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ASACUSA
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ASACUSA  Italia (per 2014)
cognome nome TIPO Ricercatori        Tecnologi          FTE 

-------------------------------------------------------------------------------------
Artoni Maurizio assoc Prof.Associato 30
Bianconi Andrea assoc Prof.Associato 70Bianconi Andrea assoc Prof.Associato 70
Corradini Maurizio   assoc Ricercatore       100

Ferroni Matteo    assoc Ricercatore 50

Leali Marco  assoc    x    100    
Lodi Rizzini Evandro   assoc 
Mascagna Valerio    Assegnista        100  
Venturelli Luca   assoc Prof. Associato        100    
Zurlo Nicola   assoc Ricercatore        100    

tecnico
---------
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---------
Marca Alessandro               tecnico informatico 100

+ collaboratori Universita’ dell’Insubria-Como  INFN Trieste 
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100 MeV/c (5.3 MeV)

Antiprotonic atom formation Antiprotonic atom formation 
and  spectroscopy;                

Antihydrogen formation and 
spectroscopy;                          

Atomic collisions;                   
Nuclear collisions

x
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AD is the only low-energy p source



1)

Goals

2)
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.3)

π



No beam during 2013 (CERN Long Shutdown 1)No beam during 2013 (CERN Long Shutdown 1)

Analysis of 2012 data

Improvements for next data acquisitions
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Why study antihydrogen? 

• Precise matter-antimatter comparison   � CPT test

• Measurement of the gravitational behavior of antimatter  � WEP test 

CPT
CPT invariance is inside the Standard ModelCPT invariance is inside the Standard Model

• Assumptions: flat space-time, Lorentz-invariance, local interactions, unitarity, point-like particles

• Consequences: 

- particles/antiparticles: equal mass, lifetime; equal and oppositye charge and magnetic moment

- atoms/antiatoms: identical energy levels  

Standard Model can be extended with CPT violation 

CPT violation in Standard Model Extension
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CPT violation in Standard Model Extension

a & b parameters have energy dimensions

No quantitative prediction

Indiana group, Kostelecky et al. (since 1997)



Antihydrogen for CPT test
matter-antimatter precise comparison by means of spectroscopy

direct experimental test 

(no model is required)
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- Antihydrogen trapping

- Antihydrogen beam

- 1S-2S transition

- Hyperfine splitting of 

ground state

- measurements: - methods:

Plans for antihydrogen:



Antihydrogen for CPT test
matter-antimatter precise comparison by means of spectroscopy

direct experimental test 

(no model is required)

ALPHA
ATRAP
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Plans for antihydrogen:

- Hyperfine splitting of 

ground state

- measurements:

- 1S-2S transition

- Antihydrogen trapping

- Antihydrogen beam

- methods:



Antihydrogen for CPT test
matter-antimatter precise comparison by means of spectroscopy

direct experimental test 

(no model is required)

ASACUSA
AEGIS
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Plans for antihydrogen:

- Hyperfine splitting of 

ground state

- measurements:

- 1S-2S transition

- Antihydrogen trapping

- Antihydrogen beam

- methods:
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Scheme of the measurement

confine pbars and e ;

flip Hbar spin
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confine pbars and e+ ;

select Hbar spin state

HFS-states: de-focused

LFS-states: focused 

select spin state

B and E axially symmetric



Scheme of the measurement

off resonance

on resonance

Consuntivi 2013 ASACUSA   INFN-Pavia  10 giugno 2014 17

“Disappearance Mode”



experimental set-up
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experimental set-up
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MUSASHI

MUSASHI



experimental set-up
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Antihydrogen formation
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First antihydrogen production in a “cusp trap”
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Tracking detector
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Annihilations vertices
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Annihilations vertices

25Consuntivi 2013 ASACUSA   INFN-Pavia  10 giugno 2014



Increase antihydrogen production 
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expected polarization of antihydrogen beam

