Produzione e rivelazione
di atomi di antidrogeno
a bassa temperatura
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How to make cold antihydrogen
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Antihydrogen before the ATHENA production
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Physics with Antihydrogen at subKelvin temperature

-

15-25 transition 243 nm, natural width 1.3Hz:110-15 EEp1Q-18
Resolution 1.5 10-14 (4 Huber et al., PRA 59 1844(1999)

neutral atom traps - cold atomic beam - laser techniques

(Gns-mn.) Gover = (-2.6 +- 1.6) 107
@Wmlpa/la/m)y = (15 +-1.0) 207
(9e+-9c.)/ Gover = (-0.5 +- 2.1) 10-2

(my-mg)/myg < 10-1%



Test of the Weak Equivalence Principle (WEP) for antimatter

CPT Symmetric Situation Not:

Apple Anti-Apple Anti-Apple Gravity measur. on cold

pbars
. P5200 At CERN
V. Lagomarsino,V. Lia, G,
Manuzio>. Testera
Phys. Rev. A 50
2977(1994)

L - ' . "Using aPenning t to
- -- L2

o
Laser cooled atoms-atomic fountain-atom interferometry S

Precision (Delta g)/g =3 10" S, Chu, Nature Val 400 849 (1999)

Gravitational red shift

Av AU
10-12 mmp 107 for positrons - 5
10° for pbars

L2



Spontaneous Radiative N
Recombination (SRR) O

Pbar + e* = Hbar + hv

Opa(n, EJ) ~ 2.1.1022cm?2
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......... Laser stimulated recombination

Pbar + e+ m hv= Hbar + (m + 1) hv



3 bodies recombination

KT ~ meV _ Pbar + e+ e* = Hbar + e*

Ajoes(s™) =6 107 [ij d (.. (cm™))

_ T(K)
!_ E} -.| dﬁfﬂbm
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Small energy transfer (~ meV)
@ E(final states) ~ - kT
= n e 100 (ﬂ- ~ "4...6}

@ long lifetime (> 0.15s)

© unstable [re-ionizatien for n > 50)
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Tr'ups for chur*ged p-:lr"ricles : Penning and Malmberg type

Axial confinement: electric field Ez

Radial confinement: uniform magnetic field Bz (3T)

S

YVa Vava ¥ V2 Vo Va
Penning trop potential
O

z

Malmberg trbp potential  a) single particles classical motion
(antiprotons)

) P 3 b) non neutral cold plasma regime

z

(electrons, positrons)

Athena trap system:
Pbar Catching trap, positron trap, recombination trap (nested)



Antiproton Decelerator : pulses of 2 107 pbars-200 ns - 5 MeV
repetition time: 100 sec

From PS: 1.510" protons/bunch,

26 GaV

——
EIEE:P:? @ Injection at 3.5 GeV/c
o *E’:l-g.,. T i ¢
Antiproton
Production

E xtraction
(2107 in 200 ns)

© Deceleration and
Cooling
(3.5 —= 0.1 GeV/c)
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The Athena apparatus

Antiprote n Accumulation +
Mixing with positrons

Na-22
Cryostat Saurcs
' — Positron Accumulator y
37 =

Antiproton
Capfure Trap

Detector

Mixing 0 T
Trap !

=i strip
datectors

(double-sided)

Trap Temperature: about 15 Kelvin
Pressure (room temp. region)<10-'! mb

Annihllation
Detector

(ot T=140 K}









The pbar catching trap

L=40 em Penning trap



Coaptuned Antiprotorns

Catching and cooling antiprotons

Pbar capture versus
degrader thickness

]
., FWHM:=10um
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Additional Al thickness um

Degrading materials:
67 um silicon beam monitor

25 um Stainless steel
130 um Al foil (last degrader)

storage time: thousands of sec

a) Degrading | Solenoid- B =3 Tesla

Antiprotons !. -
egrader

Cold electron cloud

[cooled by Synchirotron Radiation, T ~ 0.45]

b) Reflecting 55.9% lost

c) Trapping

[N —
AR

[through Coulomb interaction]

