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NUCLEON-NUCLEON POLARIZATION AT 700, 600, 500 and 4oo MeV 

David Cheng 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

July 23, 1965 

ABSTRACT 

The polarization parameters for the two-nucleon systems have been 

measured at the 184-in. cyclotron at beam energies of 700, 600, 500, 400 

and 310 MeV. They are measured for both the pp and pn systems by means of 

a polarized proton beam initially produced by scattering the external proton 

beam on a carbon target at ± 6 deg, and then scattered in a liquid 

hydrogen· target or a liquid deuterium target. The outgoing particles 

are ,detected by 19 proton counters and 8 neutron counters fixed in space. 
·: 

All possible coincidence pairs are recorded through an on-line computer. 

The asymmetry is measured by reversing the sigh of the beam polarization 

.bY reversing the pC scattering angle. The angular range treated is 

between 30 and 150 deg in the center-of-mass system, and involves 

measurements at eight angular positions at each energy. 

In order to calibrate the beam polarization, the polari'zation 

parameter for pC is also measured at the above energies in the forward 

direction between 6 and 14 deg in the laboratory frame. 

The energy dependence of the NN polarization pa+ameters, P(e), is 
I 

almost independent of energy. In. the pp system, P( e) can be approximated 

by A sin B* cos B* where A varies between 0.85 at 310 HeV to l.l at 700 

MeV. In the pn system P in.the forward direction varies between max 

0.42 at 310 HeV to 0.34 at 700 HeV. and P . in the backward direction 
' mln 
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varies between - 0.25 at 310 MeV to - 0.4 at 700 MeV. 

When fitting both the differential cross section, r0 , and 

polarization, P, with all the data available' in this energy region, in 

terms of power series, the differential cross sections in both the pp 

and pn systems were found to vary with energy to a greater extent than 

the polarization parameters. From these fits, r 0 and P, f?r the isotopic 

spin singlet (I = 0) state of the 2-nucleon system is also calculated. 

The energy variation is considerable in this state. The polarization is 

small, but it tends to increase and be negative at the high end of this 

energy range. 

Nothing can be said about the scattering amplitude from the 

results of this experiment. More experiments for the two-nucleon system 

are re~uired in this energy region. However, from the results of this 

experiment, it can be shown that it is possible to perform experiments 

with polarized monoenergetic neutron beams in this energy region. 

Therefore, one can expect that more experiments in the pn system will be 

performed in the near future, and that the scattering amplitude for the 

two-nucleon system may be uni~uely determined. 
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I. INTRODUCTION 

1 The two-nucleon problem was born in the 1930 1 s. Although the 

proton was known for some time, a proton beam for scattering experiments 

was not achieved until that time. The neutron was discovered in 1932 and 

soon there was postulated the theory that the proton and the neutron together 

serve as building blocks for nuclei. The forces between the two nucleons 

were found to be different from the known electromagnetic force; the 

nuclear forces are stronger and extremely short-ranged compared with the 

electromagnetic forces. Investigation of the two-nucleon forces was thus 

begun. 

After Yukawa postulated that pion exchange is mainly responsible 

for.the two-nucleon interaction, further experimental and theoretical 

investigation showed that the explanation for the two nucleon interaction 

is much more complicated. 

Up to the present time, pp interaction eXperiments have been 

performed at many energies while pn experiments have been performed at 

many fewer. 

Theoretically there are three approaches to explain the experimental 

results~ These are all more or less phenomenological in nature. They are: 

phenomenology, meson theory, and Regge pole theory. 

The phenomenological approach attempts to interpret the scattering 

results in terms of various models such as different potential models; e.g., 

LS coupling, boundary condition ~odel, etc. From the fitting of the model 

potentials to the experimental results, one hopes to be able to understand 

the nature of nuclear forces. 

Also the phase shift analysis should fit into this category, but 
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this is not a theoryJ merely a meeting ground between empirical theories 

and experimental results. 

The meson field theoretician uses the quantum numbers of all 

"known mesons" communicating with the nucleon-antinucleon system (i.e. 

_having the same quantum number as the NN)such as ~J ~J PJ wJ ABC, etc. as 

one meson exchange in the direct NN channel. There are many different 

approaches to solving the problems of constructing the scattering amplitudes, 

such as the Schroedinger model, the Mandelstam representation) and dispersion 

theory. These theories only apply with some success to low energy (below 

400 MeV) nucleon-nucleon interactions. 

The only fashionable high energy theory in existence now is the 

Regge polology. This theory uses Regge pole formalism to decompose the 

scattering amplitude in terms of the intersections and slQpes of the Regge 

trajectories on the complex angular momentum plane. The higher the energy, 

the less trajectory the theory has to include. This theory has some 

successful explanations of dcr/dt behavior in "asymptotic!! energies, 

(t = 4-momentum transfer). 

The only gap in the energy region where there is no reasonably-

successful theory is between- 1/2 to 1 BeV. In this energy range, 

potential models do not apply because it is non-relativistie·; phase shift, 

analysis is not appealing because there are so many phases contributing, 

and the energy is too low for the Regge pole theorists to say anything 

clear-cut. 

However, more and more experiments are now being performed in this 

I 

I 
r .j 
~' 

energy regionJ because this is an important region for pion production and: 
. i'· . ,· 

N* production. 
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To those experimenters less involved in .this type of experimentJ 

it would certainly seem as though polarization experiments, should not be 

performed without a polarized target. This isJ at the present timeJ not 

quite true . 
' 2 

Undoubtedly J the polarized target has many advantages. On the 

other handJ it also has some disadvantages (as of the present timeJ I am 

sure many of the disadvantages will be improved upon with time). We shall 

point out some of them for the purpose of establishing the choice of the 

method used for this experiment. 

The polarization experiment in the pn system is not easily done 

with a polarized target, S-ince polarized neutron targets are not yet 

developedJ and it would be quite difficult to focus a neutron beam to such 

a small area. 

The most obvious disadvantage is the fact that the target is small 

(one cubic inch is about the largest size achieved). At this accelerator) 

the beam cannot-be focussed to an image of this size without losing 

intensity. The target consists of a high percentage of impurities (only 

3% of the nucleons are free protons). ThereforeJ background problems are 

quite severe. In order to minimize the backgroundJ one usually uses very 

small counters to assure coplanarity of the two outgoing nucleons; 

thereforeJ one loses solid angle and sacrifices counting rates. The target 

polarization is also determined with considerable uncertaintyJ which tends 

to enlarge the error. The dead time is large during the run in order to 

flip the target spin and to measure the target polarization at frequent 

intervals. As a comparison, we have about five times more in counting 

rate (30 events/sec using only l/500 of full beam ·intensity, due to 
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saturation in the monitor counter circuits) for pp experiments at 700 

MeV, than for the prior polarized target experiment done by Betz et a1. 3 

at the same location, at 736 MeV. 

In order to determine the pp scattering amplitudes experimentally, 

at least nine different pp experiments are req_uired at each energy and 

scattering angle. This is discussed in the next section. In order to 

determine the nucleon-nucleon scattering amplitudes, at least 19 measure-
. ,_ -.-

ments in the pp and pn systems are req_uired at a given energy and scattering 

angle. But, these 19 measurements can be done in only "6-l/2u pairs of 

experiments. Here, the definition of the word"experiment" may be slightly 

different from the convention per se. Each "1" pair of experiments consists 

of one pp measurement at this given energy and angle, and two pn measure-

ments at the same energy, and the same angle with its complement. The last 

"1/2" pair of experiments consists of a pp measurements alone. The above 

"experiments" involve changing either the beam, or the target, or both, 

from protons to neutrons with otherwise essentially the same setup. By 

doing this type of experiment one can determine all of the scattering 

amplitudes using fewer experimental setups than are req_uired if pp collisions 

alone are employed. This is, of course, a great gain in information per 

expended effort. 

This experiment is so arranged that both pp and pn polarization 

can be measured using the same basic set-up. With minor changes in 

counters and electronics, we can switch from pp to pn measurements, and 

vice versa, in a very short time. 

Although the results of this experiment are not sufficient to 

determine even a part of the scattering amplitude, it is an important an<i 

fundamental contribution along this line. 

,. 

II 
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One important experimental result of the pn polarization measure-

ment is that the results can be used to analyze the polarization of a high-

energy polarized-neutron beam, In some important experiments, such as 

~-p ~ ~0n at T = 600 and 900 MeV, the polarization of the recoil neutron 
~ 

would help in pinning down the phase-shift sets. Also in np ~ np triple 

scattering experiments, this polarization parameter is needed to either 

polarize the initial neutrons or analyze the final neutrons, or both, for 

the determination of the nucleon-nucleon scattering amplitudes. 

This experiment was primarily designed to measure the polarization 

parameter in the proton-neutron system at 700, 6oo, 500, and 4oo MeV, by 

scattering a polarized proton beam on a liquid deuterium target. As a 

consequence of the simplicity in switching from pn to pp measurements, 

we have repeated the same experiment measuring the polarization parameter 

in the pp system by using the same beam and both the liquid hydrogen and 

deuterium targets. Also a point at 310 MeV wasmeasured for both the pp 

and pn systems. 

The pp measurements made with both liquid H2 and liquid D2 targets 

give no evidence of effect due to the proton binding in the deuteron when 

the accepted events are selected in the manner .here employed. 

In order to calibrate the beam polarization, the polarization 

parameter for pC is also measured at the above energies in the forward 

direction between 6 and 14 deg in the laboratory frame, 
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II. THEORY 

The scattering matrix for the two~nucleon system when spatial 

rotational invariance; parity conservation, time reversal invariance and 

charge independence is assumed can be written as: 
4 

where 

-7 ~ 
cr.k cr .• k, 

L l 

and d. is the Pauli spinor for particle i(i = 1, 2) in either the initial 
l 

or the final system; k is a unit vector which takes the following three 

" 1\. ,r, orthogonal directions, n ; m; £. 

1i = (iii x kf)/liii x kfl is the normal of the scattering plane, 

ki ~nd kf are the initial and final momenta for either particle 1 or 

par~icle 2, respectively; in the center-of-mass system. 

I" ~ ~ ~ ~ . 
£ = (ki + kf)/lki + kfl. In·the non-relativistic case for 

A 

scattering two particles of identical mass, £ is. in the direction of 

final momentum in the laboratory system. 

~ = (kf - ki)/lkf - ki I is a unit vector perpendicular to both 

B and ~J and the three directions are mutually perpendicular and formed 

a right-handed coordinate system. 

For a given interaction (i.e.) pp, pn, or nn)J the coefficients 

a, c, m, g, h) are five complex amplitudes (functions of E and e*) with 

names such as non-spin flip, one-,spin flip, double-spin flip associated 

with them. In the case of low energy nucleon-nucleon interactions below 

which the inelastic cross section is insignificant (below 350 MeV)J 

the real part and the imaginary part of each amplitude are related by 

unitarity constraints. This is also reflected by the fact that the phase 

. ., 

t .. 
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shifts are real; therefore, there are only five independent n~bers (five 

independent real numbers among the five complex amplitudes) at a given 

energy E and angle, e*. Above 350 MeV, the single pion production be~omes 

quite important. Unitarity only serves as an upper limit for elastic 

scattering. There are no constraints applied to these amplitudes. Therefore, 

there are 10 real numbers associated with a, c, m, g, and h. Since there 

is one arbitrary overall phase in these amplitudes, the independent real 

quantities are reduced to nine; i.e., only nine real numbers are associated 

with each energy and angle for a given interaction. 

Since tsotopic spin is assumed to be a conserved. quantity, there are 

only two isotopic spin states for the two-nucleon systems, I = 0, and 

I = 
1
1; therefore, two types of scattering amplitudes, M, are needed to 

; 
' describe the entire system. The pp system is in a pure I = 1 state. The 
\ 

pn system is a mixture of 50% I = 1 and 5o% I = 0 states. Therefore, 

I = 0 and I = 1 amplitudes can be determined by knowing the amplitudes for 

both pp and pn systems. 

(2) 

All the observables, such as cross sections, polarizations, etc. 

are bilinear in the amplitudes. In the pn system there are interference 

ter.ms between the I = 0 and I = l amplitudes, . However, the interference 

terms are actually a help in determining the amplitudes and can be 

subtracted out by simple arithmetic. This will be taken up in a later 

paragraph, 

• In a pure I-state (isotopic-spin state), the two nucleons are 
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considered to be identical particles. When treating identical particles, 

the Pauli. exclusion principle must be applied. (Technically, this is 

called the extended Pauli principle, since I-spin formalism is used.) 

The Pauli principle re~uires that the wave function, hence amplitude, be 

anti-symmetrical upon the interchange of two identical fermions. 

The symmetry of the wave function is e~ual to(- l)I + £ + s, 

and Pauli principle demands that the symmetry = - 1. This re~uires that 

I + £ + s e~ual an odd integer. For a pp or pn I = 1 state,.£ + s e~uals 

an even integer; and for pn, I = 0 state, t + s e~uals an odd integer. 

