
VOLUME 24, +UMBER 22 1 JuNz 1970

very much like tachyons and antitachyons.
The Frenkel-Kontorova model might be quite

useful for studying the stability and the interac-
tions of tachyons, and tardons as well, for that
matter. It might possibly provide the key to an
explanation of why tachyons are impossible.

In the present model, a tachydislocation is de-
scr1bed by a chain of atoms 1n which most of the
atoms sit on potential crests. At dislocation
speeds only moderately exceeding the speed of
sound, and at low dislocation densities, such
states are not stable against small perturbations. '
It remains to be shown whether or not stability
can be re-established at high speeds and densi-
ties. At any rate, tachydislocations have not
been observed so far.

It should be pointed out that the relativistic ex-
pression for the energy of a tachydislocation is
obtained only after subtracting the maximum po-
tential energy of the chain. This term is, of
course, infinite for an infinite chain. In an other-
wise normal chain, a finite region where tachy-
dislocations could exist would be excited to a
high energy. Consequently, the region would be
observed as a massive object. This would fit the
"rigid wall" picture, in one dimension at least.

Moreover, if we divide the chain into two semi-
infinite regions carrying tardons and tachyons,
respectively, then the boundary between the two
regions must travel at the speed of light since it

is at the same time a tachyon and a tardon. Thus
it appears that, in a one-dimensional universe at
least, tachyons could exist only in limited re-
gions which should be inaccessible to tardons.

Consequently, this model yields an indication,
though certainly not a proof, that tachyons are
unlikely to occur.

Finally, it should be noted that one obtains a
more realistic, though somewhat awkward, pic-
ture of a particle in two or three dimensions by
repeated application of the Frenkel-Kontorova
model in perpendicular directions. Sanders'
worked out such a model to describe a disloca-
tion kink.
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Photoproduction of ~ mesons from Be, C, Al, Cu, and Pb has been studied at a mean
energy of 6.8 GeV. The t distributions show a forward peak characteristic of a coherent
diffraction mechanism, but also a considerable cross section at large t characteristic of
an incoherent production mechanism. The ratio of cross sections for coherently photo-
produced p mesons to a mesons is 11.8+.1.3 compared with the simple SU(3) prediction
of 9.

There have been extensive experimental studies
of the photoproduction of p' mesons from complex
nuclei, "and some studies of y photoporduction. '
Similar experiments for ~ mesons have been
lacking until now because of the technical diffi-
culties in detecting either of the two strongest

decay modes (& «0 or &'y). The only measure-
ments available so far have been carried out in
a hydrogen bubble chamber at energies between
2 and 6 GeV." They showed a cross section de-

creasingg

with ener gy suggesting that ther e is,
besides the diffraction production process, an
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counters could be moved independently up and down on precision jacks.

appreciable contribution of at least one other
energy-dependent production mechanism, pre-
sumably a one-pion exchange process. Omega
production on complex nuclei can lead to a sepa-
ration of the diffraction process and can give in-
formation on the ~N total cross section o „and
the yes coupling constant. This Letter presents
a first survey of ~ photoproduction from complex
nuclei.

The apparatus used in this experiment is shown
in Fig. 1. A 9.2-GeV bremsstrahlung beam, pro-
duced ' internal target of the 10-GeV Cornell
electron synchrotron, was hardened by a 1-m
LiH hardener and collimated to a size 0.5 X1 cm
at the target. The target was inside a dipole
magnet with a 25-em gap, 75-cm width, and 100-
cm length. The photoproduced &u mesons were
detected through the dominant decay mode ~

The charged pions were measured in
a wire-chamber array SP1 located downstream
f the magnet. The x-coordinate wires of theo em

0first two chambers were rotated by 15 from the
vertical, thus enabling a correlation of the two
views of each track. All chambers had a dead
region in the median plane so that the y beam
and electron pairs produced in the target did not
pass through their sensitive region. Aluminum
absorbers above and below the beam between the
chambers reduced low-energy background. Four

trigger counters I' in symmetric quadrants xn

front of the spark chamber array and four pairs
of counters @„&,in back registered the pres-
ence of charged pions.

