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I. INTRODUCTION 

In col l isions of fast hadrons, of kinetic energies above the 
pion production threshold, events may occur in which incident 
particle or particles created by i t in its interaction inside 
the target nuc l eus are completely stopped and deposited their 
energy in the nucleus. Such kind of collisions we treat later 
on as "stopped" events in which some excited state of nuclear 
matter may be generated; various levels of excitation may be 
presented. An increase of the incident particle energy would 
result in a higher excitatio~, providing that it has enough 
stopping power. There should be an optimum incident energy for 
generation of highly excited states, however, because target 
nuclei would become transparent at an energy high enough. 

The problem arises: "Whether and how we can produce high 
enough excited states of nuclear matter?". In order to obtain 
an answer for this question we have used pictures from 1,6 and 
180 litre xenon bubble chambers without magnetic field 1,2/ ex
posed to pion beams of 2.34-9 GeV/c momentum. The 180 litre 
chamber was exposed to 3.5 GeV/c momentum negatively charged 
pions, the 26 litre chamber - to 2.34 GeV/c momentum positively 
charged pions and to 5 and 9 GeV/ c momentum negatively charged 
pions. Expositions were performed in the Moscow Institute of 
Theoretical and Experimental Physics and in High Energy Labora
tory of the Joint Institute for Nuclear Research in Dubna. 

It is the purpose of the present paper to put on record the 
results of our investigations. 

2. METHOD 

The characteristics of the xenon bubble chambers and detailed 
information about the experimental procedure can be found in 

· . /1-5/ 1 · · 1 h hmany pu bl lcatlons ; we lrnlt ourse ves ere to t e presen
tation of the most important information, therefore. 

In the 180 litre. 103 em long and 41 em wide and 41 em high 
chamber the protons of kinetic energies from nearly 20 up to 
nearly 200 MeV, the secondary pions: the negatively charged of 
kinetic energy over about 10 MeV, the positively charged of 
energy from 0 MeV, and the neutral pions of energy from 0 MeV, 
are recorded with the efficiency near to 100% within the total 
solid angle 4 Pi. Protons of kinetic energies smaller than 
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200 NeV, nega t ive l y and pos itive l y charged pions of kine tic 
e ner gi es sma lle r than about 100 MeV s top i ns ide t he chambe r , 
when appear i n the chambe r cen t ra l area of 40x lOxi0 cm 3 and 
emitted t hrough any emiss i on angl es ; pro tons of ene r gies smal l e r 
than 350 MeV s t op inside the chambe r when emitted through emis 
s i on angles smalle r than 60 degrees and l arger than 120 de gr ees. 
The ene r gies o f the s t opped cha r ged parti cle s can be estimated 
with a mean accuracy of r oughl y 3% us ing the range - ene r gy re
la t ion . The accuracy of the neutral pion ener gy es t i ma ti on is in 
ave rage 10%, by t o t a l track l eng t h of e l e ct rons in th e e l ectron
pho t on s hower s pr oduced by garmna quan t a f r om neu tra l pion Ue.
cays . Emiss ion angl es of cha r ged secondar i es ca n be e s tima t ed 
wi th an accura cy o t 1- 3 degr ees a nd thos e of the ne u t r J 1 pi ons 
wi th an a ccuracy of about I degr ee . It has been es t imaled l hat 
ove r 90% of a l l pr otons emi tted i n r eactions are s l opp ing wi- lhin 
the chamb er, t he V-part ic l e s - l ambda s and neutr.:! l l<aolHi a r e 
r eco rded and identif i ed i n the chamber as we l l. The SC : l nn i nJ~ 
ef fi cie ncy fo r coll is i on event s i s be t te r t han 99.5% . 

3. DEFI NI TIONS 

Using the 180 li tr e xenon bubb l e chambe r we were i n Lhe po
s ition t o de f ine the " s t oppe d" even t s as f ol l ows: We idcn l i. fy t he 
hadron- nuc l eus colli s i on even ts as s topped when t he p n l jflc li l e 
i s abso r bed ins ide the tar ge t nucl eus , accompan i e d hy nuc leon 
emi ss i on and nuc lear f ra gment s evapor a ti on , wi thoul ca us i nr, 
pa rticle produc tion , pi on produc tion in particul a r . 

Thi s de f inition dif fe r s mar kedly fr om the def i n i ti on used i n 
e l ec troni c experiment s , for exampl e - from t he de f ini li on used 
i n t he work of Naka i et a l . 161: The defi ni tioll of t he li S Lopped" 
event s her e i s the event s Vlith "hi gh-mult i pl i c i ty" a nd "no 
fo rwa r d partic le" . 

