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sion and lowering the apparent cross section.
This difference would be expected to diminish as
the solid angle subtended by the transmission
counter is decreased. By extrapolating the meas-
ured cross sections linearly to zero solid angle
(as was done with hydrogen), we can estimate the
total cross section. This yields a total cross
section of 292 mb for m+ scattering at 3 BeV/c
and 294 mb for m scattering. This excellent
agreement is somewhat fortuitous, but in any
case, there is no evidence for a violation of charge
symmetry. For m -C scattering at 4.0 BeV/c we
find a total cross section of 281 mb, in contrast
to%ikner's result of 386 +20 mb. %e also made
measurements with a Be target and again found
good agreement between the m+ and m results.
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The elastic differential cross section of nega-
tive pions on protons at 3.15, 4.13, and 4.95 GeV/c
and of positive pions on protons at 2.92 GeV/c has
been measured in a spark chamber experiment
using the Bevatron of the Lawrence Radiation Lab-
oratory. ' The data in the diffraction region for
these momenta are reported in this Letter. The
interest in these diffraction data centers about
the recent theoretical developments in the field
of strong interactions, which predict that at suf-
ficiently high energies the differential cross sec-
tion in the diffraction region should be an expo-
nential function of the four-momentum transfer,
and that the width of the diffraction peak should
decrease with increasing energy. ' Our data show
the predicted exponential behavior for small four-
momentum transfers, but no statistically signifi-
cant shrinkage of the w +P diffraction peaks over
the 3- to 5-GeV/c interval is observed. Compari-
son with other published m +P data~ up to 16
GeV/c also gives little evidence of shrinkage, al-
though this observation is strongly influenced by
the data at 15.9 GeV/c which have relatively large
published errors. This appears to be in contrast
to the proton-proton case, where the data are in

remarkable agreement with the Regge behavior. '~7

The experimental data are plotted on a semi-
logarithmic scale in Fig. 1 where the errors
shown are statistical. ' The data consist of about
1200 elastic events at each momentum, obtained
from an analysis of one half of the data film. The
points at t= 0 are calculated from zero-momentum-
transfer dispersion relations and the optical the-
orem using the recent total cross section data
taken by Longo and Moyer in the 3- to 5-GeV/c
range. ' For the m +P data the over-all error in
normalization may be +8%. However, there are
some uncertainties in the composition of our m+

beam, and therefore the normalization error for
those data may be as great as +30%.

The Regge pole theory' predicts that the elastic
diffraction scattering may be expressed by

do/dt= (do/dt) F(t)(s/s ), (1)

if only a single Regge trajectory is involved. Here
s is the square of the total center-of-mass ener-
gy; and t, the square of the four-momentum trans-
fer, is given by

t = -2p*'(I - cos8*),
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FIG. 1. Differential cross section vs -t, the square of the four-momentum transfer, at 3.15-, 4. 13-, and
4. 95-GeV/c incident negative-pion momenta and 2. 92-GeV/c incident positive-pion momentum. The point at
t = 0 is computed using total cross-section data. The lines are fits to the data 0 & ~t( &0.4 (GeV/c), assuming
(d(Jjdt) j(der jdt)t = 0 = exp[A(s)t. ].

where P is the three-momentum of the particles
in the center-of-mass system, and 8 is the scat-
tering angle of the pion in the center-of-mass
system. The quantity so is a parameter of the
theory, usually taken as 2M2, where M is the nu-
cleon mass. s The usual differential cross section

is related to the above expression through

dc/dQ = -(P*'/s)dc/dt.

For small t, (1) may be approximated by

dc/dt = (dc/dt) exp[A (s)t].
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Table I. Values of A(s) obtained by fitting the results of this and other published experiments to Eq. (4), not in-
cluding the t = 0 points. s is the square of the total center-of-mass energy, I'0 is the incident laboratory momen-
tum, and ItI is the absolute value of the square of the four-momentum transfer.

