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Abstract: The wavefront shape of the radio emission by cosmic ray air showérgastigated with LOPES measure-
ments and REAS3 simulations. The results indicate that the radio wavéfrapproximately conical, and thus neither
planar nor spherical as assumed in earlier analyses. According t&Eth83Rsimulations, the opening angle of the conical
wavefront is correlated with the atmospheric depth of the shower maxjd¥um.. Thus, radio wavefront measurements
provide a method for the estimation of the mass of the primary particle initiatengittshower. The radio wavefront can
be reconstructed from pulse arrival time measurements in indivigti@haas, which has been done with LOPES. LOPES
is a digital interferometric antenna array co-located with the KASCADERGegparticle detector array for air shower
measurements at KIT, Germany. Due to the precise time calibration oEBSOfPe pulse arrival time measurements are
only limited by noise. The radio wavefront of several hundred LOPESits has been reconstructed and compared to
REAS3 simulations of the radio emission. The simulations are based on tB€EKBE-Grande measurements of each
individual air shower and are generally compatible with LOPES measmmAlthough at LOPES th& ... precision

is limited by noise, the method itself is very promising for future radio ariaysgions with low radio background.
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1 Introduction ers with hybrid detectors including digital antenna arrays
Therefore, it is necessary to understand the radio emission
The radio emission of cosmic ray air showers has meagf air showers in sufficient detail, and to develop methods
while been detected by numerous experiments (see e.gow to reconstruct the properties of the air shower from the
references [1] and [2]). Recent research focuses on ho@dio signal — namely the arrival direction, the point of in-
radio measurements can contribute to cosmic ray physigigdence with the ground (shower core), the energy, and the

e.g., by improving the measurement precision of air showatmospheric depth of the shower maximiiy,... which is
linked to the mass of the primary particle. This paper will
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Figure 1: Example event for wavefront reconstruction (L@REeasurement:; circles with error bars, REAS3 simulations:
squares). Plotted are the pulse arrival times in the indalidntennas corrected for the shower geomeétny,(; in figure

2). A plane wavefront would correspond to a horizontal lih® as. The same event is plotted twice, fitting a conical
wavefront with a cone angle (left) and a spherical wavefront with a curvature radiugleft).
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follow this line of research by approaching the following
two questions: Which is the shape of the radio wavefront
and how can we use wavefront measurements for the re-

construction of the air shower properties? plane
To find answers to these questions, LOPES [3] measure- \ 7z

ments as well as REAS3 [5] simulations of the radio emis CTyen

sion have been used. LOPES is a digital radio inteiground — — — - — =
ferometer co-located with the KASCADE-Grande exper shower antenna

iment [4] at the Karlsruhe Institute of Technology, Ger- core

many. LOPES consists of 30 calibrated dipole antennas ) )

Wh|Ch are triggered by KASCADE_Grande and digita”yF|gUre 2: Sketch of conical wavefront with a cone an@le
measure the radio emission betwaerandSO MHz. More the pulse arrival time in an individual antenna is delayed
details on LOPES are available in reference [6]. Based ofith respect to a plane wavefront since the geometrical de-
the KASCADE-Grande measurement, two REAS3 simuldy Tgeo iS €nlarged. It depends on the lateral distaftoef
lations have been performed for each LOPES event, fortge antenna and the antenna height in shower coordinates
proton respectively an iron nucleus as primary particle [7Js- Correcting for the shower geometry, one obtains the

For the present analysis only east-west aligned LOPES r_gjeg:?t?]%io%etncal delay,;. cis the speed of light
tennas are used, because they feature the best signal-{‘b-Z ! ge.

noise ratio for most events. For comparison to the measure-

ments, the east-west polarization component of the REASred as the time when the instantaneous amplitude is max-
simulations is used and filtered to the effective bandwidtfinym. This time is determined with a Hilbert envelope to
(43 — 74MHz) of LOPES with a simple rectangular fil- the yp-sampled trace of the measured electric field strength
ter. ThIS IS a Slmpllfled approaCh, and a more Soph|5t|cat%e maximum precision is in principi@ 1ns given by the
treatment of the simulations considering all detector progime calibration of LOPES [9]. However, the high ambi-

erties is under development [8]. ent radio noise level in Karlsruhe decreases the pragticall
achieved precision. For low signal-to-noise ratios thaltot
2 Shape of the Radio Wavefront uncertainty can be up te 20 ns [10].

For the analysis of the wavefront, about 500 events have

Reconstructing the shape of the radio wavefront requird€en selected with the interferometric LOPES standard
a measurement of the shower geometry (shower core aRPeline. Depending on the specific analysis, at least 167

arrival direction) as well as a measurement of the arrivgVents survive all quality cuts applied to the radio recon-
time in each individual antenna. For LOPES events, thgfruction (see reference [12] for details on the selectrah a

shower core is known from the KASCADE-Grande mea@nalysis method). For each of these events, a spherical and
surement with a high precision of typically-7m, and the & conical wavefront has been fitted to the LOPES measure-

direction can be reconstructed from both the KASCADEMENtS and the corresponding REAS3 simulations (see fig-

Grande and the LOPES measurement with a precision b&€S 1 and 2).
ter thanl®. The arrival time of the radio wavefront is mea-
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Figure 3: Correlation of the cone anglef REAS3 proton  F19ure 5: Reconstructedl . (mean and standard devia-
and iron simulations with the tru& ..., after correcting tion) for the LOPES measurements and the REAS3 proton

for its zenith angle dependence. and iron simulations using the calibration constante-
termined with the simulations.

