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LONG TERM PHYSICS GOALS

| Antihydrogen | = | Hydrogen | ?
CPT Gravity

CPT Symmetric Situation Not:

Apple Anti-Apple Anti-Apple

Earth Anti-Earth Earth
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Y FIRST GOAL

PRODUCTION AND DETECTION OF
COLD ANTIHYDROGEN
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Na-22
e* Production (MeV)
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p- Production (GeV)

Deceleration (MeV)

Trapping (keV) p~ and e* in mixing trap (cooling)

- Cooling (~meV) Antihydrogen formation

Detection of annihilation
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Y Overview - ATHENA / AD-1

Antiproton Accumulation +
Mixing with positrons
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ATHENA - Photo
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Y Principal achievementsbefore Summer 2002

Ingredients for ‘cold antihydrogen’ production ready:

104 antiprotons captured, cooled and transferred to mixing trap

150 million positrons accumulated per 5 minute cycle

75 miillion positrons transferred to mixing trap and stored for several hours
Antihydrogen detector fully commissioned and working

Antiproton vertex resolution o ~ 3-4 mm (“antiproton tomography”)

511 keV peak from positrons observed in situ
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Antiproton Decelerator (1)

From PS: 1.5.1013 protons/bunch,
26 GaVf
“"'-LEJ

Mnjectmn
¢ e

Antiproton

Production Extraction

(2107 in 200 ns)

€ Deceleration and
Cooling
(3.5 — 0.1 GeV/c)
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Antiproton Decelerator (2)

INJECTION
p (GeVic)
Stochastic

a5 _ Cooling

3.5 GeVie

Stochastic 2 - 107 antiprotons/ cycle
20 — Cooli i
P=100 MeV/c (E=5MeV)
03 _| Electron] 93
0.1 : P
+ 100 Time [sec]
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Interlude: Trapped Particles

HOW A TRAP WORKS

particles forced on circular
orbits transverse to

electrically direction of magnetic field — Example_
Shaged rinas lines between
poles of magnet Trapped electronat B =3 T, E=1eV, U~ 10V

1) Cyclotron motion (perpendicular to B)
f=84 GHz,r~1pm
Emission of synchrotron radiation + cooling

t.,~0.3s

cool

2) Axial motion (along B)

electric field
f~7MHz,d ~ym ... cm

3) E x B drift (‘magnetron’)

f~kHz, r~mm
{positive) particie
repelied by
{postive) voltages

Particles fired Into such a ring system are completely trapped by the
electric and magnetic fields applied.
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5.0 MeV antiproton bunch (2-107) from AD Slbeamcounter  Degrader  Elactron cloud

@ Degrading | Solenoid (3 T) \
Degrader ———
.I—» ¥ t=0
Antiprotons
——-T-— —_—— el et T el

| \ e .—.—d:ia—l

Cold electron cloud
(Cooled by Synchrotron Radiation, t=04satB=3T)

09.9% lost

Capture Trap

9 Reflecting e
0.1%
Electrode @
Polenilal sl g e
9 Trapping
T PRPR—-- 1 =500 ns
Q Cooling oo 20a05ec
\\\ with cold electrons
. Antiproton Capture Trap
5. Transfer to mixing trap:
10,000 cold anﬂprotons / AD shot Technique developed by TRAP collaboration at LEAR (1985)

November 2002 ATHENA - Cold antihydrogen production




Positron Accumulation (1)

ATHENA - Positron Accumulation Scheme

Faraday Cups

Solid Ne 1.5 kG magnetic solenoid field - (retractable)

moderator (T=6 K)

JI Irled Chutl
Coldhead ; ||||

| S ,il p _..-tl-._""-f':-'— -
M) (/] > - |

Na-22 0.2-0.3 kG 162 mbar 10 mbar
guiding field 10% . 10070 mbar
1.4 GBq
Inelastic
A collisions
40V

/ with buffer gas
— Positrons (~ few eV) Wﬁi e
/ .

