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The annihilation of energetic (1.2 GeV) antiprotons is exploited to deposit maximum thermal
excitation (up to 1000 MeV) in massive nuclei (Cu, Ho, Au, and U) while minimizing the contribution
from collective excitation such as rotation, shape distortion, and compression. Excitation energy
distributionsdo /dE* are deduced from eventwise observation of the whole nuclear evaporation chain
with two 47 detectors for neutrons and charged particles. The nuclei produced in this way are found
to decay predominantly statistically, i.e., by evaporation. [S0031-9007(96)00872-1]

PACS numbers: 25.43.+t, 24.60.Dr

The study of such decay modes of very highly ex-maximum 257%) and that shape distortion and density
cited nuclei as fission, multifragmentation, cracking, andcompression are negligible [8], in contrast to what is
vaporization is presently a major objective in nuclearexpected in heavy-ion reactions. The reaction time for
physics because of its bearing on the lesser-known bul&chievement of equilibrium conditions is only about
properties of hot nuclear matter, such as heat capacitg0 fm/c or 1072?> s [9], which is much shorter in gen-
specific heat, viscosity, and phase transitions. Unfortueral than the dynamical period in heavy-ion reactions
nately, the decay pattern is also very sensitive to th¢l0]. This is all the more important at high temperature
dynamics of the excitation process, especially when col{T = 6 MeV) when the characteristic evaporation time
lective degrees of freedom like rotation, shape distortionfeduces tor < 10722 s, implying little cooling of the
and compression are strongly induced. These may hawmpound nucleus during heating.
to be envisaged in the most often used [1-3] heavy-ion In this Letter we concentrate on the use of a new
reactions. This ambiguity makes it difficult to correlate method to determine the thermal excitation energy pro-
the observed decay pattern with either thermally or dyduced with energetic antiprotons. This method is based
namically induced decay. on the eventwise observation of the whole nuclear evapo-

In order to minimize the influence of the entranceration chain, including both neutrons and charged parti-
channel on the decay modes, we have, for the first timegles. The detailed decay modes of the hot nuclei will be
investigated the nuclear excitation following annihilationthe subject of a forthcoming publication.
of energetic antiprotons. Antiprotons annihilate on a The experiment PS208 was carried out at the low-energy
single nucleon at the surface of, or even inside theantiproton ring (LEAR) at CERN, Geneva. Antiprotons
nucleus, thereby producing a pion cloud containing arwith an energy of 1.2 GeV triggered a scintillator system
average of about 5 particles. Because of the high centeconsisting of a thin (2 mm) start detect®t vetoed by an
of-mass velocity 8..,. = 0.63) of this cloud, it is focused annular detecto§0. About 16 m downstream 1, SO,
forward into the nucleus. Since the pion momenta arehe antiprotons were focused onttfCu, 'Ho, “7Au,
comparable to the Fermi momentum of the nucleonsnd?*®U targets with thicknesses @f-2 mg/cnt.
in the nucleus, the pions heat the nucleus in a soft The reaction products induced by energegicwere
radiationlike way [4], probably even softer and moredetected by means of twds detectors surrounding
efficient than can be expected in proton- or other lightthe target: the so-called Berlin Neutron Ball (BNB)
ion-induced spallation reactions, which have also beegontaining at its center the Berlin Silicon Ball (BSiB).
exploited recently for this purpose [5-7]. The BNB [11] is a spherical tank with an outer diameter

Intranuclear cascade (INC) calculations have beewf 140 cm and a scintillator volume of 1500 I, housing
found to provide a reasonable description of this mechaa reaction chamber of 40 cm diameter at the center
nism. They predict that the spin remains low (belowof which the targets were located. This detector was
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mainly used for counting evaporationlike neutrons in eacliendency, we note an increase of bof, and Mcp,
reaction. For these low-energy neutrons, its efficiencywith increasingA and Z of the target. This is mainly
was typically e ~ (83—85)%. For cascade neutrons of due to the fact that larger target nuclei incorporate more
higher energy (30—50 MeV), the efficiency decreases t@nergy from the pionic system and have lower particle
the (40—-25)% level [11], which means that the detectoiseparation energies than do lighter ones. Also, at lower
is rather transparent to neutrons from pre-equilibriumexcitations for heavy nuclei (Au, U relative to Cu, Ho)
processes. The master trigger for the acquisition systemmission of neutrons is strongly favored over that of
was a coincidence df1 A SO and the prompt light signal LCP’s, and at higher excitations, when comparing Au
of the BNB, with the threshold set te10 MeV. The to U, we observe once more a shift of the measured
prompt light comes from all kinds of reaction products, distributions toward larger neutron multiplicity as a result
de-excitationy rays, recoil protons from neutrons slowing of a further reduction of neutron separation energies.
down in the scintillator, but most of all from high-energy The method employed to determine the thermal exci-
charged pions from the primary annihilation process. tation energy relies on the basic property of hot nuclei

