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Abstract

Absorbed radiation doses produced by 500, 1.000 and 10.000 MeV
eleciron initiated electromagnetic showers in air have been calcy-
lated using a Monte Carlo program. The radial distributions of the
absorbed dose near to the shower axis are found Lo be significantly
narrower than predicted by simple analytical shower theory. Fora
500 MeV, 10 kA, 100 ns electron bearm pulse, the region in which the
total dose is in excess of 1 krad and the dose rate in excess of 1010
rad/s is a cigar-shaped envelope of radius t m and length 200 m.

Zusammenfassung

Strahlunpsdosen im Bereich der Achsen von hechenergetischen
Luftschauvern

Mit einem Monte-Carlo-Programm wurden die von slektroma-
gnetischen Lullschauvern erzeugten Strahlungsdosen berechnet,
die von Elektronen der Energien 500, 1000, und 10000 MeV ausge-
last werden. Die lateralen Dichteverteilungen der absorbierten
Dosen sind in der Nihe der Schauerachse deutlich héher als die
¢infache snalytische Theorie aussagt. Bei StromsiéBen mit Elek-
tronen der Energie 500 MeV pro Teilchen von 10 kA Stromstirke
und 100 ns Zeitdaver besitzt der Raumbereich, in dem die Gesamt-
dosis | krad und die Dosisleistung 10" rad/s ubersteigt, die
Gestalt einer langgesireckten Zigarre von | m Radius und 200 m
Linge.
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1. Introduction

When a high energy electron passes through air it initiates
a cascade of electrons, positrons, and photons: an elec-
tromagnetic shower, The radia! and longitudinai distribu-
tions describing the energy deposition within such show-
ers are of interest to cosmic ray, particle, and accelerator
physicists involved in the design of detectors or shielding.
Detailed knowledge of these shower distributions near the
shower axis is becoming increasingly important with the
development of a new generation of high current electron
accelerators, Many machines already exist 111 accelerat-
ing electrons to energies of a few MeV with currents of
1 kA to I MA. Such accelerators are currently in use for
laser pumping, flash X-ray radiography, neutron burst
production, electron beam fusion experiments, and the
simulation of various nuclear weapons effects 121, This
technology is now being extended and the next generation
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of high current electron accelerators is expected to pro-
duce electron beams of much higher energies. One exam-
ple is a machine which is being built specifically to
investigate the propagation of high intensity electron
beams in air, and therefore to determine the feasibility of
particle beam weapons. This machine, a 10 kA, 50 MeV
electron linac, is under construction in the USA [3] and it
has been suggested (4] that machines producing 250 kA
pulses of 400 MeV electrons are on the design horizon. The
electromagnetic pulse (EMP) effect of beams with currents
and energies in this range have already been calculated
[4; 51. The electromagnetic shower calculations presented
in this paper provide estimates for the total radiation dose
and average radiation dose rate in the immediate vicinity
of a high energy electron beam. For targets such as
electronic equipment or living tissue, this is important for
assessing the lethality of a high energy electron beam
weapon.

In this paper the electrons are treated as independent
particles. This is true for low current density beams or for
single-event applications. For more intense beams, how-
ever, the coileclive behaviour of the electrons within the
beam becomes impertand, the radial profiles are pinched,
and the radial spread of the energy deposition presented
here should be treated as an upper limit.

In Section 2 of this paper we briefly cutline the concepis of
simple electromagnetic shower theory, and in Section 3
we discuss the energy deposition in terms of the absorbed
radiation dose. We have used & Monte Carlo program to
calculate the absorbed radiation doses produced by 500,
1000 and 10000 MeV electron induced electromagnetic
showers in air. The details of this Monte Carlo calculation
are described in Section 4. Our calculation extends down
to radial distances much smaller than the proper scale
length for the lateral development of the shower, the so
called “Moliére length”. The resuits of the calculation are
presented in Section 5 and the main results summerized
in Section &.

