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AD EXPERIMENTS
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AD EXPERIMENTS
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AD PHYSICS

< Comparison of fundamental properties of simple baryonic and anti-baryonic

®® systems at low energy and with high precision
OO Test of C:harge - :Parity : ":l"ime sylemetry : : AT PHA
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BARYON ASSYMETRY
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AD PHYSICS

courtesy: http://newscenter.lbl.gov/2013/04/30/antimatter-up-down/

anti-apple

ALPHA-G
AEGIS
GBAR
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THE AD COMPLEX
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THE AD COMPLEX
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THE AD COMPLEX

Energy scale (ev)
O, PS : 26 GeV /¢ proton on target
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THE AD COMPLEX
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EXPERIMENTAL CONCEPTS

. ALPHA-2 apparatus TRAP
@ Irap electrodes ftor
° antiproton preparation . . .
Oﬁ ) o cols Trapping using magnetic moment

Challenge : shallow trap (~0.5K)
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0 Trap electrodes for / yiniection - A ccumulation over 8 hours shift
@ antihydrogen production Microwave
Trap electrodes for waveguide
(o O positron preparation
)
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EXPERIMENTAL CONCEPTS
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SPECTROSCOPY OF H
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HYPERFINE SPLITTING

Pioneer plaque,

21cm line

Image credit: NASA Image credit: NASA
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RECENT SPECTROSCOPY HIGHLIGHTS

. 'InaTRAP: ALPHA
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RECENT SPECTROSCOPY HIGHLIGHTS

. 'InaTRAP: ALPHA In a BEAM: ASACUSA

© . . ° .
OQ Precision of 500 kHz (4 x 104) Precision of ~3Hz (3E-9) on HYDROGEN
e 20¢ TrapE)abIe Iow-field_—seeking states 1,420.4 MHz v - vy (kHz)
\ 15 lo=lm ld=L o " -10 0 10 20 30
@ & LA L L L B A
~ 10F 25.0
Q% 5 . 2 |12 (= ) {
> Q|1 T =3 N
2 8 © 245
° g ° e | |s E S L
© ) o — £
&) e - 8 a0l
) g -10F T
O £ ) kL L
¢ gl Untrappable high-field-seeking states 0.0 |@ e Egpaemen T
) oof B=1TL  Bby=1TM Frequency o ‘
0r 0o 02 04 06 08 10 12 14 gg 05 X
60 L }’ Magnetic field, B (T) # Data a8 452
O Simulation
50 -
[}
= 40
3
O 30 _
<
20 g ? i 2
10} [
E : E e o [} - E E E E i o g
ol—s s = - L2 wwiBSwow ., ,, Hg B \ o R BE ,
-1.2 0 1.2 2.4 36 14192 1,4204 1,421.6 1,422.8 1,424.0|
Relative frequency (MH2)
Ve - Vi (KHZ)

M. Ahmadi et al.

Nature 548, 66—69 (2017) M. Diermaier et al. Nature
Communications 8, 15749 (2017)

Isolde Workshop and Users meeting 2018 C. Malbrunot/CERN



RECENT SPECTROSCOPY HIGHLIGHTS
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FUTURE SPECTROSCOPY GOALS

o H 1S/2S
® i '
© H GS HFS
* } i } } i } } i } } i } } i } }
L 10°1 1012 1077 1076 1073 10°
@O relative precision

O Comparison to H in the same apparatus
G)‘_

©  For enhanced precision:

(¥) .
- More H

é‘
- Control the QS (for beam)

- Colder H :
- Laser cooling (sympathetic cooling of particles/ions) Be*, La-,Cy ...

- Lyman-alpha cooling of H
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FUTURE SPECTROSCOPY GOALS
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@O relative precision

O Comparison to H in the same apparatus
6,_

©  For enhanced precision:

(9 i
. - More H
® I
- Control the QS (for beam) oD
Observation of the 15-2P Lyman-a transition in
... antihydrogen
- Colder H: M. Ahmadi et al., Nature 561, 211-215 (2018)

- Laser cooling (sympathetic cooling of particles/ions) Be*, La-,Cy ...

- Lyman-alpha cooling of H
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GRAVITY HIGHLIGHTS
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Green dots---simulated annihilations Red circles---434 Observed annihilations

Vertical position of annihilation vertex during release of trapping field
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RECENT GRAVITY HIGHLIGHTS

; New antimatter gravity experiments

O, :
@, begin at CERN
O The ALPHA-g and GBAR experiments have received their first beams of antiprotons
© 2 NOVEMBER, 2018 | By Ana Lopes
GBAR & ALPHA-g getting their first beam
Q)
©.
@ v ,-,"77' {/‘ ‘1‘ ‘ \J ,'/
s ‘!Kﬂ. -- ’ :
® “ \.,.,.,.. o

N A
;a |
s
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FUTURE GRAVITY GOALS

