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Results are presented for the charge-symmetry superratio R, simple ratios r, and r,, and the
differential cross sections of 7% and* 7~ elastic scattering on °H and °He: R =rr,,
ri=o(@)[r" *H—n"H]/0(0)[r He—n" *He], and r,=c(0)[7 *H—n *H]/c(0)[7" *He
—7* 3He]. The measurements were made at T, =180 MeV and 6,(lab)=40°-90°; some data were
obtained at T, =143 MeV also. At all angles, R > 1 and r, > 1 indicative of a violation of charge
symmetry; however, we also find that r,~1. Our data are consistent with FP(JH):F,,PHe) and
F,C’CH)> F,,(JHe), where F, and F, are the proton and neutron matter form factors.
a(@)[7F *H—n* *H] decreases with increasing magnitude of the four-momentum transfer ¢ up to
0. . =70% the ¢t dependence of the F’s is comparable to that of the electromagnetic form factors.
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o(@)[7~ *H— 7" *H] has a non-spin-flip dip at 6, ,, ~78".

I. INTRODUCTION

Charge symmetry (CS) plays an important role in nu-
clear physics.'? It explains the equality of the cross sec-
tions of charge-symmetric reactions such as

o(0)[p*H—p*H]=0(0)[n*He—n">He] ,

the fore-aft symmetry of the differential cross section and
polarization of isomirror reactions such as d+a
—>He+>H, and the identical spin-parity values of excit-
ed states of mirror nuclei such as ''B and !'C. In its orig-
inal form, CS was defined as the equality of the nn and pp
interactions. In general, CS is the invariance of a system
under the isomirror operator ﬁcs’ which reverses the sign
of the third component of isospin I5. The isomirror
operator rotates a system by 7 about the I, axis in isospin
space, Pcs=explinl,). Technically, when CS is valid
Pcg commutes with the Hamiltonian A or [A ,ﬁCS]=O.
Protons are subject to Coulomb repulsion, but neutrons
are not, therefore o(8)[pp —pp] is not exactly equal to
o(0)[nn—nn], and CS cannot be strictly valid. For
many years it was believed that charge-symmetry break-
ing (CSB) was due only to electromagnetic (em) interac-
tions. But a pure em violation proved to be incapable of
explaining the data on isospin-multiplet mass splittings
and meson mixings. Thus, nuclear charge-symmetry
breaking (NCSB) became an important subject. In the
one-boson exchange models of the nucleon-nucleon in-
teraction, NCSB is occurring dynamically via p°—w and
7°—n mixing.?

The modern era in CSB began when the quark model
and quantum chromodynamics (QCD) were applied. In-
stead of the charge-symmetry operator being a certain ro-
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tation in an abstract isospin space, it is now the inter-
change of the up and down quarks,

Pcslup) =|down)
and
Pgldown)=—|up) .

This definition makes it possible to give a concrete mean-
ing to CSB, namely all the consequences of the up-down
quark interchange. Thus, CSB is due to the differences
between the light quarks which are the following.

(1) The mass differences Am =my—m,,.

(2) The electromagnetic differences resulting from the
different electric charges and magnetic moments of the
quarks.

The QCD Lagrangian contains the quark-mass terms
—q,m,q, —qgmgq;+ -,

where the ¢’s are the relevant quark state functions (see
Ref. 4 for details); such a Lagrangian manifestly violates
charge symmetry when the quark masses are not identi-
cal. In the standard model, the strong interaction be-
tween quarks is flavor independent and approximate CS
arises because the effect of the up-down quark-mass
difference in the basic Lagrangian is small compared to
that of the fundamental quark-quark interaction.’

The study of CSB is especially interesting because it is
one of the rare, readily explorable effects of the quark
structure of hadrons, specifically of the quark-mass
difference. CSB manifests itself even at very low energies
where QCD has otherwise little predictive power. Within
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the framework of specific quark models, such as the
cloudy bag model, one can quantitatively evaluate the
CSB effects.® We have embarked on an extensive set of
CSB experiments that involve interactions of pions with
the one-, two-, and three-nucleon systems. The two CSB
mechanisms, the mass difference and the electromagnetic
differences, always act simultaneously but not with equal
strength. We hope that the systematic study of systems
which can be characterized by the interchange of one,
two, or three up and down quarks will prove helpful in
delineating CSB. For example, the comparison of the
isomirror systems 7 *H and 7~ *He shows the effect of
the interchange of one down with one up quark.

In this report, we present the final results of an investi-
gation of CS in 7+ and 7~ elastic scattering on the iso-
spin doublet *H->He at 7, =180 MeV from 6,,,=40° to
90°. Included are also some data obtained at T, =143
MeV from 40° to 70°. Preliminary results have already
been published.” The choice of the three-nucleon system
is particularly relevant if CSB is related to the three-body
force.® There are good three-nucleon wave functions’
available based on Faddeev equations to facilitate
theoretical analyses.

Extensive treatises on CS and CSB are given in Refs.
1-3. A new classification of various tests of CS in sys-
tems with light nuclei, that is based on the up-down
quark difference of the isomirror states, was introduced
in Ref. 10. No other test of CS using pion interactions
with the *H->He isospin doublet existed before this inves-
tigation except for the exploratory measurement at lower
energies.'!

CS implies that the following ratios are equal to one at
every energy and angle:

.= o(@)[rt S H—-n" 3H] (1a)

' o(0)7 ‘He—7 ‘He] ’
= _0@)[r" SH—7" *H]

o(0)[r" *He—n" *He]

(1b)

We will refer to these as the simple ratios. Ideally, for
the precise measurement of the absolute cross sections
one would like to have intense 7+ and 7~ beams that are
very much alike; they are hard to find because 7+ is pro-
duced seven times more abundantly than 7, also 7 and
7~ beams differ in proton and electron contaminations.
The great difficulty is the determination of the intensity
of the #* and 7~ beams to high absolute accuracy as
well as the efficiency of the pion detector. To avoid the
uncertainties introduced by these experimental prere-
quisites, we have concentrated our efforts on a novel test
of CS that is based on the measurement of the so-called
superratio which we defined’ as

a(0)[r* HIXo(0)[7 *H]
=r, X .
o(0)[7* *He]Xa(0)[7 *He] ' 2 @)

R=

This ratio is obtained by measuring the two relative
yields p; and p_ where
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_ Yieldlw**H—#"3H) _ N(°He)
P+=35 3 +3 3y (3a)
Yield(7" "He—7 " "He) N(°H)
_ Yieldlz H—#7"*H) _ N(’He) (3b)
" Yield(w  ’He—w 3He) N(CH)

N(*H) and N(°He) are the number of *H and *He atoms
in the targets, respectively. Thus, we have R=p, Xp_.
The yield measurements require knowing neither the ab-
solute 7+ and 7~ beam intensities nor the detector
efficiency and solid angle.

