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ELASTIC SCATTERING OF PIONS FROM TRITIUM
AND ‘HE IN THE BACKWARD HEMISPHERE

IN THE REGION OF THE A,$1232) RESONANCE

by

Scott K. Matthews

ABSTRACT

Several experiments have measured nominally-charge-symmetric scatter-
ing of pions from tritium (:’H)and 3He. These experiments have covered
incident pion energies from 142 MeV to 295 MeV and scattering angles up to
110° in the laboratory. The results have been used to study charge-symmetry
breaking and nuclear scattering systematic.

In the work I have extended these measurements to angles near 180° for
pion energies ot’142 MeV, 180 MeV, 220 MeV, and 256 MeV, which bracket the
A,, pion-nucleon resonance. This is the most extensive set of XTand n3He data
in this kinematical region. It will allow tests of scattering theory of pion-
nucleus interactions and charge-symmetry breaking in back-angle scattering,
and, within the limits of these two theories, jt may help improve our under-
standing of the structure of these nuclei.

.. .
Xlll



Chapter 1

Physics

1.1 Introduction

Pion scattering from nuclear targets, which is dominated by the strong force,
has been used to study nuclear structure for more than two decades. Recent
experiments have shown that information on both nuclear structure and the
charge symmetry (CS) of the basic r-nucleon and nucleon-nucleon interactions
can be extracted by pion scattering from the isomirror nuclei 3He and Tritium
(T) [~4cf90], [Pi191]. Complementary structure information can be extracted by
electron scattering; however this probe can onl~”measure the neutron distribu-
tions by spin-dependent interactions. Since the neutrons in T are paired, their
resultant spin is zero, wd the neutron radius of T cannot be measured in this
way.

In the present experiments, we measure pion-scattering cross sections and
cross section ratios at several energies near the A33 resonance, in the backward
hemisphere. There is very little other ‘He and T ~lata in this kinematical region,
[Alb82], [Ka180].

1.2 The A = 3 System

There are two nuclei with three nucleons, Tritium (T) or 3H, and ‘He. T
has a single proton and two neutrons. The ground state predominantly has the
neutrons paired with opposite spins. “He is the mirror nucleus of Tritium. It
has two mainly spin-paired protons and a single neutron. There are no known
excited states of either nucleus [Ti187]. Their masses are almost identical; T is z
~okev more massive than 3He. The binding energies, however, are substantially

different: 8.482 MeV for T, and 7.718 MeV for 3He. This is a difference of 764
keV. Coulomb repulsion accounts for ail but 40-80 keV of this [Gib91].

In the absence of the Coulomb interaction, and assuming that the nn and
pp interactions are the same, we would expect 3He and T to have exactly the
same spatial distributions of nucleons, Since the np force is more attractive than

1



either the nn or pp force (the only bound two-nucleon state is Ilelltmiurll ([))),
the ‘odd’ nucleon in each case (the proton in T and the neutrun in ‘Jl{e) will
feel tnore force, and so will have a smaller radills than tht’ ‘even’ nllt Icons (the
neutrcns in T and the protons it] ~[~e); this ({iffcretlce is abollt 0.1,5 flt~ [Gib91 ].

Adding the Coulomb interaction increastx the distance between the protons in
3He This ~eans that the neutrorl in 3He feeis fess fOrce frOrIlthe ItlOt’e-Separattd
protmls. Both the neutron and proton radii in :]IIe slloul(l be exparlded in this

way’, by around 0.02 to 0.04 fm [(lib91]. If the pp and nn nuclear forces are t:ot
equal, it is similar to adding an extra piece to the Coulomb interaction, and like
effects should be seen.

Following [Cib91], the following definitions will be USC(I:‘dcl[a-even’ (6~ )
for the difference between the neutron radius in ‘I’and the proton ,.dius in ‘He,
and ‘delta-odd’ (t50) for the difference between the neutron radius l:. {i{c and the
proton radius in T. Because of the overall expansion in ‘~}lementiotled above,
we expect 6. to be negative, and 60 to be positive.

An extensive review of the experimental and theoretical literature through
19S7 is given by Tilley et. al. [Ti187J. Gibbs and ~ibson [C~ib91]and the references
cited therein give a good background f~r the topics covered in this work, including
the basic scattering theory” issues as well as historical perspective.

1.3 The Pion-Nucleon System

The pion is a meson with isospin I= 1 . and spin S=0. It comes in three
charges. corresponding to the three projections of isospin, 1:. 1, 0, and -1. ‘1’hese
projections are called r+, r“ and r-, respectitwly; they ha~w charges +1, 0, anc!
-1. and masses 139.57, 134.96, and 139..57 Me\f/c2. The nucleon has S = $ and
S: = ++, I – ~ and 1: = ++. hese isospin projections are called the proton

(P) and the neutron (n). respectively: they have charges +1 and O, and masses
of 93S.27 and 939.57 Me\:/c2.

The possible isospin combinations in ~-nucleon scattering are 1= ~. 1: =
-+(:, ~), and I = ~, I, = +;. The spin possibilities are S = ~ and S: = ++.
The isospin can be regrouped using Clebsch-Gordan coefficients. If we designate
a state with I = ~ and 1, = ~, for example, as I J ~z*~ > , and use similar notation for
the other combinations, then we can rewrite the various scattering combinations
as

~+ P = I ;. ; >. (1.1)

(1.2)

( 1.3)

(1.4)



(1,5)

7r-n = ~;,-;>. (1.6)

l’hm-t~is an experimentally observed resonance in m-nucleon scattering for
incoming picms with energy” of w 180 MeV with the nucleon at rest. This reso-
nance, called the ‘Delta Resonance’ (AW), occurs when the spatial-angular mo-
mentum quantum numbttr f is 1, the total angular momentum quantum number
J is $, and the total isospin 1 is ~.

Consider elastic ~+ n scattering at 180 MeV. The scattering amplitude will
contain a tern~ that looks like

~ ~+ n Ij}lI x+ n >9 (1.7)

which can be rewritten as

(j(I<,.,l+g<,,,,)(ltl)(J
where M is the transition operator. The amplitude does not depend on the

1. ~.alue if we assume that CS holds for r-nucleon interactions. Assuming the
conservation of I in the z-nucleon interactions, and that the transition does not
depend on IZ, so the ZZcomponent can be suppressed, we can rewrite this as

on resonance, that is. where the incoming pion kinetic energy is 180 MeV, and
,}13>> .}ll. this is just $ .Itf3.

W:ith these assumptions, after fcrming matrix elements like Eq. 1.7 for m+p ,
T–P , etc., we can write down the following relationships for the scattering cross
sections, either total or differential, which are proportional to the square of the
amplitudes:

fY(7r+p) = 9a(7r+ 72),

a(7r-n) = 9cl(7r-p),

~(~+ p) = o(7r-?z),

O(r+ 11) = a(7r-p).

If we assume that a s~”stem that has total spin = ~ is
tations and parit~’ reversals, then it can be shown (Tay72,
scattering amplitude can be written as

.’1(0.L’) = J(o, E-’)+ zg(o, E)ii “a

invariant under I.-
Chap. 6] that the

where J and g are called the non-spin-jtzp and
The}” are the amplitudes for scattering where

spin-jhp amplitudes, respectively.
the third component of the spin



of the nucleon is ‘flipped’ (has its sign changed) or not ‘flipped’ during the in-
teraction. O is the scattering angle, E is the total energy, h is a unit vector
perpent{i( ular to the scattering plane, and a is the Pauli representation of the
spin, that is, S = !jOo The differential cross section is the magnitude of this
amplitude,

(L7
~ ‘1 f 12+ Ig l’, (1.8)

in the case where the target is not polarized and the scattering asymmetry is
not nwasured. Near the A33-resoriance energy, the interaction is dominated by
the ( = !partial wave; the spin-flip amplitude has a sine dependence alid the
non-spin- flip anlp] itude Ilas a cosine dependence.

~’igure 1.1 shows the basic anlp]itudes for T* p, at the pion-resonance energy
of 1S0 \ie\’, from the VPI phase-shift analysis [Arn85]. Except at far-forward
angles. niost of the an~plitude is in the imaginary parts. The sine and cosine
shapes of the spin-flip and non-spi]l-liip parts are obvious. The r-p amplitudes
are ~ $ of the X+p , as predicted. “1’herewill be a dip at 90”, the ‘non-spin-flip
dip (SSF flip), in an}’ amplitudes that depend primarily on the non-spin-flip
part. k-ause of the cosine dependence.

1.4 Charge Symmetry

(‘harge Sjnlmetr} ({’S) is defined as equality under the operation of charge
conjugation. In the case of mT and r3He scattering, charge conjugation changes
T+ into ~-and Pice UCrsa, and also changes T and 3He into each other (by revers-
ing the protons and the neutrons). Therefore, if charge sy”mrnetry were universal,
u-e would expt;ct r+ T to be the same as ~‘q He. and T-T to be the same as r+3He.
(’S cal] he broken in four ways in this s~”stem. The first charge-symmetry bre; king
\c“.?: effect is C’oulornb scattering. The Coulomb force”is not charge symmetr-
ic: thus the different charge combinations of pions and nucleons are important.
[n general, [’oulomb scattering is of the order 1/1372 less than the strong force
scattering. so this should be a smail effect. However, in the region of the NSF
dip, some of the primary amplitudes are going through zero (see Fig. 1.1). We
might expect that Coulomb interference could be important there.

The second CSB e~ect is also due to the Coulomb force. Coulomb repulsion
pushes the protons in 3He apart, forcing the neutron radius in 3He to increase as
well. Because of this 3He is larger than T, and so the forln factor of 3He w-illfall
off more quickly with momentum transfer than will that of T(see Sec. 1.6.2). In
genei al. the ‘He cross sections will be less than the T cross sections in nominally
charge- s~.mn~etric situations. For instance. because of this size difference, we
expect

a(r+T) > a( ~-3He).

The third CSB effect is due to any difference in the nn

to the pp force. For example, if the pp force is gwater than

4

force with respect
the nn force after
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the electromagnetic interaction has been accounted for, then the proton ratiills
will be increased in 3He over the neutron radius in T, beyond the increase due to

Coulomb repulsion. This is an example of N[lclear-Cllalge-Syr]ll~letry IIreaking
(NCSB).

The final CSB effect. is a difference in the strong riX amplitudes as a func-
tion of isospin projection. A good measure of this is gitwn hy pion scattering
from l)euterium. Recent measurements by Smith ft.d. [Snli88] found an overall
asyli-mletryof * – 1.5Y0for T+D and r-D scattering at the resoliance energy in
the backward hemisphere, independent of scattering angle. Neglecting Coulomb
effects, this scat tering shouid be charge symmetric; if the reported asymmetry k
correct, we can expect it to show up in the current results as well,

1.5 Ratios

Several scattering ratios have been defined by ?defkens el. al. [Nef90] that
help to illuminate different parts of the pion interactions with A = 3 targets, and
which also give some evidence for ?JCSB [Nef90]. They are:

P+ = do(~+T)/da(r+3He) ,

P- = d@ T-T)/dC(T-3He) ,

rl = dO(T+T)/&J(m-3He) ,

r2 = da(r-T)/da(r+311e) , and

R = rl x r2 = p+ x p- .

.L\brief dis.cll<sion of each ratio is gi~’cn below.

P+ . . . rrT is i[ Ile numerator, At the resonance energy, scattering from the
proton will dominate; both spin-flip and non-spin-flip scattering are pos-
sible. The denominator, T+3}~e, is dorllinated by m+ on the spin-paired
protons, and so predominantly non-spin-flip scattering. Near the NSF dip,
at 78° in the r-nucleus center of mass (90° in the T-nucleon center of
mass), the non-spin-flip amplitllde goes through zero, so most of the scat-
tering is spin-flip. The denominator reflects this dip, since it is primarily
NSF, but the numerator can still experience spin-flip on the single pro-
ton. Therefore, there is a peak in p+ aroun(l 78°. ..4s the scattering angle
approaches back angles, the spin-flip amplitude goes to zero, and the non-
spin-flip amplitude dominates for single scattering. This means that the
denominator, which has twice as man~. protons as the numerator, is larger.
and p+ should decrease at large ang]os. in a single-scattering picture.

P- -.. The systematic are the inverse of those for p+ . Because r-n is pre-
dominant, there is a dip in the NSF dip r(~gionwhere p+ has a hump, and
the ratio shoutd rise at back angles for single scattering, because the two

6



resonance interactions in the numerator will dominate the single resonance
interaction in the denominator as the spin-flip term goes to zero.

r] . . . “1’henumerator, r+311e , and the denominator, r-q’ , are isomirror inter-

actions. Therefore, if C’Swere strictly observed, r-l would equal 1.0.

The Coulomb interaction is not charge symmetric. There is twice as much
Coulomb scattering in the denominator as in the numerator, because there
are twice as many charged nuclecmsin 3He as there are in T, and so both
the pure Coulomb scattering and the Coulomb interference is not the same
for numerator and denominator, (see Sec. 1.6.1). Furthermore. the protons
in 3He will feel a mutual repulsion, so they will be farther apart than the
neutrons in T. This repulsion is reflected in an increased separation, and
therefore a decreased form factor, decreasing the cross section in the de-
nominator. Finally, the effect of the Coulomb-nuclear interference depends
on the relative phase of the nuclear and Coulomb amplitudes.

The Coulomb-scattering effects are small, so we expect that the the dif-
ference in form factors to dominate and rl should be greater than 1.0.
Generally, ri emphasizes scattering from the unpaired ~uckons, p in T
and n in 3He, at the resonance energy.

rz . . . This ratio is also nominally charge symmetric, and the decrease of the
form factor of 3He in the numerator should cause r2 to be greater than
1.0, as was the case for r, . Since r2 emphasizes the paired nucleons at
the resonance energy. it w-ill be primarily non-spin-flip scattering. At the
h“SF dip, since onl}?spin-flip is left, it will be a ratio of the ‘non-resonance
interactions’, that is T-p /r+ n .

l?. . . The Superratio can be formed as the product or rl and r2 . and equiv-
alently of p+ and p- . it will have the same first-order corrections for
Coulomb effects in both the numerator and the denominator, so it is less
sensiti~’e to C’oulomb than the other ratios. If CS is universally true, R is
1.0.

‘rhese ratios have becrl measured in three previous experiments, for a variety
of energies in the forward hemisphere [INef90][Pi191] [Pi192] [Ber91]; the results
are shown in the following flgures.

The bump at 78” that corresponds to the NSF dip is obvious in p+ , p- ,
r2 and R, for 142 MeV and 180 MeV incident pions. ‘f’he larger error bars on
rl and r2 are due to the fact that the normalizations do not cancel there (see
Chapter 3).
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1.6 Elastic Scattering

I;lastic scattering is a scatt.eril]g reaction that leaves both participants in
the sanw states they occupitvl before the collision, Althoqjh interrllediatc states
that arc not the saIne as the fil~alstates ca[l be included in a nmltiple-scattering
cakwlation, vcwyoften it is assume(l that boLtI participants remain ill their orig-
inal states t.hro[lghout the mitire process. In single scattering, this is the only
possibility. Since there is no rearrangtvnent, t}lis is a good way to study some
aspects of nuclear structure. m-nucleus scattering is a t“omhination of two in-
teractions, Because both the pions aII(i the nucleons have charge, there is the
Coulomb force. ‘1’llepions and the nucleons also interact through the stro[~g
force. and the proper description of the interaction includes both forces.

1.6.1 Coulomb Scattering

Coulomb scattering is a small part of the interaction because of the coupling
constant a = *, compared to N 1.0 for t }Iestrong force. The Rutherford formula
for (!oulomb scattering is

where ~ is the charge of the nucleus . p is the reduced ll~ass, p is the center-of-
mass nwnwnturn and O is the scattering angle. The fourth power of the sine in
the denominator means that the cross section is ver~ large at small angles, and
drops off rapidly as the angle increases. In a potentiai-interaction description
of x-nucleus scattering, the C’oulomh interaction can be included as a separate.
term in the scattering amplitude.

where j~ refers to the strong-force amplitude, and 20 describes the phase betvwxm
the two [Tay72] [Bin78]. -

Since the cross section is the sqllarc o!’

[

lfc12
* = l.f;vl’ 1 + ~ + +jti

1 “ !

the amplitude, we can write

( Irn f;,r
cos(2@) +

Re f&f )1sin(2g) .

The last two ternls in the square IJrackets are the fractional change dlw to the
~~OU!OITltJ intcractiorl. Especially at }~ackangles, the Coulomb contribution should
be small, because of the factors of j(/j,v. Ifowever, in re~ir~[is where the strong
amplitudes are small. such as at the SSF dip, the Coulomb force may become
important. t~’hether it can be neglef.t.c{imust be investigated in each case.

II



1.G.Z Nuclear Scattering
Ylanj. scattering quantities are reported in t($r:lls of the four nlomenturn

t I“arlsf(’r

W’!l(v”(’t 11(’ subscripts l“~!fel’to the final and initial quantities, that is, for the
u~lt,goi[}gand inc(l‘ ‘f pion. For elastic scattering, the mlcrgy is conserved, and

q~ = q~qp = –q . q. ~ t

“i’he units ust>dthroughout are inverse-fernlis squared (fro-2).
;\II interaction is liInitt*(lcinematically by the amount of monlenturi] that

t-iiIIht’ Iransft’rred from tht. projectile to the target. In elastic scattering, we con-
sid(’r t hti llucit~llsas a single particle. }Io[ne[ltunl and energy Inust be conserved
w:[ II 1his part i{.lcand the project i!e in allj’ scat tt’riIlg interaction, so for scatter-
ing at a giI.”(111angle the moment u1ll transfer is found fr(j[xlT-nucleus kinematics.
ll(~weei’t’r,if wr assunle that the scattering involve~i just a sirlgle interaction of
a pion with one nucleon (single scattering), then the total molnentum transfer
II~[IsLCOIIWfrom that interaction. Figure 1.5 and Figure 1.6 show calculations

of t he Ilmrllent urn transfer for scat termg from t ritons aiA(i nucleons. Four curves
art’ calculated for each energy that is covered by these experiments. The solid
(“~lr~.eis for scatteri:~g from the ‘1’riton. The dashed curve is scattering from an
at-rest [lucltwn. The two dotted curves are for scattering from nucleons with
l~on-zeronuclear rnornenta. In each plot. the upper dotted curve is for nucleons
with nuclear [tmrrwntumof 200 MeV/c, and the lower dotted cllrve is for nuclear
1110111(WIurn of 100 Me\’/c. For every energy except 29.5 MeV, it is possible to
gt~t t ht’ required nlornentum transfer for scattering out to 180° from single scat-
!!.:.irl~, alt hollgh for the lar~wt angles, only the taii of the nuclear-momentum

(!ist ribllt ion i. . . . suffice. Thi - means that the probability for single scattering
(l(’(”rt’l ,.+ as a function of tht’ momentum transfer. The curves show t t)at sir~gle-
. ~“atter ing is ir])port ant t hroughout the entire angular range at 14”2LMeY’,and that
its importance decreases as the incident energy increases. At 29.5 MeV. it will
IW in~possihle at the largest angles for all but the highest-nvvnent. ulnnucieons.
M-e should be able to have a very large component of single scattering at least
to the anglt>of the NSF dip, since at that point for 180 h4eV pions there is good
o~.erlap between the m-nucleus momentuln transfer and the momentum transfer
fron~ 100 \leV/c nucleons, as shown in Fig. 1.’).

1.6.3 ~ion-Nucleus Scattering

For a T-nucleus interaction described 1}~”a Harniltonian

H = H. + V
A

= H,v + A’r t ~ vl(r – ri),
1=[
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where I{lvis the nuclear Hamiltonian, A is the number of nucleons in the nucleus,

A’r is the pion kinetic energy, and vi is the interaction between the pion at
coordinate r, and the nucleon at ri, we can write an equation for the 7’ matrix

This background material is from [Eis80, (flhap. 3,4]. The scattering amplitude
is

< k’ # o’ 11’1kp 0>, (1.9)

where k’, k and p’, p are the final and initial momenta of the pion and nucleus,
respectively, and c’, Q refer to the final and initial total spin and isospin. G’is
the Green function or propagator for the pion in the nuclear mediunl

where E is the total energy and q is taken to zero after the integral to determine
the amplitude is completed. After some algebra, we can write

J#i

,4

(1.10)

(1.11)
1=1

/, = L’, + Vi (J’t,. ( 1.12)

t, i th(’ a, .~plitl~dc for scattering from a single nilcleon in the nuclear medium.
III the case where the nuclear Iiarniltonian can be neglected with respect to the
piorl kinetic energy?,

( 1.]3)

is tllc amplitude for scattering from a free nucleon. Note that i, = t,( E), where
E is the total interaction cnerg~”. found in the propagator.

In elastic scattering. t!le initial an~l final nllclear states will be the ground
state. We expect t3e first part of thv expansion for T, to be greater than the terms
in the summation t,c~ ~~~~,1; herause the latter contains products of amplitudes.

Retaining only the initial tmstl, 1.!) ciiI\ he rewritten as

XoJ(pl...p[ ..sPA)~:(k’,k p.~’)fi!P;+ k’ – p – k)@o(pl . . . pi . . . PA).
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The Inatrix < k’p; a’ Ittlk pia > has been replaced by a number that depends

on the interaction energy and a delta function that conserves momentum among
the pion axld struck nucleon. 00 refers to the nuclear ground state. The delta
f’~ll)~tionserves to replace p; with pi – (k’ – k) = pi – q.

If we i~nore the motion of the struck nucleon, that is take pi = p[ = O when
considering the amplitude t,, we have the fixed-scatterer approximation. The
amplitude kconles

The ground states have been replaced by functions that refer to the proton and
neutron ground statt’s, taken separately. a refers to the nucleon type, and i is
arl index within this type, such as the first neu t ror], the second neutron, e.fc. ,
This remo~.es direct isospin dependence in favor of describing the neutrons and
protons indi~.idual]y. We cafl rewritt~ the integral as

Fd(q)s / dre’q”rpo(r), (1.14)

and the amplitude becomes

x ~*,Lt(q.E)FQ(q). (1.15)
i,o

‘Ihe fornl factor is the Fourier transform of the nuclear density. the ratio
twtwetw scattering froll~ i! ‘wtended otjject. and scattering froln a point. The
elect roll~agnet ic form fact for T are reported in ~.JuN15],[Elect32]and ~Co16.5],
an(i for 3He in [}Icc’77]. as .’~ellas others. The charge form factor measllred this
way. t~.~. reflects the spatial distribution of protons in the nuclei, that is it is
similar to the bed}” form factor.

The ~~-wlfactors are given as functions of the 4-momentum transfer, squar-
ed. q2. Figure 1.7 shows the 3He charge form factor muasured by [McC77]. If we
assume a gaussian shape for the nuclear density, then

(1.16)

where R is the nuclear radius. As the figure shows, an effective radius, Rcjl =
1.7:1frn. g,i~’esa good match to the data in the region of the current experimejlts,
up to about –/ - q2 = 8frn-J. R
‘I’data. which is not shown.

e~~ = 1.60 fm does a similarly good job for the

1.6.4 A Simple Calculation

With the approximation in 1.13, we can use the r-nucleon amplitudes
shown in Fig. 1. i in Eq. 1.1.5 to get the scattering amplitudes. However, a
refers to the proton and neutron, so we need an expression for the neutron form
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factor. W’eexpect the neutrons and protons to Ilavt’ si[~lilar distrihlltiolls. In par-
ticular, under charge symltwtry, t$e Ilt’lltrou in ‘]I{f’ SIIOIIld have exactly tt]f~ sanw
distribution as tht’ proton in ‘1’;Irkewist’, tt)e }jrotol)s ill :~11(,~11(1t }l(s1l(IIILIIMISill

T.
Gibbs and (;ibson, see Sec. !.7, suggest that proton rt~pu]sionin ‘Jl[c Iwls

to an increase in the proton radius of 3Hc over thr neutron radius of T of 0.030
fm while the neutron radius of 3He is greater than the proton radius of ‘I’by 0.0;15
fm. In a gaussian form factor such as in Eq. 1.16 we can just change tlw value of
R.lJ to accommodate these radius differences. II) the following calculation, the

charge form factors measured in electron scattering are usef! at each value of ql
for pion scattering fronl the protons. Expanding ll~j,

R;,, = (~p + /j)’ = q +2R,6+o““ ,

where Rp is the proton-distribution radius and 6 is t he sn~al] change to get the
neutron-distribution radius. Then, we can multiply the measured proton forrl~
factors by e-

~~Z&~l~t. get the neutrol~ forln ‘actors. In doirig this wc assume the
neutron distribution has the same basic shape as that. of the protons, hut that
the ne~tron distributions’ radius is different.