Electrode
Potential

Positron
L1} p n ﬂ |:II

Scheme of ATHENA Positron Accumulator
(concept by C. Surko et al., Non-neutral plasmas Vol. 3, 3-12; AIP 1999)
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Positron Accumulation (2)

Accumulated positrons vs time
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=
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Positron Transfer

S.c. magnet with mixing tra
! £ []  csliy

|

[—— 3m
o . Positron Accumulator
' i

* Transfer positrons from accumulator into mixing trap (¢ ~ 50 %)
Positrons cool by synchrotron radiation at B=3T: 75 million cold positrons
Non-destructive diagnostics gives plasma parameters:

R=2.0mm
L =32mm
n=25- 108 cm3

Life time ~ many hours
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Mixing procedure

Antiprotons

Antiprntnnw

Electric
Potential

e TR T U .
Positrons L S S
L;‘ntiprotoﬁ% Positron plasma
‘ 10* H 108
Mixing Trap Electrodes

Scheme proposed by 6. Gabrielse et al. - Phys.Lett. A129, 38 (1988)
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Y Antiproton-Positron I nteraction - dE/dx

some) Specific energy loss [meV/cm] of antiprotons in positron plasma
= i 3 ~antiprotons
Y
E 1004
g_ 30
E -F5 4 — 25
3 E n,=25. 10 em"
= L =32
S04 T T T T T T T % 20 2 ld
[ul 2 4 G 8 10 12 E
Length {zm) ‘;"
8 15
=
10
| LG | T =3000 K
| |
5 \
M—"-‘W‘ I d=0.derm T.=3CG kK
: ; A
Energy loss Ditfusion 1 2 3 4 5

Antiproton kinetic energy [eV]

From: Spitzer, Physics of fully ionized gases (1953); for non-magnetized plasmas
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Y Antiproton cooling by 75 million positrons

S T L S with electrons:
gk anfiprotons setfla in side wells

No. of {dumped) antorolons

it SrtiErotan = - T positron cooling (after 190 sec)
arangy /

positror
coaling —— 47 np positons
side wall A

antipmizns al injsotion

TR e

(=

Larmgth |

L g jomnj

Positron cooling using 0.25 M positrons: 6. Gabrielse et al. - Phys.Lett. B507,1 (2001)
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Combination processes (1)

\

Ny

Spontaneous Radiative
Recombination (SRR) @

O (1, EJ) ~ 2.1 10220m2

n__Eﬂ_
156 e

= : - qple 1 2 n=2
n=1..10: a~ 1.0-10 T[chrn
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Combination processes (2)

positron

Three-Body recombining
Recombination (TBR) \

recaoiling
er positron
I:|T
L \ k et _
Thomson radius: Rrp=e2/kT | »
[~ fewr wm-at may ananmizs) i‘“. @ 7 (F—)\
(Repulsion = kinetic energy) H‘x,‘“u JF‘:,; \_)
Collision frequency e-p: fo=ngv, - R; 2
Small energy transfer (~ meV
Probability for second e*: P, =n, A2 9y f ( )
® E(final states) ~ - kT
Orgr =KngR® (K-007.07 ® n> 100 (s ~ n%-6)
n ® long lifetime (>0.1s
R . . .
[107em™] T ® unstable (re-ionization for n > 50)
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Comparison

Radiative Three-body
Cross-section [cm?] 10-16 (1 k) 107 a k)
T dependence T-1 T-5
Final state n< 10 h > 100
Stability (re-ionization) high low
Expected rates ~ Hz ??7?
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Antihydrogen Detector

GOAL DESIGN
Vertex from tracking of charged particles Compact (radial thickness~ 3 cm)
Identification of 511 keV gammas Large solid angle (> 70 %)
Time- and space coincidence of tracks + gammas High granularity (8 K strips, 192 crystals)

Operationat T ~140K, B=3Teda

2 layers of
8096 Si strips (r,¢) 192 Csl Crystals
and pads (z) =

Si strip/pad detectors

Csl (pure) erystal

— Superconducting Magnet
Coil (3 T)
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Much effort into R& D, because :
e low temperature (~ 140 K)
* high magneticfield (3T)

low power consumption

Light yield of pure Csl crystals?

