
ззssрэ 

Z.Strugalski 

СООбЩ8ИИR 
объеаииеииоrо 

ИНСТИТУТа 

RА8РИЫХ 
МССJ18АОВ8ИИИ 

АУбИа 

~4j{-JJ3 
El-83-155 

ENERGY AND MOMENTUM SPECTRA 

OF NUCLEONS EMITTED 

IN HIGH ENERGY HADRON-NUCLEUS 
COLLISIONS 

• 

1983 



1 • INTRODUCТION 

When а high energy hadron h, of kinetic energy higher than 
the pion production energy threshold, collides with an atomic 
nucleus of а mass number , д, emission of nucleons from the tar
get nucleus appea.rs. The nucleons are of various kinetic ener
gies: "slow" or the so-called evaporated nucleons /1,2/ , ()f ki
netic energy smaller than about 20 MeV, and "fast" - of kinetic 
energy higher than the kinetic energy of the evaporated nuc
leons/3-8/, up to about 400 MeV. If target nucleus is massive 
enough, :А .. 100, the fast nucleon emission may Ье very inten
sive - events occur in which tens of nucleons are ejected. 

The evaporation process was discussed widely and its nature 
is regarded to Ье known / 1,V. It is not the case ,as it concerns 
the fast nucleon emission .. Many of the fast .nucleons are etfl.itted 
at relatively large emission angles, up to about 180 degrees / З,r./, 
and it cannot Ье explained simply - as а result of а usual 
knocking-out mefha~ism, for example. Therefore, additional expe
rimental data o~the fast nucleon emission process and а special 
analysis of the experimental data availaЬle are highly desired 
in order to obtain а rea~onaЬle picture of the process. 

In the present paper, we intend to discuss the properties of 
energy and momentum spectra of fast nucleons emitted in high 
energy hadroh-nucleus collisions. I wish to direct your atten
tion to some experimental facts which may throw light on the 
mechanism of the fast nucleon emission process accompanying 
any of high energy hadron-nucleus collisions. 

High energy hadron-nucleus, or exactly pion-xenon nucleus, 
collision events were discovered/V in which fast nucleon emis
sion appears without particle production: in- a sample of colli
sion of this type, events occur in which incident hadron is ab
sorbed inside target nucleus or is deflected only in passing 
through it. The existence of the hadron-nucleus collisions in 
which intensive emission of nucleons from the target nucleus 
occurs without particle production, regardless that the kinetic 
energy of the projectile is much higher than the energy thresh
old for pion production, allows to arrange ' our discussion in 
а new, I think more convenient and useful, manner. Namely, it 
allows to perform the comparison of the nucleon energy and mo
mentum spectra in collisions of а hadron h with а given atomic 
nucleus А- iпthree classes of events / 6/ : I. The total sample 
of h-A collision events; II. The sample of events without par
ticle production in which incident hadron is deflected or аЬ-
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sorbed inside the target nucleus with accompaniment Ьу the fast 
nucleon emission; III. The sample of events without particle 
production in which incident hadron is absorbed inside the tar
get nucleus with accompaniment Ьу the fast nucleon emission. 

ТаЬlе 1 

Characteristics of energy spectra of fast protons emitted in 
pion-xenon nucleus collisions at 3.5 GeV/c momentum for various 
classes of events: class I - containing any type of collisions; 
class II - containing collision events without particle produc
'tion, with zero or one negatively charged pion; class III -
containing events withoцt particle production in which incident 
pion is absorbed inside the target nucleus. Indices "F" and "В" 
are for protons emitted into forward and backward hemispheres, 
correspondingly. Average kinetic energy <Ekp> i!' in MeV. 

Class 
of 
events 

1 
IF 
Iв 
li 
IIF 
Пв 
III 
IIIF 
IIIB 

0.1 

О. О 

2 

Number Number 
of of 
events protons < &kp) 

6301 18351 
12198 

~ 
6153 

912 . 2973 
1943 
1030 

96 682 
444 
238 

- r = 2973 
- rи 18351 

100 200 

89.20 
98.52 
70.63 
87.46 
96.27 
70.86 
86.49 
93.95 
72.76 

О. 
300 . о 

Ekp MeV 

. 

Quantity 

r.m.s. skew. kurt. 

