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A MEASUREMENT OF THE POLARIZATION PARAMETER

FOR THE REACTION 7 p + n%n BETWEEN 1.03 AND 1.79 GeV/c *

Stephen R. Shannon

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

- Abstract

Measurements of the poléfization'parameter for the reaction 7 p =
#0n were made at the five momenta 1.03, 1.245, 1.44, 1.59 and 1.79 GeV/c.
A polarized target was uséd,_with polarizations achieved ranging from
48% to 57%; Saliént features of the experiment wefé‘the use of neutron
coﬁntef§ for time-bf-flightvmeasufements as weli-aé:éngglar information
and the use of_dptital spark chambers, seven to eight rédiation lengths
thick, for the detection of the y fays from the decéy of the 7%, The
_center-of-mass angular rahge coyered by the 20 neutrén counters wa$
typically -.78 < cosec.m‘ < ;87. For each momentum:there are approxi?
mately 10,000 events which fit 7 p - n%n with a confidence level of at

least 10%.

* . - ’ : -
Work done under the auspices of the U.S. Atomic Energy Commission.



I. INTRODUCTION

. In this_experiment we measuredvthe polari;atioﬁ‘parameter in 7 p
charge exchénge scattering at the momenta of 1030,‘1245, 1440, 1590, and
1790 MeV/c, and thereby completed the basic set of:heasﬁrements of the
differentia1 cross-section and polarization parameter‘forvthe three
reactions n'p » n'p, mp > wp, and np + 0n in thisJenergy regibn.‘
The present status of measurements in this enefgy fegion'are Shown in
Fig. 1. | |

~ The determination of the pion-nucleon scattering amplitudes, which

usually are written in the form

- s .
MI = FI N 1G10 . n

e

where I specifies'the isospin, / is the 2x2 unit matrix, g is the
vector 6perator composed of the 2x2 Pauli spin matrices, A is the normal
to the plah¢ of scattering, and GI and FI are the spin-flip and non-spin—
flip amplitudes respectively, has so far been attempted primarily through
the use of the phase shift éxpansion in partial wave anéular momentum..
stateé. Phase shift analyses generally have at least éeveral poésible
soldtions at a given energy; however, measurements of the charge e;chaﬁge
.ﬁreaction constrain these solutions strongly. |

| A compﬁter simulation which was Cbmpleted pfiop tq.the'initiation
of this experiment; andbwhiéh used the'phase-sﬁift analysis programs
(and ‘solutions) of Johnson et al(l), indicated that a meésdrement of
the polarization parémeter forvn-p + 70n at twenty‘anéles spanning the
< 180°, each éf whichvhaving an uncertaihty

full angular range‘0° < 6. o
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of 6P = 0.1, would severely limit the number of acceptable phase-shift

“solutions. Thus, we hoped to make a significant contribution to the

determination of the pion-nucleon scattering amplitudes.

- With fhé cbmpletion of measurements of the A ahd R pérameters
(discussed in the following section), or Some linear ¢ombination thereof
there will exist sufficient data to allow direct cdmputatiOn of the
amplitudes’ (both their magnitudes and phases), w1thout re1y1ng on phase-

shift ana1y51s, provided that the data are of high quallty



II. PHENOMENOLOGY

It is useful to review the phenomenology of fhé pion-nucleon
interaction in order to elucidate the effect of charge—exchaﬁge_
data on the scattering amplitude.

Therévare four observafies which completély.dgscribe spin 0-
spin 1/2 sééttering: the differential éross-séc;ion Io(e), the |
polarization parameter P(é), and the two spin rofation'parameters.
A(é) and R(é) (or linear'combinatioﬁs théreofj.' The polarizatidn
parameter is defined to be the polarization'of thé‘outgoing spin 1/2
particle when the spin 1/2 particle in the initial étate is unpolarized.
The A and R parameters are defined to be the transvérse polarization
of the outgoing spin‘l/Z particle when the iﬂitiélistate spin 1/2
particie.ié polariiéd,,in the plane of SCattering,.paralleivto and
pérpéndicular to thé beam moménfﬁm, respectively.: (These 1after para-
meters, which are thevones remaining to be measured in this energy region,’
fequire‘agdouble scattering for their measurement.) Thus, there are twelve
_observabléé in pion-proton scaftering: -IO’ P, A, and R for éach of the
three réactions discussed above. 'The effect of each of these parameters
in removiﬁg'ambiguities from the pion-nucleon scéttering amplitudés is
discussed by Dean and Lee,(z) and by Kelly,'Cﬁtkosky, and Sandusky.(s)
Since only five of these observables (IO for all fhfee reactions, and -
P for the elastic scattering reactions) have be¢ﬁ extensively measured,f
usually pﬁa$e45hift analysésihave been carried out using expansions of

‘each of the isospin amplitudes in partial wave dngular momentum states.



These expansions are:

[(2 + 1)T2++'2T£J P (cosb)] |

o~

(
0
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[{(TZT - TR_)]Pg(éose)]

=

L
!

=1

where:
Pﬁ(cose) is the Legendre polynomial éf order £,
PZ'(cose) is thé associated Legendre polynomial of
| order %,
"~ L is a cut-off value for the angular momentum,

¥ means j = 2 + 1/2,

‘,1' means j = & - 1/2,
e2i -1 : _
T = D——EE;—é—- is a partial wave amplitude, where the n's

and the §'s are the phase shift parameters.

Some ambiguities in the present phase-shift solutions fér the
pion-nucleon scattering amplifudes can be discussed using the method
of Barreletvzeroes.(4) This method indicates éleérly the.importance of
high quality charge e*change data for the reduction of the number of
acceptablexgﬁase—shift solutions. The method depends on the exisfence
of the angﬁiar momgnigm'cut-off L in the above expansions, and'the
resultant reduction‘éf the expressions for F and G to sums of poly-
nomigls, hence becoming polynomials themselves. The complex rootsvof
fhésé polynomials are thén determined, and.used td find'the possible
ambig;itig§ in the phase-shift solutions, as the féllowing analysis,

(5)

presented by Gersten, shows.



' We introduce the form of the scattering amplifude in ferms of
the chafge.émplitudes fq and gq (where q = +1 reférg to ntp élastic'
scattering}.and q = 0 denotes the charge-exchange réaction)

Mq f fq + igqg-ﬁ

The differential cross-section and polarization parameter for the

elastic scattering reactions can be written:

T (0) = |£,(8)]2 + |g, (6)]2

I'E(e)Pt(e) =v—2Imf;(6)gi(e)
'Sinqe f(é) + ig(e) = f(Qe) - ig(¥6), and defining fhe ampiitude.

h*(0) = £,(8) + ig, (o)
we may Trewrite the observables as

t£0) = 2{n¥@)]2 + [ni¢-0)|2)

150P () = W @)1 - [h*(-0)|2]
Those sefs of phasevshifts which léad to the same‘|ht(e)|2 thus
give the saﬁe values for 13(6) and Pi(e). The néxt.step_is to find
a systeﬁétic procedure which gives all of those sets of phase shift;
which give the same [hi(ejlz. | - i

Using the expansions of.fq(e) and_gd(e)'to qrder L in ;he

Legendrg and associated Legendre polynomials, requctiveiy, we can
expand hc(e) in the more convenient variable z ;_tan(%-e), in whiqh_
variable hc(e) is a polynomial of order 2L. If we, can find the roots
{zi} of thiékpo;ynomial, gzen we may write them a§f§roducts:

+ + +

h™'= A" 11 (z - zV)

A . i
| i=1



A replaéément of any zi'(or combination of them) By their.cbmplex
conjugatés results in the same value ofblhiI% and ‘thus gives the same
value fofffhe observables. Since there:are ZZL ways of éhoOsing
.subsets of,éll these Barrelet Zeroés,’independehtly for h* gnd h,

4

there are thus 2 L_different pairs of amplitudes, -all of which pre-

dict exaétly the.Same observables. However, the;amplitudes obféined
by making éuch Barrelet'transformations will offénvéxceed the unitary
‘limit, so the actual number of acceptable ambigﬁoﬁs solufioné may be
far.leés; R

With the addition of data_én charge exchange scattering, we
have

1960 = 3110°@)] % + [0Co0)| ]

MOE b (e)|? + [n* (o) - hT o))
= S5+ 17) - 2Re[h™(8)h™(8) + h'* (:6)n"(-6)]
Similarly, | '

10 (0)pP%(0) = (1gp" + I7P7) + -lz—Re[hH(e).h'—(e)v - Con )]
.Henée, these expressions constitute a'constraintfon the Barrelet trans-
formations: the observables Ig and P’ are not invariant under suéh a
transformé?%@n; and the Barrelet ambiguities aré reméved. of course,

in.practiég; there is error in the data, and the3coﬁsfraints.ére

accord%hgly weakened. Anal}sés incorporating rééeﬁt high quality
charge exchange diffefential cross-section data still have'somé.:
remaining.ambiguities; it is hdped that data from,éhis experihent

will improve the situation.
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ITII. EXPERIMENTAL METHOD

A. Summary

This experiment, performed at the Bevatron, resulted in

measurements of the polarization parameter P(e) inn’p > 70n
l

at the f1ve momenta 1030, 1245, 1440{ 1590 and 1790 MeV/c. The
choice of momenta was based on the existence of rather complete sets
of data in the other'easiiy accessible 7N scatterrngrparameters;
i.e., o, for p, Io-for ntp > ﬂip and 77p > nQn;‘and P(6) for
nip'+ w‘p. In particular, the momenta .1030, 1590 and 1790 MeV/c
. were chosen to conform to the recent high preciSion charge-exchange
cross-section measurements of Nelson, et al.(6) |

The.eiperiment is schematically illustrated in Fig. 2. The nega-
tive pion‘beam impinged on a polarized proton“target, which consisted
pr1mar11y of propylene glycol Free protons constituted only about 14%
of the protons in the target (the rest are protons bound in the carbon
‘and'oxygen nuclei of the propylene glycol target? and in the.heaV1er nuclei
of the caV1ty) Hence, a large background from qoasi—elastic charge exchange
scattering from these bound protons as well ‘as from inelastic scattering was
expected. An important feature of the experiment which reduced this back-
ground coneiderably-was the detection of both the neutron and the two .y rays
from the 70 decay in order to identify the charge exchange reactlon

Surroundlng the target (on all sides as well as top and bottom) was
a system of scintillation counters which allowed_the»1dent1f1catlon of
those n~p interactions having neutral final states.: Those veto counters
which were not in the incident beam were also usedito veto events mhich
had { rays emitted in direétions other than toward the spark_chambers.

“ .
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Fig. 2. Experimental layout of polarized target,
spark chambers, and neutron detectors. .
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These counters had scintillator-gamma-convertef (1—2 radiation lengths’
of eitﬁer lead, tungsten, or platinum) sandwich construction.

