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In ion-beam therapy, the elastic and inelastic interactions of the primary beam interacting with different mediums are of strong interest. Cross section and scattering measurements are important in order to provide accurate basic data for the treatment planning system. Using several planes of a high spatial resolution vertex detector based on monolithic CMOS pixel sensor technology is a common concept for measuring precise trajectories of charged particles before and after interactions. To reach high spatial resolution, the alignment of the sensors is mandatory. In this work, an alignment procedure based on a global χ 2 cost function, that simultaneously optimizes the alignment parameters for all events is presented and shows accurate results which allow the detectors to reach high spatial resolution. The procedure was benchmarked with simulated and experimental data for the Mimosa28 pixel detector and compared to a state of the art alignment algorithm. The results of the alignment were in agreement with the requirements needed for precise measurements in particle therapy. The spatial resolution reached after the alignment was better than 10 µm.

Introduction

Charged particles in the energy range of typically 50 to 200 MeV for protons and 100 to 400 MeV/u for Carbon ions are used for the treatment of deep-seated tumors due to their favorable depth-dose profile (Bragg curve).

Moreover, state of the art treatment techniques such as pencil beam-scanning are able to deliver a prescribed dose to a complex target volume while sparing healthy tissues [START_REF] Schardt | Heavy-ion tumor therapy: Physical and radiobiological benefits[END_REF]. In order to deliver the prescribed dose inside the tumor and to avoid unnecessary dose outside the target volume, the interactions of the primary particles with the penetrated tissue need to be taken into account by the treatment planning system. Especially for ions heavier than protons, i.e. Helium or Carbon ions, fragmentation of the projectile creates secondary fragments with different ranges and angles with respect to the primary beam. These fragments contribute to the dose inside and outside of the tumor [START_REF] Gunzert-Marx | Secondary beam fragments produced by 200 MeV u -1 12 C ions in water and their dose contributions in carbon ion radiotherapy[END_REF][START_REF] Haettner | Experimental study of nuclear fragmentation of 200 and 400 MeV/u 12 C ions in water for applications in particle therapy[END_REF]. The characterization of fragmentation processes, for instance the double differential fragment production cross-section, and scattering of the primary beam due to elastic Coulomb interactions are still a field of research. The combination of typical nuclear physics detectors, as scintillators of different kinds for Time-Of-Flight (TOF) or energy loss (∆E) measurements, combined with high resolution pixel sensors is a common concept for large nuclear physics campaigns [START_REF]The ALICE experiment at the CERN LHC[END_REF] and for smaller dedicated setups used to improve basic data in particle therapy [START_REF] Rescigno | Performance of the reconstruction algorithms of the FIRST experiment pixel sensors vertex detector[END_REF][START_REF] Battistoni | The FOOT (Fragmentation Of Target) Experiment[END_REF][START_REF] Horst | Measurement of charge-and mass-changing cross sections for 4 He + 12 C collisions in the energy range 80-220 MeV/u for applications in ion beam therapy[END_REF].

The Mimosa28 (Minimum Ionizing MOS Active pixel sensor) detector based on CMOS technology is a high resolution pixel sensor [START_REF] Valin | A reticle size CMOS pixel sensor dedicated to the STAR HFT[END_REF]. This detector is composed of 928 rows × 960 columns with a pixel size of 20.7 µm and has a readout time of 186.5 µs (∼ 5 kHz frame rate). The binary output of the chip is delivered after discrimination of the signal. The threshold voltages for the discriminators are adjustable via a JTAG controller. The total thickness of the sensor is 50 µm with an epitaxial layer of 14 µm. The performance of the Mimosa28 sensor was evaluated with a 120 GeV π -beam where the single point resolution of the detector was found to be better than 4 µm [START_REF] Valin | A reticle size CMOS pixel sensor dedicated to the STAR HFT[END_REF].

Although the Mimosa28 sensor has a high intrinsic resolution, the resolution of the reconstructed particle trajectories depends on the given setup. In this work, the track resolution is defined as the difference between the reconstructed track position and the measured particle position given by each sensor. The latter can be better than 10 µm by using this type of pixel sensor [START_REF] Rescigno | Performance of the reconstruction algorithms of the FIRST experiment pixel sensors vertex detector[END_REF]. However, a precise track reconstruction of the particles is only ensured when, in a previous step, an alignment procedure was performed. Since the sensors are normally used as a stack of several detectors, the alignment is needed to determine their translational and rotational shifts (referred to as alignment parameters) relative to each other. It can be performed by a socalled alignment run with a particle beam where no target is placed in front or in-between the sensors and without magnetic field. The alignment parameters can then be determined using the positions of the primary particles passing through the stack of sensors.

