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2004 Highlights

1. antiprotonic helium laser 

spectroscopy: 

~10 fold improvement

2. >30,000 antiprotons

@ 250 eV, 

slow-extracted over a period of 

10 s
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Figure 7: A schematic drawing of the MUSASHI trap (MRT)
and the extraction beamline, overlaid with a graph of magnetic
field strength and calculated trajectories of the antiproton beam
at 250 eV which was focused three times at variable apertures
(VA).
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Figure 8: Annihilation po-
sition of antiprotons ex-
tracted after varied periods
of application of the rotat-
ing wall field, showing effec-
tive compression of the an-
tiproton cloud.
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30 k pbars @ 250 eV

n : principal quantum number
(of antiproton)

L : orbital quantum number
(of antiproton)

Antiprotonic

Helium Ion (2-body)

Energy (a.u.)

Antiprotonic

Helium Atom (3-body)

Metastable states (  ~ 1 µs)

Short-lived states (  < 10 ns)

Antiprotonic helium - a closer look

p
_e-

++
He

yield ~3%

lifetime ~3µs

CHAPTER 4. TRANSITION ENERGY MEASUREMENT 47

We fitted the spectrum by a function, in order to subtract the continuum part

from the whole spectrum. The shape of the continuum part resembles an exponential

function, however, it has more complex shape due to its structure (signals of π−µ−e
and several metastable cascade chains of pHe+ are overlapped). So we took a small

fitting region (a few 100 ns) and used a sum of two exponential functions,

f (t) = N1 exp(−λ1t) + N2 exp(−λ2t), (4.1)

which fits the curvature of the spectrum better. A fixed time range (∼ 50 ns)

around the peak position was excluded from the fitting. An ADATS fitted by the

“double-exponential” function is shown in Fig. 4.2.
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Figure 4.2: ADATS fitted by a double-exponential function. two vertical lines in

the magnified spectrum (bottom) indicate the peak range, which is excluded from

the fitting.

Since the intensity of the antiproton pulses fluctuates shot by shot, the peak area

had to be normalized by the intensity of the pulse. We defined “total area” as the

integral of ADATS from a fixed timing (usually ∼ 1µs after the antiproton arrival)

to the end of the spectrum (Fig. 4.3) . The value “peak-to-total” can be defined as

the peak area divided by the total area. Using this normalized value, the amount

of laser-induced annihilations of the pHe+ atom can be compared for a number of

antiproton pulses consistency.

As we used the analog method, spectra were recorded as digitized voltage of

analog signal and do not directly tell us the number of events. So we estimated

p
_
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Before 2004

p
_e-

++
He

Antiprotonic helium

Two theory calculations (▲and■) compared with experiment ●
Experimental & theoretical errors ~ 100 ppb

From The Review of Particle Physics (2004)

Improvements in 2004

AD Phase 1 Before 2004 2004

Natural width 0.1 - 100000 MHz ! !

Collisional Shift ~500 MHz <1 MHz

! RFQD

Collision width ~500 MHz ~1 MHz

Doppler width ~500 MHz ! Split by ~1/100

Laser band width

beaware of chirp
800~2000 MHz !

< 20 MHz

(pulse amplified CW)

Calibration 10 - 60 MHz !
~0

(frequency comb)

Achieved precision 60 ppb 10 ppb work in progress

PRL 91 (2003)PRL 87 (2001)



Improve laser band width and calibration

Frequency lock/scan unit
Frequency comb

Verdi (CW-Nd:YAG)

MBR-110 (CW Ti:S)

Infinity

(Pulsed Nd:YAG)

Pulse amplification

Chirp measurement

(Photodiode + log amp

+ digital oscilloscope)

Frequency Comb: calibration 

with atomic clock precision

Narrow-band-width CW laser 

locked to the freq. comb

Pulse amplification: narrow-

band high-power

Chirp compensation / 

measurement essential

2004 result, preliminary
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status of theoretical calculations

? (no ▲ yet)

th thave ave ave ave

theoretical errors have become smaller (still need to be improved)

these are predictions, not postdictions

experimental error bar < ±10 ppb (not shown in the figure)

▲
▲

▲
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▲
▲
▲

▲
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▲
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Expected outcome

1836.15272

1836.15270

1836.15268

1985 1990 1995 2000

20 ppb

2.1 ppb
0.46 ppb

2.8 ppb

mp/me vs CODATA years

note: alpha mass/proton mass known to 0.13 ppb

Antiproton mass measured 

to ~ ppb (10-fold 

improvement)

m(pbar)/m(e) may 

contribute to the 

fundamental constant



2004 Highlights

1. antiprotonic helium laser 

spectroscopy: 

