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epted 12 June 2008Abstra
tAims. We want to understand the emission me
hanism of radio emission from air showers to determine the origin of high-energy
osmi
 rays. Therefore, we study the geometry of the air shower radio emission measured with LOPES and sear
h for systemati
e�e
ts between the dire
tion determined on the radio signal and the dire
tion provided by the parti
le dete
tor array KASCADE.Methods. We produ
e 4D radio images on time-s
ales of nanose
onds using digital beam-forming. Ea
h pixel of the image is
al
ulated for three spatial dimensions and as a fun
tion of time. The third spatial dimension is obtained by 
al
ulating the beamfo
us for a range of 
urvature radii �tted to the signal wave front. We sear
h this multi-dimensional parameter spa
e for thedire
tion of maximum 
oheren
e of the air shower radio signal and 
ompare it to the dire
tion provided by KASCADE.Results. The maximum radio emission of air showers is obtained for 
urvature radii being larger than 3 km. We �nd that thedire
tion of the emission maximum 
an 
hange when optimizing the 
urvature radius. This dependen
e dominates the statisti
alun
ertainty for the dire
tion determination with LOPES. Furthermore, we �nd a tentative in
rease of the 
urvature radius to lowerelevations, where the air showers pass through a larger atmospheri
 depth. The distribution of the o�sets between the dire
tionsof both experiments is found to de
rease linearly with in
reasing signal-to-noise ratio. Signi�
antly in
reased o�sets and enhan
edsignal strengths are found in events whi
h were modi�ed by strong ele
tri
 �elds in thunderstorm 
louds.Con
lusions.We 
on
lude that the angular resolution of LOPES is su�
ient to determine the dire
tion whi
h maximizes the observedele
tri
 �eld amplitude. However, the statisti
al un
ertainty of the dire
tions is not determined by the resolution of LOPES, butby the un
ertainty of the 
urvature radius. We do not �nd any systemati
 deviation between the dire
tions determined from theradio signal and from the dete
ted parti
les. This result pla
es a strong supportive argument for the use of the radio te
hnique tostudy the origin of high-energy 
osmi
 rays.Key words. a

eleration of parti
les - elementary parti
les - radiation me
hanisms: non-thermal - instrumentation: dete
tors -methods: observational - te
hniques: image pro
essing1. Introdu
tionCosmi
 rays are parti
les penetrating the Earth's atmo-sphere with energies from GeV up to hundreds of EeVs.These parti
les (mostly protons) have been measured di-re
tly up to energies of PeV. Most 
osmi
 rays up to PeVenergies are thought to be a

elerated in our Galaxy bysupernova remnants. However, the origin of the parti
lesbeyond those energies is still un
lear.Therefore, the study of high-energy 
osmi
 rays is im-portant to �nd their sour
es and to understand how theywere a

elerated. However, the �ux drops with a steep spe
-trum from about one parti
le per year per square meter atPeV energies, to about one parti
le per 
entury per squareSend o�print requests to: A. NiglCorresponden
e to: anigl�astro.ru.nl

kilometer at energies of a hundred EeV. Be
ause of this low�ux and a 
ertain intera
tion in the Earth's atmosphere,
osmi
 rays with energies beyond about a hundred PeVare measured indire
tly by a 
as
ade of se
ondary parti-
les. Billions of se
ondary parti
les are produ
ed in these
as
ades 
alled extensive air showers and hundreds of thou-sands of them rea
h parti
le dete
tors on the ground.The relative arrival times of these parti
les allow to de-termine the dire
tion from whi
h the primary parti
le en-tered the Earth's atmosphere. However, the identi�
ation ofthe sour
e is hampered by the de�e
tion of the primary par-ti
le by the magneti
 �eld distribution in our Galaxy. Thehigher the energy, the smaller the de�e
tion of the parti
le;and for very high energies larger than 1019 eV (10 EeV), theproton 
y
lotron radius be
omes larger than the dimension
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2 Nigl et al.: CR dire
tion analysis with LOPES/KASCADEof our Galaxy so that its traje
tory possibly points ba
k toits sour
e.Measurement of these 
osmi
 rays over long pe-riods 
an reveal a 
lustering of events, whi
h wouldenable the identi�
ation of their sour
es and thedetermination of the parti
le a

