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1  Introduction 
A few microseconds seconds after the “Big Bang”, matter in the universe is believed to be in the state of Quark-Gluon plasma (QGP) which is a mixture of deconfined quarks and gluons. The Solenoidal Tracker (STAR) experiment is one of the biggest experiments at RHIC to study the QGP. Heavy quarks (charm and bottom quarks), because of their large mass, are ideal probes to study the properties of QGP. To study heavy quark production, STAR is building a Heavy Flavor Tracker (HFT) which 
requires a thin, fast, silicon pixel detector that can operate in a relatively high radiation environment to obtain precise tracking with minimum effect from multiple Coulomb scattering. It is difficult to meet all of these requirements using the “usual” techniques currently employed in high-energy physics experiments. 


The HFT decide to use the CMOS Active PIXEL Sensor (APS) technology which is capable of excellent spatial resolution and charge collection efficiency, together with satisfactory radiation tolerance
. The key element of this technology is to use a n-well/p-epi diode to collect the charge through thermal diffusion, which is generated by the impinging particles in the thin epitaxial layer underneath the read-out electronics. The structure of APS is shown in Fig. 1. 
[image: image1.emf]
FIG. 1  Cross-section view of the APS
It has three layers. The top layer of the device has an n-type diode (n-well) surrounded by a p-well region. Below it is a more lightly doped p-type epitaxial (epi) silicon layer located on top of a heavily doped p-type substrate (sub) silicon layer. When a charged particle traverses the PIXEL sensor, it creates electron–hole pairs in the epi and sub-layer. Because most parts of the epi-layer are free of electric field, these electrons can diffuse freely in these layers until they are collected by the n-well or recombined. Electric fields develop at the interfaces where the doping levels change. Electrons in the epi-layer are reflected at the epi and sub interface and epi and p-well interface. While at the epi and n-well interface, the electric field pulls the electrons into the n-well diode and produce charge signal. The output electronics converts charge signal to voltage level before passing it to readout electronics, thus gaining the name “active pixel”. By contrast, passive pixels (CCD) pass charge signal directly the column line and are prone to noise corruption.
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FIG. 2  a) STAR HFT configuration.                      b) HFT PIXEL detector details.
The proposed HFT detector contains two layers of silicon strip detectors ( IST ) and two layers of APS pixel sensors (PIXEL) at radii of 2.5 and 7.0 cm (shown in Fig. 2). The inner layer has 9 ladders of APS sensors, while the outer layer has 24 ladders. Every ladder contains 10 APS sensors, which are thinned to 50 um. Each chip, 1.92 x 1.92 cm, is made up of a 640 x 640 array of 30 x 30 um pixels. There are totally around 100 million pixels in the whole PIXEL detector.
This document presents the development of the detailed Monte Carlo Simulation on the STAR HFT PIXEL detector. The simulation result of the detector response on charged tracks is compared with experimental result..


2.  Monte Carlo Simulation
The Monte Carlo simulation consists of 4 steps as shown in Fig. 3. First, input the information of a charged particle passing through the PIXEL. The information contains the particle momentum, incident direction, path length in the PIXEL, and the sum of electron-hole pairs it generates. Second, build the geometry of the detector: one chip of 640 x 640 PIXEL array. Third, simulate the transportation of electrons generated in the PIXEL: diffusion, recombination and reflection at interfaces between different layers. Finally, calculate the sum of electrons collected by the n-well as output signal.
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FIG. 3  Simulation process
2.1.  Inputs
From PIXEL fast simulation package in STAR software, one can get information of the track of incident particle: its momentum, direction, and a hit position where the track passed through the PIXEL. Assuming the track in the PIXEL is a straight line, using its direction and the hit position, one can calculate the locations where track enters and exits the PIXEL, and derive the total path length, shown as Fig. 4.
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FIG. 4  The entering, hit and exiting locations of a charged track
The total number of electrons generated from charged track passing through the silicon sensor is calculated using Bichsel distribution
, assuming the ionized electron/hole pairs originate randomly along the track, and the number of ionized electrons is E/3.6eV, where E is the energy deposition of incident particle, and 3.6eV is the average electron-hole excitation energy. Figure 5 shows one example of the Bichsel distribution. To make the simulation faster, build a lookup table of Bichsel Distribution for different particles with different energy and path length. For any incident charged particle, we pick up the Bichsel distribution in the lookup table with the closest momentum and path length to generate the random number of ionized electrons as the input of simulation.
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FIG. 5  Sample of 1000MeV Pi with 50um path length

