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The production of positive pions by protons on protons has been studied at 0°, 35°, and 58° to the beam
of 341-Mev protons produced by the Berkeley synchrocyclotron. In the collision of two protons, two reac-
tions are possible which lead to a #+ meson: (1) P+ P—rt+D and (2) P4 P—rt+4 N+ P. The experimental
results at 0° show an energy spectrum from 0 to 70 Mev which is fairly flat except for a large peak at the
high-energy end. The flat portion of the spectrum can only be due to reaction (2). A comparison of the
shape of the peak with the results of the phenomenological theory of Brueckner and Watson shows that
the peak is due solely to reaction (1).

This fact, together with a measurement of the energy of the beam and of the energy of the pions from
reaction (1), gives the value 275.142.5 electron masses for the mass of the positive pion. The angular
distribution in the center-of-mass system for reaction (1) as obtained from the data at the above three
angles, is (3.341.2)[0.1140.064cos?0]X 1072 cm? sterad™!, and the total cross section for reaction (1) is
(1.8240.6) X 10728 cm2.

These results have been compared with the results obtained by Durbin, Loar, and Steinberger and by
Clark, Roberts, and Wilson on the inverse reaction, #+-+D—P-- P. Using the theorem of detailed balancing,

these experiments lead to the value zero for the spin of the positive pion with good certainty.

I. INTRODUCTION

HE early investigations of the cross sections for

the production of pions by 341-Mev protons,

undertaken at the Berkeley 184-inch synchrocyclotron,
were made by bombarding various complex nuclei.l?

It is expected that the analysis of the pion production
process should be much more incisive for the case of a
simple nucleon-nucleon collision than for the earlier
experiments. An experiment was therefore undertaken
to measure the yield of positive pions produced by
341-Mev protons on hydrogen.

Since the proton beam energy is about 50 Mev above
the threshold for the production of pions in this process,
P+ P—7t, the pion velocity in the center-of-mass
system is comparable to the velocity of the center of
mass relative to the laboratory system. Consequently,
the pions are emitted primarily in the forward direction
in the laboratory ; that is, in the direction of the proton
beam. It was found possible, by using a magnetic field,
to separate the pions produced in the forward direction
from the proton beam, and an investigation was made
of the energy spectrum of the pions produced at zero
degrees.

The initial experiments® showed an energy spectrum
that was fairly flat except for a large peak at the high-
energy end. There are two possible reactions in which

* Preliminary results of this experiment were given in Phys.
?ev. 78, 823 (1950); 79, 85 (1950); 82, 460 (1951); and 83, 855
1951).
1 Now at the University of Rochester, Rochester, New York.
I Now at the Naval Ordnance Test Station, China Lake,
California.
1C. Richman and H. A. Wilcox, Phys. Rev. 78, 496 (1950).
2 M. Weissbluth, Ph.D. thesis, University of California, 1950
(unpublished).
3 Cartwright, Richman, Whitehead, and Wilcox, Phys. Rev. 78,
823 (1950).
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the pions may be produced, namely :
P+P—rt+D (1)
P+P—rt+N+P. (2)

It was suggested* that the first reaction is primarily
responsible for the peak at the end of the spectrum.
A careful measurement was then made of the shape of
the spectrum near the maximum energy in order to
determine whether this was the case.

Later measurements were also made of the yield of
pions at 35° and 58° to the proton beam in order to
determine the angular distribution of the pions in the
center-of-mass system.

It was pointed out by Johnson,® and independently
by Marshak and Cheston,® that the principle of
detailed balance can be applied to reaction (1) and its
inverse to obtain the spin of the positive pion. A
knowledge of the angular distribution of (1) makes
possible the detailed comparison of this experiment
with the experiments on the inverse reaction.

II. GENERAL METHOD

For this experiment the electrically deflected 341-Mev
proton beam of the Berkeley synchrocyclotron was
used. The method of deflection and collimation of the
beam has been described previously.”

The method used for studying the production from
hydrogen is an extension of that developed for meas-

4 K. A. Brueckner, Phys. Rev. 82, 598 (1951). (In particular
see appendix by Brueckner, Chew, and Hart.)

5 M. H. Johnson (private communication to R. E. Marshak).

6 R. E. Marshak, Rochester High Energy Conference, Decem-
l()izr,s 11)951 (unpublished) ; W. B. Cheston, Phys. Rev. 83, 1118

9

7 See, e.g., Powell, Henrich, Kerns, Sewell, and Thornton, Rev.
Sci. Instr. 19 506 (1948) for a descnptmn of the deflecting
mechanism and Cladis, Hess, and Moyer, Phys. Rev. 87, 425
(1952) for a description of the collimating system.
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Fic. 1. Schematic diagram of the experimental set-up.

uring the cross section for the production of mesons by
protons on heavy nuclei at 90° to the proton beam.®
It has been modified by the use of a channel and
magnetic field to decrease the background of scattered
protons which caused difficulty in those experiments.

Figure 1 shows a schematic diagram of the experi-
mental setup. The collimated proton beam passes
through an ionization chamber and then strikes either
a graphite or polyethylene target which is placed
between the pole faces of the magnet.

The pions bend away from the proton beam, and
those in the energy interval and angular interval of
interest pass through the wide channel cut in the brass
shielding and enter the absorber-detector. They are
slowed down by ionization in the absorber and the
population of stopped pions is sampled by a nuclear
emulsion embedded in the absorber. The developed
plate is scanned and the positive pions identified by
the nature of the pion track and by the characteristic
u-decay track at the end of the range.

The success of this method depends on the fact that
a pion with the same momentum as a proton has, as a
consequence of the large mass difference, a range
approximately one hundred times that of the proton.
The protons coming down the channel are therefore
stopped in the first part of the absorber and are elimi-
nated as a source of background in the scanned region
of the emulsion.

The brass shielding which forms the channel serves
only to protect the detector from high-energy protons
scattered from the target and to limit the angular
spread at the target of the pions detected.

8 Richman, Weissbluth, and Wilcox, Phys. Rev. 85, 161 (1952).
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One can calculate the number of pions per square
centimeter per Mev hitting the face of the absorber
from the density of stopped pions in the emulsion. If
the solid angle subtended at the target by a unit area
at the absorber is known, the cross section can then
be calculated in the usual manner.

The calibrated ion chamber placed before the target
gives the total number of protons passing through it,
making possible the calculation of absolute production
cross sections.

Since this arrangement accepts pions produced with
a small spread of angles and in a small energy interval,
several runs are made to cover the entire energy
spectrum at each particular angle.

III. ABSORBER AND DETECTOR

The position of the nuclear plate in the absorber and
the type of absorber used are shown in Fig. 2. As can
be seen in the figure, the position of a pion’s decay in
the plate is a measure of the pion’s range in the absorber,
and therefore of its initial energy upon entering the
absorber.

