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1. INTRODUCTION

The interaction of high energy hadrons with atomic nuclei gives rise
to a great variety of phenomena; the nucleon emission, particle generation,
and nuclear fragment evaporation are the most frequently occurring and
observed. In analysing pion-nucleus collisions on photographs of the xenon
bubble chamber, where practically all the produced particles including neut-
ral pions of kinetic energy equal O or-larger than O are detected and recor-
ded effectively enough, events have been observed at energies of the pro-
jectiles from about 2 up to about 3@ GeV in which no any of particles which
could be produced emerge, but intensive emission of nucleons occurs’ !/ ;
the emitted nucleons are fast”” — of kinetic energy from about 20 up to
about 400 MeV, as is known from the measurements of energies of the
emitted protons. At the lower energies, at 2-3.5 GeV, one charged pion is
observed among the collision reaction products in some part of the events
only; we are inclined to assume it to be the projectile pion which traversed
the target nucleus. In other part of events at these energies no any pion is
emerged, and we assume them to be such events in which the incident pion
stopped inside the target nucleus, At higher energies, over about 4 GeV,
”stoppings’’ do not occur at all, only the passages’’ are observed plentifully.

The passages of hadrons through atomic nuclei, and through nuclear
matter in general, may be an analogy to the penetration of fast charged
particles through materials, and the nucleon emission occurring in associa-
tion with the passages may be a secondary effect caused by a process in
nuclear matter which corresponds in its rough similarity to the charged
particle energy loss process in materials. The observations of the passages
should be expected as well, by reason of: the mean free paths of hadrons
in nuclear matter corresponding to the total hadron-nucleon collision cross-
sections are in many cases of the order of the nuclear matter layer thick-
nesses involved in collisions of hadrons with massive target nuclef, or lar.
ger than these thicknesses. But, such events could not be observed in expe-
riments in which all the pions including neutral ones are not registered with
efficiencies high enough — near to 100%.

The finding of the passages and understanding them shall be of a great
value for application of the target nuclei as fine detectors of properties of
the particle production process at its initial stage — in statu nascendi — in
hadron-nucleon collisions. Studies of the process may throw as well a light

BERRHENNNN RHCTITYY * 1

© O6veamennslit wie ARG BT conemqmmmmn §l 612, 1988
 BUS ST s



ral particles produced were not observed effectively enough. In fig. 1 one
of such “passages” registered in the chamber is presented.

In fig. 2, the proton multiplicity distributions are shown in the classes
of events of the type (1) and (2), and in the sample of any-type collisions.

Fig. 1. The passage of the incident pion
through xenon nucleus. The pion tra-
versed the target nucleus, left it and
escaped the chamber (the longest track);
shorter tracks are left by the fast pro-
tons emitted in the collision.

Fig. 2. Proton multiplicity n, distribu-
tions Nfn_)=N/%N in pion-xenon
nucleus coﬁisions at 3.5 GeV/c momen-
tum: O — the passages, ® — the stop-
pings, ® — any-type collisions. Left
side — experimental data, right side —
predictions given by corresponding for-
mulas presented in section 4. N — num-
ber of events at a given proton multi-

plicity.
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The distributions of the events of the type (1) and (2) are different, and
they differ from the distribution for any-type events; the mean proton mul-
tiplicity in the any-type events'is < n, > = 3.20% 0.01, that in the stop-
pings is < n,> = 7.4%0.3, and that in the events without particle pro-
duction — in the passages and stoppings together — is < n,>= 3.31* 0.26.

The distribution for the stoppings is almost symmetrical relatively
to the mean proton multiplicity < n,>. It is reasonable to consider the
events to be such in - which the projectiles fell on the target - nucleus paral-
lelly to its diameter at the impact parameter short enough, at b = 0, when
the nuclear matter layer thickness is sufficiently large; at 3.5 GeV/c stop-
pings occur in about 2% of the any-type collisions, the passages occur when
collisions happen at larger impact parameters — when the nuclear matter
layer thicknesses are smaller. Then, the stoppings and passages are the events
of the same character, but in the stoppings the hadron path ends off within
the target nucleus, because the hadron energy is too low for covering the
nuclear matter layer involved in the collision.

The occurrence of the stoppings depends on the incident pion energy,
therefore. In scanning of photographs of the 26 litre chamber, we obtai-
ned that at 2.34 GeV/¢c momentum stoppings are in about 12% of the any-
type collision events; at 3.5 GeV/c, in about 2%, at 5 and 9 GeV/c the per-
centage is practically 0. It leads to the conclusion that some range-energy
relation exists for hadrons in nuclear matter; at 3.5 GeV/c this range for
the incident pions is as large approximately as the xenon nucleus diameter is.

In both the cases under discussion — in the stoppings and passages —
intensive emission of fast protons is observed; such protons are known as
the g-track leaving particles/S/ . Identical emission occurs in the any-type
collisions, when at 3.5 GeV/c particles are produced in more than about
90% of the events. The transverse and the longitudinal momentum spectra,
and the angular distributions of the emitted protons in various classes of
events are practically the same’ 2/ . It is reasonable to extrapolate this result
on the neutron emission as well, or on all the nucleons as a whole.

