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Introduction
" Pioneering experiments in Mainz

“It would be great if you could give a
presentation on proton form-factor and
charge radius measurements at Mainz:
past, current status, and future.”

Current Status
= (Continuation of experiments with MAMI in Mainz

Viad Future
= New experiments with MESA in Mainz

Disclaimer: No new analyses or simulations since NREC 2024

See also talk by Séren Schlimme at NREC 2024
—> My talk provides an overview of instrumentation




Electron Scattering Spectrometers
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Momentum resolution =3 x 104
Accepted solid angle AQ = 6 msr

[R. Neuhausen, Z. Physik 220, 456 (1969)]
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Pioneering Electron Scattering Experiments in Mainz
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MAMI and the A1 Spectrometers



MAMI-B:
3 Race Track Microtrons
E,=180... 833 MeV
Energy spread AE =13 keV
Energy stability AE=100 keV
(long-term drifts over 1 week)

€,= 9 um mrad, €,= 0.5 um mrad

Beam current max. 100 UA C.w.

MAMI-C:
Additional stage since 2007
Harmonic Double-Sided Microtron
E, up to 1604 MeV

The Mainz Microtron MAMI

Photon beam and experiments
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Race-Track Microtrons (RTM 1 - 3)

Cascade of 3 RTMs with each 2 magnets and 1 linac with RF acceleration

RTM 2
51 turns
180 MeV

RTM 1

18 turns
15 MeV RTM 3
90 turns
LINAC 3,5 MeV 850 MeV

RTM3: single pass energy gain 7.5 MeV x 90 turns = 675 MeV total energy gain
with only 163 kW RF power for 67.5 kW of beam power at 100 mA
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MAMI-B (RTM1 - 3)

RTM1 and RTM2
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B=const.

magnet distance

=E, .+ N*AE
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RTM Operation Parameters

Injector

RTM1

RTM2

RTM3

General

ipicction / exiraction enerov (fotal) [GeV] 0a11/397.10-3 | 397/14 86,102 | 14 86/180.10 % 0180 /0 855
I number of turns - — 18 51 90
total power consumption kW] 92 92 220 650
Rf-System
energy resp. energy gain / turn [MeV] 3.5 0.599 3.24 7.50
frequency (GHz] 2.4495 2.4495 2.4495 2.4495
linac length (electrically) [m] 4.93 0.80 3.55 8.87
number of sections / klystrons 3/1 1/1 2/2 5/5
power dissipation / beam power kW] 33.2 /0.3 79 /1.1 48.4/16.6 102.5 / 67.5
power consumption kW] 90 90 180 450
Magnet-System
flux density (within the gap) [T] - 0.1026 0.5550 1.2842
gap height [cm] - 6 7 10
min. /max. deflection radius [m] - 0.129-0.482 0.089-1.083 0.467-2.216
iron / copper weigth of the magnets [t] - 4/02 90 /2.3 900 / 11.6
number of corrector magnets 40 72 204 360
number of quadrupoles and solenoids 20 2 4 4
power consumption (kW] 2 2 40 200
Beam-Parameters
energy spread (1o) [keV] 1.2 1.2 2.8 13
norm. emittance hor. / vert. (1o) [w-107C 0.05 / 0.04 0.07 / 0.07 0.25 /0.13 IR
standard-energies for experiments 180MeV 195-855MeV

= Commercially available microwave components for 2.45 GHz
— Apr =¢[2.45 GHz =12 cm = t = 1/2.45 GHz = 0.4 ns bunch structure

in steps of 15MeV

[A. Jankowiak, Eur. Phys. J. A 28, 501,149 (2006)]

= Dynamic-resonance condition for path length increase from turn to turn:

Li+1_Li=27TAR=n‘ARF_>2ARz4cm

= Fulfilled by setting the energy gain per turn to:
AE = ecB/2m - n - Agr = 7.5 MeV for RTM3 field

= Large number of turns to reach GeV energies

Large number of standard energies allows for
many overlapping kinematic settings




A1 Spectrometer Facility at MAMI

‘ e TS .-l,‘.