The cross-sectional dimensions of the absorber were
made large compared to the mean lateral displacement
of the pions due to the multiple Coulomb scattering
suffered by them while slowing down. If the pions
from the target strike all parts of the absorber face,
a condition of “poor geometry” obtains, and it may be
assumed that as many pions scatter into that part of
the beam which stops in the emulsion as scatter out of it.

The root-mean-square lateral displacement calculated
for 70-Mev pions was approximately 8 mm. The width
and height of the absorbers were always much larger
than this.

NUCLEAR EMULSION

a/

Fic. 2. (A) The position of nuclear emulsion in the absorber.
(B) The composite absorber used to obtain the zero degree data.

B) Cu\
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The number of stopped pions was found by scanning
the developed plates under the microscope using a 90X
oil immersion objective and 6X eyepieces. The micro-
scopes were equipped with a special stage which was
designed and built by Mr. W. M. Brower of the Physics
Department machine shop. This stage enables the
observer to reset the microscope to an accuracy of about
2 microns and enables him to determine with good
accuracy the area which has been scanned. The photo-
graphic plates used were Ilford Nuclear Research
plates, type C-2 and type C-3, with an emulsion thick-
ness of 200 microns.

An event was counted as a m-p decay only if either
the  or the p track could be definitely identified as a
meson by the usual tests of scattering or of rapid grain
density variation. It is estimated that with this pro-
cedure the error in the number of pions observed is
less than 5 percent.

For the high-energy pions near the peak in the 0°
pion spectrum, a copper slab was placed in front of
the aluminum absorber holding the emulsion. This is
shown in Fig. 2(B). With this arrangement, the pions
rapidly lost most of their energy by traveling a short
distance in the copper, and the energy spectrum was
then spread out along the nuclear plate because of the
low stopping power of the aluminum. The range-energy
curves of Aron, Hoffman, and Williams,® as corrected
by the recent work of Mather and Segré,® were used to
convert the pion range to energy. These latest corrected
curves are accurate to about 0.5 percent in energy.

The absorber face was cut so that the pions entered
normally. Thus, the variation in depth of penetration
with angle of incidence is very small. For the zero
degree measurements, with a one-inch diameter target,
and with the maximum channel width used, this angle
varied between 4+3° and, —3°, depending on the energy
of the meson and on its points of origin and decay.
This produced an uncertainty in depth of penetration
of less than 0.2 percent.

In order to find the density of stopped pions, it is
necessary to know the thickness of the emulsion before
development. It was possible to calculate this value
from the thickness of the processed emulsion by deter-
mining the shrinkage factor using either the alpha-
particle calibration method of Wilcox,® or the similar
method of Barkas! using x-rays.

IV. CHANNEL

The principal purposes of the channel are to shield
the detector from other particles and to insure that
the pions enter the detector normally. The energy of
the pions is determined by their depth of penetration
into the absorber-detector. The minimum width of the
channel exit is fixed by the requirement of poor geom-

9 Aron, Hoffman, and Williams, U. S. Atomic Energy Commis-
sion Report AECU-663 (unpublished).

10 R. Mather and E. Segré, Phys. Rev. 84, 191 (1951).
1'W. H. Barkas (unpublished).
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etry discussed above. The rest of the channel is then
designed to allow pions in the desired energy range to
reach all points of the absorber face from each part of
the target.

For the 0° production experiment the channel ac-
cepted a 20-Mev energy interval around the peak. At
the other angles it was necessary to use several values
of the magnetic field with the same channel in order to
cover a comparable energy interval. In these cases the
the energy intervals in the different runs were made
to overlap.

V. TARGETS

The high cross section of hydrogen in the neighbor-
hood of the peak, relative to that of carbon, made the
use of a subtraction method practical. By measuring
the pion yield from both polyethylene, (CH,),, and
carbon, the hydrogen cross section may be calculated
with good accuracy.

In the region of the high-energy peak, targets of
one-quarter inch thickness were used to obtain good
energy resolution. For the slowly varying continuum
from hydrogen, and for the carbon data at 0°, one-half
inch targets were used to keep the cyclotron bombard-
ment time within reasonable limits. The effective area
of the target was that of the proton beam, which was
collimated to a one-inch diameter circular area by a
40-inch tube in the cyclotron shielding. The target
densities were calculated from the measured weights
and volumes.

VI. MAGNETIC FIELD

The magnetic field used to separate the pions from
the proton beam was produced by a magnet whose
maximum field was about 14 000 gauss over an area
sufficiently large to turn a 70-Mev pion trajectory
through about 90 degrees. The gap between the pole
faces was 3.5 inches. The proton nuclear induction
resonance method was used to measure the field to an
accuracy of better than one percent. The variation of
the field, in time, during any particular run, never
exceeded one percent.

VII. BEAM INTEGRATION

The ions produced by the proton beam in the ion
chamber were collected on a condenser and the total
charge measured by a standard electronic integrating
circuit. The ion chamber had previously been calibrated
by comparison with the total charge obtained by
stopping the proton beam in a Faraday cup. The
average beam current was around 107° ampere. The
over-all accuracy of the charge measurement is esti-
mated to be better than 45 percent.

VIII. GEOMETRY

From the density of the pions in the emulsion one
can obtain the flux of pions of a given energy in the
absorber. In order to calculate the differential produc-
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Fic. 3. Diagram used to calculate the flux of pions from the
density of stopped pions in- the emulsion. (See Section IX.)

tion cross section, it is necessary to know the solid angle
subtended at a point in the target by a unit area in the
absorber.

If the trajectories lie in a plane perpendicular to the
uniform magnetic field, the solid angle subtended by a
unit area perpendicular to the trajectories is'?

dQ/dA=1/(p’$ sing), ©)

where p is the radius of curvature of the pion trajectory,
and ¢ is the angle through which it turns from the
target to the absorber. This formula applies, within 2
percent, even though the field departs from uniformity
near the pole boundaries, where p remains the radius
of curvature in the uniform portion of the field.

A small error is introduced by the use of this formula
for pions whose trajectories have a small component
along the direction of the magnetic field. For the
dimensions used in this experiment, this error was less
than 0.1 percent, so no corrections have been made.
Also, the finite size of the target and absorber cause
some variation in the solid angle (~7 percent) for pions
of different points of origin and termination. The
value of dQ/dA which was used in the calculations was
for a trajectory from the center of the target to the
center of the absorber.

IX. CALCULATION OF THE CROSS SECTION

The number of pions in a given energy interval that
entered the absorber can be deduced from the number
of pions stopped in the emulsion by the following
argument. We will make the simplifying approximation
that the pions travel in straight lines.

