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Inelastic Scattering at the APS (2008)

A SHORT SUMMARY OF CURRENT INELASTIC X-RAY SCATTERING TECHNIQUES

Technique Source of interaction Typical Deetection method Location at
resolution the APS
Momentum-resolved, Collective excitations of Back-scattering, curved
high energy resolution IXS: HERIX atoms, ions, molecules, 1-3meV | and diced crystal 3-ID
PHONONS analyzer 30-ID
Momentum-resolved, medium energy Valence electrons near Near-back-scattering,
resolution resonant IXS: MERIX Fermi level 100-500 curved and diced 9-ID, 12-ID,
meV crystal analyzer 33-ID
Collective excitations Nano-second time
Momentum-integrated, monitored through a 0.5-2meV  resolved detectors 3-1D, 16-1ID
nuclear resonant IXS: NRIXS nuclear resonance monitoring nuclear
level decay
High resolution Compton scattering: CS  Core and valence leV Triple Laue crystal
electrons analyzer, PSD detector
Magnetic Compton scattering: MCS Spin polarized electrons 100 eV Solid state detector 11-ID
Core electron excitations Back-scattering curved
X-ray Raman spectroscopy: XRS of low-Z elements l1eV flat analyzers 13-ID, 16-1ID
X-ray fluorescence by Back-scattering curved
X-ray emission spectroscopy: XES incident photons: 0.5eV flat analyzers 10-ID
photon-in/photon-out
x-ray induced Electron spectrometer
Soft-X-ray IXS : PEEM photoemission: 5 meV 4-1D

photon-in/electron-out
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Generations of high-resolution monochromators
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Phonon Density of States
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Speed of sound of Iron at high pressure/temperatures

&8.71

hep-Fe
— 83
E e 11
(=R
= 75
7.1 9 -
A
)
— 4
4.2 = K
00 K =,
) 0
"E =
& 3.8 & i
--._.l;:I 20 K b -5
-
3.4
B 3 1
-1 I I z I 1 I

Density (g/cm °)

Lin, Sturhahn, Zhao, Shen, Mao, Hemley,
Science, 308, (2005) 1892

Density (g/cm?)




Raliia D ime |

A
1]

EuFesSbqo

Maybe the first sample to be studied partially and completely
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VDOS (solid) and La projected VDOS (dashed).
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Figure 1. Calculated structure of ferrous nitrosyl tetraphenylporphynn,

In-plane vibrations of heme Fe have not been identified in Raman
spectra due to lack of electric dipole moment in D,;, symmetry.

Solvent absorption limit IR studies below 125 meV (1000 cm-1).

Low frequency reactive modes are rarely identified with Raman or IR.
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Some unique advantages of NRIXS

Low frequency motions

No selection rule except motion of atoms along
X-ray propagation

Peak intensity ~ mode participation ~ actual
displacement

No matrix effects or limitations

Element and isotope selective

No unpredictable cancellations in scattering
terms

Matt Smith, et al, Inorganic Chemistry, 2005, 44,5562




Iron-sulfur cubane compounds

Reduced {4Fe4S}+ has not been possible to observe with resonant

Raman technique, in contrast to oxidized {4Fe4S}2+
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Fe partial phonon dos (1/meV/at.vol)
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Record resolution at 23.870 keV

119Sn nuclear resonance

T. Toellner, 2003
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Sapphire
Melting point: 2050°C
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Liquid Al,O, @ 2050°C
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Silicon - IXS spectra

Hot Solid Silicon Supercooled Silicon
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Sound dispersion in boron
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Count rate (Hz)

1 meV IXS spectrometer @ 25.7 keV
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! 1 meV spectrometer at 25.701 keV
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IXS-CDT Beamline: 30-ID

HERIX

wWwWw.1Xxs.aps.anl.gov




30-ID-C: HERIX Spectrometer
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Present Set-up at 9-1DB

