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Editor's Note 
Since the production of the PHENIX Conceptual Design Report Update for the Technical, 

Cost and Schedule Review in November 1993, the project and the collaboration have evolved 
to meet the funding and management challenges inherent in such a large scientific enterprise. 
PHENIX earned technical approval at the November 1993 review; however, the collaboration 
did not receive cost and schedule approval at that time. Further difficult deferments in the 
baseline detector were required of the collaboration before PHENIX gained final approval as 
a construction project at a March 1994 Cost and Schedule Review. 

This is the same document that was prepared for the first review, and, as such, it repre
sents the status of the PHENIX detector and collaboration in November 1993. After all the 
reviews, I had hoped to continue editing the CDR Update, but, as many of you know, I ran 
out of time. My thanks to everyone who made this document possible. 

Walter L. Kehoe 
12 August 1994 
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Chapter 1 

Overview 

1.1 Introduction 
The PHENIX Conceptual Design Report Update (CDR Update) is intended for use together 
with the Conceptual Design Report (CDR). The CDR Update is a companion document to 
the CDR, and it describes the collaboration's progress since the CDR was submitted in 
January 1993. Therefore, this document concentrates on changes, refinements, and decisions 
that have been made over the past year. These documents together define the baseline 
PHENIX detector that the collaboration intends to build for operation at RHIC startup. 

In this chapter the current status of the detector and its motivation are briefly described. 
In Chapters 2 and 3 the detector and the physics performance are more fully developed. In 
Chapters 4 through 13 the details of the present design status, the technology choices, and 
the construction costs and schedules are presented. 

1.2 Physics 
The physics goals of PHENIX collaboration have remained exactly as they were described 
in the CDR. Primary among these is the detection of a new phase of matter, the quark-
gluon plasma (QGP), and the measurement of its properties. The PHENIX experiment will 
measure many of the best potential QGP signatures to see if any or all of these physics 
variables show anomalies simultaneously due to the formation of the QGP. 

Table 1.1 summarizes the physics quantities the PHENIX detector will measure and their 
relationship to the collaboration's physics objectives. If the QGP phase transition occurs, 
one of our main goals is to characterize its nature. Among the most important elements of 
our physics program are measurements of: 

1. Debye screening of QCD interactions. 

2. Chiral symmetry restoration. 

3. Thermal radiation of a hot gas. 

1-1 
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Table 1.1: Physics Issues Related to Quark-Gluon Plasma 

QGP Physics Issues Probes 
Debye Screening of QCD Interactions 
• r ( T ) = 0.13 fm < r(J/t/>) = 0.29 fm < r(</>') = 0.56 fm 

J/V> —• e + e ~ at y ~ 0. 
J/V> —> n+/J,~ at y ~ 2. 
•0', T —» /J"*>~ at y ~ 2. 

Electrons 

Muons 
Chiral Symmetry Restoration 
• Mass, Width, Branching Ratio: </> —> e + e _ , K + K " 

with A m < 5 MeV. 
• Baryon Susceptibility: Production of antinuclei. 
• Narrow <r-meson? 

Electrons 
Hadrons 

Thermal Radiation of Hot Gas 
• Prompt 7, Prompt 7* —• e + e ~ . Photons, Electrons 

Deconfinement: Nature of the Phase Transition 
Hadrons 

Hadrons, Photons 

• First-order: Entropy J u m p —» Second rise in the < pr > 
spectra of ir, K, p. 

• Second-order: Fluctuation -> N(ir°)/N(ir+ + T~),d2N/dT]d<j). 

Hadrons 

Hadrons, Photons 
Strangeness and Charm Production 
• Production of K + , K~, K£. 

<f> -»• e+e~, K+K" at y ~ 0, 
(f> —> fi+fi~ at y ~ 2. 
D-meson: efj, coincidence. 

Hadrons 
Electrons 

Muons 

Jet Quenching 
• High pr jets via eading particle spectra. Hadrons 

Space-Time Evolution 
• HBT correlations for TTTT and KK. Hadrons 

In order to accomplish these measurements, lepton, photon, and hadron signatures 
are studied simultaneously in the baseline PHENIX detector. The leptons and photons 
are thought to originate primarily in the plasma phase and, therefore, probe it directly. 
The hadrons arise later in the process and provide complementary information about the 
hadronization phase transition. 

As Table 1.1 makes clear, in order to accomplish our goals we must measure electron 
pairs, muon pairs, photons, and charged hadrons. Therefore, particle identification is an 
important element of the PHENIX detector. What is less clear from Table 1.1 is that in 
order to use such signals to find and deduce the properties of the QGP, a programmatic study 
of these potential signatures is required, as a function of energy density in both A + A and 
p + A collisions. Furthermore, since some of the potential signatures involve rare processes 
and small effects, this program requires a detector capable of taking data at the highest 
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luminosities expected at RHIC. 

1.3 Detector 
The PHENIX detector is essentially unchanged from that presented in the CDR. Minor 
changes have occurred in the conceptual design, which were primarily related to the maturing 
of the design, results from more sophisticated simulations, technology choices being made, 
and more attention to issues of integration and installation. The overall changes to the 
PHENIX detector are described in Chapter 2, and specific modifications associated with 
each of the detector subsystems are described in Chapters 4-13. 

Figure 1.1 shows a three-dimensional cutaway view of the PHENIX detector, showing the 
location of the various detector subsystems. The acceptance and function of the detector 
subsystems are summarized in Table 1.2 

Table 1.2: Summary of the PHENIX Detector Subsystems. 

Element AT) A<j> Purpose and Special Features 
Magnet: central (CM) 

muon (MM) 
±0.5 

1.1-2.5 
360° 
360° 

Up to 1.0 T-m. 
0.72 T-m for ?/ = 2, 0.36 T-m for ?/ = 1.3. 

Silicon (MVD) ±2.7 360° d2N/dr}d<f>i precise vertex. 
Beam-beam (BB) 
Drift chambers (DC) 

Pad chambers (PC) 

TEC 

±(3.1-4) 
±0.35 

±0.35 

±0.35 

360° 
90° + 90° 

90° + 90° 

90° + 90° 

Start timing and fast vertex. 
Tracking, and good momentum and 

mass resolution, 
Am/m = 0.4% at m = lGeV. 

Pattern recognition and tracking 
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SILICON MVD 

CENTRAL MAGNET-

PAD CHAMBER 

EM CAL (PbSc) 

TIME EXPANSION CHAMBER 

RICH 

DRIFT CHAMBER 

TOF 

EM CAL (PbGI) 

MUON MAGNE 

BEAM-BEAM COUNTER 

MUON TRACKING 

MUON ID 

Figure 1.1: A three-dimensional cutaway view of the PHENIX detector, showing the location 
of the various detector subsystems. The detector subsystems are labeled in the figure. 
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Ongoing R&D and simulation studies on all aspects of the detector appear to uphold our 
previous expectations of performance. These are summarized in Table 1.3. 

Table 1.3: Performance of the PHENIX Detector. 

Physics Day-1 Version Upgrade 
Electrons ?r/e < 10" 4 at p < 4 GeV/c 

• RICH for < 4 GeV/c 
• TEC (dE/dx) for < 2 GeV/c 
• EMCal for > 1 GeV/c 

x/e < 10~4 for all pr'. 
• TRD for > 2 GeV/c 
Low mass background rejection: 
• Dalitz Rejector 

Photons pr > 1 GeV/c for 0.5 sr 
with PbGl. 

pT > 1-1.5 GeV/c for 1.5 sr 
with PbSc. 

pT > 0.5 GeV/c for 0.17 sr 
with Csl or BaF 2 . 

Hadrons < 2.5 GeV/c 7T-K for 0.36 sr 
• TOF with a < 100 ps. 

Muons TT/H < 10~4 at p > 2.3 GeV/c 
with 6 layers of filD. 

Extended r] coverage: 
• Additional arm(s) 

Global d^Njdrjd^ for \q\ < 2.7 

1.4 Strategy 
Since the submission of the CDR, more refined and detailed cost estimates, construction 
schedules, and contingency estimates have been made. These are summarized in Chapter 15, 
and are presented in detail in the PHENIX Management Plan, the revised Work Breakdown 
Structure book and the WBS Notes book. As was the case in the CDR, the cost of the 
complete detector described above exceeds somewhat the allocated DOE budget of $35.5M 
(FY 1993 dollars). 

The plan to address this problem, involving deferral of certain detector components, 
remains essentially as it was presented in the CDR. We have not found it necessary to 
defer any additional subsystems or physics capabilities in the present Baseline. The deferred 
elements are: 

1. Muon tracking (yuT) and muon identifier (//ID) instrumentation. 

2. High data acquisition bandwidth. 

3. High level triggers. 

The collaboration remains commited to its plan to obtain the necessary additonal re
sources to install these deferred components as soon as possible. 
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The list of possible upgrades to PHENIX also remains the same, and R&D efforts on 
these options are continuing. These are: 

1. A "hadron blind" Dalitz rejector for the electron arms. 

2. A high resolution scintillating crystal calorimeter for low pr photon measurements. 

3. A transition radiation detector for high energy electron identification. 

Additional coverage for muons and additional devices for event characterization have also 
been discussed. 



Chapter 2 

Baseline Detector 

2.1 Introduction 
The PHENIX detector configuration is essentially unchanged from that presented in the 
Conceptual Design Report (CDR). The solid angle coverage of the inner detectors, the 
central arms and the forward muon arm is the same, except for slight modifications that 
were required as the subsystem designs became more realistic. Channel counts remained 
nearly unchanged as the designs for the detector subsystems matured. 

In the CDR a "Baseline" version of the detector was defined. In the baseline version, 
certain subsystem components were deferred for budgetary reasons. These included the muon 
arm instrumentation, the inner coils of the central magnet, and high level triggers for the data 
acquisition system. Other subystem components were regarded as future upgrades. These 
included the transition radiation detection (TRD) capability of the time expansion chamber 
(TEC), the high resolution scintillating crystals (HRX) in the electromagnetic calorimeter 
(EMCal), and the inner hadron-blind detector (HBD). The present version of the detector 
retains the same menu of deferrals and upgrades. 

At the time the CDR was written, a number of technology choices remained to be decided. 
These included the layout of the multiplicity/vertex detector (MVD), the cathode geometry 
of the pad chambers (PC) and the focal plane detector of the ring imaging cherenkov counter 
(RICH). These choices have now all been made. 

Chapters 4 through 12 present the details of design changes and technology choices that 
have been made during the 10 months since the CDR was submitted. Chapter 12, which 
describes the offline computing effort, is new. The rest of this chapter is devoted to a brief 
summary of these updates to the baseline detector. Table 2.1 is a basic parameter list for 
the baseline detctor. 

2.2 Coverage and Geometry 
As indicated above, the basic layout and coverage of the three spectrometer arms and the 
inner detectors remains unchanged. Small adjustments have been made in the course of 
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Table 2.1: Parameter List for the Baseline PHENIX Detector 

i to 

Detector Solid Angle Radial Spatial 2 Particle Timing Number of Preamp Shaping Storage ADC Digital 
Allocation 

(mm) 
resolution 

(mm) 
Resolution 

(mm) 
Resolution Channels Gain 

(mv/fc) 
TC 
(ns) 

Type Word 
Width* 

Conversion 

A l l A<t> 

Allocation 
(mm) 

resolution 
(mm) 

Resolution 
(mm) 

Resolution Channels Gain 
(mv/fc) 

TC 
(ns) 

Type Word 
Width* 

Conversion 

BB ±(3.1-4.0) 360° - 25 - 70 ps 132 (pmt) (pmt) DMU 10/10 Flash ADC 

MVD ±2.7 360° 50-200 0.2(2) - - 34816 40 60 AMU 8/8 ADC 

DC ±0.35 90°+90° 2050-2450 0.15 (r-<|>) 1.5 - 10240 15 10 DMU 9/16 pTDC 

PC1 ±0.35 90°+90° 2475-2525 2 (H>) 
2(2) 

8 (r-*) 
8(2) 

- 15616 3 400 AMU 11/11 ADC 

RICH ±0.35 90°+90° 2575-4100 1°(9) 
1°W 

2° (9) 
2 ° W 

6400 (pmt) (pmt) DMU 8/8 
8/8 

TAC/ 
Flash ADC 

PC2 ±0.35 90°+90° 4150-4210 3 (r-<W 
3(2) 

12 (H>) 
12(2) 

- 15232 2 400 AMU 11/11 ADC 

TEC ±0.35 90°+90° 4217-4910 0.25 (r-<t>) 4 (H>) 
5(2) 

14 ns 28032 20 
70 

DMU 5/9 Flash ADC 

PC3 ±0.35 90°+90° 4910-4980 4 (r-«) 
4(2) 

16 (MO 
16(2) 

- 15552 2 400 AMU 11/11 ADC 

ToF ±0.35 30° 5030-5180 15 (r-<|>) 
15(2) 

15(2) 80 ps 2048 (pmt) (pmt) AMU 10/10 
12/12 

TAC/ADC 

EMCal - PbSc ±0.35 90°+45° 5030-5930 8 @ 1 GeV 70 180 ps @ 
0.5 GeV 

15552 (pmt) (pmt) AMU 11/15 TAC/ADC 

EMCal - PbGI ±0.35 45° 5230-6130 6 @ 1 GeV 50 310 ps @ 
0.5 GeV 

9984 (Pmt) (pmt) AMU 11/15 TAC/ADC 

Muon 1.15-2.35 360° - 0.2 1.5 - 19680 15 30 DMU 7/16 pTDC 
Tracking 

Muon ID 1.15-2.35 360° - 1 ° W 
5.6° (0) 

2°(<|>) 
11.2° (9) 

<100ns 18360 1 70 AMU 8/8 ADC 

* For the ADC word width the first value is the number of ADC bits and the second is the effective resolution with ranging. 

I 
to 

to 

1 
fcq 

O 

O 
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integrating the mechanical design. Table 2.1 summarizes the coverage (8 and <f>) of the 
detectors in the central and forward arms, and the inner detectors subsystem. 

2.3 Magnets 
Numerous refinements in the magnet system have been made in the course of finalizing the 
design. However, the basic specifications of both magnets are unchanged since the CDR was 
submitted. The final design is reviewed in Chapter 4; salient changes are listed here. 

1. The shape of the CM polefaces has been slightly modified to reduce the fringe field 
in the region of the RICH focal plane, and to make it possible to move the frames of 
DC and PCI further from the active area of the central arms. This was found to be 
important in reducing the photon-conversion background in the RICH. 

2. The bore in the MM piston was increased from 12 to 22 cm diameter. This allows 
sufficient clearance for the beams in asymmetric (p + A and A + p) running conditions, 
with less than a 1% reduction in the field strength of the MM. 

3. The five upper "lampshade" plates of the MM flux return have been segmented, and the 
ends of these lampshade plates nearest CM form a fixed arch. See Chapter 4 for figures 
and details. This change has several technical virtues, the main ones being that (a) the 
downstream, removable parts of the lampshade are now all independently removable, 
and (b) the upstream and downstream edges of the fixed arch provide simple, stable 
mounting surfaces for //T stations # 1 and #2 . 

4. Following discussions with potential fabricators, the CM steel has been segmented 
differently than in the CDR version. The result is that all parts are now small enough 
to be cast or forged by all fabricators. 

5. A rail system for the CM and the central carriages has been designed so that it will be 
relatively easy and quick to move CM 1.5-m upstream of the collision point, allowing 
access to the BB array near MM and to the /xT station # 1 . The rail system, which is 
described in detail in Chapter 13, also allows motion of CM and the central carriages 
in and out of the collision hall, although this is not designed to be a quick operation. 

2.4 Central Arms 
The central arms are composed of detector elements that perform the functions of charged 
particle tracking and momentum measurement, electron and photon energy measurement, 
and particle identification. Although the arrangement and function of the central arm com
ponents is unchanged, there have been slight adjustments in the radial boundaries between 
detectors. These are summarized in Table 2.1. In addition, the subsystems outside the RICH 
(i.e., PC2, TEC, PC3, TOF, and EMCal) have now been subdivided into four sectors per 
arm instead of two. This is a better approximation to a cylindrical design and improves 
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the performance by limiting the range of incident angles of charged particles on these de
tectors. Figure 2.1 is a cross-section of the PHENIX detector thats shows the central arm 
detector layout at the nominal collision point in the major facility hall, along with the radial 
dimensions of the detectors. An isometric view of the PHENIX detector is shown in Fig. 2.2. 

2.4.1 Charged Particle Tracking and Momentum Measurement 
The magnetic field and tracking chamber arrangement is the same as that in the CDR. The 
implementation of the TEC has been changed to reflect further study of its eventual upgrade 
to a TRD tracker. In the present design, all six layers of the TEC chamber will be built 
and installed in the baseline detector, whereas only four of six were previously planned. 
However, in the baseline, only four of the six layers will be instrumented with electronics. 
The radiator packs, the xenon recirculating system, and the additional electronics will be 
built and installed in the upgrade. 

2.4.2 Electron and Photon Energy Measurements 
A minor change in the dimensions of PbSc calorimeter modules and supermodules has been 
made in light of the resegmentation of the EMCal walls. The final dimensions of individual 
elements of the PbSc are 5.5 x 5.5 cm 2. This has reduced the channel count, as reflected in 
Table 2.1. 

2.4.3 Particle Identification 
The philosophy of particle ID for electrons and hadrons in the central arms is unchanged 
from the CDR. The current status of particle ID components is listed below: 

1. Time-of-Flight: A compact design of the precision TOF elements, with the PMTs 
folded back along the scintillator slats using 180° light guides, has been shown to work 
well. Beam tests give at « 88 ps. The mechanical design of the precision TOF wall 
has been finalized, using this type of element. 

2. Cherenkov Counter : At the time the CDR was written the focal plane detector 
technology for the RICH had not been chosen. The choices were an array of PMTs, 
and a readout based on a parallel-plate avalanche counter with cathode pads and a 
solid Csl photocathode. In spite of very encouraging test results with the Csl-based 
technology, a decision was taken to use the PMT version in the Baseline. Although 
the Csl system might eventually be less expensive than a PMT-based readout, it was 
determined that it is now too early in its development to base such a large-scale detector 
upon it. An essentially similar readout technology is still being studied for a hadron-
blind detector (HBD) that might serve as an inner tracker for Dalitz rejection. The 
HBD is a possible upgrade for PHENIX and is presented in Chapter 16. 
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RADIAL ENVELOPE DIMENSIONS 
(VIEW LOOKING SOUTH) 

Figure 2.1: Cross-section of the detector through the nominal collision point, showing the 
layout of detector subsystems in the central arms and the radial boundaries between subsys
tems. 
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Figure 2.2: Isometric view of the PHENIX detector. 

3. Time Expansion Chamber: As mentioned above, the current plan calls for con
struction of all six layers of the TEC in the Baseline, as compared to four in the CDR 
version. This plan simplifies the conversion of the TEC to a TRD tracker later on. 
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Figure 2.3: Cross-section showing the layout of detectors in the muon arm, and its longitu
dinal (z) location in relation to the position of the central magnet. 

2.5 Muon Arm 
Since the submission of the CDR, there has been considerable refinement of the design 
concepts for the muon arm instrumentation. Table 2.1 summarizes the operating parameters 
and coverage of the detector elements in this subsystem. Figure 2.3 shows in cross-section 
the detector layout in the muon arm. 

Progress has been made in the design of the muon arm since the submission of the CDR 
in the following areas: 

1. The muon arm implementation plan, involving early fabrication of the MM and defer
ral of the ^T and ^ID instrumentation, was reviewed by a special committee covenened 
in June 1993. The physics goals of the muon arm, the present design of the instrumen
tation, and the schedule impact of various installation scenarios were all reviewed. In 
brief, the committee had positive findings in all these areas. As a result, design work 
on the MM (and the ^ID absorber) has continued, and is now essentially finished, on 
the basis of an early, fixed installation. 
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2. The /xID absorber, which was shown as two layers of concrete in the CDR, has reverted 
to an earlier design of five layers of steel. This was shown at the June muon arm review 
to be much superior in performance, although more costly. The present design consists 
using five layers behind the MM backplate, allowing for a total of six active fj,ID 
detector layers. The details of the design, including simulations of trigger performance 
and hadron rejection, are given in Chapter 10. 

3. Optimization of the design of the fiT instrumentation led to the relocation of station #2 
inside MM, moving it "upstream" by about 0.5 m. This improved the resolution slightly 
and reduced the size of the station # 2 chambers. 

4. Although the present design of the muon arm instrumentation (multiplane drift cham
bers in fiT and limited streamer tubes in juID) was found to be adequate at the June 
review, R&D work is in progress on other detector technologies that could improve per
formance. Cathode strip chambers are under consideration for muon tracking. These 
are in an advanced state of development for the GEM detector at SSC and could provide 
more robust chambers with less dead area and better spatial resolution. Resistive plate 
counters are under study as an alternate to the limited streamer tubes. Development 
of this technology was also supported by GEM R&D. These could provide a muon 
trigger within the required 112 ns; limited streamer tubes of smaller than standard 
size would be required to meet this requirement. Because the muon instrumentation 
is presently deferred, it is felt that there is some time available to evaluate potentially 
better technologies. Decisions will be made on both during FY 1994. 

2.6 Inner Detectors 

The functions and the coverage of the inner detectors, listed in Table 2.1, remain as they 
were in the CDR. An issue of the photon conversion background produced by the MVD 
has been resolved. The result is a single configuration that retains full azimuthal coverage 
for multipliticity measurements, provides adequate vertex reconstruction efficiency for all 
RHIC running conditions, and does not dominate other sources of background electrons. 
Compared to the CDR version, the present configuration also has somewhat reduced silicon 
area and channel count. Chapter 5 gives a full account of the new baseline configuration and 
simulation results. 

The beam-beam (BB) counter design and function has remained essentially unchanged, 
although subsequent R&D has led to an improved design of the quartz radiators and a final 
specification for the PMT. Since the submission of the CDR, the location of the BB arrays 
has undergone reevaluation. The issue is access to the array on the same side as the muon 
arm. As described above, the current design of the rail system on which the CM and carriages 
sit allows relatively easy access to the BB array. 
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2.7 Trigger and Data Acquisition 

The electronics for PHENIX deals with signals coming from a variety of different detectors, 
applies selective level-1 (LVL-1), level-2 (LVL-2) and level-2.5 (LVL-2.5) triggers to the data 
stream, and, because of the large event size and high luminosity, has to acquire data and build 
events at a very high rate. The front-end electronics is described in the chapters dealing with 
the individual subsystems. The design philosophy of the Baseline electronics is basically the 
same as in the CDR, although much progress has been made in the detailed implementation 
of this philosophy. The hardware and software for triggering, data acquisition and on-line 
computing and archiving are described in detail in Chapter 11. The Baseline configuration 
is described briefly below. 

2.7.1 Front-end Electronics 

Although PHENIX contains a number of different detector technologies, a strong effort 
has been made in the design of the front-end electronics (FEE) to minimize the number of 
different types of electronics chains. Reasonable success was achieved in this effort. However, 
it is not possible, for reasons of cost and power consumption, to digitize everything in real 
time directly on the detectors for all subsystems. The PHENIX detector will digitize in 
real time for all signals from the BB, RICH, DC, TEC, and fiT, but not for the MVD 
(power/heat) or for the PC, TOF, EMCal, and filD (cost). Consequently, digitized output 
is stored in digital memory units (DMU) for the first group and in one of at most three types 
of switched-capacitor analog memory units (AMU) for the second group. Digitization of the 
data in the AMU will be done following an "accept" from the LVL-1 trigger in a local ADC 
servicing a channel or group of channels. The AMU/DMU pipelines are made 64 cells deep 
in order to accomodate LVL-1 time latency and the buffering of up to seven events pending 
digitization following a LVL-1 "accept." 

Another design goal for the FEE is to include the capability of calibrating every channel, 
under program control. This feature is included explicitly in the cost estimate. 

The readout electronics must perform zero-suppression at the earliest possible stage in 
order to shrink the data volume and to reduce the computing power needed to do subtractions 
and corrections to the data. This is done immediately after digitization and the initial 
ordering and labelling of the data for readout. Zero-suppression reduces the data volume by 
nearly a factor of 20 for central Au -f Au events and nearly a factor of 1000 for p + p events. 
Gain corrections and calibrations are applied to the remaining valid data after this step. 
Both zero-suppression and the correction/calibration step are performed in data collection 
modules (DCM) sitting in Futurebus+ crates located near the detector or on the support 
carriage. Data from the DCMs are made available to the Level-2 trigger, to the event builder, 
and to the monitoring ports. The DCMs contain reprogrammable elements so that raw data 
may be transmitted and the parameters for the zero-suppression and calibration algorithms 
may be adjusted. 
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2.7.2 Level-1 Trigger 
The LVL-1 trigger will be deadtimeless to enable PHENIX to examine all bunch-crossings 
at the highest available luminosities for physics events. It is synchronized with the machine 
bunch-crossing clock and must be "pipelined" in order to be deadtimeless. The LVL-1 
delivers a trigger decision each beam crossing for a beam crossing occuring a fixed time 
earlier. The "local" LVL-1 algorithms deliver detector information to the global level-1 
(GL1) trigger within 32 crossings after the event. The GL1 trigger examines information 
from the entire detector and makes the initial "accept" or "reject" decision for the event 
in another 10 crossings. This is accomplished by means of routing layers (cascaded parallel 
lookup tables and scaledown units), all of which are programmable. As described in Chapter 
11, the design for LVL-1 uses input from BB, MVD, TOF, RICH, EMCal and ^ID. 

The LVL-1 trigger also provides several thousand pointers to detector elements satisfying 
certain conditions. These are passed on as data to the DCMs and the LVL-2 trigger in order 
to steer computational loops at that trigger level. 

2.7.3 Level-2 and Level-2.5 Triggers 
The LVL-2 and LVL-2.5 triggers are also pipelined processes. They are event-driven, un
like LVL-1 which is clock-driven. The distinction between levels 2 and 2.5 is that LVL-2 
operates on partial (local LVL-2) or full (global LVL-2) trigger data but only local digitized 
detector data, whereas LVL-2.5 operates upon the full digitized data set from the detector, 
as constructed by the event builder. The LVL-2 trigger is event pipelined and the LVL-2.5 
trigger is event-parallel because completion of the LVL-2 and LVL-2.5 algorithms will take 
longer than the mean time (selected as 40 ^s) between events accepted by LVL-1. Typical 
processing by LVL-2 includes the following steps: 

1. Additional computation in the DCMs and following processors at the subsystem level 
(e.g., application of corrections to get better primitives for time of flight, calorimeter 
energy clusters, track segment direction cosines, or vertex location). 

2. A number of algorithms, running simultaneously on parallel processors, to generate 
higher level primitives (e.g., identification of e*, /r*1, K*, and 7). 

3. A global LVL-2 merger of the relevant primitives to produce event signatures (e.g., 
" e + e" pair" or "high pr photon" or "hadron pair with AQ < lOMeV/c"). 

The LVL-2.5 processors operate on fully assembled events and can apply mass versus 
PT cuts, refine tracking fits and tag rare events, such as those containing J/iJ> or 77 mesons. 
Events accepted by LVL-2.5 are recorded on archival storage and sent to the on-line com
puting system (ONCS) for on-line monitoring, display and analysis. For the Baseline con
figuration described here, the LVL-2 trigger is deferred in the same way as the inner CM 
coils and instrumentation for the muon arm. We believe that deferral of this second level of 
trigger selectivity is consistent with the expected demands on the data acquisition system 
during early operations at RHIC. The overall trigger and data acquisition architecture is 
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designed to accomodate the LVL-2 trigger and increased bandwidth at all levels, as required 
by the design luminosity and future enhancements of luminosity. Implementation of the 
LVL-2 trigger is expected as soon as funding permits. This is motivated by the need to gain 
experience with the LVL-2 hardware and algorithms well before allowing them direct the 
event selection in PHENIX. 

2.7.4 Event Builder, Data Archiving and On-Line Comput ing 
System 

By the parallel nature of processing in the trigger, accepted events must be assembled from 
subevents in an "Event Builder". The event builder must be able to assemble the correct 
subevents in a robust and reliable fashion. It must accomodate expansion on both the 
input and output sides to cope with higher event and data rates. The design thus employs 
parallelism on the trigger side and a large number of output streams on the data logging 
side. The design is able to build events at data rates in excess of 1 GB/s . Initial operation of 
PHENIX at RHIC design luminosities only requires operation at rates up to 50 MB/s , but 
planned RHIC luminosity upgrades and the goal of PHENIX to measure infrequent events 
require ability to increase the bandwidth by at least an order of magnitude. 

The on-line computing system is responsible for archiving data, monitoring and control
ling the data flow through the system, downloading the more than 2000 embedded processors 
in the data acquisition system, configuring the entire on-line system, handling calibrating 
and monitoring tasks, providing needed databases, presenting a uniform interface to users 
wishing to operate the system or analyse results, providing needed software tools and code 
management facilities to enable software development, and monitoring and controlling all 
"slow" aspects of PHENIX such as high voltage systems, gas systems, AC and DC power 
systems, and temperature monitors. An approach based on a standardized realtime worksta
tion and a distributed database and monitoring processors is being developed. This system 
will enable users to access all parts of PHENIX susceptible to computer monitoring and 
control via a common set of protocols. 

The baseline data acquisition system will be able to archive data at 20 MB/s . At RHIC 
design luminosities this can keep up with the 2% most central Au + Au collisions and with 
p + p collisions, although not with p + A and some lighter A + A minimum-bias collisions. 
Thus in early running, or until RHIC reaches the design luminosities, the da ta acquisition 
system will be able to collect data with this taping capability and without the LVL-2 trigger. 
The bandwidth of the entire system, including the implementation of the LVL-2 trigger, will 
increase to keep up with expected increases in rates. 

2.7.5 Off-line Comput ing 
The high data archival rate of 20 MB/s results in very large requirements for data storage 
and cpu power. A combined total of 0.3-0.5 PB of raw, reconstructed and simulated data 
will have to be stored each year. The main storage medium is likely to be 19-mm video tapes 
recording at 16 MB/s and each storing 100 GB. A selected sample of events will be stored 
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in 10-20 TB storage robots. The event reconstruction and simulation will require 50-100 
GFlops of continuous CPU power, if all events are fully reconstructed. The current "straw-
man" model for RHIC computing assumes that the main CPU servers used for PHENIX 
event reconstruction and data analysis, as well as data recording and storage facilities, will 
be provided by the RHIC computing facility. 

An important task for the off-line system will be to organize the large amount of very 
varied data within the collaboration. This will be accomplished through a set of databases 
tailored to the different types of data, but with a common user interface. The reconstruction 
and data analysis codes will be highly modular and be designed with special emphasis on 
utilizing the parallel architecture of computer farms or massive parallel processors. 

2.8 Facility Engineering and Detector Integration 
This item, which deals with detector infrastructure, has been expanded to include all in
tegration and installation efforts, as well as structures and facilities. Significant progress, 
described in Chapter 13, has been made in this area, which benefited from an increase in 
the amount of available engineering resources at BNL devoted to this effort. Among the 
important areas of progress are: 

1. As mentioned above, a system of permanent and temporary rails for the major facility 
hall (MFH) has been designed, allowing several kinds of detector motion for installa
tion, servicing, and major upgrading. 

2. Additional space near the MFH for run control and on-line computing has been speci
fied and discussions are underway with Plant Engineering on the detailed design. The 
space requirements have been derived from an understanding of where various online 
functions will be located. 

3. An installation plan has been worked out consistent with the overall RHIC schedule 
constraints and with the detector construction timelines. Resources for all of the 
installation effort have been integrated within this area of the PHENIX work break 
down structure (WBS) to make possible a reliable estimate of the total. 
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Physics Capabilities 

3.1 Overview 
The major physics goals of the PHENIX collaboration were already described in the CDR. 
These goals are reviewed here briefly, together with new results from additional simulation 
studies since the submittal of the CDR. The physics issues related to the quark-gluon plasma, 
in particular those related to the PHENIX experiment, are summarized in Table 3.1. 

Two important aspects exist for the quark-gluon plasma. One is "deconfinement", which 
is closely related to the Debye screening of the QCD potential. The basic mechanism of 
J/^> suppression is that, if the J/^> radius is longer than the screening length, then a cc pair 
would not be able to form a bound state due to a Debye suppression of the long-range term 
of the cc potential and, thus, J ftp production is suppressed [1]. The degree of suppression 
depends strongly on the relative size difference between the meson radius and the screening 
length. Because r(V>') = 0.51 fm > r(J/t/>) = 0.25 fm > r(T) = 0.13 fm, we expect that 
the I(P' must melt first, then the J/V>, and finally the T. Recently, a stronger suppression of 
the i\)' than the J/ip was reported by the NA38 group at CERN [2]. This result compels us 
to study these vector mesons systematically at RHIC. We plan to measure the J/^> in the 
midrapidity region by dielectrons, and the J/Vs i>' and T at forward angles by dimuons. 

The other important element is "chiral symmetry restoration". Because the mass of the 
< -̂meson is close to twice the kaon mass, and because both <f> and K could be distorted in the 
quark-gluon plasma, it was predicted [3] that a change would occur in: (1) the branching 
ratio between leptonic and hadronic channels, (2) the mass of the <f>, and (3) the width of 
the <j>. Here, high resolution ^-spectroscopy is required to study these points. We plan to 
measure <f>-mesons using both the electron and hadron channels. 

Thermal radiation from a hot gas has been a subject of controversy for many years [4]. 
There was a confusing period in which it was debated whether or not the radiation was 
enhanced or suppressed when the phase transition occurred. Recently, a consensus among 
theorists seems to be that the gluon content is high at an early stage of the quark-gluon 
plasma and an enhancement must be expected in the region of mi (or, px f° r photons) 
greater than 2-3 GeV [5]. We plan to investigate this topic using the photon measurement 
capabilities in PHENIX. 

3-1 
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Table 3.1: Physics Issues Related to Quark-Gluon Plasma 

QGP Physics Issues Probes 
Debye Screening of QCD Interactions 
• r ( T ) = 0.13 fm < r(J/</>) = 0.29 fm < r (0 ' ) = 0.56 fm 

J/^> —»• e + e ~ at y ~ 0. 
J/tp —• [i+fi~ at y ~ 2. 
0', T —> /< + ^ - at y ~ 2. 

Electrons 

Muons 
Chiral Symmetry Restoration 
• Mass, Width, Branching Ratio: <f> —• e + e ~ , K + K ~ 

with A m < 5 MeV. 
• Baryon Susceptibility: Production of antinuclei. 
• Narrow cr-meson? 

Electrons 
Hadrons 

Thermal Radiation of Hot Gas 
• Prompt 7, Prompt 7* —• e + e ~ . Photons, Electrons 

Deconfinement: Nature of the Phase Transition 
Hadrons 

Hadrons, Photons 

• First-order: Entropy Jump —• Second rise in the < p r > 
spectra of 7r, K, p. 

• Second-order: Fluctuation -»• N(x0)/N(Tr+ + n~),d2N/d7]d(f). 

Hadrons 

Hadrons, Photons 
Strangeness and Charm Production 
• Production of K + , K", K£. 

4>-> e+e", K+K" at y ~ 0, 
4> —> [i+fi~ a t y ~ 2. 
D-meson: efi coincidence. 

Hadrons 
Electrons 

Muons 

Jet Quenching 
• High pr jets via eading particle spectra. Hadrons 

Space-Time Evolution 
• HBT correlations for TTTT and KK. Hadrons 

The nature of the phase transition is a very interesting point to study. If the phase 
transition is first-order, an entropy jump would be expected at the critical temperature 
(Tc), because internal degrees of freedom of the constituents increase by a factor of about 
12 from the pionic gas to the quark-gluon gas. If one plots temperature (T) as a function of 
the energy density (£) of the system, the value of T increases with £ in the phase of a pionic 
gas until it reaches Tc- The system stays at this temperature, even as £ increases, until a 
sufficient energy density is accumulated to allow the system to complete the phase transition 
into a quark-gluon gas. At this point, the value of T starts to rise again as a function of £. 
Because T is closely related to the average transverse momentum (<px>) 5 the second rise 
in <pr> a s a function of £ is expected [6]. 

Such an entropy rise induces an increase of pressure and, thus, induces a hydrodynamical 
flow [7]. The flow effect is stronger for nucleons than for pions due to the mass difference. In 
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order to study the flow effect, combined with the effect of an entropy rise, measurements of 
"identified" charged hadrons are extremely important. We plan to measure identified hadron 
spectra in the midrapidity region. 

If the phase transition is second-order, "fluctuation" measurements could prove impor
tant, as pointed out recently by Wilczek [8]. We plan to measure the ratio 7r°/(7r"l"+7r—) from 
the detection of both photons and hadrons. 

Table 3.1 lists other important physics issues, such as strangeness and charm enhance
ment [9], jet quenching [10], and space-time evolution [11]. Here, we emphasize that simulta
neous measurements of dielectrons, dimuons, photons, and identified hadrons are important 
and necessary to pin down the formation of quark-gluon plasma at RHIC, because while all 
the theoretical predictions listed in Table 3.1 are very attractive, they all contain many weak 
points and ambiguities. 

We plan to measure all the variables listed in Table 3.1 as a function of a reasonably 
well-defined experimental quantity that is proportional to the energy density. Because the 
energy density is given by [12] 

1 dEr 

•KRZ

L dy 

the geometry of the collision (namely, R±) will be fixed first by multiplicity measurements. 
A wide coverage for the multiplicity measurement is very important, because a possible 
fluctuation effect must be smeared out for the determination of the collision geometry. By 
using an electromagnetic calorimeter or a subset of the multiplicity detector, the quantity 
of dEr/dy will be measured to probe the local energy density at that rapidity, including the 
effect of the fluctuation. 

For each physics observable, short comments on how to detect these observables are 
described in what follows. 

Dielectron Measurements 

Three detectors are used for electron identification: RICH, TEC (for dE/dx), and EMCal. 
Initial test results for a subset of the actual RICH detector, using pion and electron beams at 
KEK, clearly demonstrates that a Cherenkov photon ring is observed by a photomultiplier 
read-out method, and it shows that the pion rejection of 1 0 - 4 is possible for single pions and 
electrons. In the high multiplicity environment, the pion rejection power will be reduced to 
the 10~3 level. 

For the TEC in the 1 GeV/c region, the value of dE/dx in a gas is approximately 50% 
higher for electrons than for pions. This feature is used for electron identification. Test 
results show a clear separation between electrons and pions, and we confirmed that this 
method allows an additional 1 0 - 2 level pion rejection up to 2 GeV/c. The EMCal further 
helps pion rejection by at least another one order of magnitude. Our design criterion of the 
pion rejection below 1 0 - 4 can thus be attained. 

We also paid special attention to achieve a high mass resolution in the tracking system. 
Our Monte Carlo calculations have shown that the mass resolution of approximately 4 MeV 
for ^-mesons can be achieved for the e + e~ channel and less than 1 MeV for the K + K " 
channel (see Section 3.2.3.). 
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Photon Measurements 

In order to measure direct photons, the first step is to learn the background associated 
with 7T° and TJ. Invariant mass spectra for 27 have the following general tendency: at low px 
the background is high, and as px increases the peak is more pronounced. Thus, the yield 
ambiguity increases as p? decreases (see Fig. 3.7). 

If 7T° and 77 peaks are found in the 27 spectrum, the next step is to estimate the differential 
cross sections of TT° and 77 and, then to evaluate the spectrum of single photons by using these 
7r° and 77. If the reconstruction procedure is perfect, the reconstructed spectrum of single 
photons must be identical to the actual single photon spectrum recorded on the detector. 
This comparison is described later in Section 3.3. Our conclusion is that the direct photon 
measurement is possible at px > 1 GeV/c, if an enhancement of the direct photon is well 
above a few percent of the single photons from 7r°. 

Photon measurements also allow us to study TT° spectrum, as well as two-7r° interferom-
etry [13]. 

Charged Hadron Measurements 

A recent test of a prototype time-of-flight (TOF) counter (1.2 x 1.2 x 100 cm 3) showed 
that the time resolution of a < 100 ps is possible, even if the light guide was bent by 180°. 
With this resolution, a pion to kaon separation up to 2.4 GeV/c is possible. 

The first interesting subject is to measure single particle spectra of identified hadrons, 
as discussed above. Charged hadron measurements further allow us to study <j> —> K + K~ 
and two-boson correlations. We can measure these correlations for both 7T7T and KK to 
determine the source radius up to 20 fm. For a source radius larger than 10 fm, the detector 
bin size of relative momentum has to be corrected rather carefully, in particular for KK 
correlations, because the resolution of relative momentum, Aq, is proportional to 7m and, 
thus, Aq(inr) < Aq(KK). 

The decay kinematics of <f> —* K + K~, together with the measurement of two-boson corre
lations, determine the solid angle coverage (0.36 sr) of the TOF wall in the baseline detector 
configuration. 

Dimuon Measurements 

Muon identification will be performed by a standard technology of streamer tubes, sand
wiched by several layers of iron (Fe) absorbers. In contrast to p + p collision experiments, it 
is not possible to track muons before the first absorber, because the multiplicity is too high 
in heavy ion collisions. We use the central magnet yoke as a first, thick absorber and the 
tracking system starts after the yoke, which functions here as a pion attenuator. 

The muon arm mass resolution is relatively modest at about 85 MeV for the ijip (see 
Fig. 10.30 in the CDR) as compared to a resolution of about 18 MeV for this resonance via the 
dielectron channel in the central arm. Nonetheless, the muon arm mass resolution should 
enable a clear separation of the J/?/> and the ij>', thus being able to measure the possible 
differential suppression of these resonances as mentioned in beginning of this chapter. 

A clear advantage at forward angles is a gain in the yield. Although the muon arm covers 
only 1 sr, which is half the solid angle of the electron arm, the value of AyA<f> is 2.47T radians 
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for the muon arm, while it is 0.77T radians for the electron arm. Because the pair yield is 
proportional to [AyA<f>]2, the yield of J ftp is, for example, about a factor of 10 higher in the 
muon arm than in the electron arm. For one year of RHIC running, we expect to have 5700 
tp' and 1200 T for 10% central collisions at the luminosity of 2 x 10 2 6 . 

Because the central magnet yoke imposes a relatively high momentum threshold (about 
2.5 GeV/c) this tends to limit the y and pi acceptance for low mass pairs. The two front 
muon identifier steel layers have been specially graded to compensate for this effect based 
on recent trigger simulations. 

Electron-Muon Coincidence 

Once both the electron and muon arms are installed, the measurement of the e/i coinci
dence is possible. The main leptonic decay mode of the D-meson is an emission of an electron 
or muon, like the j3 decay of the neutron. Therefore, the unlike-sign e/x pairs subtracted by 
the like- sign efj, pairs are primarily from DD, where the unlike-sign pairs are mainly from 
combinatorial background pairs [14]. 

In the CDR, it was clearly demonstrated that the charm contribution is dominant in the 
mass spectrum for efj, pairs at mefl > 3-4 GeV (see Section 3.3.3 in the CDR). If the charm 
production is enhanced, one may probe DD at a lower mass region. 

Multiplicity and Vertex 

We plan to install both a silicon multiplicity-vertex detector (MVD) and the two sets of 
quartz Cherenkov timing counter arrays (beam-beam counters). 

Tests for the beam-beam (BB) counters showed 35 ps time resolution in the magnetic 
field of 3 kG. These counters are used as a time reference for the TOF counters. Also, they 
are used for the on-line vertex determination at the level of Az = 2 cm. 

The MVD is used to determine the event multiplicity and the vertex position. With this 
device, the verted can be determined to within 100-200 /mi. 

3.2 Simulations: Strategy and New Results 
In the CDR an extensive series of integrated simulations was undertaken in order to establish 
the feasibility of the dielectron physics program in the PHENIX central arm (see Section 3.3.1 
in the CDR). However, because these simulations were the first proof-of-principle task, they 
were conducted under idealized conditions. Most importantly, the background contributions 
originating from secondary reactions in the bulk of the central arm's structural material were 
largely ignored in the signal-to-noise figures. The objective at that time was to confirm, to the 
best of our knowledge of how each detector subsystem would perform, that the irreducible 
Dalitz decay and photon conversion backgrounds, as well as the limits of the predicted 
e/it discrimination, would not fatally obscure the vector resonance mass signatures. This 
primary objective was convincingly satisfied in our estimation by this first round of simulation 
studies. 

Nonetheless, we did recognize (see Section 3.4 in the CDR) that secondary particle back
grounds from the large quantity of material in and near the central arm acceptance could 
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pose problems. This is a special concern for the performance of the RICH, which is the 
cornerstone of the e/?r discrimination hardware. Indeed, disappointing results, reported re
cently at the QM '93 conference, regarding the performance and backgrounds afflicting the 
double-RICH CERES/NA45 experiment at CERN have made us acutely sensitive to this is
sue. Moreover, design changes in the PHENIX central arm magnet yokes have brought this 
steel even closer to the acceptance region than in the CDR. Not surprisingly, this change has 
increased the secondary particle backgrounds into all central arm detectors. 

Consequently, in the last several months we have engaged in a systematic effort to as
certain the deterioration, if any, in the overall performance of the dielectron program of 
measurements. This new round of simulations has led us to suggest certain changes in the 
designs of central arm subsystems (see the updates on the MVD and the drift chambers). 
Given these modifications, our calculated results to date still leave us confident that the 
dielectron measurements will be successfully accomplished. This is an ongoing process and 
we accept that there is still a lot of work to be done in order to verify that none of the 
subsystems will be compromised by secondary particle flux. 

We discuss first the results of new simulations on the predicted performance of the RICH, 
where special attention is paid to the effects of the secondary particle backgrounds present in 
the central arm. In particular, we present an in-depth study of the effect of photon conver
sions by the MVD detector system in comparison with other electron background sources. 
After that study, we describe new simulations on the tracking performance, as regards the 
vector meson mass resolutions, and indicate how the track reconstruction performance can 
be integrated into studies of other detector subsystems, such as the RICH and the MVD. A 
brief discussion of new acceptance calculations by the muon arm is mentioned at the end of 
this section. 

3.2.1 Secondary Electrons on RICH 
One of the most severe backgrounds expected to be present in the Ring Imaging Cherenkov 
(RICH) detector subsystem is that of secondary electrons and positrons. These are produced 
by photon conversions at the magnet pole pieces, by the inner tracking chambers (including 
the chambers themselves and their support structures), and in the RICH gas radiator. Be
cause they are "real" electrons and positrons, they produce Cherenkov light and will increase 
the noise level in RICH system substantially. 

We have studied the secondary electron background using PISA, the PHENIX integrated 
simulation program. Included in the simulation are the magnet pole pieces, the beam pipe, 
the inner tracking chambers, with a somewhat simplified (if not pessimistic) support frame, 
and the RICH, with a C2H6 radiator gas. The "nose cone" and the MVD detector were not 
in this particular simulation. Related results on a modified version of the MVD and the 
nosecone are presented in other sections of this chatper. 

The support frames of the inner tracking chambers (DC1, DC2, and PCI) was represented 
by a 2-cm thick aluminum plate, which was thicker in terms of radiation length than the 
intended support frames to be made of a light composite material. The simulated frame was 
about 10 cm away from the active region of the detector to avoid having converted electrons 
directly entering the acceptance of the RICH. The PCI chamber was taken to be about 



3.2. SIMULATIONS: STRATEGY AND NEW RESULTS 3-7 

20 i= 
15 I-
10 2 

5 

HJT50Z0FULLHB4 

r P*3 

: i t » i I i i i i I i < p i I i i i i 1 1 ! 1 1 ! 1 ! 1 1 1 1 I 1 < 1 I 1 1 1 I 

20 | -
15 E-
1 0 Z ^ 
5 

HJT50Z0FULL.HB4 

g^ 
I i , , i i i i i i _i I i i i_ 

10 20 30 ^ 4 0 50 60 70 8C 

sector 4 

Figure 3.1: Hit pattern in the RICH PMT array for a typical Au + Au central collision event 
(HIJET). The PMTs that detect at least one Cherenkov photon are plotted as squares. The 
four panels of this figure corresponds to the four sectors of the PMT array. Each sector 
has 80(̂ ») x 20(2) segmentation. The horizontal axis is the 4> position of the PMTs and the 
vertical axis is the z position. 

0.6% radiation length. We used single density HIJET Au + Au central collision events, and 
simulated all hadronic and electromagnetic shower development in 10° < 8 < 170° in polar 
angle and 2ir in azimuth. The magnetic field map for the single outer coil with full field 
strength in the new yoke design was used in the calculation. The position of the reaction 
vertex was fixed at z = 0. Additional studies at 2 ^ 0 are being analyzed but, based on 
preliminary indications, these results are not expected to change our conclusions significantly. 

Figure 3.1 shows a hit pattern in the RICH for a typical event. The four panels of the 
figure corresponds to the four sectors of RICH (upstream and downstream sectors of east-arm 
and west-arm). Here we assume that the photon detector will be an array of 6400 PMTs, 
each PMT having a Winston cone to collect Cherenkov light. Because the Winston cones 
limit the angular acceptance of the PMTs, only those Cherenkov photons that are accepted 
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Table 3.2: Summary of RICH Ring Sources 

Electron Source Number 
Dalitz 1.0 
Beam Pipe Conversion 0.4 
Magnet Pole, Decay in Flight (Kaon) 0.5 
DC Active Region 0.7 
PCI Active Region 3.7 
DC + PCI Support Frame 1.9 
RICH Gas Volume 1.9 

by the cones are plotted as in the figure. There are about ten Cherenkov rings and 100 PMT 
hits per event. Most of these rings are indeed produced by the secondary background. 

Figure 3.2 shows the production vertex of electrons and positrons that produce at least 
five PMT hits in the RICH system. A good electron track typically produces ten PMT hits, 
and this requirement of five PMT hits yields about 90% acceptance for real electron signal. 
It also required that the timing of PMT hit be within 2 ns of proper timing for good electron 
signal. Because the PMTs has good timing resolution ( « 250 ps in rms), this timing cut 
is very conservative. The timing cut reduces the amount of background by 20%. From this 
figure, we can identify the major sources of background: 

1. A concentration at the collision vertex (r = 0, z — 0). 

2. A small amount of conversion in magnet pole surface reaching the RICH. 

3. Conversion in the DC and PCI region; in particular, in the support structure. 

4. Conversion in RICH gas volume. 

There are about 10 Cherenkov clusters per event on average, of which only one cluster is 
caused by a Dalitz electron from the collision vertex. All others are caused by the conversions. 
The reason the number of Dalitz electrons is so small is that many of them are cut off by 
magnetic field. The minimum pj at z = 0 is about 92 MeV/c, and particles with less than 
that momentum at the collision vertex (r = 0) never reach the RICH detector. This curl-
up momentum value becomes progressively smaller for r > 0, where structural material is 
located. Moreover, even if a Dalitz electron from the initial vertex is above the 92 MeV/c 
curl-up momentum value, it may still not be registered in the RICH because its trajectory 
will have been bent too much relative to the Winston cone axis. It is only when the electron's 
momentum exceeds 150-200 MeV/c that it will fire the RICH. With these facts in mind, we 
quantify the sources of those conversions reaching the RICH in Table 3.2 . 

We also studied the secondary electron background for z = 30 cm and for z = 0 cm at 
half field strength, and have obtained similar results. Within statistical error, the amount of 
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Figure 3.2: A scatter plot of the production vertex of electrons and positrons that produce 
more than five hits in RICH. Thirty events of single HIJET Au + Au central collisions are 
accumulated. The region occupied by the central magnet, the inner tracking detectors (DC 
+ PCI), and the RICH gas volume are drawn in dashed lines to elucidate the figure. 

background does not depend on the z-vertex position. In the half field case, the number of 
Cherenkov clusters increases. This is because more low momentum electron and positrons 
that had been cutoff by the magnet in full field strength now reach the RICH detector. The 
background from the other sources did not show any significant increase. We also studied a 
case when the DC frame was moved another 5 cm away from the acceptance. This change 
reduced the background from the frame by half to about 1.0 per event. 

The secondary electron background will have a substantial effect on the level-1 and level-
2 trigger. In particular, it appears from these simulation results that it will be very unlikely 
to have any level-1 trigger rejection capability for dielectron events in central Au + Au 
collisions. Moreover, the level-1 DAQ hardware will have to contend with processing an 
average of ten electron tracks per central collision. The strategy appropriate for the level-2 
trigger is now being studied. However, the effect on the e/r rejection and the final dielectron 
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measurement will be much smaller. This is because many of the Cherenkov rings that are 
produced by the secondary background do not have good reconstructed tracks pointing back 
to the collision vertex. Hence they will not contribute to the background in the final offline 
analysis. Even if a secondary electron has a well reconstructed track apparently coming from 
the vertex, it will generally have a large discrepancy between its real energy (typically less 
than a few hundred MeV ) and its apparent momentum (a few GeV/c or larger). This is 
because these secondaries are produced just before the first tracking chamber in a region 
of weak magnetic field, and therefore they are not bent much by the field. Such spurious 
electrons will be readily removed by the means of the elcetromagnetic calorimeter energy 
and momentum matching condition. 

All of these expectations are borne out by the most advanced PISA simulations done 
to date. Namely, these new off-line type calculations do the complete pattern recognition 
including the full set of primary and the background particles (40% of the primary particle 
rate). The pattern recognition "starts from scratch" (see the discussion of Fig. 3.5 in Section 
3.2.2) in that it is based on the simulated TDC responses of the drift chambers, including 
multiple hits, and is seeded with the the expected primary vertex reconstruction from the 
MVD and the BB. Then the momentum reconstruction is done in PISA self-consistently 
based on this track recovery information. In turn, the track recovery information is furnished 
to the RICH ring-finder algorithm, as described in the previous paragraphs. The net result 
from this sophisticated simulation is that the simulated e/?r rejection ratio and the dielectron 
invariant mass spectrum signal-to-noise ratios should be largely unaltered from what was 
shown and discussed in Figs. 3.3-3.5 of the CDR. At most (see the next section) there 
could be a 50% increase in dielectron combinatoric background depending upon the particle 
momentum threshold taken for invariant mass pairs. 

We cannot emphasize strongly enough the difference between the planned use of the RICH 
in PHENIX and that attempted by CERES/NA45. In the latter experiment, the dual RICH 
system was designed to function both as a tracker and as a particle identifier. Preliminary 
results indicate that while that system functions well in peripheral collisions with low particle 
multiplicity, it is plagued by ghost tracks and suspect rings in high background central 
collisions. By contrast the PHENIX RICH, albeit ^-sensitive, will be operated primarily 
in a particle identifier mode. The track pointing information, as determined principally 
by PCI and PC2, will lock in the ring-finder search. Without that independent tracking 
information, our own simulation results shown here indicate that the RICH information 
would be hopelessly confused in central collisions. Indeed, it is our understanding from 
the QM '93 conference that just such an independent tracking capability will added to 
CERES/NA45 in future. 

