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The method of an emulsion chamber was used to investigate the production of charged
mesons by 460 mev protons and neutrons of 400 mev effective energy.

INTRODUCTION

HE purpose of this research was the investiga-

tion of the production characteristics of slow
m-mesons in photographic emulsion nuclei by 460
mev protons and neutrons of 400 mev effective
energy, the analysis of stars accompanying the
production of mesons and their comparison with
stars not containing m-mesons. The use of the
emulsion chamber technique developed by one of

the authors® enabled one to follow the complete
path of produced 7-mesons from the place of their
ionization terminal to the place of production, and
thus gave the opportunity to observe a large number
of stars with the production of charged 7-mesons
and to plot angular and energy distributions of
m-mesons in the region of low energies.

There are many papers in the literature devoted
to the study of emulsion stars produced by high
energy nucleons. From the results of these papers
there were obtained the fundamental character-
istics of stars in agreement with the theory of
nucleonic cascade, which is generated when a
fast nucleon is captured by a nucleus. The in-
vestigation of stars with the production of mesons
of opposite sign can give additional information
about the nucleonic cascade.

1. PROCEDURE

The methodology of the emulsion chamber, pre-
viously described in detail’, was used in the in-
vestigation. Each of the two utilized emulsion
chambers consisted of 20 layers of photographic
emulsion of 6 mm total thickness and 42 mm in
diameter, placed in a specially constructed thin-
walled cassette (plate-holder). The chambers were
exposed to beams of fast neutrons and protons

* Deceased.

** This communication is based on the results of re-
search carried out in 1952-1953.

brought out of the synchrocyclotron of the USSR
Academy of Sciences’ Institute for Nuclear Prob-
lems; one chamber in a beam of neutrons with a
400 mev effective energy for the production of
mesons--the other in a 460 mev proton beam.

In the investigation, emulsions prepared by D.M.
Samoilovich were used, permitting the effective re-
cording of proton tracks with energies up to 300
mev. The relationship of range-energy for these
emulsions was calculated from the known percent-
age composition of their constituents (85% AgBr)
ad verified by measuring the average path of the
p-mesons, produced during the 7 » p decay (R#
=590 ). The emulsion shrinkage coefficient was
determined by comparing the thickness of the
emulsion chamber before and after development,
and also by comparing the average track lengths of
prmesons of the 7 decay located in the plane of
the emulsion and making with it an angle of nearly
90°.

The scanning of the emulsion layers was done
with MBI-2 microscopes under a total magnification
of 225x; the measurements under a magnification
of 2025 x . While scanning, the ends of 7-mesons
were recorded and ‘‘starless’’ 7-mesons were
identified by the grain density gradient and by the
characteristic ‘‘willowiness” of the track de-
termined by multiple scattering. Special attention
was paid to the observer’s accuracy in reporting
the relationship between the numbers of 7 - and 7™~
mesons in the emulsion. As shown by special
check, the effectiveness of recording the #-meson
ends was nearly 100%.

The 7+ and 7 =mesons found by this method
were then followed to the place of their production
or to the place where they emerged from the emul-
sion chamber. In order to facilitate the tracing of
the tracks of charged particles while passing from
one layer to the next, a roentgen grid coordinate
system with 30-35 p lines, 3 mm apart was super-
imposed on the emulsion layers.

The chambers used in the investigation allowed
the study of production characteristics of mmesons
with energies up to 40 mev.
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2. THE ENERGY AND ANGULAR DISTRIBUTIONS OF
PRODUCED 7-MESONS

As aresult of scanning the emulsion layers and
following the tracks of 7 *- and #-mesons in
neighboring layers, there were found 193 cases of
7'- and 77~ meson production by neutrons (185 7=
and 8 7t-mesons) and 121 cases of #*- and 7~
meson production by protons (63 7= and 58 7™~
mesons ).

The correct notion of energy and angular dis-
tribution of produced mesons requires edge effect
corrections determined by the finite dimensions of
the emulsion chamber. To calculate the edge
effect each recorded case of a m-meson production
was @ssigned to coefficient » expressingthe
statistical weight of a meson with the given pro-
duction characteristics. The value of the coeffi-
cient » (% =1/p, where p is the probability of re-
cording a given meson in the emulsion chamber)
was detemined from the path length of the meson
and its orientation in the emulsion chamber and
was calculated for each case of 7-meson production
by means of specially constructed nomograms (see
Appendix ).

