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list of symbols

k8 

kA

5 

kn

kTT
E 1Î 

ki 

kf 

'n

The beam direction.

The flight direction.

The proton momentum at decay.

The proton direction at decay.
Ao

The decay pion momentum at the A decay.

The decay pion direction at the A decay.
The decay pion energy in the laboratory system at the A decay

The proton direction immediately before scattering.

The proton direction immediately after the scattering.

The normal to the scattering plane.

The scattering angle.

The energy of the proton at the scattering.

The azimuthal scattering angle.
The velocity of the A° in units of the velocity of light.

The polarization of the A sample. - -

The polarization of the proton

S(^E) - The analysing strength
y*  - The angle between the proton and. theiaxls in the A rest frame 

y*  _ The azimuthal decay angle.

- The direction of the proton in the A rest frame.

The A° decay parameters.



I. INTRODUCTION

The decay of a spin particle into a spin particle and a spin zero 

particle can be described in terms of the complex amplitudes of the S and' F 

waves in the final state. Let A be the amplitude of the S wave; and B, 

the amplitude of the P wave. As shown in Appendix 8.1,c< , can be defined 

in the following manner:

is the asymmetry parameter in decay of a spin particle. The 

magnitude of O( is a measure of the parity mixing in the decay.

One way to determine whether or not parity is conserved in the de­

cay of the A° hyperon, a spin i particle^) is to observe if there is 

any asymmetry in the distribution of the decay proton momentum with re­

spect to the spin of the X» . This distribution is described mathe­

matically by

-p (X') ” ।

where is the angle between the A"*  spin direction and the proton 

direction in the X rest frame, and P is the polarization of the A. .

kO (
Parity is thought to be conserved in the /\ production process' 1, a 

strong interaction; thus the /A*  polarization is always perpendicular 

to the plane containing the incoming TT meson and the outgoing A"

1
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°f polarization of the A° can he defined 
by:

X Aa 
l^»x -AJ

«here is the direction of the incoming meson, and ls 

direction of the outgoing /f hyperon. A

The observation of parity nonconservation in the A° decay process^) 

raised the interesting question of the nagnitude and sign of . -

ever, as only the product o<P could be deduced from the distribution

- 2’(h o^P
another experiment was necessary.

Lee and Yang ) have pointed out a clever way to express the polari­

sation of the nucleons from decaying hyperons in terms of the parameter 

<X and the polarization of the A" . In the present experiment the 

decay mode

was observed in a Xenon Bubble Chamber and the

mined by studying the asymmetric
proton polarization deter­

nuclei
scattering of the protons by xenon

Thus it vas first necessary to select a sample of A° decays

as observed in the Xenon Bubble Chamber. Second, it vas 

scan each decay proton for scatterings by xenon nuclei.
necessary to

Third, it was ne-
cessary to correlate the 

in the A rest frame as

sign and magnitude of o< 
statistical uncertainties

proton scattering plane with the proton direction 

described in Chapter V. The measurement, of the 

XS vT” aCC,O,!plished the limits of the 
and biases of this experiment.



II. EXPERIMENTAL EQUIPMENT

2.1 The Xenon Bubble Chamber

The particle detection apparatus used in this experiment was a 

Xenon Bubble Chamber. The properties of xenon, making it valuable as a 

bubble chamber liquid, have been discussed elsewhere' . The princi­

pal attribute of xenon in a polarization scattering experiment is its 

high density -2.17 gm/cm3 at -21.5°C. By using a liquid with such a 

high density one can expect a short nuclear-scattering mean-free-path. 

Thus, in contrast to a light liquid chamber, a larger proportion of the 

protons from the decaying hyperons undergo scattering from nuclei 

before they leave the chamber.

The sensitive volume of the Xenon Bubble Chamber was approximate­

ly 21 liters, with 18.5 liters illuminated for photographing the tracks. 

The chamber contained .5% ethylene by weight, which was found necessary 
(7) .for the proper operation of xenon as a bubble chamber fluid . Figure 

1 is a schematic cross section of the Xenon Chamber, as it appeared in 

the summer of 1958, showing the necessary details. Note that the sensi­

tive volume was cylindrical, 12 inches in diameter and 10 inches long. 

Dark field photography was accomplished by using a beam of paralrex 

light passing through the chamber. The camera lenses were positioned 

outside the light beam at an average stereo angle of 35°. A General 

Electric ET-230 flash tube positioned at the focus of a 12 inch diameter 

condensing lens provided the illumination with a light pulse of 100

3
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microseconds long. Both the camera and the flash tube looked at the chamber 

via front surfaced mirrors.

The camera lenses were a matched pair of Schneider Super Angdons 

with a focal length of 65 millimeters stopped down.to f/^ to obtain the 

necessary depth of field. The film was 70 millimeter Kodak Linagraph 

Panchromatic. Vacuum film backs were used to obtain a flat and repro­

ducible film plane. The camera was bolted firmly to the bubble chamber 

to avoid any shift of the optical axes with respect to the chamber.

To obtain a reference system with respect to the bubble chamber, 

special grid marks were placed on the inside of the chamber windows. 

These consisted of .0005 inch diameter to .0015 inch diameter glass 

beads suspended in an epoxy resin. Their index of refraction was 1.92, 

hence they scattered the light effectively at large angles, even though 

the index of refraction of the resin was 1.51. The suspension was ap­

plied to the windows with a #27 hypodermic syringe needle mounted on the 

traveling arm of a precision shaper. The resin was then cured at 6o°C- 

With this method grid marks .010 inches wide were deposited 2.000 2.002 

cm. apart.

The expansion system of the chamber consisted of an air-driven 

aluminum piston moving a hydraulic fluid supporting a rubber diaphragm 

which separated it from the liquid xenon. Initially the chamber was 

filled with xenon by distillation from the reservoir tanks until only 

3..5$ of the chamber volume contained vapor (the remainder being filled 

with liquid xenon at-21.5°C.). At this point the diaphragm rested on 

the perforated steel plate and the piston was at its extreme lower posi­

tion. Hydraulic fluid was then introduced until the vapor volume had
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r-ïuccd. to 2,5% of the chamber volume, Compressed, air at L30 p.g i.g 

then entered through four Barksdale valves, forcing the piston up and ccm- 

pxeteiv compressing the remaining vapor since the vapor pressure of xenon 

is 370 p 8,1. at -fl.5^;. Upon initiation of expansion, the air under 

th.- piston was opened to the exhaust system by the Barksdale valves. The 

-'er pressure on tee liquid xenon forced the piston down to is 5 lo^r 

bumper, thus increasing the volume of the liquid by 2.5% and bringing it 

into the necessary superheated and sensitive state. After the expansion 

the xenon was recompressed by opening the Barksdale valves to the com­

pressed air supply and thereby raising the ^ston.

The refrigeration or the chamber was accomplished by circulating a 

brine through cooling plates attached to the exterior of the chamber.

brine, consisting of 50% water and 50% ethylene glycol by volume, 

was cooled by a refrigerator. Regulation of the temperature to .1*0.  

was accomplished by a thermostat controlling a 9 kilowatt heater in the 

brine line.

The Xenon Bubble Chamber was operated in a. concrete block house in 

fhe experimental area of the Beva.tr on at the Lawrence Radiation Labora- 

■-ory, Berkeley, California, The 77 " meson beam came from a target in 

the ^est straight section anu ^as used simultaneously by the bubble cham 

ber and a counter- group^J. For the first 60,000 pictures the average 

beam kinetic energy was 1.0 Gey, while the pictures from 60,000 to 

loO,001 had an average beam kinetic energy of 1.1 Gev, except for pic­

tures 104,037 to 106,606 for which the energy was reduced to .8 Gey.

