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Interleaved layers of nuclear photographic emulsion and plastic detectors, covering a
total area of 21 m, were exposed to the primary cosmic radiation on high-altitude bal-
loon flights. Flux values, in particles jm2 sr sec, have been estimated to be

J(Z-33)-2.6x10 ',
J(33-Z-40) ~1.9 x10
J(Z~70) & 1x10

These values refer to the top of the atmosphere, after extrapolation through 1.5 g/cm2
of detector and 8.5 g/cmt of atmosphere, for particles with magnetic rigidities above 5
GeV.

It is only recently that extremely heavy parti-
cles with Z - 30 have been identified unambigu-
ously in the cosmic radiation. First measure-
ments of the flux of these particles, referred to
as VVH, were derived from stored nuclear
tracks in crystals found in meteorites' and rep-
resent, therefore, a flux value that was averaged
over the exposure time of the meteorites, typi-
cally 10-100 million years. ' The presence of
VVH particles in the present-day cosmic radia-

tion was first shown by Fowler et al. ,' using nu-
clear emulsions flown on a balloon at high alti-
tudes. Where previously typical emulsion areas
had been of the order of 200 cm', Fowler et al.
used 4. 5 m' and found nine nuclei with Z &40, in-
cluding two inferred as having charges in the vi-
cinity of 92. Nuclei with 26 &Z& 40 were not
readily identifiable because of their possible con-
fusion with the very much larger number of slow-
ing-down iron nuclei.
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The present work, started in 1965,' makes use
of the unique ability of plastic track detectors to
record only heavily ionizing particles in the pres-
ence of much larger numbers of lightly ionizing
ones. We found that the ionization threshold for
the most sensitive plastic known —cellulose ni-
trate (CN) —lies above the ionization level of rel-
ativistic iron nuclei. ' Based on the meteorite re-
sults, the flux of VVN particles was expected to
be of the order of a few particles/m' h. Fortu-
nately several methods' have been developed to
find such widely separated etch-track holes in
plastics, thus obviating the need for tedious opti-
cal scanning. Another attractive feature of the
plastics which has recently emerged is that of
using the rate of etching along a track as a mea-
sure of a particle's ionization rate. ' This prom-
ises to permit precise charge identification, and
so complement the traditional measures avail-
able with emulsions.

Our method employs as its basic unit a "sand-
wich": nuclear emulsion and plastic sheets held
rigidly together. For those particles which pro-
duce detectable tracks in a plastic the corre-
sponding tracks in the adjacent emulsions and
other plastics can then be found and the particles
studied in both emulsions and plastics. Since dif-
ferent plastics have different charge thresholds
for relativistic particles, the existence of a track
in a particular plastic provides an immediate in-
dication of a lower limit to its charge. However,
since the rate of ionization also depends on velo-
city, it is essential that the particle be known to
be relativistic for this method of charge identifi-
cation to be valid. Accordingly, our balloon
flights with large-area detector systems (our
Barndoor series) have been launched from Pale-
stine, Texas, where the geomagnetic cutoff is
around 5 GV.

Barndoor I with 7.8 m' of detector was flown on
23 September 1967, and floated at an average re-
sidual atmospheric pressure of 3.7 g/cm' for
15.0 h. For Barndoor II, the corresponding data
were 13.8 m', 24 May 1968, 3.5 g/cm', and 14.0
h, respectively.

In Barndoor I, three sandwiches of emulsions
and plastics were used, each composed as shown
in Fig. 1. Set A was moved relative to sets 8
and C when the balloon reached float altitude and
also shortly before descent. The different posi-
tions were separated horizontally by two inches,
and the overall effect is to define, for each track
in the 8 layer, different locations in the A layer
which thus distinguish between tracks recorded

V / / / / / / / / / / / / / / /I
I I

DAICEL (CN) 250/A,

NIXON- BALDWIN (CN)

CRONAR (POLYESTER) IOO/

LEXAN (POLYCARBONATE) 250JLL

BLACK POLYETHYLENE BAGS I IO/4

MELINEX (POLYESTER) I80/A.

ILFORD G5 (ON MELINEX) 2008,
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at ceiling and those detected during the balloon
ascent and descent. On the basis of earlier cali-
brations' it was expected that the order of de-
creasing sensitivity of the plastics would be Dai-
cel CN, Nixon-Baldwin CN, and Lexan polycar-
bonate. A total of 72 units made up each of the
A, B, . and C layers. Part of the area of & was
obscured by the aluminum framework supporting
the A layer; we estimate that for 16% of the par-
ticle tracks detected in &, the extrapolated loca-
tion in A will be within the aluminum frame.

After flight, the emulsions were developed by
conventional methods, and the plastics were
etched in 6.25K NaOH solution. The first scan-
ning was carried out in the Daicel B layer. The
B emulsions were used in the early stages to con-
firm the passage of a heavily ionizing particle.
The next step was to follow the track to the Dai-
cel A layer where the available positions were
scanned. In addition to checking in those places
adjacent to tracks in the Daicel layers, the Nix-
on-Baldwin and Lexan were scanned independent-
ly. It is significant that no tracks were found in
this scanning that had not already been found in
the Daicel. Scanning of plastics was done both
optically, using a low-power stereo microscope,
and by the much more rapid spark scanning tech-
nique. ' Excellent agreement was obtained with
the two methods. The results are summ. arized
in Table I.

