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FRS — a versatile instrument for experiments with relativistic beams

* Production of exotic nuclei and identification (Bp-AE-ToF)

» Separator (cocktail beams, mono-isotopic beams)

* Momentum slit - selective trigger

» Spectrometer (high momentum resolution)

» Different ion-optical modes: analyzer-spectrometer, dispersion matching

* Anti-proton production
* Hadron physics

» Atomic physics

* Nuclear physics
 Applications
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Hadron physics experiments at FRS: a long history

GSI REPORT 2023-1

GSI-FAIR SCIENTIFIC REPORT 2022

An overview of the 2022 achievements in science and technology

FAIR == FiR

HELMHOLTZ
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Sub-threshold anti-proton production at FRS

Deeper insight to sub-threshold particle production process:
Energy dependence

counts

counts

A. Gillitzer et al., Prog. Part. Nucl. Phys. 30 (1993) 97
A. Schroter et al., Physica Scripta 48 (193) 184

Size and asymmetry dependence
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Discovery and study of deeply-bound pionic states with FRS
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« Difference of s-wave potential
—> restoration of chiral symmetry?

20 F
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—> reduction of chiral order parameter f_? 10 _ L\:

e Partial chiral restoration in nuclear medium f BMev] Ll L L) s
> well-defined quantum states 0 g '3135' 30
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H. Geissel et al., Phys. Rev. Lett. 88 (2002) 122301
K. Suzuki et al., Phys. Rev. Lett. 92 (2004) 072302




Meson-nucleus bound states

mesic atom mesic nucleus

negatively-charged ,.
meson (TT-, K-, etc.) neutral meson (N, N, W, etc.)

electromagnetic

+ strong interaction strong interaction only

Probe for strong interaction effect
in finite nuclear density

QCD at FAIR Workshop 2024 Darmstadt, 11-14 November 2024 Christoph Scheidenberger



Search for n'-mesic nuclei at FRS

12C (p,d) missing-mass spectroscopy at GSI

2.5 GeV proton

Theoretically expected spectrum
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A new era: combination of WASA@FRS (and soon: Super-WASA@ Super-FRS)
WASA-FRS Experimental Setup

Fragment Separator (FRS) | IVIWDC F4
- \_) : m|ﬂ] [
L — K \Scmtlllator/
T. Saito et al., =’
Nature Reviews Physics 3 (2021) 803 F2 4§ -3

FRS (F2-F4) forward
high-resolution spectroscopy

WASA for decay
particle measurement

/" MDC Solenoid Magnet

12C Target

50 cm J
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Opportunities at FRS and Super-FRS

- 69 m Special features (FRS & Super-FRS):

7 e Degrader
AL
L %

Super'FRS - «  Momentum spectroscopy (dp = 10%)

* p... U, exotic nuclei, n*-, pbar

[

* Dispersion matching

N =N s 19 - missing mass
N\ / G (S
\‘\\\\\\"g;:;‘::’; a0 | R '.;,"i§§?;§}\(£|!!';i:’; g «  Selectivity for certain channels
4 \\\\\-ai! | j’ﬂ\ SRERZ NPT
> | @\
N A \
-hﬂﬁ/ New features (Super-FRS):
129 m * SIS-100 energy domain
* Pre-separation of secondary beams
*  Multiple-stage operation
_ gain factor
Bomax | AP/p | ADy, ADy resonang | 1qs  132gp . Larger apertures & acceptance
FRS 18Tm  1.0% 13, *#13 mrad 1500 1 1
Super-FRS 20Tm 25% 40, 20 mrad = 1500 5 10 I_{

pincluding, | 250 20 000

see contribution by Kenta Itahashi in
“Parallel Session Il on white paper's chapter 9”
H. Geissel et al. Nucl. Instr. Meth. B70 (1992) 247 (today afternoon)

H. Geissel et al. Nucl. Instr. Meth. B204 (2003) 71
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WASA-FRS Experiment : Concept & Layout

