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Matter Antimatter

Observational fact: the Universe is unexpectedly not symmetric

Why is the Universe lopsided?
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Study antimatter
Investigate symmetries and 
try to find an asymmetry

Search for antimatter
Antiprotons, positrons in cosmic rays; 
Positron-electron annihilation in space

Baryon asymmetry

How can the absence of antimatter be explained?

Thursday, July 10, 2014



use (accelerator, detector) technologies to:

Search for some form of asymmetry between 
matter and antimatter :  CP and CPT

do particles (atoms) have the same 
properties as antiparticles (antiatoms) ?

produce and trap stable (anti)particles, 
[ combine them to form (anti)atoms ]

carry out precision measurements of their properties
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1) Precise comparison between matter and antimatter

test of fundamental symmetry (CPT - Charge, Parity, Time)

Precision measurements with Antimatter:

2) Measurement of the gravitational behavior of antimatter

test of the Weak Equivalence Principle

comparing antiprotons with protons, electrons with 
positrons, and hydrogen with antihydrogen

impossible to work with charged (anti) particles;
only neutral systems (atoms) are sensitive enough
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Type II: “Model” for CPTV: standard 
model extention SME

• Spontaneous Lorentz symmetry breaking by (exotic) string vacua

• Note: there is a preferred frame, sidereal variation due to earth
  rotation may be detectable

CPT & Lorentz violation

Lorentz violation

Modified Dirac eq. in SME

45

although CPT is part of the “standard model”, 
the SM can be extended to allow CPT violation

Phys. Rev. D 55, 6760–6774 (1997)

• Note: if there is a preferred frame, sidereal variation due to Earth’s 
rotation might be detectable
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Weak equivalence principle
§ General relativity is a classical (non quantum) theory;

§ EEP violations may appear in some quantum theory

§ New quantum scalar and vector fields are allowed in some models
(Kaluza Klein ….)

§ These fields may mediate interactions violating the equivalence principle
M. Nieto and T. Goldman, Phys. Rep. 205, 5 221-281,(1992)

Einstein field: tensor graviton (Spin 2, “Newtonian”)

+ Gravi-vector (spin 1)

+ Gravi-scalar (spin 0)

Scalar: “charge” of particle equal to “charge of antiparticle” :        attractive force
Vector: “charge” of particle opposite to “charge of antiparticle”: repulsive/attractive force

Cancellation effects in matter experiment  if a ≈ b and v ≈ s

V = ‒ ― m₁m₂ ( 1∓ a e   + b e    )-r/vG -r/s∞
r

Phys. Rev. D 33 (2475) (1986)
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Verifications of CPT symmetry
Tests of particle/antiparticle symmetry (PDG)

Inconsistent definition of figure of merit: comparison difficult
Pattern of CPT violation unknown (P: weak interaction, CP: mesons)
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Inconsistent definition of figure of merit: comparison difficult
Pattern of CPT violation unknown (P: weak interaction; CP: mesons)

absolute accuracy [GeV]

charge

ratio

Absolute energy scale: standard model extension (Kostelecky PRL 82, 2254 (1999))
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Inconsistent definition of figure of merit: comparison difficult
Pattern of CPT violation unknown (P: weak interaction; CP: mesons)

absolute accuracy [GeV]
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Goal of comparative spectroscopy: test CPT symmetry
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Hydrogen and Antihydrogen

1s-2s

2 photon

!=243 nm

"f/f=10-14

Ground state

hyperfine splitting

f = 1.4 GHz 

"f/f=10-12

64

T. Hänsch et al.,
Phys. Rev. Lett. 84, 5496–5499 (2000)

N. F. Ramsey, 
Physica Scripta T59, 323 (1995)
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Summary of results of precision tests with Antihydrogen: 
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Summary of results of precision tests with Antihydrogen: 
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The challenge:

Making Antihydrogen

Route A:

Trapping Antihydrogen

Cooling Antihydrogen

Studying Antihydrogen

Route B:

Forming a beam 
of  Antihydrogen

Studying Antihydrogen

ALPHA
ATRAP

ASACUSA
AEgIS

_
1K

1000K

1mK1μV
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Formation

CERN Accelerator Complex
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Formation
Antiproton decelerator

AEGIS
( 1013 p @ 26 GeV/c2) 

ALPHA

BASE
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Typical Antihydrogen Experiment

• Capture, trap, cool antiprotons
• Capture, trap, cool positrons
• Merge and recombine

68

107 (AD) ➟105 (trapped)

1.5 GBq 22Na ➟108 (trapped)

1-103 Hzto form antihydrogen atoms

antiprotons
positrons

antihydrogen atoms

Boundary conditions: UHV: 10   mbar;  cryogenic: T~ 1K;   B~1-5T
-15
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Formation

J. Stevefelt et al., PRA 12 (1975) 1246 M. E. Glinsky et al., Phys. Fluids B 3 (1991) 1279

Recombination processes

but: B, interactions in e+ plasma can’t be neglected!

Robicheaux, J. Phys. B: At. Mol. Opt. Phys. 41 (2008) 192001Robicheaux F 2004 Phys. Rev. A 70 022510

Principle

Temperature 
dependence

e+ density 
dependence

Cross section 
at 1K

Final internal 
states

Expected 
rates

γ
e+e+

Ps*

∝ T-2/3 ∝ T-2/3 ∝ T-x

∝ ne ∝ ne2

10-16 cm2 10-7 cm2 10-9 cm2

n<10 n>>10 f(nPs)

few Hz high 1Hz (?)
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Formation
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2002: first production of H
_

p
_

e+
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First Cold Antihydrogen 2002 @ AD

ATHENA  

Nature 419 

(2002) 456

ATRAP PRL 89 (2002) 213401

Nested Penning traps
Capture energy: few keV

No “useful” Hbar produced (ground-state, < 1 K temperature for trapping) 

Ultimate precision: neutral atom trap and laser cooling to milli-Kelvin temperature

69
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First Cold Antihydrogen 2002 @ AD

ATHENA  

Nature 419 

(2002) 456

ATRAP PRL 89 (2002) 213401

Nested Penning traps
Capture energy: few keV

No “useful” Hbar produced (ground-state, < 1 K temperature for trapping) 

Ultimate precision: neutral atom trap and laser cooling to milli-Kelvin temperature

69

“ ”
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Formation

G.Gabrielse et al., Phys. Rev. Lett. 93, 073401 (2004)
N. Madsen et al. (ATHENA), PRL 94, 033403 (2005)

Fraught with uncertainty: collisions, plasma 
temperature, selectivity to lightly bound 

states, lack of control on initial conditions...

e+
H

e+
pre-stripping

field

stripping
field

axis of magnetic field  ➞
↑

←

→
→

p p←

Temperature of produced H
_

BUT

4.2 K H ~ 0.3 meV

p→
_

measurement through field-ionization of the excited atoms

_
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Trapping of H?
_
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Trapping

temperature considerations:

- p cooling: typically cooled via electrons, but electrons can 
                 ionize produced H; however, e- kick-out heats
                 antiprotons
                         ➟ cooling of p ?

- e+ cooling: high density ➟ plasma regime ➟ high angular
                momentum ➟ strong radial compression needed!

- temperature of H: depends on formation mechanism

magnetic field considerations

- e+ plasma stability in magnetic multipole traps: expansion 
   due to anisotropies ➟ possibly higher effective temperature

Challenges to trapping of produced H
_

_

_

_

_
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Trapping

evaporative cooling of antiprotons (ALPHA)

Reaching the few K regime

particle cloud is in thermal equilibrium, the particles that
are initially released originate from the exponential tail of a
Boltzmann distribution [13], so that a fit can be used to
determine the temperature of the particles. Figure 2 shows
six examples of measured antiproton energy distributions.

The raw temperature fits in Fig. 2 are corrected by a
factor determined by particle-in-cell (PIC) simulations of
the antiprotons being released from the confining potential.
The simulations include the effect of the time dependent
vacuum potentials and plasma self-fields, the possibility of
evaporation, and energy exchange between the different
translational degrees of freedom. The simulations suggest
that the temperature determined from the fit is !16%
higher than the true temperature. Note that the PIC-based
correction has been applied to all temperatures reported in
this Letter. The distribution labeled A in Fig. 2 yields a
corrected temperature of ð1040# 45Þ K before evapora-
tive cooling; the others are examples of evaporatively
cooled antiprotons achieved as described below.

To perform evaporative cooling, the depth of the initially
1500 mV deep confining well was reduced by linearly
ramping the voltage applied to one of the electrodes to
one of six different predetermined values [see examples on
Fig. 1(b)]. Then the antiprotons were allowed to reequili-
brate for 10 s before being ejected to measure their tem-
perature and remaining number. The shallowest well
investigated had a depth of ð10# 4Þ mV. Since only one
side of the confining potential is lowered, the evaporating
antiprotons are guided by the magnetic field onto the
aluminum foil, where they annihilate. Monitoring the an-
nihilation signal allows us to calculate the number of
antiprotons remaining at any time by summing all antipro-
ton losses and subtracting the measured cosmic
background.

Figure 3(a) shows the temperature obtained during
evaporative cooling as a function of the well depth. We
observe an almost linear relationship, and in the case of the
most shallow well, we estimate the temperature to be ð9#
4Þ K. The fraction of antiprotons remaining at the various
well depths is shown on Fig. 3(b), where it is found that
ð6# 1Þ% of the initial 45 000 antiprotons remain in the
shallowest well.

We investigated various times (300, 100, 30, 10, and 1 s)
for ramping down the confining potential from 1500 to
10 mV. The final temperature and fraction remaining were
essentially independent of this time except for the 1 s case,
for which only 0.1% of the particles survived.

A second set of measurements was carried out to deter-
mine the transverse antiproton density profile as a function
of well depth. For these studies the antiprotons were re-
leased onto the combined microchannel plate and phosphor
screen assembly [see Fig. 1(a)], and the measured line-
integrated density profile was used to solve the Poisson-
Boltzmann equations to obtain the full three-dimensional
density distribution and electric potential [14].

A striking feature of the antiproton images was the radial
expansion of the cloud with decreasing well depth, from an
initial radius r0 of 0.6 mm to approximately 3 mm for the
shallowest well. If one assumes that all evaporating anti-
protons are lost from the radial center of the cloud, where
the confining electric field is weakest, no angular momen-
tum is carried away in the loss process. Conservation of
total canonical angular momentum [7] would then predict
that the radial expansion of the density profile will follow
the expression N0=N ¼ hr2i=hr20i when angular momen-
tum is redistributed among fewer particles. Here N0 is the
initial number of antiprotons and N and r are, respectively,
the number and radius after evaporative cooling. We find
that this simple model describes the data reasonably well.
To predict the effect of evaporative cooling in our trap

we modeled the process by solving the rate equations
describing the time evolution of the temperature T, and
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FIG. 3. (a) Temperature vs the on-axis well depth. The error is
the combined statistical uncertainty from the temperature fit and
an uncertainty associated with the applied potentials (one !).
The model calculation described in the text is shown as a line.
(b) The fraction of antiprotons remaining after evaporative
cooling vs on-axis well depth. The uncertainty on each point
is propagated from the counting error (one !). The initial
number of antiprotons was approximately 45 000 for an on-
axis well depth of ð1484# 14Þ mV.
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of well depth. For these studies the antiprotons were re-
leased onto the combined microchannel plate and phosphor
screen assembly [see Fig. 1(a)], and the measured line-
integrated density profile was used to solve the Poisson-
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density distribution and electric potential [14].

