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25

Ones Electromagnetiques. Origen i propietats. Energiajuantitat de
moviment. Espectres electromagnetics. Aplicacidiesures de proteccio

25.1 Equacions de Maxwell. Ones electromagnétiquen el buit

Les equacions de Maxwell es poden escriure cononjuct de quatre
equacions diferencials:

nE=~

80

DXE:—a_B

ot

Om=0
coxp=9E+ 1

o

25.1.1 Ones electromagnéetigues en el buit

Considerem ara una regio de I'espai lliure de easrecarregues. Podrem escriure:

OE=0 om=0

IZI><E:—6—B szxB:a_E
ot ot

Si utilitzem l'operador rotacional sobre la segona elualatenim:

DX(DXE)z—giDXB)

recordant qudl x(0xE) = 0(0E) - O°E i utilitzant la primera i la quarta equacio de
Maxwell podem escriure:
2
O%E —iza '25 =0
c” ot

Aquesta és I'equacio d’ones eléctrica i ens indicadtexcia d'ones que viatgen a la
velocitat de la llum c.

Analogament, apliquem I'operador rotacional sobre latgueguacié de Maxwell
obtenim I'equacié d’ones pel camp magnetic:

10°B
2

0°B
¢’ ot?

=0
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25.1.2. Ones planes. Caracteristigues de les onEsEomagnétigues

Acabem de demostrar I'existéncia d’'ones electromagregique es desplacen a la
velocitat de la llum. Anem a estudiar ara com estlacienats el camp eléctric i el
camp magnetic en aquestes ones.

Estudiarem el cas més senzill: suposarem que tencamp electromagneétic que
només depén de la coordenada z i del temps.

Les ones electromagnetigues sén ones transversals

Aleshores la segona equacié de Maxwell ens diu que:

a/E/z - aEy ——— an aEx - a/E/z —— aBY
oy a9z ot 9z ox ot
0E, 0F _ 4B
ox oy T oot

Z

Agafem també la primera i tercera equacié de Maxwalcoimponent z de la quarta
equacié de Maxwell. Obtenim:

ok % 0 _, 9% _ .08 __ 0
ox ody o0z 0x oy ot
o8, 98, 0B _,

ox o0y 0z

doncs que tantfom B son constants o els considerem inexistents. Tindi@ms
gue les ones electromagnetiques @oes transversals.

El camp eléctric i magnétic d’'una ona electromagnéta son perpendiculars.

Anem a veure quin aspecte tenen les solucions. Eieydar per a kEha de verificar
I'equacié d’'ones:

Si factoritzem el parentesi podem escriure:

9,10)f0 10

0z cot)\0z cot
Per tant podem escriue = E, (z-ct) + E,,(z+ct). La primera component es mou en
la direccio +z i I'altre en direcci6 —z.
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A

Imaginem ara que teniti = E, (z—ct)i + E,(z+ct)j. La segona equacio de Maxwell

ens diu que:
0E, 4B 0E, 0B,

X X

0z ot 0z ot

Fixem-nos en que:

OE, 10E, 0B, oE, _ _10E, _ 0B,

9z  c ot ot 0z cot ot

Per tant integrant respecte del temps tenim:

E =cB E, =-cB

X Yy y X

| per tantE-B=0, és a dir, els camps eléctric i magnetic d’uma electromagnética son
perpendiculars entre si i a la direccié de propeg#&cmes:

2
B|

c
§\

.

E

=)

Copynght € Addison Wesley Longman, Inc
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25.2 Equacions de Maxwell en termes del potencidketric i el potencial vectorial.
Solucions generals de les equacions de Maxwell ammdirrents i carreques.

Anem a veure com es poden calcular els campsiekctnagnetics de les ones
electromagnetiques en preséncia de carreguessintslependents del temps.

25.2.1 Solucions generals de les equacions de Makwa termes dels potencials

Per a poder escriure el camp electric i el campnatagen termes de la densitat
de carrega i del vector densitat de corrent el @rigue farem és escriure les equacions
de Maxwell d’'una manera formalment més senzilla.