expansion coefficients (kapton, silicon, ceramics)

electronic components (capacitors, amplifiers)

Full detector installed: August 2001
All photodiodesreplaced with APDs: Spring 2002
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FRONT

128 readout strips
Pitch: 139 um 18.2 mm active width
85 mm length

BACK

64 pads
19.0 mm active width
85 mm length

Pitich: 1.1 mm

Thickness: 380 um

DETECTOR MODULE

Sillcon support (Including AC coupling) VAZ-TA (IDEAS)
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Y Antihydrogen Detector - Antiprotonsonly

Antiproton Annihilation (example)

- into three charged particles B cectors
- hits on strips (r-phi) and pads (z) , inner/outer layer y

- 3crystals hit by tracks

- vertex reconstruction s ~ 3-4 mm (curvature @ 3 T)
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Y Z Position Calibration Method

Antiproton well in R13
el - e
pe Antiproten well in R16

: i - A Y n:i::
- l!-'I 1 "._ |
5
- "
| B il I, IO D

I

I H » B

Ria At Rig mixig trap slactrodss

Si strip detactors
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Z Position Calibration

Peak of track distribution [cm]

Electrode position [cm]
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Y/ Evolution of Antiproton Annihilation

s
= ar, antiprotons
Capture antiprotons + electrons: 5 \
g
Tracking of antiproton annihilations ->
100_
Real-time imaging of plasma dynamics |
¢ 80
& o
E |
- 60_
40
20
Ssriiss Bh S i

vertex z position (cm)
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v

No. of photos / 5 keV

November 2002

Csl - Photon Energy Resolution

250 .

200 4

150 -

100 -

50 4

Compton-scattered

511 keV photons
-. /
I + 3 o cut for
511 keV photons
511 keV peak
I
puat A
e
0

20 400 600

Photon energy [keV]
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Antihydrogen Annihilation

ATHENA MIXING TRAP AND DETECTOR

Csl crystals

Si stnip detectors

mixing trap electrodes
2.%{:‘“ :‘!-4_.'._ = "FB=3T
/ -55 Lll'-‘ \
Antiprotons 5!t kev 4 Positron cloud

gamma rEl

e,

L
i
_

TRAPPING POTENTIAL ON AXIS

-125 4+

-100 4

754

Trap potential (V)

-A0 4

Length {cm)

Antihydrogen signal

200

G00

400

200

within time resolution ~ few psec:

charged vertex, determine position

identify two converted 511 keV gammas

plot cos © between 2 photons as seen from vertex

identify peak at cos © = -1

Anthydrogen
signal (back-to-back)

/

: ; riandlom El-phc}on cuI::in cicilenc els
-1. -0.9 -0.8

Cos
{Angle between two 511 kel photons)
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November 2002

¥ (50 - 500 MeV)

511 keV background

from antiproton annihilation

- Antiproton annihilation produces neutral pions

- Decay gammas (5-500 MeV) convert in magnet
- Secondary positrons stop and annihilate

- Homogeneous 511 keV photon background

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

- BUT: No angular correlation!
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v Production of Antihydrogen

1. Fill positron well in mixing region with 75-10¢ positrons;

allow them to cool to ambient temperature (15 K)

2. Launch 10# antiprotons into mixing region

3. Mixing time 190 sec - continuous monitoring by detector

4, Repeat cycle every 5 minutes - take data for 165 cycles
- =125 . .
= ™, antiprotons For comparison:
g 3
= 100 4 . . .
] “hot" mixing = continuous RF heating
g 5] of positron cloud

S04 , | | | | , (suppression of recombination)

a 2 4 ] 8 10 12
Length {cm)
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Analysis Procedure

