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The energy spectra of mesons,produced on nuclel D, C,
Al,Cu.Pb bv 6 and 8.4 GeV/c protons at an angle of 180o
have been measured. It is shown that in the antilaboratory
system these reactions correspond to the processes of the
interaction of relativistic nuclei with protons. As a ‘re=
sult, the produced mesons take the energy much higher than
that .per one nucleon of a relativistic nucleus. The obser-
ved cumulative effect to the 4th order inclusive is des-
cribed by sxmple regularities.
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reaction

A study/1’2/ of the energy spectrum of particles in the

(Y /\‘f"
d +Cu — T+ -

has led to discovery of the meson production €ffect for three-
nucleon collisions, According to estimates/B’u/, this effect -
turned out to be so significant that it is accessible not only -
to experimental study but also it can be of practical importance.
The same estimates/394/ show that the cumulative meson produc-
tion processes of higher order cumulativity must have suffici-
ently large cross aections.lmhe reaction of a relativistic nuc-
leus and a target one, in which the new produced particle has an
energy substantially exceeding that per one nucleon of an inci-
dent nucleus, is called cumulative effect.‘ .
" As a cumulative order we understand the number of nucleons
of the incident relativistic nucleus participating in the colli~
sion. It is patural that such a definition raises a question on
the separation of the cumulative effect from those which are due
to the Fermi—moﬁ}on of nucleons inside the bombarding nucleus.‘_’,
For definiteneséﬁ,as bounds on an energy scale of secondary
particles between the cumulative effects of neighbouring order,we
indicate maximal energies of secondaries for previous order
particles without taking into account,the Fermi motion. This
definition becomes more end more accurate with increasing the
energy of the relativistic nucleus. It implies smallness (in any
case finiteness) of the momentum of nucleon internal motion in
comparison with that of one nucleon of the relativistic nueieus.
In fact, the eumulative effect is separated more accurately

on the basis offthe scale invariance and asymptotic properties
of the matrix elements,



The concept of compound particle is usually defined by the
result of decomposition of its state into the constituent states.
For example, the nucleus state with mass number A is described
to a good approximation by one term of expansion in the number

of constituents: . .
A= 5 NSRS ¥ [ No ><No A
N [<No|A>|*¥ 1L,

where \N°> is the state describing A nucleohs. The states,

in which mesons, hyperons, isobars,etc.,aré present,are assumed
to make a negligible contribution., This basic bostulate of puciear
physics is supported by a great number of expei‘imental data. If
the state is written in momentum representation, the vco;‘resjaon- '
ding amplitude will define the probability of £inding particular
mome ntum véiwes. This is a definition of the Fermi motion of nuc-—
leons i.nsideA,nuclei. One can draﬁ a conclusi‘on. about the role of
this motiop withont detailing the wave function models of
nuclei. When the influence of the Fermi motion is talked about the

above mechanism is determined by the following di,agrmn: .

The corresponding matrix element takes the form

P )

I,

g .

where P, and P ' are 4-momenta of incident and residual

nuclei, P is the—\nucleon momentum which induces the meson pro-
duction with momentum gq ‘5' are all other variables including
Q. _ .
The case ':\2 ~ Ei’;\‘ 2>> IIAZ is of our interest (imita-

tlon of the cumulative effect), where P2 = (¢, - P, )%=2E, u,-s.
According to the theorem of Lehmann, Symanzik and Zimmermann,the
vertex part r decreases at P2 — ~ , One can see that the part
of the invariant cross section AF df’ %jr‘,’ which is due to the Fermi
motion has no - a scale invariance property and decreases
with increasing E,  faster than Y2 2 (or Y 2y Qoes.

- Based on this consideration we can give a method of separa-
tion of the cumulative efféct from those of Ferml motion: it is
R,b, Akt ?{Q;hould be

neceésax-y the invariant cross section

expanded in a power series ( ’/5 ); a zero term of this series
max

separates the N-th order of the cumulative effect at q £ q<
quax,) where qNK_ is the momentum of secondary particle and qnmax

is its maximum valus for the collision of N-nucleons inside fhe
relativistic nucleus, .

