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Abstract

Results are presented of methodical investigations of an X-ray tomog-

raphy system for positioning silicon strip modules. The achieved e�ciency

and a measured accuracy of better than 5�m is su�cient for using this

method in a high precision survey of the ATLAS inner tracker.

�also at JINR, Dubna, Russia.



1 Introduction

In the ATLAS inner tracker, large area multilayer structures must be aligned with

an accuracy better than the intrinsic resolution of their detecting elements. The

requirements range from 7 to 20�m. Laser and opto-electronic systems are used

for measuring and monitoring changes in the relative positions between di�erent

elements. The X-ray scanning technique is well suited to high precision survey of

the position of sensitive elements. This survey procedure (coordinate calibration)

is used as a �nal step in the detector production chain. The alignment systems

use the survey as a zero point for detector alignment. The alignment and survey

strategy for the inner detector is documented in [1].

For alignment and coordinate calibration of wire chambers scanning with a

narrow X-ray beam has been used [2] and is developed here for use with sili-

con tracking detectors. The technique is based on two commercially available

components:

� Fine focus spot X-ray tubes (\Europe Standard Di�ractive Tubes") with
�focus = 100 to 400�m; U = 20 to 60 kV; P = 1 to 2 kW;

� High accuracy and resolution linear and rotary stages: �x = 1 to 10�m;
�� � 100 in the range from 0� to 360�.

The low wavelength of photons used (� = 0:01 to 0:05 nm) allows the forma-

tion of narrow beams (�beam = 20 to 100�m) over a distance of a few metres
without any di�raction problems. A su�ciently small divergence (@�beam=@D �
0:2mrad � 4000) can be attained by collimating slits.

The silicon modules in the Semi-Conductor Tracker (SCT) can be used for
an active mode of the X-ray survey. This means that the silicon module itself

is used for counting X-ray quanta which then allows an accurate reconstruction
of the module position. This is based on the direction of the X-ray which is

precisely de�ned by the linear or rotary stage. To develop this method an X-

ray scanning facility (XTomo1D) was constructed. This is the �rst phase of a
three step programme leading to a full three-dimensional survey machine for the
ATLAS SCT. The next two sections give a technical description of XTomo1D

and present measurment results.

2 X-ray Scanning Facility

A general view of the X-ray facility is shown in the photograph in �gure 1.

The scanning device itself is presented in the second photograph in �gure 2 and

its drawing in �gure 3. Data collection and scanning is controlled by a local

computer.
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The coordinate system of the scanning device referred to later is indicated in

�gure 3. The Y axis is parallel to the X-ray beam and the Z axis perpendicular to

it such that it is parallel to the �nal collimator slit. The X axis is perpendicular

to both such that a right-handed system is formed.

2.1 Hardware

The XTomo1D apparatus has the following hardware components:

� X-ray high tension power supply: type VIP2-50-60M1, two outputs, max

50 kV, 60mA, 1% stability; dimensions 120� 90� 65 cm3; weight � 400 kg.

� X-ray tube: BSV-212, W or Mo anode material, max 60 kV, 20mA; focus

spot dimensions l� � = 8� 0:4mm2; four output Be windows in the range

of 0� to 12� relative to the anode working surface; water cooling with a 
ow

of 3 `=min.

� X-Z scanning table composed from two identical linear stages: Series 1000

Linear Position Stages3, travelling distance 50 mm, resolution 1�m, accu-
racy 4�m on 25mm travel distance; control card PC23.

� Double sided Si strip module: 300�m thickness, �x = 50�m readout pitch

on one side, �z = 150�m on the other from DELPHI Microvertex Detec-
tor [5]. It was installed horizontally inside a lightproof box with two 25�m
Al-foil windows for the X-ray beam on either side. The box was �xed on

top of the scanning table. Its position around the vertical axis could be
tuned by a micrometer head in a range of �1:8� with a resolution of 0:004�.

� Scintillation counter: plastic, dimensions 500 � 78 � 20mm3, phototube
RCA8575.

