
(j(i.; 

/' 

,~ 

, 1,.,'>· 
)1(•4 

~-

\ 

" ~ 

~:r 
'"' J_ .!_,: ·:( ~::-~~ 

'f.· 
... , t:· '!:1 l: i.'' • t.. ·01' !(~-

~· 

,. '· ~ '6 l 
J ' ' I 

i'.·lf.. "" l,;_ 

COOtilBHMR 
Oti'b8AMH8HHOrO 

MHCTMTYT8 
'' }: }._ 1'.· 

RABPHbiX 
r· 

MCC18AOB8HMI 
. {~ 

"" i' ~ 

Z.Strugalski 

DETERMINATION 

OF THE SHAPES AND SIZES 

OF THE REGIONS 

f --~-

.li .. 

AYtiHa 

El-85-421 

,.._ 

IN WHICH IN HADRON-NUCLEUS COLLISIONS 

REACTIONS LEADING 

TO THE NUCLEON EMISSION, 
~· 

PARTICLE PRODUCTION, 

AND FRAGMENT EVAPORATION OCCUR ,·, 

' 
I, -~ j ~·~ ·- ~. 

~ ~ \_ .;a:, to. 1 

" I 

• .I'd '1'1 
i' 

'J--l '~"''!i'i: 

'· 

• ! - ... -...1!. ""'"'____:' ~"'t.i ;;;.£ • .;... .... .Jo..r..i 

~ 



© 061.e,wmeHllhlli HHCTHTYT RAepKhIX HCcn~OBaJIIUi lly6ua ~ 1985. 

I. INTRODUCTION 

In experimental studies of hadron-nucleus collisions by 
means of the 26 and 180 litre xenon bubble chambers 11.2~ re
sults have been obtained which incline us to conc lude that on
ly a definite part of the target nucleus is involved in any of 
the collisions 13-5/. Three main processes occur when a hadron 
collides with an atomic nucleus massive enough: the emission 
ot nucleons, the particle production, the target fragment eva
poration. The question arises therefore: "What are the shapes 
and sizes of the regions of the nucleon emission, the particle 
production. and the fragment evaporation in hadron-nucleu s col
lision?" The answer to this question should be found primarily 
in experiments . 

Now, some newly obtained experimental information about the 
outcomes in the collisions may be used as the basis for a method 
of determination of the shapes and sizes in question. 

In this paper we describe our method and we put on r ecord 
results obtained by it. 

2. METHOD 

The method is based on the following experimental f indinAs: 
a) Collision events are observed in which the incident hadron 
traverses the target nucleus or it is stopped in it completely 
without particle production; in any of such cases intensiv 
emission of "fast" nucleons - with kinetic energy from about 
20 up to about 400 MeV accompanies the collision /6 ,?:, b) The 
nucleons are emitted in a strongly definite manner - the num
ber DN of nuc l eons ejected in a hadron-nucleus collision equ
als the number of nucleons contained within the volume v = 
= IT D~. f fm 3 centered on the path t of this hadron in nuclear 
matter: 

e
DN=ITDot<p > . (I ) 

where Do is the nucleon diameter, <p> nucleons/fm 3 is the mean 
nuc l eon density inside the volume V; relation (I) may be ex
pressed simpler 

n N = .'.. ..... 
. . 1 t: (2)
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when A== f< p > is expressed in units of nucleons /S and S =1TD~ ~ 
~ 10 f 192; instead of oN in f ormula (2) t he usually observed num
ber op of emit ted prot ons 0p= i ON may be used 15/, and t hen i n
stead of A in nucllS A in protonslS should be used. c) The 
particl e produc t ion process do es not exert any effect on the 
nucleon emission process lSI. d) The mean number <Db > of charged 
fragments evaporated f rom the t arget nucleus i n a collision de
pends simply on the number n~AS of the emitted nucleons: 

Z A-Z (Z A-Z<Db > == 1.25( DN- + - - ) =1.25 AS - + - - ). 	 (3)
A 	 Z A Z 

where A is in nucleons/S, A and Z ar e the mass and charge 
numbers of the target nucleus; a physical meaning of formula 
(3) i s that the target fragments are evaporated from a thin 

surface layer of the part of t he target nucleus damaged in 

nuc l eon emission process Ilt/ 


Derivation of relations (1) and (2) is described in our pr e
vious works/lt.5/ . Formulas (2) and (3) were tested exp(>ri men t al 
ly/4.51 using appropriate exper i mental data 19-111 at inC' ident had
ron momenta from a few up to few thousands GeV/c; quanLila t ive 
agreement has been sta ted 112- 1&1. 

