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Electric charge fluctuations in central Pb+Pb collisions at 28\, 30A, 40A, 80A, and 158 GeV
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Results are presented on event-by-event electric charge fluctuations in central Pb+Pb collisions at
20A,30A,40A,80A, and 158 GeV. The observed fluctuations are close to those expected for a gas of pions
correlated by global charge conservation only. These fluctuations are considerably larger than those calculated
for an ideal gas of deconfined quarks and gluons. The present measurements do not necessarily exclude
reduced fluctuations from a quark-gluon plasma because these might be masked by contributions from reso-
nance decays.
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I. INTRODUCTION vide additional support for such an interpretation. Among

Ultrarelativistic heavy-ion collisions provide the opportu- them a suppression of event-by-event fluctuations of electric
nity to study the properties of strongly interacting matter.charge was predictefb,6] as a consequence of deconfine-
One of the predicted features of this matter, which one hopegent. Estimates of the magnitude of the charge fluctuations
to establish in heavy-ion collisions, is the occurrence of dndicate that they are much smaller in a quark-gluon plasma
phase transition between a purely hadronic state and théan in a hadron gas. Thus, naively, a decrease of the fluc-
quark-gluon plasma. Recently several anomalies in the ertuations is expected when the collision energy crosses the
ergy dependence of hadron production were repofied threshold for the deconfinement phase transition. However,
which suggest that this transition starts in central Pb + Phhis prediction is derived under the assumptions that the ini-
collisions at energies around 8@eV [3,4]. The search for tial fluctuations survive hadronization and that their relax-
further signals of deconfinement is in progress and may proation times in hadronic matter are significantly longer than
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the hadronic stage of the collisidd—7]. The first data on and the overbar and --) denote averaging over a single
charge fluctuations in central heavy ion collisions were pubparticle-inclusive distribution and over events, respectively.
lished by PHENIX[8] and STAR[9] at the BNL Relativistic By construction, for a system which is an independent sum
Heavy-lon Collider(RHIC), and preliminary results at the of identical sources of particles, the valuedofs equal to the
CERN Super Proton Synchrotrof§P§ were shown by value of ® for a single source and does not depend on the
NA49 [10]. The predicted large suppression of charge fluchumber of superimposed sourdés,19. In this analysis in
tuations was not observed. Results by NA49 on transversggs.(2) is taken to be the electric chargeand the measure
momentum and strangeness fluctuations can be found iig called®,,

Refs.[11,12 and[13,14], respectively. For a scenario in which particles are correlated only by

In this work final results on electric charge fluctuations inglobal charge conservatiaqitCCO) the value ofd, is given
central Pb + Pb collisions at 3040A,80A and 15& GeV by [15,17

measured by NA49 at the CERN SPS are presented and dis- JE—
cussed in view of their significance as a signal of deconfine- ®gecc=V1-P-1, 3
ment. The measur&d, [15] used for the analysis of charge

. g . ) where
fluctuations is introduced in Sec. Il. The experimental setup
is presented in Sec. lll and the data sets as well as analysis Ny
methods are described in Sec. IV. Results are given in Sec. V P= (Ngp (4)
. . . . . ch/tot
and are discussed in Sec. VI. The summary is given in Sec.
VII. with (N and({N.po: being the mean charged multiplicity in

the detector acceptance and in full phase sgegeluding
spectator nucleonsrespectively. Strictly speaking Eg3)
Il. THE MEASURE OF CHARGE FLUCTUATIONS holds for vanishing net charge. However, as showilir,

. . Eq. (3) serves as a good approximation also for realistic non-
The magnitude of the measured charge fluctuations dez—gré Jalues of the tgotal ner'ipcharge

pends not only on the unit of electric charge carried by de- In order to remove the sensitivity to GCC the measure
grees of freedom of _th_e systeqhadron_s or quarks and glu- Ad, is defined as the difference:

ong, but also on trivial effects, which may obscure the
physics of interest. The two most important of these effects APy =Py =Dy gec (5)
are the fluctuations in the event multiplicity, caused mostly . . . .
by the variation of the impact parameter, and changes in thgy construction, the value aid, is Zero if the partl'cles are
mean multiplicity due to changes of the acceptance in Whicﬁ:orrelated by global charge conservation only. It is negative

. . " in case of an additional correlation between positively and
fluctuations are studied. In addition to tliz measure of .oqatively charged particles, and it is positive if the positive
charge fluctuation$5] several alternative measures such aSyng negative particles are anticorrelafes).

