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Radhateol Laboratory, DepartrrIent of Ekyst'es, Urteeersety of Caleforlea, Berkeley, Caleforstta

{Received March 16, 1953)

The interaction of x+ mesons with aluminum has been studied in a magnet cloud chamber containing
6ve -', -inch aluminum plates. Meson energies ranged from 25 to 100 Mev. 20 stops, 34 scatters &30', and
57 stars were observed. A 1-prong star and a 70-Mev electron-positron pair in coincidence was interpreted
as an inelastic charge-exchange scatter. All stops are reasonably accounted for by scatters and stars hidden
by the geometry. The cross sections rise steeply with energy. The scattering (elastic plus inelastic) is very
roughly isotropic except for a dip in the 60' to 90' interval. Corrected absolu'te cross sections for the 25—45-,
45—70-, and 70-100-Mev intervals, respectively, are 0 (scat), 70%23, 312&74, and 216+82 mb; cr(star),
176&34, 299+62, and 332&100 mbi and a(totall, 246&43, 611+95, and 548&129 mb. Detailed results
and a description of experimental procedures are given.

INTRODUCTION

HE meson Qux available and the estimated cross
sections were such that it appeared prohtable to

undertake a cloud-chamber study of the interaction of
pi-mesons with aluminum. A cloud-chamber study has
the advantage of providing more detailed information
concerning individual events than do other techniques.
Aluminum met the need for a fairly light (low Z)
nucleus to minimize Coulomb scattering and is a solid
easily handled in a cloud chamber.

Many workers have been studying meson interac-
tions. There is now a considerable amount of data on
both interactions with nucleons and with complex
nuclei. Much more data are still needed, of course, to

fill in and extend the broad outlines of current knowl-
edge. For an excellent review article and an extensive
bibliography of the experimental work in meson physics
through 1950, see Marshak. ' References to some of the
more recent work will be made later. A more detailed
account of the present investigation is available
elsewhere. '
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FrG. 1. Absolute cross sections for the interaction of positive
pions wi'th aluminum. The data are based upon 111events, which
included' scatters ~)30' stars and stops. The stops have been
apportioned between the scatters and stars in accordance with
calculated geometrical corrections. The scattering cross sections
have been extended to include the angles from 0' to 30' by using
the average differential cross section between 30' and 180' to
obtain a total scattering cross section over 421- steradians. No
distinction between elastic and inelastic scattering events has
been attempted. Standard deviations, based upon statistics only,
and energy groupings are indicated for the abscissas and ordinates,
reSpeCtiVely {«otal= O.,t„+~„„t}.

FIG 2 Di8erential cross sections for scattering of positive
pions by aluminum. The plotted points are experimental values
based upon 114 scatters between 10' and 180' (34, between 30'
and 180') of pions having energies between 25 and 100 Mev
(mean energy. =49 Mev). Standard deviations, based upon
statistics, and angular groupings are indicated. The solid curves
represent theoretical single Coulomb scattering at two different
energies for comparison purposes. The inset reproduces a portion
of the same data to an enlarged ordinate scale.

' R. E. Marshak in Aenlal Review of Suclear 5cieece (Annual
Reviews, Inc. , Stanford, 1952},Vol. I.

I. F. Tracy, University of California Radiation Laboratory
Report UCRL-2013, 1952 (unpublished).
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TABLE I. Data on the interaction of 25-100-Mev positive pions with aluminum. '

Energy
interval
(Mev)

25-45
45-70
70-100
(Total)
25-100

Stops
7fp

9
8
3

20

9
18

7

34

18 5
10 13
6 5

34 23

Observed number of events
Scatters 1-prong 2-. prong

+30 stars ' stars
ttg . tl1 S2

10.6 14.2
25.1 8.2
7.9 6.8

43.6 29.2

Corrected number
Scatters 1-prong530' st;ars

Ns N1:

of events
2-pr ong

stars¹
14.5
17.3

6..2

38.0

Scat tering
0'ses, t

Absolute cross sections
(corrected for geometry
and mu-contamination)

(millibarns)
Star production

&star

162~28 234&31

70~23 176&37
312~74 299%62
216~82 332~100

Total
0'total

246~43
611~95
548&129

396+41

a The definition of symbols is given in Appendix II. Elastic and inelastic scatters have not been separated. The absolute cross sections have been cor-
rected for events bidden by geometry and for the error in the pion count introduced by the muon contamination. The absolute scattering cross sections
have been computed by extending the average differential cross section for scatters %30' over the total solid angle of 47r steradians. The indicated uncer-
tainties are standard deviations based upon numbers of events only. Most of these cross sections are presented graphically in Fig. 1.

TABLE II. Data on the scattering of 25-100-Mev positive pions by aluminum. '
Scattering angle —8 (angular interval in degrees).

Energy
interval
(Mev)

25-45
45-70
70-100
(Total)
25-100

10-15

24
8

33

15-20 20-25

8
2
0

10

25-30 30-60 60-90

Number of scatters actually observed

7 3 . 1
3 5 0
3 3 1

13 11 2

90-120

2
7

10

120-150 150-180 30-180

25-45
45-70
70-100
(Total)
25—100

24.0
8.0
1.0

33.0

16.0
6.0
2.0

24.0 10.0 13.0 12.1 3.1 17.1

Number of scatters after correction for those hidden by geometry

8.0 7.0 3.1, 1.5 3.0
2.0 3.0 5.9 0.0 12.9
0.0 3.0 3.1 1.6 1.2

1.0
4.3
1.0

6.3

2.0
2.0
1.0

5.0

10.6
25.1
7.9

43.6

(Total)
25—100

976
&170

Corrected differential scattering cross section —do./dO (millibarns/steradian)

520 165 182 18.5 3.4 18.9
~106 &52 ~50 ~5.6 ~2.4 ~6.0 +3.8

20.0
+8.9

12.9
&2.2

' Elastic and inelastic scatters were not distinguishable and have not been separated. The differential scattering cross sections have been corrected for
scatters hidden by the geometry and for the error in the pion count introduced by, the muon contamination. The indicated uncert'ainties are standard
deviations based upon numbers of events only. These cross sections are presented graphically in Fig. 2. It will be noted that the right-hand column includes
all scatters )30 . The differential cross section in the right-hand column is, thus, the average for all angles ~)30'. The total counts in the 10'-15' and15'—20 intervals should probably be reduced by two each, as a correction for 7r-p, decays.

