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Abstract 
Some features of pAg/Br reactions at 1.4 GeV/c incident momentum are 
studied by means of the emulsion technique. The distributions of the num
ber of charged particles/event are presented. 

The angular distributions indicate some anisotropic process in the 
nuclear matter, possibly shock-waves, and some back-to-back emission. 



1. Introduction 
While antiproton + nucleon interactions are very well known at several 
energies , antiproton t coaplex nucleus interactions are less known. 
Soae data on pAg/Br interactions for beaa aoaenta below about 1 CeV/c 
are available frosi the inveatlgations of Segre et al. and Ekspong et 

3) 
al. . However, a slow antiproton baa a large probability to be annihila
ted on a quasi-free nucleon on the surface of the target-nucleus. In 
order to obtain p • coaplex nucleus interactions the besa aoaentua 
should be not too low. 

4) Rafelski has pointed out that data on p + coaplex nucleus interactions 
may give valuable inforaation on the behaviour of very hot nuclear 
matter. An interesting aspect of such investigations is the possibility 
of a phase transition froa (locally) very hot nuclear aatter to a quark-
gluon plasma. 

Motivated by ref. 4, we lu>e Bade an exposure of a stack of photographic 
emulsions to a 1.4 GeV/c antiproton beam. 

We study the angulai distributions of the charged particles emitted, and 
the possibility of some angular correlations. Such possible correlations 
could give information of the presence of processes of emission other 
than the familiar evaporation from an excited nucleus, e.g. shock-waves 

4) in the nuclear matter due to the propagation of an pN-"fire-ball" 

Furthermore, if the three anti-quarks of the incident antiproton react 
with three quarks of different target-nucleons, a region of six un-mat-
ched quarks in the target nucleus might possibly behave "hot-spot"-
like . 

2. Technical information 
The beam of 1.4 GeV/c antiprotons which was produced by the K-24 beam-
line at CERN has a contamination of about 30% it and 1% K . 

The photographic emulsion is of the type Ilford G5, and the technical 
treatment of the exposed 0.25 liter stack of emulsion of 60 plates each 
with the dimension 10 cm x 5 cm x 0.06 cm has been made at CERN. 
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The scanning and aeasureaents are aade by aieans of Leiti Microscopes 
with Wild precision gooioaeters. For simplicity, and because we aia at 
some angular correlation studies to be described later, we have only 
•easured the angle of each track of a charged particle with respect to 
the direction of the incident antiproton in the plane of the eauilsion. 
The data are stored and sorted on Magnetic disks on s Nord 100 coaputer 
which is also used for Monte-Carlo generation of simulated events. 

Some of the secondary charged particles have such low energy that they 
would not escape a Macroscopic target. The active target eaulsion tech
nique can therefore still be useful. 

2.1 Detection probability and identification. 
The detection of the tracks of the charged particles in the photographic 
emulsion is in general very efficient for Most of the tracks. However, 
if a track is very short and steep it may be unseen due to the many 
grains and blobs near to the interaction vertex . 

The tracks of the charged secondary particles are called "minimum", 
"grey" or "black" according to their ionization. A grey track has an 
ionization between ~ 1.4 and ~ 10 times the minimum value. The grey and 
the black tracks are calleJ heavy tracks. 

The minimum ionization tracks are not always easily seen due to the 
somewhat low grain density in the present emulsion. 

Based on our crude classification of the tracks of the charged particles 
emitted, we can in general not give the identity of each particle emit
ted, except for those particles which have some specific signal like the 
decay of Li, etc. At this stage of the investigation we have not made 
those measurements of range, multiple scattering, and ionization which 
can give much more information of the particles emitted, and we have not 
yet. followed every track to its endpoint, to study its possible decay. 
A heavy, slow particle emitted opposite to the direction of the beam may 
make a track which is too short to be seen, thus causing a detection 
bias 7 5. 
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3. Experiment»1 Results 
In Fig. 1 we show the distribution of the nuaber N of the grey • black 
tracks/event for 1500 events. The p-interact ions on the light H, N, 0 
and C nuclei, and on the heavier Ag and Br nuclei, are not separable. 
We therefore take N i 10 to be our selection criteriuat for pAg/Br 
candidate events. Only such events will be discussed in the following, 
based on the measurements of 1057 events. The distribution shows no 
enhancement for large N, corresponding to extreaely high excitations . 

3.1 The number of tracks/event for each category of track 
The minimum ionizing tracks are likely to be due to fast pions produced 
by the annihilation of the incident antiproton on one or more of the 
nucleons of the target nucleus. The grey tracks can be due to somewhat 
slower particles with unit charge. The black tracks are in. general due 
to slow, light nuclei. 

