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ABSTRACT 

The reaction ir" + p ->• A0 + K° was studied in the in

cident pion momentum interval from 0.89 to 1.13 GeV/c using 

an external pion beam from the Berkeley Bevatron impinging 

on a liquid hydrogen target. Examples of this reaction were 

selected from other possible final states on the basis of a 

predetermined signature in a system of scintillation coun

ters. Events thus selected were analyzed by means of opti

cal spark chambers which provided information on the -

trajectories of the incident pion and the charged decay 

products of the A0 or K°. Also, for each such event, the in

cident pion momentum was measured to approximately 1 MeV/c 

using a spark chamber spectrograph located in the incident 

pion beam. Using this technique, 835 events were obtained 

in the region near threshold for this reaction and 12,8*15 

events were obtained in the region of incident pion momentum 

corresponding to the thresholds for the reactions 

ir~ + p -» E° + K° and ir~ + p + K+. 

Analysis of the events near threshold indicates pure 

s-Wave A0 + K° production immediately above threshold and 

substantial p-wave contribution when the center of mass 

momentum reaches 100 MeV/c. 

ix 



X 

Examination of events.in the region of the EK 

thresholds shows no striking evidence of cusp-like structure 

in any of the production parameters due to the onset of 

these alternate channels. However, some evidence was 

obtained for anomalous structure with a characteristic width 

of 2-3 MeV/c which appears unrelated to the existence of the 

ZK thresholds. 



I. INTRODUCTION 

The study of two body final state reactions near 

threshold provides an attractive means of gaining informa

tion about particle interactions since, the kinematics allow 

few degrees of freedom, and, for an interaction of finite 

range, only a few angular momentum states should be of 

importance. One such reaction, 

i t- + P -> A0 + K° , (1) 

1-12 has been investigated in numerous bubble chamber and 

1^-15 spark chamber experiments. The range of pion momenta 

covered in these studies extends from the threshold of reac

tion (1) to well beyond the thresholds for the reactions 

tv- + P £° + K° "(2) 

and ir~ + P E~ + K+ . (3) 

The results in this region were surprising at the 

time of first discovery in several ways; (a) a large asym

metry in the center of mass system angular distribution of 

the hyperons is observed in the region close to threshold, 

(b) the A0,s are strongly polarized, even close to threshold, 

(c) the excitation function exhibits a (P*)3 dependence, P* 

being the center of. mass momentum in the initial state, 
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typical of a dominant p wave amplitude(d) a possible 

anomaly in the distribution of A0 polarizations at = 829 

10 MeV suggests a corresponding resonance in the A°K° system 

(since shown to be nonexistent"^), and (e) the A°K° total 

cross section was found to reach-a peak at = 900 MeV, an 

on — energy region corresponding to the E K and £ K thresholds 

and in which a large peak in the tr~p total cross section is 

observed. 

Considerable experimental effort has been expended 

in the region of the peak since it has been suggested by 

Wigner,'1'^ Adair,^ and by Baz and Okun"^ that the EK produc

tion thresholds could cause cusps in the AK production cross 

sections and angular distributions. Furthermore it was 

suggested by Adair and by Baz and Okun that under favorable 

circumstances the existence of such cusps could reveal the 

-AE—rela-tiv-a-43^.r i t y. — 

Originally it was believed that the peak in the A°K° 

production cross section at 900 MeV was due to such cusps and 

a few investigators-''0'^'^ did find some sign of cusp-like 

19 effects. However these results were inconclusive. In the 

light of these results, the theory of A°K° production near 

threshold has been discussed by a number of authors, espe-

cially in terms of K exchange and resonance models. An 

excellent summary of this work is included in a paper by J. 



20 E. Rush and W. G. Holliday, and further refinements in the 

21 theory have been reported by J. E. Rush, Jr. 

Interest in studying reaction (1) in the region of 

the suspected cusps declined after initial experiments indi

cated that the difficulty in detecting a cusp was due to 

significant contributions from angular momentum states high-

12 er than P wave in A°K° production near threshold. These 

contributions would also greatly increase the difficulty 

with which information pertaining to the AE relative parity 

could be extracted from such studies. In addition, using 

other techniques an even AE relative parity has been 

obtained.^ 

The motivation for the present work developed from 

the observation that further information related to the A°K° 

production reaction near threshold and in the region of the 

EK thresholds could be obtained by investigating this reac

tion as a function of incident pion momentum in momentum 

intervals spaced by approximately 1 MeV/c (0.1$ of the inci

dent momentum at threshold). Since the thresholds for E°K° 

and E~K+ production are spaced by 1.5 MeV/c, it was antici

pated that such momentum resolution could reveal structure 

which has escaped detection in previous investigations and 

permit a more definitive study of the phenomena discussed 

above. In the present work, provision was made to accumu

late sufficient data to permit a study of total cross 



section, angular distributions and A0 polarization with this 

high resolution. Less intensive data was gathered outside 

these two regions and extending to 1.13 GeV/c. Thus the 

variation of the various quantities of interest could also 

be investigated with a single experimental arrangement at 

lower resolution over the entire region extending from 

threshold to beyond the peak. Only the results from the two 

regions of high resolution are presented here. 



II. EXPERIMENTAL APPARATUS 

A. Design Considerations 

Since it is the purpose of this experiment to study 

the dependence of various features of A°K° production on 

incident pion momentum over a small momentum interval, this 

quantity must be determined to high precision for each event 
• j. 

observed. The Z°K° and £~K thresholds are about 0.9 MeV 

apart in the center of mass system which corresponds to 1.5 

MeV/c in incident pion (beam) momentum. A.knowledge of the 

beam momentum to within ±0.05# is therefore desirable to 

resolve the cusps, although evidence of their existence and 

magnitude should still appear with a beam resolution of 

±0.1$. 

