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Lecture -7/
Questions raised in the class

1. Questions related to beaming?
2. Units used in the relativistic derivations?

3. Light has weight?



Bremsstrahlung
in Astrophysics

Bremsstrahlung is a German word directly describing the process:
"Strahlung" means "radiation", and "Bremse" means break.

Also known as breaking radiation.

Also known as free-free emission.



Abell 2199

Chandra (X-ray) Wise (IR)

redshift, z = 0.0309

- »>
50 thousand light years
https://apatruno.files.wordpress.com/2016/09/lecture52.pdf




Bremsstrahlung
In Everyday life

X-rays used in medicine (radiology) are created in
Bremsstrahlung.




Bremsstrahlung
in Astrophysics

v' Electrons in a plasma are accelerated by encounters with massive
ions.

v This is the dominant continuum emission mechanism in thermal
plasmas.

v' An important coolant for plasmas at high temperature.

Whenever there is hot ionised gas in universe it emits bremsstrahlung



Bremsstrahlung
in Astrophysics

An incoming free electron can get close to the nucleus of an atom (or other
charged particle), the strong electric field of the nucleus will attract the
electron, thus changing direction and speed of the electron — accelerating it.

Several subsequent interactions between one and the same electron and
different nuclei are possible.

Free-free because the electron is free before and free after.
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Bremsstrahlung
in Astrophysics

Whenever there is hot ionised gas in the universe it emits bremsstrahlung

Examples

Radio : HIl regions compact regions of hot ionised hydrogen at T~10% K
Radio emission from ionised winds and jets

X-ray : Binary X-ray sources at T~107 K
Diffuse X-ray emission from intergalactic region in cluster of galaxies T~108 K



Bremsstrahlung
in Astrophysics

E
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¢ R Bremsstrahlung radiation is emitted when a

- hf=E.-E charged particle is deflected (decelerated)
. 1=2 by another charge.
. Bremsstrahlung emission can be detected from
\ optically thin hot ionised plasma.

https://apatruno.files.wordpress.com/2016/09/lecture52.pdf



Bremsstrahlung
in Astrophysics
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. Classical treatment
RN h-f=E{-E»
\\ Quantum effect
"\ Relativistic effect

https://apatruno.files.wordpress.com/2016/09/lecture52.pdf



Bremsstrahlung
“Free-Free Emission”
“Breaking Radiation”

Radiation due to the acceleration of a charge in the coulomb field of another charge
Is called bremsstrahlung.

Path of electron

» Bremsstrahlung due to collision of like particles (e.g. electro-electron
or proton-proton) is zero in the dipole approximation

» In electron-ion bremsstrahlung the electrons are the primary radiators, since
relative accelerations are inversely proportional to masses.



Bremsstrahlung
“Free-Free Emission”
“Breaking Radiation”

Full understanding of the process will require a quantum treatment.

Classical treatment is justified in some regimes (discussed later in the lecture)

Approach
We first state the classical treatment and then quantum results as corrections.

We first treat nonrelativistic bremsstrahlung and then consider relativistic corrections.



History of Bremsstrahlung
“Free-Free Emission”
“Breaking Radiation”

1930 : Curl Anderson found that ionisation loss-rate is under estimated for
relativistic electrons (though was noted by Tesla in 1880)

Additional energy loss mechanism was associated with radiation of electromagnetic
waves because of acceleration of the electron in the electrostatic field of nucleus

Radiation corresponds to transition between unbound states of the electron in the
field of the nucleus

1939 calculation on relativistic and non relativistic spectrum by Bathe and Heilter

Improved treatment appropriate to astrophysical situations Blumenthal et al 1970



Bremsstrahlung
Layout

(1) Emission from single speed electron
pick rest frame of ion
calculate dipole radiation
correct for quantum effects (Gaunt factor)

(2) Emission from collection of electron
Thermal bremsstrahlung
Free-Free Absorption
Non-thermal bremsstrahlung

(3) Relativistic bremsstrahlung (Virtual Quanta)



Bremsstrahlung
Emission from a single speed electron

e_
Y >

Assume: electron moves rapidly
b R and its path is straight line

<
e

Consider an electron of charge —e moving past an ion of charge Ze
with impact parameter b

Dipole moment d=-e R 2"d derivative of dipole moment

d= —ev

i Fourier transform

27 _ _ei__ . jwt
wd(w) o fﬂwve dt.



Bremsstrahlung
Emission from a single speed electron

Collision time : time interval over which electron and ion are close enough to interact

T= —

U

.27 —_ i . jwt
wd(w) o f"wve dt.

