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Results and Prospects of Antihydrogen
Production
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Antihydrogen

Antihydrogen is the bound state of an antiproton and a positron
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Antihydrogen is the simplest atom
consisting entirely of antimatter
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Antihydrogen: what is it known?

= Hydrogen Antihydrogen e
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H
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Antihydrogen: what is it known?

i Hydrogen
Electron (-)
HYDROGEN
meon(f) I
3
2 - P, o
\ A —
\\ :{:{
2p]-"Z —
one of the best understood| , -
. \ 15”2 =
and most precisely _/_@
measured system " F=0
Bohr Dirac Lamb HFS

uantit exp. value [Hz] 0.V
quantity p 00 /V | O /
Vis-2s 2466061413187035(10)| 4.2x10™ | 1x10™
Vos-2p | 1057 8450(29)x10° | 2.7x10° | 3.8x10™

13 | (3.5+0.9)x10°
V, re | 1420405751.7667(9) | 6.3x107 | ( )
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Antihydrogen: what is it known?

i Hydrogen Antihydrogen —
Electron (-) R_-. —— s Positron (+)
S
HYDROGEN V3DOAAYH L “
L S __)
Proton (+) I “““l[:f“"“" )
—
2 — P — ﬁ
\ Sy ——
\ ~ ;=

< Expected from CPT

one of the best understood
and most precisely
measured system | o

Bohr Dirac Lamb HFS

i . val H . g . .
quantity exp. value [Hz] Jexp/v a-z‘h/v significant milestones achieved

but
V1s-2s 2466061413187035(10) 4.2x10™ | 1x10"! i
no precise measurement so far

Vos-2p | 1057 8450(29)x10° | 2.7x10° | 3.8x10" Why?

- Annihilations

v - Antihydrogen study is young

re | 1420405751.7667(9) | 6.3x10" | (35+0.9)x10°
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Antihydrogen history is young
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Annihilation

Matter-antimatter encounter = annihilation

Ex.1 electron-positron collision
+ —
e — < e
Mass converted into energy
_ 2
4 E=mc
Ex.2 proton-antiproton collision

1!

N.B. Pair production (inverse process of annihilation) permits antimatter production
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Why study antihydrogen

1) Precise matter/antimatter comparison—> test of CPT symmetry

als

2) Measurement of the gravitational behaviour of antimatter—> test of WEP

Apple Anti-Apple

Impossible with charged antiparticle

only with neutral system 2> H
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Why study antihydrogen

1) Precise matter/antimatter comparison—> test of CPT symmetry

:
?

H H

2) Measurement of the gravitational behaviour of antimatter—> test of WEP
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Matter/antimatter asymmetry in the Universe

Positrons and antiprotons in the cosmics
rays are compatible with secondary

v production (made in the matter collision
75% ENERGY 21% yarrer with the interstellar medium)

Earth, Moon and planets made of matter

4% ;ﬁm”g The visible Universe is made of matter

No primordial antimatter detected

Luca Venturelli - Results and Prospects of
Antihydrogen Production

11



Time Since Major Events

Big Bang Since Big Bang
present Humans
slars, observe
. galaxies the cosmos.
Galaxles f.:ﬂdi“ﬁ“"
u;:ms and
1 billion plasma)
years atems and % gelaxies
Era of s?lma '
ars
Atoms in ] :ﬁfl:l‘nol:‘fﬂtr'l;li
o form s fly free
500,000 and become
years Is:’sma OIand mlﬂuww;d
) rogen background.
Era of SR S helium nuclei -
Nuclei plus eleclrons Fu'.ﬂn coases;
3 minutes 4 m ot
5 tons, neutrons, s
Era of B dlectrons, neutrinos 25% helium, by
Nucleosynthesis ¥ (antimatter rare) mass.
: Matter annihlilates
0.001 seconds o QL O gt elementary particles antimatter.
Parlicle Era @% 45" : a5 (antimatter
10°* seconds e bl ‘% common) Electromagnetic and weak
= weak Era R 35 B PR g2 X ;,u e'e!n;n:m i:‘rcos b;nomu distinclL.
ectro e S RPN partic rong force becomes
10-% seconds A t"i" v distinct, mrhapt
GUT Era elementary causing inflation of
10-** seconds partivies = -
Planck Era 777
neulron — eleclron —_ antiproton 1 . - ]
e e ki b on—’l"'_ﬂ‘! antielectrons 44:,-: quarks -t%_

Caopyright @ Addison Wesley

t =0 equal quantity of matter and antimatter €< expected from symmetry!?

t <0.001 s All antimatter disappeared and only (part of) matter (and we) survive

Possible explanations rely on the fundamental symmetries violations
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Discrete symmetries: C, P, T

Parity transformation P: A

Inversion of the spatial coordinates

(xy.2) - (-x-y,~2) :

< Mirror reflection 2
Charge coniugation transformation C:

Change of each additive quantum numbers o C -
(for example the electrical charge) in its p—

opposite Particle Antiparticle

-0

Time reversal transformation T:

Change the time arrow < T —>
Time Time
t - _t

Luca Venturelli - Results and Prospects of
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Violations of the discrete symmetries