The optical spark chambers which were used to iden

tify the ir~ + p •* A0 + K° reaction could usefully accept up 

•to. 7- 3 * 101* it" per pulse. However, such a high intensity 

is not readily obtained whi-Le simultaneously limiting the 

momentum spread to a value consistent with the present 

experimental objectives. Therefore, a beam with the desired 

intensity and a momentum spread of 2% was used in connection 

with a precision momentum spectrograph placed in the inci

dent pion beam. This spectrograph consisted of two thin 

5 



foil spark chamber telescopes, one before and the other 

after a magnetic bend of approximately 1 radian. Whenever 

the logic^requirements corresponding to A°K° production were 

satisfied, the spectrograph spark chambers were photographed 

in order to provide a precision momentum determination of 

the corresponding incident pion. Tests of the spectrograph 

indicated that pions differing in momentum by 0.05$ could be 

distinguished with this apparatus. Details of the design of 

the spectrograph and the technique used to determine momentum 

2o 
from the spark chamber pictures are given elsewhere. The 

spectrograph calibration, which is described in detail in 

this reference, was determined by kinematic fitting of 

threshold A°K° events and indicated the necessity of a +3*5 

MeV/c correction to pion momenta measured by the spectro

graph. Further evidence of the necessity for this correc

tion is obtained from the region of the E°K° threshold 

at 1.0339 GeV/c. Figure 1 shows the distribution with 

respect to incident pion momentum of events fitted as K° 

decays associated with E° production. The lowest corrected 

pion momentum at which such a K° decay was observed is 

1.0334 GeV/c. However, this event is eliminated for the 

purposes of calibration due to the abnormally high discrep

ancy between the momentum determined from the spectrograph 

(1.033^ GeV/c) and the momentum determined from kinematic 

fitting of the event (1.0923 GeV/c). However, the event 
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Figure 1. Distribution with Respect to Incident Pion Momen
tum of Events Pitted as K° Decays Associated with 
E°K° Production. 



observed at the second lowest corrected pion momentum 

(1.03^0 GeV/c) Is typical of the remaining K° decay events. 

In this case the kinematic fit yielded a momentum for the 

incident pion (1.0352 GeV/c) such that the discrepancy, 1.2 

MeV/c, is consistent with the error of 0.1% quoted in Ref. 

23 for spectrograph events lacking a spark in spectrograph 

spark chamber No. 1, as was true in this case. It is clear 

that the necessity of the +3-5 MeV/c calibration correction 

is confirmed by the absence of such unambiguous £°K° events 

for which the corrected pion momentum is less than its 

threshold value. 

B. Pion Beam 

The. pion beam, shown schematically in Fig. 2, was 

produced by protons of about 6 GeV colliding with an inter

nal platinum target i x i * 1 in. in size. Secondary nega

tive pions exiting from the Bevatron at an angle of about 7° 

to' the direction of the circulating protons were vertically 

collimated and deflected into the first quadrupole triplet 

by a "C" magnet. This first quadrupole triplet focused the 

beam at the center of the second spectrograph spark chamber. 

The beam was then deflected approximately one radian by the 

analyzing magnet of the spectrograph and refocused at the 

center of the liquid hydrogen (LH2) target by the second 

quadrupole triplet. The momentun^ spread of the beam was 

limited by a 2 in. collimator immediately downstream from 



Figure 2. t t~ Beam—Schematic Showing Arrangement of Magnets 
and Spark Chambers. 
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the first focus. The overall intensity of the beam was de

termined by a 1.2 in. wide collimatpr at the exit of the "C" 

magnet and further limited by a 1 in. slit at the entrance 

to the first spectrograph spark chamber. The overall beam 

length from the platinum target to the LH2 target was 72 

feet. 

C. A°K° Production and Detection Apparatus 

The selection of the A°K° final state from among the 

many other possible tt~ + p final states is facilitated by 

the fact that the A0 and K° always go forward in the lab for 

incident pion momenta near threshold. Thus, for this reac

tion, no ionizing particle will be present between the point 

of ir" + p interaction and that of the charged decay of the A 

or K°. A counter arrangement similar to that used by 

1 o 
Cronin was therefore employed to select possible A0 + K° 

final state events. Events so selected were recorded by 

photographing an array of spark chambers which was triggered 

by the coincidence signal derived from the counters. 

Figure. 3 shows the experimental apparatus used to 

produce and detect A°K° final state events. The beam was 

defined by the scintillation counter telescope signature 

C,C C,C.. Possible occurances of the A°K° final state were 
1 2 3 4 

identified by the signature C jC jC3(^0506 . * 

*A block diagram of the logic circuitry used to de
tect this coincidence signature is presented in the Appendix 
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12 

The trajectory of the incident pion immediately up

stream from the target was recorded by the Beam Spark Cham

ber, the plates of which were made of 0.001 in. Ai foils to 

minimize the number of interactions between counter C3 and 

the LH2 target. In order to eliminate pions which interact 

in these J1 QiIs or the mylar windows of the chamber, counter 

C^ was included. This counter served to eliminate any 

interactions yielding a charged particle which missed coun

ter C5 and yet passed through counter C6. The inclusion of 

^ in. of Pb in front of counter C^ served to convert -y-rays 

from 7r0,s produced by ir~ charge exchange in the foils to 

further improve the effectiveness of this counter. 