- Reconstruct annihilation vertex

- Search for ‘clean’ 511 keV-photons:

exclude crystals hit by charged particles
+ its 8 nearest neighbours

- '511 keV' candidate =

400... 620 keV
no hits in any adjacent crystals

- Select events with two ‘511 keV' photons

* Reconstruction efficiency ~ 0.25 %
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v 511 keV Multiplicity Distribution

- L B mixing with cold e”
& &0 mmmm  only antiprotons (no e*)
=
2
@ 50
= Plot angle
= 40
&
2 a0
=
£ 20
in 10 .
0 1 2 3 >4
Multiplicity of 511 keV photons
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Antihydrogen Signal

Opening angle between two 511 keV photons
(seen from charged partticle vertex)

200 7125 events with two clean photons in 511 kel window
fout of 103,270 reconstructed vertices)
180
160 ® Mixing with cold positrons Definition of @':'T
140

131 + 22 events

Events

o rﬂ,i
;
e tﬁs

November 2002
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Y/ Comparison of width with MC

Back-fo-back 511 keV peak
from antihydrogen annihilation

———uun e Angular resolution from MC simulation
{normalised o peak height)

Events

-1 -0.75 -0.5
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Events

Background measur ements

Opening angle between two 511 keV photons

(seen from charged particle vertex)

200+

18 © Antiprotons only

@ Mixing with cold positrons
160 (but displaced E., window)

140+
120
100+

Histogram:

Antiproton-only data (99,610 vertices, 5,658 clean 2-
photon events plotted).

Dots:

Antiproton + cold positrons, but analyzed using an
energy window displaced upward so as not to include
the 511 keV photo-peak
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Y Distribution of annihilation points

Distribution of annihilation vertices
when antiprotons are mixed with ...

cold positrons hot positrons
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Y Annihilation rate ver sustime

200 r
100

Note logarithmic scale ! enf

EUE

Detector trigger rate [Hz]

o 50 100 150 5
Time
(after start of mixing)

Very highinitial rate (t < 10 sec), then exponential decrease
Rate is dominated by antihydrogen annihilation

lonizing field at positron plasma boundary: antihydrogeninn £ 55
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A Time dependence of signal events

TIME EVOLUTION - COMPARISON

25
HE Antihydrogen 'golden events'

EER Annihilations in detector
20

Note linear scale !

Evenis / 2 sec

0 20 40 60 80 100 120 140 160 180 sec
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Positron temperature

PLASMA MODES DIAGNOSTICS

trap electrodes
& § § __® _§ B |

S e ————

=
DRIVE (\%

————E}r—EHGNAL

November 2002

DIPOLE MODE
(=1,m=0)

QUADRUPOLE MODE .
(=2,m=0) Non-destructive measurement:

O w(1,0), w(2,0), line shape ®

Plasma parameters: n, a, r, z

DT from frequency shifts
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Summary

* 1 cycle = 10% antiprotons mixed with ~108 cold positrons (every 5 minutes)
* 131+ 22 "golden” antihydrogen events reconstructed (~ 1 / cycle)
* Annihilation events are mostly antihydrogen (> 1000 / cycle)
* Antihydrogen production rate initially > 100 Hz
* Back-to-back signal not present when
positrons are hot
only antiprotons in mixing trap (annihilating on wall)
» Antihydrogen production can be switched off by RF heating of positrons
- ANTIHYDROGEN PRODUCTION AT T > 300 K CLEARLY OBSERVED
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Outlook

Antihydrogen

Study ...

Formation process \ it s s i

More ... J

Increase formation rate (more antiprotons)t '~ - e
- .’."-,{f'ﬂ c-;l_.,,.:' 2

A

Anti-Hydrogen at E < 0.05 meV ?

F

Dense plasmas in magnetic multipole fields ?

Laser cooling? Collisions with ultra-cold hydrogen atoms?

Y B A By
S W ; |
,1 *“:ﬂr ."-.":.°°.-" e TR

Spectroscopy

High precision comparison 15-2S

Hyperfine structure

Gravitational
effects

E ~0.000 1 meV

A new precision tool for science
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