o I 7 Mean 6.9 g/cm?
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g o Since the radio emission of an air shower reflects its longi-
E | tudinal development, a radio measurement in general ought
B | . . . .
] /7 to be sensitive t0X,,ax. Already from principle consider-
- /70002277777 . . . e
5 ) v ations it can be derived that one of thg,., sensitive ra-
o dio parameters is the shape of the wavefront (another one
- 1/ /////7/7/7////777, . . - -
C is the slope of the lateral distribution [13]). The general
°F 0 Xmax Sensitivity of the radio wavefront has already been
B /L1010 0 00070 H H H H
- 7 7777 discussed in reference [14], though only for simulations
0 2100 50 0 50 100 and assuming a curved wavefront. The argument still re-

REAS3 proton:  true X ., - reconstructed X .., [a/cm®]  mains true for a conical wavefront: Showers initiated by
light nuclei (e.g., protons) on average have a lalygr.x
Figure 4. Deviation between the true and reconstructeflan showers initiated by heavy nuclei (e.g., iron nuclei).
Xmax for the REAS3 proton simulations. Thus, iron showers are expected to have a flatter wavefront
(i.e., a smaller cone ang}g than proton showers.

Due to the high ambient noise level, the uncertainties of tHe®" the REAS3 simulations, the cone angldepends in-
individual LOPES events are too large to determine the e€€d 0NXumax, but also on the zenith anglg since the

act shape of the wavefront. However, on a statistical basidiStance from the shower maximum to the ground depends
considering all events of the selection, LOPES measur@1¢- Thed depegd2ence can be almost completely removed
ments clearly disfavor a plane wavefront which was exdViding p by cos /29. However, the reason for the expo-
pected from earlier results [11]. As shown in referenc@®Nt 0f3/2 s still unclear. After this correctiony depends
[12], the measurements slightly favor a conical versus &PProximately linearly oo, (see figure 3). This linear
spherical wavefront, which is reasonable, since a spHericgPrrelation can be exploited to reconstruh. by mea-
wavefront corresponds to a static point source. Air showef&!"ng the cone angleof the wavefront:

can better be approximated by a moving radio source which

is expected to produce an approximately conical wavefront Xinax = ¢, - pcos /20 (1)

— like a ship moving on a lake produces an approximate

I . : . . .
conical bow wave. \X/herecp is a simple constant including the properties of

) ) ) ) . the air shower radio emission in the atmosphere. For the
Consistent with that expectation, the REAS3 simulationgeas3 simulations made for the LOPES events, ~

can be fitted significantly better by a conical wavefront thag& 000 g/cn?/rad best reproduces the trifg, .. of the pro-
by a spherical wavefront. Furthermore the average cone @i, and iron simulations. For this choice of, the de-
gle of the simulations(0147 & 0.0024 rad for proton pri- \;iation between the mean reconstructed and &Kye, is
maries and).0132 & 0.0020 rad for iron primaries) is con- ¢ glcn? for the proton simulations ands.8 glcn? for the
sistent with the average cone angle of the LOPES measuigs, simulations. The precision of th&,,.... reconstruc-
ments (.0144 £ 0.0055 rad). Thus, we conclude that the o, is estimated by the standard deviation2eb3 g/cn?

radio wavefront is approximately conical, at least withirg, the proton simulations (see figure 4) s g/cn? for
the typical lateral distance of LOPES eventsZ00 m). the iron simulations.
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For the LOPES measurements, the precision ofXhg, in previous analyses. The REAS3 simulations experience
reconstruction is significantly worse, since they are liman almost linear correlation between the cone apgiethe

ited by noise (while the REASS simulations do not containvavefront and the atmospheric depth of the shower maxi-
noise). The precision of the LOPES measurements is estitum X.,,... Although the proportionality constanf has
mated by the standard deviation of the reconstrugfgd, presently a large uncertainty and might be biased by the
values to abou200 g/cn? (see figure 5). analysis method, the presented results offer great prtsspec
for the measurement of air showers: First, a detailed knowl-
edge on the wavefront will improve the angular resolution
of digital radio arrays, and second, a measurement of the
wavefront allows a reconstruction of the shower core (=

The present analysis demonstrates the principle feasibgpex of the cone) as well as af,,,. which is sensitive to
ity that Xr., can be reconstructed by measuring the rame primary mass.

dio wavefront. The fact that th& . values reconstructed
with LOPES measurements have the expected order

magnitude is an additional hint that the proposed meth { the high ambient noise level, though. Next generation

works not only for SImuIatlons_but also In practice. How'experiments in regions with lower radio background (e.g.,
ever, there are large systematic uncertainties regartiamg t

. Argentina, Antarctica or Siberia) can test thg,. pre-
a.bsolu.te scale of the consta_r;t Thgre are two MaIN POS- ision achievable by radio measurements. This way radio
sible biases currently under investigation, the first one co

measurements of air showers might become an interesting
ond one concerning the REAS3 simulations %ﬁemative to fluorescence and Cherenkov measurements,
9 ) since radio measurements are not limited to dark moonless

First, the LOPES standard analysis pipeline still impliegjghts and thus allow a duty cycle closel %.
a spherical wavefront for the interferometric beamforming

analysis which precedes the wavefront reconstruction with

the pulse arrival time measurements. Alternativelypan References
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4 Discussion and Outlook

LOPES has successfully shown that a radio measurement
8 Xnmax IS in principle possible, but its precision is limited

The evaluation of LOPES measurements and REAS3 simu-
lations shows that the radio wavefront of air showers is ap-
proximately conical and not spherical or planar as assumed



