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In this paper we present the experimental results on inclusive processes 

B+A---+c+ ... , 

where B denotes primary beams of protons, a--particles and carbon nuclei with 
momenta of 4.5-A GeV /c. In the first round of the measurements a target nucleus 
atomic weight dependence (A-dependence) of the cross-sections was studied on the 
following targets: A: D, He, 6Li, 6 Li, C, Al, Si, Cu, 58Ni, 64Ni, 64Zn, 114Sn, 124Sn, 
Pb. The list -of secondary particles includes 71"+, 71"-, K-+, protons (p ), deuterons (d) 
produced at an angle t9 = 120° with a momentum of 0.5 GeV jc. 

The second round of the measurements was carried out in a 8.9 GeV fc proton 
beam on the production of 71"+, 71"-, p, din over a range of 0.3 - 0.7 GeV /c. Besides, 
A-dependence of the production of 7r+, 71"-, K+, K-, p, d was studied for the frag
mentation of 58Ni, 64Ni, 64Zn, 114Sn, 124Sn, Pb. The production angle and momentum 
were fixed to be 120°,0.5 GeV /c. 

The measurements were taken on the DISK spectrometer[!, 2], in an extracted 
beam of the Dubna Synchrophasotron. The spectrometer consists of a bending dipole 
magnet and a doublet of quadrupole lenses. Secondary particles are identified by a 
scintillation time-of-flight system with a resolution of ± 260 ps. Ionization losses 
in the scintillation detectors and the intensity of Cherenkov radiation in two plastic 
radiators provide additional selection criteria. The absolute calibration of an intensity 
monitoring telescope is carried out by the activation method based on a reaction 12C(p,pnY1C. The systematic error of the method is 10- 15%. A detailed description 
of the spectrometer and the cross-section calculation procedure can be found in papers [1, 2]. 

The results on the differential cross-sections are in tables 1 - 11. Tables 1 - 4 
show the data on d, p, 7r+, 71"-. Table 5 contains the data on K+ -mesons. This data 
set corresponds to a primary beam momentum of 4.5·A GeV jc. 

The data on the A-dependence of the of K+ and K- production cross-sections by 
8.9 GeV jc protons are presented in table 6. The energy an"d A-dependence can be 
derived from tables 7- 11. 

The invariant differential cross-sections normalized per nucleon are presented in 
the following form: 

The errors are just statistical ones, and the systematic errors produced by the 
correction factors are estimated at a level of ~ 2%. 

The parametrization of cumulative particle production usually has an exponential 
expression: 

Ed" T - ~ = BTexp(--) A dp To (1) 

Ed" X - ~ = Bxexp(--) A dp Xo (2) 
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E da a 
- ~ = Baexp(--) 
A dp ao 

(3) 

In expression (1) T is the secondary particle kinetic energy, To the spectrum 
slope parameter (effective temperature). Formula (2) describes the data vs the scale 
variable with mass effect corrections (cumulative number) [3]: 

X= (P,P,) + M 1M 1 + (M{- M{)/2 
(P,Pn)- (P1Pn)- M,Mn- M 2Mn 

where P1 and Pn are the 4-momenta per nucleon of fragmenting and target nu
clei1 respectively; P 1) the 4-momentum of a measured particlej Mr, Mn, M1, the 
corresponding masses (1\lf] =Pi); ,_\12 , an additonal mass of particles needed to obey 
the quantum number conservation laws. 

In the third parametrization (3) a is a light cone variable defined by the expres
SlOn: 

E- Pcos'!9 ();' =-

E, P, {) are the energy, momentum and production angle of a particle, Mn - the 
nucleon mass. 

The data on the energy dependence were fitted in accordance with these parametriza
tions 1- 3 (tables 12- 29). The physical analysis and our conclusions can be found 
in ref. [4, 5]. 

In conclusion we wish to thank N.S. Moroz, O.Yu. Kulpina, G.S. Averichev, 
Yu.A. Panebratsev, V.G. Perevozchikov for their contribution to this experiment. 