In T-nuc]eus elastic scattering, we cannot have spin-flip scattering from
the spin-paired nucleons, protons in ‘lHe and neutrons in T. because the Pauli
principle forbids them to have the same spin in the ground state, and there are no
excited states to occupy. We can write out the amplitude for ~he fixed-scatterer
approximation using the free nucleon an~plitudcs as

where the form factors are written as. for example. [~~ . ‘the forln factor for
protcms in ‘r’.

Fig. 1.8 is an example of this calculation. which will he called the Simple
\lodel henceforth, for 180 FvleVpions. ‘1’hematch is good up ~lntil the vicinity of
the NSF dip. From the rnomenturn transfer calculations, we would only expect
the fixed-scatterer. that is z:ro-momentum nucleon. approxinlation to be good
to 60° –- 70° in the center of mass, and the dip occurs at about 7S0.

Fig. 1.9 shows the same calculation. this time for the ratios p+ . p- . rl
and rz . The effect of the dip is ver} pro[ninent for p+ and p- . For example
in p+ , the numerator is T+T. at resonallce energies this is primarily T‘P I on

the unpaired nucleon. so spin-flip can occllr. [n the denominator, the resonance
scattering is from paired protons, which can not undergo spin-flip scattering.
So. as the angle approaches the value for the XS1’ (lip, the denominator goes
as the disappearing non-spin-flip amplitude. u.hilc the numerator goes with the
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peaking spin-flip amplitude, and p+ has a bump. The systematic arc exactly
the same for p- , except that it is the numerator that goes as the non-spin -~lipt
and the denominator goes as the spill-flip amplitude, so p- has a dip, ‘[’11(:

calculated ~’alues of p+ an(l p- match the data well. ‘1’he size of t.hv effect
is somewhat too large at the depth of the dip, and the match is not good at
largt~ angles. This latter is expected since we are getting far out in [rioll~~[ltll[[l
transfer, where the zero-rnomt=ntum amplitudes (fixed-scatterer approximation)
are less and less appropriate, because the kinematics require that scattering t,akcs

place from nudeons with higher momenta.
The match of the calculations with rl and rz

in the region of the NSF dip, rl is primarily

l’~r fl(7T+p) .
F;.J}/= g(7r-n ) ‘

is poor. At resonance energies,

the amplitudes should he nearly equal ( in these calculations they are set equal, ,as
the VP] program only calcuiatt’s pion-pr-oton scattering), and we may expect the
form factor ratio to govern the shape here. The extrapolation to the neutron forln
factors is very crude. the subtlct}. of the effect is certainly beyond the calculation.
The overall flatness of the curve is expected, but the steady rise is not seen in
the data. At this energy and angle, rz is primarily

f’P’r !l(~-z-J ) .
FnJHC~(~+~ ) ‘

neither numerator nor denominator are purely [: = ~. ‘1’hchlln~pin the data is
not seen in the calculation. Dot h calculations are cut OR at 1100. whicl) is well
beyond the possible momentum transfer from an at-rest nucleon.

Figure 1.10 shows a series of calclllations of the ratios with differer,t values or
b. and 60. As the VPI phase-shift program only (“ijlculates amplitudes up to about
,5 fm - ~ ( 180° in the T-nucleon center of mass), tfle same amplitudes are used for
m-nucleus center-of-m~s angles from 110° through 180°. As p+ and p- deptmd
so critically cm the amplitudes, their values should not be taken seriousl~” in the
backward hemisphere, r, and r2 are not so amplitude-dependent, arid we might
expect usable back-angle reslllts for these latter two ratios. In the NS1: (!ip
region, the different. values of A?MI(I 60 can cause small inflections if the proper
combinations are chosen. However, this is not surprising as the .NSF amplitudes
are changing very rapicll}”her-c. and so a slight change in any parameter might be
expected to have measurable effects. In the backward hemisphere, using different
values of 6, and & change the magnitude. belt not the shape, of rl and rz .

In summary, the major features of the scattering at forward angles and rmo-
nance energies are well reproduced by the single-scatterer impulse approximation.
as seen by the good match for p+ and p- . The calculation is good 111)to the
region of the NSF dip, as expected. The calculation fails to reproduce the sllb-
tler features of r, and r2 . which are not so obviously related to the r-nucleon
amplitude shapes.
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1.6.5 The Op~i~al Model
llsing equations 1.12, wr can derive a mom general scattering result [J4;is80,

( ‘lIap.4]. W’Pwill he taking the expectation value of “1’between nuclear ground
statcs a[l(l pioil St(ates,

i J#l I

iiss\}I\\ing in t hr last line that making the sum over j include the i t.errn would
0111}”gi~’(’aII t’rror of order 1/A. This is an ac(eptabk reslllt for largt! A; for A =

3. it is ntw.msary to make a correction [{jib!)1] [Kert59]. Ignoring the pion states
for now, wc take tht’ nuclear ground-state expectation value

where the sunln]ation over p is over a complete set of nuclear states, and the
subscript 011(; means that it has the nuclear energy I-/u in the denominator. We

can sq)arate the summation into two parts, j~ = Oand p # O. Then

1

+ < 0 I~ /,[ o >(;.< o I’rl 0>
;

..1

/b#(l :

\\”t’assume thv final term is not as important as the other two because it involves
transitions to excited states and then back to the ground state, and this is less
likely than remaining in the ground state the whole time. Defining

t:. ❑ ✜ () I~ (, I 0>
1

wc wri t.tI

< (1 1’/’[0> = i:. + v:.(1’~< o 17’I 0>.

‘1’hisis the form of the I.ilJl)rrlarl-S(ll\\eillgcr equation for the scattering matrix

T for scattering from a potential l”. “I”akingthe Born approximation for the
srat tering amplitudr

~1 = .-. k’ ~1’.l k >



is the first-orcier optical model. In pion scattering, it has been experimentally
deterrllined that a good approximation for the m-nuckwn interaction is [Eis80,
pagt-’ 196]

< k’ It( E. )1k > = h(t.’. ) + C(L’.)k’ . k,

for spin anti isospin saturated nuclei. wit h pion energies I)elow 300 !vlel’. Assum-
ing that the pion interaction is the same with each nucleon, we c-anrewrite Eq.
1.15 as [Eis80, page 195]

/
< k’ l\~,lk > = A< ‘z’I/l k > e’(k-k’)”rp(r)dr.

1iisslinger note{i [Kis55]that this result would be obtained if

~~-= Ab(#,’.)p(r) - .Ic(l,’X)Vop(r)V.

I’ht’ problvll~is thus reduced to determination of b and c at a given energy, and
for a gi~?endensity.

\lan~ grol]ps have enlarged upon this idea, with potentials that include

spin and isospin dependent parts. and sophisticated functions for the various
coefi(.ients itltroduced, including b and c above [Lan75], [Str79].

Some applications h}’ other authors to the forward-hemisphere data from
these expm-irnent.s are discussed below,

1.7 Other Calculations

Sm’eral grollps hate calculated the cross SC(”
rat ios. .4 few of t htw are consi(ierwl below.

Ydlwns ~~. al. performe(l an analysis of the

io[ls. as ~~’ellas some of the

for~val.fl-}lcr])is~)heredata us-
ing an implllsv approximation similar to the one perforr{wd in SW. 1.6.4: that
(“aic11Iat iori was dent’ after seeing .ATefkt>nsw“ork. ‘1’hc authors tlsm-1the VPI
phast~-shift anal~”sis for the r-nucleon arrlj~lit.lldes. and. in calculating the ratios,
iis~t} 1A an exponential shape for the form factors. They also include a shadow-
ing factor designed to model the fact that the nucleon under consideration will
he hidden by the other nucleons a certain fraction of the time. Assuming that

~[~+P 1 = ~\(~-P ) and f(T+P ) = j(~-?~ ). and assuming that the isomirror
relations hold as well. and that these also hold for the spin-flip amplitudes, the
a[lthors derive the relationships

rz ti (Fn.r /FP\ti, )2 ~lnd

F,,r = [1 + (0.03 * 0.02){~2]F\~}le.

m! latter equation can he rewritten. assliming that the terms in the square
brackets arc the expansion of an exponential. as

[~T = FPJii, fOSK@= I“;.J\{,f2x 0.05x 1.74q~/6 .
9

~.~



that is 6, = –0.05, in rough agreementwith the valuefoundby Gibbs and Gibson
(see Sec. 1.6.4 and below).

Electron scattering from 3He has shown that there is a slight density deple-
tion at r = O [hIcC77]. Equation 1.1-1can be written as follows, if the density is
assumed spherical:

f’(q) a ~j~(qr)p(r)r2dr

where j. is the spherical Bessel function. We can transform this and write

J
p(r) a j&pJF(q)q%q.

he integrand in the latter is a damped sine function; if we write the form factor
as the sum of two gaussians, F = F, + Fa, we can match the density depletion
well.

Barshay and Scghal[BarS5] have assumed a correlation among the nucleons
in 3He that allows them to fit a form factor written as the sum of two gaussians

to the know~nform-factor shape. The diagram shown in Fig. 1.11 is from their
paper. The np (Iistance is the same in both nuclei in the figure, and by using this
and dcfin ing the ccntcr of mass to be at the same place for both, they derive the
equation

R;+ 2R: = 3R:.

Next, they cIcfinctlw form factors as

for the

for the

~T = (1 _ 4e-%’/6 + ~e-~~q%,

equal proton and neutron form factors ~.~fT, and

FJ: = (1 – c)e-~~2J6 + ce-n~”q’is,

proton and neutron form factors of 3Hc. f?, and Rz are the numbers that
give the ‘regular’ gaussian form factors, that is they are the radii for uncorrelated
nucleons. Using the correlation equation and the known values of the T and 3He
charge form factors from electron scattering, the authors determine the following
values for the parameters:

e = 0.27,

RI = 1.67\m,

Rz = 1.74/m,

RT = 1.12frn,

R, = 1.31fm and
R. = 1.02fm.

The authors calculate r, and r2 using the single-scattering impulse approxima-
tion given in Sec. 1.6.4, but they usc only the p-wave part of the amplitudes, that

25



‘He

Figure 1.11: Figurefrom [Bar85], Ton the left, and 3He on the right. T is an equilateral

triangle, with nucleon radius I?t. 3He is an isoscelestriangle with proton and neutron radii

RP and J?n, respectively.
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is

j(7r+p ) = j(7r-n ) = 2COS(0),

g(m~p ) = g(m-n ) = sin(d) and

g(7r+n ) = g(r-p ) = ~ sin O,

F’igurcs 1.IZ and Fig. 1.13 reprcduce the authors’ calculations (on the left
in each tigure)$ all(l show th( same calculations done using the V“PI-phase-shift
amplitudes instead of the p-wave forms, (on the right in each figure). Note that
tht! authors did not calculate p+ or p- , but as they gave the values for all of
tht?ir para[]l~’ters,it is easy to do the calculation using their method; this is done
!wre. The’ir rj result is especially intriguing as the bump and return to 1.0 is
rej)roduced fairly well. Their rl calculation has a similar but smaller bump; the
sllap~>is sirl)iIar to that reported by Exp. 546 (U, [Ncf90]), but the other data,
taken wit h the new targets and using Deuter ium for normalization cross sections
( x, [Pi191] and O, [Pi192], [13erfl1]), are flatter, and further from the calculation.
“1’heirp+ ar,d p- results are shifted from the data, but have the correct shapes

otherwist’ ‘:’he [alf. ulation was redone, using the k’P1 arnp]itudes with the authors’
!orm factors; tll~.iesults are shown on the right in each figure. p+ and p- are now
a good [l~atch for the flat a, !)llt 1.2[lo longer comes back to 1.0 after the hump.
I“herc is still a slight inf!t’ction; t:vidcntl)’ the good match in the authors’ result
~~”a.~st~rrww”hatfortuitous, as smoothing out. the cosine dependence hy including
(JL }It Y I IIa II p-waves (’liminatcs tile good nlatch with the data.

~ill~. Krell and Tiator [KimS6] and Kim, Kim and Landau [Kim87] have
[lone opt iual mode] calculations in all attempt to explain the forward-angle ratios.
In their calculations. they consider only the Coulomb interaction as a source of
( ‘SB.

“1’hefirst of these papers looks :it both nuclear-Coulomb interference and
(.’oulol~lt~repulsion of the protons of “tfl~~;no spin dependence is included in the
calculation. The densities arc cxpolwntia]s

whe. e the subscripts 11anfl ~)refer to IICI]t rons and protons respectively, and ,V
is the nllln}~erof nllc]~ns of a t~”l)fi,either neutrons or protons. I’he authors find
a nuclear- (.’oulornb intt:rfcrencv relatmi structure in r 1 , r2 , and 1?,around 90°
irl t}le r-nucleus center of inass, which is well beyond the N 78° location of the
NSI”’dir]. w“ith (USHdue or]]}. to ( ‘olllomb interference: and not proton repulsion.

SHe by increasi:lg rp by 0.03 frn in ‘i~~e$\\’!lC1lLIIWinc~u&proton repulsion in ..

they see a similar structure: this ad(lition makes r, , r2 and R greater than 1.0
in tllc hack ward hernispher(?. III hot II cases, the backward hemisphere ratios are
smooth a[lfi str}lctureh:ss. ‘l-I]c.w:calclllations, which are sketched over th~: data
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in Fig. 1.14 which was taken from the reference, showthat while the calculation
does not represent the data very well, the nuciear-Coulornb interference should

not be ignored, and that at least at back angles, the optical-model calculation is

\OeJYsensitive to the nucleon separation, which means that it is very sensitive to
che form factors.

The second paper (Kim87) considers only nuclear-Coulomb interference as
a source o~ CS13. ‘I’he authors use a momentum-space optical potential, which
includes spin-flip interactions. They do a credible job on R on the large-angle
side, matching the slope and coming back to 1.0 around 100° in the r-nucleus
center of mass, where they found the nuclear-Coulomb interference structure in
the previous paper. The rest of the angular region is not a very good match.
Specifically, their curves are very flat between 30° and 65°, where the data show
a significant deviation from 1.0 with a smooth slope in r2 , and consequently in
f?. Their bump is too narrow in r2 and & however the height is in keeping
with the later data sets (O, x ) and they find the peak at the right location
(around 78° in the r-nucleus center of mass). In their previous paper, added
proton separation in 3He gave some deviation from 1.0 in the region forward of
the NSF dip, and some added deviation and shape in the backward hemisphere;
possibly this lack explains the corresponding lack in these regions in the second
paper. Figure 1.15 is a sketch of their results over the existing data. Kim et.
ai. claim to have shown that the structure in R in the iNSFdip region is due
solely to Coulomb interference. However,as suggested by Briscoe and Silverman

[Brit39]. considering that they have only identified a structure whose location is
near the YSF dip, while missing the amplitude and width of the structure as
well as failing to reproduce the rest of the data, it seems more reasonable to say
that they have shown that Coulomb interference has a non-negligible effect in
this region, and should be included in any complete treatment.

.4 more recent momentum-space optical-model. calculation has been per-
formed by Gibbs and Gibson (Gib91]. Their calculation includes spin-flip scat-
tering and Coulomb scattering and repulsion. They calculate cross sections and
R. They state that the major dependence found in their scattering calculation
was on the neutron and proton radii. Actually, they assume that the proton
radii are known from elastic electron scattering, and they search for values of /ie,
which is the difference between the neutron radius in T and the proton radius in
tHe and ~. , which is the difference between the neutron radius in 3He and the

prot’on radius in T. For each combination of the scattering-theory parameters,
they perform a chi-square fit to the data to determine the best valu~ of 6, and
ba . Their results are

be = –0.030 + 0.08jm

and

b. = 0.0.35 + O.o?f?n.

Figure 1.16shows their calculation of R : they do a reasonable job on the forward
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hemisphere data. Variations of 0.01 fm in A. nlake a m)tict”ahle chang(’ in t tmir

backward hemisphere curves.
Figure 1.17shows their cross srction calclllatiotls, using th(j paraflit}t($rsthat

gaie the best f? results. They hat.r productt(l ii good match in tb dip region.

althc !Igha little high for r+s Ileo ‘1’lwsilllilarit}’of t}wsJrmrIwtricpairs is obvious
(diagonal fron] each other in the figure).
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1.8 Summary

lt~~nlost dranlaticfitatures of thcfortvard-hentisphvr~ results aredueto the
Xsr’({ip. ‘1’hcsitllpleratios p+ andp- werc well-reprotluced t~ythe Simple-Model
calculation dorw in Sec. 1.6.4; tlw most important i:lpllt wasthe rr-nuclecmamp-
Iitlldcs. which were taken from the k’Pl phase-shift analysis, assuming a non-
m<wing nucleon. The calculation failed to reprodilce the bump in r2 . In that

t“alcu!ation, [lackward-lle[llispl~el.evalues of rl and rz deptmd most!y on the radii
used ill the exponential form factors. Kinematical consi(ierations indicate that
!Ilu!tipit*scattering sboui(l be relati~.ely more important in the backward hemi-

sph(’rv.
(’calculations h}’ Kim and collaborators [KimtW] [Kiln&17]failed to reproduce

tht~ ratios but did show that L’oulomh interference could make important contri-
butions in the region of the NSF clip.

f:inall~’, calculations by Gibbs and Gibson [Gib91 ] y’ieldtd precise values of
b, and JO and matched the forward-hemisphere cross sections and R data quite

well. ‘1’his calculation included (’oulomb interference in a potential interaction
nmdel. The authors statt’ that they need to includr XCSB in tile form of added

proton repulsion in a nuclear model in ortier to reproduce the Jalues of o+ tmd

p- follnd in the scattering calculation.
Backward-helllis~}hcre measurcnwnts will extend the pion-elastic scattering

data fronl ‘1’and sHe ir]to previously ullchat-ted regions. Data taken farther
from the SSF dip w’ilinot. suffer the difficulties due to the steeply changing
arllplitudcs in this region. and so it rlla}”he possible to Ilnderstantf systematic
of th(’ scattering calculations that are obscured near the dip. As the scattering
angl($ alJpK)it(”hCS 1SOO.the spin-flip arllplitlld(~s approach zero. and comparisons

.!~1(,,r~)i,g}ltI-wrmea]ing.witII sf”at t t’ring frorl~spin-zero nuclei. spccificall~.
“l”}le(Ill(wtion of (“llarge-s~’rllrrl(’tr~.brt’akillg rt’rllaii)s. In the backwar~! hemi-

sp}ler~”,wc rllight (’xpect to benefit frorll a lack of ( ‘OUIornb interferencc, if this
latter is prirllar-il~.manifested in the rcgioll of tht~ SSF (lip. as suggested by the
authors rl~~vitioned ill Sec. 1.7. Howe\wr. the cxp~’ctml increase in the importance
of multiple scattering in the backward hemisphere may. int reduce complications
that outw~eigh the benefits.

historically, measurement of the excitation function neai- 1$0° (Experiment
# 1061) v::.s proposed to and accepttxl t~} the I.A\l PF Progranl Ati~’isory Com-
nli ttec beiore the angular distribution experi rnt-mt( fixperinmnt # 11.5.5)was pro-

!()~~ ~BriS6] stated that the primary pllrposf?of~)osw{. Tht= proposal for ~xp. .
th~ f~xpcrirll(~ntWasto prt)~”;r]eT-I.ar]d r3He cross-section data in kinematical

regions prm”iousl~?Ilncharted for three nuclt”i. It was noted that comparison of
tht’ (“},argc’-s~.rr~rrl[~tri{-rat ios nt’ar the >“S1; dip. whcrr non-spin-flip scat trririg is
nearl~”zt~ro. to t tw ratios rlwasllred near 1SOO,w“tlt=rc’Imarlj. all of the single scat-
tering is spin-flip (recall tht”sine depmld(wce of the sl~in-flip amplitudes). might
show the relative amounts of \.(.’SB irl t ht~spi 11-f{ij~and Imn-spin-fiip amplitudes.

“1’heprimary justification for Ilxp, 1Ifi~)IIlri?li’] was a series Ofi)rt’lirninary



calculations by C ibk an(! C ihson [UriS7] show ing that a f? ralcll Iat ion at. !8[1
Yft’\’would he rather inscl~siti~v~to ltl(dt’1 variations iu thv dmrript ion l)f tho
~-llll(”h’()[~f~r~t’.and wellI(1{!(’~1’lld[l~{)st!}’011t.ht>llllck?arradii C“hfJS(’11 fOr t h{’
ntIclcol)s in ‘1’arid ‘1le. ‘1’}l(JJostatm] that a corIlplt”tt* angular (listrit~lltioll, an(l

thlls a co[llpl(’tv mmsurtwwnl of the r]wl:N~Iltum-transfw d(lptmd(mc(* of tlw prot)-

leIIl, woIIld Iw nwtvwry to correctly” dt’ri~w tlw radii (recall that th~>radills and
momentum !.ransfrr art’ related t hroug}l t}w form factors). ‘1’hcsc prcliminar~’
calculations t=vt~ntua]lyIt’d to tht~ full t.al( Iliat ion ant! t)ack-ar@> pr(:dictiorls dis-

cussed in %c. I .7.
The goal of this work is to pro~i(ie the back-angle t~xcitati(~l~-fllrlctiolland

aclglllar-(iistriljiltiot~ data necdtxl, to t’xtml(l the data Imse, to test t}w l)ack~”ar~l-
hemisphere predictions of the autl]ors discussed in Sec. 1.7, and to t*xplorc LIW
relative C:f$B of the Ilon-spill- [Ii p anlplit udt?s.



Chapter 2

Experimental Equipment and
Setup

2.1 Introduction

‘l”he expminlents were pt:rforllwd ov~~ra six w’fvIklwriml in the sll[llrlwr of
Igsg, Ilsillq the Energetic pi~)ll( ‘Ilatlrlrl itl)~lS]MV”Ironwtcr (11P1(‘S) at th~?( ‘Iinton

P. r\lld(mon \lwm Ph}’sics [“’acilit}’(I./\ \lPf:). which iY a part of the I,OS AlarIIos

Yational Laboratory}.. in Los Alamos. Yew }Iexico. In addition to thr standard
EPI( ‘S setup W(Sused an extra bcndirlg nlagnet, a special target chang(v an(l
high -pressllre gas targets.

2.2 LAMPF

l.;\\l PF is a {ll:art(~r-r]lile-lorlgproton itccclmatur that proflucvs it I)(”arll
of 800-\!e\’ protons at currents of up to 1000 pa. in a~l(litiorl to the rllaill
proton beam (H+ ). H- ion beams can bt> transported on the opposite ptlas(’ of
the RF. ‘1’he11- beams serve the proton and Ilf’lltrorl scattering ar(*as. and car]
be polarized for some applications: t tl(w’ Iat trr Imars:s w’tv(~J1O(Ilsmi in t }I(WJ
experirrlents.

The protons are focused on gral)hit~t ~Jrt~~lll(tit)rltarg(.ts to l~rodllct~sM-
onc!ary”pion beams. Pions of t“ariolls rrlt~rrl(’rltaar(’ sf’l(~ctwiby magnetic opt i{;il
systems (‘channels”) which ;!avc mtrancm at a rlglm to t }Ie proton bearrl dow r)-
stream of the targets: the angles arr select ml to mitxilnize pion flux in a ,gi~xw
momentum range. I)ifftwnt pmn cbanrlels pro(lllcf~ piorl beams with flifffm~nt
qua]it?es, such as special enmqjo- rarlgm itrlfi ii nvari}’ (iispvrsed momfmtl]rn. ‘1’hc

~ion beamS aW fO(”llSf’(i011 IlllCiear tar~(’tS. itrl(i t }1(’ S(Rattf?rin~-reaCt iOfl ~IXJ(ill(”t S

are anal~”zefi in or(i{’r to tlntirrstarl(l fhf! r(>ii(.tit)ll IJr(j(.vsses ar]fi II It irrlat(”lJ t ij(I
Ilucicar SIr[l(t IIrc of the targets.