The n'p collisions occurred in a 1 in. thick liquid 

hydrogen target. Additional thickness would increase the 

number of desired type of trigger events but would greatly 

increase the variation of trigger efficiency with longitu

dinal A0 momentum. Furthermore, use of a 1 in. target 

thickness allows the simplifying assumption that the inter

action occurs at the center of the target when correcting 

the pion momentum determined by the spectrograph for ioniza

tion losses between the center of the spectrograph and the 

point of interaction. Specifically, using this assumption, 

the ionization loss is found to be -1.97 ± 0.3^ MeV/c for 1 

GeV/c pions. This corresponds to an uncertainty in momentum 



1 3 ,  

of 0.03^% which is well within the precision of the 

spectrograph. 

In order to minimize background events, the liquid 

hydrogen was contained between two 0.003 in. mylar foils. 

These foils were subject to an external pressure of hydrogen 

gas obtained from boil-off of the liquid hydrogen in the 

target. The hydrogen gas was contained, in turn, by a 0.010 

in; moulded mylar cup on the upstream side and by a 

stretched 0.005 in. mylar foil on the downstream side. The 

latter allowed the 3§ in. square, 1/16 in. thick anticounter, 

C5, to be placed 0.8 in. from the rear surface of the liquid 

hydrogen in order to optimize the efficiency for triggering 

on events of interest. Due to its small thickness, the anti-

counter failed to detect approximately one in 3 x 10*' beam 

particles. However, the presence of photographs of such 

non-interacting beam particles distributed throughout the 

film aided in determining the beam contamination and the 

momentum spectrum for each nominal momentum setting of the 

beam. This analysis is discussed in a later portion of this 

paper. .. .. _ 

A prestressed exit window in the vacuum jacket 

surrounding the target allowed the target-anticounter pack

age to be positioned in such a way that the A0 decay proton 

cleared the jacket for all A0 decays occurring downstream 

from anticounter Ct. 5 
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The charged decay products of A0,s were recorded in 

the thin foil Decay Spark Chamber. This chamber had eight 

3/8 in. gaps, each formed by a pair of 0.001 in. AH foils. 

The use of thin foils reduced multiple coulomb scattering of 

the proton and pion from the A0 decay, thereby allowing pre

cision measurements of the trajectories. Furthermore, this 

technique minimized the trigger rate due to the two princi

pal background interactions which could simulate the coinci

dence signature of reaction (1). These were ir~ charge 

exchange and K° decay. ir~ charge exchange can simulate the 

A0 decay if the neutron produces a two prong, nuclear inter

action or if a Y-ray from ir° decay produces an electron-

position pair in the Decay Spark Chamber. Most of the K0,s 

which decay by the charged mode are eliminated by the target 

anticounter since the intensity of K°'s produced at the rear 

edge of the target is reduced by a factor 1/e at the anti-

counter. Furthermore, the small amount of material between 

the anticounter, C5, and the decay counter, C6, (0.26 g/cm2) 

allowed only a small fraction of the KT°1 s to regenerate K°' s. J-J S 

Those K° decays that did trigger the detector and for which 

both decay pions were moving forv/ard in the laboratory, were 

easily identified and eliminated at the kinematic fitting 

stage. Those with only one pion moving forward in the 

laboratory were eliminated in the scanning. Above the 

threshold for the £°K° final state there was an additional 



15 

background of A0 decays originating from the E° decay. 

These events were also eliminated at the kinematic fitting 

stage. 

Downstream from the decay counter, the A0 decay 

products passed into the Range Chamber. This chamber con

sisted of 32 single gap spark chamber modules with layers of 

AS, absorber of progressively increasing thickness placed 

between successive modules. The thickness of the absorbers 

was such that the error in the momentum determined from the 

range was approximately ±6% for momenta in the range covered 

(60 to 370 MeV/c for pions and 230 to 1000 MeV/c for pro

tons). The total thickness was such that it would stop the 

most energetic pions and protons from A0 decays over the 

entire range of incident pion momentum used in the experi

ment . 

All spark chambers in the A0 detection array were 

operated on a standard spark chamber grade neon (80$ neon, 

20% helium) at a pressure of one atmosphere. The ungrounded 

plate of each spark chamber gap was connected to one side of 

a 2,500 pf capacitor shunted to ground through an 82 ft 

resistance. A constant 100 volt clearing voltage was applied 

to all gaps, and the capacitors were charged to 10.6 KV. 

The chambers were fired by grounding the charged side of the 

capacitors with a triggered spark gap. 
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The spark chamber efficiency remained constant for 

track inclinations up to 50 degrees from the normal to the 

chamber plates but dropped appreciably for tracks with in

clinations greater than 60°. 

A front surface mirror below the chambers provided 

for 90° stereo viewing. Two 3 x 5 ft. lucite field lenses 

of 30 ft. focal length were used in the optical paths for 

both direct and indirect views of the chambers. A set of 

five auxilliary mirrors folded the optical paths so that the 

camera lens was at the focal point of both field lenses. 

The chambers were photographed on 35mm. Tri-x film with 

a 135mm. lens. A photograph of the A°K° detection spark 

chambers showing a typical A0 decay event is presented in 

Pig. 4. 



Figure 4. Typical Good Photo of a A0 Decay Event. 



III. FILM SCANNING AND MEASUREMENT 

During the experiment 6.2 x io,f photographs were 

taken of the A°K° production detector. A summary of the 

events recorded in these photographs is given.in Table I. 

In order for a photograph to be selected as a possi

ble example of A°K° production it was required that it pass 

four preliminary tests: (1) it was required that in at 

least one view of the Decay Chamber there be two tracks that 

form a "V" pointing roughly in the direction of the target, 

(2) the vertex of the "V" was required to occur between the 

center of the LH2 target a.nd the sixth gap of the Decay 

Chamber (the location of vertices occurring upstream from 

the first gap of the Decay Chamber was estimated by visual 

extrapolation of the tracks), (3) it was required that the 

vertex be observed at roughly the same point along the beam 

direction in the two separate views of the chamber, and (4) 

it was required that the "backward V" formed by extending 

the two tracks of the "V" upstream from the vertex include 

some portion of the beam track in the region where it trav

ersed the target. All photographs that were judged likely 

to satisfy these criteria were recorded for measurement and 

only a definite failure to satisfy any one of the four cri

teria resulted in the rejection of-an event. 



