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1 Introduction

In October 1997 we presented our proposal CERN SPSC/ 97-19, SPSC P-307 to the SPSC committee,
in which we outlined our plans for a series of AD experiments on “Atomic Spectroscopy And Collisions
Using Slow Antiprotons” (ASACUSA). This proposal follows up some years of similar work at LEAR,
and consists of three experimental phases. The first phase was concerned with experiments using the 5.3
MeV AD beam alone , the second with experiments requiring a Radio Frequency Quadrupole Decelerator
(RFQD) acting as an AD post-decelerator to reach keV energies, and the third with experiments in which
an antiproton trap would be attached to the RFQD to allow experiments with eV antiproton beams. In a
letter dated 10 November 1997, we were informed that the SPSC committee had approved the first phase
and encouraged construction of the RFQD, but would await development of the latter device before making
any recommendations to the Research Board concerning the second and third phases.

In the meantime we have installed and tested all the phase 1 equipment and reproduced one of our
LEAR results on antiprotonic helium spectroscopy at the AD. In addition the RFQD has been constructed
and awaits tests at Aarhus and CERN during the first half of 2000. Finally the phase 3 trap has been installed
and partially tested in Tokyo. In this report we first (Section 2) summarise the present status of the phase
1 installations, present our plans for running phase 1 experiments in 2000, and summarise the status of the
RFQ. We then (Section 3) present more details concerning experiments planned for phase 2, and on the
existing or planned experimental apparatus for carrying them out. In section 4 we describe the status of the
phase 3 trap.

Concerning the phase 2 experiments we ask for the SPSC’s conditional approval pending success of the
RFQD tests (expected by the summer of 2000).

1.1 Physics goals

The goals of ASACUSA are to study bound or continuum states of antiprotons and simple atoms. Depending
on the assumptions made, such studies either test the CPT theorem or the many(>= 3)-body theories of such
systems. Thus, if we assume the CPT invariance between the properties of the proton and the antiproton, as
the theoretical calculations do, the agreement is a signature of the excellence of theoretical treatments and
calculation techniques of the Coulombic three-body system including QED corrections. On the other hand,
if we take the calculation results for granted, this in turn gives a stringent test of the fundamental constants
of the antiproton and therefore tests the CPT theorem. Fig. 1 illustrates the relationship between these two
approaches.

ASACUSA Physics Goals












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   3-body quantum theories 
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Bound-state QED
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_

_

+ many more byproducts

Figure 1:The physics goals of ASACUSA.

In 1997, when we presented our proposal to the SPSC[1], the precision achieved by our LEAR PS205
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Figure 2: The progress of theoretical and experimental precision on the antiprotonic helium transition
energies over the past years. The interruption caused by the closure of LEAR and the opening of the AD is
clearly visible as a kink in the experimental trend line.

experiment for thepHe+ laser resonance[2] and the results of the quantum 3-body theories[3–5] were both
in the range of∼ 1 ppm, as shown in Fig. 2. Since then, much progress has been made in the field of quantum
3-body QED calculations. In 1999, the theoretical calculations forpHe+ transition energies reached relative
accuracies of 20 ppb, which will soon be improved to< 0.1ppb[6]. Such improvements on the theoretical
side strongly motivates us to measure thepHe+ energy level spacings much more precisely than in the LEAR
era. As can be seen in Fig. 2, we began LEAR PS205 with experiment well ahead of theory. Not surprisingly,
if the trend lines of the figure can be believed, theory is now poised to take the lead over experiment for the
first time in the history of the metastable antiprotonic helium atom. This constant interplay between theory
and experiment is nevertheless to be expected and even welcomed – it was indeed the engine that drove
forward our understanding of the hydrogen atom and its particulate components for almost a century.

1.2 Phase 1-2-3 Strategy

As shown in Fig. 3, ASACUSA will evolve in three phases. This plan was already presented to the SPSC in
November 1997, when the committee fully approved the phase 1-part of our proposal.

In the first phase, we use the directp beam from AD at 5.3 MeV and concentrate on the laser and
microwave spectroscopy ofpHe+. Our original plan, as shown in Fig. 3, was to complete the phase 1
experiments already in 1999. We have therefore been ready to use the AD beam for phase 1 experiments
since Summer 1999. Due to the delay in the AD commissioning, we have been obliged to defer these
experiments to the first half of 2000, encouraged however by the fact that during the last hour the 1999
beamtime we were able to reproduce at the AD, under extremely unfavourable conditions, the laser transition
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Figure 3:The three phases of ASACUSA experiments, as presented at the SPSC meeting in November 1997.

(39, 35) → (38, 34) found at LEAR in 1994 (Fig. 4).
In phase 2 experiments, now being formally proposed pending the success of the RFQD tests, we will

add an RFQ linear decelerator, which decelerates antiprotons from 5.3 MeV to few tens of keV. This will
enable us to study antiprotonic atom formation in very dilute gases, and will also make it possible to measure
antiprotonic energy loss in various materials down to∼ 1 keV (see Fig. 5). The RFQD has already been
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constructed, and will soon be tested at the Aarhus tandem. In section 3, we describe the RFQD status and
our beam test timelines. When the PS division has completed its tests of the RFQD at Aarhus and at CERN,
we shall submit to the SPSC a document describing the test results.

In phase 3, another powerful device, an antiproton trap will be installed downstream of the RFQD.
Antiprotons will be captured and cooled (by collisions with electrons) in the trap, and will be extracted at
and below∼ 1 keV (eventually down to∼ 10 eV). With such ultra low energy beam, hitherto never obtained,
it will become possible to produce antiprotonic atoms in a single-collision environment, i.e., in∼ vacuum,
and to study their production mechanisms in detail, and also to perform high precision spectroscopy. Since
we wish to install the trap in the AD hall in the fall of year 2000 and to start testing it, we have included the
status of the trap construction and our beam test plans in the present proposal.

1.3 Plans for the Year 2000

Based on the draft schedule of the PS complex for the year 2000, we have made the following plans for the
phase 1 and phase 2 experiments of the ASACUSA collaboration:

Period Number of weeks Our plans

Week 21 – 36 16 (incl. 2 weeks of AD SU/MD) Phase 1experiments andpHe+ phase 2 preparation
Week 37 – 39 3 RFQ, ESA and trap installation
Week 40 – 43 4 dE/dx measurement using RFQ + ESA
Week 44 – 48 4.4 Trap commissioning and test

4



2 Status report

In this section we describe the technical status of all components of the experimental apparatus for phase 1
experiments, and the construction of the RFQD.

2.1 Antiprotonic helium phase 1 preparations status

The first phase of measurements at the AD will consist of laser and microwave spectroscopy experiments
of antiprotonic helium atomcules. In order to perform them, a cryogenic target capable of holding helium
gas at temperatures of about 6 K and pressures between 200 mbar and 10 bar is necessary. This target
chamber needs a window thin enough for the 100 MeV/c antiprotons from the AD to pass through, and a
quartz window for the laser beam to enter. For the microwave experiment, the antiprotons must be stopped
in a cavity supplied with microwave radiation through a waveguide leading to a room-temperature travelling
wave tube amplifier. The annihilations of antiprotons in helium are detected byČerenkov counters where
the analog output signal of a specially designed gated PMT is recorded by a digital oscilloscope. Complex
laser and microwave systems are needed to supply the required electro-magnetic radiation. The status of the
technical preparations of the major components and the result of the few days of beam time in 1999 will be
described in the following.

In the last days of November and the first days of December 1999, the AD team succeeded in extracting
a beam of antiprotons to the three experiments. Due to the lack of electron cooling at 100 MeV/c (exactly
102.4 MeV/c), the beam quality was rather bad. At the DE1 focus in the ASACUSA area, a beam profile of
9 mm horizontally (FWHM) and 3 cm vertically was measured by a mobile wire chamber outside the beam
line vacuum. Since the beam window has an aperture of about 3 cm, the beam size inside the vacuum pipe
may have been even larger. The total intensity was estimated to about105 p in pulses of∼ 600 ns length
which arrived at about 2 minute intervals. In spite of this bad beam quality, we succeeded in the last few
hours of the 1999 AD beam time in reproducing a laser resonance previously found at LEAR, which proves
our readiness to perform the already approved experiments of phase 1 as soon as the AD beam becomes
available in the year 2000.

2.1.1 AD beam window and beam profile monitor for 100 MeV/c

For our measurements the AD beam of 100 MeV/c momentum (5.3 MeV kinetic energy) has to be stopped in
helium gas of typically 6 K and 500 mbar corresponding to a density of6×1020 cm−3. They have therefore
to be degraded strongly, so that the beamline vacuum of the AD can be separated from the isolation vacuum
of the cryostat by two windows and a short air gap. In order to keep the angular scattering as small as
possible so as not to enlarge the beam size, the window and additional degrader have to be chosen carefully
and placed as close as possible to the chamber where the helium gas is kept.

The best compromise between required thickness to withstand a pressure difference of 1 bar and minimal
angular scattering of the beam turned out to be a Upilex (a polyimide similar to Kapton) foil. At a diameter
of 4 cm required for the initial beam tuning, a thickness of 50µm is enough to withstand the pressure. It
has been tested by the PS vacuum group that such a window glued onto an aluminum vacuum chamber is
acceptable also in terms of outgassing and permeability to air. A vacuum of5×10−8 mbar could be reached
easily by pumping with a small turbo molecular pump over several days. The window was installed in the
ASACUSA beamline in November 1999.