GSl facility
FR &
\ Exp. Apparatus S
SIS18
\ , ESR
. fj HR-Spectrometer
FRS { * We had the opportunity to use WASA central system:
]
53_2 — Moved to GSl in 2019 from COSY - Jilich
‘ — Placed in S2 in 2021
ESR [  Since 2019, preparation work of the WASA setup with:
j new detectors & new electronics readouts & cryogenics

system & new holding structures

e From original WASA: solenoid & return yoke (with Csl)
13/11/2024 WASA@FRS S490 & S447 2/25




WASA-FRS Experimental campaign: Jan. - March 2022

Fragment Separator (FRS) 1o F4
F3
—_— —...._I_I. 1.
beamTA MWDCs
Plastic Plastic Sci.
Hadron spectrometer " Sci.
Ap/p~few% R *--------------*
WASA central detector Target High resolljtion spectrometer
MDC Solenoid Magnet Ap/p =10

Two experiments took place:
* -mesonic nuclei spectroscopy
* Hypernuclei spectroscopy

2 of 10 key topic of
SuperFRS EC Super-FRS EC
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WASA-FRS: Study of n’-mesic Nuclei

e Study of axial U(1) anomaly & chiral condensate in medium:
Semi-exclusive missing-mass of 12C’\Zj1%glp): n’-11C
F4

TA quadrupole magnet

Beam from / F F3 o® ) ] .
2am M / “~ F2 P sc41)) | 3 decay modes n'-nuclei:
dipole magnet ' - - ¥ SC42 SC43
7 SC31
i WASA central detector,
0 10m fiber trackers, start counter, target
Pse ﬂ\ "
psae — QN \ .\ PSFE
p beam Il P _, to FRS
||” ""’ L T d F4 °t;: 100 200 300 400 500 600 700 80O
P =S YK Tanaka and Y. Higashi 1P IMEV]
NI | Focus on detection:
. ' p [300 - 600 MeV] in WASA & d in FRS
20w Carbon target S/B improve by 100 in semi-exclusive measurement

13/11/2024 WASA@FRS S490 & S447 4/25




WASA-FRS: Study of hypernuclei

e 2 puzzles: possible signal of nnA & structure of 3\H:

Invariant mass spectroscopy: Lifetll:mgc& radius
F4

quadrupole magnet .. . . . .
_T_A e V. _ w] 1 Hypernuclei in nuclei-nuclei collision:
Beam from . \F1 s F3 \ ) .
SIS-18 . P sca1”) ’ Coalescence of A or (ri+, K+) reaction
dipole magnet - /—E} - \SC31 SC42 SC43jn spectator fragment
WASA ceiiral detector. — ~ velocity as projectile (boosted)
0 10m fiber trackers, start counter, target

— In-flight study

Superconducting
solenoid magnet

MFT1,2 Focus on mesonic weak decay of:

UFT1,2,3

SH — 7 +’He nnA — 7 +din
AH— 7 +'He

SLi beam | e .
| 1t- measured in WASA
J ._ 3He, “He, d measured in FRS
Start counter IR
Diamond UL/ /1L iron yoke — Vertex reconstruction behind target

target

13/11/2024 WASA@FRS $S490 & 5447 5/25




Experimental apparatus: WASA-FRS

« At the middle focal plane of FRS:

Fixed target, Reaction : n’-nuclei: p+12C @ 2.5 GeV, 2.5 108/s
Hypernuclei: °Li+ ?C @ 1.96 GeV/u, 2 107/s

WASA Yoke
Solenoid Magnet
SEC Target:
n’-nuclei: C target: 8 g/cm?
Target PSBE | PSB Hypernuclei: C target: 9.87 g/cm?®
| PSFE

‘He | |

i

DFT1,2
UFT/MFET/DFT: Fiber Trackers

PSBE-PSBE-PSFE: Plastic scintillators
MDC: Drift chambers base on straw tubes
T0: finger scintillators

SEC: Csl crystal calorimeter
13/11/2024 WASA@FRS 5490 & S447
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Experimental apparatus: WASA-FRS HypHI
At the mlddlefocal " Iane of FRS

‘H — *He+7™

ion : ¢Li+ 2C @ 1.96 AGeV or Vs = 2.7 GeV
2 enoid Magnet

TO detector:

« 28 segments 1.5 x 1.5 mm?x 4.5 cm

| « Total size 3.4 x 4.5 cm?

