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A Diffusion Cloud-Chamber Study of Pion Interactions in Hydrogen and HeliuIn~
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A description is given of the operation of a high pressure diffusion cloud chamber 6lled with hydrogen
or helium and exposed to pion beams of both signs and energies near 60 and 100 Mev. Interactions occurring
in the gas filling are investigated. The cross sections found in hydrogen agree with the results of others,
including the large difference between the cross sections for positive and negative mesons. In helium the
total cross sections are 89+18 and 207&27 mb with beams at 60 and 105 Mev, respectively. These cross
sections include elastic and inelastic scattering, charge exchange, and absorption. The charge exchange
cross sections, estimated at 20 and 60 mb for the two respective energies, are much larger than observed by
others for different nuclei. Assuming that the mesons interact with the individual nucleons in the nucleus, an
approximate calculation shows that a fairly consistent picture can be obtained making use of phase shifts
determined by Anderson et a/. for meson scattering on hydrogen.

employing scintillation counter telescopes. Further-
more, data were obtained by Goldhaber and Leder-
man" using nuclear emulsions. Our data are in
general agreement with those results and provide an
independent confirmation of their correctness. The
comparison is made in Sec. V. We are not aware of any
other data on helium. Preliminary reports on some of
our results have already been given. '~"

I. INTRODUCTION
' 'NTERACTIONS of pions in hydrogen and helium
~ - gas have been observed in a diGusion cloud chamber
operated in various pion beams at the Nevis cyclotron'
of Columbia University. Both results and experimental
techniques are discussed in the present article. Since
pions are considered to be nuclear-force mesons, an
investigation of their interactions with light nuclei is of
particular interest. Detailed theoretical predictions
concerning the scattering of pions by nucleons on the
basis of weak coupling theory have been presented by
Ashkin, Simon, and Marshak, ' and by Peshkin. ' The
strong coupling theory has been applied by Brueckner,
leading to quite different results. '

At the time this work was started no data were
available on the scattering of pions by hydrogen or
helium, although a number of cosmic-ray experiments
had indicated that pions have an approximately geo-
metrical cross section for interactions with nuclei. ~'
While this work was in progress a number of pion-
proton cross sections were measured by Sachs, Stein-
berger, and co-workers" and energy and angular
dependences determined by Anderson et al. ,

" ' both

II. APPARATUS

A. The Diffusion Cloud Chamber

The development of high-pressure diffusion cloud
chambers at Brookhaven arose from the need for a
cloud chamber for use with the Brookhaven Cosmotron,
which could accept pulses once every 6ve seconds (the
repetition rate of the machine). Normal pressure
expansion cloud chambers of the required size can
accept a beam pulse only about once a minute. If it is
desired to study events directly in the gas, operation at
high pressure becomes necessary, lengthening the
cycling time even more. Continuously sensitive cloud
chambers were built 6rst by Langsdorf" and later by
Cowan' and by Needels and Nielsen. ' With the
heavier gases diffusion cloud chambers cannot be
operated far above normal pressure. However, with the
light gases, of particular interest to us, diffusion cloud
chambers operate best at pressures from 10 to 50
atmospheres. "

We used a diGusion chamber 6lled with hydrogen or
helium at pressures near 20 atmospheres. "Its construc-
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tion is indicated by Fig. 1. The chamber consists of
welded steel top and bottom cans separated by a
bakelite insulating ring.

The bottom can has a ~~-in. stainless steel cylinder
wall (1), and a 1.25-in. bottom plate (2), and top
flange (3), both made from cold rolled steel. There are
two rectangular-shaped ducts at opposite sides of the
cylinder to provide for windows. Each duct ends in a
window face plate (4) provided with an 0-ring groove.
The bottom plate carries a drain for liquid at the center.
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from the trough a piece of felt lines the vertical portion
of the top (11), and hangs in the trough so that the
felt is kept wet by capillary action. A set of Ave wires
(12), 0.025 in. in diameter, spaced 1S in. apart, is
mounted on insulated posts to provide a grid to which
an electric sweeping voltage may be applied. The top
is pierced by a Kovar-glass lead-through for the
sweeping voltage and also by a filling line which
terminates just above the copper reservoir trough.

In order to provide temperature control the chamber
has cooling coils (13) at the bottom and nichrome
heating wires at the top (14) and at the side (15).
Furthermore, the chamber is insulated (16) from the
surrounding air. These facilities, aided by the bakelite
ring, make it reasonably easy to vary the temperature
gradient in the side wall while holding the top and
bottom temperatures approximately constant.

A circular piece of black glass (17) forms the photo-
graphic background. The side walls of the chamber are
lined with black velvet, and the inner metallic surfaces
of the top are painted with black glyptal where
necessary.

l2

l6 l5

Fio. 1. Diagram of diffusion cloud chamber designed for
operation at 20 atmospheres.

The bakelite ring (5), placed between top and bottom
cans, is sealed by 0-rings. The bolts fastening the top
to the bottom are thermally insulated from the top by
Bakelite washers and fiber sleeves.

The top was made in a hat shape so that the top
window (6) could be close to the camera and hence be
small in size. In addition, the extra space provides an
improved vapor supply.

In principle the construction of each of the three
windows is the same. Supported by a 1-in. thick plexi-
glass slab (7), a ~~-in. thick piece of Allite" (8) in
contact with an 0-ring seals against the pressure. Special
low temperature 0-rings'4 are used at the side windows.
Allite is used because it is not attacked by alcohol.
Plastic windows were thought to be superior to glass
windows because of the large temperature gradients
present in the side windows while under high mechanical
stress. Lucite also has a lower thermal conductivity
than glass, making it easier to maintain the proper
temperature gradients.

The top carries a liquid reservoir in the form of a
copper trough (9) in good thermal contact with the
top's base plate (10). In order to enhance evaporation

"Procured from the Homalite Corporation, Wilmington,
Delaware, and Cast Optics Corporation, Riverside, Connecticut.

~Procured from Linear Incorporated, Philadelphia, Penn-
sylvania.

B. Auxiliary Equipment

The chamber is cooled by trichloroethylene circulated
directly over pieces of dry ice contained in a can. A
turbine pump" driven by a 3-hp motor pumps 6 gal/min
through a screened intake and through the cooling
coils of the chamber at a gauge pressure of about 20
lb/in. '. This brings the temperature of the chamber's
bottom plate to about —70'C.

The chamber is illuminated by two Gash tubes of
4-mm i.d. Vykor tubing, 8 in. long, with tungsten
anode and sintered tungsten-bariumoxide cathode, "
611ed with Kr and Xe at pressures of about 20 and
160 mm Hg, respectively. For photographing tracks a
70-pf capacitor at 2000 v is discharged through each
tube. The light is focused to a beam about 2—,'in. high
by parabolic reflectors 8 in. long with focal length 8' in.
The reflectors consist of chrome-on-brass ferrotype
plates forced into a set of ribs machined to the required
parabolic shape. Each parabola is mounted in a sheet
metal box through which air is blown to cool the Rash
tube and reduce condensation on the Lucite windows. '~

Under these conditions Gash tubes have a useful life
of many thousand Rashes. For visual observation of the
chamber a 1.0-pf condenser charged to 2000 v is dis-
charged through the Rash tube at a rate of about 40
times per second.

Stereoscopic photographs are taken through two
f/2. 3, 30-mm Baltar wide-angle lenses, mounted just
above the top window of the chamber. Apertures of

"Procured from Aurora Pump Company, New York, New
York.

