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ABSTRACT

In the experiment described here K+ mesons produced in a
liquid hydrogen target by the 1100 Mev bremsstrahlung from the
California Institute of Technology Synchrotron have been observed. It
has been found that the K mesons are produced in association with A ©
hyperons, as required by the law of associated production, thus confirm-
ing the validity of this law in electromagnetic interactions. The K"
mesons are momentum analyzed in a magnetic spectrometer and
identified by their energy loss in three scintillation counters, the very
large background due to pions and protons being virtually eliminated by
means of a time-of-flight velocity measurement. The differential cross
section for the reaction y+ P -=» K" + A © has been measured at
photon energies of 960 Mev, 1000 Mev, and 1060 Mev at various Kkt
meson laboratory angles between 15 degrees and 45 degrees. This
cross section shows little variation with photon energy between 960 Mev
and 1060 Mev. There is a decrease in the cross sect;ion at backward
center-of-momentum angles at both 1000 Mev and 1060 Mev. The
magnitude of the K- A coupling constant estimated from these
measurements is smaller by a factor of about five than the pion-nucleon

coupling constant, if the Kt meson is assumed to be pseudoscalar.
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I. INTRODUCTION

Since the discovery of the K mesons and hyperons, the so-called
"'strange" particles, the desire to understand their role in nature has
inspired quite extensive experimental investigation of their properties.
The experiment to be described here concerns the production of these
particles in high-energy photonuclear interactions. Although the
"strange' particles are produced plentifully in high-energy pion-nucleon
and nucleon-nucleon collisions, they had not been observed prior to this
experiment as products of photon-nucleon collisions. When the 1100 Mev
bremsstrahlung beam of the electron synchrotron at the California
Institute of Technology became available, this experiment was begun as
an exploratory search for photoproduced Kt mesons. It was desired to
ascertain, firstly, whether they are produced at all, and, secondly, if
they are, whether they are produced in association with another
""strange'' particle as required by the law of associated production of
“"strange'' particles (1). It was found that K+ mesons are produced in
association with A ° hyperons when liquid hydrogen is bombarded by
photons, and the cross section for this reaction has been measured at
several energies and angles.

Because the law of associated production of "strange'' particles,
which is a consequence of the "strangeness' theory of Gell-Mann (2)
and Nishijima (3), has been so successful in predicting which reactions
are allowed among strongly interacting particles and because this law
should be valid for the electromagnetic interactions also, if the
principle of minimal electromagnetic interaction is correct (4), it was
expected that K' mesons would be produced in association with at least

one other "strange'" particle, if at all, The only reactions which are
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energetically possible at photon energies below 1100 Mev and which
satisfy the requirements of the ""strangeness' theory, namely that the

"strangeness' quantum number be conserved in the interaction, are the

following:

y+P > K +p° (1)

y+P 3 K +=° (2)

The threshold photon energies for these reactions are, respectively,
910 Mev and 1040 Mev. The law of associated production definitely

forbids the reaction:

y+P > K'+N (3)

This reaction, which becomes energetically possible at a photon energy
of 630 Mev, would, if allowed, compete strongly with reactions 1 and 2.
Since a determination of the occurrence or non-occurrence of this
reaction provides a test of the validity of the "strangeness" theory for
electromagnetic interactions, an attempt was made to determine the
yield of K+ mesons from reaction 3 alone. It was not, however,
possible to identify any of the observed Kt mesons as coming from this
reaction; indeed, an upper limit of 5 per cent relative to reaction 1 can
be assigned to the cross section for reaction 3.

In this experiment K+ mesons having a desired momentum were
selected by a magnetic spectrometer and identified by their energy loss
in three scintillators placed at the spectrometer focus. An enormous
background due to pions and protons was virtually eliminated by means

of a time-of-flight measurement which permitted selection of only those
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particles focused by the spectrometer which have the correct velocity
for K" mesons of the required momentum. Because of the good
resolution of the magnetic spectrometer it was possible to count only
K+ mesons from reaction 1, as explained in section II. Consequently,
the differential cross section for this reaction was calculated from the
measured K’ mesons yieldé. The differential cross section was thus
obtained for laboratory photon energies of 960 Mev, 1000 Mev, and
1060 Mev at various K| meson laboratory angles between 15 degrees
and 45 degrees.

Because of the enormous amount of work which has gone into
the investigation of K mesons and hyperons, many of their intrinsic
properties, such as mass and lifetime, are well-established. The most
recent determinations of these quantities (5) are listed in Table 1. These
are the values adopted, where necessary, for the calculations of this
experiment. Information pertaining to the interaction properties of
these particles, such as spin, parity, and coupling strength, is rather
limited, but these are the properties essential to a determination of the
part played by these particles in the strong interactions. Consequently,
the behavior of the K mesons and hyperons in nuclear production and
scattering processes has recently received the bulk of experimental
attention.

Several groups have studied "strange' particle production in
pion-nucleon collisions at pion energies between 0.87 Bev and 1.3 Bev
using propane bubble chambers {6). Proton-proton collisions at 3 Bev
energy have been studied by groups using a hydrogen diffusion cloud

chamber (7) and by groups using a liquid hydrogen target and counters (8).
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The results obtained from the study of both these interactions are limited
so far, but they indicate somewhat weaker coupling of K mesons to
baryons than the coupling of pions to nucleons., These results and their
relationship to this experiment are discussed in section VII.

The scattering of K' mesons has been studied extensively in
nuclear emulsions (9) and, to a lesser extent, in a liquid hydrogen bubble
chamber (10). It has been found that the total cross section in emulsion
nuclei is only one-fourth the usual geometric cross section. This fact is
used in the calculation of the nuclear absorption correction necessary to
this experiment. In addition, evidence is obtained from these scattering
measurements which implies, as explained in section VII, that the K+
meson is pseudoscalar like the pion, but coupled less strongly than the
pion to baryons.

Other experiments for the purpose of studying K’ meson photo-~
production have been started and have produced preliminary results.
Peterson, Roos, and Terman (11), using nuclear emulsions to detect
K' mesons from a liguid hydrogen target, find a differential cross section
based, so far, on six K+ mesons detected which is in agreement with
the results of this experiment. Ernstene, Gomez, Myers, and
Tollestrup (12), using a counter telescope with side counters to detect
the decay products of the K+ mesons after they stop in the telescope,
also have obtained preliminary results in rough agreement with those of
this experiment. Wilson and Silverman (13), have used a counter
telescope in connection with a magnetic spectrometer and side counters
to detect the K mesons from a liquid hydrogen target. Although the

angle and energy of the K' mesons which they observe are quite different
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from those of this experiment, their results are in qualitative agreement
with those presented here. All the results obtained by these groups are
discussed further and compared to the results of this experiment in
section VIII,

Because the method developed during this experiment for the
reliable detection of a low-yield particle like the Kt meson may be
useful in future experiments, it is described in detail in sections II
through VI. In section VII theories having a bearing on the "strange"
particle photoproduction process are described, and a comparison of
their predictions to the results of this experiment is made in section
VIII, which also contains a comparison of the results of this

experiment to those obtained from the other experiments mentioned

above.
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II. EXPERIMENTAL TECHNIQUE

The identification of K+ mesons in the presence of an extremely
large background due to pions and protons is the principal problem
encountered in this experiment. Once the K+ mesons have been iden-
tified, however, there is the additional problem of the determination of
the reaction in which they are produced. This section concerns the
general methods used in the solution of these problems. Detailed descrip-
tions of equipment, operating procedure, and data analysis appear in
succeeding sections.

