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Abstract. Photoproduction of η mesons from 4He has been measured for the first time. The experiment was
performed at the Mainz Microtron (MAMI) using the TAPS photon spectrometer and the Glasgow/Mainz
tagged photon facility. η mesons were identified in coincidence with recoil nucleons. Total and differential
cross sections are presented in the photon energy range between threshold and 818 MeV. The exclusive
data are used to determine the ratio of the elementary production cross sections on bound neutrons and
protons, σn/σp = 0.68 ± 0.02 ± 0.09. In addition, upper limits for the total coherent cross section have
been derived.

PACS. 13.60.Le Meson production – 14.20.Gk Baryon resonances with S=0 – 14.40.Aq π,K and η mesons
– 25.20.Lj Photoproduction reactions – 27.10.+h A≤5

1 Introduction

Photoproduction of η mesons has recently become an im-
portant tool to study the properties of the S11(1535) nu-
cleon resonance. The η is a selective probe for this I=1/2
resonance like the pion in the regime of the ∆(1232). In
the threshold region excitation of the S11 is the dominant
process for η meson production.

This situation is reflected by the experimental pro-
gram of the TAPS and A2 collaborations at the Mainz
Microtron. The study of η photoproduction covered the
range from the elementary processes on proton and neu-
tron (the latter by using a liquid deuterium target) [1,2]
to the properties of the η meson and the S11 resonance in
nuclear matter by using complex nuclei [3]. While all these
experiments were inclusive measurements in the sense that
only the η mesons were detected, the new TAPS setup
built in spring 1995 included a dedicated forward wall
to identify the recoil nucleon (proton, neutron) or light
nucleus (deuteron). This offered the possibility of distin-
guishing between reactions on protons, neutrons and recoil
nuclei directly event by event.

a Present address: Institut für Kernphysik, Forschungszen-
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This experimental improvement is important for at-
tempts to unravel the isospin structure of the S11 reso-
nance, which is still not unambiguously determined. The
isoscalar and isovector amplitudes (As, Av) of the tran-
sition γN −→ ηN are related to the elementary cross
sections in the following way:

σp ∝ (As +Av)2

σn ∝ (As −Av)2 (1)

The coherent cross section on the deuteron (I=0), how-
ever, only depends on the isoscalar part:

σd,coh ∝ (As)2 (2)

From previous inclusive TAPS measurements [2] a ratio of
the isovector to isoscalar part of the transition amplitude
of

Av
As

= 10± 2.5 (3)

was extracted. Recent experiments at ELSA [4] verified
this ratio and, additionally, determined the coherent cross
section on the deuteron in agreement with the TAPS up-
per limit. The absolute value for the coherent cross sec-
tion measured at ELSA, however, is still by a factor of
5 larger than calculations based on the isoscalar ampli-
tude extracted from the the proton and neutron data [5].
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Consequently, improved exclusive experiments are needed.
In principle, the ELSA measurement was such an exclu-
sive experiment. The η mesons were detected by their two
gamma decay and the recoil nucleons and nuclei were iden-
tified using a detector at forward angles. However, due to
the limitations of the statistics and the invariant mass res-
olution of the photon detector (see [4]) the identification
of the processes was mainly based on the recoil particle
information.

The new TAPS setup was designed to do both the re-
construction of the η meson using an invariant mass anal-
ysis and the identification of the recoil particles. It was
used to measure η photoproduction from 4He (discussed
in this paper) and from the deuteron. The latter experi-
ment will give an additional set of data for the quasifree
and coherent mechanisms on the deuteron. The investi-
gation of 4He was carried out not only to determine the
ratio of σn and σp, but also to have an intermediate step
from the lightest nuclei to more complex systems.

An additional interesting topic is the coherent produc-
tion process of η mesons from 4He. Due to the quantum
numbers of 4He (S=0, I=0) the production mechanism
involving the S11(1535) resonance should be strongly sup-
pressed by angular momentum conservation and no longer
dominant. Here, other processes have to be taken into ac-
count like the production via the D13(1520) resonance or
vector meson exchange. Unfortunately, the present exper-
iment can only provide upper limits for the coherent cross
section.

2 Instrumentation and methods

2.1 Experimental setup

The experiment was performed at the Mainz Microtron
(MAMI, [6]) using the Glasgow/Mainz tagged photon fa-
cility [7] and the photon spectrometer TAPS [8]. The com-
bination of the continous wave electron accelerator and the
tagging facility offers an excellent experimental environ-
ment, providing a quasimonochromatic photon beam with
a maximum energy of Eγ = 818 MeV. The energy reso-
lution of the tagging spectrometer is about 2 MeV in the
range between the reaction thresholds (Eγ ≈ 587 MeV
and ≈ 608 MeV for the coherent and quasifree process,
respectively) and the maximum photon energy. The av-
erage available photon flux is about 500 kHz/(2 MeV) in
the region of interest.