RESULTS

The results are presented graphically in Figs. 1 and 2
and numerically, in more detail, in Tables I, II, and
III. Additional information is set forth below. The data
presented in this paper refer to the laboratory system.
This is essentially the same, however, as the center-of-
mass system because the mass of the aluminum nucleus
is so much greater than the meson mass.

It is apparent. that the absolute scattering, star, and
total cross sections (Fig. 1 and Table I) have a rapid
rise with energy and that th.e total cross section equals
the nuclear area L= (rA)**=550 millibarns, r=1.&
)&10-"cmj in the 60-Mev region and drops to half this
value near 30 Mev. It is not clear whether it continues
to rise, levels ofF, or eventually drops down again
beyond 60 Mev. The star production cross section is
about half again as 1arge as the (elastic plus inelastic)
scattering cross section.

Within the statistics, it appears possible to char-
acterize the nuclear scattering as isotropic, although

there is de6nite indication of a minimum between 60'
and 90'. This minimum may be attributable to diBrac-

TA&LK III. Data on the total amount of aluminum
traversed by the meson beam. '

Total
path of

accepted Correction
Energy Mean tracks for muon
interval energy (g/cm2 contamination
(Mev) (Mev) Al) (g/cm2 Al)

Corrected path
(g/cms Al)

Cross
section

per
event
(milli-
barns)

25-45
45-70
70-100
(Total)
25-100

36.1 7.800 498(~33%) 7.300(+ 2'%) 6.14
54.7 5.180 1.350(&33%) 3.830(a12%%ug) 11.7
81.5 2.330 570(&33%%uo) 1.760(+11%) 25.5

49.3 15.310 2.420(~33%) 12.890(~ 6/q) 3.48

a By "mean energy" (second column) is meant the average energy with
respect to g/cms of aluminum traversed. The uncertainty in total (uncor-
rected) path is less than one percent. The 33 percent mu-contamination
uncertainty is an estimated maximum. The "cross section per event"
(right-hand column) was computed by assuming one event over the
corrected path in each energy interval; the uncertainties are those of the
corrected paths. These data, when multiplied by the appropriate numbers
of events, give the respective cross sections in Tables I and II. (The total
number of acceptable tracks upon which the above data are based was
3976, corresponding to 15 359 plate traversals. )
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FIG. 3. A charge-exchange scatter. An 88-Mev pion enters the third plate and, presumably, suGers a charge-exchange
scatter. A 51-Mev proton is ejected at 6' to the forward direction; the neutral pion decays and causes a 70-Mev electron-
positron pair to leave the plate at 75' to the forward direction. (The electron takes 28 Mev and the positron, 42 Mev. )

tion sects in accord with the optical model of the
nucleus proposed by Fernback, Serber, and Taylor. '—'
The diGerential scattering cross section, averaged over
all energies and aH angles &30', is 12.9+2.2 millibarns
(Table II). The small angle scattering follows the

s Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1950).' H. A. Bethe and R. R. Wilson, Phys. Rev. 83, 690 (1951).
& Sy6eld, Kessler, and Lederman, Phys. Rev. 86, I7 (j.952).

theoretical single Coulomb scattering predictions rea-
sonably well. The data are too coarse to draw conclu-
sions about the interference between Coulomb and
nuclear scattering.

In Table I, stars are listed as either 1 prong or
2 prong. Among the stars listed as 2 prong included is
one that actually had three prongs and another that
had four prongs. It is presumed that many of the stars
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out, this latter eventuality is very unlikely. The inverse
photomeson production cross section is extremely small, 9

and one can infer from detailed balancing arguments
that the inverse radiative capture process is likewise
extremely unlikely.

The coincidence of the 1-prong star and the pair
could hardly have been accidental. One can estimate
the probability of an accidental coincidence from the
fact that perhaps 30 high-energy pairs occurred in the
600-odd pictures scanned. If one assumes conservatively
that a pair and a star have to intersect within the same
0.2-inch square section of aluminum plate before
appearing to be in "coincidence, " then the accidental
rate per star is 10 '. This probability is reduced still
more when one considers that all other pairs seen in the
chamber pointed back toward the CHs target (Fig. 4).
The pair in Fig. 3 is almost at 90' to the target direction
and could not have been created by a gamma-ray from
that source.

One can only conclude that the pair was the result of
a ~' decay associated with the 1-prong star. (Since the
x' mean life is less than 5)&10 "sec,"it could not have
traveled more than 10 ' cm before decaying. ) The ms's

usual mode of decay is into two photons, each of 70 Mev
in the center-of-mass system. A radiation length in
aluminum is 9./ cm, and it may be readily supposed
that the one electron-positron pair observed is the
only conversion that occurred among possibly 100
photons resulting from half that number of charge-
exchange scatters. It is thus entirely possible that a
number of the other j.-prong stars observed were also
associated with inelastic charge-exchange scatters.

The pair might also have arisen directly from the
neutral pion decay. " Steinberger" has very recently
found that two percent of x' decays result directly in an
electron pair and a single gamma, in competition with
the two-gamma process.

