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Data are presented on the energy and angle dependence of the charge-symmetry superratio R and

simple ratios r I and r2 for ~—elastic scattering from H and He. r i and r2 were normalized with

respect to ~+d and m d elastic scattering, which is assumed to have the ratio 1.0. The beam ener-

gies are T =142, 180, and 220 MeV, and the scattering angle, |9L, ranges from 40' to 110. In all

cases measured it is found that R ) 1, r', =1, and r2) 1. These results provide substantial evidence
for charge-symmetry violation. The angular distributions for a—H and m

—He elastic scattering
also have been measured and comparisons are made with various model calculations.

R:—cr(0)[sr+ H]o'(0)[tr 3H]/cr(0)[n He]o'(8)[sr+ He],

r', =o(0)[~+ 'H]cr(0)[vr d]/o(0)[m. 'He]cr(0)[vr+d],

r'2 =o{0)[n H]cr(0)[m+d]/o. (0)[m+ 3He]cr(0)[vr d].

I. INTRODUCTION

Elastic scattering of m. + and m from the isospin dou-
blet H and He provides an interesting way to test the
validity of nuclear charge symmetry (CS). Electron elas-
tic scattering on a nucleus is a probe of the spatial distri-
bution of the electric charge, meson-exchange currents,
and the spins of the constituent protons and neutrons.
But it cannot be applied to probing paired neutrons and,
as a consequence, there is a void in our knowledge of the
H wave function. Elastic pion scattering is eminently

suitable for comparing the neutron distribution in H and
the proton distribution in He. This is a consequence of
o(~ n)))o(~ p) in the region of the b, resonance. To a
good approximation we have

troduction to CS and CSB. A forthcoming review of the
subject can be found in Ref. 2. The modern view holds
that the CS operator Pcs changes an up into a down
quark and vice versa,

Pcs iup &
= adown&

and

Pcs~down) = —~up) .

CSB is then the consequence of the up-down-quark inter-
change. The quarks differ in mass, electric charge, and
magnetic moment. This can manifest itself in small
differences in the proton and neutron matter form factors
(F~ and F„) for H and He. If there was no up-down-
quark difference, CS would imply that

cr(0)[n n ~vr n] =9o'(8)[vr p~vr p],
and a similar relation holds for its charge-symmetric
counterpart

F ( H)=F„( He),

F„( H)=F ( He) . (3b)

(c0r)[ tpr~vr+p] =9o(8)[n n ~m +n] . . .(lb)

The comparison of cr(8)(~ H) with o(8)(~+ He) is
especially sensitive to the difference in the wave functions
of the neutron pair in H and the proton pair in He.

For several reasons, such as the inequality of the cou-
pling constants g (nn7r )Ag (ppm ), the n pmass-
difference, the Coulomb repulsion between the protons in
He, and the difference in the pp and nn interaction

strength, we expect the structures of H and He to be
somewhat different. This implies nuclear charge symme-
try breaking (CSB).

In a recent article, Nefkens et al. ' presented a short in-

Furthermore, if CS was valid for the underlying mN in-
teraction, the following relations would hold:

cr(0)[~+p]=cr(8)[vr n],
cr(0)[~ p]=cr(8)[~+n] .

(4a)

(4b)

r, =o (0)[m.+ H]/cr(8)[m He],

r2 =o (0)[m H ]/cr(0)[vr He]

would each be equal to 1.0.

(5a)

(5b)

The form-factor equalities would imply that the "simple
ratios"
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We define the ratios of the normalized yields as

Y(m+ H~m+ H) —Y(rr bgd) N( He)
p+ Y(rr+ He~a+ He) —Y(m+bgd) N( H)

and

Y(~ H~m H) —Y(vr bgd) N( He)P-
Y(m He~sr He) —Y(n bgd) N( H)

(7a)

(7b)

To investigate the precise value of these cross-section
ratios, one must have good control of the relative pion
beam intensities. This is nontrivial for the intense beams
that are requi. red when using gas targets. In Ref. 3 it was
pointed out that there is a relation between the four cross
sections which can be obtained without knowing the ab-
solute ~— intensity or the detector acceptance, namely,
the superratio

a(8)[~+ 'H]o (0)[m 'H]
o(8)[~ He Jo(0)[sr+ He]

yield(~+ H) yield(~ H)=r)r2 =
yield(~+ He) yield(vr He)

h,
lllilllll II/

IJ lllll" I s

N ( H) and N ( He) are the number of the H and He
atoms in the targets employed. We see that R =p+p

In this paper we present new data on m.+—elastic scatter-
ing from H and He. In performing these measurements
we had the following objectives.

(I) We wanted to improve the original measurement of
CSB of Ref. 3, which is fully detailed in Ref. 1. It was
found there that R deviates substantially from 1.0. Im-
provements were made by accumulating good statistics,
which were made possible by the use of a more dense gas
target and by the use of a new method of m+—beam nor-
malization, based on the near equality of the ~+d and

d elastic-scattering cross sections.
(2) We wanted to extend the original measurement at

T =180 MeV to higher and lower pion energies and to
larger pion angles. This enables the exploration of the
differences in the form factors for H and He over a
larger t interval, where t is the Lorentz invariant four-
momentum transfer.

(3) We wanted to test hadron interaction models. Over
the years, pion elastic scattering from H and He has
been the subject of many model calculations, performed
to determine the trinucleon wave functions, to search for
possible three-body interactions, and to investigate ha-
dronic reaction mechanisms.

