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For the last two years we have been working with
emulsion-heavy metal sandwich stacks on high
energy nuclear disintegrations and y-rays. The pur-
pose of interweaving the emulsion with the metal
sheets (which were Pb in some cases, and a tungsten
nickel alloy in others) is to reduce both the interaction
length 4, and radiation length Ag.

In our tungsten stacks 600 emulsion sheets were
interleaved with tungsten alloy sheets which were
1.6 mm thick to form an assembly with density
p~I12 gm/em?, A, ~ 12 cm and ig~6 mm. With
this short value for the radiation length Ag, electro-
magnetic cascades develop rapidly with little lateral
spread, so that they can readily be detected, and more
easily and accurately measured.

Most of our work has been done with stacks of
volume ~20 litres exposed on Comet aircraft at
~220 gm/cm? atmospheric depth, where the majority
of events found are of course secondary to other
interactions in the overlying air. The total time at
high altitude was ~2,000 hours. In all we detected
~3,000 cascades, of which roughly one half were
produced by nuclear interactions within the assembly
(normally in the metal between neighboring emulsion
sheets). The other half resulted from the incidence
of a y-ray or electron on the stack. It is a special
feature of stacks with high Z that discrimination
between y-rays or electrons and nuclear interactions
is good, since 4;/Ag is large. Cascades produced by
y-rays originate, and will be located under the micro-
scope at points close to the edge of the stack, while
those initiated by nuclear interactions within the
stack will originate fairly uniformly throughout the
volume. In addition there is the appearance of the
cascade under the microscope.

Figs. 1 and 2 illustrate the nature of the material.
One of the main measurements we make on the cas-
cades is a measurement of the energy content of the
electromagnetic component. This we do by photo-
metric measurement rather than by track counting.
We find a simple relation between the maximum value
of the photometric density as the cascade develops
D,... and the cascade energy E. For y-ray cascades,
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where A is the grain area produced by each electron
(including contributions due to J-rays) measured in
p?/mm. Ay is the radiation length as before, measured
in cm.

We have been able to check this formula in a few
cases, where for example a single n°-meson is re-
sponsible for the cascade. The angle between the
two y-rays then gives us the energy. Fig. 3 shows
such an example.

For cascades produced by nuclear interactions,
conditions are complicated by effects due to the trans-
verse momenta P with which the various y-rays
are emitted relative to each other. At high energies
(21500 BeV) the y-rays are effectively collinear and
the measurement of the density gives a measure of
the total energy of all the y-rays, using the same formula
as that for y-ray cascades. At lower energies the
angles of emission will in general be larger (since
P is nearly constant), and straightforward application
of the formula will lead to a progressive under-
estimation of the cascade energy. No correction
has been made. An experimental check is being
made on this correction factor now. We believe
it will be ~1.3 at 400 BeV.
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The main result of these measurements, which have
been made in four separate exposures, has been the
determination of the energy spectrum of the two
classes of cascade. These are shown in Fig. 4.
First results were reported in the Moscow Cosmic
Ray Conference 1959. A similar spectrum above
1000 BeV was reported by the Tokyo group at the
same conference, but for E, <1000 BeV the spectrum
flattened off. The experiment was performed at
mountain altitudes. The y-ray flux has been deter-
mined to lie between 400 and 6000 BeV, and is well
represented by N,ocE~*®. This may be compared,
both to the estimate of the cosmic ray primary flux,
which is NcpyocE™"%, and to the m-meson flux as
estimated from the flux of high energy p-mesons,
determined at sea-level or underground, which is
NgyocE™18,

If charge independence is to hold, then clearly the

n° and n* energy spectra must be the same at any
given atmospheric depth. p-mesons at sea level
come predominantly from ~25 gmj/cm? depth.
y-rays at jet aircraft level come from ~170 gm/cm?
depth. These are similar. I assume for the moment,
that the y-rays result from n° decays.

