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The nuclear res onse o~p of a medium-mass nucleus (' Xe) to el-l. ".h-.,---l"ion was investigated in the reaction ' Xe(0.72
a near-

of h t o d of h

, in particular, of the double isovect
g exci ations of giant resonances

28.3 ~
isovec or giant dipole resonance were ire identified. A resonance energy of

PACS numbers: 24.30.Cz, 25.75.+r

Very large probabilities are expected for the elec-
romagnetic excitation of high-1

'
ll

modes such

- ying co ective nuclear
mo es, such as giant resonances, in peripheral heavy ion
collisions at energies in thee &near j relativistic regime.
With such high probabilities for single-step exc't t

multistep excitations become probable. The excita-
tion o multiphonon states, in particular of the double i-e ou e gi-

with cross sections up to several hundred millibarns [1 .
In a number of radiochemical measurements [2] it was
shown thathat electromagnetic excitation followed by neu-
tron emission contributes significantl to the r

en a ion in peripheral heavy ion collisions. More
recently, direct observations of the iant die giant dipole resonance

c niques &3,4j~. Here, we report on a first ex-
clusive measurement of the electromagn tagne ic excitation
an e ecay of giant resonances in a d -ha me ium- cavy nu-
c eus. Xe projectiles were excited in collisions with Pb
target nuclei at a laboratory energy of 0.7A GeV and
from the exclusive measurement of the subse uent
tron deca theay e excitation energy was unambi uousl
reconstructed. Wc ed. We observe, in particular the d bl

gian dipole resonance being excited with consider-
able cross section.

The ee experiment was performed at the heavy ion syn-
chrotron (SIS) facility at GSI, Darmstadt. We used

Xe projectiles of 0.7A GeV with a t ic 1

sit of 10si y o particles per second, and lead and carbon tar-
gets with 1.38 and 026 cm

in ig. . t meets thee experimental setup is shown in Fi . 1. I
conjecture that the ' Xe project'1 di e, excite in a peri-
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FIG. 1. Schematic view
are the beam and fr

ew of the experimental setup. Sh own
and fragment tracking counters (P1-P4) the

'

ization chamber IC
magnet (ALADIN), the gamma detector arra ) the n

eto, and parts of the beam line.

pheral collision, deexcites by emiss o femission o neutrons and
subsequent gamma decay of th he cavy residue. It is
known that iant resg onances in heavy nuclei almost ex-

' ~ ~ ~

elusively ecay via neutron emission. Th ye primary ro-
jectile excitation enerrgy is obtained by reconstructing the

y p

final state invariantnt mass from the four-momenta of the

frame.
particles and of the emitted gamma rays in the 1 bs in e a oratory

As shown in Fi . 1'g. , the trajectories of the projectiles
~ ~

and of the r
fo

~ ~ ~ ~

projectile fragments were traced b fe y means of
our plastic scintillation counte th h krs, e t ic ness of which

varied between 0. 1 and 1 mm. Th dese etectors delivered
position in ormation in both dimension ns perpen icu ar to

e earn axis and also provided an excell t t' - f-
ig ( OF) resolution. Beam fragm t llragments as well as

noninteracting projectiles entered the d
ALADIN 5' w

re e ipole magnet
&r5&~which had a large rectangular gap, 1.6 m
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wide and 0.48 m high. The magnetic field was adjusted
to deAect projectiles by 11.3 . The nuclear charge of the
fragments was measured by a combination of a multisam-
pling ionization chamber and a glass (Schott SF3)
Cherenkov counter, yielding a resolution o., =0.22. The
positional tracking of the heavy ion together with mea-
surements of the nuclear charge and time of Aight
delivered the information on its nuclear mass (cr~ =0.9),
and on the fragment momentum (tT~/p =2.5X10; p
denotes the absolute value of the momentum). The angu-
lar resolution for the fragment was limited by lateral
straggling in the target resulting in ~Ye=2 mrad. The
limited mass resolution did not prevent unambiguous
fragment identification, since the decay neutrons are
detected and counted as discussed in the following.

