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Electrical Properties of Tissues Conductivity in ideal conductors DC Resistance in body

Permittivity of ideal dielectrics

Modelling conducting dielectrics Capacitance

Resistance

R & C together!!!

Homogeneous conducting dielectrics

Electric field boundary conditions

Current ratio
vs
frequency

Complex Fields and Amplitudes

Complex Maxwell´s
Equations

Complex material parameters

Boundary for E-fields

Sphere in E-field

Human in 50Hz E-field

3 big reactions of matter

&DC - 1 MH2

· ideal conductor : material that responds to external electric field
FissuePropites(Permittivity] with electric conduction e

Dielectric Coust
. Conductivity (n) Resistivity Conductivity 1MHz

· electric conduction : electric chage carriers of material

Air 1 g 1515
Fat 11 0

. 17 2060- 2720 2cm 002-0 .05 ↳ in metals : carriers are negatively charged electrons

Bone 21 8
. 33 166002cm 8.805- 0

.06-m
· electric conductivity : K=ductionersten also

Skin 35 0
.
6

Sceleton-Muscle 5g 1
.
88 16022ca longitudinal, 0

.

05-0
. 4 0. 6 => change movement world not lead to changing the conductor itself

Blood 55 1. 86 1502cm 8
.
7 PET ,PVC

Insulators

more with exteral field

W1800Rcm across 10hl eMt2 which wouldgenerate internal E-field
Heart-Muscle 160- 5752 longitudinal Distilled

424-51812 across

Fused Quart,son
water 10 Humants Copper

Eye 67 1
. 97 #percondens

1v = 0 . 01 Mm
-

Eductivity -ermittivity

· ideas dielectric : material that responds to external electric field

K with electric polarization
· elementary electric dipols in material are aligned with external field

· internal electric field of dipoles reduces the externe field

· effect : relative permittivity /dielectric constant

Eracrom
Er =

Edielectric

(m)

Er

field)

↳ results in smaller field of dielectric

100

I· dipoles don't move
,

also no movement of free carge carrier

·
no conduction current

·Al current : alternating alignment leads to displacement current

Celectrostatic

DC to Moderate Frequencies Charge D

implicatiodor
Alignle

·il cuce
in

silicon
ethanol watersvacuum

danger
with

Fequir-K+ JWEsEr ! ↓ Ba ,
Sr .

Ti Ceramics ErIn
current
Inaligrida

/
special solid

2·*
↓

Notipolar liquids

temp

lines
at conductor : gyo Creference)

Surface around conductor

-

electrostatic

A- Do

·el polarization
Potential difference

Sfield of ri For
art,

· el
.
conduction

in (1)Currensleading
volesie

Sequirdey -jeg Degjraseg
Stationary Current) · magnetication

dt Keg = W ... Er

1 = jwC . G Käg-reger Etange = Etayz
gleich große Ströme in R & C

,
wenn

(ketjwasn) ·Enome = (Katjwaers). Enoma Eext < Eind

F

w=

Il

implication Other electroe

=> Enoma: ne
↓

E-field lines
->

reference/grand/o

↓R . C =Er, elaxations

==d

E-field : "Bigchange" in field distribution -> -
---

External E-field I to human body
max E- field

Surface around conductor * conduction >

with freq. independent material parameters
barely penetrating

-

-
->

· show both polarization and conduction
R =G RC= = - --

·
under DC : only conduction current , polarization only at surface IS An 2300 applied to human hands : ↑-

95w ! ↑
· under AL : also displacement current (due to tirevarying poleviration)

, f isL nor applied : 10W big magnitude small magnitude

J rises linearly with frequency =tags-Etagz

max E-field strength : 3. Eext

[ext > Eint it Eint
**

disp-w Ten * & Deguire
· Enorm =

Require Enorme-
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->-we
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->
- ->-
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#dado
=
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I
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=invisible
:

↑ DEdelwNomilw) . It Isla
compe complex amplitude of field

or vector phasor

E(r
, t) = Re[

,
4) = instantaneous field * Days

&(w) = Ei(w) - j . a" (w) Imaginary parts reflect Staauf *
In K2

PhaseFactors phase difference between

je(r)
* (w) = Ni (w) - jN:"(W) cause effect ① Gnorme Inormztjw)

( I & (w) = k'(w) + j k"(w) i* equir
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=
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Majibade&TimeDerivative
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&
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Properties of electrolytic solutions

Body as electrolytic solution

Molar concentration Concentration comparison

Polarization Relaxation in Liquids Conduction in Metals

Conduction in Electrolytes

Electrolytic experiment

Faraday's Law of Electrolytes

Ionic Conductivity

Equivalent conductance

Diffusion current

Nernst-Planck Equation

Electrochemical potential

Nernst Equation &
Nernst Potential

Equilibrium Potentials

lecture 6

Electrolytic ion concentration usually given
in terns of moles

,
i . e. molar concentration or motality

Molar

~

Seawate(Naci) MM 35%

C=lute (n = my
,
also given in %, ppmppb Fresh water NaCl <8

. 56 mM 40
. 05%

Vsolution

- similar to were cell

1 mol 6
.
022 .

1923 MolarMassi
Body : Solution of

Example :
0

. 9 % Nall solution in 11 water : mM
change the wass

electrolytes in water

All L -medi11 of water corresponds to 10002. 142 mM 3
.

26 0
.

23 22 .

99

Electrolyte: substance 3,65 0
. 14 35

.
45

that ionizes when dissolved salt mass
= 0

. 9 % -10009- Ig Iivam I 39
.

18- 140mM 5474
u(t) in a solvent like water (e.g . salts)

approximation : at the end
,
one has 1009g ! 4 mM V

HCOs 24mM Valency of2:

1 . 46 10mM 0
.
61 61

. 02

Atomic wass of Na 22
. 99 al 2t 0

.

5. 10 "mM 0
.

802 40
.

08Ca 8
.
1

Adonic wass of (12 35
.

45 2 ↓ (2 .

5 mm(
↳ stored inside

Moler Mass of Nach 22
.99+ 354558.4

Valency endoplasmic reticulum

gg
Moles= 154 M

-

Paul Debye Drude Model

· polar molecules (dipoles) rotate in liquid with friction Model
·Metals : immobile

,
positively charged isns,

Cathode

=> relative permittivity becomes complex
Pure Water mobile

, negatively charged elections

M
limits at very low/high frequencies (capacitors) ja"a

frequency dependent !
es energy loss i

.e. resister
28 Gltz

↓ - - loss

& Iw) =Erste
ou time 100 #fovinein #do not interact with each other

· electros experience collisions with atoms

after ang .
time -coll

,
limitingresponse

-Er to electric field

Nall 8
.
9% in water

1 - jWTs
-

electron desity
2 ! ~

151"
= Grot(EroEra) :

1 + w
=

Ta
intenrature = *(W) · Carg

.
time to collision

Nac:Seute solites- -ne
*

SollE(w)=

m
1+jw+coll↑

electron mass

-Erotian

=todratdaltwa .ja ·

pure electrolytes : charge carriers are ions
,
not electrons ↳ relationship :

amount of altered substance at electrode during electrolysis
· ionic conductivity - substantial transport of substances and carpe through electrolytic cell

respecially at low Gregs/DC) & F . N- amount of substance in rol
↑- · ions take part in complex chanical reactions when reaching metal

Charge
↳

Favaday constant !

