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Elastic scattering of charged pions from3H and 3He
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We have measured the ratios of normalized yields for the elastic scattering of charged pioAl! faoifiHe
in the backward hemisphere. At.=180 MeV, we have completed the angular distribution measured earlier,
adding six new data points in the angular range from 119° to 169° inrthecleus center of mass. We also
measured an excitation function with data pointsTat=142, 180, 220, and 256 MeV at the largest angle
achievable with our detector—between 160° and 170° insthmucleus center of mass. The data, taken as a
whole, show an apparent role reversal of the two charge-symmetric ratiasdr, in the backward hemi-
sphere. For datze 100° we observe a strong dependence of the ratios gnindependent off . or 6,.. 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 radiitbndHe. Comparisons are also made with recent
calculations incorporating different wave functions and double-scattering models.
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I. INTRODUCTION dU’(7T_3H)
I’2=—+3 . (2)
This is the final report of a series of experiments on tests do(7"°He)

of charge symmetry using* and 7~ elastic scattering on
tritium and helium-3. The scientific motivation, experimental By charge symmetry these ratios should be equal to one at
techniques, and details of our experimental apparatus, suctl energies and values, where-t is the four-momentum
as the pressurized gas targets including the tritium containdransfer squared. Since the form factoftéé is smaller than
for nearly 200 000 ci of tritium, are given in Refd—6]. A that of *H because of the Coulomb repulsion between the
detailed theoretical analysis is presented in a separate papgiotons, the cross section in the denominator is reduced and
[7]. Below we review the basic parameters and final resultsve expect that the ratiag andr, will be somewhat greater
of our experiment. than one[8,9]. For r,, scattering from the oddunpaired
The first experimental parameters are the ratioandr,: nucleon dominates in th& energy region, and so the scat-
tering is a mixture of spin flip and nonspin flip. Fos,
scattering from the evefpaired nucleon dominates, and so
do (" 3H) spin-flip scattering is suppressed.
rl:m 1) The next ratio iR, the “superratio.” It is defined as the
product ofr, andr,

By charge symmetrR must be one.
*Present address: 1627 Camden Ave., No. 307, Los Angeles, CA Finally, we define
90025.
TPresent address: Oregon Hearing Research Center, Oregon d0'(77+3H)
Health Science University, Portland, OR 97201-3098. p+ =
*Present address: Advanced Nuclear Technology G(big-6), dU(W+3He)
MS J562, Nonproliferation and International Security Division,
LANL, Los Alamos, NM 87545. and
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TABLE |. Measured values of the ratios from this experiment. The quoted uncertainties are statistical
only.

T, (MeV) ¢©  —t(fm~?) p* p- r ro R

142 160.0 5.0 0.8110.0249 1.347(0.065 1.10(0.06 0.99(0.06 1.09(0.06
142 163.6 5.0 0.7570.027 1.401(0.086 1.08(0.05 1.01(0.06 1.09(0.06

180 119.4 5.2 0.8%0.02 1.28(0.04 1.07(0.049 1.02(0.04 1.09(0.04
180 129.8 5.7 0.870.02 1.38(0.04 1.13(0.09 1.06(0.04 1.20(0.05
180 139.1 6.1 0.7%0.03 1.56(0.089 1.15(0.06 1.01(0.07 1.16(0.08
180 148.3 6.4 0.5%0.02 2.05(0.09 1.09(0.09 1.03(0.06 1.13(0.06
180 157.4 6.7 0.440.01) 2.62(0.1) 1.08(0.05 1.06(0.06 1.14(0.06
180 169.2 6.9 0.380.01) 3.06(0.15 1.12(0.06 1.05(0.06 1.18(0.06

220 169.3 8.9 0.4080.035 2.86(0.18% 1.21(0.11)) 0.97(0.09 1.17(0.09
256 169.4 10.9 0.478.035 2.59(0.37 1.25(0.20 0.99(0.1§ 1.24(0.20

