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I f  we a r e  t o  do a worknanlike job of studying t h e  strong in te rac t ions  

it i s  imperative t h a t  we have knowledge of t h e  'spin dependence of t h e  forces.  

This impl5es t h a t  po la r iza t ion  experiments a r e  e s sen t i a l .  Already Brey re ,  

Bicman, S t i r l i n g  and v i l l e t l  have shorn t h a t  pion-proton po la r iza t ion  experi  - 
ments should be in te rpre ted  a s  ind ica t ing  two new resonances not  previously 

seen by. o ther  methods. 

The present-day approach t o  determining de t a i l ed  pion-proton s ca t t e r -  

ing  cmplitudes i s  t o  use measured d i f f e r e n t i a l  cross sections,  po la r iza t ion  

measurements, d ispers ion r e l a t i ons ,  and i so sp in  conservation ru l e s .  Further 

assumptions a r e  u n i t a r i t y  of t h e  S  matrix and t h e  short-range nature  of s t rong 

i n t e r ac t i ons .  I n  t h e  more d i s t a n t  f u tu r e  I hope we may see t h e  day when t h e  

s c a t t e r i n g  experiments w i l l  be suff ic ient ly  de t a i l ed  t h a t  t he  dispers ion 

r e l a t i o n s  w i l l  not  be necessary t o  t h e  i n t e rp re t a t i on  of r e s u l t s .  Then t h e  

.dispersion r e l a t i o n s  may themselves be checked experimentally, r a t h e r  than 

being ass&ed,. 
\ 

1 see, then,  an e a r l y  period of po la r iza t ion  experiments followed by 

z. l a t e r  per iod i n  which more extensive experimental r e s u l t s  w i l l  be c a l l e d '  , 
f o r .  For t h e  p,ion-proton system t h e  f i r s t  period seems well progressed, 

based on measurements of  d i f f e r e n t i a l  cross sec t ion  and P , t h e  polariza- 

t i o n .  I n  t h e  second period more c o ~ p l e x  experiments should be required, 

such a s  measurements c f  t h e  parameters R and A . I n  R and A measure- 
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ments, t he  protons have a known po la r iza t ion  before t h e  c o l l i s i o n  takes  

C1 

place .  Af te r  t he  pion s c a t t e r s  on t h e  proton, one asks  hov much r e s idua l  

po la r iza t ion  t h e  prcton has. 
'1 

The nucleon-mcleon (N-17) system i s  suscept ible  t o  similar ana lys i s ,  

b u t  t h e r e  a rk  more zmplitudes t o  be determined, so  more experiments must 

be performed. The N-N system i s  l e s s  wel l  analyzed at  present than  t h e  , 

JC-N system. - 
Before descr ibing i n  d e t a i l  t h e  experiments t h a t  have a l ready  been 

performed we review t h e  d e f i n i t i o n  of polar izat ion,  r e s t r i c t i n g  our discus- 

s i on  t o  p a r t i c l e s  of sp in  1/2. I f  a beam o r  t a r g e t  has random spin-axis  

d i r ec t i ons  it i s  s a i d  t o  be unpolarized. I f  a l l  t h e  sp in  axes a r e  or iented 

i n  a p a r t i c u l a r  d i r ec t i on  it i s  s a i d  t o  be completely (or  100%) polar ized 

i n  t h a t  d i r ec t i on .  For any beam o r  t a r g e t  we may imagine t h a t  we measure 

t h e  component of spin  along a p a r t i c u l a r  d i r ec t i on  f o r  each p a r t i c l e ,  

f ind ing  f o r  ezch p a r t i c l e  e i t h e r  + $ (spin up along t h e  chosen d i r ec t i on )  

o r  - (spin down). The component of po lmiza t i on  i n  t h e  chosen d i r ec t i on  , 
2  

i s  then  
N - 

P =  up Ndo~m 
N.. +NdOwn 
UP 

where. N (o r  Ndo,) i s  t h e  number with sp in  up (or down). 
UP 

The f i r s t  experiment performed with a polar ized proton t a r g e t  was 

t h a t '  of Abragam, Borghini, Ca t i l lon ,   ousth ham, Roubeau, and .Thir  ion  .2 It 

w a s  a measurement of t h e  parameter 'nn f o r  proton-proton s ca t t e r i ng  a t  
i 

20 MeV. The p r z m e t e r  Cnn i s  a spin  cor re la t ion  coe f f i c i en t  expressing 

t h e  dependence o f  t h e  d i f f e r e n t i a l  s ce t t e r i ng  c, TOSS sec t ion  on t h e  r e l a t i v e  



spin orientation of two colliding protons. The subscripts n refer to the 

normal to t-he scattering plane. We imagine first that a proton beam complete- 

ly polarized in a particular direction normal to its direction of motion 

impinges on a protontarget completely polarized either parall'el or antiparallel 

to the polarization direction of the beam. In either case let I(B) be the 

, differential cross section for scattering in a plane perpendicular (normal) 

to the polarization direction at center-of-mass angle B . The parameter Cnn 

would then be 

If the beam polarization is PB and the target polarization 
p~ 

then the 

equivalent expression is 

a 1  1 'parallel ('1 -'antiparallel (0 1 cnn(e) = - - 
'B 'T 'parallel(e )+'antipara~el(') 

' 

