VoOLUME 52, NUMBER 9

PHYSICAL REVIEW LETTERS

27 FEBRUARY 1984

Test of Charge Symmetry in #* and 7~ Elastic Scattering on Tritium and >He

B. M. K. Nefkens, W. J. Briscoe, ™ A. D. Eichon, D. H. Fitzgerald, ® J. A. Holt,
A. A. Mokhtari, and J. A. Wightman
University of California at Los Angeles, Los Angeles, California 90024

and

M. E. Sadler
Abilene Christian University, Abtlene, Texas 79699

R. L. Boudrie and C. L. Morris
Los Alamos National Labovatory, Los Alamos, New Mexico 87545
(Received 19 December 1983)

Elastic scattering of 180-MeV r* and 7~ on 3He and tritium has been measured from

6,(c.m.) =44° to 96°, The superratio

R =ldo{r*+ *H) /do(r™ + *He)l/ldo(r* + *He) /do(x™ + *H)]

is found to vary with angle reaching a maximum of 1.31+0.09 at 9, =65°, The direct
Coulomb effects do not account for the observed differences of R from 1,0 which is the
expected value on the basis of charge symmetry.

PACS numbers: 25.80.Dj, 11.30.Er, 13.75.Gx, 25.10.+s

We present here the results of a novel test of
the validity of charge symmetry (CS) at inter-
mediate energy based on measurements of the
superratio, R, which we have defined as the ratio
of ratios of two pairs of charge-conjugate reac-
tions,

_do(r* +°H)/do(n” + *He)
" do(n* +3%He)/do(n” +3H)

If CS is valid, R=1 at each angle at all energies
after corrections have been applied for electro-

magnetic effects. In this experiment, the super-
ratio is obtained from four relative yields,

_ Y(r*+°H) Y(r~ +°H)
T Y(rt +3He) Y(r~ +°He) ’

where Y is the yield per (arbitrary) beam moni-
tor, corrected for background from the target
walls. Precise, relative beam monitoring was
accomplished by use of two ionization chambers;
the monitoring was carefully checked every run
by measuring 7-Fe scattering from the walls of
each target. The measurement of R thus does
not depend on the absolute calibration of the inci-
dent pion beam flux or the spectrometer accept-
ance. Another advantage of using R to test CS is
that several corrections for the Coulomb effects
cancel in first order.

The experiment was performed at the Los
Alamos Meson Physics Facility (LAMPF). We
employed five identical gas target cells; each
was a 12-cm-diam stainless-steel sphere of 0.06-

cm wall thickness equipped with a special fill
tube that was welded shut after the sphere was
filled. The spheres were copper clad and covered
with a gold flash to insure that the diffusion of
tritium out of the target during the experiment
was completely negligible. The first sphere was
filled with tritium (30000 Ci) and deuterium with
partial pressures of 1.0 MPa (10 atm) and 0.3
MPa, respectively. The second sphere contained
*He at 1.0 MPa and deuterium at 0.3 MPa. The
admixture of the dueterium in both targets en-
abled us to measure 7-d scattering simultaneous-
ly with the m-3He and 7-3H scattering. At 0,
=40°, 50° and 60° these 7-d measurements were
sufficiently precise to provide an independent
check on the stability of the beam monitor and
the detection system. The three remaining
spheres were used for calibration purposes: The
first contained hydrogen at 1.3 MPa, the second
deuterium at 1.3 MPa, and the third was an
evacuated sphere.

The EPICS spectrometer was used to measure
the elastic scattering of pions at 6,(lab)=40° to
90° in steps of 10° at 7', =180 MeV. At each angle
we measured successively the 7" yield from the
tritium, °He, and hydrogen targets with the spec-
trometer tuned for pion-tritium elastic-scattering
kinematics, yielding p,=¥(7* +*H~7"+°%H)/Y(r*
+°He—-7" +He); the background was measured
with use of the hydrogen target. The measure-
ment of p, was followed immediately by data col-
lection on the hydrogen and the evacuated targets
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with the spectrometer tuned for 7-p kinematics

to obtain a measure of the pion flux and spectrom-
eter acceptance for use in the measurements of
the “simple” ratios, #, and 7,, which are dis-
cussed below. This sequence was repeated for
incident 7~ to measure p,=Y(7~ +°*H~7" +°H)/
Y(r~ +°He—~7" +3He). For all our measurements
the spectrometer acceptance, as defined by soft-
ware cuts, remained the same.