26 Procured from P. R. Mallory Company, Indianapolis,
Indiana.

2~Fogging of the windows at the outside is prevented by
occasional wiping with "Photo-Flo, " procured from Eastman
Kodak Company, Rochester, New York.
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f/5 6.or f/8 are normally used. Each lens views the
center of the chamber at an angle of about 8'. Inter-
changeable 61m magazines fit into the lens mount,
holding 100 ft of 35-mm 61m, normally unperforated
Linagraph Ortho. Film is advanced by a motor drive
so that the two 'stereo views are interspaced on the
same 61m.

Timing circuits are necessary to determine the overall
repetition rate and the timing of sweeping 6eld,
cyclotron beam, light fIash, and camera film advance.
The sequence of operations is indicated in Fig. 2, and
typical time intervals are given. All the necessary timing
is achieved by means of delay units consisting of EC
circuits on the grids of 2D21 tubes driving Struthers-
Dunn relays. Each unit controls an operation and starts
the next unit. The last one removes the plate voltage,
which resets all units. The delays are variable over
wide ranges and have proved to be reliable and sufFi-

ciently accurate for the purpose.

SWEEPING FIELD
OFF

3,0

LIGHTS FLASH

CYCLOTRON PULSE SWEEPING FIELD ON
ON OFF CAMERA ADVANCE

I I I

'0.05' 0.2 .'QO5'a

( &i

e.0

FIG. 2. Schematic cycle of operations with typical time
delays indicated. All times are in seconds.

'8 R. P, Shutt, Rev. Sci. Instr. 22, 730 (1951).

III. OPERATION OF DIFFUSION CHAMBER

A. General Procedure

Light gases can be employed conveniently in diffusion
cloud chambers if the pressure is increased appro-
priately. ""In these experiments either hydrogen at
about 300 lb/in. ' pressure (above atmospheric) or
helium at about 200 lb/in. ' were employed. The vapor
used has been methyl alcoho1 in all cases. It has desir-
able properties of high vapor pressure, low freezing
point, and low critical supersaturation for the formation
of droplets.

The temperature of the bottom of the chamber is
kept at about —70'C. The top of the chamber is kept
at about 15'C. Since it is insulated from the bottom by
the bakelite ring, its temperature is fairly uniform. Prac-
tically all the gradient occurs across the bakelite ring
and along the side wall of the bottom part of the
chamber. Just below the bakelite ring the temperature
is kept at about O'C. This leaves a gradient of about
7'C per cm in the side wall of the chamber. Under these
conditions a sensitive layer 6-7 cm deep may be obtained
at the bottom of the chamber. Conditions in the
chamber vary considerably, and the largest droplets
are found near the top of the sensitive layer. Neverthe-

less photographs of tracks passing through the sensitive
layer rarely show a marked change in density except
near the top or bottom.

The depth of the sensitive layer can be increased by
making the bottom colder. By reducing the temperature
to —90'C an increase of about 2 cm in layer depth was
obtained, but the tracks near the bottom were rather
thin and slow-forming because of the very low vapor
pressure at the bottom. This procedure was not em-
ployed during runs with the cyclotron. If the top
temperature is raised to increase the vapor supply, a
background fog with a cellu1ar structure appears with
H2 or He 61lings. This is believed to be caused by 1ocal
turbulent currents induced by the heat released by the
condensation process. If the temperature gradient is
reduced, tracks become less dense and the sensitive
layer may lift oft the bottom of the chamber. The
temperature distribution described gave the deepest
1ayer of satisfactory quality. These observations are
in agreement with theoretical estimates. "

Since the supply of vapor existing in the gas is limited,
it may be exhausted by excessive ionization in the
chamber, in which case the chamber becomes completely
insensitive. A continuous intensity need only be 3 to 10
times (depending on the gas and pressure used) cosmic-
ray intensity to do this. If the source of radiation is
removed, the chamber recovers in about one minute.
In experiments with the cyclotron-produced meson
beam a short pulse of fairly high intensity passes
through the chamber, which then has a recovery period
before the next pulse. Under such conditions intensities
many times cosmic-ray intensity are possible as long
as the average intensity does not become too great.
Under some conditions the chamber may be locally
insensitive. A dense background track may take enough
vapor from a certain region to make it temporarily
insensitive. A beam track passing through this region
shortly afterward will then have a "gap" in it due to
this insensitivity. Such gaps have, in fact, been frequent,
and have made the analysis of the pictures obtained
more difFicult. These effects are caused both by back-
ground particles passing through the sensitive layer of
the chamber and by those passing above it. The ions
formed above the sensitive layer diffuse down into it
and then act as nuclei for the formation of droplets,
either in the form of a uniform "rain" or as broad disuse
tracks.

The chamber can be made more radiation-resistant
by the application of an electric sweeping field, espe-
cia11y in the case where the radiation occurs main1y in
pulses. The sweeping field is turned on for a period
after the pulse and serves mainly to sweep out ions
formed in the upper part of the chamber before they
can diffuse into the sensitive region. The sweeping
field does, however, sweep some ions into the sensitive
region and causes some distortion of tracks formed in
the sensitive region, so that it should be turned off
some time before the desired particles pass through the
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chamber, as shown in Fig. 2. In most cases the sweeping
6eld potential has been about 1000 v.

B. Operation with the Nevis Cyclotron

The experiments reported here were all carried out
using pion beams produced at the Columbia University
Nevis cyclotron. The pions were produced in an internal
target, partially focussed in the fringing field of the
cyclotron, and allowed to emerge through holes in the
six-foot thick concrete shield of the cyclotron. The
arrangement is shown in Fig. 3. The cyclotron beam
was controlled by pulsing the ion source, usually with a
cycle time of about six or eight seconds. The number of
particles traversing the chamber could be adjusted by
changing the pulse length. The cyclotron usually ran
with a repetition rate of 40 to 80 per sec and the beam
pulse was long enough to include one to four cycles,
or occasionally more.

In most cases the diffusion chamber was run concur-

Under these conditions it has been possible to obtain
about 10—20 beam tracks per pulse with fairly good
picture quality. Pictures were taken at a rate of about
400 per hour, so that a typical two-shift day resulted in
about 5000 pictures, allowing some time lost for setting
up, adjustment, and repair of minor casualties.

IV. RESULTS

A. Pictures Obtained

Day

6 April 1951
1 June 1951
28—29 June 1951
28—29 January 1951
3 June 1952
li June 1952

HQ
He
H2
He
H2
He

Beam

60-Mev x
53-Mev ~+
53-Mev m.+
68-Mev m.

105-Mev ~
105-Mev ~

No. of
pictor'es

5600
3400
8400
5700
5400
5200

Major portions of eight days of cyclotron operation
were required to obtain the pictures upon which we are

TABLE I. Summary of pictures obtained.
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now reporting. In an attempt to survey the various
interactions which might be studied with a diffusion
chamber, H2 and He 6llings were employed, each with
positive and negative pions of about 60Mev and
negative pions of about 100 Mev. The conditions of the
various runs are summarized in Table I, where tht
pion energies inside the chamber are listed. A total of
33 700 pictures were taken and analyzed. On the average
each picture has about 10 pion tracks.

8 Analysis of Pictures

O 5 Io I5
I a a a a I a a a a I a ~ ~ ~ I

SCALE IN FEET

F&G. 3. Position of cloud chamber, steering magnet, and shielding,
relative to cyclotron.

rently with the Columbia 16-in. expansion chamber. "
During the recovery period of the expansion chamber
the diffusion chamber was automatically cut in,
operated for six to eight beam pulses, then cut out when
the expansion chamber was ready for a pulse. This
procedure was quite successful on the whole, although
there was some di6iculty in obtaining meson-beam
intensities satisfactory for both chambers.