Comencem amb la tercera equacio. El fet que lagkveia del camp magnetic
sigui sempre zero permet escriure el camp mageetiermes de la rotacional d’'un
camp vectorial anomenat vector potengiale la forma:

B=0OxA

Sabem que aquesta solucié no és Unica perquesidecemA’' =A +0y (ony és un
camp escalar arbitrar’ també verifica 'equacié anterior.

Si considerem ara la segona equacioé de Maxwaélitcam B =[x A , tot
tenint en compte que podem invertit 'ordre dedesvades parcial, obtenim:

I:IX(E+6—A] =0
ot

Com que la rotacional dé +0A /ot és zero aixo implica que ho podem escriure com el
gradient d’un escalar que anomenem potencial electric:

0A
E+ o =-0
a7

Fixem-nos que si res depengués del temps recuperexs electrostatica en que el
camp eléctric es pot escriure en termes del gradient delqgmteléctric. Escrivim
doncs:
0A
E=-Op——
ot
Ja em solucionat dos equacions de Maxwell en termesatie duncions: una funcio
potencial electric i tres funcions corresponents a cadaauwenp espacial del potencial
vectorial.

El que farem ara és utilitzar dues equacions de Maxwellrgigueden per a poder
escriure les funcions potencial en termes de la densitardeti la densitat de
carrega. Substituim I'expressié del camp electric a la prieguacio de Maxwell i
obtenim:
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p-2nm=L
ot &

Finalment, substituint a la quarta equacié de Maxwell obtindrem:

A _j
] S

0
Ox(O0xA)+—O@-
c x( X )+6t 7]

Utilitzant la identitatd x(OxA) =0(0 R ) - O°A obtindrem:

2 .
cO(0m)-c0a+20p-2A -1
ot ot~ &,

Com que tenim llibertat per a escollir la divergenci@desdem simplificar aquesta
expressio escrivint:

10y
OMR=-5—
c? ot

Si ara escrivim les expressions pel potencial eteicel per al potencial vector obtenim
dues equacions separades:

1°¢__p
DPp-——5 =—
P &,
mea- LA

Les solucions de les equacions anteriors es pai#iue com:

p(2,t B rlZ/C)
@at)= | ———dV.
I 4]E0r12 ?
_ri(2t-r,/c)
ALt)= j S dv,

A partir dels potencials es pot aleshores calallaamp electric i el camp magnétic:

_0A

E:_D¢ E

B=0OxA
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25.3 Energia i moment de les ones electromagnéticue

25.3.1. Conservacio de I'energia i electromagnetisn

Anem a escriure la llei de conservacio de I'enepgial’electromagnetisme.
Sigui u la densitat d’energia del camp (quantitanhergia per unitat de volumBSel
vector que representa el flux d’energia per unitasuperficie i temps. La llei de
conservacio de I'energia, sense presencia de cesegs pot escriure com:

Noos
ot

El camp eléctric fa un cert treball per unitatelmps sobre les carregues que es
pot escriure conk-j, ja que la forca sobre una carrega es pot esaame
F=q(E+vxB), el treball per unitat de tempswi si hi ha N carregues per unitat de

volum aleshore$ [ = E EQ qu) =E[. Per tant podem completar la nostra llei de
conservacio de I'energia i escriure-la com:
ou

T =-0OF+E
at .

25.3.2 Densitat d’energia i flux d’energia en el cap electromagnétic

Per tal de determinar u i S intentarem rescriupg@lucteE:j de manera que
esdevingui la suma de dos termes: un que siguienaada respecte del temps i un
altre que sigui la divergencia d’un camp vectoid#.la quarta equacié de Maxwell
podem escriure:

: oE
=£,c’0%B ~&g,—

Podem escriurg:j com:
Ed=gCcEOxB)-cF GZ%

El segon terme ja es pot escriure com una deriteaadporal. Ara doncs haure de
transformar la primera part en una divergenciaféeno reescribim el primer terme
utilitzant els operador&l; i O;, que nomeés actuen sobre el camp indicat. Aixo perm

utilitzar la igualtat (ax b) &= alf bx ¢ facilment:
&’ OxB)E = £,c’0, [[BXE)
Fixem-nos que:

O0BxE)=0.0BxE)+0,0BxE) 0O,{BxE)=00BxE)+0.{ExB)
O, {BxE)=0{BxE)+(0. xE)B
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| utilitzant la segona equacio de Maxwell:

E]BEQBXE)=I:I[QBXE)—%—E:EIB

Per tant obtenim finalment:

2
E[ﬂ = —SOCZD [QE XB)—%[%BZF‘E—Z‘)E 2]

Podem escriure doncs:
2
u=fop?+ 5 g2
S=¢,°ExB
Per tant tenim una expressio per a la densitat djenque és la suma de la densitat
d’energia eléctrica més la densitat d’energia magactiambé em trobat una expressio
per al vector flux d’energia del camp electromagnéetijuest vector rep el nom de

vector de Poynting, en honor al seu descobridor.

25.3.3 Moment del camp electromaagnétic. Pressio daediacio

Hi ha un teorema molt important en mecanica que diwsogienim un flux d’energia
gualsevol, aleshores aquesta energia que flueidrptat d’area i per unitat de temps,
guan es multiplica per/c2 s’obté el moment per unitat de volum a I'espai. Ecasl
particular de I'electrodinamica, obtenim que el monpamtunitat de volung es pot
escriure com:

1
9=§S

Pressio de radiacié. Suposem una superficie A que abstotament la radiacio
incident. Aleshores la quantitat de moviment absorbida duréeinglsAt sera g-A-At i
per tant la quantitat de moviment absorbida per unitat de tedepsuperficie, és a dir,
la pressié de radiacio es podra escriure com:

O =gc=§
c

25.4 Espectre electromagnétic. Aplicacions

En la teoria que em desenvolupat no hi ha cap restriccidajleafrequencia de les ones
electromagnetiques que es poden generar. Aixo dénalioeapectre molt ampli que
es divideix en diverses parts segons la frequéncia ddi&cia
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25.4.1 Longituda d’ona molt llargues (> 1Km)
Utilitat i Generacio
Electric power covers thew-frequency, long-wavelength end of the spectrunThe
radiation is usually ducted along 2-wire and 3-wire transmmdsgies and sent to
various devices besides antenrfstszero frequency the energy is emitted by
batteries and DC power supplieswhile at50 Hz and 60 Hz it is produced by rotary
magnetic generators and ducted through the internabnal power grids. At
frequencies betwee2D Hz to 30 kHz the EM energy is translated to and &m
acoustic energy and is distributed over telephonénles as well as being used to
operate loudspeakers for public address or in musicregstéote that other than its
frequency, there is no physical difference between thE ¥ikergy guided along a
television coaxial cable, versus the 60 Hz travelling alongahe leading to a light
bulb. When connected to the appropriate antenna, both wilteadto space.
Bandes
Band name Abbr ITU Frequency Wavelength
band
| | | <3Hz | _>100,000 km |
Extremely low ELF | 1 3-30 Hz 100,000 km — 10,000
frequency km
Super low frequency | SLF| 2 | 30-300Hz 10,000 km — 1000 k
Ultra low frequency ULF| 3 300-3000 | 1000 km — 100 km
Hz
Very low frequency | VLF| 4 | 3-30kHz | 100km-10km |
Low frequency | LF | 5 | 30-300kHz 10 km—1km |
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Perills i Precaucions

Large dosesof radio waves are believed to causecer, leukaemia and other
disorders. Some people claim that the very low frequencyffietd overhead power
cables near their homes has affected their health.

25.4.2 Radiofregiiéncia: (1&10° Hz) (Km-0,3m).

Utilitat i Generaci6

S'utilitza en telecomunicacions: radio i televidrRefers to that portion of the
electromagnetic spectrum in which electromagnetic aves can be generated by
alternating current fed to an antenna Such frequencies account for the following
parts of the spectrum:

Bandes
Band name | Abbr| ITU band Frequency | Wavelength |
Medium frequency | MF | 6 300-3000 kHz 1 km —100/m

Very high frequency VHF| 8 30-300MHz| 10m-1m|
Ultra high frequency UHF | 9 300-3000 MHz 1 m — 100 mm

|
|
High frequency | HF | 7 | 330MHz | 100m-10m
|
|

Perills i Precacions

Large dosesof radio waves are believed to causecer, leukaemia and other
disorders. Some people claim that the very low frequencyffietd overhead power
cables near their homes has affected their health.