A preliminary attempt to detect photoproduced Kt mesons was
made shortly after the 1100 Mev bremsstrahlung beam of the electron
synchrotron became available, a polyethylene target being used until the
liquid hydrogen target was completed. Positively charged particles
originating in the target having momentum of approximately 425 Mev
at a laboratory angle of 35 degrees with respect to the bremsstrahlung
beam, were focused at the center of three scintillation counters by the
magnetic spectrometer described in section III. For K' mesons
produced in association with A ° hyperons, photons of 1060 Mev energy
are required. For singly produced positive pions at this momentum and
angle, photons of 470 Mev/c are required, whereas, for recoil protons
from single neutral pion production, 360 Mev photons are needed. Since
the last two energies are fairly close to the 3/2-3/2 resonance in pion
photoproduction, and the 1060 Mev required for K'Y meson production in
the reaction assumed is not far from the 310 Mev threshold for this
reaction, the ratio of the numbers of protons or pions to Kt mesons was,

a priori, expected to be quite large.
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Figure 1 shows a typical pulse height spectrum obtained from the
scintillation counter, C-2, placed at the spectrometer focus. Protons
were stopped in an absorber placed before the counter so that only
pions, electrons, and K mesons could, presumably, be counted. The
spectrum shown exhibits a pion peak having almost precisely the spread
predicted from fluctuations in the energy loss according to the theory
of Symon (14). The solid curve superimposed on the experimentally
obtained histogram is the distribution predicted by this theory. The
observed position of the most probable pion pulse height was used to
calculate the position of the most probable K' meson pulse height, which
is indicated in the figure. There is, of course, no indication of a K+
meson peak in this spectrum; indeed, because of the heavy weighting of the
pion statistical fluctuations toward large energy losses, about ten per
cent as many K+ mesons as pions would be needed in order to distinguish
reliably a Kt meson peak. Since this measurement showed that the
yield of K' mesons is indeed quite small compared to that for the pions,
a method of discrimination against the background independent of both
the momentum and pulse-height requirements was sought.

R. L. Walker noticed that the path length between the foci of the
magnetic spectrometer, about 4 meters, is sufficient to make a time-
of-flight velocity measurement permitting discrimination against
particles of the same momentum as the K’ mesons but having different
masses. Figure 2 shows the time of flight between foci for Kt mesons,
pions, and protons. At the highest momentum considered, about
520 Mev/c, the separation in time of flight between K mesons and

pions is 4.2 millimicroseconds, the shortest separation encountered.



Figure 1.

Pulse-Height Spectrum in C-2.

This figure illustrates the difficulty of identifying

K mesons on the basis of pulse-height alone. The
histogram is the measured spectrum of pions and

K mesons, and the dashed curves give the spectrum
predicted on the basis of Symon's theory of energy-
loss fluctuations for both pions and K mesons.
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Figure 2. Time of Flight Between Spectrometer Foci.

This figure shows the time of flight as a function
of particle momentum for protons, pions, and
K mesons.
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Since resolution of time intervals this short is well within the capabilities
of existing electronic techniques, it was possible to construct a system
capable of detecting k' mesons with only 10 to 20 per cent background
contamination.

A schematic representation of the system used is shown in
Figure 3. The momentum interval accepted by the spectrometer is de-
termined by the width of counter C-2, and the angular interval accepted
is defined by a lead-lined aperture described in section III. The counter,
C-0, initiates the time-of-flight measurement, and it is, therefore,
placed as near the target as possible, the distance being determined by
counting-rate limitations in this counter. A fast coincidence circuit is
used to detect coincidences between signals from C-2 and suitably
delayed signals from C-0, the delay being chosen such that coincidences
occur for particles having the correct velocity for K' mesons of the
required momentum. Because the counting rate in C-0 is very high
(about 5 x 106 counts per second), the rate of accidental coincidences in
the fast coincidence circuit is rather large. Since, however, a large
fraction of the particles counted in C-2 is due to general laboratory
background rather than to particles focused by the magnet, a considerable
reduction in accidental counting is effected by requiring a '""'slow"
(0.1 microsecond) coincidence between the output of the fast coincidence
circuit and signals from counters C-1 and C-3. These additional
counters, which are located such that they require particles to come
from the direction of the spectrometer magnet when they are put into
coincidence with C-2, provide useful pulse-height information as well

as reduce the accidental rate greatly.
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Figure 3. Experimental Arrangement

A cross-sectional view taken through the median
plane of the magnetic spectrometer.
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Accidental counting could not, however, be entirely eliminated
by this means. In addition, the resolution of the fast coincidence
circuit could not be made sharp enough to discriminate perfectly
against pions at the higher momenta considered without losing K'
mesons, as explained in section III. As a result, from ten to twenty
pions were still counted for each K+ meson counted. Pulse-height
spectra in each of the counters were obtained, consequently, in which
K+ -meson peaks could be seen but not clearly resolved.‘ Fortunately,
the K'-meson yield was large enough that most of this background could
be eliminated by correlating the pulse heights in the three counters,
Crl, C-2, and C-3 for each particle counted. Then, since the fluctua-
tions in energy loss for the pions are not correlated from one counter to
another, the K' mesons can easily be distinguished from the pions. The
actual technique of identifying the K+ mesons is explained in detail in
section V. The question of the remaining background is best left until
a discussion of the reaction kinematics is given.

The three reactions energetically capable of producing K" mesons

are given again here:

vy+P = K'4+A® (1)
vy+P = K +32° (2)
y+P > KT +nN (3)

It must be remembered, of course, that reaction 3 is forbidden by

the law of associated production and is being considered here only as



-17-

a possible test of this law. Because of the two-particle initial and final
states of these reactions, a knowledge of the momentum and direction
of one of the final-state particles is sufficient to determine uniquely the
energy of the photon causing the reaction. Figure 4 shows the relation
between K' meson laboratory momentum and angle at constant photon
energy. Curves for several different photon energies for each of the
above reactions are given. The shaded region shown in this figure
depicts the sensitive region of the magnetic spectrometer when set to an
angle of 25 degrees and a momentum of 425 Mev/c. For reaction 1 this
point corresponds to a photon energy of 1000 Mev, whereas for reaction
2 a photon energy of 1130 Mev is needed. Since the bremsstrahlung used
had an endpoint usually at 1100 Mev, reaction 2 did not contribute to the
K' meson yield at this point. For measurements at 960 Mev, however,
reaction 2 could contribute K' mesons if the bremsstrahlung endpoint
were at 1100 Mev. The endpoint was, therefore, reduced to about
1080 Mev when counting K' mesons produced by 960 Mev photons. If
reaction 3 occurs, however, it can contribute to the K+-meson yield,
since a photon energy of only 720 Mev is required. A means of detecting
any contribution from this reaction is, fortunately, quite simple: the
synchrotron energy is lowered until reaction 1 can no longer contribute
to the K'-meson counting rate. The yield from reaction 3 will not be
changed and can, therefore, be measured.

This method of lowering the synchrotron energy to detect the
background from reaction 3 was used also to determine the background

from other sources. Since the liquid hydrogen target gives an extremely
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Kinematics of K Meson Photoproduction

This figure gives K meson laboratory momentum
as a function of laboratory angle at constant
photon energy for reactions energetically
capable of yielding K mesons.
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low counting rate due to non-hydrogen events (because of the good
collimation achieved by requiring particles to pass through both C-0
and the spectrometer aperture), the sources of background seem to be
the following:

(1) KT mesons from reaction 3;

(2) accidentally counted pions, as mentioned above;

(3) protons of momentum too high to be focused, which scatter
from various parts of the spectrometer magnet in such a way that they
arrive at counter C-2 with the right time of flight to be counted. These
last two sources should not be changed appreciably by lowering the
synchrotron energy, since only a small portion of the bremsstrahlung
spectrum is thereby removed, and only the pions and protons of the
highest energy are affected. Although there is no direct way to check
this assumption, it is shown in section V that the assumption is
certainly reasonable. Presumably, therefore, all background can be
accounted for by means of one low-energy measurement at each
experimental point. The backgrounds as measured in this way ranged
between 5 and 25 per cent of the K" meson counting rates observed.

One last point which should be mentioned in this section concerns
the decay in flight of the K' mesons. Because of the long path length
which they must travel between the spectrometer foci their 12. 4
millimicrosecond lifetime (5) causes the decay in flight of 65 to 85
per cent of the K' mesons which would otherwise be counted. This is a
major difficulty in this experiment, but there is, of course, no way to

eliminate it for this apparatus. Indeed, the long path length, which
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necessitates the large decay correction, makes possible the time-of-

flight measurement without which this experiment could not be performed.
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III. EQUIPMENT

The Magnetic Spectrometer

A conventional single-focusing spectrometer capable of focusing
charged particles of momenta as high as 600 Mev/c was used in this
experiment. A more complete description of this instrument can be
found elsewhere (15). A momentum dispersion Ap/pO = 0.0984 and a
solid angle A = 0.00748 were obtained under the conditions of this
experiment. The median angle of deflection in the magnetic field is
50 degrees, and the path length between foci is 165 inches. A cross
sectional view of the spectrometer taken through its median plane is
shown in figure 3.