Table 1: p (4 .. 5 GeV/c) +A,~= 120', p = 0.5 GeV /c 

A d p ~+ (x10-1 ) ,.- (x1o-') 

6Li .212 ± .004 1.47±.03 .58± .012 .48 ± .01 

c .67 ± .02 3.02 ± .06 .65 ± .013 .66 ± .013 

Si 1.25 ± .03 4.63 ± .09 .85 ± .017 .73 ± .014 

ssNi 2.04 ± .04 '6.23±.13 .85 ± .017 .70 ± .014 

64Ni 2.10 ± .04 5.68 ± .11 .76± .015 .78 ± .016 

64Zn 2.08 ± .04 6.02 ± .12 .79 ± .016 .70 ± .014 

u>~sn 2.39 ± .05 6.37 ± .13 .69 ± .014 .65 ± .013 

l24Sn 2.39 ± .05 5.66 ± .11 .62 ± .012 .70 ± .014 

Pb 3.18 ± .06 6.43 ± .12 .57± .011 .59± .012 
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Table 2: d (4.5·A GeV/c) +A,~= 120', p = 0.5 GeV/c 

A d p ~+ (x10-') ~- (x1o-') 

D .42 ± .012 .228 ± .006 .241 ± .006 
4He .334 ± .009 2.26 ± .07 .890 ± .018 .93± .02 
6 Li .344 ± .007 2.24 ± .05 .848 ± .017 .76 ± .04 
c 1.12 ± .02 4.97 ±.I 1.21 ± .02 1.08 ± .12 
Si 2.05 ± .04 6.99 ± .14 1.29 ± .03 1.28 ± .12 

"
8Ni 3.74± .07 9.8±.2 1.27 ± .03 1.17 ± .04 

64Ni 3.73 ± .12 8.87 ± .3 1.16 ± .02 1.31 ± .03 
64Zn 3.92 ± .08 9.9 ± .2 1.24 ± .02 1.15 ± .03 
114Sn 4.72± .09 10.5 ± .2 1.08 ± .02 1.10 ± .02 
l24Sn 4.90 ± .09 9.67 ± .19 .98 ± .02 1.13 ± .05 
Pb 6.32 ± .13 11.0 ± .2 .94 ± .03 .95 ± .02 

Table 3: a (4.5·A GeV/c) +A,~= 120', p = 0.5 GeV/c 

A d p ~+(xro- 1 ) ~- (xro-') 
6Li .302 ± .016 2.16 ± .05 .783 ± .029 .746± .041 
c 1.17±.02 6.08 ± .12 1.63 ± .04 
Si 2.13 ± .06 7.24±.14 1.30 ± .06 1.13 ± .07 

saNi 3.65 ± .07 10.2 ± .2 1.41 ± .05 1.05 ± .08 
64Ni 3.95 ± .08 9.6 ± .2 1.41 ± .05 1.33 ± .10 
64Zn 3.98 ± .08 10.6 ± .2 !.54± .05 1.26 ± .07 
114Sn 5.62 ± .11 11.6 ± .2 1.32 ± .04 1.22 ± .05 
124Sn 5.51 ± .11 10.6 ± .2 1.23 ± .05 1.28 ± .05 
Pb 7.6± .3 12.9 ± .3 1.17 ± .02 1.11 ± .03 
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Table 4: C (4.5·A GeV/c) +A,~= 120', p = 0.5 GeV/c 

A d p ,.+ (x10-1 ) K+ (x1o-1 ) 

6Li .66 ± .02 4.77± .09 1.84 ± .05 .104 ± .061 

7Li .81 ± .06 4.97 ± .09 2.20 ± .11 .28 ± .13 

c 1.81 ± .04 10.21 ± .42 3.18 ± .04 .15 ± .04 

Al 3.42 ± .08 14.08 ± .28 3.45 ± .06 .16 ± .034 

Cu 7.84 ± .14 22.3 ± 1.0 3.89 ± .06 .35 ± .05 

114Sn 10.6 ± .3 25.22 ± .35 3.4± .2 .29 ± .17 

124Sn 10.6 ± .24 24.6 ± .5 3.43 ± .07 .52±.08 

Pb 11.9 ± .5 25.91 ± .35 3.17±.12 .39 ± .04 

Table 5: B (4.5·A GeVfc) +A~ K+ + ... , ~ = 120', p = 0.5 GeV/c 

A B 

p (x1o-') d (x1o-') "(x10-3
) C (xl0-2 ) 