The steering magnet deflected the pions out of the
direct line of sight through the hole in the shielding.
Concrete shielding blocks were necessary to reduce
background. In lining up the equipment and during
operation a beam monitor consisting of two scintillation
counters in coincidence proved very useful. Despite all
these precautions high background remained one of the
chief problems, consisting of both particles occurring
between desired beam pulses and particles occurring at
the time of the beam pulse but with random directions.

9 Byheld, Kessler, and Lederman, Phys. Rev. 86, 17 (1952).

The analysis of the pictures was carried out in two
steps; the films were first scanned and interesting events
noted, then each event was analyzed in detail. For
scanning modi6ed Stereo-Vivid projectors ' were used,
which enabled either stereo view to be thrown upon the
screen. By looking at the image obliquely, so that the
beam tracks are foreshortened, any defi.ection is
readily recognized. Under these conditions confusion
due to background tracks is much reduced. Once the
procedure was established, the majority of the scanning
was done by nonscientific personnel, as has often been
done in nuclear emulsion work.

For analysis of the scattering events a projector
was built in which the camera lenses could be used in
the same geometry as employed for taking pictures.
The two stereo images were made to coincide on a
ground glass screen by properly adjusting its position
in space." In this way the true lengths of tracks and
angles between them were measured.

During the scanning each beam track was inspected,
as in "along-the-track" scanning in emulsions, " and

~ Procured from Three Dimension Company, Chicago, Illinois."W. Powell, Rev. Sci. Instr. 20, 402 (1949).
~Bernardini, Booth, Lederman, and Tinlot, Phys. Rev. S2,

105 (1951).
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any event was noted which might possibly be a pion
interaction. In addition all decays in Right of pions
(m) into mesons (p) with projected angles of 4' or more
(in either view) were recorded. (Such ~-p decays appear
as sudden deQections of straight tracks without the
recoil track characteristic of a scattering event. )
About 20 percent of the pictures were scanned twice
independently as a check on the consistency of the
scanning procedure and on scanning efficiency. The
number of ~-p decays checked was great enough that
the discrepancies could be used to estimate the probabil-
ity that a single observer would find a m-p. This scan-
ning efIiciency was determined to be 86 percent, 91
percent, , 83 percent, 93 percent, 88 percent, and 87
percent on the various runs (in the order appearing in
Table I). For pion-interaction events the probability of
detection should be somewhat higher, since they are
easier to recognize. It seems certain that not many
events were missed.

A considerable number of events were noted during
scanning which were not pion interactions. When the
events were reprojected and analyzed the following
criteria were used to determine whether the event was
acceptable: (1) Incoming track must be straight and
in the direction of the meson beam. (2) Angles between
tracks must be consistent with those expected for a
pion interaction, in particular, an elastic scattering
must be coplanar, with the right angular relationships.

(3) Lengths of recoil tracks must be consistent with
those expected. (4) Densities of tracks must be reason-

ably consistent with those expected. These considera-
tions usually determine whether the event is a pion
interaction or not, although there are a few doubtful
cases. In particular, scatterings with small scattering
angle and very short recoil are always doubtful, and
elastic scat terings through less than 20 were not
counted.

C. Determination of Pion Path Length

The number of m-p, decays observed is used as an
indication of the total path length of the pions that
have traversed the cloud chamber. The mean path
length for decay of a pion of momentum p, rest mass

pp, and rest lifetime 7 p, is

X=pr p/pp.

Taking rp=2. 55)(10 ' sec,"" and pp=277nz, )" this

gives (X in cm, pc in Mev)
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FIG. 4. Typical distribution of projected x-p angles. The points
shown were obtained for the 105-Mev m beam which gave,"the
sharpest cutoff.

To obtain the total number of m-p, decays a correction
must be made to the number of x-p's counted to take
account of those with projected angles less than 4'.
This correction is determined by plotting the distribu-
tion of m-p decay angles, as in Fig. 4. The dotted curve
gives the number of ~-y's of small angle that were not
counted. (While the distribution of true ~-p angles in
space is peaked at the maximum angle, calculation
shows that the projected angle distribution should be
quite Rat for the present pion energies. ) The correction
factor is therefore the ratio of the total area under the
curve to that under the solid part. The cut-oG angle of
the distribution is also useful since it provides a measure
of the pion momentum. A broad distribution of pion
momenta would lead to a gradual decline rather than
the sharp cut-oG seen in Fig. 4.

The m.-p counts and m-path lengths derived from them
are given in Table II.

D. Interactions Observed

The numbers of interactions observed are given)in
Table III. From the numbers of interactions and the
~-p, decays the path lengths and cross sections for
interactions can be calculated. These results are also
given in Table III. Statistical standard errors are

TABLE II. Pion path lengths observed.

X=5.44pc. (2)

"Lederman, Byfield, and Kessler, Phys. Rev. 85, 719 (1952).
'4W. L Kraushaar, Phys. Rev. 86, 513 (1952).
'5 Durbin, Loar, and Havens, Phys. Rev. 88, 179 (1952).
"Barkas, Smith, and Gardner, Phys. Rev. 82, 102 (1951).

From this length and the average gas density in the
sensitive depth the path length in g/cm' per ~-p, decay
is calculated.

Gas

H2
Hg
H2
He
He
He

Beam

60-Mev ~
53-Mev m+

105-Mev m

68-Mev m

53-Mev m+

105-Mev m

642
967
504
298
345
516

1.32
1.24
1.54
1.35
1.25
1.47

m-I" count
8 ~4' in Correction
left view factor

Path
length
per m-p
g/cm2

1.65
1.49
2.22
2.16
2.12
3.09

Total
path

length
g/cm~

1400
1780
1720
865
915

2340
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TABLE III. Summary of interactions.

Filling

H2
H2
H2
He
He
He

Beam

60-Mev 7r

53-Mev ~+
105-Mev x
68-Mev ~
53-Mev ~+

105-Mev ~

Number of
inter-

actions

3
21

11
13
72

Interaction
path

length
g/cm2

470
85

160
79
70
33

Cross sect&on
in millibarns
(10» cm2)

3.5+2
22~5
11~3
84~26
95~27

207~24

quoted. The cross sections calculated directly from the
number of observed interactions have been increased

by 5 percent —13 percent to correct for the elastic
scatterings through less than 20' which were not
counted. The amount of correction depends on the
amount of elastic scattering and on the shape of the
angular distribution above 20 .

It is not likely that any of the observed interactions
listed in Table III involved carbon or oxygen in the
alcohol rather than H2 or He. At our operating pressures
there is at most (at the top of the sensitive layer) one
molecule of methyl alcohol per 800 molecules of H~ or
600 atoms of He. In addition interactions of pions with

C or 0 would certainly not be confused with elastic
scatterings from H2 or He and would not be expected
to resemble inelastic scatterings or absorptions in the
light elements very often. A few pion interactions
apparently involving C or 0 were observed in addition
to those given in Table III.

V. DISCUSSION OF HYDROGEN DATA

~a++ (2p+2n),

—&m-'+ (3p+n),

~(3p+n)

(elastic) (4a)

~m + (2p+2n)
(inelastic) (4b)

—+m'+ (p+ 3n)

(charge exchange) (4c)
—+(p+3n)

(absorption), (4d)

than the total cross section. The cross section for x+ is
consistent with the Chicago data. A summary of cross
sections reported in the literature~" "is given in Fig. 5.

