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Abstract. LOPES is a digital antenna array at the Karlsruhe Institute of Technoteggmany, for cosmic-ray air-shower
measurements. Triggered by the co-located KASCADE-Grande aivesharray, LOPES detects the radio emission of air
showers via digital radio interferometry. We summarize the status of IS0#1e recent results. In particular, we present an
update on the reconstruction of the primary-particle properties basabinmst 500 events above 100 PeV. With LOPES, the
arrival direction can be reconstructed with a precision of at le&sf 0and the energy with a precision of at least 20 %, which,
however, does not include systematic uncertainties on the absolutg soabg. For many particle and astrophysics questions
the reconstruction of the atmospheric depth of the shower maxiddygy, is important, since it yields information on the type
of the primary particle and its interaction with the atmosphere. Recently, welfexperimental evidence that the slope of
the radio lateral distribution is indeed sensitive to the longitudinal developofi¢ine air shower, but unfortunately, tbeax
precision at LOPES is limited by the high level of anthropogenic radio brackgl. Nevertheless, the developed methods can
be transferred to next generation experiments with lower backgrehidh should provide aXmax precision competitive to
other detection technologies.

Keywords: radio detection, cosmic rays, air showers, LOPES
PACS: 96.50.sd, 95.55.Jz

1. INTRODUCTION

L Corresponding author Radio emission from air showers is studied both ex-
Email address: frank.schroeder@Kkit.edu perimentally and theoretically already for about 50



years, and in the last years significant progress has- 9ok . . . KASCADE array
been achieved. Analyses with digital antenna arrays like- F . - x& 'iji*{m
LOPES could show that at least the energy and the arf{ o %ﬁﬁfgg%g
rival direction can be reconstructed precisely enough tog r AR 1«;&%3@
make radio arrays a useful tool for cosmic-ray physics 5 -100 — x K e s
/ 3 B . xx L ke

above 187eV. These results are generally confirmed by @ - . o RN .
other experiments, e.g., CODALEMA [1, 2] and AERA  -200F Lo %ﬁg;:
[3, 4]. It still remains to be demonstrated that radio mea- B - . R .
surements can contribute significantly to disentangle the -300" = j e
composition of ultra-high energy cosmic rays. Recently, - X x
we could show that LOPES measurements are sensitive -400 [ . : - " -
to the longitudinal shower development, and thus — at -
least on a statistical level — to the composition of the -500{~ . . . . .
primary cosmic rays. However, the currently achieved - shower cores + x
precision on the atmospheric depth of the shower max- -600{ . Honiond ot 3006 A
imum, Xmax, is insufficient due to the high level of an- C oty [Grandesstations®
thropogenic radio background at the LOPES site. -600 -500 -400 -300 -200 -100 O 100

Since the LOPES experiment with its different setups west-east [m]

has been described in several previous publications (e.g

reference [5, 6, 71), we will give only a short summary west aligned LOPES antennas within the fiducial areas of the

of our setup and the analysis procedures, here. LOPES |SA5cADE particle-detector array respectively its high energy
a digital antenna array co-located with and triggered byextension '‘Grande’.

the KASCADE-Grande experiment [8] at the Karlsruhe
Institute of Technology in Germany. It was built in 2003
as LOFAR [9] prototype station and made the proof-of-ing of the radio emission process is required. LOPES
principle that air showers can be measured with digital[5] and CODALEMA [13] confirmed that the dominant
radio interferometry [5]. emission mechanism is the geomagnetic deflection of
Because of its success, LOPES was enhanced severair-shower particles. Currently, we try to further improve
times. In 2005, it was extended from 10 to 30 invertedthe understanding of the radio emission in two ways:
v-shape dipole antennas, which were all aligned in theFirst, we analyze measured properties of the radio sig-
east-west direction, because we assumed that the radial, like the polarization [14], the lateral distribution
signal is mainly east-west polarized. End of 2006, half[15], and the wavefront shape [16]. Second, we compare
of the antennas were rotated to north-south alignmentmeasurements to Monte Carlo simulations of the radio
and thus we could test the previous assumption — it imission. This way we found strong indications that on
true at least for most shower geometries [10]. In 2009top of the geomagnetic deflection and the sub-dominant
we started LOPES-3D [7], which consists of 10 tripole Askaryan effect [17] (= net charge variation), also the re-
antennas (= three crossed dipoles in the same locationiractive index of the air has an important influence on the

FIGURE 1. Shower cores of events measured with the east-

to study the polarization in more detail. radio signal, since it changes the coherence conditions
Generally the analyses and developments performed 4¢" the emission [18, 19].