62.21 1.21 1.15 
66.50 1.05 0.62 
47.46 1. 34 1.59 ' 
59.68 1.11 0.69 
63.35 0.92 о.о8 
47.84 1.45 2.60 
60.77 1.18 0.92 
62.42 0.93 -0.04 
55.00 1.18 4.37 

- r-6&2 
- r- 183SI 

100 200 300 
Ekp МеV 

PossiЬle similarities or differences between the energy and 
momentum spectra in various classes of events I-III should ref
lect properties of the mechanism of the fast nucleon emission 
process which proceeds when high energy hadron strucks an atomic 
nucleus. 

Usually, in experiments protons are registered only without 
difficulties with а registration efficiency close to 100%, 
neutrons are not registered effectively in most of experiments. 
The information used here about nucleon spectra is based on 
the data on the proton spectra only. An argumentation is given 
later that it is quite permissiЬle and correct procedure. 

This work is arranged as follows: After introduction, in sec
tion 1, we present а short review of appropriate data availaЬle, 
in section 2, then we discuss the data in section 3; in sec
tions 4 and 5 remarks and conclusions are contained. 

2. EXPERП1ENTAL DАТА 

In this work results obtained Ьу means of the 180 litre xenon 
bubЬle chamber / 9/ are used mainly. In our previous papers / З-8 / 
some experimental data on enerвy and momentum spectra were pre
sented for two samples of pion-xenon nucleus co'Ilision events 
at 3.5 GeV/c momentum: for the sample containing any-type col-
1 ision events 1 :1 ,8/ and separately for the sample containing 
collision events without particle production / 4 ,fi / . In the present 
paper, а comparison of proton energy and rnornenturn spectra ob
tained experirnentally in the classes I-Ill of events is per
forrned. Such а comparison leads to а discovery of experirnental 
facts unknown till now. These facts are expressed using fig.l-6 
and taЬles 1-6. 

Three sets of experirnental data rnay Ье distinguished here: 
а) the data on proton energy ·Spectra, figs.l anq 2, taЬles 1 
and 2; Ь) the data on proton longitudinal mornentum spectra, 

~ Fi g .l. Fast proton kinetic energy Ek spectrurn N(Ekp) 
in pion-xenon nucleus collisions at 3.5 GeV/c momentum: 
Fine lines, left and right sides - for the class I of 
events, con.taining any-type collisions; solid line, 
lef~ side - for the class ll of events, containing 
collisions without particle production in which inci
dent pion is deflected or absorbed in passage througH 
the target nucleus; solid line, right side - for the 
class III of events, containing collisions without 
particle production when incident pion is absorbed 
inside the target nucleus. ~ - numbers of protons 
in histograms. 
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Fig.2 . Dependences of the average kinetic energy < Екр > 
of emitted fast protons and of corresponding nor malized 
dispersion D /< Ек > on fast proton multiplicity np• 
in pion-xenon nucleus collisions at 3.5 GeV/c momentum: 
empty circles - any type of collisions, class I ; full 
circ les, left - collisions without particle production 
in which incident pion is deflected or absorbed in 
passage through nuclear target; full circles, right -
collisions without particle production in which inci
dent pion (s absorbed inside the target nucleus . 

figs.J and 4,taЬles 3 and 4; с) the data on proton transverse 
momentum spectra, figs.5 and б , and taЬles 5 and б. It is of in
terest to compare various spectra in subsamples of collision 
events with definite multiplicities np=l,2,3, ••. ,8, ~9 of emit
ted protons, taЬles 2,4,б. 

Let us sum up the most important features of these spectra 
and distributions below. 

2.1. Features of the Energy Spectra 
of the Emitted Fast Protons 

The proton energy Ekp spectrum N(Ekp) in the class of events 
named I does not differ from . the proton energy spectra in the 
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ТаЬlе 3 
Characteristics of the longitudinal momentum flp spectra N(PLp) 
of fast protons emitted in collisions of negatively charged 
pions with xenon nuclei at 3.5 GeV/c momentum, for various clas
ses of events: class I - containing any type of collisions; 
class II - containing collision events without particle 
production, with zero or one negatively charged secondary pion; 
class III - containing events without particle production 
in which incident pion is absorbed inside the target nucleus. 
<PLp> is in MeV/c. 

Class 
of 
events 

I 

II 

III 

-n~-~ 1 

- n.tl ;,) о 

Number 
of 
events 

6301 
972 

0.2 

N(P.,) 

96 

-600 о 

0.2 

. ~Р.) 
-n", =е 

-n.~~ >о 

-600 о 

6 

Number of 
protons 

18351 
2973 

682 

L:N = 2973 

L:N= 18351 

+ 600 Pcr MeV 
с 

l:N = ~ 

.LN - 13351 

+600 Р.р~ 
с 

Quantity 

(PLp) r.ш.s. skew. kurt. 

