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ABSTRACT 

The recoil neutron polarization in 'TT -p charge -exchange scatter

ing at an incident pion kinetic energy (lab) of 310 MeV and at a pion 

center-of-mass scattering angle of 30 deg has been measured. The 

polarization was obtained from measurements of the left-right asym

metries in the scattering of the neutrons from liquid helium at lab 

scattering angles of 125 deg and 7 5 deg. The measured polarization 

was tO. 24 ± 0. 07, where the + sign indicates a direction parallel to 
-+ -+ ' 
kin X k out· This is opposite in sign to the prediction of the only SPD 

phase -shift solution and of the "best" of the three SPDF phase -shift 

solutions arrived at by partial-wave analyses of all the previously 

available data at or near 310 MeV. The extension of the phase-shift 

analyses to include this new datum has yielded no SPD solution and only 

two likely SPDF solutions. Both these solutions have posi.tive s 1 1 and 
' 

P 1 , 1 phase shifts, and both are of the Fermi type in the I = 3/2 set, 

though one of them (A) has (D
3

, 3 - n
3

, 5)> 0, while the other solution 

(B) has (D
3

, 
3 

- n
3

, 5) < 0. The errors on the individual phase shifts 

range between 0.3 and 1.5 degrees. The 1'r- -p polarization data show 

a preference for solution A. Partial-wave amplitude dispersion relation 

calculations are in poor agreement with both A and B, though forward 

dispersion relation calculations for the real part of the forward non

spin-flip amplitudes show a preference for, and are in excellent agree

ment with, solution A. 
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I. INTRODUCTION 

The forces present in strong interactions are thought :to arise 

from the exchange of particle or resonant systems which serveas the 

temporary repositories for the quantities conserved in such interactions. 

These quantities are designated by a set of quantum numbers used to 

describe the particular interaction. In these exchanges, energy may 

not be conserved, for periods of time within the limits prescribed by 

the Heisenberg uncertainty principle. The energy statement of this 

principle tells us that the exchange system with the lowest mass will be 

able to exist for the longest time and hence will travel the greatest dis

tance. Therefore, the longest-range components of these forces are 

due to the transfer of the lightest possible exchange system. 

the lightest exchange system known to participate in the strong 

interactions is the rr meson. The quantum numbers that describe tl?-e 

rr meson, I(JPG) = 1(0--), are quantum numbers that are involved in a 

large class of strong interactions, among these being the nucleon

nucleoninteraction. The longest-range component of the nuclear force 

is therefore thought to be due to the exchange of a rr meson between 

nucleons. This fact provided the principle motivation for the original 

studies of the rr-N interaction--and, indeed, the low-energy experiments, 

through the determination of the rr-N coupling constant, did contribute 

significantly to the understanding of nuclear forces. In more recent 
) 

times, however, the study of rr-N interactions has taken on an importance 

of its own. For example, it was in the study of Tr + -p scattering that the 

first baryon isobar, the 3-3 resonance, was discovered. Moreover, 

rr-N scattering data· at any energy provide additional tests for any pro

posed theory of the strong interactions. 

In 1959 the Segre -Chamberlain Research Group at Berkeley began 

an exhaustive study of the Tr-N interaction at one.particular energy. 

This study consisted of a series of scattering experiments in which 
.. . 

beams of Tr mesons produced at the 184-inch synchrocyclotron at 

Berkeley with a laboratory-system kinetic energy of 310 MeV were 

scattered off protons. 
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The immediate goal of this study was to deduce from the measured 

angular distributions of scattered intensities and polarizations a unique 

set of phase shifts. Th~se phase shifts are deduced from- the data and 

given their meaning by a method of analysis of scattering experiments 
. .. . . 1. 

known as partial-wave analysis. .· 

In this method of analysis, the wave functions corresponding to 

the initial and fi.nal states of th~ scatteri~g system are expanded into a 

series of patfi:al V::.aves, each wave corresponding to a particular state 

of orbit~! angular momentum, L. Now, Classically, L,; pb, where p 

is the linear mome~tum of th~ system and b is the impact parameter. . ' 

So, if we postulate that the forces involved are finite in range, and that, 

therefore, there exists some maximum b(b ) beyond which the effects 
. .. . · . max 

of the forc~s are negligible, th€m there must exist some state of maxi-
' ' ... . . ' .. . 

mum orbital angular momentum, L = pb . This in turn implies . . .. , max . max 
that the partial-wave expansion is not an infinite series; it is a finite 

series summe'd from L = 0 to L = L . In the processes of interest to 
max 

this discussior1 L. . is expected to b~ a small number. For example, 
. . . , max . .. .. . 

if we assume that in 'the iT-N interaction b is approximately one 
max 

pion~Compto·n wavelength--i.e., b z 1m -1 __ then at 300 MeV, 
max iT 

where p z· 2m , we have L · z 2. 
iT max 

The scattering process itself is introduced into the partial-wave 
. . . ' 

analysis' by as s'uming that the effect of the scattering is to produce a 

~hange in the phase of the final-state wave funCtion by som~ angle 8, 

the phase shift. Each partial wave undergoes a separate pha~e change. 

The sign and magnitude of these individual o's are determined by the 

manner and degree to which the corresponding angular momentum 

states participate in the scattering~· When spin is present in the inter-
. . -+- -+- -+- . 

action, it is the total angular momentum J, where J = L + S, which is 

conserved. Therefore, the spin wave functions are included in the 

partial-wave expansions and the number of quantum states (and there

fore of phase shifts) is increased by the spin multiplicity. Additional 

quantum states may be srecified, and new phase shifts thus Lntroduced 

by the inclusion of the isotopic spin functions into the expansion. 

In the rr-N interaction, for example, the total spin present is that 

of the nucleon, S = 1/2. Therefore, for a given value of L> 0, there 
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will be two values of J: J = L +1/2 and J = L- 1/2. There are also two 

states of total isotopic spin present in this interaction, states with 

eigenvalues of I,; 3/2 and I= 1/2. Thus, if a partial wave .is designated 

for each allowable combination of I, J, and L, there will be 2(2Lmax+1) 

such waves in the partial-wave expansions for this interaction. This 

me.ans that a complete description of rr-N scattering requires the deter

mination of 2(2Lmax + 1) phase shifts. Hereafter we shall refer to the 

phase shift ·pertaining to a particular state of I, J, and L by means of 

the notation L 2I, 2 J' where L is expressed in spectroscopic notation. 

For example, P 1 3 will be written for the phase shift corresponding to 
' P-wave (L = 1) scattering in the I= 1/2, J = 3/2 state. 

The central problem in the use of phase -shift analysis is the 

determination of a unique set of phase shifts. It can be shown that, 

given a set of phase shifts that provides a good fit to a measured differ

ential cross section, one can derive other sets, quite different in form, 

which are equally good fits. In order to make this method of analysis 

useful, then, these ambiguities must be removed by either sufficient 

experimental data or sound theoretical arguments. 

As an example of this, we shall considersome of the ambiguities 

present in Tr-N scattering (or other similar systems where J = L ± 1/2). 

Suppose that we have obtained a set of SP phase shifts (unprimed) which 

provide a good fit to a measured Tr+ -p elastic differential cross section 

(I= 3/2, Lmax = 1). Then there exist several other sets of phase shifts 

(primed) which will also provide good fits. These other sets correspond 

to the following ambiguities: 2 

(a) Overall sign ambiguity: reverse the sign of all 6' s; 

(b) Yang ambiguity: 

= 2 exp(2iP3 , 3 + exp(2iP3 , 1 ). 

(c) Minami ambiguity: interchange o' s with same I and J but dif-

' ferent L; e. g., s3 , 1 = P 3 , 1 . 
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Tlf:: .. re may also be sets arising :from various combinations of these 
. (~t.:J:J.~ :~ 
a·mibi'guities. ·Additional ambiguities may be·present in the analysis of 

-~:._:.~:. ~· :, 

s·~~·~tirings for which L > 1. 
" max . 
· .. Before the workat 310 MeV was begun, the knowledge·of the 1T-N 

phase shifts was briefly as follows. There existed a set of I= 3/2 SP 

phase shifts which seemed to fit most of the low-energy 1Tt .:.·p angular 

distributions.·· This set was known as the Fermi set and had the follow-
. h . . 3 1ng c _aracter1stlcs: 

(a) s3 , 1 was small and negative and was found to vary linearly with 

· p, the center-of-mass momentum. 

(b) P~, 1 was assumed to be small and consistent with' 0. 

(c) P 3 3 was large and positive and found to vary approximately as 

p 3 . Thi~ phase shift was found to go through 90° ·( reso~ance) at about 

200 MeV, thu~· confirming the j = 3/2 assignment fo~, the resonance 

known to exist at that energy. 

Very little was known about the I= 1/2 phase shifts; the P waves 

were usually ~ssumed to be negligible ~nd S 1 , 1 was known to be positive 

at low energies (< 200 MeV), but its behavior· at higher energies was 

uncertain. The D waves were virtually undetermined. 

In addition to this Fermi set, there were the associated sets 

arrived at by the ambiguities mentioned above. The sign ambiguity was 

experimentally resolved by observing the interference between nuclear 

and Coulomb scattering at small angles in 1T+p elast1c scattering. 4 

The Yang and -Minami ambiguities could not be resolve'd on the basis of 

the available experimental data; however, it was pointed out that the 

Yang phase shifts were in disagreement with dispersion-theory calcula

tions of'the spin-flip forward scattering amplitudes, 5 and that the Minami 

set failed to have the energy dependence at low energies predicted by 

dispersion theory. 6 On the other hand, the· Fermi set satisfactorily 

rriet these theoretical tests and was therefore believed to be the unique 

set of phase shifts that described 1T-N scattering at energies up to about 

300 MeV. 

Fermi pointed out that the variou~ ambiguities might be resolved 

experimentally. 7 'He showed that the recoil nuCleon in rr-N scattering 
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is polarized and that the otherwise ambiguous phase-shift sets give 

quite different predictions for the angular distributions.of this polari

zation. It was also noted that the polarization would be quite sensitive 

to the presence of even relatively small amounts of D-wave scattering. 

Hence, accurate measurements of the recoil nucleon polarization could 

provide for the resolution of the ambiguities and for the determination 

·of the supposedly smalLphase shifts corresponding to the higher angular 

momentum states (L > 1). . max 
The first measurements of recoil nucleon polarizations were made 

by Kunze, et al., in 1959. 8 They measured the recoil proton polariza

tion at two scattering angles in TT-p elastic scattering at 225 MeV, using 

a carbon analyzer in conjunction with an expansion cloud chamber for the 

detector. These data were insufficient to undertake a search for possible 

D-wave influences and were also unable to remove all the ambiguities. 

They were useful, however, in establishing that, for the Fermi set, 

s1 1 was positive at 225 MeV, and thus removed an additional uncer-
' tainty in that set which arose when it was extended to the I= .1/2 states. 

Other measurements of the polarizations were made by Russian 

researchers working in the vicinity of 300 MeV. Recoil proton polar

izations were obtained at one angle in TT+p elastic scattering by using 

nuclear emulsions, 9 and at three angles in TT-p elastic scattering by· 

using counter techniques (Geiger tubes). 10 These data were insuffi

ciently accurate to establish precise quantitative results, but they did 

indicate that, in an SP (Lmax = 1) analysis, the Fermi- Yang ambiguity 

is resolved in favor of the Fermi set. They also indicated that an 

SPD (Lmax = 2) analysis .provided a somewhat better fit, but that this 

introduced additional ambiguities which could not be resolved by the 

data. These data did, however, provide some useful information about 

the relative sign of the D-wave phase shifts. 

One of the principal difficulties with the earlier polarization 

measurements was in obtaining sufficiently intense pion beams. It was 

recognized that this situation would be greatly improved by the use of 

the 184-inch synchrocyclotron at Berkeley, where"itwas found that beams: 

of 310-MeV pions could be produced with intensities :::::: 106 piono/sec. 

through a 4-in. -diam area. This was :::::: 102 times the intensity of 
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·similar beams available elsewhere. It was therefore L9.gical that these 

beams be used for a careful study of the rr-N interaction, with the hope 

. ,,· that an accurate determ:i.nation of the largest possible number of .scatter

·< ''.lng parameters would clear up many, if not all, of the uncertainties 

:still clouding our understanding of this interaction. 
I 

The first:,experiments performed in this study were measurements, 

us·ing scintillation counter techniques, of the total cross section (<TT), 

the differential cross section (DCS), and the recoil proton .polarization 

in elastic rr+p . scattering. The DC_S . and <T T were measured by 

Rogers et al.; the DCS was obtained at 2,3 values of the pion center-of

mass scattering angle, e~. ranging from 14 to 165 deg with a typical 

fractional rms error of 3o/o. 11 The recoil proton polarization was meas

ured, with carbon used as an analyzing target in a double scattering 

experiment, by Foote, et al., at four values of e~ ranging. fro:i:n 114 

to 145 deg. 12 These data were combined and a phase-shift analysis 

was performed. The rr+p elastic scattering reaction takes place in a 

pure I= 3/2 state of isotopic ,spin. Therefore, this analysis involved a 

search for the (2Lmax + 1) I= 3/2 phase shifts. Analyses w.ere performed 

under· various assumptions for the value of Lmax; the results of these 

searches are given in the literature 13 and are briefly summarized 

below. 

a. L · = 1 (SP analysis). max 
No satisfactory fit to the data was obtained under the assumption that 

Lrnax = 1. This, of course, indicates that Lmax > 1. 

b. Lmax = 2 (SPD analysis). 

Three acceptable phase shift sets were found. One was of the familiar 

Fermi type (dominated by a large positive P 3 ,3 ), with the additional 

feature that (D3 ,
3 

- n
3

, 5) >o. We shall (following Foote et al.) refer 

to this type of Fermi set as a.Fermi I type. The other two sets were 

of the Minami and Yang types. The four polarization points, though 

showing a distinct preference for the Fermi I set, were unable to. 
' 

statistically eliminate the other two solutions. The principal reason 

for this was that the data were experimentally limited to an angular 

region· in which the three solutions did not differ appreciably enough 

.,. ,,. 
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in their prediction of the polarization. (See Fig. 1 of Foote et al. 13 ) 

The reasons for this experimental limitation are discussed in Section II 

of this paper. 

Iri addi tiorr~ to the .exp-e rim~ntaL p'ref:e:rence. fo r:'the. F ermJiL:I:;.solution, 

·there remained the theoretical objection to the Yang and Minami solutions 

mentioned earlier. These considerations:.l.e_d.foote et al. to claim 

uniqueness for the SPD Fermi I solution at 310 MeV with at least the 

same degree of conviction as that with which uniqueness has been claimed 

for the SP Fermi set at lower energies. 

c. L = 3 (SPDF analysis). max · 
In oraer to check the restrictiveness of the errors determined for the 

· SPD solutions, Foote et al. performed an independent (from the SPD) 

search for phase-sh~ft solutions, allowing for the presence of F waves. 

They found seven acceptable solutions. Five were of the Yang and 

·Minami type. Of the remaining two, one was, nearly enough, the origi

nal Fermi I set, while the other one was also of the Fermi type but had 

the characteristic that (D3 3 - n 3 5) < 0. This latter solution has been 
' ' . 

referred to as Fermi II. 

Considering, again, the theoretical arguments against the 

Yang and Minami type solutions, we are left with a twofold ambiguity 

as a result of this SPDF analysis.· 

The polarization data could not resolve this Fermi I- Fermiii 
\ 

ambiguity for the same reason that they could not resolve the ambigu;·-

ities present in the SPD analysis. 

The next set of experiments performed in this study were meas

urements of the CJ T• DCS, and recoil-proton polarization in rr-p elastic 

scattering by Rugge and Vik. 14 Rugge obtained the DCS at 28 values of 

e':' ranging from 35 to 166 deg, with the points having a typical rms 
1T 

error of :::::: 3o/o; he also measured. CJ T· Vik measured the recoil proton 

polarization at four values of e~ between 114 and 146 deg, using carbon 

as an analyzing target in a double scattering experiment. In all the 

measurements, scintillation counters were used as the particle detectors. 

The rr-p sysfem is a statistical mixture of I= 3/2 and I~ 1/2 states 

of total isotopic spin. Therefore, all the data from the rr+p scattering 

experiments (corresponding to a pure I= 3/Z state) were combined with 



-8-

all the TT-p data, and phase-shift searches were made to determine both 

the 1 = 1/2 and '1: = 3/2 phase shift sets~ As mentioned above, this cor<re-

sponds to the determination of the 2(2Lmax+1) phase shifts which com- ~ 

pletely describe the general TT-N interaction . 
..,,.,}';,' 

·~~/i'\,Vas done by Foote et al., these searches were performed ~ 
under~tr~~'lous assumptions for the value of Lmax· A detailed report 

of the§~~\·~earches has been given by Vik and Rugge, 15 and we briefly 

summarize their results below. 

a. Lmax = 1 (SP analysis). 