We show in Table I the distributions of the number of track/event for 
each category of track, i.e. for minimum, grey, and black tracks, respectively, 
for the events with at least 10 non-minimum ionizing tracks. 

It is seen that most of the events have none or one minimum ionizing 
track, the average number is 1.1. 

The distribution for the grey tracks has a maximum at 1 track/event, 
an average about 2, and very few events have more than 5 grey tracks. 

The distribution for the black tracks has of course very few events with 
very few black tracks because of our selection criterium H i 10. The 
distribution has a maximum at 9 and an average value at about 14 tracks/ 
event. 

We have not seen any decaying strange particle . However, the endpoints 
of the faster tracks and the tracks leaving the emulsion have not been 
inspected for strange particle decay. Also, our selection criterium N g 
10 gives a sample where most of the excitation energy is given to non-
strange particles. 
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In the Table II is presented the number n of ainiaua versus the num
ber N of non-ainiaua ionizing tracks/event. 

The average values of n for each value of N, and vice versa, show no 
strong dependence between these nuabers for n S 3. It sees» therefore 
as if the excitation energy as aeasured by the number of charged non-re-
lativistic particles eaitted by the nucleus is fairly independent of the 
number of charged pions eaitted. 

Since the average number of charged pions produced by pN-annihilations 
at 1.4 GeV/c is ~3, the number seen in our pAg/Br events is smaller 
than the number of pions produced on free nucleon targets. 

On the other hand, the number of charged pions seen must not be equal to 
the number produced since some of the produced pions may be reabsorbed 
by the nucleus, thus supplying the nucleus with some excitation energy. 

3.2 The angular distributions. 
As mentioned above, we have measured the angle $ of each track of each 
event with respect to the direction of the incident beam track in the 
plane of the emulsion. The angular distribution of all the final state 
tracks is shown in fig. 4. A significant enhancement is seen in the 
forward direction, i.e. in the hemisphere given by the direction of the 
incident antiproton. The forward/backward ratio F/B is about 1.2. This 
forward collimation may have several causes. 

When an antiproton with a momentum 1.4 GeV/c is absorbed by a target 
Ag/Br nucleus, the pAg/Br system has a velocity 0.014 c in the emulsion. 
Hence, the particles emitted from such a moving system must have a 
forward coliimation. 

Furthermore, for p + Ag/Br peripheral reactions where the p can be 
excited, the p -system must be forward collimated. 

Finally, if some particles are emitted due to some anisotropic process 
in the nucleus, an additional contribution to some forward and/or back
ward collimation may be seen. 
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An about S standard deviation peak is seen at about 50-60 degrees in the 
experimental distribution. If this peak la not due to soae statistical 
fluctuation, it has to be due to some fast process, e.g. shock-wave etc. 

It should be noted that if there Is a peak at about 50 degrees in the 
p 1 ane of the emulsion, this peak is reduced as compared to the true 
angular distribution in space. Furthermore, a broad burnup is indicated 
at about 100 degrees. 

3.2.1 The angular distribution of the minimum ionizing tracks 
The observed distribution of the minimum ionizing tracks is shown in 
fig- V It is almost flat between 90 and 180 degrees with a small loss 
along the beam-track, while it increases from 90 to 0 degrees. It can 
be taken to contain two main contributions. One contribution comes from 
the relativistic particles, mainly pions, which are emitted isotropical-
ly in the system of the nucleus, i.e. flat between 0 and 180 degrees. 
The other contrihution comes from the relativistic particles, mainly 
pions, which are produced at the p-vertex in a peripheral pAg/Br scatter
ing. An estimation of the forward excess gives a ratio of about 1/5 
between the forward emitted and the isotropically emitted relativistic 
particles. The ratio F/B is about 1.5-

3.2.2 The angular distribution of the grey tracks. 
The angular distribution of the grey tracks is shown in fig. 4. Two 
indications of peaks are seen. The peak or enhancement at about 50-60 
degrees is an almost 5 standard deviations effect. A small peak at 
90-100 degrees corresponds to about 3 standard deviations. The ratio F/B 
is about 1.5, which is too much for fairly fast particles emitted from a 
slowly moving excited nucleus. Hence, some of these charged particles 
must have been emitted anisotropically. 