From formula (I), on t he basis of experimental rindin~~ la 

belled by c). cruc ial r elation between the mean numher <Dp > = 


=- <ON> ~ of t he emit ted and usual ly ob served protonll lI nc.1 t h 

mean thickness <A> of the t a r ge t nucleus expressed in pro tons/S 
can be obtained 15/: 

-t (4 )<op > = <A>S(l-e ). 

where t=<A>/ <"t> and <At > in protons/S is the mean free pa th 
f or any-type reaction of the i nc ident had ron in the target nuc
l eus 	connected with cor re spondi ng total hadron-nucleon cross -

section at as <A t > =~ a nd at i s in S/ nucl eon. Because t»l . 

at incident hadron ~n~~gies above a f ew GeV 
ma ss i ve enough, (l~ - t) .. 1 and r elation 
simply as: 

<Dp >=< X>S. 

One can prove straight off t hat the mean 
emit ted protons <Dp > obeys rel ations (4 ) 
cident hadron energy regi on above a f ew 

Fr om the facts stated experimental l y, 

(4) 

for t arget nuclei 
may be r ewrit t en 

(5) 

multipl ic i t y o f t he 
and (5) within t he in

GeV . 
l abel led by a), b), and 

c ) , i t is po s s ibl e to deduc e naturall y the met hod f or determi
na tion of the shape and size of the nucl eon emi ssion region. 
From the fact l abelled by c), together wi t h t he f acts labelled 

2 
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by a ) and b), it should be possibl e to det ermine the size of 
the r egi on in which i nterac t i ons of t he incident hadron in the 
target nuc leus occur l ead i ng t o the par ticle pr oduc t i on. From 
the fact labelled by d). t oget her with f act s a )-c), t he shape 
and size of the region the targe t f r agment evaporation is go ing 
on f r om can be determined. 

3. RESULTS 

In thi s section, results obtained will be presented shortly, 
as it is concerned to the nucl eon emi s sion, partic l e produc~ 
tion, and target fragment evaporation processes. 

3. 1. 	 Shape and Size of the Nucleon Emission Region 

The shape SN and s i ze ON of tne nucleon emission region in 
a hadron-nucleus collision is determined by f ormula (I). The 
r egion i s of cylindrical shape SN inside the target nucleus, 
centered on the hadron path l fm inside i t ; the size of this 
regi on is: 

2 
GN= trDof , 	 (6) 

where Do in fm is the diamet er of the nucleon. 
In aver age , f or a sample of hadron-nucleus co l lis ion events, 

the size of this region i s: 

2
<G N> = trDo < f > 	 (7) 

where <l> in f m is t he mean thi cknes s of the t ar get nucleus. 
The shape and sizes (6) and (7) are independent of the inci

dent hadron energy at energi e s higher t han a few GeV; at lower 
energies. t he size and t he mean size decrease wi t h the inci
den t had r on energy decrease, because of t he shortening of the 
t hickness f of nuclear matter l ayer involved in the collisions; 
the shortening is due t o the monotonic hadron energy loss in 
nuclear mat ter 1 12/. f irst of all. 

The reactions lead ing to t he nucleon emission happen along 
t he i ncident hadron course in the target nucleus, the shape SN 
of the region f or these reactions is simply the hadron course f 
i n nuclear matter. 

