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NORMAL SCATTERING

X-ray photon interacts with the electrons in the atoms of the 
sample.  Atomic scattering factor f proportional to atomic 
number, Z, of atoms

All atoms scatter X-rays in the same way. Friedel’s Law is obeyed.
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ELECTRON SHELLS IN ATOMS HAVE X-RAY ABSORPTION EDGE S

At incident X-ray energies close to absorption edges 
scattering from atoms is no longer normal
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NORMAL SCATTERING IS MODIFIED CLOSE TO ABSORPTION E DGE

• At photon energies close to
absorption edges of a given
atom, some photons are
absorbed by the atom and
electrons are ejected from its
inner shell.

• When this happens, electrons
from higher energy shells
decay to lower energy shells
emitting fluorescence as they
do so.

http://www.bmsc.washington.edu/scatter/AS_tutorial.html

A BIT MORE ABOUT FLUORESCENCE

Incident X-rays eject electrons from the inner shell of atoms (left), higher shell 
electrons decay down, then photons are emitted via fluorescence. Fluorescence 

emission for different atoms has a characteristic e nergy 
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ENERGIES OF SOME FLUORESCENCE EMISSION LINES

GUI FOR ON-BEAMLINE X-RAY FLUORESCENCE EMISSION ANAL YSIS
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Treat electron shells as
harmonic oscillators with
resonance frequencies close to
energy of shell absorption
edge. Now we get:

)()( ''' λλ iffff o ++=

Scattering factor modified in
such a way that it has
additional, wavelength(energy)-
dependent dispersive (f’) (real)
and absorptive (f’’) (imaginary)
terms

Scattering factors modified when incident X-ray energy is close to that of absorption edge

WHAT HAPPENS TO STRUCTURE FACTORS IN THE PRESENCE OF ANOMALOUS 
SCATTERING?

We can use this intensity difference to solve the p hase problem in MX.

Need to measure both |F hkl | (|F+|) and |F -h-k-l | (|F-|)
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Friedel’s law is no longer true.

There is an intensity difference, ∆Fano
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Crystal System Laue Group Total Oscillation required for 

  Standard data 
collection 

 

Anomalous  data 
collection 

Triclinic -1 180o 360o 

Monoclinic 2/m 180o (b*), 90o (a*,c*) 180o  (a*,b*,c*) 

Orthorhombic mmm 90o(a*, b*,c*) 90o(a*,b*,c*) 

Tetragonal 4/m 90o(a*, b*,c*) 90o(c*), 180 o(a*, b*) 

 4/mmm 45 o(c*), 90o (a*, b*) 45 o(c*), 90o(a*,b*) 

Trigonal 3/m 60o(c*), 90o(a*,b*) 120o(c*), 180o(a*, b*) 

 -31m 30o(c*), 90o(a*,b*) 60o(c*), 180o(a*, b*) 

 -3m1 30o(c*), 90o(a*,b*) 30o(c*), 180o(a*, b*) 

Hexagonal 6/m 60o(c*), 90o(a*,b*) 60o(c*), 180o(a*, b*) 

 6/mmm 30o(c*), 90o(a*,b*) 60o(c*), 90o(a*, b*) 

Cubic 23 ~60o ~70o  

 432 ~35o ~45o 
 

 

Total rotation ranges (MAD, SAD)
(after Dauter, Z. Methods in Enzymology, 276)

PHASING USING ANOMALOUS SCATTERING

SAD results (like SIR) in
phase ambiguity. But this
can usually be
straightforwardly resolved.

The larger f”, the larger
∆Fano and the easier it is
solve the phase problem.
So ideally want to collect
data where f” is at a
maximum.
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CALCULATION SHOWS THAT F’’ IS AT A MAXIMUM JUST ABOVE AN ABSORPTION 
EDGE

EXPERIMENT DIFFERS FROM THEORY. DON’T RELY ON TABLES! 

JM Guss, EA Merritt, RP Phizackerley, B Hedman, M Murata, KO Hodgson, & HC
Freeman (1989). "Phase determination by multiple-wavelength X-ray diffraction: crystal
structure of a basic blue copper protein from cucumbers". Science 241, 806-811.
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MEASURING AN ABSORPTION EDGE

‘Incident X-ray peak’ ~static (i.e. 
energy change not big). We don’t 
really care about this.

Measure intensity contained in 
‘region of interest’ around 
expected position (i.e. energy) of 
emission line as we scan from 
low to high energy around the 
absorption edge.

