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In order to remove the existing ambiguities in the I:0 phases, as well as

to reduce the y2 per datum for some single energy phase shift solutions,

the spin correlation parameter, Aoo, and the analyzing power, Lr, have been

measured over an angular range of b00-1b00(c.rn.) at three energies, 220,525

ar'd 425 MeV to an absolute accuracy of *0.03. Polarized neutrons produced

in a liquid deuterium target were scattered from a frozen spin type polarized

proton target. Scattered neutrons and recoil protons were detected in two

sets of symmetricaliy placed detector systems. The data have a profound

effect on different phase parameters particularly the t pr, 
" D, and e1 phases

which in some cases change by almost a degree. The data also help to
discriminate between two nucleon- nucleon potential mod.els, the Paris and

Bonn potentials.
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Chapter 1

An Overview

In 1932, three months after the publication of Chadwick's paper on the

discovery of the neutron, Heisenberg proposed that the neutron and pro-

ton, because of their various similarities, could be considered as two different

states of the same particle - the nucleon. In doing this he extended the

idea of Pauli's spin matrices to label the two states of the nucleon. In 1932,

Wigner gave the name isotopic spin or simply the isospin to this ne\Ã/ quan-

tum number which distinguishes a neutron from a proton. Around 1g3b,

first Guggenheim and later Young suggested that the n-n, p-p and n-p forces

are ali alike. Gradualiy it became clear that the nucleon-nucleon (NN) in-

teraction had to be studied extensively in order to unfold the mysteries of

nuclear forces and the binding mechanism of nuclei. The basic knowledge

of the nucleon-nucleon force was obtained through studying the binding en-

ergy of nuclei. The rapid rise of ihe binding energy per nucleon with the

atomic number for nuclei with few nucleons implies that the nucleon-nucleon

(NN) force is short range. For very large values of A, the binding eneïgy

per nucleon becomes constant indicating that the nucleon-nucleon force is

saturated and is consistent with ihe repulsive nature of the short range part

1



of the interaction.

The first step in understanding the nuclear force was taken by Yukawa

when in 1935 he proposed a one meson exchange theory according to which

the nucleons interact with each other by exchanging virtual mesons (n ). This

early theory was quite successful in explaining the long range part of the NN-

interaction. \^/ith the advent of particle accelerators many ne'w mesons were

discovered and were readiiy incorporated into the theory making it both more

successful and more complicated at the same time. The theory at present is

able to give quite a satisfactory account of the NN-interaction at distances

where the exchange of one or two pions is possible, i.e. for r ) 0.g f m.

Because of the repulsive nature of the nucleon-nucleon interaction due to

the exchange of p and ¿, mesons the nucleons most probably do not come

closer than distances of this order. The conventional meson theory fails for

r < 0.8 f m. At these distances the quark models become very important

17,2]l.

In the quark picture the nucleons are perceived as composed of three

fractionally charged 'quarks', e.g.,the protons are made up of two up (u)

and one down (d) quarks whereas the neutrons are formed by one up and

two down quarks. Short range repulsion of the NN-interaction is a direct

consequence of quark confinement in the nucleons. However, the long range

part is still dominated by zr and 2zr exchanges. One interesting approach is

to combine the meson theory and quark model together, i.e. for r 1 0.g f m

one uses a quark picture and for r > 0.8 frn t"he meson exchange theory.

In ihe 1970s when the various meson factories (LAMPF, SIN, TRIUMF)
came into operation a copious amount of experimental data became available

on two nucleon scattering observ¿bles such as cross-sections, polarizations,

analyzing por¡/ers. Since then a great deal of effort has been spent on phase

2



shift parametrizations and the development of phenomenological potentials
to fit the measured data. Besides the pion-nucleon coupling constants, g,
and the 7r - 7r isospin 0 S-wave scattering length ø!, the essential ingredi-
ents for different phenomenological potentials are a certain number of free
parameters. It has now become apparent that in order to unravel the spin
dependence of the NN-interaction various spin observables must be measured

to a very high degree of accuracy.

The experiment described in this thesis was the measurement of the spin
correlation parameter, Aoo, in n-p elastic scattering over an angular range
of 500 - 1500 (".*.) at three energies, 220 Mey,32b Mev and,425 Mev.
In addition, the analyzing powers were obtained over the same angle and
ener8y range.

In section 7.2 of. this chapter a consistent NN scattering formalism wiil
be developed. Phase shift parametrizations of the NN scattering matrix will
be reviewed in section 1.8. The last section (1.a) will deal with a short
discussion of two phenomenological potentials (PARIS and BONN).

1.1- Motivation

The discussion in this and subsequent sections will mainly focus on n_

p scattering. It is also assumed that isospin is a good quantum number,
and thus the I:1 part of the n-p scattering can be supplemented by ihe
p-p scattering data. As mentioned in the introduction, phase shift analy_

ses (PSA) have become a very successful tool for the determination of the
nucleon-nucleon amplitudes in the low and intermediate energy regions. The
p-p phase shifts are very well known up to - 1 Gev, however, the same can_

not be said for the isospin zero part of the n-p phases. phase shifts cannor

3



Energy
interval

MeV

Table 1.1: Summary of Phase Shift Analyses

10-220
130-460

380-610 (pp)
360-610 (np)
530-830 (pp)
520-800 (np)

No. of
points
rt64
175L

2393

3901

p-p

179-225
285-350
375-425
425-475
450-550
510-590
550-650
600-700
ooÐ- I óÐ

705-795
765-835

X"

r440
2203
2895

y¿ f point

81

409
342
326
978
877

1 161

794
518

575
938

1.30

1.31

1.25

7.224641

No. of
points

82
452
363

398

1354

r737
L43g

7024
602
805

1670

2312
2163

1877

2235

n-p

x'

0.99
1.11

1.06

1.22

1.38

1.30

L.24

1.30

1.16

1.40

1.78

3691

3253

2660

3726

be uniquely defined with an incomplete data set or with data having iarge

systematic errors. The fact that the n-p data base still has some problems,

either in the form of large systematic errors or because of grossly underes-

timated errors, is reflected in Table -1.1 where the y2 per data point for
some single energy solutions from the two most recent phase shift analyses

[3,4] are summarized. Note that for most energy regions, the n-p x2 per

data point is significantly iarger than the correspond.ing value for the p-p

data. These two analyses, one by the saclay-Geneva group [B] and the sec-

ond one by Arndt et al. [4], show striking disagreement in their predictions

for the I:0 phases. This disagreement is evident from fig 1.1 and is mainly
because of different normalizations and specific selection of data sets. The

4

y" lpoint

276

510

413
338
618

425
638

644
349

380

444

1.65
1.56

r.46

I.43

Ref

495
697

706
446

831

477
790
810
386

573
826

Saclay

Geneva

t3l

L79
1.37
7.7L

r.32
1.35

1.11
'l ,À

7.26

1.11

1.51

1.86

Arndt
l4l



large discontinuities in overlapping energy regions of the Saclay phase shift

solutions indicate that there are not enough spin dependent data available

for a smooth energy behaviour of the fixed energy solutions. At present the

amount of data is too sparse to construct the complete n-p scattering am-

plitudes. Note that 80% of the totai av¿ilable n-p data are spin independent

data, 74To are polarizations and analyzing powers and only 6To are two or

three index parameter data [5] e.g. Ass, D¿ etc. The generai feeling is that

more spin dependent n-p scattering data are needed.

The difficulty in obtaining a consistent phase shift analysis is not always

due to the scarcity of data. Often the inconsistencies among different data

sets of the same measured quantity pose a much greater problem. As an

example, frg 7.2 shows the 425 MeV analyzing powers measured at LAMpF

[6] and by the BASQUE group at TRIUMF [7]. Both measurements are

in reasonabie agreement at backward and forward angles. However, in the

intermediate angular range, they not only differ in magnitude (at some points

by - 30 To) ,bú the shapes are also different. This difference in shape cannot

be removed by normalization, so there must be something r,¡/rong with either

one or both of the above measurements. In the present experiment the

analyzing por'¡/ers at 220,325 and 425 MeV are also extracted and thus helo

resolve the above problem.

It has long been known that the tensor component of the NN force plays

an important role in explaining the binding energy of the three nucleon

system [8] and the saturation of nuclear matter [9]. A direct manifestation

of a tensor force is the existence of the deuteron quadrupole moment. The
tDr 

-t,5, mixing parameter, e1, is a measure of the tensor force. For example,

in the effective range approximation the mixing parameter at low incident
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momentum (k --+ 0) can be written as [10]

,, - ,/ie¿k',

where Q¿ is the quadrupole moment of the deuteron. In 7974, Binstock and

Bryan [11] carried out an analysis of the sensitivity of various n-p observables

to the phase parameters at around 50 MeV. They showed that the e1 mixing

parameter is sensitive to the normal to normal spin transfer coefficient, D¿,

and the spin correlation parameter Arr. Recently, Chulick et al. [12] carried

out a similar analysis at 325 MeV. They studied the sensitivity of D¿, R¿ (the

sideways to sideways spin transfer coefficient), and Aoo to variations in the

partial r¡/aves q)\ P7 and 3D2 respectively. For this they used Arndt's phase

shift analysis program, SAID[13], and kept all other phases constant. Their

finding about the sensitivity of Auo is summarized in fig 1.3. In fig 1.8(a)

-4ro seems to be sensitive to e1 over the entire angle range. However, the

sensitivity is not very large. The dependence of Aoo on 1Pr and3D2 is much

more dramatic. In refs [14,15] it has also been pointed out that the most

worthwhile measurement in n-p scattering is the spin correlation parameter,

Aor'

We also have invesiigated the effect on different n-p phase errors of adding

an additional set of. Ao, data. The spring 1986 version of SAID was used

and fifteen fake Aou data points with an anticipated error of t0.03 over the

angular range of 400 - 1500(c.zn .) at" 220 MeV were added. Fig 1.4 shows the

estimated uncertainties in various phases with and without the additional

data points. Almost all the phases are affected, a maximum reduction by

35% is achieved for the 3D2 phase error, confirming the assertion of ref. [12].

In order not to have bad data affecting several phases at the same time, it is
necessary to have very weak correlations among phases. This additional set

(1.1)

of fake Aru data also helps to reduce different correlation coefficients [Table
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Table 1.2: Correlation Coefficients without and with Aoo d.a|a at 220 Mey

Correlation
coefficients
r51 Xr D1
351x3 D2
sD1x3 D3
3Dzx3 Ds

Table 1.3: world data base of the spin correlation parameter, l.ru

Present
values
-0.600
-0.668

0.698
0.250

with Auy

-0.403
-0.579

0.672
0.185

Reduction
factor

Energy
MeV
14.0

23.r
25.0
50.0
50.0

15-50

19-50
181.0

395.0
465.0

565.0

665.0

1.48
1.15

1.04
1.35

Angular
range

90

130-174
90- 125

109-774
708-774
90-120
30-60
57-126
72-166
7I-166
77-766
72-166

No. of
pol

1.2]. At other energies the situation is similar. For example, at 825 MeV the
t,Sr,tDr and 3D3 phase errors are reduced by a factor of 1.b to 1.g; and at

425 MeY the 3,91 and 3D2 phase errors are reduced by a factor of 1.8 by the

addition of fifteen data points as described above f.or 220 Mev.

Not only will the phase shift analyses benefit from the present measure-

ment, the data will also have a profound effect on the different potential

model calculations. Fig 1.5 iliustrates the predictions of. Aoo made by vari-

11
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ous phase shift analyses and the potential models at 325 MeV. As is evident,

the potential models disagree with each other almost over the entire angle

range. The story is similar at the other two energies of our measurements.

This wide range of predictions has existed for quite some time and is due

to the scarcity of accurate spin correlation data in the energy range 1-1000

MeV. Table 1.3 summarizes the worid measurements of Aoo in this energy

range.

Apart from the most recent IUCF Aou data at 181 MeV [23], there hasn't

been any measurement made between 100 and 395 MeV. There are Aon

data available from LAMPF at 395, 465, 565 and 665 MeV [2a]. Fig 1.6

shows these data together with phase shift predictions. Typical errors in

the LAMPF data are *0.06 to t0.15, and no simultaneous measurement of

lefi-right scattering was made. Thus the possibility of remaining systematic

errors in this experiment cannot be ruled out. Also because of the continuous

energy neutron beam, very wide energy bins were used. Aside from being

reported in a conference proceedings these data have never been published.

Bystricky et al. in their most recent phase shift analysis [3] have omitted the

LAMPF 665 MeV Aoo data; the inclusion of these data makes the ¡2 of fit

significantly worse.

L.2 n-p Scattering Formalism :

The discussion of this section is based on two articles, one by La France

and \Minternitz [25] and the other one by Bystricky, Lehar and Winternitz

(referred to as BL\M) [26]. Both articles were published in J. Physique (Paris)

two years apart. The interaction between two spin-| particles is most conve-

niently described in the M-matrix formalism. The scattering matrix M is an

i3



operator which connects the final (/) and initial (i) spin states of two spinor

particles through the relation :

The most general form of the scattering matrix which is invariant under spa-

tial rotation, parity inversion, time reversal and isospin can be written as :

1

M(k¡, k¡) : ;[(" + b) + (a - ó)(ø1.n)(oz.n) * (c * d)("t rn)(ø2.m) *

*(" - d)(o1.1)(or.l) * e(ot + or).nl

where the amplitudes ø,brcrd, and e are complex functions of energy and

scattering angle. l, rn and n are the basis vectors for an orthogonal right

handed coordinate svstem and are defined as :

XÍ: MX¿

where k¡ and k¡ are unit vectors along the incident and the scattered particle

center of mass momenta (see figure 1.7); o1 and o2 are the Pauli matrices

for the first and second nucleons. In the laboratory system (l.s) and in the

non relativistic limit I represents the direction of motion of the scattered

nucleon, n is perpendicular to the scattering plane and -m is the direction

of motion of the recoil particle. From the above figure it is seen that the

cartesian coordinates îrû and 2 are given by :

, kr*ki kr - ki k¡ x k¡
': lç*"' 

rn: 
lkr-kil' 

t: 
lki*krl

(1-2)

The Pauli principle implies that for the I:0 part of the n-p system the above

five amplitudes obey the following symmetry conditions :

"(0) 
: a(tr-?)

L4

â:ñxÉ¡, y-ñ, 2:Êi

(1.3)

(1.4)
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Figure 7.7: (a) Laboratory system I po,pb are the iniiial nucleon momenta;

p',rp't are the final momenta. (b) center of mass system : lc¿,k¡ initial and

finai momenta. Note that for Tno: m6 in the lab system î: fo',rî,: -ft'
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Since the above amplitudes are complex numbers, a total of 10 parameters

are to be determined. The overall phase is not needed, so at least g ex-

periments must be done for the I:0 and I:1 states of the nucleon-nucleon

system to completely determine the magnitudes and relative phases of five

complex amplitudes. However, as pointed out in ref. 1271, to determine the

amplitudes uniquely one needs to do more than nine experiments. This is

because the amplitudes are bilinear in 9 unknowns so ambiguities may result

in the construction of M from 9 experiments at a given angle. Below inelas-

tic threshold (< 280MeV) the number of independent experiments needed

for each isospin state is reduced to 5 because of the unitarity relations which

relate the imaginary parts of the amplitudes at one angle to integrals of their
products over all angles [28].

BLW use the notation a,o;* to describe the various spin observables. The

subscript pqik stands for the polarization of scattered, recoil, beam and tar-

get particles respectively. If any of the polarizations is zero (in the initial
state) or not measured (in the final state), a '6' is used in the subscript. For

example if the poiarization of the recoil and scattered particles are not mea-

sured then .4s6;6 is the analyzing pov/er for polarized beam and unpolarized

target. For polarized target and unpolaúzed beam the same is written as

Aooot . Whereas for polarized beam and polarized target the initial state spin

correlation parameter is -4oo¿¡.

If the beam is polarized but the target is not and if the polari zation

t7

b(0)

c(0)

d,Q)

"(0)

c(n - 0)

bþr - 0)

-dþr - e)

-e(rr - 0)



of the scattered particle is measured, then the depolarization tensor or the
polarization transfer from beam to scattered particle is Dpo;0. The same

transfer coefficient for the recoil particle is written as -I{6n¿s. If we have

unpolarized beam and unpolarized target and the polarization of scattered or
recoil particle is measured then the polarization of scattered particle is peooo

and for recoil particle it is P6nss. The final state spin correlation parameter

is Cpqoo.

Since the experiments are done in the tab it will be better if all the spin
observables are defined in the laboratory system. one such system has al-

ready been described in fig 1.2. However, for the present purpose the system

adopted by BLW where they defin"fr,î'and Â" as the unit vectors in the
direction of the initial, scattered and recoil particle momenta will be used.

Three transverse vectors are defined as:

where ô is the unit vector perpendicular to the scattering plane. Some of
the spin observables in the laboratory system are listed in table 1.4.

Besides the BLW formalism there are many ways of describing the NN
interaction. Only two of them will be mentioned here. First, the helicity
formalism by Jacob and Wick [29] as adapted by Spinka [30] who defines

ampiitudes as :

3 : ñ x î, s' : ñ x fr', s" : ñ x fr"

ó"

ó,

ór

ó,

(ó, - óù 12

(d' + öù12

(öu - ón) l2

(ds + ón)12
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The amplitude /" arises from the spin-singlet transition, ör and, $, contain

triplet contributions whereas, /¿ and /5 contain coupled triplet terms. The

helicity amplitudes dr,...,s are defined in table 1.b in terms of BLW amplitudes.

In the same table we also have expressed the different spin observables in
terms of the Spinka amplitudes.

The second convention mentioned is the'Ann Arbor' convention ad.opted

in the 1977 Ann Arbor conference on Higher Energy Polarized Proton Beams

[31]. An orthogonal coordinate system NrLrS is defined in all but the tar-
get particles' rest frame (fig i.8). L is along the direction of motion of the

particle (incident, recoil or scattered), N is perpendicular to the scattering

plane, and s is along N x L. Like BLW it uses D and K to specify whether

the polarizalion of the scattered or recoil particle is measured. According

to this convention any spin observable is written ãs ebeam,tarset;scattered.,recoit

where beam etc. in the subscript refer to the direction of polarization. The

t9

Figure 1.8: Ann Arbor convention.

Qs: Qs

5

t_-
S

q_
\L

(1.e)



correspondence among three different conventions is summ arized. in Table
1.6. The convention in the first column is that of Hoshizaki [g2] and Woifen-
stein [33], throughout the present text we will use this convention. Fig 1.9

shows schematic pictures in the rab system of some spin observabies. Note
that the scattered particle is on the left of the incident beam and the recoil
is on the right.

1-.3 Phase Shift Analysis

As is mentioned in the previous section, at least b experiments are
to be done at each angle and energy for a complete reconstruction of the
scattering matrix. For n-p scattering the experiments must be carried our
over the entire angle range of 0 -r z-. In reaiity this is hardly achieved;
instead, one relies on the phase shift parametrization of the scattering matrix
which utilizes data taken over certain angles and energies and compensates

for the lack of data at some other points. The idea behind the phase shift
analysis is to decompose the iniiial and final wave functions into a series of
partial vr'aves, each characterized by a definite value of angular momentum.
Because of the interaction, the phases of the scattered. waves are shifted
by an amount ó¿7. The greater the interaction the larger the shift. The
strength of the interaction depends on the values of angular momentum, L,
and in consequence on the impact parameter, b, which is related to L by the
semiclassical expression : p¿b : (L + I/Ðf¿,p¿ being the initial momentum.

How many partial rtraves or in other word.s, how many different angular
momentum states are involved, depends on the incident energy. Because of
the short range nature of the nucrear force, the number of partial waves is
generally restricted to g-10 at intermediate energies (100-1000 Mev). In the

20
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two nucleon interaction, the total angular momentum J, total spin S and

parity II : (-1)L are conserved quantities and hence a useful representa-

tion will be one where these conserved quantities are diagonal. The angular

momentum states that are availabie for the I:0 or I:1 parts of the n-p scat-

tering matrix are determined by the antisymmetry condition :

where I is the isospin. Tabie 1.7 summarizes some of the allowed states for

n-p scattering. It is convenient to describe the method of phase shift analysis

in four steps.

In the first step, the scattering matrix, ,9, is expressed in terms of the

phase shifts by:

(-1¡s+r+r' - -1

The relation between

tation [3a] is given by

the

S : ¿2i6"

1 srn"lMls'm'" s:

where k is the wave number of the relative motion and d, $ arc the c.m.

scattering angles. Below the pion production threshold (< 280 MeV), S

is unitary, which means the interaction process is completely elastic; the

incoming flux is equal to the outgoing flux.

22

(1.10)

matrices M and ^9 in

2tr

ik < 0¡ó¡;srn"l,9 - Lls'm'";0¿ó; >

ihe singlet-triplet represen-

( 1.11)

(1.12)



Table 1.4: Spin observables in terms of scattering amplitudes in the labora-

tory system

T: ¿oooo

oCnnoo

oDnono

oKorno

oCuu

oPnooo

o Aoo""

oAoo"t"

oAoo*t"

c D 
"'o"o

a D 
"'oko

oDtto"o

oDk'oko

aKort,"o

o Ko"" ko

oKok" 
"o

oKok,tko

oK"'ook

OP:

oCnnnn : IQ"I' + lbl, i l"l, + ld], + l"lr)
cAoonn : T("1" - lblt - l"l, + ld]" + l"lr)
oDonon:l(l"lt +lbl" -lrl, -ld], + l"lr)
oKnoon: ï(l"l' - lbl' * l"l, - ld], + l"lr)
oC**** : l(l"l' + lbl' * l"l, + ld], - l"lr)
oPonoo: aAooon: ftø*e

ft(ø.d) cos d + Re(b- c) - S(d.e) sin d

o Aoo*" : -ft(ø*d) sin d - $(d.e) cos d

-ft(ø"d) cos á + ft(ó.c) * S(d.e) sin d

ft(a.ó) cos(a + *) + ft(c-d) cos(a - tl - S(ó-e) sin(o + $)

-ft(a.ó)sin(a + Ð + ft(c.d)sin(a - Ð - $(ó.e)cos(a f $)

ft(ø.ô) sin(a + Ð + ffi(c"d) sin(a - *l + S(ó.e) cos(o * $)

ft(ø.ó) cos(a + *) - W(c"d) cos(a - t¡ - S(ó.e) sin(a + $)

-ft(a.c) cos(B + Ð - m(å.d) cos(B - *l + s(c.e) sin(B + $)

ft(a.c) sin(B + Ð - n(ó.d) sin(B - *l + $(c.e) cos(B + $)

-ft(ø-c) sin(B + tl - æ(ó.d) sin(B - *¡ - s(c.e) cos(B + l)
-ft(ø.c) cos(B + Ð + æ(å.d) cos(B - tl + s(c.e) sin(B + l)
-S(ø.c) sin(a + *) + m(ó.d) sin(a - 9l - S(c.e) cos(o + f )

Here a : 012- 0t, þ : 012* 02, 0 is the c.m. scattering angle, d1 and 02 ate

lab angles for scattered and recoil particles.
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Table 1.5: Relation between BL\M and helicitv amplitudes

ót

ó,

ó"

Qa

ót

: <++lMl++>
= <++lMl-->
: <+-lMl+->
: <+-lMl-+>
: <++lMl-+>

|(ø cos 0 + b - c + d * iesin0)

|(øcos 0 - b + c + d* iesind)

|(øcos 0 + b + c - df iesind)

ie"cos 0 t b + c + d - iesind)

i?"sind + iecos0)

where f or - indicates the nucleon helicity.

