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Fio. 2. Track of meson which initiates a star. Meson
toward the left, and forms star in upper left hand corner.
4ensity toward the star. (The heavy parallel lines on the

The measurements reported here are admittedly pre-
liminary, and much more work is to be done, but it seems
certain that this marks the beginning of meson study
under controllable laboratory conditions. The large in-
tensities, approximately 108 times those available in
cosmic rays, mean that the rate of progress in this field
can be greatly accelerated.

enters the edge of the photographic plate on the right, moves
Note the scattering in the track and the Increase in grain
right show the edge of the photographic plate.)

Army, for his work on methods of exposing plates in the
cyclotron. We also wish to thank Mr. D. J. O'Connell
and Mr. A. J. Oliver for microscope work and photogra-
phy, and Mr. Duane Sewell and the cyclotron crew for
making the bombardments. The construction of the 184-
inch cyclotron was made possible by a grant from the
Rockefeller Foundation. This paper is based on work

SO MICRONS

FIG. 3. Track of a meson which does not initiate a star. Meson enters the edge of the photographic plate on the right
and moves toward the left. Note the scattering in the track and the increase in grain density toward the left.

In conclusion, we wish to express our deepest apprecia-
tion to Prof. E. 0. Lawrence, whose interest and encour-
agement have made this work possible. The program has
been greatly aided by help from Profs. R. L. Thornton,
E. M. McMillan, R. Serber, and L. W. Alvarez. The
authors are indebted to John Burfening, Lt. Col., U. S.

performed under Contract No. W-7405-eng-48 with the
Atomic Energy Commission, in connection with the Radi-
ation Laboratory, University of California, Berkeley,
California.
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in nodules are catalysed by a compound such as 
hremoglobin, which has the remarkable property of 
oxygenation and is therefore an excellent oxygen 
carrier but a very inefficient catalyst. Although one 
cannot dismiss the possibility that under certain 
conditions hremoglobin may act as an oxido-reduction 
catalyst, no evidence is so far available that this 
applies to hremoglobin of root nodules. 

On the other hand, the fact that this hremoglobin 
is present in root nodules of every leguminous plant, 
that the pigment is formed only in nodules produced 
by an 'efficient' strain of Rhizobium, that the pigment 
is localized only within the large cells containing 
symbiotic organisms and that nitrogen fixation by 
nodules is strongly inhibited by small concentration 
of carbon monoxide, leave very little doubt that the 
activity of hremoglobin is linked with the process of 
symbiotic nitrogen fixation. The presence of bremo-
globin in root nodules, therefore, will have to be taken 
into consideration in all further studies of nitrogen 
fixation by leguminous plants. 

We are very grateful to Dr. H. G. Thornton for the 
strains 505 and 507 of Rhizobium used in this investi-
gation. 
• Kubo, H., Acta Phytochim., 11, 195 (1939). 
• Burris, R. M., and Haas, E ., J. Biol. Chern., 155, 227 (1944). 
• Kellin, D., and Wang, Y. L ., Nature, 155, 227 (1945). 
• Virtanen, A. I ., Nature, 155, 747 (1945). 
• Virtanen, A. I., and Laine, T., Nature, 157, 25 (1946). 
• Kcilln, D., Proc. Roy. Soc., B, 113, 393 (1933). 
'Keilin, D., and Wang, Y. L., Biochem. J ., 40, 855 (1946). 
• Wilson, P. W., "The Biochemistry of Symbiotic Nitrogen Fixation" 

(Madison: Univ. Wisconsin Press, 1940). 
• Letsche, E., Z. Physiol. Chem., 80, 412 (1912). 
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PROCESSES INVOLVING CHARGED 
MESONS 

By DR. C. M. G. LATTES, H. MUIRHEAD, 
DR. G. P. S. OCCHIALINI and 

DR. C. F. POWELL 
H. H. Wills Physical Laboratory, University of Bristol 

I N recent investigations with the photographic 
method1.2, it has been shown that slow charged 

particles of small mass, present as a component of 
the cosmic radiation at high altitudes, can enter 
nuclei and produce disintegrations with the emission 
of particles. It is convenient to apply the 
term 'meson' to any particle with a mass intermediate 
between that of a proton and an electron. In continu-
ing our experiments we have found evidence of mesons 
which at the end of their range, produce secondary 
meson's. We have also observed transmutations in 
which slow mesons are ejected from disintegrating 
nuclei. Several features of these processes remain to 
be elucidated, but we present the following account 
of the experiments because the results appear to bear 
closely on the important problem of developing a 
satisfactory meson theory of nuclear forces. 

In identifying the tracks of mesons we employ the 
method of grain-counting. The method allows us, in 
principlea, to determine the mass of a pal'ticle which 
co.mes to the end of its range in the emulsion, provided 
that we are correct in assuming that its charge is 
of magnitude jej. We define the 'grain-density' in 
a track as the number of grains per unit length of 

the trajectory. Knowing the range-energy curve for 
the emulsion', we can make observations on the 
tracks of fast protons to determine a calibration 
curve showing the relation between the grain-density 
in a track and the rate of loss of energy of the particle 
producing it. With this curve, the observed distri-
bution of grains along the track of a meson allows us 
to deduce the total loss of energy of the particle in 
the emulsion. The energy taken in conjunction with 
the observed range of the particle then gives a measure 
of its mass. 

We have found that the above method gives 
satisfactory results when, in test experiments, it is 
applied to the determination of the mass of protons 
by observations on plates developed immediately 
after exposure. The errors in the observed values, 
based on grain-counts along individual tracks, are 
only a little greater than those corresponding to the 
statistical fluctuations associated with the finite 
number of grains in a track. As we have previously 
emphasized, however, serious errors arise when 
the method is applied to the plates exposed for several 
weeks to the cosmic rays2. These errors are due 
mainly to the fading of the latent image in the time 
elapsing between the passage of the particle and the 
development of the plate. 

