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I. INTRODUCTION

The decay of a spin 3 particle into a spin % +icle ard a spiz zero
particle can be described in terms of the complex amplitudes of *he S ard [
waves in the final state. Let A be the amplitude of the S weve; ard B,
the amplitude of the P wave. As shown in Appendix 8.1,0(, can bs defined
in the following manner:

& = ZAEefBQ , 0flx\2 1 -

o 1is the asymmetry paramefer in decay of a spin 5 particle. The

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

One way to determine whether or nct parity is conzerved in the de-
cay of the A° hyperon, a spin 3 particle(l)y is to observe if *hers iz
any asymmetry in the distribubion of the decay proton momertum with re-

L8]
spect to the spin of the AN . This distribution is described mathe-

matically by
W\ = L{| - «xP¢ '*\\
() = z U= =T X0

w2
where 7(: ie the angle between the /\" spir directicn and the proton
o o

direction in the N rest frame, and P is the polarization of the /h\ .

s H - i O K3
Parity is thought %o be conserved in the f\. produstion proce=s , &

, . o . . -
strong interaction; thus the /N polarization is alwayz perpendicular

to the plane contairing the incoming 7T meson and the oubgein N
] £ & g



hyperon. The direction of the polarization of the A’ can be defined
by: ~ N

/aigg X ﬁkr\

&, x &

AN _ /\
where j%e is the direction of the incoming Tt meson, and Jk« is the

Al

(4

direction of the outgoing /\ hyperon.
o .
The observation of rarity nonconservation in the /\ decay process(3)
raised the interesting question of the magnitude ang sign of ©OA . How-

eéver, as only the product OdD could be deduced from the distribution

Fe) = £(1= =P eom =)
another experiment was necessary.
Lee and Yang(h) have pointed out a clever way to express the polari-
zation of the nucieéns from decaying hyperons in terms of the parameter

L and the Polarization of the /Q’ - In the present experiment the

decay mode
N— P+ n-

was observed in a Xenon Bubble Chamber ang the proton Polarization deter-
mined by studying the asymmetric scattering of the protons by xenon
nuclei(S), Thus it was first necessary to select g sample of /\? decays
as observed in the Xenon Bubble Chamber. Second, it Was necessary +o

Scan each decay proton for scatterings by xenon nuclei. Third, it was ne-

31gn and magnitude of o\ was then accomplished within the limits of the
suabistiacgl uncertainties and biases of this experiment.



II. EXPERIMENTAL EQUIPMENT

2.1 The Xenon Bubble Chamber

The particle detection apparatus used in this experiment wes &
Xenon Bubble Chamber. The properties of xenon, making it valuable as a
bubble chamber liquid, have been discussed elsewhere(é), The prineci-
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 s
high density one can expect & short nuclear-scattering mean-free -path.
Thus, in combrast to a light liquid chamber, a larger proportion of the
protons from the decaying /@ hyperons undergo scatiering 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
for the proper operation of xenon 83 & bubble chamber fluid(7)u Figure
1 is a schematic cross section of the Xenon Chamber, as it sppeared ir
the suﬁﬁer of 1958, showing the nrecessary details. Note that the sepsi-
tive volume was cylindrical, 12 inches in diameter and 10 inches long.
Dark field photography was accomplished by using a beam of paraliiel
light passing through the chamber. The camera lenses were positioned
outside the light beam at-an average stereo angle of 350° A Ceneral
Electric FT-230 flash tube positioned at the focug of s 12 imch diameter

condensing lens provided the illumination with a light pulse cf 100
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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 Angulons
with a focal length of 65 millimeters stopped down tc £/45 o obhtain the
necessary depth of field. The film was 7O millimeter Kodak Linagraph
Panchromatic. Vacuum film backs were used to cbtain a flat and repro-
ducible film plane. The camera was bolted firmly to the bubble chamher
%o avoid any shift of the optical axes with respect to the chamber.

To obtaln 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 .001l5 inch diameter glazs
teads suspended in an époxy 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 6C°C.
With this method grid marks .010 inches wide were deposited 2.000 T .00z
cm. apart.

The éxﬁansion 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. Ipitially the chamber was
filled with xenon by distillation from the reservoir tanks until caly
3.5% of the chamber volume contained vapor (the remaiQAer being filled
with liquid xencn at—21,500.). At this point the diaphragm res%zd on
the perforated steel plate and the piston was at its exbreme lower posi-

tion. Hydraulic fluid was then introduced until the vapor vclume had



beez rziuced to 2.5% of the chamber volume. Compressed air =7 L30 p.g 1.5
then ertered through four Barksdsle valves , forcing the piswor up snd ~om-

pistely compr=azing the ramaioing vapor since the vapor pressure of ¥auon

12 270 pos.i. &7 21 857, Upor initistion of Zxpansion, *he air wiler
“he pleton was opensi 1,0 the axhaust system by the Barksdals valves. The
VRN prassurs o trs liquid reror forced the pistor dove te 143 lower
bumper, “nus 1ncreszing the volume of the liguid by 2.5% aznd brirgin Z in

inmo the nersssary superheated axnd sensitive shgte. Afrear thre 2xXpansion
the xenon was recompressed T v opering the Barksdale valvesz +o the com-
prezged alr supply and Shareby raiging the p.s%o0r.

The refrigerabtior of the chamber was azcomplished by circulaiing s
brize through zocling plates attached to the exterior of +thz chamber.
The brins, wonsistirg of 50% waher and 50% ethyleze giyzol by volume,
was cooled by a refrigerator. Regulation of the tempersture to .1770

we.s accompiished by s thermoata: controlling a 9 kilowst' hester in the
brive lire. o

‘The Xeron Bubble Chamber was operated in a concrete block houze in
tha experimental ares of the Bevatron gt the Lawrence Radiati-n Labora-

tory, Berkeley, Califorria. The 777 meson beam cawe from s target in

the wast straight section sn. +ms used simultanesusly by the bubble cham-

@

bzr awd a counter group{ ). For the first 60,000 pictures +he aversge
beam kinetic energy was 1.0 5&V , while the pictures from €C,000 4o
160,000 had &z everage beam kinetic snergy of 1.1 Gev, axter for pic-
tures 104,037 to 106,606 for which the energy was reduced to .8 dev.
Figure 2 is a schematic of the bubble chamber elez

Trapic svetenm

zd shows how *he bzam was shsred, The majority of the cirewis:
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Figure 2. Schematic of Bubble Chamber Electronies



protons in the Bevatron were dribbled into the target in the straight sec-
tion over a period of 50 milliseconds producing approximately lO5 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
milliseconds and then slammed into it agaln in less than 10 microseconds
by the rapid beam ejector (RBE) to produce 8 to 10 pions at the bubble
chamber. The lower oscillotio,e trace in figure 2 shows a typical pattern
as seen by owr 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).
Trhe 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 timedfrom the RBE as

 there usually was Jitter and drift in the timing between

the I pip and the RRBE.

A scintillation counter monitored the tLeam entering the chamber. A

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

per pulse seen in the bubble chamber. A scaler, in parallel with cne

above, was installed in the Bevatron control room to allow the Bevatron



operator to monitor the beam.

2.2 The Scanning Equipment

Once the film had been developed and divided into 40O picture
rolls, the scanning was carried out at the University of Michigan's
Randall Laboratory. The scenning machines projected the film image onto
a2 scanning table from above at about life size. The projected immgss
from the two stereo pictures could be superimposed by mezns of levers at-
tached to the projectors.