Spin observables and helicity amplitudes

: (ló"1' + ló,1' + lórl' + ló"1, +2|¡órlr)

: zs(óió' - örói)

o

oP

aDnono

oKonno

o Aoonn

o Aoo""

oAoo"k

oAoonn

a D 
"'o"o

o D k'ol"-o

o Kor" ,o

o Kok,,ko

: 2W.(ó:ó" + óiór + ló'l')
: -2n(ó:ó" - óiör + lóul')

: ccnnoo : -ló"1' + lórl' + lórlt - ló"1' + 2lórl'

: -ló"1' + lórl' - lórl' + ló"1'

: oAook" :zft(ó¿(ö, - ör))

: -ló"1' - lórl' + lórl' + lö"1'

: -zfr.(ói@" + d")) sin91 1 zn(óiór + óió") cos g1

: -zn(öi@" + d")) sindr + (ö:ó, i órö") cos d1

: -2ft(öiØ" - ó")) sin02 - 2ft(öió" - óiór) cos 02

: -2ft.(öi@" - ó")) sin02 - (óró" - ó"ör) cos 02

€) /lL=



Unitarity breaks down as the inelastic channels open up. In that case the

matrix S is redefined as :

where q is the elasticity parameter with values varying between 0 - 1. Another

way of handling the inelasticity is to make the phase shifts complex,thereby

ailowing the absorption and production of extra particles. Note that the

states with L:Jt1 have the same J and parity and thus are free to mix.

The S matrix can still be diagonalized by writing it in the following form

first prescribed by Stapp,Ypsilantis and Metropolis [35].

tTo --l t- -l l-- -1

lei'trl 0 ll cos2tt isin2ej 
I l"it,-'', 0 

|

^s : I ll ll I

r-il|l
L o e;outt )p;"zel ",'r.r_l l_ 

o e;6+,t_)

where 67¡ arethe nuclear bar phase shifts and e] is the bar mixing parameter.

The phase shifts defined in eqn. (1.13) for the states not involving mixing are

the same as the bar phase shifts. Note that the mixing parameter gives the

proportions into which an incoming beam in one angular momentum state

divides between the two outgoing states with the same J values.

The second step involves writing the five scattering amplitudes (ø. . . e)

in terms of singlet-triplet matrix elements which are conventionally written

AS:

S : qe2i6r't (1.13)

M"" : < 00l1l1l00 >, M^"^,": 1 lnrrlMllm'" >

The amplitudes in this representation are :

1a : ;(MrrlMoo-Mr-t)z'
1b - ;(MrrlM""+Mt_t)z'

25
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Table 1.6: Correspondence among different conventions

lloshizaki
PL
p2

Aa
4,,
R

Rt
R,

Ri
D

Btw
Pnooo

Po"roo

Aoono

Aooon

D"'o"o

1f0",,"0

D k'o"o

I(ok,,"o
Dnono

I(onno
D k'oko

I(ok,,ko
D 

"'oko

K r"" ro
Aoonn

Á00""

Aooa,

Ann Arbor
Po,o;ff,0

Po,o,o,¡r

AN,o;o,o

Á0,¡¡;o,o

D,s,o;s,o

I( s,o;o,s
Ds,o;L,o

I( s,o;o,r
D¡r,0,¡¡,0

/f¡,r,0;o,lr

DL,o;L,o

I{ n,o;o,n
DL,ors,o

I( n,og,s
Aiv,¡r;o,o

,4s,.s;o,o

AL,Lro,o

Definitions
Polarization of scattered particle.
Polarization of recoil particle.
Analyzing power for polarized beam.
Analyzing power for polarized target.
Sideways to sideways spin transfer between
incident beam and scattered particle
Same for recoil particle
Sideways to longitudinal spin transfer between
incident beam and scattered particle
Same for recoil particle
Normal to normal spin transfer between
incident beam and scattered particle
Same for recoil particle
Longitudinal to longitudinal spin
transfer between beam and scattered particle
Same for recoil particle
Longitudinal to sideways spin transfer
between beam and scattered particle
Same for recoil particle
Initial state spin correlation parameter
with beam and target both polarized in
normal (N) direction.
Same with beam and target polarizations
along sideways (S)
Same with longitudinally polarized beam
and target

D¡
A'

A,,

A

A¿

Aoo

Ar"

4",
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Table 1.7: The allowed partial \¡¡aves for NN scattering

J

0

1

2

3
]+

t¡r,t Sr, e7)3 Dr
3D,

t F"r" Der€3r3 G3

"Gn

I=0

The singlet-triplet matrix elements, M"" and M¡n",nL are expressed in terms

of Legendre polynomial series and partial wave amplitudes aLJ. According

to ref. [35] the parametrized form of a7¡ in terms of nuclear bar phase shifts

ó¿.¡ and mixing parameter eJ can be written as :

rso,r po

"PtlDrrS Pzr€2r3 F2
rl",

tGnr" Fnr€4r3 H4

c : )r*--M""+Mt-t)
d': ffir',o*Msù
e : ftr**-Mor)

[=1

For p-p scattering, 6;r also contains the contribution from the Coulomb in-

teraction.

In the next step, the contribution due to the exchange of one pion is

explicitly included in the scattering amplitude. Since the long range part

of the interaction is very well described by the exchange of a single pion,

the higher order partial waves are replaced by the Born approximation of

27

a¡:

Al,l

aJ+t,J

oJ

exp(2i6¡) - 1

exp(2i6¡,¡) - I

cos 2e1 exp(2i 6 ¡ a1,¡) - 1

isin2e¡ exp(i(6.¡-,.1 ,t * 6¡-t,t¡}



one pion exchange contribution. The pion-nucleon coupling constant, g,, is
introduced in the analysis as a parameter.

In the final step, the spin observables are calculated from an iniiial set of

phase shifts. It is not trivial to calculate the phases from the known values

of the observables. So the reverse course is almost always taken. An initial

set of phase shifts is guessed at the beginning, the calculated observables

from this trial set are compared with the experimental values, the fit is then

improved by stepwise iteration of the phase shifts. The goodness of fit is

determined by defining a X2 such as [36] :

where N",p : number of experiments , îo(p) : observable predicted by p.-

rameter p, 0¿ : observable as measured, o¿: error in the i'th data point,

Xn: normalization parameter on n'th experiment, and AX, : normaliza-

tion error on the n'th experiment. The phase shifts are varied to minimize

this X2. At the point of a solution the above can be approximated by :

where Xlo: X2 at the minimum(p: po) , Lp: p-po¡/rþ: transpose of

vector Ap and .A : second derivative matrix defined by

For a good fit x2 should be equal to N",o - ïn ) m being the number of phase

shifts. Note that the y2 defined in this way takes care of the normalization

uncertainty in the data set.

The phase shift analyses are carried out either in an energy-dependent

\¡'¡ay or an energy independent way. In the former case, an energy interval
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is chosen and the phase shifts are given an appropriate energy dependence

over the entire energy range. This energy interval can be anywhere between

0 and 1000 MeV. For example, the Saclay-Geneva analysis [3] is performed

in the four overlapping intervals; 10-220 MeV, 130-450 MeV, 380-610 MeV,

and 520-800 MeV. In each of these energy intervals the phase shifts are given

an energy dependence of the form :

where 7o is the central energy of the interval and a;¡n are variable parame-

ters. on the other hand, Arndt et al. [4] have performed the energy depen-

dent analysis over a much larger energy interval, 0-1000 MeV. The energy

dependence is expressed in a parametric form :

€- o"rn r^ rn \?¿
/- ^l \t - to)
n=O

where lhe f¡¿ are the energy dependent expansion bases 137), a,, are the

adjustable parameters.

In the energy independent analysis a particular energy (or a very narror,¡/

band of energies) is chosen and the phase shifis are determined at that energy

only. Arndt et al. [4] have done 18 such single energy analyses between

0-1000 MeV. Some of the single energy intervals are summanzed in table

1.1. The two methods are now complementary to each other. For example,

over the narro'w energy range bands where the energy independent analyses

are carried out, instead of shifiing the data so that they all fall on the

same energy the phase shifts are given an energy dependence whose form

is basically derived from the energy dependent analysis.

In table 1.8 some of the 325 MeV phase shift values obtained from the

different analyses are summanzed. The difference among the various predic-

tions can be attributed to the specific selection of data sets and the different
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Table 1.8: 1987 I : 0 phase shifts (in degrees) at 325 MeV

State
tPt
t^9t

"D,
€1

"D,t¡'g

"D"

Arndt
-28.16
2.25

-24.16

5.90
23.06
-5.79
3.54

ways the higher pariial waves, inelasticity

dled.

Basque

* Old Bonn potential [38]

-35.05

0.93
-25.38

6.23
23.30
-5.63

2.69

Saclay
-32.93
2.04

-24.96

6.10
20.95
-4.58
3.44

L.4 Phenomenological Potentials :

Pa,ris

-26.83

0.68
-25.20

5.19
28.32
-5.71

4.74

NN scattering has been extensively studied using phenomenological 1 po-

tentials, especially below the pion production threshold (< 280 MeV). The

models differ in their handling of the short (r < 0.8 f m) ar'd medium range

parts of the interaction, but the long range part in every model is always

explained in terms of one pion exchange (OPE). A potential is said to be

phenomenological when it is derived from purely phenomenological param-

eters adjusted to fit the data or a part of it may be based on some form of

theory. Recently attempts have been made to explain the short range (SR)

part in terms of quarks and gluons. However, that has not been very suc-

cessful in explaining all the details of the interaction. In the present section

we shall limit ourselves to discussing only two of many phenomenological

'We are not making any distinction between phenomenological and semi-

phenomenological form of the potentials
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-30.84
4.54

-23.86

3.05
19.60
-,).Ðu

3.7r
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potentials, namely the PARIS and BONN potentials.

L.4.L Paris Potential :

There are two forms of this potential. The first form [39] is of mixed origin;

the long and medium range (LR+MR) parts of the potential are derived

on the basis of dispersion theory whereas the short range part is purely

phenomenological. In the LR+MR part the contributions from one pion

exchange, correlated and uncorrelated two pion exchange and ø-exchange

(r - 2n - ar) are taken into account. The J > 2 phase shifts are very well

reproduced on the basis of these contributions [a0]. The LR*MR part is

sharply cutoff at, r - 0.8 fm and the SR part is described by a constant soft

core. The general form of the potentiai is :

where .E is the c.m. energy and

f(r) :

V(r,E):Vn"o,(r,n)f (r) *Ven.n(r,E)F - f (r)]

where p :7.25 f rn-' and a : 10. The function, /(r), introduces the sharp

cutoff mentioned above. In this way the effect of the phenomenological part

, (Von"n), for r ) 7 f * is reduced significantly. BoLh V¡¡.o, and Vpn"n con-

tain all five components of the potential, viz. : central (C), spin orbit(SO),

spin-spin (SS), tensor (T) and quadratic spin orbit (SO2). The only free

parameter in the theoretical part is the coupling constant g,(: 9.5). The

central component of the theoretical part has been found to have weak but

significant energy dependence, all other terms being taken as energy indepen-

dent. Below the pion production threshold, this dependence is almost linear

in energy. The phenomenological part of the interaction is determined by
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fitting phase shifts below J:6 for energies up to BB0 MeV. Like the LR+MR
part, the SR part is also assigned a linear energy dependence. For conve-

nience, Vrn"n is taken to be independent of r and is therefore only a function

of energy. The energy dependent form of the fulr potential is :

with

where, C' is zero for all but the central part. The total number of free

parameters for the phenomenological part is 12 (6 for each isospin state),

ten of them are for five components of the potential and two are the slopes

V(r, E) : U(r) + EW(r)

u(r)

w(r)

of the energy dependenc" (C').

In the second form of the potential the Paris group has parametrized their
original NN potential in a simple analytic form [41] which is better suited for
many-body calculations. This form of the potential is quite useful, valid for
all r, and there is no distinction between theoretical and phenomenological

parts. The total number of free parameters in this form is about z0 1421.

Because of its pure phenomenological nature most of the parameters have

no physical meaning. The parameters are determined by fitting the shapes

of the potentials to the experimentai data. Instead of an energy dependence

the central component of the potential has been given a p2 dependence. The

disagreement between this form and the original form of the potential is up

to a few percent beyond 1 fm or so.

A reasonably good fit with X2 :7.9g for p-p scattering and,2.IT for n-p

scattering has been achieved with this potential on the basis of a 1g80 data
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base. In terms of. y2 it is a much better potential than the Hamada-Johnston

and Reid soft-core potentials.

L.4.2 Bonn Potential

The Bonn potential [43] [38] is based on a field theoretical meson-exchange

model treating the nucleons, mesons and isobars on equal footing. The inter-

action Hamiltonian, H, is developed in relativistic time-ordered perturbation

theory and contains the vertices from l/l/ and l/A (fig1.10).The starting

Hamiltonian for the model is:

H: Ho*W

where the free Hamiltonian ¡10 is expressed as :

The first term (fu) in the above equation is the kinetic energy operator for

baryons (nucleons) and the second term (f) is that for the mesons. eL,ao

and óþ, bB are the creation, annihilation operators for mesons and baryons

with øo ar.d EB as the renormalized energies for them. The meson-baryon

interaction term, W is taken as :

Ho : ho I t : t EBbrpbp+ Ð r,,oloo

W : DWB,B,btB,bBa i hermitian conjugate.
ßt0a

The matrix elements WB'Bo are derived from the field integral :

w : - [ #dL,(r\ - o!'.¿\,tr
J '¡\ / aóy),",

where Ó91 i" the time derivative of the field operator. The Lagrangian densi-

ties (L7) for pseudoscalar (n,,rt), scalar (6) and vector mesons (p,r) in terms
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of coupling constants and gamma matrices are written as:

LN¡vp,

L¡v¡v"

L¡v¡,ru

where rn is the nucleon mass, m.-is the meson mass, ,þróo are the nucleon

and meson field operators respectively. Similarly u¡e can write the Lagrangian

densities for the meson-nucleon-isobar vertices as:

Lxdn : f *o" rþÌrþrorón -f h.c.
rn*

f_ __

ffirþt'rb1röo" Ø,rt)

g"rþrþó" (ó)

-f.: g"útrrþól + ffiúor".þ@,ói - a'óÐ (p,r)

where t/, is the field operator for the A isobar and f is the isospin transition

operator. In order to guarantee convergence at r : 0, i.e. to suppress the

higher angular momentum contribution, a parametrized form factor f|, is

introduced. where

Lutp : ¿*úrur,f ,þ,@'ó", - ô" ói)
,tþD

fr being the momentum transfer and Âo is the cutoff mass which is fitted to

data and is found to be in the range 1.3 to 1.5 GeV.

The long range force and the short range repulsion are quite well ex-

plained by the exchange of a single zr and ø. A scalar, isovector ó meson

is introduced to give a consistent description for S wave phase shifts. How-

ever, the situation with regard to ó is still not very satisfactory and thus

this can be treated as another phenomenological parameter. The inclusion

of. a 2tr exchange contribution explains quite satisfactorily ihe iong and in-

termediate range of the interaction. The predicted phase shifts lor J : 4 - 6
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dashed line a meson

el ,,,'; rll

,|[ u'S

,' o'

I [".

(o)

\.D/

35



agree very u¡ell with the values obtained from the phase shift analyses. In

order to reduce the over-attraction from 2n exchange, the r p contributions

are introduced in the model. This improves the predictions of lower partial
rn¡aves considerably. Fbr exampler 3D2 and 3D3 phase shifts obtained from

other phenomenological potentials are too iarge at higher energies compared

to the phase shift analysis values. The inclusion of np diagrams in the cal-

culation makes them reasonable. The coupling parameter, €1, predicted in

this model is too high at low energies and too low at high energies. This is

because of the fact that e1 is not only related to the tensor force it is also

correlated stongly with 3D1 and 3,91. For example, an increase in the 3^9r

lowers the value of e1. Note that 3S1 obtained from this potential model

is somewhat larger than the values predicted in other potentials and phase

shift analyses. Some of the coupling constants obtained are also larger than

the others [44]. Because of the use of the narro,,Ã/ A approximation a direct

comparison of the model with high energy experiments is very difficuli.

Recently the Bonn group has extended their potential above the pion

production threshold 145,46,471by explicitly including the nucleon and delta-

isobar self energy diagrams which in turn guarantees the unitarity above

threshold. Except for the lP1 phase shift in the I:0 channel, the present

model can describe the phases fairly well. Below the threshold, their new

calculation, by . slight readjustment of the meson parameters, reproduces

part of the nucleon-nucleon data well.
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Chapter 2

The Experiment

The goal of the present TRIUMF experiment was to measure the spin

correlation parameter, Aoo, in n-p elastic scattering at intermediate energies

over a wide angle range of 500 - 1500 in the center of mass with an absolute

accuracy of *0.03.

The experiment involved scattering vertically (normal to the scattering

plane) polarized neutrons from vertically polarized protons and then mea-

suring the left-right yields for all four combinations of beam (neutrons) and

target (protons) polarization states. The layout of the experiment is shown in

fr,92.1. The details of the beam transport system can be found in refs [48][49].

The polarizations and energies of the vertically polarized primary protons

coming out of the cyclotron rü/ere measured in the proton beam poiarimeters

and beam energy monitor (sec. 2.1). Neutrons were produced in the liquid

deuterium (LDr) target via the 'n(F,ñ)2p rcaction. The transverse polar-

ization transfer coefficient (r¿)r attains a maximum at 90(lab), which is the

rThe transfer coefficient for free n-p scattering is denoted as .R¿. However, for the reaction
2nç¡,n¡Zp the same transfer coefficient is denoted as r¿. The difference between the two is

a small correction factor of the order of 0.04 at intermediate energies.
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extraction port for neutrons in beam line 4Al2 at TRIUMF [50]. In order

to take advantage of this large value of r¿, the polarization direction of the

primary proton beam was rotated clockwise in the horizontal plane by the

spin precession solenoid 'JANIS'(L) with longitudinal magnetic field. After

passing through the LD2 target the primary proton beam was transported

to a beam dump using a dipole magnet (4A82) with a 350 bend angle. The

polarized neutron beam was defined by a 3.37 m long collimator with steel

inserts in a steel box filled with lead. The beam then passed through two

spin precession dipole magnets, 'CLYDE'(V) with magnetic field pointing

up and 'BONNIE'(H) with field pointing left when viewed along the beam

direction (sec. 2.2). The dipole magnet, 'CLYDE', along with the effect of

4AB2 rotated the neutron spins to lie along the beam direction and then the

dipole magnet, 'BONNIE', rotated the spins by g00 into the vertical plane.

Note that these two dipoles also helped to remove charged particles from

the neutron beam. Neutrons then impinged on afrozen spin type polarized

proton target (sec 2.3). Recoil protons were detected in two symmetrically

placed multi wire proportional chamber (MWPC) systems with delay line

readouts and proton time-of-fl.ight assemblies (sec. 2.5). Scattered neutrons

were detected in coincidence in two 1.05 m x 1.05 m x 0.30 m scintillator

arrays giving information on neutron angle and time-of-flight (sec. 2.6). The

position of the neutron beam centroid on the target was continually moni-

tored by the neutron beam profile monitor (sec. 2.4) placed 4 m downstream

of the target.

In order to know the target polarization to an absolute accuracy of *2%

an independent calibration of the target polarization $¡as made at the begin-

ning and end of each of two data taking runs. For this, 469 MeV unpolarized

(F, :0) protons were scattered off the frozen spin target at the angle where
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the p-p analyzing porver is very precisely known (Appendix A). The measured

asymmetry allowed an extraction of the target polarization to the accuracy

mentioned above and to determine a value of r¿ by comparison of analyzing

porvr/ers obtained from the beam and target polarizations.

2.L Proton Polarirneter and Beam Energy Mon-

itor

During the course of the experiment the polarizations of the primary pro-

tons were continually monitored in two polarimeters. The first polarimeter

(referred to as the In Beam Polarimeter or IBP) is a four branch polarimeter

capable of measuring boih transverse components (horizontal and vertical)

of polarization of the proton beam. This polarimeter has large acceptance

(2.8 msr) and contains a hydrogenous target foil located 7.27 m upstream of

the LD2 target. The second poiarimeter (hereafter referred to as the CSB

polarimeter) has a much smaller acceptance (0.16 msr) and is a two branch

polarimeter measuring only the vertical component of the polarization. This

polarimeter is a.lso equipped with a beam energy monitor (BEM) assembly

consisting of scintillator stacks and copper plates to measure the relative

energy of the incident beam. The principle of operation was the same for

both polarimeters. The proton beam polarizations were measured by scat-

tering the beam off a Kapton foil (C H, foil in the IBP) and then measuring

ihe left-right (and also up-down in case of the IBP) scattering asymmetry

at 77o on both sides of the incident proton beam. Only the second (CSB)

polarimeter will be described here. Design details for the IBP polarimeter

can be found in ref.[511.
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Table 2.1: CSB Proton polarimeter specifications

Solid Angle Defining Counter
Vertical dimension
Horizontal dimension
Distance to target
Solid angle
Polar angle range
Azimuthal angle range
Central angle
Rotation angle

Recoil Counter
Vertical dimension
Horizontal dimension
Distance to target
Solid angle
Polar angle range
Azimuthal angle range
Central angle

1.0 cm
2.5 cm
77.47 cm
0.16 msr
+0.370
+1.260
't zo
fl

6go

2.0 crn
1.0 cm
20.32 cm
4.84 msr
+1.410
+3.00
68.90

4t



The CSB polarimeter is placed in a L.5 m diameter scattering chamber

(SFU chamber) located 5.8 m upstream of the LD2 target. The layout of the

polarimeter and beam energy monitor is shown in fig 2.2 arrd the detailed

design criteria are summarized in table 2.7 152]. The polarimeter consists

of two sets of detector assemblies placed symmetrically around the incident

beam. The forward arm (+170) consists of two scintillators followed by a

large Cu degrader and a stack of six 10 mm thick scintillators with 1 mm

Cu sheets sandwiched in between. In order to reduce backgrounds from var-

ious sources the recoil protons are detected in coincidence in two additional

scintillators (one in each branch) placed at t68.90 (lab). The polarimeter

is made insensitive to beam movement by rotating the solid angle defining

counter (A2 in fig. 2.3) by 680 with respect to the scattered beam direction

[52]. For each angle setting of the neutron array, the Kapton foil in the

polarimeter rÃ/as replaced by CH2 and graphite foils, each for at least one

complete spin cycle (i.e. for about 7-8 minutes). This was done in order

to monitor continuous hydrogen loss in the Kapton foil, for quasi-free (p,zp)

background from the carbon in the Kapton foil. The target foils are mounted

on a remotely controlled target ladder. Note that this polarimeter was ini-

iially designed for the 500 MeV charge symmetry breaking experiment[53].

