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Differential and absolute cross sections for the coherent reaction Ca(y, tr ) Cats, 1, as well as for the
incoherent reaction 4 Ca(), tr ) Ca* have been measured with monochromatic photons in the threshold
region (E„=157-169MeV). The differential cross section for the coherent process exhibits a diffraction
minimum due to the nuclear mass form factor while the incoherent cross section is rather structureless.
The cross sections are in good agreement with recent distorted-wave impulse-approximation calculations.

PACS numbers: 25.20.Lj

Photoproduction of neutral pions from complex nuclei
is one of the most promising tools to study the produc-
tion, propagation, and decay of the 5(1232) resonance in
the nuclear medium, since the elementary process (y+N

tr +N) is almost completely dominated by resonant
production. Even near threshold resonant production
prevails, in contrast to photoproduction of charged pions
or elastic photon scattering which are governed by back-
ground Born terms. In addition, near the production
threshold the mean free path of the produced low-energy
neutral pions is expected to be larger than in the 6,-

resonance region, thereby reducing the influence of
final-state interactions. Studies of near-threshold
neutral-meson production thus provide a particular clean
experimental approach to investigate in-medium excita-
tion and propagation of the 5 resonance. A quantitative
comparison of accurate near-threshold measurements
with conventional plane-wave impulse-approximation
(PWIA) and distorted-wave impulse-approximation
(DWIA) calculations will reveal the applicabihty of
these approaches in this energy regime. Specifically, one
can test the underlying assumption that dynamical
modifications of the elementary operator can be neglect-
ed.

The resonant production amplitude is of particular im-
portance for coherent z production from even-even nu-
clei: In this case the nucleus is left in its ground state so
that the initial and the final states of the nucleus are
identical. The spin-independent part of the elementary
production amplitudes of all nucleons adds up coherent-
ly, leading to an A scaling of the cross section, which is
therefore significantly enhanced compared to the cross
section for charged-pion photoproduction. Besides the
coherent process, neutral-pion photoproduction can also
leave the nucleus in an excited state, which may either

be bound or particle unstable. These so-called i n-
coherent production processes certainly exhaust a large
fraction of the total cross section in the resonance re-
gion, ' but their contribution for energies below =200
MeV has not yet been studied in detail.

Only in one experiment, ' using an active ' C target,
has it been possible to discriminate between pion produc-
tion leading to particle-unstable states and all other pro-
cesses. In addition, for the nucleus He it was possible
to separate the coherent part of the cross section, be-
cause the energies of all excited states in He are large
(=20 MeV) compared to the pion energy resolution.
These measurements have been performed near the 6
resonance and no equivalent data are available near
threshold.

This Letter presents for the first time results for
coherent as well as incoherent differential and total cross
sections for neutral-pion photoproduction from a heavy
nucleus ( Ca) near threshold. The experiments have
been performed at the Mainz Microtron MAMI A, us-
ing the Glasgow tagger in combination with the Mainz-
Giessen x spectrometer. A dc electron beam of 183
MeV, provided by MAMI A, was used to produce mono-
chromatic photons by means of bremsstrahlung tagging.
In the energy range 157-169 MeV chosen for the
present study the energy resolution of the tagging spec-
trometer is =200 keV. The tagged photon flux was
1.5X10 /s with the tr spectrometer at backward angles
and 0.6&&10 /s at 0', respectively. The flux limitation at
forward angles was due to a high count rate (=10 /s)
in the plastic scintillators in front of the lead-glass blocks
of the z spectrometer which were used to veto charged
particles mainly from pair creation in the target. The z
spectrometer was placed at seven angles with respect to
the photon beam direction (0', 30', 40', 70', 90', 115,
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and 140'). Since the angular acceptance of the spec-
trometer is + 25 the full angular range was covered.
The absolute pion detection efficiency determined in
Monte Carlo simulations varies between 4% and 15% for
the spectrometer settings at 90 and 0', respectively.

A target of natural calcium (96.9% Ca) with a
thickness of 8.5 g/cm was used which leads to an ab-
sorption of =11% of the incident photon flux. Monte
Carlo calculations show that the probability for pair con-
version of one of the z -decay photons in the target is
= 30% almost independent of the pion emission angle.
An energy calibration of the n spectrometer was per-
formed prior to the experiment with cosmic rays. A pre-
cise energy calibration for each detector was obtained
using the symmetric n decay which was selected by a
cut on the opening angle (N»=+„„'")for a given pho-
ton energy. The position resolution was 45 mm,
achieved by the center-of-gravity method, implying an
opening angle resolution of 8'. Neglecting the finite
beam spot and target size the resolution would be 6.5 .