Table I 

Data Summary 

Nominal 
Beam 

Momentum 

Number of 
Photographs 

Number of 
A0 Events Overall Cross 

Section 

Beam Contamination Nominal 
Beam 

Momentum 

Number of 
Photographs 

Number of 
A0 Events Overall Cross 

Section e~ u" 

Nominal 
Beam 

Momentum 

Number of 
Photographs 

With Ptt No P-n-

Overall Cross 
Section e~ u" 

0.907 80 775 266 88 0.0768 ± 0.0022 mb 6.8 ± 0.6% 10.6 ± 0.7^ 

0.926 57 646 278 152 0.1922 ± 0.0056 mb 6.4 ± 1A% 7.2 ± 1.5% 

1.04 328 643 7782 3634. 0.7028 ± 0.0081 mb 6.3 ± 0.6% • 8.4 ± 0.7^ 

\ 

vo 
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All measurements were made with a precision measur

ing projector which was directly coupled to a card punch. 

The projector was equipped with a digitally encoded rotating 

reticle so that one setting of the reticle could provide 

both a measurement of the track inclination and the coordi

nates of the point of the track at which the measurement was 

made. Furthermore, this technique allowed the fit of a 

straight line to a sequence of sparks to be made visually 

with a single measurement. Both features were useful in 

reducing the time required to measure a given event. In 

each stereoscopic view, the locations of two fiducials were 

measured together with the tracks of the beam pion and of 

the two particles forming the "V". The range of each parti

cle of the "V" was measured in the direct view of the range 

chamber. 

Photographs which were unmeasurable due to the fact 

that the decay occurred beyond gap 6 of the Decay Chamber or 

which had insufficient visible sparks or fiducials for a 

complete measurement were recorded for later use in correct

ing the cross section calculations. Those events showing 

four complete tracks from decay's of both the A0 and K° were 

not measured; generally such events were difficult to meas

ure due to the low efficiency of the spark chambers in sup

porting four tracks or were ambiguous due to the fact that 

both vertices were located in front' of the first gap of the 

Decay Chamber. 
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All film was scanned twice. Events found in the 

first scan were measured and processed by the geometrical 

fitting program GEOPREP (to be described later). A second 

independent scan was then made and all events from the first 

measurement pass which failed to satisfy the requirements of 

GEOPREP plus those found only by this second scan were meas

ured. After this second batch of measurements was processed 

by .GEOPREP the geometric parameters of the successfully 

fitted events were merged with those of the successful 

events from the first measurement pass. 

The scanning efficiency was calculated for each roll 

of film on the basis of the requirement that an acceptable 

event must satisfy the requirements of GEOPREP. The average 

efficiency for the separate scans was 90% and resulted in an 

overall scanning efficiency o f  9 9 % .  



IV. DATA ANALYSIS 

A. Data Reduction 

The event measurements were processed by a sequence 

of computer programs entitled GEOPREP, GRIND, and SUMX. 

GEOPREP was largely written at The University of Arizona but 

incorporated standard geometry subroutines from Brookhaven 

National Laboratory. GRIND is based on the CERN subroutine 

BOECK. SUMX is derived from the third generation CERN 

version of this program, and includes moment analysis sub

routines written at The University of Arizona. All programs 

were run on the CDC 6400 computer of the University of 

Arizona Computer Center. 

The spatial reconstruction of the events was per

formed by GEOPREP. The first part of this program applied 

various magnifications, rotations and corrections to the 

two 90° stereo projections of the particle trajectories 

'^7 associated with each event. The second part combined these 

two projections to yield a three dimensional reconstruction 

of each event. A least squares fit to the decay vertex was 

done for the two A0 or K° decay tracks. This was followed 

by a determination of the A0 or K° production point which 

was defined by the intersection of the plane of decay with 

the line defined by the track of the incident pion. Various 
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errors in the measured variables were propagated through the 

program. Events with well-determined production points 

which were far from the target were eliminated while those 

with poor determination of the production point were remeas-

ured. 

Events which passed successfully through GEOPREP 

were then subjected to kinematic analysis by GRIND. This 

program performed a least squares fit to the kinematic con

straint equations for three different assumptions of parti

cle identification. In all cases it was assumed that the 

incident particle was a pion and that it collided with a 

proton in the LH2 target. The particle observed to decay 

was treated in turn as: (1) a A0 which decayed into a pion 

(decay track 1) and a proton (decay track 2), (2) a A° which 

decayed into proton (decay track 1) and a pion (decay track 

2), and (3) a K° which decayed into two pions. To begin the 

least squares calculation it is necessary to have prelimi

nary estimates of the magnitude of the momenta of the decay

ing neutral particle and the two particles into which it 

decays. A tentative momentum for the neutral particle is 

calculated from a knowledge of the laboratory angle at which 

it is produced and the assumption that it has the mass of a 

A0 or K°. The momenta of the secondaries are then calculated 

on the basis of this tentatively assigned momentum, the 

angles of the secondaries and assumptions regarding their 
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masses. The momentum of the neutral particle calculated in 

