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Summary. — The influence of the geomaguetic field on EAS radio emis-
gion is analysed by simulating with a three-dimensional Monte Carlo the
development of an e.m. cascade in the earth’s magnetic field taking full
account of Coulomb scattering. We compute for vertical showers at
various heights the dipole moment B, the transverse current J, together
with the negative charge excess . A discussion of the radiation field
shows that the geomagnetic effect is appreciably less than previously esti
mated and depends on frequency. The polarization of the oebserved signal
decreases markedly with increasing frequency, which seems to agree with
experimental data.

1. — Introduction.

The polarization of coherent radio signals associated with extensive air
showers (BAS) is an open problem both on observational and theoretical grounds.
Various mechanisms have been suggested for the origin of the coherent
emission observed (¥¥°) from FAS. According to ASKARYAN (1+1%) it should

M J. V. Jeriry, J. H. Fruiv, N. A. Porrer, T. C. WeEkEs, F. G. Smrta and
R. A. PorTER: Nature, 205, 327 (1965).

(?) N. A. PorTER, C. D. LoNg, B. McBreeN, D. J. B. MurNacHAN and T. C.
WEeEKES: Phys. Rev. Lett., 19, 415 (1965).

() J. V. JerLey, N. CHarmaN, J. H. FruiN, S. Grapam Svite, N. A. PORTER,
R. A. PorTtER, B. MCBREEN and J. C. WEEKES: Nuovo Cimento, 46 A, 649 (1966).

() I. A. Borskovsky, V. D. Vorovik, V. I. Kopizskoy and E. 3. SHMATKO:
Sov. Phys. JETP Lett., 8, 118 (1966).

() H. R. A11aN, J. K. Joxus, K. P. Near and R. W. Cray: in Bi-Annual News-

373



374 C. CASTAGNOLI, G. SILVESTRO, P. PICCHI and G. VERRI

come from an electron excess in the shower front, the enhancement factor with
respect to incoherent radiation being I, /I, .. ~ &*N, where ¢ = 2(N~— N*t)/N
is the fractionary charge excess, N~, N*, N are the number of electrons and
positrons and the total number of particles in the EAS. The radiation from
the charge excess is radially polarized as the ordinary Cerenkov radiation.

According to Kaun and LercHE (*%), instead, the HAS radio emission is
mainly due to the charge separation in the earth’s magnetic field, which induces
a polarization and a transverse current in the shower front. They estimate a
signal from the geomagnetic effect about one order of magnitude larger than
from the excess charge, the radiation being almost completely polarized in the
E-W direction, and the energy received on the ground per unit area per unit
band width I(v)~ 92

Our purpose is to investigate the polarization, by evaluating at various
heights the quantities relevant to the radio emission (the negative excess e,
the dipole moment M, the transverse current J), and taking into consideration
not only the geomagnetic deflection but also Coulomb scattering, which was
disregarded previously. An analytic treatment of the EAS development in
the geomagnetic field, though limited to the electromagnetic cascade, would
be a heavy task, and we shall use an accurate Monte Carlo technique. Our
results (Sect. 2) give a charge excess lower than estimated by ASKARYAN, and
a substantial decrease in the geomagnetic effect with respect to the Kahn
and Lerche estimate. A discussion of the radiation field (Sect. 3) yields the
frequency dependence of the signal from the two mechanisms, from which we
estimate the polarization to be expected at the various frequencies, which is
shown to be in agreement with experimental data (Sect. 4).

2. — Caleulation, results and discussion of EAS parameters.

Our calculation is a tridimensional Monte Carlo (the magnetic field suppres-
ses the axial symmetry of the cascade) in approximation B. The cascade devel-
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ops along the z-axis, the magnetic deviation is in the 2-direction. The computer
follows each particle, taking into account the cascade processes (bremsstrahlung,
pair production, multiple scattering and ionization energy loss) together with et
annihilation, and evaluates the magnetic displacement for each particle in the
path between two radiation processes.

