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We have measured differential cross sections for pion elastic scattering®foend He in the angular
region near the minimum in the non-spin-flip amplitude. Data were acquired for incident pion energies of 180,
220, 256, and 295 MeV. Nuclear charge symmetry is investigated with the aid of several charge-symmetric
ratios formed from combinations of measured cross sections. A particularly intriguing result is obtained from
the superratidR, which is defined as

do(7* *H)do (7~ °H)
~do(7" *He)do(m *He)’
R is found to begreaterthan unity at 180 MeV and significantlgmallerthan unity at 256 MeV, with the
transition occurring at around 210 MeV. The charge-symmetry prediction for this(&itaw allowance for the
Coulomb force is one, and is independent of energy and ari@@556-281®6)00112-4

PACS numbgs): 21.45:+v, 24.80:+y, 25.10+s, 25.80.Dj

[. INTRODUCTION satisfactory both from the experimental and theoretical view-
points. For a review of the experimental and theoretical sta-
Over the years ample evidence has been gathered demdits of CSB in the nuclear force, the reader is referred to a
strating that electromagnetic interactions alone are not suffilecent article on the subject by Millet al. [7].
cient to explain the existence of a small but persistent In recent years, the study of pion elastic scattering from
charge-symmetry-breakingCSB) amplitude in the nuclear isospin-mirror nuclei, in particulaA=2 [8—10] and A=3
force. Some of this early evidence came from studies of11-13, has provided further indications of CS violation.
isospin-multiplet mass splitting, such as the binding energyPrimarily, these studies focused on the behavior of a number
difference betweerH and He, and the inequality of the of charge-symmetric ratios determined from the measured
nucleon-nucleon scattering lengths. On the theoretical fronglastic differential cross sections. Specifically, we reproduce
at least on the nucleon level, much progress has been madiere the ratios used in the=3 studies. These include the
in our conceptual understanding of CSB in termgab (and  cross-section ratiop*, p~, and the charge-symmetric ra-
m-7) meson-mixing model§1-3]. Moreover, theoretical tiosry, r,, andR (the superratip
models now exist that attempt to treat CSB in the framework
of the mass djﬁgrence Qf the up and down quarks and the do (7t 3H) ~ do(7 %H)
electromagnetic interactions between thgta6]. However, pr=m——, P =3,
at the nucleus level our understanding of CSB is less than do(7™ "He) do(m “He)

do(m 3H) do(7™ 3H)
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Coulomb force has been interpreted as an unambiguous in-
dicator of a nonzero CSB amplitude in the scattering process.

The study of the isospin-mirror combinations *H and
7~ He (as well as7~ °H and #* 3He) in the A region,
where the spin and isospin structure of the basi¢ inter-
action is dominated by a single partial wave, provides an
excellent opportunity for testing nuclear CS. Further, not
only do accurate correlated three-body wave functions exist
as input for realistic calculations, but all the isospin pairs are
available for pion-scattering measurements as well. In prin-
ciple, this makes it relatively straightforward to test nuclear
CS by exploring systematic differences in the scattering from
members of isospin pairs, provided that appropriate correc-
tions are made for the effects of the Coulomb force.

In this work, we present the results of our pion-trinucleon
elastic-scattering measuremefratios and differential cross
sectiong at 180, 220, 256, and 295 MeV. One particular goal
of these measurements was to investigate simultaneously
(without the use of a polarized targehe nature of the rela-
tive roles of both the spin-fligSF and the non-spin-flip
(NSPH amplitudes in ther-nucleus scattering system. Simple
pion-trinucleon kinematics, coupled with the angular behav-
ior of the basicwN scattering amplitudes, indicate that the
optimum kinematic region for this studfgiven the above
energy ranggis around 75%in the laboratory frame Essen-
tially, in this angular region, the SF amplitude happens not
only to be near its maximum but also is comparable in mag-
nitude to the rapidly changing NSF amplitude. We note that
the largest CSB effedfor both A=2 and 3 nucleireported
thus far is precisely in this angular region. Furthermore, the
important role played by the SF amplitude in pion-trinucleon
scattering, particularly in thieenergy anglangular region, is
amply demonstrated by recent studji&d,15 of pion elastic
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FIG. 1. Raw and background-subtracted excitation-energy spec-

tra for T,,=220 MeV and a laboratory angle of 69°. Note the large
difference between the yields far™ 3H (a) and = *He (b) at this

scattering on polarized ®3He, which report a large angle near the NSF dip.

asymmetry—an asymmetry which is directly due to the in-
terference of ther-nuclear spin-flip and non-spin-flip ampli-
tudes.

angle—the angle corresponding to the location of the NSF

dip in pion elastic scattering from the=3 nuclei.