The liquid 4He target cell was 10 cm long and 3 cm
in diameter. It was mounted in a scattering chamber of
carbon fibre (ø 90 cm) to minimize scattering, conversion
and energy loss between target and detector.

The η mesons produced were detected by the photon
spectrometer TAPS exploiting their decay into two gam-
mas. TAPS is a modular detector system built of single
BaF2 crystals with hexagonal shape. Each crystal is 25 cm
long and has an inner diameter of 6 cm. For this experi-
ment the modules were arranged in 6 blocks using an 8x8
geometry and one hexagonal forward wall with 120 mod-
ules. The setup used is shown schematically in Fig. 1. To

Fig. 1. The detector setup visualized with the GEANT simu-
lation package. The six BaF2 blocks and the forward wall are
arranged around the scattering chamber containing the 4He
target. The photon beam comes from the lower right corner

discriminate between charged and neutral particles, the
blocks had individual plastic scintillators as veto detectors
in front of each module. In addition, the different excita-
tion of the fast and slow components of the BaF2 scintilla-
tion light by different types of particles was used to obtain
pulse shape identification as shown in Fig. 2a. In the for-
ward wall this was extended to distinguish light charged
particles (π+,p,d,...) photons and neutrons by gluing a fast
plastic scintillator on the front surface of the BaF2 crys-
tal. Both were optically coupled and the light output was
read out by the same photomultiplier tube. The so-called
phoswich modules worked like a ∆E-E-telescope (Fig. 2b).
For further information see [9].

2.2 Data analysis

The photon and particle identification is based on the re-
construction of events in the BaF2 arrays. Normally a
photon produces an electromagnetic shower, which trig-
gers several neighbouring detector modules at a common
time, whereas a massive particle deposits energy in just
one or two modules. With this information together with
that from the veto detectors and the pulse shape analysis
mentioned above, an event can be assigned to a physical
particle. The impact position of the particle is determined
by an energy weighted sum of the single detector locations
[10]. While this works for all particle types, the sum of the
deposited energies can be used as the particle energy only
for photons, for which an energy calibration was carried
out using the detection of cosmic radiation [11]. For pro-
tons and neutrons different methods have to be applied as
discussed below.
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Fig. 2. Two dimensional pulse shape spectra for a BaF2 mod-
ule (a) and a forward wall phoswich detector (b). The light
output of the fast component is plotted versus the light output
of the slow component. Different particle types can clearly be
identified

Once the photons are identified, η mesons can be re-
constructed using the invariant mass of two coincident
photons:

m2
γγ = (Eγ1 + Eγ2)2 − (pγ1 + pγ2)2

= 2Eγ1Eγ2(1− cos θγ1γ2), (4)

where Eγi and pγi are the energy and momentum of the
photons and θγ1γ2 is the opening angle between them. The
result of such an analysis is shown in Fig. 3a. Events with
minv > 500 MeV are processed as η mesons in the subse-
quent analysis. The time of the η (i.e. the coincidence time
of the two photons) is used as an event by event time base
to exploit the good time resolution of the TAPS detector
(σBaF2

= 150 ps).
As mentioned above, the situation is more complicated

for protons: the energy response of the BaF2 modules is
different and the energy loss between reaction vertex and
detector has to be taken into account. Since the identi-
cal setup has been used to study the single π0 photopro-
duction from the proton, this provides the opportunity to
calibrate the energy of the protons with energy loss and
analysis cuts already included. With the identification of

Fig. 3. (a) The two photon invariant mass spectrum obtained
in this experiment. It consists of three components: the pion
peak at 135 MeV, the η peak at 547 MeV and a smooth com-
binatorial background from multi pion events (direct two pion
production and η −→ 3π0 decay). (b) The detector response
(invariant mass) extracted from GEANT simulations compared
with the data. The solid curve represents the shape of the de-
tector response according to GEANT, the upper data set the
invariant mass spectrum measured and the lower data set the
difference between the experiment and GEANT. Above the
analysis cut of mγγ = 500 MeV no background is left in the
data within the statistical error, but 58% of the η decay events
are accepted

the π0 this reaction is kinematically fully determined and
the energy and momentum of the outgoing proton can be
deduced. This information together with the correspond-
ing energy signals from the TAPS modules determines the
calibration.

In case of the neutrons there is no energy loss on the
way to the detector, but there is no direct correlation
between the energy response of the detector and the ki-
netic energy of the neutron. Therefore, the time-of-flight-
information has been used to extract the neutron kinetic
energy. Due to the limited flight path the energy resolution
is not as good as for photons and protons.

