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1 Introduction

This document describes a preliminary design of the new TpcResponseSimulator
(TRS). Itisdivided intwo parts. In thefirst section we concentrate on amore tech-
nical view describing how we intend to model the processesin order to approach a
correct and fast description of the TPC response. In the second section we present
an first attempt of a class design which reflects the approach described.

The current attempts to factorize the simulation into several components that
are more or less, independent of one another. For example, the transport of ion-
ization to the sense wires requires information about the gas used and properties
of thefield cage. The amplification and signal development processes depend on
details of the wire grid geometries and voltages on these wires. The digitization
depends on detailed properties of the electronics. These categories have been de-
scribed elsewhere[1]. Thisshould allow abetter isolation of problemsthat require
study. Also, by varying the degree of detail in the description of these different
processes it will allow the simulation to be done in severa different modes with
varying degrees of accuracy and speed:

Slow mode (SM): Simulationis performed as accurate as possible and at the sin-
gleelectron level in the extreme. Processing time playsminor rolesincethis
modeis not intended to be used for large scale production but rather for test-
ing cluster related algorithm and providing useful means to understand the
TPC responsein detail. The current equivalent pam is tss. Moderate prior-
ity. W provide valuable testing for parameterizationsto be used in faster
Versions.



Fast mode (FM) Still accurate but with the emphasis on fast processing time.
Thismodeisintended to be used for massMC production. Itismainly based
on a parametrisations which also alow fine tuning of the response without
understanding theorigin of certain defects. No current equivalent pam. High
priority.

Hit mode (HM) Similar to thefast mode but doesnot generate pad but hit objects.
Thisisuseful for very fast smulationsto test large scale effects like accep-
tance. Thiswill compromises the level of accuracy, but will allow for fast
calculations. The current equivalent pam istfs. Low priority.

It turned out to berather difficult to incorporate all three modesin one (ssmple)
model. Thecurrent designisafirst attempt to achievethisgoal. Several prototypes
have been designed written and rejected because of the lack of generality. It is
highly favourable to unify al three modes in one package in order to minimize
the overall code and to reuse aready existing functionality. Having to maintain
(update, correct bugs) of one package instead of threeis highly desirable.

Much work has aready be invested in the creation of a STAR Class Library
(SCL) which encapsulates componentsof CLHEP[2] aswell as other functionality
and will be heavily used here. It is described elsewhere (see [3]). Also following
thedirection of CERN [4], no use of any RogueWavelibraries(i.e. Tools.h++) will
be used.

2 Technical View

We assume that input to TRS consists of alist (table) of g2t _t pc_hi t objects
each representing a segment of charge deposited by atrack. The object has three
important attributes:

¢ thetotal charge of the segment (dE)
¢ the path length of the segment (di)
e the position or coordinate of the mid-point of the segment (Z = (z, v, 2))

Thefollowing describesthe technical method of the responsesimulationin sev-
eral steps.

1. the coordinate system is rotated such that the wires run along the x axis for
each segment.



2. The charge segment isdivided in NV subsegments. Helical decomposition
of the segment is foreseen. Each of the new objects is represents by a po-
sition Z; and a charge dE;. Information about the length of the segments
is neglected from here on. The number of division depends strongly on the
mode. Inthe slow mode one could even envision to divide the segment up to
the electron level or closeto that. In the fast mode however N of 2-5 (may
beeven 1) may be sufficient. Testshaveto be madeto pin down areasonable
number.

3. Each charge subsegment istransported from the center of the segment at the
point of production to the sense wire grid taking into account the effect of
the presence of an inhomogeneous el ectric field and amagnetic field as well
as charge loss through absorption. Transmission of the charge through the
gating grid will be accounted for based on the voltages on the series of wire
grids. The transport results in a new position z7; and possibly a modified
charge dE!. The detail of the transportation, i.e. processes taken into ac-
count, depends considerably on the mode:

Slow mode: E x B effects, detailed diffusion models, effectsdueto T fluc-
tuations, space charge, grid transmission, etc.

Fast mode: The coordinates are ssmply projected along z with parameter-
ized distortions (lookup table?).

It isimportant to note that the conventional way of taking into account track
crossing angles by increasing the width of the charge distribution in a pa-
rameterized pad response function is not followed here. Instead, effects of
diffusionwill bedealt withinthe broadening of the charge cloud in thetrans-
portation of the electrons to the sense-wire plane.

