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Abstract. Over the last decade accurate experiments at MAMI played an essential role to improve our
understanding of the nucleon to ∆(1232) transition. Originally to a large extent motivated through intra–
quark hyperfine interactions anticipated in QCD-inspired quark models they showed that pionic degrees
of freedom are essential. The meson cloud is mainly responsible for the observed quadrupole excitation
strength and affects the magnetic dipole transition strength as well.

PACS. 13.60.Le Meson production – 13.40.-f Electromagnetic processes and properties – 14.20.Gk Baryon
resonances with S = 0

1 Introduction

At very high energy and momentum transfers in deep in-
elastic lepton scattering, proton and neutron reveal their
substructure of pointlike, almost massless spin-1/2 con-
stituents, the quarks, and of gluons as the exchange bosons
mediating the color force between them. In this regime
of asymptotic freedom Quantum Chromodynamics is well
established as the basic underlying theory of strong inter-
action. However, at momentum transfers corresponding to
the nucleons’ size, the nonlinear strong couplings prohibit
the solution of the QCD field equations using perturbation
theory. Hence, basic properties such as mass, size and exci-
tation spectrum are only qualitatively [1] understood and
remain still a domain of models [2]. To prove that QCD
provides also the correct theory at the confinment scale is
the challenge of Lattice calculations, currently stepping
beyond quenched approximations [3] by realistic light–
quark vacuum polarisation and chiral quark actions [4,5].

Analogously to atomic spectroscopy at the threshold to
the era of quantum mechanics, baryon spectroscopy serves
today as a tool to improve our understanding of the inner
dynamics of the nucleon. Generally, the high level density
of excited states in combination with their short lifetimes,
and thus large natural widths, provides an annoying ex-
perimental obstacle. However, there are two states which
can be experimentally almost exclusively prepared, out-
standing in cross section and well separated in mass from
their neighbours. The N(1535)S11 negative-parity partner
of the nucleon which selectively couples to the η-nucleon
final state. Its mass puts it at the very edge of the energy
range accessible with MAMI–B. Contrary, the decuplet
ground state ∆(1232)P33 couples almost entirely into the
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Fig. 1. Photoexcitation of the N → ∆ transition. Top: M1
photon generating a spin-flip transition; bottom: E2 or C2 pho-
ton introducing angular momentum L = 2.

π-nucleon channel, perfectly fitting the present nominal
MAMI energy and thus most suited for a detailed study.

From the viewpoint of the inner quark dynamics the
nucleon to ∆(1232) transition is very interesting. In the
SU(6) symmetric constituent quark model it corresponds
to a pure spin-flip of one of the quarks, yielding the spin
3/2 of the ∆(1232). Electromagnetic excitation requires
thus an M1 magnetic dipole photon as schematically de-
picted in fig. 1 (top). Parity and angular momentum con-
servation would alternatively allow the absorption of an
L = 2 photon, coupling together with the nucleons spin
1/2 to J = 3/2, cf. fig. 1 (bottom). However, this re-
quires L = 2 quadrupole components in one or both of
the nucleons and deltas quark wave functions, in anal-
ogy to the deuteron in nuclear physics. As in the latter
case, the quadrupole components can be associated with
a spherical deformation of the system. They originate from
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tensor parts in the interaction of the constituents which,
in QCD-motivated models, are attributed to the color hy-
perfine interaction among the quarks [6,7].

While most of our knowledge about the nucleon excita-
tion spectrum stems from pion-nucleon scattering experi-
ments, those are insensitive to the quadrupole strength in
the nucleon to∆(1232) transition. Due to the positive par-
ity of both nucleon and∆, the angular momentum∆L = 1
magnetic transition is generated in π-N scattering, but
not the ∆L = 2 one. The latter requires photons which
provide positive parity with both ∆L = 1 and ∆L = 2.

For photon energies up to 2000MeV, fig. 2 shows
the total absorption cross section of real photons on the
proton. The ∆(1232) resonance exhibits almost isolated
around Eγ = 340MeV, whereas the second and third
resonance regions are composed of numerous overlapping
resonances which, in the total absorption cross section,
cannot be separated. Due to their short life time, the di-
rect detection of the resonances is precluded. Since the
∆(1232) almost exclusively decays into pion and nucleon,
pion photo- and electro-production off the nucleon pro-
vide the major experimental tools for the investigation of
its properties.