Case-1 wt>>1 the exponential of the integral oscillates rapidly and integral is small
Case-2 wt <<1 exponential is essentially unity

e
d(w)~3 27w?
0, wr> 1,

Av, wr]

Av change of velocity during collision



Bremsstrahlung
Emission from a single speed electron

Recall Spectrum of dipole radiation

dW B7w®
dw 3(

jd(w)|?

2Av, wr<k ]

0, wt > 1,

So Spectrum of Bremsstrahlung radiation
dw

2e

dow 3mc?
| 0, wr>1.

SIAVP, e




Bremsstrahlung
Emission from a single speed electron

Considering linear path, change in velocity is normal to the path.
Integrate component of acceleration normal to the path.

Ze? oo bdt 22Z¢?
Av=—— =
m J_ . (b2+ 0212)3/2 mbv




Bremsstrahlung
Emission from a single speed electron

Thus for small angle scattering spectra of emission from a single collision is

2 6
dw(b) 8Z% ., bkv/w
=< 3acim*o’b?
dw
\ 0, b>v/w.



Intensity

Bremsstrahlung — single electron accelerated by an ion

Log frequency




Bremsstrahlung
Emission from multiple single speed electron

Bunch of electrons, all with the same speed, v, which interact with a bunch of ions.

. . °
path of
cfcclron
e o \
¢ 10ns
- ’
o ®
.. ®
radiation o L
pattern
°
®e ™



Bremsstrahlung
Emission from multiple single speed electron

Total spectrum for a medium with ion density N, electron density N,

and fixed electron speed V

aw e dW(b)
'ddedz“"f""z’"“f,, dw

min

bdb

Flux of electrons (electrons per unit area per unit time)
incident on one ionisn, v

The element of area is 2ntbdb about a single ion.

b iy is minimum value of impact parameter



Bremsstrahlung
Emission from multiple single speed electron

dw © dW(b
: = n,n2mv f (®) p b
dwdV dt b, dw
( 2,6
dW(b) 82 b<o/o
do | 3mcm b*
For b<<v/w - 0. b>v/w.
aw 16e® boax db 16€° b
= —nnZ* — = - nen,.Zzln( e
dwdVdt 3c3m% b, O 3cmP b min
Where b, . is some value of b beyond which b<<v/w is not applicable

and contribution to integral is negligible

b

I

v
max W



Bremsstrahlung
Emission from multiple single speed electron

Value of b, can be estimated in two ways

First we can take the value at which straight line approximation is no longer valid.

4 Ze*

wmvz

b=

Second value for b_. is quantum in nature and comes from uncertainty principle

b(2) — -h_
min mv

Ax~b Ap~mv



Bremsstrahlung
Emission from multiple single speed electron

b, Mn>>b, " 3 classical description of scattering is valid

b, Mn>>ph, MM quantum treatment required

We choose which ever of these values of b_.._is the larger
for the physical conditions of the problem



Bremsstrahlung
Emission from multiple single speed electron

For any regime the exact results are stated in terms of a correction factor 8¢

dw 16e8 mx db 1668 5: | Drax
A 3(3mzvnnz fmm 3(‘3 2 nnZ ln(—b )

min

aw _ _ 16me® nnZ% (0.0)
dodVdl ~ 3\/3 g ¢ IE)

Gaunt factor (correction factor)

b
RS INT

w min

Gaunt factor is a function of energy of the electron and of frequency of emission.



Thermal Bremsstrahlung Emission

For any regime the exact results are stated in terms of a correction factor 8¢
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Approximate analytical formula for gaunt factor g«(v,T) for thermal bremsstrahlung

(Rybicki & Lightman)
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Thermal Bremsstrahlung Emission

Use of formulas derived for single velocity of charged particle
in their application to thermal bremsstrahlung

!

We average the derived single speed expression over a range of
thermal distribution of speeds



Thermal Bremsstrahlung Emission

The probability dP that a particle has velocity in the range d3V

2

Poce E/KT g3y = _hv 3y,

dPcxe d°v exp( 2kT)dv
2 i

mo
dP vzexp( - 2kT)dv d>v=4nv%dv

Lower limit of electron velocity from the condition hy < %mvz

o =(2hv/m)'/?



