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§I.INTRODUCTION_. 

. . . 
Great inter.est in the phisi.os of re lat:!. vistio nuoiear. collisions 

' . ' 

in mainly motivated·by hopes.to obtain new st~tes.of nuclear matter in 

,which quarqs and gluons are in the stat~ of deoonfinement. Howewver, in

vestigations on nuclear matter properties in going from hadron matter to 

quarq-gluon plasma are no less import ant for modern · theory as well. In 

particular, are the states of highly excited hadron matter realized un

der transition in terms of· the observed- values and (if we manage to ob-. 

serve) how are these statesrelatedto·oolour degrees of freedom? 

Using the relativistic invariant method of analysis of nucleus

nucleus and hadron-nucleus rea~t'i~ns over an energy interval of 4-40' 

· GeV, we have observid the existence of two types of nucleon clusters 

characterized by diffe_rent values of temperature: type I with,< T1.> 

60-70 MeV and type ll with:~T2) = 120-130 MeV. It has also been shown 

that.clusters of type I have universa~ properties depending on neither 

the type of reaction in which· they are produced nor collision energy 

from 4 to 40 GeV/o. Su.oh properties of nucleon clusters characterize . ' / 

fundamental features of hadron matter,· and' the ob.servation of nucleon 

clusters can be assooiat'ed with. the exisiience of highly· exoi ted nuclear. 

matter. 

Assuming that nucleon clusters are decay products of some quasi

stationary states produced in relativistic nuclear collisions, the life

time of· exoi ted nuclear matter can· be e;·timated; 

This paper presents the results of studying nuole~r{ ~lusters a~ 

resonance states with the measurement of their widths and hence thefr 

lifetimes. Preminary results' have published 'elsewe~e\/2/ 

§ 2. EXPERIIIEHT AND METHOD OF ANALYSIS 

Experimental data are obtained using the 2m propane bubble chamber. 

exposed to the beams of p, d, He and C particles with P = 4.2 AGeV/o 

at the Synohrophasotron at the Laboratory of·High Energies, JINR. The 



methods of experiment and film information analysis· are .described in 

detail in papers. /3-5/ •. The_ total statistics ·of interactions on propane 

is given in Table I. The separation criteria of p, d, He and C collisi

ons with carbon nuclei from the events on propane a~e described. in paper151 . 

. Table I 

STATISTICS OF EVENTS 

Type of interaction·· Number of-events 

P (C3Ha) 

d (C3H8) 

He(C3H8) 

C (C3H8) 

8884 

II37I 

9039 

14635 

The.· 7££iciency of .~eparation of. collisions with carbon was _no less 

than 96%. 

Some peculiariti~s, of secondary, particle identifica'.tion in __ the pro

pane .. chamber .. should be noted. The chamber. was located in the magnetic . . . 

field, and so negative particles were identified by the curvature of 

their. tracks. The lower limit of proton. registratio,n, in the chamber, 

was P = 150, MeV /c. Protons could be dist1;inguished from Ji+ mesons, up 

to P = 900 MeV/c cy path and ionizii:tion. Positive s~nglec_harged particles 

with momentum more than this value were. classified _as protons'. The 

maximum mixture of Ji+-mesons among positive particles in P,. d, He and 

C collisions with carbon _nucl_ei not exceed, 12%. 

Proton clusters were separated by the Lorentz invariant method in 

4-velocity space. 

,, Main var.:iables are dimensionless relativistic - invariant• 
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Here P1 and Pk are· four - momenta; mi and mk the masses of the 

considered particles. 

To separate clusters in the events with proton multiplicity 

np 1' 4, the quantity A2 was minimized/I/: 

,4~ = minGf r~ -u:t-1,= rv,-utY]. (,) 
were Vo(. and ~ are the. centre of clusters 0\ '_}. They are unit 

4-dimensional vectors. 

\'' ot(j>)/1 / ~ 
¼r_,) = 1r' ui,. I V_ (J;. utU3)) 

(j.. oJ../ . f,·r:,f,J . 