Classification of a track as "altitude" or "as-
cent" was determined by the position in Daicel A
where the track with similar length and direction
was found. Every unambiguous Nixon-Baldwin
altitude track had a counterpart in the Daicel.

(b)

FIG. 1. (a) Composition of basic detector sandwich
in Barndoor I. (b) Disposition of the three detector lay-
ers in Barndoor I.
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Table I. Breakdown of tracks found in plastics, according to their regis-
tration in Daicel and Nix»-Baldwin and also by classification as altitude or
ascent tracks.

OAI CEL

22 I

CORRESPONDING

TRACK IN NIXON - BALDWIN

67

NO CORRES PONDING

TRACK IN NIXON - BALDWIN

154

ALTITUDE

IS

ASCENT OTHER

l2

ALTITUDE

27

ASCENT

6I

OTHER

66

There were 12 tracks in the Nixon-Baldwin for
which no counterpart could be found in the A lay-
er in either the altitude or ascent positions. This
number is very close to that expected (16%), con-
sidering the inactive fraction of the A layer. Sim-
ilarly, for the 66 "other" tracks listed (Table I),
none had a corresponding track in any available
position of the Daicel A layer. We would expect
about 25 tracks in such a category due to shadow-
ing, and consider that the excess is caused by
particles with Z & 26, which are too lightly ioniz-
ing to register in the DaicelA layer, but have
slowed down enough to be detected by the Daicel
8 layer.

The preliminary charge identification given
here rests on photometric analysis of emulsion
track structure, for the lower atomic-number
particles, and additionally on etching-rate mea-
surements for the two high-Z particles that were
found. At this stage, charge ideritifications are
subject to further calibration, but there are
some statements which can be made with a fair
degree of certainty. All of the 18 altitude tracks
recorded in the Nixon-Baldwin show tracks in
emulsion that are appreciably heavier than those
of iron. All tracks found by independent scanning
in Nixon-Baldwin were also found in the Daicel;
the charge identification in emulsion of the 18
Nixon-Baldwin tracks yields 14 with 33 - Z - 40,
and four with Z &40. We therefore conclude that
Nixon-BaMwin records relativisitic particles
with Z ~ 33 with 100%%uo efficiency. For particles
with 27 & Z ~ 33, we have not yet determined the
efficiency of registration in Daicel and we make
no further statements about these tracks. We ac-
cepted for analysis only those tracks within 60'
of the zenith, thus defining a solid angle of n sr.

In Barndoor II, scanning has so far been con-
fined to the Lexan and two particle tracks were
found by spark scanning. '

Estimates of the threshold for Lexan derived
from low-energy heavy-ion irradiations suggest
that each of these particles must have a charge
of Z ~ 55. Using the photodensitometer at the
University of Bristol, the charges determined
by Fowler's method' are 77 and 84; measure-
ment of the rate of etching of the matching tracks
in Lexan yields charge values of 74 and 80, re-
spectively. Thus for our two tracks, the photo-
densitometer and track-etching methods gave
similar results with the Lexan yielding slightly
lower values. Standard deviations cannot yet be
attached to these estimates of charge, but at
present we consider the values to be uncertain by
no more than -10%. Without laying too much
stress on the precise charge identifications, we
wish to emphasize the basic observation: Two
particles with Z appreciably heavier than 70
were found.

It must be remembered that spark scanning re-
veals the presence of an etched track only if the
two cones being etched from the two surfaces of
the plastic sheet are connected. From our knowl-
edge of etching rates' and the etching conditions
in this experiment we estimate that the spark
scanning would have revealed tracks of nuclei
having Z&70 and arriving within 60' of the zenith.

Extrapolation from the intensities observed at
the level of the B layer of detector to the top of
the atmosphere and then further to possible cos-
mic-ray sources requires a knowledge of the val-
ues of the interaction mean free paths and frag-
mentation parameters. Data for the different
charge groups are collected in Table II. Mean
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Table II. Data on particle fluxes, showing extrapolation from flight observation level to the top of the atmosphere.

Flux at Flux at
Number B layer A layer

of
particles particles

Charge group tracks
m sr sec m sr sec

Mean free
path

in air
(g/cm2)

Flux at
top of

atmosphere

particles
m sr sec

Mean free
path

hydrogen
{g/cm2)

Flux at top atm
Flux of Fe group

33 ~Z ~40
Z~33
Z &70b

14
18

2

1.3 x10
1.6 x10

6x10 '

1.4x].0 '
1.8 x10

x10-7 c

12.0
11.0
7.1

1.9 x10
2.6 x10
1.1x10

2.5
2.2
1.3

5 x10
x10

3 x10

~Barndoor I only.
Barndoor I and II.

