reproduced by the calculated ones. Table

IV summarizes the experimental data. It should be noticed

I exp. data
— fit

V. THE RESULTS ON 2%pp

Results from the?®®Pb experiment are partly published in TABLE lll. Same as Table I, but fof*%b.
Ref. [6]. Here, we briefly summarize and, in addition, pro-
vide an analysis of the giant resonance decay data delivering Eiph (MeV) I' (Mev) Strength(%)
supplementary information. GDR 136 37 110.8
A. The excitation energy spectra 11.6 2.1 108
GQR. 10.6 2.7 100
The energy-differential cross sections f§#Pb projectiles  GQR, 22.0 5.5 100

(640 MeV/nucleohon six different targets were determined
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TABLE IV. Same as Table Il, but for the experimental results §Pb.

208py
Resonance Observable Target

U Phinick Phiin Ho Sn
GDR Texpt (MD) 3595 (108) 3445 (69) 3168 (95) 2421 (48) 1427 (43)
GDR Oharm (Mb) 3655 3140 2345 1515
DGDR Eexpt (MeV) 26.6(8) @
DGDR Eharm (MeV) 26.8
DGDR T expt (MeV) 6.3(1.3) 2 (FWHM)
DGDR Iharm (MeV) 8.0
DGDR Texpt (MD) 486 (90) 376 (61) 352 (65) 270 (48) 68 (30)
DGDR Oharm (Mb) 378 279 158 66

@Average value from this experiment and that in R86).

that, in contrast to'*%Xe, the cross sections for the single- DGDR cross section with target charge is observed as com-
phonon GDR excitation agree rather well with the calculatedpared to that for the GDE6]. For a two-step electromagnetic
ones based on photoabsorption measurements. excitation in comparison to a one-step excitation, a factor of

Integrated GDR and DGDR cross sections are shown iflose to 2 is expected, see the semiclassical calculations
Fig. 9 as a function of the charge of the target. In a doublyshown in Fig. 9. This provides evidence that the cross section
logarithmical presentation, a 1(8) times steeper rise of the assigned to the DGDR indeed arises essentially from a two-
step excitation. The lower panel of Fig. 9 compares the ex-
perimental DGDR cross section to those obtained in the har-
monic limit. Averaged over all targets, we find a ratio
amounting to 1.3316).

o [barnl
)
w
=]
I
(s}
)
o
c

B. Decay properties

.- In heavy nuclei, such a&®Pb, the giant resonances dis-

ol cussed here decay predominantly via the emission of neu-
trons. The Coulomb barrier suppresses decay channels in-
volving charged particles, and the directdecay back to the
ground state contributes to about 1% only. Due to internal
nucleon-nucleon collisions, giant resonances, manifesting a
.7 coherent superposition of one particle—one hole states, are
A ff’ \ . 1.33 after formation gradually transformed into complex many

T
\
1

T
—m-
AY
AY
\
1

particle—many hole states prior to decay by particle emis-
sion. This process is reflected by the “spreading width” of
giant resonances. These states of complex configuration most
g : ] likely decay in a statistical manner. For the GDR 4Pb,

| ] two experiment§36,14| reported nonstatistical decay com-
~ + ponents contributing to less than 10% to the total decay

[~~~ --1-7 - spectrum.
--------- *-_-+- -- In order to illuminate the decay characteristics, in particu-

r T ] lar from excitation energies around the DGDR, we inspected

L 2-Phonon _ neutron decay spectra. For that purpose we analyzed kinetic
energy (Tyin) spectra of the neutrons emitted from the ex-
0 5'0 6'0 7'0 alo glo ' cited projectiles after a Lorentz transformation into the pro-
jectile center-of-mass frame. In a first step, guided by the

