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X-ray tomography (in a nutshell)
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 Is it a “magic eye” to look inside a cavity ?

“look” = surface inspection, weld integrity, 

thickness and shape control

Tomography of  VSR-1-Cell 
test cavity, colors 
indicate deviation from 
design
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X-ray tomography: X-rays
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incoherent broadband (~10 keV … 10 MeV) X-rays, 
core property is intensity-proportional absorption with material-dependent 

absorption coefficient µ

assumed to happen along a straight line between source and detector.
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X-ray tomography: absorption

5
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data from: J. H. Hubbell, S. M. Seltzer, X-Ray Mass 
Attenuation Coefficients, doi: 10.18434/T4D01F

Niobium attenuates much stronger 
than iron up to 200 keV.
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X-ray tomography: source
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we tried: 
– DC-gun 300 kV
– DC-gun 587 kV
– 9-MeV Linac (Siemens Silac)
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Most photons have significantly less 
energy than the electron.

placed in front of the scintillator at 1461mm from the
source. The scintillator, the mirror, and the CCD camera
are placed inside a metallic box (detector box) of overall
dimensions of 490! 510! 1000mm3 (width!height!
depth) with walls made of a 3 mm thick steel layer (inner
layer), a 3 mm thick lead layer and a 5 mm thick steel layer
(external layer). The source–detector distance is 1500mm.
A lead housing is placed around the X-ray tube to reduce
the leakage of the X-ray tube housing. The dimensions of
the X-ray shielding room are 3.6! 2.9! 3.7m3 (width!
height! depth). Two walls of the room are made of
concrete and the other two of a sandwich of steel (3mm),
lead (25mm), and steel (3mm).

2.1.1. X-ray source
The X-ray unit employed is a 450 kV X-ray generator

manufactured by Comet AG (Model MXR 451) with
2.3mm iron and 1.0mm copper inherent filtration. The
angle of the target, made of tungsten, is 301. The size
of the focal spot is 2.5mm. The emission cone of the X-ray
source is 401. A 1.0mm tungsten (alloy: HPM1750)
attenuator is used to reduce the primary flux of low-energy
photons.

2.1.2. X-ray source–collimator
Three source–collimators were manufactured to investi-

gate the influence of beam aperture on image contrast: (i) a
100 mm thick rectangular lead source–collimator with
angular aperture 8.871! 6.091 (horizontal! vertical), (ii) a
180 mm thick brass source–collimator with angular
aperture 5.611! 5.611 (big aperture), and (iii) a brass
source–collimator with angular aperture 3.151! 3.151
(small aperture). The brass source–collimators can be
inserted inside the lead source–collimator. Moreover the
configuration without any source–collimator, which corre-
sponds to a beam aperture of half angle 201, is considered.
In each studied configuration the test object was comple-
tely irradiated by the primary beam.

2.1.3. Detector
The X-ray converter is a Thallium-doped Cesium Iodine,

CsI(Tl), scintillator with a thickness of 2mm manufa-
ctured by Hamamatsu. The effective scintillator area is
480! 280mm2. The 1 mm thick back plate is made of
aluminum. The converted photons are projected on a 451
mirror and reflected on a CCD camera (Apogee Alta U32)
of 2184! 1472 pixels. The pixel size is 6.8! 6.8 mm2.
A NIKON 28mm lens is mounted on the CCD camera.
The field of view is 524! 353mm2.

2.2. Description of the GEANT4 based Monte Carlo CT
simulation

The low-energy extension of the electromagnetic pro-
cesses version 2.3 of the simulation toolkit GEANT4
[20–22] was used to model the interactions of photons and
electrons with matter down to 250 eV. The processes

activated in the physics list for electrons were: ionization,
bremsstrahlung, and multiple scattering; for photons:
Rayleigh scattering, Compton scattering, and photoelectric
effect [23]. The cut value in range was set to 0.1mm for
photons and electrons.
The simulation is performed in two steps: the generation

of the X-ray spectrum of the tube taking into account the
anode angle, inherent and external filtration of the tube;
and the generation of the projection of the object according
to the acquisition setup (i.e. image of the energy deposited
within the detector).
The simulations were run on a Pentium-IV-based

personal computer with a 2.80GHz microprocessor. The
computing time to reach a good statistic strongly depends
on the X-ray beam aperture; it goes from 1 day in case of
small objects (approx. 5 cm path length, beam aperture of
61) to several days in case of large objects (approx. 20 cm
path length, beam aperture of 181).

2.2.1. Generation of the X-ray spectrum
The generation of the spectrum involves the simulation

of a monochromatic pencil electron beam hitting the tung-
sten target at an angle of 301 with respect to the normal of
the anode surface and the passage of the produced X-ray
spectrum through inherent filtration (2.3mm Fe and
1.0mm Cu) and external filtration (1.0mmW, alloy
HPM1750). The radiation is retrieved within an angle of
201 with respect to the central axis of the beam. Fig. 2
shows the spectrum at 450 kV for the MXR-451 Comet
X-ray tube simulated using the X-ray tube characteristics
mentioned above. The spectrum was simulated with 2! 109

primary electron histories. The validation of the simulated
spectra has been assessed through comparison with
experimental data [24].