3.2. 	Shape and Size of the Particle-Producing Reac t ion 

Region i n Target Nuclei 


Particle-producing reactions of t he inciden t hadron inside 
the t ar ge t nucl eus do not exert an inf luence on the nuc leon 
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· . . h b d' d . 11 , 3-58/ .emLSSLon proces s, Lt as een Lscover e expeT l menta y '. 
particles ar e genera ted via some i n termedi ate obj ects f ollow
ing predominant ly the inc i dent hadr on course and decaying in
to observed "produced" r e sonances and part i c les af ter hav i ng 
l e ft the parent nuc leus /S( But, any had ron traversing nuclear 
matter causes emission of t he nucleons in a def init e manner, 
according to formu l a (I), and the nucleon emission proce ss i s 
not disturbed by the particl e-produc ing process. Consequent ly, 
the particle-producing reactions occur predominantly a l ong the 
incident hadron cours e f. It should be sta ted, from f ormu l a s 
(6) and (7), therefore: The region in the target nucleus where 
part ic le-producing reactions occur is linear one - predominant 
ly along i ncident hadron course; the length of this reg i on is 
as large as 

as = f. (8 ) 

where f in fm is the thi ckness of the nuclear mat t er layer the 
incident hadron caused reaction with; the mean-size of the re
gion is 

<0 s > = < f > • (9) 

where <t> in fm is the mean thickness of the nuclear mat ter 
layer involved i n the collision s. 

The l engths a s and < as > are ener gy-dependent when the in
cident hadron energy is smal ler t han a few GeV, at h i gher ener
gies these quant i ties are energy-independent. 

3. 3. Shape and Size of the Nucl ear Fragment 
Evaporation Regi on 

Geomet rical and physical meaning of f ormula (3) i s tha t 
fragments are emi t ted f rom the surf ac e layer of the damaged, 
i n the nucleon emi ssion proce s s , part of t he target npcleus /41 

the shape Sb of this layer is determined by the shape SN of 
t he nucleon emiss i on region; it is a tube-like region in the 
t arget nucl eu s , center ed on t he i ncident hadron course £ in 
nuc l ear matter, wi t h the wal l t h ickne ss a s large as a hal f of 
t he nuc leon diameter Do . The mean size o f t h is region is: 

<Ob> = 17 [(1.500 )2 -02
0
1. f . (10) 

\vhere Do and f are i n fro. 
The size <0 b > is energy-independent when the i ncident had

ron energy is higher t han a f ew GeV. 
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3.4. Location of t he Regions i n Target Nuclei 

Accord ing to fo r mula (1) and (2), for the emission of n p = 

= ; DN = 1, 2,3, .•. protons , t he thicknesses of the nuclear mat

ter layers Ai = ?-=t't't .... ~ protons/S are involv ed 

in coll i sions correspondingly, at def ini te impact para
met ers d 1 , ' , •• • ,d i . The cylindrical volumes = ITD~ Aid2 d 3 vpi 
- n2 1 0 2 .2-. D2 .a.. D2 ...i.. d " -IT 0S,IT 0 S ,IT 08 , . .. ,IT 0 S centere on the Lnc l dent 

hadron courses Aj =A 1 , A 2 • A3 , ••• , Ai in t he targe t nucleus 
at distances d l = d1 .d 2 ,d s , ...• d i from its center are the 
regions the nuc l eons are emitted f r om; i = 1,2,3, .. . , 0p(D), 
where D~(D) i s the number of protons contai ned within t he vo
lume "Do D centered on the target nucleus diame ter D. 

The volumes vbl = "[ (1.5Do)2 - D~ ] AI = 1.25"D~ ~ , 1.25ITD~f- , 
23 5 2 i1.251700S" •• ,1.2 ITOOS' centered on Aj are tha t t he targe t frag

ments are evaporated from. 
The part i cle-produc i ng r eactions i n the targe t nuc l ei pro

ceed a long t he lengths Ai of t he inc ident hadro ns in t he tar
get nucl e i. 

I n t he figure the locations of the regions in question are 
presen t ed schematically. 

Scheme of location of the 
nucleon emission (empty cipcles), 
papticle ppoduction (arosses), G 'Y3"'(j'"' 
and target f r agment evapopati on 
(black r i ngs) regions in hadron
nucleus colLisions; the incident 
hadpon h is the prot on, the t ap(j'"'(]"'(9'"' get nucleus is the nucleus of the 
Ag atom. The i nci dent protons 

\.J E • f alL on the t arge t nu.ctei perpen
~,.-7dicu l arl y to t he pict upe, fpom 


youP si de at points mapked by :~r . .. 