this way is double valued except for those particles which 

are produced at the maximum kinematically allowed angle. In 

the case of the A0 decay it was found that the two distinct 

starting values did not always yield the same result. Con

sequently for some 20 to 30% of the events two unique and 

distinct fits were obtained. It is believed that this is a 

result of the existence of a local minimum in addition to a 

true primary minimum in the 9-dimensional space of the meas

ured parameters being fitted. Such a local minimum results 

from the fact that the error in the direction of the neutral 

particle is large enough to permit a second solution in addi

tion to the correct one. Thus, if the measured parameters 

and starting values of the unknowns start the analysis of an 

event near such a secondary local minimum it is possible for 

successive iterations to stabilize about this point rather 

than to proceed toward the correct minimum. To minimize the 

effect of this analysis problem it was necessary to attempt 

a fit from both sets of. starting momenta and to then select 

—thre most likely fit in those cases where two distinct solu

tions were obtained. In many such cases, the precision 

determination of incident pion momentum from the spectro

graph data was of value in resolving this ambiguity. These 

values were therefore added to the data tape from GEOPREP 

before the data was subjected to further analysi's by GRIND. 
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Those events (~ 32$) for which a spectrograph pion momentum 

measurement was unsuccessful after two separate attempts at 

measuring the spectrograph film were fitted using a nominal 

incident pion momentum corresponding to the peak in the 

momentum spectrum of the incident pions with an error corre

sponding to the spread of that spectrum. 

As a consequence of this ambiguity it was necessary 

to try five hypotheses for each event. For the K° decay 

hypothesis it was sufficient to always use the higher start

ing momentum as the apparatus was able to detect only those 

K0,s going forward in the center of mass coordinate system. 

For the remaining hypotheses the fitting was done in two 

steps: After the starting values for the three unknown mo

menta were calculated, as described above, a fit was made to 

the kinematic constraint equations of the decay only. This 

was followed by a fit to the full set of kinematic constraint 

equations for both production and decay. When a satisfac

tory solution was obtained for the decay vertex alone, a 

complete solution, was then attempted using the fitted values 

so obtained as the starting values of the unknown momenta. 

However, when the decay vertex fit failed, a full fit was 

attempted using the calculated starting values normally 

applied to the decay vertex fit. This second option was 

found to salvage very few additional events. 
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In order to select the most likely hypothesis, when 

more than one yielded an acceptable fit, various checks were 

made: For all fits the square of the missing mass was cal

culated for the unobserved neutral particle. This value was 

required to lie between 0.2 and 0.3 (GeV)2 for the A0 hypoth

eses or between 1.13 and 1.37 (GeV)2 for the K° hypothesis. 

If more than one valid solution for a given event was still 

obtained, the difference between the measured laboratory 

production angle of the decaying particle and the same angle 

calculated from the fitted parameters was determined. The 

hypothesis which yielded the smallest value for this differ

ence was then assumed correct. 

Finally, events which could not be fitted by GRIND 

on the first try were remeasured and again subjected to the 

analysis described. 

B. Moment Analysis 

In order to search for possible structure in the 

incident momentum dependence of "the total cross section and 

the angular and polarization distributions of reaction (1), 

successfully fitted examples of this reaction were divided 

into groups differing in incident pion momentum by 1 MeV/c. 

Structure of the type being investigated should then be 

evidenced by an abrupt change in total cross section or in 

the shape of these distributions with momentum. In order to 
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enhance the efficiency with which changes in the shape of 

the distributions may be detected, these are analysed in 

terms of moments or "shape parameters." The momentum de

pendence of individual moments for both angular and polari

zation distributions may then be independently examined for 

possible structure in the region of interest. 

The differential cross section may be expressed in 

terms of a series of Legendre polynomials; 

where 0* is the center of mass system production angle of 

the hyperon and o  is the total cross section. The moments 

or "shape parameters," (A^/A0), are determined for each I by 

averaging the Legendre polynomial P^ over the N events in 

25 the sample; 

A, N „ 
-f- = (2£+l)^ I P£(cos 0*)e (cos 0±) 

o i=i 

N 

« (2Jl+l)<Pff> , N# = I e(cos 8*) (5) 
* i=l 

where e(cos 0*) is the inverse of the overall detection 

efficiency for producing the i^*1 event with center of mass 

production angle 0*. The errors, 6, in these moments are 

25 calculated from: 



analysis are 

6(^0 = - <P£>2}® , 
o  / N  • * • * ' •  

<p£> = j^r- ^ {P^(cos 6*)}2£(cos 0*) . (6) 

The corresponding expressions for the polarization 

.25 

aPdft ~ aP4ir ^ B0P£1)(cos 0i^ ' (7) 

^ = 3(2ft+l)(&-l)1 if g p( i)(Cose*)£(cose*) B0 (£+1)! ; i & tcoso1;euosoi; 

=  3 ( 2 ( l ^ | ) ( t  1 ) ! .  < ^ P j t U >  »  ( 8 )  

and 

B, 
S(B7' ° 3(2W)?'1)! . 

<(C P(aU)2> = ^{?1P(A1) (cos6*)}2e(cos0*) , (9) 

where a is the decay asymmetry parameter (a = 0.6^5), P is 

the polarization and is the up-down asymmetry pseudo-

scalar for the i^h event. This last parameter is given by, 
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• (? x ?.) 
£ = cos C • = -5 —521 , (10) 

l p g l  x  p A I  

where ? , ?. and ?* are the momenta of the incident pion in tt ' A p 

the laboratory, the A0 in the laboratory, and the decay 

proton in the A0 c.m. system, respectively. The calculation 

of these shape parameters was performed by a subroutine 

added to the data summarizing program SUMX. 

The average up-down polarization, Px, of the A°K° 

2 6 
production process was also calculated, using the relation: 

o N o b 
aPJ- = N I cos 6i 1 (N) » (11) 

where a is the decay asymmetry parameter and N is the total 

number of events observed in a given sample. 