D .16 ± .08 

'He .91 ± .22 

6 Li .53± .19 1.0 ± .3 2.0 ± 1.3 1.0 ± .6 

7 Li 2.8 ± 1.3 

c .70 ± .22 2.2±.3 3.0 ±.9 1.5±.4 

Al 
, 

1.6 ± .3 

Si 3.0±.5 4.3± .7 3.9 ± 2.0 

ssNi 2.7±.7 7.4 ± 1.0 3.2 ± 1.9 

64Ni 2.0±.9 7.2 ± 1.2 8.0 ± 3.7 

Zn 3.0 ± .5 6.5± .9 9.9 ± 3.0 

Cu 3.5± .5 

114Sn 3.0±.5 6.9 ± 1.0 11± 3 2.9±1.7 

119Sn 5.2± .8 

124Sn 3.7 ± .8 8.2± .9 13 ± 6 

Pb 2.6 ± .8 12±4 12±2 3.9± .4 
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Table 6: p (8.9 GeV /c) +A,~= 120o , p = 0.5 GeV /c 

A K+ ( x 10-2 ) K- (x1o-') 

ssNi 1.22 ± .05 2.9±.7 
64Ni 1.19 ± .05 3.6 ± 1.0 

"'Zn 1.32 ± .03 3.2±.7 
114Sn 1.59 ± .05 3.9 ± .4 
124Sn 1.48 ± .06 3.0 ± .5 

Pb 1.25 ± .18 

Table 7: p (8.9 GeV /c) +A,~= 120° , p = 0.3 GeV /c 

A p ,.+ ,. -
ssNi 61.0 ± 1.2 1.43 ± .06 1.05 ± .02 
64 Ni 57.6 ± 1.2 1.30 ± .04 1.10 ± .02 
64 Zn 59.7±1.2 1.49 ± .03 1.09 ± .02 
114Sn 69.3 ± 1.4 1.38 ± .03 .985 ± .020 
124Sn 57.3 ± 1.2 1.22 ± .02 .971 ± .020 

Pb 77.3 ± 1.5 1.20 ± .04 .907 ± .019 

Table 8: p (8.9 GeV/c) +A,~= 120°, p = 0.4 GeV/c 

A p ,.+ (x1o-') ,.- (x1o-') 

58Ni 18.8 ± .4 4.30 ± .10 3.03 ± .07 
64Ni 17.1±.3 3.81 ± .12 3.27 ± .07 
64 Zn 19.3 ± .4 4.30 ± .10 3.24± .06 
114Sn 22.2± .4 3.75 ± .09 3.06 ± .06 
124Sn 18.9 ± .4 3.44 ± .08 2.91 ± .06 

Pb 25.0± .6 3.35 ± .07 2.90 ± .06 
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Table 9: p (8.9 GeV (c) +A , ~ = 120' , p = 0.5 GeV /c 

A d p ~+ (x10-1 ) ~- (x10-1 ) 

ssNi 2.33 ± .05 5.39 ± .11 1.11 ± .03 .91 ± .03 

64Ni 2.41 ± .05 5.12 ± .10 1.00 ± .02 .99 ± .03 

64Zn 2.36 ± .05 5.88 ± .12 1.16 ± .03 .91 ± .05 

114Sn 3.46 ± .07 6.82 ± .14 .98 ± .02 .93 ± .02 

124Sn 3.13 ± .06 6.03 ± .12 .88 ± .02 .97 ± .02 

Pb 4.50 ± .09 7.22 ± .14 .88 ± .03 .93 ± .02 

Table 10: p (8.9 GeV /c) +A , ~ = 120' , p = 0.6 GeV fc 

A d p I~+ (x10- 2 ) ~- (x1o-') 