U+-gyn [16] and Ad, [15] were proposed to minimize the
sensitivity to these effects. In this analysis we usé,
which is constructed from the well established measuiiet Il EXPERIMENTAL SETUP

event-by-event fluctuations, defined [As] The NA49 experimental setuf20] is shown in Fig. 1.

7d = The main detectors of the experiment are four large-volume
o= ™ V72, (1) time projection chamber€TPCs. Two of these, the vertex
TPCs(VTPC-1 and VTPC-g are located in the magnetic
where field of two superconducting dipole magnets. This allows

separation of positively and negatively charged tracks and a
measurement of the particle momenta. The nominal magnetic
field is adjusted in proportion to the beam energy to ensure a
good acceptance at all energies. The other two TPCs
In these equationg denotes a single-particle variabl,is  (MTPC-L and MTPC-B, positioned downstream of the

the number of particles of the event within the acceptancemagnets, are optimized for precise measurement of the ion-

N
z=x-% Z=2(x-X). ()
i=1
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ization energy losslE/dx which is used for the determina- 1 mm in thex andy coordinates and £5 mm in thecoor-

tion of the particle masses. Additional information on thedinate.

particle masses is provided by two time-of-fligfitOF) de- Several quality criteria were applied to the particle tracks.
tector arrays which are placed behind the MTPCs. The cerfAll tracks should contain points measured in at least one of
trality of the collisions is determined by a calorimeter the vertex TPCs and the number of all measured poimts,
(VCAL) which measures the energy of the projectile spectashould be larger than 30. Only for these particles is charge
tors. To cover only the spectator region the geometrical acand_ momentum det_ermlnatlon_ considered to be _rellable. To
ceptance of the VCAL was adjusted for each beam energy bgvmd double counting of particles only tracks with a mea-

a proper setting of a collimatqCOLL) [20,21. The beam ured number of points larger than 50% of all geometrically
. possible points were accepted. The number of particles origi-

nating from weak decays and secondary interactions is re-

duced by only using tracks for which theandy position

position detector$BPD-1, BPD-2, and BPD3J3are used to
determine thex andy coordinates of the beam at the target.
Alternatively, the main vertex position is reconstructed as th

tailed description of the NA49 setup and tracking softwar
can be found in Ref{20].

IV. DATA ANALYSIS
A. Data

At all energies 5 10° events were analyzed with a cen-
trality of 7% of the inelastic cross section except at

€
common intersection point of reconstructed tracks. A de

extrapolated to the coordinate of the target is close to the

position of the interaction poingb,/ <2 cm for thex and

e|by| <1 cm for they coordinate.

Furthermore, particles are required to lie in a well defined
acceptance region ig,pr, and ¢ (y is the rapidity in the
center-of-mass system calculated assuming the pion pass,
is the transverse momentum, agddenotes the azimuthal
angle. A well defined acceptance is essential for comparison
of the results with model predictions and with data from
other experiments. The acceptance limits are parametrized by
he function

158A GeV where the 10% most central events were selected.
To minimize the contributions of nontarget collisions only

events that satisfy the following two selection criteria were Pr(y, ¢) = D(y) + ¢ \° +B(y), (6)
used in the analysis. First, the reconstruction of the primary Aly) + W
vertex position based on BPD and TPC data had to be suc- y

cessful. Second, the difference between vertex coordinateghereA(y), B(y), C(y), andD(y) are parameters depending
resulting from the BPD and TPC data should be smaller thaon the rapidity and collision energy. The values of the pa-

TABLE I. Values of the parameters,B,C andD of the acceptance limits, E¢6), for different energies and rapidities. The dimensions

of the parameters are such that the use ofgh&ngle in degrees and the rapidity in the center-of-mass system results i tinit in
GeV/c.

