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Updates on the 15-2S spectroscopy of antihydrogen
at the ALPHA™ experiment at CERN QcnPq

Nacional de Desenvolvim
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Claudio Lenz Cesar
ALPHA-CERN / IF-UFRJ / IMPATech

<ccesar@cern.ch>

W Motivation

» Making, Trapping and Laser Spectroscopy of Antihydrogen

% Laser cooled data with analytical lineshape: parts in 10!3

» Proof-of-principle for H in the same anti-H trap: parts in [0!>.16...
W Brief gravitational fall of antihydrogen

Summary and Perspectives

*ALPHA @ PSAS-2026: Abbygale G. Swadling (following talk), Edward Thorpe-Woods (talk Monday-ETH),
Maria Beatriz Gomes Goncalves (poster Monday: Be+ cooling of e+)
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Let there be particles:

Matter & Antimatter

but ... the primordial

antimatter disappeared
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Mirror Universe ??
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https://www.hmc.edu/physics/research/colloquium/why-are-we-here-matter-antimatter-asymmetry-of-the-universe/

Equal number of
particles and antiparticles?
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https://www.hmc.edu/physics/research/colloquium/why-are-we-hefe-matter-antimatter-asymmetry-of-the-universe/
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no good scientific explanation for our

Universe devoid of primordial antimatter
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CPT symmetry (base of the Standard Model)

Symmetry Operations / Background
"P” - parity, space inversion: -r <=> «+r
"C" - charge conjugation: e- <=> e+
"T" - time reversal: -t <=> +%

P('57) CP('80) CPT Theorem

Quantum Field Theory
J. Cronin Lorentz Local invariance

1980
Flat space
particles X antiparticles
opposite charge, but
& same mass, magnetic moment, mean life, ...
Y‘QBF:)tCh atom X anti-atom

same quantum structure

o
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CPT symmetry (base of the Standard Model)

Symmetry Operations / Background
"P” - parity, space inversion: -r <=> «+r
"C" - charge conjugation: e-
"“T" - time reversal: -t

Fractional Precision: Matter X Antimatter

M—-moment g or g/m 1S-2S

1Ry =13.6 eV

o
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1S

La

+ H levels

iy,

25(122 ms)

2P

<=> e+

+t

<=>

Hydrogen (1s-2s)

"Two-Photon Spectroscopy of Trapped Atomic
Hydrogen”, Claudio L. Cesar, Dale G. Fried,
Thomas C. Killian, Adam D. Polcyn, Jon C.
Sandberg, Ite A. Yu, Thomas J. Greytak, and
Daniel Kleppner, John M. Doyle, PRL 77, 255
(1996)

2 parts in 1012 resolution

“Improved Measurement of the Hydrogen 1S-2S
Transition Frequency”, Christian G. Parthey,
Arthur Matveev, Janis Alnis, Birgitta Bernhardt,
Axel Beyer, Ronald Holzwarth, Aliaksei Maistrou,
Randolf Pohl, Katharina Predehl, Thomas Udem,
Tobias Wilken, Nikolai Kolachevsky, Michel
Abgrall, Daniele Rovera, Christophe Salomon,
Philippe Laurent, and Theodor W. Hansch, PRL
107, 203001(2011)
4 parts in 1015 accuracy

-~

-

~

SM: Any reason to doubt?

neutrinos masses
p(g-2)=72
(Gravity)
Dark Matter
Dark Energy
Early Universe
(primordial antimatter)
Naturalness, fine tuned?
SM parameters ?

Why not test H x Hbar?

- Precision Fron‘rier'j
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ATHENA(1997)/ALPHA(2006) Collaboration @ CERN's: Antihydrogen vs. Hydrogen

H vs. Hbar
1 - CPT theorem, base of the Standard Model:

Antihydrogen

Hydrogen

1Ry =13.6 eV

2S( 12

243 nm

243 nm

1S

- where is the primordial antimatter?

Antihydrogen Hydrogen
“CPT and Lorentz Tests in Hydrogen and Antihydrogen”, Robert Bluhm, V. Alan
Kostelecky, and Neil Russell, PRL 82, 2254 (1999)
Graching/MPQ webpage
2 - Equivalence Principle: g, or g+-Ag ?? 3 - Main Motivation:
(Bariogenesis)
: g-Ag ?
g - Beyond Standard Model physics?
! ' beyond models/theory ...:

- neutral, cold antimatter |

Claudio Lenz Cesar - IQOQI & PSAS - 2026 - ccesar@cern.ch
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H (15-2S): Bohr, R., QED, HFS, QCD=proton charged radius ry

(from Randolf Pohl)

>,
o
S n=
LI — 2P3/2
-2.7 GHz SI+J 06 GHz F=1 0.15 MHz
-13.7 GHz
2512, 2Py 9 2P /o F=0
4 if 2
Shift:
-43.5 GHz 8.2 GHz 1.4 GHz 1.2 MHz oVis-2s = 120Hz =
F=1
~ —14
OVig_15/Vig 15~ 53X 10
Bohr Dirac Lamb hfs-splitting Ty C or p/ r, =~ 1x10™* D
E = R, /n? e~ spin QED proton-spin proton size
V~1/r relativity HYS ~ 7 - i, Voel/r
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(how) Penning trapping - pbars (dynamic load)

