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First photo-micrographs of tracks of c-particles in a photographie emulsion

PLATE 1-3

Ilford ‘Process’ Plate. Warmsrey and Macowenr (1914).

Tracks produced by e-particles from a metal plate exposed for a few seconds to a small quantity
of radon. The e-particles are directed at random, but lines of grains due to individual particles can
he elearly distinguished. '

Tracks of individual a-particles

PLATE 1—4

Ilford “Process’ Plate. Warmsrey and Makower (1914).

Branched track originally attributed to the scattering of an u-particle, but now believed to have
been produced by two separate particles diverging from the same, or nearly the same, point.
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Radioactive eontamination of an emulsion

PLATE 1-5

Wratten ‘Ordinary’ Plate. Kixosmrra and Tewurt (1915).

The a-particle tracks were produced by means of a sewing needle of which the point had been rubbed
on a metal plate exposed to radon. The hole left by the needle point can be seen as a light patch at
the centre of each pattern. Most of the tracks are due to RaC’ of range in the emulsion 54, the mean
number of grains per track being 16. Many of the a-particles enter the emulsion from points on the
needle above the level of the surface so that there is no clearly marked halo. Note the absence of large-
angle scattering of the particles.



Halos due to radioactive infeetion of an emulsion

PLATE 1—6

Wratten *Ordinary” Plate. Krvosnrra and Ixuwuorr (1915),

A series of exposures, of gradually increasing intensity, designed to show the development of
‘halos” similar to those observed in minerals. The diameter of the solid central core depends upon
the length of exposure and the number of «-particles emitted. The outer ring is due to the constancy
in range of the z-particles (from RaC’) the mean diameter being ~108 .. The radioactive material
was introduced by touching the plate with a needle point contaminated by exposure to radon.
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( Continued from page 12)

of the tracks of the type shown in Plate 1-4. to the large-angle scattering of e-particles, but this expla-
nation is now believed to be incorrect; see below.

Later photographs by KinosaiTA and IxweuTt (1915), Sannt (1915), and Terurt (1916) also showed
individual g-particles diverging from a speck of radioactive material on the surface of an emulsion;
see Plate 1-5.

Sannt, like Mieman, mentions that the tracks of o-particles observed by;REINGANUM were often
curved ‘due to the particular way the emulsion contracts on drying’; he made experiments to test
the recording characteristics of different types of commercially available plates and, among those
studied found that WrarTEN and WAINWRIGHT'S ‘lantern’ plates were the most satisfactory, followed
by Ilford ‘Process’ and ‘Tmperial Sovereign’ Plates. He also stressed the difficulties produced by
‘chemical fog’ which makes it more difficult to recognise tracks and to determine their precise length.
Samnt exposed plates to f-rays and was unable to distinguish any individual tracks, remarking that
if they can be thus recorded, they are certainly not straight.

Ikrum succeeded in demonstrating the production of ‘halos’ due both to RaA and RaC. He
exposed an iron ball to radium emanation and allowed it to touch a plate which was developed about
30 minutes later. In the halos thus produced, tracks of two ranges could be distinguished of which
the ratio was 1:0-685, a value equal to the ratio of the ranges in air of z-particles from RaA and RaC.
Ixnurr found that in some halos, the a-particles from RaA were much the more frequent; in others,
particles of the two ranges were present in approximately equal numbers. He explained this result
as due, on the one hand, to the deposition of RaA on specks of dust on the iron ball during the exposure
to emanation; this gave the radium A halos. On the other hand, the ball picked up some ‘active
deposit’ by contact with the mercury which retained the emanation in the glass vessel containing
it, and this produced halos in which the RaC w-particles were approximately as numerous as those
from RaA.

REFERENCES
Ikwurr; Phil. Mag 32, 129 (1916).
Krwosuira and Tknurr; Phil. Mag. 29, 420 (1915).
Mayer; Ann. der Phys. 41, 931 (1913).
Mrenn; Wien. Ber. 121, 2a, 1431 (1912).
Remvcanum; Phys. Zeit. 11, 1076 (1911).
Samnt; Phil. Mag. 29, 836 (1915).
WarmsLey and Makowrr; Proe. Phys. Soc. 26, 261 (1914).

5. ATTEMPTS TO EXTEND THE METHOD

Kivosarra and Tgrurt (1915), whose later work was contemporaneous with that of Samxi, also
studied the photographic action of p-particles. Whereas Kivosurra (1910) had found that every
grain penetrated by an a-particle is made to develop, the new experiments showed the f-rays to be
less effective by a factor of six or eight. The conclusion was correctly drawn that in the available
emulsions, it was probably not possible to detect them because of the “wider separation of grains in
the tracks, and the scattering of the particles’.

Kivosuarra and Igwurt also placed an g-particle source near an emulsion in a magnetic field of
about 10,000 gauss, and found no indication of a resulting curvature of the tracks. They recognised
that this result follows from the high momenta of the a-particles. The expected radius of curvature
of a track was about 40 em., a curvature quite beyond the limits of detection with tracks ~50 w
long. They also observed that among the tracks of o-particles, diverging from a speck of radioactive
material on a plate, there were very few which showed evidence of large-angle scattering, whereas,
from an extended source such as is provided by a metal plate exposed to radon, many examples appear.
They noticed that apparent angles of scattering, ~90°, were as frequent as much smaller deviations,
and suggested that ‘further investigations will be necessary to decide whether the apparent seatter-
ing is due to two particles passing through the same point in different directions’.

Most of the apparent examples of large angles of scattering, first observed by WarmsLey and
Maxrower, must have been due either to pairs of e-particles, or to the successive decay of individual
radioactive nuclei, a process similar to that responsible for the ‘thorium stars’ often seen in emulsions
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PLATE 1-7

Special emulsion. Myssowsky and Tscuisnow (1927).
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PLATE 1-8

Tmperial ‘Process’ Plate. Brav and WansacHir (1932).

< PLATE 1-7

Stereographic pairs of photo-micro-
graphs of a-partiele tracks

Stereographic pairs of photo-
graphs of «-particle tracks in an
emulsion of ‘lantern plate’ type.
The tracks show convincing exam-
ples of seattering through angles of
about 20°.

PLATE 1-9 >

Tracks of artificially aceclerated
protons

Tracks of protons recorded in a plate
sensitised with pinakryptol yellow.
The tracks have been photographed
with ‘dark-ground’ illumination.

| PLATE 1-8
L)
Tracks of protons

Tracks of protons in a plate
treated by bathing in a solution of
pinakryptol yellow. In these experi-
ments, several tracks were observed
with a length ~600 y. The grain-
density in the tracks is much greater
than in the absence of the dye; see
also Plate 1-9.
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K is a constant, d is the mean grain-diameter, and M the mass of silver halide per cc. of the emulsion.
To improve the precision of the method, A must be made small. He therefore prepared a series of
emulsions, with a given concentration of silver halide but different values of the mean grain-size,
by varying the temperature of the solution from which the halide was precipitated. With these emul-
sions, it was shown that the number of developed grains in the tracks of a-particles can be increased
by reducing the grain-size.

The improvement which could be made by the above approach was limited by the change with
size of the sensitivity of the grains. Like Brav and WamsacHER (1932), Zupawov found no tracks
in TippMaN Plates in which the grain-size is very small (see Plate 1). In his own emulsions, as the
grain-size increased, tracks of a-particles appeared when the mean ‘grain-diameter’ was of the order
of 0-2-0-4 1, but protons were only recorded by larger grains, ~0-8 .. He also found that the mean

Tracks of artificially aceelerated protons

PLATE 1-9
Tlford ‘R 2’ emulsion. Winkins (1940).

gap-length in the tracks of protons increased with the range of the particles, and he related this
effect to the variation of the specific ionisation with velocity. It may he remarked that the essential
point—that a certain average amount of energy must be absorbed by a grain of a given size and type,
if it is to be made to develop—and that the probability of its doing so depends on the specific
ionisation of the particle—appears not to have been appreciated by all workers at this time; see, for
example, WiLkINs (1936, 1940).

An alternative approach to the problem of improving an emulsion is to increase the concentration
of silver halide in it. This was impracticable in 1935, but it became technically possible ten years
later, and was largely responsible for the important improvements in emulsions then brought about;
see, for example, Plates 1-12 and 1-13.

In addition to his work on new emulsions, ZHDANOV also stressed the similarity in principle of
the photographic method and the WiLsoN chamber, the importance of employing thicker emulsions
(~50 ), and the need to determine the spatial orientation of tracks within it. He also directed atten-
tion to the importance of the binocular microscope in contributing to the ease with which tracks can
be inspected.

An independent attempt to improve emulsions was made by Broce and Syira of Tiford Limited
(1935) who produced two types designated R1, and R2, and who also succeeded in reducing the
number of background grains. In the Ilford R1 plates the grain-size was ~0-2 y; the background
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was almost entirely eliminated, but at the expense of a certain loss of sensiti vity so that protons were
not recorded. The R2 plates, with similar grain-size, were more sensitive than R1, but the back-
ground grains were more numerous. Some of the hest photo-micrographs of proton tracks, in the
period before the development of more sensitive emulsion in 1945, were obtained by Brav (1937)
and by WiLkrns (1940) using Ilford R2 plates treated with pinakryptol yellow; see Plate 1-0.
The emulsion was sensitised by bathing in an aqueous solution of pinakryptol yellow (1 in 200)
for 2 min., and the tracks were then found to “correspond to the full-range of the particles’. The
grain-density in a track was substantially less in an untreated emulsion. The photograph was taken
with ‘dark-ground’ illumination, and the image of an eye-piece graticule can just be distinguished
crossing the field. Proton-tracks with an even greater grain-density were obtained by Brau and
WampacHER (1937) also using pinakryptol yellow.
In 1935, using the new Ilford R1 and R2 emulsions, TAYLOR published an account of a Very care-
ful examination of the precision which could be obtained with the method. He pointed out that in
(Continued on page 23)
Tracks of protons and e-partieles in an Agfa K-plate
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PLATE 1-10
Agfa K-plate. Scrorrrk and ScHOPPER (1939).

The upper photograph shows a nuclear disintegration produced by cosmic radiation, and dis-
plays a marked degree of discrimination between tracks of large and small specific ionisation. There
is a satisfactory absence of background grains. The photograph is a mosaic of two pieces of which
the outlines can just be distinguished.

The lower photographs also illustrate the ‘diseriminating power’ of the emulsion and the absence
of background, and show the tracks of a proton (horizontal) and three a-particles (vertical).



Radioactive contamination of an emulsion by a speek of radinm

15 (T :
PLATE 1-11
50}14"] Hford B emulsion. QconrariNt and Powenn (1947).

The o-particles emerged from a speck of a radium salt which was allowed to fall on the surface of
the plate. The more heavily ionising a-particles give continuous tracks in this emulsion.



Produetion of concentrated emulsions

PLATE 1-12

Various emulsions. DEMERS,



Tracks in different emulsions of protons approaching the end of their range
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Bristol (unpublished).

PLATE 1-13



Tracks of electrons at the end of their range in Kodak NT2a cmulsion
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PLATE 1-14
Kodak NT 2a.

The tracks were produced by X-rays excited by electrons of different energy incident on a platinum
anti-cathode. Before reaching the emulsion, the X-rays were passed through absorbers of different

thicknesses; details are as follows:

(After HEnrz 1948.)

{a) 35 kV: no filter. (b) 65 1V; 0-2 mm of copper.

(¢), (d), and (f), 200 kV; 10 mm of copper. (e) 130 kV; 1-8 mm of copper.

It may be seen that the ranges of the electrons increase with increasing quantum energy of
the radiation in going from 65 to 130 kV; thereafter there is little apparent change.

Tn the NT2a emulsion, the tracks of electrons of smaller specific ionisation than those recorded

could not be readily distinguished.

(d)
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Electron-micrography of the grains in different types of photographie emulsions

PLATE 2—1
Magnification »x 20,000, Harme (unpublished) (1954).
(a) Ilford half-tone. (b) THord G 5 nuclear rescarch emulsion.  (¢) Special lantern plate.  (d) *Selochrome’ emnulsion.

The uniformity of size, and nearly spherical form, of the grains in the G5 emulsion arve well dis-
played. Note also (i), the much greater variation in size in the other emulsions designed to record
‘half-tone” effects; (i), the presence of plate-like grains of roughly triangular form: and (iii), the
very much larger grains present in the more sensitive emulsions. The gnagnification in (d) is less than
that of the other photographs. The micrographs were obtained by the ‘carbon-replica’ method.

.



Photomierography with objectives of ditferent resolving power

Tliford G 5 emulsion, PLATE 22 Bristol (unpublished).

The same subject has been photographed with objectives of numerical aperture (a) 0-45, (b) 095,
and (c) 1:3, the final overall magnification being brought to the same value. The increase in the
resolving power with numerical aperture is apparent together with associated decrease in depth of
focus. In (b), and (c), the planes of sharp focus are not exactly the same in the two photographs,



PLATE 2-3

Tlford A1 Emulsion. Ocomraning and Powesnn (1947).
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7. SANDWICH EMULSIONS
a) Layers of gelatine

Methods of distinguishing between disintegrations produced in light and heavy elements, based
on diluting emulsions with gelatine or water, suffer from the disadvantage that the nature of the element
involved in any particular disintegration is generally unknown. Tt follows that coneclusions can he
drawn only from a statistical study of the different effects produced in diluted and normal emulsions
similarly exposed.

This difficulty ean be avoided by employing thin layers of gelatine between layers of normal emul-
siong; see PERKINS (1949), Haroive (1949). Any interaction occurring in the insensitive gelatine-
layer will not be recorded. Tf the tracks in the immediate neighbourhood of a centre of disintegration
are absent, the interaction must have involved the nucleus of one of the light clements. This method
has been employed by MexoN, MuRHEAD and RocAT (1950) to distinguish the characteristics of
the disintegrations of the light elements, carbon, nitrogen, and oxygen following the nuclear capture
of negative w-mesons; see Plates 8-11 and 8-12. The gelatine layers were 5y thick sandwiched be-

tween layers, 30 i thick of Ilford C'2 emulsions loaded with horon.
(Continued at top of page 61)

Tracks due to the fission of uraninum

PLATE 2—4

Demers’ Emulsion 11. Demirs (1946).

Tracks due to the fission of uranium. A thin layer of a uranium salt was ‘sandwiched’ between
two layers of emulsion so that the origin of the two fission fragments can be determined by the gap
in the track (g), and the two ranges thus separately determined. The fragment on the left has collided
with a nucleus in the emulsion to produce a forked track. The refinement of detail given by the very
fine-grain emulsions produced by Duimurs is immediately apparent. The upper scale is divided to
correspond approximately to the equivalent range in centimetres of air at N.T.P.
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Origin of a K-meson and ifs decay in the T-mode

76 mm,
leaves stack with
residual range 33mm

PLATE 2—5
Exposure over 3. England (1952),



Successive fragmentation of a heavy nueleus of the primary cosmic radiation
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PLATE 2-6
Sardinian Expedition 1953 (unpublished ).

Tlford G 5 emulsion.



Collision of a nucleus of iron
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[ford G5 Emulsion PLATE 3-1 Darvrox and Fowrer (unpublished)



96 DETERMINATION OF SPECIFIC IONTSATION BY GRAIN-COUNTS; NORMALISATION

( Continued from page 94)

log B. This increased rate of loss is not all reflected in a corresponding increase in the grain-density,
for much of it is dissipated at points outside the core of the track. Some of the additional energy loss
leads, however, to the formation of relatively slow d-rays, which do contribute to the observed limited
increase in the grain-density. For a discussion of other aspects of this problem, see p. 49.

The magnitude of the rise above the minimum also depends on the polarisation of the medium;
it is much greater in air, for example,—about 50 % —than in emulsion. In practice, the ratio of the
minimum to the plateau grain-density, varies in different emulsions of the same nominal type.
Values as high as ~14% have been observed (SHAPIRO ef al. 1952) and as low as ~6% (unpublished);
sce also AtrxANDER and JounsToN (1957).

a) Isotropic recording properties of nuclear emulsions

It has already been mentioned that the equi-axed form of the grains has a very important bearing
on the recording properties of an emulsion. Thus, tabular grains—see Plate 2-1 (d)—show a marked
tendency to settle down parallel to the substrate, as the emulsion dries, even if they are orientated at
random when it is wet. This is an inevitable consequence of the fact that, in drying, the emulsion
collapses in a direction normal to the substrate. Such an emulsion would have markedly anisotropic
recording properties, since the thickness of the tabular grains is ecommonly much less than their width.
The average length of track of a particle in a single grain, and hence its loss of energy, would then be
much smaller if its direction of motion were normal to the surface of the emulsion than if parallel to
it. Tt would thus be possible for a particle with a given specific ionisation to produce a track by tra-
versing the emulsion in one direction, but not in another; in general, the sensitivity would show a
marked anisotropy. The observed forms of the grains actually found strongly suggest that any such

effect is very small. In practice, however, for experiments of high precision, grain-counts are con-
fined to long tracks nearly parallel to the plane of the emulsion, and it is possible that there are small
residual errors due to such an anisotropy, which have hitherto escaped recognition. In the case of
tracks of low specific ionisation, the grain-density for dipping tracks can be determined directly from
the angle of dip and the number of grains in a measured length of the projection of a track. For

higher grain-densities, other methods must be employed; see p. 101.
(Continued on page 100)

PLATE 3—2. Tracks due to partieles of different specific ionisation >

The event was produced by the nuclear collision of a w-meson of energy 750 MeV. The heavily
ionising secondary particles have large angles of dip. That on the right has associated spurs due to
o-rays of low energy.

PLATES 3—3 and 3—4 (following pp. 98 and 99). Grain densify in the track of a st-meson

Crain-counting becomes difficult in the G5 emulsion for particles with velocities less than f= 0-5.
because the individual grains are frequently unresolved. The tracks shown in Plates 3-3 and 3-4 were
produced by w-mesons, but the variation of the ionisation with velocity is, to a very close approxima-
tion, independent of the mass of the particle. The grain-density, but not the scattering, in the tracks of
all particles with the electronic charge shows a similar variation with velocity. The actual values of
the grain-density vary with the degree of development of the emulsion. The ‘plateau’ grain-density, g, .
in the plates from which the photographs were obtained was 22 grains per 100 p.; see p. 94,

The tracks of some of the individual d-rays of energy ~15keV can be distingnished. They
are more frequent in the regions of the track corresponding to the smaller velocities, f ~0:3. If a
plate has been left at ground-level for some weeks before an exposure at high altitude, a general ‘back-
ground” of slow electrons is produced in the plate. Because of the large scattering of the electrons,
it is ditficult to define their point of origin precisely. It may then be difficult to determine the frequency
of oceurrence of d-rays along the track of a particle of low charge, Z =1 or 2, because of the *back-
ground’ due to electrons unrelated to the track.
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Tracks due to particles of different specific ionisation
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PLATE 3-2

Hford G5 emulsion. Bristol (unpublished),



Grain-density in the track of a 7t-meson for different values of its veloeity

a

-

B=028; dE/dR = 3-8keV/u f=034; dEJdR = 21keV/e = 0:46; dB/AR | 1-7keV/y



Grain-density in the track of a st-meson for different values of its veloeity

J= 051 dE[dR = 145ke V. f=086; dijiR = 1-2keV/u =050 dEfdR = 11 keV/p
Tliord €3 emulsion. PLATES 3—3 and 3—4 Mexon (unpublished).



109

Photometry of tracks
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PLATE 3-5

(a) and (c) show photo-micrographs of two tracks, of widely different grain-density, and (b) and
(d) the corresponding photometer tracings on the eathode-ray oscillograph. Tn the latter, L and L
correspond to the levels of darkness and full illumination, respectively. The lateral displacements
of the oscillograph are not linear, but the correlations between the main features of the track and the
photometer trace are clearly displayed. The upper record is equivalent to gap-counting, and the lower
to grain-counting. The illumination is confined to a strip parallel to the track, which, in effect, is
seanned by another slit at right angles to it; see (e). (After vax Rossum 1954.)
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Photometry of tracks

(a) (b)

D —

PLATE 3-6

Photometry of the fracks of heavy nuelei

The event shown on the left is part of that illustrated in Plate 2-6, in which an g-particle and a
nucleus with Z~10 emerge from the nuclear impact of a heavy primary particle of the cosmic rays.
The photometer curves show the obscuration across tracks as measured by long, narrow slit. The
level of the photometer readings for full illumination and complete darkness are indicated L and
D, respectively. The lateral scale of the photometer traces, a’ and b are greatly magnified compared
with that in the photo-micrographs of the tracks, @ and b. In a', the effects of the d-rays,—which
give ‘wings’ to the main peak,—and of the parallel a-particle track, can be clearly distinguished.
The effective width in the object plane of the slit employed was ~0-3 . The illumination is provided
by an aperture parallel to the track, which, in effect, is scanned by a narrow parallel slit; see ¢. Note
that the lateral scale of the photometer curves is about four times greater than that of the tracksin the
photomicrograph. (After vax Rossum 1954.)
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Photometry of tracks

PLATE 3-7

Photometry of the track of a heavy nucleus using long, narrow slit as shown in Plate 3-6. The

‘wings’ due to d-rays are very prominent. (After vaN Rossum 1954.)



Photometry of tracks
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PLATE 3-8

Effect of restricting the illuminated area. Measurements on the tracks of two protons of equal
grain density, towards the end of the range; (a), near the surface of the emulsion: and (b) near the
glass. The measurements were made, (A) with a ecircular field-stop, and (B) with a ‘slit” field-stop.
The great loss of contrast, due to scattering of light by the emulsion, when a circular field-stop is
employed, is well displayed. The numerals on the right-hand side of the figure show the obscuration
produced by the track expressed as a percentage of total obscuration.

With ordinary illumination, the measured obscuration for the track at the bottom of the emulsion
must be corrected by 114 % to take account of loss of contrast. With slit illumination (width ~1 p)
the corresponding correction is ~15%. (After vax Rossum 1954.)
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Observations on the scattering of a mw-meson
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PLATE 4-1

Iford G5 emulsion. (Unpublished.)



PLATE 4—2.  Observations on the
seattering of a fast a-particle

Table 4-2.
Observations ow the seattering of an w-particle

| 1st 2nd

Intercept ‘ Difference | Difference

u.| 24-2 ‘ — 04

b 24-6 — 01 — 03
e \ 247 02 — 03
d 245 102 0

@ 243 + 04 \ — 02
[ 230 05 — 01

g | 234

Total 0-9 ge, divs.

Mean D= 0:18 .. .,

_ 018 X 275 X 574 _ .009° per 100 .

1000 /10

With K = 26, this corresponds to a
value for pf, and an energy ~7 BeV.
More extensive measurements, on a
greater length of track, gave a value
~10 BeV.

Ilford G5 emulsion
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Fragmentation by eollision of a heavy nueleus

PLATE 4-3

Tford G5 emulsion. Damvrox and Fowrnr (unpublished).
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Triton-proton and e-partiele-proton eollisions

< PLATE 5—-1

The event on the left
represents the collision
with a proton of a triton
emitted from a nuclear
disintegration. Track (a)
is that of the recoiling
triton, and (b) that of
the projected proton.
The interpretation of
the event depends on
measuring the residual
ranges of the particles
from the point of colli-
sion, and their initial
directions of motion
with respect to the pri-
mary. These observa-
tions allow the energies
and momenta to be
computed. An applica-
tion of the conservation
laws then allows the
event to be interpreted.

The event on the
right is due to the colli-
sion of an e-particle—
track (¢)—with a proton-
track (d).

Tlford G5 emulsion.

Bristol (unpublished).



Tlastic eollisions with protons
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9. THE OBSERVATION OF BREMSSTRAHLUNG

It is well known that the identification of charged particles presents congiderable difficulties when
they are moving at relativistic velocities where the specific ionisation changes very slowly with
the momentum (see p. 162). A case of particular importance occurs for particles of momentum
between ~ 100 and 600 MeV/e, and of specific ionisation near the minimum value; the correspond-
ing tracks may be produced by electrons, p-mesons or w-MesONS. 1f tracks of length ~5 em are avail-
able. however, it is generally possible to distinguish any electrons as a result of the oceurrence of
remsstrahlung (see p. 180). If it can be shown that the rate of loss of energy of the particle is much
greater than that which can be attributed to ionisation alone, it is almost certain that the particle
s not & p-meson or a w-meson. This method was important in the first experiments which established
the heta-decay of heavy mesons (see p. 321).

3. NUCLEAR INTERACTION IN FLIGHT

A second method of identifying charged particles, with momentum less than 500 MeV/e moving
at relativistic velocities, depends on observing their interaction with a nucleus and its resultant dis-
integration. Such an observation makes it almost certain that the particle was a m-meson, and not a
p-meson or an electron. This method made an important contribution to the proof of the presence
of fast m-mesons among the secondary particles produced in the decay of heavy mesons; i.e. in the
y-mode (see p. 316).

In the case of individual tracks, no conclusions can, in general, be drawn from the absence of a
niclear colligion. For an assembly of tracks, such as the ‘shower particles’ from nuclear disintegra-
fions, it may be possible to determine the mean ‘interaction-length’ between nuclear collisions. This
method was employed to demonstrate that the ‘shower particles’ emerging directly from nuclear
digintegrations in emulsion have an interaction-length near the ‘geometrical value’ and therefore
that few or none of them are y-mesons; see, for example CAMERINI et al. (1950).

REFERENCE
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4, OBSERVATION OF CHARACTERISTIC MODES OF DECAY OR OF INTERACTION WITH NUCLEI

The identity of several types of mesons can be established by the characteristic secondary processes
occurring at the end of their range. The most important examples are as follows:

(i) pu-mesons. When a positive y-meson reaches the end of its range, it decays into an electron,
and in well-developed electron-sensitive emulsions, the track of the secondary particle can be distin-
guished with a probability of about 95 %. The direct -decay of the w-meson is extremely rare; see p, 248,

< PLATE 5—2. Elastic eollisons with protons

The upper photograph shows the collision of a deuteron with a proton at the point (a), the
recoiling proton producing the track (b).

The lower event is due to the collision of a fast m-meson with a proton.

Tlford G5 emulsion, Bristol (unpublished).
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The observation of the track of a fast secondary particle with grain-density near minimum therefore
makes the identification of the parent particle as a -meson probable, but not certain, hecause K-megons
and charged hyperons can produce superficially similar effects; see Plate 10-4. The secondary par-
ticles from the decay of some types of K-particles and hyperons often have velocities approaching e,
and the grain-density in their tracks is then near gy, ; see p. 311. Because of the large differences.
between the masses of the K-particles and hyperons on the one hand, and p-mesons on the other,
however, the inspection of short lengths, ~200 4, of the tracks at the end of their range, commonly
allows the light and heavy particles to be distinguished by experienced observers. When lengths of
the order of 3 mm or more are available, decisive evidence can be obtained by mass measurements.
An important example of the application of this method of identifying p-mesons is shown in Plate 10-3.
See also, Plates 7-5 and 7-6, p. 234-236.

The observation of the decay-electron does not establish the sign of the charge of the meson,
because about 40% of the negative y-mesons are brought to rest in the gelatine, and are captured into
orbits round the nuclei of one of the light elements, carbon, nitrogen, or oxygen: they then almost
invariably decay with the emission of a negative electron hefore interacting with a nucleus.

(ii) Negative m- and p-mesons. The z -particles produce characteristic nuclear disintegrations at
the end of their range; see Plates 8-11 and 8-12. If two or more secondary charged particles, which
produce recognisable tracks, are emitted, it is highly probable, in plates exposed to cosmic rays, that
the incident meson was a negative m-particle, but the following alternative possibilities must be
considered:

(a) There is the rare possibility that the interaction was due to a K —-particle, or a negative hyperon.
The actual values of the energy and the nature of the secondary charged particles may then be im-
portant in reaching a decision. Thus, one of the secondary particles arising from the nuclear inter-
action of a negative heavy meson, is often an energetic w-meson; see p. 343. In other cases, it may
be possible to show that the total visible energy of the disintegration, made manifest in the tracks of

Continued at top of page 151
r

PLATE 5—3. Tracks of electrons in ©electron-sensitive’ emulsions >

Kodalt NT4 emulsion Hoorrr and Kimva (1950) unpublished.

The particles are much scattered owing to their small mass. They become heavily ionising, and
thus produce tracks with large grain-density, only over a short path at the end of their range.
These effects are clearly shown in the photographs; see also Plate 5-4.

Before the production of ‘electron-sensitive’ emulsions, there had been a tendency to expect
that there would be serious difficulties in employing them for experiments with cosmic radiation.
It was anticipated that, owing to their continuous sensitivity, even moderate exposures at moun-
tain altitudes would result in a heavy background of electron tracks; and that this would make it difficult
to inspect the plates and to interpret the observations. In practice, this difficulty was found not
to be serious; plates can be exposed for a month at an altitude of 10,000 ft without producing a serious
background. Because of the action of local radioactivity and of the cosmic rays, however, it is an
a.dva.ntage, even when plate.‘s are stored at sea-level, to reduce to a minimum the time between manu-
facture and development, and thus to eliminate, as far as possible, tracks other than those produced
in the desired exposure.

If delays in development and exposure cannot be avoided, it is an advantage to store plates deep
underground. In doing so, however, a site must be chosen where the local radioactivity is weak, for
otherwise, it can produce a background of slow electrons which give more difficulty than an equal
exposure to cosmic radiation at sea-level. The use of a stack of emulsions has the advantage that
it can be ‘shuffled’ immediately before an exposure, exposed to X-rays in order to produce registra-
tion marks—see p. 64—and ‘re-shuffled” after the main exposure. In the subsequent examination
of the processed plates, it will then be possible to follow, from one plate to the next, only those tracks
produced during the main exposure.
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PLATE 5—4. Tracks of electrons of low energy in ‘electron-sensitive’ emulsions >

A pair of electrons of low energy appears to originate at a point in the lower left-hand corner of
the photograph. The rapid variation of the scattering and grain-density along the tracls is in marked
contrast with that of p-mesons of mass ~207 m,. No particles of intermediate mass are known.
1f the pair was indeed produced by the materialisation of a photon in the Coulomb field of a nucleus,
its quantum energy must have heen about 1-5 MeV.

In passing through a material medium, an electron loses energy not only by ionisation, but also by
producing ¢uanta in interactions with charged particles along its line of motion, by ‘bremssirahlung’.
The probability of such a process varies with the square of the charge of the particle. It follows that
bremsstrahlung commonly results from interactions with nuclei and rarely from interactions with
electrons. The rates of loss of energy by bremsstraklung and ionisation hecome equal at a certain
‘critical” energy which in photographic emulsions is ~20 MeV. At higher energies loss by brems-
strahlung predominates.

The production of bremsstrahlung by an electron may result in the loss of a considerable fraction
of its energy in a single interaction. Large losses may also occeur in collisions with other electrons.
As a result, the ranges in a solid substance of the individual electrons composing a homogeneons group
of high-energy are widely dispersed; the fluctuations associated with straggling are exceptionally
large. In contrast with heavier particles therefore, the range of an energetic electron gives an unreliable
measure of its initial energy.

For electrons with energy less than 250 keV, however, it has been shown by Ross and Zajac
(1948, 1949) that significant and useful measurements of range can be made. These authors confined
their observations to ‘unbranched’ tracks; i.e. to those in which the electron had not projected another
electron with an energy greater than 20 keV. Mean values are given in Table 5-1 below and are in
satisfactory agreement with those deduced from the equation ¥ = &k M'~"* R" which, for electrons,
reduces to: B (keV) = 10-8 R,

Table 5-1. Mean range of electrons of different energy.

B (keV) | Range ()

30 ’ 7-0

50 15-8
100 46-7
147 954
200 [ 141
250 ‘ 201

Tracks of electrons are sometimes observed which appear to terminate in the emulsion without
displaying the characteristic increase in ionisation of particles at the end of their range. Some of these
events may be attributed to the annihilation of a positron, but a positive interpretation in individual
cases is difficult because a similar effect can be produced by the large-angle scattering of the particle.

REFERENCE
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Tracks of emulsions of low energy in ‘electron-sensitive’ emulsion
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PLATE 5—4

Kodak NT4 emulsion. D. T. Kixe (1950) unpublished.
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(Continued from page 146)

the charged particles, is greater than the value corresponding to the rest-mass of the w-meson: viz.
=140 MeV. Alternatively, if the visible track of the primary particle is sufficiently long, mass
measurements may allow a decision.

(b) It is believed that p.~-mesons sometimes, but very rarely, produce ‘two-prong” stars following
nuclear capture; see p. 232. In such events, however, the energy of the two charged particles is generally
very small, and their ranges less than that commonly observed in the ‘two-prong’ stars produced by
7w -mesons. When a negative w-meson is captured by a nucleus, it interacts with two or more nucleons,
and a large fraction of the energy corresponding to the rest-mass of the meson can appear in the result-
ing disintegration. On the other hand, a negative p-meson is believed to interact with a single proton
of the capturing nucleus according to the equation: Py —N -+ #°. The neutron receives an energy
of only ~10 MeV, and any charged particles appearing in the resulting disintegration are attributed
to its interactions with nucleons in escaping from the nucleus. Only about a tenth of the disintegra-
tions therefore appear as ‘one-prong’ stars, and a much smaller fraction as ‘two-prong’ stars, the
secondary charged particles being of very short range (GrORGE ef al. 1950, 1951 : Morivaca and Fry
1952, 1953). The appearance of a disintegration from which two or more charged particles emerge,
following the capture of an L-meson, is therefore very strong evidence for a m -particle.

It the capture of the meson produces no charged secondary particles, or only one, the ambiguities
are more difficult to resolve. Thus, about 28% of z—-particles produce disintegrations at the end of
their range with which no tracks of secondary charged particles are associated, and 25% produce
only one such track. On the other hand, 7-5% of the u-particles arrested in silver bromide erystals
produce one-prong stars, and the others no visible disintegration. The resulting ambiguity can be
resolved if the track of the meson is sufficiently long to allow its mass to be determined with sufficient
precision to distinguish between 7- and p-mesons.

(iii) Positive -mesons. The observation of the characteristic decay of the m-meson into a y-meson
of range ~600y is decisive. Very rarely, a K-particle may decay into a p-meson of low energy, an
example being shown in Plate 10-2. The chance of a p-meson from this rare process having a range
within the narrow limits commonly resulting from the 7—u decay is extremely small.

(iv) The K-purticles. The observation of the characteristic decay into three z-particles emitted in
directions which are co-planar, is almost invariably decisive. The methods of making a final identifica-
tion are discussed in detail in p. 290 ef seq.

