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AEgIS (Antimatter Experiment Gravity Intereferometry Spectroscopy) goals

g measurement on anti-H:  
vertical shift of a cold beam travelling through a grating system 
coupled with a position sensitive detector (classical deflectometer 
or interferometer)  

Proof of principle of tiny vertical force measurement with the 
grating system with pbars in 
Nature Comm. 5, 4538 (2014) AEgIS Coll, 
“A moiré deflectometer for antimatter” 

 Test the validity of fundamental principles with antihydrogen : WEP – CPT  
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2THE WEAK EQUIVALENCE PRINCIPLE

❑ Universality of free fall (UFF) established by Galileo and Newton

Weak equivalence principle (WEP)

❑ Unique behavior:

❑ Einstein Equivalence Principle:

• WEP

• Local Lorentz Invariance (LLI)

• Local Position Invariance (LPI)

= const

∝

𝑚𝑖 = 𝑚𝑔

∝

∝
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3TEST OF THE EEP

❑ EEP is the “heart and soul” of General Relativity (GR):

R. Dicke, Les Houches Summer School of Theoretical Physics: Relativity, Groups and Topology, pp. 165–313, CNUM: C63-07-01 (1964)

• EEP valid → gravity is governed by a“metric theory of gravity”

❑ EEP extensively tested experimentally:

Isotropy of atomic energy levels: 𝛿 = 𝑐−2 − 1 > 10−23LL
I

Torsion balance:

W
EP

C. Will, Living Rev. Relativity 17 (2014)

Gravitational red shift: 

LP
I

WEP

Δ𝜈
𝜈
= 1 + 𝛼

∆𝑈
𝑐2

> 10−6

𝜂 =
𝑎1 − 𝑎2

(𝑎1 + 𝑎2)/2
> 10−13
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4WEP FOR ANTIMATTER: THE CURRENT PICTURE
❑ Some arguments would suggest the WEP holds for antimatter 

❑ neutrinos detected from Supernova 1987A S. Pakvasa et al., Phys. Rev. 
Lett. D. 39, 6 (1989)

• Shapiro delay of relativistic particles not a test for the EEP
G. T. Gillies, Class. Quantum Grav. 29 (2012)

❑ On the experimental side:

❑ Strong theoretical arguments only apply to the idea of antigravity
• Morrison (1958), Schiff (1958), Good (1961), etc…
• none of them necessarily requires 𝒎𝒊

𝒂𝒏𝒕𝒊−𝒎𝒂𝒕𝒕𝒆𝒓 = 𝒎𝒈
𝒎𝒂𝒕𝒕𝒆𝒓

❑ and others…but none of them is conclusive

❑ 𝑝 − ҧ𝑝 cyclotron frequency comparisons: Τ𝜔𝑐 − ഥ𝜔𝑐 𝜔𝑐 < 9 ∙ 10−11
G. Gabrielse et al., PRL 82 (3198) (1999)

• Model dependent, CPT assumption, absolute potentials, … 

C.S. Unnikrishnan  and
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• 2013: ALPHA experiment at CERN set limit on Τ𝑚𝑔 𝑚𝑖 for ഥ𝐻

5WEP FOR ANTIMATTER: WHY TO TEST IT?

❑ Our attempts for a quantum theory of gravity typically result into new 
interactions which violate the WEP (ex. KK theory)

❑ Because it’s possible and no direct measurements are available

Nature Communications 4, 1785 (2013)• Τ𝑚𝑔 𝑚𝑖 > 110 excluded at 95% CL

• 1989: PS-200 experiment at CERN tried to use (4 𝐾) ҧ𝑝
Nucl. Instr. and Meth. B, 485 (1989)

• 1967: Fairbank and Witteborn tried to use positrons
Phys. Rev. Lett. 19, 1049 (1967)

❑ Previous attempts:

• Both unsuccessful because of stray 𝐸 and 𝐵 fields

❑ Some open questions (like dark matter and baryogenesis) could 
benefit from a direct measurement Astrophys. Space Sci. 334, 219–223 (2011)

Int. J. Mod. Phys. D18, 251–273 (2009)

JHEP 1502, 076 (2015)
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6

❑ Main goal of AEതgIS: a direct measurement of the Earth’s local 
gravitational acceleration 𝑔 on a “cold” beam of 𝐻 atoms using a 
moiré deflectometer