Figure 1. Is a schematic of the bubble chamber electronic system 

and shows how the beam was shared. The majority of the circulating

Beva.tr
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protons in the Bevatron were dribbled into the target in the straight sec­

tion over a period of 50 milliseconds producing approximately 10^ pions 

at the counter group’s hydrogen target in this time. The minute fraction 

of protons remaining was then steered away from the target for 20 to 25 

titLHiseconds and then slammed into it again in less than 10 microseconds 

by the rapid beam ejector (RBE) to produce 8 to 10 pions at the bubble 

chamber. The lower oscilloscope trace in figure 2 shows a typical pattern 

as seen by our beam monitor. The 20 to 25 milliseconds with no beam al­

lowed the chamber to expand with no background from the counter pulse.

The sequence of operation of the chamber with the Bevatron was as 

follows :

1) A timing pulse (I pip) was received from the control room 

initiating a delayed pulse that fired the Barksdale valves. 

The delay was set so that the RBE pulse fell near the bot­

tom of the expansion cycle (upper oscilliscope trace in 

Figure 2).

2) The RBE pulse from the control room initiated a delayed sig­

nal which fired the flashtube approximately 2 milliseconds 

after the pions arrived and triggered the film-winding 

mechanism. The flash tube firing was timed from the RBE as 

there usually was Jitter and drift in the timing between 

the I pip and the RBE.

A scintillation counter monitored the beam entering the chamber. A 

fast scaler, gated only during the RBE pulse, counted the number of pions 

per pulse seen in the bubble clamber. A scaler, in parallel with one 

above, was Installed In the Bevatron control room to allow the Bevatron
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operator to monitor the beam.

2.2 The Scanning Equipment

Once the film had been developed and divided into 400 picture 

rolls, the scanning was carried out at the University of Michigan's 

Randall Laboratory. The scanning machines projected the film image onto 

a scanning table from above at about life size. The projected images 

from the two stereo pictures could be superimposed by means of levers at­

tached to the projectors «

At the time of the film exposure, a small area on each frame was 

exposed to light. Upon development these spots were used to control an 

automatic film stopping mechanism on the scanning machines. When the 

scanner had finished scanning one frame and was ready for the next, the 

film-drive motors were started, advancing the film until the black spot 

on the next frame was seen by a photodiode. The corresponding pictures 

were usually aligned well enough by the automatic stop so that no fur­

ther film motion was necessary. This device greatly increased the scan­

ning speed.

2.3 The Measuring Equipment

Pictures to be measured were projected onto a green, translucent 

screen. By moving the stages to which the film was attached, the meas­

urer positioned the particular point to be measured, on a crosshair fixed 

to the green screen. In this way non-uniformities of the projection op­

tics did not affect the accuracy of the measurements. Two magnifications 

provided both an overall view of the picture and a detailed, view of a 

smaller portion of it. The lower magnification gave an image 1.75 

times actual size, while the higher magnification gave one 4.25 times
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the actual bubble chamber size. All measuring «9? performed. at the 

higher magnification■

Two measuring e:gires were used in the data r^rti ^ The 

film stages in one mea-uring engine were driven by precision screws 

bhat were t: one micron per centimeter . Wang encoders were

e ct^ ehe^d nb- a : ' and. gave the linear positions of tna stages in 

binary numbers - 'nis information., converted ele.ctonical.ly m d--i%.L

form, was automsti tally punched onto IBM cards . To insure. terrez * ' i

version from binary, t-c decimal, two Independent conversions for each 

of the two axes of nc*  ion were always performed and compared electron: 

'-ally before punching was allowed.

The second mea.soring engine used a Ferranti Moire fringe cour*  er 

to determine the Hr? ear positions of the film stage to .0001 inch 

In this system reversible scalers counted the number of fringes pass­

ing a photodiode--adding or subtracting counts depending upon the 

direction of travel of the stage.

One of these fringe detectors and scalers was used for each of 

two axes of motion of the stage. The scalers employed dekatron tubes 

automatically givl:g a- -scale of ten. Checks for spurious, addition or 

subtraction of counts were easily accomplished by observing the coor­

dinates of the center grid mark on each picture before and after each 

event was measured• The coordinates as indicated by readings on the 

cabers were pinohei on IBM cards.



III. DATA REDUCTION

3 1 Scanning and. Measurement

The reactions of interest in all the studies performed in this 

neson exposure involved V" particles. That is, either a K*  or a /f 

was present in all the pictures of interest. Thus the pictures were 

scanned for V° particles, their origin, their associated reactions 

and their associated strange particles. Any V9 particle found was 

sketched on a scanning sheet and recorded on a scanning tally list. 

The sketch included the TT- interactions which could be the production 

points of the V*  particle; the bubble density of the tracks; notes indi- 

sating whether the legs of the V stopped by ionization, interacted, or 

vent out of the chamber; and the number of incoming beam tracks.

The reactions of TT- mesons in the Xenon Bubble Chamber which re­

sulted in the production of particles were classified in the follow­

ing way:

i) 7T-+ Xe ---- » A' +
/O , Iv = + ^uci.eons 

A Xe ------f h

L-^ A0 * y

3J „ a0 -+ K ' t hxclêoms



12

4) p~ + Xe —> £° + K ^ +- nucl£»ms

*—o A°

* fr°" 1) 2) were combined in all studies

interactions resulting in the production of 2 Vparticles, 

from the reactions 3) and 4) were combined in all studies of

of

Interaction producing one V°particle and one charged strange p 

de. This division was prompted by the supposition that the A° 

ed in reactions 3) and 4) were produced by f interactions with
detect-

inside the target nucleus.
protons

tion of the /\D
aO

Thus there was no guarantee that the polariza-

so produced would be the same as the

produced via reactions 1) and 2). A difference 

was in fact found (See Chapter VT).

The staff and the graduate students of the bubble

polarization of

in polarization

chamber project
scanned the first 86,000 pictures while professional scanners scanned

the frames from 86,000 to 160,000.

several persons.
Many of the film rolls were scanned by

events were missed.
By comparing the results, it was shown that very few

note, however, that the scanning efficiency does not

affect the value of of, as found by this experiment.

The measuring method employed was that of corresponding points. 

That is, the same point or bubble was measured in both of the stereo 

views. The large stereo angle (35°) allowed much better measuring ac­

curacy in depth than the ordinary bubble chamber optical systems. The 

distance between points in the plane of the chamber windows could be de­

termined to within t .015 cm, while the distance between points on an
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axis perpendicular to this plane; could be determined to within A «03 cm

On each view the center grid mark on the front window was measured 

at the beginning of each measurement to provide a reference point in the 

chamber. This grid mark was the origin of a coordinate system in which 

all events were calculated. At the end of each measurement two other grid 

narks were measured on each view to check for rotations of the film. 

Then the center grid mark was remeasured to check the encoders or fringe 

counters.

Ali V° events were measured in the frames up to 105,000. From 

105,000 to 160,000 only V°particles from beam interactions were measured. 

Only obvious scanning errors were disregarded. Examples of these would 

be: neutron stars with three charged prongs one of which could only be 

seen under high magnification, scattered beam tracks simulating V°’s, 

or interactions V°’s. The space coordinates of each point measured were 

calculated from the data on the IBM cards by an IBM 650 computer during 

the first half of the experiment and by an IBM 704 during the second half 

of the experiment. From the space coordinates and the coded remarks 

about each point, the computer calculated the following:

1) Ranges of V° legs

2) Length of flight of V°

3) Direction cosiness of pion beam track

4) Direction cosines of V° path

5) Direction cosines of V° legs

6) Angle between the plane of the V° legs and 

the V° path----- the coplanarity angle

7) Total opening angle between legs of V°
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8) Angle between each leg and the V° path

9 ) Angle between the V path and the beam direction

10) Check quantities to check the operation of the 

measuring engine and the computer.