A sketch of the experimental arrangement of Abragam et al. is sho~m in, 

Fig. 1. A beam of a particles was incident at the left on a hydrogenous 

foil, giving rise to knock-on protons highly polarized in a vertical direc- 

tion (normal to the scattering plane at the hydrogenous foil, the first 

target). The highly polarized protons (of 20 M~V) impinged on a polarized 

proton target (of lanthanum magnesium nitrate (INN)) and proton-prot6n 

0 0 scattering events were counted at center-of-mass angles between 60 and 90 . 
13y measuring the rate of p-p scattering events with the target protons polari- 

zed parallel or antiparallel to the beam polarization, they could determine 

'nn . For the proton-prot on system the meaning of Cnn is particularly- 

0 
simple at 90 C.E. scattering angle: Spins parallel means triplet spin 



s t a t e ;  sz ins  a n t i p a r a l l e l  means s i n g l e t .  The experimental value of -0.91 

f o r  Cnn 
corresponds t o  t h e  f a c t  t h a t  t h e  p-p s ca t t e r i ng  a t  t h i s  energy i s  

C 

mainly i n  s i n g l e t  s t a t e s .  However, a s  t he  s ca t t e r i ng  angle devia tes  from 

0 i 90 (c  .m. ) t h e  i n t e r p r e t a t i o n  becomes more complicated. 

Since I a t t r i b u t e  t o  Professors Abragam and J e f f r i e s  t h e  b i r t h  of 

polar ized proton t a r g e t s  i n  usable form, it would be f i t t i n g  i f  I next 

described work of which Professor J e f f r i e s  i s  a co-author. '  However, I 

want f irst  t o  give  t h e  d e f i n i t i o n  of the  re levan t  parameter P and then 

t o  descr ibe  t h e  o lder  technique of measuring it. 

The d e f i n i t i o n  of t h e  po la r iza t ion  parameter P i s  t h e  f i n a l - s t a t e  

po l a r i za t i on  a f t e r  t h e  s ca t t e r i ng  process providing t h e  p a r t i c l e s  were 

unpolar i ied  before  t h e  s ca t t e r i ng  . I n  f a c t  Fig. 2 shows a p&an view of an 

experiment3 t o  measure t h e  parameter P by r e sca t t e r i ng  t h e  r e c o i l  protons 

from a fl-p c o l l i s i o n .  A pion beam s t r i k e s  t h e  (unpolarized) hydrogen t a r g e t .  

The r e c o i l  protons a r e  r e sca t t e r ed  on a  second (carbon) t a r g e t ,  where any 

v e r t i c a l  component of po l a r i za t i on  would r e s u l t  i n  a l e f t - r i g h t .  asymmetry 

i n  t h e  s ca t t e r i ng  a t  t h e  carbon t a r g e t .  This i s  a to l e r ab l e  way t o  measure 

P i f  no more convenient way i s  r ead i l y  ava i l ab l e .  While some improvements 

. on t h i s  bas ic  method have been made with t h e  in t roduct ion of spark chambers, 
4 

it i s  s t i l l . b e t t e r  t o  use a d i f f e r e n t  approach t h a t  involves a polar ized 

proton t a r g e t .  

The use of a po la r ized  t a r g e t  t o  measure P depends on t h e  presumed 

f a c t s  thzt t h e  s t rong  i n t e r ac t i ons  conserve p a r i t y  and a r e  invar ian t  under L 

t h e  t ime-reversal  transformation.  We w i l l  not make t h e  arguments here, but  

they may be fourid i n  a review paper of ~ o l f e n s t e i n . '  The r e s u l t  i s  t h a t  f o r  
' 
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e l a s t i c  s ca t t e r i ng  t h e  l e f t - r i g h t  asymmetry E of t h e  s ca t t e r i ng  on a t a rge t  

completely polar ized up is numerically equal t o  P : 

where 9 e f t  Nright  ) i s  t h e  number of pions e l a s t i c a l l y  sda t te red  t o  

t h e  l e f t  (or  r i g h t )  a t  angle 8 and P i s  t h e  po la r iza t ion  i n  s ca t t e r i ng  

a t  t h e  same angle .  I f  t h e  t a r g e t  i s  not 100$ polarized t h i s  may be corrected 

f o r  by using 

where PT i s  t h e  t a r g e t  po la r iza t ion .  By measuring PT and t h e  asymmetry 

E we may deduce P . 
I n  p r ac t i c e  one of t h e  two configurations ( l e t  us say t h a t  of r i g h t  

0 
s c a t t e r i n g )  can be ro t a t ed  by 180 around t h e  beam d i r ec t i on  so t h a t  t he  

counter i s  on t h e  l e f t  but  t h e  t a r g e t  polarized down. This has t he  advan- 

t age  t h a t  t h e  counter may be i n  exact ly  t he  same pos i t ion  f o r  t h e  two cases 

being compared, t h e r e  i s  no problem of making l e f t  s ca t t e r i ng  angle 

exac t ly  equal t o  a r i g h t  s ca t t e r i ng  angle. The desi red asymmetry is then 

where N (or  'ITdo,, ) i s  t h e  nuhber of s ca t t e r i ng  processes de tec ted  i n  a  
UP 

counter. t o  t h e  l e f t  when t h e  t a r g e t  i s  polarize'd up (or down). This i s  t h e  

6 
method used by J e f f r i e s ,  S c h d t z ,  Shapiro, Van ~ossum' and myself. . 

A f u r t h e r  comment i s  necessary concerning t he  separation of pion- 

proton s ca t t e r i ng  events from o ther  types .of s ca t t e r i ng  such as pion s c a t t e r -  

Lng by protqns bound i n  complex nucle i .  When t h e  t a r g e t  ma te r i a l  i s  lan thanm 



uagcesiu~ dou3le nitrate (LWT) the protons of hydrogen constitute only 

, 3 percent of the target weight. Accordingly, scattering by bound protons 

is &uch more common thzn scattericg by free protons (hydrogen). To avoid 
?, 

having the interesting events overshadowed by unwanted scattering processes 

one must select elastic pion-proton scatterings from other scattering processes 

on the basis of the scattering kinematics. 