Thermal Bremsstrahlung Emission

Thus the total emission per unit time per unit volume per unit frequency
for a range of velocities for ion density n, and electron density n,

o0 dW(v,w) 5 ,
g - 2kT) dv
dW(T,w) _ j;mm dwdVdt * exp( —mv*/ )dv

dVdtdw f v’exp(—mv?/2kT)dv
0

Limits of integration:
O<v< a

But at frequency v the incident velocity must be at least such that hv << (1/2)mv?
otherwise a photon of energy hv can not be created

This cut off in the lower limit of the integration over electron velocities is called a
Photon discreteness effect



Thermal Bremsstrahlung Emission

Thus the total emission per unit time per unit volume per unit frequency
for a range of velocities for ion density n, and electron density n,

o0 dW(v,w) P - ,
dW(T,w) j;mm dwdVdt © exp( — mv?/2kT)dv

dv di de [ " v exp(— mv?/2kT) dv
0

Recap the total emission per unit time and per unit volume and per unit frequency
for single velocity electrons with electron density N, considering ion density N,

aw 167e®
dodVdt  3\/3 3m2

nnZ 2gff( 0, W)

dw 2°me® ( 2w \'/?2_ |
_ ~1/272, , ,—h/kT5
dvdidv 3} ( 3km) Iz n.ne Etf




Thermal Bremsstrahlung Emission

Total emission per unit time per unit volume per unit frequency
for a range of velocities for ion density n, and electron density n,

aw 257786( 2

1/2
= -1/2 —hv/kT
AVdidr ~ 3med 3km) =" Znene™ " gy

In C.G.S. units we have Free-free emission coefficient
i.e. total emission per unit volume per unit frequency

v dVdtdr

| '
i l Velocity averaged

Unit erg st cm Hz'! dW /dV dt dwcc v -1 Gaunt factor
(v T2

=6.8%107%Z%nnT /2% "/ g,




Numerical values of gaunt factor
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Numerical values of gaunt factor g.(v,T). Frequency variable u=4.8x10'1v/T



Thermal Bremsstrahlung Emission

dW 257786 2')7 172 —~1/22 —hv /kT=
dvdidv 3mc3(3km) =2 nme " gy

Integrate over frequency
dw _( ZWkT)'/2 2°7e®
dtdV 3Im 3hme?

2 -
Z nenigB'

gp(T) ===  Frequency average of the velocity averaged Gaunt factor
S value ranges from 1.1to 1.5

Numerically, total emission per unit volume per unit time in C.G.S. unit

o = dw
- drdV

.

Unit erg st cm

=]14X10 27T1/2”e”izzga




Thermal Bremsstrahlung Emissivity

log #,
Rather flat spectrum in the log-log plot
Up to a cut off at about hv=KT

o

True for optically thin sources,
not considering absorption of
photons by free-free absorption

{ | | | » loghvikeV)

Vil

v €, is ~ constant with hv at low frequencies

v E{f falls off exponentially at hv~kT



Thermal Bremsstrahlung spectra

log P(w)

TQ > T]

l -

|
kT, kT, log(fw)

Spectra for thermal bremsstrahlung at two different temperatures
(though same density)



Thermal Bremsstrahlung spectra

] S N LS P P o s -
s /
% % 14 " Pure Gaunt factor 3
- Exponential effect
i -44 r u
-b',
| T=5x107K
46 | ni=ne=10° m™> !
10 12 14 16 18 20
Log v (Hz)
aw -
e/ = =6.8%107%Z%nnT V2% ""’/"ng/‘
dV dtdv

The spectrum will be flat, except when exp(-h*nu/kT) becomes dominant.

This happens when the thermal energy of electrons is insufficient to generate high

energy photons.

https://apatruno.files.wordpress.com/2016/09/lecture52.pdf



Thermal Bremsstrahlung Recap

Consider a charged particle at a specific impact parameter(b) and velocity(v).
When a charged particle accelerates it emits radiation.

Acceleration is a function of b, v and Z.

Acceleration as a function of time intensity spectrum via Fourier Transform.

Integrate (exact details tricky — gives rise to the Gaunt Factorg_ﬁ, which is a
function of v,T,Z).

Include term for collision rate (depends on number densities n_ and n)).
Integrate overv.

Assume plasma in thermal equilibrium > Maxwellian distribution of v .



Lecture -7/
Questions for next class

1. Why free-free emission from like particles (e-e, p-p) is zero?

2. Why electron radiate in electron-ion bremsstrahlung?



End of Lecture 7

Next Lecture : 3" September

Topic of next Lecture:
Bremsstrahlung Radiation-ll
(Chapter 5 of Rybicki & Lightman)