2.2  PIXEL Geometry
The PIXEL Geometry model is built using ROOT v5.12 geometry package
. The total model is a chip of 640 x 640 pixel array, whose size is 19.2mm x 50um x 19.2mm, as shown in FIG. 6 (a). One PIXEL is 30um x 50um x 30um, consist of four different layers from top to bottom: Readout electronics layer, diode layer, epitaxy layer and substrate layer, as shown in Fig. 6 (b).
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     FIG. 6 (a). Geometry Model of one chip.           (b). Geometry Model of one PIXEL
2.3 PIXEL Response Simulation
The general process of PIXEL response simulation is shown in Fig. 7. First, generate electrons at random positions along the incident track in the PIXEL array. Then check whether it is within the diode region. If the answer is yes, put it directly into collection matrix since it will be collected by the diode immediately. If the electron isn’t within the diode, then put it into diffusion process. Use gauss equation to describe the diffusion as a random walk process, with step length 80 nm (RMS), as shown in Fig. 8. In every step of the random walk, check it again whether the electron is within the diode region. Also check whether the electron is recombined. The recombination rate is dependent on the different doping density of different layers. For epi layer, the recombination rate is about 10-7, while for sub layer, it is about 10-4. Finally, get the collection matrix of electrons collected by the diode array as an output signal.
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FIG. 7  Monte Carlo model flow chart        
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     FIG. 8  Random walk of one electron in the PIXEL

When electrons arrive at boundaries between layers, reflection or absorption will happen. When electron hits the p-epi and p-well interface, the p-well/p-epi interface can be recognized as a boundary with total reflection for electrons in the epitaxial silicon because p-well are more heavily doped and electric field in the depletion region will reflect the electron away. When electrons hit the n-well/p-epi depletion region, they have very little chance to be reflected and most likely will pass through. Consequently, the n-well/p-epi interface can be recognized as a boundary with total absorption. When the electron hit p-epi/p+ substrate, because p+ substrate is more heavily doped, interface is recognized as a boundary with total reflection for electrons in the epitaxial silicon. When the p+ substrate electron hit p-epi/p+ substrate interface, the interface is totally transparent. When electrons fall into the depletion region between n-well and n-well or the n-well region, they will be fully collected into the readout electronics. Electrons in the p-well region will be neglected since they will be absorbed immediately. 
When electrons arrive interface between PIXELs, we assume this interface is totally transparent and electrons will pass it freely.
3.  Simulation Result
Use 1GeV pi as incident particle, entering the PIXEL array at incident angle 45 degree and 0 degree. The simulation result is shown in Fig. 9. The two horizontal axis are PIXEL ID along x, z direction, while the vertical axis is the average number of electrons collected per track. One can see a cluster of pixels are fired by each individual single track. A well developed clustering algorithm is very important to find the accurate location of the actual hit location of a particle. In the sum of electron collected, contribution from sub layer is about 21%, contribution from epi layer is 68%, the rest 11% contribution is directly from the diode. These results are consistent with the existing experimental results.
[image: image15.wmf]
FIG. 9  Simlation result with incident angle 45 degree and 0 degree