Antihydrogen beam
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Antihydrogen beam

Not yet 

used Hbar detector
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BGO measures energy deposition by Hbar annih.

coincidence: BGO AND (>1 S) 
Field Ionization before the detector

� Only Hbars with n<43 (or n<29) reach the detector 



Energy deposition in the BGO

mostly Hbars
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Background = 

pbars – e- mixing



a-c (see previous slide)

Antihydrogens reaching the BGO

a-c (see previous slide)

Integration from Eth to 200 MeV

After detection efficiency 

correction (from GEANT)

16 Hbars/hour (n<29)

25 Hbars/hour (n<43) 80 Hbars 
detected
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x10
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Next steps
Study and improve the beam features (Hbar numbers, temperature, n-states,…)

Introduce MW cavity
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Expectations

D

D=10 cm, v=1 km/s

1/T=10 kHz � Df/f=7x10−6

� s=7x10−7

D

Achievable resolution: 

- better than 10-6 for T < 100 K

- 100 Hbar/s in 1S state needed  (in 4 π)� event rate=1/min.

<-- AEGIS
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1° improvement (Ramsey): 

Linewidth reduced by D/L

Antihydrogen fountain: 

-trapping and laser cooling

- Ramsey method with L=1m

Δf ~3 Hz, Δf/f ~ 2x10−9

<-- AEGIS



Future  

2014 2017 �
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ELENA decelerator:

5.3 MeV � 100 keV

x 100 pbars trapping efficiencies

4 experiments can run in parallel
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νexp (2-photon laser) to 2.3-5 x 10-9

(3 times lower than proton-to-electron mass ratio)
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+ L.Venturelli, N.Zurlo
Now in CODATA

2012
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Nuclear Physics @ AD

• @ 5.3 MeV done (Ni, Sn, Pt)              PLB 2011  &  NIMA 2013

p-A  annihilations s

• @ 130 keV in progress EPJ+ 2012

53Consuntivi 2013 ASACUSA   INFN-Pavia  10 giugno 2014



• Cosmology: matter-antimatter asymmetry in the Universe
(One possibility is that antimatter is distributed non-homogeneously in the Universe within 

the so-called “islands” of antimatter . In the border region between matter and antimatter, 

the role of annihilation is important.)

• Saturation: s (pbarA) does not

Physics motivations

• Saturation: sann (pbarA) does not

increase with A as expected

• Probe the external region of nucleus
(both potential models and phenomenological analyses  state that the annihilations 

occur in a thin region placed just outside the nuclear volume: neutron/proton ratio or occur in a thin region placed just outside the nuclear volume: neutron/proton ratio or 

the extraction energy of the peripheral nucleons can be determined)

• …completly unexplored region
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Method of the annihilation s measurement

p ( )
beam

events

N

N÷Apannσ
counted by Vertex

detector

ti
m

e

p

p

p

- Beam chopper to reduce the pbar shot lenght

- Slits along the beam-line to reduce halo

To separate signal from background:

- Long & large vessel

counted by Beam monitor & 

by Rutherford annihilations

p

p

- Long & large vessel
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- Ultra-thin targets

- Thick wall to screen detector from p->m->e



Experimental set-up

foto

muro
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Experimental set-up

p
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Detectors 1/2 

“Brescia detector”

f = 2 mm

Modules of different dimensions (total number of scintillator bars = 500)

Scintillator bar

62 bars -> two 64-ch multi-anode PMTs

f = 2 mm

15x19

9
6

0
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• Beam position monitor
-Secondary emission electron detector

-Placed (& removable) at the target 

position

Antiproton beam monitors

position

- Resolution 4 mm

• Beam intensity monitor 
- Cherenkov detector

Cherenkov detector
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End-wall

annihilations



Targets

Ultra-thin targets:

- carbon foil (70 nm)

- carbon foil (70 nm) + Pd (20 nm)

- carbon foil (70 nm) + Pt (5 nm)

