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Motivation

1) Precise comparison between matter and antimatter

test of fundamental symmetry (CPT)

Why do precision measurements with Antihydrogen?

2) Measurement of the gravitational behavior of antimatter

test of the Weak Equivalence Principle
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The ultimate ÒFundamentalÓ Symmetry: 
CPT 
• C - charge conjugation! particle <{ antiparticle

• P  - parity (space inversion)
• T  - time reversal
• Consequences : particles/antiparticles have 

• same masses, lifetimes, g-factors, |charge|, etc. !

• CPT invariance is a mathematical theorem:
• consequence of Lorentz-invariance
• local interactions
• unitarity
• point-like particles 

– Lüders, Pauli, Bell and Jost, 1955

• QED, standard model quantum field theories are all CPT 
invariant
• Assumptions are invalid in string theory, quantum gravity

40

The ultimate fundamental symmetry: CPT
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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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Motivation: CPT

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 G Hz 
"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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Motivation: CPT

306 B. Juhász, E. Widmann

Thus measuring the νHFS of the antimatter counterpart of hydrogen, the antihy-
drogen atom (H), which consists of an antiproton (p) and a positron (e+ ), would
allow us to test the Charge-Parity-Time reversal (CPT) invariance to a similarly high
precision.

The ground-state hyperfine splitting frequency in hydrogen (antihydrogen) is pro-
portional in the leading order to the proton (antiproton) spin magnetic moment µp:

νHFS =
16
3

!
mp

mp + me

" 3 me

mp

µp

µN
α2c R! (1 + ∆), (2)

where mp and me are the proton (antiproton) and the electron (positron) masses,
respectively, µN is the nuclear magneton, and R! is the Rydberg constant. The cor-
rection term ∆ is " 1100 ppm, and it is mainly due to higher-order QED corrections.
It is theoretically calculated with a precision of slightly under 1 ppm; this uncertainty
comes from the proton structure-dependent corrections [2]. The antiproton spin
magnetic moment µp, on the other hand, is known to a precision of only 0.3%
from measurements with antiprotonic lead [3], therefore a measurement of νHFS of
antihydrogen (which has never been done before) with a precision of only 10# 6 can
already lead to an improvement of the value of µp by three orders of magnitude.

The group of V.A. Kostelecký has developed an extension of the standard model
of elementary particles that includes both CPT violating and Lorentz invariance
violating terms in the Lagrangian of the quantum field theory [4]. These terms result
in a correction to the energies of the 1s and 2s hyperfine sublevels:

∆EH (mJ, mI ) = ae
0 + ap
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+
#
# be
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12
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where mJ and mI are the characteristic spin quantum numbers of the electron
(positron) and the proton (antiproton), respectively, at large external magnetic fields.
The parameters a, d and H change sign for antihydrogen, therefore the GS-HFS
frequencies in hydrogen and antihydrogen can be different.

An important feature of this theory is that the parameters a and b are not
dimensionless; instead, they have a dimension of energy (or frequency). From this
it follows that it is not the relative but the absolute precision of an experiment
that matters when one is comparing matter and antimatter systems for CPT tests.
Therefore the H GS-HFS measurement can be competitive with the oft-quoted
‘most sensitive CPT limit’ of |mK 0 # m

K
0 |/mK 0 < 10# 18 [5]. This is because the

K 0 # K
0

measurement corresponds to only " 100 kHz on the absolute scale, while the
H GS-HFS measurement with a relative precision of only 10# 6 would have an
absolute precision of 1.42 GHz $ 10# 6 = 1.42 kHz.

2 Proposed experimental method

The most precise measurements on the ground-state hyperfine levels of hydrogen
have been carried out with hydrogen masers. Such masers can keep the hydrogen
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Fig. 1 Schematic view of the proposed atomic beam spectrometer with the antihydrogen source, the
two sextupole magnets and the microwave cavity. The trajectories drawn with solid lines represent H
atoms in low-field seeker states, while the dashed lines represent H atoms in high-field seeker states

Fig. 2 Frequencies (i.e.
energies) of the four hyperfine
states of antihydrogen as a
function of the external
magnetic field B. The
transitions observable with the
proposed method are also
drawn
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atoms in the radiofrequency field for long enough time for precise spectroscopy, as
the experimental resolution is inversely proportional to the interaction time with the
field. Unfortunately, antimatter atoms cannot be kept in a maser cavity, since they
would annihilate when colliding with the cavity walls.