At the time of the film exposure, a small area on each frame was
exposed to lignt. Upon development these spots were used to control an
automatic filr stopping mechanism on the scanning machines. When the
scanner had finished scanning one frame and was ready for the next, *+hs
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 go 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 rrojected onto a green, trapslucer®
screen. By moving the stages to which the film was attachaed, the measz-
urer positiomed the particular point o be measured on 8 crosshair fixed
to the green screen. 1In this way non-uniformities of the projestion op-
tlcs did not affect the accuracy of the measurements. Two magnificatiors
provided both an overall view of +%he picture and a detailed view of a
smaller porticn of it. The lower magnification gave an image 1.75

times actual size, while the higher magrification gave one 4.25 times
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ITI. DATA REDUCTION

2.1 Scanning and Measurement

The reacticns of interest in sll the studies performed iz “his
. > . < o]
=son exposure involved vV particles. That is, either a K° or a A
w258 present in all the pictures of interest. Thus the picturas were
) p . . . . . e s
scamed for particles, their origin, their associsted reac<ions
. . . 2 . ‘
and their associated strange particles. Any \/ particle found was
sketched on a scapning sheet and recorded on s scamning tally 1is*.
The sketch included the T interactions vwhich could be the produchion
. \v/° . ; a. < Ny . o
zoints of the particle; the bubble density of the tracks; wot=zz inpdi-
. ; \/9 \ . ) . e
ating whether the legs of the . stopped bty icnization, irteranizd, or
went out of the chamber; and the number of incoming besm +racks.
The reactions of “T7 mesons in the Xenon Sibble Chamber which te-
. . o . - s L YL
zulted in the production of A particles were clazsified in whe Foll yw-

ng way:

PR v wlri =aaC
) T+ Xe — /\a + K FoNuCLEeNS
o © L AWM CLEONS
- -ﬁ- K T
2) 7+ Xe —v 2
\'t__~47 /\0-)-”5/

)\ o, et  CLEDN
3 m-aXe — A% KT nueLEoRs
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l-[—) n-+ Xe b £°+ K ¥+ NucLesns

. AN +Y

A's from the reactions 1) and 2) were combined in all studies of v~
interantions resulting in the production of 2 voparticles., /\o 'S
from the reactions 3) and 4) were combined in all studies of Tr ~
interaction producing one \/oparticle and one charged strange parti-

2le. This division was prompted by the Supposition that the /\o detect -
€d in reactions 3) ang 4) were produced vy 4 interactions with protons
inside the target nucleus. Thus there Was no guarantee that the polarizg-
tion of the /\D so produced would be the same ag the polarizatiom of

/\° produced via reactionsg 1) and 2). A difference in polarization
was in fact found (See Chapter VI).

The staff and the graduate students of the bubble chamber project

scanned the first 86,000 pictures vhile professional scanners scanned

the frames from 86,000 to 160 »000. Many of the film rolls were scanned by
several persons. By comparing the results » it was showun that very few
events were missed. Note, however, that the scanning efficiency does not
affect the value of A 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 t,he stereo
views. The large stereo angle (35°) allowed much better measuring ac-
curacy in depth than the ordinary bubble chamber optical systems. The
dis*ance between points in the plane of the chamber windows could be de-

termined to withip % -015 cm, while the distance between Points on ac
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axis perpendicular to this plane: could be determined to within *£-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
marks were measured on each view to check for rotations cof the film.

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

All \/° events were measured in the frames up to 105,000. From
105,000 to 160,000 only Vo particles from beam interactions vere nmessured.
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 vP's,
or interactions VO'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 TBM 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 rarticles were calculated
by Professor George Trilling using the Bethe-Bloch formule and parameters
a3 given by Sternheimer(g) and Walske(lo). These calculations were
checked by measuring the range of the pions from five K T2 decays at
rest in which the TT"’ 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 A° particles, the following graphs were drawn:

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

for various total obening angles between the
N decay products ( & N )
Graph 2) Range of proton (Rp) vs. totalopening angle between
the /N decay products (9,\) » for various angles
between the proton and the AP path (GF) ;
Graph 3) Range of decay pion (Ry) vs. total opening angle
(B ); for various angles between the pion and
the A°path By);
Graph L) Angle between the pion and the N° path (en.) Vs,
the angle between the proton and the N path (QP),

o
for various /\ momenta and angles between the pro-
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ton and the N path in the N 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 plon (Ry) vs. the total open-
ing angle between the K° decay products (Ek);
for various angles between the decay pion and the M
K® path Bp2);
Graph 6) Angle between one decay pion and the K° path (Omi)
vs. the angle between the other decay pion and
the K° path (Byp), for various K° momenta and an-
gles between onme of the pions and the K° path in
the rest frame of the K° meson (e’.,*r).
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 ih 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 /\o . For instance,
the range of the pion and the proton uniquely determined the total opeun-

ing angle,@), , without the necessity of knowing the proton _/\o angle,
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eP , or the pion - /\p angle, e-".

Analysis of events in all three classes began with o. 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 ca}led 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 ep(ore,,,) and Qn(or Oy3) were large and the final decision had to rast
on subsidiary information such as the bubble density of the decay pro-
ducts, the compariscon 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 eﬁ(or Sy,) and
O (orOy2) had to equal the total measured opening angle &, (or )
to within two degrees. Further analysis employed the graphs mentioned
sbhove. o

If the event was in class 1) ther the total opening angle, @,\ , wWaz
determined from graph 1). The quantity, § , was defiued by

g _ e,\ (From Gragh 1) — S (Mensuen)
O (Mensuren)

1r |8 | £ .15, the V° was considered to be real, independent of the co-
plansrity angle. The limiting value of S was chosen by inspection oo

: . . . 0
the distribution of & observed for all /\'5 both legs of which shopped



17

30

28 +

20 I

6 |

NUMBER,

A S

! __‘—l_
e .

0 2 4 é 8 /0 z " 16
DEGREES

- _ s
Flgure 3. Distribution of Coplanarity Angle (105 N°-X° Events)



L

9}

cay.
0

he backg

-+
-

18
wnembiguous KC de

lapar,

&

j @)
[»)
-

oy

szed

jouk

Lo
i

J
2PN

o
\

B

o3

X,
\

)
oA

g
Iy

s

Ry

!

2,08

T am

“ion
mined

r=a2d from

i
1
A

s

HIBRET=)

3 67 3 WAL

ot o

dete
4

or each ever

=)

multipl

mea, sy

zLurat

&

%
N were thern deie-

4

A measursad as

r2 from
s from

more
in
a7

A

v
="

ded s
zevion
andla]i

ovi

Sz mL

-
e

momanT,um

]
j o7

angular arrg

)

e
E
b
s

2) -




19

1 1 1 1 1 1 1

2l 8 h
BIDHNN

Figure 4. Distribution of S (88 Events).

