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I . INTRODUCTION 

In our study of pion-xenon nucleus collisions at 2.34-9 GeV/c 
momentum we were able to discover/!/ and investigate in de
tail / 2-II/ the events in which incident pions were completely 
stopped and deposited their energies in target nuclei. The ener
gy deposition was studied in detail in the events of such 
a kind/ 3/. An attempt to understand better this phenomenon mo
tivated further investigati~ns in other experimental grouf.s 
using other incident hadrons of similar momentum values/! •131. 
In study of inelastic collisions of 4.5 GeV/c momentum protons 
with emulsion nuclei approximately 12% of the events were found 
in which the emission of heavily ionizing particles is not ac
companied by any shower particle i 12 • 13~Many of events in this 
sub-Glass may be identified as events discovered in our 
work112•131. 

In 1983 the work of the group of physicists from Japan was 
published /!4/ in which the authors comnunicate that they were 
able to identify hadron-nucleus collision events in which lea
ding par t icles Here completely ( 1 y) stopped and deposi 
ted their energies up to 4 GeV in target nuclei. They define 
the "stopped" events as the events with "high" multiplicity 
of charged secondaries and no "forward particle". Their inves
tigations were performed in order to obtain an answer to the 
question of a conunon interest "Whether and how can we produce 
high enough excited states to study a possible new phase of 
nuclear matter?" In particular, they attempted to obtain an 
answer to the question "Which is the best energy for produc
tion of the high enough excited states?". 

We are sure that results of our previous studies can throw 
light on the results which are or will be obtained in this field 
by other groups • . 

The knowledge about the hadron-nucleus collis i on events with
out particle production, in which incident hadrons stop and 
deposit completely their energy, may help to understand such 
phenomenon as high excitation of the target nuclei and inten
sive emission of "fast" nucleons - of kinetic energy from about 
20 to about 400 MeV, accompanying hadron nucleus collisions. 

In this paper, the stopping and energy deposition of hadrons 
in target nuclei are considered, using experimental material 
sampled in our previous works/I-ll/. 
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2. EXPERIMENTAL PROCEDURE 

Stopping and energy deposition of pions in xenon target nuc
lei were studied using the 180 litre xenon bubble chamber of 
the Institute of Theoretical and Experimental Physics at Mos
cow and the 26 litre xenon bubble chamber of the Joint Institute 
for Nuclear Research at Dubna. 

The characteristics of the xenon bubble chambers used in 
those experiments and detailed information about the experi
mental procedure can be found in our works/1,11,15,16/;we limit 
ourselves here to the presentation of the most important in
formation, therefore. 

Tracks of the length larger than nearly 5 mm are visible 
well and detectable with the constant efficiency which is close 
to 1007.. To this minimum length there corresponds the m1n1mum 
kinetic energy of the registered protons of nearly 20 HeV and 
of the registered charged pions of nearly 10 MeV. The tracks 
of smaller lengths are visible as well, but in this case the 
detection efficiency is not constant. In the 180 litre chamber, 
the protons of energies from nearly 20 up to nearly 200 MeV, 
the secondary pions: the negatively charged of kinetic energy 
from nearly 10 up to nearly 100 MeV, positively charged of ener
gy from 0 up to 100 HeV, and the neutral pions of any kinetic 
energy over 0 HeV, including 0 MeV, are recorded with the ef
ficiency near to 100% within the total solid angle 4" ;the ki
netic energy of protons emitted within the 60 rl~~rPP~ rnnP ~nrl 

stopping inside the chamber is no more than nearly 350 HeV. In 
the 26 litre chamber, the protons of kinetic energyfrom nearly 
20 MeV up to nearly 120 MeV, the secondary pions: the negati
vely charged of kinetic energy from nearly 10 up to about 
80 HeV, positively charged of kinetic energy from 0 up to about 
80 MeV, and the neutral pions of any kinetic energy over 0 HeV, 
including 0, are recorded with the efficiency being near to 
100~~ within the total 4" solid angle. 

We are able, using these chambers, to select pion-xenon nuc
leus collision events in which incident pion is absorbed or it 
traverses the target nucleus without causing particle produc
tion, in particular - pion production. The analysis of the pos
sible contamination of the sample of events selected as the 
events without particle production with the events in which 
various particles are produced in fact, in particular with the 
events in which produced particles leave V-shaped tracks, 
showed that this contamination is negligible; the sample of 
events in which incident pion is absorbed includes no more than 
about 5% of events in which pions or kaons are produced, but 
not detected in scanning. 