Combining energy and angular information, the pion
energy and the invariant mass, as well as the pion emis-
sion angle, can be reconstructed event by event with
resolutions of 9 MeV for E 0 and 60 MeV for m;„„re-
spectively. The resolution of the pion emission angle de-
pends on the pion energy as well as the emission angle
and is on the average 10 . '

Neutral pions were identified unambiguously event by
event by a cut in a two-dimensional plot of invariant
mass versus opening angle. Because of the tagging tech-
nique, this sample contains random events which were
subtracted using appropriate cuts in the time spectra.

Diff'erential cross sections were obtained for photon
energy bins of 2 MeV and angular bins of 4 . In Fig.
1(a) the differential cross section da/dA is plotted for
E,=168~ 1 MeV as a function of the pion emission an-
gle in the laboratory system for all identified neutral
pions. The angular distribution is forward peaked with a
maximum at = 40 and levels off at = 10 pb/sr for an-
gles 0 0~ 90 . The general shape of the distribution is
easily understood, since due to angular momentum con-
servation one expects a sin 0 behavior for the c.m.
diff'erential cross section of coherent z production on
spin-zero nuclei, modified by the square of the nuclear
mass form factor F(q) (see Ref. 7). A diffraction
minimum at around 100 due to the minimum in the
form factor is, however, not observed in Fig. 1(a). As
shown below, this minimum is filled in by incoherent pro-
duction processes.

The contribution of incoherent x production has been
determined by studying the mean pion energy (E 0) as a
function of the pion emission angle Pi,b [Fig. 1(b)]. At
forward angles (E 0) is equal to the incident photon ener-

gy corrected for the nuclear recoil, indicating that all
available energy is going to the neutral pion (i.e. ,
coherent production). For larger emission angles (E 0)

decreases, with a shallow minimum around 100 . The
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FlG. 1. Results for the reaction Ca(y, tt ) at E„=168
MeV. (a) Differential cross section for all neutral pions. (b)
Average pion energy as a function of the emission angle. (c)
Differential cross section for coherent pion production. (d)
DiA'erential cross section for incoherent pion production. The
numbers given in the figure correspond to the photon beam en-
ergy in (a), (c), and (d). ln (b) the number corresponds to the
energy of the pion expected for coherent production (E 0)""
=Et Erecoil(~).
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average energy shift (including also elastic events) is 6
MeV. This decrease is interpreted as arising from in-
coherent processes in which part of the available energy
is used to excite the Ca nucleus and consequently is miss-
ing in E 0. The ratio of coherent to incoherent processes
is reflected by the shift in (E 0). Therefore the minimum
will occur where the coherent contribution is smallest
which is at the diffraction minimum of the form factor.
In this angular region the energy shift is 8 MeV, which is
identical with the average excitation energy of the Ca
nucleus.

Because of the only moderate energy resolution of the
lead-glass detectors it is not possible to discriminate be-
tween coherent and incoherent neutral-pion production
event by event. However, it is possible to separate the
coherent part of the cross section, using only the position
information of the decay photons. For a given pion ener-
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gy the opening angle +» between the two decay photons
is distributed between a minimum value +~~'" =2
xarcsin(moc /E 0) and 180' with Nr, '" being strongly
favored by phase space (Jacobian peak distribution).

In incoherent pion production the energy of the emit-
ted pion is reduced by the excitation energy of the nu-
cleus, leading to (Nrr'")'""" ) (Nrr'")"". Since for Ca
the first excited state is at 3.35 MeV; the minimum
opening angle for incoherent production must be at least
4 larger than for coherent pion production. For the
typical excitation energy of 8 MeV the difference in the
opening angle in the coherent and incoherent reactions is

9, compared to an opening-angle resolution of 8 . A
corresponding cut on the opening-angle distribution
strongly selects coherent production. Monte Carlo simu-
lations show that for a spectrometer setting at 90 and
8'-wide cut &» & (&rr'")"" implies an efficiency of the
spectrometer for coherent events of 5.3 x 10 . For in-
coherent events the efficiency is reduced to 1.7x10
and 4.0x10 for excitation energies in Ca of 3.35
and 8 MeV, respectively. The absolute value of the spec-
trometer efficiency depends strongly on the applied cut
while the variation with the pion emission angle is less
than 5%. The coherent differential cross sections have
thus been normalized with respect to the differential
cross sections for all produced pions assuming only
coherent pion production in the angular range 0 0

=20 -50 . This separation between coherent and in-
coherent events can be applied in the threshold region
studied here, where the opening angle depends strongly
on the pion energy.