In the past C, P and T transformations were believed to be exact symmetries

But for Weak interaction :

Parity violation

BETA RAYS

Suggested by Lee & Yang (1956)
[B-decay experiment by Wu et al (1957) Vi

COBALT
NucLEl R L

#
BETA RAYS v \

CP violation (1964) (ELE“""”S’JJ S
K, decays by Cronin & Fitch (1964)

THIS WORLD
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—
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The CPT theorem

50’s — Pauli, Schwinger, Luders, Jost

The CPT theorem (1954): “Any Lorentz-invariant local quantum field theory is
invariant under the successive application of C,Pand T”

Assumptions:

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

Consequences:

- particle/antiparticle: equal mass, lifetime; equal and opposite charge and magnetic
moment

- atom/antiatom: identical energy levels

CPT invariance is inside the Standard Model

In string theory (and quantum gravity): assumptions non valid
—> CPT violations as a signature of string theory?

No measurement of CPT violation exists

Luca Venturelli - Results and Prospects of
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CPT tests: relative & absolute precisions

Mass [GeV]
107 10 102" 10" 10™ 10 10°® 10® 10° 1 10°
I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| T

absolute precision (left edge) _ n-n

= relative precision (Iength)

measured quantity (right edge) _ p-p
_ e

H H ‘*1529

T HH‘*HFS

bl ol .I ol .I L .I-.I L .I-.I RN .I L .II.I ool .I L .I-.I 1l
10 10 10°® 10° 1 10°  10®° 10° 102 10©
Energy [GHZz]

Considered “best CPT test”: K —=K° Am/m ~ 1018 & 10° Hz

but absolute precision could be relevant ... H—-H highly competitive

Where CPT violation might appear is unknown

Luca Venturelli - Results and Prospects of
Antihydrogen Production
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Test of CPT symmetry

absolute accuracy [GeV]
107 1024 10-2' 10-8  10-15  10-12 109 106  10°3 100

H-H GS-HFS
planned _
H-H 15-2S

K%-K% mass

p-p mass,charge

p-p charge/ratio

e mass

u* g-factor

e* g-factor

10-27  10-24 10-21 10-'8 10-15 10-12 10-9 10-6 10-3 100

relative accuracy

Luca Venturelli - Results and Prospects of
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CPT violation in Standard Model Extension

Indiana group, Kostelecky et al. (since 1997)
Standard Model can be extended with CPT violation

Standard Model Extension (SME) is an effective field theory which contains:
- General Relativity

- Standard Model

- Possibility of Lorentz Invariance Violation

- CPT violation comes with Lorentz violation

CPT Violating terms

Modified Dirac equation

(iy*D, —

-
|

R.Bluhm, A.Kostelecky, N.Russell,
Phys. Rev. Lett. 82, 2254 (1999)

Lorentz Invariance Violating terms

- a & b have energy dimensions (= absolute comparisons are important)

- No quantitative prediction

Luca Venturelli - Results and Prospects of
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CERN Accelerators

CERN Accelerators

(not to scale)

~_ LHC: 27 km

0.999999¢ by here

ALICE

nasnines = Gran Sasse (1)

0.87c by here

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antiproton Decelerator
ISOLDE: Isotope Separator Online DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LiNear ACcelerator

LEIR: Low Encrgy lon Ring

CNGS: Cern Neuntrinos (o Gran Sasso

Gran Saseo (1)
T30 km

0.3c by here

Bl LEY, FE Dy, CERN, 0 08 96
Revised wnel adupied by Sitiorelle Ticl Baow, ETT 5w,
it collabaterson wish B Deslnnges, 31 Exv, asd

1, Mangiunlol, P5 D, CFRM, 21,0800

Start the protons out here

Luca Venturelli - Results and Prospects of
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Antihydrogen experiments at
AD (Antiproton Decelerator)

AD: 188 m

Protons:

Linac2 (50 MeV)
->ProtonSyncrotonBooster(1.4 GeV)
->ProtonSyncroton(25GeV)
->AD(:antiprotons)

20



Antihydrogen factory

Studi con antimateria =
a bassaenergia ~

-
——
—

> phot;)_.@ ryuhayano [
frearverrearetli - Results and Prospects of

Antihydrogen Production
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Antiproton Decelerator-AD

Principle of Antiproton Production AD is the only source of low-energy antiprotons
pions,
Tarfei Sums All-in-one machine: antiproton capture , deceleration & cooling
agnet
— Y oW ok U T Homp @ Injection at 3.5 GeV/c
i ;_.. Dg)_ - o gi} : . : - SSeEe—o—oooaD. e R0 T (] i
@~ Antiprotons @ Antiproton e, LEE Y 00,
Ma ne . prechenon # LW 5
( 10V p @ 26 GeVic?) CY @ Extraction DN e
\ & (*2x107in 200 ns) _*F
5 e & N
p+p - p+tp+tp+p 7 T
p+n - p+n+p+p .E:;?;gm""""’"" z
(35-0.1GeVie) & ;
Efficiency: acceleration 103 2 %;
production 104 o) ég?
E = mc? +E, collection(AD) 107 . s e B
total 109 Liwalioii e, Eleciron cooing &