Consider pions of a given energy, E, which enter the
absorber normally to and over the entire area of the
face of the absorber. Let these pions have a range R,
in the absorber. Those pions whose trajectories lie
between two lines, M; and M5, as shown in Fig. 3, will
stop in the emulsion, while pions whose trajectories lie
outside of these lines will stop only in the aluminum
absorber. It is easy to see that the height, @, between
the two trajectories is d(seca)Rgay/Rem, where d is the
thickness of the emulsion, « is the angle of inclination

2 For details, see W. F. Cartwright, University of California
Radiation Laboratory Report UCRL-1278 (unpublished).
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of the plate as shown in the figure, and Ren and R,y
are the residual ranges of a meson of residual energy,
E,cs, in emulsion and absorber, respectively. For a=15°
and d=200u, E..s=5.7 Mev and R,p/Ren=1.20.

Let the number of pions entering the absorber per
unit area in an energy interval AE be N (E)AE. If then
we scan a strip of emulsion of length /, perpendicular
to the plane of Fig. 3, the number of pions that have
stopped in the emulsion will be N (E)AE-a-1.

The spread in pion energies, AE, in the beam,
corresponding to a distance AZ along the plate (in the
plane of Fig. 3) is given by : AE=AZ(cosa) (— dE/dx) an,
where (—dE/dx).p is the rate of energy loss per cm in
the absorber at the initial energy of the pions. Thus,
the number of mesons that stop in the area AZ-] on the
plate is given by n=N(E)(—dE/dx).(cosa)-a-1-AZ.
If d denotes the thickness of the emulsion and ¢ repre-
sents the number of stopped pions found per unit
volume of the emulsion, we obtain:

n

T (CdE/dx) s (Run/Ren)l-d-AZ

N(E) ©

q

= . S
(—dE/dx)anRan/Rom ©

The number of pions of energy E per Mev per cm?
in the beam is given by:

do tD  dQ
N,—A¢e— (6)

N(E)= )
dEdQ "4 dA

where IV, is the total number of protons that have
passed through the target, D is the density of the
target material, A, is Avogadro’s number, 4 is the
molecular weight of carbon (or CHy), ¢ is the target
thickness, do/ (dEdQ) is the differential cross section for
production of mesons by protons on a carbon nucleus
(or a CH; molecule) per unit solid angle per Mev, and
dQ/dA is the solid angle per unit area in the emulsion.

Using Eqs. (5) and (6), the differential cross section
is therefore found to be as follows:

do q

dEdQ  (—dE/dx)w(Ras/ Rem) N yDE( Ao/ A) (d2)/dA)
Xcm? Mev—! sterad™t. (7)

Three corrections have to be made to Eq. (7).
(a) Some of the pions decay in flight before reaching
the emulsion. The mean life of the 7+ meson has been
found to be 2.6540.12X 108 sec.”® If the meson moves
a distance, dr, in the laboratory with a momentum ¢,
the proper time interval that has elapsed is:

dr=M .dr/ (pc?),

13 Chamberlain, Mozley, Steinberger, and Wiegand, Phys. Rev.
79, 394 (1950).
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where M, is the rest energy of the meson, and ¢ is the
velocity of light.

In computing the correction to Eq. (7) due to decay
in flight, we neglect energy loss in air, and use, for the
absorber, the empirical range energy relation 4

T.=KR~, (8)
where #=0.58, K is a constant of the absorber material,
T is the meson’s kinetic energy, and R is its range.

It can then be shown that the cross section as calculated
from Eq. (7) should be multiplied by the factor

exp{0.63X 103 x+ 22T 3pp+0.89X 10-3x~*R}, (9)

where x=71",/(2M ). This formula is easily extended
to the case of a composite absorber.

(b) The pions emerging from the target in a given
energy interval, AE, are produced at different depths
of the target in different energy intervals, AE’. When

TasBLE I. Results at 0°.

Sta-

. tistical
do/dEdQ do/dEdQ prob-
X103 . X1030 able
(uncor- Correction factors (cor- error

rected), Atten- rected), X103,

Pion cm? Decay uation cm? cm?

energy, Mev™l in Thick inab- Mev™? Mev™!

Target Mev sterad™? flight target sorber sterad™! sterad™!
CH. 17.5 3.0 113 111 1.02 38 +06
Carbon  17.5 1.9 113 112  1.02 25 +03
CH, 34.0 53 109 111 1.05 6.7  £0.7
Carbon  34.0 3.3 1.09 1.12 1.05 4.3 +0.4
CH, 609 133 1.08 1.01 1.14 165 £09
CH, 63.8 11.8 1.08 1.01 1.16 149 +14
CH. 65.7 13.8 1.08 1.01 1.16 175 +19
CH, 67.2 228 1.08 1.01 1.17 291 +2.0
CH, 68.8 454 1.08 1.01 1.18 585 +24
Carbon  70.0 92 107 102 118 11.8 x13
CH, 70.7 505 1.07 1.01 1.18 644 2.6
CH., 72.3 18.7 1.07 1.01 1.19 240 £2.1
CH, 73.7 11.2 1.07 1.01 1.20 14.5 +1.8
CH, 75.6 10.9 1.07 1.01 1.22 144 £19

this is averaged over the target, one finds that (AE/AE’)
= (—dE/dx).-t/(E,— E,), where (—dE/dx), is the
specific ionization at the exit side of the target, E;—E,
is the energy loss in the target of a pion created at the
front face, and ¢ is the target thickness. The pion
spectra are plotted as originating from the center of the
target and the yields are increased by this factor.

(c) The observed number of pions is decreased from
the actual number entering the absorber by large angle
nuclear scattering and absorption in the copper and
aluminum. A precise measurement of the cross sections
for these processes as a function of pion energy is not
available, but recent experiments'® indicate that for the
energies involved in our experiment the attenuation
cross section is less than nuclear area. We have corrected
our data using a total attenuation cross section of 0.8
nuclear area independent of the energy of the pion.

4 See, e.g., Bradner, Smith, Barkas, and Bishop, Phys. Rev. 77,

462 (1950).
15 D, Stork, Bull. Am. Phys. Soc. 27, No. 6, 16 (1952).
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Tasie II. Results at 35°. The correction factor for decay in
flight is 1.07. The correction for the thickness of the target is
negligible here.