The selection of elastic scattering processes on free hydroge, n can be 

accomplished 'by steps as follows: 

a) Observe whether a scattered pies is accompanied by a coplanar 

recoil proton, as required by the elastic scattering on hydrogen, 

b) Observe whether the angle of emission of the coplanar recoil 

proton is that expected for elastic scattering kinematics, 

c) Check whether the energy of the emerging pion is consistent with 

kinematics, and 

d) See whether the energy of the recoil proton is consistent with 

the kinematics. 

If all of these checks were applied, the background would be shall in- 

deed, as ,witnessed by the very-high-momentum-transfer p-p scattering experi- 

ments at alternating-gradient synchrotrons .7 In practice it is often suffi- 

cient to apply (a) and (b) only, and is much simpler. That is the way most 

of the a-p scattering experiments were done. 

Figure 3 shows the apparatus. A coincidence between the pion telescope 

and some proton counter indicated a coplanar event (condition. (a)), and z l. 

coincidence with the central proton counter indicated the proton angle was 

consLstent ~ 5 t h  TC-p scattering. Scattering by bound protons is rather like 



sce t t e r i ng  from a moving nucleon, so  t h e  emergence angle of t h e  proton i s  

usua l ly  not t h a t  of e l a s t i c  s ca t t e r i ng  on f r e e  hydrogen. 

Figure 4 shows a fu r the r  elaboration of t h e  same method i n  which t h e  

s ca t t e r ed  beax p a r t i c l e  may be detected i n  any one of 10  counters above t he  

beam l i n e ,  and t h e  r e c o i l  proton detected i n  one of 10  counters below. Figure 5 

shows a typical. histogram constructed out 0.f t h e  s ca t t e r ed  p a r t i c l e s  from a 

polar ized t a r g e t  made of LMT. Each event t h a t  r eg i s t e r ed  i n  a pa r t i cu l a r  

upper counter (number 6) has been entered i n  t he  histogram i f  it was coinci-  

dent with a count i n  one of t h e  t e n  lower  counters so a s  t o  show the  number 

of coincidence counts i n  each of t h e  lower counters.  The f igure  shows 3 

s e t s  of data:  counts tzken with t h e  t a r g e t  negatively polarized (opposite 

t o  t h e  termal equil ibrium d i r ec t i on ) ,  counts taken v i t h  t a r g e t  pos i t ive ly  

polarized,  and counts taken with a dummy t a r g e t ,  chosen t o  be s imi la r  t o  

LMN except having no hybogen content .  The polar ized t a r g e t  da t a  show a  

s t rong peak due t o  f r e e  hydrogen above a broad background from heavy elements 

i n  t h e  LMN. The dummy-target data  allow a  reasovable subtract ion of the  

background t o  be made. Notice t h a t  t he  s i z e  of t h e  hydrogen peak i s  s l i g h t l y  

d i f f e r e n t  f o r  t h e  two s igns  of t a r g e t  polar izat ion,  ind ica t ing  some asymmetry 

i n  t h e  s ca t t e r i ng  process i n  t h i s  case. 

8 
Figure 6 shows t h e  r e s u l t s  of Betz e t  a l .  on t h e  po la r iza t ion  i n  proton- 

, . proton s ca t t e r i ng  a t  740 MeV, a s  an i l lu . s t ra t ion  of t yp i ca l .  r e s u l t s .  Figure 7 
L1 

shows t h e i r  r e s u l t s  a t  328 MeV, compared t o  e a r l i e r  r e s u l t s  a t  310 MeV.obtained 

without benef i t  of polar ized t a r g e t .  The agreement i s  not per fec t  but ,  within 

t h e  recognizable e r ro r s ,  i nd i ca t e s  that we may have confidence i n  t h e  measure- 

ment of the  t a r g e t  po l a r i za t i on  i n  t h i s  case. 



Figure 8 shows results of Grannis et ala9 for polarization in p-p scat- 

tering at higher energy. 

Figure 9 displays the largest value 'of polarization in p-p scattering 

as a fw-ction of the (laboratory) kinetic energy. After it reaches a peak 

value near 700 MeV it decreases monotonically et higher energy, in qualitative 

agreeaent with theoretical expectstions. 

When it is desired to use the polarized target for a measurement of 

polarization at a very small angle it m y  be impracticable to make the target 

thin enough that the recoil proton can emerge reliably. In this case one is 

restricted to &ing measurements only on the scattered beam particle to 

distinguish the scattering from free hydrogen. A case in point is taken 

from reference 6, where polarization in small-angle pion-proton scattering 

was attempted. The method consists in measuring the energy of piolzs scattered 

at a particular angle and selecting those whose energy is consistent with 

elastic scattering kinematics. In this case the range of the pions in a copper 

absorber could be used as a measure of their energy. Figure 10 shows differ- 

ential range curves taken with LMN target and with dwamy target. The differ- 

ence shows the elastic scattering on hydrogen, but notice that for data taken 

at the appropriate value of copper absorber the LMN counts are only about 20$ 

due to hydrogen, the rest being background from heavy elements. This indi- 

cates the limitations on the use of a polarized LMT target when only one 

constraint can be applied to distinguish the scattering on free hydrogen. 