2 Kinematics and cross section of pion photo-

and electro-production

The kinematics of pion electroproduction are shown in
fig. 3 at the example of the e+p→ e+p+π0 reaction. The
electron is scattered by the laboratory angle ϑe and the
exchanged virtual photon transfers the difference between
incoming and scattered electron energies and momenta,
ω = E−E′ and q = k−k′, respectively. Q2 = −qµqµ > 0
represents the invariant mass of the virtual photon. The
electron scattering plane is spanned by the unit vectors

ẑ = q̂ = q/|q|, ŷ = k̂ × k̂′, and x̂ = ŷ × ẑ.
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Fig. 2. World data of the real photon total absorption cross
section as a function of the photon energy [8]. The open and
full circles represent the data from MAMI [9] and NINA [10].
The parameterization after [11] is shown as the solid line.
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Fig. 3. Kinematics of pion electroproduction. The vectors of
the reaction plane are in the rest frame of the ∆.

In its rest frame, the recoiling hadronic system decays
back to back into π0 and proton. Θπ and Θp denote the
pion and proton angles with respect to q in the hadronic

cm frame. The reaction plane, which is given by l̂ = p̂cm
p ,

n̂ = q̂ × p̂cm
π , and t̂ = n̂× l̂, is tilted against the electron

scattering plane by the angle Φ.
In one photon exchange approximation the fivefold dif-

ferential cross section

d5σ

dEedΩedΩcm
π

= Γ
d2σv
dΩcm

π

(1)

factorizes into the virtual photon flux,

Γ =
α

2π2

E′

E

kγ
Q2

1

1− ε
, (2)

and d2σv/dΩ
cm
π , the virtual photon cm cross section. α

denotes the fine structure constant, kγ = (W 2−m2
p)/2mp

the real photon equivalent laboratory energy for the exci-
tation of the target with mass mp to the cm energy W ,

and ε = [1+(2|q|2/Q2) tan2 ϑe
2
]−1 the photon polarisation

parameter.
Without target or recoil polarisation, the virtual pho-

ton cross section is given by [12]

d2σv
dΩπcm

= λ · [RT + εLRL + c+RLT cosΦ+

εRTT cos 2Φ+ Pec−RLT ′ sinΦ]. (3)

The ratio λ = |p cm
π |/kcm

γ is determined by the pion cm
momentum p cm

π and kcm
γ = (mp/W )kγ . The structure

functions, Ri, parameterize the response of the hadronic
system to the various polarisation states of the photon
field, which are described by the transverse and longitu-

dinal polarisation, ε and εL = Q2

ω2
cm

ε, also contained within

the factors c± =
√

2εL(1± ε). The degree of longitudinal
electron polarisation is denoted by Pe.

In lowest order, the tree graphs depicted in fig. 4 con-
tribute to the cross section in the ∆(1232) resonance re-
gion. For π0 production the pion pole and the contact term
vanish, because the photon cannot couple to the charge-
less pion. Thus, usually the π0 channel is chosen to tag
the ∆(1232) intermediate state. Nevertheless, the unam-
biguous tagging is hampered by the inevitable background
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Fig. 4. Lowest-order graphs of single-pion electroproduction.

from non-resonant π production (cf. fig. 4). Therefore, to
extract the small quadrupole admixture, a full multipole
analysis would be desirable in analogy to π-N scattering.
However, in pion production experiments with real and,
in particular, virtual photons this is much more difficult
to achieve, because more invariant amplitudes need to be
independently determined.

2.1 Multipole decomposition

The response functions R of eq. (3) can be decomposed
into pion multipoles of the final state. In S and P wave
approximation this yields [12,13]:

RL = λ̃2 [ |S0+|2 + 4|S1+|2 + |S1−|2
−4<e{S∗

1+S1−}+ 2 cosΘ<e{S∗

0+(4S1+ + S1−)}
+12 cos2Θ (|S1+|2 + <e{S∗

1+S1−}) ], (4)

RT = |E0+|2 +
1

2
|2M1+ +M1−|2

+
1

2
|3E1+ −M1+ +M1−|2

+2 cosΘ<e{E∗

0+(3E1+ +M1+ −M1−)}

+cos2Θ

[

|3E1+ +M1+ −M1−|2

−1

2
|2M1+ +M1−|2

−1

2
|3E1+ −M1+ +M1−|2}

]

, (5)

RTT = 3 sin2Θ

[

3

2
|E1+|2 −

1

2
|M1+|2

−<e{E∗

1+(M1+ −M1−) +M∗

1+M1−}
]

, (6)

RLT = − sinΘ λ̃<e{S∗

0+(3E1+ −M1+ +M1−)

−(2S∗

1+ − S∗

1−)E0+

+6 cosΘ (S∗

1+(E1+ −M1+ +M1−)

+S∗

1−E1+) }, (7)

RLT ′ = sinΘ λ̃=m{S∗

0+(3E1+ −M1+ +M1−)

−(2S∗

1+ − S∗

1−)E0+

+6 cosΘ (S∗

1+(E1+ −M1+ +M1−)

+S∗

1−E1+) }. (8)

λ̃ = ωcm/|qcm| is a current conservation factor related to
the definition of the amplitudes. The photon and pion mul-
tipoles up to order Lγ = 2 are summarized in table 1. Ac-
cording to their parity the photon multipoles are classified

Table 1. Photon and pion multipoles up to Lγ = 2.

