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ABSTRACT 

The polarization parameter  in elast ic  proton-proton scat ter ing 

has been measured  a t  s eve ra l  energies and angles. The unpolarized 

external  proton beam f rom the 184-inch synchrocyclotron was made 

incident upon a polarized target .  The full energy of the beam was de- 

graded by means of copper absorber  to obtain beams with laboratory 

kinetic energies  of 328, 614, 679, and 736 MeV. The elast ic  

proton-proton scat ter ings were  kinematically separated f rom back- 

ground events by detection of both protons in coincidence with the use  

of scintillation counters.  Measurements were made in the center-of- 

m a s s  angular region f rom 33 to 110 degrees (at sma l l e r  angles the 

slower proton lacked sufficient range to emerge  f rom the ta rge t ) .  

The target  was polarized by means of a technique called dynamic 

n l ~ c l e a r  orientation. Its polarization was measured  by monitoring 

the nuclear  magnetic resonance signal of the f r e e  protons in  the t a r -  

geto This signal was calibrated in t e r m s  of absolute magnitude of 

polarization by measurement  of the tempera ture  of the proton sys tem 

and the frequency of i t s  resonance when the polarization of the target  

was unenhanced. The experimental procedure was to  count the number 

of e last ic  scat ter ings into a solid angle with the polarization of the 

target  paral le l  to  the normal  to  the scat ter ing plane and then, under 

identical conditions, to  count the elast ic  scat ter ings with the direction 

of the polarization of the ta rge t  reversed.  The measured  values of 

the polarization parameter  a r e  presented a s  a function of angle for 

each incident proton energy. 



I. INTRODUCTION 

The two-nucleon interaction i s  of in te res t  in the investigation 

of the nature of the strong interactions and, insofar a s  the nuclear 

forces  can be considered two-body interactions,  in  the investigation 

.of the binding of the atomic nucleus. Since a nucleon has an intr insic  

spin bf i/2; i t  i s  necessary  to obtain. information on .the spin dependence 

of the interaction. This disser tat ion .describes an experiment to  ob- 

tain data on the two-nucleon (isotopic spin = i) scat ter ing amplitude. 

An unpolarized proton beam was made incident upon a polarized p r n -  

ton target  to  measure.  the polarization P(8) in elast ic  p-p 

scat ter ing for  l ab  energies  f rom 328 to  736 MeV. Compr'ehensiv'e 

reviews of previous work on high-energy nucleon-nucleon interaction 
2 

can  be found in the a r t ic les  by MacGregor et  al .  , I  Hess,  and 
3 

.Wolfenstein: these a l so  contain extensive l i s t s  of references.  ' 



11. THEORY 

The density matr ix formalism, introduced by, Wolfenstein and 
4 5 

Ashkin and by Dalitz, is useful for the description of scattering ex- 

periments that involve .polarization. 
. . ,Let .$. be a.wave .function .degcrfbing the ilicident wavc of.,a 

1 . a 

beam of particles upon a target.  This incident wave gives r i se  to a 

scat tered wave that displays .a scat tered amplitude in each spin state. 

T,,et.$ be the scat tered wave, . M the interaction .matrix (with the .part f .  
,, 

giving, r i se .  to  the unscattered .wave subtracLecl out, M =,.S- i, where .S 

i s  the usual. S matr ix) ,  and .I the differential c,ross sectisii of the 

scattering. F rom the definition of M 

- t  where Jli i s  normalized, 4. +. = 1 (matrix multiplication is  implied). 
1 1  

The scattered.wave $f i s  not normalized, but 

For proton-proton scattering M i s  a 4 X 4  matrix,  + i s  a four- 
t komponent column symbol, $ i s  a four-component row symbol, and 

f indicates the Hermitian conjugate. 

If Jli CALI be written, thc initial state i s  completely known 

and may, in a sense,  be said to be corrlpletely polarized. In practice, 

s tates  of partial  polarization must be dealt with,. a s  when a polarized 

target i s  only 5070 polarized (not 10070). States of partial  polarization 

..can .be described .as .  incoherent mixtures of s tates  of complete polari- 

zation. . .As a .s imple  example, the scattering of spin-0 particles on .a 

spin-1/2 polarized target.. will be described. Suppose the target pro- 

tons were in a state of partial  polarization .so that f of the protons 1 
could .be described by an .initial wave function Jl and the remainder,  

i 1 
fraction .f2 = 1 - .fl, by the wave .function + i2. Then the scat tered 

intensity .would .be 



Similarly,  if one wished to find the average value of the x component 

i of sgin ox for  the sca t te red  particles (final s ta te ) ,  one calculates 

where the denominator amounts to a normalization factor.  

In general ,  it  may  require  m o r e  than two contributions to 

descr ibe the des i red  s tate  of par t ia l  polarization. If n components 

were required,  one could use  fractions f * .  . 
1 fn to  make up the 

init ial  state.  Any state  of par t ia l  polarization (or  no polarization) 

can be made up a s  an incoherent mixture of perfectly polarized in- 

gredients.  . F o r  purposes of notation, this formal i sm can be simplified 

by making up a new mat r ix  

In the simple case  of two contributions, 

If $ J ~ ~  and LCli2 a r e  two-element column symbols,  then p would be 

a 2 X2 k a t r i x .  

If J '  i1 i s  writ ten , where bill and Ci lZ  a r e  com- 

f * 4 
plex numbers ,  , then Ci is (Ci Ci 2 )  and 



The advantage of introducing this ma t r ix  i s  that the forms-  we have 

used.can be .written ve ry  simply a s  

, * 

T <  q> = TrCroi, M. p: M,+) 
(Note: i n  deriving these  relations,  one uses  the fact that in  taking 

llle t r a c c  of a product of matrices the product may be cyclically 

, . 

It is convenient to  use  a s imi l a r  ma t r ix  to  descr ibe  .separately the 

final s ta te  

p is ccrlled the dcnoity matr ix .  This matrix has the advantage 

that i t  is guaranteed to  include all cases  of par t ia l  polarization. 

Since the density ma t r ix  in  our  s imple example i s  a 2 X 2 

mat r ix ,  i t  can be represented a s  a sum 

where 1 is the unit 2x2 mat r ix  and o oZ, 0 a r e  the th ree  

Pauli  spin ma t r i ces .  This 'set is complete,  since none a r e  l inear  

combinations .of the others .  It has the konvenient property , 



where S indicates one of the se t :  i., 0 0 2 ,  0 3. 

.This formal i sm has the important advantage of displaying 

explicitly what information i s  needed to descr ibe fully, a s ta te  of 

par t ia l  polarization. If the initial density ma t r ix  descr ibes  a se t  of 

protons that a r e  ,partially polarized, then p. i s  completely determined 
1 

if we know all of.the a in the expansion 
P 

Since fr ( p i s r )  = ?&p , we need to  .know 

a a . = ~ r ( / 2 . )  ( 5  1. i L Y V  c a s e )  

a & , =  T ~ Q A )  ( = C q > L  ) 
aa,=~p( / ' i@0;)  ( = ( i ~ ~ ) ;  ) 
a a , = ~ r ( p ~ , )  C = < q > : )  

In the final s ta te  the s imi l a r  expressions a r e  

4 r lp;  M+ 

1 = Tr (p+) 17-v 

I<%>+ = Tv(p4 re )  a 

In general ,  

= T Y  ( p  S P )  
In fact the.whole formal i sm may'be expressed .very  compactly and 

.conveniently a s  

Here Tr (p )  i s  a normalization factor that i s  equal to  1 for  our  ' p 
i 

and i s .  equal to  I for  our  pf. Fur thermore  (s') i s  the expectation 

.value of the par t icular  operator  for  the particles in the s tate  in 

question. . If the init ial  s ta te  i s  .partially polarized, i s ' then  de ter -  

mined, and.we wish .to' express  information about the final s ta te:  



The concept of .the density rjnatrix that has. been ,introduced through 

this s imple example can, in .the general.  ca se ,  be defined for  a particle 

with .spin . s  ' scat ter ing ,on a particle with spin s An . a rb i t r a ry  .spin 
t o  

s ta te  of the composite s y s t e m  of the - nth pair  of par t ic les  (one in 

the beam and one in the ta rge t )  may be descr ibed by vector with 

components $ This vector  can be represented a s  a l inear  com- 
n j 

bination of the (2st  1) (2s t l)  basic  s ta tes  of the spin 'system. For  
t 

two spin- l /2  protons one could'chonsa as a basis  the f o u r  s ta tcs  of 

and then .$n = . ? $  . cj . The a r rows  represent  a quantum .state with 
3 "J 

the. spin ."upq1 o r .  "downIq in the usual sense  and 1, 2 represent  the f i r s t  

and second protons respectively. An a rb i t r a ry  operator  in this veclor 

space  can a lso  be represented a s  a l inear  combination of a complete 

s e t  of Hermitian ma t r i ces  SEl, none ul which arc l inear  cornhinations 

of each other.  The S' have the property that 

T ~ ( S ' S ~  ) = ( 2 s t l )  (2st+ 1)6El F o r  the vector basis  chosen above, 

the following sixteen ma t r i ces  constitute 

where 1 i s  the unit mat r ix ,  0. a r e  the Pauli ma t r i ces ,  and j , k  
J 

run f r o m  1 to 3. The expectation value of one of the operators  sEl 
taken in the spin s tate  of the nth pair  of beam and target  par t ic les  

. - 
i s  found in .the usual way a s  



Experimentally one measures  .averages over  all the beam- 

ta rge t  particle pa i r s ,  and one calculates the expectation value averaged 

over the pa i rs ,  s', a s  

(11- 1) 

<SF) = 

n a 6 
and substituting the r e s u l t s  of. Eq. (11- I) for  [ qR1 yfil) < s*>~ 
one has 

* (l,ni (I/,;* ST, 
(s?) :) 4 (11- 2) 

With.the implication that the average over  the part ic le  pairs  i s  taken 

f i r s t ,  the densi tymatrixis .defined.by . ' : .  

