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The excitation of the double-phonon giant dipole resonance was observed in heavy projectile
nuclei impinging on targets of high nuclear charge with energies of 500-700 MeV/nucleon. New
experimental data are presented for 36Xe and 238U together with further analysis of earlier data on
208Pb. Differential cross sections do-/dE* and duldO 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 anharmoniticies 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.

PACS numbers: 24.30.Cz, 25.70.De

1. INTRODUCTION large cross sections of several hundreds of millibarns 3.
From such measurements, the double-phonon excitation
energies appear at about twice the single-phonon ener-

Giant resonances in atomic nuclei are collective resonant gies and their widths in between 1. - 2 times that of
states at excitation energies above the nucleon separation the single-phonon width, thus in line with a harmonic vi-
energy, bilt by a coherent motion involving many nucle- bration picture. The respective experimental resolution,

ons. Such resonances can be viewed as a high-frequency however, does not permit to conclude on small anhar-

but small-amplitude vibration wch is damped by cou- monicities as expected on theoretical grounds (see be-

pling to more complex states. In general, the damp- low). In some cases, however, excitation cross sections
ing width exceeds considerably the (gamma-,particle-, seem to significantly deviate from those deduced from

fission-) decay width and amounts to several MeV. In reaction models with an underlying ansatz of a harmonic
a quantal description, giant resonances are understood giant resonance response.
as the one-phonon state of a nuclear density or shape vi-
bration. Since the vibration amplitude amounts to oly a The present report comprises measurements aiming at
few percent of the relevant nuclear dimension, the vibra- the two-phonon giant dipole resonances (DGDR in
tion, to lowest order, should reflect harmonic properties. heavy nuclei. The DGDR peak energies in heavy nu-

In reactions providing interaction times shorter than that clei are expected around 25 - 30 MeV excitation energy.
of damping and decay, more than one phonon can be cre- Simple considerations show that the process of electro-

ated forming the multi-phonon giant resonances. Since magnetic excitation in peripheral heavy ion collisions
they are embedded into a continuum of states with in- at bombarding energies around 50 - 700 MeV/nucleon
creasing density, selective probes and excitation mecha- can reach out to such high excitation energies only via

nisms are required. multi-step excitations, almost exclusively of DGDR type.

Double-phonon resonances were excited in pion double- Thus, ILigh-energy heavy ion collisions provide a clean

charge-exchange reactions, selective to ATzl = 2 tran- probe and were utilized in tis study.

sitions [1]. Double excitation of the isoscalar giant New experimental data are presented for the semi-magic

quadrupole resonance was observed in heavy-ion reac- nucleus ... Xe and the quadrupole-deformed and fissile
tions at intermediate energies 2 Coulomb excitation nucleus 2U together with a further analysis of data

in peripheral heavy-ion collisions at bombarding energies from an earlier experiment on the doubly-magic nucleus
up to about GeV/nucleon was found to populate the 208Pb. In case of 3IXe, the present experiment mani-

two-phonon isovector giant dipole resonance with rather fests a re-measurement of earlier data obtained by the
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same collaboration 4], now performed with an improved channel, also covered in this measurement, is currently
experimental technique. analyzed and will be published in a forthcoming commu-

nication.

II. THE EXPERIMENTS ON 136Xe, 208 Pb, AND
238u III. THE EXPERIMENTAL METHOD

Within ts paper, we present results from three sepa- As the experimental method and setup for the three mea-
rate experiments performed at the heavy-ion synchrotron surements are similar, we discuss it in detail only for the
(SIS) facility at GSI, Darmstadt. These studies were 136 Xe case (section III A). Modifications in case of the
devoted to an investigation of the double-phonon giant other two experiments, as fax as being substantial, are
dipole resonance employing electromagnetic excitation of described in sections III B and III C.
the projectiles 136xe, 208 Pb and 2311 U at high bombard-

ing energies (500 to 700 MeV/nucleon) on heavy targets A. The 136 Xe Experiment
of high nuclear charge. In heavy nuclei a investigated
here, the decay of giant resonances is dominated by neu-
tron evaporation and subsequent y decay of the residual 1. Techniques and Observables
fragment. In case of 28U, the fission decay channel com-
petes with neutron emission. As already mentioned, we employ the method of projec-
The experimental apparatus allowed for a semi-exclusive tile excitation on a heavy target, which leads to large
measurement including the fragment and emitted neu- excitation cross sections due to the Coulomb interaction
trons and -y-rays, from which the primary excitation en- between projectile and target. At high bombarding en-
ergy of the projectiles was reconstructed and, therefore, ergies, here 50 - 700 MeV/nucleon, dipole excitations
energy-differential cross sections are accessible. In ad- of high-lying collective states occur with cross sections
dition, neutron and 7-decay spectra were analyzed. In of the order of barns for the GDR, and of the order of
case of 31 Xe, the agular distribution of the scattered several hundreds of millibarns for the DGDR 3.
projectile was aso measured. In our approach, the excitation energy E* of the projec-
The semi-magic nucleus 131 Xe was the first nucleus, for tile is reconstructed by a kinematical complete measure-
which such a kinematical experiment was carried out ment covering all products of the decaying system. The
[4]. It yielded a considerable cross section enhancement
for the DGDR. The data on 136 Xe presented here, stem
from a measurement with an improved setup. Improve- Fiber TOF

"I I I1*94
ments concerned especially the fragment mass measure- I I I
ment, the 7-detection system, and the determination of Aperftwe Si-A-Strip ALADIN

the fragment scattering angle. The latter is important for
Be=the angular differential cross section measurement wich 1...... ......

was already published in (5]. Here, the 136 Xe results will IF

be supplemented with the energy-differential cross sec- PO$ CB PIN veto

tions from three different targets.
The findings of the experiment performed on the doubly-
magic nucleus 211 Pb were partly published in 6 In

this report, we deliver additional information about the FIG. 1: (Color online) Schematic view of the experimental
excitation spectra measured with five different targets setup. Shown are the beam and fragment counters (see text),
(U, 2xPb, Ho, Sn) and discuss the decay characteristics, the dipole magnet (ALADIN), the 47r NaI Crystal-Ball -
leading to an experimental value for the spreading width spectrometer (CB) and the neutron detector (LAND).
of the DGDR.
For the deformed and fissile nucleus 238U, inclusive data
on the DGDR exist for the neutron decay 7 and for the experimental setup for the 136 Xe experiment is shown
fission decay 89],[101, which led to inconsistent conclu- schematically in Fig. 1. It consists of a number of detec-
sions concerning a possible enhancement of the DGDR tors measuring time-of-flight, position, and energy loss
strength. The DGDR cross section obtained from the of both the incoming projectile and outgoing projectile
neutron decay was found to be consistent with that ex- fragment, thus enabling the determination of momentum,
pected from the harmonic approximation, the data from charge, mass and the scattering angle of the heavy frag-
the fission decay indicated a cross section enhancement. ment. The neutrons emitted from the excited projectile
Rom the present experiment of more exclusive type, the are detected in the Large Area Neutron Detector LAND,
energy differential cross sections for the neutron decay their momenta are determined from position and time-of-
of 238 U after Coulomb excitation on Pb and Sn targets flight information. Energies and angles of the emitted -y-
at 500 MeV/nucleon were obtained. The fission decay rays are measured with the 4r NaI spectrometer Crystal
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Ball (CB). This information allows for an event-by-event high as in this experiment, amounts to values below
reconstruction of the excitation energy E* by analyzing z� 8 mrad, see section IVA.
the invariant mass M through Two silicon diodes (PIN) with a tickness of 170 m were

placed behind the target in order to obtain the charge of

2 the fragments with a resolution of about 1% (FWHM).
,2 2 The charged fragments were deflected by a dipole mag-

1W Pi (Mp + E*) (1) net (ALADIN) with a large gap, and their trajectories
were further determined in the dispersive plane from the
one-dimensional position information of two scintillating

where Pi denote the four-momenta of all dissociation fiber detectors with a pitch of I mm [11]. The posi-
products and Mp the projectile rest mass. In ts way, tion measurements determine the magnetic rigidity of
the energy-differential cross section distributions are ob- the fragments. Time-of-flight information and a second
tained. Likewise, from the spatial components of the charge identification was obtained from an array of thin
four-momenta, momentum or angular distributions can organic plastic scintillators (TOF) of 2 mx2 m size ad
be deduced. Kinetic energy spectra of emitted neutrons placed about 7 m behind the magnet. Integrating the in-
or -y-ray spectra, for instance, can also be transformed formation on nuclear charge, magnetic rigidity, and time
into the projectile center-of-mass frame. The experimen- of flight, the fragment mass can be analyzed. The mass
tal setup is explained in detail in the next section. resolution depends on the target thickness, for the mea-

surement with the thin Pb target a resolution equivalent
to AA/A � 0.0058 (FWHM) was achieved.