The wedge-shaped uniform-field magnet is powered by a current-
regulated motor-generator set. A magnetic field of approximately
15 kilogauss is obtained at 50-kilowatt input to the water-cooled coils
of the magnet. The field is monitored at all times by a nuclear
resonance magnetometer and can be maintained at any desired value
within its range with a precision of 0.1 per cent. The vertically deflect-
ing magnet, weighing approximately 40 tons, is mounted on wheels and
pivoted about a vertical axis passing through the center of the liquid
hydrogen target to facilitate angular positioning. Laboratory angles
between 24 degrees and 156 degrees are readily accessible, with
angles in the region from 0 degrees to 24 degrees being available if the
bremsstrahlung beam of the synchrotron is allowed to strike the

magnet framework.
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The focusing properties of the spectrometer were investigated
by means of the so-called floating-wire technique, which permits the
tracing of actual orbits through the magnetic field (16). These
measurements were made with care, resulting in probable errors on
the measured quantities of one per cent or less (15).

Siﬁce the momentum dispersion is determined by the width of
the counter, C-2, placed at the spectrometer focus, the measurements
were made with a "dummy" counter of the size used in this experiment,
but constructed so that the orbit of the wire could be traced through
various points on the counter. The measurements determined the
momentum which a particle would need in order to pass through
specified points in the target, counter, and aperture. In this way a
momentum response function for the spectrometer was obtained and is
plotted in figure 5(a). This response function gives the relative
response of the spectrometer to particles of different momenta and is
normalized by the following expression:

Pmax

= I g(p, p_)dp (4)
1Y

min

The limits on the integral, p and Pax 2T€ the momenta between

min
which the response function, g(p, Po)’ does not vanish. The quantity

P, is the central momentum in the interval of acceptance, and was
measured as a function of the magnetic field. In figure 5(a) the response

function is averaged over the three-inch hydrogen target. It is shown in

section VI that this function, which gives the relative response of the
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Figure 5. Magnetic Spectrometer Response.

(2) Relative response to particles as a function
of momentum.

(b) Relative response to particles as a function
of angle.
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spectrometer to various momenta, is often useful in the interpretation
of yields obtained with the spectrometer,

The aperture of the magnet, which defines the solid angle of
acceptance of the spectrometer, is limited by four pairs of lead
absorbers within the magnetic field, as shown in figure 3, which define
the horizontal extent of the aperture. The vertical extent of the
aperture is defined by two lead absorbers placed at the entrance to the
field. Of the horizontal defining absorbers, only the pair farthest from
the target limits the aperture, whereas the other three pairs serve only
to prevent particles which scatter from the pole pieces of the magnet
from entering the counters. All these lead absorbers are tapered to
point toward the center of the target in order to minimize scattering and
penetration.

Since the horizontal defining slit is inside the magnet and is not
at a uniform distance from the target, the extent of the horizontal
aperture was investigated also with the floating-wire technique. The
limiting horizontal angular deflections were measured as a function of
the vertical position in the aperture. In this way a detailed knowledge
of the angular acceptance interval of the spectrometer was obtained.

In figure 5(b} is plotted an angular response function for the spectrometer,
which gives the relative response to particles of different angles and is
normalized by the following expression:
9max
ALL = X £(0,0_)de (5)

6

min
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where 8 in and O L ax 2Ye the angular limits for a given setting of

the spectrometer, 00, between which the response function £(0, 00)

does not vanish. This function is averaged over fhe target volume in the
figure. It is useful in the interpretation of the yield obtained with the
spectrometer, as explained in section VI.

It was not possible to achieve double focusing with this spectro-
meter because of the long focal distance which would be required.
There is actually considerable fringe-field defocusing. Consequently,
the counters were made long enough that they collect all particles
coming through the magnet (with the right momentum) without limiting
the solid angle. The two counters, C-1 and C-3, are just large enough
that they do not limit the momentum interval defined by C-2 if a 123
coincidence is required. Such a coincidence then reduces the back-
ground greatly without restricting the desired counting. The counters
are shielded from general laboratory background by a steel box which

supports a four-inch thickness of lead.

The Scintillation Counters

All counters used in this experiment were fabricated from a
polystyrene-base plastic scintillator obtained from the University of
California Radiation Laboratory at Livermore. The dimensions of the

counters are as follows:
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Counter Dimensions
C-0 3.25" x 5" x (.375"
G-1 5.75" x 11" x 0. 78"
C-2 4,75" x 11" x Q. 78"
Cc-3 5.75" x li" x 0. 39"

Because of the proximity of the spectrometer magnet all photo-
multipliers associated with these counters were magnetically shielded
with two Mumetal shields and one soft-iron shield. As a result, there
was little effect upon their gain except at the highest fields, where only
one measurement was made.

Since the counter C-0 was subjected to an especially high count-
ing rate because of its proximity to the hydrogen target, precautions
were taken to insure its reliable operation. Especial care was
exercised in the stabilization of the dynode potentials for the RCA Type
6810A photomultiplier: large capacitors were placed between the
dynodes to supply the very large peak currents required. Consequently,
little reduction in gain was observed, even at a counting rate of 5 x 106
particles per second. Unless an absorber was placed, however,
between C-0 and the hydrogen target to stop the flood of very-low-
energy particles from reaching this counter, reliable operation could
not be obtained. Generally, at angles of 25 degrees or larger, 1/2 inch
of polyethylene was used, but at the 15 degree point a 3-inch carbon
absorber was required.

Because of the action of the magnet in filtering out all particles

except for those in a 10 per cent momentum band, the counting rates in
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C-1, C-2, and C-3 were all fairly low-- about 1 or 2 counts per
millisecond. Since it was desired to identify particles on the basis of
energy loss in these counters, an attempt was made to reduce
statistical pulse-height fluctuations by collecting the light from the
counters as efficiently as possible. Each of these counters was viewed,
therefore, by two photomultipliers whose outputs were balanced to give
the best possible resolution. All photomultipliers used were RCA Type
6655 except for one RCA Type 6810A which was associated with C-2 in
order to provide large pulses for direct operation of the fast coincidence
circuit described below. |

Despite the attempt to improve resolution, the dispersion in the
counters was rather large. This is, of course, due mainly to
statistical fluctuations in the energy loss, which cannot be improved
beyond the value predicted by Symon's theory of the fluctuations in the
energy loss (14). A typical pulse height spectrum in C-1 is shown in
figure 6. This spectrum includes both pions and protons at a momentum
of 468 Mev/c. The actual spectrum obtainéd is plotted as a histogram,
the curves being the distributions predicted by Symon's theory. Part of
the broadening of the proton peak is due to the momentum spread of the
particles making uﬁ the peak. For k' mesons, which were usually
about two to three times minimum ijonizing, the dispersion was con-
siderably less than that of the pions, making their identification easier.
Symon's prediction for the K meson distribution is also shown in
figure 6. Although this distribution falls within the tail of the pion

distribution, the correlation of the pulse heights in all three counters
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Pulse-Height Spectrum in C-1

The histograms are the measured spectra of
pions and protons at a momentum of 468 Mev/c.
The dashed curves give the dispersion predicted
by Symon's theory of the energy-loss fluctuations
for protons, pions, and K mesons. The curves
for the protons and the K mesons include the
dispersion due to the momentum spread accepted
by the spectrometer.
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allows the separation of the peaks quite easily.

The Liquid Hydrogen Target

This target was designed largely by V. Z. Peterson, who was
assisted in its development and maintenance by E. B. Emery. A
portion of this target is shown in figure 3. The liquid hydrogen, whose
density was 0.0726 during this experiment, is contained in a thin-walled
Mylar cup 3 inches in diameter. Surrounding this cup are several thin
aluminum and copper heat shields in thermal contact with a liquid
hydrogen reservoir. A Mylar window 0. 024 inch thick surrounds the
whole system. -

In passing through the target the bremsstrahlung must traverse
a total thickness of Mylar equivalent in the total number of protons to
15.7 per cent of the total liquid hydrogen traversed. Most of the
particles produced in this Mylar cannot be counted, however, because
they cannot pass through both C-0 and the magnet aperture. At 15
degrees this is not true, and a background correction for the Mylar must
be made.