Antihydrogen atoms could be kept in the RF field by a confining magnetic field
gradient. However, the required fields would be too strong and would shift and
broaden the energy levels too much, which would make high-precision spectroscopy
measurements very difficult.

Thus the ASACUSA collaboration at CERN’s Antiproton Accelerator (AD)
plans to use a method [6] similar to classical atomic beam (Stern-Gerlach type) exper-
iments to measure the H GS-HFS. This method has the advantage that it can work
with relatively high-temperature (50–100 K) atoms, while trapping would require
ultra-cold (< 1 K) atoms. A schematic view of the proposed atomic spectrometer
line is shown in Fig. 1.

The antihydrogen atoms will be produced in either a two-frequency superconduct-
ing Paul trap [6] or a superconducting cusp trap [7, 8]. The Paul trap is currently under
development at CERN, Geneva, Switzerland and the MPQ, Garching, Germany.
The cusp trap was developed at RIKEN, Japan, and it is already operating at CERN.

Depending on the sign of their magnetic moment, the four hyperfine states of the
ground-state H atoms can be divided into two pairs (see Fig. 2): ‘high-field seekers’,
which will move towards regions of higher magnetic field in the inhomogeneous field
of a sextupole magnet and thus will be defocused, and ‘low-field seekers’, which will
be attracted towards the sextuple axis and thus will be focused onto a radiofrequency
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where mp and me are the proton (antiproton) and the electron (positron) masses,
respectively,µN is the nuclear magneton,and R∞ is the Rydberg constant.The cor-
rection term # is ∼1100ppm, and it is mainly due to higher-order QED corrections.
It is theoretically calculatedwith a precision of slightly under 1 ppm; this uncertainty
comes from the proton structure-dependent corrections [2]. The antiproton spin
magnetic moment µp, on the other hand, is known to a precision of only 0.3%
from measurementswith antiprotonic lead [3], therefore a measurementof ! HFS of
antihydrogen (which hasnever been done before) with a precision of only 10−6 can
already lead to an improvement of the value of µp by three orders of magnitude.

The group of V.A. Kosteleck! hasdeveloped an extension of the standard model
of elementary particles that includes both CPT violating and Lorentz invariance
violating terms in the Lagrangianof the quantum Þeld theory [4]. Theseterms result
in a correction to the energiesof the 1sand 2s hyperÞnesublevels:
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where mJ and mI are the characteristic spin quantum numbers of the electron
(positron) and the proton (antiproton), respectively,at large external magneticÞelds.
The parameters a, d and H change sign for antihydrogen, therefore the GS-HFS
frequenciesin hydrogen and antihydrogen canbe different.

An important feature of this theory is that the parameters a and b are not
dimensionless;instead, they have a dimension of energy (or frequency). From this
it follows that it is not the relative but the absolute precision of an experiment
that matters when one is comparing matter and antimatter systems for CPT tests.
Therefore the H GS-HFS measurement can be competitive with the oft-quoted
Ômostsensitive CPT limitÕ of |mK 0 − m

K
0|/mK 0 < 10−18 [5]. This is because the

K 0 − K
0

measurementcorrespondsto only ∼100kHz on theabsolutescale,while the
H GS-HFS measurement with a relative precision of only 10−6 would have an
absoluteprecision of 1.42GHz ×10−6 = 1.42kHz.

2 Proposed experimental method

The most precise measurementson the ground-state hyperÞne levels of hydrogen
have been carried out with hydrogen masers.Such maserscan keep the hydrogen

HFS, CPT and SME
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(positron) and the proton (antiproton), respectively, at large external magnetic fields.
The parameters a, d and H change sign for antihydrogen, therefore the GS-HFS
frequencies in hydrogen and antihydrogen can be different.
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dimensionless; instead, they have a dimension of energy (or frequency). From this
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measurement corresponds to only ∼100 kHz on the absolute scale, while the
H GS-HFS measurement with a relative precision of only 10−6 would have an
absolute precision of 1.42 GHz ×10−6 = 1.42 kHz.