High-Heat Load

Si(111) AE~1.5 eV
Si(333) AE~0.16 ¢V

—
Secondary Mono

¥ Si(444) AE~0.09 eV

g S51(333) AE~0.16 eV

Si(331) AE~0.25 eV

Analyzer Instrument gets
Ge(733) AE~0.3 eV 30% of time and is
Ge(531) AE~0.3 eV available to GUs

Si(nnn) AE~0.3 eV

29




X-ray emisson spectroscopy in a diamond anvil cell:
Study spin states of Fe in Fe,C and (Mg, ,,Fe, )O

. X-ray detector
o """-r.,' (AMPTEK XR_100CR)

* XES of Fe Kp at 16 ID-D, HPCAT, APS  XES system setup at 16 ID-D, HPCAT
* Focused X-ray beam (20x60 um spot)
* High resolution Rowland-circle spectrometer (<1 eV)

* Beryllium+B gasket in a diamond cell
In cooperation with V. Struzhkin, M. Hu, P. Chow, H.K. Mao, and R.J. Hemley




W. Mao, Science 302 (2003) 425

Bonding Changes in Compressed

Superhard Graphite

Wendy L. Mao,** Ho-kwang Mao,'* Peter ). Eng 2>
Thomas P. Trainor,%’ Matthew Newville,? Chi-chang Kao,”
Dion L. Heinz,'? Jinfu Shu,* Yue Meng,® Russell ). Hemley*

Compressed under ambient temperature, graphite undergoes a transition at
~17 gigapascals. The near K-edge spectroscopy of carbon using synchrotron
X-ray inelastic scattering reveals that half of the w-bonds between graphite
layers convert to o-bonds, whereas the other half remain as w-bonds in the
high-pressure form. The x-ray diffraction pattern of the high-pressure form is
consistent with a distorted graphite structure in which bridging carbon atoms
between graphite layers pair and form o-bonds, whereas the nonbridging
carbon atoms remain unpaired with w-bonds. The high-pressure form is su-

perhard, capable of indenting cubic-diamond single crystals.

J1




Fig. 1. High-pressure [X5 spectra for
graphite in horizontal and vertical direc-
tions plotted as normalized scattered
intensity versus energy loss (incident
energy — analyzer energy). The scat-
tered intensity is normalized to the in-
coming intensity. The lower energy
peak, labeled m, corresponds to 1s to @
transitions and the higher energy por-
tion, labeled o, corresponds to 1s to o*
transitions. The bottom spectra, taken
in the horizontal direction, probes
bonds in the a2 plane and does not show
ary w-bonding before and after the
high-pressure transition. The top seven
spectra, taken in the vertical direction,
probe the ¢ plane. After the transition,
the « bonds increase at the expense of
the w bonds.
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X-Ray Raman: LERIX Spectrometer @
PNC-CAT, Sector 20

T. T. Fister, G. Seidler, et al,
Rev. Sci. Instr. 77 (2006) 063901
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85 cm

Detector

Si, Ge crystal

9 ¢m diamete

U. Bergmann, et al, Microchemical Journal, 71 (2002) 22 b4




Bulk-sensitive XAS characterization of light elements: from X-ray
Raman scattering to X-ray Raman spectroscopy

Uwe Bergmann*™*, Pieter Glatzel®, Stephen P. Cramer™®

Microchemical Journal 71 (2002) 221-230
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Fig. 2. Comparison of graphite K-edge XANES taken by XRS
(top) with 1 €V FWHM resolution and by conventional XAS
in electron yield mode (bottom) at 0.15 eV FWHM resolution.
The analyzer energy was set to E;=0.46 keV, at an incident
intensity of some 10'* photons/s.
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Future application of IXS

Pressure, temperature, composition

What we can do now: M}i\ What can we do in the future?:

g .