The K-particles frequently produce secondary effects at the end of their range superficially
similar to those of positive p-mesons. Their identification presents an important technical problem
discussed in detail on p. 310. Briefly stated, they can be distinguished by determining the mass
and energy of the secondary particles, or by mass measurements on the primary.

(v) Charged hyperons. Whilst these particles frequently decay ‘in flight’, they sometimes reach
the end of their range where they decay or interact with nuclei. In this case, also, mass measurements
of sufficient precision are of great importance if the particles are to be distinguished from p-mesons
or K-particles; see Sect. 11,
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(Continued at top of page 152)

PLATE 5—5. Tracks of w-mesons at the end of their vange >

The p-mesons were identified by mass measurements ; see p. 154, and by the presence of the tracks
of associated fast electrons starting from the end of the range; tracks (b), and (d); see also Plate 7-2.

The pronounced scattering of the particles, as compared with protons, allows the tracks to be
distinguished by inspection, with high efficiency. The rate of loss of energy varies from about 7 keV/
micron, where a track enters the field of view, to 25 keV/micron, 10w from the end of the range, with-
out producing any clearly marked change in the density of grains in the tracks. Large deviations
due to scattering are, however, clearly more frequent towards the end of the range.



Tracks of p.-mesons at the end of their range
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1lford G5 emulsion. PLATE 5—5 Bristol (1952) unpublished.
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(Continued from page 150)

5. SLOW SECONDARY ELECTRONS AT THE END OF THE RANGE

Slow secondary electrons may be produced at the end of the range of a charged particle, due either
to Auger processes associated with the atomic capture of the particle (see p. 219), or to the f-decay
of the product nucleus following nuclear interaction. In either case, the presence of an associated
electron indicates that the parent particle was negatively charged. Especially in plates in which the
tracks of slow electrons are numerous, however, the possibility of the chance association of an electron
with a particular event may have an important bearing on the weight of the evidence.

Electrons from Auger and nuclear processes occur so infrequently—with probability of < 10%
in the case of ==~ and K —-mesons—that no conclusions can be drawn from the absence of secondary
electrons in individual events. Useful information can be obtained, however, by working with suffi-
ciently large samples. Thus, among the first three hundred K-mesons observed to decay in photo-
graphic emulsions with the emission of a single secondary charged particle, no example of an agso-
ciated slow electron was reported. Such electrons were observed, however. associated with A ~-mesons
which interact with nueclei. It was therefore certain that all, or almost all, the K-mesons observed to
decay are positively charged.

6. SUDDEN TERMINATION OF TRACKS IN THE EMULSION

Tracks of particles are sometimes observed to terminate suddenly in the emulsion at a point where
the velocity of the parent particle, as shown by the grain-density in the track. was still very great.
Such an effect may be due to one or other of the following causes:

(a) To the annihilation of a positive electron by collision with a negative.

(b) To the scattering of an electron through a large angle, the subsequent track being too heavily
scattered to be easily distinguished.

(¢) To charge exchange of a =" -meson, a proton, or a deuteron, as a result of a nuclear interaction ;
see p. 483, Such processes may oceur also in the interaction of K+ -particles with nuclei.

Tt may be remarked that such effects do not oceur for p=-mesons. Their observation therefore 2 [Mows
the presence of a p-meson to be excluded. )

7. MASS MEASUREMENTS

It frequently happens that a particle cannot be positively identified by any of the methods dis-
cussed in the preceding paragraphs; when possible, direct mass measurements may then provide
important information.

a) Grain-density and range (g*, R)

The determination of the mass of charged particles recorded in photographic emulsions presents
problems similar to those met in the early classical experiments on the electron and the positive-
rays. Assuming the charge to be known, the determination of a single parameter, such as the range,
provides information from which the mags and velocity cannot be individually deduced, and a second
quantity must be determined such as the velocity or the momentum. The following are the most
important methods employed hitherto. In comparing them, it is useful to be able to state the ‘resolv-
ing power’ achieved in any particular application: If a homogeneous group of particles of mass M
yields a peak in the observed mass distribution of which the width, at half-maximum, is AM, the
resolving power may be defined as M/AM.

PLATE 5—6. Tracks of mw-mesons at the end of their range >

Short lengths of the tracks of 7- and p-mesons cannot be distinguished by inspection, but the effects
at the end of the range are commonly decisive. Sometimes, however, no secondary tracks appear
from the ends of the range of ==~ and p~-megons; see p. 150.



Tracks of rt-mesons at the end of their range

PLATE 5—6 Bristol (1952) unpublished

Ilford G5 emulsion.



Tracks of K-mesons at the end of their range
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<« PLATE 5—7

The K-mesons, de-

O e caying in the 7-mode,
o | were identified by
-
R al the observed co-plan-
i

arity of the tracks of
the three secondary
particles; see Plates
91 to 9-5 inclusive.
In the example on the
right, the track ‘dips’
at a considerable an-

.

gle in the emulsion
and, as a result, there
ig a small increase in
its thickness.

See p. 105,

PLATE 5—8 »
Hford G5 emulsion,
Mevoxand(’CEALLATGH

(1952) unpublished.

The K -mesons,
decaying in various
modes, were identi-
fied by observations
on the energy of the
secondary particles,
and by the direct
determination of the
mass of the primary
particles by obser-
vations of scattering
and range; see pages
158 and 160.

The tracks can be
distinguished  from
those of p-mesons
with high efficiency
by an experienced
[Iford G5 and Kodak NT 4 emulsions. Bristol (1952) unpublished,  observer.




Tracks of KK-mesons at the end of their range
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¢-grain emulsion of DEMERS. PLATE 5-9 D RRRE.

‘The decay of a w-meson oceurs at the bottom of the left-hand photograph, and the track of the
p-meson is shown in the succession of four strips. The decay of the p-meson, and the resultant electron
track, are shown in the two right-hand strips. The grain-density in the electron-track is about 12
per 100 .
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( Uontinued from page 158 )

In single emulsions, the tracks are usually too short to allow the measurements to be confined to
segments of the trajectory over which the velocity was sensibly constant, and the following procedure
may be adopted: A track which ends in the emulsion is divided into two halves, and a mean value
of & is determined for that portion of the track over which the particle moved with the greater velocity.
The remaining portion is then again divided into two, and the value of & again determined using a
smaller cell-length, made appropriate by the increased scattering of the particle at the reduced speed.
The measurements of & for the different segments are taken to correspond to the residual range at
the middle point of each. Similar observations on the tracks of identified protons allow the mass to
be determined; Mevox and RocmaT (1951).

An alternative approach to this problem has been made by HoLTEBERK ef al. (1953); Biswas
et al. (1953); and by DinwortH ef al. (1953), who adopt the procedure referred to as the ‘constant
sagitta’® method of which the essential features have already been described; see p. 124. In determin-
ing the mass of a particle by this method, it is not important that the set of values of “s” employed
should correspond to its mass. The determination is based on a comparison of the observed value
of &, for the particle with the corresponding value for particles of known mass. It is only necessary
that the set of values of ¢ should ensure that the true signal is sufficiently greater than that due to
‘noise . &, is the value of the scattering parameter ag determined with the varying cell-size employed
in the constant sagitta method.

The above methods suffer from the fact that the value of & changes only slowly with the mass;
OM|M = 2:39.6(a,)[7;. It has the advantage that it is independent of variations in the degree of
development of the emulsion. Its field of application is greatly increased in work with stripped emul-
sions which allow observations on tracks of great length with a corresponding gain in the statistical
weight of the observations. DimworTtH ef al. (1954) give a valuable appraisal of the precision which
can be obtained in measurements by these methods. The precision which can be achieved by this
and other methods with tracks of different lengths is illustrated in Table 9-3, p. 292, and Table 10-2,
p. 316, which give the results of measurements of various types of K-particles.
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PLATE 5—10. Tracks of protons at the end of their range >

A comparison of the tracks shown in Plates 5-9, 5-10 and 5-11 illustrates the slow variation of
the scattering with the mass. Work on tracks 200 p long does not allow the track of a K-meson to
be distinguished from that of a deuteron with certainty. Application of the constant-sagitta method
of measuring the scattering increases the possibility of distinguishing tracks of particles of different
mags. Such measurements became of great importance with the discovery of charged hyperons; and
the need to distinguish them from K.mesons which often gave superficially similar effects at the end
of the range. It is also evident from the photographs that the tracks are so ‘clogged’ that no change
of grain-density along any single track can be detected. Similar remarks apply to tracks of tritons
and «-particles; see Plates 5-12 and 5-13.



Tracks of protons at the end of their range

lford G5 emulsion, PLATE 5—10 Tristol (1952) unpublished.
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of mass ~1450m,, but there was little evidence for their existence from other experiments, and
later work showed that the effects were due to a combination of unsuspected spurious scattering and
statistical fluctuations.
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d) Observations of range and magnetic deflection (p, R)

The most accurate determinations of the masses of mesons have been made by determining their
trajectories in a magnetic field of known intensity, H, and their residual range, B. For low velocities,
it p is the radius of curvature of the trajectory of a particle of unit charge,

lrj’g/g;:,m’i"2 ; E:_("?”)g = (f[f@f
e 2m 2m
For a particle of mass M . m,, this may be written:
B=Heek _ . - g,
2M.my
It follows that
1 2 n
HeYloow 57 p o Tai. (51
M = j_( 2—=n  g2—n R 2-n Eq. (D 111
12 m-},f ¢ B . )

which reduces to M =0 ¢"*![R"", where (' is a constant. More generally, for a particle of charge Ze,
it is easily shown that M[Z> —Co""[R*". o can generally be determined with great precision and
M|Z* follows. There is commonly little difficulty in determining Z from other considerations.

The method has been suceessfully applied to the artificially produced w-mesons produced in the
synchro-cyclotron: see Fig. 5-8. In the magnetic field of the machine, the particles move in semicireular
orbits from their point of production to the recording photographic plates where their range is deter-
mined: see BARKAS ef al. (1949, 1951); BIrNBaUM ef al. (1951); Smrrm ef al. (1953).

Methods similar in principle have been employed by Frasziswrrr (1950), Barsour (1949) and

AOLDSCHMIDT-CLERMONT and MERLIN (1950) to determine the masses of particles of the cosmic radiation
see Fig. 5-7. These authors measured the deflection of the charged particles in passing across the air-
gap between two parallel plates with emulsions face to face. In FRANZINETTI'S experiments, a magnetic
field of ~30,000 gauss, in a direction normal to the plates, was produced by an electro-magnet. By
careful mapping, the track of the same particle in the two emulsions could he recognised. The deflection
due to the field, and thence the corresponding value of i o, could thus be determined. The precision
of measurements thus obtained is illustrated by the mass spectrum deduced from FRANZINETITS
observation; see Fig. 5-0. A very important feature of magnetic deflection experiments is that they
allow the sign of the charge as well as the mass of a particle to be determined.

PLATE 5—11. Tracks of deuterons at the end of their range »

The deuterons were identified by mass measurements on very long tracks. Because of the reduced
scattering of protons and deuterons, diserimination between them by inspection is impossible.



Tracks of deuterons at the end of their range
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Iford G5 emulsion, PLATE 5—11 Bristol (1952) unpublished.
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An unsatisfactory feature of the ahove methods is that they depend on a knowledge of the precise
form of the range-energy relation, sometimes in regions where no accurate measurements have hitherto
been made. To eliminate this difficulty, BisgoP ef al. (1949) have made experiments in which, with
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Fig. 5-6. Masses of artificially produced mesons ag deduced from measurements of momentum
and range (p, &) method. Resolving power about 18. (After Barkas el al. 1949.)

a suitable experimental disposition, they can determine the ratio of the ranges of protons and 7-mesons
recorded in a single plate, and the corresponding values of H o for the two types. By determining the
particular value of (Hg),/(H o), which is equal to R R, they obtain a measure of the ratio of
the masses m,/m, independent of a precise knowledge of the range-energy relation and of the absolute
magnitude of the magnetic field; see Fig. 8-6, p. 266.

(Continued on page 168)

<« Tig. 5-7. Apparatus employed by Fraxziverrr for determining the

masses and charges of particles produced by cosmic radiation. The two

plates face one another, and measurements are made on particles

which pass through one emulsion, across the air-gap, and are brought
to rest in the second emulsion. (After Frawzrverrr 1950.)
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PLATE 5—12. Tracks of tritons at the end of their range »

Here also it is apparent that no distinetion can be made
in grain-density or scattering, between the tracks of tritons
and g-particles in the last 200 p. of their range. The tracks are,
however, commonly manifestly less scattered than those of
K-particles and protons.




Ilford GiH emulsion.

Tracks of tritons at the end of their range

PLATE 5—12
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a charged particle, such as a K-meson or a proton, moves too slowly to produce such d-rays; their
presence in the track of a particle under examination therefore provides strong evidence that it was
not near the end of its range.

The average number of d-rays per 100w in the tracks of particles of charge e, and of ditferent
mass, are shown in Fig.5-10. The marked ditferences between the expected values for particles of
different mass in the last millimetre of their trajectories is well displayed. Whilst the method
has the advantage that it is relatively insensitive to differences of development, it is severely limited
by the small statistical weight of the observationz. To overcome this difficulty, d-rays containing
only three grains may sometimes be included in the analysis. A discussion of the problems encountered
in é-ray counting have been given by Tiomax et al. (1953).

A particularly important application of the method oceurs in connection with the problem of distin-
guishing between particles of charge ¢ and 2¢. Thus, all the methods of determining mass described
in the previous sections depend upon the assumption that the charge of the particles is known. In
determining the mass of an individual particle, it is therefore necessary to establish the charge, and this
is not always easy by grain-density and scattering measurements alone. The variation with range
of the values of g* and o along the track of a triton. for example, are similar to those for an g-particle.
On the other hand, the numbers of d-rays associated with the two tracks are widely different:

Since the value of Z2/M is very nearly equal for the proton and the «-particle, so also is the varia-
tion of velocity with residual range; it follows, since NV, varies as Z2, that the form of the distribution
of N, v R for g-particles is similar to that for protons, but the d-rays are four times more frequent.
This fact permits the two particles to be distinguished with high efficiency by d-ray counts on the
last millimetre of track; in this range, the contrast between the track of a triton and an g-particle is
even more marked.

Such observations at points near the end of the range have the advantage that there are no d-rays
of high energy owing to the limited velocity of the heavy particle, so that the association of the d-ray
with the track can be made with little ambiguity, and difficulties due to background are commonly
not serions. Further, the number of §-rays is of a convenient order of magnitude to allow a decision
about the charge if the available length of track is ~2 mm or even less.

REFERENCES

DaiNron and FowrLir; Proc. Roy. Soc. A 221, 414 (1954).
Duvrrs and WasmxTynska; Canad. J. Phys. 81, 480 (1953).
SerExsEN; Phil. Mag. 40, 947 (1949).

Tmaaxw, Grorer and Herz; Proe. Phys. Soc. A 66, 1019 (1953).
Voxvopic; Canad. J. Research 28, 315 (1950).

PLATE 5—13. 'Tracks of a-particles at the end of their range >

The a-particles were identified by observations on the scattering and d-ray-density along the tracks
of particles of great range which, by chance, stopped in the emulsion. The rate of loss of energy of
the particles, d B/d E, varies from about 70 keV per micron where the residual range is ~200 u, to
200 keV per micron at a point ~10 w from the end of the range. It is more difficult to distinguish
the tracks of hydrogen nueclei and g-particles in ‘electron-sensitive’ emulsions than in the Ilford C2
emulsion.



Tracks of a-particles at the end of their range

Ilford G5 emulsion. PLATE 5-13 Bristol (1952) unpublished.



Tracks of earbon and nitrogen nuelei approaching the end of their range

PLATE 5—14



Tracks of nuelei with Z = 10 and Z = 11 or 12 approaching the end of their range

l z2=10 l z=110r12

PLATE 5—15
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PLATE 5—14. Tracks of carhon and nitrogen nuelei approaching the end of their range — page 173

Iford G5 emulsion, Darxron and Fowrrr (unpublished).

The tracks are each given in two parts which overlap at the points marked @ or y. The particles pro-
ducing the tracks shown in Plates 5-14 to 5-18, inclusive, were identified by the methods described in
Seetion 16, the observations being confined to very long tracks which, by chance, reached the end of
their range in the emulsions of a stack. The carbon and nitrogen nuclei are completely “stripped’
for values of the residual range greater than 10 p. The track of the carbon nucleus appears to terminate
before it has become as thin as that of the nitrogen nuecleus at the extreme end of the range. This is
probably due to a nuclear collision. in which the particle was scattered.

PLATE 5—15. Tracks of nuelei with Z=10 and Z=11 or 12 approaching the end of their range —
page 174

Tlford €5 emulsion. Damvrox and FowrLer (unpublished).

A comparison of Plates 5-14 and 5-15 suggests that great care should be taken in attempting to
identify heavy nuclear particles by observations on tracks with residual range less than 200 p.
The nuclei begin to capture electrons when their residual range is less than 10 p.

PLATE [—16 and 5—17. The last 2mm in the frack of a nucleus of charge ~ 18e approaching the
end of its range — pages 176 and 177
Hlford G5 emulsion. Powern (1950).

The track is shown in ten overlapping sections starting top left. Corresponding points in the
successive photographs may be readily distinguished. The increase in the thickness of the core and
the decrease in the maximum range of the d-rays, corresponding to the falling velocity of the particle,
can be seen in the first seven photographs, followed by the ‘thin-down’ as the particle approaches
the end of its range at e. Between sections 7 and 8, the particle traversed a narrow air-gap between
facing emulsions. As the particle grazes the surface of the two emulsions, only a fraction of the d-rays
are recorded and the tracks are visibly thinner in these regions. The tracks of similar particles moving
at relativistic velocities are shown in Plates 16-3 and 16-7.

PLATE 5—18. Tracks of nueclei with ¢harge numbers Z=14+1 and Z=2442 approaching the end
of their range — page 178
Hford G5 emulsion, Darxron and Fowrer (unpublished).

In the case of the heavy nucleus Z — 22, capture of electrons into the K-orbit becomes possible
when the residual range is 80 p; and into the L-orbits, when the range is 15 u. ‘Capture and loss’
and the resultant decrease in the effective charge of such a nuelens increases its range by about 40 p.

REFERENCE
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The last 2 mm in the track of a nueleus of charge ~ 18 e approaching the end of its range
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The last 2 mm in the track of a nucleus of charge ~18e approaching the end of its range

PLATE 5—17



Tracks of nuelei with charge numbers Z =14 4 1 and 24 4 2 approaching the end of their range
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Cleetron pairs produced by y-rays
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Hoorer and Kina.

Ilford G5 emulsion.
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(Continued from middle of page 152)

pairs produced by the materialisation of a homogeneous group of y-rays of high energy, should be
distributed in the manner shown in Fig. 6-3. The curves are computed for material of Z— 50, but
the dependence on atomic number is small, and they are valid for photographic emulsion; it has also
been assumed that there is an equipartition of energy between the two electrons; if not, the angles
are all increased by the factor 4a(1—a), where a—E/E,. Values of the function F (a) are shown
in Fig. 6-4.

22 | ‘ r T
‘
I \ Z=50, B=w
E 1y }
N i Fig. 64, I',(a) depends cn the atomic numhber Z of the
aei dinm; and on the disparity, a— B'/E
B=100MeV —~ medium; and on the disparity, a=E'/E;, between the
10 | \J energies of the two electrons. The figure shows the
4 01 oz a3 o4 05 variation of F,(a) with a, for Z=350, B=0c0; and for
a=EfE; —* Z=21, B=100 MeV.

The principal difference between the predictions of the two theories arises from the logarithmie
EO
me?
dity of these equations has been examined by HINTERMANN (1954). who measured the opening angles of
pairs of electrons due to the materialisation of y-rays of energy ~100 MeV in plates exposed at moun-
tain altitudes. The energies of the two electrons were determined by scattering measurements, and
the results are shown in Fig. 6-5. The figure suggests that, at the energies involved, the general trend
of the observations is better expressed hy BorsELLino’s formula.

In the case of radiative collisions, STEARNS gives the following relation for the angular divergence
of the secondary photon of energy B’ from the line of motion of the parent electron, energy Ky :

term in SreArNS’ formula which has the effect that 216__51’ o=log / 2. A comparison of the vali-

= B\ me? B
V@ :j(fo) = log Ecﬂﬂ , Eq. (6-ii)
By i
where f( ];r) does not depart widely from the value 0-6.
=0
PLATE 6—2. Eleefron pair produced by the materialisation of a y-Tay >

The tracks of the two electrons of which the first recognised grain is at O, are given in three con-
tinuous photographs. Only in the third, on the right, can the two tracks be resolved. Unresolved
tracks of electron pairs of this type were first recognised by the fact that the apparently single track
has a grain density nearly twice the minimum value, whereas the scattering is so small that the particles
are certainly moving with a velocity close to that of light. If the track is attributed toa single particle,
the difficulty has to be met that the minimum ionisation of a particle with charge Z =2 is four times
the corresponding value for a singly charged particle. This would indicate that the assumed single
particle has a non-integral charge. The ditficulty is immediately resolved by the assumption of a pair.
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Eleetron pair produced by the materialisation of a y-ray

d G5 emulsion, Hoorer (unpublished, 1952).
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Tig. 6-5. Observations by HINTERMANN (1954) on the opening angles of pairs of which the energies
of the individual electrons were determined by scattering measurements. The observed angles
have heen reduced to take account of the observed disparity in energy of the electrons of each

pair. The observations appear to be in better agreement with the formula of Borsgriizo than
with that of StrArNs.

¢) Trident production

In addition to losing energy by bremsstrahblung. fast electrons can also produce pairs of electrons,
by interaction with the electro-magnetic field of a nucleus, so that a single fast electron approaches
a nucleus, and three emerge (see Plate 6-3). The existence of such a process was anticipated by OpPEN-
HEIMER, and it was studied theoretically by Furry and Carrsox (1933), Buasma (1935), and many
other workers. It was first observed in photographic emulsions, and is referred to as ‘trident’ produc-
tion: see OccHiaLINI (1949), BrapT ef al. (1950).

In making observations on ‘tridents’, they must be distinguished from other processes which can
sometimes give apparently similar effects. Thus, we have seen that when an electron of great energy
produces a photon by bremsstrahlung, the angular divergence in the directions of motion of the two

"2
products may be very small, of the order WTL radians, where & is the initial energy of the electron.
If, by chance, the secondary y-ray materialises after traversing only a short path in the emulsion,

(Continued on page 188 )

PLATE 6—3. Three examples of trident produetion by eleetrons >

The tracks of the incoming electrons, and the points of origin of the pairs are indicated by arrows.
The events are of relatively low energy so that there is a wide angular divergence of the tracks. In
these circumstances, it is improbable that a pair produced by bremsstrahlung will originate precisely
on the line of motion of the parent electron.
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Three examples of trident production by electrons
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(G5 emulsion. Bristol (1952).
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(Continued from page 186)

the pair may originate at a point which is apparently coincident with the track of the primary elec-
tron. Similar processes, in which a small separation is found between the origin of a pair and the
track of a neighbouring electron, are frequently observed. The separation between the point of origin
of the pair due to the conversion of bremsstraklung and the track of the parent electron depends on
the scattering of the latter particle, as well as on the initial divergence. Nevertheless, at very high
energies, it is to be expected that an appreciable proportion of the pairs due to bremsstrahlung will
originate at points separated from the parent electron track by distances less than can be resolved
under the microscope, and will thus give rise to ‘pseudo-tridents’.

In order to show that fast electrons can indeed produce electron pairs directly, Hoorer ef al.
(1951) made measurements on the separation of the points of origin of electron pairs from the line
of motion of an associated electron, — the association being proved by the almost parallel directions
of motion of the three particles. The observations include hoth ‘tridents’ and separated pairs. The
resulting distribution showed a clearly defined group for which there was no measurable separation,
too great in number for them to be accounted for in terms of the materialisation of bremsstrahlung
alone. The expected distribution for the latter process could be estimated from cascade theory. At the
low energies of the events on which measurements were made, less than 1 BeV, the cross-section for
the trident process was in satisfactory agreement with the anticipations of the theory.

According to electro-magnetic theory, the cross-section for the production of tridents should be
approximately 1% of that for bremsstrahlung, but some of the early experimental results with electrons
of higher energy suggested that it is considerably greater than the expected value. Such a result, if
confirmed, would throw serious doubt on the validity of the theory which, as we shall see, is in excellent
agreement with the general features of the cascades; in particular, measurements of the *conversion
length’ are in satisfactory agreement with the theoretical predictions; Pixgau (1956).

In order to examine this difficulty more precisely, Brock and Kixa (1954) also made measurements
on the separation of the points of origin of close pairs due to bremsstrahlung from the line of motion
of an accompanying electron, similar to those of Hoorur et al. (1951), but for electrons of greater
energy, between 1 and 10 BeV. Good agreement was found between the distribution of the observed
values of the separation and those calculated, a result which gives strong support for the estimates
of the proportion of similar pairs which would have been unresolved.

Brock and King estimate that for electrons of energy between 1 and 10 BeV, about 6% of the pairs
due to bremsstrahlung will appear as ‘“tridents’, whilst for higher energies the proportion will be much
greater; at 100 BeV, about 70%. The most recent results indicate that, at least up to energies ~10 BeV,

PLATE 6—1. Associated pairs and related phenomena >

(a) At first sight, this event appears to correspond to the creation of four electrons in a single act.
Closer inspection, however, shows that there are two separate points, indicated by arrows, from each
of which two electrons diverge. There is a single parallel track due to an associated fast electron.

(b) Creation of six singly charged particles. Measurements of the scattering of the particles show
that they are of high energy; the relatively large angular divergence, in comparison with the energy,
indicates that the tracks are not due to electrons, and this is confirmed by their failure to *multiply’
as they passod through the stack. The event is attributed to the collision of an energetic neutron with
a nucleus, and the creation of mesons or heavier particles without any visible evidence for nuclear
disintegration.

(¢) Pair production by a p-ray in which two slow electrons appear to be emitted from the same
centre. Tt appears reasonable to assume that they come from the same atom as that involved in the
conversion of the y-ray, possibly through ionisation and the Auger effect.

(d) A pair of electrons is created at a point, shown by the arrow, indistinguishable from the track
of an incoming electron. The directions of motion are so nearly parallel that the tracks do not separate
for several hundred microns. In individual events of this type, the origin of a pair, whether due to
conversion o a y-ray from bremsstrahlung or to trident production, cannot be stated with confidence.
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PLATE 6—4

Hford G5 emulsion.



The electro-magnetic easeade in emulsion

C

forming the pair, at points within a few hundred
microns of their origin, is so small (< 107 ¢m) that
they form a close doublet, an electric dipole, and their
specific ionisation is thereby considerahly reduced.
In (d), 15 mm from the origin, a number of new
pairs due to bremsstrahlung have appeared, but they
are of much lower energy than the original pair which
is indicated by an arrow. In (e). ~30 mm from the
origin, the early bremsstrahlung pairs have diverged
so that they are no longer in the field of view, and
the original pair is now accompanied by a second
pair of great energy, collinear with the first; it was
formed either by the conversion of an energetic y-ray
due to bremsstrahlung, or by “trident” production. The
apparentlysingletrack now has a grain-density ~4g,,.

PLATE 6—6 >

At (f), 40 mm from the origin, further multipli-
cation has taken place and several pairs are now
apparent within the central core of the cascade. At
(2), 64 mm from the origin, the central core is still
well marked but the number of companions of lower
energy has greatly increased. At (h), at 78 mm, the
total number of energetic electrons in the cascade,
with B =200 MeV, is ~50.

< PLATE 6=5

A yray of energy ~10% BeV, which has
entered the stack and its container appar-
ently unaccompanied, materialises into a
pair of electrons after passing 5mm through
the emulsion; the first grain in the resulting
tracks is that at (A). The angle of diver-
gence of the pair is so narrow, and the mul-
tiple scattering of the components is so
small, that they appear not to separate for
a path-length of more than 30 mm (see ¢).

The tracks in Plate 6-5, (a) and (b) are
contiguous, corresponding grains  being
shown at (x); it may be seen by inspection
that there is a marked increase in the grain-
density of the track of the pair in passing
trom near the origin to the region illustrated
in (¢), a distance of 0-5 mm. Thus, in the
strip (a), the number of grains is ~30, in
(b) ~54 and in (c) ~68, the latter value
corresponding to 2g,, where g, is the
platean ionisation.

The above effect is due to the fact that
the separation between the two electrons
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PLATE 6-7

At (i) and (j), 93 and 123 mm from the origin, respectively, considerable dispersion has taken
place. At (i) the number of tracks has reached its maximum, and there are approximately 100 electrons
with energy =200 MeV.

This cascade may profitably be compared with that shown in Plates 15-14, 15-16. At first sight,
the early development of the present cascade suggests that the parent y-ray was of comparable energy
with that shown in Plate 15-14. Thus, it shows a continuous unresolved core for 30 mm, an effect
comparable with those seen in the Plate 15-14. The later development of the cascade, however,
clearly demonstrates that it is of lower energy, for the total number of tracks is much smaller at the
maximum of development, which occurs after only about 10 em (3 to 4 radiation lengths).
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In general, it may be said that the persistence, for some centimetres, of an unresolved core does
indicate that the relative scattering of the two component particles is very small; and, therefore,
that their energy is at least of the order 300 BeV. On the other hand, separation of the two tracks
may oceur, as a result of large losses of energy, by either electron, in producing bremsstrahlung, at
points near the origin, even although the energy of the initial pair is much greater than 10% BeV.

Cascades initiated by a single y-ray, or a single electron, entering the emulsion would not be expected
to show multi-core structure such as is displayed in Plate 15-17. A single core is indeed observed
in the present event, although transient accompanying cores appear from time to time in the develop-
ment of the cascade : but being of lower energy they quickly disperse. An example is shown at (f), Plate 6-6,
where the right-hand member is due to a pair produced in the emulsion between the fields of view
shown in (e) and (f).



PLATE 7-1

(ollision with an eleetron of the
charged particle formed by the @3-
decay of a p-meson

The charged particle emitted in
the f-decay of a p-meson makes a
collision with an electron in the
emulsion. The tracks before and
after the collision are long enough to
allow the momenta of the particles
to he determined. An analysis of the
dynamics of the collision can there-
fore be made, assuming it to be
clastic so that no appreciable energy
is emitted in the form of photons.
It may thus be shown that if track
(a) is due to the recoiling electron,
the mass of the particle producing
the track (b) is 342 m,: and if
irack (b) is due to an electron, the
mass of the other particle is 1-5
I-0m,. This observation therefore
proves that the particle produced in
the decay of the p-meson is of small
rost-mass and gives very strong sup-
port for the view, commonly held,
that it is an electron.

Although the collision is almost
certainly due to two particles of
equal mass, of which one was ori-
cinally ‘at rest’, the subsequent
directions of motion of the two
particles are not at right angles,
“nee the velocities are in the rela-
Livistic region.

Hiared G 5 ernulsion,

Campenrint and FOWLER.
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Auger electrons produced by the eapture of p—-mesons hy silver and bromine nuelei
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In Plates 7-2 and 7-3, (a) shows a characteristic example of the decay of a p-meson, of unknown
charge, in which no Auger electrons can be distinguished. In (b) the cluster of two or three grains near
the end of the range of the p-meson is probably due to an Auger electron. In (c), (d), (e) and (f), the
tracks of associated slow electrons can be clearly distinguished. For an example of Auger electrons
associated with the arrest in emulsion of other negative particles, see Plate 8-8.
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Auger electrons produced by the eapture of p—-mesons by silver and bromine nuelei
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230 THE MASS OF THE [(L-MESON

Sinee the mass of the meson appears in the above equation, the measurement of the quantum energy
resulting from a known transition permits m, to be determined. Owing to the very small intensity
of the emitted radiation available hitherto in such experiments, and the limited precision of the methods
employing scintillation counters, the quantum energy of the radiation has been investigated by absorp-
tion measurements. Suppose, for example, that the frequency of the emitted radiation is a little greater
than the value corresponding to the ordinary K-absorption edge of an element of atomic number Z,:
A thin film of this element will then produce a strong absorption; otherwise, if the frequency is less
than the absorption limit, little reduction in intensity will oceur. By finding the value of Zip—+1 and
Z,, such that the frequency for the K-absorption edge of the first is greater, and of the second less,
than that of the emitted radiation, limits to the frequency. », and thence to the mass of the mesons,
m,, can be deduced ; see, for example, Fig. 7-7, p. 223).

In experiments of this type. observations with a particular element (Z) only determine upper and
lower limits to the mass m,. The interval between the limits can be made very narrow, however,
by experiments with a number of elements. By varying Z and Z, and employing ditferent quantum
transitions, and after making a small correction for vacuum-polarisation, Kosrov ef al. (1954) have
shown that m, lies between 208-9 and 206-9, in good agreement with the most accurate values deter-
mined by other methods, viz. 2069 -1 0-2 .

¢) End-point of the B-ray speetrum of p*-mesons

It has been remarked that the observed maximum energy of the electrons formed by the decay
of p"-mesons, taken in conjunction with the mass m, and the conservation laws, proves that the two
neutral particles accompanying the electron are of very small rest-mass. Alternatively if it is accepted
that the two neutral particles are neutrinos of zero rest-mass, the observed end-point of the spectrum
can be employed to deduce the mass of the positive p-meson. The electron receives its maximum energy
when the two neutrinos recoil together against it. The observed maximum energy, and thence the
momentum of the electron, defines the momentum of the two neutrinos, and the total release of energy
can be determined. The corresponding value of the mass of the positive p-meson is 207 4 0-8 m,;
Sacans ef al. (1954).

The measurements by the different methods are in good accord, and show that the masses of the
positive and negative p-mesong are both equal, within narrow limits, to 207 m,,

REFERENCES
Crown; Nuovo Cim. 3, 541 (1957).
Kosvov, Frren, and Rainwarer; Phys. Rev. 95, 291 (1954).
Leperyax, Tixror, and Boorn; Phys. Rev. 81, 281 (1951).
Sagans, Dubziax, and Vepper; Phys, Rev. 95, 863 (1954),
Surre, Birxsavy, and Barkas; Phys. Rev. 91, 765 (1953),

PLATE 7—4 >

These events, due to capture of a negative y-meson, were recorded in photographie plates manufac-
tured underground at a depth of about 40 metres of water equivalent. They were left at this depth for
several months, and then processed without being brought to the surface. In such plates, the number
of p-mesons arrested in the emulsion is very much greater than the number of r-mesons. Thus only
five positive z-particles were observed, and identified by the characteristic 7-p deeay, in comparison
with 1014 g-mesons. In addition, 30 examples were found of negative mesons which produced dis-
integrations. Assuming that the slow positive and negative w-mesons occur in approximately equal
numbers, about 25 of the 30 negative mesons producing disintegrations must be attributed to negative
n-particles.

