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The emulsion stack, containing 100 pellicles of
NIKFI-R photo-emulsion of 450 x thickness and 10 x 10 cm?
surface was exposed in the Synchrophasotron of the High
Energy Laboratory of the Joint Institute for Nuclear
Research to the inner proton beam, accelerated to 8.7 GeV.
The work was carried out by three groups, who investigated
proton interaction with free and bound nucleons of photo-
emulsion (groups II and I1I), mechanism of proton inter-
action with photo-emulsion nuclei (group I), generation of
7 mesons and ““strange ” particles (group II); besides that,
an attempt was made to investigate proton diffraction
scattering on photo-emulsion nuclei (group II).

A. 9 GeV proton interaction with free and bound nucleons
in photo-emulsion

Emulsion pellicles have been scanned along tracks of
primary protons. 2366 cases of proton interaction with
nuclei (scattering on the angle less than 5° was not included)
in 871 m track length were found. The cases of primary
proton interaction with free protons and protons bound in
nuclei were separated on the basis of the following criteria :

a) even number of the tracks;
b) absence of an electron, emitted from the star centre;

¢) the range of the secondary particles, except protons
from elastic p-p scattering, mesons and hyperons, should
exceed 4 mm, which allows exclusion of interaction cases
in which evaporation particles are present;

d) the angles of the secondary particles emitted and
their energy should not contradict the kinematics of proton
collision with rest proton. The case was considered as
proton collision with quasi-free neutron, if the star had odd
number of tracks and satisfied (¢) and (d) for selection of
p-p events. 205 cases have been selected in this way,
similar to p-p interactions, and 123 cases, similar to
p-n interactions referred to below as p-p and p-n events.
Assumingthat the number of protoncollisions with quasi-free
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protons in the nucleus is equal to the number of collisions
with quasi-free neutrons and excluding the cases of elastic
p-p scattering, one may obtain as an approximate estimate
of the cross-section of inelastic p-p interaction of 9 GeV the
value ~ 30 mb. The hydrogen content in emulsion was
calculated by the data given in the papers 1'®. It follows
from the papers *'2 and from the given estimate, that the
cross-section of inelastic p-p interaction is practically
unchanged in the interval from 1 to 9 GeV. The results 13-1%)
relating to the cosmic rays, indicate that the cross-section
of inelastic p-p interaction probably remains constant in
the interval of higher energies.

From 205 p-p events 17 cases were related to elastic
p-p scattering on the hydrogen in emulsion. Due to the
insufficiency of the statistics, differential cross-section of
elastic p-p scattering cannot be estimated; it should be
noted that in the majority of the cases the scattering angles
in c.m.s. do not exceed 20°, which probably indicates the
diffraction character of the scattering.

The registration efficiency of the cases of elastic scatter-
ing depends on the angle between the plane of scattering
and the plane of the emulsion and must be evaluated in
determining the total cross-section of elastic p-p scattering.
The correction has been calculated for 39 cases, which in
the sense of the registration efficiency are similar to the
cases of elastic p-p scattering, and it turned out to be
equal to 1.5 4 0.2. The total cross-section of elastic
p-p scattering at 9 GeV, taking into account the above-
mentioned corrections and the background of quasi-elastic
p-p scattering (~20%), is 0% = (104 5) mb. The com-
parison of this value with experimental data '® shows
that the total cross-section of elastic p-p scattering at the
energy range from 6 GeV to 9 GeV within the limits of the
experiment errors does not change. The estimation of
the total cross-section of p-p scattering at 9 GeV, obtained
as the sum of elastic and inelastic cross-sections, leads to
the value ~ 40 mb.

Distributions N (n) and N (n) inelastic p-p events and
p-n events according to the number of all tracks # and
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the number of fast particles #; (i.e. particles withionization
I < 1.41,14equ) are given in Tablel.

The calculations made according to the statistical
theory lead, at £ = 8.7 GeV, to n = 3.3 for p-p and
7 = 3.0 for p-n.

The comparison with the results of the papers 1012
indicates that the average number of charged particles
emitted in p-p interactions increases rather slowly in
the energy range of the incident proton from 3 GeV to
9 GeV. The mean number of charged shower particles
emitted in p-p events at 9 GeV is less than the value
1, = 3.4 4 0.1 obtained for proton-nucleus interaction *.