The ASACUSA beam profile monitor (BPM) is a secondary emission chamber made of 0.5 mm wide
aluminum stripes evaporated onto very thin polyimide foils. This type of chamber is gas-free and therefore
windowless, and is mounted inside the AD beam line vacuum upstream of the 50µm beam pipe window.
The total thickness of all foils is only∼ 5 µm. It has 16 x 16 channels, covering an active area of 8 x 8
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mm2, but can be enlarged to twice the size and number of channels if necessary. The stripes are read out
via ultra-high sensitive pre-amplifiers and active filter post amplifiers with 2µs time constant and digitized
using CAMAC ADCs. The noise level of the pre-amplifiers is about 300 electrons (rms), and therefore has
a sensitivity of a few hundred antiprotons per strip. Fig. 6 shows the profile of the AD beam at the DE1
focus as obtained with this secondary emission chamber in December 1999. Since the beam is larger than
the active area of the BPM, only small variations can be seen over the detector size.
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Figure 6: (Top) Profile of AD beam at the focus of DE1 beamline, measured with the new ASACUSA
secondary emission chamber. Beam intensity is some105 particles/shot, and the diameter is much larger
than the active area (8 mm× 8 mm) of the detector, because the electron cooling at 100 MeV/c has not
yet been set up; cross-measurements with CERN MWPC indicates a profile of 9 mm horizontal and 30 mm
vertical. (Bottom) Without beam.

2.1.2 Cryogenic target for high-density measurements with and without microwaves

Our measurements require a temperature range for pure helium gas or helium gas with admixtures between 6
K and 100 K, and a pressure range between 0.2 and 10 bar. For the phase 1 hyperfine structure measurement
described in CERN SPSC 97-19, Section 2.6.3, a cylindrical cavity of inner diameter 28.3 mm and length
24.6 mm (see section 2.1.4) has to be inserted. The best solution we found was to use a cavity whose both
ends were made of a metal mesh, fine enough to contain the microwave radiation inside, but coarse enough
to let the antiprotons and laser light pass through. The helium gas is then held in a chamber surrounding
the cavity. In order to minimize the distance thep have to travel through helium gas between the entrance
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window and the start of the cavity, this chamber had to be designed to fit very tightly around the cavity.
Fig. 7 shows the cryostat and chamber. The cryostat itself was bought from AS Scientific in Oxford,

UK, while the chamber to hold the helium gas together with a 51.2 mm diameter pipe to supply the gas
and mount the cavity with its waveguide was designed and manufactured in the CERN workshops in close
collaboration with the CERN cryogenics laboratory.

The chamber is supported and connected to the top of the cryostat by a 51.2 mm inner diameter stainless
steel (316L) pipe of 1.2 mm wall thickness. This large diameter was required to insert the cavity with outer
dimensions of 38.3 mm times 25 mm. The chamber itself was made by electro-erosion from a solid piece
of stainless steel (304L) with a wand thickness of 3 mm.

The antiproton window was made of a stainless steel foil of 25µm thickness. In order to minimize the
distance between the metal foil and the cavity which needed to be inserted from above, the edges of the
foil were bent and it was welded between two rings for support. The whole window was then connected
by electron beam welding into the chamber. This type of window had been tested beforehand in the CERN
main workshop to easily withstand pressures of more than 10 bar. At 10 bar a maximum plastic deformation
of 1.5 mm was observed.

For the laser beam, a quartz window of 20 mm diameter attached to a short Kovar pipe was electron-
beam welded into the chamber. This window was certified to withstand 10 bar pressure at temperatures
down to 5 K.
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The cavity is surrounded by two thermal shields at 4 K and 77 K, and a vacuum vessel. To minimize the
distance between the window in the vacuum vessel and the chamber, the vessel was made square-sectioned
with a length of 10 cm. The distance between the two windows could therefore be kept at∼ 38 mm. The
outerp window is made of 50µm Upilex foil, like the window in the AD beam line.

The stopping distribution of antiprotons was calculated for this geometry by a Monte-Carlo program
developed at the University of Tokyo that uses Ziegler’s parametrisation of the energy loss ofp at low
energies and also includes the Barkas effect. It was found that an additional degrader of 30µm Upilex foil
is needed to stop the pbar in the center of the cavity. A typical stopping distribution at 6 K and 50 mbar is
1 cm along the beam axis and 1 cm perpendicular (FWHM) for beam parameters as described in the AD
design report (focus parameters: 1 mm horizontal and vertical size, and 30 or 7 mrad horizontal or vertical
divergence, resp.) In the 1999 run helium gas of 6 K and 1 bar was introduced, dense enough to stop the
p without additional degrader. As mentioned above, the beam size was much larger (∼ 1 cm horizontally
and> 3 cm vertically). The majority ofp therefore did not enter the target chamber through the 16 mm
diameter window, but stopped in the walls of the target chamber and the vacuum vessel of the cryostat.

The cryostat has been successfully tested in the CERN cryogenics laboratory with the cavity mounted
inside. Due to the shortness of time in the 1999 run, no experiments with microwaves were possible and
the cavity was not inserted. Instead a pipe holding several copper disks acting as baffles to reduce the heat
radiation from the room-temperature region on the top of the cryostat was inserted into the stainless steel
pipe.

2.1.3 Laser system

Two laser systems have been installed in a dedicated clean-room type laser hut in the AD hall. Both consist
of a dye laser (Lambda Physik ScanMate 2E) pumped by a Nd:Yag laser (Coherent Infinity 15-30). One of
the lasers is equipped with a frequency doubling unit to reach the UV, while the other has an OPPA extension
making use of the optical parametric oscillator effect to extend the wavelength range to the infrared. All
together a wavelength region of 260 nm to 1100 nm can be covered with a pulse energy of> 10 mJ.

After extensive practice, a band width of< 800MHz could be achieved which is important to resolve the
doublet structure of the 726 nm transition used in the hyperfine measurement. The wavelength is measured
for each shot by a commercial interferometer (“Lambdameter” LM-007 from ATOS GmbH). This was
calibrated against known absorption lines of iodine vapour and was found to be accurate at a level of less
than 1 ppm. For the first run the laser was set manually to 597.263 nm, the value previously found for the 597
nm resonance line at a target gas density corresponding to 6 K and 1 bar. The Yag laser was triggered by a
timing signal derived from the RF control signal of the AD, arriving∼ 380 µs before the antiprotons arrive at
the target. The extraction from the AD occurred about every 2 minutes. We had already verified beforehand
that an acceptable power fluctuation of∼ 10 % from shot to shot will occur under these conditions.

2.1.4 Microwave system for hyperfine structure measurements

As explained in our phase 1 proposal [1] section 2.5 and 2.6.3, an oscillating magnetic field of frequency
f = 12.91 GHz with a strength of at least 3 Gauss is needed to induce transitions between the hyperfine
levels ofpHe+ . As also stated there, the central frequency of this cavity has to be tuned by about 1%
without physically changing its size since it has to be kept inside a cryostat at liquid helium temperatures.

In the meantime a cavity has been designed and constructed to produce such a field. It is a cylindrical
cavity with the axis parallel to the antiproton beam, oscillating in the TM110 mode. Both top and bottom
sides consist of meshes in order to allow thep and the laser beam to enter. The meshes are (like the cavity
itself) made of stainless steel 304L with a ”wire” width of 60µm and a wire-to-wire distance of 0.744 mm.
The thickness parallel to the beam is 0.3 mm. As indicated in Fig. 7, it is connected by a waveguide made of
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stainless steel with a 10µm thick layer of copper on the inside so that the high-frequency radiation will not
be attenuated too much. A pick-up antenna inside the cavity is connected to the outside by a special coaxial
cable which has a small thermal conductivity and a small attenuation of the microwaves by using a central
conductor made of a thin pipe of stainless steel, again covered by a fewµm of copper.

The cavity is coupled to the wave guide in a way that the resulting loadedQ-value is much smaller
(QC

L = 96.5) than the intrinsicQ-value of the cavity (QC
0 = 2700) (“overcoupling”). Outside the cryostat,

a triple stub tuner (TST) is inserted in the waveguide. It consists of 3 pieces of waveguide perpendicular to
the main waveguide, situated at a distance of 3/4 of a waveguide wavelength. Inside the three waveguide
extensions, movable metal pieces are placed which act as a short-circuit for the microwaves. By moving the
shorts using computer-controlled stepping motors, the impedance matching between the TST and the system
cavity plus waveguide can be changed, thus modifying the central frequency and total loadedQ-valueQL.