If we have a beam of unstable relativistic particles
with an energy spectrum dN = E~¥*YdE, which
decay, it is readily shown that the ratio of the number
of secondaries with energy exceeding F to that of
their parent (the “ spectrum factor ”) is given by,

f (Bmax )ﬂ o (Smin )ﬁ i
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where f is the number of secondaries per parent
particle, and ¢.;, and ¢, are the minimum and
maximum values for the ratio of the secondary to
primary energy.

Table T shows the relative efficiency with which
various elementary particles transform into p and
y-ray beams, using accepted values for branching
ratio in decay, and decay probability at high energy,
and the spectrum factor as given above.

If we consider pions we have the number of

ws = 0.63f,N_*

Vs — 0.33N % }hence uly = 1.9f, for pions;

for K-mesons u/y = 25f,
for A° hyperons p/y = 2f,

for X-hyperons p/y = 2.2f;
for = hyperons u/y = 1.0f,

Only K-mesons give a ratio of p to y flux appreciably
different from that of the pions. They produce
considerably more p-mesons. A possible explanation
of the difference between the y-ray and u meson energy
suggests itself, namely that the sea level p-mesons
at high energy are produced predominantly from
K-mesons which have a flatter energy spectrum than the
pions. If this is so it follows that K-mesons take
away more energy than pions, which might well
explain the low figure for the proportion of primary
energy transformed into this soft component in
nuclear interactions that is obtained in emulsion
work. It also follows that P for K mesons should
be appreciably greater than that for pions, unless
they are appreciably more peaked in the forward
direction. This is not so at 30 BeV from the CERN
results reported here, but their K mesons are not
K* pairs. At still higher energies 26000 BeV the
y spectrum should flatten out, so as to reflect the
K spectrum; more measurements should elucidate
this point readily. I must mention however that a
K-meson origin for the high energy sea-level muons
is contrary to the conclusion of the authors on the
zenith angle dependence of the underground mesons.?

Next I will discuss the cascades due to nuclear
interactions in the stack. The feature to which
I wish to draw attention is the “ elbow ” in the spec-
trum at about 4000 BeV. For higher energies the
spectrum is given by E~1°*02. for lower energies
it is certainly steeper, with an index of about —2.5
or becoming ~—2.8 if a correction of 309, to the
energy is applied at the lowest energy points. [ do
not feel that this is a manifestation of the cosmic ray
energy spectrum; rather I feel that it is a feature
of high energy collisions that the proportion of energy
transformed into y-rays in a collision no longer falls with
increasing energy. We feel we have entered a ne wregime,
and hope in future experiments to see if other param-
eters also change their character.
energy for this transition is ~10'* eV.

The primary

I would now like to break away from these energy
spectra and consider our highest energy events.
We have six examples of nuclear interactions where
more than 50,000 BeV was given to the soft cascade.
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Fig. 3 Cascade resulting from a single #° meson of energy 4000 BeV. (a) Just after the materialization of both y-rays; (b) 1 nm&m.:p.o:
length from (a): (c) 4 radiation lengths from (a); (d) 6 radiation lengths from (a). In (a), (b) and (c) the two cores can be distin-
guished; in (d) they have merged.
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The abscissa on the left indicates (vertical y ray

flux) X 108 cm—2 sec~! ster—1; on the right, the vertical flux of nuclear particles (in the same units) capable of giving cascades of

energy greater than E.
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Table I. Relative efficiency of transformation into muons and y-rays for various particles
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In three of these, the disintegration was one km away,
so that ~30 gm/cm? or 0.6 radiation lengths of air
intervened. In each case the stack was peppered by
the secondaries. Two of the other cases occurred
in the packing material, and one in the emulsion itself.
Fig. 5 shows a plan of the stack; both structure and
fine structure are observed. The very close multiplets
of y-rays or electrons can be attributed to electro-
magnetic processes, since P relative to each other
is ~1 MeV/c. Such subdivision is often to be
expected. In those three cases the energy spectrum
of the y-rays has been measured, over a factor of 10
in energy, and the result can be expressed for each
star as
2de

1.5°
&

dN ~ where ¢ = E/E

max

and E_,, is the energy of the highest energy y-ray.