2.3 EPICS

2.3.1 Channel and Spectrometer

the lt’1(’S charrrrcl pr0ducfv4 a ph)rr htIaIrr with arr cnvrgy rarrge 0( 70
:100”.llc\’. Itrt’ btmlll is S Clll wi(id itrr(l 2(J cl]] Iiigtl With it V(’rtictil Ilrollrtvltunl
(Iispt’rsion t~fIOcm/prrctnl. “1’tlt’l“a~~for ~+ is iit)ollt :j X 107 pt’l” St’f”(~ll(l ilt 70 hlt’V

.X)O\.lt,$’. 1{at(ISf’ur ~’-art’ ahoutand ilt(”rtutstw10 abotlt ‘2tix 10: pcr sec{)n(i at. -.
(Jlle-tifth of t!lt’ 7rr rates. f{t’ptwdillg on t.ht’ Lt’a[ll t’rierg}’; ttl(’ rilti(j rt’lltv:ts ttlt:
I“t?liltil”t’production rate ill tilt’ griti)!lite tiil”gt’t. ‘1’hc1)(’alilis monitor(~t{ il] stw’era!
w’a}.s. I’tlt’rt’is a t(~roitl lll)strt’alll tjftllt’ I)rutllll:tit)n target irlthf! prott~!l Iillt’wtlittl
nmllilors thr protml (Stlrr(mt. Sinct’ t}w l)ion proflll(”tioll at al~)”partitlllar tv](’rgy
iill(l itll~lt” ( tt!t’angh’ of t}l(’chal~rlt’1r(’liltit’e to t tic proton h(’alll) is ~)roportiolliii
to th<’ proton currtvlt. tlw toroi({ cllrrtvit is proportimlal to tht$ pier! curr(vlt.
IItm”tw”er,if the pri[llary proton }Jt’a[ll is shifttvl slightl~” dlle to tuning (:tliiIlg(’s
ill tht’ a(”t”t’ltv”iitOr,it will hit tht’ ~)rotlut.tion targt$t at a slightly (liffmx~litangh*
il[l(! locati on,” causing the pion fillx an~!itnglt” to change CM‘A’ell$‘1’twreforeth(’
l)roport iol)itlit.j’constant between the pier; hean] currmlt and that of tllc prott~rl
ll(*aIrl. as rlwasllred b~”tt]t’ toroid. is (ltlpesldtlllt on the proton-htvull stt’(’ri)]g at
t 11(:pn~fluction target..

“1’llt’stxwnd nmnitor is al] ion (Chitltdjrr in the ~)ro(ill(-ti(~n-targ(~tlmx that,
i“i(~w.s tht~ graphite pro(!uct ion target. :\s t!w ion-chalrdwr current is proportional
!() thtt proton-lmiml l“urrvrlt. I!siJIg tht~ forlner to nornlatize the pion Iwa!n has
t ht’ sallw pro bit’rns as usirlg the toroid does. ‘1’his rr;or]itor failed (Illrirlg the
t’xptvirI]t’[lt: it has not htvn Ilstd for MI}’f{llottxl reslllts.

“1’hc prilllary pion-tjt’arll rlwnitor is an ion challd)er that vit~ws the pi<)n
ht’~~rrl/!ir?’(”tl}”. [t is mo[lntf?(! 011a Starld i[l tll(! (’!([) (?rirll(’[lt ar(!d ar]t~ II]t(’T(”(’jJtS

the ht’al~i after it i~assm throllgh the target and scattering chandwr. This ion
t“}iitm}~eris fat:e(! w’ith a 1-inch graphite s!ah to reduce t ht. number of protons
that itrc dt’tertt=tI (protons arv present in the 7r+ bear?i from scattt~ring Oft}W
l)rotorl” })ealrl [)n the pr(~tlllf.ti(~rltargf>l). “I-hecurrent frorll thr ion chanll~er is
proportiona~ to the total cll(’rgj dt’posi[td b}”all tht’ charged ccmlponents f)f
ftw LeaIll: srlllons. (4wtr(~ns. l)rotorls arlfl pions. Since these constitrlcnts arc
il] (onstatlt proportion tt) each ot her at t’ac}rtmt~rgy, the ion- chamher cllrrent is
proportional to the pier! cllrrtmt at each energy.

Stwstrorn [Src$ I] foun(l tttat t hwv is a proportionality’ inconsistency Imtween
7+ anf! T-. (}ll~ntif~’ing t}~is dilfmence requires a detailed knowledge of the
piorl-f)varn cori’position anrl its interaction with the ion-chamber gas. This is
not important in these cxpt~rirntwts. hf=causc all cross sections and cross-section
rat ios have t“ielfls of Iikc polarity” ill kti~ their nllrnerators and denorni nators. so
the proport~or)alitf” constants rarlct’1 (sw (:hap. 3).

]’rOt(JrlS Carl })(’ rfWIO\’(’dfrorll [II(’ [)ion l)~arf) h!’ moving C)rl(” or rIIC)rf? pO\~-

ct hc!enc or ht~r-yllillIIl(Iegra(ler-s irltf~t}lt~twanl in thf’ channt=]. A proton traversing
?.hc (It’gra(lt:rloses more (’nt$rg}”t I\iirl it ~)ior]()( the same Inomt-wtum. r\ftm the

:]1)



t rii\”(’r’Sal, passi [1~ t ht! Iwanl t}1I“\)llg}lil l)t’l 1(1iIlg [I lii~[l(’t S(’~)iII“iitt’sf.t]~’Ioti’(‘r 111o-
ll~t’ntunl protons from the pi[)ns. ‘1’11(’[)l”ott)llsIIiiss L}lt’Ldl”,gt’tilt t tl~’f“rlti{)f tilt’
(’hall!lt’l illl(l arc IOSt. 1!1 this exptv”iIlk’llt, t tl(! }JI”t~t(Jfl S 1111(] t tl(! p iollS \\’(’l”(hIlot

kill(’ll]at i(”iill~’ Illi~tCtlC$(! itft~r sf”attt’rirlg$t hilt is [!It’ S(’;lt t(’1’t’(1 [)!”( jf f)rls tlil(l t()()lit.

tl(’ rlmrlwntlllll to lnalw it tllrollgh ttlt’ sp’(-t rotr](’tf~r , S1) t Ilf’ (!(’gl”i\(l(’rS wi’r(’ llt)t

Ilw(l.
‘!’}1(’Chanrlt>lt.vr[llinatcs at tht’ S(”iit tering cllaillt)(’r, which tl()1fI>jt II(stargct

in \’ii(”llll 111. ‘1’ht>channei and scatlerill; charlltMJrart> oftt’n VaCIIIJ III coIIplcfl,

hut tht~ s(-attering chalnlwr used in th(’ ha(”k-aligl(~ svtlii) for t.htw” t’.~l)(”rirt]t’[lts

rotiit (’s w’it h the Si)t’Ct. rOllld(’1” i)ik’ot. and no prw”isi~)ris Ilii\t> !)(’(.!I rrlil({t’ to l)foi’i({(”

(xJil[)liIlg. [nstead, the heam piix? was tcrnli[latc(l w’itll ii Itlill liapt(~ll w“irl(l(~w’.;\
ft’w’-i[lctlair gap stq.mratmlit frolll the nlylar window of ttl(’ s(attfvirlg (tlafrtt)(”r.

\J.\ll(.~l \\.i\s Z,?, ~“111 x 120 CIII \)\’ 0.03$ {-II}thick. ‘l’tit’Illj’lAi M’itS t’poxit!d to aIl

alllr])inlltll friilllf’, a!ld this frarlw was t)Oitf=dto the windm’ frallw of t ht. scaf f.ering
chamht’r. l{ntrics to the scat tming rhall~her rc’f~uirt*d r~~leasingthe ~’acllllIIJ ii[l(l

rmno~-ing the frame, which llt~xed the window and g]ue. J\ new window was
required e~-ery few entries.

‘[’he sl)(’(-tl-t~rll(>t(’ris mO[lnte[ion air pwis and can ht’ rdattd Up to a floor
angle of 120° relati~’c to th(” ht’am. It consists of tww Iargc dipoles that bend the
h(~arllin a lecrtiual p!antt for rlmmentultl analj,sis and a quadruple triplet at the
spect ronwter”s ent rancc to prob’idc point to point focusing in the vertical plant’,
whi~”hmaintains the IImmerlt UIIIdispcrsiotl of the incoming beam. and poirlt to
parallt”l focusirlg in the horizontal (scattming) plane. ‘[’t)(’coordinate system at
1{PI(“S is rig})t }Ialldcd wf~ththe positi~’e z-(lirection along the Iwarn. ‘1’hex axis
is posil i~“t$IIOW”” lj”ar({ it I ~! the }“ axis is I)ositi~t=to the icft. lookir]gdownstream.

l’~rticlt: II.. ks al wnitored wit t) t hree grcl Ips of wire c}lamhers. ‘1’ht’first
grmlp t)ratkt~ts [IIt”foI , plane of the qlladrupole triplet.. om: x-direction and
ont’ ~-direction (.hanlht’r ilpstrram an(l t Ile sarrw x-y combination (Iuwnstrean].
allowing (Icterr]linat ion of the x and .~”imsit.ion of a particle track as well as the
all,glt’of t he track wit h respect to the central ray.. .-Ifter the dipolw four x-y pairs
art} 1lsM{to an al~’ze the position and al)gle again.

“f-}Ir(V! scintillators pro%sidem-ent tillling. ‘1’ht~first (.$”l) is jllst before ttw
,~0:1] ~re })e}liltflthe Imt chambers.f,tjrlt ~-harll~>(:rs,and the second and third (.~’?.

V\g~md t’~”entmust be seen })JCat least or]f’ pair t)f front charnhers and the two
rt*ar scint il!ators; this combination forrlls 1!;”~trigger. .$’l can he remm’ed from

(hc flight path. as was dorle for this ~xiwrirtwnt. \\:hen S1 is left in, it is included
it] t.hv trigger as well. A time-of-flight corrw.tion is done between the front and
rear ~~et~v.torsbased on the particles twtw”g}~as w“ellas its calculated flight path
lcri,ttl, in orth’r to reftmvlcf’tw?entsin the front and rf’ar of tht’ spectrometer to
a t omnmn t irne.

fi’ig{ir~’2.1 is a schvmatic diaqranl of thr fIPI(‘S spwt mmrtm, seen in the
k’m”:ical plane. A hard~vare trigger is lllit(le from signals from several component
(ltl~~ctors of t lw spt’ct t.-ni,xer. If each c f thmv (Ictwtors outputs a logical signal

sirmlitarleollsl~?.it indicates that it part iclt~has passwi t.hrollgh t.h~compl:’te spec-

10
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Figure 2.1: A schematic view of EPICS from the side.



trometer. A logical AND is formed atltl i;lput to the LAhl I’F t,rigger module,
which is a rack mounted module with several inputs. 111response tO iii) illpllt,

such as the event trigger, the trigger modu It?signals the tlitta.-acqu isit ion systenls,
ot”er the data bus, that it has an event to hc procmsed, itt](i i~)(licittrs the event’s
priority. Recently, a buffering capability has been a{!tltvl that allows up to 15
e~cents to be stored and rea~i out ]ater. Tlw LA}11’1~bcmm strllcturc has a pulse

that lasts for about 10!ZOof the RF cyclt~,so that data can I)(;store(l (luring the
pulse, and then read out from the buffers during the tinl(’ between pi]lses.

The cietector outputs arc processed by tin~e-to-digital (’1’DL’s)conv(:rt(yrs,
which digitize the time between start and stop pulsrs, an(! ii[liil~g- t[J-(ligititl COn -

t’erters ( A DC’S) which measure pulse height. Also, s~:iiliir registers keep coltnt of
pulses from discriminated detectors and current digitizers. ‘!”his data is storm{

in the buffers and read out for each evellt. Readout is controlled by a I.AJII’F
Llicro-programrnable Branch Driver (YIBD), and thv m“ents are processed and
writ ten to tape by a micro- Vax computer.

On-line analysis is also possible for most of the events. depending on the
data-taking rate. The angle, momcr~tum, and target location of eiicll scattering
e~vnt are calculated using the wire chamber information (see Sec. 2.3.3). The
excitation energy of the target nucleus, ‘missing mass’, is calculated from these
results, and all of the calculated and raw data are histogrammed and can bc
displa}’edimmediately.

2.3.2 Wire Chambers

EPICS ilas six x-chambers and six }’-chambers. Thci r construction, calibra-
tion.
with
each
c!!~~

and operation are discussed i n [.+teS 1] and [XIorS2]. They are drift chambers
interlea~.ed sense and field wires. The signal wires are 0.8 cm apart, so that
drift cell is 0.4 cm. Each anode wire is connected to a delay iine. Both
of the de~a~’I:sle arc read out, and each is used as a“‘1’I)L’stop; the times

recorded for the two ends arc called /, and Il. A sum (t ~ + tl s t~ ) a:ld a
difference (t, – tz = t~ ) are formed for each e~wlt. The sum is the time it takes
the signal to propagate from one end of the delay line to the other plus the time
between the start, and the actual event. plus twice the time it took the signal to
get through the drift cell and down the signal wire to the drift line. If we assume
that propagation down the signal wire is instantaneous, then t,
equals the drift time plus a constant. For EPICS chambers, wc assume that each
drift cell is uniformly illuminated, which is reasonable for such small cells. Then,
the number of particles seen per unit drift time is

d:b’ da}’(1s
x=

—— = (W(l)
[1s (it

where s is the drift cell position. Integrating gi~“es

t d.\’
.s(f) = :

/
—(it

c o (1/



so .s is it function of t, ‘1’ht’histogram N(/~ ) is binned in 0,8 ns bins, and
thtr, i!~tegrated to give a table [or .s(/, ). ‘1’hiscreates a lookup table for s, with
a nolnil~al resolution of - 40pm [hlor&5].

‘1’hc(Iifferencc in the timm (/1 – /2 ❑ t~ ) is ust!d to decide which ire was
hit. If we assuIne that

.r = (1u+ a I t~ + a~t~ 2

whmc J’ is tht~ position along the delay line, and a2 should be small, then if we
histogram the quantity

k = Iie(lrt>.stinteger(~)w

where UIis the wire spacing, wc CaII find values for a. 1,2by minimizing ~2 in

[JlorS2j. :\ll of these calibrations are done with standard EPICS software.
‘[’he interleaved cathotie wirm arc bussed into two sets, the odds and the

ovens. “1’hus,a signal that !]appcns in a ceil will be seen either by an even or
an mid (at lmde wire, and this signal allows us to determine on which side of the
si.gna! wir(: the el’ent occurred.

2.3.3 Calculated Quantities

The wire chambers are ustxi to measure right quantities for each event.
“1’htw are tht~ x and y ~msitions in the front chambers. .Yj.u,,t and Y~~,,,,,t, the
angles the track makes with the central ray in the vertical and horizontal planes.

Ofr,,nt an(l OjrJ,,t , arid the equivalent qllantities in the rear chambers, .Yr~,l, ,
~..

rear . 0reor and Or.,lr . These are enough to <“alculate four target quantities,
.Yta,gct . }“-t(lrget?hlryt anti of,1,9,. . corrtwpon(iinjg tc the values of the positions
anti angles at the target, that is. at the scattering event..

Each of the target positions anci angles can he written as functions of the
chamber quantities, for exallll)le

.YCflrjrt = al] .\”jr,,,,t + a]~ };ront + . . .

+ (Ill .~”fr,,,,t 2 + (fzz.~jrontYjrmt . . #

wherf? tern]s are inciu(icv.1Ilp to t }1ir-d or(lcr. In or(kr to fin(i the coefficients.
. .st~gIIIf?ntC(J targets arc IIS(YIto gil“t’~it’flfllte Y-alues Of .Y~arg~t ami }’~ar~~t. For

exarrlph~. to calibratt’ }~urj,~ , A s(tt of three vertical graphite rods are placmi k
a standard EPIC’S target hui(i(’r. If a rudimentary set. of coefficients is a~”ailable
frCJffla tJC>i3111C)ptiCS-Ca\(”ll[~tioIl. ttlfvl tf(tsfic-scattt?ring events can be predicted
fairly wd frmn the chatnber qualltiti(os. (Mastic events are necessary so that a
complete kinematical calcillation ran tw performed for each event). A reasonable
l’~q,Y,fhistogram can be forrrwd Ilsirlg I]IVSCcoefficients. Since the position of the



ro(ls is prccist’lj’ km)wn, (Iach hroad P<ak in th intcrr]diatt) histograin can be
,assigrhvl a true Y’alm’ of }’~urger, “o”J this value, an(l these for rllally other (“vents,
‘“ii: I I)t’ Ilst’(! ii] tht’ itt)ok”t” vqlmtiotls to SOIVt’ tor tht’ tl”ll(! cor!fici(’rlts. oll(:t” tht!
fw(~t!it.ient ,:rt*(Idcrrllinc(! (this is A) (lone with standard 1;l)1(;S software), a file
of t h{’(-(~(”!ficierlt.sis created. \L’hen itri evt~r~tis anidyzvd, thv charldx?r quantities
iir(’ tondji Il(d with thv approl)r”iitte cotdiirit!nts to gt?t L}lt:targt’t quantit it>.

[[1ord(~r to gt;t the cot~fiicient.sfor O~~,g~faf!(l @f,,,~C(, wc mwtl rmt only a
set of rods, b~lt it set of slits as well, in order to }law’ known mlgl(w to look at.
‘[’lwslits art) ptaml beyond thr rods, so that the itIIgh’ l)rtwt~tjriii ro(l it[i(l it given
slit is krmwn. ;\ two {Ii{mmsional plot of iiIlglL’ us. roll posit ion shows [iifftmmt
grmlps of points; t?ach group refers to a rod itn(l angle, arl(l groul)i rlg t II(’ points

for (“MIIangk giws the kuowrt qllitntity netd(d for t,hc’polyllo[]liiil” ciilil)ratiorl.

“l’fIt* sanw pr(xtwlurt~ as for .Y,,,,9~f and }~ar~ct is followtvl tht’rt’after. O(Ur~,(and
Ot,,,jrf wtv”crmt tt’(”ii IiLratcd with the bending tlutgl]t’t irl plwt’.

u,/lP,.&it[](] (f),.h~,.~ttr(?Ilst’f[ilq[]antiti(’s as Wt’11.U,.he,+is th(’ (]ifit’rt’[1~”(’t)~’t~$”t!en

‘jrdnf illl(i Ore,,, . W’e (xpwt that the optics wiil prtwrk.c this itrtgiv. itII(i so UCACC~
shou i(i b(~zc’ro. If ii piorl (itx”aj$sinto a r]luon during its f]ight iJI tht”spec t runwter,
il!l(i t }mn t ht’ 1I]I1oI1Is tit’tmle(i I11t II(?rear Ciliiflh’rs, OjrOnt will not be ttw same
as 0,.,,, }xw”aust~tlw flmon usuail). curm*soji at an angit:. If the allgie is large, then
t tw rnuorl wiii nut t~e withir] tht’ sptwtromvter’s acceptance, and so the event is
lost. ilowever, if thv (imay }lappt~nsat orw of t}w sptx.trmneter”s focal points, the
A(”(”t’l)t ii[l(”(’ W“ii1 I)f?iitrgc, ami the nluon [l)ay not i)e iost. In this case, rquiring
u,.~.,.;:all(i f~,.hc,.~to })C\\”ithin io n~ra({ of Z[?ro is an df~’d.ive l~](”tho(iOf rl)llo[]
wjtw.t ion, as it’ss t tmn i % of decay muons faii within this corw at 11P1(‘.Scnerg it’s
([\ IfA5]. ami scw SW. 2.3.4).

b is ?,hcfractional (iiffcrcncc in tht: particit~”s m(mltwturn (p) frtml tile central
nmnwlitum of the spvctronwtm (p(l),

~ = p – p,,
——

p,) “

it is c“orrlputed frutrl ml t:xpar]sion iikc tiw targt’t (luar~tit it’sw-v: it is also calihrate(i
u’ i!II t’iii!it it- scattering.

(~rlrt~.l-tnrYr, has Ixwl calihratml. wv>(.it[l tt”ii w“ht”r<’,, ttw x-dirlwnsiorl of
rht’ targt~t the parti~”le scattered. Sillct” x is tilt” (iirm.tiorl of the bt~itrl)tiispt’rsion,
wt~know. tht: incoming- part icit’ monwrll Inn. Sinct’ wv know ttle outgoirlg angle
ilS w’il. w’t’ iinow the moment urn of t}It”i)art iciv, and if we know the ctmtrai
Ilwnltvlt Illlr of the spectrometer. ww know” tilt’ true 6 for eiasticitliy scat torcd
part i(.ies.

I I



The calculated quantiticsgi veacon~ph~e dcscriptk)n of the scatterirtgevettt;

incoming and outgoing nmmenta arc con]plete[y spccifietl, and so a description
of the interaction that includes nuclear excitation of the target is possible. The
s~~’ctru[]] of s(”attercd [)ioI]s is ~lotte(l as a fun(ytion of th~’ e)(~iti~tio[l (?[ler~y {Jf

tht’ targrt, aIld called II]issing nlass.

2.3.4 Muon Rejector

Muons in the spectra (-an come from several sourcrs. ‘1’heyare present in
the pion beaul at t}le level of a few ptwent. !$ince they do not intmact via the
strong force, their cross sections arc nlllch smaller than those of the pions. ‘1’o
get an order-of-magnitude estimate of this prohlerll, we r:ot.e that the (“oulomb-

:-) smaller than tht~strong-forcemuon cross sections shOill(i be on the order of (~ 2
dominated pion eiastic cross sections. Assuming the kam is 1OYomuons, we
would have a fraction of nmons in the scattered pions of & 2 x .1 = .5 x 10-6,
which is negligible.

Scattered pions can also decay into muons. Many of the muons from {iecay
can be removed by the angle checks (fjec Sec. ~.~.:~), but sonle wiil be inside the
10 mrad cone used for this test. Furthermore, if the decay happens befort? the
first set of wire chambers, then the muon wiii be a lt=gitirnate particie in terrrls
of this test. These muons form an extra backgroun(i in all of the histograrr)s.

Figure ~.? shows a spectrum for elastic scattering at 120”. Pions decay into
muons and neutrinos with 30 MeV/c of momentum in the pion rest frame. ‘!”!v’
deca~. is isotropic in this frame, and transforms into fmwd anti I)at-kwar(i me’s
in the lab frame. F-or 1S0 $leV pions. scattt:ted from T at 120°, the half-angle of
the cone is 9°. much larger than the 1.,5°haif-arlgle of the sp(’ctr(mmtcr acwptamv
in th~ y-z plane. At these kinematics, the pion has ‘24.5McV/c rrlorlwritul~~.an(i
muons that deca}” paraiiei to the pion momentum. forwar(i or bm+war(i. ham
momenta of 254 NIeV/c and I:l? \leV/c, respective}’, or (icltas of of :J.W an(i
-46%. The positit’e vaiue. which correspcm:!s to counts to the left of the peak

in missing mass. is well within the accept:i rice. A 3.7% delta corrrsprm(is to
-7.8 MeV excitation in the pion missing mass spcctrllm, about 800 (.hanrmls
to the ieft of the peak in Fig. 2.2. \luons w“ith angies to the central raj” of
1.5° wi!l hake forwar(i nmmentllm of 2.54 \leV/c x COS(1..5’ w 254 \le\s/c. since
cos 1.5° = 0.9997. so the resolllt ion of t }](Smuon and pion peaks shoui(i I)(’sirrliiar.
Figure 2.2 has a mark at -Y.O\l(I\:. to show the location of the muon prak. ‘1’he
base of the pion elastic pt~ak is z s Sl(J\’ wi~lc. an(i assuming the sanw base for
the muon peak. we wol~ld not have an!’ o~mlap of the taiis.

The distance from the target t.o tlw front chambers is about five nmtt!rs. !n
i?% of the pions decay. sothis distance, for 18(J Me\; pions scattcrrxi at 1?OO,~- .

about haif of the partir-ie-s passing th(~ first chambers are muons, If 5% of these
decays are ifi the forward (iirection such that tht? muons matcn the spectror;wter
acceptance, the muon peak on th: lt:ft si(lc of the pion ei~stic peak wili have
,5% of the Pion peak’s area. The sp(:ct rum shown in Fig. 2.2 has th(~ srrmllcst
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means that the muons cannot
should not he used.

2.4 IIX.JRYDICE

It is nwxwitr}. to add an

to reach scattering angh’s greater than 1100. ‘1’tlisIIMgIM~t is calhvl 1l[:l{}’l) [(’1{

[BurS6], and it can be run at eith(,r poliirit], anti at field Calllcs i,, fJxc(Issof 15
kG. “1’helxlagnct l)ol(’s art’ (JIIL’rlw(t’r ill (!iatllt’t(’r, an(1 t I:f* po~(j gal) is ‘2.7 (“III.

E[~RJ’!)l(’F, is plat”(’t{so ttlitt its fit~l(lis ~)t~l”~)t~[l(li([llit~”to tll(’ scatt(~rillg l)tii~l(~,

and the scat teri ng target is at t he IImgnt:t pok’”s ct’llter. Jncortliilg illlfl ol;tgoillg”

charged part i(”kw ii r(~ I)t’llt h!” ttlt~ nmgrwtic fivl({S(J ttlitt ~)itrti(”lt% S(”ilttt$rf”(l into

the backw’ard h(ttl;isphtv”v (“an h? S(!UI hy the sp)(”t rotl)t)t(tr. w’llich is at Iflorf?

forward itl!glt’s.

Tht>standard 1{P1( ‘S pik-ot is IIIOV(B(l flownstrc’arI] .52 (-111fn~lrl its tlfJrllml
position. ali(l tht* spfxtrolIwtcr is nww! hack along its pi~x)t arlll :10 (“n]; l)ottt

adjustments are to accoI]lnm(latt~ the sim of the lmgr~t*t am! scat t(”riI1g (“t)arnt)~”r.

