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KoMapoe B.H., M~nnep r. E2 - 12439 

0 MeXaHH3Me 3MHCCHH Ha3aA 6~CTP~X npOTOHOB 
B aAPOH-~AePH~X B3aHMOAe~CTBH~X npH CpeAHHX 
H B~COKHX 3HeprH~X 

3MHCCH~ Ha3aA 6~CTP~X npOTOHOB B aAPOH-~AePH~X B3aHMO­
Ae~CTBH~X onHCbiBaeTc~ npocTo~ MOAenb~ 6e3 npHene4eHH~ aHo­
ManbHO B~COKHX HMnynbCOB HnH nnOTHOCTe~ HyKnOHOB B OCHOBHOM 
COCTO~HHH ~Apa-MHWeHH. npeAnonaraeTC~, 4TO HHH~HHPY~~He 
aAPOH~ pacceHBa~TC~ Ha Manble yrn~ ManOHYKnOHH~MH rpynnaMH 
B ~Ape, C006~a~ HM 3HeprH~ B036ymAeHH~, AOCTaT04HY~ An~ 
3MHCCHH 6~cTpbiX npoTOHOB Ha3aA. CneKTP eo36ymAeHH~ Mano­
HyKnOHH~x rpynn ~Bn~eTC~ HX BHyTpeHHe~ xapaKTepHCTHKO~ npH 
ypoeH~x eo36ymAeHH~, npee~wa~Hx ~100 M3B. 06cymAaeTc~ 

B03MOmHa~ YHHBepcanbHOCTb TaKHX cneKTPOB B036ymAeHH~. 

Pa6oTa BblnonHeHa e Jla6opaTOPHH ~AePH~x npo6neM OHHH. 

Coo6WeKHe Q6bellHHeHHOrO HHCTHTyTa SW.epHbiX HCCnellOB8HHit, .Uy6H8 1979 

Komarov V.l ., Muller H. E2- 12439 

On the Mechanism of the Backward Emission of 
Fast Protons in Hadron-Nucleus Interactions 
at Intermediate and High Energies 

The backward emission of fast protons in hadron­
nucleus interactions is described by a simple model which 
does not include extremely high momentum components or 
anomalously high nuclear densities in the ground state 
of the target nucleus. The excitation spectrum of few­
nucleon system in nuclei is proposed to be an internal 
characteristic of such systems, and a possible universality 
of the excitation spectrum is discussed. 

The investigation has been performed at the Laboratory 
of Nuclear Problems, JINR. 
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It is known, that fast protons are emitted from the 
target nucleus at angles larger than 90° in high-energy 
hadron-nucleus collisions. Inclusive spectra of these pro­
tons with energies larger than 30 MeV can be parametrized 
as follows: 

2 ~ 2 
E / (ppat).da/(d{ldpp) = A0 exp(-Atpp ). (1) 

(Here E and Pp are the energy and the momentum of the 
backward emitted fast protons, at is the total cross section 
of hadron-nucleus interaction) • The parameters A0 and At 
depend weakly on the type and the energy of the incident 
hadron h and the dependence of the slope parameter At on the 
mass number A of the target nucleus is also a weak one (see 
refs. 1t·21 ). A similar behaviour of proton emission has 
been found at intermediate energie s 13,4 / . It is essential to 
note that with increasing init i al e nergy To At asymptoti­
cally tends to A f 8

'" 10-15 (GeV/c)-2. In order to explain 
the observed dependences numerous rather different hypotheses 
have been developed (see, e.g., survey 151 ) . The majority of 
these hypotheses is based on assumptions about high intra­
nuclear momenta / 6 ~ high densities / 7 / or mechanisms 1 8 ~ which 
are specific for high-energy collisions (e.g., quark-parton 
ideas, fireball production). As many models are able to 
reproduce the properties of inclusive backward emission of 
fast protons,one may suppose that these models contain 
excess information for describing inclusive data. The ques­
tion arises whether it is possible to describe these data 
at intermediate as well as at high energies from a single 
point of view without involving special hypothesis on the 
high momentum structure of nuclei. 

In this paper the inclusive proton emission from the 
reaction 

h +A-+ p(8 > 90 ° , Tp > 30MeV)+X (2) 

is considered under the following assumptions: 
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a) the hadron h interact s with a g r o up of s e veral nuc­
leons of the target nuc l e us a nd is s c attered prefe r a bly at 
small forward angles. As a r e sult o f the inte r actio n momen­
tum is transferred t o the few-nuc l eon s ys t em (FNS) a n d it s 
invariant mass is inc r ease d : 

h + [kNl .... h '+ [kN] * . 

(Further such an inc r eas e i s called as the FNS 
Pro t o n s a r e emitte d backwar ds du r i ng t h e decay 
excited [ k N] * systems : 

[ k N] * ... p + N 1 + N 2 + .. . + N k- 1 . 

