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Part I

Antiprotonic Helium Spectroscopy
1 Laser spectroscopy of antiprotonic helium atoms

1.1 Determination of new antiproton-to-electron mass ratio

In 2011, the ASACUSA collaboration published the first results of sub-Doppler two-photon laser spec-
troscopy of antiprotonic helium [1], based on the experimental results of previous years. The p3He+ and
p4He+ isotopes were irradiated with two counter-propagating laser beams [2,3], thereby exciting some non-
linear two-photon transitions of the antiproton of the type (n,!)! (n"2,!"2) at the deep UV wavelengths
! = 139.8, 193.0, and 197.0 nm. Here the antiproton occupies states with large principal n and angular mo-
mentum ! quantum numbers. This partially canceled the Doppler broadening of the laser resonance caused
by the thermal motion of the atoms,

"#D = 2.35#
!

kT
Mc2 , (1)

wherein M and T denote the mass and temperature of the atom, k the Boltzmann constant, and c the speed of
light. The resulting narrow spectral lines allowed us to measure three transition frequencies with fractional
precisions of 2.3–5 parts in 109. By comparing the results with three-body QED calculations [4], we derived
the antiproton-to-electron mass ratio as 1836.1526736(23). This agrees with the proton-to-electron value
known to a similar precision.

The energy levels of pHe+ have been calculated [4] by three-body QED calculations to precisions of
1# 10"9. The calculated values now include relativistic and radiative recoil corrections up to order m$6

and nuclear size effects. The fractional measurement precision of single-photon laser spectroscopy experi-
ments [5] carried out by ASACUSA in the past has always been limited to 10"7 "10"8 due to the Doppler
broadening effect.

One way to reach precisions beyond this Doppler limit is provided by two-photon spectroscopy. For
example, the 1s-2s transition frequency in atomic hydrogen has been measured to a precision of 10"14

with two counterpropagating laser beams, each with a frequency corresponding to half the 1s-2s value.
This arrangement cancels the Doppler broadening to first order. A similar experiment has been proposed
for antihydrogen atoms which in 2010 were confined in a magnetic trap by the ALPHA collaboration. It
is normally difficult, however, to apply this to pHe+ because of the small probabilities involved in the
nonlinear transitions of the massive antiproton. Indeed, calculations show that gigawatt-scale laser powers
would be needed to excite them within the atom’s lifetime against annihilation.

Nevertheless we here induced two-photon transitions of the antiproton of the type (n,!) = (n"2,!"2)
for the first time [Fig. 1(a)], by utilizing the fact that this probability can be enhanced [3] by factor > 105

if the counterpropagating beams have frequencies #1 and #2 such that the virtual intermediate state of the
two-photon transition lies within "#d $ 10 GHz of a real state (n" 1,!" 1). At resonance between the
atom and the laser beam, the antiprotons are directly transferred between the parent and daughter states via
the nonlinear transition, leaving the population in (n"1,!"1) unaffected. The first-order Doppler width is
then reduced by a factor |#1 "#2|/(#1 +#2).

In these experiments, transitions were selected for laser excitation between pairs of states with microsec-
ond and nanosecond-scale lifetimes against Auger emission of the electron. At the two-photon resonance,
Auger decay left a pHe2+ ion behind. No longer protected by the electron in the way described above, the
ion was rapidly destroyed in Stark collisions with other helium atoms. Charged pions emerged from the re-
sulting antiproton annihilations, passed through an acrylic sheet, and produced Cherenkov light which was
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Figure 1: Energy levels, Cherenkov detector signals, and experimental layout for two-photon spectroscopy
of pHe+. a, Two counter-propagating laser beams induced the two-photon transition (n,!) = (36,34) ! (34,32) in
p4He+ via a virtual intermediate state of the antiproton tuned close to the real state (35,33). b, Cherenkov detectors
revealed the annihilation of p4He+ following the non-linear two-photon resonance induced at t = 2.4 µs (solid blue
line). When one of the lasers was detuned "500 MHz away from resonance condition (red), the two-photon signal
abruptly disappeared. c, The p4He+ were synthesized by decelerating a beam of antiprotons using a radiofrequency
quadrupole, and allowing them to stop in a cryogenic helium target. Two Ti:sapphire pulsed lasers whose optical
frequencies were stabilized to a femtosecond comb were used to carry out the spectroscopy.

detected by photomultipliers. The two-photon resonance condition between the counterpropagating laser
beams and the atom was thus revealed as a sharp spike in the annihilation rate [Fig. 1(b)].

The AD provided 200-ns-long pulsed beams of 5.3-MeV antiprotons [Fig. 1(c)]. Every 100 s, we decel-
erated some 7#106 antiprotons to $ 70 keV using the ASACUSA RFQD. The beam was then transported by
an achromatic magnetic beamline to the target chamber filled with 4He or 3He gas at temperature T $ 15 K
and pressure p = 0.8"3 mbar. At a time 2"8µs after the resulting pHe+ formation, horizontally-polarized
laser beams of energy density $ 1 mJ/cm2 were simultaneously fired through the target in a perpendicular
direction to the antiproton beam.

Fig. 1(b) shows the Cherenkov signal (indicated in blue solid line) as a function of time elapsed since
the arrival of antiproton pulses at the target, averaged over 30 pulses which corresponds to $ 107 pHe+

atoms. Lasers of wavelengths c/#1 = 417 and c/#2 = 372 nm were tuned to the two-photon transition
(36,34) ! (34,32) so that the virtual intermediate state lay "#d $ 6 GHz away from the real state (35,33).
The above-mentioned annihilation spike corresponding to the two-photon transition can be seen at t = 2.4
µs. When the 417-nm laser alone was tuned slightly (by 0.5 GHz) off the two-photon resonance condition
(red line), the signal abruptly disappeared as expected. This indicates that the background from any Doppler-
broadened, single-photon transitions is very small.

Fig. 2(b) shows the resonance profile measured by detuning the #1 laser to "#d = "6 GHz, whereas
#2 was scanned between -1 and 1 GHz around the two-photon resonance defined by #1 +#2 corresponding
to a wavelength of 197.0 nm. The measured linewidth ($ 200 MHz) represents by far the highest spec-
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Figure 2: Profiles of sub-Doppler two-photon resonances. a, Doppler-and power-broadened profile of the single-
photon resonance (36,34) ! (35,33) of p4He+. b, Sub-Doppler two-photon profile of (36,34) ! (34,32) involving
the same parent state. c, Profiles of (33,32) ! (31,30) of p4He+ and d, (35,33) ! (33,31) of p3He+. Partially
overlapping arrows indicate positions of the hyperfine lines.

