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(6.2)

with P= 2.5 as in the X Pand—rr Epro—cesses.
Ãote added its proof. In a recent letter by Freund and

The ~—x and E—x interactions will also possess a dif-
fraction scattering and total cross section of the form
predicted above, although these interactions cannot be
checked by any current experimental data. One experi-
ment would be particularly useful at present to check
our predictions. From the eRect of the co meson on the
pp and pp cross sections, we conclude that E—p and
X—p total cross sections will be approximately the
same above 10 BeV, and will have the form

Oehme LPhys. Rev. Letters 10, 450 (1963)g it is con-
cluded that a pole plus cut model cannot it the data of
Foley et al.' or the total cross section data. " Their
incorrect result stems from the use of so=2M'„s as the
normalization constant for all processes. This empha-
sizes the important role played by the normalization
parameter so ——2M~M2 in our theory. Freund and
Oehme also remark that there is no evidence of both a
pole and cut in sr+p experiments. However, new data
by Brandt et al. jS. Brandt, V. T. Cocconi, D. R. O.
Morrison, A. Wroblewski, P. Fleury, C. Kayas, F.
Muller, and C. Pelletier, Phys. Rev. Letters 10, 413
(1963)j on. tr —p diffraction scattering at small t does
show a "kink" in support of our theory, LPhys. Rev.
129, 2812 (1963)).
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Photoproduction of Low-Energy Charged Pions from Deuterium
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Accurate measurements have been made of the n /n+ photoproduction ratio on deuterium, in the gamma-
ray energy range 165—210 MeV, for several angles: 155', 125', 90' (center-of-mass system) and along
Baldin s kinematical line. These last data are new contributions: n /v+=1. 20+0.03 averaged between
165 and 180 MeV. The others are improvements of the accuracy of previous data. The comparison with
Ball's theory, corrected for taking into account the I= ~& phase shifts, gives for the coupling constant 4 for
y —n —p the value: 0.25 &+A/e&0. 75.

I. INTRODUCTION

OW-ENERGY charged pion photoproduction has
~ been studied for a decade or more. The two re-

actions which are of greatest interest are

y+ p —+ rr++rt,

'y+rt ~ % +p )

where the neutron is in the bound state corresponding
to a deuteron. In the past, the main interest was the
extrapolation of experimental data to threshold to
obtain a value of the pion nucleon coupling constant,
and use of the threshold values so obtained as a means
to check the well-known relationship between pion
photoproduction and scattering. ' Within the present
limits of accuracy of the data and of their interpretation
and extrapolation, a reasonable agreement exists. The
contribution of the uncertainty of the data on the sr /sr+

ratio (about 10'%%uq) to thi. s type of analysis is consider-
able. This was one of the motivations for undertaking
the present experiment.

*Now performing French military service.
t Present address: Cyclotron Laboratory, Harvard University,

Cambridge, Massachusetts.' M. Seneventano, G. Bernardini, D. Carlson-Lee, G. Stoppini,
and L. Tau, Nuovo Cimento 10, 1109 (1958).

More recently, another interest in this 6eld has been
the comparison of the experimental data with the
predictions of the dispersion relations of Chew, Gold-
berger, Low, and Nambu (C.G.L.N.).' Although the
agreement has been reasonably good, some points are
worthy of mention.

In the case of reaction (1) there is a marked tendency
for the experimental data to lie below the theoretical
prediction at large angles. ' This has been interpreted by
several authors in different ways. First, it was shown

by Uretsky et at.4 that the predictions of C.G.L.N.
theory were very sensitive at backward angles to the
choice of the small pion nucleon I'-wave phase shifts,
and that any lack of agreement of theory and experi-
ment may be due to our lack of precise knowledge of
these phase shifts. Second, Baldin' suggested that the
discrepancy could be due to an unknown contribution

~ G. F. Chew, M. L. Goldberger, F. E. Low, and V. Nambu,
Phys. Rev. 106, 1345 (195'l).

J. M. McKinley, University of Illinois, Report No. 38, 1962
(unpublished).' J. L. Uretsky, R. W. Kenney, E. A. Knapp, and V. Peres-
Mendes, Phys. Rev. Letters 1, 12 (1958).