The photons from the 0 decayrwere detected in two multiplate
spérk chambérs having 8-9 radiation lengths of iead. The chamber
plétes wéré made thin (v0.14 radiation lengths) to ensﬁre a low—energy
gamma-ray detection threshold of aboﬁt iO MeV. 'Gamma rays originating
at the center of the target were réstricted'by tﬁe-magnet aperture to
scattering angles normal.to the scattering plané_of +21°%,

Neutrons produced in the final state were déteéted by twenty
thick scintillatioﬁ counters, each of which was'fﬁrphér protectéd
from éharged pafticles by a veto éountef placed_in.front of it. In
additidn, most Of these vetb counters were shadowed by lead'sheets_

- which aided the identification of gamma rays passing toward the

neutron cbunters. These neutron counters, eachvsubtending’an

angulér interval of §2.5°, at a distan¢e of 5 ﬁ from the target,
effectively spanned the whole angular'intefval of>O€ <o <‘180°v

in the center of maés system; furthermore, in conjuhction.with a counter
- upstream of the targét, they provided time-qf-flight measurements.

An evént was recorded whenéver'the following‘ériteria were
satisfied: 1) a charged pion went into the targefiand no veto
counter hadﬁa‘puise; 2) a neutral particle went into one of the
neutron.cbﬁnters and was detected there. Data was ééquired at a rate
of_about_S fo 8'events‘per Bevatron pulse and wés usually limited
>by the cyciing time of the camera. On each frame of the film we

- recorded two 90° stereographic views of each chamber along with a

digitized summary of neutron counter number,'neutrbn time of flight,

©
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hodoscope information, target polarization, plus bookkeeping and fidu-
cial information. The film was subsequently scanned for two shower
events by pfofessional scanners ‘and physicists.  Of these two shower
events, those which had neutron time of flight within our timing window,
thus becoming candidates for n~p + 70n, weré measured and digitized

. - (17) . : o . (21)
using the SASS™ measuring system at LBL. The fitting program SQUAW
was used to select those events consistent ‘with chargé exchange scattering.

The polarization parametef P(6) is calculated from the differential
cross-section for the scattering of pions from a polarized proton target:
I1(8) = 10(9)[1 + P(e)ﬁt.n]

where:

‘Io(e) = differential cross-section for scattering from

an unpolarized target at center-of-mass angle 0,

3t = target polarization,
‘fi = unit normal to the scattering plane, with the definition
> > '
: ki X kf N
n = ——— , and k., k. are the initial and
> o> R .
|k x k|

. final state momenta of the pion in the center-
-of-mass system,

In this experiment the target was polarized vertically, and the plane

A~

> o .
of scattering was horizontal, giving Pt'n =.i|P . Thus, we

¢!

measure
I,(8) = Io(8)[1 = P(e) [P [].
We extract the polarization parameter P(0) from a measurement of

the asymmetry:
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. I+ - I_
e(®) = ;7= PO

+ -

0f course, during the course of the experiment the polarization

“of the target varies (avéraging betWeen_SO—SS%), and the background

events cont?ibuting to I, and I had to be subtracted, thus complicating
the simplé_prescription given above. A discussion-of these problems
will be found in the section on data,énélysis...To hinimiie systematic
efrors, the target polarization.was réversed every 2-3 hoﬁrs.
Calibration of the target polarization was made every 3 or 4 days‘by

comparing the natural thermal equilibrium polarization of the protons

~with the enhanced polarizatibn resultingvfrom applying,microwave

pumping to the sample.
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B. Beam

Thé pion beam was produced at 0° from an intérnal alumina
- target (16.5 c¢m x 2.5 mm x 6.55 mm) located in ﬁhe third quadraht of
the Bevatron, and transported with a.two—stage system of bending mag-
nets and quadrupoles to the experimental area, shown ih~Fig: 3;
Preliminafy studies of the beam were made Qsing,the program
OPTIK.(7)' However, the design of a dispersionlessipeam focussed
onto thevrelatiyely small polarized target was greatly simplified
by the use of the more detailed prograh TRANSPORT.(S) The deflecfion
of the beam through the Bevatron magnétic field was calculated .with
fhe program BOFUS,(Q) using magnetic field values for the third
quadrant of the Bevatron.magnét which are availaBle from the Magnef
Test Group at‘LBL. | ”
The bending magnet defining thebmomenfum was wire-orbited, with
- the central momentum of the beam measured to better than 1%. The
~ last two quadrupoles in the beam system weré also wire-orbited,
mostly és'a check on the results of TRANSPORT. Beém tuning was
greatly simplified by the use of two multiwire proportionalnchambers
placed near the final focus; histogram‘and.sbatfér plot'disblays of
the information fromlthe MWPC's were made available on a CRT interfaced

(10) "beam profile and

with a PDP-5 cdmputer using the program AZTEC;
phase spacé scatterplots were also directly displayed on an oscillo-
scope (without using the PDP-5 as an intefmediary). "The latter feature

allowed continuous adjustment of the beam élements to achieve a small

(and circular) focus at the target.
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The first stage of the system included a pair of quadrupoles
which were‘used to form a first focus where the momentum selectioﬁ
was done; as well as two bending ﬁagnets to deflect the pions from
the intefﬁal target to that focus. A lead colliﬁator (15 cm long,
20 cm inner»diameterj was placed in the first quadfupole to limit
the beam'size. Another lead collimator, this oné with an adjustable
slif,:was‘placed at the first focus, specifying the momentum bite
“and to éome extent the flux bf the beam. The_momeﬁtum dispersion
caused by the Bevatron field and the first two bénding mégnets to-
gether with the aperture of fhe collimator was typically %Fn/Ax =
0.01/in. :The actual momentum spread of the bean le.S%) varied
'slightlyvfrom momentum to momentum, (and even during the course of
running at just one momentum, as the aperture was:adjusted occasion—
ally to compensate for changes in the flﬁx in the pion beém, due_io
slight changes in the intensity of the Bévatron proton Beam.) Helium
bags were used throughout the first leg of the system, and‘a helium
bag and vacuum pipe employed in the second leg of the system to
minimize the scattering of the pions along the beam line.

The first focu5|wés followed by the ﬁomentum defining bending
magnet and two pairs’ of qu;drupoles which focussed the beam onto
the polarized target. Additionally, two small bending magnets Wefe
placed before the polarizing magnet (affectiqnately»named’"Zoltan”)
to center the beam on the polarized target and to'control the
direction of the beam as it impinged on the target,‘

The determination of this direction deserved considerable



-16-

attenti@n in this expeiiment. The direction in which the beam tra-
velled as it passed through the center of the target_defined-the
"0° line" (the direction of 6 = 0° scattering). To guarantee that
our preset 0% line did indeed coincide with the=5éam direction at
the center of the target, we inserted a small scin;illatioﬁ counter
.at the position‘of the target, and placed'another scintillation
ICOUntér_approximately_Z meters downstream of the téfge; at a loca-
‘tion calcﬁlated from an orbit-tracing program (ZOLORB)(II) which’
used a Zoltan magnetic field map as input data. As an édditional
check we used another small (2.5 cm in diameter) counter just up-
stream of the térget as well. The magnetic fields of the two small
"C" mégnetS'Wefé adjusted so that the beam trajectory was centered
through all three counters; thus the condition foi'the proper lateral
shift and-eﬁtrance aﬁgle was satisfied, and the 0° line Qas achieved.

The beams typically had a hdrizontal;full width af half max-
imum of 1.8 cm and a vertical FWHM §f52,0 cm,-as-meaéured with a
multiwire proportional chamber having 2 mm resolutibﬁ situated at
the eventual position of thebtarget.

The beam intensity averaged about 106 pions/pulse; the typical .
Bevatron spill length was 1.2 sec. Typicall; aboﬁt 10% of the beam
was vetoed because of the nearly;simﬁitaneous afrival time of two

or more particles.
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C. Polarized Target

Much of the operation of the polarized target used in this

(12) A brief description

experiment has been described elsewhere.
of the system including some recent changes follows.

High'proton polarizations were attained through the use of
the method of dynamic nuclear orientation.(ls) Inithis method the
target is'at low temperature (1°K) and in a high ﬁagnetic field
(24.75 kilogauss). Microwave pumping at a frequency of.70 Ghz
saturates double spin flip transitions involving the proton spins
and the spin of a nearby paramagnetic center (Cr+s radical in this
experiment); Substantial polarization of the sample occurs if the
proton spin relaxation time is slow compared to the relaxation time
for the paramagnetié spins, |

Uniformity of the polafizing magnetic field in space and time -
is necessary to preserve the good signal-to-noise ratio of the NMR
signal, With the use of a search coil, provided by the Magnet Test
Group, magnetic field maps were made. With this information magnet
shims were designed and constructed which achieved the spatial uni-
formity shown in Figs. 4,5. Output voltage from a pair of Helmholz
coils placed near the magnet polefaces was used in ayfeedback cir-
cuit in the magnet regulator and completely compensated for the
éhanges in flux (~5 gauss)'due to thevpulsing of the Bevatron magnets.

vThe target consisted of.a 98% propylene glycol-2% water
mixture (by weight) saturated to a few percent with Cr+5 rédical‘

(from K Cr207). The target preparation procedure was as follows:

2
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(i) bubblé'nitrogeh gas through the propylene glyCoi (and also the
water) for ét least three hours, (2) mix the proﬁylene glycol and
chr207 and magnetically stir the mixtgre for the ddratioﬁ'of a
115-minut¢'immersion in a temperature bath at 70°C,  (3) cool the
' miiture qu 5 min, and centrifuge for 5 min, (4)v¢arefu11y rgmbve
the supernatent liquid‘and mix with the appropriate‘amount of watet,
(Sj seai the tesu1ting mixture into thin-ribbed bags constructed
‘from 12-micron thick FEP Teflon, and '(6)tquiék1y.p1ace the bags
into the microwave cavity" Generally twelve bags were used, g1v1ng
a typlcal target weight of about 50 gm “Since the cryostat nose
cone was at an angle of 36° to the beam, the target was of rhom-
boidal form. See'Fig. 6. The projection of the target transverse
to the beam was 2.5:cm square. The length of the'taiget'along the
beam direction was 7.5 cm. |

‘The measurement of-the target polarization was é;compiished
through the use of the method of nuclear magnetic tesonance. In
summary, a weak radib fréquency magnétic field (perﬁendiCular to
the.polaiiting field) when applied to the sampie near.thetresonant
frequency induced ;pin-flip transitions of somé Ofbthe proténs. |
Protons in the target aligned with the polarlzlng magnetic field
area absorbed energy from the rf magnetlc field when maklng
trans;trons;tthose ant1-a11gned emitted energy. The target, by
- absorbing ot.émitting energy, modified the impedaﬁcé of thé rf
circuit driving the rf magnetic field. The detection of this

impedance change in a tuned radio frequency circuit was the basis
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of the measurement.of target polarization.