Table 1: Spin-averaged transition frequencies of pHe+. Experimental values show respective total, statistical, and
systematic errors in parentheses; theoretical values show respective uncertainties from uncalculated QED terms and
numerical errors in parentheses.

transition transition frequency (MHz)
(n,!) ! (n%,!%) Expt. Korobov [4]

p4He+ transitions
(36,34) ! (34,32) 1,522,107,062(4)(3)(2) 1,522,107,058.9(2.1)(0.3)
(33,32) ! (31,30) 2,145,054,858(5)(5)(2) 2,145,054,857.9(1.6)(0.3)

p3He+ transitions
(35,33) ! (33,31) 1,553,643,100(7)(7)(3) 1,553,643,100.7(2.2)(0.2)

tral resolution achieved for an antiprotonic atom, and is more than an order of magnitude smaller than the
Doppler- and power-broadened profile of the corresponding single-photon resonance (36,34) ! (35,33)
[Fig. 2(a)]. The two-peak structure with a frequency interval of 500 MHz arises from the dominant inter-
action between the electron spin and the orbital angular momentum of the antiproton. We also detected
the (33,32) ! (31,30) resonance at wavelength ! = 139.8 nm [Fig. 2(c)], and the p3He+ resonance
(35,33) ! (33,31) of ! = 139.8 nm [Fig. 2(d)]. The latter profile contains eight partially-overlapping
hyperfine lines arising from the spin-spin interactions of the 3He nucleus, electron, and antiproton. The
spin-independent transition frequencies #exp (Table 1) were obtained by fitting each profile with a theoreti-
cal lineshape (indicated by blue lines in Fig. 2) which was determined by numerically solving the non-linear
rate equations of the two-photon process.

For the transition (36,34) ! (34,32) in p4He+ (Table 2), the statistical error %stat due to the finite
number of atoms in the laser beam was estimated as 3 MHz. Transitions were measured at various target
densities between & = (1" 3)# 1018 cm"3. Within this density range, no significant collisional shift was
observable within the 3-MHz experimental error. This agrees with quantum chemistry calculations for
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Figure 3: Two-photon transition frequencies. The experimental values (blue circles) for p4He+ and p3He+ agree
with theoretical values (red squares) within fractional precisions of (2"5)#10"9.

which the predictions of 0.1–1-MHz-scale collisional shifts in the associated single-photon lines agreed with
experimental results within 20%. Calculations show that magnetic Zeeman shifts are also small < 0.5 MHz
for the Rydberg states under our experimental conditions. The systematic error arising from the calculation
of the fitting function was estimated to be around 1 MHz.

Figure 4: Antiproton- and proton-to-electron mass ratios. The antiproton-to-electron mass ratio determined
by the present work agrees within a fractional precision of < 1.3 part per billion with the proton-to-electron values
measured in previous experiments and the CODATA 2002 recommended value obtained by averaging them.

The experimental transition frequencies #exp (indicated by filled circles with error bars in Fig. 3) agree
with theoretical #th values (squares) within (2"5)#10"9. This agreement is a factor 5–10 times better than
previous single-photon experiments. The calculation uses fundamental constants compiled in CODATA2002
including the 3He- and 4He-to-electron mass ratios, the Bohr radius, and Rydberg constant. To preserve
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Table 2: Experimental and theoretical one standard deviation errors associated with transition (n,!) = (36,34) !
(34,32) of p4He+.

Datum Error (MHz)
Experimental errors

Statistical error, %stat 3
Collisional shift error 1
A.c. Stark shift error 0.5

Zeeman shift < 0.5
Frequency chirp error 0.8

Seed laser frequency calibration < 0.1
Hyperfine structure < 0.5

Line profile simulation 1
Total systematic error, %sys 1.8

Total experimental error, %exp 3.5
Theoretical uncertainties

Uncertainties from uncalculated QED terms 2.1
Numerical uncertainty in calculation 0.3

Mass uncertainties < 0.1
Charge radii uncertainties < 0.1

Total theoretical uncertainty, %th 2.1

independence we avoided using the more recent CODATA 2006 values, which include results from our
previous experiments and three-body QED calculations on He+. The charge radii of the 3He and 4He nuclei
give corrections to #th of 4–7 MHz, whereas the correction from the antiproton radius is much smaller (< 1
MHz) owing to the large l-value of the states. The precision of #th is mainly limited by the uncalculated
radiative corrections (Table 2).

When the antiproton-to-electron mass ratio Mp/me in these calculations was changed by 10"9, the #th-
value changed by 2.3–2.8 MHz. By minimizing the sum 'p

"
#th(Mp/me)"#exp

#2
/%2

stat and considering
the above systematic errors %sys, we obtained the ratio Mp/me = 1836.1526736(23) which yielded the best
agreement between theoretical and experimental frequencies. The uncertainty of 23# 10"7 includes the
statistical and systematic experimental, and theoretical contributions of 18#10"7, 12#10"7, and 10#10"7.
This is in good agreement with the four previous measurements [6–10] of the proton-to-electron mass ratio
(Fig. 4) with a similar experimental precision. The most precise value for protons is currently obtained by
comparing the g-factors of hydrogen-like 12C5+ and 16O7+ ions measured by the GSI-Mainz collaboration
with high-field QED calculations. The CODATA recommended value for Mp/me is taken as the average of
these experiments. By assuming CPT invariance Mp = Mp = 1.00727646677(10) u, we can further derive a
value for the electron mass me = 0.0005485799091(7) u from the pHe+ result.

1.2 Ppb-scale laser-spectroscopy of ultra-cold antiprotonic helium atoms

In 2010–2011, we carried out systematic measurements of 11 transition frequencies of p4He+ and p3He+

atoms cooled to superfluid temperature T $ 1.5 K by employing the technique of gas buffer cooling in dilute
helium gas at pressure P $ 0.5–2 mb. This is nearly an order of magnitude colder than the atoms used in
our recent experimental results of Ref. [5] and the two-photon results described in the previous section.
Previous experiments [5] showed differences of 1–3 parts in 108 compared to the results #th of three-body
QED calculations [4]. Due to the cold atoms and improved laser systems, both the experimental precision
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and the experiment-theory difference was reduced to 3–6 parts in 109. The production of cold atoms is
essential for improving the experimental precision of laser spectroscopy for several reasons, i): reduction
of thermal Doppler broadening, ii): increase of signal-to-noise ratio, the signal intensity increases at low
temperature since more atoms are distributed in a narrow thermal distribution, iii): reduction of collisional
relaxation, high rates of atomic collisions between pHe+ and normal helium atoms in the experimental
target can cause unwanted shortening of the atom’s lifetime against annihilation, which deceases with

&
T

at low temperature. Prior to this experiment, it was unclear whether the pHe+ would really cool to such
temperatures simply by atomic collisions.

Eleven transitions, (39,35) ! (38,34), (37,35) ! (38,34), (37,34) ! (36,33), (34,33) ! (35,32),
(35,33)! (34,32), (32,31)! (31,30) in p4He+, and (38,34)! (37,33), (36,34)! (37,33), (36,33)!
(35,32), (34,32) ! (33,31), (32,31) ! (31,30) in p3He+ were measured with a precision of 3–15 parts
in 109. The experiment-theory difference was < 4# 10"9 for many of the transitions which constitutes an
improvement of a factor $ 4 for many of these lines. Of particular interest was the ultraviolet transitions
(32,31)! (31,30) in p4He+ and (32,31)! (31,30) in p3He+ which achieved a particularly high precision.
In fact, thanks to the low temperature of the atoms, the precision of these single-photon spectroscopic
measurements is now similar to those of two-photon measurements described above. We were thus able to
complete a systematic measurement of all the major pHe+ transitions.