eleration pro
ess(Auger Collaboration: J. Abraham et al. 2007).Cosmi
-ray air showers and their origin have been stud-ied with parti
le dete
tors sin
e Auger et al. (1939). Theposition of the shower axis on the ground is determinedfrom the lateral distribution of parti
les (Mayer 1992),whi
h de
reases with distan
e from the shower 
ore; andthe dire
tion is determined on the parti
le arrival times(Mayer 1993).Fal
ke et al. (2005) and Ardouin et al. (2005) showedthat radio emission from 
osmi
-ray air showers 
an alsobe used to determine the energy of the primary parti
le.This result revived the dete
tion of air showers in the radioregime, whi
h were �rst observed in 1964 by Jelley et al.(1965) and Allan & Jones (1966). The radio emission inparti
le 
as
ades is produ
ed by ele
trons and positronsbeing de�e
ted in the Earth's magneti
 �eld. Both emitbeamed 
oherent radiation 
alled geosyn
hrotron emission(Fal
ke & Gorham 2003). Sin
e the ele
tromagneti
 emis-sion is not attenuated by 
ollisions, it rea
hes the groundand therefore the longitudinal shower development 
an bestudied by observing the emission at several distan
es fromthe shower axis. The peak voltage of the radio emission de-te
table on the ground depends approximately linearly onthe energy of the primary parti
le (Huege & Fal
ke 2005).In addition, the radio emission in
reases with in
reasing ge-omagneti
 angle between the 
osmi
-ray traje
tory and theEarth's magneti
 �eld (Fal
ke et al. 2005).A new generation of radio teles
opes like LOFAR andLOPES 
an digitize the signals from 
osmi
-ray air showersdete
ted by many simple dipole antennae providing themwith high time, frequen
y, and spatial resolution. Thesepowerful interferometers 
an be used to determine the di-re
tion of origin of the beamed and 
oherent emission pro-du
ed in air showers.In this arti
le, we present the determination of the dire
-tion of several hundreds of 
osmi
-ray air showers measuredin the radio regime with the LOFAR Prototype Station(LOPES, Horne�er et al. 2004) at energies above 1016 eV.We determine the exa
t dire
tion of maximum emission bysear
hing a small 4D radio map in the dire
tion providedby the triggering KArlsruhe Shower Core and Array parti-
le DEte
tor (KASCADE, Antoni et al. 2003). The result-ing distan
e between the radio-dire
tion and the parti
le-dire
tion is analyzed for systemati
 e�e
ts.The data a
quisition and event sele
tion is des
ribed inSe
t. 2. the dire
tion determination is explained in Se
t.3. The dependen
ies of the shower emission maximum areelaborated in Se
t. 3.3, and the results are dis
ussed in Se
t.4.2. Data a
quisitionLOPES 
onsists of 30 inverted-V-shaped dipoles pla
edbetween the parti
le dete
tor stations of the KASCADEexperiment. LOPES re
eives a 
oin
iden
e trigger fromKASCADE and stores 0.4 ms of radio data before and af-ter its re
eption. The signal of ea
h antenna is ampli�ed,�ltered in the band from 40 MHz to 80 MHz, digitized with

80 Megasamples per se
ond, and written to disk. The dig-itally stored time-series for ea
h antenna is pro
essed o�-line, where we perform absolute 
alibration, we redu
e radiofrequen
y interferen
e (RFI) by down-weighting of narrow-band lines in frequen
y, and form a beam by adding upor 
orrelating the time-shifted antennae for the dire
tiongiven by KASCADE. In addition to the dire
tion informa-tion, KASCADE provides parameters su
h as the shower
ore position, ele
tron number and muon number allowingthe estimation of the primary energy. More details on theLOPES data a
quisition and data pro
essing 
an be foundin Nigl et al. (2007, in prep.).The shower dire
tion is re
onstru
ted by KASCADEwith an a

ura
y of about 0.1 degrees at the zenith andthe shower 
ore position with an a

ura
y of about 1 me-ter (Antoni et al. 2003), both for an event with an ele
tronnumber of 106.5 (∼ 1016.5 eV). The dire
tional a

ura
y im-proves with in
reasing shower size and redu
es with in
lina-tion angle. Beyond 42 degrees zenith angle, the dire
tionalun
ertainty is strongly in
reased due to the redu
ed a

