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»  Gravitational Acceleration of
,  Antimatter

e No direct test of CPT

* Weak equivalence principle

CPT Symmetric Situation Not:

Anti-Apple Anti-Apple
*NO precise experimental

test available

* Highest precision
reachable with neutral
antimatter

e AEgZ IS

e Antimatter Experiment - g
ravity, Interferometry,
Spectroscopy
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G@i Antimatter and gravity

O
©

OAntigraVity: gmatter = _gantimatter

©  eseparation of matter and antimatter in Universe
©

- eQuantumgravity
?  eGraviton (5=2)—adds Gravivector (S=1), Graviscalar (5=0)

E o simplest case: static potential

¢ a: Gravivector, b: Graviscalar

o — attractive (matter-matter), +: repulsive: matter-antimatter
* matter experiments: |a-bl|

e antimatter: a+b
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" AEg IS5 Goal

oFirst goal is to measure g to ©(1-10%)

59@ ¢in the free fall of cold H atoms

OO e Test of WEDP on antimatter in the Earth’s

gravitational field
* First direct measurement for antimatter - no assumptions

®

e L arge amount of antimatter atoms needed

e AEg IS method

e Produce cold Rydberg H "
e Accelerate H ™ to produce neutral beam

* Measure gravitational deflection of H beam using a
Moire deflectometer
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o " Production of H atoms

e
©

positronium
converter

e Charge exchange with Ps™ *

e+

¢ eCapture p from CERN-AD

?_ Cool p

o *Ps production by e" on 5102 H*

laser
excitation

Ps*

H* H beam
e D SIS O
N

antiproton accelerating
trap electric field

¢ Ps laser excitation to
Rydberg state

Il
*

e Interaction Ps” with p cloud

® Recombination: resonant charge
exchange

enhanced formation rate:

Ps'+p — e +H o’
Ps(ni)— (n2)
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Acceleration
- , region
& Antiproton =
e trap -
"O / | e
@ e .
i ® @ ’ " e
®c / / Laser '/'f
/ / excitation
P -y \ |
e | /
. Positronium
production
e+

- AEg IS principle

TF-HFS oo
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Experimental setup: CERN-A & ©

AEZIS

AEGIS zone at the AD

B e @ injection at 3.5 GeV/c

) LS
‘0.::(4 i 1= 8

@ extraction
(=2%x107in 200 ns)

FH-HES .



AEg IS Setup
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o | Gravity measurement -

W

.. proof of principle

e Mini-moire deflectometer

O
& edistance 25 mm
¥ eslit12 um, pitch 40 um, 100 um
i .
thick

ep beam E~(100+150) keV
traversing 1T magnet

elight reference: a
Talbot-Lau

eemulsion detector

»
»
.
»

P o

" Aghion, S. et al. Nature Communications 5, 4538 (2014) | —
’ .H FS E. Widmann 10 @ OAW
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OO e Shift between p and
b light observed

X

p deflectometer result

b

C
Moiré pattern Contact pattern

iﬂ%&.\&

‘Ay=9.8i0.9(stat)i6.4(syst)um‘ 1 5§§ l

o b : SRR ; 0
0 02 04 06 08 10 20 40 60 a a+d/2 a+d 0 dre d

¢ consistent with Xposiion (nm)  xposiion )
residual B, E fields

*sensitivity of um .E
reached

e Pattern observed °

y position (um)

1 O —
0 40 80 120 0 40 80 120
X position (um) X position (um)

e H beam case
e velocity *10™

y position (mm)

e distance * 40 e

X position (mm) 0 ar d

® Force 10_10 y position

| -— Aghion, S. et al. Nature Communications 5, 4538 (2014) | —
I H H FS E. Widmann . @ OAW
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» | Ps production: SSPALS

©)
” Cassidy D B et al., NIMB 2007, 580, 338
o measurement
® ~4 x|0® Ps atoms in vacuum
® 1 '
ol § [\ El
; PbWO, detector : a © 0087 T ~ 142 ns
@ | I'| E L
i : g \
i S 014 \ @ oo \l‘““\ E
5 © @
e+/Ps converter > TN
S '\xiiin 100 200 300
— time (ns)
5 Nn
e 001+ | A i}
< MCP surface " :
J —— nanochannel Si M‘W’H M “&M‘\, i
i W
T
W
1E-3 )
! [ ! [ ! [ ! [ ! [ ! [ ! :
Nanochanneled Si -100 0 100 200 300 400 500 600
Time (ns)