Solenoid (3 T)
Degrad er e
Antprotons e

Degrading

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

hot antiprctons

@) t-200ns

Reflecting
%
€) t=500ns \\_;
Trapping
Cooling of antiprotons
0 {= through Coulomb interaction

with cold electrons

<C
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(how) Penning trapping - pbars (dynamic load)

Solenoid (3 T)

Deqgrad er

0t=°f'f> e

ntprotons 4

Degrading

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

hot antiprotons

@) t-200ns

Reflecting

o \
t=500ns \\_;

Trapping

Cooling of antiprotons

4
o { =few sec i{ through Coulomb interaction
-,\ with cold electrons

<C
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(1) Catching pbars trap

degrader foil
——————— E2-EI2

ceramic Spacers

+—El4-E20—
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ox
L HVA RWI1

(4)

Rotating wall: e+ compressing

g,

240°

Csl-diode

(how) Penning trapsi - e+ accumulator (Surko fype) + Atom atom

6-waysegmented
Rotating Wall electrode

(2) Positron accumulator

Phosphor Main solenoid .
soreen \ ~1.5kGauss  Nal-detector 900 Gauss guiding field
— — II _ ) ﬂ ﬂColdhead
%—f —— — e |
e ]

Axial position (mm)

w2 Cryopump
(3) Atom trap - synthesis of Hbar _
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(5) Slow merge - synthesis of Hbar

. (a) Trapping side by side _ (b)

% Slow/merge 1
" Be' laser cooling

\
\ /

6 L.

Slow merge 2
Be laser cooling
Mixing and H synthesis

Slow merge 2
Be™ laser cooling

-80 -70 -60 -50 —40 -30 -20 =10 O

-70 -60 -50 —40 -30 =20 -10 O

Axial position (mm) Axial position (mm)

LASER-IF-UFRJ

Universidae do Brasil

Claudio Lenz Cesar - IQOQI & PSAS - 2026 - ccesar@cern.ch



mailto:ccesar@cern.ch

(new) 2025: e* sympathetic cooling by Be* laser cooling

nature communications 8

Article https://doi.org/10.1038/541467-025-65085-4

Antihydrogen accumulation - -
000 Be' assisted, simultaneous confinement of

: - ®

s o -

| . _ more than 15000 antihydrogen atoms
- 14000 . ~ —
2 ; -
T . -
g 12000 ; ot 3 -7 ] Received: 28 March 2025 R. Akbari', L. O. de Araujo Azevedo?, C. J. Baker @ %, W. Bertsche™®, N. M. Bhatt ®°,
S ,/ - i . : AP Prp— G. Bonomi®¥, A. Capra®’, I. Carli®’, C. L. Cesar®?, M. Charlton®°3,
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; R~
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C

® (After) optimized Be+ cooling

*Maria Beatriz Gomes Goncalves (poster Monday: Be+ cooling of e+)
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ALPHAZ2: Pbar annihilation = pions imaged in a silicon vertex detector

-L‘ [ I - T I - I
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Magnetic Trap: spin = small magnet
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loffe-Pritchard 4-poles

ALPHA ~ loffe-Pritchard
8-pole + pinch coils

Universidae do Brasil
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ALPHA-1 Fields' Configuration: Penning and Magnetic Trap
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ALPHA-1 Fields' Configuration: Penning and Magnetic Trap

b) 10 Octupole
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CERN's Antiproton Decelerator (AD)

SAE




Hbar formation, frapping, cooling, spectrum, falling

1997 Founding of ATHENA - AD (pbars @ 5.3 MeV ~ 6x1010 K)
2002 First synthesis of slow Hbar ~ 100-1000 K
2006 Founding of ALPHA - AD

2010 First trapped Hbar ~ 300 mK

2013 1st limit on charge anomaly Hbar

2016 AD-ELENA : pbars @ 100 keV ~ 10° K Cl eV ~ 104 K)
2018 First 15-2S Hbar Spectrum ~ 2x10-12
2021 Laser cooling (Ly-alpha) ~ 10 mK

2023 ALPHA-g first gravitational fall of Hbar
2024 Adiabatic expansion cooling of Hbar
2025 Laser cooled Be+ (e+ sympathetic) higher production rate
2026 many results soon in the press

Lo 3

LASER-IF-UFRJ
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Hbar laser spectrum

LETTER oPEN

https://doi.org/10.1038/541586-018-0017-2

12 significant figures! The most accurate measurement on antimatter!