ep-tan
e of the parti
le dete
tors. The mentioned a

ura
y ofKASCADE is valid for showers hitting the parti
le dete
torarray within a 
entered 
ir
le with a radius of 91 meters,so that the 
ore is at least 10 meters inside the array.For this work, 664 LOPES events were pre-sele
ted witha lower limit on the muon number of 105.2 (> 1016 eV) anda 
ut on the distan
e of the shower 
ore from the array
entre of 91 meters. These events have been a
quired from2005-11-16 to 2006-07-23.3. Dire
tion DeterminationThe phasing of an array by digital beam-forming is usuallydone in dire
tion of a sour
e at in�nite distan
e. However,the air shower radio emission is produ
ed in the Earth'stroposphere by an extended emission-region and therefore,the wavefront is not �at. As a �rst approximation, a spher-i
al wavefront was assumed for the radio emission rea
hingthe antennae of LOPES. The spheri
al wavefront is de�nedby a spe
i�
 
urvature radius (beam fo
us) and a shower
ore position on the ground. The resulting distan
e of thebeam fo
us does not ne
essarily 
oin
ide with the distan
eof the maximum emission in the air shower. This needs tobe investigated in shower simulations and dedi
ated mea-surements in order to study the real shape of the showerfront and its relation to the position of the maximum radioemission and the position of the maximum number of parti-
les, respe
tively. The relation between the maximum in theradio shower and in the parti
le shower might enable thedetermination of the parti
le spe
ies from the shower radioemission only. This topi
 is not part of this work, howeverMonte Carlo simulations by Huege & Fal
ke (2005, Fig. 5)show an indi
ation of a more 
omplex shower wavefrontthan a spheri
al one.3.1. Four-dimensional radio imageFor ea
h 
osmi
-ray event, all pixels of a four-dimensionalradio image were 
al
ulated spanning azimuth, elevation,
urvature radius, and time. The image was 
al
ulated withan extension of 50 × 50 pixels, with an angular resolutionof 0.2◦. The map was 
entered on the dire
tion given byKASCADE.



Nigl et al.: CR dire
tion analysis with LOPES/KASCADE 3The shower 
ore position for the spheri
al beam-formingwas taken from KASCADE. The 
urvature radius for thebeam-forming algorithm was 
hosen to range from 1 kmto 10 km in 37 steps of 250 m. The time resolution wasthe LOPES sample-time bin of 12.5 ns. The time windowwas 
hosen to be 1.6 µs (128 samples), so mu
h larger thanthe length of a typi
al 
osmi
-ray radio pulse of a few sam-ples in time, to avoid distortion of the pulse in the imagedue to edge-e�e
ts in the beam-forming pro
ess. The signalhas been integrated over the LOPES band from 43 MHzto 74 MHz. The shower 
ore position, whi
h is used forthe beam-forming pro
ess remains 
onstant at the valueprovided by KASCADE. The intensity of the 
osmi
-rayevent in the image 
orresponds to the power measured inthe LOPES beam. The imager performs beam-forming byadding up the antennae and not by 
orrelating them, as itis used for 
al
ulating the E-�eld amplitude at the positionof the maximum from the image.Os
illations in the signal shorter than the inverse ofthe bandwidth are not real but they are 
aused by over-sampling a bandpass broadened signal. Therefore, the �nal4D image was Hanning-smoothed in time by a weightedaverage of every pixel with its two neighbouring pixels.3.2. Emission maximumThe emission maximum in the 4D image was lo
ated,�rstly, by determining the time of maximum emissionfor ea
h sli
e in 
urvature radius by sele
ting the 2D-azimuth/elevation-sli
e 
ontaining the pixel with the max-imum intensity. For this sear
h in time, 41 of the 128available samples around the window 
enter were s
anned.Se
ondly, ea
h of the 2D 
urvature-sli
es at the tempo-ral maximum is sear
hed for the position of the bright-est point sour
e (FINDPOINTSOURCES fun
tion ofCASA/AIPS++, www.aips2.nrao.edu, v1.9, build 1360,Shannon 1996). A plot of an example event 
an be foundin Fig 4. In 
ase multiple sour
es were found, the dire
tionof the strongest one was saved and the other sour
es were
lassi�ed as side-lobes. As a result, the position in timeand the dire
tion in azimuth-elevation were 
al
ulated as afun
tion of 
urvature radius.The two-dimensional spatial shape of the 
osmi
-rayradio emission in the image is mainly determined by thebeam-shape (point spread fun
tion, PSF) and depends onthe layout of the sele
ted antennae. The PSF of the emis-sion is assumed to be spheri
al at the zenith. At lower el-evations, the resolution in elevation of LOPES is redu
edby the sine of the elevation angle. A theoreti
al un
ertaintyfor the determination of the dire
tion is obtained followingTaylor et al. (1999):
∆αmin = ±