'A. M. Baldin, Proceedings of the 1960 Anngal International
Conference on High Energy Physics at Ro-chester (Interscience
Publishers, Inc. , New York, 1960), p. 325.
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because of the y —3x vertex contributing only to the
isoscalar amplitudes, we expect the a /s+ ratio to be
more sensitive to this vertex. New accurate data on the
~ /~+ ratio, particularly along the Baldin line, was
desired, to study the inhuence of such a multipion
photon vertex and to deduce a value of the coupling
constant which would 6t the experimental data. In an
attempt to get such new information on low-energy
pion physics we have made accurate measurements
(4%) of the ~ /~+ ratio between 165 and 210 MeV for
several angles: Baldin line, 90', 125', and 155' (center-
of-mass system).
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FIG. 1. General arrangement.

to the dispersion integrals of the unphysical energy
region, which becomes more important at large angles.
Conversely, he pointed out that the contribution of the
unphysical region was zero when the momentum
transfer to the nucleon was kept constant and equal to
that occurring at threshold (hereafter referred to as
the Baldin line), implying that good agreement between
theory and experiment should exist under these kine-
matical conditions. The most recent comparison' is
certainly consistent with this approach. A third and
more recent approach' has been to assign any lack of
agreement to the gamma-three pion vertex which
thereby introduced new free parameters which were
adjusted until agreement was obtained. From the above
discussion, it is clear that major uncertainties exist in
any precise comparison or interpretation of the theory
of m+ photoproduction.

%hen we consider the ratio of x to w+ mesons in the
reactions,

v+~~~ +p+p,
y+d ~~++rs+m,

the situation has similar difficulties. There are, erst of
all, the weH-known Coulomb 6nal-state interactions
which distort the free-nucleon ratio by at most a few
percent in the range of interest here. Second, %alker' '
has shown that, although the comparison of theory and
experiment is good along the Baldin line in the case of
rr+ production, it is not so for the ratio a- /vr+. Once
again, the e6ect has been attributed to a bi-pion reso-
nance by several workers. " " In this case, however,

' J. K. Walker, J. G. Rutherglen, D. B. Miller, and J. M.
Paterson, Proc. Phys. Soc. (London) 81, 78 (1963).

7 C. S. Robinson, P. M. Baum, L. Criegee, and J.M. McKinley,
Phys. Rev. Letters 9, 349 (1962).

s A. Baldin, Nuovo Cimento 8, 569 (1958).
s J. K. Walker, Nuovo Cimento 21, 577 (1961).
'0 B.DeTollis, E. Ferrari, and H. Munczek, Nuovo Cimento 18,

198 (1960).

II. EXPERIMENTAL METHOD

The experimental arrangement, shown in Fig. 1, is
almost the same as that which we used in a previous
experiment. "The bremsstrahlung beam was produced
by the electron linear accelerator of the Ecole Normale
Superieure. The electron beam deviation and analyzing
system has been described previously. "The p-ray (and
electron) beam passed through a liquid deuterium
target. The intensity of the transmitted electron beam
was measured, in order to monitor the photon Aux.
Pions were momentum analyzed by a 57.5-cm radius—
180'-double-focusing spectrometer" and detected with
three plastic scintillation counters operated in coinci-
dence. Measurements on m and ~+ counting rates were
made alternately by inverting the current in the
spectrometer.

In order to have a simple experimental arrangement
and to keep the full advantage of the high intensity of a
linear accelerator, the electron beam was not swept
after the radiator. The contribution to the pion counting
rate from electroproduction was measured in the
absence of the radiator.

As counting rates were taken alternately for ~+ and
m, most systematic errors were averaged out.

Target

A detailed description of the target, which was of a
very simple design, can be found elsewhere. '7 The liquid
deuterium was contained in an aluminum cylinder,
22 mm in diameter, 50X10 ' mm thick, connected to a
cooling coil, the whole being in thermal contact with a
liquid-hydrogen reservoir. Two resistors, at the top
and the bottom of the target, indicated whether the
target was full or empty and gave the possibility of

"B.DeTollis and A. Verganelakis, Nuovo Cimento 22, 406
(1961).

'~ M. Gourdin, D. Lurie, and A. Martin, Nuovo Cimento 18,
93S (1960).' A. E. A. Warburton and M. Gourdin, Nuovo Cimento 22, 362
(1961).

