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Electromagnetic pulses from high-energy showers: Implications for neutrino detection
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We review the properties of electromagnetic showers in dense media and calculate in detail the
associated electromagnetic pulses generated by shower electrons. We perform real-time simulations
recording the charge, trajectory, and time of each cascade particle and compute the associated
electromagnetic wave. Our results are relevant to experiments detecting radio pulses from showers
initiated by cosmic particles interacting with the Earth.

PACS number(s): 96.40.Pq; 29.40.—n; 96.40.Kk; 96.40.Tv

I. INTRODUCTION

Neutrinos can provide information about, cosmic sites
which are shielded from observation by few hundred
grams of matter. Being electrically neutral, they retain
directional information on their sources of origin and can
thus give a new and complementary view of the Universe.
Neutrino astronomy has seen its birth with the observa-
tion of the supernova 1979A [1] and is a rapidly develop-
ing field [2]. Neutrinos of astrophysically high energy may
be produced at compact energetic systems such as x-ray
binaries [3] and young supernova remnants [4], in active
galactic nuclei [5—7], and in interactions of cosmic rays
with gas clouds and interstellar medium [3]. The main
background are neutrinos produced in the atmosphere by
the decays of mesons created in very-high-energy showers

[8]. The expected event, rates for astrophysical neutrinos
are low and large effective detector volumes are required.
Their observation is however important, because it would
not only provide very valuable information on their ori-

gin and the astrophysica) processes involved, but it would
also test our understanding of particle physics at energies
well beyond existing particle accelerators.

It was nearly 30 years ago that the coherent radio
emission from high-energy showers in dense media was

proposed as a possible way for detection of high-energy
cosmic rays [9]. More recently this old idea has been re-

considered as an alternative possibility for the detection
of charged-current interactions induced by superhigh-
energy neutrinos [10]. Electrons produced in these inter-
actions develop electromagnetic cascades in the medium.
Electromagnetic radiation is emitted by all charged par-
ticles in the shower, Cerenkov radiation of visible light is
a well-known example. Since the Cerenkov energy spec-
trum of a fast charged particle rises linearly with fre-

quency, one might conclude that the energy emitted in

the low radio frequencies is much smaller than in the
optical range. This would make radio emission uninter-
esting were it not for the fact that the radiation can be
emitted coherently by all cascade particles if the wave-

length of the emission is large compared with the shower
dimensions.

The energy in coherent emission scales v ith the square

of the charge excess in the shower, which is itself linearly
proportional to the energy of the incident particle. While
the energy in the emission of Cerenkov light is propor-
tional to the energy of the primary particle, the coherent
radio emission scales with the square of primary energy.
I"or sufFiciently high primary energy the power in radio
waves therefore dominates the Cerenkov output in the
optical range. It has been claimed that the relatively
low cost of electromagnetic pulse detectors may allow a
large detection area to be covered with arrays of aerials,
providing a cost effective method for detection of neu-
trino interactions in the energy range above 1 TeV. The
technique might also be relevant to the detection of air
showers near the Greisen-Zatsepin cutoff.

The radio emission technique has actually been ob-
served in coincidence with air shower arrays produced by
high-energy cosmic rays interacting in the atmosphere
[11, 12]. Atmospheric instabilities, however, make the
systematics very difFicult to handle. Antarctic ice pro-
vides a natural dense medium for the observation of ra-
dio signals. It has very poor absorption coef%cient for
frequencies below 1 6Hz, allowing radio waves to prop-
agate for hundreds of meters before detection. Since the
density is much higher than in the atmosphere, the physi-
cal dimensions of the showers are much smaller (radiation
length is of the order of 36 gcm ) and thus the coher-
ence of the radio emission is retained to higher frequen-
cies where more energy is available. The precise threshold
for observation of radio signals is very sensitive to the in-

tricate details of the problem, and it is the crucial figure
for the feasibility of this neutrino detection technique.

We have used a detailed Monte Carlo simulation that
follows the development of the particles to energies well

below the MeV range (covering up to 9 orders of mag-
nitude of energy in the development of the cascade), to
calculate the intensity of the radio-emission frequency
spectrum at different observation angles relative to the
incident particle. This is a long and arduous task since
the amount of particle tracks is extremely large. We have

chosen to study and understand in detail the variations
of the relevant quantjtIes both wit, h the incident, part, i-

cle energy and wit}s the unavoidable energy cutoff in the
Monte Carlo simulation. I'or tive very energetic showers,
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following particles down to the appropriate low-energy
threshold is well beyond conventional computing facili-
ties. VVe will show that it is however possible to obtain
the required results by extrapolating achievable Monte
Carlo thresholds.

Q'e have divided this article into sections and subsec-
tions that simplify identifying discussions of particular
interest to the reader. In the next, section we discuss
shower development and the relevant interactions that
lead to the most important features in the showers. Sec-
tion III is devoted to a. classical discussion of the elec-
tromagnetic field produced by charged particles in dense
media and presents the formulas we have used in a con-
sistent manner. The expected properties of the radiation
are discussed. Section IV has all t, he results of our calcu-
lation and compares them to other Monte Carlo shower
programs and theoretical results. In Sec. V we discuss
the implications of our calculation for neutrino detec-
tion. Section VI is devoted to summarizing our main
conclusions.

II. ELECTROMAGNETIC SHOWERS

A. Bremsstrahlung and pair production

As an electron or photon passes through matter its en-

ergy is degraded by the interactions that take place. For a
high-energy electron (photon), bremsstrahlung (pair pro-
duction) in the fields of the nuclei is by far the hard pro-
cess with highest cross section. The energy of the primary
particle is distributed between the electron and a sec-
ondary photon (an electron-positron pair) which will in
turn interact producing more secondary particles. As fur-
ther matter is traversed the energy carried by the primary
particle is shared by more and more secondaries which

roughly retain the initial particle direction and consti-
tute an electromagnetic cascade shower. This cascading
effect carries on until the secondary electrons reach ener-
gies below the so-called critical energy F, . At this energy
other processes become as important and electrons are as
likely to rapidly lose all their energy through ionization as
to radiate hard photons. The energy is finally absorbed
in the material by both ionization and the photoelectric
effect.