The right side of Fig. 8 shows the reflection (S11) and transmission (S21) curves as measured with a
vector network analyzer for two different positions of the TST leading to different central frequencies. The
difference of 22.3 MHz is close to the theoretically predicted difference of 27.97 MHz between the two
allowed transitions within the hyperfine quadruplet ofpHe+ (cf. Fig. 8 left). The totalQ-value given by
the “sharpness” of the resonance curve (Q = fc/∆f , where∆f is the width (FWHM) of the resonance
curve) in both case isQL ∼ 3000. Extended simulations of the cavity by the three-dimensional code
HFSS (Hewlett-Packard/Ansoft) showed that at aQL of 2000 a maximum magnetic field with∼ 50 Gauss
is generated using a pulsed traveling wave tube amplifier (TWTA) of 2 kW power as we have purchased.
We therefore have demonstrated that we can produce a strong enough magnetic field over the tuning range
required with our method.
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Figure 8:Left: level splitting ofpHe+ into a quadruplet due to the interaction ofp angular momentumL,
electron spin andp spin. For the (37,35) state the allowed transitions are predicted to be atν−HF = 12.9239
GHz andν−HF = 12.8958 GHz [7], resulting in a splitting of∆νHF = 27.967 MHz. Right: Resonance
curves at 2 different positions of the triple stub tuner around the above-mentioned frequencies.
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2.1.5 Čerenkov counters to detect delayed annihilation of antiprotonic helium

The delayed annihilation of antiprotonic helium atomcules is measured as before at LEAR by recording the
analogue output signal of a photo multiplier tube (PMT) connected to aČerenkov counter. ǍCerenkov
counter is used because of its fast time response in contrast to scintillation counters which have long decay
components. The PMT needs to be gated so that it will not be saturated by the large flash of light coming
from the 97 % prompt annihilations during the antiproton pulse.

For the AD a smalľCerenkov counter (15 cm x 30 cm, 2 cm thick) was built out of special UV transparent
high-purity lucite, optimized for a high photon collection efficiency. A new gated fine-mesh PMT of 1 inch
diameter was developed by HAMAMATSU Photonics with highly suppressed after-pulsing immediately
after the end of the gate pulse. The result of about 70 AD shots from the 1999 run added up is shown in
Fig. 4. Using the same timing signal from the AD RF-system that served to trigger the laser, the PMT output
was suppressed during the AD pulse of∼ 600 ns duration. The gate pulse ended∼ 300 ns after the end of
the AD pulse.

The time spectrum (upper curve) shows a very linear structure even immediately after the gate pulse
(t = 0 corresponds to the center of the AD pulse). Clearly visible although at still low statistics is a peak
in coincidence with the arrival time of the laser light (indicated by the lower curve). The laser was tuned
to the known wavelength of the 597 nm resonance for the corresponding density. The intensity of this laser
resonance is only about 10 % of the value previously observed at LEAR, because, due to the large beam
size, the majority ofp did not stop inside the helium gas. Those antiprotons annihilate and give rise to a
background component in the time spectrum which comes fromπ+ → µ+ → e+ decays of pions stopped
in the surrounding material. This component has the muon lifetime of∼ 2.2 µs, which is similar to the
average lifetime ofpHe+ .

In summary, the successful observation of a previously discovered laser resonance, even though at low
statistics, has demonstrated that our experimental technique in principle is working. After the anticipated
improvement of the AD beam quality to the status as described in the design report we will be able to pursue
the full research program as described in our proposal [1].

2.2 Radio frequency quadrupole decelerator construction1

2.2.1 Supplements to the design report

Continued development after the approval of the radio frequency quadrupole decelerator project (RFQ for
short) led to several changes with respect to the initial proposal. The most important are:

positioning the RFQ electrodes at 45 degrees(see figure 9). The dipole component of the RFQ-field is
substantially reduced due to the balancing of the RF current path lengths as compared to horizon-
tal/vertical electrode pairs. Also the manufacture of the ladder is simplified. This rotation is possible
since the input and output beams are nominally “round”, with correction if necessary in the upstream
beam line. Figure 9 also shows newly added corona-shields at the top and bottom of the ladder,
together with the insulating ladder support cylinder.

redesign of the low-energy beam transport LEBT(see rightmost part of figure 10). Instead of the original
triplet at the RFQ output there is now a solenoid that makes the beam nearly parallel, followed by
a second solenoid at the end of the LEBT that focuses the beam into the physics experiments. The
intermediate space is used to mount a diagnostic box (carrying a retractable Faraday cup and a large
pumping port), a SEM wire chamber (permanently in the line since 95% transparent to the beam,
called HORI-box after its designer) together with vacuum valves and a pair of magnetic steerers.

1This section written by W. Pirkl, CERN PS division.
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Figure 9:Cross section of RFQ cylinder, showing ladder with electrodes under 45 degrees, corona shields
and ceramic insulating support.

Beam

LEBTRFQ cylinder

RFQ girder

Upstream
diagnostics

Figure 10:General Assembly drawing of the RFQ girder with upstream diagnostics (left), RFQ cylinder
(mid) and LEBT (right).

redesign of the vacuum system. The LEBT is now equipped with a powerful pump assembly, consisting
of a turbo pump 250l/s, an ion pump 125 l/s and a sublimation pump of 2000 l/s. It capitalizes on the
small aperture of the RFQ output to provide differential pumping. The gas flow from the experiments
to the RFQ (ASACUSA phase 2) respectively from the RFQ to the cryogenic solenoid (ASACUSA
phase 3) is more efficiently reduced.

revision of the test method for the initial evaluation of RFQ performance. The initially proposed test
method by electrons of the same velocity as the antiprotons has been abandoned. Extensive tests
have shown that the extreme sensitivity of very-low-velocity electron beams to magnetic stray fields
leads to unreliable measurement results. It has therefore been decided to come back to the alterna-
tive solution mentioned in the design report, namely to carry out the acceptance tests with a high-
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quality proton beam available from the Tandem generator at the Institute of Storage Rings Facilities
in Aarhus/Denmark (see also 2.2.3 below).

2.2.2 Present status

All parts of the RFQ and its girder have been received, installed and vacuum tested (see fig 11). The RF
chains for the RFQ and the two auxiliary cavities have been installed and commissioned. Virtually all
components and modules of the upstream diagnostics and of the LEBT have been delivered and tested.

Figure 11:RFQ seen from downstream end, cover removed. In the background the RF amplifier.

A dedicated beam test line has been designed, installed and calibrated. It consists of a 20-degree spec-
trometer magnet, a triplet and diagnostic equipment. This assembly is intended for the future RFQ ac-
ceptance tests and has been calibrated with a low-intensity 60 keV proton beam of known parameters. A
second SEM wire chamber (“HORI”-box) is used as beam profile monitor of very high sensitivity. The
output beam profile was initially checked at higher beam intensity using a standard SEM wire chamber and
a microchannel plate followed by a scintillator screen.

A series of low level RF measurements were carried out. The measured resonant frequency, and in par-
allel the field pattern, differed from the predictions obtained from the RFQ design method which considers
unmodulated electrodes together with analytical formulae to correct for the effect of the modulation. The
differences can be explained by the important length of this particular RFQ; it makes the structure very
sensitive to slight local tuning variations, while it reduces at the same time the resolution for a full-length
simulation due to a practical limit on the number of available meshpoints.

Series of much extended 3D simulations have been carried out for each of the 34 RF cells. An electro-
static program module for evaluation the capacitance of the modulated electrodes, in conjunction with the
RF module for the rest of the geometry, allowed precise determination of the individual cell resonant fre-
quencies. In parallel the experimental setup was extended by mounting of a pair of movable tuning plates in
each cell for modification of the local resonant frequency over a wide range. Adjustment of these plates led
to excellent field flatness, albeit at higher than nominal frequency. Excellent correlation with the theoretical
results was obtained.
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The Q-factor of the assembly is lower than expected, resulting in larger than anticipated RF power
requirement. Two actions have been started: On the one hand a single-cell resonator was built to study
different means of loss reduction; in particular increased surface polishing has led to very encouraging
results. On the other hand, an additional drive amplifier is being installed to deliver the additional power
with some reserve.

2.2.3 Future plans

The RFQ ladder will soon be re-machined at CERN to achieve flat field at the correct frequency. This oper-
ation concerns only the relatively low-precision RF chamber heights, whereas the high-precision electrode
seats will remain untouched. The tests with the tuning plates have built confidence in the theoretical predic-
tions to a point where machining could start immediately. However the results of the Q-factor improvement
may have a slight influence on the present geometry therefore the machining is foreseen for January 2000.

The full power test with the newly machined RFQ structure will be carried out during the CERN shut-
down which lasts up to April 2000. During this period notable manpower limitations have to be taken into
account.

The next step is the RFQ acceptance test with beam at Aarhus. The test setup is shown schematically in
figure 12. It consists of

the upstream beam linewhich will essentially put at disposal by Aarhus. Tests have confirmed the excellent
beam quality in the central line that has kindly been reserved for the RFQ tests.

the RFQD assemblyi.e. the complete girder as shown in figure 10.

the measurement line, as described above.

The entire RFQ equipment will be completely tested before shipment, in a layout similar to the layouts
in Aarhus and the AD hall. Connections are connectorized wherever possible. The test line is mounted on a
self-contained girder that carries provisions for rapid and precise alignment with respect to the RFQ-girder.
The net duration of the beam tests has been estimated at about one week.

The RFQ shall be back at CERN in due time for installation in the AD machine, which is foreseen from
11 September 2000 on.
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Figure 12:RFQ test setup at the Institute of Physics and Astronomy, University of Aarhus, Denmark.
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3 Phase 2 experiments

In this section we describe not only the status of the phase 2 experimental hardware, but also go into the
physics justification of some of the phase 2 experiments in somewhat more detail than was possible when
we wrote our original proposal (CERN SPSC 97-19).

3.1 Measurement ofp energy loss at very low energies

The stopping power of matter for charged particles is of large fundamental and applied relevance. Generally,
it is of great importance to know accurately the stopping power for a broad range of materials and particles
in order to interpret a variety of contemporary experiments. This holds true both directly and indirectly.
Directly, e.g. in order to predict the response from a detector for a given particle beam incident with a
given energy and indirectly,e.g. in order to predict the energy of a particle beam after the passage of a given
material. Examples of widespread applications in industrial as well as fundamental science are radiotherapy,
ion-implantation for semiconductors and ion beam analysis.

