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A natural Cu target was irradiated with the antiproton beam from the Low Energy Antiproton Ring
facility at CERN. The 105 MeV/c p beam was completely slowed down inside a thick target producing
many radioactive products. Starting shortly after the irradiation and continuing for about one year, this
residual activity was counted using off-line gamma-ray spectroscopy techniques. The yields of 40 ra-
dioactive reaction products were determined. The charge dispersion and complete mass yield distribu-
tion were deduced using a well-established fitting procedure. The shape of the mass yield and, in partic-
ular, the average number of removed nucleons, the dispersion of the mass distribution, and its logarith-
mic slope characterize the average energy deposited during the antiproton-nucleus interaction. We com-
pare these quantities with similar data gathered for other projectiles interacting with natural Cu targets.
These comparisons indicate that the average excitation energy of the system formed after the stopped an-
tiproton annihilation is similar to the average excitation energy following 2-GeV proton interaction with
Cu nuclei. The observed mass distribution is also compared with the intranuclear cascade calculations.

PACS number(s): 25.43.+t

I. INTRODUCTION

For a number of years, the interaction of antiprotons
with nuclei has been considered as a process in which
new phenomena may perhaps be observed. The most ex-
otic of them, such as the formation of a quark-gluon plas-
ma and nuclear explosions, are expected only for a tiny
fraction of energetic antiproton interactions with nuclei,
when after a central collision the antiproton annihilates
deeply inside the nuclear volume [1,2]. However, already
the interaction of stopped antiprotons with nuclei may
create reaction products with characteristics quite
different than observed after more conventional nuclear
reactions induced by light or heavy ions [3-5]. These
conjectures are based on the fact that during the annihila-
tion of an antiproton on the nuclear surface a substantial
amount of energy is released in the nucleus in a more uni-
form way (without the impact parameter dependence)
than during energetic proton or heavy-ion excitation.
Also, the linear and angular momenta of the reaction
products are not the result of a transfer from the projec-
tile, but are rather determined by the angular momentum
of the last antiprotonic orbit and by the recoil, following
particle emission.

After the annihilation of a stopped antiproton on the
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nuclear surface, a fraction of the created particles (mainly
pions) enters the nuclear volume and initiates an intranu-
clear cascade. Some fast nucleons are promptly emitted,
and the remaining part of the absorbed annihilation ener-
gy heats the nucleus so that it evaporates nucleons,
heavier clusters, or fissions. As in the usual deep spalla-
tion or fission processes, heavy reaction residues are
formed and can be detected using classical radiochemical
methods. The charge and mass distribution of these resi-
dues carry information on the energy deposition process
during the antiproton-nucleus interaction.

The radiochemical investigation of heavy reaction resi-
dues after stopped antiproton annihilation on nuclei has
recently been carried out by some of us [6—8]. Targets of
92,95,9%8Mo, "'Ba, and ®*Ho were irradiated with antipro-
tons from the Low Energy Antiproton Ring (LEAR) fa-
cility at CERN. From the gamma-ray intensities of the
radioactive reaction products, mass yield distributions
were deduced and compared with the intranuclear cas-
cade plus evaporation model [3]. The excellent agree-
ment obtained seems to indicate that the model used
correctly describes the magnitude and distribution of the
excitation energy deposited in the target nuclei during
the antiproton-nucleus interaction.

In the present work, the investigation of the interac-
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tion of stopped antiprotons with nuclei is extended to a
"tCu target. Such an extension is motivated for a num-
ber of reasons. First, we wish to establish the systematics
of the antiproton-nucleus interaction in a large target
mass range, and the present paper is the next step toward
this goal. Second, we wish to check if the previously used
intranuclear cascade plus evaporation model can do as
well in another mass region in the description of heavy
reaction residues. And, last but not least, an investiga-
tion of the antiproton interaction with "*Cu should allow
a comparison with the results obtained using the same
target and a variety of projectiles such as protons and
helium ions [9-14], heavy ions [10,11,15-25], pions
[13,26,27], and gamma rays [28].