The scattering chalnber is built into ttw spaw I}etwecn thv lrlagnvt lmlCIS.itnd the
sped rometer couples to this cllar]llm. w’hirh has thin rllj’lar win(low’s w’}lmet }W
main beam cntt~rs and exits. If t hc wil~dows are o~”erstressvti. t h(’y call rl~l~tllrt~
when t hc chamber is pIliIlpc-fidown; tliis ilitpptv]eti oricv (iuring t ht~expt~rillwnts.
bllt [10 daIlla#> WaS (k)!le tO !,h’mtaI”~f’tS (Jr dP\’iCf!S ill t]l(’ Challlb(!r. \\”il(’11 tilt’

spect rc:IIlet er is rot ate(l. 1hc IIlil~IIC*t rot ah’s as we] i. so thc sar]w j)art of t INS
magnf t is ai w-a~’sfacing t hc spcct romctt’r. “1’heinci(ifmt I)earll pipr is f“tnvwv}

wit h a ii iil)tcm w-infiow ! ilat faces t iw Illy”litr~~.intiow (Mlt il(’ scat tori IIg chitll)i)flr.
so t i:t’ inCOIIIinq h(~am nlust t ral’(’rs(’t tlt’st”tw’owiIIfi()\\esan (1a srlIaii iiir ga j).

!.’i%llr(~~..~S}lOW-Sa ~(”h~,rllatic ~“i(~!~”of }{[“i{}”l)]( ‘1{.Iooking (!OW’11at t II(’s(.iit -

tm-in,qplarl(~. “i’hebeam enters fr(Jm t}w ieft azlti is ijwlt tfm’arfis t hts titrg(’t. wtlicll
is at tilt” nlagllt’t “s center. S!ost of the tx”tilll contirlll(s (m throilgh tlw target.
through a rll:;iar win(iow opposite !hr target. all(i (mt into tilt’ (~xpvrit]lmtai arva.
One of thv I)Caitl fnonitors was an ion clianli~(’r (til(’ Ilse of this tx~arll nmnitor
is what distinguishes norm f among tht~ norrljaiizat ion factors) whiril ~j”asl)iitcmi
just bey.on(i the widow to intercept ttw i)ean}. ‘I”lwscittterwi partici(”s arf~I)mt
to the’ right as they exit. an{i the spw-t r(Jm(’tm is piac~vi so t ilat. WC}NWt hv j)rol)t~r
fiei~iis tlstxi. the scattered particle tra~”visitiorlg a ~)ii*h ~)arail(~i to tht’ slxvtronl-
etcr axis ont”t?it lea~”m the fieid. .yot(” that t his is ,I]wa}”st tl($.saln( ~)at}1: t hfg

fieiri is st~lectcfi so that particics of a gi\v’lt rrmriwntllm have th(~ra[iills rwcvssar}’
to follow that path. Since t,he rnagn(~t t I]rrls w“ith ttw sp(wtronwtvr, t ilis 11)(’ans
that partirit’s fmterirlg the spcrtronwt(~r iti\\’iL}”Strasvi ttlrough the sitrtw pilrt of
the rlqqrlt:t, rt”giir(iit.wsof kin(:nlatics a[l(i :wiit~(’ring angie. ‘l-his is ari~?arltagt~)lls

f]ist ort ions (ilie to
point to poir]t ittlfl
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Figure 2.4: EURYDICE in place. Beam enters from the left, and the spectrometer is

shown at a floor angle of 80°.
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Fi:u1°c 2.5: EUf?YDICEgeometry for an incoming particle, figure from [Bur86~.

TIIC scattering geometry’ is most easily clcscribcd in two parts. The scattered
particiu IIm Icss morllcntun: than the incoming particle, but other than that, all
of the gcornctrical factors have tllc same rclationsl]ip before and after scattering.
Figure 2.5 SIIOWSthe geometry for an incoming particle. Several parameters can
bc Mfl(xi hcl”c:

D -— the d:-tance that the magl:et’s center is offset from the incoming
beam,

W— the bend angle of the i;lcoming beam — note that this ang!e is repeated
several places by simple geometry,

P— the radius of curvature of the incoming beam,

R– the effective radius of the magnetic field as seen by the incoming
beam.

Two relationships can be (leri~”ed frcm this geometry

D = R2/2p (Lnd

sin( 111/2) = R/2p.

x,)IJ-
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Figure 2.6: Compiete scattering

\
F

geometry for EURYDICE, figure from [Bur86]

The outgoing particle has the same relationships ( imagine that the particles
are reversed, the outgoing particle now incoming). The variables are denoted with
primes. Figure 2.6 shows the complete gcometr~. D’ and p’ are fixed values —
the particle always travels outward along the path shown, and the spectrometer
position and magnet field are adjusted to make this so. Once the magnetic field
is known, for a given scattering angle and momentum, the incoming parameters
are all determined. The field and the incoming momentum give p = p/O.299791?,
and the relation given earlier determines D from thwie values. The scattering
angle is given by

es = lr – UJ~

and the floor angle for the spectrometer is

eF = ~ – (w+ w + v~) = es – (w + w’).

The floor angle referred to here is rcla.tive to the EPICS pivot. I[owever, since
the pivot moves in order to set the offset, the true floor angle must be derived
from a knowledge of OF and the offset needed to match the incoming beam. The
spectrometer is lined up with radii drawn on the floor, and the offset D is set
using a pneumatic jack that slides the spectrometer on its pivot. A computer
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pr,.)grarn called EURYDS6 takes the target, mommitlln~ and scat tcri[lg angle its
,r,puts, and gives the proper values to usc for the olfsi’t arltl t ht. fltxjr anglt:, as

well as thr J{URYDICK field.

The field was moni torecl with an N>111 proh~ in th(’ wat t(!rillg (}]ii[iit)(~r.

7’hc prf~he is read out in the coullti[lg I1OI1SC’,w’here a rerlK)tt?col]t 1“01~J;LllcIlallol~-s

the pouter supply to be set Wllilc wat(”tlin~!,the pro~l(! rr;ulout, ‘1’IIc pfm”cr sIIpply

iS COI)[ rOlled b}’ Setting a COllt rol \’(Jlta~e, whi(”h is proport ionitl to t II(! 1]mg!l(’t

po~~rr supply current, and therefore proportional to the Il]agnctic ficl(l, w’h(’11ttlc

the sanw value by coming back to the sanw control voltagv. l)llring SOHICof
the runs the probe was not working and it was nccvssary to st:t the field by the
control voltage valucs only. There were 110ohvious effects (IIM to this m!ccssity,
and no corrections have been made.

2.4.1 Target Geometry and Ray Tracing

An incorrect 13urydice field map w-as used during these experiments. The
field map is used to calculate the effecti~”e McI radii gi~’cn the incident and scat-
tered pion momenta. These radii in turn allow the calculation of the proper
EPICS angle and offset. Since these calculations were made with errGrlcolls in-
puts, EPICS view-cd a different angle at each position than planned (usually
about 5° less). The momentum of the scattered pion at this new angle v:as not
what the spect rometcr WCMtulled for. For example, the first point was nomil]ally

120°. A ISO-\leL’ pion scatt, cd at 120° fron: T has momentum 244.9 JfeV/c.
The true scattering angle wa i4°, so the mu. wntllm of the scatter-d piml was
actually 247.2 \Iek’/c. The (.iljterencc is is (247.2 – 24-1.9)/2 .!4.9 N 0,9(70. ~\5 tJ1e
momentum acceptance is greater than *7!%. this do(:s not rnt’an that ttlc parti-
cles could not be analyzed. However, this difference does affect the pcrforlnance
of the muon rejector. Since the actual scattt!rcd pions have more momentum
than was used to calculate the proper aluminum thickness to use for the ranging
adjustment in the rejector, not all of the pions wiil he ranged out, and some will
be tagged as muons. The magnitude of this pion loss is discussed in Sec.2.3.4.

Another problem with this use of EPICS was the thick targets. The EPICS
software assumes all scattering comes from a thin target at the center of the
scattering chamber in the z direction; call this the midplane. There is no way
to get z-position information for the scattering events, and so thick targets like
ours introduce an ambiguity that cannot be resolved.

The Problem with Thick Targets

Consider a particle that is scatt(xed from the far side of a thick target
[the edge nearest the spectromctcr), and is scattt’rwl at a steep angle in the
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Ray Tracing

iIIlr”ill,gdnai~’sis. w’(*w’artt to eiir])initt~’as rl~any I)ackgroll:l[i collr]ts as pos-
~i}j]t.. Sirl~.~*t }1~.prin(”j])]t~I)a(”k,grf)llrlfjis t {)(*alrlll]inllrll side waiis of the target

(.iir]ist t’rs. wt. ntw(i to grt a goo(i i(iwi of w-hat rq)rmt’nts the walls and w}lat is

r]l~t ,~it$ \-oi11r]Ie rn Y’~,lrYeI. t hr i)rojvct ior] of tlit’ ?argf~t in tht’ y - z piane. I’igure

2.7 show”> how. scat tming from thf’ cm]trai part of tht’ targt’t is ~iistrit)llte(i in the
imr”izo!!lal l)iant’. “1’hri}plwr piot is a nlissing-mitss piot frf)rll ~+rr scattf’ring at

1i(;O. “i”iwfAiiIst ic pt’ak is (“t(’iiri)” ~-isit)h”. If we pllt a gatt’ arolln~i t his peak thv
C()11r[ts irl t I)(” ,gitt(* incill(it~ail of tht’ imrtici(’s scat terc(i eiast i(-ail~” t)}’ t tw gas, all(i

s(~rll(”I)dck,grolln(i. in thf~ region of rl)issing rr]ass col”ert’(i i)}’ thv spectr(~rncter.
lru~sl f)! 1ht’ !~ilS scat tt>rin.gis in th(’ t’iastic pf’ak. and S(J t}le gilt fI i(ltmtifim most
of t }11”I)art it”itx that were sci-tt.t t>rmiin the gas. if the I)afkgn)ilrlfi is not too large,
1i~tvifho gas scat f(“ririg is a iargt~ fraction of t ho gatwi I)articies. an(i using this
Ea!t‘ !.() }11st()gril rn } fq~g,! givfwjan i({t~aof ttw silapc of !tw gas voillrtle in Y’f,,,q..t.

‘1-ht’ tx)t tofll piot Sllow”s }’;,,,: ),( w“ithan(i wit h(~{itthis cut. ‘[’he iarge “wings’
(~rlIlw si{i(witrv (’iirnirlatt’(i h~’the CI1t. whic}] shows t hat they are not pre(ion~i-
rlarlt l)”fr{~!i]1Ilt’ gas. an(i so nmst collv’ fronl !})(’targrt waiis.

ill (~r({(v-10 see t~xartl}. w’htm’t.}w partiri(>s are going, a ray-trace proq:arn
W.;ISf~”ritt t“IIfor I; [; RY1)1(‘!1, using a sirI]pic t.ww-step l{ui(”rian integration. I;ici(i

L“aiII(.s [rorII A recent ficid mapping of I;1“R}’[)lCI; were scaled to pro~’i(ic the
ctjrrec t fiei~ifor a given kinnnlat ics. K’igllrt: 2.S shows the resuits for a flat target,
as is llsllaii~. llscfi at fi;PI( ‘S. ‘1’hr incoming ra}”s define the imrizentai size of
the arrtlai 1l!)l(’S Imam. ‘1’ht~sptv-t ror~wtf’r is showrl as it woiliri normaiiy be
iMJ~ithJrlt’d. ‘[”ho $i~f’drorll(>tf!l” }laS a goo(i” ()\”f’r{aj) tt’ith th(” SCattf?rC.(i partiCh!S.

“Iht” mwt step was to tlst’ a c}”iinfiriral target., as wax I)se(l in the expcrirnmt,
[S(’f’ Stw”t. 2..5). “1’iw target size was chos(m as the size o: tim gas voiunie. l;articles
(Vltt’r irl th! {Jf?am and [)ro(T!(ld to th(’ tar~f”t. olltsi~ic of the target (and not
slio!t”r]) is it r(~qion 0! ai Ilrll inllm t ha I mnt ri t)llt.t*s twcrgy !0ss; scattmi ng from
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Figure 2.8: Scattering from a traditional EPICS target, at 116°. Output from the trace

program. The pion beam is shown entering at left, scattering at 116°from a thin target ,

and entering the spectrometer. The rays are within the spectrometer accepta! as defined
by the tracing program (see text). The units are meters.



the aluminunl walls is not considerctl, In the gas, the particles lose energy due

to interactions with electrons, both before and after scattering. ‘l’he target is
I)tlilt up ollt of sn]alt pieces. l;ach piece is evaluated separately and the number
of scitttt>rt>dcvtwts that art’ acx”t’pted by the spectrometer is rccor(\e(l, where
~wt.ty~ta!I(”tJis dcfi IIN! its bt’ing with iII + 10of t}w central ray for the spcx:trotlwter,
and phj’s icalIy within t ht. Iwu t)ds of t ht. front y-direction chamber, at the position
of [}1(*first (Iipolt!.

,) () shows ~}](’fll11Ojrontl’ig,urc -.. histogralll from replayed runs rolrlpared
w.iLh c-aleuIated ~’distribution of the ra~’s from the trace progranl for four points.
Ol,u,,~ is nwasureci at th(’ front charIlt)crs, and is Iint!arly correlated with the y
p~)sition at the spectronwtttr tmtrance. ‘1’heunits of the @frO,,t hist.ogran]s Ilave
htyw sca!t’{i to the units from the trace program. ‘[”’hespectrometer’s center is
~tt +7, alltl th(~~(]gt>sat o alt(~ so. ‘i’hc~scale is expanded on (-a(:h side for darit;’.

i]ecause the linear relationship betwtw y psitim A dj,~~t is only first Order.
wo (!0 nOt txpect a perfect nmtch. Furthmrnwe th(~ replayed histograms include
t ht*s(”attt’ring frorl) the target walls, which is discussed Wow.

‘1’hcok.erlap for the four points is fair. At forward angles thcrv are no big
problenw, but at largc~angles the ccntroids of the trace results and th(~ replay
histogram do not line up, }Iowet”er, a wide cut. o!l the histogram, ccnttmx! on the
Ilistogralil ctmtro id,will include nmt of the gas ~’olumt’, as represcnttx-f by the
trace output.

Figu rc 2.10 shows the result of scattering from each target piect’. \laIIy of
t II(Sincorlling rays are not dccepttxl. This figure shows how the scattering at a
singlt” anglf’ is sprea(! out h}. tl~t~c}’lindrica] target: scatteri[ig at many angles w-ill
t)e iicceptvd fro!l] al It’ast part of tht’ titrgct.

h’igurt~s 2.11 . 2.12 , 2. 1:] . iifl(l 2.11 show scattt~ring fronl the front part
of t hiDtarg(,t,that is . the imrt first illt(~rcepted by the l)ealll. which will he
t-alled t ho onearside’. anfl fror[l thc oi~posit(’ or ‘farside’, wall. At mort=-forward
an glt’s. rat”s coming from the tww w’ails are WCII separated. .I\s the scat! c:ing

iti Ig 1(*in(”reast!s. t ht: separation is 10st. an(i 1ht’ ra.vs cover the mt irr spect. roiil(!tt!r

erltl”tin(:(>. ,I]though the runs w“t’r(’ do[lt’ .,it;itl, gas s~atteri[lg OIIIJ’, t.ht? alul~~inun]

\\”dl]S of tht’ CM Wj]l hat”t’ tho SiiIIIV (“Ol”IY’liit 1o11 W’j th S(”attCrjn~ a!@?. Mld t h~jr

(If’f]sit}’ II]cans that t ht: w’ails (“01)1 r i t~ll t (: a Iarg($ part of the scattering. f“;t’i(lcvkl~-.
the target wings are images of the w-ails: the left wing is the nearside w’al]. the

right wing tht” farsi(k w-all. [~igllrt~ 2.13 shows how the scattering angk was

(i ist riblltfvi. ‘I”ht~ s(”attty-i I]q ;lII:I(s is (t)rrt~ld!td wit h l$t$ z-direction displ a(”t’lllellt

of t hc scat ttv-ing (:t!ntt’r.

l“igllrc 2.1 G stlows h iStogrii[l ]5 of acf”(Iptall(-c fraction as a function of Wlglt!,

for I lw 11111target gas IIJIUIII(.S. at f(Nlr representatiw! points. “1’he a(-ceptanc(~

co~t:rs bvtw.twn 10° and 1.10, iIi(. r(wsirlg with scattering angle, as opposed to the

3° nor:!~ally’ ({[i(~t(:(l [or I{PI( ‘s. ‘1’}1(0nulll}x~rcalled t}w acceptance here is ttw
ratio of t IIc nurnbcr of ray’s t.h;lt w.~”rt~scat tvrc(l and accepted to the total nundwr
input. Since this experittwnt is (1011(” w itll the sarnc size beam for each target
pim:, rrtany rays tio not intwmq)t I.llf* target at all. %. this acceptance is the

.-)!!
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[“igure 2. iO: Sca;tming from a cylindrical target at 116°. The figure showsthe unscattered
beam continuing through the chamber, and the scattered rays, many of which are not within

the spectrometer’s acceptance. Note that the beam is narrower than the target. The units

are meters.
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Figure 2.11: Scatteringfrom the outermost ring of the target, near side only at120°, for

severai scattering angles. ‘i he accepted rays are on one side of the acceptance.
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Figure 2.13: Scattering from the outermost ring of the target, near side only at 167°, for

several scattering angles. The acceptance is good, the rays cover the center part of the

acceptance.
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second the correct Iaborato:y scattering angle. The ratio cf T to D shown in the third

column , is the acceptance correction. Cross sectionswill be divided by this number. The

finitl column is the angular acceptance for that point.

lotl(ll~t!t fract ion of the hcalll tl;at is s(”atttm(t into the acceptanct~ at a given
set up frcmI a ,gi~“t$rl targct. to be cot[~pared to another setup and target. The
“w-in,qs- or] t II(>si~!cs corrcs pond to t hosr in t h41previcus figIlrc. This winged
shapc. ;ipp(wrs ii] idI of t}w histograms related to t }m horizontal projection; they
itr(’ (IIw to scat tori ng fror]i t tl(’ r](~arside and farsidv w’ails. as (1iscIlsscd in this
s(’ft i(m. I’11(1wirl,t,s it~”(~ i?erj. appitr~’rit in the ropla}v:d runs, I)ccallsc these runs
irlt-lllflt”s(”iitt~’ririg fronl thi” alurlli rlllrll target widIs.

It is illl~jol”tilr)t to know how this shiipt” changes with angle and vnergyo 11]
~):irti(”lllilr. ii cf)rllparisorl of ttt”otargt~ts. ‘I’an{] 1) i~eillshow w’hdhf:r an acc(q)tan(-c

(“orr(s(”tiorl” W’ill IJ(’ nf!f!(ifv] when I) !“io!ds arw iis(ld for normalizat ion {Sf%>( ‘hap l]).
‘1’1]($acceptarlcf’ is ahollt :1$4higher for i) at 120°: the diff’fmmce decrf~asf:s with
ii[lglf’. ‘I”}lf’ rt’asorl for t IIis is riot chwr; how(~~’crw’(’sho[lid noto that the acceptance
is a Colliplicittt’d furlct ion of t }w
t hf’ angu Iitr iimfq)tance.

‘l’lIf’ firlal arlglm (Iuott!d for
tht~ cf:ntf!r of t hf: distributiorl to

targ(4 shap(’q tilf~ kinematical

Pa(”h f)oirlt will I)f’ tak’[1 fr~[ll
the nearest degree. Table 2.1

wccptancc for each angle and encrg~’ co~’crml ill the back-angle

broath=ning, and

l’ig. 2.1(i. Ilsiflg
lists the relative
experirmmts, for

‘1-am! f). the angular acceptance at t?ach point, and the angle used tc quote

tht> finai resu[ts. ‘[’he cross sections will 1)(: corrected by dividing by the ;“elative
accept arlre. listed in the colttnm “’r/D*.



2.4.2 Backscatter

At ct?r!dil~scattt?ring angks, it is possible for piLrtiCl(!S that continllwl 011
through the target tto scattt:r outsi(!c the char~]b(?r an(! still make it back up the

spcct rorlmt f!r; c-all thew pitrticlcs ‘hacliscattcr’. ‘1’h(! biKkSf’att(’r ]s an extra Allg14:-

(Iep(’l](lent }m-kgroll[ld. ;\lt)l(-Jtl$llt}lt!~fft.(.t Sholll(l })(! tll(; S~II)C, fO~(’Xiill){)lt!,

--+31 {c, there is a diffcrcnct? in tht: 7r+in T+‘I’ and ,, an(i r - Imcliscattcr t}]al. is
proportional to the difference in the m+ and r-cross sect ions of wtlat(:vcr fnat(:r ial

is ill t lit’ ba(.kscattcr sollrce. f;igure 2.17 shows the path of a tmkscatt(trcxl

particle, The p:irticle goes ill along the bt?am path, goes on th rollgll the targf!t

an (i out d t hL’ sccatt(:r ing ch~ambm, (and t hc’n sccatt(:rs. [t IIM tc)scattc”r S() ttlilt

it has thr correct angle and mon~cwtu;n to follow the path of a partich: scattl’rtv~
from the target. Several angles an(i distances are shown in the figure; Prinl(:s

refer to the outgoing part iclcs. 1~ arl(] W’ are the incoming and outgoing hf’l]d

angles. o and 0’ are equal to one half of t]lese angles. // is the clf’ect.ivt: Iit:l(]
rad ills, f? is the distance from t}lc edgr of the ficltl to the Lackscattcr point. “]’hc

arrow heads in t hc figurc arc on act ua 1 particle tracks, showing thc d ircc t ions
before and after the scatter. The cxpt’rirnentat scattering target wollld sit at the
magnet center.

The construction and the following argument are due to [AmUp].
From the figure we can write down two relations,

sin( !80 – 0) sin(o) sin(~)

R+Z = R+Z = —R+ z

and
sin( 1S0 – 0’) sin(o’) sin(~’)

—.
n+z = R+Z = R+Z

Figure 2. 1S is a simplified drawing of the same situation. The chords and tangents
from the upper part of the prcvimls figure have bct!n extended. From this figure,
we can see that

Ws = 2(0+ a’) – (/3+ P’).

L!’e can combine these to get

( R i?
OS = 7r-($+ W’)+arcsin ~ sin( W/2)) + arcsin

( )
~ sin(W’/2) , (2.:))

using the previous}’ derived resuit, OS = z - 4s.

A very important backscatter source is the large Plexiglass window that is
used on the downstream side of the scattering chamber to protect the thin vacuum
window from darnage. This windcnv is very close to the edge of the magnet. and
so in the formula abo~”e f? > Z. If we !ct Z = 0, and W * W’ - 30° we find
0, - 150° for the region of prominent backscattcr. Because of the inaccl: racy irl
the scattering angle that will hc discllssml Iatr;.. and the imprccisc natllrt~ of thr
calculation (for instance Z # 00 t hr t’I(:XigIci>s(it)(:s nm corl10rnl tc~: }ie c!iiLII I Lt ‘I”

shape, and SG the value of ~ \’aries mer t }Ie CrCJsS sdc~irm of the beam. an~l f)IC

(;!)
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Figllre 2.Jj’: An overhead schematic of EUF7YDICE showing how the backscatter ●nters

the spectrometer, Back-scattered particles must have the proper angle and momentum to

follow the same radius as the particles scattered from the target.
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Figure 2.1s: EURYDICE backscatter diagram, showing the impotiant relationships be-

tween the derived angles.
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Figure?.l!): The momentum ofscattered particles frornvarioustargets, from top: Carbon,
IHe Tritium, DeuteriUm$ Hydrogen. The channel is tuned for 180 MeV pions, which
corresponds to -- 287.5 MeV/c momentum for all particles. Towards back angles, there

is a very wide divergence in the scattered momentum. Electrons (dashed lines) and picms

(solid lines) have about the same scattering kinematics

bcmding angles u.cre unl! al)proximate). wc can on]} say that backscattcr could
be a prol)lc~n]around 110° — 16!)0, and special care should be taken in this range
to look for possible backscatt,er effects.