1.3 Plans for 2012: Two-photon laser spectroscopy experiments on cold pHe+

atoms

In 2012, we plan to start the first tentative measurements toward two-photon spectroscopy of pHe+ at
temperatures of T $ 1.5 K. For this it is essential to improve the quality of the antiproton beam prior to
the construction of ELENA. We are designing a series of electrostatic quadrupole elements which focuses
the beam with a much better characteristics than the magnetic elements used in previous experiments, and
test them in 2012. We are also developing some diode-pumped solid state (DPSS) lasers with 5–10 times
smaller spectral linewidth than those used previously. The first measurements using this laser will be carried
out in 2012. All this developmental work is time-consuming, and is expected to take several years until the
antiproton-to-electron mass ratio can be measured to sub-ppb-scale precision on a step-by-step basis. This
would ultimately lead to an antiproton-to-electron mass ratio which would be more precisely known than
the proton-to-electron one.

2 Microwave Spectroscopy of the Hyperfine Structure of Antipro-
tonic Helium

2.1 Introduction

A precise measurement of the antiprotonic helium (pHe+) [11–14] hyperfine structure (HFS) can be com-
pared with three-body Quantum Electrodynamic (QED) calculations [15, 16] as a test of their predictions.
If theoretical and experimental precision agree, a comparison between the measured transition frequencies
and three body QED can be used to determine the antiproton spin magnetic moment and further lead to
a test of CPT invariance. The HFS of the (n, l) = (37,35) state of p4He+ has now been thoroughly mea-
sured [17, 18]. The precision achieved for the (n, l) = (37,35) state in p4He+ cannot be improved anymore
due to fluctuations of the p beam. Therefore, a first measurement of p3He+ was proposed which can be per-
formed with a similar experimental setup. We have received FWF1 funding (proposal number I-198-N20)
for this three year project. In 2009, the measurement of a new state has been started: the (n, l) = (36,34)

1Austrian Science Fund
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state of p3He+. The measurement of this state is the first hyperfine structure measurement in p3He+ which is
a more complex system than p4He+ as described in Section 2.2. A comparison between the theoretical cal-
culations and the experimental results provides a more rigorous test of the theory. Two out of four allowed
super-superhyperfine (SSHF) transitions in p3He+ have been successfully observed for the first time in 2010
and the results have been published in Physics Letters B [19]. A publication of conference proceedings in
Hyperfine Interactions [20] offers further details on the measurements. In 2011 we could measure the two
resonances at 11 GHz for the first time and improve their statistical significance. The goal to complete the
hyperfine structure measurements of p3He+ by measuring also the remaining two transitions at 16 GHz
could not be reached due to very poor beam availability. The microwave spectroscopy measurements on
the hyperfine structure of antiprotonic helium have been terminated with the end of the beamtime 2011. A
publication on the final results with antiprotonic 3He+, including a detailed description of the experiment,
is currently in progress.

2.2 Hyperfine Structure





























Figure 5: Hyperfine splitting (HFS) of a state (n, l) of
p4He+. The wavy lines denote allowed M1 transitions
that can be stimulated by microwave radiation.







































































Figure 6: Hyperfine splitting (HFS) of a state (n, l) of
p3He+. The wavy lines denote allowed M1 transitions
that can be stimulated by microwave radiation.

The HFS of pHe+ arises from the interaction of the magnetic moments of its constituents and has been
calculated by Korobov and Bakalov to $4 order [15, 16]. They constructed an effective Hamiltonian for
p4He+

Heff = E1("L ·"Se)+E2("L ·"Sp)+E3("Se ·"Sp)

+E4{2L(L+1)("Se ·"Sp)"6[("L ·"Se)("L ·"Sp)]}. (2)

Due to the large orbital angular moment of the antiproton ("L $ 35), the dominant splitting arises from the
interaction of $"L with the electron spin "Se. The antiproton spin "Sp and the spin "Sh of the ‘helion’ h, the 3He
nucleus, lead to further splittings leading to a quadruplet for p4He+ and an octet for p3He+. The effective
Hamiltonian for p3He+ is more complicated and contains nine terms [21].

In Fig. 5 and Fig. 6 the allowed M1 transitions that can be induced by an oscillating magnetic field are
shown. In the case of p4He+, there are two types of transitions: HF transitions (#+

HF and #"
HF) which are

associated with a spin-flip of the electron, and superhyperfine (SHF) transitions (#+
SHF and #"

SHF) which are
associated with a spin flip of the antiproton.

In the case of p3He+, there is an additional transition. The HF transitions are still associated with the
spin flip of the electron (#++

HF , #+"
HF , #"+

HF and #""
HF ). Although the helion magnetic moment is smaller
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than that of the antiproton, its overlap with the electron cloud (which is in the ground state and has its
maximum probability at the helion site) is stronger. Therefore the helion spin contributes to the quadruplet
superhyperfine splitting (#"+

SHF, #""
SHF, #+"

SHF and #++
SHF) and super-superhyperfine (SSHF) transitions are caused

by the spin flip of the antiproton (#"+
SSHF, #""

SSHF, #+"
SSHF and #++

SSHF) [13].
The hierarchy of angular moments and the angular momentum coupling schemes are shown in Tables

3 and 4 (numerical values from CODATA2002; µp = "2.800(8)µN (PDG)): The transitions between the

Table 3: Hierarchy of angular momenta, where µB = eh̄/2me is the Bohr magneton, µN = eh̄/2mp is the nuclear
magneton and g is the gyromagnetic ratio.

"µe = geµB"Se = -1.001 159 652 1859(38)µB

"µ l
p = gp

l µN"Lp $ 1.906 159 #10"2µB

"µs
p = gp

s µN"Sp= 2.792 847 351(28) µN(p)= 1.521 032 206(15) # 10"3µB

"µh = ghµN"Sh= -2.127 497 723(25) µN = -1.158 671 474(14)# 10"3µB

Table 4: Angular momentum couplings where HFS is the hyperfine structure, SHFS is the super hyperfine structure
and SSHFS is the super super hyperfine structure.

p4He+ p3He+

HFS "F ="Lp +
"!
S e "F ="Lp +"Se

SHFS "J = "F +"Sp ="Lp +"Se +"Sp "G = "F +"Sh ="Lp +"Se +"Sh

SSHFS "J = "G+"Sp ="Lp +"Se +"Sh +"Sp

SSHF octets of p3He+ can be measured with the same method as those between the SHF quadruplets of
p4He+. Instead of two transitions, shown in Fig. 5), there are now four as shown in Fig. 6). The most
appropriate candidate state is the (n, l) = (36,34) state, which has an unfavoured laser transition to (37, 33)
of $724 nm, close to that of the previous measurement ($726 nm). Korobov and Bakalov calculate the
microwave transitions as the following [21],

11 GHz transitions:

J+"+ = L +
1
2
'! J""+ = L " 1

2
= 11.1250GHz (3)

J+"" = L " 1
2
'! J""" = L " 3

2
= 11.1577GHz (4)

Difference = 32.73 MHz

16 GHz transitions:

J+++ = L +
3
2
'! J"++ = L +

1
2

= 16.1107GHz (5)

J++" = L +
1
2
'! J"+" = L " 1

2
= 16.1434GHz (6)

Difference = 32.72 MHz

8



Figure 7: Two laser stimulated annihilation peaks against the exponential decaying background of the other state
populations. The peak-to-total of each is calculated by taking the ratio of the peak area (I+) to the total area under
the full spectrum.