V. CORRECTIONS FOR BIASES 

Events in which one of the decay products made an 

angle greater than 60° from the direction of the incident 

pion were removed from the data due to the inefficiency of 

the spark chambers for detection of such tracks. Generation 

of.artifical events with a Monte Carlo program was employed 

to provide a correction for this and other biases introduced 

by the geometric restrictions of the apparatus. *1000 A°K° . 

events were generated with an isotropic angular distribution 

in the center of mass system, with random, normally distrib

uted errors introduced to simulate the measurement errors of 

the real events. These Monte Carlo events were then ana

lyzed by GRIND, and the resultant angular distribution was 

compared to the original isotropic distribution to yield a 

correction curve to be used in normalizing the experimental

ly obtained angular .distributions. The correction curve for 

data in the EK threshold region is shown in Pig. 5. In this 

way it was possible to correct both the angular distribu

tions and the total cross section for geometrical and 

observational inefficiencies. 

A similar Monte Carlo generation of tt~ + p ->• £° + K° 

events was utilized to determine the degree to which the A0 

decay data was contaminated by A0,s originating from E° 
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Figure 5• Angular Distribution Correction Factor as a 
Function of Cos 0* where 0* is the Center of Mats 
Production Angle of the A0. 
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decays. It was found that a negligible proportion of A0 

decays generated in this way yielded an acceptable fit. To 

provide a further check on the number of £° + K° events 

present in the data a sixth hypothesis was added to GRIND. 

This hypothesis attempted a fit of the observed decay to 

that of a K° associated with the production of an E°. For 

this fit the square of the missing mass was required to lie 

between 1.28 and 1.56 (GeV)2. Whereas 962 events were 

observed that yielded a best fit to K° decay from A°K° 

production, only 19 events yielded a best fit to K° decay 

from Z°K° production. This, along with the low probability 

for fitting A0,s from £° decay indicates that contamination 

of the A0 decay data by A°'s from 1° decays is negligible. 



VI. BEAM CONTAMINATION AND MOMENTUM SPECTRUM 

Approximately 9% of the photographs of the Decay 

Spark Chambers included non-interacting beam particles. 

This was advantageous as it provided a kinematically un

biased sampling of beam particles which was useful in deter-
w 

mining the beam contamination as well as the momentum spec

trum of incident pions. 

The contamination of the beam by electrons and muons 

was determined with the aid of the range chamber which 

totaled 121.14 g/cm2 of AH. The electron contamination 

found on the basis of the fraction of incident particles 

observed to produce an electron shower in this chamber is 

included in Table I. Since pions interact strongly with 

nuclei, whereas muons do not, the determination of the muon 

contamination was based on a least squares fitting of the 

beam attenuation curves observed in the range chamber to the 

equation: 

N. = N + N e~(Xi/X) . (12) 
l y ir ' 

It is assumed here that the experimental curves result from 

the superposition of an exponentially absorbed pion compo

nent and a non-interacting muon component. This analysis 

yields both the muon contamination-and A, the mean free path 
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of pions. The values of the y contamination are also in

cluded in Table I. 

The momentum spectrum of incident pions was deter

mined by measuring the momentum of those beam particles 

which traversed the LH2 target in a straight line but either 

interacted or were stopped in the range chamber. This 

second requirement eliminated muons from the sample and 

ensured that the momentum spectrum obtained was that of the 

pions only. Since the pions selected for momentum analysis 

were selected from photographs which were randomly scattered 

throughout the film containing the A°K° events, the spectrum 

thus obtained- may be considered truly representative of the 

momentum distribution of pions producing the observed A°K° 

events. 

The correction of the A°K° data for the incident 

pion momentum spectrum was performed as follows: The beam 

momentum spectrum was smoothed to minimize statistical fluc

tuations by plotting it as an idiogram. The corresponding 

unsmoothed histogram of the momentum spectrum of pions pro

ducing A°K° events was normalized to the number of particles 

in this beam spectrum and the ratio of the two histograms 

was then computed, bin by bin. The resultant relative cross 

section was then multiplied by the average cross section 

which was determined by treating all the events from a given 

beam configuration as a single sample. This yielded the 
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actual total cross section since the average cross section 

was first corrected for events lost by geometrical biases. 



VII. RESULTS AND CONCLUSIONS 

A. A°K° Threshold Data 

Total Cross Section 

According to Wigner,"^ assuming a potential of 

finite range, the total cross section near threshold for the . 

production of a pair of neutral particles in a final state 

2JI+1 
with orbital angular momentum I varies as « k . Here 

k is the momentum vector defined by the relation: 

k = (2M(E - e)")*/h , (13) 

M is the reduced mass of the two particles in the final 

state and E and e are the total energy and the threshold 

energy, respectively.^ of the pair of particles produced. 

Thus the nature of the variation of aT with k near threshold 

is determined by the- angular momentum of the state in which 

the two particles are initially 'produced. 

The experimentally determined threshold excitation 

function for A°K° production is plotted in Pig. 6 together 

with a histogram of the distribution of events before fold

ing in the beam momentum spectrum. We have tried least 

squares fitting of this data to the relations: 
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Figure 6. Threshold Excitation Function for A°k° Production. 

The histogram shows the distribution of events 
fitted as A0 decays. The three curves indicate the fit of 
the total cross section, to: a) = Ak, b) Oij> = Bk3, 
and c) gt = Ak + Bk3 where k is the momentum vector defined 
in the text. Each plotted point corresponds to a variation 
of 2 MeV/c in incident pion momentum. 
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aT = Ak , 

aT = Bk3 , and 

a,p = Ak + Bk3 . 