Our, above f o rmul a t ed definiti on of the " stopped" events is 
adequa t e one . Th e s uff i c i ency f or the r equirement of the " stop
ped" event s s e l ec t ion of the de f inition be i ng i n use i n e l e c
t ronic exper i ment s should be t est ed in appropria t e ~ond itions 
in t he 180 litre xenon bubb l e chamber, f or example. Let us t est 
it he for e t o s t art a desc r i ption of r esult s obtained i n our ex
?e riment s . I n or der t o pe r form i t , we se l ec t t wo classes of 
event~ r egis t e r ed i n th e. chamber~6 7imi larly as ~ t h a~ b ee~ 
done 1n t he wor k of Naka1 e t a l . : a ) Events 10 Wh1ch p10ns 
a re ~j ec t ed through the emiss i on cone no more than 10 degrees, 
\... i th any numbe r of emit t ed rrotons (g-t rack l eaving par t i cl es 
a cco r ding t o t he t e rminol ogy used in the emulsion t e chniqu e ) 
and evapor ate d nuc l ea r fra gment s (b- track l eav i ng par t icles i n 
nuclear emu lsions ) r egis t e r ed a t any emi ssion angle . b) Eve nt s 
in whi ch pions are ejected through th e emis s ion angl es mo r c th an 
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Fi g. 1. Charact eristics of the two classes of pion-xenon 

nucleus collis ion events at 3. 5 GeV/c momentum: a) when 

pions are ej ect ed through angles e. smaller than 10 de

grees; b ) when pions are eject ed through angles e. not 

les" than 10 degrees . Denotations used: f(o ) - dis tribu

tion of the proton multiplicity ° . f (o.) '?dis t ribution 

of the multiplicity 0 . of the pioAs ' with any e lectric 

charge, <0.> - t he mean multiplicity of ejected pi ons, 

<0 

p 
> - the mean mu ltiplic i t y of emitted protons. 


JO degrees, with any numbe r of pro t ons and nuclear f ragmen ts 
ejected a t any angle. We const ruct char ac t e r i s t ics of these 
events: proton multipl i c i ty Dp distribut ions «n p)' pion mul 
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TabLe I 
Quantities characterizing the proton multiplicity np 

and pion multiplicity n" distributions in pion-xenon 
nucleus collisions at J.5 CeVlc momentum in wo cases: 

a) when the pion emission angles tj, in an event are 

smaller than 10 degrees; b) when pion emission angles

e" are no less than 10 degrees 


Quan~ity Value of the 
angle 81r 

Pion emission 
quantity 

Ei < 10 deE; . 1. 4b( llp >
:1r 

1. h'(r oO m.. s. 
s ke\'mess 1. 01. 
kurtosis 3. 04 

2 . ~ 1{ ll ;r> 
r . J~ .. S. 1. 'I? 

s kevmess 0 . 54 
kurtosi s - 0 .1 :' 

9 ~ 10 deg . 3 . 2~< np > 
If 

r .. In . s. 2 . 00 
s kevme s s O. '('::J 

kurtosi s 0 .1 :1 

2 . 9U<llJr> 
r.JU. S O' 1.37 

skewness 0 . 34 
\curto sis 0. 0 1 

t iplicity otT distribu tions (n" ), dependences of the proton mean 
mul t ip l i:ity <np ~ o~ 7he pion multipl i c i ty n

tT 
, a~d ~e~end ences 

of t he p10n multlpllClty'<n > on the pro ton multIplIcIty n . 
Data are presented i n fig. 1"and in table 1. Similarly, we !on

'	 s ~ ruct t he cha racterist i cs for two s i milar classes of events , 
but wi th t he emission angle fo r pions limited by 15 degrees . 
Result s do no t differ pr incipally from t he results present ed 
in f i g. I and i n t able I. 

It follows, from the distribution [(orr) of the produced 
pion multiplicity nrr, fig. 1 and table I, that at energies about 
3 GeV pions are ejected intensively through large angles, much 
larger than about 10 degrees, and the nOn) distributions are 
practically the same when the ejection angles are smaller than 
10 degrees and when the angles are larger than 10 degrees . The 
dependence of the average number <on > of the produced pions 
on the multiplicity n of emitted protons shows that the inten
sity of the pion proiuction at higher (_ 47 _ 8) multiplicities 
of emi tted protons np does not differ markedly in both the 
cases - when the pion ejection angles are smaller and larger 
than 10 degrees. Moreover, the maximum intensity of emitted 
protons, measured by the maximum mean proton multiplicity 
<np >max appears ~hen the produced pion multiplicity nrr 0,3 

fig.l; in these events only th e bombarding hadrons are comple
tely stopped and deposited their energy in target nuclei. 