Interchange of the two particles in the final state amounts essentially 

A 
to changing e to ~ - e, reversing the signs in~' and interchanging£ 

and~. When one decomposes the amplitude M into the triplet (s = 1) and 

singlet (s = 0) amplitudes as ~as done by Stapp,5 it is easy to see which 

amplitudes ought to change sign upon interchange of the two final particles. 

These results will be ~uoted. 

I = 1: 

I ::;= 0: 

c
1 (e) = c1(~ 

h
1(e) = h

1 (rr 
1 . 1 

a. (e) + m (e) 

a
1 (e) - m

1 (e) 

- e) 

- e) 

1 1 = a (rt ~ e) - m c~ 

= 2g
1 (rr - e) 

d
0 (e) 0 e) = ... c (rt 

h
0 (e) = h

0
(rr e) 

{ 

/ 

- e) 

0 0 
a (e) + m (e) 0 

=a c~ 
0 - e) + m (rr - e) 

a
0 (e) - m0(e) 2g0 (rr - e) = . 

(3) "" 

l' 

""· 

~ 
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The observables ( eA.rperimental measurables), such as the differ-

ential cross section r0 , polarization P, depolarization D, polarization 

transfer K, rotation parameters R, A, R' , A' and spin correlations Cnn; 

Cn , etc. are related to the amplitudes in bilinear form. By means of 
~m . 

density matrix formalism, the dependence of amplitudes upon observables 

can easily be calculated. Here only a few important results will be 

summarized to refresh the memory of the reader. 

The state of the 2-nucleon system is described by the density 

4 
matrix p, which can conviently be written as: 

The expectation of an observable within some normalization is 

<A> = tr pA. 

For example: 

< d. > = tr pd. = F 
l l i 

i 

and 

In the initial state, before scattering has occurred, p describes how 

the system is prepared; e.g., F1 is the polarization of the bea:rp., 

( 4) 

(5) 

(6) 

cjk = pljp2k is the CGrrelation of the beam and target polarization. For 

i an unpolarized beam and target p = 1. 

After scattering 

f i t 
p = Mp M 

The expectation values of the cJ' s with computed pf indicates hOi.; they 

are changed by scatterin~ (transformed by M). 

' ,I I 

(7) 
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There are many types of initial states that can be prepared. We 

summarize these into three categories: (1) unpolarized beam and target, 

(2) either beam or target is polarized, and (3) both beam and target are 

polarized. 

There are also three categories of measurements in the final state: 

(1) cross section ( not measuring any polarization), (2) polarization for 

1 particle, < cr >, and (3) the spin correlation of both particles, < crcr >. 

Experimentally; the polarized beam can be obtained through 

scattering. When doing this; the intensity of the beam is reduced by a 

factor of ~ 104 typically. Polarization thus obtained ranges between 3o% 

and 6o% at high energies. Polarized beams are also being developed by 

using a polarized ion source for an accelerator. Here, upon the development 
I 

2 
of the source, the intensity is decreased by a factor of ~ 10 , and 

t 

theoretically polarization can be achieved as high as lOa%. Polarized 

targets have also been built possessing high (97%) impurities, and 

polarization of about 5o%. 

Polarization of high energy nucleons can only be measured by 

scattering. Therefore, the intensity reduction by a factor of ~ 104 rule 

applies. The type of experiments that can be done with the two nucleons 

can be summarized as shown in Table r. 

Table I. Summary of possible experiments in the two-nucleon system. 

Measurement !nitial State 
Unpolarized One Polarized Both Polarized 

<I> tr MM tr McrM tr McrcrM 
0 

tr MMt tr McrMt tr McrcrMt <cr> (J (J ~ 
(J 

< (J(J > tr MMt (J(J tr McrMt (J(J tr McrcrMt (J(J 

I 

·I 

I 
\ 

j 
.I 
I 

·-· c i 
·' I , i 

I 
·~ I 

j 
I 

... 
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In the above tableJ not all experiments are independent; the 

off -diagonal elements J and their transposes J. are related by time-reversal 

invariance, 

Now we can write down a few relations for dependence of observables 

upon amplitudes. 

1. Differentical Cross Sections 

1 t 2 2 2 2 '2 
I 0 = 4 tr MM = I a j + 2J c I + l m l + 2j g I + 21 h I . ( 8) 

2. Polarized Cross Section and Analyzability Experiment 

I
0

P =;,. tr MMt rJ. =;,. tr MrJ. Mt = 2 Im c(a + m)7(-J i = lJ 2. (9) 
'+ ~n '+ ~n 

Other equations are summarized in Appendix I. A superscript (1 or 0) 

can be labelled in Eqs. (8) or (9) for each observable and amplitude) to 

denote the particular I-state of the system. 

In Eq. (9): 

r 0Pl(e) = r0pPP(e) =-21m ~cl(al + ml)*! (e). 

..;...Pn {1 1 0 1 1 0 1 0 *} I 0r- (e) =- 2 .Im 2(c +c) 2(a +a + m +.m) (e) 

{ 
1 1 1 1 * 1 0 0 0 * 1 1 0 0 * = - 2 Im 4 c (a + m ) · + 4 c ( ~ + m ) ·. + 4 c (a + m ) 

+ k cl(a o + mo) *}(e) = k IoPl(e) + k Io Po(e) + k Io Pinter:f (e) ' 

so here 

(10) 

(11) 

IoPinter:f(e) =-21m {cl(aO + mO)* + cO(al + ml)~} (l2) 

is the interference term betvreen I = 1 and I = 0 amplitudes. 

I0pPn(~ -e) = - 2 Im {~(cl - c0) · ~( - al - ml + a0 + m0)*} (e) 

(13) 



-12-

Subtracting Eq. (13) from Eq. (11); the interference terms are eliminated. 

After rearranging the remaining terms;. we get 

0 ~-Pn _pn ~ _pp [ 0 0 0 -~ ~ I
0

P (_e) = 2 I 0Y"" (e) - I 0Y"" ( rc - e) - I 0Y"""" (e) = - 2 Im C (ca + m ) '{(e). (14) · 
l . ) 

Adding Eq. (11) and Eq. (13) togeth~r -vre get an extra -relation between 
( ,,. 

the observables and amplitudes; 

2 Im 
{ 

1( 0 0) :);(-= - c a + m · 

} 0 1 1 ·X· 
+ c (a + m ) · (e) • 

(15) 

Equations (10); (14); and (15) are three linearly independent equations; 

equating observables in terms of amplitudes. 

Three linearly independent· equations can also be obtained for the 

differential cross section r
0

; if 1-le write Eq. (8) in the following form: 

1 2 1 2 2 2 2 
I 0 =2\a+m\ + 2 \a-mj +2jcj +2\gj +2\hj. (16) 

Following the same procedure as that for polarization we get 

r
0
°(e) = 2 [r

0
Pn(e) + r

0
Pn(, - e)] - r?P(e) 

~I o o;2 1
1
. o o

1
2 21 o

1
2 21 o

1
2 21 hol2}

1 

= 2 a +m1 + 2 a -m + c + g ·.+ _ 
' 

(e) •. (18) 

and 

(19) 



. ; l 
' . 

-13-

Here Eqs. (17), (18), and (19) form another three linearly independent 

equations which are also independent of the previous set, Eqs. ( 10), ( 14), 

and (15) . 

Note that for I = 0 and I = 1 states in the two identical nucleon 

system (i. e., pp or nn), we have the following symmetries: 

I 0(e) = I 0(n - B) 

I0P(e) =- I0P(n- e). 

Therefore, P(e) =- P(n- e). 

No such relationship exists for the pn system. These last results will 

be applied in pp polarization for the neutron counters at c.m. angles 

greater than n/2. 

For the two~nucleon problem, altogether there are ten complex 

1 1 1 1 1 0 0 0 0 0 ampl;i.tudes, (a , c , m , g , h ; a , c ,· m , g , h ) . Therefore, there 

are 20 real numbers to be determined. Since an overall phase is arbitrary, 

19 _in principle, 19 linearly independent equations are needed to determine the 

amplitudeq, Since every equation is bilinear in the amplitudes, more than 

one solution may exist. In this case, one (or several, depending on the 

accuracy of the measurements) more equations may be necessary to remove 

possible ambiguities in the solutions. We have seen in the previous two 

examples that three equations can be obtained for each simultaneous measurement 

of the same observable for both pp and pn interactions.* Therefore, if 11 T' 

pairs of carefully selected experiments are performed in such an arrangement, 

we will obtain 21 equations, and 1simultaneously the scattering amplitudes 

M0 and M1 can be determined. These equations are tabulated in Appendix I, 

and suggestions made for further experiments. 

*Actually, there are three measurements; 1 angle for pp, and 2 angles for 
pn, but using modern experimental techniques such as counter matrices .or 
spark chambers essentially all angles are measured simultaneously. 
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III. EXPERD1ENTAL .APPARATUS 

The plan view ·of the experimental set up:i.:is shown in Fig. l. The 

external proton beam is scattered on a carbon target, TGT1 , at~= ±·6 

deg to produce the polarized proton beam. This beam, after being momentum 

analyzed and focussed, is scattered on a liquid deuterium or liquid 

hydrogen target (LD2/LH2), TGT2 • 

The recoil nucleons in the final state are detected in coincidence 

by 19 proton counters (P1 to P
19

) and 8 neutron counters (N1 to N
8
). The 

proton counters detect charged particles, and the neutron counters detect 

neutral particles (mostly neutrons), or charged particles in the case of 

pn or pp measurements, respectively. The sum of all?-N counter-coincidences 

for a run forms a complete two dimensional pn or pp distribution in the 

emission directions of the particle pairs. The elastically scattered pp 

events from a hydrogen target form very sharp peaks along the diagonals 

of the two-dimensional distribution; thus the off-diagonal counts give an 

estimation of the background contribution. Since, in the case of the 

deuterium target, the target nucleons are bound in deuteron nuclei, the 

peaks corresponding to quasi-elastic events are smeared out in pn runs 

and pp runs with this target. The target is a Mylar flask which can 

contain liquid deuterium (D), liquid hydrogen (H), or nothing--i.e., 

empty flask (MT). All three target conditions have been applied to both 

pn and. pp ru.ns • 

A. Beams 

1. External Proton Beam 

The 184-in. cyclotron produces an external proton beam of about 

738 MeV _energy. This beam is pulsed at 16 msec intervals and each pulse 

,. 
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Be om 

'·I 

',Counting area 

j 

Figure 1. ~lan view of the experimental set up. 
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is stretched by auxiliary dees to about 10 msec at an RF frequency (fine 

structure) of about 18.5 megacycles. The beam, a~ter leaving the cyclotron. 

magnet pole piece region, goes through a beam degrader system consisting 

of seven pieces of copper slab, of thickness ranging from 1/16-in. to 

4-in. Each slab can be moved in or out of the beam by remote control. 

Therefore, the total thickness of the copper in the beam, depending on the 

combination of different copper sizes, can vary from 0 to 9-15/16 in. at 

1/16 in. steps . 

There is a steering magnet (B1), not shown in Fig. 1, after the 

copper beam degrader system, which can steer the beam either into the 

physics cave or the medical cave. F?llowing B1 is a doublet quadrupole, 

(Q1 ) (also not in Fig. 1), which serves to give an essentially parallel 

beam through the beam tube into the physics cave. 

A doublet quadrupole, Q2 , shown in Fig. 1, focuses the parallel 

incoming beam on our first target (the carbon target to polarize the beam) 

TGT1 • Two bending magnets, B2 and B
3

, bend the beam away from the original 

beam line and then back towards the beam line, crossing the beam line at 

TGT1 at an angle, _e 1 , which can be set at any value between + 14 deg, 

depending on the fields in B2 and B
3

, 

An ion chamber placed just after the beam snout, in front of Q2, 

monitors the beam intensi~y. The value of e
1 

is constantly monitored by 

two split-ion chambers, SIC1 and SIC2 , placed before and after TGT1 . · This 

angle, e1 , is maintained within about 1/5 deg of its true value. 

2. Polarized Proton Beam 

The source of the polarized proton beam is at TGT1 . The beam 

' 
consists of elastically scattered protons at angle e

1 • At e1 = ± 6 deg, 

these protons are about 3CY/o polarized. The scattered protons are allovred 
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to pass through a slit to define the range of the scattering angle to about 

+ 1 deg. The unscattered protons are stopped in the lead on either side of 

the slit. After the slit, a triplet quadrupole} Q
3

) and a bending magnet) 

B4J focus the beam at M
1

) a monitor counter. A momentum spread (LP/P) of 

only~± 3% of the beam would pass through this counter. (Actually,.the 

momentum spread of the beam is << 3%.) This determines the momentum bite 

of the polarized proton beam. Magnets B
5 

and Q4 are located at mirror 

images of B4 and Q
3 

about M1 . This arrangement allows the beam to be 

focused ·at TGT
2

J achromatically with unit magnification. The optics of 

this beam are shown in Fig. 2. The contamination in the beam is only 

some negligible amount of the inelastically scattered protons having 

momentum within 3% of the central momentum. No pions produced would be 

in the momentum range to pass through the system. 