Made @ TUM

target parking vessel

rotary-linear multi-motion
650 mm

Steel ring frame:  cm13cm8 extint =Φ=Φ

f = 1200 mm 

1700 mm 60Consuntivi 2013 ASACUSA   INFN-Pavia  10 giugno 2014



Why ultra-thin targets?

antiprotons scattered at          will stop in the target�90≈

Scale dimensions:

Target thickness  

Target radius      cmD ≈
nm10≈∆x

p
(130keV)beam107 p

µmR ≈
Target radius      

antiproton range         

(@100keV) 

cmD ≈

target

p

@ rest 

(from MC)

in-flight

(from BGF 

model)
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For C target (70 nm) the expected pbars @ rest

are much less than in-flight annihilations

very thin targets needed



Targets measurements @ LNL

Rutherford Back Scattering measurement:

2 MeV Alpha scatterd at 165° ; spot 1x1 mm^2

nominal 
µg/cm^2

nominal
1E15 
at/cm^2

measured
1E15at/cm^2

measured
nm 

Pd 24 135.8 139 (+- 4) 20.4 (ρ=21.45 g/cm^3)

C 16 803 720 (+- 35) 71.7 (ρ=2 g/cm^3)

nominal 
µg/cm^2

nominal
1E15 
at/cm^2

measured
1E15 at/cm^2

measured
nm

Pt 10.7 33 43.8 (+-3%) 6.62 (ρ=21.45g/cm^3)

C 16 803 768 (+-5%) 76.5 (ρ=2 g/cm^3)

C+Pd

C+Pt

C 16 803 768 (+-5%) 76.5 (ρ=2 g/cm^3)

C    target not measured (destroyed)
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Good thickness uniformity (better than 5%)



The raw data 1/3

Target

signal

From slit

End wall
C target (all shots)

signal
p->m->e
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The raw data 2/3

End-wall

Target

“Brescia detector”
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Rutherford 



Data analysis
“Brescia detector”

Only time info Vertex reconstruction

C

C+Pd

C+Pt
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Consistent results

“empty taget”



Data analysis

“MPQ/Tokyo detector”
Only time info

1556

Total hits

bare-C

C+Pd

Brescia  

(1 mod.)
MPQ/Tokyo

4010

Ratio

2.6
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Results from BS-detector and MPQ/Tokyo detector are consistent

1556

523

643

bare-C

C+Pd

C+Pt

Acceptance (W) 6% 16%

4010

1490

2000

2.6

2.8

3.1

2.7



Data analysis

In-flight annihilations
( )

beam

events

N

N÷Apannσ

resthalototevents NNNN −−=

target
p

p

from Monte Carlo

67Consuntivi 2013 ASACUSA   INFN-Pavia  10 giugno 2014



Beam intensity measurement

Cherenkov detector  � relative measurement of the pbar beam intensity

Cherenkov signal normalized to the signal from Coulomb-scattered pbars on a 2° frame

� absolute pbar beam intensity
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Assuming prong multiplicity (k)=6, solid angle(W)=6%, detector efficiency (e)=0.9

the beam intensity is 7 x 10^4 pbars per shot (in the C+Pt day)

( )
beam

events

N

N÷Apannσ is independent from k, W, e

same detector

N.B.



Carbon target 

Problems with bare-C target data

5.8  +-0.1

1.98+-0.06

Normalized hits/shot

C

C+Pd
� Too many in respect to the others

1.98+-0.06

1.81+-0.08

C+Pd

C+Pt

- The carbon films had similar thicknesses (even if bare-C not measured)

-same results in different days

-same results with different detectors

- Beam halo on the frame is very unlikely (checked during run)

-large dusts on the bare-C target? 
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Upper limits on 

pbar-nucleus annihilation cross-sections @130 keV

In 2012 data for 3 targets:

C

(C+Pd)

(C+Pt)