Statistical
probable
do/dEdQ X103 Atten- do/dEdQX10%  error,
Pion (uncorrected), uation (corrected) cm?
energy, cm?2 Mev™1 in ab- cm? Mev™! Mev~t
Target Mev sterad™! sorber sterad™! sterad™!
CH, 40.2 7.70 1.08 9.0 =+0.62
42.8 9.97 1.09 11.7 =+0.83
43.8 16.6 1.09 19.7 +13
44.6 194 1.09 23.1 +1.6
45.3 22.8 1.09 27.3 +19
46.0 25.8 1.10 31.2 +2.0
46.9 26.6 1.10 32.2 +2.1
47.7 21.3 1.10 25.8 +1.6
48.3 16.0 1.10 19.4 +14
49.7 8.52 1.10 10.3 =+0.94
50.5 5.31 11 6.5 +0.54
C 44.0 5.49 1.08 6.46 +0.45

X. EXPERIMENTAL RESULTS

Tables I, IT, and IIT give the cross sections obtained
from CH, and C at 0°43° 35°+3° and 58°43° in
the laboratory. The energies given are the production
energies of the pions as deduced from the thicknesses of
the target, air and absorber traversed. The experi-
mental cross sections, the corrections discussed above,
and the final corrected values are listed. The errors
shown are the statistical probable errors calculated
from the number of pions counted at each energy. The
hydrogen spectra are obtained by subtracting the
carbon from the CHj cross section and dividing by two.
Figures 4, 5, and 6 give the resultant spectra at the
three angles.

As will be seen in the tables, the CH, peaks were
examined in detail, but only one point in this energy
region was measured for carbon. This is justified since
the CH, spectrum is so intensely peaked that the exact
details of the slowly changing carbon spectrum need not
be known in order to get a good subtraction. At zero
degrees, where the peak is analyzed in detail, there is
good evidence'® that the carbon spectrum is fairly flat
from 60 to 75 Mev. '

TaBirE III. Results at 58°. The correction factors for decay in
flight and for attenuation in the absorber are 1.06 and 1.04,
respectively.

do/dEdQ do/dEdQ Prob-
X103 X103 able
(uncor- (cor- error
rected), Thick rected), X103,
Pion cm? target cm? cm?
energy, Mev™? cerrection Mev™! Mev™?
Target Mev sterad™! factor sterad™1 sterad™!
CH, 20.0 3.03 1.11 3.8 +0.4
21.0 3.16 1.09 3.8 +0.4
22.5 3.98 1.08 4.7 +04
24.5 6.81 1.07 8.0 +1.0
25.0 6.19 1.07 7.3 +0.7
27.0 4.30 1.07 5.1 +0.7
28.5 2.70 1.06 3.2 =+0.6
C 26.0 3.21 1.08 3.8 +0.3

16 W. Dudziak (to be published).
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Fic. 4. Differential cross section, as a function of pion energy,
for pion production from hydrogen at zero degrees. The solid
curve results from folding the experimental resolution into the
theoretical spectrum for the final nucleons in a 3S-state and the
pion in a P-state with a cos? angular distribution in the c.m.
system. (See Section XI.)

The analysis of the zero degree spectrum shows that
the peak, from 65.5 to 76 Meyv, is a result of deuteron
formation. (See Sec. XI.) At the other angles it is
assumed that the peaks are also the result of deuteron
formation. The pion energy at which the peak occurs
is a function of the laboratory angle. (See Appendix I
for a discussion of the dynamics of the reaction.) At
both 58 and 35 degrees the peaks do not fall at the
calculated energy. This fact is not surprising, as the
energy is a sensitive function of both the pion mass and
the beam energy. The change in maximum pion energy,
per Mev change in initial proton energy, varies from
0.9 Mev at zero degrees to 0.6 Mev at 58 degrees. The
variation in maximum energy for a change in the pion
mass of one electron mass is the same as for one-Mev
change in the proton energy. As the pion mass is
uncertain by two electron masses, and the external
proton beam is known to vary in energy by as much
as 3 Mev, the energy of the peaks cannot be predicted

1441073%cM? STERAD™ MEV™H

OIFFERENTIAL CROSS SECTION

7 _
“Edn
N I -

PION ENERGY IN THE LABORATORY

Fic. 5. The differential cross section in the region of the peak
for pion production from hydrogen at 35° as a function of the
energy.
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exactly unless.special precautions are taken as was
done at zero degrees.

In order to obtain the cross section per unit solid
angle for the formation of pions in the deuteron reaction
each experimental spectrum is integrated over the
energy interval of the peak. The absolute cross section
is assigned a twenty percent error at zero and 35
degrees and 25 percent at the 58-degree point. Table IV
shows the cross sections obtained at the different angles
in the laboratory and the values after transforming to
the center-of-mass system.

Figure 7 shows the cross sections per unit solid angle,
do/dQ, for P+ P—nt+D, plotted as a function of the
angle of the pion in the center-of-mass system. It is
obvious that the cross section varies with angle. The

)
T T T T
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PION ENERGY IN THE LABORATORY

F16. 6. The differential cross section in the region of the peak for
pion production from hydrogen at 58°.

simplest assumption as to the form of the angular
distribution is,

do/dQ= B(A+cos*) cm? sterad".

Since the initial particles in the reaction are identical,
the distribution must be symmetrical about 90 degrees;
therefore, no term in odd powers of the cosine can
appear. The constants 4 and B have been determined
by the method of least squares from the data given in
Table IV, giving the following result:

do/dQ= (3.341.2)[0.112£0.06+cos8]
X102 cm? sterad™'.  (10)

The total cross section for P+ P—xt+D, obtained by
integrating Eq. (10), is: )

o=1.840.6X10"%8 cm?,
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The errors given are based on the external consistency
between the experimental values and the values calcu-
lated from (10). Figure 8 shows the calculated curve
and the experimental points as a function of angle in
the laboratory system; for comparison a curve for a
spherically symmetric distribution in the center-of-mass
system is also shown.

An independent measurement at 18 degrees in the
laboratory using a liquid hydrogen target has been
made by Peterson, Iloff, and Sherman.!” Their value is
also shown in Fig. 8 and is in good agreement with the
calculated curve.

The pion energy is also a strong function of the labora-
tory angle, varying by 0.8 Mev per degree at 58 degrees.
The largest possible error in the angle measurement is
that at 58 degrees, where it may be as large as three
degrees. However, a change in the angle of three degrees
changes the constant factor in the angular distribution
by only three percent, which is small compared to the
uncertainties from other sources of error.

The total cross section at zero degrees, including the
contribution from the continuum, is (1.940.4)X 1028
cm? sterad .

TaBLE IV. Summary of the measured cross sections for the
reaction P+ P—xt+4D.

(do/dQ)1ab X10%, (do/dD)e.m. X102,

O1ab cm? sterad ™} o.m. cm? sterad ™!
0° 1.2 30.25 0° 3.1 £0.7
35° 0.5040.10 65° 1.8 04
58° 0.08+0.02 104° 0.474-0.12

The maximum energy of pions produced in P—P
collisions depends on the proton beam energy, the
direction of emission of the pions, and on the masses of
proton, pion, and product nucleons. (See Appendix I.)
In Sec. XT it is shown that the peak in the spectrum is
due to deuteron formation and occurs at the maximum
pion energy. Thus, knowing proton and deuteron
masses, it requires only a measurement of the energy of
the pions in the peak, for a given proton beam energy
and angle of production of the meson, in order to
measure the pion mass.