No absorber between A and B
layers in Barndoor II.

free paths have been calculated using a simple
overlap model in the estimation of cross sec-
tions. ' In the absence of accurate knowledge of
the fragmentation parameters, we have used I';;
=0.2+0.2 both for aluminum and for air. Even
such a generous assignment of uncertainty leads
to an uncertainty of only 10% in the flux at the
top of the atmosphere.

Above the B layer in Barndoor I, particles in-
cident vertically traversed 1.5 g/cm', consisting
of plastics, emulsion, and —,

' -in. aluminum.
The final flux values, at the top of the atmo-

sphere, are then

J(Z & 33) & 2.6 &&10 ' particles/m sr sec,

J(33 - Z - 40) - 1.9 x 10 ' particles/m' sr sec,

J(Z & 70) & 1 x10 ' particles/m' sr sec.

For comparison, the flux of the Fe group (20
~ Z- 26) at the same latitude, is about 0.4 parti-
cles/m' sr sec and the corresponding flux ra-
tios are listed in Table II. These are compa. rable
with those deduced from the examination of tracks
recorded in meteorites representing averages
over very long times. '

The flux values for particles with 40 & Z - 70
and Z & 70 are lower by a factor of about 5 than
values recently deduced by Fowler (private com-
munication) from his first two large-a. rea flights.
The reason for such a large discrepancy is not
yet understood. The numbers of tracks of Fe nu-
clei, both in our Barndoor I and in Fowler's
flights, appear to be normal. Our VVH values
depend on the location of tracks in the plastics
and so on the efficiency of track registration.
From the following argument we believe that this
efficiency is 100'%%up for particles with Z ~ 33. For

every track in the Daicel which shows a matching
emulsion track heavier than that for relativistic
Z =33, there is a matching Nixon-Baldwin track.
There is no case where an emulsion track of ap-
parently high Z (above 33) is not recorded in the
Nixon-Baldwin. Optical scanning of one third of
the area of Barndoor I emulsions has failed to
yield additional tracks. Since this scanning has a
high efficiency for tracks with Z & 40, we are un-
able at present to understand the large difference
between Fowler's flux values and ours, unless in
terms of a severe statistical fluctuation. Con-
ventional tests suggest this as being very unlike-
ly, i.e., where on the basis of Fowler's flux we
would expect to observe about 20 tracks, we ac-
tually see four.

Another possible effect may be introduced
through our differing methods of rejecting slow
or ascent particles. We have unambiguous iden-
tification through matching with altitude posi-
tions of the A and B layers, where Fowler must
rely on observing changes in ionization in order
to reject the slow particles. From the following
evidence we consider this an unlikely explanation.

We examined a sample of tracks as though we
had no external evidence with which to classify
them as "altitude" or "ascent": 32 "ascent"
tracks in the Nixon-Baldwin were chosen. In the
B layers, 23 of these tracks are less heavy than
fast particles with Z =38, while the other nine
appear to have Z & 38. For only one of these nine
tracks is there negligible ionization difference
between A and B layers, and we would have
classified this as Z =39. The other eight tracks
show changes in ionization consistent with pas-
sage of slow Fe nuclei through the 1.5 g/cm'
separating the A and B layers.

We have not yet extrapolated our fluxes to give
abundanees at source. In Table II, we have listed
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the mean free paths for heavy particles in hydro-
gen. With the present view that cosmic-ray par-
ticles, on the average, have passed through about
3 g/cm' of hydrogen, the effect on the heaviest
particles is clearly large, and a far more exten-
sive knowledge of the fragmentation parameters
is needed, in addition to better experimental
statistics.

Our intention, in this Letter, has been to draw
attention to a powerful new technique for cosmic-
ray studies and its first results. The various
figures which have been given, even in the ab-
sence of reliable values of fragmentation param-
eters, permit us to estimate definite lower limits
to the fluxes of the VVH particles, and provide,
for the first time, a flux estimate for the charge
region 33 - Z - 40.
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We present an experimental study of the low —momentum-transfer 4~n component of
6424 PP Pn+n events at 6.6 GeV/c. The m+P elastic cross sections in the 6 region
are measured by means of several different pole-extrapolation procedures. We find thai
the conventional Chew-Low extrapolation procedure yields results not in satisfactory
agreement with the known on-shell cross sections. We suggest a modified extrapolation
procedure which in our case yields results in good agreement with the on-shell values.

The proper extraction of rm and Er scattering
cross sections from &p and Ep experimental data
is a subject of increasing importance in many
high-energy experiments. Lack of sufficient sta-
tistics in single-momentum experiments and am-
biguities in pole-extrapolation procedure provide
compelling reasons to study pp reactions from
which the already known sp elastic cross sections
can be obtained. These pp studies would allow,
for example, a determination of the minimum
statistics necessary to get reliable results and a
comparison with the results using several differ-

ent extrapolation procedures. In short, until it
can be shown that sp cross sections can be reli-
ably extracted from pp experiments, the credibil-
ity of rn and m& results will be in doubt. We pre-
sent in this Letter results of a study of the (Pw')
effective-mass and momentum-transfer depen-
dences of the reaction

pp -pn n

at 6.6 GeV/c from which the elastic v'p on-she], l.

cross sections are successfully obtained in the
region. '