-
teg. electrolysis

E(w) ,

stordenergy
E"Jw) ,

loss F 96485m one no of electrons has

↳ in capacitance o(E] 96485C of change !

lei Nacl in water 25% 22 1 mal 6
. 022 ..1023

Ne(L in water 8
.
9 % 1 . 3

Blood 37% 0.7

Muscle 37% 0. 4

E'(w) E(w)
For water peak is at 20GHz

Bone living 0
.01 degree

of (0 + 01)
Faraday velocity achieved

2 ConstantTabif Tasual
Il

& Tabig Ta small dissociationValentbe
under a unit electe

Ers
Tooth 3

.
005

Y ↓ Y
! field

· IA Kp =&
p

. 12 ze · F Up
*

ion type p
moler concentration

- -die die- w Mobility up (150mm at 18

=z
H33

,

Natu 4
. 6, K6

.
7

,
08. 2

,
26.8

Example : 0
.1 NaCl in water Isalty water

~ Calculates Verst Potential
e

.g . K+: 1 = 73
.

40 . 18 mm 25 · Concentration Cp = 0
.1100 m

↳ flow ofious in dectrolytic solution is due to
· Dissociation X =1 (NaCl is strong saft) - From Gemini

1 . concentration gradient (leading to diffusion current) Ci : 1 = 76 .31.157m 25

2. presence of electric field (leading to drift current)
· Valence :

Zp :/

↓
· Mobility Nat 3

.
6

,
CI6 .

8 in 150 m2

jtotaldiffdt
↳ random thermal motions of ions lead

dif =DppFRu unidbipoditeran ↓o diffusion currents if there are local variations in concentration

=> KNat ~ 1. 1 .100648546.
= 8. 44383

p

= - Dp . 2p . F . TcjuitFu ↳dittegrationstaneine tracellular : 142mm)
Ediff

*
Diffusion Coefficient

=>

K1 · 100 . 9648568.

Equilibrium conditions Ital0
· Const . ↳

Temperature Boltzmanconst = 0
.
656 Im

Es

ideal gas absolute

d
Einstein

Moin Dp= Restin => KTotal = 0
. 4438* + 0

. 656 = 1
.

1
~ elementary

↳ rate of change of free energy of system with respect to

change in number of its elements =
a .

cond =drift-Kionic.E

J
Electrochemical potential -

charge

=> Zp · F . D + RT · In(p) =E= coust
.

=> measured in mot

·KIk+

Na/Nat
H2/+



Electric Double Layers Electrode Equivalent Circuit

Bilayer Lipid Membrane

Electric dipoles, polarization Electric dispersion in tissues

Equivalent circuits of tissues
BLM ChannelsHudgkin & Huxley: Cell 

membrane modelSignal Transmission in Neurons

Axon Signal Velocities

Current dipole signal transfer

Erregungsleitung Riesenaxon

Cell Potential

Ion Channel
Elektrische Dipole

Stationary Current Dipole Source
Unipolar Potentials of current dipoles

Bipolar potentials of current dipole

Current dipole in sphere

(EDL)
↳ layer ofions/elections facing oppositely chargedlayer

- lectrode wire -> solution
↳ can be visualized as two charges of opposite polarity DW

Counterious Electrode separated by tiny distance

ef.Metall eg .
living es ist

bilayer lipid · Electric dipolemoment p gives direction
, magnitude
, und bewegt sich ert

membrane#
D

#
man

I
· Electric polarization P is vector field : F

local density of electric dipole moments in material + +

Y apply E- Field

↑Tein
Grdie Ö = E. + P ↑ =E( - 1) .E Mechani#Chapma S

meine=a . de
Ed gated channels

,
intracellular structures↳ersModenomaday ⑮ ionic diffusion

,
dieectric lasses

7800 -

=Ei B klt - 100M/R Maxwell-Wagner effects : passive cell
* Thermal motion * membrane capacitance , intracellular organelle membranes

results in diffuse
Imoved by Cloud U 0

.
1-100 Glta Dipolar mechanisms in polar medien such as water,

forces) (BLM)n %0 Fore wich

Med
① Inner layer : Rigid ion layer -

&

salts
, proteins

7nm = 7 . 18im

&

- an
(Helmholz-like

, thickness & ·

-

distance Balancerscomm ·mumm. i& ⑨& Outer layer : Diffuse cloud ·
H &

S
Tion diameter

·imm modified from
- &

⑨

Flaws :
Distance Distance · Schwan

Fawsi D & & &

· ignores thermal motion m
↳ only electrostatic attraction

· predicts impossibly high ion densities -> Prevents infinite concentration nunmm &

for highly chargedLs ·
mein-
um-
↑· predicts constant capacitance ↳ capacitance unphysically rises exponentially

polar head A

regardless of voltage & concentration
· doesn't take ion size into account hydrophopie

tatty acids

~ measured voltage inside nerve cell for the first time

Milliehen in einer

-Zellmembran
· Kalium-Natrium-Pumpe (70% ATP-Verbrauch)

· motor nerve axon has ·Wasser-Kanäle ↳ hält negatives Potential in Zellen

voltage gated Nat & K
+ channels

· discovered ion Hux phenomenon · Membran selbst Barriere für Ionen-Fluss Widerstand des
ExtracellularAxoinal Synapse

lon channels but near cell membrane Intracellular

&

*

W *na
& high Nat concentration Raums
D

i
↓

Joachim·
high ht concentrationabee

(
Cm ⑮

⑮
- T

& &S ⑮
T
· T ⑮

D

-
-70mV ①mmmm

⑮ OmV
! inside ⑮ T T⑮ -.