DISCUSSION

It is useful to consider the nuclear absorption of
pions which come to rest in matter because of the
insight given into the nuclear interaction of mesons in
Right. A stopped negative pion is essentially always
captured by a nucleus. Once inside the nucleus the
meson may be considered to be captured by a proton
which is part of, say, a deuteron or an alpha-particle
subgroup. " '4 The proton is transformed into a neutron
(s. +~n+K.E.) that receives, as kinetic energy, half
of the 140-Mev meson rest mass. Momentum conser-
vation requires that another particle in the subgroup,
either a neutron or a proton, receive the other half of
the 140 Mev. Thus in the primary absorption event

' J. Steinberger and A'. S. Bishop, Phys. Rev. 86, 171 (1952).
' Carlson, Hooper, and King, Phil. Mag. 41, 701 (1950).
"Lord, Fainberg, Haskin, and Schein, Phys. Rev. 87, 538

(1952).
~ J. Steinberger to J. V. Lepore, private communication.
'3 D. H. Perkins, Phil. Mag. 40, 601 (1949).
'4 S. Tamor, Phys. Rev. 77, 412 (1950).

two fast nucleons, moving in opposite directions and
each with about 70-Mev energy, are created. These
may escape directly, leaving the residual nucleus with
only a small excitation, or both primary nucleons may.
suGer energy' degradation by collisions with other
nucleons on the way -out causing one or two additional
fast nucleons to be ejected, and/or leaving the residual
nucleus in a highly-excited state. This residual excita-
tion can be dissipated by the subsequent "boiling oA"
of slower fragments. One of the primary fast nucleons
is always a neutron and often the other is also. In this
latter event both neutrons may escape without colli-
sions, or may make only collisions yielding additional
neutrons. When no ionizing particles are emitted, such
an event will appear as a meson disappearance or
((stop ~)

The consequence of the absorption by a nucleus of a
50-Mev "fast" meson should not be too diferent from
those of the absorption of a "slow" meson after coming,
to rest. The meson rest mass will still be the major
contributor to the energy released. Here there is, how-
ever, the possibility of the absorption of positive as
well as negative pions, because the repulsive Coulomb
potential barrier is now low relative to the pion kinetic
energy. From charge-symmetry considerations, one
expects positive pion events to "mirror" negative pion
events, i.e., neutrons to replace protons, and vice versa.
In the case of fast mesons, of course, one expects
scattering events as well as absorption events.

Recent work of other investigators includes successful
attacks using electronic techniques on meson interac-
tions with "free" nucleons, "" in addition to studies
using various techniques on interactions with complex
nuclei. ' ' "~"One group has used the diffusion cloud
chamber for meson-proton and meson-alpha-particle
experiments. ""

'Most experimenters have used pions in the energy
range between 50 and 100 Mev. Work with negative
pions predominates. The general features of pion
interactions with complex nuclei are shared by both
positive and negative varieties. The total cross sections
(in the above-mentioned energy interval) are approxi-

"Durbin, Loar, and Steinberger, Phys. Rev. 84, 581 (1951).
"Isaacs, Sachs, and Steinberger, Phys. Rev. 85, 803 (1952}.
"Anderson, Fermi, Long, Martin, and Nagle, Phys. Rev. 85,

934 (1952)."Anderson, Fermi, Long, and Nagle, Phys. Rev. 85, 936 (1952).
"Anderson, Fermi, Nagle, and Yodh, Phys. Rev. 86, 413

(1952); 86, 793 (1952).
~0 Chedester, Isaacs, Sachs, and Steinberger, Phys. Rev. 82,

958 (1951).
' Martin, Anderson, and Yodh, Phys. Rev. 85, 486 (1952).

~2 R. L. Martin, Phys. Rev. 87, 1052 (1952).
"Bernardini, Booth, and Lederman, Phys. Rev. 83, 1075

(1951);83, 1277 (1951).
'4 H. Bradner and B.Rankin, Phys. Rev. 87, 547 (1952).
"Camac, Corsom, Littauer, Shapiro, Silverman, Wilson, and

Woodward, Phys. Rev. 82, 745 (1951).
"Shutt, Fowler, Miller, Thorndike, and Fowler, Phys. Rev.

84, 1247 (1951).
2'Thorndike, Fowler, Fowler, and Shutt, Phys. Rev. 85, 929

(1952).
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mately equal to the nuclear areas (geometrical cross
sections); inelastic events (i.e., absorptions and inelastic
scatters) occur somewhat more frequently than elastic
(scattering) events; and there is a high probability for
large angle, single scatters. There is at least one marked
difference between the two signs, however. A large
fraction of negative pion and few, if any, positive pion
absorption events are disappearances. This difference
may be understood by noting that a positive pion
always produces within the nucleus at least one fast
proton, while a negative pion similarly always produces
at least one neutron. When the second fast nucleon, is
likewise a neutron, the negative pion may suffer a
disappearance.

More recently, especially with observations on
hydrogen and deuterium, it has been found that the
total cross sections increase rapidly with energy up to
energies of 100 or more Mev""'"" Somewhere
beyond 100 Mev the cross sections begin to level off.
At. very high energies, at 920 Mev, as obtained is
cosmic rays, the total cross sections on carbon and
lead have dropped down to about 75 percent of the
nuclear area."

The results obtained in the present experiment
(Figs. 1 and 2, and Tables I,and II) are in general
agreement with the statements made above. A direct
comparison with the published data on total cross
sections for aluminum can be made. Camac et a/. ,"
apparently using equal numbers of positive and nega-
tive pions of about 45 Mev, obtained 480~140 mb;
Chedester et u/. ,

20 using 85-Mev negative pions, obtained
623~25 mb; and Martin et a/. ,

' using 109-Mev and
133-Mev negative pions, obtained 590~60 mb and
580&50 mb, respectively. The author's results are in
agreement with these data. It will be noted that the
results of Martin et c/. indicate a leveling oG somewhere
beyond 100 Mev.