Upon reflection one can .see that t h i s  deksity ma t r ix  is equivalent to  the 

one introduced through our  ear ly  example. Using this definition, we 

can .rewrite Eq. (11-2) a s  

The density mat r ix ,  a s  in our  example, can always be expanded a s  a 

l inear  combination of the independent mat r ices  

d h c , ,  ( a s + 1 ) ( ~ s t t ~ ) a i r =  T r ( r ~ r )  . 
The density ma t r ix  before scat ter ing p i s  thus 

i 



The density ma t r ix  a f te r  scat ter ing is  .found,, in  the s a m e  manner  a s  
. . .. 

in o u r  example, to .be given by 

One can  again re la te  the average expectaliuli values aftor scat -  

ter ing to  the average expectation values before scat ter ing through the 

Frnm an experimental standpoint, this equation is most  useful because 

one frequently knows the s ta te  of polarization of the beam-target 

sys t em before scat ter ing and one meas.ures,  a f te r  the scat ter ing,  

average expectation values of the spin operators .  .In the experiment 

descr ibed in this  disser tat ion,  an  unpolarized beam of protons was 

sca t te red  on polarized protons in  ,a target .  An a r r a y  of scintillation 

.counters detected counts that were proportional. to the differential 

c r o s s  section for  e last ic  p-p scattering. We can use  Eq . .  (11-6) to  

obtain an  expression for  this differential c r o s s  section I. . W e  talce 

fo r  the s e t  S' the 16 opera tors  previously chosen. Before the sca t -  

ter ings occurred ,  the only nonzero expectation values were  

(111,) = 1 

where o is. .a.vector defined.as ('0 0 o ). ..We have chosen.as.  a - 1 2 3  
.coordinate sys t em the th ree  mutually orthonormal vec tors ,  

k - k' - - k t k' - - k X kt - - K =  - , .P= - , N =  - where k is the incident 
- I k - k t \  - - - / k t " ' /  PI QI - I " " " ' \  - - QD 

momentum and .kt the sca t te red  momentum, both .in .the c.enter-of- - 
m a s s  sys tem.  Since our  t a r g e t  polarization is always paral le l  t o  N , - 
the normal  to  the scat ter ing plane, we denote the polarization by the 



number p, which i s  the component of the polarization in . the N di- - 
rection. Equation (11-6) then gives us an  expression fo r  the average 

expectation values af ter  the scat ter ing a s  

1 

where s = s =' 1/2 has been.used. 
t 

After the .interaction, all protons f rom elast ic-scat ter ing ,events 

were  counted regardless  of. the i r  spin orientation. T h i s , .  i n  the nota- 

tion of our  formal i sm,  i s  .equivalent to having measured  the average 

expectation .value of the unit operator ,  i l l 2 ,  in the  final state.  . Thus 

f rom Eq. (11-6'), 

The two t e r m s  of Eq. (11-7) can be  interpreted in ,the .following 

manner,: If both .initial beam and ta rge t  were unpolarized, 

the unpolarized differential c r o s s  section I becomes 
0 

Thus if we define the parameter  P(8) by the expression,  

we .can write Eq. (11- 7) a s  



where 0 i s  the .:c. m.  scat ter ing angle. (Remember that the targ,et 

polarization p i s  either a. positive o r  a negative number , .  depending 

upon.whether.the alignment of the target  protons i s .  predominantly 

paral le l  o r  antiparallel  to  N. ) . - 
The theoret ical  for& of M can be res t r ic ted  by the requi re-  

ment of i t s  invariance under spat ia l  rotations,  spatial  inversions,  and 

t ime reversa l , ' .  because the .corresponding,coriservation .laws a r e  ex- 

pected to hold.for s t rong interactions.  If M i s  . required .to be a 

s c a l a r  o r  pseudoscalar,  the interaction will yield identical resul ts  

f o r  a l l  obse rve r s  w l r u ~ e  coal-elinato Eysterns ran he connected by pure 

rotations. A pari ty  t ransformation inverts  the coordinate s ystknl, 

so  that a point that was reached by the position vec'tor r = (x, y, z )  

will be reached by the position vectur wliose components a r e  (-x, -y. -z  

This procedure changes the sign of components of vec tors ,  such a s  

l inear  momentum; maintains the sign of components of ps eudovectors , 
such .as  spin; and changes the sign of pseudosca1ars"and leaves sca la r s  

unchang'ed. Thus if M i s  construnted a s  a sca la r ,  i t  will .be invariant 

under spat ia l  rotations and inversions.  The assumption of rotational 

invariance has also implied that there  be no prefer red  spat ia l  directions 

in the center-of-mass sys t em other ' than .the incident and final mo- 

menta,  k and k l ,  a n d t h e  particle spins ,  o and _ o Z .  W e a r e t h u s  - - - l 
res t r ic ted  Lu coin bin at ion^ of these f o i ~ r  vectors  in  forming M. .The 

t e r m s  in M will be a t  most  l inear  in each since M can be r ep re -  

sented a s  a l inear  s u m  of.the basis ma t r i ces :  

The x, y,  z axes must  be defined in t e r m s  of the physical vectors  

k and k1 ; and for this purpose we take the previously chosen unit - - 
orthogonal vectors  K, P, N in  the directions k - k' , k t k1 , k X k l .  - - -  - 0 - - - -  

The following expression i s  thus the most  general  fo rm of M in- 

var iant  under space rotations and .inversions : 



where a ,  b ,  , 1 a r e  sca la r  functions of the vectors  k and k t .  - - 
The t ime- reve r sa l  transformation generates a t ransformed 

state  under the replacement of the t ime t by -t. Invariance under 

t ime reve r sa l  i s  the asser t ion  that a sys t em can develop backwards 

in t ime in the s a m e  way i t  normally does forward in  t ime. The effect 

of this t ransformation upon the l inear-  and .angular -momentum opera tors  

can be summarized  by the substitutions k -k l  and o -0.  - - - 
F o r  M to be invariant under t ime reversa l ,  none of i t s  t e r m s  must  

change sign with these substitutions. We note for  k -kt  and - -, 

k t  4 -k that N -9 -N, P -P -.P, and K * K. The coefficients - - 10 - - - .b (.B 

a ,  , 1 cannot change sign under t ime reve r sa l  since they a r e  

composed of combinations of k2, k1 and k. k i  . . Thus the t e r m s  

j ( c l  . _Po2 - K ) .  and 1 ( b  -1 . --2 K 0 - .  P) change sign under t ime r e -  

versa1 arld must  be equal to  zero.  

The indistinguishability of the protons i s  taken into account by 

the requirement that the in t e rac t i0n .ma t r . i~  M be symmetr ic  under 

the interchange of the two particles.  Thus the t e r m  b ( 0  _N - cr2 . N) * -1 - 
must  be equal to  zero.  The M mat r ix  that i s  invariant under rotations,  

inversion, and t ime reve r sa l ,  and .symmetr ic  under interchange of the 

two part ic les  can thus be .written a s  

If one uses  the f o r m  of M(k, k t  ) given in  Eq. (11- 12) and .evaluates - - 
Eq. (11- 9) ,  which was used to  define P( 8 ), one can obtain 

'Since the protons a r e  identical fermions,  the total  wave func,tion 
must  be antisymmetric.: In the signlet-triplet  notation, the operator  

(gl -, c 2 )  . changes the spin s tate  of the sys t em f r o m  tr iplet  to  
singlet o r  vice versa .  It must  therefore a l so  change the angular mo- 
mentum 8 ,  since J = 8 t S must  be conserved. But changing 1 by 
one i s  not allowed by pariTy conservation. Hence the t e r m  i s  zero.  



The original double- s cattering experiments ,  which were  performed to 

measure  polarization, involved the measurement  of an asymmetry  E 

given by 

,where the subscripts ,  - A and B refer  to  the. f i r s t  and. second . targets ,  

respectively. . The conventional definition.of the polarization parameter  

i s  P.(%) = Tr(tf &!'g,') I Tr( f+) . At target  . A this can be written 

Notice then that P ( 6 ) ,  according to  i t s  usual definition, i s  the polari-  

zation of the sca t te red  part ic les  that rcsul ts  when an unpolarized beam 

is scattered by an  unpola pi z e d  target .  In the double-scattering experi-  

ments  the polarization induced by the f i r s t  scat ter ing produced an 

asymmetry  in  the second scattering. Tlle analyzing power - -  t h e  ex- 

tent to which beam polarization at  the second ta rge t  produces asym-  
t t 

m e t r y  - -  i s  defined, then, a s  Pg t Tr (M,, GIP, U,)/TP (Mo ?) , 
F o r  the case  of e last ic  proton-proton scat ter ing where M = M = M A B 
[which has the f o r m  given in  Eq. (11-12)], we will show that the two 

factors  a r e  equal, P = P 
A B '  This i s  the basis  for  the usual  s ta te-  

ment that polarizing power i s  equal to the analyzing power. One can 

s e e ,  then, that the P(6) defined by Eq. (11-9) i s  the usual polarization 

parameter  for  e last ic  p-p scattering. One should note that although 

o occurs  in the double scat ter ing experiment (since one usually - 1 



speaks of the beam part ic les  here)  and o occurs  in the polarized- 
- 2  

target  experiment (since the target  particle i s  polarized),  the M 

mat r ix  has been..made symmetr ic  with respect  to  the f i r s t  and' second 

particles because of ' the identity of the two protons. This insures  

that resul ts  of identical procedures that use  2 o r  o will be equiva', - 2  
lent. Confusion about the bookkeeping ,notation .will be. avoided if one 

r emembers  that the polarization parameter  must  be an .ant isymmetr ic  

function.about 90" in the c. m.  system. The proof that 

~ r t ~ f l ' t j ~ p )  = ~r ( m  N _ ~ B  M') i s  not entirely t r iv ia l  since neither 

N- o nor N. 2 colrlrnutes .with M, but the proof does follow by - -1 - 
straightforward algebra and with the trac,e taken a s  indicated. One 

Paal I 
uses the following propert ies  of the o matr ices  

q+= q 
T r G g = O  > 

where I ,  j ,  k run f rom 1 to 3 and 

C o r  R + a  

a n d  Dl belonging t o  different spin spaces commute (i. e. , o lI o 2j 

= o o 1l ). With .the previous coordinate sys tem,  the Pauli  ma t r i ces  
2 j  

can be written a s  



. . 

With this  notation, 
. . 

0 )  M = a+ C ( . G I M  + ~ d t  r m ( . h r L N )  t d ( G , ~ G ~ ~ )  +$ i r I i lK  ZK 

M+= Z + ~ * ( r , ~ + ~ ~  1 + ~ * ( $ d  GLAJ) +.d.*(rIp G ~ )  + f X  (~ ,~ ( i ;~ )  

where * denotes the complex conjugate and a 

Thus 
JK #C f i  M+ =[&A?+ ca (G,, +~i,,) ++a. O;N G N  + A L ' G , , G ~ ~  +.F&*G,,~,: 

# .a ' ;Ic 4c +kc ( q p , + c , , ) + 3 c c  ( I  + q d q d ) + m z e  (G-2b,+c,.u) 

i -kd G " ( C , , < ~ P  + c , ~ ~ ~ ~ )  -ACC*(  c ~ ~ q ~  + qKr2p) 

When the t r a c e  i s  taken, 

* W rt I , =T r  h u t  z aa + a c c  + ,M + J~ *+ - ( 'S *  

(We have assumed that the init ial  density ma t r ix  i s  normalized to  unity 
t when we s e t  I = Tr(MM ). One then easily obtains 

0 

t # * ;It. 
T ~ ( M W  c,N)= (ac + a t + c r m  + c*-) 



Next one wr i tes  out 

and taking the t r a c e ,  we obtain 

Thus 



Remembering that M i s  symmetr ic  in o and z Z ,  one can show in 
-1 

a s i m i l a r  fashion that Tr ( M ( ~ i ~  M*) ; Tr [ M qr, M +) = 7: F(8) 
'The polarization parameter  P ( B )  measured  with the polarized ta rge t  

. . 

i s  thus the s a m e  a s  that measured  in the double-scattering experiments.  

.It is .worth.not ing that i f  M were  not required. to  be invariant 

under t ime.  r eve r sa l  and .the f o r m  of M given.in.Eq.. (11-11) were used, 

. the polarizing .power and the analyzing power would.no.long,er be equal. 

In f a c t  one  would have obtaincd .the following expressions : 

The presentation i n  this section is nonrelativistic. I11 the energy 

region with .which.this disser tat ion i s  concerned, i t  is necessary  to  use 

the relativistic  kinematic:^. . Stapp has given the relativistic t rea tment  
6 

of the interaction .matr ix  M. .It tu rns  out that for  polarization .mea-  

surements ,  the resu l t s  of the relativistic t reatment  . a re  indentical to 

that f rom the nonrelativistic t reatment .  The reason this is s o  dttpe~llls 

upon the fact that spin components perpendicular t o  the direction of the 

motion of the par t ic le  a r e  unaffected Isy Lorentn transformat.i.ons. F o r  

the polarization measurements  .described he re ,  the nonrelativistic 

formal i sm i s -  sufficient. 