A= arrangement for measurilzg Cnn in protan-proton scattering is . . 
show in Fig. 11. It is the apparatus' of Dost et el.'' The 7 4 0 - ~ e ~  exter- 

rial bean from the cyclotron is deflected by two magnets so as to impfnge on 
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t h e  f i r s t  t a r g e t  of l i q u i d  hydrogen e i t h e r  from ci'oove o r  from below t h e  

r egu l a r  beam 1Tne. The protons t h a t  go i n  t h e  fo-nrard d i r ec t i on  a r e  

polar ized i n  t h e  s ca t t e r i ng  and m y  be focussed onto t h e  polarized hydrogen 

t a r g e t  (of JJIX). I n  order t o  determine C without a l t e r i n g  t h e  counter 
nn 

pos i t ions  one takes  a  &-way dif ference involving both s igns  of beam pola r i -  

za t ion,  by s t r i k i n g  t h e  l i q u i d  hydrogen t a r g e t  both from above and from 

below, and both  s igns  of  po la r iza t ion  i n  t h e  DQ? t a r g e t .  The expression i s  

N -N -N +N 
- 1 1 ++ +- -+ -- - -  - 

'nn N +N +N +N P~ P~ +- -+ -- 

where T  i nd i ca t e s  t a r g e t  (INN), B ind ica tes  bean (incident on t h e  LN!Y 

t a r g e t )  and t h e  o ther  subscr ipts  r e f e r  t o  incident-beam pola r iza t ion  di rec-  

t i o n  and po la r ized- ta rge t  po la r iza t ion  d i rec t ion .  The r e s u l t s  a r e  shown i n  

Fig .  12, along with  t h r e e  points  obtained by Golovin, Dzhelepov, Zul'karneev, and 

wa-chfw&'l without t h e  bene f i t  of a polar ized t a r g e t .  The agreement between 

0 
t h e  two experiments i s  q u i t e  good. The f a c t  t h a t  Cnn i s  near ly  1 a t  90 , 

i nd i ca t e s  that t h e  s c a t t e r i n g  t he r e  i s  mostly t r i p l e t  sca t te r ing .  

A very important s e r i e s  of measurements on pion-proton po la r iza t ion  

Their 

has been made by Atkinson, 
and Thresher. l2 
apparatus i s  shown i n  Fig .  

on each s ide  of t h e  beam. 

along t h e  beam d i r ec t i on .  

Cox, m e ,  Heard, Jones, Kemp, Murphy,'Prentice, 

13. It uses an extensive s e r i e s  of counter's 

Figure 1 4  

They have 

assure  t h e  cop lanar i ty  of t h e  events 

shows a view of t h e i r  apparatus viewed 

used an extensive a r ray  of counters t o  

they have used i n  t h e i r  r e s u l t s .  They 

have w d e  measurements a t  a nm'oer of energies.  Figure 15 shows t y p i c a l  

. r e su l t s ,  f o r  t h e  case of indident pion momentum of. 1080 M~V/C. These r e s u l t s  

have played a c r u c i a l  p a r t  i n  t he  ana lys i s  of Sareyre, Ericman, S t i r l i n g ,  



Similar  experiments have been ca r r ied  out a t  a somelrhz2 higher energy 

1 4  t 
of rc-p s ca t t e r i ng  by Suwa, Yokosam, Booth, Es te r l ing ,  and H i l l .  Their 

experimental arrangement i s  sho~m i n  Fig. 16, and Fig .  17 shows t h e i r  

"hydrogen peak", i n  t h e  histogram of coincidence counts between t h e  counters 

of one array'  with a p a r t i c u l a r  counter i n  t h e  other  array.  An example of 

the i r . resKLts  i s  sho5m i n  Fig.  18. 

A r ecen t ly  used arrangement of Hansroul e t  a1.15 i s  shown i n  e levat ion 

view i n  Fig. 19. Some 30 counters above t h e  beam p a r t l y  overlap each adja-  

cent  counter so  a s  t o  give  some 60 "bins" of angle i n  t h e  s ca t t e r i ng  plane. 

Counters below t h e  beam l i n e  a r e  s imi l a r l y  arranged. Not shown i n  the  f igure  

a r e  l i k e  s e t s  of counters runoing i n  a perpendicular d i r ec t i on  so  t h a t  when 

a p a r t i c l e  s t r i k e s  t h e  plane of a counter a r r ay  both i t s  coordinates can be 

recorded. This system should combine good coplanar i ty  determination and good 

angular reso lu t ion  wi th  a l a rge  s o l i d  angle f o r  counting s ca t t e r ed  p a r t i c l e s .  

Some t rouble  was experienced with e l ec t rons . i n  t h e  plon beam. It was found 

t h a t  e lect rons  may emit high-energy X rays i n  t h e  first p a r t  of t h e  LMNtar- 

gt and these  X rays may then  make e lect ron-posi t ron p a i r s  i n  t h e  l a t t e r  pa r t  

o f  t h e  t a rge t .  The p i r s  go almost d i r e c t l y  forward, but  t'ne magnetic f i e l d  . 

of  t h e  polar ized- target  magnet de f l ec t s  one member of t h e  p a i r  up i n t o  one 

counter  a r r ay  and t h e  o t h e r  down i n t o  t he  other  counter a r r ay .  ~ e c a u s e  these  

e lec t ron-pa i r  events t end  t o  s a t i s f y  t h e  coplanari ty.requirement automatically, * ,  

. . t h e y  can represent a troublesome beckground. It was a l s o  found t h a t  it i s  

, h e l p f u l  t o  have t h e  polar ized t a r g e t  r a t h e r  completely surrounded 5rith a n t i -  



coincld~nce counters in directions in which the desired events do not send 

particles. P-t high energy the a~tico5ncidence co~mters h e l ~  to suppress 

unmnted inelastic processes. ~easurements were m d e  at 10 energies for 

the ni-p polarization and 15 energies for the YT+-~ . As an example of 

some of the better results, Fig. 20 shows the results for incident momentum 

1.44 ~ev/c. 