We have attempted to allow for fading by determ-
ining a calibration curve for each individual plate 
by grain-counts on the tracks of a number of protons, 
chosen at random from those originating in 'stars'. 
Such a calibration curve corresponds to an average 
value of the fading of the tracks in the plate. While 
we thus obtain improved mean values for the mass 
of particles of the same type, as shown by test 
measurements on the tracks of protons other than 
those used in making the calibration, the individual 
values are subject to wide variations. In no case, 
however, have mass determinations by grain-counts 
of particles, judged to be protons from the frequency 
of the small-angle scattering, given values exceeding 
2,400 me or less than 1,300 m 6 • 

In these circumstances it is not possible to place 
serious reliance on the masses of individual mesons 
determined by grain-counts ; and we employ the 
method, in the present experiments, only to distin-
guish the track of a meson from that of a proton. In 
searching a plate, an experienced observer quickly 
learns to recognize the track of a meson by inspection, 
provided that its range in the emulsion exceeds 
lOO!J-. Nevertheless, we regard it as established that 
a particular track was produced by a meson only if 
both the grain-density and the frequency of the 
Coulomb scattering correspond to the values charac-
teristic of a particle of small mass. We have con-
sidered the possibility that as a result of a rare com-
bination of circumstances we might, in spite of the 
above precautions, wrongly attribute the track of a 
proton to a meson of mass less than 400 m 6 • It is 
difficult to give a numerical estimate of the prob-
ability of making such an error, but we believe it to 
be very small. 

Secondary Mesons 
We have- now made an analysis of the tracks of 

sixty-five mesons which come to the end of their 
range in the emulsion. Of these, forty show no 
evidence for the production of a secondary particle. 
The remaining twenty-five lead to the production of 
secondary particles. Fifteen of them produce dis-
integrations with the emission of two or more heayy 
particles, and from each of the remaining ten we 
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Fio. 2. Track of meson which initiates a star. Meson
toward the left, and forms star in upper left hand corner.
4ensity toward the star. (The heavy parallel lines on the

The measurements reported here are admittedly pre-
liminary, and much more work is to be done, but it seems
certain that this marks the beginning of meson study
under controllable laboratory conditions. The large in-
tensities, approximately 108 times those available in
cosmic rays, mean that the rate of progress in this field
can be greatly accelerated.

enters the edge of the photographic plate on the right, moves
Note the scattering in the track and the Increase in grain
right show the edge of the photographic plate.)

Army, for his work on methods of exposing plates in the
cyclotron. We also wish to thank Mr. D. J. O'Connell
and Mr. A. J. Oliver for microscope work and photogra-
phy, and Mr. Duane Sewell and the cyclotron crew for
making the bombardments. The construction of the 184-
inch cyclotron was made possible by a grant from the
Rockefeller Foundation. This paper is based on work

SO MICRONS

FIG. 3. Track of a meson which does not initiate a star. Meson enters the edge of the photographic plate on the right
and moves toward the left. Note the scattering in the track and the increase in grain density toward the left.

In conclusion, we wish to express our deepest apprecia-
tion to Prof. E. 0. Lawrence, whose interest and encour-
agement have made this work possible. The program has
been greatly aided by help from Profs. R. L. Thornton,
E. M. McMillan, R. Serber, and L. W. Alvarez. The
authors are indebted to John Burfening, Lt. Col., U. S.

performed under Contract No. W-7405-eng-48 with the
Atomic Energy Commission, in connection with the Radi-
ation Laboratory, University of California, Berkeley,
California.
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Production of Mesons by the 184-Inch
Berkeley Cyclotron
We have observed tracks which we believe to be due

to mesons in photographic plates placed near a target
bombarded by 380-Mev alpha particles. The identifica-
tion of the particles responsible for these tracks was
first made on the basis of the appearance of the tracks.

I ~A Of 380 MEV
\ -PARTICLES

STACK OF PHOTOGRAPHIC PLATES

' MESON
0 2 3

INCHES

FiG. 1. Arrangement of apparatus in the cyclotron.
Top: Plan view of cyclotron showing position of target.
Bottom: Detail view of target showing meson trajectory
and position of stack of photographic plates.

These show the same type of scattering and variation
of grain density with residual range found in cosmic-ray
meson tracks by Lattes, Occhialini, and Powell (Nature,
Lond., 1947, 160, 453, 486), and roughly two-thirds of
them produce observable stars at the end of their range.

Their appearance is sufficiently characteristic that a prac-

ticed observer can recognize them on sight. Later, the
identification was confirmed by a direct determination of
the mass from Hp and range measurements (to be de-
scribed below) which gave the value 313 + 16 electron
masses, showing that they are almost certainly the heavy
mesons described by Lattes, Occhialini, and Powell.
The experimental arrangement is shown in Fig. 1. The

circulating beam of 380-Mev alpha particles inside the
cyclotron passes through a thin target, producing mesons

and other particles; the negative mesons are sorted out
by the magnetic field and roughly focused on the edge of