The angular distributions in the laboratory system of all
charged particles and shower particles are given in Figs. 1,
2 and 3 where on the abscissa is plotted the cosine of the
polar angle and on the ordinate the relative number
f(cos 0) of particles, emitted in a given interval of cos 0,

The angular distributions of the charged particles from
p-p and p-n events in the limits of the statistical errors
coincide (Fig. 1). A half of the secondary particles is
emitted in the cone with the angle 19.0° 4+ 1.5° for
p-p events and 17.0° + 2.4° for p-n events. The angular
distributions of the prongs in inelastic p-p events for
different n (Fig. 2) in the limits of the errors are not
distinguishable.

If, in the centre of mass sytem, all the particles are relativ-
istic (£ >> mc?) in the case of p-p events, in the labora-
tory system a half of the particles should emerge in the
cone with the angle 23°. From the comparison of this value
with the experimental value obtained it probably follows
that there is present in the c¢.m.s. a number of relatively
slow secondary particles. The angular distributions of
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Fjg. 1. The angular distributions of the charged secondary par-
ticles in p-p and p-n collisions.

TABLE 1
p-p p-n
N (n) N (ny) N(n) N (ny)
1 2 3 4 5
0 — 0 - 7
1 — 35 39 38
2 90 60 —_— 13
3 —_ 32 61 49
4 81 44 _ 5
5 — 5 19 13
6 15 10 — 2
7 —_ 1 3 1
8 2 1 — —
9 — — 1 _
Mean number of
tracks per star 324+ 0.08 2.69 + 0.07 2.82 4 0.20 2.52 4+ 0.20
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Fig. 2. The angular distributions of the secondary charged
particles in p-p collisions for the cases of different multiplicity (n).

charged shower particles in p-p and p-n events are
similar. They are in agreement qualitatively with calcula-
tions of the statistical theory ®. In Fig. 3 these distribu-
tions are compared with angular distribution for proton
interaction with complex nucleus !”. In proton-nucleon
collisions the secondary shower particles are concentrated
in a narrower angle interval than in proton collisions with
a complex nucleus. In particular, in the first case the ratio
of forward-backward number of shower charged par-
ticles is 39 + 8; in the second case 19 4 3. Such a difference
in angular distributions (and in the mean number of fast
charged particles) may be connected with cascade develop-
ment inside the nucleus.

The tracks of all secondary particles from 115 p-p and
63 p-n events were followed either to rest, to their escape
from the stack, to decay, or to secondary interaction. In
p-p events of 21 particle tracks stopped in the stack,
15 turned out to be protons and 6 = mesons.

In p-n events inside the stack 4 protons and 4 = mesons
stopped. One case of ZX+-hyperon production in
p-p events was found, with decay according to the scheme

2t—n+ at .

The mean free path for nuclear interaction of shower
secondary particles from p-p events is equal to (34 - 6)cm
and from p-n events (28 + 7) cm. These values do not
differ from the mean free path for proton and = meson
interactions with energy of 1 to 6 GeV, and from the
preliminary range value for 9 GeV protons which were
reported in paper V. According to the data of the
present paper the mean free range for 9 GeV proton inter-
actions with nuclei in photo-emulsion is equal to
(37.0 £ 0.8) cm.

B. Proton interaction with nuclei

1. Investigation of ~ 9 GeV proton interaction mechan-
ism with photo-emulsion nuclei.

The interactions with light and heavy photo-emulsion
nuclei have been separated from the stars, found by
scanning along the track of incident protons. 53 stars on
light nuclei and 67 on heavy ones have been selected for
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Fig. 3. The angular distributions of the charged shower particles
in p-p, p-n collisions and in proton collisions with photo-emulsion
nuclei.
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Fig. 4. Star distributions by the number of shower particles ng
on light and heavy nuclei. ( ) heavy nuclei ng = 3.5 4- 0.3;
(- — =) light nuclei ny = 3.4 - 0.3.

the analysis. All the prongs were divided into three classes
according to the measurement of ionization :

1. shower particles (ionization I < 1.4 I uieqn);

2. grey particles (ionization I > 1.4 I,j1eq. and
R > 3.73 mm);

3. black particles (range R > 3.73 mm, which corres-
ponds to E = 30 MeV protons).
Table II gives the mean values for shower, grey and
black particles.
Star distribution by shower particles is given in Fig. 4.

