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Preface

The year 2005 has been a challenging one for the institute: as a consequence of the “mixed
results” of the first review in February 2004 within the Research Programme ‘“Physics of
Hadrons and Nuclei” in the Research Field “Structure of Matter” of the Helmholtz Cen-
tres, IKP was faced with substantial cuts in resources for 2005. An even more serious
threat ensued with possible further reductions for the years 2006 — 2009, depending, how-
ever, on the outcome of an “in-depth” evaluation of the IKP activities.

The review on “COSY and FZJ contributions to FAIR”, conducted by an international
committee, and headed by Peter Paul (BNL, USA), took place on two days in April 2005.
IKP presented its strategy for the further use of COSY and, in close collaboration with
GSI (Darmstadt), the cooperation towards the construction of the FAIR facility. In its
report, issued later last year, the committee almost fully supported our plans, and as a
result and the financial agreements, which have been negotiated in the meantime, we now
have a solid basis for the remainder of the first funding period (2006 — 2009). — I would
like to take this opportunity to thank all who contributed to this great success in one way
or the other.

One of the explicit recommendations of the committee was to give green light for the
relocation of the WASA detector from CELSIUS (Uppsala, Sweden) to COSY. The de-
tector dismount at TSL and transfer to FZJ was completed in 2005, and we are now in
the process of installing WASA at an internal target station of COSY — more details are
given in the main text. Commissioning of WASA is scheduled to begin in the second half
of 2006 and first experiments are expected to start in 2007.

In connection with the WASA-at-COSY project, the IKP had decided to reduce the
amount of COSY beamtime for users in 2005 by about 2000 hours. The increased down-
time is needed to install WASA in the COSY ring, but also has the positive side-effect that
the cost-savings will be used to finance necessary maintenance and upgrades of WASA
detector components and electronics. This was part of the financing concept which has
been worked out between the IKP directorate and the FZJ board of management.

On the scientific frontier, IKP has made a number of important contributions (details can
again be found in the main text):

e The ANKE collaboration has found indications for a heavy hyperon state ¥ %*(1480)
in the analysis of pp — pK ' X at a beam momentum of 3.65 GeV/c.

e The GEM collaboration has determined the mass of the 1) meson with unprecedented
accuracy, exploiting the reaction pd — 3Hen and simultaneously pd — ¢z at the
BIG KARL magnetic spectrometer (see cover picture and corresponding article).

e At COSY the efficiency for flipping the proton spin by means of a small rf dipole
has been pushed to more than 99.9%.

e The intensity of the polarized ion source for H™ was raised to 50 4 A, thus doubling
its original specification.

The involvement of the IKP in the FAIR project to be realized at the GSI was fully honored
by the committee. Our efforts are focused on the design and construction of the High
Energy Storage Ring (HESR) and significant contributions to the PANDA detector. We
are dedicated to make this endeavor a success being aware of its great potential to advance
hadron physics and connected fields during the next decades.
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We have been able to meet the challenges of 2005 not only due to our own efforts, but
because we could rely on the support and advice of many people. I like to express our grat-
itude to all of them, the colleagues from the infrastructure of our Research Center (FZJ)
in particular ZAM, ZAT, and ZEL, the people from the universities and research centers
from Germany and all over the world and, last but not least, the CANU community.

Jiilich, February 2006 Hans Stroher
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1 Physics at COSY

1.1 Overview

Currently, COSY harbors four experiments at internal target stations — ANKE, COSY-11, EDDA and PISA — as well
as two external facilities — BIG KARL (with ENSTAR, GEM and HIRES) and COSY-TOF.

ANKE and COSY-11 are magnetic spectrometers with a wide momentum acceptance for charged particles. They are
both well suited to study meson-production processes close to thresholds with particle emission into forward direction.
At the non-magnetic EDDA detector jp elastic scattering has been studied and the device is now being used as a beam
polarimeter. PISA has been used for the investigation of spallation processes induced by GeV protons. BIG KARL is
a high resolution magnetic spectrometer which is supplemented by the GEM and ENSTAR detectors at larger emission
angles. The non-magnetic spectrometer COSY-TOF measures the velocity and direction of charged particles with large
angular acceptance thus allowing for the kinematically complete reconstruction of events with up to one neutral particle.
So far all detectors at COSY are “photon-blind”. This will change with the WASA detector which is planned to be
commissioned at COSY in fall 2006. WASA can detect both neutral and charged particles with a large angular and
momentum acceptance. WASA, ANKE and COSY-TOF will be the only detector systems at COSY after 2006.
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1.2 Major Physics Results at COSY
1.2.1 Precision measurement of the 717-mass

Compared to other light mesons, the mass of the n
is surprisingly poorly known. Though in 2004 the
Particle Data Group (PDG) quotes a value of my =
547.75 £ 0.12 MeV/cz, this error hides differences of
up to 0.7 MeV/c? between the results of some of the
modern counter experiments. The PDG average is in
fact dominated by the result of the CERN NA48 exper-
iment, my = 547.843 i0.0SlMeV/cz, which is based
upon the study of the kinematics of the six photons from
the 370 decay of 110 GeV n-mesons. In the other exper-
iments employing electronic detectors, which typically
suggest a mass ~0.5 MeV/c? lighter, the n was produced
much closer to threshold and its mass primarily deter-
mined through a missing-mass technique where, unlike
the NA48 experiment, precise knowledge of the beam
momentum plays an essential role. In the experiment at
Rutherford Laboratory, the momentum of the pion beam
inthe 7~ + p — n+n reaction was fixed macroscopically
using the floating wire technique. In the photoproduction
reaction Y+ p — p+ 1, the energy of the electrons that
were the source of the bremsstrahlung photons was fixed
to a relative precision of 2 x 10~* by measuring the dis-
tance of the beam paths in the third race track microtron
of the MAMI accelerator. In the Saclay SATURNE ex-
periment a high resolution, but small acceptance, spec-
trometer was used and, through an ingenious series of
measurements on different nuclear reactions, the beam
energy and spectrograph settings were both calibrated.
The value of the i mass was then extracted from the
missing-mass peak in the p +d — *He + X reaction.
The BIG KARL spectrograph and the high brilliance
beam at COSY are ideally suited to perform a high pre-
cision experiment in a self calibrating experiment. Three
reaction products were measured at the same time with
one setting of the spectrometer and one setting of the
beam momentum. The reactions were

p+d — t+nmt (1)
p+d — w4t ()
p+d — 3He+n 3)

It was always the first particle produced which was mea-
sured. Input are the well known masses of the proton,
deuteron, 7", triton and *He. For a beam momentum
close to 1641 MeV/c all three particles are within the ac-
ceptance of the spectrograph. The pion is used to deduce
the absolute beam momentum. Then the triton is used
to fix the spectrograph setting and finally from the *He
one obtains the mass of the i) meson. In the analysis the
target thickness, as measured from the triton momentum,
was studied as function of measuring time. It was found
that it increased with time most probably due to freezing
out of air.

This is shown in the upper part of Fig. 1 which displays
the variation of the target thickness as deduced from the
measurement of tritons (Reaction 1). The lower part

2.2

17 M

20 VIII. 21 VIII 22 VIII 3 VIIT 24VII 25 VIII
1 1 1 1 1

1.2 AAAAAAAAA INTERETREN] Liosnobopoo o b bbbl

dtarget (mm)

547.5

547.4

547.3 | \

547.1 A S — S S S S

T T
0O 20 40 60 80 100 120 140 160
time (hours)

m, (Mevic’)

547.2 1 *@

Fig. 1: Upper part: variation of the target thickness with
time as deduced from the triton momenta. Lower
part: same as above but for values of the i1 mass
as deduced from the measured 3He measurements.
The thick line is the statistical mean value and the
thin lines indicate the +10 band.

shows the value of the 11 mass as deduced from the de-
tected 3He ions (Reaction 3). A thinner target at approx-
imately the middle of the beam time coincides with a
cleaning of the target windows. In order to investigate
the properties of the spectrograph a series of calibration
runs were performed. These include sweeping with the
primary beam over the focal plane without a target at a
beam momentum of 793 MeV/c. This corresponds to
a reaction p+0 — p+0. Then the full kinematic el-
lipse of deuterons from the reaction p+p — d+ " at
the same beam momentum was measured. Finally, pions
from the reaction p+ p — " +d were measured at 1640
MeV/c, again sweeping the deuteron loci over the whole
focal plane. Then the following procedure was adopted.
It is assumed that the spectrograph is known. The three
calibration reactions were now used to fix the beam mo-
mentum, the target thickness and the 11 mass. In a second
step the assumption (known spectrograph) was studied by
determining the missing mass of the unobserved particle
in the calibration runs. These are the masses 0, 77 and
d. Deviations from PDG values have an uncertainty of
o = +28 keV/c?, which is the main contribution to the
total systematical error of 32 keV/c?. The missing mass
measurement yields a statistical error of the same size.

The final result is:

m(n) =
547.31140.028(stat.) £ 0.032(syst.) MeV /c* .



1.2.2 Evidence for an Excited Hyperon Y% (1480)

The reaction pp — pK 'Y has been studied at a beam mo-
mentum of 3.65 GeV/c at the ANKE spectrometer in or-
der to investigate hyperon production. The missing mass
spectra MM (pK™) have been analyzed and compared
with extensive Monte Carlo simulations. A final state
comprising a proton, a positively charged kaon, a pion of
either charge together with an unidentified residue X was
investigated in the reaction pp — pK+Y — pKtg*XT.
In a first step of the analysis we have assumed that the
measured missing mass MM (pK™) spectra can be ex-
plained by the production of well established hyperon
resonances and non-resonant contributions. In Monte
Carlo simulations the production of (X°(1385),A (1405)
and A (1520)) and non-resonant contributions like pp —
pKTnX and pp — pKTnnX — X denotes any hyperon
which could be produced in the experiment — was in-
cluded. The comparison of measured and simulated
missing mass distributions shows a necessity to include
an additional excited hyperon Y?* with a (fitted) mass
of M(Y%) = (14804 15) MeV/c? and width I"(Y%*) =
(60 15) MeV/c?, see Fig. 2.
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Fig. 2: Missing-mass MM(pK") spectra for the re-
action pp — pK'TmtX (upper) and pp —
pK T~ X" (lower). Experimental data points with
statistical errors are compared to the fitted over-
all Monte-Carlo simulations (shaded histogram,
blue). The contribution from the Y% resonance
with a mass of M(Y%*) = (1480+ 15) MeV/c? and
a width I (Y%*) = (604 15) MeV/c? is shown as
a solid (red) histogram.

The production cross section of the Y% is of the order of
few hundred nanobarns. Since the Y% hyperon is neutral,
it can be either a A or X0 hyperon. On the basis of avail-
able data we cannot decide whether it is a 3-quark baryon
or an exotic state. However, it seems to be difficult to
validate that a Y%*(1480) hyperon is a 3g-baryon.

1.2.3 Investigation of scalar resonances a,/f(980)

Fundamental properties of the scalar resonances
ao/ f0(980), like their masses, widths and couplings to
KK, are poorly known. In particular, precise knowledge
of the latter quantity would be of great importance since
it can be related to the KK content of these resonances.
ap/ fo production is studied at COSY in pp, pn and dd
interactions, via their strange (KK) and the nonstrange
(mn/nr) decays. The first channel can be measured with
ANKE, while for the second the WASA detector, which
will be available for measurements in 2007, can be used.
As a first step, isovector KK production has been mea-
sured in the reaction pp — dK+KY at excess energies
QOkik = 46 and 105 MeV. The analysis for the higher
energy has now been finalized. At this energy, the ac-
ceptance of ANKE does not cover full phase space and,
therefore, a model-independent acceptance correction is
not possible. Instead, the coefficients in the transition
matrix element (assuming that only S- and P-waves con-
tribute) have been extracted from uncorrected spectra, us-
ing the ANKE-GEANT simulation programm, and used
later for the acceptance correction of mass spectra and
angular distributions. As an example for the acceptance
corrected differential spectra, Fig. 3 shows the KK (a) and
dK (b) invariant mass distributions.
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Fig. 3: KK (a) and dK (b) invariant mass distributions for

the reaction pp — dKTK? at Q = 105 MeV. The

lines denote a partial wave decomposition with

the KK pair in a relative S- and P-wave, respec-

tively. Total cross section (c) as a function of O

in comparison with theoretical predictions for aar
production and non-resonant background.