No searches were made for Lmax= 1 because of the discovery of Foote, 

et al. , that' Lmax > 1, 13 and because it was shown that at least D waves 

were· needed tofit the TT-p elastic DCS of R~.gge and Vik with the best 

fit resulting fr0m: the inclusion of F waves. 14 

b. Lmax = 2 (SPD analysis). 

Two a·cceptable solutions were found; both were of the Fermi I type in 

the I=;: 3/2 phase shifts, but were quite different in the I= 1/2 set. One 

I= 1/2 solution. was dominated by a relatively large positive D 1 5 , 
' 

whereas the other was dominated by a large positive P 1 ,1· For pur

poses of identification, we refer to these solutions as Fermi I-D 1 5 . ' ' 
and Fermi I""-P 1 1 respectively. In hopes of removing this ambiguity, 

' 
Vik and Rugge introduced into the analysis data on the TT-p charge-

exchange· (TT~+p->-.TT 0 .tn) DCS obtained by Caris etal. at 317 MeV. 16 

Though neither of these solutions fitted this DCS very well (see Fig. 2 

of Vik and Rugge 15), there was enough of a difference. in their fits that 

a x 2 test was able to rule the Fermi I-D 1 5 as the only statistically 
' 

acceptable SPD solution. 

c. Lmax = 3 (SPDF analysis). 

When the phase-shift analysis was extended to include F waves, five 

phase~shift solutions were found. These were all excellent fits to the 

TT+p and TT-p elastic scattering data, the fits to the TT-p data being 

definitely improved by the inclusion of the F rvaves. The charge

exchange DCS data of Caris et al. i6 we're agai~' employed in an effort 

to further resolve the fivefold ambiguity. Two of the solutions could 

not fit these data. The remaining three solutions were of the 

Fermi I -D 1 , 5 , Fermi II -P 1 , 1 , and Fermi I ..cP 1 , 1 types, in order of 
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decreasing statistical preference. They are given as solutions I, II, 

and III, respectively, in Table XII of Vik and Rugge. 1 5 

The TI-p elastic polarization data could not resolve these am

biguities for the same reason as the 'TT+p polarization data could not 

resolve the earlier ambiguities: viz., they are experimentally limited 

to angular regions in which the ambiguities predict very similar polar

izations. This may be seen in Fig. 4 of Vik and Rugge. 15 (The reasons 

for this limitation in measurements of the recoil proton polarization 

are discussed in Section II of this report.) 

It was recognized, however, that this limitation would not be 

present in measurements of the recoil neutron polarization in charge

exchange scattering (TI-+p-+ 'li 0 +n), and that, furthermore, such meas

urements for values of e~ < 100 deg would be very helpful in the reso

lution of the ambiguities. This latter fact is made evident in Fig. 1, in 

which are plotted the predictions of the recoil neutron polarization, 

P 1 (8 1 ), for each of the three final SPDF phase-shift solutions presented 

by Vik and Rugge in Table XII of their report. 15 

It is the purpose of this paper to report on such a measurement 

of the recoil neutron polarization in charge-exchange scattering,. which 

yielded the result that P 1 (e1 )=+ 0.24±0.07 at e; = 30 deg. When the 

phase-shift searches described above are extended to include this new 

measurement, we are led to the following results for the various analyses. 

a. SPD analysis. 

The Fermi l-D1 , 5 solution is incapable of fitting the measured P1(8 1). 

Thus, none of the SPD solutions found by Vik and Rugge is capable of 

fitting all the available pion-nucleon data at 310 MeV. 

b. SPDF analysis. 

The three solutions have reversed their order of preference, and, in 

addition, solution I has developed Fermi-II-,type characteristics. We 

are thus left with three solutions of the Fermi I -P 1 1, Fermi II-P 1 1, 
' ' 

and Fermi II-D 1 5 types, in order of decreasing statistical preference. 
' 

In fact, a rigid application of statistics would rule the Fermi II-D 1 5 
' 

solution to be completely unacceptable. However, for reasons which 

we give in Section V. C of this paper, we feel that it is unwise to take 

the quantitative results of the present statistical analysis too seriously. 
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On the other hand, a comparison of the fits of the various solutions to 

each type of available data (also given in Section V. C) does indicate a 

preference for the Fermi I -P 1 1 solution. 
' 

All the work at 310 MeV, taken together, has led to some con-

siderable advances in the understanding of the TT-N interaction. It-has 

.been demonstrated, for example, that the only experimentaliy accept

able phase-shift solutions at 310 MeV are of the Fermi type; the Yang 

and Minami types are incapable of fitting all the data. Not only are the 

solutions of the Fermi type, but also their values of the S and P phase 

shifts (for the I= 3/2 set) are compatible with predictions based on the 

energy dependence of the Fermi set deduced from the experiments at 

lower energies. It has been demonstrated, moreover, that not only are 

D -wave influences important at 310 MeV, but also that th7 best fits to 

the data include F waves. There are only two likely SPDF solutions, 

with a preference indicat~d for one of them. This preferred solution 

is a Fermi type with (D 3 , 3 -D3 , 5) >0 (::::t10 deg), s 1 , 1 >0(::::t5 deg), with 

the largest I= 1/2 phase shift being P 1 1 (::=:t 28 deg). The errors on the. 
' 

individual phase shifts in this solution range between 0.3 and 1.5 deg. 

In the remaining sections of this paper we present in detail the 

ideas, techniques, and apparatus used to measure P1 (B) (Sections II 

and III), the data from which P 1 (B) was deduced and the analytical 

methods for doing so (Section IV), the methods and results of the phase

shift analysis (Section V), and a discussion of the results (Section VI). 
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II. PRINCIPLES OF THE METHOD 

The techniques used in all the polarization measurements men-

tioned in Section I are based on the fact that the DCS for scatterings 

involving pola'K~:~•e~d particles contain certain angular asymmetries. I{ 

These asymm~:(t}es are directly related to the incident state of polariza-
. . :• . 

tion and are the quantities which the experiments are designed,to ob

serve. The measurement presented here, then, consists of a double 

scattering experiment; the first scattering is the rr-p charge-exchange 

. reaction in which the polarized recoil neutron is produced, and the 
. ' . ' . 

second or analyzing scattering is one ~n which the neutrons are scattered 

from a target.c;>f liquid helium and the appropriate asymmetries are 

measured. In this Section we review the ideas and formalism that re-. . 
late the measured asymmetry to the incident polarization, and discuss 

the factors that led to our choice o£ liquid helium for the analyzing 

. target. 

For the scattering of spinless particles, the asymptotic form of 

the total (scattered.plus incident) wave function is given by the familiar 

equation 1 
..... 

-+ ik 
~ (r) = e 

..... 
r+f(8)eikr/r 

For scattering systems that are in. a.pur.e\s:pini. state~\.-fo;r~:exarnple( in~ 

·the s::cattering,·oLa J:'eam of:parhd:es aU o'f·w,hic1h::4)re'in;\::Som~:;spiri s;tate, 

~: ~;:.f'romi.a:-~w:inless tar:get--this equation is extended to become a. 
~ ~ 

_,. ik · r ikr/ l\J(r) = e · X +M(8,<\>) X e r. a a 

M is called the scattering matrix and, as is evident, relates the am

plitude of the outgoing scattered wave, l\Js' to the amplitude of the in

coming wave,_ l\J., by the relationship l\J = M l\J .. 
1 s 1 

In the scatterings of interest to this discussion (rr- -p and n-He 
4 ) 

the total spin is S = 1/2. This implies that the X are two -component . . . a 
spinors and that, therefore, M(e, <\>) is a 2-by-2 matrix. Any 2-by-2 

matrix can be expressed as a linear sum of the identity matrix and the 

three Pauli spin matrices, so M may be quite generally written 

-+ -M=g+h · c;. 

.J' 
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M can contain only scalar terms if the scattering process is to satisfy 

requirements of parity and time -reversal invariance. Therefore, since - -a is an axial vector, h also must be an axial vector. Constructing -h from the only axial vectors at our disposal, we find 

- -k. Xk 
where 

.... 
n ------

1 s 

lk. Xk I 
1 s 

i.e., a unit vector normal to the scattering plane, and g and h are 
. 17 18 complex functions of energy and angle. ' 

The state of polarization of a beam of spin-1/2 particles all of 

which are in some pure spin state, X , is defined by the expectation 
a. 

values of the Pauli spin operators; i.e., 

Such a beam is called a completely polarized beam. 

Experimentally produced beams are not usually completely polar

ized; they are only partially polariz~d. As we shall see, this is indeed 

the case for the "beam" of recoil nucleons in rr-N scattering. Such 

partially polarized beams constitute a mixed state of spin and can be 

represented as an incoherent sum of the pure spin states, X . a. 
That is 

to say, the expectation value of some operator U for a system in a 

pure spin state is given by 

whereas, for a system in a niixed spin state, it is 

(u) 
a. 

w (u\ , , 
a. Ia. .. = :2::: 

where each state a. occurs with some statistical weight w • Such 
a. 

mixed states are most conveniently described in terms of the 

von Neumann density matrix, p, where now 

and 

(u) = 

p = :2::: 
a. 

w 
a. 

Tr(pU) 
Tr(p) 
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Again noting that, for Otlr systems," the xcl are two -Gompo~ent spinors' 

we see t}lat p will be a 2-by-'-2 matrix and can therefore be written as 

- '"+ · p =· a + b · CJ • 

~ .:..... 

We may further define a and b by imposing the conditions 

Tr (p) = I, 

where I = the intensity, and - -Tr (pCJ) =I P 

where P = (Ci), the polarization. Having done so, we find that a beam 

of partially polarized spin.:.t/2 particles of intensity I and polarization -P is described by the density matrix 

P = (1/2)I(1 + :P· Ci) 
As we have seen, the relation between the incident and scattered 

amplitudes for the scattering of a completely polarized beam is given 

by 

ljJ = MljJ .. 
s 1 

The analog of this equation for the case of a partially po1arized beam 
. 17 
1S 

= Mp. Mt. 
1 

We will now apply this equationwith the above definitions of M and p 

to the scattering processe·s· involved in this experiment. 

First let us consider the 1T -p charge-exchange scatterip.g. This 

is a scattering of spin-0 particles off unpolarized spin-1/2 particles; 
__..,. 

therefore, P. = 0. Let us normalize to unit incident intensity; i.e., 
1 

I. = 1. Then, p. = ( 1/2) (I.+ P. · -;) = 1/2. Hereafter. we refer to the 
1 1 . 1 1 

scattering matrix and final-state quantities for this scattering by the 

subscript 1. Thus, we unite 

r therefore, 

By inspection, then, 
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and 

-I 1 (8
1

) is the charge-exchange DCS and P 1 (8
1

) is the polarization of 

the recoil neutrons. We show in Section V how g
1 

(B) andh{(B) are:: 

related .to the :pion-nucleon phase shifts: 

Next we consider the elastic scattering of the neutrons (spin 1/2) 

off the He
4 

nuclei (spin 0) in the liquid He analyzer. Hereafter, we 

refer to the scattering matrix and final-sta~e quantities for this reaction 

by the subscript 2. For the moment, let us suppose that the incident -neutrons are unpolarized; i. e. , that P. = 0. Then we have the same 
1 

spin configuration as is present in the first scattering, and we may 

immediately write 

I~ ( e 2) 
2 2 = lg2 (B2 )1 ,+ ih2 (B 2 )J 

_o Im [h~ (8 2 ) g 2 (8 2 )] .... and p 2 ( 82) = 2 n· 
0 . 2 

I2 (82) 

Here I~ and P~ are the DCS and recoil neutron polarization in the 

elastic scattering of unpolarized neutrons off He 4 . 

In this experiment, of course, P. f. 0; in fact, as we have seen 
1 - -above, P

1 
= P 

1
. If we again normalize to unit incident intensity, we 

have 

Therefore, 

-When this expression is evaluated for the terms independent of 0', we 

find 
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For either scattering process (j = 1,2), nj is defined as pointing 
-+ -+ 

in the direction of (k. X k ) . . Suppose that b,_ oth scatterings took place 
. 1 s J .. . 

in the ii6·:r:izontal plane (as viewed in the lab); then, n., for a given 
r/<:y·. . J -+ 

value o~<~e~, points either up or down depending on-whether k:s is to 

the left'(tj>.·= 0 deg) or to the right (<j>. = 180 deg) of k .. (In this paper 
. J J 1 

the terms "left" or "right" are a.lways defined with respect to an ob-

s_erver looking in the direction of propagation.) Consider a neutron 

which has updergone a "left" scattering in the pion-nucleon reaction. 

The ,:6.
1 

appropriate to this event is pointing up. If this neutronnow 

undergoes a left scatter~ng in the n-He 4 reaction (indicated by ~~ ), 

:6.
2 

is also up and :6.
1 

· :6.
2 

= + L On the other hand, if the second scatter

ing has been to the right (e~ ), thep :6.1 · _:6.
2 

= -1. For the cases in 

which the two scattering planes are oriented with some angle . <1> between 

them (:6.
1 

· :6.
2 

=cos <j>), .~'.the above left:-right designations are more 

generally written as 

and 

:6. • :6. - +. I cos,!.. I for eL 1 2- 't' 2 

:6. . 
1 

R n.2 =-I cos<j> I for e2 . 

From the equation given above for I 2 ( e2 ) it is obvious that if 

P
1 

and P~ are both_ nonzero, there is an asymmetry in the left and 

right intensities for a given e
2

. These intensities stand in the .ratio 

R 
I2 ( e 2). 

Under conditions of "good geometry" I~ (e~) = I~($~), and this equation 

may be rewritten as 

The quantity on the right in this equation is the left-right asymmetry 

'(designated hereafter by tlie letter 11 € 11
), and is the quantity which this 

experiment was designed to measure. 
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As stated above, P~ (e 2) is the polarization in n-He4 scattering 

for unpolarized incident neutrons; it may alternatively be viewed as the 

left-right asymmetry in n-He 4 scattering for dompLetely polarized 

incident neutrons. In this latter context, P~ (e 2) is usually referred 

to as the "analyzing powe~." The targets and detectors in this experi.:. 

ment were, of course, finite in size; therefore, the scatterings did not 

all take pla~e at e2 and cj>, but at some spread in angles a:r;ound e2 
and cj>. The quantities that depend on these angles must therefore be 

appropriately averaged; to indicate this averaging they will be written 

as I (cos~) I , and ( P~ ( e2)) , the effective analyzing power. 

The term I (cos' cJ>) I is simply calculated from the experimental 

geometry. In Section IV. B. 2 we show how (P~ (B 2)) is calculated 

from a knowledge of the experimental geometry and of P~ (e2 ), the 

latter being derived from existing n-He 
4 

scattering data. 

The desired recoil neutron polarization, P 1 (B 1
), is thus related 

to the measured left-right asymmetry, E, by the equation 

The reasons for our choice of He as the analyzing target are best 

understood by examining the factors that limited the previous polariza

tion measurements. It was stated above that the measurements of re

coil protoll: .Polarization in the elastic processes were limited to values 

of e
1 

(e;) > 110°. The reasons for this stem from the fact that for 

e; ~ 110 deg, the kinetic energy of the recoil nucleon in the lab is 

E
1 

< 130 MeV. These measurements used carbon as the analyzing 

target, and the earlier measurements of P~ (e2 ) in p-C 12 scattering 

show that for 8 2 (lab)< 30 deg, P~ (8 2 ) falls off very rapidly with energy 

below ~ 130 MeV (see the bibliography and Fig. 6 of Wolfenstein's 
. . 1 18) rev1ew artlc e . 

(' . 
This fact alone may not exclude the u~;e of carbon in such low-

energy proton polarization measurements because, as Wolfenstein 

points out, there may be regions of e2 > 30 deg in which P~ (B 2) has 

reasonable values (e.g., >0.5). 18 However, there remains an addi

tional limitation because low-energy protons undergo very large 
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ionization losses.. In order to compensate for this effect, the targets 

used in such measurements could be ma<ie very thin. But this in turn 

would reduce the couhting rates to the point where the meas.urements 

become i'.i::t.ipr.actical. 
. ... ;::~1;--t~~[.. . 
,The;?(f.{:;sign of this experiment overcame the first possible limita- 1? 

. ... ~: ·~ 

tion by th~~;v~e of aliquid helium analyzer .. For, as we show in Section 

IV. B. 2, .I P:~ (B 2) I is quite large (> 0. 7) over. a wide range of .. e2 in 

N -He 4. scattering. at energies from 2 to 50 MeV (B~ < 60° ). It Qvercame 

. th..e second ).imitation of energy loss by ionization by me~suriD:g the 

polarization of the recoil neutron. The use of liquid heli:um had 3:n · 

additional, experimental e3.dvantage in that, because helium scintillates, 

the analyzing target served also as a counter. This meant that the 

detection of .the a particle recoiling from the. n-He 
4 

scattering could 

be required in the electronic logic. This requirement proved extremely 

helpful in the reduction of the background. 
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III. EXPERIMENTAL METHOD 

A. Incident Pion Beam 

1. Apparatus 

The 310-MeV rr beam used in this experiment was created by 

scattering the 740-MeV internal proton beam of the 184;..inch synchro

cyclotron off a beryllium target (see Fig. 2). A magnetic channel de-
l ~- • 

fleeted the pions produced at 0 deg out of the vacuum tank through a 

thin aluminum window and into an experimental area known as the 

meson cave through an 8-ft-long iron collimator known as the meson 

wheel. The wheel was. rotated through 2.4 deg in a clockwise sense 

(viewed from above) from its so -called 11 0 deg" position. 