The above conclusion was confirmed by a comparison of the distribution of the number of heavily
ionising particles emitted in these disintegrations with the quite different distribution produced by
the nuclear interactions of artificially produced r--mesons. The two examples represent typical dis-
integrations with one secondary charged particle, most of which are cerfainly due to the nuclear capture
of y-particles by the heavier elements in the emulsion.

i



[ford G 5 emulsion,

PLATE 7—4

Grorar and Evans (1951).
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Si:l‘ps witheut Iw',w‘me m E | !

wof—  7GEevents L on ek semy Fig. 7-14. Observations by ImpepuGLIa ef al. (1958) of the
| energy distribution of electrons produced by the decay of
n g;/jiyfg*;,j-’prﬁ el o ' L-mesons arrested in a hydrogen bubble-chamber operated
il ‘3.5554??:21"252;3'.”\\ in a magnetic field. Artificial positive m-mesons were
tg " p tar 3= decay arrested in the chamber, and the energy distribufion was
5 | e MKC — determined for those mesons in which the track of the
E ) : "I secondary p-mesons could not be distinguished. The
= | I digtribution includes many examples of ordinary m—>u-—>e¢
g : 1 decay, but in addition six examples. among about 65,000
o A gy } e 5 tracks, where the decay electron has an energy equal to
5 v « Ef:rwﬂ m'fmmm o, ?G Mewfa ~T0 MeV; these are shown “blocked-in" in the histogram.
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PLATE 7—5. Dircet production of an L-meson which undergoes 3-decay >

In this event, an L-meson of range ~ 270y appears to emerge from an interaction occurring at the
point €, and to decay into an electron at the point E. The track C'D ends in the glass of the plates
at D, and the thin track near D is due to an unrelated particle. The track C'D is inclined at a con-
siderable angle to the surface of the emulsion, and its ionisation is somewhat less than that indicated
by the apparent grain-density. Although the direction of motion of the track (') cannot be established
with confidence, the spur track ', and the observed range of the w-meson O F, make it very difficult
to attribute the event to the decay of a w-meson at the point ¢. The spur at ' also makes it difficult
to assume that the event corresponds to the nuclear collision of a -meson at that point. The simplest
explanation is that the L-meson was ejected from a nuclear interaction.

PLATE 7—6. Evidence for the 3-decay of the mw-meson (see p. 236)

This event appears to represent the direct production of an L-meson in a nuclear disintegration.
Starting at a point indistinguishable from the centre of disintegration at A, the meson reaches the
end of its range at B, and appears to decay into an clectron. The track is reproduced in two parts
which overlap at x. The particle is certainly an L-meson, and its range is about 550 w; it might
therefore be attributed to a p-meson formed by the decay of a w-meson the latter being ejected from
the disintegration at 4 with very small range, ~1 p. The disintegration was, however, due to silver
or bromine, and from such nuclei, positive w-mesons are very rarely emitted with a range less than
several hundred microns, because of electrostatic repulsion. Presumably a m-meson could appear with
very low energy by penetrating the Coulomb barrier, but such a process appears to be very improbable.

Since there is no track of a w-meson approaching the centre of the disintegration, the event cannot
be attributed to the chance juxtaposition of two events; viz. the disintegration at 4, and an associated
a-p decay. It is therefore reasonable to assume, either, that very rarely p-mesons can be directly
produced in high energy nuclear collisions, or that the event is an early example of the -decay of a
m-meson which went unrecognised.



Direet production of an L-meson which undergoes 3-decay

PLATE 75 Muvox 1952 (unpublished).

[ford G 5 emulsion.
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Evidence for the 3-decay of the m-meson

PLATE 7—6

Tiford G 5 emulsion. MexoxN 1952 (unpublished).
~
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First observation of a disintegration by a negative meson
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PLATE 8-1

Hord B1 emulsion. PrErETNS (1947).

The change in grain-density as the meson approaches the end of its range, and the increased scatter-
ing, are clearly displayed. These features provided the decisive evidence that the particle had indeed
approached the centre of disintegration and had not receded from it: and that the particle, which
must have produced the disintegration, was moving very slowly when it interacted with the nucleus.
It followed that the energy of disintegration was provided by the disappearance of rest-mass of the
incident particle, a process which had not previously been observed.

The good discrimination of this early emulsion iz well displayed, the differences in the rate of
change of grain-density along the tracks of the meson and of the secondary hydrogen nuclei being clearly
apparent. The attribution of one of the tracks to a triton depends upon a comparison of the rates of
change of grain-density along the tracks.



Disintegration produced by a
negative -meson

One of the first photographs
of the disintegration produced by
a meson; see track ‘z’. Three
secondary charged particles, one
of short range, are emitted. The
scattering and variation of grain-
dengity along the track of the
meson are well displayed, and
provide decisive evidence for its
direction of motion and low mass.
The characteristics of the track
strongly suggested that the par-
ticle produced a disintegration
when moving at low or zero
velocity; it was therefore attri-
bhuted to a negative meson. At
the time of the observation, the
mr-mesons had not been discovered
and the event was tentatively
interpreted as due to the capture
of a p-meson by a silver or bro-
mine nucleus. Following the dis-
covery of t-mesons, an ambiguity
arose as to the nature of the
mesons producing disintegrations
at the ends of their range. They
might have been attributed either
to w-mesons, or to negative p.-
mesons captured by heavy ele-
ments in the emulsion. They were
therefore referred to as g-mesons,
although it was believed that
most of them were negative 7-
particles. This view was sub-
sequently confirmed.

Tiford C2 emulsion.
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PLATE 8-3

Tirst observations of the deeay ol u
TC-1ES0N
The parent particle 7z reached the

end of its range at the point 4 and

the secondary w-meson was ejectedl

nearly backwards along the line of

motion of the w-meson. The variation
in the scattering and grain- density

along the tracks made it evident
that both particles were much less
massive than a proton, and allowed
their directions of motion to he
established without ambiguity. A
comparison of the grain density in
the two tracks showed that, at the
point where the p-meson left the
emulgion, its regidual range was
small. The black edges were retained
to show the extent of the individual
photographs of which the mosaic is
constructed.

Larres, MumRAEAD, OCOHIATINI
and Powrry; Nature 159, 694 (1947).

Tlford €2 emulsion.
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PLATE 8—4

['iest observations of the decay of a
TC-IESON

This second example of the decay of
o z-meson was found shortly after the first.
\though the track of the parent particle
« hort, it gives unambiguous evidence
[ the direction of motion of the particle
i for its low mass. The secondary p.-
mesoll came to rest in the emulsion, its
runge being 610 .

Larrss, Mumrpman, OCCHIALINT
wied Powenn; Nature 159, 694 (1947).

[ford €2 emulsion,

1 e [
|y



244 THE DECAY OF THE T-MESON; 71—

PLATE 85 g
Kodalk NT'4 emulsion. Powery: Repts. Prog. Phys. 13, 384 (1950).

With the development of the electron-sensitive emulsions (Berriman 1948), it became possible
to observe the tracks of electrons moving at relativistic velocities. Among the effects observed
shortly atterwards were examples of the f-decay of the p-meson (BrRowx et al. 1949). Plate 85 shows
four examples of the process mw — g — . In favourable cases, it was possible to measure the energy
of the electrons by the scattering method (Davies et al. 1949), and the values obtained were similar
to those for cosmic-ray mesons as measured in Wilson chambers operated in a magnetic field. These
observations proved that the penetrating particles in the cosmic radiation are identical with the
p-mesons, and that they are commonly produced by the decay ‘in flight’ of fast positive and
negative m-mesons. The latter result directly from nuclear collisions occurring in the atmosphere.

The four p-mesons shown have nearly equal ranges; the variations in range due to ‘straggling’
are commonly much greater than is suggested by these photographs; see Fig. 3-7, p. 80, which shows
the distribution in range of ~600 p-mesons formed by the decay of w-mesons at rest.

REFERENCES

Brrrimax; Nature 162, 992 (1948).
Brown, Camerini, FowrLer, MURHEAD, PoweLn and Rrrsox; Nature 163, 47, 82 (1949).
Davies, Lock and Mutrareap; Phil. Mag 40, 1250 (1949).

a) Decay in flight ; Radiative decay

In addition to the main group of p-mesons, produced by the decay of w-mesons in photographic
emulsions, which have ranges hetween 480 and 700 microns, there are a few of exceptionally long, or
exceptionally short, range (Fry 1952). In such events, the departures of the individual values from
the mean are too great for them to be attributed to straggling, and they are believed to be produced
in one or other of the following processes:

Number of fracks in equal range infervals

_--.._-f;-_/________

\(a)
— _\_ )
(] ! TN
I
. 1
0 400 800 1200 16800
Range — microns

Tig. 8-1. Calculated distribution in range of p-mesons produced by m-mesons decaying (a), 1 1,
and (b), 10 y, from the end of their range. The dotted curve corresponds to decay at rest.

(i} Decay of the w-meson in flight. Knowing the mean lifetime of the w-meson—about 2:5 % 10 8sec—
it is possible to caleulate the probability that a m-particle will decay before being brought to rest in
—the emulsion. Such decay ‘in flight” will, in general, cause the resulting p-meson to appear with a
greater or smaller velocity than the normal; the actual value will depend on the direction of ejection
of the p-meson with respect to the line of motion of the parent m-particle at the instant of decay. The
order of magnitude of the effect to be expected from such a process is illustrated in Fig. 8-1 which
shows the calculated distribution in range of the p-mesons, assuming that the m-mesons all decay in
the emulsion when their residual range is 1 1, curve (a), or 10 p, curve (b). The p-mesons have been
assumed to be emitted isotropically in a co-ordinate system moving with the w-meson at the moment
of transformation.
Similar estimates, for all values of the residual velocity of the parent w-mesons at the moment of
decay, allow the expected range distribution of the yp-mesons to be computed from the known decay



Successive decay of the s-meson, m— @ — B
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constant of the z-particles, and the results are shown in Fig. 8-2. The number of tracks of long range
actually observed is equal, within the statistical fluctuations, to that expected.

(ii) According to the classical electro-magnetic theory, a charged particle radiates when acceleratied,
Corresponding therefore to the sudden ejection of the p-meson, electro-magnetic radiation will he
produced. The resulting photons are commonly of low energy, and they then produce no easily
recognisable effects in photographic emulsions; but occasionally they are sufficiently energetic to lead
to an appreciable reduction in the energy of the p-meson.

» p-mesons from this second process can generally be distinguished from those due to the first by
the following considerations. A p-meson of short range, produced hy decay ‘in flight’, must be ejectod
hackwards with respect to the line of motion of the parent w-meson. If, therefore, it is projected

7
/
/ L.

—~——]

M(R) per 16041, per miflion
b

a 7 g 3 4

Range — ™m
Fig. 8-2. Distribution in energy of p-mesons produced by the decay of a homogeneous group of
m-mesons moving in photographic emulsions with an initial energy of 1 MeV. The lifetime of
the 7-mesons is assumed to be 2-5 x 1078 sec.

apparently forward, there is a strong probability that the decay is associated with the ejection of
a photon. The identification is not unambiguous because the w-meson was certainly moving with low
speed, and there is a finite probability that immediately before the instant of decay it was scattered
through a large angle. The decay could have followed immediately after the scattering of the sz-particle,
so that the change of direction was not apparent in its track.

Among 11,800 *-mesons arrested in emulsion, Fry (1953) found six examples of decay in flight
and six of radiative decay. Fry, ScENEPS and Swami (1955) observed an example of 7> decay in
which, in addition to the p-meson, an electron pair appeared to diverge from the point of arrest of
the w-meson. Such second-order processes, in which pairs of electrons appear in the place of a y-ray.
oceur with a probability of ~1% of that to which they are an alternative; see p. 264.

REFERENCES
I'ry; Phys. Rev. 86, 418 (1952).
TFry, Scanirs, Sxow and Swamt; Phys. Rev. 89, 1055 (1955).

PLATE 8—6. Apparent emission of w-mesons of short range in @ — . decay b
These photographs illustrate the technical difficulty of identifying examples of the radiative decay
of the w-meson when the tracks are steeply dipping. Accepting the evidence prima facie, the p-mesons
appear to be ejected with a forward component with respect to the line of motion of the parent w-meson.
The events could then be regarded as accompanied by the emission of photons, and not attributable to
the decay of the parent particle in flight. In thcse examples, however, the tracks attributed to m-me-
sons dip steeply in the emulsion, and this results in an increase in their width. In particular, the tracks
of the alleged m-mesons, near * P’°, are markedly thicker than those of the y-mesons at the end of their
range. Such effects can sometimes be produced by the scattering of a w-meson through a large angle.
o that, although most of its trajectory is steeply inclined, it approaches the end of its range in a direc-
tion nearly parallel to the plane of the emulsion; this is a possible explanation of the events illustrated
but unambiguous examples of radiative decay do occur. The photographs emphasise the importance
of making full allowance for the effect of dip on the appearance of tracks, especially in the analysis
of rare events.



Apparent emission of p-mesons of short range in T — @ deeay
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ford G5 emulsion.



Pair of charged particles apparently associated with the decay of a r-meson
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[Mford G5 emulsion. O’Cravvatan; Phil. Mag. 41, 838 (1950).
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Disintegration of silver or bromine hy eapture of a 7w—-meson

PLATE $—8

Hioed Go emulsion. Muxow, Murkanap, and Rocuar; Phil. Mag. 41, 583 (1850).

The presence of the tracks of one or more Auger electrons provides very strong evidence that the
meson was captured by a heavy element, probably silver or bromine.



Disintegration of light elements by the eapture of negative w-mesons
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PLATE 8-9 '
Iford C'2 emulsion. Murxon, Mumnsap and Rocuar; Phil. Mag. 41, 583 (1950).

The w-mesons reach the end of their range in a layer of gelatine, 5 p thick, ‘sandwiched’ between
layers of C2 emulsion. Since they oceur in the insensitive gelatine, the origins of the disintegrations
are not recorded, and they must be attributed to nuclear capture by carbon, oxygen or nitrogen.



Disintegration of earbon by eapture of 7t~ -meson

PLATE 8§10

[ord C2 emulsion. Mewox, MurraieAD and Rocmar; Phil. Mag. 41, 583 (1950).

The identification depends upon the following considerations: The two heavily ionising particles
are g-particles, each of energy about 25 MeV, which can be readily distinguished from hydrogen
nuclei in €2 emulsions. The third track is due to a hydrogen nucleus. The event certainly represents
the disintegration of a light nucleus, and the conservation of charge requires it to have been carbon.
The evidence is insufficient to decide whether the emitted hydrogen nucleus was a proton or a deuteron;
the number of ejected neutrons is correspondingly uncertain. Reactions of this type can frequently
he distinguished, but this event is exceptional in that the two e-particles are of relatively great energy,
and are emitted in nearly opposite directions.



Disintegrations of light elements by the nuclear capture of negative T-mesons

PLATE 8-11

Ilford G5 emulsion. (5em = 50 ) Powern; Rep. Prog. Phys. 13, 384 (1950).

Photographs of the disintegration of light elements carbon, nitrogen or oxygen by the nuclear

capture of 71 -particles.



Disintegrations of heavy elements by the nuclear eapture of negative 7-mesons

PLATE 8-12
IHiord G5 emulsion. (4 em = 50u) Powsrrr; Rep. Prog. Phys. 13, 384 (1950).

Photographs of the disintegration of heavy elements, silver or bromine by the nuclear capture of
7 -particles.
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The three methods lead to consistent results. The estimated numbers of stars, with one “prong’
or more, due to heavy and light nuclei are 52 4-4 and 48 |- 4% respectively.

The relative frequencies with which the disintegrations produced by slow w=-mesons result in the
ejection of different numbers of charged secondary particles of range greater than 5 are shown in
Fig.8-3.

REFERENCES
Avrrvmax; Phys. Rev. 85, 249 (1952).
Cassurs; Proe. Phys. Soc. 70, 729 (1957).
Cosyns, DinwortH, OcenIALINIG, ScHoENBERG and Pace; Proo. Phys. Soc. A 62, 801 (1949).
Fazzini, Froncaro, Merrisow, Pavn and Tornestrue: Phys. Rev. Letters 1, 247 (1958).
Trizpmax and Rarwwarer; Phys. Rev. 84, 684 (1951).
Hemyany and LurriNce-Rixcurr; €. R. Acad. Sci., Paris 226, 1716 (1948).
LogaxaTaan and STEINBERGER; Phys. Rev. 98, 240 (1955).
MexoN, MurRHEAD and Rocuar; Phil. Mag. 41, 583 (1950).
O'Crarrarer; Phil. Mag, 41, 838 (1950).
Prrkins; Nature 161, 486 (1949); Phil. Mag. 40, 601 (1949): and ¢bid 41, 138 (1950).

4. PRODUCTION OF 7w-MESONS IN NUCLEAR COLLISIONS

The observed production of slow w-mesons in nuclear disintegrations (Larres, OCCHIALINT and
PowgsLL 1947) gave support for the view that the particles interact strongly with nueleons, that
they are directly produced in nuclear interactions of great energy, and that, when moving in the
atmosphere, they give rise to the weakly interacting p.-mesons by decaying ‘in flight’.

The early examples of the creation of w-mesons were all of negative particles. In escaping from a
nucleus, the positive particles are commonly accelerated by the electrostatic repulsion. They therefore
very rarely appear with low kinetic energy and commonly escape from a thin emulsion before being
brought to rest. On the other hand, the negative particles must escape from the parent nucleus against
the electrostatic attraction. They are therefore frequently emitted with low velocity, and reach the
end of their range in the emulsion.

The apparent origin of m-mesons in nuclear disintegrations, whilst very suggestive, does not prove
that the particles are divectly created. They might be attributed, for example, to decay in flight of
a parent neutral particle of mean lifetime less than 107" sec. The average distance travelled by a
particle with such a lifetime, before decaying, is so short that the track of the w-meson into which it
transformed would appear to originate from the centre of the disintegration. That the wm-mesons are
not secondary to such an unstable neutral parent, is strongly suggested however, by the great difference
in the frequencies with which slow positive and negative w-mesons are observed, an effect which it
is difficult to explain except in terms of the electrostatic field of the nucleus.

The difference between the observed numbers of slow positive and negative zz-particles also appears
to exclude the possibility that they are created as the secondaries of short-lived charged particles of
greater mass; for if so, the electrostatic field of the nucleus could affect the relative numbers of the
positive and negative parent particles, but a similar asymmetry in the secondary m-mesons would
be preserved only if the latter were ejected with very low velocity with respect to the centre of mass
of the assumed parent particle. :

Decisive evidence that m-mesons can be singly and directly produced is provided by experiments
on the nuclear collisions of artificially accelerated protons of known energy. Such experiments
show that the z-particles can be created by protons with an energy insufficient to provide the rest-mass
of appreciably heavier particles.

PLATE 8-13 >

One of the first two observations of the ereation of a w-meson. The =-meson leaves the disintegration

at A, and reaches the end of its range at B, where it is captured by a light element and disinte-

grates it. The distribution of grains along the track may be compared with that in the tracks of
the two hydrogen nuclei which leave the disintegration B moving in an upward direction.



Creation of a negative st-meson in a nuelear disintegration

PLATE 8—13
(4 em = 50 () Larres, OcomtatinT and Pownre; Nature 160, 486 (1947).



Creation of a 7t~ -particle in a nueclear disintegration
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PLATE 8—14

Tlford C2 emulsion. 5em = 50 Qocourarant and PowrnL: Nature 162, 168 (1948).
7

There are two centres of disintegration, 4 and B, with an interconnecting track, scattered and of
high grain-density, which is almost certainly due to a -particle. The direction of motion of the meson
cannot be stated with certainty. The large change in direction of the particle near 4 suggests, however,
that it originated at B and came to the end of its range at 4, where it caused the disintegration of
the nucleus of a light element.



Early observation of the production of a 7-meson in electron-sensitive emulsions

Kodalkk N'T'4 emulsion.
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PLATE 8-15

PowerL; ‘Cosmie Radiation’, p. 89 (Butterworth, London 1949).

The event is unusual in that all the associated charged particles are heavily ionising. In the case of
tracks of short range, it is sometimes difficult to distinguish those due to ejected w-mesons from those

of hiyperons and hyperfragments. The mesons are, however, commonly more scattered : see, for example,

tracks of w-mesons, protons and other light nuclei, at the end of the range, shown in Sect. 5. More

favourable conditions of observation are provided by emulsions of greater diseriminating power, such

as Iford K5 see, for example, p. 389.

1) Decay of 7t -mesons in flight

Since the T -meson takes a finite time to be reduced to low velocities when arrested in emulsion,
and to cascade down to orbits of low quantum number round the nucleus of the atom by which it is
captured, there is a finite probability that it will decay before interacting with a nucleus. That the
probability of decay is small, even in hydrogen, has been shown by SarcENT ef al. (1953); they

wrrested w—-mesons in hydrogen gas at a pressure of 19 atmospheres, and showed that few of the

mesons decayed. For details of the interaction of m mesons with hydrogen; see p. 266 and p. 270.
The decay of =~-mesons in emulsion has been reported by Fry and Warre who found the frequency

ol the process to be about one in 1000 of the entering 7 -mesons. The resulting p.~-mesons are not
homogeneous in velocity, the distribution in range extending from 370 to 780 w. Such a spread could
result from decay of the  -meson while in motion in an orbit round a nucleus; see FrY ef al. (1954).
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Ejection of a positive 7w-meson from a nuelear disintegration

PLATE 8-16

Iford G5 emulsion. Muxox (unpublished).

A positive m-meson is ejected from the disintegration at 4 and decays into a p-nieson at the point B.

The track of the u-meson is given in two parts. The track of the decay electron, starting from the end
of the range of the p-meson at (', is clearly visible.
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The above result suggested that most of the y-rays are formed by the decay of a’-particles. With
this agsumption, the digtribution in energy of these neutral particles can be deduced from the observed
p-ray spectrum. The distribution thus found was similar to that of the charged m-mesons created
in the same disintegrations, thus giving further support for the suggested origin of the y-rays.

The reliability of the above results has been questioned on the grounds that some low-eneroy
y-rays must have been recorded during the ascent of the balloon and during the fall of the equipment
by parachute, the contribution being serious because of the relatively short duration of the exposure
at and near the maximum altitude. Indeed, some workers consider that in the conditions of exposurc
employed, the true distribution of y-rays should display no maximum in the spectrum because of
the large contribution of low-energy quanta thus made. However serious such effects may be, it is
certain that the method allows, at best, only an approximate estimate of the mass of the w®-meson,
The conclusions about the energy spectrum of the n%mesons, as deduced from the spectral distribution
of the high-energy quanta, are, however, much less subject to serious errors. In particular, the similarity
of the energy distribution of the charged and neutral =%, which appeared as an important consequence
of the experiments, is believed to be valid.

b) Alternative mode of decay of the w%meson: ="y + (B"+B").

It was first pointed out by Darrrz (1951), that general theoretical considerations-strongly suggest
that the neutral w%-meson should also decay in an alternative mode in which one of the p-rays is re-
placed by an electron-pair; a®—y - (f*+ ). Darirz estimated that this alternative mode should
oceur with a frequency about 1% of that of the normal mode. Contemporaneously with these theoretical
predictions, CArLson el al. (1950) observed pairs of electrons to emerge, narrowly inclined to one
another, from nuclear disintegrations produced by cosmic radiation. The electrons were identified
by scattering measurements which showed them to have momenta much smaller than that of p-mesons
of velocity ~e¢. In considering the origin of such electron-pairs, it had first to be excluded that they
were not due to the conversion of p-rays which had emerged from the disintegrating nucleus.

The average length of path of a p-ray in an emulsion before it materialises into a pair of electrons,
varies slowly with the quantum energy, but. for values of 2y between 10 and 1000 MeV, it is of the
order of 4-5 em. The chance that a p-ray, originating in or very near a nuclear disintegration in the
emulsion, will produce a pair at a point less than 1 y from the parent disintegration is therefore only
about 0:002%. About sixty such pairs were observed by DANTEL ef al. (1952) and by Ananp (1953)
in conditions in which, if they were due to the materialisation of y-rays, only one or two would have
been expected; see Fig. 8-5. Most of these particular pairs could not, therefore, he due to pair pro-
duction by »-rays. They are referred to as “direct pairs™ and are believed to be due to an alternative
mode of decay of the n-meson.

Support for this view was provided by observations on the energy distribution of the direct pairs.
This was found to be closely similar to that of the pairs produced by the v-rays which arise in the normal
mode of decay of the neutral w-mesons. The frequency of occurrence of the direct pairs indicates
that the neutral m-particle decays in the alternative mode with a probability of about 1 in 80.

Continued at top of page 264
( p of p )

PLATE 8—17. Electron pairs due to y-rays produced in the decay of a m-particle »

The bisector of the tracks of the electron pairs intersects the centre of disintegration and makes
it almost certain that the two events are associated. The disintegration was produced by a neutral
particle, probably a neutron. Such ‘pairs’ are referred to as ‘associated pairs’ to distinguish them
from those, due to the alternative mode of decay, which appear to originate in the disintegration;
see Plate 8-18.
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PLATE 817

50).

9

Hoorer and Kixe; Phil. Mag. 41, 701 (1

ARLSON,

C

ford G5 emulsion.
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The existence of the alternative mode of decay of the w%-meson has provided a technical resource
of very great importance for detecting the presence of =%mesons and, in some cases, in allowing con-
clusions to be drawn about their energies. The =%-meson provides a particularly difficult problem in
detection, for not only is it neutral, but it commonly transforms into neutral radiation, so that the
charged particles which are eventually detected are the tertiary products of the original radiation.
The existence of the alternative mode, in spite of its rarity, greatly relieves this situation, and has
given unambiguous evidence for the creation of n-mesons in the decay of K-mesons and hyperons.
and in many other processes involving elementary particles.

The same considerations which suggested the existence of the alternative mode also indicate the
possibility of a third mode of decay into two pairs of electrons with a probability of ~10% of that
of the normal mode; #°—=(f*+4p") ("4 ). A single observation in a cloud-chamber appears
to prove the existence of this process and will be referred to in Sect. 10, p. 318.

Number of events ———

Danel o Alla g

0 200 woo 800 1000

Distance from disintegration — fd

Fig. 8-5. Frequeney of occurrence of related electron-pairs as a function of the distance of the
point of origin from the parent star. The large number at small distances is due to ‘ direct pairs’.
(After DANTEL ef al. 1952.)
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PLATE 8—18 -

In the left-hand photograph, the first grains in the track of the pair cannot be distinguished because
of the dense track due to a slow evaporation fragment. The individual electrons were identified by
observations of scattering and grain-density and their energies are indicated in the photograph.

In the right-hand photograph only one of the two tracks believed to constitute an electron pair
can be identified with certainty. The other, of energy 430 MeV, produces a track with ‘plateau’ grain
density ¢, , whereas a w- or p-meson with the same scattering would have a value about 0-95 Jp -
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Further, if the secondary particle interacted with a nucleus in traversing one of the plates, it wus
reasonable to eonclude that the particle was a w-meson, and not a p-meson.

A further important advance, was to employ, in addition to the ‘multi- plate chamber’, a second Wil
son chamber placed above it and operated in amagnetic field. The upper chamber allowed themomentun
of a particle to be determined ; this parameter, when combined with the observed range of the particl:
in traversing the lower plates, gave a value for the mass, accurate within narrow limits (GREGORY
et al. 1954). This technique, similar in principle to that used by Frurrer (1946, 1949) and Brobs (1944)
in studying p-mesons, but on a much greater scale, made it possible to study effects associated with
the arrest in metal plates of heavy particles of known mass—'S-events’—in addition to the *charged
V-events’ in which similar particles decay ‘in flight’, and it eventually led to the discovery of the
mode of decay K,,. Work of high precision with a single Wilson chamber was carried out by THOMPsOX
on the cosmic radiation during 1952-1953, and he was thus able finally to establish the mode of
decay of a neutral heavy meson into two m-mesons; (] 7'+ 7, and to obtain an accurate valuc
for the mass m.= 966+ 10 m, (THOMPSON ef al. 1053).

Great technical improvements were also made in work with the photographic method following
the introduction of ‘stripped’ emulsions. In 1953, a European expedition was made to Sardinia,
supported by eighteen different laboratories, to secure exposures of stacks of emulsions, with dimen-
sions 15 em x 10 em x 2-5 em, carried to high altitudes by means of free balloons; Davies and Frax-
zaNwrrt (1954). The flights were made at magnetic latitude ~40° N, where the magnetic field of the
earth ensures that no particles with energy less than ~1.-5 BeV can approach the atmosphere in a vertical
direction. The numerous low-energy particles of the primary cosmic radiation, which produce an
undesirable background of tracks at higher latitudes, were thus eliminated. As a result of this expedi-
tion, and of similar work in India, a great increase in the weight of the attack on the problems
of heavy mesons was brought about, due both to the large number of laboratories engaged in it, and
through the improved conditions of experiment provided by stacks of emulsions. This attack led
to many important discoveries, including the observation of various new modes of decay of A-
mesons, and the nuclear interaction of the negative particles.

As a further advance, the experiments with beams of protons generated in the synchrotrons in
Brookhaven and Berkeley, with energies of 3 and 6 BeV respectively, led to the observation of
the artificial production of the heavy mesons and, as in the case of m-mesons, this made it possible
to study the properties of the particles in much greater detail. In particular, this work led to the
discovery of the associated produetion of K-mesons and hyperons.

PLATE 9—1. First observation of decay in the t-mode >

By a remarkable chance, this event, 7,, was observed shortly after the production of the “electron-
gensitive’ emulsions (BErRrIMAN 1949). The track of the parent particle in the emulsion is longer than
3 mm. and its mass can be determined by measuring the grain-density and scattering along the track
see Table 9-3. Attention was directed tothe event by the slow particle (a) which emerges from the end
of the range of the parent 7-meson, at 4, and comes to rest at B where it produces a nuclear disintegra-
tion characteristic of a m-particle.

The interpretation of the event depends on, (i), the identification of particle (a) as a m-meson;
(ii), the identification of the particle producing track (b). by observations of grain-density and scatter-
ing, as a meson of mass 285 30 m,; (iii), the unambignous evidence for the direction of motion of the
7-particle, and its mass; and, (iv), the existence of a momentum balance among the assumed secondary
particles.

The most plausible alternative explanation was that the assumed parvent particle was in reality
a proton which, by a very rare chance, reached the end of its range at the point 4, and which was un-
related to the other tracks. Apart from the evidence provided by the mass of the particle, this explana-
tion had to account for the features of the remaining tracks; viz. a centre with which were associated
two w-mesons, an unidentified particle with unit charge | e/, and apparently no other charged particles.
No other such event had heen observed and, if it occurs, it is certainly extremely rare. The explanation
was therefore rejected on the grounds of its extreme improbability and of the difficulties to which it
gives rise.

(Continwed at top of page 290)



Tirst observation of decay in the T-mode

PLATE 9—1

Kodak N'T'4 emulsion.

The results of detailed measurements on the track are shown helow:

Tragk | Direction in commeon plane | Momenta Energy

. | (degrees) (MeV/c) (MeV)
— e i =

b ‘ 0402 10145 ‘ 3343

¢ 170-2 -+ 0-2 ‘ 98+ 5 31-+3
- 257 =+ 2.0 1714 0-2 | 1.04 = 03
_ &% | 000 oedEsnr |- T

Total release of energy 65 46

The most accurate values for the momenta of particles producing tracks b and ¢ have been deduce

cation of Lamr’s theorem.

Browx, CameriNi, Fowner, Murrmuap, PowrLn and Rirson; Nature 163, 82 (1949).

d by an appli-
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e) If the length of the track of the parent particle is greater than 2 mm, its mass may be determined
by observations of grain-density and scattering as a function of residual range; see pp. 154, 158. If the
direction of motion of the assumed parent particle is unambiguous, and its mass certainly greater than
500 m,, the evidence for a r-meson is very strong, even when the co-planarity of the three secondary
particles alone can be established.

The details of the first twelve examples of 7-mesons identified in photographic emulsions are
given in Table 9-2.

b) Barly determinations of mass
A summary of the first direct measurements of the mass of the 7-mesons is shown in Table 9-3.
The weighted mean of the values based on the direct measurements on the tracks of the 7-mesons
is 97057 m,; and of the values deduced from an application of the conservation laws, 969--6m,
assuming all the secondary particles to be m-mesons of mass 273 4-0-5 m,.

Table 9-3. Determinations of the mass of r-mesons

Length Mass )
Event of Lr‘ick - = @-Valus
™ | (g%, ) (o, £) | Conservation laws MoV
1 ‘ 30 1080 4 160 990 - 270 946 16 656 4 8
2 967 - 30 76 +15
3 954 + 16 69 -+ 8
4 2-1 1015 4280 910 220 966 - 8 o4 4
b 963 14 T3h4+ T
6 80 946 -1 140 995 4150 989+ 15 865+ 75
8 1:5 066 9 74 4
9 73 | 970 + 130 935 -1 160 872412 8 4+ 5
10 17| 960 -+ 500 972410 8 4+ 5
11 4.0 | 890 -+ 180 966 - 17 o4 T
Weighted Means 994 L 79 946+ 81 9694 6 76 4 2

Weighted mean of direct measurements = 970 -- 57 m,
Weighted mean from congervation laws = 969+ 6m,

The mass deduced from the conservation laws is based on the value 273 4 0:5 m, for the mass of
the negative and positive w-mesons. The errors in the means have been caleculated on the assumption
that errors in the individual measurements quoted by different authors are all due to statistical fluctua-
tions and correspond to standard deviations.

PLATE 9-2 >

[1ford G5 emulsion. Fowrur, Mexon, PowsLn and Rociar; Phil. Mag. 42, 1040 (1941).

In this event, 7, the length of the track of the parent particle in the emulsion is 2-1 mm and deter-
minationg of its mass gave a mean value of 960 4 190 m,. The three secondary tracks are co-planar
to within 2 - 2° and one of them has a length in the emulsion of 6:4 mm. The measurements of the
mass of this particle gave the value 285 + 20 m,. The particle was moving slowly when it left the emul-
sion, its regidual range at this point being estimated as 0-4 mm. The range-energy relation then allowed
its energy and momentum to be determined with an accuracy limited only by the errors due to “strag-
gling ™.