Characterization of the 1S-2S transition in
antihydrogen

M. Ahmadi', B. X. R. Alves?, C. . Baker’, W. Bertsche®?, A. Capra®, C. Carruth’, C. L. Cesar®, M. Charlton?, S. Cohen’,

R. Collister®, S. Eriksson®, A. Evans'®, N. Evetts", J. Fajans’, T. Friesen?, M. C. Fujiwara®, D. R. Gill°, J. S. Hangst**, W. N. Hardy"',
M. E. Hayden!?, C. A. Isaac®, M. A. Johnson*5, J. M. Jones?, S. A. Jones?3, S. Jonsell'3, A. Khramov®, P. Knapp?, L. Kurchaninov®,
N. Madsen’, D. Maxwell?, J. T. K. McKenna®, S. Menary', T. Momose'!, J. . Munich'?, K. Olchanski®, A. Olin®'>, P. Pusa’,

C. @. Rasmussen?, F. Robicheaux'®, R. L. Sacramento®, M. Sameed®*, E. Sarid", D. M. Silveira®, G. Stutter?, C. So', T. D. Tharp'®,

R. I. Thompson'?, D. P. van der Werf*'? & J. S. Wurtele’

In 1928, Dirac published an equation’ that combined quantum it is produced with a kinetic energy of less than 0.54 K in temperature
mechanics and special relativity. Negative-energy solutions to  units. The techniques that we use to produce antihydrogen that is cold
this equation, rather than being unphysical as initially thought, enough to trap are described elsewhere'*"'%, In round numbers, a typi-
represented a class of hitherto unobserved and unimagined cal trapping trial in ALPHA-2 involves mixing 90,000 antiprotons with
particles—antimatter. The existence of particles of antimatter was 3,000,000 positrons to produce 50,000 antihydrogen atoms, about 20 of
confirmed with the discovery of the positron? (or anti-electron) by  which will be trapped. The anti-atoms are confined by the interaction
Anderson in 1932, but it is still unknown why matter, rather than of their magnetic moments with the inhomogeneous magnetic field.
antimatter, survived after the Big Bang. As a result, experimental The cylindrical trapping volume for antihydrogen has a diameter of
studies of antimatter’~’, including tests of fundamental symmetries  44.35mm and a length of 280 mm. .2018

Claudio Lenz Cesar - IQOQI & PSAS - 2026 - ccesar@cern.ch Aﬂ @
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a solenoid electrodes mirror coils octupole solenoid cavity output vacuum photo
coupler window diode
air \
vacuum \\
liquid helium Pl —
I ||
5 vacuum | ﬂﬂ\;
= —
— % it D
\ % [ / M-waves
LN /
D veosod (ECR)B-field
input coupler lantiprotonl antihydrogen synthesis | positron | annihilation measure
preparation and trapping preparation detector
1.8 - _
E
= 1.6 -
o)
C
214
(7))
L®)
© 1.2 -
L
1.0 L —
-400 -30

Cryogenic Optical Cavity:

designed & made in Brasil

26. Oliveira,A. N. et al. Cryogenic mount for mirror and piezoelectric
actuator for an optical cavity. Rev. Sci. Instrum. 88, 063104 (2017).
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H vs Hbar 1S5-2S comparison: 2 parts in 1012
1.2 |

—— Trappable states ! !

~ ——Non-trappable states ed T 0o Disappearance, rS(D)

o Appearance, rI(D)
10 - i —— 1000mW Simulation |
Y o5l
S)
§ 0 fd-d
W (laser) 0.8 - N
W -5

ure 557, 71(2018)
ALBHA Collab.

O
(0))
|

Q %
Normalized signal

ol 4 TrapP — ™ T _
10 GTO\“\ \Sd,c Q
0.2 ]
i T >
0L ) T
0.2 | | '
-300 -200 -100 0 100 200 300
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Trapped Hbar (2018) in perspective: trapped H (1996)

Phys Rev. Lett. 77, 255-258 (1996) | o ' 5
C.L. Cesar et al.(MIT H+ group) + [ ISappearance, rs( )
S R o Appearance, r (D)
1 ] N _gqiel:medhmml n - ; " ; hS d[ﬂw 7 = - 1 OOOmW SimU|ati0n
- Vi = 3.1 Hz - .
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100 k- trap shape | % ;; ‘“ S\ ﬂ
2 kHz laser linewidth Trge L
-’g 75 | 400uK atoms T | Ump. m a \S’l °
0.8 |3 T g | K\’\ HvE
5 i d T
_ o |Eel o d | A QYT o™
8 N ‘* |+ \ L &’AX' 7(?\O\
O ' Y | !
5 0.6 - \')tt\\ 1 3 e
8 0 I
N _IZO | _110 | (I) | 1|(} | 2|0 | Nature 557, 71(2018)
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E 04 - ]
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Z Q 1
/ "
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0 il
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D B
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'02 | ' I |
-300 -200 -100 0 100 200
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Trapped Hbar (2018) in perspective: trapped H (1996)

Phys Rev. Lett. 77, 255-258 (1996) |
yurg - C.L. Cesar et al.(MIT H+ group) ¥ o Disappearance, rS(D)
{ : .~ I O Appearance, rI(D)
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oo e : NER ~ \\1
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=T 1 3 ek ]
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a ykx Solenoid\

Electrodes

Laser cooling of Hbar : hours of cooling!