270

a stack of photographic plates placed as shown. All the
measurements reported here refer to negative mesons
produced in a carbon target by full-energy alpha par-
ticles, although a few observations have been made with
other targets and energies. Beryllium, copper, and uran-
ium targets were bombarded with full-energy alpha par-
ticles and gave mesons in numbers comparable to those
from carbon; a carbon target bombarded with 300-Mev
alpha particles gave a greatly reduced yield.
The photographic plates used are Ilford Nuclear Re-

search plates, type 0.2, with an emulsion thickness of
50 A&; the exposure times were about 10 mn., and the
alpha-particle current about , microampere. Each plate
shows about 50 meson tracks along its edge, with about
10 times as many heavy-particle tracks in the same area.
The latter are attributed to stars and recoils produced
by neutrons and are found all over the plates. Fig. 2
shows a typical meson track which produces a star; Fig.
3, one which does not.
The opportunity for making a mass determination is

furnished by the magnetic deflection of the mesons. By
measuring the point and angle of incidence of each track
on the edge of the plate, the radius of curvature in the
field is determined. The range in the emulsion is meas-
ured with an eyepiece micrometer, and to this is added
the path through a one-mil aluminum foil covering the
plates. (The earlier observations were made with black
paper covering the plates, but these are not suitable for
range measurements because of the uncertain thickness
of the paper.) A total of 49 tracks have so far been
measured in this way, with the following results. There
is no significant difference between the masses of the star
and no-star particles, and the mean mass of all the par-
ticles is 313 + 16 electron masses; the spread in individual
values is probably within the errors of the measurements.
The most important source of error is the scattering of
the particles in the aluminum foil and in the first 80 g
of the emulsion. The angle measurements could not be
made closer to the edge than this because of the dis-
tortion of the emulsion on processing.
The mass value found would indicate that at least

160 Mev should be available in the collision to produce
these particles, and furthermore it seems likely that this
energy should be concentrated in a single nucleon-nucleon
collision. The means for this concentration is provided
by the internal motions of the nucleons in the colliding
nuclei, as first suggested by McMillan and Teller (Phys.
Rev., 1947, 72, 1) and further developed by Horning and
Weinstein (Phys. Rev., 1947, 72, 251). According to this
idea, there are three velocities to consider: the relative
velocity of the two nuclei (corresponding to an energy
per nucleon of 95 Mev), the velocity of a nucleon inside
the alpha particle (corresponding to a maximum energy
of about the Fermi limit, 25 Mev), and a similar internal
velocity in the carbon nucleus. In the most favorable
collision these can add together, giving an effective avail-
able energy of 1/2 (V 95 + V25 + V25) 2 = 195 Mev in the
center of mass system of the two nucleons concerned.
Thus, the observations are not inconsistent with a simple
picture of meson formation by nucleon-nucleon collisions.
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in nodules are catalysed by a compound such as 
hremoglobin, which has the remarkable property of 
oxygenation and is therefore an excellent oxygen 
carrier but a very inefficient catalyst. Although one 
cannot dismiss the possibility that under certain 
conditions hremoglobin may act as an oxido-reduction 
catalyst, no evidence is so far available that this 
applies to hremoglobin of root nodules. 

On the other hand, the fact that this hremoglobin 
is present in root nodules of every leguminous plant, 
that the pigment is formed only in nodules produced 
by an 'efficient' strain of Rhizobium, that the pigment 
is localized only within the large cells containing 
symbiotic organisms and that nitrogen fixation by 
nodules is strongly inhibited by small concentration 
of carbon monoxide, leave very little doubt that the 
activity of hremoglobin is linked with the process of 
symbiotic nitrogen fixation. The presence of bremo-
globin in root nodules, therefore, will have to be taken 
into consideration in all further studies of nitrogen 
fixation by leguminous plants. 

We are very grateful to Dr. H. G. Thornton for the 
strains 505 and 507 of Rhizobium used in this investi-
gation. 
• Kubo, H., Acta Phytochim., 11, 195 (1939). 
• Burris, R. M., and Haas, E ., J. Biol. Chern., 155, 227 (1944). 
• Kellin, D., and Wang, Y. L ., Nature, 155, 227 (1945). 
• Virtanen, A. I ., Nature, 155, 747 (1945). 
• Virtanen, A. I., and Laine, T., Nature, 157, 25 (1946). 
• Kcilln, D., Proc. Roy. Soc., B, 113, 393 (1933). 
'Keilin, D., and Wang, Y. L., Biochem. J ., 40, 855 (1946). 
• Wilson, P. W., "The Biochemistry of Symbiotic Nitrogen Fixation" 

(Madison: Univ. Wisconsin Press, 1940). 
• Letsche, E., Z. Physiol. Chem., 80, 412 (1912). 
"Lipschitz, W., and Weber, J., Z. physiol. Chem., 132, 251 (1924). 
u Roche, J., BuU. Soc. Chim. Biol., 8, 98 (1926). 

PROCESSES INVOLVING CHARGED 
MESONS 

By DR. C. M. G. LATTES, H. MUIRHEAD, 
DR. G. P. S. OCCHIALINI and 

DR. C. F. POWELL 
H. H. Wills Physical Laboratory, University of Bristol 

I N recent investigations with the photographic 
method1.2, it has been shown that slow charged 

particles of small mass, present as a component of 
the cosmic radiation at high altitudes, can enter 
nuclei and produce disintegrations with the emission 
of particles. It is convenient to apply the 
term 'meson' to any particle with a mass intermediate 
between that of a proton and an electron. In continu-
ing our experiments we have found evidence of mesons 
which at the end of their range, produce secondary 
meson's. We have also observed transmutations in 
which slow mesons are ejected from disintegrating 
nuclei. Several features of these processes remain to 
be elucidated, but we present the following account 
of the experiments because the results appear to bear 
closely on the important problem of developing a 
satisfactory meson theory of nuclear forces. 

In identifying the tracks of mesons we employ the 
method of grain-counting. The method allows us, in 
principlea, to determine the mass of a pal'ticle which 
co.mes to the end of its range in the emulsion, provided 
that we are correct in assuming that its charge is 
of magnitude jej. We define the 'grain-density' in 
a track as the number of grains per unit length of 

the trajectory. Knowing the range-energy curve for 
the emulsion', we can make observations on the 
tracks of fast protons to determine a calibration 
curve showing the relation between the grain-density 
in a track and the rate of loss of energy of the particle 
producing it. With this curve, the observed distri-
bution of grains along the track of a meson allows us 
to deduce the total loss of energy of the particle in 
the emulsion. The energy taken in conjunction with 
the observed range of the particle then gives a measure 
of its mass. 