& assumption of a purely statistical decay mode, we compare

FIG. 9. Upper panel: Integrated cross sections for the GDR andN€se spectra to @nodified Maxwellian distribution of the
the DGDR in2%Ph measured on different targets of nuclear chargform
Z; . The dashed lines interpolate cross-section predictions from the B N (Tei /T)
semiclassical calculation; in case of the DGDR, the calculated val- do/dTyjp=constT},e " kin 4
ues are multiplied by a factor of 1.33. Lower panel: Ratio of the
experimental cross sections for the DGDR 3%Pb to the ones With the slope parametér, being related to the excitation
calculated in the harmonic limit. The mean value and its error areenergy or temperature of the nucleus. In cases where only
indicated by solid and dashed lines, respectively. one neutron is emitted, the exponemt1 is chosen, for
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FIG. 10. Neutron kinetic energy spectral {4 do/d Ty, , in the FIG. 11. Same as Fig. 10, but for events where two neutrons are

29%p projectile center-of-mass frame for different targets as indigmitted.
cated and for events with emission of one neutron. Solid lines rep-
resent Maxwell distributions with adjusted slope paramé&tersee . i
Eq. (4), after folding with the experimental response. C. Double-phonon spreading width
Combining the cross sections from this experiment on

20 . .
higher neutron multiplicitiesn=1/2. The latter was sug- *Pb covering the GDR and DGDR neutron decay with

gested to be appropriate in case of emission of more than one

neutron[37]. Figure 10 shows the neutron kinetic energy s L ™= s b *
spectra, more precisely the quantityTg/do/dTy;,, for 2 103 Emy g N
events of one-neutron emission; such events can be attrib€ £ e 4 3

uted solely to one-phonon excitations. The measured spectrgg c2) 'I’ . . .

0 10 20 30
% of nonstat. decay

can be well reproduced by the Maxwellian distribution over '5
about three orders of magnitude in cross section. o

Figure 11 shows the corresponding spectra, accompanie&
by the emission of two neutrons. Such events are more sen-
sitive to the decay out of the DGDR domain. Again, the
measured spectra appear to be well reproduced by the Max-
wellian distribution.

In a second step, a more elaborated investigation of the
neutron decay data was performed by comparing to calcula- 10 |
tions using the statistical decay codescADE [38]. Neutron 5
decay spectra were calculated for excitation energies*of
=8-40 MeV in bins of 1 MeV. The decay spectra were
weighted each according to the energy differential cross sec-
tions known from the excitation energy spectra and then s b L b L 1 L -
added up. In addition to the statistical decay, a nonstatistical 0 2 4 6 8 o 12 1416
neutron-decay branch was introduced accounting for a direct Tun MeV]
trans_ition to the ground state 8f’Pb. The relative strength_ FIG. 12. Neutron kinetic energy spectra in tHéPb projectile
of this “direct” decay was a free parameter. The result iSenter-of-mass frame, comprising events with emission of up to
shown in Fig. 12. three neutrons. Calculations within the statistical model but includ-

The inset in this figure shows the* values per degree of ing direct decay componentsee text contributing 0%, 10%, 20%,
freedom for different choices of relative strength of the NoN-and 30% are shown as solid, dashed, dashed-dotted, and dotted
statistical component. Obviously, this component Contribute%urves, respectively. The inset shows the respective normai(i%ed
to 10% at most, as was found for the GDR in R¢86,14. values.

102
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those from a measurement of the direct GDR and DGDR
y-decay in the same nucle(i85], allows to determine the
branching ratio BR,, of y and neutron decay in a straight-
forward manner. After scaling slightly the cross sections ac-
cording to the fact that the beam energy was different for the
two experiments, we deduce a one-phondph GDR
branching ratio ofBRi?nh=0.019t 0.002 which is in good |
agreement with the value found in R¢89]. For the two- 2
phonon(2ph giant dipole resonance, here the branching ra- i
tio is deduced for the first time amounting to a value of
BR3P/, = (4.5+1.5)x 10" * for the doubley decay. I
Using these values, one can derive the spreading Width s I
as was outlined in Ref.3]. As shown above, the neutron i
decay spectra observed f6¥%Pb do not exhibit any signifi-
cant contribution from direct particle decay. Thus, the par-
ticle escape widtH'! can be ignored in the following con- 107k
sideration. Two processes remain competing in the
destruction of the coherent giant resonance states: the direct
y back decay of widthl’, and the spreading into many
particle—many hole configurations of width. The branch- 10k
ing ratios BR),/, are thus given by the ratidsP"/(I')P" g
for the one-phonon state arkd>”"/(I'!)?*" for the two-
phonon state. Adopting noninteracting phonons, the

