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Abstract
�j /2bv in lzlz � j@a33Aci<n�I $3�m URcijiRn mRniA

jRa V#TKW s�c ,Rncjan,j30. s@i,@ ic $�c30 Rn � BRniy�jiRn
+@�m$3a 03ci<n sij@ cUIij nU 3I3,jaR03cY Bj ic ncin< j@a33
ci<n�Ic jR 03j3amin�j3 @RaiyRnj�I �n0 q3aji,�I URcijiRnc R8 �
uAa�w $3�mY i@3 a3I�jiRn $3js33n ci<n�Ic �n0 URcijiRn ,�n
$3 03c,ai$30 $w � mnIjiUI3 Iin3�a a3<a3cciRn VKH`WY i@3
,�Ii$a�jiRn ic 0Rn3 $w Iin3�a RUjimiy�jiRn �I<Raij@mc. s@i,@
�a3 03c,ai$30 in 03j�iI. 3cU3,i�IIw jR <iq3 �n 3n<in33ain<A
$�c30 a3cnm3. s@i,@ ,�n 3�ciIw �UUIi30 jR Rj@3a cwcj3mcY
i@3 a3cnIjc R8 j@3 cRInjiRn siII $3 ,RmU�a30 �n0 0ic,ncc30Y

INTRODUCTION AND MOTIVATION
/n3 jR j@3 8�,jc j@�j cwn,@aRjaRn uAa�w $3�m ciy3c �a3

<3jjin< cm�II3a �n0 mRa3 3uU3aim3njc 03m�n0 � 8R,ncc30
$3�m. j@3 n3,3ccijw R8 � ,RnjaRII30 cj�$I3 $3�m in,a3�c3cY
bRm3 03m�n0c R8 mRnijRain< 03qi,3c �a3. j@�j j@3w c@RnI0
nRj �$cRa$ ci<ni~,�njIw uAa�w inj3ncijw. 0R nRj I3�0 jR $a�<<
U3�Gc Rn uAa�w ,�m3a�c. nRa @�q3 � I�a<3 ci<n�I jR nRic3 a�jiRY
KRcj �q�iI�$I3 ja�ncmicciq3 #TKc �a3 $�c30 Rn- VSW 03URciA
jiRn30 c3<m3nj30 0i�mRn0 sin0Rsc )S.l* sij@ m3�cna3m3nj
a�n<3c in j@3 ƦmAa3<iRn �n0 8�cj �,\nicijiRn jim3cY VlW jsR
OzïAjnan30 iRniy�jiRn ,@�m$3ac sij@ cUIij nU 3I3,jaR03c )k.:*.
s@3a38Ra3 j@3 m3�cnain< a�n<3 ic in j@3 mmAa�n<3Y i@3w
@�q3 in ,RmmRn j@�j j@3w n330 8Rna a�s ci<n�Ic jR ,�I,nA
I�j3 � l/AURcijiRn ǪǫAIR,�jiRnY � ,Rnq3njiRn�I iRniy�jiRn
,@�m$3a �j � cwn,@aRjaRn $3�mIin3 ,Rncicjc R8 jsR UI�j3c.
s@i,@ �a3 �aa�n<30 U�a�II3I jR 3�,@ Rj@3a �n0 <iq3 Rn3 ci<n�IY
i@3w @�q3 j@3 �0q�nj�<3 jR m3�cna3 �j IRs �c s3II �c @i<@
3n3a<i3c. s@3a3�c j@3 �$cRaUjiRn ,�n $3 �0Encj30 $w ncin<
@3�qi3a <�c IiG3 FawUjRn 8Ra @i<@3a 3n3a<i3c Ra MijaR<3n 8Ra
IRs3a 3n3a<i3c )9*Y

i@3 n3s 3q�In�j30 03ci<n R8 � $3�m URcijiRn iRniy�jiRn
,@�m$3a ic $�c30 Rn j@a33 ci<n�IcY

MATERIAL AND METHODS
Design and FEM

7i<na3 S c@Rsc j@3 03ci<n R8 j@3 3I3,jaR03c- jsR cm�II
3I3,jaR03c Rn j@3 8aRnj �n0 $�,G. s@i,@ �a3 ,Rnn3,j30 jR j@3
c�m3 ci<n�I sia3d jsR $i<<3a m3�cnain< 3I3,jaR03c. s@i,@
�a3 3�,@ ,Rnn3,j30 jR � cin<I3 ci<n�I sia3d Rn3 I�a<3 @i<@
qRIj�<3 3I3,jaR03Y i@3 @i<@3cj 03ncijw R8 j@3 3I3,jai, ~3I0 ic
a3�,@30 in $3js33n j@3 U�a�II3I f mm <�U Vc33 7i<Y S$WY

Signal Evaluation
i@3 j@a33 a�s ci<n�Ic ,�n $3 nc30 jR ,�I,nI�j3 j@3 ǪǫA

,RRa0in�j3cY i@3 ja�nc8Ram�jiRn V2\Y SW ,�n $3 saijj3n
sij@in � m�jaiu \nij3 cimiI�a jR j@3 +I�aG3Aja�nc8Ram�jiRn )f*.