The angular distributions of shower particles are given
in Fig. 5. From the angular distributions the values of the
median angles are obtained :

1. for p-p collisions 6, = 18° (is given for
comparison)
0y, = 25°

0y, = 28°.

2. for light nuclei

3. for heavy nuclei

The nuclear range for secondary interaction of shower
particles obtained was 344 6 cm.

Fig. 6 gives the energy spectrum for grey particles.

The mean energy value per one particle and star was
obtained :

E—g MeV/prong E, MeV/star

140 £ 20
120 4 15

4004 60
1160 + 120

light nucleus

heavy nucleus

The median angles of grey particle angular distributions
were estimated :

for p-light nuclei 6,, = 57°, for heavy nuclei 6y, = 65°.
The mean black particle energy per star was determined by
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Fig. 5. The angular distributions of shower particles in the stars
on light and heavy nuclei. ( —) heavy nuclei 0y, = 28°;
(- - - -) light nuclei 0y, = 25°,

TABLE II

Interaction type

Mean values

ng nb
p — light nuclei 34403 1.4+0.2 3.24 0.1
p — heavy nuclei 35403 41405 6.1+ 0.6
p — mixture of nuclei 3240.2 31404 4.74- 0.5
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the values of the residual ranges of black tracks, taking
into account binding energy and neutron emission in the
disintegration of light and heavy nuclei:

for light nuclei E, = 63+ 6 MeV,
for heavy nuclei E, = 245+ 25 MeV.

From the results obtained the splitting energy of light and
heavy nuclei was estimated: W — E; + E, :

Wiight= 470 4= 70 MeV; Wheayy = 1400 £ 120 MeV.

The conclusion was made in the experiments on the cosmic
rays that the average splitting energy of the air nucleus is
440 + 160 MeV at 3-40 GeV.
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An attempt was made to estimate primary particle
energy losses for nuclear mixture, taking the average
splitting energy of the mean photo-emulsion nucleus
W = 1050 + 110 MeV and shower particle average

energy E, The energy value E; was obtained from the
analysis of the secondary shower particle interactions by
three angular intervals using dependence of n, on the
energy for m mesons and protons 29, The results are
given in Table III.

According to the magnitudes W and E, for the emulsion
nucleus the average energy loss of the primary proton is
(60 * fg) %. We note for comparison that, using our
average multiplicity of the mesons generated in the proton-
nucleon collisions, and the average meson energy calcu-
lated theoretically 2V, the energy loss in p-p collisions
is 40-50% and in paper '? the average energy losses on
air nuclei appear to be equal to 309%;.

Going from the angular distribution obtained for the
shower particles (Fig. 5), the qualitative discussion of proton
interaction mechanism with nuclei is now given. The
extension of the median angle, observed in p-nucleus inter-
action in comparison with p-p collisions, may be in agree-
ment with the suggestion that in the light nuclei the proton

50 -
is subject to 1.5 collisions, and in the heavy nuclei more
than 2.
49 :_ & Table IV gives the calculated values of the median
F==19 angles under the assumption of primary proton collision
30 | with different groups of nucleons (tube mechanism). The
calculation is carried out assuming isotropy in c.m.s.
20 |- )
TABLE 1V
1o e = Number of nucleons |64/, under different assumptions on the
‘ I in the tube average z meson kinetic energy in c.m.s.
1 i L —
30 100 200 00 400 500 50 MeV 140 MeV 280 MeV
E Mev o o o
1 17 22 23
Fig. 6. The energy spectrum of grey prongs in the stars on light 2 24° 29° 32°
and heavy nuclei. (———) heavy nuclei E = (122 +12) MeV/ 3 29° 35° 38°
prong, (1165 + 120) MeV/star; (—---) light nuclei E = 4 33° 39° 42°
= (138 + 14) MeV/prong, (400 - 40) MeV/star.
TABLE 111
0 From secondary stars n, E* E*
0-10° 14 +04 52417 4.0+ 0§
10 - 20° 0.7 +0.3 184 1.5 22+ 7%
20 - 180° 0.354 0.15 — 0.5+ o3