II. EXPERIMENTAL TECHNIQUE AND RESULTS

Natural Cu targets of purity better than 99.99% were
irradiated with an antiproton beam from the LEAR facil-
ity at CERN. Before impinging on the Cu foils, the 105
MeV/c p beam passed through a 18.5 mg/cm? beryllium
window, 2 cm of air, and a 3.6 mg/cm? Mylar support.
At that point, the beam energy was 4.2 MeV. Two Cu
targets were independently irradiated. The first target
was composed of a stack of six Cu foils of thickness (be-
ginning from the beam side) 10.4, 19.3, 40.8, 19.5, 10.5,
and 85 mg/cm?. This stack was irradiated by two an-
tiproton “spills” of 10 min duration each, with a 20 min
time lapse between them. The total number of antipro-
tons impinging on this target was about 4.5X10%. The
second target was composed of two 40.6 mg/cm? copper
foils and was irradiated by one spill of 15 min duration
with approximately 3.5X 10® antiprotons. As there was
no direct antiproton counting device in front of the tar-
get, the numbers of antiprotons quoted above were es-
timated from the experimentally determined mass yield
curve (see below) using the assumption that the annihila-
tion of each antiproton leads to the formation of one
heavy reaction residue.

The off-line gamma-ray counting for the first target
started 40 min after the end of irradiation and for the
second target 6 min after the end of irradiation. A Pb-
shielded HPGe detector with 19% efficiency and 1.9 keV
resolution (for ®°Co) was used for the gamma-ray count-
ing at CERN for a period of about 2 days for each target.
Later, the samples were counted in Warsaw for a period
of about 1 year using two HPGe detectors of 15% and
42% efficiency, respectively. The energy resolution of
these detectors for ®°Co gamma rays was 1.8 and 1.95
keV, respectively.

Separate counting of the foils that made up the first
target showed an activity only in the central foil of 40.8
mg/cm? thickness. This gives an upper limit to the
spread in the beam range inside the target as well as for
the contamination of our results by secondary reactions.
For all investigated cases, the contribution of other reac-
tions is smaller than the quoted experimental error in the
intensities of residues.

The resulting gamma-ray spectra have been analyzed
with the computer program ACTIV [29]. The
identification of the radioactive nuclei and the activity

determination were based on known decay data
[10,30,31].

From the measured activities, the total number of pro-
duced radioactive atoms during the antiproton irradia-
tion was deduced for each isotope. A delta-function spill
shape was assumed for isotopes with half-lives longer
than 5 h. This assumption introduces an error smaller
than 1% for the yield of these isotopes. For shorter-lived
isotopes, a correction for the spill shape (fast rising of the
antiproton beam and its slow, exponential decay) was ap-
plied. The “average” spill shape was determined in
another experiment with an antiproton counter telescope.

Table I presents the yields of the radioactive products
observed in the p+"*'Cu interaction. The units in this
table are the numbers of atoms produced per 1000
stopped antiprotons, which were determined by the pro-
cedure described above.

Recently, taking the opportunity of another experi-
ment, a thick Cu target was again irradiated by the an-
tiproton beam, this time using direct antiproton counting
as described, e.g., in Ref. [32]. The intensities of the most
intense gamma-ray transitions observed after this irradia-
tion were used to check the previous normalization of the
isotope yield. On the average, the new yield was found to
be a factor of 1.2+0.3 lower than obtained from the pre-
vious determination (the quoted uncertainty includes sta-
tistical as well as estimated systematic errors). Taking
into account the quoted errors, no renormalization of the
data presented in Table I was attempted.