The polarized proton beam is monitored by the monitor counters, 

M1M2M3J in coincidence} called M. The direction and beam spot center are 

monitored by 81828
3
84 and 8

5
86 which count 7 in coincidence with M} the 

number of protons to the left and right of the beam line at two positions 

before and after the target TGT2) (see Fig. 3) and above and below the 

beam height at one position. The left and right counts are balanced to 

within 1% by fine adjustments of the currents in B4 and B
5 
.. The net 

deviation of the beam) with respect to the beam line) is less than 0.1 

deg. 

The energies of these beams were measured by a range telescope 

at TGT2 position. The differential range curve for each energy is shown 

in Fig. 4. There is no measurable difference in energy and composition 

for the beal!B of opposite polarization. 

The beam energies and approximate available maximum intensities ;v' 
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Figure 2 .. Optics of the polarized proton beam. 
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Figure 4. Differential range curve for each energy at the center 

of the LD2 target. , 
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at the various energies, normalized to 1 at 700 MeV at the center of TGT2, 

are also shown, and are presented in Table II. Since the measured energy 

is so close to the desired beam energy, we will use the desired energy as 

a lable to the beam. 

The width of the measured energy in Col, 2 is the width of the 

beam after the en~rgy correction of range stragg~ing15 in the range 

telescope. 

Table II. Beam energies and intensities at the center of the 

LD2 target 

Beam Measured energy Cu degrader Approx. Intensity 
(MeV) (inches) ratio 

310: 307 ± 11 8 13/16 0.0022 

400· 394 ± 12 7 1/4 0.0035 

500 498 ± 11 5 1/16 o.oo46 

6oo 601 ± 9 2 7/16 0.0071 

700 702 ± 5 0 1.0000 

,'-' 
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B. Targets 

1. Carbon Targets 

The polarized proton beam is polarized by scattering on a carbon 

target 3 by 3 by 4 in. (length x width x height) at position TGT1 , and the 

polarization of this beam is analyzed by rescatter.ing on a similar 3. by 

3 by 4-in. carbon target at TGT2 . The left-right asymmetry is measured 

by left-right telescope counters, TlA' TlB' T1C and T2A' T2B' T2C 

at± 6 deg respectively (see Fig. 5). The telescope is located at 90 in. 

downstream, corresponding to the position of the slit in the first 

scattering. When e1 is set at ± 6 deg the polarization parameter (and the 

analyzability of the second target) at 6 deg is measured. The energy 

difference between the first and second scattering is about 35 MeV. This

can be safely ignored since the polarization at a given laboratory angle 

varies slowly with energy. 

By varying e1 to other angles (8, 10, 12, 14 deg), polarization 

for these angles is also measured by by using previously determined analyz

ability. 

2. Liquid Deuterium and Liquid Hydrogen Targets (LD2/LH
3

) 

The target is a cylindrical Mylar flask, 3-3/4 in. in diameter 

and 5-in. long with a wall thickness of 0.0075-in. The flask is wrapped 

with several layers of aluminized Mylar foil and surrounded .by a vacuum 

inside a vacuum jacket with 0.025-in. Mylar walls subtended to_ an angle of 

about 310 deg surrounding the flask. (See Fig. 6) The flask is connected· 

to an upper reservoir (R1) by means of fill and boil-off tubes. These tubes 

also suspend the flask in place. Above R1 there is a separate reservoir, 

R2 , connected to R1 by means of heat exchanging condenser tubing .. When 

, 



, •. 

Inches 
1---+--1 

0 6 12 

-23-

MU B-7175 

Figure 5. Second carbon target and counter telescopes used 

in pC polarization measurement. 
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Figure 6. Liquid deuterium or liquid hydrogen (LD2/LH2 ) target flask, 

with 310 deg Mylar window. 
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running with deuteriumJ R2 is filled with liquid hydrogen. Gas deuterium 

is thus led into R
1 

and condensed to a liquid state via heat exchange with 

liquid hydrogen. The deuterium reservoirJ R
1

, and the flask are completely 

closed so that the deuterium has no contact with the outside. The boil-

off in both R1 and the flask are fed through heat exchange tubes with R2 

and recondensed.' After runningJ the liquid deuterium is allowed to boil and 

go through a compresser system where it is compressed into storage 

cylinders for reuse. 

R1 can also be filled with liquid hydrogenJ thus permitting the 

flask to contain liquid hydrogen. 

i 
) 
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C. Counters and Electronics 

The neutron counters are made of plastic scintillation material 

5-1/8 in. in diameter and 6 -in. long viewed by 5 -in. photomultiplier tubes, 

58AVP. These counters count charged particles (essentially protons)recoiled 

from a neutron collision in the scintillator. The threshold is set at 4 MeV' 

with T1208 
y sources. From Ref. 6 the efficiency is about 15% for high 

energy neutrons. Since absolute efficiency does not affect the results of 

this experiment, we did not calibrate this carefully. 

In order to minimize background in these. neutron counters they 

were enclosed in an iron box, 2 1/2 inches thick. Outside the iron box . 

were three layers: 2 inches of lead, 2 inches of boric acid, and 12 inches 

of paraffin, on the top and all three sides except the front. (See Fig. 1) 

Below these counters there was 8 feet of concrete. 

The remaining 44 counters are all scintillation counters viewed 

by RCA 6810A photomultiplier tubes. . The sizes are swnm.arized in Table III. 

l 
In Table IV the laboratory angles of all the proton and neutron 

counters are tabulated, A plan view of the counter arrangements is shown 

in Fig. 3. 

The block diagram of the electronics in this experiment is shown 

in Fig. 7. The signals in M1M2M_ are put into coincidence, called M, 
3 

denoting a particle in the beam with the right energy going through the 

target, TGT2 • The pulse, M, then goes through a gated splitter which i~ 

gated by the cyclotron gate so that the fanned out M signal only goes 

through the gated .splitter during a desirable portion of the beam spill. 

The fanned out M signals form a basic signal to be put into coincidence 

with signals from many other counters. 

A pair of M signa·ls is fed into a coincidence circuit with a 

, 



. ---~ • ..,. _,,.,._-=:;~~~ ... w~:1't.n.L~~~,e:.;:!GC".a::;::--w.m·-- -·- s-t---""'0-"= _____ -~~m~ ... _. -~.;:-:::±'"§is=..,'"·-- __ -~ · --- ·x -- -~:r.;T"""~7.:lc~,~~~=-=--=:~.~:":":---:-.·-.---,·.:-.::::-::.-.::.-.. ~,._,=-.--.:.:----

(, -,, 

>, 
/'c.; 

·-·-; 

"·~ r-- Tl~lte#'l ~ AI'ITI-Ait'JtAY---, 

Tur- l11HTAIL 

I ll.l¥T~III 

iC.IJVNr#AI I 

• 

/f I'A.1r111 

r-CIIIIITIIt'l~ 

Ati~IA 

,., 

CH,II I.JSUI ,os IL,f6 
(C#,_.,~, Atrt'C61) 

} 

AIUT rl rn 11./JIT t:::: f.t•T t.ltlte.,lr,/. 

9 ~ c:::;'==:l 
I ' I 
< I I 

H-±-
/JoiTI~'MI] IUJ£lto'lll 
~ .. ,,,, .,.,., ... -J~ .,,,.., ... ,,, 

Figure 7. Block diagram of electronics used in this eA~eriment. II.U-11111 

I 
1\) 
--l 



-~.----..::..:.-· ~---·~-----

Table III. Summary of Counter Sizes. Measurements are given in inches. 

Counters Thickness Width Length --- -- Counters Thickness Width Length 

pl 1/2 3.535 21.36 pl7 1/2 8.872 6.36 

p2 1/2 3.373 21.36 pl8 1/2 10,000 6,00 

p3 1/2 3.271 21.36 pl9 1/2 10,00 6,00 

p4 1/2 3.219 17.79 Al - A8 3/8 12 27 

p5 1/2 3.211 15.50 A9 1/4 8 26 

p6 1/2 . 3.247 13.88 AlO 3/8 12 20 

p7 1/2 3.325 12.65 Ml 1/4 3 4 I 
f\) 
CD 
I 

p8 1/2 3. LJ.88 11.67 M2 1/4 6 (dia) 

p9 1/2 3.620 . 10.85 M3 1/8 2-3/4 (dia) 

plO 1/2 3.849 10.14 sl - s4. 1/4 3 1/2 3 1/2 

pll 1/2 4.146 9.51 s5J s6 1/4 5 6 

pl2 1/2 )_~.524 8.93 TiA. T2A 1/4 3 4 
) 

pl3 1/2 5.007 S8-.39 Tl.BJ T2B 1/4 4 5 

pl4 1/2 5.625 7.88 TlcJ T2C 1/4 7 7 

pl5 1/2 6.4-23 7.38 Nl - N8 6 5 1/8 dia. 

pl6 1/2 7 .1~70 6.88 

"' -· > 



. ·-:--~-.-------- -~--- ~·~--~---------~-~-----·----""~~~ .... ~._,_~-;-~~~- e"'F"''S'r ..... 'C~~..._,.,_ .. :.-~;;..:;..,.;~ .. .;-.... ··;""··--~··-

a: -. ~ ) 

- -· ·-- -

A 
- )~ C,;ut~fer 

· ff/~B ctlt Table TV. Summary of proton and neutron counter angles about t::,;:r~p~fo D~~.~ :~. u )S ~~ -P-

Counter Central Angle Center to Edge Extreme Limits Central Angle Center to Edge Extreme Limits 
MOP ·. L]30P i.AOP fl3CP LAPP Counter /flOP · fPOP 1Jj.OP iB.CP LlillP 

p1 81.18 78.7 83.7 75 87 p15 19.97 18.1 21.9 16.2 23.9 

p2 76.17 73.7. 78.7 69.8 82.4 ' p16 16.28 14.5 18.1 12.9 19.7 
I 

p3 71.23 68.8 73.7 55.2- 77 p17. 12.68 10.9 14.5 9.7 16 [\) 
\D 

I 

p4- 66.39 64-.o 68.8 60.3 72.4 p18 9.28 7·7 10.9 6.6 12.3 
i 
1 

I 

I 
p5 61.69 59.4 64.0 56.0 67~5 p19 6.34 5.0 7.7 4.8 8.7 

p6 57.07 54.8 59.4 51.3 63 
t 

p7 52.55 50.3 54.8 47 58.3 N1 14.35 12.7 15.8 11.4 18.1 

P8 48.16 . 46.0 50.3 42.8 53.9 N2 21.82 19.8 23.3 18.3 24.8 

p9 43.86 41.7 46,0 38.7 49 N3 29.26 27.1 31.2 25.6 32.$ 

p . 
10 39.65 35.6 41.7 34.9 44.7 N4 37.54 35.0 39.3 33.1 41.1 

pll 35.55 33.5 35.6 30.9 4o.4 N5 4-4.96 43.5 48 41.3 50.2 

p12 31.53 29.5 3-3·.5 27.2 36.1 N6 54.79 45.2 56.8 49.8 59.0 

p13 27':59 :· 25.7 29.5 23.5 32 N7 63.98 61.4 66 58.8 68.5 

pl4 23.75 21.9 25.7 20 28 N8 73.39 71 75.3 68.5 77.7 
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relative delay of 54 nanoseconds corresponding to the cyclotron 1 s RF 

period during beam extraction. This coincidence denoted by MACC measures 

the number of times when two particles are in the neighboring RF pulse. 

According to Poisson 1 s distribution, this is equal to the number of times 

two particles are randomly in the same RF pulse. In this case, the monitor 

counters cannot resolve the two particles and they register as one particle. 

Therefore, with this arrangement, we have a measure of monitor accidentals. 

At the rate that we employed, only 250,000 particles/sec were in the beam. 

MACC/M is less than 1%. The ratio depends linearly on the M rate. The 

above correction can be ignored by keeping the M rate fairly constant with 

both a plus and minus 6 deg beam. 

The signals from the split counters (81 to 86) are also put in 
. 

coincidence with M. 81 to 84 are at about 2-ft. upstream from the 

target. 85 and 86 are 8-ft. downstream from the target. 

The configuration of 81 to 84 are shown below: 

l 
81 l 83 

Looking downstream. 

·I 
82 84 I 

_L 
"· 

The center, o, is carefully positioned at the beam center line. 

'. 
81 + 82 , in coincidence with M, count the number of beam particles at the, 

. ~ 

left of the beam line. 81 + 8
3

, in coincidence with M, count the beam 

above the beam height, etc. 

8
5 

and 86 are arranged to the left and right of the beam, respectively. 

With the left and right counts balanced at two planes in the 
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beam by adjusting the fields in B4 and B
5

J the beam is kept centered on 

the beam line throu~~out the entire experiment. 

