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. 1: INTRODUCTION . ' 

The subject matter in this paper are studies of. the mechanisms .imd charac
teristics of total' disintegration of heavy nuclei caus~d 'by the impact of fast had~ 
~ons and'imclei. The intrinsic interest in understanding the processes involved, and 
importance of the expected results have a' bearing on the interpretation of ~anY 
phenomena met in particle physics, iri new generation of nuclear energetics, an'd 
in ecology. The phenomena which may be revealed in investigating''ihe' di~in~ 
tegration mechanism are important for working out the methods of an application 
of a single massive target nucleus as subnuclear detector- in high energy physics, 
as well. 

It is desirable to discover a manifestation of some laws which may govern 
inside target nuclei within the extremely small volumes (10-15 m) acting during 
time intervals of the order of 10-24-10-~2 s. ' ' .i ~ . 

' : . . ' '. : -~ .. •. 
'~ J ~ 

2. THE DISINTEGRATION OF ATOMIC NUCLEI 
' - ··.··· . '. .,, . . 
BY FAST_. HADRONS AND NUCLEI . -

The disintegnition of compleX. :nuclei,. produced by. the impact of f~t hadrons 
and mi'clei _:of fast protons and oth~r particles, e.g·.:wa~· studied widely during. 

· many years [1-3]: lhe mechanism' ~f this_ process is .revealed . e~perim~ntal_ly, 
[3--:-6]: The dis,integration started in· the_ collision. appears 'as a complicated. nuclear .. 
process developing in time and space in intranuclear. matter consisting at least of 
three ~tages which last together about 10-:~4-10-16 s afterthe impact. At the first ' .. ' . . . . . 24 ... 22 ' .- . · .. '. ·. . - ... -· .... . . 
stage, which lasts about 10- -::--:-10-:- s, the target-nucleus is)ocjllly damaged.aild 
fast nucleons with kinetic energies ""(20-500) MeV are densely, emitted.-At the 
second sta'ge, lasting aboht io-22 -10:..016 s, the damaged and unstable- residual 

' " . . 
target nucleus _uses to evaporate._light fragments ~mainly nucleons,. deuterons, 
tritons, a-particles.J\t the final stage~ at about _10-17 sand probably more, ~hen 
nucleons were emitted and light fragments' were evaporated_:_. the finally 'dama., 
ged'target nuCleus use~ to:'decay into heavier nuclear, fragnients, so~e' 'of thein 

• • • ' ., ' ._q, . ', . " ' ' ,·. ·". .[·,;ff .. -- •)>.· .-·.:' 

may be stable or they will decay into smaller parts. · · •· · · · 
In the light of the above presented mechanism of the disintegration process, 

the two stages should be clearly distinguished - the first on~. as the <<fast stage», 
lasting about 10-24-10-22 sand _the:second or the «slow· stage», including in fact 
the nuclear reaction in the damaged target nucleus -'- as the intranuclear process 

lht 1:._ •. :-••.wll ~~;:nlyi. -~ 
u-.:,st~.u. tcc.-.~~;;iiaasl 
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. starting when the incoming hadronic or nuclear projectile and its successors are . . . . n 
having left the damaged target nucleus ---'- at about 10- . s after the impact and 

· d · b Io-22 Io-16 d lastmg unng a out up to or more secon s. . 
Exactly, the destruction. of the target nucleus by an energetic projectile lasts 

within the first stage only - during about 10-24-10-22 s. In this nuclear reaction 
[4] initiated by hadronic or nuclear projectile, the struck nucleus is damaged lo
cally - the cylindrical volume.inside the target nucleus with the radius R ·around . . ' . . . . s 

the projectile course is involved in the collision; Rs ""D
0 

is the strong _i'nter~ction 
range· which is approximately ~as large as' the 'micleon i:l.iameter D 

0 
i.<Aft!'!r this 

time interval the projectile ~n.dJor its sllcc~~sors ar~, passing through the."t~rget 
nucleus and all the nucleons involved in the collision (contained within the local 
vol~me) are emitted :-:-as the so-called fast n~cleons with energies, bf. 'about 20 
upto ~b-out 500I:JeV [7,8]. · · · ··· .. · .. · . · 

. '~ 

2.1. ·Physical Basis for the Experimentally Revealed 
r • Disintegration Mechanism 