Several alignment methods are commonly used, usually based on iterative procedures that sequentially process the given amount of tracks [START_REF] Blobel | Software alignment for tracking detectors[END_REF][START_REF] Karimaki | Sensor alignment by tracks[END_REF]. These algorithms fit the particle tracks by a linear regression and iterate translational and rotational shifts of the sensors. A clear disadvantage of this iterative concept is the time consumption. Therefore, e.g. Blobel introduced a so-called matrix method for the alignment, where the alignment parameters are optimized in one step by matrix operations [START_REF] Blobel | Software alignment for tracking detectors[END_REF][START_REF] Blobel | A New Method for the High-Precision Alignment of Track Detectors[END_REF]. This procedure is able to optimize a large number of parameters in a simultaneous linear least square fit for a certain number of tracks. This algorithm uses the simultaneous optimization approach for the local and global parameters, where the local parameters define the track parameters (e.g. slope and intersection for a straight line) and the global parameters define the alignment parameters (correction of detector positioning common for all tracks).

For the Mimosa28 sensor the alignment algorithm that was originally implemented in the reconstruction software Qapivi [START_REF] Ch | Study for online range monitoring with the interaction vertex imaging method[END_REF] (referred to as TrackAlign) uses a sequential fit of the global parameters for a given amount of tracks. This procedure iterates until the difference of the alignment parameters between two consecutive iterations is smaller than a given requirement. This procedure requires iteration steps and leads in some cases to non-convergence.

In addition, a pre-alignment is necessary in order to find the tracks.

To improve the accuracy and efficiency of the alignment, a new procedure was implemented in the Qapivi software (referred to as ClusAlign). In this work the general concept of Blobel (Solution II, [START_REF] Blobel | Software alignment for tracking detectors[END_REF]) was followed. However, the procedure proposed in this work is explicitly adapted to the situation of a tracker system based on a set of parallel Mimosa28 sensors. The whole optimization of the alignment parameters uses only the measured positions of the particles in the sensors, which means that the alignment can be performed without any initial track reconstruction. The concept simplifies the workflow and can be implemented easier than the Millepede algorithm [START_REF] Blobel | A New Method for the High-Precision Alignment of Track Detectors[END_REF] where a linearization around initial local and global alignment parameters is mandatory. The mathematical formulas are optimized for a minimum amount of algebraic operations. Since the primary particles undergo multiple scattering in the sensors and in the air gaps between them, the alignment procedure described in this work includes an event rejection loop based on simple scattering calculations which improves the quality of the results.

The alignment procedure and formulas are described in detail (section 2).

The experimental setup and analysis package are presented in section 3. In section 4, the efficiency and accuracy of the procedure is described by application to measured and simulated data. In addition, a comparison between this procedure with the originally implemented alignment procedure in Qapivi and a state of the art alignment algorithm Millepede II [START_REF]Physics at the Terascale, Millepede II[END_REF] is presented in section 4 with experimental data.

Alignment procedure

Alignment algorithm

In this work, the linear regression parameters of single track are not explicitly computed; they are rather implicitly dependent of the alignment parameters which are simultaneously optimized within a global χ 2 function. This makes the method very efficient and fast, even for a high number of analyzed events.

In this work, the measured positions of a single particle traversing the sensors are referred to as event whereas the fit of these positions is referred to as track.

The size of the matrix-equation to be solved (inverted) is independent of the number of events. The χ 2 function, depending on the alignment parameters, and the resulting matrix are derived and stepwise described in this section.

Concept

In the ideal case, the sensors would be placed without misalignment and the track reconstruction could be performed without correction (Figure 1(a)). In a more realistic case, the sensors are placed with initial mechanical misalignments which need to be corrected by software before the track reconstruction. The free alignment parameters defined in this work are two translations dx and dy and a rotation dφ around the z-axis (parallel to the beam axis) for each sensor. For a precise mechanical setup, the sensors can be positioned with an accuracy of typically < 0.5 mm lateral to the beam axis and < 30 mrad around the x-axis and y-axis. Thus, the alignment for these rotations can be neglected since the geometrical correction factor is smaller than 1 -cos(0.03) and is not relevant for 20 × 20 mm 2 sensors. It should also be noted that the influence of the longitudinal parameters is very small compared to the transversal ones. For a RMS of 10 mrad for the linear track slopes, the sensitivity of the longitudinal alignment parameters is a factor 100 (1/RMS) smaller compared to the transversal parameters.