The superratio is obtained as R=p p,; the re-
sults are shown in Fig. 1(a) where the error bars
indicate only statistical uncertainties. The sole
important systematic error comes from the un-
certainty in the ratio of the pressures of the tri-
tium and *He gases in the targets. The partial
pressures of all target constituents were meas-
ured at the time of filling. At the end of the ex-
periment the pressure in each cell was measured
again with use of a special device to open the
sealed containers without loss of gas, followed
by a mass spectroscopic analysis of the target
gases. The uncertainty in the *H-to->He gas-
pressure ratio based on the extremes in the pres-
sure measurements is +1.5%, - 3%, giving a
+3%, - 6% uncertainty in R. The dashed lines in
Fig. 1(a) at R=1.06 and 0.97 represent this sys-
tematic error which inversely affects the expec-
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FIG. 1. (a) Superratio, R, of 7 elastic scattering on
°H and °He at 7, =180 MeV. R=do(r" + *H)do(r* + *H)/
do(n™ + *He)do(r* + *He). (b) Simple ratio, s, at 7,
=180 MeV, »;=do(r*+ 3H) /do(r" + He). (c) Simple
ratio, 7y, at 7, =180 MeV, »y =do(r™ + *H) /do(n™ + *He).
(d) Differential cross section vs ¢, (c.m.) for r* and ~
elastic scattering on °H at 7, =180 MeV,
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tations of 1.0 and scales all R’s. The superratio
deviates substantially from 1.0. The largest ef-
fect occurs at 6,(c.m.)=65° where R=1.31+0.09.

There are two other interesting ratios which
can be determined in our experiment. They are
the “simple” ratios, 7, and 7,, defined as

v,=do(r* +°H)/do(n” + *He),

v,=do(r” +°H)/do(r" +He).

If CS is valid 7 ,=7,=1. The determination of
these ratios requires the absolute calibrations of
the EPICS beams and the acceptance of the EPICS
spectrometer. We determined the ratios #, and
7, from the 7* elastic-scattering yields from tri-
tium, *He, and hydrogen and the 7*p/n"p elastic-
scattering cross-section ratio as obtained from a
recent TN partial-wave analysis (PWA)":

, - Y(r*+3H) Y(np) [do(n*p)]
17 Y(r~ +%He) Y(n*p) Ldo(@m™ D) pya’

, o= Y@~ +%H) Y(r*p) l:do(n'p)]
27 Y(n* +°He) Y(n7p) Ldo(m*p) ) pwa

We have taken the ratios for [do(n*p)/do(m™p)]pya
from the Karlsruhe-Helsinki! partial-wave anal-
ysis, which at our energy agree to within +3%
with the Virginia Polytechnic Institute? PWA.
The results for the ratios 7, and 7, are shown in
Figs. 1(b) and 1(¢). The dashed lines near 7 =1.0
indicate the systematic error of — 5%, +6% re-
sulting from uncertainties of 3% in [do(r*p)/
do(mp) s, 4% in Y(@*p~7"p)/Y(m"p ~7"p), and
+1.5%, —3% in the ratio of the tritium to *He gas
pressures. Note that a change in the 7 /7~ nor-
malization would affect 7, and 7, in opposite ways.
External radiation of soft photons has been eval-
uated with the external-emission-dominance ap-
proximation® and found to have less than 1% ef-
fect on the above ratios. The effect of the pure
Coulomb interaction, doc =442, where A is the
Coulomb amplitude,?’ ® is less than 1% at our scat-
tering angles. The Coulomb-nuclear interference
term is 2A A, cosg, where Ay is the nuclear-
scattering amplitude and ¢ is the relative phase
between Ac and A,. At 7T,=180 MeV ¢ is near
90°, making the interference term small.® Even
in the implausible case that ¢ is not close to 90°,
the maximum effect is still less than 5% in 7, and
7, and cancels in first order in R. The effect of
the Coulomb energy shift, AE-, also cancels in
first order in R but not in 7, and 7,. There is
some uncertainty about the magnitude of AE::
Masterson et al.® use 0.75 MeV for nd scattering
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at 7';=143 MeV; Ingram et al.” quote 4 MeV for
%0 and 7 MeV for “°Ca, which implies a shift in
the position of the first minimum in 7 +%°Ca elas-
tic scattering at 7', =163 MeV of 3°, but only 1.5°
has been observed.” We estimate that the Cou-
lomb energy shift increases 7, by 3% and decreas-
es 7, by a similar amount. The Coulomb distor-
tion of the nuclear potential is small®; an esti-
mate of the effect by Gibbs® indicates that it has
the wrong sign to explain our measured ratios.
We summarize the evaluation of the CS-violating
electromagnetic interactions as follows. The
Coulomb effects are less than 7%, too small to
account for the observed deviations of the ratios
R, 7, and 7, from 1.0. The smallness of the
Coulomb corrrections in this experiment is due
in part to our choice of-incident energy (at the
peak of the A resonance) and scattering angles
(>40°). Ina recent 7* + '2C scattering experi-
ment'® at 7,=180 MeV, the 7*-to-7" ratio was
measured to be close to one, about 1.1+0.1, ex-
cept in very forward directions and in the dif-
fraction dip. This corroborates our evaluation
of the size of the Coulomb corrections which are
much larger in '2C because of its greater Z.

