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Absorption Mean Free Path of the Nucleonic Component of Cosmic Radiation
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(Received June 19, 1961)

The absorption mean free path L of star-producing radiation was determined by means of the local produc-
tion of neutrons in condensed materials; for that purpose a neutron monitor was installed in an aircraft,
and two Rights were performed at the geomagnetic latitudes 23.3'S (Buenos Aires, Rep6blica Argentina) and
15'S (Asuncion, Republica del Paraguay). The results show an increase in L of about 20% for an altitude
increase of 6000 m in Buenos Aires, and of 40% in Asuncion, for the same altitude increase; the total L va]ue
in Asunci6n was found to be 175 g cm, while in Buenos Aires it was 163 g cm, that is, approximately
8% lower.

INTRODUCTION

ANY experiments with different methods of de-
tection have been carried out by several au-

thors, ' ' in order to establish a relationship between
the nucleonic intensity and the production of stars in
the atmosphere, and thereby to draw conclusions about
the primary cosmic radiation. In the equilibrium region
of the atmosphere (200—600 gcm ') the intensity varied
approximately according to the exponential law
I=Ioe ~, where x is the atmospheric thickness, and
L, the absorption mean free path of star-producing
radiation.

These experiments have shown that the absorption
mean free path depends on the geomagnetic latitude
and altitude and becomes independent of the first
for atmospheric thickness higher than 600 gcm '. The
fundamental purpose of this work is to confirm experi-
mentally these conclusions for the southern hemisphere,
where there are practically no available data on the
absorption mean free path of the nucleonic component.
Two Qights were performed; the first one took place on
August 3, 1959, from Buenos Aires (X=23.3'S) to
Asunci6n, Paraguay (X= 15'S), reaching a top altitude
of 10000 m. The second Right took place in the same
year on November 27, over Buenos Aires, and a top
altitude of 12 400 m was then reached.

APPARATUS AND SYSTEM OF MEASUREMENT

A neutron monitor pile was used, of the type adopted
by Simpson and other investigators, specially designed
to perform experiments on aircraft. Therefore, our
method of observation consists in the measurement of
the nucleonic component of cosmic radiation, by record-
ing the neutrons produced in the nuclear reactions
generated by that component in condensed materials.
The neutrons were detected by means of two BF3

'L. C. L. Yuan, Phys. Rev. 76, 1267 (1949); 81, 175 (1951).
2 J. A. Simpson, Phys. Rev. 83, 1175 (1959).' J. A. Simpson, W. Fonger, and S. B. Treiman, Phys. Rev.

90, 934 (1953).
4 J. A. Simpson and W. C. Fagot, Phys. Rev. 90, 1068 (1953).' R. K. Soberman, Cosmic-Ray Project Technical Report,

Prepared for Ofhce of Naval Research, Nuclear-Physics Branch,
Washington, D. C. (unpublished).

e R. K. Soberman, Phys. Rev. 102, 1399 (1956).

INSTALLATION ON BOARD THE AIRCRAFT

In order to simplify the installation, the whole set,
was placed into a wooden box whose front part could be
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FIG. 1. Shows the rigid connection to avoid spurious
pulses that may arise from sudden motions.

proportional counters, enriched to 96% of the B"
isotope, surrounded by paragon as moderator, and using
lead as generating material. The two BF3 counters were
connected in parallel, their Amphenol ends being joined
by means of a conductor; from these ends an internal
connection leads to the input of an amplifier placed upon
the pile; the connection was made by means of a stiff
conductor placed in the axis of a pipe, as shown in
Fig. 1, so as to be perfectly insulated by approximately
3 cm of air; the pipe was joined by a screw end to the
connection box, it ran through a parafhn box, and
reached the amplifier's base with the other screw end.
This disposition avoids the use of moving connectors,
which are unsatisfactory because of the spurious pulses
that may arise from sudden motions. The amplifier's
output was connected to the recording circuit or sealer.
Two automatic counters and a clock were installed on
a panel which was photographed with a film camera,
automatically operated every minute; this frequency
was found to be sufficient for good statistics.
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average intensity during both flight periods proved to
be constant according to the measurements of intensity
and pressure recorded the days before, during, and after
the Qights, in the ground cosmic radiation laboratory
in Buenos Aires.
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FIG. 2. Data obtained for Buenos Aires (X=23.3'S)
during the second flight on November 27, 1959.

easily taken apart, so as to allow quick inspection or
repairing. All the electronic attachments, as well as the
highly balanced (1/10 000) source of power supplying
the proper voltage, were placed above the cover. The
installation was made in the freight cabin of the air-
craft. A converter was employed to change voltage from
18 v dc (aircraft power) to 220 v ac, 50 cps, as required
for operating our equipment. The altitude data were
obtained every minute by direct reading from the
altimeter.

CORRECTIONS

The erst correction was due to possible losses in the
automatic counter; the well-known relation E=Xs/
(1—1VeT) was applied, where Xs represented the re-
corded counting and T, the dead time of the counter.

The second correction was the zero adjustment of
the altimeter. During the 6rst fight, Buenos Aires-
Asuncion, the pressure was 1021 millibars in Buenos
Aires, and 1013 in Asuncion; in the second flight
(Buenos Aires) the pressure was 1010 millibars. All

the data were referred to the normal pressure of 1013
millibars. The adjustment was performed by applying
Simpson's' pressure coefficient (0.96/o/mm Hg).