The energy distribution of 7t~ and 7 "-mesons
produced by protons and # -mesons produced by
neutrons is shown in Fig. 1. (The energy distribu-
tion of 7*-mesons produced by neutrons is not
given because the number of cases found was
small.) It is seen from the Figure that the spectra
of 7*-mesas produced by protons are comparable
within experimental error to the spectra of 7t-
mesons produced by neutrons, asis to be expected
from the principle of charge symmetry. The dis-
placement of the spectra (AE =15 mev) can be
explained by the action of the nuclear Coulomb
field displacing the spectra 7.5 mev in opposite
directions. It is worth noting that the 7.5 mev
value of the shift agrees with the value of the
Coulomb barrier height for photoemulsion nuclei.
The spectrum of 77-mesons produced by protons is
characterized by a weaker dependence on energy
in comparison with the spectra of 7t-mesons pro-
duced by protons and 7 -mesons produced by
neutrons.

The angular distributions of 7*- and 7™~ mesons
produced by protons and 7 -mesons produced by
neutrons are shown in Fig. 2. It can be seen that
in accordance with the principle of charge sym-
metry, the angular distributions of 7*~mesons
produced by protons are similar to those of 77=
mesons produced by neutrons. It is difficult to
give a more detailed interpretation of the results
obtained for the angular distribution of produced

n-mesons because a substantial part of the energy
spectrum in the region of small energies may be
determined by mesons which have lost their energy
at the expense of scattering by nucleons within

the nucleus.
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F1G. 1. The energy distribution of #—mesons pro-
duced by 460 mev protons and neutrons of 400 mev
effective energy in photoemulsion nuclei. O—7"-
mesons, produced by neutrons; @-7t-mesons pro-

duced by protons; x—#"-mesons produced by pro-
tons.
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FIG. 2. The angular distributions of 7 —mesons pro-
duced by 460 mev protons and neutrons of 400 mev
effective energy. a--7 -mesons produced by neu-
trons; b--7" -mesons produced by protons; c--

7 t-mesons produced by protons.

3. THE RELATIONSHIP BETWEEN THE NUMBERS OF

PRODUCED #t- AND #~-MESONS .
PRODUCTION CROSS SECTION.

The calculation of the number of small energy 7*-
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and 7 -mesons with corrections for the edge ef-
fect gives for the #~/#" ratio in the case of meson
production by neutrons a value of (7~/7") =17+8
and for the ratio #7/7” in the case of meson pro-
duction by protons a value of (77+/77—)p =2.2+0.7.
Since the photoemulsion nuclei consist of approxi-
mately equal numbers of protons and neutrons, then
in accordance with the charge symmetry principle,
the above ratios must be in agreement. The ex-
perimentally observed discrepancy in the values

of the ratios (n'"/ﬂ"')n and (#7/7~)_ can be ex-
plained by the difference in the action of the
Coulomb field on the energy spectra of 7= and 7~
mesons.

In accordance with the value of Coulomb shift
in the energy spectra of 7-mesons, E = 15 mev,
established in Sec. 2, 7t~ mesons in the energy
interval of 15 to 30 mev and 7 ~mesons in the
energy interval O to 15 mev were used to calcu-
late the ratios (77_/7T+)n and (#t/77) , corrected
for the Coulomb shift. With this there were ob-
tained values of the (7~ /#%) = 3j’13 5 and (17"'/17")p

= 2.5 +0.5 ratios which agreed within error limits;
the large error in the ratio (#~/#%) is associated
with the small numbers of recorded cases.

The production cross section of 7= and 7~
mesons of energies under consideration (E, <40
mev ) produced by 460 mev protons in photoemulsion
nuclei were obtained by comparing the number of
produced 7~mesons in a definite emulsion volume
with the proton beam density. The density of the
proton beam was determined visually by counting
with amicroscope the number of tracks. With the
emulsion used it was possible to make these
measurements quite reliable for the horizontal
tracks of the 460 mev proton beam.

The number of mesons N’g produced in 1 cm? of
emulsion is determined by the expression NG

- AT .
=%N"/V, where N7 is the number of recorded 7—
mesons ends, V is the volume of the scanned emul-
sion, % is the multiplier, which takes into account
the edge effect and is determined by the conditions
% =2 n/N". The production cross section for 7 ——
mesons is equal to:

c=NT(;/C Ipv (1)

where c is the number of atoms in 1 cm?3 of emul-
sion, /_ is the proton current through 1 cm? of the
photoemulsion.

Using Eq. (1), the mean cross sections of 7-
meson production in photoemulsion nuclei in the
energy interval 0 < £, <40 mev were found to be
equal to:

omt = (2.94-0.9) 1027em%

o= (1.3 4-0.5) 10727 cm?;
Ot gr- = (4.2 4-1.4) 1077 2.