The magnetic channel consisted of the cyclotron's own magnetic 

field, two 8 -in. -aperture quadrupole doublets (Qi and Q
2

), and a bend

ing magnet with 18X36-in. pole faces (M1 ). Proceeding along the beam 

direction from the entrance side of Q
1

, the quadrupole sections ·were 

operated in a converging -diverging -diverging -converging lens configura

tion in the horizontal plane. a 1 was focused at infinity so that the beam 

was parallel as it traveled through the meson wheel; a 2 and M
1 

then 

brought the momentum-analyzed beam to an approximately circular 

focus at the position of the liquid hydrogen (LH2) target. The angle of 

bend in M
1 

was 36 deg; this angle was chosen to compensate for the 

momentum dispersion produced by ·the cyclotron's magnetic field. 

The hydrogen target area was enclosed on four sides by concrete 

walls at least 4 ft thick (the' back wall of the meson cave is not shown 

in Fig. 2). These walls and a 2-ft-thick timber roof covering the area 

formed.a "blockhouse" type of shielding arrangement. The beam was 

admitted to the blockhouse through a 6-in. -square opening iri a 4-ft

long iron and lead collimator. To minimize scattering losses, the 

beam traversed most of the system in an atmosphere of helium. This 

was accomplished by filling a plastic (PVC) bag placed along the beam 

line from the cyclotron va-cuum tank wall to the exit end of the iron and 

lead collimator with gaseous helium. 

The beam particles were identified by a beam "telescope" con

sisting of four scintillation counters labeled A, B, c
1

, and c 2 . Each of 
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Fig. 2. Beam layout. 
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these counters consisted of a piece of polystyrene scintillator optically 

coupled to an RCA 6810A photomultiplier tube (PMT) by a Lucite light 

pipe. Counter A was positioned at the exit of the collimator; its scintil

lator was 4 in. in diameter and 1/4 in. thick. Counter B was positioned 

24 in. further "downstream" and had a 3 -in. -diam by 1/ 8-in. -thick 

scintillator. Counters c
1 

and c 2 were positioned 9 in. downstream 

from counter B. The s cintillators of these counters formed the two 

halves of a 1/4-in. -thick annulus split along the vertical diameter. The 

inner and outer radii of this annulus were 1-3/8 in. and 4-1/4 in. 

c 1 and c
2 

were situated on the right and left side of the beam, re

spectively, with most of the beam passing through the central 2-3/4-in.

diam hole. (The function of c
1 

and c 2 is explained below.) 

Immediately behind c
1 

and c 2 was the liquid hydrogen target. 

The liquid hydrogen (LH2 ) was contained in a Mylar flask 3 in. in 

diameter and 6 in. high with 0.0075-in. walls. The flask was wrapped 

in a heat shield consisting of alternate layers of aluminum and Mylar 

foil. The total thickness of this shield was 0·.005 in., and it contained 

roughly equal parts of aluminum and Mylar. The whole assembly was 

contained in an aluminum vacuum jacket 7 in. in diameter with 0.032-in. 

walls. The beam entered the vacuum jacket through a 4-3/8-in. -diam 

0.015-in. -thick Mylar window. The flask could be emptied by admitting 

He gas at the bottom of the flask, which forced the LH2 back up into a 

reservoir. The LH2 levels in the flask and the reservoir were monitored 

by magnehelic pressure gauges. 

A U -shaped piece of scintillator was positioned around the LH2 
flask inside the vacuum jacket, with its open end facing the beam 

entrance window. This scintillator was 1/8 in. thick and 7 in. high, 

and was viewed by an RCA 7046 PMT through a Lucite window in the 

bottom of the vacuum jacket. This counter is referred to as counter D. 

Figure 3 is a photograph of the hydrogen target area; in it are 

visible, proceeding from right center, the exit of the iron and lead 

collimator with the He bag in position, counters A, B, and c 2 , the 

flange which supported the entrance window,· the vacuum jacket, and, . , 

at the bottom left, the magnetic shield of counter D. 
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ZN -4362 

Fig. 3. Hydrog en tar get area. Proceed i ng from the right 
center are v isibl e the exit of the beam collimator; 
counters A, B, and Cz; the outer vacuum jacket of the 
LHz target; and, at the bottom left, the magnetic shield 
of counter D. 

.. 
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The signals from these counters were combined in various ways 

in fast coincidence circuits. A coincidence event in counters A and B-

i.e., (AB) --served to identify an incoming beam particle. Counters 

c 1 and c 2 served a double function; they were used as an anticoinci

dence shield to protect against scatterings occurring in the heavy Al 

flange supporting the entrance window or ir: any other material outside 

of the flask,.· and they were used to monit~r the beam's position. Coin

cidence events of the type (ABC 1 c 2 ) th~er.e~ore identified a beam particle 

that entered the LH
2 

flask. Fluctu;;tt16ns· in the beam's position could be 

observed by comparing the rate.of~.f.,BC 1 ) coincidence, R 1 , to (ABC 2 ) 

coincidence, R 2 . A correctly.~ligned beam had R
1 

= R 2 . The signal 

from counter D was placed inanticoincidence with (ABC
1 
c

2 ) to identify 

scatterings occurring in the flask that were not followed by the emission 
---of any charged particles. These (ABC

1 
c

2
D) events produced a coinci-

dence signal called W2. Except for the small number of inelastic scat

terings with neutral final states, these W2 events were produced by the 

desired reaction, 'TT- + p-+ TI 0 + n. 

A block diagram of the beam electronics is given in Fig. 4. Not 

shown in this figure are the va:dous delay boxes and amplifiers used to 

give the counter signals the amplitudes and relative delays necessary 

to produce proper coincidences. 

2. Procedures 

The trajectory in the cyclotron 1 s magnetic.fieldofa 310-MeVTI-that 

passes through the center of the meson wheel was obtained with the aid 

of a mechanical orbit plotter. This information fixed the internal target 

position and the angle setting for the meson wheel. The correct currents 

for the magnets were first approximated by calculations, simple lens 

formulae being used for Q
1 

and a
2

. Measured currents for deflecting 

particles of various momenta through 36 deg in M
1 

were obtained by 

the suspended-wire technique. These suspended-wire (or "wire-orbit") 

measurements were also used to provide a check on the currents calcu

lated for a
2

. Final tuning of the magnet currents was accomplished 

through measurements ori the pion beam itself; the current for M
1 

was 

adjusted to yield 'TT of the correct momentum, the internal target 
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position was adjusted to given maximum beam intensity, and the _cur

rents for Q 1 and Q 2 were then tuned to give the best focus. 

The average momentum of the beam particles was determined by 

taking an integral range curve, using Cu as an absorber. The beam had 

a range in Cu of 182 ± 3 g/ em 
2 

(after correcting for a 4. 5o/o f.L- contamina

tion). Allowing for the energy losses in the flask and LH
2

, this corre

sponds to a mean pion energy of 312 ± 5 MeV at the center of the target. 

During the beam study the cyclotron was operated in the unstretched 

time mode; i. e. , the particles were emitted in 3 5 -f.Lsec -long bursts at 

16-msec intervals (64 cps). 

Under these conditions the beam intensity was monitored with a 

6-in. -diameter argon-filled ionization chamber placed near the exit of 

the collimator. The maximum beam intensity observed in this chamber 

was 2.4X 106 particles per sec. 

The focus of the beam was observed by a pair of 1/4X1/4-in. 

scintillators placed in coincidence with each other. These counters 
' 

could be remotely positioned and were used to measure the horizontal 

and vertical profile of the beam at the intended focus. After proper 

turning the beam had a nearly circular focus; the horizontal and vertical 

profiles were approximately normal distributions, each having a full 

width at half maximum of about 2 in. 

After the beam parameters had been determined the counters and 

targets were put into position. The counters in the beam telescope 

could not cope with the high instantaneous rate of particles _when the 

cyclotron was operated at maximum intensity in the unstretched time 

mode. Therefore, the so-called "stretched" beam was used throughout 

the rest of the experiment. In this mode of operation, the auxiliary dee 

system is used to prolong the time during which protons are able to 

·strike the internal target. In effect, the 35-f.Lsec burst is stretched out 

to an 8- to 9-msec burst (still with a 64-cps rep rate). The intensity 

during the long burst is approximately uniform except for a 11 spike" at 

the beginning due to protons which were not stored by the auxiliary dee. 

The instantaneous rate during the spike was also too high for the counters, 

so the scalers were gated off during the spike. 'I'he maximum (AB) rate 

observed when the stretched beam was used with the spike gated off 
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5 -; corresponded to 4.6 X 10 TT ·sec. The average rate during the data-

taking.period was approximately 4.0X10 5 TT-/sec . 

. ;~~~ beam had~ fine time structure due to the rf acceleration 

patter~;~{. e., the beam was actually emitted in short pulses (approx 

5 nsec wide) at regular 52-nsec intervals (19.3 Me). The average rate 

during the data taking corresponded to about _0. 05 TT -/pulse. The prob

ability, therefore, of being unable to resolve an incident TT-- -i.e., of 

having more than one TT-' per pulse- -was extremely small. 

The e contamination of an identical beam was measured by Rugge 

and Vik to be < 0.3%. 14 The composition of the beam was thus taken to 

be > 0.952 TT-, 0:045 f.L-, and< 0.003 e . 

B. Asymmetry Measurement 

1. Apparatus 

The polarimeter used in this experiment consisted of a liquid 

helium (LHe) target at the center of an array of neutron detectors, 

charged particle anti-counters, and shielding. The entire polarimeter 

assembly was mounted on a base which could be rotated about the vertical 

axis of the LH2 target. The center -to -center spacing of the LH2 and 

LHe targets was 30 in. 

The LHe was contained in a 3 -in. -diam by 6 -in. -high Pyr~x flask. 

The flask was centered in a 5-1/2-in. diam cylindrical vacuum jacket. 

Scintillation light produced in the flask was detected by two RCA 7 046 

photomultiplier tubes (PMT' s), which viewed the flask through windows 

in the vacuum jacket. (Details of the construction of the flask and light 

pipes are given later.) 

There were four neutron detectors: a left-right set at each of the 

n-He 4 scatterihg angle (lab) of 75° and 125°. All were constructed from 

plastic (CH) scintillator and were optically coupled via Lucite light pipes 

to RCA 7 046 PMT' s. The backward counters (U and W in Fig. 5) were 

3 X 3 X 12 in., and the foreward counters (V and X in Fig. 5) were . 
1. 5 X 3 X 12 in. U and W were made larger to compensate for the de-

crease iri da /dr.l at backward angles. The center-,to-center distance 

between the LHe flask and the neutron counters was 8 in. Each counter 

was mounted on a cart which could be rotated about the vertical axis of 

the flask on a 27 -in. -diam turntable. The rolling surfaces were provided, 
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--Counter B 
--------Counter C I 
--Counter C2 
--Counter D 

Liquid- hydrogefl flask 

.,.- beam 

MU-34027 

Fig. 5. Counter and target arrangements. The LHe 
polarimeter is shown at a TI-N scattering angle of e;' = 30° right. The backwardneutron <i;OUnters u 
and W are shown positioned at e2 = 125 right and 
125° left, respectively, and the forward counters V 
and X at e2 = 7 5o right and 7 5o left, respectively . 
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and accurate flask-to-counter separation was maintained, by ball bear

ings, fastened to the bottom of the carts, that rolled in grooves machined 
"}-$"!.·-~.~: 

in the~-'· p.ce of the turntable. The counters were accurately aligned 
---:::~·1:' ·!.·' . 

with r1.:~~ ,:~~~ to the carts with the assistance of a surveyor's transit. 
I,;~ :~~;f~~ ·\: ~. 

Angulaf.;.~p;~··iHtions were determined by matching an index at the center 
·.-·,~:>'- .. ~' 

of the c:·a.·;t with an angle scale inscribed on the. turntable. 

E;;tch cart also supported an anti-counter which was positioned .. 
against :the_ neutron detector at the surface facing the LHe flask. These 

. . 

anti-coutiters were each 3X0.25X12 in., and were viewed from above 

throug4 Lucite light pipes by RCA 6810A PMT's. Two other anti

counters, Q1 .and Q2, were positioiled as shown in Fig. 5; they had di

mensions of 12X0.25X14 in. and 12X0.5X12 in., respectively. 

Neutrons entered the LHe target through a 12-in. -long brass 

collimator. ·The collimator opening tapered from 3-3/8 X 5 in. at the 

entrance to 3-3/ 4X 7--in. at the e:X:lt. The brass protected the neutron 

counters from particles coming directly from the LH2 target area. ·A 

12-in.· -thick by 12-in. -high brass shielding wall was built alongside the 

beam telescope. This measure proved very helpful in the reduction of 

the background. Additional protection was provided by the 6 -£t-high 

12 -in. -thick timh:e.r. walls,: wh~ch forrned;·the sides: c>Lthe::polarirnet'eri 

The base plate of the polarimeter was mounted on wheels and was 

fastened through a rigid radius a:m to a pivot located on the vertical 

axis of the LH2 target. The .entire assembly could be quite easily rotated 

about this axis. The arm maintained a center-to-center spacing be"' 

tween the LHe and LH
2 

targets of 30 in. The polarimeter rolled on the 

steel surface of a heavy 10X 13-ft wood and steel platform mounted on 

leveling jacks. The platfo.rm was sq constructed that the variation in 

height of the LHe flask as the heavy polarimeter rolled about the pivot 

was less than 1/16 in. The pivot, the LH
2 

target, and beam telescope 

supports were bolted to the platform. An angle scale was inscribed on 

the platform with the aid of a surveyor's transit positioned over the 

pivot. This scale was used to fix the position of the LHe polarimeter. 

F1gure 6 shows the LH2 target area and the entrance side of the 

LHe polarimeter. The horizontal cylinder above the brass collimator 

is part of the magnetic shield of one of the two counters that viewed the 

, .... 
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Fig . 6. The LH z target area and the entrance s ide of the 
LHe p o l ar imeter. 
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LHe flask, He-2. Figure 7 shows the exit side of the polarimeter with 

Q2 removed. Directly below the outer vacuum jacket of the LHe target 

is the .;ma-gnetic shield of He -1. 
. .:~.'i~~{:~:t"~·- .' 

-T(~;~:}¥lask that contai-ned the LHe was constructed from 3 -in. i. d. , 

1/8-ih~+~;~~i'i Pyrex tubing bonded to. 3-in. -diam 1/4-iri. -thick Pyrex 

top and :,1{1-hom,plates. The top plate was fused around a 1-in. -i. d. 

1/16 -in. -wall Pyrex tube that served as the fill line. 

It is known that He scintillates in the ultraviolet region of the 

spectrum.: Simmons and Perkins have shown, for e:Xample, that the 

wave length of He scintillation light is less than 16QO A. 19 Most photo

tubes respond to visible light; the RCA 7046, for example, has a peak 

spectral response at about 4200 JL Therefore; in order to detect He 

scintillations with such a tube, the He light must first be absorbed by 

some material that will then re -emit in the visible. One such wave

length shifter is p,p 1 -diphenylstilbene (DPS), which has the desirable 
' 0 20 

characteristic that its emission spectrum peaks at about 4000 A. 

The inr1er surfaces of the Pyrex flask were vacuum coated with 

35 ± 15 f.Lg/ cm2 of DPS. 

Since the light was emitted at the Pyrex surfaces, most of the 

light (approx 7 5o/o) was susceptible to being trapped by total internal 

reflection in the walls of the flask. To avoid this, the outer surface of 

the cylind.er was crazed by rubbing it with an abrasive compound. The 

light was colleG:ted and channeled to the phototubes by a 3-3/4-in. -diam. 

by 0. 006 -in. -wall aluminum tube which surrounded tpe flask. 

The phototube of counter He -1 was mounted vertically, and viewed 

the flask from below through a quartz window in the outer vacuum jacket. 

The aluminum light pipe was bent (maintaining a constant radius) through 

90 deg at a point about 14 in. above the flask and terminated 3/8 in. 

away from a second quartz window in the outer vacuum jacket. This 

window was viewed by the horizontally mounted phototube of counter 

He -2. A hole was drilled at the top of the light pipe to accommodate 

the Pyrex fill line. The aluminum tube was in thermal contact with the 

target's liquid nitrogen reservoir and therefore served not only as a 

light pipe but also as a heat shield. Additional windows were attached 

directly to the aluminum tube, which protected the flask and fill line 

against thermal radiation from the outer windows. 
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ZN-4361 

Fig. 7. The exit side of the LHe polarimeter . The anti
counter Q2 has been removed for easier v iewing. The 
bright cylinder in the center is the outer vacuum jacket 
of the LHe target. 