Assuming a set of certain parameters dx i , dy i and dφ i , the corrected coordinates (X ij ,Y ij ) relative to the original coordinates (x ij ,y ij ) of sensor i for a track j are calculated as follows:

X ij Y ij = cos(dφ i ) sin(dφ i ) -sin(dφ i ) cos(dφ i ) x ij y ij + dx i dy i . (1) 
Since the rotation dφ i around the z-axis is small (dφ i 1), equation (1) can be simplified to:

X ij Y ij = 1 dφ i -dφ i 1 x ij y ij + dx i dy i . (2) 

Degrees of freedom

It is important to fix the whole tracker in the global coordinate system.

For this, several alignment parameters need to be fixed. Two translational alignment parameters in x and two in y will constrain the translation and rotation in x and y and around the x and y-axis respectively. Since the zshift is neglected, only one rotational parameter around the z-axis needs to be fixed. In this work, the first and the last planes are defined as references such as dx 1 = 0, dy 1 = 0, dφ 1 = 0, dx n = 0 and dy n = 0 where n is the number of planes. The

Linear regression analysis for a single track

A reconstructed track is defined as the linear fit-also called linear regressionof a single particle passing through the sensors. The corresponding S is the square sum of the differences between the measured positions in the sensors and the fitted track positions defined as:

S(a, b) = n i=1 w 2 i [(a + bz i ) -p i ] 2 , (3) 
where p i is the coordinate (either x i or y i ) of the measured particle for the sensor i at position z i . w i is the weight given by the expected uncertainty of the measurement of an event. In order to define the weight, the spatial distribution σ i (induced by multiple Coulomb scattering) at sensor i is calculated as a function of the angular scattering distributions σ α from the sensors and the air gaps, as given by eq. ( 30) of [START_REF] Gottschalk | Multiple coulomb scattering of 160 mev protons[END_REF]. The applied weight, such as

w i = 1/σ i ,
is the same for all events and the same in x and y since the Mimosa28 is composed of square pixels. The regression coefficients a and b of the fit need to be defined. In order to have the best possible fit, the least squares method is used to estimate a and b which minimizes S leading to χ 2 S [START_REF] Montgomery | Introduction to Linear Regression Analysis[END_REF].

The optimized regression coefficients a and b become the least squares estimators â and b and are calculated as:

â b = A -1 B    p 1 . . . p n    , (4) 
where A is a 2×2 matrix and B is a 2×n matrix:

A =    n i=1 w 2 i n i=1 w 2 i z i n i=1 w 2 i z i n i=1 w 2 i z 2 i    , B = w 2 1 • • • w 2 n w 2 1 z 1 • • • w 2 n z n . (5) 
By replacing the regression coefficients by the least squares estimators, χ 2 S is written as follows:

χ 2 S = n i=1 w i 1 z i â b -p i 2 . (6) 
Combining equations ( 4) and ( 6), χ 2 S becomes:

χ 2 S = - → w (KL -I n ) - → p 2 , ( 7 
)
where I n is the n×n identity matrix and L is the product L = A -1 B. The symbol " " defines the element-wise product. The n-vectors -→ w and -→ p and the K matrix of dimension n×2 are defined as:

- → w =    w 1 . . . w n    , - → p =    p 1 . . . p n    , K =    1 z 1 . . . . . . 1 z n    . (8) 
In order to simplify the readability, the n×n matrix Q is introduced as

Q = - → w (KL -I n ).
Q is a constant matrix for a given setup with certain positions z i and weights w i and equation ( 7) can be written in the form:

χ 2 S = Q - → p 2 . (9) 
2.1.4. Definition of the χ 2 for the global alignment parameters optimization

The alignment algorithm is based on the minimization of a global χ 2 which is the combination of the linear regression analysis for all tracks. In this work, X i and Y i are the corrected coordinates explicitly depending on the searched alignment parameters dx i , dy i and dφ i (see equation ( 2)) common for all tracks. For a single track, χ 2 S X and χ 2 S Y respectively in x and y define the optimal linear fit as follows:

     χ 2 S X = n i=1 w 2 i [(â X + bX z i ) -X i ] 2 χ 2 S Y = n i=1 w 2 i [(â Y + bY z i ) -Y i ] 2 , ( 10 
)
where âX , bX , âY and bY are the least squares estimators of the regression line of the corrected positions X i and Y i and differ for each independent track.

The global χ 2 function of the alignment parameters is then the sum over all k tracks (j being the track index and i being the sensor index):

χ 2 (dx i , dy i ,dφ i ) = k j=1 n i=1 w 2 i [(â X j + bX j z i ) -X ij ] 2 + n i=1 w 2 i [(â Y j + bY j z i ) -Y ij ] 2 . ( 11 
)
This χ 2 defines the goodness of the linear fit of all tracks and should yield a minimum when the searched alignment parameters are optimized. The least squares estimators âX , bX , âY and bY implicitly depend on the searched alignment parameters (equation ( 4)).

