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/ KoMapoe B.H., ~ AP· E1 · 12973 

Aeyx4acT~4H~e A~¢¢epeH~~anbH~e ce4eH~R ~cnycKaH~R 
npOTOHOB B npOTOH-RAepH~X B3a~MOAeHCTB~RX 
np~ 640 M3B 

C ~enb~ ~ccneAOBaH~R MeXaH~3Ma 3M~CC~~ Ha3aA 6~CTP~X 
HYKnOHOB B aAPOH-RAePH~X B3a~MOAeHCTB~RX ~3MepeH~ ABYX4ac­
T~4H~e A~¢¢epeH~~anbH~e ce4eH~R ~cnycKaH~R npoTOHOB e RAep­
H~x peaK~~Rx noA AeHCTB~eM npOTOHOB c 3Hepr~eH 640 M3B. H3-
MepeH~R npoBeAeH~ MeTOA~KOH C~~HT~nnR~~OHH~X C4eT4~KOB. 

3Kcnep~MeHTanbH~e AaHH~e cpaeH~ea~TCR c npeAcKa3aH~RM~ Kac­
KaAHOH MOAen~ ~ pac4eTaM~ B paMKax ¢eHOMeHonor~4eCKOH MOAen~ 
pacceRH~R Ha HYKnOHH~x napax RAPa M~WeH~. CAenaH B~BOA o 
cy~eCTBOBaH~~ K~HeMaT~4eCKOH o6naCT~ , rAe 3M~CC~R ABYX npo­
TOHOB o6ycnoeneHa, B 'OCHOBHOM, KBa3~CB060AH~M pacceRH~eM Ha 
cKoppen~poeaHHbiX HYKnOHH~x napax, nony4a~~~x e npo~ecce pac 
CeRH~R 3Hepr~~ B036ymAeH~R nopRAKa n~OHHOH Mace~. 

Pa6oTa B~nonHeHa B na6opaTOP~~ RAePH~X npo6neM OHRH . 

npenpHHT 061>8llHH8HHOrO HHCTHTyTa H.Cl8pHbiX HCCn8llOB8 HHA • .Uy6Ha 1979 

Komarov V.l., et al. E1 - 12973 
Two-Proton Differential Cross Sections Measured 
in Proton-Nucleus Interactions at 640 MeV 

Two-particle differential cross sections for fast pro­
ton emission in proton-nucleus interactions at 640 MeV are 
presented. The experimental data are compared with cascade 
model predictions and with calculations in the framework 
of a phenomenological model assuming scattering on nucleon 
pairs within the target nucleus. It has been found that 
there exists a kinematic region, where the two-proton 
emission proceeds mainly via quasifree scattering on cor­
related nucleon pai r s . 

The investigation has bee n performed at the 
Laboratory of Nuclear Problems, JINR. 
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I. Nuclear reactions accompanied by emission of fast 
particles in backward direction are widely discussed at 
present. In ref: 11 data on inclusive and two-particle dif­
ferential cross section for proton emission in proton-nuc­
leus collisions at 640 MeV have been published. The common 
cri terion of the selection of events from reaction 

P + A -+ P + P + ... (1) 

was that at least one fast prot.on (notation P 3 , see fig. 1a) 
was emitted into the backward hemisphere. Coplanar measure­
ments of two-proton correlations have been carrie d out using 
two scintillation counter telescopes with solid angles 
~0 1 = 19 msr and ~03 = 96 msr, respectively. The energy T3 
of protons p3 was measured between the values 50 and 145 MeV. 

Fig.l. Geometric 
ing proton beam, 
registration, (b) 
registration. 

conditions of the measurements. p0 - incom­
T- target. (a) coplanar geometry ofp1-p3 
noncoplanar, symmetric geometry of p

1
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Table I 

Two-proton differential cross section d 4a/d2UdT 1dT 3 in 
units of nb • Mev-2 • sr-2 for reaction (I) (carbon target) 
in dependence on the energy T3 for two intervals of the 
angle 8 3 ( 8 1 = -12 °, 255 MeV ~ T 1 ~ 330 MeV) . 