To place in perspective the magnitude of the ob-
served deviation of 7, from one we have calcu-
lated the differences in cross sections between
the CS-related reactions measured in this experi-
ment, do(m* +3H) —do(r” +3He) and do(7~ + 3H)
—do(r* +3He). The results are shown in Table I
together with related data, namely do(7*d)
—do(m"d) measured at 7, =143 MeV,® and do(r*
+%He) ~do(r” +*He) measured at 7y =200 MeV.!"
In each case in Table I we have listed both the
statistical and the systematic uncertainties. For
the deuterium experiment we use * 3% for the sys-
tematic uncertainty, based on the variation be-
tween the mp cross sections given by the mp par-
tial-wave analyses,’’ 2 and for the *He experiment

we use +10%.'' At each angle except 86° and 96°
the difference do(r™+°H) —do(n* + *He) far exceeds
the differences measured with a deuterium or
“He target; the latter two differences are con-
sistent with zero within error. The fact that
do(r” +°H) —do(r* +3He) is substantially larger
than do(r*d) —do(n~d) or do(n* +*He) —do(n "+ *He)
implies, barring unforeseen cancellations, that
the deviation of R from 1.0 is not due mainly to
the possible inequality, do(r*p)#do(r™n), which
would be a direct violation of CS. Rather, it in-
dicates that the origin of R+#1.0 stems from a
difference in the hadronic properties of *H and
SHe. This is not the first time that the trinucleon
system has revealed CS-breaking properties:
The binding-energy difference between 3H and
®He is larger than can be accounted for by elec-
tromagnetic interactions'? and the excess is at-
tributed to CS-breaking interactions.

Figure 1(a) shows a strong angular dependence
of the superratio: R=1.13+0.05 at 0., =44°,
increasing to R=1.31+0.09 at 6, . =65°and
decreasing to R=1.05= 0.07 at 6, _,, =96°
There are no systematic errors in the determina-
tion of the variation of R with 0 as it is independ-
ent of all calibrations, including the ratio of the
°H and °He gas pressures. That is, a change in
the ratio of the gas pressures would shift all
points in Fig. 1(a) an equal amount up or down;
the variation of R with angle would remain. The
variation in R is not associated with a steep dip
in the cross section which is shown in Fig. 1(d);
this is in contrast to the case for 7* +2C scat-
tering.’® As most of the Coulomb corrections
cancel in R, the observed variation of R with 6
is a compelling experimental demonstration that
°H and *He have different hadronic properties.

The angular dependence of R is not surprising;
consider the single-scattering approximation®® in
which the pion-tritium elastic-scattering ampli-

TABLE I. Differences in differential cross sections related by charge symmetry., Units are millibarns per
steradian; both the statistical and systematic uncertainties are listed in each case.

rtd—n"d

7+ He — 7~ + He

Oc.m. nt+ *H—1" + *He 7"+ H =t 4 PHe
44° +0.2+£0.3+£0.6 +2,1+0.3F0.9
55° +0.2+0.2+0.3 +0.6+0.2%0.3
65° +0.09+0.10+0.15 +0.28+0.,07%0.15
76° +0.04+0.03+0.04 +0.05+0,02¥0,02
86° +0.03+0.01+0.03 +0.02+0.03%0.02
96° +0.03+0.01+0.02 —0.01+0.,02F0.02
T 180 MeV 180 MeV

-0.2+0.3+0.2
-0.1+0.2+0.14
-0.1+0.1+0.07
—0.03+0.05+0.05
—-0.07+0,04+0.04
—0.06+0.04+0,03
143 MeV