The beam centering correction is important because the polarized 

beam is produced by scattering on carbon at 6 deg. At this angleJ the pC 

differential cross section is sharply peaked forward, so more particles 

will enter into the slit at a smaller angle (lower limit of the angu~ar 

acceptance) than at a larger angle; hence the beam profile and angular 

convergence at TGT2 may be non-symmetrical. This .non-symmetry is reversed 

in direction when the first scattering angle is reversed, 

Without the centering correction, false asymmetries would be 

ca~sed due to the fact that the bulk of the beam may illuminate different 

parts of the target, and the net angle of incidence may be different upon 
I 

changing the first scattering from + to - 6 deg, 

Further false asymmetries in the results, caused by beam asymmetries, 

are discussed in Sec, IV. C. As mentioned in the introductory part of this 

section, counting P1 to P
19 

are proton counters which count charged particles. 

N1 to N8 are neutron counters which count neutrons in pn runs or charged 

particles in pp runs. The coincidences of P and N counters form a two 

dimensional distribution from which elastic scattering as well as background 

events can .be extracted, 

A10 is an anticounter in the beam downstream from the target. When 

a beam particle is being scattered in TGT2 , it should not go through A10 . 

Due to the inefficiency (slower ~epetition rate) of the anticoincidence 

circuit, A10 .was disconnected in the latter part of the experiment, This 

affects only the background in P
17

, P18 , and P
19

, in coincidence with Nl'f

(See Fig. 10 for a clear demonstration of this effect.) ·-This may be due 
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to scattering of the beam on the shielding material o:f the neutron 

counters (see Fig. 1). 

A
9 

is used for two purposes: (l) during the pn run it is used 

in a~ticoincidence with the monitor signals to discriminate events when 

the spectator proton has a large enough energy to leave the target in that 

direction. (When the. spectator proton goes off to the leftJ the proton 

counters will detect it and later discard the event as 11 NOT l.P" events 

during analysis; (2) during the pp runJ A
9 

is put in coincidence with the 

neutron counters so that only charged particles will be counted by the 

neutron counters. 

During the pn runsJ A1 to A8 are connected in anticoincidence with 

the monitor signals, with 1/2-in.· of lead sheet before themJ in order to 

convert y-rays produced from the target. A1 to A8 will "anti" out the 

charged e+ or ~ :from ?' conversion. Therefore the neutron counters do not 

count ?'' s. During the pp run, the A1 to A8 and the lead are removed from 

the system. 

The signals in the proton and neutron countere go through a 

special circuit called "fast.-logic -bins. 11 7 Their function is first to 

separately add up all incoming proton and neutron counter signals. If 

there is at least one P-counter :fired and l N-counter fired) a signal) 

P (N )J will be generated from the fast logic bin. The coincidence of 
X X 

N J P and MJ with all the anticounters in anticoincidence) signifies a 
X X · 

candidate event. This event signal triggers a master gate which is fed 

back into the logic bins for the event (particular P- and N-counter fired) 

. to be read in by an on-line computer) PDP-5. 8 
1' 
r 

The PDP-5 arranges all the proton and neutron counter ·signals 
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into three of its 12-bit words in the memory buffer by assigning 1-bits 

for the counters-fired, and O-bits for the counters-not-fired for each event. 

In addition to the program, the memory has the capacity to store 1000 

events. When the memory buffer is full, it dumps all its contents onto a 

magnetic tape unit and the PDP-5 is then ready to receive new events. 

During the time the PDP-5 is reading in events, or dumping memory onto 

tape (dead time), it puts out a memory busy signal that prohibits all the 

scalers from counting, and also prevents the fast logic bins from accepting 

any counter signals coming from the P and N counters. During the time 

that the PDP-5 is not busy, it displays, on a scope at the console the 

relative number of lP-IN (l proton count and l neutron count) events, lP-

NOT-:-ln events, IN-NOT-lP events, and NOT-lN-NOT-lP events as a 4 column 

histogram. This serves the purpose of displaying the relative background

to-events rate and during the run this rate was less than 5% throughout. 

At the end of the run, by pressing a certain key on the on-line 

typewriter, the PDP-5 stops the run, reads in all the scalers, putting them 

on tape as well as printing them on the typewriter. Each run is initiated 

by typing in a run number and hitting a special start key. 
I 

There is also a test system which sends light pulse signals 

through Argon lamps into each scintillation counter in a specific pattern 

in order to test the function of all counters and the coincidence logic 

system. When the PDP-5 reads in the incoming pattern and matches the 

input pattern against a corresponding pattern in the memory, if there 

is ,any miss-match between the two sets, these mistakes will be printed 

out, thus enabling the experimenter to pin-point the trouble. The test 

system has proven to be useful on many occasions. 
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The flow diagram of the PDP-5 on-line program ·is shown in 

Fig. 8. 

After the run, the events on the tape were summarized and 

analyzed by the IBM-7044 computer at the LRL computer a~nter. 

r 
l 
\ 
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Flow diagram of the program for the PDP-5 computer. 
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N. DATA ANALYSIS AND RESULTS 

A. Proton Carbon Polarization 

As mentioned in Sec. III. B. 1., as a byproduct of this experiment 

pC polarization is measured at a few forward angles in the 300 to 700 MeV 

energy range. 

Analyzability of the second scattering is measured by scattering 

at the same angle on both targets. This angle was chosen to be 6 deg for 

the major,part of the experiment, because the polarized beam used on pp 

and pn runs is produced by scattering at 6 deg on carbon. Later we moved 

the telescope to ± 8 deg where the pC differential cross section is less 

steep in the scatteri~g angle. The problem of beam alignment is less 

severe at this angle, and target-in to target-out ratio is better. These 

advantages are paid for at the price of a lower counting rate and more 

inelastic scattering. The results of both the six and the eight deg 

telescope runs agree. 

We have also changed the copper· thickness in the range telescope 

to limit our counts to only those particles with a given interval of energy. 

At 6 deg the polarization is not affected by the different copper thicknesses, 

but at larger angles they differ more. (See Figs. 9a to e.) This is 

probably due to the fact that inelastic scattering becomes more important 

at larger angles. 

Let T1S(T2e) denote counts in the i~elescope, see Fig. 5), 1(2) , 

when the first scattering angle is e1 = e, and the monitor 

T1°8(T2°8y are counts in T1 (T2) with monitor' counts of M08 

e counts are M . 

when the second 

carbon target is removed .from the beam. These latter counts are produced 

from scattering on counters M2 , and s
1 

to s4, and M
3

, since the telescope 
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counters' angular range is from 5' to 7 deg in the lab) which is close to 

the beam line. 

We define left and right scattering counts independently for counter 

telescopes) T1 and T2 J as follows: 

L l 
2 

-e1 -e 
= T2 M 

R l 
2 

= T2e/Me 

L 0 
-e e (20) 

=T20 /MO 
2 

R 0 o8 oe. 
= T

2 
/M ,' 

2 

l 0 
R. = R. - R. ; i = l) 2. 

). ). ). 

The'asymmetries for .T
1 

and T2 are defined as: 

L. - R. 
). ). 

Ei = L. + R. 
). ). 

i - l) 2. 

When 

e = 6 deg. (21) 

and 

e f= 6 deg. 

The statistical uncertainties for the e:'s are obtained from differentiating 

Eg_. (21) and treating the errors in L' s and R1 s independently. We get 

(23) 

where 
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i ::;:: 1, 2 ... 

and 

are the statistical uncertainties only. 

The uncertainties in the polarization parameters are: 

and 
' 

· & . ( 8) ::::: E. ( 8) /P. ( 6°) for 8 /= 6 deg; and for i = l, 2. 
~ . ~ ~ 

The normalization uncertainty is determined from the average 

maximum discrepancy of the P1 and P2 of all 6 deg results. The value is 

less than 3%. 
In orde~ to minimize nonstatistical effects (such as slight beam 

misalignments due to differences in efficiencies among the S counters, 

etc.) which may introduce false asymmetries, the·two sets of results, P1 

and P
2

, are thus averaged. 

' 
with a normalizing uncertainty of less than 3%. 

With very little copper absorber in the telescope (i.e., when the, 

range of' copper is 30 MeV less than the range in Cu f'or the 'beam), the· 

difference, P1 - P2 , is consistent with zero. As the absorber thickness 
' 

increases, P1 ~ P2 also increases, but at angles where inelastic scatteri£g 

is not importantJ P remains constant. This is due to the fact that in the 
' 

beam the higher energy part converges towards the target (TGT2) at a small 
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angle bearing right (T2 side)J and the lower energy part is opposite. 

When the absorber thickness increasesJthe telescopes essentially select 

the portion of the interaction when the beam has higher energyJ i.e. 

the part of the beam which is slightly on the right of the true beam line 

leaving the target. This effect should cancel out if the distribution of 

the beam angular convergence is symmetrical. As we shall discuss in Sec. 

IV. C.J when the first scattering is at+ 6 degJ the beam bears slightly 

right) and reverses itself for - 6 deg first scattering. Therefore) for 

the combined effects) the telescopes select a greater portion of the beam 

for + 6 deg than for - 6 deg first scattering. This effect could be 

eliminated if there were a field lens at the intermediate focus position 

The results in pC polarization at 310J 4ooJ 500) 600 and 700 MeV 

are tabulated in Table V and plotted in Figs. 9a through 9e. Only 

statistical errors are included. The systematic errors are estimated to 

be less than 3%. The different sets of data have different copper absorber 

thickness in the telescopes (T1 and T2) corresponding to the minimum energy 

acceptance (threshold) of the telescope. 

In comparison with other pC measurements in the energy regionJ9 

the agreement is poor except for the results of McManigal et al.9a (see 

Figs. 9a, 9bJ and 9e). 



Table V. pC polarization results (over all normalization uncertainty< 3%). 

Energy Energy Acceptance _,........,.--.. ·--
(MeV) of range telescope 6 deg 8 deg 10 deg 12 deg 14 deg 

(MeV} 
--

310 > 260 0.428±0.004 0.508±0.007 0.599±0.007 -
4oo ~34D 0.382±0.005 0.467±0.009 0.)02±0.008 0 .519±0 ,008 

~ 395 0.384±0.007 0 .504±0 .015 

500 ~ 450 0 .345±0 .005 0.410±0.009 0 .438±0 .010 0.424±0.010 0.424±0,015 

> 480 0.350±0.005 0. 431±0 .013 -
6oo > 460 0.305±0.004 - I 

-·- > 560 0.318±0.007 0.339±0.012 0.368±0.012 0.335±0.014 + 
0 - I 

> 6oo 0.303±0.008 0.356±0.015 0.397±0.018 0.468±0.027 -
700 ~ 560 0.278±0.008 0.322±0.011 0.333±0.010 

~670 0.273±0.008 0.-367±0.016 0.347±0.017 

' 

:'t .... 

~ 
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Figure 9, pC polarization at 500 and 600 MeV as measured in this 
· experiment. The errors are only statistical. The normal-

ization uncertainty is lessthan 3%. . 
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Figure 9e. pC polarization at 700 MeV with comparison with other . . 
authors. The errors are only statistical, The normalization 

· .. uncertainty is less than 3%. 

o ..; This experiment, threshold at about 560 MEN.· 
A - This experiment, threshold at about 670 MeV. 

· x - 725 MeV, McManigal et al.9d 
+ - 660 MeV - Azhgirei et al.9c 
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B. pn and pp Polarization 

The pn and pp polarizations are analyzed in similar -vmys except 

for background subtractions. In this section, except -vrhere e:xplici tyly 

stated to the ct;mtrary, all statements are valid for both interactions. 

The notation used is p,n for particles and P,N for counters. 

wnen the individual events on the output tape of' the PDP-5 are 

analyzed, all the events -vrher e only one proton counter. and one neutron 

counter fired are added into a 19 x 8 P-N matrix (95% of all events). 

The matrix element, "\rnPN, corresponds to the total number of counters in 

this particular P-N channel. 

In the pp case, the relativistic kinerr~tics of 2-body elastic 

scattering forces the elastically scattered events to lie only in certain 

called elastic peaks or elastic regions. (See Figs. 14 and 15) All the 

counts in the other channels; outside the elastic region, are background 

events. These counts can be interpolated back into the elastic region to 

give a good estimate of the number of inelastic counts in the elastic 

region. (See Fig. 11.) The number is called E . 

In the pn case (and pp in the deuterium target), the elastic region 

is smeared out due to the Fermi motion of the target nucleon bound in the 

deuteron nucleus. . (See Figs. 13 and 15.) 

After all similar runs have been Slli~ed up (e.g., target full, or 

empty, positive or negative beam.· polarization) and divided by the. 

corresponding monitor counts, they fall into several categories. For the!!' 
' 

pp runs we have + and - 6 deg in the first scattering angles (corresponding 

to positive and negative beam polarization), an~with target full or empty. 
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Figure 10. Distributions in the P-N counter matrices for pn at 700 

and 

for 

500 MeV in N1* and N
3

. (:*Note: 

N
1 

at 500 MeV are the additional 

the peaks in P
17 

and P
19 

background when A10 
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Figtire lL Distribution in the P-N counter matrices for pp in target 

Hand MT; and background extrapolation fits for N
3 

and N
5 

at 700 and 500 MeV. (The small peak to the right of the 

main peak is due to pp ~~+d.) 