Camac et a/. have also separated star events from
scattering events. They did not. distinguish between
scatters and single-prong stars (they lumped these
together) because the two kinds of events, in the
absence of a magnetic field, had similar appearances in
their cloud chamber. With this restriction, they ob-
served six stars and nine scatters &20', which is in

rough agreement with the author's corrected data;
i.e., 38 2-prong stars and 73 1-prong stars plus scatters
&30'.

Byfield et 0,/. ' have made a magnet cloud-chamber
study of both negative and positive 62-Mev pions on
carbon. They have distinguished elastic froni inelastic
scatters and, for positive pions, have obtained o(star)
=153&22 mb, o (elastic scattering)=89&10 mb, and
o (inelastic scattering) =15&8 mb. If their elastic and

inelastic scattering cross sections are combined, one
finds the ratio of star events to scattering events to be
3:2; This is precisely the ratio the author has obtained

ss R. L, (.ooi and O. Piccioni, Phys. Rev. 87, 551 (1952).

for aluminum. A further interesting comparison can be
made: Byfield et a/. list the proton star prongs &40
Mev. The ratio of number of fast prongs to number of
stars is 161:153 (=1.05). The like quantity for the
author's experiment is 49:67 (=0.73). This difference
between carbon and aluminum is not surprising; fast
protons are more likely to suffer collisions and to be
more degraded in energy when leaving the larger
nucleus-aluminum.

In the present work, all of the 20 stops observed
(i.e., disappearances —see Table I) were assumed not
to be true disappearances but rather stars and scatters
that were hidden by the geometry. This assumption
seems reasonable as all of the observed stops can be
accounted for by the geometrical corrections applied to
the observed stars and scatters. The validity of the
assumption is further substantiated by the work of
others in studies of fast positive pions in emulsions.
Bernardini and Levy' observed no disappearances in
the course of finding 41 scatters &40' and 118 stars.
Similarly, Rankin and Bradner' discovered no disap-
pearances while finding five scatters &30' and 11 stars.

EXPERIMENTAL PROCEDURE

Positive ions of about 50-Mev energy were produced
by bombarding a polyethylene (CHs) target with the
340-Mev pulsed proton beam of the 184-inch Berkeley
cyclotron and were then channeled into an array of
five parallel aluminum plates inside a Wilson cloud
chamber placed in a 5200-gauss magnetic field. Meson-
induced events occurring in the chamber were recorded
by a stereoscopic camera. These stereoscopic photo-
graphs were then reprojected upon a movable screen in
a manner permitting the original three-dimensional
configuration of events to be observed and measured.
By a sampling procedure, the energy spectrum and total
path lengths for mesons traversing the aluminum plates
were determined. Finally, after counting the events,
applying certain geometrical weighting factors, and
making allowances for contaminating particles in the
pion beam, the desired scattering and absorption cross
sections were obtained. The details of this procedure
are outlined in what follows.

Production and Recording of Events

The experimental arrangement is indicated. in Fig. 4.
The pions were produced in an arrangement used by
Richman, Skinner, Merritt, and Youtz. 29 The steering
magnet turned the mesons through 90 into an 8X24-
inch tunnel in the concrete shielding from whence they
entered the cloud chamber outside. The meson tra-
jectories were surveyed by means of a flexible stranded
copper wire subject to a measured tension and carrying
a predetermined electric current to simulate a particular
m.eson momentum. The meson beam was dehned by
careful collimation to minimize the number of -protons

"Richman, Skinner, Merritt, and Youtz, Phys. Rev. 80, 900
(1950.)
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and decay muons entering the chamber. The spectrum
of meson energies is indicated in Fig. 5.

The %ilson cloud chamber used was developed by
PoweIl. " It is 22 inches in diameter, has a sensitive
region 3-,' inches deep, was filled with about one atmos-
phere of argon gas, and was operated in a 5200-gauss
magnetic 6eld. 5200 gauss was a compromise. A higher
6eld was desirable to increase the curvature of the
mesons and thus make possible more accurate measure-
ments of their momentum; a lower field was needed to
reduce the curvature in order that mesons might more
readily enter the chamber and also has the advantage
of permitting a more accurate measurement of scatter-
ing angle. The plates used were of 2S commercially
pure aluminum, which has a minimum purity of 99
percent. The plates were $ inch (0.858 g/cm') thick
and spaced at two-inch intervals.
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Fro. 5.Energy spectra for the meson beam at the cloud chamber.
These data are based upon a sample of 628 accepted tracks
measured before the first plate. Accepted tracks satisfied certain
criteria regarding ionization, position, and direction intended to
identify them as positive pions, but which did not exclude posi-
trons and positive muons of acceptable Bp. Positron contamination
was negligible. The energies plotted for the p+ contamination
are the energies of pions having the calculated muon Bp's. Stand-
ard deviations and energy groupings are indicated for the accepted
tracks.

II'%'. M. Powell, Rev. Sci. Instr. 20, 403 (1949).
+Bruecknei, Hartsough, Hayward, and Powell, Phys. Rev.

75, 555 (1949).

Measuxement and Reduction of Data

All counting and measuring of events was done with
a special stereoscopic projector developed for the general
use of the Radiation Laboratory cloud-chamber group,
under Powell. "The geometrical crit'eria by which meson
tracks and events were accepted are discussed here.
The section on "Meson Beam Contamination" states
the means by which mesons mere distinguished from
heavier particles, and the manner in which positron
and mu-contaminations were handled. Acceptable
tracks were required to lie well within the illuminated
region, to have su%.cient track length before the first
plate to permit good curvature measurements, and to

satisfy certain conditions regarding the horizontal and
vertical angles with which they entered the 6rst
aluminum plate. Figure 6 serves to illustrate how the
first plate was divided into four intervals, I to IV, for
the purpose of grouping the incoming tracks. Tracks
passing to the left of I or the right of IV were con-
sidered too short (they were less than 7 cm long) for
good curvature measurements. The vertical white lines
near the left end of each plate indicate the points
beyond which a track traversal was not counted;
meson scatters or star fragments originating to the left
of these lines were considered likely to be overlooked.