111. S E A M  

The Berkeley 184-inch synchrocyclotron accelerated protons 

t o  a ' f i x e d  e n e r g y .  V a r i o u s  t h i c k n e s s e s  o f  a n  a b s 0 r b e . r  

were  used to  degrade this maximum energy to lower energies .  The 

manner  in which the proton beam was formed makes i t  unlikely that it 
had any significant degree of polarization. In addition, the symmetry  

of the arrangement  prohibited introducing any polarization that had a 

component perpendicular to the plane of the scattering. Figure 1 shows 

a diagram of the beam system. 

After a spin-independent injection and acceleration, the protons 

entered an auxiliary dee that could be used to  s t r e t ch  the beam spill  

to  a s  much a s  12 m s e c  out of 16.7 msec  of the accelerat ion cycle. 
' 

The beam was extracted f rom the main magnetic field by the well-known 

Tuck-Ting method. The cyclotron had provision for  inser t ing up to  

10 inches of Cu absorber  in the external beam. To obtain the following 

beams we used the indicated thicknesses.  

Encrgy Thickness of 
(MeV), Cu absorber  

(in. ) 

740*4 0 

683*6 1 1/2 

619*4 3 1/16 

334rt5 9 5/8 

Following this was a premagnet collimator whose aper ture  

could be adjusted. 

The cyclotron s teer ing magnet, which is 2 bending magnet with 

a 6-inch gap, then deflected the beam in the horizontal plane through , '  

an angle of 18" into two 8-inch-aperture quadrupoles. These quadrupoles 

were  used a s  a doublet to  focus a 2-inch-diameter spot upon a colli- 

ma to r  placed in  .the proton cave. The s ize  of this collimator could be 

var ied  f rom 2 by 2 inches to 1/8 by 1/8 inch. The jaws of the colli- 
/6 

mator  consisted of $ inches of copper in the beam direction. This 

provided rectangular sources  for  an 8-inch-aperture quadrupole (used 
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Fig. 1. Proton-beam-transport  system, 



a s . a  t r iplet)  to  focus the beam upon the c rys ta l s  of the polarized t a r -  

get. The plane of the scat ter ing was vertical .  . To minimize spreading 

of the beam (due to  multiple Coulomb scat ter ing)  a s  i t  passed through 

the proton cave, a helium bag was used. The helium bag consisted of 

a plastic bag filled with 1 atmosphere of helium gas and extended most  

of the length of the cave f rom the collimator to  the polarized target .  

Since only one bending of the beam occurred ,  there  existed an 

energy distribution sp read  .linearly ac ross  the target .  But this was in 

the horizontal plane and perpendicular to the plane of the scattering. 

The energies  of t h e  beams wcrc measured by a , r a n g e  telescope. 

Figure 2 shows the counter arrangement  of the range telescope and 

the electronics.  

Coincidences. S S were counted to  normalize the points of 1 4  
the range curve. . Coincidences S S S were  counted to  provide an 1 4 2  
integral  range curve,  and .coincidences S S S with S3 in anti-  

1 4 2  
coincidence provided a differential range curve. Measurements of 

beam energy were made with three  choices of copper in the cyclotron 

copper a b ~ o r b e r  box (0, 3 1/16, and 9 5/8 inches).  The intensity of 

the external  proton beam was made a s  low a s  possible and s t i l l  be 

compatible with control of the intensity to  within a factor of two. 
2 

. Varying ,amounts of Cu absorber  pieces calibrated in g/cm were  

inser ted  between S and .S2,  and the range curves were taken. 
. 1  

Figure 3 shows the curve,  taken with no Cu absorber  in the cyclotron 

absorber  box. The range in Cu was found f rom both the differential 

. and  integral  range curves.  To these values was added, a s  was appro- 

pr iate ,  the Cu equivalent of the s cinti l lators and.  one-half the thickness 

of the differential. Cu slab. Range energy tables f rom Rich and Madey 

were .then used to  determine the energies .  7 

To obtain the range curve with no copper absorber  in the cyclo- 

t ron  box, 7 inches of copper was placed before counter .S4. This 
served  to  reduce the singles ra tes  in the counters and was included 

in the range calculations. The Cu absorber  pieces in the cyclotron 

box were not accessible  f o r  calibration. With.the nominal thickness 

of the copper in inches and an assumed density of 8.94 g/cm3, t h e  
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Fig. 2. Range counter-telescope with associated elec - 
tronics. Counter dimensions were : 

S4 
i X I  ~ 1 / 4  in. 

Si iXiXi/4 in. 
S 6 -in. diam c i rc le  ~ i / 4  in. thick 
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S, 7 ~ 8 ~ I / 2  in. 



Fig. 3. Differential range curve of full-energy beam 
(i. e. , no copper absorber  in  the cyclotron cop e r  
absorber  box). Range in copper = 308.9* 2.5 g c m  P 
(305.2. g/cm2 center of differential curve a t  half 
height t 3.7 g/crn2 for copper' equivalent of S 

4' Si' 1/2 S2, and one -half differential slab). This cor  - 
responds to 740* 4 MeV. 



values of CuBOX t CuRANGE fo r  the th ree  curves a r e  l is ted in  Table 

I. The total  thickness CuBOX t CuRANGE in each case  must  add to  

the same  value because the sychrocyclotron i s  a fixed-energy machine. 

Since the values ag ree ,  within the accuracy of the measurements ,  we 

assumed this  density and calculated the energy of 683 MeV f r o m  the 
2 

value found for  the full-energy beam (308.9 g/cm ). The resul ts  ' 

given include the calculated energy loss  to  the center  of the ta rge t :  

736*5 MeV 

679k7 MeV 

C 1415 hlcV 

328*6 MeV 

At energies  736, 679, and 328 MeV, the beam spots a t  the ta rge t  were  

f r o m  1.5 to  2 t imes  the  a r e a  of the target .  At 614 MeV, the beam spot 

was approximately the s i ze  of the target .  Effect of the s i ze  of the beam 

spot on the measurement  of P(8) i s  discussed in Sec. IX. 



Table I. Results of range-energy measurements .  

Thickness of Cu CuBOX = CuRANGE = CuBOX + Energy 
in cyclotron box Cu in cyclotron range in  Cu CuRANGE (MeV) 
(nominal inches ) box for  a copper measu red  with 2 

3 density=8.94 g/cm range telescope (g/cm ) 

- 

The energy sp read  of each beam was 15 MeV full width a t  half maximum. 



IV. TARGET 

The polarized target  used in the experiment has been .described 
8 

in de.tai1, by, Schultz. Only a brief summary  i s  given here.  

. The ta rge t  itself consists of four single c rys ta l s  of 
. 

La2Mg3(N03)12*24 H Z O  A smal l  fraction of the La ions ]lave been 
142 

rep laced  with t h e  paramagnetic ions of Nd , - and the hydrogen nuclei 

in  the waters  of hydration a r e  polarized by means of a technique called 

dynamic nuclear  orientation. The hydrogen nuclei provide a polarized 
2 

proton target  with an equivalent thickness of 0.15 g / c ~ ~ l  . 
The crys ta l s  a r e  cooled in a liquid helium bath whose tempera-  

tu re  has been lowered to about 1.2"K by decreasing the vapor p res su re  

of the h e l i i ~ m  with a mechanical pump. An external  magnetic field of 

18.75 kG applied to  the c rys ta l s  spli ts  the two spin s tates  of the spin- 1/2 

protons. The polarization of the target  .is definkd a s  the fractional dif- 

ference in  the population densit ies of these spin s ta tes :  

(IV- 1) 

At this  tempera ture  and field the Boltzman distributions in  the two 

energy s tates  provide a I1natural" polarization of 0.16%. To attain 
, . 

higher polarizations of e i ther  sign, the crysldls a.rt irpadiato'd svith 

microwaves of frequencies nea r  lhe electron rcoonance (71 k M C  f n r  
142 

18.75 kG). The paramagnetic Nd ions a t  this  tempera ture  behave 

like spin-1/2 electrons with an effective g factor of 2.70. 'I'hese ions 

can be thought of a s  unpaired electrons whose spins couple with the 

spins of neighboring protons of the hydrogen nuclei. Figure .4 shows 

an energy-level d iagram for  an electron and proton spin sys t em in an 

external  magnetic field. In Fig. 4, A = g p H and 6 = g , p 
e e O  P n H~ 

where p and p a r e  the Bohr magneton and the nuclear magneton, 0 n 
H i s  the external  magnetic field, g and gr a r e  the spectroscopic 0 e * 
splitting factors  for  the .electron and proton respectively. k i s  the 

Boltzman .constant; and ..T i s  the absolute temperature.  Saturation 

of one of the forbidden , transit ions,  which involves a simultaneous flip 
* 

M, m denotk magnetic quantum numbers of the electron and proton. 
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Fig. 4. Energy levels of an electron and a proton spin 
in an external magnetic field, showing magnetic 
quantum numbers of the four state s and relative 
populations at  thermal  equilibrium and when satur- 
&.ing the partially for bidden transition at  frequency 
( A - ~ P .  



of an electron and proton spin,  with the appropriate microwave f r e -  

quency produces the indicated relative population densit ies of the spin 

s tates .  It i s  important that the relaxation t ime for  the "electrons' 

spin flip i s  much l e s s  than the relaxation t ime for  the proton spin flip. 

F o r  the present  ta=get the relaxation t ime lor the electron spin flip 

i s  of the o r d e r  of mill is~econds, whereas that of the proton spin flip 

i s  about 15 minutes., Thus each neodymium ion can successively flip 

many neighboring proton spins. Fur ther  prvpagation of the proton 

polarization outward f rom the neighborhood of the neodymium center  

depends on proton-proton spin interactions,  whlch cause murual Plips 

of neighboring protons. F r o m  the definition of the polarization one 

obtains the 11natura19' polarization of the protons in thermal  equilibrium 

with the liquid helium bath at  tempera ture  T and in the external  

magnetic field Ho to be 

p? *H" 
P =  t a n L  a k~ (rv - a )  

When one of the forbidden transit ions i s  saturated,  the proto'n polari-  

zation .becomes 

Target  polarizations a s  la rge  a s  65% have been obtained with the 

present  ta rge t ,  

The determination of the ta rge t  polarization consists of m e a s -  

uring the frequency and s trength of the nuclear  magnetic resonance of 

the protons and the tempera ture  of the liquid helium bath. When the 

ta rge t  polarization i s  unenhanced and a t  t he rma l  equilibrium with the 

helium bath, the s t rength of the nuclear magnetic resonance (NMR) 

s ignal  i s ' r eco rded  and the tempera ture  measu.red. The s 'natural 'g 

polarization under these conditions i s  computed f rom the frequency 

of the resonance and the tempera ture  of the bath. This i n  effect cal i -  

b ra tes  the recorded thermal 'equi l ibr ium NMR signal. After the 

polarization of the ta rge t  has  been enhanced, the NMR signal i s  

continuously monitored and the enhancement of the target  polarization 



i s  .computed f r o m  the rat io  of the a r e a s  of the enhanced NMR signal 

to  the unenhanced signal. The absolute value of. the target  polarization 

is then obtained by multiplying this enhancement r.atio .by the computed 

polarization..of the unenhanced signal. The .actual calculation of the 

target  polarization must  take into ac.count the effect of the charac ter i s t ics  

of .the detection sys tem;  this calculation i s  summarized  in .Sec. V. 

In the scat ter ing .experiment the elements i n  the  ta rge t ,  other 

than hydrogen, generated background events. The detected background 

events were pr imari ly  of two kinds : quasi-elastic scat ter ings of . in-  . 
cident beam protons with bound protons in the nuclei of the nonhydrogen 

elements;  and accidental coincidences between sca t te red  protons f r o m  

different scat ter ings occurr ing within the resolution t ime  of the coin- 

cidence circuit .  To evaluate the shape of the background, we constructed 

a .dummy target  t o  simulate the c rys ta l  ta rge t  in kinds of a toms and in 

their  respective proportions by weight. At each measured  counter 

position and energy, runs were a l so  made with the dummy ta rge t .  