The above were printed in a convenient form for each event measured. 

3.2 Analysis of Events

The range-energy relations for the various particles were calculated 

by Professor George Trilling using the Bethe-Bloch formula and parameters 
as given by Sternheimer^ and Walske^. These calculations were 

checked by measuring the range of the pions from five Km decays at 

rest in which the JT+ came to rest in the chamber. Good agreement was 

found between the predicted and the measured ranges.

Using the range-energy relations along with the kinematical rela­

tions for the decay of /\° particles, the following graphs were drawn:

Graph 1) Range of proton (Rp) vs. Range of pion (Ry) 

for various total opening angles between the 

A° decay products ( ) ;

Graph 2) Range of proton (Rp) vs. total opening angle between

the A° decay products (6^), for various angles 

between the proton and the /\D path (@p) ;

Graph 3) Range of decay pion (Rk) vs. total opening angle 

)3 îoy various angles between the pion and 

the V path (Ay) ;
Graph 4) Angle between the pion and the b\ path (© ) vs. 

the angle between the proton and the path (Ap), 

for various t\ momenta and angles between the pro-
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* ton and. the path in the /C rest frame •

Using the range-energy relations and the kinemetical relations 

for the decay of K° mesons, the following graphs were drawn:

Graph 5) Range of decay pion (R^) vs. the total open­

ing angle between the K° decay products (©K ) » 

for various angles between the decay pion and the 

K° path

Graph 6) Angle between one decay pion and the K° path (6ti) 

vs. the angle between the other decay pion and 

the K° path , for various K° momenta and an­

gles between one of the pions and the K° path in 

the rest frame of the K° meson (e?) •
Three classes of events were defined for the purpose of analysis :

Class 1) Events in which both decay products (i.e., legs) of 

the V° stopped by ionization in the chamber;

Class 2) Events in which one leg stopped by ionization, and 

the other leg left the chamber or interacted before 

leaving the chamber;

Class 3) Events in which both legs left the chamber, or one 

leg interacted and one left the chamber, or both 

legs interacted before leaving the chamber.

Each of these classes was analysed in a slightly different manner. The 

class in which both legs stopped by ionization contained more information 

than was necessary to determine if an event was a A? . For instance, 

the range of the pion and the proton uniquely determined the total open­

ing angle,, without the necessity of knowing the proton -/C angle,
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eP or the pion - angle, 8^ .
Analysis of events in all three classes began with a. check of the 

coplanarity angle for all beam interactions measured. If the V° path 

length was greater than .5 cm and the coplanarity less than seven de­

grees , the event was called coplanar to that interaction and may have 

come from it. If the V° path length was greater than .5 cm and the co­

planarity angle greater than seven degrees, the event was considered not 

coplanar to that particular interaction when there we no obvious measuring 

errors „ If the V° path length was less than .5 cm> the angular errors 

in Opt or ©ip,) and °r ©wa) were large and the final decision had to rest

on subsidiary information such as the bubble density of the decay pro­

ducts , the comparison of the calculated with the measured quantity 

if possible, and the evidence for an associated strange particle from that 

particular origin. The choice of a limit of seven degrees on the coplana­

rity angle was made through an examination of the double V° events (See 

Figure 3) • As a further check the sum of the angles (or ) and

©tt (°r 8-^) had to equal the total measured opening angle £^(or 0^) 

to within two degrees. Further analysis employed the graphs mentioned 

above = ' '

If the event was in class 1) then the total opening angle, , was 

determined from graph 1). The quantity, § , was defined by

g _ (FROM GRApk 1^ -

Oa (^Ieaswûed^

If |S \ — .15, the V° was considered to be real, independent of the co­

planarity angle. The limiting value of & was chosen by inspection 01 

the distribution of S observed for all both legs of which stopped
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path length of the product? enabled one on calculate a maximum total 

opening angle if the 7° w a A7 , since an into ease in length of either 

leg could only decrease 0, . The leg with the sœùlw. angle to the 

path was considered to be the proton and the other, the Ilon If the 

calculated opening angle was smaller than the measured opening angle, 

the event could not be a A/ « * - such a.s the?e were aual,ys?d. as

K-- meson decays If the calcula’ed opening, angle was larger than the 

measured opening angle, the ev^c could be either a **•  or E° decay. Since 

the range of only one of the decay products was known, the measured open­

ing angle had to be used to calculate the expected value of the angle be­

tween the stopping particle and the path . Again using the leg with 

the smallest angle to the I? path as the proton, the calculated leg-to-/f- 

path angle from Graph 2) or Graph ? ; was. compared to ’.he measured value, 

and the range of the non-stopping particle was determined from Graph 2; 

or Graph 3). The momentum was found from Graph L) and the angles calcu­

lated. If these angles and ranges were in agreement with the measured 

values, (taking into account the measuring inaccuracies and multiple 

scattering of ’ce tracks), the event was considered consistent with being 

a A9 decay. If they were not in agreement, the event was considered 

to be a possible El decay..

All eventa whether consistent with being a A decay or not, were 

next analysed as K° decays » Using the range of the stopping leg and the 

measured opening angle, Ooiwas calculated from Graph 5) and On a de­

duced. From these angles the K° momentum was determined from Graph 6). 

The range of the non-stopping leg was also found from Graph 5) - If the 
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calculated ranges and angles were in agreement with the measured values, 

the event was called a K° decay. Often events were kinematically consis­

tent with being either a A*  decay or a K° decay. In these cases the 

first differentiating factor was whether another strange particle from 

the same beam interaction was present, the identity of which could be de­

termined unambiguously. If so, the case rested. If not, the appearance 

of the event was, checked in rescanning. When a TT-^-e decay was visi­

ble at the end of one of the legs, the event was classified as a K° 

decay, as a meson is absorbed 99.9% of the timeW. Bubble den­

sity and multiple scattering were used as further checks. In this man­

ner all but a fraction of a percent of the events were identified un­

ambiguously . The unidentifiable events were not used in this study.

The events falling into Class 3) were mainly K° decays. As no 

angles could be calculated to check consistency with a specific origin, 

the coplanarity angle assumed great importance. A check of consis­

tency with A*  decay was possible by using the visible ranges as was 

done with Class 2) events. The momenta were determined using the 

measured angles. A V° momentum greater than 900 MeV/c cast doubt on 

the identification of the event as a K°; and a momentum greater than 

1300 MeV/c cast doubt as to the reality of the event as a K° ; An 

associated and uniquely identifiable strange particle was considered 

as positive identification. The calculated ranges of the decay products 

were checked against bubble density and multiple scattering and the con­

sistency demanded. In this manner all but a few events were unambigu­

ously identified. Those events, the identity of which could not be 

ascertained, were not included in the sample for this study.
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Detection of Proton Nuclear Scatterings

After a sample of bonafide decays had been selected, it ,,

cessary to detect the nuclear 

these- decays. Each event was
scatterings of the protons arising from

rescanned for scatterings at least or
The author performed all the rescanning for scatterings 

ment of all the scatterings found.
and "she measure-

The event to be scanned for scatterings vas placed on the mea,ur^ 

engine and projected onto the green, translucent screen. The

™ 3CaOned tteOUgh a 1-2 cm in diameter and 10 cm long

The rod acted as a cylindrical lens, magnifying perpendicular to it.

axis but 

parallel 

straight

not parallel to it. Thus, when the axle of the rod vas placed 

and over a proton track, any deviation of the bubble from . 

line «as visible. A scattering as small as two degrees vas 

easily discernible; the point of scattering, easily discovered. The 

rod exaggerated the gentle curvature of mütlple coulomb scattering in 

such a vay that single scatterings could be separated from multiple 

scatterings within a length of track .3 cm long

function.