The microwave cavity in which the target was:placed also served
as the part.of the rf circuit producing the rf,'magnetic field.
The design of this cavity was changéd f;r this eXperiment in order
‘to provideié'more uniform rf‘ magnetic field (Fig. 7). The cavity
~was a rectaﬁgular copper-plated aluminum box, 13.4 cm long, 3.2 cm
high and 3.8 cm wide. A 12.7 cm long, 3.1 cm high, ‘and 0,076 mm
‘thick copper-plated aluminum septum‘was placed symmetrically along
the center line of the long direction, leaving a gap at each end
of 3.2 mm. The Septum was soldered fo the bottom of the box. A
folded piecé of copper stfip ran the length of the box along the .
top, was soldered to each end of the cavity, and formed a groove
into which the septum slid. A 12 micron thick piece‘of teflon
insulated the septum from this‘strip; A small piece of the Septum,‘
called the féb, projected through and was insuiated from the striﬁ,
~so that eleétrical connection could be made to the septum; The top
of the cavity was a fine wire mesh soldered all arqdnd the top
édges of the box, as well as at two points alongnthe'strip "3 em’
on‘either side of the tab. Rf voltage on the cenfer_conductor
of a coax cébie was appiied to the septum tab, whiie the coaxial
shield wés:soldéfed to the wire mesh.as close as poésible to the
tab. This arrangement provided us with an rf magnetic field
uniform to Sfib% throughout the volume in which ;ﬁe targetiwa;
placed." | |
' The entire measurement system was calibrated by ﬁeasurihg the

polarization;Qf the sample at a known low temperature (in the absence



Solder Joints\ -

.00762mm Teflon
0127 mm Copper.

L
Solder Joints—/_ ) : : _ | S S ’S,evptm't-\_/ \gol.der Joints
o.__ A 2 4 ., )
T T

cm -

XBL 7312-6894.

.,' Fig. 7. Construction details of the microwave cavity- 

T~

_gz_



-24-

of microwave pumping, of course). This polarization was calculated
ffom the Boltzmann factor for the populations of the two spin
orientations. Calibrated cafbon resistors are qSed for ;he neces-
sary.tempefature measurement, while the magnetic fieid is known
from direct measurement, as well as indirectly from nuclear magnetic
~Tesonance. .Calibration bf the sampie was méde every 3 to 4 déys
during fhé_experiment. 'Reﬁersal of.phe target pqiarization occurred
every 2 to 3 hours. This was done as often as pdssible to help
eiiminafejSYStématic errors, yet remain compatible with efficient
data-taking. | |

| A PDP-S COmputer controlled the NMR detectioﬁ systeﬁ, and also,?
upon command, changed the frequency of the microwaye‘radiétion (by
changing the high voltage on the "carcinotron" powér supply); The
 po1arization meaéurement system (System 1260)'has Béen extensively
described eiéewhere.(14) A'brief description>of the‘system follows.
The computer set the rf frequehcies used to swéép'the NMR signal
and a range of background on either side of'thevsignal. ‘As the rf
' frequenqy ﬁas swept through the signal, the;capacitor'iﬁ the tuned
circuit was élso varied SO.that the‘circuit was always.tuned to a |
resonant frequehcy corresponding to the rf fredﬁency. Thg-circuit
was kept at resonance, since then the impedance had‘a'particuiarly
simple form; hamely, |z| = wL2/R (neglecting a term of order 1/|Z|)f
The ouiput.vOltageiacross the tuned circuit was then amplified and
converted to a DC level with a diode. This DC level was transmitted

to the computer by means of a Voltage-to-Frequéncy'@onverter. A

circuit controlled by the computer converted this frequency to a
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number by'uéing 100 of these.VFC pulses (the frequencies were 100
kHz) to determine the time during which a 100 MHzlqsciilator is
allowediib'feed pulses into a scaler. The number in the scaler
after it had been gated on and off by the pulSes from fhe VFC was
proportidﬁai to the inverse of the rf voltagef’_Wé used the in-
verse of the voltage since it is directly pr0portiona1-to the re-
sistive componen; of the iﬁpedancé. N

The computer controlled readout completed_a'sweep through the
signal in roughly two seconds, giving us a measurément of the ﬁarget "
polarizatioﬁ after évery Bevatron pulse. A scaler; with an octal
readout of the polarization, in conjunction with_ah\OScilloscope
display of the resonance signal allowed continuous monitoring of
- the sysfem. vThe target polarization was interfaced to the digitized
summary (fhe ""data box") and thus photographed for each event. For
part of the running the polarization was also recorded on magnetic

tape, as a redundancy check on the data box.
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D. Scintillatidn Counters'

~

The Scintillation counters used in the elecfronic trigger system
are shown in Fig. 8. The beam defining counters were M, M,, the
seveh hofizontally defining downstream hodoscope counters 11V, 12v,...
17V, and the counter OB (which had a rectangularvhole in its center),
used in anticoincidence. Counter M; also was the_cpunter which
defined‘fhe neutron time-of-flight; its RCA 8575:ph0tomu1tiplier
tube had exceptionally loﬁ'noise, and p?éduced énioutput pulse>Which'
was very sfable in time. fhe counter.Al; in conjunctionfwi;th",

v As, and-Aé,.provided a high detection efficienéy for charged par-
ticles transmifté& through the target,_although the priméry purpose

1
of A1 s A5, 6

converted in the lead sheets positioned in front of them. Counters

A, was the detection of electron showers from gémma_rays
Aé, AS’ A4',.ATOP andvABOTTOM‘completed the assembly of anticounters
surrounding_thé polarized target, detecting all charged particles
leaving the target eicept those that scaftered back dp the cryostat;--
The rectangglar hole in_the‘center of counter A2 shadowed counter |
M2, Qith the resultant vetoing of a few percent of the beam particles
paSsing near the edge of M2 as well as those which miésed M2 alto-
gether. Counters Apop and Ap,rro, with plates of platinum sandwiched -
between the pieces of scintillator to provide'as many radiation lehgths o
of mateiiai'as possible, also detected gamma rays passing toward the
Imagnet polefaceé. TheSe poleface anticounters were shaped to fit
the nose cone of the cryostat to take optimal advantage of space

limitations. Counter A, also had sandwich construction, using
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tungsten as the converter, completing the detection system for gamma
rays traveling in directions other than towérd the spark chambers.
All of the afore-mentioned scintillation counters were viewed by
RCA-857S:photomultiplier tubes. 'SpecificationsffOr these counters
can be found in Table I, along with detailed de#cripfions of A4,
ATOP,'and ABOTTOM' Sée Fig. 9; (Thé diménsions*df #he counters are
reluctantly given in English units of length, as they were so designed
and constructed.) |
) Infpfmation from an upstream hodoscope, containing.five hori- -
zontal defining‘counters'IV, 2V,...5V, and three vertical defining
cointers 1H, 2H, and 3H were recorded on the daté'box, so that de- -
tailed knowledge of the beam direction for each evént was aVailéble.
However, the ﬁpstream hodoscope counters were not uéed in the trigger.
These'copntefs also used RCA-8575 photémultiplier tubes.
The twenty neufron counters (Ni) were cylinders'of scintillator
8 in. in diameter and 8 in. long viewed by 5 in. diameter Amperéx
XP-1040‘photQmultiplief tubes. The counters were placed.far enough
from the target to give good time-of-flight resolution; yet sfill
“have accepﬁable counting rates. The neutron detectionvefficiéncy

(~v20%) of thése counters was calculated by the method of Kurz,(zs)

and will be discussed in more detail in a iater section. See Table Ii
~ for the ra&ial and polar coordinates of the neutrdn_éounters (the -
center of the polarizéd target is the origin of thé:coordinate system.)

For protection aéainst possible chérged particles or.gamma rays
which passed undetected through the anticounters surrounding the

target, veto‘cqunters (Vi) were placed over the entrance facesvof_
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the neutron counters. Most of these veto counters were covered with
0.25 in, thick lead sheets to convert any gamma rgys (spatial limita-
tions précluded the use of the lead for a few of the neutron counters).

The veto counters and the lead sheets were 10 ih.‘square.
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Table 1.
Dimensions . (inches)| Gamma Ray Converter’ |Distance
Counter Thick- | . Approx. Tiiom 5
ness (Height | Width | Material [Rad.Length get
M) 375 2.0 4.0 . - 34.3 U
M) .125 1.25(diameter) - - 5.25 U
A .25 2.5 12.5 - - "3, 25 D{
A .25 2.5 9.0 " Lead 1.1 |v.25 D
As .25 2.5 | 12.5 - R
Ag .25 24.0 | 15.0 Lead 1.1 24.1
Ag .25 24.0 | 15.0 Lead 1.1 24.1
0B .25 8.0 120 | ] 307 U
centred hole 2.0 4.0 :
I T 25 | 225 | 4.5 | ) 6.75 0
hoacogencre 2r fFon 125 | 1.625
1 17| .25 2.5 8.375 - -
A, 2 .125 2.5 6.25 Tungsten 2.9 2.5 - 8
3 . 125 2.5 6.125( Tungsten " 2.9
, Dimensions (inches) |Gamma Ray Converter®|Distance
. Counter® Thick- Approx. Tﬁiom
1 ness W L R Material|Rad.Length get.
1’ 125 | 8.0 8.0 4.0 - -
ATob 2| .0625| 7.0 7.5 ] 3.5 Platinum 0.5 1.375
3 1..0625| 10.0 | 10.0 - Platinum| 0.8-2.0
1*| 125 | 8.0] 8.0/ 4 - .
AgorTom L2 | .0625| 7.0 | 7.5 Platinum| 0.5 1.375
3| .0625] 10.0 | 10.0 - Platinum| 0.5-2.0




Table I'(éontinued).
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Hodoscope* Dimensions inches) overlap Overall Size
Counter(s) (Thick-
_ness Height Width Height Width
1H, 3H . 125 1.0 5.0 5 2.5 5.0
M .125 1.5 5.0
v, 5V 125 5.5 | 1.0 .5 3.5 4.5
2V, 3V, 4V .125 3.5 1.5 :
11V, 17V; .0625. 1.5 .25 '125 | 1.5 1.125
12V - 16V . 0625 1.5 .375 :

-— w — o — W- -
Sheet 1 Sheets 2, 3

Definition of dimensional parametérs for ATOP and.ABOTTOM

*Upstream hodoscope is 43.56" from target; downstream hodoscopé 11.75?. B

TFor those counters with.gamma converter-scintillator sandwich construc- -
tion, "sheet 1 is closest to the target, sheet 3 the farthest. a

CThis column refers to material directly in front of the scintillator
itself ' ' - v v

SNotation: - D=downstream, U=upstream; a blank refers to an anticounter
not in the beam. ' '

