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Scientific goals

® Study of the fundamental electrodynamics
of the ICS interaction

® Applications of ICS
- Medical Applications
- Cultural Heritage applications

- etC..
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INFN Collaboration

In Italy there is a growing interest for |CS

BEATS (BEam lines at Thomson Source):
experiments with X-rays, approved and
funded by INFN (7 Institutions/ ~ 20

Physicist involved)

INFN sponsored an international ICFA
workshop on ICS last year in Alghero

Collaborations with important Medical
Institutions already in place (San Raffaele
Hospital in Milano)




Planned experiments
@ INFN/LNF

® SPARC (High Brightness Electron Beams 10715
A/m”2rad”2)

® FLAME (High Intensity Laser Beams 10720 W/
cm”2)

® PLASMONX (PLasma Acceleration @ Sparc &
MONochromatic X-rays)




Applications

Dichromatic subtraction
Phase Contrast Imaging
Mammography

Low dose breast and lung CT

For all applications first step is

spectral measurement




Experimental input:
Improved spectral measurement

* Need to characterize ICS differential
spectrum

—Linear and nonlinear

* Use UCLA-Dbuilt focusing spectrometer
from PLEIADES e
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Schematic of focusing
spectrometer




Experimental input:
Improved spectral measurement

* Need to characterize ICS differential
spectrum

—Linear and nonlinear

* Use UCLA-Dbuilt focusing spectrometer
from PLEIADES
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Slit aperture

CCD detector

Camera electronics

Focal length calibrator

LiF bent crystal
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Example: Nonlinear ICS
spectrum

For linearly polarized laser at 90° geometry where electron’s velocity is perpendicular to plane of polarization

* Angular dependence of ICS harmonics calculated
for the UCLA Neptune nonlinear ICS experiment
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X-ray radiography in
cultural heritage

eNon destructive and not invasive
diagnostic

e Gives informations on:
-execution techniques
-underpainting
-“pentimenti’

e Does not provide elemental
composition




La mietitura a
Montfoucault

Copia da
Pissarro
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Dual energy digital
subtraction radiography

e Use of dichromatic techniques in
coronary angiography is well known,
using lodine K-edge

e Application to cultural heritage
analysis includes Zn and Cu,
contained in several pigments




Dual energy technique

e For a (quasi) monochromatic X-ray
beam, the signal is proportional to the
number of photons reaching the
detector after transmission

e Digital subtractions of two images
above and below the K-edge

e Distribution of mass attenuation
coefficient of the interesting element
(Zn as an example) and of the other
elements in the painting
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White pigments

ezinc white (ZnO) and titanium white
(TiO2) in linseed oil

ecalcium carbonate (CaCO3) and
lithopone (BaSO4+ ZnS) on canvas




White pigments

ezinc white (ZnO) and titanium white
(TiO2) in linseed oil

ecalcium carbonate (CaCO3) and
lithopone (BaSO4+ ZnS) on canvas

Calcium Carbonate  Lithopone

Titanium white Zinc white
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Absorption peaks
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Absorption peaks
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Results

e Two color digital subtraction has been
successfully applied (By INFN Ferrara
group) using a standard x-ray tube
and a Bragg crystal monochromator

eImages have been acquired with two
digital detector (CMOS and CCD)
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X-ray tube
Cristal
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X-ray tube
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Step motor
Cristal
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Step motor X-ray tube

Cristal
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Detector
Step motor X-ray tube
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CCD detector

. { 150x6 mm

§ 58  3075x128 pixel
357 pixel size 48x48 um

Voltage 19.5 keV; current 80mA; acquisition time 5 sec

E below K-edge = 9.29 keV
E above K-edge = 10.08 keV
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CMOS detector

50x50 mm
1024x1024 pixel
pixel size48x48 um

due differenti aree sensibili di uguali dimensioni
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CMOS detector

50x50 mm
1024x1024 pixel
pixel size48x48 um

due differenti aree sensibili di uguali dimensioni

Active area
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Different resolution
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Absorption peaks
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Dual energy at ATF

¢ |CS quasi-monochromatic and tunable
X-ray source are very promising to
produce in short time maps of several
pigments




Phase Contrast Imaging

eBased on the fact that for several
biological tissues, elastic cross section
(causing a shift in the X-ray phase) is
mach bigger then absorption cross
section

e Observation of interference pattern
eEdge enhancement in the image

eIn-line (propagation based) was first
proposed by Snigirev (1995)




PHASE CONTRAST IMAGING

Modulation of the intensity on the detector can be described in terms of refraction index.
The real part affect the phase, the imaginary one the absorption. In-line phase contrast

sensitive to V20).
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Propagation-based Im.