» Start timing of the Time-of-Flight

* Time resolution: o ~ 40 ps

¢ < 2MHz per segment = 2 10’ total beam intensity
« E.Liuetal, NIMA 1064, 169384 (2024)

Il 2

/MFET/DFT: Fiber Trackers
E-PSBE-PSFE: Plastic scintillators

: Drift chambers base on straw tubes

nger scintillators

SEC: Csl crystal calorimeter
13/11/2024 WASA@FRS S490 & S447 7/25




Experimental apparatus: WASA-FRS HypHI
At the middle focal plane of FRS: i

Ca - 300 B - =R
Fiber trackers. XUV layouts
e 512 or 768 fiber / layer : Fiber of 0.5 mm Xsection
* Intotal: 5760 channel readout
* Tracking charged particles

tion : °Li+
lenoid Ma

e Position resolution: o ~ 0.25 mm

» Charge also measured via Tol

o UFT=DFT Eff: ~ 95% MFT : ~93%

« NIMA paper in preparation by V. Drozd (PhD Student)

= 1 I

o ||
\

@ 4 T: Fiber Trackers
A\ N 2 < /80 ,’SFE: Plastic scintillators
nambers base on straw tubes

1tillators

——. —_. 5., _tal calorimeter
13/11/2024 WASA@FRS 5490 & S447




Experimental apparatus: WASA-FRS HypHI
« At the middle focal plane of FRS:

in — d+7+(n) 3H — SHe+7~

WASAYoke |xed target, Reaction : °Liy

13/11/2024 WASA@FRS $490 & S4 ..



Experimental apparatus. WASA- FRS HypHI
e At the middle focal plan. N TTITTTLLL

| | 1
2n — d+7+(n) { f‘

WASA Yoke Fixed targ ._ 2.7 GeV

s |

SEC '

7
SLi H H _|iH 1 - = =
10 A MDC: Strawtubes drift chamber
MFT » 17 layers : Diameters : 4, 6 & 8 mm 9 // z axis + 8 stereos
UFrlﬂ,2,3 | — T _ e Intotal: 1738 channel readout

M * Tracking charged hadrons : Momentum analysis
X - | /| » Position resolution: 0 ~ 0.3 - 0. 5 mm
%)_. / * Inner to outer layer eff. ~ 92% — 96% es
74 T0O: finger scintillators

SEC: Csl crystal calorimeter
13/11/2024 WASA@FRS 5490 & S447




Experimental apparatus: WASA-FRS HypHI

» At the middle focal plane of FREIPES—_—_—--EJ
3n — d+7+(n) 31— 3HEZ R .

WASA Yoke Fixed target, Reac: a = 2.7 GeV
Sof4l
SEC . 2
~2x107/s
Target PSBE | [ PSH

e ik . i
10 “\H MFI'/TH\“/ PSB: Plastic scintillator barrel

\ « 48 bars, size: 55x 3.8 x0.8 cm?®
UFI']_I'!2,3 | — T |« Stop ToF & final positions of charged hadrons

MDC e Time & Position resolution: ot ~ 85 ps & o, ~ 1 cm
Y | , e R. Sekiya et al. NIMA 1034 (2022) 166745 [ors
l / MDC: Drift chambers base on straw tubes
Z