110.4 256.2 0.07 -0.39 
96.0 236.7 0.04 0.04 
89.7 242.0 -о.17 0.23 

Fig.3. Fast proton longitudinal 
mentum PLp distributions N(PLp) 
in pion-xenon nucleus collisions 

1 

at 3.5 GeV/c momentum: fine lines 
upper and lower :... for any· type col
lision events, class I; heavy line 
upper - for collisions without par
ticle production in which incident 
pion is deflected or absorbed in 
passage through target nucleus, 
class II; heavy line lower- for. 
collisions without particle produc
tion in which incident pion is ab
sorbed inside the target nucleus • . 
IN - numbers of protons in histo

grams, n" number of secondary pion 
in events. 
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classes of events named II and III, fig.l and taЬle 1; in the 
class I, in about 90% of collisions, events with particle pro
duction occur. 

The np -dependences of the average proton energy .< Е~ср> : and 
of the normalized dispersion D 1 .<Е lcp> in events included to 
the class I are almost the same as 1n events included to the 
classes II and III, fig.2 and . taЬle 2. ·The np -dependences of 
the proton energy spectra are almost the same in samples of 
collision events included to the classes I and II, taЬle 2. 
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Fig.4. Dependences of the average longitudinal momentum 
<PLp> of emitted fast protons and of corresponding 
normalized dispersion D/<PLp> on fast proton multipli
city n , in pion-xenon nucleus collisions at 3.5 GeV/c 
momentJm: empty circles - any ~уре collis ions, class I; 
full circles, left - collisions without particle pro
duction in which incident pion is deflected or absorbed 
inside target nucleus; full circles, right - collisions 
without particle production in which i ncident pion i s 
absorbed ins i de t arget nucleus . . 

The energy spectra of protons emitted into forward hemisphere 
differ from the spectra of the protons emitted into backward 
hemisphere in all the classes I-III of collision events, taЬle 1. 
But, the spectra of protons emitted into forward hemisphere are 
almost the same i n all the classes and the spectra of protons 
emitted into backward hemisphere are almost the same in all the 
classes as well, taЬle 1. 

2.2. Features of the Longitudinal Мomentum Spectra 
of the Emitted Protons 

The longitudinal momentum spectra of emitted protons do not 
differ Ьу much in the classes I-III of collision events, fig.3 
and taЬle 3. 

The np-dependences of the average longitudinal momentum .<PL~ 
and corresponding normalized dispersion D/<PLp>are almost the 

ТаЬlе 5 
Characteristics of transverse momentum Рт spectra N(Ртр) of 
fast protons emitted in negatively charged pion-xenon nucleus 
colli~ions at 3.5 GeV/c momentum, for various classes of 
collisions : class I - containing any type collisions; class II -
containing collision events without particle production, with 
one secondary negatively charged pion or without secondary 
pions; class III- containing events without particle production 
in which incident pion is absorbed inside the target nucleus. 
< Ртр > is in MeV /с. 

Class Nwnber Nwnber Quantity 
of of of < Ртр > r.m.s sk:ew. kurt. events events protons 

I 6301 18351 300.8 133·4 0.49 -0.21 
IF 12198 304.6 137 .о 0.42 -0.32 
Iв 6153 293.2 125.5 о.63 -о.01 

II 972 2973 303.1 134.7 0.46 -0.24 
IIF 1943 309.4 138.9 0.39 -0.40 
пв 1030 291.4 125.6 0.59 -о.10 

III 96 682 299.0 132.6 0.54 -о.26 

IIIF 444 306.5 134.8 0.41 -о.49 

IIIB 238 285.2 127.2 0.78 0.36 
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same in the classes I-III of collision events, fig.4. The np
dependences of proton longitudirial momentum spectra N(PLP.) are 
almost the same in the classes of events I and II, tаЫе 4. 

2.3. Features of the Transverse Momentum Spectra 
of Emitted Protons 

The transverse momentum Ртр spectra N(Ртр) of emitted pro
tons in the samples of events iricluded to the classes I-III do 
not differ practically, fig.5 and taЬle 5. 