γ-N system π-N system

Lγ γ-multipole J lπ π-multipole
parity

0 C0 1/2 1 S1− +

1/2 0 E0+/S0+

E1/C1
3/2 2 E2−/S2−

−

1/2 1 M1−1
M1

3/2 1 M1+

+

3/2 1 E1+/S1+

E2/C2
5/2 3 E3−/S3−

+

3/2 2 M2−2
M2

5/2 2 M2+

−

as electric/coulombic (E/C) or magnetic (M). The pion
multipoles AI

lπ±
are characterized through their magnetic,

electric or scalar (longitudinal) nature, A = M,E, S (L),
the isospin, I, and the pion-nucleon relative angular mo-
mentum, lπ. The coupling of lπ with the nucleon spin to
the total angular momentum, J , is indicated by ±. Omis-
sion of the isospin index as in eqs. (4-8) indicates ampli-
tudes in the pπ0 charge channel throughout this paper.

In general, the unambiguous tagging of a resonance re-
quires the multipoles to be determined in the appropriate
isospin channel. However, at the resonance position of the
∆(1232) the pπ0 amplitudes provide a very good approx-
imation to the separated isospin components. Both meth-
ods, simultaneous measurement of π0 and π+ production
and sole π0 production, have been exploited.

3 Experimental methods and results

The sensitivity to the N → ∆(1232) quadrupole ampli-
tudes is directly illustrated by the S and P wave multi-
pole decomposition of the cross section in eqs. (4–8). All
structure functions contain E1+ or S1+ amplitudes, either
quadratically or as bilinear combinations.

The smallness of the quadrupole amplitudes makes a
determination of their square against the leading |M1+|2
very difficult, e.g., a Rosenbluth separation of RL and RT

for the extraction of |S1+|2. It is much more promising
to exploit interferences with the dominating M1+ multi-
pole. Thus, the experiments based on unpolarised electron
beams extracted the quadrupole over dipole ratios

EMRπ0

=
<e{E∗

1+M1+}
|M1+|2

(9)

and

CMRπ0

=
<e{S∗

1+M1+}
|M1+|2

(10)

from measurements of the RTT and RLT type structure
functions.
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3.1 Real photon experiments

With real photon beams, i.e. Q2 = 0, the longitudinal
parts of the cross section vanish. Of eqs. (4–8) thus only
RT and RTT contribute and the cross section is often writ-
ten in the form [12]

d2σ

dΩcm
π

=

[

d2σ

dΩcm
π

]

0

· [1− Pγ Σ cos 2Φ], (11)

where [ d2σ
dΩcm

π

]0 denotes the unpolarised cross section and

Pγ is the degree of linear polarisation of the photon
beam. The photon-beam asymmetry Σ represents the ra-
tio RTT /RT and thus enters the cross section with the
cos 2Φ modulation characteristic for the directional sensi-
tivity against the plane of linear polarisation. This plane
is intrinsically fixed by kinematic constraints in electron
scattering, usually the detection of the final-state electron
under a certain angle. Contrary, real photon beams from
electron bremsstrahlung are a homogeneous superposition
of all polarisation directions. The net polarisation conse-
quently vanishes.

To obtain linear polarised photon beams it is necessary
to fix the electron scattering plane in the bremsstrahlung
process. This can be achieved by off-axis tagging or, as
exploited at MAMI, through coherent bremsstrahlung off
a diamond crystal. Under certain kinematic conditions de-
pending on the crystal alignment relative to the electron
beam the crystal lattice, similar to the Mössbauer effect,
coherently takes the bremsstrahlung recoil instead of indi-
vidual nuclei. This generates intensity peaks in the other-
wise ' 1/Eγ distribution of the bremsstrahlung spectrum.
Within the energy region of the coherent peak the crys-
tal orientation determines a particular electron scattering
plane. Hence, the photon beam is linearly polarised and
the degree of linear polarisation is related to the intensity
excess over the incoherent spectrum.

According to eq. (11), linear polarised beams with
Pγ 6= 0 enable the contribution of the beam asymmetry
Σ to the observed cross section. Its size is determined by
interferences of the type |M1+|2 + 6<e{E∗

1+M1+} + · · ·

Fig. 5. The cylinder-symmetric DAPHNE detector (Figure
courtesy of MAMI-A2 collaboration).

which provide a very high sensitivity to the EMR. In or-
der to exploit those experimentally, the cos 2Φ azimuthal
modulation of the cross section needs to be determined.
A detector with cylinder symmetry is ideally suited for
this purpose. The first experiments of the A2 collabora-
tion at MAMI consequently used the DAPHNE setup to
detect the recoil protons from the γ+p→ π0+p reaction,
schematically depicted in fig. 5 [14,15].