2. Detection System The target position was surrounded by a 4-array of 162
Nal modules for the detection of the -f-rays emitted after

The '36Xe projectiles in a atomic charge state 46+ were projectile excitation, the Crystal Ball spectrometer (CB).54
accelerated by the SIS to 700 MeV/nucleon. After ex- The neutrons evaporated from the excited projectile are
traction, the beam passed a diaphragm with a mm detected about 11 m downstream from the target in
circular aperture. Oly ions passing the aperture were the Large Area Neutron Detector LAND 121, centered
transported by the beam line to the experimental area, around the beam direction. Due to the kinematical for-
while particles hitting the diaphragm material became es- ward focusing of neutrons emitted from the high-energy
sentially fully stripped and were removed from the beam projectile, essentially the fall neutron solid angle is cov-
by deflecting magnets. Tis method allowed for an effi- ered. The LAND detector with a size of 2 mx2 m
cient reduction of the beam ernittance wich is of sub- and I rn depth is built from 200 modules, each one of
stantial importance in order to perform the scattering a volume of 0.1 mx2.0 mxO.1 m and consisting of al-
angle measurement. ternating layers of scintillator and 2on material. Each
The Xe projectiles it a position sensitive organic scin- module is read out from the two far sides by photomul-
tillator detector (POS), which acts also as start counter tipliers, delivering timing information. Rom the sum
for the time-of-ffight measurement. The detector with a of the two time signals, the neutron time-of-flight, and
active area of x 5 cm2 and a thickness of 25 mg/cm 2 was from the time difference, the neutron position of inci-
located about 10 m upstream from the target. The scin- dence can be derived. An array of organic plastic scin-
tillator was coupled to four phototubes aowing, from tillators (Veto) in front of LAND served to reject inci-
their relative light output, to determine the position of dent charged particles. The LAND detector is calibrated
incidence in both directions x, y) perpendicular to the using the recognition of tracks from cosmic rays travers-
beam with a resolution of c.,, = 0.5 mm. In order to ing the detector ad inducing signals in several modules.
avoid angular straggling effects in front of the target, in- The time resolution of the modules amounts to about
stead of a second position sensitive detector, an active At = 50 - 600 ps (FWHM) and the position resolution
4-jaw beam collimator was placed 1.5 m in front of the to Ax = 7 - 10 cm. The absolute time-of-flight calibra-
target. Projectiles itting the collimator were rejected tion between target and the LAND detector was achieved
by the trigger decision. The aperture is chosen to be by utilizing high-energy y-rays emitted in more central
1 mm X 1 mm 3 mm x 3 mm) for a thin Pb target (for nuclear collisions between projectile and target. ulti-
other trgets). An additional active 4-jaw beam collima- neutron hits axe analyzed from their Mt pattern provided
tor with an aperture of 10 mmx8 mm placed directly by the modular detector structure. The detection capa-
behind POS served to control the beam size. In a dis- bilities of LAND were studied in detail in a calibration
tance of m behind the target two single-sided Si-strip experiment using tagged neutrons from the break-up of
detectors of 100 Mm pitch and 150 Am thickness were a deuteron beam at various beam energies. The one-
used to measure the (x, y)-position of the scattered frag- neutron detection efficiency is shown in Fig. 2 as a func-
ments after the reaction in the target. tion of the neutron energy in the laboratory frame. In
From the measured trajectories of both the incoming case of the Xe experiment it results in l,,, = 095. For
and outgoing Xe ions the scattering angle E) can be neutrons emitted with kinetic energies of Tki = .5, 1,
deduced which, for Coulomb scattering at energies as and 4 MeV in the projectile center-of-mass frame, a res-
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1.2 a target in order to determine background contributions
from beam ions interacting in detector or other materials
(the flight path of the heavy ions was kept under vacuum

I ---------------------------------------- up to the TOF detector) 
....... During the whole experiment, events without interaction

of the primary beam were registered in a down-scaled
0.8 mode allowing to normalize properly the measured cross

sections.

0.6

E S. Detector Response and Experimental Filter

0.4
As stated above, in heavy nuclei such as Xe or Pb, gi-
ant resonances decay essentially by neutron evaporation.

0.2 In consequence, reaction channels were selected and an-
alyzed for which the nuclear charge of the projectile was
preserved but yielded the emission of up to three neu-

0 trons. Higher neutron decay multiplicities did not con-
0 200 400 600 800 100.0 1200 tribute significantly.

T. [MeV] In a first step, the geometrical acceptance of our de-
tector system for these reaction channels was examined

FIG. 2 LAND detection efficiency for neutrons of energy T,,. empirically. Rom the position distribution of neutrons
The dotted line presents a fit to the data of the calibration in LAND, a geometrical acceptance of 97 for single
experiment, the solid line shows the predictions of a detec- neutrons was determined. For the projectile fragment,
tor simulation. The simulation underestimates the measured the solid angle coverage depends on the mass of the
efficiency towards lower neutron energies because secondary fragment since the deflection in the dipole magnet
particles were traced down to 50 MeV kinetic energy only. depends on the fragment magnetic rigidity. For the

same reason, the acceptance aso depends slightly on the
target (thickness). For example, for the thick Pb-target

a geometrical acceptance for the projectile fragment of

olution of ci-(Tkin = 036 045, 1.0 MoV was obtained, 80%, 74%, and 63% for the 1n, 2n, 3n removal channels

respectively. The multi-neutron recognition was studied was determined, respectively.
applying an event-mixing technique using the deuteron

breakup data. For the case of DGDR studies, an event The detection response with respect to excitation energy
misinterpretation towards a too igh neutron multiplicity is determined by two major components, the neutron

would lead to severe changes in the shape of the energy- recognition, especially for multi-neutron events in LAND,

differential cross section due to the additional binding and the response of the -y-ray spectrometer.

energy assigned to this artificial neutron. The proce- As far as the -y-ray detection is concerned, the exper-
dure for the identification of multi-neutron hits, there- imental resolution severely suffers from atomic interac-
fore, was optimized such that the isinterpretation to- tions. Atomic interactions of the beam with the heavy

wards a too high neutron number was nearly completely targets induce a large X-ray and bremsstrahlung back-

suppressed. Under these conditions, the efficiencies to ground which depends on the nuclear charge of target

detect the correct neutron multiplicity reduce to 071, and projectile as well as on beam energy, (see 13] and ref.
0.38, and 016 for neutron multiplicities of 1 2 and 3 re- therein). Ts background could be determined in our

spectively. The rnisidentification is substantially reduced experiment by analyzing the -- ray spectra for projectiles
by requiring that the neutron decay multiplicity matches which did not undergo nuclear interactions. For example,
with the observed Xe fragment mass within resolution. the average energy deposit in the Crystal Ball spectrom-
This requirement not only reduces a misidentification of eter due to atomic interactions was found to amount to

the neutron multiplicity, it also eliminates, to a large ex- 6.5 MeV with a standard deviation of 21 MeV in case

tent, nucleon knockout reactions, since in knockout reac- of the thick lead target, which represents the worst case;
tions, neutrons axe scattered to large angles beyond the an average energy deposit of oly 09 MeV was observed

acceptance of LAND. for the tin target.