the CP08ses. To vapiou8 rrrult1:p Zi ~ I-t- A~ 


o[I I ! I ! : , !aities Dp = 0,1 ,2, . .. , 7 corres01 2 34S 67n.p 
pond var ious thicknesses A = 
=1/5, 2/S, 3/5 ... , 7/5 of the nuc lear matter layeps involved 
in the col lis i ons, whepe 8 = 17D~ = 10 fm2 and Do is the nuc
l eon diametep; at Dp = 0, (A/ Z) - 1 neutrons should be taken in
to account. The di stances between points on the radius of the 
t apget nucleus are of Do / 2 fm. W is the percentage of events 
wi t h Dp = 0, 1,2" .. ,7 emitted ppotons, OCCUI'Ping in a sample 
of colLi sions. 
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4. 	CONCLUSI ONS AND REMARKS 

Precise analys i s of the nucleon emi s sion p r ocess,/3 - 81 provi 
ded t he a bove presented f i ne method for det ermination of t he 
s hapes and s i zes of the regi ons inside the target nuc lei where 
react i ons l ead i ng t o t he nucleon emis sion, par t icle production, 
and t arget f ragment evaporation occur. 

The re gi ons i n question are always determined by the t hick
nesses A of nuclear matter l ayers involved in hadr on- nucl eus 
col lis i ons; the values of A cannot be larger than the d iameters 
D of the targe t nuclei, A:S: D. At incident hadron energi es large 
e nou7h - l ar ger t han f h D , where (b in MeV/(nuc leon /S) i s energy 
loss 121 of a hadron h on its path length A '" I nucleon /S and D 
in nucleonslS is the diameter of the target nuc l eus, the mean 
value s of the t hi cknesses involved <A> are as large as t he 
mean t hicknesses <AA> of the target nuclei. It f ol l ows, f rom 
wha t has been said above, t hat the sizes <Qr?,<Os> , <0 b> are 
clearly A-dependent, at inc i dent hadron energies high enough; 
practical ly (bD is of a few GeV for incident pions and pro 
tons /12/ . 

The values of A may change due to di s turba t ion of the mono
tonic energy loss of hadrons in nuc lear ma t t er , but it happens 
in about 15% of a l l coll ision events , as i t ca n be conc luded 
f r om the ana l ysi s of the mul tiplic i ty d i str ibu t ions of the em i t 
t ed protons. The value s A may f l uctua te as we l l. I t is r easo
nabl e t o s t ate the exis tence of f l uc tua t ions of <ON>' < Gs > . 
and <GJ», therefore. 

Cruc ial and clearl y i nt erpr etable experiment al support for 
t he correctness of fo rmulas f or SN ,ON and <GN> can be ob tai 
ned straight off : the mean mul tiplicity <np> of t he emitted pro 
t ons in hadron- nucleu s col l isions at energies h igh enou gh equal s 
<AA>S, where <AA> in proton/S i s the mean t h icknes s of t he t arget 
nucleu s. 

The relation bet ween the mean number <nb> of the charged frag
ments evapora ted i n a col l i s ion and the mul t iplicity np of t he 
emitted protons exi s t s and it i s proved exp erimentally 14 / . For
mu l a f or <Db > is simple consequence of t his relation. So, cru
cia l suppor t for formulas for SN ,G N ' and <GN> is crucial sup
port for formu l a s f or S band <Db > as well. 

From the observed i ndependence of the nu cleon emi s s ion pro
cess of t he particle production pr ocess, one can conclude that 
above c rucia l support fo r formulas for SN,G N ,<G N> , Sb 
and <Gb > is mediately a support for f ormulas fo r S s ,G s . and <as> 
a s we l l. 

Many author s a t t empted to det ermine s izes of t he nucleon emis
sion and par ticl e product ion regions i n hadron-nuc l eus colli 
s ions/16 -2~/Corresponding interference met hod has been worked 
out 116-18.2 1~ The method pr ovides in format ion about the r egion of 