∗ m�a,3IY<R3aIijy"03cwY03

V�W `3n03a30 +�/ Bm�<3 V$W 72K V+QKbQHW

V,W T@RjRc V0W

7i<na3 S- V�W 3uU3,j30 IR,�jiRn R8 <�cAiRnc Vlight-yellowW.
ja�E3,jRaw R8 8a33 3I3,jaRn3c VlightblueW V$W 3I3,jaRcj�ji,- m3�A
cnain< 3I3,jaR03c V$In3W. ?p 3I3,jaR03 Va30W. jn$3Aj@i,Gn3cc
�n0 ,RIRa- 3I3,jai, ~3I0 cja3n<j@ )p mƣS* V0W ci<n�I �n0 ?p
,Rnn3,jiRncY

s@i,@ ic s3IIAGnRsn in 3I3,jaRm3,@�ni,�I j@3RawY i@3 q�IA
n3c R8 ǧ. Ǩ �n0 ǩ �a3 nRam�Iiy30. j�Gin< injR �,,Rnnj j@3
cnm R8 �II inj3nciji3cY i@3 q�In3c Ǘօ �a3 ~u30 ,�Ii$a�jiRn
U�a�m3j3acY i@3w ,�n $3 R$j�in30 $w Iin3�a RUjimiy�jiRn
ncin< m3�cna30 0�j�Y
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Signal-Position Calibration
7Ra j@3 ,�Ii$a�jiRn c3q3a�I jnUI3c ็ǧօ
 Ǩօ
 ǩօ
 Ǫօ
 ǫօ
 Ǣօ่ �a3

n33030Y i@3w @�q3 jR in,In03 j@3 j@a33 m3�cna3 ci<n�I q�In3c
�n0 j@3 ,Raa3cURn0in< jan3 a3�I Ǫ �n0 ǫ URcijiRncY r3i<@jin<
Ra UaRURajiRn�I 8�,jRac Ǣօ	Ǫ
 ǫ
 �ccna3 j@�j cRm3 a3<iRnc siII
$3 j�G3n mRa3 injR �,,Rnnj j@�n Rj@3acY 7Ra $Rj@ �I<Raij@mc
~q3 Ra mRa3 Iin3�a in03U3n03nj URinj �cci<nm3njc �a3 n33030Y
KRa3 q�In3c siII imUaRq3 j@3 Ua3,iciRn R8 ,�Ii$a�jiRnY

Calibration Method I: Simplex-algorithm including
weighted residuals iR ,�I,nI�j3 j@3 0i{3a3nj ,R3|,i3njc
Ǘ∗. � bimUI3uA�I<Raij@m s�c �UUIi30Y �II 3u�mUI3c �a3
c@Rsn 8Ra j@3 ǫA�uicY ǪA,RRa0in�j3 siII $3 ,�I,nI�j30 cimiI�a
jR j@3 UaR,30na3 c@Rsn in j@�j ,@�Uj3aY i@3 3uUa3cciRn Ǫ in
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this part corresponds to a vector containing the calibration-
coefficients. Calculation can be done by available programs
like Matlab, where the minimization problem is described
as in Eq. (2) [7].

min𝑥 (𝒇 𝑇 ⋅ 𝒙) { 𝒙 𝑨𝑐𝑜𝑛 ⋅ 𝒙 ≤ 𝒃𝑐𝑜𝑛
𝑨𝑒𝑞 ⋅ 𝒙 = 𝒃𝑒𝑞

} (2)

Note: Column-vectors: bold lowercase letters; matrices: bold capital letters
In order to use the linear optimization the corresponding

fixed matrices 𝑨𝑐𝑜𝑛, 𝒃𝑐𝑜𝑛, 𝑨𝑒𝑞 and 𝒃𝑒𝑞 have to be expressed
in the right way, as it is shown in the following. First of all,
new variables will be introduced in Eq. (3).

