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The SLAC T-510 experiment provides the first beam-test of radio-frequency radiation from a
charged particle cascade in the presence of a magnetic field (up to 970 G), a model system for
radio-frequency emission from a cosmic-ray air shower. The primary purpose of this experiment
is to provide a suite of controlled laboratory tests to compare to simulations based on particlelevel models of RF emission, making the calibrations of critical importance. We present system
calibrations and analysis of the experiment from end to end. Measurements of the beam charge
and two-dimensional magnetic field map are fed directly into the simulations using two different
formalisms: ZHS and Endpoints. Simulated electric fields are forward-folded with the system
response, allowing for direct comparisons of spectra and waveforms with the simulations.
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1. Overview

2. Magnetic Field
Fifteen water cooled solenoids were used to produce a vertical magnetic field. The magnetic
field coils were staggered on top of each other in order to make the field more uniform. The
bottom row had eight coils placed side-by-side. The top row included seven coils that covered
the full length of the target. We controlled the strength of the magnetic field by supplying up
2
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The SLAC T-510 experiment is the first beam experiment of the radio emission from particle
showers in a strong magnetic field. The experiment was designed as a model system of the radio
emission from ultra-high energy cosmic-ray air showers. Its primary goal is to provide a suite of
controlled laboratory measurements that can be compared to models of radio emission, such as
ZHAireS [1] and CoREAS [2].
The T-510 experiment was carried out in End Station A at the SLAC National Accelerator
Laboratory. An electron beam of energy 4.35 GeV or 4.55 GeV impacted a high-density polyethylene (HDPE) target after traversing two radiation lengths of lead. The density of the HDPE (index
of refraction, n = 1.53) compressed the shower relative to an air shower such that the majority of
the shower was contained within the 4 m × 0.96 m × 0.60 m target. Magnetic field coils underneath
the target generated a controllable magnetic field of up to 970 Gauss, perpendicular to the beam
direction.
Two main mechanisms can be used to describe the radio frequency (RF) emission in the SLAC
T-510 geometry. Radiation due to charge excess built up in the shower, also known as the Askaryan
effect [3, 4], is radially polarized, and therefore, appears vertically polarized when the antenna
array is centered on the beam in this experiment. This radiation is not expected to be dependent
on the strength of the magnetic field. Radio emission is also produced from the transverse current
generated by applying a vertical magnetic field. In the T-510 geometry, this radiation is expected
to be the dominant component of the horizontally polarized emission.
A vertically-oriented array of antennas recorded the electric field at various locations downstream of the beam and target. We moved the array both vertically and horizontally away from the
beam via an overhead crane in order to map out the angular dependence of the radio emission. The
primary data were taken with quad-ridge horn antennas, originally designed for the ANITA experiment [5], covering frequencies between 200 and 1200 MHz. The antennas are broadband and have
two orthogonal linear polarizations. The gain is approximately 10 dB. The induced voltages on
the antennas were recorded on 2.0 GHz oscilloscopes after passing through 15.24 m of LMR 240
coaxial cable and a 1250 MHz low pass filter to avoid aliasing. During the primary data run, the
antenna array was placed 13.47 m from the entrance of the beam on the target. For an overview of
the experiment and its results, see Belov et al. in these proceedings [6].
The models of radio-frequency (RF) emission used in CoREAS and ZHAireS are Endpoints
and ZHS, respectively. Combined with the GEANT 4.10 toolkit, they provide the predictions for
the radio emission in the SLAC T-510 experiemnt. are discussed in more detail in [7]. We describe
here the experimental data and system calibration used for such comparisons.For a discussion of
the simulations developed for this experiment, see Zilles et al. in these proceedings [7].
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Figure 1: The measured magnetic field at the beam height along the axes transverse (x), longitudinal (y),
and vertical (z) to the beam

to 2530 Amperes direct current to three sets of five coils. Together the coils generated a vertical
magnetic field of up to ±970 Gauss. The magnetic field generated by these coils was strong enough
to bring the radiation intensity from the magnetic effect to the same order of magnitude as from the
Askaryan effect.
The magnetic field map at maximum current is shown in Fig. 1, measured at the beam height,
21 cm above the coils with 5 cm × 5 cm grid spacing and 3.64 G precision. There is a 5.73%
uncertainty on the magnetic field measurements arising largely from the average percent error of
the Hall probe used. Because the vertical (Bz ) field falls off near the edges of the coils, we placed the
edge of the target in the middle of the first coil. Along the beam position, the average magnetic field
in the vertical direction is -845 G, and the root-mean-squared variation is 72 G. In our simulations
of the T-510 experiment, we included the measured, three-dimensional magnetic field [7].