One of the measurements to be performed under the ASACUSA collaboration is a thorough investigation
of the so-called Barkas effect in stopping power. In the late fifties Barkas and his collaborators found that
negatively charged pions penetrating through matter had a slightly longer range than positively charged
ones of equal velocity[8]. This was understood as a polarization effect where – since the main energy loss
mechanism at high energies is scattering off electrons – the electrons are rejected from a negatively charged
projectile and attracted to a positively charged projectile leading to a difference in the stopping power.
However, as it is expected, the electrons need time during the passage of the projectile to accommodate to
the field leading to the polarization, such that the effect is small at high energies and rises to a maximum
near the typical velocity of the electrons in the medium, around the Bohr velocity,αc.

A similar polarization effect is seen in the ionization and excitation of atoms and molecules where the
cross sections with projectile velocities nearαc differ significantly fore.g.protons and antiprotons, being
larger for protons. Nevertheless, in this case the roles are interchanged when projectile velocities somewhat
belowαc are used. Here, antiprotons excite and ionize more efficiently than protons because excitation and
ionization requires close encounters, and the negatively charged projectile is attracted to the nucleus and
thus spends more time in the vicinity of the electrons, an effect usually referred to as the Coulomb-trajectory
effect. Furthermore, the approach of a (negatively charged) antiproton to the target atomic nucleus will lead
to a decreased binding of the target electrons, thus increasing the probability for excitation/ionization, while
the opposite effect is found for proton impact. This is called the binding/antibinding mechanism.

The Barkas effect was investigated by the PS194 collaboration at LEAR where the energy loss of protons
and antiprotons in various thin foils of Z = 13, 14, 22, 29, 47, 73, 78 and 79 were measured in the energy
range 30 keV – 3 MeV[9], see figure 13. This was done by a time-of-flight (TOF) technique where the speed
of the projectile was measured before and after the target. Such a technique is only possible for a slowly
extracted beam where each antiproton can be measured separately since the TOF must be determined to an
accuracy of a few hundred picoseconds. To get sensible results, it is required to have thin, homogenous foils
with a precisely known thickness which was measured by Rutherford backscattering.

We propose to extend the energy-loss measurements to much lower energies, by using the RFQ and
electrostatic analyzers (ESAs), as described below. With the proposed setup, it will be possible to cover the
energy range of∼ 1 keV – 50 keV for solid targets, and it should be even possible to go down to∼ 100 eV
with a gas target. At these very low energies, the nuclear stopping effect – the energy transfer to the target
atoms as a whole – becomes important. Effects similar to the Coulomb-trajectory and binding/antibinding
effects for ionization/excitation may also appear. Here we benefit from using antiprotons – ‘the theorists
favorite low-energy projectile’ where effects of electron capture are avoided – to investigate stopping at low
energies. Another aim is to investigate the region of applicability of the so-called electron-gas model, where
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Figure 13:Stopping power for protons and antiprotons in silicon.

the stopping-power is calculated as taking place in an electron gas without reference to the nuclei present
(dashed curve in Fig. 13).

3.1.1 ElectroStatic Analyzer

As the AD is not foreseen to operate in a slow extraction mode a new technique to measure the energy loss
of bunched antiprotons must be invoked. The energy of the antiprotons incident on – and exiting the foil
or gas is determined from the deflection in electrostatic analyzers (ESAs). By combining the ESAs with
the RFQ, an average energy loss can be found by selectinge.g.1000 antiprotons per shot in a well-defined
incident energy range. Figure 14 shows a schematic top view of the ESA under construction[10], which
comprises two 90◦ electrostatic deflectors. With the curvature radius of 250 mm, each deflector has an
energy dispersion ofD = 5mm/% and the detector resolution of≤ 0.2mm thus gives a determination ofp
to better than 0.4%. Table 1 summarizes ESA parameters, and Appendix B gives a detailed design note of
the ESA.

At the time of writing, all the pieces for the ESAs have been made and pumps, connectors and detectors
have been bought. Assembly of the apparatus is foreseen to take place in January 2000 and tests with 60
keV protons will be done in spring 2000. The ESAs will be calibrated by means of protons or electrons,
before they are shipped to CERN.

3.1.2 Target

The ESA can accommodate both solid and gas targets. For solid target elements, self-supporting foils as
thin as 100Å can be prepared, which effectively limits the lower energy to about 1 keV since the energy
loss,∆E, must be significantly smaller than the incident energy,E. To be able to investigate even lower
energies where nuclear stopping – the energy transfer to the target atoms as a whole – becomes important,
it is necessary to use gas targets. In this case it is intended to use a differentially pumped gas target of 100
mm extension., and with two windows confining the gas. Windows, 3 mm in diameter, will be made of 500
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Figure 14:Top view of the electrostatic analyzer.

Table 1: Choices of ESA parameters.
Parameter Value

Beam energy 0–120 keV
Gap distance 20 mm

Electrode height 60 mm
Potential difference 0 – 16 kV

Curvature radius 250 mm
Gas cell length 100 mm

Å aluminum or carbon, and the target gas pressure will be typically 10 mbar. With the use of gas targets we
expect to be able to investigate stopping powers down to incident energies of the order 100 eV.

3.1.3 Particle detection and diagnostics

A retractable phosphorized channel-plate screen with a camera will be placed in front of the target, in order
to diagnose the beam impinging on the target. Another channel-plate screen will be placed at the last focal
plane of the ESA (see Fig. 14). The focal-plane camera has a frame grabber, so that the particle position
resolution of about 0.2 mm will be achieved after off-line data analysis. Furthermore, as the number of
particles which appear at the focal-plane detector may be quite small for the low-energy measurements, the
number of particles can be obtained simply by digitizing the pulse height of the channel plate.
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Table 2: Selected antiproton energies and their energy loss, simulated transmission, output sensitivity, en-
ergy straggling, multiple Coulomb scattering and emittance increase (β = 5 cm) for a 0.05 mm Al foil.

E [keV] ∆E [keV] τ [10−7] δ [keV/cm] Ω [keV] θ [mrad] ∆ε [π mm-mrad]
1 0.61 50 0.10 0.20 2076 107700
2 0.86 100 0.17 0.23 1038 26960
5 1.4 250 0.31 0.29 415 4312
10 1.9 490 0.45 0.35 208 1078
20 2.7 880 0.66 0.42 104 269
50 4.3 1400 1.1 0.52 42 43
80 5.5 1590 1.4 0.59 26 17
100 6.1 1630 1.5 0.62 21 11

3.1.4 Measurement Scheme

Assuming an efficiency for the extraction from the AD combined with that of the RFQ to be 50% with one
extraction per minute, we get 720 shots per day. We propose to measure at (1, 2,) 5, 10, 20, 50, 80 and
100 keV, each measured point consisting of a ‘scan’ around the most probable energy loss, if possible to
determine the energy straggling. Each ‘scan’ consisting of 10 points it can be expected to finish one foil or
gas in a couple of hours. Thus, three-four days of dedicated running would be enough for the measurement
(under these somewhat optimistic assumptions), excluding time for the setup and initialization. Table 2
shows the precision and count rates that can be expected from a 500Å aluminium foil.
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3.2 Antiprotonic helium atom studies in low-density helium

The low-energy antiproton beam (20−100 keV) of the RFQ allows for stopping ofp in helium gas of much
lower density than the direct 5.3 MeV beam of the AD or the beam previously available at LEAR. The
production ofpHe+ atomcules in low-density medium is of greatest importance toi) high-precision studies
of transition energies, since the influence of collisions on the shift and width of resonance lines is highly
reduced, andii) studies of initial populations, where some primordial population may become visible which
is destroyed at higher densities. Both topics will be discussed in greater detail in the following sections.

3.2.1 Preparation status

As described in our proposal [1] section 3.1, we will use a cryogenic helium target of about 6 K and 5
mbar. The use of low temperature gas is mainly chosen to exclude the influence of any contaminants which
will be frozen at that temperature. This is especially important since due to the low energy of thep, the
window of the target chamber has to be made out of ultra-thin (200–300 nm thick) Collodion foils which
may considerably outgas. Fig. 15 shows the dedicated low-density cryostat which is already constructed and
awaits first cool-down tests at the CERN cryogenic laboratory. Without the inner chamber that eventually
will hold the helium gas, the cryostat has already been tested for vacuum and after baking at 200◦C for
24 hours, a vacuum of1 × 10−9 mbar could be achieved. After mounting the target chamber, the ultimate
vacuum (which must not exceed10−6 mbar so as not to contaminate the RFQ vacuum) will be dominated by
the leakage of helium through the Collodion window. Tests at room temperature at the University of Tokyo
showed that a vacuum of1 × 10−8 mbar could be achieved on the outside of a 200 nm thick Collodion
window when 10 mbar of helium gas were kept on the other side.