II. EXPERIMENT

A. The high-pressure gas targets

The high-pressure tritium gas target used in this exper-
iment, shown in Fig. 1, contained 186 kCi of tritium.
Five cells for the different gases used in the course of the
experiment were utilized. Each cell consists of a thin-
walled hollow cylinder, flanged at both ends, that was
machined out of a solid block of aluminum. The inside
diameter of each cylinder is 12.7 cm, the inside height

FIG. 1. Cross-sectional diagram of the high-pressure tritium
gas cell described in the text. Dimensions are 0.18-cm wall

thickness, 18.6-cm inside height, and 12.7-cm inside diameter;
the material of the cylinder is aluminum and the end plates are
stainless steel.

18.6 cm, and the wall thickness is 0.18 cm. The material
is the aluminum alloy 2024-T3511, which was selected
because of its high tensile strength (450 MPa) and small
diffusion coefficient for tritium. The cylinder is closed on
top and bottom by two stainless-steel plates attached to
the cylinder by 12 stainless-steel screws and a spring
loaded seal buried in a groove 5-mm deep in the end
plates. A small channel was drilled through the top plate
for the purpose of filling and emptying via a thin supply
line welded to the top plate and furnished with a safety
lock valve. A 0.635-cm screw could be inserted in the
center of the top and bottom plates to attach the cells to-
gether in a vertical column. The target cells were tested
rigorously for gas leaks by pressurizing them up to 4.8
MPa with helium (and hydrogen in the case of the cell
which was to hold the tritium) before being filled. Several
extra ce11s of identical fabrication were pressurized to
their yield and rupture points.

The target ladder at the Energetic Pion Channel and
Spectrometer (EPICS) was modified to accommodate the
five targets arranged in a vertical column. The thick top
and bottom plates of the target cells provided rigid sur-
faces for connecting the cells to each other; they also act-
ed as heat sinks to dissipate the heat generated in the tri-
tium target ce11.

The masses of high-pressure gas samples were deter-
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mined by direct weighing, and verified by pressure,
volume, and temperature (PVT) measurements. The cells
were filled and weighed just prior to the experiment and
weighed again just afterwards (six weeks later). Each
empty cell, approximately 8 kg in mass, was weighed
shortly before filling. A 50-kg Voland balance was used
which is rated for an absolute accuracy of +73 mg (per
weighing) for a three-sigma (96%) confidence level for
masses up to 20 kg. By exercising great care and repeat-
ing each weighing and the zero calibration several times,
we achieved a precision repeatable to within +20 mg (in
the worst ease). Uncertainties in corrections for the air
buoyancy (2 —12 mg) were small, since the barometric
pressure, ambient air temperature, and relative humidity
were monitored during the mass measurements. The
sample masses determined by direct weighing are known
to within +0.3%.

During the filling process, the sample masses were
determined independently from PVT measurements. An
additional PVT determination was made for the tritium
sample subsequent to the experiment. The pressures were
measured with a Heise 40.64-cm gauge, 7.5 MPa full
scale, having an absolute accuracy of 0.1%, repeatability
of 0.02%, and sensitivity of 0.01%. Thus, the pressures
of approximately 3 MPa were measured to +0.003 MPa.
The approximately 2.5-liter volumes were determined
precisely by a gas-displacement technique using He to
+0.1 cm relative precision and to +0.8-cm absolute ac-
curacy (the room temperature was controlled to 0.1'C).
In addition, the sample-container dimensions (diameter
and length) were measured with vernier calipers to
+0.0025 cm both at 1 atm and at the operating pressure.
The temperature was measured during the filling process,
using two kinds of thermometers, at several points on
each sample container. Particularly, the one containing
tritium, whose heat output raised its temperature by
several degrees, was carefully checked. The resulting
average-temperature measurements were accurate to
+0.05'C for He, 'H, and H, and +0.3'C for H. The
number of amagats (moles/molar volume) of the samples
ranged from 27.80 (for H) to 28.14 (for 'H). The results
of the PVT measurements, in themselves nominally accu-
rate to within 0.5'7o, agreed with those from direct weigh-
ing to within 0.3% for H and He, 1.0% for 'H, and
0.7% for H. We regard these measurements to have
confirmed those from direct weighing and have used the
latter in our cross-section determinations.

The isotopic abundances of the H, 'H, and H samples
were each 99% or higher. That of the H sample was
measured by mass spectroscopy twice (to within +0.15%)
before the experiment, and much more accurately (to
within +0.01%) afterwards; the two measurements were
in agreement within the limits quoted. From this mea-
surement and from the known half-life, a H abundance
of 98.80+0.01 mol% was determined for the beginning
of the experimental run. The major impurities were
1.06+0.05 mol% H and 0.14+0.07 mo1% 'H. The H
decays to He at the rate of 1.54X10 /day (approxi-
mately 0.5%/month); this was taken into account in the
analysis. We use an average H abundance value during
the experiment of 98.47 mo1% with an average He

abundance of 0.33 at. %. The atomic abundance ratios
include the accounting for the small differences (less than
0.05%) in the dimensions at operating pressure.

The high radioactivity of the sample involved in this
experiment necessitated the use of a special Tritium En-
closure and Vent/Recapture System, radiation monitors,
and an independent alarm and interlock systems; a back-
up diesel generator (in case of power failure) was kept
nearby on standby status. Details of this system can be
found in the Safety Operation Procedure Report pro-
duced for this experiment.