04057 sayecaeaes [ 1] >

AD delivers to the experiments :

- 2-4 107 antiprotons per bunch (150-300 ns length)
- 1 bunch/ 100 s

- Energy = 5.3 MeV (100 MeV/c)
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The experiments at AD

Experiments: - (2014) ALPHA, ATRAP, ASACUSA, ACE, AEglS, BASE
- ATHENA (terminated), GBAR (future)

.....

ca Venturelli - Results and Prospect of
Antihydrogen Production
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Principle

Temperature
dependence

e+ density
dependence

Cross section
at K

Final internal
states

Expected
rates

How to form antihydrogen
Recombination processes

Radiative Three-body Two-stage charge
recombination recombination exchange

p+e" - H+hv p+te +e - H+e Ps'+p—oH +e

i O A :3*

Y Ps*
@ O 7
x T-2/3 x T -9/2 x T-X
X Ne o 2
10-'6 cm? 107 cm? 10 cm?
v<I|0 v>>10 ¢(nps)
few Hz high IHz (?)

Luca Venturelli - Results and Prospects of
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ATHENA, ALPHA,
ATRAP, ASACUS

How to form antihydrogen
Recombination processes

Superposition of
e+ plasma and
pbar cloud

|

Principle

Temperature
dependence

e+ density
dependence

Cross section
at K

Final internal
states

Expected
rates

Radiative Three-body
recombination recombination
p+e" - H+hs p+e'+e" - H+e'

E+

Y
@ O
x T-2/3 x T -9/2
o g 0 a2
10-'6 cm? 107 cm?
v<|0 v>>10
few Hz high

Two-stage charge
exchange

Ps'+p—oH +e

Q Vo

Ps*

10 cm?

(i)(nFs)
IHz (2)

Luca Venturelli - Results and Prospects of
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Two-stage charge exchange

Cs source Cs’

=W
.-@: '\:5..”
@

(1 Cs+ hv=pCs*
2 e*+ Cs*=p Ps*+Cs’

@ Ps*+p=p Hte
hv

Monte Carlo calculations
Hessels et al. PRA 57 1668(1998)

first laser-controlled H production
Storry et al. (ATRAP Collaboration) PRL 93 073401(2004)

-Cold antihydrogen (< antiproton at rest)

vl

_F‘s‘ Ps® P :
S Y e o
\_j \_,L-
® et U FCE"'
—
Jn%
H_ I\\_s.”l ) ﬁ{
.; C.
® @ |
H
7 AN
& Jr (&N

- antihydrogen n-state can be controlled by laser (n-antihydrogen=n- Cs*)

Luca Venturelli - Results and Prospects of
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Radiative and 3-body recombination rates

ATHENA
— 10’ .
= 107§
= 7 1 n=?.E+15 ITI""—3
10° = . A =n; =
K — 60 a .
10° .; . A n=7.e+14 m»-3
~ =- A= ?12 i l
‘ij""  \ {7 ] n=7.e+13mA-3
107 M.,
- = w
. . (1 063
10? 7 » "y A :bng —_
10 = \ T, )
1

10 N e
107 E. e, T —_——
10.‘ " |‘-[-r.r-:Tiﬁ|IWT|-TH'h—l-ﬁ-i—l- I
50 100 150 200 250 300
T, (K)
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Typical antihydrogen experiment: ATHENA

O x letter to Nature
=N Nature 419, 456-459 (2002)
Three-body @ | s
binati Production and detection of &
recombinatio cold antihydrogen atoms
M. Amoretti‘, C. Amslert, G Bonomiis, A Bouchtaf, P. Bowe||,
. C. Carraro®, G L. Cesar’, M. Gharltons, M. J T. Golliers, M. Dosert,
et 5 s ¥ V. Filippini=-, K. §. Finet, A Fontana<r **, M, C. Fujinaratt,
) R Funakoshitt, P. Genowass **, J. 5. Hangst|, R 5. Hayanott
M. H. Hotzscheiteri, L. V. Jergensens, V. Lagomarsing® 11, R. Landuat,
B Lindelttt, E. Lodi Rizzinis+, M. Macri*, l. Madsent, G. Manuzio®tt,
. . Indm 1 'I“m "‘! 1 n“. III' 1 . 1
RBdl3t|V€® :lmﬂlﬂ, .}'umn,"::ﬁmﬁhﬁlﬂ m*,l::r;in.::m
X X 1. L Watson¢ & . P. van der
recombination

First cold antihydrogens
antiprotons & from AD
positrons < from the experiment with radioactive sources (?’Na: 400 M e+ /s)
Procedure:
1) Trapping and cooling of antiprotons 107 (AD) = 10%-10° (trapped)

2) Trapping and cooling of positrons 1.5 GBq 22Na—> 108 (trapped)

3) antiprotons & positrons mixing to form
antihydrogens 1-1000 Hz {mr

Luca Venturelli - Results and Prospects of
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(charged) antimatter trap

particles forced on circular
orbits transverse to
direction of magnetic field

1 H . lectricall :
Cha-rged particles are .comflned by: P magnetic el
radially by B and longitudinally by E poles of magnet