⑮

&

T Transmembran-Widerstand bzw
. Kapazität

Cell action potential T
⑮
De W

Tu
&

⑨

thV hyperpolarisation ⑮ triphosphatet - ·&
S repolarization Muskelzellen i ademo

sin
D ⑮ Tu T

Sum
sehr viel

& ⑮ ↳
*

T T
&

here laysamer
⑮

n
·man
m

· F

⑮
D

Nat B ·imm
--

& Y

⑮
⑮

d· Pumpe

) I· ⑮ ·m
lädt Zellinteren ic&

hyperpolarisation T D Bereich negativ (1 electron per
·
mein cycle)mummu6-*

Trigger
Hyperpolarization

(hot in lecture)

äonterinals extracelluler ion concentration - measurement

V= - 61-108.
) (mV] No current dipole

layer
↑ arrows

intracellular ion concentration represent
↓diectichdueine

If more than one ion species : perneability (5) in
d

* ·extracellular space# V61-log)Pic
good ->

->

Application example :

te 1 2
· axon membrane

-- axon inside

Zellpotential von erregbaren Zellen - 40 ~V bis-gost conducting

(durch Präsenz von Makrondekülen,
Tonman-Effekt

ch substance around axon for better
* +

electrical insolution *
-- *dabayerneund charge

woh
Anm free changen

-

intracellular ! againsae manedensity
· filtertgate , highly selective : pereability

total measured
at membraneund

sue for K
+ 1000-10000 higher than for Nat

capacitance : Auf/cm , Estjo
· Kdauel : 200mix ions/see)D inside

statisches Dipolfeld verringert sichmits
noaon

Es

↑ surface-uraendensity ↳ if open 1ms : 0
.

2misions

Elektrisches Entfernung charges, 9sb · monovalent ion : 0
.

16 al latbocorloub =101D
Dipolmoment i

mit Betrag & Richtung densits E=Wong:aseapric
↳charge of 32fC

R 1 Negativer zu -

t

j =

q .
g

& Positiver Laderung
---

· If one cell has 10hio chamels :

Reobase : Threshold
,

un zell-Aktionspotential answhose
+

~

P(+)
cell radius : 2um,

membrane area
:A-Zir-50.15 m chage of 0

.322 moves intracellular to extracellular
wenn Puls wendlich lang

Für Irksd : Feld nur noch von j abhängig (nähert sich Punkt dipol) 9) C .

U =
V =COMV + Charge is 0

. 5pC,nonovalentiondaaned t · gate norally closed ,
but can be opened with

Chronaxie : Doppelte Resbase
↳ determine change with cell capacitance obtain Gomt voltage or ligand

lipid bilayer

+ · motor nerve axon has voltage gated Nat, k"channels
-<

cell outside dielectricdiples Cell inside
>

conducting

(field)
D

Current dipole in [Am]
↳ die to timeindependent boundary conditions D

given by CURRENT Sources or
11

- P()= De ·den
impressed [ELECTRICPOTENTIALS (volage Sources

= 1 s de d /F-
---------

D

4 F = (v(f) isotropic volumead source

i
urrentdipole movement 2

, X D
for 3 electrades

* F = 0 * in sourcefree regions
↑()=

-reddipole movement 1
, X

D

-

&inverse problem

A- · Fi Dorentdipole movement
,X

amplifies error

4) (5)= A

* D

For measuremed : need 3 electrodes,

2

Dorentdipole movement
, X

↳ perpendicular are best (more equipatial lines)

(EDL)
↳ layer ofions/elections facing oppositely chargedlayer

- lectrode wire -> solution
↳ can be visualized as two charges of opposite polarity DW

Counterious Electrode separated by tiny distance

ef.Metall eg .
living es ist

bilayer lipid · Electric dipolemoment p gives direction
, magnitude
, und bewegt sich ert

membrane#
D

#
man

I
· Electric polarization P is vector field : F

local density of electric dipole moments in material + +

Y apply E- Field

↑Tein
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(durch Präsenz von Makrondekülen,
Tonman-Effekt

ch substance around axon for better
* +

electrical insolution *
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Cell Action Potential & Propagation

Extracellular potential of fibers

Triangularized Action Potential

Excitable Cell Model

Double layer sources

Current dipole near boundariesLangenschendin
↑ communication : Both nerves and hormones

· hormones : Slow
, broadcasting

· nerves : quick,peer to peer

ongt excitable cells : adipose,
connective tissue ,blood

· excitable, polarized cells : nerve
,

muscle
, gland cells

1 . Trigger voltage opens Nat-Channels : Nat "voltage source is active
" Grf2.Depolarization : Nat quickly flows inwards following Neust Potential of + 60mp

↳ Few ions need to How since only membran potential needs to change
3. Trigger voltage activates KT- Channels delayed
4. Nat channels close before reaching Nat-Nenspotential ab 60m

↳ only goes fort 30mV

4
. Repolarization : K"Hows ortwards following-gont Nerst-Potential

5
. Na-K- Pumps slowly recharges cll

, pumps Nat & ktions back against gradient Dielektrikum im Kondensator verändern

Triggering an action potential 1
.
a

.
Mit Spannungsquelle KonstanteLadungElektroden beförder

1
.

Mit negativ geladener Elektrode extrazelluläre Flüssigkeit
negativ laden; Zelle so initial depolarisieren,

·a
von

↳

Sparen -
S

-

So
,
dass über Zellmenbrau weniger als I-55mV) anliegt Freil Ladungen Luft

Freie Ladungen
Unter Schwellenwert-5 t ↓

Nat fließen hinein (sowohl durch chemischen d elektrischen t ↓

+ j -

--
-

Öffnen sich Nat-Kanäle und

!
I

+
↓

---- -

Gradienten)

#Vesatirgelean den - -

extracellular
Vm(x,t)/ idaerpotential) fließt hinein Vm(x ,t) Homogene Verteilungen vonLadungen-

↑ Ei Er

I-
[Intracellular & E =U. d c =Y=

IT FTEFITTTFT

Depolarisierung
· Ladung D bleibt Konstand

-Xund -- 1 - => Einteral = E
.

-ur
2

.Dielektrikummit E . >1 einbringen

2
. Aktivierte Nat-Kanäle sorgen für Anstieg des Potentials in Zelle auf 30mV #Einternal

DielektrikumEr1

Kettenleiter" Gebundene Ladungen

transmenbraue
diffuse extracellular current source · -S

current! ! Kapacitance)

*
t ↓

-Ja
Vm(x,t) >0 - ↓

extracellular im(x, +)30 Vm(x,+< 0
-↑ 4

- ↑ Epolarization
↑t & -

- ↓ S -Imm ↓

&

S -Pepeei Makroskopische Oberflächenladung (gebunden)

axia intracellular current
S

T Stärke des

- Dipolmoments
-- Aktivierung geht in beiden Richtungen - &

&

↓ Epol = Es-
Eintral-Eo-Epolarization =I

Transmenbrauspannung +...
"

Eintenal < Eo0 D= E + p
= 2 =

B

#x(mm]

A

↳LadungenIn den Elektroden verteilen sich um

A

!
Transmenbraue current im

-
&

X dx
↓

↓

i I
-

E 1 do
Fant

Te
-aber kt fließt aus Zelle I I

-

in28
raus EDLdie

&(mA] Intracellular current 1
, weniin agen

i Sich aus

" i I
Vm(x) = P() li(x) =

-Fd(A] E-Feld

↑

Pe(X) /

X (mm]

Phase * Activation Phase

:&
in(x) =- (x)= #adionwar I

i
Potential

&
=>-gVm(x ·I I I

!

