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Elastic scattering of charged pions from 3H and 3He
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We have measured the ratios of normalized yields for the elastic scattering of charged pions from3H and3He
in the backward hemisphere. AtTp5180 MeV, we have completed the angular distribution measured earlier,
adding six new data points in the angular range from 119° to 169° in thep-nucleus center of mass. We also
measured an excitation function with data points atTp5142, 180, 220, and 256 MeV at the largest angle
achievable with our detector—between 160° and 170° in thep-nucleus center of mass. The data, taken as a
whole, show an apparent role reversal of the two charge-symmetric ratiosr 1 and r 2 in the backward hemi-
sphere. For data>100° we observe a strong dependence of the ratios on2t, independent ofTp or up . The
superratioR data match very well with calculations based on the forward-hemisphere data that predict the
value of the difference between the even-nucleon radii of3H and3He. Comparisons are also made with recent
calculations incorporating different wave functions and double-scattering models.
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I. INTRODUCTION

This is the final report of a series of experiments on te
of charge symmetry usingp1 and p2 elastic scattering on
tritium and helium-3. The scientific motivation, experimen
techniques, and details of our experimental apparatus,
as the pressurized gas targets including the tritium conta
for nearly 200 000 ci of tritium, are given in Refs.@1–6#. A
detailed theoretical analysis is presented in a separate p
@7#. Below we review the basic parameters and final res
of our experiment.

The first experimental parameters are the ratiosr 1 andr 2:

r 15
ds~p13H!

ds~p23He!
~1!

and
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r 25
ds~p23H!

ds~p13He!
. ~2!

By charge symmetry these ratios should be equal to on
all energies andt values, where2t is the four-momentum
transfer squared. Since the form factor of3He is smaller than
that of 3H because of the Coulomb repulsion between
protons, the cross section in the denominator is reduced
we expect that the ratiosr 1 andr 2 will be somewhat greate
than one@8,9#. For r 1, scattering from the odd~unpaired!
nucleon dominates in theD energy region, and so the sca
tering is a mixture of spin flip and nonspin flip. Forr 2,
scattering from the even~paired! nucleon dominates, and s
spin-flip scattering is suppressed.

The next ratio isR, the ‘‘superratio.’’ It is defined as the
product ofr 1 and r 2,

R5r 1•r 2 . ~3!

By charge symmetryR must be one.
Finally, we define

r15
ds~p13H!

ds~p13He!
~4!

and
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TABLE I. Measured values of the ratios from this experiment. The quoted uncertainties are sta
only.

Tp (MeV) u (s) 2t(fm22) r1 r2 r 1 r 2 R

142 160.0 5.0 0.811~0.024! 1.347~0.065! 1.10 ~0.06! 0.99 ~0.06! 1.09 ~0.06!
142 163.6 5.0 0.757~0.027! 1.401~0.086! 1.08 ~0.05! 1.01 ~0.06! 1.09 ~0.06!
180 119.4 5.2 0.85~0.02! 1.28 ~0.04! 1.07 ~0.04! 1.02 ~0.04! 1.09 ~0.04!
180 129.8 5.7 0.87~0.02! 1.38 ~0.04! 1.13 ~0.04! 1.06 ~0.04! 1.20 ~0.05!
180 139.1 6.1 0.75~0.03! 1.56 ~0.08! 1.15 ~0.06! 1.01 ~0.07! 1.16 ~0.08!
180 148.3 6.4 0.55~0.02! 2.05 ~0.09! 1.09 ~0.05! 1.03 ~0.06! 1.13 ~0.06!
180 157.4 6.7 0.44~0.01! 2.62 ~0.11! 1.08 ~0.05! 1.06 ~0.06! 1.14 ~0.06!
180 169.2 6.9 0.38~0.01! 3.06 ~0.15! 1.12 ~0.06! 1.05 ~0.06! 1.18 ~0.06!
220 169.3 8.9 0.408~0.035! 2.86 ~0.18! 1.21 ~0.11! 0.97 ~0.07! 1.17 ~0.09!
256 169.4 10.9 0.478~0.035! 2.59 ~0.37! 1.25 ~0.20! 0.99 ~0.16! 1.24 ~0.20!
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r25
ds~p H!

ds~p23He!
. ~5!

