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-1'. INTRODUCTloN 

The subj-ee t matte r 'in this "work is the detertni.nac í on :of "the 
hadron mean rf r ee pa t h <s;» .f or a .given r'eact í on ~ Ln ..í:ntrartuc'~" 
lear matt.er, by direct measurement, 

In anal yz i.ng collisions of hígh ene..rgy hadrons with massive 
target nuclei, at ener-gies above the p'roduc t Lon ·threshold,. the 
mean free path < À r>oit,he inciden-t had ron in í nt r anucl.ear 
matter for, a di f i n i t e collision .reac tí.on r s u seful to app l y ,.í 

inst-ead of co r r esponding' hadron-nucieon co l l.í s í on cross-isec-' 
tion; but, nobody knaws for shure whethe~ the hadron-nutléon 
cross section -for a given reaction l' - for the partiéle':'pródu­
cing collision, for example , is .the s ame -whenthe .t.arge.t nuc­
leon is fre-e or when it is nm~ng many nucleons i~siue ,a massi­
ve nuc l eus , The ansver to t he quest í on "Hhat is the c ros s s ec-r 
t í on or -the mean f r ee patrh of a had ron for a .process .. Ln colli­
sions with nucleons inside a target nucleus ar, in other 
words - in i ntr anuc l.ear inrat't.er?" must f i nd í ts answer prímari­
ly in experiment; it .í s 'not obvious a' prior í 'that; t he c ro s s 
section for a hadron~nucteon coLl í s-í.on p r oces.s ·with f-ree nu-
e Leon s the same as rha t for the s ame process in hadrori-nu­í 

cleon coli-islons with nucleons inside a target nucletis. 
The'prdblem to be dLscussed here is coneerned mai~ly with 

the method of experimental determination of the mean f~ee p~th 

for par t i c Le-ip roduc i ng process in h ad r on co.l Lí.s í ons with ob­
jects inside target nuc1ei,and it isals9 conc€rned with fin­
ding of the relptiqn between cross section for hadron colli­
sions with free nucleons and correspondinp' mean free patil in 
intranuclear matter. 

'This paper closes the series of nrticle~ on the subj~ct 
published in JINR Communi~ations by one of the authors 
/ Z • S• 1/ 1, 2/ " ")) 

2.. HEURISTIC CONSTDERATIONS 

Ân atomic nucleus, characterized ·by the mass number A and 
the charge number Z, can be considered as a lo-osely bound col­
lection of nuéleons within a spherical volume 9f finite size 
and definite radial distribution of the nucleon density~ 

At a given distanc~ b from the nuclear diameter of a straight 
-) 
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line traversin& the nuclear sphere, one can determine the 
thickness e(~ of the intranuclear matter layer and the mean 
nucleon density <p(b).> inside a cylindrícal volume v :::: rrDg P(b) , 
f(b) and <p(b» can be determined simpll and uniquely /3.41 
from t~e well-known Fermi distribution7 5 for any of atomic 
nuclei; indeed; the determination is possible due to the ex­
perimental data on the nuclear structure obtained by R., .Rof­
s tad ter!6 -8/, 

When the r ad i.us Do o f the volume v is as Largé as the strong 
interaction range of the nucleon, the hadron interacts with 
a I ] the nucleons contained wi thin it, in passing along the c y ­
linder axis E:::: f(b); 'it has been found experimenta11y!9.101 
that Do should de taken approxímately as large as the nucleon 
diameter D6 s.,í 

This way, arrived at identical target nuclei along straight
 
line courses and hit them at identical d í s t anc é b from nuclear
 
diameters, or at definite impact parameters b, hadrons have to
 
cover defini te intranuçléar mat ter layer thicknesses f (b) and
 
Lnterac t wí rh def rri t e nurnber llN(b) of the nucleons met nJb)
í = 

= "D~ f(b)' < p(b», In o t'her words, any target nucleus may be 
considered as a collection of a coin-like 'intranuclear 'rnatter 
slabs of various radii and of definite thiéknesses; for a gi~ 
ven impact parameter b the thickness of the collection is 
E(~, On the other side, any sample of collisions of lo iden­
tical hadrons with identical target nuclei (A, Z) at a given 
impact parameter b = constant rnay be considered as a colli ­
sion of a bearn of hadrons of the intensity lo with an intra­
nuclear matter slao of a thickness E(~, 