Our

targets

consisted of high-pressure gases

(®H, 3He, 2H, and H) sealed in cylindrical containers ap-

proximately 12.7 cm in diameter and 22.9 cm in length. The
N B ) ) target cells had special aluminum walls with a small diffu-
. We hsave measured ™ and 7~ elastic scattering from  sjon coefficient for hydrogen and a high tensile strength.
H and "He. The experiments were performed with the En-QOther details of the targets, experimental setup, and, in par-
ergetic Pion Channel and Spectrome€PICS [16] at the  tjcular, procedures used to determine the number of atoms in
Los AlamOS Meson PhySiCS FaCIlltﬁLAMPF) Data were each gas Samp|e have been described prevmﬁagly_ﬂ
acquired at incident pion energies of 180, 220, 256, and 295 The precise position of the NSF dip is not well known.
MeV. The 256-MeV data include four angle settin@®., However, it is well established that for the pion-nucleon
laboratory scattering angles of 50°, 66°, 75°, and 89°)case, this dip occurs at about 90° in the center-of-mass frame

Il. EXPERIMENT

TABLE I. #*-trinucleon cross-section ratios in the angular re-
gion spanning the NSF dip.

TABLE II. Charge-symmetric ratios in
spanning the NSF dip.

the angular region

+

T. (MeV) 6cn (deg) P P R Tr (MeV) e, (deg r M2 R
180 78.8 2.3+ 0.1 050+ 0.03 1.15+ 0.09 180 788 099+ 0.06 1.19+ 0.08 1.2+ 0.1
220 75.3 3.5£ 0.2 0.27+ 0.02 0.95+ 0.09 220 753  1.00+ 0.08 0.93+ 0.09 0.9+ 0.1
256 821 050t 0.04 1.4+ 0.1 0.70* 0.08 256 82.1 1.0£ 0.1  0.74* 0.08 0.7+ 0.1
295 80.6  0.10+ 0.01 6% 0.6° 295 80.6 0.8 0.8+ 0.2 0.6

8 ower limit values. 3 ower limit values.
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resonance Due to kinematic transformations the location of graphite degrader was inserted in the pion channel. To main-
this dip is expected to shift approximately to 7&h the tain similar conditions for ther™ and =~ beams, the same
laboratory framgfor the pion-trinucleon case at the peak of degrader was used for the™ measurementgThe electron
the A resonance. Initial exploratory measurements ofcontamination of the pion beam was not directly monitored;
" 3He elastic scattering were made around the setting oit is known to be smal[19].)
75° (£3°) for incident pion energies of 180 and 256 MeV
to locate the position of the dip. A minimum in the normal-
ized elastic yield provided this location. Our previous mea-
surement$13] at 220 MeV and those of Kallnet al. [18] at
295 MeV were used to determine the angular position of the
dip for these other energies. Using two-body kinematics and momentum and position
The data-taking sequence was as follows: for each scataformation for each scattered event as measured with the
tering angle the spectrometer was tuned#0r elastic scat- spectrometer and wire-chamber detector package of the
tering from 3H, and we measured, in turn, the yield from EPICS system, excitation-energy histograms were obtained.
3H, 3He, and?H. (The deuterium measurements were madeSince the EPICS system enables one to reconstruct particle
for the purpose of background subtractioifthe spectrom- trajectories back to the target position, one can use software
eter was next tuned forr™ elastic scattering fronfH, and  cuts on histograms of various target projections to remove
we measured the yield from deuterium and hydrogen. Thesgcattering contributions from the target walls and support
deuterium measurementafter appropriate background sub- flanges. By this technique, an optimum set of software cuts
tractions using the hydrogen dafrovide the normalizations was arrived at by maximizing the signal-to-background ratio
for the 7" elastic-scattering cross sections féH and for each spectrometer setting. The same optimum cuts were
3He. For a few cases, we next tuned the spectrometer fassed to replay the entire set of” and =~ data. Displayed in
m* elastic scattering from hydrogen; these data serve as kig. 1 are typical excitation-energy spectra showing both the
doublecheck for our normalizations. After tas measure- raw and the background-subtracted yields fef on H
ments were completed for a given angle setting, the channéFig. 1(@] and =% on 3He [Fig. 1(b)] for 220 MeV and
and spectrometer were next tuned feof, and the entire 69° laboratory angle.
data-taking sequence was repeated without further changes The normalized elastic yield from each target is obtained
to the experimental setup. from the number of counts in the elastic peak of the
We used several beam monitors to measure the relativexcitation-energy spectrum and a normalization factor which
pion flux. These included a primary-beam toroidal currentis dependent on several variables, including wire-chamber
monitor (located upstream of the production tadget solid-  efficiencies, the survival factor for the scattered pions in the
state detector monitoring the reaction products from the prispectrometer, the flux measurement by one of the beam
mary production target, an ionization chamber in the EPIC3nonitors, and the computer live time. For the extraction of
scattering chamber, and a pair of thin plastic-scintillatorratios of relative cross sectiokgefined beloy, the summing
AE-E telescopes located several meters downstream of th@nge of the elastic peak was froml to +1 MeV. How-
(gag target, primarily to measure muons from in-flight pion ever, in order to include the total area under the peak for the
decay. Throughout the experiment these monitors provided elastic cross sections, it was necessary to extend the sum-
very stable measurement of the relative pion flux, and in aliming range from—2 to +2.5 MeV (see Fig. 1. We express
cases, agreed with each other to better than 2%. In order the relative cross-section ratiop{, p~) and the charge-
remove protons from the incident pion flux, a thi@k25") symmetric ratios(;, r,) in terms of the measured yields:

Ill. DATA REDUCTION AND RESULTS

Y7 PH) = Y(mg0]  N(PHe)
C[Y(m PHe) - Y(mg)] NCH)

+

p

C[Y(7 )= Y(m)]  N(PHe)
C[Y(7 ®He)-Y(my)] NCH)

o~

o [Y(7 3H) = Y(7i)] _[Y(w— 2H)— Y (101 N(3He)
YIY(m PHe) - Y(mg)] [Y(m 2H)=Y(my)] NCH)

C[Y(mPH) = Y(mg] [Y(7 2H) =Y (0] N(He)
2T Y (7 He) — Y(mp0] [Y(m 2H)—Y(mp0] NCH)
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TABLE lll. 7*-trinucleon cross-section ratios for 256-MeV in- TABLE IV. Charge-symmetric ratios for 256-MeV incident

cident pion energy. pion energy.

Ocm (deg p+ P R Ocm (deg i ) R

55.7 0.91+ 0.04 1.08%= 0.05 0.98= 0.06 55.7 0.97x 0.05 1.02= 0.05 0.99+ 0.07
72.7 1.06+ 0.06 0.71+ 0.05 0.75* 0.07 727 1.1+ 0.1 0.72* 0.06 0.8+ 0.1
82.1 0.50+ 0.04 14+ 0.1 0.70%+ 0.08 82.1 1.0+ 0.1 0.74= 0.08 0.7 0.1
96.2 0.82*+ 0.08 1.3+ 0.2 1.1+ 0.2 96.2 1.2x 0.3 0.9+ 0.2 1.1+ 04

whereY(7w=A) is the 7= elastic yield forA=3H, 3He, or  vide the pion-trinucleon elastic-scattering differential cross
’H; Y(m, ) is the background yield, andN(*H) and sections(at the angle corresponding to the location of the
N(3He) are the number of atoms in the trittum and heliumNSF dip for incident pion energies of 180, 220, and 295
targets, respectively. As noted in the previous section, th&eV. In the case of the 295-MeV points only an upper limit
deuterium target celiwith kinematics set for pion elastic Wwas established for the " -*He yield. Results obtained from
scattering from3H) was used to obtain the background this yield are identified in the tables as lower or upper limits.
yields for theA=3 measurements. Likewise, the hydrogenThe quoted uncertainties reflect the statistical uncertainties in
target (with kinematics set for pion elastic scattering from the extraction of yields as well a 3% systematic uncertainty
2H was used to measure the background for the deuterjurtfolded in quadraturedue to background subtraction proce-
yields. Furthermore, in the expressions for the ratipgnd  dures(described in detail in Ref$13,17).

r, we have assumed thato(6)[ 7" 2H]=do(6)[ = 2H].