Attempts were made to ke.ep a l l  other conditions of the experimental 

setup identical between the s e t  of dummy target  runs and the c rys t a l  

target  runs. Table I1 gives the composition of the dummy target .  



Table 11. Composition of the  dummy ta rge t ,  

Targe t  (26:l g r a m s  c-f Dummy Jz rge t '  (3.36 .grams of 
La2Mg3(NOg)12 24 H20)  ... :Mg F i , ,  6..70 g,r.ams o f  

BaCO j, and 1,5.65 g.yams .c.f C F ~ : C F ~ ( . T ~ ~ ~ O ~ ) )  . . . . . . . .. . . 
Atomic Atomic Total  Aiomib ~ ~ t o m i c  . ' ~ ' o t a l  

Element  .No. weight weight Element  Ao a .weight weight 
(g rams  ) (g rams  

La  57  138.9 4.7. . Ba 5 6 137.4 4.7 



V. MEASUREMENT O F  THE TARGET POLARIZATION 

The polarization of the f r e e  protons in . the target  was measured  

by monitoring the i r  nuclear magnetic resonance signal. The crys ta l s  

were positioned in the center  of an rf pickup coil . that consisted of two 

rectangular "figure eight" loops. .Figure 5 shows a sketch of the c rys ta l s  

and NMR pickup coil. Two crys ta l s  were fastened to each s ide of the 

aluminum septum used to  guide the flux l ines into a m o r e  uniform r f  

magnetic-field configuration in the region occupied by the c rys ta l s .  The 

leads f rom the coil were connected in  paral le l  with .a .variable .capacitance, 

forming an effective parallel capacitance -inductance circuit .  A r f  - 
signal generator  drove the circui t  at  resonance. This generator  fed 

the tuned circui t  through such a l a rge  capacitive reactance xs that it' 

could be considered a s  a constant cur rent  source.  . When the frequency 

of the rf generator  passed'through the proton resonance value v 
P '  

appropriate to the external magnetic field H the spin sys tems of the 
0 ' 

protons absorbed o r  emitted energy to the rf field (depending upon 

whether they were aligned predominantly paral le l  o r  antiparallel  to  the ' 

field). This appeared in the resonance circui t  a s  a change in the i m -  

pedance of the circuit .  Since the .rf generator  effectively generated 

a constant cur rent ,  this change in .impedance was detected by measuring 

the 1 i n e a r . l ~  re1ate.d voltage change of the circuit .  . To facilitate the ob- 

s.ervation of this signal,  the external  magnetic field was perturbed with 

a sma l l  alternating 400 cps component. This was achieved by a pair  

of coils (of approximate Helmholtz geometry) wrapped .about the pole 

faces  of the target  magnet and.fed an alternating cur rent  of 400 cps.  The 

magnitude of this cur rent  was res t r ic ted  s o  that the perturbation would 

not be la rge  enough to dis turb the stability of the polarization method. 

This perturbation of the field manifested itself in .the detection sys t em 

a s  a 400-cycle amplitude modulation on the rf voltage. The rf volt- 

age ac ross  the resonance circui t  was amplified and then, by means of 

a diode, rectified. , The diode .voltage gave a 400-cycle signal whose , 
amplitude was proportional to  the slope of the proton-resonance-ab- 

sorption curve. This signal was amplified and converted by a lock-in 
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Fig. 5. Sketch of the polar'ized-target c rys ta l s  and the 
NMR pick-up coils. There  were f0u.r c rys ta l s ,  

. . 
each'of dimension =: l>tl>t1/4 in. 

. . . . 



phase-sensit ive detector to  a proportional dc signal. This signal,  

represent ing the derivative of the NMR line,  i s  ca l l ed the  differential 

signal. It was recorded o n , a  .chart  recorder  and digitized for  recording 

on paper tape; The dc voltage level of the r.f rectifying diode was 

a l so  recorded .and simultaneously, a s  was the differential signal,  digi - 
t ized and taped. Figure 6 i s  a schematic of the detection system. 

A complex rf susceptibility -X = Xu. - i Xf' can be defined for 

the .crystals .  F o r  a single Lorentz resonance, the dispersive X1 and 
10 

absorptive XI' components c.an be expressed  a s .  

where w = resonant frequency 
0 

T = relaxation t ime for  proton spin .component along 1 20 - 

T = relaxation time for  proton spin .component perpendiculal- 2 
to  H 

-0 
HI = component of rf magnetic field perpendicular to  the ex- 

tern,al  field H 
-0 

y = gyromagnetic rat io  of the proton. 

The s tat ic  .Curie  susceptibility .X i s  
0 

where 

I = spin of proton, 

k = Boltzman constant .  

T = t empera ture  of c rys t a l  

p .= polarization of ta rge t  

N = number of protons pe r  unit volume. v 



Fig. 6. Schematic of the NMR detection system. 
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The factor p Nv gives the net difference per  unit volume of the number 

of spins aligned with o r  against the field, since each of the two states  

contributes oppositely to Xo. One notes that the complex susceptibility 

X i s  proportional to the polarization p. Although the rf susceptibility 

of the c rys t a l  cannot be derived f rom a .single Lorentz shape, 'it can be 

thought of .as a l inear  sum of the 48 single-proton resonances in the 

c rys ta l  molecule. A shape factor g(w-yH) i s  introduced to take this 

into account, such that 

H i s  the external magnetic field, including the 400-cycle perturbing 

component. The. integral  of the complex function g(w- yH) over a l l  

' frequencies i s  a r ea l  constant and i s  usually normalized to  unity. As 

.the magnitude of the t a rge t s  s polarization changes, these line shapes 

can.change because the relative positions df the 48 single-proton r e so -  

nances (whose frequencies may depend on the spins of the neares t -  

ncighbor pi-otons) shil l  with respect  to  each other.  However, i t  i s  

believed that the overal l  normalization does not change. 

The complex impedance Z of the tuned circui t  can be written 

a s  

where Zc = l/i w c ,  and c i s  the value of the paral le l  capacitance. 

The impedance ZL i s  the s u m  of resis t ive and inductive impedance 

of the circuit  

whe're L i s  the inductance of the coil in the absence of resonance 

absorption and q i s  the fraction of the volume of the coil occupied by 

the crystals .  Upon differentiating ZL with respect  to the external 

field, one obtains 



azL . 

mm = constant X p X 

The detected voltage ac ross  the circui t  i s  direct ly  proportional to  Z: 

ZL zc 
V = constant X z -  tz ' (V-7) 

The differential signal of V was recorded 

a v L X constant 

L z. -1 a z ~  av c 
2 w  

X constant . 
= (ZL+ZC) . . 

With the assumption that the change in the absolute magnitude of Z 
L 

i s  smal l ,  

and f rom Eq. (V-.6) 

p can be obtained by integration (where -- B g  - - - a g  because g=g(o-yH) ) a (YH) a o  



Thus a double integration, with respect  to  frequency, of the product of 

the detecte.d differential signal divided by the square  of the dc .voltage 

of the rectifying diode gives a quantity proportional to  the polarization 

of the target .  Note that the differential signal actually detected was 

a YH) .. 

a V  and a correct ion should be made for  this dif- .* instead of - a (YH) ' 
ference. It i s  estimated that the correct ion i s  smal l ,  and it has not 

been .made. As i s  explained l a t e r ,  the differential signal and the dc 

level voltage were digitized and eventually recorded on .magnetic tape. 

The double integrations of Eq. (V-10) were done numerically on a n  

IBlM 7044 computer. 

The procedure for  measuring the target  polarization consisted 

of recording .the NMR proton signal when the c rys ta l s  were in . thermal  

equilibrium with .the liquid He bath .and no microwaves were present 

to stimulate .the "forbidden transit ions.  I t  This signal was .called the 

thermal  equilibrium (TE)  signal. While such a T E  signal was being 

recorded, the vapor p res su re  of the liquid He was measured  with an 

oil manometer  and the central  rf frequency a t  which the resonance 

0ccurre.d was noted. The vapor p res su re  i s  effectively a me.asure of 

the tempera ture  of the sys tem,  and the central-  resonance frequency a 

measure  of the s t rength of the external  field. The absolute magnitude 

of the target  polarization i s  computed under these conditions f rom 

Eq. (IV-I)--  

The corresponding ,NMR proton signal recorded .is subsequently 

doubly integrated to give an  "areai'  A 
TE' This a r e a  .can thus be cal i -  . 

brated in t e r m s  of absolute magnitude of polarization: 

- - NMR signal a r e a  - A ~ ~  
A~~~ 

-- 
polarization 

PTE 



Several  of these .'TE signals  were measured  before and af te r  a se t  of 

experimental runs.  Thei r  average 
E was computed. During an 

experimental run, the NMR signal was continuously recorded by an 

ink-pen paper-chart  recorder .  A sample signal for  each run was usually 

digitized and recorded on paper tape for  l a t e r  double integration. The 

Itarea" AR of the sample run was divided by A 
P T  E to give the absolute 

magnitude of the polarization p which corr'esponded to  this sample.  
ri' 

FOF a se t  of expe r i~~ le r l t a l  runs,  the peak-to-peak amplitudes of ' the dif- 

ferent ial  NMR signals of these samples  werc  plotted against their  ab- 

solute polarizations. This g,ave a calibration curve of. target  polari-  

zation versus  peak-to-peak amplitude. Figure 7 shows an .example .of 

one of the graphs, The average target  polarization of an  experimental 

run was then found f r o m  the graph according to  the avera i ,e  value of the 
. . 

peak-to-peak s i g n a l s  recorded during the length of the run. . The ac-  

curacy  of these measurements  .is discussed .in .Sec. IX. 
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Fig. 7. Calibration curve of ta rge t  polarization ve r sus  
peak-to-peak amplitude for runs taken at 736 MeV 
with the counters covering the angular region f rom 
65.5 to  83.2O center of mass.  



VI. COUNTERS 

An .upper a r r a y  of 10 scintillation .counters and a 1owe.r a r r a y  

of 10 scintillation counters we.re used to detect the elastccailly scat-  

t e r e d  protons. A count was s tored  in .a coded .bin of a 100-channel 

analyzer  .for each event detected. Figure 8 .depicts the counter a r r ange -  

.merit. .. Each .counter of the upper a r r a y  measured  .2 in. in  the plane of 

scat ter ing,  1 in. perpen.dicular to  the plane, and 1/2-in. in  .thickness. 

Each counter  of the lower a r r a y  measured  3/2 in. by.3/2 in. by 1/2 in. 

The. dimensions of the counters and the l r  diseances frulll Llle target  

were c.hosen .to maximize the rat io  of the elast ic  p-p scatte.rings to  the 

background. 

Qi.in.ci -elast ic  scat ter ings of pr,otons in .the beam with protons 

in .the nuclei of the n0112lyclrogei1 elernento of the t a rge t  were pr ime con- 

t r ibutors  to  the background. Advantage was .taken of the fact that these 

protons in  the nuclei have an ave rage  F e r m i  momentum of 200 M ~ V / C .  

The orientation of this momentum i s  random, a n d i t s  effect i s  t o ' s m e a r  

the traje.ctories of the . . scat ter ing ,particles through an  angle 

8 = [ 200 (M~v/.)]/[ p. (MeV/c)] centered about the . t ra jector ies  an elast ic  
J 

scat ter ing would have had for  the s a m e  .ceriter-of-mas s -angle scattering. 