The accurate value for the momentum of the particle (a) and the relative directions of motion of the
three particles in the common plane, provide very favourable conditions for determining the total
release of energy @ in the transformation and the value obtained was 75 4 4 MeV.



Early example of T-decay
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¢) Nature of the secondary parficles

The early evidence that the three secondary particles are all w-mesons depended upon the followiny
observations:

1. The direct identification of w-mesons by secondary effects occurring at the end of their range:
e.g. Plate 9-1. In single emulsions such evidence is rarely available because the w-mesons commonly
leave the emulsion before being brought to rvest.

2. Mass measurements on the secondary particles by observations of ¢* and &.

Among the 33 observed tracks of secondary particles from the early T-mesons there were eight
for which significant mass measurements were possible. The results are summarised in Table 9-4.

Table 9—4. The direct measurement of the masses of secondary particles; values in m,

Tvent (a) | (b) (©)
‘ |
1 m-particle 280 30 —
4 2854+ 20 = al
5 260-+110 330 - 14C¢ 260+ 110
8 a*-particle
9 |
10 054 25 |
11 270+ 43 2844+ 63 at-particle
12 ‘ at-particle |

Weighted mean, apart from identified z-particles, = 286 + 13 m,,

3. Observations of the relative directions of emission of the secondary particles in their common
plane allow their momenta to be compared by an application of Lamt’s theorem. Further, the indi-
vidual velocities could sometimes be determined from the grain-density in the tracks. The two observa-
tions therefore allowed a comparison of the masses to be made. A summary of the results obtained by
this method is shown in Table 9-5.

Table 9-5. Relative values of the masses of the secondary particles

Event | Particle (a) ‘ Particle (b) ‘ Particle (c)
1 —1 ‘ (1-00)2 102 - 0-10
2 105 4-0-20 (1-00) 0-96 +0-25
4 (L-00)3 0-88 - 0-10 1-03 4= 0-05
5 (1-00) 093 012 109 +0-17
6 (1-00) 0-98 +0-10 0-89 40-10
8 (1)
9 (1-:00) ‘ 103 4-0-20 0-83 +0-05
10 0-97 4-0-10 (1-00)* 0-90 4 0-10
11 1-03 4-0-08 (1:00)° (1)

Tdentified as w-meson by disintegration at the end of the range, or by @ - u decay.
Particle of mass 280 -1 30 as determined by observations of ¢* and =.
3 Particle of mass 285 - 20 as determined by observations of g* and «.
4 Particle of mass 305 4 25 m, as determined by observations of ¢* and
5 Particle of mass 284 - 63 m, as determined by observations of g* and

-

2R

PLATE 9-3 >

In this event, 74, all the tracks are less than 1 mm long. Evidence for the direction of motion of
the parent particle is not decisive, but the large-angle scattering which it suffers near the centre of
disintegration is suggestive. The identification rests on the fact that the three secondary particles
are co-planar to within 2 4-2° and that the total release of energy as calculated from the grain-density
in the tracks of the secondary particles, assuming them to be w-mesons, is 75+ 14 MeV.



Deecay of a r-meson

Hopesox: Phil. Mag, 42, 1060 (1951).
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It may be seen from Table 9-5 that there were six secondary particles, associated with events 7, 7,
Ty and 7;;, whose masses could be compared, by the above method, with particles which had been
identified with some confidence as w-mesons. The weighted mean of the four values so obtained was
0-98 - 0-03.

4. The direct observations on the mass of the z7-mesons were in good accord with the assumption of
decay into three s-particles whereas, if the secondary particles were y-mesons, a significant discrepancy
would exist several times greater than the probable errors of the measurements; see the observations
on 74, Plate 9—4.

d) Charge of the K-mesons decaying in the r-mode in emulsion

The early examples of the z-mode recorded in photographic emulsions gave little information on
the sign of the charge of the parent particles. If the charges of the three secondary w-mesons are
known, that of the primary follows; but with glass-backed emulsion, the probability of arresting
even two of the secondary particles is very small. In the period from 1949-1953, the problem was of
great interest because of its bearing on the strength of the interaction of these mesons with nuclei.
Were the heavy mesons strongly interacting like the w-mesons, so that the negative particles always
interacted with nuclei and never, or rarely, decayed at rest ? Or were they weakly interacting like the
w-mesons, so that both positive and negative particles decayed on reaching the end of their range !

This problem was eventually solved with the introduction of stacks of stripped emulsions in which
there is a high probability of arresting all the secondary particles; it was thus shown that all, or almost
all, the parent mesons decaying in the z-mode, after being arrested in emulsion, are positive. It may
be remarked that even before this solution had been reached, it was possible to make a statistical
approach to this problem. Thus, among the first forty secondary w-mesons arrested, twenty-six were
found to be positive and fourteen negative, a result compatible with the assumption that the positives
are approximately twice as frequent as the negative; and, therefore, that at least the majority of the
primary particles are positive. A similar conclusion followed from the fact that no slow electrons were
reported originating from the point of arrest of the z-mesons. By analogy with w- and w-mesons, such
electrons are to he expected from the atomic capture of negative heavy mesons, with a probability of
about 10%.

No example of the decay at rest of a negative K-meson in the 7-mode has been observed hitherto.
It is to be expected that decay in flight, possibly very near the end of the range, can occur, but there
will then be an absence of conservation of momentum among the three secondary m-mesons. The
important fact that negative K-particles can decay in this mode was established by experiments with
Wilson chambers where the K-mesons commonly decay ‘in flight’ (vaw Lixt and Trinuie 1953).

3. ACCURATE MASS MEASUREMENTS ON T-MESONS

Later measurements in the more favourable conditions which followed the introduction of stripped
emulsions gave a striking demonstration of the reliability of the early results and conclusions. In stacks
of emulsions, it was possible to arrest all the three secondary mesons, to identify them as m-mesons

(Contined at top of page 298 )

PLATE 9—4 >

In this event, 74, the track of the primary particle is 8 mm long, so that its direction of motion is
unambiguous and good mass measurements are possible. The mean of the values obtained by the
methods (g, R) and (z, £) was 965 - 100. The three secondary tracks are co-planar to within 2°, two of
them being longer than 2 mm. The values of the grain-density and the relative directions of motion
of the secondary particles are only consistent with the assumption that the three particles are of equal
mass; i.e. that they are either =- or p-mesons. If they are assumed to be p-mesons, the corresponding
value for the mass of the r-meson deduced from the conservation laws, is 774 4-12m,; if m-mesons,
998 £15. Only the second of these assumptions is consistent with the mass value obtained by direct
measurement viz. 965 -1 100 m,.
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1

PLATE 9—4

Alford G5 emulsion. CrecaruLir, DaLnarorTa, Meruiw and RosraeNt (1952).
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by the effects observed at the end of the range, and to make accurate estimates of their energy by
measuring their ranges. A value thus obtained for the mass of the parent meson, based on an
application of the conservation laws, and assuming m)=2731+4 0-2m,, m,=272-5 4 04dm,, I
9659 - 1-0 m,; (Amarpr 1956). This result was deduced from observations on 100 z-mesons, from
each of which at least two of the secondary w-mesons were arrested. The most important source of
error in this result is that associated with uncertainties in the stopping-power of the emulsions employed.

100
90
80 —
70
T 60, el
&
g
: 5o
S
f=1
L 40
@
Bl
£
2 30
Fig. 9-1. Distribution in the values of the energy release. @,
for 400 7-mesons observed in stripped emulsions exposed fo
20 an artificial K*-meson beam. Only those events were acoepted
from which at least two of the secondary particles were ar-
10 rested in the emulsion, so that their range could be measured.
The emulsions were not calibrated, and the energies were
06‘.9 - : 5 deduced from the range-energy relation of Baroxt ef al.

After : al. 1957
R —— MeV (After Barpo-Croniy et al. 1957.)

The determination of the energy release, ), combined with an aceurate knowledge of the rest-
mass of the m-mesons, offers the most accurate method at present available for measuring the rest-
mass of the K*-mesons, and provides a good illustration of the technical considerations involved in
work of the highest precision. If measurements are confined to events in which the common plane of
decay of the secondary m-mesons is inclined to that of the surface of the emulsion at not more than
15°, and it the ranges of all three w-mesons can be directly determined, the following factors contribute
to the errors of measurement:

(i) Errors in the true range of the m-mesons. It has been estimated by Happock (1956), that for
the approximation, as commonly employed, in which the range is taken to equal the sum of the lengths
of the chords to the track, the true ranges of the m-mesons are commonly underestimated by about
0-5%, with a corresponding error in the energy of ~0-25%.

(ii) Straggling in range contributes a fluctuation of about 0-5% to individual values of the range,
but such effects can be greatly reduced by measurement on large samples.

(iii) Frrors in the assumed range-energy relation, including any associated with uncertainties in
the stopping-power of the emulsion. In addition, the value of my is subject to uncertainties in the
precise value of the rest-mass of the w-meson;: see p. 229.

PLATE 9=5 >

In this event, 7,, all the tracks are short and no detailed measurements are posgible. The identifica-
tion depends on (a) the co-planarity of the three secondary tracks, and (b) the very marked scattering
of the 7-meson at points near the centre of disintegration, a feature which provides strong evidence that
the particle was approaching the end of its range. Tn such an event, the only useful evidence is provided
by the relative directions of motion of the secondary particles in their common plane which enable
the details of the partition of energy among the three particles to be calculated.
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Decay of a z-meson

PLATE 9-5

M. G. K. Muxox (unpublished).
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Of the above sources of error, (i) and (iii) are the most important, and in order to reduce them.
the following approach was made by BAcoHELLA ef al. (1957): Let p be the momentum of a secondary
w-meson, and ¢« the angle between the directions of emission of its two partners, in a particular exampl
of the 7-mode of decay. Then p,/sin oy = pyfsin oy = py/sin ag =1, . ¢ . 4, where 4 is a constant for the
particular event considered, and m, is the rest-mass of the w-meson.

Writing for the total energy of a mw-meson

B, =(p*ctrmd. ¥ =m,.c2(1 + A2 sina)?,

it follows that

n=3

myg.2=3m,.c*+ ¢ =m,.c? { Zl (1 + A%. sin? otn)é}.

n=
It follows that for any assumed value of the energy release €), the value of A for any particular event
can be caleulated, and thence the energy of each of the three w-mesons. The values so determined
can then be compared with the observed ranges; and from an assembly of such data, a range-energy
curve ig defined. A number of such curves may thus be determined for a few chosen values of @ near
75 MeV.

In order to distinguish the most acceptable value of ¢, measurements are also made of the lengths
of track, B, , of the p-mesons from m—u decay, as recorded in similar conditions in the same emul-
sions, and measured by the same methods and with the same restrictions as were applied to the second-
ary m-mesons. The initial energy of these p-mesons is known to be 4:12 MeV; see p. 229. The mean
range of m-mesons of energy 4-12 X j::" can therefore be determined, for the precise conditions of the

‘e
experiment, with high precision. The value so obtained can then be compared with that deduced from
the different range-energy curves corresponding to different values of ¢, and the most acceptable
value deduced by interpolation.

The range energy curve thus determined by BaccHELLA ef @l. is shown in Fig. 9-2. In it, a number
of points are separately distinguished which were rejected because the corresponding m-mesons showed
evidence that they had lost energy by interactions ‘in tlight’. The corresponding value of € is
75-04-0-2; and of m; =966-3 1 0-7 m,, assuming m} =m, =273-25 4+ 0-15 m,,.

T
so T 1 B
|
|| |
\ = -
20 i g \
" o —
1

% of |
Iz | K&" |
E 10 ool e
Lu I3 R T )
& 8 - —>* I ] Fig. 9-2. Range-energy relation as dedu-
P i = ced by the method of BaccHELLA ef al.
= ¢ . . . .
g /./-‘{' s ! | S - (1956). The *normalisation-point’, dedu-

el P o o ‘ L ced from the mean range of p-mesons

el i nt o A y )
 dhu OFTGISG S e from 11 decay, is distinguished thus: 4.
i | The points marked thus, ®, are due to
’ ‘ | ‘ m-mesons which showed evidence of inter-
5 6 768552 2 3 &k 5 6 7893 2 @ & 8 acting with nuclei ‘in flight’. (After
Range —= I Baocnwrra et al. 1956.)

PLATE 9—6 >

The 7-meson reaches the end of its vange at the point P and decays into three particles of which
the initial directions of motion are co-planar. One of the three secondary particles stops at @ and
emits a p-meson which in turn decays, at the point R, into an electron. The p-meson dips steeply
in the emulsion and this decreases its apparent range through fore-shortening. In a similar event, 4,
observed by BARONT ef al. (1953), the p-meson left the emulsion before decaying.
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First observation of the successive decay T — x — p— 3

PLATE 9—6

Tiord G5 ermulsion. PaxrrT: and Scarst (1953).
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PLATE 9-7

Tlford (5 emulsion. (BoCcARELLT, DALLAPORTA, MErLIN, QuariNt and Zory (1953)

PLATES 9-=7 and 9—8

Tford G5 emulsion. CrecARELLT, DatnarorTa, MEruiN, QuareNt and Zory (1953).

This event provided the first evidence for the direct production of 7-mesons in nuclear disintegra-
tions. The 7-meson emerges from a nuclear encounter in the emulsion at the point O, and stops in

the emulsion at the point P2, its total range being ~7 mm.
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4. DISTRIBUTION IN ENERGY OF THE SECONDARY w-MESONS

The distribution in energy of the secondary m-mesons has an important bearing on the spin and
(it of the parent T-mesons, and therefore on the question of the identity of the K-mesons decaying
o different modes (Darrrz 1953, Fasrr 1954).

Figs. 9-3 and 9-4 shows the distribution in energy of =~ -mesons, originating in the decay of 7°-
Lesons, together with the expected theoretical distributions for various combinations of spin and
ity (Happock 1956). It appears that the most acceptable combination is 0°, ie., zero spin and
uld parity. This result was of great interest since, on the assumption that parity is conserved in
e different modes of decay, it was suggested that such a heavy meson could not disintegrate into
L r-mesons in the y-mode (K o), and therefore that there are differences between the heavy mesons
decaving in the different modes.

PLATE 9-8

Iiord G5 emulsion. CECCARELLI, DALLAPORTA, MERLIN, QUARENT and Zor~ (1953).
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6. DIRECT PRODUCTION OF 7-MESONS IN NUCLEAR DISINTEGRATIONS

A second important problem bearing on the question of the strength of the interaction of T-meson-
with nuclei, which was of great interest during the early period, was that of their origin. Could they,
like m-mesons, be directly produced in nucleon-nucleon collisions ? Or were they, like the p-mesons,
products of the decay of other particles ? Two events—due to CECCARELLT ef al. (1953), (see Plates -7
and 9-8) and to PETERS (1953), —made an important contribution to this problem. They each showal
a T-meson emerging from a ‘star’, and appeared to prove the direct production of z-mesons in nuclear
disintegrations, apart from the reservations referred to on p. 256, that there may be other particle:
involved, which provide a link in a decay sequence which leads to the t-meson, but which are un-
observed because of their very short lifetime.

The final solution of this problem, which showed that both the 7- and p-mesons provided inadeguat:
analogies, and that the phenomena were more complicated than had been anticipated, was providel
by the experiments of FowrLrr et al. (1953) on the associated production of K-mesons and hyperons:
see p. 353.
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PLATE 99 >

This photograph shows an early example of the decay of a heavy meson with the emis: . of a
secondary mt-meson of low energy. The m-particle, of energy 41-5 MeV, is identified by its observed
decay w—>u—>e. The p-meson is heavily scattered at point ¢, as a result of Coulomb forces in a colli-
sion with a nucleus.

It is generally assumed that events of this type are due to an alternative mode of decay of the
t-meson v+ —nt 42 a°% =284 MeV. Confirmatory evidence for this interpretation might be obtained
by determining the maximum energy E, (max) of the m-mesons. This should extend up to 53 MeV,
see Fig. 9-5, p. 305, a value appreciably greater than the corresponding maximum from the normal
mode of decay; viz. ~48 MeV.
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Decay of a K-particle with the emission of a secondary st-meson.
Alternative mode of deeay of the T-meson

bb'= 25 7mm

PLATE 9-9

Hioed (5 emulsion, p1 Coraro, DinwortH, and Scarst; Nuove Cim. Suppl. 11, p. 285 (1954)
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Radiative deeay of the r-meson; v — 3a 4 v

In most of the examples of the decay of a 7-meson in emulsion, the particle comes to rest and there
is a balance of momentum with a release of energy equal to ~75 MeV. Rarely, in emulsion, the z-meson
may decay in tlight. A few events have been described, however, in which the meson appears to
reach the end of its range, yet there is an absence of a momentum balance among the three secondar;
particles; the first example of such a process was described by Daniun and Yasu Parn (1954).

At first sight, there are two possible explanations for such a phenomenon; it might be attributed.
either to decay in flight very near the end of the range, or to radiative decay in which the three chargel
w-mesons are accompanied by the emission of a p-quantum. The two possibilities can, however, b
distinguished in stacks of emulsion, in conditions where the energies and momenta of the threc
m-mesons can be accurately determined. Ior in the case of decay in flight, the total energy of the
three w-mesons will, owing to the contribution from the kinetic energy of the parent z-meson, be
greater than the normal value for decay at rest; but if a p-ray is emitted, it will be less.

By the above methods, it has been shown that several of the events in question are due to the emis.
sion of a p-ray—to the ‘radiative decay’ of the 7-meson analogous to the similar process for the w-meson
which results in a small proportion of the secondary p-mesons being of low range; see p. 246,

Deeay in flight of a K-meson in the T-mode
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PLATE 9-10

Ilford G5 emulsion.



First observation of the decay ‘at rest’ of a charged K-meson

PLATE 10-1

Tiford G 5 emulsion.

C. O’Cearvatan; Phil. Mag. 42, 1032 (1951).

The ‘event’ was discovered during an experiment to
determine the distribution in energy of the electrons emitted
in the decay of p-mesons. The secondary particle produced
a track 2-2mm long. The observed value of the scattering
parameter, &, corresponded to a momentum of 250 MeV/c,
i.e. a value several times greater than the maximum for the
electrons formed in the f-decay of the p-meson. The track
of the primary particle, of length ~4 mm, was therefore
serutinised, and measurements gave a value for the mass
~ 1320 - 250 m,. The nature of the secondary particle could
not be established, but since its momentum is greater than
the value for the m-mesons formed by decay in the K-
mode, it may be assumed that the event represents the
decay of a heavy meson into a p-meson, or an electron. It
is now recognised to be, most probably, an example of the
mode K ,.
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Decay of a K-meson -
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PLATE 10-2

[fopd (G 5 emulsion.

O Crannargi; Phil. Mag. 42,
1032 (1951).
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This photograph shows the
ceond example of the decay of ;
wavy meson to be found in a o e 3
photographic emulsion. It ap- 24 ek
pears, at first sight, to represent ]
the  transformation m — o — f,
bt the p-meson has a range of
~ 1100, much greater than any
vilue hitherto observed as a re-
it of the decay of a m-particle
il rest. Measurements on  the
track of the secondary particle
showed the mass to be between
200 and 300 m,. Taken in con-
junction with its observed decay,
presumably into an electron, this
appeared to give decisive evi-
dence that the secondary particle
was indeed a p-meson, for the
direot f-decay of a m-meson had £ £ 2eif
never heen directly observed. !
For the following reasons, it # ok !
wis very ditficult to admit that K i \ 5
the event represents the trans- e
formation m—pu—f: There is i
indeed a small probability of a _
reneson decaying before  being :
Lrought fo rest in an emulsion, S o i
and such a ‘decay in flight’ can S T o
produce a p-meson of exceptional :
mnge—see p. 2d4—but for the
ringe to be longer than the nor-
nal values, the p-meson must be
irown forward, and not back- .'j“:
ward, in the line of motion of the N
parent  particle. The evidence =
provided by the tracks strongly Cehe
nidicates. however, that the par-
‘nt particle was either ‘at rest’ = i
when it decayed, or that it was i
moving in a  direction nearly
apposite to that in which the
Fmeson was ejected.
Theevidence that theevent was
of a novel type was confirmed by -—q--l-x
measirements on the track of the i
primary particle which gave a va-
lne for the mass of 1125 4200 m, .
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explanation appears improbable, however, for no examples of the process: ™ —=a~ +a' +7~ have
been observed for mesons arrested in an emulsion, and the alternative mode 7'~— 7™+ 2a° should
be even more rare. Again it may be stressed that in experiments with magnetically analysed beams
of particles, such ambiguities do not arise.

Although the form of the energy spectrum of the secondary particles is not yet sufficiently well
known to give information about the accompanying neutrals, it shows that the K ;-mode is not to be
regarded as the radiative decay of heavy mesons in the mode K ,,, in a process analogous to those
known to occur for both w- and 7-mesons; see pp. 246 and 308. This is indicated by the fact that,
from such a process, the y-rays are commonly of low energy. Further, the K ,-mode would then he
expected to oceur much less frequently, compared with the mode K, ,, than is observed.

2:6 y\ n\
l 2.4 —{ﬂ\\
:‘é\ 22 Ak\
A
A

20 50 100
PR — MeV/c
Tig. 10-2. Results of measurements of g* and & for the track of the secondary particle of the heavy
meson shown in Plate 10-3—points marked thus: e; and on the track of a p-meson—marked
thus, ©. The bars represent the statistical standard deviations associated with each measure-
ment. The estimated mass of the secondary particle is 220 -1 15 m,,, very strong evidence that
it was a p-meson. (After Mm~on and ’Cravratch 1954.)

PLATE 10-3 >

Ilford G 5 emulsion. Mexow and O’Creartaici; Proe. Roy. Soc. A 221, 202 (1954).

In this event, the length of the track of the secondary particle was 9 mm. Measurements of
scattering and grain-density show that the particle was a p-meson ejected with an energy of ~34 MeV.
The track of the primary particle was 1-5 mm long, and estimates of the mass gave the value 1000 4-
400 m,.

The length of the track of the secondary was sufficiently great to permit three independent mass
measurements to be made. The results could then be compared with those obtained with the long
tracks of y-mesons recorded in the same emulsion; see Fig. 10-2 above.



Disintegration of a heavy meson in the mode K,
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b) The mode K, or y; K.,~x'+ a°

The early evidence for the two-body decay of a heavy meson, in which the single secondary charged
particle is a 7w-meson, is summarised in Table 10-2 and illustrated in Fig. 10-3. It includes five examples.
in addition to the original observations of MENox and O’Crarnatcm (1953).

There were three important features of the early evidence:

In assessing the significance of the observations, it was important that the energy of the secondary
particles appeared to be constant within the limits of error of measurement. The demands made hy
the problem on the precision of the methods were very exacting, requiring the most careful and eritical
approach to the determination of grain-density and scattering. Had the secondary 7w-mesons been
distributed in energy, the evidence would have been much wealer.

Table 10-2. Early examples of the decay y—m -+ a9

Primary particle | Secondary particle
’ length
Reference of Il;lgack mass range o o | mags
(mm) () | (mm) | ()
| | |
a) Mexox and O’CEALLATGH ‘ ‘ !
Proc. Roy. Soc. A 221, 292 (1954) . . 2-6 | 900 -+ 200 76 114 +0-025 | 187-L17
b) MENoxN and O’CRALLATGH
Proc. Roy. See. A221, 292 (1954) . . 0-6 | 1000 195 1-:094 4 0-016 | 162--9
¢) Mevox and O’CEALLATGH |
Proc. Roy. Soc. A 221, 202 (1954) . . 4-3 1200 -+ 230 6-5 1-15 +0-03 1724417
d) BowzrTt ef al. ‘
Proe. Roy. Soc. A 221, 318 (1954) . . 147 | 1340--400 2:5 106 =+ 0-04 200433 300-£50
e) Bocarnp, Hoorrr and Scoarry ‘
Nuoveo Cim. Suppl. 12, 223 (1954) . . 300 970+ 210 580 1-:02 +£0-02 167 8
1) Batpo et al,
Nuovo Cim. Suppl. 12, 220 (1954) . . | 42:5 964 4- 60 21-0 160 10 | 270 4-33
g) Barno et al. ,
Nuove Cim. Suppl. 12, 220 (1954) . . | 365 943 -+ 60 24-0 159-L9 27630
h) Appa Rao and Mirra ‘
Proe. Ind. Acad. Sei. 41, 30 (1955) . . 50 937 - 200 405 E=110--10 MeV;
interacts
iy Papua (1955) . . . . . . . i v o€ ¢ o« 166 9654110 20-5 166 - 15; interacts

Secondly, atter the discovery of charged hyperons, and the transformation of one type according
to the equation 2* — n 7=, it was realised that there was the possibility of confusion, for the energy
of the m-mesons formed by the decay at rest of such an hyperon is 94 MeV. It was not sufficient,
therefore, to show that a decaying K-particle was more massive than the w-meson; it was necessary to
prove also that it was less massive than the charged hyperon. In three of the four original examples
of Mexox and O'CrarnatcH, this condition was observed.

In the examples (h) and (i) in Table 10-2, theidentity of the fast secondary particle as a m-meson was
made almost certain by its observed interaction with a nucleus which it disintegrated. The energy
of the m-meson in these two events, as determined by scattering measurements, was 108 -5 MeV,
and 106 410 MeV, respectively, values which correspond to a mass of 967 - 20 m, for the y-meson,
agsuming its mode of decay to be correctly represented: y*—m* -+,

PLATE 10—4 [S

In this event, the track of the primary particle is only 630 1 long, and its mass was estimated to
be 1380 4600 m,. The identification of the particle as a y-meson was based on measurements of the
track of the secondary which was 19:5 mm long. The observations of & and g* are shown in Fig. 10-3.



First observation of the disintegration of a heavy meson in the K_,-mode

! _— e o e
PLATE 10—4
Mexow and O’Crartatea; Proe. Roy. Soc, A221, 292 (1954).
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which decay in different modes; see Fig. 10-12. In particular, the mesons decaying in the z-mode. of
which the masses are accurately known from an application of the conservation laws, can be compared
with the K ,,, K, and other modes. This method is particularly powerful for, as emphasised in Sect. 3,
any difference in mass causes a relatively large change in range, 4 M/M ~2AR/R, and the results
are independent of small errors in the range-energy relation; see p. 164.

The results of an application of this method, due to Biree ef al. (1956) are shown in Table 10-5
which gives the masses of the different types, assuming m, = 966 m,. The table also includes the
values deduced from the conservation laws. It may be seen that there is no significant difference
between the results of the two methods; see . 328.

Quadrupole
focussing magnets

Analysing

TFig. 10-11. Horizontal section through magnets and stack, to show disposition of apparatus for
experiments to compare the masses of K-particles by the (p, B) method. The plane of the indi-
vidual emulsions is vertical so that all the particles recorded in one plate are of approximately
the same momentum, whilst the value slowly changes in passing across the stack (after Brrar
et al, 1956). The resulting difference in range of the different types of particles, and of the spread
in range due to straggling and inhomogeneity in momentum. are indicated in the figure. The
use of strong-focussing magnetic fields resulted in a great increase in the available intensities of
secondary particles and was a technical advance of great importance.

In addition to determining the ratio of the masses of mesons decaying in the different modes, a,
comparison of each with the mass of the proton can also be made. The method is based on measuring
the ranges of K-mesons and protons of nearly the same momentum. A small difference in the mean
momentum between the K-mesons and protons at a given point of entry into the stack was present
in the first experiments by this method. The protons and K-mesons differ in velocity and specific
ionisation, and there are corresponding small differences in their loss of energy, and in their trajectories,
in traversing the path in air through the magnetic fields. Such effects may be greatly reduced by inter-
posing helium or hydrogen gas, contained in polyethylene bags, in the path of the particles.

PLATE 10-5 P

A heavily ionising particle emerges from the disintegration at the point 4, and reaches the end
of its range at the point B where it decays. The measured mass of the particle was 1150 - 200 iy
proving it to be a heavy meson. The particle was emitted at an angle of 160° with respect to the line
of motion of the parent particle which produced the original disintegration, and with an energy of
~16 MeV. The track of the secondary particle is too short to allow significant measurements. The
particle was recorded in plates exposed in high altitude balloon flights, made from Cagliari, Sardinia
in June 1952.
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First observation of the direct creation of a slow heavy meson
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PLATE 10-5

Luvi-SErTr and Tomasint; Nuove Cim. 9, 1244 (1952).



Nuclear interaction of negative K-mesons at rest

This event was found during a re-
examination and serutiny of a large
number of ‘stars’. Tt was recognised
that the particle ‘a’ was approaching
the point of disintegration 0, and that
its track was less scattered than one
due to a w -meson ; ¢f, Plates 5-6 to 5-5.
The particle was traced back to the
parent ‘star’, P, and its measured mass
was found to be 970 -+ 90 m,.

The event is typical of those due to
the nuclear capture of K —-mesons in
which only a small fraction of the
available energy appears among the
charged products of the disintegration.

|l L B |l ’: «A'._ .: Rl '.
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PLATE 10-7

Ilford G 5 emulsion. p1 Coraro, Locarrrnr, Migyone, and Tosmasing; Nuovo Cim. Suppl. 12, 270 (1954).



Nuelear interaction of negative K-meson at rest with the secondary emission of an hyperon

PLATE 10-8

el G5 emulsion, pi Coraro, LocaTerir, MiecNonNe, and Tomasint; Nuovo Cim., 11, Suppl. 2, 270 (1954).

This event was the first to be observed in which a charged hyperon is emitted from a disintegration
produced by the nuclear interaction of a £ ~-meson at the end of its range. The measured mass of the
[-meson was 1170 4- 230 m,. The hyperon decays, at the point P, into a secondary particle of which
ihe frack is too short to allow accurate measurements, but which can be shown to be less massive than
1 K-meson. Tf it is assumed to be a w-meson, the release of energy, @, assuming the mode of decay
(v he ¥V—n-tx is found to be 95120 MeV. The particle is therefore almost certainly of type X\
[e short track from O, heavily scattered, cannot be identified. The event provided valuable evidence
fur the close association of K-mesons and hyperons; see p. 338.
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Stars due to the capture of K--mesons in emulsion

, PLATE 10-9
Tlford G5 emulsion. Bristol (unpublished).

Four examples of the capture of K~-mesons by nuclei in emulsion.

In (a), no secondary charged particles can be distinguished ; such events are sometimes designated K.

In (b), a -meson and a hyperon recoil from one another in opposite directions, the event represents
the interaction with a free proton K-+ p—>2X" 4w,

In (c) and (d) are characteristic interactions accompanied by the emission of several singly charged
particles.



342

Disintegrations due to the capture of K -mesons by nuelei in emulsion

=30 ~—~| =

- (37MeV)

5,90 MeV

Ilford G5 emulsion.

-~

pHaMeV

=501 —*

Bristol (unpublished).
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Sequence of events involving a negative K~-meson

PLATE 10—11

Ilford G5 emulsion, Ourver and LETPELT.

A negative K-meson interacts with a proton at the point ‘a’ and projects it, track p;, and itself
recoils, coming to the end of its range at ‘b’. Following the capture of the K~-meson by the nucleus
of a light element in the emulsion, four charged secondary particles result. One of them is a hyper-
fragment, track %, which reaches the end of its range at ‘¢’ and there decays into a proton, track p,,
a second proton of very short range and a negative m-meson which is captured by a nucleus at ‘d’,
The hyper-fragment was probably either ,He* or ,He?®.



Tracks due to the disintegration of _1-partieles
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Tlford (5 emulsion. PLATE 11-1 YasiN (1954),

Three early examples of the characteristic V-events due to the decay of low-energy A%-particles. The
observations were made in individual plates, and the proton and m-meson of each event were identitfied
by the (g%, &) method; see p. 162. The @-values were then estimated either from the observed energies
as determined by scattering, or from the observed grain-densities, the corresponding values being
indicated as @, or @,, respectively.

Much more precise values of § can be determined in stacks of stripped emulsions where the energies
can be deduced from the ranges of the particles; see p. 352, Fig. 11-1.

It may be remarked that most of the examples of the decay of A%particles found in stacks of emul-
sions have a wide angle between the directions of emission of the proton and the meson. This follows
because the observed /%-particles are of low energy ; if of higher energy, the secondary w-mesons have a
large probability of escaping from the stack. In those methods of search for A% particles which depend
upon following back a 7=-meson to its point of origin, high energy events are therefore found only rarely.



First observations on the deeay of X-particles

PLATE 11-2

Hiord G5 emulsion. Boxwrrr, Luvi-Surrr, Paxmrrr and Tomasint (1953).

The event (a) shows the first tracks identified as due to the decay of a hyperon; a particle
comes to rest at O and decays with the emission of a fast secondary. The observation was made before
the introduction of stripped emulsions, and the track of the secondary was too short (120 ) to permit
o definite identification. It was possible to show, however, that the particle, of minimum ionisation,
was not an electron. The identification of the primary was made by mass measurements on its track
which was ~1 c¢m long. The value thus obtained was 2500 1= 345, thus making it reasonable to exclude
an interpretation in terms of the decay of K-mesons.

The event (b) shows the first example of the decay of a X*-particle according to the equation
3% o p k7% The observed range of the proton was 1-67 - 0-02mm and the computed mass of the parent
particle 2320 - 6m, , assuming the above mode of decay. The value determined by scattering measure-
ments using the constant-sagitta method was 2500 - 620 m, .
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3. MASSES OF X' AND X--HYPERONS

Iixperiments to establish the detailed properties of the X-particles were greatly assisted hy the
artificial production of homogeneous beams of K~-mesons. We have seen—see p. 338—that Z-par-
ticles were then found to be a frequent product of the nuclear capture of K-—-mesons, and accurate
determinations of mass and lifetime became possible. The methods employed are as follows:

a) From an analysis of the modes ol decay

Using A ~-mesons as a source of X-particles, the early evidence for the modes of decay X+ —>p ',
or Xt —=ntxt, X-—sn-+m was confirmed, and it was shown that the two modes of decay of the
positive particles oceur with nearly equal frequency; see FrY ef al. (1957) and Barikas et al. (1957),
The measurements on the energy of emission of the charged secondaries allowed the masses of the
parent particles to be determined. Thus, Fig. 11-2 shows the distribution in range of the protons found
in early examples of the decay at rest of the X*-particle in the mode Z*—p 79 The mass thus deduced
is 2327 | 1 m,, in accord with the less accurate value found by measuring the energy of the charged

w-meson formed in the mode X*—n +x*.
(Continued at top of page 360)
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Fig. 11-2. Distribution in range of protons produced in the first twenty events attributed to the
mode of decay:
P
The presence of a homogeneous group of secondary particles is well displayed. The gpread in
the values is a little greater than that expected, for a strictly homogeneous group, from ‘stragg-
ling” alone. This effect may be due, at least in part, to variations in the density of the
emulsions employed; the values of the density were commonly not stated.