This result leads to the conclusion that the definition of 
the stopped events used in electronic experiments/61 is inade
quate; it cannot be used for a correct selection of the "st'op
ped" events, therefore. It is worthwhile to cormnuni cate that 
the authors of the above ci ted work /6 1 performed by means of 
the electronic arrangement explain that the "stopping"N 	 • • • • 

doe s not necessarily mean stopp in7 of the projectile particle 

but stopping of its energy flo~II / 7 . 


So, we shall use our definition of the "stopped" event s for 

the selection of them in scanning on the bubble chamber photo

graph s . 

4. EXPERIMENTAL DATA 

About 150000 photographs of the 180 litre chamber exposed 
to 3.5 GeV/c momentum pion beam were scanned and rescanned /8/ 

for pion-xenon nucle us collisions of the type: 


" + Xe .... n +f 
p 	 (I) 

which coul d occur in the f iducial regi on of near ly 42xlOxi0 cm 3 

volume si tuated coaxial ly and centered inside the chamber of 
103x41x41 cm S volume ; np = 0, 1, 2 ,3, . .. denotes the numb er of 
emitted protons and f denotes residual nuclear fragments. Si
milarly , events of t ype (I) , occurring inside a fiduc ial re
g ion in t he 26 litre xenon bubble chamber were selected 19 / out 
of about 50000 photograph s at 2 . 34, 5.0 and 9 GeV/ c momentum 
of i ncident pions . The sample of 6301 events of any-type pion
xenon nucl eus c ol li sions at 3.5 GeV/c momentum was co llected 
as we l l and ana l ysed in de ta i l . The precentage P of the s e
l ected "s t opped" events in the s ample of any- typ: col lisions, 
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Table IIFig. 2. ~bability p. of the 
Characteristics of the proton multiplicity n~ distriappearance of the pion-xenon 
butions in pion-xenon nucleus collision events withoutnucleus collision events in 

which incident pion is stopped particle production, when n rr - 0, and i'; any-type events, 

inside the target nucleus, when nrr ~ 0 


in dependence on the incident 

pion momentum P . 


rr t.Juantity n = 0 n ~ 0 
". 'I"~ 
7.40 3.46 

any-type 
pion-xenon collision events/lOt at 3.5 GeV/c momentum were used 
as well. ~ 

In fig.3, the multiplicity n distribution r(n) of emitted --= protons in the stopped events iC shown . Its shapePdiffers mar Z
kedly from the shape of the distribution r(n ) for any-type 
collision events /4/ , fig.3 ;md table II. Thl distribution for 
the stopped events is almost symmetrical, with the maximum at 0.1 

+ 
about <n > = 7.4 + 0.7. Such symmetry can be obtained when the 

P ~topping occurs predominantly in 
central pion-xenon nucleus col

-1 lisions . It is remarkable that 
0.21- ""1 the mean number of emitted 

rrotons equals the number of~ 
protons, n = 7.6, contained in~ Pl· h·the target xenon nuc eus Wlt 1nn... 
the cylindrical volume "D~D. no 
where Do is the nucleon diameter 
in fm and D is the xenon nucleus 
diameter /111 in fm. 

o 5 10 (np) 
P,¥ r. m. s. 3.45 2.64 

in dependence on the incident pion momentum P17 is shown in skewness -0.0013 0.92 
fig.2. It decreases rapidly - from p. = 12% at 2.34 GeV/c up kurtosis - 0.13 0.41to p. = 2% at 3.5 GeV/c and p." 0 at 9 GeV/c momentum. 

Later, we analyse in detail 96 "stopped l1 events registered 
in the 180 litre chamber at 3.5 GeV/cmomentum, as the sample of 
totally observed "stopped" events obtained in the best registra
tion and scanning conditions. For comparisons of various cha

Q2.11 I IIII i I II III iii iii I Ii iii IIIII11 Fig. 4. Kinetic energy Ek specracteristics of the "stopped" events, data on 6301 
trum N(Ekp) of protons ~tted 
in pion-xenon nucleus collision 
events at 3.5 GeV/c monentum 
in which incident pion is stop

r- 809 
r- I8l5I 

ped inside the target nucZeus 
without producing any particles 
thick line; thin line - in any 
type collisions, with any num
ber of produced pions; l: 
number of protons in a histo
grom. 