~10 fold improvement

2. >30,000 antiprotons

@ 250 eV, 

slow-extracted over a period of 

10 s
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Figure 7: A schematic drawing of the MUSASHI trap (MRT)
and the extraction beamline, overlaid with a graph of magnetic
field strength and calculated trajectories of the antiproton beam
at 250 eV which was focused three times at variable apertures
(VA).
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Figure 8: Annihilation po-
sition of antiprotons ex-
tracted after varied periods
of application of the rotat-
ing wall field, showing effec-
tive compression of the an-
tiproton cloud.
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Figure 9: Position distribution of antiproton annihilation along the MUSASHI extraction beam-
line. The main part of the antiproton beam was transported efficiently before hitting a closed
gate valve (GV). In the last figure, absence of the main peak indicates successful beam transport
until the end of the beamline at the position of MCP2, where the track detectors had practically
no sensitivity.
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Ultra-slow beam production scheme

compression of pbar 

cloud in the trap (rotating 

RF for 100~400 s)

30,000 pbars (250 eV) 

delivered to the target 

position

pulse width ~10 s

From

RFQD
catch,

cool,

compress,

extract



Efficiency 

# of pbars
survival fraction note

AD 3 x 10
7

per AD shot

30%
RFQD 9 x 10

6

20%
Isolation foil 6 x 10

6

5%
Captured 1.5 x 10

6

4%
Cooled 1.2 x 10

6 compression time

100-400 s
1.6%

Extracted 5 x 10
5

every 3-5 AD 

shots
1%

Delivered 3 x 10
5

Part 2
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Figure 1.3: Energy level diagram of p4He2+
ions and p4He+

atoms. Wavelengths of five p4He+

transitions used to ionize the electron are indicated in nanometers. Curved lines indicate Auger
transitions to ionic states, red arrows radiative transitions in the pHe2+ ion.

the antiproton. It leads to a splitting of each state (n,L) into a quadruplet (cf. Fig 1.4), with
the dominant splitting arising from the interaction of !Lp with the electron spin !Se with angular
momentum !F = !Lp+!Se (called hyperfine (HF) splitting). The interaction of the antiproton spin
!Sp with the other moments leads to a further splitting called superhyperfine (SHF) splitting,
where the total angular momentum is given by !J = !F+ !Sp.

In 2001 and 2003 we performed measurements of the hyperfine structure (HFS) of the
(n,L) = (37, 35) state of antiprotonic helium using a laser-microwave-laser resonance method
(see below). We measured the two microwave induced transitions with frequencies ν+

HF and ν−
HF,

resp., with a relative precision of 3 × 10−5 [17]. The values agree with recent theoretical calcu-
lations [18–20] on a level of 6 × 10−5, which roughly corresponds to the estimated theoretical
accuracy. The measured microwave resonance frequencies, ν+

HF and ν−
HF, are primarily sensitive

to the p orbital magnetic moment, and constitute a first measurement of the orbital g-factor
for either proton or antiproton with an accuracy of 6 × 10−5. On the other hand, the splitting
between ν+

HF and ν−
HF is caused by the p spin magnetic moment !µp which is currently known with

a precision of 0.3% [21]. The experimental error on ν+
HF – ν−

HF is much larger that the precision
on each frequency, yielding a value for !µp with an error of 1.6%. The theoretical precision for
ν−
HF– ν+

HF is the same as for each value separately (5 × 10−5), so that no new calculations are
needed if the experimental precision could be improved.

As shown below, an improvement of the experimental accuracy by one order of magnitude is
possible using the newly developed pulse-amplified cw laser system which has a much narrower
band width, better shot-to-shot frequency stability, longer pulse width and longer time delay

5

Antiprotonic helium atoms & ions

antiprotonic helium atom: 

2-photon spectroscopy to eliminate 

the Doppler width (to reach <<1 ppb)

antiprotonic helium ion " 

free from theoretical errors

antiprotonic helium atom microwave 

spectroscopy: improve antiproton 

magnetic moment

HFS " magnetic moment

HFS measurement, 726-nm laser + 13GHz microwave,  so far limited by laser

with the new laser, accuracy improvement possible

antiproton µ known only to 0.3%, ASACUSA 2001 was 1.6%

In 2006 we will measure antiproton µ to << 0.1%

Widmann et al.,

PRL 89 (2002)
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Figure 17: Same as Fig. 11, but with the 2004 PRELIMINARY result added.

higher gas density should be reached. However, we found that we could only reach a gas density
15% of that obtained with the baffle. Using the baffle in our next run, therefore a factor 7 higher
signal rate can be expected.

