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Elastic photon scattering from 4He: Charge symmetry problem
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Elastic photon scattering cross sections have been measured on He in the region of the giant
dipole resonance (GDR) using the tagged-photon technique. These data place stringent constraints
on the total photoabsorption a~ at the peak of the GDR, which to very good approximation is the
sum of the (p, p) and (p, n) cross sections. We find the peak cross section to be oo = 2.86 + 0.12
mb. This result is inconsistent with the sum of the most recent measurements of the (p, p) and

(p, n) cross sections. Thus any conclusion about charge symmetry based on the ratios of these cross
sections is suspect.

PACS number(s): 24.80.Dc, 25.20.-x, 24.30.Cz

I. INTRODUCTION

The concept of charge symmetry (CS), in which the
Coulomb-corrected p-p and n nintera-ctions are equal,
is widely believed to be approximately obeyed in nuclei.
It has long been recognized that a sensitive test of CS
in nuclei is to compare mirror reactions in self-conjugate
systems; indeed, it has been pointed out [1] that 4He

is an ideal system to test CS in the nucleon-nucleon in-
teraction. In the giant dipole resonance (GDR) region,
where the photoabsorption cross section is almost purely
El, the ratio R of cross sections for the mirror reactions
He(p, p) and He(p, n), given by

R =—He(p, p)/4He(p, n),

should be approximately unity if charge symmetry is
valid. Estimates [1—6] of deviations from that value for
energies 25 & E~ & 35 MeV —due to higher multi-
poles, different penetrabilities, and Coulomb effects—
have been unable to produce a ratio larger than 1.1.
A calculation by Barker [6] was able to produce asym-
metries as large as R = 1.6, but only by introducing
isospin mixing between the GDR and an unobserved
S = O, T = O, J = 1 excited state at E, = 40 MeV.
The isospin-mixing matrix element needed to produce
such a large asymmetry is much larger than expected
from the Coulomb interaction alone, and is therefore not
consistent with CS.
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The experimental situation is somewhat confusing.
Two types of measurements have been reported. First,
there are measurements that directly address the is-
sue of CS by comparing ratios of simultaneously mea-
sured mirror reactions, 4He(e, e'p)/4He(e, e'n) [7] and
4He(p, p)/4He(p, n) [8]. These experiments share the
common feature that they only involve measurements
of the ratios of cross sections and do not rely on the
measurement of an absolute cross section. Both exper-
iments report results consistent with CS, although the
ratio was only measured above 31 MeV in the photon ex-
periment. However, both experiments needed to rely on
model-dependent assumptions about the angular distri-
bution of the decay nucleons in order to obtain an angle-
integrated ratio. This is a potentially serious problem
since the angular distributions of the protons and neu-
trons are apparently very different [7, 8].

Second, there are nonsimultaneous measurements of
mirror reactions, where it is necessary to measure the
absolute cross section for each reaction. Examples of this
kind of measurement are pion inelastic scattering experi-
ments, 4He(z'+, vr+') and 4He(m, z ') [9], and photonu-
clear experiments such as the (p, p) and (p, n) reactions
(or their inverses). The results of the pion experiments
are consistent with CS. However, the use of this tech-
nique as a measure of isospin mixing has been called
into question recently when applied to continuum excita-
tions, such as the 10.6-MeV giant quadrupole resonance
in 2csPb [10]. This leads one to suspect that the reaction
mechanism for inelastic sr+ scattering in the continuum
may not be sufficiently well understood to extract quan-
titative information about isospin mixing in giant reso-
nances. In contrast to the pion results, the photonuclear
results are mixed.

The photonuclear measurements prior to 1983 were
reviewed by Calarco, Berman, and Donnelly [1]. The
(p, p) measurements selected by those authors to be the
most reliable were those from Triangle Universities Nu-
clear Laboratory (TUNL) [11]and Stanford [12], both of
which agree on a cross section at the peak of the GDR
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FIG. 1. Photonuclear cross sections for He as follows:

(p, p) of Refs. [11, 12] (long dashes); (p, p) of Refs. [15, 16]
(short dashes); (p, n) of Refs. [13, 14] (dots). Error bars indi-
cate typical uncertainties for each data set.

the issue of charge symmetry, or provide a measure of
the ratio of (p, p) to (p, n) cross sections, it can be used
to infer the sum of these cross sections in an accurate
and essentially model-independent way [17—21]. This is
due to the fact that near the peak of the GDR, the pho-
ton scattering cross section is proportional to the square
of the total photoabsorption cross section. Since the to-
tal photoabsorption in the GDR region (20—35 MeV) of