A striking feature of the antiproton images was the radial
expansion of the cloud with decreasing well depth, from an
initial radius r0 of 0.6 mm to approximately 3 mm for the
shallowest well. If one assumes that all evaporating anti-
protons are lost from the radial center of the cloud, where
the confining electric field is weakest, no angular momen-
tum is carried away in the loss process. Conservation of
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that the radial expansion of the density profile will follow
the expression N0=N ¼ hr2i=hr20i when angular momen-
tum is redistributed among fewer particles. Here N0 is the
initial number of antiprotons and N and r are, respectively,
the number and radius after evaporative cooling. We find
that this simple model describes the data reasonably well.
To predict the effect of evaporative cooling in our trap

we modeled the process by solving the rate equations
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We report the application of evaporative cooling to clouds of trapped antiprotons, resulting in plasmas

with measured temperature as low as 9 K. We have modeled the evaporation process for charged particles

using appropriate rate equations. Good agreement between experiment and theory is observed, permitting

prediction of cooling efficiency in future experiments. The technique opens up new possibilities for

cooling of trapped ions and is of particular interest in antiproton physics, where a precise CPT test on

trapped antihydrogen is a long-standing goal.

DOI: 10.1103/PhysRevLett.105.013003 PACS numbers: 37.10.Mn, 52.25.Dg, 52.27.Jt, 64.70.fm

Historically, forced evaporative cooling has been suc-
cessfully applied to trapped samples of neutral particles
[1], and remains the only route to achieve Bose-Einstein
condensation in such systems [2]. However, the technique
has only found limited applications for trapped ions (at
temperatures !100 eV [3]) and has never been realized in
cold plasmas. Here we report the application of forced
evaporative cooling to a dense (!106 cm"3) cloud of
trapped antiprotons, resulting in temperatures as low as
9 K, 2 orders of magnitude lower than any previously
reported [4].

The process of evaporation is driven by elastic collisions
that scatter high energy particles out of the confining
potential, thus decreasing the temperature of the remaining
particles. For charged particles the process benefits from
the long range nature of the Coulomb interaction, and
compared to neutrals of similar density and temperature,
the elastic collision rate is much higher, making cooling of
much lower numbers and densities of particles feasible. In

addition, intraspecies loss channels from inelastic colli-
sions are nonexistent. Strong coupling to the trapping fields
makes precise control of the confining potential more
critical for charged particles. Also, for plasmas, the self-
fields can both reduce the collision rate through screening
and change the effective depth of the confining potential.
The ALPHA apparatus, which is designed with the

intention of creating and trapping antihydrogen [5], is
located at the Antiproton Decelerator (AD) at CERN [6].
It consists of a Penning-Malmberg trap for charged parti-
cles with an octupole-based magnetostatic trap for neutral
atoms superimposed on the central region. For the work
presented here, the magnetostatic trap was not energized
and the evaporative cooling was performed in a homoge-
neous 1 T solenoidal field.
Figure 1(a) shows a schematic diagram of the apparatus,

with only a subset of the 20.05 mm long and 22.275 mm
radius, hollow cylindrical electrodes shown. The vacuum
wall is cooled using liquid helium, and the measured

PRL 105, 013003 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
2 JULY 2010

0031-9007=10=105(1)=013003(5) 013003-1 ! 2010 The American Physical Society

essential to avoid reheating: 
- great care needed on noise reduction; 
- can not use electron cooling to pre-cool
- bring e+ to cold p, not vice-versa, or use autoresonant excitation of p

_ _
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Neutral atom trap for antihydrogen
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Gabrielse
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ALPHA neutral atom trap
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2.1.2. Major criterion: multipole order
The antiproton and positron plasmas must remain

confined [17] if we are to synthesize antihydrogen. This
requirement dictates the choice of multipole order. Neutral
magnetic traps [21] typically use the so-called Ioffe–Pritch-
ard configuration [22], which employs a quadrupole coil for
the multipole. Such a quadrupole, with two mirror coils
and a solenoid, is the simplest configuration that could
possibly be used in an antihydrogen trap. However, it is not
obvious that the positron and antiproton plasmas from
which the antihydrogen is synthesized can be confined in
this configuration. Common Penning traps rely on
cylindrical symmetry to guarantee confinement [23], and
this symmetry is broken by the multipolar field.

Whether or not the constituent plasmas will stay
confined in the presence of a quadrupole has been much
disputed. A number of experiments have addressed this
issue and shown that, for relatively weak solenoidal fields
and/or with small quadrupole to solenoidal field ratios,
plasmas are not suitably confined [17,24–26]. Other work
has suggested otherwise [27,28]. Recently, however, con-
finement measurements with field strengths approaching
the magnitudes necessary for antihydrogen trapping have
been performed [29]. These experiments have conclusively
shown that quadrupoles sharply degrade the constituent
confinement, and that quadrupolar fields cannot be used,
particularly when the ratio of the quadrupole field B2ðr0Þ to
solenoidal field at the plasma radius, r0, exceeded about
B2ðr0Þ=BzX0:05 [12,29] for appropriate length plasmas.
Aspects of these experiments have been confirmed by
particle-in-cell (PIC) simulations [32].

The magnitude of the field of an infinitely long multipole
of order s scales with radius r as

jBsðrÞj ¼ Ksr
s$1, (2)

where the Ks are constants and s defines the order of the
multipole (e.g. a quadrupole for s ¼ 2, a sextupole for
s ¼ 3, an octupole for s ¼ 4, etc). In Fig. 1 we have plotted
the field dependence for s ¼ 2–5 where the field strength is
normalized to unity at the electrode inner wall radius, rw.
The maximum field magnitude in a multipole occurs at the
coil inner radius, and is proportional to the current density
in the conductors there. With superconducting wires, the
current density is, to first order, only dependent on the type
of conductor and on the local magnetic field magnitude.
Thus, to first order, the field at the wall of a multipole is
independent of the multipole order [17]. This gives us
considerable freedom to optimize the order.

While the maximum field, and hence the trapping depth,
is roughly independent of the multipole order, the interior
field is not. The higher the order of the multipole, the lower
the interior field. The positron and antiproton plasmas
extend only a small way to the trap wall. Consequently, for
a given trap depth, they will be subject to smaller multipole
fields as the multipole order is increased. The plasmas in
ALPHA are envisaged to have radii of about r0p0:2rw. If
we assume that the maximum azimuthally asymmetric field

that the plasmas can tolerate for higher order multipoles is
similar to the maximum tolerable field for a quadrupole,
we can extend our quadrupole tolerance limit to the more
general limit Bsðr0Þ=BzX0:05. This limit corresponds to the
horizontal line in Fig. 1 (the multipole field at the wall is
about twice the solenoidal field), and is satisfied by
octupoles and higher multipoles for all radii less then
0:2rw. It might, at first, seem preferable to use an order
higher than an octupole. However, because the multipole
support form, the vacuum wall, and the interior electrodes
all have finite thickness, the trap wall radius will be
significantly less than the coil inner radius. This causes the
effective maximum field at the trap wall radius to be
significantly reduced from the field at the coil radius, a
reduction that increases sharply with the multipole order.
We believe that an octupole is the best compromise
between minimizing the field felt by the plasmas while still
maintaining the neutral trap depth. Furthermore, limits on
the bending radius of the superconducting wire also favor
an octupole with our particular geometry.

2.1.3. Major criterion: material minimization
ALPHA will use a position sensitive particle detector to

record the antiproton annihilation vertices. The detector
will be placed just outside the magnet coils. The coils will
scatter the charged pions which are emitted upon
antihydrogen annihilation, thereby degrading the resolu-
tion of the detector. Thus, another design criterion is to
minimize the material between the vacuum in the trap and
the detector in order to minimize the scattering [30].

2.1.4. Minor criterion: magnet ramping
The presence of trapped antihydrogen can be inferred

from its annihilation following release from the trap by
quickly ramping down one of the magnets. The faster the
magnet can be ramped, the higher the signal to noise ratio
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Antiprotons ( !p) remain confined in a Penning trap, in sufficient numbers to form antihydrogen ( !H)
atoms via charge exchange, when the radial field of a quadrupole Ioffe trap is added. This first
demonstration with !p suggests that quadrupole Ioffe traps can be superimposed upon !p and e! traps
to attempt the capture of !H atoms as they form, contrary to conclusions of previous analyses.

DOI: 10.1103/PhysRevLett.98.113002 PACS numbers: 32.80.Pj, 36.10."k, 41.20."q, 41.90.+e

A long-term goal for !H experiments is confining !H in a
magnetic trap for precise laser spectroscopy [1]—to com-
pare !H and H as a test for violations of CPT and Lorentz
invariance [2] and for possible differences in the gravita-
tional force on antimatter and matter [3,4]. These objec-
tives were recently reviewed [5], along with the two
methods that produce !H atoms—using a nested Penning
trap [6–10] and using laser-controlled charge exchange
[11,12]. The simplest approach is to superimpose the mag-
netic gradient needed to trap !H atoms upon the uniform
magnetic field used to store the !p and e! from which !H
will form. The quadrupole Ioffe traps that confined H
atoms [13] for extremely precise laser spectroscopy [14]
should confine similarly cold !H atoms. However, three
Letters in this journal expressed concern as to whether
the radial field of such magnetic traps would prevent !p
and e! from being trapped long enough to produce !H
atoms [15–17]. The last of these claimed that the radial
field of such magnetic traps would keep !H from being
produced by any known !H formation mechanism [17].
These studies focused upon radial Ioffe fields, perpendicu-
lar to the axial magnetic field of the Penning trap, assuming
that axial Ioffe fields added to trap !H could always be made
small at the location of the trapped charges.

We demonstrate here the stable confinement of !p in a
Penning trap, when the radial magnetic field of a quadru-
pole Ioffe trap destroys the axial symmetry. This first
experimental study of such !p stability is facilitated by
the near-unit efficiency with which annihilation pions re-
veal !p losses. More !p remain confined in our Penning trap
apparatus (Fig. 1) than are needed to use ATRAP’s laser-

controlled charge-exchange method to produce !H [12]. The
feasibility of also keeping the needed e! confined in this
environment is demonstrated with electrons. Ioffe quadru-
pole traps thus seem to have a role in !H experiments,
despite contrary claims, though much remains to be opti-
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FIG. 1 (color). (a) Outside and (b) cutaway views of a
Penning-Ioffe apparatus. Many cylindrical ring electrodes can
be biased to form Penning traps for antiprotons, positrons, and
electrons. An external 1 Tesla bias field, directed along the
central symmetry axis of these electrodes, is produced by a large
external solenoid (not shown). Two pinch coils add a gradient to
the axial field. The radial quadrupole Ioffe field is produced by
four racetrack coils.
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2010: Successful trapping! (of single atoms!)

(ALPHA)

quick opening of magnetic trap (20 ms) 
+ sensitive detector for antihydrogen

antihydrogen or antiprotons?

ATRAP has managed to trap several atoms at once

GB Andresen et al., Nature 468, 673 (2010)
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Trapping

—

Spectroscopy in traps
•Detection?
•Present schemes for H spectroscopy require large numbers of atoms: 

     1010–1013 (trap), 1015–1017 (beam)

•Only 103–105 H atoms available

•“Shelving” scheme:

– Strong Lyman-α transition is
excited and fluoresces

– Metastable 2s state is populated
by Doppler-free 2-photon excitation

– “Shelving” suppresses fluorescence

– 2s state is “reset” with microwave
field

– Resolution (nat. linewidth): 4×10-16

– [J. Walz et al., Hyp. Int. 127 (2000) 167]

1 nW CW can cool 1K H in about 10s

_
ν ντ τ

α

but... more power required for this scheme

172 J. Walz et al. / Towards laser spectroscopy of antihydrogen

Figure 3. Excitation scheme for shelving spectroscopy of antihydrogen.

be emitted by the decay of the 2 2P3/2 state back into the ground state. Excitation on

the strong Lyman-α transition is alternated with irradiation of the atom by ultraviolet

light at 243 nm. Simultaneous Doppler-free absorption of two photons leaves the atom

in the 2 2S1/2 state. This state is metastable and decays by two-photon emission to

the ground state with a natural lifetime of 122 ms. Observation of resonance fluo-

rescence at Lyman-α in the following cycle is used to determine whether the weak

two-photon excitation into the metastable state was successful or not. The absence

of resonance fluorescence indicates that the atom has been excited (“shelved”) into

the metastable state. In that case the atom can be “reset” into the ground state by

applying a microwave field to couple the long-lived 2 2S1/2 state with the rapidly de-

caying 2 2P3/2 state. The fraction of cycles with no resonance scattering represents

the probability of the two-photon excitation. An absorption spectrum is obtained by

stepwise scanning the 243 nm laser frequency while measuring the probability of

excitation.