Mirror coils Octupole

Solenoid Cavity output  Vacuum

\ viyoutout Vaoum eesoce VOIUME 592 Issue 7852, 1 April 2021

TN /
/ 2 Air \ // \\_ / |
Vacuum Y XN o U= \ | : ey o
—— Liquid helium B =% gafe__amm _mam >‘|—* i \_on I ‘\ | > t P Laser'COOIEd antimatter
PMT  / PL_ VRGNS | : — - \,{7_‘* na Llre Laser cooling — the use of photons to slow the movement of
243.1nm/ ] u O ————L, ] v - \Mic,o‘w\m,es atoms — changed the face of atomic physics when it was first
\ / : :
MgF \ =p—— | [121.6 nm demonstrated 40 years ago. In this week's issue, the ALPHA
indon Cavity input coupler \\ N |
i Antiproton Antihydrogen synthesis Positron Annihilation Mg 364.7 nm collaboration takes this technique into fresh territory by
preparation and trapping preparation detector (SVD) Lo 2 L . .
b : : —————— 77— RICO T:gA' " ; successfully applying it to antimatter. Working at CERN's
o -: N LASER-LOOLED Antiproton Decelerator facility, the researchers trapped atoms of
e Ll _: ANTIMATTER P lity, s trapped a
§ : : ok antihydrogen using magnetic fields and then irradiated them with
o 20F ; o -
3 | : carefully tuned pulses... show more
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2400 -300 -200 -100 0 100 200 300 400 —_— Wi RS
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| 2428,
2Py ' |-1/2, 1) 28,
a Laser Antihydrogen Decelerated b 28,y — [+1/2, 1) 2P,
pulse  atom excited atom 2P e i i |i W2baR,
S I > ,\" l”f‘ No
M'VM‘MH a : 4—0 J‘N‘\“: %absorption ] :
Absorption X i B B
5
B |
Electromagnets B i |
3
i ity | =172, 4) 1S,
' | 18 =172, ) 18,
| Antihydrogen atom o
-_Il;a:fﬂsd——eyi—_——_ B2, 1) 1Sb—
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Laser cooling of Hbar: tables

Table 1| Experimental dataset

Series Type 15,2 2P,_ Stacking phase Cooling/heating phase Probing phase
:l'::-llxzr;mg Numberofstacks Averagepulse Numberofpulses Averagepulse Numberofpulses Average pulse
(approximate time) energy (nJ) (approximatetime) energy(n)J) (approximatetime) energy (nJ)

1 No laser NA 30(2h) NA NA (No wait) NA 72,000 (2 h) 1.50

2 Heating +150 28 (2 h) NA 72,000 (2 h) 3.5 72,000 (2 h) 0.84

3 Cooling -240 60 (4 h) NA 144,000 (4 h) 2.2 144,000 (4 h) 0.46

3 Cooling -240 60 (4 h) NA 144,000 (4 h) 1.9 144,000 (4 h) 0.65

2 Heating +150 30(2h) NA 144,000 (4 h) 17 144,000 (4 h) 0.47

2 Heating +170 60 (4 h) NA 144,000 (4 h) 1.2 144,000 (4 h) 0.34

1 No laser NA 59 (4 h) NA NA (4 h wait) NA 129,600 (3.6 h) 0.39

4 Stack and cool -230 75(5h) 1.9 216,000 (6 h) 1.6 126,000 (3.5 h) 0.37

B\ 1S-2S No cooling NA 150 (11.5 h) NA NA (no wait) NA NA (1.5 h) 1.3W at243.1nm
A \‘ \ 1S-2S Stackandcool  -220 130 (9 h) 1.8 216,000 (6 h) 2.1 NA (1.8 h) 1.3 W at243.1nm

9+6 ~ |5 hr

A list of experimental parameters for each run in the experimental series are tabulated in chronological order for the cooling experiment (series 1-4) and the spectroscopy experiment (series
A and B). Fyr series 1-4, the average pulse energy represents an estimated pulse energy of the 121.6-nm laser inside the trap. For the probing phase of series A and B, we list an estimated
continuus-\wave, build-up power of the 243.1-nm laser in the cavity surrounding the trap. NA, not applicable.

A Run A (cooling)

laser cooling

121 nm (R) / 365 nm (T)

o Run B (no cooling)

Nd:YAG 9. Ti:Sa amplifier BBO
Pump laser cavity Doubler

/ THG cell (Kr, Ar)

mirror

seed laser

730 nm pulsed beam to BBO crystal

Frequency
Control

t Wavemeter ._/,/

_
| l 365 nm beam to THG cell
Cavity Lock (8 m long path) )
(—" 730 nm [ >J¢{Argas| 121 nm excitation beam to exf
o

Kr gas

E_

200 ~180 100 =800 80 100 80200 dio Lenz Cesar - PUCRio-Stonelab - 2025 -

Relative laser frequency at 243.1 nm (kHz)

Universidade do Brasil

@ X .


mailto:ccesar@cern.ch

1.0

0.9

0.8

0.7

0.6

0.5

0.4

Normalized signal (a.u.)