RY

.20

46

AT

8



ps*h lemgth of ths decsy produnt:z 22ablsd ons wn mslzulste & maximm t2%al

- ?

operning angls 1if the g owme a A sirce 57 ipmrasze i Lztgnh of elvther

LT

P S

leg could ouly d=crazass £3, . The leg wiib “his smalless argle 5o the

e

path waz o»slderei‘zﬁ be “he proton z22d the sther, ths ¢

(SN
-
I3
—
rh
ot
=
"

salzulated opasing atgle was

A7)
(15}
B
vt
-
(.“

T *thar *hs messure? Cpering angls,

+he eveant zould no® b 3

A
>
T
.
r=i
o
3
Al
Vi
[y
T
I,
o
e
o
ul
)
»
g
o
1
"\
g
1
-+
3
5
[
&
I
W
o8
o
i

K- mezon dsi3ve Tf the calmulsred operning angle we: larger 7 +he

.‘;.-4.
. - X4 - f. & VO ~z2
n=szured opeting angle, the gwv=r® couli ba eitber a - or ¥ decay. 3Slnce
the rarge of orly ope of the deizy produzts wsz known, The meazursd Opsh-

ing amgls hsd “= bz used 42 caleulass bhe expsctsl valus of the angle he-

£

)

sweern the £4o0ppirg particie sxd <he V' opsth.  Agsin uzing “hs leg with

? . )
~he smaliles* axgle *o the /. pa~h 23 the provoq, th:s ts.oodiabed leg;toj/\-
psth angle from sph 2) or Sraxh 2) wa: ~cmpared no by asasursd valus,
and the rarge of the ron-ztopring pa-ticle was determized from Grsph <)
o Graph 2. The momsobum was fourd frowm “werh b and vhe apgles calou-

[~

1a%ed. If +he:s angles and rangss wsre in agreewert with ths measured

o

vaiues, {takizsg ict2 aszouny the mess.ring inaccuracizs ard malbiple

seatbering of toe tracks the =var* wes wonsidsred cozsisterd with belng

9 -
a M decay. If +hey wers wob ip agresmerns

1
an

rars whd considered

s
ot with being s /v decsy or nob, were

rext analys

“~<,‘
Lﬁ
,:L
I\
o
R
.
L2
)
&
3]
.
o
XA
i
i
Ra
o1
P
-~
)
i
i

g= of the shoprirg leg and the
megsured openirg angle, é)nuwas calceulated from Faph 5) and é%mz,de-
dueed.  From thess argles the kK° momsrtum was determined from Graph 6).

The range f the ron-stopping leg was slso frurd from Graph 5)., If *



21

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 /\o decay or a Ko 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 80, the case rested. If not, *he appesrance
of the event was checked in rescanning. When a Tryk‘e-decéy was visi-

. ble ét the end éf ane of the legs, the event was classified as a K°
decay, as a Jr meson is absorbed 99.9% of the time(ll)o Bubble den-
sity and mul@iple 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 /P decay was possible by using the visible ranges as was
done with Class 2) events. The momenta were dete:mined using the
measured angles. A V° momentum greater than 900 MeV/c cast doubt on
the identification of the event as a K°; and & 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 congidarad
as positive idenmtification. The calculated ranges of the decay products
were checked against bubble density and multiple scattering ard the con-
sistency demanded. In this manner all but g few events were unambigu-
ously identified. Those events, the identity of which cculd not be

ascertained, were not included in the sample for this study.



3.3 Detection of Proton Nuclear Scatterings

After a sample of bonafide /V’ decays had been selected, it wasz pe-
cessary to detect the nuclear scatterings of the Pro%ors earising from
these decays. Each event was rescanned for scatterings at lesast croe.
The author performed all the rescauning for scatterings apd +he meQRUre -
ment of 211 the scatterings found.

The event to be scanned for scatterings was Plsced on the measurire
engine and prejected onto the green, translucent soreeg, The proton
“rack was scanned through a glass rod 1.2 ¢m in diameter and 10 op long.,
The rod acted as a cylindricsl lers, magrifying perpendicular to i+s=
axis but wot paralle] to it. Thus, wher the axis of the rod was Ilaceqd
parallel and over g proton track, any devistior. of the bubble from g
straight line was visible. A scattering as smgll gs two degrees wes
easily.discernible; the point of scattering, easily discovered. The
rod exsggersted the gentle curvature of muitiple coulomb gscattering in
such a way that sinale scatterings could be separsted from nultiple
scatterings within a length of track -3 em loug.

The calculated root-meaa-square, miltiple coulsmb gcathering
angle(lg),égﬁﬁs, over & distsnce of -3 om is showr ir Figure 5 g3 a
funetior of proton energy. At a given proton ensrgy, é%@msm&& BmE L Lay
than any usefyl zesvberieg argle ! See Figurs 7}, and wes in WMOEY ras ez
% small frsction of the total scattering argls, Thuz, the cortamingtion
~f the sampie by apparent nuclear-seafﬁering events simuised by muléa-
ple scattering was considered to be negligible,

A3 5 furthzr checn oL the puri‘y of +he szatnerings ) the provtox -

Allvar elsstin differ=ntial SCattering tross gaciiors Ware mard hn
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calnulate the onumber of evernts expectsd. The protor-silver cross sec-
vions st 17 Me:fl? 96 M=V ( :, 138 Mevkl5), and 340 Mev(l6) correct -
aé by an L7F fac:orvue:a wzed, since thers wWere no protorn-xenon scatter-
ing crozs sechions available over Shis snergy range. The 96, 138, and
30 MeV cross sections were irtegrated from 50 £0 200, while the 17 MeV
cressy seawion wze integrsted from L5 o L5, In the frames from O to

105,000, 62% 32 zcatiarings wve

41}

31

: 2xpectet 11 these angular and snergy
intervals, and 52 scatferings were found. Thus, it was assumed that con-
samizgbion of the sample by miltiple ccuvlomb scattering wes small and
that the de ion efficiency was high.

it was si8c necesiery Lo check the accuracy 4o which & scattering
could be messured. 28 scatterirgs were remeasured and the angles checked
against the first measuremert. PFrom this study it was concluded that
+the scatiering angle couid be measursed to within.rl.S The error intro-
duced ip this manner Wwas aegligibls when compared to the overall statis-

ticsl uncerteinty in the measurement.



Iv. DETERMINATION OF PROTON POLARIZATIONS

4.1 Polarization Scattering

The asymmetric scattering of transverse polarized prrotons from
nuclei is well known(5). 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
Flve, 5.0 = sh(1+ Ve S@8 < $) -

where Vi is the magnitude of the transverse polarization of the incident
proton, © is the angle through which the proton scattered, qD is the an-
gle between the normal to the scattering plane and the rroton polariza-
tion direction, and S(O,E) is the analysing strength which measures the
magnitude of the effect at a given angle, © . The normal to the scatter-

(D)
ing plane is defined as
A N\
A = B X ’%*F
- A A
| %: x '&4‘
A

A
where Jkg is direction of the proton before the scattering, and ﬁ?;is

The direction of the proton after the scattering. J. Marshall and L.
Marshall(ls) have shown further that when the proton spin is up, S©,E)

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

25



Although S!B,E) has been mensured for many materials, st many ener-
gles, E, and angles £, it has cever been measured for xenorn as far as

the author could determirsz.

h.2 Analysirg Strezgth of Xernon

§

To determize ths azalysing sirength of xspon, S&,E), as a function
of inziden® proton <zergy, 1% was zecessary to determire if the deperd-
erce could be extrspolated from data or elemerts whizh had been studied
extensively. To zhasck the feasi®ility of extrapolating the krowr data
irto the urnknowr rsgiorn, the dependeuce of S'G,E} on the a%omic number,
A; the puclear charge, 7 ; ard the spir of the ground sta*e of the s<ruzk
pucleus was investigated.

(19}

Alphonce, Johansszon, and Tibell have shown that there is wo

essential differerze in S{& E, for iron, ~opper, or nickel evsc though

2
the ground state of copper hag a spin of % while iron and nickel both

, - 17}
have zero spin grourd s*ates. Dickson, Ros=, and Da;ter( *J have shown
that there is no sszential differerce in S{6,E) for cadmium, silver, iu-
dium, and bismuth. Thuz, as far as asymmetric proton scattering is con-

(A A

cerred, all nuclei behaved ss if they were spin zero nuclei. Kerman,
McManus, and,Thalerigo} have shown in their detailed snslysis of sca%-
tering theory tha% thiz is exachly what should be expected.