B. Data acquisition

The experiment was performed using the Energetic
Pion Channel and Spectrometer at the Clinton P. Ander-
son Meson Physics Facility (LAMPF) at T =142, 180,
and 220 MeV and at 0L =40', 60, 80', 90, and 110'.
EPICS has several characteristics that are desirable for
these measurements: a large pion fiux up to 10 m /s and
10 n.+/s, good energy resolution (500 keV during this ex-
periment), and a large acceptance (about 2% during this
experiment). These factors enabled us to measure the
elastic-scattering ratios with high precision. The stan-
dard EPICS-MP-10 electronics and data-acquisition sys-
tems were used to record the data on magnetic tape. The
EPICS facility is described in Ref. 4.

Beam monitoring was accomplished using two ioniza-
tion chambers. One, located 85-cm downstream of the
target, monitored the pion beam, and the other moni-
tored the incident proton beam that produced the pions.
Furthermore, we used a pair of scintillator telescopes lo-
cated about 2-m downstream of the target to monitor the
muons from pion decay. These devices provided the
means by which the relative rates of the ~+ and m.

beams were monitored to better than 1%. Absolute pion
cruxes were not measurable directly; the beams contained
pions, muons (from vr decay), electrons, and protons in
amounts that depended on beam species, energy, and
channel tuning. The cross-section measurements were
made relative to ~+ and ~ elastic scattering on deuteri-
um and/or hydrogen. This method eliminated the need
for the determination of the solid angle and acceptance of
the spectrometer; all ratios were measured under identi-
cal kinematical conditions. The measurements required
only that the beam and spectrometer characteristics be
kept constant during each run cycle.

The procedures that were followed for data taking
were determined by the twofold goals of the experiment:
(i) measuring the various cross-section ratios R, r ', , r 2,

p+, and p (the primes in r', and rz indicate that the ra-
tios are measured with respect to m

—d elastic scattering)
and (ii) obtaining the absolute differential cross sections.
At each angle we successively measured the ~ yield
from H, He, H, 'H, and the empty-target cell with the
spectrometer tuned for pion-tritium kinematics, yielding
the ratio p+. The accuracy of the ratio of the yields de-
pends on (a) the monitoring of the relative beam fiux for
all runs that involve the same pion species, (b) the proper
determination of the background subtraction (discussed
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below), (c) the knowledge of the partial pressures of the
He and H samples, and (d) the spatial stability of the

pion beam on the target.
Each measurement of p+ was followed by data collec-

tion for the hydrogen, deuterium, and empty targets with
the spectrometer tuned for ~d kinematics. A comparison
of these data with the known hydrogen and deuterium
cross sections allows us to normalize to either of these
quantities and thus to obtain the cross sections for H
and He. This comparison requires knowledge of the par-
tial pressure of 'H or H. We then made a second back-
ground determination and checked the overall experi-
mental uncertainty of the a+p or ~+d cross section being
used for normalization.

The above sequence was repeated with the m beam,
with the same kinematics, to obtain p . The uncertainty
in determining p, except for the determination of the
partial-pressure ratio, is independent of the determina-
tion of p+. The superratio is obtained as the direct prod-
uct R =p+p

At several angles and energies some runs were taken
with the spectrometer set for md kinematics. As men-
tioned above, the differential cross sections were deter-
mined by using the known cross sections for pion elastic
scattering on deuterium and hydrogen for normalization.
In the case of deuterium, the m+ and ~ cross sections
are assumed to be the same, and the difference in yield
between the m+ and m scattering from deuterium is
therefore merely a measure of the relative m+/~ beam
Aux. In the case of the hydrogen target, the cross sec-
tions obtained are only as accurate as the measurements
to which we normalize. A complete set of measurements
was not taken for the m beams at the md setting. The
determination of the ~ cross sections can be made with
a smaller uncertainty using the ~+ cross section and r &.

For this purpose the m
—+d measurements made at tritium

kinematics were used as a measure of the relative m+/m
beam Aux.

III. DATA REDUCTION AND RESULTS

Missing-mass histograms were obtained using the
momentum and the direction of each scattered particle as
measured in the spectrometer and assuming the two-body
kinematics of pion elastic scattering for each event. As a
result of the loss of a plane of the front wire chamber in
the focal plane, the energy resolution of the missing-mass
spectra had deteriorated somewhat. Software cuts were
applied to the histograms of the target projections (X, „
Y,s„H,st, and P, , ), Ref. 4, to reduce the background.
Many muons from pions that decayed inside the spec-
trometer magnet were rejected upon comparing the an-
gles measured at the front of the spectrometer and at the
position of the focal plane.

The data analysis was divided into two parts: (l) the
evaluation of the relative yields to calculate the superra-
tio and simple ratios and (2) the determination of the to-
tal yields for the absolute cross sections. For part (l), the
relative yields from the H, He, H, and empty targets
are sufficient as long as they are calculated in a consistent

manner. The yield from a particular target is obtained
from the number of counts in the elastic peak of the
missing-mass spectrum; our definition of the peak typical-
ly includes 95% of the counts. The peak integral is mul-
tiphed by a normalization factor which depends on the
chamber efficiency, survival factor of the pions in the
spectrometer, number of particles recorded by one of the
ion chambers, and the computer live time.

At most angles and energies, we have data for the same
target that was obtained at different times to check for
consistency. Occasionally a shift in the centroid of the
elastic peak was observed. In a few cases this could be at-
tributed to a small change in the current of the quadru-
pole magnet in the beam transport system. The number
of channels shifted was determined by subtracting one
normalized spectrum from another to obtain the
difference spectrum. If the spectra were perfectly
matched, the difference spectrum should be zero. All the
spectra were thus checked and, if necessary, shifted to
align with a "standard" run.