III. DATA ANALYSIS

From the yields of the radioactive reaction products,
the charge dispersion and complete mass distribution
were deduced. The procedure followed was described in
detail recently [25], and we refer to this reference for bib-
liography and the discussion of the method used. Here,
for completeness, we present the formulas which gave the
best fit for the antiproton on "™Cu data. The fitted func-
tion was of the form

0(A,Z)=Y(A)P(Z —Zp), (1

where A and Z are the mass and charge of the product,
respectively, and

Y(A)=explag+a, A +a,4*+a;43), )
P(Z—Zp)=Cexp[|—(Z—Zp)*/(2a,)] , (3)
Zp=astagd , (4)
C=02ma,) % Q)

The seven parameters a,—a, were simultaneously fitted
to 37 of experimentally determined isotope yields. After
the fitting procedure, the total yield for each mass was
obtained from the partial experimental yield using formu-
la (1).

Figure 1(a) gives the deduced charge dispersion curve
for the reaction p +"Cu, and Fig. 2(a) presents the mass
yields for the same reaction. In Figs. 1(b) and 2(b) are
shown similar data for the reaction of 3.9 GeV protons
with a natural Cu target. The proton results were ob-
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tained from the cross sections determined in Ref. [10], us-
ing for consistency the same fitting procedure as em-
ployed for our antiproton data.

The similarity of the charge dispersion curves is evi-
dent from Fig. 1. Their widths are almost identical [full
width at half maximum (FWHM)=1.451+0.02 and
1.41£0.02 for antiprotons and protons, respectively] and
correspond to the width observed in the 2°Ne+"*Cu re-
action at a bombarding energy above 50 MeV/nucleon
[25]. The mass yields are also very similar, although a
larger scattering of the antiproton data is observed. (Ad-
ditional comparisons of the antiproton mass distribution

with distributions gathered in other reactions are present-
ed in the following section.)

Using the fitted mass distribution [Eq. (2)], the average
number of nucleons removed from the target was calcu-
lated. This number depends slightly on the mass range
used for the calculations. Keeping in mind arguments
presented in Ref. [25], we have calculated this average
value for masses between A =25 and the target mass
minus 1. The result is

(AA)=(Ap,—1)— (A0 ) =12.6£0.6 ,

where

TABLE 1. Yields of products of the type C (cumulative) or I (independent) from stopped antiproton

interaction with "*'Cu.

Theory
Experiment Version 1? Version 2°
Product Half-life N/1000 p Type N /1000 p N /1000 p
2Zn 93 h <0.9 I
%Cu 127 h 24.9+4.3 I 16.2 17.8
$1Cu 34 h 9.74+0.6 I 6.0 5.6
OCu 24.4 min 1.6+0.1 I 1.9 2.1
STNi 357 h 0.86+0.17 C 0.1 0.3
1Co 1.7 h 6.6+0.3 C 7.5 5.4
Co 53 yr 13.74+0.9 C 11.9 11.8
8Co 70.9 d 22.3+0.9 1 24.7 26.9
Co 272 d 23.1+1.4 I 12.7 12.4
%6Co 77.1 d 7.4+1.4 C 3.6 2.8
Co 17.5 h 1.31+0.2 Cc 0.3 0.6
9Fe 445 d 2.240.3 c 4.2 4.7
Fe 8.5 min 1.840.3 C 1.2 0.6
S2Fe 8.3 h 0.26+0.06 C
5Mn 2.6 h 3.8+0.6 I 6.4 4.8
*Mn 312 d 35.7+2.0 I 28.4 30.1
2Mn™ 21 min 2.840.3 I
Mn 5.6 d 8.610.6 I 10.8 9.9
6Cr 5.5 min 0.49+0.14 C 0.3 0.2
sicr 277 d 25.4+1.4 c 31.3 31.6
“Cr 42.3 min 4.9+0.6 C 2.1 1.7
#Cr 21.6 h 0.54+0.09 C
8y 16 d 12.6+0.9 I 17.4 16.9
485 437 h 1.2+0.1 I 0.8 1.2
41S¢ 34 d 5.1+06 I 3.8 45
465 83.8 d 9.7+0.9 I 15.0 13.9
44gcm 24 d 7.4+0.6 I
4age 39 h 5.740.6 I 18.7 19.9
$sc 39 h 4.6+0.6 C 1.9 3.2
4Ca 45d 0.31£0.09 C 0.1 0.1
B 223 h 2.1+0.2 C 1.3 1.5
2K 124 h 4.6+0.6 I 5.2 7.3
“Ar 1.8 h 1.1+0.1 C 0.5 0.6
e 56 min 0.74+0.11 C 0.8 0.4
3Bl 37 min 2.1+0.3 C 0.8 2.4
38g 28 h 0.14+0.11 Cc
YA 6.6 min 1.310.2 C 1.3 1.0
BMg 209 h 0.2340.09 Cc
Mg 9.5 min 0.91+0.20 C 0.7 1.3
2Na 15 h 1.94+0.2 C 4.7 1.5
22Na 2.6 yr <1.9 Cc 5.7 2.9
"Be 533 d 7.4+2.3 I 222 7.1