Penning trap

electric field

ATHENA trap(2002):

(positive) particle
repelled by
{postive) voltages

Luca Venturelli - Results and Prospects of
Antihydrogen Production
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Trapping and cooling of antiprotons

o Degrading

Solenoid (3 T)

Degrader

e o T=15K
’I+ e’ t=0
Antiprotans _-.h- e p<10—12 mb

Cold electron cloud

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

@) Reflecting

099.9% lost
L

Electrode

0.1%
DA E <5 koV
Potentlal \/_/ hi=200

d—tﬁ t =500 ns

Cooling of antiprotons

through Coulomb interaction t=Tew sec

K\ with cold electrons )
Technique developed

by TRAP Collaboration

Luca Venturelli - Results and Prospects of
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Trapping and cooling of positrons

ATHENA - Positron Accumulation Scheme

Faraday Cups

Solid Ne 1.5 kG magnetic solenoid field (retractable)

moderator (T=8 K)

Coldhead \ _I §||||
B —|//| by o ® |

||II]

Na-22 0,249 44 109 mbar 10* mbar
1.8 GBq  uiding field 106 ... 1010 mbar
Inelastic
A collisions
40V - / with buffer gas
— Positrons (~ few eV) ﬁ#‘.ﬁMﬂ#
A
g — ; 5 =
Twm |
SE | / N
8 9
T
Positron
"pﬁﬂlu
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Antiprotons and positrons mixing

ATHENA/ AD-1 . Antihydrogen Production and Spectroscopy

Antiproton Becumuolation &
Rezombination with positrens

I ﬁ
4 5 T i Saures
e — —— — L Positron Accumulator ™ o
p J[ 2T ouptreand ucling solonaid . e = E l
- G o = .::-- | 1 -

T B | ] |
& = : - : e ] |
'J \\ I"__._-_,. = 1 2 b=
/ =‘-.-;|:17 !_ts-f
[ e |
Ariiproton Recombinaton 2 = .
m

Caplirs Teap Detecter Trap |_ |_|
|
O ® Antiprotons
==
o &
ﬂ "5 e T ]
LW 5 SRS NS e ...
Positrons % ¢

Antiprotons Positron plasma
e o = | iy tipgs el At Vel e 2. e |F
E"‘ - = e m tH | *a s ® sl ®
I i | i 8 || D
10 ] -.1_9 J-L o i — L
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Antihydrogen formation
When antiprotons and positrons have similar velocities
p+e +e" - H+e'

f)+e+ — H"‘hl/

_H annih“aﬁon

Trap electI’Ode

Antihydrogen escapes from the trap V.o~
centre and annihilates on the trap wall

Luca Venturelli - Results and Prospects of
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Antihydrogen detection

ATHENA

Luca Venturelli - Results and Prospects of
Antihydrogen Production

M.Doser-CERN
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Antihydrogen detection

Luca Venturelli - Results and Prospects of
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M.Doser-CERN
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Antihydrogen detection

ATHENA

¥ -

M.Doser-CERN

First antihydrogen detection (2002) Millions of antihydrogens produced

Luca Venturelli - Results and Prospects of
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Antihydrogen detection

M 10 p & 108 e* are mixed in Penning trap

® H form and fly away

® H annihilate on trap wall

Offline selection of H annihilation:

Coincidence in space & time (<5Us) of:
e p annihilation (charged pion vertex)

e e* annihilation (2 back-to-back 511 keV y)

VOLUME 89, NUMBER 21 PHYSICAL REVIEW LETTERS 18 NOVEMBER 2002 u — W M~ oo t;] a00
- - = - = = E |
Background-Free Observation of Cold Antihydrogen T | ma
with Field-Tonization Analysis of Its States {H:‘ E {C}
G. Gabrielse,'* N.S. Bowden,' P. Oxley,' A. Spec k C.H. Stor y "IN Tan M\Me els.' D. Grzonka,” W. Qeler(,”  degrader o TR R, O TR BNy W =300
G. Schepers,> T. Sefzick,2 J, Walz.* H. Piltner,* T.W, Hansch,* and E. A, Heseels® € | 2200
(ATRAP Callaboration) i f Kot BT B E‘J 100 N
i | B D=l
= E B qf d)
ATRAP CO I I ization well (PEB) ¥ .. . I e 0 ; g 3
2 ™ 3 Jayers of scintillating fibers I BD Ion‘lzat{ﬂn we g E D 15 3{}
. ' 1cm : :
Luca Venturelli - Results and Prospec M 100Viem ‘50 00 time (ms)
o/
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Antihydrogen for CPT test

matter-antimatter precise comparison by means of spectroscopy

HYDROGEN NIDOAAYH
direct experimental test
] . .
N — (no model is required)
- —— Py —

"~ 2 : mqg

\ 5, 3 /

[s-25 \\ i - ff‘;= :$\

2 photon P — Qs

T TAR=2Z3 nm 2 Al - TAT T
ofif=107 14

[ -1

x

= 2!
; o
I \
0= \

Bohr Dirac Lamb HFS 23H dms] >fad

Ground state

hyperfine splitting
f=1.4GHz

Afif=10""2
Plans for antihydrogen:

- measurements: - Hyperfine splitting /methods: - Antihydrogen trapping
of ground state /

- 1S-2S transition

- Antihydrogen beam

Luca Venturelli - Results and Prospects of
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Antihydrogen for CPT test

matter-antimatter precise comparison by means of spectroscopy

ALPHA
ATRAP

Bohr

Plans for antihydrogen:

HYDROGEN

[s-2s
2 photon

AR=273 nm

ofif=107 14

MIDOAAYH

direct experimental test
. . I
(no model is required) —

f=14GHz

— — 171

:\?\ o
gy,

Q.