€See Figure and caﬁtion below.
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Table 11,
Neutron rRT Polar Angle H*
Counter (m) (8) (cm)
Ny 4.674 12.06 0.15
N, 4.681 15.24 -0.15
Ng 4.679 18.22 0.0
Ny 4.641 21.10 0.
Ng 4.685 23.99 0.0
Ne 4.376 27.72 0.33
N, 4.688 30.20 0.0
Ng 4.558 33.88 6.99 -
Ng 4.745 35.85 -6.35
Nio 4.971 37.67 6.35
Ny 5. 007 40. 05 -3.81
Nio 4.015 45.29 0.97
Ni3 4.496 47.93 0.33
‘ Nia 4.575 50.76 0.33
Nis 4031 54.61 5.87
N6 3.926 57.14 -6.99
N7 3.769 59.72 6.05
Nig 3.780 61.80 -10.01
Nig 3.753 63.95 5.87 -
Noo . 3.833 66.27 20.47

*R.is the distance from the center of the target
neutron counter,

TH is the vertical dlsplacement of the counter from the horizontal plane

of scattering (+/- <=> up/down).

to the center of the
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- E. Electronics

1. Event Defining Electronics

The e1ectronics trigger was designed to registér an event when a
beam pién iﬁteracted in the‘target'with the concomitant detection of
a heutral parficle in one of the neutron countéré; with the constraint
thaﬁ no veto counter had a pulse. Much effdrt’wés_expended assuring
the ratevindépéndence of thé logic system. We were also careful to
have thé signal from My determine the tiﬁing throughout the'System;
The electronics system is shown in Fig. 10,

An anode signal from the counter M; in céincidénce with pﬁlses
from M2 the downstream hodoscope counters, ana with a signal froﬁ OB
in anticoiﬁcidence, defined a beam particle. 'This.coincidence signal,
which was:ca;led B for beam, was then fed into a'Second'coincidence
unit.MON tmdnitor) in coincidence with a signal DT (dead time) which
did not ‘exist if two or more beam particles arrived close in time to
one another. The DT signal origiﬁated With'a fast Mi anode”signal
‘which was fed into a TR-204A updating discrimina;oi;-from'this‘there '
were two outputs, one with a nanosecond shorted clip to define a short .
shérp (2 ns) pﬁlse, the other a longer open clip'giving a 45 ns long
pulse. These two pulses were fed into the coincidence unit DT (freé)i
as shownAin Fig. 11. The lohger pulse provided .a.45 ns veto signal |
for ény signal arriving later. -If‘the two signaig-afrived cloéer in
time tﬁan‘ZS ns, the earlier signal was aiso vetoed by virtue of the
updating'ofvthe open clipped signal. As additional protection against

beam particles  arriving within < 5 ns of each other, the dynode signal
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from Mlvwas shaped and then fed into a discriminator with an adjust-
‘able threshold. This threshold was set to give an output pulse for |
" the largef_integrated input pulse of two charged particles passing
through the counter, but not giﬁe a pulse for just omne incident -
particle. This signal, H, was then uSed in_aﬁtic6incidence in MON.
Henée,'if-fwo particles arrived within 25 ns of eéch,other, each
vetoed ﬁhe other; If they were within 45 ns ofveaéh other, the
earlier Vetoed the latter.'.Thﬁs the counting efficiency of the beam
signal WaS'rendefed rate inaependent at MON.

To assure rate independence of the complete_syétem, we had.dnly
to introduce the anticounters into thé 1ogic in a rate independent
manner. The anticounters'(Al, Ai', AS’ A6) were introduced iﬁ coin-
cidence with‘an output from MON at THRu; The output from THRU was
then used in antiéoincidence Qith the other output'froﬁ MON at INT
~ (interact). This procgdure allowed us to use a relatively long
pulse (16 ns) from the anticounters at THRU, maximizing the anti-
counter effiéiency, yet reducing the rate of anticoincident signals
into INT..'A similar procedure was used for Az, AS;,A4’ ATOP’ and
ABOTTOM? exéept that the very busy counters ATOP and‘ABOTTOM were
made dead-tiﬁe free»by first putting their signals in coincidence
'withba pulse from DT. A signal from GO, then, was a beam Signal»
which had no accompanying veto counter pulsé. .Tﬁis GC signal, along
with a.long pulse from one of the neutron counters, and another fast
(5 ns) pulse from M1 which set the timing were fed into the coinci-

dence unit FIRE. A 170 ns pulse from FIRE (the'"start“ signal) and

a 115 ns pulse from the neutron counter (the 'stop' signal) were
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fed into the time-to-height converter (TAC) and thus to a pulse height
analyzer (PHA). The FIRE output was used for a variety of other
functions:

1) It triggered the spark chambers, the fiduéial lights, the

event number lights, and the data box
2) It advanced the camera

3) It generated an 80 msec gate which shut down the system

during chamber pulsing and recovery.
FIRE was also put in coincidence with the upstream and downstream
hodoscope counters to cause the appropriate light5=oﬁ-the data box

to light.,

2. Neutron Counter Electronics

Thé neutron coﬁnter system was designed to p?Qvide an aécurate»
time-éf-flight determination (at least =1 ﬁseé) along with a'meésure—
ment of the scattering angle, and to have the highesf possible neutron
detection'efficiency as well., This system, modified slightly'for
this experiment, was used in prior -experiments, and has been described

elsewhere.(ls)

The neutron counters detected sciﬁtillation ligﬁt produced by a .
charged particle (usually, a proton) recq}ling from an interaction
of a neutfbn with a nucleus in the scintillating medium. Accordingly, "
there waé a,broad-spectrum>of photomultiplier puisésbfrom these
neutron interactions, due to'the wide variation in energy 0£ the
recoii particles; For each counter, the largest pulse was produced

by the recoil proton having kinetic energy equal to that of the
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incident neutron, provided that the range of that proton was less

| than the maximum possible p#th length through the counter. OtherWise,
the recoil proton with range equal to the maximum path length produced
the largest pulse.

To échieve good timing accuracy when the photomultiplier;pulses
vafy widely in amplitude, the timing of some charécteristic point on
the'pulse‘must be indeﬁendent of pulse amplitudé over the expected
dynamic range. We achieved good timing accuracy in this experiment
by using a modified ''zero-crossing" timing technique. In thié ex-_ 
periment;two standard threshold discriminators weré used together
to simulate'a single zero-crossing discriminator. The first, or
THRESHOLD, discriminator was used to biésvthe threshold of the other,
The second, or TIMING, discriminator had a threshold of -120 mv. A |
wide pulse (the "pedestal') of ~-130 mv amplitude was generated by the
threshold discriminator and éppeared at the timing‘unit slightly delayed
relative to a bipolar pulse from the photomultiplief‘tube. It was
important'that the bipolar pulse, which crossed zero from positive
to negative amplitude, have an amplitude greater.fhan +130 mv when
thé pedest#l»arrived. Thé threshold of the discfiminator'was thus
'N+10'mv as the bipolar pulée swung from pdsitive fo negative polarity;;-iﬁ
Hence, triggering occurred slightly prior to the point of zero-crossiné.'

The bipolar pﬁlse from the neutron counter was produced by
delaying the anode signal and passively mixing if with an atﬁenuated
. (3 db) signal from the 14th dynode. At the point ofﬁanode-dynode

mixing'there_was also introduced the -130 mv pedestal from the
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- threshold discriminator. Various combinations of anode delay, attenu-
ation, and triggering level Qere exhaustively examined to find that .
combination which minimized time slewing. We typiﬁally minimized the
slewing to 0.5 nséc over a factor of 8 in pulse height, and 1.2 nsec
over a factor of 16.

The pedestal pulse was generated by a second dynode signal.
Besideé its use in the timing pulse, it was latef réquired in coin-
cidence With the output of TIMING discriminator. A vélid neutron
count therefore occurrediwhenever the THRESHOLD discriminator was
triggered. The threshold of this discriminator was carefully set
and monitored. See.Appendix A for details.

An analysis of the "prompf peak' events (e.g., neutron céunter
events tfiggered by gamma fays, highly suppressed in this expefimenﬁ,
ﬁﬁtvstill observed), which have B=1 and thus arrive at a time-of-flight
prior to that of the charge exchange events, showed that the FWHM

“time-of-flight was typically *0.6 nsec.
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F. Spark Chambers and thics

The lead plate spark chambers and the associated optical Syétem ]
were used in prior experiments, and were modified slightly for use in
this experiment. Detailed desériptions of the spafk chambérs, spark
chamberpulsers, and discharge gaps, and the aSsociatéd optics are
available elsewhere.(16)

The éide chamber‘éontained 7 aluminum plateé aﬁd 42 ”leaé” élates;
each of which was 122 cm square,—while the back chamber congainéd 4
aluminum ﬁlates and 60 'lead" plates, eachibeing 152 cm square. The
"lead" piates were actually a laminate of 0.40 mm aluminum, 0.80 mm
lead, and 0.40 mm aluminum, separated from each'bther by 7.9 mm thick
optically clear lucite frames. The use of such very-thin leéd plates
made the detection efficiency for low énergy showers quite good. A
large number of such plates were neéessary to achiéve the considerable
thickness in radiation lengths (7 radiation lengths in the side
chamber, 9 radiation lengths in the back chamber). The first four
plates in each chamber were 1.2 mm aluminum. Gamma rays entering the
chambers Qere unlikely‘to'convert in these plates, Since the total
thicknesﬁ was only 0.0S radiation lengths. Thusré particle entering
fhe chambe:.with a visible track in thé first four gaps @as thus
usually prééﬁmed to bé chérged. The chambers had high multiple spark
efficiéncy’ahd a track sensitive time of about 1.5 usec. The chambers
were fired when‘ghe interesfing event was about 500 nsec old. A
system of field lenses and mirrors brought the four Qiews to a.single

camera (Flight ResearchiModel #7).
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IV. DATA ANALYSIS

A. Film Scanning, Measurement

The*reaction n p + (néutréls) almost always gives a neutron +
gamma rays in the final state. ThéSe gamma rays_wére detected by
converting thém to electron-positron pairs and obsefvingbthé reSultant :
showers in the lead plate spark chambers surrounding the polarized
target. .Thé pictures faken were scanned and meaéufed by the LBL Group
A scanning and measuring staff,

The filﬁ was examined by scanners who_recordgd the number of

~ showers observed in each picture.'IRough coordinates of the first

spark of each shower were specified by recording the grid location of' ;"'

the starting point of each shower. The grid gave*a‘spatial resolution
of 7.6 cm by 5.1 cm. The showers were also paired in the two_étereo |
' views of each chamber.  In addition, scanners recoxrded coqrdinates

for tracks in the spark cﬁambers which were not congideréd to be

| §alid sho&ers. These included showers with only fwb sparks, showers
_that did not point to the polarized target, and shéwérs that might
possibly have been fragments from another shower._.Almést all of the
film taken at each momentum was then scanned and measured by SASS,(17)
an automatic measuring‘system which used a preciSion cathdde ray'tube‘¢ $
and phqfomultiplier linked to a PDP;24.computer. SASS read the dataffiJ
box lights, and digitized the-positibﬁs of all thé 5p§rks as Weil
as the fidﬁcials in the same frame. A timing cut, appropriate for
each neutron counter, was imposed_fo eliminate thahted events and

thereby hasten the data analysis (and save money). This‘timing
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window was cﬁosen to be much wider than the width of the charge-
exchangevpeék, and included enough of the taiis of the peak to enable
us to maké a reliable_extrapolation of background events. Data from
SASS were written on tape with the program FLICKERS.(IS)
Using the program mini-DHS, !%) the data from the hand scan was
compared wifh the digitized data from SASS to genefate the shower
starting boint and direction and the number of sparké in the sﬁower,
DHS include& corrections to take into account distortions due td*the

mirror-lens system.