Because of the width of the bremsstrahlung beam, about 2 inches,
not all photons pass through the full 3 inch diameter of the target. The
actual density of photons as a function of their position in the target
was measured photographically during this experiment. The effective
length of the target was calculated from these measurements to be

2.78 inches.
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Electronics

The electronic requirements of this experiment . are typical of
those encountered in most experiments making use of a pulsed particle
accelerator such as the electron synchrotron at the California Institute
of Technology. The bremsstrahlung beam from this machine occurs in
bursts of about 20 milliseconds duration approximately once per
second. This necessitates counting equipment capable of efficient,
reliable operation at fairly high counting rates for relatively short
periods of time. The low duty cycle, however, makes it possible to
reduce greatly the time-independent sources of background by gating the
counting equipment "off'" during the beam-off time.

The electronic system used in this experiment is shown in block
form in figure 7. Many of its components are of conventional design
and are standard Synchrotron Laboratory equipment. These include:
pulse amplifiers, Model 522A, with rise time of about 0. 07 microsecond
and maximum gain of 2500; coincidence circuit, Model 100, with three
discriminator-equipped inputs and a resolving time of about 0. 1 micro-
second; photomultiplier preamplifier, Model 24, with square output
pulses proportional in voltage amplitude to the input charge and 0.3
microsecond in length; scalers, Model 2, decimal units for counting
rates less than 10 kcs. A discussion of the system as a whole precedes
a detailed description of its performance.

Signals from C-0 and C-2 are transported through coaxial
cables (Type RG 63/U, characteristic impedance 125 ohms) to the

inputs of the fast coincidence circuit without amplification. A variable
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Figure 7. Electronics Block Diagram.
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coaxial delay line is inserted between C-0 and the fast coincidence
circuit and is adjusted to the correct length for K mesons of the
correct momentum, as explained in section II. The output of the fast
coincidence circuit, henceforth called ¥, is amplified and brought to
one input of the Model 100 "slow" coincidence circuit. Signals from
C-1 and C-3 are amplified and brought to the remaining inputs. A
1-F-3 coincidence at this circuit is used to trigger the sweep of a
Tektronix 513D oscilloscope whose trace then displays the pulses from
C-1, C-2, and C-3, which are delayed relative to one another and
mixed. Thus, a Kt meson passing through all counters with the
correct velocity causes the display of pulses proportional to its energy
loss in the three counters. These pulses are photographically recorded
for future analysis as explained in section V.

There are two major requirements which the fast coincidence
circuit must satisfy: it must be capable of resolving pulses separated
by more than 4 millimicroseconds; it must also be capable of reliable
operation at a singles counting rate in one channel of approximately
5 x 106 counts per second during each beam pulse. In order to obtain
the desired resolving time it is necessary to have input signals whose
leading edge is defined to within one or two millimicroseconds. Con-
sequently, RCA Type 6810A photomultipliers, capable of delivering
current pulses of 40 to 50 milliamperes amplitude, were used on C-0
and C-2. A 5-volt pulse capable of operating the fast coincidence
circuit was thus obtained in the 125 ohm coaxial cable used. The rise

time of these pulses was largely determined by the transit time spread
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in the photomultipliers, the light collection system, and the inductance
of the photomultiplier output circuit. Although the rise time could not
be measured directly, it was estimated to be 3 or 4 millimicroseconds.
Since the fast coincidence circuit, as explained below, requires only a
0.5 volt pulse for operation, these pulses satisfy the requirement of
being defined to 1 or 2 millimicroseconds for the purpose of the
coincidence measurement. In order to avoid lengthening the rise time
unnecessarily, all cables carrying the fast-rising pulses were soldered
directly into the circuits with which they were associated, thus avoiding
distributed capacitance in the form of standard coaxial fittings.

A schematic diagram of the fast coincidence circuit is shown
in figure 8. This circuit is based on one in use at the University of
California Radiation Laboratory at Berkeley. A negative signal on
input 1 only is sufficient to turn V-1 off completely. When the 20-
milliampere plate current is turned off, the voltage at the plate rises at
a rate ip/cp, where Cp is the distributed plate capacitance, about 10
picofarads. Because of the effective 63 ohm plate load resistance, due
to the parallel combination of the clipping stub and its termination, a
1. 25 volt pulse rising in less than 1 millimicrosecond is obtained. This
pulse is clipped to a length of 2.5 millimicroseconds. Diodes D-1 and
D-2 normally conduct 1 milliampere each. The positive pulse applied
to the cathode of D-1 turns it off, forcing its current through D-2 and
causing thereby a rise in the potential at point A of 0.1 volt. Coincident
signals at both inputs, however, shut off both diodes, causing the

potential at A to rise linearly in time, reaching a value of 0.5 volt if



-38-

Figure 8. Fast Coincidence Circuit.
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the input signals are exactly in coincidence. This coincidence signal,
of course, decreases with increasing separation of the input pulses
until the singles level is reached. The diode D-3 is normally biased
"off'" by about 0.1 volt to prevent singles pulses from feeding through
to the following stretcher and output stages. The result is a triangular
response function with a base width of 5 millimicroseconds and no
singles feedthrough, even at the counting rate involved.

The actual performance of the fast circuit was measured by
counting pions and protons with a suitable delay and comparing the
counting rates obtained with this system to those obtained by requiring
only a slow 1-2-3 coincidence. The latter were taken to be the "true"
counting rates for both pions and protons, making possible a direct
determination of the efficiency of the fast coincidence circuit. The
relative response of the overall system using the fast circuit was then
measured as a function of the delay between input signals. The
response function of figure 9 was obtained. The response of the fast
circuit was not as good as desired for the following reason: the times
of arrival at the photomultiplier on C-2 of signals from particles of a
particular type are distributed over an interval of 4 or 5 millimicro-
seconds because of their momentum spread, their various path lengths
through the spectrometer, and the spread in light collection time in
the large counters used. Since the total time spread is of the same
order as the resolving time of the fast coincidence circuit, some
particles are inevitably lost. The result is the triangular response

function shown in figure 9. Taking the peak relative yields to be the
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Figure 9. Response of Fast Coincidence Circuit.

This figure gives the response to pions and protons
at a momentum of 468 Mev/c as a function of the

relative delay between the signals from C-0 and
C-2.
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efficiency of the fast coincidence circuit, a value of 0. 85 + 0.0l for
both protons and pions is obtained. This value is, by interpolation,
used also for K mesons. For the earlier measurements the efficiency
was not measured so accurately. Although changes in the photo-
multipliers during the course of the experiment may have had some
effect on the efficiency, this effect is probably small, as judged from
the measurements available from the early part of the experiment.

Un fortunately, most of the K' mesons were counted at a delay which
permitted from 1 to 2 per cent of the pions to be counted also, resulting

in 10 to 20 pions counted for each K’ meson,

Photographic Equipment

Pulses were recorded on Kodak Tri-X film, using a f:1.5 lens.
The film was advanced automatically after each exposure. After
development, the pulses were projected onto a screen from which

accurate pulse-height measurements were made.
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IV. EXPERIMENTAL PROCEDURE

Synchrotron Operation

Electrons are accelerated in the synchrotron at a repetition
rate of one cycle per second. Bremsstrahlung having a well-defined
endpoint energy is obtained by holding the magnetic field of the
synchrotron constant during a 20-millisecond interval while the RF
accelerating field is reduced in a controlled manner such that the
electrons spiral into the tantalum radiator at a uniform rate. A
bremsstrahlung beam of constant endpoint energy is thereby obtained.
The bremsstrahlung is emitted over the full 20-millisecond interval in
order to keep the accidental counting rate in counter experiments as
low as possible. The '"plateau' in the magnetic field may be set to any
desired value, making it possible to obtain bremsstrahlung having any
endpoint energy up to the present maximum of 1100 Mev, which is
determined by RF voltage limitations. At 1100 Mev about 5 to 10 per
cent of the electrons strike the radiator before the plateau is reached,
resulting in a slight smearing of the endpoint energy. This necessitates
a small correction to the data taken at a photon energy of 1060 Mev, as
explained in section VI.