The stopping distribution of the low-energy antiprotons in the dilute gas has been simulated (as already
described in the proposal) by a Monte-Carlo program that uses experimental data for the stopping power of
p at energies of 1 – 100 keV in helium gas and thin films, as measured by the OBELIX [11, 12] and PS194
[9] collaborations at LEAR, and includes the treatment of energy loss and multiple scattering according to
the Vavilov and Moliere distributions, resp. The results as shown in Fig. 16 indicate that the antiproton beam
will stop within a 4 – 6 cm spherical region in the helium gas target at 6 K and 5 mbar. The target chamber of

gas filling system

cryogenic helium target

RFQ-D
secondary emission
beam profile monitor

600 l/s turbo molecular pump

laser

Cerenkov counters

Figure 15:The low-density target connected to the low-energy beam transport (LEBT) of the RFQ.
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the low-density cryostat is therefore a cylinder of 150 mm diameter and 300 mm length, equipped with 100
mm clear view windows for the laser beam made of 15 mm thick high-purity UV-transparent fused silica.
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Figure 16:A cross section of the cryogenic helium target, showing the spatial distribution ofpHe+ atoms
obtained from a Monte-Carlo simulation for a temperature of 5 K and a pressure of 1 mbar corresponding
to a density ofρ ∼ 1018 cm−3.

Also shown in Fig. 15 is a secondary emission beam profile monitor (BPM) situated between the LEBT
of the RFQ and the low-density cryostat. Identical BPMs are used inside the LEBT to measure the antiproton
beam properties. A photograph of the BPM can be seen in Fig. 17 (left). It uses the same amplifiers
and readout as the phase 1 BPM described in chapter 2.1.1, but uses 10µm thick Tungsten-Gold wires
with a spacing of 0.25 mm instead of the aluminum strips evaporated onto polyimide films. It therefore
destructively intercepts only 1% of the keV antiprotons. The active area of the detector is 30 x 30 mm2.
It is constructed using ultra-clean semiconductor manufacturing techniques, can be baked to 200◦C and is
compatible to a vacuum level of better than10−11 mbar. The BPM has been successfully tested at the 50
keV Duoplasmatron proton source of the PS division at CERN together with the other components of the
LEBT (Fig. 17 right).

3.2.2 Higher resolution spectroscopy

At the end of LEAR, the laser spectroscopy of antiprotonic helium by the PS205 collaboration had reached
an accuracy of 0.5 ppm [2]. At the time of the submission of our initial proposal [1], the most advanced
3-body theories [3–5] were able to calculate the energy levels ofp with similar precision. Since the values
for the proton mass and charge are used for the antiproton in the calculations, the comparison of experimen-
tal and theoretical results allows to impose constraints on these fundamental properties of the antiproton.
This constitutes a CPT test under the assumption that the calculations are correct to the respective level of
precision. The final result for the equality of proton and antiproton charge and mass were [2]

|Qp −Qp|
e

< 5× 10−7 and
|Mp −Mp|

Mp
< 5× 10−7 , (1)
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Figure 17:Left: ASACUSA secondary emission chamber: a non-destructive antiproton beam monitor to be
used at the exit of the RFQ. Right: first beam profile of a 50 keV pulsed proton beam (intensity5 × 105

protons, pulse width 2µs) at the CERN-PS Duoplasmatron source.

two orders of magnitude better than the previous values published by the Particle Data group [13].
This result shows the potential of this exotic three-body systempHe+ of studying the fundamental

properties of the antiproton and thus the CPT theorem. Furthermore, it also allows to test bound-state QED.
Already at the level of 0.5 ppm the calculations have to include the largest QED correction, the Lamb
shift, in order to agree with our results. In the meantime, the theory has made further progress, and the
most recent calculation of Korobov [6] has reached an accuracy of 20 ppb for the transition energy of the
(n, l) = (39, 35) → (38, 34) transition at 597.26 nm (n being the principal quantum number, andl the
angular momentum quantum number of thep state). In addition to the Lamb shift, the next-order QED
corrections (vacuum polarization and two-loop corrections), and nuclear finite-size corrections have been
calculated. The dominating error of the theoretical calculation, however, comes from the Auger width of
the (38,34) daughter state. It should be noted that at this level of precision the hyperfine splitting of the
levels due to the interaction of electron spin and antiproton angular momentum has to be taken into account.
The measurement of this splitting constitutes a central experiment in the phase 1 of ASACUSA. Korobov
estimates that a relative theoretical accuracy of 0.1 ppb for the transition energies can be reached in the
“not-so-far future”.

The achievable accuracy in phase 1 using the 5.3 MeV beam of the AD is limited to about 0.5 ppm by
the factors listed in Table 3. They originate from the presently employed laser system, but also from the
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high density of helium gas needed to stop the 5.3 MeV antiprotons. A significant improvement can only be
obtained by

1. the use of low-energy antiprotons that can be stopped in low-density helium gas,

2. Doppler-free two-photon spectroscopy, and

3. a new laser system with significantly reduced bandwidth.

By using the low-density cryostat with helium gas of about 6 K and 5 mbar or less, the collision-induced
shift and broadening of the transition lines can be reduced significantly. Extrapolation of the measured shift
for the 597.26 nm and 470.72 nm resonances yields a typical value of≤ 50 ppb under these conditions. In
a similar way the collision-induced broadening can be estimated to become smaller than∼ 5 MHz.

The Doppler-broadening of 0.5 GHz at 6 K due to the thermal movement of the atomcules can be
reduced by employing a two-photon spectroscopy method where two counter-propagating photons are used
to induce a transition, thus cancelling the Doppler-shift due to the movement of the atomcule. In addition to
the classical method of making a∆n = 2, ∆l = 0 transition with two photons of identical wavelength, it is
also possible to use∆n = 2, ∆l = 2 transitions. In this case the intermediate virtual level can be brought
close to a real level, which greatly enhances the transition probability, or vice versa reduces the required
power to saturate the transition, as described in section 4.2.4 of our first proposal. Calculations show that a
pulse energy density of 20–40 mJ/cm2 and therefore a pulse energy of∼ 100 mJ are needed to saturate a
∆n = 2, ∆l = 2 transition, a factor 2-4 less than for a∆n = 2, ∆l = 0 transition.

Fig. 18 shows two candidate transitions, one of which (a) includes two already observed transitions at
470.72 nm and 529.62 nm. This way we can be sure that significant population exists in the parent state
of the two-photon transition(38,35) → (36, 33). The other (b) uses two transitions between exclusively
metastable states(36, 35) → (34,33) followed by a broadband single-photon transition to a shortlived state
(34, 33) → (35, 32). In this case the width of the 2-photon transition much smaller than in (a) due to
the much longer lifetime of the metastable daughter state(34, 33) as compared to(36, 33). The required
wavelengths of 498.44 nm and 391.42 nm as well as the pulse energies lie in a comfortable region for pulse-
amplified cw laser systems like seeded dye lasers or the frequency-doubled output of an Alexandrite laser
seeded by a cw Ti:S laser.

The remaining limiting factors when using such a high-resolution laser system and low-density helium
gas are listed in Table 4. The AC Stark effect can in principle be calculated, if the spatial power density
profile of the laser beam is measured. The width of the resonance line for the transition shown in Fig. 18 (a)
is dominated by the natural widthΛ = 1/(2πτ) ≈ 50 MHz due to the short lifetimeτ(36,33) = 4 ns of
the final state (36,33). This can be reduced to less than 1 MHz by making a two-photon transition between
two metastable states as shown in Fig. 18 (b). By using a laser pulse width of 30 ns or more, the associated
Fourier width can be shortened to 5 MHz. The really limiting factor is the laser phase modulation or “chirp”
which leads to a change of the laser frequency during the laser pulse itself. If the systematics of the pulsedp
beam, i.e. its intensity and position fluctuations – which are not known yet – are not considered, a resolution
in the order of 50 MHz or a little less seems achievable with a simple injection-seeded pulse-amplified dye

Table 3:Various factors that limit the current experimental accuracy to 0.5 ppm.
Bandwidth of the pulsed laser 0.9 GHz
Collision-induced shift ∼ 1 GHz
Collision-induced broadening< 0.5 GHz
Doppler broadening 0.5 GHz
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Table 4:Additional factors that will limit future high-precision measurements.
AC Stark effect < 50 MHz
Natural width 0.1 ∼ 50 MHz
Laser pulse width 10 – 50 MHz
Laser phase modulation < 50 MHz
Systematics of pulsed beam needs to be studied

laser. This corresponds to a relative precision of 70–80 ppb with respect to the 400–500 nm laser photons,
and to an 7-fold improvement over the previously achieved accuracy.

In principle the 50 MHz limit can be overcome by performing a chirp-compensation using a more
sophisticated laser system. Recently, the 1S–2S energy splitting of Muonium (µ+e−) has been measured
at the Rutherford-Appleton Laboratory by two-photon spectroscopy using a chirp-compensated Alexandrite
laser system with 10 MHz accuracy [14], which sets the standards for the achievable resolution in such an
experiment. 10 MHz would in our case correspond to an accuracy of∼ 15 ppb.