We have found that the above method gives 
satisfactory results when, in test experiments, it is 
applied to the determination of the mass of protons 
by observations on plates developed immediately 
after exposure. The errors in the observed values, 
based on grain-counts along individual tracks, are 
only a little greater than those corresponding to the 
statistical fluctuations associated with the finite 
number of grains in a track. As we have previously 
emphasized, however, serious errors arise when 
the method is applied to the plates exposed for several 
weeks to the cosmic rays2. These errors are due 
mainly to the fading of the latent image in the time 
elapsing between the passage of the particle and the 
development of the plate. 

We have attempted to allow for fading by determ-
ining a calibration curve for each individual plate 
by grain-counts on the tracks of a number of protons, 
chosen at random from those originating in 'stars'. 
Such a calibration curve corresponds to an average 
value of the fading of the tracks in the plate. While 
we thus obtain improved mean values for the mass 
of particles of the same type, as shown by test 
measurements on the tracks of protons other than 
those used in making the calibration, the individual 
values are subject to wide variations. In no case, 
however, have mass determinations by grain-counts 
of particles, judged to be protons from the frequency 
of the small-angle scattering, given values exceeding 
2,400 me or less than 1,300 m 6 • 

In these circumstances it is not possible to place 
serious reliance on the masses of individual mesons 
determined by grain-counts ; and we employ the 
method, in the present experiments, only to distin-
guish the track of a meson from that of a proton. In 
searching a plate, an experienced observer quickly 
learns to recognize the track of a meson by inspection, 
provided that its range in the emulsion exceeds 
lOO!J-. Nevertheless, we regard it as established that 
a particular track was produced by a meson only if 
both the grain-density and the frequency of the 
Coulomb scattering correspond to the values charac-
teristic of a particle of small mass. We have con-
sidered the possibility that as a result of a rare com-
bination of circumstances we might, in spite of the 
above precautions, wrongly attribute the track of a 
proton to a meson of mass less than 400 m 6 • It is 
difficult to give a numerical estimate of the prob-
ability of making such an error, but we believe it to 
be very small. 

Secondary Mesons 
We have- now made an analysis of the tracks of 

sixty-five mesons which come to the end of their 
range in the emulsion. Of these, forty show no 
evidence for the production of a secondary particle. 
The remaining twenty-five lead to the production of 
secondary particles. Fifteen of them produce dis-
integrations with the emission of two or more heayy 
particles, and from each of the remaining ten we 
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Production of Mesons by the 184-Inch
Berkeley Cyclotron
We have observed tracks which we believe to be due

to mesons in photographic plates placed near a target
bombarded by 380-Mev alpha particles. The identifica-
tion of the particles responsible for these tracks was
first made on the basis of the appearance of the tracks.

I ~A Of 380 MEV
\ -PARTICLES

STACK OF PHOTOGRAPHIC PLATES

' MESON
0 2 3

INCHES

FiG. 1. Arrangement of apparatus in the cyclotron.
Top: Plan view of cyclotron showing position of target.
Bottom: Detail view of target showing meson trajectory
and position of stack of photographic plates.

These show the same type of scattering and variation
of grain density with residual range found in cosmic-ray
meson tracks by Lattes, Occhialini, and Powell (Nature,
Lond., 1947, 160, 453, 486), and roughly two-thirds of
them produce observable stars at the end of their range.

Their appearance is sufficiently characteristic that a prac-

ticed observer can recognize them on sight. Later, the
identification was confirmed by a direct determination of
the mass from Hp and range measurements (to be de-
scribed below) which gave the value 313 + 16 electron
masses, showing that they are almost certainly the heavy
mesons described by Lattes, Occhialini, and Powell.
The experimental arrangement is shown in Fig. 1. The

circulating beam of 380-Mev alpha particles inside the
cyclotron passes through a thin target, producing mesons

and other particles; the negative mesons are sorted out
by the magnetic field and roughly focused on the edge of

270

a stack of photographic plates placed as shown. All the
measurements reported here refer to negative mesons
produced in a carbon target by full-energy alpha par-
ticles, although a few observations have been made with
other targets and energies. Beryllium, copper, and uran-
ium targets were bombarded with full-energy alpha par-
ticles and gave mesons in numbers comparable to those
from carbon; a carbon target bombarded with 300-Mev
alpha particles gave a greatly reduced yield.
The photographic plates used are Ilford Nuclear Re-

search plates, type 0.2, with an emulsion thickness of
50 A&; the exposure times were about 10 mn., and the
alpha-particle current about , microampere. Each plate
shows about 50 meson tracks along its edge, with about
10 times as many heavy-particle tracks in the same area.
The latter are attributed to stars and recoils produced
by neutrons and are found all over the plates. Fig. 2
shows a typical meson track which produces a star; Fig.
3, one which does not.
The opportunity for making a mass determination is

furnished by the magnetic deflection of the mesons. By
measuring the point and angle of incidence of each track
on the edge of the plate, the radius of curvature in the
field is determined. The range in the emulsion is meas-
ured with an eyepiece micrometer, and to this is added
the path through a one-mil aluminum foil covering the
plates. (The earlier observations were made with black
paper covering the plates, but these are not suitable for
range measurements because of the uncertain thickness
of the paper.) A total of 49 tracks have so far been
measured in this way, with the following results. There
is no significant difference between the masses of the star
and no-star particles, and the mean mass of all the par-
ticles is 313 + 16 electron masses; the spread in individual
values is probably within the errors of the measurements.
The most important source of error is the scattering of
the particles in the aluminum foil and in the first 80 g
of the emulsion. The angle measurements could not be
made closer to the edge than this because of the dis-
tortion of the emulsion on processing.
The mass value found would indicate that at least

160 Mev should be available in the collision to produce
these particles, and furthermore it seems likely that this
energy should be concentrated in a single nucleon-nucleon
collision. The means for this concentration is provided
by the internal motions of the nucleons in the colliding
nuclei, as first suggested by McMillan and Teller (Phys.
Rev., 1947, 72, 1) and further developed by Horning and
Weinstein (Phys. Rev., 1947, 72, 251). According to this
idea, there are three velocities to consider: the relative
velocity of the two nuclei (corresponding to an energy
per nucleon of 95 Mev), the velocity of a nucleon inside
the alpha particle (corresponding to a maximum energy
of about the Fermi limit, 25 Mev), and a similar internal
velocity in the carbon nucleus. In the most favorable
collision these can add together, giving an effective avail-
able energy of 1/2 (V 95 + V25 + V25) 2 = 195 Mev in the
center of mass system of the two nucleons concerned.
Thus, the observations are not inconsistent with a simple
picture of meson formation by nucleon-nucleon collisions.
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since they can only be produced by neutrons by 
(n, 2n) reactions requiring very fast neutrons. 