Another evaluation of 7-meson production cross
section was made by comparing the number of pro-
duced 7-mesons with the number of stars pro-
duced by protons in the same emulsion volume, on
the assumption that the star production cross sec-
tion isequalto o_, . =0.58 % eom and O eom

= 0.6 x 10°2% cm2 (the calculation made for the
emulsion used). In this case the cross section
had a value

o (st 4-7) = (4.9 +1,5) 10727 cm?
agreeing with the first result within error limits.
The determination of the 7 -meson production
cross section by neutrons was made by comparing
the number of produced mesons with the number of
stas produced by neutrons, with the same assump-

tions concerning o and o . Moreover, the
> star geom

taking into account of the nature of the neutron
spectrum and the dependence of 7-mesons produc-
tion cross section on neutron energy, leadsonetothe
conclusion that in practice monochromatic neutrons
with an effective energy £ = (400 £ 40) mev are
involved in meson production. The value of the
cross section of 7~ -mesons by neutrons in photo-
emulsion nuclei was found to be equal to:

(5:)n = (12 +8) 10727 cm?

The large error is associated with the uncer-
tainty in the neutron spectrum in the region of
small energies. o

From a comparison of (o,-) with (oﬂ+)p it is
seen that (0,-), > (0”+)p, although E > E,. This

is associated with the action of the nuclear
Coulomb field which displaces differentlythe
spectra of # 1= and 7 - mesons.

4. ANALYSIS OF STARS ACCOMPANYING THE
PRODUCTUON OF 7 - MESONS

In analyzing stars accompanying the production
of 7-mesons, the energy of the particles was de-
termined with the aid of calibration graphs E
= f(R) (R--stops in flight of particles) for the
paths terminating within one emulsion layer, and
from the grain density E = f(dN/dR) for the tracks

of particles leaving a given emulsion layer. Such
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a treatment of the rays permitted the plotting of a
rough curve for particles ejected from stars ac-
companying 7-meson production.

The curve £ = f(dN/dR) was obtained experi-
mentally for #—~mesons and recalculated for pro-
tons by the formula

dN dN/EM,
ar (Eo) —m(——mn )

In the current investigation, the particles ejected
from stars were not identified and their energy was P (degrees)
calculated from the curves of E(R) or E (dN/dR) —0—-%—

Pl a 60 L/ b7/
for protons. The errors arising fromsuch con-

sideration were taken into account during the
analysis of experimental data.

The number of rays per star
in relative units

F1G. 4, The angular distribution of fast particles
(E > 30 mev) ejected from stars with the production
of mesons by 460 mev protons and neutrons of 400 mev
an effective energy. x--stars with 7~ ~mesons produced
by neutrons; @ —stars with 7 T-=mesons produced by
protons; O —stars with 7 - mesons produced by
protons.

yS per star

The angular distributions and the magnitude of
the anisotropy [N (0-90°) = N(90-180°)1/[ N (0-
90°) + N(90-180°) ] of slow and fast particles e-
jected from photoemulsion nuclei by the action of
fast nucleons are shown in Figs. 3 and 4 and in
Table 1.

As can be seen from Fig. 3 and Table I, the
angular distribution of particles with energies £
<30 mev is peaked forward, which indicates the

ative units
~
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FIG. 3. The angular distribution of slow particles presence of a large number of slow cascade parti-
(E <30 mev), ejected from stars under the action of cles, their number being especially large in stars
460 mev protons and neutrons of 400 mev effective accompanying the production of mesons?2,
energy., O--stars with the production of 7~ - mesons The value obtained for the anisotropy of ‘‘meson-
by neutrons; @ --stars with the production of 7 - less’” stars is in good agreement with the measure-
mesons by protons; x--stars with the production of ments of other authors. Bernardini ez al.? ob-

7 -mesons by protons; A--stars without production tained a value of 0.25 for the anisotropy in the
of -mesons by protons. angular distribution of “black rays’’, in the case
TaBLE L

The value of anisotropy of slow (E £ 30 mev) and fast (E > 30 mev) particles.

(o, 7t (n, ) ¢, ) Srars
Type of Star Ep ='4€0 mev E‘nzll()'() mev Ep:}AGO mev w‘;l}:’s‘::n"'
Anisotropy Value:
Slow Particles e e .. ... .10.6140.09 | 0.464-0.06 | 0.474-0.08 0.25+40.06
Fast Particles . . . . . .. .. .|0,9640.04 | 0.8040.05 [ 0.960.04 —

duction of 7-mesons is shown in Fig. 4. As was
to be expected, these particles are ejected mostly
in the forward direction, since they are mainly

cascade particles, Unfortunately, the insufficient

of stars produced by 400 mev protons; Blau et al.®,
for stars produced by 300 mev neutrons, 0.33.