¢) Cooling

3 10%electrons preloaded in the catching trap

1=0

=200 ns

=500 ns

1=20-40 s



Ccrl'ching trap results: summary
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ATHENA - Positron Accumulation Scheme

Faraday Cups

Solid Ne 1.5 JrE.mggnaﬁc solanoid fiekd {retractable)

»
maodarator (T=8 K)

Coldhead

B0 (/] &y > —mm— - )

MNa-22 0.2-0.3 kG 107 mbar . 107 mbar
1.8 GBq  Swiding fisld 106 ... 10'° mbar
Inelastic
Y collisions
40V - / with buffer gas
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Stored Positrons [Million g

Accumulated positrons vs time
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Accumulation rate ~ 10¢ e*/sec

* 150 million positrons / 5 min

* Transfer positrons from accumulator into mixing

trap (e ~ 50 %)

* Positrons cool by synchrotron radiation at
B=3T: 75 million cold positrons

* Non-destructive diagnostics gives plasma
parameters:

R=20mm
L=32 mm
n=2.- 10% em-?

= Life time ~ many hours



Detectors in Athena
Silicon Beam Monitor

External scintillators with HPD readout
and PMT readout

Main Antihydrogen Detector
Non destructive plasma modes (positrons,electrons)
Faraday cup (last degrader)

CsI and Farady cup on the positron accumulator



Plasma mode detection
e+ and e- lose energy by cyclotron radiation T < 1 sec and they reach an

equilibrium temperature related to that of the ambient
(15 Kelvin + contributjon of electronics noise)

F

The Debye length "JL};: o 4

results to be tenths i'F um and it is shorter than the cloud dimensions
(mm or cm) the cloud behaves as a non neutral plasma

The space charge energy (eV) is greater than the temperature (meV)
- zero temperature non neutral plasma in equilibrium

The density is constant

The space charge electric field exactly balance the — \ 'V 2
axial (parallel to B) applied field ‘I

Rplﬂsmu —  x
The plasma rotates as a rigid body with a frequency Zpl

proportional to the density (tenths- hundreds ok KHz)

ol Zp|l_1:_-‘|ru:lfR|Z-|nJSIr|Cl

In the Penning trap the shape is an ellipsoid



RF drive '
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Signal detection Plasma mode detection:
Zero temperature model
Frequencies: o, density
Line shape fit: Number of
- particles
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Positron plasma heating and temperature monitor
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The Antihydrogen detector
i 511 keV vy

Silican micro

strips :
Csl ANk

crystals

= Py T
W oA
511 keV 14

A |

192 CsI crystals with avalanche photodiodes
8096 silicon strips with double side read out
z-phi reconstruction

Silicon strips to identify
the charged particles from
pbars annihilation

CsI scintillators to
identify the 511 KeV y from
e+e- annihilation

Antihydrogen signal identified
by space and time coincidence

* Compact (3 em thick) L=14 em
* Solid angle > 70%

* High granularity

* Operation at 140K, 3 Tesla

* Space resolution 3-4 mm



Much effort into R&D, because :
* low tamperature (~ 140 K)

* high magnetic field (3 T)

*  Jow power consumption

Full detector installed: Angust 2001

All photodiodes replaced with APDs: Spri
pho L i s g . Light yield of pure CsI crystals ?

- expansion coefficients (kapton, silicon,
ceramics)

- electronic components (capacitors,
amplifiers)



CsI crystals

MNo. of photos / 5 keV

250 | | FWHM = 18 %
200 4 ;
: ’/
150 -
+ 3 ovout for
1m _. 11 ke pholons
50 4 |
0 T
0 200 400 600 800 1000

Photon energy [keV]

N(77 -100 Kelvin) = 50.000 y/MeV
N.(295 Kelvin) = 3200 y/MeV
Light decay time (77 -100 Kelvin) : about 1 ps

17x17x13 mm?