2.3 Experimental Method

The laser spectroscopy method as illustrated in Fig. 8 takes advantage of the charged pions produced when
the antiproton annihilates in the helium nucleus. An exponentially decaying background signal is ever
present as the antiprotons, in various levels of the cascade, decay and eventually annihilate in the nucleus.
This is referred to as an analog delayed annihilation time spectrum (ADATS), analog because a voltage
proportional to the number of events is recorded. A measurement of a particular state can be made by laser
stimulated transfer to a fast-decaying, Auger decay dominated, daughter state. The ratio of the peak area to
the total background area (peak-to-total) indicates the size of the population transferred from the parent to
the daughter state. A microwave pulse can be used to transfer the populations between SSHFS octet states
via an electron spin flip. Combined with the laser, to make a laser-microwave-laser technique, this method
can be used to measure the transition frequencies.

Initially all the octet states are equally populated and so a population asymmetry must first be induced.
A narrow band laser pulse, tuned to the f + transition, creates this asymmetry. The J+"+, J+"", J+++

and J++" octet states are depopulated through a laser induced transfer to the Auger dominated decay state,
while the J"++, J"+", J""+ and J""" octet states remain relatively unaffected. This produces the first
peak shown in Fig. 7. The microwave envelope follows which, if on resonance, results in partially inverting
the asymmetry: refilling either the J+"" or J+"" from the J""+ or J""" octet state in the $11 GHz region
or the J+++ or J++" from the J"++ or J"+" octet state in the $16 GHz region respectively. After refilling,
a second laser pulse, tuned to the same f + transition, is used to depopulate the doublet state again, producing
the second peak shown in Fig. 7.

The first laser-induced annihilation peak remains constant, fluctuating only statistically or with the vary-
ing conditions of the target, and is therefore used to normalise the second. The second annihilation peak
corresponds directly to the population transferred between the hyperfine substates by the microwave. The
microwave frequency is scanned across the expected resonant frequency. A plot of the microwave frequency
vs the normalised second annihilation peak, produces a peak at the resonant frequency.

The principle of the new experiment with p3He+ is the same as that for the p4He+ (n, l) = (37,35)
state measurements. Therefore the required apparatus essentially remained the same. The microwave setup
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Figure 8: A schematic drawing of the laser-microwave-laser method. The dashed arrows indicate the laser transitions
between the SHF levels of the radiative decaydominated state (n,L) = (36,34) and the Auger decay-dominated state
(n,L) = (37,33) of p3He+. The wavy lines illustrate the microwave-induced transitions between the SSHF levels of
the long-lived state.

Figure 9: A drawing of the new cryostat
Figure 10: A photograph of the new cavity, mounted on the
coldhead

is described in detail by Sakaguchi et al. [22] while the laser system is described in Hori et al. [5] and
summarised in Pask et al. [23]. The laser transition between the parent state (n, l) = (36,34) and the Auger
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Figure 11: Laser resonance profile for the (n, L) = (36, 34) state of p̄3He+, displaying the two laser transitions f +

and f" between the HF states of the parent and the daughter state, at a target pressure of 250 mbar. The peaks are
fitted with four Voigt functions referring to the four“ allowed”E1 transitions between the SHF states of the parent
state (refer to Fig. 1). The arrows indicate the corresponding theoretical transition frequencies.

decay dominated state (n, l) = (37,33) is $723 nm so an identical laser system can be used. A new cavity
for the 11 GHz transitions and a new cryostat with a compressor-based cooling system have been designed
and built in Vienna, see Fig. 9 and Fig. 10. Further a new microwave signal generator and amplifier are in
use. To produce a 16 GHz microwave signal will further require new waveguides and another cavity.

2.4 2011 Measurements

The goal of this beamtime was to complete the hyperfine structure measurements of the (n, l) = (36,34)
state of p3He+. It was planned to remeasure the two transition lines at about 11 GHz which were observed
the first time in 2010 and to succeed with the first measurement of the other two allowed SSHF transitions at
around 16 GHz which requires a change of the setup to another microwave cavity. The cryostat (see Fig. 9)
worked successfully and could be kept fairly stable at a pressure of $250 mbar and also the microwave part
of the setup could be operated reliably.

However, due to time constraints, including a lot of difficulties with the antiproton beam and beam
availability, only the two 11 GHz resonance lines could be investigated.

A scan over the laser frequency range was done to determine the frequency offset and the splitting of
the two HF lines (see Fig. 11) to ensure that only one of the two hyperfine levels of the (n, l) = (36,34)
state is depopulated by laser stimulation. The splitting is " f = 1.72±0.03 GHz, similar to the transition at
$726 nm in p̄4He+. Due to the different SSHF energy level spacings one of the laser transition peaks has a
lower amplitude and larger width. The two lines lying closer to each other have a splitting smaller than the
laser linewidth and Doppler width of 100 MHz and 300 MHz and can thus not be resolved while the other
two should be visible. Fig. 12 displays the first results of the two microwave-induced transitions between
SSHF states in p̄3He+ which were published in 2011 [19]. The resonance lines were both fitted with the
function of their natural line shape. From the fit one obtains the frequencies for the measured #""

HF and #"+
HF

transition. Comprising all data taken in 2010 and 2011 the measured transitions agree with theory within
0.5 MHz. Further details on the measurements are also provided in a publication of conference proceedings
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Figure 12: Scan over the microwave frequency for two of the four SSHF transitions for the (n, L) = (36, 34) state in
p̄3He+, at a target pressure of 250 mbar. Each transition is fitted with the natural line shape. The frequencies of the
measured transitions are 11.12±0.0 GHz and 11.15±0.0 GHz. The dashed curve shows a simulation using collision
rates obtained from comparison between experiment and simulation [20]. The transition frequencies are predicted by
theoretical calculations [21]. These results were published in 2011 [19].

in Hyperfine Interactions [20]. In comparison to these published data the error for the two 11 GHz transitions
could be reduced by more than 25%. The final results are still preliminary and a detailed publication will be
prepared once the analysis is completed. The current precision is still less than for the most recent results
with p̄4He+ which gave an error of 3 ppm for the individual transition lines [18]. The results agree with the
theoretical predictions. A comparison of the theoretical values for the two SSHF transitions at 11 GHz to the
measurement results shows that the transition frequencies are still slightly shifted towards higher frequencies
but within the theoretical error. The finally achieved frequency difference "#th-exp between theory and
experiment is $0.5 MHz for #""

HF and $0.42 MHz for #"+
HF respectively. According to V. Korobov, this

discrepancy is most likely due to the theoretical limits of the Breit-Pauli approximation that has been used
for the calculations. The relative error is estimated to be $2 = 5# 10"5, i.e. $0.55 MHz. Higher order
correction terms would be required to improve the theoretical results. The precision of the theoretical value
for the frequency difference "#±

HF – which can be assessed directly – between the two SSHF lines at 11 GHz
instead is still considerably higher than for the frequency difference obtained from the measured transitions.

Even though the provided antiproton intensity was finally very good this year, it took again more than
a week to properly tune the beam within the ASACUSA beamline. For a good 50% of our beamtime there
were no antiprotons available in the AD at all.

2.5 Summary

In 2011 we could achieve an improved statistics for two out of the four allowed, measurable SSHF transitions
of the (n, l) = (36,34) state in p̄3He+. The error for the single resonance lines could be reduced by more
than 25% and also the precision for the frequency difference of the two transitions was improved. The
microwave power dependence was checked again thoroughly. We further aimed to do all measurements
at different target densities which would have allowed a comparison to theoretical QED calculations on

12



density dependence effects. Due to poor beam availability and quality there was not enough time to do
so. It was further not possible to do any measurements of the remaining two transitions at about 16 GHz.
However, for these two resonances simulations predict a similar signal height as for the transition lines
around 11 GHz which have already been observed in 2010. Therefore, the two measured resonances are
considered sufficient to demonstrate that hyperfine structure measurements can be performed also for the
more complex system of p̄3He+. It is unlikely that the theoretical precision for the QED calculations of the
hyperfine structure can still be improved. Also from an experimental point of view no further improvements
can be expected, due to the limits in beam quality and AD uptime as well as the complexity of this three-
body-system and therefore the amount of beamtime necessary to acquire statistically significant results.