The dependence of S'2,E) on Z hss been discussed by Kermar, McMaﬁus,
and Thaler(go)e Application of the expression which they derived showed
varistior in S(€,E) of less than one percent for Z from 12 to 82. Orly
in the scattering of pretons a% evergies of less than 40 MeV and st

angles of less than 10° 4id she effect reach one percent. These angular

PR
and energy regions, howsver, contalned little if any information‘al);
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When S(0,E) at a given proton energy was plotted against A%O,
the curves for various elements assumed a similar shape as shown in
Figure 6. “The data was obtained from J. M. Dickson(lS)° The quantity
A%G is proportional to the momentum transferred from the proton %o
the stuck nucleus. The dependence of S(6,E) on A%Q is predicted by
Kerman, McManus, and Thaler(eo) and shown experimentally by Alphonce,
Johansson, and Tibell(l9). 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)plotting
S(Q,E) at each energy against QA% for all elements on which measurements
had been made; 2) for each proton energy :z-i volne N @gsxm‘gg CatE e
the value S(0:,E) for each element against és; 3)joining thése points
with a smooth curve and determining S(9,E) for xenon by the intersection

]
of the curve aund the line éi=5.08. At a proton emergy of 138 MeV, data is
available on Clz, A1127, Cu63, Agloa, and Pb208 (15)5 At 99 MeV there
<xists data on 012 ana P20 (15) .0l 17 Mev(2L) gna 4o5 Mey(22)
there is orly data on Ag108. From the constructed deperdence of S(Q,E)
for xenon on angle, ©, and proton energy, the contour maps shown in
Figures 7 and 8 were drawn. Thus, in each scattering the angle, e, and
the energy of the incident proton determined the worth of that scatbering
28 an anslyser of the proton's spin direction.

Because of the limited data at 56 MaV and 99 MeV, the shaded sres in
Figure 7 represents a region of uncertainty in S(6,E). At both of these

energies the interpolation was between cl2 and Pb208u At both of these

o 12 . 3 P08 , £
ensrgies S({9,BE) for C-° was positive, while S(QyE) for Pb was negahive.
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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 engrgy of the in-
cident proton. The main concern was that no low-lying nuclear levels
nad been excited, i.e., levels lying 15 MeV or deeper. Hillmen, Johansson,
and Tyren(23) have shown that the S(©,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 arnd magnitude to the S(B,E) obtained when no nuclear
levels are excited, if © is less than 350° They have also shown thst
S(ELE) is nearly zero at all angles, @ , when levels 15 MeV or deeper
were excited.

Tyren and Maris(EA) reported the proton-carbon cross sechtions for
the excitation of the various nuclear levels. Happily, oubt to the first
diffraction minimum all except the cross sections for exciting the L.k
MeV and the 20 MeV levels are a factor of 100 or mere less than the
elastic cross section, i.e., the cross section when ro nuclear levels
are excited. Excitation of the 4.4 MeV level (which became important st
scattering angles greater than 150) éauses nc difficulties as is éeen
above. BExcitation of the 20 MeV level is shown by Tyren and Mariﬁ(gh) to
be important in the region of first diffraction minimum, but S8,E) ss
determired from the elsstic acattering data is smsll in this regior.

Thus, events near the first diffraction minimum have small weighting
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Yo Xeecn, it wmz 2zicndlated that the GC events concealed 20 szatterings
that were inelashbic by 20 MeV. As 20% if these were eliminabted by the
Yy .

IANE|  cutoff, there were yet 16 irelastic scat%erings included in

uQ zestnering events remained in which the proftor left the chamber.
Feom tha relaefive elastic and inelsstic scattering cross s=ctions, it
wes crlcuizted  thzit these 40 sca*ierings corncealed eigh® scabiterings
that ware laelastic by 20 MeV. As the prohon did not stop im The
~hamber, there waz no mechod by whirch the eight 1lnelastic scatterings
couliA have been glesned from The sample.

The firsl zamplie used L0 measure the parameter, ™, coasisted of
113 sestterizgs, 28 of which had energy loss at the scatiering of 20
MeV of greater. These 28 events affect the value of the result, X ,

and increase the srrors in its determiration.



V. DESCRIPTION OF oX_ ANALYSIS TECHNIQUE,

5.1 Description of A° Decsy

For esach /\° decay a coordipate System wss defined ir the foliowing
A
R\
N,

A

way:
]

A
Z:

X
o % Al

= [

X
1)
o>

A

yx 2

x>
"

A
where QB is & unit vector in the direction of the T meson which Produced,

A
o . . P o . .
the A hyperon and &" 18 & unit vector in the /A flight direchioe, A
symbol with "A" over it represents a urit vector, which a symbcl with g
"a" over it represents any vector, ‘Nobe that the  dirsction ig the
. s e AY
axls of quantization for the A spic, ;
Flgure 10 shows this zoordinate system srd ssme lapertart, angles as
N
soclated with +he dacsy. ’4? represents ths directing of the dascay pro-
"
tor. in the laboratory gystem and ﬁf rsrresents the directisn of *the pro-
L Q ; . . e . .
Yoo in the AN rest freme. Starred characters are quaotities in the A

rest frame; unstar-ed charactars are quartities ir. the laboratory sysnem.

/¢
‘>< and ))* ars, respectively, the ralar, szimihsl angles 1.ogt mg J«?{
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andf? 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

‘Q_rf—_MjiéQv{ A v*

> * *
‘R,Q‘,\/*),Q‘m‘: -‘;17—7(!—«\ cot X )&_ﬂ_ .
Integrated over all L)*', the probability becomes

‘ = L % . * *
1[(7\")44&7\*&\* = 7 (\—o&PoOﬁ-”\ )M"\ ﬂQ\
Here again the quantitx_P’is the polarization of the hyperons, and

A 1s expressed in terms of the complex amplitudes of the S and P

waves in the decay, as shown in Appendix 8.1.

o = 2Re ATB
/\1 -+ E32.

Two other quantities relating A and B are defined as shown in Appen-

dix 8.1. ct)_m +
2dm AT
,B: Ali—Bz‘B / Oé]ﬁ\é\

25 _ /\z . EBZ.
%\a + ESZ.
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Using these quantities Lee and Yang(u) showed that the polarization of

o
the decay proton from a N\ hyperon is

_\; = l w |(~oc+ Pmd&*\@? +/BP(?2:X/Z\)

l—dev\

PR n2)  h

This formula is derived in the Appendix.

5.2 Realization of Transverse Polarization of the Proton

—_—
Inspection of the expression for \/ » Shown above, indicates that

the component of the proton polarization involving the Quantity oK ig
longitudinal inp the ,AP rest frame. The method of proton polarization
analysis described in 4.1 4is applicable only for transversely polarized
protons. To obtain the hecessary transverse polarization, the proton

polarization was observed in the laboratory System. The realization

2
formations( 5).
(26) - , . .
Hayakaws, has shown, however, that the Spin was not exactly in-
variant under Lorentz transformations and that the longitudinal com-

ponent of the spin in the new Lorentz frame ig
- ﬁ* A B a -')ﬁ
\\{_ = :Ef;‘v - F;jﬁj; <~>/)<‘4é;’\ (l - (J -)Ci?> >

where V_  is the longitudinal component of the proton polarization inp

~ 15 the velocity of the A° in wnits of the

the laboratory system, /3
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* _\* ——
velocity of light, /&r and ‘OQP are the megnitudes of }af: and ‘%f” re-
——
spectively, and \/ 1is the proton polarization in the /ﬂo rest frame
&s given in 5.1. An upper limit to the reduction of the transverse

polarization due to this effect was calculated to be
L* 2%\ & -
=B F($x &%) (1—(l‘ﬁa) 2)
6 I P N
fr e VY

vhere Q is the reduction in magnitude. The quantity € divided by
mne transverse component of the proton polarization wes less than
seven percent forﬁ"<.8 and&) 300 MeV/c. Thus, this effect was small
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 ;/x perpendicular to the broton was used. Therefore s
the transverse comporent of the proton polarization in the laboratory
system could have been defined by

-, A - N

Vi = (hpx V) xRy
However, this definition did not take into account ope experimestal o -
the proton underwent mtiple coulomb scattering before scattering in
a nuclear forcé field, with the result +thst their direction at dscay was
not exactly their direction immediately befcre the nuclear scattering

oceurred..