100 200 E 300 
kr MeV 

To the incident pion momentum 3.5 GeV/c corresponds an ef
fective kinetic energy of about 3.3 GeV at the centre of the+ + chamber. Th~ equality of the obtained mean value of the pro

Fig. 3. Proton multiplicity Dp 
J ton multiplicity <np> in the stopped events at this enerfY to+ + distributiqn P(D ) in pionthe number of protons contained within the volume v"" .".0 po al

lows to estimate the mean energy loss <f > of incident pLansxenon nucLeus co~li8ion events-+ in nuclear matter per the length unit be1ng one nucleon/S, whein which incident pion is absorL. I I I I I I I I I I Io. bed in the xenon target nucleus, re S"", Trot In fact, to the observed 7.4 protons in average in
0 2 4 6 8 10 rtp at 3.5 GeV/c momentum. side the volume v. TrD~D centered on the target nucleus diame
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300 600 

n2 1I\(~j - 1<,1- 0 1:N- 68Z 
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000 p.. M~V- 600 0 + 600 e,l1fl, 
: ig.5. LongitudinaL momentum Fig. 6. TransvepsaL momentum 
PLp distribution N(PLp ) of P Tp distributions N(PT~ for 
protons emitted in the stopped protons emitted i n the stopped 

pion-xenon nucleus co llision pion-xenon nucLeus coLLision 

ellents at 3. 5 GeV/c momentum - events at 3.5 GeV/ c momentum 
thick Line; t he momentum disthick Li ne ; for protons emitted 

tribution f or the sampLe of coLi n any- type pion-xenon nucLeus 

Lision ellents with any number coLLi sion events at 3.5 GeV/c 

of pI'Oduced pions, at 3. 5 GeV/c m:Jmentum - thin Line . 1 N 
momentum - t hin U ne. IN - number of pr otons in a distri 

nwrber of ppotons in a histog- bution. 

ram. 


ter D corresponds 7.4 k = 10.8 neutrons emitt e d from the xenon 
nucleus, where k == (A - Z)/ Z. The e ne r gy los s per the l ength uni t 
one nucleon/S is then <'rr > _ 3.3/18.2 = 0 . 184 GeV/(nuc1eon/S). 

The energy l ost in th e target nuc l eus, when the incident had
ron stopped inside it ,mani fests itse l f in the nucleon emission 
mainly . The characteristics of th e emitted protons may throw 
the ligh t on the energy l oss mechanism, therefore. Let us , 
then see t he energy , momentum and angular spectra of the emitted 
protons. I n figs . 4-7 the spectra are shown in compar ison with 
corresponding s pectra f o r the sample of any-type col li sion 
events. From the se data, it can be concluded that: a) Energy 
spec tra of emitted protons are the s ame in the s topped events 
and in any-type events; b) Di stribu t ions of the l ongi t ud ina l 
momen ta PLp o f emitted pro tons i n the stopped event s and in the 
any- type event s are the same ; c ) Tran sverse momenta o f emitted 
pro tons PTp in t he stopped event s and in th e any- t ype events are 
the same; d) Di s t r ibut ions of cosine of the proton emi s sion 
anel e O . N(cosO ). are the same in the stopped event s and i n the 
any-typ~ col liiion events. It indicates tha t the mechan i sm of 
t he nucleon emission in stopped events and in any-ty pe ev ents is 

8 

Fig . ? Distributions N(cos 0 ) of$ 
S cosine of the emission angie 

- ~N - 68Z Op of protons emitted in pionzt - LN- 18l510.1 xenon nucLeus coLLisions at 
3. 5 GeV/c mometZtum: 1 - f or 
the stopped events ; 2 - fop 
any- type events . 1 N - number 
of protons in a h·i. s togT'CUT' . 

r , ,J+1 O [ , , , ' 
. 0 
- I co , ~, 

t he s ,me . It is worth-while to ment i on here that it has been 
shown 13/ that the pro ton mean mul tipl icity <np> i n any- t ype 
hadron- nucl e us coll isions at energies above nearly 10 GeV is 
practically equal to the mean t hi ckne s s <A> of the nuc l ear mat
ter layer in pro ton s /S times the value of S. 

