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A. Introduction

ATRAP spent the CERN shutdown time upgrading and commissioning new apparatus. A
substantial effort also went into moving its control barrack and experimental preperation area to
make room for the competing BASE experiment.

For the antihydrogen experiments, the first low inductance Ioffe trap with side windows for
optimal laser cooling was completed. This trap was demonstrated and shown to work extremely
well. For the antiproton magnetic moment measurement, the trap apparatus we used to make
the 680-times improved comparison of was modified to make it possible to make more precise
measurements in the future. The success of both upgrades bodes well for 2015.

The control barrack was moved to the new location outside the AD Hall. By the end of 2014
we were mostly able to control routine operations at our experiments from the remote location.
The platform built as part of the overall relocation is very functional and is much safer than what
was previously available. Because it was completed much later than had been scheduled, just as
the antiprotons were starting to arrive, the result is that much remains to be done during 2015.

B. Review of Motivations

1. Tests of CPT Invariance

Whether reality is invariant under CPT transformations is fundamentally an experimental ques-
tion. A primary motivation for this research program is to use precise laser spectroscopy to probe
for tiny difference between antihydrogen (H) and hydrogen atoms, thereby providing the most
sensitive tests of CPT invariance with baryons and leptons.

Experimental tests have made physicists abandon widely held but mistaken assumptions about
fundamental symmetries – first that reality is invariant under P transformations and second that
reality is invariant under CP transformations. The current assumption, that reality is invariant
under CPT, is based in large part upon the success of quantum field theories (QFT) for which
there is a CPT theorem if plausible assumptions (like causality, locality and Lorentz invariance)
are made. Of course, this argument cannot be universal since gravity does not fit into a QFT.

String theory has no intrinsic CPT invariance except when taken to the limit of a quantum field
theory. Theoretical investigations of possible CPT violations have thus been studied in the context
of string theory [1, 2]. One widely used parametrization [3] considers standard model extensions that
arise if Lorentz violations are not excluded, whether these originate in string theory or elsewhere.
Quantitative comparisons of existing CPT tests and possible H measurements [4] were provided.

A reasonable requirement for a CPT test with H and H is that it eventually be more stringent
than existing tests with leptons and baryons. Table 1 distinguishes the precision of the CPT test
from the measurement precision since these can be very different. The most precise baryon CPT
test is the 9× 10−11 (90 ppt) comparison of the charge-to-mass ratios of the p and p carried out as
part of this research program [5]. For that measurement, as for proposed H and H comparisons, the
CPT test accuracy is the same as the measurement accuracy, so extremely precise measurements
are required to probe CPT invariance at an interesting precision.

The most accurate direct tests of CPT invariance are represented in Table 1 and Figs. 1-2. The
CPT tests with leptons and mesons involve free enhancement factors that make the precision of
the CPT test substantially greater than the measurement precision. The most precise lepton CPT
test is a 2×10−9 comparison of measured magnetic moment anomalies of electron and positron [6],
interpreted as a comparison of magnetic moments at 2 × 10−12. A single meson CPT test is even
more precise [7]. The delicately balanced nature of the unique kaon system makes it possible to
interpret a measurement precision of only 2×10−3 as a comparison of the masses of the K0 and K̄0

to an astounding 2× 10−18. One theoretical suggestion [1] is that quantum gravity could produce
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Table 1: Comparing the Precise CPT Tests for the Three Species of Particles

CPT Test Accuracy Measurement Accuracy Enhancement Factor

Mesons (K0K̄0) 2× 10−18 2× 10−3 1015

Leptons (e+e−) 2× 10−12 2× 10−9 103

Baryons (pp̄) 9× 10−11 9× 10−11 1

a CPT violation which is smaller by about a factor of 10.
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Figure 1: CPT Tests (primar-
ily from the Particle Data Group
compilation). Charge-to-mass ra-
tio comparisons are included in
“mass” measurements.

Figure 2: Relevant accuracies for the precise 1s - 2s spec-
troscopy of antihydrogen are compared to the most stringent
tests of CPT invariance carried out with the three types of
particles: mesons, leptons and baryons.

2. TRAP/ATRAP Carried Out the Most Precise Symmetry Tests Carried out
at the CERN’s LEAR and AD

The precise comparisons of antimatter and matter systems, to test the fundamental symmetries
of the Standard Model, have been carried out by ATRAP at the AD, and by the TRAP team from
which it developed at LEAR.

1. The TRAP comparison of the charge-to-mass ratios of the antiproton and proton to 9 parts
in 1011 is by far the most precise test of CPT invariance with a baryon system. (This
measurement together with an ASACUSA measurement have been interpreted as much less
precise and less direct comparisons of the charges and masses of these particles.) More details
and the current status will be discussed in a following section.

