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Double π0 photoproduction on the neutron at GRAAL

J. Ajaka a, Y. Assafiri a, O. Bartalini b, V. Bellini c, S. Bouchigny a, M. Castoldi d, A. D’Angelo b,
J.P. Didelez a, R. Di Salvo b, A. Fantini b, L. Fichen a, G. Gervino e, F. Ghio f, B. Girolami f,

A. Giusa c, M. Guidal a, E. Hourany a,∗, R. Kunne a, A. Lapik g, P. Levi Sandri h, D. Moricciani b,
A. Mushkarenkov g, V. Nedorezov g, C. Randieri c, N. Rudnev g, G. Russo c, C. Schaerf b,

M. Sperduto c, M. Sutera c, A. Turinge i

a IN2P3, Institut de Physique Nucléaire, 91406 Orsay, France
b INFN, Sezione di Roma Tor Vergata and Università di Roma “Tor Vergata”, 00133 Roma, Italy

c INFN, Laboratori Nazionali del Sud and Università di Catania, 95123 Catania, Italy
d INFN, Sezione di Genova, 16146 Genova, Italy

e INFN, Sezione di Torino and Università di Torino, 10125 Torino, Italy
f INFN, Sezione Sanità and Istituto Superiore di Sanità, 00191 Roma, Italy

g Institute for Nuclear Research, 117 312 Moscow, Russia
h INFN, Laboratori Nazionali di Frascati, 00044 Frascati, Italy

i I. Kurchatov Institute of Atomic Energy, Moscow, Russia

Received 26 July 2006; received in revised form 25 April 2007; accepted 5 June 2007

Available online 7 June 2007

Editor: V. Metag

Abstract

The photoproduction of double π0 on the neutron is studied in the beam energy range of 0.6 up to 1.5 GeV, using a liquid deuterium target. The
cross section and the beam asymmetry are extracted and compared to those previously obtained on a proton target. The theoretical interpretation
of these results is given using different models.
© 2007 Elsevier B.V. All rights reserved.
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The double pion photoproduction on the nucleon is now
used, as well as the single pion photoproduction, to study
the excitation of nucleon resonances [1–10]. Such experiments
have become possible with the advent of new accelerators and
large acceptance detectors. At GRAAL, a study of the double
π0 photoproduction on the free proton has been performed and
showed a prominent peak at the nucleonic resonance mass of
1700 MeV [9]. The interpretation was performed with Valencia
Group model and Laget model involving mostly the excitation
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of P11 and D13 baryon resonances. The double π0 photopro-
duction on the neutron is another fundamental channel which is
accessible at GRAAL with a deuterium target. The study of this
channel is interesting to see if there is also a prominent peak in
the total cross section at the resonance mass of 1700 MeV. The
question is particularly important since, according to a chiral
soliton model [11], the 1700 MeV mass location happens to
be that of the nonstrange member of the baryon antidecuplet.
Furthermore, the authors of the soliton model proposed to dis-
entangle between octet and antidecuplet baryon components by
studying simultaneously the photoproduction of π0, 2π0 and η

mesons on both the proton and the neutron [12]. So, the aim
of the present Letter is to study the double π0 photoproduction
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on the neutron as a fundamental channel and also to find some
difference with the double π0 photoproduction on the proton
by comparing their respective observables of cross section and
beam asymmetry.

The data have been obtained with the GRAAL setup using a
tagged and linearly polarized photon beam, a liquid deuterium
target 6 cm thick, and a large acceptance detector [13]. The pho-
ton beam of 0.6 up to 1.5 GeV is produced by backscattering a
laser beam on the electron beam of 6.04 GeV in the ring of the
European Synchrotron Radiation Facility (ESRF) at Grenoble.
The energy spectrum of this type of beam is flat and the de-
gree of polarization is close to 100% at maximum energy. In
the beam energy range considered here the degree of polariza-
tion varies from 0.6 to 0.98, using the green or the UV lines of
the laser.

When a laser photon is backscattered on an electron in the
ring, the scattered electron is deflected by a magnet of the ring
towards a position sensitive detector (tagging detector) allowing
to deduce its energy with a resolution of 16 MeV (full width at
half maximum). As to the backscattered photons of high energy
and small angular divergence, they constitute the photon beam
which hits the target and continues in air until reaching first
a thin monitor then a full absorption lead-scintillator detector.
A flux intensity close to 1.0 × 106γ /s was used.