(3) 

u" = pi( I m J(. ) u i . = I i I fY) i, ' 
are 4-velocities of secondary protons relative to the centre of clus-

ters d,. andj3 , respectively. Spectator (Plab~ 250 MeV/c) and strip-
/1 0 ' 

ping (Plab > 3,0 GeV/c and c,lab ~ 4.) protons were excluded from the 

analysis. 

All possible permutations of npprotons into two groups were con-

cidered in order to separate out two clusters. 

Two clusters or one cluster and a positively charged particle were 

assumed to be produced in the event if .the di.stance b'etween separated 

groups of protons in the four-velocity space satisfied the condition 

. . ( i 41 == - . vol - ~) :; ! (4) 

If.sthis condition.is fulfilled the event is treatad as.undivided. 

The. fraction of undivided events is 32% in pC collisions and decreases 

up to 14% with increasing projectile mass in CC collisions. 

Further, as in·previous papers, clusters produced in the target 

fragmentation region, i.e. the carbon nucleus, have been studied because 
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positively charged particles are identified better in this region. The 

separation or clusters by .variables JCrc: and Xnc; is discribed in de

tail in :,:apers /I,B/. Un~e~ this condition (4"): 8% of protons fall 

within ·the overlap region or two _clusters in 4-,velocity _space. 

Table 2 gives the number or separated clusters.with 

pC, dC, HeC and CC collisions. 

Table 2 

Number of clusters with proton multiplicity 

n =·2i6 in p, d, He' and CC collisions 
p 

n }I 

2 2090 

3 I8IJ 

4 1020 

5 549 
' ~l 

6 253 

np 

'§ J. AHALISIS OF EFFECTIVE MASS SPECTRA OF NUCLEON CLUSTERS 

2+6 in 

1t· has been shown12( that the fa.rgest contribution. to the produc

tion or clusters with T1 .= 60+70 MeV. is made by clusters with.small 

proton multiplicity . np = 2;3. 

Figures I and 2' show the effective mass spectra or clusters with 

a step or IO MeV and 25 MeV for this multiplicity, .,respect! vely. As 

seen from the figures, maxima pointing to the possibility or production 
,. ' 

or nucleon-resonance states are observed.for.some values of· masses. 
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To analyse the obtained spectra, the resolution function has been 

defined over.different mass M
01 

.intervals. This was realized as follows: 

for each couple (or three) tracks of particles from the cluster two or 

three random numbers~. distributed according to the normal law were 

simulated by the Monte Carlo method. These numbers were then. multiplied 

by the vaheof experimenta~ errors in measuring particle.momenta~ P1 • 
I -

Later on the cluster mass Mel was determined taking into account new 

i;artiele momenta Pi_+ Ki~Pi. The{Mcl - M:1)distribution .was obtained 

for diffrent M
01 

intervals. Such a procedure was repeated more than once 

for each combination or particle tracks in the cluster •. The errors in 

measuring the emission angles or particles in our experiment are negli,

giblysmllin comparison with the momentum ones, and so they were not 

taken into account. 

• I 
The obtained O\:i--Mc1) distributions in different M01 intervals _are 

satisfactorily described by the Gaussian function. 

Dispersions b or these distributions were derived by approxima-
. . 

tion with the Gaussian function. The 6 dependenee_s on the clusters 

mass Mel withnp = 2_and 3 are shown .. in figs 3 and 4. The _errors :in de-. 

termining M
01 

are small and equal to 2.5+ 4 MeV within the first two 

mass M l intervals at the phase space boundary at n = 2 and J. 
C . p 
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A small error is due to that all proton momenta in this region deter

mined by path with a precision of 2+3%. Further the value ofOrises 

linearly with increasing the cluster mass. At 

dence can be.described by the function: 

6<nP = 2) - 0.245 + O.I3I•Mcl 

at np= 3 

Gcnp =3) - 0.366 + O.I27•Mcl 

n p = 2 the depen-

(5) 

(6) 