2 

3. SHORT REVIEW OF EXPERIMENTAL DATA 

In our study of the pion-xenon nucleus collisions/1-11,15/, 
various facts were discovered experimentally which may charac
terize stopping and energy deposition of pions in target nuc
leus or, in general, in nuclear matter: 

I. Among the pion-xenon nucleus collision~ at 2.34-9 GeV/c 
momentum a sub-class of events can be distinguished in which 
incident pion does not cause particle production, in particular 

,pion production, but it underwent a deflection only in its pas
sage through the target nucleus, accompanied by fast nucleon 
emission, or it underwent an absorption inside the target nuc
leus, accompanied by fast nucleon emission. At 3.5 GeV/c momen
tum, the pion-xenon nucleus collisions without particle produc
tion are registered in (10.6+0.5)% of all collision events/51; 
the pion deflection events are in about 88% and the pion absorp
tion events in about 12% in them. 

2. The percentage of the pion absorption events decreases 
with increasing the momentum of the incident pions, fig. I. 

·t ~ 
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pearance of the pion-xenon nuc
leus collision events in which 
incident pion is stopped inside 
the target xenon nucleus, in 
dependence on the incident pion 
momentum P". • - experimental 
data, ---- - calculations using 
formula (5). 
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3. The pion-xenon nucleus collisions with and without par
ticle production·are accompanied by "fast" nucleon emission
by the emission of nucleons of kinetic energy from about 20 
up to about 400 tieV. 

10 

4. The multiplicity np distributions of the fast protons de
pend on the incident pion momentum at its values smaller than 
about 3.5 GeV/c, at higher momenta the distributions seem to 
be energy-independent. 

5. Fast proton multiplicitynp distributions in pion-xenon 
collisions in which incident pion is absorbed in the target 
nucleus are evidently different at 2.34 and 3.5 GeV/c momen
tum1S,11/,figs.2 and 3. The mean number of fast protons <np> 
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Fig.2. Proton multiplicity np 
distribution N(np) in pion
xenon nucleus collisions in 
which incident pion is absor
bed in the xenon target nuc
leus, at 3.5 GeV/c momentum. 
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Fig.3. Proton multiplicity ~ 
distribution N(np) in pion
xenon nucleus collisions in 
which incident pion is absor
bed in the xenon target nuc
leus, at 2.34 GeV/c momentum. 

emitted in pion-xenon nucleus collisions at 3.5 GeV/c momentum, 
in which incident pion is absorbed, equals the number of pro
tons contained inside cylindrical volume w~A within the xenon 
nucleus, where Do is the nucleon diameter and the length A "' D, 
where D is the xenon nucleus diameter 1171. The mean number of 
fast protons emitted in pion-xenon nucleus collisions at 
2.34 GeV/c momentum, in which incident pion is absorbed, equals 
the number of protons contained inside cylindrical volume 
centered on the nucleus diameter, where A"' 0,6 D. (The mean num
ber of protons contained in any volume "nroA inside a target 
nucleus can be estimated on the basis of experimental data on 
nuclear sizes and nucleon density distributions in them1 181), 

6. Simple relation exists between the target nucleus geomet
ry - its size and nucleon density distribution in it - and the 
multiplicity distribution of the emitted protons/ 191. Distribu
tions of nuclear matter layer thicknesses A in atomic nuclei, 
measured in protons per S = "D~, are similar to observed proton 
multiplicity n distributions in hadron-nucleus collisions at 
energies highe~ than a few GeV, when Dp ~n (D), where 1\l(D) 
is the number of protons within cylindrical volume "D~D inside 
the target nucleus, Do is the diameter of the nucleon and D 
is the target nucleus diameter/181. 

7. Only in about a few per cent of the hadron-nucleus colli
sions the number of emitted fast protons is larger than the 2 
number of protons contained within the cylindrical volume "DoD 
inside the target nucleus. 

8. The mean multiplicity <n > of fast protons emitted 1.n 
hadron-nucleus collisions at eriergies above a few GeV is al
most the same as the average thicknfss <.\> of the target nuc
leus, measured in protons per S ="Do. 

9. Energy and momentum spectra, and angular distributions, 
of the emitted fast protons are identical in the sample of 
events with particle production and in the sub-samples of events 
without particle production - in which incident pions are def
lected or absorbed in the target nucleus/ 9, 10 /.The energy spect
ra in pion-xenon nucleus collisions at 3.5 GeV/c momentum are 
the same191 as the energy spectra of fast protons, or "g -par
ticles", in proton-emulsion nuclei collisions at 4.5 and 
400 GeV/c momentum. The angular distribution of the fast pro
tons in pion-xenon nucleus collisions at 3.5 GeV/c momentum 
is the same as the angular distribution of the fast protons, 
or "!!-particles", in proton-emulsion nuclei collisions at 
400 GeV/c/IO/. 