Integration of this expression gives an average
value of eight, for the number of y-rays for which
0.l <e<l. There is some selection bias towards
high multiplicity in these families, which is difficult
to evaluate, but an approximate fraction of all high
energy v-rays were to be found in these three
showers. We will use this formula in trying to
determine the nature of the primary of the next
event | wish to discuss.

This last event was found, very recently, in a balloon
flight exposure—it caused us great excitement. It
appears that 600 particles were created in the dis-
integration. Fig. 6 (see plate following p. 830) shows
four views of the early stages of development. The
large multiplicity of y-rays is readily visible.

We can measure the convergence of these y-ray
cascades and the shower particles readily. It is
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Fig. 5 Structure of “family ” in Comet I. The crosses indicate nuclear events, circles electromagnetic cascades. The energy

of the cascades is given in units of 10° BeV. The total energy
90,000 BeV.

clear that they all—or nearly all— had a common
origin at a point ~35 cm from the edge of the
stack in the aluminum sphere which surrounded
the plate assembly which was ~ 1 mm thick !

We have measured the track density photometri-
cally 300 microns off axis and so obtain a figure of
~250,000 BeV for E, We scanned for shower
particles and individual y-rays to a depth of 1.9
conversion lengths, out to an angle of 2.5x107°
radians. We found 137 y rays, (which upon correc-
tion for the depth to which we carried the scan be-
comes 155), and 202 shower particles. Fig. 7 gives
their angular distributions.

in electromagnetic cascades intercepted by the stack is about

There are several deductions we can make :

(1) The number of K*, p* etc. was 202—155 =
47+20 in the forward hemisphere of the c.m. system.
That is 209 of all particles, a figure which agrees
with that obtained before in emulsion work at the
lower primary energies of ~10'2-10"% e¢V. In this
case, though, it is clear that these particles must be
“created ” particles since the target nucleus was
only aluminum.

(2) P, for the y-rays was ~300 MeV/c, again a
figure very similar to the 30 BeV and 10° BeV data.
This figure is obtained from a comparison of the
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angular distribution of the y-rays to the estimate of
their total energy content.

(3) Taking 600 MeV/c for P, for the shower parti-
cles, we estimate their energy content as ~8 x 10° BeV,
and have that the total energy radiated was
~10° BeV.

(4) The value for y., is not very certain, but
appears <107, as that £, <(2x10°) BeV/c. We may
get a coarse estimate of the number of primary
nucleons that might have been involved in the colli-
sion from comparison with the “family’s ” spectra,
taken at <220 gms/cm® where heavy primaries are
not present. In these cases ~8 y-rays are found
for which 0.1 <g<1; here we have 13, for which

1<60/0,,,<0.1, which suggests that few primary
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nucleons were involved. Further if a heavy primary
(Z=6) were involved, the protons would have to
have received values for P 210 BeV/c, since no
central core of unresolved tracks was found.

On balance we feel that the primary was most
probably an o-particle with an energy ~5x10°
BeV/c, which produced in all about 600 secondary
particles, and the collision was very inelastic.

(5) We see that the angular distribution agrees
very well with Heisenberg’s theory, and in particular
it shows no double hump for either y-rays or shower
particles in spite of its large energy. The full curve
is a Gaussian curve with ¢ ~ 0.8. For such a value
of ¢ pronounced double humping with a peak to
valley ratio ~3 is expected on the two-center model.?
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At left is shown the distribution of shower particles with angles less than 10-2.5 radians, and at

right similar distributions for y-rays. The dashes indicate the distributions predicted by Heisenberg’s theory, the dots the

distributions predicted by Landau’s theory for n-n collisions.
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DISCUSSION

VEKSLER : The Dubna group at Kiev and also at
this conference noticed that there is a very steep rise
in the K production cross section which appears
to begin in the region of several BeV. There may be
an apparent difficulty in explaining these results
because if the steep rise of the cross section takes
place at very high energies, one of the main channels
would be this high energy K-pair production. So the
question I would like to ask is the following : is there
any possibility of getting some idea about that part
of the cross section which is due to K-pair production
at these very high energies?