-32-

·After being vacuum-coated with DPS, the pieces of the flask were 

bonded together with a mixture of 3 parts Versamid #125 hardener to 

1 part Epon #828 epoxy resin. The bonds were allowed to cure for 24 

hours at·fdom t~mperature before the flask was coolec1 to liquid nitrogen 

temperci'tb.'r~ and pressure-tested at 30 psig. Flasks bonded with equal 

parts of.hardener and epoxy, or .cured at higher temperatures, did not 

survive the pres sure test. 

The flask was suspended below the center of the LHe reservoir by 

the fill line. This fill line was made of Pyrex tubing between the flask 

and a point just above the bend in the light pipe. It then underwent a 

glass-to-stainless steel transition and was hard-soldered to a 1 in. 

o. d. 0.010-in. -wall stainless steel tube attached to the bottom of the 

reservoir. The glass-to-metal transition was made by way of a Pyrex

Cu "housekeeper" seal. The overall distance between the bottom of the 

reservoir and the center of the flask was 31.5 in. 

The target was equipped with an Am 2 4 1 alpha source that could be 

positioned anywhere along the vertical axis of the flask. The source 

was deposited on the tip of a fine platinum wire attached to the end of a 

long stainles.s steel rod. When not in use the source was withdrawn into 

a concentric stainless steel tube and the whole assembly was withdrawn 

from the flask through the fill line. 

2. Electronics 

The principal difficulties in this experiment were involved in the 

selection of those events associated with elastic N -He 
4 

scattering from 

among all of those able to satisfy the coincidence and anticoincidence 

requirements. The two quantities used to identify these desired events 

were the energy loss in the He target and the time of flight of the particle 

incident on the He. The He counter had insufficient energy resolution 

to enable us to pick out the desired events solely on the basis of energy 

loss, and the background could not be completely eliminated solely from 

the time -of-flight spectra. The final selection of the data depended on 

establishing the correlation between the time ·of flight and the energy 

loss for each event. 

.. 
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The information necessary to make this correlation was recorded 

on films by a camera which photographed the display of a Tektronix 551 

dual-beam oscilloscope. On one trace of this scope was the output of a 

time -to -pulse -height converter which was 11 startedn by a charge

exchange event (W2 -signal) and 11 stopped" by a count in one of the four 

neutron detectors. On the other trace was the mixed and amplified 

(linearly) signal from the 14th dynodes of He-1 and He-2. Also photo

graphed were four indicator lights placed in front of the cathode -ray 

tube (CRT) of the scope. These lights indicated the particular neutron 

detector into which the final scattering took place. 

The bulk of the electronic system was devoted to establishing a 

coincidence requirement between W2, the He counter signal, and a 

signal from one of the neutron detectors, the last all being operated at 

a unifo.rm and reproducible energy bias. The system generated a 

signal known as the priming pulse whenever the coincidence requirement 

was s~tisfied by an event in any one of the neutron detectors. This 

priming pulse then performed four functions; it triggered the scope and 

camera; it opened a linear gate, allowing through the mixed He+ signal 

to trace 1; it on-gated the time-to-pulse-height converter, there,by 

generating trace 2; and l:t opened a series of four dual-coincidence units 

that operated the indicator lights. 

A block diagram of the logic system is given in Fig. 8. As is 

shown there, the anode signals from the neutron detectors were put 1n 

concidence with the W2 -He signal in the coincidence units CU, CV, CW, · 

and CX. The energy bias of the detectors was established by the tunnel 

diode discriminators on the 11 slow 11 input to these units. The "slow

fastii splitting arrangement was necessary to overcome time slewing 

in the tunnel diode discriminator. The iislown input was clipped to be 

20 nsec wide, the lifast11 was 4 nsec, and the W2 -He pulse was 8 nsec 

wide. The outputs from these units performed three functions: they 

were mixed to form the priming pulse, they provided the proper coinci

dence in the units which drove the indicator lights, and they were used 

to route the memory of a pulse-height analyzer. This analyzer was a 

transistorized 400 -channel device, the memory of which was divided 
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Block diagram of the electronic logic. 
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into four quadrants, a 100-channel block being assigned to each one of 

the neutron detectors. The spectra to be analyzed were diverted to the 

proper quadrant by the arrival of the memory routing pulse. 

The various delay boxes and amplifiers used to bring the signals 

into proper coincidence are not shown in Fig. 8. The logic units labeled 

as "pulse shapers" were used to generate standardizedpulses. These 

units were actually discriminators of various types set to minimum 

thresholds. All the coincidence units were of the transistorized Wentzel 

type. 

3. Calibration Procedures 

In this section we discuss the methods used to establish the energy 

bias of the neutron detector, the energy calibration of the LHe counter, 

and the calibration of the time -of -flight spectra. 

Pulse -height spectra of Compton electrons produced in the plastic 

scintillators by Co60 y rays were used to set the levels of the discrim

inators for the chosen neutron energy bias level. The relative light 

output in plastic scintillator of electrons and of protons has been meas

ured by, among others, Evans and Bellamy. 21 Their work shows, for· 

example, that in plastic sci~tillator a 2-MeV proton produces as much 

light as a 0. 5-MeV electron. Therefore, if we wished to establish a 

2-MeV neutron bias, we would set the discriminator to eliminate all 

pulse heights below the 0. 5-MeV level in the Co 
6° Compton electron 

spectrum. This 0.5-MeV level was located from the Position (channel 

number) of the end point, which in Co 
60 

corresponds to approximately 

1. 04 MeV, and from a knowledge of the zero intercept of the curve of 

pulse height vs channel number (assuming linearity). The zero intercept 

was found (and linearity confirmed) by measurements of the response of 

the pulse -height analyzer to pulses of known amplitude generated by a 

mercury pulser. A typical Compton electron spectrum is shown in 

Fig. 9. The discriminator threshold as shown is set at 0.25 MeV; this 

would correspond to a neutron bias of about 1.2 MeV. During the data

taking period of the experiment all the neutron detectors were operated 

with a 2.0-MeV neutron bias. 
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MU-34028 

Fig. 9. Typical Com8ton electron pulse -height spectrum 
produced by co6 y rays in one of the neutron counters. 
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The energy response of the LHe counter was obtained from meas

urements of the pulse -height spectrum produced by monoenergetic 

14.3-MeV neutrons scattering in the LHe. These neutron were obtained 

from a pulsed (d, t) type of neutron source operating at an accelerating 

potential of 50 kV. The energy calibration, P(E ), was obtained by 
a. 

fitting the observed pulse -height distribution, dN/ dP, by the known 

energy distribution, dN/dEa.. Since Ea. a: (1-cos e':'), dE a: d(cos e':')a::dn, 
a. 

and therefore dN/dEa. a: dcr /dn. That is, t_he·energy distribution has 

the same shape as the center-of-mass angular distribution in elastic 

n:..He 4- scatterin~- T.his di~tribU:tion .for 14.3 -MeV ·n~utrons h;s been

measured by Seagrav~; 22 his curves of dcr /dn were therefore fitted to 

our dN/ dP to obtain P(Ea.). This fit is shown in 'Fig. 1 0; Em= Ea. for 

e = 180 deg and is= 9.08 MeV. 
a. 241 

Measurements with the Am a. source showed that the pulse 

height produced by a given energy a. depended on z, the vertical co

ordinate. As the source was moved along the vertical axis of the flask 

from a point 0. 5 in. to a point 5. 5 in. above the bottom window, the 

pulse height was observed to decrease by a factor of 1.8. When posi

tioned at the center of the flask, the source produced a Gaussian-type 

spectrum, having a resolution of about 40o/o, peaked about a pulse height 

which the aforementioned P(E ) would attribute to a 4.4-MeV a.. Am
241 

a. . 
is known, however, to emit a.'s with an energy of about 5.4 M.eV. There 

are two reasons for this discrepancy. First, the (d, t) neutrons illu

minated the entire volume of the flask so that P(E ) is some kind of 
a. 

average over z and, though the response at the center of t~e flask should 

be close to an average response, an exact equality would be fortuitous. 

Second, the range of 5.4-MeV a.'s in LHe is about 0.25 mm, whereas the 

diameter of the Pt wire on which the Am
241 

was deposited was 0. 05 mm. 

Therefore, the wire could intercept a considerable fraction of the ultra

violet photons. This shadowing effect would reduce the effective energy 
241 

of the Am a. 1 s. 

Though this source could not provide a meaningful absolute energy 

calibration, it was usefu~ in measuring the saturation characteristics 

of the He counter PMT' s, in measuring the energy resolution and 
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Fig. 10. Energy calibration ofthe LHe .counter. The 
solid curve is the pulse ..;height spectrum observed 
in the scattering of monoenergetic 14.3 -MeV neutrons 
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establishing that this resolution was entirely statistical in nature, and 

in keeping track of the overall gain of the He counter and associated 

electronics throughout the course of the experiment. 

The information necessary to interpret the time-of-flight spectra 

was essentially a curve of time vs pulse height or channel number. A 

signal from a mercury pulser was split and fed simultaneously into the 

"starts" and "stops" delay boxes (see Fig. 8). The shape of the curve 

was then determined by observing the variation of the pulse height 

(channel number) of the "trace 2" signal as the "stops" delay was varied. 

-The curve wa-s found to-be linear, and the above procedure established 

the slope. The curve is then completely determined by the specification 

of a point through which the line passes. This point was obtained as 

follows. The LHe polarimeter was positioned at 8
1 

= 0 deg and one of 

the neutron counters at 8 2 = 0 de g. (Q 2 having been removed), so that 

the unscattered rr beam passed through the neutron counter. The 

anti-counters were switched out and the pulse height of the "trace 2" 

signal measured. This pulse height corresponded to the time of flight 

of a 310-MeV rr between counter Band the neutron detector, 4.5 nsec. 

The time -of -flight spectrum of charge -exchange products as ob

served by a neutron detector at 82 = 0 deg with the LHe polarimeter at 
·'· 8;· = 30 deg (8 1 lab= 74.2 deg) is shown in Fig. 11. From kinematics, 

neutrons produced at 8 >:< = 30 deg by charge-exchange scattering should 
Tr 

have an energy of 13.6 MeV. The separation (in channels) between a 

13.6-MeV neutron and a y ray (or electron) expected on the basis of the 

calibration described above is given as 1:::. t 1 in Fig. 11. Data were 
ca c 

taken with the LH
2 

flask emptied of LH2 ; these data, refered to as 

"MT" data, were normalized to the same number of incident pions and 

subtracted from the "Full" data. Figure 11, then, is a plot of the 

Full-MT results. It is seen that these results confirm the time calibra

tion. 

For 8 1 lab = 7 4. 2 deg, the time -of -flight spectrum of Fig. 11 

indicates a clear separation between y rays and neutrons (unscattered 

in the LHe). To better establish the accuracy with which this separation 

can be made and to locate any backgrounds that might exist in the neutron 

area of the spectrum, the above measurements were repeated at 
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Fig. 11. Time spectrum of charge -exchange products observed 
by a neutron counter a,t e2 = 0 deg (i. e. , viewing the LH2 
target dire~tly) with the LHe polarimeter at e./= 30a· ..6tcalc 
is the- expected time separation between a y ray and a 
e_;:' = 30 deg charge -,exchange neutron. LH2 target-empty 
data have been subtracted. 
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f)~ lab = 66 deg and 92 de g. Fl,lll-MT time spectra were plotted for 

each angle, and the areas of the neutron andy-ray portions of the spec

tra were computed. The results of these measurements are shown in 

Fig. 12. The angular dependence of the events attributed by us to y rays 

is consistent with the results of Zinov and Korenchenko, who have meas

ured the angular distribution of y rays produced in charge -exchange 

scattering at 307 MeV. 
23 

Kinematics indicate that there should be no 

recoiling nucleon from TI-N scattering for e1 lab > 90 deg. Consider.,. 

ing the finite angular resolution of the target-detector system, our re

sults for the neutron area. of the time sp-ectra are consistent with this 

requirement. 

4. Data-Taking Procedures 

The number of neutrons detected in each counter for a given number 

of lT incident on t~e LH2 target was measured under a variety of con

ditions. These were conditions of varying neutron counter positions, 

LHe polarimeter position, LH
2 

target condition, and signal delays into 

the coincidence circuits. 

The neutron counters were positioned either with U and V at 

125and75degright, and Wand X at125and75degleft(asshownin 

Fig. 5), or in the interchanged position with U and V on the left and 

W and X on the right. 

The LHe polarimeter was positioned at e; = 30 deg left or at 

e; = 3 0 deg right. 

The LH2 flask was either full or emptied of LH2 , the latter con

dition being achieved by forcing gaseous He into the flask. 

The signal delays were set up to measure either "real" or "acci

dental" coincidences. That is, either they were normal or one or more 

·of the signals was taken out of delay by one rf period, 52 nsec. 

With the LHe polarimeter at a given position, data were taken, 

for a period known as a 11 run", with the neutron detectors in one of the 

above configurations. The detectors were then inte.rchanged and another 

run was begun. The runs were typically 8 to 12 hou:r:s long, during 

which :::::: 10
10 

lT- were incident on the LH
2

: Eight runs with alternating 

neutron detector positions were made at f)':< = 30 deg left and six similar 
lT -·· 

runs were made at e;· = 30 deg right. 
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I- Zinov and Korenc~enk,. 1 reference 23 · · 

80 90 

e, (lab indeg) 

MU-34031 

Fig. 12. 81 lab dependence of neutron andy-ray intensities· 
observed by a neutron counter at 8z = 0 deg. Th~ data 
points from Zinov and Korenchenko have been arbitrarily 
normalized. - · 
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During each run, data were taken with the LH2 target in both 

the full and empty conditions. The amounts of time spent on the full 

and on the MT data were, typically, .in the ratio 2. 5:1. 

Between the runs the gain of the LHe counter was checked with 

the Am
241 

source and the biases and gains of the neutron detectors 
60 

were set with the Co source. At several times throughout. the data-

taking period the time -of-flight and pulse -height spectra (as seen by the 

camera) were calibrated by the methods outlined in Section III. B. 3. 

We attempted to measure the "accidental" coincidence rates by 

... aelaying -either the W 
2 

. signal, the W z..:.He signar,--or the He i:ifgnal 

by 52 nsec (see Fig. 8). No "accidentals" were observed in any of 

these configurations. 
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IV. EXPERIMENTAL RESULTS 

A. Data Reduction 

1. Selection Criter~eo .. 

It was explairi~~~\b. Section III. B. 2 that the final selection of the 
.:!·.-.··r/:~::·-.-

data depended on es~'a;Bii'shing the correlation between the time. of flight 

·and the ene.rgy loss '{·n:''the LHe for each event detected by one of the 

neutron counters. An event could be accepted or rejected depending 

on whether. or .not this correlation satisfied n-He 
4 

scattering kinematics 

under reasonable assumptions for the effective energy resolution. 

An IBM-7 094 Fortran program known as CHARGE was written to 

facilitate this selection procedure. CHARGE took as. input the time of 

flight and pulse height in the LHe for each event, some general informa

tion about the energy response of the LHe counter (effective resolutions), 

and calibration curves relating times of flight to 13' s and pulse heights 

to energies. Its first task was to decide for each event whether the ~ 

could possibly belong to a charge-exchange neutron fo.r our conditions 

of angular resolution (in e 
1

), and, if so, then to compute the inc.ident 

kinetic energy. Then, knowing which detector the neutron scattered 

into, it computed the energy of the recoil alpha (T ) for this neutron 
a 

scattering through the appropriate e2 (assuming center -to -center 

scattering). From the calibration curves, this alpha energy was then 

translated into an expected pulse height, P , in the LHe. The final 
. e~ 

step in the selection was to impose the criterion for acceptance that 

the measured pulse height, P , satisfied the requirement 
m 

R -
1 

P < P < RP , where R is some effective energy resolution. 
exp m exp 

This quantity R encompasses not only the usual statistical resolution 

but also the axial nonuniformity of P(E ) and the effect of the finite 
u 

angular resolution in e
2 

that resulted in a spread of T possible for . a 
scattering into a particular counter. 

The analysis was repeated with various assumptions for the values 

of R. No statistically significant changes in the asymmetries were 

observed as R was varied over a wide range of values. 

After sort~ng the data into the various categories of neutron 

counter, left or right, full or empty, accepted or rejected, etc., 
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CHARGE performed additional computational tasks ·to be described 

below. Among these,· it normalized the data from the various runs, 

subtracted the MT from the full data, and plotted histograms of th~ 

times of flight and pulse heights. 

Histograms of the times of flight of the events from the. backward 

counters (U and W) and the forward counters (V and X) for e;' = 30 deg 

left are shown in Figs. 13a 13b, respectively. The distributions for 

both the total data and accepted data are presented; the normalized MT 

data have been subtracted. The separ.ation (in channels) between an 

event with f3 = 1 and one with a f3 appropriate to a 13.6-MeV neutron 

is shown in the figures as .6-t 
1 

. 
ca c 

It is seen from these figures that most of the background events 

were associated with f3 = 1, but there was a long slow tail in the time 

distribution of these events. 

Owing to the poor effective energy resolution of the LHe counter, 

the pulse -height spectra show little structure and could not be used by 

themselves to eliminate the background. 