System
P()

{GeV/c)
A(s)

(GeV/c) ~

Range of ItI

(GeV/c) 2

s
(GeV)' Refer ence

7 +p
TI +P
7t +p

+p
Ti +p

+p
z'+ p
~'+ p
ll +P
7I +P
7r +p
7T +p

+p
Tr +p
Tl +p
p+p
p+p
p+p
p+p

3.15
3.15
4. 13
4. 13
4.95
4. 95
2. 92
2. 92
1.33
1.47
1.85
2. 00
5. 17
6.80

15.90
3.08
5.25
7. 03

15.5

7.5 ~0.4
7.3 + 0.2

8.0~0. 5
7. 2 ~ 0.2

7. 8 ~ 0.4
6.9 *0.2
7.0 + 0.4
6.2 + 0.3
7.3 + 0.4
7.3+ 0.6
9.3 ~1.7

8. 7 ~0.5
8.4 ~ 0. 7
7. 8 +1.1
8.6+1.5
5. 5 ~0. 5
6. 1 ~ 0.3
6. 8 ~ 0.6

~9

0-0.4
0-0.6
0-0.4
0-0.9
0-0.4
0-0.9
0-0.4
0-0. 7
0-0.4
0-0.4
0-0.4
0-0.4
0-0.4
0-0.4
0-0.4
0-0.4
0-0.4
0-0.4
0-0.4

6.68
6. 68
8.48
8.48
9.99
9.99
6.26
6.26
3.36
3.62
4. 30
4. 57

10.4
13.4
30. 10
7. 71

ll. 8
15.1
30.3

1.90
1.90
2. 14
2. 14
2. 30
2. 30
1.83
1.83
1.21
1.29
1.46
1.52
2. 34
2. 60
3.40
2. 05
2.47
2. 71
3.41

This experiment
This experiment
This experiment
This experiment
This experiment
This experiment
This experiment
This experiment

a
b, c

d

e, c

~ THIS EXPERIMEN T

12—

aL. Bertanza et al. , Nuovo cimento 19, 467 (1961).
M. Chretien, J. Leitner, N. P. Samios, M. Schwartz, and J. Steinberger, Phys. Rev. 108, 383 (1957).cK. %'. Lai, L. W. Jones, and M. L. Perl, Phys. Rev. Letters 7, 125 (1961).
R. C. Whitten and M. N. Block, Phys. Rev. 111, 1676 (1958).

eV. Cook et al. , Phys. Rev. 123, 320 {1961).
See reference 4.
See reference 5.g

.See reference 3.
1 I4-
.See reference 7.
See reference 6. o REFERENCES

IO—

The straight-line behavior of the data in Fig. 1

shows that (4) is at least a fair approximation to
our data. To test it more carefully A(s) was
evaluated for two ranges of t, namely, for 0& Itl
&0.4 (GeV/c) and for 0« Itl &t, (GeV/c), where
~p is the maximum value of f which seems still to
lie in the diffraction peak [roughly 0.8 (GeV/c)
for this data]. In both cases the t= 0 point was
not included in the fit. These values of A(s) in
(GeV/c) ' are presented in Table I, and are
plotted for It! &0.4 (GeV/c) in Fig. 2. It appears
that the data may not be a simple exponential out
to t= t, (GeV/c)', as the diffraction peaks con-
sistently show a broadening (smaller A) when
fit over the larger range of t. This same trend
is apparent in the proton-proton elastic scatter-
ing data. '

In order to investigate the Regge prediction of
the shrinkage of the diffraction peak with increas-
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FIG. 2. The values of A(s) (for 0 & It I
& 0.4) as a

function of lns, derived by fitting the data to the ex-
pression (da/dt)!(da/dt)t 0

= exp[A(s)t]. The reference
points are taken from Table I.

ing energy, the A(s) values for 0&. ItI &0.4 (GeV/c
for our n +p data only (8 to 5 GeV/c) were fitted
to the function a+ b lns. The value of b is 1.5+ 1.0
(GeV/c) ' where s is in (GeV)'. Thus, while a
shrinkage may exist it is certainly not of strong
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statistical significance. To examine the be-
havior of the A(s) for w +p over a larger range
of s than is available from this experiment, we

have determined values of A(s) from other pub-
lished 7) +P data as listed in Table I. It is evi-
dent from Fig. 2 and Table I that the 15.9-GeV/c
point is consistent with no shrinkage of the dif-
fraction width, i.e. , A(s) constant, although the
errors on that value of A(s) are so large that
some shrinking with energy above 3 GeV/c can-
not be excluded. " At energies below 3 GeV/c,
the asymptotic approximations in the deduction
of (1) from Regge theory are less valid, and this
simple description of diffraction widths is ex-
pected to be in error. It is noted from Fig. 2

that there could be a peak in the values of A(s)
(narrowing of the diffraction peak) near 2 GeV/c,
although again poor statistics limit the possibili-
ty of establishing this from published data.