Shelving spectroscopy thus involves many decisions whether the antihydrogen

atom has been excited to the metastable 2 2S1/2 state or not. These decisions have to

be made somewhat quicker than the natural lifetime of the metastable state and are

based on the observation or the non-observation of fluorescent light at Lyman-α. The
detection efficiency for fluorescent light from an antihydrogen sample in a magnetic

trap with superconducting coils is probably rather low. Shelving spectroscopy requires

thus far more power at Lyman-α than laser cooling.
To conclude, the photon flux from our source for continuous Lyman-α radiation

at its early stage is promising for laser cooling of antihydrogen in a magnetic trap. It is

expected that the yield can be increased by several orders of magnitude. It would also

be very interesting to replace one of the continuous beams in the FWM scheme by a

pulse-amplified beam with a long duration, say µs to ms. Combining the advantages
of narrow bandwidth and high intensity, such a hybrid Lyman-α source could be ideal
for laser cooling, Zeeman slowing, and shelving spectroscopy of antihydrogen.
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Spectroscopy with trapped antihydrogen?

measurements, compared to the associated off-resonance measure-
ments, with P-values of 1.63 1024 and 1.53 1022, respectively, sup-
porting the hypothesis that the difference is due to spin flip.
We note that the survival rates for the no-microwavemeasurements

are higher than for those in which microwaves are present but off-
resonance (theP-value is 63 1023). This difference could be explained
by far off-resonant interactions with the cj i state, assuming there is
sufficient microwave power to induce spin flips in the long tails of the
resonance lineshape (Fig. 3c). (See the discussion of the appearance
mode data below.)
We also directly searched for annihilation signals of anti-atoms that

are ejected from the trap after a spin-flip transition—the ‘appearance
mode’ described above. Figure 4a shows the time history of events
satisfying the alternative acceptance criteria and having zj jv6 cm
(Methods). In the first frequency sweep (0, t, 30 s) we observe a
significant excess of counts (P5 2.83 1025) in on-resonance (series 1

plus series 3) compared to off-resonance attempts (series 2 plus series 4).
Seven of the 19 events appearing in 0, t, 15 s (microwaves probing
fbc) occur in the first second; for 15, t, 30 s (probing fad) the first
second has seven of 18 events. This suggests that the microwave power
is sufficient to flip most of the spins during the first 30-s sweep, in
agreement with numerical simulations of the transition rate
(Methods). An investigation of power dependence indicated that a level
as low as one-sixteenth of the nominal 700mW injected (Methods) was
still enough to eject the trapped atoms in the first 30-s sweep, again
consistent with the simulations.
In the off-resonant experiments, we observe a mild excess of counts

above the no-microwave case (series 5 plus series 6) with an associated
P5 5.63 1022. We interpret this excess to be due to the above-
mentioned off-resonance interaction with the cj i state. This conclu-
sion is supported by the fact that the events are in 15, t, 30 s
(Fig. 4a), when the microwaves are probing the upper 15-MHz
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Figure 3 | Transition lineshapes and resonance conditions. a, Calculated
spin-flip transition lineshapes in the ALPHA antihydrogen trap. Transition
probability (arbitrary units) is plotted versus microwave frequency. Only the
trapping field inhomogeneity is considered in calculating the lineshape.
b, Schematic representation of the experimental situation for the on-resonance
experiments at magnetic field BA (series 1). The yellow bands represent the
frequency ranges over which the microwaves are scanned. c, The situation for
off-resonance experiments atmagnetic fieldBB (series 2 and 4). d, The situation

for on-resonant experiments at magnetic field BB (series 3). A two-segment
frequency sweep lasting 30 s was used to apply microwave fields. This sweep
was repeated six times in each trapping attempt for a total microwave
application time of 180 s, beginning 60 s after the end of antihydrogen
formation. In each case, the first 15-s scan covers the lower yellow band and the
second 15-s scan covers the upper yellow band. The bands span25MHz to
110MHz about the target frequency.

Table 1 | Series summaries for the ‘disappearance mode’ analysis
Series Relative microwave

frequency
Relative magnetic field Number of attempts Antihydrogen detected

at trap shutdown
Rate Comment

1 0MHz 0mT (Baxis
min 5BA) 79 1 0.0160.01 On resonance (Fig. 3b)

2 0MHz 13.5 mT (Baxis
min 5BB) 88 16 0.1860.05 Off resonance (Fig. 3c)

3 1100MHz 13.5 mT (Baxis
min 5BB) 24 1 0.0460.04 On resonance (Fig. 3d)

4 0MHz 13.5 mT (Baxis
min 5BB) 22 7 0.3260.12 Off resonance (Fig. 3c)

5 Off 0mT (Baxis
min 5BA) 52 17 0.3360.08 No microwaves

6 Off 13.5mT (Baxis
min 5BB) 48 23 0.4860.10 No microwaves
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Resonant quantum transitions in trapped
antihydrogen atoms
C. Amole1, M. D. Ashkezari2, M. Baquero-Ruiz3, W. Bertsche4,5,6, P. D. Bowe7, E. Butler8, A. Capra1, C. L. Cesar9, M. Charlton4,
A. Deller4, P. H. Donnan10, S. Eriksson4, J. Fajans3,11, T. Friesen12, M. C. Fujiwara12,13, D. R. Gill13, A. Gutierrez14, J. S. Hangst7,
W. N. Hardy14,15, M. E. Hayden2, A. J. Humphries4, C. A. Isaac4, S. Jonsell16, L. Kurchaninov13, A. Little3, N. Madsen4,
J. T. K.McKenna17, S. Menary1, S. C. Napoli4, P. Nolan17, K. Olchanski13, A. Olin13,18, P. Pusa17, C. Ø. Rasmussen7, F. Robicheaux10,
E. Sarid19, C. R. Shields4, D. M. Silveira20{, S. Stracka13, C. So3, R. I. Thompson12, D. P. van der Werf4 & J. S. Wurtele3,11

The hydrogen atom is one of the most important and influential
model systems in modern physics. Attempts to understand its
spectrum are inextricably linked to the early history and develop-
ment of quantum mechanics. The hydrogen atom’s stature lies in
its simplicity and in the accuracy with which its spectrum can be
measured1 and compared to theory. Today its spectrum remains a
valuable tool for determining the values of fundamental constants
and for challenging the limits of modern physics, including the
validity of quantum electrodynamics and—by comparison with
measurements on its antimatter counterpart, antihydrogen—the
validity of CPT (charge conjugation, parity and time reversal)
symmetry. Here we report spectroscopy of a pure antimatter atom,
demonstrating resonant quantum transitions in antihydrogen.We
have manipulated the internal spin state2,3 of antihydrogen atoms
so as to induce magnetic resonance transitions between hyperfine
levels of the positronic ground state. We used resonant microwave
radiation to flip the spin of the positron in antihydrogen atoms
that were magnetically trapped4–6 in the ALPHA apparatus. The
spin flip causes trapped anti-atoms to be ejected from the trap. We
look for evidence of resonant interaction by comparing the survival
rate of trapped atoms irradiated with microwaves on-resonance to
that of atoms subjected to microwaves that are off-resonance. In
one variant of the experiment, we detect 23 atoms that survive in
110 trapping attempts with microwaves off-resonance (0.21 per
attempt), and only two atoms that survive in 103 attempts with
microwaves on-resonance (0.02 per attempt). We also describe the
direct detection of the annihilation of antihydrogen atoms ejected
by the microwaves.
Magnetostatic trapping of neutral atoms7 or anti-atoms is accomp-

lished by creating a local minimum of the magnetic field magnitude in
free space. The confining force results from interaction of the atomic
magneticmomentmwith thenon-uniformmagnetic field. Figure1 shows
the expected Breit–Rabi hyperfine level diagram for the ground state of
the antihydrogen atom in a magnetic field. We label the four eigenstates
aj i, bj i, cj i and dj i in order of increasing energy. Trapping is possible
when the atom is in a ‘low-field seeking’ quantum state ( cj i or dj i in
Fig. 1). We employ the Ioffe–Pritchard7 configuration: the superposition
of a magnetic multipole (an octupole) field that confines atoms in the
transverse directions and two ‘mirror coil’ fields for axial confinement8.
Working at the Antiproton Decelerator9 facility at CERN, we

recently demonstrated magnetic confinement of cold antihydrogen

atoms4 and showed that—once trapped—these atoms end up in their
ground state, where they can be held5 for up to 1,000 s. Here we use the
same apparatus, modified to enable injection of microwaves into the
trapping volume (Fig. 2a). Antihydrogen atoms are produced near the
field minimum (about 1 T, Fig. 2b) by mixing cold plasmas of
antiprotons and positrons for about 1 s (Methods). Atoms having
kinetic energies corresponding to less than 0.5 K can be trapped.
Mixing about two million positrons and 20,000 antiprotons yields
approximately 6,000 anti-atoms; on average, approximately one
anti-atom is trapped. The trapping field currents can be ramped down
with a time constant of 9ms, releasing trapped atoms in a well-defined
time window4. The trapping volume is surrounded by a three-layer,
30,720-channel imaging silicon detector10, which can locate the spatial
positions—vertices—of antiproton annihilations.
Our approach was to subject trapped antihydrogen atoms to res-

onant microwaves to eject them from the trap. A tuned, oscillating
magnetic field B1 applied perpendicularly to the trapping field can
drive positron spin-flip transitions between the trappable and the
untrappable states, that is, cj iR bj i and dj iR aj i. Untrapped atoms
escape and annihilate on the surrounding apparatus. A single experi-
mental cycle or ‘trapping attempt’ involves producing anti-atoms in

1Departmentof Physics andAstronomy, YorkUniversity, Toronto, Ontario,M3J1P3,Canada. 2Departmentof Physics, SimonFraserUniversity, Burnaby, BritishColumbia, V5A1S6,Canada. 3Department of
Physics, University of California, Berkeley, California 94720-7300, USA. 4Department of Physics, Swansea University, Swansea SA2 8PP, UK. 5School of Physics and Astronomy, University of Manchester,
M13 9PLManchester, UK. 6The Cockcroft Institute, WA4 4ADWarrington, UK. 7Department of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark. 8CERN, Department PH, CH-1211
Geneva 23, Switzerland. 9Instituto de Fı́sica, Universidade Federal do Rio de Janeiro, Rio de Janeiro 21941-972, Brazil. 10Department of Physics, Auburn University, Auburn, Alabama 36849-5311, USA.
11Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA. 12Department of Physics and Astronomy, University of Calgary, Calgary, Alberta T2N 1N4, Canada. 13TRIUMF, 4004Wesbrook
Mall, Vancouver, British Columbia V6T 2A3, Canada. 14Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada. 15The Canadian Institute of
Advanced Research, Toronto M5G-1Z8, Canada. 16Department of Physics, Stockholm University, SE-10691, Stockholm, Sweden. 17Department of Physics, University of Liverpool, Liverpool L69 7ZE, UK.
18Department of Physics and Astronomy, University of Victoria, Victoria, British Columbia V8W3P6, Canada. 19Department of Physics, NRCN-Nuclear Research Center Negev, Beer Sheva, IL-84190, Israel.
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Figure 1 | Hyperfine energy levels. The Breit–Rabi diagram, showing the
relative hyperfine energy levels of the ground state of the hydrogen (and
antihydrogen, assuming CPT invariance) atom in a magnetic field. In the state
vectors shown (for the high-field limit), the single arrow refers to the positron
spin and the double arrow refers to the antiproton spin.
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Spectroscopy with trapped antihydrogen?