Consider then a hadron flux I, incident on a layer thick­
ness de within a target nucleus. The differential intensity 
loss due to a reaction r is given by 

di:::: -IO'r <p>df, ( 1) 

where O'r is the hadron-nucleon cross section for the reáction 
r, <p> is the volume density of nucleons along the hadron 
path E, So, 

-O'r <p> f - el---1.-- (2)
I :::: lo e :::: I e ar <p>

O 

where f -í.n fm, O' r in fm 2/nucleort, <p> in nucleons/fm 3, I is 
the intensity or the number of hadrons which have travelled 
a distance f in intranuclear matter, when the intensity of 
the incident beam was lo' 

2 

... 

Fro~ the formula (2), simple relation between the mean free 
in fm 2/nucleon,path f r irt fm, the cross sec t i.on -ar and the 

mean nucleon density <p> .í n nuc Leona/ Emf along f exists: 

1 (3)
f r:::: 0" < p> 

r 

It is useful to express the mean free path in units nucle­
ons per some area '8 in fm 2, and to name i t <Ar > whereas the 
thicknesB in this unit to name À.Naturally and conv~ni~ntly 

it will be to use 8 = "08, where 00 = 1.81 fm Ls as large appro­
ximately-as the nucleon diameter,or - exactly - -as -the nuc­
leon strong interaction range/9. W! , 
free path <Àr > is <p>-independent, 
cross section O' : 

r 

<À > :::: e ' <p> :::: _1_, 
r r' O'r 

In such units, the mean 
and related simply to the 

(4) 

where <Àr> we wíll express in nucleons/S unita and O'r in S/nu­
cleon, S == 10.3 fm 2 • 

Rere, it should be "borne in mind that in arialysing pion­
x~non nucleus collisions it has been found that the number nN 
of the emitted nucleons of kinetic energies from about 20 MeY 
up to about 400-500 MeV equals the number n :::: "D0

2<p> e ·of 
. nucleons contained within the volume v = "002r cent.ered on the 

hadron path t(~ fm inside intranuclear matter and involved 
in the collision/9 - t V . 

As the basis for any measurernent of the mean 
<Àr> of a. hadron inside a medium before to come 
a reaction r, the fD rrnula 

= I e-À/<X>O r 

free path 
in it into 

{2') . 

is taken, where I is the number of the beam partieles covering 
the medium layer of a thickness À without the reaction r, lo 
is the numbe~ of particles in the incident beam falling on 
this layer. In hadron-nucleus collisions, lo is simply"the 
number of events with a given collision impact parameter 
b±Ab- constant, where âb = Do, and I is simply the number 

• '.I of the events among lo'in which incident hadron traversed the 
target nucleus without causing the reaction r. 

lU Let the reaction ~ is theparticle-producing collision at 
the impact parameter b ± Do inside, the target nucleus. Then, 
the intensity I is the ,number of hadrons which covered the 
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thiekness À = À( b ± Do.} without eausing partiele produetion,
 
whereas the intensity lO is the number of hadrons whieh fell
 
on the intranuelear matter layer of the thiekness À = À (b ± DO)
 
at the impaet parameters b±Do '
 

For the measuring of the mean free path <À > , the quantitiesr 
lo, I, À (b ± DO) should be determined experimentally, and we
 
will show how it is possible to do it.
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3. SELECTION CRITERIA FOR COLLISIONS• 
AT DEFINITE I~~ACT PARfu~ETERS 

Firstly, the sele~tion eriteria for the hadron-nueleus eol­
lision events must be worked out in whieh the eollision impaet 
parameter b ± Do is reeo2;l1ized uniquely. As physieal basis for 
the eriteria, some experimental faets must be used: 1. Hadrons 
are braked and can be stopped inside intranuelear matter; defi ­
nite range-energy relation exists/13-15/. 2. For a given inei­
dent hadron and for a given target nueleus, there exists sueh 
definite value of the hadron momentum Ph s at whieh the hadron 
h ean pass through the intranuelear matter layer as thiek as 
the target nueleus d i amet er D is without eausing par.tiele pro­
duetion and stop at the end of this layer. For the l:l Xe nu­
elei and for ineident pions it happens at the eollision impaet 
parameters within the value limits of b from O - Do to O + Do 
at the momentum value ~ 3.5 GeV/e. This momentum ean bePn s 
found experimentally froTTI the momentum-dependenee of the pro­
babilit~ Ps t of the stoppings, fig.]. Sueh stoppings within 
the intranuelear matter layers as thiek as the xenon nueleus 
diameter D happen only at uniquely definite PTTsvalue and at eor­
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la l~~Xe tapget nucleus this Va­
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:::: 3.5 GeV/c.PTTS 