In order to use the polarimeter at other energies the target foii has to be

given appropriate displacements from its nominal 500 MeV position to com-

pensate for the change in coincident p-p kinematics with energy. In table

2.2, all the offsets used in the experiment are summarized.

Fig 2.3 shows the beam energy monitor assembly in greater detail. The

degrader thickness was changed with primary beam energy. Column 3 in

table 2.2 gives the degrader thicknesses that were used during the experi-

ment. For 235 MeV incident proton beam energy the Cu spacers between
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Table 2.2: Polarimeter target offsets and degrader thickness

the scintillators were removed. The average energy of the incident proton

beam was measured by knowing the number of stopping protons in each of

the six scintillators.

lncident
Energy
(MeV)

Offsets
("-)

++õ

343

235

2.2 Neutron Beam Production and Tbansport

Polarized neutrons were produced in the LDz target via the quasi-elastic

reaction D(f,ñ,)2p. The LD2 target is 197 mm long and 51 mm in diameter.

Target walls were made of 0.25 mm thick stainless steel with 0.051 mm thick

stainless steel end windows. The target was designed to operate with either

liquid deuterium or liquid hydrogen. The target cell was remotely moved into

and out of the beam and could be replaced by a geometrically and materially

equivalent dummy target. The experiment was done at three incident proton

beam energies, 235, 343, and 445 MeV. Allowing for energy loss in the LD2

target, one gets the proton energies at the center of the target as., 227.8,

337.2 and 440.0 MeV respectively. After correcting for the binding energy of

deuteron and the energy carried away by the recoil proton, the mean energies

of neutrons scattered at 90 (lab) are, 219.6 + 2.0, 324.8+2.0 424.7 t2.0
MeV. The neutron spectrurn al, 425 MeV as calculated by Bugg and \Milkin

[54,55] is shown in fig 2.4. The absolute energy spread varies from 11 MeV
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Figure 2.3: Energy spectrum of. 425 MeV neutrons scattered at 90 as ca,lcu-
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energy between reactions on hydrogen a¡¡d deuterium targets.
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at 220 MeV to 15 MeV at 425 MeV. The uncertainty in the neutron beam

energy (t2.0 MeV) is the expected maximum uncertainty as measured in

another experiment [56].

The sideways to sideways spin transfer coefficient, r¿, is used to obtain the

maximum neutron polarization. This is because the parameter, r¿ has a large

negative value around 9o (- 1620 in c.m.) over the TRIUMF energy range.

Fig 2.5 shows the angular distribution [13] of the same transfer coefficient

for free n-p scattering (,R¿) at three incident energies. Note that since the

neutron production is a quasi-elastic process but not a free charge exchange

reaction the polarization transfer coeffi.cient -R¿ is to be corrected for final

state interactions [54].

The primary protons were verticaliy polarized whereas the parameter

r¿ involves polarization transfer in the horizontal plane. This required the

+o
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Figure 2.5: Variation of .R¿ with angle and energy
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Table 2.3: Janis solenoid current

proton polarization to be rotated by g00 into the horizontal plane before the

beam hit the LD2 target. This is done by a spin precession solenoid 'JANIS'

placed 1.8 m upstream of the LD2 target. The I Bdl required to rotate the

proton spin by 900 depends on the beam energy and is determined from :

I aat : !h'ç!")- Qr)J 2rnc2g ¡1,,

where g :2r4p:2.793 nn'L:8.8 x 10-14 MeVfTesIa, T'¿c:197.3 x

10-15 MeVm, rrtrc2:938.3 MeV . This gives :

Incident
Energy
(MeV)

I Bdt
(r."')

445

343
235

Solenoid
culrentr

(A)
1.907
1.637
1.328

76.7
65.8
53.4

Currents required to produce the necessary ,[ BdI for the three incident beam

energies are tabulated in the table 2.3. The soienoid gives the polarization

a clockwise rotation into the horizontal plane. The neutrons produced in the

LD2 target attain a net polarization (P") i" the horizontal plane given by :

I aat : r.877 x 1o-3(pc) Tesla m

where Po is the proton polarization as measured by the proton polarimeter

and rj is defined in the previous chapter as the sideways to longitudinal

spin transfer coefficient. The parameter r¿ is negative, so the polarization

direction of the neutrons is opposite to that of the protons. Because of
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the non-zero value of rl the polarization direction of the neutrons was not

exactly transverse to the beam direction, instead it made a small but finite

angle 0 : tan-7r'r/r¿ (fr,g 2.6). The fringe field of the bending magnet that

swept the primary proton beam away from the neutron beam also rotated the

neutron spin by an extra angle c. The neutrons produced at 90 were brought

down through a 3.37 m long collimator consisting of steel pipes welded to

a steel, lead filled, frame with steel inserts. The pipes were built in two

sections, the downstream section was 1.5 m long and 128 mm in diameter

while the upstream section was 1.87 m long and 102 mm in diameter. Eleven

steel inserts filling the g0 port had rectangular apertures varying in size from

39.1 mm horizontal by 18.6 mm vertical upstream to 46.1 mm horizontal by

32.3 mm vertical downstream respectively. The front face of the collimator

is 2.87 m downstream of the center of the LD2 target.
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As is evident from frg 2.5, on exit from the collimator the neutron's spin

is lying in the horizontal plane (also the scattering plane) with the spin

direction making an angle d * a with the transverse direction. The measure-

ment of. Aou requires that the neutron spin direction be oriented normal to

the scattering plane. This requires two dipole magnets or a dipole magnet

and a superconducting solenoid. In the present set up the combination of

two dipole magnets was chosen. The first dipole called 'CLYDE', has field

pointing up (vertical). The I BdI required to precess the neutron spin by an

angle,d,r, is :

where 'y : (7 - u2 f c2)-r/2. A longitudinally polarized neutron beam with

its polarization direction pointing backwards (forwards) is obtained with the

primary proton spin pointing 'up' ('down'), solenoid polarity 'negative' (i.e.

field along negative z, opposite to the direction of motion of the incident

beam) and the field in 'CLYDE' vertical (along y). Since the neutron po-

larization is already rotated by the angle 0 + a the net precession required

to put the polarization direction along the beam direction is (900 - 0 - .).
The magnet currents required are obtained from the measured excitation

curves of the magnets. The dipole magnet 'CLYDE' has a second collimator

between the pole faces. The collimator, which is 0.61 m long and 51.3 mm

by 50.8 mm in aperture, is made up of stacked lead bricks. This helps to

reduce the neutron flux scattered from the walls of the first collimator. This

magnet also removes the charged particles from the neutron beam.

The second dipole magnet , 'BONNIE', has horizontal field pointing left

(when viewed along the beam direction). This magnet rotates the longitu-

dinal neutron spin by 900 and thus brings it perpendicular to the scattering

plane. Note that the neutrons produced in the LDz target acquire a small
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Primary
proton
energy
(Mev)

Table 2.4: Dipole currents

Neutron
enelgy
(MeV)

44Ð

343

235

424.7L2.0
324.8+2.0
279.6t2.0

B
(r)

C

but finite vertical spin component because of the polarization, P (- 0.06).

This normal component of the spin is rotated into the longitudinal direction

by the second magnet, 'BONNIE'. Since in the experiment the target po-

larization was vertical this longitudinal component of the neutron spin does

not contribute to the left-right asymmetry due to parity conservation.

The magnetic field in 'CLYDE' was calibrated by finding the zero cross-

ing of the up-down vertical asymmetries in the neutron polarimeter. For

calibrating'BONNIE', the superconducting solenoid'JANIS' was turned off

so that the neutron polarization after the LDz target was vertical (because

of the transfer coefficient D¿) and the dipole magnet 'CLYDE' was set at the

nominal value. The correct field setting was found by looking at the zero

crossing of left-right asymmetries in the same polarimeter. The details of

YDE
Uurrent

(A)

0.981

0.947
8.35

1103

r067
0.936

BONNIE
B
(r)

currenr
(A)

7.542
1.394
L.202

793

668

543

the technique can be found in ref. [48]. The currents for these two dipole

magnets for the three energies are summarized in table 2.4. During the ex-

periment both magnet fields were continually monitored using NMR probes.
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Maximum Polarization

Relaxation time
Magnetic holding field
Holding field reproducibility
Holding field Stability
Target volume
Opening angle

Table 2.5: Frozen Spin Target Specifications

2.3 Flozen Spin Folarized Proton Target

up: 0.8L
down: 0.84
> 500 hours
0.26 T
+0.1%
+0.1% at target center
35 cm3 5 cm high,2 cm thick, 3.5 cm wide
Horizontal *930
Vertical tl10

A frozen spin polarized proton target [57] , placed 12.9 m downstream

of the LD2 target, was used in this experiment. Table 2.5 summarizes the

target specifications. This type of target needs a lower magnetic holding field

to maintain the polarization compared to other types of targets. The target

material was 1.5 mm diameter butanol (C HßO) beads immersed in a bath of

g4VoaHe and6To3He. Details of the target design and principle of operation

can be found in ref [58]. Polarization of the target took place in a 2.57 T

magnetic field of a superconducting solenoid. Once the desired polarization

was obtained the target temperature 'fi¡as lowered to about 40 mK to "freeze"

the polarization. The solenoid was lowered and a conventional magnet above

the target cell was energized to supply together with the superconducting

solenoid the 0.26 T holding field. The whole operation took about 6-7 hours.

The polarization of the target material is based on the principle of dy-

namic nuclear polarization (DNP)[59]. The target material, which is usually

an organic substance, is doped with a small concentration of electron donor
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material of complex molecules containing the chromium atom. In this way

the density of free electrons in the target material is increased. In the pres-

ence of an external magnetic field (2.5 T) and at low enough temperature (1

K) the electron spins are aligned antiparallel to the magnetic field. The pro-

ton spins, because of their very small magnetic moment (600 times smaller

than that of an electron), remain unaffected. The transition between the

electron-proton states is induced by irradiating the target material with mi-

cro\¡/aves. The frequency of microwaves is chosen in such a u/ay that an

electron and a proton flip their spins at the same time. The electron being

strongly coupled to the lattice flips back to its thermal equilibrium value

very quickly. But the proton relaxation time is very large and thus the pro-

ton stays in the polarized state for a much longer time. The mechanism

can be better understood if one draws the appropriate energy levels. In the

magnetic field the four fold degeneracy of the electron-proton states l",p >

is removed (fig 2.7). Because of the dipole-dipole interaction the four states

are not pure but contain an admixture of other states. For convenience it

is assumed that the states are pure. The states lc > and ld > are almost

equally populated while the states lø > and ló > are almost empty. The tran-

sition between different states can be forced to occur by appiying radiation

of the appropriate frequency. For example, if one applies an energy of the

order of. lr(u" * un),, transition between states ld > and lø > is possible, and

the electron and proton spins flip simultaneously in the same direction ('flip-

fl.ip') , from a 'down' state to an 'up' state. The probability of spontaneous

transition between stateslø ) and lc > or between states ló > and ld > is
very large compared to that between states lø > and ld > or between states

ló > and lc >. Because of the spin-phonon interactions a quick transition

takes place between states la > and lc >. The rate for this process is about
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Figure 2.7: En.ergy levels for electron-proton system in presence of a magnetic

field.

lu): l+-)

l¿): l--)

53



103 s-1, whereas the rate for transition from siate lø ) to state ld > is very

smail, of the order of 10-3 s-l. After a certain time, the electron frees itself

from the state lc > leaving the proton in a spin state opposite to that in
which it started. This free electron then couples with another proton and

induces a further transition. Now if one wants to have the target polarized

in the 'down' state all one has to do is to apply microwaves with frequency

equal to the transition frequency (r"-c.,r,,) between states lc > and ló >. As

is evident from the figure, in this transition, the electron and proton spins

reverse simultaneously in the opposite direction ('flip-flop'). The polariza-

tion decay time is related to the temperature and holding field through the

foilowing empirical expression [57].

r:qH2T-4 (2.5)

The constant r¡ is inversely proportional to the doping concentration of free

electrons. Thus to increase this decay time a compromise must be made

between the strength of the holding field (H) and the target temperature

(r).

Fig 2.8 shows a schematic diagram of the frozen spin target (FST) used

in the experiment. The maximum target polarization obtained during the

experiment was 84% with a typical decay time of 600 hours. The target

holding field was measured in the beam plane, and in planes 5 cm above and

3 cm below the beam plane. Fig 2.9 shows a plot of the target holding field in

the beam plane. The field at the center of the target is 0.257 T but it drops

off very rapidly to almost zero. The target cell was rectangular in shape, 2

cm thick, 3.5 cm wide and 5 cm high. The position of the target cell and

the volume occupied by the butanol beads in the cell were determined from

X-ray radiographs taken at the beginning and end of the two data taking

runs. During the experiment we had two orientations of the target cell. In
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phase-1 of the experiment which was carried out at the forward proton angles

(20o - 450 in lab) the target cell was oriented with its 2 cm side along the

beam. For the phase-2 of the experiment, at the backward proton angles,

the target cell was rotated by 900 so that the 3.5 cm side was parallel to the

beam. This was done to reduce the multiple scattering of the recoil protons.

The polarization of the target r,r/as measured by the usual NMR technique.

Polarizations'were calibrated against the thermal equilibrium values in the

polarizing field at 1 K. Polarization measurements were made once in every

twenty four hours. For each angle setting and for each energy there were

two orientations of the target spin, 'up' (*y) an¿ 'down' (-y). The average

polarization for each spin state of the target is determined, assuming an

exponential decay of the polarization as,

P**o: Pi - lt ,

In(P¿lP¡)

where P¿ and P¡ are intial and final polarizations at the beginning and end

of each angle run. The average polarizations of the target as measured by

the NMR are summarized in table-2.6. The NMR values of polarization were

accurate to within 4% 160]. In order to know the absolute target polarizations

to better lhan 4To separate calibration data were taken with 497 and 512

MeV primary protons. The details of the calibration part are described in

the Appendix-A.

2"4 Neutron Bearrt Profile Monitor and Fo-

larimeter

During the course of the experiment the position of the neutron beam on

the frozen spin target was continuously monitored. The proton beam posi-
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Table 2.6: NMR values of magnitude of target polarization

424.7+2.0

67.0
61.0
57.0
52.0

47.0*
47.0#

37.0
27.0

324.8+2.0

0.719
0.735
0.772
0.701
0.684
0.809
0.794
0.787

67.0

61.0
57.0

52.0

47.0
42.0
37.0
32.0

0.727
0.739
0.737
0.737
0.738
0.792
0.786
0.788

279.6+2.0

0.756
0.759
0.768
0.780
0.787
0.773
0.745
0.712

* March '87 run, # June '87 run

0.740
0.737
0.738

0.737
0.734
0.788
0.779
0.766
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Figure 2.9: Radial component of the holding field of frozen spin target

tion just upstream of the LD2larget was determined from in-beam monitors

during beam tuning. However, because of the large distances (12.9 m) in-

volved, precise positioning of the neutron beam on the target couldn't be

determined solely from the primary proton beam position. One also wants

to make sure that the neutron beam centroid does not change position cor-

related with the target spin reversal. The neutron beam profile monitor is

stationed 4 m downstream from the target (FST). A schematic diagram of

the profile monitor and the polarimeter is shown in fig 2.10. In the figure the

neutron beam is coming from the right, charged particles in the beam are

removed by the veto counter (VC). The converter scintillator (C), 21.0 cm by

21.0 cm by 3.2 mm in size, is used to produce charged particles through n-p

elastic scattering. These charged particles are traced back to the converter

scintillator by two 20.3 cm by 20.3 cm delay line wire chambers (DLCs)
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Neutron Polarimeter
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Figure 2.10: Neutron beam profile monitor and polarimeter assembly
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giving the vertical and horizontal beam profiles.

The neutron polarimeter is mainly used to measure the horizontal and

vertical asymmetries which are then compared with the values obtained from

the proton polarimeters. Since the effective analyzing pov¡ers for this po-

larimeter are not well known. a direct determination of the neutron beam

polarization is not possible. The polarimeter is located just downstream of

the profile monitor (fig 2.9) and consists of a 5 cm thick polyethylene (C H2)

target with a 3.2 mm ihick veto scintillator in front of the target. Following

the target is a 3.2 mm thick scintillator (T). Protons from n-p reactions in

the C H2 target and the scintillator T are detected in the four identical 6.4

mm thick scintillators forming two pairs of branches, left-right and up-down.

Each scintillator is 10 cm by 10 cm in size and is at 50 cm from lhe C H2

target and covers a solid angle of 0.040 sr. Wedge shaped brass absorbers are

placed in front of each of four scintillators to remove the energy dispersion

in the scattered protons and to remove lower energy charged particies.

2.5 Proton Ðetection Svstem

As mentioned before, recoil protons were detected in two detector assem-

blies mounted on booms symmetrically placed around the incident neutron

beam direction. The layout of the detection apparatus is shown in fig 2.11.

Each boom supported a time-of-flight system for energy determination and

a set of four delay line chambers (DLC) for track reconstruction and hence

measurement of the scattering angle.

The proton time-of-flight system consisted of a 0.8 mm thick start scin-

tillator (PTOF) and a 6.4 mm thick stop scintillator called the E-counter.

The start scintillator was placed 40 cm away from the frozen spin target

60



Frozen Spin Targetttot 
o,-c',

E
(ú
o
m
c
o
f
oz

Figure 2.1.1: Schematic diagram for proton and neutron detection assemblies

Dtc t olc o

Neutron Arra
Veto

61



Device

Table 2.7: Distances of proton boom elements

PTOF
DtCl
DLC2
DtCS
DtC4
AE
E

Left
(mm)(")

400

609.4
1671.3
2828.r
2992.7
3137
3444

Right
(mm)(')

(a) teft and right are with respect to the incident neutron beam. (b) Thickness
is - 25 mgf cm2 -41equivalent

(FST) center and was viewed by phototubes at opposite ends; the timing

signal for each tube as well as their hardware mean time were available .

The E-counter was a 67 cm by 67 cm scintiliator located 3.4 m away from

the target. There were four phototubes attached to this scintillator, two on

each of top and bottom ends. The timing signals from all of these four tubes

were collected during the experiment. There was another scintillator on each

boom, a 6.4 mm thick A-E counter placed 31 cm upstream of the E-counter.

The positions of different boom elements are summarized in table 2.7. All

distances rÃ¡ere measured from the target center.

The delay line chamber (DLCI) closest to the FST on each boom had an

active area of 30 cm by 30 cm. The operating voltage for this chamber was

3600 V. The three subsequent chambers (DLC2, DLC3 and DLC4) on the

boom were considerably bigger in size, each with an active area of 58 cm by

58 cm, the corresponding voltages were between 4450 and 4550 V. All these

chambers consisted of single anode planes sandwiched between cathode foils

which were made of.20 ¡,trn copper strips on 25 p,rn rnylar, the copper strips
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618.4
1669.3
2831.9

2999.5
3139
3444

Thickness
(mm)

0.8
(Ð

(ä)

(Ð

(ä)

6.4
6.4

Dimensions (cm)
Horizontal I Vertical

r 1.,)

30.0

58.0
58.0

58.0
67.0
67.0

L7.5

30.0
58.0
58.0

58.0
67.0

67.0



being 3.5 mm wide wiih 0.5 mm gap in between. The separation between

the anode plane and each cathode plane is 4.8 mm for the first chamber and

6.0 mm for the three subsequent chambers. This spacing is kept constant

by flowing the chamber gas under pressure, enough to counter-balance the

electrostatic attraction between the cathode and anode planes. The vari-

ous materials that a particle traverses whiie passing through each chamber

are listed in table 2.8. Each chamber had two delay lines, each with a ca-

pacitive input near both ends for pulser signal injection . The delay lines

are solenoidal type [61] with propagation speed approximately equal to 2g

ns/cm. Each end of each delay line has a 5.0 cm x 7.5 cm discriminator board

mounted on it. 'Magic gas' consisting of 30% isobutane, S0To a mixture of

lTo fteor- in argon and 40% argon bubbled through methylal was flowed at

100 cc/min through each chamber. The delay lines of the back chambers

were calibrated by placing each group of four chambers as close together and

as far from the target as possible thus allowing for full illumination of the

chambers. The horizontal time difference spectra showed the 'picket fence'

image of the anode wires (frg2.12). The delay line linearity was calibrated by

making use of this 'picket fence' spectrum. A calibration table relating the

horizontal delay time with absolute anode wire positions was constructed.

The calibration table for the vertical coordinate was formed in the follow-

ing way. First, two out of four chambers were rotated by g00 so that the

'picket fence' coordinate in these two chambers is in the vertical direction.

By ray tracing through the chambers, the vertical coordinates of the unro-

tated chambers were calibrated with respect to the already calibrated picket

fence coordinate. The delay lines on the first chamber of each boom is as-

sumed linear and no calibration table for this chamber r,¡/as constructed. Tne

horizontal position resolution was t0.6 mm whereas the vertical resolution
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v/as about !.0.4 mm, somewhat better compared to the horizontal resolution

because of absence of any picket fence structure in the vertical direction.

The kinematic acceptance for coincident neutron-proton pairs was de-

termined by ihe fourth delay line chamber furthest from the FST. If ihis

chamber does not fire then the solid angle is defined by the third chamber.

Figure 2.72: 'Picket fence' image of anode wires in DLC2

800 B4O BBO
TDC chonnels

2.6 Neutron Detection System

Scattered neutrons were detected in two large 1.05 m wide, 1.05 m high

and 0.30 m thick identical scintillator arrays placed at angles conjugate to

the elastic proton angies. Fig 2.13 shows a schematic diagram of one of the

arrays. Each array was made of two vertical banks of seven 1.05 m long,

0.15 m deep and 0.15 m high sciniillator bars. Both ends of each bar were
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Table 2.8: DLC compositions

Aluminized mylar
Magic gas

MyIar
Copper cathode strip
Magic gas

Tungsten anode wire
Magic gas

Copper cathode strip
Mylar
Magic gas

Aluminized mylar

Thickness

terminated by modified \Minston cone [62] light guides designed to accept

light which falls on the inner surface of the bars at angles < 150. In order

to veto charged particles three overlapping scintillators rvere placed in front

of the array. Behind each bar of the rear bank of each neutron array there

u¡ere a set of seven small 70 mm wide, 64 mm high and 7 mm thick 'button'

scintillatorr (fig 2.12). They are imbedded in a lucite light guide. The

signals from the passing protons which penetrated to the button counters

were used to adjust the pulse height and time delays for each scintillator

bar. This was done at the beginning of each phase of the two data taking

runs. The arrays were put at forward angles where the passing protons

were suffi.ciently energetic to penetrate the two stacks of scintillator bars.