We have said above that for elastic scattering the asymmetry o'oserved ' 

in scattering on a polarized target is guaranteed by prity conservation and 

time-reversal invariance to be related to the polarization P in the same 

scattering process by 

16 Bilen'kii has pointed out that if the character of the particles changes 

in the scattering process we may have the more general relation 

E = C P , P  
A 

where the plus sign applies if there is nc, change in the intrinsic parity 

of the particles involved in the scattering, the minus sign if the intrinsic 

parity charges. 

As an example, consider the reaction 

+ 
z + p + K  +c+  . 

Both the pion and the K meson have zero spin and both proton and C hyperon 

have spin 1/2, so this is a suitable place to apply the Bilen'kii argument. ' 

If the product of and p intrinsic parities is the same (or different) 

from tkproduct of K and C intrinsic parities we d l 1  h~e.a plus (or 

minu-s) sign .in the relation 



P has a l ready 3een measured i n  bubble-chamber experiments so a measure- 

ment of as;mn!etry E i n  t h e  reac t ion  on a. polar ized target, could check & 

. t h e  product of i n t r i n s i c  p a r i t i e s  of K and- C . .  h he n-p system i s  a l ready 
6 

. known t o  have an odd product of i n t r i n s i c  p a r i t i e s . )  

I n  spit'e of t h e  f a c t  t h a t  t he  K-C p a r i t y  was believed demonstrated t o  

. be odd, on t h e  basis of work by Tripp e t  a l .  l7 Die te r le  e t  a l .  18 i n  Berkeley 

decided t o  remeasure t h e  K-C p a r i t y  a s  a demonstration of t he  new method and 

a s  a fu r the r  reassurance about t h e  Tripp r e s u l t .  The apparatus used i s  

shorn i n  Fig. 21. The inc iden t  pion beam was p a r t i a l l y  separated t o  suppress 

protons. Pion momenta were measured i n  spark chambers and magnets along t h e  

beam l i n e .  The des i red  reac t ion  was se lec ted  by t h e  observation of a f i n a l -  

+ + + 
s t a t e . K  p a r t i c l e ,  detected i n  a somewhat standard K de tec tor  involving K 

+ 
that come t o  r e s t  i n  a water Cherenkov counter.  Sy observing.the K angle 

of emission (by spark chambers) and t h e  K+ energy (by range measurement) 

t h e  authors could obta in  a one-constraint s e l ec t i on  of t h e  desi red react ion.  

Figure 22 shows more d e t a i l  of the  apparatus i n  t h e  v i c i n i t y  of t h e  water 

Cherenkov counter.  !Two p r i o r  Cherenkov counters were required t o  show no 

pLLse ( the  des i red  K mesons being t oo  slow t o  produce Cherenkov l i g h t  t he r e )  

bu t  t k  l a rge  water Cherenkov was required t o  show a delayed pulse (due t o  

+ .  + 
t h e  f a s t  decay products of t h e  K ) .  The range of t h e  K was determined by 

+ 
extrapolat ing forward t h e  spark-chamber t r a c k  of t h e  enter ing K p a r t i c l e  

and extrapolat ing backward ' the  decay product a s  observed i n  t h e  "p"i spark 

chamber. 

+ For each stopping K a parameter was ca lcu la ted  t o  compare t h e  obser- 

ved energy with that expected from kinematic r e l a t i o n s  f o r  t h e  des i red  reac- 



. . 
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+ 
tion for a K enitted at the angle observed for that event. To construct 

+ 
this paranzter each stopping K was treated as if it originated from free . 

hydrogen but, as if the unobserved particle were not necessarily a C particle, 
0 

. but sore 'fictitious particle of mass m (missing mass) 1 Khen this missing 

+ a s s  falls close to the mass of a C the event is consistent vith the desired 

reaction. 

Figure 23 shows the distribution in missing mass for the observed events 

from the polarized target (of LMN). There is certainly no clear hydrogen peak 
I 

in the vicinity of the C mass. Rather, there is a broad distribution more 

characteristic of the heavy elements in the target. When the LMN target was 

replaced with a CH2 target the resulting missing mass distribution did show 

a hydrogen peak, as shown in Fig. 24. This indicated that the apparatus 

was performing as expected and allowed one to make a computation of the 

fraction of free-hydrogen events in the polarized-target data. On the basis 

of this analysis these data confirm the odd parity of the K-C system rather 

than even parity by odds of 40 to 1. The experiment indicated againthe 

difficulties of working with one-constraint fits to separate the hydrogen 

effect in the LMN target. . 
A conceptually similar experiment designed to measure the intrinsic 

parity of the E hyperon is in the analysis stage at the CEXN laboratory. 

A valuable extension in the uses of a polarized proton target has - 
been made by a Saclay-Orsay-Pisa collaboration, as reported by Sonderegeer 

e . at th? Stony Book Conference. They have used a polarized target to measure 

the polarization in charge-exchange scattering 



-part icularly a t  high energy and small  momentun! t r ans f e r  t o  t h e  nucleon. 

Figure  25 shows. t h e i r  experimental azrangement . Tney observe t he  neutron I 

and measure i t s  ve loc i ty  by time of f l i g h t  i n  s c i n t i l l a t i o n  cou.aters and 
3 

t hey  observe t h e  gamma rays from t h e  decay of t h e  neu t ra l  pion Ln spark 

chambers. Their t r i g g e r  i s  based on an incident  negative pion, no charged 

p a r t i c l e  emerging from t h e  t a rge t ,  and t h e  detect ion of a reasonably slow 

neutron. Tneir  separat ion of a hydrogen peak i s  qu i t e  c l ea r  i n  Fig.  26. 

