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Differential Cross Section for Coherent Photon Scattering from 4He at 180 MeV
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%e report the measurement of the differential scattering cross section for coherent photon
scattering (nuc1ear Compton scattering) from ~He at an average energy of 180 MeV. This
represents the first direct observation of the coherent process on a complex nucleus above the pion
threshold. The results are compared ~ith the prediction of a calculation utilizing the isobar-hole
formalism.

PACS numbers: 25.20.0c, 25.10.+s

For many years, the scattering of low-energy pho-
tons has been a useful tool for studying nuclear
dynamics. In contrast, at energies above the pion pho-
toproduction threshold (140 MeV), photon scattering
will provide information about the intermediate pro-
pagation of pions and isobars in the nuclear medium
which is complementary to that obtained from pion
scattering and pion photoproduction.

Both pion-nucleus scattering and pion photoproduc-
tion involve the strong interaction in the ingoing or
outgoing states and therefore nuclear-surface interac-
tions dominate. ' Photon scattering occurs throughout
the nucleus, however, and there is no distortion of the
incident and outgoing photon. Any deviation of the
cross section from that given by a plane-wave impulse
approximation is direct evidence of nuclear-medium
corrections to the elementary nucleon-photon scatter-
ing amplitude. Of particular interest is coherent pho-
ton scattering, where the residual nucleus is left in its
ground state. The theoretical interpretation is made
simpler since the ground-state properties of the target
nucleus are usually well known. Also, by use of the
optical theorem and dispersion relations the forward
elastic-scattering amplitude can be related to indepen-
dent measurements of the total photoabsorption cross
sections.

The coherent-photon-scattering cross sections are
very small and the energy resolution in the detection
of the scattered photon must be sufficient to exclude
inelastic scattering as well as the decay photons from

photoproduction. Consequently, elastic-scattering
experiments are difficult to carry out above the pion
threshold, and existing scattering data from complex
nuclei are limited. The proton represents an excep-
tion, where a favorable recoil energy and a cross sec-
tion that depends less strongly on the scattering angle
have led to good data2 in the resonance region by the
recoil technique for H(, b & 50' and E~ & 240 MeV.

Hayward and Ziegler3 recently reported data by
detection of the scattered photon directly at H„b = 115'
for '2C and 208Pb for a number of energies between
150 and 400 MeV. Their '2C cross sections agree with
an isobar-hole calculation' at 200 MeV but are 2 orders
of magnitude above the calculation at 325 MeV. How-
ever, their 10% energy resolution was not sufficient to
distinguish coherent from inelastic scattering. Recent
calculations4 of the incoherent contribution to the
(y, y) cross section for '2C and 2osPb indicates that it
can be large at back angles compared to the coherent
cross section, especially at energies approaching the b,

resonance and higher.
We report the first direct measurement of coherent

nuclear photon scattering above the pion threshold.
This experiment was performed at the Massachusetts
Institute of Technology Bates Linear Acclerator by use
of bremsstrahlung with a 10-cm liquid-4He target.
This target was chosen because of the large energy gap
between the ground and excited states in 4He.

The photons were detected with a shielded
30 x 30x 30-cm3 NaI(T1) array consisting of nine
10x 10x 30-cm3 elements. The detector was sur-
rounded on all sides except the back, by 2.5-cm-thick
plastic-scintillator cosmic-ray veto counters. The
detector aperture was defined by a 10x 10-cm2
tungsten collimator.

In order to determine the NaI efficiency, it was
necessary to understand in detail its energy response
function. The measured response to 190-MeV elec-
trons incident on the center of the central detector,
which is very similar to its response to photons, is
shown in Fig. 1. The agreement with the predicted
response based on a Monte Carlo simulation of the
electromagnetic shower5 is quite good. A similar corn-
parison between the predicted and the measured
response to an incident bremsstrahlung beam also
sho~ed good agreement.
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FIG. 1. The response to 190-MeV electrons incident on
the center of the detector. The histogram represents the
data, and the line, the simulation. The shape is mainly
determined by the effects of shower leakage from the crys-
tal.
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FIG. 2. Histogram, the measured spectrum of photons at
90'. Line, simulation of the shapes of the ~ -decay-photon
and the elastic-photon spectra. The amplitudes from the two
processes were separately adjusted for a best fit. The max-
imum photon energy for each process is indicated.