For the neutron measurement, we developed a large
area (2X2 m ) neutron detector (LAND) with high
detection efficiency and multiple-hit capability. The
detector is built from interspersed iron converter and
plastic scintillator sheets with a total thickness of 1 m.
The essential feature of accurate position and TOF infor-
mation is achieved by modularizing the detector into 200
elements. The front face of the LAND is covered by a
plastic "veto" wall (40 elements) which allows the
identification of charged particles. A complete report on
the detector layout and specifications, its performance,
and the calibration procedure was published earlier [6].
The LAND was positioned 10 m behind the target and
thus covered an angular acceptance of ~ 200 mrad,
which is larger than the measured opening cone of about
40 mrad for the forward emitted neutrons. The neutron
momentum resolution amounts to cr~/p = 1.5 x 10 and
the neutron angular resolution to oe= 10 mrad. The re-
lated resolution for the reconstructed excitation energy
E* depends on neutron energy and the number of emit-
ted neutrons; for the one- (three-) neutron channel we es-

timate a contribution crz. =0.8 (1.7) MeV to the total
resolution in F.*. As we discuss in Ref. [6], non-

Gaussian tails with an intensity of 2% appear in the
detector response for the neutron TOF and momentum,
which are due to events where the first neutron interac-
tion in the LAND does not produce visible light and only
secondary interactions are observed.

An array of 48 BaF2 scintillation counters was ar-
ranged around the target to measure the y radiation
emitted after neutron evaporation. These detectors
covered the forward hemisphere such that 80% of the
Lorentz-boosted solid angle for gamma rays from the
projectile fragment was subtended. Tests with radioac-
tive sources and extensive Monte Carlo simulations re-
vealed that, on the average, 26% of the total y-ray energy
is converted into visible energy, an eftect which was taken
into account in the analysis. The gamma measurement
was severely aAected by radiation from atomic processes,
i.e., production of 6 electrons and subsequent x-ray emis-
sion and bremsstrahlung. This eAect, however, could ex-
perimentally be determined by triggering on ' Xe pro-
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FIG. 2. Experimental results for ' Xe projectile excitation
on a Pb target (squares) and a C target (circles); only statisti-
cal errors are given. The spectrum for the C target is multiplied
by a factor 2 for better presentation. The resonance energies
for the one- and two-phonon giant dipole resonance and for the
isoscalar and isovector quadrupole resonances are indicated.
The solid curve reflects the result of a first-order WW calcula-
tion (see text) for the Pb target. The inset is obtained after
subtracting the WW calculation from the measured Pb spec-
trum and displays the energy range relevant for the DGDR.

jectiles which did not undergo a reaction. These atomic
eA'ects lead to a nearly Gaussian distributed energy de-
posit (mean energy 5.5 MeV, o =1.7 MeV) in the BaF2
array for the lead target; this was later subtracted out. In
total, the y measurement contributed to the resolution of
the reconstructed excitation energy E* with oE* =2.2
MeV for the Pb target, and dominated the overall reso1u-
tion. For the C target, the atomic eAects were found to
be negligible. Finally, a measurement without a target
was performed, which served to determine the back-
ground from reactions in the detector material or cover-
ing foils.

The data analysis proceeded in several steps: First, Xe
fragments were identified on the basis of the nuclear
charge measurement. Then the number of coincident
neutrons in the LAND was determined. The number of
neutrons was checked for consistency by comparing to the
measured fragment mass; this procedure was impaired to
some extent by the modest fragment mass resolution (see
above). Second, for each reaction channel involving a
certain number of neutrons we determined the invariant
mass and thus the primary excitation energy from the
measured momenta of the fragment and the neutrons,
and the energies and angles of the gamma rays. Because
of the finite efficiency (—85%) and the finite multiple-hit
resolution of the LAND, small channel-dependent correc-
tions were necessary, which were obtained from Monte
Carlo simulations based on the measured LAND perfor-
mance (details can be found in [7]). Finally, the spectra
for the reaction channels with up to three decay neutrons
were added together; channels with more neutrons did not
contribute significantly. In Fig. 2 we show the resulting
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excitation energy spectrum for ' Xe, obtained with the
Pb and C targets. These spectra are corrected for back-
ground using the measurement without target.