Spectroscopy: HFS via microwave

measurements, compared to the associated off-resonance measure-
ments, with P-values of 1.63 1024 and 1.53 1022, respectively, sup-
porting the hypothesis that the difference is due to spin flip.
We note that the survival rates for the no-microwavemeasurements

are higher than for those in which microwaves are present but off-
resonance (theP-value is 63 1023). This difference could be explained
by far off-resonant interactions with the cj i state, assuming there is
sufficient microwave power to induce spin flips in the long tails of the
resonance lineshape (Fig. 3c). (See the discussion of the appearance
mode data below.)
We also directly searched for annihilation signals of anti-atoms that

are ejected from the trap after a spin-flip transition—the ‘appearance
mode’ described above. Figure 4a shows the time history of events
satisfying the alternative acceptance criteria and having zj jv6 cm
(Methods). In the first frequency sweep (0, t, 30 s) we observe a
significant excess of counts (P5 2.83 1025) in on-resonance (series 1

plus series 3) compared to off-resonance attempts (series 2 plus series 4).
Seven of the 19 events appearing in 0, t, 15 s (microwaves probing
fbc) occur in the first second; for 15, t, 30 s (probing fad) the first
second has seven of 18 events. This suggests that the microwave power
is sufficient to flip most of the spins during the first 30-s sweep, in
agreement with numerical simulations of the transition rate
(Methods). An investigation of power dependence indicated that a level
as low as one-sixteenth of the nominal 700mW injected (Methods) was
still enough to eject the trapped atoms in the first 30-s sweep, again
consistent with the simulations.
In the off-resonant experiments, we observe a mild excess of counts

above the no-microwave case (series 5 plus series 6) with an associated
P5 5.63 1022. We interpret this excess to be due to the above-
mentioned off-resonance interaction with the cj i state. This conclu-
sion is supported by the fact that the events are in 15, t, 30 s
(Fig. 4a), when the microwaves are probing the upper 15-MHz
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Figure 3 | Transition lineshapes and resonance conditions. a, Calculated
spin-flip transition lineshapes in the ALPHA antihydrogen trap. Transition
probability (arbitrary units) is plotted versus microwave frequency. Only the
trapping field inhomogeneity is considered in calculating the lineshape.
b, Schematic representation of the experimental situation for the on-resonance
experiments at magnetic field BA (series 1). The yellow bands represent the
frequency ranges over which the microwaves are scanned. c, The situation for
off-resonance experiments atmagnetic fieldBB (series 2 and 4). d, The situation

for on-resonant experiments at magnetic field BB (series 3). A two-segment
frequency sweep lasting 30 s was used to apply microwave fields. This sweep
was repeated six times in each trapping attempt for a total microwave
application time of 180 s, beginning 60 s after the end of antihydrogen
formation. In each case, the first 15-s scan covers the lower yellow band and the
second 15-s scan covers the upper yellow band. The bands span25MHz to
110MHz about the target frequency.

Table 1 | Series summaries for the ‘disappearance mode’ analysis
Series Relative microwave

frequency
Relative magnetic field Number of attempts Antihydrogen detected

at trap shutdown
Rate Comment

1 0MHz 0mT (Baxis
min 5BA) 79 1 0.0160.01 On resonance (Fig. 3b)

2 0MHz 13.5 mT (Baxis
min 5BB) 88 16 0.1860.05 Off resonance (Fig. 3c)

3 1100MHz 13.5 mT (Baxis
min 5BB) 24 1 0.0460.04 On resonance (Fig. 3d)

4 0MHz 13.5 mT (Baxis
min 5BB) 22 7 0.3260.12 Off resonance (Fig. 3c)

5 Off 0mT (Baxis
min 5BA) 52 17 0.3360.08 No microwaves

6 Off 13.5mT (Baxis
min 5BB) 48 23 0.4860.10 No microwaves
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Resonant quantum transitions in trapped
antihydrogen atoms
C. Amole1, M. D. Ashkezari2, M. Baquero-Ruiz3, W. Bertsche4,5,6, P. D. Bowe7, E. Butler8, A. Capra1, C. L. Cesar9, M. Charlton4,
A. Deller4, P. H. Donnan10, S. Eriksson4, J. Fajans3,11, T. Friesen12, M. C. Fujiwara12,13, D. R. Gill13, A. Gutierrez14, J. S. Hangst7,
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E. Sarid19, C. R. Shields4, D. M. Silveira20{, S. Stracka13, C. So3, R. I. Thompson12, D. P. van der Werf4 & J. S. Wurtele3,11

The hydrogen atom is one of the most important and influential
model systems in modern physics. Attempts to understand its
spectrum are inextricably linked to the early history and develop-
ment of quantum mechanics. The hydrogen atom’s stature lies in
its simplicity and in the accuracy with which its spectrum can be
measured1 and compared to theory. Today its spectrum remains a
valuable tool for determining the values of fundamental constants
and for challenging the limits of modern physics, including the
validity of quantum electrodynamics and—by comparison with
measurements on its antimatter counterpart, antihydrogen—the
validity of CPT (charge conjugation, parity and time reversal)
symmetry. Here we report spectroscopy of a pure antimatter atom,
demonstrating resonant quantum transitions in antihydrogen.We
have manipulated the internal spin state2,3 of antihydrogen atoms
so as to induce magnetic resonance transitions between hyperfine
levels of the positronic ground state. We used resonant microwave
radiation to flip the spin of the positron in antihydrogen atoms
that were magnetically trapped4–6 in the ALPHA apparatus. The
spin flip causes trapped anti-atoms to be ejected from the trap. We
look for evidence of resonant interaction by comparing the survival
rate of trapped atoms irradiated with microwaves on-resonance to
that of atoms subjected to microwaves that are off-resonance. In
one variant of the experiment, we detect 23 atoms that survive in
110 trapping attempts with microwaves off-resonance (0.21 per
attempt), and only two atoms that survive in 103 attempts with
microwaves on-resonance (0.02 per attempt). We also describe the
direct detection of the annihilation of antihydrogen atoms ejected
by the microwaves.
Magnetostatic trapping of neutral atoms7 or anti-atoms is accomp-

lished by creating a local minimum of the magnetic field magnitude in
free space. The confining force results from interaction of the atomic
magneticmomentmwith thenon-uniformmagnetic field. Figure1 shows
the expected Breit–Rabi hyperfine level diagram for the ground state of
the antihydrogen atom in a magnetic field. We label the four eigenstates
aj i, bj i, cj i and dj i in order of increasing energy. Trapping is possible
when the atom is in a ‘low-field seeking’ quantum state ( cj i or dj i in
Fig. 1). We employ the Ioffe–Pritchard7 configuration: the superposition
of a magnetic multipole (an octupole) field that confines atoms in the
transverse directions and two ‘mirror coil’ fields for axial confinement8.
Working at the Antiproton Decelerator9 facility at CERN, we

recently demonstrated magnetic confinement of cold antihydrogen

atoms4 and showed that—once trapped—these atoms end up in their
ground state, where they can be held5 for up to 1,000 s. Here we use the
same apparatus, modified to enable injection of microwaves into the
trapping volume (Fig. 2a). Antihydrogen atoms are produced near the
field minimum (about 1 T, Fig. 2b) by mixing cold plasmas of
antiprotons and positrons for about 1 s (Methods). Atoms having
kinetic energies corresponding to less than 0.5 K can be trapped.
Mixing about two million positrons and 20,000 antiprotons yields
approximately 6,000 anti-atoms; on average, approximately one
anti-atom is trapped. The trapping field currents can be ramped down
with a time constant of 9ms, releasing trapped atoms in a well-defined
time window4. The trapping volume is surrounded by a three-layer,
30,720-channel imaging silicon detector10, which can locate the spatial
positions—vertices—of antiproton annihilations.
Our approach was to subject trapped antihydrogen atoms to res-

onant microwaves to eject them from the trap. A tuned, oscillating
magnetic field B1 applied perpendicularly to the trapping field can
drive positron spin-flip transitions between the trappable and the
untrappable states, that is, cj iR bj i and dj iR aj i. Untrapped atoms
escape and annihilate on the surrounding apparatus. A single experi-
mental cycle or ‘trapping attempt’ involves producing anti-atoms in
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Figure 1 | Hyperfine energy levels. The Breit–Rabi diagram, showing the
relative hyperfine energy levels of the ground state of the hydrogen (and
antihydrogen, assuming CPT invariance) atom in a magnetic field. In the state
vectors shown (for the high-field limit), the single arrow refers to the positron
spin and the double arrow refers to the antiproton spin.
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measurements, compared to the associated off-resonance measure-
ments, with P-values of 1.63 1024 and 1.53 1022, respectively, sup-
porting the hypothesis that the difference is due to spin flip.
We note that the survival rates for the no-microwavemeasurements

are higher than for those in which microwaves are present but off-
resonance (theP-value is 63 1023). This difference could be explained
by far off-resonant interactions with the cj i state, assuming there is
sufficient microwave power to induce spin flips in the long tails of the
resonance lineshape (Fig. 3c). (See the discussion of the appearance
mode data below.)
We also directly searched for annihilation signals of anti-atoms that

are ejected from the trap after a spin-flip transition—the ‘appearance
mode’ described above. Figure 4a shows the time history of events
satisfying the alternative acceptance criteria and having zj jv6 cm
(Methods). In the first frequency sweep (0, t, 30 s) we observe a
significant excess of counts (P5 2.83 1025) in on-resonance (series 1

plus series 3) compared to off-resonance attempts (series 2 plus series 4).
Seven of the 19 events appearing in 0, t, 15 s (microwaves probing
fbc) occur in the first second; for 15, t, 30 s (probing fad) the first
second has seven of 18 events. This suggests that the microwave power
is sufficient to flip most of the spins during the first 30-s sweep, in
agreement with numerical simulations of the transition rate
(Methods). An investigation of power dependence indicated that a level
as low as one-sixteenth of the nominal 700mW injected (Methods) was
still enough to eject the trapped atoms in the first 30-s sweep, again
consistent with the simulations.
In the off-resonant experiments, we observe a mild excess of counts

above the no-microwave case (series 5 plus series 6) with an associated
P5 5.63 1022. We interpret this excess to be due to the above-
mentioned off-resonance interaction with the cj i state. This conclu-
sion is supported by the fact that the events are in 15, t, 30 s
(Fig. 4a), when the microwaves are probing the upper 15-MHz
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Figure 3 | Transition lineshapes and resonance conditions. a, Calculated
spin-flip transition lineshapes in the ALPHA antihydrogen trap. Transition
probability (arbitrary units) is plotted versus microwave frequency. Only the
trapping field inhomogeneity is considered in calculating the lineshape.
b, Schematic representation of the experimental situation for the on-resonance
experiments at magnetic field BA (series 1). The yellow bands represent the
frequency ranges over which the microwaves are scanned. c, The situation for
off-resonance experiments atmagnetic fieldBB (series 2 and 4). d, The situation

for on-resonant experiments at magnetic field BB (series 3). A two-segment
frequency sweep lasting 30 s was used to apply microwave fields. This sweep
was repeated six times in each trapping attempt for a total microwave
application time of 180 s, beginning 60 s after the end of antihydrogen
formation. In each case, the first 15-s scan covers the lower yellow band and the
second 15-s scan covers the upper yellow band. The bands span25MHz to
110MHz about the target frequency.