2. An cuiline of simple electromagnetic shower theory

The development of an electromagnetic shower involves
many complex processes. Several large Monte Carlo pro-
grams have been written Lo facilitate the detailed study of
shower development, the particles within the cascade
being foliowed down to very low energies. However, such
studies tend to be expensive in terms of computer time,
particularly at higher energies where a large number of
particies participate in the shower. Fortunately, at these
higher energies it is possible to make several simplifica-
tions and a number of analytical models I8! have been
constructed. The framework and main assumptions of
such models are outlined in the following paragraphs.
The energy loss of a charged particle passing through
madtter can be written as:

E = E B )X, (1)
where E/X, is the term arising from photon emission by
bremsstrahlung in a material of radiation length X,andE,
accounts for the continuous energy loss by ionization. At
high energies the energy loss by ionization depends only
weakly upon the particles” energy. Therefore, the term g,
is often replaced by a constant, called the “critical enargy”,

- which is the jonization energy lost by an electron during its

passage through one radiation length of material.
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In simple one-dimensional shower theory the lateral
development of the shower is neglected and the only
photon interaction taken into account is the pair creation
process. The primary electron’s energy is therefore
shared amongst an increasing number of photons, elec-
trons, and positrons whose mean energy decreases as the
shower grows. Using such a model, it can be shown that
the number of shower particles reaches a maximum at
some depth which in the case of the secondary electrons is
given by I81:

_ E
Zpax = Xo (In (Ezy -1 (23

where E, is the initial energy of the primary electron.

In three-dimensional analytical shower theory the lateral
spread of the shower must be accounted for. The lateral
diffusion due to multiple Coulomb scaitering of an elec-
tron of energy E passing through a thin layer of material of
thickness dz and radiation length X, is described by the
exXpression

mlm
W

o

dg =

8

where E, = 21.1 MeV is called the scattering energy, and
40 describes the net deflection of the electron after
scattering.

In the two discrete interactions included in simple shower
theory, bremsstrahlung emission and pair creation, the
angular changes involved are of the order of

.68 = (4)

where m, and ¢ are the electron rest mass and the velocity
of light respectively. By comparing expression (3} with (4) it
is evident that for lengitudinal distances greater than or of
the order of one radiation length the lateral spreading of
the shower is dominated by multiple Coulomb scattering
of the charged component of the shower. In simple three-
dimensional shower theory the lateral spreading of the
shower due to the discrete interactions is therefore neg-
lected. One then finds that the particles of highest energy
are contained within a core of radius [7}:

1 ‘
X = “é" Xm (5)
where e = 2718 and X, is called the Moliere length. This
result can be retrieved if one adopts & very simple model
by assuming that the displacement of an electron of
energy E Is due entirely to multiple Coulomb scatiering
arising during its passage through the last radiation
length of material. Expression (3} then indicates a dis-
placement of the order of R = X,E_/E. Furthermore at high
energies the energy loss is dominated by bremsstrahlung
emission and it can be assumed that E = E, exp (~2/X,).
With these assumptions together with expression (2) we
cbtain Eg. (5).
At the beginning of the shower another estimate of the
radial width . of the shower distribution is given by the
transverse displacement of the primary electron. At high
energies the energy loss is dominated by bremsstrahlung
emission and the Fokker-Plank diffusion equation describ-
ing multiple scattering can be solved in closed form (8]
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Averaged over all electron directions, the transverse
displacement of the electron is found to be described by a
Gaussian distribution with a variance:

2
o= Ly Voo o2y g 2y L,
4 Tm X?_ X XO.
o ° {6)

Expressions (5) and (8) are approximate and should be
treated only as upper limiis to the widths of the radial
shower distributions,

3. Energy deposition and radiation dose

As an electromagnetic shower develops the energy of the
primary electron is deposited over an extended volume. It
is customary to discuss the spatial distribution of the
energy deposition in terms of the absorbed radiation dose:

CE (71

where dE/dV is the energy deposited per unit volume in a
medium of density p, and N is the total number of primary
¢lectrons. For a single shower N = 1, and for a beam pulse
of intensity I and duration 1, N = It/g with g equal to the
charge of the electiron.

In the MEKSA system the unit of absorbed radiation dose is
the Gray, and ¢ Gy = 1 J/kg. The traditional unit of
absorbed dose is the rad (1 rad = 0.01 Gy}, We will express
our numerical results in rads.