This very simple description of the shower can be made
quantitative by noting that both pair production and
bremsstrahlung interactions are related processes and
their cross sections are approximately equal. In a model
developed by Heitler [13], electrons, positrons, and pho-
tons are treated equally, transferring half their energy
to each of the secondaries at every interaction point.
These interactions occur at intervals of Xo ln 2 where Xo
is the radiation length of the material until the critical
energy is reached. (Xp is the depth of absorber over
which the electron attenuates to 1/e of its initial energy).
Although it oversimplifies all the complicated dynamics,
this model works surprisingly well at describing the lon-
gitudinal development of the shower having a maximum
at n ln(Ep/E, ) radiation lengths. The longitudinal
scale of the shower is determined by the radiation length

of the material and only depends logarithmically on the
initial particle energy.

B. Corrections to bremsstrahlung
and pair production

The interaction distance relevant in the
bremsstrahlung and pair production interactions is in-

versely related to q, the momentum transfer exchanged
with the nucleus. At sufFiciently large energy the sec-
ondaries are nearly collinear and hence the interaction
region for the process i;„, I/q can be approximated by

(1 —z)/z, for bremsstrahlung;
z(1 —z), for pair production.

Here z represents the fraction of energy given to the pho-
ton (electron) in bremsstrahlung (pair production).

The important point is that the effective interaction
distance increases with larger incident particle energy
[14]. For low energies when the interaction distance is
much less than the atomic radius, the Coulomb field of
the nucleus is just that of the nucleus, a point charge of
charge Z (no screening is to be considered). For higher
energies, as the interaction distance increases to be com-
parable to the atomic size, corrections due to electron
screening of the nuclear field have to be taken into ac-
count (this regime is usually referred to as the intermedi-
ate screening region). At high enough energies it becomes
much larger than the atomic radius and hence screening is
maximum (full screening). There are elaborate analytic
shower models making simplifying assumptions, usually
referred to as approximations A and B [15]. These models
solve the diffusion equations for the shower development
using the expression for the complete screening approxi-
mation.

At even higher energies the interaction distance grows
to become of the order of the typical separation of
the atoms. At such energies the screened fields of all
the nuclei in the nearby region have to be considered.
The Landau-Pomeranchuk-Migdal [16, 17] (LPM) eff'ect

is caused by the collective atomic potential of the ma-
terial. The effect is very sensitive to t,he density of the
absorber since the crucial parameter is the mean atomic
separat;ion; it has two main implications.

(i) For incident particle energies (Ep) above a cer-
tain value (Er,pM) wllich depends on the density of the
medium, the total cross sections for both processes are
dramatically reduced. In the high-energy limit, the full-
screening pair production (bremsstrahlung) cross section
tends to a constant (increases logarithmically). When the
LPM effect is considered both cross sections fall instead
as QEp above ELpM. In Heitler s simple picture this im-
plies that as long as the particles in the shower have ener-
gies above EI,pM the interactions ~ould occur at intervals
larger than the radiation length by an approximate fac-
tor gE/ELpM. The first few interactions are modified
in this way but once the energy of the shower particles
becomes less than ELpM, the previously described longi-
tudinal structure is reobtained. The LPM effect should
only affect the early stages of the shower development.
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ELpM has been estimated [31] at 61.5XO TeV, where Xo
is in cm; (ii) for bremsstrahlung, the effective interac-
tion distance also becomes larger than the separation be-
tween nuclei when the fraction of energy transferred to
the photon becomes very low, see Eq. (1). The interfer-
ence between different nuclei also has the effect of reduc-
ing the cross section for the emission of soft photons; it,
in fact, eliminates the infrared "catastrophe" associated
with them by providing an effective low phot;on-energy
cutoff for the bremsstrahlung cross section. The cut-
off takes place at a. fixed fraction of the incident energy
which is different for each medium. This is also a drastic
effect; moreover, it should be observable at energies well
below ELpM. Nonetheless it is expected to have little ef-
fect on the shower development because the majority of
the soft photons in a high-energy shower are mostly pro-
duced by low-energy electrons and positrons; they vastly
outnumber those produced by high-energy electrons. If
the LPM effect is "switched off," the fraction of "unphys-
ical" low-energy photons (below the cutoff) produced by
the high-energy electrons is insignificant.

C. Multiple elastic scattering

Interactions with nuclei are also responsible for the
main features of the transverse structure of the elec-
tromagnetic showers, although in this case it is elas-
tic (Rutherford) scattering. Because of the well-known
sin "0 behavior for the differential cross section, the
combination of multiple scattering at low scattering an-
gles clearly dominates the processes of single large-angle
scattering. The theory of multiple scattering has been
studied long ago under a number of different approxima-
tions yielding fairly equivalent results [18—21]. Moliere s
theory uses the screened atomic potentials in his formal-
ism which is the most commonly used. An adequate ap-
proximation to the distribution can be obtained by re-
taining the first two terms in his Bessel function expan-
sion. The mean deflection angle for an electron of energy
E traversing a depth t measured in radiation lengths is
given approximately by the first term which is a Gaussian
of width [18]

~Ms — V t
+MS

where

4m
EMs = m, —= 21 MeV.

D. Interactions with atomic electrons

The interactions mentioned so far would not cause
any charge asymmetry in t, he shower. This descrip-
tion is still not sufficiently accurate since the inter-
actions of each shower particle with the atomic elec-
trons contributes to an overall negative charge ex-
cess. This asymmetry largely enhances the low-
frequency region of the Cerenkov spectrum as will
be explained in the following section and it is
thus crucial in the understanding of t,he coherent
radioemission from electromagnetic cascade showers.

The main interaction of shower photons with atomic
electrons is Compton scattering (p + e, „, ~ p + e )
which incorporates atomic electrons to the shower. It is
the main mechanism for creation of the excess negative
charge mainly because the number of photons in a shower
is larger than the number of positrons. Photons interact
also via the photoelectric effect although in this process
atomic electrons are not accelerated into the shower and
thus this mechanism does not contribute to the excess
charge in the shower. The photoelectric effect is how-
ever very important since it becomes the dominant cross
section at low enough energies and thus it is responsible
for ultimately terminating the photons in the cascade
shower.