20A GeV

3A GeV 40A GeV 8A GeV 158\ GeV

y A B C D A B C D A B C D A B C D A B C D
-0.5 0 0 23 4 0 0 35 -10 O -1 63 -8
-0.3 0 0 25 -7 0 0 30 7 O 0.07 40 -10 O 0 57 -10
-01 0 -1 32 -7 0 0 31 -8 0 0 38 10 O 0.07 46 -10 O 0.09 63 -13
01 O 0 34 -8 0 0 40 -8 0 0 43 8 0 005 52 -12 0 008 67 -4
03 O 0 41 -8 0 0 4 -8 0 0 46 7 O 0 58 -7 O 008 65 -3
05 0 -0.05 47 -8 0 0 46 -7 0 0 40 0 O -1 29 -2 0 0.05 27 0
07 O -01 50 -7 O 0 42 0 0 0 22 0 0 0.05 26 0 0 0 35 0
09 O -03 53 -3 0 0 35 -10 O 0 34 6 0 0.08 35 0 0 0.1 41 0
1.1 0 -0.2 38 -10 O 0 39 -13 0 0 46 15 0.3 01 67 -27 034 0.43 109 0
1.3 0 -0.1 42 -12 0 0 4 -14 0 0 52 15 0.3 03 75 -15 0.36 0.43 100 0
15 0 0 43 -8 0 0 55 =21 O 0.1 58 20 0.3 0.27 85 0 0.55 0.4 100 0
1.7 O 0 51 -18 O 008 62 -2 O 008 72 0 03 0.18 75 0 0.6 0.4 88 0
19 0 0 63 -4 0 0.08 67 0 0 0.08 68 0 045 0.15 70 0 0.61 035 73 0
21 0 0 62 0 O 0.05 61 0 0 009 60 O 0.5 0.12 50 0 0.73 0.34 55 0
23 0 0 57 0 06 0.05 57 0 05 008 50 0 0.75 0.08 50 0 17 0.28 60 0
25 07 0 54 0 06 O 46 0O 06 005 40 0 22 0.08 50 0 28 0.25 60 0
27 07 0 41 0 1 0 33 0 15 005 35 0 32 0.08 45 0 5 0.2 57 0
29 15 0 30 0 27 0 32 0 4.5 0.08 45 0 7 0.15 60 0
3.1 5.5 0 45 0o 7 0.1 70 0
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FIG. 2. Distributions of registered particles in tipg—¢ plane for —0.2<y<0 (a) and 1.4<y<1.6 (b) at 20A GeV and -0.&y
<-0.4(c) and 1.4<y< 1.6 (d) at 158 GeV. The acceptance limits used in the analysis are shown by the solid lines.

rameters for positively charged tracks in the nominal mag-
netic field (B, pointing upwarg are given in Table I. These

B. Analysis
Charge fluctuations are studied as a function of the width

parameters also apply to negative tracks or to a reversegf the rapidity intervally. These rapidity intervals were cen-

magnetic field B, pointing downwargl provided¢ in Eq. (6)
is replaced byp’=sgn(¢)(180-|¢|).

As an example we show in Fig. 2 the acceptancpinp
used for the analysis for —02y<0 and 1.4&<y<1.6 at
20AGeV and -0.6cy<-0.4 and 1.4&y<16 at
158A GeV.

0.8

dN/dy

0.6
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0
=y
o
=y
N

3
y

tered around 1.27, 1.07, 0.89, 0.89, and 0.89 for the
20A,30A,40A,80A, and 15& GeV data, respectively. The
measuresP, and Ad, were calculated for ten different ra-
pidity intervals increasing in size fromy=0.3 toAy=3 in
equal steps and will be plotted versus eithgror the corre-
sponding ratio{N¢»/{Nepworr The largest rapidity interval
contains approximately 90% of all accepted particles. In Fig.

160
140
120
100
80
60
40
20

data
mixed events

dN/dQ

-20 0 20 40 60 80 100 120
Q=N,-N.

FIG. 4. The distribution of the net charge for central Pb + Pb

FIG. 3. The rapidity distribution of accepted particles in central collisions at 158 GeV (solid line) and the corresponding distribu-
Pb + Pb collisions at 198 GeV. The largest rapidity interval used tion obtained for mixed eventslotted ling in the maximum rapid-

for the analysis is indicated by dashed lines.