We will not request any more beamtime for the microwave spectroscopy experiment in 2012.
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Part II

Antihydrogen Spectroscopy
1 Progress of the CUSP experiment

Following the success in 2010 synthesizing a large number of antihydrogen (H̄) atoms in the CUSP trap [25],
we tried to (1) increase the H̄ yields, (2) lower the H̄ temperature, and then (3) confirm the extraction of H̄
beam. As soon as the H̄ beam is confirmed, we can proceed to the microwave spectroscopy of H̄ atoms.

Figures 13 (a) and (b) show configurations of the CUSP setup to study the H̄ beam extraction and the
microwave spectroscopy of H̄ atoms, respectively. In the case of the H̄ beam extraction, the setup consists
of the p̄ trap (MUSASHI), the positron accumulator, the H̄ synthesizer (CUSP trap), and the H̄ detector
immediately downstream of the CUSP trap. In the case of the microwave spectroscopy, the microwave
cavity and the sextupole magnet are inserted between the CUSP trap and the H̄ detector (see Fig. 13(b).

1.1 AD condition and MUSASHI p̄ trap

The AD beam quality in 2011 was less favorable with respect to the beam emittance and the bunch length
during the CUSP experiments. Because of this, the number of antiprotons ( p̄s) captured per one AD shot in
the MUSASHI trap was relatively small like 5–8#105 p̄s, which is compared with 1.5#106 p̄s in 2010. The
p̄s trapped were cooled, compressed, and also stacked if necessary. Then they were extracted as a pulsed p̄
beam of $150 eV with the width of 2 µs, and were injected in the CUSP trap.

1.2 Positron Accumulator

Low energy positrons for the production of antihydrogen atoms were prepared like in 2010.

1) Accumulate low energy positrons in the e+-accumulator.

2) Transfer the accumulated positrons to the cusp trap.

3) Repeat the above procedure for 40 to 60 times and radially compress the positron cloud in the cusp
trap by applying a rotating electric field for an efficient production of antihydrogen atoms.

1.2.1 Positron accumulator

The e+-accumulator traps and cools a continuous beam of moderated positrons from a $20 mCi 22Na RI
source. All the components, i.e., the RI source housed in a tungsten (W) shield, polycrystalline W modera-
tors, a N2 gas-buffer cell and a cylindrical multi-ring electrode (MRE), were installed in a superconducting
solenoid (2.5 T). Such an all-in-one system in a strong uniform magnetic field has several advantages such as
a stable trapping suppressing the radial diffusion and a quick cooling of positrons via synchrotron radiation.
A half of positrons emitted from the source are guided along the magnetic field toward the moderator, from
which epi-thermalized positrons are emitted. Positrons are then accumulated in a pseudo-harmonic poten-
tial near the exit of the MRE via inelastic collisions with N2 buffer gas, where positrons have a lifetime
of about 100 s [26]. After optimizing various parameters such as trapping potential, buffer gas pressure,
moderator treatments, axial alignment of the MRE with the magnetic field, etc., positrons as large as 106

were accumulated in 100 s.
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_

Figure 13: (a) The setup of the CUSP system for the confirmation of the H̄ beam, which consists of the MUSASHI
trap, the positron accumulator, the CUSP trap, and the H̄ detector. (b) The downstream part of the CUSP system for
the microwave spectroscopy of H̄ atoms. In this case, the microwave cavity and the sextupole magnet are inserted
between the CUPS trap and the H̄ detector.

1.2.2 Positron transfer

Figure 14 schematically shows a top view of the positron accumulator, the MUSASHI antiproton trap, and
their transport beamlines to the cusp trap. Positron transport features were simulated assuming positrons are
located in a 6 mm # 6 mm square area centered on the solenoid axis of the positron accumulator with their
transverse energy less than 1eV. The green curves show the trajectories so simulated for 100 eV positrons
injected in the cusp trap from the positron accumulator. A movable beam monitor composed of an MCP and
a phosphor screen (PS) was installed in front of the cusp trap to monitor the incoming positron beam profile.
This monitor is rotatable and also used to observe the profile of positrons extracted from the cusp trap.

The transport efficiency was improved from 50-60% in 2010 to 60-70 % in 2011 by reducing the gap
between the coils #1 and #2. To increase the number of positrons stored in the cusp trap per unit time,
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Figure 14: A schematic top view of the positron accumulator, the MUSASHI antiproton trap, and their transport
beamline to the cusp trap. Trajectories of 100 eV positrons extracted from the positron source are shown by the green
lines. A movable beam monitor (MCP+PS) is equipped in front of the cusp trap.

positrons were accumulated for 30 s ($2#105 e+s) and transported to the cusp every 60s. For a typical
mixing run to synthesize H̄, this transport procedure was repeated for 40-60times, accumulating $4-6#106

positrons.

1.2.3 Positron manipulation in the cusp trap

The confinement time of positrons in the cusp trap was longer than 4000 s in the cusp trap. When the
number of positrons becomes large and they acquire plasma properties, the rotating electric field can radially
compress the plasma resulting in higher density [27].

The number of positrons accumulated in the cusp trap was monitored by extracting them as a pulse on
the MCP used as a Faraday cup. The black solid circles in the upper frame of Fig.15 (a) shows the number
of positrons so measured as a function of the stacking number, Nst . It is seen that the positron number starts
to level off for Nst $30 or so. On the other hand, when a rotating electric field was continuously applied
during the stacking, the number of positrons was more or less proportional even for Nat as large as 60 (the
solid red squares). In other words, the level off observed when no rotating field was applied was not due
to a real loss of positrons but due to a radial expansion and not all e+s reached the MCP. The maximum
number of positrons in the cusp trap was 6#106. It is very instructive to see the radius as a function of Nst
(see the lower frame of Fig.15(a)). The radius was $ 3.2mm for the stacking number less than $25. Then
all of a sudden, it made a step-wise transition to a smaller radius of $1mm, and then again stayed constant
independent of Nst .

The upper frame of Fig.15 (b) shows the number of extracted positrons as a function of the applied
rotating field frequency. The lower frame in Fig.15 (b) shows the measured diameters of positron plasmas.
Two resonance-like structures are evident at $ 4 MHz and $11.5 MHz. Since the harmonic oscillation
frequency in the accumulation potential is close to 11.5 MHz, the resonance at 11.5 MHz is expected to be
similar to the sideband cooling of a small number of charged particles in a Penning trap [28]. Actually, the
number of positrons decreased and the diameter of the plasma increased slightly below 11.5MHz, which
corresponds to the sideband heating. The resonance at 4 MHz is probably due to a coupling to a plasma
oscillation, which can be confirmed by considering the dispersion relation of the positron plasma [29].
When 4#106 positrons are in the present harmonic potential, and compressed to 2mm in diameter, such a
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Figure 15: (a) (upper frame) The number of positrons extracted from the cusp trap as a function of stacking number
with (the solid red squares) and without (the solid black circles) rotating electric field (11.5MHz). (lower frame) The
FWHM radius of the positron cloud with the rotating field as a function of the stacking number. (b) The number of
positrons (upper frame) and the diameter of positron plasma (lower frame) accumulated in the cusp trap as a function
of applied rotating electric field fequency for 40 stackings.

cold spheroidal non-neutral plasma is expected to have the density of $1.2#108 cm"3 with the aspect ratio
of $ 13. In this case, the intrinsic frequency is calculated to be 3.6MHz for a low frequency mode with its
axial mode number of !=3, which is very close to the observed resonance frequency of 4MHz. This plasma
oscillation would even get closer to the observed frequency because the rotating electric field heats up the
plasma shifting the frequency to higher side.