3.2.2 MVD Induced Conversion Electrons 
The previous section was devoted to a study of the secondary electron backgrounds generated 
by the magnet yoke steel and the inner tracking chambers, including their support structures. 
That section focussed directly on the number of rings expected to be found by the RICH 
from these sources that would pass the level-1 trigger cuts. In the present section, we 
report on the results of a separate study that was performed to determine the effects of the 
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multiplicity-vertex detector (MVD). Unlike those electrons coming from the magnet steel 
and the tracking chamber frame support, the secondary electron backgrounds generated by 
the MVD cannot be rejected by tracking cuts. At best the track pointing error from the 
tracking system, on track-by-track basis, is simulated in PISA to be of the order of a few 
centimeters (see Fig. 3.5) and that is not good enough to reject conversions occurring in the 
MVD silicon layers. 

Because the MVD can be optimizeded, a special study has been made using PISA to 
ascertain the effect of the of e ± ("electron") background in the RICH from the MVD relative 
to the so-called "irreducible" background from all other sources. This study aided in the 
optimization of the design of a new MVD configuration by highlighting the trade-offs and 
compromises to be made, in addition to emphasizing the need for and value of an integrated 
simulation program. The new design of the MVD, which resulted from this simulation 
study, has removed two-thirds of the material in the outer layer. More complete details of 
the updated design are contained in Chapter 5. Here we present the integrated simulation 
results using the redesigned MVD. 

For this special study the input to PISA was the hadrons produced in Au + Au Hijet 
events with impact parameters less than 0.12 fm and was thus similar to the RICH ring-
finding study conducted above for non-MVD sources. Dalitz decay of the ir° to e+e~j with a 
1.2% branching ratio is one source of electron background. Conversion of the photons from 
the dominant 7r° —• 77 decay branch into e ± pairs in the material around the interaction 
region is another important source of background. Other hadrons contribute to the electron 
background mainly via a two step process. A hadronic interaction produces 7r°'s, which then 
make electrons via the same mechanisms as primary 7r°'s. This two-step channel does not give 
rise to a significant background component in the relatively thin beam pipe or MVD, but it 
is important in the magnet iron and in the muon nosecone. All of the primary and secondary 
(tertiary and so on) particles are tracked with PISA through the PHENIX detector. The 
MVD, the combination of drift chambers 1 and 2 (DC1/DC2) and pad chamber 1 (PCI), 
and the RICH detectors were included in the simulation. The calculation also included the 
beam pipe (1-mm Be), the central magnet steel (and the field produced by it), the muon 
absorber nosecone, and the muon magnet. Information about all electrons entering the RICH 
detectors was recorded, including the location of the production vertex. This study did not 
focus on the actual level-1 rings produced by the RICH, but other studies have shown that 
about one-third to one-half, depending upon the source position, of the electrons entering 
the RICH will produces observable rings according to the criteria mentioned in the previous 
section. 

The average number of background electrons entering the RICH (< N(e±) >) from var
ious sources is summarized in Table 3.3. The row labeled "magnet" includes the magnet 
poleface and iron plus the muon absorber nosecone. The row labeled "other" includes conver
sions and other interactions in air along with decay products from particles other than 7r°'s. 
The column labeled "no cuts" includes all electrons entering the RICH detectors, without 
any further cuts. The background sources near the beamline have a pj cut of approximately 
100 MeV/c introduced by the magnetic field in the central region; particles at lower pj 
values are unable to leave the central region and hit the RICH. The next column includes 
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Table 3.3: Average Number of Background e Entering the RICH 
Source < ^ (e*) > < Nie*) > < iV(e ±) > 

(no cuts) (pT > 200MeV/c) (Szvtx < 5 cm) 
Dalitz Decay 2.46 ± 0.13 0.86 ± 0.08 2.46 ±0.13 
Beam Pipe 0.59 ± 0.06 0.27 ± 0.04 0.52 ± 0.06 
MVD Barrel Si 0.82 ±0.07 0.21 ± 0.04 0.80 ± 0.07 
MVD Electronics 0.50 ± 0.07 0.00 ± 0.00 0.49 ± 0.07 
DC1/DC2/PC1 4.26 ± 0.17 0.39 ± 0.05 2.42 ± 0.25 
Magnet 9.55 ± 0.25 0.88 ± 0.08 0.93 ±0.13 
Other 0.87 ± 0.08 0.15 ±0.03 0.19 ±0.04 
Total 19.05 ± 0.35 2.76 ±0.13 7.81 ±0.33 
MVD Fraction 7 ± 1 % 8 ± 2 % 17 ± 1% 

only those electrons with px >200 MeV/c. The angular acceptance (for Cherenkov light) of 
the Winston cones in front of the RICH photomultiplier tubes introduces a px threshold of 
approximately 150 MeV/c. The px cut used in Table 3.3 was chosen to be slightly above 
this threshold. 

Figure 3.3 presents some of the information in Table 3.3. Almost all (fts 90%) background 
from the beam pipe and the MVD is produced by conversions of photons from 7r° decay. 
The top plot shows < N(e±) > from various sources in the inner region: Dalitz decay, 
the beam pipe, the MVD barrel silicon detector wafers, and the MVD electronics. The 
numbers with and without the 200 MeV/c px cut are shown. The second plot shows the 
number of radiation lengths of material (XQ) in each of the elements. For the beam pipe 
and the MVD silicon, this is straightforward. For the MVD electronics, an average number 
of radiation lengths, calculated by assuming the material in the electronics was distributed 
in a uniform cylindrical shell at the appropriate radius is shown. The real design will place 
all of the electronics at the bottom of the detector, out of the azimuthal coverage of the 
detector arms. The number of "radiation lengths" associated with Dalitz decay is defined as 
approximately 1.2%/2 = 0.6%, where 1.2% is the branching ratio for TT° Dalitz decay. This 
is the number of radiation lengths of material which would be required to produce the same 
number of e* conversions from 7r° decay photons. The bottom part of Fig. 3.3 shows the 
ratio < N(e±) > /XQ. With or without a pr cut, the beam pipe gives a few more electrons 
per radiation length than the the MVD silicon. Without a px cut, the contribution of the 
MVD electronics is similar to the MVD silicon, but slightly lower. With a 200-MeV/c px 
cut, the contribution of the MVD electronics is completely eliminated. The slightly reduced 
number of electrons per radiation length of material from the MVD silicon, which has a 
hole in the upper two-thirds of the outer silicon layer, and the more substantially reduced 
ratio from the MVD electronics demonstrates the clear advantage in putting as much of the 
MVD material out of the direct path to the two electron arms as possible. The contribution 
of Dalitz decay is larger than predicted based on the number of "radiation lengths". The 
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Figure 3.3: The average number of e^ per event from the beam pipe, MVD silicon, and MVD 
electronics (top), the number of "radiation lengths" associated with each of these sources 
(middle), and the ratio of the two (bottom) are shown. "Radiation lengths" for Dalitz decay 
is defined in the text. 

number of these "radiation lengths" was defined such that the same number of electrons was 
produced. However, the average electron from Dalitz decay has half of the energy of the 
original TT° compared to a quarter for the average conversion electron. This energy difference 
is reflected in their transverse momenta. The approximately 100-MeV/c pr cutoff imposed by 
the central magnetic field eliminates a smaller fraction of the electrons from Dalitz decay than 
from conversions, enhancing their numbers relative to the estimated number of "radiation 
lengths". 

As noted in the previous section, the first problem caused by background electrons is 
at the trigger levelj. Large numbers of electrons entering the RICH represent a significant 
problem for the trigger. The second column of Table 3.3 shows the number of electrons 
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entering the RICH from the different sources. The largest contributor is electrons produced 
in the magnet, followed by the the contribution from the combination of DC1/DC2/PC1. 
The triggering challenge is dominated by the need to diminish where possible electrons from 
these major background sources, but the trigger is not predicted to be limited by the MVD 
source. 

After the data have been analyzed (perhaps including the online analysis in the later 
stages of the trigger), some sources of background should be easily eliminated. In particular, 
most electrons originating in the magnets and muon absorber should be easily separated 
from those originating near the vertex. This is illustrated by comparing columns 2 and 4 
of Table 3.3. Column 2 shows the number of electrons entering the RICH without cuts, 
while column 4 shows the number which also trace back to a z position within 5 cm of the 
vertex. This cut eliminates most of the background from the magnet. Of the total "magnet" 
contribution about 44% of the electrons in the "no cuts" column are associated with primary 
7r°'s, falling to 29% when the 200-MeV/c px cut is applied. However, of the small fraction 
of electrons from the magnet which satisfy the vertex cut, about 90% are associated with 
primary 7r°'s. The vertex cut eliminates slightly less than half of the background from 
the DC1/DC2/PC1 combination. About 90% of the DC1/DC2/PC1 background which 
survives the vertex cut comes from conversion of w° decay photons. Without cuts (column 2), 
only 62% of the electrons from the DC1/DC2/PC1 combination are from conversion of 
photons from primary 7r0,s. The two step process by which particles other than 7r°'s produce 
background can give rise to numerous electrons, but most of these electrons can be eliminated 
via a vertex cut. 

On the other hand, the vertex cut has no effect on the the background from conversion 
of 7r° decay photons in the beam pipe and MVD; the small number of particles eliminated 
by these cuts were associated with interactions of primary particles other than 7r°'s. No 
reasonable vertex cut would be able to eliminate the conversion electrons from the inner 
region of the spectrometer. For practical purposes, the photons from the w° decay comes 
from the vertex (CT = 25 nm) and the pair production process produces electrons which 
travel, to a good approximation, in the direction of the incident photon and therefore also 
appear to have come from the target (to within «100-300 ^m for conversion in the MVD 
and beam pipe). 

Because the background from material near the vertex is so difficult to eliminate, its 
impact on the pair mass spectrum must be understood. The MVD provides measurements 
that are important in the overall goals of PHENIX (e.g., dN/drj, dN/dr)d(j>, multiplicity for 
the trigger, and the vertex position), but these positive contributions must be compared to 
the increase in electron background it causes. When considering the impact of the MVD 
on the background, the appropriate scale for comparison is the irreducible background that 
comes from Dalitz decay (unavoidable) and conversions in the beam pipe, which is as thin 
and light as possible (1-mm Be). There are two pr cutoffs which apply to the inner detectors. 
First, is the approximately 100 MeV/c cutoff due to the magnetic field and second is the 
nearly 150 MeV/c pr cutoff introduced by the RICH detector. The comparison of the MVD 
background to the irreducible background Table 3.3 used a third, slightly higher, p? cutoff of 
200 MeV/c. With this pT cut, the ratio (MVD electrons)/(Dalitz+beam pipe) is 0.20 ±0.04. 
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Figure 3.4: Simulations of the invariant mass resolutions of the vector mesons to be detected 
in the PHENIX central arm. 

When constructing a pair mass spectrum for electrons, the contribution of these background 
particles depends on the square of the total number produced, so the MVD in its current 
design is expected to increase the background in the pair mass spectrum by approximately 
1.202 = 1.42 ±0.09. About 10% of the material in the MVD barrel has been neglected in this 
calculation. The increase in background in the pair mass spectrum, compared to that from 
Dalitz decays and the beam pipe would be about 1.272 = 1.61 ± 0.10, with a 150-MeV/c pr 
cut. 

3.2.3 Mass Resolution in the Central Arm 
We report that the simulated resolutions of the vector mesons detected in the central 

arm continue to be within acceptable limits. These new calculations were performed for a 
magnetic field that is slightly stronger (0.78 T-m vs. 0.70 T-m) than in the previous design. 
The detector tracking performance (position and angular resolutions) has been modeled here 
with better accuracy than before. Figure 3.4 is a plot of the mass resolution of the PHENIX 
central tracker, shown as a function of PT, for the detection of these vector mesons. The 
drift chambers and the pad chambers were the only detectors used in these calculations. 
Also included in this simulation were the effects of the beam pipe, the intervening helium 
filler gas, and a realistically thick helium bag envelope. While not included, the MVD has 
been shown in other simulations to have no significant effect on the predicted vector meson 
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resolutions. 
The resolutions were calculated in a single particle mode where only one particle of the 

species of interest was detected within the spectrometer acceptance. The results shown here 
indicate that in the K + K~ decay channel the <j> can be measured with a resolution of about 
0.07% for a pair momentum below 1.0 GeV For decays via electrons, the corresponding 
resolution is about 0.5%. The J/\& can be measured with a resolution of about 0.7%. These 
results are very similar to those presented in the CDR. Additional information about these 
calculations is given in Chapter 6. 

The PISA/PISORP simulations now a include detailed description of the expected re
sponse of the drift chambers, and that response in turn is coupled to a modelling the RICH 
ring finder procedure. An example of this calculation for the analysis of simulated <̂ >-meson 
data is shown in Fig. 3.5. 

The top presents the electron spectrum from a (^-resonance event generator [15] as de
termined by the tracking system, and then as accepted by the RICH electron identification 
algorithm. This algorithm takes as it starting input the tracking information provided by 
the drift chambers in order to confirm the presence of an electron ring. According to these 
calculations, the RICH should be 91% efficient with respect to the number of tracks recovered 
by the drift chamber analysis. 

The middle panel shows the invariant mass spectrum as deduced from the opposite sign 
pairs tracked by the drift chambers and confirmed as electrons by the RICH system. As 
before, these are single meson event type simulations but the pattern recognition conditions 
still have to be fulfilled. In this middle panel are listed all the details of the drift chamber 
modeling, essentially the intrinsic noise effects that we can assume will detract from perfect 
performance. As usual, the tracking and momentum analysis will be done in a "multipass" 
fashion for which in the first pass one is completely ignorant as the identity and momentum 
of the particle being tracked. In the second, and possibly higher, pass one can mitigate some 
of the imperfections of the response function that are known to be momentum or particle 
dependent, and in that manner achieve an improved mass resolution. The mass resolutions 
quoted in this figure are essentially the resolutions shown in Fig. 3.4, integrated over this 
event generator's transverse momentum distribution. 

Finally, in the lower panel is shown the track pointing accuracy expected from the drift 
chamber system. In this simulation, all the electrons started from z — 0, so the width of the 
deduced z origin is a measure of the tracking system's vertex resolution on a track-by-track 
basis. It should be pointed out that this spectrum was obtained without the use of the PCI 
data, and that data should improve the vertex resolution somewhat. Nonetheless, one would 
not expect that the final resolution would be much better than 3 cm, and that resolution, as 
has been mentioned in the previous section, is insufficient to tag effectively photon conversion 
electrons originating from an MVD source. Hence, our effort to minimize the MVD material 
available for photon conversion into the central arm acceptance. 

3.2.4 Dimuon Measurements 
In the CDR, the analysis of the acceptance and coverage of the muon arm was carried out 
assuming "frameless" chambers. Since that time, an analysis of the acceptance was carried 



3.2. SIMULATIONS: STRATEGY AND NEW RESULTS 3-17 

300 

c 
o 
u 

200 

100 

PISA/PISORP S imu la t ion of cp Meson Data Analysis 

(p M e s o n s i n t o C e n t r a l A r m 
f rom R. Vogt event generator in PISA 

DC track f ind ing/momentum analysis in PISORP 

RICH ring finder algorithm in PISORP 

Single electron spec t rum 
Unshaded spectrum f rom DC analysis 

Darkened spectrum after RICH ring finder 

_L a. 0.8 1 1.2 1.4 1.6 1.8 2 
P I S O R P - d e d u c e d m o m e n t u m ( G e V / c ) 

10 
"c 80 
o 
o 

60 

40 

20 

to 400 -*—< 
c 
zs 
o 
O 300 

R. Vog t <p Event G e n e r a t o r 
Standard Drift Chamber 
Response Parameters 

1 50 fj.m base TDC resolution 
Multiple scattering on 
Two track smearing on 
Non—normal smear on 
Wire proximity effect on 
DC remnant B field on 
TOF slewing on 

X 
Constant 
Mean 
Sigma 

1.026 
62.14 
1.020 

.6405E-02 

PREDICTED <p RESOLUTION 

Fi rs t pass resu l t 6 .4 MeV 
S e c o n d p a s s will i m p r o v e 

m a s s r e s o l u t i o n t o 5 .2 MeV 

d t i I I l _ l I I I 1 I I L_ 

0.96 0.98 1 1.02 1.04 1.06 1.08 1.1 
PISORP d e d u c e d i n v a r i a n t m a s s ( G e V / c 2 ) 

200 -

100 -

Same Event Set as Above 

Track p r o j e c t i o n to ve r t ex 
us ing on ly UV wire d a t a 
f r o m the Dr i f t C h a m b e r s 

PAD Chamber data are not 
yet included in simulation 

_L _L 

X 
Constant 
Mean 
Sigmo 

1.754 
311.2 

.1117E-01 
3.682 

T rack p o i n t i n g Z 
r e s o l u t i o n no t g o o d 
e n o u g h t o r e j e c t 
MVD e l e c t r o n s o u r c e 

-40 -20 0 20 40 
PISORP — d e d u c e d Z o r i g i n ( c m ) 
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out that used realistic chamber frame widths. The analysis required that the muons from the 
vector mesons penetrate to the third layer of the muon identification system and not hit any 
frames in the tracking system. The fraction of events that survive those cuts are 16 % for the 
<f>, 47 % for the J/i/>, and 66 % for the T. Drell-Yan and DD -> fi+ + pr + X rates will be 
reduced by about the same fraction as for a resonance of the same mass. There is a rapidity 
dependence to those acceptance losses, with larger losses occurring at higher rapidity. More 
detail can be found in Chapter 10. The chamber design is still being optimized, and it is felt 
that a significant fraction of the above losses are recoverable. 

3.3 Revision for Photon Simulations 
Invariant mass spectra for two photons under the condition of a realistic case of dNno jdy = 
375 is shown in Fig. 3.6. A similar figure is shown as Fig. 3.10 on page 3-26 of the CDR. 
A mistake was made in creating the previous figure, in which it was assumed that dNTo fdy 
= 95. Correspondingly, the yield uncertainty when one estimates cross sections of 7T° and rj 
from the two-photon spectrum is higher than that presented in the CDR. The correct figure 
on the yield uncertainty is shown in Fig. 3.7. This figure is the replacement of Fig. 3.11 on 
page 3-27 in the CDR. Yield extraction uncertainty is defined as statistical uncertainty only; 
systematic errors are not taken into account. 

If 7T° and T] peaks are identified in the two-photon spectrum, the next step is to evaluate 
the spectrum of single photons by using these x 0 and 77. This spectrum is shown in Fig. 3.8b. 
On the other hand, the actual photon spectrum recorded on the detector is given in Fig. 3.8a. 
If the reconstruction procedure is perfect, Fig. 3.8a must be identical to Fig 3.8b. In fact, 
these two seem identical. 

However, if one takes the ratio between the two spectra, Figs. 3.8a and 3.8b, the ratio 
deviates from 1 at pr < 1 GeV/c, as seen in Fig. 3.8c. This deviation would originate for two 
reasons: (1) the signal-to-noise ratio of 7r° becomes worse as p? decreases and, therefore, the 
yield ambiguity of single photons from w° increases, and (2) the opening angle of 27 from 7r° 
increases as pr decreases, so that the contribution from 7r°'s produced in the rapidity region 
outside the detector coverage becomes stronger as px decreases. 

As described in Section 3.1, our conclusion is that the direct photon measurement is 
possible at px > 1 GeV/c, if an enhancement of the direct photon is well above a few 
percent of the single photons from ir°. 

3.4 QED Background Stuides in the BB 
The beam-beam counter (BB) determines the time zero (To) when an interaction occurs in 
a beam bunch crossing (2-ns traversal time) and it provides the first estimate of the vertex 
point (z0) along the beam axis. The BB consists of two sets of identical counter arrays 
installed on both sides of the interaction region. One set is in the muon plug on the muon 
detector side, and the other is in free space. By measuring the pair of arrival times (T\ and 
T2) of the fastest particle that intercepts the counter arrays on each side, the time zero To 



3.4. QED BACKGROUND STUIDES IN THE BB 3-19 

.a 

xlO 

5000 

EMcal Photon Detector Performance 
oc<0.4 

4000 -

3000 

2000 

1000 

0 

2.56x10**6 Central Au + Au 
70000 1.00 < p. < 1.25 2.00 < p. < 2.25 

0 0.2 0.4 0.6 0.8 1 
6000 r 

0 0.2 0.4 0.6 0.8 

600 
4.00 < n. < 4.25 

- 1 
500 

400 

300 

200 

100 L ! i . , . i . J S L . . . i . , . 
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 

Invariant Mass (GeV) 

Figure 3.6: Two photon invariant mass spectra at various photon pair transverse momenta 
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Figure 3.8: Measured single photons as compared with the reconstructed single photons from 
7T° and T) for two days runs at RHIC for central Au + Au collisions. An electromagnetic 
calorimeter resolution of 7% at 1 GeV is assumed. 

and the interaction point ZQ can be obtained as the average and the difference of T\ and T2, 
respectively. 

If there were no backgrounds nor any slow particles, the resolutions of the extracted To 
and the ZQ would be affected only by the intrinsic time resolution of the counter elements. 
However, all interactions do produce slow particles, even at very forward angles, and there 
does exist a significant amount of background particles scattered from the central spectrome
ter structures and from the muon detector. Therefore an examination of the BB performance 
with a Monte Carlo simulation is mandated. The specific results of this simulation of the 
intrinsic BB performance is detailed in Chapter 5. We choose to show here the first re
sults of a study of the physics background into the BB, namely that coming from quantum 
electrodynamic (QED) pair production. 
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Figure 3.9: The pr cutoff momentum of electrons at the BB. 

In a relativistic heavy ion beam crossing, there is production of energetic electron and 
positron pairs due to QED processes. In this environment, the BB subsystem risks being 
exposed to an enormous amount of QED electrons and positrons. These events occur inde
pendently of the nucleus-nucleus strong interaction. The QED backgrounds could affect the 
performance of the T0 and the z0 determinations in the nucleus-nucleus interaction if both of 
the QED and strong nucleus-nucleus processes occur in the same beam bunch crossing. The 
majority of such QED electrons and positrons are expected to be of low total momentum 
and would be curled up in the axial magnetic field, absorbed in the beam pipe or an absorber 
in front of the BB, and will not be detected. However, some energetic electrons or positrons 
could reach the detector and produce misleading TDC data. 

A simulation was performed to evaluate the yield of QED backgrounds that might con
taminate the BB measurement. This study used the PISA/PISORP program chain and is 
described more fully in Chapter 5. Briefly, 1000 electrons with various PT momenta were 
thrown at a fixed angle 8 = 4° from the z = 0 position, and the number of events with any 
hit in the BB array was counted. Most of the hits originated in showers created at the beam 
pipe or absorbers. The result is shown in Fig. 3.9. We found the PT cutoff momentum of 
electrons to be around 4 MeV/c. A theoretical PT spectrum of the QED pair creation [16] 
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indicates that roughly 98% 1 of QED backgrounds will be cutoff. A more quantitative study 
is in progress with a specially developed QED pair event generator from which results should 
be available by year's end. 

x The PT spectrum at 4° was not available, therefore used the total PT spectrum integrated over all the 
kinematical region to get this value. 
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Chapter 4 

Magnets 

4.1 Overview 
Two magnets, a central magnet (CM) and a muon magnet (MM), comprise the PHENIX 
magnet subsystem. Although the muon identifier steel (/uID) is part of the muon arm (see 
Chapter 10), it is integrated with the magnet components for design, structural, and schedul
ing reasons. The design of these magnets has increased in complexity and sophistication since 
the PHENIX CDR was submitted and the muon identifier section is completely different than 
in the CDR. 

4.2 Changes 
The major changes in the magnet subsystem since the CDR include: 

1. The CM is permanently mounted on a transport system utilizing rollers and tracks. 

2. The Inner Coil has a square cross-section as compared to the stepped configuration 
shown in the PHENIX CDR. 

3. The region near the RICH phototubes has additional shielding to reduce stray magnetic 
fields. 

4. The CM and MM steel designs have been optimized based on the manufacturing ca
pabilities of the Russian enterprises that will build them. 

5. The filD section now uses steel walls instead of concrete to shower hadrons and aid in 
muon identification. 

6. The notch in the muon magnet piston which accommodates tracking chamber station 
two has moved forward to improve the performance of the system. 

7. The bore hole in the MM piston has been increased to a radius of 11 cm. 

4-1 



4-2 CHAPTER 4. MAGNETS 

FRAME ASSEMBLY 

CENTRAL MAGNET MUON IDENTIFIER 
MUON MAGNET 

Figure 4.1: Isometric view of the PHENIX magnet subsystem. 

8. The forward third of the MM lampshade (the "Teacup"), is a separate semi-permanent 
structure that will be used to mount muon tracking chamber stations one and two. 

These modifications are shown in Figures 4.1, 4.2, and 4.3. Figure 4.1 shows an isometric 
view of the central and muon magnets with the filD absorber walls in place. Figure 4.2 
shows a cross-sectional view of the CM and MM. 

The CM transport frame shown in figure 4.1 is approximately 30 inches tall and provides a 
hardened steel bed for the CM to roll on. The tracks are temporary, except those immediately 
under the CM, and will be built in short sections that can be laid out on the floor of the 
detector hall to allow the CM to be pulled straight back to the far wall. Alternatively, 
it can be turned 90 degrees and rolled out into the assembly hall. The CM will have a 
hydraulic drive mechanism that can pull it 1.5 meters along the track into a maintenance 
mode configuration. The detectors are designed so that no major disassembly or uncabling 
is required to get the CM into this position. For major maintenance operations, we are 
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Figure 4.2: Configuration control drawing showing the CM and MM in cross-sect ion. 

designing the transport system so it can move the CM anywhere in the hall in a single 8 
hour shift. 

Figure 4.2 shows the cross-section of the new CM inner coil. The assembly will be square 
in cross-section and cylindrical when viewed from its front face. This geometry requires 
less power than the previous design and generates less heat in the vicinity of the central 
detectors. This geometry was made possible by recent changes to the back side of the CM 
pole face. Previously, this region was shaped in a complex pattern to minimize the dE/dX 
of the high angle muons passing through the pole. Now, this is no longer necessary and 
so both the design of the steel pole and the Neutron and gamma ray absorbers are greatly 
simplified and the amount of steel behind the inner coil has increased. This is good because 
this region was heavily saturated in the previous (CDR) design and required more power to 
generate the desired field. With this design, we have succeeded in keeping the temperature 
in this region below 30 degrees Celsius and the new coil design is simpler and cheaper to 
build. 

Figure 4.2 shows a detail view, labelled CM profile, of the region where the phototubes 
for the Ring Imaging Cherenkov will be mounted. The new feature is the 20 cm tall "lip" 
on the outer radius of the CM pole face. This modification decreases the residual magnetic 
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Figure 4.3: Cut away view of the CM Steel illustrating the split pole pieces. 

field near the first few rows of tubes from 150 gauss to 20 gauss. We anticipate that normal 
mu metal shielding around the tubes will decrease the field an additional factor of 10 to 20 
which should be satisfactory for normal phototube operation. 

Figure 4.3 shows the CM steel cut away to illustrate its components. The design of the 
CM pole face has been modified to accommodate the maximum forging sizes possible at 
the Azura Steel plant in St. Petersberg, Russia. In addition to the changes on the back 
side of the pole, mentioned above, the radius of the CM has been reduced and the CM 
pole has been split into three pieces to decrease the size of the raw ingots of steel. This 
is necessary to prevent the steel from taking too long to cool down and thus forming large 
crystals that would have poor chemical and magnetic properties, as well as interfere with 
ultrasonic detection of voids and cavities. The split occurs between the inner coil and outer 
coils and was placed in a region that is not magnetically saturated. 
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Figure 4.4: Cut away view of the MM Steel illustrating the MM coil power leads. 

The flux return yokes have also been sized to match the forging capabilities at Azura. 
Instead of being built of one large piece, we now propose to built each out of three pieces. 

Figures 4.1 and 4.4 show the major modifications to the Muon Magnet. Principally, we 
now have a steel muon identifier. It is composed of layers of steel and proportional tubes 
to cause hadrons to shower but will identify the straight through tracks of the muons. The 
first layer of the identifier is the 30 cm backplate of the muon magnet. Then the nominal 
design calls for two 10 cm thick layers of steel followed by three 20 cm thick layers of steel; 
each separated by a 15 to 30 cm wide gap. 

The bore of the MM piston has been increased from a radius of 6 cm to a radius of 11 cm 
to allow both p-A and A-p running through the MM. The larger bore is needed because the 
heavier beam sweeps a larger arc in the final DX focussing magnet and causes an assymmetry 
in the position of the beams as they converge to the interaction point. Thus the DX magnet 
must have a wide bore and the MM must have a large bore to accommodate beams in both 
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directions. The large bore is also useful for vacuum fittings, valves, and heater jackets. 
We have also made changes to the design of the lampshade which surrounds the MM 

piston. Previously the lampshade consisted of 8 trapezoidal panels that extended the full 
distance from the backplate to the front of the MM piston. Since accessibility to the area 
under the forward part of the lampshade has not proved useful, we have adopted a new 
design where the forward third of the lampshade is bolted semi-permanently in place. It can 
be rigged and lifted out of the way for major maintenance but will not be moved for any 
other reason. The partition line between the forward and back sections coincides with the 
back edge of the support fin for the MM piston. This makes it possible to use the "teacup" 
as a robust assembly for mounting the tracking chambers at stations one and two. The 
chambers will be bolted directly to the teacup at both locations. 

Figure 4.4 shows the plans for bussing the power from the floor of the hall to the MM 
coils. The water cooled buss leads will extend upwards directly from the floor but will be in 
the shadow of one of the detector octants at 22.5 degrees from the vertical. The hydraulic 
lines for cooling the coils will go horizontally to the backplate and then go to the floor in 
the gap between the last detector and the backplate. 

Finally, Figure 4.4 shows the new location of the notch for positioning tracking chamber 
number two. It has moved forward to accommodate the new lampshade design and to provide 
a simple and robust location for mounting the chamber. This change improves the resolution 
of the tracking system slightly although the precise location of station two is not critical. 
There is a broad region near the half way point between stations one and three where the 
resolving power of the tracking system is maximized. Station two now sits near the peak of 
this region for all trajectories between 15 and 35 degrees. See figure 4.5. 

In the following sections, we describe the specific details of each of the major components 
of the CM and MM subsystems. We will not discuss the CM or MM detectors any further 
except to point out that the residual field near the CM detectors is quite low; below 10 gauss 
in the vicinity of the EM Calorimeter. (See figure 4.6.) 
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Figure 4.5: Sagitta of tracks for 10 GeV muons in the muon tracking system. 

4.3 Central Magnet 

The Central Magnet (CM) uses two pairs of resistive coils. Each pair is mounted in concen
tric, circular, annular counter bores in the poles of the magnet. The coils use conventional 
square, hollow, copper conductor. (The inner coil will not be installed for the first day of 
running at RHIC. It's cost has been deferred.) The poles, as well as the upper and lower flux 
return steel, are made from low carbon steel. The CM is designed so that it can be moved 
as a complete assembly along the beam axis (z-direction) and horizontally transverse to the 
beam axis (x-direction) into the assembly area of the detector hall. This movement provides 
access to the MM and CM interface area for maintenance and new construction. 
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Figure 4.6: Total B field in the Central Magnet at Various Radii 

4.3.1 Inner and Outer Coils 

Description of the Inner Coil 

The inner coils (2 required) are made of 6 bifilar wound double pancake coils which are 
vacuum epoxy impregnated in three sets of two double pancake assemblies. All three pancake 
assemblies are identical in size and configuration. The inside diameter (ID) of the coil is 
1084.7 mm which leaves a 6 mm radial clearance between the ID of the coil and the inside 
surface of the counterbore (to allow for coil installation onto the steel poles). The outside 
diameter (OD) of the coil is 1553.5 mm and the coil is 300 mm wide. When installed, the 
three sets of two double pancake assemblies are stacked together, side by side, and rest on 
the annular counterbore machined into the iron pole pieces of the Central Magnet. 

The inner coils are designed to operate at 293,000 amp-turns. They utilize 21.5 mm 
square, hollow, copper magnet conductor with a 13.7 mm hole. The coil configuration is a 
120 turn conductor package (40 turns per assembly, times 3 assemblies). The total length of 
conductor required is 497 meters per coil resulting in a coil weight of 1408 kg. Twelve water 
circuits corresponding to 4 circuits per potted pancake subassembly (bifilar wound) provide 
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a pressure drop of 60 psig with a maximum water temperature of 26.2 degrees (inlet water 
temperature is assumed to be 20 degrees) and this corresponds to an average conductor 
temperature of 23.1 degrees. The copper conductor will first be insulated with a "half-
lap" of mylar tape, then enclosed in a continuous dacron sheath, wound on a coil winding 
form, ground wrapped with wide dacron cloth tape and epoxy impregnated under vacuum 
in a potting mold. Both before and after vacuum impregnation, the coil will be electrically 
checked for shorts and hydrostatically pressure checked and flow checked through each of 
the 12 water circuits. The required water flow rate is approximately 375 liter per minute for 
each coil assembly. 

The inner coil requires 2442 amps at 67.1 volts using 164 kwatts (293,000 amp-turns) per 
coil. The coil can theoretically achieve 883,924 amp-turns (195% increase) by allowing the 
outlet water temperature to rise to 80 degrees using a power supply of 1573 kwatts (7199 
amps at 218.4 volts) per coil. 

Description of the Outer Coil 

The outer coils (2 required) are conceptually identical in design to the inner coils. They are 
made of 6 identical (except for the electrical flag connections) bifilar wound double pancake 
coils with each double pancake assembly being individually vacuum epoxy impregnated. 
They have an inside diameter of 3200 mm and an outside diameter of 3729 mm and a width 
of 300 mm. There is a 6 mm clearance between the ID of the coil and the inside surface of 
the counterbore to allow for coil installation onto the steel poles. As in the inner coil, the six 
double pancake assemblies that make up the outer coil are nested together side by side and 
rest on the circular counterbore machined into the iron pole pieces of the Central Magnet. 

The outer coils are designed to operate at 247,500 amp-turns but they utilizes a copper 
conductor which is 20.3 mm square with a 12.8 mm hole. The coil stack is a 144 turn 
conductor package (24 turns per double pancake, times 6 double pancakes). Total conductor 
length is 1578 meters per coil resulting in a coil weight of 4003 kg. Maximum outlet water 
temperature rise is 45.6 degrees and this corresponds to an average conductor temperature 
of 32.8 degrees. The required water flow rate is 166 liters per minute per coil. 

The outer coil consumes 1719 amps at 174 volts for a total power consumption of 300 
kwatts (247,500 amp-turns) per coil. The coil can theoretically achieve 367,200 amp-turns 
(48% increase) by allowing the outlet water temperature to rise to 80 degrees and using a 
power supply of 699 kwatts (2550 amps at 274 volts) per coil. 

The key physical parameters of the inner and outer coils for the central magnet are listed 
in Table 4.1. 

Fabrication 

The fabrication of the central coils is build to print from drawings provided by the PHENIX 
collaboration. The winding mandrel and the potting fixture are specified by the collabora
tion, but the detailed design of this hardware is expected to be the responsibility of the coil 
vendor, with the design being approved by the collaboration's magnet design group. The 
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Table 4.1: Physical and Operating Parameters of the PHENIX Central Magnet Coils 

Parameter Inner Coils Outer Coils 
Number of Coils 2 2 
Amp-Turns 293,000 247,500 
Configuration 6 Dbl. Pancakes 6 Dbl. Pancakes 
Conductor Material Copper Copper 
Inside Diameter (m) 1.08 3.20 
Outside Diameter (m) 1.55 3.73 
Number of Turns 120 144 
Conductor Size (mm) 21.5 (square) 20.3 (square) 
Conductor Hole (mm) 13.7 (diameter) 12.8 (diameter) 
Conductor Length (m) 497 1578 
Current (A) 2442 1719 
Voltage (V) 67 174 
Power (kW) 164 300 
Flow Rate (L/min) 375 166 
Weight (kg) 1408 4003 
Average Coil Temp. (°C) 23 33 

construction of the inner and outer coils is straightforward. The design utilizes standard coil 
winding and vacuum potting techniques. 

4.3.2 Pole Pieces and Support Structure 
Description 

The CM steel structure consist of two pole pieces, two large flux returns and a support 
structure. Each pole piece will be made of AISI 1010 steel (or equivalent). The large size 
of these poles exceeds world fabrication capacity, so each is split into three concentric parts. 
(See figure 4.3.) The outermost part, called the pole ring or "eyebrow", has a finished weight 
of 60 tons and interfaces to the flux returns. The "pole piece center" fits into the pole ring 
and weighs 61 tons. The center element of the pole, the "pole piece plug", surrounds the 
RHIC beam pipe and is made from thick rolled plate and weighs seven tons. Both pole 
pieces have machined circular grooves to accept the inner and outer coils and are separated 
by a 1.2-m gap. 

The two facing poles are magnetically and structurally tied together by two large flux 
return yokes (2x1.6 m 2 in total cross section), which attach to the top and bottom of the 
poles. The large size of these return yokes (90 tons) dictates that they be split into a yoke 
subassembly consisting of two pole keys and a smaller yoke. 

The entire pole assembly is supported by four outriggers that bolt to the bottom return 
yoke. These outriggers rest permanently on Hilman rollers sitting on a guide track. This 
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structure is designed to allow for transport of the CM over a short distance (1.5 m) along the 
beam axis (^-direction) and horizontally transverse to the beam axis (x-direction) several 
meters into the assembly area of the detector hall. A transporter consisting of Hilman rollers, 
hydraulic jacks, and a steel structure is planned for this purpose. 

The transporter assembly will be capable of lifting the entire CM and a hydraulic control 
system will ensure that all four jacks share the load equally. Once lifted, the assembly 
is rolled on transport tracks using the Hilman rollers. These transport tracks, consisting of 
W24 x 162 wide flange beams, are laid directly on shims on the concrete floor. A pair of these 
beams running from the experimental area to the high bay roll up door will be shimmed 
and stabilized by cross beams. The use of beams rather than flat plates is needed to spread 
the concentrated load of the relatively small rollers over a larger area of the concrete floor. 
Each beam has section gussets approximately every 60 cm to stabilize the web from buckling 
under the concentrated load. 

Fabrication 

Based on vendor estimates, it will take approximately 15 months to fabricate, machine and 
transport the CM steel to BNL. The fabrication cost estimate for the pole pieces is provided 
in the form of a vendor estimate made for budgetary purposes. The balance of the magnetic 
steel and steel support structure is based on current market prices for forged and plate steel, 
and generally accepted fabrication practices. 

The entire magnet assembly, excluding the transport system, will be fabricated and 
prefit in Russia. The design will accommodate shipping constraints, and allow 100% bolt 
up assembly at BNL. A strict quality assurance program will be implemented in Russia to 
minimize risk to the program. An installation study will be performed by an experienced US 
rigging company to determine equipment, manpower, space, time, and logistics requirements. 
And a contract will be negotiated with Long Island Lighting Company (LILCO) for use of 
their docking facility at Shoreham Nuclear Power Station, which is in close proximity to BNL. 
This facility will be used to off load major steel components from barges to be transported 
over local roads using multiaxis, self jacking trailers. 

4.3.3 Assembly and Installation 
The CM will be fabricated outside the United States. The CM outer coils will be fabricated in 
Japan and transported to BNL as completed double pancake units. It will take approximately 
5 man-months to fully install the coils on the magnet pole pieces and check them out. 

The CM steel will be fabricated in Russia. Assembly and installation of the two CM 
pole pieces includes all magnetic flux return steel, the entire steel support structure, and 
the Central Magnet transport system. It includes all structural alignment and fit-up of 
the magnet, and doing all subsystem integration checkouts. Once the magnet assembly is 
complete, the magnet will be rolled into place and installed in its operating position on the 
RHIC beamline. 

Assembly of the CM will require 10 technicians 2 months to construct and assemble the 
support structure, assemble the two pole pieces onto the support structure, and align and 
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mate all hardware. This work includes welders, riggers and general technicians as well as 
their own supervisory staff. This time includes the moving of the subassembly from the high 
bay area (where assembly is taking place) into the beamline itself. In addition, 2 alignment 
surveyors will be needed for 3 months. Their effort will be shared equally between the Muon 
Piston Magnet so the amount charged will be a total of 3 man-months. Total manpower 
required for the central magnet is 23 man-months. 

4.3.4 Testing 
The Coil tests include running the CM outer coils at full rated current, magnetically mapping 
the magnetic field produced in the gap and other key locations around the magnet as required, 
and checking all instrumentation and system performance. 

It is estimated that it will take 3 technicians 1 month to test and map a coil pair (including 
reverse polarity). 

Estimated cost for the magnetic mapper, data acquisition system and miscellaneous 
hardware is $100k but this cost is shared equally between the Central Magnet Outer Coils 
and the Muon Piston Coils. 

4.3.5 Cost and Schedule 
The cost estimate and schedule for the central magnet is presented in Table 4.2. In this 
table the CM outer coil (5.1.1), inner coil (5.1.2), and steel (WBS 5.1.3) cost are shown at 
PHENIX WBS level 4. The detailed cost estimate, along with the schedules and profiles, 
is available in the PHENIX WBS book. The dictionary, basis of estimate, and contingency 
analysis are presented in the PHENIX WBS Notes book. 

The contingency on the magnet cost will be calculated on the basis of the costs we expect 
to incur (ie. based on the cost of fabrication in Russia) and on portions of the cost that are 
not deferred and not covered by Japan. The breakdown of all costs into DOE, Japanese, 
Russian, other non-DOE, and deferred components is shown in the summary cost estimate 
in Chapter 15. 

The proposed timeline for the CM delineates the time required for engineering, design, 
analysis, procurement, fabrication, assembly, installation, and testing of the CM. It is im
portant to note that the critical path for the CM is the production of the ingots and final 
machining of the open die forgings for the large pole and yoke assemblies (~15 months). 
The CM is installed after the MM and the Mu ID steel is in place in the detector hall. This 
precludes the CM from being identified as the critical path item in the magnet subsystem; 
however, it is on the critical path in terms of the entire detector schedule. Both the CM and 
the MM must be installed and tested in the detector hall before any detector subsystem is 
installed. 
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Table 4.2: Cost Estimate and Schedule for the PHENIX Central Magnet 

Deecrlptlon Total Coat 
1992 1 19(3 1994 1995 1996 1997 IS 

Deecrlptlon Total Coat Q2|Q3|04 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1JQ2|Q3JQ4 Q1|Q2!Q3|Q4 01|Q2|Q3|Q4 Q1|Q2 
5.1.1 Cantral magnat outer coll $926,669.76 

$2W,1M.7o 
i 

8.1.1.1 CM outer coll EDIA 

$926,669.76 

$2W,1M.7o 
i 

8.1.1.1 CM outer coll EDIA 

$926,669.76 

$2W,1M.7o 
" * • 

5.1.1.2 CM Outar Coil Prototype I $0.00 

1 5.1.1.3 CM Outar Coil Fabrication $625,250.00 1 5.1.1.3 CM Outar Coil Fabrication $625,250.00 1 ™ 

5.1.1.4 CM Outer Coll AaeomMy $28,000.00 
1 ™ 

! 
5.1.1.5 CM Outar Coll Taat $70,290.00 

1 ™ 

5.1.1.5 CM Outar Coll Taat $70,290.00 

WBS Oaacription Total Coat 
1992 1993 1994 1995 1996 1997 1« 

WBS Oaacription Total Coat Q2|03|Q4 Q1|Q2|03|Q4 Q1|Q2|03|04 QllQ2|Q3|Q4 Q1|Q2|Q3|04 Q1|02|Q3|04 Q1|Q2 
6.1.2 Cantral magnat Innar coil $470,122.62 

$111,222.62 

$0.00 

t 

5.1.2.1 CM inner coil EDIA 

CM Inner Coil Prototype 

$470,122.62 

$111,222.62 

$0.00 

t 

5.1.2.1 CM inner coil EDIA 

CM Inner Coil Prototype 

$470,122.62 

$111,222.62 

$0.00 l I 
j ! 
t 

i 

S.1A2 

CM inner coil EDIA 

CM Inner Coil Prototype 

$470,122.62 

$111,222.62 

$0.00 l I 
j ! 
t 

i 
8.1.2.3 CM Inner Coll Fabrication $324,600.00 

l I 
j ! 
t 

i 
8.1.2.3 CM Inner Coll Fabrication $324,600.00 

l I 
j ! 
t 

i 
W 

6.1.2.4 CM Innar Coll AeeemMy $14,000.00 

l I 
j ! 
t 

i 
W 

6.1.2.6 CM Inner Coll Teat $20,300.00 

l I 
j ! 
t 

i 
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WBS Deacrlption Total Coat 
1992 1993 1994 1995 1996 1997 1996 

WBS Deacrlption Total Coat Q2103104 Q1!Q2|Q3|04 Q1|Q2|Q3|Q4 Q1|Q2|Q3|04 01|Q2|Q3|Q4 Q1|Q2!Q3|Q4 Q1|Q2|Q3 
6.1.3 Central magnet ateal 

CM Steel EDIA 

$1,613,653.07 

$336,676.91 6.1.3.1 

Central magnet ateal 

CM Steel EDIA 

$1,613,653.07 

$336,676.91 6.1.3.1 

Central magnet ateal 

CM Steel EDIA 

$1,613,653.07 

$336,676.91 

5.1.3.2 CM Steel Prototype 

CM Steel Fabrication 

$0.00 

$1,077,076.36 5.1.3.3 

CM Steel Prototype 

CM Steel Fabrication 

$0.00 

$1,077,076.36 5.1.3.3 

CM Steel Prototype 

CM Steel Fabrication 

$0.00 

$1,077,076.36 

i 

5.1.3.4 CM Steel Aaaembly $201,100.60 
i 5.1.3.5 CM Steel Teat $0.00 i 
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4.4 Muon Magnet 

4.4.1 Coil 

Description 

The muon piston coil (1 required) is a bifilar wound solenoidal coil (having two layers) which 
will be vacuum epoxy impregnated onto its epoxy-fiberglass winding form. It is made up of 
two identical sub-coils with the only difference being that one is slightly smaller in diameter 
than the other. Each coil is 676 mm in overall length. The small coil ID is 1624 mm and the 
OD is 1740 mm. The large coil ID is 1881 mm and the OD is 1997 mm. (See figure 4.4.) 

The muon piston coil operates at 300,000 amp-turns. It utilizes a hollow copper magnet 
conductor which is 24.1 mm square with a 15.5 mm hole. The coil configuration is a 102 
turn conductor package comprised of two layers of solenoidal type windings. Each sub-coil 
has 51 turns and the total conductor length required is 581 meters for both coils. The overall 
coil assembly weight is 2047 kg; the small coil weighs 951 kg and the large coil weighs 1096 
kg. Each bifilar wound conductor segment has its own individual water circuit in addition 
to each coil layer having its own parallel water supply giving rise to a total of 8 individual 
water circuits. The LCW system provides cooling water to achieve a pressure drop of 60 
psig with a maximum water temperature rise of 35 degrees which corresponds to an average 
conductor temperature of 25.6 degrees for the smaller coil and 27.1 degrees for the larger 
coil. The copper conductor will be insulated with a "half-lap" of mylar tape enclosed in a 
continuous dacron sheath, wound on a coil winding form, ground wrapped with wide dacron 
cloth tape and epoxy impregnated under vacuum in a potting mold. Both before and after 
vacuum impregnation, the coils will be electrically checked for shorts and hydrostatically 
pressure checked and flow checked through each of the 8 water circuits. The required water 
flow rate is approximately 257 liters per minute for the entire coil assembly; 134 1pm for the 
small coil and 123 1pm for the large coil. 

The muon coil requires 2941 amps at 76.6 volts (35.5 volts for the small coil and 41.1 volts 
for the large coil). The total power consumption is 225 kwatts (300,000 amp-turns). The 
coil can theoretically achieve 587,739 amp-turns by allowing the outlet water temperature 
to rise to 80 degrees and using a power supply of 944 kwatts (5762 amps at 164 volts). 

The key physical parameters of the MM coil are listed in Table 4.3. 

Fabrication 

The fabrication of the MM coil is build to print from drawings provided by the PHENIX 
collaboration. The winding mandrel and the potting fixture are specified by the collabora
tion, but the detailed design of this hardware is the responsibility of the coil vendor, with 
the design being approved by the collaboration's magnet design group. 
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Table 4.3: Physical and Operating Parameters of the PHENIX Muon Magnet Coil 

Parameter Muon Coil 
Number of Coils 2 
Amp-Turns 300,000 
Configuration Solenoid 
Conductor Material Copper 
Large Coil Diameter (m) 2.00/1.88 
Small Coil Diameter (m) 1.74/1.62 
Coil Length, each (m) 0.68 
Number of Turns, each 51 
Conductor Size (mm) 24.1 (square) 
Conductor Hole (mm) 15.5 (diameter) 
Total Conductor Length (m) 581 
Total Current (A) 2941 
Voltage (V) 77 
Total Power (kW) 225 
Total Flow Rate (L/min) 257 
Total Weight (kg) 2047 
Average Coil Temp. (°C) 27 
Field Integral at 6 = 15° (T-m) 0.72 
Piston Length (m) 4.3 
Coil Thickness (cm) 6.0 
Lampshade Thickness (cm) 8.0 

4.4.2 Pole Pieces and Support Structure 
Description 

The basic MM magnet steel structure consists of a large tapered iron core bolted to a flux 
return back plate which is 30 cm thick. Eight trapezoidal steel plates, 8 cm thick, are 
arranged in an octagon "lampshade" around the iron core. These plates provide the return 
flux path for the muon piston magnet. The bottom three plates bolt together to form a 
permanent element of the overall structure. The top five plates are split across the global Z 
axis into a permanent "teacup" section and five independently removable lampshade pieces. 
The tapered iron core will be forged as a single piece and weigh approximately 60 tons. The 
back plate will be constructed from three sections bolted together. The "lampshade" flux 
return will be fabricated from rolled plate. All magnetic material will be ASTM 1010, or 
equivalent. 

The iron core, back plate, and lampshade plate assemblies form a rigid steel structure. 
This structure is designed to allow for access to the three sets of muon chambers via access 
doors in the side of the "teacup" or by removing the rear lampshade pieces. The muon 
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piston magnet assembly is a stationary structure which is stabilized by two support fins 
during detector operation. These fins can be safely removed to allow for installation of the 
MM coil. The endplate deflects a total of 0.8 mm under these conditions but will elastically 
restore its position when the fin is re-installed. 

Fabrication 

The fabrication of the Muon Magnet steel and structure will be a build to print from PHENIX 
provided drawings. All components will be made from pieces as large as can be fabricated 
by shops in St. Petersburg, Russia. For example, the muon piston core will be forged from 
a single ingot while the back plate will be made from 3 major slab sections. 

The Entire MM magnet assembly will be fabricated and prefit in Russia. A strict quality 
assurance program will be implemented in Russia to minimize risk to the program. And 
installation will be performed by an experienced US rigging company. A contract will be 
negotiated with Long Island Lighting Company (LILCO) for use of their docking facility at 
Shoreham Nuclear Power Station which is in close proximity to BNL. This facility will be 
used to off load major steel components from barges to be transported over local roads using 
multiaxis, self jacking trailers. 

The piston of the MM is the critical path item of the magnet system. Based on vendor 
estimates, it will take approximately 15 months to fabricate, machine, and transport the 
piston to BNL. 

4.4.3 Assembly and Installation 
The MM coils will require special handling and installation fixturing to prevent possible 
damage of the coils. The cost of this fixture is included in the coil fabrication section above. 
It will take approximately 3 technicians 1 month to completely assemble and install the coils 
onto the piston. This includes the fixturing and preparation required for the installation. 

The assembly and installation schedule and the cost estimate for the MM steel include 
the piston, back plate, the eight steel plate elements that make up the lampshade flux 
return, teacup, steel support structure, installation of the solenoidal coil onto the piston, 
all associated electrical and plumbing hook-ups in the detector hall, all structural alignment 
and fit-up of the magnet, and magnet subsystem integration and checkout. 

Magnet assembly and installation will require 6 technicians 3 months to construct and 
assemble the magnet support structure, completely assemble the piston onto the back plate, 
assemble the lampshade and teacup, and align and mate all hardware. This work includes 
welders, riggers and general technicians as well as their own supervisory staff. In addition, 
2 alignment surveyors will be needed for 3 months. Therefore, the total manpower required 
for the muon piston magnet is 21 man-months. 

4.4.4 Testing 
The magnet steel will be certified for chemical composition, magnetic permeability, and per
cent void fraction through a series of certification tests and nondestructive testing techniques. 
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Dimensions will be checked through all phases of fabrication and assembly. 
Field mapping of the MM will performed with a Hall probe after assembly is completed 

in the detector hall. A field map with better than 1% precision is required. 

4.4.5 Cost and Schedule 
The cost estimate and schedule for the muon magnet is presented in Table 4.4. In this table 
the MM coil (5.1.4), and steel (WBS 5.1.5) cost are shown at PHENIX WBS level 4. The 
detailed cost estimate, along with the schedules and profiles, is available in the PHENIX 
WBS book. The dictionary, basis of estimate, and contingency analysis are presented in the 
PHENIX WBS Notes book. 

The contingency on the magnet cost will be calculated on the basis of the costs we expect 
to incur (i.e., based on the cost of fabrication in Russia) and on portions of the cost that 
are not deferred and not covered by Japan. The breakdown of all costs into DOE, Japanese, 
Russian, other non-DOE, and deferred components is shown in the summary cost estimate 
in Chapter 15. 

Russian steel fabrication costs are based on an agreement between PNPI and BNL (see 
Technical Attachment 2). Trans-atlantic shipping has been estimated using a Russian cost 
of $175k for the CM and MM together, or $87.5k each. This trans-atlantic shipping costs 
carry a 100% contingency, however, due to the uncertainty of future Russian shipping costs. 