The main contribution to energy deposition in elec-
tromagnetic showers is due to the continuous energy loss
of the electrons in the shower by ionization of the medium.
Ta a first approximation one can express (7) in terms of the
energy deposited by the ionization process, i.e. dE/dz =
E /X, In this way we obtain

B{r,z) =

ies]

. N ZcdP(z,r)
D(r,z) = p Xo 2n v dr (8)
where dP{z, r} is equal to the number of electrons in the
shower at the longitudinal co-ordinate z that pass between

the radial limits » and r+dr. If dP(z, r} has the form

dP(z,ry _ 1 ex -r?
= —— exp [— (9
2m r dr 242 262
we find that
L r*n(rydr _  ,f ridp(r) (10)
D (ndr IR

Using expressions {51 and (6) we can estimate the widths of
the radial dose-distributions at the shower maximum
{z=2z,,,) and at the beginning of the shower (z=X):

u - 1
RE=2pa) = 577 %o ()
3.894 EC 12
RCZ:XO) ——‘7‘2——— Xm E’; ( )

Finally, one sees that the proper scale factors for the
longitudinal-, radial-, and energy-dependence of the elec-
iromagnetic shower functions are respectively X, X_. and
E.. With this in mind it is possible to scale the resulis
presented in this paper for drv air at atmospheric
pressure to other media, pressures, or energles.
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Fig. 1: Histogram of the radial dose distribution between 300 and
406 m for 500 showers induced by 1,000 MeV electrons

4. The Monte Carlo calculation

The electron-gamma shower code EGS (9} was used for the
Monte Carlo calculation of the longitudinal- and radial-
dose distributions arising from electromagnetic showers
initiated by 500, 1,000, and 10,000 MeV electrons in air at
atmospheric pressure. The electrons and positrons were
followed down to an energy of 1 MeV, and the photons
down to 0.1 MeV. Shower particles with less than these cut
off energies were assumed to have stopped in the medium
and their remaining energy deposited at the position at
which they stopped. The shower distributions have been
sampled in 20 regions covering the longitudinal shower
co-ordinate from 0 to 2,000 m. Each region was therefore
100 m deep. For each of these longitudinal samples the
radial dose distributions have been calculated, averaged
over the sample. To extract our results these distributions
were histogrammed using a binning chosen so that there
were at least 5 bins between the shower axis and the
radius corresponding to the half maximum of the distribu-
tion.

We have generated 500 showers at 500 and 1,000 MeV and
100 showers at 10,000 MeV. To demonstrate the quality of
the simulation we present one of the radial dose distribu-
tions in Fig. 1 for the 1,000 MeV shower simulation. For
convenience in applying our results to problems involving
electron beams we present the dose distributions corre-
sponding to 6.25 x 10" incident electrons. This is equiva-
fent to a 10 kA pulse of duration 106 ns.

5. Results

The energy deposition in air, integrated over the radial
shower coordinate, is shown in Fig. 2 as a function of the
longitudinal shower depth for electromagnetic showers
initiated by a single electron with energies at 500, 1,000
and 10,000 MeV.
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Fig. 2: Laterally integrated energy deposition of showers produced
by single primary electrons of various energies as a function of the
longitudinat distance

Table 1: Comparison of the radius of the lateral distrfbution of the
abserbed dose at the depth corresponding to the shower maximum
estimated by formula (11}, R, with the result of EGS, R, ,,

500 MeV 1000 MeV 10006 MeV
RC 20 m 0m 20 m
Ry e om ~E W ~Eom
i

Table 2: Comparison of the radius of the lateral distribution of the
absorbed dose at the depth z = X, estimated by formula (12}, B,
with the result of EGS, B,

500 MeV 1000 MeV 10000 MeV
‘R B m 4w 0.4 m
e
R, A om wiom w5 om
H

In Figs. 3, 4 and 5, for primary electron energies of 500,
1,000 and 10,000 MeV, we present isodose contour plots
describing the absorbed dose as a function of the longitu-
dinal and radial shower co-ordinates. The doses have been
scaled so that they apply to a 10 kA electron pulse of
duration 100 ns. In the same figures the radius B, at
which the absorbed dose is half of the value on-axis is
shown as a broken line. These curves have been replotted
on a logarithmic scale in Fig. 6.