For the background measurements we used the hydro™
gen, the empty, and sometimes the deuterium targets.
Several determinations of the background were necessary
since the spectra obtained after either hydrogen or
empty-cell background subtraction revealed a residual
background that was proportional to the area of the elas-
tic peak (about 2 and 3 % for the hydrogen and empty-
cell background determinations, respectively). This re-
sidual background comes from muons from pion decay
and from doubly scattered pions. While the main source
of background is the cell wall, the five cells contained
different amounts of target material, each of a different
mass; therefore the pion energy loss and multiple scatter-
ing are note equal for the five targets. Thus, it was im-
portant not to rely on a background determination based
solely on one target. The deuterium yield is an attractive
candidate for background subtraction because deuterium
duplicates more closely tritium and He with respect to
energy loss and nuclear scattering and it has the same
scattering cross section for ~+ and ~, which is not the
case for hydrogen. However, at forward angles it could
not be used due to the proximity of the deuterium elastic
peak to the peaks of interest, as illustrated in Fig. 2(a).
Also, the need to accurately evaluate the tail of the deu-
terium peak that extends under the A =3 peak makes the
background subtraction unreliable for this case. The hy-
drogen and empty-target spectra did not have these prob-
lems, as can be seen in Figs. 2(b) and 2(c).

Generally, we did not obtain data on hydrogen with
hydrogen kinematics and thus corrections had to be
made for the acceptance variation of the spectrometer for
noncentral momenta. This correction factor was deter-
mined during the development period immediately
preceding data taking. In those cases where the relative
efficiency was below 50%, we used only the deuterium
peak for beam normalization. A weighted average and
the standard deviation for the normalized yield ( Y') of
different runs were calculated for each target at each an-
gle and energy. The standard deviation gives a measure
of the run to run consistency, which was better than 2%
for all cases. The yield of the background target was cal-
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beam cruxes. The results for the superratio are given in
Table II where we have included the value of the four-
momentum transfer —t for each energy and angle. These
data are displayed in Fig. 4. The error bars shown are
statistical only.

The pion Aux at EPICS is usually calibrated with the
help of m+p elastic scattering. This method is not suit-
able for a m. beam on a gas target because of the small
~ p cross section, since

o(8)[~ p]= —,'cr(8)[~+p] .

Also, there is some controversy over the reference value
for a(8)[vr p] given by different mS partial-wave analy-
ses. Instead, we use ~+—d elastic scattering for the relative
beam calibrations. The TRIUMF work on m

—d scatter-
ing shows that rr(8)[rr d] is equal to o.(8)[rr d] to
within a few percent at the energies and angles of interest
here. The charge-symmetric simple ratios

FIG. 2. {a) Two typical missing-mass spectra for T =142
MeV and 0&,&=60. The results obtained with the tritium and
deuterium targets have been superimposed. (b) Same as (a) for
the tritium and hydrogen targets. (c) Same as (a) for the tritium
and empty targets.

culated for the same energy interval as the main peak.
This procedure was used for all targets and for both m+

and m. runs. The use of di6'erent background targets
(empty, hydrogen, and deuterium) had little eff'ect (less
than 2%%uo) on the values of p+ and p . The values of p+
and p as a function of the laboratory angle for our three
incident energies are listed in Table I and plotted in Fig.
3. The superratio R is obtained as the direct product of
p+ and p and is independent of the absolute m. + and m

o(8)[~ H] rr(8)[sr+a]
o(8)[sr+ He] o(8)[vr rj].

(8b)

are marked with a prime to denote that the normalization
of the m+ and m. beams is based on ~d elastic scattering.
When CS is valid, these ratios must be equal to one. The
advantage of using I ', and r2, rather than the ratio of the
absolute cross sections, is the superior experimental accu-
racy, since they do not depend on the absolute m+ and

beam normalizations. The results for these "primed"
charge-symmetric simple ratios are also given in Table I
and displayed in Fig. 5. The systematic uncertainty in
the simple ratios is less than 4%, mainly governed by the
uncertainty in our measured m

—d yields.
The second part of the data analysis was the deter-

mination of the absolute dift'erential cross sections. For
this determination the absolute yield from each target

TABLE I. The cross-section ratios p+ and p, the charge-symmetric simple ratios r') and r,', and the
superquotient Q. The error limits for Q do not include the uncertainties in the 7r+ and rr beam cali-
brations.

Energy
(MeV)

0 (lab)
(deg)

40
60
80
90

110

1.021+0.027
1.041+0.030
1.007+0.046
1.038+0.069
0.997+0.045

1.060+0.029
1.079+0.030
1.143+0.050
1.106+0.065
1.107+0.044

0.617+0.016
1.054+0.014
1.045+0.024
0.689+0.019
0.607+0.015

1.754+0.028
1.066+0.017
1.102+0.027
1.666+0.068
1.818+0.052

Q =ri«I
1.04+0.04
1.04+0.04
I.14+0.07
1.07+0.09
1.11+0.07

180 40
60
80

110

0.998+0.022
1.002+0.025
1.000+0.040
1.020+0.068

1.087+0.025
1.183+0.031
1.126+0.047
I.159+0.072

0.676+0.009
1.392+0.021
1.388+0.030
0.863+0.020

1.604+0.021
0.851+0.016
0.812+0.022
1.371+0.056

1.09+0.04
1.18+0.04
1.13+0.07
1.14+0.10

220 40
60
80

1.033+0.026
1.042+0.038
0.976+0.084

1 ~ 107+0.026
1.109+0.045
1.283+0. 123

0.789+0.015
1.675+0.047
1.657+0. 122

1.450+0.024
0.690+0.018
0.755+0.057

1.07+0.04
1.07+0.06
1.31+0.20
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FIG. 3. The ratios of the cross sections p+=a(8)[m. + 'H]/cr(8)[vr+ 'He] and p =rr(8)[m 'H]/o(g)[vr 'He]. The circles are
the present results. The squares are the results from Ref. 1.