2 Proposed experimental method

The most precise measurements on the ground-state hyperfine levels of hydrogen
have been carried out with hydrogen masers. Such masers can keep the hydrogen

only known to 0.3%

Transitions between HF 
levels are sensitive to CPTV, 

but not 1s !  2s

Proposed measurement of the antihydrogen GS-HFS 311

To excite the σ1 transition, the static magnetic field and the oscillating magnetic
field have to be parallel; to excite the π1 transition, however, they have to be
perpendicular to each other. Therefore to excite both transitions while keeping the
static field unchanged, the static and the oscillating fields have to be at an angle of
45◦ with respect to each other.

Figure 5 also shows the fits of symmetric double (inverted) Gaussian functions to
the simulated data points. From the fitted transition frequencies and their errors,
an uncertainty of 210 Hz was obtained to the zero-field ground-state hyperfine
frequency, which corresponds to ∼10−12 eV, or to a relative precision of 1.5 × 10−7.
A similar precision is expected for the measurement as well, which will be performed
after 2010.
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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 energy scale: standard model extension (Kostelecky)

absolute accuracy [GeV]

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

Absolute energy scale: standard model extension (Kostelecky)

absolute accuracy [GeV]
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Motivation: WEPMotivation
 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, ÒNewtonianÓ)

+ 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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Formation
The reality

Making Antihydrogen

Plan A:
Trapping Antihydrogen
Cooling Antihydrogen

Boundary conditions (magnetic field, limited solid 
angle, *low* numbers of particles)

Plan B: 
Atomic beam
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Formation

Antiprotons

Production GeV

Deceleration MeV

Trapping keV

Cooling meV

Positrons

Production MeV

Moderation

Accumulation eV

Mixing trap:

mixing and manipulation

Antihydrogen formation

Detection of annihilation

104  108 e+p
_

Principle of antihydrogen production
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Formation

CERN Accelerator Complex
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Formation
Antiproton decelerator

AEGIS

ALPHA

( 1013 p @ 26 GeV/c2) 
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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 Hz
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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

!
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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Nested Penning traps
Capture energy: few keV

No ÒusefulÓ Hbar produced (ground-state, < 1 K temperature for trapping) 
Ultimate precision: neutral atom trap and laser cooling to milli-Kelvin temperature
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[G.Gabrielse et al.,
Phys. Rev. Lett. 93, 073401 (2004)

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

states, lack of control on initial conditions...
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Hydrogen 1S-2S spectroscopy in a 
neutral atom trap

• Force of magnetic field gradient on 
magnetic moment of atom

• “depth” typically < 1 K 
(50 µeV)

• Constant holding-field Bz,0 to avoid 

spin flips
• Typical configuration: 

• Trapped hydrogen 
• Cesar et al., PRL 77, 255 

(1996)

• Precision less than MPQ

71

1013 - 1010 atoms at 25 mK to 100 µK
Bz,0 = 2 x 10-4 T

C. Cesar et al., Phys. Rev. Lett. 77, 255 (1996)

Trapping of H?
_
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Hydrogen 1S-2S spectroscopy in a 
neutral atom trap

• Force of magnetic field gradient on 
magnetic moment of atom

• “depth” typically < 1 K 
(50 µeV)

• Constant holding-field Bz,0 to avoid 

spin flips
• Typical configuration: 

• Trapped hydrogen 
• Cesar et al., PRL 77, 255 

(1996)

• Precision less than MPQ

71

1013 - 1010 atoms at 25 mK to 100 µK
Bz,0 = 2 x 10-4 T

H: Confine both charged plasmas and neutral atoms without heating them

	

 -Preserve cylindrical symmetry (plasma confinement)
	

 -Magnetic field minimal in center (atom confinement)
	

 -Antihydrogen must be formed inside its trap

_

C. Cesar et al., Phys. Rev. Lett. 77, 255 (1996)

Trapping of H?
_
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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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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 "1040# 45$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 "10# 4$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 "9 #
4$K. The fraction of antiprotons remaining at the various
well depths is shown on Fig. 3(b), where it is found that
"6 # 1$% 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 % hr2i=hr2

0i 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 "1484# 14$mV.
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corrected temperature of ð1040# 45Þ K before evapora-
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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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We reporttheapplicationof evaporative cooling to cloudsof trappedantiprotons,resultingin plasmas
with measuredtemperatureaslow as9 K. Wehavemodeledtheevaporationprocessfor chargedparticles
usingappropriaterateequations.Goodagreementbetweenexperimentandtheoryis observed,permitting
prediction of cooling efÞciencyin future experiments. The techniqueopensup new possibilities for
cooling of trappedions and is of particularinterestin antiprotonphysics,wherea preciseCPT teston
trappedantihydrogenis a long-standinggoal.