The y rays from the &' decay passed through
the charged-pion detecting apparatus and an ar-
ray of anti counters & and were then converted
in 1—radiation lengths of lead. Their position2

and energy were measured in a spark-chamber-
counter combination consisting of four identical
quadrants. Ea.ch converted y ray was detected in
a counter D located between the lead converter
and the shower counter. Its position was mea-

2. Thesured in a strip spark-chamber array SP . e
energy was edetermined in a shower counter con-
sisting of lead plates immersed in a liquid sein-
tillator and viewed by a large photomultiplier.
A 7.5-em gap in the median plane was left free
of material in order to prevent background from
the y beam and electron pairs produced in the
target. The probability that both y rays are con-
verted was calculated to be (52+ 1) /p.

The system was triggered by detection of two
charged particles in the E and & counters simul-
taneously with two y rays. The wire and strip
spark chambers had magnetostrictive readout.
The information from the spark chambers and
shower-counter pulse heights was digitized and
read into an IBM 1800 computer, which performed
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FIG. 2. (a) Invariant-mass distribution of the two
detected y rays. (b) Invariant-mass distribution of

x, after a mass cut has been applied to the invar-
iant 2y mass. (c) Distribution in cosed» for ~ mesons
produced with (t( &0.1 (GeV/c)'. Here ed

&
is the polar

angle of the normal to the decay plane in the helicity
frame.

on-line consistency checks and wrote the data on

magnetic tape.
The performance of the detection system was

extensively tested with photoproduction of e'e
pairs and p' mesons at varying intensities, as
mell as with the direct y beam. The absolute
detection efficiency for charged pion pairs in the
spa. rk chambers SPl was (97.5+ 1) % at low inten-
sities, and the intensity losses were ~5% and
known to +2%. The strip chambers recording the

y position (SP2) had an efficiency of (89+ 2) %
per converted y quantum. The shower counters
were calibrated with electron pairs of energy
measured in SP1. The geometric efficiency (ef-
fective solid angle) of the experimental setup was
determined by a detailed Monte Carlo study. The
detection efficiency varied typically from 0.05 /o

for 5-GeV/c ~ mesons to 0.25% for 8-GeV/c
mesons and was known to 5% of its value.

The y-beam intensity during data taking was
typically 10' quanta/sec. The trigger rate varied
from element to element in the range (0.5-5)/
min. Target thicknesses were limited by multi-
ple scattering and by the necessity of limiting the
electromagnetic background; they were in the
range of 0.04-0.08 radiation lengths.

For the final analysis, the &' mass was first
reconstructed from the y-ray energies and direc-
tions [see Fig. 2(a)]. If the v' mass was within
the allowed range, the &' momentum was deter-

mined using the known &' mass as an additional
constraint, thus reducing the sensitivity to the
rather crude determination of y-ray energies.
The charged-pion momenta were determined by
reconstructing their tracks in the chamber array
SP1 and tracing their path back to the target.
From the pion momenta we determine the ~ mass
and momentum and its decay parameters. The
371 invariant-mass spectrum in Fig. 2(b) shows
clearly a peak at the ~ mass and a background
which consists mainly of nonresonant »
events. All ~ mesons without energy cut were
accepted for calculating the differential cross
sections. Because of the energy dependence of
the efficiency most events were in the region 6-9
C~eV. The distribution of the events in momentum
space as well as in physical space was compared
in detail with the Monte Carlo prediction. In gen-
eral, excellent agreement was found; in particu-
lar, the normal to the decay plane (in the w cen-
ter-of-mass system) showed the expected sin'&
distribution on the helicity frame for the small-
angle events [~ &~ &0.1 (GeV/c)'], as shown in
Fig. 2(c).

Some of the corrections to the data due to fi-
nite y-conversion efficiency, effective solid an-
gle, and finite chamber efficiencies have been
discussed earlier. Corrections were also applied
for y-ray and charged-pion absorption in the tar-
get and detection equipment [(30+ 2) %], ~ branch-
ing ratio (10%), counter inefficiencies and dead
times (4%), charged-pion decay (3 /o), and events
lost due to kinematical and mass cuts (8%). The
background under the mass peak in Fig. 2(b) was
subtracted by assuming that its ~ distribution was
the same as for the» &' events whose mass i.s
close to, but different from, the ~ mass.