The ~++/ diffraction peak cannot be compared
absolutely with the m + p peak (Fig. 1) because of
the m normalization difficulty and the differences
in incident pion momentum. However, Table I
shows that the values of A(s) for 0& ~t ~ &0.4
(GeV/c)' are similar, while for larger it ~ the
~++fr seems to broaden more than the m +P.

Finally, comparing our ~ +P data with P +P
data of about the same range of momentum (3 to
6 GeV/c), it can be seen from Table I that the
P+b values of A(s), 5.5 to 6, are consistently
lower than the v +p values of A(s), 7.3 to 8.0;
i.e. , the P+p diffraction peaks are broader. On
the other hand, at higher energies such as 16
GeV, an A(s) of about 9 seems appropriate for
both processes for ~tI &0.4. Thus while P+P
shows a definite shrinkage in going from 3 to 16
GeV/c, we find that w +p shows little or possi-
bly no shrinkage. If the p+p and m +P diffraction
peaks were due solely to the Pomeranchuk-Regge
trajectory, then the shrinkage with increasing s
would be the same in both cases. ' Our conclu-
sion, based on the work reported here plus other
published data, is that the I|) + p and m +p diffrac-
tion elastic scattering present different behaviors.
This suggests that the influence of trajectories
other than the Pomeranchuk trajectory, such as
the I", &, and p trajectories, must be consid-
ered if a complete understanding of diffraction

scattering in this energy region is to be found in

the Regge theory.
It is a pleasure to acknowledge the hospitality

and assistance extended to our group by E. M.
McMillan, E. Lofgren, and the staff of the Law-
rence Radiation Laboratory. %e also wish to
thank K. W. Lai, D. Damouth, R. Y. Y. Lee, and
O. Haas for their enthusiastic participation in
the preparation and execution of this experiment.

~Work supported in part by the U. S. Office of Naval
Research.

~Atomic Energy Commission Predoctoral Fellow.
~A brief description of this apparatus is contained in

E. Bleuler et al. , Proceedings of the High-Energy In-
strumentation Conference, CERN, 1962 (North-Holland
Publishing Company, Amsterdam, to be published).

2S. C. Frautschi, M. Gell-Mann, and F. Zachariasen,
Phys. Rev. 126, 2204 (1962); G. F. Chew, Revs. Mod-
ern Phys. 34, 394 (1962); C. Lovelace, Nuovo cimento
25, 730 (1962};V. N. Gribov, J. Exptl. Theoret. Phys.
(U. S.S.R. ) 41, 667 {1961)[translation: Soviet Phys. —
JETP 14, 478 (1962)]; 41, 1962 (1962} [translation:
Soviet Phys. —JETP 14, 1395 (1962)].

3G. Czapek, G. Kellner, and H. Pietschmann, Phys.
Letters 1, 226 (1962).

~R. G. Thomas, Phys. Rev. 120, 1015 (1960).
5W. Kang-Ch'ang et al. , J. Exptl. Theoret. Phys.

38, 426 (1960) [translation: Soviet Phys. —JETP 11,
313 (1960)].

6A. N. Diddens et al. , Phys. Rev. Letters 9, 108
{1962);9, 111 (1962).

YB. Cork, W. A. Wenzel, and G. W. Causey, Phys.
Rev. 107, 859 (1957).

SA portion of this data was presented in preliminary
form at the International Conference on High-Energy
Nuclear Physics, Geneva, 1962 (CERN, Geneva, Swit-
zerland, to be published}. The data reported at that
time have been supplemented and corrected for syste-
matic effects such as multiple Coulomb scatterings,
secondary nuclear interactions, and beam contamina-
tion.

SM. Longo and B. Moyer (private communication
and to be published).

~ In reference 3 there is a plot of A(s) similar to Fig.
2 based on the T +p data of reference 3 at 15.9 GeV/c,
reference d at 1.85 GeV/c, reference 4 at 5.17 GeV/c,
and on p+p data. The 7I +p points seem to indicate a
definite shrinkage in the 7t +p diffraction peak similar
to the p+p shrinkage. However, it appears that in
reference 3 the A(s) corresponding to the 1.85-GeV/c
data is plotted too low by roughly a factor of two rela-
tive to the other two ~ +p points for A(s).