GRAVITY MEASUREMENT WITH AEത𝐠IS EXPERIMENT

❑ For ഥ𝐻 at very low temperature a precision of the order of few percent
could be reached

𝛿𝑥 = −𝑔
𝐿
𝑣

2𝛿𝑥

7
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Capture of antiprotons from the CERN-AD
Cooling of the trapped antiprotons

Positronium (e+e-) production by e+ on SiO2 
Ps laser excitation to Rydberg state

Interaction of Ps* with the antiproton cloud

p + (Ps)⇥ � H
⇥ + e�

Positronium charge exchange reaction 

First proposed by B.I. Deutch et al., 
Proceedings of The First Workshop on 
Antimatter Physics at Low Energy, 371 
(1986).  
same charge exchange reaction with a 
similar technique based on Rydberg 
cesium performed by ATRAP: C. Storry 
et al., Phys. Rev. Lett. 93 (2004) 
263401ADVANTAGES
- Large cross section σ ∝ (nPs)4

- Narrow and well defined band of final 
states (nH  ≈ √2nPs, with a rms of few 
units)

Antihydrogen will eventually 
be accelerated and fly toward
a “moiré deflectometer”

AEgIS Method
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Ps test setup 
used for measurements with Ps (excitation etc.) 

- Accumulator for e+ 
- Magnetic transfer line for e+ 
- Superconducting magnetic fields  (5T, 1T) 
- Cryogenic traps (105 electrodes) 
- antiH detector (scintillating fibers)  
- External plastic scintillators  
- Internal  (MCP+phosphor screen & Faraday cups 

in cryogenic UHV)  
- lasers  
- Additional detectors 
- POSITRON MEASUREMENT setup

AEgIS Apparatus
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Positronium [o-Ps] formation through a nanoporous silica target

Pore diameter around 8 nm 

Pore diameter around 10 nm 

Pore diameter around 12 nm 

Pore diameter around 14 nm 

e+ �! �!+ e� Ps (Ps)⇤
Positronium

Ps production efficiency      27%⋍
Mariazzi et al. Phys. Rev. Lett. 104, 243401 (2010)  

e+ implantation energy      5 keV⋍
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e+ �! �!+ e� Ps (Ps)⇤
Positronium

UV	205.047	nm	 IR	1680-1715	nm	
1.5	ns	 5	ns		(2	ns	delay	with	respect	to	UV)		

3mm	FWHM	 3.5	mm	FWHM	
90	µJ	 1	mJ	

Already demonstrated by us in the e+ test setup  

"Laser excitation of the n=3 level of positronium for antihydrogen  
production" 
Phys. Rev. A 94 (2016) 012507    AEgIS Coll. 

2 steps Positronium  laser excitation
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Positronium: Ps & Ps* excitation and detection (B=1T)
before: SSPALS (100’s of shots) now: photo-ionization (few shots)

1064 nm

Ps formation

Ps* formation 90 �m spatial resolution

8
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Positronium: optimization (direction, velocity)

Doppler selectivity in Ps// velocity vector 205 nm

Tune UV laser central wavelength (fired at different times) 
such that the intersect does not move with time, and Ps*
propagates in the direction of the antiproton cloud

Final tuning: select laser firing time to maximize 
the fraction of useful (v    < 10  m/s) towards paxial

5 _

t1t2

Final tuning: select IR frequency to maximize 
cross-section & minimize field ionization of Ps*

t1

9
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Doppler velocimetry in 0.01 nm steps

Scan 1  3 laser wavelength

Doppler broadening ⊗ laser bandwidth
NIM B, Volume 457, 15 October 2019, 44-48

6

v

x

-component: while the timing scans indeed are quite397

precise at probing vertical velocities, the measurement398

integrates over a small fraction along the y-axis around399

zero due to the UV-laser bandwidth and a fraction along400

the z-axis due to the extent of the laser beam along that401

axis [21]. With the assumption of isotropic Ps emission,402

the integration along y and z only depends on the amount403

of Ps and can be treated as a constant factor to the v

x

-404

distribution per roi, as long as the laser properties are405

kept constant throughout the measurement.406

(ii) Doppler scans407

The Doppler scans were repeated five times so that408

we could average the images per wavelength. The v

y

-409

distribution has been extracted from the photoionization410

images in the following way. Within the reference anal-411

ysis window, all intensity values of one averaged image412

have been summed up and a constant background, i.e.413

the average value of a region on the MCP image where414

no Ps can be photoionized, was subtracted. Repeating415

this for all wavelengths, one obtains the photoionization-416

signal dependent on the UV-laser setting. Furthermore,417

the wavelength can directly be expressed as the Ps418

velocity-component v

y

propagating parallel/antiparallel419

to the laser beam by using the Doppler relation:420

v

y

= c

✓
1� �

�

r

◆
(2)