In conclusion, given approximately one month of beam time in 2006, we can obtain compre-
hensive data on the total cross sections for ionization of atoms by slow antiproton impact with
the present setup.
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Figure E.2: A photo of the collision chamber connected to the MUSASHI beamline

With the MCPPSD, antiprotonic atom formation cross section differential to momentum
transfer can be obtained, which is particularly interesting in the case of molecular targets.

At the target density described above, the reaction probability is ∼ 0.1%. Considering that
the number of antiprotons extracted to the target area was a few hundred thousands every three
AD shots, two energy points will be obtained with one shift.

A closed gas re-circulation system was designed for H2 and D2 targets to make the experi-
ments safely, which consists of (1)gas supply system, (2)buffer and purifying system, and (3) the
collision chamber. The gas supply system is to refill the gas into the re-circulating route at the
beginning of the experiments. The buffer and purifying system is to remove oil mist from the
re-circulating target gas. The gas cell placed on the cryohead is cooled down to 30K to increase
the target density with relatively low pressure (37 Torr), which allows to operate the supersonic
gas jet at relatively low gas load to the evacuation system of the expansion chamber.

E.2 Antiprotonic atom formation processes II: Collisions of su-
personic gas-jet beams with trapped antiprotons

In order to study the antiprotonic atom formation processes in the meV range, a well-collimated
supersonic gas jet with an internal temperature of a few µeV is injected in an antiproton target
stored in a MRT (multi-ring trap) installed in a compact superconducting solenoid as shown in
Fig. E.3

Antiprotons are transported from the MUSASHI trap, and stored in the MRT. In this ex-
periments, all the antiprotonic atoms effectively annihilate in the trap, and the number of

69

E. Technical details of atomic-collision experiments

E.1 Antiprotonic atom formation processes I: Collision of 10-
100eV extracted antiprotons with supersonic gas-jet target

 Ultra slow
p beam

Supersonic
Gas Jet

MCP PSD50cm

Figure E.1: A drawing of the collision chamber with a supersonic gas-jet target and a part of
the MUSASHI beamline

Figure E.1 shows a drawing of the experimental setup. Antiprotons of 10-100eV extracted
from the MUSASHI trap [156] are injected in the collision chamber, focused on the supersonic
gas-jet target, and then detected by the MCPPSD (Microchannel plate position sensitive detec-
tor) placed downstream of the target. The collision chamber consists of an expansion chamber
with a gas cell cooled down ∼ 30 K, a collimation chamber, the main chamber, and 1st and
2nd dumps of the supersonic gas jet. The expansion chamber and the gas cell nozzle of the
supersonic gas-jet system are on a XYZ stage and are alignable against the skimmer fixed to the
collimation chamber with a precision of several tens µm. The target gas density of the present
setup can be 1 × 1013 cm−3 keeping the collision chamber pressure below 1 × 10−6 Torr, which
satisfies the requirements of the MUSASHI beamline.

Slow electrons released during the antiproton formation process are collected to the MCPPSD
by a parallel-plate electrostatic guide, which are used to select electron release events. Simulated
trajectories are drawn in Fig. E.1, which indicate that the released electrons can be focused on
a limited area of the MCPPSD. It was found that the antiprotons can be focused on a different
position with the same electric field configuration, which helps to improve the s/n ratio. Figure
E.2 shows a photo of the collision chamber together with the extraction beamline.

The antiprotonic atom formation cross sections will be measured for molecular targets (H2,
N2, etc.) as well as multi-electron targets (He, Ne, etc.) in the collision energy range of 10-
100 eV.

68

ready to run in 2006

Figure 10: The AIA apparatus.

Instead we “gave” our beam time that year to the trap group for them to use on extraction
development. Fearing a negative outcome of the difficult extraction development, we used 2003
to rebuild our apparatus to be able to perform a a fallback version of the experiment in 2004:
We built an electrostatic deflector which takes the RFQD beam directly, and selects an energy
bin of ∼10%. This is then transported to our target region. This means that we would not have
to raise the target to high voltage, but it also meant that our p̄ would arrive in bunches ∼200
nsec long. This makes it impossible to measure the TOF of each p̄-ion pair, and only a rough
TOF of the ions based on the timing signal of the AD can be obtained. Furthermore, it is not
possible to detect the number of antiprotons, and only a signal proportional to their number
can be obtained from our “end” channelplate running in current mode. Hence this measurement
hinges on a comparison between the signal measured at ∼20 keV and the signal measured at
lower energies. This would introduce more uncertainty into our measurements, but they are still
possible, since the cross section for single ionization has already been measured at 20 keV, see
Fig.l 11.

Since, with this method, it is not possible to accept more that ∼0.1 event per AD pulse,
we asked the AD technicians to develop a multipulse-ejection, so that each AD pulse could be
extracted in 3 or 6 bunches with some seconds interval.