Focusing spectrometers:

Speks
= 3 high-resolution Ap/p ~ 104

spectrometers (SpekA,B,C)

= 1short-orbit spectrometer
(KAQS, since 2008)

SpekA:
Momentum resolution:

Sp/p <107

Momentum acceptance:

Ap/p =20%

Accepted solid angle:

AQ = 11.5° x8.0°

= 28 msr
N

._\'\\
NSNS
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Magnet Optics for the QSDD Design (SpekA and Spek()

Resolving power of 21,000
for beam spot size of 0.5 mm

| Spectrometer A B C I
Configuration QSDD D QSDD
Focussing properties

dispersive plane pt —pt pt —pt pt —pt

nondispersive plane || —pt pt—pt || —pt
Maximum momentum [MeV/c] 735 870 551
Solid angle [msr] 28 56 28
Angular range

minimum angle 18° 7° 18°

maximum angle 160° 62° 160°
Momentum acceptance [%] 20 15 25
Angular acceptance

dispersive plane [mrad] +70 +70 +70

nondispersive plane [mrad] +£100 +20 4100
long-target acceptance [mm] 50 50 50
Angle of focal plane 45° 47° 45°
Length of focal plane [m] 1.80 1.80 1.60
Length of trajectory [m] 10.75 12.03 8.53
Dispersion (central) [cm/%] = 5.77 8.22 4.52
Magnigfication (central) 0.53 0.85 0.51
Dispersion / Magnification  [cm/%] 10.83  9.64 8.81
Momentum resolution 0% 10* 10
angular resolution at target [mrad] <3 <3 <3
position resolution at target [mm] 3-5 1 3-5

[K.I. Blomquvist et al., Nucl. Inst. Meth. A 403 (1998)]

|
Cerenkov — ¢/Tt "
Scintillator — ¢
2. Driftchamber — 6.0

|
1. Driftchamber — x,y

|

Sophisticated design:

Intermediate image
(y|¢o) before D2

Sextupole to correct
(x|60%) and (x|po?)
(y|yo) small for long
target acceptance

Focal plane angle
Y = 45° matched to
vertical drift chambers

Pole contour corrections:

D1: 5t order
polynomial (entry)

D2: 4th order &
7t order polynomial
(entry/exit)




Advantages:
= Double-focusing
with one magnet only
= Compact design
* High maximum momentum
=  Small minimum angle
= Qut-of-Plane capability

1.5 Tesla Line Partirle-

. Pole piece *
f "

B-Field lines

&
. Pole piece,

= High vertex resolution

Disadvantages:
= Small solid angle acceptance
= Small momentum acceptance

Tarzet

Focal point

Magnet Optics for the Clam-Shell Design (SpekB)

. 3000 mm —»i

SPECTROMETER B

CLAM DIPOLE

Pmex= 870 MeV/c
AP/P = 15 %

' = 5.6 msr

floaor

6330 mm




Spectrometer Performance
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Absolute Momentum Calibration

Scattering off thin tantalum foil 180 E 720 481
- (g:.) Ta
S 160 F
600 [ = =
- 1HLI'a(e,aa\‘)"81Ta, 17 mg,"cm2 Q 140 E
- 120 £
‘G 500 & E,=210.17 MeV = 100
> C 6, = 93.5°,AQ =28 msr > ek
N 400 +— _ — —_— + =M< 53 keV/c
o - P, = 210.282 MeV/c § 60 P =209.888 MeVic ([1]13{32)
o B ' —_ C R
~ - = (0.495)
2 - i
E; 200 08.6 208.8 209 209.2 209.4 209.6 209.8 21i0pet®T 210.4
TR _DMomerttmi (MeV/c) from SpekA

0
190 195 200 205 210 215 220 225 230

Momentum (MeV/c)

» Elastic peak FWHM of 53 keV/c — dp/p ~ 210
= Beam energy absolute accuracy &p,..,, = £ 160 keV/c — &E/E ~ 7-104
" Repeated calibrations at different momenta revealed dp,; ~ 5 keV/c




Relative Momentum Calibration

Scattering off carbon foil: .,

Correction for kinematical = °C(e,e)'’C, 172 mg/em?® I 1 ZC
broadening needed ) 1400 E, =210.10 MeV i
= 1200 = ¢ = 93.5°, AQ = 18 msr
= 1000 - p__ =193.440 MeVic < -
- cent © ﬂ
S gog [ Ee=201.531MeV o o
220 = o T =+ =
fgg (4.439) 2c 2] E © S 2
. T an < b T
Vol