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

Historically, forced evaporative cooling hasbeensuc-
cessfullyapplied to trappedsamplesof neutral particles
[1], and remainsthe only route to achieve Bose-Einstein
condensationin suchsystems[2]. However, the technique
has only found limited applicationsfor trappedions (at
temperatures! 100 eV [3]) andhasnever beenrealizedin
cold plasmas.Here we report the application of forced
evaporative cooling to a dense(! 106 cm" 3) cloud of
trappedantiprotons,resulting in temperaturesas low as
9 K, 2 ordersof magnitudelower than any previously
reported[4].

Theprocessof evaporationis driven by elasticcollisions
that scatter high energy particles out of the conÞning
potential,thusdecreasingthetemperatureof theremaining
particles.For charged particlesthe processbeneÞtsfrom
the long range nature of the Coulomb interaction, and
comparedto neutralsof similar densityand temperature,
theelasticcollision rateis muchhigher, makingcoolingof
muchlower numbersanddensitiesof particlesfeasible.In

addition, intraspeciesloss channelsfrom inelastic colli-
sionsarenonexistent.Strongcouplingto thetrappingÞelds
makes precise control of the conÞning potential more
critical for chargedparticles.Also, for plasmas,the self-
Þeldscanbothreducethecollision ratethroughscreening
andchangetheeffective depthof theconÞningpotential.

The ALPHA apparatus,which is designedwith the
intention of creating and trapping antihydrogen[5], is
locatedat the Antiproton Decelerator(AD) at CERN [6].
It consistsof a Penning-Malmbergtrap for chargedparti-
cleswith anoctupole-basedmagnetostatictrap for neutral
atomssuperimposedon the central region. For the work
presentedhere,the magnetostatictrap wasnot energized
andthe evaporative cooling wasperformedin a homoge-
neous1 T solenoidalÞeld.

Figure1(a)showsaschematicdiagramof theapparatus,
with only a subsetof the 20.05 mm long and22.275mm
radius,hollow cylindrical electrodesshown. The vacuum
wall is cooled using liquid helium, and the measured

PRL 105, 013003(2010) PH Y SI CA L REV I EW L ET T E RS
weekending
2 JULY 2010

0031-9007=10=105(1)=013003(5) 013003-1 ! 2010 TheAmericanPhysicalSociety

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 (?)
- (alternatively, coherently excite cold p and interact with cold e+ )

_
_

Thursday, September 29, 2011



Trapping

S
te

fa
n

 M
e

y
e

r 
In

s
ti
tu

te

E. Widmann

Neutral atom trap for antihydrogen
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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 B2!r0" to
solenoidal field at the plasma radius, r0, exceeded about
B2!r0"=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

jBs!r"j # K srs$ 1, (2)

where the K s are constants and s defines the order of the
multipole (e.g. a quadrupole for s # 2, a sextupole for
s # 3, an octupole for s # 4, etc). In Fig. 1 we have plotted
the field dependence for s # 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 Bs!r0"=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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(ATRAP)

plasma stability/temperature
n >> 1
spin flips during de-excitation
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Trapping
Successful trapping!

(ALPHA)

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

Ñ

•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

_
$ $% %

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 22P3/ 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 22S1/ 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 ßuo-
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 ßuorescence indicates that the atom has been excited (ÒshelvedÓ) into
the metastable state. In that case the atom can be ÒresetÓ into the ground state by
applying a microwave Þeld to couple the long-lived 22S1/ 2 state with the rapidly de-
caying 22P3/ 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 22S1/ 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 ßuorescent light at Lyman-α. The
detection efÞciency for ßuorescent 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 ßux 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-ampliÞed 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.

Spectroscopy with trapped antihydrogen?
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Trapping
Spectroscopy with trapped antihydrogen?