1

2

ǫN

ǫP

λ

D 
osθ (1)Here ∆αmin is the minimum statisti
al un
ertainty ofthe determined dire
tion, ǫP is the ele
tri
 �eld strengthof the dete
ted pulse, ǫN is the noise in the LOPES beam,
λ is the wavelength, D is the diameter of the LOPES an-tenna array, and θ is the zenith angle. The angular reso-lution ϑ = λ/D 
osθ or beam width of LOPES is 2.2◦ forthe zenith (λ = 5 m, D 
osθ = 130 m). An example-eventof LOPES at an estimated primary energy of 50 PeV, anele
tron number of 106.7, and a zenith angle of 13.0◦ (for

LOPES and KASCADE) was obtained with a E-�eld peaksignal-to-noise ratio (SNR) of ǫP /ǫN = 8.5 resulting in anun
ertainty of 0.13◦, whi
h is about the same a

ura
y asmentioned for KASCADE.3.3. Dependen
ies of the measured ele
tri
 �eldIn the time domain, the air shower pulse is expe
ted at ap-proximately 1.8 µs before the trigger from KASCADE ar-rives at the antennae (Horne�er et al. 2004). Fig. 1 showsthe intensity maximum of the image-sli
es as a fun
tion oftime (x-axis) and 
urvature radius (di�erent 
urves). The
urves for the di�erent 
urvature radii from 1 km to 10 kmshow that the intensity in the signal at −1.8 µs is in
reas-ing until the best �t is found, whereas the intensity of theba
kground noise stays the same.The intensity of the maximum sour
e in ea
h skymapin
reases steeply, when in
reasing the 
urvature radii from1 km to about 3 km, whi
h is due to in
reasing 
oheren
e ofthe 
osmi
-ray air shower pulses in the individual antennasignals. For larger 
urvature radii, the intensity either keepsin
reasing asymptoti
ally or a maximum is found, as in Fig.2. For the plotted event the intensity peaks at 3 km.The intensity as a fun
tion of azimuth, elevation, and
urvature radius (di�erent 
urves) is shown in Fig. 3. Thedi�erent 
urves show with in
reasing 
urvature radius thein
rease in the intensity of the pulse, while the intensity ofthe side-lobes next to the pulse stay the same or are redu
edin intensity.In addition to the 
hange in the intensity, in the plotwith intensity versus elevation (bottom panel of Fig. 3),the position of the pulse-maximum shifts with in
reasing
urvature radius to higher elevations by about two degrees.We attribute this to the o�set between the phase 
enter ofthe LOPES array and the shower 
ore position as providedby KASCADE. The larger the distan
e between both, themore the position of the emission maximum 
hanges, whenvarying the 
urvature radius for the beam-forming.This beam-forming e�e
t was tested by arti�
ially in-trodu
ing an extra delay by half a sample to all antennadata. This subsample shift is equivalent to a half-sampleinterpolation of the data, when 
orre
ting the time-axis byhalf a sample in the opposite shifting dire
tion. The resultof this method is displayed in Fig. 4, whi
h is showing theskymaps for the unmodi�ed and for the shifted data, respe
-tively. It turns out, that the interpolation of the antennadata, from a sample time of 12.5 ns to 6.25 ns, 
an furtheroptimize the ele
tri
 �eld amplitude of the air shower sig-nal found in the beam. This is due to the sampling of theLOPES antennae signals in the se
ond Nyquist-zone from40 MHz to 80 MHz with a sample frequen
y of 80 MHz.Se
ond Nyquist-sampling preserves all signal information,whi
h 
an be re
overed by digital upsampling with, in our
ase, a fa
tor of two.We e�e
tively did this by analyzing the interpolateddata. In addition to an in
rease in the ele
tri
 �eld ampli-tude, the pulse shifts in position, as observed when optimiz-ing the 
urvature radius. Therefore, we 
on
lude that theupsampling is ne
essary for the determination of the 
orre
tele
tri
 �eld amplitude. As expe
ted, this will in
rease thea

ura
y of LOPES in �eld strength and dire
tion estimate.

www.aips2.nrao.edu
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Figure 1. Maximum ele
tri
 �eld amplitude of the imageas a fun
tion of time for di�erent 
urvature radii. The am-plitude of the pulse at −1.8 µs in
reases with beam-forming
urvature radii (as shown for another event in Fig. 2).