4. DATA ANALYSIS

Suppose to be true our conclusion, formulated in section 3, that stop-
pings here correspond to the passages of the incident pions through nuclear
matter layer as thick as the maximum thickness A,y of the target nuc-
leus is. Let, for convenience, express this thickness in nucleons per some
area S units, in (nucl/S). The thickness can be expressed in protons per S
units as well, in (prot/S), because in average the proton-nucleon ratio is al-
most as large as Z/A, where Z and A are the charge and mass numbers of



the target nucleus’*®/, The thickness of the nucleus can be determined

using the known nucleon density distribution in it, for example — the Fermi
distribution’* . Similarly, the mean thickness <A> of the target nucleus,
and the thicknesses A(b) at various distances b from the center of a nuc-
leus in (nucl/S) or in (prot/S), can be determined. The distribution W{ A (b)]
of the thicknesses A (b) of nuclear matter layers in a nucleus can be calcu-
lated thls way, as well. As the S quantity it is reasonably to apply S =
= ﬂD =10-3 fm2 where D, is the nucleon diameter. For the xenon
target nucleus, the calculations give. Apax = 1866 (nucl/S)or A, =769
(prot/S); <A>= 8.52 (nucl/S) or <A > = 351 (prot/S). These values should
be treated as experimentally obtained, in nuclear structure studies’ 4 .

Comparisons of the values calculated with corresponding data obtai-
ned experimentally and presented in section 3 lead to the conclusion that:
a) The mean multiplicity of the emitted protons < np>=7.420.3 in the
stoppings at 3 5 GeV/c momentum equals the calculated number of the
protons n, = mu S =17.7 contained within the cylindrical volume A .S =
= DS centered on the nucleus diameter D. b) The mean multiplicity of the
emitted protons <n_> = 3.31+ 0.26, in the sample of the events without
particle production, is almost the same as the number of protons <A>S =
=3.51 contained within the volume <A >S centered on the mean path
of the incident pions in nuclear matter; this mean path corresponds to the
mean nuclear matter layer thickness <A > (prot/S) in the xenon nucleus.

The findings presented above lead obviously to simple relation between
the mean multiplicity < n_> of the emitted fast protons and the nuclear
matter layer mean thickness <A > (nucl/S) involved in the collisions:

<A>
z -

T 4
<np>=K<A>S(1-e ), (3)
where A, = 1/g, is the hadron mean free path in (nucl/S), o,
tal hadron-nucleon cross-section in (S/nucl).

In searching for effects of the particle production process on the nuc-
leon emission process, it has been found that the particle production does
not effect on the nucleon emission intensity at any energy of the incident
hadrons; at energies higher than a few GeV it is seen simply — the mean
multiplicities of the emitted fast protons are almost energy-independent,
for example. It leads to the conclusion that formula (3) may be applicable
for any-type collisions. Simple comparison of predictions of this formula

is the to-

with corresponding experimental data shows that it is the case (the Table),

In attempts to describe the proton multiplicity distribution N(n ) in
the stoppings, fig. £, we found that the binomial distribution:

DS-n
P(n)_Cp(-Z-)p(l-— P (4)
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Table
Mean multiplicities of fast protons < np> emitted in hadron-nucleus collisions at va-
rious energies: experimental data and predictions by formula(3).

Reaction Energy, GeV <np> experiment & ref, <ng >calc,
Pi- + Xe 35 3.20+0.01 /R 3.19
p +AgBr 200 2.64+0.10 /8/ 2.99
Pi" +Em 60 2.04+0.12 /6/ 1.90
Pit + Al 250 1.2 +0.1 /7 1.23
Pit + Au 250 3.7 +0.3 17 3.1
Kt + Al 250 1.2 +0.06 Y 1.09
Kt + Au 250 33 +02 11/ 354

expresses it quantltatlvely/ 2 where D = Ay, I8 in (nucl/S); for the
xenon nucleus D = 18 58 (nucl/S); C, P =0 ny t1/ {n oy )|] and
DS = ApasS = =ny. 2 test shows that the dlstnbutlons the expenmen-
tally obtained N(n_) a.nd the P(np) given by formula (4), are practically
the same . Physically, it means that in traversing the target nucleus along
its diameter D the hadron meets always n, = DS = const nucleons around
its course and among the nucleons met the number n, of the protons fluc-
tuates, and all the protons met are emitted and observed as the fast protons.