was obtained, using the complete peak areas. The residu-
al background, after the background subtraction, was ap-
proximately 2—3% for all cases. For the determination
of the absolute differential cross section this extra back-
ground was subtracted. When calculating the yields from
the deuterium target for normalization, care was taken
not to include breakup events in the elastic peak. Our
procedure could be verified in a few cases by calculating
the differential cross section for m+0 using as beam nor-
malization m+p based on the Virginia Polytechnic Insti-
tute and State University (VPI) cross sections and then
comparing our ~d results to the Swiss Institute for Nu-
clear Research (SIN) data. These results are given in

1.2
(a)

I
I

I
I

l
I

1

142 MeV

Tab1e III. Note that a change in the a /m. + normaliza-
tion affects r', and rz in opposite ways.

The differential cross sections for ~+ elastic scattering
on H and He were obtained by calibrating the m+ beam
using the m+0 elastic-scattering data from SIN, which is

I I I I

I
I

I
I

1
I

I
I

I

TABLE II. The superratio R. (h)
180 MeV

Energy
(MeV)

142

0 (c.m. )

(deg)

43.5
64.7
85.3
95.4

115.0

0 (lab)
(deg)

40
60
80
90

110

1.082+0.039
1.123+0.038
1.152+0.061
1.148+0.086
1.104+0.064

—t
(fm )

0.70
1.46
2.35
2.80
3.62 1.2

(c) 220 MeV

I I I I

I
I

I
I

4
I

I
I

I

180

220

44.0
65.3
85.9

115.6

44.4
65.9
86.6

40
60
80

110

40
60
80

1.084+0.039
1.185+0.036
1.127+0.057
1.183+0.078

1.144+0.037
1.156+0.055
1.251+0.121

0.97
2.01
3.21
4.93

1.28
2.65
4.21

0.8
30 50

I I

70 90

8. (deg)

110 130

FIG. 4. The superratio R at T =142, 180, and 220 Mev.
The dashed line at R = 1.0 is the prediction when CS is valid.
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FIG. 5. The charge-symmetric ratios r', and r2. CS implies r
&

=r2= 1; this is shown by the dashed lines at r= 1.0.

reported to have an absolute accuracy of 5%. To obtain
the m cross section, we assume that

IV. ANALYSIS

A. Comparison with previous experiment

rd =o(0)[m+d ~Tr+d]/o(8)[rr d ~~ d]=1.0 .

At our energies, rd has been found to deviate from one by
less than 4%. The results for the differential cross sec-
tions are given in Table IV together with the ~d data
used for calibration. Figure 6 shows the angular distribu-
tion for m+ H and ~ H elastic scattering.

The superratio is obtained as the direct product of p+
and p, which are independent of the absolute beam nor-
malization and detector efticiency. Most of the systemat-
ic uncertainties cancel to first order in the superratio.
The main systematic error comes from the uncertainty in
the ratio of the number of H to He atoms. As men-
tioned above, this ratio was determined to within 0.3%%uo

accuracy. The e6'ect of this systematic error is to change
all values of R uniformly by 2X0.3=0.6%. Preliminary
results of our experiment have already appeared as Ref.
10; the present values supersede these.

I I I I I I I I I I I

10:

(a) T„=142 MeV (b) T„=180 MeV (C) T„=220 MeV

\ \

g

b
', &4~4~a

g

vr+ H

~—elastic-scattering data on H and He at T =143
and 180 MeV have been obtained previously by the Uni-
versity of California, Los Angeles (UCLA) group' using a

Pion energy
(MeV)

142
180
220

'From Ref. 8.

91ab

(deg)

40
40
40

o(0)[rr+d].
c.m.

this work
(mb/sr)

9.40+0.33
10.40+0.63
7.07+0.43

cr(0) [rr+d]
c.m.

existing'
(m.b/sr)

9.62+0.80
10.50+0.80
7.00+0.40

o (9)[n.+p]
c.m.
input

(mb/sr)

17.0
27.3
23.6

TABLE III. Comparison of ~+d elastic-scattering cross sec-
tions with published data and input o (0)[vr+p ~rr+p] values. I I I I

30 50 70 90 110

I I I I

50 70 90 110

8.-(«g)

I I I I

50 70 90 110 130

FIG. 6. (a) Differential cross sections in the center-of-mass
system for m+ and ~ elastic scattering from H for T = 142
MeV. The curves are drawn to guide the eye. The solid sym-
bols are data points from Ref. 1. (b) Same as (a) for T =180
MeV. (c) Same as (a) for T =220 MeV. The solid data points
at 75 in the NSF dip region are from a recent experiment by
our group.
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TABLE IV. Differential cross sections o.(0) in the center-of mass system.