than any

Tte calculated root-mean-square, multiple coulomb scattering

T e <*  -3 « 1- Shown in Figure 5 as a

of proton energy. At a given proton energy, ^;1

sc^terlng angle (See Figure 7), and w la most

°' —Traction of the total scattering angl Thus, the contamination
f the sample by apparent nuclear-scattering event

P±e scattering was considered to be negligible
simulate»! by mui ti -

As a further check on the purity of the

liver elastic differential scattering
scatterings, Vr^ p.r? -r

on» were
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calculate the number of events expected.The proton-silver cross sec­
tions at 17 MeV , 96 138 MeV^^ ^9 and 3^0 correct-

3/
ed by an A 3 factor were -ased. since there were no proton-xenon scatter­

ing cross sections available over this energy range. The 96, 138, and 

30 MeV cross sections were integrated from 5° to 20°, while the 17 MeV 

cross section was integrated from 15° to ^5° e in the frames from 0 to 

100,000, 623 scatterings wers: expected in these angular and energy 

intervals, and 59 scatterings were found. Thus, it was assumed that con­

tamination of the sample by multiple coulomb scattering was small and 

that the detection efficiency was high.

It was also necessary to check the accuracy to which a scattering 

could be measured. 28 scatterings were remeasured and the angles checked 

against the first measurement « From this study it was concluded that 

the scattering angle could be measured to within tl.50» The error intro­

duced in this manner was negligible when compared, to the overall statis­

tical uncertainty in the measurement.



IV. DETERMINATION OF PROTON POLARIZATIONS

4-1 Polarization Scattering

The asymmetric scattering of transverse polarized protons from 
nuclei is well known^. The effect is one of spin-orbit interaction 

between the proton and the whole nucleus. The experimentally observed 

distribution of scattered protons at a given energy, E, can be des­

cribed by

where Vt is the magnitude of the transverse polarization of the incident 

proton, e is the angle through which the proton scattered, is the an­

gle between the normal to the scattering plane and the proton polariza­

tion direction, and S(0,E) is the analysing strength which measures the 

magnitude of the effect at a given angle, 0 . The normal to the scatter 
(17) 

ing plane is defined as

= 3k *
X

where is direction of the proton before the scattering, and is 

the direction of the proton after the scattering. J. Marshall and L.
/ 1 Q X

Marshall have shown further that when the proton spin is up, S(e,E) 

is positive, i.e., the proton scatters preferential to the left.

25
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Although S(ô,E) has been measured for many materials, at many ener­

gies, E, and angles, it has never been measured for xenon as far as 

the author could determine, 

4.2 Analysing Strength of Xenon

To determine, the analysing strength of xenon, S^,E), as a function 

of incident proton energy, it was necessary to determine if the depend­

ence could be extrapolated from data on elements which had been studied 

extensively. To check the feasibility of extrapolating the known data 

into the unknown region, the dependence of S(@,E) on the atomic number, 

A; the nuclear charge, g ; and the spin of the ground state of the struck 

nucleus was investigated;
( 19)Alphonce, Johansson, and TibelV 7 have shown that there is no 

essential difference in S(9;Ey for iron, copper, or nickel even though 

the ground state of copper has a spin of $ while iron and nickel both 

have zero spin ground states, Dickson, Rose, and Salter have shown 

that there is no essential difference in S(9,E) for cadmium, silver, in­

dium, and bismuth. Thus, as far as asymmetric proton scattering is con­

cerned, all nuclei behaved as if they were spin zero nuclei, Kerman, 

McManus, and Thaler • ~ 1 have shown in their detailed analysis of scat­

tering theory that this is exactly what should be expected.

The dependence of S(5,E) on 7 has been discussed by Kerman, McManus, 
and Thaler(20) Application of the expression which they derived showed 

variation in S(e,E) of less than one percent for from 12 to 82. Only 

in the scattering of protons at energies of less than 40 MeV and at 

angles of less than 10° did the effect reach one percent, These angular 

and energy regions, however, contained little if any information^)
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When 3(9,E) at a given proton energy was plotted against A^Q, 

the curves for various elements assumed a similar shape as shown in 

Figure 6. -The data was obtained from J. M. Dickson(15\ The quantity 

is proportional to the momentum transferred from the proton to 

the stuck nucleus. The dependence of s(G,E) on is predicted by 
Kerman, McManus, and Thaler'20’ and shown experimentally by Alpbonce, 

Johansson, and libellé. This dependence allowed the interpolation 

between the existing data for silver and lead to obtain the necessary 

data for xenon.

The program for interpolating the data consisted of: 1) plot ting 

3(9,E) at each energy against QA*  for all elements on which measurements 

had been made; 2) for each proton energy and of -3

the value S(0i,E) for each element against A*;  3)joining these points 

with a smooth curve and determining 8(9,E) for xenon by the intersection 

of the curve and the line^.08. Ata proton energy of 138 MeV, data is 

available on (^2, Al^?, Cu%, ^08, ^08 (15). 99 MeV there

exists data on and Pb^ (1$), «tile at 17Mev(21) and ^MeV^) 

there is only data on Ag^. From the constructed dependence of s(©,E) 

for xenon on angle, 9, and proton energy, the contour raps shown in 

Figures 7 and 8 were drawn. Thus, in each scattering the angle, 9, and 

the energy of the incident proton determined the worth of that scattering 

as an analyser of the proton’s spin direction,

Beaus' of the limited data at $6 MeV and 99 MeV, the shaded area in 

Figure 7 represents a region of uncertainty in S(9,E). At both of these 

energies the interpolation was between C12 and Pb2^. At both of these 

energies 3(9,E) for was positive, while 8(9,E) for Pb2^ negative.
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Thus, the interpolation of the data to xenon might have been in error 

in both sign and magnitude. .

4.3 Energy Loss on Scattering

The data (15,21,22) from which Figures 7 and 8 were constructed 

came from elastic scattering measurements. In practice this meant 

that the counter telescope detecting the scattered protons had an 

energy resolution of±^6 MeV or less, when set to the energy of the in­

cident proton. The main concern was that no low-lying nuclear levels 

had been excited, i.e., levels lying 15 MeV or deeper. Hillman, Johansson, 
(23) and Tyren' have shown that the S(e,E) for 180 MeV protons scattered 

from carbon, with the excitation of 4.4 MeV and 9.6 MeV nuclear levels, 

is similar in sign and magnitude to the S(6,E) obtained when no nuclear 

levels are excited, if © is less than 35° « They have also shown that 

S(e,E) is nearly zero at all angles, ^3 , when levels 15 MeV or deeper 

were excited.
(24)Tyren and Maris'1 ' reported the proton-carbon cross sections for 

the excitation of the various nuclear levels. Happily, out to the first 

diffraction minimum all except the cross sections for exciting the 4.4 

MeV and the 20 MeV levels are a factor of 100 or more less than the 

elastic cross section, i.e., the cross section when no nuclear levels 

are excited. Excitation of the 4.4 MeV level (which became important at 

scattering angles greater than 15°) causes no difficulties as is seen 

above. Excitation of the 20 MeV level is shown by Tyren and Maristo 

be important in the region of first diffraction minimum, but S(S,E) as 

determined from the elastic scattering data is small in this region. 

Thus, events near the first diffraction minimum have small weighting
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Assuming tha^ the**  general excitation and polariza+i>r. phenomena 

are independent of the atomic number as predicted by Xermsr, McManus, and 

Ihaier- -, it deemed necessary eliminate from +he ;&mpia 

- . ,teringc d ;n. mperiei by an energy less of approximately 20 Me? or 

y-tster.

. c _le??ve' if it -.-re possible to determine if there were energy 

at a given scattering, a study was made of the double t- event:

■”:t stopple by i.ürte 1mM, Ph,.