The acceptable values for the vertical (dip) angle n
were taken to be those within &3' of the horizontal.
All but two or three percent of the otherwise acceptable
tracks lay within this range; those outside were con-
sidered more likely to be muons from the decay of
pions in Qight than pions, themselves. The acceptable
range for values of the horiiontal (beam) angle P at
the first plate was determined in the following way:
The tracks were separated into groups I to IV, according
to their point of entry into the first plate. Tracks within
each gr' oup were divided, in turn, into three radius-of-
curvature groups. Frequency distributions for values of
P were then plotted for each subgroup. These had the
general appearance of Gaussian curves. In each sub-

group all but about five percent of the tracks lay within
~4' of the average value for the subgroup. This was
considered the acceptable range for pions in the partic-
ular subgroup. Mesons outside these ranges were
considered to have too great a likelihood of being
muons.

About 10 percent of the photographs were judged to
have too many tracks to be of use. That is, the tracks
were so numerous that they frequently overlapped and
were thus dificult, if not impossible, to follom through
the aluminum plates. Such pictures were rejected
without attempting to discover possible events in order
to avoid any bias toward using photographs which
appeared to contain events.

A sampling procedure was used to predict the total
path in'the aluminum. Approximately one-fifth of the
600-odd good photographs were selected at random
and used in the sampling. The measurements made on
these tracks were also used to determine the energy
distribution before the first plate (Fig. 4) and the
energy spectrum at the plate centers as a function of
number of traversals/Mev (Fig. 7).

It will be noted in Fig. 7 that the meson energies at
the plate centers have been divided into three intervals:
25—45 Mev; 45—70 Mev; and 70—100 Mev, with mean
energies L=(gg/cm' of aluminum traversed&(energy
in Mev)/(Pg/cm' of aluminum traversed)$ of 36, 55,
and 82 Mev, respectively. Cross-section determinations
were based upon the predicted total g/cm' of aluminum
traversed in each of these energy intervals, determined

by a direct s~gzunation of the sampled path lengths
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Fro. 6. A representative photograph of chamber. The mesons enter at the bottom in thin, curving, nearly parallel paths. Circled
is a 1-prong star; a 42-Mev pion enters the second plate and one disintegration fragment (probably a proton) leaves at an angle of
155' to the direction of the incoming meson. The four open arrows at the bottom indicate energetic protons (&70 Mev) that have
traversed all five plates. The single solid arrow at the top points to a slower heavy particle (presumably a proton) that soon stops.
The thin, highly curved and spiralled tracks are electrons or (infrequently) positrons. The white bars across the plates have reference
to track selection criteria. The crosses at top and bottom center are fiducial marks, spaced twelve inches apart.

within each energy interval and not by integration
under the curve of Fig. 7.

The great majority of tracks were enumerated by a
"rapid count" procedure; a detailed measurement of
each track was not made. It usually was possible by a
visual inspection of a stereophotograph to determine
whether or not a track met the criteria for acceptance.
In doubtful cases—amounthxg to approximately ten
percent of the total number —detailed measurements
were made. The rapid count covered alI pictures used,

including those gone over in the detailed count under
the sampling procedure outlined above. A comparison
of the number of tracks enumerated sn the detailed
count (850) with those in the rapid count (851) covering
the same random sample of photographs established
the validity of the procedure. 3976 tracks (making
15 359 aluminum plate traversals) were enumerated in
the rapid count.

Events (scatters &~ 10', stops, and stars) were looked
for by carefully following, in the stereoprojector, each
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Fzc. 7. Spectrum of meson energies at the centers of the alumi-
num plates as a function of single plate traversals/Mev. These
data are based upon a sample of 628 incoming tracks. No cor-
rection for muon contamination have been made. The dashed
vertical lines indicate the three energy intervals {25—45, 45-70,
and 70-100 Mev) into which the data were divided for cross-
section determinations. The mean energy for each interval is
also indicated.

of the 3976 tracks on its path through the aluminum
until it either; (1) successfully traversed the five plates,
(2) finally traveled out of the acceptable region, or (3)
initiated an event in one of the plates. (Rarely, a pion
would decay into a muon between plates. Plate tra-
versals by such muons' were. not, of course, considered. )
Every pion initiating an eveiit (3) wa, s measured in
detail. In addition, the position and characteristics of
the event itself were determined, especially the angular
relationship of the incoming and outgoing tracks. The
coincidence of incoming and scattered meson, or
incoming meson and outgoing disintegration fragments,
within an aluminum plate was carefully verified. This
could be done to within ~0.1 inch vertically and
~0.05 inch, or better, horizontally. Stops were exam-
ined carefully to be certain that no nearby tracks
might have originated from the place of disappearance.
As a check on the reliability with which tracks and
events were counted, 6ve percent 6f the photographs
were examined independently by two diferent persons.
There was essential agreement between the independent
counts.

An important point is that, although it was possible
to distinguish a scattered meson from a 1-prong disinte-
gration by the difference in ionization, it was not usually
possible to establish the scattered meson's or disinte-
gration (star) fragment's energy with precision. This
was because of the short path length and the gas
turbulence between plates. In a few exceptional cases
where the scattered meson or star fragment. entered the
region before the first plate or after the fifth plate, good
curvature measurements could be made. There were
not enough of these to be statistically significant. In
most cases, order-of-magnitude estimates of energy
were possible, particularly in the cage of star fragments,

by observing the ionization of the track and/or the
change in ionization after passing through an aluminum
plate.