Alignment parameters calculation

The alignment parameters can be explicitly calculated by transforming the χ 2 in equation ( 11) in a single matrix equation to find a solution with a matrix inversion. From equation ( 2), the corrected coordinates X i and Y i can be calculated for a single event as:

   X 1 . . . X n    =    x 1 + dφ 1 y 1 + dx 1 . . . x n + dφ n y n + dx n    ,    Y 1 . . . Y n    =    y 1 -dφ 1 x 1 + dy 1 . . . y n -dφ n x n + dy n    . (12) 
By defining the vectors -→ X , -→ Y , -→ x and -→ y , equation ( 12) can be rewritten to:

- → X = - → x + P X - → m, - → Y = - → y + P Y - → m, (13) 
where P X and P Y are n×3n matrices which can be derived from equation [START_REF] Ch | Study for online range monitoring with the interaction vertex imaging method[END_REF].

-→ m is the searched 3n-vector containing the common alignment parameters being valid for all events:

- → m = (dx 1 , • • • , dx n , dy 1 , • • • , dy n , dφ 1 , • • • , dφ n ) T . ( 14 
)
By combining equations ( 4) and ( 13), the minima χ 2 S X and χ 2 S Y become:

χ 2 S X = Q - → x + QP X - → m 2 , χ 2 S Y = Q - → y + QP Y - → m 2 . ( 15 
)
Introducing the n×3n matrices C X and C Y and the n-vectors -→ d X and -→ d Y as:

C X = QP X , C Y = QP Y , -→ d X = Q - → x , -→ d Y = Q - → y , (16) 
the χ 2 in equation ( 11) can now be rewritten as a quadratic matrix equation:

χ 2 ( - → m) = k j=1 (C X j - → m + -→ d X j ) 2 + (C Y j - → m + -→ d Y j ) 2 , (17) 
where the index j was introduced again in order to treat all events. The gradient of this χ 2 with respect to -→ m is then a term linear in -→ m:

- → ∇χ 2 ( - → m) = C m - → m + - → d m , (18) 
where the 3n×3n matrix C m and the 3n-vector -→ d m are built by summing all events:

C m = k j=1 (C X j T C X j ) + (C X j T C X j ) T + (C Y j T C Y j ) + (C Y j T C Y j ) T , - → d m = k j=1 2( -→ d X j T C X j + -→ d Y j T C Y j ) T . ( 19 
)
As mentioned in section 2.1.1, five of the alignment parameters have to be fixed in order to get a defined geometrical situation, therefore the alignment parameters of the first plane and the transversal parameters of the last plane are set to 0. This choice is best suited for the coarse mechanical alignment since the first and the last sensor can be easier accessed than intermediate ones.

This step leads to write the final gradient of the χ 2 as follows:

- → ∇χ 2 ( - → m f ) = C f m - → m f + - → d f m , (20) 
where the (3n-5)×(3n-5) matrix C f m and the (3n-5)-vector In order to obtain a χ 2 minimum, its gradient with respect to -→ m f is set to 0. By inverting the matrix C f m , the searched alignment parameters are then: 

- → d f m are
- → m f opt = -C f m -1-→ d f m . (21) 

Refinement of the algorithm

The described algorithm is able to determine the alignment parameters in one step after the accumulation of a given number of events. The tracking is not explicitly done which allows the alignment procedure to be independent of the initial misalignments. The basic principle exploited by the algorithm is that the particles are traversing almost straight through the sensors. Therefore, strongly scattered events degrade the quality of the results. In order to avoid a relevant influence on the alignment parameters due to the scattered particles, two further calculation steps are performed with the same alignment algorithm by rejecting the strongly scattered events (e.g. due to nuclear interaction) applying the alignment parameters from the previous solution.

Therefore, for each particle, the measured angular deflection from one sensor i to the next one is compared to the theoretical width σ i α of the angular distribution from the scattering at sensor i. σ α is calculated by the Highland approximation [START_REF] Highland | Some practical remarks on multiple scattering[END_REF]17] which considers the multiple Coulomb scattering as a Gaussian process and provides an estimate for its standard deviation. In this work, the threshold for rejecting the strongly scattered events was set to 20σ i α (pre-filtering) and 4σ i α for the second and third calculation step respectively. In each step, the calculated alignment parameters become more accurate. Typically 10-40% of the events are eliminated by this filter procedure. These additional steps are especially necessary for the accuracy of the rotation parameter which is more sensitive to the scattering. Table 1 quantifies the accumulated angular distribution [START_REF] Gottschalk | Multiple coulomb scattering of 160 mev protons[END_REF] from a set of six Mimosa28 sensors for protons, 4 He and 12 C ions for 150 and 300 MeV/u. 