__do(7°H) © _Yn(mH)-Y(77?H)-D ©
P do(7 3He) ! Yn(7 3He) - Y (7t 2H)
These ratios are not charge symmetric, but several experi- d similarl
mental uncertainties cancel when calculatirigandp ~, and and simitarly
they can be_> used to derlv_e the_ charge symmeRriwith Y (m2H)- Y 2H)
lower experimental uncertainty, since r,= _ (10)
. Yn(7 3He) - Y(7r 2H)-D
R=p"-p". (6)
. . . Then
In Sec. I, we briefly discuss the analysis of our data at
energies spanning th&s; resonance. The results are pre- Yn(m3H) - Yy (7 3H)
sented in Sec. lll. In Sec. IV, we discuss the results for angles = — . (12
- ; o : Yn(7 3He)- Yy(73He)
greater than 100°. Finally, we summarize our findings in N N
Sec. V. In the definitions ofr; andr,, it is the ratio of the 7*2H
yields and cross sections that appears. All normalization
quantities not related tbl; andN;  cancel inR.
Il. EXPERIMENT H He

Finally, we consider the ratigs" andp~. Since the same
The experimental details have been given by Matthewgharge of pion appears in both the numerator and denomina-
et al. [4]. Here, we briefly discuss the analysis of the datator of each of these ratios, the non-target-related normaliza-
and the relevant experimental parameters for the determindion quantities cancel here as well. Then we have
tion of the scattering ratios.

The ratiosr, andr, are extracted as . Yn(73H) 12
Yn(73He)
Y(7*3H) Y(m 2H) do(mt?H) Ns,,
L YTH) V) do(rH) Nay g
Y(7?H) Y(m °He) do(m *H) N,
~ Yn(mH)
P = o (13
and Yn(7m °He)
Y(r W) Y(r'H) do(nt) No oo so that
o= . . . y B
“Y(m?H) Y(x"°He) do(m?H) N, R=ry-T,=p*-p . (14)
whereY (7~ "A) refers to the scattering yield, ad;  and IIl. RATIOS

N3He are the number density of scattering centers in*tie
and ®He samples, respective[yt]. Elastic scattering yields Values for all of the ratios measured in this experiment are
from 2H are used to scale the other yields to the knowngiven in Table I. Figure 1 shows the angular distributions for

= 2H Cross sections. Writing the ratio the simple charge-symmetric ratiog andr,, as well as the
do(w2H)/do (7 2H) asD, and definingYy as the yield superratioR at 142, 180, 220, and 256 MeV. To provide a
per target nucleolY (7="A/N,), we have useful overview, we have included our earlier data obtained
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(b) 180 MeV line) and r, (solid line). The qualitative behavior of the simple
%30 B’ 120 ie0 630 B i3 ie0 %0 B’ i 1w ratios, including the crossover, were first predicted by an optical-
(deg) (deg) (deg) model calculation by Gibbs and Gibs@Ref.[10]) before the back-
14 ARRAS 14 T 14 T angle data were taken. We used the results of Seiithl. (Ref.
12 [ } 2 [ 1 2y { { [11]) which give a value of 1.03 for the ratio of the yield for
s do1 i § (7 2H)/(2H) at back angles. A slight improvement gf is
w10 §I w10 I } 10 I obtained by using the value 1.03 over assuming that this ratio is
os | 1 osl 1 osl ] equal to 1.00 as is required by charge symmetry and indicated by
©) 220 MeV the saD fit to the existingm-H data(Ref. [12]).
%80 a0 1o 180 "% B0 10 180 "0 80 130 180
0 (deg) 8 (deg) 9 (deg)

progress from the forward to the backward hemisphere as

14 T T 14 T T 14 T T
shown in Fig. 2. The crossover of the two ratios, and the fact
121 1 *r 1 ®r l ] thatr, is significantly different from unity, are, is consis-
10 [ lT PPN D S I & 10 I tent with unity is difficult to explain quantitatively. It is in-
03T w10 1 M| . - : .

I + I teresting to note that the qualitative behavior of the simple
08¢ 1 o8¢ ﬁ 1 o8¢ {} ratios, including the crossover, was first predicted in an
0D 08 e 08 256 MeV optical-model calculation by Gibbs and Gibsf0] before

¥ a0 Rusd Y Ruw® ™ the back-angle data were taken.