.·r 

The physical phenomena, rev.ealed experim~ntally in'our eaily works are basi~· 
cal for understanding the observed picture and characteristics of the disintegration 
of nuclei produced by' the 'impact of the fasi hadrons (p~oions·~~d pions, e.g.) and 
nuclei. These.phenomenaare: !).The obser~~~i passage of hadrons th~ough layers 
of intranuclear matter -.discovered in our experiments [8], studied in detail and 
described in our earlier works [9..:.,-14];''2) 'l'he 'obser~ed h~d~dn 'g'eh~ralion in 
hadron-nucleon collisions goes through som~'\ntermediate' ~bjedts which 'dec~y 
after no 'Jess. than ·aboutrl0-

22 
s; 'it is the :case'when 'the ·p~i:ticle generatio'n ,is' in, 

hadron-micleus collisions; as well' [15_:_ 17] ;' .3). Th~· o'titco'me' from·~~ collisio~ of 
two massive nuclei is a composition of some numberofStaiisticaily' i~dip~nde~t 
oritcom'es fn nucleon-nucleus collisions at the same eli~rgy of the'inCicte'iii'ri~ciecih 

• ' -. ' ' ( • '. ,• •. '. ' • ..-. -· ) ; ' • • . ' ·' • ' • . ·.. .• . .:·' ; ) • ~' ~' l • 

With the target nucleus, at all the possible Impact parameters [1,18]. · · ·· · 
• , Let 'us sum ~p shortly' our kriowledge· about the three '~bove~m~ntioned' 

phenomena; •· · .• : . . · · .·· .:~ •q, · ; ' · ''' • · . • ,.,., • · 

· · .; The Hadron Passage· through Layers of Intr'anuclear'Matter. 'Very ~itnpl~-i~:. 
lation. has· been r,evealed· experimentally. [9-I4J.,~The. ,ri!Imb~{!lN': ~r ·i~fe~~itY,'~~;·· 
of the n~cleoris emitted from a target n~cleus,' V.:hen ~·fast b~d~o·~· collided ~itt~ i·t·:· 
depends simply on the thicknes~).. of the ·i~tran~clear. ~att~r layed~-~oi~~d in the, 

• • ;- ' ' : : : , ' I ' "!, ; • ~ ,._, , • ' , ' ~ • ~- " • " < 

colhswn. . . . . . . , .. ,.;_, ... · 

/ 

' 

Quantitative reiation is: · .,, , . . . 
. ;... . . . . .. ·. ,. \'" ·' ···.-:,'··; 

nN=:'A.S(l-e--(A/'A) •·. I), 

'·,"'..,..;. ....... ~ ........ ---....... ·~~."''t" .... ~.,..,; 
.~~ ::t:·.·~-:·r; ~~ ~-· tt ~ : .~ ~ t.t .:·~. ~ 

. p 
~~ • ,, ~~:' ~.:! .~: "··. :::~.' 

J ':' ~ • 

. ' .. ; (1). 
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.. 
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j 

\/ r 

where 'A. in n~cieons/S, S = 1tD~"" 10 fm2,_ D
0

"" Rs is the_ strong interaction range, 

D0 is the diameter of the .nuCleon, A,= I I cr
1 

is the liadron mean free path in 

intranuclear matter in nucleons/S, cr
1 

is the hadron-nucleon total cross-section in 

S/nucleon .. This formula is valid for the sample of the pure incident hadron pas
sages 'through.tlie'target nucleus - when secondary ~esons, which could be 
produced, do not appear; it is valid for the events with hadron production as well 
-~a~ f~rther i'nvestigations showed' [15,20]. . . . . . 
· · Formula (I) was t~sted experimentally to be valid· for mo~enta of. hadronic 
probes.larger than about 2 GeV. The hadror passage through intranuclear matter 
is a nuclear analogue of the electromagnetic. process -:- of the passage of elect
rically charged particle thr~ugh layers of usual (atomic) matter. This phenomenon 
has been revealed in our experiments and studiedi~ det~il qualitativelyand quan-
titatively as well [10,I2,13]. · · ' 

In analysing this phenomenon, two methodical facts were ofgreat importance: 
a) It is possible to estimate 'A. in [nucleons/S] [2I] of any of nuclei practicallyat 
any distance from its center using data on the proton (and nucleons at all) dist
ributions in them determined by R.Hofstadter [7,22,23]; in particular, the maxi
mum thickness of any of the target nuClei may be determined well enough using 
the Hofstadter data; b) ILis possible in.the bubble chamber to determine,the fast 
proton (nucleon) (20~500 MeV) intensity or multiplicity distribution in an'y sam
ple of hadron-nucleus collisions. The high, nearly to .1 00 .%, registration efficiency 
ofneutral pions in the ch~mber allows one to selectthe e~ents,without secondary 
pions - additionally. . 

