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ENERGY LEVELS IN ATOM
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ABSORPTION EDGES
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Measure at least one of: 
- transmission
- fluorescence yield
- electron/ion yield
- electron currentܭ edge
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HARD X-RAY EDGES

1s

En
er

gy

Density of states

occupied 
valence 
states

unoccupied 
states

Fermi level



SOFT X-RAY EDGES
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SOFT AND HARD X-RAYS
Soft x-rays Hard x-rays

Ideal for 
spectroscopies of 
gases, clusters, 
surfaces 

Ideal for in situ 
environments, 
atmospheric 
and higher
pressures

Transmission
through 1 cm of air

100 1,000 10,000
Photon energy (eV)

100%

10%

1%

soft hard

”tender” x-rays

tender



ABSORPTION EDGE ENERGIES

http://xdb.lbl.gov/Section1/Periodic_Table/X-ray_Elements.html http://xdb.lbl.gov/

The ”orange book”

in electron 
volts (eV)



$1,000,000 QUESTION

Q: Is there any way to measure 
these soft-x-ray absorption edges 
in a way that is not surface 
sensitive, require a vacuum, or 
could be used with complex 
sample environments?

in electron 
volts (eV)



THEN YOU COULD DO ALL THIS...

...and more!



X-RAY / MATTER INTERACTION

x-ray
fluorescence

Inelastic scattering
(Compton’s Nobel prize)

Incoming x-rays Transmission

photoelectrons 
(Einstein’s Nobel prize) 
+ ions, clusters, ...

Elastic scattering
(⇒	diffraction, small- and 
wide-angle scattering, ...)

݁ି + ݁ା

Pair production
Absorption



X-RAY SCATTERING

Differential cross section:

From Als-Nielsen & McMorrow: 
Elements of Modern X-ray Physics (Wiley)
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1 barn = 10ିଶସ cm2 (cross section of a uranium nucleus)

Thomson cross section

ELASTIC SCATTERING FROM AN 
ELECTRON (CLASSICAL)



INELASTIC SCATTERING FROM 
AN ELECTRON (CLASSICAL)

Arthur Holly Compton, Nobel prize 1927

1. Particle (photon) scatters off another 
particle (electron). Collision is inelastic ⇒
loss of energy

ℏ߱ଵ, |ℏܓଵ| = ℎ/ߣଵ

ℏ߱ଶ, |ℏܓଶ| = ℎ/ߣଶ

ܧ = ݉ܿଶ

ℏ߱ଵ

Elastic line

ℏ߱ଶ

Compton lineIn
te

ns
ity

Energy

Spectrum
Δܧ

2. Laws of energy and momentum 
concervation hold:

ℏܿ|ܓଵ −ℏܿ|ܓଶ = ଶܧ + ଶܿଶ − ܧ
ℏܓଵ − ℏܓଶ = ܘ

3. This leads to a well defined red-shift 
of the photon energy upon scattering ⇒
the so-called Compton shift

ߠ2



EXERCISE: COMPTON SCATTERING

1. Derive the wavelength change Δߣ in Compton 
scattering for an electron that is initially at rest, 
photon scattering angle 2ߠ.

2. How does Δߣ depend on the initial wavelength?

3. Bonus question: What is the Compton shift in energy 
as a function of momentum transfer ݍ? 



INELASTIC SCATTERING FROM 
AN ATOM (CLASSICAL)
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Elastic line
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Spectrum
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Electrons bound to atoms are 
constantly on the move!