Here p. represents  the lab  momentum of either sca t te red  particle.  This 
J 

effect i s  la rges t  Por the counters that detect the s lower proton of the 

scat ter ing.  The 6malle.r and the f a r the r  back these .counters a r e ,  the 

be t te r  the elast ic  scat ter ing to  background ratio becorrles. IIowever, 

a proton f r o m  an  elast ic  scat ter ing event a t  Lhis alrgle has ito t ra jec tory  

s m e a r e d  into an angle equal to twice the r m s  multiple-c;calLerillg 61191~ 

8 suffered by a par t ic le  a s  i t  emerged f rom the crys ta l s .  Once r m s  
the angle in  the plane of scat ter ing subtended by a counter i s  equal to  

28rms decreasing this  angle m o r e  does not improve the "signal to  

noise9' ra t io ,  but mere ly  dec reases  the counting rate .  The lower 

a r r a y  was positioned to  detect the slower proton f r o m  a scat ter ing 

event. The rat io  of the width w3 of one of i t s  counters in the plane 

of the scat ter ing to the distance f rom the target  d3 was chosen equal 

to 28rms for  the average momentum of the proton detected in  the 

a r r a y  



( F, and FR are 
each side of 
beam line) 

Ion chombdr / -..,* tar! 

Fig. 8. Arrangement of the scintillation counters. The counter 
dimensions were:  

,ai (2 X 1 X 1/2 in.) (ten counters) Uo (22 X 3/2 X 1.2 in.)  
p .  (3/2 X 3/2 X 1/2 in.) (ten counters) DD (4-1/4 X 3/2 X 1/8 in.) 
d l , ~  ( 2 ~ 1 ~ 1 / 2 i n . )  Do (16 x 2 x 1/2 
FL , eP- (1/8 X 1/8 X 1/8 in.) DA (22 X 4-  1/2 Xiyj2 in.) 

The direction of the .normal to the scattering plane N and the 
direction of the external field % . a r e  indicated nearThe crystals .  
Since the proton has a positive-magnetic moment,  positive 
target  polarization i s  paral lel  to H . 

-0 



where X .= radiation length for  the ta rge t ,  X = 1/2 . Since the t a r -  
C C 

get is about I-inch .wide in the  p la~le  of the seat tcr ing,  wg should he at. 

l eas t  this l a rge  o r  . 'larger. . The spread  of the quasibela8'tic scat ter ings 

.can fur ther  be taken .advantage of by matching the  angles that the lower 

a n d  IIpper a r r a y s  suptend .in .the direction perpendicular to the plane of 

scattering. As an additional consideration, the total  10 counters in 

.each a r r a y  had to  subtend an .angular region in the plane uL' s ~ a l t e r i n g  

l a rge  enough to be efficient, .  that i s ,  to  measure  a l l  ac.cessible angles 

a t  one energy in two o r  three  counter settings. ' The counters in each 

a r r a y  were spaced .as close .to each other a s  the wrapppings would .per- 

mit .  This was done to  minimize the effects f r o m  shift,s in the beams s 

positibn o r  other changes thdt might cause elast ic  coincidences to  shift 

in .space. Since the counters were  made adjacent, such a shift would 

m e r e l y  resul t  in 'the couilts falling in  the adjacent counter;  and when 

one summed over seve ra l  counters to  obtain the hydrogen peak, one 

would s t i l l  re tain these counts. In this way the design and placement 

of the counters in  the upper and lower a r r a y  were  determined. 

Counters Uo and Do were designed to cover the upper and 

lower a r r a y s ,  respectively,  and to  be used in coincidence wil l1  Llie ar-  

r ays  to  decrease  accidental coincidences by requiring an ext ra  coin- 

cidence, Counter DD was designed to provide, along with the counters 

of the lower a r r a y  and D a spat ia l  counter telescope that used only 
0 ' 

the c rys ta l s  a s  a target .  This avoided contributions to  the background 

which'would have come f rom events generated in the flanges of the 

vacuum sys tem and the pole faces  of the magnet. 

Counter DA was used with D and DD to provide another 
0 

spat ia l  telescope that had the c rys ta l s  a s  a target .  This coincidence 

was used a s  a monitor to normalize the length of reach run. The ion 

chambe.r and .a two-counter spat ia l  telescope, . E E '  (that used the ion 
1 2  



chamber a s  a . target) ,  we r e  additional monitors independent of the 

normalizing .monitor and the c rys ta l  target .  

The .center -of-mas s s tattering angles of events detected by the 

c.ounter ma t r ix  we.re determined by ki'nematically t racing t ra jec tor ies  

f rom t h i  center  of the target  to the counter a r i a y s  in thk labokatory 

frame.  When the counter a r r a y s  were positioned to  detect e last ic  sca t -  

ter ing events,  measurements  in the laboratory sys tem were  tak'en to  

locate the a r r a y s  .with reference to the polarized target .  . with .this in-  

formation, . t r i a l  center-of-mass scat ter ing ,angles were  systematically 

chosen and the t ra jector ico of the c ~ ~ i ~ e s p u n d i n g  sca t te red  part ic les  

were t r aced  in  the laboratory f r ame  f rom the center  of the ta rge t ,  

through the magnetic field of the ta rge t  magnet,  and into the region of 

the upper a r r ay .  Energy losses  in the ta rge t  were  taken .into account. 

a When..a t r i a l  t ra jec tory  intercepted the upper a r r a y ,  the t ra jec tory  of 

the .conjugate particle of the scattering was t r aced  out to  determine into 

which lower .counter i t  fell. Since these calculations were  many and 

tedious, they were c a r r i e d  out on an IBM 7044 computer. When.re- 

sults welie ubtained, one could compare the location of the "hydrogen 

peaksu of the calculations to  the i r  locations in  .the experimental matr ix .  

By varying parameters  that described the location of. the counter a r r a y s  

and then noting any discrepancies in  the positions of the calculated and 

experimental peaks, one could gain .an est imate of the reliability of the 

angle determinations. In .this manner  we estimated that the calculated 

angles a r e  co r rec t  to  * I 0  center  of mass .  



VII. ELECT'RONICS 

Figure 9(a) shows a schematic diagram of the 'e ledtronics .  The 

control sys tem,  called P-63 , w a s "d e v e 1 o p e d f o r t h i  s 

type of experiment by .Freder ick  .Kirsten .and %group. A m a s t e r  t r igger  

was formed to "tell" the sys t em when to pFocess an event and s to re  it. 

The m a s t e r  t r igger  was produced by a multiple coincidence of the fol- 

lowing counters :  DD - Do - Pi - Uo - a where i ,  j = 0 - 9. When a 
J '  

m a s t e r  t r igger  opened the circui t ,  the pulses f rom the upper and lower 

a s r a y s  that had generated s tandard pulses by means of dis c r i r n i n a l u ~ s  

were  passed by a gate generated by the m a s t e r  pulse. Those signals 

on t ime with the gate,  and thereby passed, s e t  flip-flops for  temporary  

s torage.  These f l ip-f lnps were  interrogated to  s e e  whether one and 

only one s ignal .exis ted in each a r r a y .  If this  were  true,the event was 

considered valid, and one count was added.to one of a hundred bins 

of a multichannel s c a l e r  (MCS). The address  of the sca le r  was de- 

termined by the part icular  counters of the upper and lower a r r a y s  

in  which the coincidence occurred.  The multichannel sca le r  was a 

RIDL pulse-height analyzer  that had been modified to  provide access  

to the address  system. . The address  was se t  s o  that the counters in 

the upper a r r a y  determined the tens s address  and the counters ill the 

lower a r r a y  determined the units s address .  Thus the 10 by 10 'ma t r ix .  

was s tored  in the one-hundred bins,  00 to  99. 
. 4 

To normaliee the runs to t h e  s a m e  number of incident protons,  

the monitor ing,circui ts  shown in  Fig. 9(b) were  used. 

The D D  - DO - D A  coincidences were  counted and used to  

normalize the runs with different target  polarizations. 

The ion chamber and number of E - E 2  coincidences were  1 
used to check on the functioning of the normalization monitor,  and to  

determine whether any slight polar izat io~l  dependence occurred  in this 

monitor. 

The singles ra tes  in  FL and .FR were  counted s o  that t he i r .  

ra t io  might t e l l  when .drifts occurred  in the beam position. 



I t I  

. Olscrlmlnotor 
Multi-channel 4 .81-atoble fl lp-flop scat11 

'And' colncldsncs clrcult 
.Mono-stobla fllp.flog 3 . 'Or '  colncldsnca circull 

Fig. 9(a) .  Schematic of electronics used to p rocess  and s tore  data. 
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Fig. 9 ( b ) .  Schematic of e lectronics  used to provide monitoring 
information. 



The length and smoothness of the beam spill  was continuously 

observed .by displaying the integrated sing1.e~ ra te  of the Uo counter 

on an oscilloscope. . The oscilloscope was repetitively t r iggered  .at 

the s a m e  part  of the acceleration cycle of the synchrocyclotron. 

Most of the ar i thmetic  operations in the analysis of data were 

handled by an electronic computer. At the s i te  of the experiment the 

data .were recorded by electr ic  typewriter and simultaneously .by paper 

punch on .punched paper tape. These outputs included information for  

run identification a s  well a s  numeric.al data f rom a l l  the scaling circ~ii.t.s. 

On.an intermittent basis ,  data were  also recorded f rom the NMR 

equipment used to  measure  the ta rge t  polarization. Once each 1 2  hours 

of operation the punched paper tapes were  . transcribed onto magnetic 

tape for  analysis by the computer. 



VIII. . ANALYSIS 

..In the center-of-mass sys tem,  , a  .counter of the upper a r r a y  de- 

.fined a solid .angle An at. an .angle .be. F r o m  Eq. -(II- 10) ,  the number 

of counts in . this  counter that were  accumulated during ari ' i t h  .rGn can 

N~ = r n . : ~  [ i  t P. ~ ( e ) ]  t m i  B (VIII-1) 
1 0  1  . . 

where 

111 - i i ~ k ~ ~ i t o ~  counts (iaa. m- n l . i r n h ~ ~  nf incident protons >I: solid 
i 1  

' angle  of counter.as '1ong.as the counter positions a re  
. . 

held fixed. ) '  

I = unpolarized differential cl-uss seetion for  e last ic  p-p 
0 

scat ter ing ,in ..c. m .  sys t em 

p. = polarization of ta rge t  
1 .  

P(8)  = po1arization.parameter in p-p scat ter ing 

,B = background .contribution per  unit monitor 

= +I pi 1 for  positive ta rge t  polarizations 

and , - Ipi ( for  negative t a r g e t  polarizations. 

Posit ive ta rge t  polarization means alignment of the proton spins pre-  

~ O L L I ~ L I ~ I ~ L ~ ~  parallel  to  the magnetic field a n d  negative, antiparallel .  