2.2.2. Image of the deposited energy distribution
The X-ray photons are emitted from the focal spot of

diameter 2.5mm, with energy sampled randomly from the
simulated spectrum, towards the object. Their direction is
selected randomly from an isotropic distribution of angles
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Fig. 2. Simulated spectrum of the X-ray tube MRX-451. The electron
energy was 450 keV, the inherent filtration was 2.3mm Fe+1.0mm Cu
and the external filtration was 1mm W (alloy HPM1750).

A. Miceli et al. / Nuclear Instruments and Methods in Physics Research A 583 (2007) 313–323 315

picture freely taken from: A. Miceli et al., “Monte Carlo 
simulations of a high-resolution X-ray CT system 
for industrial applications”, NIM A, doi:10.1016/
j.nima.2007.09.012, Fig. 2
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X-ray tomography: detector and object size

7

we used square panels
~ (2000 x 2000) pixels 
~ (0.3 x 0.3) m2 @ 300 kV,
~ (0.4 x 0.4) m2 @ 587 kV, 
~ (0.5 x 0.5) m2 @ 9 MeV
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Detector panel width limits 
object diameter:

High resolution: L1 small, 
biggest practical Dobj ~ 0.9 detector width
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X-ray tomography: resolution
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Finite width of X-ray source spot size Δs and detector pixel size Δp mix to 
effective beam path width:
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L1 L2

spot  
size Δs pixel  

size Δp

587 keV-setup: L1 1786 mm, L1+L2 2500 mm

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

10

#
$

!

%
"

bERLinPro Gun1.1 @XRAY-LAB, 300 keV

#

$
!

"

%

VSR-1-cell @Fraunhofer EZRT, 9 MeV

#

$

!

"

%



Hans-Walter GlockTHOTEV07

X-ray tomography: workflow I
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Tomographic Inversion (proprietary algorithm)
X-ray pictures of ~103 

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

bERLinPro Gun1.1 @Fraunhofer EZRT, 9 MeV
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bERLinPro Gun1.1:   1.4-λ/2-cell @ 1.3 GHz, with tunable choke cell
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bERLinPro Gun1.1 (@Fraunhofer EZRT, 9 MeV, threshold 17464) vs. design 

( 1 : 5 )
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X-ray tomography: workflow II
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Tomographic Inversion (proprietary algorithm)
X-ray pictures of ~103 

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

Generic 1-cell 1.3 GHz @Fraunhofer EZRT, 9 MeV

bulk material volume construction by intensity-
scale threshold (Volumegraphics©, GOM-Inspect©)
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X-ray tomography: influence of threshold choice
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Generic 1-cell 1.3 GHz @Fraunhofer EZRT, 9 MeV

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

30000

20000

10000

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.)
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X-ray tomography: workflow III
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Tomographic Inversion (proprietary algorithm)
X-ray pictures of ~103 

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

Example: overlapping interior welds of  the 

coupler port of the VSR-1-cell 

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

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

defect and shape accuracy check unpurified bulk material’s surface description   
(.stl-file)
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Issues with STL-files
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– extremely big (~ 100 … 101 GB)
– isolated volumes, isolated/partially connected surfaces
– large surfaces not “watertight”
– not managed by field solvers

unpurified bulk material’s surface description   
(.stl-file)
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X-ray tomography: workflow IV
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Tomographic Inversion (proprietary algorithm)
X-ray pictures of ~103 

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

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

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

conversion to NURBS-delimited volume 
representation (Geomagic Design X ©)
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X-ray tomography: workflow V
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Tomographic Inversion (proprietary algorithm)
X-ray pictures of ~103 

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

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

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

conversion to NURBS-delimited volume 
representation (Geomagic Design X ©)

volume description  (.step-file)

electromagnetic field solver (CST Studio ©)

 JACoW-IPAC2019-WEPRB017

measured warm, air, 40% rel.hum.: 1476.979 MHz

corrected εr = µr = 1 as simulated: 1477.439 MHz

Δf / f = 5.0 ·10 -4 = 92 µm / Dequator

Nice, but no statistics …
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Benefit of high-energy X-rays: 3 x Gun 1.1
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– 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

 

300 keV DC gun
(Ti/NbTi choke cell tuner not welded)

587 keV DC gun

9 MeV Linac
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Example:  VSR-1-cell, scanned with few degrees tilt.  Artificially enhanced surface roughness in 

the shadow area of the waveguide extension, also noise around the screw nuts.

Surface artifacts (though appearing rather authentic)
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Conclusions - poor:
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– 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.  

 