1. Single crystal IXS study of
mw and pv (anisotropy);
shear wave

2. Magnetic phase diagram at

1. 1XS study of powder
samples (Fe, Fe
compounds,..) at ESRF

2. Magnetism at high

pressures , high PT; Curie temperature
3. Sound velocities of core > 3. Sound velocities of mw and
materials at high &2 4 _' - pv at high PT
pressure S i 4. Electronic transition at high
4. Electronic/imagnetic S — PT with EOS and structure
information

transition at high
pressure
5. Bonding changes

5. Bonding changes in
planetary materials

Big CVD diamonds (Yan et al., 2004)
Time: long-term heating (days)

J.F. Lin, Carnegie Institute of Washington




Tnelastic X-Ray Scattering in the Synchrotron Era

source: E. Burkel, Rep. Prog. Phys. 63 (2000} 171, (modified)
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Fig. 4.13. Intensity elastically scattered from fused silica as a function of the temperature
difference between monochromator and analyzer and the corresponding energy transfer.
Various slits were opened to obtain higher intensity
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Momentum Resolved Inelastic X-Ray Scattering

Energy Resolution History
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Momentum Integrated Nuclear Resonant Inelastic X-Ray Scattering

Energy resolution (meV)
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Standard Time structure @ APS
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NSLS-Il : A suggested filling pattern to enable nuclear resonance

\
7

Table 1.1.1 Basic Parameters of the NSLS-Il Storage Ring

Energy [GeV] 3
Circumference [m] 792
Number of DBA cells 30
Number of 9.3 m straights 15
Beta-functions in the center of the 9.3 m straights: Bx, By [m] 21,30
Number of 6.6 m straights 15
Beta-functions in the center of the 6.6 m straights: Bx, By [m] 20,10
Number of dipoles 60
Number of quadrupoles 300
Number of sextupoles 300
Circulating current at 3 GeV, multi-bunch [mA] 500
Radio frequency [MHz] 499.68
Harmonic number 1320
Number of bunches at 80% fill 1040
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.............. ’.

revolution time

2.64 usec
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HELATIVE COUNT RATE
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PHYSICAL REVIEW LETTERS

APrIL 15, 1960

EVIDENCE FOR QUADRUPOLE INTERACTION OF Fe® 7,
AND INFLUENCE OF CHEMICAL BINDING ON NUCLEAR GAMMA-RAY ENERGY*

0. C. Kistner and A. W. Sunyar

Brookhaven National Laboratory, Upton, New York
(Received March 30, 191
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FIG. 1. The absorption by Fe®’ bound in Fe,0y of the 14.4-kev gamma ray emitted in the
decay of Fe37" pound in stainless steel as a function of relative source-absorber velocity,
Pogitive velocity indicates a motion of source toward absorber.

L

STAINLESS STEEL

i
32— i
i a
; —
-2l # "!
A I B Y- S B
¥ f H
172 - ¥
'. }., l.
II i ql I:
32 i
l—"!
= L RRENE}
< o S
h- 4
L
Ve !
/ %
N T L
L i
-1r2 - L
A
Fe METAL ngul

FIG. 2. Schematic representation of the ground and
14 .4-kev excited states of Fe'' bound in ordinary iron,
Fey0y, and stainless steel. This diagram illustrates
the details of magnetic hyperfine splitting, quadrupole
interaction, and energy shifts due to chemical binding

effects.




PHYSICAL REVIEW YVOLUME 133, NUMBER 1

Hyperfine Structure of the 24-kev Transition in Sn''*t

0. C. K1sTRER, A, W, SUNvAR* AND ]. B. Swaxi
Broakfaven Natiowal Laboralery, Upion, New Vork
[Keceived February 28, 1961)
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PHYSICAL REVIEW VOLUME 171, NUMBER 2 10 JULY

Resonant Absorption in the Presence of Faraday Rotation®*

M. Brume anp O. C. KIsTNER
Physics Department, Brookhaven National Laboratory, Uplon, New York
(Received 15 February 1968)
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DETECTOR