Paper/ 1/ gshows that for reactipn (I) such a zero term exists,
scale invariance being fulfilled. Calculations in the imp\ils'e

/2,10/ which are in agreement with the above argu-

approximétion
nentation indicate> that the observed effect cannot be explained’ .
by the‘Fermi motion of nucleons in‘side deuterium and copper nuclei.
Itlia also Bhown‘in the emerhent/ 1, 2: that the ratio between

the invariant functions RA = AE d 3 of deuterons and protons }
at equal values of the scale a.rgunent X = Pf' /PJ- max (for x>0 5),

within errors, is independent of the argument x and is equal %o



0.06. The latter is in agreem?nt with the simplest model of
cunulative meson production/2’3/. According to this model, finding
and investigation of different characteristics of this process
turn out to be quite real. The dependence of the secondary par-
ticle yield on the atomic number of the relativistic nucleus is
an important and, for the present,‘unstudied characteristic of
the cumulative effect. Investigations of scale invariance effects
and finding of,as high as possible, cumulative orders are prob-
lems of today. _ _

- This paper is devoted to solving these problems., Below we
present and discuss the experimentgl data on the reactions

At P TERY)+ L @
obtained in the coordinate system, where nucleus. A is at rest,
and mesons are detected at an angle of 180°, This statement of
the problem makes it possible to get 1nformatioﬁ of our interest
before we study the beams of relativistic nuclei with A 24
at the energy permitting one to separate the cumulative effect
from those which are due to Fermi motion. The problem of relati-
vistic acceleration of mean-weight nuclei and, poss;bly, of heavy
ones is likely to be solved only after creating a specialized
accelerator of relativistic particle - Nuclotron/g/

In reaction (2) D, C, Al, Cu, Pb were taken as nuclei A.
Reaction (2) was studied with momenta 6 and 8.4 GeV. The energy
of secondary mesons varied from. 100 to 1070 HeV This corresponds
to discovery of the cumulative effect up to the 4th order inclu-

sive (as many as 4 nucleons out of A take part in the collision).

616/v
2

dAp

As will be seen below, the 1nvar1ant cross sections ? 21?

are weakly dependent on ~ in the whole of the energy range
studied., As will be shown later on, the energy spectrum of pro-

duced pions is described by the fbllowing simple exponentiesl de-

(s) L
v, T,

where the parameter rrc is practically independent of energy.

pendence ’

The ratio X .
of - (o) -
RAH(@)‘ R L)
R,°(¢)

for the carbon target is equal to -0.2 * 0.1, i.e., within the

accuracy of our measurements, the contribution of the terms of

"~ higher order than zero one in expansion RA in a power series

( {%—) is practically absent. According to the above argumenpa—
tion, it means that at our energies the influence of Fermi motion

is negligible and only the cumulative effect is observed. Thus,

the data presented below show that the cumulative effect is found
ol r

up to the #4th order and permits one to check . the models of
cumulative meson production, o

The experimental layout is shown in fig., 1. The primary beanm
was monitored by a secintillation telescope M . Pions were .detec—
ted by three scintillation counters Sl, SZ}Ff; and a éhe;enkqv
counter C in coincidence (HT = S + 82 + 53 + 6).,The spectro—
meter has the momentum acceptance Ap/p = 6% an@ tPe angular -
acceptance less then 30 mrd for emission angle 63/ = 180°.

Thus, the maximum transverse ~ - “momentum of detected mesons was



not larger than 30 MeV/c. The detecting apparatus is described

in more detail in ref./s/. It should be noted that the proposed
method of measuring the spectra of secondary particles for the
nucleon-nucleon interaction in the range of small momentum trans—
fers (t) is a more accurate one for measuring the t-dependence

at ultrarelativistic energies.