LOPES aim at three main goals: Prototyping for large scaleradio arrays:

Reconstruction of air shower parameters. Aside from the physics goals, LOPES aims at technical

Already in the 1960s historic experiments based on anadeévelopments for future, large scale radio arrays. Dif-

log techniques demonstrated that in principle the arférent antenna types [20], self-trigger algorithms, ana-

rival direction and the primary energy can be recon-109 and digital radio electronics have been developed and
. e AR :

structed from radio measurements [11], but they could€Sted within the LOPES"R extension [21]. The results

not demonstrate a precision competitive to other air-have influenced current state-of-the-art experiments like

shower detection techniques. This now has changed, arf§ERA [3] and Tunka-Rex [22], and now these efforts are
we will give upper limits for the precision in the next stopped at LOPES and continued in these experiments.
section. In addition, we have demonstrated that a recon- In this paper we focus on the first goal, i.e. the re-
struction ofXmax is possible [12], and current analyses construction of air-shower parameters. The progress in
aim at improving the reconstruction methods. other topics is covered by LOPES proceedings in this
Under standing of the radio signal: issue [14, 19], or was already published in journals

To maximize the benefit of radio measurements for air{S€@wwm. | opes- pr oj ect . or g for an overview on
shower and cosmic-ray physics, a sufficient understand-OPES publications).



2. RESULTS

LOPES direction

E 60 reconstruction with
. . . . ] HH I ] spherical wavefront
Since the first studies on the LOPES precision for the ar-3 s5q - J mean = (0.72 £ 0.02)°

rival direction [23] and the energy [24] we made signif- G
icant progress by: a) improving our amplitude and time @ 40
calibration [25, 26], b) introducing systematic, quantifi-
able quality cuts for the event selection [27], ¢) im-
proving many details in our analysis software, e.g., up- g
sampling, and a better fit algorithm for the direction re- ;
construction. Due to the considerably higher statisticswe 10§
used the signal of the east-west aligned antennas, only, L .
which is analyzed under the approximation that the ra- 0 05 1.0 15 2.0 25
dio signal is purely east-west polarized. We are plan- | direction - direction, .| [deq]
ning to study whether we can improve the reconstruction

precision by including measurements of the differentlyFIGURE 2. Deviation of the KASCADE, respectively the
aligned antennas. Nevertheless, already with the preseKASCADE-Grande direction and the LOPES direction recon-
analysis we can give convincing upper limits for the di- structed with a_spheri_ce}l and a con_ical wavefront assumption.
rection and energy precision, and are able to reconstru h_e mean and_lts statistical uncertainty has been determined by
the atmospheric depth of the shower maximXfax. itting a Gaussian.

The reconstruction of shower parameters is based ei-
ther directly on cross-correlation (CC) beamforming, or
on the amplitude and arrival time in each individual an-
tenna - after identifying the pulse with the CC-beam. L .
During CC-beamforming the traces recorded by differentK AFSocr: At[;]é (_g'r':nc(;'g)n dzfgcotirz)sr:ruggor;npme ;ﬁgd tht(?r?
antennas are shifted in time and combined to one single .y o ' .
guantity by calculating a cross-correlation. To calcuI(:ltesearChed within a.3" neighborhood for the maximum

: of the CC-beam. We made several cross-checks that the

the e>_<pected arrival times in each antenna fqr a given, o neighborhood is sufficiently large to find the global
direction we assume either a spherical or a conical wave-

front. The CC-beam is maximum when it is formed into maximum of the CC-beam: First,® is large against
the direction of the radio signal, i.e. when the time shiftthe KASCADE-Grande angular resolution<{ 1°).