2.3 Efficiency corrections

To calculate the detector efficiency for η mesons the sim-
ulation package GEANT has been used. The ability of
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Fig. 4. The angular correlation between a reconstructed and
measured proton in the calibration reaction p(γ,π0)p. FWHM
of the distribution is 4 degrees in both directions

this code to describe the detector response of TAPS for
photons has previously been demonstrated [12]. As an ex-
ample the invariant mass spectrum for this experiment
is shown in Fig. 3b. In this picture one can see the data
compared with the simulation for mγγ > 300 MeV. The
analysis cut for the η mesons has been chosen in such a
way that no background is left in the η region. The overall
efficiency has been calculated as a function of energy and
polar angle of the η mesons. It is typically about 4-5 %.

The proton efficiency was extracted using the energy
calibration data (see above) by checking for each kinemat-
ically reconstructed proton whether a proton was detected
at the predicted location in the TAPS array (within a rea-
sonable uncertainty). As an example Fig. 4 shows the an-
gular correlation between the reconstructed and measured
position.

The neutron efficiency was calculated in a similar way
[13] using the reaction γ(p,π0π+)n. The experimentally
less difficult reaction γ(p,π+)n could not be used because
of the kinematical correlation of π+ and neutron. The ef-
ficiency, which is only available for the forward wall, in-
cludes the analysis cuts and is shown in Fig. 5.

The relative uncertainties of the extracted overall ef-
ficiencies are about 1 % for photons and 5 % for protons
and neutrons, respectively.

3 Results

3.1 Inclusive data

In this section the results for the inclusive η photoproduc-
tion from 4He are presented. Figure 6 shows the total cross
section versus the incident photon energy. The data are
compared to a kinematical model in impulse approxima-
tion which takes into account the elementary cross section
on the proton [1] and the Fermi momentum distribution
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Fig. 5. The energy dependent neutron efficiency (including all
analysis cuts) obtained from the reaction p(γ,π0π+)n [13]. The
different symbols represent different detector thresholds for the
deposited energy

Fig. 6. The total inclusive cross section for η photoproduction
from 4He. The data are compared to a fit with the participant-
spectator model described in the text

in 4He [14]. For a first comparison to the data the cross
section on the neutron (σn) is assumed to be 0.66 · σp
as derived from a former experiment with TAPS on the
deuteron [2], where the same model was able to describe
the data successfully. Final state interactions between the
η meson, the participant nucleon and the spectator nu-
cleus (3H, 3He) are not taken into account, although they
might not be negligible for the strongly bound complex
nucleus 4He. The total inclusive cross section is repro-
duced within this simple approach without invoking any
η absorption in 4He. This does not exclude η rescattering
processes which change the kinematic distributions but do
not reduce the total η yield. Treating σn/σp as a free pa-
rameter, a best fit to the total cross section yields a cross
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Fig. 7. Angular distributions for inclusive η photoproduction
from 4He at four different incident photon energies. The refer-
ence frame is the photon-nucleus-c.m.-system. The curves cor-
respond to the predictions of the participant-spectator model

section ratio of
σn
σp

= 0.67± 0.01 (5)

The error given is only statistical. The systematic error is
strongly linked to the model assumptions. The consistency
of the ratio extracted from 2H and 4He data corroborates
the neglect of η absorption for these light nuclei in contrast
to more complex nuclei [3].

As mentioned above, final state interactions should be
observable in kinematic spectra like the angular distribu-
tion of the η mesons or recoil nucleons. In Fig. 7 these
differential cross sections are shown for four different bins
in the incident photon energy. Again, the data points are
compared with the model above and one can see signifi-
cant deviations. This is important because if this model
is not able to describe the process kinematics, it cannot
be used to extrapolate the exclusive η-nucleon data to the
full solid angle. Therefore the cross sections given in the
next section are only valid within the detector acceptance.

Fig. 8. The exclusive η photoproduction cross section on 4He
within the acceptance of the detector setup (see text). The
inset shows the ratio of the two data sets

3.2 Exclusive data

In the last section the ratio σn/σp was extracted from
the inclusive total cross section. However, the best way
to obtain this ratio is to determine event by event which
nucleon (proton or neutron) was the participant in the re-
action. For this purpose the additional TAPS forward wall
was built. Due to energy losses proton detection was only
possible for kinetic energies above E = 60 MeV. Since pro-
ton and neutron emission in coincidence with an η meson
have to be compared, this limit must also be applied to
neutrons.