While we are still in the process of selecting the best technical solution for the pulsed laser system
needed, a proof-of-principle measurement of the two-photon method and the laser power needed can be
made using our existing laser system by selecting a temperature where the Doppler broadening will signifi-
cantly exceed the laser bandwidth of∼ 0.9 GHz. Such a measurement will be performed during next year

l=30 31 32 33 34 35

n=36
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n=31
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 virtual state

416.32 nm

371.12 nm
391.42 nm
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Figure 18:Candidate transitions for higher-precision measurement of antiprotonic helium energy spacings.
(a) The positions of the experimentally observed 597.26 nm, 470.72 nm, and 529.62 nm resonance lines are
shown. The solid lines indicate radiation-dominated metastable states with lifetimes of 1–2µs, the wavy
lines Auger-dominated short-lived states. The proposed two-photon transition will be made between the
states (38,35) and (36,33) using two counter-propagating laser beams with a wavelength ofλ = 498.44 nm.
The curved arrow indicates an Auger transition with minimum∆l to a state of ionizedpHe2+ (dashed line),
which is immediately destroyed due to Stark mixing induced by collisions with other helium atoms. The
following prompt annihilation of thep constitutes our experimental signature for a resonant transition. (b)
2-photon transition between metastable states (36,35) and (34,33) using two photons ofλ = 391.42 nm. In
this case another laser-induced transition is necessary to transfer thep to a short-lived state (35,32). This
transition can be made using a normal large-bandwidth laser as we already possess.
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at the AD.
An improvement of the experimental value to the described accuracy, in combination with the already

achieved accuracy of the theory, would clearly improve the CPT constraints for the antiproton accordingly.
Also, since the value of the proton mass is known only to 40 ppb [15] in units of eV/c2 and therefore
Rydberg, which is the “atomic unit” used in theoretical calculations for energies, an agreement of experiment
and theory below 40 ppb would make it possible to extract a value for the antiproton mass which would be
more precise than the proton mass! It should also be noted that in order to reach a sensitivity of 40 ppb
for CPT test of the antiproton using 1S–2S spectroscopy of antihydrogen, a precision of 0.02 ppb is needed
due to the indirect contribution of thep mass through the reduced mass to the energy spectrum of the
antihydrogen atom.

3.2.3 Studies of initial capture processes

To study the atomic formation process is one of the central parts of the ASACUSA programme. From the
laser spectroscopy of antiprotonic helium atomcules, important information on the initial population ofp as a
function of principal quantum numbern and angular momentum quantum numberl can be obtained. Fig. 19
shows the level diagram ofp4He. Experimentally observed laser transitions are denoted by bold arrows.
From theses results, for the first time in the history of exotic atoms the commonly accepted hypothesis
that negatively charges particles (here antiprotons) are initially captured aroundn0 ≈ √

M∗/m, where
M∗ denotes the reduced mass of the atomcule andm the electron mass, could be proved. More detailed
experimental data on initial populationP (n, l) come from the measurement of the trapping fractionftrap
and the time evolution of the resonance intensity of the observed transitions.

The theoretical distributionsP (n, l) have been calculated by a number of semi-classical models [16–18],
all of which predict that 20–25 % of the stopped antiprotons form metastable atoms, with the higher-lying
states with principal quantum numbern ≥ 41 containing the majority (cf. Fig. 20). The overall trapping
fraction ofp in helium as measured at LEAR is∼ 3 %, nearly independent of the density and phase of the
helium medium. Our laser spectroscopy studies also showed that the majority ofp occupy states of principal
quantum numbern = 37−40 with very little or no population in the region aboven ≥ 41, corresponding to
the small fraction as indicated in Fig. 20. This discrepancy is large, but in general, it has not been established
whether these theoretical models can be used to derive the accurate distribution of state populations of exotic
atoms, since there exists little or no experimental data concerning the early stage of the formation process.

Direct comparison between the populations derived from these theoretical calculations, and the exper-
imental results are difficult in any case, because while none of the theories take into account the effects of
the thermalization process ofpHe+ atomcules, the existing experiments measure the state populations some
0.3µs following formation in helium of typical densities ofρ ∼ 1020 cm−3. At that time the atomcule has
undergone many collisions with the surrounding helium atoms and thermalized to the target temperature.
Some theoretical studies [18, 19] suggest that the observed discrepancy is due to the rapid quenching of
the highly excited metastable states during the thermalization of the atomcule. Korenman [18] argues that,
when thep is captured into higher-lying excited states, the formedpHe+ recoils with a correspondingly
larger kinetic energy through the helium gas, which leads to a larger cross section for collisional quenching .
His theory predicts, that all the states that lie above a certain critical threshold, characterized by the principal
quantum numbern > 40 − −42, have such a high recoil energy that they are quenched immediately after
the atom has been formed.

By using the RFQ beam and helium gas at 6 K and 5 mbar corresponding to a density ofρ ∼ 6 × 1018

cm−3, three orders of magnitude lower than in previous measurements, a fraction of the theoretically pre-
dicted population become visible, leading to an increased trapping fraction and therefore also to a prolonged
average lifetime ofpHe+ atomcules. At densities low enough that the mean time between collisions be-
comes comparable to the lifetime of the atomcule, also the thermalization process ofpHe+ can be studied.

24



l   = 30 31 32 33 34 35 36 37 38 39

n=31

32

33

34

35

36

37

38

39

40

266.50

296.11

331.35

372.58 371.12

417.85

470.73

416.32

469.49

529.62

597.26

672.78

468.11

528.81

597.30

673.97

527.93

597.40

675.40

597.61

677.17 679.41

v =
 0

v =
 1

v =
 2

v =
 3

v =
 4

Neutral Metastable p4He+

Auger-Dominated p4He+

726.10

713.58

n0

41

42

776.06770.36765.80762.08

890.62879.42870.52863.31

40 41

857.36

Figure 19: Energy level diagram of antiprotonic helium and observed transitions (arrows). Metastable
levels are denoted by straight lines, short-lived ones by wavy lines. The numbers correspond to the transition
wavelength in nm.

The populations of metastable states aboven > 40 will be probed by the optical parametric oscillator ex-
tension to our dye laser which is already installed in the AD hall and which can cover the wavelength region
up to 1100 nm and above.
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Figure 20:Energy diagram of antiprotonic helium. The stars denote energy levels. According to a theoret-
ical prediction of Korenman [18] the states between the lines A and B (grey region) are populated initially.
Experimentally so far only population atn ≤ 40 could be observed.
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4 Development of an ultra slow antiproton beam with the electron cooling
technique

As had already been discussed in Section 4 of the previous ASACUSA Proposal submitted in 1997, there are
a lot to be studied with monochromatic antiproton beams with energies in the keV to eV range, which had
never been realized until now. Examples of research subjects are to study ionization processes of a few body
system by slow negatively charged particles, to investigate antiprotonic atom formation processes under
single collision conditions, etc. It is noted that various antiprotonic atoms are expected to keep their intrinsic
metastability when they are in vacuum, which enables for the first time to make high precision spectroscopy
of various antiprotonic atoms such as protonium (p̄p), the simplest pure hadronic atom,p̄He++, etc.

4.1 Scheme of Ultra Slow Antiproton Production

e-

(Cooling Time : t = 0.3 sec at 5 T)

Antiprotons (50 keV)

Degradation Foil
(Biased)

Injection

Capture

Extraction

Cooling,
Compression

Electron
Ejection

Figure 21:A schematic procedure to trap, cool, compress, and extract antiprotons

A schematic diagram of the antiproton cooling procedure is given in Fig.21 [20]. In order to capture
antiprotons of several tens keV from the RFQ with rather low trapping potential, a thin degrader foil is in-
serted between the RFQ and the trap. The foil can be positively biased, which effectively reduces the energy
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straggling of the degraded beam and eventually increases the trapping efficiency. The antiprotons passing
through the degrader foil are reflected by the negatively biased Catching Electrode 2 of the ASACUSA Trap
(see Fig.23. Before the reflected antiprotons return to the left end of the trap, the Catching Electrode 1 is
biased from 0 to< −10kV, which results in trapping antiprotons. In the trap, electrons are pre-loaded,
which are cooled via synchrotron radiation with an empirically determined time constanttrad ∼ 0.3sec
at 5T. The cooled electrons then sympathetically cool the trapped antiprotons via the Coulomb interaction
within 1-10 sec in the present case. Once the antiprotons are cooled, a rotating electric field is applied to
radially compress the antiproton and electron plasma. Antiprotons thus cooled and sharpened are eventually
extracted from the trap. A DC extraction is performed by slowly ramping up the bottom of the trap potential.
A similar method had been shown to be very stable and reliable for extraction of positrons with an energy
width of ∼18 meV [21]. A pulsed extraction will also be possible by applying a pulse train on the trapping
electrode.

4.2 Superconducting Solenoid and the ASACUSA Trap

　 Figure 22 shows a drawing of the superconducting solenoid, which is designed so that

1. it delivers the magnetic field of 5T

2. the bore with its inner diameter of 165mm can be cooled as low as 6K and is bakable keeping the
superconducting magnet at liquid helium temperature

3. the bore is independently movable to align the trap axis to the symmetry axis of the magnetic field,
which is essential for a successful extraction of ultra slow antiprotons

4. the magnetic field is scannable at 5T/90sec, which allows to vary the field strength depending on the
operational stage, i.e., injection, cooling, or extraction.

The whole procedures to prepare ultra slowp̄, i.e., trapping, cooling, and extraction are under study with
p andH−.

A drawing of the ASACUSA trap is shown in Fig. 23, which consists of 14 cylindrical electrodes of 40
mm in inner diameter and total length of∼500 mm, all of which are mounted on a stage machined with 20
µm precision. The trap has been designed to have a long harmonic potential region and to store as many as
∼ 5 × 106p̄s and about 100 times more electrons in a prolate spheroid with a radius∼ 1 mm and its axial
length∼ 50 mm with a rather low trapping potential. The advantages of the ASACUSA trap are [22]

1. the lifetimes of particles are much longer than those in a square well trap

2. the axial length of the plasma automatically increases when the plasma is compressed radially, which
helps to reduce the plasma heat up

3. the axial motion of the plasma can be used for diagnostics.