Measurement$20,21] indicate this to be a very good ap-  Iv. DISCUSSION OF RESULTS AND CALCULATIONS
proximation(for the energies and angles of this experiment
As noted in earlier wor12,13,11, the ratiosp™ and

p~ are independent of the absolute beam normalization, the We note that the ratiop™ and p~ differ substantially
detector efficiency, and solid angle. This is because the sanfeom unity and from each other; this is not a surprising result
pion polarity appears in both the numerator and the denomisince these ratios are not constrained by CS. Instead, these
nator and hence the various flux- and detector-related noratios reflect the underlying energy and angle behavior of the
malizations cancel. This simplicity provides an elegantzN spin-flip (SP and non-spin-flipNSP scattering ampli-
method for the extraction of the superratio with minimumtudes. It is well established that forward-angle differential
systematic uncertainty. However, this is not the case for theross sections fotr-nucleus elastic scattering is dominated
ratiosr, andr,, which involve opposite pion polarities. In by the NSF amplitude. In the angular region near the NSF
these ratios, we note the appearance of the deuterium nodip, however, the SF amplitude makes a sizable contribution
malization yields. The extra step involving the measuremento the scattering, and thus must be included in any descrip-
of deuterium yields leads to an additional uncertainty in thetion of thep* andp ™~ ratios. Furthermore, contributions due
value extracted foR from these ratios. to the SF amplitude are expected to produce opposite trends
From the measured yields, we also determinestfieand  in these ratios. We illustrate this point by noting that for
m~ elastic-scattering differential cross sections fét and  on-resonance pior{$or which o(7"p) is ~9¢ (7" n)] the
3He. The measureds(" and 7 ~) deuterium yields together numerator inp™ (i.e., =" °H) is dominated byr " p scatter-
with publisheds= 2H cross-section dati20,21] provide the ing. Both SF and NSF amplitudes contribute to the scatter-
normalizations for the differential cross sections. ing. In the denominator the scattering is mainly from the
The numerical results for the ratigs”, p~, and the su- spin-paired protons irfHe. For this case the simple argu-
perratioR (in the angular region of the NSF diffor 180, ment suggests that only NSF scattering is possible because
220, 256, and 295 MeV incident pion energies are listed irthe contribution from the SF amplitude is forbidden by the
Table I. The momentum-transfer range covered by thesPauli principle. When applied to the region of the NSF dip,
measurements extends from 1.7 to 2.4 fmListed in Table this argument predicts a maximum for thé ratio because
Il are the charge-symmetric ratiag andr, (along with  of the vanishing NSF amplitude in the denominator. Like-
R). In Tables llI-V, we summarize the angular-distribution wise, the same simple picture predicts a corresponding mini-
data as well as the ratiag, r,, and the superrati® for =~ mum in thep™ ratio. Despite the fact that this simple picture
256-MeV incident pion energy. Finally, in Table VI, we pro- is nearly valid for resonance-energy pions only, the rapidly

A. Experimental results

TABLE V. «*-trinucleon elastic-scattering differential cross sections at 256 MeV.

Ocm " 3H w3 w" 3He w 3He
(deg (mb/sr) (mb/sr) (mb/sr) (mb/sr)
55.7 16x 0.1 1.8+ 0.1 1.7 0.1 1.7+ 0.1
72.7 0.12+ 0.01 0.081*= 0.008 0.12= 0.02 0.12+ 0.01
82.1 0.038= 0.005 0.055+ 0.007 0.08= 0.01 0.041+ 0.007

96.2 0.031= 0.003 0.034+ 0.004 0.037+ 0.004 0.025+ 0.004
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TABLE VI. #=-trinucleon elastic-scattering differential cross sections at other energies.

T, Oem ™ 3H w3 " 3He 7 °He
(MeV) (deg (mb/sr) (mb/sr) (mbfsr) (mb/sr)
180 78.8 0.60+ 0.04 0.30= 0.03 0.26x 0.03 0.59=+ 0.05
220 75.3 0.20+ 0.03 0.051= 0.008 0.056* 0.009 0.19*+ 0.03
295 80.6 0.007= 0.001 0.055+ 0.008 0.072+ 0.007 0.00¢'

8UJpper limit value.

angle-dependent and oscillatory features predictedpfor R. It would appear from these data that in the vicinity of the
and p~ show up prominently both in resonance and off-NSF dip, the superratio undergoes a transition, from values
resonance data. Although the angular behavior of these ratiggeater than unity to those smaller than unity as a function of
can be understood qualitatively from the known angular deenergy across th&-resonance region, with the transition oc-
pendence of therN scattering amplitudeffor a given mo-  curring at around 210 MeV. This transitional behavior of the
mentum transfgr the absolute magnitudes of these ratios,superratio is seen clearly in Fig. 2, which shows a plot of
however, are not so simply interpreted. This is especialyr as a function of the incident pion energy. In this plot, we
true for the data in the NSF-dip region wheflgecause the have included data from one of our earlier measurements
first-order contributions to the scattering are sinblgher-  [13] at 142 MeV. Even with the poor statistics for the point
order contributions, including effects due to multiple scatter-at 295 MeV (indicated by an arrow denoting a lower linit
ing, cannot be neglected. In essence, there is no simple faghe downward trend of the superratio as a function of inci-
torization between effects due to a dominant reactiondent pion energy is clearly evident. Incidentally, we note that
mechanism and those due to the details of the nuclear strugn this same energy range a similar transitional behavior