ity interval Ay=3.
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FIG. 5. The dependence of the measdrgon the fraction of ~A®q for each subsample separately. The dispersion of the
accepted particles for central Pb + Pb collisions @0-  obtainedAd, values divided byy10-1 has been taken as
158A GeV. Note that experimental points for a given energy arethe statistical error. The systematic errorssb, are esti-
correlated as the data used for a given rapidity interval are includethated by varying track quality cuts. The valuesisb, are
in the broader intervals. The dashed line shows the dependenaalculated for two additional sets of cuts, marg=35,|b,|
expected for the case when the only source of particle correlations:0.75 cm, and |by| <0.5cm and less (np= 30,|bx|
is the global charge conservation, E8). <4.5 cm, andb,| <2.5 cm restrictive in comparison to the

standard cuts. The accepted particle multiplicity decreases by
3 the rapidity distribution of the accepted particles atabout 25% when changing from less to more restrictive cuts.
158A GeV is shown together with the largest rapidity inter- The difference of these twa®, values is considered as the
val used in the analysis. systematic error. Since the statistical errors are much smaller

For each event the positively and negatively charged parenly the systematic errors are shown in the figures.
ticles which fall into each rapidity interval and the corre-
sponding py—¢ acceptance are counted and using these
numbers(N, andN.) the values ofA®, are calculated. The
total charged particle multiplicityNepior Was estimated for
each energy based on the NA49 measurem@n.

V. RESULTS

A simple measure of charge fluctuations is the width of
the distribution of net charg®@=N, —N_ in the events. As an
example the distribution for central Pb+Pb collisions at
158A GeV is shown in Fig. 4. This distribution is compared

The statistical error oAd, is calculated by dividing the to the net charge distribution obtained from mixed events
whole sample of events into ten subsamples and calculatinglashed line in Fig. ¥ constructed by randomly selecting
particles from different events according to the multiplicity

C. Errors

-0.05

FIG. 6. The dependence di®, on the width of the rapidity
interval Ay for central Pb + Pb collisions at 2030A,40A,80A

v 30 AGeV
= 40 AGeV

® 80 AGeV
4 158 AGeV

e =
e

e = =
T

— g
[Er——

@ <IE A
— (T

| L 1

2 3

Ay

distribution measured for the dafa2]. The net charge dis-
tribution from mixed events is significantly broader than the
net charge distribution obtained from real events.

The main source of the observed difference is charge con-
servation which correlates positively and negatively charged
particles in the real, but not in the mixed events. This is
demonstrated in Fig. 5 where tldg, values are plotted as a
function of the fraction of accepted particl€N.,)/{Netot
for central Pb + Pb collisions d20-158A GeV. The main
trend observed in the data, a monotonic decrease with in-
creasing fraction of accepted particles, is approximately re-
produced by introducing global charge conservation as the
only source of particle correlationg&q. (3) shown by the
dashed line in Fig. b

By construction, the previously introduced measirg,
is insensitive to the correlations due to global charge conser-
vation(see Sec. )l The dependence df®, on the width of
the rapidity intervalAy is shown in Fig. 6 for central Pb

and 158\ GeV. Note that experimental points for a given energy + Pb collisions at 28,30A,40A,80A, and 15& GeV. The
are correlated as the data used for a given rapidity interval arstudy of charge fluctuations as a function &y was sug-
included in the broader intervals.

gested in the original proposg,6]. The measured values of

064903-5
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TABLE Il. The values ofA®, for Ay=3.00 and forAy=1.2 in central Pb + Pb collisions at 2030A,40A, 80A, and 15& GeV. The
first error is systematic, the second statistical.

Ad, 20A GeV 30A GeV 40\ GeV 8A GeV 16QA GeV

Ay=3 -0.023+0.006+0.0001 -0.028+0.0003+0.002 -0.024+0.008+0.0005 -0.051+0.011+0.0002 -0.036+0.013+0.0003
Ay=1.2 -0.023+0.006+0.0001 -0.025%£0.0002+0.016 -0.016+0.008+0.0003 -0.040+0.011+0.0003 -0.053+0.013+0.0004