25.4.3 Microones: (18-3-13* Hz)(30cm-1mm):

Utilitat i Generacio

Les microones s'utilitzen per a comunicacions amb satel-litipneemobil i en els
radars. Els radars es fan servir en aviacio, en elsligixer a previsio metereologica.

L’hidrogen neutre emet microones de 21cm, una grantitgtadiinformacioé sobre
I'estructura de les galaxies s’obté mitjancant I'estudi d’aquessiasio.

In interactions with matter, microwave radiation primarily actsetioproduce molecular
rotation and torsion, which manifests itself by heat. Molecstlaicture information can
be obtained from the analysis of molecular rotational speb&anost precise way to
determine bond lengths and angles of molecules. Microvediation is also used in
electron spin resonance spectroscopy.

Microwaves are waves which are typically short enoughmipl@y tubular metal
waveguides of reasonable diameter. Microwave energyduped with Klystron and
Magnetron tubes, and with solid state diodes such as &whiMPATT devices.
Microwaves are absorbed by molecules that have a dipmieemt in liquids. In a
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microwave oven, this effect is used to heat food. Low-iignsicrowave radiation is
used in Wi-Fi.

Currently no efficient sources exist for microwave energyne high end of the band,
sub-millimeter waves or so-callégrahertz waves so this portion of the EM spectrum
is relatively unused at present.

Band name | Abbr| ITUband | Frequency | Wavelength |
Super high frequency |  SHF 10 | 3-30 GHZ| 100 mm — 10/mm
Extremely high frequency EHF | 11 | 30-300GHz| 10mm-1mm

| \ | Above 300 GHz <1mm \

Note: above 300 GHz, the absorption of electromagnetic radibtidearth's
atmosphere is so great that the atmosphere is effectivalpepa higher frequencies of
electromagnetic radiation, until the atmosphere becomes transpagain in the so-
called infrared and optical window frequency ranges.

Perills i Precaucions

Prolonged exposure to microwaves is known to cateseiacts' in your eyes, which is
a clouding of the lens, preventing you from seeing cl€drat all') So don't make a
habit of pressing your face against the microwave oventdas®ee if your food's ready!

Recent research indicates that microwaves from mobilegshearaffect parts of your
brain - after all, you're holding the transmitter right by your h@e current advice is
to keep calls short.

People who work on aircraft carrier decks wear specitd sinich reflect microwaves,
to avoid being "cooked" by the powerful radar units in mogheilitary planes.

25.4.4 Infraroig: (3-13*-4.13* Hz). Es subdivideix en guatre regions:

* Infraroig llunya: 300 GHz (1 mm) fins 30 THz (1@n). This radiation is
typically absorbed by so-called rotational modes in gas-phatecules, by
molecular motions in liquids, and by phonons in solids. Themma the Earth's
atmosphere absorbs so strongly in this range that in retideasmosphere
effectively opaque. However, there are certain wavéterapges ("windows")
within the opaque range which allow partial transmission, ande used for
astronomy.

* Infraroig intermig: 30-120 THz (10 - 2;&n). Hot objects (black-body radiators)
can radiate strongly in this range. It is absorbed by molecidetions, that is,
when the different atoms in a molecule vibrate around theifilegum
positions. This range is sometimes calledfthgerprint region since the mid-
infrared absorption spectrum of a compound is very spdoif that compound.

e Infraroig proper: 120 - 400 THz (2,500 - 750 nm)y$tbal processes that are
relevant for this range are similar to those for visible light.

They are used for many tasks, for exampejote controls for TVsand video
recorders, and physiotherapists use heat lamps tdaelsports injuries Night
sightsfor weapons sometimes use a sensitive IR detector. "Bdefia-Red"(PIR)
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detectorsare used in burglalarm systems and to control the security lighting that
many people have fitted outside their houses. These detdnfrdndRed emitted by
people and animals. You've probably seen TV progranmm&kich police helicopters
track criminals at night, using cameras which can see idatie These cameras use
Infra-Red waves instead of "ordinary" light, which is wigople look bright in these
pictures. Similar cameras are also used by fire crewsthedrescue workers to find
people trapped in rubbleather forecastersuse satellite pictures to see what's
heading our way. Some of the images they use are takay iR cameras, because they
show cloud and rain patterns more clearly.