Since the field a t  the polarized ta rge t  bent the beam downward, one 

can s e e  f r o m  Fig. 8 that the above statement i s  in  a g r e e l ~ l e ~ ~ t  with the 

previous definition of p. In..order ,to subtract  the background, rulrs  

taken .with .the dummy targe t  were  normalized to  the total  of the runs 

taken with the polarized . target by multiplying ,the ma t r ix  of the dummy 

ta rge t  by the ra t io  R of the flat  a r e a s  ( see  the example in  Set. X): 

where B a r e  .the .actual counts taken .with .the .dummy target)  
j 

s u m m a t i o n  o v e r  f l . a t  a . r e a s  o f  t h e  c o u n t e r  m a . t r i x .  T o  



evaluate the polarization parameter  P ( 8 )  f rom the data,  the hydrogen 

counts versus  target  polarization were fitted to  a straight line by .the 

method of least  squares .  This procedure i s  used because the target  

polarization v a r i e s  f rom run to '  run. After background has been sub- 

t racted,  the hydrogen counts G' a s  a function of target  polarization i 

.pi can be written in the following form:  

G. = N. - m .  B = a .+  b p. 
1 1 1 1 

(VIII - 3 ) 

where 

a . =  I m 
0 i 

b = I m.  P ( 8 )  
0 1 

G.= number of e last ic  p-p coincidences. (The back- 
1 

ground contribution miB has been subtracted 

out. ) (VIII-4)  

Fo r  a leas t - squares  fit one requires  

which yields 

Solving ,for a and .b, one obtains 

(VIII-  5) 

(VIII- 6 )  



" i where '; = - 
. . ; n 

- 
We define Q. p. - p and rewri te  a .and b as 

1 I 

where 

Subtstitution of (VIII-8) and (VIII-9) into (VIII-4) gives 

(VIII- 7)  

(VIII- 8) 

(VIII- 9 )  

. ., 

where 

In this derivation the monitor counts m .  for  each ith run have a l l  
1 - 

been assumed to be equal. Since m. i s  proportional to the number of 
1 

incident protons,  i t  i s  a measure  of the length of the run. The runs 

may  not always be of equal length, and in  o r d e r  to  take this into account 

must  make the least-squares  fit to  (a+bpi) of the elastic P-P coincidences 



per  unit monitor,  ~ ~ / m ~ ,  and weight each t e r m  by the number of moni- 

t o r  counts m. .  Thus we perform a leas t - squares  fit t o  the m o r e  gen- 
1 

e r a l .  form:  
. . 

a E m i  [&- ab ( a t b p . )  = 0 ,  
1 i i I ' 

which give 

In a manner  s imi l a r  to  the previous derivation, the simultaneous solu- 

tion of these equations yi'elds.the following expression P( 8)  : 

where 

and he re  2 

(VIII- 12)  



One can .see  that the resul t  of this m o r e  general fo rm i s  to use  m 
i 

a s  a weighting fac tor  in performing .averages.  Up to he re  we have 

neglected the background, but we next include i ts  consideration. In 

o r d e r  to take into account the background subtraction one notes that 

n. n Y, 

j$;ql = m: I.[I t plP(+)]qi + B m ; ~ l  , 
L i i . . 

n n t m i  p: 
Since I ~ I ~ L Q ~  = ~x.m;( ' 

2 1. pi - 7) = 

we have 
n 

Also Eq. . (VIII- 2 )  i s ,  by definition, 

(VIII- 13) 

Combining Eqs. (VIII- 13) and (VIII- 14) with ..(VIII- 10) one obtains. the 

final form for computing ,P(8):  

€ 
?&) = e (VIII- 15) 

I - ? €  I 

i 

When making an experimental measurement  of P(8),  we attempted to  

keep all  fac tors  constant except the . target  polarization, which was r e -  

v e r s  ed approximately every 40 minutes. Magnet cur rents  and helium- 

bag p res su re  were  usually checked every  3 hours andcounter  voltages 

every  4 hours.  The beam spi l l  was continuously observed by the 



operator .  F o r  each run, FL divided by  FR, monitor coincidences 

divided by ion .chamber volts,  and the length of the run in minutes were 

graphed that changes might be observed in any of the conditions. The 

beam intensity was chosen s o  that changes in beam intensity, up o r  

down, by a factor of two made no discernible difference in the ratio of 

the hydrogen peak to the background. The N M R  diffe5ential signal 

of the polarized target  was continuously recorded on a char t ,  and 

digitized examples were read  out before each r eve r sa l  of the target  

polarization. Every  1 2  hours,. the microwaves to the target  were 

tiirned off and thc c rys ta l s  were allowed to come to thermal  equilib- 

r ium with the helium,bath. Three NMK signals were re.corded under 

these conditions, and the .vapor p res su re  of the helium was read  f o r  

each signal. 

In analyzing the runs that were  taken for  each setting of  the 

counter positions, we made graphs fo r  each upper counter. The 

number of counts in each successive run was plotted for  each lower 

counter .to determine the consistency of the measurements .  The 

imoiii lor coincidences were checked for  any polarization dependence 

of the monitor c ircui t  by plotting these counts ve r sus  ion. .chamber 

volts and .versus  (E E ) coiricidences for  each run. At th ree  counter 1 2  
positions where the asymmetry  in scat ter ing was la rge  and the slower 

sca t te red  proton had sufficient energy to  penetrate l - in .  s lab  of copper 

between counters  D and DA, an average polarization dependence of 0 
1% was found between the runs for  positive target  polarization and 

.negative ta rge t  polarization. More counts appeared. in  .monitor coinci- 

dence fo r  positive target  runs than for  negative runs for  equal amounts 

of charge accumulated by the ion .chamber. F o r  a set  of runs with 

negative polarization, the magnitudes of the negative target  polarizations 

were roughly equal. The same  was t rue  for  the magnitudes of the posi- 

tive polarizations. Thus a f i r s t -o rde r  correct ion for  polarization de- 

pendence of the monitor was made by multiplying the  number of counts 

in the monitor s c a l e r  for  each negative run by a factor equal to  the 

rat io  of the average positive divided by average negative monitors.  

At the majori ty  of counter positions no such correct ion was needed. 



IX. :ERRORS . . . 

F o r  convenience 'we wri te  Eq. (VIII-13) again: 

f N ;  4; 

The runs were  taken with the mag~lilude of thc positive przlari zations of 

the target  roughly equal to the magnitude of the neg~llive prlrln~inatio~ls. 

Thus in practice p was always smal l ,  and-in fact p < 0.1 for  a l l  

counter positioris. In pract ice E was always l e s s  than 0.5. With the 

assumption that the e r r o r  on p i s  always negligible, the e r r o r  analysis 

i s  simplified. We cornp~,~te  the e r r b r s  in . E  and se t  A P = ( a P / ~ E )  A E ,  
- 2 2 

where a ~ / a  E = 1/(1 - p E )  . The square of the' e r r o r  in .  .E, A€ , is  

computed by combining the quadrature,  the e r r o r s  in {the independent 

measurements  t imes  the i r  weights: - 

(IX- 1) 

(a)  T h e  f i r s t  source  of e r r o r  ( 8 € 1 8  Ni) ANi i s  determined by the 

s tat is t ics  of the counts in the. hydrogen-peak region for  each a counter;  

(b) The.second source  of e r r o r , ' .  ( a € /  8 C B . ) A  23 B.,  is determined by 
J J 

the s ta t is t ics  of the counts of the dummy target  i n t h e  region.where the 

hydrogen peaks would have been; A B 8,. = ds . 
J j 



(c) The th i rd  source ,  ( a E /  a R)A R, i s  determined .from the s tat is t ics  

in.'the flat regions of the ma t r ix  that a r e  used .to normalize the dummy 

' t a rge t ;  

where C and D indicate summation .over the flat a r e a s  of the matr ix .  

(d) The fourth source  ( 8  r  / B mi) Ami  i s  determined f rom the s tat is t ics  

in the monitor coincidences used to  normalize the runs; Am.  = q / y .  
1 1 

( e )  The fifth source  ( B r /  8 pi) Api a r i s e s  f rom the estimation of the 

average polarization of the ta rge t  during,a  run. The e r r o r  in  p i' 
A pi, is determined f r o m  the sca t t e r  i n  a plot of calculated polarizations 

ve r sus  peak-to-peak recorded signals of the NMR proton resonance of 

the ta rge t ;  A pi ranged f r o m  4.57'0 to  5.5%: 

(f) In .addition to the above sources  of e r r o r  an ..additional systematic  

e r r o r  a r o s e  f rom measurements  of (a) the a r e a  of the TE proton 

resonance signal and (b) the tempera ture  of the liquid helium bath 

when the signal was recorded. The accuracy with .which .the oil  ma.- : 

nometer indicated the vapor p res su re  of the liquid helium contributed 

an uncertainty of 37'0 in the value of the absolute polarization of the 

average TE signal. The average a r e a  of the TE was estimated to  

be good.t0.*50/0. Combining these e r r o r s  in quadrature gave a sys te-  

matic. e r r o r  of 5.8370 to  be added, in quadrature,  to  the other sources  

of e r r o r .  

If the polarization i s  not uniform in the ta rge t ,  a systematic  

e r r o r  can be introduced. . Ear ly  in  .the experiment,  a f te r  some data 

had been taken, a sma l l  beam of 'approximately 1/4 in. d i a m e t e r  was 

f0cuse.d on.various par t s  of the ta rge t  and the asymmetry  in counting 

ra te  fo r  each part  was measured.  In this manner  a contour d iagram 

of polarization in  the  target  was obtained. It was found that scat ter ing 



. . . . .  f r o m  the t.op, s ide,  and .bottom edges produced an asymmetry  almost  
twice .that produced f r o m  the center .  . A spot halfway between .the side 

.edge and .center produced an  intermediate asymmetry.  Figure 10 

shows resul ts  of the probing. Nonuniform target  polarization could 

. a r i se  f rom seve ra l  sources:  a nonuniform magnetic .field .across  the 

. . .volume of the c rys ta l s ,  nonp&netration of the microwaves into the 

c.rystals , a tempera ture  distribution within the c rys ta l s ,  and nonuni- 

f o r m  radiation damage to the c rys ta l s .  . The magnetic .field had been 

..rrleasured to  provide a uniform field over the volunlc of the c rys t a l s ,  

s o  this source  of' noiii inifor~rril~ was thought to  be o ~ g l i  gi,ble. In 

pract ice,  the othe'r effects were  difficult tb separate  reliably,  and 

any of. them may have been important. 

After the ta rge t  was probed; the cry.stals wcrc  taken .a.p;l.rt. It 

was real ized that the, detection coils .described in,Sec. !I had been 

.placed too 'close to  the c.rys'tals. .A t  some points the edges .of the 

c rys ta l s  a lmost  touched the coils. Thus the target  polarization .pre- 

viously measured  was not a t rue  volume average but was ve ry  heavily 

weighted by the polarization .at the edges of. the '  crystal .  A new cavity 

was fabricated in .which .the coi ls .  we.re spaced far ther  apart .  No par t  

of the c rys ta l s  came within i/4 in., of the coils. . A new septum design 

was also made to  increase  the u~l iformity of the rf magnetic field 

within the coils. Tlre old cryotals  had been greased with Kel -F  fluorinated 

g rease  to  protect the .crystals  f r o m  moisture.  The g r e t s e ,  l~owever ,  
I , '  

stuck the c r y s t a h  together and prevented.iiquid heliurll from covcring 

each individual crystal .  The new crys ta l s  were  left ungrease8.ro rrriui- 

mize  . any . t empera ture  gradients,  and every point in  the ta rge t  was then 

within 1/8 in. o r  l e s s  of the liquid helium bath. 
. . 

Before the target  was probed, the s i ze  of the beam spot was 

equal to the s ize  of the c rys ta l s .  Afterwards,  the beam spots were  

made 1.5 to  2 t imes  the s i ze  of the target  to  avoid nonuniformity of 

polarization by radiation damage and to ensure  that the beam sampled 

the target  uniformly. 



1 .o 
Center Halfway Edge of crystal 

Fig. 10. The rat ios  of the polarization parameter  measured with a 
smal l  beam spot a t  the center of the crys ta l  to that measured 
with the spot a t  the edge of the crys ta l  and a t  a point half-way 
in between a r e  plotted with solid c i rc les . ,  The small  beam 
measurements  a t  the top, side,  and bottom edges gave identical 
resul ts .  As computed by the correct ion program,  the same 
rat ios  for various choices of T(x, y, z) a r e  a lso  shown. 