Besides the investigation of CS, there are some other
interesting aspects of measuring 7 and 7 elastic
scattering on *H and 3He. It has been suggested'! that r,
and r, provide a possible way for comparing the proton
distribution in *H with the neutron distribution in *He as
well as the neutron distribution in *H with the proton dis-
tribution in *He. This is of particular interest since elas-
tic electron scattering is not sensitive to the wave func-
tion of the neutrons in *H where the two neutrons have
antiparallel spins. Forward elastic electron scatter-
ing!? ™1 yields the electric form factor which represents
the proton distributions in *He and *H. Backward or
magnetic scattering depends partly on the exchange
currents and on the magnetic moment which is dominat-
ed by the distribution of the unpaired neutron in *He or
by the proton distribution in *H. It has been suggested'’
that after taking into account multiple scattering and
off-mass shell uncertainties, the proton matter form fac-
tor of *H can be inferred from a measurement of
o(0)7* *H—n" *H] in the angular region 6, ~70°. It
can then be compared to the electromagnetic form fac-
tors derived from electron scattering.

The angular distribution for 7% °H elastic scattering
up to about 6,,,=70° shows a smoothly decreasing cross
section which has a similar slope as the charge and mag-
netic form factors of *H. The elastic scattering of 7~ on
tritium has a dip near 6,,,=70°, which does not depend
on incident energy. This dip is thus not a diffraction dip,
rather it is the consequence of the spin-flip nature of 7-N
scattering near 90° in the 7N c.m. system. Single spin flip
is not allowed on the paired neutrons of *H, hence the
name “non-spin-flip dip,” or NSF dip.

In this paper we present data on the superratio, r,, 7,
p_,p4+,and 7 elastic scattering cross sections; the latter
are based on a calibration of EPICS using 7~ scattering
data on hydrogen.'® This will enable one to make quanti-
tative tests of different models for the pion-trinucleon in-
teraction.

II. EXPERIMENT AND ANALYSIS

The measurements were carried out using the EPICS
facility at LAMPF. The beam energy at the center of the
tritium target was 180 MeV; some data were taken at
T,=143 MeV also. The momentum acceptance of the
channel is £1%. A 0.3-cm-thick graphite absorber in the
7" beam was used to remove the protons. The same ab-
sorber is used in the 7~ beam so as to have similar prop-
erties for the 7% and 7~ beams. The 7+ beam intensity
is about seven times that of the m~ beam. At 40°,
T,=180 MeV, the 7* beam intensity was reduced with
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the horizontal jaws upstream in order to keep the acquisi-
tion dead time less than 20%. The pion fluxes were mon-
itored with an ionization chamber (IC) located in the eva-
cuated EPICS scattering chamber about 85-cm down-
stream of the target ladder. The response of this IC de-
pends on the beam contamination; the IC is not absolute-
ly calibrated. At 50°, 70°, and 90°, the IC reading was
found to have an increase of about 3% due to beam back-
scattering from the aluminum scattering chamber sup-
port that was in the beam at these angles. Another ion-
ization chamber monitored the proton beam just before
the pion production target. The ratio of these two ioniza-
tion chambers was constant to better than 1.5% for most
runs. Extensive checks of the relative monitoring were
done using the pion-scattering yield from the steel con-
tainers of the tritium and *He targets. The consistency
was good, typically better than 2% for the SH-He tar-
gets. To enable us to make an extra check on the relative
beam monitoring at the forward-angle points, we added
25% deuterium to the *H and 3He targets; this allows for
a simultaneous measurement of m7-d elastic scattering;
there is sufficient kinematic separation between the *H
and deuterium elastic scattering peaks for a clean mea-
surement. At angles larger than 60°, our statistics on the
md scattering are not sufficient for a precision test.

We used gaseous targets in sealed containers mounted
on a ladder located at the center of the EPICS scattering
chamber. A target could be moved quickly in and out of
the beam by remote control and the position of each tar-
get in the beam was readily reproducible. The gas con-
tainers were identical spheres made of stainless steel, 12-

B. M. K. NEFKENS et al. 41

cm-diam, 0.06-cm wall thickness, they were copper clad
and plated with a gold flash of a few angstroms to
prevent tritium diffusion out of the containers. A thin
filling tube was welded to the top of each sphere. The
containers were filled at the Los Alamos National Labo-
ratory (LANL) WX-5 facility using a system that includ-
ed a mass spectrograph and pressure and temperature
gauges for target density measurements. The filling lines
were welded shut after the filling. At the conclusion of
the experiment, the containers were emptied to check the
gas density and composition using a special device for
rupturing the filling line such that all gas was collected in
a calibrated volume. The results for both tritium gas
density measurements were consistents to 1% while *He
was different by 2.4%. This caused an uncertainty in the
SH/*He gas ratio of 3% which is reflected in a 3% sys-
tematic uncertainty in 7, and r, and 6% in R. The target
contents were as follows: No. 1, 9.8 atm *H and 3.5 atm
D,; No. 2, 10.5 atm *He and 3.3 atm D,; No. 3, 13.6 atm
H,; No. 4, evacuated. Near the end of the experiment, a
fifth container was filled with 13.7 atm D, for a few mea-
surements of md elastic scattering. All containers were
pressure tested extensively before use including x-ray and
rupture tests. The amount of tritium in target No. 1 was
30 kCi. A special vent system for EPICS was installed,
and there were tritium monitoring and alarm systems at
critical places.

The EPICS spectrometer was used to measure the elas-
tic scattering of 7 and 7~ at 0_(lab)=40°-90°. At each
angle we successively measured the % yield from the tri-
tium, ’He and hydrogen targets with the spectrometer

TABLE I. The cross section ratios p.. and p_. The full angular bin 6 is divided into two “half-bins” 6'.