ISee text.



47 INTERACTION OF STOPPED ANTIPROTONS WITH COPPER 219

| T P’ ¥ T T
¥ "\{}, (a)
X i
o otk /‘V ! .
2 b i
= { 1
$ oo/ ﬂ 4
k=]
]
=3
0001 .
[ p + Cu at rest
1 1 1 1 1 L
B A
Z-7,
1» T g/UéY ‘Q LAE LA T
: g2 (b)
Ay ]
p=] 01k H 3 +
@ ]e
2 o /
()]
= 00 { E
5 i/ {\é
3 g ]
0001 4
i p+ Cu at 39 GeV
0.0001L— L

3 -2 A 0 1 2 3
-2,

FIG. 1. Charge distribution deduced from the experimentally
determined cross sections of the radioactive reaction products.
(a) stopped p +"*'Cu (present work) and (b) p +"*Cu at 3.9 GeV
bombarding energy (from Ref. [10]).
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FIG. 2. Mass yields for the production of reaction residues in
(a) stopped p+"*Cu and (b) p +"*Cu at 3.9 GeV deduced from
the experimentally determined cross sections of the radioactive
products. The lines represent the global fit to all experimental
cross sections [see Eq. (2)]. For p+"*Cu reactions, the fitted
parameters are @y=3.916, «a;=—0.2703, «,=0.0088,
a;=—0.745X 1074 a,= —1.319, as=1.321, and ag=0.4391.

(Apoa)=3Y(A)A/3Y(A) .

Assuming now that, on the average, the evaporation of 1
mass unit in this mass region decreases the excitation en-
ergy of the thermalized reaction product by 9.7 MeV
[33], the above {A A4 ) value gives an upper limit of the
average excitation energy ( E*), of about 120 MeV. In
order to get a value rather than a limit, the number of nu-
cleons emitted in the fast reaction phase has to be es-
timated. If during this phase on the average, e.g., 42
nucleons are emitted [34,35], the average thermal excita-
tion energy left in the reaction product would be 1.4+0.3
MeV/nucleon. However, as the mean energy carried
away per emitted particle is temperature dependent, this
value may be underestimated by as much as 10-20 %.
Indeed, the estimate of Ref. [33] was derived from experi-
mental measurements of compound nuclei with much
lower temperatures than observed after the antiproton
annihilation.

Before ending this section, it is worth making some
comments concerning the individual isotope yield. In the
present investigation, we were looking for, but were un-
able to identify, the charge-exchange reactions [7], pro-
ducing nuclei with proton number larger than target Z.
;I;able I gives only an upper limit for the production of

Zn.

Taking into account the target composition, the yield
of ®Cu is the strongest from all produced species (**Cu
can only be formed from %Cu, 31% in a natural Cu tar-
get). It is expected [7,34] that to produce this isotope the
antiproton annihilates on a neutron in a far periphery of
the nucleus. After the annihilation all produced pions
miss the nucleus and the product is left with an excitation
energy lower than the nucleon binding energy.