After kinematic fitting, the mass resolution for the KK



spectrum is about 3 MeV over the full mass range. Also
shown in the figure are the contributions from the S-wave,
P-wave and interference terms of the matrix element. An-
gular distributions have also been deduced and included
in the analysis.

The partial wave decomposition reveals S-wave domi-
nance (more than 85%) for both excess energies. Thus
for excess energies below ~ 100 MeV KK production
is mainly through the resonant (aa’ ) channel. The total
cross of the reaction section pp — dK KO for Q = 105
MeV is (190 &£ 34 &= 40sys) nb. This value, as well as
the contributions from the different partial waves, is in
good agreement with theoretical predictions based on the
Quark-Gluon-Strings Model, see Fig. 3.

1.2.4 Vector Meson Production

The pp— pp¢ reaction has been measured at ANKE for
three different c.m. excess energies close to threshold,
detecting the K™K~ decay mode of the ¢-meson. Fig-
ure 4 shows the total cross sections at Q = 18.5, 34.5
and 75.9 MeV together with the data point from DISTO
(Q = 83MeV). The dashed line is normalized to the
ANKE data point at 75.9 MeV and corresponds to the en-
ergy dependence following phase-space. The solid line
— normalized to all three ANKE data points — takes
into account the effect of final-state interaction between
the two protons in a ' Sy state by the Jost function method.
This simple approach describes the ANKE data. Analysis
of the differential distributions at Q = 18.5 MeV shows a
dominant contribution of s-wave ¢-mesons with the pro-
ton transition 3P;—!Sg. A clear effect of the proton-
proton final-state interaction is seen from the proton-
momentum distribution in the proton-proton reference
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Fig. 4: Total cross section for ¢-meson production in pp
collisions as a function of the excess energy Q.
The error bars include both statistical and system-
atic uncertainties. The dashed line shows a phase-
space calculation, fixed to the high energy ANKE
result, while the solid line includes proton-proton
final-state interaction and is normalized to fit all
ANKE data.

The Okubo-Zweig-lizuka (OZI) rule states that processes
with disconnected quark lines in the initial and final states
are suppressed. Accordingly, the production of ¢-mesons

from initial non-strange states is expected to be substan-
tially suppressed relative to @-meson production. The
cross-section ratio for ¢- and w-meson production under
similar kinematical conditions should then be in the order
of Roz1=0y /0 =tan? oy =4.2 x 1073 where oty =3.7° is
the deviation from the ideal ¢-® mixing angle. Data from
7N interactions as well as from mesonic and radiative de-
cays indicate a ¢-to-o ratio of 3xRozy.

So far, the total ¢ cross section has been measured in
pp collisions at only two beam energies in the range 2—
4 GeV. The ¢-to-w ratio at these high energies agrees
with the ratios from 7N interaction and decay investiga-
tions. Using the DISTO result for Q = 83 MeV, together
with SPESIII and COSY-TOF data on w-production, the
¢-to-m cross-section ratio can be calculated. This ratio
is 7 times larger than Rpz;. The new ANKE results con-
firm the enhanced @-to- ratio at Q ~ 80 MeV and show,
within the existing uncertainties, a similar enhancement
at 18.5MeV and 34.5 excess energy. The weighted mean
value for the @-to-@ production ratio in the energy range
from 18.5 to 75.9 MeV results in

R(¢p/w) = (3.340.6)-1072
R(¢/®)/Rozi 79+1.4.

However, the interpretation of the ¢-to-@ ratio is ambigu-
ous due to a poor knowledge of the production mecha-
nisms even in case of the pp — ppo reaction. Therefore,
in a brief day evaluation measurement at ANKE about
9000 pp — ppw events have been taken at excess en-
ergies of 60 MeV and 92 MeV. The latter corresponds
to the lowest energy measured at COSY-TOF while the
SPES-III data have been taken below 31 MeV. Having
both protons detected at ANKE the w-meson is identi-
fied by the missing mass method. The separation of the
pp — ppwo events from a large pp — ppX background
was found to be possible using kinematical transforma-
tions as a model-independent approach. It was also tested
to obtain the differential cross sections as function of the
® center-of-mass angle 2 and the relative kinetic en-
ergy €(pp) of the two final-state protons presented in
Fig. 5.

In average the measured distributions do not significantly
deviate from the results of a phase space simulation. Still
there is some systematics which can be related to the
background subtraction procedure and needs further in-
vestigation. Assuming a pure phase-space distribution
and not taking into account the final-state interaction of
the 2-proton system, the analysis leads to a total cross-
section of Giot(Q = 60 MeV) =5 ub £30 % and Gyt (Q =
92 MeV) = 10 ub +20%.

Due to the trigger conditions in this experiment the ob-
tained data are neither sensitive to the final-state interac-
tion of the two protons nor to their relative angular de-
pendence. Small relative kinetic energies €(pp) are sup-
pressed. For the same reason the extraction of the relative
angular distribution of the two protons is not possible.
For the actual data sample this introduces an additional
systematic uncertainty as large as 50% to the total cross
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Fig. 5: Differential distributions of pp — pp® events
along the the ® center-of-mass angle ®%, and
along the relative kinetic energy €(pp) of two pro-
tons obtained at Q = 60 MeV (left column) and at
Q = 92 MeV. Phase-space simulations assuming
an isotropic angular distribution of the two pro-
tons are shown by red lines. The blue lines corre-

spond to a cos? (@) angular dependence.

section. This can be significantly improved either in a
future experiment at ANKE getting additional informa-
tion on the two proton state or by extracting the relative
protons distributions from the COSY-TOF data.

1.2.5 The Charge-Exchange Reaction dp — (pp)n

One major feature of the polarised deuteron charge-
exchange break-up reaction dp — (pp)n is that the dif-
ferential cross section and the two deuteron Cartesian
analysing powers A,, and A,, are directly related to
the magnitudes of the spin-spin neutron-proton charge-
exchange amplitudes, which govern the spin-transfer ob-
servables in #ip — pn at small momentum transfers. This
raises the possibility to supplement the pn data base
above 800 MeV per nucleon, where accurate polarisation
data are more sparse.

A first measurement was carried out at ANKE with a
1170 MeV polarised deuteron beam. Having determined
their vector and tensor polarisations before and during
the acceleration of deuterons in the COSY ring, measure-
ments of three tensor and two vector analysing powers
showed that any depolarisation of the circulating beam
is definitely less than 2%. The vector and tensor polari-
sations are typically about 74% and 59% respectively of
the ideal values that could be provided by the polarised
source.

The results for the two dp — (pp)n tensor analysing pow-
ers are shown in Fig. 6 in bins of 20 MeV/c in ¢ for two
cuts in the excitation energy, viz. 0 < Ep, < 1MeV and
1 < Epp < 3MeV. In contrast to the strong and rapidly
varying tensor analysing powers shown there, the vector
A, is consistent with zero for all momentum transfers.
For low excitation energy E,, of the final pp pair, and

Tensor analysing powers
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Fig. 6: Values of the tensor analysing powers A,, and
A,y extracted for the dp — (pp)n reaction for
0<E,, <1MeV (circles) and 1 < E,;, <3 MeV
(stars). The curves correspond to the predictions
of the impulse approximation program, for which
the input amplitudes at 585 MeV were taken from
SAID; 0 < Epp < 1 MeV (solid) and 1 < Ep, <
3 MeV (broken).

small momentum transfers g, the d p — (pp)n reaction
mainly excites the 'Sy state of the final pp system. This
involves a spin-flip from the pn triplet to pp singlet
and thus provides a spin-filter mechanism. In single-
scattering approximation, the results depend only upon
the np spin-dependent amplitudes 3, v, 6 and €. If we
neglect the deuteron D-state, we expect that at low Ej,,

B>+ [71* +[e* — 2[5

A )
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Since in the forward direction =8 and y=0,at g =0
the value of A, = A,, depends only on the ratio of |B]
to |&|, which changes smoothly with energy. However,
the 6 amplitude, which contains the one-pion-exchange
pole, varies very rapidly with momentum transfer and al-
most vanishes when g ~ m;. Hence A, should approach
its kinematical limit of +1 in this region, and this is con-
sistent with the trend of the data shown in Fig. 6.

The spin-triplet final states generally produce the oppo-
site signs for the analysing powers to the singlet and so,
as soon as one departs from the very small E,, limit, a
dilution of the Ay, and A,, signal is predicted. This ef-
fect depends sensitively upon the final state interactions
in the low energy pp system. These, together with the
Paris-potential S+D-state deuteron wave function, are in-
cluded in our full analysis program.

The predictions of Fig. 6 used amplitudes from the cur-
rent SAID NN phase shift solution. All the features
of both A,, and A,, are reproduced for g < 120MeV/c.
Quantitative agreement with predictions based upon an
up-to-date phase-shift analysis will allow one to use the
charge-exchange data from ANKE for pn studies in more
barren regions.



1.2.6 Investigation of the He — 1) interaction

For studies of the *He-1) interaction dp collisions are very
well suited due to the relatively high cross sections for the
dp — 3Hen reaction and due to much better beam mo-
mentum definition compared to the Y’He — Hen and
7t 3H — 3Hen measurements. Of interest are experi-
ments both above and below the 1 production threshold.
In the first case low energy *He-n scattering parameters
can be determined on the basis of FSI effects. In the later
case one can search for resonance-like structures origi-
nating from decays of a possible *He-n bound state, e.g.
into the dp — 3He 7 channel.
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Fig. 7: Missing mass as a function of beam momentum.
The onset of the 1] production is clearly seen the
missing mass of 0.547 GeV and the threshold mo-
mentum of 3.141 GeV/e.

We performed measurements of the dp — *HeX, X =
7%, n reactions near the 1 threshold using a slowly
ramped deuteron beam of COSY scattered on a proton
target. The momentum of the deuteron beam was var-
ied continuously within each cycle from 3.095 GeV/c to
3.180 GeV/c, crossing the threshold for the dp — 3Hen
reaction at 3.141 GeV/c. The *He ejectiles were regis-
tered with the COSY-11 detection setup. In the miss-
ing mass spectrum determined as a function of the beam
momentum (see Fig. 7) a clear signal from the n me-
son production as well as from the single 7° production
is visible. The ongoing data analysis indicates that the
collected data will allow to determine the total and dif-
ferential cross sections for the dp — >Hen reaction with
a high statistical accuracy on the level of 1%. A pre-
liminary excitation curve for the pion production in the
reaction dp — 3Hen® shows no structures which could
originate from decays of He — 1 bound state.



1.3 Status of experimental facilities
1.3.1 ANKE

Since summer 2005 ANKE is equipped with a polarized
internal target (PIT) between the magnets D1 and D2,
see Fig. 8. With an atomic beam source (ABS) polarized
beams of hydrogen or deuterium atoms with an intensity
of 7-10'®atoms/s and a polarization of more than 90%
is produced. This beam can be used as a jet target or be
stored in a T-shape storage cell to increase the target den-

sity up to 5-103cm™2. The polarization of the target

atoms will be measured with a Lamb-shift polarimeter.

7S e N RSN

Fig. 8: Photo of ANKE with the polarized target in front
of the spectrometer dipole D2 (blue). Components
of the Lamb-shift polarimeter are on the right side
of the ANKE target chamber.