Pb target

- i i h i T P R B A A A
2y-decay branching ratio BJ]}, can be written as I T T
r2eh riph (Fl)lph rieh 2 E [MeV]
2ph _ Y Y _ Y . . . . .
Ryin= 1\2ph (1 Niph \2ph I\1ph| 5 FIG. 13. (Color onling Differential cross section for the excita-
(') (') () (" tion and subsequent neutron decay’8tJ on Pb(upper pangland

on Sn(lower panel targets at a bombarding energy of 500 MeV/
therein usingﬂthzzrlph’ i.e.. the Bose factor for identical nucleon. The dashed line represents cross sections calculated for

Y Y i itati
. . - e [x2phy 1 [y 1ph one-phonon giant resonan@@DR and GQR excitations after ap-
phonons. The relative spreading width"§="/(I") may plying the experimental filter. The solid line reflects the sum of

now be obtained from Ed5) by inserting the experimental

. -ph d two-ph ts.
values for they-decay branches. Two effects still have to beOne pronon and twe-phonon components
taken into account. First, as the DGDR cross section was )
observed to be enhanced by a factor of #8316 (see Sec. NG energy, as obtained for the one- to three-neutron decay
VA), Fiph has to be enhanced by this factor. Second, ther€hannels. o o _
is also a statistical component fertransitions to the ground Nuclear exmta_\tlon contributions were subtracted using the
state contributing about 20—30 % to the tofatlecay for the ~Measurement with a carbon target (274 md)cittompare
GDR in 2%%b[39]; for the DGDR this contribution can be Sec. IV B), the factor for the scalmg of nuplear effech with
neglected due to the increased level density. The two effect@/9et mass from C to Ptsn) target is applied according to

practically cancel each other and a value of Ref. [8], r_esulting in a factor c_)f 200.4 (1.8-0.4).
(T1Y2Ph/(T'1)Ph=1.6+0.5 is determined from Ed5). This The differential cross sections are compared to calcula-

. . 3 .
relative spreading width is in accordance with the ratio ofions as described fof*Xe in Sec. IV A. The resonance

apparent widths of DGDR and GDR i#f%b as quoted in parameters for the one phonon excitations are listed in Table
Table VIl amounting tol 2?"/I'1PP=1.6+0.3. Both values V and were taken from photoabsorption dd#] for the

. 23 .
indicate a DGDR spreading width somewhat lower than thé>PR I U and from electron scattering data for the
value (C1)2P"/(T')Ph=2 expected for noninteracting GQRs,iv [41—43. Photoabsorption cross sections U
exhibit a double hump structure reflecting the intrinsic quad-

phonons. . . .
rupole deformation of this nucleus. In the respective electro-
VI. THE RESULTS ON & TABLE V. Same as Table |, but for giant resonance$3tu.
23 oo

For 238, both. the neutron decay'an.d the fission channel Eypn (MeV) T (MeV) Strength(%)
are open after giant resonance excitations. Here we present
the results of the neutron decay analysis only. These studiesDR 10.77 2.37 34
are performed similarly to that of the Xe and the Pb experi- 13.80 5.13 109
ment. Figure 13 shows the measured differential cross seGQR, 9.9 3.0 100
tion do/dE* for the excitation of**® on Pb (302 mg/cr)  GQR, 21.6 5.0 70

and Sn (239 mg/cA) targets at 500 MeV/nucleon bombard-
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TABLE VI. Ratio of cross sections for the DGDR and the GDR
in 238U from this experiment and from calculations in the harmonic
limit.