Es poden obtenir mitjangant oscil-ladors de microones perarigituds d’ona grans o
fonts incandescents, és a dir, oscil-ladors molecularsnbiEzules aillades excitades
termicament poden emetre IR al voltant de determinadestinems que depenen de les
vibracions i rotacions de les molecules. Les emissions depglames dels enllacos
guimics involucrats i en permeten I'estudi i I'identificacio d’erdla¢ substancies
quimiques.

L'unic perill és que escalfen la pell i en equantitat excessiggpodem cremar.

25.4.5 Visible: (3,841 Hz-7,69-16" Hz)(622-390nm)

Utilitat i Generacio

After infrared comes visible light. This is the range in whled sun and stars similar to
it emit most of their radiation. It is probably not a coincideneg title human eye is
sensitive to the wavelengths that the sun emits most strongly.

Es produeix en transicions electroniques dels electronextésors dels atoms i
molécules. Estudiant les linies d’emissio i absorcié de I'espeéisilde es fa possible
I'estudi de la composicio dels astres i la identificacié de snbigsquimiques al
laboratori.

Light waves can also be made using a laser. This wdiffleseshtly to a light bulb, and
produces "coherent” light. Lasers are use@ampact Disc players where the light is
reflected from the tiny pits in the disc, and the pattern isotied and translated into
sound or data. Lasers are also usddsar printers, and in aircraftveapon aiming
systems.

2512 15/457



Eduard Carcolé i Carrubé Fisica i Quimica. Tema 25 Pagina 13

Bandes

Color Wavelength interval Frequency
interval

red  ~625t0740nm - 480 to 405 THz.

orange~590to 625 nm  ~510to 480 THz
yellow ~ 565 t0 590 nm  ~ 530 to 510 THz
green ~520to 565 nm  ~ 580 to 530 THz
cyan ~500to520 nm  ~ 600 to 580 THz

blue ER{oRoN0[0N]11 ~ 700 to 600 THz
\le][51M~ 380 to 430 Nnm ~ 790 to 700 THz

Continuous spectrum

Perills | Preacaucions

Too much light camlamage the retinain your eye. This can happen when you look at
something very bright, such as the Sun. Although the dac®gkeal, if it's is too bad
it'll be permanent. Cal fer servir ulleres especials semupeehi hagi el risc d’un excés
d’expossicié, com quan es treballa amb lasers.

25.4.5 Ultravioleta: (8-16*3-10"Hz):

Generacio i Utilitzats

Es generen en tubs molt semblants als tubs fluorecents utiitzdtRiminacio. El sol
també en genera en grans quantitats. Els raigs ultravioleta eé@ergies suficients per a
ionitzar els atoms (3,2 eV-1,231€V). També es poden generar o absorbir en reaccions
guimiques. Es poden detectar amb pantalles fluorescenitsiens fotografiques i
fotoceél-lules.

Uses for UV light include gettingsun tan, detecting forged bank notesn shops, and
hardening some types of dental filling. You also see UV lampsscos, where they
make your clothes glow. This happens because substangashing powder
"fluoresce" when UV light strikes them. When you marknoosessions with a
security marker pen, the ink is invisible unless you shid® d&amp at it. Ultraviolet
rays can be used kill microbes. Hospitals use UV lamps to sterilise surgical
equipment and the air in operating theatres. Food and drougacoes also use UV
lamps tosterilise their products

Suitable doses of Ultraviolet rays cause the body to prodtaseina D, and this is used
by doctors to treat vitamin D deficiency and some skin diserde

Perills i Precaucions

Large doses of UV catlamage the retinain your eyes, so it's important to check that
your sunglasses will block UV light.
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The cheaper sunglasses tend not to protect you againsind\this can be really
dangerous. When you wear sunglasses the pupils okyeuget bigger, because less
light reaches them.