3.2 Status report from our spring run.

Out of 22 beam shifts allotted to our experiment, we had beam only during 12 shifts. This was
mainly due to the problems with the AD electron cooler. We found the multi-pulse ejection
to work well. We used (as foreseen) 4-5 of the available shifts to tune the beam. However, for
the rest of the shifts, we found beam steering and optimization still to be troublesome, since

12

Figure 12: TOF spectrum showing He+ and He++ peaks.

It was decided to use the extra beam time available to the collaboration for a combined effort
to:

1. Establish and further develop the extraction from the trap into our AIA apparatus.

2. To measure ionization cross sections with AIA

3. To measure p̄-atom formation.

Unfortunately, a recurring blockage of the cooling loops of the superconducting magnet of
the trap caused a great deal of loss of beam time. Nevertheless, extraction into our apparatus
was obtained. We were able to get typically 6 × 104 antiprotons per spill onto our p̄ detector.
We had what amounts to 3 shifts of effective beam time. After that, the blockage happened
again, from which we were unable to recover by the end of the 2004 beamtime.

During our beamtime, we obtained TOF spectra for 25 keV p̄ with and without He gas
in the target cell, as well as a spectrum obtained with 10 keV p̄. One spectrum is typically
obtained during one shift, due to the time it takes to tune the extraction after the use by other
experiments of the p̄ beam.

The spectrum, which is shown in Fig. 13 was obtained with 3.88 × 106 p̄s passing the gas
cell. The other spectra have been renormalized to this number of antiprotons to facilitate a
comparison.

As can be seen in the spectra, there is a large background with broad features. It seems
to be independent of the target pressure. The origin of this background is not understood at
this time. Most p̄ annihilation products are emitted from the annihilation site instantly, which
should only give added signal in the “prompt” peak around channel 1880. However, muons
could be a source of the background, and we will investigate this.

In spite of this background, we are able quite clearly to observe the narrow peak stemming
from single ionization of helium atoms in Fig. 13 (channel 1600). This peak is absent in the
“no-gas” background spectrum shown in Fig. 14, and is shown in an expended view in Fig. 16.
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Figure 2.3: Experimental set-up for Ek ≈ 1 − 5 MeV.

nucleosynthesis took place, as a consequence of the later annihilation of the antinuclei. Thus
there are two stages of annihilation, the first one before nucleosynthesis, at T ! 70 keV, the
second well after nucleosynthesis, at T " 3 keV. The physics during the two regimes is quite
different. At first matter and antimatter are in the form of nucleons and antinucleons, after
nucleosynthesis they are in the form of ions and anti-ions.

The precise evolution of these processes is strongly affected by the values of the correspond-
ing cross sections. So the understanding of these phenomena could be seriously enhanced by
measurements of antinucleon–light nucleus annihilation cross sections in the keV-MeV region.

On the other side, a comparison between data on light and heavy nuclei could permit to
understand the real role of general quantum principles and of the nuclear surface.

2.2 Strategy of the measurements

2.2.1 Experimental technique for Ek ≈ 1 − 5 MeV

In order to investigate the dependence on the mass number of the p̄-nucleus annihilation cross
sections in the MeV region, we propose the experimental setup shown in Fig.2.3. The p̄ beam
from the AD will be focused on the entrance window of a target (∼ 1.5 m long, 25 cm in
diameter). The detector is a Scintillating Fiber Tracker, as shown in Fig.2.4, by which it will be
possible to reconstruct the annihilation vertex by tracking at least two of the outgoing charged
mesons. Thanks to the good time resolution (∼1 ns) of this detector, we will disentangle tracks
from different vertices. We will start data taking after antiprotons enter the gaseous target
within a 40− 50 ns time gate, to avoid signals due to mesons from annihilation on the end wall.
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Figure 2.4: Experimental set-up. Each module has 20 × 40 cm2.

We will use gaseous targets (3He, 4He, H2, D2) at ≈ 50 mbar pressure and/or thin solid
targets (like C, Si with thicknesses of the order of 1 µm). The good knowledge of p̄ annihilation
cross sections in H2 (Fig.2.1) will be useful. If we admix percentages of heavier atoms (Ne,
Xe) or molecules into H2 targets and compare the annihilation rates we will obtain ratios of
annihilation cross sections in an unbiased way. Also, it will be possible to optimize data taking
and analysis by inserting a thin solid target in H2 gas and successively in the other gases to
realize normalization and minimize errors in the ratios of annihilation cross sections on different
nuclei.