Pb target Sn target
(‘TDGDR/‘TGDR)expt 0071(26) 0057(34)
(0oepr!TGDR) harm 0.067 0.034

magnetic cross section at 500 MeV/nucleon, the upper conpgpr

PHYSICAL REVIEW C68, 024317 (2003

TABLE VII. Double-phonon giant dipole parameters, i.e., peak
energyE, apparent width", and cross sectionr (¢°°") from this
experiment in relation to their values adopting a harmonic dipole
responses and o°°" denote cross sections prior to and after cor-
rections for contributions from GDRGQR excitations, respec-
tively. The value given in square brackets f8fPb is that for the
spreading width. The data available from different targets were av-
eraged. The second error quoted ooy, 5, for *%Xe represents
the systematic error, see text.

ponent, however, appears to be drastically reduced due to the

adiabaticity conditions in such heavy-ion collision.

The decay branchings into the various neutron and fissioR”Pb

decay channels are known up to 18 MeV excitation energy

[40] and were extrapolated for higher excitation energies fol->*U

E/Enarm LIT harm o/ oharm Gcorla'harm
1%6xe  0.97(8) 1.25("1) 154(22;30 1.35(21; 26
0.99(3)  0.79(16) 1.33(16) 1.08(13)
[0.80(25)]
1.13(36) 0.90(29)

lowing the prescription in Ref.7].

The experimental data and the calculated energy differen-
tial cross section distributions are compared to each other in
Fig. 13. Evidently, the cross section for the DGDR contrib-
utes only a very small fraction of the total observed one,
since the DGDR decays to most extent into fission. Due tg3)
the low branch of the DGDR cross section into the neutron
decay channels, only a restricted analysis was feasible, pa-
rameters such as width and splitting into different compo-
nents expected for a strongly deformed nucleus could not be
determined. Instead, as far as the DGDR is concerned, we
compare the data only with the predictions obtained within
the folding model. The normalizations for single-phonon and
DGDR excitations, however, were varied. The calculated
cross sections for the one-phonon and the DGDR excitations
after passing the experimental filter and proper normalization
are included in Fig. 13. The overall normalization of the
experimental data, moreover, was somewhat hampered by
the requirement of implementing measuring devices cover-
ing the fission channel as well, see Sec. Il C. We thus prefer
to quote only the ratio of the GDR and DGDR cross section
where uncertainties in normalization cancel. The result id%)
given in Table VI. Within errors, this ratio is found to be in
agreement with that of the harmonic prediction and confirms
the earlier result from an inclusive measurement of the neu-
tron decay in Ref[7].

VII. SUMMARY OF EXPERIMENTAL RESULTS
AND DISCUSSION

A. Summary

proach. A minimum impact parameter separates rather
sharply the domain of electromagnetic excitations from
that of nuclear processes resulting in absorption.

The 2%%Pb measurement with five different targets, at one
hand, shows that the overwhelming part of the cross sec-
tion can be understood as an electromagnetic single-step
excitation to the giant dipole resonance with small con-
tributions from quadrupole resonances. On the other
hand, the excess cross section observed at excitation en-
ergies above the one-phonon resonances was found to
arise essentially from a two-step excitation mechanism,
thus is most likely to be assigned to the double-phonon
giant dipole resonance. The parameters deduced for the
DGDR are, at least qualitatively, in accord with the ex-
pectations within the harmonic limit. Yet, depending on
the nucleus, an enhancement in excitation cross section
for the DGDR is observed if compared to the folding
model based on a harmonic response.