P

)

)]
of ‘

§

Hayak&wa( derived an expression for the losz of polarizaticr thar
& spin % particle experiences in slowlng from one energy to an-ther.

When +his was applied to protons slowing down in Xaznor, the maximum loss

¢f pelariza*ion was two percent, which occurred when 50 MeV rrotons
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siowed to 17 MeV.¥ The loss of polarization was negiigible compared to
the uncertainties irn deftermining S(G,E). Therefore, the assumption was
mede that the proton's polarization vector remained fixed in space even
troough the proton's direction was changed by multiple coulomb scattering.
The transverse component of the proton polarization at the scattering
was then defined by

- A o A\

Ve = (L % V) % kg
where E‘; is the proton direction immediately before scattering.

5.3 The Total Probability for Finding a Given Event Configuration

Fprom a sampie of /\o which decayed via the mode
N — p+ ™
the probability that the proton, as observed in the /\o rest frame, is

included in the angle between >< and ¥+ 97\* is shown in the Appen-
dix to be
‘Fb\*)/"”"\*&’\ = zL(l - otho‘Q‘?\*) M7< Q>\"

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 4) and ¢+ &4”18.3 shown in Chapter 4 to be

P(‘b\) ch> = —Z.J'TT(l + V‘L S(8, e) (,ga_*)) &4} .

\/‘L is the magnitude of the proton's transverse polarization. -\71: + 8(B,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 c#)is defined by

A A

cm41>= - Vi

¥ No events with a proton energy of less than 17 MeV at the scattering
were included in the sample.
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where N

__’_;;l:_ LX/&_F

R x K

N
-

F‘g@%comd then be written

Fedydd = 521+ V, S(e,EY (A /\71.)) L .

Therefore, from g sample of /N decays whose protors scatter on
¥&DOn nuclei, the probabilit

y of observing a given event configurstion

within the angular region -)(‘to y{-e—&;&* and c?to #-}J*is

PO amxrd by = Fpyag £ X)X Ak

:L#.(,_upup\*\[u VG S(e.e) (A- Otﬂ%ﬂé)’c 9?

:#(\!—dpqu&*)Zl + S_(G,E)[uzlx T;)x @{I,ﬁ}mﬁﬁ ﬂ{ﬁ#
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There were 7hl /. hyperons, decsayirg via the mode

it the pictures from G ro 160,CC0 5ta #4551y irg “ha criterig of Zhap-

ter ITI. Only <~h= bictures from O teo 140,000 waere used for the de-

Cay distributioss swudies as all pozzible avenss were measured in these.
. . - . o ; ) .

Thess pictures cortsined 645 A° gecays “hat had a covlanaritys smgle

of less thar sz=ver degrees ard ;‘?flighz length before decay of grest.-

sr than .5 cm Of these, 222 were 3=22o0istad with g 10 mesor 503
ldentified unier the rales =zt forth 17 Chapter I77. 60 deisys were

3gscciated with Y.~ masons decaying via *he wode

This mode was deter<ed when the 5 ravs ware copver ted into electror pairs
iz the xemon. The 1dsrtifizatior of +his decay mode was ace smgplished
when two o four elsctron pairs were discziversad shas pointed %o ons
small ares in the xenor - vt ares izcluding ro particle interasction,
The detailed methods of detecting this neutral decay mode have been dis-

cussed in a previous article )

o . - . . -+
13C /\ decays wsre accompanied by ¥ mesons. The glgoature of g K

meson was a stopping particle, with g rapidly ircressing bubble density,

decaying either into thres glow charged v mesors or into 5 single parti-



cle that fraveled at least 20 cm before stopping. These criteris,
eliminated Tr" mesgong from the K"-sample.

The remsinirg 233 /\ decays also came from ‘rT m250r interactionz
but were asscciated with no visible strange particles sither chargs4
or uncharged. It was assumed tha*t *hese /\o‘s were assoclated with +he
lo;ug lived Kgo mesons. As less than one percent of the T mesor inherac-
tions producing associated /\o -K1© particles produced additions] chs rged
particles that left the bubble chamber » all the irteractions rroducing
only /\ohyp &rons wers required to produce nc additional particle whish
left the chamber.

6.2 Determinstion of P

The parameter O could be determined without including the informs-
tion that P is non-zero. Inspection of the expresscion for the rrotorn
polarization given in 5.1 shows that inelusion of the'i /\o rolarization,

P, and the product o P » increases the welghting of the events. For exam-
ple, if P= .38 and this information is included in the analysis of the
scatterings, the error in the results would be reduced +o 84% if the
error evident when o/P=0. As P cannot be determined hefore performing
the scattering apvalysis, P was replaced by

AP . <
o T S,

wheres &P is corzidersd 4o be a constart, o FP=1, AP s measured
far the three evert, categories.

The protor sngulsr distribubion with respect to +the dirsction
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If the difference were real, The

|22 s op .
relarization of vhe N prodused vith Ky mesons would be differ=uph than

+

_ ] - .
zation of the M produced with K- mescns. There is = 3.5%

[N

hez polar

probability that ictP}E and (c&P)? zgre from the zame protorn distribution.
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e , _
A1l the A3 in the pizture from O to 160,000 were scannad for pro-

ton gcattericgsz. The everts were grouped according to the critasris set

O ) . .. ‘ .
farwh ir. 6.1, £11 /A" event: associated with one apd orly one charged

srticle criginstirg im the TF beam icterscsion and less

o - vy W - e . R s - ~ e
wers zdded to Ths /ﬁg—K. sgmpl<. Thiz inclusgion was based on the ~o-

s . -
s=rvetls s wha® Thare ware no ;fO-K evarts that eviderc=d, bezides the
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¥ “mesor., a second charged particle that origivated ir the beam ict=zr-
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The TL1 decsys ir rhe 160,000 pictures yapresented 3480 gn/~m

af protas track ln xEron R0 provar-minlesr soatiterirgs wars Qsterrad
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which had an [S/©,E)} = 05. Figure 11 shows the distribution of
|8(8,E)| for the scatterings with \AE| < ko MeV.‘ Figure 12 shows the
distribution of the proton energy at the scattering. Figure 13 re-
rresents the /\ momentur: distributior for events occurring in pichures
with less than 16 tesnm trscks

The statisticel me*necd used to express the experimentsal results wes
%ne Maximum Likelihood Method<29) - The probability of observing & par-

iculsr event configurstion in the scattering sample is

B, o L 8¢ =

—';F(l_ VKPUO‘Q )K*) ‘+ SLEJ E)ELL X’@;\sz'?\j

s shown in 5.3. The Likeliho_od Function, L{e() is defined by

Ly = 7T’I°
3-=1

Wien L{X ) is plotted against the parameter to be measured, &, *ths
)
vaiue of the parameter at &‘%P&—O iz the mos* probable value.
In the Appendix 8.2 it is shown that i+ is poszible *o maszure

“Le three parameters, & P and & indeperdently, if the /\odecay? 83-

II|

~iated with proton sca hterings are uniformly distributed irn “he 2n-

3 o o .
&, i/ , and if the protons from these A dzcays had the measurei

(gf)'

irznribution,
= L = _ "3 ¢
‘g(_x\) = 3 (\l P o X
Figurse 14 rapreserts vhe distribution in U of the 130 scattering

svents with | 5@,E) } = .05. & x\’test indicanad tha’, there wss 309
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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 the /\o. Klo’ /\D-Kt and A°- K,° production modes, they
were assumed to have had the same proton distribution ag the larger sam-
Ple from which they came. Any measurement of the X 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

~he three event type groups.