The energy of the electrons when they strike the radiator, which
is equal to the bremsstrahlung endpoint energy, is monitored by a
system due to M. Sands which measures the magnetic field of the
synchrotron during the plateau. A knowledge of the field and the
position of the radiator is sufficient to determine the electron energy.

The accuracy of this system has been checked by Walker, Donoho, and
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Emery (17), who used a pair spectrometer to measure the endpoint
energy of the bremsstrahlung. This measurement agreed with the

field monitor to a precision of 0.5 per cent. The total bremsstirahlung
energy is measured by a Cornell-type thick-walled ionization chamber
which has been calibrated by Gomez (18) against the energy-independent
Quantameter of Wilson (19). The output current of the ionization
chamber is integrated; a standard integrator unit is the BIP (Beam
Integrator Pulse), which is equivalent to a total bremsstrahlung energy
of 1.15 x 1012 Mev.

The energy spectrum of the bremsstrahlung has also been
measured by Walker, Donoho, and Emery with the pair spectrometer (17).
Although a fairly thick radiator (0.2 radiation length) is used in the
synchrotron, the measurements, though not yet completely analyzed,
indicate a spectrum very close to the theoretical '"thin-target' spectrum.
Since a calculated spectrum for the thickness of the radiator used,
calculated by D. Elliott (20), differs considerably from the measured
spectrum, it is thought that the electrons spiral very slowly into the
radiator so that the bremsstrahlung is all produced in the rounded edge
of the radiator, where the electrons "see'" an effectively thin radiator.
The measurements determine essentially the quantity B(Eo,k/Eo) which

is defined by the expression

n(k)dk = o B(E_,k/E_) & , (6)
(o]

where n(k)dk is the number of photons in the interval k to k + dk for a

bremsstrahlung beam of total energy W and endpoint energy Eo' The
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pair spectrometer measurements indicate no variation in the quantity
B(Eo,k/Eo) over the range k/EO = 0.6 to k/Eo = 1.0. ‘For the purpose
of the calculations necessary to this experiment, the value 0.90 has
been adopted for B(Eo, k/Eo). A small correction in this quantity will,
perhaps, be needed when the pair spectrometer data are completely

analyzed.

Experimental Layout

A schematic plan view of the experimental area is shown in
figure 10. The bremsstrahlung is collimated in one leg of the synchro-
tron magnet yoke by the lead primary collimator. For the first part
of this experiment this collimator had a circular aperture which did not
limit the beam enough to prevent its hitting the metal fittings on the
hydrogen target. Consequently, a secondary collimator, at A, further
reduced the beam such that it was confined to the central portion of the
target. At the end of the experiment the primary collimator had been
replaced by one which had a rectangular aperture such that the secondary
collimator served only to scrape the edges of the beam without actually
doing any collimation. Immediately following the primary collimator
was an 8-inch-thick lead wall which stopped much of the stray radiation
produced in the walls of the primary collimator. The beam passed
through a gaseous hydrogen target which was used in other experiments.
Following this target was the secondary collimator, which was followed
by a magnetic field to sweep charged particles out of the line of the

beam. A final scraper placed 1 meter in front of the liquid hydrogen
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Figure 10. Plan View of the Experimental Area.
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target prevented radiation from striking the metal fittings of the target.
After passing through the target, which is located 33 feet from the
radiator, the beam struck the monitor, which is 56 feet from the
radiator.

At the target the beam is rectangular in cross section, approx-
imately 2 inches wide and 2 1/2 inches high, thus insuring that only
the central portion of the target is irradiated. Because of the
cylindrical shape of the target, as explained in section III, the average

target length traversed by the bremsstrahlung is only 2.78 inches.

Experimental Operation

The choice of K' meson laboratory angle and momentum was
governed by several factors. Since the observed K' mesons were

expected to come from the reaction
+ o
vy+P = K +A (1)

it seemed most logical to select values for the photon energy and

K' meson C. M. angle for this reaction and to make observations at the
corresponding K’ meson laboratory angle and momentum. In this way
an angular distribution at constant photon energy or an energy excitation
function at constant C. M. angle can be measured. This method of
selection was generally followed, but restrictions upon the ranges of
angles and energies at which measurements could be made were imposed
by the 1100 Mev bremsstrahlung endpoint and by limitations in the

detection equipment.
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An upper limit to the momentum at which measurements could be
made was imposed by the 600 Mev/c limit of the spectrometer. Actually,
the highest momentum at which measurements were made was
520 Mev/c; the time-of-flight discrimination and pulse-height resolution
deteriorated rapidly above this momentum. An absolute lower limit
to the momentum came from the requirement that Kt mesons be counted
in all the counters. For the total thickness of the counters used K'
mesons of momentum greater than 250 Mev/c were required. Thinner
counters could, of course, be used, but a practical lower limit to the
momentum of 320 Mev/c was imposed by the counting rate sensitivity of
the spectrometer. The K+ meson counting rate, because of dynamical
factors, falls with decreasing momentum approximately as the cube of
the momentum. In addition, the decay in flight of the Kt mesons
becomes very large at low momenta, reaching 85 per cent at a momentum
of 320 Mev/c.

The angular limitations to the range of measurements were not
serious, The front counter required operation at 15 degrees or greater
in order to keep the counting rate low. Although the beam struck the
magnet frame at 15 degrees, thereby increasing the stray background
greatly, reliable operation was obtained by placing a three inch carbon
absorber between the counter and the target and shielding the counter
from the beam-1line with a four inch thickness of lead.

Figure 11 shows the kinematics of the reaction of interest,
reaction 1. Plotted there are curves relating laboratory angle and

momentum both for constant photon energy and for constant C. M. angle.
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Figure 11. Kinematics of the Reaction y + P —» K* 4 A°

This figure shows K" meson laboratory momentum
as a function of laboratory angle for constant
photon energy and constant C. M. angle. The
sensitive region of the spectrometer is shown for
each point at which measurements were made.
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The points where measurements were made are indicated, together with
the sensitive region of the spectrometer for each point.. These points
are consistent with the plan stated above: three C. M. angles at each

of 1060 Mev and 1000 Mev were observed and three energies at 90
degrees C. M. were observed.

In order to eliminate protons of the same momentum as the K+
mesons being counted, protons were always stopped before reaching
C-3. At momenta up to 375 Mev/c counters C-1 and C-2 were alone
sufficient to stop the protons, but at higher momenta additional
absorbers between C-1 and C-2 and between C-2 and C-3 were needed.
Lead and carbon absorbers were used for this purpose, up to 0.75 inch
of lead being required. The between-counters absorbers served other
useful purposes: they also stopped low-energy particles not coming
through the magnet, thereby reducing the accidental rate somewhat; and
they slowed K" mesons relative to pions, providing better pulse-height
resolution for the K| mesons. A major disadvantage to the use of
these absorbers was the fact that pion interactions in the absorbers
might give rise to events which could be interpreted in the following
counters as K mesons. For this reason no absorber was ever placed
in front of C-1, insuring a ""normal' pulse-height spectrum in this
counter. Because of multiple Coulomb scattering in the absorbers a
small correction to the counting rate was made necessary when the
absorber was placed between C-1 and C-2. This correction, which is
due mainly to the scattering of K* mesons out of C-3 never exceeded

about three per cent. The correction is discussed also in section VI,
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as is the correction due to nuclear absorption both in the absorbers
and in the counters.

Data were taken in "runs'" consisting of several hundreds of

BIP's (see Synchrotron Operation, this section). When possible,

backgr‘ound runs were interspersed between the K' meson runs in
order to insure that they were taken under the same conditions.
Because of the difficulty of scheduling the operating energy to suit all
experiments, this was not always possible. The ease of setting the
spectrometer to a desired point, however, made this no serious
defect in the experiment.

During each run the bremsstrahlung endpoint was monitored
frequently, as was the field of the magnetic spectrometer. There was

never appreciable drift in these quantities during the course of a run.