[’p Ilntil no\v, geometry was assumed to be the only consideration for this
pl”ot)lf’rrl. In fact, it must be show’n that at 1.50°t}lc materials in the back-scatter
targets can pro~.ide scattered particles ‘:ith momenta matching the momentum
for which the spectrc~meter is tuned. From the previous two figures, we can see
that the backscattering will have to take place close to 180°. Figure 2.1.9 shows
the elastic scattering kinematics for several targets, for electrons and pions w~en
the channel is tuned for 287.,5 hleV/c ( 180 JIeV picms). If the spectrometer is
t(lned for 1.50°scattering of 180 Me\T pions (about 220 MeV/c for D, and about
240 \IeL’/c for Tj, then elastic scattering from carbon at back angles (a;ound
2s0 \Ie\’/c ) Profluces particles ttiat hat’e too much momentum to make ~t onto

the spectrometers focal plane (the momentum acceptance of +/ – 7% would
accept 216 — 262 JIeL’. ’c). IIowever, inelastic carbon scattering should provide
a fairly continuous spectrtlrn, starting at 20 — 30 hIeV in the carbon spectrum.
If the backscatter target is a plastic or metal. then most of the constituents
should be as hcav}. or heavier than carbon, and described by similar kinematics.
Therefore. we can expect a smooth addition to the background, whose magnitude
may’ depend on the beam polarity. The exception is Hydrogen, btlt the figure



shows that there is not a reastmahh! okx’rlap with flydrogen elastic scattcril g and
the various scattering targt~ts at tmck anglvs. I“or thr few runs whmc fl is tiw
target, this is not the CiiSC of course. IIitckscittter could be a pruhlwll Iwre,

2.5 The Targets

‘1’he live identical target cells have hmw (Iescribcd in IPil!)l]. h:ach is an
alumlnu[ll cylinder with inside dianwter 12.7 CIII,inside fwight 18.6 CIII,ii~ltl wall
thickness O.1S cm. ‘[’he cylinder \\.iis flanged at each twd so that. stail~ltw stet’1
end caps could bv bolted to it. ‘1’hetargets wt’re quipped with a scrt’w hole in
the center of each elltl cap, allG\sing them to Ix’ screwed togetfwr in a CtJIIIIIIII,as
they were in experiments 905 anti 1032. In our caw, w(?put. ii screw in ont’ (VN{
to use in aligning the target on the turntablv (see Iwlow). ‘l’he targets were fil’ml
t. arount{ :] h[pa with ‘~’,o~~~.,1) aI)fl I1. :\n (qnpt~’ targvt that had ~N’(’11~ls~(l

for background suhtrac{ion in prcviol]s twpcrinwnts wits I]ot ustd in I)it:w.All of
the targets except the ‘I’ haci not hcen tvllptied since tht! l~rtwious expmiments,
and so did not ncwd tilling. The T target was tilled by ttw W’.X-.5group at LAN L
with approximatcl~. 1S g:n (around 1S0 k(.~i) of gas. ‘1’lwtarget collttwt.s were
evaluated b}’ wt?ighing, this !jrocess and t}w reduction of that (!ata are described
in Sec. 3.2

2.6 The Target Changer

,4 target changer was built at ‘1’}it$( Lwrgc \\”ashington [.’rli\eersit}’ f)h~-sics

Dcpartrrmnt for the hark-angle rxpt’rirlwllts. ‘1’hctargets wwrc pliicc~J011a turn-
tabh” in t h(’ scatt~:ring chat:lh,.‘r W) Ii~i~t,t]lt!$’C(-)(lldI)t’Cllil[lg(t(iin All(l {)l\t Of

the beam without r(wm~”ing th(’ vii(.lltlil~ u“iI140w. ‘1’he IIlrntah!c fol?sist~~l of an

aluminum disk wit h a groo;.c arollri(l its (dgc’. A plastic belt fit into r,hc groot’e

a.~d fed through ii similar groo~.r or] a slf]al! disk that was part of a gear- dri~wn
dri~.er. ‘1’hr (lri~ing axis t’xt~vlfif”flthrollgh a port in the scattering (“t]i\rril)(’r to

ii handle thiit allmwxl i])~]li~iil it(ij IIst.l])tv]t of the target position. ‘1’hct IIrnt ahle
Lottorn V;JSho]lowxvlout to r(vx”i~(”a slight 1~’stnallt’r })riiss disk t,hat was scrvwt’d

to tht” chii~nbcr’s fioor: a tefiorl ~)ii(! ~iit (}I1 t h~ brass disk, iirld the turntahlc sat
(m that. “rurIling t h(> flri\”iilg ii;ti!(~lf Ollt.si(it?the scattering dl~fli})~r tumt?d the
dri $Cirigwhtxd. w.llic}lIII()\wl t II(*}J*Ilt.w“hi(”hturned the turn table.

‘[”heplastic belt was a poor ~hoic(~iw.auw it slipped too easily in the grooves

!II the JJ!ate a:ifl (!ri\’i[tg wh(wi. \\”(o i]ii(l to 1\\ake sc”;erai scattering cilambm
t!ntries to lubricate thv brass (Iisk w’it il {1r~”llloi}’fx~enum, to pc]ish the in-contact

surfaces of the plates, and event uallj” to r(yjair thc (iriving rlwchaniwn wht:n too
much torqtw warprd tfw firiving Siliift.



2.7 Safety Measures

“1’ritiumis a radioactikw isoto~)~’of Ii that (Iccays to ~1It. with t !lv (Jfllissiof]
of a beta particle with averagt’ enmg}’ 6 kt’V, alltl a hitIf-lif~>of 12.(; }“(’itls. SII(”)I

a Iow-t’nt>rgy beta is prinlarily a threat only if th~’ ‘1’ is itlg(’st(”f1. ()!]1)?,Y)’fiof
inhaletl 11or “1’is retained by thv Lo(lJc; tht’ Ilmst likel~’ waj’ to g(It tin IIptitktI

is to breathe cu[llhust ion products aftt’r a ‘1’ tire, or to il)g(’st tritiitt(wl w’at(.r.
which can also be prodllcwl in fires.. OIJ- targets wtIrc’t(’st(>(l(’x[(’llsi~(’1~”,itlld
it was very unlikely that they could bt’ rupt ur(vl. ‘1’hc Illtwt lik(’l;~’~x~ssit~ilit~?
w-as ~ leak that ~wtted ‘1’slowly to thv ittnwsl)llt’rt’. ‘1’his WOllh!b(’ ii ll)ifl(Jr

safetv hazarti. i)ut a significant rmgII Iatory i’iola[ io[l. ‘!’}11’I’(’ftJrt”,t’~t(’llS~vt’~~f(’~j”
precautions were requirvd both for transporting ati(i IIsillg ttlc “1’targvt. ‘1’}1(1air
in the experi nmlta! area and the rxhaust fron~ t }WS(. iit tvring (“l]i~t~]l)(’r va(llum
punlps w-erenmllitortxl constiu~tly. F:vacuation alarllls w“fvv’illstallvd for ttw tIIIt;rc
pion-t’x~>erinlelltal area, and canistt~rs of breathing air ittl(l posit i~w-prt’ssllr(’ anti-
contamination sdits wert?on hall(i; in case of an erm>rgtwcy an i’:<~~t’rirll(’rltf’rcollid
don the suit to in~’estigate t lle ex peri 1lwiital itma, aid injur-e(! people. etc.

.4 detaih’d description of the safety measures can t~e fould in the Standard
Optrating Procedure written for the experiment [C;re89].

2.8 Summary

“I”hisurmrtho[!ox I’SCof ttw 1{1)1(‘S s~”strlll world rvasollitt)]} w(’)1.“1’h<It?tv-~”
Iargv allglllar acctytall(t~ of the rspt”rillltmt. w}li(h \\’as(111($to I ht. (“orlll)illitt i[)li of
b(nding Illii,gnt”t an(~ (>xtt”ll(!t’(]tal”g(’ts, mear]s that the datd, !laS })f’(”11Slll(lottltxi

sanww-hat mvr angks. ‘l-he horizontal acceptance shape is t’.%~)taiilf’tl h} t }w Ils(’

01 an t*xttm(le~l tsrget t hr oweings” on t }]t’ \~OrJct IIistogral]ls itrf’ fror]i thf.’ rlcar

ii!i(l far C’dgesUf t !lt’ target. Piens scatter(’fl frorl] tllf! ~il; Ldllfrw illur!lirlat~?tllc
elit irc$spect rurrwtt?r ent rancc url iforr:ll)”.

m, muoIl rejector will not be ustxl in t]lis arli{l}”hii tx~(aus(”of its I]lis-s4!lti Ilg.

due to error arid to incorrect magnetic !id(i rlla[js for 1;[-1{}DI(’ l:. Ilwvt.w”er.this
will not be a serious lack. because t hc r]un]her of IIIUOIISin the spectruxll arc
ne:l;gible in the region of the pion elastic-scattering peak, and t kc nmon pt~aks

are located such that the tails uf the pioll peaks are unambigllousi}. defined.



Chapter 3

Data Reduction

3.1 General Analysis .Features

3.1.1 Yields and Cross Sections

‘1’he quantit:~ mc,asurcd at [{ PI(.’S is calkd a scafle~ing yield. This is the
nllmhm of scattered 6Y-tmtscounted at a gi~’cn angle and mrcrg)’, scaled hy a
imtm that is in~v~rse!~proportional to the arlmunt of incident heam rind to the
sp(’ct mmeter dfic ierlcl.. A beam rl]onitor is a device that interacts with the proton

heanl or the pion ‘;eam, and produces a signal that is proportional to the current.
Since this number i:. proportional to the number of particles
~.ields arc relati~’e (Iuantities. not absolute ones. If t is the
for a r~tll. and if n ~sthe numhm of collnts registered by the
the nwasurmi yiclf! is

Jiurnbt I“of t IVn[.s coun!td
IJitld =

( ~ 11

that has passed, the
calculated efficiency
beam monitor. then

(Xl )

.-1(Iiffcrerltial cross sortion is the nul~~hero! particles scattww! irlto a ~liffcr-
(:ntiitl solid anglt; , (ii~“ido(lt~i”the irlf:orlling Ijt”am intensitj. and b}’ the number of
target particles per Ilrlit area. ‘I-hat is. it is the fraction of the incomirlg intensity
sf”att(!red intO thv m[id anglf’ p r tarp part ick. ~iI~~~we measure yields. W?

need a wa~- to conlwrt }.iel(ls t.:) cross sections. ~rf: ~io this })~.rrmasuririg the

j“ield for a target v:ith a know,n rross sccti~’rl. “1’heJ?icld and cross section for
this standard target are cal Ie(l the norrr~alizat ion }’ield and normal izat ion cro:s
sect ion. ‘1’hisgi’.-m11sa facti~r (’:”0.$.~sf clifm/~ie/d that we can rnuitii)ly our other
~“iclds }J!o”.S().

(1(.7

( ))

(Icr( lortna[iza!ioti targc’)/fKl { l),~f
~ [/(11”$’(’[) = gftld(lal”ytl ) —.- ~

~tf ltl~ r)or”mdIi:atif-m ta rgctj (~ ‘ ‘:]”2)

w’here DA, and D,[ arc the dcnsit}” of ‘+c?.ttr~ringcfmi.cr~ in the normali; :ation and
f’x}~f:rirnf”rlfal targf?ts. rf’spcct i~-eii“.

-.
1)

-.—.— .—



3.1.2 Ratios

‘1’h(’main pllrpf~sc of the experimt:nt. \ViiS to tictt’rnlin(! t.hc valllcs of sev -
!>l’iil .S(’fzttt’ ring rdio.s. ‘1’hww are ratios of dif~(w’rltial cross sections, (Icsigned to
clnph asizc diffmcnt parts of the T-rlllult:lls irltt~raction, (see SMo. !.3). ‘1’heir

( lc~!i11i t ions arr

1“1 = ‘q 7r+”l’)/(ffY( 7r-:~I{P) ,

I“j = J ,x-’l’)/&Y(r+:J[{(!) ,

p+ = ‘7( 7r+’1’)/’0( 7r+:’}[c) ,

P- = (la(T-’f’)/(fa( T-~1lc) .

‘1’}1(’ first tww or tl](’ swor)d two in tfw a}jIn”e set can

Sl]prrrdt io /{,

1{ = l“, x 1“~ = p 1 x p- .

Th~Ire ar(>st?trera] experinwntai ii(~~’iirltii~(’!+ to Ilwasllring ratios. (.’onsidcr

P+ , for irlstarl.c(’

yi (’/’(‘r+ -r )’0( lrT
f+ =

It”’f’)/yit’l(f( r + .V‘r) I
yft/d(r+“~HV)’L7(~+ ;\’’l’)/yiclJ(rrT iV’1’)$1(1.SfUC”

whm-e .}”‘1’stands for llormalizatio~. target. and ga.sfuc is the target-density ratio,
which is discusst’d in SW. :1.2. M’(susc thtj same !ii:leI]iatics for the yields of r+ T

an(l T ‘:JIIe kaust? they ha~’e approxilnatdy t}w siI.mP masses, so their solid

angles are the same, and no (wrrwt ions are newssary. Fu rthermcm, sirlce w are

Ilsing a rr+ beam for both targets. the normalization yie!d taxi: is the sa:ne in
ttw IIulncrator and denominator. so it can be canceled. as can the normalization

/(jas f (1C.

/yl.5 j(lc.

1“1 and r2 (10 not cancel so conlp!t:tel~c. hecallse the beam polarity is not the
same in the numerator and the denominator. 1iow”t’vcr.if wc assume that tht” D
cross s~x:tions arc the same for each polar-it}’. tll(vl da( z+ i) ) and do( rr- i) ) can
he rancelled against each other. If this is not thv case. then the ratio> must be
corrected by a factor that is the ratio of t hc i) +/— cross sections. Finally, there

is a factor of
pll = yicld( T+D )/t/it-ld( 7r-I) )

in rl and r2 which must he nleasured st”paratel~” (sw Sec. 3.6.3).
The definitions become

rl =

( “’’’’oat’) (+)(-) “r”yzcfd(~-3He
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3.1.3 Normalizatiorls
At EPICS, the two fiictors ill thf: denolllinator of l;q. 3.1 , c an(l !l, are

calcu lattd by a program callmi Sfi‘l’. n is t hc irltegriitml cu rrmlt from a beafn
rlmnitor. ‘1’lwion chambm in the cat’c. which was tliscllssvd in Sec. ?.:~ prod llces

an ioni z{ation current which is carriml ot”t?ra cat)h’ arlf! digit izml in tti(! (wt int ing

house. ‘J’hcquoted acc!]racy of the’ (Iigitixcr is O.1%; for ii ratio such as /{, which
is cornposeti of four yields, this would gjvv an a(!dc(l error of A x 0. I% = 0.2%.

‘1’he verj’ best statistical errors arc for sonlt! of the p+ values, and arc orl t II(*
order of 2%. )\(lding 2% and 0.2% in qlladratllre givm a nrgligihle chang(~; ‘1’liis
error will be disregarded from now cm.

f in flq. 3.1 is also computed by S!1’1”. F’igurc l]. 1 s}lows how on(~ fiwtor
in f is derived. ‘[’he outer boundary represents the O,.).,,.kand (j,.l,~,.~sixtr(’ (sc{:
Set. 2.3.3); the concentric circles represent the intersectiorl of the plane with the
muon-decay cone. The cvvltral square is OC~CC~~ fpC~,C~.‘1’his is t)w n~gion of
acceptable events. ‘1’hearea with the vertical striping is f),,~e,.~(1 d,.hf,.k. ‘1’his
N!pR?SCTtS a]l of the part i(”!e~that passd dc~ec~bllt not @CheCk. ‘1’hc arra with
diagonal hatching is the ‘n~uon background’ area; that is, the mlmn density in this
area is assumed to be representative of the entire plane. The backgrollrl(l area
is $ the area under the vertical hatching. The efficiency in the dCh.C~direction

is the number of ‘good’ pion events divided t)y the number of pions that ims(vl
t),,h,t~. T)lis last is the number of events in the vertically-hatched region - :~x th~!

background region - 3 times to include the region under the center. A similar
calculation determines the &~CC&f!fficiency, and the two are muhipliml together
to get the eficiency,
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Figure 3.1: Figure to derive the spectrometer efficiencyin the @C~tCAdirection._l_hecircles
representthe muon decay cone. The vertical hatching is the region good flChCL.lJaILd ~,:l,,,.k.

The diagonal hatching is the ‘background region’, derived from a speciallydefined test. The

central square covers +10 mrad.



I:illall}’, this product is nmltiplimi I)y the calculat[td pion survival fractio[l, since

S{.attcrf’tl pions wit h d ifi’crtvlt energ i~’stlCavcdiffertmt flight t irrws up the :i[)t!(.-
Lronwff’r; tl(~ncwtlm survival frallion A:prnds on the scattering cricrgy. ‘1’hcIirlal
ljlX)(ltlCtis t..

Sf 1’1’prmluces a IIunlher calhvl a Imrm which is the inycl se of ~ x n, so thr
Illllll})vr of counts is IIlllltiplitd I)y the rlornl to get the yield. [Jhr this alialj’sis,
two }>t~alllr[lonitors, the ion ch;md)er and the bCaIII toroid wcrr used; the norms

3.2 ~Z3S

each are (i(’sigl]iit.(’(irlurnt 1 and norm2, respectively. As has
norrnz is rlmst iy us(~fl~las a check; norm 1 is tlsed for the ({uotmi

Factor

In order to calclllate the }’ic(is. wc nee(i to get a vaiue for g(l.~juc, t hf’ ratio
of {ieIisities of scattering cf~rrters usmi for the cross s(!ctions an(i ).idds. !n p+ .

for instance. w?{*w“il] nvwi to know

#Oj tlt~lll.$ i,) thf ‘I tUlgtt j(llllt ifolllfllo”
,q(ls j(lc =

#oj ,,!0,,,.s in “[k target /u,,it ,wlum~ “
(3.3)

f hat is, t ht~rat io of scattering t.t’nt(v-sSCICII}JV the hcani per 1111itar(’a. In this case.

wc kntAv the weights of the gas VOiI:IYNX l.~trj wcii. so we would like to caicutate

ga.sJflc in terms of these weights. ( ‘all IL the weight o! the gas in the canist~r. N
th{!ri~}II]}mr of atoms ~that is the nllr]~lm of scattt~ring centers) per unit volume.

.\.,.i :\t’;tgadro’s r~un]h(~r.the nllr?l}~~~rof rIwlcculcs irl a mole of gas, m the mass

{jf gas in a particular targt:l anfi rn,,, the mass of a mok of the gas. Then wc can
write

.\. =
rtt z .\..~ x #atorlt.s/ tttolccuie

Uil(.1
Ill,,, x Ldurlle

11’= Itly,

w’hert: ~.wlurllfiis t,hc siolI]nw of t.)ltt gys in the container. The number of
:~~[t.~rl(i z fur t}l(: isot[)l~es of }Ij’drogen, 11, D an~i ‘~..atorxls/1 noiec UIC is 1 for

Inserting this irl q. 3.lj gik’es

y x l,, ( -[’)/7,,,,, (’l’)/~)~J~~rJlt’(’]I[e)
!)U.4ftlc = — (3.4)

///( “JfIej/m,n (~fi(’)/t701ttlne(l’) .



in ()rdtv.of nmgrlit I](lc: it shou Id L(”sigrli~icitntIJ’It”ssill fact I)t!(”itlls(’t}](’oxparisiolls
wi]I hot II lx’ iII t II(*sank’ d ircction. anti 0! approxi IIlately tht?si-trlwsizf”. III light
of the fillid g(l.sj fir- error of ~ 0.5% (scc lx’low ), this efft$ct is ignored.

l)uriri~ lwrlit~r txp~?riuwllts [i)il!ll] , a nm.ss spmt ron lekr was avai Iiihlf’ to

(wealuatc t )~t’isotopic pu ri tv of t11(:targets, I)llt tl~at was Hot possihk during these
f>xpt~rir[l($tlts.In general. tilt?purity of ttw t~irgcts is expcctfd to })ettcr than 99.9%0

[Ma]], that is i~npl~rities introduc(* a 0. 14% t’rror (tww 0.1%, (!rrors in quadratllrc).
at Inax i[1IUf]1. intu t IIe gas ratio, gas j(f c. This Ilurr:her is iI1clu~lw! in a O.l%

catch -itl] adfiit ion to t }It” g~l.sjac error ( stw }Jf’lf~w). The T target was assuril(d to
t>c i f)Ol~(JII til(> (!ii}. it Was fi}h!d, a~J\)r(JXiil lilto]j” 011(> W($f>k tJ(>foro”ttlo (lXJ)(lI”irll(’ll~

t)(.g;lll .

\\.(Jcan also ((MI Ier thf’ effect I itr). ilig air }Juoyiincy 011the wf’ight 1rt(*a-
sI1n wlt~ills. ~~.t”s!l(J111I .idd the wwigh tht’ air ttlat was displaced t~ythe target
~.olllrnc Lack onto the target weight. I)i[t then w(’ IIllls? .sIlbtracr. the wcig)lt of air
that was displaced b). the collnter wwights. “1’heseweights are stainless steel, and
thr ~vdurne of air they represent is t}lc weight of the target divided by 7.9 gnl/cc,
the densit~. of the steel.

The formula for the corrected w(’igllt.of a canister is

l’+.=

\\”tl(’i(>\‘. is 1tit’ (.(:11 cxterna!

(:1.5)

tvlill[w. itII(lD,, is the density of stainless st(!el.
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‘1’able :]. l: Gas weiahts for the various targets. T“hetwo entries for ~umrner ’89 refer to

after and before the experiment, respectively. l-he measurementsfrom 1988 and 1985 are

from previous experiments [tier]. The variations between experiments are of the order of

0.5%, which is an indicationof !he systematic errors involved.

‘rahkI 3.2: Values of gc.sj(Ic and their errors for the current experiment.

Because we arc looking at the difference in two large, nfuuly equal nlll~lbt?rs. for
instance for one “1 weighing t Iw fllll ti~:”grt weighf:d SW? grn, anfl the mlipt~’
w“t>ightld~!)Sl)gm, the accurac}’ (Jf the ~’ariolls rneasllrtvr)f>rlts is f“r(lf:iit\.

[ ‘sing l.h(’ highest (1(’nsity” of air prmtmt on any wvighiIlg da}- for /) in
Kq. :\..5. tht’ t)uoyitncj” corrt?ction for the “II(’ target. was 0.0.5 gnl. or ithout
0.05/!).0 = O.fjq. \Ve are illtcrfstrxf in (IIC ratio of two gas weights. arid sirlcc

t}w error irl t tw hIK)~”aIIcJf (wrr(’(”ti~)tl. is iri thf! same dirwtiw] for r]llnwriitor and
dfYU3mlnatOr.w shollld qllot~> a (“olllt)i rld error of ( 1/ YE)( {J.(j ) = [J.1% for t IK!
ratio:;, dut: to this dfcct. (jtht’r ~fft”cts SIIC12as the error irl tll(’ targ~’f.~~.t~ighitlg.
t.he impllri t ies iII the gasst’s. aIL(lLhf’ ~wlunlc differences in the targcts cent ri I)iltc

t)r] t}lt~ order of (J.1‘j,, so an over-a][ error of CI.05YCwas used for gas J cc. ‘[”a[)1(’;].1
shows the gas w’eights wit h vrrors t Iiat have been measu rw! in this expcrillwnt.
and the w-eights from previous (“~[)t’riin~i~ts in the cases where the targets were
not crnpt if’(1 in I)etwfwn. Tat)h’ 3.2 shows tk final values for gasj(fc, for vach
of tlw different target cmxlbinatiorls, ‘1”/3I[e , ‘r/D. etc. that were used ir; this
ana)~’sis, citku~ated using I;q. 3..1, all(i the accompan~-ing errors. ‘rhe systtWILLic
error of + ()..~’)~Shown })}’ t]i(: \“ariat ion iH WCig}]i ngS OvCr S(’\’era] W(p(’ri[ll(!llts

(see Table 3.1 ) is not includf:d in t}w ({ IIolMl errors.



3.2.1 Decay Correction

or

3.3 Spectrometer Calibration

.41i of t iIe [lP1( ‘S chanh an~i targ(’t. ([IImt it it’s w“(m)(“aii})ritt(“(i at 12[)0,
!$i) SIC\” (%(”. ?.:\.:I). ‘rtlfl poiy”norlliais (it) II(JI ill(ill(it~ itlforrnatioll ahollt the
targt”t thickrl~w or abolit the way ~“ary”illgt tif~1{[”1{>’1)1(.’1{fieifi ;ifferts the paths
of t}w scittttmvl picms. some quanl. itif~s (if ”l)tm(i st [-oflglJ” 011 tti(%f! fitctors. .+ll(”lI

its missing JIKMS, }jr<,n~ an(i }f.,,,J, t . ilS i\”iiS (iis(-lISS(’(i i11 %’(”. 2.1.1. ‘I”h(!st’

qllant it i(.”.jSll(jl] ](! IllaiIltai[l a stro[lg r(’{iii it)lls II ;~~ t!eit II t \ie sllalx’s iis s(v’11at t llc

,\ .)
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Figure 3.2: .Y~=,9c(at 116°. The two outermost marks zhow the calculated position of

the end caps. The inner mark shows the position used for the cut during replay.

calil)ration kinematics 120°, 1S0 file\’, but there could be some distortion, so that
it is not proper to use their values as an absolute spatial or energy reference. One
excc’ptions is .\’tdr~Ct. The x axis is perpendicular to the IZ~~RYI)lCE bending
plane. an(! so .Yt.,q,t should be relati~eiy unaffected by angle and energy changes
that require a E~”R\’DIc E field change; we expect some loss of resolution in
.\”~.,jct due to the thick target effects however, (see Sec. 2.4.1). Fig. 3.2 shows
./’,a,~ct for 116°. The two outermost marks silo}v the predictd locatiorl of the
target end caps; the overlap is excellent. The end-cap Ioca-,ions were predicted
equally well at all angles and energies. It looks like the calculated mark for the
upper end cap, which is the farthest on the left in the figure, is somewhat wide,
and so in practice this cut was tightened a little, to the inside rm.rk on the left,
A firnl .~~.,~et c:~t at these marks ~~’asused during all of the replay to eliminate
e~’ents froin scattering in the end caps.