The well-known formulae (*4) are used for the collision energy loss of elec-
trons with energy E > me?. Radiation and pair production processes are
treated with the complete screening cross-sections of BETHE and HEITLER (%),
assuming a minimum value v == 10-% for the photon fractionary energy in ra-
diation processes, below which limit radiation loss is considered continuous.
The angular distribution of the particles from these processes is given by
Bethe’s approximate formulae (*¢). The usual Moliére’s relation (1) is assumed
for the distribution of the scattering angle @ in multiple-scattering processes.

The particles are assigned an index I according to the order of production,
and an index 7= -+1, —1 is given to e™ and e-, respectively. The particle
with the highest 7 is followed, memorizing all quantities relative to secondary
branches: whenever this particle reaches one of the three reference heights,
the computer memorizes its energy H, the position x, y, the polar angles 0, ¢
of the velocity (the particle is discarded when its energy falls below the Cerenkov
threshold F,(h)). Then the procedure starts over again with the (I —1)-th
particle. The calculation is concluded when all’ branches have been fol-
lowed (I=0).

Vertical showers are simulated, originated by y-rays with energy B, = 10,
103, 104 eV, at the height 7= 15 km above sea level (the zenith angle distri-
bution of EAS can be written (**) as £ (f)~cos"f, with n~6 at sea level,
therefore a large majority of the radio showers striking the apparatus are
about vertical). The horizontal component of the geomagnetic field is (**)
B =0.31cos A &, where 1 is the geomagnetic latitude: we assume in our cal-
culation B, = 0.3 G. Appendix I gives the formulae for magnetic deviation
and e+ annihilation. /

For each energy we obtain, at h =5, 6, 8 km, the total number N of par-
ticles with energy above the Cerenkov threshold E,(h), the number N~y N+t
of electrons and positrons, the fractionary charge excess ¢, the mean sepa-
ration 4 of electrons and positrons in the E-W direction, the dipole moment

M= e(} ot —> a’cf) = ¢N/, the total current J, = ¢ (z vF—> v;) and J, in

e” e
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the B-W and N-S directions, the mean transverse velocities v, and v,. These
quantities are computed also in & series of rings about the axis of the shower.

The results have been favourably checked by comparing with the theoretical
curves for the electromagnetic cascade given by SNYDER (*°), and the lateral
distribution of GREISEN (2!) and NISHIMURA-KAMATA (22). Figure 1 shows our
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Fig. 1. — Lateral distribution of the particles in the e.m. cascade. The solid curve gives

the fraction of particles within the distances r from the axis according to Greisen’s

lateral distribution function (formula (1), with = 29.4m). The points are our Monte
Carlo results at H,=10eV, h=5km.

Monte Carlo results at E,=10'*eV, h=>5km, for the fraction of particles
within a distance r from the axis, together with the theoretical curves given
by the authors. One can see that our results are beautifully fitted by the
lateral distribution given by GREISEN,

_ 0.4N {7\~ [p —3.25 r/r
1) n(r) dr = 2ar p (Z) (;:1 + 1) (1 - 11.4) dr,

when one assumes 7, = 29.4 m (our distribution refers to particles with E > ).

Table I gives at the three heights considered the values of ¢, 4, v, for the
different shower energies.

The excess negative charge in EAS results from et annihilation, and the ad-
dition to the cascade of electrons from knock-on and Compton processes:
g=¢&,, + &, + &y,- ASKARYAN (1) assumed e=¢, and evaluated & ~~0.1; he
performed the calculation at the positron mean energy (E*> = 100 MeV, by