This means that if your sunglasses don't block UV, youlisdly getmore ultra-violet
light on your retinas than if you didn't wear them! Largeedasf UV caussunburn
and everskin cancer. Fortunately, the ozone layer in the Earth's atmosphegerssus
from most of the UV given off by the Sun. Think of a ¢an as a radiation burn!

25.4.6 Raigs X (3-10-5-10° Hz) (1.2-16 eV-2.1-18 eV).

Generacio i utilitats

Els fotons dels raigs X transporten
molta energia i sén molt penetrants.
Corresponen a transicions dels
electrons més interns dels atoms;
apareixen també quan una particula
carregada amb alta energia canvia el
seu moviment. Hi ha telescopis de
raigs X per estudiar el Sol i diverses
fonts cosmiques com ara estels i
nebuloses. Una aplicaci6 practica
coneguda son les radiografies, que
s’utilitzen en medicina i en I'estudi

de materials. Lower energy X-Rays don't pass
through tissues as easily, and can be used to
scan soft areas such as the brain. Sometime
doctor will give a patient a "Barium Meal",
which is a drink of Barium Sulphate. This will
absorb X-rays, and so the patient's intestines
will show up clearly on a X-Ray image. X-
Rays are also used airport security checks,
to see inside your luggage. They are also usexstsgpnomers- many objects in the
universe emit X-rays, which we can detect using suitable tatkscopes. La difraccio
dels raigs X permeten I'estudi d’estructures cristal-lines.

An X-ray machine works by firing a beam of electrons at a "target”. Iffinethe
electrons with enough energy, X-rays will be produced.

Perills i Precacucions

X-Rays can causeell damageandcancers This is why Radiographers in hospitals
stand behind a shield when they X-ray their patients. Althtlugldose is not enough to
put the patient at risk, they take many images each dagoad quickly build up a
dangerous dose themselves.

2514 15/A57



Eduard Carcolé i Carrubé Fisica i Quimica. Tema 25 Pagina 15

25.4.7 Raigs Gamma (5-1810°" Hz)(10* eV-10eV).

Generacio i utilitat

So6n emesos durant les transicions energetiques dels relslégtoms. En els
sincrotrons es poden generar raigs gamma de meés egeegia corresponent a
transicions nuclears. Els raigs cosmics poden tenir enégg@nergia que la que es pot
generar amb els sincrotrons.

Gamma rays are given off lsyars, and by someadioactive substancesThey are
extremely high frequency waves, and carry a large ahudienergy. They pass through
most materials, and are quite difficult to stop - you needdeadncrete in order to
block them out.

Because Gamma rays can kill living cells, they are uskil wancer cellswithout
having to resort to difficult surgery. This is calldiddiotherapy”, and works because
cancer cells can't repair themselves like healthy cells can ddmaaged by gamma
rays. Getting the dose right is very important! Radioactivity rfiqudarly damaging to
rapidly dividing cells, such as cancer cells. This also explaimy damage is done by
radiotherapy to other rapidly dividing cells in the body suctha stomach lining
(hence nausea), hair follicles (hair tends to fall out),aagtbwing foetus (not because
of mutations, but simply major damage to the baby's rapidlgidiy cells

Doctors can put slightly radioactive substances into a patieis then scan the
patient to detect the gamma raysd build up a picture of what's going on inside the
patient.

This is very useful because they can see the bodygsesactually working, rather
than just looking at still pictures. Example of a tracer: the mcmu the rlght isa
"Scintigram", and shows an asthmatic person's 3

lungs. The patient was given a slightly radioactive
gas to breathe, and the picture was taken using ¢
gamma camera to detect the radiation. The coloujg
show the air flow in the lungs. In industry,
radioactive "tracer” substances can be put into pif
and machinery, then we can detect where the
substances go. This is basically the same use as
medicne.

Gamma rays kill microbes, and are usedtavilise
food so that it will keep fresh for longer. This is known asatitated" food.

Gamma rays are also usedsterilise medical equipment

Perills i Precaucions

Gamma rays causell damageand can cause a variety of cancers. They cause
mutations in growing tissues, so unborn babies are especially \abfeer
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