Ad, vary between 0 and -0.05. They are significantly largeiis divided into 20 bins and thA®, is calculated from the
than the values expected for QGP fluctuatios0.5 number of positively and negatively charged pions in each
<A®,<-0.15[15,23). The energy dependences Afb, bin. The results of this model are shown in Fig. 8 by the
for the largest rapidity intervalAy=3) and for the rapidity  dotted curve. Note that by constructianP,=0 for full ac-
interval Ay=1.2 are shown in Fig. 7. A weak decrease ofceptance.
Ad, with increasing energy is suggested by the data. The As expected, the decays of resonances strongly modify
numerical values oAd, for Ay=1.2 andAy=3 are given in  the initial QGP fluctuations. The value d&®, increases
Table Il. Note that the fraction of the accepted tracks for afrom values between -0.4 and —Qt&e lower line in Fig. 8
fixed rapidity intervalAy changes with collision energy, but to values close to zer@he upper line in Fig. 8 the value
this alone should not affecA®, provided the correlation characteristic for a gas of pions correlated by global charge
length is smaller than the acceptance intervay.in conservation only. The model demonstrates that the distribu-
tion of charged particles in the detector acceptance is
strongly distorted by the decay of intermediate resonance
V1. DISCUSSION states. This may explain why the measurements do not show
the suppression of the charge fluctuations naively expected in
gwe case of QGP creation.
The influence of resonance decays on charge fluctuations
depends on the size of the rapidity interzsy, in which

The study of charge fluctuations & + A collisions was
motivated by the hypothesis that they may be sensitive to th
creation of the quark-gluon plasni@GP) at the early stage

of the collisions. To quantify the expected effect a simple ) . .
q fy b p fluctuations are calculated. Ky is much bigger than the

GP model was proposed [B]. In this model quarks and . ) X . .
Sluons are assun?edpto be[ir]1 local equilibriu?”n. Assuming[yp'cal distance in rapidity of the daughter particles, the

entropy and net charge conservation during the evolution‘fharge within the interval will not be changed by the decay

from the QGP to the final hadron state in each rapidity inter2nd therefore the charge fluctuations should not be affected.

val the numbeN of pions and their net charge is calculated. on t_he oth_er hand, iy I small, a large frz_1<_:t|on of daughte_r

The number of charged pions is taken tofig=2N based particles will leave the interval and the initial net charge will
on isospin symmetry. Using this model it was sﬁown that th be significantly changed. The mean rapidity difference of
electric charge fluctuations are significantly smaller in the Wo pions originating from decays of @770 meson is ap-

case of QGP creation than in the case of formation of Conproximately 1 unit of rapidity. Therefore in order to mini-

fined matter at the early stage of the collisiasse Fig. 8 mize the decay effect the rapidity interval should be much

(5,19 . _ . 0.2
However, this model is not complete. A large fraction of o [
pions originates from decays of resonanf23. This effect % L QGP-+hadronization
-0

is expected to lead to a distortion of the charge fluctuations
established after hadronization. To quantify this effect the
model was extended as follows. From the total number of -0.2
produced final state pions the entropy of the system is calcu-

lated. This entropy is attributed to the early stage QGP, L
treated as an ideal gas of massless quarks and gluons. Bose- 0.4 -

LS T2 'E B -
L EEN I RN Ve b A0

Einstein and Fermi-Dirac statistics are used to calculate equi- R g s
librium numbers of quarks and gluons. The rapidity distribu- .06 " 40 AGeV
tion of these partons is centeredyat0 and is assumed to be - * 20AG ° 80 AGeV
of Gaussian shape with=0.8. For the calculations of charge [ 7 30AGev  * 158 AGeV
fluctuations the rapidity interval 8y<3 is divided into B T R X S— Y
several(10 and 20 bins and in each bin the entropy and the <N_>/<N >

ch ch” tot

net charge of the contained partons is calculated. The result-
ing values ofA®, at the QGP level are shown by the dashed 5 g The dependence dfd, on the fraction of accepted
line in Fig. 8. In the next step the QGP entropy is att”bUtedparticles in central Pb + Pb coIIisiqons @0-159A GeV. The pre-
to an ideal gas op mesons. The numbers pf,p™, andp®  iction for the ideal QGP is indicated by the dashed c@EP),

mesons in each bin are calculated assuming %hﬁt all p whereas the prediction for the QGP including hadronization and
mesons are neutral. Furthermore, @linesons are assumed resonance decay is shown by the dotted cur@®GP

to decay into two pions. The rapidity distribution of the pions + hadronization
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larger than 1. However, this constraint is difficult to satisfy attions. This value is significantly higher than that predicted
SPS and lower energies because the rapidity distribution dbr the creation of a QGP and hadronization into pions with
all produced particles is not much broader than 1. This exiocal conservation of entropy and netcharge. A model which
plains the approximately constant value &P, calculated incorporates intermediate resonances is described in this pa-
within the QGP + hadronization model as seen in Fig. 8. Aper. Its results show that the decaymmesons may easily
rapidity interval which is large enough to be unaffected byincrease the initial QGP charge fluctuations Asb,~0

the influence of resonance decays would contain almost athereby completely masking a possible QGP signal at SPS
particles produced in a collision. The net charge in this in-energies.