4. In the next step the wire structure of the readout chambers is incorporated.
To do so the individual subsegments with positions z;, y; (z;) are assigned
to the closest wire. The charge deposited on the wire is represented by the
center of gravity z';, y'; (2';) onthewire. In order to achievethisin minimal
time, the following procedure is envisioned:

(8 The wires are represented by a simple (i.e. equidistant) histogram
which can be implemented in the form of a smart vector. Each bin
represents awire k (i.e. gx) , Or region in y, in which the charge is



collected (i.e. the wire spacing). The histogram is scaled such that a
smpletypecast (i nt) y! yieldstheresulting bin .

(b) For every binthez} and z; values of the subsegmentsfalling inthisbin
are summed such that the mean position along the wire 2, and in time
(i.e. z;) can be computed.

(c) After thewhole segment is processed ;. isgiven (or can easily be de-
termined) by the bin number. Z; isobtained by z;, = 3 z}/n inthis
bin, where n isthe number of entries. Z; is obtained in the same way.

(d) There must be a mechanism to keep track of the lowest and highest
filled bin for an efficient search and reset of the histogram.

After this step the whol e charge segment given by theg2t _t pc_hi t struc-
tureissplitonk = 1... M wires. For eachwirethe charge, thewire position
in ¢, and the center of the charge along ' and z"is known.

. Once the drifted electron (or clouds of electrons) are at the wires, the am-
plification procedure can occur. This can be done by scaling each bin by a
factor—either afixed constant or anumber derived from a Polyadistribution
depending on the ssimulation mode. 1n thismanner several different amplifi-
cation effects, e.g reduced wiregain on 1. . .n wires, gas gain variation, etc.
can bemodelled. Also z, (time) can be modified if needed to account for the
effect of electrons arriving over a distributed time window (i.e. not directly
on thewire). Again the detail depends on the simulation mode athough the
underlyingideaisvery similar for al cases.

. For each cluster of electrons on the sense wirek, the centroid in the wire di-
rection z;, and the centroid in the time direction z; are known along with the
total charge (Qy). The spread (o) of the electron cloud inthe ¥, and 2, direc-
tions can be calculated either from the individual electron positions within
the cloud (SM), or by knowing the transverse diffusion coefficient (o) and
drift length of the charge cloud (FM). Using this knowledge the charge sig-
nal which isinduced on the pad-plane can be generated as a function of the
pad-plane coordinates. For each wire k the distribution will be generated in
thedirection parallel to the pad row (i.e. Z), and perpendicul ar to the pad row
(i.e. 7). Assumingtheresponseto be Gaussian (however any distribution can
be specified) we have in the pad direction:

Q —(z—% T
Qula) = oo/ &
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whereo? = 0%, + 02 Becausethere are multiple wires per pad, the signal
generated by a wire can contribute to adjacent pads. In order to take such
an effect into account, the extension of the signal must be generated in the
1 direction aswell. This can be done by convoluting the charge distribution
given by equation 1 with:

1

F — —(y—vi)?/(207) 2
(y) \/%fye )

where o} = o}pp,.! Because F(y) isnormalized to 1 it does not alter the
integral of the charge distribution but only distributesit inthexy-plane. Thus
the expression for the charge distribution projected on the pad planefrom the
k' wireis:

Q(.’L’, y) = @ e*(wfka)2/(2‘73:)e*(y*?/k)z/@ff;) (3)

=
2w L0y

The quantity which must be extracted from equation 3isthetotal chargedis-
tributed on the j** pad and is proportional? to:

Qpaa, = ; [y dx%gi:aye—@j—wk)2/<2rr§>e—(y—yk)wa;) (@)
In the fast smulator mode it could be envisioned to take only the value of
the distribution at the centroid of the pad instead of the integral asthisisex-
pected to be very CPU intensive. In the slow mode the integral may be ex-
plicitly calculated for each adjacent pad in adefined area. It isalso possible
to use an analytically exact solution. For example, it is possible to calculate
theamount of chargeinduced on agrounded plane by apoint (or line) charge
located a distance d above it. If the induced charge on a neighbourhood of
padsiscalculated for a specific granularity of electron positions on the sense
wiresand entered in atable, thetotal signal induced on any pad could be ob-
tained by summing all signalsthat each electron (or cloud of electrons) pro-
duce. Thisisin principlethe most accurateway to produce simulated signals
on a cathode pad chamber. Such a procedure can probably be used only for
simulating a small number of tracks, however these results can be used to
check the more general analytical expressions (i.e. equations 1-4) used for
the pad response functions used in the faster modes.

!Notethat ingeneral oprr, = opPRF,-
2The coupling between the sense wires and padsisin general not 100%.
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7. After thetotal amount of charge on each pad isknown, it must be discretized
in the time direction which involves properties of the analog electrons. The
sampling of the signal as a function of time simulates the behavior of the
pre-amplifier/shaper and the Switched Capacitor Array (SCA). The size of
thesignal (i.e. pulse height) isdependent on the gain of the electronicswhich
should be available from a calibration data base and the clock frequency of
the SCA which determines how much charge is collected in a single time
bin.