Automatic on all tunable MX 
beamlines at SR sources)()( ''' λλ iffff o ++=

Experimental fluorescence scan Experimentally determined 
anomalous scattering factors
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Energy of absorption edges that can commonly be accessed on a tunable SR beamline



11/12/2014

9

WHY DO WE CARE ABOUT F”?

λ1F

λ2F

If we at collect data at
different wavelengths about
absorption edge then Fmean
at different ls changes

λ1F ≠ λ2F

DISPERSIVE difference:

By combining measurement
of anomalous and
dispersive differences we
can solve the phase
problem using HA
derivatives in MX.
Technique is called MAD.

λ1

λ2

|||| 21
hklhkldisp FFF λλ −=∆

MAD as Quasi-MIR

“From a practical point of view a larger f” will give more accurate values for the 
possible solutions [of the phase]….while a larger difference in f’ will provide better 
discrimination in resolving the [phase] ambiguity” Woolfson & Fan, “Solving Crystal 
Structures” (1995) Cambridge University Press. 

So, a typical MAD experiment uses three wavelengths (peak, inflection point,
remote). Peak maximizes f”, inflection point and (high energy) remote maximize ∆f’.
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Page 19

Maximising ∆f’

∆f’ ~ 5e-

∆f’ ~ 8e-

Page 20

Maximising ∆f’

∆f’ ~ 10e-
∆f’ ~ 18e-

NB: Efficiency of Pilatus detectors is not optimal at high energy
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(S)MAD: GOOD & BAD

1. No ‘native’ crystal – no problems with isomorphism 
when using heavy atom derivatives.

2. Selenomethionine can be introduced into many protein 
sequences and can be used as a “magic bullet”.

3. SAD is most common method for de novo structure 
solution in MX.

4. Signals are small in comparison to those from 
isomorphous replacement – data have to be good. How 
you might want to do a SAD/MAD experiment often 
depends on signal expected.

5. In MAD have to collect a lot of data from one crystal –
radiation damage is a problem!

S/MAD INTENSITY DIFFERENCES
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(J. Smith, Curr. Opin. Struct. Biol. 1, 1991).

K- absorption edges: f” usually has a maximum 
around 4e-. Can rise to 6-7e- with ‘white line’. ∆f’ 
usually has a maximum around 5 - 6e-. Can rise to 
~10e- if far from edge 

L- absorption edges: f” usually has a maximum around 
12e-. Can rise to ~30e- with ‘white line’. ∆f’ usually has 
a maximum around 10e-. Can rise to ~20e- if far from 
edge 

A single Hg atom has Z = 78 e- (i.e. MAD signals are 
smaller than those from isomorphous replacement. But 

generally use only one crystal to collect all data so 
non-isomorphism not a problem.)   

http://www.ruppweb.org/new_comp/anomalous_scattering.htm

From tables: signal 
usually underestimated  
except in the case of 
remote SAD 
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METHODS FOR S/MAD DATA COLLECTION - I

The Random Orientation ‘Technique’

Crystal is mounted in a random orientation with respect to
the X-ray beam and goniometer axes.

• Data collection strategy required can be obtained using various data
collection strategy programs (i.e. BEST). Look at RFriedel.

• Takes no real account of any factors that can adversely affect
measurement of intensities (i.e. absorption).

• Works very well when we have a relatively large signal (≥ 2.5% -
3.0%) and crystal diffracts reasonably well.

• If signal is small (i.e. S-SAD) can aim for higher data multiplicity

METHODS FOR S/MAD DATA COLLECTION - II

The Inverse-beam Method

Crystal mounted in a random orientation. Data are collected
from φ = Xo to φ = Yo such that data is as complete as possible
for a ‘standard’ data collection. The Friedel mates of these
reflections are then collected by inverting the orientation of the
crystal and collecting the equivalent data (i.e. by collecting
from φ=180+Xo to φ =180+Yo). Can collect in a series of small
wedges or in contiguous complete sweeps.

• Freidel pairs are measured with the same path-length through crystal
(absorption).

• Freidel pairs are collected close together in time (if we use small
wedges).

• Freidel pairs measured with the same multiplicity.

• Helps reduce systematic errors
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METHODS FOR S/MAD DATA COLLECTION - III

The ‘Aligned-Crystal’ Method
Crystal is mounted such that the principle rotation axis of the crystal point
group is parallel to the spindle axis of the goniometer. If the principle
rotation axis is even-fold then:

• Reflections in a Friedel pair are collected on the same image.