Light-charged particles (LCP: H He isotopes), in- of de-excitation by evaporation of light particles (LP:
termediate mass fragments (IMF), and fission fragmentseutrons+ light charged particles), thereby carrying off
(FF) were detected by the BSIiB [12] composed of 158ome 10 to 20 MeV of excitation energy per particle,
independent silicon detector§00 um thick) forming a approximately equally divided between binding and ki-
20 cm diameter sphere. These detectors covered an agetic energies. This evaporation process is almost per-
tive zone of about 90% of7. Because of absorption fectly described by the many existing statistical model
of LCP’s in the target, the detection efficiency for LCP’s codes. A prerequisite for the applicability of these models
decreases further to about (79-84)%, depending on the that the source is equilibrated by the time the emission
Z of the particle. For each detected particle the time oftarts. In order to account for this condition, we cut off at
flight (TOF) as well as energ¥ was measured. Charged 24 MeV the relatively small (typically 15%) contribution
particles (CP: H+ He + IMF + FF) were identified by at higher energy from the energy spectra of the detected
means of TOF versug correlations with a lower detec- LCP’s having a different slope and verify the isotropic
tion threshold of less than 1 MeV. emission of the remaining evaporation part. The fact that

The combined information from the tworddetectors the Galilean-invariant velocity distribution presented in
is shown in the upper panel of Fig. 1 as the correlatiorthe lower panel of Fig. 1 follows circles centered in the
between observed multiplicities for neutrons and CP’sorigin of the velocity plane clearly demonstrates that H
from reactions on Cu, Ho, Au, and U. As a generaland He particles are isotropically emitted from an equili-

brated thermalized system, which is nearly at rest due to
- et the small recoil from the reaction. It is also noteworthy
"SHo that the most energeti¢ = 1 particles are not registered
at all due to the lower energy threshold of thaletectors.
For neutrons, however, we have only indirect information
on the kinetic energy on account of the variability in de-
tection efficiencies pointed out above.

In order to infer for each reaction event the induced
thermal excitationE*, we use the sum of all registered
light particlesM_p, and associate with it (after correc-
tion for efficiency) the excitation energg™®. For the
calculation of the relationMp(E*), we employ here a

i slightly extended version [13] of the statistical model
0 10 20 30 400 10 20 30 40 codeGeMmiNI [14], because this code also allows for IMF
Neutron multiplicity emission. Figure 2 demonstrates the sensitivity of the
8 assignment of£* to M p, and also points out its advan-
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FIG. 1(color). Top panels: Correlation of neutron multiplicity M p distributions are very well separated from each other,

versus CP multiplicity for 1.2 GeV induced reactions on Cu, - . .
Ho, Au, and U, (Porre}(l:ted for bac\k%round but not for efficiency.ShOW'”g the strong correlation between the two quantities

Bottom panels: Galilean-invariant velocity plot for evaporatedMLp andE*. The same compa_risc_)n f(?r neutrons only is
Z =1 andZ = 2 particles for 1.2 Ge\p + Au. much less favorable: here th€, distributions already start
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100 E ) LP relevance for the reliability of the deduced valEé. For
50 o, HE e instance, in the calculation we take into account that in the
¥ course of the fast cascade phase an origitta) nucleus
loses mass and charge with increasiigup to?'*At, as is
suggested by the INC calculation faf = 1 GeV. For
_ . . b) n this extremeE™ the respective evaporation chain releases
P 75 . & about 3 neutrons less, but 1 CP more than it would have
:g e J b for an intact*8U nucleus. Also, a variation of the level
B "'-'n-m........;.] density parameter and the spin within reasonable limits
0 10 20 30 40 50 (from a = A/10 to A/8.5 or A/13 and from [ = 0%
M to 25%) results at best in a variation dif p by 3 to
4 units at the highest excitation, which corresponds to an
uncertainty fort™* of about=10%. The results from other
statistical model codesyLiaN [16] or from Ref. [17], are
once more consistent with the ones fraamini within
these limits. Incidentally, the results from different codes
agree much better in the sum multiplicity, p than in the
ratio Mcp/M,. Finally, it is worth noting that a result
of statistical model calculations is that fission or breakup
of the nucleus into three or more heavy fragments at any
stage along the de-excitation chain does not altgf
o . or E* by more than 10%. Therefore, this method is not
excitation energy E (MeV) subject to specific splitting modes of the hot nucleus.
FIG. 2. Upper two panels: Measured multiplicity distributions ~ Using the method described above, we have been able
(®) do/dM.p (a) anddo/dM, (b) for 1.2 GeVp + Au.  to deduce excitation energy distributions and absolute dif-
The shaded histograms are calculated multiplicity distribu-ferential cross sectiongo/dE* following 7 annihilation
tions for fixed values oE™ = 100, 200, 300,400,600,800, and  for the first time. These are shown as dotted curves in

1000 MeV (from left to right). Lower two panels: Contour . . P .
diagrams of experimental event distributions fi, (c) and Fig. 3. Also included in Fig. 3 are the pertinent INC cal-