Scatter plots of time vs pulse height for each event show that a 

preponderance of the background events were associated with small 

pulse heights corresponding to abc;mt 2 MeV energy loss in the LHe. 

Some possible mechanisms for the production of these background 

events suggest themselves. The fast (f3 = 1) events probably resulted 

from multiple electron showers produced by y' s from TI
0 decay con

verting in the brass collimator or other material in the target area. 

The LHe was about 1 g/ em 
2 

thick, so a minimum-ionizing particle 

would lose about 2 MeV in traversing the target. The slow events could 

be charge-exchange neutrons which underwent small-angle scattering in 

the LHe and were subsequently scattered into one of the counters by 

other materials, e. g., the Pyrex walls of the flask. 

2. Rates 

The number of fulland empty events assigned by CHARGE to the 

categories of accepted and re)ected data from the forward and backward 

counters for e ':' = 30 deg left and right are given in Table I. 
1T 
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Backward counters 
-Total ·events 
, •••..• Accepted events. 
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--Total events 
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Fig. 13. Time spectra of the 8-/ = 30 deg data as accumulated 
by (a) the backward neutron counters (U+W), (b) the forward 
neutron counters (V+X) · ~tcalc is the expected time 
separation between a y ray and a charge-exchange neutron 
event. LH2 target-empty data hc.tve been subtracted. 
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Table I. Number of observed events. 

Polarimeter·and counter positions 

-·- e';' = 30 deg 
,,, 

:: 3 0 deg left right .e'Tr 
Forward Backward Forward Backward 

Type of data neutron neutron neutron neutron 
counters counters counters counters 

accepted full 506 372 426 306 

45 41 25 27 

286 762 209 544 
rejected 

empty 

full 

empty 

full 

51 140 36 87 

792 1134 635 850 
total 

empty 96 181 91 114 

for 

of a 

For 

was 

A convenient unit for the number of Tr incident on the LH
2 

was, 

our purposes, a multiple of 8X10
6

Tr-, defined as one AB. In terms 

coincidence req.uirement, 1 AB = 8 X 106 (ABC1 C2) coincidences. 

e;' = 30 deg left, the number of AB taken with the LH2 target full 

5669 and with it empty was 2310. For e ':' = 30 deg right, the cor-
Tr 

responding numbers were 5671 and 1966. 

These data show that the average observed 'rates for accepted 

full-minus -empty events from the backward counters (U and W) and 

from the forward counters (V and X) were approximately 4.4 and 6.6 

events per 100 AB, respectively. The corresponding backgroup.d (full 

minus empty) rates were 6.2 and 2.3 events per 100 AB. 

The accepted event rates are in good agreement with the predicted 

values of 4. 9 and 6.4 events per 100 AB in the backward and forward 

counters, respectively. The calculations on which these predictions 

were based are described in detail in Section IV. B. 2 . 

It is interesting to note that, though the backward counters had 

twice the volume of the forward counters, the ratio of accepted events 

from the backward counters to those from the forward counter was 

approximately 0. 7:1 (in reasonable agreement with the predicted ratio 

of 0. 8:1). The rejected data, on the other hand, stood in the ratio of 
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2. 7:1. This r.eflects not only the fa,ctor-bf-two difference in the volumes 

but aJEi·b-:the fa'ct that ·the backward ~ounters were closer to the source 
. .~;/ .···--:~-~·:.... ' . 

of the/·-pi·c'kground- -i.e. , the LH
2 

target area_. 

:·r·fi-e calculations mentioned above predicted a total of 1. 3 S X 104 

neutrons incident on the LHe per 100 AB, of which about 12o/o would 

interact in the LHe, yielding a neutron interaction rate in the LHe of 1620 
--

scatterings per 100 AB. The average overall polarimeter efficiency, 

defined as the number of useful events detected by the neutron counters 

per neutron incident on the LHe, was of the order of 0.1o/o. The useful 

data were accumulated with a typical frequency of about one event per 

3 min. interval. 

3.. Asymp1.etries 

The purpose of the data reduction was, of course, to compute the 

measured leH-right asymmetries,. ~E(t~2 ), for e
2 

= 7 so and 12So (lab). 
- .. 

To do this, .CHARGE further subdivided the data: presented in the pre-

vious section as to which particular counter detected the event and 

whether .the counter was on the left or right of the LHe. It then per

formed the appropriate normalizations and subtraction and computed 

rates for the data in these categories. From these rates it then com

puted the · E( e
2

rv s using two different methods. 

The first of these methods was to calculate the individual E(B 2)•s 

for each of the runs and then compute as the final results the appropri

ately weighted _averages of these E(B 2 ). To illustrate, consider two 

different runs, (1) and (2), during which counters V(X) was first on 

the left (rig}lt) and then on the right (or first right and th,en left). The 

rates from_ these various conditions will be labeled as 

The E(7 so) computed by this method would then be proportional to 

XL(2) - V R (2) l 
?CL(2) + V R (2) J 

This method,' 'hereafter referred to as "method 1, '' eliminates any 

.. 
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systematic error due to beam monitoring, but relies upon V and 

X(U ·and W) to have identical detection efficiencies. 

The second method (method 2) computes the average left and 

right rates for each individual counter and then the asymmetry as ob

served by that counter. The E(8 2) was then computed as the weighted 

,, average of the results from the two counters positioned at that e
2

. 

For example, in the above illustration, the E(7 5°) as computed by 

method 2 would be proportional to 

This method eliminates any systematic errors due to different counter 

efficiencies but relies upon the dependability of the beam monitoring. 

The errors due to counting statistics for the various rates were 

computed by CHARGE, and the errors for the various asymmetries 

were then calculated from the formula 

~E = 1 2 E 2 -v ~ ~t ) 2 t ( ~: ) 2 

where (~L/L) and (~R/R) are the fractional errors in the appropriate 

. left and right rates. 24 

Whenever CHARGE computed an average rate or E(8 2 ) from a 

series of independent determinations of that quantity, italso computed 
2 -

the X for the fit. This procedure provided a means of locating any 

possible systematic errors. 

The E(8
2

) for 82 =75 and 125 deg and for e;~= 30 deg left and 

right computed by CHARGE by methods 1 and 2 are presented in Table 

II. These quantities are computed from the full minus empty accepted 

data, and, as stated above, are averages obtained from a series of 

independent measutements. The quantities in parenthesis are the 

P(x)
2 , the probabilities that the x 2 

observed in the fits to the averages 

could be as large as (or larger than) they were owing to the presence of 

random errors alone. The individual E(8 2 ) as calculated by methods 

1 and 2 are in excellent agreement with each other, indicating the ab-
. . . 

sence of any serious sources of systematic errors. The P(x 
2

) indicate 
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Table II. ·Measured asymmetries of the full mipus, e.:rnpty 
accepted events. a 

2 

Method 1 Method 2 

12 5 deg 7 5 deg ·12.5 deg 75 deg 

30" Left -0.18±0.09 +0.14±0.07 ~ 0. 14, ± 0. 0 9 ·+0.13±0.07 

(0.74) (0 .60) (0.33) ( 0.42) 

30" Right +0.14±0.10 ..,0.18±0.07 +0.11±0.10 -0.18±0.07 

(0.63) (0. 76) (0.43) (0.29) 

a. The quantities in parenthesis are the P(x 2 ) explained in th~ text. 

however, that method 1 is probably the most reliable method of compu-
. . . 

tation; i.e. , that the asymmetries from the individual runs had a more 

nearly random distribution about the average than did the rates. This 

is reasonable in view of the care taken to insure uniform gains and 

biases of the neutron detectors by frequent use of the Co6° check 

(Section III. B. 3). No correspondingly accurate procedure was used to 
. . 

maintain a constant efficiency for the beam"-inonitoring system. The 

a?ymmetries arrived at by method 1 were used for the determination 

of the polarizations. 

The measured asymmetries obtained from the full-minus-empty 

accepted, full-minus -empty rejected, and total empty data rates for 

e2 = 125 deg and 7 5 deg and e~ ~ 30 deg left and right as computed by 

method 1 'are presented in Table III.' it should be noted that the rejected 
' . 

and empty data Em(8
2

) are all consistent with z·ero, whereas the ac

cepted results definitely are not. 

!twas showninSectionllthat E:(e 2)=P 1(e 1)X (?2(e 2)) X l(cos:cp)l. 

Therefore,· as e
1 

= e~ goes from 8,~ leftto e; right, P1(8 1) and hence 
' . -+- . _. 

E( e
2

) will change sign ·because k. X k changes 
1 s 

is shown in a later section that ( P 2 .(75 de g)) 

sign. Furthermore, ,it 

is opposite in sign (-) 



::-... 

e: 
30 deg 
left 

30 deg 
right 

" 
., 

Table III. Measured asymmetries, E • 
m 

Accepted data 
(full-empty) 

125 deg 7 5 deg 

-0.18±0.09 +0.14±0.07 

+0.14±0.10 -0.18±0.07 

Rejected data 
(full.,-empty) 

ez._ 

125 deg 75 deg 

-0.04±0.09 0.00±0.13 

-0.01±0.12 +0.12±0.21 

Total empty data 

125 deg 75 deg 

-0.03±0.07 -0.01±0.10 

+0.07±0.09 +0.06±0.13 
I 

U1 ....,. 
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to P 2 (125 deg). Therefore, E(75 deg) and E(125 deg) should have op

posite signs. Both these types of sign behavior are clearly demon:..:. 

strated by the Em ( 8 2 ) computed from the. accepted data. This is not 

true of ;1J1'e·.empty- and rejected-data results. 
r ·, :~, ', '· 

',:. 

B. Analysis and Corrections 

1. Introduction 

It was shown in Section II that the E ( e
2

) are proportional to the 

product of the incident neutron polarization, p 1 (81), and the analyzing 

power of the LHe, P
2

(e
2

). This last quantity depends not only on e
2 

but also on the energy of the incident neutron, T.. For T.::::: 14 MeV, 
-1 1 

it is known that P
2

(e
2

)::::: +0.8 and -0.7 for e
2 

= 125 and 75 deg, respec-

tively [the data and methods used to obtain the P 2 (e
2 ) are described 

later]. However, owing to the finite size of the targets and counters, 

not all incident neutrons had T.::::: 14 MeV, and not all scatterings took 
1 

place with a e
2 

of either 125. or 75 deg. The quantity needed, then, is 

the effective an~lyzing power,· P
2

(e 2 ), which is the analyzing power 

appropriately averaged over the energy distribution of the incident 

neutrons and over the range of e2 available to a particular counter. 

The finite target and counter sizes also introduced the possibility 

of false asymmetries (Ef), i.e. , left-right asymmetries which did not 

depend on the state of polarization of the incident neutrons. The follow

ing illustration will help visualize how these asymmetries might come 

about. The neutrons incident on the LHe are distributed across the 

entire target. 
,,, 

For e··· = 30 deg left, rr-N kinematics show that the 
iT 

neutrons incident on the left side of the LHe flask will have a generally 

lower energy than those on the right. These lower-energy neutrons 
4 hs:v.e a larger n-He CJ T than do the others and therefore more scatter-

ings occur on the left side of the LHe target than on the right. Since 

the counters on the left have a higher solid angle for these "extra" 

events, there may be a positive left-right false asymmetry. The above 

discussion has ignored effects of variations in the (dcr /dr.l)'s, the counter 

detection efficiencies, etc.; it is meant only to demonstrate the plausi

bility of the existence of false asymmetries. 
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In the next section we present in detail the data and methods used 

to calculate the P 2 ( e 2 ) and E: f( e 2 ). In the ioilowing two sections ( 3 and 4) 

we will give the estimates and calculations of two other finite-geometry 

effects: the effects due to plural scattering of the neutrons in the LHe, 

and of scattering out of the horizontal plane 

Anticipating the results of these sections, it was found that some 

of the finite geometry corrections were individually significant. For 

example, the Ef(75 deg) was found to be about 1/3 as large as the 

Em(75 deg) and the (P2 (e2 )) were, typically, 15o/o lower than the corre

sponding P 2 (e 2) for center-to-center single scattering of ;::: 14-MeV 

neutrons. However, because of the cancellations, the combined effect 

of all the corrections on the averaged final result was insignificant. 

2. Effective Analyzing Powers and False Asymmetries 

To facilitate the calculation of these quantities, a second IBM 7094 

Fortran program known as HEPOLE was developed. HEPOLE took as 

input the distribution in angle of the incident neutrons at various posi

tions in the LHe, geometrical factors (distances and angles), kinematics 

relating energy and angles, a set of n-He 
4 

scattering phase shifts given 

as a function of energy, and cu:rlves of the efficiencies of the LHe and 

neutron counters. It.thenaveraged (do-/dQ) 2 and [(do-/dQ) 2 XP 2 (e 2 )] for 

the events in each counter by integrating over the incident neutron distri

bution, position in the LHe, and position in the neutron counter. The 

energy dependence of these quantities was accounted for through the 
4 

energy dependence of the n-He phase shifts, and their angular depen-

dence was obtained from the partial-wave expansion that relates them to 

these phase shifts. The E:f(e 2 ) and P 2 (e 2) were then obtained directly 

from these averaged quantities.. Before presenting the details of the 

calculation, we give a more complete description of the various input 

data. 

The distribution in angle of the incident neutrons was obtained 

from hand calculations that required a knowledge of the shape of the 

(do-/ dQ) 1 for charge -exchange s catteri~g, and of the horizontal distri

bution of the 1T- incident on the LH
2

, N1T(y1 ). The first was obtained 
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from the existing measurements of this cross sec,tion, 16 • 23 and the 

second .from the profile measurements described above in Section 

III. A. 2. 'T}l:e equation solved was 

where 681 = e1c- ~1' eic =central scattering angle (e. g. e~' = 30"}, 

~nd e 1 =actual scattering angle; y = a coordinate in the LHe along an 

axis perpendicular to the 68 i = 0 line; y' = a coordinate in the LH
2 

along an axis perpendicular to the incident TT beam, and w' · a coordi

nate along an axis parallel; t
1 

=thickness of LH
2 

traversed by the TT 

beam; and c
1 

= some normalizationfactor. 

For our target geometries, oe
1 

(lab} ranged from about -5.7 to 

+5. 7 de g. With the LHe polarimeter centered about e':' = 30 deg, this 
, . . TT 

spread in oe 1 resulted in a spread in the incident energies, Ti' of 

between about 5 and 23 MeV. Therefore, in order to calculate the 

average (dcr/cll1) 2 and [(dcr/d!J)
2 

XP
2 

(e
2
)], HEPOLE required a knowl

edge of the n-He 
4 

scatter'ing phase shifts over the energy range of 5 to 

23 MeV. 

The most widely used set of n-He 
4 

phase shifts applicable to 

scattering in this energy range is a set published by Seagrave. 
22 

This 

set, given for 0 to 20 MeV, is an SPD set with some uncertainty about 
4 

the Ds{LzJ) phase shift for Ti > 15 MeV. Many measurements of n-He 

angular distributions made in this energy region have been found to be 

in good agreement with this set. 25 

Measurements of the asymmetries in the scattering of polarized 

neutrons by He 
4 

have been obtained by May, Walter, and Barschall at 

2, 6, 10, 16.4, · and 23.7 MeV. 26 These data are quite sensitive to D -wave 

effects. We have taken the phase-shift set mentioned above, extrapolated 

the o's to 24 MeV, and empirically adjusted the D-wave 8' s to provide 

reasonable fits to these polarization data. These fits are shown in 

Fig. 14 for T i = 6, 10, 16. 4, and 23.7 MeV. The absCissas are in center- • 

of-mass angles; t6 compare with our counter 'geome'tries, 

e2 = 125 deg -+ e~ ~ 137 deg and e2 = 7 5 deg .__;.. e~ ::::: 90 de g. 
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6 MeV 

+ Wisconsin, reference 26 

-Phase-shift solution 

-1.00,__ ___ ....__ ___ _..__--.-_----1. ____ ,_____, 
40 80 120 160 

Neutron scattering angle (c.m. in deg) 

MU.J4100 

Fig. 14. (a) Polarization in n-He 4 scattering at incident neutron 
energy (lab) of 6.0 MeV. The points are from the measure
ments by May, Walter, and Barschall. The curve is derived 
from the set of phase shifts used to calculate the effective 
analyzing power of the LHe polarimeter. 
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l.o;::;~:;, .. 
i 

' 0.8 

0.6 

0.4 

10 MeV 

+ Wisconsin, reference 26 

-.-Phase-shift solution 

40 80 120 
Neutron scattering angle (c.m. in deg) 

160 

MU.J4101 

Fig. 14. (b) [As Fig. 14. (a) but for 10.0 MeV.] 

·' 
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1.0.-----.....----~----...------"""T""---. 

0.8 16,4 MeV 

+ Wisconsin, reference 26 

--Phase-shift solution 

-I. 0 '------~----.......&----...&.------'--.......& 
0 40 80 120 160 

Neutron scattering angle (c.m. in deg) 
< 

MU-34102 

Fig. 14. (c) [As Fig. 14. (a) but for 16.4 MeV.] 
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1.0 

23.7MeV 

+ Wisconsin, reference 26 (d) 

--Phose- shift solution 

0.4 

0.2 
~ 

N 
CJ:) 
~ 0 

N 
0.. 