We assume to acquire at least 10 events per AD shot: so in some hours we will obtain
annihilation cross sections with 5% − 10% accuracy per sample, eventually taking advantage of
the AD extraction mode in which each pulse is divided into 9 subpulses. Thanks to the AD-
RFQD beam line of the ASACUSA collaboration in two weeks it will be possible to describe a
good scenario for different nuclei and energies.

2.2.2 Experimental technique for Ek !1.5 keV

The proposed experimental setup is based on the Monoenergetic Ultra-Slow Antiproton Source
for High-precision Investigation (MUSASHI), that releases antiprotons with energies in the range
10-1500 eV in a time interval 1 − 10 s.

Low-energy antiprotons will enter a gaseous target (Fig.2.5) at low density (P ! 10−2 mbar):
the tracker acquisition gate will start at the p̄ starting time and will be open for 1 − 10 s. All
p̄ annihilations can be acquired (acquisition rate of the order 106 Hz). The off-line selection of
the fiducial volume will realize the collection of the in flight annihilation events. We will collect
signals from annihilations on the lateral wall too, due to Rutherford scattering, and on the end
wall. If p̄ annihilation cross-sections scale as 1/v2, at 10−3 mbar pressure we will have some
reconstructed in flight annihilation events per 106 antiprotons. We will use dilute samples of
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Experimental and theoretical studies of the spectrum of
hydrogen (H) have historically been connected to several
major advances in physics [1]. The recent production and
observation of antihydrogen (H) [2,3] makes it plausible
to consider a new class of spectroscopic measurements
involving high-precision comparisons of the spectra of H
and H [4]. The two-photon 1S-2S transition has received
much attention because an eventual measurement of the
line center to about 1 mHz, corresponding to a resolution
of one part in 1018, appears feasible [5]. It has already been
measured to 3.4 parts in 1014 in a cold atomic beam of H
[6] and to about 1 part in 1012 in trapped H [7]. Proposed
H spectroscopic investigations involve both beam and
trapped-atom techniques [8,9].
We consider here the use of spectroscopy of free or

magnetically trapped H and H to search for CPT and
Lorentz violation. The discrete symmetry CPT is an in-
variance of all local Lorentz-invariant quantum field theo-
ries of point particles [10], including the standard model
and quantum electrodynamics (QED). However, the situ-
ation is less clear for a more fundamental theory combin-
ing the standard model with gravity, such as string theory,
where spontaneous breaking of these symmetries may oc-
cur [11]. Low-energy manifestations would be suppressed
by a power of the ratio of the low-energy scale to the
Planck scale, so only a few exceptionally sensitive experi-
ments are likely to detect them.
In this paper, we show that effects of this type from the

Planck scale can appear in H andH spectra at zeroth order
in the fine-structure constant. Moreover, these effects are
theoretically detectable not only in 1S-2S lines but also in
hyperfine transitions.
Our analysis is performed in the context of a standard-

model and QED extension [12] incorporating the idea of
spontaneous CPT and Lorentz breaking at a more funda-
mental level. This quantum field theory appears at present
to be the only existing candidate for a consistent exten-
sion of the standard model based on a microscopic theory
of CPT and Lorentz violation. Desirable features such as
energy-momentum conservation, gauge invariance, renor-
malizability, and microcausality are expected [12]. The
theory has been applied to photon properties [12], neutral-
meson experiments [11,13–15], Penning-trap tests [16],
and baryogenesis [17].

We begin with a study of the spectra of free H and
H. For this case, the standard-model extension gen-
erates a modified Dirac equation for a four-component
electron field c of mass me and charge q ! 2jej in
the proton Coulomb potential Am ! !jej"4pr , 0#. With
iDm $ i≠m 2 qAm, this equation (in units with h̄ !
c ! 1) is

!igmDm 2 me 2 ae
mgm 2 be

mg5gm

2
1
2He

mnsmn 1 ice
mngmDn 1 ide

mng5gmDn#c ! 0 .
(1)

The two terms involving the couplings ae
m and be

m violate
CPT , while the three terms involving He

mn , ce
mn , and

de
mn preserve CPT . All five couplings break Lorentz
invariance and are assumed to be small [12]. A modified
Dirac equation also exists for a free proton [16], and it
contains corresponding couplings ap

m, bp
m, Hp

mn , cp
mn , and

dp
mn [18].