These ratios are not charge symmetric, but several exp
mental uncertainties cancel when calculatingr1 andr2, and
they can be used to derive the charge symmetricR with
lower experimental uncertainty, since

R5r1
•r2. ~6!

In Sec. II, we briefly discuss the analysis of our data
energies spanning theD33 resonance. The results are pr
sented in Sec. III. In Sec. IV, we discuss the results for ang
greater than 100°. Finally, we summarize our findings
Sec. V.

II. EXPERIMENT

The experimental details have been given by Matthe
et al. @4#. Here, we briefly discuss the analysis of the d
and the relevant experimental parameters for the determ
tion of the scattering ratios.

The ratiosr 1 and r 2 are extracted as

r 15
Y~p13H!

Y~p12H!
•

Y~p22H!

Y~p23He!
•

ds~p12H!

ds~p22H!
•

N3He

N3H

~7!

and

r 25
Y~p23H!

Y~p22H!
•

Y~p12H!

Y~p13He!
•

ds~p22H!

ds~p12H!
•

N3He

N3H

, ~8!

whereY(p6nA) refers to the scattering yield, andN3H
and

N3He are the number density of scattering centers in the3H
and 3He samples, respectively@4#. Elastic scattering yields
from 2H are used to scale the other yields to the kno
p62H cross sections. Writing the rati
ds(p12H)/ds(p22H) as D, and definingYN as the yield
per target nucleonY(p6nA/NA), we have
05400
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r 15
YN~p H!•Y~p H!•D

YN~p23He!•Y~p12H!
~9!

and similarly

r 25
YN~p23H!•Y~p12H!

YN~p13He!•Y~p22H!•D
. ~10!

Then

R5
YN~p13H!•YN~p23H!

YN~p23He!•YN~p13He!
. ~11!

In the definitions ofr 1 and r 2, it is the ratio of the p62H
yields and cross sections that appears. All normalizat
quantities not related toN3H

andN3He
cancel inR.

Finally, we consider the ratiosr1 andr2. Since the same
charge of pion appears in both the numerator and denom
tor of each of these ratios, the non-target-related normal
tion quantities cancel here as well. Then we have

r15
YN~p13H!

YN~p13He!
~12!

and

r25
YN~p23H!

YN~p23He!
, ~13!

so that

R5r 1•r 25r1
•r2. ~14!

III. RATIOS

Values for all of the ratios measured in this experiment
given in Table I. Figure 1 shows the angular distributions
the simple charge-symmetric ratiosr 1 andr 2, as well as the
superratioR at 142, 180, 220, and 256 MeV. To provide
useful overview, we have included our earlier data obtain
6-2
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at forward angles. We see thatr 1 is flat and structureless in
the forward hemisphere but rises in the backward hemisp
where it remains high to about 170°. The ratior 2 shows
structure at about 80° in the forward hemisphere, approac
1.0 in the backward hemisphere, and stays there to 17
Most of the structure inR is therefore due tor 2.

We note that, aside from the region near 80° in thep-3A
center-of-mass kinematics, which corresponds to 90° in
p-N center of mass where the non-spin-flip scattering am
tudes have zeros, the charge-symmetric scattering ratio
not have any sharp features. Indeed, in the backward h
sphere they are fairly flat and quite smooth. This is not s
prising, since thep-nucleon amplitudes are smooth and ha
no zeros in this region. The form factors for3H and 3He, as
measured with electron scattering, are smooth as well.
nally, the interactions in the numerator and denominator
each ratio are approximately the same: primarily o
nucleon inr 1, and primarily even nucleon inr 2 . R is the
smooth product of two smooth functions.

Of more interest is the general trend of the ratios as

FIG. 1. The ratiosr 1 , r 2 and the superratioR for p6 3H/ 3He
elastic scattering plotted versus the center-of-mass angle in
p-3A system for various incident pion kinetic energies:~a! Tp

5142 MeV, ~b! 180 MeV, ~c! 220 MeV, and~d! 256 MeV. Experi-
mental data are from Refs.@1# ~diamonds!, @2# ~circles!, and @6#
~triangles!, and this experiment~squares!.
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progress from the forward to the backward hemisphere
shown in Fig. 2. The crossover of the two ratios, and the f
that r 1 is significantly different from unity, arer 2 is consis-
tent with unity is difficult to explain quantitatively. It is in-
teresting to note that the qualitative behavior of the sim
ratios, including the crossover, was first predicted in
optical-model calculation by Gibbs and Gibson@10# before
the back-angle data were taken.