The production of light nuclei such as Be and Na can,
at least partly, be a result of the fast multifragmentation
of very hot target nuclei [36—38] or slow heavy-cluster
evaporation [39]. The relative yield of these light nuclei
in stopped-antiproton-induced reactions is similar al-
though slightly smaller than in reactions with energetic
protons. A suspicious lack of ??Na in the antiproton
spectra is not well understood. An ultralow background
experiment is in preparation to search again for this
product in our Cu samples.

From the intranuclear cascade model calculations
[3,40], it is expected that, because of the energetic parti-
cle emission, the nuclei produced after antiproton annihi-
lation are left with rather high angular momenta (in the
case of the Cu target, up to 30#). The yield ratio of high-
and low-spin isomers of the same product is a signature
of a high angular momentum. Two analyzable cases are
present in the p data on the "'Cu target: the *’Mn and
#Sc isotopes, both of them having isomers with spin-
parity 6% and 2%. Their 67 /2% isomeric ratios are
shown in Table II, where a comparison with other reac-
tions is also made. As seen, the 61 /2% antiproton results
are similar to those observed in low-momentum-transfer
reactions (gammas, protons, 7, energetic heavy ions)
and are much smaller than in the intermediate-energy
heavy-ion reactions.

At first glance the higher isomeric ratio for *>Mn than
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TABLE II. Examples of isomeric ratios in nuclear reactions with "*Cu.

44SCM/44SC 52Mn/52Mnm
Projectile Energy (6%7/2%) (6*/2%) Ref.
y 310 MeV 1.09+0.35 [28]
v 600 MeV 1.12+0.12 [28]
¥y 1000 MeV 1.23+0.14 [28]
P 3.9 GeV 1.1840.07 a [10]
p 28 GeV 1.24+0.03 427+0.12 [11]
D at rest 1.30£0.17 3.07+0.36 this work
T 0.5 GeV 1.25+0.05 1.41+0.63 [26]
T 1.5 GeV 1.53+0.10 [26]
He 350 MeV 1.51£0.21 [14]
He 910 MeV 2.08+0.29 (14]
12¢ 25 GeV 1.20+0.09 [11]
AL 80 GeV 1.40+0.30 [15]
4N 3.9 GeV 1.44+0.09 [10]
12¢ 45 MeV/nucleon 2.26+0.42 5.9740.88 [24]
12¢ 35 MeV/nucleon 3.39+0.48 8.02+1.10 (23]
2¢ 25 MeV/nucleon 3.9340.57 10.37+1.31 [24]
Ne 29.2 MeV/nucleon 2.68+0.23 [25]
20Ne 22.7 MeV/nucleon 3.88+0.54 [25]
Ne 14.3 MeV/nucleon 5.43+3.22 [25]

2This isomeric ratio is not quoted; we believe tha
misprint.

for “*Sc seems to contradict the cascade results of Ref.
[3], which predict that the average spin of the reaction
residues increases monotonously with the number A 4 of
removed nucleons. It should be pointed out, however,
that there are three components of the nuclear angular
momentum [see relation (16) in Ref. [3]]: the antiproton
orbital momentum in the atom state from which the ab-
sorption takes place and two sums of the angular momen-
ta carried away by cascade particles and evaporation par-
ticles. In the case of the antiproton absorption by
medium-weight nuclei, the value of the orbital momen-
tum equals approximately (4—6)# and the sum of the an-
gular momenta carried away by the evaporation particles
can reach a similar value. So, in order to eliminate these
parts of the nuclear angular momentum and to investi-
gate the angular momentum caused by the energetic par-
ticle emission, one needs to select isomers with spins
higher than studied here (as it was done in 7~ absorption
studies [41] where isomers with spins up to 20% were in-
vestigated).