2.2 X-ray Beam Collimation

The collimating scheme is shown in �gure 4. The source spot measures 8�0:4mm2

on the anode surface. The spot is viewed at an oblique angle, reducing the

e�ective source size in one dimension. Only one window of the X-ray tube is

used.
The �nal collimating slit has a tantalum inner surface and is placed at a

distance B � 200mm along the Y axis from the focus spot. It de�nes the width
of the beam in X direction. The width, s, of the slit can be tuned manually with

a micrometer head from 0 to 1000�m with 10�m resolution.

1BUREVESTNIK �rm, St Petersburg, Russia, 1982.
2SVETLANA �rm, St Petersburg, Russia, 1997 [3].
3Naples Coombe Ltd., Chaddleworth, UK, 1996 [4].
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Lead masks restrict the output acceptance of the tube and de�ne the length

of the X-ray beam cross section along the Z axis. The beam divergence in X

direction is equal to �� = (s + �X)=B, where �X is an imaginary width of the

focus spot projected on theX-Z plane. The small value of 3� of the angle between

anode surface and beam direction provides a �X being approximately 20 times

smaller than the real width � (see �gure 4):

�X = � � tan 3� � 400�m=20 = 20�m :

Thus, for s = 20�m the divergence of the beam is estimated to:

�� � (20�m+ 20�m)=200mm � 200�rad :

Simple geometrical calculations of the beam intensity pro�le are shown in �gure 5.

The half-width c of the peak detected by the Si module is given by:

c = s � (B +D)=B ; (1)

where D = 50mm is the distance from the collimating slit to the Si module. In
practice, c values ranging between 25 and 250�m were used.

3 X-ray Rates

3.1 Raw X-ray Spectrum

The primary bremsstrahlung X-ray energy spectrum is approximated by the for-
mula [6]:

I(E
) =

(
2I0
V 2 (V � E
); if E
 < V

0 otherwise,
(2)

where E
 is the X-ray quanta energy in eV, I0 is the total intensity, and V the

high voltage at the anode of the X-ray tube. The attenuation of X-rays in matter
is given by the X-ray attenuation coe�cient �(E
) of the material [7] (shown in

�gure 6 for silicon):

Itr(E
) = I(E
) � e
�t�(E
); (3)

where Itr is the intensity after traversing through matter of thickness t. The

intensity deposited in matter is then given by Id = I � Itr.

3.2 Scintillation Counter

The rate of the discriminated pulses with and without X-ray beam for di�erent

voltages U driving the phototube is shown in �gure 7. The curve without beam,

ie re
ecting the noise from the tube and cosmic background, is well distinguished

from the signal. The signal to noise ratio is best at U = 2700V, which was used

as the working voltage.
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3.3 Si Strip Detector

Unlike charged particles, photons are absorbed when detected in the Si module.

As a consequence no externally driven triggering is possible. Instead, random

triggering was used. After a start signal from the computer a data taking pro-

cedure is initialised. The detecting and readout cycle was repeated several times

with a rate of approximately 20 Hz. Electric charge collected during the detecting

phase is treated as a \signal".

Without X-ray beam, the average of the signals of 100 measurements de�nes

a pedestal while the RMS can be used as a threshold value �noise. This pedestal

measurement was performed at the beginning of each data taking. After switching

the X-ray beam on, the same detecting and readout cycle was repeated 100 to

1000 times. Two algorithms for detecting \X-ray signals" were then possible:

� using the RMS of the signal after subtracting the pedestal (analogue me-

thod) or

� counting events with a pedestal subtracted signal larger than (3� 4)�noise
(binary method).

Typical signals for the analogue and binary method versus silicon strip channel

number are shown in �gures 8 and 9, respectively. The former shows the signal
in the Z-layer only, while the latter shows both the signals in X and Z-layer.
The signal in the in the Z-layer is wider due to the beam pro�le being small in

X and large in Z.

4 Results

4.1 Properties of the Beam

The X-ray counting rate SX = f(V; I; s; d) was analysed using the scintillation

counter as described above, where V is the high voltage at the anode of the X-

ray tube, I the anode current, s the width of the X-ray collimating slit, and d

the thickness of a �lter (sheets of duraluminium, an aluminium alloy, were used)

between scintillator and X-ray source.
Figure 10 shows the rate measured with the scintillator as a function of I for

V = 20 kV, s = 70�m, and d � 1mm. A linear behaviour is observed for rates

below 3MHz, as expected, while above a signi�cant saturation is visible. This is
caused by merging of the discriminated pulses from the scintillator occurring at

high frequency due to a relatively small discriminator threshold. This curve is
used to correct the data for this saturation e�ect.