↳ cylindrical fiber in unbounded
, homogeneous , isotropic medium ↑ podig

DX

y(x) =( =(x)dx +c = p(x Pline(X) = STE(x)dX

↓ transmenbraue current

Delfte die -y7.
-+ y(x) = Pi() + c

conductivity/
of medium

O-Pol

If fiber is on X-Axis :

Pe(X, y , z) = ike+ dx -Bondinga-
extracellular--- -

-Freex) · inkdx ichness'
STROMDIPL

convolution
intracellular Kombination entgegengesetztmi ! gleicher punkt forniger Stromquellen

in einen endlichen Abstand

-------
---- Stromquelle Stromsenke



The heart

Heart conduction system

Cardiac Cycle

Heart wall &activation

Intracellular cardiac junction
Isochronous Lines of Heart Activation

1.p : Atrial contraction

Hauptschlagader R2
2

.
Zwischen PQ :

Verzögerung zur Vermeidung Simultauer Kontraktion

3.D
,
R

,
S : Ventricular contraction

1 3
P T-hm ↳ Schwelle Ausbreitung der Erregung in HisBündeld Purkinje-Fasern

-

Arterie
Dsa-Namensgebung

4.T : Ventricular ejaculation
-Vene Elektrocardiogramm

von Eindhoven

Diastole : Entspannung
Systole : Kontraktion ↓ Atrial contraction·
.y

2
Pressure

SQ Vertricular
↑ SystoleL Haupthaman A- Isovarmetric

contraction

Atrial systole
Ventricular diastoleverssid, ↳vertricular Ventricular

Distole contraction-

g Phase 1

Präsi· P DiE

B

Prejunction
C menbraue

R

#

Left ventricular i membrane

·
Post -

junction

pericardium y· (muscular tissue)
Isac around heart) intracellular channel

Rightsricular y F
Apex

in ms

Fü
-

1
commen bundle

-Z

i



Heart vector

Electrocardiography

Einthoven's triangle Lead vector (fields)

Lead vector field in human

Sensitivity (field)Further clinical applications

Electrical therapies Standards, regulations

PRS-phase in this lop

↳ solution to inverse problem

Lead voltage readvector [2]
*Dab = Da-Da =2 · Jan

Ar ↑

↓
·

↓

in Am

↓

Lead Vector : Gradient of Electric potential
defined by reciprocally insertingextracting
a unit currentlo using lead ab

Left legFors
of signal used (closed lop in frontal plane

RecipalpotatialLeadfiln field
-

Tab()=.i

i
-

i

G simple
, homogeneous material

a

⑨· # &or

&Pab= Da Do

Lead field (lead 17 : &Dab() = Da-as-P ab(p)
~ - current flow field, introduced

at b

I normalized with respect to le

· ECG(electro cardiography ↳ given : Current dipole &pair of leads

!
sensitivity field

· EEG (electro encephalography) sak-E = -i () . Er
· EIT (electrical impedance tomography)
·

impedance cardiography du
8
... F
Cardiac pacemaking · ICNIRP : International commission

· typical current amplitudes : 5mA Oh nonionizing radiation protection
· lead-tips in right atrium/right ventricle of heart ·IEEE : Institute of Electrical and Electronics Engineers

· Bundesgesetzblatt :

Cardiac Defibrillation Bundes-Immissionsschutzgesetz)
· > 50 A peak possible · ANSI : American National Standards Institute

Defibrillator current limits : Both Jeet : 2Arms @ 3-100kIR
,

D.2Arms & 0
.
1-100M1

#t (controlled environment) Typische Permabilitätswerte?
58V,

15mA : Muscles let go

2582
,

50 mA : Macroshock at heart, lung
brainstem

Electrosurgery
Site dependence of skin impedance Polarisierung Plane WARStratee

(a+ 10(t)
· high-freg current to cut

, dry, coagulate ,
etc. Rheobase/Chronaxie?

· 20-00W ,
0

.
5.5MI, 400 mA

Near/Farfield
Electroshock weapons Susceptibility(Tazer)

mt

10 000 -100klt : Elektrostimulation

Mitg
de

gartenkoin

000
magnet

Frequency, hertz

magnitude
· Rheobase & Chronaxie pulses magnification

get shorter when more current

· Erfields100kl : stimulation of cells,
dissue heating/burns,

loss of musche control , nerve damage
· most important vital organs sensitive ! Heart, lung, brain stem
· 100kl : tissue heating dominant



Biomagnetic fields & applications Biological effects of magnetic fields

Magnetic fields in medical devices

Medical uses of magnetic fields

Magnetic field sources Permanent magnets

Magnetic dipole moment

Biot-Savart Law

Wireless Power Transfer with Coils

Magnetic resonance imaging

Magnetic particle imaging

Magnetic field sensing with coils Magnetic Leads

Wireless Power Transfer Methods

Interaction of B field - human : #atichomogenus magneticfields
Generatable by these currents :

Magnetic field strength usually solensidal
1064

· conduction current ↑
- we are like air, -> Torque/Magnetic orientation of biological cells) · displacement current divergence free

# full paretration
T =-B&X . Sin(20)

· magnetication currents from magnetized media but exception : peramently magnetized media

# ↳ =
n

= 0xm T. j = - V . mconduction displacement

↓

I -Staticinhomogenesmagneticfields curref current magnetication

↓
Anseonics -> Force (Parting of Water) ↓

↓ currents permanent

Urban megretic &x = N.+ N. NoT Dfields F= (grad) -·Die .
1515 TimeVarying Magneticfield
meinem

DC

I f
-> Eddy currents/nere stimulation)

Ü = Not + Note

MPG : Magneto prevmography MCG : Magnetscardiography, J = - 6
. 3

MEG : Magnetoencephalography -> Heat SAR= G . E SPIN
I

Multiplikationofmaynetic fields and other energy
-

· Photochemical reactions with radical pairs calculate magnetic Hux
tiny loop density

Bitimulationidatingtrequencies · singlet-triplet intersystem crossing FamMR) Ba

i (yield effect of cage product Rescape product) ! &() =N]
⑮T -j= F - Tim

-I our location ↑ dipole
location

= 1 . A em Neutron magnetic moment Nur 9
.
66 . 15Am 2

10n- lideal dipole : 1 + 0
,
Ato)

↳calculate magnetic fields of DC/LE currents 2. Proton magnetic moment Np1. 41 . 152Am

- use to calculate
has magnituded direction Electron magnetic moment New-9.