IV. DISCUSSION

A. Stopped antiproton annihilation
compared to light-projectile-induced reactions

As discussed in a number of papers (see Ref. [25] for
details and references), the shape of the mass distribution
of heavy reaction residues is related to the average energy
deposition in the reaction. With the increase in the de-
posited excitation energy, more particles are evaporated
from the prefragment formed in the fast reaction phase,
the mass distribution becomes broader and flatter, the
average removed mass increases, and the logarithmic

t the cross section of **Mn™ reported in Ref. [10] is a

slope [15] of the mass yield decreases. In the present
work, the logarithmic slope of the mass yield k was deter-
mined by fitting the mass yield over the mass region be-
tween A, and A, with an exponential of the form
Y(A)=Cexp(kA). The A, and A_, values were
selected individually for each reaction (see below) as the
limits of the observed exponential region.

The (A A ) and k quantities were previously extensive-
ly studied for the "'Cu target. The dependence of the
logarithmic slope and {AA ) on the projectile energy
[15,25,42] indicates that for light and heavy projectiles
these observables are almost independent of the projectile
mass. There is, however, a strong dependence on projec-
tile kinetic energy up to a bombarding energy of about
1-2 GeV. Above this energy the logarithmic slope and
(AA) almost stabilize, indicating that the transferred
excitation energy approaches its maximum value.
(Therefore the 3.9-GeV proton data shown in Figs. 1 and
2 may be considered as representative for the limiting ex-
citation energy transfer using “normal” projectiles.)

In Table III the parameters of the mass distributions
resulting from the interaction of pions and protons with a
natural copper target are compared with the present an-
tiproton data. These parameters were deduced from the
originally determined yields or cross sections using, for
consistency, the fitting procedure described in Sec. III.

In many investigated cases, the logarithmic slope de-
pends slightly on the selection of the mass region in
which the slope is fitted. Therefore we also introduce in
Table III a more objective parameter, the mass dispersion

0 4=[3((Apoa) = APY(A)/ T Y(A]?,

to account for the differences between shapes of the mass
yields. The mass dispersion is calculated using the fitted
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TABLE III. Parameters of the mass yield curve resulting from the interaction of light projectiles

with Cu.
Average mass Average Dispersion of
Energy of the product removed mass the mass yield Logarithmic slope

Projectile (GeV) (4) () (A4) () o, () k (%)  Amin/ Amax Ref.
T at rest 60.1£0.5 39 3.24+0.2 65.8+3.4 41/52 [27]
ot 0.05 56.41+0.2 7.6 3.8+0.1 24.3+2.3 47/58 [13]
T 0.05 57.0+0.2 7.0 4.0+0.1 33.61+4.1 47/55 [13]
P 0.20 58.610.5 6.4 4.0+0.2 33.6t1.7 44/55 [13]
T 0.10 57.8+0.5 6.2 4.6+£0.2 28.6+2.0 43/55 [13]
ot 0.10 57.2+0.4 6.8 4.9+0.2 25.5+2.7 44/55 [13]
P 0.35 57.3+0.5 7.7 5.2+0.2 24.2+2.7 41/52 [13]
ot 0.19 56.8+0.5 7.2 5.240.2 18.9+3.1 43/55 [13]
T 0.19 57.3+0.5 6.7 5.3+0.2 20.7£2.0 41/55 [13]
P 0.59 55.7+0.5 9.3 6.1+0.2 18.3+1.7 41/52 [12]
T 0.35 55.8+0.5 8.2 6.3+0.2 16.2+2.4 40/53 [13]
at 0.35 55.1+0.5 8.9 6.6+0.2 13.8+£2.4 40/53 [13]
T 0.50 52.8+0.5 11.2 8.1+0.2 11.9+0.8 26/52 [26]
P at rest 50.41+0.6 12.6 9.8+0.2 9.2+1.6 41/52 this work
T 1.57 51.11+0.8 12.9 10.4£0.2 4.7£0.5 20/58 [26]
P 3.90 50.8+0.8 14.2 10.6+0.2 5.6+0.3 36/59 [10]
)4 28.00 50.3+1.0 14.7 11.2+0.2 5.0+0.3 39/59 [11]

values of the mass distribution in the same mass region as
it was taken for the calculation of the (A A ) quantity
(A =25 and the target mass minus 1). Its increase ac-
counts for the flattening of this distribution; i.e., it is the
signature of the increasing average energy deposition.
Figure 3 shows the dependence of (A4 ) and o 4, on the
projectile bombarding energy.