Figure 11 shows the rate SX as a function of V for I = 2mA, s = 70�m, and

d � 1mm after correcting for saturation. The solid curve is a �t according to the
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expected quadratic V -dependence:

SX = P1 � (V � P2)
2

and shows good agreement. The parameter P2 describes the o�set due to the

discriminator threshold.

Figure 12 shows the rate as a function of s for V = 20 kV, I = 2mA, and

d � 1mm. An expected linear behaviour for low rates and the saturation e�ect

at high rate, as described above, is observed.

To analyse the energy spectrum of the photons in the X-ray beam, the de-

pendence of SX on d for di�erent voltages V was analysed for I = 2mA and

s = 70�m. The result corrected for saturation is shown in �gure 13; the last

two plots were derived from measurements with s reduced to 20�m to limit the

counting rate. The behaviour was modelled as follows: a raw X-ray spectrum

according to equation (2) was assumed, allowing for an energy threshold due to
the discriminator signal threshold. The intensity was attenuated according to
equation (3) taking a small admixture of Fe, Mn and Cu in the Al �lter into ac-

count. The results, shown as curves in �gure 13, are in good agreement with the
measurements and con�rm that the energy spectrum is described by equation (2).

The silicon detector was used to analyse the pro�le of the X-ray beam in
X-direction using the counting rate as a function of channel number (ie strip
position). The result is shown in �gure 14. A narrow \core" and a broader \halo"

is visible. The core is the part of the beam passing the collimation system via
the \nominal" path. The halo is assumed to be caused by scattering within the
collimator. Adding a �ltering material (duraluminium) between the Si module

and the beam reduces the ratio of halo to peak, showing that the halo is low
energy X-ray quanta which would be consistent with being caused by scattering.

A 1mm thick �lter is enough to absorb most of the halo.

4.2 Predictions

Equations (2) and (3) were used to determine the deposited intensity in silicon of

thickness 300�m; Id(E
) = I(E
)� Itr(E
). To get a result corresponding to the

di�erent layers of the SCT, this was performed with di�erent amount of absorber
(zero, one, two, or three layers of 600�m silicon) in front of the detector-silicon,

analysing di�erent angles of inclination for both detector and absorber layers.
In order to determine the spectrum of intensity absorbed in a strip, it is

essential to consider the case of a photon captured between two neighbouring

strips generating a signal in both strips, and its energy split between them. So
the observed intensity spectrum in a strip, Ic(E
), will be \softer" than Id(E
).

It was calculated from the simple assumption that the energy of such a photon
splits equally between the two strips. It is further assumed the region where this

occurs is of width �, with � being equal to the range s(E
) of the electron knocked
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out [8] as shown in �gure 15. Thus the spectrum consists of the nominal part

from outside the region �, contributing with a fraction 1� s(E
)=S, and the split

part, contributing with s(2E
)=S:

Ic(E
) = Id(E
) � (1� s(E
)=S) + Id(2E
) � s(2E
)=S ;

where S = 50 �m is the pitch of the strips in the silicon module.

The low energy part of the X-ray spectrum was ignored by only considering

the intensity above an energy limit, E
 > 10 keV. The fractional intensity f for

energies greater than a threshold value Etr is then de�ned as:

f =

R V
Etr

Ic(E
)dE
R V
10 keV I(E
)dE


:

It is shown in �gure 16. Etr is given in fC using the relation Etr[fC] = Etr[keV] �
0:044, corresponding to a release of 276 electron-hole pairs per keV [1]. This
allows a comparison with the electronics threshold used in the SCT readout.