FowLER : In our experiment I cannot think of
any way, but I would make this point, that in this
analysis we assume that the gamma rays all come
from 7° mesons and if this is not true, then whatever
follows from it is unlikely to be true.

Ticuo : 1 wonder if Fowler would like to comment
on the relative amounts of n’s and K’s on the basis
of the high energy muon spectrum.

FowLER : If the measurements are taken at their
face value we do not require an immense number of

K’s; we just require that their energy content be large,
say about twice that of the 7’s, and then, because of
the more favorable decay probabilities for the K’s
at a given energy, this contribution will be sufficient.
That is to say, perhaps only twice as many K’s as
n’s above a given energy when you fold in the whole
cosmic ray primary energy spectrum, would give
at sea level a predominance of muons formed from
K decay as compared to n decay which is the usual
accepted mode of origin.

vON DARDEL: I just want to remind you that
already at 25 BeV the K production cross section is
about 259 of the corresponding n cross section and
it could well be that at the high energies of Fowler it
could be even more comparable with the = production
cross section.

FowLer : I am very encouraged by that, but I
still repeat that you have to fold in the cosmic ray
energy spectrum and what determines the K meson
energy spectrum predominantly is the manner in
which the cross sections change with energy.
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PARTICLE ABUNDANCES IN INTERACTIONS WITH 25 GeV PROTONS

G. von Dardel, R. M. Mermod, G. Weber and K. Winter

CERN, Geneva, Switzerland

The 25 GeV internal proton beam of the CERN
proton synchrotron is, at the end of the acceleration
cycle, made to interact with a thin aluminum flip
target. The strong focusing property of the machine
will keep the protons in orbit in spite of multiple
scattering and energy loss in the foil until a major
fraction, about 509/, of the protons have interacted
with the aluminum nuclei. Secondary particles will
be emitted from the foil. The energy and angular
distribution of these particles is of importance for
planning further experiments with the machine.
Several exploratory investigations > have been made,
during the initial operation period of the machine,
on the secondary beams at various angles of emission.

A detailed theory of the production process, even
for the simpler case of a p-p collision, does not exist
at present. Statistical theory ® can however be used
as a guide for the energy distributions and composition
of the secondary particles from this interaction. Von
Behr and Hagedorn ® have carried out calculations
with this model for 25 GeV p-p collisions, and have
given the laboratory production spectra at various
angles for the different secondary particles.

The present measurements have been done on
secondary beams leaving the synchrotron at angles
of 6° and 3° with respect to the internal beam. Due
to the deflection of the particles in the fringing field
the angles of emission in the “ 6° ” beam, range from
6.1° to 6.3° for positive particles and from 5.9° to
4.8° for negative particles between 24 and 5 GeV/c.

The “3°™ beam contains only positive particles with
an angle of emission increasing from 3.4° at 24 GeV/c
to 5° at 6 GeV/c. For the present discussion we
will neglect these small variations in emission angle.

The beams were momentum analyzed by a 2.4
meter bending magnet and the velocity determined
with a velocity selective gas Cerenkov counter of
high resolution . Since the Cerenkov counter has
very nearly 100 per cent efficiency the ratio between
quadruple coincidences S,S,S;C with a triple
counter telescope and the triple coincidences in this
telescope S,S,S; gives directly the abundance of
particles of the selected velocity in the beam.
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Fig. 1 Velocity spectrum of 8 GeV/c negative particles emitted
at 6° from the CERN proton synchrotron.
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Fig.”2 Velocity spectrum of 18 GeV/c positive particles
emitted at 3°.

Typical velocity spectra are shown in Fig. 1 for
an 8 GeV/c negative beam and in Fig. 2 for an 18
GeV/c positive beam. K-mesons and heavier particles
are completely resolved while pions, muons and
electrons merge together into a single peak.