Figure 2. Maximum ele
tri
 �eld amplitude of the imageas a fun
tion of beam-forming radius (distan
e from theobserver to the beam fo
us) for an event with an estimatedprimary energy of 3 × 1017 eV.4. Event sele
tionThe 664 pre-sele
ted events (see Se
t. 2) were pro
essedas des
ribed above, in
luding the half-sample shift. Out ofthese 664 events, 232 were sele
ted having a minimum E-�eld peak SNR of 6. The 
ut on the SNR of the events hasbeen applied sin
e for low SNR the measured noise fromthe KASCADE parti
le dete
tors dominates the air showeremission, whi
h leads to a wrong �t when sear
hing for thepulse pro�le in the time window of the 4D image.The plot in Fig. 1 shows this window and the air showerpulse lies at −1.8 µs, with in
reased 
urvature radius risingabove the parti
le dete
tor noise of KASCADE at −1.75 µsto −1.6 µs. For events with a SNR below 6 the 
osmi
-rayradio pulse does not ex
eed the emission from KASCADEand the wrong signal is �tted. A third sele
tion 
riterionon the 
oheren
e of the signal, obtained from the 
ross-
orrelation beam, and a fourth 
riterion on the elevation

Figure 3. Ele
tri
 �eld amplitude as a fun
tion of azimuth(top) and elevation (bottom) at the time of maximum emis-sion in the image for di�erent 
urvature radii. The ampli-tude of the 
urves in
reases with beam-forming radii (asshown for another event in Fig. 2). The radius of 
urvatureis in
reased by steps of 250 m.angle not to be smaller than 15◦ redu
ed the number of thesele
ted events further to 62.The 
ross-
orrelation beam is formed by 
orrelating allpaired 
ombinations of the shifted antenna signals. Thethird sele
tion 
riterion required the ratio of the ele
tri
�eld amplitudes of the 
ross-
orrelation beam and the totalpower beam to be larger than 0.73, whi
h is one sigma abovethe average fra
tion of all events. This sele
tion favors in-
lined events, sin
e RFI from the KASCADE dete
tors isredu
ed, due to their redu
ed a

eptan
e to larger zenithangles (see Fig. 5 and Petrovi
 et al. 2007). This way, eventswhi
h 
onsist of RFI but have a SNR above 6 are reje
ted.Su
h events were found to have small 
urvature radii, sin
emost RFI is emitted lo
ally. We note, that by this 
riterionalso events were reje
ted from air showers whi
h did notrea
h the required level of signal-
oheren
e.The reje
tion of RFI events 
an be tested by plotting ahistogram of the distribution of the 
urvature radii. It 
anbe seen in Fig. 6 that indeed all events whi
h had an emis-sion maximum at a 
urvature radius below 2000 m are not



Nigl et al.: CR dire
tion analysis with LOPES/KASCADE 5part of the �ltered distribution, these events are 
onsideredas RFI events.Among the 62 sele
ted events, 17 events have an ele
tri
�eld strength of more than twi
e the expe
ted �eld strengthestimated from the muon number, geomagneti
 angle, andshower axis distan
e (Horne�er et al. 2007). The measuredele
tri
 �eld strength of the 62 sele
ted events is plottedversus the dire
tional o�set in Fig. 7. In this plot, the 17 en-han
ed events are marked with squares and the 5 en
ir
ledevents were 
on�rmed to be re
orded during thunderstorma
tivity with lightnings in the vi
inity of LOPES. The errorbars in the plot give the minimum un
ertainty 
al
ulatedwith Eq. 1.5. Results and dis
ussionThe 5 en
ir
led events of Fig. 7 are 
andidates for en-han
ed shower radio emission by ele
tri
 �elds in thunder-storm 
louds (Buitink et al. 2007). These �ve thunderstormevents show large deviations in position, whi
h suggeststhat the net for
e of the ele
tri
 �eld in thunderstorm 
louds
an 
hange the dire
tion in whi
h the emission is beamed.One of the 5 en
ir
led events did not ex
eed the expe
ted�eld strength by a fa
tor of two, but had a strong o�setin dire
tion. The other 13 enhan
ed events 
ould not beasso
iated with thunderstorm a
tivity, however, an e�e
tby an in
reased geoele
tri
 �eld in a 
umulonimbus 
loudwithout lightning is not ex
luded. Therefore, the enhan
edevents and the thunderstorm events were not taken intoa