The large acceptance detector consists of three layers: wire
chambers, scintillators and calorimeters. In the central part
(25◦ � θ � 155◦), a bismuth germanate (BGO) calorimeter
covering 90% of 4π , centered on the target and vetoed by a bar-
rel of scintillators, detects with a good resolution the γ ’s [14].
In the forward direction (θ � 25◦), a double wall of scintillators
and a shower wall measure the time of flight of the proton and
the neutron respectively [15].

Here, we study the reaction γ n → nπ0π0, using a deuterium
target. We select the events of the reaction γ d → nπ0π0p

where the γ interacts, in a quasi-free process, with the neutron
weakly bound inside the deuterium nucleus while leaving the
partner proton as spectator. In such a process, the neutron tar-
get has a given Fermi momentum and the proton keeps, in the
final state, a momentum of opposite value. Consequently, we
propose to select the quasi-free events as those for which the
proton in the final state has a characteristic Fermi kinetic en-
ergy Ep of a few MeV, which is below the energy threshold for
charged particle detection in the GRAAL setup (≈20 MeV). In
the analysis, the experimental events with five neutral particles
detected in the final state were selected, in order to reconstruct
two π0’s and a neutron, the π0 being detected through its decay
into 2γ ’s. A further selection is imposed by requiring the detec-
tion of the two π0’s in the central detector (BGO). This condi-
tion ensures good angular and energy measurements of the γ ’s
and consequently of the two π0’s. The neutron is detected either
in the central detector or in the forward detector and its angles θ

and φ are measured through the cellular structure of the detec-
tor. In the forward directions, the neutron is discriminated from
the γ ’s by the time of flight given by the shower wall. In the
central detector, the neutron is taken as the neutral particle left
when the four others give the best reconstruction of two π0’s.
The use of the four energy and momentum conservation laws al-
Fig. 1. Bidimensional plot of the invariant masses of two pairs of γ ’s corre-
sponding to the best combination (see text). For this plot, events of the reaction
γ d → nπ0π0psp , with the energy of the undetected proton lower than 50 MeV,
were selected.

lows to deduce the energy of the neutron and the angles and the
energy of the undetected proton. The plot on Fig. 1 shows the
invariant masses for the best combination of two pairs of γ ’s to
reconstruct a double π0. The resolution (full width at half max-
imum) of the reconstructed invariant mass of π0 is 25 MeV. In
Fig. 2, the plot with a thick line displays the energy spectrum
of the undetected proton, where the peak close to zero origi-
nates from the quasi-free process and the background visible at
higher energy comes from other processes.

In parallel to the analysis of the experimental data, a sim-
ulation was carried out using the code LAGGEN of GRAAL
built on an event generator and on the GEANT3 code from the
CERN library. The generator was used to produce events for
the reaction γ d → �0π0p → nπ0π0p, where the gamma in-
teracts with a neutron bound inside the deuterium and having
a Fermi motion. The GEANT3 code provides the tracking of
the produced particles in the detector. The results of the simu-
lation were used for two purposes: to check the event selection
criteria and to determine the acceptance. In the simulation the
events were analyzed as those corresponding to the experimen-
tal data. The energy spectrum of the undetected proton is shown
as a thin line in Fig. 2. A pronounced peak is obvious at Ep ≈ 0
and a flat and low background at higher energy. The comparison
of the experiment and simulation curves in Fig. 2 suggests that
the desired events can be selected by: (i) keeping events with
Ep � 0.05 GeV, (ii) rejecting events with Ep � 0.10 GeV and
(iii) subtracting events with 0.05 � Ep � 0.10 GeV. This filter
was applied for both the experimental and simulated data, in or-
der to correct for the part of true events cut in these operations.
In the inset of Fig. 2, the resulting spectra are shown. A good
consistency in shape and width is observed between the exper-
iment and simulation spectra. In the experimental spectra, the
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Fig. 2. The kinetic energy spectrum of spectator protons in the reaction
γ d → nπ0π0p. In thick line, for the experimental data and in thin line for
the simulation data. In the inset, the same spectra after background subtraction.
For this figure, events are selected within a radius of 35 MeV around the centre
of the spot of Fig. 1.