S . .~ . "Second, we tried larger neighborhoods and, third, ran-
corresponds to the arrival time difference of the radio S'g'domly varied the input direction by a value about three
nal in the individual antennas (for more details see refer-. .
ences [28, 6]) times larger than the LOPES angular resolution, but the

... .. results did not change significantly.
In most cases the measurement precision is limite )
. ; . . . The total angular difference between the reconstructed
by noise [29], and only at high signal-to-noise ratios

by the amplitude and time calibration of LOPES. For LOPES direction and the KASCADE(-Grande) input di-

) i . ) . Lo rection is given in figure 2. We take the mean differ-
high signal-to-noise ratios, the uncertainty of indivilua - S .
. . . . ence as upper limit for the LOPES direction precision for
amplitudes is 5% when comparing different antennas

and another 5% when comparing different events withcoSmic-ray air showers. Itis t2+0.02" for the spheri-

) . al wavefront assumption andé®+ 0.02° for the coni-
each other, due to the effect of changing environmental : " :
- " X . cal wavefront assumption. In addition to the analysis we
conditions. In addition there is a scale uncertainty on

the absolute LOPES amolitude of about 35% WhiChpresented in reference [16], this is a further indication
is relevant when comparipng LOPES measurerﬁents t(%hat the 'true’ radio wavefront is better approximated by

. : h . .~ acone than by a sphere.
simulations or other experiments. The relative timing
accuracy is in the order of 1ns and in almost all cases
negligible against the noise induced uncertainty on the
pulse time of up-to 18ns [29]. 2.2. Energy

For the following analyses we selected events whose ) )

energy was reconstructed above 100 PeV by KASCADE, The energy of the primary particle can be recon-
respectively KASCADE-Grande. Furthermore, we re- structed from the amplitude of the radio signal in sev-
quire a clear radio signal in the CC-beam, and severafral ways. By comparing the LOPES energy reconstruc-
standard quality cuts [27]: e.g., the core must be insiddion with the KASCADE-(Grande) result we found that
of the fiducial areas of KASCADE (281 events), respec-at least the statistical precision is similar or better than
tively KASCADE-Grande (204 events). Figure 1 dis- the KASCADE-(Grande) precision. However, we can-
plays a map of the cores of the selected LOPES events.n0t determine the LOPES precision accurately, since the

f--{ conical wavefront
mean = (0.65 % 0.02)°
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FIGURE 3. Comparision of the LOPES reconstructed energy with the KASCADE extsely the KASCADE-Grande energy.
The dashed lines indicate an energy shiftf80 % which roughly is the KASCADE(-Grande) energy precision.

KASCADE-(Grande) precision is not known accurately which is different from simr in most cases. Unlike Al-
for individual events, and because we have a selectiofan, we did not divide by co®, since this would in-
bias. Therefore, we determine only upper limits on thecrease the spread in figure 3, and thus would make the
LOPES energy precision. energy reconstruction worse. The proportionality con-
For the LOPES energy reconstruction we use differenstant has been determined by a cross-calibration with
methods which all are essentially modifications of theKASCADE(-Grande) such that the mean deviation be-
formula presented by Allan [11]: tween the LOPES and KASCADE(-Grande) energy is O.
The results areonskasacoe = 17 PeVm-MHz /uV, and
CONSErande= 13PeVVm-MHz/pV. There are two possible
explanations for the difference between both constants:
First, in contrast to the Grande energy reconstruction, the
KASCADE reconstruction has not been designed for this
%nergy range. This might also explain the non-linearity at
’ high energies in figure 3 (left panel). Second, the Grande
tance to the shower axis, adgla slope parameter for an 5,4 K ASCADE events are measured at different axis dis-

exponential lateral distribution. ‘tances (cf. figure 1), and the correction by an exponen-

OPe method relies on the amplltudg measurements If\y) |ateral distribution with a fixed scale factor might be
the individual antennas, and determines the amp“tUd%versimplified to cover the full distance range
at a typical distance by fitting the lateral distribution Nevertheless, the used energy reconstruction formula

[30] (see reference [31] for new LOPES results baseqs sufficiently good to state an upper limit for the LOPES

on this method). Another method already used forearlierénergy precision of 20% (figure 4), at least for the