0.3
0.2
0.1

S

LASER-IF-UFRJ

-250

Laser cooling of Hbar: tables

Table 1| Experimental dataset

9+6 ~ |5 hr
laser cooling

Series Type 15,2 2P,_ Stacking phase Cooling/heating phase Probing phase
?;:_'I’z';mg Number of stacks Averagepulse Numberofpulses Averagepulse Number of pulses Average pulse
(approximate time) energy (nJ) (approximatetime) energy(n)J) (approximatetime) energy (nJ)
1 No laser NA 30(2h) NA NA (No wait) NA 72,000 (2 h) 1.50
2 Heating +150 28 (2 h) NA 72,000 (2 h) 35 72,000 (2 h) 0.84
3 Cooling -240 60 (4 h) NA 144,000 (4 h) 2.2 144,000 (4 h) 0.46
3 Cooling , =240 BOMAR = NA 44 00N (A h) 1.9 144,000 (4 h) 0.65
2 Heating ] 1.7 144,000 (4 h) 0.47
2 Heating 1.0~ (C) 1.2 144,000 (4 h) 0.34
1 No lase M NA 129,600 (3.6 h) 0.39
4 Stacka 2 0.8- casurement 1 16 126,000 (3.5 h) 0.37
B, 15250 £ —Fit-7, =(102+03)mK {7NA NA (1.5 h) 1.3W at 2431 nm
A\ _15-25¢ 2 0.6; 21 NA (1.8 h) 1.3 W at 243.1 nm
A list of experimen g ] ] experiment (series 1-4) and the spectroscopy experiment (series
A and R). For series & 04 For the probing phase of series A and B, we list an estimated
continupus-wave, _8 i
o
~
0.2
: : . . BBO
0.0 o R S ’ T|.Sac:\r:'i\tpyllﬁer Senbler #
0 1 2 3 4 4 / THG cell (Kr, A
Time of flight (ms) l . 365 nm beam to THG cell
1 230 mm Cavity Lock (8 m long path) o
y | seed laser 730 Ised beam to BBO crystal e
nm pulsed beam to crysta
Frequency \—| >|< k— K
Control 9%
t Wavemeter ._/,/

2

q

>

< g

-200

-150

-100 -50

| |
0 50 100 150 200

Relative laser frequency at 243.1 nm (kHz)
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Quasianalytical Lineshape for (anti-)H 1S-2S spectroscopy

lonizacao por 243 nm Quasianalytical line shape for the 15-2S laser
(b) o P :
YRR SR e” livre (E = 0) spectroscopy of antihydrogen and hydrogen
-0.85e
-1.51eV | Levi O. A. Azevedo 2™ and Claudio Lenz Cesar (&7 U ) -
PPy 2S “E:F.'.eﬁ 2P Phys. Rev. A 111, 012807 - Published 15 January, 2025 mﬁ;\\ L / U/%’o%
' DOI: https://doi.org/10.1103/PhysRevA.111.012807 ﬁ \ | ‘ ./ ’l “ \
243 nm ) u U I Hydrogen Atom 5 J |
243 ry 43 h
cede- 191 nNlude ionization — Wy T
é(t) = 7:i(1) e (f) = (lc) = [2.5)) Doppler-free 2 counterpropagating photons
243 nm - m \/5 time-of-flight broadening: F. Biraben
KW\ T U
] c(t) = e, (1) EXp 10 [1 T Erf( ” = )] Magnetic trap: shift + broadening
- / ——— 1S oo L 0
136e 17 | @
j dress with laser field: ac Stark some extra approximations
a(t’) = iAQ  (ta(t’) = 1S 27 4P,3AC B 8 /TP
(t) act)at) = (Ja) —|1S)) Aosc(or) = | W Ao 8VT Pac
] _ 3 w0 3w

i/ 8z P, | 2 V20,
O#) = Ex « |1+ Erf t /o —2 p2 jw? 4 ;
¢ ( ) P Uy Wy : [ ( Wy )] vion — ( 87[ ﬂlP/wO)e pL/uO — vlon —_— \/_ﬂ

V3 wo
% Claudio Lenz Cesar - GRASIAN - 2025 - ccesar@cern.ch Lﬂ
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Quasianalytical Lineshape for (anti)H 1S5-2S spectroscopy

Thermal sample in the trap: B(z) = ow,,(z),n,(z)

SL(SWeq) = [na(2)8z] [~ dpr [y~ dvLvr f (VL) ICACion e (S@ca)l’

2 p2 .
SLion (8weq) = my P o~ Wolowea—Awac|/u Vion e—w(,\/ | +(Vion/1)?* |8wea—Awac |/ Vion
2 U wo Ll\/l (Vion/1t)*
—2
| Vion (e—wOl&Uca_AwACV“ _ e—wa/]‘HUion/u)2 |8‘Uca—A(UAC|/Uion)
|
Wy U |0weqg — Awac]
2Vion K 5
ﬁu{ 0 (Woldwea — Awacl/u) — Ko)[woy/ 1 + (Vign/t)? [8wreq — Awac|/Vionl} | na(2)82
—
w= 28l 12845 |— mst Validity
| ma | Kelvin 1 ( P ) (200 um)
UL valid = 0.5 ms \
200 mW wo
: : P = 7200 um .
Lineshape theory: Levi Azevedo & CLC, PhysRevA.111.012807 (2025) Lyatigiy > 300 MK( 500 mW) ( - ) :
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Excitation Rate (10'6 s‘1)