The momentum band defined by the magnet and
geometry is associated with a velocity spread of the
particles. As long as the velocity band selected by
the Cerenkov counter is wider than the velocity spread
the peak in the velocity spectrum will have a flat top,
which directly indicates the abundance of the particle
in the beam. For heavy particles the velocity spread
is often wider than the resolution curve and the peak
will be lower and broader. The abundance may then
be determined by comparing the area of the peak
with the corresponding area for a particle of known
abundance.

The abundance measured in this way refers to the
beam at the last counter of the experimental set-up.

To obtain the beam composition at the target the
data were corrected for decay of K-mesons along the
beam. No correction for interactions in the counters
and in the air along the path were made. The pion
abundance was not corrected for decays, since the
decay angles are so small that most of the decay
muons will stay in the beam and be recorded as if
they were pions.

The momentum spectrum of the positive pion com-
ponent in the 3° beam is shown on an arbitrary
scale by the crosses in Fig. 3. The trend of the experi-
mental points agrees well with the prediction of
statistical theory ® normalized to the experimental
value at 10.2 GeV/c. A comparison not only of the
trend but also of the absolute intensity would neces-

100 r T T ) T T T T T T T 100
NORMALIZED
sol- ~150
3° ThspecTRUM N
(ARBITRARY SCALE) o3°
THEORY EXP
20f 20
1o —lo
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2 -2
= —i
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THEORY 3° 30
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. K/ .
2r . . -2
Exp ¢
, Y S N | L1
4 6 10 12 14 1 | 20 P
°© 8 GEVIC

Fig. 3 Crosses: the measured 7t momentum spectrum; the
full curve is the theoretical spectrum, normalized to the experi-
mental point at 10.2 GeV/c.

Open circles : measured p/n* ratio in beams at 6° and 3°.

Full circles : measured K+/n* ratio. The curves are the predic-
tions of the statistical theory for 3° laboratory angle.
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sitate an accurate knowledge of the number of circu-
lating protons in the synchrotron, of the target efficiency
and of the solid angle and momentum band of the chan-
nel. Other investigations ® also show that the pion
production is fairly accurately accounted for by the
statistical theory.

The measured proton-pion ratio, (Fig. 3, open
circles) indicates a large excess of protons above
14 GeV/c and a smaller deficiency of protons below
this energy, compared to the statistical theory. We
believe this discrepancy to be due to the protons which
suffer peripheral collisions, not accounted for by the
usual statistical theory, and which lose less than half
of their initial energy.

The measured K*/n* ratio (Fig. 3, full circles) is
0.2-0.3, almost independent:of the momentum, in the
range 5 to 18 GeV/c. In the negative 6° beam the
K™ /n” ratio was measured as 0.066-4-0.020 at 5 GeV/c,
0.0544-0.007 at 6 GeV/c and 0.0394-0.007 at 8 GeV/c.
For K-mesons of both signs the predictions of the
statistical theory are in fair agreement with these
results, if the interaction volume for processes involv-
ing K-mesons is taken as 1/5 of the ordinary pion-
nucleon interaction volume. If the K*/K™ ratios of
3-5 measured at 6° between 5 and 8 GeV/c are repre-
sentative, most of the K production is associated
with hyperons and only a smaller fraction is due to
pair production of K-mesons, even at 25 GeV.

The antiproton to pion ratio at 6° was measured
a5 0.0144-0.002 at 6 GeV/c, 0.0075-1-0.0008 at 8 GeV/c,
0.00284-0.0006 at 11 GeV/c and 0.0028-£0.001 at

16 GeV/c. The statistical theory predicts much higher
p/n” ratios, ranging between 0.4 at 16 GeV/c and a
maximum of 0.8 at 10 GeV/c, in direct production
of antiprotons. In addition the decay antiprotons
from antihyperons for which the statistical theory
predicts a copious production will increase these
values by a factor of two over most of the momentum
range. Von Behr and Hagedorn ® discuss factors
which may decrease the high predicted antiproton
production. Reannihilation of antibaryons in a final
state interaction after the p-p collision has already
been taken into account in the calculations. For
interactions in nuclei the probability for annihilation
with other nucleons in the nucleus should be strongly
dependent on the atomic weight of the target nucleus.
Since no difference in antiproton abundance at 7
GeV/c was measured between an aluminum and
beryllium target, we believe the annihilation in the
target nucleus to be small at our energies.