Mariazzi S et al., Phys. Rev. B 2010, 81, 23548

Aghion S et al, NIM B, 362 86-92 (2015)
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»  Demonstration of Ps n=3

©

- laser excitation

®
e 3P excitation line centered at

| 205.05+0.02 nm
© e excitation-ionization efficiency

©
©

() . . . .
~15% (determined by ionization
®
by IR pulse)

e Evidence for n=15-18 Rydberg
excitation by 2-step laser
excitation

4th armonic lgﬁnj}m
Nd:YAG ond armonic  p32om | OPGI OPA Sul} _,)‘1—»3= 205 nm
(1064 nm) B mJ PPKTP BBOO BBO A A>0.05 nm
650mJ, 41nS | 15t armonic égiijnm ggg :EJ © 200 pJd

650-1700 mJ

2ml] OPG?2 P00 pJ
PPKTP
A,,,=1670 nm
OPA (el —
o KTP AA=3nm
3md

Method: Cialdi S. et al., NIMB 2011, 269, 1527.

14
m ] no Ps formation
-"é' —— Ps formation, laser OFF
-1 —— Ps formation, laser ON
a 0.1 UV+IR 2=1064 nm
s
(1)) |
g e
;3 0.01 5
o 3 |
£ ] |
< s

10° E
-100 0 100 200 300 400 500 600
Time (ns)

S(%)=(Area laser OFF-Area laser ON)/Area laser OFF

154

2048 2049 2050 2051 2052  205.3

UV wavelength (nm)

‘ ]
HH FS = Aghion S. et al, PRA 94, 012507 (2016) . Sl QAW
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Cooling of p

*Cold p to maximize flux

* Final goal: T ~100 mK, 15 phase T ~7 K

» ®Cooling mechanisms

~"®
®

H

e Radiative electron cooling

e Evaporative / adiabatic p cooling

e Sympathetic resistive cooling of p with e™ cooled by

resistive cooling

e Sympathetic laser cooling with negative ions

3D 2 l
1 2

3 5
F, 2 >

e Sympathetic cooling with (Y2 7T—

: H F S W P-Yzombard et al., PRL. 114 213001 (2015)

E. Jordan et al.,
PRL 115 113001 (2015)

(a)

35+ \ X2
1 5

O T T T
1.0 12 14 16
r(A)
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Summary

e AEg IS aims at first ever direct measurement of

S deflection of antihydrogen beam by the Earth’s

gravitational field

v e Test of WEP with antimatter

e Milestone Ps excitation achieved

e Experiment is taking beam
® 2016 goal: H production at T~7 K (current min. temperature)
* Jater stage — 100 mK
e H beam production
* Gravity measurement

e H -HFS spectroscopy

@) bmmm  erc

uuuuuuuuuuuuuuuuuuuu

NG / Wissenschaft, Forschung und Wirtschaft
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Hyperfine Structure of Antihydrogen
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H-HFS

Hyperfine Structure of Antihydrogen
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ALPHA GRAVITY MEASUREMENT

* release trapped H
5  *too hot for

e, .
19 gravitational force

B * limits on ratio inertial
L and gravitational mass

* Gravity
* no systematics
* Mgrav/Minertial < 75
* with systematics
* Mgrav/Minertial < | 10
* Antigravity

¢ mgrav/minertial > —65

I‘-IH FS E. Widmann
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Description and first appllcatlon of a new technique
to measure the gravitational mass of antihydrogen

The ALPHA Collaberation® & AE. Charman'
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HH FS E. Widmann

GRAVITATIONAL REDSHIFT OF CLOCKS

A B A B A B
@S @IS Ca> 2
Gravitational red shift for a clock: Aw/w=gh/c’

-> Antimatter and matter clocks run at different rates
if g 1s different for antimatter and matter

Aw, 3 Hughes and Holzscheiter,
o 3K -Ds Phys. Rev. Lett. 66, 854 (1991).
I grav. pot. rmergy difference
for tensor gravity between empty flat space time

(would be 1 for scalar gravity)

and inside of hypercluster of galaxies

w

A(DC < 10—10
de

Experiment: TRAP Collaboration, Phys. Rev. Lett. 82, 3198 (1999).