Shower positrons interact with atomic electrons both
via Bhabha scattering (e+ + e, ~ e+ + e ) and via
annihilation in flight (e + e, ~ py). While annihi-
lation only contributes to the excess charge by terminat-
ing positron trajectories, Bhabha scattering contributes
by adding electrons to the shower and reducing the en-

ergy of the incident positron. Lastly, the shower elec-
trons interact with atomic electrons via Mgller scattering
(e + e,, ~ e + e ). This process also incorporates
electrons to the shower although it does not modify the
total energy carried by electrons in the shower.

The cross sections for both Bhabha and Mgller scatter-
ing are infrared divergent; i.e. , they are singular when the
momentum fraction of either of the secondary particles, z
and (1—z), tends to zero. Therefore, the effect of multiple
scattering with production of low-energetic secondaries
has to be integrated out and treated as a continuous en-

ergy loss. This is completely analogous to the interpre-
tation of the divergent part of the bremsstrahlung crass
section as a continuous loss. Ionization losses are defined
as the sum of all of these continuous losses. The precise
definition is somewhat blurred because of the arbitrar-
ity in the cutoff parameters for the regularization. In
this language the ionization losses of Bhabha and Mgller
origin cont, ribute to the excess charge in t, he shower too.

AVhile all the interactions contribute to the transverse
spread of the particles, the mean angle of multiple scat-
tering dominates (except for extremely thin foils) because
of the large number of elastic interactions. There are ana-
lytical three-dimensional theories that take inta account
multiple elastic scattering both using Moliere's theory
and in the Fokker-Planck approximation. A convenient
transverse scale of the shower is the Moliere radius which,
in radiation length units, is given by the ratio EMs/E,

III. ELECTROMAGNETIC RADIATION

A. Radiation from accelerated charges

It is well known that an accelerated charge radiates
electromagnetic waves. In a dielectric medium the parti-
cles also radiate because the medium responds coherently
to the passage of a charged particle. For linear, homoge-
neous, a.nd isotropic media, induced current and polar-



ELECTROMAGNETIC PULSES FROM HIGH-ENERGY. . . 365

ep»
47l CpC

ux u —n x
~1 —nu P)sR

- ret
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Here P is the particle velocity in units of c and u is a
unit vector in the direction of the observation point from
the particle position. The subscript ret refers to all the
quantities within the square brackets which have to be
evaluated at an instant r defined by the condition (z
r )z —nz~x —r(r)~z = 0, i.e. , the "light-cone condition. "
In the rest frame of the observer the retarded time t„ is
simply related to the observation time z by

zp —ct" = ix —r(r)i = R.

The fields at an instant t = zo/c depend on the particle
trajectory at an instant, t„such that a light signal from
r(t„) arrives at point x at the required time t. R is the
(retarded) distance from the point in the particle trajec-
tory when the radiation was emitted to the observation
point (hence the name retarded potentials).

The two terms in Eqs. (4) differ in the power of R by
which they are suppressed. The first term falls like R
corresponding to the Larentz-boosted static Coulomb
field. Energy deposition, if any, only happens in the sur-
roundings of the particle and there is no wave associated
with it. The second term corresponds to the radiation
field; both the electric and magnetic fields fall as R
which implies that the energy flux falls like R 2 as cor-
responds to an outgoing spherical wave front.

Noting that the angular velocity of the particle with
respect to the obser vation point is clearly given by
Rd8/dz = u x p and that the relation between observa-
tion and apparent time intervals as seen at the observa-
tion point is d(ct„) = (1 nu P)dzo, it is a si—mple . exercise
to show that the radiation term is exactly proportional
to the apparent angular acceleration of the charge. The
corresponding expression is [11,22, 23]

e d28
E(t, x) = sgn [1 —nu . P] u x

4'7l Epc dt

ization eA'ects are automatically considered by the fields
D = c„c()E and H = (p„)(i()) B where p„(p()) and c„
(eo) are, respectively, the relative (free space) permeabil-
ity and permittivity. The wave equations for these fields
have a smaller wave velocity. The ratio of the speed of
light in a vacuum to that in the medium is given by the
refractive index n = ge, p„.

Using the standard Lienard-Wiechert retarded paten
tials, the electric and magnetic fields are shown to have
two components: the so called "near field" and the "radi-
ation field. " At every space-time point z = [z,x], they
correspond t,o the two terms in

ep, , u —npE t, x
4«o 7~11 —nu P I

s Rz

This expression is often referred in the literature as
"Feynman's formula" and has been used as a means of
Monte Carlo evaluation of electromagnetic pulses gener-
ated by air showers [24, 25].

B. Frequency spectrum, Cerenkov radiation

(10)
where R is the distance from the particle to the obser-
vation point. In fact this result can be obtained directly
solving the inhomogeneous Maxwell's equations in the
transverse gauge. The standard convolution of the trans-
verse current with the appropriate Green's function gives
the solution

E(~, x) = "~i~
27cEp c

dt'd I'

i~i'+i)kfJx-x') &( )
fx —x'f '

(11)
which gives Eq. (10) for a point charge current. Here
~k~ = Ir = nu/c and J~ is a divergenceless compo-
nent of the current whose Fourier components are trans-
verse ta the direction af abservation, &~(~,k) = u x
[u x &(cu, k)).

The integrals on the right-hand side of Eqs. (10) and
(11) resemble the Fourier component of the current den-
sity. In the large-R limit they are precisely the Fourier
transforms of the transverse current density (its projec-
tion perpendicular to the line of sight), up to a con-
stant phase factor and an overall factor R . Indeed

For the purpose of calculating the pulse generated by
showers it turns out to be most convenient to work with
the frequency Fourier transforms of the electromagnetic
fields. We define the frequency Fourier transform of the
electric field as

E(ee, x) = 2 f dh e 'E(t'x). , (8)

Using this definition for the Fourier components of the
electric field and the orthogonality condition in Eq. (5)
for the magnetic field, the power radiated per solid angle
in a given direction from the particle trajectory is clearly
given by the following integral over the frequency [v =
ur/(2z )] spectrum:

f dec (RE(te, x)('

di iRE(~, x) ['. (9)
pr I"0 p

The last equality here corresponds to the physical case
of E(t, , x) being a real function so that the negative-
frequency part of the integral contributes as much as the
positive frequency. Performing the Fourier integration of
the radiation term in Eq. (4) (at large distances only the
radiated fields are relevant) in the apparent time variable,
it displays a simple and intuitive form:

ep„. e'" [t, + R(t„)/c]
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if R = ~x —x'~ is large, it can be considered con-
stant over the particle trajectory and the phase factor
i~k((x —x'( ikR —ik p(r), where p(r) gives the posi-
tion vector of the particle with respect to x.