MESON BEAM CONTAMINATION

Not all the particles entering the cloud chamber were
pi-mesons. It was necessary, of course, either to be able
to recognize the contaminating particles o'r to have
information available from which their numbers could
be determined in order to evaluate the cross sections
correctly. Among the possible ionizing contaminants
were protons (and heavier particles), mu-mesons, and
positrons. Except for a small background of extraneous
tracks produced in the chamber by them, the non-
ionizing neutrons and gamma rays presented no dBFi-

culty. The few negative particles, presumably electrons,
presented no problem either, since they were readily
detected by their negative curvatures.

Protons constituted approximately one-fourth of the
particles in the beam and -were differentiated from
mesons by their much higher specific ionization and/or
greater radius of curvature. awhile protons are readily
distinguished from pions of the same Bp, muons and
positrons are not. For the Bp range of values of interest
in this experiment, pions have a specific ionization not
more than 150 percent that of muons of the same
radius and not more than two times that for positrons
(or electrons) of the same radius. For this reason it
was not possible to distinguish the latter two particles
from pions. The extent of the muon and positron
contamination was determined indirectly.

The muons in the meson beam originated from the
decay of pions in Right. In principle it is possible to
determine the muons expected to enter the chamber if,
among other things, one knows the experimental
geometry and the pion beam intensity, energy spectrum,
and decay constant. In practice it was necessary to use
a number of simplifying mathematical approximations
and to make certain assumptions concerning the pion
beam intensity and energy spectrum. The mean life of
the positive pi-meson was taken to be 2.55)&10—'
sec.""The "equivalent energy" 'distribution obtained
for the muons contaminating the beam is indicated in
Fig. 5. (By "equivalent energy" is meant that energy
which a pion would have if it had the same Bp as that
of the muon being'considered. ) The number of muons
was computed to be 13 percent of the total number of
pions in the meson beam. Because of large uncertainties
that entered into the computations, this figure may be
in error by ~33 percent. The required corrections in
the aluminum path lengths are indicated in Table III.

In addition to the indirect calculation of the muon
content of the beam, a direct measure of the contami-
nation was attempted in two ways: (1) by ascertaining

~ Chamberlain, Mozley, Steinberger, and Wiegand, Phys. Rev.
79, 394 (1950).

~ Jakobson, Schulz, and Steinberger, Phys. Rev. 81, 894 {1951),
~ C. K. Wiegand, Phys. Rev. 83, 1085 (1951).
"W. L. Kraushaar, Phys. Rev. 86, 513 (1952).



SCATTERING AND ABSORPTION OF m+ MESONS BY A1

the ratio of muons to pions stopped in nuclear emulsions
placed in the beam and (2) by counting the ~-p decays
occurring before, the first plate in the chamber, inferring
from these data the total number of pions which must
have entered and comparing the inferred number'with
the. number. obtained by actual count. The statistics
obtained with these methods were too poor to do more
than indicate no lack of agreement with the calculated
contamination.
- 'It has been possible to place an upper limit on the
positron contamination. This limit was obtained by
imagining all the particles in 'the beam that were
accepted as mesons to have been positrons instead,
and computing, from data available in Heitler, " the
number of times these positrons would be expected to
radiate more than three-fourths of their energy in
traversing an aluminum plate. Any positron undergoing
such a radiative loss would have emerged from the
plate with its radius of curvature reduced in direct
proportion to its loss of energy, but with no significant
change in its specific ionization; no such events were
observed. A pion suGering such a large change in radius
would also undergo a large and discernible change in
specific ionization.

GEOMETRICAL CORRECTIONS

One observes three types of meson-induced events in
the aluminum plates: (1) scatters, (2), disintegrations
or "stars, " and (3) stops. Type (3) presumably might
represent: either (a) a real stop involving charge-
exchange scattering. g and the emission. of a neutral pion
and no charged particles; (b) a real stop involving
meson capture and the subsequent emission of neutrons
and. slow charged particles of insufFicient energy to
escape the aluminum; or (c) a "pseudo" stop, corre-
sponding to types 1 or 2 above, in which the outgoing
charged particles are hidden by the geometry. It is
possible, in principle at least, to take the observed
events of types 1 and 2 and calculate from geometrical
considerations the most probable additional number
of events which would have appeared as pseudo stops.
%here one is dealing with pions of positive charge
few, if any, real stops corresponding to case (b) are
expected. One imagines the incoming positive pion to
be absorbed by a neutron within the nucleus and to
give rise to at least one fast proton, which evolves into
a star of at least one prong. Then the diBerence between
the observed stops (3) and the number of pseudostops
(c) predicted by geometrically-based calculations should
approximate the number corresponding to case (a),
charge-exchange scattering. Even in case (a), of course,
a neutron is converted into a proton which, if given
sufhcient energy, will escape and give rise to a 1-prong
star. .

By idealizing the geometry somewhat and con-
structing a simple "analog computer" (Fig. 8), the

36 W. Heitler, The Quantum Theory of Eadiatioe (Oxford
University Press, London, 1944), second edition.

evaluation of the geometrical corrections was made
with a minimum of eGort. The procedure used is
summarized in Appendix I.

ERRORS

The probable errors in the energy determinations are
estimated to have been less than five percent; this is
much less than the width of the energy groupings used.
Errors in cross-section determinations were in most
cases much less than the statistical uncertainties.

The important quantities bearing upon the accuracy
of the energy determinations are: mass of the meson,
radius of curvature, magnetic field strength, rate of
energy loss in aluminuni, and path length in aluminum.
The present uncertainty in the positive pion mass is
about one percent. "' The true radius of curvature p
of a track may be obscur'ed by multiple Coulomb
scattering in the gas, turbulence in the gas, and errors
in fitting template curves to the tracks. The probable
error in p owing to these causes is estimated to have
been about three percent. The maxgnum uncertainty
in the magnetic field intensity 8 was three percent.
The probable error in energy owing to the errors in Bp
is estimated to have been less than five percent.