From the m+-p scattering events at 53 Mev it was
possible to obtain some information concerning the
angular distribution. As previously reported" the
scatterings are concentrated in the forward and back-
ward directions. They are consistent with cos'Op Ql

(1+3 cos eo) distributions (00 is the angle in the center-
of-mass system), but not with an isotropic one, indicat-
ing that p-wave scattering is important at these energies.
However, because of the large statistical errors, there
may also be some s-wave scattering. This would lead to
asymmetries in the distributions as observed by the
Chicago group at higher energies. ""

VI. DISCUSSION OF HELIUM DATA

A. Experimental Cross Sections

When a pion strikes a helium nucleus, the interactions
shown in Eq. (4) can take place. The combination
(2p+2n), for instance, signifies

~++He—+m++He, m +He~~ +He

In the case of hydrogen, negative pions (~ ) can
undergo elastic scattering, charge exchange scattering,
or radiative capture, while positive pions (m.+) undergo
elastic scattering only. The reactions are given in

Eq. (3). Only the elastic scatterings were observed in
the cloud chamber:

loo-

90-
I-O

Iz SO-

hp c
h, q c
+ R
bq T

TOTAL

s. +P~~ +P
7I +P +vc +n
K +p~+n
~++~s-++P

(elastic)

(charge exchange)

(radiative capture)

(elastic).

(3)

The other interactions should appear as beam meson
tracks disappearing without recoil or scattered particle.
Because of the frequent gaps in tracks and insensitive
areas in the chamber such disappearances were not
generally recognizable, although one de6nite example
was noticed. Consequently, the hydrogen cross section
given in Table III for ~+ is the total cross section while
those given for w

—are not. Results obtained at Chicago
indicate that elastic scattering is only about —, the total
cross section for m at 118Mev."Radiative capture is
thought to be small (see Sec. VI).

The cross sections here reported for x suggest that
also at 60 Mev elastic scattering of x is much smaller

' Fermi, Anderson, Lundby, eagle, and Yodh, Phys. Rev. 85,
935 (1952).
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FIG. 5. Summary of,','cross sections obtained by various exper-
imenters for ~-p scattering. The solid curve gives the ~+-p cross
section, the dashed curve the total x -p, and the dotted curve
the elastic 7r -p cross section only. The highest energy points
obtained at Chicago are o6 scale on this graph.

38 Barnes, Clark, Perry, and 'Angell, Phys. Rev. 87, 669 (1952).
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:pl.
FIG 6 Photograph of a 105-Mev negative pion scattered inelastically in helium Tracks 1 and 2 show incident and scattered pions,

respectively. Tracks 3 and 4 are two charged recoils, both stopping in the gas.

two protons and two neutrons, some of which may be
bound together as He', H', or H'.

The pion may be scattered elastically with cross
section o, [Eq. (4a)], or the interaction may lead to a
reaction with cross section o„[Eq.(4b, c, d)]. The
total cross section is therefore a, =&r,+o, Exampl. es of
photographs are given in Figs. 6 and 7.

0-, can be split into several other cross sections. The
pion can transfer enough energy to the constituent
nucleons of the nucleus to excite the latter. Since
helium has no excited states except for a broad level
near its binding energy of 28 Mev, this will practically

~ always result in a disintegration of the nucleus [Eq.
(4b)]. In addition to the incoming meson track, one
therefore should see a track of a considerably slowed-
down meson and either one heavily ionized track due to
a He' nucleus, or two such tracks attributable to
H'+H' 2H' or 2H' (Fig. 6). o, shall stand for the
cross section for these events. The other class of events
results in a transfer of the electric charge of the meson
to a nucleon [Eqs. (4c) and (4d) j, with a cross section
cr. so that o „=o,+a.. Here no meson track can be seen
after the collision (Fig. 7). If the meson had positive
charge, 2 or 3 heavily ionized tracks- will emerge,

consisting of He'+H' H'+2H' or 3H' If the meson
was negative there will be only one heavy track after
the collision consisting of H', H', or H'.

0, can be subdivided further. The transfer of charge
may either have occurred by a scattering of the meson
with charge exchange, [Eq. (4c)j, with cross section
o.~, or by absorption of the meson [Eq. (4d)j, with
cross section rr Therefore .a;=o. +o.~. The pion can be
absorbed by a single nucleon, resulting in a gamma-ray
and a recoil particle, or by several nucleons simulta-
neously, resulting in several recoil particles of fairly
high energy exhibiting a certain amount of correlation
between their directions of Aight. Without application
of a magnetic field for momentum measurements some
difficulty is encountered in deciding whether a particular
event classified under 0-, belongs to 0- or cr~. For m+,

where three outgoing prongs are visible, a conclusion
might be drawn from the spatial correlation of the
prongs, their range, and their apparent density of
ionization. However, for x events, with only one
outgoing prong, no such arguments are available.

As stated above, observations were made with m+ at
53 Mev, and with x at 68 and 105 Mev. The observed
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FIG. 7. Photograph of charge exchange or absorption of a 105-Mev negative pion. Track 1 is the incident
pion and Track 2 is the only charged recoil.

frequencies of the diGerent types of interactions are
compiled in Table IV.

The absorption event noted for x+ at 53 Mev has
been exhibited previously. ' lt shows what are believed
to be two fairly fast protons emerging in almost opposite
directions, and a third short, heavy track. The four
other events noted under "charge transfer" are believed
to be caused by charge exchange for the following
reasons. Since the maximum energy transfer from a
53-Mev pion to a nucleon is about equal to the total
binding energy of 28 Mev of the helium nucleus, one
might expect that the most probable event to happen
after a charge exchange would be a disintegration of
He' into He'+H' requiring only 21 Mev. In such a
break-up the proton, formed by collision with charge
exchange of the incoming m+ with a neutron, would
receive most of the available energy. The He' particle,
receiving only a small portion of the energy, loses its
energy quite fast because of its twofold electric charge
and thus exhibits a very short range. Therefore at the
present fairly low energy a m+ charge-exchange event
may be expected to consist of a fairly heavy proton
prong of medium range and a very short He' prong.
The four events under discussion show this feature.
When a x+ is absorbed by helium, on the other hand,

TAsz.z IV. Frequency of different types of interactions
observed in helium.

Pion
energy
(Mev)

53
68

105

Electric
charge

pos.
neg.
neg.

Elastic
cases

6

25

Inelastic
cases

2

. 18

Charge transfer
Charge Absorp-

exchange tion
cases cases

5
29

one should usually see at least 2 energetic charged
particles. The statistical argument given below in
connection with the prong distribution from x—interac-
tions also indicates these sr+ interactions to be charge
exchange. The possibility of radiative absorption by a
single neutron is not yet excluded by these arguments
but will be excluded shortly. With this identification of
events the charge-exchange cross section for 53-Mev
positive pions on helium is 0~=29+15 millibarns.
This cross section has been singled out because it is
based on fairly direct evidence. Since the numbers of
x+ and x events at 53 and 68 Mev, respectively, are
quite similar, taking into account the respective total
observed paths through helium (see Tables II and III),
we shall lump these data together for further discussion,
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referring to the average energy of 60Mev. All cross
sections thus calculated are listed in Table V, columns
1-4.