FC-hhp-, -.be chose, vers required to h3.ve beer ar aê-Misted

yatecMoa vtth the oopianarity angles of both v°'s belrg .ha-

“• 80 *“ to have been Idet-ilioi M .

of the A° . The initial «,gy of the proton

'from the), obtained from the proton range and the range-energy

opening angle, 0A , and rhe angle batmen 
A° ®P - vlth the use of analysing graph 2). * 

quantity 6E was defined by

Ae = — E c '

r U «««» 9 ti»-. the angular errors involved ln ds.

rermining t, in a given event it impossible to limit the acceptable 

less than 20 MeV. The decision made to 

Ciminate all events with |6El greater Ohan to MeV. This criterion elim,. 

-, rd «C*  of - he scattering evettr. that. were inelastic by 20 MeV and 10% of 

** ^taring events. 17 events were thus removed from 90 seat,

.---irg vvents in which the proton came to rest in the chamber. Fr-m 

"°*  *hs and Inelastic cross sections^",
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to xenon, it calculated that the 90 events concealed 20 scatterings 

that inelastic by 20 MeV. As 20% if these were eliminated by the 

|ZXE I cutoff, there were yet 16 inelastic scatterings included in 

the "purified" sample.

40 scatteri.ig events remained in which the proton left the chamber. 

from the relative elastic and inelastic scattering cross sections, it 

was calculated that these 40 scatterings concealed eight scatterings 

that were inelastic by 20 MeV. As the proton did not stop in the 

chamber, there was no method by which the eight inelastic scatterings 

could have been gleaned from the sample.

The final sample used to measure the parameter, %(, consisted of 

1.13 scatterings, 28 of which had energy loss at the scattering of 20 

MeV of greater. These 28 events affect the value of the result, OÇ , 

and increase the errors in its d.eter miration.



V. DESCRIPTION OF o< ANALYSIS TECHNIQUE

5.1 Description of A° Decay

For each « decay a coordinate system m defined, m the folloving

way:

A A A 
x = y x g

where is a unit vector in the direction of
the A hyperon and is a unit vector in the

the 7T meson which produced

A° flight direction. A

symbol with "A" over it represents a unit vector which a symbol with a
over it represents any vector. (Note that the Î direction la %» 

axis of quantization for the A° spin

^gure 10 shown this coordinate Sime important angl
sociated with the decay

ton in the laboratory 

ton in the /f rest f;

represents the direr
Q*■em and fp represents the

Starred characters are

direction, ot the pro-

quantlties in the
rest frame; unstarred characta

A and p*  a
the polarazimuthal angle 3

in x, y, a coordinate system. ui
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Figure 10. Coordinate System
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and y all lie in the same plane - the decay plane.

The probability of observing a A° decay with the proton contain­

ed in the solid angle

integrated over all p*  , the probability becomes

Here again the quantity P is the polarization of the hyperons, and 

OÇ is expressed in terms of the complex amplitudes of the S and P 

waves in the decay, as shown in Appendix 8.1.

A+B 
B^

j o.e|oq ± i •

Two otherquantities relating A and B are defined as shown in Appen­

dix 8.1.
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Using these quantities Lee and rangW

the decay proton from a A° hyperon is
showed that the polarization of

+z3P(â;xî

+ yp(â;

This formula is derived in the Appendix.

5-2 ^^^ansye^la^tlon^f^

Inspection of the expression for y ,

the component of the proton polarization
shown above, indicates that

longitudinal in the rest frame.
involving the quantity is

analysis described
The method of proton polarization

in 4.1 is applicable only for transversely 

protons. To obtain the necessary transverse polarization, 

polarization was observed in the

polarized

the proton

of a transverse component of the 

ble because of the invariance of 
formations ^5).

j-aooratory system.

polarization in this
The realization

manner was possi-
the proton spin under Lorentz trans-

Hayakawa( ^has shown, however, that the spin 

variant under Lorentz transformations and that the 

Potent of the spin in the new Lorentz frame is

wa- not exactly in­

longitudinal com-

wnere Vu is the longitudinal

the laboratory system,
component of the proton polarization in

the velocity of the A° la units of the
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velocity of light, and Ap are the magnitudes of and re­

spectively , and V is the proton polarization in the rest frame 

as given in 5.1. An upper limit to the reduction of the transverse 

polarization due to this effect was calculated to be

6 = ( y x (i - Ci- 13^}

where is the reduction in magnitude. The quantity £ divided by 

’■ne transverse component of the proton polarization was less than 

seven percent for/%<.8 and^>300 MeV/c. Thus, this effect was smell 

compared with the other uncertainties of the measurements for every 

event in the sample.

In view of the above result, the simple, geometrical determination 

of the component of V perpendicular to the proton was used. Therefore, 

the transverse component of the proton polarization in the laboratory 

system could have been defined by

Vt = c£px v)x
However, this definition did not take into account one experimental fact 

the proton multiple coulomb scattering before scattering in

a nuclear force field, with the result that their direction at decay was 

not exactly their direction immediately before the nuclear scattering 

occurred.

Hayakawaarrived an expression for the loss of polarization tha 

a spin & particle experiences in slowing from one energy to another. 

When this was applied to protons slowing down in xenon, the maximum loss 

f polarization was two percent, which occurred when 50 MeV protons 
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slowed to 17 MeV.*  The loss of polarization was negligible compared to 

the uncertainties in determining S(6,E). Therefore, the assumption was 

made that the proton’s polarization vector remained fixed in space even 

though the proton’s direction was changed by multiple coulomb scattering. 

The transverse component of the proton polarization at the scattering 

was then defined by

* No events with a proton energy of less than 17 MeV at the scattering 
were included, in the sample.

Vt - ( x v ) Ai

where is the proton direction immediately before scattering.

5.3 The Total Probability for Finding a Given Event Configuration 

From a sample of which decayed via the mode
A° ---- P p "P TT"

the probability that the proton, as observed in the A rest frame, is 

included in the angle between and y*  +- is shown in the Appen­

dix to be

For a particular scattering, the probability that the angle between 

the normal to the scattering plane and the proton’s transverse polariza­

tion lies between the values and t ^^>was shown in Chapter 4 to be

is the magnitude of the proton's transverse polarization. • S(©,E) 

is the analysing strength for the scattering and was determined from the 

scattering angle,@, and the proton's energy, E, at the scattering. 

Cos (j) is defined by

Cera.
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where

I X £ç\

could then

Therefore,

be written

Aü + Vt Vi)} S4 .
a SaBple of whose protons scatter on 

xenon nuclei, the Produit, or observing a given event nonfiction 

within the angular region^*to

Wr, 4») = F(^

| + S%E)[(XiX VJ/ IX



EXPERIMENTAL results

1 522^6

There were 711 j; hyperons, heeeyi^ via the mode 

A"--- > p -y "• •
in the pictures from 0 to 16O,CCO gr*  criteria of 3

ter in. Only -he picfores A?om o to 140,000 were used for the de

cay distribution

These pictures
udies as all possible events were measured in these

645 de«vs that had a noylanarity, angle

of less than seven degrees and Alight length before decay of great-

er than .5 cm Of these, 222 were associated with a %i° msson.

identified under the rales set forth in Chapter I 
60 decays were

associated with mesons decaying via the mode

o o

followed by the decay

This mode was

in the xenon.

dete..,ed when the rays were converted into electron pairs

The id.ü.ificai.i-,r_ of this decay mode was accomplished 

when two to four electron pairs were discovered that pointed to on 

small area in the xenon - that area including no particle interaction. 