T3 (l1eV) 1 i 0 ° • • • 130° 230° ••• 250° 

52 311 ± 21 126 .t 18 
57 242 ±17 100 ± 15 
61 234 ± 16 128 ± 15 
67 243 .t 16 113 .t 13 
72 236 .t 15 76 z. 11 
78 195 ± 13 72 ± 10 
84 199 ± 13 67,-9 ± 9,0 
90 19) .t 13 62,4 ± 9,4 
96 181 ± 12 28,5 .t 7,0 

102 150 ± 11 48,2 .t 9,4 
108 150 ± 16 25 ± 11 
110 144 ± 16 52 ± 13 
113 136 ± 14 27 ± 11 
116 116 ± 12 21,8 ± 8,5 
120 117 ±1'1 32,9 .t 9,3 
124 108 ± 10 20,3 ± 7,7 
128 106 ± 10 14,1 .t 7,0 
133 92,2 ± 8,7 16,6 .t 5,9 
138 68,3 ± 6,9 10,0 ± 5,6 
143 62,0 ± 6,5 14,9 ± 5,1 

The protons p1 were registered within the energy interval 
255 MeV $T 1 ~ 330 MeV. Therefore, the differential cross 
sections presented in tables 1-3 and 5 are mean values for 
this energy interval T1 , and the cross sections given in 
table 4 are mean values for the T1 energy interval given 
there. 
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Table 2 

Two-proton cross section I for process (I) (carbon target) 
in dependence on the backward angle 83 for three T3 energy 
intervals ( 8 1 = - 12 ° , 255 MeV ~ T 1 ~ 330 MeV). 

&
3 

(deg) cross section I (nb • Mev-2 • sr-2) 

50 ••• 90 MeV 105 • • • 145 !.leV 50 ••• 145 MeV 

105 233 ;t 30 157 ;t 19 196 ± 18 

110 254 ± 28 164 ;t 19 211 ±. 18 

115 268 ± 26 120 ±. 13 192 ±. 16 

120 244 ± 23 113±11 179 ±. 14 

122 223 ± 21 106 ± 10 165 ±. 12 

130 203 ±. 22 63 ± 9 133 ± 13 

140 175 ± 17 50 ;t 6 112 ±. 10 

150 162 ±. 18 36 ±. 6 95 ± 9 

155 142 ±. 17 33 ±. 6 86 ±. 9 

20~ 73 ±. 10 18 ±. 5 44 ±. 6 

210 70 ± 11 19 ± 4 44 ±. 6 

220 82 ± 10 19 ±. 4 48 ;t 5 

230 74 ;t 9 27 .± 4 49 ±. 5 

240 92 ± 13 10 ±. 5 48 ±. 7 

245 102 ±. 11 21 .± 4 60 ±. 6 

250 110 ± 13 33 .± 6 70 .± 7 

255 113 ± 18 42 .± 8 75 ±. 9 

The cross sections 

1 T3 max d 4a d T 3 

f d 20 d T 1 d T 3 T3 min T -T 3 max 3 min 

in tables 2-5 are given for three energy intervals of the 
backward emitted proton p3 . The absolute error of the data 
normalization has been estimated to amount to 20%. 
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Table 3 

Two-proton cross section I in dependence on the forward 
angle ®1 ( ®3 = 122°, 255 MeV~ T 1 ~ 330 MeV, carbon 
target). 

e1 (deg) cross section I ( nb • Mev-2 • sr-2) 

50 ••• 90 ?.!eV 105 ... 145 MeV 50 ... 145 MeV 

- 40 47,8!. 5,9 16,7 ± 3,1 31,2 ± 3,2 
- 30 80,8 ± 8,4 28,7 ± 4,0 53,2 ± 4,6 
- 20 135 !. 14 60,2 !. 7,4 99,3 ± 8,4 
- 15 201 !. 20 84,1 ± 9,6 144 ± 12 
- 12 223 ± 21 105,8 :t 9,7 165 ± 12 
- 10 258 ± 32 76 ± 13 163 ±17 
- 5 370 ±140 166 ± 43 267 ± 71 

8 95 ±84 67 ± 27 75 ± 41 
10 116 ± 21 14,9 ± 9,4 63 ± 11 
15 56,6 ±. 8,7 14,7 ± 4' 1 34,3 ± 4,6 
20 46,5 ± 6,8 7,5 ± 2,3 25,3 ± 3,3 
30 - 1,0 ± 1 . 3 1,0 ± 0,9 -0,1 ± 0,7 
40 8 ,9 ± 2,0 1 '1 ± 1 '7 4,1 ± 1 ,2 

In ref / 11 i t has been shown that in contrast to the one­
particle cross sections those of two-nucleon emission cannot 
be described in the framework of the cascade model121 : The 
calculated contributions to the experimentally observed 
yields do not exceed about 20% in the essential part of the 
investigated kinematic region. 

