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TAsLE I. Most probable energy loss for three energy ranges.

Average energy Most probable energy loss (Mev}

(a) 325 Mev
(b) 710 Mev
(c) 2700 Mev

Counter 1
6.07 ~0.15
6.19%0.12
6.15 ~0.07

Counter 2
6.14~0.15
6.19%0.12
6,15 &0.07

Average of
1 an82

6.11&0.10
6.18%0.08
6.15 &0.05

use, as these re resent the three energy-ranges for p,-mesons.
The data is recorded photographically when the master coin-
cidence ABCD mi ia es e sCD

' 't' t th weep of an oscilloscope. Pulses from
~ 4scintillation counters (1) and (2}, as well as from Geiger-Muller

E Ii G d IJ are each delayed with respect to thecounters. . . an
themaster eoinci ence y i'd b d'Rerent fixed amounts of time; hence ey

a ear at eharacteris ic posi
'

h
' t' itions on the oscilloscope trace. This

it ossible to obtain the data for all three energy
that slow timeranges during the same run of the equipment, so t. a s

h tus cannot aRect the results in comparing
h d ta for the various energy ranges. It was estimate t a e

multiple scattering of mesons out of the solid ang e
trays F and G was of no consequence for the purpose of this ex-

. Th 1 -h ht scale was calibrated in units of energy
m the 2.62-loss (Mev) with the Compton electron distribution from t e

f ThC". This should yield, in addition to an
sli htl less re-accurate relative comparison with the theory, a s g t y ess pre-

cise absolute comparison.
The three curves representing frequency ts pulse eig t or eac

scintillation counter, corresponding to energy ranges (a), (b), and
f d to be in agreement within experimental error with

h
'

tion ener~~~r-loss distribution calculate~ y an
'ves the mostcharged particles traversing thin absorbers. Table I giv

robable energy loss for each of these distributions.
f th t ble are also shown in Fig. 2. TwoThe averages rom e a

1 oints at 40 and 110 Mev in Fig. 2 were taken from the

h h in li ht output with the specific ionization, as found y
Frey eI al. ,'and others, was found to be significan o y
two additional points. The solid curve is the theoretically expected

curve or e mosf th st probable energy loss, when corrected for the
ion fordensity e ect in an racene.rr t '

thr cene. The density eRect correct'
anthracene was estima e o et d to be similar to those for hght elements

int of thef d b Wick ' and Halpern and Hall. ' The uncertamty o e
2 or 3 ercent.ordinates of the theoretical curve are of the order o 2 or p

The experimental pomts are seen to
'

g g
~ ~

e in ood a reement with the
theoretical curve, and show, as expected, that the most proba e
ionization oss in an racenth cene indicates a relativistic increase of

curve for the most probable energy loss without the density eRect
correction is s own orh for comparison. The results of t is experiment
appear to esta is e nibl' h d fi 'tely the existence of the reduction in
ionization loss caused by the density eRect.

We wish to thank Professor Marcel Schein for his continue
interest in this work.
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Meson Scattering
H. A. BETHE AND R. R, WILSON

Cornr, ll p'r8ieersily, Ithaca, ¹mYork
(Received June 11, 1951)

' EXPERIMENTS in this laboratoryi g have given the cross
~ ~ section cr, for nuclear events (stars, large-angle scattering,

ell as that for diRraction scattering, aq. The former
cross section determines the opacity = o ~ o
and the mean ree pa of th f the meson in nuclear matter, X, whic
turns out to be a oub t (3.7~0.7)X 10 "cm corresponding to a cross

f
' t tion of a meson and a nucleon of 40~ m .section or in erac ion o

The diRraction scattering has been calculate y em a
d T 1 r' d is a sensitive function of X and of the

f f ction" of the nucleus for mesons, defined as e"index o re rac on o
s to that outsideratio of the propagation vector inside the nuc eus o a

(k +k)/k. In Fig. 1 is plotted the diRractionthe nucleus, i.e., I . n
i sscattering as a unc ion of t' f the opacity of the nucleus for variou

ll ex eri-values o i. n ef k I th same figure are plotted the Come experi-
ofmental results mc u ing1 d the more recent measurements o

Shapiro. g The rectangular box indicates the statistica stan ar
error of the measurements.

s k ) =0.3&0.3 orU
'

th value of ) given above, one finds I) = . . orsing e v
k&= {0.8*0.8) X10~ em '. Now kt is related to oner@ of ththe m st.
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Frc. i.The diffraction scattering is plotted as a function of the opacity of
the nucleus for various values of the parameter kih which is related to the
index of refraction of the nucleus as is explained in the text. The Cornell
data are indicated by the plotted point.

and Vo, the average potential in the nudeus; i.e., Vo=1.97X10 "
kiP. The experimental values above imply that Vo is 11+11Mev.

The average potential in the nucleus is obviously related to the
potential of a meson in the field of one nucleon, V(r), by

Vo= Z f V(r)dr/(4rrR'/3). (1)
all nucleons

If the potential is the same in the field of a proton and of a neu-
tron, Vo= J'Vdr{4+ro'/3) where~ ro=RA &= 1.47)&10 " cm.
Now the volume integral of the potential is related to the ampli-
tude for scattering of a meson by a nucleon in the forward direc-
tion which is, according to the Born approximation,

1 2p, 2p 2
a{10)= ——— Vdr = ——ro3Vo = —~o3&i& (2)

4~ h~ 3h' 3

It is to be noted that this relation can be derived from general
principles of wave interference, without using the average poten-
tial or the Born approximation.