He is completely dominated by the (p, p) and (p, n) re-
actions, photon scattering can tightly constrain the sum
of these cross sections. This allows us to eliminate any
combinations of cross sections whose sum does not add
up to the total photoabsorption. The relevant numbers
are listed in Table I. As described below, our main result
is that the peak photoabsorption of 4He in the GDR re-
gion is 2.86 + 0.12mb. This result is consistent with the
CBD recommended sum, and inconsistent with the TL
results. The implications for the charge symmetry issue
are discussed in Sec. IV below.

of approximately 1.8 mb. Correspondingly, the (p, n)
cross sections selected were those from Livermore [13]and
TUNL [14], each having a peak neutron cross section of
approximately 1.1 mb, significantly lower than the pho-
toproton cross section. We will refer to these values as
the CBD cross sections.

Since the CBD review in 1983, there have been no
new measurements of the neutron branch and two new
measurements of the proton branch. These latter exper-
iments (from TUNL [15] and Frascati [16]) both find a
peak (p, p) cross section of approximately 1.3 mb, which
is significantly smaller than the CBD value. We will re-
fer to these new (p, p) measurements from TUNL and the
CBD-recommended (p, n) cross sections from Livermore
as the TL cross sections. A summary of the experimental
situation for the nonsimultaneous photonuclear experi-
ments is given in Table I and shown in Fig. 1. Clearly,
the TL cross sections are consistent with charge symme-
try but the CBD cross sections are not.

In this paper we report the first measurement of pho-
ton scattering from 4He in the region of the GDR, using a
technique that allows excellent control of the systematic
errors. While photon scattering cannot directly resolve

II. EXPERIMENTAL METHOD

Photon scattering cross sections were measured using
the tagged-photon facility at the University of Illinois.
Electrons from the 100% duty-factor MUSL-2 accelera-
tor impinge on a 34.3 mg/cm aluminum foil creating
bremsstrahlung photons. The photons were collimated,
scattered from the helium target, and detected in coin-
cidence with the momentum-analyzed residual electrons,
thereby tagging the incident photon. The principal ad-
vantage of photon tagging over other techniques is the
ability to measure absolute cross sections with excellent
systematic accuracy. In particular, it allows one to mea-
sure accurately the incident photon flux by simply count-
ing the associated tagging electrons. This procedure is
calibrated by periodically placing one of the photon de-
tectors directly into the photon beam and measuring the
number of tagged photons per tagging electron (the so-
called tagging efficiency). In the present experiment, this
tagging efficiency, typically about 50%, did not change
during the course of the data taking by more than +1%.

An important feature of this technique is that the same
detectors were used to calibrate the incident flux as were
used to count the scattered photons. Thus, to lowest

TABLE I. Values for the photonuclear cross sections at the peak of the GDR in He, where
R = o (p, p)/o(p, n) and S = o (p, p) +o(p, n). The last column is the integral of the total photoab-
sorption cross section up to 32 MeV.

Data set

CBD
TL

(v w)

o(~ ~)
(mb)

1 80 + 0 12

1.27 + 0.08

o(p, n)
(mb)

1.10 + 0.10
1.10 + 0.10

1.64 + 0.18
1.15 + 0.13

8
(mb)

2.90 + 0.16
2.37 + 0.13
2.86 + 0.12

~32
(MeV mb)

28.2 + 1.7
22.3 + 1.5
26.9 + 0.6

Re&rencew IU .12I,

References [13,14].
References [15, 16].
Present experiment. The value for Z3& was obtained by integrating the modified Lorentzian fit to

the scattering data.
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order, the absolute normalization does not depend on
the efficiency or line-shape response of the photon detec-
tor. There are corrections to this, however, due to the
different geometries in the scattering and calibration ex-
periments. During the calibration experiment, a tightly
collimated parallel beam is incident on the photon de-
tector, whereas the scattered photons enter the detector
as a diverging beam from an extended target. Therefore
the detector response, and hence the detector efficiency,
is somewhat different in the scattering configuration than
in the calibration configuration. These eKects were esti-
mated using a Monte Carlo simulation [22, 23] based on
the electromagnetic shower code EGS [24]. This simula-
tion takes into account the finite extent of the photon
beam, the extended nature of the helium target, the ab-
sorption of photons in the helium and surrounding ma-
terial, and the tracking of the electromagnetic shower
through the photon detector. Typically, these geometric
efFects resulted in a renormalization of the detector ef-
ficiency by less than about 5%; we estimate the overall
contributions of these eKects to the systematic error in
the cross sections to be less than 2%.