where c is the speed of light in vacuum and �

r

=421

205.045 nm the reference wavelength for the excitation422

of the n = 3 manifold in our experimental conditions. In423

Fig. 5 the summed intensities are shown as a function of424

the velocity v

y

as well as Gaussian fits, from which the425

sigmas of the distributions have been extracted. Doppler426

scans strictly distinguish between velocities propagating427

towards the light source and those moving away from428

it. This is expressed by positive and negative velocities429

in Fig. 5, respectively. Note that this measurement of430

the v

y

-distribution is completely independent from the431

result of timing scans, which led to the v

x

-distribution.432

The peak at zero velocity is a geometrical consequence433

of the laser alignment parallel to the target and of the434

(approximately) isotropical distribution of the Ps cloud.435

The plot labeled a), with a laser delay of 23 ns, has a436

sigma of 1.03(3)⇥ 105 ms�1. The plot labeled b), with a437

set delay of 31 ns, has a sigma of 0.94(2)⇥ 105 ms�1. For438

greater delays, the velocity of positronium being in the439

visible region on the MCP seems a bit decreased, which440

could be due to faster Ps components having moved out441

of view or due to a non-isotropic Ps-emission from the442

target.443

The best UV-wavelength for AEḡIS’ setup is the one444

where the greatest fraction of Rydberg-Ps is moving to-445

wards the meshed grid at the top of the H̄-production446

trap. With the current alignment of laser, target and447

trap this is just the v

y

= 0 component, i.e. � = �

r

.448

Figure 5. a) Doppler scan at 23 ns delay b) Doppler scan at
31 ns delay: Both distributions have a peak at v

y

= 0ms�1

corresponding to � = 205.045 nm.

(iii) Self-ionization scan of Rydberg-Ps449

Rydberg-Ps has a strong dipole moment scaling with450

the principal quantum number squared. Hence, it is sen-451

sibly a↵ected by electric fields despite the general neutral-452

ity of Ps. This, on one hand, enables motional control453

for example via Stark deceleration as described in Ref.454

[28], but on the other hand it also puts constraints to455

its production in a strong 1T magnetic field: here the456

motion of Rydberg-Ps induces an electrical field follow-457

ing ~

F

mot

= ~v ⇥ ~

B. This is the so called motional Stark458

e↵ect and its strength depends on the velocity compo-459

nent perpendicular to the magnetic field, here v

x

. The460

presence of this electric field can cause self-ionization of461

the moving Ps-atom. In particular, the minimal electric462

field causing ionization on some Ps-states, usually called463

the ionization threshold, generally depends on a princi-464

pal quantum number n [20, 29] and can be written in our465

7

case as:466

F

limit

(n) =
E

Ps

9ea0
· 1

n

4
eff

(3)

Here, E
Ps

is the Rydberg energy for positronium (equal467

to 6.8 eV), e is the electric charge and a0 is the standard468

Bohr-radius, while n

eff

represents an e↵ective quantum469

number depending only on the wavelength � character-470

izing the n = 3 ! Rydberg transition through the well-471

established Rydberg-formula for hydrogen-like systems:472

hc

�

= E

Ps

✓
1

(n = 3)2
� 1

n

2
eff

◆
(4)