Results of such measurements are shown in fig. 6. Ex-
ploiting the cleanly measured azimuthal modulation (left
part of figure) the photon beam asymmetries (right part)
can be determined as a function of polar angle over the
entire energy region of the ∆(1232) resonance. In conjunc-
tion with the simultaneously measured differential cross
sections it is possible to perform a detailed mulipole anal-
ysis. Results are depicted in fig. 7 [15,16]. Furthermore,
including the results of the reaction γ + p→ π+ + n with
linearly polarised photon beam enables an isospin decom-
position. At the resonance position it provides EMR re-
sults in agreement with the π0 channel alone. As final re-
sult [15] the electric quadrupole to magnetic dipole ratio

Fig. 6. Left: Measured relative cross section of the reaction
γ + p → π0 + p using linearly polarised photon beam as a
function of the azimuthal angle Φ at fixed polar angle Θcm

π =
90◦. Right: Polar–angle dependence of the extracted photon
beam asymmetry.

Fig. 7. Multipole fits based on measurements of cross section
and photon asymmetry using linearly polarised real photon
beams [16].
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<e{E∗
1+M1+}

|M1+|2
= (−2.5± 0.1stat ± 0.2syst) % (12)

was obtained.
The beam asymmetry had also been extracted using

the large acceptance TAPS photon detector, covering the
full polar angular range for the π0 decay photons [17].
Despite the coplanar detector arrangement, Σ could be
determined through the deliberate rotation of the photon
polarisation plane.

3.2 Virtual photon experiments

Due to the nonzero mass of the exchange photon, in elec-
troproduction also longitudinal pieces contribute, in total
four structure functions with unpolarised electron beam
and a fifth one with longitudinally polarised beam. If ei-
ther a polarised target is provided in the initial state or
the final state proton polarisation is determined, then 13
more structure functions enter the cross section, i.e. a to-
tal of 18. Not all of those are independent.

In addition to the EMR now also the CMR (cf.
eq. (10)) is accessible. As in the photoproduction case, suf-
ficient sensitivity is only obtained through interferences of
the S1+ amplitude with the dominating M1+.

3.2.1 Unpolarised electroproduction

According to the discussion of sect. (3.1), in electron scat-
tering a linearly polarised photon field is already obtained
without the need to polarise the electrons. Thus, the EMR
can be determined similar to real photon experiments with
a large acceptance detector [18,19]. The kinematic focus-
sing at large Q2 enables full centre-of-mass coverage us-
ing a relatively small acceptance in the laboratory, e.g. of
magnetic spectrometers [20]. At smaller Q2 the required
angular range must be covered by subsequent settings
of the spectrometers. This technique has been used for

the MAMI experiments in order to determine the CMRπ0

from the longitudinal-transverse interference part of the
cross section. Since RLT comes along with a cosΦ az-
imuthal modulation, cf. eq. (3), it is sufficient to measure
the recoil protons of the p(e, e′p)π0 reaction within the
electron scattering plane, i.e. within the laboratory floor
plane. At each π0 centre-of-mass polar angle θcmπ0 , the co-
sine term exhibits through a cross section asymmetry in
measurements left (Φ = 0◦) and right(Φ = 180◦) of the
direction of three-momentum transfer, q:

ρLT (θ
cm
π0 ) :=

dσv(Φ = 0◦)− dσv(Φ = 180◦)

dσv(Φ = 0◦) + dσv(Φ = 180◦)
. (13)

According to eq. (3), it is related to the partial responses
via

ρLT (θ
cm
π0 ) =

c+RLT

RT + εLRL + εRTT
. (14)

Fig. 8. Three-Spectrometer-Setup of the MAMI-A1 collabora-
tion. Spectrometer B (left) is lifted out of plane by 10 degrees
(see text). Picture courtesy of Markus Weis.

The sensitivity to S1+ can be seen from the decomposition
of eq. (14) into the leading S and P partial waves. At the
∆(1232)-resonance position the asymmetry

ρLT (θ
cm
π0 ) ' f(θcmπ0 )

<{(S∗
0+ + 6S∗

1+ cos θcmπ0 )M1+}
|M1+|2

(15)

is approximated. Thus measurements of ρLT in the for-
ward (θ1) and backward cm-hemisphere (θ2 = π − θ1)
allow the extraction of S1+/M1+ and, simultaneously, of
S0+/M1+, i.e. the main contribution of inherent non–
resonant background:

<{S∗
1+M1+}
|M1+|2

= f1(θ1,2) · [ρLT (θ1)− ρLT (θ2)] + C1, (16)

<{S∗
0+M1+}
|M1+|2

= f0(θ1,2) · [ρLT (θ1) + ρLT (θ2)] + C0. (17)

The functions f denote kinematic factors, C0 and C1 con-
tributions of multipoles beyond the simple approximation.