Experimental setup & Analysis package

Experimental setup

Measurements were performed in the experimental room at the Proton Therapy Center in Trento [START_REF] Tommasino | Proton beam characterization in the experimental room of the Trento Proton Therapy facility[END_REF] and at the Heidelberg Ion Therapy Center (HIT).

The tracker consisted of 6 sensors placed with an angle of 0 • with respect to the beam axis. The whole setup was optimized for high mechanical stability and reproducibility. For this, the tracker was positioned on an optical bench and each sensor was placed inside an individually adapted holder. Reference marks on the holders were used to align the tracker with the room laser. In The energy deposited by an ionizing particle creates charges which are collected by a certain number of pixels (cluster) in the sensor [START_REF] Rescigno | Performance of the reconstruction algorithms of the FIRST experiment pixel sensors vertex detector[END_REF]. The analysis software Qapivi [START_REF] Ch | Study for online range monitoring with the interaction vertex imaging method[END_REF], based on the ROOT [START_REF] Brun | ROOT -An Object Oriented Data Analysis Framework[END_REF] and Geant4 [START_REF] Agostinelli | GEANT4: A Simulation toolkit[END_REF] libraries, reconstructs the clusters from the fired pixels whose analog signal is above a given threshold. In this work, the signal to noise ratio threshold is set at 6 times the noise. By calculating the cluster position defined as the center of mass of the fired pixels, a straight line matching the clusters in the different planes is determined (tracking). Finally, the vertices of the tracks when a target is placed in front or in-between the tracker are computed. In this work, only the first reconstruction step (clustering) is necessary for the alignment procedure. The clusters are reconstructed in an iterative way based on the first neighbor search with an efficiency better than 99% [START_REF] Rescigno | Performance of the reconstruction algorithms of the FIRST experiment pixel sensors vertex detector[END_REF].

The x-y position of the particle is defined as the cluster position. The new alignment procedure (ClusAlign) was implemented in C++ in the Qapivi software and the mathematical calculations are performed with the ROOT libraries.

Vacuum Beamline 2). Each sensor is simulated by a volume composed of different material layers and with a sensitive volume (epitaxial layer of Silicon) with an area defined as the active area of the sensor. The deposited energy of the particle in the sensor determined by the simulation is converted in the corresponding number of fired pixels [START_REF] Spiriti | CMOS active pixel sensors response to low energy light ions[END_REF]. A so-called digitizer was implemented to compute a realistic cluster shape as a function of the deposited energy in the sensor [START_REF] Rescigno | Performance of the reconstruction algorithms of the FIRST experiment pixel sensors vertex detector[END_REF]. Noisy pixels were randomly created as a function of the signal to noise ratio threshold.

In order to have comparable conditions to the experimental ones, different ion beam configurations listed in Table 3 were simulated for two different setup geometries. The values for the divergence of the beam were defined as the angular distribution in front of the vacuum window. The sensor positions along the beam axis are listed in Table 4 for a compact geometry (referred to as Geo1 ) and for a spread geometry (referred to as Geo2 ). For both geometries, the start position of the MC simulations was set to 50 cm before the first sensor. In order to test the alignment algorithm, some arbitrary set-values for the misalignments dx, dy and dφ were implemented for each plane. As explained in section 2.1.1, the translations and the rotation of the first sensor (primary reference plane) and the translations of the last sensor (secondary reference plane) were fixed to 0. Since the rotation is the most sensitive alignment parameter, a first study only on the translations dx and dy (dφ set to 0) was performed for a scenario with small misalignment values slightly bigger than the detector resolution (referred to as Mis1 ) and bigger misalignment values in the order of the mechanical positioning uncertainty during an experiment (referred to as Mis2 ) (∼1 mm) (Table 5). The accuracy of the alignment algorithm as a function of the number of events (from 2500 to 650000 events) was determined with the misalignment scenarios listed in Table 6 (referred to as Mis3 ), where the rotational misalignment is now set to non-zero values.

Additionally, since the rotation matrix in equation ( 2) was approximated for small values of dφ, the alignment algorithm results for larger rotational misalignments (up to 10 • ) were also studied. All data sets were processed with an Intel Core i3-2100 CPU @ 3.10 GHz (2 physical cores 4 threads).