One might speculate that as one passes to the back
hemisphere, with the diminishing importance of the sing
scattering process, the double-scattering process provid
mechanism for spin-flip amplitudes to contribute in paire
nucleon scattering without violating the Pauli exclusion pr
ciple. We refer the reader to the accompanying paper fo
thorough discussion of this issue@7#.

Figure 3 shows our results forr1 andr2. These ratios
have very small error bars, owing to the cancellation of
normalization quantities mentioned above. The steep ris
r2 and the fall below one ofr1 at angles>100° are indi-
cations that there is a steep rise in the 180-MeV ev
nucleon-dominated cross sections in the backward he
sphere@4#. The error bars for these ratios are much sma
than those for the cross sections andr 1 or r 2. Even though
r1 andr2 are not themselves charge symmetric, they p
vide a means of calculatingR with minimum experimental
uncertainty.

Figure 4 showsR at 180 MeV. The shape is derived from
the two simple ratios, the bump at 80° corresponding to
bump in r 2 and the steady rise in the backward hemisph
to the rise inr 1. Figure 4 also shows the calculations b
Kudryavtsevet al. @7# and by Gibbs and Gibson@10#. In the
latter, the shape of the superratio was used to extract
difference in the odd- and even-nucleon radii more precis
than is possible from existing electron-scattering data. T
optical-model calculation of Ref.@10# shows a strong depen
dence on two parameters, the difference between the

he

FIG. 2. The simple ratiosr 1 ~open symbols! andr 2 ~filled sym-
bols! are compared to the calculations of Ref.@7# for r 1 ~dashed
line! and r 2 ~solid line!. The qualitative behavior of the simpl
ratios, including the crossover, were first predicted by an optic
model calculation by Gibbs and Gibson~Ref. @10#! before the back-
angle data were taken. We used the results of Smithet al. ~Ref.
@11#! which give a value of 1.03 for the ratio of the yield fo
(p12H)/(p22H) at back angles. A slight improvement ofx2 is
obtained by using the value 1.03 over assuming that this rati
equal to 1.00 as is required by charge symmetry and indicated
the SAID fit to the existingp-2H data~Ref. @12#!.
6-3
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neutron radius in tritium and the rms proton radius in3He
~that is, the difference in the even-nucleon radii!, and the
difference between the rms proton radius in3H and the rms
neutron radius in3He. In the approach of Ref.@7#, a success-

FIG. 3. The ratiosr1 and r2 for ~a! Tp5142 MeV, ~b! 180
MeV, ~c! 220 MeV, and~d! 256 MeV. The notation for the experi
mental data is the same as for Fig. 1.

FIG. 4. The superratioR at Tp5180 MeV is compared to cal
culations by Kudryavtsevet al. ~Ref. @7#! ~solid curve! and Gibbs
and Gibson~Ref. @10#! ~dashed curve!. The notation for the experi-
mental data is the same as in Fig. 1.
05400
ful description ofR at Tp5180 MeV is based on the differ
ence in the wave functions of3H and 3He and on theD33
mass splitting as well as on the inclusion of the doub
scattering interaction of the pion with nucleons of the tar
nuclei. Both models account for the role reversal of ther 1
andr 2 at back angles atTp5180 MeV. However, Kudryavt-
sev et al. fitted r 1 and r 2 to determineR, while Gibbs and
Gibson fitted their calculations toR and inferredr 1 and r 2
before the data were obtained.

Although the leading terms included in the calculation
Kudryavtsevet al. reproduce the main features of the bac
angle ratios at energies of 180 MeV and above, another
tor which might contribute to this remarkable role reversal
r 1 and r 2 at back angles is a two-step process consisting
the formation of aD by the interaction of the incident pion
with a nucleon, followed by the scattering of thisD on the
remaining correlated nucleon pair. This process is clea
overshadowed by single scattering at angles near the
spin-flip dip, but, like any two-step process, could beco
important as the momentum transfer increases.