The simple shower theory expressions (11) and (12)
describing the radial width of the shower at the shower
maximum and at one radiation length respectively are
compared in Tables [ and 2 with the EGS results for B, ,, at
these longitudinal shower co-ordinates. Here we have
taken the standard value from Ref (6] of 81 MeV for E,_
Taking X,=301 m, we have that X =78 m. The estimate of
the radial shower width provided by the simple shower
theory expressions are seen to be larger than the estimate
provided by the EGS defermined value of B, ,. In particu-
lar the estimate of the shower width at the shower max-
Imurn provided by (11} is about a factor of 5 larger than the
EGS estimate.
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Fig. 3 (top left): Iscdose contour plot of the absorbed dose induced
by a 500 MeV electron pulse of 10 kA intensity and 100 ns duration

Fig. 4 {center lef): [sodose confour plot of the absorhed dose
induced by a 1,000 MeV electron pulse of 10 kA intensity and 100 ns
- duration

Fig. 5 {iop right): Isodose contour plot of the absorbed dose induced
by a 10,000 MeV electron pulse of 10 kA infensity and 100 ns
duration

Fig. 6 (center right): Radius at which the absorbed dose is half the
value on the shower axis as a function of the longitudinal distance
for varicus electron energies

Fig. 7 lopposite) Absorbed dose on the shower axis induced by a

10kA 100 ns electron pulse of various energies as a function of the
longitudinal distance
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To complete our description of the radiation dose distribu-
tions for high energy electron induced electromagnetic
showers in alr we show the absorbed dose on the shower
axis in Fig. 7 as a function of the longitudinal shower co-
ordinate. These curves, together with the isodose contours
presented in Fig. 3, 4 and 5, provide a detailed picture of
the expected absorbed radiation dose as a function of
position for showers induced by electrons of energy 500,
1,000 and 10,000 MeV,

6. Summary and application to particle beam weapons

We have used the Monte Carle code EGS io provide a
detailed description of the absorbed dose in air induced by
an electromagnetic shower Initiated by electrons of
energy 500, 1,000 and 10,000 MeV. From this description we
extract B, an estimate of the shower widih, as a function
ofthe longitudinal shower co-ordinate. In comparison with
two estimales from simple analytical shower theory,
Blz=z.,,) and R(z=Xj}, we find that the shower theory
estimates are larger than the estimate provided by B, ..
We now apply our results to a particle beam weapon,
taking for illustration a 500 MeV, 10 kA, 100 ns beam pulse
(Fig. 31 An object placed anywhere within a 1 m radius
cigar-shaped envelope of length 200 m would be exposed
to a radiation dose rate of greater than | krad/100 ns = 10
rad/s. This is sufficient to permanently damage any inte-
grated electronic system [101. For & sequence of beam
pulses boring a hole through the atmosphere [11] this
envelope could extend over several km in length. For
human beings, the lethal dose from radiation sickness is of
the order of 500 rad. The use of an electron beam as a
radiological weapon is therefore in principle possible.
However, in order to reach the 10,000 rad level which is
necessary for immediate permanent incapacitation, the
beam energy (Fig. 5}, current, or pulse duration for
number of beam pulses) should be increased by about an
order of magnitude. This seems feasible, provided
accelerators producing such beams can be built.
(Received on Febr. 7, 1983; in final form on March 29, 1983)
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Biicherschau » Books

Induced Mutations — A Tool in Plant Research. Proceedings of a
Symposium, Vienna, March 9.-13., 198, Wien: TAEA 1081, 538
Seiten, zahlreiche Abbildungen, broschiert 65 840,~

Zn diesern interdisziplindr angelegten Symposium kamen 97 Teil-
nehmer aus 38 Lindern; auBerdem waren fiinf Organisationen
beteiligt. Der hier vorgelegte Bericht ist bis auf einen spanischen
und vier franzdsische Beitrége in Englisch abgefafit und ist dank
zahlreicher Abbildungen von ansprechender Aufmachung, auch
wenn Satz und Fotodruck kombiniert wurden. Die Grafiken,
Schemata, Zeichnungen und Tabellen sind instruktiv, klar kontu-
riert, gut beschriftet und ausreichend grofi. Die Qualitdt der
wenigen Schwarzweififotografien mufte beim gewihlten Offset-
verfahren natiriich leiden, doch ging das kaum zu Lasten des
informationsgehaltes und der Anschaulichkeit, und die Aufnah-
men sind fiir den Benutzer sehr wertvoll,

Auf 522 Seiten werden in 53 Beitrigen, davon 34 Vortrige und 18
Poster, Forschungsvorhaben vorgestellt, welche mit Hilfe von
Induktionsmutanten unterschiedlichsten Fragen der Pflanzen-
zichtung und Pflanzenproduktion nachgehen. Nehen der klassi-
schen Genforschung stehen angewandte Untersuchungsziele wie
Ertragssteigerung oder Vereinfachung der Erntetechniken im
Vordergrund.