The status of each event was stored on a Master List tape, using

 the program SCALP.20

Recorded on this tape were'thg data box infor-
mation from.FLICKERS and the hand scan information;-és well as the
beam moméntum, target condition, and other information bearing on
the state of the experimental system.

'Using this system, it wés found that shower directions.had.
typical uncerta;nties of +3° and starting point errors of +0.75
cm. The angular error was due primarily'to‘the lateral spread of
the showér, while the error in the stérting point»(thg first spark)
was due to local optical distortions and'ambiguities.in selectihg
the first spark in the specified grid zones. |

vThe ge§metric reconstruction of the event was then performed by
a modified version of the‘LBL Group A fitting program SIOUX.CZI)
This program calculated the decay point in the térget for the inter-
action, the shower Starting points and directions'és determined by-
DHS, and the known target coordinates. Once the dééay point was

determined, the shower directions were defined by the target decay’

point and the first spark of the showers;‘
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Table 1II. .

Mzﬁgn— Tg;zf Shi;ef - - Events_with C.L. >-5%
tures {Events| m p > nyy|{ m p = v'njnm C » 70nB| = p > nn T C > nnB
1030 | 359K [47268 | 36003 12284 32077 36 700
1250 | 334K (40650 { 35998 11251 31979 367 1565
1440 | 344K |48102 | 39720 16314 33336 235 1089
1590 | 314K |69943 52853 18345 43564 428 2587
1790 | 331K |56380 | 42942 15397 35223 | 543 2109
Table IV.
- Shower Distributions _
Raw Data | Timinngut Imposed
|Momentum 0 1 : :2 >3 0 1 2 >3
1030 | 40.6 %] 33.8%| 22.5% 1% || 27.3% | 38.7% | 31.0% 3%
1245 39.5 % 30.2% 25.9% 4.4% | 28.4% | 31.8% | 35.1% 4.7%
1440 | 39.9 %| 30.5%| 26.7% % | 27.1% | 32.4% | 36.6% 3.9%
1590 | 30.5 9| 25.8%] 34.59] o9.29 | 18.5% | 25.1% | 44.1% | 12.3%
1790 | 32.7 % 27.1% 34.6% %l 22.4% | 23.8% | 46.3% 7.5%
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B. Event Identification

Since the polarized protons in the target constituted only about
14% of fﬁe'pfotons in the target (the rest are protdns bound iﬁ the
carbon and oxygen nuclei of the propylene glycol, and in the heavier
nuclei of the cavity), the expected backgrounds due to quasi-elastic
charge- exchange scattering (from these boﬁnd protons) and inelastic
scattéring were estimatéd in the folléwing way..-It should be ndted
that the scéttering of beam pions from neutrons boUndvin the heavier
nuclei do not contribute to the background, except'fér inelastic
reactions (e;g., mn > 1 .10n) in which the scattered m escapes
'detectidﬁ by either being of such low energy aé to be absorbed in
theltarget or by exiting the target along the center iine'of the
cryostat.(énd away from the spark chambers). These.réactiohs were
found td give insignificant background contributions.

The program SQUAW fit each event to the hypotheses

I. a) = p - nyy . II. a) 7 C - nyyB
b) 7°p > 7n v' b) n—C:+ 7%nB
>yy ' o .|,+ YY

¢) mp->nn _ | c) n7C + nnB
* vy - oy

where the significant fact about the fictitious pafticle B and the

2

target’pa?t;cle C 1is that my was chosen such that my-Mp = mp

‘where m my, and m_ are the masses of C, B, and the proton,

C"
respectively. B may be thought of as a recoil boron nucleus result-
ing from a quasi-elastic n~ charge-exchange interaction with a protdn‘

bound in a carbon nucleus (''C"), but the proceduré*is'yalid for F-
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interactions with dther nuclei as well. Reactions I.a) and II.a) are
2-C fits, while the others are 3-C fits. Particles B and C were
treated as measured particles in the fits, with ﬁafticie C at rest,
and the homentum components of B set equal to zefb, with a large
uncertainty of #300 MeV/c. A momentum distribution for particle B
was calculated from the fits for reaction II.b) énd_found to have a
half-width‘of n120 MeV/c, characteristic of Eermi_mbtion within a
‘ﬁuclgué. Elastic charge exchange events from free protons, as’weli as
quasi-eiastic chargevexchange from those 'statiqﬁéry' protdns bound in
the carbon nucleus should corrgspond to’zerovmomentum for spectator B,
whereas scattering from moving protons and inelaStié'scattéring should
correspond to a finite moméntum transfer to B. Thus, only those
events with small pg were candidates for the reéction Tp > non;-

Fits to m p - nn were investigatéd, and events haVing a confidehcé
level (C.L.) >5% for that reaction were found to conétitute less than
1% of those events which fit 7 C + n%nB (with any C}L.). Thué, back-
grounds due to this sourcé are insignificant. This is impoftant,

_since polarization effects could be observed in such a background.
Our vefo counter system significantly iﬁhibits thévineiastic reactions
(e.g., ﬂ-b -+ 197%) which have more than two'gaﬁma'rays in the final .
state.> Hence, the predominant contfibution to the final?state is '
indeed the quasi-elastic charge exchange reactioﬁ.j Sée Table III
for a summary of the shower distributions, and Table IV for a

| summary of the number of events fitting each‘hypothesis with a
C.L; of at least 5%.

Data were taken with dummy targets at each momén;um. These
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dummy targets, essentially composed of graphite,Ahad_an approximately
equivalent number of protons/cm2 as the real target, but consisted
only of carbon nuclei to allow a comparisbn with‘the above analysis.
.Polarized target events which fail to fitA(C.L..<0,i%j the reaction
n-p -+ noh,-but pass (C.L. >10%) the'quasi-elastic reaction m C - 7%nB
agree very well with the correspondlng events from the dummy target,
w1th the normallzat1on ratio being quite con51stent w1th the relatlve
beam fluxes 1nc1dent on the polarized target and the dummy ‘target.
The'fitted .B momentum distribution for these ”failing" events at
1590 MeV/e is shown in Fig. 12. The normalizatiom.ratio found-ahove
was applied to the events from the dummy targetvte-give the background
d15tr1but1on from the polarized target, also 1nd1cated in F1g 12 |
along with the total and '"passing'" events for the beam momentum
1590 MeV/c. There was not enough dummy data to make this estimate
separately for each neutron'counter; hewever, the normalization ratios
were eomputedffor different groups of neutron-eounters andbwere found
to be quite consistent with the overall normalization'ratio‘ This
overall normalization matio was used to determine the background-.
for each comnter (the failing events for both signe of target polar-
ization are cempared tovthe normalized failing dmmmy events in Fig.
13). For edmparieon; the ''passing'' events along with the estimated
' background are displayed in Fig. 14.

The event sample used for the ealculation of the polarizationh
rparameter was the total number of two-shower events taken for each
‘sign of the target polar1zat10n, with the extrapolated background

subtracted. - The method used ‘in calculatlng the polarlzatlon is given
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in Appendix B. The'polarization.parametef was evaluﬁted for each
counter using ‘a series of cufs in Pp» and was relati?ely indepéndent
of the valﬁe of Pg used. The value of the polarization parameter.
qﬁoted is the one having minimum error (typically, for pg S 120 MeV/c).
As a consistency check, the polarization_paréméter was evaluated
using a different method (see Appendix D) based on the neutron time-
of-flight distributions df the entire évent samplev(iiregardless af
-vy-fay multiplicities). " The results Qere in excellént agreement-ﬁifh
the values of the polarization parameter found Qsing the above
analysis.” The values for the most backward scattering'angle at 1030,'
1440, and 1590 MeV/c quoted in the tables were results from this
analysis, aslthere.wére very few twoéshéwer'eveﬁts'associated with

the most forward of the neutron counters.
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- Fig. 12. The distribution of events from the dummy

" target and the polarized target as a function
of pp. ("Passing'" events fit the hypothesis
mp.> m°n with a confidence level .> 10%,
while the '"failing'" events have confidence
level < 0.1%). o '
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1030 MeV/c

= +POLARIZATION
‘s ~POLARIZATION
«=NORMALIZED DUMMY
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For each momentum, the failing events from
the polarized target are compared with the

normalized failing events from the dummy

(and with each other).
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V. RESULTS AND CONCLUSIONS

A. Results

Charge exchange‘polarization measurements have been made pre-
viously at higher energies,(zz) primarily to tesfﬁhigh energy inter-
action mechanlsms, but with the exception of one very rough measurement
by Hill et al (23) at 310 MeV, this marks the first time that detalled
' measurements of P(6) have been made in the region of energy where
phase shift‘analyses are available (<2 GeV/c). HerVer,_measgrementé
by the group“at‘Rutherford are expected soon.

In Figs, iS a-e the data from this experimené.are compared with
the predictions from the recent phase shift anélyses of'Saclay(24)
and_CERN.(zs) Quaiitativgly, the data show general #greement with
the predictions of both phase‘shift analyses at fheAlower momenta
(except for the backward region of 1030 MeV/c), but show better
agreement at:the higher momenta with the Saclay'1973vphase shift
'predictionsvfhan with those of CERN. 1In particﬁlér, the disagreemeni
with Almehed and Lovelace at 1790 MeV/c is quite severe. It should‘
also be noted that the charge-exchange differential cross section
data of Nelson, et al. show strong disagreement witﬂ Almehed and
Lovelace at 1790 MeV/c (and also at higher energies). ' To quantita-'
- tively see the effect of these new data, the,phasebshift analyses
must be rerun.wifh theée data included in their défé éét. Then it
will be possible to observe the change, if any, in fhe individual
phases and inelasticities. This program will be carried out at this

(26)

laboratory using the programs of Kelly and Cutkosky, and possibly
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1. (D

with updated programs of Johnson et a
Thére are two regions of disagreement between~oﬁr data and the

Saclay (l§73j smoéthed phase shifts. The first oécurs in thé backward

‘region of'lOSO MeV/c. Although there iS'some.uhcertainty in the

backgrouﬁd subtraction in this regibn, the polarizatioﬁ parameter

is rathéf‘insensitive.to thié uncertainty becausg.of}the largé number

of events in the hydrogen peak in this regioﬁ..'fhe-other disagreg_

ment occgrélin the forward direction of 1790 MeV/c}lwhere there is

no indiégtiqﬁ for the oscillatory behavior prediﬁféa by Saclay.