This reformulation is possible since the distribution473

of Ps-Rydberg-states resembles a continuum rather than474

well-separated single states as the classical formula would475

imply. In fact, the presence of the motional Stark e↵ect is476

highly relevant for Rydberg-excited Ps-atoms: it destroys477

the axial symmetry and determines via mixing of ` andm478

sub-states the spread of energy levels for the n-manifold.479

It also determines the interleaving of nearby n-manifolds,480

finally leading to a quasi–continuum structure of energy481

levels [20, 30]. This also has the consequence that the ef-482

ficiency of the transition n = 3 ! Rydberg is essentially483

dominated by the IR-laser’s bandwidth of 430GHz.484

By using the relation in Eq. 4, one finally obtains485

the self-ionization limit as a function of the IR-excitation486

wavelength �:487

F

limit

(�) =
E

Ps

9ea0
·
✓
1

9
� hc

E

Ps

�

◆2

, (5)

and from the relation v

x,limit

= F

limit

/B, with B = 1T,488

the corresponding limiting velocity that is used in the489

following analysis of experimental data.490

491

Also in the case of self-ionization positrons are set free492

which can be imaged on the MCP, although the number493

of detectable particles is smaller. Therefore, unlike be-494

fore, we used a larger analysis window ranging from the495

target border to roi 2 for a better signal intensity, and496

divided it by the corresponding sum of a full photoion-497

ization measurement in this increased window with the498

IR-laser set to 1064 nm and the UV-laser set to the ref-499

erence wavelength. The result of the self-ionization scan500

for a fixed delay of 15 ns is shown in Fig. 6 (black circles501

with error bars). The data-point at � = 1671 nm was502

the highest state reachable with the AEḡIS laser setup.503

Here, one expects 99% of self-ionization, as the threshold504

lies at 6⇥ 104 ms�1, which is slower than the majority505

of Ps atoms according to the positronium velocity distri-506

bution found in the previous paragraph. The intensity of507

this expected complete self-ionization has been found to508

be in good agreement with the intensity of a pure pho-509

toionization measurement, marked as photoionization in510

Fig. 6. For � = 1700 nm (i.e. n

eff

⇡ 16), about 75%511

survive, thus this state seems a reasonable choice when512

optimizing the charge exchange reaction, as the visible513

self-ionizing Ps is still very dim, while n

eff

is not too514

small.515

Figure 6. IR-wavelengths scan corresponding to Ps-Rydberg
states (black marks with error bars). The self-ionizing frac-
tions have been normalized to a full photoionization signal.
Around � = 1680 nm, still around 90% of the Ps ionizes. At
� = 1700 nm, which is n

eff

⇡ 16, only about 25% ionizes.
Blue squares are the result of a modeling of the self-ionizing
fraction, as detailed in the text. The model resembles the
measured self-ionization per state.