The electron and bremsstrahlung data were used to
establish the energy calibration of the detector. The
calibration agreed with that obtained from a 4.6-MeV
gamma source to within 2.0'/o. Gain stability was

checked by collection of 4.6-MeV gamma spectra
between data runs. In addition, each NaI element was
connected by optical fibers to a common calibrated
LED light source which was triggered randomly to
monitor rate-dependent gain shifts and pulse pileup.

At forward angles, pileup due to low-energy photons
from electron Compton scattering of the incident
beam in the target limited the maximum brems-
strahlung flux which could be used. For the 30' and
45' data, a 20-cm Be absorber was placed between the
target and the detector to suppress low-energy photons
and electrons. Veto counters rejected conversion elec-
trons produced in the Be absorber. Wide-angle pairs
from the target were swept away by a dipole magnet.
The accelerator duty factor was 1%. At 8=30', the
average intensity in the top 20 MeV of the brems-
strahlung spectrum was 2 x 107/sec.

The scattered-photon spectrum measured at 90 is
shown in Fig. 2. At 90', the maximum scattering-
photon energy is 180.8 MeV. Below 153.5 MeV there
is a substantial background contribution from ~o-decay
photons. For incident photons near the brems-
strahlung end-piont energy (190 MeV), the shape of
the spectrum is that of the incoming photon beam
modified by the response of the detector, by the
nuclear-recoil energy loss, and by the energy depen-
dence of the cross section. We simulated the photon-
scattering and n decay s-pectra using the detector

response predicted by an electromagnetic shower
code, 5 assuming energy-independent cross sections.
As can be seen in Fig. 2, when the amplitudes of the
two shapes are adjusted to give the best fit, the posi-
tions of the elastic-scattering end point and of the on-
set of no background occur at the correct energies,
thereby confirming our energy calibration.

A similar set of fits was attempted for the 30' data
(Fig. 3). The end points for the elastic- and decay-
photon spectra occur at the proper energies, but there
is a dip in the observed spectrum centered approxi-
mately 30 MeV below the elastic-scattering end point
which leads to a poor flt with the simulated shapes. A
better fit (Fig. 3) was obtained by use of dispersion re-
lations as described below to predict the decrease in
cross section with energy.

To obtain our fmal cross sections (Fig. 4), we in-

tegrated the data corresponding to incoming photon
energies in a range (b,E) from 20 to 5 MeV below the
bremsstrahlung end point. There are no inelastic or
~o-decay photons in this energy range. By not includ-
ing the top 5 MeV of the incoming photons we re-
duced considerably the dependence of the cross sec-
tion on uncertainties in the NaI energy calibration
( +1.5'/o) and uncertainties in the primary beam ener-
gy ( +1'/o).

The cross sections were calculated by use of the
number of data counts in b E, the absorption correc-
tion in the beryllium absorber and in the target, the
number of incident photons in hE, the solid-angle ac-
ceptance, the detector-efficiency correction due to
shower leakage ( —0.55), and the number of target
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FIG. 3. Histogram, the measured spectrum of photons at
30'. Solid line, as in Fig. 2, except the energy dependence
for photon scattering at 0' from dispersion relations has
been assumed for the photon scattering. Dashed line, same
as solid line except no energy dependence ~as assumed.
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FIG. 4. The differential cross section at 180 MeV. Dots,
measured data. Dashed line, [do (E, 0')jd 0 ] x

2

x (1+cos'g) ) F (q ) (', d a (E, 0')/d 0 is from dispersion re-
lations. Solid line, calculation based on model of Ref. 1.

nuclei per unit area. From simulations, we determined
that the average energy of scattered photons in b, Ewas
181 MeV with a full width of 14 MeV.