The data at zero degrees was used to determine the
pion mass. At zero degrees, the maximum pion energy
is quite insensitive to a small variation in production
angle. (See Fig. 10.) The proton beam energy was
measured during the zero-degree experiment by Dr.
Robert Mather using the Cerenkov radiation of the
beam. The energy of the pions in the peak was inferred
from their range, taking into account the apparent pion
energy spread introduced by the finite resolution of the
apparatus. Further details can be found in reference 12.

The positive pion mass determined by this method is
275.1242.5 electron masses. :

17 Peterson, Iloff, and Sherman, Phys, Rev, 81, 647 (1951),
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Fic. 7. Angular distribution in the center-of-mass system of
the pions in the peak. The solid curve is a least squares fit of
the data.

XI. DISCUSSION OF THE EXPERIMENTAL RESULTS
AT ZERO DEGREES

It has already been pointed out that two reactions are
possible in this experiment: (1) P+P—rt+D and
(2) P+P—rt+N+P.

If only reaction (2) occurs, the pion energy spectrum
at any angle will consist of a continuum from zero up
to some maximum energy determined by the proton
beam energy and the masses of proton, neutron, and
pion.

The possibility that the proton and neutron come off
as a deuteron was suggested in 1948 by Morand, Ciier,
and Maucharafyeh,'s and in 1949 by Barkas!® If a
deuteron is formed, the pion spectrum at any angle
consists only of a line spectrum at any energy which is,
because of the binding energy of the deuteron, a few
Mev higher than the maximum energy pion produced
by reaction (2).

TSP S U ST SUPUE S T SO WP UME TP SOV AP SPR PO BV 1

:5-] 1072% cM? STERAD™? ‘}

—— CALCULATED ANGULAR DISTRIBUTION
-=-= SPHERICALLY SYMMETRIC IN C.OF M.
X FROM PETERSON,ILOFF, AND SHERMAN

. DIFFERENTIAL CROSS SECTION
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PION ANGLE IN THE LABORATORY SYSTEM DEGREES

F16. 8. Angular distribution of the pions in the peak s labo-
ratory angle. The solid curve comes from a least squares fit of the
data in the c.m. system. The dashed curve is the result of trans-
forming to the laboratory a uniform angular distribution in the
c.m. system. ;

( 18 Morand, Ciier, and Maucharafyeh, Compt. rend. 226, 1974
1948).
1¥'W, Barkas, Phys. Rev. 75, 1109 (1949).
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Consider first the pions produced at zero degrees.
The energy interval between the upper limit of the
continuous spectrum (2) and the line spectrum (1) is
then 4 Mev in the laboratory system. If the pion mass
were known with great accuracy and if the resolution
of the apparatus were sufficiently high, one could tell
from the observed maximum pion energy whether or
not deuteron formation ever occurred. This approach
is very difficult. If, however, the shape of the experi-
mental spectrum at zero degrees is compared with some
theoretical curves given by Watson and Brueckner,?
information about the extent to which both reactions
occur can be obtained.

304x10730cM2mey ~? STERAD ™
28
261

CURVE 1
24
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Fi1c. 9. Experimental points and theoretical curves for the
differential cross section for pion production from hydrogen at 0°
in the neighborhood of the peak. Curve 1: the nucleons are left
in the 3S-state and the pions are produced in a P-state with a
cos? distribution in the c.m. system. Curve 2: the nucleons are
left in the 1S-state and the pions are produced in a P-state with
a cos? distribution in the c.m. system.

It was pointed out by Brueckner, Chew, and Hart
that the production of pions in nucleon-nucleon colli-
sions is strongly dependent on the wave state of the
product nucleons. This idea was developed by Brueckner
and Watson in their phenomenological description of
the process. They give pion energy spectra at various
angles for the different possibilities of wave states for
pion and product nucleons.

The outstanding feature in the experimental spectrum
of pions produced at zero degrees by protons on protons
is the intense peak near maximum meson energy. The
shape of the spectrum near the peak is primarily
determined, in the theory, by the wave functions of the

20 K. M. Watson and K. A. Brueckner, Phys. Rev. 83, 1 (1951).
See also K. M. Watson, Phys. Rev. 88, 1163 (1952).
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nucleons in the final state. It might be expected that
for those pions produced with energies near the maxi-
mum, the product-nucleons would be in an S-state,
since their relative velocity is small. And indeed, the
experimental results do not fit any of the theoretical
spectra of Brueckner and Watson based on the assump-
tion that the final nucleons are in a P-state.

According to the theory, a strong peak will occur if
the nucleons come off in either a triplet S-state or in a
singlet S-state. If the product nucleons come off in a
3S-state, there is a large probability that pion produc-
tion will be accompanied by deuteron formation. The
resulting line spectrum will be intense compared to the
continuum, thus giving rise to the peak. If, however,
the nucleons are left in the 1S-state, a strong peak will
still arise because of the resonance resulting from the
low energy virtual state of the deuteron.

It should be pointed out that deuterons have been
detected in coincidence with pions of approximately
maximum energy by Crawford, Crowe, and Stevenson.?

It can be concluded from the results at zero degrees
that the peak in the spectrum is due solely to deuteron
formation. This follows from a comparison of the
experimental points with the curves derived by folding
the resolution of the apparatus (see Appendix II) into
the theoretical spectra.

Curve 2, Fig. 9, shows the result of folding the
resolution into that theoretical spectrum in which the
nucleons are left in the 1S-state and the pions are
produced in a P-state with a cos?§ distribution in the
center-of-mass system. As mentioned above, the shape
of the spectrum at the peak is primarily determined
just by the final state of the nucleons. This choice for
the pion wave state, however, gives the best fit of the
theoretical spectra based on the S-state to the experi-
mental points in the peak.

Curve 1, of Fig. 9, shows the result of folding the
resolution into that spectrum in which the nucleons are
left in the 3S-state, and the pions are again produced in
a P-state with a cos distribution. Since the main
feature of this spectrum is a line displaced upward by
4 Mev from the continuum, this curve is essentially a
plot of the estimated resolution. The resolving power
is sufficiently high, as shown in Appendix II, that the
apparatus does not appreciably mix the continuum and
the line spectrum. The selection of the particular
angular momentum and angular distribution of the
pions is even less critical here than in the S-case, since
the intense deuteron peak is the essential feature of all
the 3S-spectra.

Figure 9 also shows the experimental points at zero
degrees. Both theoretical curves are normalized so that
in each the area from 65.5 to 76.0 Mev agrees with the
area under the experimental points in the same energy
interval. The close fit of Curve I with the experimental
results is strong evidence that the peak corresponds to

2 Crawford, Crowe, and Stevenson, Phys. Rev. 82, 97 (1951).
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deuteron formation. It is clear that the experimental
points, on the other hand, are not in agreement with
either the half-width or the asymmetric character of
Curve II for the 1S-case.