𝑻 =
⎡⎢⎢
⎣

1 𝑢1 𝑣1 𝑤1
1 𝑢2 𝑣2 𝑤2
∶ ∶ ∶ ∶
1 𝑢𝑘 𝑣𝑘 𝑤𝑘

⎤⎥⎥
⎦

𝒚𝑝𝑜𝑠 =
⎡⎢⎢
⎣

𝑦𝑝𝑜𝑠 0
𝑦𝑝𝑜𝑠 1

∶
𝑦𝑝𝑜𝑠 𝑘

⎤⎥⎥
⎦

𝒄 =
⎡
⎢⎢
⎣

𝑐𝑦0
𝑐𝑦1
𝑐𝑦2
𝑐𝑦3

⎤
⎥⎥
⎦

𝒑 =
⎡⎢⎢
⎣

𝑝1
𝑝2
∶

𝑝𝑘

⎤⎥⎥
⎦

(3)

The vector 𝒚𝑝𝑜𝑠 contains the expected y-Positions. The vec-
tor 𝒑 comprises weight factors for each residuum Δ𝑦𝑖. The
calibration coefficients in the vector 𝒄 are unknown and have
to be calculated. The standard problem would be solved
like in Eq. (4a). Due to the fact that the right inner part can
contain positive as well as negative errors the problem has
to be extended by a trick: Δ𝒚 will be replaced by a differ-
ence expression, in Eq. (4b), such that errors reached from
positive and negative sites are taken into consideration. The
constraint in Eq. (4a) implicates that the offset 𝑐0 is taken
into account, in a way that the optimum will be found where
signal values 𝑢, 𝑣 and 𝑤 have almost the same value.

Δ𝒚 = | 𝑻 ⋅ 𝒄 − 𝒚 | with Δ𝒚 > 0 (4a)
(Δ𝒚+ − Δ𝒚−) = 𝑻 ⋅ 𝒄 − 𝒚𝑝𝑜𝑠 (4b)
⇔ 𝒚𝑝𝑜𝑠 = 𝑻𝒄 − Δ𝒚+ + Δ𝒚− (4c)

𝒃𝑒𝑞 = 𝑨𝑒𝑞𝒙 (4d)
Further constraints (𝑐𝑜𝑛): Δ𝒚+, Δ𝒚− ≥ 0 (4e)

𝑐0 = 𝑐1 + 𝑐2 + 𝑐3 (4f)

To express Eq. (4c) in the form of Eq. (4d), the vectors
and matrices will be described as in Eq. (5). The constraints-
Eq. (4f) is expressed in Eq. (5b). The transposed vector of
weight factors 𝒑𝑇 emphasizes the most significant data point
errors. To calculate 𝑥 the simplex algorithm is used and
calculated like it is described in Eq. (2).

𝑨𝑒𝑞 = [ 𝑻 −𝑰 𝑰
𝑪𝑐𝑜𝑛 0 0] 𝒃𝑒𝑞 = [𝒚𝑝𝑜𝑠

0 ] (5a)

with 𝑪𝑐𝑜𝑛 = [−1 1 1 1] (5b)

𝑨𝑐𝑜𝑛 =⎡⎢
⎣

0 0 0
0 −𝑰 0
0 0 −𝑰

⎤⎥
⎦

𝒃𝑐𝑜𝑛 =⎡⎢
⎣

0
0
0
⎤⎥
⎦

𝒙 =⎡⎢
⎣

𝒄
Δ𝒚+
Δ𝒚−

⎤⎥
⎦

(5c)

𝒇 𝑇 = [0 𝒑𝑻 𝒑𝑻 ] (5d)

Calibration Method II: the pseudo-inverse includ-
ing weighted residuals An alternative solution for the
calculation is to use a approximative solution with help of a
pseudo-inverse. The Moore-Penrose pseudoinverse notation
has to be taken into account to solve a non-quadratic matrix,
which will result in a problem like it is described in (6d).

The description of the matrix 𝐴 and the vector 𝑏 is as
shown in Eq. (6d). The inner matrices 𝑻, 𝒚𝑝𝑜𝑠 and 𝒄 are
described in Eq. (3). The diagonal matrix 𝑫 contains the
weighting coefficients 𝑝𝑖 on the diagonal. The inner product
of the hermetic matrix 𝑨𝑇𝑨 could be calculated manually
by Singular Value Decomposition. Software like Matlab
calculate the pseudoinverse directly [8]. After the successful
calculation of the pseudo-inverse 𝑨+, it just has to be multi-
plied by 𝒃 to obtain the vector 𝒙 [Eq. (6b)], which contains
the sought coefficients.