07 m 0
Oy (£1.7°) P+ p- (+0.8°) ps p-
At T, =180 MeV

40° 44.0° 0.692+0.014 1.56+0.04 42.5° 0.696+0.021 1.58+0.06
45.5° 0.68240.022 1.53+0.06

50° 54.7° 0.880+0.021 1.3240.05 53.2° 0.858+0.030 1.4140.08
56.2° 0.950+0.036 1.2040.07

60° 65.3° 1.37+0.04 0.909+0.053 63.8° 1.3040.06 0.88240.081
66.8° 1.49+0.07 0.910+0.101

65° 70.5° 2.10+0.14 69.0° 2.08+0.21
72.0° 2.30+£0.20

70° 75.7° 2.58+0.12 0.496+0.027 74.2° 3.06:£0.45 0.493+0.051
77.2° 2.69+0.20 0.490+0.052

75° 80.9° 2.25+0.17 79.4° 2.754£0.40
82.4° 1.87+0.19

80° 85.9° 1.3640.07 0.829+0.057 84.4° 1.45+0.14 0.704+0.089
87.4° 1.33£0.08 0.97040.092

90° 96.0° 0.944+0.036 1.14+0.07 94.5° 0.939+0.057 1.0040.09
97.5° 0.944+0.054 1.27+0.12

At T,=143 MeV

40 43.6° 0.628+0.011 1.7340.06

50° 54.2° 0.71140.019 1.47+0.05

60° 64.7° 1.0240.03

70° 75.1° 1.55+0.12
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FIG. 1. p, and p_ at T, =143 and 180 MeV,
p+=0(0)[7" *H])/0(6)[7* *He] ,
p-=0(0)[7 *H]/0(6)[7 *He] .

The squares indicate the full EPICS angular acceptance of 3.5°.
The crosses indicate two adjacent minibins of 1.6°. The solid
line at p=1 is for reference purposes only.

tuned for pion-tritium elastic scattering kinematics yield-
ing the ratio p . introduced in Eq. (3),

Y(r* *H-7"H)—Y(r*bgd) _ N(’He)
Y(w* *He—n**He)—Y(r*bgd) N(H)

pP+=

b

(4a)

where the Y’s are the normalized yields. For background
measurements we used the hydrogen target. It was
chosen because hydrogen and tritium have the same mul-
tiple scattering; the elastic scattering peak of hydrogen is
sufficiently far away from the tritium peak so that the
background subtraction can be done smoothly and reli-
ably. The measurement of p, was followed immediately
by a measurement of 7" elastic scattering on hydrogen
and the empty target with the spectrometer tuned for mp
elastic kinematics. This enabled us to make a measure-
ment of the pion flux and spectrometer acceptance which
is needed to obtain the simple ratios r; and r, and to cal-
culate the elastic scattering differential cross sections.
This sequence was repeated for incident 7~ to measure

_ Y *Hon" *H)—Y(r bgd) , N(CHe)
Y(r~ ‘He—m ‘He)—Y(7 bgd) N(H)

(4b)

The live time of the data acquisition computer was al-
ways > 75%.

The standard EPICS replay package was used; it in-
cludes software projections of the pion trajectory back to
the scattering target for the elimination of a few events

outside the acceptable parameter ranges. The program
includes evaluations of the computer dead time and the
efficiencies of the spectrometer chambers. The kinemat-
ics for each event were calculated and every event was
histogrammed according to its pseudomissing mass T.
The T histogram is used to evaluate the number of good
events. In every set of four measurements that is needed
to calculate the superratio, we used the same size bin in
the four T histograms for the signal peak; we always
checked that the peaks were exactly in the same location
on the focal plane. When determining the absolute cross
sections, care was taken that the bin size was not too
small so that all scattered pions were included. The kine-
matic smearing is most serious for 7p scattering leading
to a rather broad peak and a correspondingly large back-
ground. Since the 7 p signal is quite small, the largest
uncertainty in the absolute cross section comes from the
7 p measurement. The data were collected for the full
angular acceptance of the EPICS spectrometer which is
3.5°. We used the software to divide this into two con-
tiguous miniangular bins of ~ 1.6° each.

III. RESULTS

The p’s, given by Eq. (4) are equivalent to the ratios of
the cross sections, thus,
o(@)[r" *H-7" *H]
o(0)[7* *He—7" *He]

P+ (5a)

and

__o@)[7" ‘H—7" *H] (5b)
" o(0)[7 ‘He—w He]

The numerical results for the p, and p_ for the full 3.5°
angular interval, as well as the two miniangular bins ob-
tained in this experiment, are given in Table I and are
shown in Fig. 1. The p’s are our most precise data; the
systematic error is =1.5% and stems from the uncertain-
ty in the *H/’He gas pressure ratio. The numerical value
of p depends strongly on the scattering angle, for exam-
ple, in the region from 40° to 90°, p . changes from 0.7 to
2.8 and back to 0.9. This variation is due to the different
angular dependencies of the spin-flip and non-spin-flip

TABLE II. The superratio R. Not included in the quoted
error is the systematic error of £3% in the ratio of the gas pres-
sures.

elab oc.m. R
At T,=180 MeV

40° 44.0°+1.7° 1.08+0.04
50° 54.7° 1.16+0.05
60° 65.3° 1.25+0.08
70° 75.7° 1.30+0.10
80° 85.9° 1.13+0.10
90° 96.0° 1.08+0.07

40°
50°

At T,=143 MeV

43.6°+1.7°
54.2°

1.091+0.04
1.04+0.05
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FIG. 2. The superratio at T, =143 and 180 MeV for the full
angular bins,

R=0(0)[n* *H]-0(0)[7™ *H]/0(6)[7 *He]-0(0)[7* *He] .

The solid line at R =1 shows the expected ratio when CS is val-
id.

amplitudes as discussed in Sec. IV.

The results for the superratio R are given in Table II
and shown in Fig. 2. The systematic error is 3%, dou-
ble the uncertainty in the gas pressure ratio. The CS pre-
diction is R =1. We see that R deviates from 1.0 at all
angles. This deviation is evidence for a violation of
charge symmetry, it will be discussed in Sec. IV.