Results

The accuracy which is expected from the alignment procedure should be better than the required spatial resolution of the reconstructed tracks. Therefore, the deviations of the calculated alignment parameters from the real misalignments should be small enough to reach the required track resolution. In the following section, the performance of the alignment procedure is benchmarked against this requirement. It should be noted that the deviations (indicated by the letter δ) are defined as the absolute value of the difference between the calculated alignment parameters and the ones set in the MC simulations (referred to as set-misalignments) such as δ = |d calc -d set |. In addition, the standard deviations of the alignment parameters were computed for different sets of data obtained from the experiments.

In this section, the residuals are presented for experimental data and are used as a control of the alignment procedure success. In addition, the track resolution is defined by the width of the residuals. As presented in Table 1, the angular distribution of the multiple Coulomb scattering for a set of 6 sensors is small for the types and energies of ions used in ion-therapy. However, its influence on the track resolution depends on the setup geometry (distance of the air gaps between the sensors). For ion energies presented in Table 1, the track resolution for a set of six Mimosa28 sensors placed along the beam axis with air gaps < 3 cm is better than 10 µm. For bigger air gaps, the track resolution is less good. Setup geometries with small air gaps between the sensors (compact geometry) and bigger ones (spread geometry) are presented since the goal of this work is to have an alignment procedure aligning the sensors with good accuracy independent of the setup geometry.

It is important to note that for the setup with bigger air gaps between the sensors, the track resolution is > 10 µm and could be improved by using a different track model than a linear fit. However, the tracking does not belong to the scope of this work. Therefore, the track fit uses a simple linear fit for all cases which is suited to this work.

Alignment procedure performance for MC simulation

The alignment procedure was performed for all beam configurations (Table 3), for both setup geometries (Table 4) and for all scenarios Mis1, Mis2 (Table 5)

and Mis3 (Table 6). The results in Table 7 show the mean deviations δx, δy and δφ between the calculated alignment parameters and the set-misalignments for different scenarios (averaged over the 6 given beam configurations). These results fulfill the requirement mentioned above and show the good accuracy and robustness of the algorithm with average deviations such as δx, δy < 2 µm and δφ < 0.05 • . The uncertainties of the alignment parameters can be derived from the elements of the covariance matrix C f m -1 defined in section 2.1.5.

These values were compared to the ones averaged over the 6 beam configurations and have shown smaller uncertainties. Since the results from the covariance matrix are less conservative, the results from the averaged parameters from the different configurations are presented in Table 7. It can be seen that the uncertainty of the rotational parameter increases proportionally to the z-direction. This systematic can be induced by different types of so-called weak mode [START_REF] Blobel | Software alignment for tracking detectors[END_REF][START_REF]Physics at the Terascale, Millepede II[END_REF] (e.g. torsion of the tracker). The rotational parameter has a weak correlation with the other translational parameters which can induce small errors on the rotational alignment parameter results. Since the fixed rotation is the one from the first plane, the error on the rotational parameter increases proportionally to the z-direction. To verify the influence of fixing the rotation of another plane, the tracking was performed for the case when only the rotation of the first plane was fixed versus the case when the first and the last rotation were fixed. Even so the deviations δ on the rotational alignment parameters were smaller in the second case, the resulting χ 2 of the tracks were the same for both cases. In this work, only the first rotational parameter was fixed in order to correct the initial torsion of the setup. The CPU time of the alignment procedure was ∼ 50 s in single-threaded mode for 50000 events.

To determine how fast the alignment parameters converge to the required values, the alignment parameters were calculated for a certain amount of events used by the algorithm for protons, 4 He and 12 C ions at 150 MeV/u for the setup geometry Geo2. A comparison between the two setup geometries for 150 MeV/u 4 He was also performed. The average deviations between the calculated alignment parameters and the set-misalignments were calculated. As shown in Figure 3 (top), the average deviation of the translation is smaller than 2 µm in all cases. However, the rotational parameter, being more sensitive to the scattering, converges slower (Figure 3 (bottom)) and at least 50000 events are needed for an agreement between the calculated alignment parameters and the real misalignment values. As expected, the heavier the particle is, the faster the algorithm converges because of the stronger scattering for lighter particles. The results of the alignment parameters for the setup geometry Geo1 were very similar. The alignment parameter results are independent of the ion optics of the beam (FWHM and divergence). The results remained the same even if the divergence values of Table 3 were increased to a larger value of 20 mrad. To test the robustness of the algorithm, the alignment parameter results