10. The knocking-out mechanism of the fast mucleon emission 
does not seem to play any important role in fast nucleon emis
sion observed/9 • 101. 

r 1_1: The f~s~ nucl~on ~mission prn·V~o?ro:eeds independen:ly 
V.L L.UC. }'Q..L L..J..L..J..C p.LUUUl..l.-.l.UU pLU\...t::~.::J .LU Hld.UJ \.:.ct;:,t;;:b' Lilt: 

fast proton emission process starts in advance of the multiple 
meson creation/4/. 

12. Definite simple relation exists between the incident pion 
deflection angle and the mean number <n > of the emitted pro
tons, in pion-xenon nucleus collisions ~ithout particle produc
tion/20/. 

13. Asymmetry in proton emission intensity angular distribu
tion exists relatively to the plane perpendicular to the hadron 
deflection plane and containing the incident pion course/21 /. 

4. DISCUSSION AND RESULTS 

Experimental data presented above allow one to conclude that 
any high energy hadron causes nucleon emission from the target 
nucleus, when passes through it. The intensity of this emission, 
expressed by nucleon multiplicity nN• equals in average the num
ber of nucleons contained within the cylindrical volume "D5A 
centered on the hadron path A in nuclear matter. 

If the hadron path A is measured in a number of nucleons n N 
per the area S = "D5, then nN nucleons/S = A nucleons/S. Be
cause the ratio between the proton number and the neutron num-
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ber inside the atomic nucleus can be treated / 22• 23/ as radially 
independent and equal to the ratio Z/(A.- Z), ,\ can be expressed 
in protons per S as well, and ,\ protons/S = (Z/ A)·A nucleons/S. 
We have, therefore, that the observed proton multiplicity np 
should be treated as the number np protons/S of protons con
tained within the cylindrical volume rrD~,\, and the relation 
takes place 

np protons/S = ,\ protons/S (I ) 

which meaning is that the observed proton multiplicity in had
ron-nucleus collisions is simply the measure of the nuclear 
matter layer thickness ,\ protons/S the incident hadron inter
acts with in a hadron-nucleus collision. 

Hadrons lose a fraction of their energy by causing nucleon 
emission. The energy loss can be observed simply in a stndy 
of the hadron absorption, or hadron stopping,' in nuclear mat
ter - in atomic nuclei. 

The beam pions of 3.5 GeV/c momentum lose in average 300 HeV 
of their energy before to collide in the center of the chamber 
with xenon nuclei. Then, pions of kinetic energy Err=3.2 GeV 
falling on xenon nuclei are absorbed by nuclear matter layer 
of the mean thickness<.\> nucleons/S =<nN>~17.2 nucleons/S. 
Therefore, the incident pion energy loss c" for one nucleon 
emission is 

-II 

3.2 
17.2 

n 1oc. GeV 
nucl./S 

~L) 

When the kinetic energy Err of the incident pion is smaller, than 
the mean thickness <.\> nucleons/S of nuclear matter layer by 
which this pion will be absorbed should be 

<A>nucleons/S = ~ GeV/GeV/(nucl./S) · 
(" (3) 

For example, pions of kinetic energy E" = 2.12 GeV, used in 
our experiment/11/,interacting within central area of the cham
ber with xenon nuclei should be absorbed by nuclear matter 
layer in xenon nucleus of the mean thickness <.\> nucleons/S = 
= 2.12/0.186 = 11.4 nucleons/S or, if measured in protons per S, 
<A> protons/S = 4.6 protons/S. The observed mean number of 
the emitted fast protons is <np>= 4.1_::0.3 protons/S, which ag
rees satisfactorily with the predicted one. 

It is known experimentally/I-ll/that characteristics of the 
nucleon emission process, mainly the energy spectra and momen
tum and angular distributions of the emitted fast protons, are 
the same for any hadron-nucleus collisions - when particles are 
produced or not. It can be concluded, therefore, that hadrons 
undergo some process in passage through nuclear matter, mono
tonously along their paths, which leads to fast nucleon emission 
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energy loss cp for protons- it is cp=0.36 _\&Y._ 
nucl./S 

is almost two-times larger than for pions. 
The mechanism of the nucleon emission is still unclear. One 

possible mechanism/29/ could be such that along the projectile 
path in nuclear matter mesons appear of such energies at which 
they are simply absorbed by two or more adjacent nucleons; the 
systems formed in such a way, of relatively small kinetic ener
gy, might drift inside the target nucleus without causing nuc
leon emission in ones turn and decay, after having left it, 
into nucleons. 