The neutron decay seems to be governed by statistical
decay properties. Only fo*®Xe, a small deviating com-
ponent was observed, the origin of which is not clear. In
208h  poth the DGDR apparent width and the DGDR
spreading width extracted independently from our data
together with that for the doublg-decay indicate a
value somewhat lower than expected for noninteracting
phonons.

Table VII summarizes the DGDR results from the experi-
ments reported here by comparing to the values obtained
adopting a harmonic response. The values quoted are those
_obtained after averaging the results from different targets.

The results from the experiments fé#%e, 2°%Pb, and
233 may be summarized as follows

(1) Peripheral collisions between two heavy ions at bom
barding energies of several hundreds of MeV/nucleon
give rise to inelastic excitations in the domain of up to

several tens of MeV in excitation energy with cross sec-  Experimental studies of double-phonon giant resonances
tions of the order of several barns. These cross sectiongimulated a considerable theoretical activity, essentially at
are essentially due to electromagnetic excitation protwo frontiers: microscopic calculations for the double-
cesses. phonon nuclear response and reaction dynamics studies, the
The measurement of the angular distribution of the scattatter ones to most extent concerned with the apparent en-
tered projectile in case of*®Xe appears to be well re- hancement of the electromagnetic DGDR cross sections. For
produced within the framework of the semiclassical ap-a comprehensive overview of the various efforts we refer to

B. Discussion

(2)
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FIG. 15. Cross section distributions for the Gévlid line) and
FIG. 14. Excitation pathways adopted for the coupled-channelgjouble-phonon states populated b projectiles(640 MeV/
calculation estimating cross sections for two-phonon states of typaucleon impinging on a Pb target: DGDRdashed ling GDR
GDR®GQR. TGDR denotes three-phonon giant dipole resonancesy GQR, (dashed-dotted line GDR® GQR,, (dotted ling.

the most recent review papd44] and the references given
therein. Here, we restrict ourselves to the most extensivel
discussed topicsfi) a physical background in the DGDR
excitation energy regime from two-phonon states of otherD
character than the DGDRji) the role of an anharmonic
nuclear response, artii ) effects due to damping of the co-
herent one-phonon state during the heavy-ion collision.
Contributions from other two-phonon state®o far, the
cross section observed on top of that from one-phonon gian
resonance was assigned to the DGDR solely. It was disr—1
cussed in Refs[45—47 that other two-phonon states may
contribute to the experimentally observed cross section
There, for the specific case 6f%Pb, it was derived on the

corrected DGDR cross sections which are included in Table
i and, for the Pb target, are shown in Fig. 16.
Anharmonicities. Naturally, the investigation of the
GDR spectral distribution is concerned with the question to
which extent a harmonic behavior is obeyed.

To which extent anharmonicities effect the electromag-
netic DGDR cross sections was studied in a more empirical
pproach in Ref§48-5(. Therein, an anharmonic vibration
as considered with parameters governing the degree of an-
armonicity being introduced ad hoc. The results of Ref.
48], in particular, inferred that even modest anharmonicities
an affect the DGDR cross sections considerably. In Ref.

) . : ; e 50], a similar type of calculation was performed; DGDR
basis of microscopic calculations that the excitation of suc nergy shifts were combined with a change of the oscillator
states could increase the cross section in the DGDR energ

quuency in order to assure that the energy of the single
; 0 ;

regime on a level of about 20%, thus_ reproducing al_mo_szR remains at its experimentally known value. This calcu-
guantitatively the measured cross section. The most signifi

N . fation resulted in much smaller effects on DGDR cross sec-
ca_mt contribution stems frqm two-phonon states built by COUjions in comparison to those p48].
pling of a GDR phonon with a GQR phonon.

In order to illuminate the magnitude of such contribu-
tions, we performed coupled-channels calculations for the £
nuclei under investigation. The adopted scheme of excitationg ;¢
pathways is shown in Fig. 14. The required excitation ener-ﬁ
gies and transition matrix elements for the single-phonon% 1.4
excitations were extracted from experimental quantities, sees
Tables I, Ill, and V. The transition matrix elements for the 1.2
multiphonon states were deduced from that between ground
state and one-phonon state applying the relevant spin factors
and, in case of identical phonons, the Bose factors.