T0: finger scintillators

SEC: Csl crystal calorimeter
13/11/2024 WASA@FRS 5490 & S447




Experimental apparatus: WASA-FRS HypHI

At the middle focal plane of FRS: J
;’.\n — d+7 " +(n) iH — 3He+7— A
WASA Yoke Fixed target, Reaction : °Li+ ?C @ 1.96
Solenoid Magnet
K X Diamond tar;
Beam : °Li at
Target PSBE | _PSB
’ . PSFE
¢ % 3
lc’]_.l ” H - AH T He H H 3
TO H\H Ml-—frw\”’/ \L “
UFl'lxll 2/3' - % — g DFT1,2
v PSBE - PSFE: Plastic scintillator Endcaps DF
Y e 38 &44 bars, size: [10 & 8] x~2 x0.8cm? --F
 Position, Time measurements & increase acceptance | cl
X%)—-Z - Efficiency ~ 99% cintillators

SEC: Csl crystal calorimeter

13/11/2024 WASA@FRS S490 & S447



Experimental apparatus: WASA-FRS HypHI

o At the middle focal plane of FRS:

2n — d+7+(n)

WASA Yoke

‘\-.‘_\ R

Target L PSBE
u || L |l
TO H\H\ MFT
b
UFT1,2,3 MDC
Y
1.

13/11/2024 WASA@FRS $490 & S447



Experimental apparatus: WASA-FRS HypHI

L.~
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~
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Experimental apparatus: WASA-FRS HypHI

* At the final focal plane of FRS:

1SC41,5C42|
 [scas,
i ~ MWDC: Multi-Wire Drift Chamber
m] SC: stacked scintillator
= : For Z=1 and Z=2 ion measurements:
= H G 3 3 MWDC o . $rglc:kmg of focal plan = Bp

=33

for Z=1,2,.. lightions — =53
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Experimental apparatus: WASA-FRS HypHI

« At the final focal plane of FRS:

f/

Photos byJan Hosan and GSI/FAIR
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Expected performances

 Expected results by MC simulations: T, = 25 GeV, 2C(p)
102 NI =0) = ~90-17i Mev
Former HypHI (2012) ; 2700X' 4 U(r=0) = 290-17i Me
120F \'-'_;,”:Jrilu}_)g.: 600 - ‘He+m Inclusive
100 ]
2 o 500- Mean: 2991.33 £
< 6ol . 0.05MeV
s 400 Width (o): 3.18+ Small S/BG
20 . No peak
i 300 0.06 MeV
267 298 2';’%39%:63\?%1 302 303 : -
200 -40 -20 O 20 40
E Eex — Eo [MeV]
100__ ||J|'||
. 400| Semi-exclusive dirl
0 = )
2.97 2.98 2.99 3.00 3.01 3.02 3.03 % 300 {H
Invariant mass (GeV) T
: £ 200 T00 better S/BG
Mass resolution: 3.2 MeV/c? 5 cture near threshdl
e e O
Expected Lifetime accuracy: 8 ps 100
: Signal n’-mesic nuclei

40 -20 0 20 40
Eex — Eo [MeV]

[T.R,Saito et al., Nature Reviews Physics 3, 803-813 (2021)]
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WASA Tracking: new development with GNN

° From pub"Shed Work: [H. Ekawa et al., Eur. Phys. J. A 59, 103 (2023)]

— Excellent track finder for - (98%) & others / Ghosts 0.04%
— Also track parameters estimation only for -

* New R&D: More complex GNN models = 5 models

- Excellent track finder — all particles
- Good track parameters estimators — all C,assiﬁcim —
— Allow Particle Identification with GNN /( 1\
* Improvement in KF fitter:
- Optimized setting: High efficiency - dﬂiz'dm wa - um'dﬂiz' -

-, 1+, proton estimation model
(Position, Length)

| Track estimation output I

13/11/2024 WASA@FRS S490 & S447 18/25




FRS: lon-optics from experimental data

* Analysis of high resolution spectrometer for fragments:

- Momentum analysis : High acceptance & high resolution
— Needs ion-optics calibration: Several datasets with fixed parameters