Using the 3-Spectrometer-Setup of the MAMI-A1 col-
laboration shown in fig. 8, the asymmetries

ρLT (θ
cm
π0 = 160◦) = (12.18± 0.27stat ± 0.82sys)%,

ρLT (θ
cm
π0 = 20◦) = (−11.68± 2.36stat ± 2.36sys)%

have been measured [21]. They are shown in fig. 9 along
with different calculations. The prediction of Sato and
Lee [22] describes the asymmetries quite well, to a lesser
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Fig. 9. Left-right asymmetries ρLT measured in π0 production
with unpolarised electron beam compared to model predictions
from MAID2003 [23] (dotted), DMT2001 [24,25] (dashed),
Sato/Lee [22] (dashed dotted). The full curve represents a
MAID2003 re-fit [21]. The inner and outer errors are purely
statistical and quadratically summed statistical and systemat-
ical, respectively.

extent the calculation within the dynamical model of
Kamalov and Yang [25]. Also the standard MAID2003
parametrisation [23] provided only moderate agreement,
in particular at backward pion angle. This was resolved
through a re-fit including also polarisation data as de-
scribed in the following subsect. 3.2.2.

Using the MAID re-fit, the multipole ratios of eqs. (16)
and (17) were determined to

<{S∗
1+M1+}
|M1+|2

= (−5.45± 0.42)%, (18)

<{S∗
0+M1+}
|M1+|2

= (2.56± 2.25)%. (19)

The S0+ result is compared to older measurements in

fig. 10. It practically excludes that a large negative CMRπ0

found by ref. [26] at Q2 = 0.12 (GeV/c)2 can be ex-
plained by the particular contribution of a large negative
S0+/M1+ ' −10% [27] in forward pion kinematics.

3.2.2 Polarised electron beams: 5th structure function

RLT ′ , the 5th structure function of eq. (3), measures the
imaginary part of the same interference which RLT and
ρLT contain the real part of. This is obvious from com-
parison of the S- and P -wave decompositions in eqs. (7)
and (8). Experimentally, RLT ′ can be extracted through
the cross section asymmetry with regard to the flip of
beam helicity between ±1:

ρLT ′ =
dσ+ − dσ−

dσ+ − dσ−
(20)

=
c−RLT ′ sinΦ

RT + εLRL + c+RLT cosΦ+ εRTT cos 2Φ
. (21)

Fig. 10. Result for the S0+ strength from π0 electroproduc-
tion at low Q2 (black cross). The open sympols represent older
measurements from DESY [28] and NINA [29].

Fig. 11. Schematics of the Møller polarimeter of the MAMI-
A1 collaboration.

The measurement requires longitudinally polarised elec-
tron beam and, since RLT ′ enters the cross section with
sinΦ (cf. eq. (3)), out-of-plane detection of the recoil pro-
tons or the scattered electrons of the p(e, e′p)π0 reaction.

Intense and highly polarised electron beams are rou-
tinely available at MAMI [30]. The degree of longitu-
dinal polarisation at the beam axis in the spectrome-
ter hall is accurately measured by a Møller polarimeter,
where the beam electrons are scattered off polarised elec-
trons. Those are provided in an iron foil magnetised to
saturation within the 4 Tesla field of a superconducting
solenoid. Symmetric scattering kinematics is selected by
momentum-specific detection of the outgoing electron pair
behind a magnetic dipole field. The setup is schematically
shown in fig. 11. A cm angular acceptance of δΘ/Θ ' 20%
around Θcm = 90◦ makes the influence of the Fermi mo-
tion of the bound electrons, the so-called Levchuk ef-
fect [31], negligible [32].

Out-of-plane detection capability is provided by spec-
trometer B, which can be tilted up to 10◦ [33] as visible in
fig. 8. Using this setup the beam-helicity asymmetry was
determined at the energy of the ∆(1232) resonance and
Q2 = 0.2 (GeV/c)2 [34]. The result is shown in fig. 12.