28.Am

100N-
Boundarich & (i) .Ne coil fields

↳ Spin only

vonGr
of populationa

For line currents : luse coust
,

current
, closed

Oxgen molecule woment Noz 9 .27 . 102"Am· d If - F 13 for moments (Nn
, Nr)

10-
workereed

is(f) =d contour) ↳ sometimes magnetions used as units

1004- Reference
For conductor element

14-

100p
D

* I is i in in iron in in sontesof
& Ey (5) (sin()sind

· uses super paramagnetic hanoparticles
· GM : Gesmagnetic field (of earth) iPad Se20

,
+ 90) inside human body (flowing with blood)

· MT : Magnet therapy
-MRI : Magnetic resonance imaging

Field in the middle of conductor (52= -(1) Helmholtz coil pair
Maxwell coil pair

·TMS-T = Transcranial therapertia magnetic !
-

-

· Magnetic device tracking
stimulation

· - ⑮I #
↑ + + +++++ 4144 ↑
+1455577774

I

151 192 cm In
-

F
- + + + 1 =+44 + 4

->= - -XX + 24x = = +

- + - + + xy ++++ + =

Distance from Conductor Center -444444444444
· Stativ magnetic fields B. · diathermi

& ↓>444444444

-
· ELF Magnetic field Belf · magnetic varigation Field of short coil on its axis ⑮ #
· Magnetic tressierts & · Device tracking

·
RF

· capsular endoscope · Ü(z) =Nie · Drive field
Selectionfield

· Microwave (NW) ·MT
,ThS (25hlt

,
25mT)

· tracking nanoparticles Nindings
↳ field strongest at z0 :

( few 12
,
3m)

B(0)=N

· Near-field probes
· H-Field Probe for MRI

room ! ·
· inductive pickup coils

me

chinic A
voltage

D E· Hall effect sensors

· Fluxgate sensors #limpitty
· magnetoresistance Sensors

Elementary bipolar lead
-- / in magnetic measurent is

Plane parallel to surface

pair of pick up coils conductor magnetic lead
drector

(WPT) Lead voltage is induced &Dcoil = pi ·coil

dueto temporal variations
Lead vector field

example capsule endoscopy of curient dipols in body

=> nomalized reciprocal current density
# Coil

Basically used Pickup cil parameters induced by magnetic field of
wwhere6 every

Source dependent : coil driven by AC current

= Road-ansmiss radius vs
. height VS .

Electric field line
Parameter

better do#n bigger radius
,
siz ·i I- rich up current density

Directivity Low Low
LowI I Penetrability) High

High

Transmitter magnetic field of transmitter coil

=- -G
-> z

↳ Nicht nur Power ,
sondern auch Daten übertragen !

Interaction of B field - human : #atichomogenus magneticfields
Generatable by these currents :

Magnetic field strength usually solensidal
1064

· conduction current ↑
- we are like air, -> Torque/Magnetic orientation of biological cells) · displacement current divergence free

# full paretration
T =-B&X . Sin(20)

· magnetication currents from magnetized media but exception : peramently magnetized media

# ↳ =
n

= 0xm T. j = - V . mconduction displacement

↓

I -Staticinhomogenesmagneticfields curref current magnetication

Anseonics -> Force (Parting of Water) ↓
↓ currents permanent

Urban megretic &x = N.+ N. NoT Dfields F= (grad) -·Die .
↓

1515 TimeVarying Magneticfield
meinem

DC

I f
-> Eddy currents/nere stimulation)

Ü = Not + Note

MPG : Magneto prevmography MCG : Magnetscardiography, J = - 6
. 3

MEG : Magnetoencephalography -> Heat SAR= G . E SPIN
I

Multiplikationofmaynetic fields and other energy
-

· Photochemical reactions with radical pairs calculate magnetic Hux
tiny loop density

Bitimulationidatingtrequencies · singlet-triplet intersystem crossing FamMR) Ba

i (yield effect of cage product Rescape product) ! &() =N]
⑮T -j= F - Tim

-I our location ↑ dipole
location

= 1 . A em Neutron magnetic moment Nur 9
.
66 . 15Am 2

10n- lideal dipole : 1 + 0
,
Ato)

↳calculate magnetic fields of DC/LE currents 2. Proton magnetic moment Np1. 41 . 152Am

- use to calculate
has magnituded direction Electron magnetic moment New-9.

28.Am

100N-
Boundarich & (i) .Ne coil fields

↳ Spin only

vonGr
of populationa

For line currents : luse coust
,

current
, closed

Oxgen molecule woment Noz 9 .27 . 102"Am· d If - F 13 for moments (Nn
, Nr)

10-
workereed

is(f) =d contour) ↳ sometimes magnetions used as units

1004- Reference
For conductor element

14-

100p
D

* I is i in in iron in in sontesof
& Ey (5) (sin()sind

· uses super paramagnetic hanoparticles
· GM : Gesmagnetic field (of earth) iPad Se20

,
+ 90) inside human body (flowing with blood)

· MT : Magnet therapy
-MRI : Magnetic resonance imaging

Field in the middle of conductor (52= -(1) Helmholtz coil pair
Maxwell coil pair

·TMS-T = Transcranial therapertia magnetic !
-

-

· Magnetic device tracking
stimulation

· - ⑮I #
↑ + + +++++ 4144 ↑
+1455577774

-
- + + + 1 =+44 + 4

I

151 192 cm In
->= - -XX + 24x = = +

Distance from Conductor Center F -444444444444
- + - + + xy ++++ + =

· Stativ magnetic fields B. · diathermi
& ↓>444444444

-
· ELF Magnetic field Belf · magnetic varigation Field of short coil on its axis ⑮ #
· Magnetic tressierts & · Device tracking

·
RF

· capsular endoscope · Ü(z) =Nie · Drive field
Selectionfield

· Microwave (NW) ·MT
,ThS (25hlt

,
25mT)

· tracking nanoparticles Nindings
↳ field strongest at z0 :

( few 12
,
3m)

B(0)=N

· Near-field probes
· H-Field Probe for MRI

room ! ·
· inductive pickup coils

me

chinic A
voltage

D E· Hall effect sensors

· Fluxgate sensors #limpitty
· magnetoresistance Sensors

Elementary bipolar lead
-- in magnetic measurent is

Plane parallel to surface/ pair of pick up coils conductor magnetic lead
drector

(WPT) Lead voltage is induced &Dcoil = pi ·coil

dueto temporal variations
Lead vector field

example capsule endoscopy of curient dipols in body

=> nomalized reciprocal current density
# Coil

Basically used Pickup cil parameters induced by magnetic field of
wwhere6 every

Source dependent : coil driven by AC current

= Road-ansmiss radius vs
. height VS .