Their  r e s u l t s  a r e  shown i n  Fig.  27, f o r  incident  pion momenta of 5.9 and 

11.2 G ~ V / C .  This process i s  qu i t e  i n t e r e s t i n g  i n  t h a t  t h e  po la r iza t ion  

had been expected t o  vanish rap id ly  at high energy according t o  t h e  simp- 

l e s t  Regge-pole model. 

Ekteosive high-energy po la r iza t ion  measurements have been made f o r  

K-p and p-p s ca t t e r i ng  by a group of CI;IRN authors consis t ing of Borghini, 

Coignet, Dick, Kuroda, d i  Lel la ,  Macq, Michalowicz and Ol iv ie r .  They used 

inc iden t  momenta from 6 t o  12 G ~ V / C .  Because of t h e  high inc iden t  energy 

t h e  measurements a r e  U n i t e d  t o  t h e  most forward d i rec t ions  of s ca t t e r i ng .  

However, t h e r e  i s  a g r ea t  dea l  of i n t e r e s t  i n  t h i s  near-forward s ca t t e r i ng  

a s  it contains  v i t a l  information on t h e  l im i t i ng  behavior of s c a t t e r i n g  

amplitudes a t  high energy. I n  pa r t i cu l a r ,  it i s  important t o  decide whether 

Regge poles a r e  sufficLent t o  descr ibe  t h e  high-energy s ca t t e r i ng  at small 

angles .  Other more complex po la r iza t ion  experiments w i l l  a l s o  be needed 
* 

but  t h e  measurement of P i s  a very important f i r s t  s t ep .  One form of 

t h e i r  experimental arrangement i s  'shown i n  Fig.  28. They have used a b 

. . 
counter hodoscope t o  determine t h e  angle of s ca t t e r i ng  of t h e  b e m  p a r t i c l e  

and have used an ingenious subs t i t u t e ,  which I w i l l  not discuss here,  t o  

determine the .angle  of t h e  r e c o i l  proton. Tneir  hydrogen peakseare  shown 



in pert in FLg..29. Their results for r-p polarization are shown in Fig. 30. 

" .  In all cases the data for TC + -p polarization are positive at small angles, 
- 

those for IT -p are negative at small angles. The'curves are the theoretical 

values of Chiu, Phillips, and ~arita'~ based upon a Regge-pole analysis. 

The agreement d t h  the Regge analysis is not bad. The experimental results 

for p-p scattering are shown as solid circles in Fig. 31. At 6 G~V/C there 
> 

is 'not perfect agreement with results obtained in Berkeley. 

I have omitted descriptions of some other quite interesting applica- 

tions of polarized proton targets such as their use to obtain relatively 

high-intensity polarized neutron beams, as reported by Dragicescu, 

Lushchikov, ITikolenko , Taran, and Shapiro .*O Incidentally, this work 

suggests that for targets of high polarization it may be practicable to 

measure the target polarization by.measuring the transmission of the target 

to an initially unpolarized beam of slow neutrons. 

Several other valuable polarized-target experiments are now under way. 

K-p polarization experiments are now well started at CERN and at the Ruther- 

ford Laboratory, and work is well progressed at Saclay toward measurements 

of the parameters A and R for fi-p scattering. While many of the experi- 

ments previously mentioned could have been done, if necessary, without polarized 

proton targets, the measurements of A and R definitely require polarized 

targets. Here is an important aspect of scattering for which polarized 

targets are absolutely essential. 

It is my expectation that we will hear during this conference about 

promising possibilities for terget materials other than the presently 

.predo~nent Li'i'T. There is a particular need for polarized targets with a 



higher proportion of hydrogen, and f o r  some experiments it w i l l  be impor- . 
tmt t o  have t a r g e t s  l e s s  suscept ible  t o  r ad i a t i on  damge than Dm. I 

look formrd t o  hearing t h e  current  s t a t u s  of new t a r g e t  mate r ia l s  and I 

hope t h i s  conlerence w i l l  l e ad  t o  fu r the r  work toh-ard f inding super ior  

new t a r g e t  ma te r i a l s .  
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Fig.  1. Sketch of t h e  epparatus of Abragam e t  a l . ,  t h a t  was used t o  measure 

t h e  sp in  co r r e l a t i on  coe f f i c i en t  Cnn f o r  proton-proton s ca t t e r i ng  

a t  20 MeV. A highly  polar ized proton beem rnede by alpha-pr'oton 

s c a t t e r i n g  i s  incident  on t h e  polar ized proton t a r g e t .  

F ig .  2 Plan view of t h e  apparatus of Foot e t  a l . ,  used t o  measure t h e  

po l a r i z a t i on  P i n  pion-proton s ca t t e r i ng .  The pion-proton 

s c a t t e r i n g  occurs a t  t h e  f i r s t  t a r g e t .  The po la r iza t ion  of t h e  

r e co i l i ng  proton i,s measmed by a second sca, t tering on a cerbon 

t a r g e t .  This technique has fo r  t h e  most pa r t  been replaced by 

polar ized- target  methods. 
/ 

Fig.  3. Sketch of t h e  r a t h e r  simple experimental arrangement of Chamberlain, 

J e f f r i e s ,  Schultz,  Shapiro, and Van Rossm a s  used t o  measwe t h e  

po l a r i z a t i on  i n  pion-proton s ca t t e r i ng .  The polar ized proton 

t a r g e t  i s  loca ted  a t  t h e  center  of t h e  magnet. 