We suppose now that the main contribution to the P1 -p3 
cross sections is due to the quasifree scattering on cor­
related nucleon pairs according to 

p +[pN]-+ pl +N2 + Pa . (2) 

Such a scattering p:r:ocess is not included in the cascade 
model calculations, and the usual cascade mechanisms fail 
in reproducing the two-proton emission according to process(2). 
Indeed, elastic scatterings on uncorrelated nucleons with. 

' 

' 1 
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Table 4 
Two-proton cross section I in dependence on the proton energy 
T 1 ( ® 1 = -12° , ® 3 = 122 ° , carbon target). 

T1min T1max cross section I (nb • Mev-2 • sr-2) 
(MeV) 50 ••• 90 MeV 105 ••• 145 MeV 50 • •• 145 MeV 

141 210 220 ± 23 103 ± 10 162 ± 13 
172 236 233 ± 24 106 ± 12 170 ± 14 

197 255 240 ± 23 103 ± 11 170 ± 13 
221 2'/5 244 ± 23 89,4 ± 9,3 164 ± 12 
250 301 268 ± 26 107 ± 12 186 ± 15 
265 308 330 ± 33 128 ± 15 230 ± 19 
286 37.7 314 ± 32 109 ± 14 209 ± 18 

a momentum distribution of noninteracting Fermi particles 
cannot explain the emission of fast protons near 180° (see 
refs/ 1.31 ). Further, the mechanism of intranuclear absorp­
tion of pions 1 3 1 pr~duced during the cascade development 
requires in contrast to scattering (2) that at least three 
nucleons of the target nucleus effectively take part in the 
reaction (one nucleon for the production of the pion and 
a pair of correlated nucleons for the rr- absorption). 

2. If the emission of fast nucleons really is due to 
process (2) then in agreement with the kinematics of this 
process the knockout of fast nucleon pairs p 1-N2 into the 
forward direction should be expected. In table 6 we present 
differential cross section data of two-proton forward emis­
sion. 

Protons p 1 and p 2 have been registered within the energy 
interval 265 MeV~ T 1 (T2 ) ~ 340 MeV using two identical 
scintillation counter telescopes with solid angles 
l'l n 1(2' = 7 msr. In order to reduce the detector loads at 
small angles the telescope axes were adjusted at angles 
y 1 = Y2 = 12° with respect to the plane containing the 
beam axis (see fig.lb). Pion registration was suppressed 
by using threshold Cerenkov counters. The background of 
random events and that without target have also been measu-
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Table 5 

Two-proton yield measured with different targets ( 8 1 = -12 °, 
8 3 = 122°, 255 MeV ~ T 1 ~ 330 MeV). 

cross section I (nb • Mev-2 • sr-2) 

target 50 ••• 90 MeV 105 ••• 145 MeV 50 • •• 145 MeV 

Be 180 :.t 17 85 ± 9 133 ± 11 
c 219 :.t 20 92 ± 9 154 ± 12 
il 343 ± 33 125 ± 14 231 :.t 19 
Cu 625 :.t 62 203 ± 23 403 ± 34 
Pb 608 :.t 73 242 :.t 35 412 :.t 41 

Table 6 

Differential cross section I of forward emitted protons of 
reaction (I) in dependence on the angle a ( a =a 1 = a 2 , 

Y1 =Y2 = 12°, 265 MeV S. T 1 (T 2 ) ~ 340 MeV, carbon target). 

~ (deg) ( -2 -2) I nb • :t1eV • sr 

5,7 10.3 ± 16 
7,5 61 ± 26 

10 4.3 ± .39 
12 45 ± 2.3 
14 16 ± 26 
16 20 ± 1.3 
20 49 ± 1.3 
25 82 ± 22 
.30 150 ± 18 

.35 187 ± 22 
40 211 ± 16 

----
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Fig.2. (a) Two-proton angular distribution measured in non­
coplanar symmetric geometry (carbon target). Points- expe­
riment ; histogram - cascade model calculation; full line -
calculation with the model described in the text and norma­
lized to the experimental cross section at 7.5°. (b) Cascade 
model predictions of two-proton events (coplanar geometry). 
Dashed line - energy window 265 MeV :5 T1 (T2) ~ 340 MeV; full 
line - at least one proton within energy window 
190 MeV :s:: T :S:: 265 MeV; hatched region - contribution from 
events with intranuclear pion producti~n. 