It is then straightforward to show that a charged par-
ticle moving uniformly between two fixed points corre-
sponding to subscripts 1 and 2 produces an electric field
with frequency Vourier transform given by the expression

dz W t'4xzh l 2 1

dv dl ( c ) P2n-'
a/z'v 1— (14)

where dl = cPbt is the track length of the charged parti-
cle.

brackets in Eq. (12) by a b function at the Cerenkov an-
gle. The angular integration reproduces the well-known
Frank- Tamm result [26]

~i(u) -k v) bt

i(~ —k v)

(12)

where v is the particle velocity and bt is the time in-
terval between the end points of the track. It is worth
remarking that in a dielectric medium the modulus of
the wave vector is related to the frequency ~k~ = u/c',
c' being the speed of light in the medium. If the par-
ticle velocity is greater than the speed of light then
a —k v = cu(1 —nP u) = 0 at the Cerenkov angle,
cos Hc —(nP)

Up to an overall phase factor the term in the square
brackets in Eq. (12) is simply bt sin y/y where y
7rvbt(1 —nP cos 8). It thus resembles the familiar diffrac-
tion pattern of light by a slit. By expanding cos8
around the Cerenkov angle, the angular distribution of
the Fourier components of the electric field should ex-
hibit such a pattern around the Cerenkov angle. The
first zeros of the diffraction pattern happen at b8

- —1

vbtgn P —1 . In t, he limit of y ~ 0 (either for

low frequencies or for observation angles very close to
the Cerenkov angle) Eq. (12) reduces to [ll]

RE{ )
Pr

bt c(4l'tg —kF)) ckR
277'Eo C

The electric-field amplitude is proportional to the track
length perpendicular to the line of sight 1~ ——~v~ ~bi and
to the angular frequency ~. This approximation works
at the Cerenkov angle for all frequencies and at suffi-
ciently low frequencies for all angles, The meaning of
"su%ciently" here is dependent on the time difference
between the track end points, bt. For an infinite track
the time lag between signals at the end points is also in-
finite and the approximation only works at the Cerenkov
angle; moreover, as the observation angle departs from
its Cerenkov value, interference between different parts
of the track are destructive and the radiation is sharply
collimated at all frequencies For a finite p.article track
length, however, collimation effects around the Cerenkov
angle disappear when y « 1 or vbt(1+ n) « 1. Moreover
for a finite particle track there is also some radio emis-
sion below the Cerenkov particle energy threshold given
by noh = 1. All these finite track eff'ects are correctly
taken into account through Eq. (12).

Equation (12) is a useful expression that helps us un-
derstand the behavior of Cerenkov radiation as the fre-
quency is varied. Substituting it into the total power
emitted in Eq. (9) and in the limit of an infinite particle
track bt oo, we can replace the square of the square

C. Electric Beld due to all shower particles

In an electromagnetic shower there are contributions to
E(~, x) from all the charged-particle tracks. Therefore,
for the frequency components with wavelengths much
larger than the dimensions of the shower, the emission
from all the particles is coherent and the approximation
of Eq. (13) holds. It is clear that the electric field is
proportional to the sum of the track lengths perpendic-
ular to the line of sight and that electrons and positrons
contribute with opposite signs. It is therefore the excess
charge in the shower that is responsible for the electric
field. For an estimate of the power radiated we could
consider the whole shower as a large charge (the excess
charge) traveling through a medium over an average dis-
tance (average track length). This approximation has
been used to estimate the properties of coherent radia-
tion from electromagnetic showers in ice [10].

As we consider higher-frequency components of the ra-
diation it is clear that Eq. (13) breaks down and the in-
terference effects between each track length are not as
simple as a sign change between positrons and electrons.
The exponent in the square brackets of Eq. (12) may be
offset from zero i' several ways. The observation angle
offsets t, he exponent through the geometrical path-time
difference of the two end points of the track, At,'. Even
at the Cerenkov angle the exponent is not quite zero be-
cause of the angular deviat, ion of each particle track from
the shower axis; departures of observation angle from the
critical value will destabilize coherence. As the frequency
increases destructive interference sets in for a fixed ob-
servation angle. Particle time delays as well as the sub-
luminal velocities of the particles also contribute to the
offset of coherence.

The complicated behavior can be better understood
considering three different regimes as regards the inter-
ference between t, he radiation of all the particles in the
shower. In the completely incoherent regime the wave-
length of the radiation is much smaller than the size of
the particle tracks; all the geometrical distances between
particles as well as the particle time delays give a ran-
dom phase to the radiation. The powers contributed by
each particle track add up incoherently. This corresponds
to the well-studied optical Cerenkov emission on which
Cerenkov air telescopes are founded. In this regime the
amount of radiation emitted by each track is proportional
to the length of the track and is confined to the portion
of the Cerenkov cone spanned by the individual tracks.
Electrons and positrons contribute to the power with
equal signs, the total power is proportional to the sum of
the track lengths of all electrons and positrons. We shall
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refel to this sum as the total tl'ack 1ellgth. Tile total
projected track length" is analogously defined as the sum
of the individual track lengths projected onto the shower
axis.