C:L.== (@*J>>L
Le1,2,3

Thus p was written

PEP) =

S 3 A A ”
(- o)) 4 g0, “m\[(h;xﬁ;‘,)xk;]-n

= cm\*
A ek ~ A
[Zjhg)ﬁik ))(-420:]° n
where <¥ - P
R = Py
~
A VA
m o= A Py
| e % {\
~
n i8 the normal to the scattering plane. This expression was simpli-

fied, giving
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PO ) = 35 Ji-cemnty SOE =+ & o)z )

b was calculated for each Bcattering event - the values of S(G E),
Jl,s\ kp, aed 7 inserted in the expression. The product of all the
P's was the function of L(X). L(oX) was caleulated for 113 scattering
events that had !S(OyE)i Z.05 and |AE| £ 40 Mev, -and 1is shown ir Fig-
ure 15. The region between ¢ =-.38 and A =+.38 is 3 non-physi -
cal region where A, i5 less than ™AP; that is, the polarization of the
N sample, P, is greater thar one - a physical impossibilit

Crawford, et a,lo(3o), reported a lower limit for || of
k| 2,73 .14
The ratio of the area under L(X) between X=-.73 and (= -1.00 *o

the area under L(« ) between R=+.73 apd A=+1.00 is 3.2:1. The ratic
of the ares under L(X ) between Az-.59 and K = -1.00 *o the ares,
under L(o¢) between ¥=4.59 and % =+ 1.00 is 3.5:1. Thus, the pro-
bability that o is negative is approximately 774,

6.4 Discussion of the Result

The detarmination that the sign of A, iz negative disagrees with
sign of X fouwnd by Boldt, et s1.(31), , negative sign is alss ig
disagreemert with the sign predicted by V-A theory(32“° The sign of

X =8 determired by this experiment is in agreement,, howsver ,-wWis
that found by Blrge(":)’) - Birge found
K = - YL,
Unfortunately, the present experiment does not contain sufficisph {nfar-
mation to decide with certalovty vhether Boldt or Birge fourd the corres

result .

The abszzrce of large amounts of obgarvgble asymmetric scatfering
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of the protons by xenon nuclei is evident in the distribution of the
scattering events with respect to (P . (See Figure 16.) #9 is defined

b
’ (,q-qq)z {’\L'Q.b

where ﬁ is the wnormal %c the Bcattering plane and~$; is the tf&nsve:se
polarization of the proton.

Fossible causes for the lack of asymmetric Bcattering are incorrect
values for S{®,E), inclusion of inelastic events, and inaccurate determing -
nion of 8. It ie difficult to believe that construction of the S(8,E)
map (Figures 7 and 8) is much in error, especially for proton scattering
energiee greater than 120 MeV where good data on silver were availsble.
Only with measurement of the asymmetric scattering of protons on xenon
can the S(6,E) map be checked.

Inaccurate de“ rmination of'ﬁ, the normal to the scattering plan,
for each scattering provides a more plausible explanastion for the lack
of asymmetry in ¢ . 76 of the 113 events with |s(e,E)] 2 .05 nag
scattering angles,&, of less than 10 degrees. The determination of the
scattering plane for such small scattering angles is the semsitive 12 )
small changes in the vectors defining the plane. 28 of +the 130 scatter-
ings were remessured to determine the effect of measuring erroms on
the direction of the normal to the scattering rlans. It was found bhat

(# could be measured Lo x 20°. Multiple scattering errors, when one
centimeter track lemgths are used to measure a scattering, give the
same crder of error in@? for protons scattering at an energy of approxi-
matsly 140 Mev.

The ioclusio.. of fcatlerings accompanied by energy logs of 20 Mev
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or greater could explain the lack of asymmetry in the C¢7 distributiorn.
I was estimated in 4.3 that 28 of the 113 events used the determina-
tion of o wers elastic by 20 MeV. As these scatterings show no cor-
relation between the scattering plane and the proton polarization, they
would contribute a uniform background to +he 4) distributior. HBow-
sver, these inslastic scatterings could seriously disrupt ths detzrmira-
tion of <A if they had a scattering argle, 8, and energy, E, such tbah
& few of them would be heavily weighted. Birge(33) found that the -
scattarings in his sample, that could be definitely Adetermin=d +o be
inelsstic by 20 MeV, had a large effect on his result when they wers
included with *he elastic events. Unfortumately in this experiment,,
the angular inaccuracies in determining;éaﬂ andéap, due to miltiple
scattering, did not allow & clean separation of the inelaztic and
elastic scatterings. Thus the effect of the inelastic everntz could
not be checked.

Therefore, it appears that the advantage of xenou'’s large proton
zcathering cross section is offset to a great extent by the errors
irtroduced by xenon's large Z , which governs the amount of madtiple

coulomb scatiering experienced by charged particles.



VII. PROPOSAL FOR A NEW EXPER IMENT

7.1 Basic Considerations

()
It is assumed that all three /\ decay parameters are to be meass-

ured. The expression for the Proton polarization,

-

V= ib +Pu—n\)ﬁar+f-3pﬁz x2)

l—nth-oo)\

+3P(Rp i)x’&:‘g

derived in Appendix 8.1, shows that neither the f? nor the & term
car be measured if the /\ 's are uwnpolarized. The first requiremert,
for a new experiment would then be that the /f’s be highly polarized.

The second requirement would be that the /V’ momentum be as high
as possible consistent with obtaining polarized /Wo's. The high
momentum would insure g high average proton momentum. A high proton
momentum would minimize multiple coulomb scattering errors and maximize
the analysing strergth for a given scattering.

The third regquirement would be that ‘the inaccuraciss in the nmesasures -
ment: of the dscay angles be small €nough so that the proton energy ath

3cay can be determined te within =+ 5 Mev.

The preton energy after the scatteringshauld be detsrmined +o

within F 5 Mev 25 that the energy loss at the scattering in any

given event can be determined to less *han 15 May.

56
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The fourth requirement, would be that the gcatterirg element: have

3 large spalysing strength, S(@,E), for a large range of protor, energics.

The element should also have g Treasonably short vuslear scathering

LR

mean-free-path, S

These four requirements will ncw be dizzussed in detail,

-
[19]

Folarizatior R equirement,

£: indicated in the previous Section it ig ReLEsEsYyY he have g
Polasrized A sample to measure /8 and & In faah, the highsr +he
polarizatior +ne more informstior there will be iz +he acatterings.
An AP = .38 decreases the error in & measurement;, of X g 8% or the er-

. o . . -
ror fourd wher an unpolarized N sample is studied. An KPP = 73
d ecreases the srror in & measurement of A to 65% of the arror found
. e . . . .
when an uopolarized /) sample 1s studied., These estimgtes are based on
the formuls,
aT 7 N a -

o R
o

Ak = — |4 Mv\’fooﬂ’]@'g

fzund in UGRL Report Q&lZ‘s / , ’F is the Probability of finding = given

coufiguration as dsfined in 5.3. R is defined by

R = Lo b

Large A\ rolarizatiorn car be obtained with AN i Produned by T

- . . . S 3 PO
m=sons.  No Polarizaticn has been Cobserved in f Voois bProaucsd in ¥ ipter.