The differential cross sections do/dt for beryl-
lium and copper are shown in Fig. 3(a). While
there is a clearly distinguishable diffractive for-
ward peak, there is also a contribution from non-
diffractive processes, especially in light nuclei.
These nondiffractive processes are 2 to 3 times
larger in ~ photoproduction than in p photopro-
duction. " This is to be expected, since one-pion
exchange (OPE) processes are considerably more
important in e photoproduction. OPE will give
rise to two nondiffractive processes: (i) Inelas-
tic photoproduction, where additional pions are
produced in the reaction. The main contribution
should be from the reaction yN —&uN*(1238) on
one of the nucleons. (ii) Incoherent photoproduc-
tion, in which the final nuclear state is not the
ground state (and may lead to breakup of the nu-
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Here 4,ff is the effective number of nucleons
contributing to incoherent photoproduction; its
value was taken as obtained from large-angle p'
photoproduction' and &' photoproduction' in com-
plex nuclei. (do/dt*)„„* and (do/dt) ~ are cross
sections for the processes yN- co%*(1236) and

yN —~N calculated by Wolf using an OPE model. '
The cross section for yN - uX* was taken at a
different value ~* to take into account that in this
experiment the momentum transfer was recon-
structed assuming elastic photoproduction. Fi-
nally, ( (t) is a correction factor calculated by
von Bochmann, Margolis, and Tang to take into
account the suppression of incoherent processes
at small t because of nuclear correlations. " The
long- and short-dashed lines in Fig. 3(a) indicate
the relative importance of the inelastic and the
incoherent contribution to (do/dt)

The solid lines in Fig. 3(a) are obtained by fit-
ting
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FIG. 3 (a) Differential cross sections for ~ photo-
production in beryllium and copper. The two dashed
lines indicate the contributions given by the two terms
in Eq. (1) for berylliuxn. The solid lines are fits to
the data given by Eq. (2). (b) Closed circles: the ratio
q(/i) =(do/dt)&z &z [(do/dt)&~ ~z ' ] obtained from
the fits using Eq. (2). Open triangle: the ratio of total
diffractive photoproduction cross sections of p and u
mesons on hydrogen, as given by Ref. 5. Open circle:
y~ /y& as determined from colliding-beam experiments.
The horizontal solid lines denote theoretical predic-
tions discussed in the text.

cleus), but no pions are produced.
The contribution of inelastic and incoherent

events was calculated using the following expres-
sion:

where (do/dt) is taken from Eq. (1), (do/dt) „
is the measured photoproduction cross section
of p mesons on the same nucleus, and q(A. ) is a
fitting parameter which gives the ratio between
diffractive p and e photoproduction cross sec-
tions. " Assuming the same nuclear parameters
for both processes, this procedure gives the
most accurate determination of the ratio of the
two reactions. The value of q as a function of 4
is shown in Fig. 3(b). The errors include statis-
tical errors as well as a 10% uncertainty in the
OPE cross sections and uncertainties in the as-
sumption of &,ft. An additional 10% overall nor-
malization uncertainty is not included in the er-
rors.

The diffractive contribution to u photoproduc-
tion can be expressed at small angles, where
coherent production dominates, as

(3)

where (d&/dt) „is the diffractive photoproduction
cross section on hydrogen, and where f(R, ~, a, t)
is a function of the nuclear radius A&, the ~-nu-
cleon total cross section o ~, and the ratio n ~
of the real to the imaginary part of the ~-nucleon
forward scattering amplitude. " Since the same
expression holds for p' photoproduction, the near
constancy of r)(&) suggests that o „—= o~„and o.'„
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We have analyzed our data by assuming
that + &=a.» ——-0.2, and searching for a „and
(dv/dt) „. The result is

cr ~=33.5+ 5.5 mb,

(d o/dt) „~= 11.4 + 1.9 p.b/GeV'

Under the assumption of vector-meson dominance
this leads to a value of the y~ coupling constant
y '/4~ = 9.5+ 2.1.

The quark model' predicts &„~=0'z„and e ~
Since the value of & „obtained in this ex-

periment is quite consistent with this hypothesis,
one can set, in addition, & „=0~„=27 + 2 mb and
thus obtain a more accurate result:

(d v/d t)„~= 9.6 + 1.2 pb/Ge V',

y '/4~=7. 3~1.0. (5)

The error is mainly due to the 10% uncertainty in
absolute normalization in this experiment. As-
suming the quark-model hypothesis and identical
nuclear physics, the ratio 7)(A) plotted in Fig.
3(b) can be regarded as y„'/y~'.