Data taken under this condition were analyzed off line immediately. On

the basis of this analysis the phototube voltages and the different delays in

the bars were adjusted to the desired values. A 1.6 mm thick scintillator

(NTOF) placed 50 cm from the target guarantees that the charged particles

oÐ

25 p,m

14-20 mm
25 p,m

20 pm
6mm
20 p,rn

6mm
20 pm
25 p,m

14-20 mm
25 p,m

Thickness
(ms lcm2)

3.3
3.4
3.3
18.0

r.2
38.0
r.2
18.0

3.3
3.4
3.3
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Figure 2.13: One of two Neutron Arrays.
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Table 2.9: Distances of neutron arrays from FST center

Scattered neutron angles (lab) :

Ieft& right 670 6Lo 57o 52o

Left neutron array positions (mm) :

Veto 2293 2720 3922 4282

lst bank 2454 2881 4083 4443

2nd bank 2644 3071 4273 4633

Button 2769 3196 4398 4758

Right neutron array positions (mm) :

Veto 226L 2731 3934 4316 4530

lst bank 2406 2876 4079 4461 4675

2nd bank 2607 3077 4280 4662 4876

Button 2740 3210 4473 4795 5009

originate at the target. Details of this technique will be discussed in the

following chapters. Pulser signals injected in each neutron bar through the

light emitting diodes, were used to monitor the stability of neutron bars.

Table 2.9 summarizes the positions of different detection elements of each

neutron detection system.

The time difference from two ends of each bar gave the horizontal posi-

tions of the neutrons in the bars. The vertical coordinates lvere determined

by knowing which of the seven bars were struck. The verticai resolution for

a single bar hii was t75 n1.n'¿ r half the height of each bar. The horizontal

position resolution was obtained from the difference of the positions of but-

ton events in the front and back bars and was found to be 32 mrn FWHM.

The neutron time-of-flight between the neutron array and the FST center

was determined from the arrival time of neutrons in scintillator bars with

respect to the proton time-of-flight start counter and then correcting for the

travel time of neutrons between the target center and the start counter.
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4522 4611 4340
4683 4772 4501

4873 4962 4691
4998 5087 4816

420 370 320

4270 4284
4431 4445

4621 4635
4746 4760

4541 4383
4686 4528
4887 4729
5020 4862

270

4286 4302
4431 4446
4632 4647

4765 4780



2.7 Alignrnent and Settittg Up of the Detec-

tors

The angles and the positions of the proton booms and the neutron arrays

are listed in tabie 2.10. Because of the target holding field the recoil protons

were deflected from their canonical angles. This holding field deflection was

compensated for by displacing the booms by the corresponding angle. The

target hotding field was always 'up'. The proton boom on the right hand side

of the incident beam (viewed along the beam direction) was put at angles

larger than the canonical angles, whereas the boom on the left was put at

angles smailer than the canonical angles.

The setting up of the proton booms and their alignment were done in

the following way. First the booms were put at the nominal angles that

were marked with theodolite from nominal target location to an accuracy of

+0.050 on the floor. Each boom is 4 m long and has a plumb bob hanging

from the rear. A brass rule was made [63] with graduated marks on it. The

smallest division on the rule corresponds to 0.10 when placed at 4 m aviay

from the pivot point. This rule was put right beneath the plumb bob and

the boom angles were then corrected for the deflection, adding the deflection

angle to one side (right) and subtracting from the other (left). Using a

leveled theodolite and the fiducial lines on the boom uprights the feet of the

booms were adjusted to bring the central median planes of the detectors to

the beam height. The leveling of the booms was checked with spirit levels.

The angles v¡ere carefully recorded and later checked before changing to set

the booms at another angle. The booms were positioned to within +0.050

to the correct angle. The heights of the detector median planes were within

It.0 mm of the beam height.
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The positioning of the neutron arrays was done in the following way. The

set of angular positions of each array were the same for all three incident

energies. However the radial position was changed with scattering angle to

maximize the solid angle coverage of the detector system. For each neutron

angle setting four holes were drilled in the floor and four brackets with brass

positioning scre'm/s were put into the hole around the array. The iengths of

these screv/s were varied to set the arrays at correct angle and positions.

The arrays u/ere jacked up to the beam height using a leveled theodolite as

a reference. The bars were ieveled by using a spirit level. In this way the

neurron arrays could be positioned to within +0.050 of the nominal angle.
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Neutron array
angle (deg)

(")
67.0
61.0
57.0
52.0
47.0
42.0
37.0

Table 2.10: Kinematic table

Neutron array
position (cm)

(")

Neutron energy : 220 MeV

234.0

300.0
420.0

456.0
480.0
480.0
456.0

Proton boom
angle (deg)

67.0

61.0
57.0
52.0
47.0
42.0
37.0
32.0

20.72
26.32
30.1 1

34.92
39.81
44.80
49.88

Recoil proton
energy (MeV)

234.0
300.0
420.0

456.0
480.0
480.0
456.0
456.0

Neutron ene

189.67
r72.75
159.90
t42.43
123.85
104.68
85.49

67.0
61.0
57.0

52.0

47.0

37.0
27.0

angle (deg)
(d)

19.81

25.23
28.91

33.62
38.44
43.40

48.49

53.73

= 325 MeV

(a) Central angle of each neutron array. (b) Central angle of each proton boom. (c)

Recoil proton energy at target center
(d) Proton deflection angle in 0.257 T magnetic holding field of the frozen spin
target. (e) Distance between the vertical plane midway between two scintillator
banks and the target center.

f. i3
1.20
L.26

1.35

L.49

1.69
2.07

234.0
300.0
420.0

456.0
480.0

456.0
456.0

Neutron ener

282.05
257.83
239.32
214.01
186.85
158.60
130.08
L02.21

19.01

24.26
27.85

32.45
37.2r
47.23
57.98

= 425 MeV

0.89
0.94
0.98
1.05
r.41
t.27
t.44
L.71

370.96
340.22
316.58
284.06
248.94
174.65
702.74

0.76
0.80
0.83
0.89
0.96
1.19

r.70
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Chapter 3

Data Acquisition

As mentioned in the last chapter, the experiment was carried out in

two phases. Each phase of. Auo running was preceded and followed by target

calibration runs. In this chapter only tlne Aoo configuration of the experiment

will be described. Most of the electronics involved were the same for both

the Aou and the target calibration parts of the experiment.

3.1- Electronlcs

The electronic diagrams for the proton polarimeter (CSB) and the beam

energy monitor are shown in fig 3.1. The number of accidental events for

the polarimeter was determined by delaying the recoil counter signal by 44

ns which is the time interval between two beam bursts. In the beam energy

monitor, the trigger for a particle stopping in the scintillator B¿ (frg 2.3) or

in the copper between scintillator B¿ and B¿.,'1 is

At' Ay Az' Bt "' B¿' Br*r. " ' B6

7T
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Figure 3.1: Proton polarimeter and beam energy monitor electronics (left or

right side events)



The coincidences were scaled as :

(Ar. A2. A3. B r), (Ar. Az. As. Br n z) . . . (h. A2. As. B t. . . . g a)

and the rates for particles stopping in B¿ were determined by taking the

difference between successive scalers.

The electronics diagram for the neutron polarimeter and profile monitor is

shown in fig 3.2. During the experiment, the primary proton beam upstream

of the LD2 target had to be retuned for each energy. Once a satisfactory

primary beam tune was established a prescale switch in the profile monitor

was set to adjust the ratio of profile monitor events to main data events

(10-20To). Both the horizontal and vertical neutron proflles were examined;

the beam line elements upstream of the LDz target were adjusted to center

the neutron beam on the profile monitor.

The electronic diagrams for the neutron and proton detection systems

and the master triggering assembly are summarized in figs 3.3-3.5. A de-

tected proton required the proton time-of-flight counter, A-E-counter and

E-counter to fire, whereas a detected neutron required proton time-of-flighi

signal and the signal from neutron scintillator array with no signal from the

veto counter. For a'button'event, the n-tof, veto and button counters had

to fire. In order to minimize the number of timing circuits, the signals from

the scintillator bars 1,3,5 and 7 and the signals from bars 2,4 and 6 were

daisy chained (fig 3.a). The signals from each bar were delayed by a certain

amount in order to identifv the individual bar.
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Figure 3.2: Neutron profile monitor and polarimeter electronics
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Figure 3.3: Proton detection system electronics
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VetoArray

Neutron BarArray
(1 oÍ2perside)

ButtonArray

Figure 3.4: Neutron detection system electronics. The ends ma¡ked a,b and

c a^re connected to the triggering system as shown in next figure.
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Figure 3.5: Neutron and proton trigger systems. The neutron latch is set

bV (") no veto signal and (b) a neutron scintillator fired. The signals from

(c) button events or (d) proton boom are required for the coincidence. For

a proton trigger the signals from the time-of-flight and (e) AE counter and

(f) the E-counter are required.
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Word $

2

3

4

Ð

What it contains

Table 3.1: Summary of a tape block

Start of a block, block length in bytes
Zeto
First event, gives event length in bytes
Zeto
Left byte of this word contains an event termination code.

Right byte contains the length of the event.
Left byte of this word indicates the event type. The right byte
contains high order 8 bits of a 24-bit event sequence number.
This word contains the low order 16 bits of the sequence number.
Beginning of real data. Header word for a module.

7

8

3.2 Data Tlansfer and On-line Monitoring

The DACS data acquisition program running on the Data General

ECLIPSE computers at TRIUMF was used for the acquisition and on-line

monitoring of the data. Whenever an event triggered the logic the CAMAC

modules were read and the data were transferred to tape. The computer sent

a busy signal to inhibit the further acquisition of data while the previous

data were still being transferred to the data buffer. There \Mas a busy signal

coming from the polarized ion source. The spin controller sent this busy

signal whenever the beam spin was being changed. Data were written on

tape in variable block length with a maximum of 7024 16-bii words per

block. Events were also of variable length, each event contained entirely

within one tape block. In table-3.1 we have summarized what a tape block

looked like.

There $¡ere seven different event types.

c Event types 1 and 5 contained all the scaler information. In the ex-
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periment there were about 130 scalers altogether. Both these types of

event were read everv five seconds as clock events.

Event type 2 was the main n-p coincidence event where we had all

the TDCs, ADCs and wire chamber information. Events with the left

neutron array and right proton detectors firing were defined as left

events. For right events, the right neutron array and the left proton

detectors had to fire. Note that here left and right simply mean the left

and right hand sides of the incident beam direction. 'Whether an event

'ü/as a left event or a right event was identified by a bit in the Digital

Coincidence Register (DCR) unit. The least significant bit signifies

a left event while the next higher bit corresponds to a right event.

Table-3.2 summarizes the assignments of the bits of the DCR.

Event type 3 was the neutron profile monitor and polarimeter event.

These events $¡ere prescaled in hardware.

Event type 4 rÃ¡as a clock event which read the high voltages from all

the LeCroy Mainframes every 10 minutes.

Event type 7 was the FST event. This was also a clock event which

was read every five minutes. The object of this event type was to check

on various FST parameters such as the temperature, vacuum etc.

Event type 9 was the button event (sec 4.3) triggered by the scattered

protons that were energetic enough to penetrate the upstream and

downstream banks of each neutron array to fire seven small 'button'

scintillators located at the downstream side of each array. The purpose

of this event type will be explained in the next chapter. Because of the

low energy of 'button' protons there were not many button events at
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Bit # Event

Table 3.2: DCR bit asignments

0 nL.pR neutron left, proton right
1 nR.pL neutron right , proton left
2 nL veto present (i.e. Left button event)
3 nR veto present (i.e. Right button event)
4--
5 DLC trip
6 U.B spin up, not busy
7 D.B spin down, not busy
I O.B spin off, not busy
I RF signal present
10 B (busy)
11 Pulser

most of the angle and energy settings.

There \Mas no on-line rejection of data. Among various things that were

monitored during the experiment the most important was a continuous check

on the functioning of all the TDC and ADC modules. For this a two di-

mensional spectrum with the channel numbers on the x-axis and the word

numbers on the y-axis was defined. Note that the word numbers correspond

to the locations of different detector module channel address in a tape block.

One such plot is shown in fig 3.6. In the figure, the first word corresponds

to the location of word no. 6 of the table 3.1. Thus the words 8-17 (fig

3.6) are the proton boom ADCs, the corresponding TDCs are the words 19-

29. The neutron array ADCs are the words 31-45 whereas the words 50-60

correspond to the neutron detection system TDCs. The delay line chamber

TDCs are the words 62-78. There was also an on-line check of all the scalers

and their rates. At the end of each tape the scalers were printed and were

checked very carefully before starting the next tape. The check on the neu-
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Figure 3.6: Two dimensional index spectrum showing the different TDC and

ADC modules.

tron beam profiles ensured that the neutron beam v/as properly centered on

the frozen spin target. For a beam current of 400 nA, the trigger rate for the

np coincidence events r¡/as about 70 per second.

P-Boom TDCs

P-Boom ADCs

688

N-orroy TDCs

N-orroy ADCs

988 t2øB
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Chapter 4

Data Analysis

The complete analysis of the data taken in the Aoo rnode was carried out

by using 'LISA' [64] which is a general purpose interactive data analysis pro-

gram capable of working in the DCL environment of the VAX-VMS system.

Fig 4.1 shows the flow chart for event by event processing in LISA. The user

routine 'INSERT' does all the specific experiment dependent event by event

transformations and manipulations of the data. Most of the subroutines in

this routine have been adapted from another data analysis program calied

'PERSEUS' [65], and then modified to suit our purpose. The hybridiza-

tion of these two programs, LISA and PERSEUS, made this present analysis

program extremely thorough, versatile and fl.exible.

4.1- Scaler Analysis

There were 130 scalers in total read in the experiment. At the beginning

of the analysis we looked into all the scaler values and used the polarime-

ter scalers to determine the proton beam polarizations and its energy, the

neutron polarimeter asymmetries and the computer dead times.
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4.t.L Proton Beam Polarization and Energy

The polarization and energy of the primary proton beam were measured

by the BEM/Polarimeter combination referred to as the CSB polarimeter in

chapter 3 (fiS 2.1). In the In-Beam Polarimeter (IBP) we also measured the

beam polarization independently. However, the primary beam was focussed

on the CSB polarimeter. Furthermore, the same target foil was used in the

IBP throughout each phase of the experiment and thus the polarizations ob-

tained from this polarimeter could not be very reliable because of continuous

hydrogen loss from ihe foil. The polarization values referred to in this thesis

are actually the polarizations measured in the CSB polarimeter. During the

experiment the spin direction of the beam was changed in a semi-random

fashion ; the beam was'up'for 3 minutes, 'down'for 3 minutes and 'off' for

1 minute in one complete spin cycle. At the end of two hours of running

there were almost equal numbers of 'up' and 'down' events. The 'up'('a')
and 'down'('-') polarizations are determined from :

Au is the p-p analyzing pou/er at 170(lab) obtained from Arndt's energy

dependent phase shift analysis [13]. The A, values at three primary beam

energies are summarized in table-4.1. The errors assigned to the analyzing

po'!¡/ers are obtained from Arndt's single energy phase shift solutions and are

treated as the systematic errors in the final error calculation. The €'s are

the left-right asymmetries corrected for the instrumental asymmetry and are

given by :

P.:4. P-:L' A!' Av

where L and R are the accidental subtracted left and

instrumental asymmetry. The polarization averaged
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GET AN EVENT
FROM THE

Figure 4.1: Flow chart for the 'LISA' event analysis program
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Proton beam

energy (MeV)

Table 4.1: p-p analyzing powers

235

343

445

Scattering

Angle (d"S)

spin states is determined from:

T7

77

77

4.,

(Hr)

The target used in the CSB polarimeter was kapton foil. Since the target

foil contains carbon, the above asymmetries in equations (4.2) and (4.8) are

to be corrected for the carbon contamination. The corrected asymmetry is

related to the above asymmetries by the following expression :

0.3450+1.5%

0.4388t1.5%

0.4978+1.5%

e 7 Jx-t
-:

¿au Ay Ao^/X+t
t. L+R-

L-R+

Ay

CHz

0.3774+7

0.4064+1

0.4553+1

5%

OYo

5%

where p is the fraction of carbon to hydrogen counts in either of kapton or

C H2 foiI, i.e.

Êcorr : a e

and ec is the asymmetry originating from Carbon and is obtained by using

a 777.5 mg f cm2 carbon target (the only carbon target available) in piace of

the kapton target.

ðÐ

: (t+p-r7),

(4 3)

(4 4\

,LclRc,
P:LLH+R.)kapton

(4.5)

(4.6)

(4.7)



trbom the total of left and right counts from kapton and carbon targets

the following ratio is formed.

where rcarbon is the fraction of carbon atoms present in one molecule of kap-

ton. The t's are the thicknesses of the corresponding targets. The secondary

electron emission monito¡ (SEM) counts and the sum of left and right counts

from the carbon target (L'""to" + n9c"b'") are known. Thus using the above

y kapton , pkøptonuC -T tLC

Tcé:;bq Reåñ;:

equation one finds LPnt"" r RYnto". The total values of the ieft and right
counts from a kapton target (L + R) is known. Thus

S E M¡r*p¿on ., Tcarbontkapton

SEM"*r-, ^ - t""ru",

Knowing these values p as well as a can be extracted. In the same way one

can find the corresponding values for a C H2 target. Note that a for the

kapton targets is 1.028 and that for the CH2 targets is 1.006. The variation

of these two parameters with energy is negligible.

The polarimeter performance'was checked by forming the left and right

efficiency ratio (after correcting for accidentals), viz.

Ln*Rn:L+n-@"¡Rc)

(4.8)

This ratio should remain constant with time provided the 'up' and. ,down'

polarizations are the same and do not change with time. It is also assumed.

that the left and right solid angle acceptances are the same. However, that

may change wiih the change in the instrumental asymmetry. This ratio found

on a tape by tape basis for one energy is plotted in fig 4.2. The 'up','down,
and average polarizations for each neutron angle setting are summarized in
table 4.2.
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The average energy of the incident proton beam was measured by knowing

the number of stopping protons in each of six scintillators in the beam energy

monitor assembly (fig 2.3). For example, if l/¿ is the number of protons

stopping in the i'th scintillator, B¿, then the average energy is extracted as :

Figure 4.2: The proton polarimeter left-right efficiency ratio

10 20 30 +o
Tope No.

where ø¿ is the energy of the protons whose range extend up to the B¿' th

scintillator or to the Cu sheet after it. The number of protons stopping in

the scintillator B; is determined from the trigger condition expressed in eqn

3.1. The BEM has two detector arms. The incident proton beam energy is

averaged over both left and right arms of the BEM assembly.

50

1T> -

primary proton beam energies as determined on a tape by tape basis are

plotted in fig 4.3. During the 343 MeV run, the first scintillator on the right

BEM assembly was not working between tape 36 and tape 48 in fig 4.3a. In

87
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Proton
Beam
energy
(Mev)

Table 4.2: Proton Beam Poiarizations!

Neutron
Array
angle
(d"s)

445

67.0
61.0
57.0
52.0

47.0"
47.0#
37.0
27.0

target spin up
up

Proton beam polarization

0.730
0.690
0.710
0.748
0.747
0.722
0.726
0.723

dn

0.705

0.684
0.691

0.705

0.704
0.717
0.710
0.713

av.

67.0
61.0
57.0

52.0
47.0
42.0
37.0
32.0

0.718
0.688
0.701
0.727
0.726
0.720
0.719
0.718

343

target spin down
up

0.758
0.759
0.755
0.722
0.725
0.77r
0.724
0.729

0.725
0.746
0.726
0.726
0.737
0.732
0.723
0.731

dn

0.749
0.748
0.754
0.759
0.780

0.736

0.734
0.739

0.710
0.688
0.701

0.707
0.699
0.718
0.774
0.719

235.

av.

67.0
61.0
57;0
52.0
47.0
37.0

! typical error in polarization is *0.002
+ March 1987 run ; f June 1987 run

0.754
0.754
0.755
0.741
0.753
0.755
0.729
0.734

0.718
0.718
0.7t4
0.717
0.718
0.725
0.719
0.725

0.796
0.797
0.797
0.786
0.789
0.801

0.761
0.768
0.767
0.768
0.757
0.756
0.728
0.728

0.776
0.774
0.773

0.770
0.767

0.813

0.739
0.737
0.738
0.728
0.754
0.750
0.731

0.715

0.786
0.785
0.782
0.778
0.778
0.808

0.750
0.753
0.753
0.748
0.756
0.753
0.730
0.722

0.814
0.820
0.815
0.836
0.804
0.795

0.788
0.793
0.789
0.797
0.806
0.806

0.801
0.806
0.802
0.816
0.805
0.802
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Table 4.3: Average Primary Proton Beam Energies

Run Average
energy

1

2

e)

(l¡
444.09
342.86
234.57

V)

Standard
deviation

(MeV)

finding the average energy during that period the first scintillator on both

left and right sides has been excluded. Also at that time the cyclotron RF

v/as very unstable. This may explain the lower values of the beam energy for

that period. There are also some step like discontinuities in all three energies

evident in the figure. These discontinuities occur right after the shut down

for the maintenance day or after an angle change which involved removing

the stripper foil for a prolonged access. The mean energies averaged over

about 60 tapes for each incident energy run are summarized in table-4.3.

4.L.2 Neutron Beam Polarization

Phase 1

0.19
0.07
0.59

Maximum
energy
(MeV)
444.39
343.04
235.60

Minimum
energy
(MeV)
443.79
342.74
233.46

Average
enerSy
( Me
443.50
341.3i
234.97

V)

Standard
deviation

lMeV)

P a.se 2

The neutron polarimeter scalers rvere used to measure both horizontal

and vertical asymmetries caused by the vertical and horizontal components

of the neutron beam polarization. Since the effective analyzing power for this

polarimeter is not well known, the beam polarizations could not be inferred

directly from these asymmetries. Instead, the proton beam polarization and

the polarization transfer coefficients were used to extract the vertical com-

ponent of the neutron beam polarization (eqn. 2.3). The effective analyzing

po\Ã/ers for the left-right and up-dov/n asymmetries are not the same. This is

because the vertical and horizontal neutron beam profiles are different and
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0.04
0.54
0.42

Maxrmum
energy
(MeV)
4+ó.Oó

342.r0
235.04

vllnrmum

(MeV)
443.44
340.72
233.40



346

345

à ¡++

- ¡+¡
o

_ 341
c
H ,,^

339

338

Phose 1 -------->f- Phose 2-)

240

239

> 2J6
I a¡q
ø 234
E czz

I ztz

230

Cyclotron
RF

Unsloble

30 40

fope No.

o" À "ioÞ""o .0a o -0I '. - ooooo6 o-
o-

Phose r --------t<-=,2

448

447

è +¿a

ø
b +¿sc

E 444

CD

+43

442

'f5 20 25 30
Tope No.