3.2.3 The angular distribution of the black tracks 
The angular distribution of the black tracks which is shown in fig. 5 
has a forward/backward ratio F/B ~ 1.2, which is smaller than the 
corresponding ratio for the minimum ionizing and the grey tracks. 
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Th? obtained ratio ia, however, in good agreement with an eatiaated 
F/B-ratio baaed upon the asiuaption of iaotropic evaporation fro» an 
Ag/fir-nucleut «roving through the eaulaion with a ratntui 1.4 GeV/c. 

Thus, the black tracks due to the slow and/or heavy particles emitted, 
seem to be essentially isotropically emitted in the system of the Moving 
nucleus. 

On the other hand, the angular distribution shows some peaking at about 
50-60 degrees corresponding to 4-5 standard deviations. 

4. The Monte-Carlo model 
We use a computer to simulste pAg/Br reaction according to the evapora-

8) tion model , i.e. isotropic emission in the system of the excited 
nucleus. We disregard the recoil-velocity given to the nucleus by each 
single particle emission since the mass of this particle is about 1-5 % 
of the mass of the disintegrating nucleus. The forward collimation due 
to the momentum 1.4 GeV/c of the pAg/Br system is taken into account. 
The number of events simulated is proportional to the number of events 
of each group of events, where a group of events is defined by its 
number of tracks/event. 

5. Angular correlations 
We have the measurements made in this simplified way to perform some 
simple tests on the hypothesis of an isotropic emission of the charges 
secondary particles in pAg/Br reactions at 1.4 GeV/c incident momentum. 
The assumption of isotropic emission of non-relativistic particles in 
the pAg/Br system is based on the model of evaporation from an excited 
system with thermodynamic equilibrium between the successive emissions. 
If the data should show deviations from isotropy, it can be taken to 
indicate contributions of some non-isotropic processes of emission, i.e. 
non-evaporation processes. 
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S.l A test of angular correlations 
We now discuss a teit where each observed event contribute* aa auny 
tiaes to an angular distribution ai given by the nuaiber of charged 
secondary particles of the event. The first contribution ia the angular 
distribution with respect to the track no. 1 (arbitrary assigned), the 
second contribution is the angular distribution with respect to the 
track Ho 2, and so on. Since by means of this procedure an angle 6 
between the two tracks is repeated as an angle 360-8, the distributions 
have been folded at 180 degrees. 

5.1.1 The test applied on all the tracks 
We show in fig. 6 the angular distribution described in 5.1 for all the 
secondary tracks of the events observed. As compared to the corresponding 
Monte-Carlo distribution, the region between 90 and 180 degrees is 
enhanced. It is interesting to note that according to this MC model, 
there is a slight lack of "opposite" partners, obviously due to the fact 
that when most of the tracks tend to go "forward", these tracks have few 
partners in the opposite hemisphere. Hence, if one very energetic par
ticle is emitted in some direction, giving such a large recoil-momentum 
to the rest-nucleus that the rest of the particles which are emitted 
tend to follow the direction of the rest-nucleus, a general lack of 
partners in the opposite hemisphere as in the MC-model will result. 
Therefore, the emission of one very energetic particle can not produce 
the enhancement in the 180 degree region seen in our data. 

5.1.2 The test applied on the minimum ionizing tracks 
The distribution shown in the fig. 7 for the minimum ionizing tracks has 
an enhancement towards 0 degrees, an enhancement at about 90 degrees, and 
a small peak at 180 degrees. The peak shows that some of the relativistic 
particles are emitted in almost opposite directions, i.e. "back-to-back". 
If these particles were protons, very little energy would be available 
for the excitation of the rest of the nucleus, which, however, has emitted 
more than 10 charged light nuclei. Hence, the majority of these particles 
are likely to be mesons, i.e. pions, emitted by a two-body decay of a heavy 
meson (real or virtual). 
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The enhancement near zero degrees can partly be due to the decay in 
flight of toae heavy baryon or me ton. The broad enhancement can possibly 

9) indicate some interference . 

5.1.3 The test applied on the heavy tracks 
The distribution shown in fig. 8 for the heavy tracks has an enhancement 
towards 180 degrees which is not reproduced by the MC-distribution. This 
enhancement shows a tendency for emission in more or less opposite direc
tions. 

5.2. Further remarks on correlations. 
We show in fig. 9 the distribution described in section 5.1 (from 0 to 
360 degrees) when only the tracks in the "peak"-region 50-60 (or 290-300) 
degrees in fig. 3 are used as reference tracks. As compared to the 
MC-background, an enhancement is indicated in the region 190-270 degrees, 
corresponding to 240-320 degrees in the laboratory system. 

Hence, the data are, limited by the statistical significance, consistent 
with the hypothesis of correlated emissions of some particles in the 
50-60 and the 240-320 degrees regions. 