(14a) 

(14b) 

(l4c) 

These three functional dependences are referred to as Trial 

Solutions 1, 2, and 3- .Pits to these trial solutions were 

attempted initially using only the first 10 data points, 

where a data point is defined to be the cross section as a 

function of k as determined from all the events in a 1 MeV/c 

wide interval of incident pion momentum. The remaining 40 

data points were then included one by one and a further at

tempt to fit the three trial solutions to the data was made 

after the addition of each data point. Trial Solution 1 

yielded a fairly constant value of A until k = 11*1 MeV/c was 

reached. The value of A then began to increase in magnitude 

and the probability of the fit dropped noticeably. The val

ue of A for the region of best fit, k = 98 MeV/c to k = 11*1 

MeV/c, varies from 1.11 x 10~3 to 1.17 x 10~3 mb/MeV/c. 

Trial Solution 2 gav.e very poor fits on all attempts. with no 

fit yielding a probability greater than 10$. Trial Solution 

3 did not yield a physically valid fit (B > 0) until the 

data point at k = 101 MeV/c was included. For this fit the 

value of A was 1.07 x 10"3 mb/MeV/c and that of B was 1.00 x 

10~8 mb/(MeV/c)3 with a probability for the fit of 59$. In

clusion of additional data points resulted in a gradual rise 

in t'he probability of the fit until all but the last 2 data 
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points were included. The probability of this best fit to 

Trial Solution 3 was S0%, with A = 8.03 * 1.0 mb/MeV/c and 

B = 7.10 x 10"8 mb/(MeV/c)3. 

The probabilities of fits to Trial Solutions 1 and 2, 

as illustrated in Pig. 7, indicate that A°K° production is 

initially s-wave and not p-wave. The drop of the Trial Solu

tion 1 fit probabilities at k = 11*1 MeV/c and the success of 

Trial Solution 3 at higher momenta indicate that p-wave does, 

however, begin to be important slightly above the threshold 

for A°K° production. Furthermore, it appears that the 

p-wave contribution becomes predominant shortly after its 

appearance. Indeed the coefficients obtained from the fit 

to Trial Solution 3 indicate that the p-wave contribution 

exceeds the s-wave contribution beginning at k = 106 MeV/c. 

Angular Distributions and Polarization 

The threshold data was divided into two groups to 

facilitate the investigation of the dependence of polariza

tion and center of mass angular distribution on momentum. 

The dividing line was chosen at k - 85 MeV/c (P = 916 

MeV/c). At this momentum the p-wave contribution is 

observed to begin contributing appreciably to the total 

cross section as is apparent in Fig. 6. According to the 

coefficients of Trial Solution 3, the p-wave contribution at 

this.point is 2/3 that of s-wave, while at 106 MeV/c the two 

contributions are equal. 
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Figure 7- Probability of Fitting the Threshold Excitation 
Function for A°K° Production to Three Different 
Functional Dependences Versus the Maximum Momen
tum Included for the Fit. 

The three functional dependences are: a) = Ak, 
b) arp = Bk3, and c) a„ = Ak + Bk3. Each plotted point 
corresponds to a variation of 1 MeV/c in incident pion 
momentum. 
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Of the remaining aspects of A°K° production, the 

angular distribution and A0 polarization, the polarization 

is the most easily extracted from the data. The polariza-
i 

tions obtained (listed in Table II) show a distinction be

tween the two threshold data samples defined above. The 

lower, predominantly s-wave region, yields a polarization of 

aP = 0.5 ± 12.5% while the higher, predominantly p-wave 

region, yields aP = —30. -4 ± 9.0%. The two samples combined 

yield aP = -19.8 ± 7.3% while the Monte Carlo data generated 

to simulate this threshold data but with the A0 polarization 

set equal to zero yields aP = 2.9 ± 4.5$. This result indi

cates that the analysis programs (GEOPREP and GRIND) have 

not Influenced the polarizations appreciably. 

Table II 

A0 Polarizations 

Incident Pion 
Momentum, in GeY/c 

0. 897 to 0. 915 +0. 005 + 0. 125 

0. 915 to 0. 945 -o. 304 + 0. 09-0 

1. 02 to 1. 028 -0. 340 + 0. 095 

1. 028 to 1. 036 -0. 355 + 0. 044 

1. 036 to 1. 044- -0. 254 + 0. 034 

1. 044 to 1. 052 -0. 177 + 0. 

CO m
 
o
 

1. 052 to 1. 060 -0. 235 + 0. 053 
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The lack of polarization in the small, predominantly 

s-wave region just above threshold is to be contrasted with 

the strong polarization observed at higher momenta, where 

p-wave production is important. This result is consistent 

with the probability of polarization being due to interfer

ence of s- and p-waves. 

The angular distributions are difficult to interpret 

due to uncertainties that conspire to mask any difference 

between the two threshold data samples, and therefore, no 

conclusive confirmation of the predominance of s-wave pro

duction in the lower region may be drawn from the shape of 

the angular distributions. This was due to the method of 

measuring the track directions with the angle encoding reti

cule which was chosen to minimize the time taken to measure 

track directions. The result was that the center of mass 

production angle was poorly determined for events near 

threshold. Whereas the solution for the center of mass pro

duction angle depends critically on the A0 momentum and on 

the angles which the A0 makes with the decay proton and 

pion, the polarization depends critically only on knowing 

the plane of the production and the direction of the decay 

proton. 
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B. £K Threshold Region Data 

Total Cross Section 

The total cross section for A°K° production in the 

region of the E°K° and Z"K+ thresholds is presented in 

Pig. 8 together with a histogram of the distribution of 

events before folding in the beam momentum spectrum. 