Table 1 | Series summaries for the ‘disappearance mode’ analysis
Series Relative microwave

frequency
Relative magnetic field Number of attempts Antihydrogen detected

at trap shutdown
Rate Comment

1 0MHz 0mT (Baxis
min 5BA) 79 1 0.0160.01 On resonance (Fig. 3b)

2 0MHz 13.5 mT (Baxis
min 5BB) 88 16 0.1860.05 Off resonance (Fig. 3c)

3 1100MHz 13.5 mT (Baxis
min 5BB) 24 1 0.0460.04 On resonance (Fig. 3d)

4 0MHz 13.5 mT (Baxis
min 5BB) 22 7 0.3260.12 Off resonance (Fig. 3c)

5 Off 0mT (Baxis
min 5BA) 52 17 0.3360.08 No microwaves

6 Off 13.5mT (Baxis
min 5BB) 48 23 0.4860.10 No microwaves
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The hydrogen atom is one of the most important and influential
model systems in modern physics. Attempts to understand its
spectrum are inextricably linked to the early history and develop-
ment of quantum mechanics. The hydrogen atom’s stature lies in
its simplicity and in the accuracy with which its spectrum can be
measured1 and compared to theory. Today its spectrum remains a
valuable tool for determining the values of fundamental constants
and for challenging the limits of modern physics, including the
validity of quantum electrodynamics and—by comparison with
measurements on its antimatter counterpart, antihydrogen—the
validity of CPT (charge conjugation, parity and time reversal)
symmetry. Here we report spectroscopy of a pure antimatter atom,
demonstrating resonant quantum transitions in antihydrogen.We
have manipulated the internal spin state2,3 of antihydrogen atoms
so as to induce magnetic resonance transitions between hyperfine
levels of the positronic ground state. We used resonant microwave
radiation to flip the spin of the positron in antihydrogen atoms
that were magnetically trapped4–6 in the ALPHA apparatus. The
spin flip causes trapped anti-atoms to be ejected from the trap. We
look for evidence of resonant interaction by comparing the survival
rate of trapped atoms irradiated with microwaves on-resonance to
that of atoms subjected to microwaves that are off-resonance. In
one variant of the experiment, we detect 23 atoms that survive in
110 trapping attempts with microwaves off-resonance (0.21 per
attempt), and only two atoms that survive in 103 attempts with
microwaves on-resonance (0.02 per attempt). We also describe the
direct detection of the annihilation of antihydrogen atoms ejected
by the microwaves.
Magnetostatic trapping of neutral atoms7 or anti-atoms is accomp-

lished by creating a local minimum of the magnetic field magnitude in
free space. The confining force results from interaction of the atomic
magneticmomentmwith thenon-uniformmagnetic field. Figure1 shows
the expected Breit–Rabi hyperfine level diagram for the ground state of
the antihydrogen atom in a magnetic field. We label the four eigenstates
aj i, bj i, cj i and dj i in order of increasing energy. Trapping is possible
when the atom is in a ‘low-field seeking’ quantum state ( cj i or dj i in
Fig. 1). We employ the Ioffe–Pritchard7 configuration: the superposition
of a magnetic multipole (an octupole) field that confines atoms in the
transverse directions and two ‘mirror coil’ fields for axial confinement8.
Working at the Antiproton Decelerator9 facility at CERN, we

recently demonstrated magnetic confinement of cold antihydrogen

atoms4 and showed that—once trapped—these atoms end up in their
ground state, where they can be held5 for up to 1,000 s. Here we use the
same apparatus, modified to enable injection of microwaves into the
trapping volume (Fig. 2a). Antihydrogen atoms are produced near the
field minimum (about 1 T, Fig. 2b) by mixing cold plasmas of
antiprotons and positrons for about 1 s (Methods). Atoms having
kinetic energies corresponding to less than 0.5 K can be trapped.
Mixing about two million positrons and 20,000 antiprotons yields
approximately 6,000 anti-atoms; on average, approximately one
anti-atom is trapped. The trapping field currents can be ramped down
with a time constant of 9ms, releasing trapped atoms in a well-defined
time window4. The trapping volume is surrounded by a three-layer,
30,720-channel imaging silicon detector10, which can locate the spatial
positions—vertices—of antiproton annihilations.
Our approach was to subject trapped antihydrogen atoms to res-

onant microwaves to eject them from the trap. A tuned, oscillating
magnetic field B1 applied perpendicularly to the trapping field can
drive positron spin-flip transitions between the trappable and the
untrappable states, that is, cj iR bj i and dj iR aj i. Untrapped atoms
escape and annihilate on the surrounding apparatus. A single experi-
mental cycle or ‘trapping attempt’ involves producing anti-atoms in
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Figure 1 | Hyperfine energy levels. The Breit–Rabi diagram, showing the
relative hyperfine energy levels of the ground state of the hydrogen (and
antihydrogen, assuming CPT invariance) atom in a magnetic field. In the state
vectors shown (for the high-field limit), the single arrow refers to the positron
spin and the double arrow refers to the antiproton spin.
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measurements, compared to the associated off-resonance measure-
ments, with P-values of 1.63 1024 and 1.53 1022, respectively, sup-
porting the hypothesis that the difference is due to spin flip.
We note that the survival rates for the no-microwavemeasurements

are higher than for those in which microwaves are present but off-
resonance (theP-value is 63 1023). This difference could be explained
by far off-resonant interactions with the cj i state, assuming there is
sufficient microwave power to induce spin flips in the long tails of the
resonance lineshape (Fig. 3c). (See the discussion of the appearance
mode data below.)
We also directly searched for annihilation signals of anti-atoms that

are ejected from the trap after a spin-flip transition—the ‘appearance
mode’ described above. Figure 4a shows the time history of events
satisfying the alternative acceptance criteria and having zj jv6 cm
(Methods). In the first frequency sweep (0, t, 30 s) we observe a
significant excess of counts (P5 2.83 1025) in on-resonance (series 1

plus series 3) compared to off-resonance attempts (series 2 plus series 4).
Seven of the 19 events appearing in 0, t, 15 s (microwaves probing
fbc) occur in the first second; for 15, t, 30 s (probing fad) the first
second has seven of 18 events. This suggests that the microwave power
is sufficient to flip most of the spins during the first 30-s sweep, in
agreement with numerical simulations of the transition rate
(Methods). An investigation of power dependence indicated that a level
as low as one-sixteenth of the nominal 700mW injected (Methods) was
still enough to eject the trapped atoms in the first 30-s sweep, again
consistent with the simulations.
In the off-resonant experiments, we observe a mild excess of counts

above the no-microwave case (series 5 plus series 6) with an associated
P5 5.63 1022. We interpret this excess to be due to the above-
mentioned off-resonance interaction with the cj i state. This conclu-
sion is supported by the fact that the events are in 15, t, 30 s
(Fig. 4a), when the microwaves are probing the upper 15-MHz
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Figure 3 | Transition lineshapes and resonance conditions. a, Calculated
spin-flip transition lineshapes in the ALPHA antihydrogen trap. Transition
probability (arbitrary units) is plotted versus microwave frequency. Only the
trapping field inhomogeneity is considered in calculating the lineshape.
b, Schematic representation of the experimental situation for the on-resonance
experiments at magnetic field BA (series 1). The yellow bands represent the
frequency ranges over which the microwaves are scanned. c, The situation for
off-resonance experiments atmagnetic fieldBB (series 2 and 4). d, The situation

for on-resonant experiments at magnetic field BB (series 3). A two-segment
frequency sweep lasting 30 s was used to apply microwave fields. This sweep
was repeated six times in each trapping attempt for a total microwave
application time of 180 s, beginning 60 s after the end of antihydrogen
formation. In each case, the first 15-s scan covers the lower yellow band and the
second 15-s scan covers the upper yellow band. The bands span25MHz to
110MHz about the target frequency.

Table 1 | Series summaries for the ‘disappearance mode’ analysis
Series Relative microwave

frequency
Relative magnetic field Number of attempts Antihydrogen detected

at trap shutdown
Rate Comment

1 0MHz 0mT (Baxis
min 5BA) 79 1 0.0160.01 On resonance (Fig. 3b)

2 0MHz 13.5 mT (Baxis
min 5BB) 88 16 0.1860.05 Off resonance (Fig. 3c)

3 1100MHz 13.5 mT (Baxis
min 5BB) 24 1 0.0460.04 On resonance (Fig. 3d)

4 0MHz 13.5 mT (Baxis
min 5BB) 22 7 0.3260.12 Off resonance (Fig. 3c)

5 Off 0mT (Baxis
min 5BA) 52 17 0.3360.08 No microwaves

6 Off 13.5mT (Baxis
min 5BB) 48 23 0.4860.10 No microwaves
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Resonant quantum transitions in trapped
antihydrogen atoms
C. Amole1, M. D. Ashkezari2, M. Baquero-Ruiz3, W. Bertsche4,5,6, P. D. Bowe7, E. Butler8, A. Capra1, C. L. Cesar9, M. Charlton4,
A. Deller4, P. H. Donnan10, S. Eriksson4, J. Fajans3,11, T. Friesen12, M. C. Fujiwara12,13, D. R. Gill13, A. Gutierrez14, J. S. Hangst7,
W. N. Hardy14,15, M. E. Hayden2, A. J. Humphries4, C. A. Isaac4, S. Jonsell16, L. Kurchaninov13, A. Little3, N. Madsen4,
J. T. K.McKenna17, S. Menary1, S. C. Napoli4, P. Nolan17, K. Olchanski13, A. Olin13,18, P. Pusa17, C. Ø. Rasmussen7, F. Robicheaux10,
E. Sarid19, C. R. Shields4, D. M. Silveira20{, S. Stracka13, C. So3, R. I. Thompson12, D. P. van der Werf4 & J. S. Wurtele3,11

The hydrogen atom is one of the most important and influential
model systems in modern physics. Attempts to understand its
spectrum are inextricably linked to the early history and develop-
ment of quantum mechanics. The hydrogen atom’s stature lies in
its simplicity and in the accuracy with which its spectrum can be
measured1 and compared to theory. Today its spectrum remains a
valuable tool for determining the values of fundamental constants
and for challenging the limits of modern physics, including the
validity of quantum electrodynamics and—by comparison with
measurements on its antimatter counterpart, antihydrogen—the
validity of CPT (charge conjugation, parity and time reversal)
symmetry. Here we report spectroscopy of a pure antimatter atom,
demonstrating resonant quantum transitions in antihydrogen.We
have manipulated the internal spin state2,3 of antihydrogen atoms
so as to induce magnetic resonance transitions between hyperfine
levels of the positronic ground state. We used resonant microwave
radiation to flip the spin of the positron in antihydrogen atoms
that were magnetically trapped4–6 in the ALPHA apparatus. The
spin flip causes trapped anti-atoms to be ejected from the trap. We
look for evidence of resonant interaction by comparing the survival
rate of trapped atoms irradiated with microwaves on-resonance to
that of atoms subjected to microwaves that are off-resonance. In
one variant of the experiment, we detect 23 atoms that survive in
110 trapping attempts with microwaves off-resonance (0.21 per
attempt), and only two atoms that survive in 103 attempts with
microwaves on-resonance (0.02 per attempt). We also describe the
direct detection of the annihilation of antihydrogen atoms ejected
by the microwaves.
Magnetostatic trapping of neutral atoms7 or anti-atoms is accomp-

lished by creating a local minimum of the magnetic field magnitude in
free space. The confining force results from interaction of the atomic
magneticmomentmwith thenon-uniformmagnetic field. Figure1 shows
the expected Breit–Rabi hyperfine level diagram for the ground state of
the antihydrogen atom in a magnetic field. We label the four eigenstates
aj i, bj i, cj i and dj i in order of increasing energy. Trapping is possible
when the atom is in a ‘low-field seeking’ quantum state ( cj i or dj i in
Fig. 1). We employ the Ioffe–Pritchard7 configuration: the superposition
of a magnetic multipole (an octupole) field that confines atoms in the
transverse directions and two ‘mirror coil’ fields for axial confinement8.
Working at the Antiproton Decelerator9 facility at CERN, we

recently demonstrated magnetic confinement of cold antihydrogen

atoms4 and showed that—once trapped—these atoms end up in their
ground state, where they can be held5 for up to 1,000 s. Here we use the
same apparatus, modified to enable injection of microwaves into the
trapping volume (Fig. 2a). Antihydrogen atoms are produced near the
field minimum (about 1 T, Fig. 2b) by mixing cold plasmas of
antiprotons and positrons for about 1 s (Methods). Atoms having
kinetic energies corresponding to less than 0.5 K can be trapped.
Mixing about two million positrons and 20,000 antiprotons yields
approximately 6,000 anti-atoms; on average, approximately one
anti-atom is trapped. The trapping field currents can be ramped down
with a time constant of 9ms, releasing trapped atoms in a well-defined
time window4. The trapping volume is surrounded by a three-layer,
30,720-channel imaging silicon detector10, which can locate the spatial
positions—vertices—of antiproton annihilations.
Our approach was to subject trapped antihydrogen atoms to res-

onant microwaves to eject them from the trap. A tuned, oscillating
magnetic field B1 applied perpendicularly to the trapping field can
drive positron spin-flip transitions between the trappable and the
untrappable states, that is, cj iR bj i and dj iR aj i. Untrapped atoms
escape and annihilate on the surrounding apparatus. A single experi-
mental cycle or ‘trapping attempt’ involves producing anti-atoms in