To examine the spectra of free H and H, it suffices to
perform a perturbative calculation in the context of rela-
tivistic quantum mechanics. In this approach, the unper-
turbed Hamiltonians and their eigenfunctions are the same
for H andH. Moreover, all perturbative effects from con-
ventional quantum electrodynamics are also identical for
both systems. However, the CPT - and Lorentz-breaking
couplings for the electron and positron can provide differ-
ent Hermitian perturbations to the Hamiltonians describ-
ing H and H. The explicit forms of these perturbations
are found from Eq. (1) by a standard procedure involv-
ing charge conjugation (forH) and field redefinitions [16].
Similarly, CPT - and Lorentz-breaking couplings for the
proton and antiproton generate additional energy perturba-
tions. These can be obtained to leading order using rela-
tivistic two-fermion techniques [19].
Let J ! 1

2 and I ! 1
2 denote the (uncoupled) electronic

and nuclear angular momenta, respectively, with third
components mJ , mI . The energy corrections for the basis
states jmJ , mI % can then be calculated perturbatively. To
leading order, we find that the energy corrections for
spin eigenstates of protons or antiprotons have the same
mathematical form as those for electrons or positrons,
except for the replacement of superscripts e with p on the
CPT - and Lorentz-violating couplings.
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Figure 1.1: Three experimental values (large numerical letters) of the 1S-2S transition frequency,
2S-2P Lamb shift and the 1S hyperfine frequency of hydrogen are presented together with the
theoretical uncertainties. Known information on CPT symmetry is also shown (cf. Table 1.1).

∆CPT (X) =
X(antiparticle) − X(particle)

X(particle)
. (1.1)

Although relative precisions like those of equation 1.1 are dimensionless, care must be taken
in interpreting them. First, the scale of X is ambiguous in definition. Thus, ∆CPT of the 1S
binding energy of hydrogen must have the same significance in terms of CPT invariance as ∆CPT

of the total energy including the rest mass of the 1S state of hydrogen, but differs from it in
absolute magnitude by 8 orders. Second, symmetry violations of all kinds depend on the nature
of the physical observables involved. For instance, parity violation dominates only the weak
interaction world and CP violation occurs only in the neutral K and B mesons. Nobody knows
in which physical quantities CPT violation may appear.

The 1S-2S frequency for hydrogen and antihydrogen

The 1S-2S transition energy is primarily determined by the electron or positron Rydberg con-
stant, as this is directly proportional to the reduced electron-proton (positron-antiproton) mass.
Thus (as Fig. 1.1 illustrates) the positron mass determines the first significant figure of ν1S−2S

for antihydrogen while the antiproton mass only begins to take effect at the fourth digit. The
theoretical uncertainty for the hydrogen atom is in the eleventh digit [34, 35] and is due to un-
certainty of the experimental knowledge of the proton radius. Its value is determined from fits
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atom cloud and m the mass of an antihydrogen atom. Typical Maxwell distributions and mean
velocities are given in Fig. A.1.
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Figure A.1: Maxwellian velocity distribution for various temperatures of the produced antihy-
drogen.

A.3 Antihydrogen beam transport in sextupole fields

The magnetic energy of a hydrogen atom of magnetic moment !µ in a magnetic field !B(!r) is

Vmag = −!µ · !B. (A.2)

Thus, the neutral atom feels a force

!F = −grad V = grad (!µ · !B). (A.3)

If a moving antihydrogen atom experiences changes of the magnetic field !B that are slow com-
pared to the Larmor frequency, its magnetic moment will adiabatically follow the magnetic field
lines, keeping its projection onto them constant. The product !µ · !B will therefore only depend
on the magnitude of !B (provided !µ is constant), not on its direction.

Sextupole magnets are commonly used to focus neutral atoms. A sextupole field is described
by a scalar potential S with form (in cylindrical coordinates r,φ, z)

S(r,φ) = C r3 sin 3φ (A.4)

The magnetic field following from !B = −grad S has the cylindrical coordinates (3Cr2 sin 3φ,
3Cr2 cos 3φ, 0). Its magnitude is then simply given by

B(r) = 3C r2 = cr2, (A.5)

The magnetic field lines of a sextupole field are shown in Fig. A.2. They are produced by
magnetic poles of alternating polarity shaped as equipotential surfaces of S(r,φ).

The bending force as defined in Eq. (A.3) becomes then

!F = grad (!µ · !B) = grad (µB(r)), (A.6)
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Temperature, velocity, rate (Monte Carlo)
Schrödinger equation and is given in many textbooks [116] as

P12 =
4b2

4b2 + (ω − ω0)2
sin2

[
1
2
√

4b2 + (ω − ω0)2 T

]
(A.12)

with !ω0 = E2 − E1 being the energy difference between the two states and b the transition
amplitude which depends on the strength of the oscillating magnetic field B0 and the transition
dipole moment. The probability has a maximum for bT = π/2, which defines the relation
between the cavity length L = vzT and B0. Since the only observable transitions are those
flipping the positron spin, the transition dipole moment is of the order of a Bohr magneton.
Then, in the case of vz ∼ 500 m/s and L ∼ 20 cm, a magnetic field amplitude of B0 ∼ 5× 10−4