(%) H. S. SNYDER: Phys. Rev., 76, 1563 (1949).
(#'y K. GREISEN: Ann. Rev. Nuecl. Sei., 10, 63 (1960).
(2%) J. Nismmmura and K. Kamara: Progr. Theor. Phys., T, 185 (1952).
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TaBLE I.
s i I
| , B, =10 eV B, =10 ¢V | B, =10% oV
Y -
(km)| l 4 % . i 4 I l 4 l A
1 (m) | (mfs) L (m) | (mfs) (m) | (mly)
o ! | | |
5 0.046 | 1.19 | 1.26-10% | 0.024 \ 4.39 | 2.42-10% | 0.010 ] 4.14 l 2.26-108
6 0.022 | 2.09 | 1.68-10°% | 0.035 i 4.49 | 2.13-10¢ , 0.017 | 4.37 | 2.16-10¢ |
8 0.013 | 2.34 | 1.28-10¢ | 0.015 | 5.32 l 2.08-108 _ 0.049 { 4.95 | 2.25-10%

comparing the annihilation lifetime 7,, with the radiation lifetime 7,,,~ I e
But the lower-energy particles, which should give the main contribution to
the charge excess (o, ~1/F), lose energy very fast in collision processes, and
have no time to annihilate before going under the Cerenkov threshold.

We caleulated ¢, with our Monte Carlo and assumed g, + &, = 2¢,, ac-
cording to the results of GUZHAVIN et al. (2%). Our results averaged over I,
and % (Table I shows that £, is substantially independent, apart from fluctua-
tions, of these quantities) give &, — 2.5-107?, in agreement with Guzhavin’s cal-
culation. We obtain thus finally for the total charge excess &== (7 4 1)-107%

Figure 2 shows our Monte Carlo results for the net charge within the dis-
tance r, normalized to the total number of particles N and averaged over E,
and h, from which we can obtain an empirical formula for the radial dependence

2
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Fig. 2. — The net charge N¥(< r)|N=(N~(< 7)— N*(< r))/N within the distance r from
the axis. The points are our Monte Carlo results averaged over I and B, the solid line
is from the empirical function (2) (see text).

(**) V. V. GuznaviN, 1. P. IVANENKO and A. E. Levitin: Can. Journ. Phys., 46.
209 (1968).
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of the excess charge,
(2) w*(ry = Je(r)n(r) = a- 104NV ,

with @ = 7.5, 2.25, 0.60, 0 when #(m)= 0--20, 20100, 100--150, > 150.

Due to the difficulty of our Monte Carlo (each shower particle is followed
in the program) we could not go beyond E, = 10'*eV. In the range of ener-
gies considered, the mean displacement and mean velocity v, are reasonably
independent of E,. The pionization--isobar model for nueleon-nucleon in-
teractions at high energy (*¢) gives a maximum energy K, in the laboratory
frame for the y-rays from the isobar’s neutral pions which is about 3 %, of the
energy K, of the incident nucleon. The energy range F.,= (10'*--10')eV
for our electromagnetic cascades corresponds thus to EAS energies up to
By~101 V.

The influence of the geomagnetic field should depend essentially on the
energetic and lateral distribution of the shower particles, and it is well known
(see for instance (21)) that the energy spectrum of the BAS particles has been
found to be remarkably independent of the size of the shower and the elevation,
while the lateral distribution of the electromagnetic component (which alone
contributes to the radio emission) is well represented by relation (1) (with a
suitable value of r,) for showers of size ranging from 2-10° to 2-10° charged
particles, at elevations from sea level to 5200 m, and distances from the shower
axis running up to 1500 m. We conclude our Monte Carlo results can be reason-
ably applied to typical radio showers, with energy (105--101") eV.

One sees A increases with height, due to the reduced importance of Coulomb
scattering and the longer mean free path of particle interactions. The depend-
ence of ¥, on h is very weak: indeed v,~ t/E, where 7~ exp [h] is the mean
time interval between two interactions, and the increase in v goes together with
an increase in K, while A4 depends quadratically on 7, A~ 72/E.

Figure 3 shows the strong dependence of 7, (averaged over K, and h) on
the distance 7 from the axis (the uncertainty is assumed to be +7,, contributed
by Coulomb scattering): ¥, goes to zero at r — 0, and increases about line-
arly with » $ill #~100 m. The lateral velocity distribution from our results
can be represented with the empirical function

105 (m/s) when r <100 m ,
(3) 0u(1) =
107 (m/s) when 7>>100m .

