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Upgrade to ... 

MAMI-C  
Harmonic Double Sided Microtron (2007) 
up to E = 1.6 GeV

HIGH  
Intensity  
up to 100 µA  

Resolution  
σE < 0.100 MeV 

Polarization  
up to 80% @ 40µA 

Reliability  
85% (7000 h/y) 

The MAMI Legacy
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The Wheelers

A2:$Real$Photon$Sca0ering!

 $Tagged&Bremsstrahl.8Photons$

 !4π8Setup:$Crystal$Ball,$TAPS$

Polarizabilities	(RCS),	Low	Energy	Excitation	of	light	
hadrons,	Neutron	Skin,	Light	Mesons	dynamics

A1:"Electron"sca-ering"

Three"High'Resolu.on"Spectrometers"

Δp/p<'1054'FWHM'

A1:"Electron"sca-ering"

Three"High'Resolu.on"Spectrometers"

Δp/p<'1054'FWHM'

Form	Factors,	Polarizabilities	(VCS),	
Few-Body	Physics,	Search	for	rare	
events,	EW	Physics,	Hypernuclei

A2:$Real$Photon$Sca0ering!

 $Tagged&Bremsstrahl.8Photons$

 !4π8Setup:$Crystal$Ball,$TAPS$
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The Mainz Energy Superconducting Accelerator
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• 1.3 GHz c.w. beam


• normal conducting injector LINAC 


• superconducting cavities in recirculation beamline 


• ERL-mode: 
100 MeV @ 10mA (unpol.)  


• EB-mode: 

155 MeV @ 150 µA (pol.) 

The Mainz Energy Superconducting Accelerator
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#MakeHumansSmartAgain

Internal Gas 
Target 

Differential 
pumping 

system 

Twin ARm 
DIpole 

Spectrometer 

High resolution on low momentum electrons 
•   
•   
•   

Material reduction 
• No window before the magnet 
• Thin detector 

Large sensitive surface 
•   

Good point resolution 
•   

Multiple samples 
• At least 2 points to reconstruct the full kinematics 

High rate capability 
•   

The MESA Wheelers



The MESA Wheelers

Solenoid 
Spectrometer

Integrating 
and tracking 

detectors

Polarimetry 
(<0.5%)

they called it P2…
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The physics cases

Low energy 
nuclear physics

High luminosity + high resolution + polarized beam and target
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Search for 
rare events

High luminosity + high resolution

Precision 
EW physics

High luminosity + polarized beam

B,#$$+:&JKI+"5-+$0(&&
/"&4$:+"&#$#,@(5(&
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X,$O/#6"*'YE",%E5'0)##/0+),6Q'0",'P/'"P6)#P/:'$,%)'"''

60"*/':/4/,:/,%M'Z#E,,$,-��6$,F'R/[')#'6$,F'RB7\>'

#E,,$,-']'' #E,,$,-'6$,F'RB7\>''

!#/0$6$),'5/"6E#/5/,%6'",:'YE",%E5'0)##/0+),6Q'

 Sensitivity to new physics beyond the Standard Model 

JK0"#&_&
'5K5$=&H50.&
9#"%&I./0/$&/"&&
9#"%&_&

`/$0#C0&5$0+"#C3/$& a+H&
!+"-5/$(&
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The physics cases

Low energy 
nuclear physics

High luminosity + high resolution + polarized beam and target
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Search for 
rare events

High luminosity + high resolution

Precision 
EW physics

High luminosity + polarized beam

B,#$$+:&JKI+"5-+$0(&&
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 Sensitivity to new physics beyond the Standard Model 

JK0"#&_&
'5K5$=&H50.&
9#"%&I./0/$&/"&&
9#"%&_&

`/$0#C0&5$0+"#C3/$& a+H&
!+"-5/$(&

Highly subjective  

Selection
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Equation Of State

3/12

symmetry energy

slope parameter
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does not. Then, we have to conclude that a 3% accuracy in
APV sets modest constraints on L, implying that some of
the expectations that this measurement will constrain L
precisely may have to be revised to some extent. To narrow
down L, though demanding more experimental effort, a
!1% measurement of APV should be sought ultimately in
PREX. Our approach can support it to yield a new accuracy
near !!rnp ! 0:02 fm and !L! 10 MeV, well below any
previous constraint. Moreover, PREX is unique in that the
central value of !rnp and L follows from a probe largely
free of strong force uncertainties.

