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Measurement of Isospin Mixing in 4He and Its Implications
for Charge-Symmetry Breaking

C. L. Blilie, D. Dehnhard, D. B. Holtkamp, "S. J. Seestrom-Morris, and S. K. Nanda

School ofPhysics and Astronomy, University ofkXinnesota, Minneapolis, Minnesota 55455

W. B. Cottingame'1
Department ofPhysics, New Mexico State University, Las Cruces, New Mexico 88003

D. Halderson
Department ofPhysics, Western Michigan University, It.'alamazoo, Michigan 49008

C. L. Morris
Los 3 lamos National Laboratory, Los A/amos, Pew Mexico 87545

C. Fred Moore and P. A. Seidl
Department ofPhysics, University of Texas, Austin, Texas 78712

H. Ohnuma
Department ofPhysics, Tokyo Institute of Technology, Oh Okayama-, Meguro, Tokyo 152, Japan

and

K. Maeda
College of Genera/Education, Tohoku University, Eawauchi, Sendai 980, Japan

('Received 10 April 1985)

~-4He inelastic cross sections have been measured at T„=180MeV. In the region of the
J"= 1 states (E„=23 to 30 MeV} the m+/n cross-section ratio R„was found to be 1.05 +0.08
at Hl, b

= 30 . Such a small deviation from 1.0 implies that isospin mixing between the T = 0 and
T = 1 states in 4He is quite weak„ in striking contrast to the strong isospin mixing deduced from the
large ratio of photonucleon cross sections, R„=a (y,p)/o (y, n ) = 1.7. Thus the conclusion drawn
from the photonucleon work, that there is a large charge-symmetry-breaking nuclear force in ~He,
needs to be reexamined.

PACS numbers: 25.80.Fm, 25.10.+s, 27.10.+h

A recent critical review' of the numerous measure-
ments2 of the (y,p) and (y, n) photonucleon cross
sections on He presents a cross-section ratio
R»—= o(y,p)/cr(y, n) . between 1.5 and 1.9 at excita
tion energies E„below 30 MeV. Measurements of the
cross sections for the proton3 and neutron capture
reactions, 3H(p, y) and 3He(n, y), confirm the (y,p)
and (y, n ) results. The experimental value of
R» —1.7 is in striking contrast to the value of 1.0
which would be expected if the proton-proton and
neutron-neutron forces were equal so that the excited
states of 4He would be states of good isospin T. The y
radiation in the photonucleon reactions involves
predominantly electric dipole radiation (El). Thus
the large value of R„may be due to isospin mixing
between the J"= 1, T= 0, and T= 1 states in 4He

(Ref. 1). Because Coulomb effects can cause R„to be
only slightly larger ( =10'/0) than 1.0 at 2 to 3 MeV
above the p+3H threshold (19.82 MeV), ' ' the au-
thors of Ref. 1 suggested the presence of a large

charge-symmetry-breaking (CSB) nuclear force in 4He
which would cause strong isospin mixing between the
1 states. An analysis' of the photonucleon data with
the two-level isospin-mixing formula of Barker and
Manna yielded a CSB matrix element ( T= I IHcsal T
=0) of nearly 500 keV, i.e. , much larger than the
value expected from the Coulomb force (=100 to
150 keV). An even larger matrix element (=2.5
MeV) was extracted9 in a calculation which included
3ho& excitations. The existence of large CSB forces
such as invoked in Refs. 1 and 9 would fundamentally
change our present understanding of the nuclear force.

It has been shown'0 " that CSB forces of the magni-
tude required to reproduce the experimental value of
R„generate large differences between the polarization
(P) and the analyzing power (A) in the reaction
3H(p, n)3He. Experimentally, '2'3 however, only small
differences have been observed between A and P, in
very good agreement with theoretical predictions
which include only the Coulomb interaction as a CSB

1986 The American Physical Society 543



VOLUME 57, NUMBER 5 PHYSICAL REVIEW LETTERS 4 AUGUST 1986

force. It is therefore necessary to measure the degree
of isospin mixing by another method.

Inelastic scattering of ~+ and ~ near the [3,3] res-
onance has been established'4'5 to be a reliable
method for the determination of isospin mixing. For
the J =1+ isospin doublet in ' C (12.71 MeV, T =0,
and 15.11 MeV, T= 1) the CSB matrix element has
been found'~ to be =150 keV. This result agrees
very well with electromagnetic measurements and
theoretical expectations for isospin mixing due to the
Coulomb force. Thus, in order to obtain an indepen-
dent determination of isospin mixing in 4He, we have
measured differential cross sections o (~+ ) and
cr(7r ) for inelastic pion scattering from 4He at
T =180 MeV.