1.3.2 COSY-TOF

End of 2004 COSY-TOF performed a beam time with
the goal to obtain decisive information on the existence
or non-existence of the exotic @ state where the situa-
tion is still confusing. The goal of this run is to inves-
tigate the significance of the previously found signature
for the pentaquark ®% in the K°p system via the reac-
tion pp — X+ K°p (COSY-TOF collaboration, Phys. Lett.
B 595, 127 (2004)). To improve the statistical accuracy
significantly, in addition to the higher luminosity, the de-
tector was upgraded by a three layer Sci-Fi-hodoscope.
The new data are estimated to contain a factor of 5 more
statistics compared to the previous measurement.

The analysis is being performed by different collabora-
tion groups separately. In this way, the investigation
of the pp — XTK°p and especially the K°p invariant
mass will be approached independently on three different
ways. Minimal cuts will be applied in order to observe
control channels like the elastic scattering and the related
reaction pp — AK'p. The study and interpretation of
the reaction pp — XK p and the K°p mass spectrum
will be approached only after comparison of the control
channel results including dedicated simulations and with-
out further tuning of the analysis software. In this context
also the Dalitz plot, which is fully covered in our experi-
ment, will be of decisive importance.

It is internationally agreed upon that the new COSY mea-
surement will have crucial impact on the clarification of
the situation.

1.3.3 Transfer of the WASA Detector

The transfer of the WASA detector from CELSIUS
to COSY has been finished in September 2005. The
components are presently being tested and prepared
for installation at COSY scheduled for summer 2006.
Commissioning is anticipated for the second half of
2006, allowing a start of the physics program (for details
— on both the experimental program and the detector
setup and performance — we refer to the “WASA-at-
COSY” proposal nucl-ex/0411038) beginning of 2007 as
originally scheduled.

Pellet Target

After transfer and after maintenance of pumps and cryo-
genic equipment the WASA pellet target has been set up
at COSY for a full scale test operation with access to all
components prior to installation at COSY (Fig. 9).

The test program aims at reproducing the reliable target
performance with hydrogen and an improved operation
with deuterium. Only minor modifications are planned
before installation, constructional changes are intended to
reduce vibrations at the pellet generator to minimize the
geometrical spread of the pellet beam and, consequently,
the gas load.

The technology for the manufacturing of glass nozzles
and vacuum injection capillaries has been transferred to
the Central Department of Technology (ZAT) of the Re-
search Centre Jiilich, and preparations for production
are ongoing. The VME interfaced SIMATIC slow con-
trol system remains unchanged compared to operation at
CELSIUS, the stand-alone version to be used at COSY
was already tested before dismount at CELSIUS.

In the future it is foreseen to extend the beam dump
by 300mm to improve access for maintenance and to
provide space for a pellet tracking system.

Central Detector
The central detector setup will remain unchanged to the



Fig. 9: Test setup of the WASA pellet target at COSY

with pellet generator (top), a dummy vacuum
chamber around the nominal interaction zone, and
pellet beam dump (bottom).

WASA setup at CELSIUS for installation and commis-
sioning.

The CsI(Na) crystals of the scintillating electromagnetic
calorimeter have already been tested after the transfer to
COSY; no transport damage has been found. During the
tests until installation the hydrophilic crystals are kept in
a specially built air—conditioned measurement cabin with
a level of humidity below 35 % (Fig. 10).

After installation, a corresponding closed atmosphere
will be ensured by a tent. Presently, the Hamamatsu 1924
phototubes used in the forward part of the calorimeter are
being replaced by an upgraded version 1924A with a sig-
nificantly improved linearity.

The cryogenic cooling plant for the solenoid operation
has already been assembled (Fig. 10). It will be set into
operation beginning of 2006, with the solenoid due to be
tested before installation at COSY.

The central drift chamber (MDC) — as well as the for-
ward proportional straw chamber (FPC) — are presently
operated under laboratory conditions to further optimize
systematically the working point in view of gas mix-
ture and high voltage supply. Frontend electronics have
been completely exchanged for both straw detectors tak-

Fig. 10: The half spheres of the scintillating electro-
magnetic calorimeter in an air-conditioned cabin
(back) and components of the cryogenic plant af-
ter setup for operation (front) in the COSY inte-
rior area.

ing over the solution for the straw detectors at the ANKE
experiment based on the CMP16 amplifier-discriminator
chip originally developed for the CERN CMS experi-
ment. A complete system consisting of detectors, analog
and digitizing electronics will be tested in the laboratory
prior to installation. Due to both the limited time avail-
able and the risk of collateral damage individual non-
working straws (few per cent) will not be repaired. In-
stead, also with respect to possible aging effects, it is
foreseen to build a spare MDC from already existing
hardware as soon as possible and to replace the detector.
At a later stage it is planned to increase the position
accuracy and efficiency of the central detector in its very
forward region for measurements at higher energies by
a scintillating fibre detector replacing the forward part
of the plastic barrel scintillator in combination with
additional dE information.

Forward Detector

For an efficient tagging at the higher energies available
at COSY compared to CELSIUS, the WASA forward de-
tector has to be upgraded prior to installation. During
this first phase, the dE-E information provided by the
Forward Range Hodoscope (FRH) will be improved by
adding an additional layer of scintillator material, im-
proving the precision of the energy information for pro-
tons with kinetic energies close to 1GeV by 25% com-
pared to the present setup. The design of the additional
detector component is finished and photomultiplier tests
are presently performed.

A fourth existing straw chamber plane of the FPC will
be installed and the setup of planes will be rearranged to
increase the lever arm for track reconstruction resulting
in an improved vertex reconstruction at the interaction
point. Extra space available at COSY compared to
CELSIUS allows for these modifications. Furthermore,
a Cerenkov detector will be added in front of the
Forward Range Hodoscope as soon as possible after



the commissioning phase to improve both the energy
resolution for measurements at higher energies and
particle identification.

Data Acquisition

Since the existing WASA data acquisition system (DAQ)
is both not fast enough for the expected event rates and
the digitizing Fastbus hardware is not serviced any more,
a new DAQ system allowing event rates in the order
of 10kHz has been designed for WASA at COSY. The
acquisition system will be compatible with existing sys-
tems at other COSY experiments, which allows to take
over common electronic parts and most of the software.
In addition, on-site maintenance will be provided by
staff of the FZJ Central Institute for Electronics (ZEL).
To meet the requirements of WASA-at-COSY new dig-
itization modules are presently being developed: Slow
and fast TDCs for straw and scintillation detectors, and
slow and fast QDCs for the scintillating electromagnetic
calorimeter and the plastic scintillators, respectively. The
latter are realized as continuosly running flash ADCs
with extensive FPGA processing for time stamping,
integration, as well as pileup detection and possible
correction. TDC prototypes are already available, and
the QDC, a common development of ZEL and Uppsala
University, is in the prototyping phase. Mass production
is expected to be finished in time for commissioning in
the second half of 2006.

Mechanical Preparation

Preparations at the internal target location, i.e. the nec-
essary concrete work, and rearrangement of power and
water supply lines, have been finished. An adjustment
of the original detector mainframe in height for usage
at COSY is under manufacturing, a test installation is
planned for January 2006. A rail system for the central
detector is already installed inside the COSY tunnel,
and the carriages for the calorimeter are presently being
modified. The original platform of the WASA forward
detector can be reused. However, it has to be lifted by
285 mm to adapt for the difference in height of the beam-
line of COSY compared to CELSIUS. Platforms both
to provide access to target components after installation
and for the WASA trigger electronics will be finished for
the COSY summer shutdown.

Collaboration

The WASA-at-COSY Collaboration has formally been
constituted during a first collaboration meeting held in
Jiilich on November 4-5, 2005. At present the collabora-
tion consists of 168 scientists from 27 institutes in seven
countries.

For further information see the collaboration homepage
http://www.fz-juelich.de/ikp/wasa.
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2 External Experiments

2.1 Pionic Hydrogen at PSI

Pionic-atom data allow precision measurements of QCD
quantities at the few-% level because no extrapolation
or normalisation procedures must be applied. In pio-
nic hydrogen (wH) the hadronic shift £ and broaden-
ing Ij, of the atomic ground-state are related to the 7N
scattering lengths a™ and a~ by Deser-type formulae:
€15 (a" +a”) and I3y o< (a~)?. The isoscalar quan-
tity a™ is connected to the 7N o-term which is a measure
of chiral symmetry breaking, and the isovector part a~
yields the 7N coupling constant.

K X-ray transitions in 7H have energies around 3 keV
whereas €y and I, are 7 and 1 eV, respectively. Thus,
precision data can be achieved only with crystal spec-
trometers. The shift, now being determined to two per
mille, exceeds the theoretical accuracy. In order to
achieve also for I'i; an uncertainty comparable to theory,
due to the complexness of wH ground-state transitions,
new experimental approaches had to be applied.
Contributions to the X-ray line shape are (i) a Lorentzian
due to the life time of the atomic levels (I7;), (ii) the spec-
trometer response, and (iii) Doppler broadening. The lat-
ter stems from acceleration of the TH system in collisions
with H, molecules during the atomic cascade where the
de-excitation energy of various transitions n — n' is con-
verted into kinetic energy (Coulomb de-excitation).
Hence, a precision determination of I, requires,

e ultimate knowledge of the spectrometer response,

e correction for the Doppler broadening,

e high statistics in the 7H X-ray spectra, and

e good control of the background.

The spectrometer response was obtained with the narrow
M1 transitions in helium-like sulphur, chlorine, and ar-
gon having energies close to the 7H Ka, Kf3, and Ky
lines. For that an electron-cyclotron resonance ion trap
(ECRIT) was set up providing sufficiently high count
rates. The spectra of the various charge states make obvi-
ous the complex dynamics of few-electron systems mea-
sured here with unprecedented resolution (Fig. 11).

A measurement of the Kf line in uH revealed nicely var-
ious Doppler contributions, because here the X-ray line
shape is determined only by the (well known) spectrome-
ter response and Coulomb de-excitation. The atomic cas-
cade is now understood well enough for a reliable correc-
tion of the Doppler broadening. A low background level
was achieved by a dedicated concrete shielding and the
use of charge-coupled devices for X-ray detection.
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Substantial progress has been achieved relating €, and
I to a* and a~ within the frame work of chiral per-
turbation theory (}PT). Theoretical uncertainties for &
and I, are 2.9% and 0.2% obtained in 3" order calcula-
tions. The new mH data, £, =7116 £+ 11 meV (4 0.2%)
and Iy = 785 £ 27 meV (£ 3.5%), yield values for a*
as shown in Fig. 12 (7H: yPT+IB).

It has been reported recently, that for pionic deuterium
(wD) the inclusion of isospin-breaking effects (IB) is of
outstanding importance due to cancellations of the 7~ p
and 7~ n interactions. In particular, the value of at de-
termined from €5 in 7D is then no longer in striking
disagreement with 7H data. A 2" order yPT calcu-
lation including IB, based on the recent 7H measure-
ment and S{TSD = —2.474 0.06eV (£ 2%) obtained ear-
lier (tH+7D: ¥PT+IB), is shown together with the 7H
analyses (Fig. 12). Without IB effects (tH+zD: }PT),
the result is far off as are the results of the previous ex-
periment analysed in a potential approach.

™ s directly related to the threshold parameter ¢ in
pion production. At present, 7D atom and pp — 7*d
production data disagree by 2 standard deviations.

0,02
nH: Y PT + IB
R-98.01
0,01 +
gg potential model
= . R- 86.05
& Yerbelg, wH + 7D / nH
Tomozawa
0,00 @ t f
nH + nD: ¥ PT + IB i
R-98.01 nH + nD: ¥ PT
R-98.01
-0,01 "
0,075 0,085 0,095
a-/1/mg

Fig. 12: Isoscalar vs. isovector scattering lengths a™
and a~ as obtained from this (R-98.01) and pre-
vious experiments (R-86.05). Current algebra
(Weinberg-Tomozawa point) gives the leading
order in ChiPT.

A re-determination of est with a precision comparable
to hydrogen, together with a combined 7H + 7D analysis,
will improve the constraints for the 7N scattering lengths
a™ and a~ and, consequently, for the 7N o-term and the
7N coupling constant. From I'i’S‘D , an accuracy for o will
be achievable being a factor of 2-3 better than in pion
production experiments.