The 136Xe beam is directed onto different targets, This average energy deposit can be subtracted on an
i.e., 208Pb (1060 Mg/CM2), 208Pb (54 Mg/CM2) , event-by-event basis, but the inherent statistical distribu-

natSn 239 mg/cm2), and n,,C 274 Mg/CM2) targets. tion leads to a considerable smearing of the -y-ray detec-

The carbon target served to control cross section con- tion response, In order to reduce tis effect, we decided

tributions originating from nuclear interactions. An ad- to utilize oly the forward hemisphere of the crystal ball

ditional measurement was performed without inserting spectrometer. Since the atomic background exhibits an
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nearly isotropic angular distribution, it is reduced by a 200 r-
factor of two, while the efficiency to detect -y-rays from
the projectile is reduced by only 20% due to the Lorentz W 1ph

boost. 150

The response behavior of the detection system is well
understood but nevertheless too complex to be de- 100
convoluted from the measured spectra in a straightfor-
ward manner. In consequence, instead of attempting a la so
de-convolution of the spectra, we decided to construct
an "experimental filter" which needs to be applied to 0 .. .......
theoretically obtained cross section distributions prior 2ph
to comparison with the experimental results. This fil- 8

ter simulates in a Monte-Carlo technique the response
of the various components of the detection system, but 6

also physical effects as those of the atomic background 4 -QUo) -(2n), Q(3.)

discussed above.

In this procedure, the decay has to be modelled for a 2 J"

given calculated differential excitation cross section. For
each adopted excitation energy, firstly, the decay channel 0 ......
is chosen according to data from photoab- 0 5 10 15 20 25 30 35 40

sorption measurements (for details see 4 and refs. cited E* [MeV]

therein). The neutron and subsequent yray decays are FIG. 3 (Color online) Upper panel: The solid line shows
then described according to the statistical model, which the energy-differential electromagnetic cross section of one-
is steered by level density parameters within the con- phonon giant dipole and quadrupole resonances excited in
tinuum and by known low-lying bound states. Provi- 136 Xe projectiles 700 MeV/nucleon) impinging on a thick Pb
sions are taken to describe also non-statistical direct de- target as calculated within the semiclassical approach using
cay components, as observed, e.g., for the 208Pb case in resonance parameters from the literature (see Table I). The
[14]. In a second step, the detector response is incorPO- dashed line represents the modification of this distribution
rated: (i) The resolutions for the Xe fragment detectors due to the experimental filter. Lower panel: same as upper
were implemented. (ii) The neutron detector response panel, however for the double-phonon giant dipole resonance
was taken from the deuteron break-up calibration mea- as obtained from the folding model. Thresholds (-Q) for the
surement. Therein, events of higher neutron multiplicity decay into 12, and 3 neutrons are indicated.

were produced from the deuteron calibration applying an
event mixing technique. (iii) The response with regard

to -y-ray observation was deduced from detailed GEANT cussed in detail in chapter IV.
simulations wich were checked by means of calibration
data using standard -y-ray sources. The experimentally
determined atomic background was added on top of it, B. The 208Pb Experiment

see above. Finally, the simulated data were analyzed in
the same manner as the experimental data applying iden-
tical selection criteria, and were only then compared to The setup used for 208Pb projectiles 640 MeV/nucleon),
each other. is described in 6]. The main differences compared to the
Fig. 3 shows an example of the modification of the in- Xe experiment concern the y-detector wich consisted
put cross section distribution due to the experimental of 66 BaF2 crystals surrounding the target, leading to a
filter for one-phonon giant dipole and quadrupole reso- reduced efficiency.
nances in the upper part and for the double-phonon giant A rather systematic measurement was performed using
dipole resonance in the lower part for the case of '11Xe six different targets, i.e. U 238 mg/cm 2), Pb 256 and
impinging on the thick Pb target. As seen for the exam- 798 Mg/CM2) , Ho (800 Mg/CM2), Sn (500 Mg/CM2) , and
ple for the one-phonon resonance, the calculated curve C (180 Mg/CM2) a of natural abundance. The intention
is smeared out due to the experimental resolutions. The was to distinguish between one- and two-step excitations
major part of this effect is explained by the large amount and to disentangle electromagnetic and nuclear contribu-
of atomic background in the y-ray measurement using the tions, see chapter V.
thick Pb target. For the DGDR, we observe that part of
the cross section is sifted towards lower excitation ener-
gies, essentially due to a misinterpretation of the number C. The 238U Experiment

of eitted neutrons.

The input to the theoretical cross section distributions The nucleus 238U has a fission threshold around MeV
and to the filter determining the decay mode will be dis- excitation energy, and thus giant resonances may decay
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by neutron emission as weH as by fission. The fission we used 20'Pb 54 mg/cm'), "'Sn 239 mg/cm'), and

probability increases with excitation energy, therefore natC 274 mg/cm') targets. The overall angular reso-

higher-phonon states should be "enhanced" in the fission lution (including small-angle straggling) of our detector

channel. The major difference in the setup of the U ex- setup as described above resulted in a width of ore 062

periment compared to the Xe experiment resulted from (1.20) mrad for the Pb (Sn) target. Details of tis part

the request of detecting both fission fragments in addi- of the experiment are found in [51, here we summarize

tion to the neutron decay channel. Therefore the frag- results oly to the extent needed for further discussion.

ment counters had to be subdivided into two active arrays The differential cross sections duldO are presented in

placed on both sides of the beam trajectory. Tis is of in- Fig. 4 for the measurement on the Pb and Sn target. The

fluence also for the neutron decay measurement, because spectra are dominated by electromagnetic excitation. In

the inactive area between the two arrays led to a certain order to judge on the amount of nuclear excitations we

reduction in projectile fragment acceptance. Here, we re- contrast the cross section distributions with the spectrum

port oly results from the neutron decay channel, details obtained for the carbon target (upper panel of Fig. 4,

of the fission measurement will be reported in a forth- and with a spectrum for the Sn target but requiring a

coming publication. Furthermore, instead of the full CB fragment charge of Z = 53 (lower panel of Fig. 4, both

array for the -y-ray detection oly part of the NaI crystals of wich are essentially determined by nuclear interac-

were available. A number of 33 crystals were mounted tions. In the latter case, one could argue that electromag-

in forward direction, and 41 crystals formed a ring sur- netic excitations may also contribute to the one-proton

rounding the target at 90 degrees. removal reaction. Statistical emission of protons from ex-

The experiment utilized an 38U beam at an energy of 500 cited heavy nuclei, however, is strongly suppressed by the

MeV/nucleon impinging on natural Pb 302 mg/cm2), Sn Coulomb barrier. A non-statistical neutron decay com-

(239 mg/cm2), and C 274 Mg/CM2) targets. ponent is observed in the data as outlined in the subse-

quent section with an upper limit of about 20 mb in case

1-36 of the Sn target. A corresponding proton-decay compo-
IV. DATA ANALYSIS AND RESULTS FOR Xe nent may contribute to the proton-removal channel, but

obviously, the proton decay from the giant resonance do-

A. Angular Differential Cross Section Data main is much smaller than the neutron-decay. The proce-

dure of subtracting the contribution to the neutron-decay

As will be discussed later, the analysis of our data re- channels arising from nuclear excitations is described in

lies heavily on a description of electromagnetic excita- the subsequent chapter.

tion processes witl-i-in the semi-classical approximation. For the interpretation of the spectra, the impact pararn-

Classical trajectories are characterized by the impact pa- eter dependent Coulomb excitation cross section is com-

rameter b. Nuclear processes are taken into account as puted in a semiclassical approach [151. Excitations of

an (partial) absorption of the incoming flux for collisions the isovector giant dipole resonance (GDR), the isoscalar

at small inter-nuclear distances within the reach of the and isovector giant quadrupole resonances GQRi.,,i,),

nuclear force. The key parameter is the minimum im- and the DGDR are taken into account. According to

pact parameter around which nuclear absorption starts the fact that xenon is gaseous, no experimental data on

to dominate. Tis minimum impact parameter needs to the giant resonance parameters exist. Therefore the pa-

be determined empirically. One aim of the Xe exper- rameters of the GDR as well as the photoneutron decay

iment was thus to measure agular fragment distribu- channels needed to be interpolated from photoabsorp-

tions after Coulomb excitation. At igh energies (here tion measurements of the neighboring nuclei, i.e., 133CS

700 MeV/nucleon), Coulomb scattering leads to small and 138Ba 16], which leads to an uncertainty of about

scattering angles (9 of the fragment in the laboratory 15% in the integrated strength. The parameters for the

system, which are connected to the impact parameter b GQRi,,i, are extracted from the data systematics given

of the reaction by in 17, 18] and 19], respectively, the integrated strength

exhibiting an uncertainty of about ± 20%. The adopted

2 giant resonance parameters are given in Table I.

e = ZPZte (2) The contribution from the DGDR was obtained within

bV2, YMP the folding model 20], see also below. The excitation of

the single GDR delivers by far the strongest contribution

where Zp and Zt represent the nuclear charge of the col- to the cross sections. Te most crucial point in these

lision partners, m. the rest mass and v the velocity of calculations concerns the treatment of impact parame-

the projectile, and ^I the Lorentz factor. The experi- ters wthin the region of grazing incidence, where the

mental challenge of a precise angular measurement with nuclear absorption sets in. In the literature, frequently

maximum scattering agles below 10 mrad requires a a "sharp-cutoff" approximation is applied, with a "mini-

setup with a minimum of detector material passed by the mum impact parameter" bi,, separating the domains of

ions and thin targets in order to reduce angular strag- Coulomb and nuclear interactions. Different parameter-

gling, and very precise position measurements. Here, izations for the choice of tis value b,i,, exist 21, 22].