Propagation-based

Snigirev 1995, Wilking 1995, Cleatans 1996

=]

i

2
< V @
wavefront,phase

needs high
spatial coherence

1 image

Analyzer-based Im. | Grating-based Im.

Grating interferometer

- <
Analyze' based David 2002, Momase 2003

Ingal & Beliaevskaya 1995, /% -
Davis 1996, Chapman 1997

&
<
S

can use
divergent and
polychromatic beams

needs high
temporal coherence
and parallel beam

several images several images

Flux, dose, sample movements have to be considered
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X-ray Phase Contrast imaging technique

» g I -
o o
Transverse coherence length: o
small source linear size S
large source-object distance \+ coherence length

Zypj: SOUrce-object distance
A: wave length

LOngltUdlnaI COherence Iength S: linear dimension of the source
small Energy Bandwidth

Phase contrast imaging using a polychromatic beam
first demonstrated by Wilkins et al.
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Some typical ICS source parameters

Small source size: FWHM = 10-20 um

Small angular divergence: 6 = 5 mrad
= relatively high intensity at large distance from the source

Quasi-monochromatic spectrum:
energy bandwidth relatively small compared to x-ray tube systems

Thursday, April 2, 2009



Some typical ICS source parameters

Small source size: FWHM = 10-20 um

Small angular divergence: 6 = 5 mrad
= relatively high intensity at large distance from the source

Quasi-monochromatic spectrum:
energy bandwidth relatively small compared to x-ray tube systems

BRI o< <uitable for Phase ContraetNENN
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Mammography

Challenging imaging task:

~~Normal and pathological tissues have
very similar attenuation coefficients —> Low contrast

Need to image small (100um) details —) High spatial resolution

Fluence: compromise between image quality and deIivered dose
Best energy: depends on orezst trickness and corrposition

It has to match irmaging detector efficiericy.
Accepted values for the best energy useful in mammography range:

from 17«2/ to 25«2/
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MAMMOGRAPHY - MASSIVE TUMORS
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MAMMOGRAPHY - MASSIVE TUMORS

SPICULATED LESION ON
FIBROADIPOSE TEXTURE
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MAMMOGRAPHY - MASSIVE TUMORS

SPICULATED LESION ON
FIBROADIPOSE TEXTURE

SPICULATED LESIONS ON
FIBROGLANDULAR TEXTURE
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MAMMOGRAPHY - MASSIVE TUMORS

SPICULATED LESION ON
FIBROADIPOSE TEXTURE

SPICULATED LESIONS ON
FIBROGLANDULAR TEXTURE
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Simulated Reference Sample and parameters for mammography

Turnor like mass

~~Spherical shape

~~1 mm diameter

~~glandular tissue composition
density 1.044 g/cm3

Breast tissue

~~4 cm thickness

~~50 % glandular tissue

~~50 % adipose tissue
density 0.984 g/cm?

Cormpositions from ICRU 44

Dose: 1.5 mGy

Fluence: 2.09-107 photons/mm? at 20 ke'/ monochromatic

energy
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Simulation tools

XRAYLIB: software libraries of x-ray fundamental parameters
= compound materials refractive index real and imaginary part relatively

Specialized Monte Carlo simulation software based on variance reduction techniques,
much faster than other general purpose Monte Carlo Codes
=> detailed study of absorption imaging using monochromatic, polychromatic and

quasi-monochromatic sources, role of scattering background, etc.
Phase Contrast imaging simulation software based on Geometrical Optics
Phase Contrast imaging simulation software based on Fresnel-Kirchhoff integrals

Comparison among Phase Contrast imaging simulation methods and experimental
measurements

Thursday, April 2, 2009



Simulated image of a tumor-like object (d=1mm) in breast tissue

Absorption image
P g ‘ Absorption image (z,=2m, M=5)
0.0865 - ~ ~
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> 0.0855
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| —
2 0.085
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L 2 0 2 4
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Phase Contrast image
Phase Contrastimage (z,=2 m, M=5)
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Effect of source size and detector PSF