'4 J. S. Ball, Phys. Rev. 124, 2014 (1961)."J.K. Walker and J. P. Burq, Phys. Rev. Letters 8, 37 (1962)."F. Lacoste, Laboratoire de l'Accblerateur Lineaire, Orsay,
Rap. LIE 7 (unpublished); F. Lacoste and G. R. Bishop, NucL
Phys. 26, 511 (1961).

'~ J.K.Walker, J.P. Burq, and V. Round, Nucl. Instr. Methods
(to be published).
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driving the liquid out of the target and up into the
cooling coil by having a steady current in the bottom
resistor. In this way, background measurements were
made easily (the target could be fille or emptied in a
few seconds) with unchanged experimental conditions.
Because of the cylindrical shape of the target, measure-
ments could be made at different angles simply by
rotation of the spectrometer. On the other hand, this
shape was a source of error because of small random
lateral movements of the beam, which produced varia-
tions of the irradiated deuterium volume.

In order to reduce this error, the tantalum radiator
was covered by a thin fluorescent coat (0.2% of a
radiation length), by means of which the position of the
beam could continuously be controlled to about 0.5 mm
with a closed circuit television system. The radiator was
located in the vacuum chamber of the target, at a
distance of 9 cm of the latter and had a thickness of
only 8.5% of a radiation length. The effect of multiple
scattering was thereby reduced. As the uncertainty in
the relative position of the radiator and the target was
less than 1 mm, the variation of the irradiated volume
due to lateral movements of the beam did not exceed
0.5%. As the data for m and m+ meson counting rates
were taken by frequently changing the sign of the
magnet current, we estimate this error to average out
to 0.3%

The radiator could be controlled to move out of the
beam for electroproduction measurements.

The deuterium was obtained by the usual electrolytic
technique using heavy water and purified by passing
through a charcoal trap at liquid-nitrogen temperature.
A chromatographic analysis determined the hydrogen
concentration in the deuterium to be (0.4&0.1)%. No
correction was applied to the data, the error which may
result in the ratio being of the same order.

Monitoring of Photon Intensity

An absolute monitor was not necessary as it was a
ratio which was measured. The intensity of the p-ray
beam was proportional to the measured intensity of the
electron beam. This was true in so far as the thickness
of the radiator was constant during the experiment.
The thickness of the tantalum plate was uniform, and
irregularities in the thickness of the fluorescent coat
were not sufficient to produce )0.1%%uq variations in the
photon Aux.

The intensity of the transmitted electron beam was
measured by means of a secondary emission monitor
of standard design, "which was frequently calibrated
with a Faraday cup."The stability of the monitor was
found to be good to 0.5%%uo during the course of the
experiment and we accordingly assign a 0.3%%uo uncer-
tainty to the 6nal pion ratios.

' G. W. Tautfest and R. H. Fechter, Rev. Sci. Instr. 27, 233
(1955).

» K. L. Brown and G. W. Tautfest, Rev. Sci. Instr. 27, 692
(1956).

Because of multiple scattering and Moiler eRect,
beam current measurements with the radiator in the
beam or not, and also with the target full or empty,
were not comparable. This eRect was studied with
another secondary emission monitor in front of the
radiator. A 4% correction was applied to the counting
rates with radiator in the beam, the corresponding
correction on the ratio was much smaller. The correction
due to deuterium (target full or empty) was less than
0.5% to the counting rates and correspondingly much
less on the 6nal ratios, and was, therefore, neglected.

The uncertainty in the absolute energy of the electron
beam was 0.6% (0.6% was also the momentum interval
set by slits in the deviation system). The influence on
the effective spectrum (in three-body kinematics) of
photons which produce the reaction of interest is small,
the error which may result is (0.1% However, for the
measurements corresponding to an average p-ray energy
of 210 MeV, the energy of the beam was increased from
220 to 230 MeV.

Detection

The energy of detected pions was determined by the
current in the spectrometer, and corrected for energy
losses in deuterium, aluminum, and Mylar windows.
The uncertainty of the absolute pion energy was about
1%, but did not produce any uncertainty on the pion
ratio.