Gauss is needed.
For a given velocity, the width of P12(ν) is given by δν = 0.799/T , which for the above

parameters yields δν = 2.2 kHz and δν/νHF= 1.6 × 10−6. The Monte-Carlo simulations for the
double focusing experimental layout show (e.g. Fig. A.6) that the velocity distribution after the
double solenoid is rather narrow (FWHM ∼ 25 m/s for v = 350 m/s), so that the final resonance
line width will not be significantly broadened. With good enough statistics, the center of the
resonance line can easily be determined with a relative precision of 10−6 or better.
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Figure A.6: Velocity distribution inside the microwave cavity for those H atoms which were
detected after the second sextupole.

A.7 Antihydrogen detection

When antihydrogen atoms collide with matter, the annihilation of both antiproton and positron
can be used to uniquely identify H atoms. As shown in the following section on the production
methods, the double sextupole structure is only transparent to H atoms in the desired spin states.
All other H atoms will annihilate around the formation region or inside the sextupoles, and by
applying proper shielding, the annihilation products can be kept from reaching the antihydrogen
detector region. This way, a detection efficiency of 100% for antihydrogen atoms can be easily
obtained without serious background.
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Figure B.2: Top view of proposed antihydrogen experiment, including spectrometer for HFS
spectroscopy.

6. calorimetric detectors, c.f. lead tungsten scintillators read out by photomultipliers, used
to detect the annihilation of antiprotons and positrons with a large solid angle, but with
limited spatial resolution and no vertex reconstruction capabilities,

7. two sextupole magnets and radiofrequency cavities comprising an atomic beam line, used
for GS-HFS measurements of antihydrogen atoms emitted from the Paul trap.

All the Paul traps will be placed in a common ultra-high vacuum chamber, and cryogenically
cooled to T = 1.6–4.2 K to reach a residual pressure of P < 10−13 mb corresponding to an an-
tiproton lifetime τ = 1 hour against annihilation on residual gas molecules. Similar vacuum and
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Proposed setup - overview
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Einzel lens
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Superfluid cooling

Paul trap electrodes

Bypass valve

Return helium

Static electrode

Figure B.5: Cross-section view of the superconducting linear Paul trap and cryostat for antipro-
ton capture and cooling.

RF properties of the cavity show that the largest heat dissipation occurs on the top flange of the
cavity (estimate ∼ 1 W), and an additional few hundred milliwatts are dissipated on each of the
four stems supporting the Paul trap. In order to maintain the temperature of these locations
below the superconducting transition point, the cavity walls are directly cooled by superfluid
helium housed in a titanium reservoir welded onto the outside of the cavity. Part of the superfluid
helium is brought down from the reservoir through the hollow stems and allowed to flow through
the Paul trap electrodes and cool them. Liquid helium is constantly filled into the reservoir (i.e.
a “constant flow cryostat”) from a nearby 500-liter-dewar, and cooled to superfluid temperatures
by the pumping out of helium gas through a heat exchanger. A radiation shield is fixed to the
outside of the cavity, and cooled by liquid helium flowing through pipes welded onto the shield
surface.

The vacuum inside the cavity (maintained by cryogenic pumping at T = 1.6 K to a level
< 10−13 mb needed to attain an antiproton lifetime ∼ 10 min) is separated from that of the
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C. Production of a spin-polarized H̄ beam with a
cusp trap

The key objective for either laser or microwave spectroscopy of antihydrogen atoms is to prepare
an adequate number of them in the 1S ground state at low temperature and to confine these in
a neutral atom trap. The principal mechanisms for antihydrogen atom synthesis are three body
recombination processes in a high density, low temperature plasma. This inevitably results in
the high-Rydberg state atoms which are not suitable for spectroscopic purposes. In the present
section, a cusp trap scheme is proposed in which these antihydrogen Rydberg states may not
only be synthesized at low temperatures but also trapped at for a time long enough to allow most
of them to cascade down to the ground state for subsequent use in a variety of experiments. The
cusp trap consists of a magnetic quadrupole (cusp) field formed by a pair of superconducting
solenoids together with an electrostatic octupole [134]. The operation principle of this field
configuration is described below.

Figure C.1 shows an overview of the experimental setup used for the 1S ground state hyperfine
splitting measurements with the cusp trap scheme. The central part is schematically shown in
fig. C.2, which consists of the cusp trap for synthesizing a beam of 1S antihydrogen atoms in
low-field seeking (LS) states, a microwave cavity for inducing spin flip transitions to high-field
seeking (HS) states, a sextupole lens which focusses LS- but de-focuses HS-states emerging from
the cavity and an antihydrogen detector. The upper right corner of fig.C.2 shows schematically
the expected antihydrogen count rate on the detector as the RF cavity frequency passes through
the hyperfine transition frequency. The depth of the resonance is primarily determined by
contamination from excited-state antihydrogen atoms.