(a) (b)

Figure 16: Phosphor screen images of positrons extracted from the cusp trap for different stacking numbers. Rotating
electric field of 11.5 MHz was applied during the accumulation.

Figure 16 shows examples of the measured profiles of positrons extracted from the cusp trap during
the accumulation with the rotating electric field of 11.5 MHz. In the early stage of the accumulation up
to Nst $25, the intensity monotonically increases but the diameter stayed almost constant. After Nst $30,
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a sharp peak started to grow, indicating that the radial compression due to the rotating field got effective.
Considering the magnetic field strength ratio in the cusp trap and at the position of the phosphor screen, the
plasma diameter in the cusp trap is estimated to be about 2 mm and the density to be close to 108 cm"3,
which is high enough to produce antihydrogen atoms via three body recombination process.
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Figure 17: (a) The number of positrons and the diameter of a positron plasma as a function of time after the rotating
electric field is turned off. (b) The normalized radial distribution of the corresponding positron plasmas.

Figure 17 (a) shows the number of positrons detected (upper frame) and the diameter (lower frame)
as a function of the time after the rotating electric field was turned off. It is seen that the compressed
positron plasma expanded with the time constant of a few hundreds seconds. Figure 17 (b) shows the
radial distributions for four different waiting times. A similar radial expansion was also observed when p̄s
were injected for antihydrogen production. Fortunately, the rotating electric field repeatedly compressed the
positron cloud.

1.3 3D detector

During the winter shutdown before the 2011 data taking, the modules of the 3D detector have been improved
from the mechanical point of view: new supports have been built, much lighter than the previous ones, to
be moved more easily, and a better coupling has been done between fibers and photomultipliers, in order to
improve the efficiency.

Moreover, a further improvement has been made also from the electronic point of view, as described
now.

1.3.1 DAQ and Readout electronics

For the 2011 data taking period, a new set of frontend boards have been used.

The frontend board (Fig. 18) is based on the MAROC3 ASIC (LAL, Orsay).
Each of the 24 MAPMTs are connected to the board directly (no cables in between) using a dedicated

socket.
The MAROC ASIC processes in parallel 64 channels; each channel (Fig. 19) consists of a pre-amplifier
with a gain that can be tuned between 0 and 255 (8 bits, 64 means unitary gain), a slow shaper and a sample
& hold circuit for the analog output and three fast ones and a discriminator per channel for the digital one.
The analog output is a multiplexed one with a clock of 5 MHz and is digitized by an external ADC (AD9220,
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EXT ADC in Fig. 18) locally on the board.
The detector has been operated in self-triggering mode, that is the trigger is generated by the detector itself.
Each readout board generates one trigger signal which is the OR of the channels discriminator outputs.
The OR is performed inside one of the two FPGAs controlling the ASIC and generating the configuration
and readout sequence. The threshold is common to all the discriminators of the ASIC and can be adjusted
between 0 and 1023.

All the 24 frontend boards (FEBs) have been tested both from the analog and digital point of view with
a pulse generator. A hold scan has been performed with different input voltages obtaining a plot for each
channel as the one presented in Fig. 20; the peaking time of the slow shaper in this configuration of the
parameters (which is the one used in the data taking on the experiment) is 120ns. It cannot be reduced given
the trigger generation needs time (the trigger signals from the FEBs are sent to the VME trigger board which
sends back the experiment trigger to the FEBs themselves).

Figure 18: The MAROC board; the main components are indicated.

Figure 19: The MAROC channel.
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Figure 20: Hold scan of one of the ASIC channels.

The DAQ system is a VME system based on a Bit3-616 and a PC running Ubuntu.

The VME crate is equipped with a trigger board and one VME Control Board (VCB) with a daughter board
(which is a piggy back board mounted on the VCB to extend it) for every group of 8 FEBs; each VCB
configures the 8 FEBs loading the MAROC mask, sends the experiment trigger and receives the output data.
The trigger board receives one trigger line from each FEB and combines them (as chosen by the user via
software) to obtain the experiment trigger.
The system can work in three different ways:

• full analog: all the channels (both the ones connected to the bars and the ones free) are readout and
stored. This mode allows the study of the crosstalk and of the performance of the system itself in
terms of pulse height and noise. The time needed for the readout in full analog mode of an event
(considering the 24 boards) is around 10 ms, allowing a maximum speed of the order of 100 Hz.

• zero suppressed: only the channels with a signal larger than a given threshold are stored. This mode
reduces the quantity of data to be transferred from the VME to the PC (which is the most time con-
suming operation) thus increasing the readout speed. The zero suppression threshold can be chosen
by the user performing a pedestal run, which gives the baseline for all the channels of all the boards
and the correspondant noise rms. The threshold for the DAQ is set as the baseline + N*rms, where N
is chosen observing the pulse height distributions.
The time needed for the readout of an event operating the DAQ with the zero suppression strongly
depends on the number of channels that overcame the threshold, but a typical time is of the order of
$0.7-1.0 ms, thus allowing a maximum data acquisition rate just above $1 kHz.

• full digital: for a detailed description of this operational mode see the in-flight annihilation cross
section experiment 1.
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1.4 Microwave cavity and Sextupole magnet

The CUSP experiment aims to measure the ground-state hyperfine splitting (GS-HFS) of H̄ using an atomic
beam apparatus [30] similar to the ones which were used in the early days of hydrogen HFS spectroscopy.
In order to realize this, a microwave cavity and a sextupole magnet were installed downstream of the cusp
trap (see Fig. 13(b)). Due to the strong axially symmetric inhomogeneous magnetic field of this trap, the
antihydrogen atoms emerging from the trap will either be focussed onto a 1.42-GHz microwave cavity
(radiofrequency resonator) or defocussed, depending on their spin direction. Thus the H̄ beam entering the
resonator can be highly spin-polarized. The oscillating magnetic field in the resonator can flip the spin of
the H̄ atoms when the frequency is on resonance with one of the hyperfine transitions. A superconducting
sextupole magnet installed after the resonator then acts as a spin analyzer, and focuses the atoms onto the H̄
detector or defocus them, again depending on their spin direction.

In 2011, the superconducting sextupole magnet has been delivered to CERN, where it successfully
passed the necessary cryogenic and magnetic tests. The radiofrequency resonator has also been manufac-
tured and tested, and was found to conform to the radiofrequency and vacuum specifications. A pair of
Helmholtz coils have been designed, manufactured and installed around the resonator to produce a weak
(1-10 G) homogeneous magnetic field in the center of the resonator. In order to decrease the strong stray
magnetic field of the cusp trap inside the resonator, a cylindrical soft iron shield has been installed down-
stream of the cusp trap, and a cube-shaped double-layered µ-metal shield has been installed around the
resonator and the Helmholtz coils. All these components have been installed in the ASACUSA experimen-
tal zone, downstream of the cusp trap. They were successfully tested and were ready for the beam time in
2012.