. Measurements were only made on tracks before they
entered the first plate. Between plates the separation
was too small, and the turbulence too great to permit
satisfactory measurements there. In order to fix the
energy of a meson beyond the first plate, i.e., at the
centers of succeeding plates, it was necessary to calcu-
late the loss of energy by ionization in the aluminum
and to subtract this loss from the meson's energy before
it entered the first plate. Errors in energy introduced
by ionization loss calculations were less than one per-
cent.

The largest uncertainties in the cross sections derive
from the statistics and are indicated in Table I. A

Fro. 8. "Analog computer. " This device aided in evaluating
the geometrical corrections by determining the weighting factors
to be applied to the several kinds of events.

3' W. F. Cartwright, Phys. Rev. 82, 460 (1951).
"W. H. Barkas, Am. J. Phys. 20, 5 (1952).
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second uncertainty is introduced by the muon con-
tamination which falsi6es the count of pions traversing
the aluminum. The correction in path length for this
contamination is indicated in Table III. The 33 percent
uncertainty is an estimated maximum and leads to
uncertainties in the path length which in all cases are
less than, and usually much less than, the statistical
uncertainties. It has been shown by other experi-
menters'9~ that the interaction between muons and
nucleons is very weak, certainly much less than a
millibarn. It has therefore been assumed that no
disintegrations or large-angle scatters were induced by
muons.

One also has to consider the reliability with which
events were counted and identi6ed. Each photograph
was scanned very carefully for events and it is not
believed that more than one or two events, at the most,
were overlooked among the 111 stars and scatters
&~30'. There was some uncertainty in one to two
instances concerning whether an event was to be
identified as a 1-prong star or a forward scatter.

The author wishes to acknowledge his indebtedness
to Professor glilson M. Powell . for suggesting the
experiment and for his counsel, continuing interest,
and active participation during the entire program.
This work was performed under the auspices of the
U. S. Atomic Energy Commission.

APPENDIX I. EVALUATION OF GEOMETRICAL
CORRECTIONS

A meson scattering event may be characterized by a scatter
angle 8 and azimuthal angle P. 8 is the usual angle between the
meson directions before and after scattering. p is measured with
respect to rotation about the incoming meson direction taken as
an axis. @ may also be used to describe the azimuthal orientation
of a star configuration. The description of the configuration can
be completed by assigning each fragment or "prong" its individual
"scatter" angle 8.

The evaluation of the geometrical weighting factor for a given
scattering or star event was carried out by imagining the event
to be rotated about the p axis and observing the values of p for
which the configuration was obscured by the geometry. Since
there is no reason to expect a preferred orientation with respect
to rotation about the incoming meson direction, all values of p
were assumed to have equal probability. For simplicity, it was
also assumed that the paths of particles involved in an event were
straight (i.e., not curved by the magnetic Geld) and the con-
figuration, particularly with respect to star prongs, was unaffected
by the changing paths in. the aluminum brought about by the
imagined rotation.

A track was considered to be hidden when it failed to traverse
a minimum of approximately one-half inch of the illuminated
region visible to the camera lenses. By idealizing the boundary
conditions somewhat, it was possible to describe the orientation
of an event with respect to the geometry of the aluminum plates
and the illuminated region by the four parameters: 8, qb, P and y.
8 and p have been defined above. The beam angle P is measured
in a horizontal plane and is defined as the angle between a vertical

~ E. Amahh and G. Fidecaro, Helv. Phys. Acta 23, 93 (1950).
4s E. P. George and J. Evans, Proc. Phys. Soc. (London) A63,

1248 (1NO).

plane normal to the aluminum plates and the projection of the
track on the horizontal plane. The parameter y is an angle
measured in a vertical plane. It depends upon the plate height
at which an event takes place and upon the boundaries of the
illuminated region. The trigonometric expression for p in terms
of 8, P, and y was found to be rather complex and tedious to
evaluate.

A simple "analog computer" was constructed to solve for the
limiting values of @ much more-simply. The following description
of its operation may be understood by reference to Fig 8. The
@ axis represents the incoming meson, and the knife edge of the
bar A represents the outgoing scattered meson or star fragment.
The bar B defines the limits of observability and is set by the
variable angle y. The axes of rotation corresponding to the
angular parameters 8, P, P, and y and the knife edge of the bar A
intersect in a common point. Protractors (not indicated in Fig. 8)
were provided for measuring the angles 8, p, P and y.

When using the computer, 8 and P are set to agree with the
scatter angle and beam angle of the event being studied. For any
one event the parameter y has four values, corresponding to the
four ways in which the upper and lower limits of illumination
and the front and back sides of an aluminum plate can be com-
bined. Once 8, P, and y are set on the computer, the bar A is
swung about the p axis until it strikes the bar B. This position
fixes one limiting value of @.Three other values of P are determined
in a like manner to establish the range (=A/) of p in which the
event is not hidden. One then divides the total range of P (=360')
by b,p to obtain the weighting factor for the event.

This weighting factor states the expected number of similar
events if all could have been observed. It is applicable to scatters
and one-prong stars. In the case of two-prong stars one proceeds
in a like manner, determines the overlap in the ranges of p for
the two prongs, and obtains a similar weighting factor. One may
also ascertain the proportion of the time the two-prong event
would be expected to look like a one-prong star with the other
prong being hidden. (The application of these weighting factors
to the adjustment of the numbers of events is outlined in Appendix
II.) Regarding stars having more than two prongs: only two
stars were found having more than two prongs, one a 3-prong
star and the second a 4-prong star. Of course, some of the T-prong
and 2-prong stars (observed as such), may actually have had
more than two prongs w'hich escaped the aluminum. These
possibilities were considered to be so few in number (and so
difficult to correct for) that they were ignored.