The angular distribution of particles with ener-
gies E > 30 mev in stars accompanying the pro-
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sensitivity of the emulsion used in the investigation
(300 mev for protons) did not permit a reliable
analysis of stars which are not accompanied by the
production of #—mesons. The mean values for

the numbers of rays per star which accompany the

. + - . .
production of 7t~ and 7 -mesons are given 1in

Table II; therein are also the results of Bernar-
dini et al.? for stars not accompanying the produc-
tion of mesons.

TABLE II. The mean number of rays per star.

Mean number Mean number
Mean number of fast particles| of slow particles
Star Type | of ooPer (B> 30 mev )per | (E< 30mev) per
star star
(n, =) 2.94-0.1 0.94-0.07 2,04-0.1
(p. ™) 3,940.3 0.9750.1 3.0340.2
(o, . .| 204302 0.830.1 1.60.2
(P, withourm) | 3.4%0.2[2] | 0.8590.07(3)| 2.540.2°

It can beseen from Table II that the number of
fast (E > 30 mev) charged particles in stars is
the same for the various methods of meson pro-
duction. If one assumes that the production of
mesons takes place through nulceon-nucleon inter-
action, then the obtained results indicate the large
overcharge of fast nucleons. The number of slow
particles for the considered cases of 7—meson
production varies and is thus characterized by the
fact that the slow particles compensate for the
change in nuclear charge brought in by the
primary protons and by the produced #*- or 7 -
meson.

The general nature of the energy spectra of
particles ejected from stars accompanying the
meson production is illustrated by Fig. 5, where it
is seen that the curves coincide in the regions of
high energy and diverge regularly in the region of
small energies. The calculation of the mean energy
carried out by charged particles of the star gives
a value of approximately 100 mev, independent of
the meson producing reaction type. About 75 per-
cent of the total energy is taken out by fast (E
> 30 mev) particles.

If one assumes that for the stars under con-
sideration the energy removed by the neutrons is
equal to the total energy of the charged particles,
then the full energy appearing in the star Ey is
approximately equal to the energy of the nucleon
which produced the star Ey = 2(E +QN )

mean mean

+ €, =2(104 + 9.4) + 160 = 440 mev. Here £

mean

is the mean energy of the charged particles in the
star, Q is the binding energy of the nucleon in the
nucleus, N___ is the mean number of charged

particles in the star and ¢, is the total energy of

the meson.
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FIG. 5. Energy distributions of particles ejected
from stars accompanying the production of 7 -mesons
by 460 mev protons and neutrons of 400 mev effective
energy. X--stars with 7~ ~mesons produced by pro-
tons; @ —stars with 7 -mesons produced by protons;
O --stars with 7 "=mesons produced by neutrons.

In this investigation there were also measured
a number of fast protons ejected from stars ac-
companying the production of 7~ and # ~mesons
for the cases when the produced proton is ejected
forward. Obviously, on the assumption of the
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nucleon-nucleon mechanism of 7-meson produc-
tion, the production of #*- and 7 -mesons by pro-
tons and neutrons must be accompanied by a dif-
ferent number of protons in the final state. If it
is assumed that the mesons are produced on the
nucleus surface, then the above-mentioned differ-
ence in the number of fast protons accompanying
the production of 7-mesons must be especially
noticeable in the case where the produced 7~
meson is ejected forward. However, as follows
from Table I, the number of fast protons ejected
from stars is the same for the different methods of
meson production.

TABLE IMl. Mean number of fast protons for
stars accompanying the production of 7 -mesons
ejected forward.

Mean number of
Production Reaction | protons with E
> 30 mev
™) ... 0.764-0.17
(. 0.7470.11
(no®) ... 0.867-0.11

This result can be explained by the relatively
large probability of #~meson production with a
consequent overcharge of the nucleons participat-
ing in the reaction. The obtained results cannot
be explained by assuming a strong overcharge of
cascading nucleons in the nucleus up to the in-
stant of 7#-meson production. Actually, with this
assumption, the spectra of 7 *- and # =mesons
should be identical, which is contradicted by ex-
periment.