On the other hand, the counting rates were sensitive
to variations of the magnetic field because of decay in
Qight which was important for this low-energy region.
The stability of the magnetic field was about 0.1% and
also the corresponding error in counting rate. The
current, frequently reversed during the course of the
experiment, was each time established in the same way
and the magnetic field was reproduced to about 0.2%,
for the same current.

The irradiated target volume could not be considered
as a point source by the spectrometer. The target was
centered to about 1 mm relative to the axis of rotation
of the spectrometer. A calculation was made of the
variations of the mean solid angle induced by small
translations of the beam. The calculation, which was
verified experimentally with a polyethylene target,
showed that the error which could result from this effect
was negligible ((0.1%) in our experimental conditions.
The horizontal angular resolution, which was given by
the acceptance of the spectrometer, was about 2.5 deg.

Particles within the same momentum interval were
detected in the focal plane of the spectrometer by three
plastic scintillators connected to 56 AVP photomulti-
pliers. The dimensions of the scintillators were 4 cm
X4 cm (corresponding to hp/p being about 1.7%).The
front two scintillators were 0.3 cm thick, the third.
0.5 cm, 1.5 cm, or 2.5 cm thick, depending on the energy
of pions being detected. The choice was made in such a
way that pions were not stopped in the third counter,
thereby avoiding x star formation, but lost a sufficient
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FIG. 2. Electronics.

energy to provide adequate pulse-height resolution. The
data were corrected for diferent nuclear absorption of'

and ++ in deuterium, windows, and scintillators. The
correction for the ratio was small, from 0.1 to 0.35%.

The schematic arrangement of electronic circuits is
shown in Fig. 2. The outputs of counters 1 and 2 were
connected, by 50-0 cables, to a fast coincidence circuit,
which had a resolving time of 20' 10 ' sec. This circuit
was followed by a discriminator and a fast amplifier
which gave a standard pulse of 6 V in amplitude and
50)&10 ' sec width. The dead time of the assembly,
measured with a pulse generator, was 60&10 ' sec.
The standard pulse output from the coincidence unit
was made to open one side of a gate, while the other
side was opened by a standard pulse of 10 V and 2&& 10—'
sec wide which straddled the time during which the
beam from the accelerator was produced. The output
of counter 3, after passing through this gate, was

lengthened, amplified, and displayed on a 100-channel
pulse-height analyzer. At low energy ( 12 MeV), the
range of the pion is so short that two counters only were

placed in the focal plane of the spectrometer. In this
case, the output of counter 2 was pulse-height analyzed.
The linearity of the pulse-height analysis system was
checked with a pulse generator in the range 0.3 V (bias
of the gate) and 6 V (amplitude of the smallest of the
two-gate pulses). (See Fig. 3.)

With this simple system, the background of the room
was almost eliminated («1% of the pion rate), and the
ability to detect pions in a background of electrons and
Inuons was rather good. This latter feature was partic-
ularly necessary at small angles, where scattered
electrons became numerous.

As well as the corrections due to monitoring and
nuclear absorption, the following corrections were

applied to the data: (1) Correction due to the dead
time of the coincidence unit. For this purpose the
number of coincidences was measured by a one mega-
cycle scalar and the length of the beam pulse (about
0.4)& 10 ' sec) monitored by means of a water Cerenkov
located in the neighborhood of the beam. This correction

~ D. H. Stork, Phys. Rev. 93, 858 (1954).

did not exceed 2.5% and produced less than 1%correc-
tion in the pion ratio. (2) Counting-rate corrections.
Because of the pulse lengthener, no more than one event
could be counted per beam pulse (this event corre-

sponded to the largest pulse). This correction, of about

1%, was always less than 2% for any counting rate.

(3) Relative contribution of electrons and positrons to
meson identification. For the most part, the x+ and +-
spectra showed a peak-to-valley ratio of about 40 and

were identical within the precision of the measurements.

No correction was made, except for those measurements

along the Baldin line, where the electron contamination
was estimated to be (4&1)%. This correction was

arrived at by extrapolating the electron background
underneath the pion peak. The estimated error involved

has been included in the statistical one.
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TABLE I. Experimental errors on s /s'+ ratio. I +

Irradiated deuterium volume
Hydrogen contamination
Monitoring
Spectrometer stability

~0 3%—0.6'Po
~0 4'
~0.1%

Experimental errors are summarized in Table I, and
corrections in Table II.