= O ± Do; at larger impaet pa'­

Fig.l. Incident pion momentum 
PTT-dependence of the probabi­
lity Ps t of the occurrence of 
pion stoppings in intranuc­
lear matter. At the point PTT S 
on the pion momentum axis the 
val-ue of PTTs(D) iahi.ch corx-ee­
ponds to stoppings on the mat­
ter layer thicknesses as large 
as the target nucleus diame­
ter D nucleons/S lies; for 

N(npl 
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Fig.2. The proton multiplici­
ty np dis.tribution N(IJ» for 
the stoppings - :t, and for 
the passages - ~ without cau­
sing partic~e~produGtion in 
pion-xenon ~ucleus collisions 
at 3.5 OeV/c momentum; accor­
ding -t.o previous iaorke 110/. 

Po ligon represente .the bino­
mial distribution of the pro­
ton multiplicities in stop­
pings. 

rameters, the stoppings do 
not happen at all l t31 and on­
ly passages .at unknown impaet 
p,arameters b> Do happen - it 

is due to spherieal shape of the target nueleus; ~t higher 
> Prrs(D), the passages oeeur onLy , 3. The proton multi ­PTT, P1T 

plicity np distribution N(n) in a sample of the stoppings, 
after the hadron passages ·thrógh the intranuelear matt~r layer 
thiekness as large as the nueleus diameter is, has a eharaete­
ristic sYmmetrie bell-like shape with the symrnetr~ axis loea­

ted atthe mean proton multiplieity .<n p> = ~~ rrD;D.<p)l=1 SD, 

where S ~ 11 D5 and Dis in nueleons/S; <n > in the stoppingsp 
ean b~ predieted for a given nueleus from the experimentally 
known information about nueleon emission ·proeess in hadron-nu­
eleus eollisions / 111 and from the experimentally known charge 

5 / distribution in nuelei/ a - ; for the xenon nueleus .<n > :::: 8,p
fig.2. In any other elass of events, at any other.incident pi­
on momentum the &hapes of the N(n p) distribution a~e d~ffe, 
rente 4. Any hadron causes the em1ssion of nueleons wi~~ kine­
tie energies from about 20 MeV up to about 400-500 MeV from 
the target nueleus in passing through it; .the number nN 'of the 
nueleons equals the number nN of nueleons corrta í.ned wi,thin the 
volume v = rrD8e eentered on the hadron. path in Lnt r anucl.aar 
matter, and intaraeted wí t h the projee.tile/ll,H~/. Among the 
nuc Leons emitted is .some number nU of the pro tons and the ra­
tio' ~/nN ehanges from O to 1, t.n average, it equals <np/nw= 
= ZfA. Sueh fluetuations of the <n /n N> are found when the 
projeetile hadrons Mere eleetriealfy eharged, it would be of 
great importanee for the knowledge about the nueleus strueture 
to test it for eollisions of neutral hadrons with nuelei. 
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4. MEASUREMENT OF THE PION HEAN FREE PATH 
And so, it is possible to single out the events in which IN rNTRANUCLEAR MATTER 

the incident hadrons, pions for example, fell on the target 
nucleus at the impact parameter b = O ± Do and passed t hrough 
the nuclear matter layer À in nucleons/S as thick as the nuc­
leus diameter ° in nucleons/S is and do not cause the particle 
production. In fact these 1'passages" are stoppings on the mat­
ter la~ers as thick as the target nucleus diameters, bút they 
can be~reated as passages through the intranuclear matter 
layers as thick as the target nucleus diameter ° in nuc­
leops/S is. In order to single out such events, one should 
analyse stoppings in hadron-nucleus collisions at definite 
projectile momentum P hs determined by the above described pro­
cedure, using <np > - P h distribution shown in figo I; now, it 
is possible to determine P b s from the range-energy relation 
for hadrons ip intranuclear matter. 