In confronting the data on the thicknesses ofthe intranuClear matter layers at 
any distance from the nuclei center of a nucleus with corresponding intensities of 
the emitted fast nuCleons· in a collision; one is in a position to.conclude about the 
emission of the fast nucleons which the hadron passage through intranuclear mat
ter is· accompanied by. It is mostly obvious for the maximum and avarage thick-
nesses of the target nuclei. • 

Ttle conclusions about the intensity· of the nuCleon emission described by 
formula (1), and about the localized region of the hadron-nucleus collisions are 
obt~i~ed this way, in particular. ' 

· The Particle Generation through ·Intermediate Objects or «Generons». The 
only tool available ul' to riow to realize experiments in which the mechanism of 
the particle producing process would be reveah!d is to apply single massive target 
n~cle~s· as a· fine 'detector [15,16,24,25,26]: The particle producing process has 

been. studied by. means of the 131xe
54

. int~anuclear detector, usirig the sa~ple '~f 
events in which particles (hadrons) were produced and the sample in which the 
hadrons were not produced. · . . 
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.From .such experime~tal investigations, we wer~ in. the position to condud!! 
that: · · · · · · · · · · 

' L '/ri hadrmi-'nudeus ·interactions,' hadrons' ~re produced via some ·lmerme
diate objects (we called them GENERONS) which decay. after having left the pa-

22 . 
rent nucleus (aftermore than about /0- s); . . . 
.. · ·. 2. · Indicati<ms were obtained that particle production in ~ieme~tary hadron
n~cleon collisions, in nucleon-~uc/~on collisions in particular, goes through such 
objects as well. The objects decaj into ~ommonly 'observed resonances and par
tfcles after liftime_ of about 10-2 s; in passing through /ayers of i11tranuclear 
matter, generons behave themselves as ;u-sual hadrons do it. ., . 

. J. The intermediate objects can produce new objects in collisions with.down
stred'm nucleons in intrimuclear matter in Ones turn·, and this ivayan intranuclear 
c~scdde ~/ihe i~ter!riediate objects 'may' develop inside the p~rent:nucleuS: In most · 
cases this cascade is colinear wiih tlie' incident hadron course. • 

The above-described mechanism of the particle prod'uction process allows one 
·to deriv'e·· fornnilas, for frequency distributions Of 'various quantities describing 
yields from hadron'-nucleus collisions in terms· of frequency distributions of cor
responding quantities. describing yields from elementary hadron"nucleon collisions 
[1'6;17 .27 ,28}. These formulas were tested experimentally [28]. 
. . . The outCome from' d collisiim of two massive nuclei is a composition from 

some ~·umliir of statistically Independent ·outcomes in nucleon-nucleus collisions at 
the same energj 6f the incident nucleon 'with the target nUde us,· at all the possible 
impact parameters[l,JB]i with appropriate' statistical Weights.· '' 

<••The·picture•of'the·nucleus"nucleus collision process and the. mechanism of the 
nucleus-nucleus collision processes were discussed in one of our; former works 
[18];· it-has' been concluded that::. .. ... '·''' . . ;,.,, '•,' ; :·· ·<:•> . 
'·· ''In head·on collision of: two identicaL massive enough nuclei,·: at energy high 
enough •- 'over· a· few GeV /nucleon :in· the center of. the.ir mass. :coordiJlate _system, 

·the' nucleons' in ·.one, of the _nuclei, pass through: the second nucleus,, The. passage. is 
the; general. phenomenon;. but it occurs rarely· in its .pure form. On th~ .!:>ackground 