background to peak ratio is about 20% and the error resulting
from the background subtraction is estimated to be 5%. The
contamination from the various three pions photoproduction
channels was studied using the simulation code. With the real-
istic values of the cross sections used in the GRAAL generator
and with the filtering conditions of the analysis they were con-
trolled to contribute only to the flat background without peaking
near Ep ≈ 0 and so they are subtracted within the background.
For the determination of the acceptance, the simulation used,
as in Ref. [9], three kinematical variables: the photon beam en-
ergy, and the momentum and the θ -angle of the 2π0 system.
This choice of variables attenuates the model-dependence of
the calculated acceptance. When extracting the cross section,
the invariant mass or the beam asymmetry, each experimental
event will be weighted according to the acceptance. Average
efficiencies of 30% on the quasi-free proton and of 8% on the
quasi-free neutron were found. An extrapolation for the uncov-
ered phase space (less than 8% at any photon beam energy) was
needed. The error on the total cross section originating from the
extrapolation does not exceed 4%. There is a systematic error
of about 6% on the acceptance originating from the choice of a
simple phase space by lack of a more realistic one and this error
is not drawn on the results of the present Letter.

The neutron detection efficiency was extracted from the
analysis of experimental events of the reaction γp → nπ0π+
on the free proton. The analysis requires the identification of
such events and the determination of the efficiency as the frac-
tion of events for which the neutron is detected. First, the events
with π0 and low energy π+, both detected in the BGO, are
selected. The restriction to low energy π+ (�200 MeV) is
done to allow a good particle identification by the barrel and
BGO detectors. Second, the kinematics is used to deduce the
θexpected and φexpected angles and the energy En of the neutron.
Third, a comparison of the expected angles of the neutron to
Fig. 3. Spectra relevant to the neutron detection efficiency in the BGO ball
obtained from the reaction γp → nπ0π+ on a free proton target. The up-
per two spectra are for the angular difference between measured and expected
values in θ and φ of the neutron. The lower one is the efficiency ratio (simula-
tion/experiment) for |�(θ)| � 70 and |�(φ)| � 20◦ . See text.

the measured ones, θmeasured and φmeasured, is performed when
the neutron is detected either in the BGO ball or in the shower
wall. Then the efficiency is extracted in terms of En for cuts
on �θ = θmeasured − θexpected and �φ = φmeasured − φexpected.
The efficiency is of the order of 26% in the BGO ball and
of 20% in the shower wall. In parallel, the same procedure is
performed for events obtained by simulation for the reaction
γp → nπ0π+ assuming a 3-body phase space in the final state.
In Fig. 3, are given the �θ and �φ spectra. Also, in the same
figure the efficiencies ratio obtained from the simulation and
the experimental data is plotted as a function of the neutron en-
ergy. The ratio is approximately constant (≈1.08), the neutron
being detected either in the BGO ball or in the shower wall, and
is independent of realistic cuts on �θ and �φ. Accordingly, the
acceptance determined by simulation was divided by 1.08. The
resulting acceptance error is of the order of 4%.

The reaction γ d → pπ0π0n, where the gamma interacts
with a quasi-free proton, bound in the deuterium, was also ana-
lyzed in the same experimental data used for the quasi-free neu-
tron, with as much as possible the same algorithms. This allows
to get rid of most of the systematic errors on the cross section
ratio R (quasi-free neutron/quasi-free proton). Around 800 000
pure events were analyzed on bound protons and 230 000 on
bound neutrons.

In Fig. 4, the total cross sections on the quasi-free neutron
and the quasi-free proton are plotted with solid and open circles
respectively. They show two peaks at 750 and 1100 MeV, the
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Fig. 4. The total cross sections of double π0 photoproduction on the quasi-free
neutron (with solid circles) and quasi-free proton (with open circles), compared
to the one on the free proton (with triangles).

one at the 1100 MeV being higher on the neutron. The system-
atic error on these results is estimated to be about 7%. The cross
section on the quasi-free proton is also compared to the cross
section on the free proton (plotted with triangles), showing a
flattening of the peaks and a shifting towards higher incident
energy.

Since the Fermi motions of the neutron and the proton inside
a deuterium target are identical, it is expected that the total cross
section σt scales in an identical way, when one passes from
quasi-free proton to free proton and from quasi-free neutron to
free neutron. So, using the ratio R (quasi-free neutron/quasi-
free proton) measured here and the cross section on free protons
obtained in Ref. [9], we deduced σt on a free neutron as plot-
ted with dots in Fig. 5, which is compared with σt on a free
proton plotted with empty circles. Both cross sections are dom-
inated by two peaks at 1500 and 1700 MeV in the centre of
mass. The peak at 1700 MeV is more important on the neu-
tron, as also illustrated by the ratio R, plotted in the inset of the
figure.