The n -dependences of the proton transverse momentum ave
rage valJes < Рт ·> and of corresponding normalized dispersions 
D/ < Pтp > are id~ntical in all the classes I-III of collision 

events, within total np values interval - from np= 1 to np= 14, 
fig.б. The np-dependences of the proton transverse momentum 
spectra are practically the same in the classes of collision 
events I and II, taЬle б. 
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Fig.5. Fast proton transverse mo
mentum Ртр distributions . N (Ртр) 
in pion-xenon nucleus collisions 
at 3.5 GeV/c momentum: fine lines, 
upper and lower - for any type 
collision events, class I; heavy 
line, upper - for collisions with
out particle production in which 
incident pion is deflected or ab
sorbed in passage through target 
nucleus, class II; heavy line, 
lower - for collisions without 
particle production in which inci
dent pion is absorbed inside the 
target nucleus, class III, lN -
number of protons in histograms, 
n" - number of secondary pions in 
events. 
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Fig. б. Dependences of the average transverse momentum < Рт > 
of emitted fast protons and of corresponding notmalized Р 
dispersion D/<Ртр > on fast proton multiplicity np. in 
pion-xenon nucleus collisions at 3.5 GeV/c momentum: 
empty circles - for any type of collisions, class 1; 
full circles, left - for collisions without particle pro
duction in which incident pion is deflected or absorbed 
in passage through the target nucleus, class 11; full 
circles, right - for collisions without particle produc
tion in which incident pion is absorbed inside the target 
nucleus. 

The proton transverse momentum spectra, for protons emitted 
into forward and into backward hemisphere, are different but, 
the differences are practically the same in all the classes 
I-III of collision events; taЬle 5. The differences between 
the transverse momentum spectra for the protons emitted into 
forward and backward hemispheres, in any of the classes 1-111, 
are small - the average values <Рт > and the r.m.s. differ no 
more than about а few per cent,table 5. 
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It should Ье emphasized, in addition to the features pre
sented in sections 2.1-2.3, that the ratio N F/Nв between in
tensities N F and N в of fast protons emitted into forward "F" 
and into backward "В" hemispheres is practically the same in 
all the classes I-III of collision events: (NF/N 8 ) 1 "' (NF/N 8 ) 11 .. 

"' (NF /Nв)ш =(1.98.::_0.04) 1 ., (1.89.::_0.10) 11 .. (1.87.::_0.20)ш. As 
the measure of the proton emission intensity the total number 
of protons emitted into а hemisphere is used. 

3. EXTRAPOLATIONS 

The data presented in foregoing section 2 were obtained in 
studying characteristics of emitted protons in pion-xenon nuc
leus collisions at 3.5 GeV/c momentum of the incident negatively 
charged pion. The questions arise therefore: Would apply to fast 
neutron emission what applies to the fast proton emission? Are 
the features of the fast . proton emission, discovered in pion
nucleus collisions, proper to any hadron-nucleus collisions? 
Are the features of the proton emission process, known in pion
nucleus collisions at 3.5 GeV/c momentum, proper to the proton 
emission at higher and lower incident pion momenta? 

All these questions must find appropriate answers primarily 
in experiments, although some reasonaЬle predictions may Ье given 
now, on the basis of ·some additional experimental data availaЬle. 

Firstly, the characteristic shapes of the .<n >- n17 and .<nn>:...n 17 
dependences, observed in our experiments, are almost identical; 
<n > is the average proton multiplicity in events with n 17 = О, 

1, 2~... seco? dary pions, <nn > is the average number of neutron
initiated stars in events with n 17 = О, 1 ,2, ••. . secondary pions. 
From this fact, it can Ье concluded that it is reasonaЬle to 
think the fast neutrons to Ье emitted identically as the fast 
protons are. 

Secondly, almost identical features of energy spectra and 
angular distributions of the "g"-particles, usually regarded 
to Ье fast protons, in proton-emulsion collisions at 4.5 GeV/c 
momentum/10/ and of the fast protons in pion-xenon nucleus colli
sions at 3.5 GeV/c momentum are observed. From this fact it can 
Ъе concluded that it is reasonaЬle to think the features of the 
fast proton emission in pion-nucleus collisions are proper to 
various d i f fer ent hadron-nucleus collisions as well, at least 
for pion-nucleus and proton-nucleus collisions. 

Thirdly , the multiplicity ng distributions of the "g" tracks 
in proton- :AgBr collisions at 4.5, 67, 200, 400 GeV/c momentum 
of the incident proton are a lmost · identica1fl0,11 , 12, 13/. The same 
is observed in Pi~AgBr collisions at 17, 60, 200 GeV/c moment um 
of the incident pion/11/.Fast proton energy spectra in proton
AgBr collisions at 4.5 and 400 GeV/c momentum of incident pro-
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ton / IO , l V are the same; these spectra do not differ from the 
fast proton energy spectrum obtained in this work in pion-xenon 
nucleus collisions at 3.5 GeV/c momentum. From these facts, it 
is reasonaЬle to conclude that the fast proton emission featu
res observed in our experiment at 3.5 GeV/c momentum may Ье 
regarded as energy-independent, at projectile energies above 
pion production threshoLd. 