2. Comparison of antiprotons and proton gravity to 1 part in 106 using the gravitational red
shift. (This is 108 times more precise than a gravitational comparison reported recently at
the AD.) More details and the current status will be discussed in a following section.

3. Comparison of the antiproton and proton magnetic moment to 5 parts in 106. More details
and the current status will be discussed in a following section.
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Since much of the focus at the AD is often upon comparisons of antihydrogen and hydrogen, it is
worth noting that no scientifically interesting comparisons of antihydrogen and hydrogen have yet
been carried out.

3. Antihydrogen Spectroscopy Offers the Prospect of Higher Accuracy CPT
Test with Leptons and Baryons

In principle, the comparisons of H and H could make possible a CPT test at the meson preci-
sion. The 1s-2s transition has an extremely narrow fractional linewidth of only 5× 10−16. With a
measurement signal-to-noise ratio of 200, line splitting by this factor would allow a comparison at
the kaon precision. There are serious obstacles to attaining this extremely high precision, however,
including a small number of available anti-atoms, a 2.4 mK laser cooling limit, a second-order
Doppler shift, and possible Zeeman shifts depending on the configuration of the magnetic trap.
Nonetheless, even a measurement at an accuracy of 10−13, the level at which the difficulties men-
tioned may be manageable in the first traps [8], would give a substantially improved CPT test
involving leptons and baryons.

The most precise laser spectroscopy of hydrogen attained so far [9] was obtained with a hydrogen
beam by one group in this collaboration [10]. The narrowest observed width is still much wider
than the natural linewidth (Fig. 2) but we expect that steady and substantial improvements in
accuracy will continue as they have been for many years. If such a narrow line were available for
H as well as H, the signal-to-noise ratio would be sufficient to allow the frequencies to be compared
to at least 1 part in 1013, a large increase in precision over the current tests involving baryons and
leptons. The first use of cold trapped H for 1s-2s spectroscopy [11], in an environment similar in
many respects to that we hope to arrange for H, comes very close to this linewidth, with substantial
improvements expected if laser jitter had been reduced.

The ratio of the 1s-2s transition frequencies determine a ratio of Rydberg constants. In terms
of other fundamental constants,

R∞(H̄)

R∞(H)
=

m[e+]

m[e−]

(
q[e+]

q[e−]

)2 (
q[p̄]

q[p]

)2 1 +m[e+]/M [p̄]

1 +m[e−]/M [p]

(assuming the long range Coulomb interaction is the same for H̄ and H). The only ratios on
the right that have been measured accurately are the electron-to-proton mass ratio and the ratio
of the electron and proton charges. This CPT test comparison thus clearly involves fundamental
lepton and baryon constants but in a combination which makes it difficult to simply interpret
the comparison as a measurement of the electron-to-positron mass ratio, or any other such simple
ratio. The comparison of 1s-2s transition frequencies measured for H and H would be a test of
CPT invariance that involves the charges and masses of leptons and baryons at an unprecedented
precision. Fig. 2 shows how the precision scales for H 1s - 2s spectroscopy (mentioned above)
compares favorably with that attained in existing CPT tests with leptons, mesons and baryons.

4. Gravitational Force on Antimatter

A second motivation for experiments which compare cold H and H is the possibility to search
for differences in the force of gravity upon antimatter and matter [12]. Making gravitational
measurements with neutral H certainly seems much more feasible than using charged p, for which
the much stronger Coulomb force masks the weak gravitational force. Depending upon how cold
is the antihydrogen we eventually achieve, it may be possible to measure the gravitational force on
trapped H [13], by adapting methods for measuring the free fall of cold atoms released from a trap
[14], perhaps by ionizing H− with a laser just above threshold, after first sympathetically cooling
them to an extremely low temperature in an ion trap [15]. We are intrigued by the possibility of
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experimental comparisons of the force of gravity upon H and H, and will pursue this direction when
the techniques are sufficiently advanced to permit attaining an interesting level of precision.

However, it seems very unlikely that one can attain the precision that we at TRAP attained
[16] in comparing the gravitational red shift of an antiproton cyclotron clock with a proton clock
[17]. This comparison showed that gravity is the same for a proton and antiproton to 1 part in 106.