In summary, PREX ought to be instrumental to pave the
way for electroweak studies of neutron densities in heavy
nuclei [9,10,26]. To accurately extract the neutron radius
and skin of 208Pb from the experiment requires a precise
connection between the parity-violating asymmetry APV

and these properties. We investigated parity-violating elec-
tron scattering in nuclear models constrained by available
laboratory data to support this extraction without specific
assumptions on the shape of the nucleon densities. We
demonstrated a linear correlation, universal in the mean
field framework, between APV and!rnp that has very small
scatter. Because of its high quality, it will not spoil the
experimental accuracy even in improved measurements of
APV. With a 1% measurement of APV it can allow one to
constrain the slope L of the symmetry energy to near a
novel 10 MeV level. A mostly model-independent deter-
mination of !rnp of 208Pb and L should have enduring
impact on a variety of fields, including atomic parity
nonconservation and low-energy tests of the standard
model [8,9,32].
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From Measurable Observables  
to the Neutron Skin

What is actually measured?  
Cross section, asymmetry, spin 
observables, …
How is the measured observable 
connected to the neutron skin?
What are the assumptions implicit 
in making this connection?  
Impulse approximation, off-shell 
ambiguities, distortion effects, … 
How sensitive is the extraction of 
the neutron radius/skin to these 
assumptions?
Quantitative assessment of both 
statistical and systematic errors 

 
All observables are equal, but 

some observables are more equal 
than others … Pedigree!

Neutron	Skins	of	Nuclei:	from	laboratory	to	stars
C.	Horowitz,	J.	Piekarewicz,	CS	(to	appear	JPG)
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The long winding road ....

.... could not lead to Rome…

J. Lattimer Ann. Rev. Nucl. Part. 62 (2012) 485
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Photoproduction of mesons off nuclei - Overview
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Coherent π0 photoproduction: easy and quick (A2 Coll. Phys. Rev. Lett. 112, 242502 ) 

One MZ-Example
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Photon probe interaction well understood: No ISI

π0 meson produced with ≈ probability on p AND n

TO DO: Reconstruct π0 from π0→2γ decay

... shine light on the nucleus!
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One MZ-Example

2

Pion photoproduction: DWA

P. Capel, F. Colomer, S. Tsaran, M. Vanderhagen 
Conclusions and perspectives

Coherent ⇡0 photoproduction and study of the Sn isotopic chain :

⌅ Working code for PWIA amplitudes for photoproduction V (�)

⇡� (k⇡,k�)

⌅ Working code for scattering matrix F⇡A of ⇡0

Resolution of the Lippmann-Schwinger equation
Singularity of Coulomb solved : better constrains on UNucl(k0, k)

⇤ DWIA amplitudes calculation

O↵-shell photoproduction amplitudes V (�)
⇡� (k0

⇡,k�)

⇤ Devise a better form for UNucl(k0, k)
Research ongoing with Pr. M. Vanderhaeghen & S. Tsaran, JGU Mainz
(Co-tutelle with Mainz)

⇤ Calculation of neutron skin for the Sn isotopic chain

Frederic Colomer (ULB) Pntpm meeting August the 22nd, 2017 27 / 28

+ Treatment of Resonances,  
+ Use Effective Potentials (J. Piekarewicz) 
+ Sensitivity of σcoherent to neutron density 
+ Benchmark theory with A/Z and Z variation 