1Departmentof Physics andAstronomy, YorkUniversity, Toronto, Ontario,M3J1P3,Canada. 2Departmentof Physics, SimonFraserUniversity, Burnaby, BritishColumbia, V5A1S6,Canada. 3Department of
Physics, University of California, Berkeley, California 94720-7300, USA. 4Department of Physics, Swansea University, Swansea SA2 8PP, UK. 5School of Physics and Astronomy, University of Manchester,
M13 9PLManchester, UK. 6The Cockcroft Institute, WA4 4ADWarrington, UK. 7Department of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark. 8CERN, Department PH, CH-1211
Geneva 23, Switzerland. 9Instituto de Fı́sica, Universidade Federal do Rio de Janeiro, Rio de Janeiro 21941-972, Brazil. 10Department of Physics, Auburn University, Auburn, Alabama 36849-5311, USA.
11Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA. 12Department of Physics and Astronomy, University of Calgary, Calgary, Alberta T2N 1N4, Canada. 13TRIUMF, 4004Wesbrook
Mall, Vancouver, British Columbia V6T 2A3, Canada. 14Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada. 15The Canadian Institute of
Advanced Research, Toronto M5G-1Z8, Canada. 16Department of Physics, Stockholm University, SE-10691, Stockholm, Sweden. 17Department of Physics, University of Liverpool, Liverpool L69 7ZE, UK.
18Department of Physics and Astronomy, University of Victoria, Victoria, British Columbia V8W3P6, Canada. 19Department of Physics, NRCN-Nuclear Research Center Negev, Beer Sheva, IL-84190, Israel.
20Atomic Physics Laboratory, RIKEN, Saitama 351-0198, Japan. {Present address: Instituto de Fı́sica, Universidade Federal do Rio de Janeiro, Rio de Janeiro 21941-972, Brazil.
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Figure 1 | Hyperfine energy levels. The Breit–Rabi diagram, showing the
relative hyperfine energy levels of the ground state of the hydrogen (and
antihydrogen, assuming CPT invariance) atom in a magnetic field. In the state
vectors shown (for the high-field limit), the single arrow refers to the positron
spin and the double arrow refers to the antiproton spin.
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Alternatives to traping?
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E. Widmann

• Magnetic bottle
• e– trapping achieved
• Neutral atoms were also 
trapped!

• First trapping of pbar in 2007

Formation by 3-body recombination
Formed Hbar spin-selected
Polarized beam?
Cold atoms could be trapped?

Y. Yamazaki,
A. Mohri
RIKEN/Japan

New idea: H Formation in a “cusp” trap

80

Alternatives to Penning-Ioffe traps?

H beam
_

Mohri A and Yamazaki Y 2003 Europhys. Lett. 63 207 
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Two-tone Paul trap for p ! and e+

• source for Rabi beam line
• small source size essential
• T = 100 K tolerable

• use Paul trap
• point source possible

• 2 very different masses
• 2 resonance frequencies to fullfil 

stability condition for each
• p!:      5 MHz, 80 V rf
• e+: 350 MHz,   5 kV rf

• cooling method:
• resistive cooling at 260 kHz / 84 

MHz

82

M. Hori, W. Pirkl MPQ / CERN

Paul trapCusp trap
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H Ground-state Hyperfine Structure

• atoms “evaporate” 
• No trapping needed !!

• atomic beam for focussing and spin selection
• spin-flip by microwave radiation
• low-background high-efficiency detection of antihydrogen 
through annihilation

• achievable resolution
• better 10–6 for T ! 100 K
• > 100 H/s in 1S state needed

• ultimate precision:
• atomic fountain of H -> FLAIR

ASACUSA proposal for AD
E.W. et al. CERN-
SPSC-2003-009

76

B.Juhasz, E. Widmann, Hyperfine Interact (2009) 193:305

Experiment with H beam: ground state HFS

• better than 10-6 for T<100K
• 100 H/s in 1S state needed

_

_
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• higher temperature is OK

• much higher precision on HFS: 10-6

ASACUSA

• but: formation of beam is not simple

much tinkering will be needed

(in parallel, many successful studies of: 
  exotic atom pHe
  interactions between p and nuclei)

_

_
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ASACUSA “beam” (2014)

Sextupole
Magnet

Microwave 
Cavity H Det.

p

e+

Cusp trap

Figure 2. A conceptual experimental setup for the ground-state hyperfine transition
measurements of H atoms with the cusp trap (see the text for more details).

Guiding coils

3D track
detector

3D track
detector

p f
rom

RFQD

p c
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p
e   a

ccumulator

cu
sp tra

p
H  d

et.

+

superconducting
cusp magnet

H

p

e+

MRE

(a) (b)

Figure 3. (a) A schematic drawing of the present experimental setup, which consists of
the antiproton (p) catching trap, the compact positron (e+) accumulator, the cusp trap for
antihydrogen (H) synthesis, the 3D track detector, and the H detector downstream of the cusp
trap. (b) The central part of the cusp trap, which consists of a superconducting solenoid coils,
a cryogenic UHC bore tube, and an MRE installed in the bore tube.

installed in a weak uniform magnetic field away from the H formation trap, which enables high
precision spectroscopy of H atoms. Our preliminary simulation revealed that the polarization of
50 K H beam amounts to about 30 % when they are synthesized near the maximum magnetic
field in the cusp trap [27]. The microwave cavity induces hyperfine transitions from LFS to HFS
states when the microwave frequency is in resonance. The sextupole magnet sorts out H atoms
in HFS states from those in LFS states.

Figure 3(a) schematically shows the experimental setup used to confirm the H synthesis. It
consists of the antiproton (p) catching trap [28], the compact positron (e+) accumulator [29],
the cusp trap, the 3D track detector [30], and the H detector. The 3D track detector consisted
of two pairs of two modules each having 64 horizontal and 64 vertical scintillator bars of 1.5 cm
width. It was used to determine the annihilation position of antiprotons by monitoring charged
pion trajectories. Antiprotons of 5.3 MeV from the Antiproton Decelerator (AD) at CERN were
extracted into the ASACUSA area, slowed down to 120 keV by a radio frequency quadrupole
decelerator (RFQD), and then were injected into the p catching trap through a double thin
degrader foil of 180 µg/cm2 thickness. About 106 antiprotons were accumulated and electron-
cooled per one AD shot in the p catching trap. The antiproton cloud was radially compressed [31]

6

Formation Focusing
of low-field 

seekers

Rate: few atoms/hour

Rydberg states ? Many still in n>29

Velocity? T~ 100K-1000K?
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Beam formation

Under reasonable assumptions & measuring both resonances to 
extrapolate to zero field ➟ measurement to 1x10-7 appears possible
(with a rate of ~ 1HZ of ground-state atoms)

310 B. Juhász, E. Widmann
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Fig. 5 Simulated microwave resonance scans of one of the σ1 (left) and the π1 (right) hyperfine
transitions. The static magnetic field used in this simulation was 1 G with an inhomogeneity of
±0.5 mG, while the temperature of the antihydrogen atoms was 5 K. The fitted lines are inverted
symmetric double Guassian functions

distribution: the field is zero in the middle, and has the maxima at the front and back
walls of the resonator. Thus the magnetic field points at opposite directions in the
two half-volumes.

One consequence of such a field pattern is that if the frequency of the field is
on resonance with the transition frequency of the atom which is passing through
the resonator, then no spin flip will occur. This is because the oscillating magnetic
field in the first half of the resonator rotates the spin by a certain angle, but the
magnetic field in the second half rotates it back by exactly the same angle, thus there
is no net change. This will occur independently of the velocity of the passing atom.
Therefore instead of a single peak at the transition frequency, the observed spectrum
of the hyperfine transition will consist of two symmetric peaks on the two sides of
the transition frequency (see the bottom right subfigure of Fig. 4). This double peak
structure can also be thought of as a Doppler splitting, since the standing wave in the
resonator is a superposition of two traveling waves. The splitting between the two
waves is proportional to the velocity of the passing atoms, therefore by measuring
this splitting, the velocity and thus the temperature of the produced antihydrogen
atoms can be estimated.

3.2 Resonance profile

Figure 5 shows simulated resonance scans of two of the transitions (σ1 and π1—see
Fig. 2) using the setup in Fig. 3 i.e. the cusp trap and only one sextupole. The double
peak structure can be clearly seen. The antihydrogen atoms had a temperature of
5 K, and the low-field-seeker to high-field-seeker ratio was 4:1. Due to the lower
temperature of the atoms, the sextupole magnet had a maximum magnetic field of
only 0.35 T. A static magnetic field of 1 G with an inhomogeneity of ±0.5 mG was
present in the resonance cavity to prevent the spontaneous spin flips of the atoms.
Due to the static magnetic field, the frequencies of the σ1 and π1 transitions are
different. By measuring these two frequencies at the same magnetic field, the zero-
field ground-state hyperfine splitting frequency can be determined.

310 B. Juhász, E. Widmann

MW frequency (MHz)

1420.40 1420.41 1420

no
rm

al
iz

ed
 c

ou
nt

s 
(a

rb
.u

.)

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

MW frequency (MHz)

1421.80 1421.81 1421.82

Fig. 5 Simulated microwave resonance scans of one of the σ1 (left) and the π1 (right) hyperfine
transitions. The static magnetic field used in this simulation was 1 G with an inhomogeneity of
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distribution: the field is zero in the middle, and has the maxima at the front and back
walls of the resonator. Thus the magnetic field points at opposite directions in the
two half-volumes.

One consequence of such a field pattern is that if the frequency of the field is
on resonance with the transition frequency of the atom which is passing through
the resonator, then no spin flip will occur. This is because the oscillating magnetic
field in the first half of the resonator rotates the spin by a certain angle, but the
magnetic field in the second half rotates it back by exactly the same angle, thus there
is no net change. This will occur independently of the velocity of the passing atom.
Therefore instead of a single peak at the transition frequency, the observed spectrum
of the hyperfine transition will consist of two symmetric peaks on the two sides of
the transition frequency (see the bottom right subfigure of Fig. 4). This double peak
structure can also be thought of as a Doppler splitting, since the standing wave in the
resonator is a superposition of two traveling waves. The splitting between the two
waves is proportional to the velocity of the passing atoms, therefore by measuring
this splitting, the velocity and thus the temperature of the produced antihydrogen
atoms can be estimated.

3.2 Resonance profile

Figure 5 shows simulated resonance scans of two of the transitions (σ1 and π1—see
Fig. 2) using the setup in Fig. 3 i.e. the cusp trap and only one sextupole. The double
peak structure can be clearly seen. The antihydrogen atoms had a temperature of
5 K, and the low-field-seeker to high-field-seeker ratio was 4:1. Due to the lower
temperature of the atoms, the sextupole magnet had a maximum magnetic field of
only 0.35 T. A static magnetic field of 1 G with an inhomogeneity of ±0.5 mG was
present in the resonance cavity to prevent the spontaneous spin flips of the atoms.
Due to the static magnetic field, the frequencies of the σ1 and π1 transitions are
different. By measuring these two frequencies at the same magnetic field, the zero-
field ground-state hyperfine splitting frequency can be determined.

Simulation of expected signal
B.Juhasz, E. Widmann, Hyperfine Interact (2009) 193:305

π1σ1  

(double dip due to structure - and thus modes - of the microwave cavity between the sextupoles)
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Beam formation
AEgIS experiment: a beam of H to test gravity

_

Tests of gravity require 
very cold trapped H or a 
pulsed cold beam of H

_
_

Experimental goal: g measurement 
with 1% accuracy* on antihydrogen 

(first direct measurement on antimatter)

a) production of a pulsed cold beam of 
antihydrogen (T~0.1K)

b) measurement of the beam deflection with a 
Moiré deflectometer

G ~ 100nV/m on p
_

_
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Schematic overview

Physics goals: measurement of the gravitational interaction between
matter and antimatter, H spectroscopy, ...