We now examine the constraints on the elastic cross
section imposed by the optical theorem and a disper-
sion relation. Using the optical theorem, we can write
Imf(E, O') = (k/4m)a. (E), where Imf(E, O') is the
imaginary part of the elastic forward-scattering ampli-
tude, k is the photon wave number, and ~(E) is the
total photoabsorption cross section. There are no
direct measurements of the total photoabsorption cross
section in the 5-resonance region for He. However,
cr(E) can be estimated on the basis of the value of
a&/A obtained from measurements of o.z on a large
variety of targets. 6 For 4He this estimate gives
cr =0.45+0.07 mb at 180 MeV, which is consistent
with the value obtained directly from measurements of
the photoemission of charged hadrons. 7 The lower
bound on the cross section at 0' from the optical
theorem is then [Imf(E, O')]2=0.11+0.03 p, b/sr.
With a knowledge of the total He cross section at all
energies, 6 s we have obtained the real part of ffrom a
dispersion relation9:

Rcjf(E, O') —f(0, 0 )1= Pf,2, dE
2mfc o E'2 —E2

where f(0,0 ) = —Z e'M2„' 2cis the Thomson hm-
it and Mz is the nuclear mass. Because of the approxi-
mations involved at high energies and from use of in-
direct measurements of the total cross section in the b,

region, a fairly large error was assigned to the calculat-

ed amplitude. The forward differential cross section
obtained from the dispersion relations at an average
energy of 180 MeV is ( f(E,O') )2=0.27 +0.10 p, b/sr,
which is consistent with the value of —0.22 p, b/sr ob-
tained by extrapolation of our data from the 30 point
to O'. Both values are well above the lower limit
established by the optical theorem. The extrapolation
of the data was done by assuming the angular depen-
dence to be that of an electric dipole, —,

' (1+cos 8),
times the square of the elastic-electron-scattering form
factor, as was done in Ref. 3. As can be seen in Fig. 4,
the agreement at forward angles is good but the predic-
tion using this extrapolation is well below our data at
backward angles. However, the validity of this ap-
proach for large angles is questionable since
Compton-scattering cross sections at backward angles
even for the proton are not reproduced by a single-
multipole distribution. '0

To study the energy dependence of the (y, y) cross
section, we have modeled the pulse-height spectra at
30' on the basis of the previously described Monte
Carlo technique, now assuming the energy dependence
of the cross section to be the same as that at 0' de-
duced by use of the real and imaginary parts of
f(E,O'). The resulting shape produces better agree-
ment with the data (Fig. 3) than the energy-
independent model. There is no indication in the data
of an energy dependence in the cross section at back
angles. The data show no inelastic events above the
no-decay-photon energies, which would appear as an
abrupt increase in the observed spectra beginning 20
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MeV below the end-point energy. We note that these
data would only be sensitive to inelastic scattering to
nuclear states with excitation energies less than 25
MeV. Contributions above this state would be masked
by n 0-decay-photon background.

The only detailed calculations available at present
for elastic photon scattering at intermediate energies
were made in the context of the isobar-hole approach.
The 5-hole model of Ref. 1 has been used to describe
successfully pion-induced reactions and coherent mo

photoproduction and also to predict nuclear photoab-
sorption and Compton scattering at energies around
the lL resonance. Discrepancies have been noted,
however, in comparisons with the total photoabsorp-
tion cross section for light nuclei. ' Figure 4 shows that
the theoretical results for ~He(y, y)~He at 180 MeV
are too high in the forward direction by about a factor
of 2 and fail to reproduce the strong rise at back angles
as indicated by the &i,b=120' data point. We note,
however, that the calculation is not expected to be as
reliable at 180 MeV as it would be nearer the peak of
the 5 resonance, which occurs at about 320 MeV for
the free proton. In the model it was assumed that
resonant contributions dominated, and therefore non-
resonant contributions, which are less important at 320
than at 180 MeV, were treated less carefully.

For a wide range of angles and energies the funda-
mental (y, y) amplitudes on the proton are not known
accurately, and are not fitted well by dispersion-
relation fits. ' Generally, forward-angle measure-
ments are absent at all energies and data are particular-
ly sparse near 180 MeV. Calculations for complex nu-
clei based on these elementary amplitudes will have
corresponding errors.

As was pointed out in Ref. 1, the resonant nuclear
photoabsorption cross section for ~He at energies
somewhat below the resonance peak is dominated by
coherent mo photoproduction. No recent measure-
ments are available at 180 MeV.

We have shown that a large NaI detector can be
used to measure the nuclear-Compton-scattering cross
section at forward angles. We conclude that the 5-

hole model which is optimized for higher energies
does not describe the data well at 180 MeV. Better cal-
culations and more data on complex nuclei and on the
proton will be required to understand the nature of
photon scattering in this energy region. We plan to
extend our measurements to energies nearer the
resonant peak in the order to test definitively the iso-
bar-hole models.
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