Radioactive isotopes produced by (n,p) 
would require chemical separation ; and when the 
processes have been established at the Harwell 
station, routine separation will be carried out by the 
Radiochemical Centre of the Ministry of Supply. The 
allocation of radioactive isotopes will be carried out 
by a sub-committee of the Advisory Council for the 
Radiochemical Centre. This sub-committee, under 
the chairmanship of Dr. J. D. Cockcroft, includes 
representatives of user interests-the Medical and 
Agricultural Research Councils and the Department 
of Scientific and Industrial Research, which will 
represent the universities and industry. 

Radioactive isotopes from piles in the United 
States have been available to American users only 
since I946, and a large number of applications to 
medical, biological and industrial research have 
already been found, while the future has been declared 
by Dr. G. Seaborg to hold unlimited possibilities. 

J. D. CocKCROFT 

OBSERVATIONS ON THE TRACKS 
OF SLOW MESONS IN PHOTO-

GRAPHIC EMULSIONS* 

By C. M. G. LATTES, DR. G. P. S. OCCHIALINI 
and DR. C. F. POWELL 

H. H. Wills Physical Laboratory, University of Bristol 

I NTRODUCTION. In recent experiments, it has 
been shown that charged mesons, brought to rest 

in photographic emulsions, sometimes lead to the 
production of secondary mesons. We have now 
extended these observations by examining plates 
exposed in the Bolivian Andes at a height of 5,500 m., 
and have found, in all, forty examples of the process 
leading to the production of secondary mesons. In 
eleven of these, the secondary particle is brought to 
rest in the emulsion so that its range can be de-
termined. In Part I of this article, the measurements 
made on these tracks are described, and it is shown 
that they provide evidence for the existence of mesons 
of different mass. In Part 2, we present further 
evidence on the production of mesons, which allows 
us to show that many of the observed mesons are 
locally generated in the 'explosive' disintegration of 
nuclei, and to discuss the relationship of the different 
types of mesons observed in photographic plates to 
the penetrating component of the cosmic radiation 
investigated in experiments with Wilson chambers 
and counters. 

Part I. Existence of Mesons of Different Mass 

As in the previous communications!, we refer to 
any particle with a mass intermediate between that 
of a proton and an electron as a meson. It may be 
emphasized that, in using this term, we do not imply 

• Th is article contains a summary of the main features of a number 
of lectures given, one at Manchester on June 18 and four at the 
Conference on Cosmic Rays and Nuclear Physics, organised by Prof. 
W. Beitler, at the Dublin Institute of Advanced Studies, July 5-12. 
A complete account of the observations, and of the conclusions which 
follow from them, will be published elsewhere . 

that the corresponding particle necessarily has a 
strong interaction with nucleons, or that it is closely 
associated with the forces responsible for the cohesion 
of nuclei. 

We have now observed a 1;otal of 644 meson tracks 
which end in the emulsion of our plates. 45I of these 
were found, in plates of various types, exposed at an 
altitude of 2,800 m. at the Observatory of the Pic du 
Midi, in the Pyrenees; and I93 in similar plates ex-
posed at 5,500 m. at Chacaltaya in the Bolivian 
Andes. The 45I tracks in the plates exposed at an 
altitude of 2,800 m. were observed in the examination 
of 5 c.c. emulsion. This corresponds to the arrival 
of about I·5 mesons per c.c. per day, a figure which 
represents a lower limit, for the tracks of some 
mesons may be lost through fading, and through 
failure to observe tracks of very short range. The 
true number will thus be somewhat higher. In any 
event, the value is of the same order of magnitude 
as that we should expect to observe in delayed 
coincidence experiments at a height of 2,800 m., 
basing our estimates on the observations obtained 
in similar experiments at sea-level, and making 
reasonable assumptions about the increase in the 
number of slow mesons with altitude. It is there-
fore certain that the mesons we observe are a 
common constituent of the cosmic radiation. 

Photomicrographs of two of the new examples of 
secondary mesons, Nos. III and IV, are shown in 
Figs. I and 2. Table I gives details of the character-
istics of all events of this type observed up to the 
time of writing, in which the :3econdary particle comes 
to the end of its range in the emulsion. 

Event No. 
I 

II 
III 
IV 
v 

VI 
VII 

VIII 
IX 
X 

XI 

TABLB 1 

Range in emulsion In microns of 
Primary meson Secondary meson 

133 613 
84 565 

1040 621 
133 591 
117 638 

49 695 
460 616 
900 610 
239 666 
256 637 

81 690 

Mean range 614 ± 8.1.'· Straggling coefficient V EA,'/n- 4·3 percent, 
!:here A, 14 - R, 14 being the range of a secondary meson, and 
R the mean value for n particles of this type. 

The distribution in range of the secondary particles 
is shown in Fig. 3. The refer to the lengths of 
the projections of the actual trajectories of the part. 
icles on a plane parallel to the surface of the emulsion. 
The true ranges cannot, however, be very different 
from the values given, for each track is inclined at 
only a small angle to the plane of the emulsion over 
the greater part of its length. In addition to the results 
for the secondary mesons which stop in the emulsion, 
and which are represented in Fig. 3 by black squares, 
the length of a number of tracks from the same 
process, which pass out of the emulsion when near 
the end of their range, are represented by open 
squares. 