Reasonably, therefore, to suppose that such charge fluctuations occur
along any path of a hadron in a nucleus, and the number of the fast nuc-
leons emitted equals the number ny of the nucleons contained within
cylindrical volume A S centered on the path and involved in interactions.
Then, formula for the proton multiplicity distribution in any-type hadron-
nucleus collisions will be obviously:

Il

nN=DS .EN .
n, oz ng 7 NP
N(np) = nz_l wO(nN)(l -0 )CnN (—A—) (1 - —A—) (5)
N=

for n, - 0,1,23,...,n,, where W (ny)= W (18S) is the probability that in-
cident hadrons hit on nuclear matter layers of the thicknesses A (nucl/S)
and meet AS =ny nucleons around their paths in target nuclei;n, = A8
is the number of nucleons met by the incident hadron on the path in nuclear
matter as long as the mean free path A, (nucl/S) is. W(ny ) is determined
by the Fermi distribution *

Formula (5) contains the A-dependence of N(np), because Wo(nN) =
=W ( AS) depends on A: it contains the energy- and hadron identity-depen-



dence as well, through the o, energy- and hadron identity-dependences.
It can be applied without any limitations at energies over a few GeV, at
lower energies energy loss of hadrons inside target nuclei should be taken
into account in calculating the distribution Winy) = W(AS).

The proton multiplicity n, distribution Nw(np) in the class of the
events without particle production, or in the passages, should be then

N, @) = N@,)e INBL where A, =1/0y, and o; is the inelastic had-
ron collision cross-section in (S/nucl), n, =2, S, N(np) is defined by for-
mula (5).

In fig. 2, comparison of the experimentally obtained proton multipli-
city distributions in various classes of events with corresponding distribu-
tions given by the formulas presented above is shown. Formula (5) has been

tested experimentally for pion-,

kaon-, and proton-nucleus collisions
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5. CONCLUSIONS

A short conclusion review may be useful and give a summary of this
work. 1) High energy hadrons can pass through nuclei without causing the
particle production; the passage is accompanied by fast nucleon emission
in a strictly definite manner; the number n n Of the emitted nucleonsisny =
=281 ~e~MAy ), where A in (nucl/S) is the nuclear matter layer thick-
ness passed. 2) The nucleon emission in the collisions without particle pro-
duction proceeds in the same manner as the emission in any-type hadron-
nucleus collisions, when particles are produced. 3) The nucleon emission
intensity, or multiplicity, in hadron-nucleus collisions is determined by

8

the target nucleus geometry — by the target m.xcleus size and the nucleon
density distribution in it. 4) Hadrons, in their passages through nuclear
matter, see the nucleon density distribution in the target nuclei as stable
in which the proton-nucleon ratio fluctuates in definite manner. 5) Hafirc?ns
lose their energy in passing through nuclear matter, the nucleon ex-mssmn
may be the observed phenomenon related to the energy loss; stoppings of
in nuclear matter occur. .
hadm';‘lliils work is performed with support in CPBP Programme 01.09 in
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Crpyransckuii 3. 1 ap. E1388-211
JKcnepuMeHTaATbHOE HCClIef0BaHHKe npolecca

MPOXOXIeHUA allpOHa Yepe3 BHYTPHANEPHYI MaTepHIo

AZNPOHBI C 3Heprued B HECKONbKO ['3B MOTyT Npoxonuts yepea
MacCHBHbIe Allpa He NPOM3BOIA POXIEHHUA YaCTHU; NPOXOXKIEeHHe
COTIPOBOXIAeTCA MCIyCKaHMEM HYKJIOHOB CTPOrO OIlpedefeHHbiM
cnocobom. PacnpeneneHHs HWHTEHCHBHOCTH HCIyCKAHUA HYKIOHOB
onpenesieHbl reoMeTpHeil Anpa MHULIEHH U paclpelelieHHeM B HeM
AnepHON ™MaTepud. PacnpeneseHMs MHOYKECTBEHHOCTEN HCITyCKaHUs
MPOTOHOB OMMCHIBAIOTCA B pas3HbIX KJIaccaX Cly4YaeB C IOMOLUBIO
npocthix popmy, 6e3 ceoboaHbIX napameTpoB. Menyckatne nykno-
HOB B CJIy4YasX NPOXOXIeHHA alpoHOB 6e3 poXIeHMA YacCTHL nmpouc-
XOOHUT caMo Kai( HB CO6bITHHX, rae yaCTHULbl pOXXIOATCA.

Pabota BbinonueHa B JlabopaTopHH BBICOKHX 3Hepruit OUAH.

Coobmenne O6venmieHHOro HHCTHTYTA ANEPHHIX HecsienoBaHui. [IyGua 1988

Strugalski Z. et al. E1-88-211
Experimental Study of Hadron Passage
through Intranuclear Matter

GeV-hadrons can pass through massive nuclei without causing
the particle production; the passage is accompanied by fast nucleon
emission in a strictly definite manner. Nucleon emission intensity dis-
tributions are determined by the target nucleus size and nucleon den-
sity distribution in it. Distributions of the multiplicities of the usually
observed protons can be descrioed in various classes of events by simp-
le formulas, without any free parameters. The nucleon emission in
the passages without particle production proceeds in the same manner
as the nucleon emission in any-type hadron-nucleus collisions, when
particles are produced.

The investigation has been performed at the Laboratory of
High Energies, JINR.
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