However, in this case,'it should be pointed out that’none of the data

points is more than two standard deviations from[the'predicted values.

The isospin bounds shown on the figures are those reported by
Aved, et al.(?®) using the Saclay (1973) smoothed phase shifts. The
isospin bounds can be calculated from the triangular relations for the

transversity crOSSASections,c27)

indicated below. A brief derivation
of these relationé follows. The expressions fér the diffeféntial
cross-sections and polarization parameter measureménts-in terms. of
the charge amplitudes are -

I

[£,1% + 18,12

1= |£]2 + |g_|?

I

000 1 O +.

1/2|€, - £.|2 + 1/2]g, - 5_|?

| . |
(1P = -21nf *g,
(1_P)

0
(I.P)

-2Imf *g_

Im(g, - £)%(g, - 8)
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Thetransvefsity amplitudes can be defined via the following transformations-

Rt () 6o * (€ e
Fpo= = (£, - ig) 6 = ;%=-(f; - ig)

LR

In terms of these transversity amplitudes, the expreséions for ig and

pq become (the superscript q denotes the charge of the final pion)

+
10 = Rl + |F |2
. |
(IP)7 = || - |F |2
I =6l + ey
(IP)7 = |Gpl? - G |2
I = 1/2(|Fgl? + [F |2 + [Gp|2 + |G 12) - ReFy*6y - ReF *G,
.(Iog)_ = 1/2(|FR|2 - |RL|2 + IGR|2 - |GL|2) - ReFp*G, + ReF *G|

Defining the transverse cross-sections

= 1301 £ p%h

I 0

+ .0

the above equations for the differential cross-section and polarization

parameter for the charge exchange reaction can be written:

. + - + -.1/2 -
21 = 13 + 1 - 2001 2co0s 6,

+ O

where 6+(6_j is the still undetermined relative phgse between the traﬁs--
versity ampiitudes FR, GR (FL,GLj. The variatioﬁ of coSGi between»tl in
the above equation gi&es the triangular relations for the fransversity
cross—sections. | |

It should be noted that almost all of the data points from this

experimeﬁt_lie within these bounds; the possible éXCeption is the back-
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.Qard reglon at 1245 MeV/c, but.lt should be polnted out that the Saclay
pred1ct10ns are for 1282 MeV/c, rather distant in energy from our data.
However, 1245 MeV/c was the first momentum at wh;ch we took data and
which was froubled‘by'difficulties with the polarizéd target, resulting
in a greéter normalization error for the target bolarization, and hence
for the poiari?atidn parameter, i

Real zeroes in the transversity amplitudesvéécur at the values
P(e) = +‘;. Analyses depending on knowledge of the zeroes in the ampll—
tudes rely ‘heavily on know1ng the precise values of energy and angle |
where thlslrelat1onsh1p 1s>true. For this reasqn,:the Nalqes of ;ose'
for whichlthe measured polarization parameter isxlérée (in w_pj+ nn) -
are summafized below. | | o

1030 MeV/c -.2<c0s8<.2 and  cos6V.65 -

1245 MeV/c _ €086V~ ,55

1440 MeV/c : 7cqsem.23 _

1590 MeV/c - ,50<cdse<160 and éqsew.ZG; cos@v-,28
1790 MeV/c © cosfn, 35

‘Tests of possible systematic errors were»made by checking for
non-zero false asymmetries.. For example, if;théidété were taken in
funs havihgvthé sequence of target polarizations>¥f;-++—¥++--..., ab
test of a}pbssible false asymmetry can be made usiﬁg_in the analysis
prdgrams a'sequencé'like +-i++-~+f—-+.;. where hélf of the positively
(négativeiy) polarized data is misidentified as'béing negatively -
(positively) polarized. Two tests were made on thegé_data: l)vevery
other event had the sign of target polarization Qppdsite to its true

value, and 2) the data were sequentially-identified by ruﬁ, and the
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false asymmetiy test was made as indicated above. The computed false
asymmetries fit the hypothesis of zero asymmetrylwith the following
confidence levels (for the second test)

1030 MeV/c -- ‘52%
1245 MeV/c -- 64%
1440 MeV/c -- 97%
1590 MeV/c -- 80%
1790 MeV/c -- 47%

The first test also gave false asymmetries closel* cbnsistent with zero.
The final results are given in Table VI, 'A‘discuséion of the
errors may be found in Appendix C. The érrqrs qﬁoted in the table are
statistical only. A summary of the systematic efrdrs in the poiéri- 

.zation parameter are tabulated below.. (A conservatiﬁe-factor of two
has been applied to the calculation of the error in the target polari-
.zation.)(;zé) The error in the monitor is an esfimate of the disagree-
ment between the "failing" events and the "interattion" monitor. - This

correction enters through the background subtraction.

Table V,
Source Systematic Error Contribution
1030 MeV/c {1245 MeV/c |1440 MeV/c}1590 MeV/c {1790 MeV/¢

Target Polarization 5% 8% 5% 5% 5%
False Asymmetry 0% 0% 0% 0% 0%
Overall Monitor 4% % | 3% 3% 3%
Relative Systematic (110.06) (1£0.09) (11£0.06) (1£0.06) | (1£0.06)

Error - ' :
b ) , RN,
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Polarization parameter P(8) in m p > n°n scattering.

. The error AP(8) is statistical only, )

Table VI.'aj

Plap = ;3030 GeV/c - T, ap = 0-900 GeV B = 1688 GeV
Cos 6, ot OR® L R(e)
-.882 1.233 26 .09
-.815 1,189 -.15 a7
-.741 1.141 -1 - .08
-.660 1.088 a7
-.572 - 1.030 -.24 I
-.450 o .950 -.22 » .08
-.365 . .894 S
-.235 . .809 A
—164 763 o148 .65
-.099 720 67 18

o -.014 .665 .82 - .15
.168 - - | .545 =77 .09
.256 | . 487 -.82 c 11
347 - 428 . -.56 . - - .09
464 .351 ~.44 a2
535 © 305 20 13
604 260 .61 Y-

655 - 226 .94 .23
.705 0 .193 . 46. : .15

.755 161 24 .10
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Table VI. b) ’
Py = 1245 Gev/c Tob = 1.113 GeV E_, = 1803 Gev

Cos 6__ -t S P@®) T aP(e)
-.802 1.513 T-.42 30
-.724 1.447 -75 19
- 639 1.376 ST 18
-.547 1.299  -1.16 17
-.420 - 1.192 93 a7
-.332 1.118 .51 21
-.200 1.007 92 .84
-.128 .947 .26 2
-.063 | .892 .41 B 47
022 - .821 -.88 Y
.203 669 N ¥
.290 .596 .58 .13
379 .521 -.27 .12
492 426 -.18 | .10
.561 .369 S -.02 B 12
627 ~.313 17 R b
676 272 -.36 a3
.723 .232 .02 o .18

.770 : .193 -.57 R .16
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Plap = 1440 Gev/c Ty = 1.307 GeV on = 1901 Gev
Cos eém ' -t P(6) AP (8)
-. 866 1.884 .92 .28
-.791 ©1.808 .10 .19
-.708 1.725 -.65 23
-.620 1.636 _.53 .19
-.524 1.539 -.19 20
-.394 1.407 .31 11
-.304 1.317 ;65 .15
-.170 1.181 48 14
-.097 1.108 .20 .14
-.031 - 1.041 -.17 .14
. 054 .955 .57 .19
.234 774 -.97" .15
.319 688, _.78 .15
. 406 .600 .52 .10
.516 .489 -.30 .10
582 422 72 .19
.645 - .358 -.27 .12

.693 .310 .24 13
738 .265 .24 .08
.783 .219. -.09 .19

[PPSR
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Table VI, d)

P, = 1.590 GeV/c T, . =1.457 GeV . = E__ = 1973 Gev

lab lab Cem
Cos ecm _ ' ;i 3532. :_..‘ AP(G)
-. 860 2.125 .20 o .32
-.781 . 2.036 -.19 12
-.697 1.938 ~33 a2
-.605 1.834 -.51 . .22
-.507 1.722 .21 ' .10
_.374 1.570 Y : 12
-.283 1.465 8 . . .15
-.146 1.310 .24 S ¥
-.074" 1.227 -.02 - .10
-.008 1.151 -.33 .13
077 1.054 -.37 .10
256 * 850 -.87 o .15
340 .754 -77 L1
.425 657 -.56 N 18
.533 o © .534 -1.16 S .29
.598 | .460 -.82 s .18
.659 -390 - -.63 - .18
705 337 0 -.36 B 13
.749 ' , .287 -.24 . .11

792 L2388 -.10 , .10
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‘Table VI. e)

Plap = 1-790 GeV/c Tiap = 1-656 GeV CE ='206§_Gey

Cos 0. -t PO AP(8)

-.770 : 2.338 o -.38 a8
-.681 2,221 -.43 ,_ .' .{13
-.586 2.096 o33 22
-.485 1.962 - .40 . 13
-.348 1.781 1.06 .29
-.255 ’ 1.658 .65 - .21
-.117 1.476 ' .39 L 12
-. 044 ' 1.380  -.15 | .10

022 | 1.292 - -2 .10
107 1.180 S61 16
.283 o470 =52 .
.366 838 . =79 27
449 72 T A ¥
.554 , 590 - -.26 o 27
.616 : 507 -4 .38
.675: o © 0,429 o -.38 o 17
719 : .371 N S .16 |
761 315 -.27 A 14 , _",‘ o]
.803 261 o8 7 |

I
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Fig. .15 a. Polarization parameter for the reaction mn7p - 70n as measured in this

- experiment; comparison is made with the phase-shift analyses predictions
~ of Almehed et al. (——, 1030 MeV/c), Saclay (1973: ----, 1030 MeV/c), and

Saclay (1972: -.-.-.-, 1030 MeV/c), none of which included the data presented

“here. The isospin bounds (///) were calculated from the Saclay (1973) phase

shifts.‘ L
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Fig. 15 b. Polarization parameter for the reaction n7p - m%n as measured in thi_XBL7 e
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experiment; comparison is made with the phase-shift analyse$ predictions of

