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Á Insert text here

Thermal issues ïdimensional metrology vs. manufacturing

ÅWatts ÅKilowatts

ÅHigher accuracy ÅLower accuracy

ÅOff-line corrections ÅPrior/In-line corrections



22.03.2022euspen thermal issues 3

Á Temperature change Ÿ thermal expansion Ÿ change in geometry

Á ISO 1 Reference temperature for the specification of dimensional properties

Á Corrections Ÿ added uncertainties (CTE and T) Ÿ keep everything at 20 °C

Thermal issues in dimensional metrology
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Á Measure the whole object surface (internally and externally)

Á Support precision & new manufacturing techniques, e.g. Additive Manufacturing

Á Many influence factors (XCT system, workpiece, operator,é)

X-ray computed tomography (XCT) for dimensional metrology
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Á XCT measurement: Forward projection geometry

XCT geometry ïkey for accurate measurements
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Á Reconstruction: Backprojection geometry

XCT geometry ïkey for accurate measurements
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METAS-CT ïHigh-resolution metrology XCT

X-ray tube Rotary axis Detector

Metrology loop

Bircher, et al., 8th Conference on Industrial Computed Tomography, Wels, Austria, 2018.



22.03.2022euspen thermal issues 8

Infrastructure ïseparate heat sources

Rack (Motion 

control, power 

supplies, PC, 

climate chain, 

sensors)

X-ray tube

PLC and HV 

generator

T-stability

0.05 °C

(X-ray off)
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Infrastructure ï29 calibrated temperature sensors

6 X-ray tube

8 metrology frame

4 air

3 object stage

6 detector

1 HV generator

1 granite

Uncertainty ~ 0.02 K
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Infrastructure ï29 calibrated temperature sensors

6 X-ray tube

8 metrology frame

4 air

3 object stage

6 detector

Temperature

variations:

- smaller temporal

- larger spatial



22.03.2022euspen thermal issues 11

METAS-CT ïtwo major residual heat sources

X-ray tube Rotary axis Detector

80 W, variable

90 W, constant

Bircher B A, et al. 2018 MacroScale (Espoo, Finnland), Lüthi M, et al. Meas. Sci. Technol. 31 035002



Detector ïactive water-cooling system
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Passive cooling Water-coolingShielding and cooling

Bircher, et al., 9th Conference on Industrial Computed Tomography, Padova, Italy, 2019
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Bircher, et al., 9th Conference on Industrial Computed Tomography, Padova, Italy, 2019

Ÿ zero net heat influx into the XCT system
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METAS-CT ïthermal management of x-ray tube

X-ray tube Rotary axis Detector

80 W, variable

Bircher B A, et al. 2018 MacroScale (Espoo, Finnland), Lüthi M, et al. Meas. Sci. Technol. 31 035002



X-ray tube ïthermal considerations

22.03.2022euspen thermal issues 15

1. Principle

2. Position stability < 1 µm

ÅSupport structure

ÅDrift compensation (in situ measurement)

ÅDeformation compensation (numerical modeling)



X-ray tube ïprinciple
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Acceleration voltage

10 kV - 200 kV

Tungsten filament

(Heating current 4.5 A)

I

V

electrons

Focal spot

~1% polychromatic x-rays

(E > 5 keV)

~99% heat

Vacuum

Target: Tungsten

Figure courtesy X-RAY WorX euspen thermal issues



X-ray tube ïtemperature swings
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Cathode chamber

(turbo pump)

Target assembly

(electron decceleration)

Focal spot
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X-ray tube ïcompliant support structure

1822.03.2022euspen thermal issues

Aluminum T = 20 °C 

(actively cooled)

Aluminum base

Invar (low CTE)

Steel T = 21.5 °C 

(cathode chamber)
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X-ray tube ïcompliant support structure

0.3 µm/K

-2.0 µm/K
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X-ray tube ïcompliant support structure
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Ÿ thermal expansion parallel to the beam axis not controlled



X-ray tube ïthermal considerations

22.03.2022euspen thermal issues 21

1. Principle

2. Position stability < 1 µm

ÅSupport structure Ÿ perpendicular to x-ray beam < 1 µm

ÅDrift compensation (in situ measurement)

ÅDeformation compensation (numerical modeling)
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Á Optical X-ray source tracking system

Á Sub-micrometre accuracy (s< 0.05 µm)

X-ray tube ïin situ metrology system for drift compensation
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Bircher, et al., 10th Conference on Industrial Computed Tomography, Wels, Austria, 2020
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Á Optical X-ray source tracking system

Á Sub-micrometre accuracy (s< 0.05 µm)

X-ray tube ïin situ metrology system for drift compensation
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z

Bircher, et al., 10th Conference on Industrial Computed Tomography, Wels, Austria, 2020



Á Evaluated by scanning a calibrated 22-sphere standard

Á X-ray tube drift uncompensated vs. compensated (data scale corrected)
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X-ray tube ïin situ metrology system for drift compensation

1 mm

Bircher, et al., 10th Conference on Industrial Computed Tomography, Wels, Austria, 2020



X-ray tube ïthermal considerations
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1. Principle

2. Position stability < 1 µm

ÅSupport structure Ÿ perpendicular to x-ray beam < 1 µm

ÅDrift compensation Ÿ parallel to x-ray beam < 1 µm at constant power

ÅDeformation compensation (numerical modeling)
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Á Difference between metrology loop reference position (1) and focal spot position (2) ?

X-ray tube ïtarget deformation

Bircher & Neuhaus, et al., Precis. Eng. 72, pp. 409ï416, 2021
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X-ray tube ïtarget deformation

X-ray tube

Metrology loop

Target

interferometer

Target

Bircher & Neuhaus, et al., Precis. Eng. 72, pp. 409ï416, 2021



Inteferometric measurement
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X-ray tube ïtarget deformation

Aperture

Target

X-rayelectrons

Target-to-emission

current ratio å efficiency

Bircher & Neuhaus, et al., Precis. Eng. 72, pp. 409ï416, 2021



Inteferometric measurement & FE simulation
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X-ray tube ïtarget deformation

T / ϲC

Low efficiency High efficiency

ὼ ὅὖ ὖ )

Bircher & Neuhaus, et al., Precis. Eng. 72, pp. 409ï416, 2021
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Á Total power = target + aperture power

X-ray tube ïtarget deformation

ὼ ὅὖ ὖ )

Bircher & Neuhaus, et al., Precis. Eng. 72, pp. 409ï416, 2021



X-ray tube ïthermal considerations

22.03.2022euspen thermal issues 31

1. Principle

2. Position stability < 1 µm

ÅSupport structure Ÿ perpendicular to x-ray beam < 1 µm

ÅDrift compensation Ÿ parallel to x-ray beam < 1 µm at constant power

ÅDeformation compensation Ÿ parallel to x-ray beam < 1 µm at 

arbitrary powers
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METAS-CT ïin situ metrology system for geometry compensation

X-ray tube Rotary axis Detector

Metrology loop
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METAS-CT ïin situ metrology system for geometry compensation

X-ray tube Rotary axis Detector


