


1. INTRODUCTION

The mechanisms of energy transfer from hadronic and nuclear projectiles
into target nuclei, in collisions at high energies, are determined by the hadron-
nucleus and nucleus-nucleus collision mechanisms, described in our recent
works [1,2].

In hadron-nucleus collisions, two general channels of the energy transfer
may be distinguished: 1) The transfer to the intranuclear matter — to the
nucleon assemblage bound naturally as the atomic nucleus with definite mass
number A and charge number Z; 2) The energy transfer to single nucleons
which, this way, continue their existence during relatively short lifetime — of

about 10225 — as intermediate objects or generons through which the particles
are generated.

The first channel manifests itself as the fast nucleon emission which the
hadron passage through intranuclear matter is accompanied by, about 0.360
GeV/ (nucleon/S) energy must be lost for any of nuclei; the hadron passage
through target nucleus is localized within the pipe of 2R ,, diameter, centered on

the hadron course; S = JzDO2 = 10.3 fmz, R, = D, is the strong interaction
range as long as the nucleon diamater D0 is.

The amount of the projectile nucleon energy transfcrred by this channel
into target nucleus is limited, being of 0.36 GeV/(nucleon/S) along definite
length of the hadron in intranuclear matter not larger than about 20 nucleon/S
— for the heaviest nuclei. )

The second channel manifests itself as the particle production. The particle
production, as we know experimentally [1,2], is realized through the
intermediate objects or generons; it seems not to be some limits for the energy
which could be transferred this way. The particles are created in 2 = 2 type
endoergic reaction; in particular, there may be the nucleon-nucleon 2 - 2 type
reactions. In such reactions, into nucleon might be pumped practically
unlimitedly high energy. The quasi-unidimensional cascade of the intermediate
objects may develop along the hadron course in the target nucleus massive
enough [2]. This way, the intranucleon matter might be highly excited — it is
not observed any limit for energy transfer from a hadronic projectile to the
nucleon target.

In nucleus-nucleus collisions both the channels of the energy transfer
should be in operation. It becomes to be clear whether and how might be
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possible to produce the quark-gluon plasma phase of the intranuclear matter or
no.

The subject matter in this paper is to describe the method of the energy
transfer processes investigations and 10 present experimental results obtained
by this method.

This work was written within the frames of author’s scientific contacts with
the Institute of Atomic Energy at Swiek-Otwock in Poland.

2. INVESTIGATION PROCEDURE

The mechanisms of the energy transfer from hadronic and nuclear
projectiles to nuclear targets may be revealed experimentally only. Naturally,
they are dependent on the hadron-nucleus and nucleus-nucleus collision
mechanism. They should be known on experience before to analyse the energy
transfer processes.

The collision reactions were studied exprimentally first, therefore [1,2};
the studies based on experimental material complete enough — from almost
total expriment [1,2] performed by means of 26 and 180 litre xenon bubble
chambers; the chamber data were supplemented with appropriate data from
other detectors: nuclear emulsions, electronic arrangements, hybrid detectors
[1,2]. Information was collected for various nuclear targets, at wide value
interval of the projectile momenta.

In results, it was stated, among other facts, that {1,2 |;

2.1. In hadron-nucleus collisions:

a) The relatively small volume v of the target nucleus is involved
v=Jz~Rh2u1, (H

with the radius as long as the strong interaction range R P is (R P zDo, where
Do is the nucleon diameter) centered on the hadron path A in the nucleus {3],-

JL’ha = § = 10 fm% When 1 is in nucleons/S v may be expressed in number ny
of nucleons contained in it, v = $4 — in nucleons {3].

b) The hadrons can pass through layers of the intranuclear matter without
causing the particle production, in some cases [4 ]. In passing, they induce the
emission of nucleons (visible proton emission) in a definite manner, anyhow —
the number of the emitted nucleons is equal approximately to the number n N Oof

the nucleons contained inside the volume v (1) covered on its length A
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aucleons/ S precise formulas in question were published in our former works
{371

¢ The particic production process goes ihrough intermediate objects or
generons (8] in 2 - 2 1ype collision rcactions of the incident hadron with
downstream nucicons, on the background of the hadron passage throught lavers
of :ntranucicar matier |1,2]. It was found cxprimentallv that the particle
production process does not influence the nuclcon cnussion and fragment
cvaporation processes {9 .