10° ,
T 350( \
100 2 B 25000 \ -
[— r 300__ ......... JSS SRS SEUSRPRS: R
E : \ g
|§| \ ! 200005 I \ 250;_ ......... USROS SO S .............
> \\/ A \ ;5000: o=be-4 200F- 0=0.8 mrad
C 150
gl 000¢ R S N
E q| T - / \ (1] — X
= 5000F : Vl
, T Tar - R, S SIS FAVIPR ST S S D P DU S0 DU SO D S
1001 % % -1 0.8-0.6 04 —02 0 0.2 04 06 0.8 . 1 910 8 6 4 2 0 2 4 6 8 10
S3 Residual of 5 (recon - set) [%] Residual A2 (recon - exp) [mrad]

E. Liu’s PhD thesis
After correction and ion-optics up to second order :

A momentum resolution for fragments : 5 10+
e Position & angular resolutions : [x,y] ~ 0.2 mm & [a, b] ~ 0.8 and 0.7 mrad

13/11/2024 WASA@FRS S490 & S447 19/25




Particle identification: n’-mesic Nuclei

« WASA Combined PID with TOF, AE and q/p :
- TOF start ~ 200 ps computed based on S4 + track info. in FRS

Preliminary |
———— 5811967 D _ MVG‘S/C \&8043

1.454 D W
{ Meany 157 o SC31 SC41

5 StdDevx  4.819
" SC31-SC41-SC43 TOF
made perfect offline PID

h

Entries

100
Q 15 80 gw;” g
- 3 ol
60 P 7af ;
2 3 Lo
5 L. 68F
_16 2 -6 1 - 0;’“ 2 4 6 8 10 ° 235,:"6"7””3””9”'16'11"'15"'13"HL'$E>l°
) p/d ratio at S4 >1000 TOF 5C41-5C43 [ns]
q/P [(GeV/c)1] SC31-SC41 TOF trigger — p/d ratio ~ 10
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Particle identification: Hypernuclei

* Analysis of WASA central system for hadron measurements :
- PID at S2 middle focal plane of FRS:

WASA PID PSB GNN

450

- —140
14— = _F : :
u w0 | 14 MCsimulation
1oL B —120
e 350 12—
- . —100
N 300 s
- u 80
0.8_— 250 0.8?
O.GT r : '. R
n 150 | os TOF res.: 110 ps e 40
0.4— - S :
L 100 02— 20
0l2__ :\ J ‘ | | | I | | I | ‘ 11 \. : 1 ‘ ‘ ‘
B S0 05 —4 -3 -2 - 1 oh 2 " 3 4G v 5 0
- t
0 (| ‘ (| ‘ [ | | L1 11 | [ ‘) | | | | | | | L 111 | [ | 0 argex omen um[ ° C]
-5 —4 -3 -2 -1 1 2 3 4 5

Momentum / Charge [GeV/c]

—Improved the track finding with Graph Neural Network:
Estimator resolutions: momentum 8.8%, angular 2.3 mrad
[H. Ekawa et al., Eur. Phys. J. A59, 103 (2023)]
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Preliminary invariant masses

e |nvariant mass of A = - + p & 3\H = - + 3He:

Red — real event | Blue = mixed event: it- Event #n + p Event #n+1
Secondary vertex Z pos > 150 mm

Invariant mass VixFitting (vtz>150) Invariant mass VtxFitting (vtz>150)
h1_c[5] h1[5]

[~ Entries 381 B : : : : : : : Entries 940
Yo R | N | SR SO O UU PRt SUPRROS Mean 1137 Mean 3.017

- Std Dev 0.06328 : : StdDev  0.03419

- 380 Integral 938
N I S S N

S T T O T 0 aH = - +°He
20 :— d 5 : ;
10— B (| [ :\
51— E fa i 9 i

: L1 1 J'j 1 i L1 1l i L1 1 i 1.1 i 1.1 i 1.1 i 1 lj-]{:w 'J1 ]

., B Hoprmy 11 294 296 298 3 302 304 306 308 3.1 3.12 3.14
P.O5 1.35 1.4 Invarinat mass [GeV/cd]

Invarinat mass [GeV/c?]