Phose 1 ---l< 
Phose 2 

>

Figure 4.3: Incident

(relative scale).

I
I

I

Mo¡ntenonce
doy

20 30

Tope No.

beam energies measured in the Beam Energy Monitor

90



Table 4.4: Quasi-elastic spin transfer coefficients [18]

Incident beam

energy (MeV)

Energy at

the center

LD2 target

235

343

445

thus the horizontal and vertical acceptances differ. However, the difference

in analyzing powers is very smail and thus the ratio of these two asymme-

tries is almost equal to the ratio of the two components of polarization. The

polarization transfer coefficients, r¿ and rj, used for determining the neutron

beam polarization are given in table-4.4. These values are taken from ref.[13]

and then corrected for final state interaction effects [54]. The neutron beam

polarizations and the horizontal and vertical asymmetries are given in table

4.5. In the same table the ratio of the horizontal asymmetries from the neu-

tron polarimeter and the CSB proton polarimeter have been summ arized.

This ratio is fairly constant for both target up and down runs.

As is evident from the table, the horizontal component of the polariza-

tion is only a small fraction of the verticai component. This knowledge is

important in estimating the systematic error resulting from the spin cor-

relation parameters, Ar", and Ar, which are due to the coupling of the

horizontal(r) component of the neutron beam spin with the horizontal (r)
and longitudinal(z) components of the proton target spin.
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227.8

337.2

440.0

T¿

-0.919 + 0.004

-0.938 + 0.008

-0.849 * 0.009

0.011 + 0.005

0.002 + 0.009

0.015 + 0.008
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Figure 4.4: (a)Horizontal and (b)Vertical neutron beam profiles at the profile

monitor located 16.9 m downstream of the LD2 target.

FWHM = 103
mm

600

Table 4.5: Neutron Beam Polarizations Neutron Polarimeter Asvmmetries!

400

200

.l\eutron
Beam
energy
{MeV)

off
-200 -150 -100 -50 0 50 100

1\eutron
Array
angle
ldeE)

FWHM = 73 mm

424.7
+2.O

67.0
61.O
57.O
52.O

47.O',
47.O#
37.0
27.O

y (mm)

öeaJn
polari-
zation

o.610
o.584
o.595
0.617
0.617
0.611
o.611
o.610

asymrnetry

Tarset soin uo

r50 200

324.8
+2.O

67.O
61.0
ò t.u
52.O

47,O
37.O
32.O

0.111
0.105
o.110
0.108
o.tt2
0.111
0.111
0.111

Vertrcal
asyllrln-

etrv

o.707
o.707
0.708
0.695
0.706
o.683
o.688

2t9.6
-Lcn

-0.001
-0.001
-0.001
-0.055
0.000
0.001
0.001
0.001

(l\/ r,,rwrr
horizontal
asvmetrv

67.O
61.0
s7.0
52.O
47.O

o.118
0.117
0.117
0.115
0.116
0.118
o.117

! Typical emor in polæization is *0.002
Ma¡dr 1987 run; f June 1987 run

0.315
o.372
0.316
0.304
o.3L2
0.316
0.314
0.317

o.722
o.727
0.719
o.715
o.7L5
o.743

Þeatn
polari-
zation

0.007
0.007
0.004
0.005
0.002
0.009
0.007

0.610
0.610
0.606
0.609
0.610
0.616
0.611
0.616

.f10r]zoruan
¿rsymrnelry

0.086
0.087
0.088
0.086
0.087
0.087

Target

0.354
0.353
0.355
0.357
0.348
o.372
0.359

0.110
0.111
0.109
0.108
0.109
0.1.1.2

0.112
0.113

ìn down

U.UUò

U.UUI)

0.003
0.003
0.004
0.007

verttcal
asy[un-

etry

0.703
0.706
0.706
0.701
0.709
0.684
o.677

0.025
-0.039
-0.016
0.001
0.002
-0.001
0.001
0.000

(l\/rJrurr
horizontal
asymmetry

0.315
0.320
0.325
0.318
0.320
0.315

0.116
0.118
o.t17
0.118
0.119
0.116
0.114

o.314
0.314
0.313
0.310
0.309
0.314
0.317
0.317

0.736
o.74t
o.737
0.750
o.740

0.007
0.006
0.007
0.008
0.008
0.006
0.006

0.089
0.089
0.089
0.088
0.089
0.091
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0.351
0.356
u.óoa
0.361
0.360
U.Jð J

0.357

0.001
0.004
0.009
0.012
0.008
0.008

0.320
0.318
0.321
0.312
0.320
0.332



4.2 Analysis of the Profile Events

As mentioned in the previous chapter the neutron profile monitor events

were categorized as a specific type of event (event type 3). A total of.22

words were written in each block for this event type. These words contain

information on all of the ADCs of the various scintiilators and the TDCs of

two delay line multiwire proportionai wire chambers of the neutron profile

monitor. These two wire chambers are used to reconstruct the tracks of the

charged particles knocked out of the converter scintillator by the incident

neutron beam. The horizontal and vertical profiles of the neutron beam

for one of the rurì.s are shown in fig 4.4. The centroids and the width of

the neutron beam profiles are summarized in table-4.6. The neutron beam

profile at the frozen spin target is roughly 78 mm wide (FWHM) and b6 mm

high (FWHM). A displacement of 3 mm of the neutron beam on the target

produces an angle error of 0.030 which has virtually no effect on Aoo and Ao.

4.3 Analysis of the n-p Elastic Events

4.3.L Proton Tback Reconstruction

The track reconstruction of the recoil protons has been done with the

data of the four delay line wire chambers mounted on each proton boom. In

the software analysis the first two and the last two chambers are grouped to

form two pairs. A valid event must have at least one x- and one y-coordinate

in each pair. This arrangement helps to reduce the position error of the track

origin while making the overall efficiency very high.
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Table 4.6: Centroids
monitor.

Neutron
beam
energy
fMeVì

l\eutron
arTay
angle
ldeEl

and widths of neutron beam profiles at the profile

219.6
+tn

37.O
47.O

52.O
57.O

61.0
67.O

Y-cent.
(mm)

324.8
t2.o

-5.8
-1.9
-1.4
-0.3
o.o2
0.4

Targe
À-cent.
(mm)

37.O
42.O
52.O

57.O
61.0
67.O

sprn up

424.7
+2.O

tt
.4.O

.4.O
cÐ

2.7
3.4

F WIIM
(mm)

Y

-1.5
-1.3
-1.ð
-7.4

52.0
D/.U
61.0
67.O

$ One of the discriminators was oscillating.

73.O
77.O

69.3
64.6
69.3
69.3

.r¡ w.tstM
(mm)

X

t.o
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t1

-2.7
_t rr

-tt
-1.9

94.0
102.0
102.0
702.2
1o2.2
702.O

Y-cent.
(mm)

27.9
72.3
70.o
69.3
69.3
69.0

-1.9
-2.1
-2.1
-1.8

I'arset
-¿l-cent.
(mm)

82.0
702.2
702.2
103.0
102.0
702.2

roin down

70.o
70.0
71.7
70.o

-o.2

-2.5
-.) t

-2.3
-2.8

r,wHM
(mrn)

Y

u1
4ñ
4.2
1.6
t.4
1.0

to2.2
103.4
100.0
702.2

75.2
, a.Ð
J U.ò

73.O
73.0

r, wHM
(mm)

x

r.4
1.5
7.4
1.8

92.0
92.O

103.4
1ñt t

103.4
LO2.2

73.0
73.0
73.6
7L.7

77.7
2.4
ta
tt
t,

95.6
103.0
702.2
103.0
103.0
103.0

70.o
/ u.Ð
70.o
74.O

ro2.2
702.2
103.0
102.0
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The x- and y-coordinates of the intersection point in each delay line

chamber are calculated in the following way. Since the absolute positions

of the pulsers are well known from the calibration of the chambers (chapter

2), the apparent x position of the event is determined with respect to the

extreme right hand side horizontal pulser position and is given by :

where P¿ is the channel position of the high (positive channel number) pulser,

AT is the time difference between the left and right TDCs, B is the offset in

mm of the pulser P¿ with respect to the extreme right hand side anode wire

and A¿ is the average horizontal dispersion and is calcuiated as :

xo: (P¡ - LT)Ln + þ

where AXo is the separation in mm of the two pulsers on the horizontal

delay line and LCo is the same separation in channel numbers. Because of

the nonlinearity in delay line the position zo is not the true position for the

event. In order to know the correct event position a calibration table [66],

which relates the absolute spatial position of the anode wire to the channel

number in the horizontal time difference spectrum (Chapter 2), has been

used. From ro and using the calibration iable the anode wire that is struck

is found and the true coordinate is then obtained as :

o^: oå 
mmf channel

(4.72)

where n is the wire number that is struck. The factor 2 accounts for the 2

mm wire spacing. 290 mm is the distance between the central anode wire

and the wire at either end; subtracting this factor puts the coordinate at the

center of the chamber. æo¡¡ is the absolute horizontal offsets for the chamber.
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The coordinate in the vertical direction is, however, handled difierently

because of the lack of 'picket fence' structure. Like the horizontal coordinate

an apparent vertical coordinate, go, is determined as:

where A? is the difference in raw TDC values of bottom and top discrim-

inators. A, is the vertical dispersion in mm/channel. The true vertical

coordinate is calculated by adding a position dependent correction to the

apparent vertical position. Thus the true vertical position is :

y": (LT - P¡)4" rnn-ù

where the position dependent correction 'VCOR' is available from the cal-

ibration table. The term 276.25 mm, which is exactly half the distance

between two pulsers, puts the origin of the vertical coordinate at the center

of the chamber.

once the observed hit positions are determined in the chambers, the

particle tracks are traced through each chamber by a linear least square fit.
The deviations between the actual hit and the best fit for each chamber are

plotted. The constants ro¡¡ andyo¡¡ are then adjusted to center the deviation

spectra for each chamber around zero. Some of the deviation spectra are

plotted in figure 4.5. The horizontal position resolution of each delay iine

chamber is t0.6 mm. The typical vertical resolution is t0.4 mm and is

better than the horizontal resolution because of the absence of any anod.e

wire in the vertical direction. The efficiency for each chamber is defined as

the ratio of number of events detected in a chamber and the total number

of triggered events. The overall detection efficiencies, which are the ratio of

number of valid events having at least one x- and one y-coordinate in each
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Figure 4.5: (a)Vertical and (b)horizontal position deviations of the

DLC on the left boom.
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pair of DLCs and the total number of events detected, are listed in table-4.7.
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Figure 4.6: Reconstructed y-z vertex

4.3.2 Vertex Reconstruction and the Scattering An-

gles

The vertex reconstruction is done by tracing the proton tracks back

to the target. The neutron is assumed to be produced on the axis of the

target (i.e. at *:0), the vertical height is taken as the vertical intersection

point (y-coordinate) with the proton track. Since the proton scattering angle

is determined from the delay line chambers the displacement of the target

does not affect the calculated proton angle. The neutron scattering angle is

determined by knowing the neutron hit point in the neutron array and the
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Table 4.7: DeIay Line Chamber overall efficiencies

Neutron
Energy
(Mev)

Neutron
array
angle
(d"s)

2r9.6
+2.0

Left
chambers

67.0

61.0
57.0
52.0
47.0
37.0

Target spin up

0.977
0.984
0.983
0.984
0.986
0.992

right
chambers

67.0
61.0
57.0
52.0

47.0
42.0

37.0
32.0

324.8

+2.0

Target spin down

0.980
0.985
0.983
0.985
0.986
0.991

Left
chambers

0.951
0.966
0.973
0.977
0.973
0.975
0.971
0.986

0.981
0.982
0.986
0.988
0.990
0.992

Right
chambers

424.7

+2.0

67.0
61.0
57.0

52.0
47.0*
47.0#
37.0
27.0

0.967
0.974
0.976
0.979
0.972
0.973

0.980
0.982

0.983
0.984
0.987
0.988
0.987
0.990

0.925
0.952
0.960
0.958
0.951
0.941
0.968
0.978

0.957
0.970
0.975
0.973
0.969
0.973
0.982
0.990

+ March 1987 run ; ff June 1987 run

0.943
0.963

0.965
0.965
0.955
0.941

0.962
0.975

0.970
0.977
0.979
0.978
0.974
0.972
0.978
0.980

0.916
0.947
0.953
0.958
0.950
0.941
0.968
0.980

0.902
0.964
0.932
0.962
0.960
0.940
0.960
0.960
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Table 4.8: Frozen Spin Target Position Offsets

Run

March, 1987

June, 1987

position of the point of origin of the neutron at the target. The displacement

of the target changes the neutron angle and in consequence the opening angle.

The exact location of the target cell with respect to the pivot position was

determined from the x-ray radiographs taken before and after each phase of

the data taking runs. The position offsets of the target cell are summarized in

table-4.8. The target center rvas on the beam plane to within x.! rnrn. The

neutron-proton vertex projected on the y-z plane is illustrated in figure 4.6.

The vertex positions are not corrected for the deflection of recoil protons

in the target magnetic field. The z-vertex centroid is therefore somewhat

shifted from its canonical zero position, in opposite directions for left and

right events. The cut on the z-vertex is deiiberately kept loose.

Because of the vertical component of the target holding field the recoil

protons are deflected horizontally. During the experiment the holding field

direction was always up. Thus the proton scattered to the right was deflected

towards a larger angle whereas the proton on the left bent towards a smaller

angle. In the analysis the proton angles are corrected for the horizontal

deflections of recoil protons by adding or subtracting a momentum dependent

correction factor to the measured proton angles. The parametric form of ihis

correction factor is determined by simulating the proton tracks through the

DLCs in the target holding field. A spline fit is made to the path and the fit is
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used to calculate the intersection points with ihe DLC planes. A least square

straight line fit to these points is used to determine the apparent scattering

angle of the proton as seen by the DLCs. When the target holding field is

'up' this correction factor is expressed as :

where p is the proton momentum. Note that this expression is derived under

the assumption that the proton trajectories are always horizontal and the

target holding field only has a vertical component. This assumption is ade-

quate because the effect of coupling of the vertical component of the proton

velocity to the radial component of the magnetic field is very small. Typi-

cally, for a 200 MeV proton and with target holding field 'up' the horizontal

deflection is 1.10.

A,o:ffiø d"s.

4.3.3 Proton Energies

The proton kinetic energies are determined from the time-of-flight be-

tween the proton TOF start scintillator and the E scintillator. The timing

signal from the TOF sciniillator is taken as the software average of the sig-

nals from the two ends. Since the scintillator is small (17.5 cm x 17.5 cm)

and the interacting region is mostly concentrated around a narro'w zone there

is no need for a position dependent correction for the signal. However, the

E-counter is 67 cm x 67 cm in size and is viewed by four photo-tubes, two

at the top and two at the bottom. The timing signal is the average over

the number of photo-tubes that fired. For this the E-counter is divided into

five regions (fig a.7). The central region requires all four photo-tubes to fire,

whereas the other four regions at the corners require only three photo-tubes

to fire. In these four regions the photo-tube on the same 'up-down' side but
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on the opposite 'left-right' side with respect to the event position is neglected

because the timing information from this photo-tube has been found to be

unreliable. This is due to the fact that this particular tube does not 'see' the

event well enough.

Because of the large size of the E-counter, timing signals from the E-

counter are corrected for the time necessary for the light to travel from the

hit position to each photo-tube. This is accomplished by dividing the whole

of the E-counter into 18 segments along the x-axis and 28 segments along the

y-axis making an 18 x 28 element array. The signal propagation time from

each of these 504 elements to the photo-tubes is measured and recorded in a

table. In the analysis this correction table is used to subtract the propagation

time from the TDC sum of either four or three photo-tubes depending on

the hit position. The time-of-flight is the difference in timing signals from

the E-counter and the TOF scintillator adjusted for the electronic delays.

The energy thus obtained is only the average energy of the proton while in
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flight between the start and the stop scintillators. The energy at the center

of the target is determined by taking into account the energy losses in the

target material. A constant is added to the signal from each of five regions

to account for the electronic delays. The value of this constant is determined

by forcing the derived proton energies from all of these regions to be the

same as kinematically expected values. The proton energy error which is

the difference between the energy measured and the energy expected from

kinematics is plotted in fig 4.8 for all five regions. Note that all the regions

are not equally populated. During the analysis it has been found that a

photo-tube corresponding to a less populated region of fig 4.8 quite often

cannot 'see' an event (iime-out) if the event happens to be in the region

diagonally across from the tube. Thus if this event fires three photo-tubes,

the tube diagonally across from the event does not give a valid coordinate

because of the time out. This way effectively only two photo tubes fire where

at least three are needed and thus the event is rejected creating a 'hole' in

that region.

4.3.4 Neutron Position Determination

The position of a neutron scattered in one of the scintillator bars is

determined from the time difference between the two ends of the bar. Since

the seven bars in each bank of an array were daisy chained in groups of four

and three (chap 2), an appropriate hardware delay was introduced to separate

the individual bars in the TDIF spectrum (fig a.9). The steep dropoff in

individual TDIF spectrum signifies the end of the bar. The neutron bar

coordinate system is defined in such a'$¡ay that the positive x-axis increases to

the left when viewed along the incident beam direction. Thus for a left event

neutron (neutron detected in the left neutron array) smaller x corresponds
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to smaller angle. But for the right event neutron it is exactly opposite. The

horizontal position of a struck neutron is given by :

Figure 4.9: TDIF spectrum for a gang of four neutron bars.

where 7i and T" are the TDC values for the large and smail angle sides of

the neutron bar. -L is the physical length of the bar and is equal to 1050

mm. AT is the length of the neutron bar in TDC channel units. This timing

widih of each bar corresponds to the distance between two points that lie

half way down the steep dropoff at the end of each TDIF spectrum. The

average length has been found to be equal to 280 TDC channels. When

more than one bar in a single bank is hit, the x-coordinate is taken as the

average of values for the struck bars. If two non-adjacent bars are hit the

event is rejected. If both the back and front banks in an array have a valid

x-coordinate, the horizontal position is taken from the front bank, the back
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bank is ignored.

The vertical coordinate is assumed to be at the center of the bar if a

single bar is hit. When two adjacent bars are hit the y-coordinate is taken

at the interface of the two bars. Thus the y-coordinate is expressed as :

where the factor 7 is for the seven bars in each bank. The factor 75 is half

the vertical height of each bar in mm. The parameter l/ is an index which

assumes an odd value for a single bar hit. Thus for example, for barff 1 .n/

is 1 while, for barf 7 it is 13. When two adjacent bars are hit -ll becomes

even, 2 for bars 1 and 2,4 for bars 2 and 3 and so on.

Thus for a single bar hit the position resolution in the vertical direction is

limited to *75 mm. Like the x-coordinate, the y- coordinate is always taken

from the front bank when both banks have valid coordinates. The horizontal

position resolution for each bar is estimated to be 32 mm FWHM. This is

determined from the difference of button proton positions in front and back

bars (fig 4.10).

The button protons are protons which are energetic enough to go through

the upstream and downstream banks of the scintillator array to fire seven

small 'button' scintillators located at the downstream side of each array.

One continously calibrates the neutron bar photomultipliers by looking at

the drifts in button protons' pulse heights in each bar. The difference in

positions of the actual button proton and the apparent positions determined

from the TDIF spectrum is a convenient way to monitor the timing drifts of

the neutron bars. However, in the actual experiment at most of the angies

and energies, there vrere no meaningful button events (event type 9) because

of the low energy of the recoil protons. During the experiment the drift in
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Figure 4.10: The difference of front and back neutron bar horizontal positions

for tbutton'protons.

neutron bar high voltages was found to be negligible and thus the need for

the continous monitoring of the button events was minimal.
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4.3.5 Neutron Energies

The neutron energy is determined from the neutron time-of-flight between

the center of the frozen spin target and the struck neutron bar. The time of

flight of the neutron is determined with respect to the coincident proton time-

of-flighi start counter. Since the proton energy is known, the flight time of

the proton from the FST center to the start counter is also known. This time

is subtracted from the neutron flight time to give the correct time of flight

of the neutron with respect to the target center. The position dependence
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of timing in a neutron bar is removed by taking the average time from the

opposite ends. The delays in individual bars are adjusted by forcing the

neutron energy to approach the kinematicaliy expected energy.

4.3.6 Data Constraints

The experimentaily measured quantities are the polar and azimuthal

angles of the neutron and proton, their kinetic energies and the transverse

momentum sum. For a two body scattering any two of the above quantities

are sufficient to select the n-p elastic events from the n-np backgrounds. In

the present analysis four kinematic constraints are formed. These are :

o The sum of kinetic energies of the neutron and proton : T, * T,

o The opening angle error : 0e + 0* - îun

o The non-coplanarity angle : óp * d, - 1800

o The x-component of the transverse momentum sum : Po cos Srsin9o *
P,o cos ónsinîn.

Note that 0¡¿n is the opening angle expected from the kinematics and is

expressed as a cubic polynomial of neutron scattering angle. For example,

for a 325 MeV incident neutron it is written as :

|kin :91.66 - 0.3270* + 0.473.10-202" 0.153.10-4 0l deg.

where the quadratic and the cubic terms are included to correct for the vari-

ation of the opening angle with the scattering angle. Since, in a two body

scattering, the recoil and scattered particles azimuthal angles differ by 1800,

the non-copianarity angle defined above should be equal to zero. Similarlg
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because of momentum conservation, the x-component of the transverse mo-

mentum sum is aJso equal to zero.

The elastic n-p events are selected on the basis of cuts on the sum of ¡2

of the above four variables determined as :

ø¿ is the measured error in the i'th variable, r¿ is the measured value of any

of the above four kinematic constraints, 1 r¿ ) is the expected value for

the same quantity. The measured errors for the yz"u* determination, oi) a;te

summarized in table-4.g. A typical plot for the y2",^ is illustrated in fig 4.13

with the applied cut shown as well. The above four kinematic variables

satisfying X?,* S 10 for a325 MeV incident neutron with the neutron array

set at 670 is plotted in figures 4.11 and 4.12. The width in the opening angle

error comes mainly from multiple scattering of the protons inside the target.