PLATE 11-3. Early example of the decay in flight ot a charged hyperon >

The charged hyperon, track «, is emitted from the star 4, and after a path of 47 mm decays
“in flight’ at the point B. Its mass as determined by the (%, g*) method is 2760 4 500 m,. The greatly
increased speed of the secondary particle, track b, as compared with that of the primary, is made
manifest by the difference in grain-density in the two tracks. The secondary ‘dips’ too steeply to
allow accurate scattering measurements, but it can be established that the particle is less massive
than a proton. Assuming it to be a m-meson, its energy can be deduced from the grain-density. The
@-value for a reaction of type X2*—n-a" can then be computed. The value thus obtained was

~ 100 MeV.



Barly example of the decay in flight of a charged hyperon

Hiord G emulsion. PLATE 11-3 FRIEDLANDER (1954).
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the reaction K~ --p-—+2' 47 is observed shows that all, or a very large fraction, of the K~ -mesons
captured by free protons in emulsion do interact with them. It follows that a process analogous fo
that occurring with w-mesons does not occur, or is infrecuent.

The above result shows that in its lowest orbit round a proton, a A ~-meson interacts more rapidly
than does a 7 -meson. This may be partly due to the smaller ‘radius’ of the orbits of the K-meson,
due to its greater mass, and the increased probability that the meson will be in the immediate neigh-
bourhood of the proton; but it strongly suggests that the K-meson interacts with the proton not less
strongly than does the mw-meson.

Similar observations of the interaction of K -mesons with free hydrogen have been made in experi-
ments with bubble-chambers—particularly with hydrogen bubble-chambers—and have given similar
results, although the preecision with which masses can be deduced is considerably less than in work
with emulsion. The most striking advantage of the bubble-chamber is made apparent in experiments
with the neutral particles, particularly in the proot of the existence, and studies of the properties,
of the K% and X0particle: see p.369. This allows the relative frequency of the reactions giving
different hyperons to be determined. It hasthus been shown by ALvAREZ ef al. (1957) that the hyperons
resulting from the capture of K -mesons by protons, are produced in the approximate proportions
2o XN A0 AV =4:2:2:1, a result which has an important bearing on the isotopic-spin states opera-
tive in the reactions; see, for example, FRANZINETTI and Morrurco (1957).
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PLATE 11—4 >

These two events were the first to be interpreted as due to the nuclear interaction of negative
hyperons 2'-. Both particles are emitted from ‘stars” and reach the end of their ranges in the emulsion,
The track length of the primary particle of event 4 is 7mm and the estimated mass of the particle
2250 400 m,. Two charged secondary particles appear to be emitted from the point D, one, s,
of very short range; the other, #, dips steeply in the emulsion and appears to be a proton. The event
is therefore attributed to a nuclear interaction.

In event B, the measured mass of the primary particle which originates in a star and produces
a track, b, 46 mm long, is 2440 4 300 m,. The secondary particle, emitted from the point H, has
a mass near or equal to that of the proton, and an energy certainly greater than 50 MeV. This follows
from the observed length of the track, observations on scattering, and the grain-density at the point
of exit from the stack. For reasons discussed on p. 364, the event is attributed to the nuclear capture
of a negative hyperon rather than to the spontancous decay of the particle.



First observations of the nuclear capture of negative hyperons
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PLATE 11—4

[ford ;5 emulsion. (A) Jorxsrox and O'Crarratcu (1954). (B) FriepraNpER (1954).
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4. NUCLEAR INTERACTIONS OF CHARGED HYPERONS
a) Barly observations

Two of the early events involving charged hyperons could not be attributed to the decay of
particle of mass ~2330m, in either of the modes discussed above. In that from Dublin—see Plate11-+-
two secondary particles appeared at the end of the range. It was therefore suggested that the evenr
corresponded to the effects of an interaction of a X~ -particle with a nucleus. In the event Bristol (2
Table 11-2—see Plate 11-4—the secondary particle was a proton with an energy of 100 - 15 Mo
If it represented the spontaneous decay of a hyperon, ¥ —p--a°, the mass of the parent particl
must have been ~2900 m,. It therefore appeared preferable to attribute this event also to a nucle
interaction of a X--particle.

These early examples were followed by many others which allowed the general features of the dix
integrations produced by Z--particles to be established. It was found (a) that in about a third of the
events, an energetic proton is emitted, F ~ 30 to 100 MeV, (b) that the number of “prongs’ associated
with the disintegrations is commonly small—less than that due to the nuclear capture of w™-mesons,
and (¢) that z-mesons are rarely, if ever, emitted.

The above features can be readily explained if it is assumed that the essential interaction is one
of charge-exchange:

2o p—o>nd 4 20; 20— A0 | or X~ +p-—n-taA4°,

Proof that such reactions do indeed oceur following capture by free protons was provided hy
experiments by ALVAREZ ef al. (1957), with a hydrogen bubble-chamber; see p. 369. If such a process
occurs within a nueleus, the A%particle failing to escape from it, the resulting disintegration
should be similar to that of a hyperfragment. Support for this picture was provided by two obser-
vations in which the nuclear interaction of a negative hyperon led to the emission of a hyperfrag-
ment; see CROCARELLI ef al. (1955); Scuuix ef al. (1955). In the event described by Schem, the
hypertragment was a ,H%nucleus. Further, since any observed nuclear interaction of the hyperon
must be with a nucleus for which Z = 6, the resulting disintegrations will commonly be of the type
referred to as ‘non-mesic’ (see p. 392). The absence of secondary w-mesons and the presence of
energetic protons, characteristic of ‘non-mesic” decay, is thus explained.

b) Charaeteristics of the disintegrations due to the eapture of X~ -particles

We have seen that the nuclear capture of K -particles frequently leads to the emission of X-par-
ticles, some of which may be positively charged, some negative. In order to make a detailed study of
the disintegrations due to K -capture, and the nature of the primary interactions, it was therefore
necessary to identify the secondary X-particles with high efficiency.

In the case of X*-particles which decay at the end of the range, identification can usually be based
on measurements on the secondary particles. For the decay mode X*—p - a° recognition is easy;
for the mode X+ — 7+ - n, attention must be paid to the conditions of the experiment, and the efficiency
with which tracks of low grain-density are detected for various values of the “dip’; but there are no

(Continued at top of page 366)

PLATE 11—5. Eitects observed at the end of the range of X~-hyperons >

Characteristic phenomena observed at the end of the range of X--hyperons due to Auger electrons
and the disintegration of the capturing nucleus.

(a) A rare example from which three charged secondary particles are emitted by the disintegrating
nucleus;

(b) Auger electrons;

(¢) Chance juxtaposition of tracks of an electron and a proton;

(d) Single charged secondary particle; and

(e) Two charged secondaries.
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Effects observed at the end of the range of Z--hyperons
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PLATE 11-5

Tliord €15 emulsion. Bristol (1958) (unpublished).
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A°-partiele resulting from nuclear capture of K—-meson

A°-deeay associated with K--capture

This event was found in a stack of K5 emulsions
exposed to a beam of K -mesons from the Berkeley
bevatron. A K --meson reaches the end of its range
at the point O, and is captured by a nucleus. From
the resulting disintegration, a single heavily ionising
particle is emitted. An associated short recoil track,
or an Auger electron, can also be distinguished. Tn
addition, a /°particle was produced which, after
travelling 26 u, decayed into a proton and s -meson
at the point P. The centre of disintegration due to
the nuclear capture of the K -meson lies in the plane
containing the tracks of the m-meson and proton
from the decay of the A%particle, to within the
limits of error of measurement. Further, the momenta
of the m-meson and of the proton, transverse to the
assumed line of flight of the /°particle, are equal
and opposite. Fvidence for the association is thus
very strong. The m=-meson was clearly identified by
a ‘star’ it produced at the end of its range. The ener-
gies of the w-meson and the proton, as determined
from their ranges, were 28.4 0.5 MeV, and 23.1 -
0-2 MeV, respectively, and the angle between their
directions of motion 120 1°. The corresponding
@-value for the /A° decay is then found to be 36.7 -+
0-6 MeV, and the kinetic energy of the A"-particle
only 15 MeV.
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PLATE 11—6

Ilford K5 Emulsion. Bristol (unpublished).
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Associated produetion of a K-meson and an hyperon

PLATE 11-7

Frigpraxper, Keere, and MExow; Nuovo Cim. 1, 694 (1955).

Tlford G 5 emulsion,
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Nuelear interaction of a fast K-meson

PLATE 11-8

PLATES 11-7 and 11-8. Assoeiated production of an hyperon and a K-meson

"This remarkable event shows the great richness of the phenomena it is possible to record with stacls

ol emmilsions. Tt was found in a stack of dimensions 20 em X 15 cm x 5 cm, exposed at 95,000 ft for
| hours. A fast particle which enters the stack makes a nuclear collision at the point A, and from
Lo resulting disintegration, three particles emerge; viz. (a) a hyperon, which after a range of about
(Continued overleaf)
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Associated production
a4+ p—-K+ 2 |48 =0, allowed
S=(0 (O (+L) (=1)
K-+ X%, |A8| =2, forbidden
=Ly =D
— K0 L A0 |Z|S| =0, allowed
(+1) (1)
> K94A° |48| =2, forbidden.
(—=1) (1)
Pair production
p+p—+K+ K +p+p; [AS8| =0, allowed.
o O +1H =1 ) (0)
5. Production
p+p—>E+ K+ K4 27" +p; |48]=0, allowed.
0 (O (=2 1) (D (0)
Nuclear capture
K-+p—=>X+4a; |48/ =0, allowed
(=1 (0 (-1 (0y
K +4+p—sX+nay; |A48)=0, allowed.
-1 O -1 O
Decay
A —sp+a; |48|=1, slow
(=1 (0) (W
K*—sat+4+a% |48|=1, slow
(1) (D) (0)
E-—5A"+n-;  |48| =1, slow.
(=2) (=) (O

Other reactions of creation and decay can be similarly treated and show no deviation from these
simple rules. We shall see that they also embrace the phenomena met in the interaction of fast heavy

mesons with nuclei treated in Sect. 14.
(Continued on page 381)

3

PLATE 11—9. TFirst observation in emulsion of the simultaneous production of a pair of K-mesons »

One of the K-mesons, of negative charge, reaches the end of its range at A where it reacts with a
peripheral proton to produce a -particle and a w-meson; these two particles recoil from one another
at an angle of ~160°. The X-particle, after a range of 1.67 mm, decays at the point B into a m-meson
of energy 82 --3 MeV; this is substantially less than the value expected in the decay of a Z-particle
at rest, and it was therefore suggested that the particle decayed in flight when about 200 w from the
end of its range. The range of the X-particle, 1-67 mm instead of ~0-8 or ~0-7 mm found for inter-
actions with protons at rest, and the fact that the tracks of the two secondary particles are not precisely
collinear, shows that the proton which captured the K -meson was not free; the X-particle received
its increased energy of ejection as a result of the Fermi momentum of the proton.

This and similar events gave important support for the suggestions of GrLL-Maxy and others
on the conservation of ‘strangeness’. It appeared remarkable that whereas the associated production
of K*-mesons and hyperons had frequently been observed, the first heavy particle observed to be
created in association with a K --meson was a second K-particle—the charge of the latter in this example
was unknown, but the mass, deduced from simultaneous estimates of scattering and grain-density
along the track, was 875+ 65 m,. The track of the particle leaves 0 in a direction nearly horizontal
in the photograph, and to the left.
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PLATE 11-9

TG emlsion. Frizpraxneg, Keere and Mexox; Nuove Cim, 2, 666 (1955).




Delayed disintegration of a nueleus at the end of its range
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PLATE 11-10

Ilford G5 emulsion. Daxvysz and Pniewskr (1953).
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It may be remarked that not all the particles listed in Table 11-5 have been discovered. Thus the
|"is the only anti-hyperon for which there is good evidence; see p. 418. The particles X+ X 20, anti-
particles to the X-hyperons, would transform into anti-nucleons: X* —g* +n; I~ —p +a%; or—n~ + 7.
The threshold energy for their production involves the creation of a nucleon and anti-nucleon pair,
and is correspondingly higher than for the ordinary hyperons. If the basic ideas on which the
Grin-Maxy-Nisniarma  scheme is based are in general valid, there appears to be no room for
clementary particles of unit charge other than those given in Table 11-5.
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10. THE DISCOVERY OF HYPERNUCLEI

["-particles as components of nuelei

The original discovery suggesting that hyperons can exist not only as free particles, but also bound
within nuelei, was due to Daxysz and Pxrewskr (1953). They observed a heavy nuclear fragment,
ol charge ~bHe, emitted from a nuclear disintegration recorded in a photographic plate exposed to
the cosmic radiation; see Plate 11-10. The particle appeared to reach the end of its range where it dis-
mteerated with the emission of three, possibly four, charged particles, Such particles, when ejected
lrom disintegrations, are now referred to as hyperfragments; or, more generally, as hypernuclei.

The striking feature of the observation was that the disintegration oceurs at the end of the range,
when the parent particle was at rest, or moving with very low velocity. The secondary disintegration
could not therefore be due to a collision of the fragment with another nucleus. Instead, it was attributed

(Continued on page 383 )

4 PLATE 11-10

First observation of the ‘delayed’ disintegration of a nucleus. A nuclear fragment, f, of charge
~ e, reaches the end of its range at B and disintegrates with the emission of three fast charged par-
fieles, Tt is possible that the track (3) is due to a w-meson. If so, the total release of kinetic energy
i the disintegration is about 40 MeV, in good accord with the assumption of a /% particle as a com-
ponent of the nuelear fragment.

The similar phenomena observed later commonly involved fragments of smaller charge, most
of them with Z =1 or 2. Heavier fragments, such as that shown above, are much rarer, but
it seems probable that the order of discovery was influenced by the fact that for particles with Z—4
o1 h, the direction of motion is very easily established because of the pronounced taper of the track.
Other examples of small charge must have been seen without their significance having been recognised.



Ilford G5 emulsion.

Delayed disintegration of a heavy nuclear fragment

PLATE 11-11

In this example of the apparent
delayed disintegration of a nuclear
fragment, the emitted particle
appears to be of effective charge
Z =2. On the other hand, there
are three charged particles emerging

from the secondary disintegration

at B. If indeed the nuclear frag-
ment was doubly charged, then one
of the tracks must have been pro-
duced by a negative particle., and
another, say track b, by a particle
of charge 2e. There was, however,
no evidence to suggest that any of
the three tracks was that of a =
meson. The most likely interpre-
tation is that the nuclear fragment
was in fact of charge Z=3. In
addition, it must be assumed that
one or more neutrons were ejected,
in order to conserve momentum in
the secondary disintegration.

Tromax, Davis, Herz and Texseyr (1953).



First observation of the decay of (H?
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First observation of the decay of H?

PLATE 11-12

Tlford G5 emulsion. Bowgrrr, Luvi-Serrr, Paxerrr, Scarst and Tomasist (1954).

PLATE 11—12. First observation of the decay of (H?

This example of the delayed disintegration of a nucleus was observed in a stack of emulsions, and
allowed a very complete analysis. The nuclear fragment of charge e, emitted from a disintegration
at A, comes to rest at B after a range of ~ 13 mm. Its mass can be measured and the result is
~5500 m,, approximately the mass of the triton. At the end of its range, it disintegrates into two
particles which recoil from one another. The fast particle is a negative m-meson, which is arrested
aiter a range of 23-8 mm and produces a secondary disintegration. The laws of conservation of
charge and massmumber then require that the short, heavily ionising particle, recoiling from the
~meson, is a He? nucleus. With this assumption, its observed range is consistent with a momentum
equal and opposite to that of the m-meson, and the total release of energy is ~41-5 MeV. The disin-
tegration is therefore represented ,H®—He®+nm~+41-5 MeV.

The observations allow the binding energy of the A° within the triton to be computed.



388

PLATE 11-13. Capture of a K--meson by 0% with the emission of a (Li” hyperfragment  »

This observation gives a remarkable demonstration of the detailed conclusions which can be drawn.
in favourable conditions of observation, from single events recorded in photographic emulsion, and
displays the power of the photographic method in the study of hyperfragments.

A negative K-meson entered the emulsion, top left, from the Berkeley accelerator and reached the
end of its range at the point A, where it was captured by an oxygen nucleus. The latter disintegrated
into a ,Li7 hyperfragment, together with two «-particles, tracks (i) and (ii), a proton, track (iii), and
w--meson. The hyperfragment reached the end of its range at the point B, where it spontancously
decayed according to the equation: Li7—>m~ -+ He! - He?; @ =35-9 4 0.5 MeV. These detailed features
of the analysis were established in the following way, from the measurements given in the accompany-
ing table.

Dok | Raes @ Angle in. Energy (MeV) Momentum (MeV/e)
=P ‘ common plane from range from range
7 10,060 0 +03 24-1 - 045 855 4+ 1
iv 33.1 144.5 + 1 6-9 4 0.1 227 +15
v 23 307 +1 49 -+ 01 166 -2

Dealing first with the decay of the hyperfragment, the directions of motion of the three secondary
particles were co-planar to within the errors of measurement. It is therefore reasonable to assume
that no neutral particles were emitted, and that the hyperfragment decayed at rest. The observed
range of the = -meson defines its momentum ; the momenta of the two particles of short range, tracks (iv)
and (v), then follow from an application of Lamr’s theorem. The values thus found were 227 - 16 MeV/c
for the particle which produced track (iv), and 1654 16 MeV/e for track (v). If the track (iv) was
produced by an g-particle, its range should be between 28 and 41 u, the actnal value being 33 p. If,
on the other hand, it was really due to He3, its range should be between 48 and 74 p.; any assignment
other than He?* gives a value for the range widely different from that observed. A similar approach
can be made in the identification of the particle which produced track (v). It may thus be shown
to have been He?, although the evidence is not quite so strong as for track (iv).

Accepting the evidence that the longer track was indeed due to an «-particle, its range now gives
a more precise estimate of its momentum than that deduced previously; the value thus found was
227 4 1.5 MeV/e. Tt then follows from the conservation of momentum that track (v) corresponds to
a particle of momentum 165 -2 MeV/c. If the particle was indeed He?, its range should then have been
2341 p; or 14405 p if He?; and 9843 w if H® The observed range 22.8 . therefore establishes the
conclusion that tracks (iv) and (v) were due to He* and He? as indicated. It follows that the hyper-
fragment was ,Li7 which decayed according to the equation above. Using the energies of the particles
as determined from the ranges, the binding energy of the A% hyperon was found to be 5.2 4 0-5 MeV.
This appears to have been the first example of a ,Li” hyperfragment in which the identification could
be made without the uncertainty whether or not a single product nucleus had been formed in an
excited state.

Proceeding now to the parent disintegration, the interpretation that it was due to capture by O,
K-+ 0%—sHet +Het+ Lif + H 4+, depends upon the following consideration: in addition to
the secondary m-meson and the hyperfragment emitted from the point A, there are three heavily
ionising particles of short range, of which the lines of motion are narrowly inclined in projection.
Two of them, of which the points of arrest are labelled (i) and (ii), can only just be distinguished in
the photograph. Attributing tracks (i) and (ii) to a-particles, and track (iii) to a proton, the vector
sum of the momenta of the four nuclear fragments is 2304 10 MeV/c, with a component of only
8 4 10 MeV/e, transverse to the line of motion of the associated w-meson, This t-meson escaped from
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Capture of a K--meson by 0%® with the emission of a (Li’-hyperfragment

" e

PLATE 11—-13
Hford K5 emulsion. FowLer (1958).

ihe stack so that its energy could not be accurately determined from the range; the sign of its charge
was also ambiguous; but assuming no neutral particles to have been emitted from the disintegration,
the momentum of the w-meson must be equated to the vector sum of the momenta of the heavy charged
particles, viz. 230-=10 MeV/c. The corresponding energy, £, is 124 9 MeV. The total release of
eneray, assuming the disintegration to be correctly represented by the equation above, is then found
to be 497 -9 MeV. Since the release of energy is so closely in accord with that corresponding to the
rest-mass of the K--meson, viz. ~494 MeV, with good evidence for a balance of momentum, it is
reasonable to assume tentatively that no neutrons were emitted.

Assumptions about the identity of the charged particles other than those indicated above, disturb
the balance of momentum. In such analyses, however, the possibility of the ejection of a neutron
of suitable momentum, can generally not be excluded. This is so in the present example. If, however,
the range of the w-meson had been accurately determined, it would have been possible to resolve this
ambiguity.

On the basis of the above evidence, it is very probable that the disintegration was indeed due to
capture by 0%, This gives additional support for the view that the hyperfragment was ,Li". Had the
m-meson ejected from A been arrested in the stack, its energy could have been defined within ~2MeV,
and this would have allowed an accurate estimate of the total release of energy; the mass of the
K --meson, would then have followed with an accuracy of ~4 m,. In the absence of this information,
we may assume the mass of the K—-meson and thence define the energy of the w-meson. The value
thus obtained is 124 -1 MeV. This value appears to indicate that the 4°%-particle was produced directly
in this instance and not, as frequently happens, as a result of the formation of a X-particle and its
subsequent interaction with nucleons; e.g. 2=+ p—>A°+n. In such an event, the m-meson cannot
lhave an energy greater than ~90 MeV; even allowing for the Fermi momentum of the nucleons, it
is not possible to account for such a high energy as ~124 MeV, except in terms of direct production
of A%particles, unless very special assumptions are introduced: see Fowrer (1958).
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Non-mesie decay of a hyperfragment

ford (15 emulsion. PLATE 11—-14 Bristol (unpublished).

This event was observed in a stack of emulsion into which had been injected 4.5 BeV w-mesons
from the Berkeley accelerator. From the disintegration at A, a hyperfragment of charge about 5e
wae emitted, which veached the end of its range and decayed in the non-mesic mode at the point B.
The “taper” in the track of the hyperfragment can be readily distinguished. From the same disintegra-
tion, a Li¥ nucleus is also emitted which decays at the point C'.

The photograph illustrates an advantage of high-energy disintegrations for studies of the decay
of hypernuclei of large mass-number. Although they occur rarely, they are sometimes emitted from
disinteurations of silver or bromine with considerable kinetic energy. They then decay at a point
woll resolved from that of the centre of the primary disintegration, whereas, if produced by the nuclear
capture of K=-mesons, the two centres are frequently, in effect, superimposed. Compare also Plate 11-10.
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Neufral t®-meson from the decay of a hypernucleus

A K--meson reached the end of its range at
the point O, and from the resulting disintegration
a hyperfragment was emitted which came to
rest at P. By its decay, the latter led to the
ejection of a particle of short range, and a
close-pair of electronsg which must, almost cer-
tainly, be attributed to the alternative mode of
decay of a ml-meson.

In such events, it is possible, in principle, to
estimate the energy of the pair by scattering
measurements, and its mean direction with
respect to the line of motion of the parent
=O.meson; the latter is defined by the direction
of the single recoil track. The energy of the
m0.meson then follows, together with its momen-
tum. Assuming that the hyperfragment decayed
at rest into two particles only, the nature of
the recoil track can thus be estimated from its
range and momentum. In favourable examples,
the hyperfragment could thus be identified. The
present event can reasonably be attributed to
the hyperfragment ,He!;  He*—He' | n%;
() =61.1 MeV; range of recoiling He? ~9 p.

PLATE 11-15
Tlford G5 emulsion. Levi-Szrrr and StaTER (1958)
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PLATE 11-16. Decay of a hypernuclens ,He! in flight

This plate shows an early example of the decay of a hyperfragment in flight. Decay in flight
emulsion occurs much less frequently than decay at rest because most hyperfragments are emitic
with low velocity, ~0-1 ¢, especially when they are produced by the nuclear capture of A -mesons.
They are then stopped in a time of ~107" sec; see p. 88.

The example shown was found in Copenhagen in a stack of emulsions flown at 90,000 ft over Southern
England. The parent star (not shown) was small, type (4 +2#), but the hyperfragment was emitfc|
with a kinetic energy of ~120 MeV, and travelled ~5 mm betore decaying at the point O where it
residual range was about 350 p..

The analysis deseribed below shows that the disintegration may be represented: ,He'--H'
H'+H2+a; @ =29640.6 MeV:

a) Measurements of d-ray density and multiple scattering showed that the parent particle was
of charge Z= 2, and was near the end of its range (350 4 100) . at the point of interaction or decay.
In particular, the d-ray density, N;, passed through a maximum value, of magnitude corresponding
to %4 =2, and fell thereafter, showing clearly the approach to the end of the range; see Fig. 5-10, p, 16!,

b) All the secondary charged particles were arrested in the emulsion, so that their ranges could he
accurately measured. The w -meson was identified by the four-prong star which it produced at the
end of its range.

¢) If the heavily ionising particles are attributed to protons and deuterons, as indicated in the
Plate, then the vector sum of the momenta of the secondary particles is 429 2 MeV/c, and it lies ap-
proximately 1° from the measured direction of the primary. This small departure in direction may he
attributed to the scattering of the primary particle, ~2°/100 w, which prevents the determination
of its line of motion with precision. Assuming that the momentum of the parent ,Hel-particle is 429 =
2 MeV/c at the point of decay, its residual range is 240 £ 5y, in good agreement with the value estimated
from the d-ray and scattering measurements.

It may be emphasised that the evidence for the assumed mode of decay is not decisive, but it is
very strong. Thus, it is possible that the tracks attributed to protons and deuterons have been wrongly
identified, although they must all be hydrogen isotopes of one kind or another in order to conserve
charge. But any assignment other than that adopted is inconsistent with zero transverse momentum,
and with the residual momentum of the parent particle,

Another possibility iz that a neutron was emitted, together with three protons. This possibility
cannot be excluded: but it is improbable that in such a case an apparent balance of momentum would
be observed. The further possibility of He® as an interpretation can be rejected because there is too
great a visible release of energy.

Similar objections can be brought against the interpretation of the event in terms of the nuclear
interaction of the hyperfragment; the existence of a momentum balance is then very improbable.
Tt may be remarked that, in general, hyperfragments are of such low velocity and short lifetime that
the probability of a nuclear interaction is much smaller than decay in flight. The final support for
the suggested interpretation came from the consistency between the value of the mass of  He! thus
obtained, and those deduced from examples of the disintegration at rest of this nucleus. The value
deduced, from the above interpretation, for the energy of binding of the A%-particle was 1.9 0.6 MeV,
in good accord with subsequent measurements.

It may be remarked that the fact that this hyperfragment decayed in flight facilitated the analysis,
for it ensured that there were no short tracks for which it is frequently difficult to determine accurately
the range and the direction of motion. Although the w-meson was rather less energetic than is commonly
obgerved in the mesic mode of decay of hyperfragments, it is the errors associated with the straggling
of this particle which contributed most to the final error in the determination of the binding energy.
This is frequently so in measurements of the mass of hyperfragments made in favourable conditions
of observation.

Details of the measurements are given below, and allow the value of the binding energy to be com-
puted as an exercise in the technical methods.
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Deeay of a hypernucleus 4He? in flight
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Lford G5 emulsion, PLATE 11—16 Fowrnr and Haxsmx (1956).
Assumed nature | Range (microns) ‘Energy (MeV) Momentum (MeV/e)| Projected angle Dip angle
\
Primary 4 He? - — = 00+ 06 0.0+ 1.0
1 D 136 570 4 0:05 14-6 -+ 0-7 316-2L1 —814+1-5
2 T 10.050 236 05 845 +0-8 12.9 +0-3 438205
3 2 565 10-2 01 139 07 16-1+0-5 — 255408
4 P 898 | 134 +0-1 1587 +0-8 227405 | 481108
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Decay of hypernuelei at rest and in flight
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PLATE 11-17
A lford G&; B, C atid D Tford K5 emulsion.

Bristol (unpublished).
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Annihilation of an artificially produced anti-proton
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PLATE 12-1

lford G5 emulsion. CHAMBERTAIN ef al. (1956a).

The photomicrographs show the first observed example in emulsion of the annihilation of an
artificially produced anti-proton. )
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Disintegration due to the annihilation of an anti-proton

PLATE 12-2

Tford G5 emulsion. Bristol (unpublished).

An anti-proton, p, generated artificially in the Berkeley bevatron, enters an emulsion and is anni-
) | at the end of its range at the point 0. The nature of the secondary particles, and their energies
_ﬁsﬁm are indicated. The total visible release of energy is greater than that corresponding to the rest-
mags of the incident particle alone.
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Annihilation of an anti-proton

P

PLATE 12-3
Breru ef al. (1956).

ducts of the disintegration and their estimated energy are indicated. Four charged m-mesons

, the total visible release of energy being 1-4 BeV. The low energy of the accompanying
tion suggests that none of the secondary zz-mesons produced in the act of annihilation have
ed. The number associated with the track of each secondary particle indicates its measured
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First observation in photographie emulsion of an event
attributed to the creation and annihilation of an anti-proton

PLATE 12—4
Tlford G5 emulsion, AMALDI et al. (1955).

This photomicrograph shows the first event recorded in emulsion which was attributed to the
annihilation of an anti-proton. From a disintegration at 4, a track labelled p emerges. It appears
to be scattered through ~90° near the end of the range, and to come to rest at a point indistinguish-
able from the centre of a second disintegration at B. The ‘star’ at B is now known to be similar in
character to those undoubtedly due to the nuclear capture of anti-protons. The point of uncertainty
is whether the track p came to rest at the apparent point of seattering where, by chance, a short range
track from B also terminated.



1. INTRODUCTION

HERE are several reasons for making detailed studies of the charvacteristics of the dis.

integrations of complex nuclei produced by the impact of fast protons and other particles.

In addition to the intrinsic interest and importance of understanding the processes involved.
they have a bearing on the interpretation of many important phenomena investigated by the phato.
graphic method, such as the “stars” due to the annihilation of anti-nucleons, or to the collisions ol
mesons and hyperons with nuclei. The early work was confined to studies of cosmic radiation, for thee
alone, at the time, were found particles of sufficient energy. In this early period, the important problen
of the multiplicity of production of mesons in nucleon-nucleon collisions was of great interest, and studics
of the characteristics of the stars allowed tentative conclusions to be drawn on this question, conclusions
which were finally established by direct observations with cloud and bubble chambers. Before
describing the experimental methods, it will be convenient to give an outline of the principu
processes believed to take place in the disintegrations due to fast protons. This provides a suitahle
background against which to discuss the main features of the observations:

A silver or bromine nucleus can be regarded as an assembly of about a hundred nucleons, spherical
in form and between four and five nucleons in diameter. The observed characteristics of the disinte-
grations produced by protons of a given energy will depend on the impact parameter which defines
the line of motion of the incident particle with respect to the centre of the nucleus, and thence the
number of nucleons with which the incident proton, and the secondary particles it produces, are likely
to interact. Roughly, the disintegrations can be divided into two classes: thoss involving central pene-
tration of the nucleus, and peripheral collisions. In the former, the nuclear thickness, for the heavier
atoms of the emulsion, can be taken to be four or five; and for peripheral collisions, from one to three.
the two groups being approximately equally frequent. In collisions with the lighter nuclei (C, N, 0).
the nuclear thickness for central collisions will be of the order of three. Fluctuations in the numbers of
secondary particles, from collisions defined by a given impact parameter, also contribute to the
diversity of the effects observed.

When a fast proton with an energy of a few BeV collides with a nucleus, it commonly interacts
with one of the nucleons, and several w-mesons, charged and uncharged, are created in the impact.
It is an important feature that the conservation laws of momentum and energy require that, from
an ‘inelastic’ collision, between two nucleons, both shall emerge with considerable kinetic energy.

The mesons created in the first nucleon-nucleon collision commonly have velocities in the relativ-
istic region, and they sometimes escape from the nucleus without imparting more than a small frac-
tion of their kinetic energy to the nucleong lying near their line of motion. They may also produce
other mesons in collisions with nucleons, but little of their energy is expended in the production of
recoiling nucleons. On the other hand, the recoiling protons from the first collision are often of lower
velocity; they frequently interact with other nucleons in the nucleus, and the recoiling particles from
these collisions interact in turn. In a sufficient thickness of nuclear matter, such processes would
result in a nucleon-cascade, the original energy of the recoiling nucleon being rapidly shared with a
number of others. The essential point is that the probability that a proton of energy E shall make a
collision in a given length of path in nuclear matter varies approximately as 1/E. Just as the specific
ionisation of a charged particle increases rapidly as it approaches the end of its range, so a fast nucleon,
B-<200MeV, has an increased probability of losing energy in collisions with other nucleons as its
velocity is reduced. The two problems are closely analogous, and result from the increased time of
collision as the velocity is reduced, and the correspondingly more favourable conditions for the transter

of momentum.
{ Continued on page 427 )

PLATE 13—1. Nuelear collisions of protons of energy 52 and 145 MeV >

Secondary disintegrations produced by protons of energy, (a) 145 MeV, and (b), 52 MeV, emitted
from nuclear disintegrations. The thinly ionising track associated with the disintegration (b) is due
to an electron, possibly produced by the f-decay of the residual nucleus. The ‘stars’ are both of
type 2 +0,. p-decay of a product nucleus occurs only rarely.
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PLATE 13—-1

fllord G5 emulsion. Bristol (1952) unpublished.
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Nuclear collisions of protons of energy 90 and 270 MeV

(b)

Tlford G5 emulsion. PLATE 13-2 Bristol (1952) unpublished

Disintegrations produced by protons of energy (a) 90 MeV, and (b) 270 MeV.

The protons were identified by measurements of o and g. The identification of the protons as the
parent particles depends on the fact that they emerged from more energetic disintegrations; their
directions of motion were therefore unambiguous. The ‘stars’ are both of type 2 4-0,.



Nuclear interaction of protons of energy 255 MeV and 600 MeV

L




Nuelear interaction of a proton of energy 570 MeV

PLATE 13-4

Wiopd (5 emulsion. Brigtol (1952) unpublished.