The total energy integrated cross sections obtained
from lead and carbon targets (Fig. 2) are 1.85+ 0. 1 and
0.07 ~0.01 b, respectively; the quoted errors include esti-
mates of systematic effects. An estimate of the elec-
tromagnetic cross section for the carbon target (see be-
low) results in 0.03 b. By adopting a scaling of the nu-
clear cross section with the target radius (see Ref. [8]),
we thus deduce from the C data that the nuclear cross
section contributes only —100 mb for the Pb target, and
thus the overwhelming fraction of the measured cross sec-
tion is due to electromagnetic excitations. We therefore
compare our experimental excitation energy spectrum for
the Pb target to calculations of the electromagnetic exci-
tation within the framework of the Weizsacker-Williams
method (WW) of virtual quanta [9]. The basic in-

gredients of such a calculation are the dipole and quadru-
pole nuclear photoabsorption cross sections, which have
to be folded with the spectrum of virtual photons. Higher
multipolarities can be neglected because of their expected
low cross section. For the giant dipole resonance (GDR)
we extract the photoabsorption cross section from the sys-
tematics summarized in Ref. [10],giving a resonance en-

ergy of 15.2 MeV and a width of 4.8 MeV (if approxi-
mated by Lorentz distribution). For the giant quadru-
pole resonances (GQR) we use the systematics presented
in Ref. [11] and interpolate the values for ' Xe. For the
isoscalar GQR we deduce a resonance energy of 12.3
MeV, a width of 4.0 MeV, and a strength corresponding
to 70% of the energy-weighted sum rule (EWSR). The
uncertainties to which these values can be obtained are on
a 10% level. For the isovector part of the GQR, however,
only a small body of data is available. The scarce data for
heavy nuclei (A ) 100) scatter between 22 and 26.5 MeV
for the resonance energy, 3.5 and 7 MeV for the width,
and 27% and 133% depletion of the EWSR. Another im-
portant ingredient in such a calculation is the minimum
internuclear distance below which nuclear absorption ob-
scures the process of electromagnetic excitation. Here we
used the parametrization for the minimum distance pro-
posed in [8] and [12]. Furthermore, we take into account
that the eA'ective beam energy is slightly reduced (2.7%)
due to energy loss in the target. The calculated spectrum
was folded with the instrumental resolution.

In Fig. 2 we compare the excitation energy spectrum
obtained for the Pb target with the result of our WW cal-
culation, which takes into account single-step excitations
only. For this calculation we start from the parameters
for the GDR and isoscalar GQR quoted above; the pa-
rameters of the isovector GQR —with the poor systemat-
ics in mind —however, we adjusted in a least squares fit
to the measured spectrum in the excitation energy range
up to 25 MeV. For the latter we obtain a resonance ener-

gy of 22. 1+ 0.7 MeV, a width ~5.4 MeV, and (93
~45)% of the EWSR strength; it appears that these

values are still compatible with the data systematics of
Ref. [11]. There was no need to modify the parameters
for the isoscalar GQR and the isovector GDR, except for
the GDR strength, which was found to be reduced by
(35+ 4)%; this elect will be discussed below. Compar-
ing our calculation with the experimental spectrum for
the Pb target, we observe a remarkably good agreement
for excitation energies ~ 25 MeV (Fig. 2).

Above 25 MeV a prominent structure is observed for
the Pb target, which is centered slightly below twice the
excitation energy of the GDR. We assign this structure
to the double isovector giant dipole resonance (DGDR)
on the basis of the following arguments:

(i) The calculated virtual photon spectrum drops drast-
ically for energies above 20 MeV. There is no known or
expected collective resonance in ' Xe which could ac-
count for the observed strength in a single-step excitation,
and consequently, a multistep excitation is inferred. Only
a second-step excitation built on the GDR can account
for the observed strength; multiple GQR excitations are
calculated to be negligible.

(ii) The result from the carbon target reveals a negligi-
ble strength at this excitation energy; therefore effects
due to nuclear interaction can be excluded.

(iii) For the observed structure we extract a mean exci-
tation energy of 28.3 4-0.7 MeV and a width (FWHM)
of 6.3 ~ 1.6 MeV (see Table I, where values relative to
that of the GDR are also quoted) after subtracting the
calculated spectrum of single-step excitations (see inset of
Fig. 2). In a harmonic approximation one would expect a
DGDR resonance energy of 30.4 MeV with a width of
9.6 MeV [1]. From a (sr+, gr ) double charge exchange
measurement on the ' Ba isotone [13], the author's claim
evidence for the DGDR with a resonance energy at twice
the GDR energy and a width of 8.5 ~2.6 MeV„which
compares rather well with our result. Moreover, prelimi-
nary results from a measurement of the y-decay branch
of the DGDR in Pb [14] reveals values for the reso-
nance energy and width, relative to those of the GDR,
which compare very well with the ratios observed here
(Table I).