We can conclude, therefore, that the features of the fast 
proton energy and momentum spectra presented in section 2 may 
Ье reasonaЬly regarded as proper to fast nucleon energy and mo
mentum spectra in any hadron-nucleus collisions at any high 
energy of the projectile hadron. But, it should Ье emphasized 
clearly again that the proЬlems in question should find their 
final answers in future experiments. 

4. CONCLUSIONS 

The ,occurrence of events without. particle production, in 
which energy and momentum spectra of emitted protons are prac
tically the same as the spectra in events with particle produc
tion, leads to the conclusion that: 

. а) The nucleon emission process proceeds independently of the 
particle production process; 

Ь) Fast nucleon emission may occur in some of hadron-nucleus 
collisions in advance of the particle production, like the ioni
zation of atoms Ьу energetic charged hadron in its passage 
through а material occurs in advance of the collision with an 
atomic nucleus leading to the particle production. 

The np -independence of the energy and momentum spectra of 
emitted protons allows one to conclude the knocking-out mecha
nism of nucleon emission does not seem to play any important 
role in fast nucleon emission observed. 

The independence of the energy and momentum spectra of emit
ted protons on the multiplicity n 77 of produced pions indicates 
that the observed outcomes in hadron-nucleus collisions appear 
in resul~ of decay outside the target nucleus of some interme
diate objects created at first inside it. 

5. REМARКS 

The conclusions formulated above do not contradict the law · 
of particle production in hadron-nucleus collisions, formulated 
in our previous work / 141: Various frequency distributions cha
racterizing the particle production process in hadron-nucl~us 
collisions at an energy Е are the composition of some number m 
of corresponding statistically independent frequency distri-

14 

butions characterizing the particle production process in had
ron-nucleon collisions at the average energy E/m. 

The properties of the energy and momentum spectra incline us 
to expect the n - and n -independences of fast nucleon angu
lar distributiohs as wefl. 
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Стругальекий 3. 
Энергетические и импульсные спектры нуклонов, испущенных 
в столкновениях адронов высоких энергий с ядрами 

Е1-83-155 

Исследуются энергетические и импульсные спектры "быстрых" протонов с кине
тическими энергиями от -20 до - 400 МэБ , в столкновениях пион-ксенон при 
3,5 ГэВ/с, в двух классах событий: когда частицы рождаются и когда рождения 
частиц не происходит. Спектры практически одинаковы в обоих классах событий 
и в подклассах, в которых наблюдаются разные кратности испущенных протонов. 
Полученные результаты позволяют заключить, что: 1/ процесс испускания нукло
нов происходит независимо от процесса рождения частиц; 2/ прямое выбивание 
нуклонов не играет какой-либо заметной роли; 3/ рождение частиц происходит 
через какие-то промежуточные объекты, рожденные сначала в ядре-мишени и рас
падающиеся после выхода из него. 

Работа выполнена в Лаборатории высоких энергий ОИЯИ. 

Сообщение Обоединенного института ядерных исследований. Дубна 1983 

Struga1 ski Z. 
Energy and Мomentum Spectra of Nuc1eons 

Е1-83-155 

Emitted in High Eпergy Hadron-Nuc1eus Со11 isions 

Energy and momentum spectra of "fast" protons, of kinetic energy from 
about 20 to about 400 MeV, are studied in pion-xenon nuc1eus со11 isions 
at 3.5 GeV/c momeпtum, in two samp1es of events - when partic1es are 
produced and when particle production does not occur. The spectra are 
practica11y the same in both the samples of events and in corresponding 
subsamples of events - with various multipl icities of emitted protons. 
Resu1ts obtained allow one to conclude that: 1) The fast nuc1eon emissioп 
process proceeds independently of the particle production process; 2) The 
knocking-out mechanism of the fast nucleon emission does not play an im
portant role in observed emission of protons; 3) Particle production 
proceeds via some intermediate objects created at first inside target 
nuc1eus and decaying after having left it. 

The investigation has been performed at the Laboratory of High Energies, 
JINR. 

Communication of the Joint lnstitute for Nuclear Research. Dubna 1983 