LOPES results [24] is based on the amplitude of the CCKASCADE events, i.e., events whose core typically is

beam, i.e. one sTgI”e quantity pevrvevent comblndmg tdh‘?nsidethe LOPES array. Of course the total uncertainty is
measurements of all antennas. We present and updafg, ce since systematic uncertainties on the energy scale

here (figure_ 3), using the following formula for energy have to be included (see Ref. [32] for a discussion on

reconstruction: the systematic uncertainties of the KASCADE-Grande

energy reconstruction we used for cross-calibration). In

addition, the reason for single outliers like the two events

in figure 3 (right panel) has to be understood: Their ge-

with ecc the amplitude of the cross-correlation beamomagnetic angle is not exceptionally small, but they are

which we divide by the effective bandwidth of LOPES measured at a relatively large distance from the LOPES
(43— 74MHz), and|V x |§\EW51 the east-west compo- array of several 100m, and the used energy reconstruc-
nent of the geomagnetic Lorentz force unity vector,tion might not be reliable in this case.

€]
sina - cosB - exp(—daxis/do)

(1)

EAIIan 0

with E the energyg the radio amplitudeg the geomag-
netic angle (= angle between the shower axis and th
Earth’s magnetic field)d the zenith anglegayis the dis-

SCC,EW/31 MHz
[V x Blew - exp(—daxis/180m)

ELopescc = const:



TABLE 1. LOPES reconstruction precision achieved with

i) E Width of distribution . ’ ) . o
S 30 (oof Gauss fi): present analysis techniques (not including additional syste-
> " — KASCADE events matic scale uncertainties).
“G‘J 25  (19.9:1.2)% Reconstruction quantity / method  LOPES precision
S [ F--] Grande events q Y P
o 20F (26.0%1.8) % Direction:
IS s R P Spherical CC-beamforming <072
3 151 : Conical CC-beamforming <0.65°
10F Energy:
- Amplitude of CC-beam <20%
5F Amplitude at typical axis distance <20%
Oim‘ e > o Xmax:
-80 -60 -40 -20 0 20 40 60 80 Slope of lateral distribution ~ 90g/cn?
(Eascapearands)~ Evores) ! Exascaoercrande) 1%0] Cone angle of radio wavefront ~ 200g/cn?

FIGURE 4. Relative deviation of the LOPES reconstructed
energy and the KASCADE, respectively the KASCADE-
Grande energy. The width and its statistical uncertainty ha
been determined by fitting a Gaussian.

owever, due to the large noise-related uncertainties of

OPES we could only demonstrate on a statistical basis
that the radio amplitude decreases towards high frequen-
cies [36, 27], but we are not able to determine the spectral
2.3. Shower Maximum slope for individual antennas on a per-event basis.

Recently, we provided an experimental proof that ra-
dio measurements are indeed sensitive to the longitudinal 3. CONCLUSION
shower development, as has been theoretically assumed o
since long. We observe a correlation between the meah©PES has been contributing to the development of the
pseudorapidity of high energy muons measured by théadio measurement technique for air showers for almost
KASCADE muon tracking detector [33] and the slope One decade, and still makes significant progress. We have
of radio lateral distributions measured by LOPES [12]: @ total data set of more than 500 high quality radio events
young showers typically have a large mean muon pseuwhich are used in many ways. Comparisons between
dorapidity and a steep lateral slope, and old shower§€W simulations and LOPES data reflect the improved
vice-versa. In reference [31] we describe a method how/nderstanding of the radio emission [19], and compar-
to reconstruct the atmospheric depth of the shower maxisons between the LOPES and KASCADE-Grande re-
imum, Xmay, Via the lateral slope. Using REAS3 simula- construction of shower parameters reflect the potential
tions [34] for calibration, we achieve an upper limit for of the radio method in ge_neral. For.the shower direction
the LOPESXax precision of 90g/crh and the simula- @nd the energy of the primary particle, LOPES demon-
tions indicate that in principle, i.e. in a situation withgae ~ Strates that the radio technique can compete with the
ligible noise, a precision of better than 30ghkshould ~ Precision of established techniques. Fafax, we devel-
be possible. Thus, we conclude that the main reason fopPed promising methods, but the actual precision is lim-
the large measurement uncertainty is the high ambierif€d by the high level of human-made background at the
noise level at the LOPES site. LOPES site. Nevertheless, experiments in regions with