The detailed methods of detecting this neutral decay mode have been dis 

cussed in a previous article

130 A accompanied by K*mesons.  The signature of a k' 

meson was a stopping particle, with a rapidly increasing bubble density, 

decaying either into three slow charged yr mesons or into a single parti 



cle that traveled at least 20 cm before stopping. These criteria 

eliminated, if4 mesons from the K"*"sample.

The remaining 233 A decays also came from tt" meson interactions 

but were associated with no visible strange particles either charged 

or uncharged. It was assumed that these !s were associated with the 

long lived mesons. As less than one percent of the T'meson interac 

tions producing associated /f -K^ particles produced additional charged 

particles that left the bubble chamber, all the interactions producing 

.■nly A hyperons were required to produce no additional particle which 

left the chamber.

2 Determination of

The parameter <X could be determined without including the Informa­

tion that P is non-zero. Inspection of the expression for the proton 

polarization given in 5-1 shows that inclusion of the A° polarization, 

P, and the product *P,  increases the weighting of the events. For exam 

pie, if .38 and this information is included. In the analysis of the

scatterings, the error in the results would be reduced to 84% if the 

error evident when c<P= 0. As P cannot be determined before performing 

the scattering analysis, P was replaced by

_ C

where c^p is considered to be a constant, c%F=C. measured

for the three event categories.

The proton angular distribution with respect to the direction



.'i6 m-ücur-A f-r « from /f -K^0 rrod.u. i c c., // -K j: r c4uc t.i oc., 

a:.i " la- ed" /\° picducMoc , is the dlr=c+ i ?r. fligh*  of

- h-- , a'.d K iS i F *-be ' bea.zn dlrecMor. Th- Zl - f r om 130 Z^-k

. 1 gave-

A s. fr—: "8? -Y:-/ ev^-- gave

r. - ;<xP\ - . 38 ± .1° ~ — V cü
* ■*  0Tr^ / ■ ' - f r rc 8?? /• evect- in --ni 1 h there -was r.o other visible strange 

par- i-.le gav?
C , - ( P ) . - - OS" Ï » H

A. difference between (cK F , and. ^P)g "was not surprieirg., but 

th® difference betv%n (<XP;and '5\Pj- vas. not expected. There is nc 

prediction of an effect of this kind. If the difference were real, the 

polarization of rhe /Z produced with Kj mesons would be different than 

■be polarization of the A° produced with Kj mesons. There is a 3 - 5^ 

probability that fetp)_ and (^P)^ came from the same proton distribution 

6.3 Determination of r?^

All. the s in the picture from 0 to 160,000 were scanned for pro - 

hon scatterings . The events were grouped according to the criteria set 

forth in 6.1 ; All A°event? associated with one and only one charged 

particle originating in the beam interaction and leaving the chamber 

were added. t? 'he sample. This inclusion based on the cb-

s-r vat ic :. Tbs' there were no / -K*  events that evidenced, besides the 

K meson, a second charged partic le that originated in the beam inter - 

action and tbV left ^he chamber

The 7^1 / decays in the 160,000 pictures represented. 3480 gm/cm^ 

of pr track in y-r ; r 130 pro'on-nuclear scatter legs were i- ' - d.
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which had an |s(e,E?! > 0$.Figure 11 shows the distribution of 

|S(e,E)| for the scatterings with 40 MeV. Figure 12 shows the

distribution of the proton energy at the scattering. Figure 13 re­

presents the /\*  momentum distribution for events occurring in pictures 

witn less than 16 team tracks.

The statistical method used to express the experimental results wa 

"° Livelihood Method^29’. The probability of observing a par- 

oscular event configuration in the scattering sample is 

4) A <{?

as shown in 5.3. The Likelihood Function, L(o<) is defined by

- 77-71
*nen L(o^) is plotted against the parameter to be measured, oç, the 
value of the parameter at 3^=0 is the most probable value.

In the Appendix g.2 it is shown that it is possible to measure 

me three parameters, ex and S independently, if the A*  decays a 

collated with proton scatterings are uniformly distributed in the an- 
g-e, j/*,  and if the protons from these decays had the measured 

distribution,

f (x?) " (j
- -gara 14 represents the distribution in ^of the 130 scattering 

with I S .05. A X test indicated that there was 30%
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probability that the plotted distribution arose from a uniform one. As 

the 130 scattering events were included in the samples used to measure 

the o<P values for tbe^ fa and A production modes, they 

were assumed to have had the same proton distribution as the larger sam­

ple from ^ich they came. Any measurement of the =< P values using only 

the events containing proton scatterings would have been meaningless be­

cause of the large statistical errors.

In this analysis o<P was considered to be a constant for each of 

hhe three event type groups.

Q =

',^3

Thus p was written

where

and

A

n is the normal to the scattering plane.

fied, giving
This expression was simpli-
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te '“«-^ =vent - the values of S(M),

-A- nnl n inaerted In the expression. The product of all the

P's was the function of L(e^). L(*)  was calculated for 113

events that had |s(e,E)| ».o5 and |^E| £ 

ure 15. The region between = -.38 and

scattering

cal. region where

Ho MeV, and is shown in Fig-

38 is a non-physi-
o< is less than W; that is, the polarization of the

sample, P, is greater than one

Crawford, et al/^O)
- a physical impossibility

> reported a lower limit for |<x| of

The ratio of the area under L(<*)  between 73 

the area under L(oç) between 0(^73 and +io00
ando<- -1„OO to

is 3.2:1. The ratio
of the area under L(<\) betveeng(.-.59 and -i.oo to the area

under L^) between ««+.59 and <X =4 1.00 is 3.5:1. 

bability tha« O< is negative is approximately 77%.

Discussion of the Result

Thus, the pro-

p

determination that, the sign of < is negative disagrees with 

"'° °' fOlmd Ly et ^'^'5 A negative sign Is also in 

disagreement with the sign predicted by v-A theory W. of

X “ **•'■* “* ty *“« is in agreement, however, with

that found by Birge(33\ Birge found

- .4-5 ± .HO
Unfortunately, the present experiment does not contain sufficient info 

mtlon to decide with certainty whether Boldt or Birge the come, 

result =

The absence of large amounts of observable asymmetric scattering
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Figure 1$. Likelihood Function (113 Events, |s(ô,E)| S'.05)•
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of the protons by xenon nuclei is evident in the distribution of the 

scattering events with respect to . (See Figure 16.) fa is defined 

ty

were n is the normal to the scattering plane and^ is the transverse 

polarization of the proton.

Possible causes for the lack of asymmetric scattering are incorrect 

values for S(^E), inclusion of inelastic events, and inaccurate determina­

tion of S. It is difficult to believe that construction of the S(©,E) 

map (Figures 7 and 8) is much in error, especially for proton scattering 

energies greater than 120 MeV where good data on silver were available. 

Only with measurement of the asymmetric scattering of protons on xenon 

can the S(©,E) map be checked.

Inaccurate determination of "n, the normal to the scattering plan, 

for each scattering provides a more plausible explanation for the lack 

of asymmetry in . 76 of the 113 events with |s(e,E)| Pt .05 had 

scattering angles,©, of less than 10 degrees. The determination of the 

scattering plane for such small scattering angles is the sensitive to 

small changes in the vectors defining the plane. 28 of the 130 scatter - 

ings were remeasured to determine the effect of measuring errors on 

the direction of the normal to the scattering plane. It was found that

De measured to ± 20°. Multiple scattering errors, when one 

centimeter track lengths are used to measure a scattering, give the 

same order of error in fa for protons scattering at an energy of approxi­

mately lho MeV.

The inclusion of scatterings accompanied by energy loss of 20 MeV
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Figure 16. (|) Distribution (113 Events ).
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or greater could explain the lack of asymmetry in the q? distribution. 