7

.... line) and the distribution obtained from the soft-spheres
Pb target model (dashed line). The experimental angular resolu-

600 tion, unfortunately, masks the differences in the distribu-

tions predicted by the two models. In case of the sharp-
cutoff approximation, values of b exp = 14.5 ± 04 fm andmin

6 400 bexP = 13.6 ± 06 fm are obtained from the fit for the Pb
m?.n

and Sn target, respectively. For the Pb target bmzPn is in
perfect agreement with the parametrization of Benesh,

200 Cook and Vary (BCV) 21], the parametrization of Kox

[22] gives a too large value. For the Sn target, Vx isC target min
found in between that of the BCV and that of the Kox

0 .... parametrization. In any case, the measurement of the an-

400 Sn target gular cross section distributions shows, that the spectra
can be well described within the semiclassical approxi-

mation with a proper choice of bi,,. A more detailed
300 discussion of these data is given in [5]_

200 B. The Excitation Energy Spectra

100 =53 Rom the invariant mass, eq. 1), of the Xe fragment and

the emitted neutrons and -y-rays, the 136Xe excitation en-

0 0 1 2 3 4 5 6 7 8 ergy E* is obtained event-by-event and the energy differ-

scattering angle 0 [mrad] ential cross sections duldE* can be deduced. The spec-
trum for the thick Pb target is shown in Fig. 5. The

FIG. 4 (Color online) Angular differential cross section for background measured without target, contributing 15%

the Coulomb excitation of 136 Xe 700 MeV/nucleon) on a to the cross section, is already subtracted. By using the

Pb target (upper panel) and on a Sn target (lower panel). measurement with the C target, moreover, the nuclear

The data are compared with semiclassical calculations using a cross section was estimated and was also subtracted. For

sharp cutoff minimum impact parameter bmi,, (solid lines) and that purpose, the measurement on the C target was an-

a smooth rutoff from the soft-spheres model (dashed les). alyzed under identical conditions as for the Pb target.

Arrows indicate scattering angles corresponding to bmi�. The For the C target, electromagnetic excitations can be ne-

calculated distributions are convoluted with the experimental glected and the observed cross sections can be assigned

resolution. The shaded areas show the amount of nuclear solely to nuclear excitations. Cross sections of nuclear

contributions determined from the measurement with the C neutron-removal reactions in heavy-ion ollisions can be

target (upper panel), and for a one-proton removal reaction scaled with the radii of the interacting nuclei as discussed

in the Sn target (lower panel). in 24]. rom a fit on the systematics of experimental

data using the "factorization model" 25-27] a scaling

can be derived of the form

TABLE 1: Resonance parameters for the GDR and the

GQR,i� in 136 Xe as adopted from literature. The strength 1/3

is quoted as a percentage of the related energy-weighted um- 0-.n V. - 1+a.ATar . OIC
ar 1/3 (3)

rules. 1+a-Ac

E1,h [MeV F MeV1 Strength with a = 014(0.01) as shown in 28]. The nuclear contri-

GDR 15.3 4.9 110-140 butions determined according to the above scaling pre-

GQR,,� 12.6 3.3 8 - 120 scription amount to 5% for the Pb targets and 10% for

GQR,� 25.3 6.5 8 - 120 the Sn target, thus are small in both ases. It should be

noticed that the experimental cross section distribution

as shown in Fig. extends to excitation energies below

the one-neutron separation threshold. Tis effect arises,

Alternatively a "smooth cutoff" may be used, as pro- because only the mean -y-energy deposit of the atomic

posed in 23] with the "soft-spheres" model. The angular background distribution can be subtracted.

distributions calculated in semi-classical approximation In order to analyze the measured differential cross sec-

for various choices of b,i,,, were convoluted with the in- tions doldE* and eventually to extract the double-

strumental resolution and then compared to the data. phonon components, we proceed in the following manner:

Fig. 4 shows the best fit for a sharp-cutoff inimum im- i) The distributions of the singl(-,phonon dipole and

pact parameter bmi,, resulting from a X 2_analysis (solid quadrupole strength over excitation energy were adopted
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from independent measurements, see Table I and above.
ii) From these distributions, the electromagnetic excita- 57 -Q(ln) -Q(2-� l-,66.),
tion cross sections for the heavy-ion ollisions of interest 2

10
were computed in semi-classical approximation, and a
sharp cut-off minimum impact parameter according to
the BCV parametrization was chosen as it was found to +
be consistent with the analysis of the angular distribu- 10
tions discussed in the preceding section. Multi-step exci- 10
tations depleting to some extent the excitation of single
giant resonance phonons in favor of higher-phonon states I GDR + GQR
were taken into account by applying the "folding model"
[20]. The folding model describes correctly the electro-
magnetic multi-step excitations witl-dn the equidistantly
spaced levels of a harmonic oscillator and also accounts
for the non-zero width of the giant resonances. Through- lo
out this paper, cross sections computed witlLin the fold-
ing model serve as reference for a harmonic response with 5

regard to multi-phonon states, as frequently used in the
literature. 10 0 11�1_ It

iii) The calculated cross sections are passed through the
experimental filter and are then compared to the experi- -5
mental data. For the experimental filter, modelling of the ................
decay of the excited nuclei is required as was outlined in 0 5 10 15 20 25 30 35 40
section II.A.2. For '11Xe, level density parameters were E* [MeV]
taken from 29, 30].

In a first approach of data analysis, cross sections cal- FIG. 5: (Color online) Upper panel: Experimental differen-
culated in tis manner for the sum of single-phonon gi- tial cross section duldE* for 136 Xe and the thick Pb target.
ant dipole and quadrupole resonance excitations are com- Threshold energies (-Q) for the separation of one to three
pared to the measurement in Fig. 5. The oly free param- neutrons are indicated. The solid line represents the calcu-
eter in the calculation was that of the overall normaliza- lated sum of cross sections for one-phonon giant dipole and
tion being adjusted at lower excitation energies. Below quadrupole resonances. Lower panel: Difference in measured
an excitation energy of 20 MeV, we observe a perfect de- and calculated cross sections from upper panel.

scription of the experimental data. Above 20 MeV an

excess in experimental cross section is found, centered

around 30 MeV.