Saclay (1973: ----, 1282 MeV/c), and Saclay (1972:
neither of which included the data presented here.
(///) were calculated from the Saclay (1973) phase shifts.
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- B. Conclusions

This experiment was performed with the hope_thaf it would lead to
a definitive set of phase shifts which would agree Qith known data, and
have some predictive power for reactions not yetiﬁeasured. Thé next
step is to iﬁcorporaﬁe the data from this éxperimenf into the phase
shift analyses, and hopefully constrain the solutions fo a unique set.
If there_arevstill several solutions, measurementS[éf A‘and R parameters
(or some appropriate linear combination of them) areiﬁecessary in order
(2)

to provide further constraints. (As noted by Dean and Lee, measure-

ments of either A (6) and R™(6), or A (8) and R*(8) will enable explicit

evaluation of the pion-nucleon amplitudes without_using phase-shift
analyses. Once we have obtained the pion-nucleon émplitudes in this
low-energy region, what physics will they affect?"Fofemost is the

c1arifiCatipn_of the fesonant particle spectrum; aﬁd’the hope that it

will give insight as a‘low energy model for the '"strange" resonances as

well, Togethér, these can shed light on the underlyihg group structure

(SU(;)’SU(6)’ or other models). In addition, a check can be made of

forward and non-forward dispersion relations, and one can possibly hope

to calculate high-energy Regge parameters for pion-nucleon interactions

using the idéas of duality and finite_enefgy sum rﬁiés.'
A measurement of the polarization parameter in the charge-exchange
reaction at high energies is a sensitive test of'thé various mbdels»bf
'high energy ihteréction mechanisms (for example, the simple Regge pre-
. diction of zero polarization, prqviding only p-exéhangé contribufes).
My interest has been heightened ﬁy the-posSibility of making this
measurementjét the National Aécelerator Laboratqry, hqpefully taking

advantage of the experience gained from this experiment.

-
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APPENDIX A.

Calibration and Maintenance of.Threshoid

The calibration and maintenance of the neutren COuntets required a
detailed procedure to achieve optimum effic;ency;.ﬁinimum time slewing,
and have constant gain throughout the experlment

The program TOTEFF(2 ) calculated the neutron detectlon eff1c1ency
as a functlon of incident neutron kinetic energy.for a series of.1nput
thresholds;,as shown in Fig. 16. From these, we were able to derive
the eXpected'pulse height distributions (Fig. 17) for counters N10 N20’

which had charge exchanged neutrons of 1nc1dent k1net1c energy less than

400 MeV The dlstrlbutlons shown are those expected.for 1nc1dent‘beam

momentum 1030 MeV/c. Actually, the distributions were probability dié-

tributione.for certain amounts of energy deposited'ih:the.counter for
a given incident neutron energy, but in the linear operating region of
the photomultlpller tube, the dlstrlbutlons are d1rect1y related The
TOTEFF calculatlons have been experlmentally checked only up to 125 MeV.
‘(and are valid to w1th1n the claimed accuracy of +109) but since the
program preSently includes. neutron cross—section data to 400 MeV, we
| relied on'its-predictions up to that energy.

The eptimum high voltages of the neutron counters were detefhined:
by the use of two overlapping procedures, one for counters N1 ~N ahd_

lO’

the other for counters NlO-NZO’

The procedure for each of these counters N, was to interpolate from

. Fig. 16 that energy Ei (equivalent electron energy) such that 90% of all

charge-exchange events detected in that counter deposited energy E>Ei’
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From the quantity E; an attenuation value which set- the threshold higher

‘thanh2.37'MeV equivalent electron energy was céiculated, and the high
voltage set in the fbllowing way. |

The observation of the energy spectrum of fhe‘recoil electrons
‘ from the COmptonIScattering of 2.62 MeV‘gamma réys:provided’us with the

afore-mentioned calibration energy, namely thevsharp cutoff in the

spectrum at TZ?X =-2,37 MeV, which-is known as the "Compton edge'.
These gamma rays came from an excited state of Pb208,-the end product -

of a sequence of o and B decays beginning with the parent nucleus Th228.

Accordingly, the radioactive source was.placedineér_the.neutron ;ountei, :
with the gamma rays scattering at random throUghéﬁt the counter. With
the circuit shown below, the energy spectrumﬁwaslaﬁalyzed and displayed
on.;he PHA. The variable attenuator was adjusteﬁ so that the half-
height poiﬁt of the experimental Compton edge_fel;-on some particular,
but arbitfarily éhOSen,vPHA channel. With the radioactive source then
rgmpved; allight pulser is placed on the neutron‘¢ounter_Ni,'and the

pulser adjusted so that it gives an amount of energy Ei into the counter,

RADIOACTIVE - 0SCILLO-
SOURCE SCOPE

VARIABLE cnroneTics | oua
COUNTER =] ATTENUATOR e )

LIGHT PULSER

This was done by attenuéting the input to ;he:Chronetics 116
Linear Gate and Stretcher by a factor E./2.37 and adjusting the light
pulser untii_the signal was centered on the PHA channel remarked above.

Thus, with the attenuation removed from the input to the Chronetics 116,
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an equivalent electron energy of Ei was deposited in the counter. The
high voltage was then set to give an anode pulsevheight of 1 volt. Thie
pulse height was chosen as a result of tests of timejelewing versus

pulse height. Pulse heights less than Al volt we;e,found to slew

badly; the tlmlng circuitry requlred the bipolar pulse to have a steep
slope as it changed polarity, and the small pulse helghts did not satlsfy
that crlterlon. With the circuit restored to its orlglnal configuration,
and the radioactive source used once again, the CqmpfOn edge was shifted
to a new PHA channel, since the high'voltege of the'ceuhter had beeni
changed. |

19
knowledge of the Compton edge for NlO' The half-helght of the Compton

The procedure for the other counters N,-N made use of thlS

edge for each of the counters N -N9 was set at the same PHA channel as
was found for counter N 10° by varying the high voltage of each of them
in turn. Once the voltages had been set, the diecriminator’output was
used to gete’the pulse heigﬁt analyzef, and theAthreshold of the dis-
criminafer changed until the energy spectrum.was-eut off at the Compton
edge. |

Atlthe moment when the threshold wes set, a hiéh intensi_ty.Thz_28
sdufce (the 'GIANT' source) was exposed and pulses ebove threshold
were counted for a specified time interval. TherthreShold of each
eounter was set separately and the counting rate Qith-this standard
‘source recorded.

When the attenuation was used to set the threshold higher than

the 2.37 MeV equivalent electron energy, the calibration with the

standard source was done with the attenuation femoVed; Calibration
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*

of fhe diécriminators was carried out once a weék, when the Bevatron
was off. For those thresholds which needed adjusfing to achieve the
correct counf,'it was considered preferablé to_change.the discriminatbr
threshold to match the change in gain rather thén cﬁange the photoﬁul—'
tipliér_high voltage (changes in the photémultiplierihigh voltage sub-
stantiaily iﬁcrease the gain fluctuations for seﬁérél days), thus the .
high vqitéges on the tubes were held.constant thfoughout the experiment.
. The thréshold discriminators weré monitoredfbyian au#omated,
digital systém. This device sent input pulsés»to'aii_zo disc;iminétois
, simultanedusly. These input pulses were applied via ferrite ;orés to
the signal éébles ffom the phototubes. The coreslﬁere‘permanehtly in
place and did not disturb the photomultiplier.sigﬁals} A fast_output
ffom one discriminator at a time wasasampled.by the system. The input
pulses were rapidly increased in size until the discriminator threshold
was reached:énd an output pulse returned to the mpﬁ;toring system,
Thé threshold was then displayed digitally. The mbniibring system was

used to set, change, and observe the 20 discriminator thresholds. -
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APPENDIX B.

Calculation of the Polarization Parameter

A complete derivation of the formula used td'éompute the polari-
zation parameter may be found elsewhere.(zg) The basic ideas of the
least squares fitting procedure follow.

The data are a set of measurements Ni’ Mi and_'Pi which are respec-'
tively the number of events in the ith run, the number of monitors in -

_.th _ .. s . .. .th .
the i~ run, and the polarization of the target in the i~ run.

: S
Writing (PT'ﬁ)i = Pi’

1;(0) = I(6) [1+P(e)P;] .

In a plot of Ii(e) vérsus Pi(e), this equation fepresents.a straight
line of inte:cepi Io(e) and'siope IO(Q)P(e)f Ii(e)iié the number of
elastic séattéring évents per unit monitor in the hydrogen peak corre-
sponding to the center-of-mass anglé. It is obtained from the total
number of events (Ni) in the hydrogen peak of thelpplarized target data,
and the number of backgrbund cqunts (Bi) determined from the dummy data.
Bi can bé calculated from the ratio of the number,of'monitor counts for
the polarizg§ target (Mi) andvthe dummy target (C);band-the total number _
of dummyltoun;s (D) in the equivalent region to the'hydrogen peak,' |
~ namely Bi?; T% D.

However, a more accurate method of estimating the background was
used in this analysis, which matched ;hevspectra of non-hydrogen evenfs

from the polarized target and the dummy target, and then computed the

correct normalization ratio. Thus, we can write for a given center of

equation (1) may be written for the ith Tun as:
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momentum angle:

H, = N, - B, =M (1+PP.)
1 1 1 10 1

‘where H, is the number of hydrogen ‘events in the elastic scattering
peak.

We wish to find a value for P such that fhg function f(Io;p) -
MiI°(1+PPi) best represents Hi’ for each center-éf-momentum‘angle.
In order to do this, we perform a least squares fit,'in which we minimizé‘

the quantity

' 2
Hy - M,I_(1+PP.)]

o [
& S =
. g oiz

where oiz is the mean square error of the ith measurement of Hi. If Hi'

were large enough, we would assume a Gaussian dfstribution, giving a
.mean square error of H. However, H is‘generaliy small enéugh so that
Poisson s;atistics are required. For a Poisson dj.stribution,;oi2 is
just the expecfed value of Hi; however, this is not known until we have
found the minimizing parameters T, and P. Then 512 = MiT;(1+§Pi) where
oiz is not a function of Io and P,'bui only of T;'ahd P. Hence, since
we first must find T; and P, the minimization requires an iterative
solution.