The parameter V = 40 kV, which is the working voltage of the X-ray tube, was
assumed and the inclination of both detector and absorber layers was varied from

0� to 45�.
The measurements described in section 4.1 allow the de�nition of the total

rate, so that the absolute rate measured in a silicon strip in any layer of the

SCT can be predicted. The total rate for typical beam parameters of V = 40 kV,
I = 20mA, s = 70�m is R0 � 23MHz. From geometrical considerations only
approximately the fraction S=c = 0:57 of the rate is seen, where S is the pitch

of the strips and c is de�ned by equation (1). Figure 17(top) shows the captured
total rate in a strip for an amount of absorbing Si corresponding to the �rst and

fourth SCT layer with an inclination4 of 20� as functions of Etr. Overlayed is the
noise level of a Si module derived from test beam measurements [9] or as assumed

for Monte Carlo simulations [1]. The bottom plot in �gure 17 shows the signal

to noise ratio S=N for an amount of absorbing Si corresponding to the �rst and
last layer of the SCT, assuming the higher noise estimate. Obviously a threshold

de�ning a su�ciently high S=N can be found.

4.3 Position Determination

4.3.1 Strip Weighting Method

The very precise pitch of the silicon strips themselves can be used to reconstruct
the position of the silicon module. If only one strip is hit, the accuracy of the

positioning will be equal to 50�m=
p
12 = 14�m. But as the width of the beam

can be chosen to be large enough to produce a signal in two or more strips, a

4An inclination of 15� to 30� is expected from geometrical considerations for a scan of the
SCT.
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weighting of the position of the strips according to their counting rates yields a

much better accuracy. Figure 20 shows the counts for 1000 measurements (binary

method) versus channel number for an X-ray beam with V = 40 kV, I = 10mA

and s = 15�m for four measurements with the beam position shifted by the

linear stage by 10�m each. The curve shows the result from a �t with the sum of

a narrow and a wide Gaussians and a constant, representing the beam core, the

halo and noise, respectively. The observed width of the peak is somewhat larger

than the width of the beam pro�le (c � 20�m from equation (1) for s = 15�m)

which is expected from the data acquisition method enhancing the rate in the

tails.

To estimate the achievable accuracy the X-ray beam position was measured by

the Si module with above �tting method and simultaneously by the linear stage

changing the distance in steps of 10�m, see �gure 21(left). The relation between

both measurements was �tted by a straight line, and the residual distribution

for the Si data is shown in the right plot of �gure 21. The RMS de�nes the

repeatability which is better than 5�m. A wider X-ray beam provides an even
more accurate positioning, see �gure 22.

4.3.2 Scanning Method

Another possible method of position reconstruction is the measurement of the

X-ray rate as a function of the scanner position. For this purpose, a certain strip
of the detector was selected and the number of X-ray counts for a total of 100

measurements (binary method) was recorded as a function of the position of the
linear stage for an X-ray beam with V = 40 kV, I = 10mA and s = 30�m. An
example of a typical rate-versus-position plot is given in �gure 18. The rate was

�tted with a convolution of a rectangular function and a Gaussian, representing
the shape of a strip and the beam pro�le, respectively.

From these �ts the central position was determined and compared to the

nominal position from the linear stage. In addition, the di�erence in the �tted
positions of two successive scans was analysed as shown in �gure 19. The width

of these distributions give a measure of the repeatability of the measurements

and thus their precision, which is approximately 3�m.
The advantage of this method is its small sensitivity to noise and that the

e�ciency of only one strip is involved. Its disadvantage is that the scanning
requires movement of the X-ray beam so that the time needed is larger than in

the previous method.

4.3.3 In
uence of Absorbing Material

The intensity pro�les measured by the Si module was analysed for di�erent
amount of duraluminium (from 25�m to 7:6mm, corresponding to up to 6mm

silicon for absorption of 40 keV photons) placed between Si detector and X-ray
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source. Figure 23(left) shows the change in reconstructed position as a function

of absorber thickness. The RMS of 2�m shown in the right plot demonstrates

that the position reconstruction is essentially insensitive to uniform absorbing

material.

The possible e�ect of arti�cial patterns in the rate due to absorption in the

support material (carbon �bre honeycomb) was tested measuring the rate in the

scintillation counter while moving a sample of this honeycomb across the X-ray

beam. The result shown in �gure 24 for di�erent inclination angles of the material

with respect to the beam shows at most a dip of 10% in the rate, being smeared

for increasing inclination. To estimate the e�ect on the reconstruction of the

position of silicon detectors, a simple check was performed as follows. The dip as

measured with the rate scans was parametrised. The parametrisation was used

to modify a Gaussian with sigma corresponding to the beam width, shifting the

relative position. The result was �tted with a Gaussian and the �tted central

position was compared with the original one. A typical example of this is shown

in �gure 25(top). Taking the maximum di�erence in position gives a measure of
the \worst case" error due to absorption in the honeycomb. It was analysed as a
function of beam width (ie the Gaussian sigma) as shown in �gure 25(bottom).