For the interpretation of our present results on the neutron,
the model of J.M. Laget was used to fit the total cross section
results and to predict the beam asymmetry ones [16,17]. The
parameters of the resonances are the same as on the proton [9],
except: (i) the mass of D13(1650) was shifted to 1675 MeV and
that of P11(1720) to 1710 MeV, (ii) the radiative couplings have
been adjusted to fit the data (Γγ = 0.075 MeV for D13(1675),
0.27 for P11(1500) and 0.01 for P11(1710)), and (iii) the sign
of the radiative coupling of the neutron to the D13(1675) is op-
posite to the one in the proton case. In Fig. 5, the results of the
Laget model on the free neutron are plotted by a continuous line
while those on the free proton, taken from Ref. [9] are shown
by a dotted line. The model reproduces the two peaks which
dominate the total cross section, relying on the interference be-
tween the direct emission of the σ meson and the decay of the
P11 resonances into the σN channel.

The Valencia group model includes a large number of di-
agrams and was used to calculate the various observables in
double pion photoproduction on the nucleon for beam energy
from threshold up to 800 MeV [2,3]. When applied to the dou-
Fig. 5. Total cross sections for double π0 photoproduction on the nucleon as
a function of the beam energy. In dots, are the results of the present work for
γ n → nπ0π0 on free neutron. In circles, the results previously published for
the free proton [9]. The error bars (≈8%) for neutron results are total errors
coming from statistics, background subtraction, neutron efficiency calculation,
and phase space extrapolation. An additional systematic error of ≈6% not
drawn originates from our use in the acceptance calculation the phase space of
γ d → �0π0p → nπ0π0p reaction by lack of a more realistic one. The lines
show the results of models, the solid lines being on neutron and the non-solid
ones on proton. The dotted and dashed lines of Fix and Arenhövel model are
for positive and negative sign of F15π� coupling respectively. In the inset, on
the upper right side, the quasi-free neutron to quasi-free proton cross section
ratio.

ble π0 photoproduction on the nucleon it reproduces the peak
at 800 MeV in the total cross section on the free proton but un-
derestimates the one on the free neutron. The model includes
P33(1232), P11(1440) and D13(1520) as intermediate bary-
onic states and gives the main contribution from D13(1520).
Recently the model was applied to interpret the helicity de-
pendence of the total cross section of �γ �p → π0π0p reaction
[10] and its results were consistent with the dominance of the
σ3/2.

More recently, Fix and Arenhövel calculated the double pho-
toproduction on the nucleon for photon energies from thresh-
old up to 1.5 GeV, using an effective Lagrangian approach
with resonance and Born terms contributions [4]. A satisfac-
tory description of the total cross section of double pions on
the protons for various charge channels was obtained but the
total cross section of double π0 was underestimated. Never-
theless, the model gives a consistent result with the Valencia
group model in explaining the peak at 800 MeV as due to the
D13(1520) resonance. The calculation predicts a second peak at
1 GeV on both the proton and the neutron target mostly com-
ing from the excitation of the F15(1680). The magnitude of the
peak is higher on proton target and then close to the experi-
mental data when the coupling of the F15π� is taken with a
negative sign.
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Fig. 6. Invariant mass (IM) spectra of the quasi-free γ n → nπ0π0 at four beam
energy bins, 100 MeV wide and centered at 720, 850, 1100 and 1300 MeV. On
the left, spectra of the IM of the system (π0π0) and on the right of the IM
of (nπ0). Present results on the quasi-free γ n → nπ0π0 are given in dots.
Our previous results of γp → pπ0π0 on free protons are given in circles. The
dotted line is the phase space of the reaction γ n → �0π0, and the continuous
line the Laget model calculation on the neutron [17].