Spectroscopy: plan B
HFS via microwave

but: B-field at position
of antihydrogen poorly 
defined (1T<B<2T)
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Beam formation
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E. Widmann

• Magnetic bottle
• eÐ 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 ÒcuspÓ trap

80

Alternatives to Penning-Ioffe traps?

H beam
_

Mohri A and Yamazaki Y 2003 Europhys. Lett. 63 207 
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E. Widmann

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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Beam formation
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E. Widmann

H Ground-state HyperÞne 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, HyperÞne 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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Beam formation

Under reasonable assumptions & measuring both resonances to 
extrapolate to zero field ➟ measurement to 1x10-7 appears possible

310 B. Juh‡sz,E. Widmann
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Fig. 5 Simulated microwave resonancescans of one of the ! 1 (left) and the " 1 (right) hyperÞne
transitions. The static magnetic Þeld 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 Þtted lines are inverted
symmetric double Guassianfunctions

distribution: the Þeld iszero in the middle, and hasthe maxima at the front and back
walls of the resonator. Thus the magnetic Þeld points at opposite directions in the
two half-volumes.

One consequenceof such a Þeld pattern is that if the frequency of the Þeld is
on resonancewith the transition frequency of the atom which is passing through
the resonator, then no spin ßip will occur. This is becausethe oscillating magnetic
Þeld in the Þrst half of the resonator rotates the spin by a certain angle, but the
magneticÞeld in the secondhalf rotates it back by exactly the sameangle, thus there
is no net change.This will occur independently of the velocity of the passingatom.
Therefore insteadof a single peak at the transition frequency,the observedspectrum
of the hyperÞne transition will consist of two symmetric peaks on the two sides of
the transition frequency (seethe bottom right subÞgureof Fig. 4). This double peak
structure can alsobe thought of asa 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 passingatoms, therefore by measuring
this splitting, the velocity and thus the temperature of the produced antihydrogen
atomscan be estimated.

3.2ResonanceproÞle

Figure 5 showssimulated resonancescansof two of the transitions (! 1 and " 1Ñsee
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-Þeld-seekerto high-Þeld-seekerratio was 4:1. Due to the lower
temperature of the atoms, the sextupole magnet had a maximum magnetic Þeld of
only 0.35 T. A static magnetic Þeld of 1 G with an inhomogeneity of ±0.5 mG was
present in the resonancecavity to prevent the spontaneousspin ßips of the atoms.
Due to the static magnetic Þeld, the frequencies of the ! 1 and " 1 transitions are
different. By measuring thesetwo frequenciesat the samemagnetic Þeld, the zero-
Þeld ground-statehyperÞnesplitting frequency can be determined.
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Fig. 5 Simulated microwave resonance scans of one of the ! 1 (left) and the " 1 (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 Þtted 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 (! 1 and " 1—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 ! 1 and " 1 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, HyperÞne 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
One step further: 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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Beam formation

• Charge exchange reaction:

• Principle demonstrated by ATRAP  (Cs* → Ps* → H*)
[C. H. Storry et al., Phys. Rev. Lett. 93 (2004) 263401]

• Advantages:
– Large cross-section:

– Narrow and well-deÞned H n-state 

     distribution

– H production from p at rest
→  ultracold H

_

_

_

_

_
At  T(p) = 100mK,
n(Ps) = 35
"  v(H) ! 45 m/s

 T(H) ! 120mK

_

_

→

_

Step i) antihydrogen formation

σ ≈ a0n
4

- pulsed production of H
_

• cold antiprotons (T~0.1K)
• production of Rydberg positronium
• production of antihydrogen atoms
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Beam formation

•Neutral atoms are not sensitive to static electric and magnetic Þelds

•Electric Þeld gradients exert force on electric dipoles:

!

•Stark deceleration of hydrogen demonstrated
[E. Vliegen & F. Merkt, J. Phys. B 39 (2006) L241 - ETH Physical Chemistry]

" Rydberg atoms are very sensitive
to inhomogeneous electric Þelds

Ð n = 22,23,24
Ð Accelerations of up to  2"10 8 m/s2  achieved
Ð Hydrogen beam at  700 m/s  can be stopped 

in  5 #s  over only  1.8 mm

Step ii) beam formation

- ongoing work on Zeeman deceleration, 
  Stark deceleration and trapping of H
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Beam formation

• Classical counterpart of the Mach-Zehnder interferometer

– Decoherence effects reduced

– ÒSelf-focusingÓ effect Ð beam collimation uncritical

• Replace the third grating and detector by position-sensitive detector

! "    Transmission increases by ~ factor 3

• Has been successfully used for a gravity measurement
with ordinary matter,  σ(g)/g = 2"10 -4 

Fringe phase and phase shift
identical to Mach-Zehnder
interferometer!