Electric field line
Parameter

bigger radius
,
siz#n better do ·i I- rich up current density

Low

Penetrability) HighI I Directivity Low Low
High

Transmitter magnetic field of transmitter coil

=- -G
-> z

↳ Nicht nur Power ,
sondern auch Daten übertragen !



Reason for Resonance Maximum permissable exposure limits Self Inductance Self Inductance on 
Solenoid

Self inductance on
thin wire pair

Self inductance on
circular loop Mutual imductance

Equivalent circuit diagrams

Types of field excitation Coupling into spherical model

External / Internal Induction Eddy current

Skin depth

Nuclear Magnetic Resonance Magnetization Spin Magnetic Moment

Interaction with static B-Fields

Interaction with RF B-Fields

Spacial encoding

Pulsed MRI

Relaxation in MRI

SAR in MRI

higher efficiency with capacity closedlop condoe

·capacitors causes resonant
I

oscillation interesting for WPT

=> allows high currents without conductoe

suffering loss ! Bex+ (+)- Find()- Find

↑Bind
.
I

&

E ·Vidtypically (21 (12= M

Ratis of mitual "to
B-field self inductanceF E-Field

&

I
-

-
11

, 2 * E

-R/m
logno &

(on time dependent magnetic field) coust . ext .
Bo alternatingBo Alternating ext Be :

Electric field along
Electric field Brot Bist = Bo sin (wt) · Es

conductor loop :

within conducting
YN444 ↑+ 444444 ↓ Displacement ds decreasesbody current

B negligible
If ds radius of body R, with

then low to mid frequency field ! 1

# wer
·iwiri· 1. if displacement current negligible

: #

↓ di
**

eddy-NoNrJeddy H

wik. R
angular momentum

(mms] = (Js]

· change in orientation of nuclear magnetic moments of a material
Or Magnetic Polarization

↳ elementary particles have Spir Gyromagnetic ratio

in a static magnetic field = Smagneticmomanin
· unit often divided by planh'sconstant5 U

due to perpendicular, oscillating magnetic field at resonance free 55 = No(π +m)

for linear/isotropic media : =>#=>m=

Xm:, Xa =N=
-1

↳ get slices of patient = Nr1) .T

Use magnetic field with gradient in z-direction ↓Bo field in NMR

Strong ,
Static B-Field changes Orientation of spin of nuclei,

Superimposing Bo-Field.
Only nuclei with odd atomic was no

interacts with nuclei's magnetic moments

Strength of B-field corresponds to shift in possess a net spin ! ↳ Found in macroscopic level ! On quantum mechanical level :

onlydiscretees levels
resorance frequency

amount of change if B-field in z-direction

RF-frequency then sweeps through all
Energieniveaueines Kerns mit Drehimpuls

possible resorance frequencies and therefore RF magnetic field (31-Field) superposed enter
&mz

= U
. h -

slices in space Bo-field capable of changing distribution I corresponding change of energy

Einof nuclei over discrete energy levels &E = Ame . Bo =

U
. h . Bo

M &E = h . wa
Specific frequency

Bi Field
- needed

~

Maxwell-Boltzmann Statistic

esserever mageticvector

wo =

p
. Bo " "Lamor frequency

Il

needed tochange rotation

Magnetic moments over two energy states follow Maxwell-Bolkmann statistic

- Lamor-frequency probability p to find state at room temperature : in thermal equillibrium

into
xx-plane

Prograllel S
/

vector
d Pantiparallel e1+ (EhiT)

↑ Mi
exclusively flippedhere

·· Only small number of spins more parallel than antiparallel !
~ar Fo fevency correlatedDpetes Parallet Pantiparallel &Ekist

(B1-field is pulsed) nur B8-Feld Bo-Feld mit
B1-Feld orthegoal

·TP : Pulse time Iduration of pulse (atterf) 1
.

RF magnetic field induces AC current in body :

↳ determines how much magnetization will flip from mein orientation
flip analoge ↳magnetication eturns to equillibrium rot = -JwNourDJ . B,TP

· T1 : Spin-lattice/longitudinal relaxation (z-direction) Simulate using
·TR : repitition time (fire between pulse · T2 : Spin-spin/transversal relaxation 2

. Alternating E-field leads to ohnic lesses :

· TE : Echo time (between pulse& response) ->1 &T2 constants depend on election density distribution CONCEPT 11 by TUHH Power loss density : p
= E · Requir

in orbitals surrounding the nucleus -> distinguish molecules 3.Specific absorption rate SAR-Zp
· After onego"Pulse : "Free induction decay (FID)

" 4 . SAR over space :

· After two9g Pulses : "Spin echo (SE)" Sarm-Fstr dr



Maximum Permissible Exposure Limit Poynting Vector

Power loss density

Specific absorption rate

SAR & Heat

Heat capacity + density

Power density 
distribution in muscle

Plane wave polarizations

Plane wave propagation

Frequencies & Wavelength

Body wavelength

Plane wave
Wave properties

Effects of losses in media

Dielectric losses
Conductive losses Superposition

Poynting to dT/dt

SAR at 50V/m

tissue

temperature
& Resonanzbereich 3 =Ex ** [2] Sonnenlich. dWheatcapacitymad⑰100
- ↳

100MK-1Glt

·- For place waves in free space/air : MPEL : 110 in Cwater : 4000ür-

100

& er Poynting vector is real & represents Assume all power loss leads to heat :

- S

Spower density) SAR= A .denseit
614

G

com ↑ time-averaged flux of power per area

mu

in-1-
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-on si - dT
J
SOR
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.163 a +spezifischenapazität
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I d
shmic loss SAR , d: 1h

, lliten of water - 0.36k

·on
in i so i i noboode P = E . Kéquir .I [3]
Frequency (MIR)

1
.
E-Field MPEL sinks to 61

.4 (10%)at over 100MIR SAR-Zralitationtitten
↳

significant atternation at high
With rising frequency

(SAR)

=>u
Distance (cm)

#Field MPEL sinks to 0
.16311%/ad over 100MIR frequencies !