ture. seems to be exhibited by the asymmetry for pion elastic scat-
From the perspective of isospin invariance, the more sigtering from polarized®He [15].
nificant deviation is that of the superrati®y for which CS The individual charge-symmetric ratiog andr, are also

would predict a value of unity, provided the effects of the determined by CS and should be equal to unity as functions
Coulomb force are taken into account. The superratio clearlyf energy and angle. This is certainly the caserfgrwhich
deviates from unity(see Tables | and JI Furthermore, we s clearly consistent with unity across the NSF dip. However,
note that in the NSF difR is greaterthan unity at 180 MeV  the situation is dramatically different fan; it deviates sig-
and is significantlysmallerthan unity at 256 MeV. At 220 njficantly from the CS value, and is the origin of the ob-
MeV, on the other handR is consistent with one. The mea- served greater-than-one value fBrat 180 MeV and the
surements at 295 MeV, despite being hampered by verless-than-one value at 256 MeV. In Fig. 3, we display the
small cross sections, especially for” *He (hence the lower angular behavior of the charge-symmetric ratios for 256
limit quote for R), also indicate a much smaller value for MeV; the data clearly indicate that it is the magnitude and
the angular dependence of the ratipthat is primarily re-
sponsible for the observed variation in the superr&io

1.4||I|IIIIIIII|III!|I

B. Comparison with theory

i [22-24 (based on the multiple-scattering series and the im-
pulse approximationhave appeared in the literature that at-
——————— i% I tempt to explain the behavior of our earlier data, particularly

L2 - é} ] In the recent past, several theoretical model calculations

=
()

that of the superratio at 180 MeV. For example, the main
thrust of the argument advanced by Kahal.[22] is that the

Coulomb interaction distorts the nuclear force sufficiently
| % T i (via the interference of Coulomb and nuclear amplitudes re-

Superratio
I T
l

sulting in a change in the purely nuclear phasecause the
— observed deviation oR. Apart from the Coulomb distor-
tions, the main ingredients in their momentum-space optical-
model calculation include the experimental charge and mag-
g b b b b l netic form factors of the three-body nuclei and a second-
150 =00 250 300 order term proportional tp?, the square of the nucleon
density. Although the effect due to the Coulomb repulsion
T, (MeV) between the two protons ifHe (which leads to a structural
difference between théHe and *H nuclei[25]) is not ex-
FIG. 2. The superratiR (in the NSF-dip regioy showing  Plicitly included, some compensation for this effect is
clearly the transition from values greater than one to those smalleachieved implicitly through the use of the experimental
than one with increasing incident pion energy. The arrow on thecharge form factors. The second-order teftime details of
295-MeV datum is used to denote a lower limit. which are not specifieds presumably needed to account for

0.6 —
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FIG. 3. Charge-symmetric ratios for 256-MeV incident pion en-
ergy. Note that the magnitude of the superr&®ioear the NSF dip related three-body wave functions.
is significantly smaller than unity, and its shape is determined pri-

marily by the angular dependence rof use the usual tp factorization” approximatiori32] (where
t is the #N t matrix andp is the nucleon densijyinstead

higher-order inelastic-scattering effects not directly includedhe full integral is evaluated exactly. However, these authors,
in the standard multiple-scattering series, as well as effect®o, found it necessary to employ a phenomenological
due to true pion absorption—a channel which is not onlysecond-order scalar term in their potential to obtain reason-
known to be important in this energy region but also one thatble agreement with pion elastic-scattering data for medium-
exhibits a dramatic isospin depender@&5—28. Another to-heavy nuclei. For their pion-trinucleon calculations, they
important issue raised by their analysisut not discussed, note that theip? scalar term is, at best, a crude approxima-
howeveyj is whether it is appropriate, in pion-nucleon scat-tion. Furthermore, the? term does not have the necessary
tering calculations, to use as input electromagnetic form facspin and isospin structure. An added uncertainty arises be-
tors determined directly from electron-scattering data withcause this phenomenological term is known to exhibit an
the usual attendant uncertainties concerning the role of exenergy dependence, the nature of which is not entirely un-
change currents. As has been known for a long fig¢e-31, derstood.
this is particularly worrisome in the case of trinucleon mag-  Surprisingly, although both Kamalat al. and Kimet al.
netic form factors, where the corrections due to mesonebtain similar results for the 180-MeV differential cross sec-
exchange current@ven at moderate momentum trangfme  tions (and in good agreement with the data in the forward-
predicted to be large and model dependent. angle region their results for the superratio are strikingly