The experimental program for 7H has been completed

end of 2005 with a high-statistics measurement of the 7H

Ka transition at the TES beam line of PSI. From these

data finally an uncertainty of less than 2% is expected

for I'; in TH. A precision determination of the strong-

interaction effects in D is planned for 2006.

oz or1a MECHIE CHE 3F1 CH1S energy

Fig. 11: X-rays from chlorine charge states excited in the ECRIT. The crystal spectrometer resolution for the
mH Kp line (2.886 keV) is obtained from the M1 transition (2.757 keV) in the helium-like ion C15+,
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3 Theoretical Investigations

The IKP theory group studies the strong interactions in
their various settings — spanning topics ranging from
hadron structure and dynamics to the nuclear many-body
problem. The main focus is on the formulation and ap-
plication of effective field theories for precision hadron
and nuclear physics based on the symmetries of Quan-
tum Chromodynamics. Some of the high-lights of these
activities are discussed in the following.

3.1 Effective field theory for pion produc-
tion in proton-proton collisions

With the appearance of high quality data for the reactions
NN — NNr in the early 90ties it became evident that
the dynamics of this class of reactions is not at all un-
derstood: the existing models failed to describe the data
by a factor of about 10 for the reaction pp — ppn® and
by a factor of 2 for pp — dn™. In the following years
several proposals were put forward, especially to explain
the huge discrepancy in the neutral pion production chan-
nel. It was shown that these data could be described ei-
ther by heavy meson exchanges, (off-shell) pion rescat-
tering, or pion emission from exchanged mesons. To re-
solve the confusion various groups started to investigate
NN — NN using chiral perturbation theory (ChPT). As
an effective field theory it is to be free of any ambiguities
and one expected that now the relevant physics of NN —
NN could be identified. As a big surprise to many, how-
ever, it turned out that, when naively using the original
power counting by Weinberg, the discrepancy between
theory and data became even larger at next-to-leading or-
der (NLO) for pp — ppn as well as for pp — dn*. In
parallel it was realized that the large momentum transfer
characteristic for meson production in NN collisions calls
for a modification of the counting scheme. When applied
to p-wave pion production evidence was found for a con-
vergence of this scheme towards the data. For s-wave
production so far only preparatory work was available —
especially there was no calculation that included both the
final and initial state interaction. It was thus a significant
progress when we succeeded this year to perform the first
complete calculation up to NLO for NN — dr, including
the distortions from the NN interaction. In this work we
could show that the sum of all loops that appears at NLO
cancels an irreducible piece that emerged from the con-
volution of the leading pion rescattering operator with the
one-pion-exchange contribution of the NN potential. The
net effect of this was to replace the TN — wN subampli-
tude by its on-shell value — before it was a factor of 3/4
smaller due to the special kinematics of pion production.
The result is shown in Fig. 13, where it can be seen that
now the factor of 2 discrepancy of the original calculation
is overcome. The theoretical uncertainty of the calcula-
tion is still significant (indicated in the figure by the box)
but will be improved soon — a calculation up to NNLO
is in preparation.
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Fig. 13: Comparison of our results to experimental data
for NN — dm where 7 is the pion momentum in
units of the pion mass. The dashed curve show
the LO result and the solid line shows the result
at NLO. The estimated theoretical uncertainty at
NLO is illustrated by the filled box. The data are
from TRIUMF (Canada) and COSY.

It should be stressed that this result clearly shows the
necessity to perform pion-production calculations within
the controlled framework of an effective field theory
for it turned out that all those mechanisms included
in phenomenological calculations mentioned above can
be mapped on amplitudes within ChPT that appear at
NNLO. However, at this order there is at the same time
a large number of loops. On the other hand the cancel-
lations found in our work could never be observed in
phenomenological calculations where typically only sub-
groups of diagrams, leading to individually significant
contributions, were included.

3.2 Chiral extrapolations for lattice QCD

Lattice QCD is a tool to calculate baryon properties from
first principles. However, at present, simulations can only
be done for quark (pion) masses considerably above the
physical values, typically Mz > 400 MeV in state-of-
the-art calculations. Chiral perturbation theory is able
to provide extrapolation functions that connect such lat-
tice data with the realistic pion masses. We have started
a systematic analysis of the quark mass dependence of
various baryon properties derived from chiral perturba-
tion theory. The quark mass dependence of an observ-
able is encoded in loop and contact term contributions,
the latter are accompanied by the so-called low-energy
constants (LECs). There are two classes of low-energy
constants. Class I LECs parameterize the quark mass
effects whereas the dynamical LECs of class II are re-
lated to pion momenta (derivatives). Given the scarcity
of precise and systematic lattice data, we consider it ex-
tremely important to utilize phenomenological input ob-
tained from the analysis of many different processes to
constrain the dynamical LECs. Of equal importance is
the estimation of the ensuing theoretical uncertainty for



any given baryon observable, related to the uncertain-
ties with which LECs from the mesonic and the baryon
sector have been determined. Within this framework, we
have analyzed many baryon observables like the nucleon
and the baryon octet masses, the pion- and kaon-nucleon
sigma terms, the isovector anomalous magnetic moment
or the axial-vector coupling of the nucleon. These studies
are based on complete one-loop representations. Incor-
porating only the leading loop effects that appear at third
order, as it is often done, does not lead to a sufficient pre-
cision. In Fig. 14 we show such extrapolations for the
nucleon mass based on the SU(3) representation with all
dimension two LECs fixed from an earlier study of the
octet masses. For pion masses >500 MeV, the theoret-
ical uncertainty becomes very large — such a statement
depends, however, on the observable considered.
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Fig. 14: Pion mass dependence of the nucleon mass in
flavor SU(3). The red line gives the best fit and
the black lines give the theoretical uncertainty
under the constraint that the nucleon mass takes
its physical value for the physical quark masses.
Green squares: MILC 2001 data, purple trian-
gles: MILC 2004 data.

It can be stated in general that using extrapolation func-
tions based on a chiral perturbation theory representation
cease to make sense at higher pion masses, say above
500 MeV. Note also that the most recent data from the
MILC collaboration at the lowest pion masses can not
be described, the source of this problem remains to be
identified. The lattice community is therefore urgently
asked to provide data at sufficiently small pion masses
for a cornucopia of observables — otherwise a model-
independent analysis of lattice results will not be possi-
ble. In the context of QCD, chiral perturbation theory is
a faithful representation for the analysis of the Goldstone
boson and the baryon octet properties. If one wants to
consider also excited states (resonances), the construction
of the corresponding effective field theories must respect
resonance decoupling. We have constructed a covariant
effective field theory for the delta resonance in which the
nucleon-delta mass splitting is counted as an additional
small parameter. Using this approach, we have calcu-
lated the delta mass, the delta-nucleon mass splitting and
the pion-delta sigma term. We find that the nucleon-delta
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splitting increases by about ten percent in the chiral limit
and also, the pion-delta sigma term is sizeably smaller
than the one of the nucleon, indicating strong violations
of spin-flavor SU(4). We have also worked out extrap-
olation functions for the p-meson mass based on a for-
mulation that extends infrared regularization to spin one
fields.

3.3 Theory of spin filtering

The physics potential of experiments with high-energy
stored polarized antiprotons is very large, and for more
than two decades, physicists have tried to produce beams
of polarized antiprotons without success. The list of
fundamental issues accessible with polarized antiprotons
includes the determination of transversity — the last
leading-twist missing piece of the QCD description of
the partonic structure of the nucleon — without measure-
ments of which the spin tomography of the proton would
ever be incomplete. Other items of great importance
for the perturbative QCD description of the proton in-
clude the phase of the time-like form factors of the proton
and hard proton-antiproton scattering. Such an ambitious
physics program for a polarized antiproton-polarized pro-
ton collider has been proposed recently by the PAX Col-
laboration for the new Facility for Antiproton and Ion
Research (FAIR) at GSI in Darmstadt. An integral part
of such a machine is a dedicated large-acceptance An-
tiproton Polarizer Ring (APR). As a part of the theoretical
support of the PAX proposal, the dynamics of the spin fil-
tering of stored protons in a polarized internal target has
been scrutinized, leading to novel insight into this phe-
nomenon. The spin filtering in storage rings is based on
a multiple passage of a stored beam through a polarized
internal gas target. Apart from the polarization by spin-
dependent transmission, a unique geometrical feature of
the interaction with the target in such a filtering process is
the scattering of stored particles within the beam. A de-
polarization effect in the scattering process affects the po-
larization build-up. In the Jiilich theory group we derived
the quantum-mechanical evolution equation for the spin-
density matrix of a stored beam which incorporates the
scattering within the beam. It describes the change of the
interplay of the transmission and scattering-within-the-
beam from polarized electrons to polarized protons in the
atomic target. Specifically, a complete self-cancellation
of the transmission and scattering-within-the-beam con-
tributions from polarized electrons is found. The evalu-
ation of corrections from the scattering within the beam
of protons in the polarized targets requires a careful eval-
uation of the Coulomb-nuclear interference effect in the
region of extremely small scattering angles inaccessible
in direct experiments. The effect of the spin-flip scat-
tering within the beam to the polarization cross section
is proven to be negligible small. These results agree with
those found by the Milstein-Strakhovenko group from the
Budker Institute. There is only a slight disagreement bet-
ween the recently reanalyzed FILTEX result for the po-



larization cross section, op = 72.5 & 5.8 mb, and the the-
oretical expectation op ~ 86 mb. Regarding the future of
the PAX proposal, the conclusion is that one can only rely
upon the nuclear antiproton-proton interaction and must
optimize the filtering process using the antiprotons avail-
able elsewhere (CERN, Fermilab).

3.4 pp interactions in J/y decays

Recently the BES Collaboration reported a near-
threshold enhancement in the proton-antiproton (pp) in-
variant mass spectrum, observed in the J /¥ —vypp decay.
Signs for a low mass pp enhancement had been already
seen earlier in low-statistics experiments, the new data
from BES, however, are of rather high statistical accu-
racy and therefore provide very precise information about
the magnitude and the energy dependence of the pp mass
spectrum very close to threshold. The BES Collaboration
fitted their pp invariant mass spectrum below 1.95 GeV
by a Breit-Wigner resonance function. Assuming that the
pp system is in an S-wave resulted in a resonance mass
of M=1859"315,, MeV and a total width of I'<30 MeV.
A comparable fit to the data could be achieved with a
P-wave Breit-Wigner function with M=1876+0.9 MeV
and I'=4.6%1.8 MeV. The proximity of these resonance
masses to the pp reaction threshold (which is at 1876.54
MeV) nourished speculations that the observed strong en-
hancement could be a signal of an NN bound state. While
theoretical considerations of such NN bound states (or of
baryonia, in general) abound in the literature, there is so
far hardly any undisputed experimental information on
the existence of such states. Thus, the assumption that
one has found here independent and possibly even more
convincing evidence in support of NN bound states is cer-
tainly appealing. In our investigation we showed that the
observed enhancement could have also an entirely dif-
ferent and much more conventional interpretation. In
particular, we argued that the enhancement is primarily
due to the final-state interaction between the produced
proton and antiproton. For this study we utilized a re-
alistic model of the NN interaction. The elastic part of
this model is the G-parity transform of the Bonn meson-
exchange NN potential, supplemented by a phenomeno-
logical complex potential to account for NN annihilation.
The pp mass spectrum from the decay J/¥—7ypp mea-
sured by the BES collaboration is shown in Fig. 15. The
blue line indicates the pure phase-space distribution, i.e.
the result one expects for a reaction amplitude that has
no energy dependence. The green curve is the squared
scattering amplitude predicted by one of our NN models
for the 'Sy partial wave and the isospin I = O channel,
suitably multiplied with phase-space factors in order to
match it to the kinematics of the J/¥ decay reaction. Fi-
nally, the red curve is the result of a calculation where we
assume that the basic reaction amplitude is a constant but
take into account the effects of the pp final-state interac-
tion within the so-called Watson-Migdal approach. Obvi-
ously, those results are in remarkable agreement with the
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experiments from the BES collaboration. We should add
that the structure around invariant masses of M(pp) ~
2.1 GeV is mostly likely due to the f,(2200) resonance,
which was not included in our analysis. Note also that
the structure at around 2.98 GeV is the well known 1,
meson.
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Fig. 15: The pp mass spectrum from the decay