𝑨𝒙 = 𝒃 (6a)
𝒙 ≈ 𝑨+ ⋅ 𝒃 (6b)
𝒙 ≈ (𝑨𝑇𝑨)−1𝑨𝑇 ⋅ 𝒃 (6c)

𝑨 = [𝑻 −𝑰
0 𝑫 ] 𝒃 = [𝒚𝑝𝑜𝑠

0 ] 𝒙 = [ 𝒄
𝜟𝒚] (6d)

RESULTS
First measurements were taken at the DESY-beamline P64

[9] at 20 keV, the chamber was filled with 100 % Nitrogen
at atmospheric pressure. Figure 2a shows the measured raw
signals, which were obtained by moving the BPM with xz-
linear-stage in front of a stable beam. Calibration coefficients
were computed by using a mesh of 31x30 different support

(a) raw signals of the current amplifier:
xy-beam position ↦ electrode raw signals

(b) 𝑥𝑦-beam position ↦ measured (calibrated) value
bar/color: difference to the calibration function

Figure 2: Plots: a N2-filled chamber was moved along x and
y in front of a 0.5x0.5 mm2 small 20 keV x-ray beam, 31x30
points were taken.
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Table 1: Calibration Coefficients of Different Beam Sizes - 31x30 datapoints have been used, beamsize was defined by slits
alignment. Beamsize before slits was approximately 0.7 mmx1.5 mm

Beamsize [mm]

Coeffi-
cients

0.5 x 0.5 0.5 x 1.0 0.5 x 1.5 0.5 x 2.0 1.0 x 2.0 1.0 x 0.5
Method Method Method Method Method Method Method Method Method Method Method Method

I II I II I II I II I II I II

𝑐𝑥0 −0.18 −0.19 −0.16 −0.17 −0.17 −0.18 −0.17 −0.18 −0.25 −0.26 −0.27 −0.27
𝑐𝑥1 −2.73 −2.71 −2.75 −2.74 −2.79 −2.78 −2.79 −2.78 −2.82 −2.81 −2.78 −2.77
𝑐𝑥2 5.07 4.97 5.14 5.06 5.19 5.11 5.22 5.15 5.22 5.16 5.10 5.01
𝑐𝑥3 −2.52 −2.45 −2.55 −2.49 −2.58 −2.52 −2.60 −2.55 −2.65 −2.60 −2.58 −2.51

𝑐𝑦0 −0.17 −0.18 −0.17 −0.18 −0.18 −0.18 −0.15 −0.16 −0.15 −0.15 −0.17 −0.17
𝑐𝑦1 −5.89 −5.96 −5.96 −6.04 −5.99 −6.10 −6.00 −6.14 −6.05 −6.19 −5.92 −6.01
𝑐𝑦2 −0.09 −0.07 −0.11 −0.08 −0.11 −0.07 −0.11 −0.10 −0.11 −0.10 −0.09 −0.07
𝑐𝑦3 5.81 5.85 5.89 5.94 5.92 5.99 5.96 6.08 6.00 6.14 5.84 5.90

points, and a 2d-Gauss weighting. They are shown in Table 1
for different slits openings. One can see that the ratio of
coefficients stay almost constant even with different beam
sizes. Nevertheless there is a small upscaling, as when the
beam-size gets larger. Values show a strictly monotonic
behaviour in both directions. For this reason the chamber
can be used for position control in further steps.

DISCUSSION
Using one single high voltage electrode and only three sig-

nals instead of four might reduce noise failures, particullary
because the measured current of an ionization chamber is in
the µA to nA-range. Moreover, the design and distribution
of electric stray field might be improved by different gap
ratios or by redesigning the electrodes gap with an acute
instead of a right angle.

Concerning the calibration: The errors between measure-
ment and calibration function are around 0.15 mm in an area
1x1 mm2 and 0.40 mm in an area of 3x3 mm2. Improve-
ments can be reached by a higher-order polynomial regres-
sion. In addition, there exist other methods, like least-square-
optimization or gradient-based optimization. However, the
shown methods do not require start parameters and is well
suited for small problems. On the contrary data points have
to be injective [10] and the problem has to be linear.

CONCLUSION
A new concept of a beam position monitor using three

signals to determine a 2d-position has been presented. After
the calibration, position data shows a linear behaviour. The
basic idea opens possibilities for new types of beam position
monitors. The chamber can find application at beamlines,
where BPM diffraction peaks have to be avoided or absorp-
tion behaviour need to be changed easily.

The calibration was validated by the comparison of two
different methods, which lead to similar results. These meth-
ods have been explained in detail to give a comprehensive
overview. They can be applied to other unknown linear

systems as well, like mechanical multi-sensor-positioning
systems, mixed signal measurements etc.
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