</

2iH

dms] >61id

Ground stat™®
hyperfine splitting

Afif=10""2

- measurements:

- Hyperfine splitti
of groj\pd stat

- 1S-2S transition

~

- methods: - Antihydrogen trapping

- Antihydrogen beam

Luca Venturelli - Results and Prospects of
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Antihydrogen for CPT test

matter-antimatter precise comparison by means of spectroscopy

HYDROGEN MIOO0AAYH

direct experimental test
] . .
, — (no model is required)
2 L T me o —
N
2q —
Is-2s \\ - :’:
2 photon P —
= TAREIR3 nm 12
ofif=107 14
ASACUSA —
Bohr Dirac Lamb HFS
ound state
hypeMgg splitting
f=14GP»
Aff=107"2
Plans for antihydrogen:
! 4
- measurements: - Hyperfine splitting - metho™s, - Antihydrogen trapping

f d stat
Ot ground state - Antihydrogen beam

- 1S-2S transition

Luca Venturelli - Results and Prospects of

. . 4
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Trapped antihydrogen for 1S-2S spectroscopy



Antihydrogen trap

loffe-Pritchard Giometly

>
<« A

o — '
>

quadrupole winding mirror coils

U = —H - B Well depth ~ 0.7 K/T
Broken rotational symmetry: can a Penning trap be superposed?

large B-fields needed for pbars trapping, cooling, etc.
but large AB needed for Hbar trapping

Luca Venturelli - Results and Prospects of
Antihydrogen Production
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ALPHA: first trap of antihydrogen

Trapped antihydrogen | Nature 468, 673 (2010)

G. B. Andresen’, M. D. Ashkezari®, M. Baquem—Ruif, W. Bertsche?, P. D. Bowe!, E. Butler*, C. L. Cesar”®, §, Ch:lpman", T*‘plcal al‘ltlpl oton annihilation T"'plcal COMIIC Yy
M. Charlton®, A. Deller”, S. Eriksson?, I, Fajans™®, T. Friesen’, M. C. Fujiwara®’, D. R, Gill®, A. Gutierrez®, J. 5. Hangst!, a

W. N. Hardy", M. E. Hayden?, A. . Humphries®, R. Hydomako?, M. J. Jenkins®, 5. JonseI'”, L. V. Jorgensen”, L. Kurchaninov®, —
N. Madsen®, 8. Men:irg’”. P. Nolan'?, K. Olchanski®, A. Olin®, A. Povilus®, P. Pusa®, F. Robicheaux?, E. Sarid", 5. Seif el Nasr”, /

D. M. Silveira™®, C. So®, 1. W. Storey®t, R. L Thompson’, D. P. van der Werf*, J. S, Wurtele®® & Y, Yamazaki'™!®
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ALPHA: trap of antihydrogen for 1000 s
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Electrodes
il

b

Vaouum wall

o
-0
x {rmm}
t 3 T T
i Pyl [ 5
i | '-II [ %
id-. | II III III II
= o 1 | \
- [ / | |J \
L ." |'|I |I l'._
-200 =100 0 100 200 L/ | \‘1 | X
" 'I IIIIIIII '1"|'r|||||||||
z{mm) —40 20 0 20 4D
[ xA{mm )
o~ 2 -~ ——
I __ - 4 \\,_H .’f "‘-.h 1 2 3
1 - 1 1 1 ! | |-| o i | e | 1 1 " 1 | i, B{T)
-200 -100 0 100 200
Z {mm}
o ; ; +<1s  ® 600
- <5 5
' Detection through quenching - 1103 $1000s
- ¥3s $2000s
30 [ N . - =180 5
] ! +* + t
€ =1 L]
w 20 + + |
E [ S e R b $+ +
= [ ST A A ey e L1 T £
X + + + + + + . 4 + +
. + o Bl +
TR e G
* L - # + ++i—|1$|*1'- - it
LY W R
Tt g + 0
U . 3 1 M 1 M P I 1 1 1 1 1 i 1 1 " M 1 M 1 M 1
=200 =100 ] 100 200 cts Of
z{mm)

IV YUl VARSI T vMUS LIV

ALPHA Coll. Nature Physics 2011

2.5

6 20+
E e
Jl'-u‘ .
E 1.5
o
e L.
m
S 1w o
B T+ I ®
L
g o5l T _ *
5 i d

D‘ 1 1 1 1 |

o 500 1,000 1,500 2,000

Confinement time (s}

10.0

-

Ln
|
|

Significance )
|
n o

o 500 1,000 1,500 2,000

Confinement time (s}

Trapping rate

L]

antihydrogens at 1S state

44



ATRAP: trap of antihydrogen

Gabrielse et al. PRL 2012

Penning trap . ) a> o20F
2 straight & 2 helical o ;
electrodes [ ]
fiber layers £ 10§ :;
£ 0 -
@ —10F ¢
L= E g
?J ~20 E =N
P = -30¢
P~ b