(3) 

excita t ion) . 
of t hese 

(4) 

I n the calculations it is assumed that the decay (4) pro­
ceed s in a s t a tistical way . 

b ) The r e l a tive probability of increasing Minv by a cer­
t ain q uantity ~Minvdoes not depend on t he type and the energy 
of the i n c i d e nt hadr on . The excitat i o n probabil i ty distribu­
tion over ~Min v ("the exc i tatio n spectr um " - Wk(t\ Min v ) is 
a n intrinsic prope rty of the FNS whi c h t a kes part i n process 
(2 ), a nd a Wk (~Min v ) de~ends weakly on k a n d the target mass 
number A fo r values ~M Inv .::- 100 HeV . In o ur calculations the 
fo llo wing excita tion spectrum W k ( ~ M in v ) has been used 

inv inv max 
Wk ( ~M ) ~exp ( - ~ M / M ) / (1-exp (-E k / M ). 

exc exc (5) 

where M exc is a specific parameter characterizing the exci ­
tat i o n probability , while E tax is the maximum value of 
excitat ion energy , kinematically accessible i n process (3). 
I f o n e assumes t h a t t h e FNS exci t ation in the energy region 
of i~terest occurs v i a the excitation of nuc l eons of the FNS 
(i . e ., f i rst of al l, v i a the excitati on of the ~( 1232)-reso­
nance or p i on p r oduction in the intermediate states), it 
is quite natural to use for the parameter Mexc a va l ue near 
the pion mass . 

c) Process (J) has a quasi-diffract i o n a l charact er , i . e ., 
the scattering of the hadron h approaches t he diffract ional 
one wi th i n creasing energy T 0 . (Th e inv a r iant mome n tum 
transferred b y the h adron for a fixed ~M 1 0 v t e n d s wi th i n ­
creasing T o t o the correspondi ng v alue f o r the e lastic 
h + [kN] s cattering). Therefo re, the probability for the 
hadron scattering at the a n g l e 8* in the c.m.s. with the 
momentum p*k has been assumed in a form t o describe the main 
pea k of the diffractio n scatte ring on a black sphere with 
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radius a = 1.81 k 113 R 
c2 

113 2 
W ( 8* ) - exp (- ( 8 * p * k R ) ) 

k k c2 

Rc2 is a free parameter of the model). 

(6) 

d) The total cross section of interaction (3) is deter­
mined with an accuracy up to a constant factor P by the 
geometrical section of FNs ' [kN] and the combinatorial 
probability of finding it in the nucleus: 

m V3 - - 2 3(k·l) ,;3 
crkA=Jrr(K Rc+v' crhN / rr) (A/ k!)(Rk / R0 ) exp(-(Rk / R0J), (7) 

where crhN is the total cross section of hN interaction, 
Ro and Rcare the parameters determining the nucleus radius 
R Az A113 R o and cluster radius R k= kl/3 R c . We assume the 
average FNS density to be close to the average nuclear 
density (R c =R 0) . A Gaussian distribution with the standard 
deviation (T F( k ) m ...; k/ 2 • 90 MeV I c has been used for the mo­
mentum distribution of the FNS in the nucleus . Secondary 
interactions of the hadron or outgoing protons in the nucleus 
are not taken into account. 

The proton spectra are calculated as the sum d 3cr/ d Pp = 
kmax 3 , 
~d crk/ dpwhered3 CT.k / dp =(cr / R~M)(d3 RFM/ dp ),The integ-

k>e P P kA k k p 
ral of the phase space R~M and its derivative were found 
b y the recurrent kinematic formulae of the Kopylov-Byckling­
Kajante type (see ref. 19 1 ). Weight functions (having the 
meaning of a squared matrix element of process) in the form 
of (5), (6) were introduced into the integral of the phase 
space, and the FNS momentum distribution in the target 
nucleus was taken into account. The integration was performed 
by using the Monte-Carlo method. 

Values of the parameters Rc2 and P have been obtained by 
comparing the calculated spectrum with the experimental one 
for the reaction p + 12C ... p +X at 640 MeV and 8 = 122° 
(ref. / 4/ ) . Fig. 1 shows the results of this comparison with 
Rc2-o.25 fm and P = 0.141*. With this values the angular 

dependence of A1 has been calculated which is close to the 
experimental one (Fig. 2a), and the scaling character of 
the energy dependence of this parameter is reproduced too 
(Fig . 2b) . The calculated values of A 0 , A1 are stable to 
the variation of the parameters used in the calculations, 
as shown in the Table. 

* In ref. / 18/ the parameter P value was indicated wrongly. 
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Fig . 1. Proton energy spectrum . Curve with corridor of 
error-calculation, points- experiment / 4/ . 
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Fig. 2. Angular (a) and energy (b) dependence of the slope 
parameterA 1 . x- calculation, • - experiment (refs. in 14 1 ), 

50 MeV < T P < 150 MeV. 
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Table 

Parameter Accepted (1'1Ao/Ao) (1'1A1 / A1 ) 
(x) value (!'1x/x) (1'1 x /x) 

M exc 0 . 14 GeV -1.4 - 0 . 7 
R o 1 . 1 fm 2 . 7 - 0 . 4 
R c 1.1 fm 0 . 6 - 0.2 
Rc2 0.25 fm 0.2 0.06 
p 0 . 141 1 0 