(iv) We measure a DGDR cross section of 215 mb
with an error of 32 mb, which includes the statistical and
systematic error. Uncertainties in the parametrization of
the isovector GQR, however, contribute considerably to
the error. Varying the parametrization for the isovector

DGDR 28.3 ~0.7 MeV 6.3 ~ 1.6 MeV
DGDR/GDR 1.86 ~ 0.05 1.3+ 0.4

215 ~ 50 mb
0.21 w 0.05

TABLE I. Parameter values obtained for the double giant
dipole resonance (DGDR) in ' Xe. The second line gives the
ratio of these values to the ones for the giant dipole resonance
(GDR).

Mean energy Width (FWHM) Cross section
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GQR within reasonable limits implied by the data sys-
tematics [10], we estimate this contribution to about 40
mb. We thus adopt an overall error of 50 mb for the
DGDR cross section.

The electromagnetic DGDR cross section can be calcu-
lated in the harmonic oscillator approximation [1]. Using
this model we calculate a DGDR cross section of 70 mb
and, because of Aux conservation, simultaneously obtain
a reduction of the GDR cross section by 21%. A more
elaborate model for multistep excitations delivered a
DGDR cross section of 87 mb [15]. Both models signif-
icantly underestimate the measured DGDR cross section.
Most likely, the harmonic approximation underlying the
models of [1] and [15] is inappropriate, and the structure
of the DGDR is more complex. In fact, the somewhat
down-shifted resonance energy of the DGDR and its rela-
tively narrow width are already indications of anharmoni-
city eA'ects. The enhancement of the DGDR cross section
relative to the calculation necessarily requires a further
reduction of the GDR cross section because of flux con-
servation, and is thus qualitatively in accord with our ob-
servation of a 35% reduction. Since the presently avail-
able models [1,15] are based on the harmonic approxima-
tion, a quantitative estimate cannot be made. We finally
remark that the y measurement [14] for Pb as well as
a recent radiochemical measurement [8] also find indica-
tions of a DGDR cross section enhanced by a factor of
about 2.

The single-step excitation of giant resonances in the
projectile on two diAerent target nuclei, an eAect which
~ould lead to an experimental signature similar to that of
the DGDR excitation, was calculated to contribute only
14 mb to the cross section, and this contribution was sub-
tracted in the cross section quoted in Table I. We also
checked eAects of mutual giant resonance excitation in

projectile and target, but under the given experimental
conditions, such an eA'ect cannot contribute significantly
to the cross section measured in this region of excitation
energies relevant for the DGDR. Because of the experi-
mental setup, decay products from target excitation are
not detected, except the gamma rays, for which we have a
solid angle of only 50%. It can be estimated that the
simultaneous excitation of giant resonances in the target
would shift the measured excitation energy upward by
only 2-3 MeV, an eAect within the present resolution.

Finally, we remark that an additional structure of low
intensity appears at 45 &E*(50 MeV. It coincides ap-
proximately in energy with the expected excitation energy
of the three-phonon GDR (—45 MeV). This structure
comprises less than 3% of the total cross section. At this
low level, at present we cannot exclude instrumental ef-
fects. In particular, the eAect of non-Gaussian tails on a
2% level in the TOF response of the LAND, as discussed
above, might contribute to this structure. To this respect,
more refined Monte Carlo studies of the detector response

will be carried out.
In summary, through an exclusive measurement, we

have established the dominant role of electromagnetic gi-
ant resonance excitations, leading to few neutron removal
channels in peripheral heavy ion collisions at high bom-
barding energies. The data are consistent with the ex-
pected excitation of giant dipole and quadrupole reso-
nances. In particular, we have observed the double iso-
vector giant dipole resonance in ' Xe. The large cross
section and the fact that the width of the DGDR is still
rather narrow gives hope that even higher phonon states
can be studied in the near future.
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