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Abstract
This report presents theoretical estimates of the PowesiBdavels which may be reached inside trains.
Two possible sources of high levels of radiation are disstisS he first one arises since the walls of the
wagons are metallic and therefore bounce back almost aditrad impinging on them. The second is due
to the simultaneous emission of a seemingly large numbeeafhy telephones. The theoretical study

presented here shows that Power Densities stay at valums beference levels always.
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Development in our society is tied up to the increasing usdigievices that generate Electro-
magnetic Fields (EF). Mobile telephony has indeed beconietegral part of modern style of life.
But, while mobile handsets have made life easier and moesat#, concern has also grown as to
the possible adverse consequences for human and animéd beahort and long-term exposure
to their emissions.

Absorption of radiation in the frequency range of mobileptlones is determined by the Spe-
cific Absorption Rate (SAR), which is measured in Watt/Kg.eThternational Commission on
Non-lonizing radiation (ICNIRP) has set a basic restrictim SAR for the body parts of the gen-
eral public of 2 Watt/Kg: For practical purposes, ICNIRP has established a Poweriéhis air
of v/200 Watt/n¥? as an alternative reference level, wheris the frequency of the EF measured
in MHz. Since mobile telephone antennas emit radiationtaee0.9 or 1.8 GHz their reference
levels are of 4.5 or 9 Watt/mrespectively. Compliance with the reference level ersacmpli-
ance with the basic restriction. Additionally, since a gahsal amount of the radiation emitted
by a mobile handset is absorbed by its own user, informatidheoSAR at the head is disclosed
for all handsets made by members of the so-called Mobile ¥éatwrers Foruni. Typical values,
which range between 0.5 and 1.1 Watt/Kg, are always smaler kCNIRP basic restriction.

There has been some recent controversy as to whether PowsitiPgfar exceeding ICNIRP
reference levels could be attained in the interior of traagans, whose metallic case prevents
leakage of the radiation emitted by the handsets to thedmuitgorld. Some authors have argued
that the wagon windows would not suffice to dissipate theatamh and, therefore, large levels of
radiation would be absorbed both by the user and by otheiveasser travelers, with potentially
damaging health effect? If confirmed, such predictions would lead to a serious pubdialth
issue, since millions of persons pick either commuter ogidistance trains every day, and a
substantial percentage of them use their mobile phonesgitireir trips.

We address in this article two possible coexisting scesawfchigh levels of radiation. The
Proximity scenarids due to the fact that it is plausible that a passenger beosegbroximity to
a large number of telephones in use, due to the small dimesisiba wagon, thereby receiving
radiation from all those handsets. TBauna scenarioorresponds to a situation where the level of
ambient radiation inside the wagon cavily,....., is large due to a very low capability of drains to
suck radiation out. In contrast, we find ttsat,...., is small, since it is proportional to the effective

output power of all handset®, divided by the total effective area of all dissipating seds,S,
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This equation may be interpreted as a sort of generalizedsG&w, which takes account of the
partial transparency of the boundaries. Not only windows dbso passengers take their share in
Serf, making it eventually a large denominator, and reducingatimdient levels of,,,,,. This
can be understood from a common experience with own’s mavewven: it takes always a
considerably shorter amount of time to warm up one cup okeotfian, say, three or four.

Power Density distributions inside train wagons vary wydgépending on both the shape of
the wagon and windows, and on the number and position of pgeseand emitting handsets. We
could therefore perform a large number of simulations ofgghssible configurations of sources
and drains of EF, followed by the adequate statistical asbyf the obtained data. But we believe
that a better option is to set a qualitative descriptionfibatses on the general laws governing the
physical behavior of the radiation field in the train.

We discuss the Sauna scenario first. We model the wagon asadioevity whose windows
are covered by glass. We céllthe total volume enclosed by such a case, &Sy, the surface
areas of the metallic walls and the windows. The floor of thgavais covered by a rubber sheet
of areaSr. The wagon is populated by seats and> passengers, each of which has an ayga
sp. There ared handsets inside the wagon, all emitting radiation at theesaeguency .. We call
their total output power, averaged over tifRg, andP, = Py /H the output power per handset.
There exists a residual radiation coming from the outsidédyavhose power i$, .

We therefore have a cavity filled with microwave radiatioraisingle mode of frequenay.
That is to say, the cavity is filled with a large numBéiof photons of frequency. The basic rules
of equilibrium Statistical Physics say that the energy effibld isU = hv (N + 1/2). Then, the
Power Density can be expressed as

cU hve
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The number of photons in the cavity in the stationary statewill be a balance between those

N (2)

fed inside it and those lost at its surfaces,
dN  dNj,  dNow

dt - dt dt
The rate of photons that are poured in by the handsets orghritie windows is

dN;,
dt
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The number of photons that disappear through all the losggcas may be estimated by the
following simple reasoning. We first notice that photonsgargate in all directions. We therefore
define the current density of photons at a given angte (6, ¢) and at any point in the cavity as

dj  ¢N a
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We assume that a beam of photons traveling along directionpinges on a lossy surface
S. We callt(0) the rate of photons that are lost either by absorption withenobstacle, or by
transmission to the outside world. The total number of phstiat are lost per unit solid angle

and time, after impinging on the surfasds

dN(a) o dy
- /st o) t(0) (6)
and the total number of photons lost per unit time at suclasariay be estimated as
: /2 2% dN(@d) ST
Nowt = dé d ~ N 7
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whereT is the angle- and surface-averaged coefficiéht
The total number of photons lost through all surfaces is