The shape of ~a,~et depends on the scattering angle (and so on the EU-
RI’DICE field), as Fig. 3.3 S}1OWS.The v:idth of ~~fi,qc, decreases as we ~rogrcss
backwards in scattering angle. This is ttl(~same effect t}iat w-asseen in Sec. 2.4.1.
where tile ray” tracillg was discllsse[{. [~(,(::ills~:}~~,~et is a calculated q{lajltit~~.?
it might seeln reasonahlc to use the uncalculated front-chamber quantities tG
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Figure 3.3: Y&t at 180 MeV becomes narrower and the ‘wings’ become lesspronounced

as the sczttering angle increases. The centroid of the distribution moves right slightly.



fhl(lrmilw tht’ propcf y’-(lir(v”tioll (lIts, si[lc(t t}l(: (“illCllliit(’(i (Illiilltitl(’s arf’ ()[IIY

calil)ratc(l for ttlt’ Ilwst fbrw”ar(]atlgl(’ in ttlc exix:rirlwllt. ff(JW(’\’(’r, tht’ l“it~ tr;w-

iILg preseiitml ill S{IC.2..!. I WilS ({l)llt’ iift~’1” th(’ illliil}’S )S Of t }1~’j“i(d(is. i114~rdc’r to

II Iiikt) surt’l that $;~’stvlllat i(”s \\’t*I”t>IIIItltv”sltJ(M\. l~t>~”t)rt]w]t)s$,}~,lr~rlis it rt~w)ltal)k!

rt’pn’seilt at ion of t.llt’ iu’t.Iliil riij’ prc~ti1(’iit t 11(’ s j)(v.”t rolll(’tf’r (Illtrall(’t’. “ti:S % I1)W’11i11
St”l”.2..1.I; tilt’ riij’ tra(. i]lg ttltv”i’for(” Vali(liit4% t}lt’ 11s($of } ~,,r,,-( (“llts (Illrillg t II($

(iatit rtvit]{”tiono

Llost or };,,rjct is dlw to s(:i~ttt”ring in ttlc i~lUII)illlllll targt’t w’ails, an(l it

is desirabfc to r(v]]()~”c as Irlucl] of this as possi I)It:. Si]]t”t”iill of tilt” (s1:1s[ ir-pmk-

wwrgy scat tcri n~ CUIII(ISfrol rl the gits or fro~lI a narrtw kiII(IIl);itic IJ;t II(l irI thc

hat-kgrollnd corr(~sponding to t})c’ salIw (’[lt’I”g~’, wc (.iit] US(’ ii (lit ilrol]l~cl I his [)t~iik

to (Iefinv tht? gas i’ol{lllw. l“ig~lrc :1..l shows }j(lrjft for ‘1”targt”ts at 1Iti” illl(l

167°with this gas t:olI~IIwcllt. ()~’(~rlai(lwith t.h[’ ilistogralll ((tr tnch it[l~!(” is tlw
corresporlding histograrll for t h(! hit(”kgr(~11Il(i ru IISwit h t h(: saIII(~gas t-OlI~rIl(I(“Ilt.
fkcause th~trtois no (!]iLStiC scat lt:ring in t Ilis kinematical region for tht) I)it(.kgroull(l

target. the Iowtsr histogran;s iirt’ (Ity)k’tr(l irl !.lw rniddh-, whictl (“1(’itl”]}” s} Iov; s the

gas volume. !Jor each point. il s(:rit~sof } ~,,r~t( cllt:{ w’(’r(’ rna(l(! to ilcfi II( * the

gas l“olurrw, The cuts went frolll widt~r to Iliirrow(’r. hilt rerltaintvl s}”ll]nwtric

around the center of t }Wgas toolIinw. (Iefincd its tht’ deficit showu ljy the ot’wlaid
histograms. Thus vitI maximixt’ th[’ ratio of counts froln scattering in the gas to
co{lnts fronl scattering in thv targ~t walls.

~tt,ir~cfan(i c~ur~~fare rart’1~’re-t“alibrat d for oxperi Irwnts wit II }Nvidinq Irlag-
nt~ts at the target posi! it)rl, ancl t hv~’ wert’ not for t his experi r~lent. K’orflxpt*r-
ir]len!s wit !1 thirt targt’ts and no Ix’llfling rlmgnct. at t II(”tarqct position. o(,,,jp(
git”es a rvliahlr rfwasu re of the i’ariat ion in scat tt’rillg angl~’(~~e(’rt h(’ front of the
spectrorlwter. ‘l’}It:f&,2efhistugran] can Ix’ hinncd i[~tllr(’c birls, 61](w[lipassillg
t.tw (:mt ral one (!cgrt?d. and one (Icgrms gr(’:itcr and h’ss thar~ t)lt’ CCrltrill ilfl~l(’.

rhlls, thf~ angular resollltiorl can he irlcreastvl t~yfactor of thrcv. \Vc haffe S(ICIIin
set-ti(~rl2..1.1 that the angll]ar accept ancc wiw great Iy incm’asetl hy t ht. t IIif.k tar-
get itr](l the extra bending magnet, and that each arlgle was sprca(l m.t’r the t’rltirc
sprctrameter entrance. Thetefore, the extra angular binning was not possil)lo.
(;uts on Ot~r9,:and &0,9r~ wer~ not usmi for any of the analysis.

OCheCkand dc~cC.arc not affectr(! by I;URY”DI(’1{as they rrwasllrts ttl~t di/-
~crence in trajectory angle betwwvrr t}]t!fro,lt and mar charnhers. Since t}]c i]],,,),,

rejt~ctor w’asnot used. t hesc hist.ograrl)s provided the only wa}’of rtmwl’lng rnlmns
in the spwtra. As CIisrllssefl irl StIc. 2.l].!, t hc muon- to- piorl rat io was ncgligihle
at most angles. and the Hi[lon all{! pion pt?itks do not overiap, so the straight-)inc
background d! awing was not afftw:tt”ci})y the !ack of the muon reject.or (SW SC(..
3.6).

The part icle i(lm?,ification ( i’l D) v.,as done in the regular way. with a two
c{irnensional plot of av~:ragc IJIIls~>hcig }It i11scintil]ators Sz an(i S:!. w’t]ich f{)i]ow

the rear wire chambers, m. tht’ t imr of flight hctw.t:cn thww two,
A rather tight }JOX was IIsed. aithollgh a check showed that a hox wrhicll

included some “straggit~rs” did not iitf(!(”t t ht: 1llis:+ing-massshape.
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for T and D, top and bottom respectively are 116° and 105~0tlab.

)36



3.4 Muon Rejector

‘1”11(’rrluorl rt,j(v”ltw is (Iiscllsst”fl irl Set” . 2.11.!. It Was not llsed for t !lv l“vasons
cittvl l}lcrt.. lloww~.(”r.orlt” sf’: of drliil}’sib was done for all of th[: i)(Jilits. using
}mckgrollr~(l sut)tract ions. S(OPSfv-. 3.6. ! comparing rcsll!ts with arid withollt
the rrumn rejwtor. \\.ith tww vxctq)tiolls, all results agreed within om’ 0. ‘1’hr
t“.:ceptioniii raw showctl it \?arial iutl of WWIii! f7. which has hem-rattrihuttd to
rlmon-rejector misusf’. sm SW. ?.11.1. .I”hcrcforc. tht= muon rejector is not llst’d
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/\ ngles and Energies
142 MeV 158° 162° 169°
1SO MeV 11.1° 1y,5’J 135” 145” 1~,50 Ibg”
‘No ~l{,v 168°
256 3*!CV 168°

Table 3,3: The points covered by the current experiments,

for any quoted results.

3.5 Data

3.5.1 What Was Mea= red

Experiment 1155 measured an angular distribution from 116° to 167° at the
Am resonance pion energy of 1S()MeV. Experiment 1064 measured an excitation
function from 142 MeV to 256 Mek’ at the most backward angle possible for each
energy. TWO extra points w-ere measured at 142 MeV, at very large angles as a
consistence} check. The largest-arqgle point at this energy will not be reported
here because of some remaining anlbiguities in the data reduction. The angles
and energies co~.ered are given in ~“able 3.3.

Several runs were taken at each point. For the main part of the experilnerlt,
there were three targets cm the turrltable: ‘I’. ‘Iie. and D. Each target was
used at T kinematics, and the D target was also used with D kinen]atics for the
normalization y’ields. Henceforth, we shall refer to D runs cases with D-clast ic-
scattering kinematics as D, these are the normalization runs, and to D runs with
T-elastic-scattering kinematics as D/’ I’. these are the background runs. There
was some disagreement over w“hether it would be better to extract the yields
with some sort of line shape to rcpresmt the backgrounds, or whether it w’ould
be better to use the D with T kinen~atics for background subtraction. The result
was that in some cases there is a paucitj’ of background counts, especially for the
rr- D runs, that makes backgrounfi subtraction nearly impossible. Eventually.
both methods were used; the results are discussed below.

Since there was not room for the H target on the turntable for the main
body of runs, we could not take H runs with D kinematics, to do background
subtraction with the normalization peaks. At the end of the experiment, we
removed the T and 3He targets, using just D and H. We repeated several angles
and energies to get D normalizatiotl data with backgrounds to subtract. but were
unable to cover the entire set of points because of time constraints. The points
that wme co~.ered this way wwrvall at 1W JIcV, at 114°. 13.5”, 14.5°MI(I 1(No.



3.5.2 Quality of the Data

The overall quality of the data is good, with the exception of the back-
ground statistics, which were mentioned above. The usual goal was to get at

ieast 10,000 counts in the elastic scattering peaks in order to get a 3% statistical
error. This was considered a stricter requirement for the angular distribution,
where we wanted smaller error bars in order to clearly different iatc among the
three Superratio curves calculated by Gibbs and Gibson for the three values of’II,
(see Sec. 1.7), than for the excitation furlction. Within a set of runs at the sanw
kinematics, all of the peaks should overlap very well. For instance, for a given
point, say 120° scattering at 180 MeV, the r+T, r+:lHe, T-T and n-:~He peaks
should have excellent overlap, as should n+ D and r-I) . However, the latter
set need not line up well with the former set, since the kinenlatics are different
for T and D elastic scattering. The eye can do a very good job of comparison
when the runs are overlaid on screen or paper. All runs were plotted against
each other to check for both position of the peak’s center and the overall shape
of the peak. I’he only questionable peak was the 146°. 1?30MeV one, shown in
Fig. 3.6( The vertical line is to aid in comparing the peaks. ) The upper peak is
shifted somewhat to the left. The shape of the upper peak seems distorted on the
right, perhaps as if a magnet drift had shifted part of the spectrum. This shape
difference is especially bothersome at the base of the peak in the region between
the peak and the breakup. A clear idea of what is going on here is necessary for
drawing the straight-line backgrounds discussed in Sec. 3.6.

At 167° 1S0 \leV, we had spectrometer problems. During these runs. one of
the spectrometer turbo pumps was failing. al!owing the vacuum to rise slightly.
When this happtmed the system automatically dropped a gate valve that sepa-
rated the spectrometer from the scattering chalnher. In some cases data taking
cent inued for some time with the scattered part ic]es traversing this valve. which
resulted in a large energy loss and a res~lltant loss of counts in the peak. Sec-
ondary scattering from the valve is also possible. which results in unpredictable
effects on the spectral shape. This made it difficlllt to analyze this point, both he-
cause the irregular shape of the background made it hard to select a background
representation that looked good. and because the D runs done for background
did not have the same time with the vaive closed as some of the other runs. thus
the subtraction was not correct. There were enough foreground runs that the
problem does not seem to have affected the results: these runs were analyzed in
the standard ways (see below). The D normalization run for m-is suspicious:
Fig. 3.7 show’s this run. The energy loss in the i’alve is approximately 1.5NleV,
and no secondary. peak is obvious at this tmergy in missing mass. However. the
region between the hreakup and the peak is filled in. especially in the upper plot
(ri D”). Extra counts in this region could conw fronl scatters with energy to

the left of the peak; these would he backgroltrld events that lost energy in the
valve. The areas to the left of the peaks arc not a good match either. Finall~’,
the lower peak is wider than the upper one. It, is difficult to say ““~~ther any or
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of these effects are due to the valve difficulties Statistics cm the lower rlln are
much poorer than on the upper, which l~lakes ~o!llj)arisons difficuh,. ‘rhese runs

did prove very difhcult to analyze (see Sec. 3.6), prirllarily becalm it wds hard
to tell where the peaks began n.nd e,lded.

Finally, as discussed earlier, the low statistics of sonle of tilt r-1) l)iick-
ground runs made background sllbtraction very har(l. ( ‘ou!parison . .f tlte dilfer-
ent methods, which are (Iiscusse(i below, showed some signi ficant, diiferences for
the worst points.

3.5.3 Statistical Variations

Even in cases where there arc good statistics. statistical fluctliatiom can
introduce errors in a subtle way. ‘rhe farthest back ]JoilltS. O,cd(t > I ~]0°, have
a ver~- large n~mber of counts in the sl[pra-elastlc region (we shall refer to the
region in missing mass to the left of the peak. wht’re missing mass is lower and
the scattered particles have higher energy, as the s~ijjra-cla. sticregion). ,tnd m’en
those more forward-angled rllns. w}lere the backgrounds are relatively small, have
many counts, and a smootl] -;~ppearing spectrtlln. With this i~lea in mind, itrr]ight
appear that the way to choose a scallng rangt is so that systematic effects will be
minimized. For instance. one method tried was to scale the runs over a few-~MeV
range close to the peaks. ‘l’he idt:~ w’asto eiIlphasize that part of the background
that was close to th(~ area of interest ard to ]essen the effects of any general
shape difference in the ba(”iigrounds tllaf migll t have SOIJW CII !l]{llatiw’ effect if
the scaling r.-nge were large. ‘l”~lisidea was especial}. attractive. }Jecallse at this
energy, arollnd 1,5- Z() \le~,’ ~~citation in the surrounding hackgro[lnd -I)roducir)g

materials, we do not exp(’ct sharp peak> O( structures. Iiowever, we Illus.t keep
in mind that the counts in any scaling range have an uncertainty of ~# count .’+.
For instance. if we use a scaling range of -10 klek’ to -.5 Me\:. which covers .50
bins in our missing mass histograms, and if we have an average of 100 co~lnts per
channel, which is near the median number for this experiment, then we have an
uncertainty in the sum over these chal~~~elsof

/-iiiiFw)= i-! = 1.4% of 5000.

and an uncertainty in the scaling factor hetween two runs of this ro~lnt n~~mht’r
of

Of course. this is Just standard uncertaint~? propagation. and indeed this uncer-
tainty must be included as the ratio is used to scale t IIe p~ak area. This is the
method that is used in the subtraction analysis (see sec. 3.6.1). Two percent
is already a serious uncertainty to have to add on to the ratios, but there is a
more serious matter of principle involvwi. Figure 3.8 is an example of randomly
generated flat spectra. with 150000 total couIIts. ,\lso in the figure is a plot of the
ratio of the two spectra taken over se~(v-al energy bins. Each bin is .3 MeP’ wide.

()‘].,
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and each is next to the other: e.g. the first range is from -’.24MeV to -19 MeV,
the second is for -19 Me\- to -1I \[eV, etc. The errors are one sigma statistical
error bars. as discussed abo~w. Ideally. the ratio would be 1.0. Five of the ten
values are ~’ithin one sigma of 1.0. which is reasonably close to the expected 2/3
\’alue , considering the small n{}nlbm of trials. The difl’erence between the ratios
of tile first and second points is particularly striking, and serves to illustrate the
point. The difference is 4%. Now while this is not statistically invalid, it is al-
most as big as the statistical error in p+ , for many of the experimental points.
Figure 3,9 is an exarr]ple of the same exercise. but with oniy 10,000 counts in the
total spectra. ‘l’his is a small number, but it is well above the total number of
background counts for many points. in this cam, a similar reasonable number
of ratios ha~’c ranges within one sigma of 1.0 (seven of them), but the greatest
discrepant-. between points rlin(’ and tt,ll. is [2%! Of course, such a result is to-
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tally unacceptable. So, in addition to the statistical considerations, these ‘errors
of chance’ dictate that we use the largest possible scaling ranges in all cases.

3.6 Methods of Data Reduction

Two methods of data red(.ction were considered. As discussed earlicI, scal-
ing a background run to the foreground in the supra-elastic region has some
problems, but it will work if we accept large statistical errors. Another method
is to approximate the background somehow, and subtract this approximation
from the foreground. A straight line is usually a reasonable approximation; The
data were analyzed by both methods where possible (excepting only those D runs
that have no backgrounds to subtract). I discuss the methods and the results
and accuracy in the following two sections. The D normalization data presented
special problems; it is considered separately.

3.6.1 Scaling

The supra-elastic region cannot he reached by scattering from the target gas,
so this region is filled by background scattering, primarily from the aluminum
canister walls. In the ideal case, we expect the supr~-elastic region to have
exactly the same shape for r+T. rr+:]He and T+ D/T , and fc.- rr-T, rr-3He
and r-D/T . This assumes that all of the targets are identical ard that they
are placed in exactly the same orientation for t heir respective rurls. .Nfultiple
scattering and energy loss differences should he minimal between T and 3He and
D. One possible difference that cannot be measured is the scattering from the
fill valves on each target. M’I made an effort to align all of these valves in the
same wa}.. but the inflexibility:..of the capilar} tubes that connected the valves
to tt]e target canisters meant chat there was some variation. If we assume that
all of [hese ~“arlatiorls can he ignored, t.hcl] the T, s1Ie and D spectra for each
polarity should match, and we can use this region to scale the histograms for
background subtraction. In Sec. 3.5.:1. we saw that there can be quite a variation
in a supposedly flat region; we cannot seal<’ the runs to each other over a smail
region in missing mass, because this introduces a large uncertainty; we need to
use as large a scaling area as possible. For the right side of the scaling area, we
should go as near as possible to the scattering peak. The peak gets narrower as
the scattering angle increases, because dE’/JO decreases with angle. where E is
the kinetic el.ergy of the scattered particle. ‘1’herrfore. the solid angle subtended
by the spect rometer encornpases a narrower energy range as the scattering angle
increases, and the peak is narrower in missing mass. That means that we can use
a wider and wider scaling area as the scattering angle increases. For example,
in the angular distribution analysis, scaling ranges of -22 MeV - -4.5 IMeV for
114°, and -22 MeV — -2.5 MeV for 167° were used.

The main problem with with this [mthod was the lack of r- background



counts for some of the points. In particular, 146° and 156° have very pOOr

n- background statistics. Where the background statistics are good, the scal-
ing method and the straight line background method, wl~ich is discussed below
[Sec. 3.6.2 ), gave the same results, within error bars. Figure 3.10 shows how
this kind of background scaling works out for a case where there are pretty good
background statistics, and where there are not. The background is scaled to the
foreground over the area that is marked on the histograms, and then subtracted.
The good result, on the left, has some bumps in the supra-elastic region that
may or may not be the result of actual differences in the supra-elastic shape.
Nevertheless, the good statistics make for a smooth, well defined supra-elastic
shape, and visual inspection shows that there are no gross shape differences over
the runs. In this case, we can confidently scale the background to the foreground
for subtraction, quoting only statistical errors for the scaling procedure. On the
right is a subtraction done with runs with poorer statistics. The low number
of background counts requires a very large scaling factor. This multiplies the
random variations in the background, and so after the subtraction the result is
so ragged that visual inspection gives no assurance that the shapes are the same,
and that the technique is valid. of course, such a large scaling factor would
necessitate quoting a very large statistical error, but the quality of data makes
us unable to tell if a systematic error is indicated.

3.6.2 Straight-Line Backgrounds

Figure 3.1 I shows the r+ D/T backgrounds in the elastic-peak region for
two different points. The first, at 114° has rather poor statistics, and the sec-
ond, at 135° is typical of most of the experimental points. Considering that an
uncertainty equal to the square root of the number of counts should be assumed
for each channel, even the low-statistics run can reasonably be approximated by
a straight line.

An analysis routine was written to subtract straight line background ap-
proximations from standard LAhlPF histograms. Two r~lns are analyzed at a
time. For each run two points are input to draw the line through. The area
defined by the line is subtracted from the missing mass, and yields and ratios
between the two runs are taken over a set of ranges in missing mass. Figure 3.12
is an example of this program’s output. In the upper left is the X+T histogram
for 155°, with the specified line background overlaid on it. Below this is the result
of subtracting the line from the histogram. The area above the line is defined
to be the elastic peak. Notice that the line intersects the base of the peak on
the left, and the lowest point between the peak and the breakup on the right.
The same results are shown on the right, for r+3He. Because the kinematics are
the same, we expect the peak shapes to be the same; this is an important aid in
drawing the line. Figure 3.13 shows the way p+ varies for various widths of the
peaks used. The first three values draw the left edge at the left side of the peak,
and take the right side to be first near t}~c peak’s r,liddle, then halfway to the
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edge, and then at the end of the straggling tail. The second three points repeat
these values of the right side of the peak. but use a value for the left side of the
peak that is inside the true edge, nearer to the peak’s center. Since the T and
~}le ~ineInatics are the same, we expect that the width of the peak used will not

be important in the ratios, as long as it is the same for each case. However. if
the background line is misdrawn for one of the histograms, the value of the ratio
will not be consistent over different regions cf the peaks; this is another test of
how good the line selected matches :.he background.

As mentioned earlier, the program allows two histograms to be analyzed
simultaneously, e.g. ~+ r and ~+3He. since the r+ background is the same for

each of these histograms (assuming the canisters are the same). comparing the
final line to the background at the left of the peak (the supra-e!astic region) for
the two histograms helps highlight discrepancies. Likewise, it can be useful to
analyze the opposite polarity sets together e.g. r+T and r-3 He, because under
charge symmetry these cross sections should be the same, both in the elastic and
the break-up regions. This provides other criteria for comparison between the
two lines that are chosen as backgrounds. Ideally, both of these methods should
give the same results, and this is another check on the accuracy of the results.
Most of the data wme analyzed both ways, first the same-polarity pairs, and then
the opposite-polarity symmetric pairs.

Computing the error for this method was straightforward. If we imagine a
spectrum with a single peak sitting on top of a perfectly flat background (that is,
the shape is flat, and the actual spectrum is flat within statistics), then we can
use the flat regions that are not under the peak to get a very good position for the
background line. In this case, we would not have to add any error to represent
the uncertainty in the line. If the number of counts in the peak was A, and the
number of counts in the background under the peak was B, then the statistical
error would be ~~-. In the opposite extreme, we can imagine that there
is no flat region at the edges of the peak. This is equivalent to an experiment
where the available region in missing mass is only as wide as the peak. Then
we would use the standard formul ~ for a single-channel experiment, which is

~ = m. The proper error is somewhere between these two. For all the
runs, there is enough background to make a good estimate of the proper line
slope and intersection points. However it is certainly not perfect, and ~~” is

too small an error to quote. a = F A + ~B was chosen as a compromise between
the two extremes. A is the area in the peak between whatever limits are used
to calculate the yield, (this is the full width of the peak in the case of the cross
sections, and in most of the ratio calculations as well, excepting those cases where
including the tail regions caused large discrepancies in the ratios). and B is the
area between these same limits under the line that is drawn by the program.

The Yt.,g,t cut chosen for this process is the one that provides the best
reference points for drawing the line, and is m the set of reasonable Ytm,~,~cuts
found by varying the gas volume cut during the scaling-analysis effort. The shape
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change m Y&et shown in Fig. j~.~~ati~ed a sharp slope change near the peak
for some y~.,,,, cuts, and so these particular cuts were not used. Figure 3.14

shows how the two met hods compare. The filled squares are the final results for
rl , computed by the line-background method. The open squares are from the
scale and subtract.

‘rhe straight-line-background method was used for the reported results, in
order to eliminate the problems of muon peaks and statistical uncertainties dis-
cussed for the scaling method.