were studied for a certain setup geometry for both experiments with protons and Helium ions for different energies. Table 8 shows the average value of the alignment parameter results calculated with the procedure described in this paper (ClusAlign), the original algorithm implemented in Qapivi For an accurate alignment, it is important to have a stable mechanical setup 439 with a rotation angle < 3 • compared to the primary reference plane and 440 enough statistics (more than 50000 events) in order to have an error on the success. In addition, the width of the residuals showed that the track resolution was better than 10 µm for a compact setup geometry. This procedure can then improve the particles track resolution needed for experiments like range monitoring [START_REF] Ch | Study for online range monitoring with the interaction vertex imaging method[END_REF] or studies of nuclear fragmentation processes [START_REF] Rescigno | Performance of the reconstruction algorithms of the FIRST experiment pixel sensors vertex detector[END_REF].
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 1 Figure 1(b) illustrates a reconstructed track without any alignment corrections of the sensors. After applying the alignment parameters to the sensors, tracks can be reconstructed with the required resolution (Figure 1(c)).
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 1 Figure 1: Reconstructed track with 6 sensors positioned along the beam axis in the ideal case (a). Reconstructed track before (b) and after (c) the alignment procedure with 6 sensors positioned along the beam axis. The points represent the interaction of the particle with the sensors and the line represents the reconstructed track.

  obtained by cancelling the 5 degrees of freedom (i.e. dx 1 , dy 1 , dφ 1 , dx n and dy n ) and the corresponding columns, rows and elements in C m and -→ d m . The vector -→ m f contains the searched alignment parameters.

- 1

 1 It should be noted that without the mentioned cancellation of the 5 degrees of freedom, the matrix C f m cannot be inverted. The matrix C f m is the socalled covariance matrix. The alignment parameters in -→ m f opt define now an optimal correction for all events with a minimum weighted (by the uncertainties) mean (quadratic) deviation between the corrected measured points X ij and Y ij and their corresponding individual regression line. A package of script examples of the alignment algorithm is presented in the supplementary material (http://dx.doi.org/10.17632/9g5r3ypcb6.1).

  addition, cables attached to the sensors were strain-relieved. The alignment runs were performed without target (and without magnetic field) and at low intensity (< 5 kHz) to avoid pile-up in the sensors. The beam particles used were protons and Helium ions ( 4 He) in the therapeutic energy range of 80 to 220 MeV/u. The energies and the Full Width Half Maximum (FWHM) of the beam at the isocenter for both experiments are listed in Table2. Two different setup geometries were tested: one with a distance of 35 cm between the first and the last sensor (see Figure2(a)) and one with a distance of only 8.8 cm (see Figure2(b)). For both experiments, the detector threshold was set to 6 times the noise level[START_REF] Valin | A reticle size CMOS pixel sensor dedicated to the STAR HFT[END_REF].
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 2 Figure 2: Experimental setup dedicated for the alignment runs with a spread geometry tested with protons at the Proton Therapy Center in Trento a) and a compact geometry tested with Helium ions at HIT b).

12 Figure 3 :

 123 Figure 3: Average deviations δy (top) and δφ (bottom) between the calculated alignment parameters and the set-misalignments in the MC simulations, respectively for the translation in x (top) and the rotation around the z-axis (bottom) as a function of the number of events for 150 MeV/u protons, 4 He and 12 C with the scenario Geo2-Mis3. The δ-values are averaged over the sensors and the error bars represent the range (min-max) of the δ-values.

5 Figure 4 :

 54 Figure 4: Deviation δx as a function of the rotational set-misalignment for different sensors for 150 MeV protons for the setup geometry Geo2.

(

  TrackAlign) and the Millepede II algorithm for the protons data set. The Millepede II algorithm was used as a stand-alone program where the input parameters were given after fitting the same selection of data used for ClusAlign. The alignment parameter results of the procedure ClusAlign and Millepede II are in agreement. The original algorithm implemented in Qapivi shows differences of the average value with ClusAlign and Millepede II up to 25 µm for the translations and 0.4 • for the rotation. As explained in Section 4.1, the deviation of the rotational parameter increases proportionally to the zdirection. The verification of the effect of fixing the last rotation in addition to the first one was also performed for the experimental data. As for the simulated data, the small error on the rotational parameter has no influence on the χ 2 of the tracks. The residuals in x and y for all sensors computed after the alignment procedure with the different procedures (ClusAlign, TrackAlign and Millepede II) for a compact geometry for 220.51 MeV/u 4 He are shown in Figure 6. The compared to TrackAlign. In addition, the residuals computed after ClusAlign 431 and Millepede II are comparable leading to a track resolution of 5.1 µm. 432 5. Conclusion 433 An accurate and robust alignment procedure for high spatial resolution ver-434 tex detectors was developed and evaluated for a tracker composed of a stack 435 of Mimosa28 sensors with arbitrary distances. The performance of the pro-436 cedure was tested on simulated and experimental data for different ions and 437 different setup geometries in the energy range of interest for hadrontherapy.
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Figure 6 :

 6 Figure 6: Histograms of the residuals in x (left) and y (right) after the alignment procedure with ClusAlign (black circle), TrackAlign (blue star) and Millepede II (red triangle) for 220.51 MeV/u 4 He (from the experimental data recorded at HIT) for all sensors and all tracks.