ount for the following interpretation of the results. Theremaining 44 events show an approximately linear de
reasein dire
tional o�set with in
reasing signal strength.5.1. Curvature radiusAs mentioned in Se
t. 3.3, the intensity dete
ted in thepulses in
reases qui
kly with 
urvature radius. In fa
t, 90%of the maximum intensity is obtained for the sele
ted 44events at (2600±800) m and the 
urvature radii at themaxima are (7000±2000) m (one sigma statisti
al un
er-tainties). The statisti
al un
ertainty for the radii at themaxima is large, be
ause the 
hange in the intensity atlarge 
urvature radii is small and 
annot be determinedmore a

urately with an array of the size of LOPES. Anapproximation for the statisti
al un
ertainty of the 
urva-ture radius 
an be obtained adapting Eq. 1:
(

∆ρ

ρ

)

min

= ±
ρ

D

ǫN

ǫP

λ

D 
osθ . (2)Here ∆ρ is the un
ertainty of the radius of 
urvature
ρ =  m and for D = 130 m, λ = 5 m, ǫN/ǫP = 1/16,and θ = 40◦ results in ±1400 m, whi
h is 
onsistent withthe above measured ±2000 m.The histogram of the 
urvature radii in Fig. 6 showsthat a few events a

umulate at 10 km indi
ating thatthose events 
ould be �tted with even larger 
urvature radii.However, on average, the intensity does not 
hange signif-i
antly in
reasing the 
urvature radius over the last 2 km,and therefore the wavefront is 
onsidered to be nearly pla-nar. A tenden
y to larger 
urvature radii is observed forevents 
oming from lower elevation angles, whi
h travelleda longer path through the Earth's atmosphere (see Fig. 8).

Furthermore, we showed that the variation of the 
ur-vature radius 
an 
hange the dire
tion of the pulse in eleva-tion. We found that the angular o�set in elevation from theoptimum position as a fun
tion of 
urvature radius is onaverage zero for the 44 sele
ted events and therefore doesnot introdu
e a systemati
 e�e
t. However, the spread mustbe 
onsidered as a statisti
al un
ertainty of ±0.3◦ for thedire
tions determined with LOPES.5.2. UpsamplingAdditionally, we showed in Se
t. 3.3, that shifts in the di-re
tions o

ur when maximizing the intensity of the pulseby interpolating the antenna signals. The 
hange in thepositions introdu
ed by the half-sample shifts amounts to
(0.7 ± 0.9)◦, for the 44 sele
ted events. This result de-termines the improvement of the dire
tional a

ura
y ofLOPES. E�e
tively, the digitization step error was redu
ed,after the signal was upsampled.The optimization of the beam-forming by the upsam-pling (half-sample shift) did not signi�
antly in
rease theele
tri
 �eld amplitude of the sele
ted events with (1 ±

3) µV m−1 MHz−1 
ompared to the values determinedwith the standard analysis software (Bähren et al. 2006).However, it redu
ed the number of events with more thanone sour
e in the optimized skymap by 30%. Thus, the in-tensity of the environmental ba
kground noise in the side-lobes of the event beams was redu
ed by the optimizedbeam-forming.5.3. Systemati
sFig. 5 shows arrows pointing from the position re
on-stru
ted by LOPES to the position re
onstru
ted byKASCADE. The arrows for all events are isotropi
ally dis-tributed in the 
ir
ular area that 
overs the sky. However,the arrows of the 44 events (sele
ted on their E-�eld peakSNR) show a 
lear preferen
e for 
oming from the North.Due to the in
lination of the magneti
 �eld of 65◦ at thelatitude of LOPES of 49◦, the geomagneti
 angles are largerto the North than to the South and therefore a larger signalis produ
ed in the air shower by the geomagneti
 e�e
t.The 
omponents of the arrows in the East-West dire
-tion and the North-South dire
tion are plotted in Fig. 9.Both data sets follow a normal distribution with a fullwidth at half maximum (FWHM) of 1.2◦ (χ2