J/¥—vypp. The arrow indicates the reaction
threshold.
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3.5 Spectra and binding energy predictions
of chiral interactions for 'Li

It is well known that the properties of nuclei cannot be
well reproduced using todays very accurate two-nucleon
(2N) interaction models only. It is generally accepted that
additional forces, namely three-nucleon forces (3NFs),
are required for an accurate description of nuclear bind-
ing energies and spectra. These interactions naturally
arise in the framework of chiral perturbation theory.
Their quantitative determination is essential to define the
nuclear interaction completely for investigations of, e.g.,
the properties of unstable nuclei. At the same time, this
provides an important test of our understanding of the nu-
clear forces, because it will confirm or disprove a tight
relation of the 2N interaction, 7N amplitudes and 3N
forces, which is believed to be the consequence of the
spontaneously-broken chiral symmetry of QCD. Because
3N scattering experiments can probe the 3NFs only in
the isospin 7 = 1/2 channel, the p-shell nuclei provide
an important additional laboratory, which enables us to
study the interplay of 7 = 1/2 and T = 3/2 components
of 3NFs. To this aim, we performed the first calculation
of the spectra and binding energy of "Li based on chiral
2N and 3N interactions. The non-locality of the forces
requires using the no-core shell model approach, leading
to a high dimensional shell model calculation, which was
performed on a massively parallel supercomputer. Two
sets of parameters for the 3N forces describe the s-shell
nuclei equally well. Therefore, we were able to study
the sensitivity of the 'Li system on the structure of the
3N force, keeping the description of the s-shell nuclei the
same. Our results confirm this sensitivity for both, the
binding energy and the excitation spectrum, see Fig. 16.



In no case, however, we find overbinding or unrealisti-
cally high densities in "Li, although the chiral interac-
tions are much softer than the traditional forces. We also
find slight deviations of our results from the experimental
values, which suggest slight changes of the strength of 27
exchange in the NN and 3N force in order to describe the
p-shell and s-shell nuclei simultaneously. A study of this
conjecture is in progress. Also the extension to the more
demanding mid-shell nuclei and to neutron-rich isotopes
is a high priority and will finally allow to pin down the
isospin dependence of the 3NF.
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Fig. 16: Predictions for the excitation spectrum of ’Li
based on chiral NN forces alone and together
with two choices for the chiral 3NF and the data.

3.6 Pygmy dipole resonances in Calcium
isotopes

Soft electric dipole modes of nuclei, the so-called pygmy
resonances, are relevant for the synthesis of many nuclei
in supernova explosions. Last year, the electric dipole
strength below 10 MeV has been measured in the nucleus
#(Ca with nuclear resonance fluorescence in Darmstadt.
This nucleus is important as it allows to study the effect
of pairing correlations which are negligible in the closed-
shell nuclei *°Ca and “8Ca. Pairing correlations are cru-
cial for the studies of radioactive nuclei.

The experimental isovector dipole sum rule exhaustion
integrated up to 10 MeV shows a non-linear dependence
on the neutron excess, see Fig. 17. The quasiparti-
cle random-phase approximation (RPA), in contrast, pro-
duces a sum rule exhaustion which scales linearly with
the neutron excess. This is due to the increasing occupa-
tion of the neutron f7 level. Clearly, one has to go beyond
the quasiparticle RPA. The extended theory of Finite
Fermi Systems (ETFFS) which goes beyond the RPA by
incorporating phonon degrees of freedom has been gen-
eralized to include pairing correlations (ETFFS(QTBA)).
First numerical studies of the Ca isotopes have been per-
formed, see Fig. 17.

The phonon coupling strongly fragments the strength.
This leads to shifts of the electric dipole strength. In
48Ca, some dipole strength is shifted to energies above
10 MeV and thus is not seen by the recent nuclear res-
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Fig. 17: The electric dipole sum rule strength integrated

up to 10 MeV is shown for the isotopes *°Ca,
4“4Ca, and *8Ca. Black: experimental data;
red: quasiparticle random phase approximation,
green: extended theory of finite Fermi systems in
the quasiparticle time blocking approximation.

onance fluorescence experiment. The calculation shows
that the dipole states below 10 MeV are predominantly of
isoscalar structure. This can be explained by the strongly
attractive isoscalar force which brings down isoscalar
strength from the giant resonance region. This finding
is supported by (a, &’'y) experiments.

3.7 Quantum interference in Au-Au colli-
sions

Interference of probability amplitudes is at the basis of
quantum mechanics. The most prominent example is
the double slit experiment: one cannot know in princi-
ple through which slit the particle (e.g. an electron) went.
It was shown recently how interference phenomena show
up in so called ultraperipheral collisions (UPC). For ex-
ample, two gold ions pass each other at the Relativistic
Heavy Ion Collider RHIC at impact parameters larger
than the sum of the nuclear radii. The electromagnetic
field of one of the nuclei gives rise to an intense spectrum
of photons, which extends up to very high energies. (The
opportunities offered by UPC at relativistic heavy ion col-
liders were realized gradually during the past decades). A
photon originating from one of the nuclei interacts with
the other nucleus to coherently produce a vector meson
in a diffractive interaction. Just as in the double slit ex-
periment we do not know whether the nucleus coming
from the right or the one from the left emitted the pho-
ton. We must take both possibilities into account when
calculating the probability amplitude. We calculate the
amplitudes for coherent vector meson production using
semiclassical and Glauber (eikonal) methods. Especially
we study inclusive cross sections as well as those where
an additional mutual electromagnetic excitation of both
ions takes place in addition to vector meson production.
In order to describe vector meson production we use the
vector dominance model and s-channel helicity conserva-
tion. The final state of the vector meson is characterized
by its rapidity Y and the transverse momentum v | .
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Fig. 18: The differential cross section do/d?v dY is

shown as a function of the transverse momentum
v, for J/W¥ production at mid-rapitity ¥ = 0 at
LHC (Pb-Pb ions with y=3000).

In Fig. 18 we show the differential cross section for ¥ =0
as a function of the transverse momentum v, of the pro-
duced vector meson, with and without interference. The
characteristic dip at small transverse momenta is the sign
of the interference and it tells us about the details of the
vector meson production amplitude. At RHIC p° produc-
tion in UPC has been observed experimentally and first
hints of this interference effect were presented at various
conferences. One also expects to study this process at the
LHC at CERN in the near future where in ultraperipheral
collisions of Pb on Pb a ’lead flashlight’ is produced. Due
to the higher energies one also aims at observing the vec-
tor mesons J/¥ and 1. This process will allow to study
the gluon distribution in nuclei. This will be part of a
general program to study UPC at the LHC (Pb-Pb). So
even when the nuclei do not interact strongly in violent
central collisions we can learn very much about Quan-
tum Chromodynamics in gentle ultraperipheral heavy ion
collisions.

3.8 The sphere-plate Casimir effect

In 1948 the Dutch physicist H.B.G. Casimir predicted a
very peculiar effect, the attraction between two metallic
uncharged parallel plates in vacuum. The existence of
such an interaction has been confirmed experimentally
with sufficient accuracy only in the last decade. How-
ever, nearly all modern experiments study the attraction
between a metallic sphere and a metallic plate which are
much simpler to align than two plates, but much harder
to calculate. In fact, with the exception of the proximity
force approximation (PFA), which is applicable only for
vanishing separation (note the splitting of the curves E
and F in Fig. 19 for two equivalent, but different versions
of the PFA), there does not exist a theoretical prediction
for the Casimir energy of the sphere-plate system as func-
tion of the separation L. Therefore the corresponding
Casimir effect for a fluctuating real scalar field between
two spheres or one sphere and a plate came into the fo-
cus of theoretical research. An exact calculation of the
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scalar Casimir energy for the case of two spheres is pre-
sented that contains the sphere-plate problem as a special
case. The computation is based on a new Krein-type for-
mula which directly expresses the geometry-dependent
part of the density of states by the multi-scattering matrix
of the pertinent scattering problem. The corresponding
Casimir energy simply follows from the energy-integral
over the multi-scattering phase shift (the logarithm of the
multi-scattering determinant). The calculation is there-
fore not plagued by subtractions of the single-sphere con-
tributions or by a removal of diverging ultra-violet contri-
butions.
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Fig. 19: Predictions for the sc{llar Casimir energy
éc(a,L) of the Dirichlet sphere-plate con-
figuration divided by the Ileading scale
—her?a/1400L% as function of the separa-
tion L between the surfaces in units of the radius
a of the sphere. Circles (A) represent the exact
data for the sphere-plate system, curve (B)
shows the s-wave approximation, line (C) repre-
sents the predicted asymptotic limit 2 x 90/7*,
where 90/7* is the asymptotic value of the
semiclassical Gutzwiller formula including all
repeats of the two-bounce periodic orbit (see
line D). Curves (E) and (F) display the results
of two different Ansitze for the proximity-force
approximation.

The exact data for L > 4a (see the circles A in Fig. 19),
the s-wave approximation (curve B of Fig. 19), which
works very nicely for L > 15a, and the corresponding
asymptotic limit (line C of Fig. 19) are totally new re-
sults. Moreover, contrary to claims in the literature, the
Casimir-Polder scaling of the scalar Casimir effect is ex-
cluded by the presented numerical and analytical results.
The two-sphere and sphere-plane cases are only two ex-
amples, and the formalism presented can be easily ex-
tended to any number of spheres and planes as well (or
disks and lines in two-dimensions). We have exempli-
fied the calculation of the scalar Casimir energy only for
the case of Dirichlet boundary conditions. One can re-
place the Dirichlet with Neumann boundary conditions
or with any other conditions easily, or even replace the
scatterers with arbitrary non-overlapping potentials/non-
ideal reflectors.
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4 COSY — Operation and Develop-
ments

4.1 Introduction

In the past, nearly uninterrupted operation throughout the
year had always been a top priority for COSY. But after
a major refocusing two top priorities have emerged for
the institute and the accelerator crew. Foremost is the en-
gagement to make FAIR success; second is the integra-
tion of the WASA-Detector inside the accelerator ring.
This new detector opens a new promising window for the
future physics program but also requires substantial re-
sources.

In connection with the WASA project there was a limited
shutdown of the accelerator for 14 weeks. The increased
down-time was needed to install WASA in the COSY ring
and freed money that had previously been earmarked to
pay the energy bill. Substantial manpower resources were
also invested into moving the WASA detector from Upp-
sala to Jiilich and prepare the designated site for installa-
tion. It is also obvious that some parts of the detector will
have to be adapted to the foreseen physics program.

In the scheduled beam time the accelerator maintained
a reliability of over 90% that has been its outstanding
hallmark since years. In spite of committing resources
to FAIR and WASA the accelerator crew had been suc-
cessful in reaching new records in polarized and unpolar-
ized beams and in developing new modes of operation to
support experiments. Most notably by advancing the ca-
pabilities for spin manipulation inside the ring, perform-
ing electron cooling at higher energies, and creating ul-
tra slow energy ramps for threshold experiments. It also
contributed its expertise in the context of EU-projects and
assisted the research of outside users for instance by per-
forming irradiations at the cyclotron.