In the low-frequency extreme of the spectrum the co-
herence is full; every wavelet is emitted in phase through-
out the spacetime points in the shower development. The
wavelength of the radiation must be much larger than the
shower dimensions and the typical time delays for each
particle multiplied by the wave velocity. In this limit
only the excess number of electrons in the shower mat-
ters. The electric field vector contributed by each par-
ticle is proportional to the track length associated with
the excess charge projected onto the plane perpendicu-
lar to the line of sight according to Feynman's formula.
Positive and negative charges contribute with opposite
sign. We define the weighted projected track sum" as
the difference of the track lengths due to electrons minus
those due to positrons, after projecting them onto the
shower axis. This is the projected track length associ-
ated with the excess charge in the shower and it is the
relevant quantity in the calculation of the electric field
as observed in the direction perpendicular to the shower
axis.

In between these two regimes there is a region of par-
tially coherent effects in the space of frequency and obser-
vation angle. When the observation angle is close to the
Cerenkov angle full coherence is retained to higher fre-
quencies since particles traveling at nearly the speed of
light emit radiation in phase at this angle. Full coherence
is however lost because of the lateral separation between
particle tracks of the modified directions of individual
velocities, and because of the geometric and kinemat-
ical delays of each particle. We can expect a Cerenkov
peak around the Cerenkov angle of narrower width as the
frequency is increased, until the coherence is completely
lost. Clearly the complication of the problem forbids an
analytical calculation without a large amount of simpli-
fying assumptions. The details of this region are however
crucial for the determination of thresholds for detection
of showers on the basis of the coherent radio pulse they
generate.

IV. NUMERICAL CALCULATION

The Monte Carlo program developed for this calcula-
tion is based on standard routines developed by Stanev
and Vankov [27] as well as for EGS4 [28]. All the results
shown in this article have been made for showers devel-
oped in ice, since it has been suggested to use the South
Pole ice cap as a massive high-energy neutrino detector
[10]. The results are however not expected to deviate
significantly for dense homogeneous media of low atomic
weight. The radiation length used is Xo ——36.08 gem
which is very similar to that of air. Although most of
the general discussion of this article still applies for the
calculation of the electromagnetic pulses in air showers,
the actual numerical calculation requires a radically dif-
ferent approach and has been addressed elsewhere. If
the atmosphere were uniform in density we would expect

the shower dimensions to scale pretty accurately with the
ratio of the ice density (p;„= 0.924 gcm s) to that of
air, i.e., by a factor of order 1000. The coherent nature
of the electromagnetic pulse generated thus changes in a
substantial way. Since the shower dimensions are compa-
rable to typical observation distances, different approx-
imations have to be made. Moreover the calculation is
relevant for cosmic-ray observations rather than for neu-
trino astrophysics thus justifying a separate discussion.

When discussing the frequency spectrum of the electric
field we shall consider frequencies well above 1 GHz for
the purely academic purpose of comparison with theoret-
ical expectations and better understanding of the mech-
anisms involved. Above such frequencies the absorp-
tion coefficient for electromagnetic waves (microwaves)
in ice becomes non-negligible and the permittivity of the
medium has a rich structure that modifies the electro-
magnetic pulse spectrum in a substantial way which de-
pends on the properties of the ice and on the distance
from the observation point to the cascade. We shall not
address this issue here.

A. Monte Carlo details

We have developed a fast Monte Carlo program at-
tempting to take all previously described effects into con-
sideration to reproduce the features of the radiation for
the different frequencies in the fully coherent and par-
tially coherent regimes. The aim has been to introduce all
features that are thought relevant to the problem with-
out spurious complicated calculations that would slow
the time of execution and thus limit dramatically the
maximum incident particle energies that could be con-
sidered. With this in mind we have calculated the cross
sections for bremsstrahlung and pair production taking
the LPM effect into account both in the total cross sec-
tion as well as in the distributions for the fractions of
energy of the secondaries. We have also included low-

energy corrections for these processes according to Koch
and Motz [29]. When necessary, the results have been
parametrized to give suKciently accurate results for our
purposes. Interactions with atomic electrons are care-
fully put in for Compton, Bhabha, and Manlier scattering
as well as for positron annihilation in Aight. Multiple
scattering is implemented according to Moliere's theory
retaining the first two terms in his expansion, and, lastly,
ionization losses for electrons and positrons have been in-
cluded.

We have neglected the photoelectric effect which
should become significant in ice only for kinetic energies
well below 100 keV [30]. As will become clear from the
discussions in Secs. IV C and IV D, particles below about
100 keV (which happens to coincide with the Cerenkov
threshold for radio waves in ice, 106.6 keV) are not ex-
pected to contribute much to the electromagnetic pulse
generation. The omission is thus completely justified.

Particular care was taken in keeping close track of tim-
ing for each individual particle in the shower. Delays are
measured with respect to an ideal particle moving along
the shower axis at the speed of light. There are two main
sources of delays: part of the delay is associated with the
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particle velocities being smaller than c, while the remain-
ing delays are purely geometrical and arise because the
shower particles deviate from the direction of the shower
axis. Approximate account was taken of the time lag as-
sociated with multiple scattering. This was accomplished
by averaging over direction cosines at the end points of
the subsegments of the tracks as split in the Monte Carlo
for multiple scattering and ionization-loss calculations.
The maximum subsegment length is a small fraction of
the radiation length at high energies, and as the parti-
cle velocity is small it is worked out by splitting a crude
estimate of the particle range in several subsegments.

In the calculation of the electromagnetic pulse we have
made extensive use of Eq. (12), keeping the relative phase
factor for each particle that corresponds to its time delay
and geometrical position at the start point of the track.
In order to make use of this equation particle tracks were
approximated by straight lines between the end points
and the velocity assumed constant. We consider two end
points to each track corresponding to the point at which
the particle is created and an end point arbitrarily de-
fined when the particle reaches a Monte Carlo threshold
energy Eth. At the end point the particle is assumed
to be instantaneously absorbed and radiation emitted in
the absorption is neglected for the radiation pattern cal-
culation, The time delay bt for each track is then the
geometrical apparent time difference associated with the
space-time end points which depends on t, he direction of
observation.

B. Shower structure: comparison
with other calculations

As a means of checking our simulation and for the pur-
pose of comparison with other simulations of electromag-
netic showers, we briefly discuss the results for both the
longitudinal and transverse shower structure. We will

contrast them to established analytical approximations.
As a spinoff we will obtain differences in the depth dis-
tribution due to the LPM effects as well as differences
in the lateral structure due to the effect of atomic inter-
actions and nonconstant energy losses for electrons and
positrons. These effects are neglected in some of the ap-
proximations with which we compare our results. This
discussion will be helpful for understanding the complex
structure of the radiation pattern from showers generated
by high-energy particles interacting with matter.