The data of Table III and Fig. 3 allow us to compare
the effectiveness of the antiproton energy transfer with
that of light projectiles. We conclude that, on the aver-
age, the stopped antiproton annihilation imparts to the
copper nuclei an amount of excitation energy comparable
to that imparted by a proton of about 2 GeV incident en-
ergy.

B. Antiproton mass removal as a function of target mass

Previously [6—-8], the mass distribution for the interac-
tion of stopped antiprotons with Mo, Ba, and Ho targets
was determined by the same techniques as employed in
the present work. The average number of nucleons re-
moved from the copper target can therefore be compared
with the values gathered for heavier targets. This com-
parison is shown in Fig. 4. If the average number of nu-
cleons removed is plotted as a function of the target mass
to the power %, a linear relationship is obtained for Cu,
Mo, and Ho nuclei. On the other hand, the average num-
ber of nucleons removed from the Ba target is about 6
mass units lower than expected from the systematics of
other targets.

C. Product yield from the intranuclear cascade calculations

As in previous investigations of the stopped antiproton
interaction with nuclei [6—8], the experimental data gath-
ered in the present work were compared with intranu-

clear cascade (INC) calculations. These calculations were
carried out using the model of nuclear absorption of
stopped antiprotons [3]. According to this model, the an-
tiproton annihilates at the beginning of the reaction on
the surface of the nucleus, and a few pions (from two to
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FIG. 3. (a) Average number of removed nucleons, (A4 ),
and (b) average dispersion of the mass distribution, o 4, for
pions (solid squares) and protons (open circles) interacting with
a "™'Cu target. Data are plotted as a function of kinetic energy
for protons and kinetic energy plus rest mass [26] for pions. The
hatched corridors correspond to (a) (A4) and (b) o, for
stopped antiprotons interacting with a "'Cu target.

Projectile energy
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FIG. 4. Average number of removed nucleons after annihila-
tion, (A A )=(Ayy—1)—( A,0a), as a function of target mass
to % power for stopped antiprotons. The Ho, Mo, and Ba data
are from Refs. [7,8].

eight) are produced. Then the pions generate a cascade
of sequential two-body collisions with nucleons within
the nucleus. High-energy products of these collisions
(nucleons, pions, etc.) escape from the nucleus, while
low-energy particles are trapped by it. References [3,4]
give the details of the INC model used.

After the cascade an excited nucleus is formed that can
again emit particles during the equilibrium process. The
preequilibrium emission is described by the exciton model
[43]. Its incorporation into the cascade calculations was
presented in Ref. [40]. The thermalized nucleus can un-
dergo multifragmentation at higher excitation energy or
evaporate particles at lower energy [37]. After that, a re-
sidual nucleus remains which can be observed in the ex-
periment.

Besides the preequilibrium emission, another effect
which can also substantially decrease the excitation ener-
gy of the thermalized reaction product consists in the lo-
cal density reduction during the process of cascade devel-
opment, the so-called trawling effect [4,44]. Because of
this effect, the number of collisions of the cascade parti-
cles inside the nucleus is decreased and hence the excita-
tion energy of the residual nucleus is also decreased. The
influence of this effect on the calculated mass yield distri-
bution was also investigated.

The calculations were performed with the Monte Carlo
method. Here 5000 antiproton annihilations were simu-
lated for each of the theory versions listed below. Beta
decay of the radioactive residual nuclei was not con-
sidered so that primary independent yields were obtained.
The theory versions used were the following: (i) version
1, cascade without trawling + multifragmentation +
evaporation; (ii) version 2, cascade without trawling +
preequilibrium emission + multifragmentation + eva-
poration; (iii) version 3, cascade with trawling + mul-
tifragmentation + evaporation; and (iv) version 4, cas-
cade with trawling + preequilibrium emission + mul-
tifragmentation + evaporation.