6. Summary 
We have made some simple investigations of pAg/Br reactions at 1.4 GeV/c 
observed in photographic emulsions. Most of the events have very few 
minimum-ionizing tracks of relativistic charged particles. The distribu
tion of the number of heavy tracks/event has no second maximum for high 
values. No significant correlation is seen between the number of minimum 
and heavy ionizing tracks. 

No decay of slow strange particles have been observed. If strange parti
cles are copiously produced, they have thus to be fast particles, decay
ing outside our range of observation. 
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Based on the angular distributions of these tracks, we hsve found that 
a) arast of the fast particles are isotropicslly distributed, but about 

1/5 are forward colligated, probably due to soae peripheral re
actions. 

b) The non-relativistic charged particles have a forward/backward 
ratio F/B 3 1.2, in fair agteeaent with the Model of isotropic 
emission fro» an excited byste» which has a BoaentuM - 1.4 GeV/c. 

c) A peak of about 5 standard deviations is seen in the 50-60 degrees 
region in the angular distribution of the secondary tracks with 
respect to the beam-direction. 

d) Correlated emissions at aboui 60 and 220 degrees 're indicated. 
e) A back-to-back effect is seen for the fast particles. 
f) A back-to-back effect is seen for the slow, heavy particles. 

7. Comments 
The overall forward collimation of the charged particles emitted in the 
pAg/Br reactions at 1.4 GeV/c is in fair agreement with the hypothesis 
of an isotropic emission from an excited system, e.g. evaporation. 

On the other hand, the data indicate some contributions of some possibly 
shock-wave-like nonisotropic fast process. Furthermore, some back-to-back 
emission is seen. For the fast particles, this is probably due to the two-
body decay of a heavy meson. For heavy particles, this is probably due to 
the (quasi) two-body decay of some energetic two-baryon region in the 
excited nucleus. More data are needed to investigate these effects in some 
more detail. 

Acknowledgements 
The efforts of the K24-group led by E. Pauli, and the Emulsion-group 
led by G. Vanderhage, which made this experiment possible, are grate
fully acknowledged. 

118K/TJ/HA/gs 



IO 

References 

1) V. FUainio, I.F. Graf, J.D. Nansen, W.G. Moorhead, and 
D.R.O. Morrison, Compilations of Cross Seectloas III-
p and p induced reactiona, CERN/HERA 79-03, 1979. 

Review of Particle Propertiea, Phya. Letters UIB, 1982. 

R. Araenteros and B. French, "High Energy Phyaics IV", 
Acadeaic Press, New York and London 1969. 

2) E. Segre, Ann. Rev. Nucl. 8 (1958) 127. 

3) A.G. Ekspong, X. Frisk, S. Hilsson and B.E. Ronne, 
Nucl. Phys. 22 (1961) 353. 

4) J. Rafelski, Phys. Letters 91B (1980) 281. 

5) F.O. Breivik, T. Jacobsen and, S.O. Sørensen, 
Institute of Physics Report B2-04, University of Oslo, 1982. 

6) F.O. Breivik, T. Jacobsen, and S.O. Sørensen, 
Nucl. Phys. 61 (1965) 321. 

7) F.O. Breivik, T. Jacobsen, and S.O. Sørensen, 
Phys. Rev. 130 (1963) 1119. 

8) For review and references, see: 
CF. Powell, P.H. Fowler and D.H. Perkins, 
"The Study of Elementary Particle Physics by 
The Photographic Method", Pergamon Press, London 1959. 

W.H. Barkas, "Nuclear Research Emulsions II", 
Academic Press, New York 1973. 

9) M. Clover, R. DeVries, N. DiGiacomo, D. Drake, 
J. Kaputinsky, W. Sondheim, and J. Sunier, 
CERN/PSCC/81-51, PSCC/47, 1981. 

G. Cocconi, Phys. Letters 49B (1974) 459. 

G.I. Kopylov and M. Podgoretski, SJNP 18 (1974) 336. 



II 

Figure Captions: 

1) The distribution of the nuaber N of heavily ionizing track* 
for I500 events. 

2) The angular distribution for the secondary tracks. 

3) The angular distribution for the ainiaua ionizing tracka. 

4) The angular distribution for the grey tracks. 

5) The angular distribution for the black tracks. 

6) Correlation-test distribution for the secondary tracks. 

7) Correlation-test distribution for the ainiaKia ionizing tracks. 

8) Correlation-test distribution for the heavily ionizing tracks. 

9) Correlation-test distribution restricted as described in section 5.2. 
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