Fig .  4. Elevat ion view of a more soph is t i ca ted  apparatus f o r  measuring 

p o l a r i z a t i s n  i n  e l a s t i c  s ca t t e r i ng .  The upper and lower counter 

a r r ays  each have 1 0  counters.  The beam'is incident  from the  l e f t .  

The Cherenkov counter C i s  used f o r  monitoring t h e  beam i n t e n s i t y  

on. t h e  polar ized t a r g e t .  To be of i n t e r e s t  a s ca t t e r i ng  event 

should count i n  counters Uo , D d  , Do , one of U1 t o  U10 and 

one of Dl t o  D10 . 
Fig.  5 .  Histogram of coincidence events between t h e  upper counter  U6 and 

each of t h e  lower counters,  Dl t o  D10 , f o r  t h e  apparatus s h a m  

i n  Fig.  4. . The peek i n  counters D.. a n  D4 represents  e l a s t i c  
. ,2 



. s c a t t e r i n g  on f r e e  t a r g e t  protons. 'The d ~ ~ r r ~ . '  t a r g e t  da ta  show 

t h e  u.nwanted contr ibut ion from heavy elements i n  t h e  polar lzed 

t a r g e t .  The i n t e n s i t y  d i f ference between runs taken xrith nega- 

t i v e  and pos i t i ve  t a r g e t  po la r iza t ion  i nd i ca t e s  an asymmetry of 

about 5 percent  f o r  t h i s  p a r t i c u l a r  s c a t t e r i n g  process. 

' Fig.  6.  Resu l t s  of Eetz e t  a l .  f o r  po la r iza t ion  i n  proton-proton s c a t t e r -  

ing  a t  740 MeV l ab .  k i n e t i c  energy. The appar.atus has been shom . 
b 

i n  Fig .  4. The r e l a t i v e  systematic e r ro r ,  corresponding t o  uncer- 

t a i n t y  i n  t h e  po la r iza t ion  of the  po la r ized  t a r g e t ,  i s  7 percent .  

This  means t h e r e  i s  a 7 percent uncer ta in ty  i n  t h e  s ca l e  aga ins t  

which P(B)  i s  measured. 

Fig. 7. Resul ts  of Betz e t  a l .  f o r  po la r iza t ion  i n  proton-proton s c a t t e r -  

i ng  a t  328 MeV, compared t o  315-MeV r e s u l t s  obtained without 

b e n e f i t  of a polar ized t a r g e t .  

Fig. 8. Resul ts  of Grannis e t  a l .  on po la r iza t ion  i n  proton-proton s c a t t e r -  

ing  f o r  inc iden t  l a b .  k i n e t i c  energy of 6.15 GeV. The po la r iza t ion  

s c a l e  i s  uncer ta in  by 14 percent .  t i s  t h e  invar ian t  square of 

momentum t r a n s f e r .  8 i s  t h e  center-of-mass s ca t t e r i ng  a n g l e . '  

Fig. 9.  Plo t  of t h e  maximum pola r iza t ion  i n  proton-proton s c a t t e r i n g  a s  

a funct ion of l a b .  k i n e t i c  energy T . 
P 

Fig.  10.  Counting r a t e  of  s ca t t e r ed  pions i n  a d i f f e r e n t i a l  range telescope 

as G funct ion o f  copper absorber th ickness .  The s o l i d  curve repre-  

. 
s en t s  da ta  t aken  with t h e  polar ized t a r g e t  i n  place b ~ t  not highly 

polar ized.  The dashed curve represents  dumny t a r g e t .  The d i f f e r -  

2 
ence near 60 grams/cm i s  due t o  e l a s t i c  s c e t t e r i n g  on f r e e  protons 

i n  t h e  t a r i e t .  



Fig.  11. 

Fig.  1 2 .  

Fig.  13. 

Fig.  14.  

Fig .  15. 

Fig .  17. 

. . 
E l e v ~ t i o n  view of t h e  apparatus of Dost e t  a l .  f o r  measuring 

t h e  sp in  co r r e l a t i on  coef f ic ien t  
'nn 

. The proton beam vas 

polarrzed by a f i r s t  s c a t t e r h g  on a hydrogen t a rge t .  The 

r e su l t i ng  polar ized beam . a s  incident  on t h e  polarized proton 

t a r g e t .  

Results  of Dost e t  a l .  on C nn i n  proton-proton s ca t t e r i ng  

a t  680 MeV, along with 3 points  (open c i r c e s )  of Golovin e t  21. 

at, 640 MeV. The Golovin experiment was performed without a 

poler ized proton t a r g e t .  

Apparatus of Duke e t  a l .  f o r  measuring t h e  po la r iza t ion  i n  pion- 

proton s ca t t e r i ng .  A 3  and A& a r e  anticoincidence counters 

placed aga ins t  t h e  magnet pole faces .  

Apparatus of Duke e t  a l .  as seen from 

s e r i e s  of counters B2 , Sp , and SIT 

nar s ca t t e r i ng  events.  

t h e  beam d i rec t ion .  The 

were used t o  s e l e c t  copla- 

Typical  r e s u l t s  by Duke e t  a l .  The momentum of t h e  incident  

negative pjon beam i s  1080 M ~ V / C .  The o r ig ina l  s ca l e  shows t h e  

asymmetry observed. A su i t ab l e  sca le  of po la r iza t ion  i s  ind ica ted  

by markings a t  P=0.5 and P= -0.5. The hor izontal  s ca l e  repre-  

sen t s  t h e  cosine of t h e  center-of-mass s ca t t e r i ng  angle .  