Fic. 2. Schematic of experimental arrangement used in Ref. 4
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FIG. 1. A schematic view of the diffractometer which car-
ries the sample and its polarizing magnet. The magnetic field
direction can be rotated about the sample diffraction vector.
Polarization analysis of the diffracted beam is done by the
beryllium crystal and its detector. The scattering plane of the
beryllium can be rotated about the diffracted beam from the
sample.
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Observation of nuclear forward scattering from **Kr in bulk and monolayer films
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The coherent nuclear forward scattering of synchrotron radiation from the 9.4-keV level of “Kr has
been observed Irom bulk films and monoelayer Kr adsorbed on exfoliated graphite.
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FIG. 1. Typical spectrum observed from Kr condensed on a
Be foil at T=10 K. The total collection time for this spectrum

was 3 h.
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FI1G. 2. Time spectra from monolayer Kr adsorbed on graph-
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squares). The solid lines represent fits to the data. Collection
time for each spectrum was approximately 3 h. Four-channel
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NSLS-Il Storage Ring

Table 1.1.1 Basic Parameters of the NSLS-Il Storage Ring

Energy [GeV] 3
Circumference [m] 792
Number of DBA cells 30
Number of 9.3 m straights 15
Beta-functions in the center of the 9.3 m straights: Bx, By [m] 21,30
Number of 6.6 m straights 15
Beta-functions in the center of the 6.6 m straights: Bx, By [m] 20,10
Number of dipoles 60
Number of quadrupoles 300
Number of sextupoles 300
Circulating current at 3 GeV, multi-bunch [mA] 500
Radio frequency [MHz] 499.68
Harmonic number 1320
Number of bunches at 80% fill 1040
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Momentum Integrated Nuclear Resonant Inelastic X-Ray Scattering

Energy resolution (meV)
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Inelastic Scattering at NSLS-I|

Facts:
* NSLS-II with a 3 GeV energy is optimized for 0.1-12 keV.

* NSLS-II with 500 mA stored current and | nm-rad emittance
requirements has limited bunch structure options, also which also limit the
nuclear resonance experiments.

* NSLS-II, with no planned investment in superconducting undulators, and no
plans with 20 + m long straight-sections has limited potential in terms of
access to 20 keV + energy range to supersede the APS.

* Momentum-resolved XS with 2 meV or better resolution requires access
to 25 keV or higher energies.

* There is no known method to reach 0.1 meV below 10 keV, and perform
spectroscopy of any kind.




Inelastic Scattering Options

Available Techniques and their resolution (ca. 2008)

* Medium resolution Resonant IXS (MERIX): dE ~ 50-100 meV @ 5-12 keV
* High-resolution momentum-resolved IXS (HERIX): dE ~ 2 meV @ 20 keV
* Inelastic nuclear resonant scattering: dE ~ 0.1-2 meV @ 9-30 keV

« X-Ray Raman Spectroscopy: dE ~ 0.4-1 eV @ 5-12 keV

» X-Ray Emission Spectroscopy: dE ~ 0.4-1 eV @ 4-12 keV

* Soft-X-Ray IXS : dE ~[-10 meV @ 10-150 eV




Suggestions for XS @ NSLS-1I (2008)

Pursue:
* Medium resolution Resonant IXS (MERIX): dE ~ 50-100 meV
» X-Ray Raman Spectroscopy: dE ~ 0.5-1 eV
e X-Ray Emission Spectroscopy: dE ~ 0.5-1 eV

* Inelastic nuclear resonant scattering: dE ~ 0.1-1 meV
- include special filling mode in planning NOW

Consider:

« Soft-X-Ray IXS (e.g. MERLIN @ ALS or IUVS @ Elettra)

Challenging:

High-resolution momentum-resolved XS (HERIX) with dE ~ @1 meV
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Figure 1. Brightness vs. photon energy for various devices at NSLS-ILL
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