• Reflections in a Friedel pair are collected after same total exposure time/dose.

• Reflections in a Friedel pair suffer from ‘same’ absorption and radiation damage
when they are measured.

• Mini-Kappa goniometers on
many synchrotron BLs
make crystal alignment
straightforward.

• BEST can tell you which
alignment is most useful for
optimal experiment.

How can I tell whether my (S)MAD data are good enough for 
structure solution?
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AFTER DATA PROCESSING – ARE THE DATA GOOD?

)(/|)()(| hklIhklIhklIR ihkliiihklmerge ΣΣ><−ΣΣ=

0;1);(/)( 2 ==><−= InterceptSlopeIII hklhklhklhkl σδ

AFTER DATA PROCESSING – IS THERE ANY ‘SIGNAL’ IN THE  DATA?

)(/|)()(| hklIhklIhklIR ihkliiihklmerge ΣΣ><−ΣΣ=

2/|)()(|/|)()(| hklIhklIhklIhklIR hklhklanom

−+−+ +Σ−Σ=

?mergeanom RR >
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AFTER DATA PROCESSING – IS THERE ANY ‘SIGNAL’ IN THE  DATA?

The presence of anomalous signal can usually be deduced from a normal 
probability plot of the normalized measured anomalous differences The 
slope of the central region of this plot will be > 1 if the anomalous 
differences are larger than expected from their standard deviations (i.e. if 
there is significant measured anomalous signal)

(Howell, P. L. & Smith, G. D. (1992). J. Appl. Cryst. 25, 81-86; Evans, P. (2006). Acta Cryst. D62, 72-82.)

2/122 )]()(/[)( −+−+ +−= IIIIobs σσδ

AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE D ATA?

What is the correlation coefficient between anomalous differences in 
two half data sets chosen at random? What do scatter plots look like? 

no 
anomalous 
signal

Strong 
anomalous 
signal
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DATA PROCESSING – SUMMARY

FAE; ∆F/F ~5.4%; λ = 0.97 Å (S.G. = P212121; 160o data) 

AFTER DATA PROCESSING – SHELXC/SHELXD/SHELXE OUTPUT
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EXAMPLE 2

HpFur; Zn-SAD; S.G. = P1; 360o data; λ = 1.28 Å
(<∆F/F> ~ 4.2%)

AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE D ATA?

)(/|)()(| hklIhklIhklIR ihkliiihklmerge ΣΣ><−ΣΣ=

2/|)()(|/|)()(| hklIhklIhklIhklIR hklhklanom

−+−+ +Σ−Σ=

?mergeanom RR > Hmmmm………
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AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE D ATA?

)(/|)()(|)1/(1[ 2/1

.. hklIhklIhklINR ihkliiihklmip ΣΣ><−Σ−Σ=

)(/|)()(| hklIhklIhklIR ihkliiihklmerge ΣΣ><−ΣΣ=

2/|)()(|/|)()(| hklIhklIhklIhklIR hklihklanom

−+−+ +Σ−Σ=

Rp.i.m. (Precision-Indicating Merging 
R factor; Weiss, M. S. (2001). J. 
Appl. Cryst. 34, 130-135; a measure 
of the quality of the data after 
averaging the multiple 
measurements.

A better indicator is the
ratio Ranom/Rp.i.m.; Ranom

= signal, Rp.i.m. = noise. 
(Weiss, M. S., Sicker, T. 
& Hilgenfeld, R. (2001). 
Structure, 9, 771-777; 
Panjikar, S. & Tucker, P. 
(2002). J. Appl. Cryst.
35, 261-266.)

?2.1/ ... >mipanom RR

AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE D ATA?

Normal probability plot - anomalous differences

(Howell, P. L. & Smith, G. D. (1992). J. Appl. Cryst. 25, 81-86; Evans, P. (2006). Acta Cryst. D62, 72-82.)
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AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE D ATA?

What is the correlation coefficient between anomalous differences in two 
half data sets chosen at random? Where is the point that CCanom drops 
below 30%?

no 
anomalous 
signal

Strong 
anomalous 
signal

AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE D ATA?
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• Decide how you want to collect your data. Don’t 
overcomplicate things unless you have to.

• There are plenty of rapidly available indicators as to 
whether:

• Data are good enough

• Experimental phases might be useful.

• The best indicator  is to actually solve the structure!

• Process/analyse data as you go along

• Take your structure home with you.

• Repeat experiments if you have to - but only if you have 
to.