The experimental results thus establish that the
peak is largely due to deuteron formation. There is
still the possibility to be examined that the peak
contains an appreciable contribution from 1S final
nucleon states. However, the 1S-peak contribution will
occur 4 Mev below the contribution from the 3S
deuteron line. Since, as mentioned above, the resolving
power of the apparatus is high enough to distinguish
details in the spectrum that are 4 Mev apart, any
appreciable 1S-contribution would have occurred in
the experimental results as a separate peak 4 Mev below
that of the deuterons. Therefore, it can be concluded
that the intense peak is due entirely to deuteron
formation.

Since the peak accounts for approximately 70 percent
of the total cross section at zero degrees, it is clear that
at least 70 percent of the mesons produced at zero
degrees are accompanied by nucleons in the 3S-state.

The observed angular distribution implies that the
mesons associated with the P+ P—rt+D reaction are
largely in a P-state with, possibly, a small amount of
S-state.

Recent experiments suggest that the pion is pseudo-
scalar.?? Using the Pauli exclusion principle and con-
servation of parity and angular momentum, it then
follows that if the pion is in an S-state, the nucleons are
in a 1S¢-state, while if the pion is in a P-state, the
nucleons are in a 3S;-state. Thus, the conclusions from
the 0° data are consistent with the results from the
angular distribution.

That the pions come off largely in a P-state is also
consistent with another experimental result. Brueckner
and Watson point out that if in the production of
neutral pions in proton-proton collisions the pions go off
primarily in a P-state, then by conservation of parity
and angular momentum one obtains, using the Pauli
exclusion principle, a strict selection rule forbidding the
reaction if the pion is pseudoscalar. This is in agreement
with the experiments of Hales, Hildebrand, Knable,
and Moyer,? who find an extremely low yield of neutral
pions when hydrogen is bombarded by 340-Mev
protons.

XII. SPIN OF THE POSITIVE PION

The principal reaction studied in this experiment is
P+P—rt+D. In the center-of-mass system the pion
energy is 21.4 Mev for an initial proton energy in the
laboratory of 341 Mev. If the cross section for the
absorption of a 21.4-Mev pion by a deuteron to give
two protons is also known, the spin of the pion can be

2 Panofsky, Aamodt, and Hadley, Phys. Rev. 81, 565 (1951).

(123 H)ales, Hildebrand, Knable, and Moyer, Phys. Rev. 85, 373
952).
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calculated by the principle of detailed balance.®
Assuming that the initial protons in one case, and the
initial pions in the reverse reaction are unpolarized,

we can write,
() ()
il s (25p+1)@2S.+1)g\de/ ,+

where (do/dQ)p is the cross section for producing a
proton in a unit solid. angle from the absorption of a
pion, Sp, Sp, and S, are the spins of the proton,
deuteron, and pion, respectively, and p and ¢ are the
proton momentum and pion momentum, respectively,
in the c.m. system.

The pion absorption cross section has been measured
by Durbin, Loar, and Steinberger®® at Columbia Uni-
versity and by Clark, Roberts, and Wilson? at the
University of Rochester. In the Columbia experiment
the cross section has been measured as a function of
proton angle at pion energies ranging from 25 to 53 Mev.
In the Rochester experiment the angular distribution

TasLE V. Comparison of the cross sections for pion absorption
by deuterium as obtained by Clark, Roberts, and Wilson at
Rochester and Durbin, Loar, and Steinberger at Columbia, with
the present results, which have been transformed to give the
absorption cross section by the principle of detailed balance.

Tr(c.m.) (do/dQ) p X102, atot X 1027,

Experiment Mev cm? sterad™! cm?
a 114+4(0.1140.06+-cos?) 3.0+£1.0
Berkeley {b 214 374£1.3(0.11:£0.06+cos?)  1.0+0.3
Rochester 23 (Av) 4.540.8¢
Columbia 25 9(0.22-+cos%) 3.140.3

a Transformed on the assumption that S; =0.
b Transformed on the assumption that S, =1.
¢ Assuming an angular distribution of (0.2 4-cos%); see reference 26.

could not be obtained, but the total cross section was
calculated for various values of the constant, 4, in the
assumed angular distribution, B(A4cos?). Their result
is an average over pion energies from 0 to 30 Mev.

The decay scheme of the positive pion and the mode
of -absorption of the negative pion are good evidence
that the pion spin must be integral.® Comparison of
the experiment at Berkeley by means of the principle of
detailed balance with those at Columbia and Rochester
makes it possible to choose between the values of zero
or one for the spin.

In Table V the cross sections are listed for the process
wt+4+D—P+P. The Berkeley values were calculated
using Eq. (11), (a) with the spin of the pion equal to
zero, and (b) with the spin equal to one. The total
cross section quoted from Rochester is based on the
assumed angular distribution, 0.2-4-cos. The total

% See, e.g., H. A. Bethe, Elementary Nuclear Physics (John
Wiley and Sons, Inc., New York, 1947), p. 61.

28 Durbin, Loar, and Steinberger, Phys. Rev. 83, 646 (1951)
and Phys. Rev. 84, 581 (1951).

26 Clark, Roberts, and Wilson, Phys. Rev. 83, 649 (1951) and
Phys. Rev. 85, 523 (1952).
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Fic. 10. Kinetic energy of the pion vs angle in the laboratory.
The solid curve is for the case in which a deuteron comes off.
The dashed curve is the maximum energy of the pion when a
neutron and proton come off.

cross sections from Berkeley and Columbia are in good
agreement for pion spin zero, although the angular
distributions differ somewhat. The Rochester cross
section, although more than one probable error away
from the Berkeley result for spin zero, is in a direction
opposite to that expected for spin one. With pion spin
equal to unity, the Berkeley measurement yields a
7t+D—P4P cross section which is about seven
probable errors lower than the direct Columbia meas-
urement, and four probable errors lower than the
Rochester measurement.

The excitation function of this reaction is a strong

function of energy. The difference in the experimental
energies and their uncertainty, thus introduce some
ambiguity in the above comparisons. The excitation
function at zero degrees has been measured up to a
proton energy of 341 Mev by Schulz®” and in the
inverse experiment from a pion energy of 25 to 53 Mev
by Durbin et al. Using their data it would appear that
transforming the Columbia result to the lower pion
energy would at most lower it by 30 percent. A change
of this magnitude would leave the conclusions as to the
spin unchanged.