ssNi .82 ± .02 1.73 ± .04 3.00 ± .07 2.41 ± .06 

64Ni .84 ± .02 1.60 ± .03 2.75± .06 

64Zn .86 ± .02 1.78 ± .04 2.95 ± .07 2.61 ± .07 

114Sn 1.24 ± .03 2.05 ± .04 2.84 ± .12 2.51 ± .06 

124Sn 1.15 ± :03 1.82 ± .05 2.50 ± .06 2.57 ± .06 

Pb 1.69 ± .04 2.25 ± .05 2.66 ± .08 2.60 ± .06 

Table 11: p (8.9 GeV/c) +A,~= 120', p = 0.7 GeV(c 

A d (x1o-•·) p(x1o-•) ~+ (x1o-') ~- ( x1o-') 

ssNi 2.85 ± .06 4.97 ± .11 7.30 ± .30 5.95 ± .24 

64Ni 2.87 ± .06 4.68 ± .09 6.34 ± .21 ·6.58 ± .25 

64zn 6.36 ± .25 

114Sn 4.53 ± .11 6.22 ± .12 6.92 ± .25 6.20 ± .20 

121Sn 4.07 ± .08 5.44± .11 5.94 ± .16 6.40 ± .20 

Pb 5.90 ± .15 6.60 ± .10 6.30 ± .20 6.56 ± .21 
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Approximation parameters of kinetic energy dependence for protons 
(form. 1) 

Table 12: p, 0.3- 0.5 GeV /c 

A T0 (MeV) BT x'/d.f. 
ssNi 32.3 ± 0.4 252±8 13 
64Ni 32.5 ± 0.4 231 ± 8 30 
61zn 33.8 ± 0.4 231 ± 8 14 
114Sn 33.8 ± 0.4 267 ± 9 18 
rz4Sn 34.9 ± 0.4 211 ± 7 17 
Pb 33.0 ± 0.4 313 ± 10 6 

Table 13: p, 0.5- 0.7 GeV/c 

A T 0 (MeV) BT x'fd.f. 
58Ni 45.0 ± 0.6 86±4 1.0 
64Ni 44.9 ± 0.5 81 ±4 2.4 f--
64 Zn 42.3 ± 1.0 113 ± !0 1.0 
114Sn 45.0 ± 0.5 107 ± 5 10 
124Sn 44.7 ± 0.5 97± 5 5 

Pb 44.9 ± 0.5 115±5 2.4 
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Approximation parameters of cumulative number dependence for 
protons (form. 2) 

Table 14: p, 0.3- 0.5 GeV /c 

A Xo Bx x'/d.f. 

S8Ni 0.093 ± 0.001 781 ± 36 1.4 

64Ni 0.094 ± 0.001 718 ± 33 8 

64 Zn 0.098 ± 0.001 681 ± 31 2 

114Sn 0.098 ± 0.001 788 ± 36 3 

124Sn 0.101 ± 0.001 605 ± 28 3 

Pb 0.096 ± 0.001 941 ± 43 10 

Table 15: p, 0.5- 0.7 GeV /c 

A Xo Bx x'/d.f. 

58Ni 0.115 ± 0.001 313 ± 21 1.0 

64Ni 0.114 ± 0.001 300 ± 19 1.0 

64 Zn 0.110 ± 0.003 408 ±50 1.0 

II4Sn 0.114 ± 0.001 394 ± 25 4.6 

124Sn 0.114 ± 0.001 359 ± 23 2.0 

Pb 0.114 ± 0.001 422 ±27 1.0 
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Approximation parameters of light cone variable dependence for protons 
(form. 3) 

Table 16' p, 0.3- 0.5 GeV /c 

A "' Ba x' /d.f. 

ssNi 0.078 ± 0.001 872 ± 41 1.0 
64 Ni 0.078 ± 0.001 802 ± 38 6.0 
64 Zn 0.082 ± 0.001 756 ± 35 1.0 