Defining Ii = IOP, the minimizing conditions are:

3S  _ s _
YU 0 oL, 0
(0]

1

Straightforward calculation yields the result: .
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M.H.P. M.H.
i il
R i o, i oS
p= i 1
2.« MiHy MH Py
“<p,> —-—-i.— <p> —-——5—'
oy 9y
n
where <p > equals
2.n
z Mipl
g 2
1 0.
i
M 2
z i
L 2
i oi,

-]

Using oiz_= MiT; as the first choice in the iteration procedure, we

obtain the zeroth order solution:

| LHPy - <> T H
(o] 1 1

n
where <p %o _equals

/
/

i ’ . ) '
This solution has been found to be a quite accurate approximation if the

magnitude of the target polarization is nearly constant throughout the
running of the experiment, as it was for this experiment. This is the

expression in general use for calculation of the polarization parameter,

but it is not exact.
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Rewriting the expressions to show explicitly the measured quantities

N.

i’ Mi’ Pi and the estimated background Bi we haye (dropping the "zeroth

order' notation)

,g [(NifBi)Pi] - <P>:§ (NifBi)

— . (B1)
P™>] (N;-B;) - <p> [ [(N;-B;)P;]
1 ’ 1 :

Defining the new variable Qi = Pi-<p> which hés the property that
<Q2> = <P2> - <p>2

we find

p =
«®> | (N;-B) - <p> | [(N;-B)Q]
1 ' 1 L

This can be rewritten in terms of a new parameter € as

where ¢ is defined as

g [(N;-B,)Q;]

Q%> ] (N-B;)

Since the number of failing events is proportional to the number

of monitors, i.e., B.

i = bMi’ a proposition which has carefully checked

for each of the momenta, and which was true within statistical error,
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4

and since ) B, = Rsz: the latter formula can be rewritten in the
1 j
following way:

, L N;Q; ,
€ = 1 . ’ . (BS)
Q%> (qn; - RID))
i j

where R 1is the ratio of '"failing" events from the polarized target data

to the dummy target events.
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APPENDIX C

Errors

1. Counting Errors and the Polarization'Parametef

Coﬁnting_statistits and the uncertainties assoéiated with the
measurementbpf the target polarization were the piincipal contributions
to the erfor in the polarization parémeter; The nuﬁber‘bf counts in the
hydrogen péék.determined the dominant error contrithion. The hﬁmber of
monitor counts and the numbef of counts in the dummyitarget'data'ﬁsgd in
the background subtraction added to the error. Another contributioh to
the error was from tHe normalization ratio determined by ;he failing'
polarized target events and the dummy events. |

The number of interactions in the target was used as a monitor.
This number was proportional to the number of failing events; the failing
event/interact ratio for both signs of polafizatioﬁ”agreed to within
statistical error (2%). See the discussion on the event defining elec-
tronics for the definition of the 'interact' monitor.

The error in the polarization parameter,is;éalgulated from the

expression

= —€
1 - e<p>
giving

8P = [(3P/3e)%+ (832 + (9P/0<p>) %+ (3<p>)? + 2(2P/2¢) - (3P/0<p>) +8e <1 V2

To a very good approximation, the last two terms give negligible con-

tribution. - Thus, with

e
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(3P/3e) = (1 -e<p>)
we obtain
_ .12,
Po= (o) ¢ e
where

s = ] (ae/oN)Z-(oN)2 + ] (ae/am)%e (eM)% + T (de/2p)% e (6p,)% +
i . _ i ) i B . " .
v (ae/3R) 2+ (607 + (ac/a (] 0,07 (8(] ;)11
o 3 i

Partial differentiation of equation (B3) yields_exprgSsions for each of

these terms; these may be féund'elsewhere.(so).

2.  Other Sources of Error
During data taking, the sign of the target polarization was usually
reversed approximately every two hours to minimize ‘the error introduced

by slow drifting of experimental conditions. The higher the frequency of

such target reversals, the more such systematic errors cancel out. However,

since the time to change the polarization of the férget from one sign to
the other was ~10 minutes, in order to have reasonéblé continuity in the
_data taking, the reversal time was chosen aécordingly.

Sources.of error in thé target polarization, scattering éﬁgie;v 

and beam momentum are discussed below.

A. Target Polarization . : ' » ‘
Errors in the target polarization which scale the magnitude of
the polarization up or down, rather than shift the zero of the polariza-

tion, can be related to the error in the polarization parameter according to




1

2
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AP(8) APT

O Py

Errors in the target polarization measurement were obtain-

“able from histograms which disp&ayed the distribution of
events as a function of target polarizafion for each run,

When the-target was operating stably, and .that was the

AP

Pr

Calibration measurements of the polarization where the

$.0.5%

usual condition,

| target was at thermal equilibrium (TE) were less precise,

since here the target polarization was only about 0.18-0.20%.
Typically, the TE éalibration measurement was an average'
of“twenty readouts,veach readout beidé the result of eight.
sweeps through the resonance line in ordér to enhance the
signal-to-noise ratioc., The signals iﬁ_Fig;lB consist 6f

the result of the eight sweeps for bdth,the TE and background
measurements. - The typical rms deviatibn.for the TE's was ”

+/-3%, giving an uncertainty (with the target polarization

~50%) of ~0.8% in the target polarization. The enhancement

of the polarized signal to the TE signal was ~250. This

error, although statistical in origin, gives a systematic
. error in the target polarization, and hence in the polariza-
" tion parameter.

In calculating the value of the polarization from readouts

~of the (enhanced) polarized target during data téking, an

‘average of the TE calibration factors measured before and
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_after the data taking period was used. These calibrations

were generally taken twice a week; as a result, there were

" not enough data to provide a basis for Gaussian statistics.

- Except. for a few instances where there was a large change

in the calibration factor (which was explainable in terms of

- a significant change in the measurement system), these factors

4)

5

were consistent with statistical fluctuations. This error
. .was characterized by APT/PT generally lower than 3%. Since
the average of two readings was used, this gave a systematic

error of less than 1.5% for the typical target polarizations

in this experiment.

Another source of systematic error was a chénge in the rf
voltage_driving the rf magnetic field‘in the cavity. This
was monitored ca;efully.for,all'the‘momenta,(except 1245'
MeV/c -- during half of that run there may have been a
Systemétic error froﬁ this source of ~7%). When these
changes did occur, the rf level was restored and the.data
corrected later. The remaining error wa$ difficult to
gstimate, but should have been less thaﬁ 1% in the target

polarization.

There also occurred shifts in the backgrohnd‘sﬁbtracted

from the total signal to give the resonance line. This

error, unliké the previous ones, only shifts the zero of

the target polarization., This shift was measured frequently

during the data taking, and the target polarization corrected
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accordingly. Residual error from this source was estimated °

.to be AP./P < 0.3%. The resulting change in the polari-

zation parameter for this kind of systematic error was the
rather small error

= (0.003) - P(8)

o~/ la~}
[e>] Koo}

B. Scattering Angle o _ ' '

The principal contributions to error in the scattering angle follow.

1)

2)

3)

0

5)

Uncertainty as to the position of the interaction pointlof

the neutron within the neutron counter. The counters were

.20.3 cm. in diameter, and with the distance from the center

of the target to the center of thc counter ranging from

375 - 500 cm., the angular uncertainty was 1 - 1.5°.

Uncertainty in the beam direction assbéiated with the con-
vergence of the beam typically was 1.5 - 2°. Hodoscope

information was available on the beam direction, but was

not used.

Uncertainty in the direction of the central ray of the beam

at the point of interaction in the target due to the bending

of the beam in the magnetic field of Zoltan ranged from

$0.7° at 1790 MeV/c to +1.2° at 1030 MeV/c.

Uncertainty in the position of interaction in the target '

contributed an angular error of 0.4° - 0.6°.

Uncertainty in the 0° line at each momentum gave an esti-

mated error of less than 0.5°, considering the size of the
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special 0° beam defining counter and its distance from the

center of the target.

C. Beam Momentum

1) The error in the momentum of the beam pion due to the

~dispersion in the beam was < 1.5%.

‘2) The pions in the beam, transversing‘paths of_differing
length in the target before interacting, undeigo different
energy losses. Hence, tﬁere_was a spread in fheir mémenta

| of +4 MéV/c; or'0.4%f The momenta defining leg of the beam
was set so as to give the quotéd momenﬁé at the centét.df
vthe target, taking into accouht the-energy iosses‘due,to

material in the beam.

’3)v The error in the wire-orbiting of the momentum defining

magnet was less than 1%.
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Appendix D.

An Independent Check on the Polarization Parameter

An alternative method used to obtain the polarization parameter
used the entire event sample (i.e., irregardless of y-ray multiplicities),
completely ignoring information on\the detected Yrrays. Tine;of-flight
distributions using 0.2 ns bins were made for each counter and were
characterized by h1gher statistics but lower s1gna1 to background ratios
than the dlstrlbutlons used in the previous ana1y51s;- At each momentum
there were thfee distributions, one for each sign of target %olarization,,
and one for tne dummy data. The time-of-flight distfibutions were char-
acter1zed by a "prompt peak' (B= 1), which corresponded to a tr1gger1ng
of the neutron counter by a y-ray which failed to be detected by our veto -
system, and, for the polarized target data, a 70 peak'occurring at the
time;of-flight fg .expected for neutrons’ from tne7£eaCtion n'p.+ £°n
for the_ith counter, as well as backgrouno'events exfending over a wide -
range of times-of-flight, |

A w1de t1m1ng window was chosen about the t1me .rg (for each
neutron counter N. ) to include most of the hydrogen events. The back-

~ ground events under the hydrogen "peak" were est;mated by comparing the
"tails" of the dummy and polarized target distributions and multiplying
the dummy data in thevregioniof the hydrogen peak with the noimalization
ratio so ootained. This determined the background uﬁed in the evalua-
ition of tne polarization parameter. The ''tails" of,thevdistributions.
were-regions.chosen far enough from the region of the'hydrogen peak to

ensure they_oonsisted only of background events.

\ o !
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The polarizatién parameter, and its error, was evaluated for a -
series of different timing éuts (with the same timing cuts used for all
three distributions). For simplicity, target polériiations-of +0.50 wérg
used. The value of the polarization parameter so célculated was found to
be insensitive to the particular timing cut choSeﬁ. The false asymmetries
were checked as described previously and were found to be consistent
with zero‘asymmetry. The polarization parameter was eValuatéd for regions
in the "tails" of the polarized target data, and was found to be coﬁsis-
tent with the hypothesis of zerofasymme;ry. "This is very important,. since
polarization éffects‘in the backgroﬁnd wéuld lead'to incorréct values for
the polarization parameter. A change of the background normaIization.of'
+10% changed the values of the polarization parémeter'ﬁy less thsn one
standard deviation. '

All of the beam momenta except for 1245 MeV/c were analyzed in-
this way, with the results being in excellent agreemént with the previously
~ quoted values‘calculated using only two-shower evehts. 1245 MeV/c was
troubled with target difficulties, with several différent polarized targets.
being used during the run, making the background Subtfaction more diffi-
cult and less reliable. This mefhod also allowed fhe calculation of the
polarization parameter for the mbst forward neutron counter (the most
backward scattering angle) which had very few two;shower events associated
with it. The values quoted in fhe tables were thained by this'method, 
with the errors reflecting an addiﬁibnai error in‘the:target_polariia-

tion to compensate for the nominal values used in the calculation.
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