Kamalovet al.[23] also construct an optical potenti@h different. In fact, Kamalo\et al. predict the superratio to be
momentum spageo describe pion-elastic cross sections forlessthan one at 180 MeV angreaterthan one at 220 MeV,
light-to-heavy nuclei. We show in Fig. 4 our differential in complete contrast to the data. Despite disagreeing mark-
cross sections for pion-trinucleon elastic scattering at 25@dly in these predictions for the superratio, the authors are
MeV, along with the results of Ref23]. The forward-angle apparently in agreement as to the cause of the observed be-
behavior of the cross sections is well reproduced. Howevethavior, namely Coulomb-nuclear interference.
significant discrepancy between data and theory exists in the A calculation that leads to a quite different conclusion
angular region which is nominally dominated by the SF am-concerning the role of the Coulomb force was reported by
plitude. In this calculation, these authors avoid the ambiguGibbs and Gibso24]. In this calculation, the authors em-
ities related to the use of electromagnetic form factors byploy an optical potential in configuration space, and use as
employing correlated three-body wave functions obtainednput neutron and proton densities generated from wave
from the solution of the Faddeev equatidsslved with the  functions obtained from three-body Faddeev calculations.
use of the Reid potential for theN interaction. Further, in ~ Nominally, the neutrons and protons are expected to have
constructing the first-order potential, Kamaleval. do not  similar distributions. In fact, an argument based on CS would

FIG. 4. Differential cross sections for pion-trinucleon elastic
scattering at 256 MeV. The solid curve is the result of a
momentum-space optical-model calculat{@3] that employs cor-
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predict identical distributions for the proton itH and the CS value(of one throughout the NSF-dip region. This fea-
neutron in *He. In the absence of the Coulomb force be-ture is also observed in the NSF dip for pion energies of 142
tween the protons ifHe, a similar statement would apply to and 180 MeV.

the protons in3He and the neutrons ifH. Allowing for Although several theoretical models are able to achieve
structural differences between these nuclei, Gibbs and Gilreasonably good descriptions for the individual forward-
son rescaled the particle densities to fit the pion-trinucleorangle differential cross sections at 180 M&hd higher en-
cross-section data at 180 MeV, and as a result of this fittingergies, none, so far, even with the aid of sophisticated three-
procedure(which involves varying the difference between body wave functions, has quantitatively reproduced the
the even-nucleon and odd-nucleon radihey were able to energy and angle behavior of the superratio without the ex-
achieve a good description of the superratio. They also founglicit introduction of a CSB amplitude above and beyond
that the superratio was little affected by any of the manythat due to the Coulomb force. Interestingly, two models
parameters and model assumptions of #th-scattering cal- ([22,23) that lead to very similar results for the pion-
culation; by far the largest effect was due to the difference irtrinucleon cross sections at 180 MeV produce strikingly dif-
the proton and neutron radii. The fitting procedure producederent values for the superratio. What makes this result un-
radius differencesfor the odd- and even-nucleon cagtsat  usual is the fact that in both models the same physical
were consistent with those determined by Faddeev calculgrocess, i.e., Coulomb-nuclear interference, is cited as the
tions that explicitly included CSB vig -0 mixing. From  primary cause for the deviation of the superratio from its CS
these results, Gibbs and Gibson concluded that the magnialue. Clearly, the proper inclusion of the effects of the Cou-
tude and the angular behavior of the charge-symmetric rdomb force in the calculation of the-nucleust matrix is not
tios, particularly that of the superrat®, was indicative of a a trivial matter. Indeed, theoretical complications arising
significant CSB effect above and beyond that would be exirom Coulomb corrections have been noted bef&fein the
pected from the Coulomb interaction alone. A similar analy-analysis of ther™ 2H differential cross sections.