red
= 2.37)for the North-South dire
tion and of 0.6◦ (χ2

red
= 0.88)for the East-West dire
tion. These values are 
onsistentwith the absolute o�set of (1.3 ± 0.8)◦ (see next se
tion).Furthermore, both distributions have an average 
onsistentwith zero and therefore, no systemati
 o�set is found in thedire
tions determined by LOPES and KASCADE.5.4. Statisti
sThe obtained o�sets between the dire
tions provided byKASCADE and the dire
tions determined from the LOPESradio data for the 44 sele
ted events result in (1.3 ± 0.8)◦.The histogram of these o�sets and of all 664 events peakat the same bin of 1.5◦ suggesting that this is the sum ofthe average un
ertainty for the dire
tion determination ofboth experiments for the whole range of elevation angles.All events having larger o�sets are dominated by in
reased
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le dete
tors and they are not part ofthe sele
ted 44 events (see Fig 10).The 
lear peaks in the 
urves for all 664 events of Fig. 9and Fig. 10 indi
ate that the dire
tion was su

essfully de-termined within 1.3◦ for more than the 44 events. However,those events 
ould also 
onsist of RFI. The distin
tion be-tween 
osmi
-ray events and RFI events 
ould be improvedby a better knowledge of the position and shape of the airshower pulse in time. This knowledge would allow a �t ofthe pulse in Fig. 1, whi
h would enable the dire
tion iden-ti�
ation of events dete
ted with less intensity than the
orresponding KASCADE noise in the LOPES beam.The 44 sele
ted events have an average zenith an-gle of 40◦ and the average ele
tron number dete
ted byKASCADE is 106.8. The a

ura
y of KASCADE for an airshower with this ele
tron number is ±0.2◦. This value is
orre
ted for the redu
ed a

eptan
e of the parti
le dete
-tors by dividing with the sine of the zenith angle of 40◦.Therefore, we 
on
lude that the measured o�sets are dom-inated by the a

ura
y of the dire
tion determination withLOPES of about ±1.1◦.This a

ura
y of LOPES lies above the statisti
al un-
ertainty determined with Eq. 1 of ±0.2◦, sin
e the �t of a
urved wavefront with a 
urvature radius ρ introdu
es anadditional un
ertainty:
∆αtot = ±

1

2

ǫN

ǫP

λ

D 
osθ + f (ρ) . (3)6. Con
lusionsThe 4D mapping of radio emission is a powerful new tool forthe study of radio sour
es within the Earth's atmosphere,in parti
ular 
osmi
-ray air showers, be
ause of the infor-mation in the third spatial dimension provided by the dis-tan
e of the beam-forming fo
us. We used an array withonly 30 single dipoles and su

eeded to map out the radioemission from air showers, to sear
h for the position on thesky, and to �t the 
urvature of the dete
ted wave front ofthe shower pulse. For this work, we used KASCADE as areferen
e. The mapping-tool 
an also be used for astrophys-i
al imaging of fast pulses, sin
e images 
an be 
al
ulatedon sample time resolution. Furthermore, the third spatialdimension of the images allows to distinguish between thelo
ation of all kinds of transient events o

urring inside andoutside the Earth's atmosphere.We found that the position of the emission maximum inthe map, 
al
ulated in the beam-forming pro
ess, is sensi-tive to the array layout and the phase errors of the antennaele
troni
s and therefore 
hanges when beam-forming pa-rameters su
h as the 
urvature radius or the �ltered bandare varied. We optimized the beam-forming by upsamplingof the antenna signals, whi
h strongly improved the a

u-ra
y of the dire
tion determination.We 
on
lude that the angular resolution of LOPES issu�
ient to lo
alize the air shower axis and to maximizethe re
eived ele
tri
 �eld amplitude. However, the a

ura
yfor the dire
tion determination is determined by the un
er-tainty of the 
urvature radius. An exa
t determination ofthe shape of the shower wavefront seems to be ne
essary tofurther improve the lo
alization of the shower radio maxi-mum in the beam-forming pro
ess. Furthermore, the dire
-tional a

ura
y 
ould possibly be improved by larger base-lines and by 
al
ulating every pixel of the sear
hed skymap