The first observation of interest concerns the 

region of incident pion momenta corresponding to the £K 

thresholds. If there is any abrupt change in the total 

cross section in this region, it is well masked by the sta

tistical precision of the data. In particular, the experi

mentally determined momentum dependence of the total cross 

section may be effectively represented by the smooth, in

creasing function of momentum (shown as a dashed curve in 

Pig. 8) from which none of the experimental points in .the 

region from 1.03 to 1.04 GeV/c differ by more than one 

standard deviation. 

A second observation concerns the behavior of the 

cross section near the momentum values 1.0255, 1.0505 and 

1.0575 GeV/c. At the first two momenta, peaks which repre

sent approximately two standard deviation excursions from 

the dashed curve are observed, while at the latter momentum, 

a dip corresponding to somewhat more than one standard de

viation is apparent. In each case, the width of the appar

ent structure is of the order of 2-3 MeV/c. 



Figure 8. Total Cross Section for A°K° Production in the 
Region of the E°K° and E~K+ Thresholds. 

The histogram shows the distribution with respect 
incident pion momentum of events fitted as A0 decays. 
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Dependence of the Angular Distribution on Momentum 

Pig. 9 shows the variation with incident pion momen

tum of the distribution of events with respect to the center 

of mass production angle, 6*, of the A0. The dependence of 

the features of these distributions on .momentum is investi

gated by plotting the individual moments or shape parameters 

of these distributions as a function of incident momentum. 

This is shown in Pig. 10. 

An initial observation with respect to the experi

mentally determined moments is that all may be approximated 

rather well by slowly varying functions of momentum, shown 

as dashed curves in Pig. 10. With few exceptions, the ex

perimental- points are within two standard deviations of 

these curves. 

Of special interest is any indication of abrupt 

change in the shape parameters in the region of the EK 

thresholds, or in the region of the three excursions noted 

in the total cross sections. In the region of the EK 

thresholds the experimental points show deviations from the 

smooth dashed curves which in general differ little from 

those observed over the entire region of momentum covered. 

A close examination of the experimental points in this 

momentum region of each moment plot reveals that Ai/Ao, 

A3/A0, AH/AO and AG/AO all exhibit some structure in the 

region of 1.035 GeV/c, but the statistical significance of 
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this interpretation is marginal. Somewhat more pronounced 

is the structure in the moment distributions in the region 

of the dip in the total cross section at 1.0575 GeV/c. In 

all distributions there seems to be statistically signifi

cant evidence for deviations from the smooth dashed lines at 

this momentum. Evidence for similar deviations at the 

momenta corresponding to the two peaks at 1.0505 and 1.0255 

GeV/c is less convincing. 

Dependence of the A0 Polarization on Momentum 

Pig. 11 shows the variation with incident pion momen 

turn of the average A0 polarization (aP) while Pig. 12 shows 

the variation of the A0 polarization with respect to the 

center of mass production angle of the A0 for five momentum 

samples. Again, as in the case of the angular distributions 

the dependence of the features of these distributions on 

momentum is investigated by plotting the individual shape 

parameters of the polarization as a function of incident 

momentum. This is shown in Fig. 13. 

Once again, an initial observation with respect to 

the experimentally determined momenta shows that all may be 

approximated by slowly varying functions, shown as dashed 

curves in Pig. 13. Only the B5/Bo and B6/B0 moment plots 

reveal any structure at 1.035 GeV/c. However, the relative

ly high order B7/B0 moment plot shows a striking structure 
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Figure 12. Variation with Incident Pion Momentum of the A0 
Polarization with Respect to the Center of Mass 
Production Angle, 0s, of the A0. 

Average aP values are included in Table II. 
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at 1.034 GeV/c. Also strongly discernable are structures in 

the regions of the three prominent features located at 

1.0255* 1.0505 and 1.0575 GeV/c in the total cross section. 

In almost all distributions there seems to be statistically 

significant evidence for deviations from the smooth dashed 

lines at these momenta. The structure at 1.0575 is the most 

pronounced and consistent of the three. The middle one (at 

1.0505) is also interesting for it coincides with a struc

ture at 1.051 GeV/c in the plot of aP vs. incident pion 

momentum (Pig. 11). 

One more observation of interest pertains to the 

plot of the moment Bi»/Bo. This parameter seems to show a 

"saw-tooth" variation^with a period of 4-7 MeV/c. This type 

of variation may also be present in the plot of A1/A0 

(Pig. 10a). 

C. Conclusions 

There is, in conclusion, no striking evidence for 

structures in the parameters of 'A°K° production at the 

thresholds for EK production. The structure which is ob

served there is suggestive of the interpretation that any 

cusp-like phenomenon is largely masked by other less momen

tum specific behavior. More significant is the evidence for 

anomalous structure at 1.0255, 1.0505 and 1.0575 GeV/c. 

This is particularly interesting in view of the fact that no 

mechanism is known to account for such narrow (2-3 MeV/c) 
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structures and they are wholly unexpected. Although the 

statistical significance of the evidence for these fluctua

tions is not great, there appears to be no identifiable 

experimental bias which would result in fluctuations over 

momentum intervals of this size. One further observation is 

that in some cases (Ai/Ao, B2/B0, B3/B0 and Bi»/Bo) the shape 

parameters seem to show 4-7 MeV/c periodicities with a 

resemblance to the fine structure fluctuations discussed by 

27 28 Ericson and observed in nuclear reactions, but which are 

unexpected in the present study if it is true that there are 

only a small number of angular momentum states which parti

cipate in A°K° production near EK threshold. 

Finally we reiterate the observation that in the 

region of the A°K° production threshold the production is 

initially s-wave with little or no polarization but that 

p-wave does become important not far above threshold at 

which point there appears a marked polarization of the A0. 
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