The energetic pion channel and spectrometer system
(EPICS)'6 at the Los Alamos Meson Physics Facility
(LAMPF) was used to measure spectra at Hi, b

= 20',
30', and 40' up to E„=45MeV excitation energy.
The target was helium gas, cooled to a temperature
T = 17 K at a pressure P = 2 atm. The target con-
tainer was a cylinder of 0.23-m height and 0.127-m di-
ameter with nickel walls of 40-mgicm areal density.
The areal density of the cooled helium was =65
mg/cm2. The energy resolution was = 500 keV
(FWHM) and the angular acceptance was 3'.

The absolute differential cross sections were deter-
mined by a measurement of n-hydrogen yields, with
methane as a target, and normalizing the yields to
m+ p cross sections, calculated from the phase shifts
of Thiessen and Sobottka. '7 We also measured spectra
from the empty target container to determine the
background contribution from the target can. For
&„b=30'the background amounted to about 15% of
the total counts.

The experimental spectra at &„b=30' (after back-
ground subtraction) were converted to differential
cross sections o (m) -=d2o'/dA dE. The results are
shown in Fig. 1 for E„~36MeV. The error bars are
due to statistics and the uncertainties in background
subtraction only. Uncertainties in target thicknesses,
pion decay fractions, wire-chamber efficiencies, com-
puter live time, spectrometer acceptance, beam moni-
toring, and predicted w +p cross sections lead to a con-
servative estimate of +15'/o uncertainty in the abso-
lute differential cross sections.

In contrast to the photonucleon reactions, which are
dominated by electric dipole absorption, inelastic
scattering by pions excites all the states in He, except
for the J"= 0 state. All excited states of 4He are par-
ticle unbound. Thus the spectra show a broad continu-
um of states above threshold ( = 20 MeV). Neverthe-
less, the first excited 0+ state at 20.5 MeV and the 2
state near 22 MeV are clearly visible in Fig. 1. As in-
dicated by the theoretical curves (to be discussed
below), the 1 continuum peaks near 25 MeV. At
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E„&31 MeV, the 2+ continuum makes the largest
contribution to the cross sections.

Our principal result is contained in Fig. 2 which
shows near unity values for the cross-section ratio
R =o.(m+)/o. (m ) at all E„beyond the threshold
region (E„~22 MeV). Only the (E„-dependent) sta-
tistical and background subtraction errors are shown
for R„which was averaged over 400-keV intervals.
Several sources of absolute cross-section uncertainty,
such as target thicknesses and spectrometer accep-
tance, do not contribute to the uncertainty in 8 . The
other sources of (mostly E„-independent) error contri-
bute a systematic uncertainty of + 8'/o. Averaged over
the region of the 1 states (E„=23to 30 MeV),
where R„=1.7 + 0.2, we find R = 1.05 + 0.08 at
Oi,b=30'. The error of +0.08 is dominated by the
systematic uncertainty in 8„.Values of R near

FIG. 1. Spectra of 4H(en +n +) and 4He(m, n ') at
8],b=30' and T =180 MeV. The curves are the results of
distorted-wave impulse-approximation (DWIA) calculations
as described in the text. The DULIA curves for the 2 states
have been multiplied by a factor of 1.35 for both m+ and m

in order to fit the data better.
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FIG. 2. 8 as a function of excitation energy E„at
H],b=30' and T„=180MeV. Solid line: DULIA prcdiction.

threshold are larger than 1.0 because the separation
threshold for protons (19.82 MeV) is lower than that
for neutrons (20.58 MeV). At 20' and 40' the values
of R in the region of the 1 states are also consistent
with 1.0. At 20' the background was larger than at the
other angles which made a realistic estimate of the er-
ror too difficult. At 40' the 2 states are more strong-
ly excited than at 30' where the differential cross sec-
tions for the 1 states are expected to peak. Thus the
data at 30' provide the most precise determination of
R in the region of the 1 states.

In Ref. 1 the large value of R„was attributed to
isospin mixing between T = 0 and T= I, J"= 1

states. Application of the two-state mixing formalism
of Ref. 8 led to a ratio of the T=0 reaction amplitude
(ao) to the T= I amplitude (at) of ~ao/at ~

=0.13 for
the transition to an isospin-mixed state near 25 MeV,
which was presumed to be predominantly a T=1
state. Within the two-level mixing model this value of
I ao/at I represents a T= 0 admixture in the T = I state
of amplitude ~P ~

= 0.13. Such a large admixture
should be easily detectable in inelastic pion scattering
because of the isospin dependence of the pion-nucleon
interaction.