· of it, the particle production occurs often in the nuclei col,lisions,, :The .prod~c:tion 
goes through intermediate .objects"-:-c the ,GENERONS :-:-r. created. first in 2 ~ 2 
nucleon-nucleon endoergic. collision ,reaction, .. In·, the coordinate, system accepted 
here, many generons may become to be at rest, and use. :to de~~y,in,to the U!illaliy 
observed .<.<produced» .hadrons, .. after .. tbe, .lifelj!Jle of. abpt~t .1 o- . _s~. ,In • s~ch ~onfi
guration;·•simple,picture. appears;, :r:wo; be~~ of the. coll,mate~,flllOno~nergetic 
nucleons with en!!rgies .pplctically, as large.as, the .. energi~~ o~,tb~ ,nupleq~s.}ri ~he 
C()llidi~g.nuctei,.in .Gf: V /n1,1cleon, .will .escape from •th.e cql~iS,ion r\!gion i~tp_ oppq
~.ite sides. From the center ofthe collision region many generated hadrons will bf: 
;,• }/'•: 1',/' •,,ft -;,~ ~JI (''''t-~' _4~, :.--;t: H',- !';•:; •' t">; '~' •' 'i' ,'I :'•1 ··.• .' 1 .•o 

ejected through. total 47t solid angle;·'many ~of the ejeCted hadron's ·will' be orga-
. iiized 'into ·colfiinated ·~ptirts of hadrons· ~·jets;· The ·fragments ;of: the· colliding 
nuclei may not appear, both nuclei are totally disintegrated ·into nucleons. It' hap-

·<1-

. \ 

~~ 
V· 
i 
I 

•,: 

., 

;\ 
v . 

pens due to the laws of fast nucleon emission induced by a hadron in its passage 
thi·o~gh layers ofthe intrariuCI~ar matter- any'ofnucleons involved i~ the iriter:. 
.action' with the incid~nt h~dron is emitted from the_ target riudeu's: ·.· . .. ··., · ... 
· · .. · In the .collisions of identical massive nuclei; the head on events 'ciui besimply 
di'sting~ished -· a.s the collisions ~ithout fragments of the coliiding nuclee · .... 

It is not excluded that' collision' e'vents without the 'opposite beams of nu~leoris. 
appear; .• the ejection of. the gen'~rated particles from . the . center of the collisio'~ 
region will be observed' only: .. ·. . . · .. ' ' .:: . ' . . ·.. ; .. ·. . ) , .•... 

The total disintegration of'. ihe. ·target imcleiis' by hadronic or nuClear pro: 
}ectiles. should be treated; in' the . c~ritext. of' the, i~sults abo'Ye. writt~'n .about,. as 
some special case of the nuclei disintegration' process ~ occuring with predictable 
pro6ability'., · · · · ' · ' · • 1 · · · •,. :•. 

2.2. The .. Total . Distnt'egraii~ns. ·.of Nftclei ·• 
by ~asi Hadron$ lmd ,Nuclei, 

! ~ 

. Let us start this section with the model:iridepenc'ient, exp~ri~~~tally ~rigge~t~d 
defi~itio~ ~f. the total'.disi~tegration of D1Jcleiby_ faSt. hadrons and ~u~leL Over
view, of .. various, di1'iniegr~ttion:·eve~ts .. observ~d )ong •. time ago'i~: photographic' 
em:ulsions [.1] and may' be in 'other. track detectors and arrangements 'prompts such 
a definition .. '· . · .·· · ~--.. '. '. · ' .• ·' .... ' · · , '· . '', ': 
..... The,.iotal.di~fntegratio,n ;/~. f~s;, riude_~s. c6llidin{'ivith, ~~,hi:oth~'r; 's,irniicir 

. nuCleus t:e~ting in the)alpy~,ie.m, Js pf:t;p'osed, to be, defin~d, .·as, such in:' which .the 
incide,nt: nl,lclel,l~:;s: ccjmpletely' dispersed :inio, its parent nuc'leons:,a~d the' str:uck 
nucleus is also' shclit'ered. ' · , ,. ~, .. '' · · , . : .. ' ... · · ", · · .. :: ': 

·Such total disintegration'· o,f \he in~ident in~gne~ium · ~ri~letl~ ·,producid''in 
head-on collision with one of bromine nucleus is shown on «Plate 16-14» in the 
.book of Powell, Fowler and Perkf~·s [·i], e:g::· . . 