Although for x collisions with helium there is no
way to distinguish between charge exchange and
absorption for a single event without a magnetic field,
a statistical argument favors an interpretation of 0,
mainly in terms of charge exchange. A meson can be
absorbed by two or more nucleons' "where some of
the absorbing nucleons may remain bound together.
In the center-of-mass system (cms) the statistical prong
distribution is expected to be symmetric with respect
to the backward and forward directions. The motion of
the cms in the laboratory system distorts this distribu-
tion towards the forward direction. The degree of
distortion has been calculated, for different angular
distributions in the cms, with the result that at both
energies considered here the ratio of the number of
forward prongs to the number of backward prongs
should be at most 1.5:i. Therefore one should observe
not many more prongs in the forward direction than in
the backward direction. Actually, at 60 Mev 9 prongs

TABLE V. Cross sections found experimentally for helium.

single heavy prong going forward. , while 10 show 2
heavy prongs. All 28 prongs are plotted. Of these 19
pass forward and 9 backward, compared with 23 forward.
and 6 backward for the charge-transfer events. Since
the binding energy of the He' observed in the 8 single-
prong inelastic events is the same as that of H' produced
by charge exchange, one might expect that 29)&8/18
=13 of the latter correspond to the 8 single-forward-

prong inelastic events, leaving 16 events corresponding
to the 10 double-prong inelastic events. The latter 10
events contain 9 heavy prongs going backward and 11
going forward. Thus for the remaining 16 charge-
exchange events about 14 corresponding particles
should pass backward and 18 forward. Due to exchange
of charge only one-half of each of these groups can be
visible as prongs in the cloud chamber. Therefore,
from the prong distribution for inelastic events we
infer that 13+9=22 of the charge-transfer events
should have forward prongs and 7 backward ones, in

I I

CHARGE-TRANSFER GASES

R'ECOIL RANGE KNOWN

FKCOIL RANGE MAY BE GREATER

1 2 3 4 5 6
Pion energy

(Mev) cry(mb) o 6(mb) os(mb) oe(mb) o(mb) o& (mb)

60 (av.) 89+18 37&12 15&8 37&12 15 22
105 207+24 74~14 51~12 82~12 20 62

l2-

IO-

go forward and none backward, while at 105 Mev
23 prongs go forward and 6 backward, which is quite
different from any distribution expected for non-
radiative absorption. Similar calculations for the
effect of radiative absorption by a single nucleon show
that here a predominantly forward distribution might
be expected. However, from results on photoproduction
of mesons one can estimate for the inverse reaction a
cross section. of only about 0.5 mb. We therefore
conclude that the observed charge-transfer events
cannot be explained by radiative absorption by a single
nucleon, few of them are due to absorption by two or
more nucleons, and most are due to charge exchange.
If, on the other hand, most of the charge-transfer
events were to be ascribed to absorption by two or
more nucleons some explanation of the observed
forward prong distribution would have to be found.

Since helium in the ground state contains two protons
with opposite spins and two neutrons with opposite
spins, all charge-exchange events must be inelastic
according to the Pauli principle. One would therefore
expect that their prong distribution would look similar
to the distribution of prongs for inelastic events. This
is indeed shown by the diagram in Fig. 8, plotted for
the 105-Mev data. Of the 18 inelastic events 8 show a

"F.L. Adelman, Phys. Rev. 85, 249 (1952)."S. Ruddlesden ~and A. Clark, Nature 164, 487 (1949).
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FzG. 8. Scatter diagrams of "recoil" ranges of heavy prongs for
charge transfer and inelastic scattering, plotted from 105-Mev

helium results. Prong angle P is measured with respect to
direction of incident pion track.
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agreement with the observed distribution. Of course,
because of the relatively small number of events
studied here this agreement is partially fortuitous,
and we cannot rule out that a fair portion of the
events in question is caused by absorption. Another
argument involving the magnitude of o., also favors the
interpretation of the observed charge-transfer events
given above and will be presented in Sec. VI C. Weight-
ing all of the evidence presented we have arrived at
the estimates for 0-~ and 0- given in Table V, columns
5 and 6.

The apparently large charge-exchange cross section
found here is not in agreement with results obtained by
other authors for deuterium" and for heavier nuclei,
from. beryllium on up."~~ None of these authors
report charge-exchange cross sections greater than a
few millibarns.

The angular distribution of the elastically scattered
mesons is given in Table VI. This table shows the data
listed in two ways as functions of the cms-angles 8p.

For the ranges 0&0«60', 60'&Op&120', and 120'&Op
& 180' average differential cross sections Ap. ,/dpi
(App= pip —pii ——2pr(costtp, —'cosgpp)) are given, while for
the ranges 0&op& 90' and 90'&op& 180' "total"
forward and backward cross sections are noted. Despite
the large statistical errors, there appear to be two
possibly significant features. At 60 Mev the scattering
is almost completely backward, and at 105 Mev the
scattering appears to be almost isotropic.

In the following sections an attempt will be made to
interpret the present results in some more detail and
to correlate them to the observed pion-nucleon cross
sections.

and
o..=A. f1—Cl',

0,=A„(1—
f
C f'), (6)

where the "nuclear area" A„is equal to mR~' only if
Xp«R] and where C is a complex number with absolute
value ~1. C is related to the nuclear potential and is

"Roberts, Spry, and Tinlot, Bull. Am. Phys. Soc. 28, No. 1,
14 (1953).

R. Wilson and J. P. Perry, Phys. Rev. 84, 163 (1951).
~ Kessler, Byfield, Lederman, and Rogers, Bull. Am. Phys. Soc.

28, No. 1, 14 (1953).

B. General Considerations Concerning the
Pion-Helium System

For the pion energies of 60 and 105 Mev the wave-
lengths in the cms of helium nucleus and pion are
Xp= 1.45)& 10 " and 1.04)&10 "cm, respectively. A
radius for the nucleus can be defined by Ri =A&(k/~p),
where A is the number of nucleons in the nucleus. For
helium R~ ——2.21)&10 "cm. Thus A.p and Ri are almost
equal, which implies that for the present case not much
meaning can be attributed to a geometrical interpreta-
tion of R~.

It follows quite generally from collision theory that

therefore of interest. One can write

TABLE VI. Elastic scattering angular distribution in helium.

Pion
energy
(Mev)

Qg 60~

hco 0

. (mb/
sterad)

Qg 120~

6OD

(mb/
sterad)

180o

+Gl 120o

(mb/
sterad)

90~

&e
0

(mb/
sterad)

180o
Og

900

(mb/
sterad)

60
105

1~1
7&3

0.6a0.6
6~2

10~4
4~2

7~5 30&11
40~10 34&10

44 Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949).
"H. A. Bethe and R. R. Wilson, Phys. Rev. 83, 690 (1951).
"A. M. Shapiro, Phys. Rev. 84, 1063 (1951).

C= fCfe'

where n can be called the average phase shift of the
scattered wave due to the nuclear potential. Therefore
we have

~ =A-(1—2IClcos2~+ ICI')

Although 0. and o„have been measured,
f
C

f
and n

cannot be determined if A„is not known. But since we
have the condition that fcos2a

f
&1 a lower limit for

A„canbe found. From the data in Table V we obtain
A„~54~17mb at 60Mev and A„~147~29mb at
105 Mev. (prRiP is equal to 154 mb. ) Except for these
lower limits for the nuclear area nothing can be said
about C without further assumptions for A„.Assuming
diferent values for the nuclear radius R so that ~R' is
greater than the lower limits just determined for A„
we can make use of the "optical model"~4' in order
to obtain estimated values for ), the mean free path in
nuclear matter, and V, the average potential between
the helium nucleus and the pion. (Since R=kp the
"optical model" is not strictly valid here. ) X depends on
fC f

only and V on n alone. Table VII shows the results.
In this table X was found from the graph 0„/prR' vs ER
in reference 44, with X=K ', and V from the graph
p.,/~R' ns o„/~R' in reference 45, remembering that the
quantity k& in reference 45 is determined by V=1.97
&(10 "Pki(1+-',kP, p) (where P is the pion velocity in
the cms divided by c).