——>

K=1% (<107

TRAP collaboration G. Gabrielse
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H-HFS

Hyperfine Structure of Antihydrogen

THANK YOU VERY MUCH FOR YOUR
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» | Gravity measurement -

Ol

- H™ detectors

©

Silicon detectors(strip, pixel) MCP

© - ]
O Hitmap single event pix s g’ i A
o~ | E=N | Entries 332 \ ER , ol e %
& £ Meanx  45.36 - e o T :
3 C Meany 89.83 o o~ - %4 5 ]\1 : ( o
! Q300— RMSx  17.29 st it 0 S o R Sl s
er RMSy 5429 ' N b o A
Q) £ r = - T N N
‘52507 = . e : % -
= C B, A8 Rt e W 0t e 3
- \ iy il TR SR o :
(®) 200 T T T e
: \\ _". ,.\__.’ . o .:\,’v,-_‘.
150 A S - et ¥
@ : E_ — 4 : J.‘ . '\, " 4 = ‘-;'. - ’
100/ y = ” TTH i By S S
50— - g . i 4 i Vo /‘ .
: SR ) B i .- % g " ‘ \ *
o =l v v v v b =t |:| | 11 3 L1 " RI:_’ . i ¥
0 10 20 30 40 50 60 70 ¢ " & ";\ff Y. ¥
x-pixel (250 um) : .
s—m
= |
~4
[ -
H)’bl"ld detector needed >4
4

I
s
h 4
A

- timing Sl '
e position resolution ~10 UM . socc ®
(50 um) + transparent < »
WINCGowW dy 4
J. Storey et al. Hyp. Int. 0304-3843 (2014) 5% Scintlating iber / Silcon Tracke
A N - positon, TOF  position charged pion tracks, TOF
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% " Production of H atoms

it
©

positronium
converter

. *Charge exchange with Ps"
OQ e Capture p from CERN-AD
) — COOI p

» ®Psproduction by e*on SiO> —

laser
excitation

) Ps*

H* H beam
1 N SIS Q
Yee _/

antiproton accelerating
trap electric field

¢ Ps laser excitation to

Rydberg state He
e Interaction Ps” with p cloud
* Recombination: resonant charge
exchange enhanced formation rate:
. o
Ps'+p & e*+H con

*Ps(n1)—H (n2)
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= 'H beam & measurement princly

e

: M.K. Oberthaler et al., Phys Rev. A 54, 3165 (1996)
H beam formation by

o  Stark acceleration

@«‘
o evh~400m/s ‘

° eMeasurement of g
* Two-grating Moireé
detlectometer @ 100mm, 1-
L=1m, slit 12 um, pitch 40 um, -

X

100 pm thick _ RO | .
o Position-sensitive annihilation " i’ e

detector Ah<10pm (emulsion) - TERrur R I ?
e velocity information needed: JGIE %% X s L aes

pulsed beam & detector with Y of it 2 &

time resolution (TOF~2.5 ms) Aghion, S. et al, JINST, 8, P08013 (2013)
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« | Experimental setup
e
O
S@ Positron accumulator (room temp) Antiproton cooling
i | Positronium and
O p catching & cooling | H production
it e* storage (~1OK) region @ low T
® AD line -
™ e e
D / ,y,#'{'/’ gravity
/’" module

4
> 4
A

5MeV p slowed down by Al 5T magnet W
degrader foils.

Those with energies below
trap high voltage are caught
by fast HV switching pulse

1T magnet

TH-HFS oo . (m) daw



ULTRA-SLOW H BEAM

- Ent ';lse thy{é

* narrow velocity 0 vean

[~ BRMS ]
2 distribution N wf
; around 400 m/s of-
0, j i .
; * no polarization: 2nd g
A sextupole needed “F
* rates similar to CUSP “E

% 100 200 = R - R T 800

H velocity (m/s)

spin-flip cavity
field length 10 cm
1st sextupole for | mu metal shie'cing 2nd sextupole for
polarization analysis Hbar

1 detector
I { 3

Hbar source

field length 22 cm —

Helmholtz coils

80 cm distance to sextupcle
H - H F S Total length: 3,2 m E{;"!