dNout CSeff
= N 8
dt \%4 ®)

where the effective surface
Seff:SMTM+SWTW+SFTF+CSCT0+DSDTD (9)

takes account of the partial transparency of each specifiacgithrough its averaged lossy coef-
ficientT;.
Eq. (3) provides then with the number of photons in statipiséuations
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from which we can compute the Power Density, to find E§j. (1).nfds also give an estimate of
the average electric field inside the case, since the totabgrof the EF is roughly proportional

to its square,
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whereby




Eq. ) provides with a qualitative estimate of the Power $itgnin terms of a few physical
guantities which can be simply measured, such as surfaes,anembers of handsets and pas-
sengers and lossy coefficients. It is actually not that stmpldetermine accurately the lossy
coefficientsT;, but we believe it worthy to make here an educated estiméateeafi® For practical
purposes], for aluminum may be set to zero, so that the metallic term sloat of the equation.
The lossy coefficient of glass, which makes up the windowap@oximately equal to one, and
therefore, iy ~ 1. The conductivity of rubber at microwave frequencies is mfen 1 sec?, in
Gaussian units. Then we find thHt ~ 0. Since the metallic parts of seats do not matter, we only
need to find the absorption coefficient of wool, or similar mf@ctures, which is again very small,
thenTy ~ 0, and the seats term also drops out. We finally assume thattrefleof EF at each
passenger mostly occurs at the skin, and use its condyetivit 5 x 10° sec* to find T ~ 0.5.8
Such estimates allow us to provide a simpler version of Byg. (1
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As a reference, the average surface area of a passenges femmgel.5 to 2 M, and.Syy is of
about 30-40 rh for many train wagons. Eq[{lL3) can then be used to make rosiynates of
Ssauna @bsorbed by passengers and benchmark them against refetenels supplied by ICNIRP
or other institutions. We find th&t,,..., saturates t@/Tp D sp, when the surface area of passen-
gers is much larger than that of windows. Such Power Densityuch smaller than the reference
levels of ICNIRP even when all passengers in the train amgusimulateneously one handset.

A previous estimate of this magnitude, performed by Hordgielded a Power Density
Ssauna = P/Sw. Hondou assumed that the radiation emitted by all handsettobe absorbed by
each individual passenger, therefore predicting pretiynaing levels of radiation. Fidl 1 indeed
shows how his predictions f&,,.,.. exceed our estimates by at least one order of magnitude.

The most crude simplification in the model is the assumptiat tadiation is emitted at a
constant pace, in an homogeneous and isotropic fashionghowt the whole wagon, and in a
single mode of frequency. A more accurate handling of the sources of radiation anslghsion
should only lead to a quantitative correction to the outpawer as long as the number of active
handsets is large enough.

We now turn to describe the proximity scenario. We suppoaettiere is a shell of several
active handseté&: placed at a close distandearound a probe. We moreover assume that their

antennas are directly oriented towards the probe. Themamlstforward application of Gauss’s
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theorem yields a Power Density
s AGPy
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whereA = 1 if the radiation pattern is isotropic or some number of orsfdrif it is dipolar. We
notice that the contribution from a second shell is much En#han the previous estimate and
can therefore be discarded. Kramer and coworkers, who Hewelscussed the proximity effect,
reached similar conclusio#s.

The Power Density at the head of a mobile phone user mighttimeagsed by assuming that the
handset is usually placed side by side to an ear. A simplelegion then shows that about a third
of the output poweP, is directed towards the head, a value roughly consistehttvé numerical
simulations by Dimbylow and coworkefsThe average Power Density coming from this source
is, accordingly,

APy

Shead = =—— 15
heod = 37— (15)

wheresS),..q is the area of the zones in the head hit by the radiation.

The total Power Density is, to conclude, the sum of the thieeudsed contributions
ST = Ssauna + Sprox + Shead (16)

We now take a worst case scenario to place an upper bouSgh anan actual train. We choose

a small wagon with a floor area of 352mthat is populated by 300 passengers. Such packed
situations have been argued to occur in some commuter tiraidapar® The average distance
among passengers is therefore of 35 cm. We also assumeltbatte@m are using a handset at
the same time. We taki, = 0.25 Watt, that corresponds to the time-averaged output powar of
GSM-900 handset, whose peak output power of about 2 Watstiskiited among 8 channels. We
finally assume tha$),..q ~ 0.05 m?.

Then, the most important sources of radiation are the deegbsure to own’s telephone and
that due to the Proximity scenario, each providfg,. ne.a ~ 1.5 Watt/n?. The Sauna effect
provides a mer§,,,... ~ 0.3 Watt/n?, where we do not even take into account that only radiation
poured out of the handsets towards the ceiling or the flootritones toP in this case. The added
contribution of the three sources lead in any case to a taakP Density smaller than ICNIRP
reference levels, no matter the number of emitting handsetthe size of the windows.

As a summary, we find that the Power Density levels in a traerabways smaller than ICNIRP
reference levels, no matter the number of passengers eagnwaay contain and the number of

handsets in use.
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FIG. 1: Power Densit¥,..., as a function of the number of passengers D, assuming thait thikm are
using a telephone at the same time, and have ansasea 1.5 m?. We also suppose that; = 30 n?
andP, = 0.25 Watt / n?. Solid and dashed lines are a plot of Efl (1) andShweedicted by Hondou,

respectively.
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Fig. 1, J. Ferrer et al.
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