Let

APPENDIX II. ADJUSTMENT OF NUMBERS
OF EVENTS

Eg =No. of actual scatters ~&30',
Eo No. of real stops,

Ni No. of actual f-prong stars,
Ej.~No. of actual 2-prong stars,

- ng =observed scatters ~&30',
eo observed stops (real

plus pseudo),
ei =observed 1-prong stars,
eg observed 2-prong stars,

Egrgo No. of observed pseudostops from actual scatters,
Ei rIO No. of observed pseudostops from actual 1-prong stars,
X2 r20 No. of observed pseudostops from actual 2-prong stars,
X~ reI No. of observed pseudo 1-prong stars from actual

2-prong stars.

Among the quantities defined above, the e's are the only ones
obtained by direct observation. The E's and Er's are only the
most probable values, and their evaluation depends upon the
introduction of certain assumptions stated below. The final
quantities desired are the E's. The procedure for obtiining them
follows.

The quantities which can be determined by use of the analog
computer" (see Appendix I) -are defmed as follows:
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/so '& =fraction of time the fth observed scatter is expected to
have appeared as an observed pseudostop.

fio&'& =fraction of time the 4th observed 1-prong star is expected
to have appeared as an observed pseudostop.

f2o&'& =fraction of time the ith observed 2-prong star is expected
to have appeared as an observed pseudostop.

fbi&'& =fraction of time the ith observed 2-prong star is expected
to have appeared as an observed pseudo 1-prong star.

Having de6ned the above quantities, one may write down the
following relations:

I&/srso =& fso&' /(1 fso —'&),

iVs rso =Z fno& "/(I-f&0& /21&'&)i

f&&'s rs& =& fsi "/(1—fr&&"-fsi"),
(Pl+i&f2rsl)r10 + /10 /(1 f10 )

(The summations are carried over all the events in the categories
for which the particular f&'&'s do not vanish. )

It is now possible to calculate the value of the X's providing
one makes the following two assumptions: (1) Eo—=0, i.e., there
were no real —as opposed to pseudostops; (2) rio=rio, where

rio= Lfio ' /(1 —/io '')]Av.

One may now write

Xs = L»s+Xarso],
Eo =0,

Lr&i+ (Si+Nsrsi)rio] —A arsi (1+rio),
+2 n2++2r20++2r21 ~

The results of these computations are displayed in Table I.
The standard deviations have been determined from the number
of events of each kind observed; i.e., f&/s. PI+ (1/Ns) 1]&

f}ri t I+(I/Ni)&], and Es D+(1/N~) 1].
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The Mean Life of Negative t Mesons Stopped in Iron* t
A. H. BzNAnst

8'ushington University, Pt. Louis, Missouri

(Received April 30, 1953)

The mean life of negative cosmic-ray p, mesons stopping in an iron absorber has been found experimentally
to be 0.21&0.06 @sec. The upper limit to the mean number of neutrons produced is very roughly one per
meson captured by an iron nucleus.

HE development of hydrogenous scintillating
liquids suitable for eKcient and fast detection of

neutrons in the 1 to 10-Mev range' has made it possible
to extend measurements of the mean life of stopped
negative p mesons to materials of higher atomic number
than could be studied previously with Geiger counters. '
The scintiljator is used to detect neutrons (or gamma
rays) resulting from the interaction of the stopped
meson with the nucleus. The time delay is measured
between the arrival of the meson in the stopping
material and the detection of the nuclear disintegration.
An extensive experiment of this sort has recently been
reported by the Princeton group. ' The present experi-
ment was completed before publication of the Princeton
measurements on iron. Its result is in agreement with
their more precise result, constituting an independent
confirmation.

Figure 1 shows the geometrical disposition of the
counter tubes and the absorber and also the nature of
the input circuits. Counter trays A& and A2 each

*Based on Washington University thesis, June, 1952.
t Assisted by the joint program of the U. S. Office of Naval

Research and the U. S. Atomic Energy Commission.
f, Now at Case Institute of Technology, Cleveland, Ohio.
' Jastram, Benade, Cleland, and Hughes, Phys. Rev. Sl, 327

(1951).
s T. Sigurgeirsson and A. Yamakawa, Phys. Rev. 71, 319 (1947);

H. K. Ticho, Phys. Rev. 74, 1337 (1948); A'. H. Benade and
R. D. Sard, Phys. Rev. 76, 488 (1949).

3Keu6el, Harrison, Godfrey, and Reynolds, Phys. Rev. S7,
942 (1952).

contain ten brass-walled Geiger counters of 1 inch
diameter by 25.4 cm effective length, which are con-
nected to a two-stage pulse amplifier. Between these
two trays is an iron filter 15.2 cm thick, and below

them is the absorber, a 30.5 cm cube of iron. Through
the middle of this cube runs a brass cylinder 2 in. in

diameter and 31.6 cm long, containing a scintillating
solution of 2 grams/1iter of terphenyl in xylene. Two
EMI 5311 photomultiplier tubes look into the ends of
the column of liquid. The amplified outputs, 8& and 82,
of these tubes are connected in coincidence to suppress
noise. Underneath the absorber cube is a third tray C
similar to the A& and A2 trays, and containing twelve

Geiger counters of 1 in. diameter by 50.8 cm effective

length. This C tray covers most of the solid angle
subtended by the absorber cube at the A&A2 telescope.

Pulses from the A& and A2 trays are fed to a coinci-
dence circuit of 0.22-p, sec resolving time, which pro-
duces an output signal that is fixed in time relative to
the earlier of the two input pulses. This output signal is

used to initiate the timing process of a ten-channel

delay discriminator' which measures the time between

signals from the A trays and the scintillation counter B.
In order to minimize the timing changes caused by
variations in pulse height, the amplified By$2 colnci-

' Such a circuit was first used by M. L. Sands LRossi, Sands,
and Sard, Phys. Rev. 72, 120 (1947)].

~The time base of this discriminator is adapted from the
Los Alamos Model 300 Sweep.