2. 0 ,  experimental measurements;  0, T a I f  l o r ;  A,  T a I + 2r  + 2r  , 
A, T a 1 + 4r2'; , T a exp ( r 2 / ~ 2 ) ;  0, T a r2 .  



In summarizing the analysis of possible e r r o r s  due to  a non- 

uniform spat ial  distribution .of polarization within the ta rge t  c rys ta l s ,  

one notes that t he re  a r e  two ways of avoiding,any e r r o r .  F i r s t ,  if the 

ta rge t  is  uniformly polarized . there - i s  no difficulty. Second, if the .rf 

sys t em samples  the target  polarization uniformly over the ta rge t  volume 

and.the beam uniformly i r r ad ia t e s  the ta rge t , :  then there  i s  no e r r o r .  
. , 

Since it i s  difficult to  guarantee uniform target  polarization, we have 

, generally adopted the second approach to  getting the right answers .  

The data m c a ~ u r e d  at energies  of 736, 679,  and 328 1VeV were 

taken under the new corlditions af ter  rhe t a rge l  p~olsing. Thc data m e a n -  

ured  a t  the energy of 614 MeV were  taken previous to the probing. 

To est imate the magnitude of the systematic  e r r o r  introduced 
' 

by the above effects,  we calculated the ratio of' the measured  ta rge l  

polarization MT to the effective target  polarization ET:  

yJ[ T ( x , y , t )  B ( * , y )  d * ' 1 y [ ~  
ET = ST( 1 3 ( r , y j  J r . \ j d . r  

4 
(IX- 2 )  

where S ( x ,  Y )  represents  the distribution of the beam intensity incident 

lipon the ta rge t ,  S(x, y, z )  represents ' the sensit ivity of the detection coils 

t o  points within i t s  volume, and .T(x, y ,  z )  represents  the target  polari-  

zation a s  a ,  function of position within the target .  The coordinates 

x ,  y,  z comprise  an orthogonal coordinate sys t em with z in the di-  

rection of the incident beam. To corrCct fo r  this  source  of e r r o r ,  the 

measured  P( 8 )  i s  multiplied by this  factor :  
I 

The beam 'distribu't";on was approximated by a gaussian 
. . 

(IX- 3 )  



where o is s tandard .deviation. 

The sensing function S(x, y,  z )  was approximated empirically by 

reproducing a .scale model of the coils and cavity configuration with 

conducting paint on resis t ive carbon paper.' ' The .rf magnetic-field 

.configuration of the coils was taken f rom the electr ical  equipotential 

lines t raced  on.the paper. The sensing function was taken .proportional 

to the energy density of the rf magnetic.field. The field was taken a s  

proportional to  the density of the equipotential lines. An.analytic fit to  

the line density was made: 

(IX- 5) 

and the sensing function :S was.: 

rf max .he ratio (," ,) for  various par t s  of the c rys ta l s  i s  given 
Hrf min 

in-Fig.  11. After T(x, y, z )  was chosen, the factor 64 was changed 

.to 80 and produced a.370 change in M /E The.factor 10 was changed 
T T' 2 

to  40 and produced 1/27o change. The factor  1 in f ront  of y was 

changed to 2 and produced a 570 change. 

The polarization density T(x, y,  z )  was chosen by . t r i a l  and e r r o r  

to give a best  fit to the resul ts  of target  probing shown in Fig. 10, which 

also shows the fit made by various distributions. 

~ ( * , y , t \  cc e x p  ( ~ V R ~ )  (IX - 7.) 

2 2 2 2  
(where r = x t y t z and R = radius of the c rys ta l )  provided a 

reasonably good fit. Pictures  of the beam spots used in the different 

energies  a r e  shown in Fig.  12 along with the relationship of the c rys ta l s  

to the detecting coils. 



Fig. 11. This figure shows a sketch of a bottom-quarter section of 
the NMR coil configuration with the viewer looking paral le l  to  
the aluminum septum (perpendicular to the direction of the 
incident proton beam).  The rf magnetic-field l ines a r e  
represented  by the solid l ines.  The dotted l ines depict contours 
of constant (Hrf max / H ~ ~  in the region occupied by the 
c rys ta l s .  The normalization i s  such that the quantity has  a 
value of 1 in  the center  of the c rys ta l s .  



736 MeV 

Coil leads ----- 
\ 

\ - - -  Upper coils --- - 
- ---- -Crystals --- - -- 
C 

#- -- -Lower coils - --- 
ZN-4408 

Fig. 12. The picture in the upper-left-hand corner shows the beam 
spot used a t  736 MeV; the geometry of the coils and crystals 
i s  sketched immediately below. The picture in the upper -right- 
hand corner shows the beam spot a t  614 MeV with a similar 
sketch below. At the energies of 328 and 679 MeV, the beam- 
spot sizes were similar.  to that a t  736 MeV and the coil-crystal 
geometry was identical. 



The correction factor M * / E ~  for the energy of 614 MeV is 

1.24. The P(8) for this energy have been corrected by this factor with 

a systematic e r ror  of *12%. For the three energies 736, 679, and 

328 MeV the coils had been moved back and the uniform cooling of 

crystals improved. No probing of the target was done after these 

changes. Using the polarization distribution of Eq. (1x06) and the coil 

crystal geometry indicated in Fig. 12 one can place an upper l m i t  of 

1.06 on this correction. Since the temperature distribution in the tar-  

get was made more uniform, any correction to this set of data should 

be sig&ficantly less than this maximum limiti The data on g(8) pre- 

sented for these energies have not been corrected for this effect, but 

a systematic e r ro r  of (Ti) % has been assigned. 



SAMPLE CALCULATION 

We show a sample calculation of P(8) using an .upper a r r a y  

counter a which corresponded to a center-of-mass angle of 68.5" * I 0  
8' 

at  a lab  kinetic energy of 736 MeV. "The runs in Table 111 were  taken a t  

this counter.position. Each.run.was gated off by the ion chamber a t  

approximately 10 volts with an 1.08-pF capacitor.  . The length of an 

.average run was 13 minutes. .'Two successive runs with the same  sign 

of ta rge t  polarization.were taken, and the direction of the target  polari-  

zation was  then reversed.  The average beam intensity was 3.8 Xi0 
8 

protons/second, with .a duty factor of two assumed for  the cyclotron. 

Figures 13, 14, 15 a r e  graphs of monitors divided by ion .chamber,  

FL divided by FR, and the length of the run in .minutes --plotted 

respectively for  each polarized run. . 

The FL/FR counters rat io  indicates a steady beam shift f r o m  

run . I2  to  . run 19. Equal numbers  of positive and negative runs exist 

in . this  set .  The magnet cur rents  were  checked at  this point, and any 

drift  i s  considerably l e s s  for  runs '21 to  28. No polarization .dependence 

of the monitor i s  discernible in the plot of monitor divided by ion cham- 

be r. 

Figure 16 shows the coincidences for  each run of the upper 

counter with each .successive lower counter. The coincidences taken 

with positive (0) and negative ( 6 )  t a rge t  polarization . a re  displayed in  

temporal  sequence. 

The full 10 by 10 ma t r ix  i s  reproduced in Table IV for  run 12 

a s  an .example. Tab12 I11 contains the row of the ma t r ix  that co r reb  

sponded fo r  each run to  counter 
O8' 

Tables V and VI a r e ,  respectively,  

the ma t r ix  formed by summing the runs with the polarized ta rge t  and 

the mat r ix '  formed by summing the runs with the dummy target .  The 

a r e a s ,  indicated .as C and .D, were  used for  normalization of the 

dunlrriy target  data. 



Table 111. List  of runs taken a t  736 MkV and center-of-mass 
angle 1 9 , ~ ~  = 68.5 deg. The coincidence between the 
upper counter at  ,this, angle (a ) and each P counter. a r e  

8 
, . a l s o  given for each run. 

Run Target .  
P 2  P 3  P4 P 5  P 6  . P7  P 8  P 9  polarization '0 P1 - - --------  

4 2  Dummy 
target  

44 . Dummy 
target  

45 Dummy 88 140 133 175  174  , 1 8 9  167 166 148 127 
target  

46 Dummy 83 122 160 2 0 1  1 7 1  177 183 160 163 132 
ta rge t  



Run number 

Fig.  13. Monitor counts/ion chamber  v e r s u s  run  number for  runs  
taken a t  736 MeV, 8 = 68.5". c.  m. 

Fig. 14. F ~ / F ~  ve r sus  run  number (736 MeV, e) = 68.5").  
C .  m. 

Fig.  15. Length of run in minutes ve r sus  run number 
(736 MeV, 8 = 68.5"). 

C .  m .  



Fig. 16. Coincidences between cou~ l t a r  ag and each P counter 
plotted in temporal  sequence. 



Table,IV. Ten-by-ten ma t r ix  of counter coincidences s tored  . 
during Run. 12. Each row corresponds .to. an  alpha counter. 
Each column corresponds to  a beta counter. 



-Table .V. . Coincidence matpix.of the..total counts. accu?nulated 
.' . during at1 the runs taken .with the . target a t  

736 MeV;' 8 . =,68:5 deg. . , 
. . c. m. 

, 

743 1 0 6 8 .  1384 1719 

849 1227 1626 2280 

I Area  C 

3044 2630 27.70 
. , 

2897 3 2750 

2834' 2648 2677 

2795 2 7 2 2  2598 
Area  D 

The data taken with the dummy targe t  a r e  normalized with the outlined 

a r e a s , C  and: U. 



Table VI. Coincidence ma t r ix  of the total  counts accumulated 
during a l l  the runs taken wi th the  dummy targe t  a t  736 
MeV, 8- - = .68.5 deg. ' 

351  444 
Area  C 

1 

570 524 -498 

577 503 531 

652 590 529 

616 583 541 
Area :  D 



The s u m  mat r ix  of the dummy targe t  data i s  then multiplied by the 

rat io  R. Figure 17  shows the resul ts  of the dummy background 

normalization. I1 displays the s u m  of t h e  polarized target  runs and 

the normalized dumniy target  runs for  counter 
a80 

The hydrogen pcak 

fo r  a occurs  in the lower counters PZP3P4. The counts in these 
8 

t h ree  bins a r e  summed to provide the counts in the hydrogen peak and 

aloo to  provide t h e  background counts for subtraction. Table VII l i s t s  

the quantities needed to  compute P(8). 

The e r r o r  A P  in ..P i s  computed a s  follows: 



p counter 

'ig. 17. Plot of the sum of the coincidencesbetween counter a 
and each p counter taken with the c rys ta l  target  and with 8 
the dummy target .  The coincidences taken with the dummy 
targe t  have been normalized a s  indicated in the text. 



Table  VII. Data used for  the s a m p l e  calculat ion of P(0). 

Run 
no. Ni 

~ / 1 6  2192 U.422 1868680 

CB. = 2041 R = 4.277 
J 

- Cm. p. 2 

p 2 =  11 = 
Cmi ' 

5335985 = 0.178575 
29880881 





... 
-1' 

T o  t h i s i e r c e n t a g e  e r r o r  (AP/P = 5.2701, a systematic e r r o r  of 5.8% . . . . 

(from the a r e a  2nd io la i iza t ion  of the TE signal)  i s  added in quadrature:  

P = 0.364*0.028.- 

( ~ h k  e r r o r  f r o m  nonuniform polarization in the target  has not been 

included). 



XI. RESULTS 

' The measured  values gf the polarization parameter  P(8)  in 

elastic proton-proton scattering a r e  presented i n  the Tables VIII 

through XI and 'graphed in the Figs.  18 through 22. - Given with each 

of the values of the polarization parameter  i s  the c o r r  e spondi'ng center- 

of-mass angle 8 and the negative of the invariant square  of the 
C.  m. 

four-momentum t ransfer  t. Fo r  elast ic  p-p scattering, t i s  re lated 
2 .  