…but bare-C target was unreliable

Can we extract annih. cross-sections from (C+Pd) and (C+Pt) data?  
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Annihilation cross-section (s)

( )
( )





+=

+=
+

+

'

C
nnNN

nnNN

CPtPdpbar
CPd

events

CCPtPtpbar
CPt

events

σσ

σσ for (Pt+C) target

for (Pd+C) target

2 equations and 3 variables ( )PtPdC σσσ ,,

It is possible to measure:

- relative s:

Pd

Pt

C

Pt

C

Pd

σ
σ

σ
σ

σ
σ

,,

- (lower & upper) limits for PtPdC σσσ ,,

Legenda:

( )=++ CPd
events

CPt
events NN

=pbarN

=Xn

# of in-flight annihilations for Pt+C (Pd+C) target

# of injected pbars

Surface number density for X element � RBS measurement @ Legnaro (Italy)
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(lower & upper) limits for PtPdC σσσ ,,











+−=

+−=

+

+

CPd
events

Ptpbar

CPt
events

C
Pt

C
Pt

Nn

nN

N

n

n

C σσ

σσ

'
From: with the conditions 000 ≥≥≥ PtPdC σσσ

Pdσ

Ptσ

(b
ar

n)
σ





+−=

Pdpbar

events
C

Pt
Pd nN

N

n
C σσ

For distance between (C+Pt) 
and 2°frame=1.25 cm

(barn)Cσ

Pdσ

Mostly of in-flight
annihilations are due to C-foil

Contribution to in-flight annihilations
from C-foil is negligible
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more stringent (lower & upper) limits for PtPdC σσσ ,,

In addition if we assume:

CPdPt σσσ ≥≥

we can limit the ranges

Pdσ

Ptσ
(b

ar
n)

σ

CPdPt σσσ ≥≥

(barn)Cσ
Batty-Friedman-Gal model
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(lower & upper) limits for
+  errors bands

PtPdC σσσ ,,

σ

Pdσ

Ptσba
rn

σ

For distance between (C+Pt) 
and 2°frame=1.25(+-0.20) cm

barnCσ
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49 < σPt < 341 barn (± 230)

105 mb = 100 barn

106 mb = 1000 barn

49

150

341

@130 keV

49 < σPd < 150 barn (± 75)

~0.5 < σC < 16 barn (± 13)

16

~ 0.5 barn
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p = 14 MeV/c (E=130 keV)

101

~ 0.5 barn



Energy loss
By product

Cherenkov signals

Pd stopping power unknown Ag
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Data and simulations
agree well

Similar by using GEANT4



• Same apparatus
• Minor improvements:

-

Improvements for next measurements
@ 130 keV

-

- thicker wall
- new target frames and boxes

- new target positioning tool
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Summary

1) Three targets used: C, C+Pd, C+Pt
2) Same results with 2 different and independent detectors (the MPQ/Tokyo detector 

and the Brescia detector). 
3)    good separation between signal and background
4) C- target was unreliable (too many events in respect to C+Pd and C+Pt targets)
5) the data acquired in different conditions are consistent (for example the only-frame data,

the data with the 2nd frame. etc.) 
6) if we exclude the carbon target, the other 2 targets give reasonable results: 

-it is possible to determine the upper limits for the pbar annihilation cross-sections (sigma) 
on carbon, palladium and platinum. Their values are 20, 150, 340 barn 
-If we assume that sigma_C < sigma_Pd < sigma_Pt the upper limit for sigma_C becomes 
16 barn and we can give also lower limits for the other sigmas. They are 50 barn for both 
palladium and platinum. 
-The uncertainty on these values can be estimated to be around 60% (this is very 
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-The uncertainty on these values can be estimated to be around 60% (this is very 
preliminar) 
-If we assume sigma_C=10 barn (as predicted by Batty-Friedman-Gal) we have a good 
agreement  between sigma_Pd and sigma_Pt values and the the Batty-Friedman-Gal's 
predictions. 