MRT

positron source

electron 
emitter

cusp trap

sextupole 
magnet

microwave 
cavity H detector

  p from 
  RFQD

focusing
solenoid

MUSASHI Trap 
(catching & cooling of  p)

Figure C.1: An overview of the experimental setup of the cusp trap scheme. The main com-
ponents of the setup are the MUSASHI trap for catching and cooling of antiprotons from the
RFQD, the positron source see Sect. D), the cusp trap, the microwave cavity, the sextupole
magnet, and the antihydrogen atom detector.
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An alternative method (cusp trap) under study
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Figure C.4: A trajectory of antiprotons with negatively biased outer electrodes. It is seen
that antiprotons are stably confined. The dotted lines indicate that these parts are made by
mesh electrodes so that the synthesized antihydrogen can be extracted with high transmission
efficiency.

C.3 Synthesis of Spin-Polarized Antihydrogen Beam

As explained above, cooling of the antiprotons results in an electrically neutral mixture of
positrons and antiprotons condensing near the central region of the trap. Consequently, the
recombination of antiprotons with positrons can be expected to take place at much lower tem-
perature than the case for a nested trap configuration [105, 106].

It is quite difficult to evaluate the velocity distribution or a temperature of LS antihydrogen
atoms in the cusp trap on account of unknown factors such as (among others) (1) the velocity
dependence of the recombination rate in a magnetic field, (2) the re-ionization rate via motional
Stark effect, (3) the spin-exchange rate due to collisions with dense positrons in the trap (LS-HS
conversion). In the following discussion, we would nevertheless assume that the antihydrogen
atoms are in 1S state and have a Maxwell-Boltzman distribution.

The resulting antihydrogen atoms can be focused or even be trapped depending on their
kinetic energies as follows. Let ’s assume an antihydrogen atom is formed in the 1S state
with total spin F=1 near the center of the cusp trap, where the magnetic field is very small.
When such an atom enters a non-zero magnetic field region, its state splits into the triplet
(F,MF ) = (1, 1), (1, 0), (1,−1) according to its total magnetic quantum number MF . As the
Breit and Rabi diagram [137] shows, the magnetic moment µ in the (1,1) and (1,0) states is
anti-parallel to the magnetic field B; antihydrogen atoms in these states ’prefer’ weaker fields
and move into them. They are therefore called low-field seekers (LS). High-field seekers (HS)
(the (1,-1) and (0,0) states) have µ parallel to B and are attracted towards higher fields. In the
case of (1,1) and (1,-1) states, µ has no dependence on | !B|, although it varies with | !B| for the
states (1,0) and (0,0).

The force on an antihydrogen atom, !f , and its potential energy, W , at a position !r(= (r, θ, z))
can be written in terms of an effective magnetic moment µeff > 0 as

!f(!r) = sµeff (| !B(!r|)∇| !B(!r)|, (C.1)

W (!r) = s

∫ !r

0
µeff (| !B(!r)|d(| !B(!r)|) (C.2)
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Figure C.7: Drawing of the superconducting quadrupole magnet.

Figure C.8: Photograph of the superconducting quadrupole magnet.
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allocation to these 

experiments will be 

increased in 

coming years

Assuming that AD will operate some 20+ weeks in 2006, we plan to allocate about 2/3 of
the beamtime for the experiments discussed in Part I to take data and to produce immediate
physics results. During the 18-month shutdown, many of the setups described in Part II and in
Appendices B and D will be constructed, which will be commissioned using the remaining 1/3
of the beamtime.

Experiments discussed in Part I
Measurement Number of weeks
Spectroscopy

p̄ He two-photon spectroscopy, p̄ He ion (Part I, Sect. 1.1,1.2) 4
p̄ He hyperfine splitting (Part I, Sect. 1.3) 4

Atomic collision
Ionization cross section (Part I, Sect. 2.3) 4
p̄ A (Sec. 2.2) 3

Subtotal 15

Experiments discussed in Part II
Nuclear cross section (5 MeV beam: Part II, Sect. 2.2.1) 2
Antihydrogen GS-HFS (Part II, Sect. 1.1)

Paul trap commissioning 2
Cusp trap commissioning 2

Subtotal 6

Total 21

From 2007 onward, as Paul and cusp traps become better tuned, we will allocate more
weeks for antihydrogen GS-HFS experiments, gradually phasing out the antiprotonic helium
spectroscopy and atomic collision experiments described in Part I.
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