Further details for the High Energy Storage Ring (HESR)
have been worked out. One important strategic deci-
sion has been to incorporate acceleration inside the ring,
which effectively makes it also a synchrotron. The efforts
aimed to advance the design of proposed systems and in-
crease the knowledge base through simulations and inves-
tigations. COSY was used, for instance, as a test bed for
the development of a new nondestructive diagnostics that
may prove valuable for the FAIR project. The physics of
electron cooling has been further explored theoretically
as well as through experiments conducted at COSY. The
models used to predict cooling time for electron cooling
are being perfected to raise their accuracy. Competing
super conducting magnet designs are still under scrutiny
with respect to their technical feasibility and their impact
in ring performance. All this is done in close cooperation
with the GSI, collaborating partners, and industry to en-
sure their practical realization. Also more insight is being
developed in the potential of stochastic cooling through
expanded simulation.
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4.2 Operation of COSY

As mentioned above, the operational hours had been
downsized to 5346 h. Nevertheless experiments were de-
manding special modes of operation to make experiments
feasible at all or for reducing systematic errors. For in-
stance a super-cycle was developed for PISA that had
three different final energies. In addition, this measure-
ment was greatly facilitated by a beam feedback system
that kept the data rate constant for the acquisition sys-
tem thus reducing the effect of dead time. A large variety
of beams have been provided and polarized proton beams
and deuteron beams polarized or unpolarized made up for
about 50%. The pie chart in Fig. 20 (upper) breaks down
the distribution according to ion species while Fig. 20
(lower) does that according to users.

pol.

Deuterons
unpol.

Deuterons
22%

unpol.
Protons
51%
pol. Protons
15%

external Exp.
12%

Maintenance

34%
internal Exp.
42%
MD and exp.
Setup
12%

Fig. 20: Beams according to ion species and polarization
and beam-time distribution for experiments.

4.3 New operational modes

The research at the accelerator was primarily focused on
widening the options for the experimental program. Of-
ten those developments are initiated by immediate de-
mands of the experimenters but there is also a strong in-
centive to break new ground in accelerator physics open-
ing thus perhaps new perspectives for conducting experi-
ments.



4.4 Commissioning of the ANKE gas
storage-cell

A polarized gas target has been developed for ANKE. To
reach the necessary luminosity for double polarization
experiments a storage cell design was applied. It pos-
sesses a square opening of 20 x 20 mm? and a length of
400 mm. The challenge in setting up the machine was
to get a beam of sufficient intensity through the narrow
opening of the storage cell. The biggest losses occur usu-
ally during injection where the emittance is still large.
The final proton energy during those first runs was 600
MeV. Beforehand a new technology had been developed
to reach higher intensities by using multiple injection and
cooling. In Fig. 21 the result obtained during the ANKE-
run can be seen. During the first 15 injections the inten-
sity rises nearly linearly to saturate later at about 2.5 - 101°
particles.
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Fig. 21: Raising the intensity of beams inside COSY by
applying multiple injection together with cool-
ing.

The result of the cooling action shrank at the same time
the momentum spread to 2 - 10~ visible in the Schottky-
noise spectrum as depicted in Fig. 22.
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Fig. 22: Shown is the shrinking of the momentum distri-
bution through electron cooling during injection.
The deflection angle of the circulating beam in
ANKE had been set to 9.2°; note that the vertical
axis is logarithmic.

Applying this carefully developed procedure it was pos-
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sible to reach an intensity of 6.4 - 10° protons passing
through the gas filled storage-cell reaching a luminosity
of 103%cm™=2s~!, which is sufficient to pursue the exper-
iment’s objective.

4.5 Ultra-slow precision energy ramp

Although different energies with a single injection are
routinely provided with so called super-cycles as for in-
stance for the PISA experiment it is for threshold exper-
iments at times better to have a continuous small energy
variation. This has been accomplished for the COSY-11
experiment by stretching a momentum ramp from 3120
MeV/c to 3190 MeV/c over 300 s. The experiment con-
firmed this to be a linear ramp with only minute devi-
ations from the quoted start- and end momentum. The
threshold for the *He-1 reaction was reached in the 82"
second at 3.1393 GeV/c resolved to better than one sec-
ond. During this ramp the beam had a momentum reso-
lution of approx. 10™4.

4.6 Electron cooling after acceleration

The TRIC experiment that tries to investigate the viola-
tion of the time-reversal-invariance is another experiment
that makes high demands on the performance of the ac-
celerator. The objective of this experiment is to measure
the change of beam life-time for different polarization
states thus modelling the time reversed situation. This
foremost requires that the life-time of the beam is as high
as possible. Past experiments have suggested that cooling
of the beam could lead to a breakthrough for this exper-
iment. While usually cooling is applied at injection en-
ergy it would in this case be necessary to apply electron
cooling to the proton beam exactly at the momentum cho-
sen to perform the experiment which in this case was 508
MeV/c corresponding to an energy of 129 MeV. To ac-
complish this the high voltage of the electron cooler had
to be raised to 70 kV being still below the initially speci-
fied maximum voltage of 100 kV. The resulting reduction
of the momentum spread is shown in Fig. 23.
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Fig. 23: Reduction of the momentum spread of protons
after acceleration to 508 MeV/c with electron
cooling, using an electron energy of 70 keV.

One finding of these first tests was that initial beam losses



during cooling were significantly smaller compared to
that observed at injection energy due to the reduction in
phase space of the beam caused by the acceleration pro-
cess.

4.7 Spin manipulation of stored beams

The investigations concerning the behavior of stored po-
larized proton and deuteron beams have been continued.
They were performed with vector polarizations of 80%
for protons and 70% for deuterons. A record spin preser-
vation of 98.5% was reached for deuterons. The corre-
sponding plot is depicted in Fig. 24.
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Fig. 24: The measured vector deuteron polarization ratio
at 1850 MeV/c is plotted vs. the number of flips.

4.8 Milestones in beam intensity

The highest possible intensity is an urgent request of
many experiments in order to acquire as much data as
possible in the allotted time. Therefore, a sustained
effort has been underway to remove impediments to-
ward this goal. Several important milestones have been
reached. For unpolarized deuterons 1.7 - 10'" particles
were reached in the upper flat top. A new peak value was
reached in case of polarized deuterons with 2.6-10'° par-
ticles at end energy.

4.9 Intensity gains at the polarized source

Another record value was achieved at the colliding beams
source itself that provides polarized negatively charged
protons and deuterons. The original design value with re-
spect to the achievable polarized beam intensity for pro-
tons and deuterons had been 30 uA. For many years that
value had been as distant goal and in retrospect would
have been unachievable with the original components of
the source. It had been, therefore, decided to start an
improvement program that would systematically identify
any weak point, replace components accordingly, and add
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systems needed to diagnose problems. The target was to
obtain a system that would stand up to routine operation
over many weeks. The principle of operation is to col-
lide a polarized hydrogen beam (deuterium beam) with
a neutral Cs-beam having an energy of about 45 keV. In
a charge exchange reaction, taking place in a solenoidal
magnetic field, negatively charged hydrogen (deuteron)
ions are created and accelerated toward the extraction el-
ements. The ions are then bend by 90°, pass a Wien-filter
and enter the transporting source beam line that guides
them into the cyclotron. Figure 25 shows schematically
systems that have been replaced or added to the source
during this improvement program.
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Fig. 25: Schematic view of the polarized ion source.
Components that have been replaced or added
during the upgrade program are indicated in red.

A breakthrough decision was to develop a pulsed cesium
beam matched to the short injection period of about 10 ms
for COSY, virtually eliminating by this the severe sputter-
ing damage that had been a roadblock for reliable opera-
tion. The porous tungsten buttons formerly bought from
an external supplier had also been a weak link and have
been replaced by a part that had been completely devel-
oped at the research center, outperforming the original
part by a wide margin. The pulsed operation of the ce-
sium gun is controlled via a high voltage electrode. The
parameter space for the operation of the gun was care-
fully mapped to find a setting that delivered a nearly rect-
angular pulse shape. This was an important prerequisite
for the precise transport of this beam, which is strongly
governed by space charge effects in the initial phase. The
compact but complex design of this pulsed cesium gun is
exhibited in Fig. 26.

Beam diagnostics for the cesium beam was added to suc-
cessfully shape the phase space for optimal overlap with
the atomic hydrogen (deuterium) beam. The pulsing con-
cept was further developed to include the atomic beam
part as well. This was also crucial to increase the uptime
of the ion source. The dissociator producing atomic hy-
drogen (deuterium) beams is a prime component of the
source. In a Pyrex-tube containing the gas, a high fre-
quency discharge breaks the molecular bond. A stream
of atomic gas leaves this tube through a nozzle cooled
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Fig. 26: Pulsed cesium gun. Only main parts shown.

down to 36 K. If discharge conditions are well tuned a
magenta glow is visible in the discharge chamber shown
in Fig. 27.

Fig. 27: Glimpse into the discharge chamber of the disso-
ciator. The gas enters from the right and leaves
through a cooled nozzle visible on the left side.

The pulsing encompasses the dissociator rf-discharge as
well as the gas supply. The latter one comprises three
gases. The main gas hydrogen respectively deuterium
and small additions of nitrogen and oxygen. For each
the exact flow and timing was investigated to obtain op-
timal performance. Alone for this component 14 param-
eters have to be adjusted. Difficulties are amplified by
the necessity to condition the components for longer time
periods as surfaces and vacuum change during the tuning
process. This number was of course even higher during
the design phase when nozzle length, nozzle temperature,
discharge tube, and geometry of the skimmer section had
to be optimized.

All of the above give some insight into the complexity
of the source although many crucial refinements have
not been mentioned here. This is ample evidence that
achieving maximum beam intensity and quality requires
a detailed insight into the system. Minute variations in
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vacuum and surface conditions can significantly alter the
overall behavior and require very often a lengthy search
of the large parameter space for a new optimum.

The new record value of 50 {tA polarized proton beam,
reached during a routine beam time, which nearly dou-
bled the original design value of 30 uA is not the result
of the optimization of a single component but the result
of an optimization process that did not spare any compo-
nent. Fig. 28 shows the pulse extracted from the source
during a December run compared to a rather good pulse
of a former setting used in 2001.
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Fig. 28: The integrated number of polarized protons in
2005 has more than tripled compared to 2001.

The transport of such a pulse to the exit of the cyclotron is
inevitably associated with significant losses. A bar graph
in Fig. 29 reveals the situation that was present during
this December run.

polarized H beam for ANKE in December 2005
lnlﬂ % I | 1 !

cyclotron

I I I
source beam line

0.4

relative beam current

0,2

3.4 % l,9x10“ H per pulse

0,0

FED

FB3 FB4 FBS RO3M RI3N RI36S xBCII

current monitor
Fig. 29: The relative beam current in the various stages

from the entrance of the source beam line to the
exit of the injector cyclotron for polarized H™.

Despite rather high losses inside the cyclotron, which



were due to a temporary bad vacuum inside the main
chamber, to which negative ions are very sensitive be-
cause of electron stripping, the pulse still contained 1.9 -
10'! protons.

To reach peak performance inside COSY not only each
component of the polarized ion source has to be opti-
mal but any other component on its way to the experi-
ment like the source beam line, the cyclotron, the low
energy beam line, the injection process into COSY, and
the following acceleration process. Of course those sys-
tems vary in the challenge they pose to the optimization
process. Clearly the ion source and the COSY accelerator
stand out in this respect. The improvement program that
has been started years ago is still a work in progress and
holds great promise. It can be expected that it will sig-
nificantly contribute to the quality of the ongoing physics
program also in the future.

More details to the mentioned topics are found in the ac-
companying CD-ROM of this report.
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5 Preparations for FAIR

5.1 Progress Towards the High Energy
Storage Ring of FAIR

The High Energy Storage Ring, HESR is being realized
by a consortium formed by the GSI, the Uppsala Uni-
versity, and the IKP of the Forschungszentrum Jiilich,
which is the leading laboratory of this project. Efforts
over a broad range of activities have been intensified
to advance the progress towards the HESR. Additional
money from the European Union has been acquired, and
is being spent in the corresponding FP6-projects. IKP
staff members meet regularly with their colleagues of the
GSI to synchronize and harmonize all relevant data and
technical efforts. A large amount of work has been in-
vested compiling the relevant physical parameters and fi-
nancial data for the IKP contribution to FAIR. Future user
groups (PANDA, PAX, ASSIA) are involved in this pro-
cess as well. Space requirements and building parameters
have been defined and are further processed by the GSI
civil construction group. The Baseline Technical Report
has been delivered and is being integrated into the FAIR
report.