As low energy charged particles tend to follow the field line, it is essential to locate the position of the
particles in the trap as close to the magnetic field axis as possible to realize the extraction of high quality
antiprotons beams. The multi-ring structure is exploited to generate the harmonic potential [23] [24]. A
rotating electric field exerts a torque on the plasma so that the plasma is squeezed radially [25]. Such a
rotating field also suppresses radial diffusion of charged particles across the magnetic field line which are
induced by internal collisions. In order to apply the rotating field, one of the cylindrical electrode in the
harmonic part of the trap is segmented into four (see Fig. 23).
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Figure 22:A drawing of the 5T superconducting solenoid

Catching Electrode 1 Catching Electrode 2
Segmented Electrodes

Harmonic Part

200 mm

Figure 23:A drawing of the ASACUSA trap
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It is noted that the trapping efficiency of the present setup combined with the RFQ is expected to be about
two orders of magnitudes higher than that obtained by a conventional trapping scheme,i.e. , the combination
of a degrader foil and an electro-magnetic trap.

Figure 24 shows the radial distribution of electrons stored in the ASACUSA trap for 10sec (a) with and
(b) without the rotating field. It is seen that the rotating field compressed the electron plasma substantially.

111

21

188

19
0 22

mm
0 22

mm

Figure 24:The radial distribution of electrons stored for 10sec in the trap (a) without, (b) with the rotating
electric field. Figure (c) shows the 3D image of (b).

4.3 Extraction of Antiproton Beam

Cooled antiprotons are extracted from the trap, and transported to the target chamber. The extraction beam-
line is designed to fulfill the following requirements,i.e. ,

1. An electrostatic lens system has to be prepared so that antiprotons passing a region of a strongly
divergent magnetic field can be transported without suffering large divergence and without suffering
loss of antiprotons for a wide energy range from 10 to 1500 eV.

2. The beamline has to function also as a differential pumping system so that the pressure difference of
more than 5 orders of magnitudes (from 10−6 Torr to 10−11 Torr) is maintained

The upper half of Fig. 25 exhibits the arrangement of transport elements to realize the above require-
ments. The cold antiprotons inside the trap located in the center of the bore tube move slowly to the right. In
the cylindrical electrode denoted as EXTRACTOR, the antiprotons are transported with their kinetic energy
around 250 eV. Two sets of x-y deflectors are placed in the EXTRACTOR, which enable fine adjustment of
the beam position as well as its direction.Downstream of the EXTRACTOR, two Einzel lenses, LENS 1
and LENS 2, are prepared, which are designed to be operated under ”acceleration mode”. In this case, the
antiprotons are sharply focused at the center of each Einzel lens. The trajectories are calculated assuming
that antiprotons having kinetic energies less than 1 eV are confined in a cylinder of 1 mm in radius and
50 mm in length. The lower half of Fig.25 presents the envelope (r against z) of antiproton trajectories. The
LENS 3, a decel/accel lens, is prepared to deliver well-collimated antiprotons of 10-1500 eV. at the target
position. It is seen that the antiproton beam is focused at z=3.125m from the center of the trap with a spot
diameter of around 7 mm.

The sharp focus realized at the center of each lens allows to place a small adjustable aperture of∼3mm
in diameter, which enables to make a very efficient differential pumping without loss of antiprotons.
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Further, three 40mm gaps are prepared between the EXTRACTOR and the LENS 1, the LENS 1 and
the LENS 2, and the LENS 2 and the LENS 3 to place gate valves.

Two different types of beam profile monitors (BPM) has been developed. The first system is a position
sensitive detector consisting of a microchannel plate and a delay line, which is remotely retractable from
the beam axis to path antiprotons further downstream. This MCP-BPM is sensitive enough to detect single
antiproton, and monitors the beam profile during DC extraction. The second system is a multi wire cham-
ber, which offers nondestructive beam profile monitoring when a pulsed antiproton beam is extracted. An
extraction scheme to produce microbunches of pulse widths 500-1000 ns with 10 Hz repetition rate, which
could be accelerated up to 50 keV are under preparation.

160.0

885.0

LENS3LENS2LENS1EXTRACTOR
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Figure 25:The configuration of the beam transport elements for ultra slow antiproton beams (upper). Cal-
culated beam envelope of antiprotons starting at 1 eV inside the trap with a radius of 1 mm. The final beam
diameter at z=3.125 m inside the experimental chamber is about 7 mm. The kinetic energy of the beam at
the target position is 10 eV (lower).

All the steps necessary to provide a cold monoenergetic antiproton beam of high quality will be tested
usingH− as a substitute for antiprotons.
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A Appendix – ElectroStatic Analyzer (ESA) design detail2

The first draft for the construction of an electrostatic analyzer (ESA) to investigate the stopping power
of antiprotons in thin foils and gases - as found in the first ASACUSA proposal[1] – consisted of two
electrostatic deflectors between which the target was placed. The present study aims to define the necessary
parameters for the actual realization of this apparatus, while at the same time providing more accurate
numbers one.g.transmission efficiency, resolution and lower limit of energy.

A.1 ESA electrodes

We choose spherical electrostatic analyzers since they provide stigmatic focusing,i.e. equal focusing in the
horizontal and vertical planes (for a discussion of electrostatic analyzers, see eg. ref. [26]). Therefore we
can obtain a small beam in both transverse directions at the position of the gas cell.

A.2 Dispersion

In order to be able to select particles of different energy and momentum, it is necessary to have a large
dispersion and a focal point at the position of the gas cell. The dispersion is given asD = 2R(1− cos(ϕ))
for a spherical ESA, where∆r = D∆p/p is the deviation from the equilibrium orbit at the output where
the particle has been deflected through an angleϕ. A requirement∆p/p = 0.05 (The intrinsic spread of
the RFQ beam is∆T = 9 keV) and a minimum resolution of∆r > 10 mm which with∆r = 2R∆p/p,
L = ϕR for maximum dispersion,ϕ = 90◦, leads toL > ∆r · πp/4∆p = 157 mm orR > 100 mm.

A.3 Length of electrodes, radius of curvature

The centripetal force necessary for a curved trajectory equalsF = eE0 = mv2/R, wheree is the magnitude
of the electron charge,E0 the electric field in the center of the gap,m the mass of the antiproton,v its
speed andR the radius of curvature. The kinetic energy isε = 1

2mv
2 and the electric field for a spherical

analyzer isE(r) = E0(r/R)−2 ≈ E0(1− 2x/R) where the last approximation is for a gapdmuch smaller
thanR andr = x + R. To second order ind/R this leads to the fieldE0 = ∆V/d · (1 − d2/4R2) ≈
(V1 − V2)/(r1 − r2)whereVi are the potentials,ri the radii of the analyzers and d the gap distance. Thus
we getε = 1

4e(V1 − V2) · (r1 + r2)/(r1 − r2) which byR = (r1 + r2)/2 andd = (r1 − r2) gives∆V/d =
2ε/eR. This field strength is limited due to the risk of sparks byEmax = ∆V/d|max < 1kV/mm and since
ε < εmax = 100keV we get a minimum radius of curvatureR > R0 = 2εmax/(eEmax) = 200mm. With
the restriction on the electrode lengthL > 157 mm we get a constraint on the deflection angleϕ > 45◦,
i.e. no contradiction with the above. We choose a deflection angle of90◦ (as seen above this maximizes
dispersion and makes sure that the initial drift is not excessive while making place for the gas cell) and a
length 392.7 mm,i.e.R = 250mm, which leaves only a small margin against electrical break-down at the
maximum energy, but surely enough margin at 50 keV. This radius of curvature coincides with that supplied
for standard beam line tubes and will thus secure minimum cost.

A.4 Gap distance

Simulations show that the maximum beam radius (2σ, 95% of all particles) in the ESA is of the order 9
mm which means that half the gap distance must exceed this with some safety margin to account for mis-
steered beam etc. (still, 68% is contained within 4.5 mm). Therefore we choosed = 20 mm and get

2Excerpt from a report CERN PS/CA Note 99-23, H. Knudsen, U. Mikkelsen, S.P. Møller, R. Thompson and E. Uggerhøj,
unpublished
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∆Vmax = d · Emax = 2εmaxd/eR to be∆Vmax[kV] = d[mm]/1.25 which means maximum 8 kV on each
electrode.

The gap distance is also limited byd 
 L andd 
 h whereh is the height of the electrodes to avoid
significant edge focusing effects. Thus the choice ofd sets a limit onh to be at least 50 mm. At the same
time, the electrodes should fit into a standard beam tube with an inner diameter of 150 mm with a spacing
of at least 20 mm to each side. With these restrictions, we chooseh to be 60 mm to make room for the
mounting and screening plates to make the field as homogenous as possible between the ESAs.

A.5 Gas cell

First, the beam size must not vary excessively within the volume. This variation is given (assuming a focus
at the center) asre/rc ≈ (1 + s2/b2)1/2 wherere/rc is the ratio of beam radii at the center and the edge
of the gas cell a distances away. β ≈ 5cm is the Twiss parameter which determines the beam size from
(εeβ)1/2 whereεe ≈ 100mm ·mrad is the emittance. Froms = Lg/2, whereLg being the length of the
gas cell, the calculated valuerc ≈ 1mm (again 95% of all particles) and the constraintre < 1.5mm given
by the diameter of the entry- and exit-windows, we getLg < 2β((re/rc)2 − 1)1/2 = 112mm.