Secondly, the events should be selected in which incid-ent 
hadrons fell on identical thicknesses À(b ± Do) = À(O ± Do) ~ O 
in nucleons/S inside intranuclear matter, causing any-type 
cGllisions; in other words, ~he events should be selected in 
which incident hadrons collided with definite target nuclei 
at de f i n í t e impact parame t er s b = O ± Do = constant. 

The number lo of the events in which incident hadron fell 
on the target nucleus at t he impact parameter b = O ± Do can 
be determined / S, 4 / - from the measurable -target nucleus r ad i us 
R, known for nuclei wel1 enough/ 5/ , and from the total number 
No of the hadrons which felI on the nucleus - known a~ the to­
tal number of the any-type events among which the "stoppingsJl 

on the nucleus diameter D were selecte~: 

2
I _ N	 110
0- o-°,	 (5) 

11R 2 ' 

as R such impact parameter b has been taken at which the intra­
nuclear matter layer thickness / S, 4 1 À(b ± 0n) = 0.5 nucleons/~, 
-or b = R = 7. S9 Em; for Do the value 1.8 fm was taken. 

Thirdly, the collision events should be selected, in the 
sample	 lo of the above ones, in which the incident hadrons 
traversed the tàrget nuclei along their 4iameters without cau­
sing particle production. These events are the stoppings on 
the inttanuclear matter layers as thick as the target diameter 
is. The stoppings at definite. incident hadrorr momentu~ R h a 
are just the events 100ked for. This way we have the value for 
I as well. 

6 

In this measurement, xenon target nuclei were used bombar­
ded by negatively charged pions at 3.5 GeV/c momentum in the 
180 litre xenon bubble chamber at the Moscow InstitQte for 
Theoretical and Experimental Physics/16~!. 

Out of No = 6301 any-type collision events I = 96.±10 stop­
pings on ° nucleons/S were found in the photograph scanniog

l')
, 

/[.}	 and analysis / 10 / . Simple calculations / 3 , 4 , based on the data 
on the nuclei structure 15/, lead tothe va l ue À (O ± Do) = 
= 19 nucleons/S of the intranuclear matter layer thickness 
the incident pions traversed. Formula (5) g í,ves the value· lo 
= 358 ±19. 

From formula (2'), we have the mean free path <Ài n > for the 
particle-producing collisions of hadrons in intranuclear màt­
ter: 

À(O ± Do).
< À.	 (6)

ln > 
In(I/I	 ) ,o

this is the measured value for pions, we call it <À 11 in> 
•	 À (O O) I •• m eas US1ng the values for ± o o ' and I ob t a í.ned i n measu-I 

r-ement.s , we have: 

<À11 in>mea~ = 14.4 ± 1.8 nuc Leons /B.	 (7) 

The value of the mean free path calculated from formula 
-(4) using the data on pion-nucleon Lne-l as t í.c cross section/ 17 1 

at the incident pion momentum 3.5 GeV/c, a 1T p in = 21.6±I.I0 mb 
or O.21±0.OI S/nucleon, is: 

<À 11 in >calc = 4.8 ± 0.2 nucleons/S.	 (8) 

The ratio <À 11 in >meaa and <À 1T in>calc is: 

<À11 in > meas 
k = 3.0 ± 0.15. (9) 

<À11 in> cale 

It means that formula for the determination of the pion mean 
free path <À 1T in> in intranuclear matter, for the particle-pro­

(~j\ ducing collisions, should be 
1

<À 11 in > = k -- nucleons/S,	 (lO)
O	 ain 

/1
where is the cross section for elementary pion:nucleona ip 
inelast1c collision in S/nucleon units. . 

7 
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11There are indirect experimental indications / 18/ that rela­ I 
tion (10) is valid for both the pÍon- and the proton-nucleus 
collisions within wide interval of the projectle momentum va­
lues - ft6m about,2 u~ to about 1500 GeV/c; various quantities 
characterizing hadron-nucleus collision outcome, calcul~ted 
using,free-parameterless formulas in which the relation 
(la) plays fundamental role, are in agreement with correspon­
ding experimental data/ l8/ 

o 5.' CONCLUSIONS AND REMARK$ 

The -value <À in >exp obtained experimentally is defini telyrr 
larger than the value <À rr in >calc calculated using the formu­
la (4), commonly applied, and the known data ou 'the inelastic 
cross section a 1n for elementary hadron-nucleon collisions!17( 
The pion mean free path in intranuclear matter for particle­
producing collisions obtained experimentally is larger than 
the mean thicknesses <À> of the heaviest nuclei, which are 
smaller than about 11 nucleons/S/ 4 / ; it is comparab l e with 
the maximum thicknesses of the heaviest nuclei as well/ 4/ . 