The coupled-channels calculations result in a cross sec-
tion of 15-20% in case of GQRv GDR and to about 10%
in case of GQR ® GDR, relative to that of the DGDR. For L
208ph | these values are of similar magnitude as found in the 120 140 160 180 200 220 240
RPA calculations in Refl45]. The coupled-channels calcu- mass number
lations are schematic to the extent that the width of the giant £ 16 Experimental DGDR cross sections relative to their
resonances is ignored. In order to illustrate the overlap of th@amonic values prior tdopen circles and after filled circles
various two-phonon states, we convoluted the calculatedyptraction of contributions from two-phonon states of type GDR
cross section with the respective width of the two one-gGQR for the three measured nuclei on a Pb target. The hatched
phonon states involved, the result is shown f8Pb in Fig.  areas indicate the expected increase of the cross sections due pho-
15. It appears that the GQR GDR state fully overlaps and non damping during the collision. Star symbdtonnected by a
the GQR,® GDR overlaps to about 50% with the DGDR. dashed ling reflect the increase of cross section due to an anhar-
Tentatively, we subtracted these contributions, resulting inmonic dipole response relative to the harmonic respgsse text

1.8

135Xe ZUBPb 235U

__________________________________ *#* 8%

0.8

0.6
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In a number of microscopic calculations, energy shifts andlepletes the flux available for forming a coherent two-
the splitting of the DGDR resonance into [t8=0" and 2" phonon state during the ongoing electromagnetic interaction
spin components were derived, see RE844] for a survey. in the heavy-ion collision, see, e.g., RE1]. It was pointed
Such studies, in general, result in small relative energy shifteut in Ref.[60], however, that a GDR phonon may be built
of the order of typically a few hundreds of keV in heavier on top of the complex state as well according to the Brink-
nuclei, with mass dependencies proportionalto' [51] or  Axel hypothesis. A second excitation pathway thus opens up
A~*3[52,53, see also Ref54]. The systematic calculations which may add to the coherent two-phonon excitation and
of Ponomareet al.[51] spanning over a wide range in mass which could modify the DGDR cross section. Very recently,
yielded, for example, an energy shift of the DGDR &tate  thjs idea was followed up by Gu and Weidefirau[62] who
in 2%%Pb of —158 keV and a maséA) dependence of the performed detailed calculations applying random-matrix
DGDR energy shift was found of the forME=DbA"“ with  theory. For the systen?®®Pb (640 MeV/nucleoh on a Pb
b=—37(8) MeV anda=1.086). One- and two-phonon  target as investigated experimentally here, both calculations
configurations were included in this calculation. In R&b], FFO’GZ] find an increase of the DGDR cross section.
selected three-phonon configurations were included which The magnitude of the effect is governed by the time scale
appeared to have a minor effect on the DGDR energy shiftqn which the spreading proceeds~#/T"!, in proportion to

Very recently, however, it was shown by Faliettal. [S6]  the time interval during which the Coulomb interaction in-
that the inclusion .of speplflc three-phonon st_ates can be Cryyces phonon excitations,~2b/ yv, depending on impact
cial. The DGDR, in particular, seems to be influenced mosharameteh and the projectile velocity. To illustrate, we
strongly by its mixing with a three-phonon state built from qste the ratior, /7, for the collisional systems under inves-
two dipole and one monopole giant resonance phonon. AGjgation for an impact parameter of 15 fm, around which the
cording to Ref[56], the coupling of two-phonon states with 555 section for two-phonon excitation peaks; values of
three-phonon states yields considerably larger down-shifts O;C/Td:0.52, 0.41, and 0.58 fol*%e, 29%Pb, and?3%U are
the two-phonon spectrum. For example, the DGDRs2ate  pained, respectively. These values vary only little for the
was found to be shifted by-600 keV, i.e., four times the  qjision systems investigated here, and the  effect on the

value obtained in Re{51]. _ DGDR cross sections should be very similar in magnitude, in
Unfortunately, such energy shifts of below about 1 MeV 56 of136xe and 238U slightly higher than in case o°%Pb.