The fl.-Decay of Mesons 
Two important conclusions follow from these 

measurements. Our observations show that the 
directions of ejection of the secondary mesons are 
orientated at random. We can therefore calculate 
the probability that the trajectory of a secondary 
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since they can only be produced by neutrons by 
(n, 2n) reactions requiring very fast neutrons. 

Radioactive isotopes produced by (n,p) 
would require chemical separation ; and when the 
processes have been established at the Harwell 
station, routine separation will be carried out by the 
Radiochemical Centre of the Ministry of Supply. The 
allocation of radioactive isotopes will be carried out 
by a sub-committee of the Advisory Council for the 
Radiochemical Centre. This sub-committee, under 
the chairmanship of Dr. J. D. Cockcroft, includes 
representatives of user interests-the Medical and 
Agricultural Research Councils and the Department 
of Scientific and Industrial Research, which will 
represent the universities and industry. 

Radioactive isotopes from piles in the United 
States have been available to American users only 
since I946, and a large number of applications to 
medical, biological and industrial research have 
already been found, while the future has been declared 
by Dr. G. Seaborg to hold unlimited possibilities. 

J. D. CocKCROFT 

OBSERVATIONS ON THE TRACKS 
OF SLOW MESONS IN PHOTO-

GRAPHIC EMULSIONS* 

By C. M. G. LATTES, DR. G. P. S. OCCHIALINI 
and DR. C. F. POWELL 

H. H. Wills Physical Laboratory, University of Bristol 

I NTRODUCTION. In recent experiments, it has 
been shown that charged mesons, brought to rest 

in photographic emulsions, sometimes lead to the 
production of secondary mesons. We have now 
extended these observations by examining plates 
exposed in the Bolivian Andes at a height of 5,500 m., 
and have found, in all, forty examples of the process 
leading to the production of secondary mesons. In 
eleven of these, the secondary particle is brought to 
rest in the emulsion so that its range can be de-
termined. In Part I of this article, the measurements 
made on these tracks are described, and it is shown 
that they provide evidence for the existence of mesons 
of different mass. In Part 2, we present further 
evidence on the production of mesons, which allows 
us to show that many of the observed mesons are 
locally generated in the 'explosive' disintegration of 
nuclei, and to discuss the relationship of the different 
types of mesons observed in photographic plates to 
the penetrating component of the cosmic radiation 
investigated in experiments with Wilson chambers 
and counters. 

Part I. Existence of Mesons of Different Mass 

As in the previous communications!, we refer to 
any particle with a mass intermediate between that 
of a proton and an electron as a meson. It may be 
emphasized that, in using this term, we do not imply 

• Th is article contains a summary of the main features of a number 
of lectures given, one at Manchester on June 18 and four at the 
Conference on Cosmic Rays and Nuclear Physics, organised by Prof. 
W. Beitler, at the Dublin Institute of Advanced Studies, July 5-12. 
A complete account of the observations, and of the conclusions which 
follow from them, will be published elsewhere . 

that the corresponding particle necessarily has a 
strong interaction with nucleons, or that it is closely 
associated with the forces responsible for the cohesion 
of nuclei. 

We have now observed a 1;otal of 644 meson tracks 
which end in the emulsion of our plates. 45I of these 
were found, in plates of various types, exposed at an 
altitude of 2,800 m. at the Observatory of the Pic du 
Midi, in the Pyrenees; and I93 in similar plates ex-
posed at 5,500 m. at Chacaltaya in the Bolivian 
Andes. The 45I tracks in the plates exposed at an 
altitude of 2,800 m. were observed in the examination 
of 5 c.c. emulsion. This corresponds to the arrival 
of about I·5 mesons per c.c. per day, a figure which 
represents a lower limit, for the tracks of some 
mesons may be lost through fading, and through 
failure to observe tracks of very short range. The 
true number will thus be somewhat higher. In any 
event, the value is of the same order of magnitude 
as that we should expect to observe in delayed 
coincidence experiments at a height of 2,800 m., 
basing our estimates on the observations obtained 
in similar experiments at sea-level, and making 
reasonable assumptions about the increase in the 
number of slow mesons with altitude. It is there-
fore certain that the mesons we observe are a 
common constituent of the cosmic radiation. 

Photomicrographs of two of the new examples of 
secondary mesons, Nos. III and IV, are shown in 
Figs. I and 2. Table I gives details of the character-
istics of all events of this type observed up to the 
time of writing, in which the :3econdary particle comes 
to the end of its range in the emulsion. 

Event No. 
I 

II 
III 
IV 
v 

VI 
VII 

VIII 
IX 
X 

XI 

TABLB 1 

Range in emulsion In microns of 
Primary meson Secondary meson 

133 613 
84 565 

1040 621 
133 591 
117 638 

49 695 
460 616 
900 610 
239 666 
256 637 

81 690 

Mean range 614 ± 8.1.'· Straggling coefficient V EA,'/n- 4·3 percent, 
!:here A, 14 - R, 14 being the range of a secondary meson, and 
R the mean value for n particles of this type. 

The distribution in range of the secondary particles 
is shown in Fig. 3. The refer to the lengths of 
the projections of the actual trajectories of the part. 
icles on a plane parallel to the surface of the emulsion. 
The true ranges cannot, however, be very different 
from the values given, for each track is inclined at 
only a small angle to the plane of the emulsion over 
the greater part of its length. In addition to the results 
for the secondary mesons which stop in the emulsion, 
and which are represented in Fig. 3 by black squares, 
the length of a number of tracks from the same 
process, which pass out of the emulsion when near 
the end of their range, are represented by open 
squares. 