The charge-symmetry simple ratios r, and r, are ob-
tained from the relative yields and the known w'p
scattering cross sections,

r= — + _ (6)
Y(m"He) Y(m"p) o(0)[7 p]

+3 - +
_ Y@t H) | Yl Tp) la(e)[ﬂ 1 ,
PWA

and similarly for r,. The numerical data for the
o(0)[7tpl/a(8)[m p] ratio come from the VPI SP 87
7N partial-wave analysis'® (PWA). The results for , and
r, are given in Table IIT and shown in Fig. 3. The sys-
tematic error is a combination of the uncertainty in the
’H/*He gas pressure ratio and the relative 7 and 7~
beam calibration which is +3%, giving a total systematic
error of £4%. The CS prediction is r, =r,=1. The con-
tributions to the uncertainties in r; and r, coming from
the beam normalization error are negatively correlated
while the gas pressure errors are positively correlated. It
is seen from Fig. 3 that r, is nearly constant and close to
the CS value of one, while r, deviates markedly from one
implying that the CSB found in the superratio is mainly
due to CSB in r, as discussed in Sec. I'V.
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TABLE III. The ratios r; and r,. Not included in the quoted
error is a £1.5% error in the gas pressure ratio.

O1ap 0 m r r
At T,=180 MeV

40° 44.0°+1.7° 1.04+0.03 1.04+0.03
50° 54.7° 1.05+0.05 1.10+0.04
60° 65.3° 1.07+0.05 1.17£0.06
70° 75.7° 1.07+0.04 1.20+0.08
80° 85.9° 1.03+0.06 1.09+0.08
90° 96.0° 0.988+0.057 1.09+0.05

At T,=143 MeV

40° 43.6°+1.7° 1.041+0.05 1.041+0.04
50° 54.2° 1.024+0.08 1.011+0.08
60° 64.7° 1.13+0.08
70° 75.1° 1.11£0.15

The cross sections for 7" elastic scattering on *H were
obtained by normalization to 7" p elastic scattering

o071 S H-7"*H]

_Y(x*H) Ji N('H)
Y(z*p) J, NCH)

{0(9)[7T+p]}PWA , (D

where J, is the Jacobian of the pion for 7 *H scattering
and J, for 7 p. The systematic error is mainly due to
uncertainties in the absolute 7' p calibration, which is

1S ———

i L
PR A S S S ﬁ
H +
1 i
L r, 1 ra |
143 MeV 143 MeV
R

T
[]
-
i
o~
Ha—
—
-
o
—.—
——
——
-

oY T Iz

r 180 MeV 18C MeV
10 V>R TRV PN FUUTY FUTEN FVEY PR SN FUUST PRI PRI FETTE VR PR I

40 50 60 70 80 90 40 50 60 70 80 90
Bem. (deg) Oc.m. (deg)

FIG. 3. The “simple” ratios at T,=143 and 180 MeV.
The solid line at r =1 indicates the expected value when CS
is valid. r;=0(0)[7" Hl/0(0)7 *Hel, r,=0(8)[7 *H]/
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FIG. 4. Cross sections for 7* *H elastic scattering indicated
by squares and for 7~ *H indicated by circles at T, =143 and
180 MeV. The lines are to guide the eye only. The solid line is
7" H and the dashed line is 7~ *He.

+49%. The cross section for 7 elastic scattering on *He
has been obtained using the relation

ag(0)[rt 3 H-7" 3H]
P+ .

o(0)[n" *He—n* *He]=

(8a)

The analogous expression to Eq. (7), in which 7% is re-
placed by 7, was used to evaluate the 7~ -tritium elastic
scattering cross section; we estimate the systematic error
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TABLE V. Differential cross sections for 7td —n+d com-
pared with SIN data, Ref. 17.

do/dQ (lab) in mb/sr

T, 6., This expt. This expt. SIN
MeV lab 7mtd—-ntd 7 d—m"d 7td—7ntd
143 40° 11.7+0.5 10.2£0.5 9.59+0.48
143 50° 5.16+0.25 5.15+0.25 4.931+0.25
143 60° 2.6710.13 2.55£0.15
180 40° 10.9+0.5 10.9£0.5 10.5+0.5
180 50° 4.910.4 5.26+0.26 4.90+0.26
180 60° 2.26+0.12 1.96+0.10
to be £5%. The 7~ *He cross section is obtained using

the relation

—3 _;
0(0)[77— 3He—->77_ 3He]= 0(0)[77' Honw H] ’

p—

(8b)

the systematic error is also +5%.

The differential cross sections for 7= elastic scattering
on ‘H/*He are shown in Fig. 4 and given in Table IV.
The results will be discussed in the next section.

The results of our pion-deuterium elastic scattering
measurements obtained with the deuterium target are
given in Table V together with the data reported by the
Swiss Institute for Nuclear Research (SIN) group.!” The
agreement between the two sets of data is good. The SIN
data at 143 MeV are in good accord with the LAMPF
data by Masterson et al.'®

IV. ANALYSIS

A complete treatment of pion-tritium elastic scattering
that fully takes into account absorption, distortion, A

TABLE IV. The differential cross section in c.m. for 7% and 7~ elastic scattering on *H and *He.
The errors are statistical only and do not include a +4% uncertainly in the 7% beam calibration and

+5% in 7.
O —t a(@)[=* *H] ()7 *H] o(8)[7" *He] o(6)[7~ 3He]
(£1.7°) O m. fm 2 mb/sr mb/sr mb/sr mb/sr
At T.=180 MeV
40° 44.0° 0.97 11.7£0.3 17.6+0.4 17.0£0.4 11.3+0.3
50° 54.7° 1.46 4.71+0.2 5.9+0.2 5.410.2 5.5+0.2
60° 65.3° 2.01 1.72+0.04 1.461+0.06 1.25+0.04 1.61+0.07
65° 70.5° 2.26 1.03+0.05 0.49+0.03
70° 75.7° 2.60 0.63+£0.02 0.29+0.02 0.24+0.01 0.58+0.01
75° 80.9° 2.90 0.51£0.03 0.22+0.02
80° 85.9° 3.21 0.45+0.01 0.36+0.02 0.33+0.02 0.44+0.02
90° 96.0° 3.81 0.46+0.02 0.54+0.02 0.49+0.02 0.47+0.02
At T,=143 MeV
40° 43.6° 0.70 11.1+0.4 18.41+0.6 17.7+0.6 10.7+0.5
50° 54.2° 1.06 5.5+0.2 7.9+0.6 7.8+0.3 5.4+0.4
60° 64.7° 1.46 2.43+0.10 2.5+0.2 2.39+0.10
70° 75.1° 1.90 1.25+0.07 0.9+0.1 0.81+0.07
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propagation, and so forth, is not available in relativistic
form. There are several potential model calculations, un-
fortunately, they have not been successful in correctly
predicting our data. We have found that the impulse ap-
proximation with on-shell 7N amplitudes does a credible
job in predicting p, and p_ as well as the differential
cross sections up to 6;,,~=75°. As we will see, despite its
obvious shortcomings, the impulse approximation can
provide a useful way for probing the cause of CSB in the
simple ratios r; and r, in which many of the correction
factors for the approximations of the impulse approxima-
tion cancel each other.