The proposed timeline for the MM delineates the time required for engineering, de
sign, analysis, procurement, fabrication, assembly, installation, and testing of the MM. The 
PHENIX collaboration is planning to install the MM steel during RHIC facility construction 
because installation at a later date would incur additional costs. The schedule delineates 
the time required for engineering, design, analysis, procurement, fabrication, assembly, in
stallation, and testing of the MM. It is important to note that the MM is the critical path 
item of the magnet subsystem. In particular, the procurement and fabrication of the large 
iron piston (~15 months) is the critical path component of the subsystem. As mentioned 
previously, the MM is assembled in-situ in the detector hall. It is the first major subsystem 
installed in the detector hall after the /JD steel and it must be completed prior to installation 
of the CM or any of the detector subsystems. 
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Table 4.4: Cost Estimate and Schedule for the PHENIX Muon Magnet 

WBS Description Total Coat 
1992 1993 1994 1995 1996 1997 11 

WBS Description Total Coat Q2|Q3|04 01 |Q2!03 |04 Q1|Q2|Q3|04 Q1|Q2|Q3|Q4 Q1|Q2|Q3|04 Q1|Q2|03|Q4 01102 
5.1.4 Muon magnat coll* $473,978.94 

5.1.4.1 MMcollEDIA $148,578.94 5.1.4.1 MMcollEDIA $148,578.94 » 
5.1.4.2 MM Coll Prototype $10,000.00 

» 
5.1.4.3 MM Coll Fabrication 

MM Coll Asaambly 

$224,800.00 

$20,300.00 

» 
5.1.4.3 MM Coll Fabrication 

MM Coll Asaambly 

$224,800.00 

$20,300.00 

» 

5.1.4.4 

MM Coll Fabrication 

MM Coll Asaambly 

$224,800.00 

$20,300.00 

» 

5.1.4.5 MM Coil T n t $70,300.00 

» 

5.1.4.5 MM Coil T n t $70,300.00 

WBS Daacription Total Coat 
1992 I 1993 1994 1995 1996 1997 1S 

WBS Daacription Total Coat 021Q3104 Q1|Q2|03|04 Q1|Q2|03l04 Q1| 02103104 Q1|Q2|Q3|Q4 01|Q2|03|Q4 01 Ice 
5.1.5 Muon Magnat Steal 

MM Steal EDIA 

$1,542,252.11 

$242,567.47 

$0.00 

5.1.5 Muon Magnat Steal 

MM Steal EDIA 

$1,542,252.11 

$242,567.47 

$0.00 

: ' 
5.1.5.1 

Muon Magnat Steal 

MM Steal EDIA 

$1,542,252.11 

$242,567.47 

$0.00 

: ' 
5.1.5.1 

Muon Magnat Steal 

MM Steal EDIA 

$1,542,252.11 

$242,567.47 

$0.00 

1 
1 

i 
i 5.1.5 J MM Staal Prototypa 

$1,542,252.11 

$242,567.47 

$0.00 

1 
1 

i 
i 

5.1.5.3 MM Steal Fabrication $1,115,898.54 1 
1 

i 
i 

5.1.5.3 MM Steal Fabrication $1,115,898.54 1 
1 

i ^ i 
i 
i ' -

5.1.5.4 MM Steal AsaamMy $183,798.00 
1 
1 

i ^ i 
i 
i ' -5.1.5.5 MM Steal Taat $040 i [ 

1 ( ' -
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4.5 Muon Identifier Steel 

4.5.1 Description 

The muon identifier (//ID) will consist of several layers of low carbon steel plate and propor
tional counter panels located behind the the Muon Magnet assembly. The design calls for 
five layers of steel after the 30 cm thick endplate of the MM. The layer thicknesses are 10, 
10, 20, 20, and 20 cm thick. There is also the possibility of adding a fourth 20 cm layer onto 
the back of the filD stack. Other configurations are possible and the final design will depend 
on the availability of surplus steel at the time of manufacture. In addition, bracing and 
anchoring structures must be designed to accommodate safety requirements. The assembly 
must also allow for the filD counter panels to be installed, secured, and aligned in 15 cm a 
wide gap between the steel layers. See Chapter 10 for a discussion on the ftlD instrumention. 

4.5.2 Fabrication 

The fabrication of the muon identifier steel and structure will be a build to print from 
PHENIX provided drawings. The large slab pieces will be produced from low grade rolled 
plate generally rejected for other purposes because of its chemical composition. No specifi
cation on mechanical properties or chemical composition will be given in the purchase order 
other than minimum iron content, uniformity, and continuity. Domestic estimates have been 
obtained based on current stock availability at vendor's locations, with some projections on 
future availability. Since this is mill reject material, there is no guarantee on pricing or stock 
inventory until actual time of RFQ. 

4.5.3 Assembly and Installation 

The /LilD steel must be installed in the detector hall before all other magnets and detectors. 
The primary reason the steel goes in the hall first is because of its size and location in the 
detector hall. It is a system consisting of hundreds of tons of steel that is best assembled on 
the floor of the detector hall and then tilted up into its final position in order to accommodate 
shipping size and weight limitations and to minimize cost. 

If the muon subsystem is installed after RHIC commissioning and operation, the ring will 
be shut down during the MM construction period. Installed detectors, which are vulnerable 
to damage, will have to be removed and isolated. The CM assembly and final focussing 
quadrupoles may also need to be partially removed. These activities will delay the start 
of MM installation by at least a month. Also, cable trays, piping, and electronics racks 
could take another month to remove and two months to re-install and test. We estimate 
that the additional cost of installation of the MM after RHIC commissioning could add 10 
man-months of labor ($100K) and an additional three months of lost time beyond what it 
takes to install the MM steel on Day-1. 
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4.5.4 Cost and Schedule 
The cost estimate and schedule for the muon identifier steel is presented in Table 4.5. In this 
table the /xID steel (WBS 5.1.6) cost is shown at PHENIX WBS level 4. The detailed cost 
estimate, along with the schedules and profiles, is available in the PHENIX WBS book. The 
dictionary, basis of estimate, and contingency analysis are presented in the PHENIX WBS 
Notes book. Quantities required for the filD result in an approximate price of $0.21/lb, 
including cutting and shipping to BNL. Additional costs will be incurred to weld the parts 
together. 

Table 4.5: Cost Estimate and Schedule for the PHENIX //ID Steel 

WBS Description Total Cott 
19>3 1994 1995 1998 1997 1998 1« 

WBS Description Total Cott Q2lQ3iQ4 Ql|Q2|Q3iQ4 Q1|Q2|Q3|04 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|04 Q1JQ2 
5.1.« Muon ID steal SW3.948.24 

$139,648.24 
w 

5.1.6.1 MulO StMl DMlgn 

SW3.948.24 

$139,648.24 
w 

5.1.6.1 MulO StMl DMlgn 

SW3.948.24 

$139,648.24 

~ 
5.1.6.2 MulD StMl Prototype $0.00 

~ 5.1.6.3 MulD StMl Fabrication $412,000.00 
~ 5.1.6.4 MulD StMl Auombty 

MulD StMl Twt 

$442,300.00 

$0.00 

~ 
5.1.6.5 

MulD StMl Auombty 

MulD StMl Twt 

$442,300.00 

$0.00 

~ 



Chapter 5 

Inner Detectors 

5.1 Silicon System Overview 
The PHENIX multiplicity and vertex detector (MVD) provides event characterization, a 
centrality trigger, the collision vertex position along the beams, and the measurement of 
fluctuations in the charged particle distributions. The system has silicon strip detectors 
arranged in two concentric barrels around the beam pipe in the center of PHENIX, and 
endcaps consisting of a single layer of silicon pad detectors. The total area of silicon is 
approximately 0.5 m 2 . Both pad and strip detectors are single sided and are read out with 
identical front end electronics mounted on hybrid circuits. The pulse height from each strip 
or pad is transferred to the data acquisition system via optical fiber links. The total silicon 
channel count is 34,816. 

The central barrels have radii of 5 and 8 cm and lenghts of 64 cm. The single-event 
coverage about midrapidity is five units in r) for the inner barrel layer and four units for 
the outer layer; however, the T) coverage for event-averaged quantities is extended due to the 
variation of the vertex position along the direction of the colliding beams. The inner and 
outer barrels are composed of silicon strip detector wafers, with an area of 5 x 7 cm 2 and 
5 x 7.5 cm 2 , respectively. The strips have a pitch of 200 ^ m and are oriented perpendicularly 
to the beam. Each barrel layer has six azimuthal sectors, and the two barrel layers are 
mounted on a common support structure made of Rohacell foam. 

The disk shaped end caps, which comprise pads ranging in size from approximately 2 x 2 
to 5 x 5 m m 2 , are positioned in z at —35 and +35 cm. The pseudorapidity coverage is 2.7 for 
a single event occurring at z = 0. The rj segmentation is more than adequate for fluctuation 
studies, and pulse height analysis allows the unfolding of multiple hits in one pad. The 
azimuthal segmentation, along with the full azimuthal coverage, makes it possible to look 
for fluctuations in two dimensions. The highest channel occupancies for central events are 
0.35-0.46 for dNch/dri = 1000. 

The vertex position can be located using hits in the barrel for z position between —40 
and +40 cm, which covers the 2a length of the interaction region. The multiplicity trigger 
is formed using the sum of silicon channels (both pads and strips) above a threshold corre
sponding to approximately 0.25-0.33 of a minimum ionizing particle (mip). This threshold 

5-1 
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will be tuned to optimize the trigger performance, and a rather low threshold will be used 
for zero suppression in the data stream. 

The front-end electronics are optimized for minimum size, power dissipation and cost, 
while the design allows for the unfolding of multiple particle hits in each silicon pixel. The 
dynamic range is 8 mips, and the signal to noise better than 10:1 for a single mip. The 
shaping time of the preamplifier is 50-60 ns, limited by the bunch crossing time to avoid 
pileup in p + p collisions and allow use of the silicon in the LVL-1 trigger. Alhough the 
multiplicity in a single Au + Au collision is very high, the expected luminosity at RHIC is 
such that special considerations of radiation hardness for either the detectors or the front 
end electronics is not required [1]. 

5.2 Silicon System Changes 
Design work after the CDR has resulted in a number of changes in the silicon detector 
coverage, mechanical structures, cooling system, and front end electronics, which include: 

1. Removal of a large portion of the central silicon detectors in the upper two thirds of 
the outer barrel layer. 

2. Progress in the design of the front-end electronics and hybrid circuit for the MVD, 
making them more similar to the rest of PHENIX, lowering the cost, and improving 
the applicability of the design to other experiments. 

3. Relocation of the LVL-1 trigger to outside the silicon enclosure and concentration of 
the electronics below the detector. 

4. Extensive studies and tests of air cooling the MVD, which would lower the cost and 
minimize material in the path of the particles, and would elminate the possiblitity of 
any coolant spills in the region of the silicon. 

The most significant changes have been driven by detailed studies of electrons arising 
from photon conversions in the MVD. These studies have been made using PISA to inte
grate the MVD with the magnetic field, the central arms, and other sources of conversion 
electrons in PHENIX. Details of this simulation are presented in Chapter 3. This approach 
allowed a careful study of the tradeoff between large silicon coverage to maximize the ver
tex finding efficiency in low multiplicity events, and reduction of the material to minimize 
photon conversions in high multiplicity events. The optimum solution to these competing 
requirements was achieved by removing a large portion of the central silicon detectors from 
the upper two-thirds of the outer barrel layer, and concentrating the electronics as far from 
the MVD as possible at the bottom of the detector support carriages. Removal of the sili
con from only one barrel layer preserves the triggering capability, and the coverage for the 
multiplicity and fluctuation measurement. 

The updated geometry is shown in Fig. 5.1. The consequences of these changes to channel 
counts, mechanical design, and cooling requirements are detailed in the mechanical design 
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Figure 5.1: Layout of silicon detectors in the MVD. 

section below; the simulation results quantifying the tradeoff and leading to these design 
changes are presented in the performance section; and the improved desgin for the front-end 
electronics and hybrid circuit are described in the electronics section. 

5.3 Mechanical 

5.3.1 Silicon detectors 
The inner barrel consists of silicon detector wafers with an area of 5.3 x 5.0 cm 2 , and the 
outer barrel uses two different wafers with an area of 5.3 x 7.0 cm 2 and 5.3 x 7.5 cm 2. The 
maximum size possible varies somewhat with the detector supplier; we will make the choice 
of supplier and finalize this geometry issue in the next year. The strip pitch on both detector 
sizes is 200 /zm, yielding 256 channels per detector. The silicon detectors are arranged in 
six azimuthal sectors consisting of 12 detector wafers along the beam direction. The PISA 
studies described in more detail below resulted in the removal of the 8 central wafers in top 
four sectors of the outer barrel. This is shown in Fig. 5.1. 

Each pad endcap is still composed of 12 "sectors", with each "sector" being manufactured 
from one 4-in. wafer. The inner radius is 5 cm and the outer radius is 12 cm. There have 
been no changes made to the silicon pad detectors or layouts. We are, however, currently 
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Table 5.1: Silicon Detector Channel Count 

Detector Type Size (cm2) <f> sectors z sectors Total Channels 
Inner Barrel 
Outer Barrel 
Outer Barrel 
End Cap 

5.3 x 5.0 
5.3 x 7.5 
5.3 x 7.5 
6.3 x 7.0 

6 
2 
4 

12 

12 
12 
4 
2 

18,432 
6144 
4096 
6144 

Total 34,816 

investigating the possibility of having detectors with double metallization layers. This would 
bring traces from the pads out to the edge of the detector, and allow wire bonding directly 
to the front end electronics with a much simpler kapton cable. 

The detector types and the updated number of wafers, and channel counts are summa
rized in Table 5.1. 

5.3.2 Support Structures 
The support structure for the MVD must use a minimum of material thickness to prevent 
background from photon conversions, but it must also be rigid to sopport and protect the 
silicon inside. The MVD will reside inside an enclosure, which opens in a "clam-shell" 
fashion to allow installation around the beam pipe. Each half-cylinder consists of aluminum 
endplates, with two graphite composite struts to connect and support them. The endplates 
mount to the magnet with graphite composite struts, and upon installation are brought 
together to form a complete cylinder. The cylinder is supported from one magnet pole face 
and held with a spring-loaded bar to the other pole face to provide vibrational isolation. 
The endplates are separate from the motherboards for the silicon pad detectors, which are 
located inside of the support endplates. This arrangement is shown in Fig. 5.2. 

The half-cylinders have an enclosure of Rohacell foam, covered on each side with alu-
minized mylar, to provide environmental isolation of the MVD and mechanical protection. 
Such an enclosure allows the electronics to be cooled with air below the ambient temperature 
of the experimental hall, if necessary. The enclosure also electrically shields the detectors 
and front end electronics from the other elements of PHENIX to reduce pickup of noise. The 
aluminized mylar layers can also be held at a fixed potential, should additional shielding be 
necessary. 

The silicon pad detector endcaps are mounted to a G-10, or polyimide/fiber circuit board 
for better CTE match, motherboard that supports both the detectors and the hybrid circuits 
and provides DC power. The motherboards are mounted to the endplates, and have cutouts 
to allow standoff bars for mounting the central barrel support structure. These structural 
elements are shown in Fig. 5.2. 

The barrel detector wafers are supported on Rohacell cages as described in the CDR. We 
are investigating the machining properties of the Rohacell foam to determine what fraction 



5.3. MECHANICAL 5-5 

Contra I AosembIy SfcandoPr 

Pad Hybrid Motherboard 

Pad Detector/Hybr1d Assy 

Figure 5.2: Cutaway view of the silicon support and enclosure half-cylinders. 

of an azimuthal sector may be machined in one piece. We would like to fabricate an entire 
sector to eliminate the need for glue joints in the Rohacell. Finite element analysis of the 
azimuthal sector structure has shown that the graphite epoxy stiffener bars described in the 
CDR are unnecessary due to the structural strength provided by the silicon detectors glued 
to the Rohacell. We will investigate the effect of omitting some of the outer silicon detectors 
on this conclusion. 

The azimuthal sectors are mounted to an adapter plate bolted to standoff bars on the 
enclosure endplate. This is a thin plate with large cutouts, as shown in Fig. 5.3, fabricated 
from G-10 or a graphite epoxy sheet. The design of this structure is constrained by the 
requirement of minimizing the amount of material in front of the silicon pads. The exact 
geometry and thickness of this piece is still being optimized. 

The PISA studies described below show that the background of conversion electrons from 
the MVD is smaller when the hybrid circuits are located as far from the electron arms as 
possible in azimuth. To enter the electron arm, the path of the electrons must be significantly 
curved by the magnetic field. For a larger distance in azimuth the required bend becomes 
larger, implying softer electrons captured into the electron arm acceptance. Maximizing 
this distance results in accepting electrons which fall mostly below the angular acceptance 
cutoff of the ring imaging Cherenkov counter (RICH). Consequently, we have modified the 
mounting scheme of the electronics to concentrate them at the bottom of the barrel, as shown 
in Figs. 5.1,5.4. The electronics are radially as far from the vertex as possible within the MVD 
radial distance allotment. This helps with rejection of background electrons and allows use 
of the graphite composite enclosure struts to help support the electronics packages (Fig. 5.5). 
We have determined that the resulting length increase of the kapton cables is acceptable; 
the capacitance is still low enough for good preamplifier signal to noise performance. 
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Centra I AssembIy Adapter PI ate 

Figure 5.3: Silicon enclosure with adapter plate for central assembly. 

Central Assembly Azlmuthal Sector 

Central Assembly Hybrid Plenum 

Figure 5.4: Cutaway view of the silicon enclosure, showing the central barrel assembly and 
plenum enclosure. Cables are omitted for clarity. 
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Figure 5.5: End view of the silicon enclosure showing the endcap, silicon pad motherboard 
with detectors and hybrid assemblies, and central barrel assembly with cables and plena. 

The hybrid circuits are mounted to a support made of low-Z material to minimize the 
radiation length; we currently foresee using Rohacell foam for this. Besides supporting the 
hybrids, the support piece also forms a plenum to guide the cooling air. These plena provide 
the correct air flow geometry to allow near-laminar flow and isolate the cooling air from the 
rest of the MVD to minimize vibration effects. This is an important function, as the position 
stability of the hybrids is less critical than of the detectors. In this design, the air required 
to cool the electronics does not pass along the detectors. The detectors are only coupled 
to air flow- induced motion via the flexible kapton cables. Nevertheless, we are seeking to 
minimize the cooling air flow rates, and are performing R&D to measure the stability of the 
proposed structures with realistic air flows. 

The plena, with hybrids attached, will be grouped together in each half-cylinder and 
enclosed to simplify the support and further channel the cooling air. A cross-section of this 
assembly is visible in Fig. 5.5. The assemblies are supported at both ends from the same 
support structure that holds the barrel azimuthal sectors. The geometry of this support 
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scheme is illustrated in Figs. 5.4,5.3. If necessary, additional structural stability can be 
provided by tying the electronics package to the enclosure struts. 

5.3.3 Cabling 
The silicon strip and pad detectors are attached to the front end electronics on the hybrid 
circuits via custom designed kapton cables. These cables allow a physical distance between 
the silicon wafers and hybrids, providing thermal and mechanical isolation as described 
above. The updated electronics location is consistent with cable lengths of 20 cm or less, 
which have been shown to be acceptable by the L3 microvertex detector group. The cabling 
scheme is shown in Fig. 5.5. 

With the new electronics location, particles pass through two cables in part of the electron 
arm acceptance. Consequently, it is crucial to minimize the radiation length of the cable. 
The kapton is 50 fim thick and aluminum, rather than copper, traces will be used. The 
STAR SVT group has had such cables fabricated, and found their performance adequate for 
analog signals [2]. The performance problems noted in those tests concerned high voltage 
on the cables, which is not an issue for the PHENIX MVD. We will perform extensive tests 
on prototype cables of this kind. 

The cabling for the silicon pad wafers is more complicated, dictated by the geometry of the 
detector. The current conceptual design, as described in the CDR, involves a cable covering 
the entire detector surface, with holes for solder connections to each pad. An attractive 
alternative, which we are investigating with suppliers of silicon detectors, would use a double 
metallization layer to provide traces connecting each detector pixel to bond pads on one end 
of the detector wafer. This would preclude the need for the special kapton cable and allow 
wirebonding directly to the front-end electronics. We believe that the incremental cost of 
fabricating the pad detectors would be offset by savings in cable design and fabrication, and 
fewer wire bonds in the assembly stage. 

5.3.4 Cooling 
We have made extensive studies of air cooling the MVD, to take advantage of the low cost and 
minimal material in the path of the particles as well as eliminating potential coolant spills 
in the region of the silicon. The results of these studies are summarized in this subsection, 
along with progress in the conceptual design of the cooling system. 

Each row of 12 barrel hybrid circuits is mounted to a structure forming a plenum to 
provide a path for the cooling air. The cross section of each plenum is 2.3-cm wide by 
64-cm long, dictated by the size of 12 adjacent hybrids. The endcap hybrids are enclosed 
by a curved plenum, similar in aspect ratio. Each endcap plenum encloses six hybrids. 
The plenum depth is 6 mm, to maintain a plenum aspect ratio appropriate for maintaining 
laminar flow. Laminar flow is desirable to minimize vibration effects. However, our mounting 
scheme isolates the detectors from the cooling air and may allow us to relax this requirement 
in exchange for the improved cooling efficiency when the air flow is no longer laminar. This is 
being extensively investigated in the lab by measuring the cooling effectiveness and movement 
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Figure 5.6: Cutaway view of the silicon support and enclosure showing the cooling air 
channels and the entry and exit path. 

induced by various air flows in prototype plena. Air flows along one side of the hybrids only, 
as the other side is covered by polyimide, which has poor thermal conductivity. 

Figure 5.6 shows the distribution system for the cooling air inside each enclosure half to 
supply the plena for the barrel and endcap silicon. The air is driven into the enclosure halves 
by a fan and heat exchanger located outside (we expect that this will sit at the bottom of 
the central magnet, below the detector active area). Air enters from one side, at the bottom 
of the enclosure, and is split into two streams. One stream flows through the group of plena 
holding the barrel hybrids, and the other passes through the half-circular plenum covering 
the endcap hybrids. This air then flows to the other side of the enclosure to cool the hybrids 
of the other endcap. The path from one side of the enclosure to the other is inside one of 
the graphite composite tubes serving as a structural strut, minimizing the material in the 
cooling system. After passing along the hybrids of the other endcap, the air then joins the 
barrel cooling air and exits the enclosure to be cooled and recycled, or vented outside of 
PHENIX. 

The electronics on the hybrid circuits will dissipate 5 m W per channel, and there are 
256 channels per hybrid; the total power dissipated is about 150 W. First tests of the pro
totype preamplifier lend confidence to this estimate of the power dissipation. The operating 
temperature must be maintained below 50 °C, where components fabricated in CMOS be
come temperature sensitive. The silicon wafers do not need cooling since they are physically 
separated from the electronics by the cable. The MVD outer enclosure provides humidity 
control to avoid any condensation problems on the detector wafers or other elements. We 
envision a low flow rate of dry nitrogen through the outer enclosure to provide this. The hu-
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midity control and isolation of the cooling air inside the plena make it possible to use chilled 
cooling air. This possibility gives a safety margin should the electronics power dissipation 
prove larger than currently estimated, or should we identify problems with the air flow rates 
described below. 

The concept of air cooling the MVD was tested in the laboratory with a plenum made of 
phenolic (a paper/resin composite plus insulating foam). The thermal load of the electronics 
was provided by flat resistive heaters from Minco arranged in the geometry planned for the 
hybrids. A range of 2.5-18V powered the heaters to simulate heat loads around the expected 
15W per plenum. Eight temperature sensors recorded temperature changes. Air was blown 
through the plenum with a fan, and the velocity measured with a flow meter. 

These tests showed that an air flow rate of 14 m i / h keeps all the hybrids in a plenum at 
a temperature below 40 °C. The temperature increase from the first to last hybrid is only 
a few degrees Celsius, while the temperature increase of the cooling air is somewhat larger, 
but less than 10 °C. The temperature profile measured by the sensors along the plenum 
agrees reasonably well (within 10%) with calculations and indicates that the air flow is in 
the transition region between laminar and turbulent flow. The isolation of the cooling air 
inside the small plena, and the physical separation between the hybrids and detectors (linked 
only by the flexible kapton cable), mitigate the problems of detector vibrations from the air 
flow. The ruggedness of the hybrid fabrication implies that some motion of the hybrids 
should have no adverse effect on their performance. The magnitude of the hybrid motion is 
now being investigated using microaccelerometers. 

We have also investigated the cooling of lOmW per channel, which results in 30 W per 
plenum. In this case, an air flow of 22.5 m i / h maintains the hybrids at 40-42 °C operating 
temperature. Another option, which we are currently studying in the lab, is to used chilled 
cooling air. 

Another change from the CDR is that the elements of the first level trigger are now 
located outside of the silicon enclosure. The current sums from the hybrids can be driven 
far enough to allow this and significantly simplify the MVD cooling problem. 

5.3.5 Assembly 
Subassemblies are constructed by gluing and tab- or wire-bonding the kapton cables to the 
strip detectors. The detector/cable system is subsequently tested. The hybrid circuits should 
be independently mounted, and then connected to the cables. We are investigating the use 
of a connector consisting of a clamp and an elastomer strip which conducts in one direction 
only. Such elastomers have been successfully used at both LANL and BNL. The radiation 
length of the clamp required is of concern, so we are also looking into the possibility of using 
z-axis adhesive film for this connection. 

The subassemblies are glued to the Rohacell, in subunits of the barrel. We are investigat
ing azimuthal sectors which would be straightforward to install into the enclosure, but have 
the disadvantage of containing many permanently fixed silicon detectors. Another option 
is a half wheel-shaped subunit, which contains only 6 silicon detectors, but presents larger 
installation challenges. The endcaps will have the pad detectors and hybrids fixed to the 
motherboard, which is a much simpler assembly task. 
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It is clear that many fixtures will be required for alignment, assembly, testing and storage 
of detector /cable subassemblies and barrel subunits, as well as for the completed enclosures. 

5.4 Electronics 

5.4.1 Front end 

Front end electronics design for the silicon detector systems is underway at Oak Ridge 
National Laboratory, supported by PHENIX R&D funds. A preamplifier/shaper chip has 
been fabricated using a CMOS process and has been shown to function. Several prototype 
chips have been shipped to LANL for wirebonding to a silicon strip detector and further 
testing. This chip will ultimately have 32 channels and a shaping time of 50-60 ns, though 
the prototype chip has five channels only. 

As the silicon detectors provide a pulse height from each strip or pad, adequate pulse-
height resolution is required to separate multiple charged particle hits on a single element. 
The dynamic range required is 4 mip and signal to noise of better than 10:1 for 1 mip. We 
are designing a circuit with a dynamic range of 8 mip to provide an adequate safety margin. 
A preliminary measurement of the electronic noise in the prototype preamp/shaper gives a 
signal to noise better than 12:1 for one mip with the capacitance of a silicon strip or pad. 

The silicon detectors will provide information on the charged particle multiplicity for 
triggering via a sum of channels above threshold. The next version of the preamplifier (the 
true prototype) will provide a signal proportional to this. A current sum of the discriminator 
outputs from the eight preamplifier chips on each hybrid will be driven off the hybrid to the 
level-1 (LVL-1) trigger electronics for further manipulation. It has been shown that channels 
on a single silicon die in an ASIC are well matched in gain [3]. 

The analog memory unit (AMU) is a switched capacitor array with simultaneous 
read/write capability to pipeline the data pending a low level trigger decision. The MVD 
requires eight bits of resolution in the ADC to enable fitting the pulse height spectrum of the 
silicon pads. The MVD will use a variant of the AMU/ADC circuit under development for 
all of the PHENIX subsystems, modified for lower resolution and smaller power dissipation. 
Each channel has its own ADC circuit and a FIFO of at least two registers to store the data 
for readout. When an event is triggered, the information from the preceding beam crossing 
(which is very unlikely to contain a high multiplicity collision or particle hitting the same 
pixel) is used to set a reference level. The signal from the triggered event is compared to 
this reference to remove baseline shift and then digitized. 

Control of the AMU, ADC and FIFO/readout is provided by a controller referred to in 
PHENIX as a "heap manager". The heap manager for the MVD will be a variant of the one 
used by all PHENIX subsystems. Currently, it is foreseen that this function can be provided 
by a field programmable gate array. However, the MVD must use the heap manager as 
a bare die, whereas other subsystems can use the commonly available packaged modules. 
There will be one heap manager per hybrid to provide all necessary controls. 
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Figure 5.7: Layout of the hybrid circuit. The various components are labeled. 

5.4.2 Hybrid circuit 
Each detector wafer has 256 channels and is connected via a kapton cable glued and bonded 
to one hybrid circuit. This hybrid circuit has been simplified since the writing of the CDR by 
removing the zero-suppression and data packing functions. These will now be done on boards 
outside of the target region. All the information from a triggered event will be transferred off 
the hybrid via an optical link. A updated layout of the hybrid circuit is shown in Fig. 5.7. The 
signals enter the preamplifier/shaper/summer and then the AMU/ADC which both have 32 
channels per die. Each hybrid also drives the current sum of the discriminator signals from 
the eight preamp/shaper chips to the LVL-1 trigger electronics. The 32 channels on each 
individual chip are summed on the chip. We expect that the driver will consist of surface 
mount components on the hybrid circuit and will not require an ASIC. The current hybrid 
circuit is 48-mm wide and 20-mm deep, fitting within the nominal mechanical constraints of 
PHENIX and other RHIC experiments as well. 

The hybrid circuits will probably be fabricated using a process from Texas Instruments 
called High Density Interconnect (HDI). This process appears to be the best choice for the 
trace densities required in our circuit. Alumina substrates are used, with milled wells for 
the silicon dies. A polyimide coating is laser drilled at each die contact and then metallized 
to provide electrical contact and interconnect traces. This is a proven process that allows 
pitches of less than 100 /mi. The high interconnect density is driven by the bus providing 
control signals (16 x 2 signals) from the heap manager to the AMU/ADC chips. The HDI 
process also offers the advantage of excellent thermal contact between the substrate and the 
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Table 5.2: MVD Material Thickness f 

Source < * o > 
(PISA) 

< X 0 > 
(CDR Update) 

Dalitz 
Beam Pipe 

0.61%$ 
0.28% 

0.61%f 
0.28% 

MVD Layer 1 
MVD Layer 2 
MVD Electronics 
Rohacell Support 
Enclosure 
Kapton Cables 

0.32% 
0.32% 
0.52% 
0.003% 

0.32% 
0.32% 
0.52% 
0.01% 
0.08% 
0.04% 

Total 2.06% 2.18% 
MVD/(Dalitz + Beam Pipe) 
MVD/(Dalitz + Beam Pipe) 

- without electronics 

1.31 

0.73 

1.45 

0.87 
f This table includes a full outer barrel of silicon detectors. 
$ Dalitz decay of n° expressed as an equivalent 

in radiation lengths contributing to background. 

chips, to simplify the heat removal. 

5.5 Silicon System Performance Issues 
We have made detailed studies of the effect of the MVD on the rest of the PHENIX ex
periment using the PISA program as described in Chapter 3. The number of background 
electrons arising from the MVD and the effect of those on the electron trigger and offline 
electron analysis was discussed there. In this section we will describe studies specific to the 
layout and design of the MVD. Table 5.2 shows the radiation length of material in the current 
MVD design, and compares to what was included in the PISA calculations shown. About 
10% of the material was not accounted for in the simulations, but this omission should not 
alter any of the conclusions. 

5.5.1 Electronics Location 
PISA was used to investigate the difference between the current MVD with the barrel elec
tronics on the bottom and the CDR design with the electronics oriented radially, in three 
sections separated by 120° in azimuth. The new arrangement both reduces the background 
in the RICH and simplifies the cooling of the electronics. Table 5.3 Comparison of e* back
ground from the barrel electronics in the CDR configuration and with all of the electronics on 
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Table 5.3: Comparison of the e* Background from the Barrel Electronics 

Electronics Configuration N/event 
(no cuts) 

N/event 
(pT > 200 MeV/c) 

CDR 
Bottom Only 

0.78 ±0.12 
0.63 ± 0.08 

0.38 ± 0.09 
0.00 ± 0.00 

the bottom of the detector; both calculations include a full outer silicon layer. Backgrounds 
are calculated using PISA, based on photons from 7r° decay in central Hijet events. 

The calculations summarized in Table 5.3 assume a complete barrel detector without a 
hole in the upper two-thirds of the outer layer. With the CDR electronics configuration 
0.78 ± 0.12 electrons originating in the electronics enter the RICH per event. This number 
falls slightly to 0.63 ± 0.08 per event with the electronics on the bottom. For electrons with 
PT > 0.2 GeV/c, the difference is significant. In 100 simulated events, no electrons reach the 
RICH from the electronics when they are on the bottom. With the electronics configured 
as in the CDR 0.38 ± 0.09 electrons per event with pT > 0.2 GeV/c reach the RICH. It is 
easy to understand why the px cutoff is so successful in eliminating background when the 
electronics are on the bottom. When a photon converts to an e* pair, the produced particles 
go approximately in the direction of the original photon, in this case, downward, away from 
the detector arms. Electrons with momenta significantly greater than the 100 MeV/c pj 
kick from the central magnet cannot be bent the approximatiley 60° or more that is required 
for them to enter the RICH. 

5.5.2 Silicon Coverage 
The issues influencing the extent of silicon coverage in the MVD are electron background from 
photon conversions in the MVD material, and the competing requirements for good efficiency 
to find the vertex in low multiplicity events. It is clear that minimizing the background 
implies minimum material in the MVD, and maximizing vertex finding efficiency requires 
maximum coverage with two layers of silicon. The rapid changeover time between A + A 
and p + A running prohibits the solution proposed in the CDR of modifying the number of 
barrel azimuthal sectors in the MVD. We have used the PISA calculations to find an optimal 
solution between these two extremes. 

To do this, we used the PISA simulation to study the effect of omitting silicon strip de
tector wafers from the outer barrel layer, along with the associated cabling and electronics. 
Making a hole in only one of the two layers preserves the possibility of triggering on multi
plicity in the barrel in an unbiased way, and the ability to search for multiplicity fluctuations 
at midrapidity. Furthermore, this approach allows the remaining outer silicon to be useful 
for vertex finding. The vertex algorithm uses tracks which hit both silicon layers, but the 
overlap in rj becomes small as the two layers become short in z, causing the number of useful 
tracks to fall drastically. However, leaving one layer complete in z means that whatever 
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Figure 5.8: The electron background from MVD in central Au + Au collisions and the 
probability of finding the vertex in p + Au and p + p collisions, as a function of the amount 
of silicon removed from the top two-thirds of the outer barrel layer. 

remains of the other layer contributes to the vertexing capability. This compromise avoids 
relying on the lower one-third of the barrel alone, which has been shown to yield only 50% 
vertex reconstruction efficiency for p + p collisions. One of the major issues addressed is 
whether the electron background is sufficiently low with this approach. 

Figure 5.8 shows the results of this study. The electron background and vertex finding 
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efficiency are plotted as a function of the size of the hole along the z direction created by 
omitting elements of the top two-thirds of the barrel outer layer. The top left shows the 
number of conversion electrons per event from the MVD which enter the electron arms. The 
filled circles show the total number of electrons, while the open circles give the number of 
electrons with pt > 0.2 GeV/c. This pr cut is roughly equivalent to the threshold imposed by 
the angular acceptance of the Winston cones in the RICH. Below this threshold, the electrons 
will not be identified by the RICH. It is clear that the majority of the MVD conversion 
electrons in the electron arm acceptance are very soft and are below this px threshold. 
The top right gives the fraction of MVD conversion electrons out of the total background 
electrons entering the RICH. This illustrates the magnitude of the MVD contribution to 
electrons at the trigger level. This fraction is quite small, independent of the pj threshold. 
The bottom left shows the ratio of the MVD conversion electrons to those arising from Dalitz 
decays and conversions in the beam pipe (the irreducible electron background in the baseline 
PHENIX detector). This plot shows the increase in the background from the MVD expected 
in the offline analysis, and allows evaluation of the increase in the combinatorial background 
caused by material in the MVD. The right bottom shows the probability of finding the vertex 
position in p + Au and p -f p events, also as a function of the hole size. It should be noted 
that this is for events which have at least two charged particles produced in the 77 range of 
the barrel. 

By comparing the bottom two sections of Fig. 5.8 the tradeoff between background and 
vertex efficiency can be quantified. The background above pj of 0.2 GeV/c is the relevant 
quantity for this comparison. The left side shows that with the entire outer silicon layer, the 
MVD increases the single electron background by one-third, and the dielectron combinatorial 
background by a factor of 1.75. An MVD with only one silicon layer in the top two-thirds 
increases the single electron background by about 20% and the combinatorial background by 
40%. The collaboration agrees that we do not want to increase the combinatorial background 
by nearly two, but a 40% increase is acceptable. This implies a hole size of 40 cm or more 
in z. Inspection of the right bottom plot shows that the probability of finding the vertex 
is only 50% with no outer layer in the top two-thirds of the MVD, but improves to 65% 
with a 40-cm hole in that layer. Though this is not ideal for analysis of p + p collisions, 
the collaboration has decided to accept this as truly low multiplicity events have a high 
cross section and the rate loss should not preclude collection of sufficient statistics. The 
measurement of high mass dileptons, which have lower production rates, will be hurt by this 
efficiency loss if the dileptons arise from low multiplicity events or are accompanied by jets 
which can miss the two layer section of the vertex detector. 



5.6. COST AND SCHEDULE 5-17 

5.6 Cost and Schedule 
The cost estimate and schedule for the MVD is presented in Table 5.4. In this table the MVD 
mechanical (WBS 5.2.1) and front-end electornics (WBS 5.3.1) cost are shown at PHENIX 
WBS level 4. The detailed cost estimate, along with the schedules and profiles, is available 
in the PHENIX WBS book. The dictionary, basis of estimate, and contingency analysis are 
presented in the PHENIX WBS Notes book. 

Table 5.4: Cost Estimate and Schedule for the PHENIX MVD 

WBS Description Total Coat 
1SS2 1093 1994 1995 I 1996 1997 1996 

WBS Description Total Coat Q2|Q3|CM Q1|Q2]03|CM 01102103104 01102103104 Q1|Q2|Q3|04 01 |02 |Q3|04 Ol |O2|03 
5.2.1 MVD 

Engineering * Design 

MVD Prototype* 

$1262296.00 

$291,024.00 

$233,478.00 

52.1.1 

MVD 

Engineering * Design 

MVD Prototype* 

$1262296.00 

$291,024.00 

$233,478.00 

52.1.1 

MVD 

Engineering * Design 

MVD Prototype* 

$1262296.00 

$291,024.00 

$233,478.00 
• t ! ^^^^^r 

5.2.1 2 

MVD 

Engineering * Design 

MVD Prototype* 

$1262296.00 

$291,024.00 

$233,478.00 
• ^^^^^r 

5.2.1 2 

MVD 

Engineering * Design 

MVD Prototype* 

$1262296.00 

$291,024.00 

$233,478.00 ^^^^W 

^^^^^r 

52.1.3 MVD Fabrication $647,478X0 
^^^^W 

^^^^^r 

52.1.3 MVD Fabrication $647,478X0 W 1 
52.1.4 MVD Aeaombly $42,64040 

W 1 
52.1.4 MVD Aeaombly $42,64040 

52.1.5 MVD Tatting $47,680X10 52.1.5 MVD Tatting $47,680X10 

WBS Deecription Total Cost 
(3 1994 1995 1996 1997 1 1996 

WBS Deecription Total Cost 03104 Q1|02|Q3|Q4 Q1IQ2IQ3IQ4 Q1|Q2|Q3|04 Q1|Q2|03|Q4 01|Q2|Q3|04 
5.3.1 MVD FEE $697,926.00 • w I 
5.3.1.1 Engineering • Design $229216.00 W 

w I 

5.3.1.3 MVD FEE Prototypes $167,310.00 "•" • * • 

w I 

5.3.1.3 MVD Electronic Fabrication $311,400.00 
"•" • * • 

w I 

5.7 Beam-beam Counter Overview 
The PHENIX beam-beam counter (BB) provides information for triggering on beam-beam 
collisions, the rough collision vertex position along the beam axis (z) that helps to find 
correlation between tracks in various detector elements, and the time origin of the collisions. 
The information must be available at the trigger level to discriminate backgrounds, and 
the timing information is also used to perform the time-of-flight measurement for particle 
identification combined with the information from the T 0 F detectors. 

The BB consists of two arrays of counter elements, one each placed upstream and down
stream of the beam crossing point. Each array consists of 66 modules of counter elements 
surrounding the beam pipe, and covers the forward and the backward rapidity regions. The 
average and the difference of the arrival times of fast leading particles from beam-beam col
lisions to the two BB counter arrays provide the time origin and the vertex position of the 
collisions, respectively. 

Each counter element is constructed from a Cherenkov radiator of fused quartz and a 
1-in. mesh-dynode photomultiplier made by Hamamatsu (Hamamatsu H5082). The fused 
quartz radiator is glued to the photomultiplier window. With such a combination of radiator 
and the photomultiplier, an intrinsic timing resolution of 44 ps was achieved for 1.6 GeV/c 
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pions in a beam test at KEK. Good operation of the BB is expected in the magnetic field 
environment of the BB location due to the choice of photomultiplier. 

The BB electronics chain consists of discriminators, shaping amplifiers, time-to-voltage 
converters (TVC), flash ADCs (FADC) and buffer memories. The timing and pulse height 
information of the BB elements are digitized in every beam crossing by the TVC and FADC. 
The digitized data are provided as a set of input of the LVL-1 trigger, and are stored at the 
same time in the buffer memory for the event building. The discriminators are designed so 
that the walk-free timing information from the BB is available in the LVL-1 trigger. 

5.8 Beam-beam Counter Changes 
Since the CDR, there has been considerable progress in the BB design. Based largely on the 
results of a beam test of counter elements, there are several changes and refinements, which 
include: 

1. The selection of a hexagonal face, rather than circular face, as the shape for the front 
of the BB counter elements. 

2. The change in design of the counter elements of the BB to minimize radiation damage. 

3. The development of a new method for maintainence access to the BB detector on the 
muon arm side to reduce interference with access to the muon arm and central magnet. 

4. The investigation and testing of a candidate for the BB discriminator, based on the 
double threshold method. 

Performances of Cherenkov radiators with a hexagonal and a round cross-section for the 
shape of the BB counter elements were compared in a beam test at KEK. Round Cherenkov 
radiators with different lengths and diameters were also tested to optimize the radiator size. 
The shape (hexagonal) and size (29 x 30 mm 2) of the Cherenkov radiator for the BB counter 
elements were finalized by the beam test. 

The BB location is a high radiation environment in the PHENIX detector. Though the 
estimation of the radiation level at the BB location is still under way, it is obvious that the 
BB detector requires good radiation hardness. The radiation hardness of photomultipliers 
and Cherenkov radiator materials against neutrons and 7-rays was considered, and the design 
of the counter elements of the BB was changed to minimize the damage of the radiation. 
Furthermore, the BB location is also a high counting rate environment. Together with the 
radiation damage, a deterioration of photomultiplier tubes by an over current in the dynode 
chain, caused by the high rate counting, possibly contributes to the damage of the BB counter 
elements. An averaged current in the dynode chain was estimated and was compared with 
the critical current of the photomultiplier tubes. 

The BB counter array at the muon spectrometer side will be installed into a space between 
the central magnet and the muon tracking chambers. The maintenance access to the BB 
detector is not straightforward. The access inevitably interferes with the central magnet and 
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the muon chambers. The method of the maintenance access to the BB detector at the muon 
spectrometer side was changed to reduce the interference. 

An important requirement of the BB counter is to provide timing information of good 
quality to the LVL-1 trigger. For the requirement, the discriminator of the BB counter must 
provides walk-free timing information in the high multiplicity environment. A candidate of 
the discriminator based on the double threshold method was tested. 

5.9 Mechanical 

5.9.1 Detector Elements 
Each element of the BB counter is a flashlight-type Cherenkov counter, with a UV-
transparent solid Cherenkov radiator mounted directly on a mesh-dynode photomultiplier 
tube. 

There were two options for the sape of the front face of the Cherenkov radiator shape: a 
hexagonal or a circular cross-section. Performance of the two Cherenkov radiator shapes was 
studied in a beam test at KEK. In the test, radiators of both shapes had comparable intrinsic 
timing resolutions. Consequently, the choice of shape is not determined by the intrinsic 
timing resolution. The hexagonal shape was chosen for PHENIX to minimize insensitive gaps 
between counter elements. The outer diameter of the hexagonal cylinder is 29 mm, which 
matches the 1-in. photomultiplier tube, and the length is 30 mm, which is the minimum 
length giving enough Cherenkov light to achieve a 50 ps intrinsic timing resolution. 

It is known that the major radiation damage of photomultiplier tubes by neutrons and 
7-rays is deterioration in the optical transparency of the window material, especially at short 
wave lengths. Such deterioration at short wave lengths is, of course, critical for Cherenkov 
counters. Deterioration in the transparency is lower for fused quartz than for normal and 
UV glasses. The fused quartz is accordingly a good choice for the Cherenkov radiator 
and window material. In the previous design of the BB counter elements, the radiator 
and photomultiplier were glued together, however glues have notoriously poor radiation 
hardness qualities. Therefore, a mesh-dynode photomultiplier with a thick fused quartz 
window, which is the Cherenkov radiator at the same time, of a hexagonal cylinder shape is 
newly designed by Hamamatsu, as shown in Fig.5.9. A 1-in. mesh-dynode photomultiplier 
based on the Hamamatsu H5082 is used. Similar to the Hamamatsu H5082, this new mesh-
dynode photomultiplier is expected to work without a magnetic shield in the magnetic field 
environment at the BB location (see Fig.5.10). 

Another factor of deterioration in the counter performance is an over current in the dyn-
ode chain of the photomultiplier tube. A damage by the over current lowers the current gain 
of the photomultiplier. In a high rate and high multiplicity environment, the deterioration 
determines the life time of the photomultiplier and the cycle of maintenance access needed to 
keep the BB performance. The deterioration comes from a thermal damage of the dynodes. 
The critical anode current is given as an averaged current over a few seconds, and its catalog 
value is 10 /*A for the Hamamatsu H5082 photomultiplier. An estimated anode current Ianode 
of the photomultiplier tube in the Au + Au collisions at a luminosity of 2.2 x 10 2 7 cm~ 2 s _ 1 
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Figure 5.9: A 1-in. mesh-dynode photomultiplier newly designed by Hamamatsu based 
on the Hamamatsu H5082 The photomultiplier has a fused quartz window or radiator of 
hexagonal cylinder shape, a 29-mm outer diameter and a 30-mm thickness. 

is: 

Ianode = 1 x 10 C/mip x 2mips/event x 14 x 10 events/s = 2.8/iA 

In performing this calculation, we assumed that the integrated charge of the photomulti
plier tube signal by a minimum ionizing particle (mip) is 1 x 10~ l o C/mip , that the average 
number of mips in a counter module per event is 2 mips/event, and that the event rate is 
14 x 10 3 events/s. The resulting average anode current Ianode is below the critical value. At 
much higher luminosity, Ianode is likely comparable with the critical current. A reduction 

by a factor of two is possible by reducing current gain of the photomultiplier tube 
without significant growth in the timing resolution. The study on effects of the over current 
in a realistic condition is still under way. 

5.9.2 BB Location 
The BB detector consistes of two arrays of the counter elements. Each BB array has 66 
modules of the counter element. One BB array at the muon spectrometer side is located in 
the copper plug attached to the central magnet. Another BB array of identical assembly is 
mounted on a support stand at the other side. 

In the previous design, the copper plug at the muon spectrometer side consisted of three 
parts, one cylindrical part covering the beam pipe and two tapered parts covering the BB. 
The copper plug was attached to the iron piston of the muon magnet. The maintenance 
access to the BB was possible only after removing several muon tracking chambers and the 
tapered part of the copper plug. 

In the present design, the copper plug has a simple tapered shape and a maintenance 
access to the BB is possible from the rear side (see Fig.5.11). The access can be made by 
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Figure 5.10: The dependence of the signal pulse height (filled circle) and the intrinsic timing 
resolution (open circle) on an axial magnetic field strength is shown for a combination of 
a hexagonal cylinder shape radiator and the Hamamatsu H5082 photomultiplier tube. The 
magnetic field strength at the BB location is expected to be less than 3 kG. 

moving the central magnet away from the muon spectrometer. The BB, the copper plug, 
and the 7-ray absorber for the muon spectrometer are moved with the central magnet. The 
BB array is accessed from the rear side by a person standing at a 150-cm gap between the 
7-ray absorber and the muon tracking chamber station # 1 , after the CM is moved away. 

In accordance with the change of the copper plug design, cabling and cooling of the 
BB array at the muon spectrometer side was changed. Sixty-six coaxial signal cables, 11 
high voltage cables, and 66 optical fiber cables, for counter calibrations, are laid through 
a 5-cm gap between the 7-ray absorber and the muon tracking chamber. The number of 
high voltage cables was increased from nine to 11 to keep the total current per high voltage 
cable less than 1 mA. The main heat source of the counter array is the bleeder circuit of the 
photomultipliers tubes. Total power consumption of the photomultiplier tubes in each BB 
array is 0.37 x 66 = 24.4W. The heat production of the BB is small enough to be cooled 
by fans. Furthermore, the circulation of air between the inside of the copper plug and the 
atmosphere is improved. 

5.9.3 Electronics 
In central Au + Au collisions, each counter element of BB is likely to be hit by multiple 
particles. The timing signal arises from the first particle entering the element, but the 
measured pulse height includes all particles, so traditional slewing correction is not applicable 
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Figure 5.11: One BB counter array in the muon spectrometer side is installed to the inside 
of the copper plug. Another array is located at the other side of the central magnet. 

at all. We will address this problem by using either a discriminator based on the double 
threshold method or a constant fraction discriminator (CFD). 

The double threshold method uses two leading-edge discriminators with different thresh
olds. Two timing information T\ and T2 from the two discriminators are combined to get a 
walk-free timing information To as follows. 

T 0 = 2 x Tx - T2 

The two timings T\ and T 2 are determined by the pulse shape at the leading-edge, at which 
the contribution of the first particle is dominant, and no pulse height information is needed to 
obtain the walk-free timing TQ. A merit of the double threshold method is tha t the method is 
based on the well established leading-edge discriminators. Another merit is tha t the on-line 
correction of the timing by the double threshold method is simple and is possible with no 
help of CPU. The feasibility of the double threshold method with ordinary discriminators 
was tested with 1.6 GeV/c pion beams at KEK, and we achieved 47 ps intrinsic timing 
resolution, which was comparable with a timing resolution by a leading-edge discriminator 
with applying the slewing correction. 

The CFD might also provide walk-free timing information for the multiple particles. The 
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development and testing of the CFD for PHENIX is still under way at LANL, and, at present, 
the final choice of the discriminator scheme is still open. 

5.10 Beam-beam Counter Performance Issues 
As indicated previously in Chapter 3, the beam-beam counter determines the time zero (To) 
when an interaction occurs in a beam bunch crossing (2 ns traversal time) and provides the 
first estimate of the vertex point (20) along the beam axis. The BB consists of two sets of 
identical counter arrays installed on both sides of the interaction region. One set is in the 
muon plug on the muon detector side, and the other is in free space just behind the central 
magnet yoke. These counter arrays intercept particles emitted at very forward angles in the 
rapidity range from three to four at z — ±150 cm. Charged particles with a velocity faster 
than /3 — (1/1.458)1 = 0.69 will be detected by the counters. By measuring a pair of arrival 
times T\ and T2 of the fastest particle that intercepts the counter array on each side, To and 
z0 will be obtained as the average and the difference of T\ and T 2, respectively. 

If there were no backgrounds nor any slow particles, the resolutions of the extracted TQ 
and z0 would be affected only by the intrinsic time resolution of the counter elements. How
ever, all interactions do produce slow particles, even at very forward angles, and there does 
exist a significant amount of background particles scattered from the central spectrometer 
structures and from the Muon detector. Therefore an examination of the BB performance 
with a Monte Carlo simulation is mandated. 

The first results of the effects of the QED pair background have already been discussed in 
Chapter 3. Here we focus on evaluating the intrinsic performance of the BB counter arrays, 
in particular the simulation of the To measurement. Those simulations have been carried 
out with an input of the geometry of the BB, as described in the PHENIX baseline design, 
and taking the intrinsic time resolution of each counter element to be 50 ps, and then using 
this information in the PISA/PISORP program chain. 

The spectrometer components along the beam axis (i.e., the central magnet, beam pipe, 
nose cone, muon plug, and the muon piston) as well as the BB were installed in the PISA 
simulation to study the performance of the To measurement under the realistic condition of 
background particles scattered from those materials in a magnetic field. Subsets of the PISA 
UAl-type events were thrown from the z = 0 position into a forward cone of polar angle 10°. 
The BB acceptance covers from 2° - 6°. The mean multiplicity of particles thrown within 
the cone was 100, and the BB detected about ten charged particles in average per event. 

The PISA simulation returns several kinds of variables relating to the hit time, position, 
and direction of each charged particle which entered the sensitive volume of a given detector 
element. The simulation program also provides the amount of energy loss and the path length 
for each particle whether it has stopped in the detector element or entered and exited. The 
event contains not only leading particles from the vertex but also shower particles created 
by the leading particles both inside and outside the sensitive volume. All of this information 
is retained in the PISA output file for subsequent diagnostic analysis. 

The refractive index of quartz, which is the sensitive material of the counter elements. 
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Figure 5.12: Simulations of ADC distributions of the BB detector system for 1000 UAl type 
events. The left figure is for the detector elements on the muon arm side, and the right figure 
is for the detector elements on the free space side. 

This output file is "played back" by the PISORP program in order to obtain the arrival 
hit times of all the particles in each event. The earliest time in each detector was defined 
to be the TDC data of the detector. The energy loss itself does not directly afford any 
signal information by the detector because it is a Cherenkov device. Instead, and in a 
manner somewhat akin to the simulation of the RICH counter, the ADC data for each BB 
detector element was taken to be the sum of the track lengths of all particles which have 
incident velocities above the Cherenkov threshold and whose directions are within a specified 
acceptance angle of 45°. (The RICH simulation goes one step further in that for tracking 
and timing purposes it generates Cherenkov photons and follows through their trajectories.) 
The ADC spectrum in Fig. 5.12 has a sharp peak at 3 cm, since the current design has a 
sensitive volume 3-cm thick and no smearing effects were included for the ADC response. 
The peak has a small tail on the high side due to secondary particle production inside the 
sensitive volume. Double hits in a single detector element result in a peak at 6 cm. The 
ADC simulation data show a large and continuous component over the full range. The region 
below the first peak represents events for which there were no leading particle hits but there 
was only a soft background of particles scattered from material outside the detector. The 
left figure is of the detector residing in the muon plug on the muon arm side, while the 
right figure is of the detector situated in free space. No noticeable yield differences in the 
backgrounds are apparent. 

The two left figures in Fig. 5.13 show distributions of TDC data of all tracks recorded by 
the counter elements for 1000 events. The top figures are of the detector in the muon plug 
on the muon detector side, and the bottom are of the detector in the free space. The width 
of the both distributions is around 60 ps, and is wider than the intrinsic time resolution of 
the counter elements. This broadening occurs because the distribution contains TDC data of 
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Figure 5.13: TDC distributions (left) of all tracks recorded by counters for about 1000 UAl 
sub-events and the To distributions (right) determined for each event. Top figures are of the 
BB in the muon plug on the muon detector side, and the bottom figures are of the BB in 
the free space on the opposite side. No significant differences are seen, although the two 
background environments are quite different. 
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slow particles and of background particles that are produced in the magnets and absorbers 
and arrive at later times. 