We have tested an independent, second method for tHewer background like AERA [3], LOFAR [9] or Tunka-
reconstruction oKpax. REAS3 simulations show thatthe R€x [22] should be able to achieve a precision com-
cone angle of the wavefront is proportionalXgax af- petitive to alr—fluores_cence and air-Cherenkov measure-
ter a correction for the shower inclination. According to Ments. These experiments can also test theoretical pre-
the simulations, also for this method a precision of betteidictions that with radio arrays an energy precision below
than 30g/crA should be achievable, and also in this casel0 % should be achievable [30, 31]. o
the real precision of the LOPES measurements is much Despite all this enthusiasm, our LOPES results indi-
worse [16]. Nevertheless, a combination of both method$ate also that the stand-alone operation of radio arrays
might improve the measurement precision such that wés difficult — at least in radio-loud environments. Self-
are able to distinguish at least heavy from light nuclei,iriggering on the radio signal turned out more compli-
even in the noise environment of LOPES. In principaI,Cated than previously thought, since air-shower pulses
there is a third method we have not tried at LOPES, sincé'€ hard to distinguish from anthropogenic interferences.
also the frequency spectrum of the radio signal ought tdn. addition, the absolute scale of the radio a_mplltude is
be sensitive to the longitudinal shower development [35]Still only understood up-to a factor of 2, which would



affect both the energy scale uncertainty of stand-alone4.

radio arrays as well as simulations of their efficiency.
Nevertheless, digital radio antennas seem to be a promis-
ing extension for particle detector arrays, since radio ar-

rays have a duty-cycle of almost 100%, and most likely;5

can increase the precision of particle detector arrays for

the energy and composition of ultra-high energy cosmicié.

rays.

17.
18.

ACKNOWLEDGMENTS

19.

LOPES and KASCADE-Grande have been supported by
the German Federal Ministry of Education and Research.
KASCADE-Grande is partly supported by the MIUR and INAF

of Italy, the Polish Ministry of Science and Higher Education 20-

and by the Romanian Authority for Scientific Research UE-
FISCDI (PNII-IDEI grant 271/2011). This research has been
supported by grant number VH-NG-413 of the Helmholtz As-
sociation. We thank Johanna Lapp for improving the LOPES,,
direction reconstruction during her Bachelor work.

REFERENCES 23.

1. D. Ardouin et al. - CODALEMA Collaboration, 24.
Nucl. Instr. and Meth. A55, 148-163 (2005). o5

2. P. Lautridou et al. - CODALEMA Collaboration, :
“Some interpretations of CODALEMA from data of 26

the experiment,” irProc. of the ARENA 2012 workshop )
(Erlangen, Germany)AIP Conf. Proc., to be published. 57

3. M. Melissas for the Pierre Auger Collaboration, “Recent
Developments of the Auger Engineering Radio Array,” in
Proc. of the ARENA 2012 workshop (Erlangen, Germany)
AIP Conf. Proc., to be published.

4. C. Glaser for the Pierre Auger Observatory, “Energy
Estimation for Cosmic Rays Measured with the Auger
Engineering Radio Array,” ifProc. of the ARENA 2012
workshop (Erlangen, GermanyAlP Conf. Proc., to be
published.

5. H. Falcke et al. - LOPES CollaboratioNature 435,
313-316 (2005).

6. T.Huege et al. - LOPES Collaboratidducl. Instr. and
Meth. A (ARENA 201062, Suppl. 1, S72-S79 (2012).

7. W.D. Apel et al. - LOPES CollaboratioNucl. Instr. and
Meth. A696, 100-109 (2012).

8. W.D. Apel et al. - KASCADE-Grande Collaboration,
Nucl. Instr. and Meth. /20, 202-216 (2010).

9. A Nelles et al. - LOFAR, “Detecting Radio Emission

from Air Showers with LOFAR,” inProc. of the ARENA

2012 workshop (Erlangen, German@IP Conf. Proc., to

be published.

P.G. Isar et al. - LOPES Collaboratidscl. Instr. and

Meth. A; Proc. of ARENA 200804, 81-84 (2009).

