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X-ray tomography (in a nutshell)
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Tomography of VSR-1-Cell
test cavity, colors

indicate deviation from
design

Is it a “magic eye” to look inside a cavity ?

“look™ = surface inspection, weld integrity,

thickness and shape control
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X-ray tomography: X-rays

electron acc.

tungsten
target test object
on rotating table

X-ray image detector

incoherent broadband (~10 keV ... 10 MeV) X-rays,
core property is intensity-proportional absorption with material-dependent
absorption coefficient u

dI (x)=—uI(x)dx

assumed to happen along a straight line between source and detector.

Zentrum Berlin
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X-ray tomography: absorption
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X-ray tomography: source
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we trled: picture freely taken from:A. Miceli et al., “Monte Carlo
357 L simulations of a high-resolution X-ray CT system
— DC_gun 300 kV -Ia for industrial applications”, NIM A, doi:10.1016/
> 31 = j.nima.2007.09.012, Fig. 2
— DC- | ©
DC-gun 587 kV 5 25 G | example: electron energy 450 keV
— 9-MeV Linac (Siemens Silac)  » 27 S
S 5] <
2 >
o 1 -
Most photons have significantly less 0.51 Jl bremsstrahlung
0 - T T T T T T T T
energy than the electron. 0 50 100 150 200 250 300 350 400 450

Energy (keV)

THOTEVO07 6 Hans-Walter Glock szeBm?ﬁma'L‘?l?ﬁ



X-ray tomography: detector and object size
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| L1 “ Lo
Detector panel width limits we used square panels
object diameter: ~ (2000 x 2000) pixels

I ~ (0.3 x 0.3) m?2 @ 300 kV,
D,,<——NgAp ~ (0.4 x 0.4) m2 @ 587 kV,

Litd, ~ (0.5 x0.5) m2 @ 9 MeV

High resolution: L) small,
biggest practical Dopj ~ 0.9 detector width
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X-ray tomography: resolution
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Finite width of X-ray source spot size As and detector pixel size Ap mix to
effective beam path width:

A0d4/ mm 587 keV-setup:L; 1786 mm, L;+L; 2500 mm

V[L,AsF+[L,Ap]

Ad=
. L+L,

0.1 - -

resolution limit: 0.2 mm
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X-ray tomography: shielding, mechanics

electron acc.

tungsten
target test object
on rotating table

X-ray image detector

not to forget, since expensive:

— shielding for radiation safety (keep distance to object and detector to
reduce ambient scattering)

— mechanical precision, thermal stability in the order of spatial resolution
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X-ray tomography: setups

bERLinPro Gunl.| @XRAY-LAB, 300 keV
.
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X-ray tomography: workflow |

X-ray pictures of ~103

different orientations Tomographic Inversion (proprietary algorithm)
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bERLinPro Gunl.| @Fraunhofer EZRT, 9 MeV
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bERLinPro Gunl.l: 1.4-N2-cell @ 1.

3 GHz, with tunable choke cell
(cf. Y.Tamashevich, SRF21) S -

/\ D =

good coincidence of full cell,

cathode channel and flange waist and stiffening rings

zone blurred

strong-half-cell-deformation
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bERLinPro Gunl.| (@Fraunhofer EZRT, 9 MeV, threshold 17464) vs. design
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X-ray tomography: workflow |l

X-ray pictures of ~103
different orientations Tomographic Inversion (proprietary algorithm)
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tungsten
target test ol
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cubic voxel volume representation in 216 intensity-
scale values (.rek-file, ~ 10 GB)

single to some
vertical segments

bulk material volume construction by intensity-
scale threshold (Volumegraphics©, GOM-Inspect©)

Grauwert Polygonisieren

Material 1

Generic |-cell 1.3 GHz @Fraunhofer EZRT, 9 MeV

THOTEVO07 13 Hans-Walter Glock HZQL*J?L"E:::?.?



X-ray tomography: influence of threshold choice

bulk material volume construction by intensity-
scale threshold (Volumegraphics©, GOM-Inspect©)

Threshold selection directly determines allocation of
material borders.
Choice happens by an educated guess!

(Approaches smarter than single constant value in

use, but they also are based on additional

assumptions.)

Generic |-cell 1.3 GHz @Fraunhofer EZRT, 9 MeV
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X-ray tomography: workflow |l

X-ray pictures of ~103
different orientations

cubic voxel volume representation in 216 intensity-
‘ ‘ ‘ scale values (.rek-file, ~ 10 GB)

Tomographic Inversion (proprietary algorithm)

le to some
vertical segments

sing

bulk material volume construction by intensity-
scale threshold (Volumegraphics©, GOM-Inspect©)

unpurified bulk material’s surface description

defect and shape accuracy check
pe acclracy (.stl-file)

Example: overlapping interior welds of the
coupler port of the VSR-I-cell
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Issues With S TI_—ﬁIes unpurified bulk material’s surface description
(.stl-file)

— extremely big (~ 109 ... 10" GB)
— isolated volumes, isolated/partially connected surfaces

— large surfaces not “watertight”
— not managed by field solvers
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X-ray tomography: workflow 1V

X-ray pictures of ~103

different orientations Tomographic Inversion (proprietary algorithm)

: 000
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2 % cubic voxel volume representation in 216 intensity-
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bulk material volume construction by intensity-
scale threshold (Volumegraphics©, GOM-Inspect©)

unpurified bulk material’s surface description
T (.stl-file)

conversion to NURBS-delimited volume

representation (Geomagic Design X ©)
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X-ray tomography: workflow V

X-ray pictures of ~103

LS CC L Tomographic Inversion (proprietary algorithm)

X
§ § cubic voxel volume representation in 216 intensity-
° % A ‘ scale values (.rek-file, ~ 10 GB)
% 'g
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bulk material volume construction by intensity-
scale threshold (Volumegraphics©, GOM-Inspect©)

unpurified bulk material’s surface description
(.stl-file)

conversion to NURBS-delimited volume

S representation (Geomagic Design X ©)

Frequency 147818 GHz

volume description (.step-file)
measured warm, air, 40% rel.hum.: 1476.97 7NMHz

corrected & = ur = | as simulated: 1477.439 M
Af/ f= 5.0 - IO -4 - 92 I.Im / Dequator

Nice, but no statistics ...
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electromagnetic field solver (CST Studio ©)




enefit of high-energy X-rays: 3 x Gun |.|

9 MeV Linac

— forget 300 keV for everything but
outer surfaces

— 600 keV-class guns resolve outer
surfaces and some internal ones
with noise

— 9 MeV generated X-rays will resolve
most, but not all internals, noise
depending on overall attenuation

SRF 2021 THOTEVO07 19 Hans-Walter Glock ~ HZB ..

Zentrum Berlin



Surface artifacts (though appearing rather authentic)

Example: VSR-I-cell, scanned with few degrees tilt. Artificially enhanced surface roughness in

the shadow area of the waveguide extension, also noise around the screw nuts.
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Conclusions - poor:

— Meaningful X-ray tomography of niobium cavities need highest
energies available, even beyond most “industrial” demands.

— Intrinsic calibration by additional knowledge is necessary to adjust
threshold values needed for material border definition.

— Data evaluation requires capable resources, experience or/and
good luck.

Conclusions - optimistic:

— X-ray tomography gives access to internals of fully processed and
hermetically closed cavities.

— It does a good job in integrally capturing cavity shapes down to
~ 0.2 mm spatial resolution.

— As any emerging non-destructive testing procedure it has the
potential to gain reliability with increasing practice.
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