The T0 of each event is determined from TDC data recorded in the event. In this 
simulation, the To was obtained by taking a simple average of the TDC data of the event. 
The right two figures in Fig. 5.13 show distributions of the T0. The resolution was found 
to be about 25 ps, being better than the intrinsic counter resolution on account of multiple 
measurements of the arrival time. It is noteworthy that there is no difference of the spectral 
shape or the width between the spectra of the one set of BB counters placed in the muon 
plug and the other set in the free space, even though the background fluxes around the 
detectors are certainly different. 

5.11 Cost and Schedule 
The cost estimate and schedule for the BB counter is presented in Table 5.5. In this table 
the MVD mechanical (WBS 5.2.2) and front-end electornics (WBS 5.3.2) cost are shown at 
PHENIX WBS level 4. The detailed cost estimate, along with the schedules and profiles, 
is available in the PHENIX WBS book. The dictionary, basis of estimate, and contingency 
analysis are presented in the PHENIX WBS Notes book. 

Table 5.5: Cost Estimate and Schedule for the PHENIX BB Counter 

WBS Description Total Cost No 
1914 1995 1996 1997 1998 1999 

WBS Description Total Cost No «, Q1|Q2|Q3|04 Q1|Q2|03|04 Q1|CalQ3lQ4 Q1|Q2|03|Q4 Q1|Q2|Q3|Q4 Q1|Q2|Q3I04 
5.2.2 BB $512,232.16 •" ! w 
5.2.2.1 Prototype Tatting $40,S«1.92 

•" ! w 
5.2.2.1 Prototype Tatting $40,S«1.92 

I 

w 

5.2.2.2 Fabrication $393,110.24 

I 

w 

5.2.2.2 Fabrication $393,110.24 

I 

5.2J.3 Tasting $21,040.00 

I 

5.2J.3 Tasting $21,040.00 

I 

^r^ 

* * ' 5.2.2.4 CaMta $8,400.00 

I 

^r^ 

* * ' 
SA2.S Installation $40,000.00 I 

^r^ 

<"^ 
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Oasign 

$159,51140 
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1 

5.3J.1 
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$40,000.00 

5.3.2.2 Prototype $15,18040 

S.3J.3 Modification $19,200.00 

$79,450.80 6.3.2.4 Fabrication 

$19,200.00 

$79,450.80 6.3.2.4 Fabrication 

$19,200.00 
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5.3.2.6 Installation $7,880.00 
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Chapter 6 

Tracking System 

6.1 Overview 
The PHENIX tracking system measures the pr and ptotai of charged particles from RHIC 
collisions, reconstructs invariant masses from electron and kaon pairs, contributes to the 
particle identification, and provides position information to the LVL-2 trigger. Three track
ing subsystems are optimized for different functions. Low mass, multiwire focussing drift 
chambers (DC) provide high resolution px measurements. Three interpolating pad chambers 
(PCI, PC2, PC3) provide three dimensional space points for the charged tracks, determine 
Pz/pr, and provide space points to the LVL-2 trigger. A time expansion chamber (TEC) 
tracks charged particles between the RICH and the EMCal, identifies tracks originating 
from outside the fiducial volume, and provides e/n separation in the momentum range of 
250 MeV/c to 2.5 GeV/c using dEjdx information. All three subsystems work together to 
perform the tracking pattern recognition in the high multiplicity RHIC environment. 

The design of the PHENIX tracking system is driven by unique features of both heavy ion 
collisions and the PHENIX experiment. Central Au + Au collisions at RHIC produce charged 
particle multiplicities of dNc/dy = 1500 with a spectrum of soft particles peaking at 200-
300 MeV/c. Low momentum complications such as multiple scattering and particle decay 
make tracking difficult. In addition, the PHENIX axial magnetic field includes a focussing 
component that creates complex track paths through the detector for low px particles. The 
split in central-arm azimuthal coverage results in a large number of particles entering the 
detector's active region without passing through the drift chambers. This effect makes a 
compact tracking system impractical and has helped to motivate the distribution of tracking 
detectors. 

6.2 Changes 
The changes in the tracking subsystem since the CDR are: 

1. PC2, TEC, and PC3 are now four segments per arm instead of two. 

6-1 
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2. Chevron pad is the PC technology choice for the PHENIX baseline detector. The Pixel 
detector R&D program will continue at Lund. 

3. New prototype results are being used to determine tracking detector parameters. 

4. A modified TMC chip developed at KEK for SDC will be used for the drift chamber 
TDC. 

5. A new track reconstruction, pattern recognition, and detector simulation code is now 
being used. 

6. There is progress on detailed mechanical design of all tracking systems. 

6.3 Drift Chambers 
There is considerable progress on the design of the DC subsystem, which is based, in part, 
on results from several prototype drift cells fabricated and tested at PNPI. A PNPI variant 
of the original CDR drift cell configuration gives the best overall results and confirms that 
the drift chambers will provide excellent single and two-track resolutions. In addition, the 
engineering effort at PNPI is augmented by a local industrial firm, Azimut. Much of the 
current mechanical design is based on suggestions from Azimut engineers. Finally, the pri
mary components of the front-end electronics are identified, including a new pipeline TDC 
chip designed specifically for use with the proposed ASD-8 amplifier/shaper/discriminator. 
A preamplifier/shaper hybrid circuit development is also underway at PNPI. 

6.3.1 Mechanical Design 
Each arm of the drift chamber subsystem is a single arch-shaped frame supporting individual 
X, U and V modules. This design minimizes the mass of support material in the fiducial 
volume and facilitates design, fabrication, transportation and assembly. 

There are 2560 sense wires in each of the two central arms. Each wire is electrically split 
at the center (zbeam = 0 cm) and both ends are read out. The total number of electronics 
channels is 10,240 (2560 x 2 arms x 2 ends). Within each arm, there are four layers of drift 
cells. The two layers closest to the beam are X cells with 12 sense wires per cell (6 left and 6 
right wires); these two layers are separated radially by approximately 20 cm. The final two 
layers of U and V cells, each with 4 sense wires, are positioned radially between the second 
X layer and the output windows. 

Each layer is divided into 8 separate modules with each module subtending 11.25o in <f>. 
This gives 320 sense wires in the radially overlapping X, X, U and V modules. Within each 
module there are 10 drift cells independent of layer. This means that the drift distance is 
not identical in each layer (since the cells all subtend the same 4>) but varies radially outward 
from 2.0 to 2.4 cm. 

There are 32 sense wires in the four overlapping X, X, U and V cells: 12 X + 12 X + 
4 U + 4 V. Therefore the total number of channels can be computed as 32 wires/cell x 2 
channels/wire x 10 cells/module x 8 modules/arm x 2 arms equals 10,240 channels. 
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Figure 6.1: Schematic of the ceramic wire support plates showing the metallic layers, wire 
bonding locations, and the location of one of the reference roads. 

There are 64 separate modules: 32 identical X modules, 16 identical U modules and 16 
identical V modules. The final module and arch framework designs are underway. Among the 
remaining issues to be resolved are whether the wire tension should be supported within the 
modules themselves or from the arch framework. A self-supporting module would necessarily 
have some mass in the fiducial volume; however, it is unclear at this point whether a single 
arch frame can be designed to withstand the total wire tension without some cross support. 

There is considerable progress on the individual cell and module designs. The cell wire 
configuration was selected based on further electrostatics calculations and preliminary pro
totype results. The configuration is very close to the original CDR design. The guard and 
channel wires lie in two planes offset 3.0 mm on either side of the sense wire planes (the 
guard wires were originally closer to the sense wires). This was done to simplify the wire 
support mechanism and to facilitate the ease of construction. 

Particular attention is focussed on attaching and locating the wires precisely. The plan is 
to fix the wires onto ceramic plates (AI2O3), which can be fabricated in Russia with extremely 
high precision. Two reference roads on the plates are positioned with an accuracy of a few 
microns. Metallic layers are evaporated onto the plates to form the conducting surfaces on 
which the wires are attached and the signals are removed. The wires are bonded to the 
metallic surface with three separate procedures, which in sequence are: (1) laser soldering 
at several points, (2) standard soldering, and (3) high resistive epoxy. Figure 6.1 shows a 
schematic of two ceramic plates with the locations of one reference road and several of the 
metallic surfaces to which wires are attached. 

Figure 6.2 shows schematically the location of the ceramic plates within each module. 
Special cages designed to maintain precise wire position are used to transfer the plates to the 
module frame once the wires are attached. It is important to maintain the proper tension 
throughout the fabrication process. 
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Figure 6.2: Schematic of a proposed module assembly showing DC end plate, module support 
and alignment. 

To electrically isolate the two halves of a single sense wire, without adding additional 
tension support at the center, we use a 10 mg "glass" bead, which has a hole for the sense 
wire. A laser beam is used to cut the wire. The wire can be attached to the bead by welding, 
using epoxy, or both. Tests will determine which bonding method is most suitable. Since the 
sense wires are 25-fim gold-plated tungsten with 70 g of tension, the mass of the glass bead 
is chosen to provide just enough additional gravitational sag to match the 200 g of tension 
of the 90-^m copper-beryllium field, drift, guard, and channel wires. 

Additional calculations show that there should be no electrostatic wire staggering at the 
nominal tensions, and that the sag of the sense wires caused by electrostatic repulsion is of 
order 200 //m. The electrostatic sag causes some loss in gain (estimated at 18%), which is 
not crucial, because high gains were achieved in the prototype cells (see Section 6.3.3). 

6.3.2 Electronics 
A total of 320 motherboards with 32 readout channels per board comprise the drift chamber 
electronics. The primary components of the front-end electronics readout chain comprise a 
preamplifier/shaper/discriminator circuit mated with a pipeline TDC and at least 4 /zs of 
onboard data buffering. Initial studies indicate that the ASD-8 chip described in the CDR 
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would be a good choice for the preamplifier/shaper/discriminator. Only minor modifications 
are required to match the input impedance, optimize tail cancellation and possibly increase 
the shaping time. It is expected that these modifications can be made by the original design
ers at a reasonable cost. A second viable option for the preamplifier/shaper/discriminator 
circuit is a hybrid chip developed by the PNPI electronics group. This hybrid is based on 
the circuit currently under development for the full scale driftchamber prototype testing. 
The hybrid option may offer a significant cost savings by eliminating the reengineering and 
setup costs for producing the ASD-8. 

A new TDC chip is now identified. This CMOS chip, the TMC4004 [1], was designed at 
KEK by Y. Arai to operate with the ASD-8 for the SDC straw-tube-tracker subsystem. The 
TMC is a time memory cell with 1-ns resolution, no dead time, excellent temperature stability 
and linearity and power dissipation of only about 7 mW/channel. Minor modifications 
are required for the TMC to function as the pipeline TDC for the drift chamber FEE. In 
particular, we need to record the leading and trailing edges of all pulses and to slightly 
improve the two pulse resolution. However, it may be possible to put all of the output 
buffering onto the TMC chip itself. This mitigates the need for a separate DMU chip. 
Preliminary discussions with Arai indicate that the required modifications to reengineer the 
TMC can be made at KEK. 

A leading solution for the drift chamber FEE is the ASD-8 amplifier/ 
shaper/discriminator chip and TMC TDC, because these now form a working circuit for 
the SDC detector. However, the hybrid option may be selected after further effort to match 
the output to the TMC input. This work should begin in FY 1994. 

6.3.3 Prototype Operation and Performance 
Prototype measurements in the lab using both a beta source and cosmic rays, as well as 
in test beam at the PNPI synchrocyclotron (1 GeV/c protons), demonstrate that the drift 
chamber cell described above meets all of the performance criteria listed in the CDR. In 
addition, these measurements show that the electrostatic behavior of the cell is well described 
by GARFIELD calculations including the predicted gas gain. Gas gains up to 50,000 were 
measured with the nominal 50/50 argon-ethane gas mixture. The single-wire efficiencies for 
one of the prototype chambers are listed in Table 6.1 for the voltage configuration V^ — —4.5, 
Vj = —2.65, Vc = 1.6, and Va = 0.85 kV. The even numbered wires are protected by guard 
wires where little or no signal is expected, while the open odd wires should show an efficiency 
in excess of 98%. With a 10-mV threshold, this is indeed the case; however, the guarded sense 
wires also show some small efficiency. By optimizing the operating voltage configuration and 
threshold, we expect to further minimize the guarded-wire efficiencies without compromising 
the excellent efficiency of the open wires. 

The single-wire-position resolution was found to be approximately 100 ± 20 firmrn using 
a beta source and only slightly higher using cosmic rays. The two-track resolution has been 
estimated by combining the signals from two sense wires and then inclining the particle 
tracks (using both the source and cosmic rays) until the two signals can be resolved. Based 
on these measurements, the two-track resolution is estimated to be approximately 1300 fim, 
which is well within the desired resolution. 
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Table 6.1: Prototype Single-wire Efficiencies in Percent for Two Different Threshold Levels 

Wire 10 mV 20 mV Wire 10 mV 20 mV 
1 98.3±0.4 94.7±0.9 2 1.1±0.4 0.4±0.3 
3 98.4±0.3 95.4±0.8 4 12.6±0.0 0.7±0.4 
5 98.8±0.3 93.2±0.0 6 15.0±0.1 1.4±0.5 
7 98.7±0.3 94.2±0.9 8 2.5±0.5 0.7±0.4 
9 99.0±0.3 94.6±0.9 10 5.5±0.7 0.6±0.3 
11 98.7±0.3 94.0±0.9 12 6.6±0.8 0.6±0.3 

6.3.4 Cost and Schedule 

The cost estimate and schedule for the MVD is presented in Table 6.2. In this table the MVD 
mechanical (WBS 5.2.4) and front-end electornics (WBS 5.3.4) cost are shown at PHENIX 
WBS level 4. The detailed cost estimate, along with the schedules and profiles, is available 
in the PHENIX WBS book. The dictionary, basis of estimate, and contingency analysis are 
presented in the PHENIX WBS Notes book. The cost of the drift chamber mechanical and 
FEE have not changed significantly since the CDR was submitted. The schedule accom
modates the commissioning of the PHENIX detector, and no critical schedule conflicts are 
anticipated for the completion of the drift chamber mechanical and FEE construction. 

Table 6.2: Cost Estimate and Schedule for the PHENIX Drift Chambers 

WBS Description Total Coat 
1994 1085 1996 1997 1998 1999 

WBS Description Total Coat Q1|Q2|Q3|04 Q1|Q2|Q3|04 01102103104 Q1|Q2|03|Q4 Q1|Q2|03|Q4 Q1102103 
6.2.4 DC $1,288,422.64 

5.2.4.1 DCdeeign $164,280.00 

52.4.2 Prototype Fabrication and Tearing 

DC Fabrication 

$111,388.40 

I 

6.2.4.3 

Prototype Fabrication and Tearing 

DC Fabrication $808,264.64 
I 

w ^^^^^F 
S.2.4.4 Drift Chamber AaaemMy and Taatlng $174,488.60 I 

WBS DeacriDtion Total Coat 
1994 1995 I 1996 1997 1996 1S 

WBS DeacriDtion Total Coat Q1|Q2|Q3|Q4 01 |Q2 |03 |04Q1|Q2 |Q3 |04 0 1 | 0 2 ! 0 3 | 0 4 O1lQ2l03lO4 01|Q2 
5.3.4 DC FEE $922,901.12 1 -P 5.3.4.1 DC FEE daalgn $301,544.00 — • 
5.3.4.2 DC FEE prototyping 

Procurement of DC FEE 

$83,516.80 

$447,040.32 f 5.3.4.3 

DC FEE prototyping 

Procurement of DC FEE 

$83,516.80 

$447,040.32 f 
5J.4.4 DC FEE teat $34,400.00 

f 
5A4.S Aaaemble DE FEE $56,400.00 

f 
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6.4 Pad Chambers 
During the past few months, considerable attention was devoted to the question of chevron-
pad versus pixel-pad cathode readout scheme for the pad chambers. After careful deliber
ation, the chevron interpolating-pad scheme was adopted. Although the pixel-pad scheme 
offers potential advantages in both occupancy and double-track resolution, further R&D 
work is required. The University of Lund group is encouraged to continue to develop the 
pixel-pad system as a possible future upgrade to the pad chambers. There are a number of 
significant new developments in the conceptual design of all the pad chambers (PCI, PC2, 
and PC3), both in mechanical structure and electronic readout scheme. 

6.4.1 Mechanical Design 
The PCI, which occupies the radial space between inscribed radii 247.50 and 252.50 cm, 
was changed from a nine-sector to an eight-sector per detector arm design, as illustrated 
in Fig. 6.3. The eight sectors are completely modularized and attached to each other by 
detachable mechanical locks. Adjacent sectors are separated by a 25-fim aluminized mylar 
gas seal on each side, and along the seam between two wire planes there is a one-millimeter 
dead space. The cathode panels, which have areal dimensions 490.00 x 1887.02 mm 2, are 
to be fabricated with rohacell sandwiched between 250-/xm FR4 skins. The chevron cathode 
panel has 25.40 mm of rohacell, and the panel heads are made of FR4 rectangular pipes of 
6-mm wall thickness and outer dimensions of 25.40 x 35.00 x 490.00 mm 2 . The chevron 
pattern is etched on the FR4 skin facing the wire plane. For the plain cathode, the FR4 skin is 
metalized and the rohacell is 19.05-mm thick, and the panel heads are FR4 with dimensions 
19.05 x 35.00 x 490.00 mm 2 . The hollow panel heads of the chevron cathode also serve 
as gas inlet and outlet manifolds such that gas flows only through the region between the 
cathodes. The FR4 spacers between the cathodes define the separation between the wire 
plane and the cathodes. The sector detectors, which are mechanically locked to each other, 
are supported by an external frame consisting two parallel 90° sectorial arches interconnected 
at the ends. The arches are made up of rectangular carbon fiber pipes. Table 6.3 lists the 
revised characteristics of PCI. 

The design of PC2 and PC3 has been changed from two sectors to four sectors per 
detector arm, similar to the TEC geometry. The PC2 occupies the radial space defined 
between inscribed radii 415.00 and 421.00 cm, and PC3 sits between 491.00 and 498.00 cm. 
The mechanical structure of PC2 and PC3 are the same, except that the dimensions are 
different. Figures. 6.4 and 6.5 show isometric and sectional views of PC2 and PC3. The 
basic design concept of each sector detector is similar to that used in PCI. except that these 
detectors are much larger in area and each sector detector requires a carbon fiber frame 
around its boundary for support. The panel dimensions are 1659.40 x 3069.80 mm 2 for 
PC2 and 1960.70 x 3610.85 mm 2 for PC3. The larger panel area requires more material 
for strength. For PC2, the rohacell thickness for the chevron cathode is 31.75 mm, and for 
the plain cathode it is 25.40 mm. For PC3, the rohacell is 38.10 mm thick for the chevron 
cathode and 25.40 mm for the plain cathode. However, the FR4 skin for the cathode panels 
remains 250 //m thick for PC2, but must be increased to 500 ^m for PC3. The rectangular 
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Figure 6.3: Isometric and sectional views of PCI. All measurements are in millimeters. 

Figure 6.4: Isometric and sectional views of PC2. All measurements are in millimeters. 
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Table 6.3: Pad Chamber Characteristics 

Item PCI PC2 PC3 
No. of sectors/arm 8 4 4 
No. of anode (A) wires 
A-wire dimeter 
A-wire tension 
A-A separation 
(2-A-Cathode spacing) 

122 
20 (im 
30 g 

4.0 mm 

238 
20 fan 
30 g 

6.8 mm 

243 
20 (im 
30 g 

7.9 mm 

No. of field (F) wires 
F-wire diameter 
F-wire tension 

123 
100 /tm 
100 g 

239 
100 [im 
100 g 

244 
100 fim 
100 g 

Chevron width 
Ground strip width 
Space line width 
Active wire length 
Panel width 
Chevron pad length 
(apex-apex) 

3.0 mm 
0.8 mm 
0.2 mm 

1777.02 mm 
490.0 mm 
246.47 mm 

5.2 mm 
1.4 mm 
0.2 mm 

2979.80 mm 
1619.40 mm 
417.92 mm 

6.3 mm 
1.4 mm 
0.2 mm 

3520.85 mm 
1920.70 mm 
495.20 mm 

F value 1.20 1.12 1.10 
No. of readout nodes/wire 
Readout nodes/panel 
Readout nodes/arm 
Total readout nodes 

8 
976 
7808 

15,616 

8 
1904 
7616 

15,232 

8 
1944 
7776 

15,552 

hollow pipe FR4 panel head for the chevron cathode has a wall thickness of 6.00 mm and 
cross-sectional dimensions of 31.75 x 50.00 mm 2 for PC2 and 38.10 x 50.00 mm 2 for PC3. 
For the plain cathode, the panel heads have cross-sectional dimensions 25.40 x 50.00 mm 2 

for both PC2 and PC3. The carbon fiber plates surrounding each sector detector are 20.00-
mm thick with a cross-sectional dimension the same as the sector detectors. The sectors, 
which are mechanically locked to each other, form a 90° four-sector arc, and are supported 
externally by a pair of parallel sectorial arches (similar to PCI) via adjustable screw bolts. 
The arch frame is made of rectangular carbon fiber pipes. Table 6.3 also lists the revised 
specifications for PC2 and PC3. 

6.4.2 Electronics 
The front-end electronics readout system for the pad chamber comprises a preamplifier, 
shaper, AMU, and ADC. The detailed designs of these units are being specified. Figure 6.6 
illustrates the readout chain for each channel. The preamplifier and the shaper is housed 
in one eight-channel chip. This preamplifier/shaper chip is a modified version of the unit 
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Figure 6.5: Isometric and sectional views of PC3. All measurements are in millimeters. 

designed at BNL for GEM to handle the large detector capacitance (80-200 pF) with an 
optimum shaping time of 400 ns. The shaper, which is equipped with pole-zero cancellation, 
returns the signal to within 0.1% of the baseline in four times the peaking time. The output 
stage drives a 2-m long low impedance line. 

The original plan was to create a readout "mother board" on the back plane of the 
chevron cathode to house the preamplifier/shaper chip; however, there is a relatively large 
coupling between the shaper output lines and the chevrons on the opposite side. Therefore, it 
was necessary to isolate the shaper output from the chevron board in order to minimize these 
feedback effects. Figure 6.6 illustrates this scheme. Because a multilayer board isolating the 
chevrons with a ground plane from the signal lines would introduce too much capacitance 
to the chevrons, their charge signals are brought together in groups of eight on the back 
of the chevron-cathode plane. These grouped signals are then routed through the rohacell 
using flexible printed circuit strips (kapton cables) to the outer side of the outer FR4 skin of 
the cathode panel. An electronic mother board for these signals is then created. The inner 
surface of the mother board will be metalized to form a ground plane shielding the chevrons 
from external interferences. 

The illustration at the bottom of Fig. 6.6 shows that the AMU, ADC, serial-interface, 
and heap-manager chips are all located at the edge of the mother board, outside of the 
active volume of the detector. These chips are being developed at ORNL. The AMU is an 
eight-channel chip with 64 cells per channel. AMU input signals are to be sampled at three 
points at a rate of 10 MHz. Each output of the AMU is digitized by an 11-bit ADC. The 
choice of 11-bits accommodates the full charge range and preserves the 1% spatial resolution 
of the chamber. 
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Figure 6.6: Electronic readout scheme: (top) FEE for one channel and (bottom) top view 
of back plane of chevron cathode board. 

6.4.3 Calculations 

The spatial resolutions of the pad chambers were simulated in the CDR. In those calculations, 
it was assumed that the space lines separating the chevrons from each other and from the 
ground strips in the chevron cathode were uniformly 60-/zm wide. However, due to technical 
reasons, this relatively narrow linewidth can not be preserved in the fabrication of large 
cathode boards. Industrial assurance can only be obtained for a linewidth of 250 /tm. With 
this information, we recalculated the achievable spatial resolution of all three chambers 
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PC 1 single standard chevron F=1.20 Noise=0.1% 
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Figure 6.7: Simulations of spatial resolution of PCI, using space linewidth 250 fj.. Calculation 
parameters were taken from Table 6.2. 

by optimizing the chevron form factor (F) value and using a new linearization technique. 
Figures 6.7-6.9 display the results. The resultant resolutions are still within the design 
specifications in the z coordinate of oz = 2, 3, and 4 mm, respectively. IHEP (Beijing) 
has facilities to fabricate large cathode boards with an assured uniform-space linewidth of 
200 /mi, which would provide further improvement of chamber performance. 

6.4.4 Cost and Schedule 
The cost estimate and schedule for the pad chambers is presented in Table 6.4. In this table 
the MVD mechanical (WBS 5.2.5) and front-end electornics (WBS 5.3.5) cost are shown at 
PHENIX WBS level 4. The detailed cost estimate, along with the schedules and profiles, 
is available in the PHENIX WBS book. The dictionary, basis of estimate, and contingency 
analysis are presented in the PHENIX WBS Notes book. 
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Figure 6.8: Simulations of spatial resolution of PC2, using space linewidth 250 //m. Calcu
lation parameters were taken from Table 6.2. 

Table 6.4: Cost Estimate and Schedule for the PHENIX Pad Chambers 

WBS OMCripUon Total Cost 
1994 1995 1996 1997 1996 1999 

WBS OMCripUon Total Cost Q1|Q2|Q3|Q4 oilcalca|04 Q1|Q2|Q3|Q4 Q1IQ2I03I04 Q1|Q2|Q3|Q4 Q1102103 
5.2.5 PC $1,502,455.40 w 
5.2.5.1 PCdMlgn $127,369.68 w 

w 

5 A 5 * PC hill ic«l» prototyping $36,646.00 ^^9 

w 

5.2.5.3 PC fabrication $1,324,979.92 

| S A M PCnMmMy *13,540.»0 | w 
5.2A5 PCtMt $0.00 

WBS DucriptJon Total Coat 
1994 1996 1996 1997 1996 1999 

WBS DucriptJon Total Coat Q1|Q2|Q3|04 Q1|02|Q3|Q4 Q1|02|Q3|Q4 O1lQ2l03lQ4 Q1|Q2|Q3|Q4 Q1|02|Q3 
5.3.5 PC FEE $2,106,70946 't 

SA5.1 PCFEEdaalgn $263,876.20 
't 

54JW PC FEE prototyping $219,77642 

" $1,603,068J4 
i 
1 64.6.3 Proeuramant of ehambar FEE 

$219,77642 

" $1,603,068J4 
i 
1 64.6.3 Proeuramant of ehambar FEE 

$219,77642 

" $1,603,068J4 
i 
1 

^^^^ 
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Figure 6.9: Simulations of spatial resolution of PC3, with space linewidths of 250 fim. 
Calculation parameters were taken from Table 6.2. 
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6.4.5 Pixel Pad Cathode Option 
The update of the pixel pad solution concentrates on the studies and modifications done 
after the completion of the CDR. These include: 

1. Test measurements on a small chamber. 

2. Simulations based on the test results. 

3. Modified mechanical construction based on the mechanical engineering performed for 
the chevron pads. 

4. Cost estimates for IC development, fabrication and chip-on-board assembly. 

The pixel-pad solution has many advantages compared to the chevron solution. In par
ticular the fine granularity ensures reliable pattern recognition at extreme multiplicities. The 
major uncertainty with the pixel system is that it makes use of the chip-on-board (COB) 
construction technique, which is not yet used in HEP experiments. Therefore, an evaluation 
of a full scale system is needed to determine whether this new technique is reliable enough 
to be used in an essential detector system. 

As a consequence, the pixel pad solution is not currently a part of the baseline detector, 
instead it is considered to be an upgrade with the special status that it could potentially 
have lower cost than the baseline version once additional resources are considered. The goal 
is to complete a full scale prototype (one sector of PCI) on a time scale that would allow the 
upgrade option to be implemented in the baseline detector. The development of the pixel 
readout electronics will be performed by the Lund University group. 

Mechanical Design 

As described in Section 6.4.2, the back plane will be fabricated from rohacell backed on both 
sides by 250 ^m PC-board material. One of these FR4 plates will be the cathode board. 
The signals are brought through the rohacell to the top PC board where the preamp/shaper 
chips are located. This board also has the printed leads bringing the signals to the sides of 
the detector. 

For the pixel readout we anticipate a similar solution; however, the integrated circuits 
and the leads to the sides are to be on a separate 120-//m thin PC-board fabricated with 
the COB technique. This board should connect directly to the signal feedthru through the 
rohacell. The upper skin would then be without a printed pattern. 

This solution allows the mechanical design of the pad chambers to be fixed, but keeps 
open the possibility of subsequently adopting the pixel-pad solution. The method used 
to bring the signals through the sandwich structure, which is of common interest to both 
readout solutions, needs to be developed for large scale solutions. 

With mounted IC and gloptop the additional readout PC-boards will add about 0.08% 
of a radiation length to the material in PCI, and a factor four less in PC3 due to the larger 
area served by each IC. This would add less than 0.01%, if the signal feedthru is made of a 
5-mm wide 120-/xm PC-board material. We estimate the additional material from the pixel 
readout electronics to be 0.1% of a radiation length. 
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Electronics 

For this type of readout solution with 900,000 channels it is essential that the cost per 
channel be kept low (less than one dollar per channel as shown in the WBS) and that the 
electronics can be mounted on the detector backplane. These goals can be achieved with a 
high degree of integration and the COB mounting technique. 

Since signals are processed locally, little signal driving is required. Together with moder
ate demands on resolution this ensures low power consumption of the order of a few milliwatts 
per channel. We plan to develop new integrated circuits for the full readout chain and to 
place the analog/discriminator function and the digital pipeline in two separate integrated 
circuits in order to minimize the risk of crosstalk. 

We plan to fabricate the IC analog in a 1.2-fim BiCMOS process. It will contain 16 
channels of preamp/shaper plus discriminator. The shaping time will be about 100 ns. The 
output of the discriminator will cover two beam crossings in order to make sure that the 
time sclice corresponding to the event will have the information. Therefore only one time 
sclice needs to be transferred to the DSP. The IC area is estimated to be 3 x 3 mm 2 . 

The digital IC will include a 64-cell deep digital pipeline (DMU) timed with the beam 
clock. It will be followed by a five-events-deep derandomizer and bus output. The width of 
the DMU will probably be 48 or 64 channels. When transported on a 16-bit wide (10 MHz) 
data bus, 4096 channels can be read out within the limits set by the average LVL-1 trigger 
rate (30 /xs). The chip area will be about 4 x 4 mm 2. 

Both IC will be mounted as bare silicon wire bonded down to a 120-micron thick PC-
board. After the wire bonding the IC and wire bonds are embedded in an epoxy gloptop. 
This gloptop can be covered by a conductive layer applied by screen printing. The digital 
and analog parts of the readout system will be shielded from each other by a ground plane. 

Once assembled and tested the COB mounting should provide a very reliable and stable 
system. The difficulty is that the electronics must be tested thoroughly between the stages 
of bonding and sealing with the gloptop. These "burn-in" tests should be an integral part 
of the production line. The Lund group has a close collaboration with a COB company in 
Sweden, which would afford the possibility of performing such tests. The mounting technique 
is most suitable for electronics with moderate resolution, because lengthy tests of individual 
chips would not be required. 

Simulations and Testing 

The basic functional principles of the pixel-pad readout were studied in bench tests per
formed in Lund. A MWPC with the same 4-mm wire spacing as PCI was equipped with 
a cathode plane (2-mm distance to wires) segmented in small rectangular pads as shown in 
Fig. 6.10. When operated with P10 gas, the chamber was thin enough to allow electrons 
from a Sr source to pass through the chamber as well as the cathode plane and the en
trance/exit windows. The only electrons producing a trigger were the ones in the collimated 
(1 mm circular) beam from the source. These had high enough kinetic energy to produce 
a coincidence between a thin (0.1 mm) and a thick scintillator on the opposite side of the 
chamber. Thus, the electrons producing a readout trigger were simulating the dE/dx of a 
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Figure 6.10: Schematic of the pad configuration in the Pixel test chamber. 

minimum-ionizing particle (mip). 
Each pad was read out and software simulated the connection of pads to form the pad 

structure of the pixel-pad system (i.e., software added CI + C + Cr in Fig. 6.10). Software 
was also used to apply a threshold, which simulated the discriminator level. 

Figure 6.11 shows the pulse-height spectra of each individual pad when the source is 
positioned in the center of pad C. The requirement that three pads should always be fired is 
obviously well fulfilled, since the distributions are shifted away from zero for the three pads 
closest to the source. It is evident that it is possible to define a threshold which sets the 
three middle pads true and all others false. In this case the hit would be classified as being 
in the center of the pixel defined by the three fired pads. In the few cases when a neighbor 
pad along the wire becomes true, the maximal error would be made and the hit would be 
reconstructed with an offset of 2 mm. When there is crosstalk to pads under the neighboring 
anode wire, the hit would be treated as logically incorrect. In reality, such crosstalk events 
will be accepted as valid hits with a special flag indicating that this may be a hit right 
between two neighboring pixels (across the wires). 

The least favorable case occurs when a hit is between two pads along the wire. When this 
happens, the charge is shared among a maximum number of pads producing the minimal 
pulse height, which determines the threshold setting. 

Figure 6.12 summarizes the position reconstruction when the source has been moved 
in steps of 0.5 mm from the center of one pad to the center of the next pad. The figure 
shows the difference between the reconstructed position and the position of the collimated 
source. Evidently the hit is always reconstructed to better than ±2 mm and the width of 
the distribution is about 1 mm. The position resolution is actually even better, because the 
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Figure 6.11: Pad pulse height spectra created with source placed at center of pad C. 

collimator has an opening diameter of 1 mm. 
The reconstruction efficiency was tested for different thresholds and found to be stable 

for variations of the threshold by at least a factor of three. The absolute efficiency is difficult 
to measure with a beta source, but the results indicate an efficiency close to 100%. This 
implies that the system should perform well with moderate demands on resolution in the 
electronics readout, and that a rather large variation in gas gain over the area of a chamber 
can be tolerated. The test results are very promising. The position resolution should be 
substantially better than ± 2 mm, which was the design criterion for P C I . 

We plan to fabricate a full size prototype, one octant of P C I , to evaluate the performance 
and reliability of the system. Within a year we hope to construct a full-length readout chain 
equipped with prototype ICs. Construction of a full sector would require actual fabrication 
of integrated circuits and would need about another half year of work. The prototype studies 
can be made with the existing ICs. This would allow the prototyping to run considerably 
faster, but the cost and technical feasibility of this option must be carefully evaluated. 

A detailed Monte Carlo study was begun to develop the pixel-system software and to 
investigate the two-track separation. The pulse height and charge-distribution results were 
tuned to the test measurements. The first studies indicate that when the distance between 
the hits is 4 mm, a double-hit is identified in 50% of the cases. At 10 m m the two-track 
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Figure 6.12: Pad position resolution. A collimated source has been moved in 0.5 mm steps 
between two pads. Reconstructed position minus source position has been plotted and a 
resolution of ~1 mm rms has been obtained. 

reconstruction is almost perfect, as long as all particles are minimum ionizing. A realistic 
dE/dx mixture from particles with different energies gives very little difference in the recon
structive efficiency and position resolution. There is only a small increase in the number of 
hits flagged as possible double hits. 

For the LVL-2 trigger it should be possible to identify the specific pixel hit (4 x4 mm 2 

square in PCI) and to flag it as either definitely a single hit or possibly a double-hit. For the 
LVL-1 trigger it should be possible to provide coarse position information, which could be 
combined with the EMCal electron trigger and possibly with the RICH signal. For LVL-1 
the position resolution achievable (several cm in PC3) is limited by the maximum possible 
number of detector leads. 

6.5 Time Expansion Chamber 
The main functions of the PHENIX time expansion chamber (TEC) are: (1) to track all 
charged particles passing through the region between the RICH and the EMCal, (2) to iden
tify tracks entering from outside the fiducial volume, and (3) to determine particle species 
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using dE/dx information. TEC track measurements are used to produce direction vectors, 
which allow track reconstruction by matching the tracking information from the drift cham
bers and pad chambers. Because approximately 25% of the tracks that enter the EMCal 
do not pass through the drift chambers, the TEC is critical for proper track reconstruction 
in PHENIX. Particle energy loss in the TEC detector gas is measured using the flash ADC 
(FADC) electronics. Information derived from these measurements is used to separate elec
trons from pions. A challenging aspect of the TEC is the design of large area wire chambers, 
which must maintain a consistent anode-cathode separation, while keeping all frame and 
support material to a minimum. In addition, the detector electronics parameters must be 
optimized for the best performance of the various detector functions, which are: (1) track 
reconstruction, (2) particle identification using dE/dx, and (3) particle identification using 
transition radiation detection (after the TRD upgrade). Recent progress in the project is 
concentrated in the design of the detector mechanics and electronics. 

6.5.1 Mechanical Design 
Four segments in each arm of the PHENIX detector comprise the TEC. Each segment covers 
22.5° in 4> and ±0.35 in 7? (±19.7° in 6). The TEC occupies the space between the inscribed 
radii of 4.217 and 4.91 m centered on the interaction point (Fig. 6.13). Each segment con
tains six planes of wire chambers spaced 10.8 cm apart. The wire chambers are constructed 
individually and then assembled into a self-supporting segment. The segments, which inter
lock with their neighbors through frames located at their boundaries, are to be constructed 
separately before assembly into a four-segment arm prior to installation into PHENIX. 

The wire chambers are composed of an Al-mylar drift cathode, a 3-cm drift space, and 
a 6-mm thick proportional region containing two cathode wire planes surrounding a plane 
of 25-/am Au-W anode wires (Fig. 6.14). The stainless steel cathode wire planes are each 
spaced 3 mm from the anode plane. The anode wires are spaced 4 mm apart. All wires run 
in the z direction. The second plane of cathode wires is a modification of the TEC CDR 
design. The motivation was to overcome the difficultly of keeping the distance variation to 
a few tens of microns between a plane of anode wires and a 4 m 2 , 25-/um thick Al-mylar foil. 
Each anode wire is divided in z at a thin G-10 wire support structure running across the 
midpoint of each frame. The maximum length of a TEC anode wire is 1.7 m. 

A 7.2-cm thick gap between each wire chamber is reserved for the installation of 
transition-radiation radiator foil packs for the eventual upgrade of the TEC to a TRD. 
The chambers have been designed to operate with either an Ar- or Xe-based gas mixture. 
We presently plan to begin day one operation with a P10 mixture and only 4 of the 6 wire 
planes instrumented. 

The detector frames, made from a combination of G-10 and carbon composite material, 
allow a frame design that maintains rigidity under wire tension loading but has a minimum 
amount of material in the active region. Contacts with C-fiber manufacturers assure us that 
frame construction from carbon composite materials is both physically and fiscally realistic. 

A recent modification in the TEC design is the change toward a more cylindrical geometry 
by going from two to four segments per arm. The change was motivated by the desire to 
keep the angle of each track through the TEC more closely correlated to its pj and to reduce 
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Figure 6.13: Schematic of PHENIX Time Expansion Chamber showing radial dimensions 
and its octant structure. 

the maximum track angle that would be found near the edges of each segment. Studies of 
the TEC frame design indicated that for frame stability, the two segments per arm design 
would require a strut running in the z direction to be located in the middle of each segment. 
Dividing the segment at this location, and changing from two to four segments, was a natural 
step in the design. 

6.5.2 Electronics 
The TEC electronics chain comprises a preamplifier, a unipolar shaping amplifier with 70 ns 
integration time, a 5-bit flash ADC designed to run at 36 MHz (i.e., one quarter of the time 
between RHIC crossings), and a digital memory chip. The TEC anode wires connect to traces 
on printed circuit boards that route the signals to detachable motherboards containing the 
front-end electronics. The preamplifier/shaper, FADC and DMU each exist on separate chips 
(Fig. 6.15). 

The preamp/shaper chip is a modified version of an IC created by the BNL Instrumenta
tion Division for the GEM cathode strip chambers. The IC shaper gain and integration time 
is to be optimized for the PHENIX TEC, and a pole-zero cancellation stage is to be added. 
The dE/dx measurement is very sensitive to tail cancellation. The shaping amplifier also has 
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Figure 6.14: Schematic of TEC wire chamber. 
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Figure 6.15: Block diagram of TEC electronics chain. 
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Table 6.5: TEC Detector and Electronics Parameters 

Item Specifications 
Total channel count (Baseline) 28,032 
Anode wire spacing 4 mm 
Drift distance 3 cm 
Shaping time 70 ns 
Input capacitance 15 pf 
Preamp input charge sensitivity 1 fC - 1 pC 
Front-end ENC(C i n = 15pF) 1200-1500 electrons 
Hit-wire rate 200 Hz 

a dual output with an additional gain stage on one of the output lines. Both lines feed into 
the FADC. This allows the coverage of a dynamic range including both minimum ionizing 
dE/dx signals and TR signals, while keeping the number of FADC bits to a minimum. The 
range from the minimum detectable signal from dE/dx and maximum signal from TR x-rays 
is a factor of 1000. 

The 5-bit FADC chip is also being designed at BNL Instrumentation based on a 1.2-
fira CMOS process. The design sets the 31 comparator levels, which are 28 in the low 
dE/dx range and three in the high TRD range. The 28 lower levels are set in a nonlinear 
distribution to respond to charge signals of 2-120 fC on the input of the preamp. More levels 
are concentrated in the regions around the charge from the mean and the most probable 
energy deposit for a mip. The TR comparator levels are set for 400, 600 and 800 fC of 
charge on the preamp input. The levels are chosen to optimize the particle identification 
capability of the TEC. The TEC electronics and chamber performance parameters are listed 
in table 6.5. 

6.5.3 Operation and Performance 

The TEC is to be operated initially with an argon-based gas mixture, but there is a planned 
upgrade to a xenon-based gas. With a P10 gas mixture the total drift time is expected 
to be 1.2 ps. For a minimum ionizing particle the most-probable (mp) energy deposited is 
(dE[dx)mv = 160 eV/mm. For a 70-ns shaping time, and an absolute gas gain of 1.5xl0 4, 
a minimum ionizing particle depositing (dE/dx)mp generates an effective anode charge of 10 
fC (see Table 6.6). The upgrading of the TEC gas system for full recirculation will allow us 
to change the TEC gas mixture to 50%Xe + 45%He + 5%C 4H 1 0 . For this gas mixture the 
total drift time is 2.0 ps and (dE/dx)mp = 200 eV/mm. For our shaping, time an absolute 
gas gain of 2.5xlO 4 yields an effective anode charge of 10 fC. 
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Table 6.6: TEC General Operating Parameters (S.T. is Shaping Time) 

Item 50%Xe + 45%He + 5%C 4H 1 0 P10 
Drift Velocity 15 mm//is 25 mm/jKS 
Dynamic Range 1000 150 
{dE/dx) 

mp 
0.20 keV/mm 0.16 keV/mm 

(dE/dx)mp/(70 ns S.T.) 0.21 keV 0.28 keV 
{dE/dx)/S.T. Sens. Range Min 0.02 keV (10% mip) 0.028 keV (10% mip) 
(dE/dx)/S.T. Sens. Range Max 20.0 keV (max TRD) 4.2 keV (max dE/dx) 
No. (Primary electrons/S.T.)m p 9.2 10.5 
Range of Preamp Input Charge 1 fC - 1 P C 1 fC - 150 fC 
Total Detector Gas Gain 2.5xl0 4 1.5xl0 4 

6.5.4 Cost and Schedule 

The cost estimate and schedule for the TEC is presented in Table 6.7. In this table the MVD 
mechanical (WBS 5.2.6) and front-end electornics (WBS 5.3.6) cost are shown at PHENIX 
WBS level 4. The detailed cost estimate, along with the schedules and profiles, is available 
in the PHENIX WBS book. The dictionary, basis of estimate, and contingency analysis are 
presented in the PHENIX WBS Notes book. 

Table 6.7: Cost Estimate and Schedule for the PHENIX TEC 

WBS Description Total Cost 
1994 1995 1996 1997 1996 1S 

WBS Description Total Cost 04 OllQ2lQ3lQ4 Q1|Q2|Q3|Q4 a i l 0 2 i 0 3 l 0 4 Q1102103104 01|Q2|03|Q4 O1|02 
5 4 4 TEC $2,031,49040 

54.6.1 TECDwIgn $26747940 

$113,376.40 

$1,622,24648 

52.6.2 Prototyping 

TEC fabrication 

$26747940 

$113,376.40 

$1,622,24648 
M 

54.64 

Prototyping 

TEC fabrication 

$26747940 

$113,376.40 

$1,622,24648 
M 

™ 
£2.6.4 TEC assembly $27,98442 

M 

™ 
£2.6.4 TEC assembly $27,98442 

M 

^ ™ 
64.6.5 TECtMt $040 

M 

^ 

WBS Description Total Coat 
1994 1995 1996 1997 1998 1999 

WBS Description Total Coat 0l lQ2lQ3|O4 01 |02 |03 |04 Q1|02|03|Q4 Ol |02|03lO4 Ol lQ2l03 l04 Q1|Q2|Q3 
54.6 TEC FEE $1,589,22548 

64.6.1 TEC FEE assign $521,289.24 
i 

54.64 TEC FEE prototyping $176,104.06 

$818,046.72 

$46,96344 

$24440.00 

54.64 Procurement of TEC FEE 

$176,104.06 

$818,046.72 

$46,96344 

$24440.00 

54.6.4 TEC FEE test 

$176,104.06 

$818,046.72 

$46,96344 

$24440.00 54.6.6 TEC FEE assembly 

$176,104.06 

$818,046.72 

$46,96344 

$24440.00 
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6.6 System Performance 

6.6.1 Momentum and Mass Resolution 

The momentum and mass resolutions of the PHENIX tracking detector were calculated for 
the present DC detector configuration. The simulation now includes a realistic variation of 
the position resolution of the detector with distance from the anode wires. The magnetic field 
in these calculations is stronger than that used in the CDR (0.78 vs. 0.7 Tm) , and a small 
magnetic field is present in the detector volume. The new drift chamber wire arrangement 
used in these calculations is described earlier in this section. The results are impacted by 
the geometry change, because the spacing between the front six X wires, and the next six 
X wires has been reduced from the previous value of 30 cm to the present value of 24 cm. 
This reduction in lever arm results in a loss of momentum reconstruction accuracy at high 
momenta. Tracks which pass close to the anode wires in the drift chamber are measured 
with less position resolution (600 /im vs. 150 //m). This effect was not included in the 
previous simulation. The result is a loss of the momentum resolution at high pr- This loss 
is compensated by the increase in the magnetic field. For low pj the resolution is dominated 
by multiple Coulomb scattering, so the results are similar to those obtained previously. 

Figure 6.16 shows the momentum resolution of the tracking detector as a function of px 
for the detection of electrons, pions and kaons. The resolutions shown in this plot are very 
similar to the CDR results. These simulations required the integration of code from several 
members of the tracking group, and represented significant progress toward integrating all 
of the tracking-group software with the off-line and on-line computing efforts in PHENIX. 

Figure 6.17 is a plot of the vertex resolution obtained from the reconstruction of tracks 
in the spectrometer. As discussed in the CDR, the vertex resolution in an event with a 
multiplicity of NCh above a pr of 0.5 GeV will be \j\/Nch cm. Once again, this resolution is 
similar to that shown in the CDR. 

Figure 6.18 is a plot of the mass resolution shown as functions of pr for the detection 
of vector mesons. The momentum resolution at low momenta is dominated by multiple 
Coulomb scattering. At high momenta the resolutions are governed by the position resolution 
of the detector and by the length of the lever arm. The decays of the <j> can be measured 
with a resolution of better than 0.1% in the kaon channel and 0.5% in the electron channel. 

The drift chambers and the pad chambers were the only detectors used in these calcula
tions. The resolutions were calculated in a single-particle mode where only one particle of 
the species of interest was detected within the spectrometer acceptance. The results indicate 
that the </> can be measured with a resolution of about 0.07% for a pair momentum below 
1.0 GeV. For decays via electrons the corresponding resolution is about 0.5%. The J / ^ can 
be measured with a resolution of about 0.7 %. These results are very similar to those pre
sented in the CDR. The detector performance (position and angular resolutions) have been 
simulated here with better accuracy than before. 
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Figure 6.18: Mass resolution as a function of px for the <f> and J/ip 

6.6.2 Pattern Recognition 

We have continued to work on the development of pattern recognition for the PHENIX 
spectrometer. The most difficult aspects of the pattern recognition involve the identification 
of low momentum tracks. We have developed a multiloop pattern recognition procedure to 
enable the detection of low momentum tracks with high efficiency. First we set tight criteria 
on the "roads" used to look for good track candidates. Once the high pr tracks are found, we 
remove those hits from consideration. We then increase the size of search windows, and repeat 
the track finding procedure to find tracks for intermediate p?. In the third and last iteration, 
the tracks for the lowest-momenta particles are found. Figure 6.19 is a plot of the ratios of 
the numbers of tracks found to the number of true tracks. Plotted are ratios both for the 
tracks detected in an "unknown" track mode (a realistic situation) and for a "known" track 
mode in which the known hit information from the detectors was used in the reconstruction 
of the tracks. The "known" track mode represents the efficiency of the cuts for finding 
good tracks. The "unknown" track mode includes the ghost tracks. These calculations will 
be upgraded soon with the addition of new code for the pad chambers. Furthermore, the 
information from the TEC is presently not incorporated into the simulation. Its inclusion 
should aid in the reduction of the number of ghost tracks. 

Figure 6.19 shows the present status of our pattern recognition calculation. In the earlier 
version of the code (data points connected by lines) the reconstruction of double HIJET 
events resulted in a large number of ghost tracks. The open symbols show results for the 
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Figure 6.19: Pattern recognition showing reconstruction efficiency and number of ghost 
tracks. The open symbols represent the newest results of the tracking code. 

present multiloop pattern recognition calculations. For the same "known" track efficiency 
there is a lower ghost track fraction in the "unknown" track mode. Similar improvements 
are evident for the single point shown for a low px sample of pion events, when compared to 
the older calculations. 
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Chapter 7 

Ring Imaging Cherenkov Detector 

7.1 Overview 
The Ring Imaging Cherenkov (RICH) detector subsystem serves as one of the primary devices 
for the identification of electrons. The scope of this chapter is to describe the progress in 
the design of the RICH detector subsystem since the PHENIX CDR. 

Figure 7.1, which appeared in the CDR, is shown again to illustrate the principle of 
electron detection in the RICH. A typical electron track (400 MeV/c) is shown, together 
with Cherenkov photons emitted in the radiator gas; the photons are reflected and focused 
by the mirror. 

Figure 7.1: Cherenkov photons emitted by a 400 MeV/c electron are reflected and focused 
by the mirror (from PISA simulation). 

7-1 
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7.2 Changes 
The major changes in the RICH subsystem since the CDR include: 

1. The boundaries of the RICH subsystem were slightly changed. 

2. Magnetic shielding rings (iron pieces) were added to the design of the magnet yoke, 
which will reduce the fringe field at the photon counters. 

3. Changes in the optics caused by changes in the geometry are being investigated. 

4. The mechanical design of the RICH gas vessel and windows is in progress. 

5. The mirror segmentation has been determined. 

6. The mirror support structure has now been designed and a method of aligning the 
mirror segments has been developed. 

7. Photomultiplier tubes were chosen to be the focal plane detectors. 

8. A production version of the Winstone cone was designed. 

9. Magnetic shielding of the photon detector was investigated. 

10. The conceptual design of the front-end electronics is being reevaluated. 

11. A prototype HV power supply was designed and fabricated. 

7.3 Mechanical 

7.3.1 Global Geometry and Optics 
The outer radial extension of the RICH subsystem was changed from 400 to 410 cm, which 
improves the optics and significantly increases the minimum path length of electrons in the 
radiator gas. 

Magnetic shielding rings (iron pieces, 10-cm high and 5-cm thick) were added to the 
design of the outer edge of the magnet yoke. The purpose of the rings is to reduce the 
magnetic field strength at the photon counters. Without the shielding rings, the calculated 
field strength at the inner most photon detector array is approximately 200 G. With the 
shielding rings, a preliminary calculation shows a reduction in the magnetic field strength 
by more than a factor of two. Therefore, the addition of the iron pieces to the magnet 
yoke reduces significantly the magnetic shielding requirements for the individual PMTs that 
comprise the focal plane detector. 

The addition of the magnetic shield ring to the magnet resulted in the inside z boundary of 
the photon detector recess being moved out to 137.3 cm, in turn pushing the photon detector 
to larger z. To maintain acceptable efficiency for all events, this forced an increase in the 
tilt of the RICH mirror by moving the center of curvature to a larger z. Even after much 
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Figure 7.2: Cross section of the RICH gas vessel. 

discussion and debate about minimum radiator gas thickness versus RICH efficiency, the 
issue of how great the mirror tilt should be has not been entirely settled. The configuration 
shown in Fig. 7.2 has the mirror center of curvature at z = 215 cm, giving a minimum 
radiator gas thickness of 83.4 cm. Because of space limitations, the maximum possible 
radius of curvature for the mirror is 403 cm. This limitation is almost independent of the 
mirror tilt. 

7.3.2 Radiator Gas Vessel 
Each RICH arm consists of a self-supporting radiator gas vessel, in which two mirrors and 
two focal-plane photon detectors are mounted. The gas vessel is approximately 1.5-m deep 
in the r direction, 6-m wide in the z direction, and spans 90° in <f>. 

A finite-element analysis of the RICH gas vessel structure has been used to refine and 
to check the mechanical design. This structural analysis is now complete, and the design of 
the structure is close to being settled. We are in the process of gathering quotations for the 
components of the gas vessel. 

A schematic view showing the cross section of the gas vessel appears in Fig. 7.2. The 
structure will consist of an aluminum frame with 0.25-in. thick aluminum sheet walls. The 
support beams making up the frame will be 0.25 in. wall rectangular aluminum tubes, 
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Figure 7.3: A schematic view showing the mechanical arrangement for supporting the Kapton 
exit window. It also shows the carbon-fiber/epoxy beams used to support the mirrors. 

varying in dimensions from 1 x 5 in.2 (in locations where the wall thickness is critical) to 
3 x 3 in. 2 . When the RICH gas vessel is installed in PHENIX, it will be supported along 
two lines at the lower end and at three points at the top end. 

There is no metal within 23° of the center line of the detector. The entrance and exit 
windows are 0.003-in. thick Kapton film, supported against the 2.5 lb/ft 2 over pressure of 
the radiator gas by 0.063-in. wall thermoplastic pultrusions (tubes) of dimensions 0.5 x 2 in. 2 

for the entrance window, and 0.75 x 3 in.2 for the exit window. The arrangement is shown 
schematically for the exit window in Fig. 7.3. 

Finally, a 48 x 144 x 2 in. 3 gas vessel was constructed at Florida State University in 
order to test methods for mounting, supporting, and sealing the entrance and exit windows. 
The gas vessel provides a platform for testing of a prototype bubbler, which is designed to 
maintain a gas pressure of 2.5 lb/ft 2 in the gas vessel at flow rates of up to 100 L/min. 