Figures 1 and 2 show the longitudinal development of
the shower and it is compared to the results obtained un-
der Approximation B [15] of linear shower theory, which
solves approximate diffusion equations for the shower
with the full screening versions of the pair production
and bremsstrahlung cross sections and a constant term
for energy loss due to ionization. The results of the Monte
Carlo simulation are very close to the analytic calculation
for initial particle energies below 100 TeV. For showers
of primary energies of 1 PeV, ' there are observable dif-

'1 PeV is equal to 10 TeV= 10 eV.
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FIG. 1. Depth development of the total number of elec-
trons and positrons and the excess number of electrons for
1-, 10-, and 100-TeV electron-initiated showers. The Monte
Carlo threshold energy is 1 MeV. Depth is measured in radi-
ations lengths of ice. The dotted lines are the results in ap-
proximation B of shower theory [15] in the limit of E&h ~ m, .
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FIG. 2. Depth development of the total number of elec-
trons and positrons for 100-TeV, and 1- and 10-PeV electron
showers. DifFerent thresholds are shown for 100-TeV and 1-
PeV showers. Depth is measured in radiations lengths of ice.
The dashed lines are the results under approxima. tion B. The
result of approximation B for a 10-PeV shower is shown for
Eqh = 1 GeV (thin dashed line).

ferences with the analytic results plotted (Fig. 2). There
is a slight normalization diff'erence which can be related
to the fact that we have imposed an artificial thresh-
old in the Monte Carlo simulation. The threshold ef-
fect is shown for showers of Fo ——100 TeV and 1 PeV.
The difference in shape between the Monte Carlo and
approximation-B distributions is due to the LPM effect.
There is a shift in position of the maximum as well as a
broadening of the depth distributions. For 1-PeV show-
ers there is only a hint of an effect which becomes clearly
patent as the primary energy is increased to 10 PeV, in
agreement with previous calculations for water by Stanev
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611 keV). The radial distributions for three different shower
ages s are compared. Dashed lines are Greisen's parametriza-
tion.

et al [31] W. e have noted that both of these effects seem
more pronounced for particle energies around 25 MeV.
Both Figs. 1 and 2 give us a good idea of the large statis-
tical significance of the Monte Carlo results for a single
shower because of the extremely large number of low-
energy particles involved.

The results of the lateral distribution of the shower
agree considerably well with the approximate analytic
results obtained in the three-dimensional cascade the-
ory in Approximation B. Our results are measured in
Moliere units as defined in Sec. II C which correspond to
10.4 gcm 2 for a critical energy of 73 MeV. We have com-
pared our results with the parametrization from Greisen
[33] which is shown in Figs. 3 and 4. Figure 3 gives the
electron density distribution for a Eo ——10-TeV electron
shower, and Fig. 4 more conveniently shows the difference
between our results and those parametrized by Greisen
for a 100-TeV shower.

10000
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Total Track Length

Total Proje

Besides computing the electron and positrons distri-
butions in three spatial dimensions as well as time, the
Monte Carlo program also computes the "total track
length, " the "total projected track length, " and the
"weighted projected track sum" as defined in Sec. III C.

One of the most difficult choices in the Monte Carlo
simulation is selecting the appropriate value for Et,h.
Since the range of electrons drops very quickly as their
energy is lowered below about 1 MeV, the track length
can be expected to stop increasing as the energy thresh-
old Eth is lowered. On the other hand we can expect
to have to consider threshold energies below 1 MeV be-
cause there is an increasing number of particles being cre-
ated at lower energies and also because interactions with
atomic electrons become more relevant at lower energies
and thus the charge asymmetry in the shower rises. The
delicate competition between these two features which
have opposite effects determines the relevant threshold
for the Monte Carlo calculation below which particles do
not contribute. We have calculated the track lengths as
a function of Eth in an attempt to address this question.
The results (Fig. 5) are shown to scale very accurately
with the incident particle energy. Fluctuations in the
shower affect it in a minor way and they decrease for
cascades of larger energy because the number of parti-
cles in the shower gets exceedingly large. More than 50Fo
of the weighted projected track length is due to particles
with kinetic energies between 500 keV and about 6 MeV
indicating that, these particles have to be well accounted
for in the Monte Carlo program.

The small relevance of the LPM effect for the calcu-
lation of electromagnetic pulses generated by showers
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FIG. 4. Lateral electron+positron density for a 100 TeV
shower and a threshold of 611 keV. II is normalized by the
condition [14], j dr 2xrII = 1. The radial distributions for
four different shower ages s are compared. Dashed lines are
Greisen's parametrization.

FIG. 5. Shower track lengths for all charged particles in
1-, 10-, and 100-TeV electron showers as a function of the cal-
culational cutoff (Etk). The three sets of curves correspond
to (i) the sum of all track lengths (total track length), (ii) the
sum of all track lengths projected onto the shower axis (total
projected track length), and (iii) the difference of electron
and positron track lengths projected onto the shower axis
(weighted projected track sum). Several showers for 1 aud
10 TeV primaries are shown to illustrate the effect of fluctu-
ations. The track lengths have been divided by the energy of
the primary in TeV to display the scaling features.
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nitudes of the amplitude have been rescaled according to the
threshold used as explained in Sec. IV E.

In Fig. 13 we address the uncertainty in the calcu-
lation by plotting the angular distributions of 10-TeV
electron showers for four different h&lonte Carlo thresh-
olds. The results are reassuring since the main features
of the Cerenkov peak are clearly unaffected except for
a small overall renormalization factor. The differences
away from the Cerenkov angle become more significant-
t, hey are due to differences in the thresholds and shower
fluctuations. While the positions of the secondary and
higher order peaks vary slightly, the main features of the
diffraction pattern are always present.

Moreover the overall normalizat, ion differences agree
well with the ratio of the projected track lengths for the

cal purposes the threshold can be set higher and results
corrected for this normalization. This allows for the sim-

ulation of pulses generated by very high primary energies
if necessary.