For the final analysis, we parametrize the excess cross eventually determine the excitation energy distribution,

section by a gaussian distribution. In a X-square fitting i.e., the -y-sum energy spectra and the neutron veloc-

procedure applied simultaneously to all spectra obtained ity or energy spectra. The -- sum energy spectra, wich
for the three different targets, the centrold and width of were differentiated according to the different neutron de-
the gaussian distribution was determined, the normal- cay channels, agree very well with that obtained from

ization of both the single-phonon cross sections and that our Monte-Carlo simulation. The experimental neutron
of the excess cross section were adjusted individually for velocity spectra as shown in Fig. 6 however, exhibit a

each target. In tis way, we obtain an excess cross sec- component of slow neutrons, wich is qualitatively but

tions of 163(20) mb and 85(30) mb for the tick Pb target not quantitatively reproduced by the calculation which

and the Sn target, respectively. The counting statistics assumes statistical decay. The effect appears to be most
obtained with the tin Pb target was not sufficient. The pronounced for the 2n channel. At high neutron veloc-

value of 163(20) mb for the Pb target should be com- ities, slight but less pronounced deviations are also ob-

pared to the previously published DGDR cross section served. Towards high velocities, however, the spectra

of 215(50) mb 4 which deviate from each other by one become Lorentz compressed and deviations are more dif-
standard deviation. It should also be noticed that the ficult to be disentangled.

corresponding spectrum shown in 4 was obtained af- Attempts to remove the discrepancy by a variation of the

ter de-convoluting the measured cross section distribu- level density parameters governing the statistical neutron
tion with the atomic background distribution discussed decay failed. Allowing for a non-statistical neutron de-

above. Here, we refrain from such an attempt because cay component directly into the ground state or its near

de-convolution enlarges statistical fluctuations consider- vicinity with a relative intensity of up to 10%, moreover,
ably. was also not successful. The slow neutron component,

Aside from the excitation energy spectra, our data al- in consequence, has to be assigned either to a residual
low to inspect carefully the different components which instrumental background or to a physical process which
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we do not control. It should be noticed, that the neutron energy and the width should be twice as large as for the
decay spectra obtained for the excitation of ... Pb do not corresponding one-phonon state 3 Within the experi-
exhibit such effects, see the data presented in section V.B. mental errors of a few MeV, no significant deviation is

observed. Most noticeably, at one hand, a reduction of
the single-phonon cross section, and on the other hand,

-E101 an enhancement of the double-phonon cross section is ob-1n 2n 3n
lo served, both in comparison to the harmonic-limit value.

Averaging over a targets, the reduction of the single-
phonon cross section amounts to 25(15) %, where the

-010 error is essentially reflecting the uncertainty in the pho-
toabsorption cross sections, see Table II. A similar, some-

10 2n 3n what larger effect was observed in the earlier measure-
1. eutron 136ment for Xe 4.

A 2. neutm.

simulation Pb,,-Target Pb,,�Target Sn-Target

10 --- GDR

MDR
21 22 23 24 2S 26 22 23 24 25 26 22 23 24 25 26

neutron velocity v [m/nsl

FIG. 6 (Color online) Neutron velocity spectra in the labo-
ratory frarne measured with the thick Pb target. Left-hand to
panel: for the one-neutron decay channel. Middle panels: for
the first and second neutron detected for the two-neutron de-
cay channel. Right-hand panels: for the first and second neu-
tron detected for the three-neutron decay channel. The solid 0 10 20 30 0 10 20 30 0 10 20 30 40

curves show the result from the Monte-Carlo simulation. The F* [ev]

dashed line indicates the cut on slow neutrons, see text.
FIG. 7 (Color online) Lower panels: Experimental excita,
tion energy spectra for 1,36 Xe 700 MeV/nucleon) on the three

In order to study the influence of this unexplained neu- targets. The solid lines show the result of the data analysis
tron component, the slow neutrons were cut out, the cut including cross sections for GDR, GQR, and DGDR excita,
being indicated in Fig. 6 and the analysis was repeated tions, the dashed lines those without DGDR excitations. The
under this constraints The excitation energy spectra calculated spectra axe convoluted with the response of the

detector system. Upper panels: Calcuiated spectra prior to
obtained rom this analysis are shown in Fig. 7 The convolution for the GDR, isovector and isoscalar GR, the
cross sections for the one-phonon transitions changed DGDR, and their sum, as indicated in figure.
only slightly, the excess cross section at high excitation
energies, however reduced to 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 analyzing the data with
or without cutting on the neutrons, may be considered to V. THE RSULTS ON 2011 Ph
deliver lower and upper limit for the excess cross section.
In Table II, we quote average values with systematic er-
rors covering the results from both approaches. Results from the 1?b experiment axe partly published
In Table II, we assign the excess cross section to the ex- in 6 Herewe briefly summarize and, in addition, pro-
citation cross section for the double-phonon giant dipole vide an analysis of the gant resonance decay data deliv-
resonance. The arguments are i) the cross section above ering supplemental information.
R:� 20 MeV excitation energy cannot be attributed to
a single-step excitation since the adiabatic cut-off sup-
presses single-step excitations dramatically as can be ver- A. The Excitation Energy Spectra
ified by means of semi-classical calculations, ii) since the
GDR excitation is the dominant single-step process, see The energy-differential cross sections for 208 Pb projec-
Fig. 7 thus the DGDR excitation should be the most tiles 640 MeV/nucleon) on six different targets were de-
likely two-step process. We discuss in section VII.B. pos- termined from the experiment. U(238 mg/cm 2), Pb(256
sible contributions from other two-step processes. and 798 Mg/CM2 ), Ho(800 Mg/CM2), Sn(500 Mg/CM2),

Table II summarizes the results obtained for 136 Xe in and C(180 mg/cm 2) were used as target material, all of
comparison to the values expected within the harmonic natural abundance. The treatment of data and the anal-
limit for giant dipole resonance excitations. For a state ysis of the excitation spectra was performed in essentially
formed by two non-interacting phonons, the excitation the same manner as in the case of 13IXe, for details see
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TABLE 11: Experimental results for the GDR and DGDR in 136 Xe in comparison to values obtamed in the harmonic limit.
The errors quoted for Oh,,,,., result from the uncertainty in photoabsortion cross sections. For o,,,(DGDR), the statistical and
systematical errors are given separately, see text.

136 Xe
Resonancel Observable Target

I Pbthi�k Pthin Sn

GDR o-��, [mb] 1243 14) 11380 55)1 661 (26)

GDR [mb] 11 1695(250) 11695(250)1 790(120)

DGDR EXP [MeV] 29.8 2.5, 2.1)

DGDR Eh,,,,,, [MeV] 30.6

DGDR r,,,, (MeV] 12.2 (+7.5,-3.3) (FWHM)

DGDR Fh,,,,,, [MeVJ 9.8

DGDR Oex [b] 135 20 30)1 15)

LR� R o�,harm [Mb] 90 20) 21 (5LJ

[6]. Fig. shows the excitation energy spectra for the lower panel of Fig. compares the experimental DGDR

heavier targets in comparison to the calculated cross sec- cross section to those obtained in the harmonic limit.

tions. Averaged over all targets, we find a ratio amounting to

The giant resonance parameters entering the calcula- 1.33 16).

tion axe taken from the photoabsorption measurements

[31, 321 for the isovector GDR, from electron scattering

data 331 for the GR,,, and from 19, 34] for the GQR,,, B. Decay Properties
see Table III. As in the case of 36 Xe, the cross section

attributed to the DGDR was parameterized by a gaus- In heavy nuclei, such as 208 Pb the giant resonances dis-

sian distribution, parameters of wich were obtained in cussed here decay predominantly via the emission of neu-

a chi-square fitting procedure. As seen from Fig. 8, the trons. The Coulomb barrier suppresses decay channels

experimental spectra can almost perfectly be reproduced involving charged particles, and the direct -y-decay back

by the calculated ones. Table IV summarizes the exper- to the ground state contributes to about 1% only. Due

imental data. It should be noticed that, in contrast to to internal nucleon-nucleon collisions, Giant resonances,

136 Xe, the cross sections for the single-phonon DR ex- manifesting a coherent superposition of one particle - one

citation agree rather well to the calculated ones based on hole states, are after formation gradually transformed

photoabsorption measurements. into complex many particle - many hole states prior to

decay by particle emission. Ts process is reflected by

208 Pb. the "spreading width" of giant resonances. These states
TABLE III: Same as table I but for of complex configuration most likely decay in a statistical

E1,h [MeV] F [MeV] Strength manner. For the GDR in 208 Pb, two experiments 14, 36]

GDR 13.6 3.7 110.8 reported nonstatistical decay components contributing to

11.6 2.1 10.8 less than 10% to the total decay spectrum.