3.6.3 Deuterium ratios

Now consider the expected values of pll , using the ion chamber for the
norm (norm 1). At a given energy. the beanls have a certain particle content,
both pions and other particies, and this content is not the same for the two
polarities; for example, say that the only contaminant is protons, which will only
be in the m+ beam. Then the ion-chamber current will be proportional to the
number of pions and protons that it sees. Since the number of protons is a
constant fraction of the pion beam for a given energy and proton-beam steering,
this current is proportional to the total number of pions as well. Likewise, the
chamber current for the m- beanl is proportional to the number of pions, but
because the contamination is different, the proportionality constant is not the
same for the two polarities.

pn a dO(T+13 )/da(m-D ) is the ratio of n* scattering yields from D.
Each yield is proportional to the cross section, ar.d if we assume that mD scatter-
ing is charge symmetric, then the cross sections are equal and cancel in the ratio.
This leaves a ratio of beam currents. However, over the angular distribution, the
same incident beam is used at each point, and therefore pfl is expected to be
constant with angle.

There are some mistakes that could change this. For example, if the target
is misplaced for one of the D runs. There are usually fewer D runs than other
runs, and so this is proportionally a larger mistake. This kind of error, however,
is related only to D . Since it is not likely that errors of this type with the T
and 3He runs will be correlated with those of the D runs, there is no reason to
preserve this wrong value of pD . Instead, it is better to average the values of pD
over the angular distribution. Figure 3. 1S is a plot of pD over the entire angular
distribution. At each point the ratio was calculated several ways. A straight line
background subtraction was done. If there were I-I with D kinematics data for
subtraction, this was done, and straight-line backgrounds were drawn for these
latter sets as well. In several cases, extra line-background efforts were made
to check consistency. Several tries at drawing the line backgrounds train the
eye, and the results become more reproducible with practice. The final set of
line-background results was averaged over each point in the angular distribution,
leaving out the 146° and 167° points, for the reasons listed in Sec. 3.5. Properly
including these two would have required the addition of a large systematic error
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to account for the inconsistencies in t~ .r analysis. md they would have had little

effect on the weighted averag~. The erfects of these two points are opposite, and
so their inclusion would mostly cmcei in the average anywa’~. Figure 3.16 shows
pD at back angles using norml.

The back-angle points at each energy were not averaged, because we expect
that pLI will vary with energ:,., as the fractional pion mutent in the beam need
not be constant with energy.

The other beam monitor was the toroid that monitored the proton beam.
Since this monitor always sees the same current regardless of the channel polarity,
assuming that the beam is steered insistently, and since we are only looking
at scattered pions because particle identification eliminates protons while the
relative size of the muon and e!=tron cross sections at these angles means that
they do not contribute to the scattering yields, then if the Z+D and 7-D cross
sections are equal, pD calculated with this monitor is really just the z+ to

~-production ratio for the 12C target in the main beam. Figure 3.17 shows
the values of pD , using the toroid for normalization, at the various points on
the excitation function. The same ratio from two other sources are aiso shown
[LAM84] [GreW]. All of these results are fairly consistent within the error bars
shown, which are statistical for this experiment, and include some systematic
corrections for the other m~urements. Table 3.4 gives these pion production
ratios for the current experiment. The value shown for 180 in both Fig. 3.17 and
Table 3.4 is the average value from the angular distribution.
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‘1’able3.4: Pion production ratios from this experiment.

$I,,b 116.0° 126.0° 136.0” 146.2° 156.0° 167.0°

du/do( rllhf Sr” ) 0.52:1 0.479 0.417 0.369 0.385 0.408
error 0.019 0.019 0.017 0.017 0.017 0.017

Table 3..5: Normalization cross sections extrapolated by interpolation of the data in

[Ott85], at 180 MeV.

3.7 Cross Sections

The cross sections require more work than the ratios because it is necessary
to use normalization yields and cross sections. Values from otterman ei. al.

[Ottt35] are used here: the cross sections could be normalized to any other set by
six[]pl~”rrmltiplying the quoted cross section by the preferred normalization cross
section, and div”iding by Otterrnan”s value. The mD cross sections are assumed
charge s}’mmetric, that is a( m+D ) = a( m–D ). Figure 3.18 shows this D data
at the energies used. Note that these energies do not exactly overlap with our
experimental energies, varying by 1 - 3 LleV.

The cross sections in this region are iairly fiat (see Fig. 3.18), linear inter-
polation was used to get the values used here, A more serious error is that the
normalization cross sections are not taken at exactly the same energies as our
data; usually they are 1 -3 .MeV lower. Otterman et. al. compare their data
to older data at similar energies. The older data ha~”elarge error bars, but the
change in differential cross sections due to energy shifts of i McV — 3 hleV are
generally less than 5%, distributed on both sides of Otterman’s data. Finally,
in the cases where the normalization data does not extend to as large an angle
as the experirrmntal points, the value of the largest-angle normalization point
available is used. Al} of the normalization data goes to angles within 5° of the

experimental data, and considering the flatness of the D data in this region. this
introduces only a small uncertainty. A systematic error should be included be-
cause of these two approximations. .An inspection of the figure shows that an
error greater than 5??0is unlikely, and so 5Y0is a conservative systematic error.

Table 3..5 and Table 3.6 show normalization values that were used. Values in
the table give the larger error of the two points on either side of the interpolated
point. Systematic errors are not included.
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Energy (!vleV) I 142 220 2.56
Lab Angle I 162.5 172 173

Cross Sec.(mb/sr) 1.16 0.164 0.12
Error 0.05 0.007 0.007

Table 3.6: Cross sections extrapolated by interpolation of the data in [Ott85], to back

angles for the various energies.
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3.8 Systematic Errors

‘1’ht~r(~are two important possihlt~ sourm of s~’stmmitic mor ir~ the cross
sect ion 11~(’asl]renmnts and an a!}“sis. ‘l’he target alignnwnt nwthod was by (yr.
but it was the salne for each tar@., and so, it is Iilwly t hat on the alvrage all

of the targets would k mis- M t)y the s;illw anmllnt. S0, whil(~thv targrt pro-
file as setvI b}? the beam has changeci, it has changtd both for thr cxl~crir[wntal
and Ilorlnalixat ion targt?ts. l’hcse appear in the t,unwrator and deno[l]inittor,
rmp(wt i~’el)’.aIld so the change Sl)otil(l bc sy.rllmf’tric, M)(I S}]OUICIcancel. It is
possible that a different stlift of {~x~~(~rirlli~tltc~rs.COIIIing to wwrk in t }le 111i(id1(J
ef data !aking for a single point. wi 11s(~t the !argc’ts systt~lIlatic.ally difft~rrllt.

in this case, the first group of runs will be difftv”ent from tiw second group, all
at the same experimental point. However. thin{’ misalignnwnts are slight. and
the major change is in how much of the alur]liIlum wall intersects the incol]]ing
beam. The amount of gas in the hean] changm or)ly slightly., and since a good
deal of the background is eliminated by the }’~n,u,fcuts, the overall effect should
be slight. The most significant systematic error is associated with drawing the
straight-line backgrounds. This is a straightforward procedure for the 1’ and ‘He
runs, but for D it is difficult because the right side of the elastic peak overlaps
the break-up region, as the D binding energy is only 2.22.5 INleV.While a consis-
tent mistake should cancel in pD since the numerator and denominator have the
same shapes, this is not the case for the cross sections. Several trials with moving
the background line within reasonable limits suggest that this problem ma}” in-
troduce a 29f0 - 3% uncertainty into the values of the D yields. Interpolating the
normalization cross sections and extending them to largei” angles requires a .5Y0
systematic error, as discussed in .he pre~”ious section. Also discussed there was
the dei”iat ion of our experi T1~entalenergies from the normalization data energies.
A 3% uncertainty might h~”included for tl.ls as well. Adding (in quadrature) the
Z~O-- 3% mentioned in this paragraph due to background drawing and including

as well the 1YCerror due to the acceptance variation (see Sec. 3.3) gitws a total
systelnatic error near 770.

Systematic errors in the ratios are less of a problem. Since the peaks in the
numerator and denominator have the same shapes, it is not necessary to take
the entire peak for comparison. LTsingseveral peak-slice widths and observing no
variations in the ratio is a good check on inccmsistel:cies with the line drawing. A
systematic error in the relative A beam normalizations will show up in 71 and rz
but in p+ , p- , and R, this cancels, because there are canceling polarity values
in the numerator and denominator. Likewise. an error in the average value of
pD will affect rl and r2 , but not the others.

Finally, an error in gasfac affects all quantities. However, an 0.5% uncer-
tainty has been associated with gasjac and included in the quoted errors, so no
additional error due to the gas analysis is needed.

Finally, the reported asymmetly in the D cross sections of * – 1..5% is not
important for the cross sections, which have relatively large errors, and does not
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affect p+ , p– , and R sinct= they do not recluire fhe D values, rl and rz are
affected through the inclusion of pll : since p~ is included in the derlonlinator ~f
rl and the Ilumerator or r2 ttieas}’nmwtry is most noticeable in the dz’’emnce
between r, and r2 . rl and r2 will be plotted with and without the TD
as~”mmctr}. included in pD in (’hap. I.

3.9 Summary

The final method chosen for the ~“it~!danaljsis is the extrapolated straight-

line background. Statistical errors for the yields are
r

A + ~l?, where A and B
are the areas in the peak and under the peak respective y, at whatcn’er peak-width
was used.

The quoted errors are purelj’ statistical for all of the ratios. For the cross
sect ions. a 7% s~sstcnlat ic uncrrt ai IIt.jew’as suggested, in adclit ion to the quoted
~v-rors,which include statistic-al errors and the quoted errors for the normalization
cross sections.

Throughout, the rD interaction was assumed charge symmetric.
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Chapter 4

Results

4.1 Ratios

The various scattering i“atios are plotted and tabulated in this section. Num-
bers from the three earlier experiments, #546 [Nef90], #9C5 [Pi191J and #1032
[Pi192],[Ber91] are included. Statistical uncertainties are given, as discussed in
Chap. 3. Each ratio table contains a listing of the laboratory scattering angle,
the center of mass scattering angle, the momentum transfer in fro-z, the ratios,
and the experiment number. All angles are in degrees. The new data from the
back-angle experiments are shown as filled squares, the old experiments and the
new >’SF-dip data are various open s~’mbols.

The charge-symmetric ratios rl and r2 are compared with each other as-
suming cr(~+ D ) = cr(r-D ) and again assuming an asymmetry of -1.570 . The
R calculation of Gibbs and Gibson, I ~-ussed in Sec. 1.7 is overlaid with the old
and new data.



I

4.1.1 The lb~%s p+ and p-

It was mentioned in Sec. 1.6.4 that p+ and p- strongly reflect the ratios
of the on-resonance, m-nuclmn spin-flip amplitudes in the .NSF dip region. At
180°, only NSF scattering is possible. In this case. p+ becomes

F,T j(r+p ) + 2}~T j(r+n ) 2
P+ -

2FP3H. f(~+p)+ Fn3He f(~+TZ )
(4. 1)

Assuming that J(m+p j - 3J(7r+n ), which is not necessarily a good approxima-
tion because at large angles kinematics dictates that all single scattering will be
from nucleons with non-zero Fermi momentum, we would expect p+ = (0.7)2 *
0.5, if the form factors cancel. Similarly, we expect a value of 2.0 for p- . The
measured values are 0.38 and 3.06 for 180 .MeV (Fig. 4.1 ). A + sign on the figure
shows these simple predictions.

Increasing or decreasing the pion energy, or increasing the nucleon momen-
tum all correspond to changes in the center-of-mass energy of the r-nucleon sys-
tem, moving the reaction away from the resonance energy and changing the factor
of three between the amplitudes. In Eq. 4.1 we can use f(n+p)= 2 x j(z-p )
instead of three times, etc. to see how this affects the ratios: the result is an
increase in p+ . Thus moving the reaction away from the resonance energy takes
the predicted single-scattering result further from the measured value. Similarly.

P- will decrease by this estimate, also moving further from the data.
At 220 MeV and 256 MeV, the single back-angle p+ and p- values are con-

sistent with the trends seen at 180 MeV, that is p+ falls and p- rises at back
angles to a greater extent tha~ predicted by the simple, single-scattering model
(Fig. 4.1). This is not the case at 142 MeV, where the back angle values are 0.8
and 1.3 for p+ and p- , respectively. For this energy, the measured \“alues have
a lesser fall and rise, respectively, than predicted by the simple model.

In Sec. 1.6.4 it was shown that p+ and p- could be predicted fairly well using
a single-scattering impulse approximation and the Wi-phase-shift amplitudes to
describe the r-nucleon interaction, in the fvward hemisphere. The inputs to the
amplitudes are the incoming pion energy and the momentum transfer. Plotting
p+ and p- as functions of q2 shows that the 142 MeV data is consistent with
the data for other energies (Fig. 4.2); this emphasizes the ~-nucleon scattering
amplitudes, not the ~-nucleus kinematics as plotting the scattering angle does.

In the forward hemisphere, the NSF dip does not occur at a constant value of
q2, but rather at the value corresponding to 90° in the r-nllcleon center-of mass,
reflecting the cosine dependence of the NSF p-wave interaction. Figure 4.2 shows
that the NSF dip moves to higher values of momentum transfer as the pion kinetic
energy increases. In fact the dip shifts as a function of the x-nucleon center-of-
mass total energy (this was tested using the Simple Model and changing the
center-of-mass energy in the VP I phase-shift analysis), and so it will shift if the
nucleon momentum is made non-zero while the pion energy is kept fixed. As was
seen in Sec. 1.6.2, to have single scattering at higher momentum transfers, it is
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the simple prediction discussedin the text. Except for 142 MeV, all of the back-angle data

is consistent with the same back-angle shape as 180 MeV.
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n t Cf’SSQ 17J t()scatter from moving (l II C](WIIS ‘1’lierefore, at back angles and six,~,e
sl”;itt(’rir]g, the ,NSF dip n:oves towiirtis Iligh r]wllwnturtl t ransfcrs. I{t)wever, this

(1i]) (I!fwt~~creas(s p- and incwilsf.s p+ wtlich are opposite ttle trends neeckl

t t, (IX p]airl Itle (iata, so one can coII(l IIde that t his is not the dominant effect at
!Jii(”k it!l~h%.

AS Si IIglt’ S(Iilt tering l)t’CO1l1(’s!(~sslik~)!j at high lnon~entunl transfers, that
is. at larger anglt’s, multi ple scattering S}iOUl(i become proportionately more imp-
ortant. A vm~”sinlple argument can predict qualit.ative]y the back-angle trends
SCW]in p+ and p- .

T}lc’second order scattering tmnl (‘dotlblc scattering’) is

wh: re q, arl(l 42 are the nmrnenta t ransferrmi in the first and second scatter,

rcspccti~”~ly. Et’aluation of this terln is not tri~’ial. and will not be attempted here.
IIow.e\.er, it obt’iously will be a sum over products of ~-nucleon amplitudes. Now
assume that each scatter will happen at the resonance energy, that is, assume that
the nucleons are infinite]}”heavy’,and consider p+ . The denominator, x+3 He, can
proceed b}. scattering first from a proton. and then from another proton, that is,
t1lCIanlplitllde colltains a produ(. t of two amplitudes that are large. Scattering

from a proton thrn a neutron, or a neutron then a proton, is possible, but less
like!>.. The nummator, rr+T, can only proceed by scattering from a proton then
a neutron, or a rwutron then a proton, that is by products of large and small
amplitudes, or b)’ scattering from a neutron then a neutron, the product of two
small arnplit udes. .As the fraction of multiple scattering increases with scattering

angle, the denominator irlcreases fz.stcr than the numerator, causing an overall

decrease in p+ . as is seen in t hv data. For p- , it is the numerator which can

proceed b)’ the product of two !.irge amplitudes. namely R-n , and so we expect
tl :C”dd) iIiCTC’a:”O;n p- with angle. again as seen in the data. At 142 .MeV. single
scat tming is more likely because of kinmnat ical considerations, as shown in Fig.
1..5.

W{?should note that in double scattering. spin-flip scattering need not be
forbidden on the paired nucleon. For example in r+3He, the pion can flip the

spin of one proton in the first interaction. and flip the spin of the second proton
in the second interaction. This leav”esthe protons with opposite spin, still able
to occupy the ground state. This could further enhance the scattering from the
denominator in p+ and the numerator in p- , and contribute to the measured
trends in these ratios.
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d!nb ecm -t P+I P- Exp.

40.0 43.5 0.7 00628(0.0! 1) ‘1 .73(0.06) 546
40.0 43.5 0.7 0.61 7(0.01 6) 1.754(0.0’28) 905

50.0 54.’2 l.) 0.7] l(o,()~g) 1.47(0.0.5) 546

60.0 64.7 1.5 1.0’2(0.03) 546
60.0 64.7 1.5 1.0.54(0.014) 1.066(0.017) 905

70.0 75.1 1.9 1.55(0.12) .546

80.0 1 85.3 2.3 1.C45(0.024) 1.102(0.027) 90.5

90.0 95.4 2.8 0.689(0.019) 1.666(0.068) 90.5

110.0 115.0 3.6 0.607(0.015) 1.!318(0.052) , 905

158.0 160.0 5.0 0.81 1(0.024) 1.347(0.06.5) I 1064
162.0 163.6 .5.0 0.757(0.027) 1.401(0.086) I 1064

Table 4.1: p+ andp- 142NleV

t?~b em I -t
,

P+ P- Exp.

40.0 44.0 1.0 0.692(0.014) 1.56(0.04 ) =6

40.0 44.0 1.0 0.676(0.009) 1.604(0.021 ) 90.5

50.0 54.7 1.5 0.880(0.021 ) !.32(0.05) 546

60.0 65.3 2.0 ).37(0.04) 0.909(0.0.5:1) 546

60.0 6.5.3 2.0 ~ 1.392(0.021) 0.851(0.016) 90.5

65.9 70..5 2.3 I 2.10(0.14 j 546

70.0 7.5.-7 2.6 [ 2.58(0.12) 0.496(0.027) 546

73.0 78.8 2.8 I 2.322(0.070) 0.504(0.023) 1032

75.0 80.9 2.9 I 2.25(0.17) 546

80.0 85.9 3.2 I 1.36(0.07) 0.829(0.057) 546

80.0 85.9 3.2 I 1.388(0.030) 0.812(0.022) 905

90.0 96.0 3.8 I 0.944(0.036) 1.14(0.07) 546

110.0 115.6 4.9 ] 0.863(0.020) 1.371(0.056) 905

114.0 119.4 5.2 [[ 0.8.5(0.02) 1.28(0.04) 10J4

125.0 129.8 .5.7[ [ 0.87(0.02) 1.38(0.04) 1064

135.0 139.1 6.1 II 0.7.5(0.03) 1..56(0.08) 1064

145.0 148.3 6.4 ~I 0.55(0.02) 2.05(0.09) 1064

155.0 157.4 6.7 Ii 0.44[0.01) 2.62( 0.1 1) 1064

168.0 169.2 6.9 [1 0.38(0.01) 3.06(0.15) ~ 1064

Table 4.2: p+ , p- ,180 MeV
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t?ld (?,.m~ -! P+ p- k;xp.

40.0 44.4 1.3 0.789( 0.0 1.5) 1.4.50(0.0’24) 905
60.0 65.9 2.6 1.67.5(0.0-!7 j 0.690(0.01 8) 905

69.0 7.5.3 3.:1 3.466( 0.134 ) 0.27:1( 0.015) 10:12

80.0 86.6 4.2 1,6.57(0.122) 0. 7.5.5(0.0.57) 90.5

168.0 169.3 8.9 ] 0.408 (0.0:J5) y.~q~c 1~) 1()(j~

Table 4.3: p+ and p- 220 MeV

(?Inb Ocm I ‘t P+ P- Exp.

.50.0 .55.7 2.4 0.91(0.04) 1.08(0.05) 10W

66.0 72.7 3.9 1.06(0.06) 0.71 (0.0.5) 103’2
75.0 82.1 4.7 0.50(0.04)/0.430(0.040) 1.44(0.14)/1.330(0.139) 1032
89.0 96.2 6,1 0.82(0.08) 1.31(0.21 ) 1032

168.0 169.4 10.9 I 0.478(0.035) 2.59(0.37) 1064

Table 4.4: p+ and P- 256 MeV, The two entries at 7.5° are from two separate analyses.



4.1.2 The Ratios rl and rz

In the backward hemisphere, the charge-symmetric ratiosr~ and rz show
sinlilar behavior for all energies (see E’ig. 4.3). At 180 \feV, assunling that
cr(rr+1) ) = O(r- D ), they cross each other arcmn~ 10OO; r2 is * 1.0 in the
backward hemisphere, rl climbs quickly to about 1.1 and stays there (st~e Fig.
4.4 ). The back-angle points at the other ct]ergies show the same trends as those
at 1S0 JIcL’: r, is greater than 1.0, and r2 approximately equals 1.0.

In single-scattering, we expect both r] and r2 to k larger than 1.0, because
of the proton repulsion in 3He, which makes the form fal.tor for 3He less than that
of T at each momentum-transfer value. ‘1’helack of structure is not surprising, as
the ~-nucltton amplitudes arc smooth and non-zero ill this region, see Fig. 1.1.
and the form factors are well behaved as well up to the 8 fm-~ covered at 180
\lc’\’ (see Fig. 1.7).

Smith et. d. report a - 1.5% asymmetry in the D cross sections at back
angles. with uncertainties at the f!iffcrent angles near 0.6Y0. That is

or. 0(7r+I) )/0( 7r- D ) = 1.03. To include this result, we must divide the values
of pD . ilsed to calculate rl and rz , by 1.03. Including the asymmetry increases
the separation betweml rl and rz in the backward hemisphere (see Fig. 4.4). In-
cluding the asymmetry in the forward hemisphere would decrease the separation
between r, and r2 ; however. the asymmetry data exists only for angles greater
than 60° and so the correction has not been applied to the forward-hemisphere
ratios.

Th~’ Simple Model impulse approximation done in Sec. 1.6.4 gives large
\“ariation:, in r, and rz in both hemispheres for small variations in J, and 40 .
Howe\er. no combination of 6, and 40 made the ratios cross over as seen in the
data.

The data are not inconsistent with the simple multiple-scattering picture
gilxm in the previous section. Consider rz , for example. The numerator, 7-T,
w-illbe dominated, in double scattering, by the product m-n x r-n , while the
denominator, ~+sHe, will be dominated by ~+p X ~+p , so that the do”ble-

scattering systematic will be the same in both the numerator and denominator.
As multiple scattering becomes more important with increasing angle (or in-

creasing momentum transfer). we would expect a similar additive correction for
both numerator and denominator, and no great \“ariations in the ratio. As the
nuclt=ons in 3He are slightly more separated than those of T, we would expect
the multiple scattering from 3He t. he suppressed somewhat; thus both single

and double scattering should tend to increase r2 above 1.0. The same arguments
indicate that rl should be above i.0 as well.

The crossover of r, and r2 must he considered whether or not the XD asym-
inetry is included in their determinant ions. The arguments in this section suggest
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that rl and rl arc ~w-y sensiti~’c to tht’ n~lcl(wn distribution, and th~vefcr(>t~ the

form factors. Nevt’rthelt~ss, the inclusion of the nmrt” sophisticated form factors of
~~arsha}’and Seghal [~ar85] in the simple IJmdcl tiid not produce such a cross over
(see Sec. 1,7). In the calculation of Gibbs and (;ibson, irlclusim of a (’oulornb
tcrn~ in tht~ potmtial produced a similar crossmw (WRC9’2], although it is not
seen in tht~ calculat io[l by ~i[ll et. al. (Sec. 1.7), using a similar term, but not
proton-proton repulsion in 3Hc.
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~lt,b ‘ctn -t ~ rl rz Exp.