The average over K, h and r is ¥,== (2.01-10°) m/s, while at B, = 0.3 G
the Kahn and Lerche value is (v,)g,= 8-10°m/s. The mean separation is
reduced by almost the same factor, being A = 14.2 m.

(2t) Y. Pav and B. Perers: Mal. Fys. Medd., 83, n. 15 (1964).
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Fig. 3. — The mean transverse velocity 7, in the E-W direction at h=5km. The

uncertainty reported is --7,, the mean transverse velocity in the N.8 direction. The

dashed line is the empirical analytic approximation (3), the —.—.— line is the: Kahn
and Lerche value at B=0.3G. o E,=1013eV; o E,=10"eV.

3. — The radiation field.

A gimplified evaluation of the radiation field can be given at distances B
from the axis greater than the radius of the dise of charges (such that n(R) ~ 0},
by phase mixing the contribution from the various rings. We compare first
the current and space charge fields.

The Fourier components, with. wave number k = 2smujc. of the electric
fields from: the space charge F, and current ¥, at a distance E from the axis
are found by integrating over the disc the relations given by KAnN and LERCHE
for the radiation from one ring: ,

B

(4) E,(R)= —-iimoceﬂgv'('kazz) f To(or)m(rye(r) dr ,
(5) E.(R) = —12‘-2 H;li(kaR) j Jo(kor)n(r)v(r) dr

0

where. (J,) and H, (*) are the Bessel function of the first kind and the Hankel
function.
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Equations (4) and (5) have been integrated numerically at various fre-
quencies for k= 5 km, with the lateral distribution n(r) given by (1), the charge
distribution (2) and the velocity distribution (3). Figure 4 shows the results
of our computations. When full coherence holds, we have

v 1

C e

(1) i
HO

E,
'’
HO

[
A

with |H®'/H®| ~ 1. Since v=2-10°m/fs, ¢= 0.07, we have K . H,=8:1,
to be compared with a ratio 16:1 estimated by KAHN and LmrcHE. The geo-
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Fig. 4. ~ The electric field of the radiation from the transverse current B, and space
charge F, at various frequencies, in arbitrary units (solid lines). The dashed line gives
the ratio E,[/H,.

magnetic effect prevails over the excess charge radiation, but it is less and less
important the higher the frequency; the total intensity is a decreasing func-
tion of frequency above ~ 40 MHz, and the degree of polarization decreases
with increasing frequency.

The dipole field turns out to be less than the current field by a large factor
(~ 5, slightly dependent on the height considered).

We assumed the dise of charges to be thin, which is reasonably correct
when one deals with frequencies <100 MHz. A Monte Carlo computation of the
arrival-time distribution for the electromagnetic component of the EAS (2%)
has shown the shower thickness is <2 m up to large distances from the axis.
A calculation (%¢), by means of the diffusion equations in approximation 4,

(%) M. A. Loccr, P. Piccur and G. VERRI: Nuovo Cimento, 50 A, 384 (1967).
(26) G. Bosta and G. NAvARRA: Nuove Cimento 62 B, 301 (1969)
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of the temporal distribution of electrong in EAS resulting from Coulomb secat-
tering gives a thickness of the shower front for the mean energy of the shower
electrons ~1.5 m, in agreement with experimental results, only slightly de-
pendent on the shower ¢ age» and the primary energy.

4. — Comparison with experimental data.

Coherent radio signals from EAS are now being detected at frequencies from
12 to 90 MHz (1), Let us discuss the experimental data, namely the depen-
dence of the radiated power on shower size, on the distance R from the shower
axis; the frequency Spectrum I(v), and the signal polarization, as to their rele-
vance for the emission mechanism.