2. Only Power density MPEL defined <1Glk
,
rises Co "I does not appear always ! Bone

, cortical

fromto 10
W

Bone
, spongy 2978 1250
-

Power MPEC in many countries at 0
.01

I
can be integrated over volume MPELW8

.
08 - 8.

ing Blood 3898 1068

SARm =FUSARdV Water
(0. 3 - 30G(k) " corresponding to massi (e.g . 19, 10g ,

whole body)

Example
:

When holding 902M cellular mobile

telephone next to head : biggest values 1
.25 VIF Radio

↳ for human body : Peaks at 30-300MH! =>↳ varies between 0
.
44 13

.
6 W/depads on antenna type,
worse with frequency

Es
Green light 600T 1i7fs

5 = Exi
*

·

requires fully dynamic electromagnetic fields

& Power less density
↳ magnetic & displacement current fields need to be time dependent

P = E Kéquir. E, · time & space tightly coupled !

↓Massendichte · harmonic wave speed in free space
:

k SAR= prass 2 = 7 - f= = 299
.
792458ms -

1
↓ /WännekapazitätEi es te Spres "Transverse electromagnetic"

E TEM

SAR for Water ellipsoid ·vector field of coust free with
71.

73 Mita
,

E-Polarization SAR · infinite parallel planes as wavefronts Complex Wave number alternation per vuil distance

[]
& T -> Frequenz im OrtSa C

15 Autwhole body acts like
- propagates into direction perpendicular to marefronts kann abhängig698

antemma - solves Helmholt & Maxwell's equations
↳ dispersion relation

von Frequenz in Zeit

H 400 15 EsEr =
'
- ja"

, k=0 sein !
238 ↓

meximum! in 18 , B-> Einduced -de
* H6k- De

=> I = TNeNra'w"-jNoNoE" we

198 -

5y In free space
: E-DH-Field prpendicular to direction if no losses : n = k= v . Toprod

25
E

· E
, H are in phase -

15
i ICMOR]

A
· H + = + k+ Propagationcos

in

71
. 73 Mit

, H-Polarization
Im I ) badein

maximum

/ 12mW 12 tangent
Ef -mWhole-Body SAR I (Direction of propagation)

k 6 Frequenz
in ZeitD Average incident wave : Im Frequene ↳

wird groß wenn Kein groß
SAR A ↳

E

1 Resonant
Hz(,

+)=Ecoslutk #erationConstantconst e(
frequency

-8 wenn Esk

↳
a lot less SAR changes with Waeleng -hase vert4fsize !

Ey(x,
+) = Es - (s(wt- kox)

A(w)=

H 37

dden

#
wimpees

71 .
73 Mz

, K-Polarization
mW

Kreiswellenzahl - ko=)
(ng]

max !
or Elft)=Eiw

& i jew

I 12 LePairationnein tixed planes in space

if no conduction : not Greg-dependent !

↳OE
also common : 5 . En impedance in free space/air

=>E=.jyspace independent In lossless media :
↓

1 =- , Mo37

In metals
~ = H +j). surface impedance

EoEr = El -ja"= 0

assume complex wave number:=ok we-jNeUrkn S e
Sindepdie

jIwat-zir)
u = x + jB=jk

time
· exponential atternation

·
relaxtse

+E depends on
: complexindexo

refractsie

· generation of power loss density
on cosst- Amplitude vector

, freg ,direction
· reduction of phase velocity/wavelength Propagati

w= Nour2 => Interference
In lossless

, free. indep. media :

· introduction of phase offset between BDE fields m n
-

es
xozagnets losse

to Is here ! -
=ample: e

· dielectric lossen - Er = Eoz E-fields

· conductive/ohmiclosses um
The superpositionwillbett

&

10 N Ein +Ea - perspendicular!

Royutingrector reduction
n

0.1

= = 5: e · ex · ·

again a plane wave
- 22X

S
-D 25
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= 2x Re55,3 e

-

0
.
01·4)

· linear polarization 4-8
°

V 4= 100 Boundary
&

-2xX
↑wer loss

desi das

· I circularplaats
Example TM/TE wave

110

- similar 5 cm

INorw but high absorbed inside
I I 3 power

Mde
temperature increase : muscle,

border, 141t: 0
.25

4- 600

-Iwit]
↑ significantly decreased

tissue

temperature
& Resonanzbereich 3 =Ex ** [2] Sonnenlich. dWheatcapacitymad⑰100
- ↳

100MK-1Glt
614

G·- For place waves in free space/air : MPEL : 110 in Cwater : 4000ür-

100

& com er Poynting vector is real & represents Assume all power loss leads to heat :

time-averaged flux of power per area
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Spower density) SAR= A .den
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P = E . Kéquir .I [3]
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Frequency (MIR)
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E-Field MPEL sinks to 61

.4 (10%)at over 100MIR SAR-Zralitationtitten
↳

significant atternation at high
With rising frequency

(SAR)

=>u
Distance (cm)

#Field MPEL sinks to 0
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2. Only Power density MPEL defined <1Glk
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Power MPEC in many countries at 0
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(0. 3 - 30G(k) " corresponding to massi (e.g . 19, 10g ,
whole body)

Example
:

When holding 902M cellular mobile

telephone next to head : biggest values 1
.25 VIF Radio

SARm =FUSARdV

worse with frequency
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=>↳ varies between 0
.
44 13
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6 W/depads on antenna type,

↳ for human body : Peaks at 30-300MH!

Es
Green light 600T 1i7fs

5 = Exi
*

·

requires fully dynamic electromagnetic fields

& Power less density
↳ magnetic & displacement current fields need to be time dependent

P = E Kéquir. E, · time & space tightly coupled !

↓Massendichte · harmonic wave speed in free space
:

k SAR= prass 2 = 7 - f= = 299
.
792458ms -

1
↓ /WännekapazitätEi es te Spres "Transverse electromagnetic"
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Plane Wave Reflection & Refraction

Fresnel's Formulas

Special cases

Loss free dielectrics

Lossy E/H Field distribution

Numerical methods

Finite Difference Time Domain

Near field vs Far field

Conductive losses

-Trinkw
↳

use refractive index :

(instead of wave impedance/wave number - = x + jB = j.

· e = =+j=jN 111
=NNN &B2j2aß-INkW-Nar

?