·. 
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700 MEU. PN DoKoMT COMBINRTIDN FRCTORS 
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Figure 12. Distributions in P-N counter matrices for 700 MeV_pn in N1 

and N
3 

when different ba.ckground s-urrtractions are used: 

(a) D - H) (b) D - 3/2 H + 1/2 MT) (c) D _: 2H + MT. 
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700 MEV. PN SPECTRUM 
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Figure 13. 

NEUTRON COUNTFR NUMBER S NEUTRON COUNTER NU~B£R 

Distributions in P.-N counter matrices for 700 MeV pn in N
1

J 

N3 J N5 J and N
7

J with comparisons of LEFT SCATTERING (positive 

beam polarization)) RIGHT SCATTERING (negative beam polarization)) 

and distributions predicted from Monte Carlo calculations. 

.· 
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700 MEV. PP SPECTRUM 
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Figure 14. Distributions in P-N counter matrices for 700 MeV pp in N1 , 

N
3

, N
5 

and N
7

, with comparisons of LEFT SCATTERING (positive 

beam polarization), RIGHT SCKrTERING (negative beam polarization)) 
: . 

and distributions predicted from Monte Carlo calculations. 
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310 MEU. PN SPECTRUM 
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Fi@re 15. Distributions in P-N counter matrices for 310 MeV pn and pp 

in N2 and N6, with comparisons of LEFT S~ATTERING (positive 

beam polarization), RIGHT SCATTERING (negative beam polarization): 

and distributions predicted from Monte Carlo calculations. 
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Regi9,ns in .. P- N counter 
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700 MeV elastic and two-oody "background processes and their 

"OCCUPATIONS" in the P-N counter matrix-element-space. 
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Since there are four types of runs:_ H+ (or D± for pp in d) and MT±, ;,re 

have four corresponding matrices. (See Fig. ll) For pn runs, we.have six 

types of runs: D±, H± and MT± (see Fig. 10). 

Background information for pn runs, and pp runs with the deuterium 

target, is not as readily available from the distribution as is the case 

with pp runs in hydrogen because the elastic peak is smeared out to a .. full 

width at half maximum of about four channels with very l~ng tails on both 

sides of the peak. (The corresponding figure in pp with a hydrogen target 

is about l to 2 when plotting~?( PN vs P for a fixed N.) However a 1:ess 

quantitative background estimation can still be made with runs in deuterium 

targets. 

In determining the background corrections, the following aspects 

are considered. Their corrections to the asymmetries are only :5 2{o. 

a. 2-body backgrounds which can be eliminated by kinematics, 

b. 3-body backgrounds in the deuterium target which can be 

estimated from the 3-body background in the hydrogen target, 

c. Fermi motion of the target nucleon in deuterium which can 

be minimized by means of a Monte Carlo calculation with 

simple assumptions. 

1. 2-Body Background 

The reactions pp ~ rc+d and pd ~ pd in a deuterium target are all 

the 2-body final states that could contribute to the pp background. Since 

2-body final states have a well defined angular· correlation of the final 

state particles we can see (from Fig. 16) that the elastic and inelastic 

regions overlap only in the tail part of the distribution for most neutron 

counters, except for N1 and N8, but since their cross section is small in 
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this energy range we can ignore the,ir existence.* In Fig. 12 the peaks 

corresponding to pp ~ ~+d can be seen in their proper region. 

2. 3-Body Backgrounds 

The remainder of the background is made up of 3-body final states, 

where there is a great possibility that two of the three final state 

particles can be detected by the P and N counters** (since the P counters 

subtend a large solid angle). The predominant 3-body final states between 

400 and 700 MeV are ~ production in both p or n as target in d. The only 

types of ~ production events that can cause the electronics to trigger 

as a valid event are those having at least one charged particle and one 

neutron (y's are converted in the lead and anti-ed out by A1 to AS with 

95% efficiency***) in th~ pn case, and two charged particles in the pp case. 

In Table VII we SUlllillarize all single ~ production processes that can 

contribute as background, and use their total cross section13 as weighting 

factors on the probability of their contribution·. This is not rigorous 

because we did not consider possible differences in the angular distributions 

~~he counter limits plotted in Fig. 16 are extreme limits (i. e. LBCP to 

LADP in Table IV), but because the beam profile is peaked at the center of 

the target, and the neutron counters are circular in cross section, Monte 

Carlo calculations have shown that the distribution of counts in these 

proton counters is peaked and the width of this peak is about the same 

~OB as listed in Table IV. 

**From the experimental distributions) the small peak on the left of the 

main peak in Fig. 11, and most of the remainder of thebackground in N1 , 

is due to pp ~ ~+d as shown in Fig. 16. 

***The y contributions are not large from the runs made with the lead 

converter removed. Asymmetries have also been measured with 1/4-in. and 

1/2-in. of PB before the anti's, A1 to AS. The two results are 

consistent with each other. 
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Table VI. Background contribution from NN ~ NNn in LH2 and ID
2 

targets. 

-

Targetj Process I Final State· Total Cross Section 
1 n 
1 charged 2 charged 4oo MeV 500 MeV .6oo MeV 700 MeV 

D; H 0 0,06 0.5 2!0 4.0 PP ~ ppn X 

D; H ·+ 
PP ~ pn~~-. ·x X 0.4 3.5 f.o 12.,0 

I 
VI 

D I 
0 

X 0.2 1.5 2.5 4.0 
'-F" 

pn~pnn I 

D I - X 0.03 0.3 1:,0 2,0 pn ~ ppn 

D I pn -7 nnn+ X 0.03 0.3 1.0 2,0 

.~ 

Summary for pn m 0,4 3.5 7.0 "12.0 

m 0.63 5.3 10.5 18,0 

mjrn 1.6 1.5 1.5 1.5 

Swnrnary for pp I m 0.46 4,0 9.0 16.0 

m 0.49 4.3 10.0 18,0 

mjm 1.1 l.l 1.1 1.1 
I 

~.;. 

•. 

----- ••.. ......:....:.::.._ -~..:..~- -~~~.:~.-:-::-==---~--: ~-- -.- ~---.:__... -:: ~.: "'- _-:: ~--""!!"'_ .... :::.....-:-::.=..:..-:::--:-;:::::-_:::__.--:-- --~----
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of each process. However) the entire background has only a 2% effect on 

the final results) therefore ignoring angular distribution is only a 

small perturbation of the correction. 

From Table VI) we see that for pn there is 50% more background 
I . 

contribution from deuterium than from hydrogen per target nucleus. For 

pp) there is only lo% more from deuterium. 

Two other corrections have to be applied to these (mjrn) factors 

whose effect nearly cancel each other, 

l. Since the Fermi momentum of the target nucleons in the deuteron 

nucleus . causes the elastic peak to be broadened) the same broadening 

would happen in the vertical plane (or¢ angle). The effect is, on the 

average, that 15% of the quasi-elastic events miss the conjugate counters 

when the target nucleon has a high vertical momentum component. Applying 

the same factor to the inelastic events, we should multiply mjrn by a 

factor of 0.85. 

2. Since the density of lig_uid hydrogen and lig_uid deuterium is 

not the same per nuclei, we have 

= 
0.5 x 0.167 (g/cm3) = 
0.071 ( gj cm3) 

1.20. 

This factor of 1.20 must also be multiplied into mjrn. 

The over all background in D/H should be: 

for pn, 1.50 X 0.85 X 1,20 = 1.50, 

for pp, 1,1 X 0.85 X 1.20 = 1.1 ~ 1,0. 

Background also comes from scattering off the.target vessels (Mylar 

windows) M
3

, etc. The effect is superimposed on both target conditions 
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with LD
2 

or LH2 • Their effect can be eliminated with target empty (MT) 

runs. 

To obtain the counts, c, with background subtracted, the final 

linear combination is used. 

where 

l. For pn runs (see Fig. 12): 

C = D - . l. 5H + 0 • 5 MI' 

D, H, and MT are target conditions. 

2.- For pp runs in liquid hydrogen targets, 

C=H-MI'-E 

(25) 

(26) 

where E is the extrapolation of background from the non-elastic regions 

mentioned in the beginning of this section. (See Fig. ll) 

3. For pp runs in a liquid deuterium target) 

C = D - MT - E) 

where MT and E are the same as in 2. 

3. Effects of target Fermi motion. 

(27) 

For scattering of the nucleon targets, bound in a deuteron) 

effort must be exerted to select events corresponding to minimum target · 

nucleon energy. When the two nucleons in the deuteron have minimum 

relative energy) they have maximum separation) hence less interaction. 

At this instant, if a beam nucleon comes along and is scattered on one 

of the nucleons, this interaction can be a good approximation of a free 

nucleon-nucleon scattering event. On the· other hand, when the two 

nucleons in the deuteron are energetic and tightly bound to each other, 
~;: 

if a beam nucleon is scattered on one of the target nucleons, this even~ ~ 

cannot be a· clean nucleon-nucleon scattering event even if the deuteron 
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is broken apart, (This is called a shadowing effect by Glauber. 10 ) 

From the well-known Hulthen wave function of the deuteron_, we see that 

6o% of the time the two nucleons are well separated and outside the 

influence of each other. In Fig. 17 the heavy curve correr~poncls to the 

kinetic energy distribution of one of the nucleons :i.n the deuteror. 

nucleus. From rn:uneri.c:aJ. integTation of this curve,. up to 50 rv:ev_, ~,re 

find that the nucleon has a 5CP~ probability of having kinetic energy less 

than 2.6 MeV, Since the distribution has a very long tail; the average 

energy is about 5.5 MeV. 

The deuteron is so li~~tly bound (binding energy = 2,26 MeV) that 

attempts to use deuterons as a free nucleon target have .been successfully 

carried out at 315 MeV by Chamberlain et al.lla Polarizations in pn in 

llb a deuterium target; and free np; and pp in a deuterium target 1 and free 

pp) have been measured at about 300 MeV. Their corresponding results 

agree very well. 

For the analysis of this experiment) we used Monte Carlo 

calculations* to simtilate .. the experim~ntal conditions in a computer. 

By applying cut-offs for target nucleon energies at less than 3) 1) and 

50 MeV we get distributions in proton counters for fixed neutron counters. 

The calculated P-N distribution for N
3 

is plotted in Fig. 18 and agrees 

well with experimentally measured distributions. (See also Figs, 13 and 

15.) If we are attempting to extract events with target nucleon energy 

(T ) less than or equal to 3 MeV from the entire distribution) from Fig. n . , 

*Calculated by generating events with the experimental situation of the beam) 

target and counters. The approximation for the nucleon targets bound in the 

deuterium is that free nucleon targets are moving with Hulthen distribution. 
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0.6 
>. -...;... 

..a 0.4 0 

..0 rms 
0 ,_ 
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Figure 17. Theoretical and calculated energy distributions of the 

target nucleon bound in the deuteron nucleus. Histograms 

show different P-counter limit cut-offs applied for N
3 

at 700 MeV. 
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18 we can see that there is not a clear cut way. However, there is an 

alternative way to do some kind of a selection. From Fig. 18 again, we 

can see that the ratio between the total height and the total cross-

hatched height (corresponding to the low energy component of the nucleon 

energy distribution in the deuteron) in each bin in the histogram is 

plotted and joined together by a smooth curve. This ratio is a minimum 

in P6, P
7

, and P8 where the free target events would lie, and it rises 

sharply on both sides. If we want to minimize events with high target 

energy components, we should use only events in certain bins, in this case 

P6 to P8. We have done a Monte Carlo calculation for cases where only 

1, 3, 5 or 19 proton counters per neutron counter are included about the 

peak in a free nucleon target. The average target nucleon energy is 

ca~culated for each case. In order not to sacrifice too many valuable 

events, and yet to minimize the average target nucleon energy, 3 proton 

counter distributions per neutron counter turned out to be the best 

suitable answer. The histograms in Fig. 17 show the target nucleon energy 

distributions for cases where only events in 3, 5, and 19 proton counters 

per neutron counter are taken for N
3

. The target nucleon energy average 

and rms are also shown by arrows. 

Experimentally, with proper background subtraction, the polariz-

ation results are very insensitive to the number of P-counters included. 

This reflects the weak binding of the nucleons in deuterium. 

The distributions for the c.m. total energy, E*tot' and c.m. 

scattering angle, e*, as well as their spread have been calculated by 

the Monte Carlo method. Their values are tabulated in Table VII. 
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Figure 18. Spectrum in the P-counter for w
3 

at'700 MeV when applying 

various energy cut offs to the target nucleon bound in 

deuteron. 
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Table VII. B* and E*tot for each neutron counter and beam ener~J with the proper choice of 
proton counter limits as calculated by Monte Carlo method. 