Measurements at Haverah Park (°) and Moscow () are compatible with a
proportionality between pulse amplitude and primary energy K, as is expected
for coherent radiation, and the radial dependence has been seen (°) to be ~ 1/R,
But the radiation from charge excess and charge separation has the same de-
pendence on the gshower size, as relations (4) and (6) show, while the radial
dependence is given by HP(kaR) and H® (kxR), and HY ~H® when
koeR =1,

The frequency spectrum of the radio signal has been investigated at
Haverah Park (°) and Chacaltaya ("); the signal amplitude was seen to
diminish with increasing frequency in the region (32--60) MHz. This agrees
with our results, according to which coherence soon begins being lost at the
outer rings, which give, according to (3), a large contribution to the current
radiation.

The parameter suitable for experimentally investigating the relative im-
portance of the two radiation mechanisms is the signal polarization, which
has been estimated by comparing counting rates and pulse amplitudes for
antennae oriented BE-W from showers travelling along or across the geo-
magnetic field lines, and counting rates for antennae oriented E-W and N-8.
A measurement performed at Jodrell Bank (*) has given no evidence for a
geomagnetic effect, while the Moscow results () at 30.2 MHz are more con-
sistent with a linear polarization of the signal according to Kahn and Lerche’s
prediction. At Calgary (*), the pulse amplitude from EAS travelling perpen-
dicular to the Earth’s magnetic field has been seen to be twice as large, on
the average, as that from BAS travelling along. At Haverah Park (°) the relative
numbers of radio showers, detected by antennae oriented E-W, eoming from
the north and south have been 73:27 at 32 MHz and 33:27 at 44 MHz. These
ratios are lower than the ratio H,:B,=17.8 and 7 at the two frequencies from
our caleculations. The geomagnetic field at Haverah Park is less than our. value
B, = 0.3 G, and also the experimental ratios do not represent the field ratios,
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because the current radiation can contribute to the gignal from the antenna
pointed due south, by an amount not easy to evaluate, but the results at the
two frequencies, using similar method and apparatus, show that the polarization
indeed decreases with increasing frequency in agreement with our predictions.

A polarization experiment has been recently performed at Chacaltaya (1)
in the frequency band (50--70) MHz, with antenna systems oriented EW
and NS pointing at the zenith. The. geomagnetic field is nearly horizontal
at Chacaltaya, and this gives good symmetry conditions. The relative counting
rateés at the two orientations have been 23:7, which, although statistically
limited, agrees well.with our ratio E,:E, at this frequency band.

In conclusion, our ‘analysis of the EAS development in the geomagnetic
field, which takes Coulomb scattering explicitly into consideration, and gives
a more accurate evaluation of the negative excess due to et annihilation, shows
.that the geomagnetic mechanism is significant, but its importance isreduced com-
pared with previous estimates, and decreases with increasing frequency, which
seems to agree with experimental results. The best operating frequencies for
detecting BAS by their radio emission seem to lie in the range (30--50) MHz,
and the polarization can be best seen at ‘the lowest frequencies.

® ok %

~ The authors are'gr&ﬂeful to Prof. M. AcEno, head of the Phys’ies'Labdmtory
at the Istituto Superiore di Sanitd, for granting the use of the IBM 7040
computer. ‘

APPENDIX

The cascade develops along the z-axis. At 1=10 the particle is at (@o, Yo, 20)
‘with velocity v = vo= (Vss; VuosVs0)- In the geomagnetic fleld B-=-= Bj the ve-
Toeity “(v A~ ¢) varies with time according to :

0,(t) = v cos (wgt + «) ,
(A1) 0,(t) = v,0== const , == cos™ (Vgo/V) = 8D (= V20[?)
0,(t) = £ v, sin(ogt +a),
where the tdpper sign holds for positrons; wg== eB | [yme= (8.98-108B,)/E is

the Larmor frequency (B in G, ¥ in MeV, v in cm/fs). The particle travels
o distance [ -in the time ¢as-Ljc bétween two radiation processes, it mag-
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netic displacements along z, Az'™ = z(t) — v,et, is