-55.
V. IDENTIFICATION OF K’ MESONS

The raw data obtained from each experimental run consisted of
several hundreds of photographically recorded oscilloscope traces each
due to a particle which satisfied the requirements of the detection
system, as explained \in the preceding sections. From 80 to 95 per cent
of these traces were due to pions, the remainder being almost equally
divided between K™ mesons and particles whose identity is not known but
which are probably the scattered protons discussed in section II. This
section is concerned with the determination, by means of pulse-height
analysis of the raw data, of the counting rate for Kt mesons at each
experimental point. The general method of analysis consists in setting
limits for each counter between which the pulse height for a K' meson
must lie. By the requirement that the pulse in each counter lie in the
proper interval for a particle to be identified as a K+ meson, good dis-
crimination against background particles is obtained.

As soon as the photographic processing of each run was com-
pleted, the oscilloscope traces were projected onto a screen from which
the pulse heights in each counter were recorded, preserving the
correlation among the three counters for each particle, of course. The
three single-counter pulse-height spectra were then plotted, more to
obtain from the pion spectrum a calibration of the pulse height distribu-
tions for minimum-ionizing particles than to resolve by this means the
K+ mesons. Because of the predominance of pions an accurate
determination of their most probable pulse height was obtained, per-

mitting a calculation of the most probable pulse height for K mesons
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in each counter,

Actually, more information about the K" meson pulse-height
distributions was known than the mere position of the most probable
pulse height. From measurements on the distributions of pions and
protons at a momentum of 468 Mev/c the standard deviations of the

pulse~height distributions for these particles were obtained, the

following values being observed:

T (1) = 0.15 ;4 (1) T, (1) = 0.06 M (1)
To(2) = 0.15 m_(2) T, (2) = 0.06 & (2)
o, (3) = 0.21 u_(3) T, (3) = 0.08 & (3)

In these relationships ¢ (n) is the standard deviation in counter n, and
/u(n} is the most probable pulse height in the same counter. From
these values an estimate of the spread in the K meson distribution in
each counter was made for each run. Although there were never enough
Kt mesons in a single run to provide an accurate check of these
estimates, rough agreement was always obtained, establishing a degree
of confidence in the number of K’ mesons obtained.

Counters C-1 and C-2, having the best resolution, were used as
the primary means for identifying Kt mesons, C-3 used as only a
not-too-restrictive check against the results obtained with C-1 and C-2.
A very simple means of emphasizing the separation between the K+
mesons and the background in these counters was employed. Each

particle in a run was represented as a point on a chart, its position



-57-

being determined by the pulse heights in C-1 and C-2. Logarithmic
scales were used for the coordinate axes, emphasizing the fact that the
relative dispersion of the K’ mesons is smaller than that of the pions,
even though their absolute dispersion may be greater. The logarithmic
scales, therefore, have the effect of presenting the K+ mesons as a
tighter group than the pions and, at the same time, displaying the
separation between the two groups effectively. Other background,
namely the '"'scattered protons', do not form a definite grouping; although
the density of these particles is greater at pulse heights larger than
those of the K' mesons.

For all experimental runs it was possible in this way to identify
a definite group of Kt mesons. The distributions of the pulses in these
two counters always fell within the predicted range. For each pulse in
the groups identified as K mesons the pulse height in C-3 was
examined. If it deviated by more than two standard deviations from the
expected mean, the particle was rejected. In general the rejected
particles were on the border of the group in the other two counters also.
The number of Kt mesons rejected in this way should be quite small. It
is estimated that no more than 5 per cent are rejected on the basis of the
method of selection.

Typical log-log charts for runs taken at momenta of 320 Mev/c,
425 Mev/c, and 520 Mev/c are shown together with their corresponding
background runs in figures 12, 13, and 14 respectively. These
examples illustrate the problems encountered in the interpretation of the

data over the whole range of momenta. At 420 Mev/c, figure 13, the
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Figure 12. Pulse-Height Correlation Between C-1 and C-2
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Figure 13. Pulse-Height Correlation Between C-1 and C-2.
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Figure 14. Pulse-Height Correlation Between C-1 and C-2.
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situation is almost ideal. There is very good separation between the
K mesons and the pions with very little interference from the
“"scattered protons', which are also clearly separated from the K+
mesons. Indeed, no particles in the K+ meson group were rejected
on the basis of the evidence from C-3. The background for this run
amounted>to only 10 per cent of the Kt meson yield. At 320 Mev/c,
figure 12, the separation between K+ mesons and pions is improved,
but the KT meson group is subjected to some interference from the
"scattered protons". About 5 per cent of the particles in the group
were rejected on the basis of C-3. The background was, nevertheless,
about 25 per cent, as high as at any point measured. The 520 Mev/c
point, figure 14, exhibits the opposite difficulty; the separation between
pions and K+ mesons is not very clear. About 10 per cent of the
particles were rejected on the basis of C-3, but the background was,
nevertheless, 25 per cent. An important feature of these charts is
that the yields of pions and protons in the background runs are roughly
the same as in the K’ meson runs, giving justification to the assumption
that these sources of background do not change when the synchrotron
energy is lowered.

The counting rate for K' mesons for each experimental point
together with the background counting rate is listed in Table II. The
counting rates are expressed as the number of particles per hundred

BIP's. The errors shown are standard deviations based only on

counting statistics.
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Vi. CALCULATION OF CROSS SECTIONS

This section is concerned with the conversion of the counting
rates derived in the preceding section into differential C.M. cross
sections for K* - ° photoproduction. The basic relationship between
counting rate and cross section is first presented. Corrections to this
basic relationship due to scattering, absorption, decay in flight, detection
efficiency, and premature beam dump are then described. The cross
sections are calculated, finally, and the sources of error in this experi-

ment are discussed.

Counting Rate-Cross Section Relationship

Since the initial and final states of the reaction of interest,

namely

v+P > K'+A° (1)

contain exactly two particles each, a knowledge of the momentum and
direction of the K' meson is sufficient to determine completely the
kinematics of the reaction. The photon energy, k, the K+ meson

momentum, p, and the Kt meson angle, 8, are related by the following

equation:
2 2 2
M_E + (Mg - M_ - M)/2
Kk = _P LS (7)
MP + pcos@ - E
MP is the proton mass, MK is the K meson mass, MA is the A ©

1

hyperon mass, and E is the K meson total energy. The C.M. angle, 0,

is related to the laboratory coordinates by the expression:
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1 sin @ Vl-ﬁz

tan @ = 2 (8)

cos @ - ﬁolﬁ

In this expression, [50 is the velocity of the C. M. system with respect
to the laboratory system, and B is the K’ meson laboratory velocity.
The Jacobian for the transformation from the C. M. system to the
laboratory system, d L '/ dX) , is obtained by differentiating the above
expression,

The differential C. M. cross section for the reaction may be
expressed as @ (Q',k), a function of both Q| and k (or @ and p). For
the case where the cross section is not a rapidly varying function of
angle or energy, as seems to be the case for this reaction, the following

expression relating the counting rate to the cross section is valid:

C =0 %_%_ A p% n(k)Ak RA (9)

The terms of this expression are explained below:

C: the number of particles counted per 100 BIP's.

o (3N /IN)AQL; the cross section for emitting K' mesons into
the solid angle of acceptance of the spectrometer per proton per incident
photon of energy k.

p § : the number of protons per cm2 interacting with the brems-
strahlung beam. p is the number of protons per cm3 and 2 is the
effective target length.

n(k): the number of photons of energy k per unit photon energy

interval per 100 BIP's, as given by equation 6, section IV,
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Ak: the photon energy interval which contributes K' mesons
within the momentum acceptance interval of the spectrometer. This can
be written in terms of the spectrometer momentum interval as
Ak = -g——l-;— Po —%I-o)—— , where %% is obtained by differentiation of
equation 7.

R: a correction factor due to the decay in flight of K mesons.

A: a correction factor due to all other effects.