The velocimetry result of Fig. 4 has been used to516

model the self-ionizing fraction of Rydberg-Ps. For each517

IR-wavelength, the threshold of self-ionization and the518

corresponding limiting velocity v

x, limit

have been cal-519

culated from Eq. 5. Then, the fraction of self-ionizing520

positronium has been computed via numerical integra-521

tion: all bins with a velocity higher than the ionization-522

limit contribute to a signal-integral which then has been523

divided by the outcome of an integration over all veloc-524

ities. The model (blue squares) is plotted together with525

the measured self-ionization over the wavelengths in Fig.526

6. The model follows well the course of the measured527

self-ionization when choosing the velocity distribution re-528

sulting from roi 2. The model using the far window roi529

3 is extremely sensitive to a correct background subtrac-530

tion, as the signal is rather weak leading to huge uncer-531

tainties. The model using the very close window roi 1532

is under-sampling the fast velocity components, which533

are predominately defining the self-ionization signal, and534

consequently underestimates the real self-ionization sig-535

nal.536

Expected impact on the H̄-production cross-section537

The cross-section for H̄-production via the charge-538

exchange reaction was studied theoretically by di↵erent539

groups. Classical simulations [18] based on Monte-Carlo540

transverse velocity (σ ~ 1 x 10  m/s)
5 axial velocity ~ 1.6 x 10  m/s5

subm. Phys. Rev. A

5

defined as t = 0. Furthermore, we assume the moment of330

positron implantation to be identical to the moment of Ps331

emission. This introduces a systematic uncertainty, since332

it takes some time before Ps actually is emitted into vac-333

uum, depending on the positron implantation energy and334

the channel diameter. This so called permanence time335

can be estimated to be negligible for warm Ps (> few336

hundred meV) and less than 10 ns for the cold fraction337

[Guatieri, F et al., in preparation]. However, compared to338

the long time-of-flight of cold Ps, the permanence time339

loses its importance, especially for the distant analysis340

windows. Therefore, although we synchronized the lasers341

to the prompt annihilation peak occurring at time zero,342

we can set this equal to the moment of Ps emission from343

the target. As a result, the velocity distributions ob-344

tained for distant windows are more trustworthy, albeit345

still underestimating especially the high velocities. In346

addition, the time-spread of the positron bunch (<10 ns347

FWHM) becomes less important at longer time-of-flights,348

too, so again we prefer to use far windows.349

We obtain asymmetrical distributions of intensities350

over di↵erent delays, see Fig. 3. After 100 ns, there is351

no remarkable signal anymore, except for few very slow352

Ps atoms. We find that the distributions shift towards353

later times for windows that are more distant to the Ps354

origin, which is what one would expect. The intensity of355

the peaks goes down (obeying roughly the r

�2-law) as a356

consequence of reduced solid angles for distant windows357

and limited range of the lasers. Since not all windows are358

equally covered by the laser spot profile, one expects de-359

viations from this law. We tested several laser positions360

in the vicinity of the one presented here and were able to361

recover always the same asymmetrical distributions with362

small di↵erences between the windows.363

Figure 3. Positronium intensity vs. lasers delay for three
di↵erent windows (roi 1,2,3). Interpolated eye-guides were
added to better visualize the discrete distributions’ courses.
The time-distributions move towards later times for more dis-
tant windows and at the same time decrease in intensity due
to a reduced solid angle and laser coverage.

Figure 4. Distribution of Ps velocities along the x-axis as
obtained from the timing scan of Fig. 3. The solid lines are
an interpolation between the data-points as eye-guide. The
peak-velocities have been marked with purple spots not only
for the defined analysis windows, but also for many additional
windows with the same extent, sliding in steps of 10 pixel from
the target border towards the trap electrodes.

By using the relation v

x

= x0/tPs

, we can translate the364

Ps time-of-flights into velocities using the distance x0 be-365

tween Ps-origin and analysis windows introduced before.366

The resulting velocity distributions are reported in Fig.367

4. All distances investigated result in a velocity distribu-368

tion peaking between 1⇥ 105 ms�1 and 1.7⇥ 105 ms�1
369

(purple circles), but for more distant windows the peak-370

velocity converges against a maximum value. We at-371

tribute this to the Ps permanence time in the nanochan-372

nels, which makes up a certain part of the measured time373

t

Ps

= t

flight

+ t

perma

. As discussed above, maximiz-374

ing the flight-time minimizes the disturbing e↵ect of that375

permanence time so that the most distant window pro-376

duces the best estimation for the velocity-distribution,377

but the Ps intensity is very low here. A good compro-378

mise is the window at 4.82mm (blue curve in Fig. 4)379

from which we obtain our (reference) velocity distribu-380

tion. It has a most frequent velocity component v
x,max

at381

1.65(5)⇥ 105 ms�1, where the uncertainty denotes only382

the statistical part. The systematic errors of x0 and383

of the laser-delay a↵ect the whole distribution at once,384

which expands the range of for example the peak compo-385

nent by additional 0.63⇥ 105 ms�1 towards higher and386

�0.18⇥ 105 ms�1 towards smaller velocities. The up-387

per limit is mainly determined by the permanence time388

which can only be positive and by the time-spread of the389

positron bunch. The lower limit is given by the calibra-390

tions of laser-delay and of Ps origin. Altogether, this391

leads to the non-symmetric systematic errors.392

We can now set the laser-delay to select a specific393

velocity-component and due to the size of the laser-beam,394

a broader range of velocities around the chosen compo-395

nent is addressed. A final remark with respect to the396

less deeply bound

more deeply bound

104 105 106v [m/s]

  Ps* velocimetry

self-ionization

(at fixed time)
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Charge Exchange cross section

sm /103 4=Psv sm /102.1 5=Psv

D. Krasnicky, C. Canali,R. Caravita,  
G. Testera 
Phys. Rev. A 94, 022714 (2016) 

4n∝σ

A.S. Kadyrov et al. 
Nature Comm. 8, 1544 (2017) 

Quantum calculation  

Classical Calculation 

Classical regime restored if  

2
02 PsdB na<λ

that is:

3.3>vPskn

( ) sm
n
kv
Ps

v
sm

Ps
cm /1019.2

2
6

/ =

Plateau regime correct in our range of nPs 
Low kv region and low nPs: σ scales as n2...... 