The calculations within the dynamical models of Sato
and Lee [22] as well as of DMT2001 [25], and the
MAID2000 parametrisation [23] all were found to disagree
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Fig. 12. Beam-helicity asymmetry ρLT ′ measured in π0 pro-
duction with longitudinally polarised electron beam. The dot-
ted curve represents the original MAID2003 calculation [23].
The dashed-dotted and dashed curves are the results of the
dynamical models of Sato-Lee [22] and Kamalov-Yang [25], re-
spectively. The full curve is the MAID re-fit of ref. [21]. Errors
are purely statistical.

with this measurement. However, rescaled by a factor 0.75
MAID described the asymmetry very well. The later re-
fit of real and imaginary parts of the S1+ and S0+ π0-
amplitudes in MAID2003 on basis of the MAMI ρLT and
ρLT ′ data provided a very satisfactory description of the
polarisation data, cf. the full curve in fig. 12, and of the
unpolarised measurement discussed in the preceding sec-
tion as well [21]. This underlines the absolute need to un-
derstand the physical background amplitudes before the
small quadrupole contributions can be reliably extracted.
Ideally, a complete experiment with respect to a multipole
decompostion is required.

3.2.3 Double Polarisation Experiments: Recoil proton
polarimetry

A complete experiment in the above sense would require
to measure more than 11 independent observables over the
energy range of the ∆(1232) and the full angular range.
Even with application of Watson’s theorem [35,36], which
below 2π0 threshold relates real and imaginary parts of
the amplitudes, this presently is out of reach in pion elec-
troproduction. In order to get as close as possible and thus
minimise the model dependence in the extraction of the
quadrupole amplitudes, it is mandatory to measure double
polarisation observables.

In parallel kinematics of the p(e, e′p)π0 reaction (cf.
fig. 13) each of the three cartesian components of the
proton polarisation, in addition to the unpolarised cross
section σ0, only depends on one specific structure func-

Fig. 13. Recoil polarisation components in parallel kinemat-
ics of the reaction p(e, e′p)π0. For visual clarity only, the π0

is drawn slightly sideways. The x, y, and z components are
defined relative to the electron scattering plane.

tion [37]:

σ0Px = λ · Pe ·
√

2εL(1− ε)Rt
LT ′ , (22)

σ0Py = λ ·
√

2εL(1 + ε)Rn
LT , (23)

σ0Pz = λ · Pe ·
√

1− ε2Rl
TT ′ . (24)

According to fig. 13 the axes are defined relative to the
electron scattering plane and the virtual photon direction.
This is the natural choice, since in parallel kinematics the
recoil polarisation is completely determined by the angular
momentum transfer from the photon field. Decomposition
up to S and P partial waves,

σ0Px = Pec− λ̃ <e{(4S1+ + S1− − S0+)
∗

(M1+ −M1− −E0+ + 3E1+)}, (25)

σ0Py = −c+ λ̃ =m{(4S1+ + S1− − S0+)
∗

(M1+ −M1− −E0+ + 3E1+)}, (26)

σ0Pz = Pec0
[

|M1+|2 + |M1−|2 + 9|E1+|2 + |E0+|2
+ <e{6E∗

1+(M1+ −M1−)− 2M∗

1+M1−

−2E∗

0+(M1+ −M1− + 3E1+)}
]

, (27)

reveals the high sensitivity to the quadrupole amplitudes.
In particular, since σ0 is dominated by |M1+|2, Px pro-

vides a rather direct measure of the CMRπ0

. The factor
c0 =

√
1− ε2 entering Pz is related to the circular polari-

sation of the photon field.
Except the small contribution of RL to σ0, in parallel

kinematics Pz is entirely determined by kinematic con-
stants, i.e. the transfer of circular photon polarisation to
the protons, since Rl

TT ′ = RT . The transverse components
Px and Py measure real and imaginary parts of the same
interferences, similar to ρLT and ρLT ′ but in different com-
binations and with different weights of amplitudes. Thus,

the model dependence in the extraction of the CMRπ0

is
different from unpolarised measurements. Morever, also
the composition of systematic errors is completely differ-
ent due to the orthogonal experimental technique.

The first N → ∆ double-polarisation experiment
ever has been performed at the 3–Spectrometer setup of
MAMI [38]. Central to the experiment is the measurement
of proton polarisation behind the focal plane of one of the
spectrometers [39,40]. This is based on inclusive proton
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carbon scattering. Due to the strong spin-orbit coupling,
the transverse polarisation components, Pn and Pt, gen-
erate an azimuthal modulation of the unpolarized cross
section, σC0 :

σC = σC0 (Θs, T ) [1 +AC(Θs, T ) (Pt sinΦ− Pn cosΦ)] .
(28)

The relative strength is determined by the known [41,42]
analyzing power, AC .