Calculation of Meson Production Cross Sections

We shall present the experimental data in the invariant pro=-

= Aty d“/a’P

or inclusive density
B 3
0% e d/o

The function R A is expressed as follows:

duction cross section

.25 Nath) Ny (71 )]
R Woth) _ N (1) g
A ID.}'/_ /7}\, Sk é/.‘ }2[ A /\’/F(A) MP (‘IWI)_,, )

whe:g Eﬁ ’ Pﬁ- are the total energy and momentum of secondary
mesons; the product P Sk = AR Ap, where 550 is the
transmission solid angle of the spectrometer and A\ P 1is the
écceptance of the momenta’?/, The constant K takes into account
the correction for absorption in the matter of the counter and
the target, pion disintegration and muon qggzgmination. The con-
stant b» connects the monitor counts in measurements without
target (M ( [1)) with the primary beam intensity, The monitor

12 activity. The constant
% _( %ﬁi 1.02 ¢+ 1.10) takes into account the change of monitor
count (M P(A.)) when the target (A) is placed into the beam; xﬁ,(A)

was calibrated absolutely by measuring C

are meson counts from the target A (1A in thickness) expressed

in inverse millibarns and 9. ( {1) are counts without target.
The systematic error in measuring RA is due to uncertainty

Kand'z.

in constants . P, 8y,

The momentum of detected particles P e is determined by
the graduated curve obtained by a floating wire technique/s/.
The systematic error in graduations is 3%.

The constant S . was computed using a standard pros;am/s/.
F&r the given geometry of the experiment, the systematic error
in determlnlng Sy 1is 8%.

|/

The systematic error in calculating the constant is main-
ly due to meson decay. This correction is maximum for small meson
momenta. For example, for the momentum of secondary mesons -

200 MeV/c it is equal to 1.5, and its uncertainty is 3% and 1%
for: large values of PK. .

The systematic error in calibration with the(activity pro-
duced in the CH target is determined by uncertainty in the
cross section of rea:tion c12 (p, np)c11 and is equal to 6%.

Thus, the total systematic error in measuring R, (if all

indicated factors are independent) is about 10%.

erimental Data
Table I presents the experimental data on the lnvariant croass

section (RA) of the inclusive process

p+rA=> I (180°)
when nuclei C, Al, Cu and Fb are excited by 6.0 GeV/c protons.

The errors presented are statistical. The kinetic energy of nega-



tive pions varied from 103 to 673 MeV. According to the kinema-
tics of the nucleon-nucleon interaction
N + N-. 7 (180°).
The energy of secondary pions must not exceed Tmax = 244 MeV.
Thus, according to our definition (see above), the majority of
our experimental data corresponds to cumulative meson production.
&/Figures 2, 3, 4 present the experimental data on the inva~

riant cross sections l E Ci ﬁv

for nuclei C, Al and Cu as

a function of the kinetic energy of negative pions, One can see
from the figures that the dependence of the cross sections on

the pion kinetic energy is of an exponential character, the spec-
tra.of'various nuclei being similar andy in a first approximation,
differing in constant, 4

Table II shows the experimental data op'the invariant
cross sections of the positive meson production on nuclei C, Al,
Cu and Pb excited by 8.4 GeV/c protons. The energy of generated
plons varies from 115 to 676 MeV. The kinematic limit for the
nucleon-nucleon interaction is 269 HeV. Thué, again the greater
pait of experimental data on the positive pion production corres-
ponds to collective multinucleon interactions inside the target-
nucleus,

In figs. 5, 6, 7, 8 one can see the experlmental data on the
pion production ({ ) on target—nuclei c, Al, Cu and Pb, As is seen
from the figures, the energy spectra of pions are of an’ exponen-
tial character and similar for various nuclei.

For comparison figure 5 presents the energy‘spectfum of
protons (* ) for the carbon tarset/sl exposed to 6.6 GeV/c protons.

10

7

Prom this comparison one concludes that the invariant cross sec-
tion of pions can be compared with that of protons as a function
of the kinetic energy of produced particles. However, the '"tempe-
rature™ of the proton spectrum 1s somewhat lower than that of

the meson one.

In figs. 5 and 7 one can see the preliminary data on the
invariant yleld of posiltive kaons for carbon and copper nuclei.