The fl.-Decay of Mesons 
Two important conclusions follow from these 

measurements. Our observations show that the 
directions of ejection of the secondary mesons are 
orientated at random. We can therefore calculate 
the probability that the trajectory of a secondary 



1949 - CBPF - Centro Brasileiro de 
Pesquisas Físicas 


1951 - CNPq - Conselho Nacional de 
Pesquisas → Conselho de 
Desenvolvimento Científico e Tecnológico 

1951 - Chacaltaya Laboratory, Bolivia - 
5,200 m 

1962 -1988: Brazil-Japan collaboration in 
Cosmic Rays (Yukawa’s proposal) 

Intermezzo 

The name of Chacaltaya became famous among cosmic rays physicists 
because of the discovery in 1947 of an important subatomic particle, 
the pion, and its decay.
 
The pion  was discovered through the method of nuclear emulsion. 
Protagonists of this important event were the physicists Cesare Lattes, 
Giuseppe Occhialini and Cecil Powell which provided the confirmation 
of Yukawa  theory.

The laboratory was founded in September 1942 by Ismael Escobar.
At first it was used as a meteorological station. 
Soon afterwards, a road was built to give access to a ski station 
opened in 1940 by the Club Andino Boliviano.

The discovery of Lattes, Occhialini and Powell enabled Powell and 
Yukawa to win the Nobel Prize.

After that, the laboratory reached an international importance in 
the field of cosmic rays research. 

At Chacaltaya, Lattes and his colleagues wanted to study particles (the cosmic rays) with energies thousands 
times higher than the energies reached by the accelerators of that time (60 GeV).
 
Lattes, with Brazilian colleagues and a Japanese group, including Yukawa, established a long-term program 
at Chacaltaya, working mainly with nuclear emulsion layers, to study the interaction 
of very high energy particles.

In the following years, the Chacaltaya laboratory 
hosted numerous cosmic physics experiments, 
in collaboration with Japan Universities.

Still today, at Chakaltaya laboratory  is being carried out advanced research in cosmic ray and 
astrophysics from worldwide scientists,  with the logistic support and the scientific collaboration

 of the UMSA (Universitad Mayor de San Andres).

In the In ‘60s, Experiment BASJE 
(Bolivian Air Shower Experiment), began as 
a collaboration Bolivia - USA- Japan that set 
the beginning of the research on very high energy gamma.

THE DISCOVERY OF THE PION (1947) 

THE NOBEL PRIZE

THE HIGH ENERGY PHYSICS

1950, Cesare Lattes at Chacaltaya1950 - Cesare Lattes (on the right) with other physicists inside 
the laboratory. Ismael Escobar on the left

The Club Andino Boliviano. The skier is the physicist F. Handel 
(~1950)

On the left :the Club Andino Boliviano today. 
On the right: the old building.

On the background: The Illimani mountain

The Chacaltaya laboratory

Cesare Lattes (at the desk) and F. Handel  at Chacaltaya.

Occhialini, Powell 
(Nobel, 1950)

Yukawa (Nobel, 1949) 

The Italian researcher Bruno Rossi, which had a great part in 
the experiment BASJE.

Early ’60s Prince of Edimburgh visiting 
the Chacaltaya laboratory 

The history
Chacaltaya Laboratory 

Altitude   5.230 m asl
Latitude  S 16° 29'
Longitude  W 68° 8'
 

located on the Chacaltaya mountain, 
Bolivia Built in 1942Built in 1942
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Berkeley cyclotron data
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1982: 1st Pan American Symposium on High Energy Physics 
and Technology - Cocoyoc, Mexico. “about 50 attendees 
with strong representation from the US, Brazil and Mexico.” 

Fermilab (L. Lederman) invites Latin American (J. 
Tiomno) researchers to Fermilab 

1983:  2nd Pan American Symposium on High Energy Physics 
and Technology - Rio de Janeiro, Brazil. 

1984: CBPF (J. dos Angos, A. Santoro & M. Souza) and USP 
(C. Escobar) joined E691@Fermilab 

1987: 3rd Pan American Symposium on High Energy Physics 
and Technology - Rio de Janeiro, Brazil. 

CERN (C. Rubia) invites Brazilian groups 

1989: CBPF (M.E. Pol), PUC-RJ (R. Shellard) and UFRJ (J.M. 
Seixas & C. Maindantchi) start activities @ CERN via LIP 

DELPHI and R&D (SPACAL, Silicon detector …) 

Brazil@Particle.Accelerators 
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61985       1990       1995       2000       2005       2010

E896 PHENIX
E864 STAR

LHCb
ATLASR&D

CMS
ALICE

DELPHI

E831 - FOCUS
E691

E769

E781 - SELEX

E761
E799

E832
D0

MINOS
MINERVA

E791



71985       1990       1995       2000       2005       2010

E896 PHENIX
E864 STAR

AUGER

LHCb
ATLASR&D

CMS
ALICE

DELPHI

E831 - FOCUS
E691

E769

E781 - SELEX

E761
E799

E832
D0

MINOS
MINERVA

E791



Advanced Computer Project (ACP) - use of “farms" of 
parallel computers based upon commercially available 
processors”. 

