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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



“

10’

- 10’

10-2

)-n ‘T

o
offo

n

n ‘T

~10’4

- fo’:
L.

~

& l(f -
c 10°

?
~

10-’: r 10-’

10-2 I I 1 I I 1 I 1 I 10-21 I
30 60 90 120 150 30 60 90 120 150

I10’

, 102

1 I I I 1 1 {
30 60 90 12G 150

e 110’

10°

Figure 1.8: A fixed-scatterer impulse calculation

previous experiments [Nef90] [Pi191].

1l-Tl-A lo-2
30 60 90 120 150

Om(deg)

of the 180 MeV cross sections from

—— —



5.0 I I I

3.8-

$Q 2.5-

\ -- a’ .-
/

1.3-

0.0 I I [
30 50 70 90 110

1.50 1 1 I

1.25-

~ -

‘: 1.00- —
L

0.75

1

0.50A i I
30 5fl 70 90 110

e

ITigurel .9: Afixed-scatterer impulse calculation ~~the 180 MeV ratios. Top: p+,
filled squares, and p- , open squares. Bottom: The charge symmetric ratios r, , filled
squares,and r2 , open squares. Data from previous●xperiments [Nef90],[Pi191],[Pi192] and

[Ber91J.



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.



4.0

3.5

30

2.5

“5

:.3

0.5

0.0 ! [
I 1

30 60 90 120 150 180
OJeg)

!.4 I ,, I I

‘.3

‘.2

1.“

L “c

C.9 ;
t

::;2
.30 6C 90 120150180

6Cm(dWJ)

A.C

3.5

.3.0

?.5

6, L!
—-_.l.____l-.I

0.030 0335
-00 “50015

—— -0.oco0000
-0030 0 Oocl
-G.000 OO.!kI

“c. . . /\ \---

“.C
c.~

Iv

O.c L-—------l--+
30 60 90 ’20 150 180

OCm(dcg)

‘.4

:.3

“.7
. .

“.0

3.9

C.E!

C.7

C.6
30 60 90 “2C 150 180

Ocm(dcq)

Figure 1.10: Simple model calculation of the ratios at 180 MeV for different values of 4,

and cfO. Small changes can cause shape changes in the dip region and large variations in
magnitude at back angles, for rl and r2 . p+ and p- are not affected appreciably in the

forward hemisphere.

.). )
.-



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-
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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/