O
o

Comparison to OBEs ("gas in box”)
Thermal sample

Quasianalytical Lineshape for (anti-)H 1S-2S spectroscopy

wo = 196 um
P =200 mW

T = 15 mK

Single atom crossing laser head-on
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15-2S Hbar Spectroscopy - Simulation for blind analysis of 2023 data - laser cooled sample
15-2S Hbar spectroscopy = parts in 1013-14 (2023 data)!l

here only simulation, no meaning of central freq.!
52 sets of 2750 atoms in each set

_ typical ALPHA-2 laser cooled conditions ___ Starting from a simulation with 143683 atoms
20000} : 5 : :
| ALPHA manuscript under;preLaratl n:keep an eye for |t#
: Fitted Parameters: | ' _.
2 15000F  Amp = (8.490 + 0.057)x10"° | ? |
= - T=(12.71 £ 0.16) mK I ‘ + | | I
% | 6H = (-189 + 33) Hz g o R |' | T 78t | T i
5 10000} Offset = (16.3 + 4.8) \Q\ 3 Y ! e
= T | HRERRR ° ¢ R
Q. = o
- _ . \\# = ' ? 'e 4 o &
< s000| \a -500__ . | 1 o,
Ole _1000} +
- SNENENES TN N I S
6V243 (kHZ) Set Number
High-statistics MC Simulation (OBEs) : F. Robicheaux (ALPHA) +40Hz

—14
Lineshape Fitting theory: Levi Azevedo & CLC, PhysRevA.111.012807 (2025) = +3X10
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MCP Counts

Hbar Spectroscopy Objectives: resemblance of trapped HI?

W 2s - metastable state (122 ms)
ii(z-coun*rer'pr‘opaga'ring photons: Doppler-free
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125 1

100

)
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Y time-of-flight & Zeeman

+  abserved (110et083)
— calculated

~J
r-thermcll / rI'|<:rm4::m'u:

Yy = 31 kHz

calculated from
trap shape

2 kHz laser linewidth

400uK atoms

—20 —10 0 10
Laser Detuning [kHz at 243nm]

Phys. Rev. Lett. 77, 255-258 (1996)
C.L. Cesar et al.(MIT H+ group)
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Phys. Rev. A 59, 4564 (1999)
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Hbar Spectroscopy Objectives: resemblance of trapped HI?

w 2s - metastable state (122 ms)
*2-counterpr‘opagaﬂng photons: Doppler-free
ﬁ(‘rime-of-flighT & Zeeman

150 - - reinterpret time-of-flight
+  abserved (110et083)
— calculated T as momenta exchange
1 2 5 i thermal harmonic |
gy = 3.1 KHz laser <-> atom+trap
calculated frem
100 - trap shape o
Z kHz laser linewidth o AL ‘a)
%0 — Y P “
= 400uK atoms S ¢ 3 s
2 o7 3 T e
- 2ozl 77 NG
& M S s |
= 50 Detuning [xHz]
(D)
25 t &
Deturnng [(wH2)
0 <
~20 -10 0 10 20 R
Laser Detuning [kHz at 243nm] e " == )
Detuning [(kH2]
Phys. Rev. Lett. 77, 255-258 (1996) PhyS. Rev. A 59, 4564 (1999)

C.L. Cesar et al.(MIT H+ group) C. L. Cesar, D. Kleppner
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Hbar Spectroscopy Objectives: resemblance of trapped HI?

w 2s - metastable state (122 ms)
Wﬁ(Z-counTerpr‘opagaTing photons: Doppler-free

OVro_1s = (1/2)(186kHz(B/1T) + 387kHz(B/1T)?)

Zeeman+Diamagnetic (e B r)%/(8 me)

Y time-of-flight & Zeeman

. 1 B['I‘]

190 r—— ' ' reinterpret time-of-flight
+ observed (110et0e3a)
— calculated T as momenta exchange
thermal harmonic
125 | _ EIK
ooy = 31 Kz laser <-> atom+trap
calculated frem
100 trap shape
2 kHz laser linewidth J x. (@)
_'g 400uK atoms E : - 1 M~ =
S 75¢ 21 _.anT Ihi
-’ 2oz 7 T -
L L un — —— -—
% .- Detuning (xHz) . 'E'
50 ‘ B © S
-f_—:. g } wo
25 t 2 e
@
o
Deturing [xH2) o a
O ] (€) %
-} ‘ g
| | 1 | | | ;:’ ] ’:
—20 — 10 0 1C 20 3 .:
Laser Detuning [kHz at 243nm] S ey ereee R

Phys. Rev. Lett. 77, 255-258 (1996)

C.L. Cesar et al.(MIT H+ group)
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Phys. Rev. A 59, 4564 (1999)
C. L. Cesar, D. Kleppner
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Hbar Spectroscopy Objectives: resemblance of trapped HI?

w 2s - metastable state (122 ms)
Y 2-counterpropagating photons: Doppler-free

Y time-of-flight & Zeeman

150 .