'4>! 
'0 I I I 

i; 
Q.(115 

''" 
C,025 "A 

; ,, 

\87 01 ' z,o, 2f1 2%7 

" '" ~, 3,tt ~6 
M1<,.,r3B M ... r,s· 

Fig •. 3 Fig. 4 

The obtained dependences have been _used to d~t'erinine the masses and 

widths of presumable nucleon resonances .. For this the experimental 

dN/dMci spectra were approximated by. an analitical expression contai

ning the sum of the B.W. functions corresponding to 3 resonance states 

and.a background term 

..1.. 
F(M) = ~ 

1=1 

o{i B.W. 1 (M) + J•Ph (M) (7) 

Here and are the coefficients defining the cont;ibutions 

of the B.W. ·functions and the background term. When analysing .the 

spect;a·of clu~ter mass~s, we have to take into account the distortion 

of the B.W. functions because o·f cha~ging the experimental mass errors. 

So the B.W. functions are given as follows 

.. 6 

;_;·:1·· 

,. 
·i,v 

t 
I 

'·•~ ...... , 
tr 
'tl 

I. 

. . . -~ . 

u (. ) I J 8. ,., ·(. ·) l -. · [ . {M - m) ] , <8) • 
B.w,i M ==m . . W,i m o(m) f/X.p - 26'l{m). Cl/11 . 

hpmf . 
The 6°(m) dependence is taken according to formulae (5) and (6). 

The B.W. (m) functions are written as 

' ( • . )· 2., r"l '2 /;, M; -#1 f // /'1 
B. vii Cm)~ 

f (9) 

Intergration in formula(8)\,,es performed o../er ·the whole mass interval 

observed in .the· experiment.· The 1nte7gral ·value of. the ,B._W. 1:-

functio.ns smeare·d: by the resolution function was, normalized; to unity •. 

Two ,variants have been.considered as a backgroun,d_'term._·· 

I. Background term was taken as a linear combination of Legendre 

orthogonal poiin~~ials_ of the 4th degree 

<Ph+{ = Clo P0 ·+q1~ + tan A, (IO) 

The coefficients an were derived approximating'the dN/dMcl experi

mental spectra by function (IO). 

2. The effective mass distributions obtained in pC, dC, 4HeC and· 

I 2cc collisions simulated by the cascade model were regarded as back

ground ones /9,IO/. T_hese distributions were obtained. with the aid of 

the ,algorithm used for the analysis of experimental data. 

Simulated e·v~nts of diff ere~t typ_es were summed. up in the same _pro

portions as. in the·experiment. 

In both cases background and experimental· ·distributions were pre

.v:iously normalized to the same square. Then the value of the coeffici:.. 

ent J was derived approximating by formula (8). 

The results of approximation of the experimental spectra by _the 

function (8) are shown in figs. _2 and 3 _by t,iie solid lines •. The contri

butio_n of background distrib-ii.tion is denoted by the dashed lines.· 
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. Tables 3 and 4 give bo_th the values of masses Mi, widths f7 i' and also 

coefficie~ts.determing the contribution of background distributions. 

i 

I 

2 

3 

Table 3 

The values of masses Mi .and widths fi of proton resonances 

with multiplicity np = 2 

M1_,_ GeV r1 , GeV [!.2/n Mi,GeV . I ri' GeV l.;c2ln 

I 

2 

3 

Baclrground is taken as 
the mm of Jeg-endre 
poJ:lnaroaJs <j3= 0.66) 

I. 919!9.003 0 .023!_-0. 012 ' 

I.967;t().004 0.0IO;t().015 

2. 014:!9. 042 0.I58!P.004 

l.O'j 

Background is taken as 
"cluster'' mass distribu
tions in events sillula-
ted by the cascade -~ V - V• -•• 

~ 

I. 920;!_0 .002 0.022:!_0.0II 

I. 966!_().004 0.OIO;t().014 

2-~-007 0 .195_:!9. 023 

Table 4 

The values of msses Hi and widths r i of proton 

resonances with IIDltiplicity Ylp= 3 

I.04 

i l>!i, GeV f'i, GeV X, 2/n I-Ii, GeV fi, GeV ;t}ln · 

Background is taken as 
the SWJ of Jegendre 
po}incmials <j= o.46) 

.. 
2.935;!:_().0II 0.07I;t().020 

3-007:t<>-005 0.0I6!_{).0I5 

3. 125;!:_(). 029 0.249.!:!).045 
.. 