. e - . AN
aetlors. 1 GeV = pesons on bydroger. bave proiucad 57 s with ar
. sow 0300 v :
C A - F 5 whils .99 Gey o mesors on deuterium haie pro-

; I .- L350 L .
weed AT s wiin s oF = 55 % o5+t In She pressr s svperipers

LoV T mesons on xenor praduced A%z wien ar AR N L= A Te




An ogP.:f -5 does not appear to be unreasonable to expect in medium
atomic weight materials. /\O ‘s produced by 1.2 to 1.9 GeV T mesons on
iron(3l) were npot polarized. This indicates that for s maximum effect
the T energy shculd not be much greater than 1 GeV.

73 A\’ Momentum Requirement

It is desirable to have a high averags /€7nmmmm$um g5 this insures
a high average proton momentum. From Figurzs 7 and 8 it car be seen
that hﬁgﬁ analysing stremgths occur at small sca“terirg angles for proton
energles greater than 140 MeV. This effect is characteristic of all
mterials.

In this experiment the average /ND momerthum was approximetely 600
MeV/c. (See Figure 12.) However, 63% of the scatterings occurred at &
proton energy of less +than 140 MeV. Most of the low energy scatterings
came from protons with low inital emergies since fast protorms left the
chamber in most cases.

Figure 17 shows the product of S/®,E) multiplied by the differen-
tial cross section as & function of scattering angde and erergy. It again
indicates the importance of scatherings at proton ensrgizs near 140 MeV.
It can be seen that if S/8,E) is well known for proton energies near 100
MeV, The sca*tterirgs at this energy will add substantially to the informs-

tion in the experiement.

7.4 Requirement on Energy Loss Measurement

Any scattering which is accomparied by an energy loss of 15 MeV or
greater shows no correlation between the normal to the scattering
plane and the proton polarization vector£23)u Birge(33> found that these

inelastic events had a large effect or his result. In an accurate de-
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suracy of an individual measurement. would depend, to g gresa™ exter:, on
the orientation of “he track with respect to the field,

7.5 Apnslysing Strength Requirement

The higher the analysing strength for a given sagtt wring the mors
informatior i+ containg. At a given scattering angle ang SRer gy, the
8DAlysing s'rengtn of +he elements with an g+somis number lsss +har 50
is 8lwoat dwice that for xemnon. However, the s2ait Sring eross sechions
for the lighter @l.men*s is much less than thst for Xenon. Ths product
5&9yE) times the differential scattering cross sectior is ivdspendert o
the Scattering materisl +o first approximatior,. The inherert information
in each scatter rirg is thus relatively independent of the scattering ms-

terial if measuring scouracies are ot considsred. The importans caosid-

JJ

&

eérations are therefore onzss of measuzing securacy, number of avertg 4,

sired, and protor energy.

7.6 Possibls Experimental Methods for Determining the fé)Decay
Parameters

Two detectiorn m;thods in use at present could be applied +o “he
Problem of deter srmining the barameters: bubble chamgers snd counters .
Counter techniques involving spark chambers have the advartage of ool -
leztipg large numberz of sverts in g relatively short time. Howsve-
the inability +o meazurs énergy loss at the sas srices would mesrs Shot

“hs scesphablse §u5Thering angle must fall 2n a mwarrow argular regin:

- four degrees grg seven degrees. Ever. with “his shricgsrs ori-

terion, apg roximatsly tan percent of all She scabhza

2
e
&
&
%]
£
£

elaztias by 20 Mav. The counter method, while ugsful fen odtsiring rough

DE3IUremests, would pos rrovide a precise detsruwiration of rhe barameore
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The employment of a bubble chamber to measure the /VD decay
parameters'provides many advantages compared  to the counter method,
but one distinct disadvantage. The disadvantage is the relative
rarity of the associated production process,

T+ N —> AP+ K
with 1 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,
neight,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(l5’ 19, 2&). It
is great 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 lc)decay in
every 20 pictures, the number of useful events would be two per 1000
pilctures. At this rate, it is estimated that 5x105 pictures would be

required to measure OX to an accuracy of =+ .12. This estimate is
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baged on Birge's measurement of CK in a propane bubble chamber(33) snd
includes the accuracy galned from using a polarized ﬁf sample, which hs
414 nct have. 4

The bubble chamber method of measuring the /ﬁ’ decay parameters 1s
an accurate method, but 1t involves a massive effort. Yet, it sppsars

o be the best method available at present.



VIITI. APPENDITES

8.1 Derivetion of the Angular Distribution and Polarization

o
of the Pro+ons from /% Hyperors

7} . ;
Consider a coordivabe system for each /\ decay that is definmad by
A A
S - 995 % '9* n

| &, x A,

;’ s “g?/\

a ~ o
XK= ¥ x &
A 2 L I3 ° 3 - I
where kg 1s a urit vector in the direction of +he 77~ meson which pro-

; N2 ~ . . o . -
duced the M hyperon and k A 13 2 unl% vecter in the A f£iigh® directiorn.

. . . . . . L. 2
This coordira*e system iz show ir Figure 10. Assume +hat +the /A 's are

. A
completely polarized in the Z direction, i.e., the expectasion value of
-,
o P s L : . . o -~ LA .
+he A spin is one in the Z direction and zaro ir +he x and y directiouns.

Now copsider a new coordinate svastem defined so that

AN A*

N

4

;,;_p;“_

=>ox
'_0‘):( X
SN

K>
[}
N>
h. &

) g
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~ (o]
where k; is the direction of the decay proton in the /N rest frame. The
/\0 5pin wave function can then be described in terms of g linear com-

A A
bination of 5pin along Z and spin along -2 wave functions.

A° = o /o + A~ S _
/J and 5 are the final state wave functions (ignoring final state inter-
A Ll
actions) for the spin along ?' and the spin along - Z cases respectively,
vwhile a and b are the complex amplitudes of the two possibilities.
Q
The components of the /N polarization in the Primed coordinste sSys-

. A o
tem (gc\ s /;3\7', /z\l) are the expectation values of the A" spin along the

coordinate axes.

¥ -
th = L g p = 2Re o

a? + &
B = Qoyy = Bmoth
¢ = L% g
Y Y GR + /&&
-
QQ —
p ‘' = Tl> <
F < & o2 + 42
a* 1s the complex conjugate of a. Note also that Py = 2o ’l\:l’: = coaw%

and that Py’ = 0.

The spin wave functions, /O ,» and 5 ; can be expressed in terms
of the vector sums of the proton spins in the ’z\ and -/z\ directions, since
aogular momentum is assumed to be conserved in the decay . Using the

(lebsch-Gordon c.oefficients(e?), the following eXpressions are obtained.



p= A+ BUR Y - 5 1)
§ =AY pe BUEY 13V -

Y] represents the proton spin wave func:jtion for the proton spin along
%; //- , the proton spin wave function for the proton spin along - Q

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

~
| o
;‘\;]

3

y~' = FAPYNL

/

where the anglesy< and 43 are respectively the polar and azimuthal angles
A

of the proton in the /\o rest frame with respect to the %5 2! co-

. . raY] A* ’
ordinate system. Note that Z = kp ,3('0. Thus,

p = taman
f = (P\*’%)/—k y

N &(A'331 +~ L—(AHB)/»\

1

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 prot
N Ay

on spin
Ay
along x ',y , 2z’ axes.