Initially electrons are not at rest in 
general ⇒ Doppler shift (from the 
laws of conservation of energy and 
momentum)

ܵ = Incoherent atomic scattering factor

ߪ݀
݀Ω =

ߪ݀
݀Ω ୦

× ܵ



ENERGY LEVELS IN ATOM



COMPTON PROFILE OF AN ATOM
Carbon 
atom

In our 
example: 
carbon atom
ℏ߱ଵ = 13 keV
ߠ2 = 150∘

- Compton profile peak appears at energy 
transfer of ℏ߱ଵ − ℏ߱ଶ ≈ ଶ/2݉ݍ

- X-ray Raman edge appears at the 
corresponding electron shell’s binding energy

elastic 
”line”

Compton ”band”



TYPICAL SPECTRUM

energy transfer a.u. = atomic units (inverse Bohr radius)

X-ray Raman

Compton

Sample: diamond

T. Pylkkänen, 
PhD thesis, Univ. Helsinki



X-RAY RAMAN SPECTRA
aromatic hydrocarbons

Energy transfer (eV)

Oxygen K edge in water 
up to supercritical regime
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Ruiz-Martinez et al. to be published

Using 10 keV x-radiation!



X-RAY RAMAN SCATTERING
x-ray 
Compton 
scattering

ℏ߱ଵ, ଵܓ

ℏ߱ଶ,ܓଶ

ߠ2

100 keV
photon in

ܵ ߱,ۿ ∝ ݂ exp	(݅ۿ ⋅ (ܚ ݅ ଶ



In Compton & XRS we measure 
the dynamic structure factor

݁ܚ⋅ۿ = 1 + ۿ݅ ⋅ ܚ − ۿ ⋅ ܚ ଶ 2⁄ + ⋯

ۯ ⋅ ۯ x-ray 
Raman 
scattering

10 keV
photon in

9.7 keV
photon 

out

ۯ ⋅ ۯ x-ray 
absorption

300 eV
photon in

ܘ ⋅ ۯ

ۿ = ܓ − ܓ
߱ = ߱ଵ − ߱ଶ



INELASTIC SCATTERING

Scattering Absorption Excitations
optical Raman infrared absorption vibrational (meV)
x-ray Raman soft x-ray absorption core-electrons (eV, keV)

Equivalence of:
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ܧ hole



HARD X-RAYS: BENEFITS
Access to extreme 

conditions and in-situ 
environments (chemical 

reactors, etc)

Bulk sensitivity

Not limited to dipolar 
transitions

Diamond anvil cell: high pressure

Li-ion battery: electrochemistry



COMPLEMENTARY TECHNIQUES
- Soft x-ray absorption (XAS, XANES, EXAFS)

- Electron scattering (EELS, ELNES)

ℏ߱ଵ, ܫ ℏ߱ଵ, −)	expܫ
ߤ
ߩ (݀ߩ

݁ି

ߠ2 ି݁ߠ2

boron K edge-ߚ

Figure from 
Simon Kujawski, 
Diplomarbeit 
Tech. Univ. 
Dortmund



WHY IS IT CALLED X-RAY ”RAMAN”



BELOVED CHILD HAS MANY 
NAMES (FINNISH PROVERB)
(Non-resonant) X-ray Raman scattering (XRS)
Non-resonant inelastic x-ray scattering (NRIXS or NIXS)

We must do something to clear this nomenclature up... 

Not to be confused with:
- Nuclear resonant inelastic x-ray scattering (NRIXS or NIXS)
- Raman scattering (RS) (i.e., as is done with lasers for vibrational 
spectroscopy)
- Resonant X-ray Raman scattering (RRS) (older name for 
resonant x-ray emission spectroscopy, RXES)

The Finnish brown bear (Ursus arctos):
Karhu, otso, mesikämmen, metsän kuningas, 
kontio, oksi, nalle, ohto, ...



REFRESH
X-ray Raman scattering is inelastic x-ray scattering 
from core electrons

Powerful technique rapidly growing in 
popularity with 3rd generation synchrotrons

Use hard x-rays to study soft x-ray edges

ð bulk-sensitive measurements
easy access to extreme environments

Additionally momentum-transfer 
gives access to non dipole transitions

energy transfer EK
momentum transfer q

E1
EK E1-EK