3. Beam Monitoring
An integrating charge transformer (ICT) placed between the beam pipe and the target monitored the total charge in each bunch. A high-frequency S-band (2-4 GHz) horn antenna also
recorded the transition radiation as the beam exited the pipe and provided a global trigger for the
system as well as the shot-to-shot relative calibration of the beam charge. The signals from both
monitoring systems were recorded on a 3.0 GHz oscilloscope.
The intensity of the transition radiation emitted as the beam exited the beam pipe scales with
the total charge. This is shown in Fig. 2(b) where the peak amplitude recorded in the S-band
horn is compared to the bunch charge. These data were recorded by varying the diameter of the
collimator on the beam, thereby reducing the total charge exiting the pipe. During the main data
3
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Figure 2: (a) The typical shot-to-shot beam charge and (b) its relationship to the induced voltage on the
S-band horn.

runs, the collimators made as wide as possible (10 cm diameter), thereby reducing the variation in
shot-to-shot charge.
Charge induced in the ICT gets stored on capacitors that are then read out slowly through
a readout transformer. The ICT was calibrated with a fast pulse generator that injected charge
between 6 and 450 pC on timescales varying between 2 and 4 ns. It is accurate to within 3% for
bunch charges greater than 100 pC. The charge distribution measured by the ICT for a typical run,
shown in Fig. 2(a), has a mean of 131 pC and a standard deviation of 3.3 pC. The shot-to-shot beam
charge during the T-510 experiment remained constant to within 3%.

4. Data Cleaning
In our antennas, the vertical signal will leak into the horizontally polarized channel at about
the 25% level in voltage. We eliminate this leakage by construction by analyzing the difference
between field-up, VB+ (t), and field-down, VB− (t), data, namely V (t) = 12 (VB+ (t) − VB− (t)). Each
waveform is scaled by a nominal shot beam charge to 131 pC, estimated by the amplitude of the
transition radiation recorded by the S-band horn. Each waveform is also zero-meaned to remove
any DC offset in the data. Two horizontally polarized waveforms with the cross-polarization contamination removed are shown in Fig. 3.
Reflections off of the bottom of the target interfered with the main pulse, which is apparent
1.5 ns and 6 ns after the initial pulse in Fig. 3. One reflection arrived at a given antenna position
about 1 ns after the main pulse with inverted polarity, and largely constructively interfered with
it. A second reflection bounced off the top of the target and again off the bottom surface, arriving
∼4-6 ns after the first pulse. For the spectral comparisons that follow, we window the data ±10 ns
around the peak, which retains the reflections in the spectra, but removes extraneous noise.

5. Antenna and System Response
Simulation results from the ZHS and Endpoints formalisms are convolved with the measured
system response of the cables and filters for each channel and the effective height of the antennas
so that the measured voltages can be compared directly with the models. The time-domain voltage,
4
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V (t), at the antennas is a convolution (Eqn. 5.1) of the antenna impulse response, he f f (t), and the
system impulse response due to the filters and loss of the cables, hsys (t), with the simulated electric
field, E(t). This is equivalent to the multiplication of the effective height, He f f ( f ), with the system
response, Hsys ( f ), with the electric field in the frequency domain (Eqn. 5.2) [8].