114Sn 0.082 ± 0.001 875 ± 41 2.0 

124Sn 0.084 ± 0.001 671 ± 32 2.0 

Pb 0.080 ± 0.001 1047 ± 49 1.0 

Table 17' p, 0.5-0.7 GeV/c 

A "o Ba x' /d.f. 

ssNi 0.093 ± 0.001 398 ± 28 1.0 
64 Ni 0.092 ± 0.001 381 ± 25 1.0 
64 Zn 0.090 ± 0.002 501 ±64 1.0 

114Sn 0.092 ± 0.001 502 ± 34 3.0 

124Sn 0.092 ± 0.001 457 ± 30 1.0 

Pb 0.092 ± 0.001 537 ± 35 1.0 
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Approximation parameters of kinetic energy dependence for n±-mesons 
(form. 1) 

Table 18: ~+, 0.3- 0.7 GeV (c 

A To (MeV) Br x'/d.f. 
ssNi 72.4 ± 0.6 21.0 ± 0.1 1.6 
64Ni 72.5 ± 0.5 18.8 ± 0.8 3.6 
64Zn 72.8 ± 0.5 21.0 ± 0.7 1.1 
114Sn 72.4 ± 0.5 19.0 ± 0.6 1.8 
l24Sn 72.3 ± 0.4 17.3 ± 0.5 2.7 

Pb 73.6 ± 0.5 16.0 ± 0.6 3.0 

Table 19: rr-, 0.3-0.5 GeV/c 

A T0 (MeV) Br x'/d.f. 
ssNi 76.5 ± 1.0 12.7± 0.7 1.6 
64 Ni 78.0 ± 1.0 12.8 ± 0.6 1.0 
64 Zn 75.8 ± 1.0 13.7 ± 0.7 1.0 
114Sn 79.6 ± 1.0 11.0 ± 0.5 2.4 
124Sn 86.6 ± 2.0 7.8±0.7 1.0 

Pb 82.7 ± 1.0 9.1 ± 0.4 1.0 

Table 20: ~-, 0.5-0.7 GeV/c 

A To (MeV) Br x'/d.f. 
ssNi 7!.5 ± 1.0 19.0 ± 2.0 1.0 
64Ni 7!.8 ± 1.3 19.0 ± 2.0 1.2 
64 Zn 74.0 ± 1.3 16.0 ± 1.7 4.7 
IHSn 72.4 ± 1.0 18.0 ± 1.5 1.7 
124Sn 71.8 ± 1.0 19.0 ± 1.6 1.0 

Pb 73.8 ± !.0 16.0 ± 1.4 2.3 
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Approximation parameters of cumulative number dependence for 
1r±-mesons (form. 2) 

Table 21: ~+, 0.3-0.7 GeV/c 

A Xo Bx x' fd.f. 

ssNi 0.149 ± 0.001 78 ± 4 1.0 

e"Ni 0.150 ± 0.001 69 ± 3 1.8 

64Zn 0.149 ± 0.001 82±4 1.0 

114Sn 0.149 ± 0.001 73 ± 3 4.8 

r24Sn 0.149 ± 0.001 65 ± 2 3.2 

Pb 0.152 ± 0.001 57± 3 3.3 

Table 22: ,.-, 0.3- 0.5 GeV /c 

A Xo Bx x' /d.f. 

ssNi 0.155 ± 0.002 48±4 2.5 
64Ni 0.157 ± 0.002 48 ± 3 1.7 

64Zn 0.153 ± 0.002 53± 4 1.5 

J14Sn 0.161 ± 0.002 39 ± 2 1.0 

124Sn 0.176 ± 0.002 24 ± 3 1.0 

Pb 0.167 ± 0.002 31 ±2 1.1 

Table 23: ~-. 0.5- 0.7 GeV/c 

A Xo Bx x' /d.f. 

ssNi 0.150 ± 0.003 60 ±9 1.0 

64Ni 0.151 ± 0.003 62 ± 8 1.0 
61 Zn 0.155 ± 0.002 50± 6 3.0 

114Sn 0.152 ± 0.002 57± 6 1.0 

124Sn 0.151 ± 0.002 62±6 1.0 

Pb 0.155 ± 0.002 50±5 1.0 
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Approximation parameters of light cone variable dependence for 
1r±-mesons (form. 3) 

Table 24o ,-+, 0.3- 0.7 GeV/c 

A "o Bo x' /d.f. 