3y in result of the coilision of a hadron with a target nuclcus massive
cnough. the rest of the damaged nucleus uses to evaporate nuclear fragments
and decay into stable parts (7).

2.2, in nuclcus-nucleus collisions:

) The nuclear projecuic may be treated as collimated beam of weakly
touna nucleons which collide with the 1arget nucleus. Inanteraction of the beam
tucicons wilh lavers of the intranuclear matter, they behave themsclves as
hiadrons usually do it in.

b The outcome in o nucleus-nucleus collision i1 a compositon or the
citicome in hadron-nucleus collisions at various parameters {2 ).

The information about the hadron-nucleus and nucleus-nucleus coliisions,
sresemed above, is conclusive enough., in order to s1ate, on the basis of it that:

The cnergy transfer in hadron-nucleus and nucleus-nucleus collisions
mignt be realized through: 1) the cnergy loss of hadron in its passage through
"arers of intranaciear matter. mainly for the nuclcon emission induced: 2) the
.uergy ioss of the incideni hadron in the particle-producing coilisions with
sownaircam nuclcons, in passing through the intranuclear matter.

he nucteon emission and the particle production processes go indce-
neitdently one of the another. It will be enough to determine the energy balance
.1 both the independent processces. 1t has been done. 1o no smalf degree. in our
former works {10—14 .

Summing up, the scarch procedure consisted in accurate experrmental
inveshigation of the hadron-nucleus and nuclcus-nucleus collision mechanisms
and then of the energy balance in the main of encrgy transfer processes — in the
aucleon emission process the hadron passage through intranuclear matter is
avcompanicd by, and in the particle-producing process.

3 EXPERIMENTAL RESULTS

In the light of the hadron-nucleus and nucleus-nucicus  coilision
mechanisms revealed in experiments and described in our recent works 11,21},
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tolowing pictures of the energy transfor into the target nucleus emerge — as
prompted in experience:

1. Hadrons and beams of nucleons, i.c. accelerated atomic nuclei, lose their
kinctic cnergy duc to sirong interactions in passing through layers of
intranuclear matter, proporticnally to the layer thickness A covered — similarly
as clectrically charged patticles losc their cnergy in materials duc o the
clectromagnctic interactions {14 | The hadion energy loss

AE, = ¢,-A, @
where ¢, is the hadron h cnergy loss in GeV/(nucleon/S) — for pions
T = 0.180 GeV/(nuclcon/Sy  and  for  protons ¢, = €= 0.360

GeV/(nucleon/S), § = 10.3 fm2: 4 is in nuclcons/S. For the mean thickness
(4 ) in nucleons/S of the target nucleus, the mean energy loss is:

(AE,)= ¢, (1), 3

For the maximum thickness Amux in nuclcons/S of the target nucleus — when a

hadran A passcs through the nucleus along its diameter D:

AEh = rh-llmﬂx= Fh'D. “4)

wax

The observable effect which the hadron encrgy loss is accompanied by is the
emission of the fast nucleons from the target nuctei in hadron's passage through
intranuclear mattee The measurable well mean anumber of the emitied protons
( n, Y in all hadron-nucleus coltisions, 4 — A, cquals:

¥
2 A
= % . . {4
(=% aysi-e 00, ®

where (A) in nucleons/S is the mean thickness of the target nucleus 115,16 ).
(4, in nucleons/S cquals l/ar and g, is the total hadron-nucleon cross scction

in S/nucleon. The rclation (§) holds for all the hadrons up to cnergics met in
experiments, when accelerator beams or cosmic ray particles arc applied [14).
[t is worth-whilc to usc the table in which the mean and maximum energy

loss (AI:‘,,) and AE  of pions and protons in their passages through target

nuclei are presented [14 ).