Triggered by letters of intent to the QCD-PAC of FAIR
the HESR group was charged with providing a future
option of delivering polarized antiprotons. The implica-
tions of this option were investigated and the design of
the HESR was modified allowing an upgrade to polar-
ized antiproton physics in the future. Furthermore, space
has been reserved for an antiproton polarizer ring and for
a cooler synchrotron ring for the polarized antiprotons.
Accommodating a FAIR budget ceiling the HESR has
been transformed from a dedicated storage ring into a
slowly ramping superconducting synchrotron. This al-
lows considerable downsizing of several FAIR compo-
nents, e.g. the SIS100 extraction region, corresponding
high energy beam transfer lines, and the injection region
of HESR. Injection energy has now been set to 3 GeV.
To allow efficient commissioning of the HESR from the
earliest possible moment, independent from the status of
the antiproton production target, the new design makes
it now possible to fill the HESR either with antiprotons
(secondary particle beam) or directly with protons (pri-
mary particle beam). This approach allows to provide
easy, fast and cheap test beams for the commissioning
of HESR and experiments. To fully exploit this feature,
injection in both directions (clockwise and counter clock-
wise) is required.

The two operation modes that have been defined in close
dialogue with the future users are summarized in Table 1.
The main systems of the HESR are shown in Fig. 30
and are described in the FAIR Baseline Technical Re-
port. Fig. 31 shows the FAIR topology together with the
planned buildings.

The design and prototyping of RF equipment, electron
cooling device, stochastic cooling system, as well as
beam dynamics investigations have been launched within
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Table 1: Definition of user modes

below 8 GeV or 8.9 GeV/c
peak luminosity of 2-10*' cmsec’
rms momentum spread of about 107

high resolution
(HR) mode:
10" particles
high luminosity
(HL) mode:
<10" particles

whole energy range
peak luminosity of 2-10** cm™sec”
rms momentum spread of about 10

Y iy

@ Dipole magnet

by B Quadrupole magnet 2 (from SIS18)
F @ Sextupole magnet =
O Solenoid
= ® spacer for skew quad /
* O spacer for snake solenoid -
o injection equipment
|
Sy
1 ’oo% /\ Y. l
E S T
] Oooo/‘ CSR g
% v
APR o PANDA
[m]}
ecool
)
= o°°\\o
o &
] &° u RF1
i B 0 RF2
\\l
i \I
A
HESR
|\
direction of
from RESR

antiprotons

o'y

W

Fig. 30: Schematic layout of the HESR lattice. Equip-
ment for experiment, stochastic and electron
cooling, compensation solenoids, and injection
are included. Possible locations of a future An-
tiproton Polariser Ring (APR) and a Cooler Syn-
chrotron Ring (CSR) for polarised antiprotons
are indicated.

the FP6 design study DIRAC-Secondary-Beams.

For stochastic cooling the usable frequency range has
been fixed to 2—-4 GHz. Extensive theoretical studies have
been performed, and the model code has been refined.
Benchmark experiments are planned at COSY with the
existing stochastic cooling system for spring 2006. The
corresponding HESR system will be available for the HL
mode from injection momentum up to final momentum,
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Table 2: Summary table of magnet parameters for HESR.

Useable
horizontal /
Max. field (T), Bending vertical
Number of Magnet design| gradient (T/m), | Effective |angle (mrad)| aperture
HESR Magnet magnets nc/sc type etc. length (m) | /radius (m) (mm)
2.11.2.1 Dipoles 48 sc costheta 3,6 1,82 130,899/13,7 89
2.11.2.2 Quadrupoles 112 sc cos2theta 60 0,5 - 89
2.11.2.3 Sextupoles 48 sc cos3theta 460 0,5 - 89
2.11.2.4 Correctors 112 sc costheta 0,25 0,2 1/200 89
2.11.25 Panda Chicane Dipoles
2.11.2.5.1 D1 1 nc H 1,9 3 11,6/26,3 130
2.11.25.2 D2 1 nc H 1,9 2 76/26,3 130
2.11.2.6 Comp. Solenoid PANDA 1 sc sol. 2 2,5 - 89
211.27 Comp. Solenoid ECool 2 sc sol. 2 2,5 - 89
2.11.2.8 Septum Magnet 2 (left+right) nc c 0,705 3,85 213/18,1 20/34,7
Coil radius
(cos6 magnet),
pole gap height
or pole radius |physical
Max. ramp | (iron magnet) |length/width/h Inductance | Resistance | Total weight
rate (T/s,...) (mm) eight (m) Current (A) (mH) (Ohm) (kg)
2.11.2.1 Dipoles 0,025 100 tbd 5000 12,7 - 48000
211.2.2 Quadrupoles 0,42 100 tbd 5000 0,83 33600
2.11.2.3 Sextupoles 3.2 100 tbd 5000 0,46 16320
2.11.24 Correctors 0,0035 100 tbd tbd tbd 11200
2.11.2.5 Panda Chicane Dipoles
2.11.2.5.1 D1 tbd 170 3,4/2,2/1,6 3333 86 0,0123 72000
2.11.25.2 D2 tbd 170 2,4/2,4/1,6 2628 98 0,012 55000
2.11.2.6 Comp. Solenoid PANDA tbd 100 tbd tbd tbd - tbd
211.2.7 Comp. Solenoid ECool tbd 100 tbd tbd tbd - tbd
2.11.2.8 Septum Magnet 0,035 34,7 4,2/0,26/0,35 1592 3,05 0,0313 2700
* (horizontal x vertical) or diameter if circular

and an almost energy independent equilibrium momen-
tum resolution of about 7- 107> is expected. For lower
momenta the influence of partial band overlap will be
studied. Transverse stochastic cooling can be adjusted
independently from longitudinal cooling to fulfil the re-
quired beam-target overlap. Cooling time ranges from
200 s up to 1200 s.

Design and prototyping of new pick-up structures for
stochastic cooling focusing on high sensitivity have been
started. Hardware studies are carried out in parallel to
find the optimum solution for enhanced filter require-
ments.

Investigations with respect to the two competing elec-
tron cooling systems have been brought to a conclusion.
In weighing the implications on performance, reliability,
and scalability of a horizontal versus vertical electron ac-
celeration column, the vertical system turned out to be
superior (see Fig. 32). The findings resulted also in the
decision to build the electron cooler on the basis of a pel-
letron system. The system layout is chosen such that the
device can be built in a first stage with an electron ac-
celeration voltage of 4.5 MV, allowing later a practical
upgrade to 8 MV operation that would then cover the full
HESR energy range.

The acceleration column contains the acceleration tube
and the deceleration tube for the electron beam (current
up to 1 A). The energy of this beam will be monitored
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via a separate H-beam that travels through a third accel-
eration tube. This particle beam will be analysed by a
90° bending magnet and used to generate a signal sta-
bilizing the gun and collector potentials. The electron
beam transport system was studied in detail and basic pa-
rameters of the 7 most important magnet types have been
derived, which are the basis for several hundred of mag-
nets necessary to operate the electron cooler. A dedicated
measurement device is going to be developed to ensure a
straightness of B-field lines of better than 10~ through-
out the cooling section.

The physical parameters of the RF cavities have been
fixed, and the material for prototyping was ordered.
Hardware designs have been completed, and mechanical
engineering was started. First experiments for signal syn-
thesis at COSY showed the feasibility of the signal gen-
eration.

The HESR design is based on the RHIC-DO-type straight
super-conducting dipole magnets of 1.8 m length and a
nominal B field of 3.6 T at a current of 5 kA. A study
on the feasibility of a curved dipole magnet of 2.7 m
length and about 14 m bending radius has been started
to have an alternative dipole magnet design at hand if
the fringe field contribution and/or high order multipole
components close to the coils needed further minimiza-
tion. One added advantage would be that the number of
magnets could be reduced from 48 to 32. A success of



this magnet design would offer a significantly higher field
quality in the arcs. However, the increased time needed
for manufacturing the curved magnets would have to be
taken into account when comparing their delivery to that
of the straight magnets. The lattice design work was suc-
cessful in reaching a common design for all quadrupole
magnets of HESR. They are capable to deliver gradients
up to 60 T/m. Thus the high gradient requirements of the
straight sections could be satisfied with the same type of
quadrupole magnet that will be used in the arcs. The cho-
sen sextupole magnet design has with 460 T/m? ample
reserve as only 200 T/m? are necessary for the chromatic-
ity correction. This allows one to replace where neces-
sary the pure sextupole magnet with a combined function
magnet (sextupole / steerer, sextupole / quadrupole, sex-
tupole / octupole, etc.). Magnet parameters are summa-
rized in Table 2.

The orbit compensation scheme for HESR has been de-
signed assuming randomly distributed positioning errors
based on the same possible mechanical deviation for all
magnets and position monitors. This work is being con-
tinued in accordance with the mechanical design progress
that will deliver more dependable values for positioning
eITors.

HESR will be operated at 4.2 K except for § subsec-
tions of the straights where components requiring room
temperature are placed. These include electron cooler,
stochastic kicker tanks, injection septum and kicker, and
the PANDA insertion. For forced Helium flow the basic
parameters of the cryogenic requirements have been out-
lined. The heat loads and loss rates for the HESR instal-
lations have been compiled at the 4.2 K and at the 50 K
level. The deduced mass flows are shown in Table 3.

Table 3: Summary of the required Helium coolants.

T [K] P [Mpa] 11 [g/s]
Magnet cooling 4.2 0.3 100
Heat shield 50 0.2 245
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5.2 The PANDA experiment at the GSI
5.2.1 Introduction

One major component of the approved Facility for
Antiproton and Ion Research (FAIR) at the GSI in Darm-
stadt is the High Energy Storage Ring (HESR) with
the PANDA (Proton ANtiproton Detector Array) experi-
ment. HESR will provide a phase space cooled antiproton
beam of unsurpassed quality, precision and intensity. A
momenta range up to 15 GeV/c will be covered allowing
the detailed study both of the structure of hadrons in the
charmonium mass range and the spectroscopy of double
hyper nuclei. To serve this wide physics program the gen-
eral purpose experiment PANDA is currently planned.
The basic concept of the detector is given by its division
into two main parts, the central or target spectrometer
and the forward spectrometer. This combines a nearly
47 coverage in the target region together with a high ac-
ceptance of particles emitted at small polar angles in this
fixed target kinematics.

The heart of the central spectrometer is a micro ver-
tex detector located directly around the target for ex-
treme precise tracking information. It is surrounded by
the central tracker built either of straw tubes (STT) or
a time projection chamber (TPC) in the barrel part, and
a set of mini drift chambers (MDC) in the forward di-
rection. Particle identification is done by two ring imag-
ing Cherenkov counters surrounded by a compact electro-
magnetic calorimeter made out of PbWO; crystals. The
entire system is situated in a 2 T solenoidal magnet which
is covered outside with detectors for muon identification
and tracking.

The forward spectrometer consists of a 2 T-m dipole
magnet with a set of multiwire drift chambers (MuDC)
for tracking, a RICH detector for particle identification,
calorimeters for charged and neutral particles and a layer
of muon counters.

The ongoing activities of the IKP for the PANDA detector
are focused in three parts:

e the micro vertex detector
o the straw tube tracker

e the simulation of the tracking detectors

5.2.2 Micro vertex detector

The Micro Vertex Detector (MVD) plays a key role
in the PANDA experiment to identify open charm and
strangeness by detecting secondary decays of particles
displaced from the primary interaction point. These de-
cay lengths range from few 100 ptm for charmed mesons
and baryons up to several cm for strange hadrons. Main
focus of the work of the last year was the optimization of
the design concerning the demanding requirements, like
high track density in forward direction, radiation back-
ground and low material budget. The result can be seen
in Fig. 33. Altogether four sensitive layers are foreseen
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in the barrel part and six in the disk part covering the
forward region. Due to the high occupancy and the radia-
tion dose close to the interaction point the two innermost
barrel layers and all inner parts of the disks have to be
pixel detectors. For the outer layers strip detectors will
be used taking advantage of their smaller material budget
and fewer readout channels.