P (mm)

C T ' T T T E finld (Viom)
11=13
B—11
et
B-=F

field-boosting solenoid &

P (mm)

loffe pinch coils
loffe racetrack coils

loffe pinch coils -100 =50 0 50 100

3-8
13

Confinement for 15-1000 s

High trapping rate: 5+-1 annihilations per trial
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Ground-state hyperfine splitting of
antihydrogen



(Anti)hydrogen ground-state hyperfine splitting

e Interaction between (anti)proton and (anti)electron spin magnetic moments

. M=1 M=0O K=< =
e Between the triplet (F=1) and singlet (F = 0) sublevels : 15 — 1
T M=0 _
16 T 3 e U B -
Vi = — ( P ) P 0?e¢Roo (14 6) ~ 1.42 GHz
3 mp _I_ e m}] )UJN

e VHr is proportional to the (anti)proton magnetic moment py (5 ppm 2012 Gabrielse,
previously 0.3%)

e &: higher-order QED & strong interaction corrections: ~103

e Theoretical uncertainty on 6: ~10°



Antihydrogen GS-HFS in magnetic field

Hyperfine levels depend on magnetic field:

Energy increases for (F, M) = (1, -1) and (1, 0): low-field seekers (u<0)
Energy decreases for (F, M) = (1, 1) and (0, 0): high-field seekers (L>0)

et o
20¢
" H (FM=(1,-1)_— 1 * + low-field
1.5F s e . seckers
11}5_ Mmoo My < *T
M=1 M=0 M=-1_ osp_—T
—— — — |y |
L RN |
18— @ 00f Tt
* 05k TP M)=(1)
L M ~“I.1};—__1__I____ _ _-_- 3 ¢ T |
sl T (F.M)=(0,0] high-field
F T— seekers
81| S N P S ""4¢w|r
B=0 0.0 0.02 0.04 0.06 0.08 0.10

B(T)
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Antihydrogen GS-HFS measurement

For hydrogen: 10712 precision (hydrogen maser)

But maser not possible for antihydrogen

Spectroscopy of trapped antihydrogen = low precision due to strong confining field
Spectroscopy of H beam

e far from large B

e atomic beam method can work up to 50-100 K (for trapped H: << 1 K)

e H can be guided with inhomogeneous magnetic field



(]
=]
T

Relative energy in frequency units (GHz)

ALPHA: Antihydrogen GS-HFS in a trap

C Amole et al., Nature 483, 439 (2012)

[T T T T 7 | —=—0Qnresonance (103 runs)

_—— | |

—
o

—t
=]

n

=

f.4 spin-flip frequencies

EVENIS par 1.0Cm

Magnetic field (T)

Auxial position, z (cm)

High magnetic field
Only proof of principle (Af/f=100 MHz/29 GHz = 4 103)
Start of Hbar spectroscopy
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GS-HFS with antihydrogen beam



ASAKUSA KANNON TEMPLE
BY UTAGAWA HIROSHIGE (1797-1858)

i
#

</

’

-

[

e
B <A Lo
; Wi
-"'".-,::."- *ie -

ASACUSA

Atomic Spectroscopy And Collisions

Using Slow Antiprotons

Spokesperson: R. Hayano

Not only antihydrogen

@ pHe laser spectroscopy : Mo VS. mp

] FHE microwave spectroscopy : I
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Scheme of the measurement

H (LFS)

¢

H (HFS)

"| _::. N
E@_ = r—%:_‘_' =
,l ’ 4 7

Microwave  Sextupole

P % Vv
eh Ix\ j X%

‘ Cavity Magnet H detector
H formation ' { " |
C‘US%P trap flip Hbar spin
confine pbars and e* ; select spin state

select Hbar spin state

HFS-states: de-focused
LFS-states: focused

B and E axially symmetric

Luca Venturelli - Results and Prospects of

Antihydrogen Production >3



Scheme of the measurement

ﬁ{_m:m off resonance

detector

microwave cavily  sextupole mamet

Cusp trap

on resonance
HILFS) H (HFS) ‘

!
-y
count of H

requency

e i

“Disappearance Mode”
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Scheme of the experimental set-up

r ASACUSA "

| e* accumulator

: et 100 eV

I —

I p

I - ) o
AD === [RFQD|==>| MUSASHIp trap »|cusp trap|—) H beamline

5.3 MeV| 115 keV 150 eV
| €=25% 3D tracking
. _ detector

p :
decelerated by RFQD

e- cooling, accumulation (3—5 AD shots), compression
in MUSASHI

pulse extraction from MUSASHI

transfer of 3 10° to the cusp trap

22Na source (0.6 GBg), Ne moderator,
N, gas moderator, MRE

accumulation (10—100 stacks)

transfer of 3 107 every 10 min to the cusp

guided by magnetic fields
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Radiofrequency Quadrupole Decelerator