+0.2+0,56+1.,9

+0.2+0.1+0.5
+0.07+0.04+0.09
—0.01+0.01+0.02
-0.01+0.01+0.02

200 MeV

737



VOLUME 52, NUMBER 9

PHYSICAL REVIEW LETTERS

27 FEBRUARY 1984

tude A(m +3H) is given by
Al +3H)=A(mp) F, (°H)
+Ay(m)F, (°H) + A p(1p) F, (°H);

A,(mN) is the non-spin-flip 7N scattering ampli-
tude; at our energy IAO(WN)I2 is roughly propor-
tional to 4 cos?6, Agp(mp) is the spin-flip ampli-
tude and IAF(WN)I2 varies approximately as sin®6.
F,(*H) [F,(®*H)] is the proton [neutron] form factor
in ®H. We have taken the double-neutron-spin-
flip amplitude to be zero and equated the spin
form factor of *H with the proton form factor.
The variation of R with 6 is a consequence of the
different angular distributions of the non-spin-
flip and the spin-flip parts of the mN scattering
cross section. The variation of the *H and 3He
form factors with ¢ does not generate the varia-
tion of R as shown in Fig. 1(a), as the dip in the
*He and °H form factors occurs at much larger

¢ than the range in this experiment.

The difference between the neutron form factor
of 3H and the proton form factor of *He could be
the result of a CS-violating three-nucleon force
and/or a difference in the coupling constants:
fpn®)# f(nnn®). Such a difference can come
from the inequality of the #- and d-quark masses
as considered, e.g., by Thomas e al.'® and it
would be a genuine violation of nuclear CS. This
must be distinguished from the difference due to
the Coulomb repulsion of the two protons in *He.
Using coordinate-space Faddeev techniques,
Payne et al.'® have calculated that the rms radius
of “He increases only by about 0.04 fm when a
Coulomb-distorted wave function is used instead
of a pure nuclear wave function. These authors
have also evaluated the Coulomb-induced / =3
wave-function components and found them to be
very small, eliminating isospin mixing in the tri-
nucleon system as the source of R#1.0.

In summary, we find a large departure of R
from the expectation R=1.0 based on charge sym-
metry; very significant is the strong variation of
R with scattering angle completely free of sys-
tematic errors. A possible explanation may be
based on differences in the matter and spin form
factors of *H and *He. The source of such differ-
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ences is not yet determined; it can be a “trivial”
violation of CS due to Coulomb repulsion of the
protons in He, or more likely due to a difference
in coupling constants, implying a genuine CS vi-
olation. To settle this question, more measure-
ments of R at different energies and other angles,
as well as better calculations of the Coulomb ef-
fects in the trinucleon system, are needed.

It is a pleasure to acknowledge the work of
J. Van Dyke in designing and testing the tritium
target. T. Putnam and D. Cochran had the re-
sponsibility for the tritium safety procedures.
H. Maltrud filled the targets and made the gas-
pressure measurements. The interest and sup-
port of L. Rosen, director of LAMPF, are great-
ly appreciated.

‘This research was supported in part by the
U. S. Department of Energy.

(@) Present address: Department of Physics, The
George Washington University, Washington, D.C. 20052.

®) present address: Los Alamos National Laboratory,
Los Alamos, N.Mex. 87545.

G, HEhler et al., Handbook of Pion-Nucleon Scatteving
(Fachinformationszentrum Energie, Physik-Mathema-~
tik, Karlsruhe, Germany, 1979), Vol. 12-1.

’R. A. Arndt, private communication,

3B. Nefkens and D, Sober, Phys. Rev. D 14, 2434
(1976).

4C. Wilkin ef ql., Nucl, Phys, B62, 61 (1973).

53, Germond and C. Wilkin, Phys. Lett, 68B, 229
(1977).

8T, Masterson ef al., Phys. Rev. C 26, 2091 (1982).

'Q. Ingram ef ql., Phys. Lett, 76B, 173 (1978).

8W. Gruebler, Nucl. Phys. A353, 31C (1981).

9W. Gibbs, private communication,

g, Ingram ef ql., private communication.

5. Kallne et al., Phys. Rev. Lett. 45, 517 (1980).

2R, Brandenburg et al., Nucl. Phys. A294, 305 (1978).

38, Nefkens, in Few Body Systems and Nuclear
Forces II, edited by H, Zingl et al., Lecture Notes in
Physics Vol. 87 (Springer-Verlag, New York, 1978),

p. 189.

43, Friar ef ql., Commun, Nucl. Part. Phys. 11, 51
(1983).

5A, Thomas ef al., Phys. Rev. D 24, 2539 (1981).

16G. L. Payne et al., Phys. Rev. C 22, 832 (1980).