H. R. Allan,Progress in Elementary Particle and Cosmic

Ray Physic40, 171-302 (1971).

W.D. Apel et al. - LOPES CollaboratioRhys. Rev. 35,

071101(R) (2012).

D. Ardouin et al. - CODALEMA Collaboration,

Astroparticle Physic81, 192 — 200 (2009).

10.

11.

12.

13.

28.

29.

30.

31.

32.

33.

34.

36.

D. Huber et al. - LOPES Collaboration, “LOPES-3D -
vectorial measurements of radio emission from cosmic
ray induced air showers,” iRroc. of the ARENA 2012
workshop (Erlangen, Germany)IP Conf. Proc., to be
published.

W.D. Apel et al. - LOPES CollaboratioAstroparticle
Physics32, 294-303 (2010).

F.G. Schroder et al. - LOPES Collaborati@®mpc.

of 32nd ICRC, Beijing, Chin&, #0313 (2011),
www.ihep.ac.cn/english/conferencelicrc2011/paper.

G. A. AskaryanSoviet Physics JETI4, 441 (1962).

K. D. de Vries, A. M. van den Berg, O. Scholten, and
K. Werner,Phys. Rev. Letl07, 061101 (2011).

M. Ludwig et al. - LOPES Collaboration, “Comparison
of LOPES measurements with COREAS and REAS 3.11
simulations,” inProc. of the ARENA 2012 workshop
(Erlangen, Germany)AIP Conf. Proc., to be published.
O. Kromer et al. - LOPES CollaboratioAroc. of 31st
ICRC, £6dz, Polangb. #1232 (2009).

21. T. Asch, Self-Triggering of Radio Signals from

Cosmic Ray Air Showers, FZKA Report 7459,
Forschungszentrum Karlsruhe (2009).

. F.G. Schréder et al., “Tunka-Rex: a Radio Antenna Array

for the Tunka Experiment,” ifProc. of the ARENA 2012
workshop (Erlangen, GermanyAlP Conf. Proc., to be
published.

A. Nigl et al. - LOPES Collaboratiorstronomy &
Astrophysic#187, 781-788 (2008).

A. Horneffer et al. - LOPES CollaboratioRroc. of 30th
ICRC, Merida, Mexicat, 83—-86 (2007).

S. Nehls, A. Hakenjos, M. J. Arts, et allucl. Instr. and
Meth. A589, 350 — 361 (2008).

F. Schroder, T. Asch, L. Bahren, et aucl. Instr. and
Meth. A615, 277 — 284 (2010).

F.G. Schréder, PhD Thesis, Karlsruhe Institute of
Technology (KIT), Germany (2011), digbib.ubka.uni-
karlsruhe.de/volltexte/1000022313.

A. Horneffer, PhD Thesis, Rheinische Friedrich-
Wilhelms-Universitat Bonn, Germany (2006), http://nbn-
resolving.de/urn:nbn:de:hbz:5N-07819.

F.G. Schroder et al. - LOPES Collaboration,

Nucl. Instr. and Meth. A (ARENA 201652, Suppl.

1, S238-S241 (2012).

T. Huege, R. Ulrich, and R. Engdistroparticle Physics
30, 96-104 (2008).

N. Palmieri et al. - LOPES Collaboration, “Reconstructing
energy anmax of cosmic ray air showers using the radio
lateral distribution measured with LOPES,"Bmoc. of the
ARENA 2012 workshop (Erlangen, GermamyP Conf.
Proc., to be published.

W.D. Apel et al. - KASCADE-Grande Collaboration,
Astroparticle Physic86 (2012).

P. Doll, W. Bartl, C. Bittner, K. Daumiller, et al.,
Nucl. Instr. and Meth. A88, 517-535 (2002).

M. Ludwig, and T. HuegeAstroparticle Physic$4,
438-446 (2011).

. S. Grebe for the Pierre Auger Observatory, “Spectral

index analysis of the data from the Auger Engineering
Radio Array,” inProc. of the ARENA 2012 workshop
(Erlangen, Germany)AIP Conf. Proc., to be published.
A. Nigl et al. - LOPES CollaboratiofAstronomy &
Astrophysic#188, 807-817 (2008).