100

80 — «=— 99 keV/c

Events / (10 keV/c)

60

o
40

20 200 205 210
% 2004 2006 2008 201 2012 2014 2016 2018 202 2022 Momentum (MEV/C) from SPEkA

Momentum (MeV/c)

Distribution of excited states for relative calibration of momentum




0*

10*

10°

10?

counts / (10 keV/c)

10

0 5 10 15
M, . M. (MeV/c)

= 13 kinematic settings measured

= Multiple peaks fitted in each setting

= 6% order polynomial correction function
p=(1+p") X Peent X (1+6p)

Deviation of Ap ~ 2 keV/c revealed

AE, (MeV)

Aplp

Systematic Study of Focal-Plane Non-Linearity

—0.05

-0.10

-0.20

—0.25

-0.30

E =420 MV . p
M

E,=180 MeV,
E,=180 MeV,
E,=180 MeV,

P 164 .8 MeVic
Pz 167 4 MeVic i
PL= 192 .6 MeVic
E=195 MeV, P o™ 1790 MeVic
E=195 MeV, P.= 195 0 MeVic
Eu=195 MeV.p  =208.3 MeVie
E=210 MeV_p <1932 MeVie |-
E =210 MeV, P 1946 4 MeVie
E=210MeV, p =201.6 MeVie
E =210 MeV, pm‘_EE 1.6 MeVie
E =210 MeV, pwm-EZ—LT MeVie
E; =420 MeV, pm‘__lﬁ'.l'.? MeVic

”.Ir--H."\.ﬂ MeVic

—0.35

—0.0005

—0.0010

—0.0015

20 25 30

| p0

| 42/ ndf 819.4 1 46

0001111 £+ 4.556e-07
2.564e—05 £ 1.257e-07
1.234e—05 + 2. 28308
1.534e—07 + 2.206e—09
247807 + 1.812e-10
|.825e—08 + 1.345e-11 |

—4.035e—10 + 8.635e—13

PN
20 25 30
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GE"'GE'M. dpale

Ge'Gey, dipae

0.95

0.8

0.85

0.8

1422 data points between Q*> = 0.004 - 1 GeV?

- [13]
—— EJ
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+ Janssens et al.
re Murphy et al. [16]

-~ [13]
—— 2|“!I
rei Christy et al.
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+e Berger et al.

ta+ Borkowskilet al| [15]
4 Janssens et al.

= Hansuln etal. At Murphy et al.l. [116]

0

02

0.4 06

Statistical errors below 0.2 %

[J.C. Bernauer et al. (A1 Collab.), PRL 105, 242001 (2010)]

0.8

1

cross section do/dQ / ubarn/sr

Form Factor Measurements with A1 Spectrometers

1DUUD o | | | | | | |
- standard dipole
L 1 i
1000 } Gp (Q?%,b) = 5
) _
(g)
100
10 L\
1k
0.1
0.01 |
0.001 | SpekA
: SpekC
D-DDD-I | | | ] | ] |
20° 40° 60° 80° 100°  120°  140°
scattering angle
, 6 dG
(r’) = — re=V<rg>=0.879(8) fm

G(O) . dQ? Q2=0




A Windowless Gas-Jet Target

en target Gas-jet target:

Liquid hyd

' = Windowless, thin, point-like jet target

= Operated with hydrogen and argon

A
1430 mm

Argon gas jet

~———

am—

500 I T T |
6000 data ———
simulated background
residue .
G
| .
| >
-+
- ” g
010 __20 c
O
} [a1]
)

-100
-20 -10 0 10 20 v
dE IMeV1 A catcher
. . . . to pumpin :
= Subtraction of cell window contribution Ytopumping [ schlimme et al.,, NIM A 1013, 165668 (2021)]

station
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Form Factor Measurements with Gas-Jet Target

1.005

Egeam=315 MeV

I | 15° - 40°
1.000 s’ !

0.995

0.990

std. dipole

0.985

¢ PRad 2019 data
0.980 ¢ Mainz 2010 data

¢ This work fitted to PRad Y2 ceqs=0.97
§ This work fitted to Mainz 2010 x2,ceq=1.75
0.975 v y v v v v y
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Q%(GeV?/c?)
= Statistically limited because of low target density
= One beam energy only
= No absolute normalization
= Compatible with PRAD data and liquid hydrogen data

[Y. Wang et al., PRC 106, 044610 (2022)]
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New Form Factor Measurement with Gas-Jet Target

Beamtime April 21 — May 11, 2026
= (Gas-jet targetin filament mode operation

» Suppressed residual gas background
» Increased luminosity

= Refurbished beam halo blocker
» Suppressed beam halo electron background

Main goal: reducing remaining background

10* 4 same kinematics!