A proton of the cosmic radiation, of energy 570 MeV, makes a nuclear collision, and produces a
‘star® of type 9 4 0,.
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Nuelear interaetion of a proton of energy I BeV

P

I
_ PLATE 13-5 _ _
Tlford G5 emulsion. Bristol (1952) nnpublished,

A proton of energy 1 BeV produces a ‘star’ of type 13 - 0,. Four of the secondary char
particles, e, are of short range, and come to rest in the emulsion.
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Nuelear interaction of a 4 BeY proton
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PLATE 13—6

Iiord G5 emulsion. Bristol (1952) unpublished.

The proton produces a ‘star’ of type 8+ 5,. Artificially accelerated protons of this energy
were made available when the Berkeley proton-synchrotron came into operation.



Nuelear disintegration produced by a proton with energy 8 BeV

.-

PLATE 13-7
Bristol (1952) unpublished.

Ilford G5 emulsion.

The proton produces a ‘star’, of type 14 - 1,, by collision with a nucleus of silver or bromine



Nuelear collision of a proton with energy 8 BeV
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PLATE 13—8
[ord (A emulsion. Bristol (1952) unpublished.

The proton produces a ‘star’ of type 16 4 5, by collision with a silver or bromine nucleus. Most
of the shower particles, and several of those which produce ‘grey’ tracks also, are probably due to
mesons. With protons of this energy less than one tenth of the mesons are K-particles.



Disintegration of a silver or hromine nucleus by a proton of energy 30 BeV

PLATE 13-9

Bristol (1952) unpublished.

Ilford G 5 emulsion.
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Fig. 13-18. Energy spectra for particles of different types according to elementary evaporation
theory. The curves have been computed from the formula of Eq. (13-i), assuming a ‘tempera-
ture’ of 4 MeV. In (a), the spectrum for protons is shown on a linear scale, assuming the effective
barrier height, V7, to be 4 MeV. The maximum occurs at an energy V'+ T ie. at 8 MeV: the
mean energy, summed over the whole evaporation spectrum, is at V' +2 7. The intensity falls
to one third the maximum value at B=V'--3-3 7',

In (b). the spectra for neutrons, protons and g-particles are shown on logarithmic scales. They
again correspond to 7'—4 MeV, and the values of ¥’ have been taken as 11 MeV for a-particles,
4 MeV for protons, and 0 for neutrons. These spectra may be compared with those shown in
Iig. 13-11. In particular, the experimental spectra decrease in intensity at higher energies much
less rapidly than would be expected if the evaporation process were the only source of the particles.

For both figures, the intensities per MeV per disintegration correspond to a typical ‘star’ from
which eight neutrons, four protons and 1-6 «-particles are emitted by evaporation.

sliore ¢ is the Fermi energy, ~20 MeV; N is the number of particles in the nuclear volume; and o is
an appropriate constant. 7' is a quantity with the dimensions of energy which can be equated to the
product of Boltzmann’s constant and the nuclear temperature, but in what follows, it will be con-
venient to refer to it as the nuclear temperature.

With this model, the number of particles incident per unit time on the nuclear surface which have
sufficient energy to penetrate the potential barrier of effective height V" MeV, can be determined.
\ relation for the number of particles escaping per unit time then follows. For our present purpose
{ i« a reasonable approximation to omit the -1 term in the denominator of Eq.(13-1), corresponding
{0 4 transition to Boltzmann statistics. In making the calculations, it is assumed that any nucleon
which meets the nuclear surface at an angle less than a certain critical value, 0, , escapes, whilst for larger
ingles of incidence it undergoes total internal reflection. 0, is given by the relation:

sind, =2 ={( B —e— B—V)/ @RI} =(@—V)IE + B+,

4 PLATE 13—9. Disintegration of silver or bromine by a proton of energy 30 BeV

The proton produces a ‘star’ of type 22 - 9,. It will be seen that even with protons of this
encrgy the directions of emission of the shower particles are still widely dispersed. The shower
particles are indicated by the letter §, whilst e denotes a particle which reaches the end of its
range in the emulsion in the field of view. Protons of about this energy will be produced artificially
when the great proton-synchrotron at Geneva comes into operation.



Fmission of a carbon nucleus from a disintegration
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PLATE 13—-10
Hford ¢G5 emulsion. Fowrur (unpublished).

A heavy nuclear fragment is emitted from the disintegration at (). It collides with a proton at (b)
and rveaches the end of its range at (c).
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Hammer tracks

(@)

(d)

PLATE 13-11

(Unpublished).

Ilford G5 emulsion.



Hammer tracks due to Li® and B® nuclei

PLATE 13-12

Hiord G5 emulsion. (Unpublished, 1956).
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Emission of a Be? nueleus from
ue a disintegration

N Pairs of a-particles with
nearly the same range and

B direction are sometimes emit-
ted in nuclear disintegrations.
Fach is due to the emission
e of a Be® nucleus in its very
. : sy short-lived ground state, from
£ 2 A o which it transforms into two

P -particles with a very small

release of energy.

¥ . R R @ E N

PLATE 13-13

[lford ¢G5 emulsion. D. H. Perkins (unpublished).

Table 13=7. Frequency of emission of heavy fragments of long range

Typo of | I\'umber_ Energy at | Numbcr_
fra gment observed with | B = 100 . | observed with
R>100 p (MeV) B> 64 MeV
Li%? 336 29 106
Li® 56 31 18
Be?, 9,10 52 43 16
B8 4 56 4
B0, 11 ‘ 17 64 i
|

(After SkIBGGESTAD and SorENSEN, 1958)



478 DIFFRACTION SCATTERING

For a spherical nucleus, there is no general analytical solution giving the differential angular
distribution, but in the limit when K R— o, it is identical with that for the disc. Except in cases of a
combination of %’ large with K small, however, the overall width of the angular distribution from a
sphere will not differ greatly from that of a dise, but the subsidiary maxima may often be absent.
This is so if the nucleus is assumed to have a Gaussian distribution in density, with K R and k'R both
small; then 02 372 — 2, where 02 and 2 represent the root mean square values for the angle of
diffraction and distance of a nucleon from the nuclear centre.

In illustration of the effects due to diffraction scattering, Fig. 14-3 shows the results of experiments
on the elastic scattering of 7.7 MeV deuterons by carbon and nitrogen. They were determined by
experiments of the type illustrated in Fig. 4-6, p. 131, using gaseous targets. It may be seen that the
general form of the angular distribution of the scattered intensity is similar for the two types of nuclei,
corresponding to the similar values of R, and independent of detailed features of the structure of the
two types. Curve (iii), in the same figure, shows the calculated distribution assuming an optical model
for an impenetrable sphere with kR—=3. The similarity in the three distributions is clearly displayed.
It may be remarked that for 8 MeV deuterons, assuming a potential well, V=40 MeV, the refractive
index is large. Effects due to reflection, which have not been taken into account in the previous dis-
cussion, may then be important. The curves for scattering from oxygen and nitrogen nuelei follow
closely numerous experimental points which are not shown. For angles less than about 40°, the in-
tensity rises rapidly owing to Coulomb seattering.

REFERENCES
Burcr, Burrows, Gisson and RoTBLAT; Proc. Roy. Soc. A 210, 534 (1952).
Frrxpach, SERBER and TAvLor; Phys. Rev. 75, 1352 (1949).
Greson and Tmonmas: Proe. Roy. Soc. A 210, 543 (1952).

Characteristic early examples of disintegrations due to fast p-mesons

PLATE 14—1

Ilford G5 emulsion. GuroreE and Evaws (1950).

The two events were among the first observed which could be attributed to fast p-mesons. The

~emulsion was poured and developed underground at a depth of 60 m of water equivalent. In each

event, the p-meson emerges from the collision; that on the right is unusual in that the deviation in the
direction of motion is large.
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Meson production by fast w-meson

PLATE 14-2

Tlford G5 emulsion. Gmorer and Evaws (1950).

In this rare event, observed in the same conditions as those described in the caption to Plate 14-1,
the primary particle interacts with a nucleus and several fast particles, almost certainly w-mesons, are
created.

through loss of energy by ionisation, before interacting with a nucleus. This explanation of the main
features of the observations was in good accord with the number of events of the different tﬂ){.‘b, and
with the slow change in the p-meson intensity with depth.

In order to obtain an estimate of the encrgy of the p-mesons producing the stars of the type 1,,
Grorer and Evans assumed that the scattering of the yu-meson occurred through interaction with
a single proton, the recoil of this particle, and its interaction with other nucleons of the nucleus, giving
rise to the observed disintegration. The energy of recoil could then be estimated from the ‘size’ of
the resulting star—the number, N,, of heavily ionising particles emitted—using the relation & —
37N, +4N;; see p.464. They concluded that the energies of the p-mesons are commonly between
1 and 10 BeV, a result in good accord with the energy distribution of the ‘hard component’ at sea-
level and underground.

In spite of the success of the above picture of the nature of the interaction of p-mesons with
nucleons, later evidence suggests that the collisions are commonly inelastic. Thus, in similar experi-
ments in controlled conditions with fast electrons, collision with a proton may create a m-meson, the
electron being little deviated. By analogy, one may anticipate that the interaction of the p-meson
with a nucleon creates a w-meson; the latter is commonly absorbed hy the associated nucleus which
is thus disintegrated.

Because of the complexity of the phenomena, it is difficult to maintain that any particular dis-
integration recorded in plates exposed underground was due to a p-meson, and not to one of the loecally
produced T-mesons which may sometimes be of considerable energy. There iz, however, no doubt
as to the origin of most of the stars of a given class observed in such an experiment.

By comparing the number of observed disintegrations in a given volume of emulsion, and from
a given exposure, with the known intensity of fast p-mesons at the same depth underground, Grores



Early examples of nuelear eollisions of st-mesons of energy 79 and 280 MeV

PLATE 14-3 _
Tlford G 5 emulsion. Lock and Yerurmen: (1952), unpublished.
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vare than fifty investigations were made with emulsions, using artificially generated -mesons
ciergies ranging from low values up to ~4-5 BeV': for a list of references sec p. 495.
tidies of the interactions of - and = -mesons of different energy in emulsion have been made
iwo principal objectives. First, to help in establishing the details of the interactions of %-mesons
Vil protons, the latter being present as hydrogen nuelei in the emulsion; and secondly, for studies
I the interactions of the particles with heavier nuclei. The latter have an important bearing on the
(terpretation of the processes involved in high-energy nuclear disintegrations, for m-mesons frequently
alf from interactions between elementary particles. When these oceur in a complex nucleus, the
condary interactions of the escaping mesons may play an important role in determining the nature of
i phenomena observed. Such considerations are important, for example, in interpreting ‘stars’
ieto the interaction of anti-protons with nuclei (see p. 412).
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IMig, 14-4. Variation with energy, Tz, of the total cross-sections for the interactions of positive

and negative m-mesons with protons. The interactions of the negative particles involve both

clastic scattering and ‘charge-exchange’. The results have been compiled from the work of

many authors; see, for example, Axprrsox (1956) and Muscueryakov (1956); CooL ef al. (1956).
.

<« PLATE 14=3. Early examples of nuclear collisions of 7t-mesons of energy 79 and 280 MeV

In both these events, the identification of the nature and energy of the incident w-mesons is un-
unhiguous, for both were created by cosmic radiation in nuclear disintegrations in the emulsion.
I (1), the meson originated as the secondary particle of a disintegration of type (6 -4 p). The meson
wis seattered nearly backwards along its original divection of motion as a result of a nuclear collision,
cierging with energy ~67 MeV. The event cannot be attributed to a collision with a free hydrogen
wicleus as the recoiling proton manifestly does not balance the change in momentum of the meson.

In event (b), a meson of energy 240 MeV, emitted from a disintegration of type (5--2p), produces
« secondary disintegration. The heavily scattered secondary particle, of small specific ionisation,
wis of low mass. It was probably an electron produced by the f-decay of the nuclear fragment left
ter the evaporation of part of the struck nucleus. Consideration of conservation of energy makes
it unlikely that a neutral w-meson was produced in the collision, and the event probably represents
the nuclear capture of a fast w-meson. The f-decay of a product nucleus is rarely observed.,
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Nuclear eollision of a w-meson of energy 350 MeV

PLATE 14—4

Tlford G5 emulsion. Locx and Yerurrernt (1952), unpublished,

A m-meson of energy 350 MeV, produced as a secondary particle from a disintegration of type
10 5p, makes a nuclear collision from which three heavily ionising particles of short range are emitted
together with a fast particle which cannot be identified. This secondary particle was probably a
m-meson, and the event an example of the ‘inelastic scattering’ of a fast meson. Compare Plate 14-12.



Early example of the nuclear eollision of a 7t-meson of energy 560 MeV

PLATE 14-5
Ilford G5 emulsion. Loor and Yexuvrient (1952), unpublished.

The w-meson, of energy 560 MeV, was emitted from a parent disintegration of type 54-1n. The
event, closely similar in appearance to that shown in Plate 144, probably represents the inelastic col-
lision of a m-mesgon with a nucleus without meson production.
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Early example of the nuelear collision of a 7w-meson of energy 640 MeV
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[ford G5 emulsion.

PLATE 14—6

Lock and YEKUTIELL
an

{0 be identified.

The incident meson leads to the ejection from the struck nucleus of a proton, p, of energy 380 MeV
o -meson of 40 MeV. The other tracks were too short to allow the particles which produced them



490

Early example of the ‘inelastic’ scattering of a 7w-meson of energy 750 MeV

PLATE 14-7

Tiford G5 emulsion. Locg and YERUTIELL
The disintegration is accompanied by the ejection of a w-meson of energy ~70 MeV which emerges

in a direction at 167° to the line of motion of the parent particle. It is probable that a neutral T-meson

was also emitted.
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‘Elastic” scattering of a 7-meson at energy 825 MeV
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PLATE 14—8

Ilford G 5 emulsion, Lock and YexurieL: (1952), unpublished.

A m-meson of energy 825 MeV collides with a nucleus and disintegrates it. Among the secondary
particles is a m-meson of energy 17 MeV. In view of the small amount of visible energy in the dis-
integration, it is reasonable to suppose that a m%-meson was also emitted.



Early example of the nuelear inferaction of a t-meson of energy 3-8 BeV

PLATE 14-9

Ilford G5 emulsion. Locx and Yegurent (1952), unpublished.

A m-meson of energy 3.8 BeV, emitted from a disintegration of type 7+ 10p, produces a secondary
disintegration of type 18- 1m. It is probable, but not established, that several of the lightly ionising
secondary particles are m-mesons.
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Bristol (unpublished).
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o siich events has been made by ALY ef al. (1959). They found that the angular distribution of the
Jesons produced in the collision could be accounted for predominantly in terms of interaction of the
Weident pion with a single nucleon, and symmetrical backward and forward emission of mesons in
(o centre-of-momentum frame of this collision. The centre-of-momentum angular distribution was
Jproximately isotropie, as in the case of the pion-proton collisions described above.

Furly examples of the inelastic collision of =~-mesons with emulsion nuclei are shown in Plates 144
(0 14-0, They were taken from plates exposed to cosmic radiation, the w-mesons being identitied by
s measurements. It was shown by Lock and Yrrurtert (1952) that, in those events in which the
wmeson escapes from the struck nucleus, the change in momentum and energy cannot be accounted
for in terms of a collision with a single nucleon of the nucleus. The observations can, however, be
explained in terms of two or three such collisions. The average energy of the w-mesons emerging from
the disintegrations after scattering is ~40 MeV; the value appears to be insensitive to the magnitude
ol the primary energy for T,<< 500 MeV.
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4 PLATE 14—10. Characteristie disintegrations due to 4-5 BeV st -mesons

The wide variety in the character of the ‘stars’ is well displayed. It is due to the many
variables involved in the collision; a) the closeness of the collision, whether central or peripheral;
I) the nature of the struck nucleus, whether light (C, N, O) or heavy (Ag, Br); and ¢) the secon-
dary interactions of the w-mesons and other particles resulting from the primary interaction with
4 nueleon or nucleons. Some of the events show the produetion of several charged w-mesons as a
result of an interaction with a single nucleus. Such observations did not give decisive evidence for the
multiple production of rw-mesons in single pion nucleon collisions, however, for the view that several
nucleons of the target nucleus might have been involved in the collision could not be excluded.



500 COLLISIONS OF POSITIVE K-MESONS

4. NUCLEAR INTERACTIONS OF FAST POSITIVE K-MESONS
a) Elastic and inclastic seattering: eharge-exehange

We have seen that when a fast w-meson collides with a nucleus, it can take part in a variety of
processes, including elastic scattering, charge-exchange, plural production of mesons and the associated
production of heavy mesons and hyperons. At kinetic energies << 400 MeV, however, the processes
of elastic scattering and charge-exchange, together with those in which the meson is absorbed, its
rest-energy contributing to the nuclear disintegration, are dominant. Further, there is little difference

(Continued on page 502)
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Fig. 1414, Distribution in the number of prongs from the interaction of K-mesons with nuclei

in emulsion: a) from the collision of 80 MeV positive particles, K*; b) from A -mesons at rest.

N, represents the number of secondary stable particles with range >3 p, and with jonisation

>1-4 Tp+ It does not include any m-mesons and Z-hyperons which sometimes emerge from stars

due to K--capture, but not from the K*-mesons. N, is therefore a measure of the nuclear
excitation.

PLATE 14—11. Nuelear collisions of K™-mesons of energy ~ 60 MeY >

The photographs show typical examples of the nuclear collisions of X *-mesons of moderate energy,
In every case, the track of the meson is indicated by an arrow. The striking feature of the collisions
is the very low average value of the release of energy. This is a consequence of the fact that the meson
is either scattered, or it suffers charge-exchange, an unobserved A °-meson then emerging from the en-
counter; the meson is never absorbed ; its rest-energy does not therefore contribute to the disintegration.

a) Elastic collision with a silver or bromine nuecleus. There is no observable change of grain-density
following the collision, so little communication of energy to the struck nucleus. The track of the latter
appears ag a sghort track or “blob’.

h) Elastic collision with a light nucleus, of carbon, nitrogen or oxygen. The track of the recoiling
nucleus, of range ~3 p, is clearly seen and its momentum can therefore be estimated. The resultant
momentum diagram can be constructed, assuming the recoiling nuclens to be of nitrogen, carbon.
or oxygen. The events where the recoil particle is of much greater range are attributed to collisions
either with free hydrogen or with a loosely bound proton in the struck nucleus.

¢) Charge-exchange. The track of the K-meson suddenly terminates, the last grain being indicated
by an arrow.

d) Inelastic scattering of K-meson with resulting disintegration of low energy. The track of the
secondary K-meson dips at a large angle, and this over emphasigses the increase in grain-density.
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Nuelear collisions of K*-mesons of energy ~60 MeV
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PLATE 14—11

G5 emulsion. Bristol (1956) unpublished.
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PLATE 14—12
Collision of a I{"-nueleus with a C*2-nueleus

A K'™meson collides with a carbon
nuclens and disintegrates it into three
a-particles: Kt C2—K*{3He'. The
obgervations allowed it to be shown that
the momentum of the incident K-meson
equalled the vector sum of the momenta
of the secondary particles, and permitted
a determination of the @-value for the
reaction. The tracks of two of the three
w-particles are superposed and cannot be
separately distinguished.

Tlford G5 emulsion, ANDERSON et al. (1956).

escaping; the nucleus is, as it were, too opaque to the passage of the w-mesons; whereas, for the K*-
mesons, the interaction is of an appropriate intermediate strength, which allows the incident radiation
{ interact in sufficient intensity without modifying too seriously that which emerges.

1) Modes of decay of scattered partieles

The early observations on the elastic collisions of positive K-mesons were made at a time when
several modes of decay had been established, but the identity or difference of the parent particles of
the different modes was still uncertain. Tt therefore appeared that in respect of their behaviour in
clastic collisions, a further test might be applied. It was found, however, that all the decay modes
were represented among the K-mesons finally arrested after undergoing such collisions, and that
they appeared in the same proportions as commonly observed. Tt was apparent that, in this re-
spect also, no distinetion could be made between K*-mesons decaying in different modes.

An experiment based upon similar considerations was undertaken by Wincorr el al. (1956). When
(i BeV protons bombard a uranium target, some K*-mesons are emitted nearly backward against the
direction of the incident heam. A simple application of the conservation laws shows, however, that
these K-mesons cannot have been produced in this direction in the primary nucleon-nucleon collision;
mosh of them must have been scattered by interaction with nucleons before escaping from the parent
nucleus, Winaorr et al. showed that for these scattered K-mesons also, the different modes of decay
appear with the same relative frequencies as in other experiments.
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Disintegrations due to the nuclear inferaetion of neuntral K-mesons

PLATE 14—13
Tlford G 5 emulsion.



INTERACTIONS OF NEUTRAL K-MESONS H09

passage of a beam of Ki-mesons through a sutficient thickness of material to ensure the absorption of
the KV-component involves a time long compared to the mean lifetime of the & P-mode. The regeneration
of the short-lived component K¢, cannot therefore be readily demonstrated, for it decays too rapicly
after its formation. The experiment would be facilitated if absorbing screens of much greater
density than that of any ordinary matter in terrestial conditions were available; or if it became possible
fo work with particles of very great energy, so that advantage could be taken of the relativistic dilation
of the time-seale of a moving particle as in experiments on wl-mesons; see p. 278.

Since a direct demonstration of the correctness of the above conception of a particle mixture cannot
at present be attempted. tests of a less decisive character have been made: Suppose that a beam of
neutral K-mesons is generated by the impact of fast protons on a target: At the low values of proton
energy commonly employed, ~4 BeV, most of the neutral K-mesons will be formed in association
with 219 or Z-hyperons, and they will be of strangeness |1, see p. 378, and will be expected to
interact with nuelei only by elastic
It follows that if some of the original neutral particles ave found, in practice, to interact with nuclei
and to give rise to X or A%hyperons, or K --mesons, particles with strangeness —1. this would, at
first sight, appear as a gross violation of the principle of the conservation of strangeness, corresponding
to[18] = 2. The difficulty does not arise, however, if the conception of a particle-mixture changing in
composition with the passage of time is adopted. Evidence of such a kind is not so powerful as that
which would be provided by an experiment of the type of Pats and Proctont, because the argument
depends on the correctness of the initial assumption of the conservation ol strangeness in the pro-
duction of the neutral particles; but it can, nevertheless, be very impressive.

The first evidence for the nuclear interactions of K°-mesons was obtained by Fry ef al. (1956), who
made exposures of G5 emulsion stacks to neutral particles from the Berkeley bevatron. The
emulsions were exposed at such a distance from the target that the number of short-lived KO%-particles.
which could have survived to reach the stack must have been very small. In the resulting plates,
however, four nuclear disintegrations were found, due to neutral particles, from which charged hyperons
or heavy mesons emerged. Fry et al. attributed these disintegrations to a long-lived component of the

attering, or by charge-exchange, as in the case of K*-mesons.

neutral K-mesons.

The remarkable feature of the above observations was the frequency with which the X- and K-
particles were produced. At fivst sight, the disintegration might have been attributed to fast neutrons
from the target, and stars from this process do oceur. The experiments indicated, however, that of the
stars oceurring in the stack and due to fast particles, about one in ten had an associated K-meson or
Joparticle. This proportion is very much greater than that found for disintegrations due to neutrons
of energy ~200 MeV. The observations can, however, be readily understood if there is a neutral
K-meson flux through the plates with a component of strangeness — 1.

REFERENCES
Fry, Scnxeps and Swawr; Phys. Rev. 103, 1904 (1956).
Gren-Masy and Pats; Phys. Rev. 97, 1387 (1955).
Pars and Prociost; Phys. Rev. 100, 1487 (1955).

< PLATE 14—13. Disintegrations due to the nuelear interaetion of neutral K-mesons

Two examples of the nuclear interaction of neutral K-mesons in which particles of strangeness —1
are produced. In each case the direction of the flux of any neutral particles coming from a target
bombarded by 4-5 BeV protons is indicated by an arrow labelled N.

In (a), an event occurred at the point O, and from it, there were emitted a X=-hyperon and a charged
m-meson. The hyperon reached the end of its range at the point 8 and produced a characteristic
disintegration; see p. 364. The second particle was a m-meson, of which the encrgy was determined by
measurements of scattering. 1t is reasonable to assume that the cvent was due to the interaction
of a neutral K-meson with a neutron of a nucleus according to the equation K° - n - X~ 4z’

In the event (b), a Z*-hyperon originates suddenly at the point P and decays at the point T at
the end of its range, in the mode X+ — p + 7% The event may be attributed to an interaction with a
free proton according to the equation K® 4 p — 2" + .
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Nueclear interactions of particles of energy 100 and 200 BeV

PLATE 15—1

Daxien, Davies, Munvey and PErgins (1

Ilford G5 emulsion.



EXPERIMENTS AT HIGH ALTITUDES
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(Continued from page 520)

of primary particles is little contaminated by w-mesons and other secondary particles resulting from
nuclear interactions in the atmosphere. A high-energy disintegration observed in a stack, and due to
a singly charged particle entering it from outside, must therefore, almost certainly, be due to a primary
cosmiec-ray particle. Further, in favourable conditions of measurement, a detailed study of such
disintegrations may be made, including an analysis of the effects produced by the secondary charged
particles in traversing the stack, and the development of the soft cascades resulting from the 7% mesons
and their decay.

The above advantages are limited by the fact that the sensitive volume in which the high energy
collisions may occur and be recorded is relatively small. Thus, consider a stack with a depth equal
to about one interaction-length (30 em) and a surface area 200 em® These values are very small com-
pared with the effective interaction volume in counter experiments, which commonly consists, in
effect, of a column of atmosphere several hundred metres in horizontal extent. In a stack of volume
G litres, flown for 6 hours at 100,000 ft, for example, one can expect to detect only two events of
energy greater than 10,000 BeV/nucleon, whereas a typical large array of counters at sea-level will, on the
average, detect several events of energy greater than 107 BeV every day. These figures make clear
the great advantage which would follow from making experiments of long duration such as may be
secured by means of satellites.

Successful experiments with satellites must await the solution of the recovery problem; in the
meantime, valuable information can be obtained in flights with high-flying aircratt which permit
times of exposure at altitudes above 10 km for periods of 1000 hours. The usefulness of such exposures
is greatly increased by the fact that fast nucleons penetrate, on the average, to much greater depths
in the atmosphere than was at one time believed. The nuclear collisions of protons of great energy
are frequently very elastie, only about 30% of the energy of the incident nucleon appearing among
the secondary particles. Such a nuclear collision therefore, does not necessarily lead to the removal
of a proton, only to a reduction of its energy. Using aircraft, great loads can be carried, and for some
types of experiment it is then an advantage to use emulsion interleaved with lead, and thus to ensure
the more rapid development of the electron-cascades whereby high-energy events may be recognised;
see Plate 15-20, p. 570.

It may be remarked that in spite of the complexity of the processes oceurring in the atmosphere,
most of the disintegrations observed in plates exposed to cosmie radiation at mountain altitudes are
produced by protons and neutrons, present in approximately equal numbers; see Table 13-1, p. 420.
This is due to the fact that most of the particles are of relatively low energy. a few BeV, and
any - and /{-mesons which may have been produced with them will commonly have decayed in flight.
The proportion of mesons among the charged particles entering a stack is therefore small,

The above considerations are modified if attention is contined to particles of very great energy,
for the mesons then survive for much longer periods through the relativistic dilation of the time-scale.
They are then commonly removed in the atmosphere by interactions with nuclei rather than by decay,
As a result, the charged particles of great energy entering a stack exposed at altitudes less than
~ 18 km are not made up exclusively of protons and electrons of the soft cascades.

PLATE 15—2. ¢ Jets® due to the nuelear collision of 200 BeV and 300 BeV protons >

Two events of type 1--18p and 2 36, respectively. The small number of heavily ionising
particles associated with each suggests that they are probably due to peripheral collisions. Tt was
possible to identify one of the secondary particles from the event on the left as a w-meson. Only
about half the secondary fast particles have been reproduced in each of the mosaics.



‘Jots’ due to the nuclear collision of 200 BeV and 300 BeV protons

PLATE 15-2

2.,

o, Davins, Munvey and PrriNs (185

Dax

1lford G5 emulsion,



526 ENERGY OF PRIMARY PARTICLES

The nucleus may then be widely dispersed into its component nucleons, and a star with a large value
of N, will accompany the jet. On the other hand, in glancing collisions, little energy may be given fo
the parent nuclens. It is then reasonable to assume that there is a forward-backward symmetry,
in the angular distributions and energy of the secondary particles in the C-system.

¢) Selection bias

In the investigation of ‘jets’, it is very important to avoid selection bias. At the lower energies,
~100 BeV. events arc detected by “direct’ area scanning. It is then impossible, in practice, to avoid
a bias in favour of ‘stars’ with large values of N, and n,. For higher primary energies, an unknown
bias exists, for the detection of the secondary soft cascade depends, first, on the geometry of the event,
and secondly on the mean energy of the secondary particles. It is found in practice that the average
value of N, for jets above 1000 BeV is much smaller than in events found by unbiassed scanning at
much lower energies: Fig. 15-1. In high-energy collisions, the resulting jets are frequently of low multi-
plicity, and the question then arises—does the method of detection favour events in which more than
the average number of =%-mesons, and thence of photons, are produced ¢ Such a bias is believed not
to be serious, however, especially in very large stacks, since energetic secondary particles, whatever
their nature, have themselves an appreciable probability of producing jets, and thus of reinforcing the
main soft cascade.

3. THE ENERGY OF PARTICLES PRODUCING JETS
a) Angular distribution of secondary particles

In studying nuclear collisions in the region of very high energies, it is important to estimate the
energy of the primary particle responsible for a given jet, for this quantity has a decisive influence
on the conelusions drawn from the observations about the energy and angular distribution of the second-
ary products in the C-system of the nucleon-nucleon collision. Since direct measurements are impossible

by present techniques, the estimate is commonly based on the angular distribution of the secondary

particles; if the median angle is 4, the energy E,. of the primary particle, is given approximately
) gy R 2 s i
by the relation: B, ,~2 mf;—;— =~ 2 BeV. This method depends on the assumptions:
n

(a) that the secondary particles result effectively from a collision with a single nucleon;

(b) that they are unmodified by secondary collisions in escaping from the nucleus of which the
target nucleon was a part: and

(¢) that the secondary particles are emitted symmetrically and with equal probability forwards
and backwards in the C-system of the primary interaction.

The plausibility of these assumptions and the conditions in which they should be valid, have been
considered by a number of authors (Waracuin 1941, 1943; Karron and Rirson 1952; Herrner and
TerrEAUX (1953); Coccont 1954; Roussner and McCusker 1953). The first important feature to
remarlk is that a considerable fraction of the collisions of protons of high energy with emulsion nuclei
are likely to involve either (a) complete penetration of a nucleus without interaction, or, (b), an inter-
action with one nucleon only. Thus, assume that in passing through a nucleus, a nucleon may lose
some of its energy without a significant change in direction. The approach given on p. 474 then allows
the relative numbers of interactions of a primary nucleon in traversing nuclei of different types to be
calculated for any assumed value of ¢, the nucleon-nucleon cross-section for such collisions. The results

PLATE 15—3. ¢Jets’ from high-energy nueclear collisions »

The event on the left, of type 4 - 50¢, is due to an a-particle of energy ~3000 BeV, i.e. ~800 BeV
per nucleon; that on the right, to a particle of charge e and energy ~600 BeV. In each case, the
photographs of the central core have been made with a single setting of the microscope, and only a
proportion of the tracks can be distinguished.
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Nuclear interaction of the secondary particle from a *jet’

PLATE 15—4

A secondary interaction, of type
0+ 6n, involving a neutral particle of
energy ~ 0500 BeV, produced in the
event shown in Plate 15-8, p. 544. The
assumed association of the two events is
based on the fact that the secondary
interaction occurred among the tracks
forming the main  jet’, and the median
line of the secondary particles was co-
incident with the direction of the neigh-
bouring shower particles. The nature of
the neutral particle which produced the
disintegration is uncertain. It might be
attributed either to a neutron, a -
meson, a p-ray, or a heavy neutral
meson.

PLATE 15—4

Tiford (45 emulsion.
Bristol (1052) unpublished. 1 | | 1 | i




530 KINEMATICS OF OOLLISIONS

¢) Determination of vy, from observations on secondary particles

Consider a secondary particle of mass m,, velocity f;, energy 3, . m, . ¢2, and direction of motion 4
relative to the primary particle, all quantities being measured in the L-system; and let . 3, and 0,
be the corresponding quantities in the C-system. It may then be shown that

tanfl = - : ey E(I (1:_)—i.ii]

If we now consider two secondary particles emitted with equal and opposite momenta in the
C-system, and with directions () and 7 —1, it follows that

1 — cos®*0

tanfl, . tanf, = G — cost 7

Eq. (15-iv)

It, for a given jet, the values of 0 are broadly and symmetrically distributed over the interval from

0 to z, the quantity (1 — (:0520_)]{({3,',;’55}2— cos? (5} is of the order unity for most pairs of secondaries;
it follows that

logy, = 1/n > log tan 0, Eq. (15-v)

a relation involving all the measured angles of the secondary charged particles in the L-system
(CasTacNoOLL et al. 1953).

A simpler method. which has been frequently used. and which often gives results only a little
less reliable, is to determine the median angle of the secondary charged particles, 4, correspond-
ing to § =m/2; thus A1 . &
tany — B g, (15-vi)
It can, however, only be applied when the values of 6_‘, and hence 0, are widely distributed. If, for
example, as sometimes occurs (see Fig. 15-12) the values of § and w—0 correspond to angles near
the forward and backward directions of motion in the C-system, a large gap may vesult in the distri-
bution of values of . and a reliable estimate of 4 is then not possible; in the same circumstances, how-
ever, it is possible to apply the relation (15-v).

In some events represented in Fig. 15-12, especially those of low multiplicity, the mean value of
log tan 0 does not appear to give a reliable estimate for the primary energy. Thus, for the events of type
(0-+11p)., (4-+-56p) and (04 2p), the primary energy according to this method appears to exceed
100,000 BeV, whereas the energy of the soft cascade, and of secondary nuclear interactions, are, in each
event, only a few thousand BeV. A more realistic estimate of the primary energy, corresponding to
a value 5’ for the quantity 1/y,, can be made by assuming that in these examples there have been large
disparities in the numbers of eharged particles in the forward and backward cones, respectively, with
more particles ejected forwards than backwards. Conversely, in the events of type (0 -4 p) and (1 - 6a),
there are more secondary particles emitted backwards than forwards. Where there are both backward
and forward particles present (including identified neutral pions), the appropriate value for ' is
obtained by finding the mean value of log tan f separately for the forward and backward cones, and
taking log tan#” as the mean. In the events of type (4--5p) and (04 2p), there are apparently
no backward tracks, and the most likely primary energy will then correspond to an assumed mean
backward angle of ~45° Finally, in the event of type (1-+6e), discussed later in detail,
there is no clear distinction between particles in the backward and forward hemispheres, and the
estimate of the primary energy depends entirely on the angular distribution from a secondary interaction
(8 -80p), also represented in Fig. 15-12. It may be remarked that the backward cone of particles
associated with the event shown in Plate 15-13, p. 559, was only found by close serutiny. In some
conditions, such tracks may be overlooked, especially if they dip steeply.