It is apparent that, while X is quite sensitive to the
assumed value of R, V is not. However, both quantities
are much affected by the experimental uncertainties.
Our values for V appear to agree with the values of 18
Mev reported for 62-Mev mesons" and 15 Mev reported
for 48-Mev mesons" both found for carbon.

A considerable number of data would have to be
available to allow more de6nite conclusions. By assum-

ing that only s-wave and p-wave scattering is involved

(Kp&Ri& 2Xp), a conclusion can be drawn on the
relative signs of the phase shifts of these waves at
60 Mev. (At 105 Mev the elastic scattering distribution
appears to be compatible with a pure s-wave interac-
tion. ) Taking into account only s-waves and p-waves
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TABLE VII. Mean free paths in nuclear matter and pion-helium
potentials from "optical model. "

Pion
energy
(Mev)

60

105

R
(&0-» cm)

—EI—2,2
=2~0= 2.9

—E] 2.2

3Xp 3e 1

X
(10» cm)

7&2
14~4

1.6+0.8
—0.3

6&0.8

(Mev)

22&11
17&9

17&17
19~10

47 E. U. Condon and G. H. Shortley, Theory of Atomic Spectra
(Cambridge University Press, Cambridge, 1951),p. 76.

the differential scattering distribution is

do../dIo = sXo'L
I
bo

I
'+3 (bob i*+bo*b t) cos()o

+9 I biI' «»'i)&&] (9)

Here b~=1—e' I 'I where u~ represents the phase
shift corresponding to angular momentum number
I- (=0 or 1) and br, represents attenuation factors due
to reactions that may take place. bL,

* is 'complex
conjugate to bl, . The sign of the numerical value of the
term multiplied by cos90 determines whether forward or
backward scattering predominates. In the present case
this term is negative because of the observed strong
backward scattering. One can show easily that therefore
no and a~ must have opposite signs, indicating that
repulsive as well as attractive potentials are involved
in the scattering process.

Applying the isotopic spin formalism, one can give
the pion isotopic spin 1=1 with charge component
tis ——+1 (for a negative meson taken as an example),
and give the helium nucleus isotopic spin T~~=O with
Tts =0. Therefore the total charge is Ts=Tts +tts
=+1 and the total isotopic spin of the system is
T= t+ T,N= 1. T and Ts must remain constant through-
out the collision process. After an elastic collision
T2~=T~~ ——0 and T23~=T~3~ ——0. After an inelastic
collision resulting in up to 4 separate nucleons in
addition to the pion, T2~ could be 0, 1, or 2. For T2~ ——1
one can have Tss ——1, tss ——0(Ts——Tss +tss +1) or
T» ——0, 1~3=1, the former reaction representing in-
elastic events with charge exchange (tis ——1, tss ——0),
the latter concerning inelastic events without charge
exchange. For each of these two possibilities one
obtains4' a probability of ~. If one assumes that after a
disruption of the helium nucleus the state T2~ ——1

prevails, the prediction is that 0.„=0-,. This is indeed
indicated in Table V. For T~~= 2 one can have T~3~= 2,

ol T93 1 ~f3 0, or T23 =0, 123——1. The
6rst possibility would represent a double charge
exchange turning a negative pion into a positive pion,
the second possibility represents single charge exchange
and the third simply inelastic events. The relative
probabilities are 6:3:1, respectively. Since probably
most of the interaction process is a result of individual

collisions with the nucleons in the nucleus it appears

that double charge exchange is quite unlikely even if
one disregards any selection rules for

I
Ts~ TP—I, and

spin and parity considerations. Therefore probably
T2~ =0 or 1, in agreement with the experiment.

C. Helium Reactions in Terms of Pion-Nucleon
Interactions

The ratio of the total cross section fr~ at 105 Mev to
that at 60 Mev is 2.3 as inspection of Table V shows.
Within the errors the same is true for the corresponding
ratios of the partial cross sections 0.„0-;,and 0-,. Similar
increases have been found for hydrogen as shown in
Fig. 5 and for deuterium, "while for carbon and heavier
nuclei the energy dependence is less marked. ' "One can
conclude that the observed energy dependence of the
cross sections for the light nuclei reAects the energy
dependence of the m.-nucleon cross sections as long as
the interaction mean free path does not become small
compared to the size of the nuclei. An attempt can
therefore be made to explain the results for helium in
terms of the observations on hydrogen. ' " Since the
nucleons are bound, selection rules must apply limiting
certain transitions, and the probability of a reaction
of a given type must be determined in part by the
number of final states accessible. In what follows such
rules are not everywhere taken into account. However,
mention will be made where a calculated result appears
likely to be modified by a more complete treatment.
x+ proton nuclear forces are assumed to be identical
in magnitude to x+ neutron forces.

When a pion strikes a nucleon in a nucleus, the colli-
sion may be inelastic in the pion-nucleus system if the
energy transfer from pion to nucleon is large. Thus for
large scattering angles the differential elastic scattering
cross section for the nucleus can become considerably
smaller than the corresponding cross section for a
single nucleon. This has been investigated theoretically
by several authors. ""The large-angle events that have
been lost from the elastic scattering cross section
contribute to the inelastic cross section. This partial
cross section will be called o;. The other contribution
to inelastic scattering is the result of pion-nucleon
scattering with spin-Rip, called here 0-„sothat o-,=a,
+o.„.In the p-state (L= 1) the total angular momentum

J of the pion-nucleon system is J=I&S= 1&—
„

(5= sr=nucleon sPin). L, j, and the comPonent of J,
m;=mr, +nzs, must remain constant. The possibility
(hmr, =&1, Dms= W1) results in a fhp of the spin
of the struck nucleon. Because of the Pauli principle
an event of this kind taking place in helium must be
inelastic just as for the case of charge exchange, as
mentioned before. We finally can put o„=o+a~+a,
+o.~. All of the partial cross sections refer to the nucleus

"Anderson, Fermi, Nagle, and Yodh, Phys. Rev. 86, 413 (1952)."R. L. Martin, Phys. Rev. 87, 1052 (1952).
~ D. C. Peaslee, Phys. Rev. 87, 862 (1952).
s~ M. Kawaguchi and Y. Yamaguchi (private communication).
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(T~ +0 y = 0 gfq (12)

i' +i' =~'f~ (13)

we can, however, infer 0.,' in addition to f, making use
of the calculated values of o.~', 0-„',and 0- ', and the
experimental values of 0, and 0;. (If 0,' could be cal-
culated with some certainty, Eqs. (12) and (13) could
be used for a check of consistency. )

We shall proceed to calculate 0-~'. Since charge
exchange can take place only on either the neutrons
or the protons in the nucleus, depending on the sign of
the pion, the average cross section f7~' is one-half the
pion-nucleon cross section for charge exchange. The
nucleons in the nucleus can be assumed to move with
an average kinetic energy E&——20 Mev and a Gaussian
momentum distribution" proportional to exp( —E'/s)
dp, where I' is the momentum, s is determined by Ei,
and dp is a volume element in phase space. The charge-

5~ E. M. Henley, Phys. Rev. 85) 204 (1952).

as a whole. If o.„stands for 0-, o.~, o.„or0.„,we can call
0-„' the corresponding average cross section for an
individual nucleon bound in the nucleus, where 0.„'
rcpl cscnts 0 0 p (7p or 0 y Thus thc 0 al c defined
as the cross sections for nucleons under the conditions
prevailing in the particular nucleus under discussion.
If there are equal numbers of neutrons and protons
in the nucleus, and if we put 0.„~'and 0.„~'for neutrons
and protons, respectively, then 0.„'=-',(o„z'+o.„z').
The quantity 0- ', particularly, is defined as one-half
the average absorption cross section per nucleon pair
in the nucleus. Since the range of the nuclear forces is
limited and since the diferent types of interactions
are in competition, we have 0-„((o-'+o.~'+0.,'+o.,')A.
However, one can write