7.3.3 Mirror System 
The mirror segments will be supported by rectangular carbon-fiber/epoxy tubes formed on a 
Nonex honeycomb core. The tubes will have outside dimensions of 1 x 3 in. 2, and the carbon-
fiber/epoxy walls will be 0.050-in. thick. The mirror in each gas vessel will be divided into 48 
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Figure 7.4: A schematic view of the mirror segmentation. 

segments, with the segment size chosen to minimize the overall mirror cost. Each segment 
will consist of a carbon-fiber/epoxy substrate, with a 3 nm rms surface roughness finish 
applied by replication. Fig. 7.4 shows the mirror segmentation. Note that the segments 
adjacent to the cusp of the mirror are slightly smaller than those on the outside. 

There is still some discussion about whether the mirror substrate should be a somewhat 
flexible 0.050-in. thick carbon-fiber/epoxy laminate, similar to the small mirror that was 
tested successfully at the AGS in June, or a more rigid structure made by sandwiching 
approximately 1 cm of foam between two 0.020-in. thick carbon-fiber/epoxy laminates. The 
substrate and replication masters will be identical in either case, and the final decision on 
the structure of the substrate can wait until after we have made a full size substrate both 
ways. Although there are two different mirror segment sizes, the same masters can be used 
for making all of the substrates and for performing the replication. The mirrors will trimmed 
to the correct sizes at the end of the manufacturing process. 

The scheme that will be used to mount and align the mirror segments is illustrated in 
Fig. 7.5. Threaded plastic attachment points will be epoxied permanently to the back of each 
mirror substrate during the mirror manufacturing process. A plastic cup will be threaded 
tightly into each attachment point. Each mirror segment will be installed using a removable 
alignment fixture that will be attached to the carbon-fiber/epoxy mirror support beams by 
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Figure 7.5: A scheme to mount and align the mirror segments. 

clamps, which are not shown in Fig. 7.5. The alignment fixture will have a clamp with a 
micrometer position adjustment at each attachment point on the mirror segment. Once the 
mirror segment is clamped to it, the micrometer adjustments on the alignment fixture will 
allow precise positioning of the mirror segment relative to the carbon-fiber support beams. 
Once the mirror segment has been aligned, a permanent epoxy connection will be made 
between the cup threaded into each mounting point and a plastic clamp on the nearest 
carbon fiber support beam. The alignment fixture will then removed so that it can be 
used to mount another mirror segment. After alignment, the mirror may be removed and 
reinstalled without disturbing the alignment. If the mirror segment has to be realigned 
for some reason, the plastic cups that are threaded into the attachment points have to be 
removed and discarded, along with the part of the clamp that is epoxied permanently to 
each one. After new plastic cups are threaded into the attachment points, a new alignment 
can be carried out using the procedure outlined above. 

7.3.4 Gas Handling System 
The gas handling system has not yet been reevaluated in the light of the decision to use 
PMT technology rather than Csl chamber technology for photon detection in the RICH. 
However, some general remarks can be made. 
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The use of Csl chambers would have imposed very strict requirements on the radiator 
gas purity. In the wavelength range of 165 to 200 nm, where the Csl chambers operate, a 
significant fraction of the Cherenkov light can be absorbed by parts per million levels of water 
vapor and oxygen contaminating the radiator gas. Our decision to use PMTs as the RICH 
photon detectors eliminates these concerns. The 200 nm lower wavelength cutoff imposed 
on the PMTs by their UV glass windows is above the wavelength region where water vapor 
and oxygen absorption are significant. 

The dramatic relaxation of the radiator gas purity requirements means that we no longer 
have to think in terms of flowing high purity radiator gas through the RICH at very high 
flow rates. It is likely that it will not be cost effective to recirculate and purify the radiator 
gas, because a rather small flow rate of not very pure (i.e., inexpensive) gas should be all 
that is required to maintain adequate levels of purity. This is being studied now. 

The gas handling system will still have to be able to support very high flow rates (100 
L/min) so that the RICH gas vessel can be flushed in a reasonable length of time when we 
need to open it for maintenance. 

One consequence of adopting the PMT option is removal of heat generated by the HV 
resister chain. Each PMT assembly produces about 0.3 W of heat, so the total heat produc
tion amounts to approximately 1 kW per RICH arm. Some cooling will have to be provided 
to compensate for this. 

We are presently working on the conceptual design for a gas handling system that is 
tailored to the PMT version of the RICH. 

7.3.5 Focal Plane Detector 
The photomultiplier tube option was chosen as the focal plane detector technology for the 
baseline PHENIX RICH detector. The Cherenkov photons are detected by using arrays of 
UV-sensitive photomultiplier tubes. In order to reduce dead space on the focal plane, a 
light-collecting funnel (i.e., a Winston cone) is attached to each PMT. A total of 6400 PMTs 
are required to cover the four focal planes, which cover a total area of approximately 20 m 2 . 

Technology Choice 

Two technologies were investigated for the photon detector: (1) a highly segmented array of 
photomultiplier tubes, and (2) a UV-sensitive wire chamber, using a Csl-coated photocath-
ode. 

As described in the CDR, the test of the PMT array prototype at KEK last year (10/92), 
as well as the test last June (6/93) at BNL, demonstrated that the PMT option can meet all 
the performance goals set for the baseline PHENIX RICH detector. A drawback of the PMT 
solution is it's high cost per pixel. The Csl photocathode option can potentially lead to lower 
cost at a fixed segmentation or to higher segmentation at a fixed cost, as compared to the 
PMT version. The test done at BNL last June showed that a prototype Csl photocathode 
chamber performed almost perfectly and met performance expectations. 

The number of photons produced with a 1.2-m thickness of ethane radiator was approxi
mately 20 for the PMT option and approximately eight for the Csl photcathode option. The 
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smaller number of photons measured using the Csl photcathode option comes mainly from 
the wavelength cutoff of the quartz window at about 170 nm. A larger number is expected 
if a CaF2 window is used, but this option was excluded due to the formidable cost of the 
material. The Csl photocathode option excludes the use of methane or nitrogen as a radiator 
gas. 

We have serious concerns about whether the chamber performance can be maintained 
in the long term, since the technology is too new for us to have enough data on long-
term stability. There is also a serious question as to how well adequate gas purity can be 
maintained in such a large gas volume. Since the PMT option utilizes only photons with 
wave length larger than 200 nm, absorption of Cherenkov light by oxygen and water vapor 
in the radiator gas is not important, and so the gas purity requirements are greatly relaxed 
over those for the Csl chamber, where ppm levels of oxygen and water vapor cause significant 
absorption of Cherenkov light. Therefore we adopt the PMT option as our technology choice, 
although we acknowledge that this choice is quite conservative. 

Photomultiplier Tube 

Our current choice for the PMT is the Hamamatsu H3171S (gain-selected H3171). As de
scribed in the CDR, this tube satisfies the performance requirements. Also being investigated 
is the possibility of using Russian phototubes, which would allow for a significant cost re
duction, if they meet the performance requirments. 

Winston Cone and Magnetic Shielding 

A production version of the Winston cone has been designed. This is a modified version 
of the one used in the previous beam tests. The thickness of the wall at the entrance is 
reduced from 2 mm to 1 mm. The Winston cone accepts photons with incident angle less 
than sin# < 0.5 away from the normal to the photocathode plane. 

As was mentioned in the overview section, a calculation shows a fringe field having a 
maximum of several tens of Gauss exists at the region of the PMT array. Several shielding 
schemes have been tested. Our goal is to obtain a solution which guarantees less than 5% 
change in output signal under a magnetic field of up to 100 G normal to the photocathode 
plane. Two layers of soft iron with thickness of 1 mm is needed to fulfill this goal. Work on 
optimizing the shielding is still in progress. 

PMT Array Supermodule 

We are currently investigating how best to mount the phototubes in the focal plane. The 
tubes are grouped into modules, called supermodules, which represents the basic unit for 
testing, installation, readout, and maintenance unit. The identical supermodules are prefab
ricated, tested, and mounted on the focal planes. 
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7.4 Electronics 
7.4.1 Front-end Electronics 
Both analog and timing information from each phototube will be recorded. In addition, an 
analog sum of 25 PMTs will be used in the LVL-1 trigger. Specifications for the readout 
electronics is summarized here. 

Analog: Each PMT will be operated at a gain of approximately 10 7, which generates 1.6 pC 
of charge per photoelectron. Amplification by a factor of 10 gives signals of 16 pC. 
Splitting the signal into three gives about 5 pC per photoelectron. There will be 
at most several photoelectrons per PMT. Therefore, the maximum charge per PMT 
is approximately 25 pC. A 50 pC range with 250 bins (0.2 pC per bin) is sufficent; 
therefore, an 8 bit range is required. 

Timing: Each PMT is expected to have an rms time resolution of less than 1 ns for a 
single photoelectron before a slewing correction is applied. A timing resolution of 
approximately 350 ps was obtained after a slewing correction was applied to a testbeam 
measurement. For the time measurement, 200 ps per bin is required, which is much 
less strict than the requirement for the counters in the TOF system. The spread in 
arrival times of the Cherenkov photons at the PMT's is estimated to be less than 
several nanoseconds. A practical minimum time range needed is about 30 ns. If 50 ns 
is used as a conservative estimate, the time range can be covered with an 8 bit range. 

Analog Sum: The two signals discussed above are from individual PMTs. A sum of the 
output from 25 PMTs is required for the LVL-1 trigger. The number 25 was not chosen 
arbitrarily; a Cherenkov ring is nearly contained in a 5 x 5 PMT array. Because there 
are between 20-30 photoelectrons per electron track per Cherenkov ring, depending on 
the path of the elctron tracks in the Cherenkov radiator, a maximum charge of about 
150 pC (30 x 5 pC) is expected. An analog sum with the capability of processing 
25 PMT outputs and with a prompt digital output having 3 bit resolution will be 
implemented. 

A readout scheme very similar to that designed for the beam-beam counters is being 
considered for the RICH subsystem. As mentioned above, the specifications for the RICH 
analog dynamic range and timing resolution are less demanding than those for the beam-
beam counters and the TOF subsystem. 

As reported in the CDR, a prototype of the front-end electronics (FEE) for the RICH 
PMT readout was fabricated and tested. A study using this prototype revealed a potential 
problem. Although the prototype worked perfectly well when the external clock was 224 ns 
(the Day-1 RHIC beam crossing interval), the capacitor discharge and the digitization could 
not keep up with a 112 ns clock rate (the higher luminosity running condition). 

The digitization problem was due to a misconception about how the flash ADC operates. 
The analog input signal is sampled when the flash ADC is gated by the beam pulse. However 
the digital output of the flash ADC appears only after two additional gating pulses are 
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applied. Our first solution was to derive an extra two pulses from each beam pulse and 
apply all three successively to the flash ADC to obtain the digital output before the next 
beam pulse arrived. However, since the flash ADC has only 20 MHz bandwidth, it takes 
200 ns to gate it three times. Therefore this scheme works for an external clock of 224 ns, 
but not for an external clock of 112 ns. 

The problem was solved after we realized that the flash ADC's internal stack is really 
a FIFO, so we can use a pipeline readout scheme in which we get the digital output after 
the flash ADC has been gated by the next two beam pulses. The problem of capacitor 
discharge was investigated further, and it does not appear to be a critical problem. However, 
reevaluation of the RICH front-end conceptual design, which includes the interface to the 
DAQ system, is in progress. 

7.4.2 High Voltage Power Supply 
A prototype high voltage power supply was fabricated that can supply up to 1.8 kV with 
maximum current of 3 mA. Ten phototubes can be operated with one supply. The supply 
uses a DC-to-DC converter to generate a high voltage source from a 6-V DC power source, 
with conversion efficiency of approximately 50%. Output voltage is controlled by another 
low voltage input. A test is in progress to study: (1) the noise generated by the power 
supply, (2) the long term voltage stability, and (3) the reproducibility of the output voltage 
set by the control voltage. 

7.5 Performance 
In order to evaluate the performance of the proposed RICH detector in a realistic environ
ment, a beam test was performed at KEK in October 1992, as reported in CDR, and at 
BNL in June 1993. For the PMT option, the test results at BNL paralleled and verified the 
results obtained at KEK. Near the end of the beam test at BNL, a 20-cm diameter proto
type thin mirror was tested successfully with the PMT array. The thin mirror, a 0.050-in. 
thick carbon-fiber/epoxy substrate with a replicated reflecting surface, gave results that were 
indistinguishable from those obtained with the thick Pyrex mirror used in all previous tests. 

7.6 Cost and Schedule 
The cost estimate and schedule for the RICH is presented in Table 7.1. In this table 

the RICH mechanical (WBS 5.2.7) and front-end electornics (WBS 5.3.7) cost are shown at 
PHENIX WBS level 4. The detailed cost estimate, along with the schedules and profiles, 
is available in the PHENIX WBS book. The dictionary, basis of estimate, and contingency 
analysis are presented in the PHENIX WBS Notes book. 
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Table 7.1: Cost Estimate and Schedule for the PHENIX RICH 

WBS DmcrlDtion Total C O M 
1893 1984 1995 1986 1987 1888 

WBS DmcrlDtion Total C O M 02lQ3lO4 Q1|Q2|Q3|04 a i | 0 2 | 0 3 | 0 4 0 l | 0 2 | C » | O 4 Q1|Q2|Q3|0* O i l 02103! 04 
S.2.7 RICH $4,678,646X0 

$185,632X0 

$270,000X0 

S.2.7 RICH $4,678,646X0 

$185,632X0 

$270,000X0 

S.2.7.1 DM)gn 

Prototypa 

$4,678,646X0 

$185,632X0 

$270,000X0 

S.2.7.1 DM)gn 

Prototypa 

$4,678,646X0 

$185,632X0 

$270,000X0 5.2.7.2 

DM)gn 

Prototypa 

$4,678,646X0 

$185,632X0 

$270,000X0 5.2.7.2 

DM)gn 

Prototypa 

$4,678,646X0 

$185,632X0 

$270,000X0 

5A74 Fabrication $4,118,016.80 5A74 Fabrication $4,118,016.80 
3.2.7.4 A m m U y $42,800.00 3.2.7.4 A m m U y $42,800.00 

5.2.7.S TMt $82,000X0 5.2.7.S TMt $82,000X0 *̂ ^̂ ^̂  

WBS Description Total Coat No 
» 1994 1995 1998 1987 1998 

WBS Description Total Coat No 03 |04 Q1|Q2|03|04 Q1|Q2|Q3|04 Ql!Q2|Q3lQ4 ailQ2lQ3lQ4 QllCBlCBlCM 
5.3.7 RICH FEE $1,144,197.52 5.3.7 RICH FEE $1,144,197.52 

iJ^Ha^HBp 
53.7.1 Design $82,000.00 

iJ^Ha^HBp 5.3.7.2 Prototypa 

Fabrication 

$65,00340 

$962,994.32 

iJ^Ha^HBp 

5.3.7.3 

Prototypa 

Fabrication 

$65,00340 

$962,994.32 

iJ^Ha^HBp 

5.3.7.3 

Prototypa 

Fabrication 

$65,00340 

$962,994.32 

iJ^Ha^HBp 

SJ.7.4 Aasambly $16,000X0 

iJ^Ha^HBp 

SJ.7.4 Aasambly $16,000X0 

iJ^Ha^HBp 

S.3.7.S Toat $38,200X0 

iJ^Ha^HBp 

S.3.7.S Toat $38,200X0 

iJ^Ha^HBp 



Chapter 8 

Time-of-Flight System 

8.1 Overview 
The PHENIX time-of-flight (TOF) system identifies hadrons. The TOF system consists of 
1024 elements of scintillator slats with photomultiplier tube readout. The radial distance is 
approximately 5 m from the vertex, and the angular acceptance is 40° in 8 and 30° in <j>. 
The time resolution of the TOF system is about 80 ps, which provides for a x/K separation 
of up to 2.4 GeV/c in 4cr. 

The TOF system has an excellent trigger capability, which is especially important for 
p + p collisions at RHIC. In addition, the good timing resolution of the TOF system, in 
conjunction with tracking information, provides an an excellent particle identification trigger. 

8.2 Changes 

1. The slat sizes and the overall design of the TOF system are changed somewhat since the 
CDR, because the geometrical segmentation of the outer detectors in the two central 
arms of PHENIX is now an octant (four sectors per arm), instead of the previous 
quadrant (two sectors per arm). 

2. The chosen TOF configuration is CDR design A, in which a scintillator rod is attached 
to two prism-shaped light guides and the phototubes. There are two azimuthal sections: 
one with the acceptance of a full octant (22.5° in </>) and the other covering one-third 
of the adjacent octant (7.5° in <f>). 

3. Testbeam results of TOF slats in Design A were obtained that indicate it is possible 
to achieve time resolutions of better than 90 ps. 

4. There are no significant changes in the TOF front-end electronics, but there is progress 
on the design and prototype tests of new discriminators, TVC/AMU, and integra-
tor/AMU chips. 

8-1 
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Figure 8.1: A typical T O F slat showing a scintillator bar of cross section (1.5 x 1.5 cm 2 ) 
attached to two prism shaped light guides and the PMTs. 

8.3 Mechanical Design 

The T O F system is located between the PC2 pad chamber and the lead-glass calorimeter in 
the allocated radial space between 5.030 and 5.180 m in r. The coverage is the full rj range 
(70° < 9 < 110°) of the central arm detectors over 30° in <j>. The T O F slats are oriented 
along the r-<f> direction. 

The changes in the configuration of the outer detectors (TOF, TEC, and EMCal) are 
described in Chapters 2, 6, and 9. Instead of the previous quadrant design (two sectors per 
arm), an octant structure (four sectors per arm) is now adopted. In this new design each 
detector octant covers 22.5° in (f>; therefore, the T O F system covering 30° in <f> with 1024 slats 
occupies one full octant (22.5° in <f> and 768 slats) and a third of the adjacent octant (7.5° 
in <j> a n ( l 256 slats). In the CDR two options for the mechanical design were described and 
labelled as designs A and B. After performing beam tests at KEK and BNL and evaluating 
both options, we chose design A for the T O F system. Certain changes to this design were 
necessary to accommodate the octant structure. 

Figure 8.1 shows the design of a typical scintillator slat. The cross section of each 
scintillator slat is square with a dimension of 1.5 x 1.5 cm 2 . Each end of the scintillator is 
attached to a prism-shaped light guide and to a photomultiplier tube. The arrangement uses 
BC404 plastic scintillators produced by the Bicron corporation and R3478S photomultiplier 
tubes produced by Hamamatsu. The characteristics of the scintillators and photomultiplier 
tubes are described in the CDR. The performance of the scintillator slats is described in 
Section 8.5. 

Figure 8.2 illustrates the arrangement of the T O F slats (left), and the location of the 
T O F system in relation to the position of the TEC and the EMCal (right). The slats are 
oriented along the r-<f> direction. In the fully covered octant, where the T O F system covers 
the full 22.5° in <j>, three different lengths of scintillators are used in order to avoid geometrical 
conflict among neighboring photomultiplier tubes. Part of the arrangement, indicating the 
arrangement of two columns of slats, is shown at the left side of Fig. 8.2. The first column 
comprises three scintillators with lengths of 55, 65, and 75 cm, and for the second column 
the lengths are 75, 65, and 55 cm. This arrangement is repeated over the full section in the 
octant. Notice that the 75-cm long slat has a different light guide arrangement on one side; 
instead of a prism shape light guide, there is a 30° bent light pipe. This is necessary to avoid 
overlapping the photomultiplier tubes at the ends (on top and bot tom) of the T O F system. 
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Figure 8.2: The arrangement of the three lengths of scintillator slats into two different column 
types is shown in the left side of the figure. The location of the TOF system in relation to 
the position of the TEC and the EMCal is shown on the right. 
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For the partially covered octant, where the TOF system covers only 7.5° in <j>, the re
quirements are less stringent, and we chose to use 65-cm long scintillator slats. For all the 
slats in this octant, one end of the scintillator slat is attached to a prism type light pipe, 
whereas the other end has a 30° bent light pipe. The slat positions for the light guides will 
alternate in order to properly accommodate the photomultiplier tubes. 

The overall design for the mechanical support structure is essentially the same as the 
CDR version. Details of the mechanical support structure are being developed. 

8.4 Electronics 
The design of the TOF front-end electronics was described in CDR Chapters 8 and 11. Three 
cables are attached to each photomultiplier tube: a fiber optic cable attached to the face of 
the photomultiplier tube, a high voltage cable on the tube base, and a signal cable. These 
cables exit the counters along the z direction. The high voltage cables connect to a high 
voltage distribution box, and the fiber optic cables go to a pulsed laser system. 

Crates containing the TOF front-end electronics are mounted close to the TOF system. 
Each crate has slots for 16 boards and each board has 16 channels for eight TOF slats. The 
signal from each of the tubes is split into two, one of which is used to provide the charge 
and the other is used for timing information. The charge signal goes first to an integrator, 
then to an analog memory pipeline, and finally to an ADC. The timing signal goes first to a 
discriminator, and then to the LVL-1 trigger. A second timing output from the discriminator 
is used as a start pulse for the TVC. Progress continues on the design and testing of the 
new discriminator boards, TVC/AMU chips and integrator/AMU chips. Final designs are 
expected soon. 

8.5 Performance 
In the CDR two options were proposed for the configuration of the TOF slats and were 
labelled as designs A and B. In design A a scintillator rod was attached to two prism shaped 
light guides and the photomultiplier tubes, whereas in design B a scintillator rod was attached 
to either straight light guide or to the light guides, which are bent twice. The scintillator 
rod for design A was 85-cm long with a square cross section of 1.2x1.2 cm 2, while for design 
B the rod was 130x0.8x0.8 cm 3 . 

The relative timing performance of the two options was studied systematically using the 
test beam facilities at KEK and BNL. The timing resolutions for designs A and B were 
studied at various positions along the scintillator slat. Whereas both designs achieved less 
than 90 ps at the center of the slat, the timing resolutions at the edge were found to be 
considerably poorer for design B than for design A. This results from the fact that the light 
attenuation of design B is larger than that of Design A. This conclusion is consistent with 
our previous R&D studies with long plastic scintillators: the timing resolution of a long slat 
correlates strongly with the light attenuation length, which improves for shorter and wider 
(thicker) scintillator rods. 



8.5. PERFORMANCE 8-5 

I; 

- i . . . . i . . . . i . . . . i — i i 
-/ -0.5 0 0.5 1 -1 -0.5 0 0.5 1 

Time-of-Flight (ns) Time-of-Flight (ns) 

Figure 8.3: Time-of-flight spectrum (left) and a scatter plot of time-of-flight vs. ADC. 

Because the overall timing resolution is better and the mechanical installation is simpler, 
design A is chosen for the PHENIX TOF detector. Here below are the details of the timing 
performance tests. 

We tested the scintillator rod, which was made of Bicron BC404 and had dimensions of 
100x1.2x1.2 cm 2. Prism-shaped Lucite light guides are attached on both ends of the rod 
to reflect the scintillation light to the photo cathode of the tube (see Fig. 8.2). The same 
photomultiplier tube chosen for the PHENIX TOF, Hamamatsu R3478S, was used in the 
tests. The timing resolution of the start counter used for the tests was less than 50 ps. 

Comparison of the light yields, with and without the prism-shaped light guides, indicated 
that the light loss in the light guide is about 40%, which is consistent with our earlier 
estimates. Figure 8.3 shows the typical timing performance; the left panel shows the TOF 
distribution between the test counter and the start counter. The distribution is consistent 
with a Gaussian distribution (a — 88 ps) over more than two orders of magnitude. The right 
panel of Figure 8.3 gives a scatter plot showing a clean correlation between the TOF and 
the charge of the pulse after the slewing correction. 

Figure 8.4 shows the position dependence of the TOF resolution, which is observed to be 
approximately 90 ps for all locations measured. The overall timing resolution obtained with 
the design A provides adequate timing performance for the PHENIX TOF. 

As described in Section 8.3 above, the design of the PHENIX TOF was modified to 
accommodate the recent design change for the tracking chambers and the EM calorimeter. 
The typical size of the scintillator rods is now 65x1.5x1.5 cm 3; therefore, the length of the 
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Figure 8.4: The position dependence of the TOF resolution. 

scintillator is shorter by 35 cm, and the width and the thickness is wider by 0.3 cm than 
the counter tested. Our previous studies of scintillator rods demonstrate that the timing 
resolution correlates strongly with the light attenuation along the scintillator, and that the 
light attenuation length scales roughly with the inverse of the width (thickness) of the rod. 
Thus, the new design with the shorter and the wider (thicker) scintillator should provide 
even better timing resolution. 

In the current design, the photomultiplier tube is located behind the scintillator; there
fore, there it is possible for a particle to travel through both the scintillator and the photo-
cathode at the same time. Such a particle may produce Cherenkov light in the photocathode 
in addition to the scintillation light. The Cherenkov light may affect the timing of the lead
ing edge of the scintillation light pulse, because the emission mechanisms for scintillation 
and Cherenkov light are different. The effect of the Cherenkov light emission on the timing 
was fully investigated. The timing differences between the photomultiplier tubes were mea
sured at various locations. Figure 8.5 shows a plot of the measured minus expected timing 
differences versus the hit position of the particle at the scintillator rod. 

All the data points, except those at the edge of the scintillator, show the same timing 
difference. This suggests that the velocity of light traversing along the scintillator is constant. 
However, at the edge region the time jumps by about 150 ps, which corresponds to the 
difference of emission times between the Cherenkov and scintillation light. The timing jump 
is seen in the region of 2-3 mm from the surface of the photomultiplier tube, which is the 
approximate thickness of photocathodes. 

The studies described above demonstrate that the effect of Cherenkov light emission is 
detectable by looking at the difference of timing. In other words, when the hit positions of the 
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Figure 8.5: The difference between the measured and expected times for different hit posi
tions. 

particle along the rod are determined from the timing difference between two photomultiplier 
tubes, the earlier timing of the affected Cherenkov light produces the observed hit position 
outside of the rod. Fiducial cuts made on the scintillator rod can easily eliminate such tracks. 
Because the area of the photocathode seen from the side is 0.4x0.4 cm 2, the probability for an 
effect from the Cherenkov emission is less than 1% of the total events recorded. Furthermore, 
as noted above, such Cherenkov-produced events are easily detectable and separable from 
the others. 
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8.6 Cost and Schedule 
The cost estimate and schedule for the TOF system is presented in Table 8.1. In this table 
the TOF mechanical (WBS 5.2.8) and front-end electornics (WBS 5.3.8) cost are shown at 
PHENIX WBS level 4. The detailed cost estimate, along with the schedules and profiles, 
is available in the PHENIX WBS book. The dictionary, basis of estimate, and contingency 
analysis are presented in the PHENIX WBS Notes book. 

Table 8.1: Cost Estimate and Schedule for the PHENIX TOF System 

WBS DMCriptton Total Coat 
1993 1994 1995 1998 1997 1998 

WBS DMCriptton Total Coat Q2|03|Q4 Q1|Q2|Q3|04 Q1|Q2|03|Q4 Q1|Q2!Q3|Q4 Q1|Q2!Q3|04 Q1|Q2 Q3|Q4 
5.2.8 ToF $1,632,207.20 

• 

5.2.8.1 Daalgn 

Prototypw 

$84,800.00 

$137,700.00 

• 

5.2.8.1 Daalgn 

Prototypw 

$84,800.00 

$137,700.00 IJaiBaBiBl 

• 

5.2.8.2 

Daalgn 
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$84,800.00 

$137,700.00 IJaiBaBiBl 

• 

5.2.8.3 Fabrication $1,228,107.20 

IJaiBaBiBl 

• 

5.2.8.3 Fabrication $1,228,107.20 

i 

^^^^^^F 

• 

5.2.8.4 AsaamMy $36,400.00 

i 

^^^^^^F 

• 
5.2.8.5 Taal $44,200.00 

i 

^^^^^^F 

• 5.2.8.8 Raady tor axparimant $0.00 i 

^^^^^^F 
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WBS DaacrlpMon Total Coat 
1993 1994 1996 1998 1997 1996 

WBS DaacrlpMon Total Coat Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|02|Q3|O4 Q1|Q2|03|04 Q1|Q2|03|Q4 QllQ2l03iO4 
5.3.8 TOF FEE $507,991.04 5.3.8 TOF FEE $507,991.04 

5.3.8.1 Daaign 

Pratotypa 

Fabrication 

$126,260.00 

$32,770.00 

$292,888.24 

5.3.8.2 

Daaign 
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Fabrication 

$126,260.00 

$32,770.00 

$292,888.24 5.3.8.3 

Daaign 
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Fabrication 

$126,260.00 

$32,770.00 

$292,888.24 5.3.8.3 
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Fabrication 
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$32,770.00 

$292,888.24 

5.3.8.4 AaaamMy $4,208.00 

$62,864.80 

5.3.8.4 AaaamMy $4,208.00 

$62,864.80 •J 5.3.8.5 Toat 

$4,208.00 

$62,864.80 •J •J •J 
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Electromagnetic Calorimetry 

9.1 Overview 
The primary role of the electromagnetic calorimeter (EMCal) system in PHENIX is to pro
vide a measurement of the energies and trajectories of photons and electrons produced in 
heavy ion collisions. The sizes of the calorimeter cells are 55.2 x 55.2 mm 2 and 40.0 x 40.0 mm 2 

in the lead-scintillator (PbSc) and lead-glass (PbGl) sections, respectively. These cell sizes, 
coupled with the substantial radial distance from the interaction region, result in low enough 
occupancy to carry out the desired measurements, even in the highest multiplicity Au + Au 
events at RHIC. 

We will use the calorimeter to trigger on rare events with high px photons and electrons. 
We will also incorporate the EMCal signals in LVL-1 triggers for high multiplicity or large 
total transverse energy. 

The calorimeter is read out with phototubes, which preserve its good intrinsic timing 
characteristics and allow some rejection of photon and electron backgrounds by time-of-flight 
measurements. EMCal energy determinations combined with momentum measurements 
from the tracking system are expected to provide an e/ir supression factor of about 1 0 - 2 at 
1 GeV. 

The EMCal design is based on planar sectors of individual modules that are first assem
bled into supermodules. Each of the two central arms of PHENIX comprises four sectors 
(octants) of EMCal modules. Already existing are a total of 10,000 PbGl blocks assembled 
into 24 block supermodules, which are currently used in CERN experiment WA98. The 
lead-glass system, which provides one-quarter of the EMCal coverage (two sectors), will be 
moved to BNL in time for installation and commissioning. The remainder of the coverage is 
lead-scintillator modules, which are based on Shish-kebab geometry waveshifter fiber read
out. Because PbSc modules have superior timing performance, the PHENIX high-resolution 
TOF system will be placed in front of the PbGl walls, which means that in these two sectors 
the calorimeter is 20 cm farther from the beam. 

The PbSc design is nearly complete. A wide range of tests have been performed with 
individual modules both in the laboratory, at the TRIUMF M13 beamline (March 1993) 
and in the B2 beamline of the AGS (July 1993). The purpose of these tests was to explore 
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different designs and technologies mentioned in the CDR and to test their performance. 
Meanwhile, components of a 256 channel supermodule were fabricated in Russia and 

assembled at BNL during July and August. This supermodule will be tested at the AGS 
next spring and give us the chance to test some of the design choices in a large system. 

9.2 Changes 
There is significant progress both toward final design choices (for example, the components 
for the PbSc optical system) and in the development of the calibration and monitoring sys
tem, which is an important part of the system design. Significant changes and developments 
since the CDR include: 

1. Wall geometry change: the wall structure is changed from four to eight sectors in 
<j>, which alters most mechanical parameters of the PbSc section, but is not expected 
to affect overall performance. 

2. PbSc design choices: there are new results and progress toward the design in the 
areas of scintillator-fiber material, calibration components, PMT's and High Voltage 
distribution. 

3. Progress on PbGl monitoring system: in parallel with supermodule construction 
for CERN experiment WA98, a monitoring system is being developed for the PbGl 
calorimeters to be used in PHENIX. 

9.3 Lead-scintillator Calorimeter 

9.3.1 Supermodule and Wall Design 
Recently, the PHENIX tracking group proposed a design change, which was later adopted, 
for the Time Expansion Chamber (TEC). The geometry is now more nearly cylindrical with 
four, instead of two, sectors in each of the two arms (see Chapter 6). The TEC chamber 
frames position at least one-Xo of material in front of the EMCal right at the middle of a 
wall, which compromises both the electron and photon measurements, particularly at the 
trigger level. Therefore, it was decided to split the EMCal walls to follow the new TEC 
geometry by building octants instead of quadrants (four walls per arm). The new geometry 
is shown in Fig. 9.1. Each octant covers 22.5° in azimuth, amounting to a total of 180°. 
However, the fiducial volume for electrons and photons decreases by about 5% due to the 
newly introduced edges. The impact on jet physics will be investigated. The ^-extent of 
the calorimeter walls is chosen to match the tracking coverage of ±10.6° in <j) (6r) = ±0.35). 
For the PbSc the projection of the tracking coverage to the back of the calorimeter is more 
than a tower inside the edges. The azimuthal symmetry is slightly broken because the radial 
distance of the lead-glass octants must be 20 cm larger to accomodate the TOF detector. 

The entire support structure (wall) is being redesigned. Also, the supermodule, module 
and tile dimensions are changed to suit the new wall geometry. The critical parameters of the 
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RADIAL ENVELOPE DIMENSIONS 
(VIEW LOOKING SOUTH) 

Figure 9.1: New radial envelope of the electromagnetic calorimeter. 
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Table 9.1: Critical Parameters of the Lead-scintillator and Lead-glass Mechanical Design 

Item PbSc PbGl 
Dimension (active area) of single wall 
Number of modules in a wall 
Dimensions of supermodule 
Wall dimension 
Module cross section 
Scintillator dimensions 
Spacing between holes for fibers 

2005.2 x 4011.4 mm 
18 x 36 = 648 modules 

6 x 6 modules 
3 x 6 supermodules 
110.94 x 110.94 mm 

55.2 x 55.2 x 4.0 mm 
9.27 mm 

2132.0 x 3936.0 mm 
52 x 96 = 4992 modules 

4 x 6 modules 
13 x 16 supermodules 

40.0 x 40.0 mm 
(not applicable) 
(not applicable) 

new design are summarized in Tables 9.1. A full mechanical design of the PbSc calorimeter 
is underway at IHEP, Protvino, and should be complete by the end of 1993. 

9.3.2 Module Design 
Fiber Choice 

The dependence of light yield on the choice of wavelength shifting (WLS) fiber was studied. 
The starting point was single-clad BICRON fibers with fast green fluor (G-2) used in the 
original tests. When the fluor concentrations were increased up to a factor four times that 
of the standard product (BCF-92), the light output increased by 20%. Increasing the fiber 
diameter from 1.0 to 1.2 mm resulted in a 27% increase of the light yield. Our collaborators 
at the Institute of Nuclear Research, Moscow have made polystyrene waveshifter fibers with 
double cladding of progressively lower refractive index, which give rise to larger light yield 
due to the higher numerical aperture in K-27 doped fibers. Some new fibers made with the 
G-2 fluor and using the multiclad technology may also be tested. 

It is known that the higher concentration of fluor used in the tests decreases the light 
attenuation length in the fiber from approximately 3.10 to 2.17 m [2], so that the the longitu
dinal uniformity of the calorimeter response is degraded. Simulations show that an "effective 
attenuation length" of 2 m or more will produce a constant term in the energy resolution of 
less than 0.5%. 

We measured the longitudinal nonuniformity of the towers due to fiber absorption by 
injecting light from the N 2 laser onto a scintillator tile edge. The tile was part of a "pseudo-
module" consisting of fibers and a few scintillator plates built to study uniformity issues. 
The tile was moved to different depths in the module, and the total charge delivered by our 
photomultipliers was plotted. Figure 9.2 shows the result of the mapping of longitudinal 
response with minimum and maximum concentrations of G-2 fluor. 

Even with the highest fiuor concentrations tested, the module longitudinal uniformity 
was found to be acceptable. The current choice for WLS fibers is the 1.2-mm diameter fiber 
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Figure 9.2: Longitudinal scan of a calorimeter module, showing the nonuniformity due to 
waveshifter fiber attenuation. The fiber type "BCF-99-29b" is identical to "BCF-92" but 
with a factor of four greater fluor concentration. 
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with the highest concentration of G-2 fluor we have tested. This will result in a signal of 
approximately 2000 photoelectrons/GeV. 

Scintillator-edge Preparation 

The same "pseudo module" apparatus was used to study the optical isolation between tiles 
in a module and transverse uniformity within a tile. The choice has not yet beem made 
among different options for edge preparation of the tiles. Of interest are the overall light 
yield, uniformity of response within a tile, and the optical isolation between towers within 
the same module. Monte Carlo simulations have shown that without optical isolation, the 
calorimeter occupancy would increase by about 50% in a single HI JET environment [4]. 
Assuming the same single HIJET multiplicities, the performance is degraded relative to that 
of an isolated shower; for example, the position resolution will deteriorate by about 20% 
and the energy resolution will degrade by at least 1%. Therefore, it was decided that towers 
within a module should be isolated optically. 

For mechanical reasons it is preferable to prepare the tile edges to accomplish optical 
isolation, and to achieve the required uniformity by applying a permanent coating. The 
coating procedure can leave one corner of each tile exposed so that U V light can be introduced 
from the monitoring system. Among the coatings tested are white reflective paints and 
vacuum aluminum deposition. 

Figure 9.3 shows the result of a scan accross one face of a scintillator, along a line midway 
between fiber rows. The tile edges were vacuum aluminized and the measured non-uniformity 
is less than 2% except at the edges where measurements are still incomplete. Currenlty the 

.edge aluminization looks most favorable, and ways to further improve the edge response are 
being investigated. Among the possiblities are improvements to the mirror quality, variations 
on the fiber pattern near the tile edge, and suppressing response at the center of the tile 
with a mask pattern on the reflecting paper. 

Longitudinal-segmentation Schemes 

We decided not to pursue the idea of longitudinal segmentation of the calorimeter modules. 
Both simulations and the 1992 AGS beam test results showed that longitudinal segmentation 
of our lead-scintillator modules could be achieved using different decay time constants for the 
first six Xo of the calorimeter modules [6]. This "fast-slow" segmentation scheme improved 
e/x separation by about a factor of two. However, it would require more complicated and 
costly electronics to take into account the spread in arrival times for particles of interest in 
PHENIX. Although this technique may be suitable for a high energy application, in which 
arrival times are equal for particles of interest, it is believed that the modest benefits for 
RHIC would not justify the additional cost. 

9.3.3 Calibration System 
Extensive use was made of the CDR calibration scheme (illustrated in Fig. 9.6 and described 
in Section 9.2.3. of the CDR), but the basic design continues to be improved. A stable 
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Figure 9.3: Transverse scan of a scintillator tile within a calorimeter module. The edge of 
the scintillator tile was prepared by vacuum-aluminum deposition. 

fraction of UV light (337 nm) from a pulsed laser is split through an integrating sphere, going 
simultaneously to a biplanar phototube and to the distribution system on the calorimeter. 
When normalized by the reference (biplanar tube) signal, the calibration signal in a typical 
channel has a Gaussian distribution of a ~ 1%, depending on laser intensity. A 1:37 beam 
splitter was constructed using 200 \vca. fibers. The light output of the individual fibers 
spreads by only a factor of two, instead of by a factor of 4.2 for a commercial splitter (C 
Technologies). 

Finally, the production techniques of leaky fibers were evaluated for light yield and re
producibility. These leaky fibers will distribute the laser light to the four towers throughout 
the entire depth of the module. With current technology the amount of light that leaks out 
of the fibers decreases exponentially with distance (depth). This approximation to the signal 
from electromagnetic showers is already superior to uniform light deposition. 

The measured light transmission and conversion efficiencies of individual system com
ponents are listed in Table 9.2. This monitoring system has been tested in the laboratory 
[3], then transferred to the B2 beamline at the AGS. Except for some problems with the 
mechanical stability of the elements, the monitoring system performed well [1]; therefore, it 
is likely to be the final choice. 

The goal is to be able to predict the calibration (GeV/channel) of each tower to within 
10% prior to data taking. Calibration of all modules using a testbeam setup would be a 
major undertaking, so the possiblity of using cosmic ray muons was investigated. Since the 
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Table 9.2: Efficiency of the Laser Light Distribution System 

Item Efficiency 
Integrating sphere 2.5 x 10" 6/port 
Splitter (total) 0.28 
Splitter/module connection » 0 . 7 
Leaky fiber » 0 . 7 
Light to photoelectrons 1.7-2.4 x 10~4 

cosmic-ray muons have a peak width of about <7<13%, it is likely that for trigger purposes 
they could be used to provide a 10% initial calibration of all channels [1]. 

Of direct interest is the typical variation between towers after correction for the measured 
gain and relative quantum efficiency of the phototubes. Since each tower consists of very 
many statistically independent optical joints (36 joints/tile and 66 tiles/tower), it is likely 
that actual differences between scintillators will be the largest contributor to variations 
between towers. The variation of the light yeild at the end of the tower was measured from 
tile to tile by scanning the edge of a module with a UV fiber. A variation of a = 3.7% was 
found and atributed to the combined effects of UV light injection variation into the tile and 
light collection variation in the module. 

9.3.4 Photomultipliers and High Voltage Supply 

Several twelve-stage, 3-cm diameter FEU115M phototubes were carefully tested at BNL and 
by a group at CEBAF [5]. All 100 tubes delivered in the original shipment were tested at 
IHEP. All tubes were still functional but one, which seems to have been mishandled during 
shipping.Their overall performance is satisfactory [1]. Noise is low, gains are several times 
10 6, linearity is better than 2% up to 40 mA peak current. We specified a quantum efficiency 
of greater than 12.5% at 500 nm to the manufacturer and have measured the average to be 
16%. Figure 9.4 shows the pulse height distribution of a typical tube. The peak at five 
channels above pedestal corresponds to a single photoelectron. Cathode response uniformity 
within a 1.1 cm square area is better than 10% as required by our specification to the 
manufacturer. This area is still larger than that of the 7-mm diameter of the WLS fiber 
bundle coupled to the phototube. 

As part of the FY94 R&D effort, we decided to design and build at least two test boxes, 
one of them deployed at IHEP, the other at BNL to facilitate quality control and preselection 
of all 16,000 phototubes. The results of these measurements will be the primary input to 
a database, which will be used to set the gains and monitor the long term performance of 
individual channels. 
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Figure 9.4: Pulse height spectrum from an FEU115M phototube developed for PHENIX. 
The single photoelectron peak is clearly visible. 

High Voltage Distribution 

We are studying two options for high voltage distribution and control. In the first scheme 
the same high voltage would be deployed to a group of channels, and the HV in each channel 
would be adjusted with motor driven potentiometers. The range of adjustment is 300-400 
V under computer control. Similar systems have been used by the GAMS experiment at 
IHEP, by CDF at Fermilab, and are now made commercially. The second option would use 
a 5 kHz generator and a flyback transformer; high voltage in the individual channels could 
be adjusted in the entire range (including setting them to 0) via a reference voltage. All 
channels could be addressed and set individually by computer. Members of the IHEP group 
have experience with the operation of an 800 channel system of similar design used in a 
neutrino experiment. We are planning to build a prototype of both systems and test them 
February 1994 at the AGS. 
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Figure 9.5: Compilation of available data on timing resolution of the FEU 115M phototube 
and of a full calorimeter tower equipped with it (solid squares). Note that the vertical scale 
is full width half maximum. 

Timing discriminators 

Detailed simulations have shown that the best strategy for timing is to derive the tim
ing signal from the channel with maximum energy in a cluster (rather than forming some 
weighted average of all channels in a cluster). This strategy has also been confirmed by 
laboratory tests, and it simplifies the use of timing information at the trigger level. 

We have compared the performance of leading edge and constant fraction (CFD) discrim
inators. CFDs offer some advantages at very low pulse heights because there is automatic 
correction for slewing; on the other hand, CFDs are more expensive and more prone to 
misadjustment. We found that for pulses with small amplitude A the slewing curve is steep 
(1 ns/50 MeV), but more or less proportional to 1/A and in principle it can be corrected 
if necessary with the flash ADC signal. We think that a leading edge discriminator with a 
threshold corresponding to 50 MeV or less will provide adequate timing in the trigger even 
without an online slewing correction: with 1000 photoelectrons the measured full width half 
maximum of the timing is 400 ps [1]. Figure 9.5 shows the measured timing resolution for 
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Table 9.3: Cost Estimate and Schedule for the PHENIX PbSc Calorimeter 

WBS Description Total Cost 
1993 1994 1995 1998 1997 1998 

WBS Description Total Cost Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2!03|Q4 Q1|Q2|03|04 Q1|Q2|CS|04 
5A9 PbSe (Shish-ksbab) EMCsl $7,755,114.18 w 
5.2.9.1 r PbSe EMCsl MschsnlcalDssIgn $585,002.16 w 

w 

5.2.S.2 PbSe EMC»I Fabrication and Com $4,918,112.00 
w 

w 

5.2.9.3 PbSc EMCsl AsssmWy $144,000.00 

w 

| 

w 

S2.9.4 PbSc EMCal Commissioning $108,000.00 

w 

| 

WBS Description Total Cost 
1993 1994 1995 1998 1997 1998 

WBS Description Total Cost Q2|Q3|Q4 QllCBlQSlCM Qll02|O3lO4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 01|Q2|Q3|CM 
5.3.9 CsKPbSc)FEE $813,99820 t 
5.3.9.1 Dselgn CaKPbSc) FEE 

Prototypes ol Csl(PbSc) FEE 

$91,058.00 

$76,1840)0 

t 

5.3.9.2 

Dselgn CaKPbSc) FEE 

Prototypes ol Csl(PbSc) FEE 

$91,058.00 

$76,1840)0 

t 

i 
I 

54.8.3 Fabrication of CaKPbSc) FEE $419,43120 

t 

i 
I 

54.8.3 Fabrication of CaKPbSc) FEE $419,43120 

• 

t 

i 
I 

5.3.9.4 Assembly of CaKPbSc) FEE $0.00 • 

t 

i 
I 54.9.5 Tasting of Csl(PbSe) FEE $27,324.00 

• 

t 

cosmic-ray muons in one of the calorimeter modules read out by an FEU115M PMT. Also 
shown for comparison are all available data from different laboratories on the resolution 
obtained with laser pulses and with fast LED. 

9.3.5 Cost and Schedule 
The cost estimate and schedule for the lead-scintillator calorimeter is presented in Table 9.3. 
In this table the PbSc mechanical (WBS 5.2.9) and front-end electornics (WBS 5.3.9) cost 
are shown at PHENIX WBS level 4. The detailed cost estimate, along with the schedules 
and profiles, is available in the PHENIX WBS book. The dictionary, basis of estimate, and 
contingency analysis are presented in the PHENIX WBS Notes book. 

9.4 Lead-glass Calorimeter 

9.4.1 Monitoring System Design Criteria 
The monitoring system for the PbGl photon spectrometer is currently being implemented 
for use in the WA98 experiment at CERN. The design criteria for the monitoring system 
are: 

1. It must provide gain control for the 10,000 phototubes with better than 1% accuracy. 

2. It should allow a timing calibration of better than 300 ps. 

3. It should be of the same modular structure as the mechanical design of the spectrometer 
(supermodules of 24 blocks) to allow independent transportation of the supermodules 
with the calibration system kept intact. 
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4. It must be reliable. 

5. It should need minimal maintenance effort. 

6. It should allow linearity measurements. 

To meet these requirements the PbGl monitoring system will be based on pulsed LED. 
The LED light output will be monitored by photodiodes incorporated with each supermodule. 

9.4.2 LED for Monitoring System 
Ideally, the monitoring light pulses should be as similar as possible to Cherenkov light, that 
is, fast blue pulses. However, this is problematic because the blue LED available have both 
low light output and slow response. On the other hand, the existing yellow LED have very 
high light output and fast response. Therefore, the PbGl monitoring system will use both the 
blue and yellow LED in order to provide pulses of alternatively the appropriate wavelength 
or pulse shape. 

The dominant effect concerning changes in the LED light output is the temperature 
dependence. It is known that LED output intensity has an exponential dependence on 
the temperature: I(T) = J(25°C) • exp k(T — 25°C). Typical temperature coefficients are 
approximately 1%/C°. 

9.4.3 Pulse Generators 
The effective response time of the blue LED has been studied with an avalanche pulser with 
an intrinsic response time of a few ns. LED pulse rise times of the order of 25-30 ns have 
been achieved. However, the total pulse width is still larger than 400 ns and the intensity 
of the LED is very low, which makes this mode of operation unusable. For the yellow LED, 
rise times of 8-10 ns and total pulse widths of 30-40 ns have been obtained with satisfactory 
intensity using a similar avalanche pulser. 

For the above mentioned reasons the PbGl monitoring system will consist of a system of 
three LEDs each with a different pulse generator: 

1. An avalanche pulser (AP) for use with a yellow LED, which will provide fast pulses 
with the proper time response. 

2. A slow pulser (SP) for use with a blue LED, which will provide light pulses with the 
most appropriate wavelength. 

3. A fast pulser (FP) with variable intensity for use with a yellow LED, which will allow 
linearity measurements. 
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Table 9.4: Cost Estimate and Schedule for the PHENIX PbGl Calorimeter 
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9.4.4 Light Distr ibution System 
The light distribution to the phototubes is achieved very simply. The LEDs are mounted 
inside a plastic cover sitting at the front side of the supermodules. The LED light shines 
onto the inner surface of this cover, which is coated with a highly reflective, difusing paint. 
The light then enters through holes in the plastic front face of the modules into the lead glass 
and is transmitted to the phototube. The intensity variations at the phototubes, due to the 
different positions in the supermodule, are reduced by varying the hole size with position. 

The three LEDs will sit in thin metal tubes for shielding to avoid annoying radiation from 
the pulses. One separate cable (RG174) for each LED will exit the tubes and the plastic 
cover. 

9.4.5 Reference Detector 
A PIN photodiode will be mounted on the plastic cover. The diode will look through a hole 
in the plastic and directly view the LED light. This will allow us to monitor the long term 
variations of the LED intensity. 

9.4.6 Cost and Schedule 
The cost estimate and schedule for the lead-glass calorimeter is presented in Table 9.4. In 
this table the PbSc mechanical (WBS 5.2.10) and front-end electornics (WBS 5.3.10) cost 
are shown at PHENIX WBS level 4. The detailed cost estimate, along with the schedules 
and profiles, is available in the PHENIX WBS book. The dictionary, basis of estimate, and 
contingency analysis are presented in the PHENIX WBS Notes book. 
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Chapter 10 

Muon Arm 

10.1 Overview 
The purpose of the PHENIX muon arm is to facilitate the study of vector mesons decaying 
into dimuon pairs, to allow the study of the Drell-Yan process and charm production via 
DD —> fi+ + pT + X, and to provide the muon detection in DD —• fi + e + X. To meet these 
objectives, the muon arm must both track and identify muons, as well as provide good 
rejection of pions and kaons. As discussed in Chapter 3, the mass resolution for the PHENIX 
muon arm is sufficient to resolve the <f> from the />+«, the xp' from the J/^? and the T(2S r+35) 
from the T(15). 

Figure 10.1 shows an updated elevation view of the PHENIX muon arm, including the 
current layout of the muon identification system, and Fig. 10.2 illustrates details of the ab
sorber region. The muon identifier comprises six walls of steel absorber interleaved with 
layers of limited streamer tubes of the Iarocci type. The streamer tubes are instrumented 
with sets of pickup pads to give low resolution tracking capability and provide signals cor
responding to a useful geometrical segmentation to the first and second level muon triggers. 
The first absorber wall is the steel end-plate flux return of the muon magnet. It is followed 
first by two 10-cm thick steel layers, then by three more, which are 20-cm thick. More details 
of the design are given below. 

10.2 Changes 
The major changes in the muon arm since the CDR include: 

1. An improved design of the tracking chambers. 

2. An improved plan for the muon identification segmentation and number of identifica
tion layers. 

3. A better understanding of the effects of neutrons on the pattern recognition in the 
tracking arm. 

10-1 
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Figure 10.1: Elevation view of PHENIX muon arm in the major facility hall. 

4. A small modification to the layout of the specialized muon arm absorbers. 

5. An improved understanding of the triggering capabilities of the muon arm using the 
muon ID layers. 

As shown in Table 10.1, the design presented in this update results in an increased num
ber of channels in the muon arm. There is also additional progress. For example, the results 
from a testbeam run at BNL provided a better understanding of muon identification per
formance, along with the opportunity to compare measured versus simulated performance. 
The resulting R&D activity is described below in Section 10.4.4. Construction of a prototype 
drift chamber, whose design is appropriate for the tracking chambers, is now in progress. 

Finally, since the time of the CDR, a major technical review of the muon subsystem was 
held at BNL (6/93). Summarized here is any technical review information, which differs 
from the CDR. Further details on the muon arm technical review are given in Ref. [1]. 
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Table 10.1: Summary of Channel Counts for Muon Arm 

Detector Layer No. No. of Channels 
M T 

station 
1 
2 
3 

4416 
5520 
9744 

M T 
station 

Total 19,680 
//ID 

plane 
1 
2 

3-6 (each) 

7632 
3816 
1728 

//ID 
plane 

Total 18360 

10.3 Acceptance and Coverage 
The CDR design of the tracking chambers represented just the beginning of the full technical 
design process. For example, "frameless" chambers were assumed in the CDR analysis of 
the acceptance and coverage of the muon arm. Described below (in Section 10.4.3) is a more 
realistic, but still preliminary, chamber design. The acceptance was studied using chamber 
frame widths (as measured in the r-<f> view) of 5, 7.5, and 10 cm for stations # 1 , # 2 and 
# 3 , respectively. The analysis required that the muons from the vector mesons, generated 
with the same kinematic distributions as described in the CDR, penetrated to the third 
layer of the current design of the muon identification system and did not hit any frames in 
the tracking system. The fraction of events where both muons survive the cuts are 16% for 
the <p, 47% for the J/V>, and 66% for the T. Drell-Yan and DD - • n+ + fi~ + X rates are 
reduced by about the same fraction as for a resonance of the same mass. The acceptance 
losses have a rapidity dependence. Increased losses occur at higher rapidity, where the width 
of the chamber frames is a larger fraction of the total area inscribed by the solid angle. For 
now the above fractions should be applied to all event rates and acceptances quoted in the 
CDR versions of this section and Chapter 3. However, as discussed below in Section 10.4.3, 
much more work will be done to optimize the chamber design. It is likely that a significant 
fraction of the above losses are recoverable. 