sis of our 256-MeV data is underw$3]. Moreover, it is now generally accepted that a good de-
scription of these small pion-trinucleon cross sections, par-
V. SUMMARY AND CONCLUSIONS ticularly in the very sensitive region of the NSF dip, can only

o . ) come about if higher-order effects such as those due to in-
For several incident pion energies—180, 220, 256, an@astic scattering and true pion absorption are included, with
295 MeV—we have obtained differential cross-section datafy|| preservation of the spin and isospin structure of the basic
spanning the NSF dip, f%f the scattering of th?g pion- N interaction. In this respect, the energy and angle depen-
trinucleon isospin pairs#™ *H and 7~ “He) and @ “H  dence of the relative cross-section ratjes and p~ may
and 7" °He). The charge-symmetric ratios formed from theprove to be useful in gauging the sensitivity of the input

cross sections for these isospin pairs provide a measure ghrameters describing the underlying scattering theory.
CS violation in therN and A systems. The superrati®is

found to vary significantly from its CS value; in particular, it
exhibits a transition in behavior as a function of incident
pion energy: it isgreaterthan unity at 180 MeV andmaller
than unity at 256 MeV, with the transition occurring at ap- We thank J. Van Dyke, H. R. Maltrud, and L. L. Sturgess
proximately 210 MeV. Reproduction of this feature alonefor their expert technical help and D. A. Hanson and C. E.
constitutes a major challenge to all current pion-nuclear scatsmith for their help during the data-acquisition stage of the
tering theories. Another observation that these models musixperiment. This work was supported in part by the U.S.
explain is the fact that the angular behavior of the superratidepartment of Energy and the National Science Foundation
at 256 MeV is determined largely by the angular distributionunder ~ Grants  DE-FG05-86ER40285, DE-FGO05-86-
of the ratior,; the ratior, is quite clearly consistent with its ER40270, PHY-8907284, and PHY-9122139, respectively.

ACKNOWLEDGMENTS

[1] S.A. Coon and R.C. Barret, Phys. Rev.36, 2189(1987. N.W. Tanner, and C. Wilkin, Nucl. Phy#300, 321 (1978.
[2] L.N. Epele, H. Fanchiotti, C.A. Garcia Canal, and R. Mendez [9] T.G. Masterson, E.F. Gibson, J.J. Kraushaar, R.J. Peterson,
Galain, Phys. Rev. [39, 1473(1989. R.S. Raymond, R.A. Ristinen, and R.L. Boudrie, Phys. Rev.
[3] G.A. Miller, Nucl. Phys.A518, 345 (1990, and references Lett. 47, 220 (1981); T.G. Masterson, J.J. Kraushaar, R.J.
therein. Peterson, R.S. Raymond, R.A. Ristinen, J.L. Ullmann, R.L.
[4] P. Langacker, Phys. Rev. 20, 2983(1979. Boudrie, D.R. Gill, E.F. Gibson, and A.W. Thomas, Phys.
[5] G. Krein, AW. Thomas, and A.G. Williams, Phys. Lett. B Rev. C30, 2010(1984.
317, 293(1993. [10] G.R. Smith, D.R. Gill, D. Ottewell, G.D. Wait, P. Walden,
[6] K.L. Mitchell, P.C. Tandy, C.D. Roberts, and R.T. Cahill, R.R. Johnson, R. Olszewski, R. Rui, M.E. Sevior, R.P. Trelle,
Phys. Lett. B335 282(1994. E.L. Mathie, V. Pafilis, J. Brack, J.J. Kraushaar, R.A. Ristinen,
[7] G.A. Miller, B.M.K. Nefkens, and I. Slaus, Phys. Ref94, 1 H. Chase, R.B. Schubank, N.R. Stevenson, A. Rinat, and Y.
(1990. Alexander, Phys. Rev. 38, 240(1988.

[8] E. Pedroni, K. Gabathuler, J.J. Domingo, W. Hirt, P.[11] B.M.K. Nefkens, W.J. Briscoe, A.D. Eichon, D.H. Fitzgerald,
Schwaller, J. Arvieux, C.H.Q. Ingram, P. Gretillat, J. Piffaretti, J.A. Holt, A. Mokhtari, J.A. Wightman, M.E. Sadler, R.L.



2830 K. S. DHUGA et al. 54

Boudrie, and C.L. Morris, Phys. Rev. Le&2, 735(1984); C. Whitney, R.L. Boudrie, J. McClelland, and A. Stetz, Phys.
Pillai, D.B. Barlow, B.L. Berman, W.J. Briscoe, A. Mokhtari, Rev. Lett.45, 517 (1980.

B.M.K. Nefkens, A.M. Petrov, and M.E. Sadler, Phys. Lett. B [19] K.G. Boyer, Los Alamos National Laboratory Report LA-
207, 389(1988. 9974-T, 1984(unpublisheg

[12] B.M.K. Nefkens, W.J. Briscoe, A.D. Eichon, D.H. Fitzgerald, [20] K. Gabathuler, J. Domingo, P. Gram, W. Hirt, G. Jones, P.