Note : Ep*, E* — effective energy, if secondary particles are protons or s mesons.
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Table IV shows that the tube dimensions can be chosen
so that the experimental values are in accordance with
calculation. However, the calculated values were obtained
assuming that the mesons generated in the collision
do not interact with nucleons, which contradicts our
experimental data on the number of the grey particles and
on the splitting energy of the nuclei. Besides that, con-
siderable extension of the angular distribution of the
shower particles due to the meson interaction inside nuclei
must follow from the value of the average of the nuclear
range and the angular distribution. Thus, by meson-
nucleon collisions, the co-ordination of the tube model
seems to be more complicated with our data than the model
of nucleon-nucleon collision.

2. Generation of 7 mesons at ~ 9 GeV proton inter-
action with photo-emulsion nuclei.

To study the interaction mechanism of the high energy
particles the question about the rate of energy transfer to
the secondary = mesons is of great interest.
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Fig. 7. Emitted angular distribution of electron-positron pairs
( ) and angular distribution of shower particles from stars,
found at the scanning along the tracks of primary protons (- -~ -)
and from the stars, found at the scanning of secondary shower
particles (—. - —. ~ ).

Because the direct measurement of fast charged = meson
energy in photo-emulsion is rather complicated, the average
energy of y-quanta due to #° meson decay was estimated.
For this purpose, electron-positron pairs induced by
y-quanta were searched. The pairs were found by scanning
of separate relativistic tracks.

The tracks with plane angle relative to the beam direction
1° < ¢ < 30° and the projected length in one plate
£ >= 1600 u were chosen. The chosen tracks were follow-
ed back to the generation point of the pair, star or escaping
point from the stack. Similar scanning of the pairs was
proposed by King 22, It is suitable for our work because
it excludes the possible bias of the pairs by the energies.
Excluding the inconsiderable background due to Brems-
strahlung y-quanta, and y-quanta incident on the stack
from the outside, the number of pairs found was 93, and
the number of the relativistic tracks leading to the stars
was 116. In both cases the distributions of angles with
respect to the beam are given in Fig. 7. The angular
distribution of shower particles in stars, found by scanning
along the tracks of the primary protons, was also found.
All the distributions coincide within the error limits.
Since in the interval of the investigated energies the angular
distributions of y-quanta and #° mesons are approxi-
mately the same, one may consider that the angular
distributions of neutral and charged = mesons are also
close to each other.

The estimation of y-quantum average energy can be
made by the distribution of angles between pair compo-

nents, because
— 1
E, =K ; .

The calculations, based on the data 23 and 2%, show that
K = 4.15, if the angles are expressed in radians and the
energy in MeV.

The measurements of the angular separation were
carried out by the method proposed in 23, which reduces
the influence of the multiple scattering. The mean value

of y-quanta energy is E,, =420 4 100 MeV.

The givenerrorincludes the measurement error, inaccuracy
in the determination of the coefficient K, approximation

\

inaccuracy and statistical error in determination of (—)
w

To transit to the average energy of =° mesons the ratio

of f = Ex/E, must be estimated. The magnitude depends
on the type of z° meson energy spectrum, but this depend-
ence is rather weak. The upper limit of f value under
reasonable assumptions on 7° meson spectrum equals 1.8.
Therefore, the upper limit of the average = meson energy
equals (750 + 180) MeV.

The total energy, transmitted to the all #°* mesons is
Eyz = 3/2 (ﬁs - a)E_no 5

where a is the average number of the secondary relativistic
protons. For proton interaction of the considered energy



Appendix I 315

with photo-emulsion nuclei n, equals 3.4 + 0.1. If one
considers all the shower particles as @ mesons then

E, = 3.8 GeV.

One should bear in mind that the obtained value E,
relates not to all # mesons but only to those which
emit in the limits of the solid angle considered. Further,
in the calculation one should take into account the pres-
ence of the protons among the relativistic particles.