Energy 
Nl N2 N3 N4 N5 N6 N7 (Mev) 

700 B* (pp) 35.7±2.7 52.40±3.10 68.7±3.3 86.1±3.5 77.0±3.6 60,1±3.6 43.2±3.5 
(pn). 143 .2±4.9 127.1±5.3 110.9±5.4 93.8±5.7 77.1±6.0 60.4±6.5 44.3±6.7 

E* (pp) ~198.7±7.5 2198.7±7.6 2198.7±7.6 2198.7±7.6 2198.7±7.6 2198.7±7.5 2198.7±7.5 
· . tot (pn) 2204.0±15.;7 2203.?±18.1 2202.7±19.0 2203.4±19.4 2203.9±19.4 2204. 5±18. 6 2205.8±16.6 

600 B* (pp) 33.55±2.53 .49.53±3.15:-:- 65.6±3.4 82.9±3·.5 80,16±3.6 63.13±3.6 . 46 .1±3 .6 
(pn) 145.6±5.1 130 .5±5 .6 .. 114. 7±5 .6 97.8±5.6 81.3±5. 7 64.8±5.6 48.5±5.8 

E* (pp) "2155.7±7.8 ' 2155.7±8.1 2155.7±8.1 . 2155.7±8.1 2155.7±8.1 2155.7±8.0 2155.7±8.0 tot ( ) ,, 2164.3±12.8 2163:9±14.7 2162.8±15.7 2163 .3±16 .o 2163.3±15.8 2163.7±14.9 2164.7±13.6 . pn 
-:.,;; 

500 e* (pp) 33.7±2.3 48.7±3.1 64,6±3.3 8L:8±3.5 81. 3±3 .6 64.1±3.6 46.9±3.6 
(pn) 145.2±4.9 130.9±5.7 115.0±5.9 97.9±5.9 81.2±5 .9 64.7±5.9 48.5±6.1 

B* (pp) 2112.1±7.1 2111. 7±8.2 2111.7±8.2 2111.7±8.2 2111.7±8.2 2111.7±8.2 2111.7±8.1 
.. tot (pn) 2118. 9±11":.6 2116. 9±13 .1 2115.1±14.0 2115 .1±14.5 2115.3±14.2 2116.4±13.2 2117 .8±12.2 

400 B* (pp) 33.8±2.3 47.8±3.1 63.5±3.3 80.6±3.5 82.5±3.7 65.2±3.7 48;0±3.6 
(pn) 144.3±5.1 131.1±5.9 116.5±8.6 99.7±6.8 83.1±7.0 66.6±7.2 48.3±6.9 

E* (pp) 2067.2±6.7 2066.7±8.3 2066.7±8.4 2066.7±8.3 2066. 7±8·.3 2066.7±8.3 2066.6±8.2 
tot ( , ) 2071.4±9.9 2069.6±11.0 2071. 6±14 .l 2071. 5±14. 5 2071. 8±11~. 4 2073.0±13.6 2070.4±10.3 pm 

310 B* (pp) 33.64±2.4 47.3±2.8 62.4±3.2 79.4±3.5 83.7±3.6 66.3±3.7 50.1±2.7 
(p·n) 141.5±7 ,2 130.7±6.8 116.5±[.6 99.8±7.8 83.2±8.0 66.7±8.1 47.8±7.2 

K-'" (pp) 2027.0±6.6 2025.8±8.3 2025.6±8.5 2025.6±8.5 2025.6±8.5 2025.6±8.5 2026.6±7.4 
tot (pn) 2030.9±9.6 2026.9±10,1 2028.1±12.3 2027.8±12.6 2027.9±12,4 2028.9±11.7 2026.8±9.2 

....... " 

N8 

30.8±1.7 
29.5±6.7 

2199.2±5.0 
2208 .1±13. 6 

34.5±1.5 
33 .. 0±6.0 

I 

2156.3±5.6 
0\ 
I-' 

2165 . 0±1.15 
I 

36. 8±1.0 
33.4±5.8 

2113.5±5 .3 
2119.7±10.1 

39.4±0.2 
33.1±6.9 

2071.8±7.4 
2072.5±9.2 

33.1±6.7 

2029.4±8.0 
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C. Errors 

1. Statistical Uncertainties 

Let c(e,T) be the number of counts in the proper proton counter 

bins for a given neutron counter with first scattering angle e(e = ± 6 deg) 

and second target, T. T takes on the s.ymbols D, ·H, MT, and E as defined 

in the previous section. Let M(e,T) be the number of monitor counts at . 

conditions e and T. 

For a typical case in pn, Eq. (25) becomes: 

L = C( + 6,D)/M(+ 6,D) - 1.5 C(+ 6,H)/M(+ 6, H) 

(30) 

+ 0.5 C(+ 6, MT)/M( + 6, MT), 

and R has the same dependence as L by replacing + 6 by - 6 in all the 
I 
\ 

terms on the right hand side. 

The statistical counting uncertainty (neglecting the uncertainties 

in the monitors since 6M/M ~ 0.0001) is given by 

-

· t;L ={ [<+6,n) +} /G(+ 6,n}] 2 + (1.5)
2 G(+6,H) + J;G(+ 6,H)]2 . (31) 

+ (o .5) 2 Jc(+ 6, ,MT) + l//i_!.I(+ 6 ,"MT)j 
2Y12 

with a similar definition for ~. 

The C + l inside the bracket is used to approximate the Poisson's 

distribution when C is a small riumber. 
'• ,, 
. ' 
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Using Eqs. (26) and (27), in Sec. IV. B, similar expressions for 

L, 6L, R, 6R can be given for pp, and pp with deuterium target runs. The 

uncertainty in E would be the extrapolation uncertainty arising from the 

fitting in the background channels. 

The beam polarization PB = P( + 6°) and 6PB = &( 6°) has already · 

been defined in Sec. IV. A. 

The polarization parameters for nucleon-nucleon elastic scatter-

ing for a given neutron counter and given beam energy are: 

P(e*) = c(N)/PB , 

(32) 

with a normalization uncertainty of DPB/PB due to beam polarization 

det~rmination uncertainty. Here, e.:t.· is the corresponding c .m. scattering 

·angle subtended by the neutron counter N. 

2. Random and Systematic Errors 

The usual hardship in polarization experiments, such as alignment 

errors and left-right counters having different efficiencies, does not 

exist in this experiment since the beam polarization reverses in sign and 

the same counters fixed in space serve as both left and right counters. 

The two beams for the two signs of polarization a~e kept on the same 

beam line by the split counters, s1 to s6 . The range energy measurements 

of the beam show that there is no difference in beam energy and composi·tion. 

The beam intensities are ·kept as closely constant as possible cr( 

throughout so that the accidental rates, although insignificantly small, 

are not changed between the two signs of beam polarization. Accidental 

runs for various neutron and proton combinations have also been measured. 
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Their total contribution is less than 2{o and is flat in the P-N 

distribution. Therefore, in the specific counters where the elastic 

events are peaked, the contributions of the accidentals are negligible. 

The smallness of the monitor accidentals has already been mentioned in 

Sec. IV. C. 

There are,·however, two effects due to the beam which can cause 

false asymmetry, which we shall see could give fairly large errors in the 

pp case. 

(a) Beam angular convergence asymmetry 

The polarized proton beam is produced by scattering 

unpolarized protons on a carbon target a.t ± 6 deg, and the 

angular distribution in pC elastic scattering is sharply peaked 

forward. According to the results of McManigal et al.9d at 725 

MeV, at 5 deg, r0 3200 .mb; and at 7 deg, r0 = 500 rob; a factor 

of six across the slit. Although· the S counters demand that the 

left-right counts be eQual across the beam cross section, as the 

beam converges towards the target the angular distribution is 

still asymmetric. This asymmetry is reversed upon the reversal 

of the beam polarization. The net effect is. probably a slight 

shift in the average scattering angle. On the one hand the 

angular dependence of the differential cross section may cause 

some asymmetry, and on the other hand the shift in the proton 

counter's event distribution may also cause asymmetry because th~ 
; ... i 

same proton counter limits are used. for both + and - 6 deg scat~· 

ering. By use of Monte Carlo calculations, assuming a beam -vrhose 

distribution in.angular convergence at the target is right 
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triangular, with the center of gravity of the distribution centered along 

the beam line, the difference of the angie upon reversal of the distribution 

has been calculated at three energies. These are listed in Table VIII. 

(b) Beam profile asymmetry 

If the beam is not exactly focussed at the center of the target 

due to the non-symmetrical angular distribution of the beam, depending 

upon whether the focus is before or after the target, we may have a non-

symmetrical beam profile distribution at the center of the target. 

Because this experiment was originally designed for pn at 700 MeV, at 

lower energies, and especially for the pp runs, some protons recoiling 

near 90 deg in the lab may not have enough energy to leave the target 

due to the range-energy effect in the target hydrogen or deuterium. If 

the beam profile were perfectly symmetrical, there would be no problem. 

Now, if the non-symmetrical beam profile distribution does exist, since 

the scattering events taking place nearest the target wall on the counter 

side need the least energy to exit, asymmetries may be caused by this 

effect, Using the Monte Carlo calculation, assuming the worst case 

again of a right triangular beam profile leaving on one, side of the 

target, with the center of gravity still centered on the beam line: the 

asymmetries can be calculated. This effect is summarized at 310, 500, 

and 700 MeV in Table VIII. The combined effect gives a measure of the 

maximum systematic error which is large for the pp case at lower energies 



Table VIII. -Monte Carlo calculations of maximum systematic error due to: (J) beam angular convergence 

distribution asymmetry (in%), (2) beam profile distribution asymmetry (in%). (1 + 2) 

310 pp 

6.E ( 1) 
6.E ( 2) 
6.E (1 + 2) 

300 pn 

6.E ( 1) 
6.Er(2) 
6.E (1 + 2) 

500 PP 

6.E ( 1) 
6.E (2) 
6,E (1 + 2) 

500 pn 

6.E ( 1) 
6.E ( 2) 
6.E (1 + 2) 

700 pp 

6.E (1) 
6.E ( 2) 
6.E (1 + 2) 

700 pn 

is the combined effect of (1) and (2) by sum of the squares. The errors are the 

statistical errors in the Monte Carlo calculations. 

Nl 

8.1±3.8 
2.3±4.2 
8.4±5.8 

4.2±4.4 
0. 4±4.6 
4.2±6.5 

0.2±1.8 
0. 5±1.9 
0.5±2.6 

0.7±2.7 
1.2±2.8 
1.4±1.2 

0 .3±1.3 
0 .5±1.9 
0.6±7.3 

N2 

0.1±1.4 
0.0±1.4 
0.1±2.0 

0.3±2.5 
1.9±2.5 
1.9±3 ·5 

0.1±1.3 
0.9±1.3 
0 .9±1.8 

1.0±2.1 
0.7±2.1 
1.2±3 .o 

0 .0±1.3 
0.9±1.3 
0 .9±1.8 

N3 

0 .1±1.3 
0.2±1.3 
0.2±1.8 

0.8±1.9 
1.8±1.9 
2.0±2.7 

0 .5±1.3 
0.9±l.3 
1.0±1.8 

0.8±2,0 
1.0±2.0 
1.3±2.8 

0.1±1.3 
0 .9±1.3 
4.3±1.8 

N4 

0 .1±1.3 
0 .2±1.3 
0.2±1.8 

0,0±1.9 
2,2±1.9 
2,2±2.7 

0 .1±1.4 
1.0±1. 4 
1.0±2.0 

0.9±1.9 
1.4±2,0 
1.7±2,8 

0 .1±1.3 
1.0±1.4 
1.0±1.9 

N5 

0,2±1.4 
0,6±1.4 
0.6±2.0 

2.6±2.2 
4.0±2.2 
4.8±3.1 

0.7±1.8 
0.7±1.4 
1.0±2.3 

0.7±2.2 
0.7±2.0 
1.0±3 .o 

0 .1±1.3 
0.7±1.4 
0.7±1.9 

N6 

0,2±1.3 
0,2±1.3 
0.3±1.8 

0.5±2,0 
1.0±2.0 
1.1±2.8 

1.1±1.8 
0.6±1.4 
1.2±2.3 

1. 3±2 .3 
0.4±2.1 
1.9±3 .1 

0.1±1.3 
0.6±1.4 
0.6±1.9 

N7 

1.0±1.8 
0 .8±1. 7 
1.3±2.5 

N8 

3.7±2.8 3.7±3.5 
2.7±2.7 3.5±3.3 
4.6±3.9 5.1±4.8 

1.2±2,0 8.0±6.9 
0.8±1.4 10.7±5.9 
1. 5±2. 5 13 . 4±9 ,1 

2,4±2.4 4.0±2.7 
1.0±2 .3 0 .5±2.8 
3.6±3.4 4.0±3.9 

0.2±1.3 0.0±2.4 
0.8±1.1~ 10.7±5.9 
0.8±1.9 10.7±6.4 

6.E ( 1) 
6.E ( 2) 

~~ '.·· .~ 'c•l, 0±1, 9 1.9±1. 7 
0.7±2.1 
2.0±2.7 

1.1±1.6 
1.0±2,0 
1.5±2.6 

0.7±1.6 
1.4±2.0 
1.6±2.6 

1:t±1:-6. ~ L8±1-.7-·- 2.4±1:8 4.5±2.2 
0.7±2.0 0.4±2,1 ~ 1.0±2.3 0.5±2.8 
1.3±2.6 1.8±2.8 2.6±2.9 4.5±3.6 6.E ( 1 + 2) 

1.2±2.8 
1.6±3 .!~ 

I 
0'\ 
0'\ 
I 
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If the split counter pair (left and right of the beam line) 

have different efficiencies, or if they are positioned slightly off 

center, this may cause a net displacement in the beam center line 

independent of the first scattering angle. The displacement effect 

changes only the scattering angle, e*, for each neutron counter. A 

change in e* also occurs if the target drifts avray from its proper 

position. (This is possible because the target is mounted on top of a 

tripod stand, which is not perfectly rigid. On top of the tripod is a 

platform for working on the target panel at the reservoir. vfuen walking 

on the platform, the target is seen to vibrate with noticeable amplitude.) 