Gas target nozzle

radiative tail +
energy loss straggling

103 4

]
s R il

Counts
=
o
~N

~pure radiative tail

101 -
- |H; target

Jet target, colli in, 15001,/h

10o : T T T T T T T
-6 -4 -2 0 2 4 6 8 10
Mpiss — Mp [MeV]
April 2026 21
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MESA and the MAGIX Spectrometers




The Low-Energy Electron Accelerator MESA

Mainz Energy-Recovering Superconducting Accelerator
Double-sided Multi Turn Energy-Recovery Linac (ERL)
Beam energies from 20 MeV to 155 MeV

Beam currents of = 1 mA

Two operation modes:
ERL and Extracted Beam (EB) W

Three experiments: P2, DarkMESA, and MAGIX \




MESA Source and Beam Preparation System

i i Preparation
Courtesy S. Friederich B

Double scattering SEAM
Mott polarimeter

P B
Diagnostic
devices
All-metal
— valve
DOUb'e Wien .y
| sole- filter
- e== noid
7 vl = s z
Licos)
Diagnostic Buncher Dipole Diagnostic 1 Quadru-
devices  #8 system 5 devices : : poles
MAMBO Chopper collimator

system

Differential
pumping
stage

lon getter
pump

Wien filter and solenoid

| Chopper and collimator
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MESA Linac

R. Heine

accelerator
MAMBO
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MESA Enhanced ELBE Cryomodules

B
T

- MAGIX-Experiment P2-Experiment, § X Motm' e S
4 ‘%\\( / “Snmodale | e‘-Sources\/

Dehn et al. 2025

MESA cryomodule 1

-€ryomodule ||
e =1
~—

m > XFEL cavities tested and installed
®  Girders under construction
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MAIinz Gas Internal eXperiment MAGIX

Operation of a high-intensity ERL beam in conjunction with internal target
= A novel technique in nuclear and particle physics
* Measurement of low momenta particles with high accuracy

= Competitive luminosities at very low target thicknesses
\-‘\ ~ .—\ 7”“’"_‘

|

Magnetic spectrometer

SrEE——

EIE
Focal plane i}

|
;
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Magnet Optics for the QDD Design

Requirements: E e E:
o, { Interaction 2k 3
= Momentum resolution: .- %
(V)
6p A : Q g 4000 - Focal plane
—< 107" : -\ s
p .sm—; _ ’\ - E
= Angular resolution: : 0
60 < 0.05° A . :sw—é Dipole 2
= Precision cross section o
measurements with two . s 3 Diole
identical spectrometers 5 i 3
000 — E Quadrupole
(STAR and PORT) N
= :;D o ; 'Jm'i' S 'l(‘)(‘)ﬂl e 'I"ilml o 2000 2500 : =200 l -IIK) . 0 =8 I(])O ; '_‘ll)(l
Flrst-order matrix: | | Dispe—rsive direc{ion X [mm] Non-dispersive direction z [mm)]
= Point-to-point focus in dispersive direction (x|6y) =0 » Angular range: 15° - 165°

= Nearly point-to-point focus in non-dispersive direction (y|¢g) =0 ® Momentum range: 3 — 282 MeV/c
= Magnification M, ~-0.5 = Accepted solid angle: AQ = 6 msr
= Dispersion D ~ 5.5 MeV/cm




Twin-arm
magnetic

spectrometer
- ——

Shielding house
including lead and
boron-treated
polyethylene

MAGIX Subsystems

----------

cascade for the
gas jet target

Windowless target chamber

l housing an internal gas jet
" | target and an array of silicon
strip detectors

B —r

Pumping

Tracking detector in the

Trigger veto system
made of plastic
scintillator and lead
absorber layers
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April 2026 29

P Achenbach, U Mainz



The MAGIX Time Projection Chamber (TPC)

Electric field E

I _ Kapton entrance foil %
N Ope B 2 2 iZ

| | ofe- i E 2
c | R e o _L@eef_::';%ee j
3 S e il I oY
v e— " %
v z
O et_n’:_to_Jr_A_f’I E
(V) L
i_|'__“ i to: Trigger Kapton exit foil
)] o e
= M - TPCbased on 4 Gas Electron Multipliers (GEMs)
3 — @)

/8 £ Ml = Segmentedreadout at pad-plane anode
-+ 2 q
=
S| BE M - Trackreconstruction by pad plane plus drift time
& : . .