TABLE II. Correctionst

Monitoring
Counting rate
Dead time of coincidence

circuit
Electron contamination

(only on Baldin's line)
Nuclear absorption

0.5 lo
& &'Fo

(1%

0.4%

a The magnitudes of the corrections indicated are the magnitudes on the
7r /7r+ ratiO.

"W. R. Hogg and E. H. Bellamy, Proc. Phys. Soc. (London)
72, 895 (1958).

~' M. Sands, J. G. Teasdale, and R. L. Walker, Phys. Rev. 101,
1159 (1956).

'3 J. G. Rutherglen and J.K. Walker, Proc. Phys. Soc. (London)
76, 431 (1960).

GI. PROCEDURE, DATA

For each pion energy, the high voltages on each of
the counters was adjusted until the pion peak was
comfortably above the coincidence circuit pulse height
threshold.

Four distinct types of measurements were then made
for x and four for m+, in the following conditions:

(1) X~~, =target full, radiator iu the beam;

(2) ¹

= target full, radiator out;

(3) Xg~,'——target empty, radiator in;

(4) ¹'= target empty, radiator out.

E measurements were repeated three times or more,
¹ measurements twice or more. Although the notation
is obvious, we must note that there is a small contribu-
tion of photoproduction in X, due to the foils which
remain in the beam when the radiator is out and to
deuterium itself, the whole being evaluated to 0.7% of
a radiation length. There is also a contribution from the
deuterium gas in¹.But these contributions disappear
in evaluating

R = H&~+ &~+') (&—. &')3—I—
[(Xg+. Xp+,') (¹——X,')$+—,

which represents the ratio of ~ and++ photoproduction
cross sections on deuterium. All the contributions of
pion electroproduction on deuterium, photoproduction
and electroproduction on aluminum are subtracted.

Data are tabulated in Table III, where all the
corrections mentioned above have been made. Our
results are in agreement with previous data. ' ""How-
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correction is extremely di%cult to estimate accurately.
In our case, the total Coulomb corrections lie between
3 and 7%%uz throughout the energy and angular range we
have investigated: 0 to 4% of which is due to the
positive correction produced by the proton-proton
interaction and 3 to 11%for the negative one produced
by the meson-proton interaction. The most compre-
hensive experiment which has previously been done in
this energy range is that of Beneventano et a/. ,

' whose
results (after making the above Coulomb corrections)
are also shown in Fig. 4. There is general agreement
within the precision of the experiments.

We may now compare these values of E& with
theoretical predictions. First, cross sections have been
evaluated from C.G.L.N. , with some corrections. The
most recent calculations have been made from

I.Q-
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(d} e, „ tss'
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A/@=+1

Fro. 4. er /e+ ratio. Experimental data are corrected for
Coulomb interactions in the Anal state. The data of Beneventano
that are shown were mostly for slightly different angles (less than
10 deg difference from the present experiment). A two-body
kinematic Qt is used to determine the photon energy and c.m.
angle of the produced pion. Curves are calculated from McKinley
(see Ref. 25), with set X of phase shifts, and from Ball, for 4 =0.

ever, the values we have found on the Baldin line are
clearly smaller than the values extracted from previous
data by Walker, ' but they are in agreement with the
results of Swanson. '4

1.4
+

II

1.2
I

1.0

II dl

(b)

IV. DISCUSSION

We must deduce from the measured values of the
ratio R on deuterium, the values Ro for photoproduction
from free nucleons. A detailed analysis of this problem
has been given. '

The three-body nature of the reaction implies that it
is a spectrum of photons which produce the reaction
and the neutronproton mass difference produces a shift
of this spectrum. However, the inQuence on the ratio
due to these eAects is very small, the ratio varying
slowly with p-ray energy in. the energy range considered
here. Two-body kinematics are, therefore, used to
deduce the energy of the incoming photon.