For r 1, the dominant channels forD formation would be
p11p→D11 in the numerator andp21n→D2 in the de-
nominator, whereas the reverse would be the case forr 2.
@For r 1 the correlated pairs would be (nn) in the numerator
and (pp) in the denominator, and forr 2 they would be (np)
pairs in both numerator and denominator.# The width of the
D11 is somewhat smaller than that of theD2 ~about 5 MeV
out of a total width of about 120 MeV@13#!, and the lifetime
of the former would be longer than that of the latter. In t
framework of a multiple scattering picture, the ratios w
measure are in effect, after other terms cancel, ratios
propagators and are sensitive to small differences in wid
Thus, at back angles where multiple scattering becomes
creasingly important,D mass and width differences ma
contribute to the observed effect of increasingr 1 and de-
creasingr 2.

IV. DEPENDENCE ON MOMENTUM TRANSFER

Figure 5 showsr 1 , r 2, andR at the large scattering angle
(>100°) for all pion energies plotted versus the fou
momentum transfer squared. In Fig. 5~a!, r 1 increases
steadily, while in Fig. 5~b!, r 2 decreases slightly with2t. R
displays a very slight increase with the four-momentu
transfer squared, as shown in Fig. 5~c!. From Fig. 5 one can
conclude that, sincer 1 , r 2, and R, coming from different
energy sets, fall on top of each other and follow the sa
general trend, these ratios are primarily functions of2t.

The behavior ofr1 andr2 at the largest scattering angle
versusTp can be observed with the help of Table I. As se
in the table,r1 decreases sharply from 142 to 180 MeV, th
rises slightly through 220 and 256 MeV.r2 shows the op-
posite behavior, with a maximum at 180 MeV. The excitati
functions forr1 and 1/r2 for backward angles versus2t
are shown in Fig. 6. As is the case forr 1 , r 2, and R, the
agreement of the overlaid data at different energies is a
quite good.

We note that in the forward hemisphere, a model t
assumes singlep-N scattering explains the behavior of ela
6-4
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tic p-3A scattering quite nicely. However, for angles grea
than 100°, we should consider two-step processes, espec
double scattering, to explainp-3A elastic scattering. All of
the ratios are seen to be smooth functions of the momen
transfer, as can be inferred from the accompanying the
paper of Kudryavtsevet al. @7#.

V. CONCLUSIONS

We present ten new measurements of the ratiosr 1 , r 2,
andR at energiesTp5142, 180, 220, and 256 MeV at back
ward scattering angles. These data complete and, where
overlap, are consistent with our data sets from previous m
surements at smaller angles and the same energies@1–3,6#.

FIG. 5. The excitation function for the ratios~a! r 1, ~b! r 2, and
~c! R at back angles (>100°) are shown versus the four-momentu
transfer squared2t. Experimental data are from Refs.@1,2,6# and
the present experiment~142-MeV data are shown by circles, 180
MeV data by diamonds, 220-MeV data by squares, and 256-M
data by triangles!.
05400
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At Tp5180 MeV, the charge-symmetric ratiosr 1 , r 2, andR
are smooth functions of the scattering angle in the backw
hemisphere. The ratiosr 1 and r 2 cross each other at aroun
120°; r 1 becomes significantly different from 1.00 at bac
ward angles whiler 2, which had been greater than 1.00
forward angles, approaches unity. Deviation of the ratiosr 1 ,
r 2, and R from unity gives evidence for charge-symmetr
violation effects in these reactions. All three ratios, at en
gies of 180, 220, and 256 MeV, are well described by
theoretical approach of Ref.@7#. Additionally, the ratios at
180 MeV match well with the results of a previous calcu
tion @10# that determines the value of the difference betwe
the even and odd radii of3He and 3H. It also has been
shown that all three ratiosr 1 , r 2, andR ~as well asr1 and
r2) at scattering angles>100° and for allTp studied can be
described as a function of2t only in the region where two-
step processes, such as double scattering, dominate thep-3A
elastic scattering.
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FIG. 6. The excitation function for the ratios~a! r1 and ~b!
1/r2 at back angles (>100°) are shown versus the four-momentu
transfer squared2t. The notation for the experimental data is th
same as for Fig. 5.
6-5



d,
C

-

S
s,

e,
S

W
la
-

.
C.