1t should be emphasized that the energy transfer to the nucleus as a
collcetion of weakly bound nucleons is limited by the range-cnergy relation for
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hadrons in intranuclcar matter (10 ] — similar to the range-cnergy relation for
clectrically charged particles in materials [1O].

At energics lower than a few GeV this encrgy loss is tangible, at cnergics
higher by much — higher than tens GeV it is imperceptible.

The energy loss process by the nuclear breaking of hadrons in their passage
through intranuclcar matier is localized within the target nucleus at relatively
small region determined above — by formula (1).

Then, at cnergies high cnough, over a few GeV, this mechanism of the
cnergy transfer cannot be taken into account as incffective onc which the
hadronic projcctiles could transfer their cnergy to the target nucleus by.

The accelerated nuclei — as the nuclear projectiles — can be treated as the
beams of hadrons — of nucleons. The obscrvation of the nucleus-nucleus
collisions performed in various dclectors — streamer chambers, bubble
chambers, nuclear emulsion indicate that collimated beams of nucleons appear
in outcome of the nuclear collisions |2} It can be concluded, from this
phenomenon, that nucieons from the projectile nuclei behave themscelves as any
hadron do it in passing through the layers of intranuclear matter. Then, the
total cnergy loss by the nuclcon emission from the target nuclcus should be
expressed by the sum of the encrgy loss in hadron-nucleus collisions at various
impact parameters b :

b i()
AE = 2 n(b) AE,(b), ©

nuc
b= r,

where n(b) — the number of collisions with impact paramcter b, paramcter
changesfromb = Qupto b = T, the radius of the target nucleus.

We are then now in 4 position to state that: Only limitcd part of the hadronic
or nuclear projectile encrgy can be transferred to the target nuclcus; such
energy transfer is accompanied by the emission of nucleons from target nucleus
induced by hadronic or nuclear projectile. It is not possible to pump this way
unlimitedly much of the energy into target nucleus as such; the target nuclei are
disintegrated into nuclcons, in the collisions — the utter disintegration into
nuclcons may occur as well somctimes — in head on collisions of nuclei with
ncar values of their mass numbers.

2. Hadrons and nuclei or beams of nucleons accelerated to encrgies high
enough by much highcr than the pion profuction threshold losc their energics as
well in particle-producing collisions with downstream nucleons in intranuclear
matter.

According to the mechanisms of the particle production processes in
hadron-nuclcus and nucleus-nuclcus  collisions  [1,2] —  prompted
experimentally, in the 2 -+ 2 type collision rcactions
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hy+h,>g +g, )]
of two hadrons hI and h2 two intermediate objecis or generons g and g, arc

created first: there is not any limit for the energy transfer from the projectile 1o
the produced gencrons — not only as the kinictic energy of the generons, but as

their internal energy of excitation. After the lifetime of about = 107 5 the

generons decay into «created» particles and resonances.

It is not cxcluded that the intermediate objects arc the excited states of
nucleons — the inner structure of nuclecons manifcsts itself in the existence of
generons [19]; the intermediate objects or generons could be treated as the
excited quark-gluon matter bags. The process of the intermediate objecis
creation is localized within the relatively small volume v (1), of the shape of the
tube with the diamcter D, = 2Rh . The generons, in passing through
mtranuclear matter, approximatelly along the incident hadron course |2 | inay
collide with downstream nucleons and create new intermediate objects. and the
quasi-unidimensional cascade of the intermediate objeics may develop in the
target nucleus massive enough [2 ); the gencrons escape the nucleus and decay

into resonances and particles after lifetime of abeut 10725,

In the generon collisions, quark-gluon bags may be crcated massive
cnough; this way, objects of highly excited quark-gluon matter may be created.
In such objects the quark-gluon plasma siate could be obtained. And so, this is
the unique and real way for creation of the highly excited state of the
intranucicon matter — which might be treated as bags with excited quark-gluon
matter; the outcome of the bags cxplosion is simply obscrvable and oficn
observed — as the decays of generons into families of jets at appropriately high
energics, for example |1,17,18].