It should be mentioned that this expression is only approximate,
since it treats all functions of p and 0 as constant over the range of
acceptance of the spectrometer. If it is desired to take this variation
into account, equation 9 may be rederived in a more exact fashion. In
this case the expression relating counting rate and cross section
becomes a rather complicated integral which must be solved by numerical
means. This integral has been derived. for the spectrometfer used in
this experiment, and a program for its computation using the Datatron
digit;axl computer has been prepared (15). Although such exactness is not
necessary in general for this experiment, because of the large probable
errors in the determination of the counting rates, this program takes
into account such factors as the effect of energy loss in the front absorber
and in the target on the momentum acceptance interval of the spectro-
meter and premature beam dump. It was, consequently, used to
calculate the counting rate-cross section conversion factor for the
1060 Mev points and for the points where there was more than one-half
iﬁch of polyethylene placed before C-0. For these cases the more exact
calculation differed by about 10 per cent from the simple expression

given in equation 9.
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The value calculated for the conversion factor for each experi-

mental point is listed in Table 3, where it is referred to as G(p, 9).

Corrections

Detection System Efficiency. In section III it is stated that the

efficiency of the fast coincidence circuit for detecting K" mesons is 0.85.
The uncertainty in this number is only 0. 01 for the most recent data,

which includes the following points:

!

0 k

(o]
42 1000 Mev
9¢0° 960 Mev
110° 1060 Mev

For all other points this uncertainty is not accurately known, but is
estimated to be 0.05. This correction, 0.85, appears in the cross
section determination in the term A, described above.

Decay in Flight. The most recent determination of the K*

meson lifetime gives a value of 12.4 + 0.2 millimicroseconds (5). A
fraction of the K' mesons, therefore, decay in flight although they would
otherwise be counted. The fraction surviving over the 165 inch distance

between foci is given by the following expression:

e-556/p

R = (10)

where p is the K+ meson's momentum in Mev/c.

Nuclear Absorption. The K" mesons were required to traverse

the 6 em of polystyrene of which the counters were composed. In
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addition, various absorbers of carbon and lead were placed at times in
the path of the K+ mesons. The total interaction cross sections in
nuclear emulsions have been measured by several groups (9). The
cross section per nucleon is 10 millibarns, about one-fourth of the

geometrical cross section for a nucleon. The corrections needed are

the following:

Absorber Correction
Counters 2.7 %0
1/2-inch lead 1.4 %o
lI-inch carbon 1.0 %o

Scattering in Between-Counters Absorbers. The counters C-1,

C-2, and C-3 were separated by about 6 inches. When absorbers were
placed between these counters, they could cause scattering out of the
counters which followed the absorbers due to multiple Coulomb scatter-
ing. This correction was, in general, quite small, being greater than
one per cent only for the case when a half-inch lead absorber was
placed between C-1 and C-2. The necessary correction was calculated
through the use of formulas developed by R. L. Walker (21). A
correction of 3.4 per cent was needed when this absorber was used and
K mesons of momentum 425 Mev/c were counted.

Scattering Before Entering Magnet. Multiple Coulomb scatter-

ing in C-0 and the absorber placed between C-0 and the target was not a
source of appreciable correction. Since all scattering material was

located as close as possible to the target and, consequently, subtended
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a much larger solid angle than the magnet aperture, the scattering of
particles out of the spectrometer is almost exactly balanced by scatter-
ing into the spectrometer of particles which otherwise would not have
been counted. As a check of this assumption, the counting rate for
pions was measured at a momentum of 310 Mev/c both with and without
an absorber before C-0. Except for a small difference in counting rate
attributable to nuclear absorption no difference was observed.

Premature Beam Dump. With the plateau of the synchrotron's

magnetic field adjusted to a value corresponding to 1100 Mev, approxi-
mately 10 per cent of the electrons were dumped prematurely because
of insufficient R. F. voltage. Since this premature dump took place
within 25 Mev of the plateau, a correction was necessary only for the
1060 Mev points. By a consideration of the portion of the sensitive
region of the spectrometer which extended into the region of premature
dump, a correction of 3 per cent was calculated and applied to the

1060 Mev points only. Actually, this correction is automatically applied

if the computer program described above is used.

The Cross Sections

The cross sections, as calculated from the counting rates of
Table II, are listed in Table III. Also listed are the values calculated
for the conversion factor G(p, 8). The corrections are listed, the decay-
in-flight correction, R, being separated from the other corrections
which are lumped together into the term A. The errors listed in this

table are standard deviations based only on counting statistics. Other
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possible sources of error are discussed below.

Errors and Uncertainties

Counting statistics provide the largest source of error in this
experiment. The relative probable errors from this source range be-
tween 15 and 35 per cent. In addition, the determination of the yields
is subject to an unknown systematic error due to the method of taking
background runs. It was assumed that the background due to protons
and pions does not change if the synchrotron energy is lowered by a
small amount. The fact that the yield of particles identified as back-
ground is roughly the same at both high and low synchrotron energies
indicates that this assumption is correct, so that no error is assigned
to the cross sections on this account.

The precision to which the other factors influencing the
measurement of the cross section were known during the experiment
greatly exceeds the precision to which the counting rates were known.

The uncertainties in these quantities probably do not exceed 5 per cent.
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Vii. THEORY

Before any attempt at the interpretation of the results of this
experiment it is useful to examine presently existing theory in order to
determine how the most use may be made of the results.

There exist several points of similarity between Kt - A © photo-

production and positive pion production in the reaction

vy+P > 1w +N (11)

The initial states of both reactions are identical and the final states

both contain one meson and one baryon. If the K" meson is a
pseudoscalar particle like the pion, then the similarity between the two
processes is quite strong. Actually, experimental evidence, though far
from conclusive, indicates that the K’ meson does behave as a
pseudoscalar particle in nuclear scattering. Analysis of the small-angle
scattering of K' mesons in nuclear emulsions according to the optical
model shows constructive interference between the nuclear scattering
and the Coulomb scattering, indicating a repulsive nuclear potential (22).
Stapp (23) has calculated the scattering of K+ mesons by single nucleons
using a Chew-type static, cut-off model. The reéult of this calculation
indicates a repulsive nuclear potential for a pseudoscalar KT meson,

but an attractive potential for a scalar Kt meson. Although nuclear
recoil should have a much larger effect in this case than in pion-nucleon
scattering, the sign of the potential would reasonably be expected not to
change when the effect of recoil is added. Consequently, it can be

inferred from the scattering data, if somewhat weakly, that the K+
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meson is a pseudoscalar particle. Although no direct determination of
the K+ meson spin has yet been made, experimental evidence favors
spin zero (24).

Since the pion photoproduction process is fairly well understood,
a comparison of the results of this experiment to the cross section
predicted by direct analogy to pion theory should be quite useful. There
are, of course, differences between the two processes which may out-
weigh the similarities. For example, there is a strong attraction
between the pion and nucleon in the state having T =3/2, J = 3/2, yet
the K' meson and the A° hyperon can exist only in a state having
T = 1/2. Interactions involving these particles would, therefore, not
be expected to exhibit the strong 3/2 - 3/2 resonance observed in pion
photoproduction and scattering. In addition, since the ratio of the K+
meson mass to that of the nucleon is much greater than the pion-nucleon
mass ratio, the hyperon recoil will almost certainly play an important
part in Kt meson photoproduction, even near threshold. Nevertheless,
it is instructive to compare the experimental cross sections to those
predicted by direct analogy to pion photoproduction.

It is a well-known fact that poéitive pion photoproduction exhibits
s-wave behavior near threshold. The angular distribution is isotropic
and there is a first-power dependence of the cross section on the
momentum of the meson. There is, of coufse, a p-wave portion of the
cross section characterized by a p3 dependence and a sinZQ angular
dependence. Since it is this portion of the cross section which is

associated with the 3/2 - 3/2 resonance, it will not be considered
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further. The s-wave term, however,leads to a direct evaluation of the
meson-baryon coupling constant; it was, in fact, by this means that
Bernardini and Goldwasser made the fi.rst reliable determination of the
pion-nucleon coupling constant (25).