1st generation - Motorola 68020 processor 
2nd generation - R3000 processor - developed under 
CBPF coordination  

Reconstruction of 4x108 events (E791) 
DELPHI: Online system manager from UFRJ (10 years) 
DAq, trigger, monitoring, reconstruction, data analysis  

Software & Computing Activities
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Brazil@HEP

AUGER

ALICE 
ATLAS 
CMS 
LHCb
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Brazil@HEP

Angra 
CONNIE

AUGER

CTACTA

JUNO

COSINE

DAMIC

DarkSide

Minerva 
Nova 
DUNE

DUNE 
Minerva 
Nova

ALPHA

ALICE 
ATLAS 
CMS 
LHCb
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~ 200 people (~120 registered at CERN) 
~ 15 international collaborations 
~ 20 institutes (7 States) 
The activities are coordinated (not funded) by 
RENAFAE - Rede Nacional de Física de Altas 
Energias 

Brazilian HEP Community
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RENAFAE 
Created in 2008 by the Ministry of Science Technology and 
Innovation 

To promote the scientific and technological advances in the 
investigation of particle properties and their fundamental interactions 

To coordinate the activities of the high energy physics groups and, in 
particular, the activities associated with major international 
collaborations 

To consolidate and broaden research in high energy physics 
expanding national scientific and technical capacity 

To mobilize companies based in Brazil in order to develop 
instrumentation and software for international collaborations in the 
area
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Brazil@HEP
c and b Physics 

CP violation 

Higgs 

Forward/diffractive Physics 

Eletroweak and QCD/Jets 

Neutrino 

Standard Model extensions 

Heavy ions 

High energy cosmic rays
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Physics Working Group 
coordination 

Editorial committee participation 
and coordination 

Speakers committee 
participation and coordination 

Collaboration board coordination 

Detector operation coordination 

Analysis proponent, software 
and detector development
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CARIOCA CHIP 
LHCb

Optical Communication 
and Control - CMS

SAMPA CHIP 
ALICE & …

MWPC 
LHCb

ANGRA & CONNIE 
Experiments

AUGER Fluorescence & Surface Detectors

CASTOR 
CMS

Examples of Brazilian 
Hardware Contributions



Brazilian S&C Contributions 

ALICE 
ATLAS 
CMS 
LHCb

UFABC 
UNESP 

USP

UNICAMP

CBPF 
UERJ 
UFRJ
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UFABC 
UNESP 

USP
AUGER



Brazilian S&C Contributions 
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UFABC

UNESP

UNICAMP

USP

CBPF

UERJ

UFRJ

ALICE

ATLAS

CMS

LHCb

AUGER



GRID Activities
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UNESP

USP

CBPF

UERJ

ALICE

CMS

LHCb

see R. Iope talk tomorrow



Software Activities
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UFABC

UNESP

UNICAMP

USP

UERJ

UFRJ

ALICE

ATLAS

CMS

LHCb

AUGER



Software Contribution

Online monitoring

19

UNICAMP

ALICE

Event reconstruction 

UNICAMP

USP-SC

AUGER



LHCb luminosity: 4x1032 cm-2s-1 → 2x1033 cm-2s-1 

Pileup x5 

Software trigger @ 30 MHz  

Level 1 output: 100 kHz → 1 MHz 
Disk buffer contigency: weeks → days 
Level 2 output: 0.6 GB/s → 10 GB/s 

Major Software Upgrade  
Jet software 
Charm trigger lines
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UFRJ

LHCb



FENCE Framework

Developed by a software engineering group of 
COPPE-UFRJ under the coordination of Carmen 
Maindantchik 

The goal is to access Database in a efficient way

UFRJ

ALICE

ATLAS

LHCb
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from C. Maindantchik
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from C. Maindantchik
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20 systems

2 systems

3 systems



from C. Maindantchik
24



from C. Maindantchik
25



FENCE/GLANCE systems 

Trigger 

Hadronic Calorimeter 

Spinoff → 5 companies

UFRJ

ALICE

ATLAS

LHCb
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UFABC

UNESP

UERJ CMS
SPRACE
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UFABC

UNESP

UERJ CMS
AI@SPRACE

28from S. Novaes



29from S. Novaes
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Conclusions
BR@High.Energy.Physics  

has a long tradition 
is a very active field  
has a large and diverse community 

Software and computing 
relevant contributions 
spinoff 

Opportunities for collaboration
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Contacts
ALICE 

UFGRS: Beatriz Gay - gay@if.ufrgs.br 
UNICAMP: Jun Takahashi - jun@ifi.unicamp.br 
USP: Marcelo Munhoz - munhoz@if.usp.br 

ATLAS 
UFRJ: José Manoel Seixas - seixas@lps.ufrj.br 
USP: Marco Leite - marco.leite@cern.ch 

CMS 
CBPF: Gilvan Alves - gilvan@cbpf.br 
UERJ: Luiz Mundim - luiz.mundim@cern.ch 
UFABC: Eduardo Gregores - eduardo.gregores@cern.ch 
UNESP: Sergio Novaes - novaes@sprace.org.br 

LHCb 
CBPF: Ignacio Bediaga - bediaga@cbpf.br 
UFRJ: Leandro de Paula - leandro.de.paula@cern.ch 

ALPHA 
UFRJ: Claudio Lenz - lenz@if.ufrj.br 

AUGER 
CBPF: Ronald Shellard - shellard@cbpf.br 
UFABC - USP: Marcelo Leigui - leigui@ufabc.edu.br 
UNICAMP: Carola Dobrigkeit - carola@ifi.unicamp.br

CTA 
CBPF: Ulisses Barres - ulisses@cbpf.br 
USP/SC - UFABC: Luiz Vitor de Souza - vitor@ifsc.usp.br 
USP/SP - IAG: Elisabete dal Pino - dalpino@iag.usp.br 

ANGRA 
CBPF: Herman Lima - hlima@cbpf.br 

DUNE 
UNICAMP: Ettore Segreto - segreto@ifi.unicamp.br 

JUNO 
UEL: Pietro Chimenti - pietro.chimenti@gmail.com 

MINERVA 
CBPF: Helio da Motta - helio@fnal.gov 

NOVA 
UFG: Ricardo Gomes - ragomes@ufg.br  

CONNIE 
UFRJ: Carla Bonifazi - bonifazi@if.uvrj.br 

COSINE 
USP: Nelson Carlin - carlin@if.usp.br 

DAMIC 
UFRJ: João Torres - jtmn@if.ufrj.br 

DARKSIDE 
USP: Ivonne Freire - ifreire@if.usp.br
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Muchas 
Gracias
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