emission, no t about the region where t he reactions lead ing to 
the emi s sion occur. But, in my view, result s obtained using 
t his met hod/22.23/do not cont radict our r e sul t s . 
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8 06"beA11HeHHOM 11HCTI1TyTe RAe-pHbiX 11CCJ1eAOBaH11H Ha4aJ1 
Bb1XOAI1Tb c6opH11K "Hpam'Kue coo6~eHU.R OJ1.Hl1", B HeM 
6YAYT nOMe~aTbCR CTaTbl1, COAep*a~l1e Opl1r11HaJ1bHble Hay4Hble, 
Hay4HO-TeXHI14eCKI1e, MeTOAI14eCKI1e 11 npi1KJ1aAHble pe3yJ1bTaTbl, 
Tpe6YIOIII11e Cp04HOH ny6J111Ka1,411H, EiYAY411 4aCTbiO 11 Coo~eH11H 
OHRH", CTaTbH, aoweAwl1e a c6opHHK, 11MeiOT, KaK 11 APYrHe 
113AaH11R OHRH, cTaTyc o~111.411aJ1bHbiX ny611HKa1.411H. 

C6opH11K 11KpaTK11e coo6111eH11R OHRH 11 6yAeT BbiXOA11Tb 
peryJlRPHO , 

The Joint Institute for Nuclear Research begins publi
shing a collection of papers entitled JINR Rapid Communi
cations which is a section of the JINR Communications 
and is intended for the accelerated publication of impor
tant results on the following subjects: 

Physics of elementa ry particles and atomic nuclei. 
Theoretical physics. 
Experimental techniques and methods.· 
Accelerator s . 
Cryogenics. 
Computing mathematics and methods . 
Solid state physics. Liquids. 
Theory of condenced matter. · 
Applied researches. 

Being a part of the JINR Communications, the articles 
of new collection like all other publications of 
the Joint Institute for Nuclear Research have the status 
of official publications. 

JINR Rapid Communications will be issued regularly. 

CTpyranbCKHH 3. m El-85-421 
OnpeAeneHHe ~opM H Pa3Mepos o6nacTeA, 
B KOTOphlX B CTOnKHOBeHHHX aApOH-HAPO npOHCXOAHT 
peaKUHH, npHBOAH~He K HCllYCKaH~ HyKnOHOB, 
po~eHHro ~aCTHU H HCnapeHHro ~parMeHTOB 

OnpeAeneHbl !lJopMbi H pa3Mepbi o6nacTeH B HApax-MHmeHHX, 
B KOTOphlX npOHCXOAHT peaKUHH, npHBOAH~He K HCnyCKaH~ HYK
nOHOB, po~e~ ~aCTHU H HCnapeHHro ~parMeHTOB B aAPOH-HAepHb~ 
CTOnKHOBeHHHX, 06naCTb HCnycKaHHH HYKnOHOB UHnHHAp~eCKaH, 
c AHaMeTpOM paBHb~ ABYM AHaMeTpaM HYKnoHa, ueHTpHposaHa no 
HanpaBneHHro AB~eHHH HaneTa~~ero aAPOHa B HAepHOH MaTepHH. 
PeaKUHH, npHBOAH~He K po~eH~ ~aCTHU, npOHCXOAHT B OCHOBHOM 
BAOnb nyTH HaneTa~~ero aAPOHa B HApe-MHmeHH. HcnapeHHe ~par
MeHTOB npoHCXOAHT c nosepxHOCTHoro cnoH ~aCTH HAPa-MHmeHH, 
llOBpe~eHHOH npH HCnycKaHHH HYKnOHOB, ~ 

Pa15oTa BblllOnHeHa B nal5opaTOpHH Bb!COKHX 3HeprHH mum. 
Coo6.eHHe 06~~HeHHOrO HHCTHTyTa R~epHWX HCcne~OB8HHA, ~y6Ha 1985 

Strugalski Z. 
Determ,ination of the Shapes and Sizes of the Regions 
in which in Hadron-Nucleus Collisions Reactions 
Leading to the Nucleun Emission, Particle Production, 
and Fragment Evaporation Occur 

Shapes and sizes of the regions in target nuclei in 
which reactions leading to the nucleon emission, particle " 
production, and fragment evaporation occur are determined. 
The region of the nucleon emission is of cylindrical shape, 
with the diameter as large as two nucleon diameters, centered 
on the incident hadron course, The reactions leading to the 
particle production happen predominantly along the incident 
hadron course in nuclear matter. The fragment evaporation 
goes from the surface layer of the part of the target nucleus 
damaged in nucleon emission process. 

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