In some events it has been possible to test the value of the energy of a primary particle,
deduced by the methods outlined above under the assumption N =1, by other measurements. It has
thus been shown that there is commonly an agreement, within the errors, between the results of the

( Continued at top of page 532)

PLATE 15—5. “Jet’ of energy 1000 BeV >

Ilford G5 emulsion. Pownrrn (1950).

Photomicrograph of a jet, 4, due to a particle with energy ~ 1000 BeV, and the effect of a nuclear
collision, B, involving one of the secondary particles. Note the electron-pair associated with the primary
event.
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532 NATURE OF PRIMARY PARTICLES

different methods for events with low values of n, and N, , i.e. for those in which it is reasonable
to assume that secondary interactions have not played an important réle ; see EDWARDS ef al. (1958).

On the other hand, central collisions with heavy nuclei commonly involve secondary interactions
with nucleons; these lead to a broadening of the angular distributions of the secondary particles and
to a corresponding reduction in the estimated energy of the primary particle. For examples of central
collisions with heavy nuclei, see Brissour and MeCuskrr (1958).

In order to allow for the effects of secondary interactions in central collisions with heavy nuclei,
Hemver and Terreaux (1953), and McCusker and RomssLer (1953), assume the incident particle
to interact with all the nucleons near its line of motion. In effect, the nucleus is regarded as a fluid,
in which the incident particle and its secondary products bore out a tunnel, of radius ~1-3 x 10-13 em,
projecting the nuclear matter lying near the line of motion. The angular distributions of the secondary
particles are then computed assuming that the interaction is with all the projected nucleons regarded
as a single massive particle. The angular distributions of the secondary particles are then found to
be more widely dispersed than in nucleon-nucleon interactions of the same primary energy ; see Eq. (15-ii),

d) Nature of the primary particles

Tt has been remarked above that in emulsions exposed at great altitude, the primary particles
will consist almost exclusively of protons and heavier nuclei uncontaminated by secondary w-mesons.
At lower altitudes, however, say below 60,000 ft, and for events due to particles of great energy,
ambiguities arise because of the presence of charged w-mesons which survive for much longer than
their normal life-span owing to the relativistic dilation of the time-scale. It is difficult to caleulate
the actual fraction, @, of w-mesons among the high-energy particles entering a stack because the
estimates depend on parameters which are not accurately known. Making reasonable assumptions
about the elasticity of the nucleon-nucleon collisions, however, and assuming that the energy made
available is effectively divided among only three w-mesons, it appears that @_(E==10* BeV) is not
more than about 0-1 at an altitude ~15 km.

It must be remarked that the fraction of high-energy events actually found in a stack which are
due to m-mesons may be considerably greater than the value given above. For whilst the interactions
due to protons may be relatively elastic, only a small proportion, ~30%, of the energy of the primary
particle appearing in the form of secondary =- and other mesons, those due to 7-mesons may be com-
pletely inelastic. They may, for example, frequently result in the sharing of all the energy of the inci-
dent 7w-meson among many secondaries. If so, a much larger fraction of the primary energy contributes
to the formation of the soft cascade; there is then a corresponding inerease in the probability of detect-
ing the event, if recognition is based on observing this feature. Tt may be remarked that, when a
m-meson collides with a nucleus, it is possible, in principle, that it may sometimes vetain most of its
energy, but undergo charge-exchange; if so, a large fraction of the primary energy may be transformed
almost directly into a soft-cascade. No evidence, however, for such a process involving a m-meson
of great energy has hitherto been reported.
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PLATE 15-6. Interaction of a secondary particle from a jet >

A nuclear interaction of a primary particle of energy 1000 BeV occurs at the point 4. One of the
secondary shower particles, 3, makes a collision, at the point B, of type (7 5p). The greater angular
dispersion of the shower particles from the event of lower energy is well displayed; cf. Plate 15-5.
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hH36 MASS MEASUREMENTS

Table 15-2

No. of secondary stars
produced by
n;u tag | 20 charged
e secondaries
Munvey (1954) 1 4
Lav et al. (1954) 2 9
Brissour ¢t al. (1956)
2 $
EpwarDs ef al. (1958) | [ 1 48
LoHRMANN and
TrvcHer (1958) 8 51
Total L 23 107

¢) Identification of particles in the outer fringe

(i) Direct mass measwrements

The methods described in the previous paragraph are indirect and provide no evidence for the nature
of the particles of the inner core which are not pions. The particles of the outer fringe may, however, permit
a more direct approach. They are of much lower energy, being projected ‘backwards’ in the C-system
of the primary interaction, and in favourable cases significant measurements of scattering are possible.
In principle, direct mass-measurements would be of great value, for when dealing with the results of
nucleon-nucleon collisions, the samples of particles in the outer fringe and the inner core—correspond-
ing very nearly to particles emitted backwards and forwards in the C-system, respectively—must be
closely similar:

In order to distinguish particles of different mass among those of the outer fringe of jets, Daxirn
et al. (1952) took advantage of the small changes in grain-density which occur for values of pf/me
between 2 and 10; see, for example, Fig. 5-4. p. 162. Working with glass-backed plates, and the cor-
respondingly short lengths of track, they found approximately equal numbers of w-mesons and heavier
particles (K-mesons and protons) among the charged secondary particles of the outer fringe. Their
results were subject to large statistical errors, and should be treated with reserve.

Fig. 15-3 shows the results of later measurements on tracks of particles in the outer-fringe of jets
produced by protons and a-particles of energy ~1000 BeV (EpwARrDS el al. 19538). The events were
recorded in stacks of emulsion: measurements were confined to tracks longer than 1 em in each emul-
sion, and to plates in which ‘spurious scattering’, as determined by measurements on neighbouring
tracks due to particles of great energy, could be proved to be negligible. Tt was thus possible to deter-
mine the quantity pf with a statistical error of ~10% for values < 10 BeV/e; and to measure the
blob-density to within ~1:5%. With these methods, among 20 particles with pfi<7 BeV/c, for
which diserimination between m-mesons and heavier particles was possible in principle, it was reason-
able to attribute about a third to protens or K-particles, but no final conclusions were possible, on
account of the statistical errors, and the serious uncertainty in the precise form of the relation between
b* and ppe.

PLATE 15—7. ¢Jets’” produced by particles of energy 1000 and 2000 BeV >

Two events, of types1-+9p and 0-4+4p, produced by particles of energy 1000 and 2000 BeV,
respectively. A secondary particle from the event at 4 on the right, makes a nuclear interaction
at B, and produces a disintegration of type 7-13p. Events of this type show conclusively that the
number of shower particles resulting from a nuclear interaction gives a very unreliable indication of
the energy of the primary particle. The greater angular dispersion of the secondary particles in the
interaction of lower energy is well displayed.
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PLATE 15—7

Ilford G5 emulsion,



Nueclear interaction of a primary proton of energy 30,000 BeV

PLATES 15—8 and 15-9

In this event, of type
(22-+76p), recorded in a
stack of plates exposed ing
balloon tlight at 90,000t
about half the shower par-
ticles are in the central
core, and cannot be indivi-
dually resolved. The track
of the primary particle, p,
is coincident with the axis
of the main core of secon-
dary particles. The track
of the heavily ionising par-
ticle, immediately to the
left of the primary, was
produced by an outgoing
proton which came to rest
in the emulsion. The ‘core’
can be traced through the
emulsion and glass of 22
plates, and the develop
ment of the soft-cascades
due to the decay of nl
mesons can thus be studied.
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PLATE 15—9
Hiord G5 emulsion. Bristol (1952) unpublished.
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“Jet® of mesons from nuelear interaction of great energy

PLATE 15—10
Tlford G5 emulsion. Bristol (1952) unpublished.

In this plate, the particles of the central core of the event shown in Plates 15-8 and 15-9, here
seen at a point about 3 mm from the centre of disintegration, can be individually resolved. Events
of this type can usually be readily followed through the plates of a stack because of the dense core,
and the tracks due to associated electrons of the soft component.
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INELASTICITY OF INTERACTIONS

In experiments with monoenergetic beams of stable particles, the attenuation length, A, of the
particles—the distance in matter over which the number of particles with the given energy is reduced
by a factor e—is equal to the nuclear interaction length, 4;,;. In contrast., when dealing with an encrgy
spectrum ot incident particles, the attenuation length will be defined as the distance over which the
number of particles above a given energy, X, falls by a factor e. The ratio = Autt/ Ay is then always
=1, the equality holding only when all interactions result in catastrophic absorption (see Grurses
and WALKER 1953). The extent to which 8 exceeds unity depends on the distribution of the primary
energy among the secondary particles.

In determining the attenuation-length, it is convenient to restrict observations to those made af
atmospheric ‘depths’ large compared with the interaction-length (=100 g/em? in air) of the primary
protons; the great majority of the particles which produce showers will then be of secondary origin,
Consider those of energy above B,. The relative numbers, N/C, of showers produced by neutral and
charged primaries is then

N [EN(f)Y - gilneutrar g Aatt 1
e = e — —— A — e O .- 3§
¢ [ZN (£:)7 + gilenargea Jint I =N (f:\q;

where &; is the number of particles of type i’ produced in the parent interactions: f; is the average
fraction of the primary energy which they each receive; g, is the probability of survival before decay
in one interaction length; and y is the exponent (1.75) of the integral energy-spectrum.,

As an example, assume that the secondaries of the parent interactions are pions and nucleons
only; and that, on average, one secondary nucleon is thrown forward from the parent interaction,
together with six pions of equal energy.

It attention is confined to showers produced by particles of energy =50 BeV, then I =0; g.+~1;
and g, =g, —=1. Table 15-4 then shows how & and V. [C vary with f,, the fraction of the initial energy
of the interaction taken by the emerging nucleon. If the value of N,/N, is increased, 8 does not change
appreciably, whilst the values of N/€' move towards unity.

At primary energies ~50 BeV, the value of N|C observed at mountain altitudes in work with
emulsion is 0-9 4-0-2—BRrROWN ef al. 1949 whilst GrEsEN and WarLkEer (1953) found 0.77 4 0-12 by
measurements with ionisation chambers. The ‘attenuation length® of the shower producing radiation
according to CAMERINT ¢f al. is ~125 gfem?, corresponding to 8 ~1.25, and [, ==0-3. These results there-
fore suggest that in the parent interactions of energy <2100 BeV, the nucleon commonly re-emerges
with not more than 50% of its original energy.

PLATE15—11. “Jets’ of mesons produced by particles of energy ~ 3000 BeV and ~ 9000 BeV, respectively

Tlford G5 emulsion. Danier, Davies, Munvey and Prrerss (1952).

In the left-hand event, of type (0-- 28p), no heavily jonising particles are emitted, and it may be
attributed, tentatively, to a proton-proton collision at the point P. The dense central ‘core’, photo-
graphed in a single setting of the microscope, can be distinguished, although only a few of the tracks
within it are clearly resolved.

The right-hand photograph shows a Jet of type (0 -32p), due to primary particle of energy about
9000 BeV. The angular distributions for the two events, transformed to the C-system, arve shown in
Fig. 15-18.
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Nuclear interaction of a secondary particle from a *jet’

PLATE 15—12

This photograph shows a secondary
interaction, of type (1 --5p) due to one of the
shower particles of energy about 2000 BeV,
originating in the event shown in Plate 15-5.
Five such interactions of particles from this
event were observed. Such studies of secon-
dary interactions allow the mean ‘inter
action-length” of the shower particles to
be determined. Many similar disintegrations
must have oceurred in the glass and were
thus lost to observation. There are greaf
advantages in making similar studies in
stacks of stripped emulsions, especially if
the stack has a length of the order of the
interaction-length, i.e. ~33 cm, so that a
large fraction of the secondary interaction
are recorded.

The largest stack of emulsions employe
hitherto appears to be one of 22.4 litre
exposed by balloon at great altitude in
experiment carried out in a collaboration
between the Universities of Minnesota aul
Bristol.

Tlford G5 emulsion.
Bristol (1952) unpublished.




lfopd (45 emulsion,

This event is analysed on pp. 560 ef seq. It is remarkable for the small number of secondary particles
ud their angular distribution. The particle producing the track S, subsequently malkes the disinte-

Nuelear interaetion of a proton of energy ~ 40,000 BeV

P
. ¥ e .y
. i
\ * " o
e,
%, tel
A
|‘ .
- h
'
e".‘f“ N
y '.;
"
., A
~y
1
ra .
e i E
¥ k2l o]
BE e ;/
bk
e
e S
PR A
.&_I_ . a
I s
.. 7 »
LB -
i - 1' ."‘-'\g.
= e 8 <"-\a
-‘h.- '..é:’ ‘@
- . ‘q-. 73 o iy
‘e “- s e
AL oo
5 Ty -
SN e
T " Y
Wy :.-““'
. 5oL
Ll e RSN
. * e W

-
5l o gt
» e
Il Tt |
y.'.l‘
o R ‘_..t,
5
L

PLATE 1513

cration shown in Plate 15-17, p. 565.
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Secondary phenomena from a primary interaction at 40,000 BeV
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Ilford G5 emulsion. PLATE 15—14

(a) Single track, S, with origin of electron-pair near A.
(b) Pairs of electrons due to the conversion of p-rays.
(¢) Disintegration due to a neutral particle.

pairs



562 Development of electron-cascades from high-energy interaction

(a) (b) (e)
Ilford G 5. PLATE 15-15

primary interaction, and that the other three shower particles are all emitted at wide angles and are
steeply dipping. The event therefore illustrates the dangers of missing some events of very high energy
in “area scanning’. P denotes the track of the primary particle, presumably a proton; S;, S, and 8§,
are shower particles, emitted at wide angles of 47°, 27° and 23°, respectively, to the primary direction,
The projected angle of S, with the primary, on the other hand, is < 0-0015°. Tt is difficult to measure
the difference in the angles of dip of 8, and P with great precision, but it is definitely less than
~0-01°,

In Plates 15-15 and 15-16, the corresponding distances, «, from the primary interaction O are shown
in mm. Plate 15-14 ¢ shows an interaction, N, at & — 34 mm of type (8 -+ 33n), produced by a neutral
particle, of energy ~28.000 BeV as estimated from the angular distribution of its secondary shower
particles. The direction of the secondary particles from N makes it certain that the neutral primary was
associated with the event at P.

Plate 15-15 shows the striking variations which may occur in the density of the shower cores as
the soft cascade develops. Plate 15-15 a shows the appearance of the shower at a point about 4 mm
beyond Plate 15-14¢. The shower particles from the interaction N have now diverged, and about
half the tracks seen in the photograph are electrons from pairs P, P, and P,. In Plate 15-15 b, however,
x=49 mm, i.e. 15 mm from N, the core has become intense once again owing to cascade multiplica-
tion along the axes of all three pairs.

Plate 15-16 shows the appearance of the cascade at =11 ecm, 2= 22 em. In this last photograph,
the increasing diffuseness of the cascade is apparent.



Development in emulsion of electron-cascades from high-energy interaction 563
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Tiford G 3. PLATE 15—16

A further interaction, B, of type (5--7p), was observed at x=220 mm. From the relative posi-
tions of this interaction, and of the somewhat dispersed ‘cores’ due to pairs B, P, and P, it was
concluded with some confidence that star B was produced by particle S,. Its energy is estimated to
have been 2200 BeV; see Plate 15-17.

At 2—235 mm, i.e. 1 mm beyond N, a fourth electron pair materialised, P, of quite low energy,
30 BeV. Tts direction clearly indicated that it originated from the primary interaction 0, and not
fiom event N. The absence of further high-energy ‘cores’ in the electro-magnetic cascade, suggests
{hat, in the primary interaction, only two neutral pions were produced, at least in the inner ‘core’
of the primary interaction, leading to pairs 14 inclusive; and further, that no neutral pions of com-
parable energy were emitted from interaction N.

The total energy in event O must have been ~40,000 BeV. Thus, if it is assumed that the particle
producing the star N is collinear with the primary P, the angular distributions of the secondary par-
ticles 8y, Sy, Syand §,, and of the two n-mesons can be determined; the result is shown in Fig. 15-16
and Fig. 15-12; B, F, G. This distribution is consistent with that expected in a nucleon-nucleon
wollision of primary energy ~40,000 BeV. It is of special interest that the secondary particles are
projected backwards and forwards in the C-system at extremely small angles, < 1:5°. Assuming that
the particle which produced star N was a neutron, it follows that only about 15-20% of the primary
energy was radiated in the form of w-mesons in the first collision. This result is in agreement with the
im of the estimated energies of the pairs, 5500 BeV, and that of the particle, S,, 2200 BeV.
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Disintegration due to a scecondary charged particle from a jet

PLATE 15-17

lford G5 emulsion.

Disintegration of type (5 -7 p), due to the secondary particle S, from the event shown in Plate 15-13.
The angular distribution of the shower particles from this event is shown in Fig. 15-12, p. 550, and indi-
cates an energy of ~ 2200 BeV for the particle. )



Caseades following from the nuclear interacetion of an a-particle of energy 106 BeV

& fz

Y

PLATE 15—18

Tlford G5 emulsion.

The cascades are developing in pure emulsion, the distance from the point of disintegration being
shown for each photograph.



Cascades of electrons from the nuclear interaction of an a-particle of ~ 10¢ BeV.

B, Py R

11

PLATE 15—-19
Tford G5.
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Nuelear collision of secondary particle with energy ~ 106 BeV

PLATE 15—20
Tlford G5 emulsion.



SOFT CASCADES 571

I'lie evidence that the apparent primary of the disintegration shown in (j) can be attributed to S,
dopends upon the fact that it is in the appropriate position with respect to the y-ray cores, especially
) in (m). see Fig. 15-17. It must be remarked, however, that since the primary of the original event is
u zparticle, and the multiplicity of the first disintegration is so small, the most reasonable assump-
lion is that only one of the four nucleons of the primary «-particle was involved in the first interaction.
I{ 50, it would be most reasonable to assume that S; is one of the three remaining nucleons, the other
two being neutrons. If indeed one only of the nucleons of the parent o-particle was involved in the
oriainal interaction, the tracks of the other three should have an angular divergence of ~1077
widians. Their paths at 22 em from O would then be separated from one another by only ~0:02p.
i is therefore possible that the observed disintegration at W is due to any one of these

( Continued at top of page 572)

Development of eascades in a sandwich of lead and ¢mulsion
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PLATE 15—21

Ilford G5 emulsion.

Cascades of electrons from an event of energy about 40,000 BeV, observed in an assembly of
lsad and emulsion; see Fig. 15-10, a. The cascades are shown at 2 cm, and 5 em from the original
interaction, the effective cascade-length in the composite medium being ~1 em. The photograph
shows the great concentration of tracks brought about by reducing the radiation-length from 4 cm,
the value characteristic of pure emulsion,

There would be some advantage in employing heavy elements with Z > 82, in place of lead for
concentrating the ‘soft-cascades’. Thus, uranium 238 has Z =92 and a density of ~21; the cor-
responding radiation-length would be ~3 mm instead of 5mm in lead. Among other objections to
its use, however, is its residual y-raciation which would fog the plates in long exposures. Gold would
he preferable to lead because of its higher density, and it is readily rolled into thin sheets, but its
great value, and the hazards of flights by balloon or by aircraft, prohibit its use. Tungsten with 2%
nickel has a radiation-length of ~4 mm, and offers a valuable alternative.
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Tlford G5 emulsion.

The tracks were identified by measurements of scattering and d-ray density.



Tracks of heavy nuelei of the cosmie radiation

zZ=12. Z=14.

I T [ S B
——— St ———

PLATE 16—-2

[ford G5 emulsion. Damvron, Fowrer and Kexr (1952).

The tracks were identified by measurements of scattering (z), and d-ray density (Nj).



Tracks of hydrogen, helium and lithium nuelei of the primary cosmie radiation
moving at relativistic veloeities
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Tracks of beryllium, boron and earhon nuelei of the primary cosmic radiation
moving at relativistic veloeities

Be B [ 6

] | n L| i |

Tlford 45 emulsion. PLATE 16—4 Damrox, Fowrer and Kenr (1052),



Tracks of nitrogen, oxygen and neon nuclei of the primary cosmic radiation
moving at relativistie veloeities
N (6] Ne

S TR 2

Ilford G 5 emulsion. PLATE 16—5 Darnron, Fowrer and Kext (1952),



Tracks of heavy nuclei of the cosmie radiation moving at relativistic velocities
Z=12 L1 Z—=1441 Z=20+1

| | | 1 i |

Ilford G5 emulsion. PLATE 16-6 Dainron, Fowner and Kent (1952).



592 PHOTOMETRY OF TRACKS
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Fig. 16-5. Distribution of the obscuration produced by the tracks of heavy nuclei. at different

distances from the trajectory. The measurements were made using a slit of equivalent width

1 p in the focal plane of the objective, the values being normalised to 100 for observations on the

axis of each track. (a) Measurements for the tracks produced by nuclei of Ne, A and Fe moving

at relativistic velocities. (b) Similar measurements for an Fe nucleus at regions near the end
of the range.

With the above simplifying assumptions, consider the obscuration produced by a track parallel
to the plane of the emulsion and scanned by a narrow slit which moves across the track but always
parallel to it. Ignoring both statistical fluctuations and the contraction of the emulsion after process-
ing, the grains may be assumed to be distributed with circular symmetry in any plane normal to the
track. Suppose the density of grains at a distance » from the axis of the track is equal to S(7). The
fractional reduction of intensity due to grains between » and » |- dr, when the microscope is focussed
on the axis of the track, is then given by the relation: 6I/I=—1Fk. S(r). dr, where & is a constant
which depends upon the mean size of the developed grains. Tt follows that I = I e~ */S0-dr 1
effect, for this particular setting of the microscope, the obscuration produced by the track is closely
similar to that which would occur if all the silver in the track were projected on a plane parallel to
the surface at the depth of the track. For other settings of the microscope, when it is focussed at points
displaced from the axis of the track, the same conclusion is valid if the aperture of the objective is

(Continued on page 594 )

PLATE 16—7. Collision of a earbon nueleus with a free proton 3

A slow carbon nucleus—compare the track with that of similar particles in Plates 16—4 and 16-8—
collides elastically with a hydrogen nucleus in the emulsion. The interpretation is based on the observed
range of the recoiling proton, and on the change in direction of the carbon nucleus of known momentum.
The detailed study of the collisions of nuclei with individual protons is of great interest because of
its bearing on the problem of the origin of the cosmice radiation.

Such collisions with interstellar hydrogen will sometimes cause the fragmentation of the nueclei,
They will therefore change the form of the ‘mass spectrum’ of the particles reaching the upper atmo-
sphere. The modifications will be more profound the greater the distance of the source from the earth.
Any satisfactory theory must allow for such effects in accounting for the observed mass spectrum
of the incoming particles; see p. 638.



Collision of a carbon nucleus with a free proton

Mford G 5 emulsion. | | | | 1 | Damxton, Fowrer and Kaext (1951).
L——jg}l ———l
PLATE 16—7



596 OBSCURATION DUE TO TRACKS

¢) Empirical expression for the obseuration produced by a track

The results described in previous paragraphs allow an expression to be deduced for the obscuration
produced by the track of a relativistic particle as a function of its charge, Z. Thus, from Sect. 3, p. 101,
it follows that if 1/g is the mean size of the gap which may exist between developed grains, the number
of gaps per unit length in the core of the track is equal to ~ge™, where u is the mean diameter of
the developed grains. The total length of the gaps, per unit length of core, is therefore ¢, so that
the fraction of the core obscured by grains is ~1 — ¢, The value of g varies approximately as 7
(see, however, p. 104), so that putting uw=0-75 @, and assuming the value of g for a singly charged
relativistic particle to be 0-25 (1.71), the obscuration due to the core is given by the relation O, (core) —
0-75 (1 —e~™1%7%). This value of the obscuration may be assumed to apply to a region extending to
~0-4 y on both sides of the trajectory of the parent particle.

Consider now the effect of the d-rays on the obscaration in the region between 0-4 and 2-5 from
25

the trajectory. The obscuration for this region is given by 2[(1 — e 27%)qx. To a first approximation
this equals - ik
“kZR 25 .
2 [ —z; 02 =2kZ2In 4)—. Eq. (16-iii)
04

In a typical result in G5 emulsion, the obscuration due to the track of an iron nucleus, in a region
Ly from the trajectory, is ~70%. Substitution then shows that J~ (Ya6)?. 1t follows that the con-
tribution due to d-rays, in the case of a slit 5u wide centred on the track in the focal plane, is
given by (5:431073) Z2. The total obscuration due to both core and d-rays is therefore given by

Oy ~a(l —e %) 1 c 72, Eq. (16-iv)

where @ =075, b= 0-18 and ¢ = 5-4 x 10-3. The corresponding variation of the obscuration with 22 is
shown in Fig. 16-7, for this and other slit widths, and displays the poor resolution for values of Z
between 4 and 10.

d) Determination of charge Z hy photometry

In the above treatment. it has been tacitly assumed, (a), that the grains absorb light incident
upon them without scattering; and (b), that there are no other scattering centres in the emulsion,
neither developed grains nor ‘fog’. In such conditions, and in the absence of diffraction, grains in
sharp focus would appear black, irrespective of their depth in the emulsion. Tn practice, it is a matter
of common observation that the contrast in the image becomes progressively less at increasing depth.
This is mainly due to the scattering of light by the medium above the grains. As we have seen, p- 108,

(Continaed on page 598

PLATE 16—8. Nueclear eollisions of carbon nuclei

In the event at 4, a carbon nucleus, identified by measurements of N, and &, was moving with a
velocity close to that of light. As a result of the collision, it decomposed into three a-particles. The
latter, which were identified hy measuring the scattering and grain-density of their tracks, emerged
with nearly equal velocities. This observation, and the absence of tracks associated with the evapora-
tion of a struck nucleus, makes it reasonable to attribute the event to a collision with a proton. The
latter recoiled and produced the track diverging to the left. If this interpretation is correct, the colli.
sion is closely similar, as seen by an observer moving with the centre of mass of the interacting par-
ticles, to the well known reaction in which earbon is disintegrated into three a-particles under proton
bombardment. The possibility that the observation represents a glancing collision with a heavier
nucleus, while less probable, cannot however, be excluded,

In the right-hand photograph, the incident carbon nucleus, and the hydrogen, helium and lithium
nuclei into which it decomposes at B, all produce tracks sufficiently long to allow the particles to he
identified. The nature of the other secondary particles is uncertain, but it is probable that they
are m-mesons produced in the interaction,



Nuclear eollisions of carbon nuelei
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Tford G 5 emulsion.



598 DETERMINATION OF CHARGE

the magnitude of the scattered light can be greatly reduced by confining the illumination to the region
in the focal plane of the objective immediately adjacent to the track, but even so a considerable
effect remains.

The scattering in the overlying medium leads to a nearly uniform diminution in the degree of
contrast in the image of grains in the immediate neighbourhood of the tracl, for most of the scattered
light comes from centres relatively remote from it. Grains in the core and those a few microns from it
are therefore nearly equally affected.

The above difficulties complicate the problem of determining the value of Z from the apparent
obscuration produced by the track: Thus, we have seen that the obscuration, measured by a narrow

slit at a standard distance, x, from the axis of the track should be approximately proportional to Z°
oo — Iy

Inideal conditions it would then be possible to measure Z by determining the quantity Lo , where

o0
I, is the transmitted intensity at x, and 7__ a similar quantity at a distance sufficiently remote to ensure
that the track produced no significant obscuration, but not so far removed that effects due to a change
in the general translucency in moving across a plate might be important.
In practice, however, the quantity i"‘};f"’ for a given track is found to change as a result of varia-

o0
tions in contrast of emulsions in the same stack, and with changes in depth within a single emulsion.

Tt is therefore necessary to adopt some method of ‘normalising’ the observations. For this purpose,
it would be an advantage to have a completely opaque object in the emulsion, such as a wire, and to

measure the amount of light in its image. In practice, it is convenient to measure the intensity in the
image of the core of the track, I, corresponding to 2 =0, and to determine the quantity f‘”;‘r—' — s

=
a is found to be almost independent of the optical conditions and it can therefore be taken :108 a m%a:’mre
of the charge Z, but the precise relation between them remains to be determined.

From the point of view of determining Z, the weakness of the above method is that I, does not.
in general, correspond to the complete obscuration of light by the core of the track, and allowance
must be made for this fact.

As a demonstration of the transparency of the core of the lighter nuclei, events are sometimes ob-
served in which one of the heaviest nuclei disintegrates in the emulsion, a secondary nucleus with charge
7 ~8 heing produced ; the latter may be identified by é-ray counting or other methods. Such an event

allows the quanti f,y I“’T_L‘L to bedetermined for both of two nuclei in nearly identical conditions. Similar

o0
observations of nearly equal value may be made on tracks of unrelated nuclei which, by chance, pass

i : o dge — 10 . 2
near one another. Such observations give an average value for ~= 5 — % ~0-45 for oxygen nuclei in

o0
G5 emulsion, and ~0-75 for the heaviest nuclei recorded. A charge spectrum based on measurements
of this type for 156 tracks of particles with Z =8 is shown in Fig. 16-19, p. 638.

The average values shown in Fig.16-19 for the quantity % allow the degree of obscuration in

o0
the core of the lighter nuclei to be estimated, if it is assumed that the core of any one of the heaviest
nuclei is completely opaque. Thus, for oxygen, the average obscuration of the core is estimated to be

~0:45/0-75 ~0-60.

PLATE 16—9. Fragmentation of earbon nuelei by eollision

The three photographs show the three modes of fragmentation of the carbon nuclei, illustrated
in Plates 16-7 and 16-8, at a higher magnification. Observations of this type sometimes allow an in-
dependent determination of the charge of the incident particle, the most reliable examples being those
in which no relativistic singly charged particles emerge, so that uncertainties associated with meson

production are absent.
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Fragmentation of earbon nueclei by collision
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DaintoN, FowrLER and KexT (1952).

[lford G5 emulsion.



600 VELOCITY OF HEAVY NUCLEI

5. DETERMINATION OF THE VYELOCITY OF HEAVY NUCLEI

Since the d-ray density in a track is given by the relation Nyoc Z2 . f(v), the velocity of a particle
as well as its ionisation must be measured in order to determine the charge. For this purpose a number
of methods may be employed:

Given suitable measurements of ionisation and velocity, the charge carried by an individual nucleus
can be determined. Because of its important bearing on the problem of the origin of the cosmic radia-
tion, many experiments have been made to determine the charge ‘spectrum’ of the primary particles,
Typical results based on a variety of methods are shown in Figs. 16-15 to 16-21, and the subject is
discussed in pp. 633 ef seq. Conclusions about the velocity of heavy nuelei can be based on the follow-
ing observations:

(i) Measurement of range

In exposures at high latitudes, a considerable fraction of the primary heavy nuclei are of low energy
so that they may be brought to rest in a stack and their ranges measured. Assuming 4 =22, the
observation of Ny at a given value of the residual range allows the determination of Z by a procedure
analogous to that used in applying the (g, R) method in measurements on the tracks of particles of
unit charge; see p. 154.

(il) Measurement of scattering .
Kz)1—p
M
If again it is assumed that 4 =27, M = A .m,—2% . m,,, then scattering measurements give a measure
of the velocity of the particle. This method can be applied only to tracks with small angles of dip—1to
about 10% of the tracks in the type of exposure commonly employed. This method was first used hy
Damwron et al. (1951); it is particularly appropriate in high magnetic latitudes, where the proportion
of slower heavy nuclei entering the atmosphere is large.

Tor a particle of charge Z, mass M, the scattering parameter is given by the relation: s —

(iii) Use of geo-magnetic cut-off

At low geo-magnetic latitudes (4<<40°), the magnetic field of the earth prevents the entry into
the atmosphere of heavy primaries with energy less than 1 BeV/nueleon. At high altitudes in these
latitudes therefore, practically all the heavy nuclei are moving at relativistic velocities. A measure
of Ny, or of ionisation, then permits the determination of charge; see BrapT and Prrers (1950). For
values of f>0-75, the grain-density or the §-ray density of a track is practically independent of velocity
see IMig. 16-8. In applying this method, it is important to remark that relatively slow fragments may
sometimes enter the stack during the period of the ascent.

(iv) Study of nuclear interaction

It a primary particle makes a nuclear collision in its path through the emulsion, its velocity may
sometimes be inferred from the characteristics of the resulting disintegration. The methods employed
are discussed in pp. 606 et seq.
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PLATE 16—10. Fragmentation of a magnesium nueleus into a-particles

The incident nucleus, magnesium (Z=12), or aluminium (Z = 13), was identified by observations
of Ny and &. It fragments into six «-particles as a result of a collision with a nucleus in the emulsion,
As shown by the grain-densities in their tracks, the helium nuclei emerge with nearly equalvelocities,
The seventh track, of similar grain-density to the central six tracks, is due to a deuteron of low energy,
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Fig.16-8. Results of measurements of & and Ny on the tracks of heavy nuclei recorded in photo-
graphic plates exposed at high altitndes at geomagnetic latitude 55° N. The dotted lines cor-
respond to constant values of the residual range for particles of different charge, and the full
lines show the expected variation of Ny with @ for particles of different charge. Values of the
kinetic energy per nucleon are indicated at the top of the figure.
(After DAINTON et al. 1952.)

PLATE 16—11. Nuclear eollision of magnesinom nueleus with meson produetion >

A relativistic magnesium nucleus interacts with a nucleus of the emulsion with the production of
about 20 charged mesons. Four a-particles emerge from the encounter. In (b), at a point 500 y. from the
disintegration, the tracks of three of the «’s are still unresolved from one another, showing the very
small value of their relative transverse momenta. The three particles together produce a track of
density intermediate between that of relativistic Li and Be nuclei. In (¢), 8mm from the disinte-
gration, the three tracks can be resolved, the fourth being to the right and outside the field of view.
By chance in (d), 15 mm from the disintegration, the three tracks re-approach one another as a resull
of scattering; and in (e), 19 mm from the disintegration they have crossed over and finally diverge
from one another.