10.4 Layout and Mechanical 

10.4.1 Interface to Magnet 
The design for the specialized absorbers, which are part of the central magnet, was modi
fied slightly since the CDR. The changes are described below in Section 10.4.2. The design 
changes result partly from the relocation of the beam-beam counters, but also from a pre
cautionary measure in response to higher estimates of hadron shower leakage into the muon 
arm. 
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The design of the muon tracking chambers was also studied in more detail since the CDR. 
It is now realized that the chambers must be designed to mount directly to the muon magnet 
lampshade. The new design is described below in Section 10.4.3. 

10.4.2 Specialized Absorber Sections 
One change in the specialized absorbers is the specific inclusion of a reentrant tip on the 
muon magnet piston. In the CDR design, a copper absorber was located between the main 
magnet pole-tip and the station # 1 chambers. The absorber held the beam-beam counters. 
Since the beam-beam counters have been relocated, a similarly shaped reentrant tip has 
been added to the front of the muon magnet piston. This arrangement serves to protect the 
station # 1 chambers from most of the electrons arising from gamma-ray conversion on the 
front of the piston. The layout is shown in Fig 10.2. 

Point 1 Meter 

Figure 10.2: View of muon arm showing the specialized absorber layout. 
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A more significant change is the addition of a neutron absorber. As described in Sec
tion 10.6.1 below, new calculations of shower leakage into the muon arm indicate that earlier 
estimates were low. The increase in the number of expected neutrons is nearly a factor of 
three greater than the CDR estimate. The design is now changed to allow the possibility, 
as shown in Fig. 10.2, of incorporating a borated polyethelyne wall as a neutron shield, 
which would be positioned between the central magnet pole tip and the lead curtain. The 
neutron absorber may not be included because (as is discussed in more detail below) the 
higher neutron fluxes now being estimated may not present difficulties for the tracking cham
ber pattern recognition and track finding algorithms. However, because the muon energy 
threshold would be increased by the incorporation of either the neutron shield or the lead 
curtain, the acceptance for <j> events would be diminished significantly. Therefore, the plan 
is to incorporate the required mounting capabilities (mostly bolt holes) into the system, but 
not necessarily to install the absorbers themselves, unless it is demonstrated that they are 
actually needed for background reduction in the tracking chambers. 

10.4.3 Muon Arm Tracking Chambers 
After the CDR, a detailed study of the tracking chamber design was begun. A mounting 
scheme is envisioned, which uses kinematic mounts attached directly to the muon magnet 
lampshade. That would isolate the chambers from the motion of the magnet and reduce 
acceptance losses due to an external support structure. 

An active surveying system for monitoring chamber positions in real time is also planned. 
It is presently conceived to consist of a series of light emitting diodes mounted on station # 1 , 
together with corresponding lenses on station #2 , which focus the light on a series of quadrant 
diodes on station # 3 . The locations of these devices will be chosen to measure the motion 
of individual stations as well as the motion of stations relative to one another. A UV-laser 
may be used to illuminate the active volume of the chambers, in order to provide reference 
trajectories. 

The chambers are constructed of stacked frames of wires. The frames are made of G-10 
laminated to aluminum frames. Wires will be wound onto each individual frame, then the 
frames will be stacked to complete the chamber. A cross-sectional view of a stack is shown in 
Fig. 10.3. Cathode wire planes alternate with anode-field planes, resulting in nine cathode 
planes and six anode field planes per station octant. A shield of 25-//m thick aluminized 
mylar is used to electrostatically separate the U — U' from the Y — Y' planes and to seaprate 
the Y—Y' from the V—V planes. Aluminized mylar and acylar sheets provide both the outer 
ground planes and the gas barriers. In the present design, the chamber frame widths are 5.0, 
7.5, and 10 cm for stations # 1 , #2 , and # 3 , respectively. Further finite-element analysis 
and materials studies will be done to reduce the widths of the frames in order to minimize 
acceptance losses. For example, it may be possible to taper the chamber frame thickness 
near the piston, which would greatly improve the <f> acceptance. The chamber frames include 
the chamber mounting fixtures, survey reference points, and elements of the active surveying 
system. Measurement accuracies of 250 /j,m per plane were achieved previously with large 
chambers of this type [2]. 

Since the CDR, there were also some further studies of the wire spacing and geometry, 
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Figure 10.3: Cross-sectional view of the wire planes in one octant of a muon arm tracking 
station. 

which included modeling the electrostatics with GARFIELD [3]. Figure 10.4 shows the 
resulting geometry. In the chambers of station # 1 , the cells will be 0.5-cm square, and in 
stations # 2 and # 3 , the cells will be 1-cm square. That cell geometry was chosen to have the 
smallest channel count consistent with good pattern recognition. As part of those studies, 
the impact of neutrons on the chamber occupancy was examined and it was found that 
the occupancy would be increased by less than 2%. That increase in occupancy is small in 
comparison to the 10% occupancy due to charged particle tracks in station # 1 . Therefore, 
neutrons should not cause problems for pattern recognition in the muon tracking system. 

Since the time of the CDR, a 30 x 30 cm 2 prototype drift chamber was designed using 
the proposed wire geometry, and it is currently being assembled. The prototype will be used 
to study resolution issues and gas mixtures. The first such results should be available by 
late fall. At the same time, an ongoing R&D activity is investigating the use of very thin 
cathode strip chambers as an alternative to drift chambers. The advantages would be better 
tracking resolution and a faster readout which could, in turn, be useful in the LVL-2 trigger. 
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Figure 10.4: The wire geometry of the drift chambers. 

10.4.4 Muon Identifier 
As stated in Section 10.1, the muon identifier now consists of six walls of steel absorber 
interleaved with layers of limited streamer tubes of the Iarocci type. The layout is shown in 
Fig. 10.1. The first absorber wall is the 30-cm thick steel end-plate flux return of the muon 
magnet. It is followed by two 10-cm thick steel layers, then by three 20-cm thick steel layers. 
Fabrication and installation of the muon identifier steel is discussed in Chapter 4, since it 
is integrated with the magnet components for design, structural, and scheduling reasons. A 
segmentation of that type has an approximately 2.2 GeV low energy muon threshold and a 
normal incident muon would loose approximately 3.3 GeV passing through the entire stack. 
In the CDR the absorber slabs were 1-m thick concrete walls. That provided a longitudinal 
segmentation of approximately 2.5 radiation lengths per layer. Because of safety reasons, a 
finer granularity was not possible using concrete. The finer granularity is needed in order to 
reach our required fi/ir sensitivity. 

The streamer tubes have a resistive graphite coating on the inner surface that servers as 
the cathode. They are instrumented with sets of external pickup pads to give low resolution 
tracking capability and provide signals corresponding to a useful geometrical segmentation 
for the first and second level muon triggers. A cross-sectional view of these chambers showing 
the locations of the pickup pads is given in Fig 10.5, and the proposed pad segmentation 
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for the LVL-1 and LVL-2 trigger is shown in Fig. 10.6. In the first gap, there are two sets 
of LVL-1 pads and two sets of LVL-2 pads. How that can be realized is shown in Fig. 10.7. 
The first gap is to insure that this road starting gap operates at nearly 100% efficiency. The 
second gap has the same pad arrangement as the first but those pads are offset by one-half 
pad in $ and in <f> with respect to the ones in the first gap. The second gap also contains one 
layer of LVL-2 pads. The remaining gaps (gaps 3 through 6) contain one set of LVL-1 pads 
each. The sizes and numbers of the pads have been chosen to give a good match to the road 
widths of muons passing through the muon identifier. With the proposed pad segmentation, 
it will be possible to trigger on tracks that have the trajectory of muons originating from 
the interaction region (where dr/dz > 0), while discriminating against beam-gas (where 
dr/dz « 0). 

Present signal-to-noise studies of the muon arm indicate that a fraction of the charged 
pions are misidentified as muons. A /z/7r ratio of 3 x 10~2 at 1 GeV/c and of less than 1 x 1 0 - 2 

at 2 GeV/c must be attained in order to insure that pairs of pions misidentified as muons 
constitute less than 10% of the combinatorial pairs for the muon arm. After the CDR, 
R&D work took place on the muon identifier with the goal of ensuring that the required 
performance will be attained. A prototype muon identifier was prepared for the 1993 BNL-
AGS testbeam run on the B2 line. The purpose of that prototype was to build a section of 
the muon identifier that was deliberately over instrumented and overly segmented (both in 
depth and in the transverse direction) compared to what should be required for PHENIX. 
Analysis of test beam results could then be made, using less and less of the information 
available, until the limits of needed performance for PHENIX are reached. Margins for safe 
operation can be established in this way. 

The prototype muon identifier consisted of limited streamer tubes, read out by x-strips 
on one side of the tube and y-strips on the other, interleaved with layers of steel absorber. 
Each limited streamer tube had eight 9 x 9 x 1500 mm 3 long active volumes with an anode 
wire at the center of each. Those sections were separated one from another by 1-mm thick 
plastic septa. The cathode was coated with carbon, permitting the use of external pickup 
strips for signal detection. Some 150 streamer tubes were used. The streamer tubes were 
packaged in frames that held the readout strips in position. The readout strips were four 
centimeters wide in both directions and extended the length of the streamer tube array. The 
streamer tube units were mounted between steel plates on a large support stand. Ten 0.5-in. 
thick steel plates were placed before each layer of streamer tubes. The entire array, which 
included more than 125 cm of steel, corresponds to 7.5 hadronic absorption lengths. The 
data from that testbeam run is in the process of being analyzed and will be compared to a 
GEANT simulation of the prototype. The information from that study will be incorporated 
in the final design of the PHENIX muon identifier. 

A further R&D study is under way to investigate the applicability of resistive plate 
chambers run in a proportional mode. Possible advantages include a shorter integration 
time (as short as about 20 ns as compared to about 110 ns for limited streamer tubes). This 
narrow time window would reject slow neutrons that interact in the muon identifier. 
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^- Septum 
Read-out Strips \ T T — Super Tube 

9.0 mm 15.0 mm 

\4 83.5 mm >[ 

Figure 10.5: A cross section of a muon identifier limited streamer tube with its pickup 
readout pads. 

10.5 Electronics 

10.5.1 Front-end 

Since the time of the CDR, additional investigation of the front-end readout has identified an 
attractive option for the drift time measurement TDC. As stated in the CDR, the University 
of Pennsylvania ASD chip will serve as the preamplifier-shaper. Instead of the LeCroy 
MTD132A ASIC TDC, a TDC developed by Y. Arai of KEK for SDC tracking is being 
considered. This multihit TDC ASIC, referred to as TMC 4004, uses a shift register approach 
that can be adapted readily to accommodate the RHIC 112-ns timing. The TMC 4004 chip 
yields a defined output that can be synchronized with the RHIC RF, which naturally fits 
into the pipelined architecture of the readout without further "framing" of the data. Use 
of the LeCroy TDC would require determining which RF time bucket a hit belongs to and 
using that information to choose the appropriate DMU location for storage. That rapidly 
becomes awkward with high hit rates. A second advantage of the TMC 4004 is that it helps 
to minimize deadtime because it is not read out in common stop mode. 

The front-end readout for the muon identifier remains essentially as described in the 
CDR. The only changes since the CDR is that a timing circuit has been added, we know 
that pulse height information is not needed, and the electronics will have 16 channels per 
chip set. In order to minimize R&D efforts, the timing circuit will be based as much as 
possible on the corresponding circuit for the EMCal. 

10.5.2 Trigger 

After the CDR, it was realized that beam-gas interactions at RHIC occur at a higher rate 
than the collision rate at the interaction vertex. This led to new simulations of a possible 

• implementation of a LVL-1 trigger processor that uses AND's and OR's to search for roads in 
the r-<f> space of the muon identifier. The output of this LVL-1 trigger would be the number 
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(a) 

LVL-1 Pads 

27-1° 
9 segments 

(b) 

LVL-2 Pads 

360-1° 
<j> segments 

0 Layer 
5.625/2° 1 & 2 
5.625° 3 - 6 

Figure 10.6: The proposed segmentation of the pickup pads on the limited streamer tubes 
in the muon identifier, (a) The arrangement of the pads used by the road-finding algorithm 
of the LVL-1 trigger, (b) The 1° ^-measuring pads used by the LVL-2 trigger to project 
from the muon identifier into the tracking chambers. In both cases, the inside radius is at 
9 = 10° and the outside radius corresponds to $ = 35°. 



J0.fi. PERFORMANCE AND BACKGROUNDS 10-11 

Figure 10.7: The arrangement of the pick-up pads and the muon identification streamer tube 
panels in the first muon identifier gap. 

and "coordinates" of each muon track candidate along with the depth of penetration of the 
candidate track. It would work by using the hits from the LVL-1 pads and building roads 
through the muon identifier. The segmentation of the LVL-1 pads is designed to match the 
growth of road widths as a muon traverses the identifier. When finished, the LVL-1 would 
have a list of tracks, their coordinates, and their penetration depth. A cut requiring two or 
more tracks which penetrated to at least a depth of the third identification readout plane (a 
"pairs" cut) could be applied. For Au + Au events, such a "pairs" cut has a rejection factor 
of five. 

Much as described in the CDR, the LVL-2 trigger would use the output of the LVL-1 
trigger in conjunction with hits in the LVL-2 pads to provide masks for the digitized outputs 
of the Y — Y' planes of the station # 3 chambers. The process would be repeated working 
towards the station # 2 and # 1 chambers. If hits are found in the appropriate places in 
these stations, then the LVL-2 trigger would count it as a muon candidate. The complete 
output of the LVL-2 trigger would be the number and coordinates of muon track candidates. 
A code to simulate the trigger and which runs on a digital signal processor has been written 
and tested with good results. Based upon PISA simulations of background and 3/%j} events, 
excellent muon track finding efficiency (> 95%) and good rejection of background (80%) are 
obtained. 

10.6 Performance and Backgrounds 
More simulations of the performance of the muon detector have been carried out, primarily 
at ORNL and Vanderbilt University, since the completion of the CDR. These simulations 
were carried out with the integration of the complete muon arm geometry and analysis 
software incorporated into PISA. As part of these simulations, the FLUKA high energy 
particle interaction code was incorporated into PISA. The main result of those simulations 
have been a better understanding of the neutron, electron, and photon particle leakage into 
the tracking system. In addition, detailed studies of track reconstruction efficiency and 
resolution have been performed. 

http://J0.fi
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10.6.1 Absorber 
As stated above, simulations of the shower leakage into the muon arm have been conducted 
since the CDR. The new simulations give better estimates of the numbers of neutrons, 
electrons, and photons that enter the muon arm. The results are summarized in Table 10.2, 
which is an update of similar results presented in the CDR. The simulations used the GEANT 
3.15 and FLUKA packages, with tracking cuts of 1 MeV for all particles. Events from a 
UA1 event generator, with a hard p j component, were used [7r+,7r°,7r~(l : 1 : 1) and 6% 
charged kaons, 2 events, 10,240 particles/event]. The primary track acceptance cuts were 
p > 0.0 GeV/c and 0.4° < 9 < 70.0°. 

The results in Table 10.2 are different from the corresponding CDR numbers primarily 
because the neutron flux into the muon arm is now estimated to be nearly a factor of 
three higher than before. Consequently, the neutron detection efficiency of the proposed 
muon tracking chambers was investigated. Calculations indicate that an upper limit to the 
neutron efficiency should be about 0.5%. There is, in fact, evidence to indicate that it could 
be much lower. This investigation is continuing. However, even if the upper limit were 
the actual efficiency, the total occupancy of the chambers would only increase by about 
2%, compared to the nearly 10% occupancy due to charged particles. Therefore, the track 
finding and pattern recognition algorithms should not be adversely affected. Furthermore, 
the effect on the muon LVL-1 trigger should be minimal; however, that is currently under 
further investigation. 

10.6.2 Tracking and Spectrometer 
There has been a significant improvement in the characterization of the tracking and mass 
reconstruction capabilities of the spectrometer. Results from double density central Au + Au 
collisions simulated with PISA give tracking efficiencies of 91% for the <f> and 93% for the 
J/^> and T. That demonstrates the robustness of the tracking algorithms even for very high 
occupancy events. 

10.7 Cost and Schedule 
The cost estimate and schedule for the muon tracking chambers is presented in Table 10.3. 
In this table the ^JT mechanical (WBS 5.2.12) and front-end electornics (WBS 5.3.12) cost 
are shown at PHENIX WBS level 4. The detailed cost estimate, along with the schedules 
and profiles, is available in the PHENIX WBS book. The dictionary, basis of estimate, and 
contingency analysis are presented in the PHENIX WBS Notes book. 

The cost estimate and schedule for the muon identifier is presented in Table 10.4. In 
this table the //ID mechanical (WBS 5.2.13) and front-end electornics (WBS 5.3.13) cost 
are shown at PHENIX WBS level 4. The detailed cost estimate, along with the schedules 
and profiles, is available in the PHENIX WBS book. The dictionary, basis of estimate, and 
contingency analysis are presented in the PHENIX WBS Notes book. 
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Table 10.2: Comparison of Shower Leakage into the Muon Arm With and Without Shields 

Station # 1 Station # 2 Station # 3 
Leakage 

Particle Type 
<0.1 0.1-1.0 >1.0 
GeV GeV GeV 

<0.1 0.1-1.0 >1.0 
GeV GeV GeV 

<0.1 0.1-1.0 >1.0 
GeV GeV GeV 

7 
e + e~ 

Charge Hadrons 

Neutral Hadrons 
Neutrons only 

Without Neutron and Lead shields 
7 

e + e~ 
Charge Hadrons 

Neutral Hadrons 
Neutrons only 

1266.0 12.0 0.0 
72.0 2.5 0.0 

1.5 54.5 4.5 
2.0 4.0 0.5 

2995.0 773.5 20.0 
2995.0 769.0 19.0 

1227.0 14.5 0.0 
6.5 2.5 0.0 
0.5 51.0 5.5 
0.0 11.5 1.5 

4137.5 968.0 29.0 
4137.5 963.5 28.5 

1172.5 11.5 0.0 
19.5 1.0 0.0 
0.0 40.0 4.5 
0.0 10.0 2.0 

4760.0 918.5 27.5 
4760.0 917.0 27.0 

7 
e + e~ 

Charge Hadrons 

Neutral Hadrons 
Neutrons Only 

With Neutron shield but without Lead shield 
7 

e + e~ 
Charge Hadrons 

Neutral Hadrons 
Neutrons Only 

1689.0 12.0 0.0 
72.0 2.0 0.0 
2.5 42.5 5.5 
1.0 3.5 0.5 

1559.5 556.0 15.0 
1559.0 553.5 13.5 

1399.0 13.0 0.0 
5.5 5.0 0.0 
1.5 48.0 9.5 
0.0 7.0 0.5 

3011.0 756.5 24.5 
3010.5 753.0 23.0 

1239.5 10.5 0.0 
19.5 3.0 0.0 
1.5 34.5 8.0 
0.0 7.0 0.5 

3353.5 695.0 22.5 
3353.0 692.5 21.0 

7 
e + e~ 

Charge Hadrons 

Neutral Hadrons 
Neutrons only 

Without > eutron shield but with Lead shield 
7 

e + e~ 
Charge Hadrons 

Neutral Hadrons 
Neutrons only 

873.5 9.5 0.0 
69.0 1.5 0.0 

1.5 30.5 4.5 
0.5 4.5 0.0 

2482.0 654.0 12.5 
2482.0 652.0 12.5 

1046.5 10.0 0.0 
4.0 1.5 0.0 
0.5 36.0 4.0 
0.5 4.5 0.0 

3846.5 839.0 19.0 
3846.5 837.5 19.0 

964.5 8.0 0.0 
12.5 1.5 0.0 
0.0 26.0 4.0 
0.5 6.0 0.0 

4337.0 781.0 16,5 
4337.0 779.0 16.5 

7 
e + e~ 

Charge Hadrons 

Neutral Hadrons 
Neutrons only 

Wil ch Neutron and Lead shields 
7 

e + e~ 
Charge Hadrons 

Neutral Hadrons 
Neutrons only 

871.5 6.0 0.0 
70.0 0.5 0.0 
0.5 32.0 3.0 
1.0 4.0 1.0 

1586.5 552.0 7.0 
1586.5 549.0 6.5 

1019.0 9.0 0.0 
2.0 2.0 0.0 
0.0 34.5 5.5 
0.5 5.5 1.0 

3147.0 790.0 13.5 
3147.0 784.5 12.5 

900.5 7.5 0.0 
9.5 1.5 0.0 
0.0 24.5 4.5 
0.5 6.5 1.0 

3438.0 735.5 13.0 
3438.0 730.5 13.0 



10-14 CHAPTER 10. MUON ARM 

Table 10.3: Cost Estimate and Schedule for the PHENIX Muon Tracking Chambers 

WBS Description Total Coat 
1994 I 1995 1996 1997 199S 

WBS Description Total Coat Q 1 | Q 2 | Q 3 | Q 4 | Q I | Q 2 | Q 3 | Q 4 Crl|Q2|Q3|04 Q1|Q2|03|Q4 Q1|Q2|Q3|Q4 01 
5.2.12 Muon Tractor $3369,374.16 

$533^440.00 
' 

5.2.12.1 Engr. DMlgn Impaction * Administrator 

$3369,374.16 

$533^440.00 ' 4 P 
' 

5.2.12.2 Prototyping 

Fabrication 

Chamber Testing 

$140,000.00 

$2,392,854.16 

$89,584.00 

' 4 P 

| 5.2123 

Prototyping 

Fabrication 

Chamber Testing 

$140,000.00 

$2,392,854.16 

$89,584.00 

' 4 P 

| 5.2123 

Prototyping 

Fabrication 

Chamber Testing 

$140,000.00 

$2,392,854.16 

$89,584.00 J w 
| 

53.12.4 

Prototyping 

Fabrication 

Chamber Testing 

$140,000.00 

$2,392,854.16 

$89,584.00 J w 
53.12.4 

Prototyping 

Fabrication 

Chamber Testing 

$140,000.00 

$2,392,854.16 

$89,584.00 
i 5.212.5 SMpping $20,000.00 i • j 

5.212.8 Inatallatlon $113,696.00 

• j 
5.212.8 Inatallatlon $113,696.00 i 

WBS Description Total Coat 
1993 1994 1995 1996 1997 11 

WBS Description Total Coat Q2103104 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|02|Q3|04 Q1|Q2|03|04 Q1|Q2 
5.3.12 Muon Traekar FEE $1,048,742.00 

$99,320.00 

$71378X0 

J w 
5.3.121 Design Muon Tractor FEE 

$1,048,742.00 

$99,320.00 

$71378X0 

J w 

53.123 Prototypes of Muon Tractor FEE 

$1,048,742.00 

$99,320.00 

$71378X0 

J w 

53.123 Prototypes of Muon Tractor FEE 

$1,048,742.00 

$99,320.00 

$71378X0 

w 

5.3.123 Fabrication of Muon Tracker FEE $855,240.00 

$0.00 

$22,304.00 
• 5.3.124 Assembly of Muon Tractor FEE 

$855,240.00 

$0.00 

$22,304.00 
• 

5.3.125 Testing of Muon Tractor FEE 

$855,240.00 

$0.00 

$22,304.00 
• 

Table 10.4: Cost Estimate and Schedule for the PHENIX Muon Identifier 

WBS Description Total Coat 
1993 1994 1995 1996 1997 U 

WBS Description Total Coat Q2|03|04 Q1|Q2|03|04 ai |Q2lQ3lQ4 0 l lQ2lO3lQ4 Q1IQ2|03|04 Oil 02 
5.2.13 Muon ID Start $1,469,73734 w 
5.2.13.1 Design Muon identifier $82,415^84 

w 

53.133 Fabricate MutD $1,156,962.00 u 53.133 Teat Muon ID $13360.00 

$216,380.00 
u 

83.13.4 Assemble Muon ID 

$13360.00 

$216,380.00 w 

WBS Description Total Coat 
1993 1994 1995 1996 1997 I t 

WBS Description Total Coat Q2l03l04 Q1|Q2I03|04 Q1|02|Q3|Q4 01 |02 |Q3 |04 Q1|Q2|03|Q4 CrilQZ 
63.13 Muon ID FEE $627,476.80 V ! 

i 
i ™ i 

53.13.1 Dealgn Muon ID FEE 

Prototypes of Muon ID FEE 

$160,49630 

$12036430 

V ! 
i 
i ™ i 53.133 

Dealgn Muon ID FEE 

Prototypes of Muon ID FEE 

$160,49630 

$12036430 

V ! 
i 
i ™ i 

53.133 Fabrication of Muon ID FEE $329,76430 W 

• 63.13.4 Assembly of Muon ID FEE $0.00 
W 

• 
5.3.13.5 Tasting of Muon ID FEE $16332.00 

W 

• 
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Chapter 11 

On-line System 

11.1 Overview 
The principle design goal of the PHENIX On-line System is to select and archive events of 
potential physics interest at the rate given by the available RHIC luminosity. To achieve 
this goal the system must 

1. Have enough bandwidth to permit digitization of all Au + Au interactions at the RHIC 
design luminosity (approximately 14 kHz peak interaction rate, 7 kHz average), 

2. Implement a set of parallel triggers that select events of potential physics interest, and 
reduce the accepted interaction rate to about 200 Hz, commensurate with transfer to 
mass storage, and 

3. Be extensible in both bandwidth and trigger selectivity, so that upgrades to han
dle higher interaction rates encountered with collisions between lighter beam species 
and/or future accelerator luminosity upgrades will be straightforward. 

The particle multiplicity per event at RHIC can exceed 5000 for central Au + Au events, 
which implies that, even in a small aperture, physics-sensitive triggers must examine a large 
number of tracks . This high particle multiplicity leads to many more than one e + e~ pair, 
or [i+fi~ pair, or hadron pair useful for HBT-type analyses, per event. Most of the leptons 
detected result from Dalitz decay, photon conversion, or weak decays of hadrons, so that most 
"lepton pairs" are in fact combinatorial pairs. The backgrounds to the physics observables 
are so large that in many cases the background event rate exceeds the true event rate by two 
or three orders of magnitude. Nowhere is this problem more evident than for the dielectron 
measurements. The backgrounds from 7r° Dalitz decay and photon conversions are such that 
in central Au + Au collisions, roughly 75% of the events have an electron pair, while only 
one in every 3000 events has a dielectron pair resulting from a vector resonance decay. The 
muon spectrometer has a lower background and thus finds interesting events at a much lower 
rate (one in every 5 central Au + Au interactions), but again only a few percent of these are 
true pairs. The PHENIX on-line system thus must be able to balance the raw triggering and 
data processing rates from such disparate parallel streams as the dielectron and dimuon ones, 

11-1 
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while also passing gracefully from high event rate p + p collisions to high event multiplicity 
Au -j- Au collisions. 

The desire to measure low mass pairs and low pj particles in PHENIX makes it difficult 
to exclude these combinatorial pairs using any straightforward low-level trigger. The need 
for good statistics and control of final uncertainties requires that PHENIX examine nearly 
all potential lepton pairs and record a large fraction of them. The triggering algorithms 
must permit tagging and some examination of all events with lepton pairs for all colliding 
species and bombarding energies. A flexible, low-deadtime and multilevel triggering system 
is therefore essential. 

The on-line system is fully pipelined, has three levels of triggering (hereafter denoted 
as LVL-1, LVL-2 and LVL-3), is free of deadtime through LVL-1, and has minimal dead 
time at LVL-2 and LVL-3, all in order to preserve the high interaction-rate capability of the 
experiment. Buffering is provided to handle fluctuations in the event rate and in trigger 
processing time. Pipelining allows the on-line system simultaneously to record data from 
the detectors, process LVL-1 trigger information from recent bunch crossings, perform LVL-
2 and LVL-3 analysis on events from much earlier bunch crossings, and build and archive 
accepted events. The lower levels of the readout and the LVL-1 triggering system will run in 
parallel via distributed processing to handle on-line data correction, zero suppression, and 
calculation of trigger "primitives" to be used by higher levels of analysis. The first level 
of the data readout and triggering systems is clock-driven, with the bunch-crossing signals 
from the accelerator providing the pipeline clocking signal. The higher levels of the readout 
and triggering systems are data-driven, with the results of triggering and processing in one 
level propagating up to the next level only when the processing on the current event is 
finished. The only information propagating from higher to lower levels in the readout is 
for the purpose of suspending processing or inhibiting triggers when buffers at higher levels 
approach saturation due to extreme fluctuations in event size or trigger processing times. 

Significant reduction in the raw event rate for observables such as electron pairs can only 
be obtained by reconstructing the electron momenta and calculating pair invariant masses. 
This requires assembling data from many of the detectors in the experiment, for example 
DC, PC, EMCal, RICH, and TOF. This can only be done in the second or third stage of the 
trigger. The muon spectrometer can provide a factor of about 5 rejection at LVL-1 simply 
by counting deep hits in the muon identifier system, and the EMCal can select photons of 
greater than 2 GeV (or 3 GeV), which occur in 20% (or 2%) of central Au + Au events, 
respectively, via a simple LVL-1 cluster trigger. 

PHENIX has approximately 200K detection elements, many providing both time and 
pulse-height and some storing multiple hits or requiring numerous samples for detailed wave
form analysis. Several of the PHENIX detection subsystems have response functions that 
imply a memory time spanning as many as twenty beam crossings, enough that probabilities 
for pileup of events from different crossings in the detector volume are non-negligible at the 
highest interaction rates. Most of the detectors will be sampled within 2-3 beam crossings 
(BC) of a given crossing. However, the DC and the TEC have long memories relative to 
the bunch crossing rate. The readout system for these detectors must have sufficiently deep 
buffers to store the entire relevant memory of the detectors, together with the associated 
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Figure 11.1: Data flow architecture of the PHENIX on-line system, 

control logic to be able to select those samples associated with earlier crossings. 

11.1.1 General On-line Scheme 
Figure 11.1 shows the architecture planned for the PHENIX on-line system from a dataflow 
perspective. This general on-line structure includes: 

• Front-end Electronics (FEE) — PHENIX uses front-end electronics with minimal in
trinsic deadtime, intelligent buffering, and as much signal processing as possible on or 
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near the physical volume of the detector. Samples of signals from all detector elements 
will be taken every beam crossing and stored locally while LVL-1 is applied to reduce 
the volume of data that must be digitized and read out from the detector. Raw signals 
from the various detector subsystems must first undergo analog processing [AP] in the 
FEE, with amplification and shaping to extract amplitude and/or time information and 
to develop inputs for LVL-1, where included. The FEE provides this analog processing 
and internal buffering of signal samples synchronously with the RHIC beam crossing. 
It also correlates these samples with particular beam crossings, produces signals for 
the LVL-1 trigger, accepts events in accordance with LVL-1, digitizes the events thus 
selected, and outputs event fragments under the control of the data acquisition system. 

Figure 11.1 recognizes the need for different methods for handling the data of three 
types of detector subsystems. Implementation of Type-A subsystems, wherein all data 
is digitized in real-time, on or near the detector, is straightforward using available fast 
analog and digitization electronics as long as extremes of high-speed, extended preci
sion, or low power density are not required. Several PHENIX detectors will use this 
method: BB, DC, RICH, TEC, and /zT. However, considerations of channel density 
versus power/heat loads make this approach problematic for MVD. Cost and availabil
ity concerns arising from precision and/or channel count requirements preclude using 
this method for others: TOF, PC, EMCal, and //ID. These cases employ the Type-B 
strategy of holding the raw data in front-end analog buffers [AB] based on switched-
capacitor-type Analog Memory Units (AMUs). This approach decreases digitization 
bandwidth requirements for these subsystems directly in proportion to the rejection 
provided by LVL-1. Finally, for detection systems with a long intrinsic analog process
ing times or which are not involved in triggering we could employ the Type-C approach, 
with digitization performed only after an event has been accepted by LVL-2. With the 
detection technologies currently envisioned we do not presently foresee such a need. 

The FEE for the various subsystems is designed to appear as uniform as possible to 
the rest of the on-line system and uses a common approach to time-frame buffering. 
Details of the front-end electronics for various detector subsystems are discussed in 
Section 11.3. 

• Level-1 Trigger (LVL-1) — This system provides fast filters for discarding empty beam 
crossings and uninteresting events before their data are fully digitized. Every 112 ns it 
receives trigger data corresponding to a new beam crossing in parallel from all requisite 
front ends over a relatively small number of dedicated high-speed paths. It operates in 
a synchronous pipelined mode with a fixed latency AtLVL-i — 4 fis. It thus generates 
decisions every 112 ns, for beam crossings which occurred earlier by A<LVL-I- The 
latency has been chosen to permit reasonably sophisticated LVL-1 decisions without 
requiring prohibitively deep front-end buffers. The LVL-1 decisions are broadcast to the 
front-end electronics to initiate final digitization and readout. For accepted crossings 
the LVL-1 results, including tagging, masking and routing bits plus various sums, are 
also read out as data for input to more extensive filters. LVL-1 is discussed further in 
Section 11.4.1. 



11.1. OVERVIEW 11-5 

• Data Acquisition System and Higher-Level Triggers — For events accepted by LVL-1 
the data acquisition system receives the data fragments from the front-ends and all 
data produced by LVL-1 itself. The DACQ system first buffers them while additional 
filters are applied in LVL-2 to reduce the accepted event rate further. Subsequent pro
cessing includes data compression to conserve readout bandwidth (whether by simple 
zero-suppression or more elaborate corrections plus parameterizations) by using digital 
signal processors [DSPs]. Preparations are made for subsequent routing operations by 
addition of data-block headers. Buffers [B] with smart I/O ports are used to accom
modate fluctuations in input rate, hold data pending decisions on its disposition, and 
synchronize and merge results from different parallel sources. 

The Level-2 trigger is designed to provide additional rate reduction through a flexible, 
programmable environment for applying both subsystem-local processing and global 
correlations between detector subsystems on a time scale of about 100-1000^s. Within 
each detector subsystem Local Level-2 trigger [LL2] processors can be used to apply 
detector-specific triggers and/or prepare additional primitives for global tests. Multiple 
sectors within a given subsystem as well as separate subsystems can be treated in 
parallel, thereby providing a means for load balancing the system. Because each leg 
is pipelined with respect to event-ID, different events can be processed concurrently 
at different points in the system, with synchronization postponed until required by 
the algorithms running in the Global Level-2 Trigger [GL2]. These algorithms will 
typically embody filters based on correlations between different detector subsystems. 
LVL-2 will also be a parallel, pipelined processor so that different sections of it can 
handle different events concurrently, with final overall synchronization postponed until 
required by the Event Builder [EB]. 

Events which pass the LVL-2 cuts are then assembled into complete event records by 
the Event Builder. The Event Builder includes a set of high-speed DSPs in its output 
legs. These processors perform final formatting and are the first processors which can 
examine the entire dataset for a given event. We will utilize this to apply yet another 
level of triggering, denoted LVL-2.5. The design permits subsequent event transmittal 
to a third level trigger, LVL-3, which can perform full reconstruction for a limited 
set of events, or subsets of events, if needed. This LVL-3 Trigger runs in high-speed 
general-purpose processors, as opposed to DSPs, and may also take advantage of the 
entire event information. The demand for archival storage must be reduced by this 
point to approximately 20 MB/s. This is described further in Section 11.5. Data for 
events passing this final level of filtering will be archived on permanent storage media 
by a set of data loggers in the On-line Computing System (ONCS). 

• On-line Computing System — The On-line Computing System is the focus for overall 
control and monitoring of the front-ends, trigger system, data acquisition system, and 
all ancillary systems. It is responsible for archiving data, monitoring and controlling 
the data flow thru the system, downloading the more than 2000 embedded processors in 
the data acquisition system, and configuring the entire on-line system. It must handle 
calibration and monitoring tasks, providing needed database services for maintaining 
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histories of calibrations, surveys, run records, detector histories and operating param
eters. It must present a uniform interface to users wishing to operate the system or 
analyse results and must provide needed software tools and code management facilities 
to enable software development. It has responsibility for monitoring and controlling 
all "slow" aspects of PHENIX such as high-voltage systems, gas systems, AC and DC 
power systems, and temperature monitors. Finally it provides general connectivity 
between the on-line system and the simulation and off-line analysis facilities as well 
as other external computing resources. An approach based on a standardized realtime 
workstation, standardized realtime interface cards, and a distributed database and 
distributed monitoring processors is being developed. This system will enable users 
to access all parts of PHENIX amenable to computer monitoring and control via a 
common set of protocols. See Section 11.6 for details. 

The baseline data acquisition system will be able to archive data at 20MB/sec. At 
RHIC design luminosities this can keep up with the 0.5% most central Au + Au col
lisions and with p + p collisions, although not with p + A and some lighter A + A 
minimum-bias collisions. Thus in early running, or until RHIC reaches design luminosi
ties, the data acquisition system will be able to collect data with this taping capability 
and without the LVL-2 trigger. The bandwidth of the entire system, including the 
implementation of the LVL-2 trigger, will increase to keep up with expected increases 
in rates. 

11.1.2 Event Rates at RHIC 
The expected raw interaction rates and data volumes in PHENIX are summarized in 

Table 11.1. The table is updated from the PHENIX CDR to reflect the present PHENIX 
Baseline design as well as to incorporate a better estimate of expected event sizes and 
data derived from each subsystem. It lists projected luminosities, interaction rates, charged 
particle multiplicities and data rates for many different types of collisions, ranging from p + 
p to central Au + Au. The table indicates a factor of 300 variation in the raw interaction 
rate, but a factor of less than 3 variation in the product of (interaction rate) x (multiplicity) 
(excluding asymmetric Ai + A 2 ion collisions and the somewhat artificial p + P "central"). 
Also included in the table is an estimate of the zero-suppressed data rates that would be 
necessary to read out every interaction for the given species combinations. (The number of 
bytes per track is developed below as shown in Table 11.5 in section 11.3.1.) 

All of the minimum bias data rates exceed the planned Day-1 data archiving capacity 
of approximately 20 MB/s by factors of 20 to 50. A reduction of the raw minimum bias 
data rate via selective triggering is thus needed. The simplest triggers for the A + A 
combinations are centrality triggers, which are also quite important for physics reasons. 
However, the centrality requirements assumed for Table 11.1, namely the most-central 10% 
of events, still do not reduce the data rate enough to record all events. The light-ion and 
p + A collisions have extremely high interaction rates, requiring event selection already at 
LVL-1 in order to comply with the 40 [is digitization time chosen for ADCs. The mean time 
between interactions expected for collisions of heavy ions does not require LVL-1 rejection, 
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Table 11.1: Interaction Rates, Time Between Events and Data Volumes in PHENIX 

Beams Type C 
( c m ~ 2 s - 1 ) 

Rate 
(kHz) 

T 
-1- avg 
(fxs) 

dNch 

dy 
<Nck> Tracks/s kB 

event 
MB/s 

p + p 
0 + 0 
Si + Si 

Cu + Cu 
I + I 

Au + Au 

MB 
MB 
MB 
MB 
MB 
MB 

1.1 10 3 1 

1.6 10 2 9 

7.1 10 2 8 

1.7 10 2 8 

5.1 10 2 7 

2.2 10 2 7 

454.0 
179.3 
118.5 
47.3 
23.3 
13.9 

2.2 
5.6 
8.4 

21.2 
43.0 
72.2 

2.6 
13.3 
24.7 
60.2 

130.1 
210.9 

0.92 
4.66 
8.63 

21.06 
45.53 
73.80 

4.2 105 

8.4 105 

1.0 106 

1.0 106 

1.1 106 

1.0 106 

1.9 
5.6 
9.6 

21.9 
46.1 
74.1 

863. 
1006. 
1133. 
1034. 
1074. 
1030. 

P + P 
0 + 0 
Si + Si 

Cu + Cu 
I + I 

Au + Au 

Cn 
Cn 
Cn 
Cn 
Cn 
Cn 

1.1 10 3 1 

1.6 10 2 9 

7.1 10 2 8 

1.7 10 2 8 

5.1 10 2 7 

2.2 10 2 7 

4.5 
17.9 
11.9 
4.7 
2.3 
1.4 

220.3 
55.8 
84.4 

211.5 
429.6 
721.6 

26.3 
55.5 

102.7 
250.7 
542.1 
878.6 

9.20 
19.43 
35.96 
87.74 

189.72 
307.49 

4.2 104 

3.5 10 s 

4.3 105 

4.2 105 

4.4 105 

4.3 105 

10.1 
20.2 
36.6 
87.9 

188.9 
305.6 

46. 
362. 
436. 
413. 
435. 
428. 

P + 0 
P + Si 
P + Cu 
P + I 

p + Au 

MB 
MB 
MB 
MB 
MB 

1.3 10 3 0 

9.0 10 2 9 

4.3 10 2 9 

2.4 10 2 9 

1.6 10 2 9 

406.1 
403.1 
340.1 
306.5 
276.6 

2.5 
2.5 
2.9 
3.3 
3.6 

3.5 
4.0 
4.8 
5.7 
6.4 

1.23 
1.39 
1.68 
2.00 
2.24 

5.0 105 

5.6 105 

5.7 10 s 

6.1 10 s 

6.2 105 

2.2 
2.4 
2.7 
3.0 
3.2 

899. 
962. 
906. 
912. 
890. 

Si + Cu 
Si + I 

Si + Au 

MB 
MB 
MB 

3.4 10 2 8 

1.9 10 2 8 

1.3 10 2 8 

76.2 
55.9 
45.0 

13.1 
17.9 
22.2 

67.4 
79.5 
87.1 

23.58 
27.83 
30.47 

1.8 106 

1.6 106 

1.4 106 

24.4 
28.6 
31.2 

1857. 
1597. 
1404. 

but the overall triggering system would benefit from some selectivity at LVL-1 in order to 
reduce the processing burden required in LVL-2 and LVL-3 for compliance with the data-
archiving bandwidth. The overall rejection factors required from the various trigger levels 
are summarized in Table 11.2, which again updates the similar table in the PHENIX CDR 
to reflect the revised estimate of event size and the planned mean time of 40 [is between 
LVL-1 accepts. The resulting numbers of events per second which may be archived are listed 
in the rightmost column of this table. 

11.2 Changes 

11.2.1 Front-end Electronics Changes 
1. We have decided upon 64-cell-deep AMUs. 
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Table 11.2: Required Trigger Rejection Factors and Accepted Events/Second 

Beams Type Reduction 
required 

from LVL-1 

Rate (MB/sec) 
after LVL-1 

reduction 

Reduction 
required from 
LVL-2*LVL-3 

Accepted 
Events 

per sec. 
p + P 
0 + 0 
Si + Si 

Cu + Cu 
I + I 

Au + Au 

MB 
MB 
MB 
MB 
MB 
MB 

18.2 
7.1 
4.8 
1.9 
1.0 
1.0 

48. 
141. 
238. 
548. 

1074. 
1030. 

2.4 
7.0 

11.9 
27.4 
53.7 
51.5 

10,400 
3550 
2100 
910 
430 
270 

P + P 
0 + 0 
Si + Si 

Cu + Cu 
I + I 

Au + Au 

Cn 
Cn 
Cn 
Cn 
Cn 
Cn 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

46. 
362. 
436. 
413. 
435. 
428. 

2.3 
18.1 
21.8 
20.6 
21.7 
21.4 

1960 
990 
550 
230 
105 
65 

P + 0 
P + Si 
P + Cu 
P + I 

P + Au 

MB 
MB 
MB 
MB 
MB 

16.0 
16.0 
13.8 
12.1 
11.1 

56. 
60. 
66. 
75. 
80. 

2.8 
3.0 
3.3 
3.8 
4.0 

8900 
8320 
7610 
6650 
6240 

Si + Cu 
Si + I 

Si + Au 

MB 
MB 
MB 

3.1 
2.2 
1.8 

608. 
715. 
779. 

30.4 
35.7 
39.0 

820 
700 
640 

2. The RICH will now use flash conversion instead of AMUs for analog storage. 

3. An improved estimate of data volume has been developed, taking into account neces
sary tagging and labelling information. 

4. Development of monolithic electronics has continued as part of the RHIC R&D pro
gram, with concentration on AMU development, silicon detector front-end develop
ment, ADC development, and timing channel (discriminator and TAC) development. 

5. An agreement has been reached with KEK to utilize their shift-register pipeline-TDC 
for digitization of timing signals from DC and /zT. A development project to tailor this 
chip to our architecture has started. 
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6. Control and bus lines have been enumerated. 

11.2.2 Trigger Changes 
1. Level-1 work has centered on refining algorithms to improve background rejection 

and/or improve efficiency and on defining the GLl trigger. 

2. The Beam-Beam LVL-1 trigger has been redesigned to build histograms correlating 
hits in time to improve noise, beam-gas and QED-pair rejection. 

3. The MVD trigger has been changed to use a sum of fired discriminators instead of 
an analog sum of pulse heights to improve noise rejection and enable operation for 
low-mass colliding ions. A lookup table using the vertex from Beam-Beam LVL-1 has 
been added to reduce effects arising from the long RHIC interaction diamond. 

4. The RICH LVL-1 trigger has had an "adjacency check" added to avoid double-counting 
of rings and preserve good efficiency at realistic number of photoelectrons thresholds. 

5. The //ID trigger has been completely redesigned to follow roads in 0 and <f>. This 
improves background rejection for beam-gas events and shower-secondary hits arising 
from leakage from magnet surfaces, particularly the piston magnet. The /J,ID itself has 
been redesigned, as described at the June 1993 Muon TAC Review; the filD LVL-1 
trigger incorporates these changes. 

6. A concept for the GLl trigger involving cascaded lookup tables and a programmable 
routing layer has been developed. 

7. A concept for LVL-1 to LVL-2 data transfer has been developed. 

8. A general architecture for LVL-2 has been developed. This has led to the addition of 
a Level-2.5 trigger included in the output legs of the Event Builder. 

11.2.3 DACQ Changes 
1. Formats for data at the various stages through the data acquisition system have been 

developed. 

2. We have decided to read out all data, including empty channels, from the Front-end 
Cards and transmit it to Data Collection Modules. These modules are responsible for 
zero-suppression, formatting, calibration and preparation of initial LL2 trigger primi
tives. They incorporate programmable devices (FPGAs and DSPs) to do this. Output 
ports on DCM crates provide parallel links to the EB, further stages of LL2, and the 
Monitoring network. 

3. A design for the Event Builder which can operate at 1 GB/s has been developed. A 
concept for the buffers collecting the DCM outputs for transferral to the EB has been 
developed. 
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4. A decision has been made to use the hi-speed processors in the Event Builder output 
legs for another level of triggering, denoted Level-2.5. This trigger level is the first at 
which all parts of an event are brought to one point. 

11.2.4 On-Line Comput ing System Changes 
1. An entirely new section entitled "On-line Computing Systems" has been writ

ten (UCDR 11.6). It incorporates the original CDR sections "Event Archive" 
(CDR 11.4.3), "Ancillary Systems Control" (CDR 11.6) and "On-line Computer Sys
tem" (CDR 11.7). Several topics in CDR section "Data Acquisition" (CDR 11.4) are 
also addressed. 

2. A first global on-line computing model (for organizing the analysis of high-level re
quirements) is presented. A framework for system development, a kernel environment 
for system integration and operation, and classes of generic services are also described. 
Emphasis is on a common approach to development. 

3. The architecture has evolved according to a network-transparent client-server 
paradigm, influenced by the EPICS model for control and monitoring. 

4. Ancillary Systems Controls has been subdivided into an Ancillary Systems Interface 
System and subsystem-specific ancillary systems equipment. 

5. The Master Timing, Event-data Flow Control, Event Builder/Level-3 Trigger, and 
Event-data Archive subsystems are now treated on an equal footing with detector and 
trigger data acquisition subsystems. 

6. The "routing layers" of the CDR have been incorporated into the Monitor Network. 

7. An overall development strategy is now described. 

11.3 Front-end Electronics 

11.3.1 Subsystem FEE and Da ta Volumes 
The purpose of the Front-end Electronics (FEE) is to convert sets of signals from detector 
electrodes into digital event fragments in accordance with selections made by the LVL-1 
trigger, order and label the event fragements for transmission to the DCMs, and provide for 
calibration and monitoring cycles. This involves analog signal processing with amplification 
and shaping to extract the optimum time and/or amplitude information from the signal, 
development of trigger input data and its transmission to dedicated trigger paths, buffering 
to allow for the time needed by LVL-1 to process selected data and decide whether to keep 
the event, plus digitization and a reasonably uniform interface to the downstream readout 
system. The designs and timing relations listed in the PHENIX CDR still describe the 
FEE planned for PHENIX, with the exception that the decision was made to use FADCs to 
convert the pulse height and timing information from the RICH counter PMTs. 
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Table 11.3: Channel counts, digitizer channels and LVL-1 trigger bits/sums for PHENIX. 

Subsystem 
Symbol 

Detector 
Channels 

ADC 
Channels 

TDC 
Channels 

LVL-1 
Inputs 

BB 
MVD 

132 
34,816 

132 
34,816 

132 132 FADC 
96 sums 

DC 
PC 

TEC 

10,240 
46,400 
28,032 

46,400 
28,032 

10,240 

RICH 
TOF 

EMCal 

6,400 
2,048 

25,536 

6,400 
2,048 

51,072 

6,400 
2,048 

25,536 

6,400 FADC 
2,048 bits 
6,384 FADC 

fiT 19,680 
18,360 18,360 

19,680 
17,280 bits 

Table 11.4: Front-end Electronics Parameters for PHENIX Subsystems 

Sub- preA Shaping Resoln Range AMU/ ADC TDC Special 
System mult. Time(ns) (bits) (bits) Needs 

BB 1 (PMT) 10 10 DMU yes yes FADC, History 
MVD 32 60 8 8 AMU yes no History 
DC 8 <io 9 16 DMU no yes pTDC 
PC 16 400 11 11 AMU yes no 

TEC 8 70 4 "9" DMU yes no FADC 
RICH 8 (PMT) 8 8 DMU yes yes FADC 
TOF 8 (PMT) 12 12 AMU yes yes 

EMCal 8 (PMT) 11 15 AMU yes yes Dual ADC 
/zT 8 30 9 16 DMU no yes pTDC 
//ID 16 70 8 8 AMU yes no 

Summary of Channel Counts 

A updated summary of the number of channels for the various detector subsystems in 
PHENIX Baseline is given in Table 11.3. This includes the number of detector channels, 
the number of ADC and TDC channels, and the number of signals provided to the LVL-1 
system. 

An updated summary of some of the parameters of the different PHENIX FEE systems 



11-12 CHAPTER 11. ON-LINE SYSTEM 
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mlnbias sec 
beom -bearr 132 2 i 264 396 1 396 100.00% 5,142.857 396 
MVD vertex 28.672 2 i 57.344 86.016 2 4.220 4.91% 54.805.181 16.880 
MVDpod 6.114 2 i 12228 18.342 2 1.076 6.87% 13.975.325 4.304 
DC 10.240 20 i 204.800 215.040 2 4.431 2.06% 57.545.455 17.724 
PC 46.400 3 l 139.200 185.6X 3 Z216 1.19% 28.772727 8.962 
TEC 28.030 80 0.3625 812870 840,900 80 8.862 1.05% 115.090.909 35.448 
EMCAL 25.636 3 i 76.608 102144 3 2.068 2.02% 26.864.545 8271 
RICH 6,400 3 1 19.200 25.600 3 92 0.36% 1.198.173 369 
TOF 2048 3 l 6.144 8.192 3 98 1.20% 1.271,481 392 
MUON T 19.680 12 l 236.160 255.840 2 479 0.19% 6.214,909 1.914 
MUON ID 1&360 2 l 36.720 55.080 2 266 0.46% 3.462727 1.063 

Level 1 1.000 12.987.013 1.000 
Level 2 

TOTAL 191.612 1.601.538 1.793.150 25.203 327.311.302 96.624 

Au-Au min. dndy'dector coverage"layers"hlts per layer- (samples per hlts'word per samples* 
^ address tage) 

V Data Volume after DCM. If no zero suppression, — >channe!*(sample'words per sample+oddress tag) 

Data volume before DCM -~> channePsample'words per sample 

Pagel 

Table 11.5: Total and zero-suppressed data volumes in PHENIX. 

is given in Table 11.4. The number of preamplifiers/shapers which might reside on a single 
monolithic circuit or circuit card is listed under "preA mult.". The reciprocal of the required 
fractional resolution (expressed as the number of binary bits needed) is listed under "Resoln", 
and the dynamic range (also expressed in bits) is listed in the next column. The next three 
columns identify whether an AMU/DMU, pulse-height information and/or time information 
are needed. The DC and /zT will use a pipelined TDC ("pTDC") which can measure in 1 
ns increments using a shift-register technique. The "History" label refers to the record of 
interaction activity in PHENIX kept for ~32 pre- and post-BCs. 

Estimates of the data volume produced by each detector subsystem are summarized 
in Table 11.5. This table lists the entire volume of data that must be inspected for each 
subsystem, regardless of the number of actual particle hits, and then also lists the expected 
active data volume (i.e. zero-suppressed output), all for events with the multiplicity (879) 
expected to be characteristic of Au + Au central events. The numbers of active bytes per 
detector were estimated as in the CDR on page 11-32, except now using dNcharged/dy = 879 
instead of 1000 as used in the CDR.) These active data bytes were then supplemented by 
addressing bytes as shown in the table to give the number of output bytes in the rightmost 
column. 

The resulting numbers of active bytes per event and active bytes per second produced 
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for minimum-bias events of various types are given above in Table 11.1. 

11.3.2 Development of Functional Blocks 
The R&D work carried out on monolithic electronics since the CDR has concentrated on 
developing circuits useable by the MVD, the EMCal and PAD detectors, the TEC, and the 
TOF. Circuits developed for the MVD include a preamplifier, analog memory and ADC. 
Those for the EMCal and PAD chambers include analog memory and ADC. FADC develop
ment was continued for the TEC, and discriminator and TAC development was carried out 
for the TOF and other detectors needing timing information, such as EMCal. 

The silicon-strip preamplifier has an 85/J channel-to-channel pitch, sensitivity of 
170mV/MIP (i.e. 41mV/fC), a risetime of 60ns and a noise of 900 e rms for 4pF input 
capacitance. The integral linearity is 2% up to 11 MlP-equivalent signal. It requires a single 
5V supply and dissipates ~lmW/channel. It is 1mm long for all three stages of the preamp. 
It requires a reset pulse periodically to discharge the feedback capacitor. This chip has been 
fabricated and tested thru ORBIT. 

The remainder of the front-end electronics chain for the MVD includes an AMU and 
a multichannel Wilkinson ADC. Versions of both circuits are now designed and submitted 
for fabrication. The AMU is an 8-channel, 16-cell test version with at present only linear 
address decoding. Simulations indicate its power consumption will be dominated by the 
250/zW/channel for the readout amplifier. The ADC is an 8-channel, 8-bit Wilkinson de
signed to run at clock speeds up to 200 MHz, although actual operation will only be at 20 
MHz, resulting in 12.8/zs conversion time, to minimize power consumption. 