Thus, on the basis of the experiments done to date
one can conclude that the pion spin is very probably
zero. The experiments of Panofsky, Aamodt, and
Hadley? on the pion absorption in deuterium show that
if the negative pion has spin zero, it cannot be a scalar
particle. Assuming that the positive and negative pions
are particles of like character, it can be concluded that
the charged pions are pseudoscalar.
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27 A. G. Schulz, Jr., University of California Radiation Labo-
ratory Report UCRL-1756 (unpublished).
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APPENDIX I. DYNAMICS

The relativistic calculations for the dynamics of reactions (1)
and (2) are easily made. Let T be the kinetic energy of the protons
in the laboratory. Then the velocity of the center of mass in
units of ¢, Be.m., is given by the formula

Bo.m. =T*(2Rp+T)71 I-1

Let yem. = (1—Bom.2)7%; then the total energy available in the
center-of-mass system, U, is given by

U=2Rpvem.=[2Rp(2Rp+T) . (I-2)

In the center-of-mass system, the pions come off in reaction (1)
with total energy (rest-kinetic) given by:

Ey'=3U— (Ro*—Rs*)/2U, (I-3)

where Rp and R, are the rest energies of the deuteron and pion,
respectively. The maximum pion energy in reaction (2) is obtained
by substituting the rest energy of the neutron plus proton for the
rest energy of the deuteron in the last formula. If the pion comes
off at an angle ¢’ to the beam in the c.m. system, then in the
laboratory the angle with respect to the beam, 6, is given by the
well-known formula:

B’ sind’
Ye.m. (Bx" cos8’+Be.m.)

where 8;' is the velocity of the pion, in units of ¢, in the c.m.
system. The total energy of the pion in the laboratory, Er, is
given as a function of 6 by the formula:

E1r = ('Y&Lm.b)_l[Ewr,‘i‘,Bc‘m‘ cosf (E1r/2—’Yc.m,2bR1r2)‘)],

where b=1—pc.m.2 cos?.

Figure 10 is a plot of Eq. (I-5) for the case in which a deuteron
is formed and also for the case in which the neutron and proton
come off unbound and the pion is emitted with maximum energy.

The relation between the elements of solid angle in the labora-
tory, d©, and the corresponding element of solid angle in the c.m.
system, d/, is given by the formula:

e _ p!

d paie?
pr and p,’ are the momenta of the pion in the laboratory and in
the c.m. system, respectively.

At zero degrees and for 340-Mev protons and a pion mass of

275.1 electron masses, dE,/dEp=0.9 and (dE,/dm,)=0.8 Mev
per electron mass.

tanf= (I-4)

(I-5)

(ExEx' —Yen.Re?). (1.6)

APPENDIX II. RESOLUTION

The experimental energy spectrum of the pions was determined
from the density of pion endings found at each depth in the
absorber. The density of pions as a function of range was then
converted to the density of pions as a function of energy by
means of the range-energy curves for pions. This method of
detection introduces a finite resolving power into the apparatus.
Pions of a particular energy will not have a unique depth of
penetration into the absorber because of range straggling and
multiple small angle scattering. The first effect is due to the
statistical fluctuations in the number of collisions the pion
undergoes, and gives an approximately Gaussian distribution in
range. The multiple Coulomb scattering gives rise to a distribution
in depth of penetration for pions of the same range because the
projected range depends on the angles through which each pion
has been scattered in the course of its travel through the absorber.
Since the energy of a pion was deduced from the position of its
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ending in the absorber, the above variation in depth of penetration
for a monoenergetic beam of pions will manifest itself as an
apparent spread in the energies of the pions coming to the
absorber.

Further energy smearing arises because the detector accepts
mesons from a small range of angles about zero degrees, and the
pion cut-off energy or peak energy, in which we are interested,
varies with the angle of production. The geometry of the zero
degree experiment allowed a variation in angle, for the maximum
energy pions, from —3° to 43°. As is shown in Fig. 10 this
introduces a spread in energy of less than 0.2 Mev. Therefore,
this effect can be neglected in determining the resolving power.

The use of a thick target would also be expected to decrease
the resolving ‘power. However, for the pions of maximum energy,
this turns out to give only a spread of 0.1 Mev for the thickness
of CH; used in the experiment. This comes about in the following
way : while the pions at the front of the target lose a small amount
of their energy in traversing the target, the protons also lose
energy in passing through the target, and produce pions of
correspondingly lower energy at the back of the target. Thus,
the energy loss in the target by the pions tends to be compensated
for by the energy loss of the protons.

The main causes of the finite resolving power introduced by the
detection method are, therefore, the multiple small angle scat-
tering and the range straggling mentioned above. An additional
energy spread is introduced into the experiment by the proton
beam, which is itself not monoenergetic. The energy distribution
of maximum energy pions arising from each of these three effects
has been calculated below. The three distributions are then folded
together. The resulting curve, shown in Fig. 11, gives the distri-
bution in energy that maximum energy pions produced in proton-
proton collisions will appear to have when produced at 0° and
detected with the experimental equipment used.

The resolution has been assumed to be constant over the high
energy part of the spectrum in obtaining the curves in Figs. 4
and 9.

The depth of penetration for a monoenergetic beam of pions
entering an absorber normally will have a distribution, due to
scattering, which is calculated approximately below.

A collimated monoenergetic beam of pions will, after passing
through an absorber of thickness dx, possess a Gaussian distribu-
tion of angles due to multiple small angle scattering. The mean
square angular spread is?

16w NZ%'dx s
TI n(181Z i)“ﬁ_z'
where C=16wrNZ%*In(181Z7%), and where N is the number of
atoms per cm? of the absorber, Ze is the atomic charge of the
absorber material, e is the electronic charge, and v and p are the
velocity and momentum of the plon respectively.

Using Eq (8) we find that a pion following the rms angle of
deflection in each thickness dx of the absorber, will have, at a
depth « in the absorber, a direction of travel given approximately
by Orms(x), where

(@ (®))n=

(= II-1)

0.31C
22n—1)

This formula is not applicable at x=R, where the small angle
scattering formula (II-1) does not hold. However, for an aluminum
absorber, [®2(x) ¢ is about 22° at x=0.99R,. The assumption of
small angle scattering is therefore valid in the interval x=0 to
x=0.99R,. Since almost all of the variation in depth of penetration
of the pions takes place in this interval, Eq. (II-2) should be
accurate, for our purposes, to within about 20 percent.

Now, in order to obtain the distribution in depth from the
expression for @2, we introduce the assumption that a pion at
a depth ' whose trajectory makes an angle O (x')=~kOms(x’)
with the forward direction, will at all x, maintain a direction of
travel given by ©(x)=£kOrms(x). Thus, on this assumption, a

28 B. Rossi and K. Greisen, Revs. Modern Phys. 13, 263 (1941).

[(Ro—x)1"22— Rol~22], (Ir-2)
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F16. 11. Resolution of the apparatus for the zero
degree experiment.

pion traveling at an angle equal to twice the rms angle, always
travels at twice the rms angle. This assumption is not unreasonable
for obtaining a rough idea of the distribution. An exact treatment
of the problem seems difficult. On the other hand, the above
assumption leads to a distribution in depth of penetration, which,
although crude, seems more realistic than assuming, for example,
a constant ‘“average” decrease in depth of penetration for each
pion.