Plurality of approaches

" VERTICAL TRAP \ / H BEAM \ f A+ BEAM \
- increase up /down sensitivity - Sensitivity to ~10 um deflection - Cooling below 1 m /s:

(up to 1.3m trapping range) needed Sympathetic cooling of FI*
- much improved field control - cold antiproton translates in cold - opens new horizons
H thanks to CE mechanism
Sign measurement planned SOONn 1% measurement targeted
17 targeted H cooling to ~20 mK | |Sign measurement targeted
and advanced magnetometry detector
t
a - '.‘ Laser (t,)
> \ o ° —
_E g/,%\\ - aHT
- / T~ .
W. A. Bertsche ' ' : = ] graV|ty ¢
Phil. Trans. R. Soc. A 08 LTI I T > AgN}u;)n etal.
2018 376 20170265 T Comm
DOI: 10.1098 / rsta. 5  ecmemmmmmen || -OMmmunications detector (t,)
2017.0265. (2018) e | 5 (2014)4538
e e e e.g.: The GBAR antimatter gravity
OOA 0.23 0.4 0;\3‘(;;1:1 eXperiment
X position (mm) P. Pérez et al., Hyperfine Interactions

233, 21-27 (2015)

7& ALPHA-G j K AEGIS J K GBAR J
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FUTURE GOALS

E) Some numbers to set the scale
Q1
i
® RGN
Q vertical height : 1km 1m 1 mm
L — : ; 7 i t
® :
O :
' : T
i temperature 1K fmK 1 uK
i ' s
vertical velocity 100 m/s 10 rn/s ' 1 mis 0.1 m/s
- L. recoil limit
- Doppler limit
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FUTURE GOALS

E) Some numbers to set the scale
®©.
i
o OESITE0TE Tamge
Q vertical height « 1km 1m 1 mm
: — : ; = i t
© i :
®. : :
® i
it temperature ! 1K 1 mK 11K
i 3 :
1
vertical velocity | 100 m/s 10 m/s \ 1 mis 0.1 m/s
:: | | g ; 1 | | | | ]
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current lowest p plasma . Doppler limit
temperature (4.2K)
|
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FUTURE GOALS

E) Some numbers to set the scale
ON
- current
Q temperature of H \
o probed in traps geESITapie range
------- =
vertical heighNkm 1m 1 mm
\ e ; i ; i
9@‘_ current state of the | S
d art in H production | ™_ | :
it temperature E 1K 1 mK 1 uK
® : :
: S
vertical velocity } 100m/s  10m/s i | 1mis 0.1m/s
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current lowest p plasma - Doppler limit
temperature (4.2K)
|
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FUTURE GOALS

E) Some numbers to set the scale
O . .
° current Target region of ALPHA (with
Q temperature of H \ Lyman-alpha cooling) and
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‘Cc) : ! N i t E; f f
ol current state of the i E
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® : :
| S
vertical velocity | 100 m/s 10m/s | | 1mis 0.1 m/s
: - L. recoil limit
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temperature (4.2K)
|
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FUTURE GOALS

E) Some numbers to set the scale
G t Target region of ALPHA (with
e current , GBAR target region
o) temperature of H \ Lyman-alpha cooling) and
N probed in traps AEGIS with p cooh{lig_ e /
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? : o E E; } i
9@‘_ current state of the | . | /
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® : :
1
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ANTIPROTON STRUCTURE HIGHLIGHT'S

.. 'The BASE collaboration :
—12
o, WL O P 1 = 1(69) x 10

Downstream Reservoir
% park electrode trap

/1’\ Measurement
£ < , Upstream trap

Q_"{ e ' park electrode

Radio-
Electron|

S frequency
,,,,,,,, & gun
Anélproton B3 Detection
eam ‘&5 inductor
=4 Detection Low-noise
Degrader .5 inductor amplifier
structure ~—
1cm
BASFE Low-noise <>

amplifier

Previous work by the TRAP collaboration (@LEAR)
G. Gabrielse et al. Phys. Rev. Lett. 82, 3198 (1999)

S. Ulmer et al., Nature 524, 196-199 (2015) r
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ANTIPROTON STRUCTURE HIGHLIGHT'S

0.1 3 . T . T n T y T ! T s T
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@ p,p _— L _— p,p ) o 3 o = ASACUSA |
L Y ppb pHe 1
© 2 V 2 1E4 .
$ C //L N O deE] ]
o ATRAP [ ]
- o 1E6 1: single Penning trap - _’
) 3] S 1E-7 4 ]
B T
OF Antiproton ~ 8 1E-8 4 3
’ beam = 1E—9-; multi Penning trap [ 1
., ‘”’“ - 350 fold improvement :
0 Comagnetometer trap 1985 1990 1995 2000 2005 2010 2015 202
@ rf drive line year
Jy Analysis trap
@t Pulsed
catching Spin flip coil 06
i electrode : o
i : z > 2016
I Axial detector i e ' B os
¥ V= 798 kHz g?(;g?rl(;‘c?e < 50 o % 03]
@ Q= 20,000 “" Electron £ ]
Axial detector \ beam o 02
7, o = 676 kH : = ]
16(:: 6,500 ’ ,,Cycftzrg%ggt:ﬁ: d R I: Axial detector %_ 017 i
f i et S35 1, = 674 kHz D 00 I
BASE ' Q= 25,000 . I
Obts  odw | odm | ode | odw | oo
Vv,
06— . : . . . .
9p Ip 0s- | 2017
— = 2.792 847 344 62 (82) — =2.792847 3441 (42) ..
2 2 5 |
8 03
g |
G. Schneider et al., Science 358, 1081 (2017) || C. Smorra et al., Nature 550, 371 (2017) | £ *1
= o014
E-_J 00 .
first measurement more precise for antimatter than for matter == &= & % o w0 o