.. , .. ~h~ tota,I ,qis.i11.teg~a~i<,>,n. ()f_,the · colli,dillg .n,uclei_,m~y•h.appen only. ~n. some 
riudeus~nucleiis' head-on''collisions; ·the hadrori~micleus collisio·~·,does 'not produce 

'the total' disintegration' bf~hy of hea~y. nucl~i. light nucibi' hiay ,be d~sin,!egrated 
totally by a single fast hadron. :, · . · . . . " · · · · · · 
, , . I~depf!;ndently, of ~nyi ~! the ."!~j~r:~nci~·~yst(!p~; .. the tota,l. dislnt~g~ation_ ·. (or 

destruc;tion). qf a .n!Jc,leus inpolli~iO,!': with .a '1!-~flror' W a nucle.us. ,is, propc:sed ·to be 
defined as ·suc;h .iJt. wh~(;h .the nuc;{e~s in a, ~a~ron~l}ucl,eus cpllision or ·nuclei in a 
imcleus~nucleus. collision are totally' dis.rupte4./~tq: the pa,rent n~~[~ons: ; :. '. 
. )· : i ' I , . • • • f • • , . • ~. 1 

• ~ ~ • ; " • ~ ;· • , .- , ,'{ .. • ' .:,. ' 

.3. ,CONcLfisiON AJ:'lD: R~~ARKS :· . ' . 

,_;-
· ... ·•· . 

'1;"·· (.! 
i " ~ ~ 

, ; And. ~o. heavy ,nuclei ,may)>e.totally disinteg~~tf<d\n"6~n:tral:lmpadt. ~it~i'other · 
nucleu·s ·of .similar inass ·.numb~r. only:. light nhclei, fo~ed of a 'rew miCI~pns; may 

. be totally disi~tegrated; in :central irilpact with .a. si~gie hadron -(pion ~r nucleon, or 
' ' ; ; • ' ' • • ' ~ ' ·' ~ • ' ' -·. ~ + • •• t -, ._ ' 
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other __:_ e.g.). This conclusion is based on_ observations of appropriate collision 
events' [1] and -~n the propertie~ ofthe fund~lllental phenomenon - the hadr~n 
passage through layers of intranuclear matter [8~14]. It is worthwhile' to tak'e in 
mind that ~my hadron' in passing. through layers of intranuclear matter interacts 
locallf with the nucleons-at the distances'no longer 'than ,the strong interaction 
rangeis and. causes the emission 'of all the nuCleon's involved- as the_so~called 
·«faSt» nucleons, with kinetic energies from about 20 up to 500 MeV [ 19]. As the 
consequences of such a scenario, one observes two collimated beams of nucleons 
from the colliding nuClei in their mass center systems. In' the head-on collision the 
multiplicity of both of the' observed oppo~ite .beams of nucleons is eq~al. to' COI~
responding mass numbers of the ~olliding riuclei. At any 'collision imp~ct para
meters (the distances between centers of the colliding nuclei) the multiplicities 'of 
nucleons in the opposite beams are correspondingly smaller. Usually, this pure 
picture may be covered by the·, ac'companill1ent' of the beams of produced hadrons, 
as w~ll; this cainuflage should be less'effective at lower energies ·(at no more than 
about a few Ge V /nucleon) of the colliding nuclei. 

It i~ reas'onable to expect, in. th~ light of the abovec.;,;.entioned phenomena that 
the colliding nuclei ~ill interact mostly peripherally, as well - only peripheral 
group~ of nucleons in .them will be involved. in the collision. ,The' main parts of 

'the nucl~i will be not suffi~iently di~turbed to be disrupted, and these nuClear 
fragments emerging from the encounter will appear at the fast stage of the collison 
- lasting about 10-24~10-22 s - with the velocity as such as of the incoming 
riuclei (in their center-of-mass system);. the events of the total disintegration will 
occur consequently withl~ge regularity; with observable frequency, determined 

_ ~y the 11:uclear sizes and collision impact parameters. 
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, · · The rrie~hanis~· 6r the to~ai· di~integratio1 
- nucleiisconsidered;.The'pa~sag~.of energ~tic 
'matter,· accompanied by'emissioJ1' offast nucl 
~~0 tip'to'about'500·MeV.from definite loc• 
. IJroje'Ctile course·s inthen;i; all.ows 'On~ to exp 
destructio-n of;nudei'-invo1ved in' tbe· coli 
disintegratea by fast hadrons a~d n~cJei; hea\ 
only, in--central collisions of nucft!i. with simi! 
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