GQRi, 10.6 2.7 100 In order to illuminate the decay characteristics in par-
ticulax from excitation energies around the DDR we

GQRi, 22.0 5.5 100 inspected neutron decay spectra. For that purpose we

analyzed kinetic energy (Tki,,,) spectra of the neutrons

emitted from the excited projectiles after a Lorentz trans-

Integrated GDR and DGDR cross sections ae shown in formation into the projectile center-of-mass frame. In a

Fig. 9 as a function of the charge of the target. In a first step, guided by the assumption of a purely statisti-

doubly logarithmical presentation, a 18(3) times steeper cal decay mode, we compare these spectra to a (modified)

rise of the DGDR cross section with target charge is ob- Maxwellian distribution of the form

served as compared to that for the GDR 6 For a two-

step electromagnetic excitation in comparison to a one-

step excitation, a factor of close to 2 is expected, see the daldTki, = const -Tkrli,, (4)

semi-classical calculations shown in Fig. 9 This provides

evidence that the cross section assigned to the DGDR with the slope parameter T, being related to the exci-

indeed arises essentially from a two-step excitation. The tation energy or temperature of the nucleus. In cases



TABLE IV: Same as Table II, but for the experimental results for ... Pb.
average value from this experiment and that in 35].)

208 Pb
Resonance Observable Target

I 11 U Pbthi�k I Pbthin I Ho Sn

I CDR Y,,, [mb] 113595 108)13445 69)13168 95)12421 48)11427 43)

GDR ah�,,n [Mb] 11 3655 3140 2345 1 1515

DGDR E,,, [MeV] 26.6 (8)-

DGDR Eharm [MeV) 26.8
DGDR [MeV] 6.3 (1.3)- (FWHM)

DGDR rh.,,n [MeV1 8.0
DGDR o,,,,, [mb] 486 90) 376 61) 352 65) 270 48) 68 30)

DGDR O-h,,,, [Mb] 378 279 158

where only one neutron is e-dtted, the exponent n = I with those from a measurement of the direct GDR
is chosen, for higher neutron multiplicities n = 12. The and DGDR y-decay in the same nucleus 35], allows to
latter was suggested to be appropriate in case of ernis- determine the branching ratio BRy/,, of t- and neu-
sion of ore than one neutron 37]. Fig. 10 shows the tron decay in a straightforward manner. After scal-
neutron kinetic energy spectra, more precisely the quan- ing slightly the cross sections according to the fact
tity l1Tkj.do-1dTkj., for events of one-neutron emission; that the beam energy was different for the two experi-
such events can be attributed solely to one-phonon ex- ments, we deduce a one-phonon (1ph) GDR branching
citations. The measured spectra can be well reproduced ratio of BR 1,h 0019 0002 wich is in good agree-
by the Maxwellian distribution over about three orders -Y/-ment with the value found in 3 For the two-phonon
of magnitude in cross section. (2ph) giant dipole resonance, here the branching ratio
Fig. 11 shows the corresponding spectra, accompanied is deduced for the first time amounting to a value of
by the emission of two neutrons. Such events are more BR 2ph = 4.5 ± 1.5) . 10-4 for the double y-decay.
sensitive to the decay out of the DGDR domain. Again, 2-y/n
the measured spectra appear to be well reproduced by Using these values, one can derive the spreading width
the Maxwellian distribution. ri as was outlined in 3 As shown above, the neutron
In a second step, a more elaborated investigation of the decay spectra observed for 208 Pb do not exhibit any sig-
neutron decay data was performed by comparing to cal- nificant contribution from direct particle decay. Thus,
culations using the statistical decay code CASCADE 38]. the particle escape width F can be ignored in the fol-
Neutron decay spectra were calculated for excitation en- lowing consideration. Two processes remain competing
ergies of E = - 40 MeV in bins of MeV. The decay in the destruction of the coherent giant resonance states:
spectra were weighted each according to the energy dif- the direct -y back decay of width Fly and the spreading
ferential cross sections known from the excitation energy into many particle-many hole configurations of widths.
spectra and then added up. In addition to the statistical The branching ratios BR(2),,I,, are thus given by the ra-

rlph r2ph
decay, a non-statistical neutron-decay branch was intro- tios __ for the one-phonon state and for the

T1) I -
duced accounting for a direct transition to the ground two-phonon state. Adopting non-interacting phonons,
state of 0'7Pb. The relative strength of tis "direct" de- the 2y-decay branching ratio BR 2ph can be written as
cay was a free parameter. The result is shown in Fig. 12. 2-y/n

The inset in this figure shows the X 2 values per degree 2ph r 2ph r1ph (rj)1ph IIph 2

of freedom for different choices of relative strength of the BR ly - . 0 ly
non-statistical component. Obviously, this component 2,y/n p) 2ph (Jrl) lph h (rj)1ph -
contributes to 10% at most, as was found for the GDR (5)
in 14, 36]. therein using r 2ph - 2 - rphly - 'Y i.e., the Bose factor

for identical phonons. The relative spreading width
(rl)2ph /(rl) ph may now be obtained from eq. by in-

C. Double-Phonon Spreading Width serting the experimental values for the -y-decay branches.

Two effects still have to be taken into account. Firstly,
Combining the cross sections from this experiment on as the DGDR cross section was observed to be en-
208 Pb covering the GDR and DGDR neutron decay hanced by a factor of 133 ± 016 (see section V A),
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x 1.33
1 0
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10

b 2
10

b r ----- -------
1 ----- --------- -_o 10 20 30 0 10 20 30 1 - t

1 02 --- GDR DGDR 0 F 2-Phonon,

is./W. GQR sum 50 60 70 8 90

Z,

102. S I exp. data FIG. 9 Upper panel: Integrated cross sections for the GDR

fit and the DGDR in 208 Pb measured on different targets of nu-
I t clear charge ZT. The dashed lines interpolates cross-section

predictions from the semi-classical calculation; in case of the
0 10 20 30 DGDR, the calculated values are multiplied by a factor of

1.33. (Lower panel). atio of the experimental cross sections
E'[MeV] for the DGDR in 201 Pb to the ones calculated in the harmonic

limit. The mean value and its error are indicated by solid and
FIG. 8: Same as fig. 7 but for 20'Pb 640 MeV/nucleon) n dashed lines, respectively.
five different targets.

J,2 h present the results of the neutron decay analysis only.
1,P has to be enhanced by this factor. Secondly, there These studies are performed similarly to that of the Xe

is also a statistical component for -y transitions to the and the Pb experiment. Fig. 13 shows the measured dif-
ground state contributing about 20 to 30% to the to- ferential cross section do,/dE* for the excitation of 238U
tal -y-decay for the CDR in 2011 Pb 39); for the DGDR on Pb 302 mg/cm') and Sn 239 Mg/CM2) targets at
this contribution can be neglected due to the increased 500 MeV/nucleon bombarding energy as obtained for the
level density. The two effects practically cancel each one- to three-neutron decay channels. Nuclear excita-
other and a value of (I'l )2ph/jj)1ph = 16 ± .5 is de- tion contributions were subtracted using the measure-
termined from eq. 5. This relative spreading width ment with a carbon target 274 Mg/CM2) (compare sec-
is in accordance with the ratio of apparent widths of tion IVB), the factor for the scaling of nuclear effects
DGDR and GDR in 118Pb as quoted in Table V11 with target mass from C to Pb (Sn) target is applied ac-
amounting to r 2ph /r 1ph = 16 ± 03. Both values indi- cording to [81, resulting in a factor of 20 ± 04 (1.8
cate a DGDR spreading width somewhat lower than the 0.4).

value rl )2ph/(jj)1ph = 2 expected for non-interacting The differential cross sections ae compared to calcula-
phonons. tions as described for 136 Xe in section IVA. The reso-

nance parameter for the one phonon excitations axe listed
238U in Table V and were taken from photoabsorption data

VI. THE RESULTS ON [40] for the DR in 238 U and from electron scattering

data for the GQR,,,i, 41-43]. Photoabsorption cross
For 218 U, both the neutron decay and the fission chan- sections in 238 U exhibit a double hump structure reflect-
nel are open after giant resonance excitations. Here we ing the intrinsic quadrupole deformation of this nucleus.
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FIG. 10: Neutron kinetic energy spectra, IlTki,�doIdTki,�, in

the 208 Pb projectile center-of-mass frame for different targets FIG. 11: Same as fig. 10 but for events where two neutrons

as indicated and for events with emission of one neutron. Solid are emitted.

lines represent Maxwell distributions with adjusted slope pa,

rarneter T, see eq.( 4 after folding with the experimental

response.

far as the DCDR is concerned, we compare the data oly

In the respective electromagnetic cross section at 500 with the predictions obtained within the folding model.