Dem Symposiumsablauf entsprechend ist der Band in acht
Abschnitte gegliedert. Einem Ubersichtsreferat folgen jeweils Ein-
zetversuchsberichte. Literaturangaben und Ausziige aus den Dis-
kussionen heben den Informationswert dieser Abhandlungen. Von
den Postern sind kurze Textfassungen abpedruckt.

Das erste Kapitel befafit sich mit der Rolle der Induktionsmutan-
ter: fiir den Fortschritt der Genetik, wobei Theorie wie auch Praxis
herticksichtigt werden, Wahrend hier meistens von Getreidearien
die Hede ist, behandelt das nachfolgende Kapitel die Evolution
verschiedenster, auch géirtnerischer Kuliurpfianzen. Im sich
anschheflenden Abschnitt iber pflanzenphysioiogische Untersu-
chungen steht die Verbesserung des Erntegutes, seien es die
Biomasse oder Einzelkomponenten wie Eiweifiertrag oder bioche-
mische Merkmale, im Blickpunkt des Interesses. Dem heute
hesonders beachteten Verhaiten von Pllanzenschidigern und der
Gewinnung resistenter Pflanzenarten Gber die Induktion von
Mutanten widmet sich das vierte Kapitel. Auch das Kapitel tiber
Pflanzensymbiosen, vorwiegend unter Beteiligung von N-Bakte-
rien, beschaftigt sich mit einem &kologisch wie dkonomisch sehr
akiuellen Problem. Demgegeniiber stellt der sechste Ahschnitt,
Induktionsmutanten und In-vitro-Kultur, eher theoretische und
gentechnische Fragen, untersucht an Zier- wie auch an Nutzpflan-
zen, in den Vordergrund., Gendkologie war das Thema einer
siebten Symposiumssitzung; Blitezeit und Kaitetoleranz seien als
Stichworte genannt. Ausgesprochen angewandt ist die Thematik
des achten Kapitels: Induktionsmutanten und Planzenzichtung;
hier reicht der Bogen von der genetischen Analyse tiher Muta-
tionsprozesse bis zur Mutagenese in heranwachsenden Pflanzen.
Zum Abschlufd sind Vorschlage fir kiinftige, sehr wiinschenswerte
Forschungsarbeiten Ober Erbeigenschaften, die nicht auf der
Rern-DNS lokalisiert sind, zusammengefafdt.

Was diesen Band auszeichnet und dadurch empfehlenswert nicht
nur fiir Evolutionsgenetiker, sondern fiir die Vertreter verschie-
denster pflanzenbaulicher Disziplinen macht, ist neben der klar
gegliederten, breiten Spanne von Arbeitsrichtungen die Vielfalt
von Pflanzen, die auBer kiassischen Untersuchungschjekten wie
Nicotiana die verschiedensten Getreidearten, mono- und dikotyle
Futterpflanzen, zahlreiche Gemiisearten und eine Reihe von Zier-
pllanzen urifaft. Naturgemas sind krautige Gewschse mit kurzer
Generationsphase erkidrte Versuchsobjekte der Genetiker, doch
findet sich auch ein Beiirag iber Kirsche, Thuja und - neuerdings
interessant — Kenaf Beitragsfiilie und Pflanzenvielfalt verweisen
gleichermafien darauf, daf allgemeingiiltige Aussagen auf der
Basis induzierter Mutationen unzuldssig sind. Angesichts des
Pltanzensortiments ware deshalb nehen dem Autorenverzeichnis
und der nach Landern geordneten Teilnehmerliste sowie der SI-
Einheiten-Umrechnungstabelle ein Artenindex wiinschenswert
und bei dem Buchpreis eigentlich zu erwarten Der Wert des
Buches als Nachschlagewerk wiirde dadurch erhoht.

Insgesamt gesehen legt die TAEA hier einen aufschiufreichen
Sammelband vor, der zusitzlich zur Gentechnologie neuere Ent-
wicklungen bei landwirischaftlichen und gértnerischen Nutzpflan-
zen aufzeigl. Inbali und Aufmachung bieten dem einschiigig
Forschenden und dem Lehrenden Information, Anregung oder gar
Unterrichtshilfe. U. Hornung, Norath
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