These two considerations lead to reduction of the

E, value. On the other hand, the energy connected with
black and grey prongs (generally with split nuclei) is par-

tially due to = meson energy and it increases E,. The
accurate account of the influence of all facts mentioned has
not yet been done. In any case, one may think that the
energy share of the primary protons transferred to mesons
is less than 509%. The total energy losses (including
d-nucleon production) may be greater.

3. Generation of strange particles at 9 GeV proton
collisions with photo-emulsion nuclei.

To detect hyperons and K mesons the tracks of secondary
single charge particles produced in nucleus interactions
induced by primary protons have been investigated. The
mentioned tracks were followed to the rest point, decay,
nuclear interaction or to escape from the stack.

The selection of strange particles was made by the
decay scheme and nuclear capture. Only the particles
which emitted in the forward hemisphere and which satisfied
the following two conditions were followed :

a) The ionisation exceeded that of primary protons not
less than 1.6 times (8 < 0.64);

b) the projected length in one pellicle = 3 mm, which
corresponds to the dip. angle < 7.5°.

This last condition excluded also the majority of slow
protons and deuterons produced by evaporation from
excited nuclei.

The results of 670 followed tracks from 1920 stars are
given in the Table V.

Thus, under the conditions considered, one strange
particle is approximately produced per 130 secondary
particles. The great value of the ratio of the number of
strange particles to the number of = mesons

(Nz,x | No) ~ 1/,
is striking.

In addition to 5 mentioned strange particles, 25
strange particles were found during the scanning along
the area, most of which were produced in stars induced
by primary protons. The data relating to all found
particles are given in Table VI. Only in one case a
strange particle was found (K* meson), which was emitted
backwards. In the reaction N + N—2 + K +N the
maximal emergence angle of Z is 44°. Out of the

9 Z-particles found, 4 emerge under considerably greater
angles. This circumstance probably should be connected
with the secondary hyperon interactions with nucleons
of the parent nucleus.

The stars induced by the primary protons and containing
slow strange particles possess a higher number (Nj) of
grey and black tracks. In fact, for this group of the stars

we have Nj, = 1294 1.6 and 7, = 3.3+ 0.5, while for

the usual stars induced by primary protons N, = 8.3 4 0.5
and 7, = 3.4 4+ 0.1 179,

An analogous phenomena was mentioned in some other
papers. For example in the work 2® carried out on =
mesons (E, ~ 4.3 GeV) for the stars containing strange

particles, Ny = 11.54 0.5 and 7, = 0.9 + 0.1, compared
with the usual values N, = 6.5+ 0.6 and 7, = 1.7 +0.1

In the stars containing strange particles all prongs were
followed. The associated production was found in three
cases, in one of which two K mesons were produced.

Assuming that the ratio between the number of strange
particles and usual ones does not depend strongly on the
emergence angle, a rough estimation of the generation
cross-section of charged strange particles with velocity
B < 0.64 on photo-emulsion nuclei can be given : per one
nucleon oy g ~ 0.5 mb.

4. On the possibility of investigating the 9 GeV proton
diffraction scattering on nuclei.

The investigation of elastic scattering of great energy
particles on nucleons and on nuclei is a suitable method to
study their structure, since under these conditions the
quasi-classical approximation turns out to be valid. Unfor-
tunately, the experiments demand a measurement of very
small scattering angles.

The method considered allows the investigation of
angular distributions up to angles ~ 0.2° in a way analogous
to the measurements of the multiple scattering. In this
connection the distances of the track of the primary proton
from some fixed straight line (viz. direction of the micro-
scope stage) were measured at various points, and this
enabled the dip angle and the scattering angle to be
determined.

In the described methods of searching and measurements
of small angle scatterings the main shortcoming of the
usual scanning along the track, under which the efficiency
of scattering detection depends on the angle, is absent.

On the other hand, one should not undertake the
search for point scatterings, but should compare the angular
distributions of the primary beam obtained in different
places of the photoplate, i.e. after going through various
thicknesses of photo-emulsion.