A. Pion-tritium elastic scattering

The amplitude for pion-tritium elastic scattering can
be written as a sum of a spin-non-flip part, f, and a spin-
flip part, g,

A(mH)=f+iong ,

where o is the spin operator and n is the normal to the
scattering plane,

o(@)=14>=f*+gl*.
We shall use the convenient notation
A=f+g

with the understanding that | 4 |>=|f >+ g
In the impulse approximation we have

A(m*H)=a,F,[f(7p)+g(mp)]
+2a,F,[flmn)+g(mn)], 9

where f(mp) is the pion-proton and f(wn) the pion-
neutron non-spin-flip elastic scattering amplitude, g(7p)
is the pion-proton and g(mn) the pion-neutron spin-flip
amplitude; a, is the shadowing factor or medium
coefficient; F, and F, are the proton and neutron matter
form factors of tritium, which are analogous to the elec-
tric charge form factor.!>20

The tritium nucleus has mainly an s-wave
configuration in which the two neutrons have their spin
antiparallel

PH)=|pt,nt,nl) . (10)

As a consequence of this spin structure of *H, pion-
neutron scattering with single-neutron spin flip cannot
occur. Thus,

A(m*H)=a,F,[f(np)+g(mp)]+2a,F,f(mn) . (11)

If charge symmetry in the basic 7N scattering reactions is
valid, the following relations hold:

flaTp)=f(z"n),
glrtp)=g(mn),

(12a)
(12b)
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flr p)=flztn), (12¢)
glr p)=g(m*n). (12d)

There is evidence originating from m=d scattering experi-
ments?"?? that CSB in the basic 7N systems is less than a
few percent. We shall assume for the moment that CS in
mN elastic scattering is valid and thus that Eq. (12) ap-
plies. This will enable us to evaluate in a transparent way
the sensitivity of the charge-symmetry ratios to the
differences in the neutron and proton form factors of *H
and *He.

At T =180 MeV and throughout the region of the A
resonance, the following relation is observed:

oO)rtp—rtpl=9%(0)7r p—7mp].

Thus, we have the approximate amplitude relations

3f(r p)=f(rtp)=F, (13a)
gla p)=glzrp)=g . (13b)
Substitution of Egs. (12) and (13) into (11) yields
A(r**H)=a, f(F,+2F,)+a,gF, , (14a)
A(r~*H)=a_f(1F,+2F,)+1a_gF, . (14b)

a . is the nuclear medium coefficient for 7" in *H and
a_ for 7~ in *H.

In the momentum transfer region of this experiment,
—1fm~2>¢> —4 fm ™2, the form factors are expected to
be simple exponential functions that only depend on —¢,
F,~e 't, and F,~e th. Therefore,

F,/F,=a,~[1+(B,—B))t]

or
F,CH)=qa,F,CH) . (15)
This simplifies Eq. (14) to
A(r* *H)=a, F,CH)[(1+2a,)f +2], (16a)
A(r™*H)=a_F,CH)[(1+2a,)f +1g]. (16b)

The cross sections in this notation are
o(@[7* *H]=a% [F,CH)P[|(1+2a,)fI*+gI*],
(17a)
o(0)[7 *H]=a2 |[F,CH)Y[|(1+2a,)f >+ 11g|*] .
(17b)

The final simplification which we can make is based on
the p-wave approximation to 7N scattering in the region
of the A resonance

f~2cosb , (18a)

g ~sinf . (18b)
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This useful approximation underestimates o (6)[7 *H]
somewhat at 90° because of the neglect of s-wave 7N
scattering. To include the latter, one could change Eq.
(18a) to

f~2cosf+e , (18¢)

€ is small, typically 0.05. The substitution of Egs. (18a)
and (18b) into (17) yields

o (07" *H]~a% |F,CH)[’[(1+2a,)*4 cos’0+sin0] ,
(19a)

o(6)[7~ *H]~a™ |F,CH)|’[(L +2a, )% cos’0+ Lsin?8] .
(19b)

At 90° in the mN system, o(8)[7~ *H] is small because of
the factor 1 in front of sin’6. This implies a dip in the
angular distribution for 7°H elastic scattering centered at
6(mp)=90° which corresponds to about 78° in the 7°H
c.m. system; this is the non-spin-flip dip. In o(8)[#" 3H]
the spin-flip contribution is appreciable and the dip is
filled, see Fig. 4.

The result of the calculation of o(8)[7~ *H] based on
Eq. (17a) is shown in Fig. 5; the calculational particulars
are relegated to Appendix A. The agreement with the ex-
perimental data is excellent up to ~75°lab). We con-
clude from this that the impulse approximation is valid
for elastic pion *H scattering up to about 75°% the angular
range agrees with the limits derived from simple kinemat-
ic considerations given in Appendix B.

The main features of 7% and 7~ elastic scattering on
tritium may be summarized as follows.

eL
4 o 600 7 0 OO 0
20 |0 T lo 81 9(1)
\ 7*3H— 7 *3H
x
or Tp= 180 MeV .
\
\
\
x
\
— \
o \
el= \
- \
X
R \
1_ \x -
\
\
x\x’ //
x x
0.1 L I 1 ]
0 { 2 3 4

-t (fm-2)

FIG. 5. Comparison of the do/dQ calculation for = *H
elastic scattering with our data. The calculation is based on the
impulse approximation, Eq. (17) and Appendix A.
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(a) In the angular region 6,,, <60° and 6,,, > 90°, one
finds that o(6)[7~ °H] is larger than o(0)[#" H] be-
cause the dominant contribution to the cross section
comes from f, the (7N) non-spin-flip amplitude.

(b) In the region of the NSF dip 60° < 6,,, <90°, the op-
posite holds and o(8)[7* *H] is larger than o(6)[7~ *H]
because of the dominance of g, the (7N) spin-flip ampli-
tude.