~ S-B = 85 events
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Summary

 WASA-FRS:

- The experiment took place 2022, it was very successfully !

- $490: n’'-mesic Nuclei:

« n'NN—=>NN : WASA worked nicely for tagging the protons

e p (WASA)+d (FRS) detection: BG suppression of ~1/200
e Missing mass spectra under detail analysis !

- 5447:3,H and nnA puzzles:

« = A + hypertriton events are observed
e Lifetime & radius measurement soon !
e More data:

- mid-rapidity A dataset from proton measured in FRS
- 12C beam : 'AB = ?C + it- & 3A\H — 3He + 7t-

13/11/2024 WASA@FRS S490 & S447 23/25




The WASA-FRS collaboration (only core members)

» High Energy Nuclear Physics Laboratory, RIKEN, Japan

- H. Ekawa, Y. Gao, Y. He, A. Kasagi, E. Liu, A. Muneem, M. Nakagawa, T.R.
Saito, Y. Tanaka, A. Yanai, J. Yoshida, H. Wang

 HRS-HYS group, GSI, German
- H. Alibrahim Alfaki, V. Drozd, T.R. Saito, T. Weber
 FRS/SFRS Research Group, GSI, German

- K.-H. Behr, B. v. Chamier Gliszezynski, T. Dickel, S. Dubey, J. Eusemann,
D. Kostyleva, B. Franczak, H. Geissel, E. Haettner, C. Hornung, P. Roy, C.
Scheidenberger, P. Schwarz, B. Szczepanczyk, M. Will, J. Zhao

* Meson Science Laboratory, RIKEN, Japan
- K. Itahashi, R. Sekiya

¢ Instituto de Estructura de la Materia - CSIC, Spain
- S. Escrig, C. Rappold

e Cryogenic Department, GSI, Germany
- A. Beusch, H. Kollmus, C. Schroeder, B. Streicher

« Experiment Electronics Department, GSI, Germany
- H. Heggen, N. Kurz, S. Minami

» Detector Laboratory, GSI, Germany:
- C. Nociforo, E. Rocco

* Nuclear Spectroscopy Group, GSI, Germany:
- M. Armstrong, N. Hubbard, K. Wimmer

e Super-FRS Project, GSI, Germany:

- F. Amjad, E. Kazantseva, R. Knébel, I. Mukha, S. Pietri, S. Purushothaman,
H. Weick

» Target Laboratory, GSI, Germany:
- B. Kindler, B. Lommel
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Institut fir Kernphysik, Technische Universitdt Darmstadt, Germany:
- G. Schaumann

University of Applied Sciences, Giessen, Germany:

- S. Kraft

Department of Engineering, Gifu University, Japan:

- A. Kasagi, K. Nakazawa

ESRIG - Energy and Sustainability Research Institute Groningen,
University of Groningen, The Netherlands:

- V. Drozd, M. Harakeh, N. Kalantar-Nayestanaki, M. Kavatsyuk
Institute of Modern Physics, China

- L. Duan,Y. Gao, E. Liu, J. Ong, X. Tang

Institute of Physics, Jagiellonian University, Poland

- A. Khreptak, M. Skurzok

Department of Low and Medium Energy Physics, JoZef Stefan Institute,
Slovenia

- Z. Brencic

Department of Physics, Kyoto University, Japan:

- R. Sekiya

School of Nuclear Science and Technology, Lanzhou University, China:
- Y. He, J. Ong, T.R. Saito, X. Tang

Institut fir Kernphysik, Johannes Gutenberg-Universitit Mainz,
Germany:
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Michigan State University, USA:

- D. Morrissey

Universidad de Santiago de Compostela, Spain:

- J. Benlliure, M. Fontan, A. Gonzalez, G. Jimenez, J. Rodriguez-Sanchez
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