It is seen from the figures that at equal kinetic energies of the
produced mesons, the kaon yield is approximately two orders less
then the meson one. The kinematic 1limit of kaon production in the.
nucleon-nucleon-interaction is equal to™~ 40 MeV. coneequeetly,
the observed kaons have an energy (Tl.= 200 -~ 300 MeV) which is
significantly higher than the kinematic limit for the nuc}eon-
mucleon interaction and corresponds to the  3rd order cumulative
effeet.

In Table III we present the experimental data on the invariant
cross sections of the‘negative'pion production when nuclei C, Al,
Cu and Pb are excited by protons with momentum 8.4 GeV/c. The
kinefic energy of creafed pions varied from 119 to 1072‘Mev. The
kinematic limit corresponds to the nﬁcleon-nucleon ;nterection
equal to 269 MeV.

As an illustrative example, these data are presented in flgs.
9, 10, 11, 12. It is seen that if the energies of produced pioms.

are lower than 700 MeV, the energy spectra, as before, are of an

. exponential character and similar for various nuclei. However, if

the energies of produced pions are high, a deviation from the
exponential dependence ig obsereed. According to our definition,

the observed pions correspond to the cbservationof the 4th order



cumulative effect. Aithough the errors of measurement ére large

(  50%) in this range of energy spectrum, the deviation from
the exponential dependence is observed for all the investigated
nuclei.(rbssible systematic errors - have been
tested experimentally as follows. For pions at 1072 MeV(copper—
target)the angular resolution of the Cherenkov counter (and the.- .
energy resolution connected with them) was decreased by a factor
of 3 to the angular acceptance of particles in the channel, The
effect, within errors, remained previous. Using an absorber
(Fo, 20 cm) located in front of the counter S3 (fig. 1) it was
shown that detected particles could not be. muons with momentum
larger than 400 MeV/c.

: In Table IV we present the experimental data on the inwv i—
/g 2L 35
- xrzrf /){P3

ant cross section of the negative pion production

fer the rection

p + p->Ji (180°),
measured by the subtraction method CHE-C,and the experlmental data
on the reaction
ped = Ji7 (180%),
obtained by the subtraction method CDZ-C. The same Table shows
Athe experimental data = on the reaction NCu + d_—?hf' obtained
/4/ '

earlier

Empirical Regularities

A 51m11ar1ty of the energy spectra, their exponential charac—
ter pemit one to describe the runction ;Z E d Apéby a simple-
exponential dependence and to analyse the parameters. The experi-
mental values. [ C

% were fitted to the following functions:

12

(£it 1)

o
and “’t

(21t 2)

d 3 —04 KXP{~ ’//v}'.
According to the criterion )CL , the experimental data are well
described by the exponential furctions (Maxwell distribution).
Table V presents the distribution perameters and their
errors. It is seen from the Table that the parameter T'oo("tem.-
perature”) 1s practically independent of the energy of primary
protona andAthe charge sign of secondary mesons.\The_paranefer
a, is also independent of the charge of secondery mesons qnq
weekly changes with the energy of primarﬁ protons. One can see
from Table V that a4 practically linearly increasee vitq{incre—
asing the atomic number.orltarget-nucleus. Figure- 13 shows the
experimental data on the production of negative pions by 8.40GeV/c
protons as a function of the atomic number of target-nucleus for
various kinetic eneréies»of produced pions. The linear dependence
on the atonic number ‘A is nlotted in the same figure (dotted
line). The experimental data for various pion energies wer' fit-
ted to the foilowing.relation \

28 5 () =R, (T3] A~ 0.

o Ty/ T hAx - , ’ K
where ®: Y "ﬁxd 5 " i the maximum kinetic enersy of
pion for the nucleon—nucleon interaction kinematics, Figure 14
shows the parameter n Aversus the variable R . The values of

parameter a, are used to find the parameter n in the point



“(¢. = 0 (£it 1) (Table V). From fig. 14 it is seen that at
:fﬁnr/7} mAx the parameter n does not depend on the
primary energy of protons and the charge sign of generated pions,