I9 (lab)
(deg)

m+ 'H
(mb/sr)

'H ~+ He
(mb/sr) (mb/sr)

T =142 MeV

'He
(mb/sr)

m.d'
(mb/sr)

40
60
80
90

110

11.36+0.63
2.34+0. 18
0.81+0.05
0.83+0.07
0.87+0.07

19.64+ 1.09
2.36+0. 19
0.88+0.05
1.33+0.11
1.61+0.14

18.41+1.02
2.22+0. 17
0.78+0.05
1.21+0.09
1.44+0. 12

11.24+0.62
2.22+0. 18
0.80+0.05
0.80+0.07
0.88+0.08

9.62+0.50
2.60+0.20b

1.28+0.06b

1.24+0.09'
1.11+0.09'

40
60
80

110

10.88+0.55
1.63+0.08
0.43+0.03
0.35+0.03

17.71+0.88
1.36+0.08
0.35+0.02
0.46+0.04

T =180 MeV

16.11+0.81
1.18+0.07
0.31+0.02
0.40+0.02

11.12+0.55
1.59+0.09
0.43+0.03
0.34+0.02

10.50+0.50
2.00+0 10
0.70+0 03
0.53+0.03'

1„=220 MeV

40
60
80

7.66+0.45
0.69+0.05
0.097+0.006

10.73+0.62
0.45+0.04
0.076+0.005

9.51+0.56
0.41+0.03
0.059+0.005

7.44+0.45
0.65+0.05
0.101+0.008

7.00+0.40
0.95+0.04
0.23+0.01b

'Used for normalization.
"From Ref. 8.
'From Ref. 9.

smaller gas target. The comparison of the previous data,
using m.*p data for calibration, with the present result
based on m d measurements for calibration is made in
Tables V and VI. The agreement between the two data
sets, on the whole, is very good.

B. Violation of charge symmetry

In the relativistic impulse approximation discussed in
Ref. 1, the differential cross sections for ~+ H and

H elastic scattering up to 0 =90 in c.m. are given
by

~(~)[~+ 'H]=a+ IF, ('H)l'I [I+—', ~, ('H))fl'+ Igl'I,

(9a)

~(~)[~ 'H] =a' IF,('»I't
I [-,'+2~, ('H)]fl'+ —,

' Igl'I,

(9b)

where a+ and a are the medium coefficients, F and I'„

are the proton and neutron matter form factors for H, f
is the ~ p non-spin-fiip scattering amplitude, and g is the
spin-Aip scattering amplitude. We have used the
dominance relations for mX scattering that are applicable
in the region of the b, (1232), namely,

3f (~+n)=f (~+p)=f (~ n)=3f(rr p)

and

3g (n+n) =g (vr+p) =g(vr n) =3g ( rpr) .

For the numerical calculations reported below, we use
the exact values for f and g obtained from the VPI crap
partial-wave analysis; finally, we use a+( H)=0.86 and
a ( H)=0.g2, as discussed in Ref. 1. The neutron and
proton matter form factors are related by

F„( H)=a, ( H)F~( H) . (10a)

The charge-symmetric expressions for the He matter
form factor is

TABLE V. Comparison of the cross-section ratios p+ and p and the simple ratios r', and r2 of this
work with those of Ref. 1, presented as ratios of the present data to those of the previous experiment.

T
(MeV)

142

0 (lab)

(deg)

40
60

p+ (present)

p+ (Ref. 1)

0.98+0.03
1.03+0.03

p (present)

p (Ref. 1)

1.01+0.04

r
&

(present)

r) (Ref. 1)

0.98+00.06

r2 (present)

r2 (Ref. 1)

1.02+0.05
0.96+0.08

180 40
60
80

0.98+0.03
1.02+0.03
1.02+0.06

1.03+0.04
0.94+0.06
0.98+0.07

0.96+0.04
0.93+0.06
0.97+0.07

1.05+0.04
1.01+0.06
1.04+0.09
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TABLE VI. Comparison of differeritial cross sections with those of Ref. 1, presented as ratios of
cross sections of this experiment to those of the previous experiment.

T
(MeV)

142

0 (lab)

(deg)

40
60

m+ H
o.(0) (this work)

cr{0) (Ref. 1)

1.02+0.07
0.96+0.07

m H
o.(0) (this work)

0.(0) (Ref. 1)

1.07+0.07
0.94+0. 10

m+ 'He
cr(0) (this work)

0.(0) (Ref. 1)

1.04+0.07
0.93+0.10

He
0.(0) (this work)

o.(0) (Ref. 1)

1.05+0.08

180 40
60
80

0.93+0.06
0.95+0.06
0.96+0.07

1.01+0.06
0.93+0.08
0.97+0.10

0.95+0.06
0.94+0.08
0.94+0. 10

0.98+0.06
0.99+0.08
0.98+0.08

F~( He)=a, ( He)F„( He) . (lob)

In the region of the non-spin-Ilip (NSF) dip, Ref. 1,
where f /g ( I, which is near 8, =78 for T„=180
MeV, we have

3 2 2

g (1T+p) cr(8)[rr d]
F„( He) g(m n) cr( 8)[m.+ d]

F ( H)

F„('He)

CSB can be parametrized by p„which is the ratio of the
odd-nucleon form factors

yi&1 implies CSB. Our results are shown in Table VIII
for the range of four-momentum transfer from —0.3 to—4.9 fm . Here the data can be summarized as

F„( H)=[1.00+(0.02+0.01)~t~]F~( He) . (16)

cr(8) [m H] o.(8)[rr He] "2

cr(8)[rr+ 'He] o.(8)[m 'H] r',

becomes, outside the NSF dip region,

(17)

This summary is based on the value F=1.00 at t=O (re-
quired by the definition of the form factor) and on
F =exp( Pt) disc—ussed in Ref. l.