PhC image (border, before convolution, z1=2 m, M=5) PhC image (border, after convolution, z1=2 m, M=5)
0.0865 - 1
0.1
| 0.086
Z‘0.095— 50,0855
2 0.09- 2
s £ 0.085
= £
20.085 gos ”Wm 20,0845
£ &
& 0.08 € 0084
0.075" f -- 0.0835
2 2.2 24 2.6 2.8 3 0'0832 2.2 2.4 2.6 2.8 3
X (mm) X (mm)
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Edge Enhancement Index (EEI)

0.0865

0.0855¢

0.085

0.0845

0.086-

Phase Contrastimage (z,=2 m, M=5)

Relative intensity

O
o
o
N

0.0835¢

0.083

Cpy, : Phase Contrast

C, : Absorption Contrast

C

Ph

EEl=
abs
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Simulated PhC image of tumor-like object in breast tissue

v Detail diameter: 3 mm, slab thickness 4 cm
v monochromatic energy 1 keV
v detector PSF FWHM 100 um, source size FWHM 13 um

v source-object distance 5 m, object detector distance 5 m

Phase contrast image

Relative intensity

v Edge enhancement index: EEI>1
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Phase Contrast Imaging
using standard source

e The Sassari and Pisa group have
already performed PCl experiment
with standard X-ray source

e Microfocus x-ray tube

e Polymer monofilaments (300 pm-2

mm thickness) in air (if possible also
in vacuum/helium)

e CMOS detector




Experimental set-up
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EDGE ENHANCEMENT

"SV:K;"W.{?"S’}{‘ A -

(a) Immagine in assorbimento (b) Edge - enhancement
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BEATS — PHASE CONTRAST IMAGING

Simulation _
Imaging of a 1 mm PMMA
Tl Ll wire in air
§0€é~
%0%.
g Source:
R * W microfocus x-ray tube
Sesaine e

« Spot size 10um
 Voltage up to 40 kV

Geometry:
- PAAL 12805 mioon, 062G, B0 o, 0K » distance soource-object ~0.1m
i - distance source-detector up to
| 1.5m
3 CMOS detector:
profile 1\, - pixel size 48um
= Mt « PSF (~ 125um FWHM)
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BEATS — PHASE CONTRAST IMAGING

Image propreties

pmma r=505 micron, r0=7.7 cm, rtot=50 cm

450 T L [ I T
: Peak : : :

width at half maximum

445

NN
N
o

£
D
o

intensity

1N
(o)
o

Q25 frvcrr e DR SES) ISR ¢ TS el ................. r;ﬁnimfum ................... ...................... o
Q20 o ....................... ................. ................ ..................... —_
100 1350 200 2al 400
pixel

Several geometries (distance source-wire, wire-detector), Voltage (20-40 kVp) and
different wire materials (PET, PMMA e Nylon-6) and size (300 pm-2 mm)
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BEATS — PHASE CONTRAST IMAGING

Simulation validation

pmma r=505 micron, r0=7.7 cm, ntot=50 cm, en=40 k¥p
1.0c T T ! T ! ! !

SN [ - — R, SIS SUSHR S—— el i
1 : ............. ............. ............ ............ ............. .............

Intensity

~4000 -3000 -2000 —1000 0 1000 2000 3000 4000
observation plane [micron]
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Dose reduction

eDose is a limiting factor in all the
screening program

e Standard x-ray tube have a wide
spectrum

eNon optimal energies increase the dose
without improving the image quality

e Given the quasi-monochromatic x-ray
spectrum of ICS the dose can be
reduced




Standard Mammography

Standard X-ray source (Rontgen tube
Required spatial resolution ~100 um

High Flux ~107 y/(mm? s).

Anode Material Molybdenum

Anode Angle 12°

Anodic Voltage 28kV

Filtrations Tmm Be
0.03 mmMo
600 mm Air

tungsten driving
gloss anode bearing ;coils
envelope
armature
e
filoment o)
leads
=1
;]
filoment ' rotating
/ \ portion
electron / \  molybdenum
beam [/ *T0¥ \ neck
/ beom\
/
18010
18xt0"
14x10"
1 0

Fotoni/{n *mAs)

10x10*
sox10*
& 0x10*
400"

20x10*

00

; 10 5 20 25
Emrgla (keV)
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Optimal energy in mammography

The best energy for imaging is a compromise between image quality and
dose delivered

It depends on the breast size and compositions and on the efficiency of the

detector

Tipical values are in the range

17keV - 25keV

04

0.2

0.1

= Infiltrating carcinoma

= Fibroglandular tissue

Adipose tissue

10

20 40
Energy (KeV)

16 20 24 28
Photon energy (keV)
F1G. 1. Relative average absorbed dose , D, to the breast required for thresh-

old visualization of a 0.1-cm cube of muscle within a breast S cm thick,
composed entirely of adipose tissue, using an ideal detector.