…it is a long way till Rome …
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sponding theoretical errors for 48Ca and 208Pb as predicted by
SV-min and FSUGold. Note that the theoretical error bars have
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are the values of the momentum transfer appropriate for PREX-II
(q = 0.475 fm−1) and CREX (q = 0.778 fm−1).

the (absolute value) of the correlation as predicted by SV-
min and FSUGold. At small momentum transfer, the form
factor behaves as FW (q) ≈ 1 − q2r2

W/6 ≈ 1 − q2r2
n/6 so the

correlation coefficient is nearly 1. Note that we have used the
fact that the weak-charge radius rW is approximately equal to
rn [4]. Also note that, although at the momentum transfer of the
PREX experiment the low-q expression is not valid, the strong
correlation is still maintained. Indeed, the robust correlation is
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FIG. 4. (Color online) Correlation coefficient (9) between r208
n

and F 208
W (q) as a function of the momentum transfer q. Panel (a) shows

the absolute value of the correlation coefficient predicted by SV-min
and FSUGold assuming no strange-quark contribution to the nucleon
form factor. Panel (b) shows the impact of including the experimental
uncertainty in the strange-quark contribution to the nucleon form
factor. The arrow marks the PREX-II momentum transfer of q =
0.475 fm−1. The first dashed vertical line indicates the position of
the first zero of F 208

W (q), the second one marks the position of the
first maximum of |F 208

W (q)| (from which the surface thickness can be
deduced).

maintained at all q values, except for diffraction minima and
maxima. Given the similar patterns predicted by SV-min and
FSUGold, we suggest that the observed q dependence of the
correlation with rn represents a generic model feature.

Figure 4(b) displays the same correlation, but now we also
include the experimental uncertainty on the strange-quark form
factor. Although the strange-quark contribution to the electric
form factor of the nucleon appears to be very small [47],
there is an experimental error attached to it that we want to
explore. For simplicity, only results using SV-min are shown
with and without incorporating the experimental uncertainty
on the s quark. We note that an almost perfect correlation at
low-to-moderate momentum transfer gets diluted by about 6%
as the uncertainty in the strange-quark contribution is included.
Most interestingly, the difference almost disappears near the
actual PREX point, lending confidence that the experimental
conditions are ideal for the extraction of r208

n . Finally, given that
the strong correlation between the neutron radius and the form
factor is maintained up to the first diffraction minima (about
q = 1.2 fm−1 in the case of 48Ca), the CREX experimental
point lies safely within this range (figure not shown).

IV. CONCLUSIONS AND OUTLOOK

In this survey, we have studied the potential impact of the
proposed PREX-II and CREX measurements on constraining
the isovector sector of the nuclear EDF. In particular, we
explored correlations between the weak-charge form factor
of both 48Ca and 208Pb, and a variety of observables sensitive
to the symmetry energy. We wish to emphasize that we have
chosen the weak-charge form factor rather than other derived
quantities—such as the weak-charge (or neutron) radius—
since FW is directly accessed by experiment. To assess correla-
tions among observables, two different approaches have been
implemented. In both cases we relied exclusively on models
that were accurately calibrated to a variety of ground-state data
on finite nuclei. In the “trend analysis,” the parameters of the
optimal model were adjusted in order to systematically change
the symmetry energy, and the resulting impact on nuclear
observables was monitored. In the “covariance analysis,” we
obtained correlation coefficients by relying exclusively on the
covariance (or error) matrix that was obtained in the process
of model optimization. From such combined analysis we find
the following:

(i) We verified that the neutron skin of 208Pb provides a
fundamental link to the equation of state of neutron-rich
matter. The landmark PREX experiment achieved a
very small systematic error on r208

n that suggests that
reaching the total error of ±0.06 fm anticipated in
PREX-II is realistic.

