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Photons In the universe

VISIBLE
INFRARED LIGHT

MICROWAVE

WAVELENGTH 5,000,000,000 500

ENERGY 0.000000248 0.124 248 4.96

Tem = 10,000,000 nanometers
—

NASA/CXC/SAO/MPE
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Element production on the sun

Light source Photographic

film
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SpeCtral “neS Of hydrogen absorption Spectrum
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Hydrogen emission spectrum -!
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Spectral analysis
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Nuclear Resonance Fluorescence

Excited nucleus

N

Relaxation:
Fluorescence

L

Incident y-ray

Time

Nuclear Resonance Fluorescence (NRF) is analogous to atomic resonance fluorescence
but depends upon the number of protons AND the number of neutrons in the nucleus

Indian Institute of Technology Ropar Hans-Jirgen Wollersheim - 2018 =1



Photon-nuclear reactions with MeV vy-rays

<% pure electromagnetic interaction v-ray ﬂ
% spin selectivity (mainly E1, M1, E2 transitions) N> pg}‘.&r
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Photon-nuclear reactions with MeV vy-rays

4

D)

(R )

D)

L)

s pure electromagnetic interaction y-ray 4%
» spin selectivity (mainly E1, M1, E2 transitions) N> %

Two Phonon PDR

GDR
State
A -
. | ®+®
A
E x 100
& i—— 4 & -
S 10 15 Energy (MeV)
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Low energy photon scattering at S-DALINAC
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Absorption processes

y-ray :
AVAVA S-S
=

Absorption lines only a few eV widel

atomic attenuation
E several processes
- contributes at each energy
—— bremsstrahlung w/ absorber independent df
== bremsstrahlung w/o absorber
Energy (a.u.) I _ .
r":f rz-‘ ! :'__.-'r -.:.J r / .=:."r1:r_.: D”
S resonant absorption N o,
PV only at resonance energies .<@,\
depends oh, 3 -
{ e
||H|'||I AP Y T _ ( E—Ey ) 2 J:..-:-"
Nai Oq X - € - AP PP P @
- ﬂ- O Wow WU
. \'i
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Principle of measurement and self absorption

Use scatterer made of absorber material as ,high-resolution detector®.

scatterer‘

calibration
target

scatterer

calibration
target

InN

Self Absorption:
= bremsstrahlung w/ absorber Decrease of Scattered Photons
= bremsstrahlung w/o absorber because of Resonant Absorption

l — Catterer _— . NW
R(FU) _ - . A

—== Calibrator
N woA

=
- [

Counts

LA

Energy (a.u.)
—

l*h--—-
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First yy-coincidences in a y-beam
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First yy-coincidences in a y-beam
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Total power received by Earth from the Sun

174 Peta (10%°) Watt

89 PW absorbed by land and oceans

@ ) el_] extreme light Infrastructure, Europe
Nuclear Physics
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Compton scattering and inverse Compton scattering

7\ Compton scattering:
c
/ = Elastic scattering of a high-energy y-ray on a free electron.
/\/\/\/\ = Afraction of the y-ray energy is transferred to the electron.
K’ = The wave length of the scattered y-ray is increased: A > A.
hv > m,c?

h
AN —A= . (1 — cosﬂy)

mecC
E
El — y
’ 1+ Ey 1 0
— (1 — cosB)

Inverse Compton scattering:

= Scattering of low energy photons on ultra-relativistic electrons.
= Kinetic energy is transferred from the electron to the photon.
= The wave length of the scattered y-ray is decreased: A" <.

1—p-cosb,
1+ - cos6,

!

~
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Inverse Compton scattering

% Electron is moving at relativistic velocity

¢ Transformation from laboratory frame to reference frame of e- (rest frame):
in order to repeat the derivation for Compton scattering

— . _ c — (1 _ p2YV-1/2 _ (i
E,=v"-E, (1 cosBe y) Lorentz factor: y = (1 — %) = 5315000055
\ J
|
Doppler shift
El — Ey
14 1+ E, Compton scattering in rest frame

%

E,=vy-E (1 + Ecosee-y,) transformation into the laboratory frame

< Limit E, < m,c?

E, ~ y? -E, (1 — cos@e—y) (1 + %cosee—yr)

electrons laser X-rays
I~ 2, .:
electron and vy interaction 6?e—],~1800 v* emission relative to electron - ,~0

Indian Institute of Technology Ropar Hans-Jiirgen Wollersheim - 2018 =1



Laser Compton backscattering

I E—— .2 (00,000

| slecironvolts

Electrons e ; M‘

Gamma ra Vo

Compton

Doppler upshift l recoil

energy-angle
correlation

Yo @ >

Energy — momentum conservation yields ~4y? Doppler upshift
Thomsons scattering cross section is very small (6-10-2° cm?)
—p High photon and electron density are required
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Gamma rays resulting after inverse Compton scattering

NUQM gﬂc‘! E photon scattering on relativistic electrons (y >> 1)
L
hv = 2.3eV (=515nm)
E
° € Tl =720 MeV - —1+M—1410
e = ¢ Ye = V9315 A [u]
£ 22 1+ cos6; £
)4 = Ve 2 4v FE "B
2 YeLy
1+ (yeé?y) + ag + —,
4yoEl