M,W. Ragozzino, Med. Phys 9(4), 1982, p. 493
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Energy optimization

*Optimal energy definition

*Study of the dependence of
Image quality on energy spread

Evaluation of dose reduction
wrt to a standard x-ray tube
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Energy optimization

T 6000 fis, w,, =15

Yiold of 1m distance

LogidNE ) [1KeV)
o

<0 50

y [mm]

09

08

10.7

—

Energy (keV)
X 20 205 21
820 T T T T Y T T T T T
—m— X-ray Tubes
600 4 —a— Monochromatic Sources
| e Thomson Source
580 -
A o ——f— — e A @ eeecceccea—e.
S60 -
5S40 -
% 4
& 5204
SO0
430 - P L]
- ———T B
4604 "
440 ] L ] 1 b 1 N 1 ' 1 M 1
26 23 30 32
Anodic Voltage (kV)

Mean: 20.6 keV , o: 1.7 keV
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Breast and lung CT

eSource linear size is one of the limiting
factor in the spatial resolution

e PSF ~ d(obj.-det.)/d(source-obj.)*source
Size

eSome dose reduction advantage as fot
standard mammography

e Relatively easy extension of the plane
Imaging




Breast and lung CT (2)

e Feasibility study on small biological
sample

e The same detector used for plane
imaging can be used

e The sample will be placed on a step by
step rotating stage

e The tomographic reconstruction will be
made using algorithms such as filtered
back-projection and Fourier
reconstruction




Next step: ICS as sub-psec X-ray
probe of ultra-fast physics

us - heat diffusion Laser excitation heat,
shock, initiate chemical
reaction, etc
» buckling
ns
* protein folding
* thermal expansion
* transport in PS | . phase transitions/ 2.9
hot plasmas melt
- LE X E B N NN N & N
;::aectn}g::l fs | ® electron/ phonon

: relaxation i .
dynamics Q}/ Diffraction

\_
At
X-ray
: o . W" source
Absorption v
spectrosco

P Py 2 X-ray probe pulse .
S  EXAFSfeatures d s (delayed after :
2 . excitation pulse) EEREEE R
A \ e A Toanii
g Agsorption e ade TEE =
E = ?;oton p— \ Compressed material

Disordered/melted material (phonon or shock)

 Demands on monochromaticity excessive for approaches like EXAFS

 Diffraction, radiography can take advantage of unique aspects of ICS
spectrum and sub-psec time structure
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Example: observation of shock
propagation using radiography

Radiograph

shows interface )

between pusher Slightly lower Z
and shocked material (i.e. Mo)

material Shock driver

Thomson x-ray back-
lighter

Wavelength tuned to
transmit pusher and
absorb in shocked sam-

High Z material (i.e. Ag) ple
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Static diffraction demonstrated

Csl Scintillator

InSb Wafer/HOPG
_ Pb Aperture

U

Sn k-edge
filter

X-ray energy: 35 keV
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X-ray Diffraction at ATF

» Staged approach:

—initially static diffraction, then dynamic, using
pump-probe

—Follow PLEIADES example

« Use Au sample, high energy ICS y’s (13
keV)

 Induce melting with CO, driver

—Split from ICS collision pulse

—Psec time scale for electron-phonon
coupling, phase transition




Experimental issues

« Demands high number of y’s per pulse

— ATF is ~ best in the business due to CO, now
* Pump-probe timing

— Jitter due to electron time of arrival

— Autoscanning of arrival times

* Need relative timing measure

— Electro-optic sampling, now done at UCLA Pegasus
(Musumeci)

T. Srinivasan-Rao, et al. Phys. Rev. STAB 5, 042801 (

2002) /%= Electron Beam
o)

‘I"
/’ Laser Beam

cCD Analyzer Electro-Optic Crystal Polanzer
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Schematic of EOS@Pegasus
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Conclusions

e The agenda outlined is rich with
possibilities, and thus represents,
given manpower and funding
limitations, a two-to-three year
program

e 6 weeks of run time per year in at
least one-week blocks




Conclusions

eBNL ATF laboratory is perfect to
accomplish this challenging scientific
program

Thank you very much to every one
at BNL ATF