U, o alA-BY _ 43(Arg)a

3\, ) a2 (A-RB)R + -2 (A+ 3)3
e S
I — = coq 1 Ne
where A = Ez G&t' /\-+ E3
Ad + B>
(oYX = P = o2 - A2 Y
y 2 dm Lo (a7- 8D A (4 + Y]
$

1-=Fp) (o 4%) (A% B7)

_ __JEB A, 7&2
- 7
| — o Cyg> )&2
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where 2 d”h.. * B
P = 4

A% + B3

2R ot Ar
Px’ = =

o X,
a&,,,j}_& mAAM.ﬁ\

V= BRelar (pr-g)e (A+8)]
()8 a) (AR 2

¥ Aln. R
| — oc g ®

where Y = Aa — 59.
A& + B&

—

From these components, the proton polarization vector » YV, is formed

= ¢, D 7.
V = !°<>!<w=>\’f [Eoe o X RE g x)

TS

Py
This is the exprezsion for V if th=

A F) 'y
F directior

G
N is completely relarizes. in the

. _ . 4 - N .
For an lrcowpletely polarized /\\ S&mp.=, the beam is an irc chaerent
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mixture of spin-up (along ‘%) and spin-down (along -%) ,\0 wave functionz.

If U° is the probability that the A’ spirn is up, and D° is the probabil-
ity that the /\0 spin is down, ther the polarization ¢f the /\Osample is

u 2* DQ.

P - UR + D>

7
Trz decay diz=rivution of the proLcas from the N's wisn spin up is

pROTO™
‘f 1V

Tp=2 \/>\‘1= (1 = ok = R

. : A © - . .
while the distrioution forf\"'s with the spin down is

Tz 2 1812 (1+ =Y

— DOIN PRaToM

sPiN
znd for a partis’lly polarized /\ sample is

T - MQIMP + D? Lroun
U>+ D7

x*

= ) — AP e

. ) 0 .
To find <=z proton polarization when the A 's are partially
o
polarized, it Is necessary to multiply the probability that the /\
spin 1s up by tie proton polarization for spin-up and to add this %o

the probabilits that the /\° spin is down multiplied by the proton

volarization for /\0 spin-down:
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»
U T D" (- X
e L VIRE) # Y .
fove ™ Caape T JENEE
Wirking out oz ?gf omp et
‘ . h - - ¥
L YT b x’j_ . D A T N )
< ’ . . ' - *\
< (ua,,},_ DJ ;j, (J - fo) (\uhé_,? Dﬂ) Lh + oA g2 -,\‘)

= {uP+ DF) s+ (UB- DF) L= X

& 2"
{ _— 2_. ~a) N
(LA ‘9’3) (ul D) e
T
_ T+ Tegaw®
Lﬁo«me(’f‘
where - I 1S .. ~\o
o I >
. a2
Us+ o
- i . o - R
is the polarizs*iorn of the /i sample. The other comporent: behave simi-

laxriy, giving

— \ . A
\‘:j = ! - ) "kf. Sl i P(,(r’ )\j \/\, 'QL
P Cﬁ"@ﬁ“$ f

~ - N
-s-[emk“/\%, + ¥P U&;%z)x/&; ,
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8.2 An Analysis Theorem

The question arises whether or not it is possible to determine the
three parameters,cx_,fB R and.af, independeéntly. To show that it is pos-
gible to determine them separately, it is necessary to prove that the
transverse component of the proton polarization arising from cne of
the parameters has a zero average value when projected on the transverss
componecrts arising from the other two parameters, when the average is
taken over an unbiased sample of /Qo decays.

The proton polarization vector is

—

V = i(q+?m \/%*
|-ot?w=b\

4—/6?(1;5 x2) +XP[(,@ x2)x B ]

The <transverse components of the polarization are found by
A S A
X e
so that the transverse components from the)/g and a' terms are
p [
— A A
- x (k*%x 2)}"
V?st: \VOE>[;4EF3 r

——

Vi = Va[& X[ 21’,2&?\ *"emy‘&
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First, it is pecessary to show +hat / /Pt o VXt>znwhr—r
sveraged over the =ample of /~ decays

\

A /. s oo 3 - Ny 0
Ve ey = (B 7) (B2 - (g o) ey 2

L:‘/__-'

. %
For a given &

S &2 2novn ir Figure 10,
S /
-« ' -~ Px,\ *)
/}t;x‘}'\z@‘ Z = H v
such that

\ ‘Cf"/"‘":,v&v* =0

-2

AL oA N -, »

¥ .7 VA, kp - 7 aod (k, - k* } are even functions of % . Thus
vy P rd 5P T b

? . . . . +# s z .
for a sample of /4 dacays, distributed weiformly in W/ <V’\t : Vﬁt?z’o

&~ -\
Second, it is necezsary to show that <‘J’.¢t ° Vﬁ{)zo when avaraged
<
over a sample of A decavs

(Vs Ty = (BB ) Dgx B, 2)

For a given x\*

such that
Bl
o - . .
Vo) Ay s O .
- £
o A
kp ' k

2
D is ar ever function of V™ - Thus, for & sample of A decays

. ?/gt_)’—ot

P
g3axy to show that <‘E=<i

el
wniformly distrivuted i J¥,

Third, it is

>
nece - Vgg =0 whez averaged

over the sampls Voe 1 a direction define by

o
of A decays .
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Q/wt = U?'Pf/ér)x‘gf
A '—\ _ XD ¢ 7 A AL AN A A
(Ve - Vi) = l‘wwd@z;- ) - (B E B 2)

(B0 A7) - (3 (B2

If this dot product ic wzighted by ths Proton up-dowr distributicr,

- Fege :;(:, then

T
- xN D Vi v XQ >
(|—- Ok_t’u)q\ PNV o 7 Ve ) Qe KT XA
- .
. P Pl N, A ) . L i
since both kpo 2 ard kp* * 7 are 2dd functi-sn of >\ . Thus, for g

of /\z> decays which haz its iecay protox distributior given by

= < — P o 7\*\3
the weighted averags of /'\7.,11-_ /‘}Kt is zero. The distribution, I,
is just the measured dist-ributiono
Therefore, 'it is pozszible to measure, indeperdently, +he para-
meters X, /9 , ard b’if *the /\a decays are uniformly distributed

in V* ard have the measured proton distributionp.

i
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Ot
8.3 Construction of ‘&J

A
o
,%;- , the direction of the proton ir the /\ rest frame, is g

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

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

o
tee A" hyperon. The coordinate system is defined by

N

Pal
wnere k, is %the /\O flight direction, and kg 1s the direction of

A

the pi meson from the decaying /\0 hyperon. kp is direction of the

~
proton in the laboratory system. ,&1’: is the direction of the

©
pi meson from the decay in the /\ rest freme. Notice that

*
N¥ o gt= T
The Lorentz Transformation gives
RS oo A* = K Ik - X/‘/D)"‘:"

Where E 418 the energy of the ceday pion in %he laboratory;(e,\ is the
(o) L
velocity of the N in units of & , the velocity of light;b",\-.- (1 —ﬁf\") 2,

' S
k,“‘: and KTT are the magnitudes of the vectorf;‘;r‘ and k ¢ , respectively.
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Figure 18. Coordinate System - Decay Plane .
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guch that

and

Then

/'4. V4 K A
wEoe. Fa = :_//3’
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| =
T 13% e =
Q\Q - T‘ = §
- = / < ‘Zz”“’/:;_k
/ ' e ‘—'.' ‘ § *
‘;'j s izf« rL¥ J mﬁ% !
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A
R . S RO-T

. A A A '
Cr in the x, v, Z, coordinate system

E=-RONA-TF- R(@O-2)8

Finally:
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