V (t) = he f f (t) ◦ hsys (t) ◦ E(t)

(5.1)

V ( f ) = He f f ( f ) Hsys ( f ) E( f )

(5.2)

6. Data and Model Comparisons
Fig. 5 shows power spectral densities measured at several positions (1.30 m, 6.52 m,11.29 m)
above the beam height and 13.47 m from the point where the beam enters the target. The spectra
are compared with simulations following the ZHS and Endpoints formalisms [7] that are convolved
with the effective height and system response shown in Fig. 4. All of the spectra are plotted on the
same scale to illustrate the increase in Fourier amplitudes near the Cherenkov angle.
The right-hand side of Fig. 5 shows the vertically polarized emission, which remains constant
relative to the applied magnetic field strength. The models compare well with the measurements.
The integrated power in the 300-1200 MHz band is strongest in the center, and is an order of
magnitude lower at the edges of the vertical scan. Similarly, the horizontally polarized emission,
shown on the left of Fig. 5, grows by an order of magnitude towards the center of the vertical scan.
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Figure 3: Measured horizontally polarized waveforms corrected for cross-polarization leakage. The positive
B-field is shown in blue; the negative, in red.
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Because the radiation is expected to peak at the Cherenkov angle of 29.8◦ , the horn antennas
were tilted 19.6◦ down towards the target. Over the entire vertical scan the angle between the
boresight of the antennas and the peak of the expected radiation varied by ±20◦ . Fig. 4(a) shows
the effective height of the antennas as a function of frequency for angles off boresight covered
in the vertical scan. The relative gain, and therefore, the effective height, of the antennas varies
by 3.7 dB for the vertical polarization and by 2 dB for the horizontal polarization. The system
response is dominated by the 1250 MHz low pass filter, which drives the sharp increase in loss
shown in Fig. 4(b).
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Figure 4: (a) The horizontally polarized effective height, He f f ( f ), for several elevation angles relative to
the boresight of the antennas. (b) A single channel system response, Hsys ( f ), which includes the cables and
filters used in the T-510 experiment.

The modulations in the power spectral density in both polarizations arise from the interference
of reflections with the main pulse. This effect is evident in all of the measured power spectra, but is
particularly prominent far from the center of the cone. The deep dips in the power spectra recored
at 11.29 m and 1.30 m are due to the secondary reflection. The disagreement is strongest at low
frequencies.
Adding in a reflection equivalent in amplitude to the initial pulse and at the time expected from
geometry varies the simulated peak time-domain amplitude by a factor of 1.38 for the horizontally
polarized signal at 6.52 m. This indicates an uncertainty of 38% on the agreement between the data
and the models, averaged over the band 300-1200 MHz. We exclude the 200-300 MHz band in
the data and simulation comparisons due to uncertainty in the antenna response at low frequencies.
The time-domain peaks of the data and simulations at this height differ by 36% and from the ZHS
simulations by 34%, commensurate with the systematic uncertainty.
The simulated and measured spectra are steeper at the top and bottom of the vertical scan, i.e.,
away from the peak of the cone, than at the center. This is expected due to frequency-dependent
coherence effects and consistent with measurements from ANITA, in which the energy of a cosmic
ray has been estimated from the total power in the RF spectrum [9, 10]. The energy is degenerate
with the angle between the measured radio emission and the Cherenkov angle. However, such
a degeneracy can be broken by measuring the slope of the power spectrum, assuming that RF
emission is conically-shaped and peaks at the Cherenkov angle. The cone-shaped emission is
evident in the total power integrated in the 300-1200 MHz bands shown in Fig. 6.

7. Conclusions
We presented the first laboratory measurements of radio-frequency radiation from particle
showers under the influence of a strong magnetic field, up to ±970 G. Throughout the course of the
run, the beam charge was 131±3.3 pC and the beam energies were 4.33 and 4.55 GeV. Emission
6
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Figure 5: Spectra for horizontally polarized emission (left) and vertically polarized emission (right) at full
magnetic field strength compared with simulations from ZHS and Endpoints at three different heights.

induced by the magnetic field increases with field strength and forms a conical beam centered
around the Cherenkov angle. The vertically polarized emission remains constant with respect to
the magnetic field, as expected for Askaryan emission. The SLAC T-510 experiment validated
the newly-developed first-principles based ZHS and Endpoints formalisms for radio emission from
particle cascades, which have been shown to reproduce the data to within a systematic uncertainty
of 38%.
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Figure 6: Integrated power in the 300-1200 MHz band throughout the vertical scan.
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