In Figs. 14 and 15, we compare the Cerenkov peaks for

FIG. 15. Frequency spectrum of the electromagnetic
pulse. The figure isp aysfi d' l 1- 10- and 100-TeV showers for
different thresholds. The amplitudes have been divided by

tne energy oh of the primary in TeV and renorma ized according
to the threshold. The full curves correspond to observation

(dot-dashed) curve corresponds to observation . ' (90')v tion a.t 66.8' 90'
t,o the same axis.

different primary energies and different thres olds. We
have rescaled our results according to these factors for
each different threshold. The calculations then are very
consistent and the peak of the radiation is shown to scale
very well with energy. It is clear that the angular width
of the ulse for a fixed frequency is pretty independent
of the primary electron energy at least up to 10 e
1 PeV the peak is slightly narrower. The effect is small
and at least part of it is due to the fact that we have used
a slightly higher threshold.

The first minima, of the spectra at 1 GHz occur
around 5' away from the Cerenkov angle. If we simplify
the shower structure as a uniform lstrl ution o point
charges travellllg at, t, lie speed o,lg pht over a de tll D lt,

can be seen that the minima in the diffraction spectra
would be given by the condition

D (cos Hc —cos 0) = A = (I~)
nv

Five degrees away from the Cerenkov angle corresponds
to a depth of nearly 6 radiation lengths. We conclude
thus that they are mostly reflecting the longitu ina
structure of the shower maximum. p..e sha es of t, he

diffraction patterns are still pretty similar for differen

primary energies an d the magnitude of the electric field

at the peak scales accurately with it. The main difference
as the primary particle energy is increasased is the enhance-
ment of the Cerenkov peak as compared to radiation at
other angles. It is clear that this should be so since the
electric field should scale with Fo at the Cerenkov pea

tions from all the shower particles are no longer coherent.

F. Electromagnetic pulse: Fourier spectrum

Figure 15 (16) shows the magnitude (phase) of the fre-

quency spectrum of the electric field amplitude for obser-
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FIG. 16. Phase of the complex Fourier transform of the
electromagnetic pulse for 1-, 10-, and 100-TeV showers. The
set of curves of 10-TeV showers illustrates the effect of the
Monte Carlo threshold on this quantity.

vation at the Cerenkov angle, at 66.8' and at 90' to the
shower axis. In Fig. 15 we have superimposed the results
for different energies by plotting the ratio of the electric
field to the primary energy thus showing the energy scal-

ing features of the calculation. The normalization has
been corrected for Eqh as explained in the previous sec-
tion. At the Cerenkov angle (55.8') we observe the depar-
ture from linear scaling with energy at around 300 MHz.
At 1 GHz the obtained signal is 50'%%uo of the expected sig-

nal for full coherence using the projected track length as
obtained in the program. The spectrum peaks at around
3 GHz and it then dips in the range 10—30 GHz. At these
frequencies the features in the spectrum depend more on
both E&h and primary energy and are subject to larger
fluctuations.

The wavelength of the radiat, ion at the peak is of the
same order as the Moliere radius (11.5 cm). The trans-
verse shower structure causes destructive interference be-
tween particles at different positions in the shower front
and is the main cause of the onset of decoherence. The
position of the peak is in this sense "probing" the trans-
verse shower structure. This explains that the peak is

quite independent of the primary energy since the shower
lateral spread is known to be pretty insensitive to the ini-
tial electron energy too. At higher frequencies the parti-
cle delays start to play a more important role and the re-
sults become much more sensitive to the threshold. Fig-
ure 16 shows how the phase of the field transform also
loses reproducibility above 10 GHz, and it shows how
the particles below 4 MeV play an important role in the
phase above 1 GHz.

The three coherence regions described in Sec. III can
be seen from Fig. 15 too. Below 300 MeV the electric field
rises linearly with Fp, it corresponds to the fully coherent
regime. For an observer whose line of sight forms the
Cerenkov angle with the shower axis, the region of partial

l

G. Practical results

It should be possible to reconstruct the nature of the
pulse by undoing the transform using the results of the
modulus shown in Figs. 9—15 and the phase in Fig. 16.
The cutoff of the spectrum is provided by the absorption
properties of the ice, which are well understood. The
nice scaling properties of the quantities relevant for pulse
calculations allow us to express the results in convenient
parametrized form, at least in some regions, which may
help simplify further calculations of both reconstruction
and transmission of pulses and their detectability, which
will not be addressed here.

The track lengths for a kinetic energy threshold of
100 keV are (Ep in TeV)

total track length = (6423 + 1)Ep m, (17)

total projected track length = (5174 + 3)Ep m, (18)

weighted projected track sum = (13006 10)Ep m. (19)
Rough statistical errors are given as an indication of
Monte Carlo fluctuations. Approximations made for the
cross sections will of course add larger systematic errors.

The results of the electromagnetic spectrum at the
Cerenkov angle to the shower axis can be parametrized
very well in the region below 1 GHz by the expression

coherence lies in between 300 MHz and about 10 GHz.
The erratic behavior above 10 GHz hints at the onset of
the incoherent region in which the field is proportional to
~Ep. In this region there is still sor .e angular structure
but the emission is mostly incoherent. The inner part
of the shower or core still contributes coherently but the
size of the "coherent disc" reduces as the frequency is
1' alse d.

At different observation angles the onset of destructive
interference starts at lower frequencies; this is in fact to
be expected because away from the Cerenkov angle differ-
ent stages in the longitudinal development of the shower
interfere. Again, assuming a uniform charge distribution
along eight radiation lengths, the condition in Eq. (16)
would give us a minimum at around 300 GeV for obser-
vation at 66.8' and at about 100 GHz for observation at
90'. This is pretty close to what Fig. 15 displays —a sud-

den cutoff at around these values. Figure 15 may hint at
what may be the only modification due to the LPM ef-

fect: away from the Cerenkov angle the drop in frequency
starts sooner for more energetic showers. According to
our simple picture this corresponds to a larger effective
shower, i.e., a broader shower maximum which is known

to happen because of the I,PM effect [31]; see Fig. 2. In
the angular distribution of the electric field amplitude it
shows as a slight narrowing of the peaks (Fig. 14). If
this is the case it may be expected to become more pro-
nounced for 10-PeV showers and above.