(A.2) Agtm) — U—f— sind cos plwrt —sinwgt) 4+ cos (1 — cos wyt) ,
L

where 0, ¢ are the polar angles of the velocity vector at t= 0, the z-axis being
the polar axis and ¢ being measured from the positive x-axis. The polar angles
of the final velocity are given by

cosf(t) = %vz(t) , cosp(t) = v,(t)/esinb(z) ,
sin 0(t) = 1;[v?g(t) + 03], sin @(t) = v,(t)/e sin 6(t) .

The magnetic deviation is evaluated at an energy E=}(H,+E,), E, and
E, being the initial and final energy along the path L, then added to the
geometrical displacement plus that contributed by Coulomb scattering to have
the final position of the particle.

The mean values 7,, 5, are evaluated for electrons and positrons in a series
of rings about the axis at the three reference heights. The current in the
k-th ring is

I = e(ny v¥ — 0z 07),

IE = e(ni vf —nzvy) ,

where ni, n; are the number of et, e~ with E> E.(k) in the ring.

The annihilation cross-section for positrons in flight with E > me? is
Gonn == 0rg(me® [ E) In (2E/me*). A beam of posifrons which goes through matter
is attenuated according to N(x)= N exp[—7w], where 7= A (Z]A)00 =
= 3.003-102%gg,,, (cmn~?) in air. The computer evaluates at each path the
survival probability for the positron after travelling the distance x:

913 —1
Wao-aon = €XP [_3'829'10_29 In (3.9139 F) w]

E

with F in MeV, ¢ in g/cms3.

RIASSUNTO

Si analizza l'effetto del campo geomagnetico sull’emissione radio degli EAS simu-
lando con un Monte Carlo tridimensionale, in cui si tiene conto dello scattering coulom-
biano, lo sviluppo di cascate e.m. nel campo magnetico terrestre. Il calecolo di a varie
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altezze per sciami verticali il momento di dipolo M, la corrente trasversale J e l'eccesso
di carica negativa e. Una discussione del campo di radiazione mostra che l'effetto geo-
magnetico & sensibilmente minoxe di quanto stimato in precedenza ed & funzione della
frequenza. La polarizzazione del segnale osservato diminuisce al crescere della frequenza,
in accordo con i dati di osservazione.

O 1oApH3ANEHE KOTEPeNTHLIX PaJIHO-CHTHANOB OT EAS.

Pestome (). — AHanmsupyeTcs BIMSHWC T€OMArHATHOTO IIOJIS Ha paaro-w3IIydeHue
EAS, Momenupys TpeXMepHOe pasBUTHE IO Moure-Kapno ais .M. KaCkala B MariuTHOM
foje 3eMIIH, YIHTHIBas IOTHOCTEIO KYIOHOBCKOE DACCCsHUC. MEL BRMECTSEM AN BEp-
THKAJbHBIX ITTEBHE NPU DPA3NMYHBIX BHICOTAX IUIIONBHBIM MOMEHT M, nomepevHbIA
Tok J, BMecTe ¢ M30BITKOM OTPHLATCABHOTO 3apsiia é&. PaccMoTpenne pamialuioOHBOTO
OIS TOKA3EIBAET, YTO TEOMATHHTHBEIM 5(QdexT 3HaYHTEeIBHO MEHbIUE, deM HpeaBapu-
TebHBE OLEHKY, ¥ 3aBUCHT OT 4acToTel. llomspusanusd HAOIIONEHHOr0 CUIHAJIA 3aMETHO
YMEHBIIAETCA C YBENMICHHEM YACTOTBHI, YTO, MOBMAMMOMY, COITIACYCTCA © JKCIICPUMEH-
TAIbHBIMA ITAHHBIMH.

(*) Iepesedeno pedaryueil.

C. CASTAGNOLI, ¢ al.

11 Settembre 1969
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