The superquotient of cross sections, defined in Ref. 1,

P, =F~( H)/F„( He) . (12)

p, &1 implies CSB. The parameter p, depends only on t.
The r', data given in Table I result in the values for p, of
Table VII, covering the interval in four-momentum
transfer from —1.5 to —4.2 fm . There is no evidence
for CSB within the 3%%uo experimental uncertainty in our
comparison of the odd-nucleon form factors for H and
He. We can summarize the results of Table VII as

'+2a ( H) 1+ 2a ( He)

—,'+2a, ( He) 1+—', a, ( H)

CSB also can be parametrized by the relation

a, ( H)=(1+8, )a, ( He),

where s,XO implies CSB.
Substitution of Eq. (10) into Eq. (19) yields

(18)

(19)

Ir2—
F„( H)

F~( He)
(14)

CSB also can be parametrized by y„ the ratio of the
even-nucleon form factors,

y, =F„( H)/F ( He) . (15)

F ( H)=(1.00+0.03)F„( He) (13)

for 1.5 fm & —t & 4.2 fm . Outside the NSF region
we have

(1+st ) =F„(3H)F.(3He)/Fp(3H)Fp(3He) . (20)

Furthermore, substitution of Eq. (19) into Eq. (18) and
taking a, ( He)=1 yields

g =1+0.9E, . (21)

Our data for Q are given in Table I and yield the values
for c., given in Table VIII.

We also have the P' ratios, where the prime indicates
that the ratios are normalized to m+d and ~ d elastic
scattering,

TABLE VII. Results for the CSB parameter P„ the ratio of
the odd-nucleon form factors: P, =F,('H)/F„('He).

o (8)[rr H] cr(8)[rr+d]
cr(8)[rr+ H] cr(8)[rr d]

(22a)

1.5
2.0
2.4
2.7
3.2
4.2

1.02+0.03
1.00+0.03
1.00+0.03
1.02+0.03
1.00+0.03
0.99+0.04

T
(MeV)

142
180
142
220
180
220

0 (lab)
(deg)

60
60
80
60
80
80

0 (c.m. )

(deg)

64.7
65.3
85.3
65.9
85.9
86.6

and

o (8)(m.+ 'He) cr(8)(m. d)P' He =
o(8)(vr He) o(8)(vr+d)

(22b)

These ratios are shown in Fig. 7 for T =142 MeV. The
solid line in this figure is the result of a calculation of the
ratio of the cross sections based on the impulse approxi-
mation. ' For this calculation, the proton and neutron
matter form factors were taken to be the same. The cal-
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TABLE VIII. Results for the CSB parameter y„ the ratio of the even-nucleon form factors:

y, =F„('H)/F~( He). Also given are the results for c,„the CSB parameter in the ratio of the four form
factors (1+v,):—F„( H)F„( He)/F ('H)F~('He).

(fm )

0.7
1.0
1.3
2.8
3.6
4.9

1.03+0.03
1.04+0.03
1.05+0.03
1.05+0.04
1.05+0.03
1.08+0.05

+0.04+0.04
+0.10+0.05
+0.08+0.05
+0.08+0. 10
+0.12+0.08
+0.15+0.11

T
(MeV)

142
180
220
142
142
180

0„(lab)
(deg)

40
40
40
90

110
110

0 (c.m. )

(deg)

43.5
44.0
44 4
95.4

115
115.6

culation was made for T = 150 MeV to better approxi-
mate off-mass-shell corrections. Refinements of this cal-
culation will be reported separately. "

The superratio provides the cleanest experimental way
to test CS because it does not depend on the m+ and m

beam calibrations. An extensive analysis of the superra-
tio at T„=180 MeV has been made by Gibbs and Gib-
son. ' They use multiple-scattering analysis techniques
based on a nonlocal optical potential. The spin-Aip am-
plitude is calculated in the distorted-wave approximation.
Various parameters are tested over a large range of
values. These include the off-shell ranges, the effective

energy, the angle transformation, the Kerman-
McManus-Thaler (KMT) factor, absorption, and the
Coulomb energy shifts. The differences between the
even-nucleon and odd-nucleon radii are treated as vari-
ables by rescaling the individual proton and neutron den-
sities obtained from Faddeev-equation calculations. The
shape of the density distributions are as given by theory.
Since the momentum transfer is relatively small, the basic
shape is primarily determined by the radius. Gibbs and
Gibson found that the superratio was affected little by
large variations of all the model parameters except for
the difference in the proton and neutron radii 6. They
calculated, for different model parameters, numerous g
comparisons of theoretical and experimental superratios
reported here and in Ref. 1 for T„=180 MeV. An exam-
ple is shown in Fig. 8 for three different values of 5. The
result of the g comparison is

1.3—

1.2—

-t (rm-')

FIG. 7. Ratios of ~+ and ~ cross sections normalized to
m

—d scattering:

1.0

0.9—
This experiment

Ref. 1

(a) 5O
—0.04 fm

(b) 5O
——0.03 fm

(c) 5 = 0.02 fm

and

o.(6)[~ 'H] rr(0)[m. d]
o.(0)[~+ 'H] o(0)[vr d]

0.8
0

I ( I ( l ) I ( I ( I (

20 40 60 80 100 120 140 160 180

8, (deg)

o (8)[m+ 'He] o (9)[vr d]
cr(0)[vr 'He] o(0)[~+d]

A data point from Ref. 1 is included (solid symbol). The solid
line is an impulse-approximation calculation for P'( H).

FIG. 8. Sensitivity of the superratio R (I9) at 180 MeV to a
small violation of charge symmetry in the difference of the odd-
nucleon radii 5,:—r„( He) —r~('H). The model calculations are
those of Gibbs and Gibson (Ref. 12). The experimental results
are for this and the previous experiment (Ref. 1)~
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5, —:r„( H) —r ( He) = —0.030+0.008 fm,

5,:r„—( He) —r ( H)=+0.035+0.007 fm .