Obviously, relation (9) for'the particle-producing colli ­
sions ,and"'others similar which might be obtained for' other 
reactions r, is valid for special type of collisions ~ for the 
particle-producing collisions in the case under discussion 
here. For the any-type collisions - for the total cross sec­
tions - fornula "(4) which í s common l y in use should be valid; 
the me~n free path <À t > for'any-type collisions should be re­
lated to the hadron-nucleon total cross sectiori ai in S/nu­
cleon as: . ' 

. 1 
.<À t > = -- nucleons/S.	 (11)

a 
t 

In this work, the selection criteria of the stoppings and 
of the any-type events included tO'value lo and to value I 
were reexamined 110/ and the values obtained for <-\r in >e zp 

and for k are determined more accurately. PrevÍ'ous paper 
contain less accurate data, which lie within experimental 
errors, although. 

Here, the mean free path .<Àrrin>exp was obtained for pions 1 

at P rr = 3.5 GeV/c only. The questions arise therefore: Will 11 
the r~lation (9) be vaI í.d for other val.ue s of ~? will it be 
the same relation for other hadrons - for protons, kaons, and '1~ I 

other? The conclusive answer lies in experiments, but it will 
be reasonably to expect the answer "yea", 

The method worked out her e and in previous papers 11,2/ can 
be applied in future experimen~s by various techniques, as well. 
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CTpyranhCKHH 3., Myca M. El-87-695 
Onpep;eneHue cpep;Hero cao60AHoro npo6era 
ap;poHa B Hp;epHOH MaTepHH ,IJ;O CTOJlKHOBeHHH, 
sep;ymero K po~eHuro qacTu~ 

lloKa3aHo, KaK B03MO~Ho onpep;enHTb Ha onwTe cpep;HuH cso-
6op;HbiH npo6er ~ Ain_> ,IJ;JlH CTOJIKHOBeHuH ap;pOHOB B Hp;epHOH Ma­
Tepuu, aep;ymux K poJKp;eHHro ttacTu~. Onpep;eneH cpep;HHH cao6op; 
HblH npo6er ,IJ;JlH IlHOHOB B H,IJ;pax l~~ Xe npH HMTIYJlbCe 3, 5 f3B/ C 
Hafi,IJ;eHO COOTHOUleHne MeJK,LJ,Y <A in> B ep;HHH~ax HyKJIOH/S H ceqe 
HHeM ain B ep;uHHL~ax S/HyKJlOH AJ]H Heynpyrux CTOJlKHOBeHHH ap; 

HOb C HyKJlOH<lMH: Ain k - 1-, rp;e 8::: 10 ¢1M 2, k = 3,0•_ 
a in 

>- 0, I 5; npuaop;uTc H tim' H'Ie cK HH CMbicn aenH4HHbi S. 
Pa6oTa BbiTIOnHeHa H JlaGopaTopuu BbiCOKHX 3HeprHH Ol15U1. 

Coo6weHHe 061>ell.HHeHHoro HHCTHyYTa H,llepHbiX HCcne,llOBillfHH • .l{y6Ha 1987 

Strugalski Z, Mousa M. El-87-695 
The Determination of tlJP Hadron Mean 
Free Path for Particle-Producing Collisions 
in Intranuclear Matter by Heasure:nent 

It is shown how it is possible to determine the hadron 
mean free path ~Ain for particle-producing collisions in 
intranuclear matter hy measurement. The mean free path for 
the collisions of pions inside 1~4~e nuclei at 3.5 GeV/c 
momentum has been measured, The relation between <Ain > 
in units nucleons/S and the hadron-nucleon inelastil cross 
section a 1- in units S/nucleon is found: <.\. > = k -- , 

n In ain 

where S::: 10 fm 2 , k = 3.0±0. IS; physical meaning of Sis 
given in this paper. 

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

Communication of the Joint Institute for Nuclear RellfJUCh. Dubna 1987 
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