. One might speculate that as one passes to the backward
FIG. 1. The ratios s, r, and the superrati® for 7 *H/°He  hemisphere, with the diminishing importance of the single-
elastic scattering plotted versus the center-of-mass angle in theattering process, the double-scattering process provides a
7-"A system for various incident pion kinetic energiéa) T,  machanism for spin-flip amplitudes to contribute in paired-
=142 MeV, (b) 180 MeV, (c) 220 MeV, andd) 256 MeV. Experi- 01a0n scattering without violating the Pauli exclusion prin-
m.entall data Zreh.from Re.fﬁl] (diamonds, 2] (circles, and [6] ciple. We refer the reader to the accompanying paper for a
(triangles, and this experimertsquares thorough discussion of this issU€].
Figure 3 shows our results far* andp~. These ratios
at forward angles. We see that is flat and structureless in  have very small error bars, owing to the cancellation of the
the forward hemisphere but rises in the backward hemisphengormalization quantities mentioned above. The steep rise of
where it remains high to about 170°. The ratip shows p~ and the fall below one op™ at angles=100° are indi-
structure at about 80° in the forward hemisphere, approachestions that there is a steep rise in the 180-MeV even-
1.0 in the backward hemisphere, and stays there to 170%ucleon-dominated cross sections in the backward hemi-
Most of the structure irR is therefore due to,. sphere[4]. The error bars for these ratios are much smaller
We note that, aside from the region near 80° inth@A  than those for the cross sections andor r,. Even though
center-of-mass kinematics, which corresponds to 90° in the* andp~ are not themselves charge symmetric, they pro-
7-N center of mass where the non-spin-flip scattering amplivide a means of calculating with minimum experimental
tudes have zeros, the charge-symmetric scattering ratios dmcertainty.
not have any sharp features. Indeed, in the backward hemi- Figure 4 showsR at 180 MeV. The shape is derived from
sphere they are fairly flat and quite smooth. This is not surthe two simple ratios, the bump at 80° corresponding to the
prising, since ther-nucleon amplitudes are smooth and havebump inr, and the steady rise in the backward hemisphere
no zeros in this region. The form factors ¥skand *He, as  to the rise inr;. Figure 4 also shows the calculations by
measured with electron scattering, are smooth as well. FiKudryavtsevet al.[7] and by Gibbs and Gibsdri.0]. In the
nally, the interactions in the numerator and denominator fotatter, the shape of the superratio was used to extract the
each ratio are approximately the same: primarily odddifference in the odd- and even-nucleon radii more precisely
nucleon inr4, and primarily even nucleon in,. Ris the than is possible from existing electron-scattering data. The
smooth product of two smooth functions. optical-model calculation of Ref10] shows a strong depen-
Of more interest is the general trend of the ratios as walence on two parameters, the difference between the rms
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FIG. 3. The ratiosp™ andp~ for (a) T,=142 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.

neutron radius in trittum and the rms proton radius®ie

(that is, the difference in the even-nucleon radiand the
difference between the rms proton radius® and the rms
neutron radius irfHe. In the approach of Reff7], a success-
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FIG. 4. The superrati® at T,=180 MeV is compared to cal-
culations by Kudryavtseet 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.
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ful description ofR at T,,=180 MeV is based on the differ-
ence in the wave functions ofH and *He and on theA s,
mass splitting as well as on the inclusion of the double-
scattering interaction of the pion with nucleons of the target
nuclei. Both models account for the role reversal of the
andr, at back angles af,.=180 MeV. However, Kudryavt-
sevet al. fitted r; andr, to determineR, while Gibbs and
Gibson fitted their calculations tB and inferredr; andr,
before the data were obtained.

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

Forr,, the dominant channels fat formation would be
7" +p—AT*" inthe numerator ang— +n— A" in the de-
nominator, whereas the reverse would be the case for
[Forr, the correlated pairs would b&) in the numerator
and (pp) in the denominator, and far, they would be (p)
pairs in both numerator and denominakdrhe width of the
A1 is somewhat smaller than that of the (about 5 MeV
out of a total width of about 120 MeY13]), and the lifetime
of the former would be longer than that of the latter. In the
framework of a multiple scattering picture, the ratios we
measure are in effect, after other terms cancel, ratios of
propagators and are sensitive to small differences in width.
Thus, at back angles where multiple scattering becomes in-
creasingly importantA mass and width differences may
contribute to the observed effect of increasingand de-
creasingr,.