Fig. 10 is the comparison with experimental results1. PIXEL cluster size means the number PIXEL summed with the hit PIXEL as center (e.g. 5 x 5 PIXEL array is a cluster of 25 PIXELs). Collection efficiency means the number of electrons collected within the PIXEL cluster divided by the total number of electrons collected by the whole PIXEL array. The simulation is in good agreement with the experimental results. 
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          FIG. 10  Collected electrons vs region of PIXELs cluster size
4.  Simplificaion of Slow Simulator
The speed of the slow simulation is about 1-2 hours per track running in STAR computing environment. Each Au+Au collision events in STAR contains a few thousands of tracks and one has to simulator thousands of Au+Au collisions for a physics process. Therefore, the current simulator is too slow to be plugged into STAR software. So we developed a new simplification method to speed it up. 

Instead of simulating the collected electron distribution in the PIXEL array track by track, we calculate the probability distribution containing the probability of one electron being collected by different PIXELs in the array and being recombined in diffusion, when this electron is generated at a specific location in the PIXEL, using the simulator mentioned above. Since any electron generated along any track at any location in the PIXEL is independent from each other, by randomly sampling this probability distribution function, we can decide which PIXEL will collect this electron (there is also a large possibility that this electron is recombined, in this case we set the PIXEL ID as -1 to distinguish it with normal PIXEL ID). Following above steps, calculate the hit PIXEL ID for every electron randomly distributed along a track, add them up, and then we can get the collected electron distribution of this track on the detector. Furthermore, if we build a lookup containing all these probability distributions of electrons generated at locations uniformly distributed in 3D space in one PIXEL, pick up the nearest sample to estimate the hit PIXEL ID of every electron generated in this PIXEL, then the collected electron distribution of any track passing through this PIXEL can be calculated using this lookup table as shown in Fig. 11. And since all PIXELs are identical, we only need to make coordinate transformation to get any distribution of any track passing through any PIXEL in the array. 


Following this method, we first establish a coordinate system containing the 640 x 640 PIXEL array in one chip, with central PIXEL of the chip as origin. And then uniformly divide the space in central PIXEL into 3-D grids with edge size 1um. Generate electrons in every 3-D grid and map out its probability distribution function of being collected by all pixels on a chip. This map is a function of (x, y, z, theta, phi) , where x, y, z is the generation location of the electron, theta, phi are the direction of the electron diffusion in the first step. Since the step length is very small (80nm) and direction at each step is totally random in space, the direction of the first step has little effect on the map. Then the map can only be a function of x, y, z. Finally we can get a lookup table containing the probability distribution for all the grid points in the central pixel. 
We then made following further simplifications. First we can ignore electrons generated in the diode layer (2um), since electrons will be collected by n-well or absorbed by p-well in this layer. Second, according to the simulation result, we can ignore electrons generated 19um deep in the sub layer since these electrons are recombined in the sub layer and make no contribution to the output signal. So in total 50um thickness of a pixel, only need to make samples in 33um (19um sub + 14um epi as shown in Fig. 12).
 


The comparison between results of real slow simulation and simplified method is shown in FIG. 13. Here the samples used in simplified method are actually 0.5um away from the real track, which is the largest error when using this lookup table. And the difference between these results is 6%-7%, this is acceptable and the speed is greatly improved from a few hours per track to a few seconds per track.


FIG. 13  results of real slow simulation and simplication method
5.  Summary
We have developed a detailed Monte Carlo simulation on the response of STAR HFT PIXEL detector to charged particles. The simulated result is in good agreement with the experimental results but the speed is very slow (a few hours per charged track). To speed up the simulation, we have also developed a simplified method which calculates the probability distribution function for one electron to be collected by different pixel instead of tracking every step of the electron diffusion. The accuracy depends on the granularity of the look-up table used in this simplified method. The speed is greatly improved to a few seconds per track.   
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[need to re-plot and remove Shengdong’s simulation curve.]
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FigIG.. . 11  Making samples at grids along a track


to estimate its collected electron distribution





FigurIG. e 12.   Sampling region after simplification
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