Variations of fuel consumption by the aircraft had
no influence on the intensity measurements, which re-
mained constant for different consumption at constant
altitude. Finally, there was no need of a correction due
to variations in the primary cosmic radiation, as the
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RESULTS AND CONCLUSIONS

The corrected data have been plotted in Fig. 2 for
Buenos Aires and Fig. 3 for Asuncion del Paraguay.
The intensity per minute is represented against the
atmospheric thickness. The results obtained from the
graphs are shown in Table I. Considering this table, it is
seen that the absorption mean free path changes with
altitude from 145 gcm

—' for an average altitude of 4900
m up to 182 g cm ' for an average altitude of 10 400 m,
in Buenos Aires. In Asuncion, L changes from 149
g cm ' at 3600 m, up to 209 g cm ' for an altitude of
9500 m; furthermore, a variation of the absorption
mean free path maybe observed as a function of geo-
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FIG. 4. Curves obtained by Simpson in the Northern Hemisphere.
Included are the curves mentioned in this paper.

magnetic latitude X: for Buenos Aires (X=23.3'S) the
total L was found to be 163 g cm ', While in Asuncion
(X= 15'S), it amounts to 175 g cm '. Another conclusion
that may be drawn from Table I is that the absorption
mean free path is independent of the geomagnetic
latitude X for atmospheric thickness higher than 600
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1650-5650
5800—8400
9000-10 000
3200-5700
5950—8200
8250-9675.
8625-12 100

1.(gem ')

149~5
165~3
209&3
145~4
161~3
163~5
182a2

TABLE I. Values of absorption mean free path for Buenos Aires
and Asuncion del Paraguay at several atmospheric depths.

FIG. 3. Data obtained for Asunci6n del Paraguay (X=15'S)
during the erst Qight on August 3, 1959. a This value corresponds to the first Right in Buenos Aires.
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g cm '; the value of I. is found to be 145 g cm ' for
Buenos Aires, and 149 g cm ' for Asuncion.

Finally, Fig. 4 shows the curves obtained by Simpson
in the northern hemisphere for the variation of the
absorption mean free path as a function of the atmos-
pheric thickness, with the geomagnetic latitude X as a
parameter; we have there introduced our own values
for X=23.3'S (Buenos Aires) and X=15'S (Asuncion).
They show a good agreement within our experimental
errors.

Our results are thus consistent with Simpson's
suggestions" that the variation of the absorption mean
free path with geomagnetic latitude and with altitude
must be a consequence of the average energy of the

primary nucleons as they start the nucleonic shower
and of the degradation of the energy through collision
and nuclear interaction phenomena along the penetra-
tion of the nucleons into the depths of the atmosphere.
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It is shown that the set of isotopic form factors recently proposed by Hofstadter and Herman seems
favorable for an explanation of the observed nucleon mass difference in terms of the electromagnetic self-
energy, if an extended core radius is suitably introduced.

A N attempt has been made' to explain the observed
nucleon mass difference, M„—M„=1.29 Mev, by

assuming trial form factors which deviate from Hof-
stadter's old form factors determined by the electron
scattering experiments at rather small values of the
momentum transfer q. Meanwhile, according to the new
experimental data' ' on the electromagnetic structure of
the proton and neutron, Hofstadter and Herman4 have
recently presented a tempting unified interpretation of
the nucleon form factors. They have found the four
isotopic form factors of the Clementel and Vi11i (C—V)
form. ' Although the C—V form is interesting from the
viewpoint of the dispersion relations, their form factors
do not give a convergent result for the nucleon mass
difference. ' It should be noted, however, that the signs
of the core terms in the Hofstadter new isotopic form
factors just satisfy the previously conjectured condition
under which the nucleon mass difference can be ex-

'H. Katsumori, Progr. Theoret. Phys. (Kyoto) 24, 35 (1960).'F. Bumiller, M. Croissiaux, and R. Hofstadter, Phys. Rev.
Letters 5, 261 (1960); R. Hofstadter, F. Bumiller, and M. Crois-
siaux, ibid 5, 263 (1960); R. . R. Wilson, K. Berkelman, J. M.
Cassels, and D. N. Olson, Nature 188, 94 (1960).' D. N. Olson, H. F. Schopper, and R. R. Wilson, Phys. Rev.
Letters 6, 286 (1961);R. Hofstadter, C. de Vries, and R. Herman,
ibid. 6, 290 (1961).

'R. Hofstadter and R. Herman, Phys. Rev. Letters 6, 293
(1961).' E. Clementel and C. Villi, Nuovo cimento 4, 1207 (1956).

plained. In the present report it is shown that, if a
suitably extended core is assumed with its radius smaller
than the nucleon Compton wavelength, then the Hof-
stadter new form factors, thus modified, can reasonably
explain the observed mass difference.

For simplicity a common parameter r, is introduced
into the core terms of Hofstadter's new isotopic form
factors as follows:

0.56
~1S=

1+rPq' 1+0.214q'

4.0 3.0
F~s=

1+rPq' 1+0.214q'

0.20 1.20

(2)

~1V ~2V
1+r,'q' 1+0.10q'

(3)

As has been estimated in reference 1, the strong inter-
action correction to the nucleon mass difference seems
to be less than 0.2 Mev, and so the major contribution
may be regarded as coming from the direct electro-
magnetic effect. The e'-order self-energy thus gives the

' See (3.8') of reference 1. Note that the normalizing constants
of the isotopic form factors are differently de6ned in references 1
and 4. In the present report, the choice of Hofstadter's normaliza-
tion in reference 4 is used.