terval would then reflect the number of participant protons The slightly negative value ak® indicates correlations
and the fluctuations would be determined by fluctuations obetween positively and negatively charged particles beyond
the collision centrality and not the particle productionthose from global charge conservation. The origin of these
mechanism. Thus at SPS energies the measured charge fladditional correlations may be the final state Coulomb inter-
tuations are not sensitive to the initial QGP fluctuations. Atactions or quantum-statistical effects.

very high energiegwhen the rapidity distribution of pro-

duced particles is significantly broader than 1, e.g., in future Acknowledgments

experiments at the Large Hadron Collider at CBRiNe

charge fluctuations may be a valid signature of QGP cre- This work was supported by the U.S. Department of En-
ation. ergy Grant DE-FG03-97ER41020/A000, the Bundesministe-

rium fur Bildung und Forschung, Germany, the Polish State

Committee for Scientific Researq2 PO3B 130 23, SPB/

CERN/P-03/Dz446/2002-2004, 2 P03B 02418, 2 PO03B
Results on event-by-event charge fluctuations in centrad4123, the Hungarian Scientific Research Foundation

Pb + Pb collisions at 28,30A,40A,80A, and 15& GeV  (T032648, T032293, T0435)4the Hungarian National Sci-

are presented in terms of tieb, measure. ence Foundation OTKA(F03470%, the Polish-German
The measured®, values are close to zero, as expectedFoundation, and a Korea Research Foundation GHRE-

for a gas of pions correlated only by global charge fluctua2003-070-C00016

VIl. SUMMARY

[1] NA49 Collaboration, S. V. Afanasiest al,, Phys. Rev. C66, 459 679(1999.
054902(2002. [12] NA49 Collaboration, T. Anticicet al, Phys. Rev. C70,
[2] NA49 Collaboration, M. Gazdzicket al, J. Phys. G30, S701 034902(2004.
(2004). [13] NA49 Collaboration, S. V. Afanasieet al, Phys. Rev. Lett.
[3] M. Gazdzicki and M. I. Gorenstein, Acta Phys. Pol. 3, 86, 1965(2001).
2705(1999. [14] NA49 Collaboration, C. Rolaneét al, J. Phys. G30, S1381
[4] M. I. Gorenstein, M. Gazdzicki, and K. A. Bugaev, Phys. Lett. (2004).
B 567 175(2003. [15] J. Zaranek, Phys. Rev. 66, 024905(2002.
[5] S. Jeon and V. Koch, Phys. Rev. Le85, 2076(2000. [16] C. Pruneau, S. Gavin, and S. Voloshin, Phys. Rev6&
[6] M. Asakawa, U. W. Heinz, and B. Muller, Phys. Rev. L&, 044904(2002.
2072(2000. [17] S. Mrowczynski, Phys. Rev. ®6, 024904(2002.
[7] E. V. Shuryak and M. A. Stephanov, Phys. Rev6@ 064903  [18] M. Gazdzicki and S. Mrowczynski, Z. Phys. &4, 127(1992.
(2001). [19] M. Gazdzicki, Eur. Phys. J. @, 131(1999.
[8] PHENIX Collaboration, K. Adcoet al, Phys. Rev. Lett.89, [20] NA49 Collaboration, S. V. Afanasieet al, Nucl. Instrum.
082301(2002. Methods Phys. Res. 430, 210(1999.
[9] STAR Collaboration, J. Adamet al, Phys. Rev. C68, 044905  [21] NA49 Collaboration, H. Appelshauset al,, Eur. Phys. J. A2,
(2003. 383(1998.
[10] C. Blumeet al, Nucl. Phys.A715, 55 (2003. [22] F. Becattini and U. W. Heinz, Z. Phys. @6, 269 (1997.

[11] NA49 Collaboration, H. Appelshauset al, Phys. Lett. B [23] J. Zaranek, Diploma thesis, University of Frankfurt, 2003.

064903-7