_

Schematic overview: pulsed horizontal beam of H
_

L L

σ ≈ a0n
4

production: charge exchange

_time-of-flight:         pulsed production
beam divergence:   ultra-cold p
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Schematic overview: pulsed horizontal beam of H
_
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_

beam formation: Stark acceleration

time-of-flight:         pulsed production
beam divergence:   ultra-cold p

F = - ─ n k ▽ E ➝3
2

Thursday, July 10, 2014



grating 1 grating 2

position-sensitive
detector

L Latomic
beam

Ps

laser
  excitation

antiproton
  trap

positronium
  converter

e+

Ps

Ps*
Ps*

H*

H*
H beamH*

accelerating
  electric field

Schematic overview

Physics goals: measurement of the gravitational interaction between
matter and antimatter, H spectroscopy, ...
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Schematic overview: pulsed horizontal beam of H
_

L L

σ ≈ a0n
4

measurement: deflectometer

_

beam formation: Stark acceleration
[M. K. Oberthaler et al., Phys. Rev. A 54 (1996) 3165]
[A. Kellerbauer et al., Phys. Rev. A 54 (1996) 3165]

horizontal 
trajectories

parabolic
trajectories

20 μm
time-of-flight:         pulsed production
beam divergence:   ultra-cold p
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AEGIS

Zone layout

4m

AEgIS experiment
_
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Beam formationAEgIS experiment
_
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Ultracold atoms

“Ultra-cold” (~1 µK) Antihydrogen
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Ultracold atoms

“Ultra-cold” (~1 µK) Antihydrogen

P1: GAD

General Relativity and Gravitation (GERG) PP1066-gerg-477708 January 2, 2004 15:54 Style file version May 27, 2002

564 Walz and Hänsch

Figure 1. Orders of magnitude relevant for gravitational experiments

with antihydrogen. The scale on the bottom gives the spread of vertical

velocities, 1 σ =
√
kT/m, which corresponds to the temperature axis

in the middle. The height kT/2mg to which antihydrogen atoms can

climb against gravity is shown on the upper scale.

Antihydrogen atoms in a magnetic trap can be cooled further using laser

radiationon the strong1S–2P transition [15–17]which is at 121.6 nmwavelength in

the vacuum-ultraviolet spectral region. Producing laser radiation in thiswavelength

range at Lyman-α is a considerable challenge. Using a pulsed Lyman-α source,

laser-cooling of ordinary hydrogen atoms in amagnetic trap has been demonstrated

down to temperatures of 8mK [29]. Recently we have build the first continuous

laser source for Lyman-α radiation which might eventually improve laser-cooling

of trapped antihydrogen atoms [30, 31]. Nevertheless, there are limits for laser

cooling, one of which is due to the finite selectivity of the cooling force in velocity

space. This “Doppler limit,” kBTDoppler = h̄γ /2, is related to the natural linewidth,

γ = 2π · 99.5MHz, of the transition. For antihydrogen, TDoppler = 2.4mK. The

other limit is due to the photon recoil, kBTrecoil = h̄2k2/m, where k = 2π/λ. Laser

cooling of antihydrogen is thus eventually limited to Trecoil = 1.3mK [15]. Note

that these limits are fairly high, compared to those for other (alkali) atoms which

are common for laser cooling. This is due to three reasons. First hydrogen is a

very light atom, second the cooling transition is at a rather short wavelength and

third the cooling transition is rather strong, i.e. it has a large natural linewidth.

Nevertheless, laser-cooling of antihydrogen will certainly help a lot, in particular

for CPT tests. But for experiments in antimatter gravity the corresponding vertical

heights in the range of meters might still be somewhat too large to be practical.
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valence electron [19]. Classically, negative ions should not exist, as it is not ener-
getically favorable for a negatively charged electron to attach itself to a neutral core.
Nevertheless, most elements form negative ions. They are created by polarization
of the neutral atom and are stable due to quantum-mechanical correlation effects.
Their binding energy, the energy gained when all Z + 1 electrons adjust their
wavefunctions in accordance with the Pauli exclusion principle and electrostatic
repulsion, is typically about an order of magnitude smaller than the binding energies
of atoms or positive ions. The potential is both shallow and short-ranged; therefore,
only a limited number of bound states (if any) exists.

The number of negative ions which form bound excited states is even smaller [20].
Most of these states are sub-levels of the same configuration and hence have the
same parity as the ground state. Due to the well-known selection rules, electric-
dipole transitions cannot occur between same-parity states. Such transitions are,
however, of particular interest for spectroscopic investigations. Moreover, they could
in principle be used to laser-cool the negative ion. Opposite-parity bound states
have been predicted for the anions of a number of elements. While some of these
candidates have not yet been investigated experimentally, the existence of such states
in lanthanum and cesium has already been ruled out [21, 22].

Recently, a comparatively strong resonant transition just below the photode-
tachment threshold was discovered in the negative osmium ion and investigated by
infrared laser photodetachment spectroscopy [23]. In this study of Os−, the transition
frequency (wavelength λ ≈ 1162.7 nm) was determined with an uncertainty of
≈ 5 GHz. It was found that the bound excited state is very weakly bound (binding
energy ≈ 11.5 meV) and that its Einstein coefficient is A ≈ 104. Figure 1 shows
the resulting energy level diagram, taking into account theoretical calculations on
the ground state configuration [24]. The narrow linewidth means that the Doppler
temperature achievable by laser cooling is TD ≈ 0.24 µK, four orders of magnitude
lower than that of (anti-)hydrogen when using the Lyman-α transition [25]. Based
on these experimental data, the aforementioned theoretical study [18] established
that the laser cooling of Os− should be technically feasible. Many aspects of the
technique, however, depend on the cross-section of the cooling transition as well
as the configuration of the bound state, necessitating a more detailed spectroscopic
investigation of Os−.
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Fig. 3 (Color online.)
Blue-shifted resonance
frequencies as a function
of the ion beam energy [28].
The solid line is the result
of the fit for the Doppler shift,
its extrapolation to zero beam
energy is shown in the inset.
The lower pane shows the
residuals of the fit

Previous investigations of excited states in negative ions have relied on photode-
tachment by absorption of an additional photon into the excited state. In our setup,
ions which have been excited to the Je state in the interaction region are neutralized
by the strong electric field in the ionizer. Of course, photodetachment nevertheless
occurs and contributes to the total neutralization rate. All neutral atoms are detected
by the MCP placed in the forward direction. A typical excitation resonance is shown
in Fig. 2b, along with the corresponding resonance obtained without the ionizing
potential. The difference in signal intensities illustrates the dramatic enhancement
due to the field detachment. The width of the (mainly Gaussian) resonance,
!res ≈ 45 MHz, is dominated by the Doppler width; its slight asymmetry is due to
a corresponding asymmetry in the velocity distribution of the ions.

In collinear laser spectroscopy, the measured transition frequency is blue-shifted
because of the Doppler effect. While the transition frequency in the ion’s rest frame
can be deduced from a single measurement at a well-known ion beam energy, a
more precise value is obtained by performing a number of measurements at different
beam energies and fitting the data points to the well-known function for the Doppler
shift. Furthermore, a possible systematic shift in the beam energy can be accounted
for by including it as a parameter of the fit. The result of these measurements
and the corresponding fit are shown in Fig. 3 [28]. From the fit, a transition
frequency of ν0 = 257.831190(35) THz was obtained, corresponding to a wavelength
of 1162.74706(16) nm. This is in good agreement with the prior measurement [23], but
more than two orders of magnitude more precise. The fit yielded an average beam
energy error of 0.4(5) eV. To our knowledge, this transition frequency measurement
constitutes the most precise determination of any feature in an atomic anion.

The resonant cross-section can be determined by considering the time evolution
of the ground and excited state populations in the beam as well as the number of
neutralized atoms. A set of three differential rate equations for these populations in
the region of overlapping beams can be solved analytically [29]. The total number
of neutralized particles is obtained by numerically integrating the expressions for
the number of excited and detached ions over time and the radial extent of the
overlapping beams. Assuming constant overlap of the ion and laser beam, it is only
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valence electron [19]. Classically, negative ions should not exist, as it is not ener-
getically favorable for a negatively charged electron to attach itself to a neutral core.
Nevertheless, most elements form negative ions. They are created by polarization
of the neutral atom and are stable due to quantum-mechanical correlation effects.
Their binding energy, the energy gained when all Z + 1 electrons adjust their
wavefunctions in accordance with the Pauli exclusion principle and electrostatic
repulsion, is typically about an order of magnitude smaller than the binding energies
of atoms or positive ions. The potential is both shallow and short-ranged; therefore,
only a limited number of bound states (if any) exists.

The number of negative ions which form bound excited states is even smaller [20].
Most of these states are sub-levels of the same configuration and hence have the
same parity as the ground state. Due to the well-known selection rules, electric-
dipole transitions cannot occur between same-parity states. Such transitions are,
however, of particular interest for spectroscopic investigations. Moreover, they could
in principle be used to laser-cool the negative ion. Opposite-parity bound states
have been predicted for the anions of a number of elements. While some of these
candidates have not yet been investigated experimentally, the existence of such states
in lanthanum and cesium has already been ruled out [21, 22].

Recently, a comparatively strong resonant transition just below the photode-
tachment threshold was discovered in the negative osmium ion and investigated by
infrared laser photodetachment spectroscopy [23]. In this study of Os−, the transition
frequency (wavelength λ ≈ 1162.7 nm) was determined with an uncertainty of
≈ 5 GHz. It was found that the bound excited state is very weakly bound (binding
energy ≈ 11.5 meV) and that its Einstein coefficient is A ≈ 104. Figure 1 shows
the resulting energy level diagram, taking into account theoretical calculations on
the ground state configuration [24]. The narrow linewidth means that the Doppler
temperature achievable by laser cooling is TD ≈ 0.24 µK, four orders of magnitude
lower than that of (anti-)hydrogen when using the Lyman-α transition [25]. Based
on these experimental data, the aforementioned theoretical study [18] established
that the laser cooling of Os− should be technically feasible. Many aspects of the
technique, however, depend on the cross-section of the cooling transition as well
as the configuration of the bound state, necessitating a more detailed spectroscopic
investigation of Os−.
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candidates have not yet been investigated experimentally, the existence of such states
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frequencies as a function
of the ion beam energy [28].
The solid line is the result
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its extrapolation to zero beam
energy is shown in the inset.
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residuals of the fit

Previous investigations of excited states in negative ions have relied on photode-
tachment by absorption of an additional photon into the excited state. In our setup,
ions which have been excited to the Je state in the interaction region are neutralized
by the strong electric field in the ionizer. Of course, photodetachment nevertheless
occurs and contributes to the total neutralization rate. All neutral atoms are detected
by the MCP placed in the forward direction. A typical excitation resonance is shown
in Fig. 2b, along with the corresponding resonance obtained without the ionizing
potential. The difference in signal intensities illustrates the dramatic enhancement
due to the field detachment. The width of the (mainly Gaussian) resonance,
!res ≈ 45 MHz, is dominated by the Doppler width; its slight asymmetry is due to
a corresponding asymmetry in the velocity distribution of the ions.

In collinear laser spectroscopy, the measured transition frequency is blue-shifted
because of the Doppler effect. While the transition frequency in the ion’s rest frame
can be deduced from a single measurement at a well-known ion beam energy, a
more precise value is obtained by performing a number of measurements at different
beam energies and fitting the data points to the well-known function for the Doppler
shift. Furthermore, a possible systematic shift in the beam energy can be accounted
for by including it as a parameter of the fit. The result of these measurements
and the corresponding fit are shown in Fig. 3 [28]. From the fit, a transition
frequency of ν0 = 257.831190(35) THz was obtained, corresponding to a wavelength
of 1162.74706(16) nm. This is in good agreement with the prior measurement [23], but
more than two orders of magnitude more precise. The fit yielded an average beam
energy error of 0.4(5) eV. To our knowledge, this transition frequency measurement
constitutes the most precise determination of any feature in an atomic anion.