with the 
ross-
orrelation beam (sum of all antenna pair
orrelations) and by further suppressing the KASCADEnoise. Also, more phase-stability of the ele
troni
s and alarger antenna layout optimized for beam-forming in allazimuthal dire
tions is desirable.We found that the best �t in the 
urvature radius in-
reases for events 
oming from the horizon after passingthrough a larger atmospheri
 depth. Furthermore, we foundan approximately linear de
rease in the dire
tional o�setsbetween the LOPES positions and the KASCADE positionswith in
reasing signal strength.Furthermore, we found a few events with �eld strengthsenhan
ed by more than twi
e the expe
ted �eld estimatedfrom the muon number, geomagneti
 angle, and shower axisdistan
e. Some of these events were asso
iated with thun-derstorms in the vi
inity of the teles
ope, whi
h 
an en-han
e the emission through strong ele
tri
 �elds in 
louds.These events showed the largest o�sets between the positionmeasured with the radio antennae of LOPES and the par-ti
le dete
tors of KASCADE. This very important resultsuggests that the 
harged parti
les of air showers experi-en
e additional de�e
tion by ele
tri
 �elds in thunderstorm
louds. Thus, we measured for the �rst time a geoele
tri
e�e
t in addition to the geomagneti
 e�e
t.The o�sets between the dire
tions measured with bothinstruments were analyzed for dependen
ies on the mea-sured ele
tri
 �eld strength, the 
urvature radius, the az-imuth angle, the elevation angle and the geomagneti
 �eldangle. Due to the geomagneti
 e�e
t and the geoele
tri
 ef-fe
t dis
ussed here, one 
ould expe
t a net dire
tional o�setbetween the muons, the ele
trons and the ele
tromagneti
emission at the shower maximum. However, the analyzedsample of LOPES events did not show any signi�
ant sys-temati
 e�e
t for the mentioned dependen
ies.This result adds another strong argument for the usageof the radio dete
tion te
hnique for the study of the arrivaldire
tions of high-energy 
osmi
 rays. An interesting nextstep will be to investigate with simulations how the dis-tan
e of the beam fo
us (
urvature radius) relates to themaximum of the parti
le shower.A
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harest-Magurele, P.O. Box MG-11, RO-077125, Romania Figure 4. Example of radio skymaps for one LOPES eventwith original sampling (top) and with a half-sample shiftapplied to all antennae signals before beam-forming (bot-tom). The split maximum in the top plot is not real andmerges to one maximum with higher temporal resolution.The skymaps show the air shower radio emission in stereo-graphi
 proje
tion (STG, Calabretta & Greisen 2002) witha bla
k dot at the maximum. The se
ond bla
k dot in the
enter of the map and o�set from the maximum indi
atesthe dire
tion provided by KASCADE.
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Figure 5. This plot shows an arrow for ea
h event 
onne
t-ing the position of LOPES and KASCADE proje
ted ontothe sky with the zenith in the origin. The azimuth anglerotates 
lo
k-wise starting from North pointing upwards.The thin arrows indi
ate all 664 pre-sele
ted events andthe thi
k en
ir
led arrows highlight the 44 sele
ted events.

Figure 6. Histogram of the number of events as a fun
tionof 
urvature radius. The upper (dotted-blue) distributionshows all 664 pre-sele
ted events and the lower (solid-red)distribution shows the sele
ted 44 events. The bin size is250 m in 
urvature radius.

Figure 7.Absolute angular separation between the LOPESand the KASCADE position as a fun
tion of ele
tri
 �eldamplitude. The en
ir
led events are possibly enhan
ed in�eld strength in thunderstorm 
louds at the time of the ob-servation. The events marked with squares have a measured�eld strength of more than twi
e the expe
ted �eld strengthestimated from the muon number, geomagneti
 angle, andshower axis distan
e (Horne�er et al. 2007). The lower limiton the statisti
al un
ertainty in the dire
tion of ea
h eventis plotted as an error bar (a

ording to Eq. 1).

Figure 8. Curvature radius as a fun
tion of the inverse 
o-sine of the zenith angle for all 62 events. The enhan
ed andthunderstorm events are en
ir
led in this plot. The dashedline at 10 km indi
ates the maximum 
urvature radius thatwas �tted to the wavefronts.
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Figure 9. Histograms of the angular o�set in the air shower
ore position on the sky at the distan
e of the 
urvature ra-dius of the air shower emission maximum, as found in theLOPES radio signal and as determined with the dire
tionprovided by KASCADE. The distribution in East-West o�-set is plotted at the top and in North-South dire
tion at thebottom. Ea
h plot shows the distribution for all 664 events(dotted) and for the 44 sele
ted events (solid), both �ttedwith a Gaussian (dash-dotted and dashed).

Figure 10. Distribution of events as a fun
tion of dire
-tional o�set between LOPES and KASCADE. The upper(dotted) distribution shows all 664 pre-sele
ted events andthe lower (solid) distribution shows the sele
ted 44 eventswith the maximum at (1.3 ± 0.8)◦. The bin size is 0.5◦.
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