Wm Antiproton Decelerator
RFQD — inverse linac B S (190kev = 13vors,
> %1 MW ka g ~25% efficiency,
Crucial part of ASACUSA 200 MHz ,* - W0 mmiorad)
pa 2 amplifiers

Slows down antiprotons to E<I100 keV.
Delivers >7 million antiprotons every 100
Beam emittance > |00 pi mm mrad, RFQD
Energy spread > |10 keV.

| 0-100-fold improvement of many
parameters with new ELENA machine.

i Antiproton pulse from AD
¥ [ (5 MeV = 10% of c)

Upstream
| diagnostics | HFEC) oylinder Sl LEBT ‘

e
RFQ girder ~

e
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Antiproton accumulator (MUSASHI)

(a)

i e- gun
Isolation foil SCcoll  MRE s

| EE /
\
From RFQD -—L-L" | H To CUSP

k T T LTI ]| ee—

S

UHV Bore segmented electrode
(b) A e plasma \\x C,;%::}
IILU - III || ~ 9
/ | w2 (L™ )] =2
p beam <\\__:;}
T
RFQD-> foil 2 capture = cool with e- 2 compress = transport to CUSP
AD 5.3 MeV 2.0-2.5 x107/AD shot
RFQD 110 keV 5% 10°/AD shot
RFQD+MUSASHI = 5-50 more pbars than - i
: trapped&cooled =<1eV 0.5-0.8 x10°/AD shot
Other eXperlmentS slow extraction 250 eV < 3.0 x 107/extraction
pulse (new optics) 150 eV < 1.5 x 10?/extraction

3 AD shots per 1 MUSASHI extraction.
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experimental set-up

2Na: ¢" source

e accumulator

Sextupole magnet

Low energy " beam transport line H detector
vz
N Tl e
Y e A\
AN
5,@30
MUSASHI trap
(ultra-low energy p beam source)
o Cusp tra
P p trap
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experlmental set-up

22Na source

H detector
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experimental set-up

Cusptrap

2 - e L
| =T 1
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Antihydrogen formation

CUSP trap

el ncs‘“:d il T'n.’l." 0 :ltllfl'ﬂl
well
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Antihydrogen formation

Hbar
formation

Field lonization of
Hbar

(= pbar capture)

/
\)

> o _
/m\ /o ,-f’/
=200k . nested _, ~— «-’x' S
— well —, — FW—
T ———— - -
Y . . L e
=300 =200 -100 (0 100 200 300
Z(mm
T o 0s O U"%.F::TE.I.DE D3 D4 D5 D6 D7
Ul Dl
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Antihydrogen formation

200F -
- i 60 — Clel e
> st P annihilation
- E 40 —— .
= B —~——— Em /’7‘/ S|gna|
-200K 7 nested ?E
_ well
- B — 0 L s
- =r T 10 5 0 5 10
—  0F— _tey [ms] |
0 -1 : . . . T "‘T———-"_.-__-_ ]
=300 -200 -100 0 100 200 300
z(mm)

- -

ug Us U7 Us U3 U4T3 U::."JE".IDE DID4 D5 D6 D7

Y. Enomoto et al.
Phys. Rev. Lett 243401,2010

Ul Dl

First antihydrogen production in a “cusp trap”
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H production in the “cusp” trap

Physics World reveals its top 10 breakthroughs for
2010

Dec 20. 2070 23 commenis

It was a tough decision, given all the fantastic physics done in 2010. But we have decided
to award the Physics World 2010 Breakthrough of the Year to two intemational teams of
physicists at CERN, who have created new ways of controlling antiatoms of hydrogen.

shared glory at CERN as antihydrogen research takes the gong

II'HIALPI-H collaboration announced its findings in late November, which involved
trapping 38 antihydrogen atoms (an antielectron orbiting an antiproton) for about 170 ms.
This s long enough to measure their spectroscopic properties in detail, which the team
hopes to do in 2011.

mmm,lﬂummmdﬂimmnmdﬂmtﬂhadmadeam

%)
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Scintillator bars
15mm x 15 mm

960 mm in length
Qfdr = 6.6% + 8.6%

for each side
for % multiplicity 3

= 399%
double coincidence

= 3.3%

Tracking detector

Luca Venturelli - Results and Prospects of
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events /cm

events /cm

Annihilations vertices
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Annihilations vertices
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Increase antihydrogen production

3x10° p mixed with 3x107 e*
Field lonization forn = 39 : 75 H = 260 H (x 3.5)

Field-lonised Antihydrogen Atoms

35-
3{}:
25:
Eﬂ;
15:
10 1
5
0
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Field ionization measurement

Field lonization measurement

@ considering electric field

map

F {mm)

@ &~ 32x 1034 (Vicm)

@ changing F.1. well depth

@ on average n ~ 45-50

Mumber of firarh. units)