S8Ni 0.117 ± 0.001 121 ± 7 2.0 

64Ni 0.118 ± 0.001 106±6 4.0 
64Zn 0.118 ± 0.001 115 ± 5 1.8 

114Sn 0.117 ± 0.001 107 ± 5 1.4 

114Sn 0.117 ± 0.001 97±4 3.0 

Pb 0.119 ± 0.001 88 ± 4 3.1 

Table 25o ,--, 0.3 - 0.5 GeV jc 

A "o Bo x' /d.f. 

ssNi 0.125 ± 0.002 63 ± 5 !.1 

64Ni 0.127 ± 0.002 62±4 1.0 
64 Zn 0.124 ± 0.002 69±5 1.0 

114Sn 0.130 ± 0.001 51 ±3 1.0 

t24Sn 0.140 ± 0.003 33 ± 4 1.0 

Pb 0.135 ± 0.002 40 ±3 1.0 

Table 26o ,--, 0.5- 0.7 GeV/c 

A "o Bo x' /d.f. 

S8Ni 0.115 ± 0.002 112±1 1.0 

64Ni 0.116 ± 0.002 117±1 1.0 

64Zn 0.119 ± 0.002 90 ± 1 4.9 

114Sn 0.117 ± 0.002 104 ± 1 1.9 

I24Sn 0.116 ± 0.001 115±1 1.0 

Pb 0.119 ± 0.002 91 ± 1 2.5 
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Cross-section approximation parameters for deuterons (1 - 3) 

Table27o d, 0,5-0,7 GeV/c 

A To (MeV) BT x' fdJ, 

ssNi 29.0 ± 0.4 22.0 ± 1 7.0 

64Ni 28.6 ± 0.4 23.0 ± 1 6.0 

s4zn 27.9 ± 0.9 25.0 ± 2 1.0 

114Sn 29.8 ± 0.5 30.0 ± 1 9.0 

124Sn 29.9 ± 0.4 28.0 ± 1 4.0 

Pb 29.9 ± 0.5 40.0 ± 2 2.0 

Table28o d, 0.5-0.7 GeV/c 

A Xo Bx x' /dJ. 

ssNi 0.101 ± 0.001 111±8 1.0 

64_Ni 0.100 ± 0.001 121 ± 8 1.0 

64Zn 0.101 ± 0.003 113±1 1.5 

114Sn 0.104 ± 0.002 146 ± 1 3.0 

124Sn 0.104 ± 0.001 134± 9 1.0 

Pb 0.104 ± 0.002 191 ± 1 1.0 

Table 29o d, 0.5- 0.7 GeV/c 

A "o Ba x' /d.£. 

ssNi 0.081 ± 0.001 139 ± 1 1.0 

64Ni 0.080 ± 0.001 151 ± 1 1.0 

64 Zn 0.082 ± 0.003 135 ± 1 1.0 

114Sn 0.084 ± 0.001 181 ± 1 2.0 

124Sn 0.084 ± 0.001 166 ± 1 1.0 

Pb 0.084 ± 0.001 236 ± 1 1.0 

13 



References 

[1) Avericheva T.V. et al. JINR Preprint, 1-11317, Dubna, 1978. 

[2) Baldin A.M. et al. JINR Preprint, P1-83-433, Dubna, 1983. 

[3} Stavinsky V.S. Soviet Journal of Particles and Nuclei, 1979, vol. 10, n. 5, pp. 
373-393. 

[4] Averichev G.S et al. In: Proceedings of the Xth International Seminar on High 
Energy Physics Problems (Dubna, 1990), World Scientific, p.90. 

(5] V.K.Bondarev, A.G.Litvinenko, P.I.Zarubin. JINR Rapid Communications 
N1[58)-93, pp. 35-42, Dubna, 1993. 

Received by Publishing Department 
on March 17, 1993. 

14 