16 rows with 12 crystals:
tot 192



Silicon detector

128 readout strips

Pitch: 139 um 18.2 mm active width
85 mm length
64 pads
Pitch: 1.1 mm 19.0 mm active width
85 mm length

Thickness: 380 um

DETECTOR MODULE

Sllicon support (including AC coupling) VAZ-TA(IDEAS)



511 keV background

from antiproton annihilation

- Antiproton annihilation produces neutral pions
- Decay gammas (5-500 MeV) convert in magnet
- Secondary positrons stop and annihilate

8 it Rl - Homogeneous 511 keV photon background

- Can produce (fake) 2 x 511 keVV photon events



onteCarlo
imulation

Green: gamma
[Yellow: charged particles




*Time coincidence (us)

* vertex position

* identify two 511 keV
crystal hits

* opening angle©®,

*Ccos {E'-'W] distribution

e

cos angle between two gammas
1 cm magnet
no m.mn.“ .
no cold nose

R e e Bl




Event selection procedure _' “&«‘

1) Use the silicon data to find the tracks

2) Vertex reconstruction

3) Extrapolation of the tracks up to the crystals and removal
of that crystals from the following analysis

4) Removal of the 8 crystals adjacent to that of 3)

5) Remove any crystal that lies radially outward from an hit
silicon on the outer detector

6) Remove the 8 crystals adjacent to that of B)

7) Examine the energy deposit in the remaining crystals
and flag that having signals in the 511 Kev photopeak

8) Eliminate the flagged crystals having a near crystal with
a signal

9 ) Selects events having only two isolated crystals with
signals in the 511 Kev photopeak



Hbar production procedure




Understanding the background and the signal

Normal mixing in the nested trap
Mixing with positron heating in the nested trap

Pbars only in the nested trap or in a Malmerg trap



Antiprotons Positrons Interaction: dE/dx
Specific energy loss [meVicm] of antiprotons in positron plasma

Trap pobteniial (W)

30
i anfiprotons
ana g 0 L] 'E' 25
Sl U e R (3]
100 4
2 20
E
J5. 2 15
g
10
50 | T | T I ! J T,‘:ﬂmﬁ
0 2 4 ;] 4 10 12 5 \
Length (o) T.=3IIIH ‘.‘
L e e M
Antiproton kinetic energy [eV]

e ar it VR 5 d=0.dam

Energy loss Diffusion




Mo. of [dumped) antiproions

initial antiproton
enargy

positron
coolng
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Evenis

The antihydrogen signal

& Cold mixing
A Hot mixing

Cold Mixing :
103270 vertices,
7125 2xbllkeV events

165 mixing cycles

131+-22 golden events

more than 50.000 Hbars

Hot Mixing :

Scaled (x1.6) to 165 mixing cycles.



Events

< Antiprotons only
@ Cold mixing (displaced?E window)

—D 2 D.S 1

Antiprotons only :

[in harmonic well]

99.610 vertices,

5,658 2x511keV
events



Vertical position {cm}

Cold Mixing

Hot Mixing
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Horizontal position (cm)

2 10 1 2

Horizontal position (cm)

200
180

1160

1402

ents

-
120 3
L
1000

h 0
o o
Mumber



Summary

- (10* antiprotons mixed with 7-107 cold positrons)/cycle

- 131+ 22 "golden” antihydrogen annihilation events

- 50.000 produced antihydrogen atoms (in 165 cycles ~ few hours
mixing )

- ... all the efficiencies evaluated in conservative way

- Back-to-back signal not present when

positrons are hot

only antiprotons are present in the mixing trap



Future

2003 -2004 Upgrading of the present apparatus
Laser installation

2005 AD stops

2006 New generation experiments

(Hbar cooling, trapping, Hbar beam...)
new collaborations