0.94 

8 

Background is taken as 
"cluster" mss distribu
tions in events sinulated 
by the cascade ioodel 
<j = 0.27) 

.. 
2. 933±.0. 007 0.09Ij9.0I8 

3-006!_0-005 0.022;t().OI8 

3.I22jp.OI2 0 .225;!:_(). 032 

. 

•-

0.86 

As seen from the tables, in two -·and three - proton clusters the 

first- two states with M1 and M2 are characterized_ by,widths from a few 

MeV to a few tens MeV, i.e. they_ are rather•narrow. The _masses Mi at np 

= 2 concide within the experimental errors with the masses of narrow 

dibaryon resonances ob~erved in paper /II/ as well as in ·a number other 

works. 

The states with masses M3 are characterized by widths of 100+200 

MeV. However, the mass resolution does not allow one to register reso-

nance states with widths of tens MeV in the region of large·M
01

• 

That is why the observed states with masses M
3 

can be realy·the 

superposition of such states, and this lead to increasing the measured 

width f'\. 
We failed to find a resonance structure ·in effective mass distribu-

tions of clusters with multiplicity n 7 4 using the available statisti-- p 
cal data. 

§ 4. ANGULAR DISTRIBUTIONS OF PROTONS PRODUCED 

IN·RESONAl'fCE DECAY 

The angular distributions of protons in the rest franie·of clusters 

produced in the mass region close to resonance values have been studied 

in order to have a notion about spin states of presumable;resonances.The 

folli_wing l?as_s regions were_ chosen: at rlp ':' 2: M
01 

~ M
1 

.± I2 MeV and 

M01 = M2 ± IO MeV; atnp 7 3: M01 = M1 ± 50 MeV an~_Mcl = M
2 

± 30 MeV._ 

Figures 5 and 6 show the proton I cos[} I distribution·s .in the clu-.. '. . s - . . • .. - . 

ster. rest· frame, ·were 0, is the emission angle of protons relative to 
- s . ' .. 

the momentum direction of the clusti:r in the lab'. system. Similar ,distri-

butio~s are presented.for comparison in the region.of large masses were. 

_no resonance structures are observed within the e~perimental errors. ,As 

seen from the figures, the angular distributions of protons in the clus

ter. rest frame differ from .the isotropic ones except "!=he mass regio~ 
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near_:M1 = 2.935 GeV. This -shows that presumable nucleon resonances could 

have a spin different from zero. However; our statictics should be in

creased significantly on order. determine .spin states of nucleon ·reso

nances •. --
§ 5. CONCLUSION~ 

The study of the nucleon cluster properties with T1 = 60+70 MeV, 

produced in hadron-nucleus and nucleus-nucleus collisions at T = 4:2 A 

GeV allows the following main conclusions to be drawn. 

I. Previously discovered universal_ properties of nucleon clusters, 

Le. thei
0

r independence of the type of reaction and projectile energy· 

indicate that-the process of nucleon cluster production is closely rela

ted to'the degree of excited nuclear matter in relativistic nuclear c~l-
,.- ' . 

lisions., 

2; The analysis of the effective mass spectra of nucleon clusters 

with flp = 2;3 allows one.to assume that they are a decay products of 

10 

• 
nucleon resonance states with widths from a few MeV up to_ a few tens 

· · ,..- J- -22 · l-leV which corresponds to the lifetime of such states "t = 17 / r ~ I0 sec. 

3. The angular distribution character_ of protons _in the cluster 

rest frame relative to the direction of, cluster momentum in the lab. 

system sho_ws that presumable resonance states could have spins different· 

from zero. 

4. A sizeable increase of s~atisti~s is reguired for completion of 

this analysis. 

In conclusion the authors are grateful to N.Angelov, Yu.A.Troyan 

and V. N. Pechenov for theirs help in calculations· and useful· disc1.issions. 
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