A pad preamplifier, originally designed for the GEM IPC, has been submitted for fabrica
tion. It is designed for 30ns peaking time, much faster than PHENIX PAD requires. Power 
dissipation from four stages is simulated to be 25 mW (four stages of shaping are used to 
obtain \/t compensation for gas detector use) and the noise performance is expected to be 
~1800e for 35 pF input capacitance. The output stage has a baseline restorer for optimal 
drive of the AMU; it should drive a 25pF output load with no slewing. A PHENIX-specific 
design will employ 400ns shaping, resulting in better noise performance. 

Various AMUs have been fabricated and tested. One under development for use with the 
EMCal has been tested at 11 MHz writing rate using an FPGA to drive the addressing lines 
in order to simulate real-world noise sources. It exhibits a memory cell "gain" of 0.956 on 
average. The pedestal variation measured is 3.8mVrms (i.e. 0.8 LSB at 10 bits) while the 
integral nonlinearity is measured to be ±0.05% (i.e. 1 LSB at 11 bits.) The linear operating 
range extends up to 4.5V input for a 5V supply voltage. 

Two types of discriminator have been fabricated and been given initial tests. One is a 
leading edge type, which would be useful for TOF, RICH and PbSc, while the other is a 
constant-fraction type, being developed for the PbGl, whose existing PMTs have a modest 
rise time of 15ns. Both types are auto-zeroed to remove offset and drift. They provide a 
timing output within 5-10ns for a IV input and 15 mV threshold setting. The minimum 
settable threshold is 15mV in this design. The layout pitch is 170//, meaning 16 easily fit onto 
a standard 4.8x4.8 mm 2 monolithic die of the type envisioned for many of the monolithic 
FEE systems in PHENIX. 
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Two separate TAC development efforts have been pursued. Both have yielded tested 
devices this year. One has completed testing with a high-resolution setup and exhibits a 
nosie floor of 25ps or less at full range, with the noise increasing as the square root of the 
time interval, as expected if TAC error is dominated by thermal noise on the chip. The 
other has only been tested with a system providing 10 bits measurement resolution at 100ns 
range, i.e. with a lOOps test channel width. Well over 100K counts still stay within one 
ADC channel again meaning that at 4-sigma level, a noise figure of ~25ps is reached. Both 
results are encouraging for use in PHENIX, as systems with 40-60ps intrinsic resolution are 
planned. Again, these TACs are laid out with 170// pitch, meaning 16 easily fit on a 4.8x4.8 
mm 2 die. In order to provide sufficient time for settling, both TACs are designed to acquire 
on one bunch crossing, write on the next crossing, and reset on the third. This means 
a common-stop approach will be used to avoid deadtime in the TAC channels. This also 
means the 25ps resolution for the TAC must be maintained for full scale (as the test results 
have demonstrated), as that is where the particles with shortest flight times are recorded in 
a common-stop system. Both efforts have now moved on to laying out the TAC on the same 
substrate as the AMU in order to study integration and cross-talk issues. 

The FADC development for the TEC has progressed thru testing of the first monolithic 
chip, which was fabricated thru MOSIS. The design allocates 28 levels for dE/dx measure
ment, ranging over 2fC-120fC of signal, and 3 levels for TRD photon measurement, located 
at 400,600 and 800 fC. The components on the test chip all work, and the FADC func
tions at the needed clock rate. Further development includes moving to a 1.2/u process and 
determining the level of clock feedthru on the substrate. 

The ADC development concentrated on a 10-bit multichannel Wilkinson design, build
ing on a design originally prepared for the leadglass detector in CERN experiment WA98. 
Test results show that 0.15% integral nonlinearity and 1/3 LSB differential nonlinearity 
are achieved over full range. The channel profile is 1.13 bins. The clock rate has been 
tested as high as 167MHz with single-edge triggering. This suggests 334MHz operation with 
double-edge triggering is possible, but this has not been tried. The power consumption is 
3.3 mW/ch with a 100MHz clock and 31.8 kHz conversion rate (higher than the mean LVL-1 
accept rate planned for PHENIX). Again, the chip has been laid out with 170/t pitch to 
facilitate multichannel chip layout. 

11.3.3 Control and Bus Lines 
The control and bus lines needed by the Front-end electronics cards are listed below. This 
particular example is for the case of the MVD. Other systems will have the same control 
lines, or a superset, whereas the bus lines listed necessarily depend upon the subsystem. 
The intent is to use the RHIC RF as the master timing reference in order to insure the 
PHENIX electronics operate synchronously with the beam. This insures a phase lock and 
also allows the FEE to track changes in beam revolution frequency in RHIC as a function of 
beam momentum. (This amounts to ~0.5% over the full beam momentum range at RHIC.) 
Other control lines are then viewed as arming signals whose action occurs on the next beam 
crossing pulse. A serial interface is provided to download, e.g., calibration and threshold 
information to the FEE. A latch line is included in the serial set to allow series-parallel 
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broadcast of this information. The bussed lines typically are output by the state machine 
responsible for overall operation of the front-end electronics on a card. This state machine 
was called the heap manager in the CDR. 

• Control Lines 

— Beam crossing clock (8.9 MHz) 

— Initialize/reset 

— LVL-1 trigger accept 

— Integrator reset 

— Test qualifier (inject calibration pulse on channels identified via information 
loaded from serial lines.) 

• Serial Lines 

— Serial data in 

— Serial data clocking line 

— Serial data latch (copy data from shift register to latch register when this line 
pulses true.) 

• "Bussed" Lines 

— AMU 

* 6-bit write address 
* 6-bit read address 
* 1-bit write enable 
* 1-bit read enable 
* 1-bit reset address 

— ADC 

* 8 lines for links to ADC internal state machine 

— Serial 

* 5 lines to preamp front-ends 
* Data, clock, latch, calibration trigger and calibration voltage 
* Note the calibration voltage can be an analog DC level 

— Buffer 

* 5-bit address line to ADC output buffer 
* Selects one of 32 on-chip buffers for output to FIFO 
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SCHEMATIC OVERVIEW OF THE LVL-1 TRIGGER (18-OCT-1993) 
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Figure 11.2: Schematic diagram of overall LVL-1 trigger scheme. (The number of bits is the 
number shown above the symbol "/"•) 

11.4 Trigger System 

11.4.1 Level-1 Trigger 
Overview 

Figure 11.30 of the CDR needs to be replaced by Fig. 11.2, which is a revised version of 
this schematic diagram of the overall LVL-1 trigger scheme. 

There are two changes in Fig. 11.2. One involves the "Muon ID", as we now plan for 
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the Muon ID LVL-1 Trigger to have the four outputs shown, two of which will be input to 
the global LVL-1 logic of the GL1 Box. Note that there are more data bits in the LVL-1 
Muon ID than there were in the CDR. The other change is to the input to the GLl-Box 
that was shown in CDR Fig. 11.30 as a 1-bit "calibration" word. This 1-bit word is now 
replaced with 3 bits of "mode/monitor" information. We anticipate that a 3-bit word called 
MODE will suffice to indicate the "mode" or type of data being taken, which could be data 
for monitoring the LVL-1 trigger, running test patterns, running diagonistics, or any special 
runs other than normal data taking. 

The updates to the LVL-1 algorithms which provide inputs to GL1 involve four of the six 
sub-detectors used for GL1. (1) The BB algorithm has had a major redesign to detect the 
space-time location of the largest particle-hit activity on each side. (This replaces the CDR 
algorithm for the first-hit space-time location on each side.) (2) The MVD will provide a 
sum of fired discriminators and this sum will be input to a vertex-correction lookup-table 
circuit that will correct for the ^-dependent multiple-hit probability. (3) The RICH algorithm 
has had an adjacency-check step added, resulting in higher efficiency and avoiding multiple 
counting at low ring-count thresholds (which was a problem with the original algorithm in the 
CDR). (4) The fi-lD algorithm has been completely redone to require physically meaningful 
paths through the //-ID layers and thereby exclude the shower secondaries and beam-gas 
interactions that the CDR algorithm picked up. These changes are discussed further in the 
following sections. 

Beam-Beam 

The purposes of the BB LVL-1 trigger as described in the CDR are unchanged, but the 
method used to achieve them has been improved. In the first three paragraphs of the BB 
writeup on pp. 11-44 and 11-45 of the CDR, the update only changes one sentence near the 
end of the second paragraph. The sentence to be replaced is "The time for each array is taken 
to be the earliest time (within certain limits) from all of the elements of each array with valid 
hits." (The BB has two arrays, each with 66 "flash-light" Cherenkov detectors.) Instead, this 
sentence should be replaced by the following sentence: The time for each array is taken to 
be the time bin (within certain time limits) in the (new, updated) histogram algorithm 
containing the greatest number of counts. That is, we no longer consider it acceptable to 
rely on the earliest time. As in the CDR, other criteria of time and count limitations must 
be met, and, if both arrays are hit, an average time and an estimate of vertex position are 
deduced.) 

The reason for the change is the concern that the "earliest time" might come from 
a noise "hit" or a beam-gas, electromagnetic-dissociation type, or other background type 
of interaction rather than from the desired speed-of-light particle(s) from the beam-beam 
nuclear interaction. The latter signals will all be detected within a small time interval and 
should be numerous whereas background interactions should produce isolated hits. Beam gas 
and electromagnetic dissociation events will plikely occur at the correct time but will have 
too small multiplicity of hits. Noise hits will be random in time. The histogram algorithm 
will search out the time interval with the most hits in each array. To do this, we will use 6 
bits from the 10-bit time-corrected FADC signals from the front end electronics of each of 
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Figure 11.3: Schematic diagram of LVL-1 trigger for BB (early stages). 

the 66 Cherenkov detectors. The least significant of the 10 bits will correspond to 25 ps, thus 
we will use bits 2 (50 ps) through 7 (3.2 ns) to construct a 64 time-channel histogram, each 
channel 50 ps wide, for each of the 2X66 detectors. These histograms are summed channel 
by channel over the PMTs to form 64 histograms (per side) of the number of pMTs firing 
within each time channel. The time channel with the most hits for each side is then used 
to produce the various outputs of the BB LVL-1 trigger (which are the same as described in 
the CDR). 

Schematic diagrams for different stages of the BB LLl processing are shown in Fig.11.3 
and Fig.11.4. These two figures replace Figs. 11.32 and 11.33 of the CDR. The steps in the 
BB LLl processing pipeline are described in sequential order below. Also included are the 
number of bunch crossings (assuming 112 ns between bunch crossings) taken by each step 
in the pipeline. 

Step 1 - Flash-digitization and time correction (1 crossing): This is done on the 
BB front-ends and provides time-corrected 10-bit words. (Only 1 bunch crossing 
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Figure 11.4: Schematic diagram of LVL-1 trigger for BB (later stages). 

time is required.) Bits 2 (50 ps) through 7 (3.2 ns) form the 6-bit words PMT(M), 
where 1<M<66 for each side, that are the inputs to the BB LVL-1 circuit. 

Step 2 - Time bin routing (2 crossings): For each array, the 6-bit PMT(M) words 
produce the 1-bit time words "PMT-Time(M,N)", 1<N<64. PMT-Time(M,N) is 
1 for a hit PMT#M in time bin # N and 0 for a missed PMT, where hit or missed 
means within the 6.3 ns dynamic range in time. Each PMT(M) can produce a 
hit in only one time bin N. The 66 inputs from each side are collected to sum the 
hits in time bin N in the next step. 

Step 3 - Histogram adder stage (8 crossings): The PMT-Time(M,N) values are 
summed over M (the PMT index) by a pipeline digital summer, independently 
for each time bin N, to form the 13-bit word "Time(N)", which is the desired 
histogram in time of the number of hits in the array in that time bin. Of the 13 
bits, 7 bits are needed to cover the 67 values of the sum (from 0 to 66) and 6 bits 
are needed as an index for the 64 sums of hits corresponding to the 64 values of 
the time index N. 

Step 4 - Time bounds (1 crossing): The 64 values (per side) of Time(N) are then 
compared to upper and lower time limits. Any value of Time(N) outside these 
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limits is set to 0 in the "time range gate" circuit. This mechanism will limit 
event acceptance to times closely correlated to the RF clock and the region ±30 
cm in z around the center of the interaction diamond. 

Step 5 - Finding maximum counts (7 crossings): For each side, a "count sorter 
logic" finds the Time(N) bin with the most hits. This is done with cascaded 
comparators, each of which finds the larger of two numbers. (Step 7 is an example 
of this logic.) If two (or more) time bins have the same number of hits, the earliest 
one is chosen by this circuit. If there are no hits, then the lowest time, Time(l) 
(which will be below the lower time limit) is chosen. The chosen Time(N) for the 
right side is output as the 6-bit word "T-Right" after having been checked to see 
if it exceeds the minimum-count threshold. If it does, the 1-bit word "Right Hit" 
is set to 1 for TRUE. The analogous words for the left side are denoted "T-Left" 
and "Left Hit". 

Step 6 - Interaction time and vertex (1 crossing): The left and right Hit Times 
are added to get "T-Average", which is the time at which the event occurred, and 
subtracted to get "T-Vertex", which is the location of the event's vertex along 
the z-axis. (Note that the time sum needs to be renormalized to get a vertex in 
cm.) These two words are also made available to LVL-2. It must be recognized 
that the quantities "T-Average" and "T-Vertex" (which are produced for each 
beam crossing) are valid only for events for which the 1-bit "Valid Hit" from step 
5 is true for both sides. 

Step 7 - Vertex Validation (1 crossing): The vertex position is tested against 
preset maximum (V(max)) and minimum (V(Min)) values. This step provides 
two output signals, "Event Flag" and "Validity Flag". Event Flag is TRUE if 
either of the two Beam-Beam arrays have valid hits. Validity Flag is TRUE if 
both arrays were hit and the vertex is within the preset window. If the Validity 
Flag is FALSE, the rough vertex to be used by LVL-2 must be computed by other 
means. 

The LL1 system for the BB counters produces 136 data words, of which 128 are 13-bit 
time-histogram words passed on to LVL-2. There are four 6-bit times: "T-Right", "T-Left", 
"T-Vertex", and "T-Average" (for which the least-significant bit is 50 ps). There are four 
1-bit words: "Right Hit", "Left Hit", "Event Flag", and "Validity Flag". All 136 words are 
passed on to LVL-2. The two words "T-Vertex" and "Validity Flag" are used in the LVL-1 
algorithm for the MVD to make vertex corrections to the Si strip multiplicity. Only the two 
words "Validity Flag" and "Event Flag" are used in the GL1 Logic Box. These two words, 
and perhaps other BB words, can also be made available for global distribution. 

MVD 

The update of the LVL-1 logic for the MVD consists of two changes. The first is that 
the inputs to the FADCs will be the 256-channel sum of fired discriminators instead of 
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Figure 11.5: Schematic diagram of LVL-1 trigger for MVD. 

the 256-channel analog sums that were described in the CDR. The change to a sum of 
fired discriminators was made to eliminate the summing electronic noise from 256 channels. 
(Although the signal-to-noise ratio is expected to be at least 10, the vast majority of the 256 
channels will have only noise.) The second change occurs in the LVL-1 algorithm for the 
MVD. It consists of the addition of a lookup table step, with the input address to the lookup 
tables being the 7-bit FADC digitization of the 256-channel sums of fired disrciminators. 
The lookup tables have dual purposes. For the Si strip detectors, they provide a vertex 
correction that uses the 7-bit word "T-vertex" (time difference signal) and the 1-bit word 
"Valid Vertex" (which is 1 if the T-vertex is meaningful) from the BB detector. The vertex-
correction lookup-table will correct for the 77-dependent multiple-hit probability. The second 
purpose is to allow, by adjusting the lookup table settings, the 15-bit word called "Total 
Sum" to represent either the Total Sum, Right Sum or Left Sum, where left and right are 
either side of the z=0 center of the interaction diamond. For asymmetric beams, it may be 
desireable to use in the GL1 Box the sum of one side instead of the sum of both sides. This 
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will be accomplished by adjusting the lookup tables so that the single word "Total Sum" to 
provides the desired sum. 

The new lookup table step becomes step 3: 
Step 3 - Adjust via lookup tables (1 crossing): The inputs to each lookup table is the 

7-bit FADC from step 2, the 7-bit word "T-vertex", and the 1-bit word "Valid Vertex". (The 
two vertex words come from the BB detector.) The lookup table "adjusts" the multiplicity 
inputs and provides a 7-bit adjusted output to step 4. 

Steps 2, 3 and 4 of the CDR are thus renumbered to be Steps 3, 4, and 5, respectively. 
Figure 11.34 of the CDR is now replaced by Fig. 11.5, which updates Fig. 11.34 by including 
the lookup table step and T-vertex input. 

The number of beam crossings which must elapse before "T-Vertex" can be provided to 
the lookup tables is somewhat uncertain, thus the first beam crossing shown in the figure is 
labeled with an N. Nine additional beam crossings are required to finish the MVD algorithm 
(most of which are taken by the pipeline digital summers). The value of N is expected to 
be about 20 (as shown in the update for the BB LVL-1 trigger) thus the "Total Sum" is 
expected to be available in about 29 beam crossings. The uncertainty in N is expected to 
be 1 beam crossing and is caused by the unknown time to do the 10-bit flash digitization 
and time correction to the input to the BB LVL-1 trigger. It was assumed that this would 
be done within 1 beam crossing in arriving at 20 beam crossings for the BB "Valid Vertex" 
word. The 29 beam crossings would become 30 if an additional beam crossing were needed 
for the BB front-end electronics to complete flash digitization. However, if the pipelined 
digital summing were made faster than the one-pair-sum-per-beam-crossing rate assumed, 
then the total time would be several beam crossings less than 29. 

The CDR also states that the three sums, "Total Sum", "Left Sum", and "Right Sum" 
are all input to the GL1 Box. For the reasons stated above, this is no longer correct, and 
only "Total Sum" is used at GL1. All three sums remain part of the data stream, however. 

RICH 

Simulation studies of the algorithm given in the CDR for the RICH have shown that two 
(or more) adjacent unit cells (refer to CDR Fig. 11.35 on p. 11-51 for the definition of the 
RICH unit cell) could each exceed the ring-count threshold for a single incident electron, 
leading to double (or multiple) counting of the Cerenkov ring produced by that electron. To 
eliminate this, we modified the RICH algorithm of the CDR by adding an adjacency-check 
step as step 9 of the RICH algorithm. The adjacency check involves a 3x3 array of unit cells, 
with the center unit cell being being checked against 4 of the other 8 unit cells: 

Step 9 - Adjacency check (2 crossings): If any of the 4 adjacent unit cells are 
over threshold, then the unit cell at the center of the adjacency group will not 
be counted in the ring sum. Otherwise the central unit cell will be counted (if it 
were a 1). 

Only 4 of the 8 adjacent unit cells in the 3x3 array are checked, because the adjacency 
check is done simultaneously for all unit cells (128 per arm) and we want one of the unit 



11.4. TRIGGER SYSTEM 11-23 
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Figure 11.6: Schematic diagram of LVL-1 trigger for RICH (last 2 steps). 

cells to be counted for an incident electron. Were all 8 adjacent unit cells included, the 
simultaneous checking would prevent any unit cell from being counted. (For example, if unit 
cells A and B were adjacent and all 8 adjacent cells were included, then A would prevent 
B from being counted when A was the center cell, but B would also prevent A from being 
counted when B was the center cell, and of course both are treated as center cells but in 
different parts of the algorithm.) 

The "ring-sum step" (step 9 in the CDR) now becomes step 10 and the inputs to the 
ring sum are the "valid cell" outputs of the new step 9. This is shown in Fig. 11.6, which 
updates Fig. 11.37 of the CDR. Only steps 9 and 10 are shown in Fig. 11.6 because steps 
1 through 8 of the RICH algorithm are unchanged from the CDR. (The modified algorithm 
now requires 22 beam crossings instead of 20.) 

The performance of the RICH algorithm was checked with PISA simulations and the 
results are shown in Fig. 11.7. The efficiency of the RICH algorithm depends upon the 
value of the ring-count threshold which is given in terms of the number of photoelectrons 
per module. The figure shows the frequency / at which an electron ring is counted, where 
the subscript is the multiplicity of times a ring is counted. The left side of the figure gives 
the results for the original algorithm of the CDR, and the right side gives the results with 
the adjacency step. The right side shows no multiple counting, and the frequency of single 
counting is the desired lOOappreciably below lOOnumber of detected photoelectrons. (The 
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Figure 11.7: Efficiency of the RICH algorithm with and without the adjacency check. 

mean number is 24, at which value the frequency of single counting is 501abelled 1 — f0 

shows the frequency of counting a ring at any multiplicity; it is identical to the frequency 
of single counting when the adjacency check is made. The left side of the figure shows why 
the adjacency check is needed. At low values of the threshold, a ring is more likely to be 
multiply counted than counted once. Indeed, for thresholds from 1 to 6, double or higher 
counting of a ring is more likely than counting it once. As the threshold increases, the 
multiple counting frequencies drop significantly, but so does the single counting frequency 
(since more rings are formed whose number of detected photoelectrons is on the low side of 
the Poisson distribution). Therefore, simply raising the threshold in the original algorithm to 
reduce multiple counting was not viable, making the development of this algorithm necessary. 

Figure 11.7 clearly shows that adding the adjacency check as step 9 of the algorithm 
provides a dramatic improvement in the performance of the RICH algorithm. With this 
step, we should be able to operate the RICH algorithm at a threshold setting of about 10 
photoelectrons (or 40of detected photoelectrons) with high efficiency and with little depen
dence of the efficiency on the value of the threshold. The latter point is significant because 
the mean number of detected photoelectrons depends upon the path length of the particle 
in the RICH gas and thus upon the emission angle 0 of the electron entering the RICH (and, 
to some extent, also upon upon the vertex position of the event), and we insist upon an 
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Figure 11.8: Schematic diagram of LVL-1 Trigger for Muon ID (early stages) 

algorithm whose threshold does not depend upon these variables. (Such corrections would 
be difficult to accomplish at LVL-1.) We also want to minimize in the ring count at LVL-1 
the inclusion of unit cells which have fewer fired PMTs than are produced on average by 
true electrons from the vertex. This means we must be able to run at a fairly high threshold 
(about 10 photoelectrons) without significantly reducing the efficiency for correctly counting 
electrons. 

Muon Identifier 

The Muon ID algorithm for LVL-1 in the CDR has been completely redesigned. Therefore 
all of the CDR description on page 11-59 (with the exception of most of the first paragraph) is 
now obsolete and is to be replaced by the following (which includes a revised first paragraph). 

The muon detector has one of the more selective LVL-1 triggers. The muon production 
rate is lower than that for other observables, and the ratio of true pairs to triggered pairs is a 
factor of 5 larger than that for electrons. Thus, the trigger can provide useful rate reduction 
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Figure 11.9: Schematic diagram of LVL-1 Trigger for Muon ID (later stages) 

at LVL-1. The detection of a pair of muons is relatively straightforward in the acceptance 
of the muon system so the muon LVL-1 trigger should be easily implemented, and it should 
place less of a burden on the muon LVL-2 trigger. The muon LVL-1 trigger is designed to 
find tracks by following roads through all six layers of the Muon ID and to count identified 
tracks penetrating to at least layers two or three. 

As discussed in Chapter 10, the Muon ID consists of a set of six absorber layers, after 
each of which is a limited-streamer-tube plane with pad readout. The Muon ID readout pad 
planes are segmented in 0 and <j> to assist in the trigger identification problem resulting from 
multiple scattering as muons pass through the absorber layers and to discriminate against 
particles that do not maintain a nearly constant value of the angle 8 as they penetrate the 
muon ID. While both 0 pads and <f> pads are instrumentated, only the 0 pads are used for 
the LVL-1 trigger. The <f> pads are used to mask the /t/T chambers at LVL-2 and later refine 
tracks found in those chambers. In the following the 0 pads will be referred to as LVL-1 
pads. See Chapter 10 for further discussion of the pad sizes and layout. 

In Layer 1, the LVL-1 pads have the dimensions (0 by <f>) of 1° by 2.813°, thus there are 
27x128=3456 pads to span the 27° 9 range and the 360° <fi range. There are two sets of 
equal-size pads, viewing independent gas volumes, in Layer 1. Corresponding members of 
these two sets are ORed (as described below) in the LVL-1 trigger to assure a high efficiency 
for muon detection at Layer 1. In Layer 2, the LVL-1 pads have the same dimensions of 
1° by 2.813°. There is only one set of LVL-1 pads in each of Layers 2 through 6. Layers 
3 through 6 0 pads have the dimensions 1° by 5.625°, making 27x64=1728 pads in each of 
these layers. The total number of LVL-1 pads in the LVL-1 trigger is thus 17,280. 

The LVL-1 Muon-ID trigger defines muon "roads" through the muon endcap. The roads 
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account for the increase in multiple scattering as the muons penetrate each absorber layer. 
Each "road" starts on a unique group of 4 pads in Layer 1, one pad wide in 9 by two pads 
wide in <f>, (2 adjacent pads on the first layer of LST detectors of Layer 1 and the two aligned 
adjacent pads on the second layer of LST detectors of Layer 1). These 4 pads are ORed 
together (to provide high efficiency) and define 1728 (27 in 9 and 64 in <f>) unique "roads" 
for the muon ID. While the roads are disjoint at Layer 1, the effects of multiple scattering 
in 9 and <f> plus track pitch in <f> due to the preceeding magnetic field in ^T cause the road's 
shape (the envelope of roads for muons with energies from 1 GeV up) to flare into a larger 
cross sectional area as the muon progresses along its course. Thus adjacent "roads" share 
common LVL-1 pads in the layers beyond Layer 1. The size at each layer was deduced from 
simulations, and the results converted into the nearest larger integer to specify the number 
of adjacent pads to OR together. Layer 1 has 4 pads (2 front and 2 back), which define the 
1728 roads. Layers 2 and 3 each use 6 adjacent pads (two in 9 by three in <j> for Layer 2 and 
three in 9 and two in (f> for Layer 3, which has the larger pads), Layer 4 uses 9 adjacent pads 
(three in 6 by three in <j>), and Layers 5 and 6 each use 12 adjacent pads (four in 9 by three 
i n <f>). 

The muon LVL-1 trigger finds and records the particle hits in the roads at Layers 1, 2, 3, 
4, 5 and 6 independently. The only valid roads are those for which there is a hit at Layer 1. 
A valid road identified as having reached a depth N may have failed to fire one or more of 
the layers from 2 to N as long as it does not "skip" more than 1 consecutive layer. The layers 
at which each given road has a hit are passed on to LVL-2 as 1728 6-bit words called "Muon 
Road". The number of valid roads with hits at Layers 2 and 3 are separately summed and 
passed on as 11-bit words "Muon Sum-2" and "Muon Sum-3". A third sum, consisting of the 
number of valid roads with a hit at either Layer 2 or Layer 3 is called "Muon Sum-1". Muon 
Sum-3 and Muon Sum-1 are also provided to GLl to be used in determining the number of 
candidates for e-fi pairs and fi-fj, pairs, rspectively. 

While massive in implementation, the LVL-1 trigger for muon-ID is simple in concept 
and involves only four logic steps. Schematic diagrams for these four steps are shown in 
Fig.11.8 and Fig.11.9. (These figures replace Fig. 11-41 of the CDR.) The steps in the Muon 
ID LL1 processing pipeline are described below: 

Step 1 - Pad Hit Finding (1 crossing): The LVL-1 pad hits are determined by 
discriminators in the front-end electronics of the Muon ID system (This front-end 
step is not shown in Fig.11.8.) 

Step 2 - fi Road ORs in Each Layer (1 crossing): All of the LVL-1 pads associated 
at each layer with a given muon road are ORed together and latched to form the 
inputs to the next step. As Fig.11.8 shows, the width of each road increases from 
layer to layer as a particle progresses into deeper layers. 

Step 3 - Depth Recognition Logic (1 crossing): This step simultaneously receives 
all inputs for a given road "N" and records the depth of that road subject to two 
rules: (a) Each road recognized as "live" must be hit at Layer 1 and at Layer 2 
or 3, and (b) A live road may contain missing or unhit layers, but two missing 
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layers in succession "stop" the road, and its depth is then recorded as the last 
layer that was hit. Also in this step the depth-2 and depth-3 signals are ORed 
together to form the word "Layer(l,N)" which is used to count all live roads. 
The 1728 6-bit words called Muon Road, which have the depth identification for 
each layer for each of the 1728 roads, are also passed on to LVL-2. 

Step 4 - Form Depth Sums (11 crossings): Three sums of "live" roads are made 
using pipeline digital summers to provide a count of live paths at the associated 
depths. "Muon Sum-1", "Muon Sum-2" and "Muon Sum-3" are respectively the 
sum of live roads reaching at least depths 2-or-3, depth 2, and depth 3. Two of 
the three sums are sent to GLl and all three are passed on to LVL-2. 

The LVL-1 trigger for the Muon ID provides two outputs: a depth record called "Muon 
Road" for each of 1728 roads, and 3 "muon sums" for roads that reach (at least) Layers 2 
and 3. "Muon Sum-1" is used at GLl to make fi-fx pair triggers and "Muon Sum-3" is used 
at GLl to make e-fi pair triggers. The depth record contained in Muon Road will be used 
by the muon track finding/fitting algorithm at LVL-2. 

LVL-1 FIFO Architecture 

The update to the CDR on the topic of the LVL-1 FIFO Architecture (pages 11-64 to 11-66 
of the CDR) consists of the following additional comments concerning the LVL-1 to LVL-2 
Data Transfer. 

Upon a decision by GLl to accept an event, all LVL-1 pipeline information for that event 
is moved into a temporary storage facility called the "Transfer FIFO". This facility, which 
was discussed in the CDR, is organized as a FIFO (First-In, First-Out) memory with a word 
length sufficient to accept all LVL-1 information from an event as a single word. Availability 
considerations suggest that this FIFO will be 64 words deep. The transfer will occur in a 
single 112ns beam-crossing cycle. 

The information contained in a single FIFO word will be transferred in parallel to two 
places. One copy is moved into the experimental data stream, for inclusion in its entirety in 
the entire data block for that event. Because of the necessity for LVL-2 to gain access to this 
same data in a more selective manner, a second copy will be made available to LVL-2 in a 
multi-drop fashion, enabling that facility to capture only portions of the event required for 
specific trigger algorithms in LVL-2. Issues of data rate and event pipeline traffic statistics 
suggest that these transfers must be made in less than 32 //s to prevent bottlenecks at this 
point. Input ports on the Data Collection Module (DCM) crates and DCMs themselves will 
be used to merge this "trigger" copy of the LVL-1 data selectively into the datastream. 

The LVL-1 data stored in the Transfer FIFO may be characterized by three properties: 

a. Location: All geometrical information associated with LVL-1 data is implicit 
in the hardware location (i.e. specific address) at which the data resides within 
the long FIFO word. (Geometrical information refers to the indices of arrays 
such as the array of RICH modules, EMCal tiles, etc.) 
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b. Content: This refers to an actual data word stored at a specific hardware 
location. 

c. Integrity: While this attribute of LVL-1 data is transparent, it is imperative 
that measures be taken to insure that the individual components constituting 
the Transfer FIFO maintain proper time alignment. This will be accomplished 
by embedding critical parity information into each Transfer FIFO word. 

The integrity of LVL-1 data must be confirmed across the entire length of the FIFO word 
to insure that no time skew has occurred within the word. Should this test fail, the data 
transfer operation must be aborted and the LVL-1 hardware pipeline must be stopped and 
restarted. 

To move the LVL-1 data into the rest of the experiment data stream, the long output of 
transfer-FIFO words must be changed into a 24-bit, word-serial format common to all other 
PHENIX data accepted by the DCMs. This requires that the location property listed above 
be made explicit and joined in appropriate fashion with the content property. This will 
be accomplished by formatting the data into 24-bit address/data units, adding header and 
trailer blocks recognized by PHENIX data transfer services, then transferring the resulting 
data structures in word-serial fashion over 24-bit wide data paths to LVL-2 and the DCMs 
(Data Collection Modules). 

Global Level-1 Trigger 

The Global Level-1 subsection on CDR page 11-61 lists the types of input data to the GL1 
Box. Under Status Information the statement for Calibration Status should be replaced 
by: 

Mode Status - A 3-bit word showing whether the data is "real" data (Mode=0) 
or one of seven other modes such as monitoring of LVL-1 data, reporting LVL-1 
settings, reloading LVL-1 settings, taking standard or special (calibration) test 
patterns, or running diagnostics. 

Under Centrality Measurements, the "multiplicity" quantities Total Sum and Left 
and Right Sums from the MVD are listed. (The MVD is divided in halves at z=0.) The 
choice of which of the three sums (left, right or total) from the MVDis passed to the GL1 
Box will be made by setting bits in the lookup table for the Total Sum, and only the Total 
Sum will be input to the GL1 Box. Thus the CDR mention of Left and Right Sums here for 
central measurements should be ignored and the description for Total Sum changed to: 

Total Sum (Multiplicity) - Total number of hits seen in MVD. (For asymmetric 
beams the Total Sum may be reprogramed to equal either the Left Sum or the 
Right Sum of hits in the MVD.) 

Following the listing for Hit Sum on CDR page 11-62 under Hadrons, the balance of 
the Global Level-1 Trigger section should be updated. Since the lookup tables described in 
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Figure 11.10: Schematic diagram of the GLl Logic Box 

the update accomplish the functions of the P P M D described in the CDR, and therefore the 
PPMD and Fig. 11.42 (the schematic diagram of a PPMD) are obsolete. 

The GLl Box will be designed to allow flexibility in programming the GLl decision 
matrices. It will be possible to program it so that most of the GLl trigger decisions other than 
the lowest-level interaction triggers are able to combine data from different sub-systems in 
PHENIX. Many LVL-1 trigger decisions only require an AND between a "valid interaction" 
decision based on the BB data and a threshold on an energy sum or a hit multiplicity. 
However, some of the observables of interest require further correlations. For example, we 
plan to use the Photon-2 sum, which counts photons above a relatively low energy threshold, 
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in low-multiplicity events where the photon showers are well separated, and plan to rely more 
on the Photon-1 sum, which uses a higher threshold, in the high-multiplicity events. We 
therefore envision using cascaded lookup tables in order to implement several such trigger 
decisions in parallel, to provide the necessary flexibility in the trigger, and to make the GLl 
trigger decision fully (re)programmable. 

Fig. 11.10 shows how we plan to use lookup tables in the GLl "Logic Box". In the figure 
the subsystems contributing to GLl are shown to the far left. The final accept/reject output 
of GLl is shown at the bottom right. The flow in time is from left to right. The inputs to 
GLl come from six of the PHENIX subsystems, namely BB, MVD, TOF, RICH, EMCal, 
and fj,lD. Additional inputs include the RHIC beam status, the transfer FIFO status, and 
the 3-bit word called "Mode". (These inputs were shown earlier in Fig. 11.2.) Note that 
two options are shown for the EMCal information, depending on whether or not there is an 
indication of charge from PC-3. With PC-3 charge, the EMCal provides an electron trigger 
(called e" in the figure). Without PC-3 charge, the same EMCal sum would provide us with 
7-3, the sum of EMCal tower hits above a third energy threshold. 

We first consider the GLl logic of Fig. 11.10 for the case of normal data taking, for which 
the value of Mode is 0. (The bit counts listed at the exits of the first set of lookup tables give 
the numbers of distinct conditions possible for MODE = 0.) The first active step taken in 
the GLl Logic Box is called the "Discriminator Lookup Step." This reduces the number of 
bits from the maximum channel count to a more manageable, and useful, number for LVL-1 
decisions. Many of the inputs to the GLl trigger are in the form of particle counts or energy 
sums. We will not be interested in the exact values of these inputs but rather in whether 
or not they fall within a given range of energy or multiplicity. Most of the "Discriminator 
Lookup Tables" take a 9-13 bit word as input and produce a 3-bit output word indicating 
which of seven non-zero programmed thresholds the input number exceeds. For the two 
multiplicity inputs (one is the EMCal's "Global Sum" and the other is the MVD's "Total 
Sum"), 4-bit words are used to allow setting of 15 non-zero programmed thresholds. It 
is quite probable that the number of output bits shown is one or two bits more than the 
minimum number needed. For example, most GLl decisions on the RICH's "Ring Sum" 
need only two bits rather than the three shown because two bits provide us with the four 
discriminator values 0, >1 , >2, and >3, which should be enough to make any GLl decisions 
that are based on a total ring count. The extra bit or two shown in the figure provides 
margin for additional choices that could be used to keep track of subdetector region, such as 
the RICH arm or the EMCal wall, in order to program regional information into the lookup 
tables. 

The third column of Fig. 11.10 is symbolic. It shows how some of the LVL-1 signals are 
combined to provide the "physics" combinations of interest at LVL-1 before imposing later 
conditions based on event multiplicity or the location of the interaction vertex or status bits. 
The third column shows where LVL-1 signals from all six PHENIX subdetectors involved in 
LVL-1 are combined for the first time. (Earlier in the pipeline, before signals are input into 
GLl, there were local combinations of PC-3 sums and EMCal towers needed to generate the 
EMCal LVL-1 electron outputs, and there were inputs from BB to the MVD LVL-1 logic to 
provide the vertex corrections needed to obtain the MVD's multiplicity output "Total Sum".) 
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Table 11.6: Sample GL1 logic for the Mode=0 7-I trigger using Mult-l 

Word* 
Trigger and Prescale Values 

Type Word* Gl G2 G3 G4 G5 G6 G7 G8 G9 G10 
7-1 7-I Sum >1 >1 >1 >1 >1 >1 >1 >1 >2 >2 

Mult-l (MVD) Total Sum 3 2 0 3 2 1 0 3 3 
BB Flags Validity Flag 1 1 - - - - - -

Event Flag 1 1 1 1 1 1 1 -
Status flags L-beam Status 1 1 1 1 1 1 1 1 

R-beam Status 1 1 1 1 1 1 1 1 
"Mode=0?" 1 1 1 1 1 1 1 1 

Prescale Factor N 0 3 6 0 1 3 6 0 0 
(One in 2N) 

* 7-I Sum and MVD's Total Sum are shown as 2-bit words in this sample table. 
The symbol "-" means "don't care". 

This overall combination is accomplished by a (reprogrammable) routing and grouping of 
bits to inputs of a second stage of lookup tables. 

The lookup tables called "Trigger" in Fig. 11.10 have as inputs the physics combinations, 
two types of multiplicity (or centrality) inputs, the two 1-bit time flags from BB, and the two 
1-bit RHIC beam-status words. The largest number of bits input to a single Trigger lookup 
table is 18 for e-^ and for e'-fi. We anticipate using identical, standard-size lookup tables at 
all locations in the GL1 Box to conserve on engineering and fabrication costs. The number 
of outputs from these lookup tables depends upon the word size of the lookup table; we 
anticipate between 10-20 Trigger outputs of each type. An example of trigger and prescale 
logic is given below. Each of these 10-20 outputs for each trigger type then goes to a prescale 
logic step in which a programmed prescale factor is applied. The outputs of the prescale 
steps in Fig. 11.10 are labeled by a letter for the trigger type and a number for the number of 
triggers of that type (shown arbitrarily as 10 for each type in the figure). The grand total of 
100-200 prescaled triggers are then fed to a cascade of logical ORs, so that any one of them 
can provide an accept condition for GL1. We plan to adjust prescale factors at run time to 
establish the desired fractions of events taken of each trigger type. However, as indicated 
by the final logical AND, an accept at GL1 also requires the transfer FIFO to be ready to 
accept transfer of the LVL-1 output, which means the experiment cannot be busy. 

Table 11.6 gives some samples of the logic involved in the trigger lookup table and the 
associated prescale factors for the 7-I set of triggers for Mode=0. The 7-I trigger has a 
high-energy threshold (about 3 GeV) in an EMCal tower. It is a useful trigger for a high-
multiplicity collision. The basic idea is to accept at LVL-1 any event with a single high-energy 
photon in a central collision. There are two types of centrality or multiplicity input that 
can be used to do this. Table 11.6 illustrates how "Mult-l" (from the Si MVD) could be 
used. Table 11.7 illustrates how "Mult-2" (from the EMCal) could be used. These two tables 
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Table 11.7: Sample GL1 logic for the Mode=0 7-I trigger using Mult-2 

Word* 
Triggei and Prescale Values 

Type Word* Gi l G12 G13 G14 G15 G16 G17 G18 G19 G20 
7-1 7-I Sum >1 >1 >1 >1 >1 >1 >1 >1 >2 >2 

Mult-2 Global Sum 3 2 1 0 3 2 1 0 3 3 
BB Flags Validity Flag 1 1 1 - - - - - -

Event Flag 1 1 1 1 1 1 1 1 -
Status flags L-beam Status 1 1 1 1 1 1 1 1 1 

R-beam Status 1 1 1 1 1 1 1 1 1 
"Mode=0?" 1 1 1 1 1 1 1 1 1 

Prescale Factor N 0 1 3 6 0 1 3 6 0 0 
(One in 2") 

* 7-I Sum and EMCal's Global Sum are shown as 2-bit words in this sample table. 
The symbol "-" means "don't care". 

are nearly identical. In implementing the 7-I triggers, these the logic of these two tables 
would be done in parallel, with an OR of all prescaled outputs, so each multiplicity type 
can be used independently of the other. Thus the lookup table labeled G1-G10 in Fig. 11.10 
would actually consist of two parallel lookup tables to accomplish the trigger logic such as 
is illustrated by the two sample tables shown here. (There is no implied limit of 10 triggers 
per multiplicity type. Both this number, and the limited number of input bits shown in the 
table, are merely for brevity.) 

In Table 11.6 the 2-bit word "7-I Sum" is shown with the four values 0, 1,2, and 3 which 
respectively stand for thresholds of 0, >1 , >2, and >3 for the number of 7-I candidates 
in the event. The 2-bit word "Total Sum" is shown with the values 0, 1, 2, and 3 which 
respectively stand for four discriminator settings imposed by the discriminator lookup step. 
(The sample tables show only 2-bit words, but we will design for a 3-bit word for 7-I Sum 
and a 4-bit word for Mult-1 to allow for more values for these variables.) The special 1-bit 
word "Mode=0?" is included to indicate that Mode must be 0 in order for any of the "real" 
data triggers to be satisfied. (The above comments apply also for Table 11.7 which replaces 
Mult-1 by Mult-2.) 

In the ten sample trigger settings of Table 11.6, all ten require Mode 0 (for "real" data) 
and all ten require both left and right beam buckets to be full. Triggers Gl through G4 
also require the Validity flag from BB (both sides fire and the vertex within limits), but for 
four different values of Mult-1. The prescale factor N is 0 for Gl since discriminator 3 is 
the highest and we want to keep every event that satisfies this condition. For discriminator 
2 (lower than discriminator 3) the prescale factor N is set to 1 so that only 1 such event in 
2 would be kept. For trigger G3 and discriminator 1, only 1 in 8 of such events would be 
kept, and for the low setting of discriminator 0 in trigger G4, only 1 in 64 would be kept. 
Triggers G5 through G8 are similar, but with the weaker BB requirement of the Event flag 
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only (i.e., only one side fires). Samples G9 and G10 require 2 or more EMCal towers above 
the tower discriminator setting of the 7-I trigger and K>K4, with G9 requiring an Event 
flag and G10 requiring no BB flags. It is easy to imagine extending the possible conditions 
beyond the 20, each with it own prescale factor, shown in these two tables. 

Triggers similar to those shown in these tables would be accomplished in a similar manner 
for the other trigger types, with a parallel lookup table for each of the two multiplicity choices. 
For the "e-e" triggers at the top of Fig. 11.10, the basic idea is to trigger on pairs of electrons, 
so the logic required would be similar to that shown in the tables above for the 7-I triggers 
(except that a minimum of two electrons would be required for this e-e trigger). If two bits 
are sufficient for e-e, then the third bit shown in Fig. 11.10 could be used to indicate which 
RICH arm was involved. This would permit the lookup table to be programmed to require 
both electron candidates in the same arm, which would favor events with high transverse 
momentum for an e-e pair. It is worth repeating here that designing GL1 with such flexibility 
is imperative, in order to allow for programming of additional triggers. 

The use of two parallel lookup tables is an efficient way to accomplish alternative choices 
such as the two multiplicities. In the example of table 11.6, the input to the lookup table 
for Mult-1 has five 1-bit words (BB, Status, Mode) and two 2-bit words (7 — 1 and Mult-1), 
for a total of nine input bits. The Mult-2 lookup table also has nine input bits. In order 
to accomplish the same logic in one table that has both Mult-1 and Mult-2 as 2-bit inputs 
would have 11 input bits, thus requiring 4 times as many storage entries (because each extra 
input bit to a table doubles the number of possible addresses), each twice as long as for the 
separate tables (since twice as many logic equations must have their outcomes stored at each 
address.) Significantly more memory addresses would be required for a single table with 
more input bits than for two parallel lookup tables, thus the latter is the (more efficient) 
way we propose to implement two multiplicity choices. 

In the preceeding discussion of the GL1 Logic Box, the 3-bit word Mode had the value 
Mode=0 as appropriate for "real" data. The other seven values of Mode would be used for 
other functions, such as monitoring, reporting settings, diagnostics, test patterns, etc. It is 
useful to think of Mode as a "routing" bit. This could be implemented by generating a 1-bit 
word for the question "Mode=0?" and requiring this word to be true in the real-data lookup 
tables, as was done in the above sample tables. For non-zero values of Mode, a different 
set of lookup tables would be in use. This includes the lookup tables of the "discriminator 
step" as well as the trigger lookup tables and their prescales. For the trigger lookup tables, 
one could envision three layers of the lookup-table logic shown in Fig. 11.10, with the top 
layer being Mult-1 tables, the second layer being Mult-2 tables, and the third layer being 
the non-zero Mode lookup tables. 

In order to discuss the nonzero Mode case, it is useful to specify sample values for the 
seven non-zero values of Mode. (However, at the present time these are tentative, as is 
making Mode a 3-bit word.) Each of the input boxes in Fig. 11.10 has its own Mode. The 
following are sample values for the generic Mode for any subdetector: 

1. Mode=0 for taking real data 

2. Mode=l for monitoring real data (i.e., data to online monitors) 
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3. Mode=2 for reporting settings (discriminator levels, etc.) 

4. Mode=3 for reloading settings (changing levels, etc.) 

5. Mode=4 for running an "all Os" test pattern (tests summers) 

6. Mode=5 for running an "all Is" test pattern (tests summers) 

7. Mode=6 for taking a test pattern using stored test pattern (tests all logical decisions) 

8. Mode=7 for running diagnostics (when tests reveal a problem) 

Each LVL-1 input has its own Mode and can be checked independently of the others. At 
present it is not yet clear how, or if, these tests will be combined with front-end electronics 
tests or calibration runs. However, in the design of the GL1 Logic Box, allowance must be 
made for a separate track of lookup tables to accomplish whichever type of mode functions 
are desired. This should be possible with a third layer of lookup tables specifically for the 
mode operations. The number of input bits to these tables would be about the same as 
those discussed above for real data. To illustrate this, consider again the 7-I trigger type. 
To check out this LVL-1 input, it would not be necessary to input either Mult-1 nor Mult-
2 in order to check the operation of the LVL-1 trigger electronics for this signal from the 
EMCal. However, the 3-bit word Mode would be input, so the number of input bits would 
be about the same. Our present planning is to use the same size lookup table for each layer 
and each trigger type, with this size determined by the largest table needed. At present a 
lookup table with 20 input bits is being considered, which has a few bits to spare. 

The GL1 Logic Box will produce a mask of trigger bits, one for each trigger decision. 
This mask, as well as all inputs to and all outputs from each lookup table and each prescaler, 
will be part of the data stream. (The inclusion of these in the data stream is not shown 
explicitly in Fig. 11.10.) 

11.5 Data Acquisition System 

11.5.1 Overview of Data Acquisition System 
The PHENIX experiment is designed to study nuclear collisions at RHIC. Each collision 
produces particles that we measure in the various PHENIX detectors. The set of data 
produced by all detectors in response to the particles created in such collisions will be called 
an event. The beams in RHIC are bunched so that collisions occur at regular intervals when 
a bunch from one beam crosses a bunch from the other beam. These bunch crossings occur 
at a frequency of 8.9 MHz with a corresponding time between crossings of 112 ns. A signal 
called the BeamClock will be generated to indicate when each bunch crossing occurs. 

The probability that an interaction occurs when two bunches cross is determined by 
physics and the spatial size and intensity of the two beams. For our current purposes, all 
of the physics of the nuclear interactions can be summarized with two quantities, the cross-
section for interactions and the particle multiplicity. The important beam characteristics are 
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contained within one quantity, the luminosity. The product of cross-section and luminosity 
gives the rate of nuclear collisions, while the amount of data that must be collected for 
each collision is roughly proportional to the multiplicity, with the proportionality constant 
determined by the amount of data produced by the various PHENIX detectors. The product 
of collision rate and event size gives the PHENIX DAQ data rate. Details of the calculation 
of RHIC luminosity, collision cross-section, collision multiplicities, and resultant data rates 
are given in the PHENIX CDR and references therein. The results of these calculations can 
be summarized by the following statements: 

1. The collision frequency depends on the type of beam particle and varies from a max
imum of 454 kHz in proton-proton interactions to a minimum of 14 kHz in Au-Au 
interactions. 

2. The event size also depends on beam particle type and varies from a minimum of 
1.9 kB/event in proton-proton collisions to a maximum of 305 kB/event in Au-Au 
interactions. 

3. The data rate is roughly independent of beam particle type and varies from 0.9 GB/sec 
for proton-proton collisions to 1.0 GB/sec for Au-Au collisions. 

The above raw data rates are clearly higher than can be written to tape. An estimate of 
reasonably achievable tape writing speeds (see below) suggests that the raw data rate is too 
high by a factor of 100. This means that the experiment cannot write every event to tape 
and must trigger on desired events. The trigger must be able to reduce the raw data rate 
to the tape writing rate and should enhance the number of "interesting" events written to 
tape relative to the non-interesting events, based on some physics considerations. 

The PHENIX DAQ system can, then, be logically separated into two parts, the trigger 
and readout systems. The trigger system is responsible for processing data from the detec
tors with the goal of deciding whether or not an event should be written to tape, and the 
readout system is responsible for moving data from the detectors, combining this data into 
complete events, and writing the assembled event to tape. These two systems are intercon
nected at several points because in order to make a decision to keep or reject an event, the 
trigger system needs a subset of the data obtained by the readout system. This data that is 
provided for trigger processing is generally referred to as trigger primitives. Because the 
interactions that PHENIX wishes to study are very complicated, the calculations necessary 
to determine whether or not an event is accepted are involved and may require several stages 
of computation and decision. 

The PHENIX detectors produce signals that must processed and digitized before the data 
are written to tape. This processing may include discrimination of pulses, charge integration, 
and time measurement. An important step in this processing is the conversion of analog data 
to digital form. In principle, all analog signals could be digitized on each bunch crossing, 
but this solution requires expensive flash-ADC's and large amounts of memory to hold the 
resulting digital data. Alternatively, the analog signals could be stored in analog memory 
units (AMU's) until all trigger decisions have been made, at which point the analog data 
would be digitized. However, in order for the trigger to perform it's calculations, some 
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Figure 11.11: Overview of the PHENIX data acquisition system. The figure is greatly 
simplified to illustrate only the major flow of data. Some of the items omitted for clarity 
are: distribution of the BeamClock, buffers for intermediate storage and time alignment, 
and monitoring and control paths. 

fraction of the data would have to be digitized, requiring an alternate data path. PHENIX 
has chosen to take an intermediate path, which is illustrated in Figure 11.11. Most of the 
analog signals are stored in AMU's until a first level (LVL-1) of trigger decision is made. 
The signals are then digitized, processed, and buffered and also made available for use in 
further trigger calculations. If this second level (LVL-2) of trigger processing decides the 
event should be retained, then the digitized data from all detectors is assembled in the 
Event Builder (EB). The event builder provides a stream of complete events which may 
be written to tape. The event builder also contains enough intelligence to allow another 
round of trigger decision based on sophisticated algorithms that search for complex physics 
signatures in the events. 

This structure for the DAQ system does require that some data be flash-digitized for use 
by the LVL-1 trigger. This flash digitization occurs on every bunch crossing, and in order 
for the trigger system to keep up with the flash-ADC's, the LVL-1 trigger must operate as 
a pipeline. This means that the trigger processing must be broken up into several short 
steps, each of which is finished within one bunch-crossing time. On each bunch crossing, the 
results from one step are passed to the next stage and calculation is restarted on data from 
the previous stage. This design allows the trigger processing to run continuously without 
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Figure 11.12: Logical flow of data in the LVL-1 trigger pipeline. 

ever having to stop. While the LVL-1 calculation is being performed, the event data must be 
buffered in digital or analog memories that also function as pipelines since each bunch cross
ing provides new analog data that must be kept synchronized with the LVL-1 calculations 
and the LVL-1 trigger decision. The operation of both the trigger and memory pipelines are 
synchronized to the beam clock because each bunch crossing provides new data and thus 
requires an empty bucket in the pipeline. 

The logical flow of the LVL-1 pipeline is shown in Figure 11.12. Each tick of the Beam-
Clock (i.e., each bunch crossing) causes the signals from all channels in all detectors to be 
stored in either analog or digital memories. The digital data are obtained from flash-digitizers 
which may run at a frequency higher than the BeamClock. The analog or digital memories 
are located on either the detector itself (e.g., the MVD), or more commonly, off-detector on 
the Front-End electronics Cards (FEC's). The analog and digital memories used to store 
the event data do not actually transfer data on each bunch crossing, but mark the cells in 
which data for a given bunch crossing is stored as "occupied" until the LVL-1 decision has 
been made. 

A subset of the detector outputs is provided to the LVL-1 trigger decision logic. The LVL-
1 trigger uses a combination of flash-digitized signals and discriminator outputs to perform 
its calculations. Some of the detector outputs undergo analog processing (e.g. summing) 
before the digitization stage in order to reduce the number of computations that the LVL-1 
trigger must perform. The LVL-1 trigger processing is broken up into two stages. In the 
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first stage, Local LVL-1 (LL1), data from a single detector are reduced and a limited set 
of output data is generated. In the second stage, Global LVL-1 (GL1), the data from the 
various detectors are combined and used to make a decision on whether or not the event 
is to be kept or dropped. The LVL-1 data propagates through the LL1 and GLl logic in 
synchronism with the BeamClock, so that the LVL-1 decision for a given crossing appears 
at a fixed number of BeamClock ticks after that crossing occurred. This time is referred 
to as the LVL-1 latency. The LVL-1 decision is distributed to all FECs, synchronized with 
BeamClock. A LVL-1 Reject causes the FECs to release the memory space occupied by 
the data from that crossing. A LVL-1 Accept, on the other hand, causes the analog signals 
to be digitized and formatted for the next level of processing. The maximum time from a 
LVL-1 Accept until all data for a given event are digitized and formatted (loosely referred 
to as the Digitization Time), has been chosen to be AOfis. 