The width in the spectrum of non-coplanarity angle is because of the limited

vertical position resolution in the neutron bars.

Since the y2"u reconstruction does demand energy and momentum con-

servation the cut or X2 is singularly effective in selecting the free n-p elastic

events. However, some additional cuts are also applied to reject some events

which would otherwise have evaded the ¡2 cuts. One such cut is demon-

strated in fig.4.14 where Aú is the difference of measured and expected values

of the recoil protons time-of-flight. Noie that only 7To of the events would

have evaded the y2 cuts in absence of any AÍ cut. However, with the ver-

tex cuts the tail in the above figure goes away. The percentage of events at

varions angles and energies after applying the y2"u*, Af and vertex cuts is

summarized in the table-4.10. \Mhile analysing the data from the first phase

of the experiment it was found that the pulser events could not be definitively
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Table 4.9: Error estimates for different variables

Energy
MeV

0n

des

424.7

+2.0

oopen

des

67

61

57

52

47

37

27

0.77
0.72
0.60
0.65

0.60
0.77
1.05

ocopl

des

r.70
1.30

L.24

1.05

1.05

7.27

1.87

OESUM

MeV

324.8
+2.0

ol
61

57

52
47

'l ')

37

32

43.0

38.0
37.0
25.0

26.0
22.0
22.0

Op"

Mev/c

0.85
0.77
0.68
0.68
0.68
0.81

0.90
0.94

20.0
19.0

20.8
16.5

17.0
77.0
18.3

1.75

1.50

L.25

r.25
1.28

t.40
7.40

1.80

2L9.6
+2.0

30.0
26.0
23.0
20.0
19.0

18.0

15.3

15.0

67

61

57

52

47

37

0.85

0.85
0.77
0.85
0.96
1.30

18.0

16.2

15.0

15.0

15.0

15.5

16.0

15.0

identified fiom the DCR bit alone. However, since the physical locations of

the pulsers on the DLCs are well known, the events ihat fall on the pulser

locations are rejected considering them as the pulser events. This method

of identifying the pulser events is found to be very effective and compatible

with the method of identifying the pulser events on the basis of the pulser

bit in the DCR.
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1.85

1.85

1.55

1.50

7.62

1.80

16.5

14.0

13.0
L2.5
L2.0

11.0

10.5

11.5

11.9

11.0

13.2

13.5



Table 4.10: Percentage of events accepted for binning, after all cuts

0n
(dee)

67

61

,ff

52

47

42

JJ

32

27

Neutron energies (MeV)
425

4.4 Background Estirnate :

11.0

11.0

12.0

13.0

15.0

19.0

27.0

325

18.0

L7.0

20.0
20.0
19.0

2L.0
2T.L

2t.2

Since there \¡/ere no separate background runs the estimate of the back-

ground is not an easy task. The way the background has been estimated can

be summarized in the following three steps.

Step 1: The events are selected with X'øsu¡r¡ < 5,XL ( 5 and lAdl < 6o

(coplanar). The distribution in the opening angle error is plotted under these

conditions, a strong elastic peak is observed at A,0 - 0 superimposed on top

of a broad background distribution.

Step 2: The same distribution is plotted for the non-coplanar events se-

lected on the basis of I Xzøsu¡, 1 5,X2p, ( 5 and lAdl > 60. These two

distributions are then matched to the tails on both sides of the elastic peak.

The superposition of these two distributions is shown in fig. 4.15.

Step 3: The integrated background events between the limits defined by

Xlsuu 1 5,X2p, ( 5 and Xzte 15 cuts on the opening angle error are then

calculated for both the above two distributions. The ratio of the number of

events within the specified limits of the two distributions gives an estimate
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Figure 4.15: Elastic and background peaks in the distribution of opening
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of the background.

The estimated background for 325 MeV incident neutron v/ith the neu-

tron array set at 670 is 3.5%. At ihe same angle at, 425 MeV the background

is 5To. This is the worst case scenario. At forward neutron angles and at

iower energies the background is 2-3%. The background arising from the

accidental coincidences caused by the low energy neutrons arriving at the

detector 43 ns (or its multiple) after the elastic neutrons is statistically in-

significant, estimated to be < 0.7% of the elastic neutron events.
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Chapter 5

Results and Discussions

The analysis of data for each neutron angle setting and for each energy,

left and right scattering angles for all possible spin orientations, is carried

out for three sets of ¡2 cuts, viz., y!u* ( 10, X?.^ < 5 and X7 < 5 (the

definitions of different y2 can be found in chapter 4). All other cuts are the

same as mentioned in chapter 4. Extraction of the spin correlation parameter

and analyzing power is done in two steps. First a FORTRAN program called

'READ-SPECTRA' is linked to 'LISA' to extract the contents of different

spectra which are then written in an output file. In the second step this

output file and a file containing the beam and target polarizations and the

beam flux are read in another FORTRAN routine called'EXTRACT-AYY'

which then combines the left and right counts in six different ways to calculate

Aoo and in two different ways to calculate ,4.r. The different methods of

calcuiating A* are discussed in Appendix B. In the present chapter, the

results quoted are obtained by using the method which is found least sensitive

to different systematic errors (Appendix C). In order not to throw away too

many elastic events and at the same time to minimize the (n,np) background

the final data presented here are from the events satisfying X'ru* 310 with

116



all other cuts mentioned in chapter 4. Since the background contamination

in the data is very small (chapter 4 and appendix C), the data are not

corrected for the background events on a bin by bin basis. Instead, the

effect of the remaining background events are studied in appendix C and

the systematic error arising from it is calculated. Apart from affecting the

statistics, different cuts on the neutron bar pulse height do not have any

noticeable effect ot Aoo.

5.1- Extraction of the spin correlation pararrr-

The left and right yields in detectors placed symmetrically around the

incident beam direction for polarized beam (first index) and polarized tar-

get(second index) are given by :

eter, Aro

L++

.R++

L.-

ft++

where os is the unpolarized cross-section. Ps and P7 are the magnitudes of

the beam and target polarizations. -ly' is the number of target protons per

unit area. -[ is the integrated neutron beam flux on the target. f) and e

are the solid angle and efficiency respectively. In order to remove systematic

errors arising from the different integrated beam fl.uxes for different beam

and target spin orientations the above left-righi yields have been normalized

r17

N Ia{l7e7oo(1 t Ao(Pu ¡ Pr) t PBPTA,,)

N I¡{lpepoo(l + Ao(P" ¡ Pr) f- PsPTAoo)

N Iafì,7e¡oo(1 t Ao(P" - Pr) - PBPTA,,)

N I¡f),pepoo(1 + Ao(P" - Pr) - PBP,rAyu)

(5.1)

(5.2)

(5.3)

(5.4)



with respect to the primary proton integrated beam flux which can be deter-

mined either from the SEM counts or from the corrected CSB polarimeter

counts corrected for the accidentals. The SEM counts are sensitive to beam

focusing whereas the polarimeter counts are not. However, if the Kapton

target in the proton polarimeter was continually depleted of hydrogen then

the polarimeter counts would not be very reliable either. During the exper-

iment this possibility was monitored and no evidence of hydrogen loss from

the Kapton target was found. In the final analysis, the left-right polarimeter

counts are used. As is evident in table 4.7 (chapter 4), the efficiencies of the

delay line chambers on the left and right booms differ between two target

spin runs. Even though it is not certain whether this dependency has any

correlation with the target spin reversal, the present data are corrected for

this change in efficiencies.

Since there were two sets of detectors set at equal angles and since there

were four different spin combinations, the systematic errors arising from

different detector efficiencies, beam normalization and solid angle can be

made to cancel in first order (Appendix C). Defining

one gets the spin correlation parameter,

the associated error is :

^, (L++rL__)(R+++Ã__)
(r+_ *¿_+xÃ+_ +Ã_+)

where

6Aoo

^_^yy -

Ao,

PsPr (S + 1)

(s-1)

(Ð.Ð.)

(Ð.oJ

(5.7)



Neutron
arTay
angle
(dee)

Table 5.1: The spin correlation pa;rameter, Aua

uentra-l
bin

(c.m.)

67

425 MeV

146.æ
14L.94
137.60
133.29
129.00

Avc

61

0.134
o.210
0.305
o.300
0.329

bIaE,
error

135.01
t30.72
726.4
t22.79
117.96

u.uóð
0.028
o.o24
o.o24
0.028

ueruran
bin

lc.m.)

Ðt

0.289
0.331
0.315
0.366
0.317

325 MeV

t27.æ
122.42
118.59
114.39
tto.22

L45.92
141.65
137.39
133.15
128.93

Avc

o.034
0.029
o.028
o.028
o.033

52

0.335
o.3t2
0.309
0.253
o.232

o.233
o.3r2
0.318
o.377
o.370

Stat.
erÎor

tt7.54
113.34
109.18
105.03
100.92

t34.42
130.20
t25.99
72r.79
1t7.62

0.026
0.023
o.o22
o.o22
0.025

o.020
0.016
0.014
0.014
0.015

Central
bin

(".tt.)

o.247
0.238
0.210
0.194
0.169

0.367
0.390
o.383
0.399
0.360

220 MeV

707.72
103.59
99.49
95.42
91.37

726.62
122.42
118.25
114.00
109.96

144.18
140.00
135.83
t3L.67
127.52

o.o22
0.020
0.020
0.020
0.023

Avc

0.016
0.014
0.014
0.015
0.016

47#

o.t79
0.176
0.146
0.105
0.116

0.398
0.368
0.331
o.324
0.318

105.45
101.33
97.24
93.19
89.16

0.336
0.371
0.433
o.464
0.448

Stat.
erTor

t16.79
tt2.u
108.52
ro4.42
100.33

132.T1
128.56
124.42
120.30
116.19

0.026
0.023
0.021
0.021
o.o24

0.014
0.013
0.013
0.013
0.014

42

0.019
0.017
0.015
0.015
0.016

o.203
0.190
o.123
o.725
0.111

0.338
0.321
o.294
0.281
0.238

o.461
0.484
o.492
o.478
o.502

106.88
to2.78
98.71
94.æ
90.63

r24.42
120.30
116.19
772.æ
108.01

0.028
0.025
0.026
o.o27
0.032

0.017
0.016
0.017
0.018
o.019

0.014
0.012
0.012
0.013
0.014

U.z4U
o.255
o.205
0.162
0.137

87.35
83.37
79.4L
75.47
7r.57

o.510
0.495
0.493
0.460
0.454

L74.U
110.25
106.L7
102.11
98.07

U.UZU

0.018
o.019
0.019
0.020

32

0.014
o.014
o.014
0.014
0.016

0.066
0.085
0.100
0.103
0.095

o.482
0.469
0.482
0.416
0.381

96.68
92.&
88.ô3
84.63
80.66

104.95
100.90
96.86
92.83
88.82

o.o24
o.023
o.o22
o.o22
o.o23

27

0.014
0.015
0.017
0.018
o.o22

x March 1987 runs, S June 1987 runs.

0.209
0.159
0.159
0.146
0.143

b,).ò /
61.73
57.91
54.r2
50.35

o.446
o.443
0.392
o.477
0.395

88.12
a2.M
78.418

74.55
70.63

0.017
0.016
0.016
0.017
0.017

0.013
0.013
0.0r3
0.014
0.016

0.094
0.116
0.079
0.118
0.101

o.752
o.141
o.170
o.186
0.205

74.55
70.63
66.73
62.æ
59.00

o.o22
o.o22
0.023
o.o24
0.032

0.016
o.016
o.016
o.016
0.016

0.180
0.182
o.2t4
0.215
o.271

83.83
79.æ
75.90
71.96
68.03

0.014
0.014
0.014
0.015
o.o22

0.394
o.437
o.429
0.465
0.454

0.015
0.015
0.016
0.017
0.020
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The systematic error in beam polarization is 1.8% where the maximum con-

tribution of 1.5% comes from the uncertainty in the analyzing po\Mer of the

Kapton target in the proton polarimeter and the rest I.7% is due to the

error in the prediction of r, (table-4.4). The statistical error in beam polar-

ization is very sma1l, typically 0.002 per tape. The statistical error in target

polarization as measured in the calibration part of the experiment is 0.8%

whereas the systematic error has been estimated to be 7.7% 1581. For each

neutron angle setting data are binned in 20 laboratory angle bins. Since the

detectors span about 100 there are five angle bins for each neutron array set-

ting. The spin correlation parameters for all three energies are summanzed

in table-5.1. Note that the data in this table are derived from the target po-

larization measured by the NMR system and the beam polarization obtained

from using the transfer coeffi.cients given in table-4.4.
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5.2 Extraction of the Analyzing Power , Ao :

One can also extract the analyzing power either by using the beam or the

target polarization as follows :

(a) From Beam Poiarization :

(b)From Target Polarization :

¡b'-a

q2
vb

1^9ó-1
PaSuII
(tr++*¿+_XÃ_++Ã__)

Note that, for any particular angie and for any particular energy, since there

were always several days in between target up and down runs the analyzing

po\Mers obtained from the target polarization are more susceptible to long

term drifts than those obtained from the beam polarization. In Appendix C

these two methods of obtaining analyzing po'ü/ers are compared on the basis

of canceiiation of different systematic errors. The analyzing powers obtained

from using the above two methods are listed in tables 5.2-5.3. Again the

target polarization used is the value as measured by the NMR system (table-

2.6). For beam polarizations we have used the values listed in the table-4.5.

(Ã++ + Ã+_x¿ _+ -t L__)

Ala

S?

1,sr-1:
PrSt*7
(Ã+* +R-+)(L--+L+-)
(Ã__ +R+_)(L++*tr_+)

(5.8)

(5.e)

(5.10)

(5.11)
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Table 5.2: The analyzing por,,r/er, A, obtained from beam polarization

Neutron
¿rrTay

angle
ldee)

Uentral
bin

(".*.)

67

25 MeV

t46.29
141.94
137.60
133.29
129.00

61

-0.045
-o.744
-0.135
-0.183
-o.226

5tat.
erTor

135.01
t30.72
726.44
722.t9
117.96

o.o28
0.021
0.018
0.018
0.020

uemral
bin

(c.m,)

Ða

-0.115
-o.744
-o.205
-0.201
-o.226

325 MeV

t27.OA
r22.42
118.59
114.39
170.22

t45.92
141.65
137.39
133.15
128.93

0.025
o.o22
o.o2L
0.021
0.025

Ag

52

-o.727
-o.172
-0.206
-o.240
-o.278

L17.54
113.34
109.18
105.03
100.92

-0.115
-0.114
-0.120
-0.134
-o.t2l

btat.
etTor

t34.42
130.20
125.99
12L.79
tt7.62

0.o20
0.017
0.016
0.016
0.o19

47"

0.015
0.012
0.011
0.011
0.011

Uentrat
bin

lc.m.l

-o.206
-o.243
-o.27L
-0.300
-o.253

-0.128
-0.143
-0.160
-o.178
-0.178

ro7.72
103.59
99.49
95.42
91.37

126.62
722.42
118.25
114.09
109.96

20 MeV

144.18
140.00
135.83
131.67
t27.52

0.016
0.015
0.014
0.015

47#

0.012
0.011
0.01 1
0.011
0.012

A¡

-0.238
-o.277
-o.249
-o.258
-o.22L

105.45
101.33
97.24
93.19
89.16

-0.159
-o.177
-0.193
-0.193
-o.236

116.79
II2.M
108.52
1o4.42
100.33

-0.o81
-0.111
-0.094
-0.093
-o.124

5tat,
erTor

732.71
128.56
124.42
120.30
116.19

0.019
0.017
0.015
0.016
0.017

42

0.010
0.010
0.010
0.010
0.010

-0.280
-o.27a
-o.266
-o.241
-o.232

0.015
0.013
0.01 1
0.011
0.012

-0.165
-0.184
-o.216
-o.225
-0.211

106.88
1o2.78
98.71
94.66
90.63

-0.114
-o.t22
-o.127
-0.125
-0.149

124.42
r.20.30
116.19
112.09
108.01

0.021
0.019
0.020
0.021
0.025

0.012
0.012
0.012
0.013
0.014

o.010
0.009
0.009
0.009
0.010

-0.206
-o.202
-o.202
-0.184
-0.160

87.35
83.37
79.41
75.47
7L.57

-0.132
-0.1 26

-0.148
-0.1 28
-o.t27

7t4.34
110.25
106.17
102.11
98.07

32

0.015
0.013
0.014
0.014
0.015

-0.211
-o.175
-0.149
-0.058
-0.039

o.011
0.010
0.010
0.011
o.012

-o.139
-0.134
-0.097
-0.113
-0.071

96.68
92.64
88.63
84.63
80.66

104.95
100.90
96.86
92.83
88.82

0.019
0.018
0.017
0.017
0.018

* March '87 runs, f Jr,rne '87 runs.

0.011
o.ot2
0.013
0.014
0.016

-0.209
-0.187
-0.163
-0.118
-0.093

fib.b /
67.73
57.91
54.12
50.35

-o.724
-0.110
-0.075
-0.052
-0.015

86.43
82.44
74.44
74.55
70.63

0.013
0.013
0.013
0.013
0.014

0.053
0.095
0.175
0.203
o.247

o.010
0.0r.0
o.011
o.011
0.013

-0.148
-0.10s
-o.067
-o.oo8
0.032

74.55
70.63
66.73
62.86
59.00

o.or7
0.017
0.018
0.019
0.025

0.013
0.012
0.012
0.012
0.013

-0.012
0.059
0.115
0.161
0.181

83.83
79.æ
75.90
71.96
68.03

0.011
0.011
0.011
0.012
0.017

0.054
0.092
0.170
o.187
o.254

0.012
0.012
0.012
0.013
0.013
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5.3 Presentation of final data

There is considerable overlap between angles and thus it is best to

combine data in the overlap regions. Since repositioning the arrays altered

the solid angle acceptance of the detectors the data in overlapping bins are

combined by taking the average weighted by the statisticai errors. For each

data point , Aoo, Abo and Al, and the associated errors are calculated using the

following formulae.

where.4.¿ is eithet Auo,Abo or Aly. Lh is the statistical error for each point.

The absolute value of the target polarization is known from the cali-

bration part of the experiment. The target polarization obtained from the

proton-proton scattering (calibration) is related to the value obtained from

the NMR by ihe following expression,

^ Ð;AilLA?
Dtll¿'AT

(1l¿.Ð2 : ÐGI/'A,2
i

The factor p is found to be equai to 0.961*0.008(sfat)f0.020(sys) (appendix

A). Thus the analyzing powers obtained from the target polarization are

to be multiplied lf ¡.r, i.e., Ato(corrected) : Ato(rneasured)l¡t. Furthermore,

since the analyzing powers obtained from the beam and target polarizations

must be the same because of charge symmetry, one can deduce the absolute

value of the neutron beam polarization and hence the polarization transfer
'-_-coefficients lr? + r'12. Ðqtaling Abs with ,4f for each data point one gets ,

P7(scatt): p P7(NMR)

(5.12)

(5.i3)

Ato(corrected) : a Alo(measured)
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Table 5.3: The analyzing po'ü/er, -4u, obtained from target polarization

Neutron
arTay
angle
ldeel

uentral
bin

lc.m.)

67

,25 MeV

t46.29
t47.94
137.60
133.29
129.00

A-

61

-0.075
-0.106
-o.r47
-o.202
-o.222

5fat.
etTor

135.01
130.72
t26.44
L22.L9
117.96

0.033
o.o24
o.021
0.021
0.023

Uentral
bin

lc.rn.)

Ðl

-0.099
-o.747
-o.222
-o.245
-0.196

325 MeV

t27.O8
122.42
118.59
114.39
tto.22

t45.92
141.65
137.39
133.15
128.93

A!

o.o27
o.o24
0.023
0.023
o.o27

<o

-0.081
-0.182
-0.248
-0.265
-0.306

7t7.54
113.34
109.18
105.03
100.92

-0.101
-0.102
-0.128
-0.136
-o.L32

5tat.
erTor

t34.42
130.20
125.æ
121.79
t17.62

o.o22
o.019
0.018
0.018
0.021

47r

o.o19
0.015
0.014
0.014
0.015

Uentral
bin

(c.m.)

-0.153
-o.222
-o.266
-0.308
-0.328

-0.132
-0.160
-0.179
-0.188
-0.203

707.72
103.59
99.49
95.42
91.37

t26.62
722.42
118.2s
114.æ
109.96

120 MeV

r44.78
140.00
135.83
131.67
727.52

0.018
0.017
o.016
0.017
0.019

47#

^!

0.o15
0.o14
0.014
0.014
0.015

-o.257
-o.277
-o.275
-o.279
-0.283

-0.161
-0.181
-0.208
-0.219
-0.239

105.45
101.33
97.24
93.19
89.16

LL6.79
rtz.64
108.52
704.42
100.33

-0.064
-0.118
-o.121
-0.103
-0.095

Stat.
etror

t32.7r
128.56
124.42
12030
116.19

o.o22
0.018
0.017
0.017
0.019

42

0.014
0.o13
0.012
0.013
0.014

-0.250
-o.275
-o.251
-o.278
-o.241

0.019
o.017
0.015
0.015
0.016

-0.194
-o.274
-o.206
-0.219
-o.234

106.88
to2.78
98.71
94.66
90.63

-0.115
-o.119
-o.t2s
-0.141
-0.141

t24.42
120.30
116.19
112.09
108.01

o.o2l
0.019
0.020
0.0æ
0.025

ol

0.016
0.015
0.016
0.017
0.018

0.013
o.012
0.012
0.012
0.014

-o.222
-0.250
-o.242
-0.197
-o.t62

ð r.Jb
83.37
79.41
75.47
7t.57

-0.141
-0.131
-o.137
-o.152
-0.105

114.34
110.25
106.17
102.11
98.07

32

0.019
0.017
0.018
0.018
0.019

-0.216
-0.155
-0.119
-o.o72
-0.019

0.014
0.013
0.013
0.014
0.016

-o.t47
-0.138
-0.145
-o.127
-0.087

96.68
92.64
88.63
84.63
80.66

104.95
100.90
96.86
92.83
88.82

0.019
0.018
o.o77
U.UI J

o.018

* March '87 runs, f June '87 ¡uns.