Since the distribution in ®(x) is Gaussian, the distribution in
% is also Gaussian, and the fraction of the total number of pions
with % in dk is

N(k)dk=[2/(2m)}] exp(—k?/2)dk.

Knowing, at every depth x, the angle with which each pion travels
relative to the original direction, we are able to compute each path.

The path length traversed by a pion is S [dx/cos®(x)], and
the shortening in the projected path distance is, therefore, given
approximately by w= fiZ[dx0©%(x)/2].

The average shortening that the projected paths undergo is
given by the shortening for the pion which maintains the rms
angle. Using Eq. (II-2) this average shortening, w¥, turns out to
be 0.08C/(1—n)-Re?/T? where T is the initial kinetic energy
of the pion.

The pion maintaining the direction of travel 2@:ms(x) has then
a decrease of penetration given by w=£k%»*. The distribution in
w is found from the distribution in %:

N (w)dw= 2rww*)"? exp (—w/2w*)dw. (I1-3)

With the absorbers used, the total shortening in depth of pene-
tration was, for the “rms” pion, 0.14 cm of aluminum. Since the
energy is inferred from the depth of penetration, a pion traveling
along the path with the rms angle will appear to have an energy
decreased from the true energy by w*(—dE/dx)Al T,. This yields
AE*=0.88 Mev. The distribution in w, [Eq. (II-3)] corresponds
to a distribution in E given by:

N E dE e‘-(Eo—E)IZ(O.SS) dE
B = e By X088 T

where E, is the true pion energy and the energies are in Mev.
Next, the effect on the energy resolution of range straggling
due to statistical fluctuations in the number of collisions that the

(I1-4)
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meson undergoes is computed. Livingston and Bethe® give an
expression for the mean square width in the Gaussian distribution
of distance traveled by monoenergetic particles which lose a
given amount of energy by ionization. For pions of high velocity
which decrease in energy from E; to E; this expression yields:
2~ [P 4we!NZ'

AR [L il
where e is the electronic charge, N is the number of atoms per
cubic centimeter of the absorber, Z’ is the number of electrons
per atom that are effective in the ionization process, and (—dE/dx)
is the rate of energy loss of the pion at the energy E. The inte-
gration can be carried out by means of Eq. (8). For the experi-
mental absorbers used, the total accumulated straggling in range
was calculated as ARrms=0.15-cm of Al If there were no strag-
gling, this Gaussian distribution in range would correspond to a
Gaussian distribution in the energy with which the pions enter
the absorber. The mean square in this energy distribution is

2 M. S. Livingston and H. A. Bethe, Revs. Modern Phys. 9,
245 (1937).

(II-5)
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given by:
(AEY)p = (AE/dx) B (AR®)a=0.92 Mev2.

The electrically deflected 341-Mev proton beam has an energy
spread estimated to be about 1.5 Mev. Without a detailed analysis
of the origin of this spread, we have assumed that the distribution
in energies is Gaussian with an rms spread of 1.2 Mev. This
value gives the best fit to the experimental points. If, however
any value in the vicinity of 1.5 Mev were used for the rms spread,
the conclusions reached would remain unchanged.

Protons with a Gaussian energy distribution will produce pions
whose maximum energy will also have a Gaussian distribution.
Since a change in proton energy of 1 Mev produces a change of
0.9 Mev in the maximum pion energy, the pion energy Gaussian
will have an rms width of 0.9X1.2 or 1.08 Mev.

The range straggling and proton beam energy distributions,
when folded together, give a Gaussian of rms width 1.44 Mev.
The final resolution curve is found from folding the distribution
produced by multiple Coulomb scattering into this Gaussian,
and is plotted in Fig. 11.
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Time series have been derived for changes of the amplitude and the hour of maximum of the diurnal
component of the daily variation of the pressure-corrected meson intensity at Godhavn from Carnegie
Institution data. While these series show some features which are strikingly similar to those observed at
other stations, the variability at Godhavn is much greater than elsewhere. Comparison of the series at
Godhavn with the corresponding series for the mean changes observed at Cheltenham and Christchurch
permits information to be derived concerning changes in the mean energy of cosmic-ray primaries responsible
for the daily variation, and their “stiffness” in the geomagnetic field. On the basis of an interpretation in
terms of continuous emission of cosmic rays from the sun, there is evidence for an increase in the mean
energy of solar cosmic rays from 1940 to 1944. Reasons are given for believing that during 1944, the solar
cosmic rays became richer in alpha particles as compared to protons.

\ E have earlier presented' evidence demonstrating

world-wide changes in the daily variation of
cosmic-ray meson intensity. Time series for the period
1937 to 1946 have been derived for changes. in the
amplitude M? and the hour of maximum ¢? of the
diurnal harmonic component of the daily variation of
mesons observed at Huancayo (H), Cheltenham (C),
and Christchurch (C’). Similar analysis has now been
conducted for the daily variation of meson intensity at
Godhavn (G) from data furnished by Lange and
Forbush.?

Figure 1 shows the time series for changes in absolute
magnitude of MP and ¢¢P during the years 1939 to
1946. These series at Godhavn (mag. lat. 79.9° N) may
be compared with the time series M ()’ and ¢()?,
which represent the mean of the time series for Chelten-
ham (mag. lat. 50.1° N) and Christchurch (mag. lat.
48.6° S). Huancayo has not been included in the mean

1V. Sarabhai and R. P. Kane, Phys. Rev. 90, 204 (1953).

21. Lange and S. E. Forbush, Carnegie Inst. Wash. Pub. 175
(1948).

time series because it is a high level station on the mag-
natic equator and during years of high solar activity,
M 5P exhibits a different course of changes compared
to McP or M¢.”. Though the changes in the daily
variation at G and (C) have broad similarities, there are
certain important differences.

1. The variability of MgP and ¢¢” at Godhavn is
much greater than the variability of M(¢)? and ¢¢c)?.

2. For the period 1943 to 1946, the time series for
M P and ¢gP are remarkably similar to those for M (¢)?
and ¢(¢)?, respectively. For 1939 to 1942 however, M ¢°
has a low and almost constant value nearly equal to the
minimum reached in 1944, while M ()P steadily de-
creases from a high to an intermediate value in its total
range. During the same period, ¢¢? has a peak at 1940
while ¢¢)? has a slowly increasing value.

G and (C) refer to sea level stations which lie outside
the region where the geomagnetic latitude effect is
observed at this depth of the atmosphere. However, if
the daily variation is considered to be produced by