(ii) We also concluded that an accurate determination of
r208

skin is insufficient to constrain the neutron skin of
48Ca. Indeed, because of the significant difference in
the surface-to-volume ratio of these two nuclei, there
is a considerable spread in the predictions of the
models [17]. Given that CREX intends to measure
r48

skin with an unprecedented error of ±0.02 fm, this
model dependence can be tested experimentally [18].
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uncertainty in the strange-quark contribution to the nucleon form
factor. The arrow marks the PREX-II momentum transfer of q =
0.475 fm−1. The first dashed vertical line indicates the position of
the first zero of F 208

W (q), the second one marks the position of the
first maximum of |F 208

W (q)| (from which the surface thickness can be
deduced).

maintained at all q values, except for diffraction minima and
maxima. Given the similar patterns predicted by SV-min and
FSUGold, we suggest that the observed q dependence of the
correlation with rn represents a generic model feature.

Figure 4(b) displays the same correlation, but now we also
include the experimental uncertainty on the strange-quark form
factor. Although the strange-quark contribution to the electric
form factor of the nucleon appears to be very small [47],
there is an experimental error attached to it that we want to
explore. For simplicity, only results using SV-min are shown
with and without incorporating the experimental uncertainty
on the s quark. We note that an almost perfect correlation at
low-to-moderate momentum transfer gets diluted by about 6%
as the uncertainty in the strange-quark contribution is included.
Most interestingly, the difference almost disappears near the
actual PREX point, lending confidence that the experimental
conditions are ideal for the extraction of r208

n . Finally, given that
the strong correlation between the neutron radius and the form
factor is maintained up to the first diffraction minima (about
q = 1.2 fm−1 in the case of 48Ca), the CREX experimental
point lies safely within this range (figure not shown).

IV. CONCLUSIONS AND OUTLOOK

In this survey, we have studied the potential impact of the
proposed PREX-II and CREX measurements on constraining
the isovector sector of the nuclear EDF. In particular, we
explored correlations between the weak-charge form factor
of both 48Ca and 208Pb, and a variety of observables sensitive
to the symmetry energy. We wish to emphasize that we have
chosen the weak-charge form factor rather than other derived
quantities—such as the weak-charge (or neutron) radius—
since FW is directly accessed by experiment. To assess correla-
tions among observables, two different approaches have been
implemented. In both cases we relied exclusively on models
that were accurately calibrated to a variety of ground-state data
on finite nuclei. In the “trend analysis,” the parameters of the
optimal model were adjusted in order to systematically change
the symmetry energy, and the resulting impact on nuclear
observables was monitored. In the “covariance analysis,” we
obtained correlation coefficients by relying exclusively on the
covariance (or error) matrix that was obtained in the process
of model optimization. From such combined analysis we find
the following:

(i) We verified that the neutron skin of 208Pb provides a
fundamental link to the equation of state of neutron-rich
matter. The landmark PREX experiment achieved a
very small systematic error on r208

n that suggests that
reaching the total error of ±0.06 fm anticipated in
PREX-II is realistic.

(ii) We also concluded that an accurate determination of
r208

skin is insufficient to constrain the neutron skin of
48Ca. Indeed, because of the significant difference in
the surface-to-volume ratio of these two nuclei, there
is a considerable spread in the predictions of the
models [17]. Given that CREX intends to measure
r48

skin with an unprecedented error of ±0.02 fm, this
model dependence can be tested experimentally [18].
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what is the need?

12/15

P.-G. Reinhard et al., Phys. Rev. C 88 (2013) 034325

Jorge Piekarewicz (concluding remarks, MITP 2015)

backup

0.5% measurement of Rn → ∆rnp ± 0.03 fm
→ L ± 20 MeV

X. Vinas et al., EPJA 50 (2014) 27

what is the need?