At pion energies near the [3,3] resonance the pion-
nucleon interaction enhances the T=O parts of the
transition density amplitudes over the T= 1 parts by a
factor of +2 for m and a factor of —2 for 7r+. Thus
in the plane-wave Born approximation the cross-
section ratio would be R„=[(a—2P)/(~+ 2P) ]
= 2.9 for a T= 1 state with a T=0 admixture of am-
plitude P= —0.13, where n= (1 —P2)'~2. The ob-
served value of R„shows that isospin mixing is much
smaller, i.e., P is of the order of 1'/0 if the two-level
mixing formalism describes this case.

As pointed out in Refs. 1 and 9, the T =0, S=0,

1 state in a Itcu model space is entirely due to spuri-
ous center-of-mass motion. Shell-model calculations
generate higher-order nonspurious T= 0, S=0 states
but mixing with the T= 1 states is much more compli-
cated than in two-levels 9 mixing of isolated states.
Since the 4He states are all very broad and overlap,
isospin mixing changes continuously with E„asdo the
contributions from S=1 states. For equal spectro-
scopic amplitudes the S = 1 contributions to the cross
sections are smaller than the S =0 contributions be-
cause of the relatively weaker 7r-nucleon spin-orbit in-
teraction. However, they are not negligible as for pho-
tonucleon reactions.

The conclusion of small isospin mixing in 4He is ful-
ly supported by distorted-wave calculations using the
wave functions from the recoil-corrected continuum
shell model (RCCSM). 's The Coulomb force is the
only CSB force applied in the RCCSM calculations and
the resulting wave functions provide very good agree-
ment with low-energy nucleon scattering data. These
include differential cross sections (der/d0) and A for
elastic scattering of neutrons from 3He and protons
from 3H, as well as do./dQ, A, and P for the reaction
3H(p, n)3He. '2'3 They also reproduce the 4He(y, p)
absolute cross section and the shapes of the angular
distributions for the capture reactions 3He(n, y) and
3H(p, y). '9 2' However, they predict R~= 1.0. We
note that, by imposing continuum boundary conditions
on the excited nucleons, the RCCSM reaction calcula-
tions include the quasielastic process as well as the
scattering through resonance states.

The procedure followed to calculate the pion dif-
ferential cross sections d20/dQ dE„by the distorted-
wave impulse approximation has been discussed by
Halderson er al. 22 The transition densities were calcu-
lated with a modified version of ALLwoRLD and en-
tered into the program MSUDwpI to generate the
d2a/dO dE„for E„between 20 and 35 MeV. For the
distorted waves we employed the wave equation of
Stricker, McManus, and Carr. 25 The optical potential
parameters were determined from the free m-nucleon
phase shifts evaluated 20 MeV below the incident pion
energy in the spirit of Cottingame and Holtkamp. 26

The nuclear density was of Gaussian form,
exp( —r /a ), with a =1.3 fm. The DWIA cross sec-
tions were found to be quite sensitive to the distorting
potentials. However, the predicted cross-section ratio
R„above 23 MeV is always near 1.0, ranging from
about 1.0 to 1.1.

The theoretical predictions for the cross sections
shown in Fig. 1 were obtained with an energy-
dependent optical potential in the outgoing channel.
They are presented for the individual multipolarities
(0+,2, 1,2+) as well as for the sum (solid line).
The n + and 7r predictions for the 2 states were re-
normalized by a factor of 1.35 as suggested by the data.
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For the other states the curves shown are the predicted
cross sections without a fenofmallzatlon.

In conclusion, cross sections measured for inelastic
pion scattering from 4He show only small m+/m

asymmetries. The absolute differential cross sections
are reproduced very well by predictions using the
RCCSM wave functions. The RCCSM has been very
successful in fitting a large body of data for the mass-4
system. The only data for which the RCCSM seems to
fail are the absolute cross sections for He(7, n) and
thus the ratio R„below E„=35MeV. Even without
as thorough a theoretical treatment as the RCCSM
provides, the pion scattering casts considerable doubt
on the interpretation of the experimental value of R„
in terms of isospin mixing due to a large CSB force.
Our data show only a very small amount of isospin
mixing between the excited states of ~He.
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