(c) Both o(0)[7 7 3H] and o (0)[w~ *H] decrease nearly
exponentially with increasing angle up to 6,,,~75°, see
Fig. 4. This fall off is due in large measure to the ex-
ponential decrease with increasing magnitude of ¢ of the
matter form factor, also seen in electron scattering,'>!?
and to the decrease in f(7N).

B. Form factors

It is worthwhile to compare 71 *H elastic scattering
directly with 7~ *H. The ratio, P, of the cross sections is
shown in Fig. 6, where

o(0)r *H-r ’H]
o(@)[7"  H>rt*H]
One can substitute Eq. (17) in this equation and make the

simplifying assumption that all variables are real num-
bers. Furthermore, Eq. (18) implies that

PCH)= (20)

g/f~1tanf , (1)
where 0 is the angle in the (7N ) system. This yields
a® (14+2a,)’+1 Ltan%0

2
PCH)= —
a% (1+2a,)*+ttan’0

(22)

We have a2 /a% =0.9 for the effect of nuclear shadow-

6L

40 ° 70 o °
20 N

O A 1
0 1 2
-t (fm’?)

W
D
w

FIG. 6. Comparison of 7 *H with 7=~ *H cross sections and
7 ’He with 7% *He. The crosses show PCH)=0(0)[7~ *H])/
o(0)[7* *H], and the circles show P(*He)=0(6)[r" *He]/
o(0)[7 *He]. The solid line is a calculation based on Egs. (17a)
and (17b) with a=1. The dashed line indicates where the im-
pulse approximation that underlies Eq. (17) breaks down.
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ing, see Appendix A. At §=0°, @, must be one, there-
fore,

P(*H)[at 6=0°]1=0.9X(1)?=1.75 .
At 180° for the case a, = 1, we have
P(*H)[at #=180°]>1.75 .
At 6, ., (mN)=90°, Eq. (22) becomes
P(H)[at 0, (TN)=90"]=0.9X 1 =0.1 .

The inclusion of s-wave 7N scattering, which is readily
done using existing 7N PWA data,'® rather than Eq. (18),
yields the value

P(*H)[at 8(wN)=90°]1~0.3 ,

which is close to the experimental value. We see from
Eq. (22) and Fig. 6 that there is a strong minimum in

P(*H)[at 6, ,, (7N)=90],

which is 78° in the (7°H) system. This minimum is a
reflection of the NSF dip that characterizes the 7~ *H
angular distribution.

Note that P(*H) does not depend on the absolute value
of the proton and neutron matter form factors, only on
their ratio a, =F,(*H)/F,(*H). The solid line in Fig. 6
shows our calculation of P(*H) using Eq. (17) with a, =1.
The agreement with the data is excellent up to about 75°
in the lab which is the limit of the applicability of the im-
pulse approximation with on-shell kinematics, see Ap-
pendix B. The calculation from 80° on is indicated by a
dashed line as it has not been adjusted for the shortcom-
ings of the impulse approximation.

It is of interest to compare P(*H) with

a(0)[7" *He—7" 3He]

o(0)[7 *He—7" *He]
The data are shown by circles in Fig. 6. The P function is
a very sensitive way for comparing the ratio of neutron

and proton form factors in *H and *He since P(*H) is a
function of

P(’He)=

(23)

|

o(6)[7~ *He]=a% (*He)|F,(*He)|*{[ 1+ 2a,CHe)1f I+ g1%} ,
o(0)[7* *He]l=a?% (*He)F, (*He)|*{|[1 +2a,*He)1f >+ Iz 1%} ,

the definition for a,(*He) is analogous to a,(*H), Eq. (15),
F,(*He)=a,(*He)F,(°He)
~[1+(By,—B))t]F,(*He) .

In the region of the NSF dip where f <<1, it follows
from Egs. (17a) and (26a), that the charge-symmetry sim-
ple ratio r, is given by
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a,’H)=F,(H)/F,*H) ,
while P(*He) is governed by
a,(*He)=F,(*He)/F,(*He) .

This is discussed in Appendix C. We see from Fig. 6 that
P(3H)~=P(°He) to about 10% at all angles. The accuracy
of comparing a,(*H) and «,(*He) in this experiment is
limited by the uncertainty in the calibration of the 7+
beam fluxes.

In the region of the (7~ *H) NSF dip, the 71 *H cross
section is relatively large because the (7 p) spin-flip am-
plitude is significant. In this region Eq. (19a) reduces to

o(0)[n" *H]=a% [lg(="p)*+s]IF,CH)[? (24)

where s is a small correction for the s-wave contribution
that has been neglected in Eq. (18a). Equation (24) pro-
vides a golden opportunity for a determination of the
proton matter form factor of tritium. The substitution of
our (7" 3H) cross section data at T,=180 MeV at
012, =70° (or t = —2.6 fm™?) yields

|F,(*H)|*=0.07+0.02 , (25)

see Ref. 15. For comparison, note that the electromag-
netic form factors at the same ¢, Ref. 14, are
|F,,(*H)|>=0.10 and |F,(*H)?*=0.09.

We recapitulate the physics of Eq. (24). In the region
of the NSF dip, the cross section is dominated by the
spin-flip amplitude on the odd nucleon as a consequence
of the spin structure of *H and the Pauli principle. The
only nucleon available for a spin flip is the proton in *H.
Thus, o(6)[# ' *H] is governed by o(8)[7*p] and by the
value of the proton form factor. A detailed treatment of
the intricacies of the matter form factor determination
will be given elsewhere (Ref. 23).

C. Charge symmetry

The isomirror relations of Eq. (17) are

(26a)
(26b)
[
+ 12| F,CH) |?
PO SC.A0 L g e B 27)
glad™n) F,(°He)

where we have used a . (*H)~a _ (*He), see Appendix A.

In Ref. 21 the following data are reported,
0(0)[7rTd]=(1.0120.01)0(8)[7d] near O(wd)=90".
We estimate from this and the expression for A4 (wd) that
is analogous to Eq. (9)

g7 p)=(1.01+0.01)g(7 n) , (28)
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in the region of the NSF dip, barring accidental cancella-
tions. Thus, the r, data near t = —2.6 fm 2 imply

F,(*H)=(1.0310.04)F, (*He) . (29)

This result means that there is little or no CSB here. We
have, therefore, that near t=—2.6 fm 2 the proton
matter form factor of *H is the same within 4% than the
neutron form factor of *He.