~ . . l. f, f.
Oa ~ 0 y ~ Op ~ 0'y —Ka ~ 0'y ~ 0 p ~ Ocp )

since the individual nucleon cross sections are propor-
tional to the probabilities of occurrence for the different
events and since these relative probabilities should not
be changed by the fact that in the nucleus the diferent
processes are in competition. It follows that

I
&n =on )

where f is a constant for a given nucleus at a given pion
energy. If some model, such as the "optical model"
is assumed for the nucleus, with a given radius R, f can
be calculated. As has been discussed, no such specific
assumption can be made here since XO=E., and we will
instead calculate f later from the experimental results.
If all of the 0

' are quite small, f=1/A, of course. In
the following paragraphs values for 0-~' and 0.„'will be
calculated from information concerning pion-nucleon
scattering, and a reasonable assumption can be made
for 0 ', while more uncertainty exists about a calculation
of 0,'. From the equations [following from Eqs. (10)
and (11)]

exchange cross section is given as. a function of the
relative energy between pion and nucleon by the
graph, Fig. 5. Multiplication of the latter by the
momentum distribution and numerical integration gives
the upper limits for o-~' given in Table VIII, column 1.
It may be of interest that the values thus calculated
for pion energies of 60 and 105 Mev are 20 percent and
35 percent higher, respectively, than the values obtained
if there were no nucleon motion.

One can argue that a pion-nucleon collision will
result in a disruption of the helium nucleus with high
probability if the pion loses more than 21 Mev in the
process. (He' or H' have binding energies of 7 Mev
leaving 21 Mev of the 28-Mev total binding energy of
He' to be supplied. ) Thus, only if the pion is scattered
by a nucleon through a fairly large angle, is an inelastic
collision possible relative to the pion-helium system.
Considering the angular distribution for charge-
exchange scattering" an integration through angles
resulting in energy transfers greater than 21 Mev yields
what might be considered more appropriate values for
0-~'. These values are also given in Table VIII, column
1, below the upper limits given before.

TABLE VlII. Calculated values of partial pion-nucleon cross
sections. For every number an upper limit is given as well as a
value believed to be more appropriate, as discussed in the text.

Pion
energy
(Mev) o&'(mb) o &'(mb) oa'(mb) op'(mb) oa (mb)

60 &9.0
6.0

105 &15.2
11.0

&2.7
0.8

& 13.2

9.0

&8
&5

&0.46+0.16
y0.30a0.10

& 10 &0.31+0.07

g 7 &0.22+0.05

4.2a3.8 17m 6
3.7~3.5 17%6

28 28 32~8
3.2~3.2 32&8

The spin-Rip scattering cross section 0.„'has been
obtained by a similar calculation except that this type
of scattering is not given explicitly but must first be
inferred by means of a phase shift calculation. We shall
use here the results of the phase shift analysis by Ander-
son et a/. "Accordingly we have for the upper limit of
o.„'at a particular energy

0„'=gmAO'[fop['+ [App f'j,

having integrated over the spin-Aip angular distribution
which is proportional to sin Oo. Xo is here the wavelength
in the pion-nucleon cms. Ap is the spin-Aip scattering
amplitude for a x+ scattered by a proton, given by
A p=-', %2(e33 —eai) (in the notation used in reference 14),
while A&p is the amplitude for a m+ scattered by a
neutron (or a ~ scattered by a proton), given by
Azp=9&2(e33 —eai+2ei3 —2eii). The first index (e) on
the contributing amplitudes e is twice the total isotopic
spin, and the second index (m) is twice the total angular
momentum of the pion-nucleon system. e„is given by
1—e" " . The a„wercobtained mostly by interpola-
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tion between results given by Anderson et u/. ,
'4 and

partially from what few data are available at lower
energies. ' ""Integration over all nucleon momenta
gives the upper limits for 0-„' shown in Table VIII,
column 2. The other values given here for 0„',con-
sidered to be more appropriate, were obtained by inte-
gration over large Ho only, corresponding to large energy
transfers, as before for o-~'.

The cross section for absorption of a pion by a
deuteron is about 8 mb at 60 Mev and about 10 mb at
105 Mev, as an interpolation of results on this reaction
shows. ""Byfield, et a/. ,

"have shown that these cross
sections must be multiplied by a factor &3.3 to obtain
the cross section per proton in carbon. For helium we
shall assume that this factor is between 1.5 and 2

because of the small number of nucleons present. The
values for o. '

(upper and lower limits per nucleon in
helium) have been entered in Table VIII, column 3.
From the values in Tables V and VIII and Eqs. (12)
and (13) the values for a and f given in Table VIII,
columns 4 and 5 have been calculated. The indicated
errors are determined from the experimental uncertainty
of 0, and 0,. From f and 0. ' one can calculate 0 given
in Table VIII, column 6. It is seen that these values for
o- agree more or less with those already estimated from
other considerations and given in Table V.

The value of f at 60 Mev should be smaller than that
at 105 Mev since the individual nucleon cross sections
are smaller at 60Mev, and f +1/A=0. 25—for small

nucleon cross sections. Taking into account the un-

certainties in the assumptions made for the calculations
and the large experimental uncertainties, the given
values for f are not inconsistent with each other.

At both energies the values for 0.,' turn out to be
rather small. 0-,' should increase with energy because at
larger pion energies the energy transfer from a scattered
pion to a nucleon becomes comparable to the binding

energy of the nucleus for smaller scattering angles, in

addition to the general increase of almost all of the
pertinent cross sections with energy. Whether 0-,' indeed
increases with energy cannot be recognized because of
the large errors.

A more elaborate calculation applying the Pauli
principle to the number of possible final states of the
nucleons after an inelastic collision" and applying
selection rules attributable to spin, isotopic spin, and

parity considerations may reduce the computed values
of a ~' and 0„'further. Since f must be )0.25, a„'cannot
be reduced very much at 105 Mev, while a greater
modification might be possible at 60 Mev. If o-~' were
almost zero at 105 Mev, 0. ' would have to be &0.25
&82= 20 mb instead of the estimated value of 10 mb.
This is an additional indication that a large portion
of the observed "charge-transfer" events are caused by
charge exchange.

~ Clark, Roberts, and Wilson, Phys. Rev. 83, 649 (1951).
'4 Durbin, Loar, and Steinberger, Phys. Rev. 83, 646 (1951).
"M. H. Johnson, Phys. Rev. 83, 510 (1951).

D. Pion-Helium Elastic Scattering in Terms of
Pion-Nucleon Scattering

Both the protons and the neutrons in the nucleus
contribute to the elastic scattering of pions. The
amplitudes due to these two contributions interfere so
that the total diGerential scattering distribution is
given by

do, /d&v = —,'&O'L
~
B, (

'+3 (B,A*.&+B,*A.,)
&&cos&o+9iA, i' cos'80]&, (15)

where B,=B+B~ for the s-waves and A ~=A~+A pa
for the p-waves. Furthermore,

8=83) 83=, 1—8

Br = 3 (e3+2eg), eg= 1—e' ~,

A.= —', (2e33y e3~),

A ~~ ——
9 (2e38+ e3q+4eqq+2eqq).