The two polarisation components accessible at the fo-
cal plane must be traced back to the target through the
spectrometer magnets. This complication on the one hand
provides, on the other hand, the opportunity to determine
the otherwise inaccessible longitudinal polarisation com-
ponent. A separation of Px, Py and Pz is achieved since
x and z components are odd under beam-helicity rever-
sal, while Py is even (cf. eqs. (22)–(24)). At the energy
of the ∆(1232) resonance and a momentum transfer of
Q2 = 0.121 (GeV/c)2 the three polarisations were simul-
taneously measured to

Px/Pe = (−11.4± 1.3stat ± 1.4syst)%, (29)

Py = (−43.1± 1.3stat ± 2.2syst)%, (30)

Pz/Pe = (56.2± 1.5stat ± 2.6syst)%. (31)

Based on the Px result, the CMRπ0

<{S∗
1+M1+}
|M1+|2

= (−6.4± 0.7stat ± 0.8syst)% (32)

was extracted using the MAID parametrisation [38].
Within the errors this agrees with the alternative method
of extraction using Px/Pz, which experimentally provides
the advantage that the magnitudes of both analysing
power and beam polarisation drop out. Contrary, the ra-
tio is affected by a larger uncertainty in spin precession of
the z-component compared to Px. To first order the latter
would not precess at all in a homogeneous vertical-bend
dipole field.

The result for the CMRπ0

is depicted in fig. 14 along
with unpolarised measurements. Keeping in mind that

the large negative CMRπ0

of ref. [26] (full triangle tip
down) is practically excluded by the S0+ results discussed
in sect. 3.2.1, very convincing agreement is observed be-
tween the various measurements. A recent very high statis-
tics measurement of the angular distributions of recoil
polarisation [43] found, just outside the range of fig. 14,

CMRπ0

= (−6.61±0.18)% at Q2 = 1GeV/c2. This agree-
ment extends also to the positive =S0+/M1+ ratio deter-
mined from ρLT .

The three polarisation components measured in paral-
lel kinematics are model independently related by angular

Fig. 14. CMRπ0

from recoil polarisation (open diamond) [38]
in comparison to unpolarised measurements [18,19,26,28,
29,44,45] at low Q2. The curves show model calcula-
tions MAID2003 [23] (solid), DMT2001 [25] (dashed) and
Sato/Lee [22] (dashed dotted).

momentum conservation 1 [46]:

χ2
x + χ2

y =
1

εL
χz(1− χz). (33)

The reduced polarisations are defined by

χx =
1

Pec−
· Px =

Rt
LT ′

RT + εLRL
, (34)

χy =
1

c+
· Py =

Rn
LT

RT + εLRL
, (35)

χz =
1

Pec0
· Pz =

Rl
TT ′

RT + εLRL
. (36)

The consistency relation seems hardly fulfilled by the
measured recoil polarisations. The experimental result for
eq. (33) is

3.9± 0.4stat ± 0.4syst = 7.9± 0.7stat ± 1.2syst. (37)

Despite the non-linear error propagation on the r.h.s. of
eq. (33), the probability for such a finding is only a few
percent. While MAID2000 fulfills the consistency rela-
tion, there is a discrepancy with the Py measurement.
The MAID-refit mentioned above slightly improves this
situation as shown in fig. 15, where the MAMI recoil po-
larisation data [38] are compared to the MAID versions
2000, 2003 and the re-fit. Nevertheless, the role of non-
resonant background, which particularly shows up in Py,
still remains unresolved. Another measurement of Py [48]
is in agreement with the MAMI data but has a large er-
ror. Unfortunately, ref. [43] gives no explicit values of the
measured polarisations.

1 Despite the occurence of εL in eq. (33), the polarisation
relation is nevertheless frame independent. The longitudinal
polarisation parameter is also contained in the definition of
the factors c± of the reduced polarisations and thus could be
eliminated. A similar relation holds in elastic electron nucleon
scattering, where χy vanishes [47].
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Fig. 15. Components of recoil polarisation measured at the energy of the ∆(1232)-resonance in the reaction p(e, e′p)π0 [38].
Curves show the MAID versions 2000 (full), 2003 (dashed), and the re-fit (dashed-dotted) on basis of ρLT and ρLT ′ [21] discussed
in the text. Note the suppressed zero middle and right.

In principle, from the reduced polarisations it is possi-
ble to determine the ratio of longitudinal to transverse re-
sponse, RL/RT , without the need of a classical Rosenbluth
separation. According to ref. [46] this can be achieved in
three different ways, using either

– only the longitudinal component, χz (cf. also [49]),
– the quadratic sum of the transverse components,
χ2
x + χ2

y, or
– all three reduced polarisations.

However, as a reflection of the almost violated consistency
relation the results obtained from the MAMI measure-
ments vary significantly. The smallest value, RL/RT =
(4.7± 0.4stat± 0.6syst)%, is extracted from the quadratic
sum χ2

x + χ2
y of the transverse reduced polarisations and

the largest one, RL/RT = (12.2+1.7
−1.6stat

+2.9
−2.7syst

)%, from

χz alone. This presently prohibits a reliable extraction
of RL/RT but stresses the importance of a simultaneous
measurement of all polarisation components with further
improved accuracy.