1.5 H̄ Synthesis in the CUSP trap

We tried several different schemes in synthesizing H̄ atoms including that invented in 2010. The number of
e+s used were typically 4#106 (corresponding to the stacking number of 40).

1.5.1 Direct antiproton injection method

Figure 21 (a) shows a cross-sectional view of the CUSP trap with the H̄ detector attached immediately
downstream of the CUSP trap. Figure 21 (b) shows a nested potential well configuration during the antipro-
ton and positron mixing. H̄ atoms were synthesized not at the center of the CUSP trap but at the upstream
spindle region of CUSP trap. This configuration was adopted to get an intensified and highly polarized H̄
beam following our H̄ trajectory simulation.

A pulsed beam of 3#105 p̄s at the energy of 150 eV from the MUSASHI trap was injected in the cusp
trap and mixed with preloaded e+s at their potential of $-147V, i.e., the relative kinetic energy was initially
$3eV. [31–33]. During mixing, e+s were first heated by p̄s, then cooled by themselves via cyclotron
(synchrotron) radiation, and eventually captured by p̄s to formed H̄ atoms. H̄ atoms synthesized were
monitored by the so-called field ionization method [32]. Although p̄s in the nested well have no chance
to move beyond the potential barrier, neutral H̄ atoms can move freely and a part of them reach the field-
ionization trap (FIT). H̄ atoms in high Rydberg states were field ionized and their p̄s were accumulated in
the FIT. The FIT was dumped time to time, and the annihilation events were counted.

Figures 22 (a) and (b) show such counts when the FIT was opened during the mixture of p̄ (a) with and
(b) without e+s in the CUSP trap, respectively. A sharp peak with a width of a fraction of ms was observed
when the FIT was opened (t = 0) only if e+s were in the nested trap. The background was less than the
last year because of better performance of the 3D detector and its DAQ system (see Subsection 1.3). The
average number of H̄s so detected was $ 53 per mixture. Assuming an isotropic angular distribution of
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Figure 22: Annihilation events as a function of time. t = 0 correctonds to the time when the FIT was opened when (a)
with and (b) without e+s in the nested trap.

H̄ atoms and taking into account the solid angle covered by the FIT, the total number of H̄ atoms in high
Rydberg state was estimated to be about 5.3#103H̄s per mixture.

1.5.2 Detection of extracted H̄ atoms far downstream of the cusp trap

As is shown in Fig. 13 (a), the H̄ detector was installed $1.5m downstream of the cusp trap. It consists of a
8 cm microchannel plate (MCP) surrounded by scintillator plates, which cover the solid angle of $30% with
respect to the MCP. The solid angle covered by the MCP seen from the CUSP trap was "(/4) $ 1.5#10"4.

Figures 23 (a) and (b) show the MCP pulse height distributions when a 150 eV DC beam of p̄s was
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injected on the MCP with 0V and -300V bias on its entrance surface, respectively. In the latter case, only
)± and other energetic particles accompanying annihilations of reflected p̄s contribute. It is clear that large
pulses were observed only when p̄s were directly injected on the MCP. Figures 23(c) and (d) show the MCP
pulse height distributions when p̄s were in the nested trap with and without the e+ cloud at the center of
the nested trap, respectively. The pulse height distributions in Figs. 23 (c) and (d) are somewhat similar
to those in Figs. 23 (a) and (b), respectively. In other words, the observations above indicate strongly that
the large pulse height events observed in Fig. 23(c) were induced by direct annihilation of p̄s on the MCP
surface, i.e., H̄ atoms reached the MCP. About 26 events are in the large pulse height region, which are the
candidates of H̄ atoms reaching the MCP.

Since the average number of field ionized H̄ atoms by the FIT was 53 per mixture (the typical number
of injected p̄s was 3#105), the number of H̄ which can reach the MCP is estimated to be 0.75 taking
into account just the solid angle difference. Actually, we accumulated 68 mixtures in Fig. 23(c), which
corresponds to 51 mixtures of the typical number of p̄s, the number of H̄ atoms reaching the MCP is
expected to be 38, which is consistent with 26 above.
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Figure 23: MCP pulse height distributions. Direct injections of 150eV p̄s on the MCP when the MCP front surface
was biased at (a) 0V and (b) -300V. No p̄s can reach the MCP front surface in the case of (b), i.e., the pulse height
distribution reflects contributions from annihilation products of p̄s. p̄s in the nested trap (c) with and (d) without e+s.
Large pulse height components are enhanced when e+s are in the trap, strongly indicating that H̄ atoms reached the
MCP.

1.5.3 Attempts of another mixing schemes for more efficient synthesis

Colder mixings of p̄s and e+s are essential to synthesize more H̄ atoms at lower temperature so that we can
proceed to microwave spectroscopy of hyperfine transitions. To realize this, we tried a so-called autoreso-
nance (AR) scheme successfully employed by ALPHA collaboration [34]. The AR is actually a collective
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Figure 24: (a) Energy distribution of p̄s after the autoresonance. The black curve is immediately after the excitation,
and the red, green, blue, and yellow curves are after 0.5s, 1s, 5s, and 20s after the excitation. (b)Excited fraction
(above 22eV) of p̄ as a function of the rf amplitudes.

excitation of a p̄ cloud by applying rf field sweeping the frequency following the intrinsic oscillation fre-
quency as a function of amplitude. By this way, the center of mass motion is coherently excited still keeping
the internal temperature low.

The black line of Fig. 24(a) shows the energy distribution after the AR excitation, which consists of
two peaks. Actually, p̄s in the higher energy component exceeded the barrier and interacted with e+s.
Figure 24(b) shows the fraction of the higher energy component as a function of the AR amplitude. A clear
threshold is seen at around 2V, which is one of the important aspects of AR.

The red, green, blue, and yellow curves in Fig. 24(a) show energy distribution for 0.5, 1, 5, and 20s
after the AR excitation, respectively. In contract to the ALPHA case, the average kinetic energy decreased
quickly keeping its width almost the same. This unexpected cooling reduced the interaction time between
p̄s and e+s resulting in the reduction of the number of H̄ atoms. Actually, this difficulty was successfully
suppressed by removing the e"s at the cost of the p̄ temperature. This feature will further be studied in
2012.

1.6 Summary of 2011 and plan for 2012

We confirmed the synthesis of H̄ atoms in the CUSP trap with the direct injection method. The pulse height
distribution of the H̄ detector located $1.5m downstream from the cusp trap indicated that a few tens of H̄
atoms were extracted as a beam. A new efficient method for H̄ synthesis is under development, which is the
key for making microwave spectroscopy.