C. ATRAP Status and Goals

1. ATRAP History and Methods

Especially for the sake of new members to the SPSC, we note that the basic antiproton methods
now used by all antihydrogen and antiproton collaborations were developed by the TRAP collabo-
ration which evolved into ATRAP. Antiprotons were slowed in matter and trapped with the sudden
application of a potential [18]. The antiprotons were then cooled with electrons to produce antipro-
ton energies about 1010 times lower than had previously been produced. Antiproton accumulation
(called stacking) was demonstrated soon after [19] and later reported in detail [20]. CERN’s An-
tiproton Decelerator(AD) was built so that the antihydrogen aspirations could be realized. Five
collaborations approved by the SPSC are using or planning to use these methods.

The proposal to make cold antihydrogen using cold, trapped antiprotons was laid out by some
of us in the TRAP collaboration back in 1987 [21], not long after the first antiprotons were trapped
[18]. The production of antihydrogen cold enough to capture in a neutral particle trap for precise
laser spectroscopy was proposed at the same time.

2. Dual ATRAP Goals that Remain the Same

From its beginning, ATRAP announced, pursued, and reported to the SPSC each year on two
long term goals. These goals were laid out by some of us long ago. They have not changed.

1. Producing cold antihydrogen, trapping cold antihydrogen in its ground state, laser cooling the
trapped antihydrogen, and performing precise spectroscopic and gravitational comparisons of
trapped antihydrogen and hydrogen.

2. Making precise comparisons of the properties of the antiproton and the proton – their mag-
netic moments and their charge-to-mass ratios in particular.

In subsequent sections we discuss the ATRAP antiproton beam line that was built with two ports
to make it possible to purse both goals simultaneously. Almost all of the available antiprotons go
to the antihydrogen experiments. However, a small fraction of the antiprotons can be skimmed off
as often as once per day, or as seldom as once per month, as needed.

3. Status and Immediate Objectives of Precise Comparisons of the Antiproton
and the Proton

Magnetic Moments

Preparations for the ATRAP antiproton magnetic moment measurement were carried out at
Harvard. In 2010, the first observations of self-excitation and feedback cooling of a single trapped
proton were reported [22]. In 2012 the first one-particle measurement of the proton magnetic
moment was reported [23].

In 2013, ATRAP made the first one-particle measurement of the antiproton magnetic moment,
the only such measurement so far, achieving a 680 times more precise measurement than had been
realized with any other method. Our report on this measurement [24] was widely celebrated.

5



Great additional improvements in precision, perhaps as much as 1000 to 10,000, may be possible
with the use of quantum methods. A demonstration experiment that made use of one trapped
antiproton demonstrated that individual spin flips of a single antiproton could be observed [25].

The antiproton magnetic moment apparatus used to make the first one-particle comparison of
the antiproton and proton was available for proton operation at CERN, and for antiprotons once
they become available in 2014.

However, as we waited for the 2014 antiprotons, we decided to take advantage of the CERN
shutdown time to rearrange the electrodes and the cryogenics of the trap apparatus to make the
magnetic field much more homogeneous within the precision Penning trap. The result is that in
2014 we were able to load antiprotons into an apparatus that is now ready to make much more
precise measurements than was possible before.

Before beam time in 2015 we will be attempting to use protons to tune the traps in situ at CERN
in preparation for doing more precise antiproton measurements when they become available. Once
antiprotons are again available, the goal for 2015 is to make a comparison of the magnetic moment
of the antiproton and proton that is substantially more precise than the our 2013 measurement.

Work is progressing at Harvard on new apparatus and methods to be used in following years.

Charge-to-Mass Ratios

A series of three comparisons of the charge-to-mass ratios of the antiproton and proton were
carried out at LEAR [19, 5, 16]. The measurements were made by the TRAP collaboration, that
later expanded to become ATRAP. To complete these measurements, TRAP developed methods
to slow, capture and cool antiprotons. These are the antiproton methods that have since made all
of the AD antihydrogen experiments possible.

The most precise comparison of the charge-to-mass ratios of the antiproton and proton showed
that these have the opposite sign with the same magnitude to 9 parts in 1011. This is by far the
most sensitive test of CPT invariance for a baryon system. Most of this final measurement was
done with one antiproton just two weeks before LEAR closed. It is likely that the q/m comparison
could now be done more precisely.

ATRAP plans to do such measurements in the same traps used for antiproton magnetic moment
measurements, when time permits. However, the magnetic moment measurements have the highest
priority given that they have so far been measured much less precisely than the charge-to-mass
ratios.

4. Status and Immediate Objectives of the Antihydrogen Program

ATRAP has reported the observation of 5 trapped, ground state antihydrogen atoms per trial
[26]. A 2013 report discusses how electric fields were used to avoid mirror-trapped antiprotons [27].
The 5 atoms per trial is substantially more antihydrogen per trial than has otherwise been realized,
but more trapped atoms per trial are needed. We believe that we have developed the methods to
make this possible once our second generation Ioffe trap is operational.