The result demonstrates that the e�ect can be kept small if the width of the
beam is chosen to be small enough.

4.3.4 Tilted Si Module

The nominal scans above were performed with the silicon detector being in the
XZ-plane. However, measurements with detectors in the SCT will involve an
inclination of the detector with respect to the X-ray beam axis. The rate scans

described above were thus repeated with a detector inclination of 30� with respect
to the XZ-plane to check e�ects on the resolution of the position reconstruction.
The rates demonstrate an increased width of the beam pro�le as expected from ge-

ometrical considerations while the resolution in the reconstructed position shows
only slight di�erences to the above result, see �gure 26. A more signi�cant change

is only visible if one increases the inclination to 45� as shown in �gure 27.

4.3.5 Rotated Si Module

For the nominal measurements above the strips of the silicon detector in X-

direction were adjusted to be parallel to the beam pro�le. As this is not neces-
sarily true for real measurements, the e�ect of the silicon detector being rotated

in the XZ-plane was checked. For this purpose the rate scans described above

were repeated with the detector rotated by 1:3�. The rate pro�le with rotation

becomes wider as expected, see �gure 28. The resolution of the position recon-

struction is, however, not a�ected as shown in �gure 29.
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4.3.6 Bias Voltage

For completeness, the dependence of the signal of the X-ray beam on the bias

voltage Ubias of the silicon detector used was measured. Scans similar to those

described above were performed for Ubias from 10 to 80V, determining the peak

e�ciency (number of counts in the peak for a total of 100 counts), the �tted

position and half-width. This was considered for a detector inclination of 0�, 30�

and 45�. The results are shown in �gures 30, 31 and 32 in the above order of

inclination. They demonstrate:

� an increasing e�ciency with increasing Ubias, which is smaller for larger

inclination angle

� a negligible (0�) to signi�cant (45�) dependence of the position on Ubias;

� an increase in the width of the signal, which is larger for large inclination

angles.

From these observation it seems to be important to ensure a complete deple-
tion which is given for Ubias > 60V. As a compromise with noise levels rising

with Ubias a bias voltage of 60V was chosen.

4.3.7 Wire and Pin Shadow Method

To determine internal parameters of the planned two and three dimensional scan-

ners, metrologically precisely positioned objects have to be measured by scanning.
For this purpose, passive targets like wires or pins will be used. The precision of
scanning of such objects was tested.

The �rst test was performed with a 50�m W wire as target. For this purpose
a wire was installed approximately in Z direction on the linear stage and moved

in 10�m steps in X direction between X-ray and scintillator. The \shadow"

of the wire was observed as a sharp dip in the scintillator rate (see top plot in
�gure 33). A �t with a constant minus a Gaussian in the dip region yielded

good results, with the Gaussian mean giving the wire position. The resolution in

the di�erence between the positions of two successive scans is 1�m as shown in

�gure 33(bottom), which is the precision of the linear stage. The repeatability of

this position determination is thus better than 1�m.

Another test was performed with a 1:5mm steel pin as target similarly to the

scan of a W wire described above. The falling or rising part of the rate-versus-

position plots were �tted with a linear behaviour (see top plot in �gure 34).

Together with the minimum and the maximum rate this yields the position of

the half-width. Combining the half-width position from both sides de�nes the

centre position. The repeatability of this procedure was again found to be better

than 1�m as shown in �gure 34(bottom).
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5 Conclusion

First measurements with a 1D X-ray scanning facility have produced encourag-

ing results. In particular the reconstruction of the position of silicon modules

was performed with an accuracy of a few microns. This result was essentially

stable when the general conditions (absorber, inclination, rotation) and internal

parameters were changed. Simulations based on measurements of beam proper-

ties showed that the signal rate in all four layers of the SCT will be su�cient to

perform a survey with the present X-ray beam setup.

It was shown that the scanning of passive objects has a precision of better

than 1�m so that the calibration of internal parameters of a more complicated

X-ray system can be based on this.