-0.2 

-0.4 

-0.6 

. -0.8 

-1.0 
0 40 80 120 160 

Neutron scattering angle (c.m. in deg) 

MU.34103 

Fig. 14.(d) [As Fig. 14.(a) butfor 23.7 MeV.] 
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The adjusted phase-shift solution is seen to be in excellent agree

ment with the data except for those at 23.7 MeV. May, Walter, and 

Barschall also found the 23.7 -MeV data to be in poor agreement with a 

similarly extrapolated low-energy phase-shift set. 
26 

As they point out, 

this is not unexpected. The threshold. for the inelastic reaction He 4 (n, d) T 

occurs at 22 MeV, and the 3/2+ level in He 
5 

occurs just above this 

threshold. It is well known that the existence of inelastic channels has 

an effect on elastic scatterings just below and above the threshold for 

these channels. It is not to be expected, then, that the elastic phase 

shifts obtained at low energies should be made to work at energies above 

the inelastic thresholds simply by using a smooth extrapolation. In 

other words, the presence of inelastic channels is· accounted for by the 

use of complex phase shifts; the us.e of the extrapolated real parts of 

the phase shifts alone is therefore not expected to provide a complete • 

description above the inelastic thresholds. These difficulties have no 

serious consequences for our analysis, since 23 MeV represents, after 

all, only the highest neutron energy possible. Calculations based on the 

Nn(6e 1 , y) mentioned above show that less than So/o of the neutrons inter

acting in the LHe had energies greater than 21 MeV. The energy

dependent phase-shift solution used to generate the curves shown in 

Fig .. 14 is the one used by HEPOLE to calculate the appropriate 

(dcr /dr2) 2 and [(dcr /dr2)
2 

XP
2

(e 2 )]. 

The efficiencies of the neutron counters, nn(Tf), were obtained 

from Monte Carlo type calculations, performed by Batchelor et al., of 

the response of similar scintillators to neutrons between 0 and 

15 MeV. 
27 

The efficiency of the LHe counter, r) (T ), was estimated 
a a 

from measurements of the resolution of the pulse -height spectra pro-

duced in the LHe by Am 241 a's. This estimate was based on the follow

ing general considerations. 

Suppose that the resolution of the pulse -height spectra is entirely 

accounted for by statistical fluctuations in the number of photoelectrons; 

i.e., that the gain of the PMT is constant, and that their fluctuations 
X -

are described by the Poisson distribution, P = ~ e m, where 
, X X, 

x = number of photoelectrons and m =average number of photoelectrons. 
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For large values of m, this distribution may be approximated by the 

normal distribution with 0" 
2 

= m; i. e. , P(x) = (2rrm) -
1

/
2 

exp[ -(x-m) 
2
/2m]. 

From the definition of resolution, R, we require that 
2 I x:l = R when 

P(x) = 1/2 P(m). This, in turn, requires that m = 5. 54 R -2. Knowing 

now the average number of photoelectrons produced by an a. from the 
241 Am source, ms, and assuming that 

(

T )x exp( -(T /T )m ] 
p (T ) = ~ m a. s s 

X a. T s I 
S X. 

mcx:=T a.' we may write 

where T and rn are known. If we now assume that any event with 
s s 

x > 0 will be detected, then the efficiency is simply 

~a(Ta) = [1-P0 (Ta)] = [1- :a m
8 

exp [-(T/T
8

) m
8
]l 

s 

Actually, as was stated in Section III. B. 3, the pulse -height spectra 

produced by the source depended strongly on the axial position, Z. 

Therefore we had to determine m (Z) and then 
s 

P (T ) = J P
0 

(T , Z)dZ. 
0 a. a. 

Having been given the above information, HEPOLE then calculated 

the number of scattered neutrons incident on one of the K-neutron 

counters by solving the integral equation 

X T ( <]? ) d ( 6 8 1) dxd yd w' 

where Ti is obtained from 68 1 through rr-N kinematics; 8 =total 

neutron scattering angle = <j> + 681; <]? = 82c + 682' 82c =center -to -center 

SCattering angle (e. g. 8 2 C = 125 deg), 68 2 = 68 2 (x, y, w); X= a horizontal 

coordinate in counter K on an axis through the center of the counter 

perpendicular to a line joining the centers of the LHe and the counter; 

T and Tf are obtained from T. and 8 a. . 1 

w =a coordinate in the LHe on an axis parallel to the 68 1 = 0 line; 

through n-He 
4 

kinematics; 

T(<l?) = effective thickness of the neutron counter; and c
2 

=some normal-

ization factor. 
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It also solved thi'gA~ir-t~gral for an inte.grand containing allthe above 

terms·multiplied'.:~y~·;:~1? 2 (Ti' 8); i.e., it solved for NnKXP
2
K 

F~o~ the ·;:e~~:D::tts for the two counte.rs(L and R) at a given e
2

c' 

the desired quantiti~s were obtained from the relations 

N L + N R 
n n 

N L- N R 
and 

n n 

N L + N R 
n n 

where e
2 

is now understood to be the central scattering angle. These 

quantities are pre sen ted in Table IV. 

Table IV. Calculated false asymmetries, 

effective analyzing powers, ( p 2( e2)) 

30 deg left 

30 deg right 

I False asymmetry, Ef 

.·I 
'1 

125 deg 

+0. 019 

-0. 019 

75 deg 

+0. 055 

-0.055 

a. Uncorrected for plural scattering 

e . 
2 

125 deg 

+0. 76 

. +0. 76 

Ef' and· 
a 

75 deg 

-0.67 

-0.67 

The total effeCt of the averaging processes on the P
2

(e
2

) is com

. pletely negligible, since the phas~-shift solution predicts, for center-

. to-center scatterings, P 2 (e 2 ) of +0.77 and -0.67 for e2 = 125 deg and 

75 deg respectively. The only result of any significance here is 

1Ef(75 deg) I =0.055, which is to be compared with the rneasured'value 

·('rable'ut) of IE (75 deg} i=0.16±0.05. The relationship between the . m 
true asymmetry, E:(e

2
), and Em(e

2
) and Ef(e 2 ) :is derived in the Appendix. 

l 
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3. Plural Scattering 

A rigorous calculation of the effect on the Ef(e2 ) and (P
2

((i
2

)) 

due to neutrons that underwent plural.scattering in the LHe would be a 

formidable task indeed; perhaps approachable only through a Monte 

Carlo type of calculation. Considering the large percentage errors 

('from counting statistics) on the Em(e 2) of, typically, 30%, it was felt 

that such a calculation was uncalled for and that the errors on an esti

mate made from reasonable assumptions would be well within these· 

statistical errors. Our estimate indicated that plural scattering would 

have no effect on the Ef(e 2), but that the I ~2(e 2 )) I should be reduced 

by about 1-0o/o. The procedures and assumptions used to make this 

estimate are presented in the remainder of this section. 

Let N =the number of neutrons incident on the LHe, p =probability 

that one of these N will scatter, N( 1 ) =number of neutrons detected in 

counter K which underwent single scattering and N( 2 ) number that 

underwent plural, and Nk =total number of neutrons detected by counter 

K. 

We will write Nk(
1

) = (pN)Xfk( 1)X(1 -pk( 1 ~= (number of neutrons 

interacting in the LHe) X (fraction of these directed toward counter K) 

X (probability that these will not undergo a second interaction). Simi

larly Nk( 2) =pN(1-fk( 1 )) X p
2

Xfk( 2 ) =(number of interacting neutrons 

not originally directed toward K) X (probability that these will undergo 

a second scattering) X (fraction of these that will now be directed toward 
- 1. 2_ [ (1) (1) (2) (2) 1].- . 

K). Then Nk- Nk + Nk - pN fk (1-pk ) + pk fk (1 -fk ) =pNkFk. 

The calculated (P
2
K) (Section IV. B. 2.) correspond to the assump

tions of single scattering, and we write them as (P 2
1 ) (dropping the 

index, K). The actual (_P
2

) is related to these by the equation 

(P2) = 
N 1 < p 21) + N2 < p 2 2) 

where (P
2 

( 2)) is the average P
2 

corresponding to plural-scattered 

neutrons. The first assumption of our estimate is that < P 
2 

(2 )) = 0, 

i.e. , that, on the average, neutrons detected after undergoing plural 

scattering will show no left-right assymmetries due to polarization. 
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This assumption implies 

Knowing the average energies and thickness of LHe, one can 

obtain p 1 and p 2 quite simply (they are:::::: 0.1). ·The quantities fK(i) 

are available from the HEPOLE calculations (they fre :::::: 0.002). The 

only. real unkn()wns .are the £(
2). The second assumption of our estimate 

is that fK( 2 ) = fK(i) .. With this as.sumption we found (P 2 (82~ .::::::o.9(P 2(i)(e2~ 
for bo~h 82 = 1? 5 deg and 7 5 de g.. To estimate the error involved, sup

pose. that there is a 50% error in each of the quantities p(i), p( 2 ), and 

f( i) /f( 2). Thi~ results in about an 8% error in the fa~tor; L e., for the 

as sumpti~n of .all 50% errors, (P 2 ( 82)) :::::: ( 0. 9 ± 0. 07)X {~ 2 (i) (8 2 )) . 

The Ef (82) calc11lated by HEPOLE, which we will now designate 

as (8
2

), corr~sponded to (fL(i) -fR(i))/(fL(i)+ fR). The actual 

Ef =(F L- FR)/(li'L + F R). Performing the indicated algebra, again with 

the assumption fK( 2 ) = £K(1) = fK' and also noting P:K_(2):::::: pJ 1), we 

find 

E ·= 
f 

fL(1-PL fL) - fR (1-PR fR) 

£L(1-PL fL) + fR (1-PR fR) 

Now, typically pf:::::: 2X10- 4 , therefore to a good approximation 

E = 

i.e., plural scattering produces no net effect as the false asymmetry. 

The HEPOLE results corrected for plural scattering are presented 

in Table V. 
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Table V. Calculated false asymmetries, Ef' and 

· ..• · .. effeCtive analy:zing powers, ( P
2
(e

2
)). 

False asymmetry, Ef (P2(e2)) 

e2 
-·-.,, 

125 deg err 75 deg 125 deg 75 deg 

30 deg left +0.019 +0. 055 +0.68 -0.60 

30 deg right -0.019 -0.055 +0 .. 68 -0.60 

4.. Vertical Scattering 

An additional finite geometry effect is introduced by the presence 

of the ve.rtical dimension. This effect is accouhted for by the calcula

tion of the quantity I (cos <j>) I , where <j> is the angle between the two 

successive scattering planes; i.e., 

Let N(<j>) be the distribution in <j> of the neutrons detected by one 

of the counters. Assume that the LHe target is uniformly illuminated 

in the vertical direction by a parallel beam of neutrons. 

Then, 

(cos <1>) 
= I IN (<j>) coscj>dZdZ 

1 

I IN (<j>) dZdZ
1 

where Z and Z 1 are the vertical coordinates in the LHe and the neutron 

counter. Now, N(<j>) will be proportional to T/r
2

, where T =thickness 

of the neutron counter traversed by a neutron incident at angle <j> and 
2 

r = distance traveled by that neutron (i. e. , the solid angle is ex: 1/ r ). 

From the geometry, we see that T ex: sec <j> and rex: sec <j>, so that 

N(<j>) ex: cos <j>. Therefore, 

~os<J>) = I I cos 
2 

<j>dZdZ 
1 

I I cos<j>dZdZ 
1 

Performing the indicated integration over the dimensions of the 

LHe flask and the neutron counter, we find that I (cos <J>) I :::::: 0. 9. 
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C. Final Results 

The final result~:,f~r P 1 (6J 1 ) are now computed from the Em(e 2 ) 

given in Table III, th~,:"~¢''(92 ) and P
2

(e
2

) given in Table V, and the value 

of I (cos<\>) I given in the preceding section py the equation 
E ( e2) 

P1(e1) =Pl(e~)X I coscpl 

where IE(6J
2

) 1 =· 
Em(e2) - Ele2) 

1 - Em ( 6J 2) E f( 6J2 ) 
(see the Appendix). 

These results are presented in Table VI. For comparison, the r~jected 
' ' ' 

arid empty data have been subjected to a parallel analysi-s; the "polar-

izations" of these data are inconsistent in sign, and yield averages 

clearly consistent with zero. The accepted data polarizations, however, 

are consistent in sign, are all individually nonzero; show a reasonable,) 

statistical spread, and average to a result which is 3. 5 CJ from z~ro . 

. The error on the final result contains the following contributions. 

Assume that the P 2 (e
2

) calculated by HEPOLE have a 10o/o error (see 

Fig. 14) and that the plural scattering factor has an 8o/o error (see 

Section IV. B. 3); ·then the fractional errors on the P
2

(e. 2) are about 

0.13. Because it enters as a difference, a fractional error of 0.1 in 

..the Ef(e 2 ) is negligible. Assume the fractional error on I (cbs <j>) I to 

be 0.06; i.e. (coscp) I = 0.9±0.05. The fractional statistical error 

on P 
1 

( 6J 1 ) is 0.27. Taking the square root of the sum of the quadratures 

of the above errors, we find the final result has a fractional error of 

about 0. 3; i.e. , +0. 24 ± 0. 07. It is seen that this error is completely 

dominated by the counting statistics,. 

L 
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30 deg left 

30 deg right 

Averages 

Accepted data 
(full-empty) 

125 deg 75 deg 

+0.31 ± 0.15 +0.17±0.13 

+0.25 ± 0.16 +0.25 ± 0.13 

+0.28 ± 0.11 +0.21± 0.09 

+0.24±0.07 

Table VI. P 1 (e 1). 

Rejected data 
(full-empty) 

e2 

125 deg 75 deg 

+0.08±0.15 -0.09 ± 0.25 

+0.01 ± 0.20 -0.31 ±0.39 

+0.06±0.12 -0.16 ± 0.21 

.+0.01.±0.10 

-._ 

Total empty data 

125 deg 75 deg 

+0.07±0.12 -0.07±0.18 

_+0.1.5±0.15 -0.21 ± 0.24 

+0.10±0.09 -0.12±0.14 

I 

t +0.04±0.08 "' w 
I 
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PHASE SHIFT ANALYSIS 

A. M~thod 

In Section I:i~:_i~\Vas shown how the quantities g and h, defined 
--'>' 

by the equation foi" th-e scattering matrix M = g(B) + i h(B) (J' n, were 

related to the differential cross section and polarization. These quan

tities are related in turn to the phase shifts vip. the partial-wave ex

pansion for the non-spin-flip scattering amplitude (g) and the s~in-flip 

scattering amplitude (h) for the scattering of a spin-0 and a spin-1/2 

particle. The results of these. expansions are 

and 

where 

g(B) 
1 

= k 

L=L max 
1 

h(8) = k L [f~ - f~] p~ (cos e), 
L=O 

± 
exp(2i 6L) -1 

f~ = 2i '-

± . 
6L = phase shift for orbital angular momentum state L, and total 

angular momentum state J = L± 1/2; PL(cos B) = Legendre polynomial; 
I 

and PL(cos B) = associated Legendre polynomial defined by 

I d 
P L ( cos e) = sin e d ( c 

0 8 e) P L (cos e) . 

These amplitudes refer to a particular state of isotopic spin which we 

will now designate by a superscript 3 for the I= 3/2 state and 1 for the 

I= 1/2 state. -The reaction -rr+ +p- -rr+ +p occurs in a pure state of 

I= 3/2, so the amplitudes for this reaction are g++(8) = g
3

(B) and 

h++(e) = h
3

(e). The::rr-.. -p systernis a;stati:stical :rriixture o£1=3/2, 1:;:1/2 and 

it can be shown from a knowledge of the appropriate Clebsch-Gordan 

coefficients that 
- . - - 1 3' - 1 

for the reaction -rr +p __,. -rr +p, g (B)= -[g (8)+2 g (B)]. 
-- 3 -
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- 0 f2 3 1 
and for 1T +p-1T +n, g_o(e) =-./}- [g (e)- g (e)], 

with similar equations for h __ (e) and h_
0

(e). 

The 6L± referred to above contains t.he effects of both Coulomb. 

and nuclear scattering, and the nuclear part may, in addition, be com

plex (owing to the presence of inelastic channels). In the remainder of 

this report, the term "phase shift" will refer to the real part of the 

nuclear phase shift only. 

The phase -shift analysis consisted of essentially the following 

procedure. An IBM 7094 was fed an initial or starting set of 6L±( 3 ) 

and 6L±( 1 ), and a set of experimental points Q ± t:.Q . These 
exp exp 

Q were measurements of the DCS, or P(e) at various values of e in exp · -
each of the three reactions as well as the u T" The computer then cal-

culated a corresponding set of Q 
1 

by means of the above equations. 
ca c 

It then varied all the phase shifts until it had minimized the quantity 

M " Itca~~e~xp r 
The computer program used to do this is known as PIPANAL 1CF4. 