Our value given by Eq. (5) is in significant dis-
agreement with the value y '/4n = 3.7 + 0.7 ob-
tained by colliding e e beam measurements. "
The original SU(3) prediction of y„'/y~' = 9:1 has
been modified by Das, Mathur, and Okubo"
(DMO) and by Oakes and Sakurai" (OS). The pre-
dicted values are y '/y~'= 7.6 (DMO) and 13.8
(OS), respectively. The results of colliding-beam
experiments" are 7.5+ 1.5. This is to be com-
pared with our value of 11.8+ 1.3. Thus, while
the storage-ring results give good agreement
with DMO and SU(3), our result falls halfway be-
tween OS and SU(3) and is inconsistent with DMO.
We note here that there seems to be a general
tendency for y„'/4& to be larger in photoproduc-
tion than if determined from colliding beam ex-
periments. "
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pn ELASTIC SCATTERING FROM t=0.1—5 TO 1.0 (GeV/c)' AT 3.5 GeV/c*
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%e have measured the pn differential elastic cross section in the four-momentum-
transfer region of t=0-.15 to 1.0 (GeV/c) using neutron scatters obtained in a pd bubble
chamber experiment at 3.5 GeV/c. The pn elastic cross section is similar to the pp cross
section at this energy to the extent that both cross sections exhibit a diffraction peak and
a dip at -t =0.45 followed by a secondary peak. A comparison of pn and pp elastic scat-
tering indicates a crossing of the two cross sections near the region of the dip. The re-
sults of this experiment suggest the presence of an I=1, t-channel exchange in ÃN scat-
tering.

Several studies of pp elastic scattering above
2 GeV/c have been made during the past several
years. ' ' Corresponding studies of pn elastic
scattering are noticeably absent and our main
interest in studying pn elastic scattering was to
compare our results with pp scattering. Recent
evidence suggests that XN elastic scattering is
dominated by I =0 meson exchange for small
four-momentum transfer and laboratory momen-
ta above 1.5 GeV/c. ' Since the I = 1 exchange
amplitude contributes to the total pp and pn elas-
tic scattering amplitudes with a difference in
sign, it is not unreasonable to expect that the
presence of an I = 1 exchange amplitude might
show up as a difference between the pp and the
pn elastic-scattering cross sections. Differences
in the two cross sections have been reported in
the region of 1.65 GeV/c. ' In this Letter we pre-
sent our data and make a, comparison with pp
elastic scattering at 3.55 GeV/c. '

The data for this experiment were obtained
from an exposure of the deuterium-filled 30-in.
MURA bubble chamber at Argonne National Lab-
oratory to a beam of 3.5-GeV/c antiprotons. In
order to avoid the ambiguity of ta, rget tha, t is
present for small-angle scattering in deuterium,
it was necessary to exclude the small-angle scat-
ters by placing restrictions on spectator proton
range and on the projection of the laboratory

scattering angle of the antiproton onto the film
plane. Since the scattering angle and the proton
range are only correlated in pp scatters, we se-
lected cutoff values for these quantities such that
it was highly unlikely that the antiproton was
scattered by a proton. The angle cp actually ob-
served in scanning an event was not the scatter-
ing angle but the angle defined by the beam track
and projection of the outgoing antiproton track
onto the film plane. As such, this angle is al-
ways less than or equal to the laboratory scatter-
ing angle. For this experiment we required that
proton range be +2.0 em. This limit corresponds
to a proton momentum ~180 MeV/c. The require-
ment on y was y ~ 5". The 5" limit corresponds
to a value of —t, the four-momentum —transfer
squared, &0.1 (GeV/c)'. This requirement on y
introduces a bias against events whose scattering
plane dips with respect to the plane defined by
the top of the chamber. The corrections for this
bias a,re discussed below.

After geometric reconstruction and fitting, a
cut at t=0.15 (GeV/c)' —was imposed and the
contamination due to the pp and pd elastic scat-
ters was estimated to be less than 10%. The
major portion of this contamination as well as
contamination due to spurious fits to inelastic
events was eliminated by requiring the events to
satisfy the kinematics of equal-mass scattering
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