> = recoil parameter
mc

eE
mwp,c

a, = = normalized potential vector of the laser field

E = laser electric field strength E; = hw,,

_ Ee _ 1 _
Ve =z = Jigz Lorentz factor
maximum frequency amplification:
head-on collision (6, = 0°) & backscattering (6, = 0°)

A. H. Compton _ 2. -
Nobel Prize 1927 Ey 4ys - EL = 18.3 MeV

Hans-Jirgen Wollersheim - 2018 (=P | §



Scattered photons in collision

€l
Nuclear Physics
Laser pulse Backscattered
e X-v rays
e—beam s
- Yb: Yag J-class laser
10 Peta (10%°) Watt
Gl
= 1[nC] U, = 0.5[J] hv, = 2.4[eV] =3.86-10"1°[J] = 515[nm]
- N,=6.25"- 10° - N, =13" 1018
NL'Ne

T['O-R

y-ray rate: Ny = L Orhomson

(full spectrum)

~2-108-f[s~

']

Luminosity: L =_—— - f|=29-10%"f[em™2s7"]  og = 15[um]
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Thomson Scattering

J. J. Thomson
Nobel prize 1906

Thomson scattering = elastic scattering of electromagnetic radiation by an electron at rest
— the electric and magnetic components of the incident wave act on the electron
— the electron acceleration is mainly due to the electric field

— the electron will move in the direction of the oscillating electric field

— the moving electron will radiate electromagnetic dipole radiation

— the radiation is emitted mostly in a direction perpendicular to the motion of

the electron
— the radiation will be polarized in a direction along the electron motion
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Thomson Scattering

J. J. Thomson
Nobel prize 1906

dor(6 1 : : :
C;é ) Ero (1 + cos?0) differential cross section
0?2
g =———=2.818-10"1° [m] classical electron radius
ATTEEM,C?

dor(6 2 8
o =] ”C;é ) 4o = 210 j(1+c0529)d0 _?”ro = 6.65 - 1072° [m2] = 0.665 [b]
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Scattered photons in collision
')»”) d.i B, = 272 1 -|-2C0582L T E,

Nuclear Physics 1+ ()/egy) + ag + e
E | 2’6006
000 0=mn nergy spectrum 6=0 & Gammas energy vs angles
T T T T Q . . :
B (nitial CP@ 5 _ +Initial
[ Atter collimator 1 ] - After collimator 1
4+ +  After collimator 2]
=~
-
- inf = 1 3
3 sinf = 1/y 12
o L
< =
=S

) 3

Photon extraction line
25m

——1—

- Collimator 1: d=11mr=0.3cm, t=5cm (W)
- Collimator 2 : d=15m r=0.1cm, t=5 cm (W)

A
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Inverse Compton scattering of laser light

Twisted Electrons

Tl.df-b) 0.05 1
7 12}
|
< 1.0}
£ 0.3}
3 0.6}
S 0.4}
5
£ozp
T 0.0
0 2 4 G 8 10
w' [keV]
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https://inspirehep.net/record/1306631/files/figure2b.png
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Nuclear Resonance Fluorescence

J I'=To+Zes ol = Widths of particle-bound states: I' < 10eV

To Io/T Iy/T
A=] T=JJs A< T+,

= Breit-Wigner absorption resonance curve for isolated resonance:

2] +1 Il

%) =1 T E e 1 (/)

~F0/F

= Resonance cross section can be very large: g, = 200 [b] (for, =T, 5 MeV)

= Example: 10 mg, A~200 — Ny = 3-10%%, N, = 100, event rate = 0.6 [s]
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Nuclear Resonance Fluorescence

meli

Nuclear Physics ‘ Count rate estimate
Ex 1" = 10%v/(s eV) in 100 macro pulses

k = 100 y/(s eV) per macro pulse
= example: 10 mg, A ~ 200 target
= resonance widthT'=1eV
Ty Iy L = 2 excitations per macro pulse
= (.6 photons per macro pulse in detector
Y 2 = pp-count rate 6 Hz
3 o 03 = 1000 counts per 3 min
: 2
P 0;

Intensity

8 HPGe detectors

2 rings at 90° and 127°
&./(HPGe) = 100%
solid angle ~ 1%
photopeak ¢, ~ 3%

«* narrow band width 0.5%
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Nuclear Resonance Fluorescence

meli

Nuclear Physics

+» narrow bandwidth allows selective excitation and detection of de

Energy [keV]
A
2423 1+
twable 2143 2003
’I/—f $ 1815
e T T T 1 I3
Absorption Emission
o7 938
033
Ahsorption Emission
- ot 0 ot 0 12t ! 0 T Yo
Flux of gamma-rays 743 Am 237 Np B9Py 357

cay channels

1t 2410

2245
17 2176
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Deformation and Scissors Mode

meli

Nuclear Physics

¢ Decay to intrinsic excitations

Vibrator Transitional Rotor
\ o+
33T I -1 — 1%
> M1, decay to
o, o 04 in
Q I transitional
IJC.I —4{=—2; =03 nuclei — M1,
5 1k =0
“— —2 [I
© 0§ o
=
X 2 — —
1 ot —o; 0F —X =0 eeeo :
deformation
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