Step iii) trajectory measurement

v =600 m/s
v =250 m/s

# = $gt%
a

[M. K. Oberthaler et al., Phys. Rev. A 54 (1996) 3165]

• with 105 H at 100mK,  σ(g)/g = 1% (expected) [A. Kellerbauer et al., Phys. Rev. A 54 (1996) 3165]
_
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Beam formation

• Classical counterpart of the Mach-Zehnder interferometer

– Decoherence effects reduced

– ÒSelf-focusingÓ effect Ð beam collimation uncritical

• Replace the third grating and detector by position-sensitive detector

! "    Transmission increases by ~ factor 3

• Has been successfully used for a gravity measurement
with ordinary matter,  σ(g)/g = 2"10 -4 

Fringe phase and phase shift
identical to Mach-Zehnder
interferometer!

Step iii) trajectory measurement

v =600 m/s
v =250 m/s

# = $gt%
a

[M. K. Oberthaler et al., Phys. Rev. A 54 (1996) 3165]

• with 105 H at 100mK,  σ(g)/g = 1% (expected) [A. Kellerbauer et al., Phys. Rev. A 54 (1996) 3165]
_
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Ultracold atoms

“Ultra-cold” (~1 µK) Antihydrogen

P1:GAD

GeneralRelativity andGravitation (GERG) PP1066-gerg-477708 January2, 2004 15:54 StyleÞleversionMay 27,2002

564 Walz and Hänsch

Figure 1. Ordersof magnituderelevant for gravitationalexperiments
with antihydrogen.Thescaleon thebottomgives thespreadof vertical
velocities,1σ =

√
kT/ m, which correspondsto the temperatureaxis

in the middle. The heightkT/ 2mg to which antihydrogenatomscan
climb againstgravity is shown on theupperscale.

Antihydrogenatomsin a magnetictrap can be cooledfurther using laser
radiationonthestrong1SÐ2Ptransition[15Ð17]whichisat121.6nmwavelengthin
thevacuum-ultravioletspectralregion.Producinglaserradiationin thiswavelength
rangeat Lyman-α is a considerablechallenge.Using a pulsedLyman-α source,
laser-coolingof ordinaryhydrogenatomsin amagnetictraphasbeendemonstrated
down to temperaturesof 8mK [29]. Recentlywe have build theÞrstcontinuous
lasersourcefor Lyman-α radiationwhichmighteventuallyimprove laser-cooling
of trappedantihydrogenatoms[30, 31]. Nevertheless,thereare limits for laser
cooling,oneof whichis dueto theÞniteselectivity of thecoolingforcein velocity
space.ThisÒDopplerlimit,ÓkBTDoppler = øhγ / 2, is relatedto thenaturallinewidth,
γ = 2π á99.5MHz, of the transition.For antihydrogen,TDoppler = 2.4mK. The
otherlimit is dueto thephotonrecoil,kBTrecoil = øh2k2/ m, wherek = 2π/ λ. Laser
coolingof antihydrogenis thuseventuallylimited to Trecoil = 1.3mK [15]. Note
thattheselimits arefairly high,comparedto thosefor other(alkali) atomswhich
arecommonfor lasercooling. This is dueto threereasons.First hydrogenis a
very light atom,secondthecoolingtransitionis at a rathershortwavelengthand
third the cooling transitionis ratherstrong,i.e. it hasa large naturallinewidth.
Nevertheless,laser-coolingof antihydrogenwill certainlyhelpa lot, in particular
for CPTtests.But for experimentsin antimattergravity thecorrespondingvertical
heightsin therangeof metersmight still besomewhattoo largeto bepractical.