* IB=-New=Ve

swellenzahl ! #Ne- Nkw
ki = kr = ky , k= b

&

Xi = X==22
Reflection law

4 (Naw+ 12) ·B = N kw2

bi sin(M) = heSink]Refractioam
- 4 NEWB2+ 434 =Nakwa-

Grazwinkel für totale Reflexion B-New-EN2
Sin(n)= Chache

,
negi

BnewißEN2 = 0

↳T w-j . Nikee W
p 9

proportional field amplitude rations, notpower rations! Hard to predict ! Need simulator

=+
↳ im General : After zum inside bolly,side

Rep-ricular& Parallel Polarization ↳ weird behavior
, SAR too -Nor

↳ magnetic fields penetrate more =Ninten
Perpendicular,E =wi

E-PolarizationD Parallel =wErlett
ü~ E distance from entenmal below wavelength =En = r=

E · then
distance bigger then wavelengths

st ↑ polarization
=zend)

-w)

For E-Polarization ForIt-Polarization swirio)
-

↳ relate space independentpart of complex G
· · - magnetic fields

amplitudes of reflected transmitted E-field
to space independent part of incident -field :

· BEM : Boundary Element Method

· FDM : Finite Difference method

- *sn ~ FDTD : Finite Difference Time Domain Z
FDTD

· FEM : Finite Element Method ↑ liik1) Model
1

.

Generalize discrete noche

Feicosos(e) S(2)

· MoM : Method of Moments 2 . Adding absorption boundaries , probe

· volume vs surface

where MFw An-F · time us
. Greg, domain 3. Inject wavelexcitation of feed

Kn
, z

+ j . En
, zw

~ asymtstic vs
.

fell wave 4. Record EM fields &derived statistics

· differential vs
. integrat

--fi=

· implicit vs
. explicit M 5. Simulation until scattering complete

-> concept 2 : surface
, tree, domain,

G. Inspection of fields

implicit, integral & drived quantities in time domen in

21 = go
7. Further param extraction after fot

Targential incidence: impedance/freg · characteristics

& 55 -Ei-1 De In = o ·
get wore del

Incidence on perfect conductor (M2 =0) / Perfectlymatchedassorbing
Je = -

fu = - 1 te = 0 + p
= 2

Algorithm :

* 16 :Er = -Nor-I
annähern

-Erd = Not

* H +4 = Ez()+H in

↑
given at + 1 t

# Hx
,
y( ++a+) = (x

,y(+ + Et)-u (Ex)
H E HE E...
telt + treet Hat tedt higher grid sampling

· grid spacing needs to be chosen that allows lower phase velocity
error (inverse exponential)

↳ feature resolution of model is good
↳ Nyquist sampling theorem ismot max(dX,&y , duf>msignal

- in practice more
strickt

·Time step needs to be chosen that

" CFL Stability criteion
& Nyquist sampling critesion maxisgual) : fu, : So

· errors
: due to modelling,

discretization
, implementation, round off



THz Waves, Infrared, Visible light Geometrical optics THz Environment Thermal radiation

Radiative transfer

Optical properties of skin

Coherence & Interference

Optical coherence tomography

UV & Xrays Human effects

Ionizing radiation quantities

Generation of X-Rays

X-Ray Tube Efficiency

Computer Tomography

· waves + rays models ,
switch at 18912 · approximative model of wave propagation

· max frequency of electronic solid state
· multitudeot EM waves

· Millimeter waves max
:

300Gl : Imm
· in dielectrics of slowly varying

refractive index
sources:LT

· generated by thermal motion

·
The waves max :

10TH :
30Nm

A · min brequency
of laser Sources : 0 .5TI of charged particles

&

· Infrared wax : 100T 758 nm
· Waves described by rays

· skin propertes : with rising freg
:

↳ fundamental for heat
-> real index of refraction decreases Transfer

· Visible light wax : 880T 375 um · rays
I gradients of surfaces of constant phase

-absorption coeff- increases ·

a lot of different laws for this
-

· UV wax
: 3PI 180um g at interface to electrical conductor : -optical per entration depth decreases

· quantization
: intensibly

- specular reflection
· less water + higher pactration depth

Effects ladditional)
(min 75onm) · thermal effect : exposure

duration + temp hman: with rising external
at interface to dielectric

:

result in cell digradation Temperature....
· multiple scattering misin(x) =

n2 sin(a) (Suell's Law) · The Exposure Standard :
-> heat radiation decreases

· absorption !
multiple at different levels,

-> convection decrease
· specular reflection 0

.01 de later
-verdunstung decreases

-
·

negligible interference
· two EM waves show concence

,
it Peah black body radiation ab

·
Increased spectral bandwidth

= sam center frequen (X 35TM
-> constant phase difference over o time Iwahrnehmbares Licht)

· human body :Mostly opaque => allows temporally& spestially persistant mit größerer Frequenz :

interference effects

"Licht undurchlässig"
-> coherence time is reduced

,

if colerance not perfect · Absorptenim↓ ↳ it radiation passes through medium
t

· losses intensity due to absorption

·Fahnimmtaneou-PassFilter
· redistributes intensities by scattering
· gains intensity by emission

auf Eingangs-Dirak-Puls Simplified,
11 form : Lambert . BeerLaw

Zu
v

((X) = 10 -Nax
. ~Nox

- Attentation die to absorption/scattering
absorbed power density :

p(x) =

Na- ((x)

-2PI

↳ Photon model !
· Deterministic :

-
Radiated Power

· acute radiation syndrom (ARS) --Electrical input power

UV : 800T- 3 Pl
-> nausea

,

diarrhea
,
headache,

Norbe k . Uz105/
skin burns

,
fever ↑ G

XRays : 3Pla-60 Elt2
. Stochastic: canse, gretic

detects,
1 atonic number

mutation
of anode natural

-> isnizing effects ! Starting at 2PI
Wolfram : 2:71

=>m31%

Plauchsches

Wirkungsgranten
· lonization dose : Jmindcharge↓

Ephoton = hof + 2PH -> Dev >enough to

1eV= 1
.

682 - 159)
liberate It election

· Energy dose/absorbed dose :

D - AbsorbedEnerg · Röhre verschoben und rotiert um

Quality factor = 1 for photons objekt herum

XRays max .

250keV (60 EIM) b
· Generation H

· ponization energy decreases with atomic number

· Equivalent dose :
H = Q .

D /u = Su

· a lot of different interactions between detekton
· atom cores Photoeffekt
· electrons => klassische Streuung

· Verwendung von Radon Transformation :

· plotons Compton-Streuung
·

Spanung : Röntgenstrahlen Ry (c) = Jf(x
,
y)ds

Paarbildung treten an Ausde aus
L

Renreaktion Eelectron-e . U = hif
↳ Inverse von CT

↑

wax
. Grea

· With increasing frequency/mergy ...
himmt mit V linear

zu

1
.

Photoeffect dowinabe -atternation
· mit zunehmender Frequenz und

2. Compton effect dominatedd Energie pro Elektron nimmt

3. Pair production dominate
die Bremsstrahlung zu

· absorption coefficient Nu7"[n]
·

Bremsstrahlungentsteht wen Elektres ist
Schalen im

↳ Ob absorbes everything after a few wavelengths Bohr-Modell fallen

· human body mostly transparent, exception bone
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