The reader is referred to the article by Vik and Rugge for a more 

complete coverage of the above material, as well as a thorough descrip

tion of PIPANAL 1CF4 and the Coulomb scattering corrections. 15 

B. SPD Analysis 

A phase -shift analysis of all the 310 -MeV data, including the 

P 1 (30 deg) reported above, was performed with the assumption that 

L = 2 (i.e., an SPD analysis). The starting sets of 6's used for max 
this analysis were the same ones that gave rise to the four SPD solutions 

arrived at by Vik and Rugge and presented by them in Table IX of their 
15 paper. 

The introduction of the polarization data into the analysis produced 

signl.ficant changes in the M values (i.e. , X 2 ) of the four solutions. 

These changes are presented in Table VII. The only statistically ac

ceptable solution remaining is solution 2, which is given in Table VIII. 



Talbe VII. 

Solution 

1 

2 

3 

4 

'· . 
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M values of the SPD solutions given in 

Table IX of reference 15. 

Previous resultsa 

M = 47c 
exp 

52.4 

61.3 

57.8 

52.1 

P . 1 . b resent ana ys1s 

M =52 
exp 

99.3 

62.9 

128.5 

476.8' 

+ a. Solutions to Tr p elastic DCS, CJ T' and polarization data and to 

Tr- p elastic DCS and CJ T data. 

b. Solutions to previously included data a plus Tr-p elastic (reference 14) 

and charge .::exchange polarization data. 

c. M means number of degrees of freedom (number of points to be 
exp 

fitted minus the number of parameters in the fit). 

+ -Table VIII. SPD solution to Tr p and Tr p elastic DCS, _ct T' and 

polarization d?-ta, and to Tr-p charge -exchange poLarization data 

M 

(Mexp=5:3) 8 3,1 P3,1 p3,3 D3,3 D3,5 s1,1 p1,1 p1,3 D1,3 D1,5 

62.9 -18.2 -4.4 135.1 1.9 --4.1 -7.8 25.5 7.5 3.1 -0.5 

The previous phase -shift analysis· of Vik and Rugge incorporated 

data on the TI-p charge-exchange DCS at 317 MeV. These data were in 

the form of Legendre coefficients deduced by Caris et al. from a meas

urement of the angular distribut~on of 'I rays produced in Tr-p scattering.
16 

To provide a comparison with the earlier analysis we present in Fig. 15 

a prediction of the Tr-p charge -exchange DCS based on the SPD solution 

given in Table VIII as well as the "best fit" to the measured values of 
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--• --Zinov and Korenchenko, 
reference 2 3 

·····•·· ··· Caris et al., 
reference 16 

...... ·· 

Pion scattering angle (c.m. in deg) 

.. 

MU-34033 

Fig. 15. Comparison of the 310_;MeV 1T--p charge-exchange 
DCS as predicted by the SPD solution of Table VIII and 
as obtained from y-ray distributions at 317 MeV by 
Caris et al., and 307 MeV by Zinov and Korenchenko. 



-68-

C · 1 16 Al h' . F. 15 h 1 f 1 ar1s et a . so s own 1n 1g. are t e resu ts o an ear ier 

measurement by Zinov and Korenchenko who, like Caris et al., deduced 

their resul~t'\f::fom y-ray distributions but at an incident IT- energy of 
: :< 

307 MeV. ·the points shown are not data points; they are calculated 

from the e,rrors quoted for the Legendre coefficients. The SPD solution 

is not in good agreement with the measurements~ . 
If the Legendre coefficients of Caris et aL are included in the 

analysis, as was done by Vik and .Rugge, the M value of the SPD solu

tion increases from 62.9 to 1-23.7. We are then led to the conclusion 

that, if these coefficients are included, none of the SPD solutions 

arrived at by Vik and Rugge is an adequate fit to all the data. 

C. SPDF Analysis 

The analysis was extended to include orbital-angular-momentum 

status of L = 3. The starting sets of o' s used for this analysis were 

the same ones as gave rise to the five SPDF solutions arrived at by 

Vik and Rugge and presented in Table XI of their paper. 
15 

The inclusion of our P 
1 

(30 deg) point in the analysis produced 

significant changes in Solut.ions I and II of that table. Solution I became 

a Fermi II type in the I= 3/2 set (i. e. , n 3 3 
-D3 5 

< 0) and many of the 
' ' 

other phase shifts changed in both sign and magnitude. Solution II 

degenerated into Solution IV. The other solutions were hardly affected. 

These changes are all presented in Table IX. 

·The values of IT- -p charge-exchange polarization, P 
1 

(8 1), as 

calculated from these four SPDF solutions, are given in Fig. 16. It is 

seen that solutions A, B, and D are in agreement with our measured 

value of P 
1 

(30 deg), with a slight preference for solution B, but that 

sblution C is a very unlikely fit. 

Following the treatment of the SPD analysis, we present in 

F_ig. 17 a comparison of the . IT- -p charge -exchange DCS as predicted 

by these solutions with the .measured values of Caris et al. , 
16 

and 

Zinov and ·Korencheilko. 23 It is seen that none of these solutions is 1n 

good agreement with the measurements. 



.. 

Table IX. SPDF solutions to ,/p and ."-P elastic DCS, cr, and polarization data and to TI-p charge-exchange polarization data. 

M Startedb 
(M =48a) from 

5 3,1 P3,1 p3,3 0 3,3 0 3,5 F3,5 F3,7 5 1,1 p 1,1 P1,3 0 1,3 0 1,5 F1,5 F 1, 7 
exp 
--- --- --- --- --- --- --- --- --- --- --- --- --

A 42.4 III -16.2 -1.5 135.1 3.9 -5.6 0.6 -1.1 0.5 28.0 7.1 -0.03 -1.9 -2.6 -0.6 

B 48.6 II or IV -18.4 -4.5 134.4 2.1 -4.2 0.3 -0.1 10.8 21.0 -1.1 5,6 5.1 1.8 0.6 

c 57.9 I -21.0 -10.8 136.2 -2.5 0.2 -1.4 2.6 0.2 0.9 5.8 -1.9 15.5 0.7 1.4 

D 46.9 v -35.4 -16.0 151.3 -11.4 13.0 -1.1 -1.8 -13.1 3.5 19.7 -0.6 -2.2 2.6 0.9 
I 
0' 

a. Mexp = number of degrees of freedom. -.o 
I 

b. Starting sets used were those which gave rise to solutions I-V given in Table XI of reference 15. 
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Fig. 16. Recoil neutron polarization in rr- -p charge
exchange scattering at 310-MeV solutions of Table IX. 
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--•-- Zinov and Korenchenko, , 
reference 23 

····A-··· Caris et al., 

A---+-'~ 

8------'~" 

c---~~ 

40 80 

reference 16 

······-· 
120 

Pion scattering angle (c.m. in deg) 

160 

MU-34105 

Fig. 17. Comparison of the 310-MeV rr- -p charge-exchange 
DCS. as predicted by the SPDF solutions of Table IX and 
as obtained from y-ray distributions at317 MeV by 
Caris et al., and at 307 MeV by Zinov and Korenchenko. 
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The introduction of the five Legendre coefficients of Caris et al. 

into the analysis caused the four solutions ·given in Table IX to evolve 

into the four so~,~tions given in Table X. 

It is clea'f~;fitom an inspection of Fig. 17 and from its enormous 

M value in Ta:ble .·j{ that solution D may be eliminated from considera

tion. The remaining three solutions require some caution in their 

evaluation. 

In Figs. 18, 19, and 20 are presented for each of these solutions 

a comparison of the calculated and measur~d values of the rr- -p charge

exchange DCS, rr- -p charge-exchange polarization, and rr- -p elastic 

polarization. 

It is seen 1n Fig. 18 that none of the solutions is a good overall fit 

to the results of Caris et al. ; B and C are reasonable fits at the b.ack

ward angles but deviate in the forward angles, while for solution A 

this situation is reversed. Considering the results of Zinov and 

Korenchenko, 
23 

we see that A is a reasonable overall fit while B and 

C deviate somewhat at forward angles. 

In Fig. 19 we see that solutions A and B are acceptable fits t6 our 

P 1 (30 de g), with a preference indicated for solution A. Solution C, 

however, is a very unlikely fit. 

An inspection of Fig. 20 shows that solution A is a good fit to the 

rr- -p elastic polarization data of Rugge and Vik. 
14 

Solution C seems to 

have the wrong shape in that it disagrees with the data point at 144 deg. 

Solution B appears to be an unlikely fit to these data. 

A comparison of Figs. 17 and 18 and Figs. 16 and 19 also show 

that when the rr- -p charge -exchange DCS coefficients were included in 

the analysis, solutions B and C predicted lower values for this DCS at 

forward angles and thus came into better agreement with the measure-. 

ments; but they did so only at the expense of becoming poorer fits to the 

polarization data (elastic as well as charge exchange). Solutions A, B, 

and C provide equally excellent fits to all the other types of data with the 

minor exception of the 1r- -p elastic, for which solution B predicts 

27.5mb whereas the measured value is 28.8±0.8 mb. All the above 

considerations lead us to the conclusion that the available data indicate· 

a preference for solution A. 



"' 

Table X. SPDF solutions to TI+p and TI-p elastic DCS, u and polarization data and to TI-p charge-exchange DCS and polarizationdata. 

M 

(M = 53a) 5 3 1 P3,1 P3,3 D3,3 D3,5 F3,5 F3,7 5 1,1 p 1,1 P1,3 D1 3 D1,5 F 1,5 F1,7 exp ' ' -- --- --- --- --- --
-16.0 -1.3 135.4 3.8 -5.7 0.6 -1.1 5.0 28.2 9.0 -0.3 -0.8 -3.2 -0.7 

A 73.2 
±1.4 ±1.3 ±0.9 ±0.7 ±0.5 ±0.4 ±0.3 ±1.2 ±1. 5 ±0.6 ± 0.9 ±0.8 ±0.3 ±0.5 

-20.9 -10.8 136.3 -2.3 0.3 -1.2 2.6 11.5 22.8 -2.9 6.0 1.3 1.8 -0.9 
B 71.5 

'±1.3 ±0.9 ±0.7 ±0.5 ±0.5 ±0.3 ±0.3 ±0.5 ±1.0 ±0.9 ±0.8 ±0.9 ±0.5 ±0.5 

I 

-20.3 -8.5 136.0 -0.9 -1.3 -0.7 1.7 -3.4. -1.7 6.0 -3.9 15.6 0.6 -0.1 -.I 
1..-l c 89.3 I 

±1.2 ±1.0 ±1.3 ±0.6 ±0.7 ±0.3 ±1.0 ±0.9 ±2.0 ±0.9 ±1.4 ±1.5 ±0.6 ±0.9 

-Db 290.6 -35.0 -15.5 151.7 -11.1 12.4 -1.0 1.7 -8.2 7.8 19.2 -0.4 1.3 2.8 2.3 

a. M = number of degrees of freedom. exp 
b. No error calculation was made for solution D. 
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Solutions 

\---8 
~--C 
~+---A 

of Table X 

-- •-- Zinov and Korenchenko, 
reference 23 

· · ·· ·•· · ··· Caris et al., 
reference 16 

o~-~~~-~-~---~-L--~-~~~ 

0 40 80 120 160 

Pion scattering angle (c.m. in deg) 

MU-34034 

Fig. 18. The DCS for 'IT- -p charge-exchange scattering near 
310 MeV. 
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MU-34035 

Fig. 19. Recoil neutron polarization in rr- -p charge -exchange 
scattering at 310-MeV solutions of Table X. 
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a:-
-0.2 

-0.4 

-0.6 

-0.8 

1.0 
0 40 80 120 160 

Pion scattering angle (c.m. in deg) 

MU-34036 

Fig. 20. Recoil proton polarization in -rr- -p elastic scattering 
at 310-MeV solutions of Table X. The data points are from 
Rugge and Vik. 
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These arguments may be made more quantitative by an examina

tion of Table XI, in which is presented for· each solution the contribution 

to the total M value (x 
2

) from each individual type of data. 

As indicated in the next to the last column of this table, none of 

the solutions would be considered a statistically acceptable fit' to the 

TT- -p charge -exchange DCS data of Caris et al. It should be pointed out, 

however, that this may be due to an underestimation of the size of the 

errors associated with this data. Evidence for this has been reported 

by Kurz, 28 who found that his measurements of the charge -exchange 

neutron angular distribution at 374 MeV differed significantly from the 

neutron distribution deduced by Caris et al. 
16 

from their measurements 

of they-ray distribution at 370 MeV. Kurz suggests that this difference 

may be because the '1-ray contamination produced by inelastic TT
0 1 s 

may not have been correctly accounted for at all angles. 

The net result of this uncertainty for our analysis is that the con

tributions to M from the fits to the five TT- -p charge -exchange coef

ficients must be considered unreliable. We are thus prevented from 

giving a precise quantitative statement about the goodness of fit of the 

various solutions. Our judgments must rely instead on direct com

parisons with the experimental data. 



Table XI. 

~Number of 
oints 

Solution: 

A 

B 

c 
D 

'oo.·' 

DCS 
--
28 

27.6 

23.6 

22.0 

44.1 

Contributions of the various types of data to the total M of the SPDF solutions listed in Tal)l\;::~:;f··.fjt{~;~;. 
~, , ~-';. ·c·.·:;~·.:.·.,..;~:·-;: .... , 

Type of data 

TT p TT+p rr"'p-+rr 0 n rr-p-+rr0 n 

Polarization (J DCS Polarization (J Polarization AL 
-- --- -- ---

4 1 23 4 1 1 Subtotal 5 Total 
(expeCted (expected 

= 48) =53) 

3.3 1.1 14.0 0.6 1.4 1.3 49.3 23.9 73.2 

10.9 2.6 16.4 1.2 0.0 5.5 60.2 11.3 71.5 I 
.....:1 

8.3 1.5 14.5 p.9 0.3 22.4 69 .. 9 19.4 89.3 00 
I 

17.3 1.5 18.5 6.9 3:8 2.2 94.3 196.3 290.6 
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VI. SUMMARY AND DISCUSSION 

A. Measurement 

We have seen that the measured value of rr- -p charge -exchange 
-·· 

polarization for Trr_ (lab)= 312 ± 5 MeV and at e;·- = ~0 deg is +0.24±0.07, 

- -+ where the + sign indicates a direction parallel to k. Xk . This 
1n out 

value of P 1 (30 de g) was obtained from independent measur~ments of the 

neutron left-right asymmetry, E
2

(8
2

), at 8
2 

= 125 deg and at 8
2 

= 75 deg 

in a second s_cattering from LHe. These measurements were made for 

both e;:' = 30 deg left and for e;:' = 30 deg right. The four values of 

E 2 (e 2 ) were individually nonzero, and all displayed the expected relative 

sign behavior (Table III). The four values of P 1 (30 deg) obtained from 

these E
2

(e
2 ) are in good statistical agreement with one another and 

average to the above result, which is 3. 5 CT from zero (Table VI). 

The techniques used for this measurement were generally sa tis

factory. However, in view of our difficulties in eliminating the back

ground by purely electronic means, several improvements would be in 

order for future experiments. The uniformity and resolution of the LHe 

. counter could probably be improved by proper variation of the DPS coat

ing thickness over the surfaces of the flask and by a better optical 

arrangement; e. g. , moving the PMT' s closer to the flask. Most of the 

'{-ray-induced background could probably be eliminated by the use of 

pulse -shape discrimination circuits in conjunction with liquid scintillator 

neutron detectors. As we have seen, however, some of the background 

is probably neutron-induced. These events would still probably require 

a kinematical correlation for their elimination; a two-dimensional data

storage system would then be very helpful, as it.would eliminate the use 

of film and the time- consuming scanning process. 

B. Phase -Shift Analysis 

The inclusion of the above value of P
1 

(30 deg) into the phase-shift 

analysis of the 310-MeV data resulted in one statistically acceptable 

SPD solution (Table VIII) and four statistically acceptable SPDF solu

tions (Table IX). The subsequent introduction of the rr- -p charge

exchange DCS Legendre coefficients of Caris et al. 16 eliminated the 
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SPD solution and one of the SPDF solutions. One of the remaining 

SPDF solutions (solution C, Table X) is considered to be unlikely on 

the basis of its fit to our value of P 
1 

(30 de g). The two remaining solu

tions, A and B of Table X, are a Fermi I-P 1 , 1 and a Fermi II-P 1 , 1 
type, respect:t~?i~,Y· and both have positive s 1 , 1 phase shifts. The data 

at 310 MeV, :k\.\~;p:;~:rticular the 'IT- -p polarization data, indicate a pref-
v • •••• ,c 

erence for so'iJd6n A. 

The unc.erlainty about the errors on the Legendre coefficients for 

the ·'IT- -p charge -e~change DCS r~nders us unable to make a reliable 

quantitative statement about the goodness of fit of solutions A, B, and C. 