cannot be resolved with the present experimental techniquegy, the |atter case, i.e2%%b (640 MeV/nucleoh on a Pb
A shift of Epgpr, however, influences the electromagnetic 5 get a DGDR cross section enhancement of 10% was ob-
excitation strength in a twofold way, first due to the adiabatic;zined from the calculations of Refi62], seeR, values in
cutoff of the virtual phonon spectrum and second, due 0 thesjg 3 therein, and 14% from that of R60], see Fig. 7
related change in the transition matrix element. Both effectg,arein. |t may thus be guessed that the effect of damping of
enhance(decreasgthe cross section for lowehighen val-  he coherent phonon state during the collision should in-
ues ofEpgpr in comparison to the harmonic limit. crease the DGDR cross sections by 10-15 % for all three

In order to illustrate the effect of an anharmonicity on the gy siems investigated here. This enhancement of DGDR cross
electromagnetic excitation cross sections, we performedacion is indicated in Fig. 16.

coupled-channel calculations for the nuclei under investiga- \ye notice that the calculations in RE60] also predict a
tion. For that p;z%ggose, we adopted the result of Faﬁoﬂ- reduction in cross section for the single-phonon GDR, too
for the case of "Pb, which we scale accordlngzsto an small, however, in comparison to the reduction observed
dependence in order to obtain values #iXe and**, i.e.,  ere for13%e. In order to investigate systematically the ef-

for the DGDR 2" state we adopt an energy Shi'E  fect of the spreading width, experiments would have to be
=—125A"" MeV. The relevantEl matrix elements were performed at much lower bombarding energies, typically 100

then computed using Eq8)—(11) provided in Ref[50] for  \ev/nucleon, at which the increase of cross section is pre-
an anharmonic oscillator. The results of our calculation argjicted to be much more pronounced.

shown in Fig. 16 and should be compared to the experimen-
tal data after subtraction of the GEBRGQR contributions
(filled circles in Fig. 16. The DGDR cross sections increase
by about 10—-20 % and approach the experimental data more Single- and double-phonon states of the isovector giant
closely. The calculations, however, should be considered adipole resonance were observed in high-energy heavy-ion
only schematic ones, a more correct treatment would requireollisions with cross sections amounting to several barns and
to deduce energy shifts and splittings as well as transitioseveral hundreds of millibarns, respectively. Cross section
matrix elements from a microscopic approach in a consisterdistributions with regard to scattering angle and excitation
manner, an approach beyond the scope of this experimentahergy are quantitatively described by electromagnetic exci-
paper. tation treated in semiclassical approximation. Integrated one-
Dynamical effectdDynamical effects due to the spreading phonon cross sections are in accord with photoabsorption
width of the giant dipole resonance were discussed in theneasurements, only fot*®Xe a significant reduction was
literature [57—62. The basic idea is that, during the colli- found which may be linked to observed small nonstatistical
sion, the excited coherent one-phonon state according to itseutron-decay components.
spreading width is transformed into a state of “complex” The neutron decay out of the DGDR excitation energy
many particle—many hole states. This process, in principlejomain was studied in detail fof°®Pb and, here, exhibits

VIIl. CONCLUSION
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essentially statistical features only. From a combination ovidual contributions from such effects cannot be disen-
results of the neutron decay measurement presented here amtigled on experimental grounds and remain a challenging
an earlier two-photon decay experiment, the spreading widtlkask for measurements with advanced methods.
of the DGDR in?°%b could be obtained.

The integrated cross sections in the domain of the double-
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