The scarch for the mechanism of the bags formation is the only tool for
possible discovery of the intranucleon matter phase transition. The existence of
the intranuclear matter phase transitions depends on the possibility to fuse the
generons throughout the targetl nucleus. Is it possible? The answer should be
found in cxperiments.

The projectile kinetic encrgy E, which could be transferred to intranucleon

matter A is then:

A=Eh—AEh, (8)

-where AE, is the part of energy transferred to intranuclear matter by the

incident hadron in its passage through the targei nucleus — for the fast nucleon
emission; AEh is determined in the table, for a few nuclei.
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‘Table. Mean and maximum encergics of pions and protons Jost in theis passage through
ditrenuclear matter: the kinetic energy £ of the incident hadrons is larger than &5 = €./,
where 2 in nucleons/S is the target nucieus diameter and «5 in GeV/nucl/S is the vaergy lost
by & hadron on the intranuclear matter tayer as thick as ! nucl/S, $ = 10 fu: for pions
er = £1 = 0 180 GeV/(nucl/S), for protoas en = £, = 0 360 GeV/(nucl/S)

Reacticn I'nergy GeV - . lirE'(g_\' i(vs‘lAf;c\v' o
e mean miax
P+ C =1.5 0.5 1.5
1+ Al 2 1.7 0.7 1.7
PL+ Cu =25 1.1 25
P4 W =38 1.8 ax
o+ Ta =38 1.8 38
P+ Pb =4 1.9 4
p+C =21 1 2]
p+ Al >34 1.5 34
pt+ Cu =5 22 5
p4w =276 3.hA 76
pi T 27.0 3.5 76
p4Pb >79 37 79

4. CONCLUSIONS AND REMARKS

As the result of the projectile cnergy wansfer to target nucleus
investigations described above, following mostly important assertions may be
stated, for the tar ~t nucleus at rest in the laboratory:

i. In the hadron-nucleus collisions the projectile ecnergy is transferred into
the target nucleus in its passage through layers of the intranuclear matter,
anyhow; this encrgy transfer depends on the path length covered by the projec-
tile and its successors; in the passage, definite tube-shaped relatively smali
volume of the target nucleus is involved only. The encrgy transfer realized this
way is limited and independent of the projectile cnergy, at cnergics high
enough, and amounts no more than aboui 8 GeV for the prolon projectiles — it
is as twice higher as for the pionic projectiles.

Often, on the background of the projectile passage, the energy is trans-
ferred 1o the downstream nucleons in some particle-producing collisions. As a
result of this collision,intermediate objects, or gencrons, are created in 2 -+ 2

8



1y pu endoergic reaction. 1f the target nucleus 1s massive cnough, the gencrons
may colhide with the downstrcam nuclcons and produce new — secondary
generons in ones tura. This way the intranuclear cascade of gencrons mav be
imtiated localized around the incident hadron course within the tube (). This
energy transfer is not limited. it depends on the projectile energy only.

The intermediate obijects decay. after having left the parent nucleus. inlo
«createds resonances and particles. jets may appear plentifully.

2. In the nucieus-nucleus collisions, i.e. in the collisions of weakly bound
nuclcons beam with the target nuclcus, the energy transfer process is similar for
any of the beam nucleons treated as the projectile in hadron-nuclcus collision.
The vuicome in nucieus-necleus collision is then a composition of appropriate
irudd nuclens coltisicns gt varipus impact parameters; the screening shouid
be teken into account, .

Aad so, the meckanism of the projectile cnergy transfer to the target
nucleus, prompted by experniment, suggests some ways to production of the
cxpected highly excited states of intranuclear matter and to realization in
experviients the quark-gluon phase transitions.

Tt should be remnembered that the energy transfer to the atomic nucleus goes
through ite miermediate objects or generons produced only, however. But
genercns oscape the parent nucicus and use to decay into resonances and
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particles after aboul 10 5.
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