The photon detectors were two large cylindrical
NaI(Tl) crystals placed at 45' and 135' with respect to
the photon beam axis. Each detector was 25 cm in di-
ameter; one was 35.5 cm long and the other was 30.5 cm
long. Each was surrounded by 2.5 cm of LizCOs to ab-
sorb slow neutrons, and this in turn was surrounded by
NE-102 plastic scintillator consisting of an 11.4 cm thick
annulus and a 0.64 cm thick paddle in front of the de-
tector. These acted as charged particle vetos, primarily
for the suppression of cosmic rays. Finally, the whole
assembly was surrounded by 10.1 cm of lead. The lead
collimators in front of the detectors had a diameter of
12.7 cm, yielding a typical solid angle of 0.05 sr per de-
tector.

The scattering target was liquid helium (99.99% pu-
rity) at 1 atm pressure contained in a 10.2 cm long cylin-
drical cell of radius 5.1 cm. The cell was sealed with
spherical endcaps, for a total length of 12.7 cm. The ori-
entation of the cell was such that the cylinder was parallel
to the photon beam and hence the beam was incident on
the spherical endcaps. The cell, made of 0.25 mm thick
Mylar, was surrounded by layers of aluminized Mylar,
which in turn was surrounded by an aluminum radiation
shield in thermal contact with liquid nitrogen. The en-
tire assembly was contained in a vacuum chamber with
Kapton entrance and exit windows to allow passage of
the photon beam. The target had an 8 liter liquid he-
lium reservoir above it, with a level sensor to ensure that
the target was always full and to monitor the evaporative
losses. Typically, one fill of the target lasted about one
week.

In order to extract the He scattering cross sections, it
was necessary to determine the contribution of the scat-
tering from the Mylar cell and Kapton windows. To ac-
complish this we simply measured the scattering from
the empty target and subtracted. To estimate the uncer-
tainty in this subtraction, we varied the normalization of
the empty-target data by +2% (twice the observed vari-
ation in tagging efficiency) and found a variation in the
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FIG. 2. Panels (a) and (c) are the scattering cross sections
at 135' and 45', respectively. Panel (b) is the angle-averaged
scattering cross section. The curves are the predicted scatter-
ing cross sections from Eqs. (1) and (2), calculated using the
CBD (long dashes) and TL (short dashes) cross sections.

inferred 4He cross sections of about +2.5% near the peak
of the GDR. However, since the empty cell was not actu-
ally evacuated but rather was filled with air at STP, this
procedure resulted in an oversubtraction due to scatter-
ing from the air. We corrected for this using the known
scattering from oxygen [18] and an estimate of the scat-
tering from nitrogen. This estimate utilizes the expected
scaling of the scattering cross section with Z2. Thus one
can generate estimates by scaling up from ~zC [17] or
by scaling down from ~sO. We take the mean of those
as our best estimate, with an uncertainty equal to half
the difference. The net size of this correction to the 4He
cross section depends on the energy, ranging from 14.3%,
7.0%, and 4.7% at energies of 25.1, 27.6, and 31.2 MeV,
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respectively, to less than 2% at higher energies. The un-
certainty in the correction, which is always less than 20%
of the correction, was combined in quadrature with the
statistical error in the 4He cross sections; these combined
errors are those shown in Fig. 2.

The overall systematic uncertainty in the absolute
cross sections was estimated to be +4.3%,—3.8% and
comes from the following sources: target alignment
(+0.5%); target thickness, including the efFect of bub-
bling (+2%%uo, —0%); tagging efficiency (+1.0%); geomet-
rical corrections and detector alignment (+2%); empty-
target subtraction (+3%). Further details about the ex-
perimental setup and procedures, the data reduction, and
systematic errors can be found in [22].

I!I.DATA ANALYSIS

We use the photon scattering cross sections to infer the
photoabsorption cross section near the peak of the GDR.
The procedure we have used is virtually identical to that
used in is 0, and we refer the reader to that [18] as well as
other references [17,19,21] for greater detail. The essence
of the technique is the unique relationship between the
complex forward scattering amplitude R(E, e = 0') and
the total photoabsorption cross section o~(E) through
the optical theorem

Im [R(E, 8 = 0')] = cr~(E)

and a dispersion relation

E2
Re [R(E, 8 = 0')] = o~(E')dE'