If the energy of produced pions approaches 0, the parameter n
tends to 2/3. With increasing the plon energy up to T’max’ the
parameter n increases achieving unit at 2= I. In the range of
cumulative meson production x> the’ parameter n, within
errors, remains constant at the level of unit. Such a behaviour
of the parameter n 1indicates that in the range of ordinary
(noncumulative)vneson production 63£<i1) the cross section of
particle production is proportional to the nuclear surface (nnv2/3),
and in the region of cuuulative meson production ij 1) tne
cross section of meson creation is proportional to the nucleus
volume (b~ 1), V
Thus, the studied‘nrocess, fragmentation process of target-
nucleus (A), excited by protons at 6 and 8.4 GeV/c has the fol-
'low1ng empirical regularities: ' B o
» 1) The energy spectrum of produced pions in the coordinate

7system,’related to the nucleus, is of an exponentiai character

26 £ eyl U]

parameters 'aA and 7; being practically independent of the
energy of primary protons. Thus, the pion spectra for nuclei C,
Al, cu, Pb satisfy the scale invariance requirement (at least,
for a high energy part of the pion spectrum (r> m )) found
earlier for deuterium nuclei/3 4/ This indicates that the Fermi

motion effects are unessential. B

14

e e SRS i

>, o

2) The coefficient a,\depends on the atomic number of target
nucleus ([ZA ﬂcf\ ), the index n being dependent on the energy
of produced pions. At low pion energies(T~0)we have n(™0)=2/3. In
the range of cumulative meson production ()X .- 1) n .. -1, A strong
dependence of the meson production cross section on the atomic
aumber A showa”ithat it'is possible to.obtain intensive
beams of cumulatively produced particles‘for'accelerated/7’8’9/
relativistic nuclel ;

/%‘F -y —> ( P/ ’ 7i )

Figure 15 presents the spectra 5{2%7//)01

mesons ( .7 ) for carbon and copper nuclei with momenta 6 ( } )

f cumulative

and 8.4 ( { § ) GeV/c per nucleon (this paper) and the spectrum

of cumulative protons (dotted curve)/e/. One can see that the

‘yield of protons significantly exceeds (approximately by a factor

of 104) that of pions at equal momenta of secondary particles.

"Possibly, this is an evidence for an essentially different nature

of these processes. However,—it should be noted that

‘ Jl_ ( 7” (/J" % ),
f’

where f)s is the momentum per one"nucleon of accelerated nucleus.
It is also seen from the figure that the yield of kaons for car-
bon (Sﬁ ) and copper ( * ). nuclei coincides with that of
pions. Thus, the expression i s
C/h Al C/ OK ( P L .
(P/ o Jodn UK~ ,/ / f
(fp?/JL 5 " "P‘J adpuaz

is probably valid for any nucleus accelerated to equal momenta

per one nucleon.



A more detailed discussion of data, in particular their
comparison with the cumulative model, will be presented
elsewhere.

In conclusion we would like to express our gratitude to
chief engineer 1..G.Makarov, a synchrotron crew under the gul-
dance of $.V.Fedukov, to I.B.Issinsky, A.A.Smirnov and )
K.V.Chekhlov and their colleagues for stable operation of the

accelerator during the experiment. Ve express our acknowledge-' :

ment to V.G.Perevozchikov and a group of A.D.Kirillov for their
help in this work.
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o
Fige. 5. Experimental data on the reactions p + C -)_ﬁ"', k*t(180 )

- Fig. 3. BExperimental data on the reaction p + Al"jf‘(180°) 3 for primary protons with momentum 8.4 GeV/c.
for primary protons with momentum 6 GeV/c. g
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Fig. 4. Experimental data on the reaction p + Cu-vjr"(]_soo) . for primary protons with momentum 8.4 GeV/c.
for primary protons with momentum 6 GeV/c,
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: o
Fige 7. Experimental data on the reactiomp + Cu —7'(}7*,}&*'(180 ) - o
) Fig. 9. Experimental data on the reaction p + C 7jj (180 )
for primary protons with momentum 8.4 GeV/c. . -
for primary protons with momentum 8.4 GeV/c.
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Fige 11 Bxperimental data on the reaction p + Cu -7/ (180 )

for primary protons with momentum 8.4 GeV/c.
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2B (ﬂ}év/dp3 as a function of the atomic number for

Fig. 13.
various energies of negative pions.
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