The next phase in developing the SCT survey will be the construction of a

2D scanning facility with a rotary stage.

It should be stated here that for measuring the real SCT multilayer structure

the time interval �t � 10�s for a data capture cycle, ie tDAQ � 10ms per point
will be enough. In addition, time is needed to move the rotation head from one

point to another. It was measured5 to trot � 400ms. Three or four points de�ne
the position of every separate silicon module. Thus the time for measuring a
module will be tmod = 4 � (tDAQ + trot) � 1640ms, and the time for measuring a

whole circle with approximately 50 modules will be tcirc = 50�tmod = 82 s. Adding
the time for turning the rotation head back by 360� and moving in longitudinal
direction for the next circle (approx. 50 s), the coordinate calibration of one barrel

of the SCT will take 4 layers� 40 circles� 132 s � 21000 s, the so called live time.
The real time, 10 times larger (58 hours or 21

2
days), still seems reasonable.
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Figure 1: Photo of a general view. From left to right: PC, rack with DAQ

electronics, X-ray scanning facility on top of the high voltage power supply.

Figure 2: Photo of the 1D X-ray scanning facility: X-ray tube support and socket,

collimator, Si-module box, XZ scanning table. Separately the X-ray tube and

the silicon module are shown.
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Figure 4: X-ray beam formation diagrams: (a) the collimating slit position rela-

tive to the anode of the tube; (b) the same picture 1000 times scaled along the

X axis only ; (c) anode's focus spot.
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Figure 5: Simpli�ed geometrical calculations of the X-ray beam intensity pro�le:

(a) beam collimating diagram and formula; (b) two types of the pro�le shapes.
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Figure 8: RMS of silicon signals versus channel number showing a clear peak at
the X-ray penetrating position (Z-layer only).

Figure 9: Counting rate in silicon strips derived as explained in the text versus

channel number. Clear peaks from the X-ray signal in the X (left) and Z (right)
layer of the module are visible.
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Figure 10: X-ray counting rate SX measured in the scintillator as a function of
the X-ray tube anode current I.
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Figure 11: X-ray counting rate SX measured in the scintillator as a function of
the X-ray tube anode high voltage V . The curve represents the result from a �t

with a parabola.
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Figure 12: X-ray counting rate SX measured in the scintillator as a function of

the collimator slit width s.
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Figure 13: Normalised counting rate SX=SX(d = 0) measured in the scintillator

as a function of the thickness d of a duraluminium absorber between X-ray and
scintillator for di�erent anode high voltage V . The curves show the results of �ts

explained in the text. The last two plots were derived from measurements with

smaller collimator slit width s (to limit the rate).
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Figure 14: Sequential measurements of the rate in the Si-module as a function of
channel number at the same position of the X-ray beam. Adding duraluminium-
�lters (the total thickness is given in each plot) demonstrates the change in the

beam shape and the removal of the halo.
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Figure 15: Free range s(E) of an electron in silicon as function of its energy E.
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X-ray Signal (E>10keV) in 300 µm Si
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Figure 16: X-ray intensity spectrum normalised to the total rate for E
 > 10 keV
as a function of the readout threshold calculated for a 300�m thick Si module

after absorption in zero to three layers of 600�m Si. Di�erent angles of inclination

of both detector and absorber and a high voltage of V = 40 kV were assumed.
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Figure 17: Top: estimated X-ray rate in the �rst and fourth layer of the SCT

for V = 40 kV, I = 20mA, and s = 70�m (solid lines) compared with the noise

level assumed in [1] and measured in [9] (dashed lines) as function of the readout

threshold. Bottom: signal to noise ratio S=N for �rst and fourth SCT layer,

assuming the noise estimate from [1].
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Scanning of Si Strip
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Figure 18: Number of events with a signal greater than noise threshold for a total

of 100 events for one strip as a function of the position of the X-stage. The plots

are taken for di�erent starting positions of the X-ray relative to the X-stage. The

curves show results from �ts explained in the text.
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∆ for succ. meas.