_

H atoms in trap @ 8 mK
using pulsed Lyman-# 
I.D.Setija et al., PRL 70 (1993) 2257

1S→2P laser cooling: cw Lyman-# source
Eikema, Walz, HŠnsch, PRL 86 (2001) 5679

current lowest p 
temperature (4.2K)

(light atom, short wavelength)
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Ultracold atoms

sympathetic cooling to the rescue

cooling of H+
_

J.Walz and T. Hänsch, Gen. Rel. and Grav. 36 (2004) 561
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Ultracold atoms

sympathetic cooling to the rescue

cooling of H+
_

formation of H+(binding energy = 0.754 eV)

J.Walz and T. Hänsch, Gen. Rel. and Grav. 36 (2004) 561

Roy & Sinha, EPJD 47 (2008) 327

how? perhaps through Ps(2p)+H(1s) → H+ + e-

_
_ _
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Ultracold atoms

sympathetic cooling to the rescue

cooling of H+
_

formation of H+(binding energy = 0.754 eV)

J.Walz and T. Hänsch, Gen. Rel. and Grav. 36 (2004) 561

Roy & Sinha, EPJD 47 (2008) 327

how? perhaps through Ps(2p)+H(1s) → H+ + e-

_
_ _

sympathetic cooling of H+

e.g. In+ → 20 μK

_
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Ultracold atoms

sympathetic cooling to the rescue

cooling of H+
_

formation of H+(binding energy = 0.754 eV)

J.Walz and T. Hänsch, Gen. Rel. and Grav. 36 (2004) 561

Roy & Sinha, EPJD 47 (2008) 327

how? perhaps through Ps(2p)+H(1s) → H+ + e-

_
_ _

sympathetic cooling of H+

e.g. In+ → 20 μK

photodetachment at ~6083 cm-1

_
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Ultracold atoms

sympathetic cooling to the rescue

cooling of H+
_

formation of H+(binding energy = 0.754 eV)

J.Walz and T. Hänsch, Gen. Rel. and Grav. 36 (2004) 561

Roy & Sinha, EPJD 47 (2008) 327

how? perhaps through Ps(2p)+H(1s) → H+ + e-

_
_ _

sympathetic cooling of H+

e.g. In+ → 20 μK

photodetachment at ~6083 cm-1

gravity measurement via TOF

_
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Ultracold atoms

sympathetic cooling to the rescue

cooling of H+
_

formation of H+(binding energy = 0.754 eV)

cooling of p
_

J.Walz and T. Hänsch, Gen. Rel. and Grav. 36 (2004) 561
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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 excitedstates 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 ! " 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 T D " 0.24 µK, four orders of magnitude
lower than that of (anti-)hydrogen when using the Lyman-" 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
frequenciesasa function
of the ion beamenergy [28].
The solid line is the result
of the Þt for the Doppler shift,
its extrapolation to zero beam
energy is shown in the inset.
The lower pane showsthe
residualsof the Þt

Previous investigations of excited statesin 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 Þeld in the ionizer. Of course,photodetachment nevertheless
occursand contributes to the total neutralization rate.All neutral atomsare detected
by the MCP placed in the forward direction. A typical excitation resonanceisshown
in Fig. 2b, along with the corresponding resonanceobtained without the ionizing
potential. The difference in signal intensities illustrates the dramatic enhancement
due to the Þeld 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 measuredtransition frequency is blue-shifted
becauseof the Doppler effect. While the transition frequency in the ionÕsrest frame
can be deduced from a single measurement at a well-known ion beam energy, a
more precisevalue is obtained by performing a number of measurementsat different
beamenergiesand Þtting the data points to the well-known function for the Doppler
shift. Furthermore, a possiblesystematic shift in the beam energy can be accounted
for by including it as a parameter of the Þt. The result of these measurements
and the corresponding Þt are shown in Fig. 3 [28]. From the Þt, a transition
frequency of ν0 = 257.831190(35) THz wasobtained, corresponding to a wavelength
of 1162.74706(16)nm. This isin good agreementwith theprior measurement[23], but
more than two orders of magnitude more precise.The Þt yielded an averagebeam
energyerror of 0.4(5) eV. To our knowledge, this transition frequency measurement
constitutes the most precisedetermination of any feature in an atomic anion.