Table 1 :

 1 Accumulated angular distribution due to multiple Coulomb scattering for a set of 6 Mimosa28 sensors for protons,4 He and12 C ions for 150 and 300 MeV/u.

	Ion	Protons	Helium	Carbon
	Energy (MeV/u) 150 300 150 300 150 300
	σ α (mrad)	2.1 1.1 1.1 0.6 1.0 0.5

Table 2 :

 2 Energy and FWHM of the proton beams (Proton Therapy Center in Trento) and Helium ion beams (HIT).

	Energy (MeV/u) FWHM (mm)
	Protons	
	90.8	7.8
	125.3	6.2
	148.5	5.4
	164.4	4.9
	188.8	4.1
	219.8	3.5
	Helium	
	80.64	11.8
	130.25	7.6
	220.51	4.9
	3.2. Software package for the analysis of Mimosa28 pixel sensors

Table 3 :

 3 List of the different ions, energies and ion-optical beam parameters (FWHM and divergence) at the vacuum window used for the MC simulation.

	Ion	Protons	Helium	Carbon
	Energy (MeV/u) 150 300 150 300 150 300
	FWHM (mm)	7.1 7.1 7.1 5.9 5.9 4.7
	Divergence (mrad) 5	3	3	2.5 2.5	2

Table 4 :

 4 Position of the sensors along the beam axis for a compact geometry (Geo1) and for a spread geometry (Geo2).

		Position (cm)
	Sensor Geo1	Geo2
	1	-1.25 -12.50
	2	-0.75 -7.50
	3	-0.25 -2.50
	4	0.25	2.50
	5	0.75	7.50
	6	1.25	12.50

Table 5 :

 5 Two misalignment scenarios for a set of 6 sensors. Mis1 describes a scenario with small misalignment values, whereas Mis2 gives larger misalignment values. Rotational misalignments are set to zero in both cases.

		Translational misalignments (µm)
		Mis1	Mis2	
	Sensor	dx	dy	dx	dy
	1	0.00	0.00	0.00	0.00
	2	-5.00	5.00 -753.00 928.00
	3	3.00	-4.00 850.00 -789.00
	4	-15.00 -8.00 -978.00 842.00
	5	6.00	12.00	925.00 -891.00
	6	0.00	0.00	0.00	0.00

Table 6 :

 6 Translational and rotational misalignment scenario (Mis3) for a set of 6 sensors.

			Mis3	
	Sensor dx (µm) dy (µm) dφ ( • )
	1	0.00	0.00	0.00
	2	438.00 -225.00 0.823
	3	-349.00 574.00 -0.150
	4	-913.00 -682.00 -1.730
	5	166.00	751.00 -0.340
	6	0.00	0.00	1.228

Table 8 :

 8 Average value of the alignment parameter results over 6 energies in the range of 80-220 MeV protons (from the experimental data recorded at the Proton Center Therapy in Trento) calculated with ClusAlign, TrackAlign and Millepede II. The standard deviation of the average value of the alignment parameters is given in parenthesis.
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Table 7: Average deviations between the calculated alignment parameters and the setmisalignments. The deviations were averaged over 6 beam configurations listed in Table 3. The standard deviations of the δ-values are given in parentheses and indicates their fluctuations.

Geo1-Mis1

Geo1 The performance of the alignment algorithm as a function of the rotational misalignment of the sensors were computed for 150 MeV protons and 300 MeV/u

12 C with the setup geometry (Geo2). The translations dx and dy were set as Mis3 (Table 6) and the rotational parameter was varied from 0.5 • up to 10 • compared to the first sensor. Figure 4 shows (for 150 MeV protons) that the deviations of the translations significantly increase when δφ becomes larger than 3 • . The same test was done for 300 MeV/u 12 C and has shown very similar results. The large deviations of the calculated alignment parameters for δφ > 3 • can be explained by the inaccurate approximation of cos(φ) ≈ 1.

However in practice, the alignment accuracy of ± 3 • for a stable mechanical setup is easily feasible.

Experimental results

The alignment procedure was tested on experimental data obtained with the setups described in section 3.1. To show the effect of the alignment pro-