(E~z Ez)

where D denotes the classical Thomson amplitude. Only
causality and unitarity are needed to derive these rela-
tionships [20], and thus Eqs. (1) and (2) are model-
independent. These relations imply that a knowledge of
o.~ at all energies allows a unique model-independent pre-
diction of the forward scattering cross section. However,
the reverse of this procedure is model dependent in that it
requires knowledge of the shape of the photoabsorption
cross section, since the dispersion relation implies that
the scattering cross section at any given energy depends
on o'~ at all energies. Typically, one parametrizes the
photoabsorption as a Lorentzian or sum of Lorentzians
and through Eqs. (1) and (2) adjusts these parameters
to fit the scattering data. However, if there are energies
at which it is known that the real part of the scattering
amplitude vanishes, then a measurement of the scatter-
ing cross section at that energy directly determines sr~
at that same energy. It is a general property of the dis-
persion relation that at or near energies where oz has
a pronounced peak, for example, near the peak of the
GDR, the real part of the scattering amplitude vanishes.
This feature will play an essential role in obtaining o~
near the peak of the GDR.

Strictly speaking, these remarks only apply to the for-
ward scattering cross section. In order to find the scatter-
ing at other angles, one needs to know the multipolarity
of o.~. However, for scattering in the region of the GDR,

the E1 multipole dominates; the principal eKect of the
competing E2 multipole would be to introduce a fore-
aft asymmetry into the scattering cross section due to
El-E2 interference. This interference will vanish if one
averages the scattering data over angles symmetric about
90'. Thus angle-averaged data should be very insensitive
to even large amounts of E2 strength. We will demon-
strate this explicitly at the end of this section. Therefore
in what follows, we will analyze only our angle-averaged
data and proceed under the assumption that there is only
El photoabsorption. These cross sections as well as the
individual 135' and 45' cross sections are shown in Fig. 2.

We will use three different techniques to analyze the
photon scattering cross sections. The first technique is
to use the preceding formalism and the various data sets
for o~(E) to predict the angle-averaged scattering cross
section in the 25—35 MeV range. Since these data sets
only extend to at most 50 MeV, it is necessary to append
to them a tail extending to about 150 MeV. We use the
photodisintegration data of Arkatov [25] for this purpose.
However, as previously noted in the case of isO [18], and
verified by direct calculation in the present ease, the pre-
dicted scattering cross section in the GDR region is quite
insensitive to details of the high-energy tail. For exam-
ple, if one simply scales the Arkatov tail by +30%, this
leads to negligible changes in the calculated scattering
cross sections in the 25—35 MeV range. We therefore cal-
culated scattering cross sections using the CBD and TL
photoabsorption cross sections with the Arkatov tail; the
results are shown along with the scattering data in Fig. 2.
We emphasize that the curves in Fig. 2 are parameter-
free calculations and not fits to the data. It is clear that
in the energy range of interest, the CBD cross sections
faithfully reproduce the data, whereas the TL cross sec-
tions are low by as much as 35%.

The second technique is to infer the peak value of o~
directly from the photon scattering cross sections. We
use the angle-averaged scattering data to generate upper
bounds on sr~, shown as the points in Fig. 3(a). These
points are derived by assuming that the scattering ampli-
tude is purely imaginary and applying the optical theo-
rem [Eq. (1)]. The upper bounds become equalities when-
ever the real amplitude vanishes. For comparison, the
curves corresponding to the CBD and TL cross sections
are also included in Fig. 3(a). In order to investigate the
relative sizes of the real and imaginary amplitudes, we
plot in Fig. 3(b) the amplitudes calculated from Eqs. (1)
and (2) using the CBD and TL cross sections, as extended
by Arkatov. As we remarked earlier, there is a band of
energies near the peak of the GDR where the real am-
plitude is small compared to the imaginary amplitude;
moreover, this range of energies is roughly the same for
both sets of photoabsorption cross sections. It is in this
range where we can use the scattering data to determine
directly the photoabsorption cross section. Proceeding
more quantitatively, for any given data set for o.~ one
can calculate the ratio f between the upper bound a~
as defined above, and the actual o.~:

(3)
o~ qim(R))
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For both the CBD and TL data sets, this correction fac-
tor is plotted in Fig. 3(c). We now see that between 25
and 26 MeV, the upper bound never exceeds the pho-
toaborption by more the 2.5%, regardless of which data
set is used to calculate the correction. In fact, any rea-
sonable representation of a~(E) will lead to this same
conclusion [26]. Taking the weighted mean of the mea-

sured values of 0'~ at 25.08 and 26.16 MeV, we find

cr~(E = 25 —26 MeV) = 2.86 + 0.10 mb,

where the error is purely statistical. We estimate the
systematic error due to the absolute normalization of the
scattering cross sections to be no greater than +0.06 mb.
This error is added in quadrature to yield the total un-
certainty +0.12 mb, as given in Table I. Once again we
conclude that the CBD cross sections imply a peak cross
section consistent with the scattering data, whereas the
TL cross sections are low by about 17%.