12/15

P.-G. Reinhard et al., Phys. Rev. C 88 (2013) 034325

Jorge Piekarewicz (concluding remarks, MITP 2015)

➣ PREX-II & CREX 
Results needed 

➣ δRn/Rn	=	0.5%			
→ L ± 20 MeV 
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“Background” measurements at MAMI

• Count rate asymmetry in elastic e-scattering for transverse 
polarisation (normal to scattering plane)


• No PV effects BUT:
➢ Helicity-correlated background contribution in PV 
experiments caused by transversal polarisation component
➢ Necessary to measure for all targets used in PV experiment

Beam normal (single-spin) asymmetry
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“Background” measurements at MAMI
Beam normal (single-spin) asymmetry

• Count rate asymmetry in elastic e-scattering for transverse 
polarisation (normal to scattering plane)


• No PV effects BUT:
PREX,	PRL	(2012)	

• Interference term 
between one- and 
multi-photon 
exchange

➢ First phase: MAMI
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“Background” measurements at MAMI

• Elastic peak is well-separated 
in precision spectrometers

  

Low rate particle tracking mode:

Precise positioning of detectors &
magnetic field setting
→ Only elastic line in detector acceptance

Benefits of the Spectrometers

Beam normal (single-spin) asymmetry
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• Raw data is uncorrelated between 
left/right spectrometers: highly 
stabilised beam!
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Low rate particle tracking mode:

Precise positioning of detectors &
magnetic field setting
→ Only elastic line in detector acceptance
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• Systematic study on 12C: 
future studies on other targets

5

-35

-30

-25

-20

-15

-10

-5

 0

 0  0.01  0.02  0.03  0.04  0.05  0.06

B
ea

m
-n

or
m

al
 s

in
gl

e-
sp

in
 a

sy
m

m
et

ry
 [

pp
m

]

Q2   [GeV2/c2]

M. Gorchtein et al.
spectrometer A
spectrometer B

FIG. 4. Extracted transverse asymmetries A

n

for the detec-
tors placed in spectrometer A (red points) and spectrometer
B (blue points) versus Q2 for 12C in comparison to a theoret-
ical calculation [19]. The given boxes indicate the covered Q2

range as well as the systematic uncertainty. The statistical
uncertainty is given by the error bar.

distinct with increasing Q

2. A new, more precise calcu-287

lation is needed.288

Combining our results with future A

n

measurements at289

MAMI at di↵erent beam energies will settle the amount290

of dispersion corrections, again being an important in-291

put for future theoretical calculations to achieve a better292

control of the two-photon exchange mechanism.293294
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Extension to Nuclear Astrophysics

Figure 4: Same figure from JLab proposal.
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Astrophysical S-Factor of 12C(↵, �)16O

Basics

• Measurement of the S-Factor of the reaction

12C(↵, �)16C

• Time Reversal gains a two orders of magnitude in cross section:

�(12C(↵, �)16C)

�(16O(�,↵)12C)
=

wi

wf

pf
pi

=
(W 2 � (m↵ +m12C)

2) (W 2 � (m↵ �m12C)
2)

(W 2 �m2
16O)

2

1 · 2
1 · 1

• Virtualization: Measure inverse reaction with “nearly” real photons:

1

#MakeHumansSmartAgain
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Astrophysical S-Factor for a(12C,16 O)g

 He-Burning s⇡ 10�17 barn

How to overcome limits:

1. Timereversal (enhancement by factor 10 due to spin weight):

g+16 O!12 C +a

2. Covering the Threshold: Electroproduction in limit Q2! 0

e+16 O! e0+12 C +a , g⇤+16 O!12 C +a
Electron has large momentum, but virtual photon energy goes to zero!

3. Detection of slow recoil a) gas target, recoil detector
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(W 2 �m2
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• Virtualization: Measure inverse reaction with “nearly” real photons:

1

• Time reversed reaction: 

!(#$)~10)*+barn

• High Energy resolution required 

Ø MAGIX

• !(#$)~10)*+barn

• Precise low-energy 
measurements required
ØMAGIX@MESA

• Direct measurements never 
done @#cm < 0.9	MeV

➢ Simulations ongoing

➢ Commissioning of method 
for higher Ecm @ MAMI
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Current and future programs on:  
The proton crisis: ISR, d-FF, p-FF at lowest Q 
Few-body systems, Search for exotic particles… 
and new data on... 
n-FF, 3,4He-FF, d-breakup, eLi .... 
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