(23a)

(23b)

102

'He
= )42Mey

(a)

These results differ markedly from the radius differences
calculated for Coulomb interactions alone. Model Fad-
deev calculations that incorporate charge-symmetry
breaking via p-~ mixing yield 6, = —0.042 fm and

6, =+0.027 fm, consistent with the above values. Thus,
Gibbs and Gibson conclude that "a significant charge-
symmetry-breaking effect (beyond the Coulomb interac-
tion) has been observed in the difference in the H and
He radii

The CSB models of Kim, Kim, and Landau, ' Barshay
and Seghal, ' Kim, ' and Kim, Krell, and Tiator' have
already been discussed in Refs. 1 and 10. They do not
agree with the data at T =180 MeV.

10

b

) 0-1
0

102

10

Z
1

b

60'

This experiment
Ref.

120'

'He

T = 180MeV

This experiment

Ref, t

)80'

(b)

C. Model calculations for o(g)[n.+ H~o.+ H]
and o(8)[~+ He~m + He]

The four cross sections for ~+ and m elastic scatter-
ing from H or He constitute a stringent test for interac-
tion models. Detailed information is available on the
electromagnetic form factors for H and He for making
first-order calculations, and Faddeev equations yield real-
istic H and He wave functions that include the detailed
Coulomb interactions between the two protons in He.

The main feature of the differential cross sections in
the 6 resonance region is the precipitous falloff with in-
creasing scattering angle up to 0 -80' c.m. cr(8)[n+ H]
levels off beyond 80 while o(g)[m H] has the striking
NSF dip. These features follow naturally from the rela-
tivistic impulse approximation, in which

fQ-1

0
I

60'
I

)20o )80'

I
~

I
I

I
I

I

+ 3z - H

I

z - H
3

FIG. 9. (a) Model calculation for vr elastic scattering from
'He by Wakamatsu (Ref. 18) for T„=135MeV compared with
the data at T„=142 MeV. (b) Same as (a) for T =174 MeV,
compared with the data at T„=180 MeV.

and f and g are the coherent sums of the non-spin-Hip
and spin-Aip mN scattering amplitudes. The matter form
factors F( H) are expected to be similar to the elec-
tromagnetic form factors when the momentum transfer is
not too large (and meson-exchange forces do not play an
important role).

The falloff in cross section up to 0 —80' is due to a
combination of the falloff in the H form factor and the
decrease in o(9)[wN]. The NSF dip is a direct conse-
quence of the spin-Aip dominance of ~N scattering
around 0(mX)=90', which corresponds to 8 =78 in the
~ H system, when T„=180 MeV together with the spin
structure of He in which the paired neutrons do not al-
low single spin flip. For angles 0 )90, the impulse ap-
proximation is no longer valid because the momentum
transfer is too large to be accommodated in a single
scattering. Thus, it follows that multiple scattering be-
comes increasingly important as 0 varies from 90' to 180',
and we expect the cross section to flatten off. That this is
apparently the case is shown by our single large-angle
data point at 0 =116.

The above features also hold at T =142 MeV as can
be seen in Fig. 6(a), including the NSF dip in n H
scattering. At T =220 MeV, this experiment does not
have enough data points to see the NSF dip, but we ex-

0, t [ I I I I I I I

0 40 80 120 160 0
I [ I I I

40 80 120 160

8, {deg)

FIG. 10. Model calculation of m
—elastic-scattering cross sec-

tion for 'H and 'He by Gibbs and Gibson (Ref. 12) for T = 180
MeV compared with our data (solid symbols) and those of Ref.
1 (open symbols). The two curves represent different sets of in-

put variables discussed in Ref. 12.
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pect it to be prese~t. Indeed, our expectation is born out
by a recent measurements by our group; a preliminary
data point is included in Fig. 6(c). The numerical
analysis of the data in terms of neutron and proton
matter form factors for H or He is rather detailed and
falls outside the scope of this work. "

Previous calculations, such as the ones based on the
Laplace and Kisslinger potential model, are discussed in
Ref. 17 but their agreement with the data is not accept-
able. Reasonable agreement with the differential cross-
section features is obtained by Kim, Kim, and Landau, '

this is not the case for the models of Refs. 14—16.
Wakamatsu' has evaluated cr(8)[m. He] based on an

optical-model potential in momentum space with
second-order effects and nuclear binding corrections. His
results at nearby energies are compared with our data in
Fig. 9. The agreement is reasonable. The work by
Nagaoka and Ohta, ' based on a multiple-scattering for-
malism with emphasis on the effects of the Pauli princi-
ple, has not been extended to our energies, but the agree-
ment with old ~ He data at other energies is not en-
couraging.

Excellent agreement is obtained with the multiple-
scattering model of Gibbs and Gibson' as can be seen in
Fig. 10. This adds further confidence to their numerical
evaluation of the source of CSB based on the superratio.

V. CONCLUSION

We have obtained extensive new data on the charge-
symmetric superratio R and simple ratios r& and r2 for

and ~ elastic scattering from H and He at
T =142, 180, and 220 MeV, spanning the region of the

6(1232) resonance. For all three cases, R and rz are
greater than one, while r', is consistent with one. The
marked deviation of R from unity indicates a violation of
charge symmetry. Models which were constructed to ex-
plain R&l with Coulomb elfects alone fail to reproduce
our results over the full angular range of the measure-
ments.

Gibbs and Gibson' have shown that our measure-
ments of the superratio R at T = 180 MeV provide clear
evidence of CSB in the radius differences for both the odd
and the even nucleons in H and He. The ~ H angular
distribution at T =142 MeV shows a clear NSF dip, al-
ready reported to occur at T„=180MeV. Both m+ H
and w H angular distributions up to 0 =80 decrease
rapidly with increasing angle, due in large part to the de-
crease in the He form factors; similar behavior is seen
for ~+ He and ~ He scattering.
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