The differential cross section for forward scattering of mesons

by a nucleon is a', and the total scattering cross section is 0-,=4~a~
if we assume isotropic scattering which may be a resasonable ap-
proximation for the energy of 45 Mev. It is convenient to express
o, in terms of the "geometric cross section of a nucleon, "writing

(17~5 mb/sterad) for the differential scattering of mesons by
carbon through 90'; at this angle, the nucleons in carbon should
scatter essentially independently (and inelastically); if the nu-
cleon scattering is isotropic, its total cross section would be
18~5 mb. However, the large scattering observed by Skinner and
Richman is in contradiction with the experiments of Shapirol
who gets for the sum of the nuclear (not di8raction) scattering of
mesons plus the emission of fast protons about 6 mb/sterad.

The experimental evidence on meson scattering is thus con6ict-
ing. If the small value of Shutt et al. turns out to be correct, it
mould be in agreement with our result from the refractive index.
If the larger values turn out to be right, we shall have to assume
that the scattered amplitude has the opposite sign for scattering
from neutrons and from protons. Since Vo involves an average over
all nucleons, the correct expression for (2) is

—(2p/3h') ro' Vo = (Paw+Zap) /A, (4)

~here a~ and a~ are the scattering amplitudes from neutrons and
protons, respectively. If these are nearly equal and opposite, Vo

can be small even if a~ and up themselves are large.
Theoretically, a& and a& should have the same sign for pseudo-

scalar mesons, now favored by all the experimental evidence, but
opposite signs for scalar or pseudovector mesons. This can be
seen as follows, e.g. , for a positive scalar meson: If the scattering
nucleon is a neutron, it must first absorb the incident meson,
thus becoming a proton, and then emit the scattered meson. For
scattering by a proton, the emission precedes the absorption.
In the latter case, then, the intermediate state has a higher energy
than the initial, and according to quantum-mechanical perturba-
tion theory, this leads to an attractive potential between proton
and meson, so that az is positive. Conversely, the potential be-
tween positive meson and neutron is repulsive and u~ is negative.
For negative mesons, the argument is reversed. Thus for scalar
mesons, we have approximately a~= —ap.

For pseudoscalar mesons, on the other hand, the emission and
absorption of mesons is most likely if the nucleon makes, at the
same time, a transition from a positive to a negative energy state.
Therefore, regardless of the charge of the scattering nucleon, the
intermediate state has essentially energy —2'', and the nucleon-
meson potential is repulsive in all cases so that a~=a~. In hole

theory, this result remains unchanged, just like the Klein-Nishina
formula for Compton scattering; one should speak, however, of
the creation of a pair of nucleons in the. intermediate state. Al-

though the result is based on second-order perturbation theory,
it is likely to persist in higher orders because all the important
intermediate states involve production of nucleon pairs.

Pseudovector mesons would behave like scalar ones, because
their interaction with nucleons involves the nonrelativistic
operator e.

The theoretical magnitude of the scattering cross section is,
in the pseudoscalar theory, "

(g~/hc)2{h/M )~= 1.3{g2/hc)2 {5)

so that a value g~/hc of 0.9+0.9 would satisfy our result from (3).
This is reasonable in view of other evidence, such as the strength
of nuclear forces."For the scalar theory,

~,/xrP =x', x= (4/3) kikro'. (3) ~,=4m-(g'/hc)'(h/pc)' (6)

Using the experimental value of ki and k, we get @=0,13+0.13.
Thus the observed value of the diffraction scattering from carbon
implies as the most probable value for the meson scattering by
protons 1.8 percent of the "geometric cross section" xro2 or 1
millibarn, and as the upper limit 7 percent or 5 millibarns.

Such a small cross section has been reported by Shutt et uL. ,'
who exposed a cloud chamber filled with hydrogen at high pressure
to the meson beam from the Nevis cyclotron and found only one
recoil proton after scanning 1000 g/cm' of hydrogen. They con-
dude that the scattering cross section is less than 6 mb. On the
other hand, Steinberger et ul. ' from transmission measurements,
deduced a cross section for proton-meson scattering of 0.2xro~= 13
mb. Similarly, Skinner and Richman Gnd a large cross section

and in this case, g'/hc can be deduced fairly accurately from the
binding energy of the deuteron" and is 2.39 p/M, giving 0-,=30
mb, about twice the highest experimental result. Pseudovector
theory would give the same order of magnitude as scalar.

If the cross section for scattering of mesons is small, as the
Cornell experiments plus theory would indicate, it becomes harder
to understand the result of Bernardini, "who finds that most of
the mesons scattering in photographic emulsions (presumably by
Ag or Br) lose a large fraction of their energy, being degraded
from the order of 50 to the order of 5 Mev. This result is most
easily interpreted as indicating repeated scatterings by the
nucleons in the nucleus; since in one scattering the energy might
be reduced by a factor 2 at high and by 10 to 20 Mev at low meson
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