Next we consider the charge-symmetry ratio r,, Eq.
(1b) and Fig. 3(b). In the region of the NSF dip, the
7~ *H cross section is small and depends on a combina-
tion of F, and F,. There is no simple interpretation like
Eq. (27) for r,. Outside the NSF dip, for 6=<60°
o(8)[7~ 3H] is dominated by (7~ n) non-spin-flip scatter-
ing on the paired neutrons and we can write, using
a_(’H)=a, (*He),

2

flrn) 2F,CH)+1F,(’H) |? a
ry= : 0)
| frTp) | |2F,(He)+1F,(*He)
To the extent that 2F,CH)>1F,(’H), and

2F,( *He) > LF, (*He), we can simplify this to

2

FuCH) 31

ry=~ 3
F,(*He)

where we have also used f(7m n)=f(7*p) based on the
near equality of the 7" d and 7~ d data of Ref. 21. Thus,
deviations in 7, from 1.0 are due mainly to the difference
in the form factors of the paired nucleons. Our data are
consistent with

F,(°H)=[1+(0.03+0.02)|¢|]F,(*He) . (32)

From the experimentalist’s standpoint, the cleanest
and most convincing test of CS is the superratio, R, Eq.
(2) and Fig. 2. To interpret the observed deviation of R
from 1.0, we could substitute Egs. (17) and (26) into Eq.
(2). There are then three parameters that must be adjust-
ed,

a,(*H)=F,(*H)/F,(*H) ,
a,(’He)=F,(*He)/F,(*He) ,

and finally the ratio Fp(3H)/F,,(3He) which is also a func-
tion of ¢. This three-parameter fit is the subject of a
separate paper. Our data on the superratio are consistent
with the previously listed values

F,(*H)=(1.03£0.04)F,(*He)
and

F,(*H)=[1+(0.03%0.02)(|]F,(*He) .
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D. Model calculations

There is a large variety of model calculations of 7+ H
elastic scattering. We intend to review them in a forth-
coming publication in which additional measurements?*
at other energies and angles are analyzed as well.* It is
fair to say in advance, that, in general, the agreement
with the data is poor. We shall limit this section to two
model calculations of the superratio and simple ratios.

(a) Barshay and Sehgal®® (BS) have used an impulse-
approximation-type calculation with an ad hoc geometri-
cal model for *H and *He with exponential matter form
factors. They ascribe the deviation of the superratio from
1.0 to the existence of short-range three-nucleon correla-
tions. Their prediction for the cross sections at T, =180
MeV is shown in Fig. 7 and for the ratios in Fig. 8.
There is a large discrepancy with our data, especially for
a(0)[7~ *H] in the region of the NSF dip. This is due in
part because BS neglect s-wave mN scattering; they use
Eq. (18a) instead of Eq. (18¢c). These discrepancies render
the BS discussion of possible CSB effects useless and their
evaluation of the differences in the *H and *He form fac-
tors.

Kim, Kim, and Landau (KKL), Ref. 27, have em-
ployed the LPOTT program based on a momentum space,
nonlocal potential with many theoretical parameters to
provide an improved description for off-energy-shell,
recoil, binding, and kinematic effects, featuring spin-flip
scattering that takes into account the spin structure of
*H. The agreement of the calculated cross sections with
our data viewed on a log scale (see Fig. 7) is good, but
there are some important differences on close inspection.
This is perhaps not so surprising as the authors used 20-
year-old N phase shifts. The KKL prediction for the
charge-symmetry ratios is shown in Fig. 8. Particularly
striking is the disagreement in R and r, at 6, , =44°,
54.7°, and 65.5°. We conclude that despite substantial
efforts there does not exist a theoretical description that
can account for our ratio data that uses Coulomb
modifications to an otherwise charge-symmetric poten-
tial. The violation of CS observed in Figs. 2 and 3 is not
purely of electromagnetic origin but it has a nuclear com-
ponent as well.

100 prr—rrrrr T T T T T T T

E BSm°H T — — BSwOH ]

— - KKL n*°H %9\ KKL 7°H |

10 £ = -y o 3

-3 E nHe = a8 n3Ho 3
£ F = AN 3
< i T AN ]
5 il =\ 1
1E = . E
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r l; \P 3
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FIG. 7. Comparison of our o(8)[#T *H] results with the

cross-section calculation of Barshay and Sehgal (BS), Ref. 26
and of Kim, Kim, and Landau (KKL), Ref. 27.
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V. COULOMB CORRECTIONS

Electromagnetic interactions are not invariant under
the CS operation; they give rise to a potentially important
limit to our test of CS. There are various different em
effects.

(1) Bremsstrahlung. This process can be evaluated in a
convenient way using the external emission dominance
hypothesis.?® The effect on R, 7, and r, is less than 1%.

(2) Pure Coulomb scattering. The Coulomb amplitude
A, is inversely proportional to ¢,

Acz-zonﬂFA/t ’

where n=Q(7%)Ze? and Q(7%) is the electric charge of
the pion, Z is the electric charge of the target nucleus CH
or *He), F, is the pion form factor, and F , is the charge
form factor of *H or He. At 6,,=40°, we have
o(6),=|A4.*=0.2 ub/sr or 0.1% of a(6)y[ 7" *H].

(3) Coulomb nuclear interference. The contribution to
the cross section is
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AO’iHZZAfACCOS(ﬁ 5

where ¢ is the phase between the Coulomb amplitude A4,
and the nuclear non-spin-flip amplitude A4,. The effect
on the ratios is <2%.

(4) Coulomb barrier differences for inelastic channels

a(0)[7" *He—7tnpp|#a(0)[7™ SH—7 pnn] .

The correction of this to the ratios is less than 1%.

(5) Coulomb distortion of the nuclear Hamiltonian. At
our energies we expect this to be small.

(6) The most serious electromagnetic correction is due
to the shift in effective interaction energy, E_, where

E.=Q(m)Z(A)e*/R=1.4Z MeV fm/R ,

where R is the interaction distance between pion and nu-
cleus. We estimate that E,=10.8 MeV for 7+ 3H
scattering and double that for 7% *He. The consequence
of this energy shift is opposite for r, and r, and it cancels
mostly for R. More data on the energy dependence of the
75 3H and 7 *He elastic scattering are needed for a de-
tailed evaluation. We estimate the effect on r, and r, to
be less than 4%.