The comparison of these distributions gives a possibility
of experimentally checking the different assumptions on
the character of nuclear scattering.
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TABLE V

The total The track number 7T meson Strange The secondary The track number

number of without visible number particles interaction escaped from the

tracks phenomena at rest number number stack
670 474 19 5 53 97
TABLE VI
. Particle
wy | Pasde | Parestar | oergy | e anal between he amersonc Remarks

1 2 3 4 5 6

1. K+ 54+3p 50 Associated with No. 21.

2. K+ 22+3p 108 Associated with No. 22.

3. K+ 144+17p 62

4, z- 443p 218 42°

5. PIes 21 +1p ~ 97 82°

6. K+ escapes the stack

7. K+ 4+4p 20

8. Kt 7+0n 110

9 K+ 4 - 0 charged 110

10. Kt 6+5p 87

11. K+ 21 44p 60

12. K+ 3 + Ocharged 50

13. K+ 74+9p 30

14. K+ I1+1p 52

is. K+ escapes the stack

16. K 21 +0p 75

17. K+ escapes the stack

18. K+ 6+ 1p 97 Associated with No. 29.

19. = 184+ 5p > 14 89°

20. X+ 12+4p 35 90°

21. Z+ 54+3p ~ 800 20°

22. - 22 +3p 115 29°

23. xz= 14+1p > 145 91°

24. Hf 27 +3p —

25. Hf 11+4p —

26. A° 1842p 140 AC-particle decayed at ~200u
from generation point that
permitted determination of
the parent star type.

27. A0 — 109 _

28. A0 — 19

29. K+ 6+1p 106

30. 2 8+0mn = 38

21 bacs 7 L tn AN 2R°
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This method can be used with some modification for
the investigation of the scattering not only by the photo-
emulsion nuclei but also by the nuclei of any other material,

Due to the great distortion of photo-emulsion the angles
were measured by a relative method. Pairs of primary
protons spaced from each other not more than 50-60 u
were chosen for this purpose.

To compare the projected angle distributions between
the particle pairs the measurements at the depth of S mm and
95 mm from the edge of the emulsion stack, faced to the
beam, were made. About 1200 track pairs were measured
in such a way.

The distributions obtained are given in Figs. 8 and 9.
It is necessary to take into account the influence of multiple
Coulomb scattering in emulsion for their comparison.

The angular distribution at 95 mm allowing only for
Coulomb multiple scattering is given in Fig. 9. The
difference between this distribution and the experimentally
measured one at 95 mm must be considered to be due to
the influence of nuclear scattering.

150

N°of events
1

~ 8(grad)
—amm RPN -
T T T T T T T T T T T T Ll

0° 0,5° - 10°

Fig. 8. Distribution of projected angles of the primary protons
at the depth of 5 mm.

As is seen from Fig. 9 the statistics allow only rough
analysis. Therefore, the model of the “black sphere”
was chosen as the first approximation and the radius of
the nuclei contained in the emulsion was assumed to be
equal to

Ri = I‘OA,‘% .

The value 1, = 1.25-1072® ¢cm was determined from the
mean path for- inelastic interaction in photo-emulsion
equal to (34.7 & 1.5) cm (see 7).
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Fig. 9. Distribution of projected angles of the protons at the
depth of 95 mm. ( ) smoothicurve = expected distribution
calculated by black sphere model, (- — - -) = expected angular
distribution obtained allowing only for Coulomb multiple scat-
tering.

The angular distribution, calculated taking into account
the nuclear scattering by the “ black sphere ” model, is given
as the lower curve in Fig. 9, and is in a good agreement
with experimental data.

When using the second of the above described methods,
the angles between track pairs in two points spaced at a
distance of 1 cm were measured. If this angle changed
more than 0.2°, repeated measurements of the angle after
every 2 mm were made.

In such a way 1132 pairs were investigated (the total
length of tracks is 22 m) and 31 scattering cases at the
angle > 0.3° were found. The corresponding angular
distribution and that calculated by the ¢ black sphere ™’
model are plotted in Fig. 10.

The ““black sphere >’ model provides 24 scatterings, which
within the error limits are in agreement with the experi-
ment. The results obtained must be considered as pre-
liminary.

25

20

N®of events

31 event

PR i
15 Anglein degrees

[} 0.5 1.0

Fig. 10. Distribution of projected angles for 44 scattering cases
on the angle 0.2°. Smooth curve = expected distribution calcu-
lated by “black sphere” model.
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