@ n~ 400/ \Te

@ observed e temperature
Ter ~ 1% 10° K

Hid

£ & & = 3
E_Jl!llIill[llllllllll'llll |III[II|I|IIII

-

=

Luca Venturelli -
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Antihydrogen beam

expected polarization of antihydrogen beam

Beam Intensity

polarization

[K]
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Antihydrogen beam

H (LFS)

Field lonization before the detector
= Only Hbars with n<43 (or n<29) reach the detector

COMMUNICATIONS

ARTICLE
Received 25 Jun 2013 | Accepted 11 Dec 2013 | Published 21 Jan 2014 DOI: 10.1038/ncomms4 089 OPEN

A source of antihydrogen for in-flight hyperfine
spectroscopy

N. Kuroda!, S. Ulmer?, D.J. Murtagh3, S. Van Gorp?, Y. Nagata®, M. Diermaier?, S. Federmann®, M. Leali®”,
C. Malbrunct“"‘t, V. Mascagnaé"7, Q. Massw’czek“, K. Mich'rsh\'os, T M\'zutam'1, A. Mohr\'3, H. NagahamaT,
M. Ohtsuka', B. Radics3, S. Sakurai®, C. Sauerzopf“, K. Suzuki?, M. Tajima1, H.A. Torii!, L. Venturelli&7,

B. Wijnschek“, 1 Zmeskal4, N. Zurlo® H. Higakig, Y. Kana\'3, E. Lodi szzinié‘Jr ¥ Nagashimag,

Y. Matsuda', E. Widmann# & Y. Yamazaki'3

Hbar detector

plastic +
BGO (100mm dia, 5mm thick)

"+ | §1, 82, 83, 54, S5 = Plastic Scintillator] |
e B 49% of 4r
ar :
i e

BGO measures energy deposition by Hbar annih.

coincidence: BGO AND (>15)

Luca Venturelli - Results and Prospects of

Antihydrogen Production

71



Mormalised counts’' 150 s

10

1071

Energy deposition in the BGO

| mostly Hbars mixing a GEANT4 e
- = =
[
i — Mixing (n < 43) : i
L | [ Background ?—
T 1 £
- | 3 2
3 | 0 200 40 ©0 380 100 120 140 160 180 200 0 20 40 &0 80 100120140 180180 200
- E [MeV] E [MeV]
i background C GEANT4
0

E (MeV)

Unshaded histo = pbar-e+ mix O 1 o
0 20 40 &0 80 100 120 140 160 180 200 0 20 40 &0 BD 100120140 160180 200
E [MeV] E [MeV]

Shaded histo = pbar-e- mix (background run)
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Antihydrogens reaching the BGO

B Mixing (n< 43)
A Mixing (n< 29)

a-C (see previous slide)

Corrected counts/150 s
%]

Integration from E,;, to 200 MeV

c
12 25 Hbars/hour (n<43)
§ w14 16 Hbars/hour (n<29)
After detection efficiency 159
correction (from GEANT) % $
EII

L= L T = o =

0 20 40 60 80 100 120 140 160 180 200
Ep (MeV)
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Mormalised counts’ 150 s
q
I

= R

Detected antihydrogen atoms

mostly Hbars

— Mixing (n < 43) Table 1 | Summary of antihydrogen events detected by the
[] Background antihydrogen detector.

Scheme 1 Scheme 2 Background

| Measurement time (s) 4,950 2,100 1,550

= Double coincidence events, N; 1,149 487 352

- Events above the threshold

- (40 MeV), N_ a5 g9 29 B
Z-value (profile likelihood ratio) (o) 5.0 3.2 -

w Z-value (ratio of Poisson means) (a) 4.8 3.0
Lol | T I O I T I IV Y

20 40 80 80 100 120 140 160 180 200
E (MeV)

Antihydrogens (n<43) detected with 5 0 significance 2.7 m far from their production region

=>» Antihydrogen beam has been produced

25 Hbars/hour (n<43)
16 Hbars/hour (n<29) < significant fraction in lower n
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Next steps

Study and improve the beam features (Hbar numbers, temperature, n-states,...)

Introduce MW cavity

f {
Microwave  Sextupole Ry ‘ ;,+
CUSP trap Cavity Magnet H detector T -

- -
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Expectations

H (LES)
= . D=10 cm, v=1 km/s
. H (HFS ’
"| f_\_ ) P — 1/T=10 kHz &> Af/f=7x107°
=== ~C == > 0=7x10"7
! P T—— X
D
Microwave  Sextupole _
CUSP trap Cavity Magnet H detector
Achievable resolution:
- better than 10 for T < 100 K
- 100 Hbar/s in 1S state needed (in 4 T)—2> event rate=1/min.
1° improvement (Ramsey): Antihydrogen fountain: <~ AEGIS
2 : D - i i ;\‘“-I_, Voo | .
——— e :::; trapping and laser cooling - o=
= antihycrogen - Ramsey method with L=1m ™ == |
o Af ~3 Hz, Af/f ~ 2x10°9 e B
Linewidth reduced by D/L
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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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Summary

Antihydrogen research:

- covers many fields of physics (particle, atomic, plasma, accelerators,...)

requires modest resources (but needs time)

promises high sensitive tests of CPT symmetry

several improvements performed

recent results on production, trapping and beam formation = spectroscopy era
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