+ observed (110et0e3a)

OVro_1s = (1/2)(186kHz(B/1T) + 387kHz(B/1T)?)

Zeeman+Diamagnetic (e B r)%/(8 me)

reinterpret time-of-flight 1s-2s superspectroscoy

— calculated . . .
125 P rthermal / rhormon'lt ~ GT momenTaTexc:-\ange pOSS|b|e W'Th hGI"mOnICC(”y
I <-> +
Yirap = 31 KHz aser <> atom+irap trapped cold atoms
calculated frem
100 trap shape
Z kHz laser linewidth x ‘a)
_g 400uK atoms g zae 1 i =
§ 5 z ot e
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B > o (D) -24— E}OL\ |
€ © b 5 15} |
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Shvs Rev. | ett 77. 255258 (1996 Oetuning (kHz) freq. detuning [rad/s]
- LyS(-: ev. ett} o i|5+_ (1996) Phys. Rev. A 59, 4564 (1999) Phys. Rev. A 64, 023418 (2001)
- esart al.( group) C. L. Cesar, D. Kleppner C L. Cesar
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ALPHA Frequency Metrology

'Laser hut
: AOM

thermal & acoustic isolation

GPS antenna j__

@ 972 nm

Metrology lab
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I I I I
I I I |
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] 1 ]
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H in the same anti-H ftrap: direct comparison to parts in 1015-18

CLC, J.Phys. B 49 (2016) 074001 (antiH issue)

PAPER
A sensitive detection method for high resolution

trapped species

Claudio Lenz Cesar
Published 11 March 2016 « © 2016 IOP Publishing Ltd
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spectroscopy of trapped antihydrogen, hydrogen and other

E-field Shift

200+

Proof-of-Principle with
**l antihydrogen:

5 towards parts in 1015+
% 100:_ 20 kHz
| Lineshgpe theory: |
sof Levi/Azevedo & CLC: PRA(2025)
. i
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Matrix Isolation Sublimation (MISu):

(PRELIMINARY) proposal: H- for ALPHA Hbar trap

. Solenoid Magnets Hest-Shielded OVC
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Duplicate of
Synthesis Trap

Trap
I

Analysis

Synthesis Trap

' Chukman So

* LASER-IF-UFRJ

ALPHA-g : observe antimatter fall down

e T )

mgh = kg

300mK =~ 250m
= mg0.5

in 17T bias

CLC, Hyperfine Interactions 109 (1997) 293-304

S. Determining the sign of gravity on (anti )matter

Ihere are arguments for the possibility that anti-matter will expenence a negative
gravity towards the Earth [13]. While there are interesting proposals for measunng
gravity to high precision with anti-protons and positrons |[14]. the lists of difhcultues

for performing such experiments clearly stand out. The mam difficu s related o

stray electnc fields that have to be kept under strict control

| propose two experiments wi 10 ms
and just determmes its sign for em rather
d to the p

u-hvdrogen/

\‘ \ 1“\\ l‘& \\
1so at the

simple when compa

of cooled trapped a ghich, by itself, 1s no tnw

”‘lltldl ]\“‘\‘l “I \“X‘A\ »“‘\ PQI\QIN

NCCISION MEasure

Ihe equivalent g 12 a hydrogen atom m the

nds 1o a diterence

11\ \\'l‘i(’\'llJ.t\l\ even

rection with the two
pinch cotls matched to nmuhdaton detectors
l\'\.l(g Li ~lt\"'\ .ll‘f\:‘ t‘;l\‘\\ \il\'f_‘;l-i ~l(\‘ll‘$\ s\\~ll\

from the top or the bottom\ F . ! Ofie can rydrogen and use laser

P OlONn/¢

Iy oy 7 the two l‘ll}\h cous l\‘;’;ll‘kl and count

mg how many (antatoms escaped dbove and from below. With gravity there
should be excess counts m the bottonyAetector while with anti-gravity it should be
the opposite. Even with a perfectly balanced par of pinch coils some particles would
escape 1n the wrong dwection because of thewr orbits and ergodicity ume. Therefore
one should use a sample cooled to a few mK for neghgible statistical uncenanties
I'he system can be checked by applymng a magnetic held gradient of 15 G/m to coun
wract gravimy Ihis way one can compare gravity lor composie matier and composiic
ant-maltiel

The second expenment involves the construction of a beam of (anti)matter at ven
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Article

ALPHA-g observation of antimatter fall

Observation ofthe effect of gravity on the

motion of antimatter

az = (0.75 £ 0.13(stat + syst) £ 0.16(sim))g
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Gravity test: Antimatter falls down, but
where did it all go?

From Star Trek to PET scans, antimatter has thrilled and worried

Einstein’s general theory of relativity frc
description of gravitation. Fromthe 191
gravitational waves?, the theory has pass¢

humankind. Now, scientists have resolved a key mystery.
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= very high precision 10-15--18: Hbar & H in same trap (proof-of-principle)

laser cooling, yW spectroscopy, hyperfine, ...