In conclusion, the authors express sincere thanks
to Prof. M. G. Meshcheriakov and Prof. Dzhelepov
for the opportunity to carry out these experiments
with the synchrocyclotron of the Institute for
Nuclear Problems of the Academy of Sciences,
USSR, and to D. M. Samoilovich for the preparation
of photoemulsions, and also to V. V. Matveev and
B. B. Liubimov for assistance with the investiga-
tion.

APPENDIX

EDGE EFFECT CORRECTIONS

In order to get the correct idea of the energy and
angular distribution of the produced #-mesons,
corrections had to be introduced for the edge ef-
fect determined by the terminal dimensions of the
emulsion chamber. We shall consider separately

919

the edge effect associated with the finite thickness
of the emulsion chamber and the edge effect de-
termined by the finite thickness and diameter of the
emulsion chamber.

a) The edge effect associated with the finite
thickness of the emulsion chamber. Consider the
mesons produced at some point O and having a

given path [ and given angle 6(angle relative to
the direction of tEe proton beam). Obviously, all

such mesons lie in the surface of a cone with a
vertex angle 6 and generatrix [ (Fig. 6 a). More-
over, if one considers angle ¢ (in the plane of cone
generation ), then it is clear from physical con-
siderations that the mesons produced with a given
! and 0 must be uniformly distributed relative to
this angle. However, the finite emulsion chamber
thickness 4 leads to the conclusion that of all
these mesons only those will be recorded whose
ends lie on the arcs of a circle with radius R =1
sin 6. The correction coefficient £ is equal to
the ratio of the circumference to the above-men-
tioned arcs.

. n 2Rk,
k_%—f‘%—kl‘*‘kz’ (2)

where kl =m/2¢, and k, = 7/2¢, are the correc-

tion coefficients for mesons ejected into the upper
and lower hemisphere, respectively. In practice,
the corrections for the edge effect connected with
the finite emulsion chamber thickness were made
for each meson (with a given , ¢ and ¢) individu-
ally with the aid of the nomogram shown in the
Fig. 6b and enabling one to find the coefficients
k, and k,.

4 5
J
S <
b 20~ Emul- \ &
. sion <
ayers
?; 34
vV \ ’.-.
s L

F1G. 6. Nomogram for the edge effect k.

b) The edge effect dependent on the diameter
finiteness of the emulsion chamber. Let ! and B
be the respective length and penetration angle of
the meson track, the projection of which onto the
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emulsion plae has a given direction n (Fig. 7a).
Then it is evident that of the mesons with the
given direction n only those will be recorded which

- ‘\\
I
\
\
S ,
/ 1 x
/ 12
/15
s
\“,/
75°
24 i

Vo

R
{ s
[ Leosf g

F16. 7. Nomogram for the edge effect & ”.

are produced within the limits of the cross-hatched
area S,. Since the above consideration does not
depend on the choice of the direction n, then for
all the tracks of length [ and angle 3 the edge
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effect correction dependent on the finiteness of the
chamber diameter will be equal to the ratio of the
circle area S to the cross- hatched area Sl'

B =8/S,.

The determination of the value of k“was made for
each track individually with the aid of the nomo-
gram shown in Fig. 75.

In this manner the true number of produced
mesons can be calculated if to each located -
meson one assigns a statistical weight » equal
to the product of the coefficients k and £5

x = kR .
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A theory of the Fermi liquid is constructed, based on the representation of the perturbation

theory as a functional of the distribution function. The effective mass of the excitation is
found, along with the compressibility and the magnetic susceptibility of the Fermi liquid.

Expressions are obtained for the momentum and energy flow.

S is well known, the model of a Fermi gas has

been employed in a whole series of cases for
the consideration of a system of Fermi particles,
in spite of the fact that the interaction among
such particles is not weak. Electrons in a metal
serve as a classic example, Such a state of the
theory is unsatisfactory, since it leaves unclear
what properties of the gas model correspond to
reality and what are intrinsic to such a gas.

For this purpose we must keep in mind that the
problem is concerned with definite propertiesof
the energy spectrum (‘‘Fermitype spectrum’), for
whose existence it is necessary, but not sufficient

that the particles which compose the system obey
Fermi statistics, i.e., that they possess half-
integer spin. For example, the atoms of deuterium
interact in such a manner that they form molecul es.
As a result, liquid deuterium possesses an
energy spectrum of the Bose type. Thus the pres-
ence of a Fermi energy spectrum is connected not
only with the properties of the particles, but al so
with the properties of their interaction.

A liquid of the Bose type was first considered by
the author of the present article in application to
the properties of He II. It follows from the char
acter of the spectrum of such aliquid that a vis-