The Chew-theory formula for positive pion production near
threshold is given by Gell-Mann and Watson (26) in a form which includes

a modification to account for the nucleon recoil:

2

2 2 -1 -1
d0 = 1 e G P (1. _?-_'-_) k E
dfL ZM2 4 4w k (l 2M <l * M) <1 ¥ M) (12)

The meson C. M. energy is E; the meson C. M. momentum is p; the C. M.
photon energy is k; and the nucleon mass is M. The term Gz/41r is the
renormalized pseudoscalar coupling constant. Units in whichA =c =1
are used. The three terms enclosed in parenthesis form the recoil
correction to the basic Chew-theory result; these terms are, in fact,
small corrections in the pion case. If however, the K+ meson is
substituted for the pion, the recoil terms are greatly reduced, making a
total correction of a factor five in the cross section. In this case, the
recoil terms are probably not very accurate in accounting for the
nuclear motion. However, in view of the desire to make a direct com-
parison of the experimental results to the predictions of pion theory,
equation 12 is used in the following section to obtain a value for the

K - A coupling constant and to make a comparison of the measured

excitation function to the predicted one.
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There is, of course, a certain reluctance to use simple per-
turbation theory for any calculation involving strongly interacting
particles. Kroll and Ruderman (27) have shown, however, that for
mesons of zero mass the perturbation calculations for meson photo-
production are exact if the coupling constant is renormalized. This has
been shown to be correct in the case of pions near threshold; indeed, the
Chew-theory result of equation 12 is just the perturbation theory result
for a pseudoscalar meson. In the case of the K mesons, their mass
is certainly quite different from zero, and the Kroll-Ruderman result
might not be expected to be valid. Experimental evidence, however,
points to the possibility that the coupling of Kt mesons to baryons may
be somewhat smaller than the pion-nucleon coupling constant, thus
making perturbation theory more plausible.

Measurements on "strange" particle production in pion-nucleon
collisions indicate a total éross section of approximately 1 millibarn (6).
Serber (28) has analyzed the process on the basis of the Fermi
statistical theory (29), which predicts a value for the cross section 5
times larger than that observed. "Strange' particle production in
proton-proton collisions has also been studied, giving a total cross
section of about 0. 2 millibarn (7), also a factor of 5 smaller than the
prediction of the statistical theory. In addition, the nuclear scattering
of K+ mesons, which has a cross section of about 10 millibarns, is
considerably smaller than pion scattering. Stapp's Chew-type
calculation (23) obtains a coupling constant which must be somewhat

smaller than the pion-nucleon constant in order to fit the data. There



-78~

seems, therefore,to be a consistent set of evidence pointing to a smaller
coupling of the K mesons than of the pions. Consequently, some
reliance might be placed in the predictions of perturbation theory.

Moravcsik and Kawaguchi (30) and Fujii and Marshak (31) have
made perturbation calculations assuming both scalar and pseudoscalar
K mesons and assuming various values for the hyperon anomalous
magnetic moments. The results predict a strikingly different behavior
between the cross sections for scalar and pseudoscalar K mesons.
They are compared to the results of this experiment in the following
section.

Gell-Mann (32) has proposed a theory of the strong couplings in
which pions are coupled universally to all baryons, which are degen-
erate in the absence of the K meson couplings. The K mesons are
also coupled universally to the baryons, but with a weaker strength.
The K mesons are then responsible for the separation of the baryons
into the known hyperons and nucleons. The results of this experiment
with regard to the K- A coupling constant are, as seen in the next
section, consistent with the assumption of weaker K-coupling, as are
the other experiments mentioned above. There are, unfortunately, no
calculations based on Gell-Mann's theory as yet which pertain to
K" meson photoproduction.

Christy (33) has proposed a model of the hyperons and K mesons
in which a hyperon is regarded as a bound system containing a nucleon
and an anti-K meson. The fundamental process in photoproduction in

the virtual creation of a K-anti-K pair, the anti-K meson being then
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bound to the nucleon, leaving the K meson free. Christy assumes a
scalar interaction and uses the observed masses of the hyperons to
fix certain of his parameters. If the interaction should actually be
scalar, then K meson photoproduction should provide a critical test

of his model, since his basic assumptions are not dependent on the

photoproduction process.
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VII. INTERPRETATION OF RESULTS

In this section a comparison is made between the results of this
experiment and the predictions of the theories discussed in the preceding
section. The experimental results of other groups are also compared,
where possible, to the results of this experiment. Because of the large
statistical probable errors which must be assigned to the measured
cross sections it is not possible to attach much significance to the agree-
ment or disagreement of theory with experiment. Nevertheless, it is
useful to make such comparisons in order to obtain a guide for the future
study of K" meson photoproduction.

Since the direct pion analogy discussed in the preceding section
(which is identical with pseudoscalar perturbation theory) should be
close to an accurate description of the cross section if the K' meson is
actually pseudoscalar, this is the first comparison made. It should be
remembered that in this case the cross section is isotropic and
proportional to the meson's C. M. momentum. Because of the expected
isotropy the comparison is made to the 90 degree experimental points
only. These are plotted in figure 15, the solid curve being a least-
squares fit of the pseudoscalar perturbation calculation (30, 31) to the
experimental points. The coupling constant obtained from this fit is
G2/4w =2.9 + 0.4. The agreement is certainly quite good, but not
necessarily significant. One point worth mention is that it seems
likely that the cross section is appreciable for a photon energy only
slightly above threshold. Measurements in the region between 910 Mev

and 960 Mev would be of great importance in establishing the threshold
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Figure 15, Excitation Function for the Reaction. Y+ P —» K +A°

This figure gives the measured cross sections at
90 degrees C.M.. The curves are least-squares
fits of the perturbation calculations of Fujii and
Marshak.
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momentum dependence of the cross section. The present data favor a
first-power momentum dependence but do not, of course rule out a
different behavior near threshold.

In figure 15 the scalar perturbation theory calculation (30, 31)
is also compared to the experimental 90 degree points. A coupling con-
stant of GZ/41r = 0.84 + 0. 14 is required to make the fit. The agreement
is certahﬂy'notso good as in the pseudoscalar case, but this is not
surprising in view of the fact that the coupling constant required is quite
large when used in a scalar theory. Despite the better agreement
obtained in the pseudoscalar case, therefore, it is not possible to draw
a definite conclusion about the parity of the K' meson.

When the scalar and pseudoscalar perturbation calculations are
compared to the angular distributions at 1000 Mev, figure 16, and
1060 Mev, figure 17, the situation is exactly the opposite: the scalar fit
is quite good, but not the pseudoscalar. The cross section reported by
Wilson and Silverman (13) is included in figure 15. There seems to be
a definite decrease in both angular distributions at backward angles.
This is, however, consistent with both the scalar and the pseudoscalar
perturbation calculations. Certainly more information on these angular
distributions is needed, particularly at extremely forward and backward
angles, where the scalar and pseudoscalar calculations differ.

Peterson, Roos, and Terman (11) have measured the cross
section at a photon energy of 1030 Mev and a C. M. angle of 110 degrees.
Their cross sectionis 2 + 0.8 x 10"31 cm2 per steradian, which agrees

quite well with the values reported here. Ernstene, Gomez, Myers, and
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Figure 16. Angular Distribution for the Reaction.¥§+P > KT+ N

This figure shows the measured points at 1000 Mev
photon energy, and includes the measurement of
Wilson and Silverman. The curves are least-
squares fits of the perturbation calculations of
Fujii and Marshak.
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Figure 17. Angular Distribution for the Reaction. §+P-> x*+A°

This figure gives the measured points at 1060 Mev
photon energy. The curves are least-squares fits
of the perturbation calculations of ¥Fujii and
Marshak.
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Tollestrup (12) have made preliminary measurements which have not

as yet yielded a number for the cross section.
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IX. -CONCLUSIONS

This experiment has established that K+ mesons are produced
in photon-nucleon collisions. It has further established that the Kt
mesons must be produced according to the law of associated production.
This law is, therefore, valid, as expected, for electromagnetic
processes.

With regard to the specific nature of the reaction
y+P > K +A° (1)

little can be said. The excitation function certainly shows s-wave
behavior. P-wave behavior seems definitely ruled out on the basis of
the excitation function, but is admissible on the basis of the angular
distributions. More information is needed at photon energies very near
threshold for the excitation function, and at extremely forward and back-

ward angles for the angular distributions.
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