Fig. 33: Schematic view of the micro vertex detector, for
visibility parts of some layers are omitted.

Extensive simulation studies have been carried out to
evaluate the different design options and to obtain the
optimal layout combining high efficient track and vertex
finding capabilities with the smallest amount of material
and readout channels. Some of these simulation results
can be seen in Fig. 34 obtained for 107 pp-annihilations
per sec. at 15 GeV/c.

Figure 34 (a) shows for silicon the expected annual ra-
diation damage in terms of 1 MeV n fluence. The most
exposed detectors have to sustain a radiation level of sev-
eral 10'3 negem ™2 per year. Although this is roughly by a
factor 5-6 less than the innermost LHC silicon detectors
have to deal with it is still a fluence high enough requir-
ing radiation tolerant technologies everywhere inside the
MVD.

Figure 34 (b) refers to the material distribution inside the
MVD volume taking all silicon components and part of
the support structures into account. For all azimuth an-
gles the radiation length of the total MVD is below 5%
which limits the multi scattering of low momentum par-
ticles to reach the desired high precision tracking. In
Fig. 34 (c) the number of hits per particle track is plot-
ted showing an average of about 4-5 hits per track for
nearly the entire acceptance volume. Only small holes in
the acceptance due to the target pipe are visible.

Finally the simulated dE/dx for protons, kaons and pions
in Fig. 34 (d) shows the possibility of using the charge in-
formation of the MVD for particle identification. For in-
stance the MVD can contribute significantly to the pion-
kaon separation below a momentum of 600 MeV/c if the
silicon detectors measures the deposited charge with a
reasonable resolution of about 1,000 e¢™.

Furthermore the detailed evaluation of existing technolo-
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Fig. 34: Selected simulation results for 107 pp-annihilations per sec. at 15 GeV/c with the PANDA MVD .

gies for the pixel part of the MVD is ongoing and espe-
cially the frond-end chips of the ATLAS and BTeV exper-
iments are promising candidates for an usage in PANDA.
Therefore in close collaboration with the ZEL a flexible,
modular and free programmable readout system based
on modern PCI and high speed optical data transmission
technologies is currently under preparation.

5.2.3 Straw tube tracker

The main tracking element of the Panda target spectrom-
eter is the Central Tracker (CT) which occupies a region
inside the superconducting solenoid starting at a radial
distance of 15 cm from the beam line, up to 42 cm. Along
the beam (z) this region extends from 40 cm upstream
to 110 cm downstream of the target. One of the pro-
posed detector technologies currently under investigation
for the CT is a straw tube tracker (STT). It consists of
11 double-layers of 150 cm long straw tubes which are
able to handle the high rate of 107 events per second with
a multiplicity of 4-6 charged particles per event with a
spatial resolution of 150 ym in both x and y directions.

Main focus of the current R&D for the STT done at IKP
is the investigation of an alternative method to reconstruct
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the z-coordinate along the beam axis. Usually this infor-
mation is gained by tilting the different layers by 2° to 3°
towards each other. Another approach uses preamplifiers
at both ends of the tube to calculate the z-coordinate of
the track either by the amplitude ratio or the time differ-
ence between the two signals. Tremendous progress has
been achieved during the last year showing the feasibility
of both techniques although the measured resolutions do
not yet match the PANDA requirements of several mm.

It turns out that for the time difference technique a simple
discriminator followed by a TDC readout is sufficient to
reach z-resolutions of 20-80 mm depending on the posi-
tion along the straw axis, see Fig. 35 (a). For the charge
amplitude technique a simple charge division approach
leads to relatively poor results. But an improvement can
be achieved by taking into the account the deformation
of the signal shape due to timing effects caused by dif-
ferent signal propagation times ('time dependent asym-
metry’). A reconstruction method was developed which
uses this asymmetry to increase the accuracy for the z-
measurement. As one can see in Fig. 35 (b) for a full size
PANDA prototype straw a resolution of 30-70 mm has
been reached. Although the results are encouraging the
required z-resolution are failed by at least a factor of 3 so
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Fig. 35: Resolutions along the straw axis illuminated with *°St/*°Y using different z-position reconstruction techniques
for a double sided readout; the two measurements in the left plot represent two settings of the preamplifiers.

more effort is needed to improve further the accuracy of
the z reconstruction.

5.2.4 Simulations

Of general importance are Monte Carlo simulations of
the detector which demonstrate if the proposed detector
setup can fulfill the physics cases the detector is planed
for. On the one hand comparisons between some detector
configurations should give a rough indication for an ideal
detector design as shown in Sect. 5.2.2, on the other hand
several benchmark channels are selected which cover the
most relevant physic topics. In particular also channels
are chosen where PANDA can contribute significantly be-
cause of its unique properties. As an example the channel
pp—D;;(2317)"D};(2317) is discussed here.

The narrow mesonic state D¥,(2317) originally discov-
ered by BARBAR is identified as a scalar c§-system with
a significantly smaller mass and width than expected.
BARBAR however, could only give an upper limit for this
width which is smaller than 4.6 MeV whereas the theoret-
ical predictions range from 10 to 200 keV. PANDA with
the high quality HESR antiproton beam can solve this
problem by measuring the excitation function of the reac-
tion close to threshold. If the relative momentum spread
of the incident beam is of the order 10~ or better the
cross section near threshold depends strongly on the en-
ergy and the width of the state, as one can see in Fig. 36.

Therefore a width measurement with an precision of
about 100 keV seems possible. Simulation studies us-
ing the PANDA simulation framework done at the IKP
have shown that the D¥,(2317)" mesonic state can be ob-
served as a narrow resonance in the D* 7t invariant mass
spectrum although the 7° identification suffers from the
huge combinatorial background due to electromagnetic
split-offs.
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5.3 The PAX Project: Towards Polarized
Antiprotons and QCD Spin Physics at
GSI

The possibility to investigate the nucleon structure via
double-spin asymmetries in polarized proton-antiproton
reactions at the HESR ring of FAIR at GSI has been sug-
gested by the PAX collaboration in 2004. Since then,
there has been much progress, both in understanding the
physics potential of such an enterprise and in studying the
feasibility of efficiently producing polarized antiprotons.
The physics program of such a polarized-antiproton facil-
ity would extend to a new domain the exceptionally fruit-
ful studies of the nucleon structure performed in unpolar-
ized and polarized deep-inelastic scattering (DIS), which
have been in the focus of high energy physics during the



past four decades. It suffices to mention here the unique
possibility of a direct measurement of the transversity
distribution function A, one of the last missing funda-
mental pieces in the QCD description of the nucleon. In
the available kinematic domain of the proposed exper-
iment, which covers the valence region, the Drell-Yan
double transverse spin asymmetry was recently predicted
to be as large as 30%. Other novel tests of QCD at such a
facility include the polarized elastic hard scattering of an-
tiprotons on protons and the measurement of the phases
of the time-like form factors of the proton.

For more than two decades, physicists have tried to pro-
duce beams of polarized antiprotons, generally without
much success. Conventional methods like atomic beam
sources (ABS), appropriate for the production of polar-
ized protons and heavy ions cannot be applied, since an-
tiprotons annihilate with matter. Polarized antiprotons
have been produced from the decay in flight of A hyper-
ons at Fermilab. The intensities achieved with antiproton
polarizations P > 0.35 never exceeded 1.5-10° s~!. Scat-
tering of antiprotons off a liquid hydrogen target could
yield polarizations of P ~ 0.2, with beam intensities of up
to 2-10% s~!. Unfortunately, both approaches do not al-
low efficient accumulation in a storage ring, which would
greatly enhance the luminosity. Spin splitting using the
Stern-Gerlach separation of the given magnetic substates
in a stored antiproton beam was proposed in 1985. Al-
though the theoretical understanding has much improved
since then, spin splitting using a stored beam has yet to
be observed experimentally.

In contrast to the above, a convincing proof of the spin-
filtering principle has been produced by the FILTEX ex-
periment at the TSR-ring in Heidelberg. However, the ex-
perimental basis for predicting the polarization buildup in
a stored antiproton beam is practically non-existent. The
AD-ring at CERN constitutes a unique facility at which
stored antiprotons are available and whose characteristics
meet the requirements for the first ever antiproton polar-
ization buildup studies. In the framework of the PAX
project, the collaboration, therefore, recently suggested
to study the polarization buildup in an antiproton beam
at the AD-ring at CERN at energies in the range from
50-200 MeV. The scientific objectives of this experiment
are twofold. The polarization buildup by spin filtering of
stored antiprotons via multiple passage through a polar-
ized internal hydrogen gas target gives direct access to the
spin dependence of the antiproton-proton total cross sec-
tions. Therefore, spin-filtering studies using stored an-
tiprotons are of highest priority for the PAX collabora-
tion. Recent estimates of the event rates (see article by
M. Tabidze et al. on the attached CD) suggest that the
antiproton beam polarimetry can be accomplished on the
basis of the detection of pp elastic scattering. When the
experimental data base will be available once the AD ex-
periments are completed, the final design of a dedicated
Antiproton Polarizer Ring (APR) can be targeted. Re-
cently, a machine study of an APR running at the antici-
pated beam energy around 250 MeV has been carried out
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(see article by A. Garishvili ez al. on the attached CD).
In addition, the PAX collaboration is planning to carry
out a few dedicated spin filtering experiments with
electron-cooled protons at the Cooler Synchroton COSY
at Jiilich, Germany. The HERMES polarized internal gas
target has become available, because for the remainder
of the HERA running time, HERMES will use an un-
polarized target, thus the PAX collaboration is planning
to utilize the target for the AD and COSY spin-filtering
studies. The experiments with protons will enhance our
general understanding of spin filtering and will allow us
to commission the additional equipment needed for the
spin-filtering experiments at the AD.

The confirmation of the polarization buildup of antipro-
tons would pave the way to high-luminosity double-
polarized antiproton-proton colliders, which would pro-
vide a unique access to transverse spin physics in the
hard QCD regime. Such a collider has been proposed
recently by the PAX Collaboration for the new Facility
for Antiproton and Ion Research (FAIR) at GSI in Darm-
stadt, Germany, aiming at luminosities of 103! cm=2s~!.
An integral part of such a machine is a dedicated large-
acceptance Antiproton Polarizer Ring.

To summarize, we note that the storage of polarized an-
tiprotons at HESR will open unique possibilities to test
QCD in hitherto unexplored domains. This will provide
another cornerstone to the QCD physics program with an-
tiprotons at FAIR.
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E Beam Time at COSY 2005

Date | Experiment Duration Reaction
14.01.-24.01. | ANKE 1 week dp — *Hen
28.01.-09.02. | GEM 2 weeks dd — *Hen
11.02.-21.02. | ANKE 1 week dp — (pp)n
21.02.-24.02. | ANKE 1 week cell tests
25.02.-14.03. | ANKE 2 weeks dd —3ANT
14.03.-04.04. | ANKE 3 weeks pp — ppKTK~
08.04.-02.05. | COSY-11 3 weeks dp — *Hrt/Hen?
06.05.-23.05. | GEM 2 weeks pA — X
27.05.-13.06. | PISA 2 weeks pA — spallation
09.09.-26.09. | HIRES 2 weeks pp — pKTA
30.09.-10.10. | COSY-11 1 week pp — ppKTK~
21.10.-07.11. | COSY-11 2 weeks pp — pKTA
11.11.-21.11. | SPIN@COSY 1 week spin manipulation
21.11.-05.12. | ANKE 2 weeks cell tests

Total *05 25 weeks
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