L
25 AW

E. Widmann .



\ e

0“

5 | Experimental

(@)

o

N

()

®
o

T'I ) H FS E. Widmann




© .
<. Positron system

0)
_I_
e Surko-type e" accumulator
@Q Achieved e humbers in 5
E.-f" N e’ in the single transfer r_<
E ¥ ] from accumutator 1.8 10
=
‘s £ s {{}.
— . 1
2 G./lz;).
8 ™ Y/,
E & %
58 | . &
= C .
- 5)
U<t r - T
0 5 1iC ‘s

Number of transfers from the accumulator

e* source strength ~10 mCi
total accumulation time ~80 min
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0 . . . B
° 'e" manipulation: tests with e
") 00,

* Rotating wall -

©. compression T -

0

~_ *Move e’ off-axis by S -
- exciting diocrotron
motion

‘30900 g6 0 0506500

Diocotron excitation: Plasma center

Off axis e* HV trap
Radial displacement of e+

B=1T | [ V1 ==\ 7

d =0 NN
q‘o\ \ \ 10__ ......................... S— ........................ ........................
1

“\
T
-
¢

) " 100mK p- - , : 2
‘4-way sectorized electrode C : : 5
-1

C. Candli et al, Eur. Phys. |. D 65 (3) 499-504 (201 1) —
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G. Consolati et al, Chem. Soc. Rev. 42, 3821 (201 3)

HH FS E. Widmann
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. .
= Ps production
@(
~eImplantation of e*
“.  In nano-porous
¢ (8-14 nm D) silica
" e~75K 0-Ps needed

RN L A R0
Mean positron implantation degth [rer] — < _\_A.\./_\;',\,

Ps/

e Large implantation ¥ e —
- . "6‘. = \» 5:
depth "4 > "b\' > 2
*High Ps formation rate = ]
- .
* Possibility to tune g ,
nano channel g o ¢ 43 |
. . n O] O a5 |
dimensions: tune Ps  « _ S
temperature x| t1 L
S. Mariazzi et al.,, Phys. Rev. B 78, 085428 (2008) ©° '
S. Mariazzi et al.,, Phys. Rev. B 81, 235418 (2010)

1 0

B Positron implantation enargy [keV] ..
H.H FS E. Widmann 30 OAW



5 .
. Ps excitation

~e2-stage excitation
“.  eUV:n=1-3
®  eoJR: n=3—Rydberg

[ (n=26)

&

e Alternative: n=1—2 —

Ry
Energy
R_\’dberg*
levels —
1640nm
n=3 T 730nm
n=2 T S——
205nm
F. Castelli et al., Phys. Rev. B 78, 052512 (2008) 243nm
U. Warring et al,, Phys. Rev. Lett. 102, 043001 (2009) n=14 W
£ B~ 0T

H.H FS E. Widmann 31 S““ OAW



" Chamber for Ps experiments:
- focus .

No field in the target region.
FWTM <4 mm

250 Gauss in the target region.
FWTM 5 mm

A
hH n H FS iy, Aghion S et al, NIM B, 362 86-92 (2015) 32 @ OAW



» | Gravity measurement -

O

- H™ detectors

©

* Emulsion detectors at low temperatures

o .

- and in vacuum
®

A current emulsion test emulsion

C. Amsler et al. JINST 8, P02015 (2013), S. Aghion et al,, JINST 8, PO8013 (201 3)
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' Ps n=3 laser excitation

* 3P excitation line centered
at 205.05+0.02 nm =l |

* excitation-ionization
efficiency ~15%

0 ' | . | . | . |
204.8 204,9 205,0 205,1 205,2

UV wavelength (nm)

S(%)=(Area laser OFF-Area laser ON)/Area laser OFF

Aghion S et al., submitted for publication
-—

' - ) ¢
Aghion'S el-al., ML,Fm%e sublrzld}/t\{led ann 34 gA\W
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= ' Ps Rydberg excitation

©
© Rydberg 1-
©
® .
o >
8 o1 W
® IR % 'n='17 'n=1'6 'n=1'5
S5 1680 1690 1700 1710 1720
= IR wavelength (nm)
n=3 Q. 0101 K
E -
< —— laser ON, !
UV+IR A~1709 nm |
) ——laser OFF |
\%
= 1E-3 - .
- 100 0 100 200 300 400 500 600

Time (ns)

S(%)=(Area laser OFF-Area laser ON)/Area laser OFF

‘ ]
Aghion S et al., CERN-PH-EP-2015-265 =
H.H FS E. Widmann s 35 @ OAW



AEg IS principle

positronium
@ B0 converter
< v e+
\ e
laser
@ excitation
*
@ 5
i t/ . * H beam
0) (Y s [, N
o Ye. _/
A ) antiproton  accelerating
trap electric field
ﬁ*

Ps+p — e+ H
=

ol

"
4

et

FH-HFS v

—

/

= { |

Acceleration
region

Antiproton -

trap

Positronium
production

Detector

Moiré
deflectometer
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