VL/\/c

Previous work by the ATRAP collaboration Di Saccia et al. Phys. Rev. Lett. 110, 130801 (2013)
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ANTIPROTON STRUCTURE HIGHLIGHTS

G)C) Reservoir trap for antiprotons Antimatter trapping for 405 d
high voltage . high voltage 18
| 1cm : electrode 1 reserv?" trap electrode 2 16
. & T ¢ LI \ electron 9 14 -
antiproton o ¥
beam \ N gun £ 12 S
2 >
y/ z / < ( g 8 §_
degrader /| g 6 )
structure —— < 3
rf-drive é detection
upstream —— inductor downstream 2
to FFTanaIyzerI ) B ——- 06 6 0 A6 0 B B B 0 O B 6
ow-noise . -
a) amplifier to high precision traps QX\XQ’L\XQ’b\X QD(\XQ‘) \> 06\\01 \> 0%\X QQ\X\,Q\X XX\X{L\X
date
. . . NEW LIMIT
Enables operation with antiprotons ~ 10 2
independently of accelerator run times. TP -a @
BASE operates antiproton experiments 365 days per year Most stringent I.|m|t on o_llref:tly constrained
antiproton lifetime
C. Smorra, et al., Int. Journ. Mass Spec. 389, 10 (2015). S. Sellner, New J. Phys. 19, 083023 (2017)
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ANTIPROTONIC HELIUM

O
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ANTIPROTONIC HELIUM

delayed annihilation of pbar

0 106 Three-body system He**ep,
o s in liquid helium, KEK 1991 p in highly excited, near circular
® prompt
' g 4 o trapping fraction: = 3 % states (n,l) ~ (38/37)
&) Q 10 average lifetime: =3 us
© % 45 delayed Laser and microwave spectroscopy
" = )
5 810? / Comparison to 3-body QED
It 10 calculations that use proton mass,
© / magnetic moment
i 0 5 10 15 20
o) Annihilation Time (us)
ASACUSA I_) -He : . | Direct (Farnham 95)
. . } . | 12C5+ (Beier 02)
antiproton to electron mass ratio e 1607 (Verda o4)
™M+ o 12C5+ (Sturm 14)
—L = 1836.1526734(15) | relsezor
s i } . { HD* (Biesheuvel 16)
m,—
p-He cooled to ~1.5K (buffer-gas cooling) i
Masaki Hori et al. T 0152665 | 0.15267 | 0.152675 g
Science Vol. 35 4’ 6312, pp. 610-614 (201 6) (Anti)proton-to-electron mass ratio -1836

Isolde Workshop and Users meeting 2018 C. Malbrunot/CERN



SUMMARY OF HIGHLIGHTS

WS SPECTROSCOPY OF H
®

ALPHA : First H transitions measured with high precision

'O} in magnetic traps
©. Qwaiting new measurements in beam experimen’y

® .
ey GRAVITATIONAL STUDIES OF H
© : : :
o Two new experiments coming online
Plurality of approaches and targeted sensitivities
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SUMMARY OF PROSPECTS

H SPECTROSCOPY STUDIES GRAVITATIONAL STUDIES OF H

Lyman-alpha cooling on its way to reach mK H First measurements awaited soon after
LS2!

New cooling techniques will be further developed

during LS2 (sympathetic cooling of + and - charges) New temperature regime probed

Isolde Workshop and Users meeting 2018 C. Malbrunot/CERN



MORE PHYSICS TO COME!

ADE Fixdisplay 04-Dec-2018 15:18:52

Mode
PBARPROD

No. of Inj.

Al bl
_ % _ | l | N\ﬁ'w’rw

AD Cycle Length
2.45s

Repetition Rate
1152 s

BCT9012 | BCT9053 | 3.5 GeV/c | 2 GeV/c | 300 MeV/c

0QOE7 100% | OOE7 0% 0.0E7 0%

100 MeV/c R|100 MeV/cE BCT7049
00OE7 0% 0QOE7 0% |0.00E7 100 %

PBAR for AEGIS

Comments (13-Nov-2018 09:25:30)
Any Prohlem at Amitima - Call T Friksson 163884
See you Iin March 2021 for even better beams
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