'c. m. 
by the expression t = .-2k (1-cose  ), where k2  i s  the 

c .  m, 
square of the incidentthre.e-momentum in the center -of -mass  system. 

At the energy of 614 MeV, measurements  were  made to an 

angle a s  sma l l  a s  8 = 40". The measurements  at  these smal le r  
c. m .  

angles, however, were  discarded because the spat ia l  loiat ions of the 

p-p interactions in  the ta rge t  c rys ta l s  came,  a t  these angles,  p r e -  

dominantly f rom the edges of the c rys ta l .  This was due to the fact 

that a t  sma l l e r  angles the recoi l  proton emerged with l e s s  energy and 

suffered increased  energy losses .  When the energy of the recoi l  p ro -  

ton corresponded to a range barely sufficient to emerge  f rom the c r y s -  

ta l s ,  the location of the interactions in the c r y s t a l  target  became i m -  

portant; and only those interactions near  the edges of the c rys t a l s  were  

observed. The cor rec t ion  factor,  which we computed to  c o r r e c t  the 

measurements  for nonuniformity of polarization i n  the target ,  assumed 

that the only spat ia l  distribution of interactions in  the ta rge t  a r o s e  f rom 

the Gaussian distribution of the beam part ic les .  This correct ion factor 

could then be applied only a t  angles where the range of the recoi l  p a r -  

t icle was not sma l l  enough to begin influencing the spatial  locations of 

the interactions.  

The angle a t  which the range of the recoi l  par t ic le  did begin to 

influence these locations was easi ly  determined by noting the angle at 

which the counting r a t e  began to fall off rapidly; and measurements  at  

angles sma l l e r  than this  were  discarded. In  principle, of course ,  one 

could compute a correct ion factor for measurements  of these sma l l e r  

angles, but such a computation would require  that we m o r e  accurately 



know the distribution.of the polarization within the target.  The values 

of the polarization parameter  P(8) given in  Table I X  and plotted in 

Fig. have been corrected,by,.  the factor of 1.24 discussed in Sec. IX. 

At the energies  of 328, 679, and 736 MeV, the. s,ame consider-  

ations occur. However, as w e  11dv.e previously described, hefnre  w e  

made the measurements  a t  these energies ,  we had attempted t,o increase  

, .,the uniformity of po1arization.within the target.  . To accomplish this,  we 

h a d  increased the a r e a  of contact of the individual c rys ta l s  with liquid . . .  

helium bath and avoided nonuniiur~n radiation damage to the crystals .  

Evidence that some success  .was attalned can be luu114 by c?naidcring 

the values of the polarization . . parameter  a t  'the corre.sponding sma l l  

angles;  At these angles, (42.0 to 3.2.5O for 736 MeV, 48.1 t o  38,80 for  

679 MeV, and 65.5 to 52. 9" for ,328 MeV) the polarization parameter  

show no c lear ly  discernible increase  that would be inconsistent with th'e 

shape of the polar.ization curve found by previous experiments  in  this 

ene rgy  range. We have retained the measurements  o l  the polarization 

parameter  for these angles although they a r e  inherently l e s s  reliable. 

Figure 18, which show,s the plot of P(8) a t  the energy of 328 

MeV, contains a l so  the values measured  by Chamberlain et  al. 12 in  a 

. ,double-scattering experirnetlt. . The agreement  between the resu l t s  of 

the two experiments might be re.garded by same a s  evidence that our 

. method of meas.uring the target  polarization i s  s atisiaclur. y'. Although 

we have not seen  any reason ' to  doubt this method, the agreement  does 

represent  glir best check on our  method of measuring target  polarization. 

In Fig. 22 , the maximum value of, the polarization . . parameter  

has  been plotted a s  a function of l ab  kinetic energy T Values P(')max. . P O  

measured  in  other experiments a r e  shown for comparison, The points 

plotted with an  open c i r c l e  in the energy regi0.n f r o m  1.7 to  6.0 GeV a r e  

prel iminary resu l t s  a s  repor ted  a t  the 1964 International Conference on 

High Energy Physics  in  Dubna: 13 
. . 

Since the purpose of this disser tat ion . . i s  to  contribute data toward 

.a future experimental.  determination of the two-nucleon isotopic s p i n - l  

amplitude, i t  i s  worthwhile a t  this  point to review the amount of data 



needed for  such a determination. F r o m  Eq. (11- 1 2 )  one can see that, 

in principle, ten experiments a t  a l l  angles a r e  necessary  .to determine 

fully the ten  parameters  in  the M mat r ix  a t  one energy.   ow ever, in 

the energy reg& where the ' interact ion is purely elastic,  the fact that 

the scattering ma t r ix  i s  unitary gives' conditions on the imaginary par t s  

of the M mat r ix  that reduce the number of independent pa ramete r s  to  

5. When inelastic processes  become possible, the additional s ta tes  re- 

sulting f r o m  inelastic scat ter ing (about which it i s  difficult to  get the 

needed experimental evidence) must  be included o r  the unitarity condi- 

tion would Le incorrect.  

The analysis of experimental data a t  many angles i s  usually a c -  

complished by means of a phase-shift analysis. 1n . te rms of this des -  

cription, the number of pa ramete r s  needed to specify the. scattering is 

a function of the maximum orbi tal  angular momentum L that i s  
max 

considered important in  the scattering. 

In p-p scattering, the possible s ta tes  of total  spin can  be de-  

scr ibed a s  a singlet and a t r iplet  state. Since the two protons a r e  iden- 

t ical  fermions,  the total  wave function of the sys tem must  be.ant isym- 

met r ic ,  and this r e s t r i c t s  the singlet s ta te  to occurr ing only in total  

s ta tes  with even values of orbi ta l  angular momentum and the t r iplet  

s ta te  only with odd values of orbi ta l  angular momentum. Conservation 

of the total  angular momentum J and conservation of spat ia l  par i ty  

then requi re  that the only allowable transit ions occur between the fol-  

lowing s ta tes  : 

singlet J = L  - singlet J = L  

tr.iplet J = L  -. t r iplet  J = L  

tr iplet  J = L + 1  + t r iplet  J = L t 1  

t r iplet  J = L -  1 - t r iplet  J = L -  l 

t r iplet  J = L t  l t. t r iplet  J = L - 1  

where L i s  the orbi ta l  angular momentum (that the t r iplet  transit ions 

J = L t 1  - J = L - 1  and J = L - l + J = L t 1  a r e  equal i s  a resul t  of the assump- 

tion of t ime - r eve r  s a l  invariance). By counting, one can  ascer ta in  that 



. .. . f ive,parameters  a r e  needed for each two values of L. These a r e  

usua1l.y expressed  a s  four phase shifts and a mixing. parameter  between 

. state.s of the same  total  angular momentum, total,,spin, and spatial  

. a  
. . parity. . When the ;inelastic proces.ses occur ,  the parameters .  can be.- 

come  complex. . Thus  one^ needs (5 L / 2 )  o r  ;, ( ( 5  ~ ~ ~ ~ + . 3 ) / . 2 )  param- max  
eters:  .for L ;ev.eri.or ,odd. to obtain a phase-.shift solution. Cham- 

max 
.. berlziin e t  .al. l2 have summar ized  the number of experimental pa ram-  

e t e r s  obtainable in some common ,forms of experiments with polarized . . 

protons. 'I'hey conclude, that. i n  the, e last ic  -energy rpgi.on, five kirlds o f  

experiments,  which fnelucle Llle clilferai~tinl crooo coction. and ppolari za  - 
. . tion measurements ,  should de termine  the  nuclear -,phase shifts. In the 

. . inelastic-energy region,. additional information on the, effects of the in- 

, elast ic  proc,esses i s  needed. In  the phase-shill  d~lal.y'sea perfo,rmcd by 
14 Zul'karneeve ands i l in"  and by Hoshizake and Machida . a t  660 MeV, 

the assumption was made that the, inelastic effects occur predominately 

in  .the lower angular -momentum states.  .The resonance model of Man- 

delstam for pion production a t  energies  f rom 400 to .9.00 MeV was then 

used to est imate t h e ~ e  contributio.ns. At the time. of the writing of this 

disser tat ion,  not enough experiments have been done a t  the .energ ies  of 

614, 679, and 73.6 MeV to be able to per form phase-shift arr+lyses. 
15 The phase -shift ana lyses  at  ,315 MeV a r e  well known. . 

. . In~curlcluding this dissertation, w e  w i s h t o  express the thought 

tha t  extensive experimental work will .continue to be needed on the two- 

nucleon interaction to descr ibe fully the spin-dependence of the forces.  

Any future theory, which might draw upon such an  experimental de-  

scription, will certainly need suc.h work for quantitative comparison 

in  order  that the validity of the theory might be established. The polar- 

ized target  i s  an important tool that will facilitate the execution of the 

needed spin-dependent experiments. 



Table VIII. Polarization parameter  P (0 )  in  elast ic  p-p 
. scattering for incident l ab  kinetic energy of 

328*6 MeV. a '  

BeV 2 . . 

-t[(-1 c I 0 P(e) A 
C. m. 

a A systematic  e r r o r  of ( '65.; %) must  be added in  quadrature to the -. 

above e r r o r s  A P(8). 
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Fig. 18. The measured values of P(8) in p-p scattering a t  328 MeV 
a r e  plotted a s  solid c i rc les .  The e r r o r s  shown do not include 
systematic e r r o r s .  The open triangles present data f rom 
Ref. 12. 



Table IX. Polar izat ion parameter .  P (8 )  i n  e las t ic  p -p  a 
scat ter ing for incident l a b  kinetic energy of 6 14* 5 MeV. 

BeV 2 
- t [ (  ,) I 

0.015 

a .  A systematic  e r r o r  of (* 1970) mus t  be added i n  quadrature  to  the 

a.hove e r r o r s  AP(8). 



Fig. 19. The measured  values of P (0 )  in p-p scattering a t  614 MeV. 
The e r r o r s  shown do not include systematic e r r o r s .  a - 



Table X. Polarization paraineter  .P (e )  in elastic p-p a 
scattering for incident. l ab  kinetic energy of 679 MeV. 

BeV 2 
-t[(-) C I . e C.  IT^. p( 0) awe) 

0.01 *I0 

a A systematic  e r r o r  of (t6050 must  be added in  quadrature to the 
-5.8 

above e r r o r s  AP(8). 



Fig. 20. . .The.measured values of P(8) in p - p  .scattering a t  679 MeV. 
The e r r o r s  shown do not include systematic e r r o r s .  



. Table' XI. Polarization..parameter . P(8) . in  elast ic  p-p 
a 

scattering .for incident l ab  kinetic energy of 736 MeV. 

BeV 2 
-t[(-) C' . I  

. *0.01 

--- - - 

a A sygtematic e r r o r  of (f6'*5) 70 r n u s t b e  added in  quadrature to. the - 5.8 
above e r r o r s  AP(8). 



. ... . . . 
Fig.  21. The measu red  values of P(8) in  p-p scat ter ing a t  736 MeV. 

The e r r o r s  shown do not include systematic  e r rors . .  
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Fig. 22. ~ a x i m u m  polarization a s  a function of beam energy T 
Values f rom this experiment include systematic  e r r o r .  P' 
(B, data f rom this experiment; 0, data f rom Ref. 16; 
V, data f rom Ref. 17; 0, data f rom Rev. 18; a, data f r o m  
Ref. 12; 0 ,  data f rom Ref. 19;  @, data f rom Ref. 20; 
@, data f rom Ref. 21;  A, data f rom Ref. 22; v, data f r o m  
Ref. 23. 
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