The only important corrections to be made to R are
Coulomb corrections due to interactions in the final
state. These corrections, as calculated by Baldin, ' have
been applied to R and the values Ep obtained are given
in Figs. 4 and 5. Unfortunately, the uncertainty of this

'4 W. P. Swanson, Lawrence Radiation Laboratory, University
of California, Berkeley, Report UCRL-9194, 1960 (unpublished).
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FIG. 5. er /tr+ ratio. Curves are calculated from Ball, the
isoscalar amplitudes being corrected for the I=-', phase shifts and
for different values of h..
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McKinley's report s' with no 1/M expansion and use of
experimental phase shifts rather than eRective range
formulas for both the large and small I'-wave phase
shifts. McKinley, besides, has introduced a nonconstant
comparison function into the relationship between the
scattering and photoproduction partial-wave ampli-
tudes, the eRect of which is small. It can be seen on
Fig. 4 that the agreement for the whole is reasonable.

To introduce the bi-pion interaction, we have
followed Ball.'4 In this work, the isovector amplitudes
F are calculated with no 1/M expansion, but with more
approximations than above (small I' wave -shifts put
equal to zero and use of effective-range formulas). It
can be seen on Fig. 4 that the two approaches give
approximately the same answer in the forward hemi-
sphere. So, we shall confine the comparison with the
data to the Baldin line and 90' where the inhuence of
phase shifts in minimized (and also the contribution of
the nonphysical region to the dispersion integrals). In
the calculation of the isoscalar amplitudes Ii', Ball
neglected the I=-,'phase shifts. This eRect has been
evaluated by Warburton and Gourdin" and should be
taken into account, as well as the bi-pion contribution.
Therefore, we have calculated the m /sr+ ratio from
Hall, but we have corrected the F' as in Ref. 13. In
Fig. 5 the solid curve shows Ball's prediction for the
m /m+ ratio after being corrected by the ad.dition of
the I=—', phase shifts. The dashed curves indicate the
deviations from the solid curve with various assump-
tions for the value of A. Figures 5(a) and 5(b) show
immediately that the sign of A/e must be positive to
provide agreement with the experimental data. The
magnitude of A/e can be roughly estimated from
Figs. 5(a) and 5 (b) to be 0.5+0.25. A precise definition
of h. is given by Ball."In the backward hemisphere, the
difference between the predictions of Ball's theory and
the data becomes quite large. It is seen, however, that
this is not so for the theory where more realistic values
of phase shifts have been assumed. In fact, the diRerence
between the latter theory and the data remains approxi-
mately constant over the entire angular range con-
sidered. This gives a strong confidence that, if we were
able to then calculate the bi-pion correction to this more
realistic theory, we would get the same order of magni-
tude for A.. So far this calculation has not been done.

The value of A/e=+0. 50+0.25, which we have
obtained is in good accord with some previous esti-
mates"" but is in disagreement with a recent result of
an experiment on m+ photoproduction from hydrogen'
which gave A/e= —1.2&0.4. The interpretation of this
experiment rested on the assumption that the deviation
of the experimental data from the C.G.L.N. predictions
for backward meson angles was due essentially to
bi-pion effects. We would like to point out that, to the
extend that Baldin's remark, on the inQuence of the
unphysical region being important at backward angles

"D. J. Drickey (private communication).
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FIG. 6. Matrix e1ement for 7I+ photoproduction along the Baldin
line. The matrix element is given by ~M+~'= (h/g)(do/d&), where
h and q are the photon and meson momentum (c.m. system).
Curves are calculated from Ball, the notation is the same as in
Figs. 4(a) and 5(a).

are consistent with the other experimental parameters
of low-energy pion physics. In particular, if we take' as
a value for the Panofsky ratio 8=1.53&1%%u~ and for
the pion nucleon 5-wave scattering lengths o,~

—0.3
=0.245&0.007, then together with the above value of

~

M+ j' we would predict a ratio of m /sr+= 1.145~0.04
which is reasonably consistent with the above threshold
value. Clearly, however, the accuracy of the data in
this field has now reached the stage where within the
framework of a charge independent theory small

discrepancies may appear. A considerable extension of

"M. I. Adarnovitch, E. G. Gorghevskaya, V. G. Larionova,
N. M. Panova, S. P. Kharlamov, and F. R. Yagudina, in Proceed-
ings of the 196Z Annttal International Conference on 8'igh &sergy-
Physics at CERE (CERN, Geneva, 1962), p. 207.