This situatioh should be remedied in the near future, as researchers 

from the Moyer-Helmholz group at Berkeley have measured the neutron 

angular distribution in 'IT- -p charge -exchange scattering at about 313 

MeV. 29 The data from this experiment are not yet available; as soon 

as they are they will be incorporated in the analysis and a meaningful 

statistical conclusion should be forthcoming. 

In all of the above we have neglected the effect of inelastic scat

tering. The reason for this is that the analysis by Vik and Rugge showed 

that the introduction of a total 'IT- -p inelastic cross section of 

CJ I= 0. 9 ± 0. 2 rnb produced no significant changes in the individual phase 

shifts. 
15 

The inelastic effects may, however, slightly alter the overall 

statistical goodness -of-fit conclusions. These effects· will therefore be 

included at the time the new 'IT- -p charge -exchange DCS become avail

able. 

C. Comparison with Theory· 

The various theoretical predictiohs or statements available which 

might help in our judgment of the solutions fall generally into two cate

gories- -fixed momentum-transfer dispersion-relation calculations and 

partial-wave amplitude dispersion- relation calculations (PWDR). Pre

dictions are available from two special cases of the first category of 

calculations- -forward s~attering dispersion· relations (FDR) employing 

integrals over experimental total eros s sections, and calc1J.lation em

ploying integrals over sums of partial-wave cross section of the type 
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30 
performed by Chew, Goldberger, Low, and Nambu (CGLN). The 

FDR calculations rest on the general principles of unitarity and causal-

ity, while the CGLN type calculations employ models that specify 

which resonances dominate or contribute to the dispersion integrals . 

Many authors 'have used FDR to calculate the real part of the 

forward s(cattering amplitudes for 1T+ -p and 1T- -p elastic scattering. 

Curves of these amplitudes for O.to 400 MeV as calculat~d by the various 

authors as well as a list of references may be found in a recent review 

article by McKinley. 
31 

The differences between the calculations are 

due to different choices of experimental data or of the value of the 1T -N 

coupling constant or scattering lengths, or both. At 310 MeV the calcu

lated values of Re g++(O) (D+b(O)) range between -0.67 ahd -0.69 (in 

units of ts/i1/m1Tc). The values of Re g _ _( 0) ra~ge between -0.05 (from 

the calculation by Spearman) to -0.10 (from the calculation by Puppi 

and Stanghellini). The phase shifts of solution A (Table X) yield 

Re g++A(O) = -0.69 ± 0.01, and of solution B yield Re g~+B(O) = -0.67 ± 0.01; 

both solutions are in excellent agreement with the calculated values for 
+ the 1T -p system. For the 1T- -p system, however, the phase-shift solu-

tions yield Re g __ A(O) = -0.06±0.03, in good agreement with calculation, 

but Re g __ B(O) = +0.01 ± 0 .. 02.,', in poor agreement with calculation. We 

see, therefore, that the FDR calculations indicate a preference for 

solution A. 

Hamilton and Woolcock have reported predictions of relations 

between the real parts of the various S-and P-wave amplitudes for 

TI-N scattering up to about 350 MeV. 
32 

These predictions are based 

on 11 improved11 CGLN -type calculations. The quantities p,redicted are 

Re (s
1 - s 3

), which in terms of our phase-shift notation is equal to 

ik-
1 

(sin 2S 1 , 1 - sin 2S
3 , 1), Re(p 11 -p31 ) 

= ..!._ k-
3 

(sin2P
11

- sin2P
3 1

), and Re(p
33 

-p
13

) = .!._k- 3 (sin2P
3

,
3
--sin2P

1
,·
3

), 
2 ' ' 2 

where k is expressed in units of m1T. A comparison of these calculated 

values with the experimental values obtained from solutions A and B is 

presented in. Table XII. We see that the predicted value of Re(s 1 -s 3 ) 
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is in gobd agreement with solution B; it is worth noting, however, that 

"a prediction of this quantity based on similar calculations by Finn is in 

agr'eement with solution A (see Fig. 12 of Hamilton and Woolcock. 
32

). 

The predicted .value of Re(p 
11 

-p
31

) is in complete disagreement with 

the measureci'KA~f:u.es, while the predicted value of Re(p
33 

-p 
13

) lies 

midway betwe~·A·lhe values obtained from solutions A and B. We find 

then that 

(a) These "improved" CGLN type calculations are of no help in choosing 

between solution A and B; 

(b) We are in disagree~ent with Hamilton and Woolcock, who concluded 

that their calculations of the isotopic spin flip amplitudes, ( -), were in 
. . . 3 

agreement with measurement up to.about 300 MeV. 

With regard to (b) it must be pointed out that Hamilton and 

. Woolcock based their comparison on I= 3/2 phase shifts obtained from 

the SPDF Fermi I solution of Foote et al. at 310 MeV, 
13 

while the 

I= 1/2 phase shifts we~e from the SPD solution "a,'' at 307 MeV, of 
. 3 

Zinov et al. This could lead to difficulty, as it has been noted that the 

inclusion of F waves in the phase-shift analyses at 310 MeV produces 

significant changes in the S, P, and D phase shifts. 
13

•
15 

The p·resent 

comparisons are made on the basis of a consistent set of I= 3/2 and 

I= 1/2 phase shifts obtained simultaneously in the analysis of a single 
+ - -set of rr -p and rr -p data. Furthermore, the rr -p data used in the 

analysis of Zinov et al. contained no polarization data and consisted of 

only seven measurements of the rr- -p elastic' DCS, the aT· for rr- -p 

elastic, and eight measurements of the DCS for rr- + p-+- -y. 33 The pres

ent analysis contains 39 pieces of rr"" -p data distributed as indicated 

m Table XI. 

Kane and Spearman have calculated, using PWDR techniques, the 
. -

D
5 

and F-wave phase shifts for I= 3/2 (ref. 34) and !or I= 1/2 (ref. 35) 

at 310 MeV. The results of these calculations are 

D3 5 
' 

F3 5 ' . 
F3 7 

' 
D1 5 

' 
F 1 5 

' 
F 1,7 

-2.15 -0.04 0.49 1.07 0. 52 -0.06 

Comparing these values with those given in Table X for solutions A and 

B, we see that the calculated values do not agree with either solution, 

though the sign behavior for the I= 1/2 set is the same as in solution B.----------
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Table XII. A comparison of the predictions by Hamilton 

and Woolcock (reference 32) with the measurements at 310 MeV. 

Q . a 
uantlty 

Re (s 1 - s 3 ) 

Re (p 11 - P 31) 

Re (p33- P13) 

Solution A 

+0.16 ± 0. 02 

+0. 042 ± 0. 004 

-0.062 ± 0. 001 

a. In units of 11/mrrc. 

Source 

Solution B 

+0.24 ± 0.02 

+0.052 ± 0.003 

-0.043 ± 0.001 

Hamilton and 
Woolcock 

+0. 27 ± 0. 07 

. +0. 018 ± 0. 008 

-0.052 ± 0. 004 

The low•energy P-wave phase shifts have been calculated with 

similar PWDR techniques by several authors; the consensus seems to 

be that the P 
3 3 

phase shift is expected to be positive while the other 

P waves are e'xpected to be negative. 
36 

Khuri and Udgaonkar, and 

Balazs, for example, have predicted the values of P 
1 1 

up to about 
' 

225 MeV; these calculations, as well as those by Chew a:nd Low, all 

predict that P 
1 1 

is negative (between -6 deg and -15 deg) at 225 MeV, 

and there is no' indication that it should change sign. 
3 7 

Both solutions 

A and B indicate that at ~10 MeV P 
1

, 1 is positive and greater than zoo. 
It would seem, therefore, that these PWDR calculations are not in 

agreement with experiment at 310 MeV. 

To conclude our comparison with the.ory, then, we find that the 

FDR calculations based on general principles prefer and are in ex

cellent agreement with solution A, while the other calculations based 

on various models do not agree well with either solution A or B. This 

may indicate that the convergence problems mentioned by Hamilton and 

Woolcock32 are indeed serious and that these. calculational methods are 

no longer applicable at 310 MeV. 
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D. Comparison with Other Experiments 

It is difficult to compare our-phase-shifts'olu:iions A and B with 
. . . . 

·most of the single-energy phase-shift solutions obtained £rom experi-

ments a.t neighbori:r;l,g--;energies. The prinCipal reason for this is that 
- ·,-; . .-·,;:::-!<'~' .... . ' 

these earlier analy:Ei'e~Ei;\vere SPD analyses and, as noted in the last 
';~. ':·.~:· :;,; .. 

section, an exact cot:n'parison with phase shifts. obtained in an SPDF 

analysis at energies ~here F waves are important is unwise. It must 

be remembered that one of the results of the work at 310 MeV is that 

not. only .are D waves important, but also that F waves are required 

to fit the data. The reason that these earlier SPD analyses at energies 

> 300 MeV were deemed adequate is tha.t they were usually based on a 

limited amounJ~of cross-section data 0r1ly--typically, less than 10 

measurements of the DCS for a given reaction and no polarization data. 

McKinley has compiled the available S- and P -wave phase shifts 

up to about 600 MeV and fitted them with polynomial-type interpolative 
. . 31 

formulae.· These. fits do not agree very well with the phase shifts of 

.··either-solution A·or Bat 310 MeV. They do, however, seem to have 

the same sign except for P 
1 3

; this phase. shift is positive in solution 
' A while the interpolative fit and solution B indicate a small negative 

P 
1 3 . It must be·pointed out, however, that all the phase shifts tn this 

co:Upilation for energies > 250 MeV, with the exception of the I= 3/2 

phase shifts of Foote et al. at 310 MeV, 
13 

are. derived from SPD 

analyses of the type described above. There is also a serious question 

of possible biases in this set of phase shifts. The reason for this is as 

follows. The .phase shifts at 240, 270, 307, and 333 MeV are from the 

SPD solution aSPD of Zinov et al. , 
33 

discussed in the prec~ding 
section .. The phase shifts at 370, 430, 460, and 600 MeV are from the 

phase -shift analyses by Walker et al. , but these authors used as start-

- ing sets for their analyses the extrapolated solution aSPD of Zinov et al. 

and state that no particular effort was made to find othe'r families of 

solutions. 38 This not only introduces a bias, but lea:ves open the basic 

question of uniqueness. 

The starting sets used by Zinov et al. consisted of seven different 

sign combinations of one initial SP set arrived at by graphical methods. 
- ---------- -------

At each energy, where there was a tofai of 2"5 measurements o£-r:n:-e--: 

•J 
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cross sections, these seven starting sets resulted in two or three SP 

solutions. Two families of solutions emerged, and the corresponding 

SPD solutions were then obtained by adding D waves of fixed magnitude 

but with different sign combinations to these, yielding solutions aSPD 

and bSPD .. 
33 

This may be compared with the SPD analysis by Vik and 

Rugge, who, in fitting all the 310-MeV data with the exception of the 

1T- -p polarization data (66 measurements), found four distinct and: .. 
. 15 

equally good solutions. It is worth noting that the present SPDF 

analysis rests upon 260 random searches for the I= 3/2 set by Foote 

et al. , 
13 

and 450 random searches by Vik and Rugge 15 for the I= 1/2 

set in conjunction with the various I= 3/2 sets found by Foote et al. 

Of perhaps more significance is a comparison with the .energy

dependent phase -shift solutions by Roper. 3 9 This analysis attempts to 

fit data over a range of energies, with phase shifts and absorption 

parameters expressed as power series in k. The lowest-order coef

ficients of this series are fixed at the values given by Hamilton and 

Woolcock for the amplitudes at zero energy. 32 The amplitudes are· 

allowed to have a resonant contribution of the Breit-Wigner type, and 

the resonance parameters are allowed to vary along with coefficients 

of the series expansions in the phase-shift search. Roper has fitted 

117 0 pieces of data between 0 and 7 00 MeV, including FDR calculations of 

the various DCS (for e = oo) at regular energy intervals, with 67 param

eters, corresponding to the assumption that L = 3 and including the 
max 

contribution of a n
1 3 resonance. He has obtained a solution with a 

2 . 39 ' 
X of::::: 2100. The values of the phase shifts of this solution at 

310 MeV are essentially thoseof solution B. 

No claim is made for the completeness of the comparisons made 

in this and the preceding section. They are based on only recently pub

lished works that have come to the author's attention. 
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E. The Scattering Matrix 

In a fundamental sense, the. real objective of a set of scatt:ering 

experiments is the, unique determination of the scattering matrix, M. 

The ~alculation ;t)''f}ih.is matrix may also provide a more ~ealistic test 
- ··.::: · .... / ~: .. ·. - : _., 

for theory. For'the TI-N interaction, where M=g(E,8)Hh(E,8) a· n, 

the essential qu~c1nt1ties are the complex amplitudes g and h. The real 

and imaginary parts of g(8) and h(8) for I-= 3/2 and I= 1/2 elastic 

"nuclear'' scattering at 310 MeV as calculated from phase-shift solutions 

A and B are shown in Figs. 21 and 22. (The equations relating · g and h 

to the phase shifts are given in Section V. A.) It is seen that solutions 

A and B yield very similar results for the imaginary parts of g ·and h, 

that they differ in Re g for I= 1/2 at backward angles (refleCted in the 

predictions of TI- ..:p polarization at backward angles), and that for the 

Re h' s solutions A and :i3 are quite different at forward angles. 

In view of the latter, it should be possible to provide further 

evidence by which to judge these solutions through an FDR calculation 

of the slope of Re h
3 

at · e = oo. That is, a calculation of the quantity 

d(Reh
3 )1 · . . 5 

d(sin e) ./e=oo of the type performed by Dav1dson and Goldberger could 

rule in favor of one of these solutions, in that the slope of Re hi is zero 

··or slightly positive while that of Re h}. is negative. 

In principle, the complex quantities g and h can be uniquely deter

mined at a particular value of E and 8 without recourse to partial

wave analysis by a set of four measurements at that particular value of 

E and e. These four are a measurement of the DCS for scattering from 

an unpolarized target I
0 

= I g I 2 + I h 12
; of the recoil nu~leon polarization 

for scattering from an unpolarized target, P
0

, where I
0 

P 
0 
= 2 Im(h':'g); 

and of the components of the recoil nucleon polarization in the directions 

n X :K. and k. for scattering from a target polarized in one of these two 
1 1 . . . . 

directions. For example, for a target with initial polarization 
-+ A 

P T = P T (nX ki), the two components of recoil polarization of interest 

are Pfki and Pf(nXk)' where 
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E ..... 

-0.6 

40 
Pion scattering angle (c.m. In deg) 

MU-34106 

Fig. 21. (a) The real, and (b) the imaginary parts of the no-spin
flip amplitude, g( B), for elastic "nuclear" rr-N scattering at 
310 MeV in the I= 1/2 and I= 3/2 states, as calculated from 
solutions A and B of Table X. 
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(a) 

(b) 

Pion scattering angle (c.m. in deg) 

MU-34107 

Fig. 22. (a) The real, and (b) the imaginary parts of the spin-flip 
amplitude, h(8), for elastic 11 nuclear'' rr-N scattering at 
310 MeV in the I= 1/2 and I= 3/2 states, as calculated from 
solutions A and B of Table X. 
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At present such a complete set of measurements is not available, 

but future experiments with a polarized target might provide an inde

pendent, conclusive, and purely experimental resolution of the ambi

guities shown in Figs. 21 and 22. 
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APPENDIX 

False Asymmetries 

In Section II it was shown that . 

Iz(ezL) 

Iz(Bz R) 
= 

I 2° (e 2L) [1+P 1 (e 1 )P~ (e 2 ) I cos pi] 

o R . . 
12 (e

2 
)[1-P1(e 1)P 2 (e 2 )1 cos~l] 

and it was stated that, under conditions of ''·good geometry," 

The usual expression relating polarization and 

asymmetry was then derived. 

In Section IV. B. 1 it was explained how the finite siz.e of the targets 
. . 

and counters rriay lead to asymmetries that do not depend on the initial 

state of polarization--i.e., false asymmetries. This of course implies 

that I 2° ( e 2
2) f. I

2
° ( e

2 
R); the effect of this condition on the expressions 

relating polarization to asymmetry will be shown below. 

For convenience, let 

P 1 (B 1)P2 (B 2 ) icos<j>l= p, I/(e2 L) = F I;/(B2R), I 2 (e 2L)=NL' and 

R 
I 2 (e 2 ) = NR. _Then, 

1-p 
F--

1 t p 

The measured asymmetry, E , is then 
m 

(F -1) -p(F+ 1) 

(F+1)-p(F-1) 

The false asymmetry, Ef' is defined as 

N°-N ° F-1 L R 

It then follows that 

N o +No 
L R 

= 

Ef- p 
Em = '1---p-E- ' 

f 

which may be re-written as 

F+1 
'"1, 



'" 

,., 
J 

-93-

p = 

The above expressions are defined for "true" asymmetries due to 
. -+ -polarization accompanying initial k. Xk = "up" scatterings; i.e., for 

' 1 s 
e1 =left scattering. For e1 = right scattering, the same procedure 

yields 
E - E 

1 
_ m f, 
- 1- E E 

m f 

. In general then, defining the "true" asymmetry, E, by 

we find 

IE I 
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