VI. CONCLUSION

Measurements of the charge-symmetry ratios for 7=
elastic scattering on *H and >He at T, =180 MeV from
01, =40° to 90° and at T =143 MeV from 6,,,=40° to
60° indicate that r, >1.0 and R >1.0 which is a clear
violation of CS. The cause for this is a small difference in
the form factors of the paired nucleon

F,(CH)=[1+(0.0310.01)|¢| 1F,(°He) .

The form factors of the odd nucleon do not indicate a
violation outside error since 7, is consistent with one

F,(*H)=(1.03£0.04)F,(*He) .

The angular distribution for 7 *H elastic scattering
decreases monotonically with increasing pion angle up to
80°; the slope is related to the charge form factor slope.
a(8)[7~ *H] decreases in similar fashion with increasing
angle but it falls off more rapidly near 6,,,=70° to gen-
erate a dip, the so-called NSF dip.

Note added. A very interesting analysis of our charge-
symmetry superratio and simple ratio data has been made
recently by Gibbs and Gibson.’® Using standard multiple
scattering analysis techniques, they find that the
difference between the even radii of 3H and *He is

r,CH)—r,(’He)= —0.030£0.008 fm
and between the odd radii
r,(’H)—r,(*He)=—0.035+0.007 fm .

This indicates a violation of charge symmetry in the wave
function. The accuracy claimed for the difference in the
radii is much higher than the accuracy of the electromag-
netic radii which are known to +0.040 fm.'>!3
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APPENDIX A: THE 7°H CROSS SECTION
IN THE IMPULSE APPROXIMATION

The calculation of the 7+ 3H cross section shown by
the dashed line in Fig. 5 is based on Eq. (17). The proton
matter form factor of H is taken to be equal to the
charge form factor at the same value of ¢ (Ref. 14). Neu-
tron and proton form factors are chosen to be equal, or
a,=1. For f and g, we used the on-shell spin-non-flip
and spin-flip 7 p scattering amplitudes given by the VPI
7N PWA (Ref. 16) at T, =180 MeV. The angle transfor-
mation for going from the 7N to the m°H system is sim-
ple when using as a variable the Lorentz invariant four

momentum transfer, ¢, instead of the angle 6,
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\e\l
o Tez18oMey AN
@0“% .....
S
s ot _
Qo -
- -,
S0
P
at SR g
"T'A .'.' /,QQ
£ s
= , |
' 3 /
/
7/
2 v i
/
/
1+ 4
O 1 1 1 1 1
0 30° 90° 180°
Blub
FIG. 9. Kinematics of mp and 7°H elastic scattering,

specifically, the dependence of ¢ on 6, at T, =180 MeV. The
solid line is for 7°H elastic scattering, the dashed line for mp
with the proton at rest; the dotted line is for 7p with the proton
moving toward the incident pion with a momentum of 200
MeV/c.
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it is just the ratio of the 7°H to mN Jacobians. We
estimate the nuclear shadowing factors to be
a,(*H)=a_(*He)=0.86 and a_(*H)=a, (*He)=0.82
based on measurements of o,(7d ) and o,(7*He) (Refs. 22
and 29); these values are consistent with black-sphere
scattering.

APPENDIX B: THE LIMIT
OF THE IMPULSE APPROXIMATION

The kinematics of 7p and 7°H elastic scattering are
shown in Fig. 9. Specifically, the value of ¢ is given as a
function of the pion laboratory scattering angle 6,,,. The
maximum possible |¢| for 7N scattering is 5 fm % corre-
sponding to 110° (lab) in the 7°H system. For larger
scattering angles, the single scattering approximation
must be modified by the inclusion of off-shell effects and
multiple interactions. Actually, at every angle, |¢| for the
mN system is always less than |¢| for the m°H system.
Scattering can still take place because of Fermi momen-
tum which modifies the ¢t —8,,, relation. An example is
shown in Fig. 9 by the dotted line which is the t —6,,, re-
lation for 7N scattering when the nucleon is off shell, it is
not at rest but moves towards the pion with a momentum
of 200 MeV/c. This suggests that up to 6,,, ~75° there is
no problem with using the impulse approximation.

APPENDIX C: THE SUPERQUOTIENT
OR THE RATIO OF THE NEUTRON AND PROTON
FORM FACTORS OF *H and *He

Charge symmetry that at

momentum transfer

F,CH)=F,(*He)

implies every four-

and
F,(*H)=F,(*He) .
Consider the following ratio of elastic scattering cross
sections which we want to name the superquotient:
_a(@)[7r ’H]  g(O)[m” *He] _ PCH) _ "2
o(@)[n**H]  o(6)[7" *Hel '

Q

P(PHe) r,
(C1)

CS implies that Q =1.0 at every energy and angle. Out-
side the NSF dip region where f > g, we can simplify Eq.
(C1) using Egs. (17) and (26) as follows:

2 2

14+2a,(°H)
. (C2)

1+2a,(*He)
14+2a,(*He)

1+2q,(°H)

we have also used a,(*H)=a_(°He) and a_(’H)
=a, (*He).

Let us apply this to the special case where a,(*H)=1
and where a,(*He) is similar to ,(*H) so we can write

a,(*He)=(1+38,)a,(*H) . (C3)
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Substitution into Eq. (C2) yields the value Q =~1—0.98,.
Experimentally, we have at T,=180 MeV at 6,,,=90°,
which corresponds to t=—3 fm?, that Q=1.10%0.08,
thus §,- _;=—0.11£0.09, or
F,(’H)
3
F,(°H)

Fp(3He)
=(0.891+0.09)——— . (C4)
F,(°He)
This is, of course, another way for saying that CS is
violated. Figure 6 indicates that P(*H)> P(He), or
Q> 1.0, at all angles except at t=—1 fm~* where there
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is no difference. Thus, using the superquotient Q we see
evidence for CSB also. The advantage of the superratio
as discussed in Sec. IV is the great experimental accuracy
because of the cancellation of the 7+ and 7~ beam cali-
brations and detection efficiencies. The disadvantage of
the superquotient is that the systematic error depends on
the square of the 7~ /7" beam calibration. The advan-
tages of Q are that uncertainties in the ratio of the
SH/*He gas pressures cancel and that there is a simple in-
terpretation of Q in terms of the ratio of the four matter
form factors.
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