In this event, a satisfactory measure of the energy of the particles can be obtained by measuring
the relative scattering of the a-particles. The value obtained was 2 BeV/nucleon.

A reasonable explanation of the very low transverse momenta of the three a-particles, ~8 MeV/ec.
is that they resulted from the spontancous disintegration of a ("2 nucleus from an excited state just
above the threshold for the reaction ("2->3«; compare, for example, the pairs of «’s resulting from
evaporation of Be® in the ground state from silver or bromine nuclei; see Plate 13-13, P. 469,
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Nuclear eollision of magnesium nueleus with meson production
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Collision of nitrogen nueleus with meson produetion

PLATE 16—12

Tlford G5 emulsion. Damvrow and Fowrer (unpublished).



COLLISIONS OF HEAVY NUCLEIL

6. DISINTEGRATIONS OF FAST HEAVY NUCLEIL

| The interaetion length

By following the tracks of heavy primary nuclei from their points of entry into a stack until they
ither escape from it or interact with nuclei, the value of the ‘interaction length’ may be determined.
\Ithough the statistical weight of the early observations was not great, and the charge of the particles, Z,
aihject to some uncertainty, there was general agreement between the results from different laborato-
iies. They indicated that the interaction length does not vary significantly with the energy. Table 16-1
summarises the results of experiments by Kaprox efal. (1954); Rajorapuyr and WADDINGTON
1058). CesTER el al. (1958), FowLsr ef al. (1956) and ENGLER ef al. (1959). These authors also studied
the characteristics of the disintegrations produced by the energetic nuclei.

Talile 16-1. Interaction length in emulsion in cm, of heavy nuelei of different types as determined by different authors
(G5 emulsion: =382 glem®)

Rago-
Charge Karrox EaDH el CrsTER Fowier | ExcLEr
and Caleu-
group et al. Wiis s et al. et al. et al. Tsted
Z (1954) e (1958) | (1956) (1959)
TON
(1958) ‘
3-5inc. | 16-14 51 157415  135+16 13328 | 152
6-9 inc. | 156+ 1-6* 135409 | 13-6+1-0 | 13-2£1:9 | 134
10-19 inc. 10-4 -+ 1-4 99+1-3 10-2
> 20 704 1-4 92118 76
=10 9-641-3 9411 11-541-1 | 965-£1-1 | 10:9 - 2:9 ‘ 97

The caleulated values are those deduced from Eq. (1€—v). * Corresponds to Z = 6— 10, inclusive.
The interaction cross-section for an incident nucleus of radius E;, colliding with a target nucleus
of radius R,, may be expressed in terms of an empirical relation introduced by Brapr and Pururs

(1950) -
o=m(R;+ R;— R)?, Bq. (16-v)

where R, =R, Aﬁl Assuming B,=1:45x10" cm, R may then be deduced by comparing the
experimental results with those computed. With R =117 R,, Eq.(16-v) is found to be valid, within
an error of - ~15%, for all particles, provided that either the incident or target nucleus, or both,
have atomic numbers, 4 >12. In particular, the calculated interaction lengths in emulsion, for nuclei
ranging from helium to iron, deduced from it, are in good agreement with those found experi-
mentally. Tt is therefore reasonable to use Eq. (16-v) to estimate the relative frequency with which
primary nuclei of various masses interact with the different atomic components of the emulsion.
The results calculated for normal Tlford G5 emulsion are included in Table 16-2. It may be seen that,
apart from the increased frequency of collisions with hydrogen, the relative proportions of the primary
nuclei which interact with light and heavy elements change little in passing from Z =3 to Z=30.
(ross-sections for the interactions of protons of different energy with a variety of nuclei have been
determined by experiments with beams of particles from the accelerators; the corresponding values
for the collisions of these nuclei with hydrogen, for the same relative velocity of approach, are there-

fore well established.

< ' PLATE 16—12. Collision of a nitrogen nueleus with meson production

A nitrogen nucleus makes a collision in which several m-mesons are produced. The event is remark-
able because of the large proportion of the associated tracks which are long enough to permit the cor-
responding particles to be identified. The parent nucleus fragments into a lithium nucleus, a deuteron
and several protons. As indicated in the Plate, four of the secondary particles can be identified as
m-mesons. The three fast particles of charge e, which produce tracks diverging to the right, are also
probably m-mesons. The energy of the parent nucleus was about 2 BeV per nucleon.
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Table 16~2. Relative frequencies of collisions of nuclei with different constituents of the emulsion as deduced from
equation (16—v). The corresponding interaction lengths in emulsions are included together with analogous results for air

~

. nuelei =5
Target nuelei ™~ H! ‘ Het | Be? e B8 | Feb

S, Incident | Normal G5

H ‘ 4 8 11 14 17 | 20
CNO(S) 24 28 29 30 31 31
AgBr(T) 72 | es | 0 56 |52 | 49
Interaction length

in em 28 20 15 13 97 71

x2gel (G5)

H 6 | 12 | 16 | 20 |23 |27
CNO(S) 38 | 40 | 41 | 42 |41 | 40
AgBr(I) 56 | 48 | 43 | 38 | 36 | 33

Interaction length
in emulsion; em 33 22 ‘ 16 14 9-8 7-0
Interaction length ! |
in gf/cm? for air ‘ 72 | 45 33 28 | 20 14

h) Features of the disintegrations produced by heavy nuclei

A very striking feature of the collisions involving primary heavy nueclei is the frequency with which
a fast secondary heavy nucleus, or a number of o-particles, emerge from the encounter. Nuclei with
Z= 2 are never emitted at relativistic velocities from disintegrations due to fast protons. It is there-
fore reasonable to assume that any fast heavy secondary particlesformed a part of the incoming nuclens,
and that they are fragments of it; that they are produced in peripheral collisions between two nuclei,
only a few of the nucleons of the primary fast particle, or of the target nucleus, being involved in the
impact. In such a collision, it may happen that the main groups of nucleons of the interacting nuclei
are not sufficiently disturbed to be disrupted, a heavy nuclear fragment emerging from the encounter
with a velocity little different from that of the incoming particle; whilst a fragment of the struck
nucleus is given little velocity and remains intact in the emulsion.

In the ‘head-on’ collisions between two nuclei, however, both of them may be completely dispersed
into their component nucleons (see Plates 16-14, 16-19). In such events, and when the primary particle
is moving with great energy, the number of secondary products of the impact—mesons and other
particles—may be very great because of the large number of nucleon-nucleon collisions involved. It

( Continued on page G08)

PLATE 16—13. Fragmentation of an energetic iron nueleus >

A relativistic iron nucleus of the primary cosmic radiation makes a nuclear interaction at A, pro-
ducing a number of mesons. The relativistic nuclear fragments of the primary are seen well resolve
in (b), 3 mm away from the point of disintegration; they are due to lithium, oxygen and helium nuclei,
respectively, The event is unusual in that two fragments with charge Z =3 are produced.

The single heavily ionising particle from the struck nucleus is a proton of short range. The target
nucleus cannot have been a free proton because the singly charged particle, track p, moved backwards
with respectr to the line of motion of the primary; it must therefore have been ‘evaporated’ from the
struck nucleus. Tt may be remarked, a priori, there is an equal probability that the slow proton migt
have been ejected in the forward direction. If so, the event might then have been wrongly attributed
to a collision with a free hydrogen nucleus. The event therefore serves to emphasise the need for
caution in attributing events to collisions with free protons when a single proton appears to recoil
from the interaction with a primary particle.
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Fragmentation of an iron nucleus of great energy
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Fig. 16-9. Angular distribution of a-particles and heavier fragments arising from the fragmentation
of nuclei with different values of Z. (a) and (b) are from measurements in plates exposed in
N. Ttaly (A=45°), where the measured ‘ cut-off* is 1-5 BeV/nucleon; and (¢} from plates exposed
over Guam (4=10°). 6 gives the true inclination of a secondary particle to that of the primary.
not its projection. In (a), ‘Z=19" should read ‘Z=9-19".

The angular distribution for the heavy fragments is much narrower than that for a-particles;
and the g-particles from the Guam exposure are more confined than those from N. Ttaly, cor-
responding to the greater average energy of the particles in an exposure near the magnetic equator.

for only a small part of the increased divergence of the secondary o-particles from the heavic
nuclei.

The energy spectrum and the geomagnetic ‘cut-off” were determined for the exposure which pro-
vided the results in Fig. 16-9 so that the effective value of p in Eq. (16-vi), pyy, is known for
each charge group, assuming the velocity spectrum at the top of the atmosphere to be identici
for all values of Z= 3. The mean energy, I, , of the secondary a-particles in the L-system of the cosmic
ray primary can therefore be computed, and the corresponding values for each charge group are
included in Table 16-4. The results show that the energies are of the same order of magnitude as those
of a-particles emitted from disintegrations resulting from the collision of protons with nuclei of the
emulsion. The tendency for a-particles of higher average energy to result from the collisions of the
heavier nuclei may be attributed to the greater Coulomb repulsion to which they are subject.

If four or more -particles emerge from the fragmentation of a heavy primary particle, their angular
divergence usually allows an approximate estimate of the energy of the primary, using Eq. (16-vi)

PLATE 16—14. Head-on collision of a magnesium nueleus with one of bromine >

A nucleus of charge 12 4- 2 makes a nuclear collision and fragments. The incident particle is almost
completely dispersed into its parent nucleons, and the struck nucleus js also shattered. As a result, this
event provides a rare example in which the struck nucleus can be identified with considerable confidence.
The total charge carried by all the fragments of both nuclei is ~47¢. Since the energy of the primary
is only ~700 MeV/nucleon, the production of many mesons is improbable; since the charge on the
primary is ~12e, that of the struck nucleus must have been ~35¢; it was bromine. Note that the
incoming particle is wrongly labelled CI.
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Sometimes, however, this procedure gives a gross overestimate of the primary energy, because some
a-particles emerge from the encounter with very low values of transverse momentum. This is most
likely to happen when the parent nucleus is completely evaporated into single nucleons and e-par-
ticles, there being no residual nucleus. The effect of Coulomb repulsion upon the emission of o-par-
ticles is thus greatly reduced; see Plate 16-11, p. 603.

Estimates of primary energy for events from which only three a-particles emerge, are subject fo
large statistical fluctuations, for an a-particle produced by evaporation from a struck nucleus
may, by chance, be ejected in a direction only little inclined to that of the parent particle.

The angular distribution of fragments with Z =3 resulting from the collisions of heavy nuclei is
included in Fig. 16-9. Corresponding to the smaller velocities of these particles in the C-system, they
tend to be more closely confined to the direction of the primary. For these particles also, the mean
square deflection is found to be greater for the heavier nuclei. This effect may be attributed to the
greater average number and energy of the evaporation particles; the increased resultant transverse
momentum more than compensates for the greater average mass of the secondary fragments evapo-
rated from the excited nucleus.

Similar measurements of the angular spread of w-particles have been made in emulsions exposed
near the equator ((Jram, 2 = 10°) where a large fraction of the primary particles of lowest energy are not
present. The results of the measurements are included in Fig. 16-9. The smaller angular deviations of
the a-particles, compared with those in higher latitudes, are apparent. Tf it is assumed that the mean
value of the transverse momentum of the «-particles in the C-system is unaltered at this higher energy,
and that the primary momentum spectrum above ‘cut-off’ is also unchanged, an estimate can be made
of the geomagnetic ‘cut-off” at Guam, compared with that in N. Ttaly; the measured value of the
latter is 3-2 BeV/c. The effective ‘ cut-off’ at Guam, is thus found to be 9--0-7 BeV/e, a result in good
agreement both with geomagnetic theory, and with the measured flux of o-particles and heavy primaries
described on pp. 628 and 630.

d) Disintegrations due to electro-magnetie interaction

In the collisions between nuclei, in addition to effects due to the specitic nuclear forces, disinte-
grations may also result from electro-magnetic interactions between the particles, a virtual photon
from either incident or target nuclens being absorbed by the other. Using the Williams-Weizsiicker
method, the equivalent photon spectrum for an incident nucleus of charge Z;, mass number A, . if
o is the fine-structure constant, is found to be given approximately by the relation:

AT ‘72 72 B?I‘Ci " dk R sy

A(k}.dl‘_&.él‘,f_(lnﬂ 04). 52, Eq. (16-vii)

where [ is the photon momentum; B = 7 ! 3 fe being the veloeity of the incident particle; b is the
1 BN 2

minimum impact parameter, the sum of the radii of the interacting nuclei, smaller values being classed
as nuclear interactions. This approximate expression falls to zero when B/(kb) =0-5. A more exact
expression (see Herrner 1954) gives a rapid fall in the spectrum when B/Ekb—1. This means that the

virtual photon spectrum extends up to k ~ Blﬁ' ©  which is ~ 150 MeV for B= 3 in the case of two light
)

nuclei. The intensity of the spectrum varies as Z2, and depends only logarithmically on B, for low
energy y-rays.

Ior photons of energy = 40 MeV, the major processes are (y, p) and (y, n) reactions. They are
most probable for y-rays of energy ~20 MeV, for interactions with all nuclei. The total area under
the peak in the curve showing the variation of cross-section with energy is about 150 mb><MeV for
the (y, p) reaction at ~20 MeV; see STravon (1953).

PLATE 16—15. Meson production by a sulphur nueleus >

A sulphur nucleus, moving with a velocity in the relativistic region, suffers a nuclear collision and
leads to the production of a ‘jet’ of about 25 mesons. Several of the tracks in the main jet are not
individually resolved in the photograph. A fluorine nucleus, Z=19, appears as one of the fragments
of the parent particle.



lford G5 emulsion.

Collision of a sulphur nucleus with meson producetion
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PoweLn (1950).
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Disintegration due to relativistie lithinm nueleus

PLATT 16—16

[lford 45 emulsion, Bristol (unpublished).

The plate shows a disintegration produced by a relativistic Li nucleus from which only two shower
particles emerge. The primary particle is definitely a lithium nucleus and not a slow «-particle, for the
fwo tracks ¢ and b are both produced by relativistic particles. Further, the exposure was made at a
seomagnetic latitude where the cut-off was determined as 1-5 BeV per nucleon.

The event provides a clear example of an interaction from which the relativistic secondary particles
rmerging carry a total charge less than that of the primary; see Fig.16-12, p. 622, the value of AZ
being — 1. Tt thus emphasises the need for caution in assuming without reservation that the charge
carried by the relativistic secondaries is equal to, or greater than, that of the primary.
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High energy interactions involving a single nueleon of a complex nucleus
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In 5% of the ‘stars’ produced by «-particles, a fast He nucleus emerges from the collision: Plate
16-17, b shows an example of such a disintegration. The proportion of such secondary nuclei due to
[e3 has not been established, but it is reasonable to suppose that in an appreciable fraction of such
events, a single neutron of the parent particle interacts with the target nucleus, the remaining three
nucleons proceeding intact. Similar results for heavier primary nuclei have been obtained by
Wappmvaren (1957); see Fig. 16-11, b.

Checks on the methods for determining the charge of nuclei moving at relativistic velocities can
wometimes be obtained from a study of those of their nuclear collisions from which no relativistic singly
charged particles emerge. It is then certain that charged meson production has not taken place; the
charge of the primary is then usually equal to the sum of the charges of all the relativistic particles
into which it decomposes. As an indication of the frequency of such events, among a sample of
765 interactions involving heavy nuclei, there were only 21 in which a-particles or heavier nuclei were
sheared off the primary, and from which no singly charged relativistic particles were emitted.

Iy Meson production by heavy nuelei

Typical disintegrations with which secondary tracks of fast singly charged particles are associated
are commonly of little value in such an analysis, because tracks are contributed by positive and negative
mesons. This conclusion is illustrated in Tig. 16-12, where the frequency of events for which the
quantity X7, — Z, = AZ assumes different values is plotted for a sample of disintegrations due to
heavy nuclei. X7, represents the arithmetic sum of the charges of the relativistic secondary
particles from a given event, taken without regard to sign.

4 PLATE 16—17. High energy interactions involving a single nucleon of a complex nucleus

(a) A primary Li nucleus, with energy ~ 2-5 BeV/nucleon as determined by scattering measure-
ments, disintegrates a target nucleus of silver and bromine into ~11 slow fragments. In addition,
two shower particles are emitted, of which one track is indicated by an arrow; the second was steeply
inclined to the plane of the emulsion and its track cannot be seen in the photograph. The main mass
of the lithium nucleus was deflected by only ~0:02° in the collision, and emerged with its charge
unchanged. The most probable explanation of the event is that the interaction involved one of the
neutrons of a nucleus L%, the main mass, Li%, proceeding without being dissociated. If so, it follows
that a nucleon of energy ~2.5BeV, on making a peripheral collision with a nucleus of silver or
hromine, may sometimes cause a dispersal of the nucleons of the struck nueleus.

(b) A disintegration produced by a relativistic «-particle which appears to emerge from the en-
counter. There are four secondary particles of low energy from the struck nucleus, the tracks of two of
which are superimposed. The most probable interpretation is that the target nucleus was of oxygen,
which was decomposed into four slow a-particles. The primary o-particle suffers a detlection of about
1" in the interaction. The disintegration may be attributed either to an electro-magnetic interaction or to
one only of the neutrons of the primary o-particle which emerges as He3.

(¢) Disintegration of fast e-particle. Tn this event, an o-particle is decomposed by a nuclear inter-
action, but there is no evidence for the disintegration of the struck nucleus. Two tracks, almost cer-
fainly due to protons or heavier hydrogen nuclei, emerge from the point P, where there is a
sudden reduction in grain-density. Such events in which no ‘star’ results from a collision are not
infroquent and account for ~3% of the interaction cross-section in emulsion. A small proportion
may be attributed to the disintegration of the a-particle in the Coulomb field of silver or bromine
nuelei, but most are due to nuclear interaction in which the products of the struck nucleus were
neutrons only. It is probable that one only of the neutrons of the primary z-particle was involved in
the collision, the two protons and a neutron proceeding forward with little change in velocity.
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were found to be unreliable (Stvpson ef al. 1956, WanpineTon 1956, and FowLEr et al. 1956, 1957, a
and 1957, b), the expected values at geomagnetic latitudes between 40-55° N sometimes differing from
those observed by a factor of two. It was therefore necessary to re-examine the conclusions drawn from
the early work on the energy spectrum, and direct measurements become important.

In using the photographic method for determining a-particle fluxes, the energy of the slowest
particles can be deduced from their observed range. At higher energies, it the particles are moving
with non-relativistic velocities, measurements can best be made from the track-density, ¢*, multiple
scattering measurements being made only to ensure that the particle is of charge Z = 2. For energies
greater than ~500 MeV per nucleon, the density of the track is almost independent of energy, and
the determination must then be based on scattering measurements alone.

Using these methods, and others based on counters, the differential energy-spectrum of the a-par-
ticles at high altitude has been determined for the interval between 130 and 500 MeV per nucleon,
at a number of places in N. America, including several at high geomagnetic latitudes. Typical results
are shown in Fig. 16-13, where the results are given for four values of 4. At the left side of the figure,
the distribution in the values of track-density of the g-particles is shown; and at the right, the cor-
responding differential energy-spectrum, the lower limits on the energy due to the absorption of the
overlying air being indicated. It may be seen that the number of low energy a-particles increases in
passing from 1 =41°N to A=61° N. The forms of the energy distribution are closely similar, how-
ever, for values of 1 =54 and 61° over North America. It follows that geomagnetic etfects are not the
cause of the plateau in the distribution at energies << 500 MeV/nucleon, and that in this respect, the

( Cantinued on page 628)
R

* \ + American results
K © English results Fig. 16-14. Integral energy spectrum of a-particles as
\ N WENIEN. | determined at different geomagnetic latitudes, by obser-
00 =% vations with emulsions: +, results at 55° N over North
N America; o, at 55° N over Southern England; e at 45° N
"\ over Northern Ttaly. The full line corresponds to a distri-
o % bution represented by the equation: N, (B)= 370/(K+
0-94)15, where E represents the kinetic energy per nuc-
100 - leon, measured in BeV. Note that the abscissa shows
“i“‘“}}.k the total energy, including the energy corresponding to
}\{' the rest-mass, 0-94 BeV.

\T Observations on six jets produced by ws-particles. one of

[

N

which is shown in Plate 16-18, opposite, and of which
the energies were estimated to be =800 BeV per nucleon,

50 N

allow an approximate value for the integral flux at the top

\ of the atmosphere to be determined. The result thus ob-

Particles /m? /steradian/sec

tained is 1:7% 1072 g-particles/m?/sterad/sec. This value
\ lies on,the continuation of the full line in the figure, As-
suming that the values both of energy and of flux in the
above estimate are in error by a factor of two, the cor-
20 responding index of the exponent of the integral spectrum
G B A e &8 g is thereby changed by only - 0-15.
Total epergy ——— BeV/nucleor (FowrLeEr and WappixeToN 1956.)

PLATE 16—18. Nuclear disintegration due to an e-particle with energy ~ 3000 BeV >

A nuclear disintegration of great energy produced by an a«-particle. The star is of type 15+ 1364;
that is, 15 star particles, with tracks of grain density > 1-5 g, and 136 shower particles emerge from
the disintegration; it follows that about 200 charged and neutral pions were created. The energy of
the primary, as deduced from the angular distribution of the shower particles is ~ 800 BeV/nucleon.
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observed spectrum is characteristic of that outside the range of influence of the earth’s magnetic
field. Had the spectrum continued to rise at lower energies, the particles would have been
recorded and detected in increasing numbers down to a limit set by ionisation loss in the air above
the apparatus. The observed broad peak is characteristic of the primary spectrum and is not due
to a failure to detect tracks. Briefly, the differential spectrum of the o-particles far from the earth
does not continue to rise indefinitely as lower energies are approached. It reaches a broad maximum at
between 200 and 500 MeV per nucleon, and there is a fall in intensity for both lower and higher energies.
The results shown in Fig. 16-13 illustrate the great sensitiveness of the spectrum of the a-particles
to changes in the value of A for values of the geomagnetic latitude in the neighbourhood of 4 =50°.
The changes here are so rapid that the low-energy end of the spectrum of primary o-particles at high
altitude is sensitive to changes in the locality of a flight of about 30 miles; the ‘cut-off’ ‘rigidity’
for the vertical direction varies approximately as cos* 2. The results also illustrate the nature of the
departures from simple geomagnetic theory. Thus for the flight over N. Missouri (4=»50-5°N),
the theoretical cut-off is ~700 MeV/nucleon, whereas it may be seen that 30% of the particles have
energies less than this limit, the distribution showing evidence of a ‘cut-off’ at ~350 MeV/nucleon—a
value which would have been expected for =055 N according to the geomagnetic theory. The
results of a similar analysis from flights over N.Towa (1=054° N), where the predicted cut-off is
at ~450MeV/nucleon, show that the spectrum extends down to 200 MeV per nucleon; the cut-off’
is obscured because ionisation in the overlying air prevented the slowest particles from reaching
the staclk.

The above results refer to the North American continent ; those for North-West Europe are strikingly
different. In illustration, Fig. 16-14 shows the integral energy-spectrum for a-particles, (a), at 1 =55"N
over North America; (b), at 2 =55°N over Southern England; and (¢), at 2 =45°N over Northern Italy.
Note that in this figure the results are plotted against the total energy per nucleon, a quantity which
includes the energy equivalent to the rest-mass of a nucleon, 0-94 BeV. It may be seen that whereas
there is no clearly distinguished ‘cut-off’ over North America at 1 =>55°, and it is certainly less than
200 MeV/nucleon, for the same geomagnetic latitude over Southern England there is an apparent
‘cut-off” at about 600 BeV per nucleon. The prediction for 1 =55° is 350 MeV/nucleon; whereas the
American values are much too low in this respect, those over Southern England are too high. Similarly,
for Northern Italy, 1 =45° N, the integral energy-spectrum suggests a ‘cut-off” at about 1.5 BeV per
nucleon, whereas the expected value is near 1 BeV/nucleon. These diserepancies cannot be explained
in terms of the fact that the equivalent dipole of the earth’s geomagnetic field is not centrally placed.

These results, and observations by Smipson ef al. (1956) on the minimum vertical flux of neutrons at
aeroplane altitudes, which determine the effective cosmic-ray equator, can be brought in to approxi-
mate accord if the geomagnetic pole is shifted by about 400 miles from the commonly accepted posi-
tion at 68° W, 783° N, towards the American continent. This is approximately equivalent to taking
the magnetic latitude, as determined from the regional angle of dip, instead of the geomagnetic latitude,
in estimating the ‘cut-oft’. These effects appear to be a consequence of the influence on the ‘cut-off’
of the detailed local features of the magnetic intensity near the top of the atmosphere.

For energies greater than 4 BeV/nucleon, scattering measurements are generally unreliable. The flux
of a-particles observed at the geomagnetic equator gives a measure, however, of the number with energy
greater than about 6-7 BeV/nucleon, although the precise value is not yet known. In emulsions exposed
over Guam, a rough estimate of the cut-off energy for heavy primaries has been deduced from obser-
vations on the angular distribution of the a-particles which result from the fragmentation of the heavy
nuclei. The value obtained is 7-2 4+ 1:0 BeV/nucleon. It is reasonable to assume that this value is also

PLATE 16=19. Collision of earbon nueleus with energy ~ 20,000 BeV >

A carbon nucleus makes a nuclear collision ag a result of which more than 100 charged mesons
are created, about half of which are in the central ‘jet’ of secondary particles. The velocity of the
incident nucleus has been determined from the semi-vertical angle of the cone which embraces half
the secondary particles. The incoming particle was dispersed into its component nucleons as a result
of the collision.



Collision of earbon nucleus of energy ~ 20,000 BeV
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630 ENERGY SPECTRA OF HEAVIER NUCLEI

valid for primary «-particles. The flux of -particles at the same place was determined by WergER
(1957) and McDowarp (1957), who both made experiments with counters and found values of 14
and 16 o-particles per m?/sec/sterad. The flux of a-particles at Galapagos has been measured with emul-
sions by Suapmro ef al. (1957); they obtained the value 2242 g-particles per m?/sec/sterad. The
cut-off at Galapagos is expected to be somewhat lower than at Guam, viz. ~6 BeV/nucleon, owing
to the displacement of the Earth’s dipole field. That a cut-off of 6 BeV/nucleon is a reasonable csti-
mate is borne out by the neutron survey of Stmpsox et al. (1956). These equatorial values of intensity
straddle the ecurve corresponding to the empirical formula for the energy spectrum: N, (= F)—=
370/(# +0-94)1% particles/m?/ster/sec, where £ is the kinetic energy measured in BeV per nucleon.
This relation, for low energies, is shown by the full line in Fig. 16-14.

d) Energy speetrum of particles Z = 3

Knowledge of the energy spectrum of particles with Z =3 is much less precise than that for x-par-
ticles. It is probable, however, that the distribution of the primary flux of these particles, in energy
per nucleon, is closely similar to that for o-particles. The following evidence supports such a view.

Iirst, the relative numbers of «-particles and heavier nuclei observed at high altitudes show no
significant variation with changes of latitude. It follows that the constitution of the primary radiation
changes little with variations in the energy per nucleon for values between 0-4 and 6 BeV, and that
it is similar to that for the higher energies, for any significant changes would be reflected in the average
composition at different latitudes.

Direct scattering measurements on the tracks of particles with different values of Z, and with
energy in the interval between 300 and 700 MeV per nucleon, by DAINTON ef al. (1952) showed that the
proportion of these particles with relatively low velocity is similar to the corresponding ratio for «-par-
ticles. Direct evidence for the presence of even slower heavy particles was obtained by Yagopa who
measured the number of tracks of short range due to heavy nuelei, in experiments at great altitudes
over Minnesota.

PLATE 16—20. Nuelear interaction of oxygen nucleus of energy about 40,000 BeV >

Tvents of this type are important in providing a direct demonstration of the presence of heavy
nuclei amongst the particles of greatest energy in the primary cosmic radiation.

An oxygen nucleus interacts in the emulsion at O, giving rise to fifty-four shower particles. Three
slow particles are ejected from the target nucleus; by chance they are all in the ‘backward’ direction.
Eight of the shower particles are contained in a cone of semi-vertical angle ~3 31073 degrees. Tt is
certain that most of these “inner-core’ particles are protons from the decomposition of the primary
nucleus.

In (a), the central core is quite unresolved. (b) and (c) show the form of the jet at points ~5 and
~12mm from the origin O, respectively. In Plate (b), pairs of tracks, due to electrons created in the
conversion of two yp-rays, can be seen.

The energy of the primary particle can be estimated in two ways: (a) from observations of the re-
lative scattering of the secondary particles of the inner core over a track-length of 17 em; (b) from the
angular divergence of the fragmentation protons; and (¢), from the angular distribution of the other
shower particles, most of which are mesons. The first method gives a value of 2500 -1 1000 BeV/nucleon:
the second ~2000 BeV/nucleon; and the third, ~4000 BeV/nucleon. Such independent checks arc
of great value. The event provided a homogeneous jet of protons, accompanied by a similar stream
of neutrons, all with the same energy per nucleon within narrow limits. Tn general, such streams
previde a very valuable randcm sample of nuclear disintegrations in emulsion, due to nucleons of
the same energy. In the 20 em of emulsion traversed by the particles from this particular event, unly
one interaction occurred; it was produced by a fast neutral particle, wh..h made a star of type
15+ 45n. Tts energy as determined from the angular distribution of the secondary mesons was
5000 BeV. Many of the mesons from the primary event interacted in the stack. Three of them,
not in the inner core, gave disintegrations with an estimated energy of ~1000 BeV.

The event was observed in the G-stack exposed in N. Italy in 1953.
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Nuclear interaction of oxygen nucleus of energy 40,000 BeV

w.tu?.&

Qu’- s

Sk, o
R lum J a
. L -
V .

Qtf o mmern @b -

.4.<

SR s "
- . W,,. L 8

a‘&m .utt. T .twt

o - i

\ vtﬁwu.&...s%.

. ¥ seg v

.o.-t,.l..

el
s T T

PLATE 16—20

Unpublished.

TIford G5 emulsion.
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PLATE 1

Tford G 5 emulsion. (Bristol, 1951; unpublished).

Plate A shows the track of a relativistic carbon nucleus whose track dipped at only 2° in the un-
ed emulsion. Plate B shows two tracks from a nuelear disintegration, with an angle of dip

process
regions of the same glass-backed emulsion,

of about 30°. The two photographs are from neighbouring
and illustrate severe examples of a form of distortion known as ‘chopping .
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APPENDIX 3

SCANNING BY UNAIDED EYE

Tt has already been mentioned on p. 524 that the number and density of electron tracks at about
7 radiation lengths in electromagnetic cascades in emulsion of energy about 1500 BeV is sufficiently
great for the cascade to be rendered visible to the unaided eye, as a faint diffuse line. At still higher
energies, the electromagnetic cascades become readily visible over an appreciable number of radiation
lengths. It is also possible to detect the tracks of individual heavy primary nuclei, if of Z >16: these
give rise to sharp rather than diffuse lines. The amount of light obscured by relativistic heavy primary
tracks has been given in Fig. 16-7, p. 595. The visibility, and hence the threshold for detection,
depends on the length per emulsion sheet of the cascade or track, as well as on the transparency
of the emulsion, and the number and form of any silver deposits or seratches on the surfaces. Scanning
by eye, either unaided, or possibly assisted by a low power lens, is an efficient and useful way of quickly
detecting high energy cascades. In the two ‘Comet’ stacks described below, some 600 cascades were
detected in this manner.

As an illustration of the possibilities of such scanning, Plates II and 111 show seven contact
prints of various emulsion sheets. Care has been taken in each of the seven prints to reproduce as
nearly as possible the degree of contrast and general appearance of the original emulsions; in each
ase the print shows part of an emulsion sheet at its natural size. It may be seen that Plate I1L, B
shows much more surface deposit on the emulsion than the other plates. In this plate, the severe
markings happen to be on the glass-emulsion interface, and so are difficult to remove. They were due
partly to the use of 6 p. terylene foil as a spacer between the lead and emulsion sheets, and the conse-
quent electrification produced in unwrapping the emulsions; and partly to the faet that the emulsions
of the stack were packed under considerable pressure for a prolonged period.

PlateIl, A is a contact print (naturalsize) of part of an emulsion sheet, 600y thick, flown on a balloon
over Minnesota for 8 hours at an atmospherie depth of ~6 g/em®  This emulsion sheet formed part
of a stack of pure emulsion of total volume 22 litres, shared between the Universities of Bristol and
Minnesota, The particular emulsion shown contained an exceptionally flat cascade, extending right
across the plate. At its maximum density, this cascade, when examined by a photometer, using a
slit of width 10p, is found to obscure 20% of the incident light. The primary nuclear disintegration
responsible for this cascade occurred in a metal counterweight just beyond the bottom corner of the
stack. The stack was turned over shortly after the balloon reached ceiling: the cascade occurred before
this inversion took place, and thus, in the plates, comes upwards from the lower left-hand side.

In the same photograph, the tracks of many individual heavy primary nuclei can be distinguished.
A few of the more prominent have been indicated by crosses at their extremities. The contrast between
the diffuseness of the later stages of the line due to the cascade, and the sharpness of the lines due

PLATE I1.  Contaet prints of emulsion sheets exposed at high altitude by balloons >

Plate 11, A shows a contact print of part of an emulsion exposed at high altitude over Minnesota.
The very flat cascade is prominent; some shorter tracks due to heavy primary nuclei are indicated
by crosses at their extremities. Unfortunately most of the black marks are due to scratches and silver
deposit on the emulsion surfaces.

Plates 11, B, C and D are contact prints of adjacent portions of three emulsions exposed at high
altitude over Northern Ttaly. An energetic and well developed electromagnetic cascade crosses all
three emulsions. One of the X-ray lines used for registration of the stack is visible on the left-hand
side of each print.

The prints illustrate the different appearance of lines in the emulsions due to heavy primaries,
which are sharp, and those due to well developed electromagnetic cascades, which are relatively diffuse.



Contaet prints of emulsion sheets exposed at high altitude by halloons

Natural size

PLATE 11
Tiford G 5 emulsion. (Bristol, 1956 ; unpublished).



Contaetl prints of emulsion sheets exposed on a BOAC Comet aireralt

P Natural Size

Tiford G 5 emulsion. PLATE 1T (Bristol, 1058; unpublished).
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