4 Interpretation

The MAMI experiments towards the quadrupole strength
in the N → ∆(1232) transition yield very consistent re-
sults. The first order physical background contributions
like =mS0+ are now much better under control. Remain-
ing uncertainties and inconsistencies seem related to the
contribution of higher partial waves especially in the imag-
inary parts of interferences as in ρLT ′ and Py. Though
important for our understanding of the non-resonant pro-
cesses, they are very much suppressed in the discussed ob-
servables with high sensitivity to EMR and CMR. At least
in the vicinity of the photon point, a reliable extraction of
the EMR and CMR is possible with a remaining relative
model uncertainty of the order ≤ 10%. Thus it is evident
that the experimental results are an order of magnitude
larger than expected from the quark model calculations.

Obviously, pionic degrees of freedom — which in a mi-
croscopic picture would be responsible for e.g. the =mS0+

contribution (fig. 10) — play an important role. This is
made particularly transparent within the dynamical mod-
els [24,22]. Such calculations can be split into the so-called
bare and dressed parts, which represent the nucleon/delta
core, and the pion cloud, respectively. This is also at-
tempted within dispersion relation approaches [50]. While,
in general, such a separation suffers from an unitary am-
biguity [51], the models yield consistent results. E.g., the
full model of ref. [24] describes the data while the bare cal-
culation yields a very small and positive CMR. Moreover,

the full calculation yields anM
3/2
1+ amplitude in agreement

with the experimental data. In contrast, the bare calcu-

lation gives only about two thirds of M
3/2
1+ and a CMR

which is an order of magnitude too small. This is simi-
lar to quark model calculations without pion degrees of
freedom [52,53], which also underestimate the quadrupole
strength by a factor of ten and get only about 60% of the
experimental M1+.

Despite the yet unsatisfactory statistics of dynamic lat-
tice calculations [54], those are in qualitative agreement
with the experimental results and hence further support
the important role of the pion cloud.

As outlined in the introduction the quadrupole transi-
tion strength can be interpreted in terms of a deformation
of the baryons involved. Buchmann and Henley find oppo-
site deformations of equal strength for nucleon and ∆ [55].
Also the quadrupole moments for the nucleon core and
the pion cloud are of opposite sign. However, the core ap-
pears almost spherical and the deformation due to the pion
cloud is an order of magnitude stronger, very similar to
the observation within the dynamical model. Buchmann
and Henley quote total quadrupole moments in the range
of Qnucl = ±(0.113 . . . 0.5) fm2 for nucleon (upper sign)
and ∆ (lower sign). It is interesting to note that, relative
to the size of the objects, the corresponding deformation

Qnucl

πr2N
> 0.043 of the nucleon
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compared to

Qdeut

πr2d
= 0.07 of the deuteron

would be of similar magnitude.

5 Summary and outlook

The MAMI experiments on pion photo- and electropro-
duction provided cornerstones for our understanding of
the N → ∆(1232) transition. At the photon point and
at low Q2 they unambiguously demonstrated that the
quadrupole strength is an order of magnitude larger than
expected in QCD-motivated constituent quark models.

Often a precursor for similar experiments at other lab-
oratories, polarisation techniques played a key role. They
have already been extended to polarised target measure-
ments and to energies slightly above the ∆(1232) [56].
In view of the higher resonances which become accessi-
ble with the increased energy of MAMI C, their potential
seems not at all exhausted yet. Of particular interest will
be the determination of Q2-slopes of transition amplitudes
to Roper, N(1440)P11, and N(1535)S11 resonances. Since
related to the spatial extention of the systems, new in-
sights into the debated hybrid or molecular structure of
such states can be expected. Extension of the experimen-
tal techniques to associated strangeness production seems
relatively straightforward, provided that Kaons can be un-
ambiguously identified and sufficiently high beam energy
is available.

In particular through polarisation data of unprece-
dented accuracy MAMI has the potential to continuously
challenge our understanding of the many–body structure
of the nucleon. With all the virtues of the electromagnetic
probe it can provide experimental key observables also for
the comparison to the progressivly improving Lattice cal-
culations.

It is a special pleasure for me to thank the retirees Hartmuth
Arenhövel, Hartmut Backe, Dieter Drechsel, Jörg Friedrich,
Karl-Heinz Kaiser and Thomas Walcher who, through their
invaluable individual contributions over the last two decades,
made it possible to turn MAMI into the big success it has
become. I also greatfully acknowledge the support of D. Elsner
in preparing talk and written manuscript of this overview.
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