IV. DEPENDENCE ON MOMENTUM TRANSFER

Figure 5 shows,, r,, andR at the large scattering angles
(=100°) for all pion energies plotted versus the four-
momentum transfer squared. In Fig(ab r; increases
steadily, while in Fig. &), r, decreases slightly with-t. R
displays a very slight increase with the four-momentum
transfer squared, as shown in Figcs From Fig. 5 one can
conclude that, since, r,, and R, coming from different
energy sets, fall on top of each other and follow the same
general trend, these ratios are primarily functions-af

The behavior op™ andp ™ at the largest scattering angles
versusT . can be observed with the help of Table I. As seen
in the tablep™ decreases sharply from 142 to 180 MeV, then
rises slightly through 220 and 256 Mep." shows the op-
posite behavior, with a maximum at 180 MeV. The excitation
functions forp* and 1p~ for backward angles versust
are shown in Fig. 6. As is the case for, r,, andR, the
agreement of the overlaid data at different energies is also
quite good.

We note that in the forward hemisphere, a model that
assumes single-N scattering explains the behavior of elas-

054006-4



ELASTIC SCATTERING OF CHARGED PIONS FROMH . ..

PHYSICAL REVIEW C66, 054006 (2002

1.4 . . 1.00 — . — —
| . (a)
12 | } . 0.75 | ? : 1
i :
- *
(1.0 —t fo 0.50 . -
*
08 . 0.25 1
1 1 (a) 0 OO 1 L
0'60 4 8 12 o 4 8 12
-t (fm™®) —t (fm™)
1.4 : . 1.00 — . — —
(b)
1.2 | { . 0.75 I f: ]
} :
|
10 ?%ﬁ T [ E - s ]
‘|‘ - ‘ s 1
*
08+ 4 0.25 A
b
0.6 . s (b) 0.00 . '
! 0 4 8 12 0 4 8 12
-t (fm™®) -t (fm™)
14 FIG. 6. The excitation function for the ratiqgs) p* and (b)
’ ' ' 1/p~ at back angles#100°) are shown versus the four-momentum
transfer squared-t. The notation for the experimental data is the
1.2 } %Eﬁﬁ % ] same as for Fig. 5.
A 1.0 At T_=180 MeV, the charge-symmetric ratiog, r,, andR
are smooth functions of the scattering angle in the backward
0.8 ] hemisphere. The ratiag andr, cross each other at around
(c) 120°; r, becomes significantly different from 1.00 at back-
0.6 : . ward angles while,, which had been greater than 1.00 at
0 4 8 12 X 2 .
-t (fm™) forward angles, approaches unity. Deviation of the ratigs

r,, andR from unity gives evidence for charge-symmetry-

FIG. 5. The excitation function for the rati¢a) ry, (b) r,, and  vijolation effects in these reactions. All three ratios, at ener-
(c) Rat back angles=100°) are shown versus the four-momentum gies of 180, 220, and 256 MeV, are well described by the
transfer squared-t. Experimental data are from Refd,2,6 and  theoretical approach of Ref7]. Additionally, the ratios at
the present experimei142-MeV data are shown by circles, 180- 180 MeV match well with the results of a previous calcula-
MeV data by diamonds, 220-MeV data by squares, and 256-Me\{jo, [10] that determines the value of the difference between
data by triangles the even and odd radii ofHe and H. It also has been
) 5 . o shown that all three ratios,, r,, andR (as well asp™ and
tic 7-°A scattering quite nicely. However, for angles greater ~) at scattering angles 100° and for allT _ studied can be
than 100°, we should consider two-step processes, especialscribed as a function oft only in the region where two-

the ratios are seen to be smooth functions of the momentumjastic scattering.

transfer, as can be inferred from the accompanying theory
paper of Kudryavtseet al. [7]. ACKNOWLEDGMENTS

The authors acknowledge the support of the U.S. National
Science Foundation, the U.S. Department of Energy, the

We present ten new measurements of the ratigsr,, Croatian Ministry of Science, and the GW Research En-
andR at energie§ =142, 180, 220, and 256 MeV at back- hancement Fund. We wish to thank R. Boudrie, C. Morris,
ward scattering angles. These data complete and, where thapd S. Dragic for their assistance during the running of the
overlap, are consistent with our data sets from previous meaxperiment and A. E. Kudryavtsev and I. |. Strakovsky for a
surements at smaller angles and the same endrtie3 §. careful reading of the manuscript and for fruitful discussions.
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