Here it is important to note that the signs ofthe
individual phase shifts as determined from pion-proton
scattering may or may not have to be reversed for
pion-neutron scattering. For instance, the nuclear force
between a x and a proton may be attractive while the
force between a x+ and a neutron may be equal in
magnitude but repulsive. Some meson theories lead to
such results. 4' Calculations have been carried out for
both possibilities.

The factor 0 in Eq. (15) takes into account the
presence of several proton-neutron pairs, the term in
bra, ckets applying only to one such pair, as well as the
possible reduction of the cross section for large energy
transfers" " (large Hp). No attempt is made to calculate
exactly the magnitude and dependence on 80 of O.

The phase shifts n„must be selected for the proper
energies. A pion of given laboratory energy has
considerably more energy with respect to a bound
nucleon in the pion-helium cms than it has in a free-
nucleon-pion cms. Assuming merely that an elastic
collision consists of a pion striking a single nucleon
bound rigidly in the helium nucleus, the present
pion-helium results at 60 and 105 Mev may have to be
compared with the pion-proton results at energies as
high as 78 and 137 Mev, respectively. Values for the
corresponding pion-proton phase shifts" are given in
Table IX. Pion-neutron phase shifts are assumed to
be equal in magnitude, but possibly with opposite
signs, as mentioned above. Putting 0=1 the scattering
due to a neutron-proton pair (0,') in the helium
nucleus can be ca,lculated. Table X gives the results.
The assumption of neutron phase shifts with signs
opposite to those given in Table IX seems to represent
well the apparently strong backward scattering observed
at 60 Mev.

To calculate the final elastic cross sections the values
in Table X must be modified. For 0 we are assuming an
empirical value of 1.6 which will result in agreement
between calculated and experimentally observed values
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TABLE IX. Phase shifts used for calculation of elastic
pion-helium scattering.

Pion
energy
(Mev)

60
105

Corresponding
free-proton-
pion energy

(Mev)

78
137

—6 +9' +15' +3 0 0—15' +11' +40' +6' +2' —5'

for o., at 60 Mev. The effect of large energy transfers on
the angular distribution is still neglected.

An important modification must be made to take
into account the diffraction scattering caused by the
inelastic reactions discussed in the previous section.
This eGect will here be taken into account only approx-
imately. We first express B,Q'*and A,Q~ in Eq. (15) by
terms equal to (1—e'@") and D(1—e"e'), respectively.
The quantities Pp, Pi, and D must be determined so
that do, /Chp is properly reproduced. Next, we substitute
for BiQl and A, iQ'* the expressions (1—e"~' P') and
D(1—e'"~' "'), respectively. The reaction cross section
is given by

o.,=~Xp'[(1—e '")+3D'(1—e '"')] (16)

The term D'(1—e '"') can be expressed more simply
by a term (1—e '"). The average attenuation factors
6p and 6& are related to each other by the relative
"distances" traveled by the pion through the nucleus
in the s- and p-states, respectively. (For diGraction
scattering we again assume that only s- and p-wave
scattering occurs. This seems justified since Xp &Ay& 2A, p.

For the same reason, however, no definite geometry,
as is used here, applies in a strict sense. ) From the
geometry of a sphere of radius E&——2.2)(10 "cm one
infers that here for averages 8i= p8p. Equation (16) can
now be solved for bp, putting o-„equal to its observed
va, lues. For the diGerent quantities defined we have
Pp

———12.4' and —24.5', Pi ——25.6' and 30', D=0.43
and 1.27, Op=0. 16 and 1.2, and b~' ——0.19 and 0.43, for
60 and 105 Mev, respectively. The latter calculations
were carried out for e-phase shifts opposite to p-phase
shifts only, since Table X shows that only for this case
one can expect to obtain large backward/forward ratios.
One finds the values in Table XI for the elastic scatter-
ing cross section of helium with diffraction scattering
taken into account in this way.

Comparison with the data in Tables V and VI shows
that at 60 Mev the calculated and experimental values
for o.,

~ p
'

and o-,
~
pp. are not inconsistent. The calculated

value for 0-, at 105 Mev is 100 percent too large while
the backward/forward ratio is about 50 percent too
small. Comparison of Tables X and XI shows that the
interference with the diGraction scattering makes the
scattering intensities considerably more pronounced in
the forward direction. This makes it diKcult to under-
stand large backward/forward scattering ratios if the
latter should be verified by further experiments on he-
lium. Particularly, assumptions for 0 to take into account

the reduction of do,/d~ at large Op, due to large energy
transfers, would further reduce the expected backward
scattering. However, 0-,', the inelastic cross section due
to large energy transfers which must be related to 0,
is fairly small as shown in Table VIII. This may mean
that 0 would not have to decrease very much for large ep.

So far interference with Coulomb scattering has been
neglected. The importance of this effect for the smaller
angles ((50') has been shown for pion-proton scatter-
ing' and for pion-carbon scattering. ""By adding the
approximate Coulomb-scattering amplitude &2i/
[137P sin'(-,'8p)] to the s- and p-wave scattering
amplitudes considered in the previous paragraphs, one
can estimate that for helium Coulomb scattering is
important below Op' ——35' at 60 Mev, and below
ep'= 25' at 105 Mev. Below ep' the differential scattering
distributions may be increased or decreased consider-
ably, depending on the sign of the scattered pions and
on the direction of the nuclear forces. However, the
solid angle between our lower limit of observation
(ep =20') and ep' is so small that few events are expected
in this interval. Similar considerations apply to scatter-
ing in hydrogen. Thus, for the present work, neglecting
Coulomb sects seems justified.

TABLE X. Calculated elastic scattering cross sections
for a neutron-proton pair.

Pion energy
(Mev) Charge

&e

(mb)
~ 'lt" ~ 'lot"
(mb) (mb)

60

105

n-phase shifts
same as p-phase
shifts

n-phase shifts
opposite to
p-phase shifts

n-phase shifts
same as p-phase
shifts

n-phase shifts
opposite to
p-phase shifts

170

120

27 31

20

80

5' L. Van Hove, Phys. Rev. 88, 1358 (1952).

VII. CONCLUSIONS

Assuming that all types of interactions between pions
and the helium nucleus are due to interactions between
pions and the individual nucleons in the nucleus, an
approximate calculation based mostly on the phase
shifts found from experimental results on pion-proton
scattering shows that a fairly consistent picture can be
constructed, resulting- generally in rough agreement
between calculated and observed cross sections. The
estimated experimental absorption cross section agrees
with that estimated from the pion-deuteron absorption
cross section, leaving most of the observed charge-
transfer events to be interpreted as due to charge
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exchange. Some of the inelastic scattering observed
can be accounted for by pion-nucleon scattering with
spin Qip. The relatively large backward-to-forward
elastic scattering ratio shows that not much inelastic
scattering can be due to pion-nucleon collisions with
energy transfers large enough to disrupt the nucleus.
The relatively small elastic scattering cross sections,
together with the high backward-to-forward scattering
ratios, indicate that protons and neutrons in the
nucleus scatter with opposite phase shifts. Throughout
the computations only s-wave and p-wave scattering
has been considered. Particularly at 105 Mev some
scattering corresponding to higher angular momenta
(L= 2, 3) may take place. Also many effects due to the
bound state of the nucleons have been neglected. A
modification affecting all aspects of pion-helium
scattering may be introduced by a consideration of
multiple scattering inside the helium nucleus as recently
worked out for a two-body system by Brueckner. '~
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"K.A. Brueckner, Phys. Rev. 89, 834 (1953).

TABLE XI. Calculated elastic scattering cross sections for helium.

Pion energy
(Mev) (mb)

~ lo"
(mb)

180o~ l90
(mb)

60
105

37
140

13
100

24
40
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