The combined effects can cause the c.m. scattering angle, e*, to change 

a m.aximum of two degrees. 
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D. Results for pn and pp Polarization 

The final results for the pn and pp polarizations are summarized 

in Tables IX) X) and XIJ and are plotted in Figures 19(a) to (e)) and 

20(a) to (e). 

The horizontal error bars in Figs.· 19 and 20 are the full width 

at half maximum of the angular coverage of each neutron counter calculated 

by the Monte Carlo method (see Table VII). 

For the pp case) the asymmetry is anti-symmetrical about e* = 90 

deg. Since the neutron counters are located from e* = 30 deg to e* 150 

deg) approximately symmetrical about e* = 90 deg) this results in two 

measurements at nearly the same angle for some energies. 

From the previous section) we can see that the systematic errors 

ar~ greater for pp runs than for pn runs. Since the pp runs are measured 
\ 

with greater statistical-accuracy) the contribution from the systematic 

and random errors starts to show up in these results. 
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Table IX. Polarization parameters in the pn system. (everall 

normalization uncertainty is < 3%) 

Energy e-?:- (de g) E(%) p 

700 MeV 29.5±6.7 9.15±0.75 0.334±0.027 
44.3±6.7 8.36±0 .46 0.305:t;.O.Ol7 

): PB = 0.274 60.4±6.5 4.29±0.91 0.157±0.033 
l 77.1±6.0 - 1.86±0.81 - 0.068±0.030 j; 

:J 93.8±5.7 - 9.65±0.72 - 0.352±0.026 
~ 110.9±5.4 -11.27±0 .87 - 0.411±0.032 
~ . 127.1±5.3 - 6.78±0.53 - 0.247±0.019 ~ 

143.2±4.9 - 3.99±0.52 - 0.146±0.019 

6oo MeV 33.0±6.0 11.49±1.26 0.364±0.040 
48.5±5.8 7 .92±1.30 0.251±0.041 

PB = 0.316 64.8±5 .6 2.67±0.96 0.084±0.030 
~ 81.3±5. 7 - 4.90±0.88 - 0.155±0.028 
I 97.8±5.6 - 9.95±0.99 - 0.315±0.031 

114.7±5.6 -10.89±0.96 - 0.345±0.030 , 
130.5±5.6 - 7.61±0.74 - 0.241±0.023 
145.6±5.1 - 2.85±0J73 - 0.090±0.023 

500 MeV 33,.4±5.8 .· 10.23±0.82 0.297±0.024 
48.5±6.1 8.79±0.54 ' 0.255±0.016 

PB = 0.345 64.7±5.9 3 .11±0 .57 0.090±0.017 
81.2±5 .9 - 5.35±0.60 - 0.155±0.017 
97.9±5.9 - 9.11±0.62 - 0.264±0.018 

115.0±5.9 - 9.08±0.60 - 0.263±0.017 
130.9±5.7 . - 5.06±0.59 - 0.147±0.017 
145.2±4.9 - 3.82±0.60 - 0.111±0.017 

4oo MeV 33.1±6.9 15.70±3.31 0.411±0.087 
48.3±6.9 10.10±0.86 0.264±0.023 

PB = 0.382 66.6±7.2 3 .18±1.24 0.083±0.032 
83.1±7.0 - 5.80±0.98 - 0.152±0.026 
99.7±6.8 -11.82±0.94 - 0.309±0.025 

116.5±6.6 -10.40±0.83 - 0.272±0.022 
131.1±5 .9 - 6.02±0.69 - 0.158±0.018 
144.3±5.1 - 3.97±2.14 - 0 .104±0 .056 .· 

310 MeV 33.1±6.7 18.00±1.61 0.421±0.038 
47.8±7.2 12.27±1.11 0.287±0.026 

PB = 0.428 66.7±8.1 3.96±0.85 0.093±0.020 
> 83.2±8.0 - 4.87±1.02 - 0.114±0.024 ., 

99.8±7.8 -10.22±0.80 - 0.239±0.019 
116.5±7.6 - 9.31±0.69 - 0.218±0.016 
130.7±6.8 - 7.45±0.75 - 0.174±0.018 
141.5±7.2 - 5.68±1.32 - 0.133±0.031 

B* =proton scattering angle in c.m. 



.-70-

Ta"ble X. pp polarization in 1H2 target. (Overall normalization 

uncertainty is less than 3%. 

Energy G7:-( de g) E.(%) p P/sin 8* 
---

700 MeV 30.8±1.7 15 .2±0 .52 0.555±0.019 1.083±0 .037 
35.7±1.7 14.3±0.33 0.522±0.012 0.894±0.021 

PB = 0.274 43.2±3.5 15.3±0.44 0.558±0.016 0.816±0.023 
52.4±3.1 14.5±0.61 0. 529±0. 022 0.668±0.028 
60.1±3.6 13.0±0.30 0 . 4 7 4±0 . 011 0.547±0.013 ~ 

68.7±3.3 9.7±1.08 0.354±0.039 0.380±0.042 ij 
77.0±3.6 7.0±0.42 0.255±0.015 0.262±0.016 ~l 
86.1±3.5 3 .0±1.04 0.109±0.038 0.110±0.038 ~~ 

~ 

~ 

6oo MeV 33.6±2.5 16.2±0.31 0 .513±0 .010 0.926±0.018 ~ 
34.5±1.5 18.8±1.10 0.595±0.035 1.050±0 .061 ~~ 

PB = 0.316 46.1±3.6 16.3±0.32 0 .516±0 .010 0.716±0.014 
49.5±3.2 15.3±0.32 0.484±0.010 0.637±0.013 
63.1±3.6 12.6±0.61 0.399±0.019 0.446±0.022 
65.6±3.4 11.4±1.20 0.361±0.038 0.396±0.042 
80.2±3.6 5.3±0.32 0 .168±0 .010 0 .170±0 .010 ' 

I 82.9±3.5 3.6±0.79 0.114±0.025 0.115±0.025 

500 MeV 33.7±2.3 16.9±0.38 0.490±0.011 0.883±0.020 
36.8±1.0 17.6±2.03 0.510±0.059 0.852±0.098 'I 

PB = 0.345 46.9±3.6 15.9±0.61 0 .461±0 .018 0.631±0.024 r 
Nom. error 48.7±3.1 15.6±0.49 0.452±0.014 0.602±0.019 
1.4% 64.1±3.6 9.3±0.35 0.270±0.010 0.300±0.011 

64.6±3.3 10.8±0.87 0.313±0.025 0.347±0.028 
81.3±3 .6 3. 7±0 .52 0 .107±0 .015 0.108±0.015 
81.8±3 .5 3.9±0.55 0 .113±0 .016 0.114±0.016 

4oo MeV 33.8±2.3 16.9±0.52 0.442±0.014 0.795±0.024 
47.8±3.1 16.0±0.29 0.419±0.008 0.565±0.010 

PB = 0.382 48.0±3.6 16.0±0.41 0.419±0.011 0 .564±0 .014 
63.5±3.3 10.5±0.30 0.275±0.008 0.307±0.009 
65.2±3.7 10.4±0.37 0.272±0.010 0.300±0.011 
80.6±3.5 4.0±0.32 0.105±0.008 0.106±0.008 
82.5±3.7 3.2±0.33 0.084±0.009 0.084±0.009 

310 MeV 33.6±2.4 17 .2±1.05 0.402±0.025 0.726±0.044 
47.3±2.8 16.0±0.31 0.374±0.007 0.509±0.010 

PB = 0.428 50.1±2.7 15.5±0.49 0.362±0.011 0 .472±0 .015 
62.~3.2 11.8±0 .30 0.276±0.007 0.311±0.008 
66.3±3.7 9.3±0.35 0.217±0.008 0.237±0.009 
79.4±3.5 . 5 .0±0 .30 0.117±0.007 0.119±0.007 
83.7±3.6 1.5±0.35 . 0.035±0.008 0.035±0.008 
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Table XI. pp polarization in LD2 target. (Overall normalization 

uncertainty is less than 3%). 

Energy e*(deg) 6. C%) p Pj sin e+:· 

700 MeV 29.5±6.7 11. 6±1. 41 0.423±0.051 0.860±0.105 

PB = 0.274 
36.8±4.9 13.4±0.88 0.489±0.032 0.816±0.054 

I 44.3±6.7 14.7±0.67 0.536±0.024 0. 768±0 .035 ' 
52.9±5.2 13. 7±0 .05· . 0.500±0.018 0.627±0.023 
60.4±6.5 11. 7±0. 76 0.427±0.028 0.491±0.032 
69.1±5.4 11.5±0. 73 0.420±0.027 0.449±0.029 
77.1±6.0 6.2±0.76 0.266±0.028 0.232±0.028 
86.2±5.7 3.5±0.99 0.128±0.036 0.128±0.036 

6oo MeV 33.0±6.0 16.9±2.45 0.535±0.078 0.982±0.142 

PB = 0.316 
34.4±5.1 15 .0±1.29 0.475±0.041 0.840±0.072 
48.5±5.8 17 .6±1.26 0. 557±0 .040 0.744±0.053 
49.5±5.6 14.2±0.67 0.449±0.021 0.591±0.028 
64.8±5.6 11.8±0.91 0.373±0.029 0.413±0.032 
65.3±5.6 10.6±0.32 0 .335±0 .010 0.369±0.011 
81.3±5. 7 3.9±0.85 0.123±0.027 0.125±0.027 
82.2±5.6 4.5±0.82 0.142±0.026 0.144±0.026 

500'MeV 33.4±5.8 17.5±2.31 0.507±0.067 0.921±0.122 

PB = 0.~45 I 48.5±6.1 14.7±1.16 0 .1+26±0. 034 0.569±0.045 
49.1±5.7 14.2±0.73 0.412±0.021 0.545±0.028 
64.7±5.9 9.1±0.78 0.264±0.023 0.292±0.025 
65.0±5.9 9.5±0.68 0.275±0.020 0.304±0.022 
81.2±5 .9 4.0±0.74 0.116±0.021 0.117±0.022 
82.1±5.1 3.8±0.71 0.110±0.021 0.111±0.021 

400 MeV 33.1±6.9 16.9±2.96 0.442±0.077 0,810±0.142 

PB = 0.382 48.3±6.9 14.8±1.00r 0.387±0.026 0.519±0.035 
48.9±6.9 . 16.0±0.61 0,419±0.016 0.556±0.021 
63.5±6.6 9.4±0.58 0.246±0.015 0.275±0.017 
66.6±7.2 10.3±0.74 0.270±0.019 0.294±0.021 
80.3±6.8 2.9±0.59 0.076±0.015 0.077±0.016 
83.1±7.0 2.4±0.62 0.063:;t0.016 0.063±0.016 
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Figure 19a. pn polarization at 700 MeV from results of this experiment .. 

(Errors are only statistical) Over all normalization of 

the uncertainty is < 3%. See text for systematic errors.· 
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Figure 20e. pp polarization at 310 MeV from results of this experiment. 
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E. Comparison of Results with other Nucleon-Nucleon Polarization. 
Measurements in the Energy Region 

1. pn Polarization Results 

Our results agree well with all the previous measurements, 

especially those of Siegel et al.llb at 350 MeV with a polarized neutron 

lla beam on a proton target, and with Chamberlain et al. at 310 MeV. 

(See Fig. 19e) At 635 MeV the agreement is also quite good with those by 

Golovin et al.llc (See Fig. 19b.) 

2. pp Polarization Results 

our results agree well-with most of the previous measurements, 

such as those by Betz et al.3 at 736, 679, 614, and 328 MeV with a 

· lla polarized target; at 276 and 315 MeV with those by Chamberlain et al. ; 

12b . 
at 415 MeV with those by Kane et al. ; and in between the two sets of 

values given by McManigal et al.9d at larger angles. However, when 

McManigal's results are normalized to our pC values, our results are 

15% lower. Since these data are many, and available space is small on 

the pp polarization graphs, .we did not plot them out as a comparison. 