Thus , the main characteristics of the inclusive data at 
intermediate and high energies can be explained by using 
simple assumptions about nuclear properties and reaction 
mechanism . The results are found to be weakly dependent on 
the det ails of the exact form of funct i ons (5) and (6) , 
since t h e observed spectrum is a complex composition of 
partial spectra from FNS with different k (Fig . 3) .The 
statistical character of inclusive spectra is a consequence 
of numerous possibilities for proton emission with a certain 
Pp value: various values of k (2 ,5 k ~ kmax = 6-8), 
decay (3) , Fermi motion of the centre- of- mass of t h e [ kN ] ­
group. I t should a l so be noted that measured spectra are 
influenced by distortions not taken into account in our 
calculations: multiple hadron interactions in the nucleus , 
partial transfer of the FNS energy to the residual nucleus 
and final - state interactions of protons emerging from the 
nucleus . 

In models, proposed so far for the interpretation of 
inclusive spectra , short range correlations between nucleons 
in the initial state of the nucleus and elastic rescattering 
in the final state are taken into account (see , e.g ., 
refs. 16·7· 10 ·111 ) . Our calculations indicate that inelastic 
processes with nucleon excitations during the interaction 
may be important too . This conclusion is supported by the 
following facts . For elastic backward p d -scattering at 
intermediate energies the great significance of diagrams 
with a pion in the intermediate state has been shown in 
ref. I 121, The authors of ref ./ 13 / have found a considerable 
contribution of the 1'1 -isobar excitation to the amplitude 
of this process. The important role of the virtual pion 
exchange and the resonance production in the intermediate 
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state of the process 

P+d ... p(8 > 90°)+p+n 

has been proved in refs / 14 · 151. From calculations in t he 
framework of the cascade mocel / 16 / it follows that f or 
p rocess (2) at intermediate energies inelastic inte r actions 
of the incident hadron with intranuclear nucleons a r e o f 
decisive importance. Thus, our assumption on the signi fi­
cant role of FNS excitation occurring through nuc leon exc i­
tation seems to be quite natural. 

The combined account of nucleon correlations (in the 
initial and final states) and nucleon excitations make s 
this problem too difficult for a detailed analysis (e. g ., 
by taking into account a certain set of Feynmann g r aphs ) . 
Therefore, a phenomenological description o f FNS exc i t at ion 
seems to be reasonable. As seen from the above calculatio n s, 
the inclusive data do not allow to extract exact info rma­
tion on the excitation spectrum. However, definite channels 
(3) with the leading hadron h' can be separated and studied 
in exclusive and semi-exclusive measurements (see, e. g ., 
ref. 1171 ) . By selecting such c hannels one can study b o th the 

VI -
'ii ... 
-~ 
u 
0 
:Q. 
0 
"' '0 m-3 

0.1 

K=5 

p+ 12C--p + .•. 
To= 10 GeV 
8p= 180° 

0.2 Pp2
• (GeV /c) 2 

Fig. 3. Components of the calculated spectrum differing 
by the number of nucleons k in the few-nucleon group. 
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FNS excit a tion spectrum a nd the h a dro n angul a r d istri buti on 
in process (3) . I f hadr on scatteri ng is o f cohere n t quasi ­
diffraction a l character, one s ho uld expect that the a n g ula r 
distribution of h' has the wi d t h ~ (:lk "' (p k k113 Rc

2 
r 1. The 

assumpt i on on the possi bility t o de s cribe t he FNS exci t ation 
spect ra f o r vario us tar g et n uc l e u s a nd inc i dent partic l es 
by the same function I 18 1 . can be checked experimen tally : 
the ~M Inv d istri butio n s can b e measured d i rect l y a t l east 
for l i ght nucle i in a l arge number of various react ions in 
which FNS suffer l a r ge moment um transfer a nd high excitation. 
The assumption on the i dent i t y of the exc i tation spectra 
for different few- nucleon sys t ems may be accepted evidently 
only for the qua l itat i ve descr i pti o n of i nclu sive data . 
In general, one may expect that FNS excitation spectrum depends 
on the FNS spin- isospin stat e . As a con sequence of such a 
universality of the excitation spectra , one can expect , 
e . g ., an unambiguou s coupling between the s l ope parameters 
of fast proton spectra and of the spectra of fragments ( 2 H, 
3

H , 
3

He , 
4

He) emitted backwards in hadron-nucleus reac­
tions. The emiss i on of these fragment s may occur via the 
fo llowing channels : 

2 H + Nl + N2 + ... + Nk-2 

[kN ]* ... 
3 H -+- Nl + N 2 + ... + N k-3 (7) 

. ... . .. ... 

along with the domi nating channel (4) . 
In conclusion we add a further example of the connection 

between the reactions via the FNS excitation spectrum. The 
spectra of fast pions from the reaction 

d T A ... TT (0 °) + X 
(8) 

can be coupled with the spectra of energetic protons emitted 
in the reaction 

h ... d ... h' t- N + p (180 .,) 

if the dominating mechan i sm of these reactions includes the 
decays 

[np ]* ... 
TT (0°) + N -+- N 

{ 
p (180°) + n . 
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