The length of the gas cell must also be chosen such that energy loss in a gas of reasonable pressure is
comparable to the loss in the two windows confining the gas. Windows for the gas cell can be made of
aluminum or carbon,φ3mm,∆x = 500Å thick. The energy loss is essentially proportional to the density
of electrons [27]:−dE/dx ∝ NZ and since the pressurep = nRgT/V and the atomic density in̊A−3,
N = n/V = 0.6022 · ρ/M , withM the atomic mass in u and the densityρ in g/cm3 we get with the gas
constantRg = 8.314J/(mol·K)N0 = 2.45 ·10−5 atoms/̊A−3 atp = 1atm. To limit the extent of gases we set
Z > 5 and a reasonable pressurep = 1/100atm. (The number of collisions isncoll = Nσ∆x whereσ ≈ 1
Å2 is the excitation cross section, so the pressure must bep� 1atm./(N0σ∆x) > 3.6 · 10−5 atm. to fulfill
ncoll � 1 for the stopping power measurement to make sense). This leads to a restriction on the gas cell
length ofLg > 2∆x(NZ)Al/(NZ)gas = 3.2 · 106 · 1000 Å/Z = 64mm. We chooseLg = 100 mm.

The gas cell can be floated at a maximum potential of 10 kV to enease beam transport at low impact
energies.

A.6 Length of drifts

Clearly, the drift between the ESAs must exceedLg and leave room for diagnostics and apertures. Once
the length of this drift region is fixed, the initial and final drifts are found fromLa = Lc = 2R2/Lb

(with ϕ = 90◦) which ensures a focus in the center of the gas cell. One must therefore find a compromise
between a smallLa = Lc or a smallLb. To get a fairly small beam size through the ESAs we choose
La = Lc = 250mm andLb = 500mm.

A.7 Simulations

Two kinds of simulations were performed. A simulation by use of SIMION was done to study influence of
edge effects, apertures and other realistic parameters, see figure 28. For instance, it turns out that the position
of the vertical focus at the gas cell is influenced by the height of the electrodes,h. The second calculation
was done by use of MathCad to study the behaviour of beam size, dispersion, divergence and stability as
a function of the ESA angle,ϕ, the drift lengths,La, Lb, Lc and the electrode length,L. Transformation
of the initial Twiss parameters was done by matrix multiplication through the entire electrostatic lattice.
Consistency with the behaviour predicted by SIMION was confirmed and the free variables were optimized
to yield a large effect of dispersion at the output and in the gas cell while keeping the beam size small in
both locations. At the same time, the stability of the solutions against errors of construction,e.g.angle or
electrode length errors could be checked. The figures 26–28 show some examples.
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Figure 26:Phase-space of the beam at the position of the gas cell. The full-drawn ellipse represents the
beam including dispersion and the dashed excludes dispersion. The values used are an energy of 60 keV
and a spread of 9 keV.
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Figure 27:Ratio of beam size+position with and without dispersion as a function of angle forL = 0.3927m.
The dashed curve is the effect of dispersion through the last ESA only, whereas the full drawn shows the
effect with dispersion in both ESAs.

Figure 28: SIMION simulation of the trajectory through the setup for different energies. The selections
imposed by the apertures at the entry and exit of the ESAs are clearly seen.
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A.8 Beam steering

Parallel plate deflectors can be inserted upstream the first ESA and up/downstream the gas cell to correct
for wrong steering. The deflection angle,α, of a particle with energyε through a parallel plate deflector of
length,Lp, with a field∆Vp/dp is given asα ≈ e∆VpLp/2εdp. Thus, even for the 100 keV beam a short
assembly, sayLp = dp = 20mm, would suffice. For additional focusing, an Einzel lens could be inserted
on the entry side of the ESAs. The focal length,f , of an Einzel lens consisting of 3 cylindrical electrodes
of diameterD and length0.9D separated by0.1D is given asf = 0.91 ·Dε/V whereV is the potential of
the outer electrodes with respect to the central one which is kept at ground[28]. Thus, a lens withD = 2cm
would yield a minimum focal length of 18 cm at 10 keV with the maximum voltage,V = 2kV. As it turns
out, in order to make a compact apparatus, the gas cell cannot be positioned exactly in the center between
the two outer spherical deflectors. The Einzel lens is thus essential to move the focal point of the beam such
that the counting rate can be maximized.

A.9 Particle detection and diagnostics

To be able to get the beam through the whole setup, we need diagnostics along the way. We choose a
retractable phosphorized channelplate screen with a camera in front of the gas cell and at the exit of the
last ESA. The camera with a frame-grabber for further data-analysis enables single particle detection with a
resolution of about 0.2 mm.

Furthermore, as the number of particles which will appear at the end detector may be quite small for the
low energy measurements, particle counting can be enabled by conversion of the analog signal in an ADC
while the beam spot is visible by use of the camera.

A.10 Estimated count rates, lower limit of energy

The lower limit of energy at which it makes sense to derive a stopping power is essentially determined by
the energy loss straggling in the Al (or C) windows. Taking a total of∆x = 1000Å for the windows we
get from Bohr’s formula[29],Ω2 = 4πNZ2e

4∆x a straggling ofΩAl = 1.4keV andΩC = 1.3keV (the so-
called LS modification to the straggling formula[30] would lead to onlyΩAl = 0.4keV andΩC = 0.4keV)
at 4 keV. The energy loss in Al from an electron gas calculation[31] which includes the Barkas effect,
∆E = 0.9C1 ×4Z1ve

2∆x/(3παca2
0) equals 2.4 keV withC1 = 0.31 for Al and about the same for C, also

for antiprotons at 4 keV.
Furthermore, the increase of the emittance following the scattering in the foil is given as∆ε = πβθ2/2

whereθ is the RMS angle from multiple scattering found fromθ = πaN∆xZ1Z2e
2/(Mv2) anda =

0.8853a0Z
−1/3
2 is the Thomas-Fermi screening distance[32]. This will enlarge the beam at the output

such that starting with107 particles and accounting for RFQ deceleration efficiency, emittance increase,
straggling and apertures we get around 50 particles through the whole setup into a detector of 10 mm width.
This detector width yields an energy resolution of 0.3 keV and the 3 mm aperture at the gas cell selects the
initial beam to a width of 0.4 keV. It thus seems reasonable to state that around 4 keV is the lower limit for
a measurement of the energy loss in a closed gas cell (the gas in the gas cell has not even been taken into
account) for the proposed setup. However, with a few mm aperture at the output, it should be possible also
to measure the energy straggling down to an energy of 4 keV – this may be of interest for protons as well as
for antiprotons.

In the case of a continuation of the measurement by the use of foils, the constraint∆E/E < 1 calls for
thin targets,E > 2.9C2

1Z
2
1∆x

2e4/(Mπ2α2c2a4
0) = 1.5 · 10−3 ·∆x2eV/Å2 for Al. This may be necessary

since the stopping power in foils may not be described in the same way as that of gases at low energy even
though calculations indicate that the dependence of the stopping power per target electron on the density of
electrons is very weak over several orders of magnitude[33]. Foils of 500Å Si, Al or C can be prepared
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where the energy loss amounts to about 0.5 keV which would bring the realistic minimum of energies down
to a few keV. Such foils with a diameter of 3 mm have recently been tested and shown to withstand a pressure
of up to about 40 mbar, see figure 29. From this figure it is also seen that not all the displayed carbon foils
are of the same quality in terms of homogeneity and the Al foils investigated (not shown) have a leakage
rate of about a factor 3 higher for the same thickness.
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Figure 29:Chamber pressure as a function of pressure in the gas cell. The endpoint of each curve indicates
the pressure at which the window ruptures.

One way to get to even lower energies is by using a differentially pumped gas cell,i.e.simply the same
setup except for the entry- and exit-windows. One can then calibrate the average pressure in the open gas
cell by measuring stopping powers in a region overlapping in energy with those of the complete gas cell.
This may bring the lower limit of energies down to the eV region to verify earlier indirect evidence of the
nuclear stopping power[12]. The conductivity of aφ 3 mm cylinder of length 10 mm is sufficiently low and
furthermore two discs withφ 10 mm holes are introduced to isolate the region of the gas cell to the turbo
pump. Since the vacuum requirements for the RFQ is10−6 or better, a turbo pump is needed at the gas
cell[34] as well as a pump supplied by CERN at the exit of the RFQ.

A.11 Calibration - cross check

We propose to calibrate the setup in terms of energy by a measurement of the time-of-flight of the ions. This
can be done with respect to the RF cycle of the RFQ and the AD and by measuring the arrival time for the
undecelerated 5.31 MeV antiproton beam from the RFQ. For this reason, and to dispose of the undecelerated
beam without generating too many pions that can trigger downstream detectors, a hole in the first spherical
analyzer covered with a fine mesh will be made. The dump will be constructed from a 2 mm thick tantalum
foil placed at the end of a steel cylinder. This has the advantage that the main component of induced activity
(which may be significant after tests with protons) is low energy electrons which will not penetrate the steel.

As an alternative to the undecelerated antiprotons, one may use a source of electrons with energy similar
to that obtained for the antiprotons from the RFQ. Initial testing with protons in Aarhus will give a rough
calibration of the setup with beam momentum as a function of ESA voltages.

In terms of pressure in the gas cell a precise measurement should not be too difficulte.g.by means of
a baratron, since it is a confined volume where tests of the windows show very limited leakage through the
windows for pressures in the range up to 1/100 atm.
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