The final technique was to parametrize 0~ in some ap-
propriate manner and, using Eqs. (1) and (2), adjust
those parameters to best fit the angle-averaged scatter-
ing data. The parametrization used was a Lorentzian,
modified to simulate the low-energy cutofF near particle
threshold:
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where I(E) is an ordinary Lorentzian, Eqa is the effec-
tive threshold, and 6 determines how rapidly the cross
section rises as one crosses the threshold. The best-fit
o~, shown in Fig. 3(a), has a peak cross section of 2.82
6 0.06 mb, which is consistent with our previous de-
termination, and a cross section integrated to 32 MeV
of 26.9 6 0.6 MeV mb. As shown in Table I, the CBD
cross sections are consistent with both the peak value and
the integral, whereas the TL cross sections are consistent
with neither.

As discussed above, the angle-averaged scattering data
are sensitive only to El photoabsorption. To demon-
strate this, we parametrize the total photoabsorption as
the sum of an El strength distribution in the shape of
a modified Lorentzian and the E2 strength distribution
measured by Arkatov [25]. This E2 cross section is 0.09
mb at 25 MeV, is broadly distributed, and exhausts more
than two total energy-weighted sum rules between 20 and
50 MeV. We fix the E2 strength and fit the El Lorentzian
parameters to the angle-averaged scattering data. Our
fitted peak El photoabsorption cross section is identical
to our previous result to better than 0.3%. If the Arkatov
E2 cross section is correct, then the total photoabsorp-
tion is the sum of the El and E2 cross sections and is
larger than our previous result by 0.09 mb.

20
E (MeV)

30 35 IV. CONCLUSIONS

FIG. 3. (s) Upper bounds on the total photosbsorption
cross section inferred from the present angle-averaged scat-
tering cross sections. These bounds are derived by neglecting
the real part of the scattering amplitude. For comparison the
CBD (long dashes) snd TL (short dashes) photosbsorption
cross sections are shown. The solid curve is the photoabsorp-
tion resulting from the fit of a modified Lorentzian to the scat-
tering data. (b) The real snd imaginary parts of the forward
scattering amplitude, calculated using the CBD (long dashes)
snd TL (short dashes) cross sections. (c) The ratio between
the unitarity upper bound and the actual photoabsorption,
calculated from Eqs. (1) snd (3) using the CBD (long dashes)
snd TL (short dashes) cross sections.

The principal result of this work is that the peak pho-
toabsorption cross section in the 25—26 MeV range of 4He
is inferred from photon scattering to be 2.86 + 0.12 mb.
The inference from scattering to absorption can be made
in a model-independent analysis. Moreover, our use of
the tagged-photon technique allows excellent control of
systematic errors. Thus we believe that our result is the
first stringent constraint on the peak photoabsorption of
4He.

Recently it has been claimed that the ratio of the
4He(p, p) to 4He(p, n) cross section shows no evidence for
CS violation [15]. This claim is based on the new (p, p)
measurements from TUNL [15] and Frascati [16] and the
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(p, n) measurements from Livermore [13]and TUNL [14].
In this paper we have referred to these collectively as the
TL cross sections. Our result for the peak photoabsorp-
tion cross section is inconsistent with the sum of the TL
cross sections and therefore calls into question any claim
about CS based on the TL ratios.

On the other hand, our result is consistent with the
sum of cross sections based on earlier (p, p) measure-
ments [11,12] and the same (p, n) cross sections [13, 14]
(collectively, the CBD cross sections). The CBD ratios
are inconsistent with the theoretical predictions of CS.
Nevertheless, we again emphasize that our data alone
say nothing about CS. However, we note that if CS is
valid, then our result implies that none of the (p, p) and

(p, n) measurements listed in Table I is correct. This
illustrates the difficulty in testing for CS violation by

relying on two different absolute photoproduction cross
section measurements.

Thus, it is seen that the main impediment to draw-
ing a firm conclusion regarding charge symmetry from
reactions with He is the inconsistency among the pre-
vious independent photoproduction studies. It is hoped
that accurate photon-induced simultaneous decay exper-
iments will settle the issue of CS in the near future.
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