Polarized t a r g e t  arrangement of S U . T ~ ,  Yokosawa, B o t h ,  Es te r l ing ,  

and Iiil.1. 

Histogram of coincidence counts between one counter of one bank 

and each counter of t h e  other  b a ~ k .  The peak near counter 22 i s  
. 

due t o  e l a s t i c  pion-proton sca t te r ing .  The apparatus i s  shown 

i n  Fig.  16. 



Fig .  18. Polariza,tion r e s u l t s  of S U T ~ ,  Yokosa~.;a, Sooth, Ester l ing, .  and 

H i l l  f o r  negetive-pion-proton s ca t t e r i ng .  The momentum of t h e  

incident  pions 'was 2.08 G ~ V / C .  7 

Fig .  19. Elevat ion vie%: of t h e  apparatus of E a ~ s r o u l  e t  a l .  f o r  measuring 

t h e  p ~ l a r i z a ~ t i o n  i n  pion-proton sca t te r icg :  When t h e  incident  

' p a r t i c l e s  were pos i t ive  pions was necessary t o  use t h e  

Cherenkov counter a t  c e r t a i n  angles of s ca t t e r i ng  t o  determine 

whether t h e  p a r t i c l e  reaching t h e  lower s e t  of counters was a 

' pion o r  a proton. 

Fig .  20. Po la r iza t ion  i n  positrve-pion-proton s ca t t e r i ng  a s  a function of 

cosine of center-of-mass s ca t t e r i ng  angle according t o  Hansroul 

et a l .  The incident  beam momentum was 1.441 G ~ V / C .  

F ig .  21. Elevat ion view of t h e  apparatus of Die te r le  e t  a l . ,  used f o r  

t h e  K-E p a r i t y  determination. K+ mesons were detected i f  they 

case t o  r e s t  i n  t he  H20 Cherenkov counter. 

. 
Fig.  22. De t a i l  of t h e  apparatus of D ie t e r l e  e t  a l .  K' tange was determined 

by ex t rapo la t ion  of spark-chamber t racks  i n  t h e  spark chambers 

K4 and any one of four  p. spark chambers placed around t h e  water 

Chererkov coucter .  e 

' 11 Fig.  23. Hiskogram of missing mass" f o r  t h e  events of Die te r le  e t  a l .  
b 

obteined with t h e  W t a r g e t .  Events on f r ee  hydrogen should 

show a s  e peak at t h e  sigma mass, but  they  a r e  here obscured 



by a large background due to collisions on heavy elements in 

the target. 

Fig. 24. Histogram of "missing mass" for the events of Dieterle et al. 

when a CH target was substituted for the I2431 target. Tne peak 2 

at the sigma mass indicates the apparatus was adjusted es intended, 

and allows an estivate to be made of the fraction of LM3T events 

near the sigma mass that are due to free hydrogen. 

Fig. 25. Apparatus of the Saclay-Orsay-Pisa collaboration for meas~ring 

the polarization in charge-exchange scattering of negative pions 

on protons. The neutron counters are to the left and right of 

the beam. A spark chamber was used to detect the gamma rays 

from the neutral pion. 

Fig. 26. The hydrogen peaks, clearbj evident above the background (dashed 

line), of the Saclay-Orsay-Pisa -- collaboration. 

Fig. 27. Polarization results for pion-nucleon charge exchange, from the 

Saclay-Orsay-Pisa collaboration. t .is the square of invariant 

momentum t~ansfer. Po is the polarization. 

Fig. 28. P k n  view of one arrangement used by Borghini et al. to study 

polarization in pion-proton and proton-proton scattering. K 

is a ~herenkov counter in the beam used to distinguish pions 

from protons in the beam. V is an anticoincidence counter. 

H2 is a hodoscope used to measure the angle of the scattered 

beam particle. 

Fig. 29. Examples of the hydrogen peaks in the work of Sorghini et al. 



Fig .  30. 

Fig .  31. 
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P ~ ~ r i z a t i o n  r e s l j l t s  p l o t t e d  a g a i n s t  invar ian t  squ-are of monentvn 

t r a n s f e r  f o r  pion-proton s c a t t e r i n g ,  from t h e  work of Sorg'nini e t  

a l .  The c w v e s  show pred ic t ions  of a Regge-pole model. -, 

Ekperimental proton-proton po la r i za t ion  r e s u l t s  of Eorghini e t  a l .  

(dark c i r c l e s ) .  The po in t s  ind ica ted  i n  t h e  f i g u r e  as Ref. 5 ere 

Berkeley r e s u l t s .  The po in t s  ind ica ted  as Ref. 6 ere probzbly 

from t h e  Sovie t  Union. 
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T h i s  r e p o r t  was p r e p a r e d  a s  an  a c c o u n t  o f  Government 
s p o n s o r e d  work .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  any p e r s o n  a c t i n g  on b e h a l f  o f  t h e  Commission:  

A .  Makes any w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  any  i n f o r m a t i o n ,  appa -  
r a t u s ,  method ,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

B. Assumes any  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages r e s u l t i n g  from t h e  u s e  o f  any i n f o r -  
m a t i o n ,  a p p a r a t u s ,  method ,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  

A s  u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  on b e h a l f  o f  t h e  
Commission" i n c l u d e s  any employee  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  employee  o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  employee  o r  c o n t r a c t o r  o f  t h e  Commiss ion ,  o r  employee  
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  any i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment o r  c o n t r a c t  
w i t h  t h e  Commiss ion ,  o r  h i s  employment w i t h  s u c h  c o n t r a c t o r .  