It was estimated in 4.3 that 28 of the 113 events used the determina­

tion of were elastic by 20 MeV. As these scatterings shov no cor­

relation between the scattering plane and the proton polarization, they 

would contribute a uniform background to the <|> distribution. How- 

^-r, these inelastic scatterings could seriously disrupt the determina­

tion of ex. if they had a scattering angle,©, and energy, E, such that 

a few of them would be heavily weighted. Birge^33) fnimd that thé ' 

scatterings in his sample, that could be definitely determined to be 

inelastic by 20 MeV, had a large effect on his result when they were 

included with the elastic events. Unfortunately in this experiment, 

the angular inaccuracies in determining ^4? and Op, due to multiple 

scattering, did not allow a clean separation of the inelastic and 

elastic scatterings. Thus the effect of the inelastic events could 

not be checked. '

Therefore, it appears that the advantage of xenon's large proton 

scattering cross section is offset to a great extent by the errors 

introduced by xenon's large 2 > which governs the amount of multiple 

coulomb scattering experienced by charged particles,



VII. PROPOSAL FOR A NEW EXPERIMENT

7-1 Basic Considerations

It is assumed that all three decay parameters are to be meas­

ured. The expression for the proton polarization,

4 P (

derived in Appendix 8.1, shows that neither the p nor the K term 

can be measured if the A°’s are unpolarized. The first requirement 

for a new experiment would then be that the /\°s be highly polarized.

The second requirement would be that the A*  momentum be as high 

as possible consistent with obtaining polarized ’s. The high 

momentum would insure a high average proton momentum. A high proton 

momentum would minimize multiple coulomb scattering errors and maximize 

the analysing strength for a given scattering.

The third requirement would be that the inaccuracies in the ». 

ment of the decay angles be small enough so that the proton energy at 

decay can be determined to within i 5 MeV.

The proton energy after the scatteringskould be determined to 

within ± 9 MeV so that the energy loss at the scattering in any 

given event can be determined to less than 15 MeV.

56
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The fourth req^emen,. would be that the ==^.^1^'element hav. 

* 8^> » large range of proton «erg

016 ShOUld short Blattering

maan-free-path. .

7^2
These few requirements will now be discussed in detail

Folarization Requirement

-Bloated in the previous section it 

polarized A" sample to measure â and X
is necessary to have a

in fact, the higher the
polarization the more information there'will be in the 

’ -3® the error In a measurement of « to

nor found when an unpolarized A® sample

scatterings

8^ of the er-

4 «creases the error in a measurement
is studied. An CX.F - 

to 65% of the error found

• These estimates are based o:
when an unpolarized /16 sample is studied 

the formula

f 1" Probability or fi^ .
configuration as defined in 5.3. R is defined by

,q ' rA Polarization can be obtained with ^.s b,

masons. No polarization has been observed in A»’, produced m %-
1 &V '  MW  tare produced „ pith an* *

'/7' - ■1* ' '"hU* r*  ■*«*  on deuterium bar. p

X- ' -0^0 « -p = .55 1 06^\ m tbe ,^rI>

' A° s with an «, - tn + ln



An o-P a. .5 does not appear to be unreasonable to expect in medium 

atomic weight materials. A° !s produced by 1.2 to 1.9 GeV tf"mesons on 

iron/^l) were not polarized. This indicates that for a maximum effect 

the -77- energy should not be much greater than I GeV.

7 -3 A° Momentum Requirement

It is desirable to have a high average momentum as this insures 

a high average proton momentum- From Figures 7 and 8 it can be seen 

that high analysing strengths occur at small scattering angles for proton 

energies greater than 140 MeV. This effect is characteristic of all 

materials.

In this experiment the average /\° momentum was approximately 600 

MeV/c. (See Figure 12.) However, 63% of the scatterings occurred at a 

proton energy of less than 140 MeV. Most of the low energy scatterings 

came from protons with low inital energies since fast protons left the 

chamber in most cases.

Figure 17 shows the product of S(@,E) multiplied by the differen­

tial cross section as a function of scattering angle and energy, it again 

indicates the importance of scatterings at proton energies near 140 MeV. 

It can be seen that if S(©,E) is well known for proton energies near 100 

MeV, the scatterings at this energy will add substantially to the informa­

tion in the experiement.

7•4 Requirement on Energy Loss Measurement

Any scattering which is accompanied by an energy loss of 15 MeV or 

greater shows no correlation between the normal to the scattering 

plane and the proton polarization vector^). Birge found that these 

inelastic events had a large effect on his result. In an accurate de-
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e-mirât i?r -.he A ieaay paramo , their i:'.?luei:.ae t be ail mi 

a red. To eliminate thsee inelastic events if is ^c=«sarv to deter» 

nrp. "he er? er gy ■ f -he prcreo before and afrer the sea tiering *n  nh a :

.-irs-iv ere st ers^h is an energy less st ht v a*,  ehe 50a- -

r.-ieg

hoe ih-n; ; - eneegv car. be dete.-aii^i if toe memo: - .ar ?f -.0 

: h rien art the _ opening angle of she are ko->-r. p-v-.f-».

-' energy is relatively insensitive to sma.il chargee ir. pb.^

peoiig angle. Ire initial proton energy can also be leteimired from 

re op-ring angle and the angle between the /f flight pe th and the pr-

-hl? method is exr-remely sensitive to small obeoges i?. the 

et' n ?ng_e it es estimated that this angle would he be. de-a.t

line: T.c dihin one iagree. Such a recuimement ia near the limit of 

rusant day bubble chamber techniques even when .multiple sca-.taring i<

-es - than one legz es over one cm of track length. hl ven a pr o - 

: - 8" ^0 MeV, the radiation length of the chamber media must be gre 

r ta»? j X -cm it i" i< desired ?-hat the mean projected scattering ang. 
co; I-'-.-' .

icntiaa proton energy coH be measured in a died %, 

her- the chamber le co a magnetic field -f sufficient intensity pc ph, 

proton energy could ce determined before scattering.

Ihe proton e: ergy after the srattering can be deG^minsd from eit. 

ae read dual range of the particle of the curvafii'e of the hra?a m 8, 

asi^lc fit;lï in -rter th^t a 3.00 MeV proton vemi gniy m g medium 

-.0mio weight .materinx, its iimensio.es would have to be on the order 

: d". t? th'-e td^ç :he stopping length of 60 gm/cm". The proton -r- 

old also be de*  arminei with the use of a magnetic fjelc, but the a,c-

luei:.ae
iimensio.es
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°' “ depend, to . 

the orientation of the track with respect to the field. 

7 5 jJaljrBing Strength Requirement

The higher the analysing strength for a given scattering the mo:

analysis^ s:

is al%

' ‘ scattering angle and enerp, the

“ “* •= atomic number less than 51

" tOT Bovever, the scattering cross
for the lighter elements is much 1,

^B) times the differential
ess than that for xenon. The product

the scattering material to first approximation
scattering cross section is independent

in each ^terlcg ls thus relatively independent 

terial if measuring accuracies are not considered, 

erations are therefore ones of measuring accuracy,

The inherent information

of the scafitering ms,-

The important

number of
siredy and proton energy.

7.6 Pgg.lbU Experimental Methods for Determining the A*

Two detection methods in use at 
present could be applied. to the

problem of determining the parameters; bubble changera and count

+;he inability po measure energy 

'-he acceptable scattering angle

counter techniques involving spark chambers have the advance of col- 

I/O 1 A 'K' rrc, m-. iwV .
in a relatively short time., However, 

loss at the scatterings wuld me%n that 

must fall in a narrow angular region

" degrees. Even vith this st-.™.,
ter ion, %:M.imaoely percent of all the scatterings «uld b
eiaapic by 20 MeV. The

meaau-ements, would not
counter method, while useful f.

in-

obtaining rough
provide a precise determination of the par^
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The employment of a bubble chamber to measure the A° decay 

parameters provides many advantages compared to the counter method, 

out one distinct disadvantage. The disadvantage is the relative 

rarity of the associated production process,

TT N -----£> ± K

with I GeV incident pions.