RiE(cu, R, go)i = 1.1 x 10 — V MHz
1 TeV vp 1+0.4(v/vp)

(2o)
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Here vo 500 MHz. We have included our parametriza-
tion in Fig. 15, where it can be seen that this expression
also works pretty well up to 10 GHz, although the uncer-
tainty and the fluctuations at 10 GHz can vary up to a
factor of 2. This part of the spectrum is however starting
to get absorbed in ice, and the pulse details should not
be very sensitive to this uncertainty in the spectrum.

The angular half-wid th of the pulse around the
Cerenkov angle can be parametrized by a Gaussian peak:

2
1 8 —0~

E(~, R, 8) = E(~, R, Ho )exp
2 60 (21)

with 60 2.4' vp/v.
With this simple parametrization the po~er in the elec-

tromagnetic pulse can be calculated using Eq. (9) to be
mostly determined by the maximum frequency consid-
ered in the spectrum. As an example the energy below 1

GHZ ls
W % 2

W 45x10 '" — erg. (22)

We can as a cross-check estimate the power from the ex-
cess charge in the shower peaks of the depth distributions
of Fig. 1. The excess number of electrons is 220[Ep
(TeV)]2 electrons over 8 radiation lengths at the shower
maximum. According to Eq. (14) the power emitted is

thus

(23)

V. NEUTRINO DETECTION

The agreement is good considering that Eq. (14) does not
take into account diffractive effects as well as some de-
structive interferences between the particles in the shower
front. Our estimate of the power is now actually some-
what larger than previous estimates [35], contrary to our
previous result in Ref. [36]. The power in the signal
is however very sensitive to the upper frequency cutoff
which is determined by local absorption. We will avoid

power estimates in the threshold calculation of the next
section.

ble internal reflection of radio signals on the ice-firn-air
interfaces or the differentiation of the background from
downcoming air showers and other backgrounds which

may make this idea impracticable [2].
We can estimate the threshold energy for the elec-

tromagnetic shower produced by an electron-neutrino
charged-current interaction as a function of distance to
the cascade using the results of our calculation. We trans-
form Allan's adapted noise spectrum [11] for a 1-MHz
bandwidth receiver to a 1-GHz bandwidth by scaling it
down by a factor /1000 to account for the bandwidth
dependence of both the noise and the pulse amplitude.
We shall consider detectable a pulse whose Fourier spec-
trum at 1 GHz is above the 300-1& thermal equivalent
as has been suggested by some experiments [37]. This
condition would approximately give us the condition of
detectability to be [36]

E,h (PeV) = 4R (km). (24)

The actual neutrino threshold is higher because the av-
erage fraction of momentum of the electron in a charged-
current interaction is smaller than 1. It has been calcu-
lated by Quigg ef al. [38] to approximately increase log-
arithmically with incoming (anti)neutrino energy from
(0.67 to 0.8) 0.5 to 0.8 in the range of energies (1—
10 ] TeV. Taking this into account the detection energy
threshold at 1 km is close to 5 PeV for both neutrino
and antineutrinos. This is a very high threshold. Exist-
ing experiments already set limits on high neutrino fluxes
which imply extremely low event rates above 5 PeV [39].

These results are order-of-magnitude estimates since
they depend critically on the detector parameters. The
300-I& noise guess may be improved by parametric ampli-
fiers, arrays of antennas, or helium cooling resulting in a
significant reduction of the detector e%ciencies for radio-
wave quanta. The possibilities of such arrangements are
complicated, their cost will certainly be much higher than
simple dipole antennas, and they would have to be proven
experimentally. We hope however that the efFiciency of
such arrangements for neutrino detection can be studied
in detail with the help of this work.

The idea of detecting high-energy cosmic rays by look-

ing for the electromagnetic pulse of the showers they pro-
duce in dense media is over 30 years old now [9]. It has
been recently suggested [10] as a cost-effective means of
detecting neutrinos in ice by using the South Pole as
a massive detector for upcoming pulses from charged-
current interactions of neutrinos that have traversed the
Earth from the other side. The low microwave absorption
coe%cient of ice at low temperatures and its availability
at the South Pole made this site, where some experiments
have already been performed [35], particularly attractive.

The viability of these experiments is very dependent on
the precise conditions of the absorption in the ice and the
background noise of the sites, which have to be well mea-
sured before accurate calculations of the energy thresh-
olds for neutrino detection are made. We do not want
to address further experimental problems such as possi-

VI. CONCLUSIONS

We have developed a fast Monte Carlo program to sim-

ulate the three-dimensional shower structure induced by
ultrahigh-energy particles interacting in a dense homo-
geneous medium. We have carefully checked our pro-
gram by comparing our results to other existing calcu-
lations and theoretical results. The agreement is good,
thus adding to the reliability of our program, although
we are not aware of Monte Carlo simulations covering
such a large range of energies. We have implemented
timing and the capability to calculate all features of the
spectrum of the electromagnetic radio pulse generated by
such showers.

We have subsequently calculated in detail the spec-
trum and angular distributions of the electromagnetic



45 ELECTROMAGNETIC PULSES FROM HIGH-ENERGY. . . 375

pulses induced by high-energy electron showers in ice.
The results show a wealth of information that is of rele-
vance for proposed experiments to detect charged-current;
neutrino interactions in the ice cap of Antarctica. We
have estimated the energy thresholds for incident neutri-
nos by requiring a signal of equal amplitude to a 300-K
equivalent thermal background spectrum corresponding
to a 1-GHz bandwidth detector. Our calculation roughly
agrees with previous estimates while providing lots of ad-
ditional information.

Unfortunately our threshold estimate for the neutrino
energy is far too high to make this mechanism a cost-
eKcient detector for the low neutrino fluxes expected at
high energies. To sample 1 km in depth, a 5-PeV neu-
trino is anticipated and the existing limits on high energy

neutrinos imply very low event rates unless detectors of
area much larger than 1 km~ are considered.
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