From equation 4, the amount of charge on any single pad can be deduced. In
order to distribute thisin the time direction information regarding the shap-
ing time of the pre-amplifier is necessary. The response of a one-stage dif-
ferentiation and two stage integrator shaper is given in functional form as

5] S
s(t) = (1)) eap(~>) ®

where ©(t) is the Heaviside function and 7 is the shaping time of the pre-
amplifier. The convolution of equations4 and 5 providesaway to distribute
the charge in time. This is depicted schematically in figure 1. This is of
course a statistical convolution over many signals. In the sslow mode, the
effects of single electron statisticswill make this signal discontinuous. This
will be modelled by the inclusion of noiseto give the signal amoreredlistic
profile. It isforeseen to parameterize the amount and amplitude of the noise
as afunction of track crossing angles.

With thisfunction and aknowledge of the sampling (clock) frequency of the
SCA, it is possible to distribute the charge between time buckets (6t) either
by integrating equation between the appropriate time limits (SM) or assign-
ing the value of the function in the middle of the time bin (FM). Along with
each time bin being assigned afraction of the charge, the appropriate under-
shoot (or overshoot) can be added to later timebins. Thisisalso an appropri-
ate placeto add electronicsnoisethat is not associated with the digital part of
the circuit. All charge segmentsin alocalized area (i.e. sector) dueto close
tracks (or hits) in the area must be generated before the digitization stage as
the charge collected per time bin must be done at the analog level.

8. Finally the signalsin each time bin can be digitized incorporating any infor-
mation the calibration data base may contain about the ADC such as stabil-
ity, linearity, etc. After the digitized signal is generated it must be added to



Schematic Shaper Response
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Figure 1. Shown in the bottom panel is the effect of the shaper on a Gaussian signal. Thisisa
superposition of many signalsin the absence of noise.

a pedestal for each ADC channel. Before the information for the sector is
written out, the pedestals will be subtracted and the data may also be zero-
suppressed at thislevel.

3 ClassMod€

A schematic of the UML class diagram of TRS is shown in Appendix A. It de-
scribes the classes that have been identified in the analysis of the project. Listed
below is abrief description of each class.

e Administration type classes:

1. StTrsManager isresponsiblefor the administration and memory man-
agement of the program. It also stores flags and details of the ssimula-
tion should require such as the number of subsegments to break each
g2t _t pc_hi t segment into.



e Smulator classes:

1. StTrsChargeSegment ag2t _t pc_hi t object.

2. StTrsMiniChar geSegment a portion of a decomposed STrsCharge-
Segment. In the extreme limit it isasingle electron.

3. StTrsChargeTransporter is an abstract class whose specifications
contains methods to transport the charge depending on the detail of
the ssmulation:

STrsFastChargeTransporter uses a parameterized drift map in a
lookup table.

STrsSowChargeTransporter transport incorporating the cal-
culation of the drift velocity at each point on a grid of a
specific granularity and following the trgectory of each
St Tr sM ni Char geSegnent .

4. StTrsWireHistogram isacontainer which keepstrack of the position
of each charge segment at the sense wire plane.

5. StTrsWireHistogramBin is a smart vector which is capable of keep-
ing track of the mean and variance of a series of positions

6. StTrsAnalogSignalGenerator Projects the charge accumulated on a
wire onto the pad plane.

7. StTrsElectronicSignalGenerator Samples the charge induced on the
padplane as afunction of time and distributesit into time bins.

8. StTrsSector Contains all timebins with non-zero charge for a single
sector. The STrsElectronicSgnal Generator operates on this object to
digitize the charge to be written out.

e DataBaseclasses: providealayer to screen usersfrom the actual implemen-
tation. These interfaces provide a means to obtain information that will be
stored in the official STAR database.

1. StTrsGeometry providesaccessto geometrical information regarding
of the detector including the the pad plane layout, wire geometry, field
cage, etc.

2. StTrsGas provides access to properties of the gas like ionization po-
tential, drift velocity, saturation properties, etc.