if nPs=17 if nPs=17 

σplateau = 8.22*10^-9

{0.000029, 9.82*10^-8}

{0.000027, 3.28*10^-9}

~25

σplateau = 1.18*10^-11

~625

DATA COMPARISON BETWEEN n=10 and n=50
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Charge Exchange cross section

Recent developments on this topic: 

D.Krasnicky, G.Testera and N.Zurlo 2019 J. Phys. B: At. Mol. Opt. Phys. 52 115202
Comparison of classical and quantum models of anti-hydrogen formation through charge exchange

CLASSICAL CALCULATION RESULTS ARE FULLY COMPATIBLE WITH QUANTUM MECHANICAL 
RESULTS, (APART FOR VERY LOW n’s OBVIOUSLY, where classical limit is not USABLE), ESPECIALLY 
FOR WHAT CONCERNS THE SCALING LAWS! 

H. B. Ambalampitiya, D.V. Fursa, A.S. Kadyrov, I.Bray and I.I.Fabrikant, J. Phys. B: At. Mol. Opt. Phys. 53 155201
Charge transfer in positronium–proton collisions: comparison of classical and quantum-mechanical theories

QUANTUM MECHANICAL CROSS SECTION IS SMALLER THAN THE CLASSICAL ONE FOR n=4 and n=5, 
BUT THE EFFECT IS NOT LARGE 
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e+- Ps converter 
(silica target)
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Number of pbars : ~3,5 x 105

Plasma size: radius ~2mm, z length ~1 mm
Central plasma density: ~9 x 106 pbars/cm3 

Pbar Thermal Velocity:  vth≲4’000  m/s

axis ∫ρ(r,z)dz  through a MCP detector coupled to a phosphor screen 
S. Aghion et al. (AEGIS COLLABORATION)  
“Compression of a mixed antiproton and electron non-neutral plasma to high densities” 
Eur. Phys. Journal D, in press  

Plasma Temperature : in the ~100 K—1000 K range 

Pbar Rotational Velocity: vrot≪1’000 m/s 

From these data and the analytical model we infer:

So, the pbar velocity is negligible compared to the Rydberg positronium 
velocity and we can consider only the latter for the cross section 
calculations! 

 and the total number of antiprotons by external calibrated scintillators.
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From the experimental side, we measure the integrated density along the trap
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FIG. 3. ESDA amplitude spectra. The red plot in the main
image shows the measured PMT amplitude spectrum (mean
value of the two PMT signals contemporary within 50 ns) in
the case of annihilation of p̄ on the walls of the H̄f

trap. This
is the signal expected in case of H̄ production. In the same
plot the blue curve shows the distribution of the amplitudes of
signals detected 1 µs after the e+ implantation in the target,
without antiprotons in the trap. The two plots are normalized
to unit area. The inset shows the distribution of the energy
deposit in the ESDA obtained with a Geant4 simulation of p̄
annihilating on the wall of the H̄f

trap. The Monte Carlo and
measured distributions are remarkably similar: the peak at
353 mV in the red plot of the main graph corresponds to the
peak energy deposit of 2.14 MeV in the plot in the inset.