In the light of our picture of the fast nucleon emission pro
cess in hadron-nucleus collisions and of the picture of the in
cident hadron stopping and its energy deposition in nuclear 
matter, the energy- and A-dependence of probability of occur
rence of the events without particle production Pw and of pro
bability P

8 
of occurrence of events in which incident hadron 

is absorbed may be expressed simply in terms of the hadron nuc
leus size and nucleon density distribution in it, and of the 
cross-section a1 for inelastic hadron-nucleon collision: 

np= np(D) 

p w= !. _ W ( np, A) e -np I< .\1 > 
n =1 

1' 

(4) 
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np=np (D) 

l W(np, A) Pw, (5) 

np=np(Aer> 

where W(n ,A) is the distribution of nuclear matter layer thick
nesses/18/PA protons/S = n protons/S in the atomic nucleus with 
the mass number A; n (D) ls the proton multiplicity in protons/S 
when the incident haaron traverses the target nucleus along its 
diameter D· n (A r) is the proton multiplicity in protons/S when 
the incide~tphadron traverses the nuclear matter layer thick
ness Aer protons/S, where Aef < D is the thickness defined as 
Aef= Ehifh, where Eh is the incident hadron energy and fh 

s 
is given as above; <AI> protons/S = 1 /a1 I I --t- is experi

pro on 
mentally known from hadron-nucleon collision studies. 

Calculations performed for pion-xenon nucleus collisions at 
2.34-9 GeV/c momentum give that P is about 0.26 and P

8 
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energy-dependent, and varies from w0.13 to 0 with incident had
ron momentum increase, fig. I. Results of calculations do not 
contradict the results of the experiment. 

Hadrons of energies smaller than Eh = D. fh are easily ab
sorbed in atomic nuclei of the diameter D. The ranges in nuc
lear matter of hadrons should be measured precisely in hadron
nucleus collisions at various energies Eh <D·fh' in future ex
periments. Now, we can present first data on the range-energy 
relation in nuclear matter of the oions. determined here using 

. 1 11" . /1-ll/ d f th t data on p1on-xenon nuc eus co 1s1ons , an o e pro ons, 
· l · ll · · I 12 13/ determined using data on proton-emuls1on nuc e1 co 1s1ons ' . 

The range-energy relation in nuclear matter of pions and pro-
tons is shown in fig.4. In attempts to answer,whether 

20 
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h. 
Fig.4. Range Rh -energy Eh 
relation in nuclear matter 
for pions and protons. 
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and how we can produce high 
enough excited states to study 
a possible new phase of nuclear 
matter, we come to the conclu
sion that: I. In hadron-nucleus 
collisions, hadrons deposit 
their kinetic energy in the 
target nuclei predominantly 
by causing fast nucleon emis
sion. 2. The fast nucleon emis
sion, and then the energy depo
sition of the projectile in 
nuclear matter, proceeds mono
tonically; an increasing of the 
projectile energy above Eh=D·fh 
does not cause an increasing 
of the fraction of the energy 
deposited in the target nucleus. 

3. The m1n1mum hadron energy Eh min which should be applied in 
order to obtain maximum intensity of the fast nucleon emission 
is Ehmin=D·th. . . 

The degree of the target nucleus exc1tat1on depends as well, 
in my opinion, on the fact how much is the target nucleus des
troyed in a collision; it depends probably on the collision im
pact parameter. The destroyed nucleus goes into residual stable 
nuclei, the transition may be exoergic and accompanied by the 
emission of relatively energetic nuclear fragments. These frag
ments are emitted mainly owing to the inner energy of the des
troyed target nucleus. 

In pion-xenon nucleus collisions without particle production 
at about 3.2 GeV energy in which incident pion is completely 
stopped, total projectile energy is lost inside the target nuc
leus and <nN>"" A/Z <n >"'18 nucleons are emitted in average, 
where <n > is the meaJ' number of emitted protons. The mean 
kinetic Jnergy of the emitted nucleons is about 0.09 GeV. Then, 
the total kinetic energy of emitted nucleons is nearly 1.6 GeV, 
what is almost two times smaller than the energy lost inside 
the target nucleus. Possible explanation of this effect is gi
ven in my previous work/3/; a discussion about the nature of 
this effect will be the subject matter in our next work. 
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Stopping and Energy Deposition of Hadrons in Target Nuclei 

In an analysis of p~on-xenon nuc~eus collisions at 2.34-9 GeY/c ~n
tum we were able to identify ~Yehts in Which incident ~ions were completely 
stopped and deposited thei~ energy in target nucleus.Probability of appea
rante of suth "stopped" events among any-type pion-xenciri collision events 
depends tm ttte intideht pion IIIOIIM!ntum .and is:-0.15 at 2.34 GeV/c,-0.02 
at 3.S GeY/c, alld -0 lit higher momenta. Fo...,la ~xf>ressing probability of 
appearance ~;~f t~ 111 stopped• evenu is derived. Rangt!-energy relatit>h in 
nUclear matter for pions and protohs is given. 
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