"I,'M. Basin and J. Pine (private communication) (to be
published).

is correct, then, to the same extent, the above assump-
tion is questionable. Second, it should be noted that the
evaluation of the bi-pion contribution by McKinley'
and Ball do not agree, particularly at large angles. We
do not understand the reason for this apparent
discrepancy.

It is interesting to look at the data on x+ photo-
production on the Baldin line, in the same way as for
the m

—/m+ ratio. Figure 6 shows recent data, ss" with
the values of the matrix element

~

M+
~

' calculated from
Ball, as in Figs. 4(a) and 5(a). It can be seen on this
figure that the eRect of the I=—,'phase shifts corrections
to the isoscalar amplitudes is very small, and that the
agreement is still good for positive A/e and not at all
for A./e= —1.

The thresholdvaluesof them /m+ ratio and of ~M+~',
as extrapolated in Figs. 5 and 6, for 0.25 (A/e(0. 75:

m /sr+=1. 26&0.04, iM+i'= (15.85&0.25)ttb,
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the present theory would be required to overcome this
shortcoming.

V. CONCLUSION

Low-energy photoproduction of x+ and x mesons
seems internally consistent and in agreement with
theoretical predictions of dispersion relations, partic-
ularly if the analysis is made for constant nucleon
momentum transfer, equal to that occurring at thresh-
old. The introduction of a bi-pion interaction and a
correction to the isoscalar amplitudes for the I=—,

' phase
shifts gives A/e=+0. 50+0.25. For large angles, a
better knowledge of the isovector amplitudes seems
neccessary before drawing detailed conclusions. Never-
theless, on the basis of the present interpretation, the

constant, A/e, is certainly not negative and not greater
than +e.
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An exact non-Markofkan equation is derived for the evolution of an infinite homogeneous system. This
equation —which may be viewed as a time-dependent analog of the equilibrium virial expansion —may be
readily applied when the forces between particles include infinite repulsions. The derivation of this equation
from Liouville's equation is analogous to Mayer's derivation of the virial expansion from the partition
function. In this way the formal development of nonequilibrium statistical mechanics is placed on a similar
footing to that of equilibrium statistical mechanics, and a many-body problem is reduced to understanding
the dynamics of isolated groups of particles. Fourier expansions and expansions in powers of the interaction
potential are avoided by dealing with s-body Green functions (propagators) which are always convergent
functions of the interaction potential. These functions correspond to multiplet collisions in ordinary con-
figuration space between s isolated particles and are time-dependent analogs of the irreducible clusters well
known in equilibrium statistical mechanics. The kernel (memory) of the equation of evolution consists of a
linear sum of the time-dependent irreducible clusters. The non-Markoffian behavior of the equation of evo-
lution is, thus, directly given by the time dependence of these clusters, and is explicitly related to incom-
pleted collisions. The equation of evolution is solved in the asymptotic limit of long times. In this limit it
is found (because the kernel rapidly vanishes) that the equation reduces to a Markoffian master equation
involving a scattering operator for both completed and incompleted collisions in configuration space.

I. INTRODUCTION
'

q VER since Van Hove' derived an exact non-
~ Markof5an equation for the irreversible evolution

of a many-body system there has been an increased
activity in the field of none quilibrium statistical
mechanics. This activity was inspired by Van Hove's
demonstration that, with sufhcient determination, it is
possible to obtain exact (if formal) solutions of dificult
statistical mechanical problems.

More recently, Prigogine and co-workers' have
obtained exact equations for all the Fourier components

' L. Van Hove, Physics 23, 441 (195/).
~I. Prigogine and P. Balescu, Physica 27, 629 (1961). This

paper refers to earlier related work.

of the distribution function and for a wide class of initial
states.

The methods used by Van Hove and Prigogine are
necessarily characterized by their excessive complexity
and their use of topological notions whose physical con-
tent is somewhat obscure. Their results are corre-
spondingly complicated and dificult to apply —except
in certain limiting cases (weak interactions, low density).

Another characteristic of these equations is that they
are not directly applicable to interaction potentials with
infinite repulsions (hard cores). This is because the
kernels of these equations are expressed as expansions
in the interaction potential. Hence, in order to rigorously

apply these equations to hard-core interactions one
must first sum higher Born approximations (sum