-0.219
-0.194
-o.t77
-o.742
-0.o73

0.014
0.016
0.017
0.019
o.o22

oD.õ /
6L.73
57.91
54.t2
50.35

-0.143
-o.r08
-0.094
-0.053
-0.026

86.43
42.44
74.44
74.55
70.63

0.015
0.015
0.o15
0.015
0.016

0.o79
0.111
0.166
0.191
0.205

0.012
0.012
0.013
0.014
0.015

-0.141
-0.087
-0.074
0.003
0.o37

74.55
70.63
66.73
62.A6
59.00

0.017
0.017
0.018
0.019
u.uzi)

0.014
0.014
0.014
0.014
0.015

-0.001
0.054
0.115
0.155
0.206

83.83
79.æ
75.90
71.96
68.03

o.o12
0.012
0.012
0.013
0.019

o.o47
0.109
o.161
0.235
o.270

0.015
0.015
0.016
0.016
0.019
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The average values of a for three incident energies are found to be equal to,

1.10 + 0.03 at 220, L.tO + .02 at 325 MeV and 1.06 + 0.02 at 425 MeV. Thus

a is the overall normalization factor and all the A!'s are multiplied by this

factor. The overail normalization factors for Aro are af ¡,r, or 1.14 * 0.04 at

220 MeV, 1.15 + 0.03 at 325 MeV and 1.10 + 0.03 at 425 MeV.

The weighted average data after normalization by the above factors are

listed in tables 5.4-5.6. The errors in the table include only the errors due

to counting statistics. The systematic error for each Aoo data point at 425

MeV due to the background subtraction error and other possible sources

as calculated in Appendix-C is estimated to be 3% at 425 MeV, 2.I% at

325 MeV and 1.770 at 220 MeV. Furthermore the systematic error arising

from the error in beam polarization is 1.8% and that from the uncertainty in

target polarization is 7.7Y0 at all three energies. Thus the total systematic

error is 6.570 at 425 MeY, 5.6% at 325 MeV and 5.27o at 220 MeV. For each

data point oL As, the total systematic error from various sources is estimated

to be 4.770 at, 425 MeY, 3.5% aL 325 MeV and 3.1% at 220 MeV.

Neglecting r'r,, one gets the transfer coefficient r¿ âs,

At the three incident proton energies the transfer coefficients (r¿) at 0n :
90(lab) are, -0.837 + 0.024 at 228 MeV, -0.841 + 0.016 at 337 MeV and

-0.803 + 0.016 at 440 MeV. Using Bngg and Wilkin's [54] prescription

one gets the transfer coefficients for free n-p scattering (,R¿) at g0 (lab) as,

-0.798t0.030, -0.795+0.020 and -0.766+0.020 at the three energies men-

tioned above compared to -0.991+0.004, -0.938+0.008 and -0.849+0.009
predicted by the phase shift analysis of Arndt et al. [13].

Figures 5.1-5.3 show the plots of normalized Aro data together with the
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predictions from different phase shift analyses and the potential model cal-

culations. LAMPF data on L* measured at 395 MeV l24l arc also shown.

^+,220 
MeV, 325 MeV and 425 MeV Bonn potential predictions are those

from the most recent Bonn potential which has been extended beyond the

pion production threshold [45], [46]. The extrapolation of the Paris poten-

tial up to 425 MeV is somewhat questionable. The present Paris potential

predictions obtained from SAID are good up to 350 MeV. However, since the

inelasticities in the I:0 channel of the n-p system are small below 1000 MeV,

the extrapolation is probably justified. Figs 5.4-5.9 show the analyzing power

data along with the 425 MeV data from LAMPF [6] and of the BASQUE

group at TRIUMF [7]. At 325 MeV our analyzing power data agree very

well with the previous measurement [7] in the intermediate and backward

angle range. However, at 220 MeV and also in 425 MeV there appears to be

a difference in shape between the present data and the old BASQUE data.

5.4 Consistency Checks :

The data for each energy are subjected to several consistency checks.

The equaliiy of left and right acceptances are checked by forming a ratio,

where e and f) are, as defined before, the efficiency and solid angle for the

detection system. This ratio in principle should be equal to 1 and be constant

over the angles, provided there is no difference in polarization magnitudes

between up and down spin states of both target and beam. Now if PB+ * Pa-
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and Paa * Pr- then one can show that

where 6(d) is related to the angular dependence of Au and as weli as of

Auo. However, this dependence is not very large. Furthermore, because

of the inequality of the efficiencies in left and right detectors, because of

deflections in the target holding field, and because of shadowing of neutron

arrays at angles where the proton boom and neutron array overlap this ratio

does deviate from 1. Note that data are not rejected on the basis of this

parameter. One can also form a ratio of acceptances for target spin up and

down runs by defining:

,1 + ó(d),
ry : qo\-7 4(Ð)

The constancy of this parameter shows that the product of left-right accep-

tances did not change between two target spin runs. These two ratios are

plotted in figs 5.10 and fig 5.11 for 325 MeV neutron data.

R
G+(e)

(5.1e)

5.5 Analyzittg power zero crossing angles

By least square fiiiing the analyzing power data from beam polarization

to a straight line over 550 - 850, the zero crossing angles are extracted for

all three energies. The zero crossing angles together with the errors are

presented below (table 5.7). Note that the error due to the uncertainty in

beam energy is not included in the data. The energy dependence of the

zero crossing angle is evident from fig 5.12. The IUCF zero crossing angle is

from ref. [23]. The LAMPF data on zero crossing angle are from the thesis
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of R. Newsom [6]. The zero crossing angle at 477 MeV has been measured

recently with very high precision in a charge symmetry breaking experiment

[53]. This datum is also included in the figure.

5.6 Spinka Á,.mplitudes at 900 c.rn.

In chapter 1 various spin observables in terms of the Spinka ampli-

tudes were defined. The I:1 amplitudes allow one to determine the I:0
amplitudes at any angle d from the measurement of six spin observables,

doldÌ, P, A",, Aoo, A,, and A,, at one energy and angles I and r - 0 up

to a 4-fold ambiguity. However, at 0 : r f 2 three I:0 amplitudes viz., $", S¿

and þ7 vanish leaving only two amplitudes to be determined. At 0".,,. :90o

the following relations hold,

The magnitudes of two I:0 amplitudes, þ" and Ss arc related to Aoo by the

following expressions.

Aoo I A,,l A""

4,,: 4,,

The calculated magnitudes from our present data are summanzed in table

5.8. The differential cross section values are taken from the single energy

solutions of SP88 version of SAID[13]. Fig 5.13 shows the magnitudes of

these two amplitudes obtained from equations 5.24 and 5.25 using the data

from present experiment and the phase shift predictions of SP88.
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5.7 Effect on Phase Parameters

To see the effect of our data on different n-p phases Arndt's scattering

analysis program, SAID [13] has been used. The present Aoo dala with a

normalization error of *0.03 have been incorporated into the SP88 version

of SAID. As expected, at all three energies t Pr, " D, and e1 are affected most

strongly by the present data. This version of Arndt's scattering analysis

program (SP88) [13] also includes preliminary data on D¿f R¿ measured at

TRIUMF by the present group [67]. The inclusion of DrlR, data shows a

large effect on e1, t^9r, tD, and 3D2 phases. To see the effect of. Aoo dala

without lhe D¿f R¿ data, the phase shifts predicted from the SM87 version

of SAID are also shown in fig 5.14. This version does not include the D¡f R¡

data. As shown in figs 5.15-5.16 inclusion of Aoo also reduces the phase errors

considerably.

Because of its importance, the mixing parameter, e1, is plotted separately

in fig 5.17. Note that beyond 200 MeV, the Bonn and Paris potential pre-

dictions diverge from each other. Besides the e1 obtained from the present

data and SM87, the low energy preliminary Karlsruhe data of Klages et al.

122] arc also included in the figure. At low energy, the Karlsruhe data has

improved the situation for e1 considerably, but still the remaining uncertain-

ties are large [22] and thus are unable to select one potentiai model from the

other. Our data together with SM87 at higher energy clearly support the

Paris Potential predictions of e1.

Fig 5.18 shows the plot of.3D2 phase obtained from different predictions

and our data. The 3 D2 phase predicted in the Paris potential [39] is con-

siderably greater than the predictions from the Bonn potentials[38,45] and

the phase shift analyses at all energies from 200 to 500 MeV. As is evident
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AngIe
(".*.)
52.24
57.92

63.65
74.50
80.40
86.36
97.75
96.06
100.87
105.20
109.61
113.87
118.18
r22.77
L27.64
L32.28
136.79

143.57

Table 5.4: 425 MeV data

Aro

0.130
0.095
0.114
0.098
0.102
0.085
0.134
0.119
0.187
0.205
0.242
0.268
0.315
0.364
0.362
0.344
0.336

0.198

Error

0.021

0.018
0.018
0.018
0.018
0.019
0.017
0.015

0.013
0.013
0.015
0.015

0.014
0.017
0.017
0.019
0.020

0.023

Ai

0.230
0.175
0.077
-0.060
-0.161
-0.277
-0.238
-0.276

-0.277
-0.300
-0.284
-0.256
-0.223
-0.197
-0.182
-0.179
-0.t47
-0.117

Error

0.017
0.015
0.014
0.014
0.014
0.015
0.013
0.012
0.010
0.010
0.011
0.011
0.011
0.013
0.013
0.014
0.015

0.017

A:,

0.216
0.166
0.103
-0.065
-0.133
-0.206
-0.283
-0.290
-0.286
-0.291
-0.289
-0.252
-0.209
-0.2r5
-0.171
-0.183
-0.145
-0.089

Error

0.016
0.014
0.014
0.014
0.014
0.015
0.013
0.012
0.010
0.010
0.012
0.012
0.012
0.014
0.014
0.015
0.017

0.020
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from fig 1.3, this over prediction of 3D, phase is the most probable cause of

large deviation of the Paris potential predictions of. Aoo from the data near

90o(c.m.). Regarding this phase shift the extended Bonn potential does a

better job.

The analyzing power data are also included separately in the program)

SAID. Some of the phases are affected, however, the effect is not very large.

Unfortunately, the combined effect of. Aoo and ,4., on the phases can not be

seen using the program SAID because there is no provision of putting two

different sets of data together. The effect of -R¿ data (ptg" 724) on different

phases is also investigated. It is found that at 325 MeV the 1P1, 3S1 and

3D3 phases are changed by 0.14 deg., 0.11 deg., and 0.10 deg. respectively

by the addition of -R¿ data in the present data base of SAID.

5.8 F\rrther Measurements

It has been demonstrated by Chulick et al. [12] on the basis of 1987

data base that the coupling parameter, e1, is poorly constrained between 10

and 70 at 325 MeV. The present Aoo data together with the DrlR, data [67]

constrain this parameter to a large extent. However, a very high precision

(S 1%) measurement of D¡ at some other energies can further pin down

the e1 parameter. This parameter is fundamentally important because of its

dependence on the tensor component of the NN interaction. Above 400 MeV,

the Saclay-Geneva phase shift analysis predicts this parameter to drop, from

a few deg at 400 MeV to -100 at 800 MeV. This is completely contradictory

to Arndt's predictions. In figs 5.19-5.20 the angle energy correlation of the

difference in predictions of different spin observables based on two different

phase shift analyses are plotted. As is evident, even at intermediate energies

131



Angle
fc.m.)
61.89
67.92
72.59
77.78
82.05
86.82
91.14
95.16
99.31
103.86
108.46
113.72
1i7.59
122.36
r27.26
131.67
735.74
747.72
r45.92

Table 5.5: 325 MeV data

Aoo

I

0.259
0.237
0.2t4
0.193
0.171
0.165
0.777
0.203
0.256
0.314
0.333
0.366
0.392
0.432
0.443
0.445
0.393
0.360
0.266

Error

I

0.013
0.011

0.009
0.012
0.010
0.011

0.013
0.0i2
0.012
0.012
0.011

0.010

0.009
0.010
0.010
0.011

0.012

0.014
0.020

Ai

0.179
0.113
0.011
-0.054
-0.105
-0.161
-0.184
-0.2r5
-0.234
-0.235
-0.249
-0.216
-0.197
-0.792
-0.163
-0.151 

I

-0.138 
I

-0.120 
|

-0.727 |

Error

0.010
0.008
0.007
0.009
0.008
0.009
0.010
0.010
0.009
0.009
0.008
0.007
0.006
0.007
0.006
0.008
0.008
0.010
0.014

Ata

0.i73
0.102
0.017
-0.037
-0.097
-0.155
-0.184
-0.223
-0.253
-0.241
-0.225
-0.230
-0.272
-0.193
-0.165

-0.146
-0.141

-0.110
-0.107

Error

0.011
0.009
0.008
0.010
0.009
0.010
0.011
0.011
0.011
0.011
0.010
0.009
0.008
0.009
0.008
0.010
0.011
0.013
0.018
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Angle
('.*.)
70.97
76.89
82.84
90.33
95.35
99.72

104.31

108.86
113.49
1L7.52
12r.84
725.97
130.11

t34.12
139.48
744.t8

Table 5.6: 220 MeV data

Aoo

0.535
0.503
0.456
0.437
0.458
0.481
0.506
0.536
0.539
0.563
0.562
0.556
0.539
0.515
0.432
0.384

Error

0.016
0.015
0.014
0.015
0.014
0.012
0.011

0.012
0.011

0.011

0.012
0.012
0.012

0.013

0.016
0.021

A?,

0.230
0.168
0.061
-0.026
-0.075
-0.103
-0.r32
-0.r32
-0.t52
-0.160
-0.132
-0.L44
-0.119
-0.116
-0.114
-0.088

Brror

0.011
0.010
0.010
0.010
0.010
0.008
0.007
0.008
0.007
0.007
0.007
0.007
0.007
0.008
0.011
0.015

A:,

0.257
0.762
0.057
-0.020
-0.085

-0.114
-0.r42
-0.133
-0.150
-0.145
-0.145

-0.t27
-0.111
-0.t27
-0.727
-0.067

Error

0.014
0.012
0.012
0.012
0.012
0.010
0.009
0.010
0.009
0.009
0.009
0.009
0.009
0.011
0.015
0.019
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Table 5.7: Zero crossing angle

Energy

(Mev)

* Charge symmetry breaking experiment [53]. f The error in beam energy

is not included.

Zero crossing

angle in deg.

(".*.)

477*

425

325

220

69.69+0.33

69.48+0.61#

74.s3+0.35#

8e.02+0.63#

there are large differences between these two predictions for almost all ihe

spin observ¿bles. At higher energies (> 500 MeV) the situation is worse. No

doubt a more complete data base for n-p system is required for unique phase

shift solutions.

In order to determine the I:0 imaginary parts of the phase shifts, precise

data on the total cross-section in the reactioîL np --+ npz0 using a free neutron

beam is highly desirable [3]. Furthermore, the measurement of the difference

in the polarized total cross-section, Aø¿ is very important. For example the

energy dependence of. L.o1 as predicted from the Saclay-Geneva phase shift

analysis shows oscillations at energies between 70 and 200 MeV which are

unphysical and is due to the lack of precise Aa¿ data in this energy region

t3l.
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Energy

(Mev)

425

325

220

Auu al

900 (c.m.)

Table 5.8: Spinka amplitudes

0.1i3+0.013

0.172+0.015

0.435+0.014

+ Fixed energy solutions e.g.C200, C300 and C400

5.9 Conclusions

do ldA mb/sr

from SAID +

1.36+0.01

1.47+0.01

1.69+0.012

The spin correlation parameter Ano and the analyzing powers á, have

been measured with absolute accuracy of +0.03 in n-p elastic scattering.

Prior to this measurement there \Ã/ere no Aoo data available over a wide range

of intermediate energy (200-390 MeV). The 220 MeY Auu data agree quite

well with the extended Bonn potential prediction in the intermediate and

backward angle range. At 325 MeV the shape of the angular distribution of

A* closely resembles the extended Bonn potential prediction, however, the

absolute values are different. The longstanding problem with the difference

in measured values of. 425 MeV A, is somewhat resolved. It may not be

apparent from the figure, however, a renormalization of the LAMPF data

[6] bV 0.9 brings the LAMPF values very close to the present measurement,

both in magnitude as well as in shape. Thus it seems that the normalization

for the LAMPF measurement was not properly estimated. Because of the

difference in shape there is no way one can renormalize the BASQUE data

to fit the present measurement. Also at the backward angles at 325 MeV the

BASQUE Ao data show a significant deviation from the present data and

135

ló"1'

mb/sr

0.603+0.010

0.609+0.0i2

0.477+0.072

lóul'

mb/sr

0.378+0.005

0.431*0.006

0.606+0.007
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Figure 5-r: Aou at 220 Mev. The IUCF daia at 1g1 Mev are also included
(solid triangies). The Bonn potentiar prediction is from ref. l4|l.

also from the phase shift prediction of Arndi et al.

The new data have a great impact on the phase shift parametrization of
the I:0 scattering amplitudes. The present set of data will definitely help
refine the commonly used nucleon-nucleon potentials such as the paris and
Bonn potentiais.
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Figure 5.2: Auu ai 325 MeV. The Bonn potential prediction is from ref. [a7].
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Figure 5.3: A* at 425 MeV. Solid triangles a¡e LAMPF 395 MeV data.

Open squares a¡e the present measurement.
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Figure 5.5: Alu at 220 MeV.
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Figure 5.7: Ato at 32b MeV.
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Figure 5.20: Difference in the predicted values

At parameter. The difference is between the

Arndt's phase shift analyses. (6Rr)^", : 0.344,

(6Ar)^", - 0.236, (6Ar)*,": -0.611
148

of (") Rt and (b)

Saciay-Geneva and
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Appendix A

Calibration of Target Polarization

The measurement of. Aoo to an absolute accuracy of 10.03 required the

target polarization to be known to an accuracy of t0.02. The usual NMR

technique employed to measure the target polarization is good to within 4%

[60]. Thus an independent measurement of the target polarization using

nuclear elastic scattering was essential. Each of two data taking runs was

preceded and followed by target calibration runs. The experimental set up

is shown in fig 4.1. The details of the techniques involved in measuring and

analyzing the data can be found in the M.Sc. thesis of K. Chantziantoniou

[58]. Only a short summary will be presented here.

An unpolarized beam of.499 or 572 MeV protons was scattered from a liq-

uid hydrogen (LH2) or an extended graphite target which replaced the liquid

deuterium target used for neutron production. The 'JANIS' solenoid and the

4ABZ bending magnet were turned otr (fig A,.1). The primary beam after the

LH2 target was stopped in a beam stop in the 00 collimator port. The sec-

ondary proton beam produced in the LH2 or graphite target was transported

through the 90 collimator and through a solenoid, 'SUPERMAN' (SUPER

conducting magnet from MANitoba), placed at the exit of the collimator.
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The beam stop was 1 m of graphite followed by steel shielding. The solenoid

rotated the unwanted normal polarization arising from the scattering off the

LH2 or the graphite target into the horizontal plane. Two dipole magnets,

'CLYDE' and 'BONNIE' were energized up to a few Gauss magnetic field

in order to correct for the deflection caused by slight misalignment of the

'SUPERMAN' and by the cyclotron fringe field.

In order to define the hit position of protons on the target two drift

chambers upstream of the FST were used. The time of flight of the incident

protons (secondary beam) was measured between a thin scintillator counter

at the exit of the 90 port and another scintillator placed 30 cm upstream of

the FST. The scattered protons from the FST were detected in the two pro-

ton booms placed around 24o on both sides of the incident beam direction.

The boom angles were corrected for the deflection in the target holding field.

The boom elements were the same as used for the Aoo part of the experiment

(chapter 2). The recoil protons were detected in coincidence in two symmet-

rically placed combination detector arms each consisting of a neutron array

veto panel (center) and a 60 cm x 60 cm delay line wire chamber mounted in

front of the array. The neutron array-DlC combinations were placed around

610 (after correcting for the deflection) in the lab on both sides of the incident

beam direction. The DLCs on the neutron arrays \¡/ere mounted on rails so

that the chambers could slide into place in front of the neutron array during

FST calibration and siide out during A* measurements. A veto scintillator

with a hole was installed on each recoil arm 50 cm away from the target.

This was used to define good events originating from the FST.

The analysis of the calibration events is carried out the same way as the

analysis for the Aou part of the experiment. The track reconstructions for the

scattered protons are done by the delay line wire chambers on the boom, the
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energies being determined from the time-of-flight between the start counter

and the E-counter. Since the position resolution in the wire chamber is

better than that in the neutron array, the positions of the recoil protons are

determined from the wire chamber hanging in front of the neutron array. The

time-of-flight between the target center and the veto panel is determined with
respect to the start time of the scattered particles. The p-p elastic scattering

events are selected on the basis of cuts on the summed chisquare (eqn 4.2I jn

chapter a). The background contamination is determined by using a method

similar to the one used in the n-p analysis. The final events are corrected for

background contamination and the variation of detector efficiencies.

4.1- Scattering Asymmetry

The asymmetry is calculated from the observed count rates

'ratio'method.

- -('-1)-' ('f1)
where

(t'*R-\'/'t : (2,-a*/
The statistical uncertainty in e, is

8c-_ T
"vr-("*1)2

From the observed asymmetry

where .4., is the analyzing power averaged over the target spin up and down

runs. Similarly P7 is also the spin averaged target polarization.

757

f r i 1 rf'/'
Lo. 

* ¿ + t.* -)

using the

(A.1)

the target polarization is calculated as

P7 - e,lAv (A.2)



The p-p analyzing poiü/er L, is very precisely known from the phase shift

analysis' the typical error is 1.0-1.5%. In the present experiment the nominal

proton boom angle was 24o and the average incident energies were 46g MeV

and 499 MeV at the FST center for LH2 and graphite target respectively.

Furthermore, the detector spans about tbo around the nominal angle. Thus

over the entire detector acceptance, the average analyzing power is calculated

from the expression,

Au: I A"(e)w?)do

where the weighrins functio n u(0),iî"t'lri,ned from the dara taken with
target unpoiarized. As@) is taken from the 1g88 phase shift analysis of R.

Arndt [13].

From the vertex reconstruction, the FST cell was divided into three bins,

top, middle and bottom. The analyzing power and hence the target po-

larization are determined for each of these three bins. The average FST

polarization is then calculated by taking the weighted average of these three

bins. Assuming an exponential decay, the average NMR value of target po-

larization is determined from .

where P6 and Pp are the measured FST polarization at the beginning and

end of calibration runs. Thus the NMR correction factor is defined as,

P7(scatt.) : LtPwnrn

The factor ¡r is determined for 3 different cuts on the individ:ual y2, viz. y! <
9,5,3. Since the factor p does not vary significantly between x7 < g and ¡¿2 <
3 the final value of p is taken to be equal io 0.g61t 0.008(sf at) *0.01b(sys)

corresponding to X? < 9.
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App"ndix B

Different Methods of Extractittg A*

There are several different \¡/ays one can combine ieft and right yields

for runs with both beam and target simultaneously polarized to extract the

spin correlation parameter,, Aoo. Some of the methods are summarized in

the following section. The comparison among different methods in light of

cancellation of systematic errors will be discussed in Appendix C.