The next objective (once antiprotons are again available) is to demonstrate three dimensional
laser cooling of trapped antihydrogen atoms. Doing this most effectively requires a Penning-Ioffe
trap which has sideports (perpendicular to the magnetic field direction) to admit coherent Lyman
alpha radiation at 121 nm into the trap.

Our first generation Ioffe trap was the first to have such openings into a antihydrogen trap, but
the technology of this trap prevented it from being used for more than a trial or two during an 8
hour beam shift. Our second generation trap was designed to be used repeatedly during a beam
shift as well having sideports.

The difficulties we had with the vacuum system for the second generation Ioffe trap have been
carefully documented with the SPSC. Such setbacks are very unpleasant but are the occasional
cost of operating close to the technology frontier of what is possible. For the more than 25 years
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that some of us have been working at CERN we have often been using new apparatus and methods
that push technology hard. Despite our recent setback, most of our efforts have succeeded, with
the result that the AD antihydrogen program relies on the methods that we earlier invented and
demonstrated.

The defective vacuum enclosure was cut away without damaging the trap windings. Exten-
sive electrical tests of the second generation Ioffe trap, stripped from the faulty vacuum system,
demonstrated that it performed at essentially its designed electrical specifications. During 2014 we
completed a new vacuum enclosure made of titanium and installed it in its final location in the
ATRAP beam line.

In 2014 we were able to demonstrate the first low-inductance, high-field Ioffe trap with side
windows. So far it behaves as designed and thus is a very big step forward for ATRAP. A trap can
be turned on in less than a minute, can be turned off on the order of ten milliseconds, and can be
operated many times during a shift.

Three features distinguish the ATRAP, low-inductance Ioffe trap from all others.

1. The side windows will make it possible to laser-cool trapped antihydrogen atoms with the
highest possible efficiency.

2. The trap can be operated as either a quadrupole or an octupole Ioffe trap.

3. The apparatus uses substantially less liquid helium than systems at the AD with comparable
scope.

Before antiprotons are available in 2015 we have several tests scheduled. One set of goals is to
improve our cryogen control, to further automate these systems and to slightly optimize the quench
protection. A second set of goals is to understand and demonstrate the properties of a new trap
geometry using trapped electrons.

Once antiprotons are available, the 2015 goal is to demonstrate that we can robustly trap more
than the 5 atoms per trial that we demonstrated in our first generation trap. During 2013, the lasers
for laser cooling and for antihydrogen spectroscopy will be installed at CERN. Three dimensional
laser cooling of trapped antihydrogen will be the next major objective.

D. Manpower

The ATRAP collaboration at the AD, and the TRAP collaboration at LEAR from which it
developed, have both always been small compared to the collaborations with which they have
competed at LEAR and the AD.

Over the years we have demonstrated that a small team can compete effectively. Our small teams
developed and demonstrated the cold antiproton methods upon which the current AD collaborations
rely, as has been mentioned. As summarized earlier, the precise CERN comparisons of antimatter
and matter systems have been carried out by the small TRAP and ATRAP teams.

While effective for precision measurements, the small size of our collaboration does reduce the
rate at which we can build new apparatus, and does make it difficult to build and/or develop
apparatus during antiproton beam time. With a larger team, for example, we likely would have
been able to recover more quickly from the failure of the Ioffe trap vacuum enclosure.

A new group has joined our collaboration to take over some of the detector maintenance for
which our Juelich collaborators have been responsible. Detector upgrades are being discussed. In
addition we are currently in active discussions with a view to expanding the ATRAP collaboration
given that we are poised to begin the laser-cooling and spectroscopy phase of the experiment.
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E. ATRAP Apparatus Overview

To allow the simultaneous pursuit of ATRAP’s dual goals, as discussed above, the ATRAP
beamline was built with two ports. The precision antiproton measurement require antiprotons

Figure 3: The ATRAP beamline has two antiproton ports – one for antihydrogen experiments
(delineated with the red circle) and the second for antiproton experiments (delineated with the
blue circle).

Figure 4: Photograph of the ATRAP beamline with two antiproton ports – one for antihydrogen
experiments and the second for antiproton experiments.

much less frequently since we have demonstrated that antiprotons can be stored for such measure-
ment for weeks and even months at a time without reloading. Most of the antiprotons thus are
used for antihydrogen experiments.