In Fig. 6, the differential cross sections are presented as a
function of the invariant mass of the two π0’s on the left-hand
side, and of the invariant mass of the neutron and any one of the
two π0’s on the right-hand side, for four bins of beam energy.
The results of the quasi-free γ n → nπ0π0 are plotted with dots
and those of γp → pπ0π0 on a free proton with circles. The re-
sults of the simulation calculation of the reaction γ n → �0π0

are drawn with dotted lines and the results of the Laget model
calculation on a free neutron target with continuous lines. Sim-
ilar shapes are seen in both experimental results on the neutron
and the proton. The two bumps seen in the IM(nπ0) spectra at
beam energies of 1100 and 1300 MeV are roughly reproduced
by simulation calculation relying on the production of �0 in
the final state. The Laget model calculation is consistent with
the overall width, but has several deviations in shape.

The beam asymmetry Σ was extracted for the photoproduc-
tion of double π0 on quasi-free neutrons and quasi-free protons,
through the fitting of the cos(2φ) dependence of the angular
distributions, in the same way as described for free protons in
Ref. [9]. Let us notice that with a linear polarization of the
beam, for the reaction γ n → nπ0π0, the recent reference [18]
gives the expression A cos(2φ) + B sin(2φ) to extract two ob-
servables A and B of beam asymmetry which are functions of 5
variables of the 3-body reaction. However, we have reduced the
reaction to γ n → nX or γ n → π0Y . Doing this we have inte-
grated over the internal variables (θcm, φcm) of X → π0π0 and
Y → nπ0. After the integration, the term B vanishes because it
is odd under the transformation φcm = 2π −φcm. It remains the
part A cos(2φ) where A depends on the variables of the 2-body
reactions γ n → nX and γ n → π0Y .
Fig. 7. The beam asymmetry Σ of the double π0 photoproduction on the
nucleon at four beam energies: (a) 650–780 MeV, (b) 780–970 MeV, (c)
970–1200 MeV, and (d) 1200–1450 MeV. On the left, Σ as a function of the
IM of the system (π0π0) and on the right of the IM of (nπ0). The results of the
present work on the quasi-free γ n → nπ0π0 are given in dots. In circles, the
results of γp → pπ0π0 on free protons. The continuous and dashed lines give
the Laget model calculation on the neutron and the proton respectively. The re-
action plane used to define the φ angle in order to extract Σ was, on the left, the
plane of the incident photon and the total momentum of the 2π0 system, and
on the right, the plane of the incident photon and any one of the two outgoing
π0’s.

The Σ results on a quasi-free nucleon and on a free nu-
cleon should not differ significantly, since the widening of beam
energy by the Fermi motion of the quasi-free nucleon is hid-
den by the significant width of the beam energy bins. In a
global check, the values extracted on a quasi-free proton were
compared with those previously obtained for the free proton
ones [9]. A good consistency was found. All data points agree
within |Σfree − Σqfree| � 0.05. In Fig. 7, the beam asymmetry
results for γ n → nπ0π0 on a quasi-free neutron are presented
with dots, together with the previous results of γp → pπ0π0

from a free proton target (circles). The abscissa variables were
taken to be the same as those used for the differential cross
sections. The errors originate from the statistics and the fitting
procedure on the φ distributions to extract the asymmetry Σ .
The systematic error from the polarization determination not
drawn is of ≈3%. Strictly speaking, the beam asymmetry has
only been extracted within the 5-dimensional phase space cov-
ered by the GRAAL setup, but we expect the influence on Σ

from uncovered phase space regions to be small. The asymme-
try analysis was performed with and without weighting each
event by the acceptance deduced from the simulation calcu-
lation. the asymmetry results remained stable within the error
bars. The Laget model results for free neutrons and protons are
given with continuous and dotted lines respectively. The exper-
imental and theoretical values of the asymmetry are both small
either for the neutron or for the proton. The theoretical curves
have a regular shape and are similar for the neutron and the pro-
ton at a given beam energy. The experimental results display a
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less regular shape, especially for the neutron target, probably
resulting from the contribution of several diagrams not used in
the model.

To summarize, the total cross section of the double π0 pho-
toproduction on the neutron shows a very characteristic pattern
dominated by two peaks at 1500 and 1700 MeV in the centre of
mass. The Laget model built on a few diagrams favoring the ex-
citation of P11 resonances could fit the experimental data. Both
of the models of Valencia group and Fix and Arenhövel suc-
cessfully predicted the peak at 1500 MeV due mainly to D13
excitation. The peak at 1700 MeV was predicted by Fix and
Arenhövel as originating from F15 excitation. Both of the ex-
perimental and Laget model amplitudes of the beam asymmetry
are small (�0.3).
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