.K
e,

e,

.
J.

, V.
Al-

C

le

W. J. BRISCOEet al. PHYSICAL REVIEW C 66, 054006 ~2002!
@1# B.M.K. Nefkens, W.J. Briscoe, A.D. Eichon, D.H. Fitzgeral
A. Mokhtari, J.A. Wightman, and M.E. Sadler, Phys. Rev.
41, 2770~1990!.

@2# C. Pillai, D.B. Barlow, B.L. Berman, W.J. Briscoe, A. Mokh
tari, B.M.K. Nefkens, and M.E. Sadler, Phys. Rev. C43, 1838
~1991!.

@3# W.J. Briscoe, B.L. Berman, R.W. Caress, K.S. Dhuga,
Dragic, D. Knowles, D. Macek, S.K. Matthews, N.J. Nichola
M.F. Taragin, D.B. Barlow, B.M.K. Nefkens, C. Pillai, J. Pric
L.D. Isenhower, M.E. Sadler, S.J. Greene, I. Slaus, and I.
pek, Nucl. Phys.A553, 585 ~1993!.

@4# S.K. Matthews, W.J. Briscoe, C. Bennhold, B.L. Berman, R.
Caress, K.S. Dhuga, S.N. Dragic, S.S. Kamalov, N.J. Nicho
M.F. Taragin, L. Tiator, D.B. Barlow, B.M.K. Nefkens, C. Pil
lai, J.W. Price, L.D. Isenhower, M.E. Sadler, I. Sˇ laus, and I.
Supek, Phys. Rev. C51, 2534~1995!; S. K. Matthews, Ph.D.
thesis, The George Washington University, 1992.

@5# B.L. Berman, G.C. Anderson, W.J. Briscoe, A. Mokhtari, A.M
Petrov, M.E. Sadler, D.B. Barlow, B.M.K. Nefkens, and
Pillai, Phys. Rev. C51, 1882~1995!.

@6# K.S. Dhuga, B.L. Berman, W.J. Briscoe, R.W. Caress, S
Matthews, D.B. Barlow, B.M.K. Nefkens, C. Pillai, J.W. Pric
05400
.

u-

.
s,

.

S.J. Greene, I. Slaus, and I. Supek, Phys. Rev. C54, 2823
~1996!.

@7# A.E. Kudryavtsev, V.E. Tarasov, B.L. Berman, W.J. Brisco
K.S. Dhuga, and I.I. Strakovsky, Phys. Rev. C66, 054007
~2002!, following paper; nucl-th/0109074.

@8# Kr.T. Kim, Y.E. Kim, and R.H. Landau, Phys. Rev. C36, 2155
~1987!; Y.E. Kim, M. Krell, and L. Tiator, Phys. Lett. B172,
287 ~1986!; Y.E. Kim, Phys. Rev. Lett.53, 1508~1984!.

@9# W.J. Briscoe and B.H. Silverman, Phys. Rev. C39, 282~1987!.
@10# W.R. Gibbs and B.F. Gibson, Phys. Rev. C43, 1012 ~1991!;

~private communication!.
@11# G.R. Smith, D.R. Gill, D. Ottewell, G.D. Wait, P. Walden, R.R

Johnson, R. Olszewski, R. Rui, M.E. Sevior, R.P. Trelle,
Brack, J.J. Kraushaar, R.A. Ristinen, H. Chase, E.L. Mathie
Pafilis, R.B. Schubank, N.R. Stevenson, A. Rinat, and Y.
exander, Phys. Rev. C38, 240 ~1988!.

@12# R.A. Arndt, I.I. Strakovsky, and R.L. Workman, Phys. Rev.
50, 1796~1994!.

@13# Particle Data Group, D.E. Groom,et al., Eur. Phys. J. C15, 1
~2000!; 2001 off-year partial update for 2002 edition availab
on the PDG site http://pdg.lbl.gov
6-6