A suitable bubble chamber liquid with a radiation length greater 

than 100 cm is propane. A chamber approximately two meters in length, 

height, and depth would provide sufficient path length for almost all 

protons to come to rest, if their initial energy was less than 300 MeV. 

The use of propane would allow measurement of the decay angles with 

enough precision so that the initial proton energy could be determined 

to within ± 5 MeV. As the size of the chamber is on the order of two 

times the path length of a 300 MeV proton, no magnetic field would be 

needed - the residual range measurements determining the energy of the 

proton after the scattering. The absence of a magnetic field would 

allow the use of a glass rod in scanning for scattering. This method 

has proven exceptionally good in the present experiment. The method 

is described in 3-3•

The analysing strength of carbon in well known^, 19, 24). pt 

iS S^eat even at small scattering angles. From the proton-carbon scat- 

tering cross section, it is estimated that one proton out of 25 would 

scatter at a useful angle and energy. If there were one A° decay in 

every 20 pictures, the number of useful events would be two per 1000 

pictures. At this rate, it is estimated that 5x10^ pictures would be 

required to measure to an accuracy of ± .12. This estimate is
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f33)based on Birge's measurement of OÇ in a propane bubble chamber ' and 

includes the accuracy gained from using a polarized /\f sample, which h^ 

did not have.

The bubble chamber method of measuring the A° decay parameters i 

an accurate method, but it involves a massive effort. Yet, it appears 

to be the best method available at present.



VIII. APPENDICES

8.1 Derivation of the Angular Distribution and. Polarization
.0

of the Protons from /* Hyperons

Consider a coordinate system for each /f decay that is defined by

| g X

y =
x - ÿ x

A .
where kg is a unit vector in the direction of the jr' meson which pro­

duced the A hyperon and kA is a unit vector in the flight direction.

This coordinate system is show in Figure 10. Assume that the /C 's are 

completely polarized in the B direction, i.e., the expectation value of 

the A spin is one in the ? direction and zero in the x and "y directions

Now consider a new coordinate system defined so that

z'- a; 
I 

x 
/ ’

6'4



where is the direction of the decay proton in the A°rest frame 

A0 spin «ave function can then be described in terms of a linear 

bination of spin along 2 and spin along -1 «ave functions.

. The 

com-

A° = OyO -h Jr J

" S’ “e the flnal »^e «ave fictions (ignoring final state m 

actions) for the spin along ?'and the spin along - J eases respectively 

«nue a and b are the complex amplitudes of the t«o possibilities.

Th-omponents of the A'polarisation in the primed coordinate sys­

tem (% , y , s ) are the expectation values of the A® spin along the 

coordinate axes.

a is the complex conjugate of a. Note also that Pz' = 

and that P/ o.

The spin wave functions,p , and 

of the vector sums of the proton spins
can be expressed in terms

in the z and -z directions, since
angular momentum is assumed to be conserved in the decay. 

Clebsoh-cordon coefficients^), the follo«ing expressions
Using the 

are obtained-,



Vj represents the proton spin wave function for the proton spin along 

£. t the proton spin wave function for the proton spin along - 2.

A is the complex amplitude of the S angular momentum waves in the decay 

and B is the complex amplitude of the P angular momentum waves in the 

decay. The Y's are the spherical harmonics which characterize the orbi 

tal angular momentum spectrum of the decay. In general

where the angles and are respectively the polar and azimuthal angles 

of the proton in the rest frame with respect tothex , y , z co­

ordinate system. Note that Z » k* Thus,

P = (A-

Ç = (_ A + f
and
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Next it is necessary to find the proton polarization in the primed, 

coordinate system; that is, the expectation values of the proton spin 

along x , y , z ' axes.

*

where _ 2^ A+ B
Aa 4-



68

Vf, = (A4 8^]
(l ~ (A^+

where y A * — G*  $"

From these components, the proton polarization vector, 7, 13 frod

V =

This is the expression for V if the

Z hirecrtior ... .

For an incompletely polarized $

iX »

is completely polarited. in the 

sample, the beam is an ire there:
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mixture of spin-up (along ) and spin-down (along -% ) A° wave function.?.. 

If U2 is the probability that the A° spin. is up, and D2 is the probabil­

ity that the f\ spin is down, then the polarization of the is

The decay distribution of the protons from the A ’s with spin up is

1 pfcOTOM / 
S^l AJ I 

while the distribution fork's with the spin down is

and for a partially polarized A sample is

POu/ M

To find the proton polarization when the A° ' s are partially 

polarized, it is necessary to multiply the probability that the A° 

spin is up by the proton polarization for spin-up and to add this t- 

the probability that the A° spin is down multiplied by the proton 

polarization for A0 spin-down;
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Working ou*  ’’ V

ba) U *

is the polarisa* ion of th^ /Ï sampleThe other components behave simi 

la-iy, giving
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8.2 An Analysis Theorem

The question arises whether or not it is possible to determine the 

three parameters, , andjf, independently. To show that It is pos- 

slble to determine them separately, it is necessary to prove that the 

transverse component of the proton polarization arising from one of 

the parameters has a zero average value when projected on the transverse 

components arising from the other two parameters, when the average is 

taken over an unbiased sample of decays.

The proton polarization vector is

The transverse components of the polarization are found by

Vf. = x v)x j

so that the transverse components from the and Y terms are

x zj]x
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First, it is necessary to show that 

averaged over the sample of / decays

(^-Xp)(X; .^|

For a given , as saown in Figure 10,

1 â - -f^*)
such that

rS\ * Æ v * - o

kP ■ t (kp ■ k*  ) are even functions of . Thus, 

for a sample of A decays, distributed uniformly in . V^t>=0

Second, it is necessary to show that ' ^^>=-0 when averaged 

over a sample of A^decavs.

For a given

X* X 4 p * ? s “T (M 

such that "
. an

\ t - o A

A* a
kp - kg is an even function of Thus, for a sample of A* decays, 

uniformly distributed in } -Ot

Third, it is necessary to show that =0 when averaged

over the sample of A decays. is a direction define by
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-4­

- o ' Z 4- (^î "^P; (Ao’f) 
x , * * I I / > I /

If this dot product is weighted by the proton up-dout distribution, 

then

Jo - )(.0^-%)-o

since both %, s und^^ are odd function of . Thus, for a SMtp; 

of A decays which has its decay proton distribution given by

the weighted average of V„t. ^iszero. The distribution, I, 

IS Just the measured distribution.

Therefore, it is possible to measure, independently, the para 

mters CK, p , and S’if the A decays are uniformly distributed 

ln the measured proton distribution.
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8-3 Construction of

42*  , the direction of the proton in the A° rest frame, is a 

unit vector used so frequently in this study that the method of its 

construction will be given.. Figure 18 represents the decay plane of 

the A hyperon. The coordinate system is defined by

y =

l ^-n y I

where kA is the /\° flight direction, and k r is the direction of 

the pi meson from the decaying /\° hyperon. kp is direction of the 

proton in the laboratory system. is the direction of the

pi meson from the decay in the /\° rest frame. Notice that

The Lorentz Transformation gives

a;

where E t is the energy of the ceday pion in the laboratory;is the 

velocity of the in units of G, , the velocity of light;-s (i -, 

k* and k are the magnitudes of the vector ky and , respectively.
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Figure 18, Coordinate System - Decay Plane .



76

hen

such that
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Thus

r in the x, y, coordinate system

- - R(Q*x)x  - t y - R (u

Finally;

CDS V*  =" R (i4.-x)
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