The resonant cross-sectioncan 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 thesepopulations in
the region of overlapping beamscan be solved analytically [29]. The total number
of neutralized particles is obtained by numerically integrating the expressionsfor
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 excitedstates 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 ! " 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 T D " 0.24 µK, four orders of magnitude
lower than that of (anti-)hydrogen when using the Lyman-" 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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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 statesin 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 Þeld in the ionizer. Of course,photodetachment nevertheless
occursand contributes to the total neutralization rate.All neutral atomsare detected
by the MCP placed in the forward direction. A typical excitation resonanceisshown
in Fig. 2b, along with the corresponding resonanceobtained without the ionizing
potential. The difference in signal intensities illustrates the dramatic enhancement
due to the Þeld 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 measuredtransition frequency is blue-shifted
becauseof the Doppler effect. While the transition frequency in the ionÕsrest frame
can be deduced from a single measurement at a well-known ion beam energy, a
more precisevalue is obtained by performing a number of measurementsat different
beamenergiesand Þtting the data points to the well-known function for the Doppler
shift. Furthermore, a possiblesystematic shift in the beam energy can be accounted
for by including it as a parameter of the Þt. The result of these measurements
and the corresponding Þt are shown in Fig. 3 [28]. From the Þt, a transition
frequency of ν0 = 257.831190(35) THz wasobtained, corresponding to a wavelength
of 1162.74706(16)nm. This isin good agreementwith theprior measurement[23], but
more than two orders of magnitude more precise.The Þt yielded an averagebeam
energyerror of 0.4(5) eV. To our knowledge, this transition frequency measurement
constitutes the most precisedetermination of any feature in an atomic anion.

The resonant cross-sectioncan 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 thesepopulations in
the region of overlapping beamscan be solved analytically [29]. The total number
of neutralized particles is obtained by numerically integrating the expressionsfor
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 excitedstates 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 ! " 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 T D " 0.24 µK, four orders of magnitude
lower than that of (anti-)hydrogen when using the Lyman-" 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 statesin 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 Þeld in the ionizer. Of course,photodetachment nevertheless
occursand contributes to the total neutralization rate.All neutral atomsare detected
by the MCP placed in the forward direction. A typical excitation resonanceisshown
in Fig. 2b, along with the corresponding resonanceobtained without the ionizing
potential. The difference in signal intensities illustrates the dramatic enhancement
due to the Þeld 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 measuredtransition frequency is blue-shifted
becauseof the Doppler effect. While the transition frequency in the ionÕsrest frame
can be deduced from a single measurement at a well-known ion beam energy, a
more precisevalue is obtained by performing a number of measurementsat different
beamenergiesand Þtting the data points to the well-known function for the Doppler
shift. Furthermore, a possiblesystematic shift in the beam energy can be accounted
for by including it as a parameter of the Þt. The result of these measurements
and the corresponding Þt are shown in Fig. 3 [28]. From the Þt, a transition
frequency of ν0 = 257.831190(35) THz wasobtained, corresponding to a wavelength
of 1162.74706(16)nm. This isin good agreementwith theprior measurement[23], but
more than two orders of magnitude more precise.The Þt yielded an averagebeam
energyerror of 0.4(5) eV. To our knowledge, this transition frequency measurement
constitutes the most precisedetermination of any feature in an atomic anion.

The resonant cross-sectioncan 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 thesepopulations in
the region of overlapping beamscan be solved analytically [29]. The total number
of neutralized particles is obtained by numerically integrating the expressionsfor
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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p/pbar charge and mass: pbHe + TRAP

• Q/M of proton/antiproton 
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Outlook

Summary:
Trapping of antihydrogen: 

ATRAP and ALPHA: progress in making colder ingredients
main challenge now: enough cold enough constituents 
small numbers of antihydrogen atoms trapped in the ground state (2010)
assuming 1 mK: 1s-2s spectroscopy to ~ 10-12 (perhaps in a few years)
first (rought) HFS measurements perhaps in 2011 or 2012

Beam of antihydrogen: 
ASACUSA: continuous beam (2011?)
AEGIS: pulsed sub-K beam (2012/2013) @ 1Hz
main challenge now: formation mechanisms and rates 

these may allow in-flight spectroscopy of 
      HFS to 200 Hz (10-6)
      1s-2s spectroscopy to ???? (will depend on temperature of H)

and may also lead to an alternative H trapping scheme
_

_
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