In Fig. 8 the cross sections within σacc,n and σacc,p
above this energy limit and within the 5o−19o polar angle
acceptance of the forward wall are presented. The inset
shows the ratio between the two data sets. There is no
significant energy dependence in the energy range covered.
The mean value is

σn
σp

= 0.68± 0.02± 0.09. (6)

The errors given are statistical and systematic, respec-
tively. The systematic error is mainly due to the un-
certainty of the nucleon detection efficiencies, the error
caused by the influence of final state interactions is not
taken into account. As stated in the last section, the com-
parison of the results from deuterium and 4He indicates
that η-rescattering effects are not important for the in-
clusive cross section. Their influence on the cross section
ratio derived from the exclusive data must even be smaller
since η-mesons produced on a proton or on a neutron will
be effected in a similar way. The exclusive measurement
could be influenced by nucleon charge exchange rescatter-
ing but this effect has no impact on the inclusive data.
The very good agreement between the inclusive and ex-
clusive results therefore strongly suggests that such effects
are not important.

The same cross section ratio can be deduced from the
nucleon energy spectra integrated over the available pho-
ton energy range (Fig. 9a). The experimental cross sec-
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Fig. 9. (a) The appropriate kinetic energy differential cross
sections of the recoil nucleons for η photoproduction from 4He
within the detector acceptance together with the ratio of the
two data sets. (b) The angular differential cross section com-
pared with the output of the participant-spectator model (solid
and dashed histograms, respectively). The vertical dashed lines
indicate the angular range subtended by the forward wall and
the two most forward TAPS blocks

tion ratio, now derived in inclusive and exclusive mea-
surements, can be compared to quark model predictions
[15–20] which are in the range of σn/σp = 0.4− 1.1.

To corroborate the statement of the last section, that
the model used to describe the inclusive data is not able to
give a full kinematical description of the process, the an-
gular distribution of the nucleons is shown in Fig. 9b. For
the protons the TAPS block data are also included in this
spectrum. The two curves represent the model predictions
for protons and neutrons, respectively. As one can see the
data are much more backward peaked then the calcula-
tion. Unfortunately, there is no more elaborate model for
quasifree η photoproduction from 4He.
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Fig. 11. The extracted upper limits for coherent η photopro-
duction from 4He versus the incident photon energy. Three
theoretical predictions are included for comparison [21–23]

3.3 Coherent η production

In contrast to the quasifree mechanism coherent photopro-
duction is a theoretically well explored field. The calcula-
tions [21–23] all predict that the cross section is near or
below the detection limit of this experiment. Since there
was no satisfactory model for the quasifree cross section,
the task of distinguishing the coherent events from the
quasifree background could not be as sensitive as necces-
sary. To illustrate the situation, Fig. 10 shows a missing
mass analysis for a given incident photon energy and η po-
lar angle. Coherent production events should be located
around Emiss=0. Due to resolution effects quasifree events
can, however, also contribute to this area. With no reason-
able theoretical prediction for the shape of the quasifree
background the fraction of coherent events can thus not be
quantitatively determined. An upper limit can, however,
be derived by fitting entries with Emiss >0 to the expected
response function for a coherent signal (see Fig. 10). In
Fig. 11 the upper limits with a significance of 1σ are shown
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in comparison to three theoretical calculations. An im-
provement, albeit model dependent, could be made, if a
better description for the quasifree mechanism could be
provided.

4 Summary

It has been shown using inclusive and exclusive data that
for quasifree η photoproduction from 4He the ratio of the
cross sections on bound neutrons and protons σn/σp is
close to 2/3. This result agrees with other recent publica-
tions, where this value was deduced from inclusive mea-
surements on the deuteron [2,4]. However, this verifica-
tion does not solve the question with regard to the isospin
structure of the electromagnetic excitation of the S11 res-
onance, but it implies that only an exclusive measurement
of coherent η photoproduction from the deuteron can clar-
ify the situation. Such an experiment has been performed
using the same setup as this work and the analysis is cur-
rently in progress.

A new experiment to measure the coherent η photo-
production from 3He is in preparation. It is part of the
current TAPS program at MAMI. For 3He, the quantum
numbers (S=1/2, I=1/2) are most suitable for coherent η
photoproduction involving the S11(1535) resonance. The
cross section is expected to be much larger than on the
deuteron and 4He.
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3. M. Röbig-Landau et al., Phys. Lett. B 373 (1996) 45
4. P. Hoffmann-Rothe et al., Phys. Rev. Lett. 78 (1997) 4697
5. A. Fix et al., Z. Phys. A 359 (1997) 427
6. H. Herminghaus, Proc. Linear Accelerator Conf. (Albu-

querque, USA, 1990)
7. I. Anthony et al., Nucl. Instr. Meth. A 301 (1991) 230
8. R. Novotny, IEEE Trans. Nucl. Science 38 (1991) 379
9. R. Novotny et al., IEEE Trans. Nucl. Science 43 (1996)

1260
10. T.C. Awes et al., Nucl. Instr. and Meth. A 311 (1992) 130
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