I t would be ve ry useful to see how the energy l os s of the 
incident hadron is proceeding in t rave rsing nuclear mat t er . The 
s i mpl e st expec ted case would be when the energy l osses increa
se l inearly wi th the di stance covered by the hadron in nuclea r 
matter. In orde r to tes t it, we predict the mean number <n > 
of emitted pro tons at a smaller ene rgy E rr of i ncident pion Pand 
compa re it wi th the observed mean <11 > at this ene rgy . Thus , 
pi ons of kinetic energy Err= 2. 12 GeV~ us ed i n one of our expe
r iments, should stop on the nuclear mat te r l ayer i n average 
Er/ f1T = 4. 6 protons/s o The ob s erved mean number of the emi tted 
pro tons i s <0 > = 4. 1+0 . 3 what is almost the s ame as 4.6 protous 
pred icted . I tPindicat es that in f act t he energy l oss of t he 
i nciden t hadron may i ncrease linea rly wi th t he i ncrease of the 
nuc lear matte r l ayer thickness. 

5. CONCLUSIONS 

Based on the pre s en t experimental data, we conclude that : 
a ) The number of observed stopp ed events i n pion-xenon nuc leus 
collisions decreases with incident hadron energy increase; at 
ene rgy above near ly 4 GeV the stopped events in t he pion-xenon 
nucleus collisions do not occur pra~tica l ly . b) Pro t on mult i pli
c i ty np di stribution f(n ) of t he emi t t ed pro t ons in the sample p
of the stopped events dlffers in ful l from the di stribut i ons 
i n any other type o f the pion-xenon nucleus colli sion eve nt s . 
c ) Energy and momentum spectra, and angu l ar distributions of 
the protons emitte d in the stopped events do not di ffer fr om 
corresponding s pectra in any-type coll i sion events. 
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As it can be conc luded, f rom the energy dependence of the 
pe rcentage of the proton-emul s i on nucle i co l li s i ons wi thout 
s -tracks and with any number of g- and b-tracks / 14-15/ ,the 
s t opped e vent s a t energ i es 4 GeV are rathe r rare cases and th ey 
do not appear pr ac t ical ly at i ncident proton ener gy abov e 
- 8 	GeV. 

Our data on the probabi l i t y of occurrence o f the s t opped 
event s are in di sagre ement with the result s pres ented in th e 
work of Nakai et al. 16 1; thi s di s agreement is caused by appli
ca tion of different selec t i on criteria of the s t oppe d ev ent s. 
But, faced with exper i mental result s pre sented ab ove , obtai ned 
by me ans of 4Pi de t ec t or, we are in the pos i t ion t o stat e t hat 
the new definition of the stopped events, appli ed in present 
work , i s more adequate . 

In our opinion, th e se lec tion criteria for th e s topped ev ents 
used iu t he e l ec tron experiments up to now cannot be app lied 
lat e r on, especial ly when th e problems conc erning t he poss ib le 
production of t he highly excited s tates of nuclear ma tt er ar e 
in ques tion. 
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CTpyranbCKHH 3., naanRK T., nn~Ta H. EI-84-855 
OCTaHoBKH H nOTepH :meprHH 8.ApOIiOB DRApe MJf.IICIiH 

HccnMOBa.JIHCb TaJ(He cn}"-laH CTOnJCHOBemu1 <l.Q.rOnOB C Tft'l:eJlbIMH 

aTOHH~ RApaMH npH HMnynbcax 2-9 r3!/C, 8 KOTOPWX HaneTa~ 
~HA aAPOH OCTaHaBJ1HSaeTCft 8 RApe HJomCIIH H TCPRCT B HeM CBOIO 
3HeprHlO. t:{Hcno Ha(SmOAaeHbDt "OCTaHOIIOI(" f5b1CTPO YMCHbmaeTCft 

c pOCTOM 3HeprHH HaneTa~.ero aApOH8. AAPOHW TepA~T CBO~ 3Hep
r~ npH npOXOKAeHKH qepes RAepHYM HaTepHO nponoPUHoHanbHo 
AnHHe npoAAeHHoro nYTH. 

Pa60Ta B~onHeHa B ITaOopaTopxM .WCOKHX 3HeprHA DHRH. 

CooC.exHe ~eAMMeKHoro "CTKTYTa ••••.wx .cencAO...... nYo••••84 

Strugalski Z., Pawlak T., Pluta J . EI-84-855 
Stopping and Energy Deposition of Hadrons in Target Nuclei 

Collision events in which incident hadron is stopped and 
deposited its energy inside massive target nucleus were studied 
at 2-9 GeV/c momentum. The number of observed "stopped" events 
decreases rapidly with incident hadron energy increase. Had
rons lose their kinetic energies in passing through nuclear 
matter proportionally to their paths in it. 

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