The measurements at 18 GeV/c, Fig. 2, and at 10
GeV/c, show deuterons to be present at these higher
energies as well as in the lower energy beams investi-
gated previously? by Cocconi et al. The d/n*
ratio is 0.05 at 18 GeV/c in good agreement with
the prediction of a statistical theory in which the
deuteron is regarded as an elementary particle,
synthesized directly in the p-p interaction.

We wish to express our gratitude in particular to
the machine group of the CERN proton synchrotron,
which by its wholehearted cooperation made the
measurements possible.
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PION CLOUD EFFECTS IN HIGH ENERGY MESON PRODUCTION

E. Friedlander

Institute of Atomic Physics, Bucharest, Rumania

A rather general point of view as to the mechanism
of high energy meson production has emerged out
of the following experimental data obtained in our
laboratory and in collaborations. High energy nu-
clear collisions were recorded in five emulsion stacks.
(A) irradiated by the internal 9 BeV proton beam
at Dubna, (B) irradiated by a 7.3 BeV negative pion
beam, (C), (D) and (E) exposed in the stratosphere
over Italy.

In stack (A), 500 and stack (B), 152 meson showers of
at least three shower particles from light nuclei were
recorded by area scanning and their angular distri-
bution was analyzed in Duller-Walker coordinates.
The same analysis was performed on 78 high energy
nuclear jets recorded in Prague by cascade scanning
in stack (C) and on 53 jets produced by heavy
primaries found in our laboratory by re-scan for
alphas and along the track scan for heavier primary
nuclei in stacks (C), (D) and (E). In (A) and
(E) individual estimates for the c.m.s. Lorentz factor
were obtained. Their spectra yielded the range of
effective target masses and proved the occurence of
collisions involving individual pions in the meson
clouds of the collision partners. Individual disper-
sions estimated for the showers demonstrate the
occurrence of significantly non-isotropic angular dis-
tributions with a bimodal shape typical for two-center
jets. The same bimodal structure appears in the
high energy nucleon jets and in 22 beam-induced jets
also. The following simple model accounts for most
of the regularities of the two-center structure. A

considerable fraction of nucleon-nucleon interaction
can be reduced effectively to a pair of quasi-indepen-
dent nucleon-pion collisions. Each of these collisions
gives rise to a highly excited emitting center. The
Lorentz factors of the two centers in the laboratory
frame and the Lorentz factor of relative motion in
their common c.m.s. are then increasing functions
of the primary energy. This implies increasing
anisotropy of meson showers as a function of energy
with saturation above several hundred BeV. An
additional spurious increase of anisotropy beyond this
saturation limit comes from the non-monoenergetic
spectrum of secondaries in the rest system of the
emitting centers. Expected and observed values of the
ratio of laboratory frame Lorentz factors of the two
centers are as follows: for 9 BeV protons expected
ratio 4.0, observed 3.84-1.2. Heavy primary nuclei,
average energy about 700 BeV, ranging up to 10,000
BeV, expected ratio 6.67, observed 6.614-0.7. In
interactions with complex nuclei central collisions
lead to additional maxima in the angular distribution.
These maxima have been observed at the correct
location in nine jets induced by heavy primary nuclei
of relatively high charge in heavy emulsion nuclei.
No such events were observed above 1,000 BeV. It
appears that in high energy interactions leading to
multiple meson production, nuclear matter does not
behave in a continous manner, but that the individual
nucleons play a major role. The unambiguous two
center collisions at very high energies imply very
small dimensions for the nuclear core.
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