ALPHA-g gravity fall:
ag = (0.75 £ 0.13(stat + syst) + 0.16(sim))g

will CPT hold ? WEP ? Nature has the answer I?
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UFRJ - Matrix Isolation Sublimation (MISu):

a general technique for cryogenic atoms, molecules, and ions
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UFRJ - Matrix Isolation Sublimation (MISu):

a general technique for cryogenic atoms, molecules, and ions

Ne or H2 solid film
Implant species with laser ablation

Sublimate the matriz at cryogenic
temperature
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Matrix Isolation Sublimation Apparatus
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Spectra of Li-7 (D2 line)
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Spectra of Li-7 (D2 line)
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Matrix Isolation Sublimation and Molecular Formation

Heteronuclear Molecules:
(magnetic dipole moment/electric dipole moment)

Formation in the matrix: possibilities for exotic and weakly bound

THE JOURNAL OF CHEMICAL PHYSICS 149, 084201 (2018)

Heteronuclear molecules from matrix isolation sublimation
and atomic diffusion

A. N. Oliveira,'?2 R. L. Sacramento.? L. S. Moreira,? L. O. A. Azevedo ?

W. Wolff,? and C. Lenz Cesar’

'INMETRO, Av. Nossa Senhora das Gracas, 50, 25250-020 Duque de Caxias, RJ, Brazil
*Instituto de Fisica, Universidade Federal do Rio de Janeiro, Caixa Postal 68528,
21941-972 Rio de Janeiro, RJ, Brazil

(Received 8 June 2018; accepted 9 August 2018; published online 30 August 2018)

We demonstrate the production of cryogenic beams of heteronuclear molecules from the matrix iso-
lation sublimation (MISu) technique. A sapphire mimror serves as a substrate whereupon a solid
Ne matrix is grown. Atoms of Li, H, Ca, and C are implanted into the matrix via subsequent laser
ablation of different solid precursors such as Ca, Li, LiH, and graphite. The matrix is sublimated
into vacuum generating a cryogenic beam of Ne carrying the previously isolated neutral atomic
and molecular species. A compact and low energy electron source and time-of-flight mass spec-
trometer was designed to fit this system at low temperature. With electron 1onization time-of-flight
mass spectrometry, we analyze the species coming from MISu and demonstrate the formation of
heteronuclear molecules in the matrix. In this first study, we produced LiCa from the sequential
implantation of Li and Ca into the matnx and some clusters of C,Li,, after Li and C ablation.
Also from ablation of a single LiH pellet, we observed clusters of Li,H,,. This novel technique
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Matrix Isolation Sublimation and Molecular Formation

Heteronuclear Molecules:
(magnetic dipole moment/electric dipole moment)
Formation in the matrix: possibilities for exotic and weakly bound

THE JOURNAL OF CHEMICAL PHYSICS 149, 084201 (2018) z4 K 2 9
Heteronuclear molecules from matrix isolation sublimation 5
and atomic diffusion Copper
084201-6 Oliveira et al. J. Chem. Phys. 149, 084201 (2018) 084201-3  Oliveira et al. J. Chem. Phys. 149, 084201 (2018)
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Matrix Isolation Sublimation (MISu):

cold anions: H-, Li-, ...
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Matrix Isolation Sublimation (MISu):

cold anions: H-, Li-, ...
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- Matrix Isolation Sublimation (MISu):
“cold anions: H-, Li-, ...

084201-3 Oliveira et al. J. Chem. Phys. 149, 084201 (2018)
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Matrix Isolation Sublimation (MISu):

trapped cryogenic (mostly e-, ...)

Results and Simulation - Negative charged particles
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Matrix Isolation Sublimation (MISu):

trapped cryogenic (mostly e-, ...)

Results and Simulation — Negative charged particles
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Matrix Isolation Sublimation (MISu - Rio) : cryogenic ions

retarding ions (kelvins)?
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to do:

w Accumulation of H- / Li- (?? 40 dB# ??)

w Axial access for Ca* laser spectroscopy (Tions = ?)

w Two CEM's: detection (-) and (+) simultaneous

w Molecular formation (triple well) => interesting cases?
(C++ A-=> CA*?)

w H- (& other) Photodetachment (in magnetic field ?)

-> H- (& other) evaporative cooling / scale up numbers and trap time
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UFRJ H(e D e T) 15-2S spectroscopy: getting ready!
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UFRJ: H(e D e T):15-2S spectroscopy: getting ready!
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Conclusions/Perspectives/Acknowledgements

ALPHA @ CERN
15-2S spectrum (2018 @ 10-12, 2026 @ 10-13.-14):
(E&M, QED, QCD: rp = 1.2 MHz while 3f ~ 300 Hz)

= very high precision 10-15--18: Hbar & H in same trap (proof-of-principle) L < Mo

Teeee:

laser cooling, yW spectroscopy, hyperfine, ...

.....

ALPHA-g gravity fall:

will CPT hold ? WEP ? Nature has the answer |?
a = (0.75 £ 0.13(stat + syst) £ 0.16(sim))g

LASER @ UFRJ
MISu technique: => ions, H (D,T) : 1S-25 spectroscopy & trapping
Application: robust & compact Optical Gravimeter
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