The ATRAP experimental area is divided into three experimental zones which are radiation
controlled. A top view of these areas is represented in Fig. 5. Antiprotons are available for precise
antiproton experiments in zone 1. The most sensitive control and detection electronics for this
zone are in an adjacent Faraday cage – both within the red dotted lines in the figure. Antiprotons
are available for antihydrogen experiments in zone 2. The most sensitive control and detection
electronics for this zone are also in an adjacent Faraday cage – both within the blue dotted lines in
the figure. The positrons needed to make antihydrogen are produced in zone 3, within the green
dotted lines in the figure. The lasers needed for antihydrogen production are located in a third
Faraday cage, labeled as ”laser cabin” within the dotted yellow lines in the figure.

1. Zone 1: For Precise Comparisons of Antiprotons and Protons

8



Figure 5: Top representation of the three ATRAP experimental areas. Antiprotons are available for
precise antiproton experiments (zone 1) and for antihydrogen experiments (zone 2). The positrons
needed to make antihydrogen are produced in third area (zone 3).
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Figure 6: Precise comparisons of antiprotons and protons take place in ATRAP zone 1.

2. Zone 2: Antihydrogen

Figure 7: Antidhyrogen production and studies take place in ATRAP zone 2.
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Figure 8: The antihydrogen production area (ATRAP zone 2) includes a platform on which sup-
porting electronics and cryogen dewars are stored.
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3. Zone 3: Positron Production for Antihydrogen

Figure 9: Positron production for antihydrogen production takes place in ATRAP zone 3.
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4. Laser Faraday Cage

Figure 10: A third Faraday cage contains two laser tables. Lasers on these tables have so far been
used for laser-controlled charge exchange production of antihydrogen. Two additional laser systems
will be brought to CERN and installed in this laser cabin when these are needed.

Two additional laser systems are critical for the future objectives of ATRAP.

1. A continuous, coherent 121 nm Lyman alpha system has been developed at the University of
Mainz. It is intended for 3-dimensional cooling of trapped antihydrogen atoms, and for initial
spectroscopy. The installation of such a system at CERN is scheduled to begin in 2015.

2. A continous 243 nm laser system was operated at Harvard. It will be used for for 1s-2s
spectroscopy of trapped antihydrogen. Installation is scheduled to begin in 2015.

13



F. Not the Usual CERN Experiment

Especially for the sake of new SPSC members, it is important to note that the low-energy,
high precision antihydrogen research differs substantially from the normal high energy particle and
nuclear physics experiments that are practiced so successfully at CERN. Most CERN experiments
are carefully crafted so that with a large number of particles delivered to an interaction region over
some years, a signal of a particular interaction or particle will be established (or not) at a desired
and predictable level of statistical accuracy.

Antihydrogen experiments, like most highly accurate low-energy experiments, are very different.
Most of the experimental time is spent in inventing new techniques and methods that make it
possible to see a signal at all. A long sequence of short experiments require very precise control and
preparation, but the result of one short experiment helps decide what short experiments will follow
it. Longer term time schedules are thus less predictable than is normal for CERN high energy
experiments. Once a signal is found, the accuracy attained is rarely statistical, being generally
limited by systematic uncertainties.

Many other examples can be given for extremely precise measurements being realized after
considerable time and effort. One is that the extremely accurate hydrogen spectroscopy experiments
by an ATRAP collaborator who was recognized with the 2005 Nobel prize [28]. The recent electron
magnetic moment measurement and the fine structure constant measurement made recently by
another in our collaboration is another example [29].

In the past, some on the SPSC committee have had difficulty understanding the difference
between the high energy experiments that they are involved in at CERN, and this low energy
antihydrogen research program. They have wanted time lines which show clearly and precisely what
accuracy antihydrogen spectroscopy will be attained with what number of antiprotons delivered
from the AD. It is important to realize that we spend most of our time at ATRAP inventing and
refining new methods which eventually should make it possible to see and use an antihydrogen
spectroscopy signal.

In some ways the situation is similar to the situation which pertained when the original TRAP
Collaboration (PS196) proposed to accumulate antiprotons at an energy 1010 times lower than the
lowest storage energy in the Low Energy Antiproton Ring, and to listen to the radio signal of a single
antiproton as a way of the comparing antiproton and proton 45,000 time more accurately than had
been done before. Despite the experience and expertise of the original collaboration, techniques
demonstrated with matter particles had to be adapted for the very different circumstances under
which antimatter particles were available. Most of the TRAP time and effort went into developing,
demonstrating and improving apparatus and techniques, rather than into accumulating statistics
with a fixed apparatus. There was some risk insofar as much had yet to be invented, but after a
decade of concentrated effort by a small team, the ambitious goal was met and even substantially
exceeded.
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G. Three Most Important Recent ATRAP Papers
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