In 2012, the CUSP system will be operated with full gear including the mirowave cavity and the sex-
tupole magnet, both of which were tested in 2011. Our goal is to create a polarized antihydrogen beam using
the cusp trap, and then induce a spin flip of antihydrogen atoms in the radiofrequency resonator.
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2 Development of a superconducting radiofrequency Paul trap for
antiprotons

In 2011 the ASACUSA collaboration continued work on the superconducting structure of the Paul trap to
confine antiprotons. A series of cavity parts made of RRR=40 and 400 grade superconducting niobium was
constructed including some sapphire support structures. Beam transport electrodes needed to transport the
antiproton beam into the trap was also constructed. We intend to start electron-beam welding of the parts
during 2012.
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Part III

Collision Experiments
1 Antiproton-nuclei cross sections experiment at 100 keV

1.1 Experiment in 2011

The main goal of the experiment is the measurement of the annihilation cross sections of antiprotons on
nuclei at around 100 keV. In this energy region no data exist while the existing data at 0.5-1 MeV show an
unexpected behavior with respect to the dependence on the mass number of the target [37]. The deceleration
of the 5.3 MeV antiproton beam from AD down to 100 keV is performed by the ASACUSA RFQD which
is followed by the dogleg spectrometer and momentum selector (see [38] for installation details).

Several different improvements were done with respect to 2010 data taking. First, a new improved vessel
was utilized, with larger size than in 2010 (now the vessel is 120 cm in diameter and 170 cm in length). This
was designed in order to make it possible to have a temporal separation between annihilations on the target
and annihilations on the vessel wall (of both Rutherford scattered antiprotons and the undeflected antiprotons
reaching the end of the vessel).

Second, we utilized the new scintillating bar detectors (described in the cusp trap Part II section 1.3).
Compared to the old-type cylindrical detector (see [39], Figure 2.11), the new detectors can be used around
the new larger vessel, while compared to the old-type detectors (see [40], Figures 22, 29 and 30) the new-
type planes feature a much better flexibility and a simpler installation. Also the electronic boards have been
changed to a new kind of board, as it will be described in detail later. The new detector system can be used
both for counting the charged particles and for pinpointing the annihilation vertices, at the same time. In
addition to the two-layers modules used for the cusp trap experiment (Part II section 1.3), two more one-
layer modules were utilized, putting them below and above the vessel, with the aim to increase the detector
solid angle.

Last but not least, a new shielding with thicker concrete wall, to avoid charged particles coming form up-
stream (the major part of the annihilations leaving the RFQD at much higher energy than 100 keV, producing
an intense background signal due to ) ! µ ! e process).

As we anticipated above, in order to perform the measurement, the same modules of the cusp trap setup
were used (Part II section 1.3) but with digital readout, necessary in order to have a the temporal resolution
needed for this experiment.

For a detailed description of the frontend boards and the readout chain (see Part II section 1.3. For the
in-flight annihilation cross section experiment, the DAQ has been operated in full digital readout: in this
readout mode, the digital output of the channels (that is the output of the discriminator of each channel)
is sampled with a clock whose maximum frequency can be 300 MHz. Actually the sampling occurs at
each rising edge of the clock and at each falling edge, resulting in a final 600 MHz sampling rate, that
is a time width between subsequent samples of about 1.5 ns. So, the sampling results in a list of 0’s and
1’s corresponding to the status of the digital output of the channel. A subsequent temporal scan gives a
list of scintillating bars simultaneously hit, and by means of a tracking/vertex-reconstruction algorithm the
annihilation vertex can be pinpointed.

There is no dedicated memory board for the digital sampling, so the only available memory is the one of
the FPGAs. On each FEB, there are two FPGAs, each one controlling 32 channels in the digital mode. Given
the FPGA inner memory dimension and the bunch structure (width $ 100-200 ns), a 1 µs time interval is
taken for each trigger (given by AD machine). Once the memory is full, the data transfer to the PC will
require several seconds.

Because we got only a few days of beam (less than 25% of the expected beam time), only preparatory
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Figure 25: Pictures of the experimental setup; left: seen from upstream, before the concrete wall completion; right:
seen from downstream, after the concrete wall completion and the detector installation .

studies have been made and no physical results can be inferred, unfortunately. Such a short amount of
beam time was essentially due to two unexpected and unfortunate events: a long PS-MD with practically no
delivery of antiprotons, and the PS protons injection septum break, which actually caused an earlier end of
the 2011 beamtime. This must be summed up with less important beam losses.

1.2 Plans for 2012

Thanks to this year experience, we hope to perform the measurement next year in May. We plan to make use
of different targets: formvar (135 nm thickness, 11 cm diameter), carbon (70 nm and 100 nm thickness, 8
cm diameter), carbon plus palladium (70 nm + 10 nm and 70 nm +19 nm, same diameter as carbon), carbon
plus platinum (70 nm + 5 nm and 70 nm + 10 nm, same as previous).

2 Atomic collisions – Plans for 2012 and beyond

Our work on the dynamics of slow antiproton-atom/molecule collisions has been very successful, in so far
that we have been able to measure total ionization cross sections which now serve as benchmark data for
the development of advanced many-body theoretical calculations of the mechanisms acting in slow atomic
collisions in general [41–43]. For example, we can judge which of the 12 recently published advanced
calculations of the cross section for the helium target are correct [41]. Furthermore, we have obtained data
on the argon target the reproduction of which is still a great challenge to theory [42]. Moreover, we have
found a surprising behavior of the cross section for ionization of molecular hydrogen, where we suggest that
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the strong suppression of the ionization probability which we found, is due to temporary delocalization of
the active electron. Theorists are working to incorporate this phenomenon [44] into their models.

As always, total cross sections give rather crude information on the processes involved. Much more
information can be extracted from differential measurements. This becomes especially clear if figure 10 of
ref [45] is consulted. Here it is shown that for 3 keV antiproton impact on helium, as crude and an advanced
calculation gives drastically different differential cross sections, but almost identical total cross sections.

It is clear, consequently, that in order to obtain major progress with our investigations of ionization
in antiproton – atom/molecule collisions we need to become able to measure differential cross sections.
However, the present ASACUSA beam-line does not offer the 100-fold increase in the number of antiprotons
passing the target which is needed for this. Here the advent of ELENA is a great opportunity. Placing a so-
called Reaction Microscope (ReMi) in the ELENA ring, we will easily achieve this increase, due to the fact
that the antiprotons in ELENA recycle through our target.

In a ReMi, (see Figure 26) a supersonic, cryogenic gas jet, perpendicular to the projectile beam, is used
as a target and the ions and electrons created in ionizing collisions are detected by time and position resolving
channel-plate detectors in such a way that their initial momentum is measured [46]. If the projectile beam is
pulsed, a kinematically complete measurement can be obtained. However, even without such a pulsed beam,
cross sections differential in the recoil momentum of the ions can be measured. Reaction Microscopes
have been used successfully in UHV storage rings like the Heidelberg TSR (Fig. 27) and the Stockholm
CRYRING, and this sort of technique is considered routine. It will not perturb the normal running of
ELENA for other users, and it will not degrade the ELENA vacuum even while the gas-jet is on [47].

We are preparing a letter-of-intent for the SPSC in which we suggest such an experiment, under the
auspices of the ASACUSA collaboration. If accepted, the ReMi can be mounted in ELENA during its
construction in 2014, and important measurements can be performed during the interval in 2015-2016 from
the completion of ELENA to the achievement of extraction through the electrostatic ELENA beam-lines.
Later, we might ask for short beam-times during the normal running of ELENA.
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Figure 26: This figure shows a sketch of a potential setup of a Reaction Microscope in the ELENA ring. It is possible
to decrease the length of this setup to below 1 m. In that case, the extraction fields of the ReMi will perturb the ELENA
beam somewhat more.

Figure 27: A ReMi included in the Heidelberg TSR UHV storage ring.
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