M cp (d) as a function of* compared with calculated average culations [8] as histograms. For the heavy nuclei Ho, Au,
multiplicities (dots connected by a line). The intensity changeand U, we note a satisfactory agreement between experi-
between two contour lines is a factor of 3. mental and model distributions both in shape and in abso-
lute values. For Cu, however, we observe a considerable
discrepancy near the maximum closeRb = 150 MeV.
overlapping at low excitation. The FWHM of these cal- For this relatively light nucleus the experimental recon-
culated multiplicity distributions can be translated into anstruction of thet™ distribution from the multiplicityM p
energy widthAE* defining an energy resolutichE*/E*.  of all light particles might be less reliable because of the
By increasing the excitation energy from 150 to 1000 MeVdifficulty in discriminating between evaporative and di-
for Au, the thus defined energy resolution decreases fromectly emitted neutrons and in subtracting the very few
50% to 11% if deduced from/ cp, itincreases from 12% (1 or 2) additional neutrons from pion-induced reactions
to 23% for M,,, and assumes a constant value of 7% forin the scintillator liquid of BNB. This has the tendency
M p. We conclude that/y p is indeed a reliable observa- to transfer cross section from lof#* to intermediateE™.
tion for E* up to 1 GeV or more but that the observation Since the relative contribution of these two effects is more
of M, [13,15] and ofMy cp [2] alone (which have been important for lighter target nuclei, we show for Cu in
applied before for this purpose) is less sensitive to andFig. 3 (star symbols) also th&™ distribution deduced
the resolution depends strongly on the excitation energyirom M cp alone which seems to agree somewhat bet-
Since the next best choice are LCP’s, at least for high exter with the INC calculation.
citation energies, we have also reconstructed the excitation All four do/dE* distributions are dominated by a
energy distributions by usingf; cp only. This compari- broad distribution which shifts to highds* for the heav-
son agrees for heavy nuclei quite well with the LP methodjer nuclei. At very lowE* the intensity increases con-
but deviates for Cu as will be discussed below. siderably, which we assign to peripheral reactions. More
It is also shown in the lower part of Fig. 2 for Au that important with respect to properties of hot nuclear matter
the model predictions (continuous lines) fit closely theare the high energy tails of the data. Tpeinteraction
ridge of the event distributions as a function &f, (c)  with uranium, for instance, leads for more than 12% of
and My cp (d), showing that the sharing betweanand the reaction cross section to thermal energies in excess of
LCP is also well accounted for on the average. 600 MeV, i.e., to temperatures larger than 5.2 MeV (with
There are some uncertainties in the choice of the model = A/10). In the extreme tails of the distributions even
parameters which have to be considered because of theinergies as high as 1 GeV are reached, which could not
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FIG. 3. Distribution of excitation energylo/dE* deduced
from M p (@) or M cp (%) compared with the INC model
(histogram) forp (1.22 GeV) + U, Au, Ho, and Cu.

be obtained [7] with protons of still higher incident energy
(2 GeV). This finding verifies the expectation [9] that an-

tiprotons are more efficient in heating nuclei than protons

Table | collects the parameters deduced from Hie

distributions in Fig. 3. These parameters are the mea

excitation energE*), the mean excitation energy per
nucleon(E*/A), and the maximum excitation energies
E:.. and E; /A, defined by the somewhat arbitrary
criterion that they are associated to the upper 1% of th
excitation energy distribution. The averagg®) from

P annihilation in flight increases from Cu to U almost
linearly with A in accordance with INC model predictions.

However, when converted tGE*/A), this tendency is

nonevaporative emission of IMF's. The observed mean
IMF multiplicities for all four reactions are below 1.2
up to the highest excitation energies which can be fully
explained by evaporation.

By integratingdo/dE* we obtain the reaction cross
sections o, (Table I) for an inelasticity larger than
about 10 MeV. The values so obtained compare rather
well with a geometrical cross sectien,, calculated with
ro = 1.38 fm. The radius parameter is thus slightly larger
than the standard value, which indicates that annihilation
can occur already in the low density periphery of the
nucleus.

In summary, our studies have shown energetic antipro-
tons to be a promising tool to create high thermal ex-
citation in massive nuclei with minimum stimulation of
collective motion. Excitation energy spectra for 1.2 GeV
P + Cu, Ho, Au, and U extend with appreciable cross
section (1% ofv,.) up to 500 MeV for Cu and as far as
about 1000 MeV for U. They are in satisfactory agree-
ment with predictions from the INC model.

The excitation energy distributions are deduced from
eventwise observation of the whole nuclear de-excitation
chain, a method which became feasible by the combined
application of two47 detectors for LCP’s and for neu-
trons. The precision of this new method of determining
thermal excitations for heavy nuclei is estimated to be
about=10% up to E* = 1 GeV, with the benefit of min-
imum bias from reaction models. The decay of hot nu-
Blei produced with energetic antiprotons and a minimum
of collective excitation such as rotation, compression, and
shape distortion exhibit essentially a statistical decay via
evaporation up to 5 or even 11 MéRucleon of thermal

®xcitation energy.
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energy per nucleon or equivalently higher temperature.
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