The same combinations of theory ingredients were also
used to calculate the product yield of the interaction of
3.9 GeV protons with a "'Cu target, a reaction used as
reference throughout this paper. A comparison of the
fitted experimental mass distribution with all four of the
above versions of the theory is shown in Fig. 5. Clearly,
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FIG. 5. Comparison of the fitted experimental mass distribu-
tion with four versions of the cascade plus evaporation model.
The ingredients used in theory versions 1-4 are given in Sec.
IVC.

the inclusion of the trawling effect is not supported by the
experimental data on the mass yield in proton and an-
tiproton reactions. Therefore, in Fig. 6, only versions of
the theory without trawling are retained and are shown
on an expanded scale. The deduced experimental yields
for the measured A chains are also shown in this figure.
The theoretical data for the individual, measured prod-
ucts are given in Table I for versions 1 and 2 of the
theory.

At this point, one may conclude from Fig. 6 and Table
I that the first two versions of the cascade model used
give a fair account of the experimental mass yield in the
proton-induced reactions and describe the antiproton
data very well. Similarly, as was observed for previous
antiproton data [7,8], the existence of the trawling effect
is not supported by the mass yield data, and the necessity
for the inclusion of the preequilibrium emission seems
questionable. It should be pointed out, however, that one
must be careful with the conclusions based only on a
comparison of the isotope yield with the INC model. To
make more definite conclusions, one needs to analyze the
total set of experimental characteristics in the same
framework.

As was shown in Refs. [4,44], it is important to take
into account the trawling effect to describe the multiplici-
ty of secondary protons and the correlations between the
numbers of secondary protons and pions produced in the
high energy (>3 GeV) proton-nucleus interaction and
antiproton annihilation on nuclei. In particular, the ten-
dency of the excitation energy to saturate and the number
of knocked-out nucleons at the incident energy E,~3-5
GeV is reproduced correctly by the INC model with
trawling [44]. At the same time, the INC model without
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FIG. 6. Same as Fig. 5, but only for two theory versions
which are closest to the experimental data. The experimental
values gathered for each A4 chain are also shown.

trawling describes well the isotope yield. These results
demonstrate some inconsistency of the INC model used.
At the present time, the INC model is the only model
capable of calculating the distributions of nuclei in the
excitation energy and mass. But there are serious
oversimplifications in this model. First, this approach
uses a Fermi-gas model to describe the target nucleus,
and so the nucleus is excited by production of “holes” in
the Fermi sea and excited nucleons above the Fermi level.
This simple single-particle picture of the energy dissipa-
tion is not strictly correct. Second, the INC model does
not take into account the production of mesonic and
baryonic resonances and the hadronization length effects,
which may be important at high incident energies. Also,
the INC model with trawling uses the frozen nucleon ap-

proximation and so does not take into account the effects
of relaxation of nuclear matter. This means that the INC
model must be modified considerably to study the energy
dissipation in high-energy nuclear reactions.

V. SUMMARY AND CONCLUSIONS

In this work we have investigated the heavy reaction
products issued from the interaction of stopped antipro-
tons with natural copper targets. The yield of the ra-
dioactive products was determined using gamma-ray
spectroscopy techniques. From these data the charge
dispersion and a complete mass yield distribution were
deduced using a, by now, well-established minimization
procedure. These distributions were compared with
those gathered from pion and proton interactions with
the same target.

The individual product yields as well as the complete
mass distribution were compared with the intranuclear
cascade plus evaporation model. A satisfactory agree-
ment was obtained for a cascade version which does not
include the trawling effect.

The most important message from the present work is
that the tremendous energy available after antiproton an-
nihilation is only in part stored in the nuclear system. In
the Cu mass region, the average excitation energy of the
system formed after the stopped antiproton annihilation
seems to be similar, if not slightly lower, than after ener-
getic (> 2 GeV) proton interactions.
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