After applying this analysis a diffractive study already
observed in elastic electron scattering data is seen for the
first time in the differential cross section for coherent
photoproduction of neutral pions [Fig. 1(c)l. The
momentum transfer covered in this energy range is
0.3-1.4 fm '. Consequently, only one minimum ap-
pears at = 100 . For the other investigated energies it
shifts as expected to = 110 at E,=160 MeV.

The diA'erence between Figs. 1(a) and 1(c) is attribut-
ed to the incoherent cross section. For small angles the
subtraction of two large but nearly identical cross sec-
tions results in large statistical errors, but the results be-
cotne significant for angles greater than 75' [Fig. 1(d)].
The differential cross section is rather structureless, as is
to be expected if a large number of excited states with
different form factors are involved.

In Fig. 2 the angle-integrated differential cross sec-
tions for all events as well as for coherent and incoherent
n production are plotted as a function of the incident
photon energy. o,II and o.„phave been obtained from an
angular integration of the corresponding differential
cross section. The incoherent cross section [Fig. 2(b)l
has been integrated at backward angles (0 =90'-180 ).
All cross sections rise rapidly with increasing photon en-

ergy. The increase is stronger for incoherent production,
reAecting the exponentially increasing number of possi-
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FIG. 2. Integrated cross sections as a function of the photon
beam energy. (a) For all and coherently produced pions com-
pared with the calculations of Refs. 10 and 11. (b) Integrated
(90' —180' ) incoherent cross section.

ble final states.
Figure 3 shows a comparison of our results with calcu-

lations of Kamalov' and Chumbalov et al. ' in the im-
pulse approximation. The calculations have been folded
with the angular resolution of our x spectrometer. The
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FIG. 3. Diff'erential coherent cross section for the reaction
Ca(y, n ) Comparison with PW. IA (dotted line) and DWIA

calculations (solid line) of Refs. 10 and 12. Both calculations
have been folded with the experimental angular resolution,
which varies between 7' (at 90') and 14 (at 0').
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calculation neglecting final-state interactions (PWIA)
fails to reproduce the measured cross sections, in particu-
lar the position of the diff'raction minimum and the yield
in the second maximum. Final-state interactions are
taken into account by DWIA calculations, which repro-
duce the data much better, especially at backward an-

gles. The attractive zN potential modifies the outgoing
pion momentum thereby increasing the effective momen-
tum transfer. This in turn leads to a shift of the dif-
fraction minimum and to a larger increase of the cross
section at backward angles via the nuclear form factor.
Extraction of a root-mean-square mass radius' can only
be performed reliably with a detailed knowledge of the
Anal-state interaction.

The DWIA and PWIA calculations are based on the
elementary production operator as treated in Ref. 14. It
should be pointed out, however, that this elementary
operator leads to multipoles' which are not in agree-
ment with the experimentally determined values for z
production from the nucleon. ' ' This subject will be
treated in a forthcoming paper. Unfortunately, calcula-
tions in the h, -hole model are not yet available for the en-
ergies considered here.

In summary, we have performed a measurement of the
(y, tr ) reaction on Ca near threshold. It has been pos-
sible to divide the total (diA'erential and angle integrat-
ed) cross sections into coherent and incoherent contribu-
tions. The coherent cross section exhibits a minimum
due to the nuclear mass form factor, which could be used
to obtain information on the nuclear mass distribution
provided the final-state interaction is known precisely. A
comparison with PWIA and DWIA calculations indi-
cates the importance of including final-state interactions.
Calculations within the h, -hole model may shed more
light on the role of the 4 excitation in the production of
neutral pions and their propagation in the nuclear medi-
um. For future experiments in the 6-resonance region a
high-resolution spectrometer for neutral-meson detection

is under construction. '
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