The observed countrates with polarized beam (first index) and polarized

target(2nd index) are given by :

L*.*

Ã++

L++

-r?++

For the time being it is assumed ihat or*, : a2+ : oz* : õ4+. : ø0. Since

there are two sets of detectors set at equal but opposite angles and since

we have four different spin combinations the systematic errors arising from

different detector efficiencies and beam normalizations cancel in first order.
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ør+(1 + A(PB ¡ Pr) + PBP.rAya)

oz+(7T A(Pn ¡ Pr) + PBP,rAaa)

os+(1 + A(PB - Pr) - PpPTAoo)

on+(!T A(PB - Pr) - PpPTAoo)

(8.1)

(8.2)

(8.3)

(B.4)



Thus the above assumption does not make much difference in first order. P6

and P7 are the spin averaged beam and target polarizations.

Method 1 : Target spin is up, beam spin both up and down, both sets of

detectors.

L++ :
R++ :

L_+ :
R_+ :
Asa,t :

:

Method2:Targetspin

right sets of detectors.

ø6(1 f A(P" ¡ Pr) + PBPT.Aaa)

oo(1 - A(P" ¡ Pr) ! PBPTAro)

oo(1 - A(P" - Pr) - PpPTAoo)

øo(1 * A(Pt - Pr) - PBPTA,,)
7 L++ + R++ - L_+ - R_+

PBPr L++ I Ã++ f L-+ + R-+
e

P"P,

is down, beam spin both up and

L__

R__

L+_

R+_

Avu,z

(8.5)

(8.6)

(8.7)

(8.8)

(B.e)

(8.10)

down, left and

oo(1 - A(Pn ¡ Pr) + PBPrAas)

øs(l * A(P" ¡ Pr) * PnPTAoo)

ø¡(1 * A(P" - Pr) - PBPyAoo)

oo(1 - A(P" - Pr) - PBP,rAsy)

r L__ + R__ - L+_ - R+_

The average of methods 1 and 2 is written as :

Method 3 : Left arm of the detectors

down.

PnPr L__ + R__ + L+_ + R+_
e

PaPr

^_ttyg,72 -
(Aoo,t I Aay,z)

(8.11)

(8.12)

(8.13)

(8.i4)

(8.15)

(8.16)

, target and beam spins both up and
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Method 4 : Right arm of the detectors , target and beam spins both up

and down.

Ass,s : r L++ + L__ - L+_ - L_+
PnPr L++ * L-- + L+- + L-+

PBPr

The average of methods 3 and 4 is written as :

Asa,4 :

Method 5 : Both

target spins.

Define

1 -R++ +.R__ - Ã+_ - -R_+

PnPr Ã++ *.R-- + Ã+- f Æ-+

PnPr

(8.18)

(8.1e)

arms of detectors, al

Avv,34:

Method6:Sameas

right counts.

Define

52

(Aoo,s I Aaa,+)

wz -(L++ 
+Ã++X¿-- +A--)

(I+_ * R+_)(L_+ +Ã_+)

2

I

^ 
7 (X-1)

^!a,5: p"pr@Tt
method 5 with different combinations of

four combinations of beam and

(8.20)

(8.21)

It can be shown that Auy,s+ and Ayy,a are equivalent and so are Ay.y,s and.

Aoy,t2. Ary obtained from these methods agree with each other as is evident
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_ (L++ + L__)(R++ + R__)
(L+_ -l ¿_+XÃ+_ + A_+)

^ 7 (S-1)nav,6: p"p, (s + Ð

(8.22)

(8.23)

(8.24)

left and

(8.25)

(8.26)



Table 8.1: comparison of different methods of determining Aoo

Aaa,tz

Neutron enerqy = 220 MeV

145.92
741.65

137.39

133.15

128.93

Neutron energy : 325 MeV

Neutron enerqy = 425 MeV

762



from the table -8.1 which summarizes the data at three representative angles

ví2.,, 0n - 67o,47o ,and 270 with incident neutron energy - 325,220, and 425

MeV respectively.

If one knows the analyzing power very accurately one can extract the

spin correlation parameter in a slightly different way.

Method 7: Defining

one gets :

o L**R--6-_ 

- 

<t-
D 1 "-u__tL++

Aaa,z : j*fofr"+ P")^9 - 1)

(r+1)
("-1)

(8.27)
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Appendix C

Systematic Errors

Since the detectors u¡ere placed symmetrically around the incident beam

direction and also because of the way the left and right yields are combined to

extract Aoo and,4.u most of the systematic errors vanish to first order. The

effects of various systematic errors on the spin correlation parameter,Ar,

are discussed below. Throughout the present error calculation the following

numerical values are used : the beam polarization,Pô : 0.60 ,the target

polarizatioî,Pt : 0.80, the analyzing power, Ao :0.5, the spin correlation

parameter, Aoo : 0.6. In Appendix B various methods of determining the

spin correlation parameter have been discussed. In this chapter a comparison

a¡nong three different methods (#S,A and 7 of the previous chapter, redefined

here as methods 2,1 and 3 respectively) on the basis of systematic errors will

be made.
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C.1- Spin Correlation parameter

The spin correlation parameter Aoo as determined in method 1 (method 6 in

the previous chapter) is :

with

: 
A - P"P.A*Y

Thus the error in ,S is related to the error in Ano lty:

6Aou _ 265
Aou (Ji' - 1)

^-
1 (s-1)

Pb&(S + t)

Thus 6Aoo :0.60 ó,S or the error in Aoo isonly 60% of the error in S.

Method 2 (previously method 5) :

(L++*¿--Xft**+rq--)
(L+-+L-+)(R*-+fi-+)
(7 + PrP6Ao)2

where

The error in Aoo is 6Aoo: 0.606X.

Method 3 (method 7 in the previous chapter) :

1

Aas: pupr@o@u+P,)Æ-1)

where

(c.1)

^_r-\ttt 
-

vz_

1

, (L*+ + Ã++X¿--

Pb& (X + 7)

(x-1)

(L+_*R+_)(L_+*ft_+)

(c.2)

+ Ã--)

R- r+1
r-I

roÐ



with

o L**R--
m'

L--R++

: (7 + Ao(Pu + Pt) + PaPtAoòz

(7 - As(Pb+ P¿) | P6P¿A,)2

Thus

6A",", : Aag: ! n) 6R:1.4b88 áÃ
PtP,

where

lóAl : , 2 
.,, ór :0.30 ár('- 1)'

C.1.1- Different beam polarizations:

There is always a difference in average beam and target polarizations

between target spin up and down runs (see table 4.8). Suppose for example,

the beam polarization for target spin up is P61 : Pa(7 * ó) and the corre-

sponding quantity for target spin down is Pa- : Pu(\- ó) where P6 is the

beam polarization averaged over the two target spin states. The count rates

become :

L++ : ø6(1 * Aa(Pb(I + ó) + pr) *Pa(t + 6)PrAoo)

.R++ : øo(1 TAs(Pb(I+ó)+Pr)+Pr(1 +6)nAy!)

L*+ : øs(1 t Ay(Pb(1+ ó) - P') - Pa(1 + 6)PrAuu)

Ã++ : øo(1 T Aa(Pb(I+ ó) - Pr) - P¿(t + 6)PAaa)

Substituting the actual left-right yields in the above equation one gets :

with á-o" : 0.028 (table 4.8) one gets (óArP6)2 : 0.0002 which is negligibly

smali compared to the first terms in both the numerator and denominator.
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C.L.2 Different target polarizations:

one writes for target spin up, Pr+ : Pt(I * 6) and for target spin down

Pt- : nG - ó). Subsiitution in the equation (5) gives :

\ /ith 6^o,:0.05 one gets (óÁsP¿)2 : 0.000361 which is again negligible.

For the other two methods one can show that the systematic errors arising

from different beam and target polarization are also negligible.

C.1.3 Misalignment of the apparatus

(L+%PtAoo)'-(6AsPt)2
(r-nPb1^uo)r-(6AsPt)2

Suppose that because of a purely geometrical error or because of wrong

correction for deflection in holding fieid, there is a mismatch of left and right

angles. For two states of the target spin, let the actual angle for the left

boom be 0¡ : 0o * 6. For the right boom it is the same but with the sign

of ó reversed. Because of this angle mismatch, Ao and Aoo for left and right

detectors will be different. one then writes the count rates as :

L++ : øe(1 I Aa@ + dl)(Pt * Pr) i PuPtAua@ + d0)) (C.5)

.R++ : øo(1 T AoQ + dl)(Pb * Pr) { P6P¿AooQ ¡ d0)) (C.6)

L** : ø6(1 t Ar(0 + dî)(Pb - Pr) - PaPrAooQ a d0)) (C'7)

.R++ : øo(1 T A!(0 + dl)(Pb - Pt) - P6P¿Aoo@ + d0)) (C.8)

Method 1 : ^92 becomes :

(c.4)

and Method 2

/1 J- c-\2s':(:) s3
\L - e2/

/1 ' - r 2

vz-(r-rcl \ rz'L - \t -ez) 
,-o

r67



where

qz yz (L + nPbAaò2
vo 

' 
/ro 

(r - nPbAs!)z
(ra + Ðd'e(#)

With d,0 :0.7o (anticipated error in proton boom positioning), and # :
0.03f d,eg, then: \ff :0.570 for both methods 1 and 2.

Method 3

c1

c2

with

7l P6P¿Aoo

(Pu - Pòdo(#)
t - P6P¡Anu

Substituting various values one gets , +# :0.3T0.

Now if the error in the boom angles is not correlated with the target spin

then we can write 0r:0o * 6 and 0n:0o - 6. Thus,

L++ : ø6(1 r AyQ + d?)(Pb + n) * P6P¿Aor@ + d0)) (c.10)

J?++ : øo(1 + Ar(0 - de)gb ¡ Pr) t PaPrAoo@ - d0)) (c.11)

L++ : øs(1 * As@ + dî)(Pb - Pr) - PoPrAorG + d0)) (C.12)

Ã*+ : øo(1 T AoQ - d|)(Pb - Ð - PtPrAuu@ - d0)) (C.13)

In this case one then gets:

Method I-

(1 + 11)r:ro(1 +"t

el

rJ2

do(#)eb¡P,)+de(HPuP,
t+As(Pb+Pt)lAooPoP,

do+(Pb+ P') - do+PbPt
I-Ay(Pb*et)!AooP6P¿

(c.e)

S':üffi
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\¡/ith

,. _ pup,¿e(w) . f" _ pon¿e(#)
t'- rlP6P¿Aoo' " 7-P6P¿Aoo

Assuming d0 : 0.1o,(dAasld0) : 0.03ldeg, the error, 6Auu - 0'

Method 2

tr, -r(l - '?)/\:Áoa-ø
the e's are given above. 6Aro is also vanishingly small in this case.

Method 3
9.

'- : '¿Q--Q-'(t - *Z)

with 11 and 12 defined above. In this case 6Aou - 0.

C.L.4 Efficiency Change

Suppose that the efficiencies of the left and right detectors change between

two target spin runs. Since the beam spin reverses much more frequently

than the target spins, the variation of efficiencies with the beam spin is

neglected. The count rates are (dropping out the common factors):

(c.15)

L*+ : .r+(1 + Ay(Pb + Pr) + PbPtAas)

.R++ : .n+(1 TAo(Pa*Pt)lP6P¿Aoo)

L++ : et +(7 + As(Pb - Pt) - PuPrAor)

R++ : ea+(1 T Ao(Pa - Pt) - PaPrAoo)

^92 then becomes :

^g, - so, lr -
L

X2 becomes :

x2 - x:i--'^0 
L^

(c.16)

AsPb(P:Aoo - 1)

(1 - P: P? A?s)

AaPb(P: Ar, - 1)

(c.17)

(c.18)

(c.1e)

(c.20)

G - Pl P? A\a)
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and 12 becomes :

If the relative change in effi.ciency for both ieft and right detectors is the

same, then the second term in above equation vanishes and thus .9 : 
^90

and X - Xo. If ihe efficiency change is not correlated with the target spin

i.e. if. e¡,¡ - eL- and e61 - ep- then even if the left and right efficiencies

are different, they do not contribute any error to Aou in first order. Let us

assume that

t t/€L-€R+,,_ : rõl 
rL+rR_)

where

€a+ : e¿(1 f ó1), eR-: e¿(1 - ó1)

eL+ : e7(7 ¡ 62), eL- : e,¡1(1 - 62)

Thus one gets :

ór:

sz : s; 
ir+0216b (,_t+-,_t*)]

x2 : 
"; l' + 0 216b (ä) (i+ - i+*)]

.2:',[hBËß]

(c.23)

€R+ - eR-

If one assumes that ór : 70To and 62 : 5To and the spin averaged efficiencies

for the left and right detectors are the same i.e., e7: eE then ,

Method 1: 6An, :0.0075, or W :7.5T0

Method 2: 6Aro :0.0065, or ## : l.3Yo

Method 3: 6Aro:0.0230, oî æ :4.6Y0

Thus it is clear that the L* values obtained from method 3 is three times

more sensitive to the same relative change of spin dependent efficiencies

compared to the other two methods.

770

eR

ç_'¡ u2-
eL+ - eL-

eL

(c.24)

(c.25)

(c.26)

(c.27)

(c.28)



C.1".5 Background subtraction

If / is the fraction of events due to the background material then one can

write,

L++

R++

L.-

A+-

ø¡(1 :| Ao(Pu + Pr) | P6P¡Ayy) + f ob(L t P6a6) (C.29)

øo(1 T Ao(P, * P) * P6P¿Aoo + f ou(7 Í Paaa)) (C.30)

os(1 * Ao(Pu-Pò-PuPrAnu+ fot(I +Paoa)) (C.31)

oo(1 T Ao(Pu - Pr) - PtPrAyo) + /ø¡(t T Paau) (C.32)

Where a6 is the background analyzing po'n/er.

are not polarized they do not give rise to any

for Method 1 :

^g 
: sc 

(1 + ¡'1)

'(1 +Ð
where

With ^ 
: 0.05 one gets: S : 0.976 So, +# : 2.8%. Thus for 5To

background subtraction the error in Aoo is only 2.8T0.

Method 2 : Error in Aoo is the same as in method 1.

Since the background nuclei

spin correlation term. Then

(c.33)

Method 3 :

Da1

DL2

where

øo(1 + P6P¿Aoo)

fot

fot

oo(1 - P6P¿Ano)

r2:r?¡r+qtl'"11f?zJ

Tt:

Tz:

(*)

(*)

t+Aa(Pu+P,) *P6P¿Aoo

7 - Paaa

I I Paøt

1-Ay(Pb+n)lP6P¿Aoo
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The analyzing power for the background nuclei is not known. If the term

containing a¿ is neglected then one gets , W : 7.7T0. Again this method

is less suitable for determining Aoo cornpared to the other two methods.

C.1.6 Fresence of extra vertical component of beam

polarization

The neutrons produced in the LD2 target acquire a small (- 0.1)

component of polarization in the vertical direction. The two dipole magnets,

,CLYDE' and ,BONNIE', precess this spin into the incident neutron beam

direction. However, if the magnets are not set properly the precession angle

can be different from the ideal value and thus the neutron beam gets an

additional vertical component besides the usual vertical component obtained

through the spin transfer. Suppose this component of polarization is denoted

by'p'. Then

L++ : ø6(1 t Ao(Po + Pr) * pAa I P6P¿Aru IpP¡Arr)

Ã+* : oo(1 + Ao(Pa + Pr) - pAo I P6P¿Aoo LpPrAoo)

L++ : øs(1 f Ar(Pu-Pr)lpAo-P6P¿As'sTpPtAua)

Ã++ : øo(1 T Ao(Pr-Pr)-pAs-PoPrAoo)+pPrAoo)

Thus for Method 1 :

gz:

^" (7 - F?)- so"ñ

with
E1 

- 
PAv E1 

-rr: 
r+Pb-Pr'1.not 

12:
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The maximum error in the precession angle is 60. Then p : 0.7 sin 60 :
0.0105. Substituting various values one gets ,5 : 1.00006 

^96 or ,9 - ,56. Thus

the error in Aou because of this component of spin is negligible for fixed p.

Method 2
/'t - tz\

X2:-Ifzf - st¡
'\t-ü)

where

Substituting various values one gets 6Aoo - 0.

Method 3 :

where

r + PbPtAas+
pPtAyy

pP¿Asy

Substitution gives : 6Aou - 0.

L - P6P¿AysI

Now, however, if this component of polarization changes sign with beam

spin flip then,

, '/t-"?\r- : r'õ I ;---- |\r-uã/

pAo * pPtAro
u1

L++

R**

L.-4T

A++

Method 1 :

u2

I -t Ao(P6 + n) | P6P¿Auo

pAs - pPtAso

1- Av(Pb + n) | P6P¿Aoo

ø6(1

oo(1 + Ao(Pu * Pr) T pAs * PoPtAya * pPrAoo)

øs(1 :| Ao(P, - Ð I pAo - P6P¿Auu - pPrAoo)

ao(1 T Ao(Pa - Pt) T pAa - PaPrAoo) - pPrAou)

(c.34)

(c.35)

,S:,90 (ä)
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v/ith

Substitution of various values gives : ,9 : 0.9964^90, W :0.4T0.

Method 2 : Error in Aoo is the same as in method 1.

Method 3 :

r:^l=)
\L - uz/

where z1 and u2 ãlr- defined in eqn (3.). Thus * :0.6%.

C.L.7 Misalignment of target and beam spins

Ft: t+ffiq
rit . PnAya12: L-r_ppÁw

Suppose the beam and target spins are not exactly vertical but tilted sideways

and front-back by a certain angle, d. Then one can write :

L** : øs(1 t Au@f + Pí) + Pl Pl Ays + Pi Pi A,,

+Pí Pí A,, + (Pi Pí + Pí Pi)A",)

Ã++ : øo(1 T Ao@l + Pi) + Pl Pl Asy + Pi Pi A,,

+Pí Pí A"" - (Pi Pí + Pí Pi)A,,)

L++ : os(1 * Ar(Pl - Pi) - Pl Pf Aya - Pi Pi A""

-Pí Pí A"" - (Pi Pí + Pí Pi)A,,)

-R++ : oo(1 T Ao@l - Pi) - Pl Pl A!! - Pi Pi A,,

-Pí Pí 4", + (Pi P: + Pí Pi)A,,)

Thus in Method 1- :

2 a2(1 +åX1 +fz)QZ-QZù -uo (t-lrXt-fò
774
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with

ft:

r,:
f":
Ín:

Method 2 :

Pi Pf 4"" + Pí Pí A", + (Pf Pí + Pí Pi)A,,
r+PlPrAaa

Pf Pi 4,, + Pí Pí A", _ (Pf Pí + Pí Pi)A,,
1+ Pl Pl Auu

Pf Pi A,, + Pí Pí A," + (Pf Pí + Pí Pi)A",
1-PfPlAss

PiPiA"" + PíPíA," - (Pf Pi + PíP|)A,,

where

7-PlPlAss

Method 3 :

,:*r(i)

Tt : 1+

Tz : 1-

where

Pf Pf 4"" + PíPí4",

/'-\1

Ì_
s2

t_
s3

/_
s4

Suppose that the

0.104, Pi : Pí :

7+PlPlAyy
Pf Pf A"" + Pí Pí A,,

7-PfPlAs!

Pf Pi 4,, + Pí Pí A"" + (Pf Pí + Pí Pf )A,,
7 + As(Pl + Pí) + Pl Pl Ass

Pi Pf 4,, + Pí Pí A"" - (Pi Pí + Pí Pf )A",
1 + Aael + Pi) + Pl Pl Asa

Pf Pi A,, + Pí Pí A"" + (Pf Pí + Pí Pi)A,,
7 - A!(PI + Pí) + Pl Pl Ass

Pf Pi A,, + Pí Pí A,, - (Pf P: + Pi Pi)A,,
7 - Aael + Pí) + Pl Pf Ayy

tilt angle d : 100. Thus, Pf, : Pí

P¿sin10o : 0.139, A,* : -0.5, A," :
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Substituting these values one gets for

Method 1 : W :0.2T0, Method

W:0.6%.
Thus the totai systematic errors it Aoo for different methods are : Method

L z 6Aoo: 0.015 ", H :3.0T0, Method 2 ; 6Aoo: 0.016 ", W :3.2T0.,

Method 3 z 6Aoo: 0.043 or +# :8.6T0

The cancellation of systematic errors in Aoo is the best for method 1 com-

pared to the other two methods.

C.2 Analyzittg power :

2 . W :1.2T0., Method 3 :

Most of the systematic errors appearing in the analyzing pou/er obtained

from beam and target polarization are of the same order of magnitude as

in the spin correlation parameter. Thus the comparison of two methods of

obtaining the analyzing power (Af and At) wiII only be discussed in terms

of the systematic errors arising from different efficiency and residual back-

ground in the data because, as is found earlier, these two types of systematic

errors have the largest effect on Aoo. As defined in chapter 5,

and

4b'-a

q2
vb

:

1 /^9ô - 1\
ru \s,+1i
(tr++* L*_)(R_++Ã__)
(Ã+* + A+_x¿ _+ + L__)
(7 + PbA)2
(7 - PbAs)2

at

q2

1 /s¿-1\
P' \s' + 1/
(r++*¿_+XÃ+_+Ã--)
(Ã++f E-*Xr** +L--)
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The error in analyzing power is

C.z.L Efficiency Change

6Ao- â&:0.4r6s

If the efficiencies change for the left and right detectors then the count rates

are given in eqns. 5-8. ^ff then becomes :

s3 = 'å[' (r-r)]
: sair+o1B1e (=+-=+)l

r \1-6r t-6rll

where 6r, 6, are defined earlier in eqns 8-10. The 
"rro. ff : 7.0T0. However,

Sl , on the other hand becomes,

s? : ,'o(u"-'"*\
\en+en- /

Substituting one gets ff : 4.7T0. Thus the second method of determinins' Ai ^^------Ò

the analyzing power from the target polarization is more susceptibie to sys-

tematic errors arising from the change in efficiency correlated with the target

spin. Furthermore, if the solid angle acceptances of left and right detectors

change between target up and down runs, either because of wrong position-

ing of the detectors or some other reasons, it can be shown that the error in

Alo is considerably larger than that in Abo.
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C.2.2 Background Subtraction

In presence of background one gets :

su:,suo$l4
tr f ez.)

where

ê. *(t + 
"uPu)Lr 

(r + AaPb)

F¡: *(7+"oPa)
(7 - AyPb)

The background anaiyzing pov/er is assumed to be equal to 1.0. With Aa:
0.5, Pb - 0.6, and, STo background one g.t" 64 :2.6T0.

In case of analyzing power one gets from target polarization,

s,: s,o9l9 (c.43)
\L t nz)

where

fsþ
K1 : 

' 
-----"--

(7 + AsPb)
fs-b

-:oo
(1 - AaPb)

(c.42)

Note that in the above equations the background analyzing power does not

appear because the background nuclei are not polarized. The error , # :
-^u

3.6%. This method is more sensitive to the backqround correction than the

one using beam polarization.
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