However, our results do not agree with the 635 MeV measurements by 

12a Meshchereryakov et al. (S~e Fig. 20b.) 
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F. Energy Dependence of NN Polarization 

Ey means of a two dimensional least squares fit to our dataJ 

with power series in both energy and angle, we can see how the energy 

variation of the NN polarization parameter takes place. 

The fitting functions (empirically chosen with no physical 

significance) that we used are 

(33) 

1..rhere ,,· 

t = 0 J l, 2, 

for pn,, 1, 3J 5, ... for pp; 

E is the incent beam energy in EeV. 

Th~ parameters and the goodness of fit are tabulated in Table XII. The 
! 

results are plotted in Figs. 2l(a) and 2l(b). Note that the errors in 

the data are only statistical. No attempt to include other sources of 

error is made. . (See Sec. IV~ C.) 
. 2. 

Therefore, the X 's for pp can not 

be expected to be small. 

In the pp polarization parameter, when we plot the data in 

P(e*)/sin e* vs cos e* (see Fig. 22) in the regiori of cos e* equals zero 

to 0.8, we see that the angular dependences are roughly straight lines, 

with the slopes varying from 0.75-.at 310 MeV to l.l at 700 MeV, increasing 

regularly. 

The maximums for pp and ?n polarization, and the minimums for pn 

polarization in the entire angular range at each energy as obtained 

from the fitting are plotted vs. energy. These results are shown in 
.,-·:::;. 

Fig, 23. 
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Table XIII. Parameters and the goodness-of-fit for the data. 

pn Polarization 

No. of data = 4o J 

Coefficients 

P0 (z) 

0.074±0.023 

-0.172±0.043 

pp Polarization 
~ ~ ~ 

No. of data = 68J 

Coefficients 

0 .295±0. 283 . 

1.971±1.104 

-1.033±1.040 

2 
degrees of freedom (d) = 32, X /d = 1.42. 

0.437±0.062 

0.056±0.112 

0.356±0.066 

0.164±0.124 

0.114±0.092 

-0.256±0.175 

~ 2 ~ 

degrees of freedom (d) = 59, X j d = 1.63. 

-0.543±0.438 

3 .·283±1. 733 

-3 .347±1.649 

-0.002±9.328 

-0 .196±1. 359 

0. 534±1. 342 

Note: z = cos e* 

E =beam kinetic energy in BeV. 

The function in each case is the sum of all the parameters x 

the column label x the row label x sin B* ( = v'1- z2 ). 

P(e) =sin B* ~ aij EiPj(cos B*) 
ij 
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Figure 21a. Fitted pn polarization results from this experiment . 
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Figure 2lb. Fitted pp polarization results from this experiment. 
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Plot of pp P(B ')/sin 8' cos 8 ,,, vs. cos 8 from results 

of this experiment, and straight line fits to these 
' ~ . 
. data with cos e''' between 0 and 0.8. 
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G. Results for the I = 0 State, and Energy Dependence of the 

Differential Cross Section and Polarization, 

In order to obtain I 0 and P in the I = 0 state of the 2-nucleon 

system, we need the corresponding data in both the pp and pn systems. 

We have used all the I 0 and·P data from 250 MeV. to 750 MeV listed 

in the Appendices of Wilson's bookJlb with the exception of P(pp) at 

635 MeV, plus the recent P(pp) data of Betz et al. 3 at 328, 619, 679, 

and 736 MeV, and plus the polarization data for both the pp and pn 

systems of this experiment . 

Due to the lack of consistency in the various data and the large 

energy gaps in the pn differential cross sections, we cannot fit all the 

data for each kind in the entire energy region in one two-dimensional 

fit, as was done in the previous section. Instead, we break up the 

data into three groups: 250 to 500 MeV, 4oo to 600 MeV, and 500 to 750 

MeV. 

The fittings were made with about the same functional dependence 

as in the last section, except that there is no sin e* term in the r0 

fits, and only even powers in the Legendre series are used for r
0

(pp). 

After the fit was made, we evaluated the fit at 350 MeV from 

·the first group, 500 MeV from the second group, and 630 MeV from the 

third group. With the help of Eqs. (14) and (18), I 0 and P for the I = 0 

state"of the 2N system can be obtained. These results and the errors of 

fit are shown in Fig. 24. 

The small energy variation of the pp and pn polarizations is again 

manifest even when including all the other available data in this region~,,.r' 

The variations in I 0 for both the pp and pn states are greater. The 
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largest variation is in the I = 0 state, especially in the polarization 

parameter. These angular dependences and the magnitudes of the observables 

in the I = 0 state are not to be taken too seriously, since many different 

sets of data and fitting procedures are involved. The trend in their 

variation may give some light as to the complex varying phase relations 

for the I = 0 amplitudes. 

·.-'! 
•". d 
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Figure 24. Energy variations of the parameters r0 and P in the 

pp ,, pn, and l\1N( I = 0) systems. 
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V. DISCUSSION 

In Sec. IV. F. and G •. we have mentioned the small energy 

variation of the polarizat~0n parameter in the pp and pn systems oetween 

300 and 700 MeV. The polarization is due to the interference oetween 

different partial wave amplitudes. Thus} although the aosolute values 

of the various amplitudes vary with energy} as may oe seen from the 

variation in differential cross section} i.t is plausiole that their 

relative phases remain fairly constant in this energy range. In Eq. (9), 

where we express polarization in terms of Wolfenstein amplitudes, 4c it 

is I 0P that has a simple expression, out the expression for P = (I0P)/I0 

will not have a simple dependence on amplitudes; therefore, the slow 

variance of the polarization as a function of energy is not simply 

reflected in this parameterization. 

Since at least "6 1/2" paris of NN experiments are needed to 

determine the entire NN amplitude} we cannot say anything aoout this 

amplitude oased only on the results of this experiment. 

An experimental feature learned from the analysis of this 

experiment is that one can construct a polarized "monoenergetic" neutron 

oeam oy scattering unpolarized protons on a deuterium target. For 

example} at the 184-inch cyclotron} the oeam that is scattered at 25 deg 

in the lao has a ma:;x:imum polarization of 4CP/o at :500 ±. 30 MeV 1-rith an 

intensity of aoout 105 neutrons/sec (this figure is ootained from a 

target of 5-in. dia. at aoout 10 feet from the deuterium target). With 

the reversiole polarization arrangement used in this experiment, this 

neutron oeam canoe of great experimental use in exploring np interactions. 

Wittr the aoove oeam set-up, the next set of experiments that can 

,, 
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be done without precessing spins and without polarized targets) would 

be: depolarization DJ polarization transfer KJ and rotation R for both 

the scattered and recoiled particles in both pp and pn interactions) and. 

analyzing the polarization of the recoil or scattered protons only by 

using carbon plate spark chambers. The polarized beam of protons or 

neutrons would be produced by scattering the unpolarized protons from 

the 184-in. cyclotron in either a hydrogen or deuterium target and 

rescattering on another hydrogen or deuterium target. With the results 

of these four pairs of experiments) we would gain J2 more independent 

equations relating observables to amplitudes. 

If the polarized proton target is so developed that it could be 

used with the above beamJ then spin correlation experiments) such as 

CnnJ could also be done as well as two of the three components of C 
~mJ 

C££J and Cmm. By this timeJ the nucleon-nucleon scattering amplitudes 

could beJ in principle) uniquely determined. 
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APPENDIX 

In this section are listed the simplest experiments that are 

required to be performed in both the pp and pn systems in order to 

determine the entire NN scattering amplitude. 4c,llc, 14 

We define a general observable (experimentally measurable), 

where A, B: C, D, take on the directions 0, n, £ and m. Here the beam 

and target are prepared fully polarized along the directions, A and B, 

respectively. When the value 0 is taken by A or B, no initial polarization 

is prepared for this system. The measurement of the polarization of the 

final particles in the directions, C and D, simultaneously, are also 

pe~formed. When 0 is taken by C or D, no polarization is measured for this 

system. (See Table I.) 

We want to define the amplitudes ;e = 1/2 (a + m) and 

f = l/2(a m) so that the following relations hold (see Ch. II): 

j 

+ (g - h)O'lm0'2m ' 
(A-2) 

andr 

1 e (rr - e) 1 - e (e) 

0 - e) e0 (e) e (rr = (A-3) 

f\rr - e) 
1 

= - g (e) 

f
0

(rr - e) 
0 . 

= g (e)' 

and 

! 
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JaJ2 + Jml2 = 2JeJ2 + 2JfJ2 

JaJ
2 

- JmJ
2 

= 4 Reef* 

am*= JeJ
2 

- JrJ
2 

+ 2i Im ef* 

With this definition of (A-l)J we can see that some of the 

observables are simply denoted by the following. 

The differential cross section is 

Io ={oo;o4 = 2{1cl2 + lel2 +1;12 +~~~2 + lhl2} 0 

The polarization parameter is 

r0P = {oo,on} = {oo;no} = {cn;~G} = \no;oo} c 4 Im ce*o (t,-5) 

The depolarization is 

I 0D = {on;on} ={ nO;nO}= 2{lcl 2 
+ lel 2 

+ lfl 2 - lgl 2 - lh1 2} 0 A-6) 

The polarization transfer is 

I 0K = {on;no} = {no;on}= 2 {lc1 2 
+ lel 2 - lfl 2 

+ 1g1 2 - lh1 2 }0 (A-7) 

The spin-spin correlations are 

I 0Cnn = {oo;nn} = {nn;O~ = 2~cl 2 
+ lel 2 - lfl 2 

r 0ctm ={oo; £m~ ={- £m;oo( = -4 Re c h* J 

r0c££ = {oo;££} ={U;ooJ = 4 Re {!g* + eh*} J 

r0cmm = {oo;mmJ = {mm;oo} = 4 Re {rg*- eh*}. 

I gJ + JhJ ) 2 2} 
(A-9) 

(A-10) 

(A-ll) 

The following observables do not have a simple name associated 

with them, but Wolfenstein
4

c-. calls some linear combinations "rotation 

parameters. 11 

{to;to) ={at ;Ot f.= 4 Re {f~ + gh* ~ , 

{mo ;mO ~' = ~Om;Omf = 4 Re { ef* - gh* } 

~ £O;mo} =-{mo;£0} = - 4 Re cf* J 

(A-12) 

(A-13); 

(A-14) 

. (A-8) 
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{to ;at l = {at ;to} = 4 ~e { eg* + fh*} (A-15) 

{ mO ;Om~ = {am;m1 4 Re { eg* - fh*}) (A-16) 

{ to;Om~ " - { mo;ot} - 4 Re cg* (A-17) 

The rotation parameters are defined as 

I 0R {mo;mO} e* {£o ;mo} sin e·* (A-18) cos 2 + 2 

I 0A = {.eo ;mo} cos 
G* 

{mo ;mo} sin e* (A-19) "}i 2 

I0R~ "-{mo;£0} cos r +_{to;to} . e-)(- (A-20) Sln-2-

I A' "{to;to} cos e; - {mo ;£a} . e* (A-21) Sln-0 \ 
. 2 

Four more rotationC'rotation transfern) parameters could be obtained by 

substituting the brackets in E~s (A-18) to (A-21) for those in E~s. 

(A-15) to (A-17). 

For a physical feeling for these observables, the readers are 

referred to Ch, I, Sec, 1.2 of Moravcsik's book. 1a 

Each of the 18 e~uations (A-4 through A~21) can be further 

decomposed into three ~uations corresponding to the I = 0, I = 1 and 

interference states. This results in 54 e~uations which are too numerous 

to list. These 54 e~uations can be obtained simply by looking at E~s. (A-.4) 

through (A-21) and following the two examples given in Cfuapter II. 

perform all "sevenn independent experiments in both the pp and pn systems, 

but if we assume that an ade~uate polarized target will be available, 

which can be polarized in any specific direction, the follovring 

•. l 
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experiments are the simplest to do without going into spin precession. 

These experiments are here symbolized by Eqs. (A-4) through (A-21). The 

first four experiments are those of Eqs. (A-4) through (A-7) and the two 

' 
experiments from (A-18), for the rotation parameter and the "rotation 

transfer." 

These are the six rather simple experiments which could be 

performed without a polarized target. The last four experiments of 

these six could be done with essentially the same beam set up. A 

polarized proton or neutron beam from deuterium scattering has already 

been mentioned in Sec, V .. The target should be a hydrogen or deuterium 

target to serve as either a proton or a neutron target. It is only 

necessary to analyze the polarization of the outgoing protons, presumably 

by carbon plate spark chambers in two different scattering planes. 

With an elaborate polarized proton target, C , and two other nn 

spin correlation parameters found in Eqs. (A-9), (A.::.lO), and (A-ll) 

could be measured with essentially the same set-up by using only 

coplaner counter matrices as detectors • 
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This report was prepared as an account of Government 
sponsored worko Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

Ao Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B~ Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this reporto 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
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