A. Mokhtari, J.A. Wightman, and M.E. Sadler, Phys. Rev. C  Schwaller, J. Zichy, J. Bolger, Q. Ingram, J.P. Albanese, and
41, 2770(1990. J.R. Arvieux, Nucl. PhysA350, 253(1980.

[13] C. Pillai, D.B. Barlow, B.L. Berman, W.J. Briscoe, A. Mokh- [21] C.R. Otterman, E.T. BO_SChitZ' W. Gyles,.W. List, R. Tacik,
tari, B.M.K. Nefkens, and M.E. Sadler, Phys. Rev48; 1838 R.R. Johnson, G.R. Smith, and E.L. Mathie, Phys. Re@2C

(1992). 928 (1983. .
[14] B. Larson, O. Hausser, E.J. Brash, C. Chen, A. Rahav, 0[22] E.;S;Im Y.E. Kim, and R.H. Landau, Phys. Rev.35, 2155
Bennhold, P.P.J. Delheij, R.S. Henderson, B.K. Jennings, A[23] S.S. Kamalov, L. Tiator, and C. Bennhold, Phys. RevATS

Mellinger, D. Ottewell, A. Trudel, S. Ram, L. Tiator, and S.S. 941 (1993.

Kamalov, Phys. Rev. Let67, 3356(1993). [24] W.R. Gibbs and B.F. Gibson, Phys. Rev4@ 1012 (1991).

[15] M. Espy, D. Dehnhard, C. Edwards, M. Palarczyk, J. Langen-[25] J.L. Friar, B.F. Gibson, and G.L. Payne, Phys. Re@5C1502
brunner, B. Davis, G.R. Burleson, S. Blanchard, W.R. Gibbs, (1987.
B. Lail, B. Nelson, B.K. Park, Q. Zhao, W. Cummings, P.P.J. [26] p. Ashery, R.J. Holt, H.E. Jackson, J.P. Schiffer, J.R. Specht,
Delheij, B.K. Jennings, R. Henderson, O. Hausser, D. Thies- K E. Stephenson, R.D. McKeown, J. Unger, R.E. Segel, and P.
sen, E. Brash, M.K. Jones, B. Larson, B. Brinkmoller, K. Zupranski, Phys. Rev. Letti7, 895(1981).
Maeda, C.L. Morris, J.M. O’Donnell, S. Penttila, D. Swenson, [27] T.S.H. Lee and K. Ohta, Phys. Rev. Let®, 1079(1982.
D. Tupa, C. Bennhold, and S.S. Kamalov, Phys. Rev. [/&it.  [28] K.B. Yoo and R.H. Landau, Phys. Rev.Z5, 489 (1982.

3667(1996. [29] A. Barroso and E. Hadjimichael, Nucl. Phy&238, 422
[16] H.A. Thiessen, Los Alamos Internal Report LA-6663-MS, (1975.
1977 (unpublishe¢t R.L. Boudrie, J.F. Amman, C.L. Morris, [30] I.V. Falomkin, V.I. Lyashenko, R. Mach, V.A. Panyushkin,
H.A. Thiessen, and L.E. Smith, IEEE Trans. Nucl. 3¢526 G.B. Pontecorvo, M.G. Sapozhnikov, Yu. A. Shcherbakov, F.
4588(1979; J.F. Amman, R.L. Boudrie, H.A. Thiessen, C.L. Balestra, M.P. Bussa, L. Busso, R. Garfagnini, T. Angelescu, I.
Morris, and L.E. Smithjbid. NS26 4389(1979; L.G. Aten- Doniciu, M. Gavrilas, A. Mihul, F. Nichitiu, L. Pascu, and M.
cio, J.F. Amman, R.L. Boudrie, and C.L. Morris, Nucl. In- Antonova, Nuovo Ciment&7, 111(1980.
strum. Methodsl187, 381 (1981). [31] E. Hadjimichael, Phys. Lett. B72 156 (1985.
[17] S.K. Matthews, Ph.D. thesis, The George Washington Univer{32] R.H. Landau, Ann. Phys92, 205 (1979; R.H. Landau and
sity, 1993(unpublishegl A.W. Thomas, Nucl. PhysA302, 461 (1977).

[18] J. Kallne, J.F. Davis, J.S. McCarthy, R.C. Minehart, R.R.[33] B.F. Gibson(private communication