MeV/nucleon, the upper component, however, appears The normalization for single-phonon and DGDR excita-

to be drastically reduced due to the adiabaticity condi- tions, however, were varied. The alculated cross sections

tions in such an heavy-ion collision. for the one-phonon and the DGDR excitations after pass-
ing the experimental filter and proper normalization are

included in Fig. 13. The overall normalization of the

TABLE V: Same as Table I, but for giant resonances in 238U. experimental data, moreover, was somewhat hampered
by the requirement of implementing measuring devices

E1,h (Mev] r [MeV] Strength covering the fission channel as well, see section III C.

GDR 10.77 2.37 34 We thus prefer to quote only the ratio of the GDR ad

13.80 5.13 109 DGDR cross section where uncertainties in normalization

GQRi,, 9.9 3.0 100 cancel. The result is given in Table VI. Within errors,

GQR� 21.6 5.0 70 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 neutron decay in 7.

The decay branchings into the various neutron and fission

decay channels are known up to 18 MeV excitation energy

[40] and were extrapolated for igher excitation energies TABLE VI: Ratio of cross sections for the DGDR and the

following the prescription in 7 GDR in 238U from this experiment and from calculations in

The experimental data and the calculated energy differ- the harmonic limit.

ential cross section distributions are compared to each Pb target Sn target

other in Fig. 13. Evidently, the cross section for the (ODGDRIO'GDR)�.p. 0.071(26) 0057(34)
DGDR contributes only a very small fraction of the to-

tal observed one, since the DGDR decays to most extent (ODGDR/0_GDR)harm. 0.067 0.034

into fission. Due to the low branch of the DGDR cross

section into the neutron decay channels, oly a restricted

analysis was feasible, parameters such as width and split-

ting into different components expected for a strongly

deformed nucleus could not be determined. Instead, as
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208FIG. 12: Neutron kinetic energy spectra in the Pb pro-
jectile center-of-mass frame, comprising events with emission
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model but including direct decay components (see text) con-
tributing 0%, 10%, 20%, and 30% are shown as solid, dashed,
dashed-dotted, and dotted curves respectively. The inset
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VII. SUMMARY OF EXPERIMENTAL FIG. 13: (Color online) Differential cross section for the ex-
RESULTS AND DISCUSSION citation and subsequent neutron decay of 21U on Pb (upper

panel) and on Sn (lower panel) targets at a bombarding en-
A. Summary ergy of 500 MeV/nucleon. The dashed line represents cross

sections calculated for one-phonon giant resonance (GDR and
The results from the experiments for 136Xe, 208Pb and GQR) excitations after applying the experimental filter. The
'11U may be summarized as follows: solid line reflects the sum of one-phonon and two-phonon com-

ponents.

1. Peripheral collisions between two heavy ions
at bombarding energies of several hundreds of
MeV/nucleon give rise to inelastic excitations in
the domain of up to several tens of MeV in exci- above the one-phonon resonances was found to arise
tation energy with cross sections of the order of essentially from a two-step excitation mechanism,
several baxns. These cross sections are essentially thus has most likely to be assigned to the double-
due to electromagnetic excitation processes. phonon giant dipole resonance. The parameters de-

duced for the DGDR are, at least qualitatively, in
2. The measurement of the angular distribution of the accord with the expectations within the harmonic

scattered projectile in case of 116Xe appears to be limit. Yet, depending on the nucleus, an enhance-
well reproduced within the framework of the semi- ment in excitation cross section for the DGDR is
classical approach. A -iinimum impact parameter observed if compared to the folding model based on
separates rather sharply the domain of electromag- a harmonic response.
netic excitations from that of nuclear processes re-

sulting in absorption. 4. The neutron decay seems to be governed by statis-

3. The "'Pb measurement with five different tar- tical decay properties. Only for 136Xe a small devi-
gets, at one hand, shows that the overwhelming ating component was observed, the origin of wich
part of the cross section can be understood as is not clear. In ... Pb, both the DGDR apparent
an electromagnetic single-step excitation to the gi- width and the DGDR spreading width extracted
ant dipole resonance with small contributions from independently from our data together with that for
quadrupole resonances. On the other hand, the the double--y decay indicate a value somewhat lower
excess cross section observed at excitation energies than expected for non-interacting phonons.
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TABLE V: Double-phonon giant dipole parameters, i.e nuclei under investigation. The adopted scheme of ex-
citation pathways is shown in Fig. 14. The required

peak energy E, apparent width I, and cross section (o," excitation energies and transition matrix elements for
from this experiment in relation to their values adopting
an harmonic dipole response. a and o"' denote cross sec- the single�phonon excitations were extracted from exper-
tions prior to and after corrections for contributions from imental quantities, see Tables I, III, and V. The tran-
GDROGQR excitations, respectively. The value given in sition matrix elements for the multi-phonon states were
square brackets for ... Pb is that for the spreading width. deduced from that between ground state and one-phonon
The data available from different targets were averaged. The state applying the relevant spin factors and, in case of
second error quoted for 010_h�,,n for 136 Xe represents the sys- identical phonons, the Bose factors.
tematic error, see text.

TGDR A
DGDR E/Eharm r/1"harm 0'/O'harm O'cor/Uharm 1 2-, 3- GDR
136 Xe 0.97 (8) 125(+77) 1.54 22; 30) 135 21; 26)
2 -34 GQP14

OsPb 0.99 3) 079 16) 1.33 16) 1.08 13) 1- 2, 3-

[0.80(25)] GDR (9 DGDR
238u - 1.13 36) 0.90 29) GQR. O+ 2, 1+) GQR,,,,

I-,2-,3- 2+

GDR
Table VII summarizes the DGDR results from the ex- GQR,,�
periments reported on here by comparing to the values 2+

obtained adopting an harmonic response. The values
quoted are those obtained after averaging the results from g.s.
different targets. O+

B. Discussion FIG. 14: Excitation pathways adopted for te coupled-
channels calculation estimating cross sections for two-phonon
states of type GDR(&GQR. TGDR denotes three-phonon gi-

Experimental studies of double-phonon giant resonances ant dipole resonances.
stimulated a considerable theoretical activity, essentially
at two frontiers: microscopic calculations for the double-
phonon nuclear response and reaction dynamics studies, The coupled-channels calculations result in a cross sec-
the latter ones to most extent concerned with the ap- tion of 15 to 20% in case of QRiOGDR and to about
parent enhancement of the electromagnetic DGDR cross 10% in case of GQR,,OGDR, relative to that of the
sections. For a comprehensive overview on the various ef- DGDR. For 211 Pb, these values are of similar magnitude
forts we refer to the most recent review articles 3, 44] and as found in the PA calculations in 45]. The coupled-
the references given therein. Here, we restrict ourselves channels calculations are schematic to the extent that
to the most extensively discussed topics: i) a physical the width of the giant resonances is ignored. In or-
background in the DGDR excitation energy regime from der to illustrate the overlap of the various two-phonon
two-phonon states of other character than the DGDR, states, we convoluted the calculated cross section with
ii) the role of an anharmortic nuclear response, and iii) the respective width of the two one-phonon states in-
effects due to damping of the coherent one-phonon state volved, the result is shown for 208 Pb in Fig. 15. It ap-
during the heavy-ion collision. pears that the GQRi.,OGDR state fully overlaps and the

Contributions from other two-phonon states GQR,,OGDR overlaps to about 50% with the DGDR.
Tentatively, we subtracted these contributions, resulting