ometry of our trap we expect that the H̄ signal will ap-284

pear within few µs from the laser firing time.285

The scintillator pulse time distribution relative to the286

laser firing time does not provide a clean enough sig-287

nature to uniquely identify H̄ annihilations; however288

the complementary information of the scintillator sig-289

nal amplitude is su�cient to eliminate the potential e+290

injection-linked background, which does not contain sig-291

nals due to minimum ionizing charged particles. Specif-292

ically, the output of the PMTs is sampled and digitized293

(with 250MHz frequency) in a time window of 650 µs294

around the laser firing time (from 100 µs before to 550295

µs after). The amplitude of simultaneous (within 50 ns)296

PMT signals read from the same scintillator is then used297

to di↵erentiate pions originating from H̄ annihilations298

from late � signals or delayed fluorescence of the scintil-299

lator induced by e+. As figure 3 shows and as expected300

for minimum ionizing particles, signals induced by pi-301

ons originating from p̄ annihilations are characterised by302

larger energy deposit in the scintillator - and then larger303

amplitudes - than signals following the e+ impact on the304

e+ to Ps converter. An appropriate cut on both the sig-305

nal amplitude and the delay after the laser firing time is a306

powerful tool to eliminate the background induced by e+.307

Note also that the requirement of time-coincident signals308

allows to e�ciently reject background due to PMT after-309

pulses. The use of the summed value (averaged) of the310

two time-coincident signals on the two PMT’s reading311

out the same scintillator permits to compensate, to first312

order, e↵ects due to light attenuation in the long scin-313

tillating slabs. The ESDA is periodically calibrated and314

the gain of the various PMTs are equalized using cosmic315

ray signals.316

II.3. Antihydrogen signal317

We typically shot 20–30 e+ pulses on the e+ to Ps318

converter while keeping the same plasma of p̄ trapped in319

the Hf
trap. We call H̄cycle every e+ implantation in the320

converter. We alternated cycles with the Ps excitation321

laser in the nominal conditions (lp̄e+ data set) with cy-322

cles without shining the laser (p̄e+ data set). Also we323

acquired data with laser on and trapped p̄ but without324

extracting e+ from the accumulator (lp̄ data set).325

Candidate H̄ signals are time coincident pulses de-326

tected in any scintillator with mean amplitude above a327

given threshold Vmin, measured within a time window328

�TS starting after a time Tmin from the laser firing time329

(defined here as t=0). The choice of Tmin and Vmin is330

a tradeo↵ between increasing the H̄ detection e�ciency331

and reducing the background due to the e+ induced sig-332

nals. With Tmin= 1 µs, Vmin= 250 mV and �TS of some333

µs, the number of candidates that we find in a data set334

including only e+ (without p̄) is statistically consistent335

with that expected from cosmic rays ((1.94± 0.03) · 10�4
336

counts/µs) thus showing that the background induced by337

the e+ signal with these data selection criteria is negligi-338

ble.339

We call the time window �TS signal region (S) and340

the regions with time between -101 and -1 µs and 50 and341

550 µs control regions (C). The control region has a total342

length of 600 µs, while the signal region can be varied343

between ⇠ 5 µs and ⇠ 25 µs.344

Figure 4 shows the time distribution of the coincident345

pulses with Vmin= 250 mV and Tmin= 1 µs in the entire346

time window of 650 µs for the three sets of measurements;347

given that the afterglow contribution from the e+ is neg-348

ligible, the number of counts includes contributions from349

cosmic rays, p̄ annihilations as well as any H̄ annihila-350

tions.351

The H̄ signal should show up as an excess in the num-352

ber of events in the signal region with respect to the mean353

value of the events in the control region only in the data354

set lp̄e+. The comparison between the plots referring to355

the lp̄e+ and p̄e+ samples in figure 4 clearly suggests the356

presence of this expected excess in a signal region few tens357

µs long. The same figure also shows some excess counts in358

the signal region with respect to the mean value of counts359

in the control region in the lp̄ data set. Contrary to360

slow p dump

mip threshold

_

Ext. Scint. Det. Array (ESDA)

FACT

(mips) (vertex tracker)

_
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cosmics

+

Protocol for pulsed antihydrogen production

injection of e
and formation of Ps

firing of UV and IR lasers
and formation of Ps*

pulsed formation of H

+

_

diffusion of formed H and
annihilation with electrodes

_

Same protocol for 
several combinations:

p, e, lasers nominal H prod.
_ _

+

p, e, lasers no Ps, no H
_ _

p, e, lasers no Ps*, no H
_ _

+

p, e, lasers no H prod.
_ _

+
no H prod.

_

51 us26 us1 us-101 us -1 us 551 us

11
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cosmic background and continuous annihilations, which361

have a constant rate, these time-dependent counts repre-362

sent the only relevant background in our measurement.363

We interpreted them as annihilations of p̄ following the364

desorption of gas from the cryogenic walls hit by the laser365

(see Sec. IV.6): note that the laser - pulsed with 10 Hz366

frequency - is repeatedly fired into the vacuum chamber367

in a time window starting several seconds before the e+368

injection on the target.369

Referring to the sample lp̄, in the signal (S) and in the370

control (C) region, we can write the measured number of371

counts nS
lp̄ and nC

lp̄ as372

nS
lp̄ =

�
nµ + ntrap + ngas

�S
lp̄

(2a)