The resonant cross-section can be determined by considering the time evolution
of the ground and excited state populations in the beam as well as the number of
neutralized atoms. A set of three differential rate equations for these populations in
the region of overlapping beams can be solved analytically [29]. The total number
of neutralized particles is obtained by numerically integrating the expressions for
the number of excited and detached ions over time and the radial extent of the
overlapping beams. Assuming constant overlap of the ion and laser beam, it is only
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valence electron [19]. Classically, negative ions should not exist, as it is not ener-
getically favorable for a negatively charged electron to attach itself to a neutral core.
Nevertheless, most elements form negative ions. They are created by polarization
of the neutral atom and are stable due to quantum-mechanical correlation effects.
Their binding energy, the energy gained when all Z + 1 electrons adjust their
wavefunctions in accordance with the Pauli exclusion principle and electrostatic
repulsion, is typically about an order of magnitude smaller than the binding energies
of atoms or positive ions. The potential is both shallow and short-ranged; therefore,
only a limited number of bound states (if any) exists.

The number of negative ions which form bound excited states is even smaller [20].
Most of these states are sub-levels of the same configuration and hence have the
same parity as the ground state. Due to the well-known selection rules, electric-
dipole transitions cannot occur between same-parity states. Such transitions are,
however, of particular interest for spectroscopic investigations. Moreover, they could
in principle be used to laser-cool the negative ion. Opposite-parity bound states
have been predicted for the anions of a number of elements. While some of these
candidates have not yet been investigated experimentally, the existence of such states
in lanthanum and cesium has already been ruled out [21, 22].

Recently, a comparatively strong resonant transition just below the photode-
tachment threshold was discovered in the negative osmium ion and investigated by
infrared laser photodetachment spectroscopy [23]. In this study of Os−, the transition
frequency (wavelength λ ≈ 1162.7 nm) was determined with an uncertainty of
≈ 5 GHz. It was found that the bound excited state is very weakly bound (binding
energy ≈ 11.5 meV) and that its Einstein coefficient is A ≈ 104. Figure 1 shows
the resulting energy level diagram, taking into account theoretical calculations on
the ground state configuration [24]. The narrow linewidth means that the Doppler
temperature achievable by laser cooling is TD ≈ 0.24 µK, four orders of magnitude
lower than that of (anti-)hydrogen when using the Lyman-α transition [25]. Based
on these experimental data, the aforementioned theoretical study [18] established
that the laser cooling of Os− should be technically feasible. Many aspects of the
technique, however, depend on the cross-section of the cooling transition as well
as the configuration of the bound state, necessitating a more detailed spectroscopic
investigation of Os−.
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Previous investigations of excited states in negative ions have relied on photode-
tachment by absorption of an additional photon into the excited state. In our setup,
ions which have been excited to the Je state in the interaction region are neutralized
by the strong electric field in the ionizer. Of course, photodetachment nevertheless
occurs and contributes to the total neutralization rate. All neutral atoms are detected
by the MCP placed in the forward direction. A typical excitation resonance is shown
in Fig. 2b, along with the corresponding resonance obtained without the ionizing
potential. The difference in signal intensities illustrates the dramatic enhancement
due to the field detachment. The width of the (mainly Gaussian) resonance,
!res ≈ 45 MHz, is dominated by the Doppler width; its slight asymmetry is due to
a corresponding asymmetry in the velocity distribution of the ions.

In collinear laser spectroscopy, the measured transition frequency is blue-shifted
because of the Doppler effect. While the transition frequency in the ion’s rest frame
can be deduced from a single measurement at a well-known ion beam energy, a
more precise value is obtained by performing a number of measurements at different
beam energies and fitting the data points to the well-known function for the Doppler
shift. Furthermore, a possible systematic shift in the beam energy can be accounted
for by including it as a parameter of the fit. The result of these measurements
and the corresponding fit are shown in Fig. 3 [28]. From the fit, a transition
frequency of ν0 = 257.831190(35) THz was obtained, corresponding to a wavelength
of 1162.74706(16) nm. This is in good agreement with the prior measurement [23], but
more than two orders of magnitude more precise. The fit yielded an average beam
energy error of 0.4(5) eV. To our knowledge, this transition frequency measurement
constitutes the most precise determination of any feature in an atomic anion.

The resonant cross-section can be determined by considering the time evolution
of the ground and excited state populations in the beam as well as the number of
neutralized atoms. A set of three differential rate equations for these populations in
the region of overlapping beams can be solved analytically [29]. The total number
of neutralized particles is obtained by numerically integrating the expressions for
the number of excited and detached ions over time and the radial extent of the
overlapping beams. Assuming constant overlap of the ion and laser beam, it is only
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  for	
  number	
  of	
  colonies

The	
  AD-­‐4	
  Experiment	
  at	
  CERN
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• Confinement	
  of	
  RBE	
  Enhancement	
  to	
  Bragg	
  peak	
  has	
  been	
  confirmed
• DNA	
  damage	
  assays	
  for	
  studies	
  of	
  late	
  effects	
  achieved	
  higher	
  resoluDon
• dosimetry,	
  biology	
  now	
  mostly	
  understood;	
  further	
  data	
  needed?

Plot “peak” or “plateau” survival vs. absolute dose  and compare to 60Co irradiation
comparing dose values needed for Iso-Effect 

for peak, plateau, and 60Co irradiation: RelaDve	
  Biological	
  effecDveness	
  RBE

Example: Protons at Triumf

RBEplat	
  =
Co-­‐60	
  Dose
Plateau	
  Dose =1.0

RBEpeak	
  =
Co-­‐60	
  Dose
Peak	
  Dose =1.15

Antiprotons 2008
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to summarize the situation... 

Antiproton and antihydrogen experiments at the AD:

Spectroscopy Gravity

AEgIS
GBAR

ALPHA

Symmetries

BASE

...

...Matter-Antimatter
interactions

ACE

Antimatter
manipulations

...

ASACUSA

ATRAP
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Outlook

Trapping of antihydrogen: 
ATRAP and ALPHA: progress in making colder ingredients
main challenge now: enough cold enough constituents 
small numbers of antihydrogen atoms in the ground state trapped (2010)
assuming 1 mK: 1s-2s spectroscopy to ~ 10-12 (perhaps in a “few” years)

Beam of antihydrogen: 

ASACUSA: continuous beam (ground state atoms!) (2014?)
AEGIS: pulsed sub-K beam (2014/2015?) @ 1Hz
main challenge now: formation mechanisms and rates, cold enough p 
low precision gravity measurement and in-flight spectroscopy of 
      HFS to 200 Hz (10-6)
      1s-2s spectroscopy to ???? (will depend on temperature of H)

_

From 2017, new low energy p accelerator ELENA: new
experiments, new experimental opportunities

_

_

to summarize the situation... 
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increasing & continuous demand for antiprotons, 
current methods for trapping them are very inefficient

current situation

AEgIS

ALPHA
ASACUSA

ATRAP 
I & II
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increasing & continuous demand for antiprotons, 
current methods for trapping them are very inefficient

ELENA to the rescue

AEgIS

ATRAP 
I & II

ALPHA
ASACUSA

GBAR BASE

     space for
future (anti)atomic 
physics experiments
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Outlook

Antiproton and antihydrogen research covers a wide range

• atomic physics
• gravity

• plasma physics
• cosmology

relies on many technologies from many fields of science

is very educational and of great interest to the media

requires modest resources but much patience & time

• nuclear physics

requires breakthroughs in cooling, manipulations, ...

• material science
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Outlook

Antiproton and antihydrogen research covers a wide range

• atomic physics
• gravity

• plasma physics
• cosmology

relies on many technologies from many fields of science

is very educational and of great interest to the media

requires modest resources but much patience & time

• nuclear physics

requires breakthroughs in cooling, manipulations, ...

• material science

... and has a lively and long future !
Thursday, July 10, 2014



Outlook
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Ps excitation laser system(s)

Broad-band laser installation completed and commissioned in 2013:
• alignment and tuning:

• measurements of monochromaticity
• measurements of intensity profile

Transition Wavelength Est. saturation energy Max. produced energy

1 ➞ 3 205 nm 32 μJ 106 μJ

3 ➞ 26 1664 nm 350 μJ 4000 μJ
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Positronium test station: installation and commissioning

magnetic shielding will 
be installed in June for
simultaneous operation 

with 5T magnet
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Motivation

EEP (Einstein Equivalence Principle)  ⇔  General relativity

“if an uncharged test body is placed at an initial event in 
spacetime and given an initial velocity there, then its 
subsequent trajectory will be independent of its internal 
structure and composition” (Weak Equivalence Principle)

WEP 

The outcome of any local non-gravitational experiment is 
independent of the velocity of the freely falling apparatus 
(Local Lorentz Invariance)

LLI 

The outcome of any local non-gravitational experiment is 
independent of where and when in the Universe it is 
performed (Local Position Invariance)

LPI 

C. Will ”Theory and experiment in gravitational physics” (Cambridge Univ. Press)

EEP 

{
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Indirect limits on EEP validity for antimatter systems

11109 −⋅<
−

c

cc

ω
ωω

  “Red shift type” argument”           R. J. Hughes et al., PRL 66,7 (1991)

6103 −⋅<ppα

G. Gabrielse et al PRL 82 (3198)
(1999) §The limit is model dependent

§Exact CPT is assumed

If matter and antimatter are coupled to the same tensor field
For anomalous interaction coupling to antimatter with 
                 REarth < range < Distance Earth-Sun

110−<ppα

Cyclotron frequency of p and pbar in the same magnetic field

SN1987ASN1987A
65 1010 −− −<ννα Neutrino-antineutrino arrival time differenceNeutrino-antineutrino arrival time difference

§§  Only one e detected, several caveats
§ Model dependent S. Pakvasa et al., Phys. Rev. D 39 (1989) 176

Virtual e+ e- pairs in the atomsVirtual e+ e- pairs in the atoms

WEP violation for e+                                    WEP violation for e+                                    mmII-m-mGG      should depend on Zshould depend on Z
610−

−+ <eeα

S.I. Schiff  PRL 1 254 (1958)The The ““Schiff argumentSchiff argument””

M. Nieto et al Phys. Rep. 205 (5) 221 (1991)

 M. Charlton et al Phys. Rep 241 65 (1994)
R. Hughes Hyp. Int.76 3 (1996)

§Several criticisms

§Uncorrected renormalization procedure…

Very stringent limits Very stringent limits CPLEAR coll. Phys. CPLEAR coll. Phys. LettLett. B 452 (1999) 425. B 452 (1999) 425K0    K0

149 1010
00

−− −<KKα Depending on the range of the anomalous interactionDepending on the range of the anomalous interaction
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Trapping

S
te

fa
n

 M
e

y
e

r 
In

s
ti
tu

te

E. Widmann

• Hyperfine structure 
of antihydrogen
• Microwave 

resonance of ultra-
cold antihydrogen in 
field-free region

• Atomic fountain 

Far in the future!

Ultra-cold Antihydrogen by Laser 
Cooling (II)

86

..but of course, also spectroscopy (very long-term)

• 1s-2s spectroscopy of trapped Antihydrogen: 10-12 

   (very few atoms, B-field) 
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September	
  29,	
  2011

Carbon	
  Ions	
  –	
  SOBP	
  at	
  GSI

note:	
  clinical	
  beams	
  with	
  precise	
  dosimetry	
  and	
  fast	
  dose	
  delivery	
  ……..
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Energy	
  to	
  achieve	
  same	
  clinical	
  relevant	
  depth	
  and	
  form	
  SOBP	
  as	
  at	
  CERN….
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September	
  29,	
  2011

RBE	
  for	
  Carbon	
  Ions

Extract	
  survival	
  vs.	
  dose	
  plot	
  for	
  each	
  depth	
  slice	
  and	
  calculate	
  RBESF=10%
RBEplateau	
  =	
  1.2	
  RBEpeak	
  =	
  2.0	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  RBE	
  distal	
  =	
  1.5
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