red and were taken into account in the data processing. 
A more detailed description of the experimental arrange­
ment can be found in refs/ 1•

4 1 

3. The differential cross sections l=d
4
a / d

2
0 dT1dT2 

given in table 6 are mean values with respect to the ener­
gy intervals T1 and T2 of the detected protons. The measu-
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rement was carried out in symmetric geometry, i.e., 
al=a2(,a) . As is seen in fig.2a, the cross section I(a) 
is characterized by a steep increase in the angular interval 
from 20° to 40°. Such an increase is obviously due to the 
registration of protons from the (p, ~) quasielastic scat­
tering. It is known (see, e.g., ref.15 ) that in accordance 
with the elastic NN kinematics the coplanar (p, 2p) knock­
-out process has its maximum near a = 41°, and this peak is 
spread by the Fermi motion of the target nucleons. However, 
the increase of the two-proton yield seen clearly at small 
angles a cannot be explained by the quasielastic scattering 
on single nucleons. Indeed, as is shown in fig.2a, this 
scattering process calculated in the framework of the cas­
cade model does not contribute to the small-angle cross 
section. Under the kinematic condition of the p1-p2 experi­
ment cascade events involving inelastic intranuclear NN 
collisions are suppressed in consequence of the hi"gh energe­
tic thresholds for proton registration. Cascade events at 
small a can be produced only by lowering the energy window 
of proton detection, where the intranuclear pion production 
becomes possible (see fig.2b). . 

4. The small-angle two-proton cross section can be des­
cribed by using a phenomenological model in which a scat­
tering mechanism on correlated nucleon pairs according to 
process (2) is assumed. In order to express the tendency 
of forward scattering of the incoming proton and excitation 
of the nucleon pair the reaction amplitude A is used in the 
~allowing form: 

IAI 2 
= exp[-(801p0ach)

2 
-E23/Ech] + 

(3) 

+ exp [-(802pOach)2- Ela/Ech]. 

Here the parameter ach characterizes the linear dimension 
of a volume occupied by the nucleon pair in the target, and 
Ech gives the probability for the excitation of the [NN] -

inv inv 
cluster to energy E1j = M1j -2mN (here M1j means the inva-
riant mass of the nucleon pair PtPj in the final state of 
process (2) and mN is the nucleon mass). 

The calculations were carried out by using the Monte 
Carlo method. The Fermi motion of the nucleon pair was con­
sidered, but wave distortions in the initial and final states 
of the reaction were not taken into account. 
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The result of calculation with parameter values ach = 
=0. 5 fm and E ch = m77 = 0.14 GeV is shown in fig. 2a. It 
has been found that the Fermi motion of the[NN] -group has 
only a weak influence on the distribution. The result depends 
also weakly on the parameter Ech , because in the kinematic 
region considered the variables E23 andE 13 change not 
strongly: from 272 MeV at a= 7.5° to 194 MeV at 32° • Only 
the parameter ach turns out to be important. Its value must 
be taken between 0.3 fm and 0.7 fm in order to reproduce the 
experimentally observed increase of the cross section at 
small angles. 

We remark that the proposed model assuming cluster excita­
tion is also capable of reproducing the main peculiarities 
of p1 -p3 data (see ref / 11 

) • The normalization factors of 
the reaction amplitude for process (2) found by comparing 
the calculated and the experimental cross sections turn out 
to be similar for p1-p2 and p1-p3 distributions as well. 
For the p1-p2 measurement such normalization factor is 
about four times larger than for the p1-p3 data, but stron­
ger absorption of the proton p3 in the final nucleus partly 
compensates this difference. Therefore also the absolute 
values of the measured differential cross sections indicate 
that the dominating mechanism of two-proton emission in the 
cases under study are alike. 

It seems justifiable to assume that this mechanism is con­
nected with relatively large momentum transfer to the nucle­
on pair at our experimental conditions. The invariant momen­
tum transfer y I t 0 l(2) I between the protons p 0 and p l(~) 
changes from 1.7 fm-1 at a= 7.5° to 3.2 fm-1 at 32 , ex-
ceeding values of the order hI fNN , where f NN is the 
mean intranuclear distance between the nucleons. 

We conclude that in our two-particle measurements a kine­
matic region has been chosen, in which the interaction of 
medium-energy protons with light nuclei proceeds mainly via 
the quasifree scattering on intranuclear two-nucleon groups . 

We are indebted to K.K.Gudima and S.G.Mashnik for fruit­
ful discussions concerning the cascade model calculations. 
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