3. StTrsMagneticField provides accessto B at any point z.

4. StTrsElectronicsCalibration provides access to gain of individual
channelsaswell asalist of dead channels.

Although this provides a general description of how processes are to be mod-
elled, there is another aspect which is not obvious from such diagrams and that is
the Activity Diagram or how and what information is passed to each class. Thisis
perhaps best done by text:

1. the main program will set up the S‘TrsManager which will administrate
the whole ssmulation. An STrsReader with an associated file name will be
created and assigned to the manager as will an STrsChargeTransporter, an
STrsWireHistogram, an STrsAnalogSgnal Generator, an STrsElectron-
icSgnal Generator, an STrsSector, and an STrsWriter with an associated
output file name. Along with the creation of each of these objects the
database(s) will be initialized for calling. Any set-up parameters for the
simulation that must be communicated between the separate objects will
also be stored by the manager and must be specified before entering the
main run loop. Examples of such parameters include the magnetic field
configuration, level of simulation (i.e. low or fast), number of events,
current sector being processed, current track being processed,® etc. After
the set up has been specified the manager calls a member function which
initiates the simulation.

2. processEvent () isaloop over the number of events. The first pro-
cedure is to read an event which is handled by the reader. This should
simply load a list of g2t _t pc_hi t structures. These can be transformed
into STrsChargeSegments and sorted such that they are grouped by sector
number which can be processed sequentially. It is important to note that
all three-vector quantities such as position and momentum will be stored
in an StThreeVector which is a component of the Star C++ Class Library
(SCL) [3].

3. processSect or () At the sector level there is a subset of charge seg-
ments to be processed. All the segments within a given sector are looped
over at thislevel.

3Thisisvery important because thisinformation must be availableto check if thetrack hasbeen
reconstructed.



4. processSegnent () involves severa steps:

@

(b)

(©

the charge segment must be rotated into the local coordinate system.
Thisistaken asthe sector which hasthewiredirectioninthez direction
and increasing pad row number in the 43 direction. Thiswill be done
with the SMatrix class from the SCL.

the charge segment is split into a number of subsegments
(i.e. STrsMiniChargeSegments) which are filled into a vector. The
number of subsegments depends on a parameter (i.e. mNumberOf-
Electrons) which is set in the manager. In the extreme slow mode this
can be at the electron level.

I. processM ni Segnent () isaloop over each mini segment.

ii. Looping over the STrsMiniChargeSegment each is transported
through the drift volume of the chamber to the sense wire plane.
This process will consist of the modelling of the electrostatics of
the field cage, the probability of charge loss due to attachment,
and transmission through the wire (gating) grid. The result of this
process will be an entry in the STrsWireHistogram which keeps
arecord of the number of electrons that reached which sensewire
and at which position the charge was collected.

After each STrsChargeSegment is transported to the sense wire plane,
awire histogram is filled over a limited region—typically over three
pad rowsif diffusion properties are modelled correctly in the transport
of the charge. With the position and amount of charge on each wire
known, the S'TrsAnal ogSi gnal Generator can be used to determine the
amount of charge induced on the pad plane. This is done after the
gas amplification. It will be assumed that the signal size is directly
proportional to the number of electrons after the amplification. This
is noteworthy because the motion of the positive ions away from the
sense wireswhich is responsible for the main component of the signal
is not modelled here. After amplification, the charge induced on the
pad plane can be calculated either by a lookup table or by using ana-
lytical expressions for a pad response function. Appropriate noise for
single electron statistics will also have to be added at this point. The
details of this process are described in section 2. The signal generator
is then responsible for summing the total charge that is to be sampled
by the STrsAnalogSgnal Generator. Thisclasswill fill an STrsSector
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which is a smart vector which contains only the time bins that have a
non-zero amount of charge therein.

(d) After all the charge has been distributed over the appropriate time bins
for a given segment, the STrsWireHistorgramis cleared and the next
STrsChargeSegment is processed. Thisis done so that the charge in-
formation can be combined at the analog level instead of after the dig-
itization.

5. After al segmentsin a single sector have been processed, it is possible to
have the STrsDigital Sgnal Generator digitize the signal. Thiswill consist
of atwo step procedure wherethe pedestalsarefirst added to the charge data,
thedatadigitized, and the pedestal ssubtracted. Thisinformationwill bethen
written out and the next sector can be processed.

4 Summary

Thisdocument summarizesthe way the simulator has been designed. Themost im-
portant design considerations of this package have been to factorize the processes
into as many independent components as possible such that single processes can
be targeted for study. By having this factorization and common interface between
the different classesit isaso possible to implement the situation where afast sm-
ulation of the transport of the ionization in the gas volume is done and a detailed
simulation of the analog signal generation ispossible. It isalso possibleto add ef-
fectsthat have been neglected at alater time because of the modular construction.
Asawaysthisisaliving document and comments should be directed to:
starsimu-l@bnl.gov.
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A UML ClassDiagram

This section containsa preliminary version of the class structure that will form the
basis of the simulation package. There are no member functions nor attributesil-
lustrated in this diagram. For a more complete version see [6].
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Figure 2: Preliminary class design for TRS.
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