So far, the cross section observed on top of that from one- in corrected DGDR cross sections which are included in
phonon giant resonance was assigned to the DGDR solely. Table VII and, for the Pb target, are shown in Fig. 16.
It was discussed in 45-47] that other two-phonon states
may contribute to the experimentally observed cross sec- Anharmonicities
tions. There, for the specific case of 'O'Pb, it was derived Naturally, the investigation of the DGDR spectral distri-
on the basis of icroscopic calculations that the excita- bution is concerned with the question to wich extent an
tion of such states could increase the cross section in the harmonic behavior is obeyed.
DGDR energy regime on a level of about 20%, thus repro- To wich extent anharmon-ities effect the electromagnetic
ducing amost quantitatively the measured cross section. DGDR cross sections was studied in a more empirical ap-
The most significant contribution stems from two-phonon proach in 48], 49], [50]. Therein, an anharmonic vibra-
states built by coupling of a GDR phonon with a GQR tion was considered with parameters governing the degree
phonon. of anharmonicity being introduced ad hoc. The results
In order to illuminate the agnitude of such contribu- of 48], in particular, inferred that even modest anhax-
tions, we performed coupled-channels calculations for the monicles can affect the DGDR cross sections consider-
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ably. In [50] a similax type of calculation was performed; to deduce energy shifts and splittings as well as transi-
DGDR energy sifts were combined with a change of the tion matrix elements from a microscopic approach in a
oscillator frequency in order to assure that the energy consistent manner, an approach beyond the scope of this
of the single GDR remains at its experimentally known experimental paper.
value. This calculation resulted in much smaller effects
on DGDR cross sections in comparison to those of 48]. Dynamical Effects
In a number of microscopic calculations, energy shifts and Dynamical effects due to the spreading width of the gi-
the splitting of the DGDR resonance into its = and ant dipole resonance where discussed in the literature
2+ spin components was derived, see 3, 44] for a survey. [57-62]. The basic idea is that, during the collision,
Such studies, in general, result in small relative energy the excited coherent one-phonon state according to its
shifts of the order of typically a few hundreds of keV in spreading width is transformed into a state of "complex"
heavier nuclei, with mass dependencies proportional to many particle - many hole states. This process, in prin-
A` [51] or A-4/3 [52, 53], see also 54]. The system- ciple, depletes the flux available for forming a coherent
atic calculations of Ponomarev et al. [51] spanning over two-phonon state during the ongoing electromagnetic in-
a wide range in mass yielded, for example, an energy teraction in the heavy-ion collision, see e.g. 1611. It was
shift of the DGDR 2 state in 20111?b of 158 keV and pointed out in 60], however, that a GDR phonon may
a mass (A) dependence of the DGDR energy sft was be built on top of the complex state as well according
found of the form AE = bA-' with b = 37(8) MeV and to the Brink-Axel hypothesis. A second excitation path-
a 108(6). One and two-phonon configurations were way thus opens up wch may add to the coherent two-
included in this calculation. In ref. [55], selected three- phonon excitation and wich could modify the DGDR
phonon configurations were included wch appeared to cross section. Very recently, tis idea was followed up by
have a minor effect on the DGDR energy shift. Gu and Weidenmiiller 62] who performed detailed calcu-
Very recently, however, it was shown by allot et al. 561 lations applying random-matrix theory. For the system
that the inclusion of specific three-phonon states can be 'O8Pb 640 MeV/nucleon) on a Pb target as investigated
crucial. The DGDR, in particular, seems to be influenced experimentally here, both calculations 60, 62] find an
most strongly by its mixing with a three-phonon state increase of the DGDR cross section.
built from two dipole and one monopole giant resonance The magnitude of the effect is governed by the time scale
phonon. According to 561, the coupling of two-phonon on which the spreading proceeds, r1 zt� h1l't, in propor-
states with three-phonon states yields considerably larger tion to the time interval during which the Coulomb inter-
down shifts of the two-phonon spectrum. For example, action induces phonon excitations, -r, z�: 2b/-yv, depend-
the DGDR 2 state was found to be sifted by 600 keV, ing on ipact parameter b and the projectile velocity v.
i.e. four times the value obtained in [51]. To illustrate, we quote the ratio rl-rd for the collisional
Unfortunately, such energy sifts of below about I MeV systems under investigation for an impact parameter of
cannot be resolved with the present experimental tech- 15 fm, around which the cross section for two-phonon ex-
niques. A sft of EDGDR, however, influences the elec- citation peaks; values of rl-rd = 052 041, and 0.58 for
tromagnetic excitation strength in a twofold way, first 136Xe, 208 Pb, and 238U are obtained, respectively. These
due to the adiabatic cutoff of the virtual phonon spec- values vary only little for the collision systems investi-
trum and second, due to the related change in the tran- gated here, and the effect on the DGDR cross sections
sition matrix element. Both effects enhance (decrease) should be very similar in magnitude, in case of 136Xe

the cross section for lower igher) values of EDGDR in and 238U slightly higher than in case of 208Pb. For the
comparison to the harmonic limit. latter case, i.e., 211 Pb 640 MeV/nucleon) on a Pb tar-
In order to iustrate the effect of an anharmonicity on the get, a DGDR cross section enhancement of 10% was ob-
electromagnetic excitation cross sections we performed tained from the calculations of 62], see R2 values in Fig. 3
coupled-channel calculations for the nuclei under investi- therein, and 14% from that of 60), see Fig. 7 therein.
gation. For that purpose, we adopted the result of Fallot It may thus be guessed that the effect of damping of
et al. for the case of 21 Pb, which we scale according to the coherent phonon state during the collision should in-
an A` dependence in order to obtain values for 136Xe crease the DGDR cross sections by 1 - 15 % for all three
and 238U, i.e., for the DGDR 2 state we adopt an en- systems investigated here. This enhancement of DGDR
ergy sft AE = 125A-1 MeV. The relevant El ma- cross section is indicated in Fig. 16.
trix elements were then computed using equations (8) We notice that the calculations in 60] also predict a re-
- (11) provided in ref. [501 for an anharmonic oscillator. duction in cross section for the single-phonon GDR, too
The results of our calculation are shown in Fig. 16 and small, however, in comparison to the reduction observed
should be compared to the experimental data after sub- here for 111Xe. In order to investigate systematically the
traction of the GDR(&GQR contributions (filled circles in effect of the spreading width, experiments would have to
Fig. 16). The DGDR cross sections increase by about 10 be performed at much lower bombarding energies, typ-
- 20 % and approach the experimental data more closely. ically 100 MeV/nucleon, at wch the increase of cross
The calculations, however, should be considered as only section is predicted to be much more pronounced.
schematic ones, a more correct treatment would require
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... collisions with cross sections amounting to several barns
E 103 and several hundreds of millibarns, respectively. Cross

section distributions with regard to scattering angle and
1 02 excitation energy are quantitatively described by elec-

tromagnetic excitation treated in semi-classical approxi-
mation. Integrated one-phonon cross sections are in ac-

10 cord with photoabsorption measurements, only for 136Xe

a significant reduction was found wich may be linked.... ......
to observed small non-statistical neutron-decay cornpo-
nents.

16-1
L. . . 'A

15 20 25 30 35 40
E'[Mevl The neutron decay out of the DGDR excitation energy

domain was studied in detail for 208Pb and, here, ex-

FIG. 15: Cross section distributions for the GDR (solid line) hibits essentially statistical features oly. Rom a combi-
and double-phonon states populated in 208 Pb projectiles 640 nation of results of the neutron decay measurement pre-
MeV/nucleon) impinging on a Pb target: DGDR (dashed sented here ad an eaxlier two-photon decay experiment,
line); GD11(gGQRi� (dashed-dotted line), ODR(&GQRi, (dot- the spreading width of the DGDR in ... Pb could be ob-
ted line). tained.

The integrated cross sections in the domain of the13axe "Pb 2Wu
double-phonon giant dipole resonance appear, depend-

b
ing on the nucleus, to be enhanced in comparison to the

cross section expected relying on an harmonic dipole
t> response. A number of effects were discussed, each of

2 ................................. ........... which increases the DGDR cross section on a level of

1 1 - 20 %, and the cumulative action of wich may
eventually be responsible for the observed cross section

0.8 enhancement: Contributions from the excitation of
two-phonon states of type GDROGQR; the spreading of

0.6 the one-phonon state during the heavy-ion collision; an

120 140 160 180 200 220 240 anharmonic dipole response. At present, the individual

moss number contributions from such effects cannot be disentangled
on experimental grounds and remain a challenging task

for measurements with advanced methods.
FIG. 16: Experimental DGDR cross sections relative to their
harmonic values prior to (open circles) and after (filled cir-
cles) subtraction of contributions from two-phonon states of
type GDROGQR for the three measured nuclei on a Pb tar-
get. The hatched areas indicate the expected increase of the Acknowledgements
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