Scanning of Si Strip
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Figure 19: Repeatability of the determination of the strip position using the

scanning method. The top plot shows the di�erence in �tted position between

successive scans and the bottom plot the di�erence to the nominal position.
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Scanning of Si Module  
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Figure 20: Number of events with a signal greater than noise threshold for a
total of 1000 events for �xed position shifted each time by 10�m from the top

left to the bottom right plot versus strip channel number. Beam parameters were

V = 40 kV, I = 10mA and s = 15�m. The curve shows the result from a �t
with the sum of two Gaussians and a constant.
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Scanning of Si Module
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Figure 21: Left: repeating the strip weighting position reconstruction for di�erent

positions of the linear stage. The points are �tted with straight line. Right:
residual distribution of the shifts from the straight line in the left plot. Measured

with a beam with slit width s = 15�m.
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Scanning of Si Module

10.45

10.5

10.55

10.6

10.65

10.7

10.75

10.8

10.85

23.78 24 24.22
Linear Stage [mm]

S
i-m

od
ul

e 
[m

m
]

45µm Slit

0

2

4

6

8

10

12

14

16

18

-20 -10 0 10 20

Entries

Mean

RMS

             41

-0.7073

  3.466
  3.645    /     6

Constant   9.122

Mean  -1.151

Sigma   3.326

Residual [µm]

Figure 22: Left: repeating the strip weighting position reconstruction for di�erent

positions of the linear stage. The points are �tted with straight line. Right:
residual distribution of the shifts from the straight line in the left plot. Measured

with a beam with slit width s = 45�m.
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Scanning with Al Absorber
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Figure 23: Residual distribution when repeating the strip weighting position
reconstruction with increasing thickness of an duraluminium-�lter.
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Scanning of Carbon Fibre Honeycomb
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Figure 24: Scanning of a carbon �bre honeycomb structure. Shown is the rate

measured in the scintillation counter as a function of the X-stage position for
di�erent inclination angles of the material.
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Figure 25: Simulating the e�ect of absorption in a carbon �bre honeycomb struc-
ture on the position reconstruction of Si detectors. The top plot shows the devi-

ation from the nominal position �rec:pos: expected for a Gaussian beam shape as

a function of the relative central position xdip � xGauss. The bottom plot shows
the maximum deviation as a function of the width �beam of the Gaussian. Dots

show the result for an absorption pattern as measured for the honeycomb with
no inclination, circles that for 8� inclination (see �gure 24).

33



∆ for succ. meas.

Scanning of Si Strip Inclined by 30o
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Figure 26: Di�erence between nominal and reconstructed position for a silicon

detector inclined by 30� showing a repeatability of approximately 3�m.
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∆ for succ. meas.

Scanning of Si Strip Inclined by 45o
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Figure 27: Di�erence between nominal and reconstructed position for a silicon

detector inclined by 45� showing a repeatability of approximately 5�m.
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Scanning of Si Strip, rot. in plane
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Figure 28: Number of events with a signal greater than noise threshold for a total

of 100 events for one strip as a function of the position of the X-stage for a silicon

detector rotated in the XZ-plane by 1:3�.
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∆ between succ. meas.
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Figure 29: Di�erence between nominal and reconstructed position for a silicon

detector rotated in the XZ-plane by 1:3�.
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Scanning of Si Strip Not Inclined
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Figure 30: Dependence of the e�ciency, reconstructed position and half-width of

the rate-peak on the silicon bias voltage Ubias. Detector is not inclined.
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Scanning of Si Strip Inclined by 30o
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Figure 31: Dependence of the e�ciency, reconstructed position and half-width of

the rate-peak on the silicon bias voltage Ubias for an inclination of 30�.
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Scanning of Si Strip Inclined by 45o
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Figure 32: Dependence of the e�ciency, reconstructed position and half-width of

the rate-peak on the silicon bias voltage Ubias for an inclination of 45�.
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Figure 33: Top: rate measured by the scintillator as a function of the position

of a W wire. The curve is the result of a Gaussian �t. Bottom: di�erence in the

Gaussian peak positions of two successive scans of a W wire with an initial X-ray

position shifted by 1000�m.
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Figure 34: Top: rate measured by the scintillator as a function of the position of

a steel pin (left shows the left side and right the right side). The curves are the

results of a linear �t to the falling part of the rate. Bottom: di�erence between

measured pin centre and nominal position for several scans.

42