nC
lp̄ =

�
nµ + ntrap

�C
lp̄

(2b)

where nµ and ntrap are the number of counts due to373

cosmic rays (muons) and to p̄ annihilation in the trap not374

related to the presence of the laser, while finally, ngas is375

the number of counts due to p̄ annihilation on the laser376

induced desorbed gas.377

Considering (see section IV.6) that ngas is proportional378

to the number Nlp̄ of trapped p̄ through a factor that we379

can call ✏ (ngas = ✏Nlp̄), this factor can be determined380

using the relations in Eq. 2 taking also into account that381

nµ and ntrap are proportional to the duration of the time382

interval during which they are evaluated:383

✏ =
1

Nlp̄

✓
nS
lp̄ � nC

lp̄

�TS

�TC

◆
(3)

A relation similar to Eq. 2 can be written for the sam-384

ple lp̄e+ including the presence of the H̄ signal. We call385

nH̄ the number of counts due to H̄ and Nlp̄e+ the total386

number of p̄ in the data set lp̄e+.387

nS
lp̄e+ =

�
nµ + ntrap + ngas

�S
lp̄e+

+ nH̄ (4a)

nC
lp̄e+ =

�
nµ + ntrap

�C
lp̄e+

(4b)

388

Recalling that ngas is proportional to Nlp̄e+ , and using389

the expression of ✏ obtained in Eq. 3, we can thus esti-390

mate the number of counts nS
exp we would expect in the391

S region in absence of H̄ production in the sample lp̄e+392

to be:393

nS
exp =


nC
lp̄e+

�TS

�TC
+

✓
nS
lp̄ � nC

lp̄

�TS

�TC

◆
Nlp̄e+

Nlp̄

�
(5)

The total number of interacting antiprotons in the lp̄394

sample, as calculated using the procedure explained in395

section IV.5, is higher than in the lp̄e+ data set (Nlp̄e+396

= 1.08 · 109, Nlp̄ = 1.58 · 109). Table I summarizes the397

relevant number of counts in the S and C regions of the398

three data samples.399

In order to quantify the evidence of H̄ formation, we400

consider as null hypothesis the absence of H̄ signal (nH̄ =401
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FIG. 4. Time distribution of ESDA pulses. We show the dis-
tributions of the coincident pulses with mean amplitude above
250 mV, detected after 1 µs from the laser firing time for the
three samples of data: lp̄e+, p̄e+, lp̄. Note that the number
of p̄ and H̄cycle are di↵erent in the three samples and that the
number of counts due to cosmic rays scales linearly with the
number of H̄cycle, while the counts due to annihilations are
proportional to the total number of antiprotons.

0) in the sample lp̄e+. If the null hypothesis is true,402

then we expect nS
exp counts in the S region of the sample403

lp̄e+ due to the cosmic background, p̄ losses measured404

in the C region and rescaled to the S region plus the405

additional p̄ losses due to the laser desorbed gas. In406

other words nS
exp would be statistically compatible with407

nS
lp̄e+ . The measured number of counts in a S region 25408
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FIG. 4. Time distribution of ESDA pulses. We show the dis-
tributions of the coincident pulses with mean amplitude above
250 mV, detected after 1 µs from the laser firing time for the
three samples of data: lp̄e+, p̄e+, lp̄. Note that the number
of p̄ and H̄cycle are di↵erent in the three samples and that the
number of counts due to cosmic rays scales linearly with the
number of H̄cycle, while the counts due to annihilations are
proportional to the total number of antiprotons.
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FIG. 4. Time distribution of ESDA pulses. We show the dis-
tributions of the coincident pulses with mean amplitude above
250 mV, detected after 1 µs from the laser firing time for the
three samples of data: lp̄e+, p̄e+, lp̄. Note that the number
of p̄ and H̄cycle are di↵erent in the three samples and that the
number of counts due to cosmic rays scales linearly with the
number of H̄cycle, while the counts due to annihilations are
proportional to the total number of antiprotons.
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mip detection: search for pulsed H production
_

4.8 σ
long time
average rate 
compatible 
with cosmics 
rate

long time
average rate 
compatible 
with cosmics 
rate

subm. Nature Phys. 2019
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p + e  + laser+_

p + e  + laser+_

Normalization: x 1.7

Normalization: x 2/3
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