. aa ¥ = , Ml = Expected accuracy in focal plane coordinates:
y 0x = 100 um and 66 = 3.5 mrad

G—
|

Open field cage to minimize the material budget

April 2026 30
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| Veto layers

Veto system

¥——— | Leadabsorber layers

The MAGIX Trigger Veto System (TVS)

| Trigger layer

Triggering and PID in one modular system
Segmented trigger layer of plastic scintillators read out by 2 PMTs each
Several veto layers of plastic scintillators read out by SiPMs

Several passive lead absorber layers in between

Muon | | Electron Electron
/I/ | | Trigger layer T
Veto layer V1

Lead absorber layer

Trigger layer T
Veto layer V1
Lead absorber layer

/ | | Veto layer V2 | | Veto layer V2
Lead absorber layer I 1.cad absorber layer
Veto layer V3 ] Veto layer V3
1

ruggor tayor 1
Veto layer V1

Lead absorber lay

| Trigger layer T
Veto layer V1
Lead absorber layer

|

Neutron

Veto layer V2
Lead absorber lay
Veto layer V3

Veto layer V2
Lead absorber layer
] Veto layer V3

lﬂ

\
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Status of MAGIX Subsystems

Detectors:
Trigger layer Combination of trlgger W|th TPC

Nﬂahhanhanannﬂﬂﬁnnﬂw

T’I "’l !’!’ !M;QQQ’:{‘ -~
T -

~ Frittire of Flectron Scatterineg Experiment< in Mainz Aprll 2026 32



MESA Commissioning Schedule

Completed: Feb. 25
Mar. 26

» Q1 2026

MAGIX (55 MeV) P2 (55 MeV)

= Staged approach:

» June 2027: first MESA beam at 55 MeV, unpolarized, 1 pA
» September 2027: first extracted beam to MAGIX

» November 2027: first extracted beam to P2

The Future of Electron Scattering Experiments in Mainz April 2026 33
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MESA First Stage Operation

MESA Arcs

beam separator beam separator

Significant simplification for
55 MeV (EB) possible

MARCO
MARC1
MARC?2
MARC3
MARC4
MARC5
MAGIX-ARC
P2-ARC

* No energy-recovery mode
* Norecirculation
* Low beam availability

= Limited beam control




No energy-recovery mode — No gas-jet target
— Solid state target: Simpler handling
— Luminosity independent of hit position

— Reduced instrumentation demands

No recirculation — No FF separation etc.

— Reduced experimental complexity

Low beam availability — Need for short experiments

— More time for analysis

Limited beam control

2 2
6Z|F (q|/q [fm’]

Consequences for MAGIX Operation

First experiment : >C Hoyle state transition

form factor measurement at low Q?

*~ ¢, Newest S-DALINAC data

B SN __('/R .

- L * : - &

" MAGIX a-cluster model
3} at55MeV —

i . global fit 7

[ 55 MeV reach Fermionic Molecular e
2 - - Dynamics model

i 105 MeV reach
1 [ : | : . . . J

O 1 I 0 5_I ] I 1 1

David Markus, PhD

N o) ~]

N

! ! 1

I T
12(:(6, e!)lzc*

07 =07
E, = 7.654 MeV(Hoyle state)

T e polynomial fit,

Goal |

q [fm”]




55 MeV beam energy
Unpolarized measurement
Q? coverage from 105 to 102 GeV?

Dominated by systematic error

Major error sources at MAGIX (projected) compared to Al.

.l A1
0.50% | NIl MAGIX =

0.40% A
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Electron scattering experiments in Mainz:
= (Continuation of experiments with MAMI
= Preparation of experiments with MESA
» Building upon a newly constructed low-energy accelerator

» Building upon a newly constructed high-precision spectrometer setup

Operation of a gas-jet target in combination with

high-intensity beams and high-resolution spectrometers
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