40.0 43.5 0.7 1.04(0.05) 1.04(0,04) 546

40.0 43.!5 0.7 1.021(0.027) 1.060(0.029) 905
50.0 54.2 1.1 l.o~(o,()~) 1.01(0.08) .5’16
60.0 64.7 1.5 1.13(0,08) 546
60.0 64.7 1.5 1.041(0.030) 1.079(0.030) 90.5
70.0 75.1 1.9 1.11(0.15) 546
80.0 85.3 2.3 1.007(0.046) 1.143(0.050) 90.5
90.0 95.4 2.8 1.038(0.069) 1.106(0.06.5) 905

110.0 11!5,0 3.6 0.997(0.045) i.107(0.044) 905

158.0 160.0 .5.(I 1.10(0.06) 0.99(0.06) 1064
16~013 ]~~.~ 5.0 1.08(0.05) 1.01(0.06) 1064

‘1’abte 4..5: rl andr, 142MeV

6,nb ecm -t rl r2 Exp.~

40.0 44.0 1.0 1.04(0.03) 1.04(0.03) 5i6
40.0 44.0 1.0 0.998(0.022) 1.087(0.025) 595
.50.0 54.7 1..5 1.05(0.05) 1.10(0.04) 546
60.0 6.5.3 2.0 1.07(0.05) 1.17(0.06) 546 ‘
60.0 65.3 2.0 1.002(0.025) 1.183(0.031) 905
70.0 75.7 2.6 1.07(0.04) 1.20(0.08) ~ 546
73.0 78.8 2.8 0.989(0.030) 1.186(0.054) ‘ 1032
80.0 85.9 3.2 1.03(0.06) 1.09(0.08) 546
80.0 85.9 3.2 1.000(0.040) 1.126(0.047) 905
90.0 96.0 3.8 0.988(0.057) 1.09(0.05) 546

110.0 115.6 4.9 1.020(0.068) 1.159(0.072) 905

114.0 119.4 5.2 1.07(0.04) 1.()~(().04) 1064

125.0 129.9 :1.7 1.13(0.04) 1.06(0.04) 1064
135.0 139.1 6.1 1.1.5(0.06) 1.01(0.07) 1064
145.0 148.3 6.4 1.09(0.05) 1.03(0.06) 1064
155.0 157.4 6.7 1.08(0.05) 1.06(0.06) 1064

f 168.0 169.2 6.9 1.l~(().()6) 1.05(0.06) 1064

Table 4.6: rl ,r2 180MeV



v
t?labI t)m -t ‘ rl F2 Exp.

40.0 44.4 1.3 1.033(0.026) 1.107~026) 905

60.0 65.9 2.6 ‘ 1.042(0.038) 1.109(0.045) 905
69.0 75.3 3.3 1.002(0.039) 0.915(0.048) 1032

Sooo 86.6 4.2 0.976(0.084) 1.283(0.123) 905

168.0 169.3 8.9 1.21(0.11) 0.97(0.07) 1064

Table 4.7: rl andrz 220MeV

6~b em -q rl r2 Exp.

.50.0 ~5.7 2.4 0.97(0.05) 1.02(0.03) 1032
66.0 72.7 3.9 ;.05(0.11) 0.72(0.06) 1032
75.0 82.1 4.7 0.96( 0.12)/0.917(0.1 19) 0.74(0.08)/0.71 1(0.077) 1032
89.0 96.2 6.1 1.22(0.24) 0.91(0.01 1) 1032

168.0 [ 169.4 ~ 10.9 I 1.25(0.20) 0.99(0.16) I 1064 [

Table 4.8: rl andrz 256 MeV. The two entries at75° are from two separate analyses.
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4.1.3 The Superratio

R is the ratio that should be the most independent of !irst-order (.’oulomb
effects, wit h the exception of the fornl factor \rariat ion du(, tIJ p- IJ rf’pllh ion. At
180 hfeV, where the angula- distribution is con}plete, R (l~J~s nut S(VYII to t~xllit~it

any structure in the backward herl]ispht’re: rat tier it is fair]}’ flat writh it L$alucof
aroulid 1.1.5(see Fig. 4..5). It nla~?be that the see[nirlg (iip around 120° is ii real
structure, but the error bars arc’ not inconsistent wit h a smoother shape. At arl~’
rate, the value is consistently aboiw 1.0, to at least two a at all points. .111of
the optical-model calculations mentioned in L’hap. 1 show a value near 1.0 in
the region around 100°. where these experiments have the least data. IIowcwcr,

considering the large error bars on the 11.5°point from the previous experinwnts.
the data is not inconsistent with a dip there. follow’ed b}’a slowly risillg functi{~n
at back angles. This shape was predicted by (; ihbs and [;ibson. “I%eir cllr~’~’ffJr
the prediction 6, = –0.03fm follows the data well. (Fig. 4.6).

The other energies hat’e similar values for the lone back-angle points. Eac}l
is above 1.0, although the difference is less than two a.

Note the surprising value at 2.56 \leV from Exp. 1032 [Pi192] [E3er91]at the
NSF dip, and the seeming d;.p there to about 1.0 at 220 MeV. In addition. there
is a single NSF dip pcint taken at 295 MeV [Ber91], which has not been plotted
as there are no points at this energy in the current experiments, whose value is
less than 1.0 as weli. Possible explanations for these below-one results at the NSF
dip will not be considered here, but we note that at this energy we are off the
~ resonance, and the simple pictures given for p+ and p- (Sec. 1.6.4), who=
product make /?, is no longer adequate.
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-’C. -’ R Exp.

40.0 43.3 0.’7 1.09( o.o’\~ 546
40.0 43.5 0.’? 1.082(0.039) 905
50.0 54.2 1.1 1.04(0.0.5) .546
60.0 64.7 1.5 .546
60.0 64.7 1.5 i .123(0.0:18) 905
70.0 I-5.1 1.9 .546
Sooo 8.5.3 2.:3 1.152(0.061) 905
90.0 95.4 2.8 1.14s((J.otM) 905

! 10.0 115,0 {.6 1.104(0.064) (j@lj

38.0 160.0 -,.0 1.09(0.06) 1064
‘i~~,o 16:3.6 ,j.o 1.09(0.06) 1064

Table -i.9: Rat 142MeV. The blank entries are points where data wastakenforr2 but

not r, during experiment 546, thus Rcannot be computed there

m
Imm

E
40.0
.50.0
60.0
60.0
7im
73.0
$().0

80.0
90.0

110.0

E

1145
125.0
135.0
14.5.0
155.0

1168.0

0cm

44.0
44.0
34.7

65.3
65.3
75.’i
78.8
SJ5.9

85.9

96.0

115.6

119.4
129.8
139.1
14s.3
1.5-7.4
169.2

Tab]

-t R Exp.

1.0 1.08(0.04) 546
1.0 1.0s4(0.039) 905
i .5 1.16(0.05) 546

% 1.2.5(0.08) .546
2.0 1.185(0.036) 905
2.6 1.30( 0.10) 546
2.8 1.171(0.044) 1032
3.2 1.1:3(0.10) 546
3.2 1.127(0.057) 905
3.s 1.0s(0.07) 546
4.9 1.183(0.078) 905
.j.~ 1.09(0.04) 1064
.5.7 1:20(0.05) 1064
6.i 1.16[0.0s) 1064
6.4 1.13(0.06) 1064
6.7 1.14(0.06) 1064
6.9 i 1.1s(0.07) 1064

4.10: N180MeV

128



I d,nb O,.% -t / R I;xp.

40.0 -14.4 1.3 1.11.1(0.0:17) w,;

60.0 65.9 9Jj 1.156(0.0.5.5) Yo5

69.0 75.3 :1.:1 0.946(0.062) 10:]2

80.0 86.6 4.2 1.251 (0. 121) 905

168.0 169.3 8.9 1.17(0.09) 1064

Table 4.1 1: A!at 220 MeV

t+ab em -f] R Exp.

.50.0 .55.7 2.4 0.98(0.06) 1032
66.0 72.7 3.9 0.75(0.07) 1032
75.0 82.1 4.7 0.71 (0.09)/0.652(0.068) 1032
89.0 96.2 6.1 1.08(0.20) 1032

I
168.0 169.4 10.9 1.24(0.20) 1064

Table 4.12: R256MeV. Thetuw values at75° are from separate analyses.

——— —..



4.2 Cross Sections

‘1’hr cross ww-ticms are t}v !f*astarcllritt~’ of I }w IIata obtitinwl ill t i!fw~ IIIeii-

surcments, !Jllt t hrir t’rror t~ars iit_<’al I SIIliill r’ll(jllgh tt~ flliilit’t}If’fl]lls~>fllj.j)atii

is plot tt’d anti tahulatd frolIi t ht. prt’i”iolls AI)(IIllrrt”Ilt t’xpt*riIIwnts, u’ittl op~~n
and fiIle({ S}+l]lbols.respw.-ti\?el}?.‘1’ht”plott<vl itnd tahulitted (Iata iir(’ all ill 1lit’

7r-nuclc(ls center-of- mass sj’sttvll. ;\ll crow w.tiorls aro plotted a[](l til}J~l]~tt’(j

assuming t !lt~rcis no asj’mmetry ill 7r1):that is all arc norjnalized to a( 7r+1) ).
The most striking detail of the back- itng!tj results is the pairir;g of tllt~c}larg~”-

sj. rnnmt rif pairs, 7 ‘T and r-~lie. an(l r- ‘I’anti x+”’Iltf. in sillglt~scitttt~riilg. tht~

forrmv- set is (I(jnlinated b} odd-nucleo!t w-attcrirlg at rw-xmallct~ t’l)(”rgit”s. :\t

180 \leL’. tlltw’ tww cross set.t ions are rilt}lt’r flat oiv”r tht’ rang<’ of tilt” currtvlt
experit]ltwts. conling down from t hc sn]al] }IIIIIllJ folhnving t hr ,\”SI; ~iip. Toget llt~r
the). make up rl which is the (.l]arg<~-sj”llllllt~trir ratio ttlat deiiat(w from I,fJ
at back angles. rl , and the cross sc”ction ditt a. show that n +‘I’ is consisttvlt 1)’
greater that r-:! He in this region. In sil)gh~scattming. this is to }w t~xpt~cttv{in

the absence of significant st ruct llr~ dur to the m-Ilut.ltwn atllplit udtIs. }Jf’(.iill SC f~f
the !arL;er T form factor.

The other two cross sections nlakc up rz . ‘I”he!”show a sharp rise lmt.wcn
140° and 180°. In single scattering, t hfw cross swt ions are znostly eiwn nuchwn
scattering at resonance energies, an(] t hrrf”for{’primaril~, non-spin-flip, .Sincf~ r2
gof~s to 1.0 hert=. thcw is no differenw in the scattering bt’tween the two, so it
seems that t hr size cfifferences arc not important.

Tht’ Lack-angk risf’ ill the cross sect ions [~fr - ‘r and 7r+ofIe are rf’sp(jflsi})lc
for the irlcrt’asc in p- and the dmrt’asc in p+ seen oiv’r t hose angles. It iias l){~t*il

suggtx~cd in this chapter that a sirnplc (1011I)lc- scat tt’ring mode] could ex1)]iiirl t h(~
respect i~.e rise it‘Id fall in these ratios. ant{ that such s}?stemat ics wolll{i not Ix*
inconsistent w-it!1the rrlostlj. -flat backanglt’ shapr:s of rl and r2 . Howtw”er.such
a model cannot explain the increase in the Y- ‘I. and x+’He cross swtions at
hack angles. Figure 4.7 shows our elastic ‘I.-scattering data and ‘I{e-scattering
data from Brinkmoeller et. af. [13ri!)l]. To the extent that T-T cmphasi~es
scattering from the paired nucleons at t hc rc*sonarlce energ~., r-T is similar to

4He which has a]] nuc]cwns in spin Pairs.the scattering from The 180 \le\” ‘f{e
data is represented h}. ~he fourth dottd line from the top. direct]} a}m~wthe
r-T data (filled squares). The sirnilari t~”is obl.ious. .Nr)te especial]j. t hat hot h
the qHe and 7–T data hai.e a dip near 6 fm momentum transfer. ,4 similar
shape is seen in the bottom dot trd cl~ri”t=.~~’hichrepresents 4He scattering at 240
\fe\;. but at higher momentum trarlsfer. ;\lso note the hump in the IHc data
}Jetween 3 and 6 fro-2. One might cxp(*ct to stv”a sinli]ar hump in the r-’I’ (iata.
considering its other similarit & with the “$~{edata: it would be interesting to
see whether the hump appears in the ~+ “r data. In the calculation of Gibbs and
Gibson (Fig. 4.1 1), there is a t.ariation in this region between the two.

Including the mD asymmetrj’ numbers makes ail of the r-cross sections
sma~ler IJ}” 3(7. decreasing the x- T - n+31{e gap slight}>.and increasing the gap
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})t’twrcnT+’I’ and r _JHe. ‘rhat is, ?“1 is increaseci and r2 is decreased (see Fig.
1.4 ).
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em(dg) 1 do(m+’r)

43.6 1l.l(o.~
43.6 11.36(0.63)

11 .

64.7 II 2.34(0.18)

95.4 [1 0.83(0.07)
114.9 0.87(0.07)

160.0 0.99(0.06)

163.6 0.93(0.05)

da( 7r+~Ilt?)J do{ K - ‘r) du(7r-”lh) ~Exp.

17.7(0.6) 18.4(0.6) 10.7(0.5) ,546
i 8.41(1.02) !9.6-1( \ .09) 1 \ .24( 0.62) 905

7.s((.).:]) 7.9(0.6) !5.4(0.4) .546
2.39(0. 10) Q.,3(O.y) .546
~.~~(o. ]7) 2.36(0.19) ‘2.22(O.18) 905
0.s1(0.07) 0.9(0.1) 546
0.78(0.05) 0.88(0.0.5) 0.80(0.05) 905
1.21(0.09) 1.33(0.11) 0.80(0.07) 905
1,44(0.12) 1.61(O.14) 0.88( 0.0S) 905

1.21[0.07) 1.21(0.08) i 0.89(0.06”-1
1.22(0.07) I 1.17(0.06) I 0.83(0.06) ] 10641

Table 4.13: Differential cross sec~ions, 142?vleV, in the center-of mass. Cross sections

are in mb/sr.

‘ 9~(dg) I du(~+T) du(n+31ie) da(m-T) d@-3He) Exp.

44.0 11.7(0.3) 17.0(0.4) 17.6(0.4) 11.3(0,3) .546
44.0 10.88(0.55) 16.11(0.81) 17.71(0.88) 11.12(0.55) 90!5
54.7 4.7(0.2) .5.4(0.2) 5.9(0.2) 5..5(0,2) 546
65.3 1.72(0.04) 1.25(0.04) 1.46(0.06) 1.61(0.07) .546
65.3 1.63(0.08) 1.18(0.07) 1.36(0.08) 1.59(0.09) 905
70.5 1.03((-).05) 0.49(0.03) 546
75.7 0.63(0.02) 0.24(0.01 ) o.Q9(~.02) 0.58(0.01 ) .546
78.8 I 1032
??0.9 ~ 0.51(0.03) 0.22(0.02) .546
85.9 I 0.45(0.01) 0.33( 0.0’2) 0.36(0.O’2) 0.44(0.02) 546
8.5.9 I 0.43(0.03) 0.31(0.02) 0.3.5(0.02) 0.43( G.03j 90.5
96.0 I 0.46(0.02) 0.49(0.02) 0.54(0.02) 0.47(0.02) 546

115.6 ] 0.35(0.03) 0.40[0.02) 0.46(0.04) 0.34(0.02) 905

119.4 I 0.41(0.02) 0.47(0.02) 0.49(0.02) 0.38(0.02) 1064
129.8 ] 0.32(0.02) 0.37(0.02) 0.39(0.02) 0.28(0.02) 1064
139.1 0.27(0.02) 0.36(0.02) 0.37(0.02) 0.24( 0.0’2) 1064
148.3 0.27(0.02) 0.49(0.04) 0.48(0.04) 0.23(0.02) 1064
157.4 0.29(0.02) 0.64(0.05) 0.66(0.05) 0,25(0.02) 1064
169.2 0.29(0.02) 0.78(0.05) 0.74(0.05) 0.25(0.02) 1064

Table 4.14: Differential cross sections, 180 MeV, in the center-of mass. Cross sections

are in rnb/sr.



$,.n,(dg) (/0( 7r+‘1’) A7(7r+3}Ie) da(7r-T) JO( 7r-w’) 1 l{xp.

44.4 7.66(0.45) 9.51 (0..56) 10.7:)(0.62) 7.44 (0.45) !)()~

55.9 0.69(0.05) 0.41 (0.03) 0.45(0.04 ) 0.6.5( 0.05) 905

75.3 10:12
11 1 1 1 1

$6.6 ‘).097(0.006) 0.059(0.005) 0.076(0.005) 0.101(0.008) ‘ 90.5

169,3 0.12(0.01 ) 0.30(0.02) 0.29(0.02) o.10(0.01) 1064

Table 4.15: Differential cross sections, 220 MeV, in the center-of mass. Cross sections

are in mb/sr.

I Ocm(dg) I da(n+T ) da(x+s14e) dcr(lr- T) do( 7r-3He) Exp.

55.7 1.6(0.1 ) 1.70(0. 1) 1.8(0.1 ) 1.7(0.1 ) 1032
72.7 0.]2(0.01 ) 0.12(0.02) 0.081 (0.008) 0.12(0.01 ) 1032
82.1 0.038(0.005) 0.08(0.01 ) 0.0.5.5(0.007) 0.041(0.007) 1032
96.2 0.031(0.003) 0.037(0.004) 0.034(0.004) 0.0250(0.004) 1032

169.4 0.052(0.005) 0.11(0.01 ) 0.105(0.01 j 0.041(0.006) 1064

Table 4.16: Differentialcross sections, 256 MeV, in the center-of mass. in mb/sr.



Chapter 5

Summary and Conclusion

The scattering cross sections and their ratios measured in this work extend
the picture of pion scattering from A = 3 nucl,-: in thv region Cf t~e Aw resonance
to angles near 170° in the !aboratory. The scattering ratios and cross sections
show consistent trends and match up well with forward-angle data.

In the backward hemisphere, p+ s d~(n+T)/d~(T+3He) falls and
P- = da(x-T)/do(x-3He) rises with angle to a much greater extent than pre-
dicted by a singbscattering impulse approximation. The exception is at 142
3feV, the only point with energy below the ~-nucleon resonance energy of 180
\le\’; hmvever plotting these data as a function of momentum transfer squared
shows that the data are consistent over a!. of the energies measured. p+ and
p- are not charge symmetric. It was shov.m in Sec. 1.6.4 that their forward-
her-nisphere \“alues could be well predicted by .,ii~single-scattering, fixed-scatterer,
impulse model dmcribed there. The onl}’ important input to that calculation was
the \“alues of the r-nucleon amplitudes. That calculation fz”k in the backward
hemisphere. It was suggested in Sec. 4.1.1. that as kinematical considerations
dictated a proportionately gl~.~t.er role for multiple scattering in the backward
hemisphere, the trends in p+ and p- might be explained by a very simple double-
scattering picture. This picture cannot expiai n the back-angle cross sections and
so can not be correct as given. Nevertheless, multiple scattering 100ASlike a \’ery
important part of the back-angle shapes for p+ and p- . Conversely, these two
ratios may provide z good test for multiple-scattering calculations, especially if
they remain as insensitive to nucleon-distribution, considerations as they were in
the forward hemisphere. Indeed, it seems wiser to t,est these theories in regions
far from the NSF dip, with its ~“arious sensitivities, and come back to the dip
region when all the parts of the scattering problem are worked out.

rl s dc(x+Tj/du(x-3He) and r2 s dcr(r-T)/da(n+3He) are the nomi-
nall}”charge-symmetric ratios. In the forward hemisphere, r2 is greater than 1.0
and F1 is - 1.0. TI and r2 should be Iess sensitive to the ~-nuchxm amplitudes
because of their charge-symmetric nature. Thus, we expect them to be more
sensitive to the form factors. The hump in r2 in the region of the NSF dip is
a complicated function of amplitude changes and nuclear distributions. Smal!
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variations iv t ::*I inputs to sinlple I”.ilL’Uli+t ions can cause large variaticms in that
rt’gion. It tllay be possible to reproduce the hump with n)any different parameter
L’Olllbillittions, and so it is important that t fley be based orl ph>’sica]arguments. In
t hi: silllplt~calculation shown in Sm.. 1.6.4, as W“(*l]as in thf’ IJot(’lltial-ijltt’rac-t;orl
calc”u[at ion of (; ibbs and (; ibson d iscussc*din %x”. 1.7, sllmll i’ariaticms ill the pa-

raslwtvrs dtscrit)illg ttle spatial llucleoll ciistribut ion maiw large ~“ariatiolls in the
backwar(i helllisphere. In the latter calculation, this is showo ilI the ~?alutwof the
SIIperratio. w“hic”his the product or rl and rj , Once again, one might expect to
use the bac”ktvard-hexl~isphere data to work out a part of the scattering problem,
in this case the forrl-factor inputs, before cottling back to the more difficult dip
reglot].

‘[’he smooth. s~.raight!’orward shapes of r, and r2 that result from including
the TD asj’lllnwtrj’ data make calculations in the backward hemisphere twry
attract il.e. l{owe~-er. we should note that such t+fccts as the interact ion-energ}”
difference in the numerator and dmmnlinator due t~ (Uoulomb acceleration of the
incoming pions by the charged protons (two in the denominator and one in the
numerator ) must not be c~vr!ooked in e~”en basic ca!culat ions of rl and r2 , as
their de~”iations from 1.0 are onl). on the order of ten percent, so that small effects
could be a significant fraction of the result.

The Superratio (R = rl x rz ) has been well pre(iicted by Gibbs and Gibsou,
based on a pottmtial- interaction model that inrlud~ the Coulomb interaction.
The back-angle magnitude of+ 1.1.5and o~erall smoothness are the same features
that describe its constituents rl an~l r2 . The mD asyrnrnetr~r has no effect on
R because the t) norn~a]izations carlccl. The authors’ R cur~w for Je = –0.03 fm
anfi 6.,,= 0.035 fm is a good match to the data.

‘1’hecross sections beha~’e as predicted }>},the single-scattering impulse ap-
proximation up to about 80°. At ry large angles. the two r2 members, Z-T and
r+’JHe rise steepi~’. This rise is ii nat causes the complementary fall and rise in

P+ and p- . and is not predicteu by the various potential-model calculations dis-
cussed in Sec. 1.7. (.’omparison with 4He scattering data shows a similar rise. and
sIlggmts t hat the fact that the primar}’ scattering is from spin-paired nuc{eons is

somehow behind this trend. As rr-r:. t::.~le(i abmw, a correct multiple-scattering
calculation may be important in describing this part of the datii.

The 4He data shows a distinct hump following the NSF dip in the region
u“ilere the data is missing for T and 3He, around 1000. As this is the region of the
possible crossover in rl and r2 , as w]] as the region where some of the potential
rnodei calculations of R return to 1.0. filling in this area would be a worthwhile
effort. It would also be interesting to see whether there are any differences in this
region between the two cross sections with the rise at the farthest-back angies,
~ -,1. a~d ~+SHe. and the two ~~hlch w“ereflatter there, X+T and ~-3 He.

The back-angle data does ji~t allow any simple new statements about riuc-
Iear-charge-symmetry breaking. The Superratio calculation of Gibbs and Gibson
gives neutron radii which are most closely approximated in a nuclear model that
includes some asymmetry in the nucleon- nuchmn amplitudes beyond the C’oulomb
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interaction [Gib91 ]. Inclufiing the’ ~D asymnwtrics of S1nith et. al. [Srni88], al)-
other nominally-charge- s}”mmotric s}’stenl, enhanc(}s thv rl rz separat ior]. :\

calculation that matched the ratio f!ata would lml(l cr.’dmc~’ to t hv rrlmrtrd ml)
asymmetry, and so to NC’SB.

In short, to mak~ definititrc statements about charge symnwtry, a very good
calculation of the nolnit~ally-ctlargt~-syl]~trl(’trit”ratios rl and rz is nm’dm-i. ‘1’hc
calculation must include a fairly con~piete treatment of all of the scattering de-
tails, including multiplr scatteri[lg, as the mrasurml effect is srtlal}. At that tirrw,
wc shall set=if the ilncmtainties associated with rl an[j r2 allow a Prccisc cnollg}l
determinant ion of the scattering parameters to perrrlit precise conclllsions about
NCSB. llowc~’cr, at the least we nlight expect this prorrss to lead to a good un-
derstanding of the Coulomb contributions to the prohlem, and y“ield the prmisc
shape of the form factors. In that case, more precise r(’-ll]cas~lrcnl(’nts of some
points to constrain certain parameters would b~’warranted.

In Sec. 1.8, the goals of this work were listed as: providing a back-angle
extension to the XT and r3He scattering data base, testirlg the hack-angle pre-
dictions discussed in Sec. 1.7, and exploring the relative tSIl by th~ mm-spin-flip
amplitudes, in a region where the spin-flip amplitudes are * 0. ‘l’he data exist
now, and so the first goal is met. ‘1’heangular distribution is a poor match for
the predictions of rl rz and R in [Kim86], [Kim87] and [Dar&5], however the
match is good with the predictions in [Gib91 ]. In the latter, the three cur~ws
given by the authors in their R prediction span the ,~,lta, however the error bars
are not really smal! enough to absolutely choose between these curves. Finall~’. it
appears that CSB, which was seen in r2 in the forward hemisphere, is seen with
similar magnitude in rl in the backward hemisphere, and thervfore that a simple
distincticm regarding CSB between the spin-flip and non-spin-flip amplitudes is
not possible.
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