Digitized data from the FECs are transferred to Data Collection Modules (DCMs). 
There, data are zero-suppressed, corrected, and reformatted. The data corrections may 
include adjustments for AMU pedestal or gain variations and calculation of "physics" quan
tities. The DCMs may also produce a reduced set primitives for use in the LVL-2 trigger. 
After the DCMs, the data from a given detector are buffered and merged onto a small number 
of cables which are the inputs for that detector to the Event Builder. 

The Event Builder receives the data fragments from each of the detectors and assembles 
them into complete events. To achieve the required bandwidth, the processors which perform 
this assembly are deployed as a farm, i.e., several independent legs processing "successive" 
events in parallel. The word successive here is used loosely: the processing time per event 
in the EB may vary, so a given event is assigned to the next available leg, rather than via 
a deterministic algorithm. Because the Event Builder is the first place the entire event is 
assembled, it is a logical place to implement higher level triggers (Level-2.5 and higher) 
which rely on physics signals determined from the correlations between many sub-systems. 
Survivors of the combined processes (Event Building 4- Level-2.5 trigger) are written as 
complete events to mass storage. The design throughput for archiving is 20 Mb/s. 

The flow of the data after digitization still proceeds in a pipeline fashion but it is no longer 
synchronized to the beam clock, but is instead event-driven. Each stage of processing fetches 
a data fragment, processes it, and stores the result in an output buffer where it will wait 
to be fetched by the next processing stage. At each stage, many operations are proceeding 
in parallel with no "lateral" synchronization. At each stage in the DAQ the alignment of 
data fragments from the various parallel processors is performed using FIFO buffers. These 
buffers also serve to absorb fluctuations in the arrival time of events. 

The DAQ system described above is said to be data-driven and deadtimeless. Data-driven 
implies that the data contain control and format fields which provide all routing information 
necessary to move that data through the various stages of processing. In other words, the 
data "push" themselves through the system, instead of being actively routed by a control 
system. 

The pipeline flow of the LVL-1 trigger is said to be deadtime-less in that acquisition of 
new data from new bunch crossings proceeds at the same time trigger decisions are being 
made and data is being digitized for preceeding bunch crossings. The extent to which this 
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property is guaranteed for later stages of the data acquisition system is determined by the 
depth of the readout buffers and the LVL-1 accept rate. LVL-1 trigger rates in excess of 
the mean throughput guarantee deadtime regardless of the buffer depth while for LVL-1 
rates less than the mean throughput, a modest buffer depth (e.g. 5 events' worth) provides 
deadtimes of 10% or less. The remainder of the DAQ system is also deadtime-less within 
the constraint that no buffers in the system become full and unable to accept data from the 
output of a processing stage. Since a few such overflow's are inevitable due to event size and 
rate fluctuations, busy signals must be provided at every point in the DAQ system to halt 
processing further upstream in the pipeline until the blocked buffer has emptied sufficiently. 

11.5.2 Data Formats 
The data-driven architecture we have chosen depends in an essential way on the efficient 
coding of address, routing and control information within the detector data itself. The 
general scheme relies on separating all data "words" into two fields, a Label field and 
a Data field. The Label field describes the contents of the Data field. Here "Data" is 
used in a general sense - the Data field can contain information such as event number, 
packet identifiers, etc., in addition to items such as pulse height or time. In each case, the 
interpretation, routing, and processing of this information depends on the contents of the 
Label field. It is important that this encoding is done as compactly as possible, since the 
required width in bits directly affects the size of all data cables in the system. 

The data is first configured into the above specified format by the FECs. The output of 
these cards is a string of 16-bit words, with 4 bits and 12 bits allocated for the Label and 
Data fields, respectively. We refer to this as the "Raw" data format. The raw data stream 
is received by the DCMs which in turn produce data in the "Corrected" format with 8 bits 
of Label field and 16 bits of Data. These two formats are described in further detail below, 
using the TOF detector as an example. 

Raw Data 

This data format describes the structure of the data immediately after digitization but before 
zero suppression, i.e. the format of the data transferred from the FECs to the DCMs. 

/ * * / 
/* Purpose : Header file for TOF Data Formats */ 
/* */ 
/* Author : WAZ, 03-May-93 */ 
/* */ 
/* Variable */ 
/* Names : Standard prefixes used: */ 
/* b Bit variable (0 or 1) */ 
/* bf Bit Field (subset of int, longword, etc.) */ 
/* i Integer, especially indices */ 
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*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 

/ * li Long integer 
/ * ui Unsigned Int 
/ * 
/ * TOF FORMAT, Raw Data 
/ * 
/ * +-+-+-+ +-+-+ 
/ * lllllll lolol bfEvent(l) 
/ * I1I1I0I lilol bfEvent(2) 
/ * UlllOl lolol bType 
/ * 1010111 lolol bDisc 
/ * +-+-+-+ +-+-+ 
/ * IQIQITI ICIEI 
/ * lllOl 1 IEIVI bfData 
/ * 1 1 1 1 ILIEI (12 bits) 
/ * 1 1 1 1 ILINI 
/ * 1 1 1 1 1 ITI 
/ * 1 1 1 1 1 1 1 
/ * +-+-+-+ +-+-+ 
/ * 1 
/ * 1 
/ * Repeated 
/ * 
/ * 
/ * 

for all 
channels 
on card 

/ * 
/ * 
/ * 

for all 
channels 
on card 

typedef unsigned int ui 
typedef struct rawT0F{ 

ui bfEvent 
ui bType 
ui bDisc 
ui bfData 

> ; 

2 /* 
1 /* 
1 /* 
12 /* 

0 = Event, l=CellNum, 2=TVC, 3=ADC */ 
0/1 for TVC/ADC data */ 
0/1 for d iscr iminator not f i r e d / f i r e d * / 
12 b i t s reserved for raw data */ 

Note that the Event Number is limited to 12-bits, and therefore obviously represents some 
sub-counter. The true event number for a given run will be formed elsewhere by combining 
this sub-counter with a "frame number" maintained by the master clock. 

Corrected Data 

This format describes the structure of the data produced by the Data Collection Modules. 

/ * * / 
/* Purpose : Header file for TOF Data Formats */ 
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/* 
/* Author 
/* 
/* Variable 
/* Names 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 

: WAZ, 03-May-93 

Standard prefixes used: 
b Bit variable (0 or 1) 
i Integer, especially indices 
li Long integer 
ui Unsigned Int 

TOF FORMAT, Corrected Data 

-> Data Flow 

I0| 
111 
I0| 
I0| 
I0| 
101 
101 
101 
+-+ 
IWI 
lol 
Irl 
ld| 
ICI 
lol 
lul 
Inl 
It I -

0 llll 
o n lol 
ololol 
ololol 
oloioi 
oloiol 
ololol 
oloioi 
-+-+-+ 
G I D I E I 
e l a l V l 
o|t|E| 
A l a l N l 
d|I|T| 
dlDl I 
r|W|N| 
lolul 

#|r|m| 
lldl I 

I l l l l l l l l O l O lllllllllOl 
U l i l i l i l o l o l UlllllllOl 
lolilol H o i o i loiilolilol 
l o l i l i l o i o l o i loiililolol 
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* / 
* / 
* / 
* / 
* / 
* / 
* / 
* / 
* / 
* / 
* / 
* / 
* / 
* / 
* / 
* / 

bfHeader(l) */ 
bfHeader(2) */ 
bfType(l) */ 
bfType(2) 
bfTypeO) 
bfType(4) 
bfAddr(l) 
bfAddr(2) 

*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 

bfData */ 
(16 bits) */ 

*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 
*/ 

typedef unsigned int ui ; 

typedef struct corTOF { 
ui bfHeader: 2 ; /* 0 ==> "Data" is address info */ 
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/* 1 ==> "Data" is EventNum */ 
/* 2 ==> "Data" is WordCount (EOD) */ 
/* 3 ==> Interpret "Data" as per below */ 
/* +— /* +— 

ui bfType : 4 ; /* This field is detector specific I*/ 
/* as per value of DatalDWord; .1*/ 
/* all other fields are valid 1*/ 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* +— 

PHENIX-wide 

0 ==> "Data" 
1 ==> "Data" 
2 ==> "Data" 
3 ==> "Data" 
4 ==> "Data" 
5 ==> "Data" 
. ==> 

. ==> 

is DatalDWord 
is T.left 
is T.right 
is Q_pre 
is Q_post 
is T.sum 

1*/ 
1*/ 
1*/ 
1*/ 
1*/ 
1*/ 
1*/ 
1*/ 
1*/ 
1*/ 
1*/ 
4.*/ 

/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* +— 

ui bfAddr : 2 ; /* 0 ==> "Data" is geo. add. (1st wd)*/ 
/* 1 ==> "Data" is geo. add. (2nd wd)*/ 
/* 2 ==> "Data" is logical add. (1st wd)*/ 
/* 3 ==> "Data" is logical add. (2nd wd)*/ 

ui bfData 
} ; 

: 16 ; /* 16 bits re served for corrected data */ 

The following should be noted: 
Type-Checking and Redundancy: The method outlined here has two useful features: 

• Not all 2 8 Label patterns are valid. For instance, if bfHeader^ 0, then values in 
bfAddr have no meaning. This provides some weak data integrity checking, and allows 
for simple 1 or 2-bit logic to determine distribution/action of a given word (i.e., is it 
data or address?). 

• There is a method available of near-infinite extensibility, via the DatalDWord. When 
bfHeader = 3, the corresponding Data field contains a descriptor which further labels 

the contents of the packet. There are 2 1 6 possible values for this sub-label, so that one 
can use this general scheme for all sub-detectors; the value of DatalDWord is used to 
determine the meaning of the following words labeled with the bfType field. 

Addressing: Explicit provisions have been made for two methods of encoding addresses: 
Both Geographical=(Rack, Crate, Module, Channel), and Logical=(Arm, Wall, Row, Col
umn) modes are supported, depending on the value of bfAddr(2). While in principle only 
16 bits should be necessary to describe any sub-detector channel number in PHENIX, two 
words (32-bits) have been reserved to allow for upgrades. 

DatalDWord: The DatalDWord is encoded using the sub-fields below: 
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typedef struct DatalDWord { 
ui bfClass : 4 ; 

ui bfSubDetector : 12 

} 

/ * 0 = LO data 
/ * 1 = LI data 
/ * 2 = L2 data 
/ * 3 = L3 data 
/ * . = . 
/ * , = . . 
/ * . = . , 
/ * 13 = Calibra-
/ * 14 = Process' 
/* 15 = 

* / 
* / 
* / 
* / 
* / 
* / 
* / 

ns */ 
data */ 

Raw data */ 
/* Sub-detectors bit-mapped according t o : * / 
/* Bit 1: BeamBeam */ 

MVD-Strip */ 
MVD-Pad */ 
DC */ 
PAD */ 
RICH * / 
TRD */ 
EMCal * / 
MuTrack * / 
MuID * / 
Reserved */ 
Reserved */ 

/ * Bit 2 
/ * Bit 3 
/ * Bit 4 
/ * Bit 5 
/ * Bit 6 
/ * Bit 7 
/ * Bit 8 
/ * Bit 9 
/ * Bit 10 
/ * Bit 11 
/ * Bit 12 

Although this bit-mapping of the various sub-detectors does not make economical use 
of the potential 2 1 6 values of the DatalDWord, it is thought that this is offset by its logic 
and flexibility for labeling arbitrary packets of information assembled in the system, e.g., a 
specific LVL-2 packet might provide electron candidate primitives with Bits 5, 6, 7, and 8 
of the bfSubDetector field set. Note also that there is a finer level of description possible 
using detector-specific values of the bfType field in each data word. For example, one could 
further subdivide EMCal into Pb-Sc and PbGl. 

11.5.3 DCM Cards 
The basic tasks of the DCM are 

• Remove empty channels from the data flow, (zero-suppression) 

• Convert the hit information from channel-dependent values to physical values (wher
ever possible). 

• Format the remaining data (hit channels) into the form required for downstream de
vices. 
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• Produce primitives for the LL2 trigger processors. 

In addition, we may also want to use the DCMs to monitor (e.g. histogram) the data 
stream, to calibrate AMU cell-to-cell pedestal and gain variations and to determine ADC 
pedestals and timing offsets during calibration runs. 

LVL-1 data is needed in the DCMs for zero-suppression or calculation of physical quan
tities. For example, time-of-flight data must be corrected for the vertex position and the 
interaction T 0 provided by the Beam-Beam LL1 processing. As another example, for events 
that satisfy an EMCal LVL-1 trigger, one might decide to always read out a cluster of EMCal 
channels regardless of their contents based on the da ta produced the EMCal LL1 processing. 
Since the processing algorithms may change and may require access to LVL-1 data that was 
not initially anticipated, the distribution of LVL-1 data to the DCMs should not be deter
mined by cable connections, but instead by intelligent routing and broadcasting. This will 
be discussed further in section 11.5.3. 

The DCMs are being designed to handle 64 channels of data for a typical system, assuming 
three pieces of data (e.g. 2 charge and 1 time sample for TOF) per channel per event. 
In our current design, these data are presented to the DCM at a rate of one sample per 
BeamClock tick, so the total t ime required to receive the data from the FECs at the DCM 
is 192 x 112 ns = 2l.5(is, comfortably within the 40 fisec we have chosen as the digitization 
time. A count of the number of DCM cards required is shown in Table 11.8. 

Figure 11.13 shows an implementation of a DCM with the desired functionality. The 
module consists contains three FIFO (First-In First-Out buffer) ports, a FPGA (Field Pro
grammable Gate Array), RAM for a lookup table, a DSP (Digital Signal Processor), RAM 
for the DSP, and dual-ported RAM for an output buffer. The FIFO ports are used to buffer 
and time-align digitized data and LVL-1 information. The zero-suppression is performed by 
the FPGA in conjunction with the lookup tables. The DSP is used to download constants 
into the tables, to correct the data, to generate primitives for the higher-level triggers and to 
format the output data. The following sections will discuss each element and its function in 
more detail. We have used the requirements of the T O F readout to develop our description 
of the DCM and will use the T O F example extensively in describing the DCM operation. 
Its specifications are sufficiently general to be useful elsewhere in the system. 

FIFO Ports 

Each DCM has three FIFO ports, two data ports (A & B) and the LVL-1/Control port. The 
two data ports are fed by front-panel cables, while the LVL-1/Control port is connected to 
the backplane bus. The two data ports allow one to either combine data from physically 
separate portions of a detector (e.g. to form the coincidence between ends of T O F slats) or 
to simply double the density of channels addressed by one DCM. The backplane distribution 
of LVL-1/Control data satisfies the requirement that the LVL-1 data distribution not be 
determined by cable connections. The FIFO's serve to synchronize (align) the data received 
from the three different sources. They also buffer new data received from the FECs while 
an event is being processed in the DCM. 

Our current design calls for a FIFO depth of 4K (16-bit) words, which provides space 
for 4096/192 « 21 events, which is more than adequate to absorb fluctuations in the LVL-1 
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TOY2J.XLS 

samples 16 bits data 
Detector channel per word per volume 1 In 

channel samples 16brrsword 

beam -bearr 
MVD vertex 
MVD pad 
DC 
PC 
TEC 
EMCAL 
RICH 
TOF 
MUON T 
MUON ID 

Level 1 
Level 2 

TOTAL 

132 
28.672 
6.114 

10.240 
46.400 
28.030 
25.536 
6.400 
Z046 

19.680 
18.360 

191.612 

2 
2 
2 

20 
3 

80 
3 
3 
3 

12 
2 

0.3625 

264 
57.344 
1Z228 

204.800 
139.200 
81Z870 
76.608 
19.200 
6.144 

236.160 
36.720 

1.601,538 

data 
address volume 2 in scale DCM A DCM A scale DCM B DCM B 

tag 24 bits factor A modules crate foctorB modules crate 
word 

66 2 1 
512 112 3 
512 24 1 

^ 

396 
86.016 
18.342 

215.040 
185.600 
840.900 
102.144 
25.600 
8.192 

255.840 
55.080 

1.793.150 

384 

384 
384 
384 

363 

200 
50 
16 

839 

10 

5 
2 
1 

438 

438 

No. of Channel can be fitted Into DCM B 

4 DCM in one Futurebus+ card. 10 cords per crate 

^ a t a volume before DCM / scale factor 

Number of somples can be fitted Into 1DCM A module 

Page 1 

Table 11.8: Data volume load into the DCMs and number of DCMs needed as a function of 
subsystem. 

accepted trigger rate as long as the average rate is less than the chosen maximum LVL-1 
accepted trigger rate of 25 kHz. By deliberately choosing a very deep FIFO, we can use 
the the "partially full" signal from the FIFO to form the S y s t e m B u s y signal, thereby 
alleviating potential timing problems that would arise if System Busy only becomes TRUE 
when a buffer is completely full. 

F P G A 

The first step in the processing chain inside the DCM is zero-suppression. There are many 
possible algorithms for zero-suppressing data in the various PHENIX detectors, but the 
TOF-wall and other AMU-based detectors such as the MVD, PAD, and EMCal will likely 
use either a threshold on the channel contents or LVL-1 data or a combination of the two 
to determine which channels contain useful information. Because the zero-suppression algo
ri thm varies from detector to detector and may change in the future, the hardware performing 
this correction must be reprogrammable. However, we also feel that use of a DSP for this 
purpose is not currently feasible because to process 192 signals in the 40 ^tsec digitization 
time with a DSP clocked at a typical 50 ns would allow only four operations per signal. This 
is only marginally adequate for our needs and would require an additional DSP on the DCM 
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Figure 11.13: Components of a PHENIX Data Collection Module (DCM). 

board, else there would be no processing time available to perform the other tasks demanded 
of the DCM. 

Since the data from each front end card in a given sub-system has a fixed format (see 
Section 11.5.2), the zero suppression is most efficiently performed using a programmable 
pipelined logic array, such as a FPGA. The FPGA will have the ability to access a lookup 
table that is also accessible from and downloaded by the DCM DSP. This lookup table may 
provide thresholds, correction constants, storage for LVL-1 data, and/or logical decisions to 
be used in the zero-suppression algorithm. For example, to implement a threshold-based 
zero-suppression algorithm, we must subtract an AMU cell dependent pedestal and compare 
to a threshold. This algorithm requires two data words to be fetched from the lookup table 
(one for pedestal and one for threshold), two "ADD" operations and a check for underflow. 
For detectors that have pre-samples, the above operation must be performed twice and then 
the corrected pre-sample must be subtracted from the corrected post-sample before the result 
is compared to a threshold. This algorithm would require 3 table lookups, 4 subtractions, 
and two checks for underflow for each channel. Regardless of the algorithm, when a given 
channel survives the zero-suppression step, the data associated with the channel (A, B, 
LVL-1/Control and Address) is passed on to the DSP for further processing. 

The data field of the look-up table has been chosen to be 16-bits wide. The address field 
must be at least 15 bits wide to handle pedestal and AMU cell corrections (6 bits for AMU 
cell address and 9 for channel number). The selection of the FPGA's will be based on the 
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»• 

Figure 11.14: The interface between the FPGA and DSP in the PHENIX Data Collection 
Modules. Data arrives from the left and is zero-suppressed in the FPGA. Surviving data are 
passed on the DSP. 

number of available gates and I/O pins. Estimates indicate that we need roughly 4000 gates 
and 100 pins, which is in the middle of the range of commercially available units. 

The operation of the FPGA is controlled by information presented to the LVL-1/Control 
port. Zero-suppression may be enabled or disabled, and the precise mode of zero-suppression 
(based on channel contents, discriminator flags or LVL-1 signals) may be selected. The 
system is sufficiently flexible that zero-suppression can be controlled on a DCM-by-DCM 
basis or through the use of the lookup table, on a channel-by-channel basis within a single 
DCM. 

DSP 

The DCM DSP performs data correction, error checking and general maintenance and sup
port operations. In normal operation the DSP receives the zero-suppressed data from the 
FPGA. We estimate that of order 10% of the hits in the TOF wall and other similar detectors 
will survive the zero-suppression stage. Since the empty channels have already been removed, 
the full power of the DSP can be used to correct and reformat the important (non-zero) data. 
For example, in the TOF readout, the magnitude of the PMT signal is recorded in PRE and 
POST samples from an integrator with a decay time constant of 112 ns. The DSP will correct 
both samples for AMU cell-dependent pedestal variations and TOF channel-dependent gain 
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variations, subtract the corrected PRE sample from the corrected POST sample, and then 
correct the resulting "charge" difference for the decay-time of the integrator. The times from 
from the TOF slats are corrected using a similar algorithm except that no decay correction is 
necessary. The resulting time value is then also corrected for pulse-height slewing using the 
corrected charge value. The slewing correction is performed using a table look-up rather than 
a time-consuming analytic correction. After these corrections, the TOF data are suitable 
for use by the LVL-2 trigger. We have both estimated and simulated that these corrections 
should require 50-100 operations per measurement. Using typical DSP clock rates, this many 
operations can be completed within the available time per channel following suppression of 
empty channels. 

The DSP is also responsible for reformatting the corrected data and writing them into 
the dual-ported memory for export to the EB. As discussed in Section 11.5.2, the data at this 
point will have an 8-bit Label space and 16-bit Data space. This export will be performed by 
the DMA co-processor contained within the DSP. The DSP is also responsible for generating 
and loading the lookup table used by it and the zero-suppression FPGA. Generation of the 
constants for the local lookup table will be performed by a separate calibration task run in 
the DSP during setup. By providing sufficiently large RAM for the DSP, it may also be 
possible to store histograms of calibration and/or monitoring data, in addition to the DSP 
program, correction constants and lookup tables. 

Control and Monitoring 

Each crate of DCM's will contain a controller to download code to all DSPs over the back
plane bus, and to program the FPGA's at system startup. 

Buffering 

Each crate will contain a card containing a minimum of three output buffers. These buffers 
have a simple structure of a FIFO input followed by a FPGA, which again forces time-
alignment and checks for data integrity. The three buffers are connected to the Event 
Builder, the LVL-2 processors, and the monitoring network. 

11.5.4 Event Builder 
The PHENIX Event Builder will serve as the final event assembler and the Level-2.5 (LVL-
2.5) trigger. As shown in Figure 11.15, the EB is configured as a crossbar. Data from each 
sub-system arrive at the event buffers associated with the leg(s) for that sub-system. The 
number of legs reserved for a sub-system is proportional to the anticipated bandwidth, and 
ranges from 1 to 10. Data from one event arrives at the various sub-system event buffers 
asynchronously, and is then transferred to the buffers associated with the next available EB 
horizontal leg. Those events passing LVL-2.5 will be further formatted and passed to a router 
box for recording on mass storage. 

The EB level is the first point in the system that a trigger processor has access to the full 
data for one event. Note that this data consists of all LL1, GLl, LL2 and GL2 primitives, 
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Figure 11.15: Layout of the PHENIX Event Builder. Sub-system data arrives from the 
top. The buffers on each horizontal leg contain the sub-system data for one event. The 
processors pull the data from the buffers, assemble, format and (if desired) trigger on the 
event formation. 

as well as the event data (raw and/or calibrated) itself. It is likely that LVL-2.5 algorithms 
use these pre-computed primitives to guide more refined calculations. 

The bandwidth for the EB is determined by requiring that it must be able to absorb all 
the zero-suppressed data generated at the LVL-1 trigger rate for a given species, i.e., with 
the aid of a LVL-2 reduction. As our baseline system, we have taken a Au-Au minimum bias 
interaction rate of 14 kHz and an assumed event size for these interactions of 75 kB, leading 
to the requirement that the EB must accept 1.1 GB/sec. 

Sub-Event Memories 

Processors 

The memory configuration of the EB processors is a direct reflection of the desired processing, 
formatting and transmission of the data. Its hardware configuration must be kept as simple 
as possible, while allowing the software to operate with minimal overhead in pointing to 
requested data segments. 

A first pass at balancing these requirements leads to the configuration below: 

• Raw Data Bank: This area contains an image of the received data, whose format 
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has already been designed for optimal compression and transfer. 

• General Pointer Bank: A fixed-size bank devoted to pointers to the various sub
systems data. This bank's location is also fixed, so that the sub-system pointers have 
fixed values, permitting rapid access. 

The general structure for this bank is 

— Event Number 

— Run Condition(s) 

— Trigger Condition(s) 

— Error Code(s) 

— Word count 

— Starting address for raw data from detector N. 

— Starting address for decoded data from detector N. 

— Word count for data from detector N. 

* Detector N, Region M starting address 
* Word count for data from Detector N, Region M 

• Decoded Data Bank: This bank contains data stripped of the routing labels used 
in data transmission, and stored in close to off-line format. This required size follows 
from the assumed event volumes found in Table 11.9. 

• Geometric Pointer Bank: Provides the map between a given detector channel and 
the corresponding hit numbers (if any) in the Decoded Data Bank. Typically the 
detector channels are configured in a (Row,Column) format corresponding to their 
layout in real space. The contents of a given (Row,Column) address is the offset 
address from the starting address of the decoded data for a given sub-system. 

Two methods have been used to estimate the memory needed for each processor in the 
EB. The first assumes that each processor has sufficient memory to contain one non-zevo-
suppressed event (8 MB), plus the program memory, estimated to be 4 MB. The second ap
proach requires that each processor's memory can store two Au-Au central zero-suppressed 
events, plus their associated decoded banks and program memory. Assuming that the de
coded banks are twice the size of the raw data, that Au-Au central leads to 10% occupancy 
(a generous upper limit), and that the 192K of electronic channels requires 800 kB for the 
corresponding geometric pointer bank, one obtains 2 x [0.1 x 8 MB+ 2 x 0.1 x 8 MB + 0.8 MB] 
+ 4 MB ~ 10.4 MB, which is similar to the previously obtained 12 MB. Based on these con
siderations, we have chosen 16 MB as the design specification for the processor memories, 
i.e., 8 MB data, 4 MB program, and 4 MB reserved for absorbing fluctuations in event size. 
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Figure 11.16: Organization of the processors and memory in the PHENIX Event Builder. 

Processor Units 

As shown in Figure 11.16, the EB processor is logically divided into four blocks: the (previ
ously discussed) memory, the main processor unit, the I/O unit and a co-processor. 

The I/O unit controls all access to the memory and communications between the proces
sor and co-processor, interfaces these elements to the backplane bus, and refreshes dynamic 
memory. Data from the buffers will be pushed into the memory through the I/O units once 
the processor signals it is ready to accept a new event. Upon completion of this process the 
I/O unit interrupts the processor, which then in turn notifies the co-processor to begin the 
decoding process. 

Upon receipt of the signal from the processor, the co-processor begins the translation 
of the raw banks into the decoded data format. This process requires the starting address, 
word count and format of the raw data samples, which is also supplied by the processor. The 
processor/co-processor arrangement is designed to optimize the throughput and flexibility 
of the system: The processor (chosen to be a Texas Instruments DSP320C40) supplies the 
sub-system specific information and memory pointers to the co-processor, which is a gate 
array or FPGA configured to perform the required translations. This arrangement is made 
possible by the common data format adopted by all sub-detectors (see Section 11.5.2). 

Buffer Card 
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TRY3_1.XLS 

Detector channel 
No. of 

sample per 
charmer 

16 bin Average 
word address data volume 2 sample event size (2d 
per tag In 24 bits word per nits bits) /Au-Au 

samples rmacias 

b e a m - b e a m 132 2 1 1 396 1 396 
MVD vertex 26.672 2 1 1 86.016 2 4.220 
M V O p a d 6.114 2 1 1 18.342 2 1,076 

DC 1 0 , 2 * 20 1 1 215.040 2 4.431 

PC 46.400 3 1 1 185,600 3 Z216 
TEC 28.0-0 80 0.3625 1 840.900 80 8.862 
EMCAL 25.536 3 1 1 102,144 3 2.066 
RICH 6.400 3 1 1 25,600 3 92 
TOF 2046 3 1 1 6.192 3 96 
MUON T 19.610 12 1 1 255,840 2 479 
MUON ID 1&360 2 1 1 55,080 2 266 

Level 1 1.000 

level 2 

Total data 
occupanc banawtdfh 
V tor Au-Au from Au-Au 

Kin. bias mm (24 bits) 
per sec 

100.00% 

4.91% 

6.87% 

2.06% 

1.19% 

1.05% 

2.02% 

0.36% 

1.20% 

0.19% 

0.48% 

5.142.667 

S4.8C6.C68 

13.975,325 

57.545.455 

28.77Z727 

115.030.909 

26.854.545 

1.198.173 

1.271.481 

6.214,909 

3.462.727 
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Table 11.9: Data volume load into the Event Builder as a function of subsystem. 

The buffer cards located at the nodes of the EB act as FIFO's to synchronize the move
ment of data fragments from the sub-event buffer to a given EB leg. The buffer sizes are 
determined by the amount of data expected on a given data cable for Au-Au central events, 
plus a safety factor, as determined by Table 11.9. Each buffer card will consist of 64 KB of 
static memory plus a control unit to enforce FIFO operation. This small size is adequate for 
zero-suppressed readout, but will lead to significant bandwidth reduction when reading out 
non-suppressed data during diagnostics runs, since each buffer cannot absorb the entire data 
volume from a given sub-system in one transfer, which necessarily in turns blocks access 
to the "next" available output leg by a second event until the first one is absorbed by the 
output leg used by the first event. 

Physical Implementation 

The EB physical layout is shown in Figure 11.17. All elements reside in FutureBus-f 12SU 
crates, with 128-bit wide data backplanes. The buffer cards are fed by twisted-pair ribbon 
cable from two crates of sub-event buffers. Each buffer card has four front-panel connectors, 
two Data-in and two Data-Out. The two Data-in ports accommodate two independent 
vertical legs of data input from the sub-event buffers. The Data-Out ports are arranged to 
create a daisy-chain of buffers for each input leg spanning the several crates of Event Builder 
buffers. The buffer cards use the FutureBus+ backplane as the horizontal EB "output" leg 
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Figure 11.17: Physical layout of the PHENIX Event Builder. Digitized data from a set of 
channels arrives from the top and is zero-suppressed by the corresponding DCM. The results 
for each crate are stored in local buffers, then presented to the daisy-chained data cable. 

within the crate, with crate-to-crate links provided via ribbon cable. The 128-bit backplane 
width is subdivided into 4 32-bit horizontal legs, with each leg ultimately leading to a 
corresponding set of processors. Thus, each Event Builder buffer card contains 4 x 2 = 8 
buffers. We have chosen to implement four processors per processor card to match the above 
division of the FutureBus+ backplane datapath. 

The vertical input legs will consists of 24-bit cable, corresponding to the (8-bit Label 
+ 16-bit Data) format previously discussed. The horizontal legs will consist of 32-bit wide 
cables. All data transfers will be clocked at 20 MHz. In its optimal configuration, the number 
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of EB output legs should equal or exceed the number of input legs. Since the number of 
input legs (40) is determined by the amount of data generated by the individual sub-systems 
for Au-Au minimum bias rates (when transferred at 20 MHz), the nominal configuration of 
the EB should consist of 40 x 40 legs, with 25 processors per output leg. 

L2.5 Trigger and Control 

11.6 On-line Computing System 
11.6.1 Overview 
Requirements 

The on-line computing systems (ONCS) will provide a standard framework for developing 
and operating the integrated PHENIX facility from the standpoint of computing. This 
includes software and hardware for a kernel operating environment, public protocols and 
interfaces, and tools and templates for common efforts. These features will be embodied in 
a set of component systems for development, run control (including detector and readout 
configuration), event-data flow control, event-data archiving, monitoring (including event 
analysis), calibration, diagnostics and maintenance, and interfacing to ancillary systems. 
These component systems will be layered on a set of generic services providing a common 
approach to user interfaces, database access, and message passing. 

Validating and monitoring the physics performance of the PHENIX detector, an essen
tial ingredient in guaranteeing high-quality physics data, requires high-performance on-line 
computing facilities, given the complexity, size, high data rates and large data volumes of the 
detector, and the computationally intensive analyses expected for RHIC events. The long 
running periods at RHIC make this function even more critical, so quality and reliability in 
the on-line systems are especially important. 

The breadth of the PHENIX physics program, new physics that may be uncovered, 
possibilities for future upgrades, likely advances in data acquisition technologies, and the 
long lifetime of the detector all imply evolving requirements for on-line computing. It is 
therefore crucial that on-line computing systems be designed from the outset to be flexible 
and readily extendable, by stressing an open architecture and implementation strategies 
based on widely supported standards. 

System Model 

A model of the on-line computing systems is useful for mapping requirements into classes 
of relatively independent functions and services, and to help define boundaries with other 
PHENIX and RHIC systems. A simplified data flow diagram for a first pass at such a 
model appears in Fig. 11.18. This approach divides on-line computing into two overlapping 
domains of functions: (1) an "on-line framework" that provides an interconnected software 
and hardware environment that will be the basis for implementing and integrating on-line 
operations, (2) a generic set of PHENIX services that can be used to both build the frame
work and implement specific PHENIX subsystem applications. The framework includes: 
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Figure 11.18: Simplified Functional Model of On-line Computing. 

run control, ancillary systems (see CDR section 11.6), monitoring (including on-line event 
analysis), diagnostics, event-data flow control, event-data archiving and calibration. The ser
vices provide standard interfaces, protocols, tools, and templates for creating operator/user 
interfaces, building and accessing various PHENIX databases, and communicating between 
distributed processes and between software components and users. 

Scope and Assumptions 

The ONCS software effort will be primarily limited to provision of a kernel operating envi
ronment plus standard tools and public protocols and interfaces, as opposed to subsystem-
specific "applications." A general framework plus templates for subsystem-specific efforts 
will also be provided by the ONCS project as a part of the public software. This will include 
software components required to provide a reasonably uniform systems environment for re-
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programmable devices embedded in the Data Acquisition System, to an extent agreeable 
to the ONCS and DAQ teams. Wherever reasonable and cost effective, standard industry-
supported network hardware and software will be specified for ONCS interconnects. Respon
sibility for developing a PHENIX-standard operator/user interface, databases, and message 
services will be shared between the PHENIX ONCS and Offline Computing Systems (OFCS) 
projects. 

ONCS hardware will be predicated as much as possible on off-the-shelf products. ONCS 
tasks dealing with custom components will be limited to those outside the domains of de
tailed design and fabrication. Components in the latter class include devices in the Data 
Acquisition (DAQ, which includes event-data readout, triggering, and event building) chain 
at and upstream of the final subsystem event-fragment buffers, and local slaves to the tim
ing and trigger systems. The hardware implementation will be based on an evolution of 
the architecture shown in Fig. 11.45 of the CDR. This implies a distributed client-server 
architecture with standard microprocessors in industry standard frontend crates (for local 
read-out control, monitor and calibration coordination, and trigger and timing supervision) 
networked to each other and to general purpose workstations for operator interfaces, file and 
database services, and general-purpose computing resources. 

Because of the long lifespan of the PHENIX project and the large fraction of uptime 
needed for the detector, quality control will be important during design and implementa
tion. Establishing common standards, tools, templates, and testing schemes to facilitate 
integration of subsystem-specific hardware and software will be important activities for the 
ONCS group. The development process we envision is discussed in more detail in section 
11.6.5. 

11.6.2 Changes 
1. The updated CDR Section "On-line Computing Systems" (UCDR 11.6) now incorpo

rates the original CDR sections "Event Archive" (CDR 11.4.3), "Ancillary Systems 
Control" (CDR 11.6) and "On-line Computer System" (CDR 11.7). Several topics in 
CDR section "Data Acquisition" (CDR 11.4) relating to the on-line computing systems 
are now addressed in UCDR Section 11.6. 

2. Discussions of software and software development strategies are essentially all new. 

3. We present a first crude attempt at a global on-line computing model, to start orga
nizing analysis of high-level requirements and mapping them onto classes of relatively 
independent functions and services that can facilitate a common approach to develop
ment for all on-line computing projects (UCDR 11.6.1). 

4. We present a first delineation of a framework for system development, a kernel envi
ronment for system integration and operation (UCDR 11.6.3), and classes of generic 
services (UCDR 11.6.4). 

5. The architecture has evolved according to a network-transparent client-server 
paradigm, influenced by the EPICS model for control and monitoring (UCDR 11.6.3). 
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6. Ancillary Systems Controls has been subdivided into an Ancillary Systems Interface 
System and subsystem-specific ancillary systems equipment (UCDR 11.6.3). 

7. From the controls and monitoring standpoint the Master Timing, Event-data Flow 
Control, Event Builder/Level-3 Trigger, and Event-data Archive subsystems are 
treated on an equal footing with detector and trigger data acquisition subsystems 
(UCDR 11.6.3). 

8. The "routing layers" referenced in the Event Archive and Online Computer System 
sections of the CDR have been incorporated into the Monitor Network, by considering 
the latter as a general-purpose high-speed fabric for connecting clients on the worksta
tions to intelligent servers embedded in the Subsystem Control and Monitoring Nodes. 
(UCDR 11.6.3). 

9. We present a first attempt at defining a strategy and plan for system development, 
keyed to needs of PHENIX subsystem evolution (UCDR 11.6.5). 

10. Separate sections for costs and schedules for on-line computing systems have been 
added. 

11.6.3 On-line Framework 
Run Control System 

The Run Control System starts and stops data acquisition runs in predetermined sequences. 
It also includes facilities for defining those sequences and for detector initialization, config
uration, and general coordination of on-line operation. 

Configuration and initialization can be a relatively complex process, as it extends to all 
subsystems and many levels of the on-line system. Detector partitioning, running modes, 
and initialization parameters and sequences must be specified either by an operator or via 
retrieval of archived descriptions. The ability to "partition" the detector is especially im
portant during testing and commissioning, when it will often be desirable to run different 
detector subsystems independently. Initialization can include retrieval of frontend calibra
tion data and software from a database and loading it into the proper hardware, loading 
trigger parameters and software, verifying that software and hardware are in known and 
valid states, etc. 

The ONCS team will provide an integrated framework for run control. This framework 
will include a PHENIX operator interface, configuration generation tools, a configuration 
database and access mechanisms, tools for specifying initialization and operation sequences, 
and standard run control protocols and interfaces to all subsystems. Specific detector sub
system application software will be the responsibility of the subsystems groups. Integration 
of subsystem-specific applications into the on-line computing systems will be supported by 
the standard tools and interfaces, and will be done jointly by the ONCS and subsystems 
groups. 



11.6. ON-LINE COMPUTING SYSTEM 11-59 

Ancillary Systems Interface System 

See the definitions and overview of ancillary systems in the original CDR section 11.6. 

The ONCS group will provide a framework for implementing ancillary systems and in
tegrating them into the PHENIX on-line system. The framework will include an operator 
interface consistent with the PHENIX on-line operator interface, recommended hardware 
and software standards, generic control and monitoring and interface software, and tem
plates which can be used as starting points for building subsystem-specific ancillary control 
and monitoring applications. 

We consider three major types of ancillary systems: facilities for control and monitoring 
of detector, trigger, etc., equipment not in the primary data path (e.g., voltage, current, 
temperature, etc., instrumentation); interfaces to RHIC accelerator systems; and interfaces 
to safety systems. The subsystem groups will supply their specific hardware and software. 
The ONCS group will provide PHENIX-standard interfaces to RHIC accelerator and safety 
systems in collaboration with RHIC operations and safety engineers. Critical safety applica
tions will, of course, have to be specially treated, and often implemented in external hardware 
not directly controllable by PHENIX. The ONCS group will, however, be responsible for in
terlocking PHENIX internal processes based on monitoring of these external systems. 

EPICS. The Experimental Physics and Industrial Control System (EPICS), originally de
veloped in the LANL Accelerator Technology Division, is widely used for accelerator and 
process control and is now being evaluated for control of experiments (CEBAF, STAR at 
RHIC, SDC and GEM at SSC). EPICS is based on a control system model wherein a local 
area network provides communication between frontend microcomputers (for intelligent local 
control over attached devices) and workstations (providing operator interface and general-
purpose computational facilities). Widely supported standard protocols, processor families, 
and operating systems are used throughout its implementation. EPICS further provides tools 
for: describing the control and monitoring functions; triggering procedures to be executed 
in response to requests or changes of conditions; alarm definition, management, and presen
tation; and archiving of system events and monitoring results. Databases associated with 
these activities are explicitly distributed over the frontend microcomputers, giving maximal 
subsystem independence and enhanced system fault tolerance. Because EPICS appears to 
provide all the facilities necessary for "slow control" and monitoring of PHENIX ancillary 
systems, and for interfacing to RHIC accelerator and safety systems, it figures heavily in our 
plans for ONCS. 

EPICS is currently oriented towards control and monitoring of hardware and software 
"channels" residing in VME and VXI crates and owned by server tasks running in micro
processors under the VxWorks real-time operating system. Its most widespread application 
has thusfar been towards "industrial process" control and monitoring of hardware associ
ated with power, temperature, pressure, motor control, etc., systems. However, in a physics 
experiment much information which needs to be monitored is calculated as part of event 
reconstruction and analysis. We will thus be investigating an extension of EPICS to control 
and monitor "software devices" residing in UNIX workstations. If this is possible, EPICS 
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might provide the basis for global control and monitoring across the entire PHENIX ex
periment. This could significantly reduce ONCS startup effort, while also providing a very 
widely supported uniform operator/user interface for all control and monitoring functions. 

Monitoring System 

Functions. The on-line computing systems must provide capabilities and resources for 
continual monitoring and validation of detector operation and of the quality of the data 
being archived. This is a computationally intensive task, due to the large number of fron-
tend channels and subsystem control and monitoring points. The ONCS Monitoring System 
will provide support for not only collecting information and statistics on aspects of detec
tor subsystem operations at many levels but also effective ways for presenting the resulting 
information (alarms, messages, graphs, archived logs) to both operators and software appli
cations. The Monitoring System will notably also provide a common framework for reporting 
and responding to exception conditions throughout the on-line system. 

As in the case of run control, the ONCS team will provide an integrated framework for 
monitoring functions, including standard user interfaces and templates for subsystem and 
operator interface integration. Specific subsystem monitoring application software will be 
the responsibility of the relevant subsystem groups. 

On-line event-data analysis. To help ensure maximal quality in the archived data, the 
on-line computing systems must also provide a framework and resources for on-line event 
analyses, including full event reconstruction for some fraction of accepted events. This 
requirement places demands on both bandwidth and computing resources. It detailed im
plications require further specification of the mix of analyses, but for purposes of estimating 
minimum resources we have considered full reconstruction of minimum-bias Au+Au events. 

The Offline and Simulations groups estimate that reconstructions of Au+Au minimum 
bias events require about 250 MFs/event (MFs = MegaFlops-second), and the DAQ group 
estimates the corresponding event size to be about 75 KB. On a 50-MF processor, it will 
thus take 250 MFs / 50 MF = 5 seconds to fully reconstruct a Au+Au min-bias event. 
If we write data at 20 MB/sec with a livetime of 50% for 1/2 year of running, we will 
record 2.1 x 109 min-bias events. Reconstructing these events on one 50 MF processor would 
require (2.1 x 109 events * 5 sec/event) / (3.1 x 107 sec/yr) = 340 years, or 1 year on 340 
such processors. 

In our current plan the on-line computing systems will include 16 high-performance 
workstations. With four of them dedicated to central on-line operations, 12 are left for 
other tasks. If we assume 50% of the CPU power of these 12 can be used for on-line event 
analysis, we will have 12 * 0.5 * 50 MF = 300 MF, or the power to reconstruct 300 MF / 
250 MFs/event = 1.2 min-bias events/sec. This implies a data rate to the analysis nodes of 
about 1.2 events/sec * 75 KB/event = 90 KB/sec. This can be easily accommodated by an 
ethernet-based monitoring network. The fraction of min-bias events fully analyzed on-line 
according to these estimates is about 0.45% of all events logged. 

However, most monitoring purposes will not require full event reconstruction. If the 
dominant event processing is 10 times faster than full reconstruction, then the required 
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bandwidth is about 1 MB/sec. Furthermore, it is not unreasonable to expect an eight
fold increase in workstation performance by beam time (to about 400 MF per processor). 
Then the bandwidth requirements for monitoring can reach 8 MB/sec (and we could fully 
reconstruct in real-time about 10 events/sec, or 4% of all recorded min-bias events). 

Ethernet is clearly not appropriate here — a higher bandwidth implementation, like FDDI 
or FibreChannel, must be considered. We have thus included an FDDI-type (10 MB/sec 
bandwidth) network for estimating the cost of the ONCS "Monitor Network". The EPICS 
system notably already accommodates this possibility, as well as other high speed sub-netting 
strategies. However, we reiterate that for EPICS to enable on-line event analysis it must be 
extended to incorporate UNIX-resident "software devices." 

Diagnostics and Maintenance System 

Understanding and repairing system failures requires an integrated set of diagnostic tools. 
Most diagnostics will be very subsystem specific, relying on knowledge of detailed hardware 
features, so low-level diagnostic aspects must be addressed by the associated subsystem 
groups. But the ONCS team will provide a standard framework plus supporting tools, pro
tocols, interfaces, and templates for integrating subsystem diagnostics in a unified PHENIX 
environment. These capabilities must, in fact, be incorporated early in the ONCS devlop-
ment, to support subsystem prototyping and testing. 

The detailed requirements for diagnostics remain to be determined. Recent experience at 
HERA suggests that expert systems may aid operators in system-level diagnostic procedures, 
especially during production running. Further developments along these lines and related 
applications in other large-system contexts will be evaluated. At the very least the Diagnostic 
System framework should accommodate integration of such tools. 

Event-data Flow Control System 

A guiding principle underlying the data-driven architecture presented in the CDR (CDR Fig. 
11.2) is that communication between processing elements is through memory. Operations 
proceed when all required inputs are available, and statistical fluctuations in the time between 
events and/or in the data volume per event are accomodated by multi-event buffers controlled 
via local "holds" derived from current considerations of locally available free space. This 
scheme generally optimizes usage of available bandwidth, automatically provides local load-
leveling, and obviates any need for complex "busy chains." 

The need for robustness and fault tolerance nevertheless requires high-level facilities for 
imposing "slow" flow control. This is especially true for subsystems with numerous inputs 
from disparate sources, where it is desirable to guard against loss of synchronization and to 
provide for dynamic fault recovery. A few levels of selective inhibit are also important for 
certain calibration and diagnostic operations, as it may be necessary to allow selected parts 
of the system to cycle without the overhead of operating the entire on-line system. And, 
in a completely mundane sense, normal runtime operations like initialization, startup, and 
shutdown require some central means for selectively inhibiting all data flow. 



11-62 CHAPTER 11. ON-LINE SYSTEM 

The event-data flow control system is intended as a flexible, programmable environment 
for providing these capabililties. Its detailed requirements will be developed in collaboration 
with the DAQ group. This system must at least interface to both the Control and the 
Monitor and Calibration Networks, to provide paths required for initialization, validation, 
and exception reporting/handling. 

Event-data Archive System 

See CDR Section 11.4.3. 

Calibration System 

In collaboration with the offline computing systems (OFCS) group, the ONCS team will 
provide a unified framework for acquiring, archiving, and organizing calibration data, and 
for monitoring the validity of the stored constants during operation. This will naturally 
include interfaces for down-loading calibration data to the appropriate destinations during 
on-line system initialization. 

Because calibration is heavily dependent on subsystem details, applications addressing 
subsystem specifics for acquisition and handling of calibration data are necessarily the re
sponsibility of the corresponding subsystem groups. 

The potentially large quantity of calibration data that will have to be generated and 
accessed on-line may have important ramifications for the on-line computing resources and 
bandwidth, if rapid on-line processing is crucial to their validation and maintenance. The 
requirements for calibration remain to be explored in detail. 

11.6.4 Generic Services 
User Interface Services 

The on-line computing systems group will provide a set of PHENIX-standard tools and 
software for creating and integrating interfaces for all PHENIX applications. Our goal is a 
common look and feel to all PHENIX user interfaces, with a standard way of referencing 
components and operations across all subsystems. This uniformity is especially important for 
the on-line operator interface, in order to simplify operator interactions with an inherently 
complex system. These user interface components and tools will support: 

• a single standard framework for the on-line operator interface; 

• a set of standard interface components ("widgets") for selection, data entry, data pre
sentation, detector and event displays, alarm presentation, multimedia message pre
sentation, etc.; 

• standard access control mechanisms (for protection of critical functions and data); 

• standard graphics software facilities; 

• a standard graphical user interface (GUI) builder. 
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Database Services 

The on-line system will include numerous databases. These include descriptive databases 
that document the detector and the on-line environment, and archival databases containing 
historical records of significant occurrences and changing conditions, with indexes and cata
logs for aiding information retrieval. The event-data archive is a special case and is discussed 
in a separate section (See section 11.6.3.). 

Identified database types include: 

• Configuration database and archive - description and record of the detector and on
line system run-time environment and configuration, including partitioning, running 
modes, trigger settings, available resources, initialization and calibration data sets, 
software and hardware versions, selected options, etc. 

• Detector Assembly & Survey database and archive - description and record of all 
detector components and their arrangement, including component locations, names, 
addresses, geometry, etc. 

• 

• 

• 

• 

Data Structures database and archive - a standard "dictionary" defining and recording 
all data objects to be handled by ONCS processes. 

Calibration database and archive - organized collection and record of all calibration 
constants required on-line, including data to be down-loaded into on-line hardware and 
software modules. 

Monitoring database and archive - current collection and record of detector and on-line 
status information, performance data, environmental and external-system conditions, 
exceptions, etc., relating to the operational state of the detector. 

Catalog of event data archive - an index, with appropriate cross-referencing and de
scriptive information, for identifying and locating archived event-data. 

• Experiment Logbook - a database that assembles and records all information needed 
to define and later reconstruct the conditions, environment, objectives, problems, etc., 
occuring during PHENIX running (and testing). Our goal is an entirely "on-line" 
implementation, with hypertext and multimedia capabilities. 

• Documentation Database and archive - a means for collecting, organizing, and retriev
ing all ONCS documentation, also "on-line" with hypertext and (perhaps) multimedia 
capabilities. 

Because much of the information contained in these databases is also important to off
line and simulation computing, the ONCS team will collaborate with those groups in the 
definition and in the establishment of standard protocols, interfaces, and tools for creating, 
accessing and managing general PHENIX databases. 
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Interprocess Message Services 

Because of its complexity and distributed nature, ONCS will require extensive multiprocess
ing for maximal performance, efficiency, and maintenability. Unified interprocess communi
cation services will therefore be critical to a quality implementation for ONCS. The ONCS 
group will define PHENIX-standard protocols and interfaces for passing messages between 
on-line software components, and between software processes and users and programmers. 
These standards and services will provide a key ingredient for integrating both the overall 
ONCS framework and subsystem-specific applications. 

11.6.5 Development plan 
Organization 

The ONCS Group will be a core team of system-level experts, providing central organization 
and support for global on-line computing efforts. Subsystem-specific applications must be 
provided by subsystem personnel, to exploit knowledge of specific hardware. 

During the analysis/specification/design phase, the ONCS and OFCS teams will collab
orate with the PHENIX Simulations team and representatives from the RHIC Computing 
Center to coordinate activities in areas involving major technology overlap. This will require 
a PHENIX Computing Systems Central Design Group of approximately 15 experts drawn 
from PHENIX DAQ (4 persons), ONCS (6 persons), and OFCS (4 persons), plus a PHENIX 
liaison to the RHIC Computing Center (1 person). 

This group will be aided by a panel of PHENIX Detection Subsystems Computing Tech
nical Leaders, formed by drawing at least one person from each of the PHENIX detector 
subsystem projects (10 total). They will have responsibility for guaranteeing success in 
all computing related aspects of their subsystems involvement with PHENIX. Initially this 
panel will serve (1) to provide computing requirements input to the Computing Systems 
Central Design Team, and (2) to evaluate the latter's proposals, specifications, designs, pro
totypes, etc., to help assure that their efforts meet all relevant PHENIX requirements. This 
panel's responsibilities will evolve to providing resources to the PHENIX computing systems 
projects from the subsystems teams for development of subsystem-specific applications. The 
ONCS project will, in particular, explicitly tax subsystem teams for service in overall ONCS 
integration and validation. 

We assume that the aforementioned 25 positions are staffed entirely through contribu-
titions from PHENIX-collaborating institutions. These groups' depths are currently inade
quate for efficient execution of all aspects required for development of PHENIX Computing 
Systems. Obviating overhead and delays associated with internally developing the necessary 
degrees of expertise in several key areas will require access to a resource pool of 30 FTE-
years, for contracting work by established experts and toolsmiths in areas such as: operating 
systems and utilities, graphics, user interfaces, databases, CASE, and real-time embedded 
systems. Also 2 technician-FTE's will be needed during installation and validation of ONCS 
hardware at the PHENIX site, and 2 software and administration support staff are required 
for routine maintenance of ONCS facilities throughout system development. 
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Development Process 

We are in the initial stages of creating a detailed development plan. Because of the relatively 
large and diverse on-line computing systems effort, and the importance of quality and reliable 
on-line operation, we intend to create a somewhat formal development process that defines 
explicit procedures and tracks progress through regular reviews and careful documentation. 
At all times there will be close coordination with the various subsystem developers. 

The initial task of the ONCS group will be the definition and implementation of a devel
opment environment. This will include defining standards and acquiring tools for supporting: 
analysis and design methods, quality assurance, code configuration and managment, coding 
style, operating systems, languages, graphics, user interfaces, databases, project manage
ment, standard processor families, interconnects, and networks. To make efficient use of 
these tools a training program will be necessary (starting, for example, in system develop
ment methods). 

The standards used by the ONCS group will in most cases become de facto and recom
mended standards for all developers of on-line applications. To facilitate ONCS integration 
a set of PHENIX-specific software standards, tools, and quality assurance mechanisms will 
be defined and made available to application developers. 

The on-line computing systems will be developed according to an iterative process of 
requirements analysis, design, and implementation. It will be iterative in the sense that 
the analysis, design, and implementation activities will not be carried through for the final 
system in large separate phases ("waterfall" method). Rather prototype systems, with some 
functions left out or not fully implemented, will be completed at the end of each of several 
analysis, design and implementation cycles ("spiral" method). Subsequent cycles of analysis, 
design, and implementation will augment and revise the system based on feedback from users' 
experiences using the earlier prototypes and increased understanding of requirements. An 
important component of each release will be complete documentation. 

This evolutionary approach will allow us to independently develop subsystems of the 
ONCS, while always remaining closely coupled to evolving needs and schedules of the other 
PHENIX subsystem groups. It is aimed at providing required functionalities as early as 
practicable, and at the same time ensuring the quality of the final system by emphasizing 
continual product evaluation and feedback from the users. 

We currently envision three major versions of ONCS: 

• An "Early-prototype System" implementing essential functions that are needed by 
detector subsystem groups for development and testing. This prototype is intended to 
provide a basis for refining our understanding of ONCS user requirements via actual 
user feed back, and for testing early design ideas. 

• A "Prototype System" based on the design resulting from the previous phase. This 
prototype is intended to test the overall system design and implementation and elicit 
further refinement of user requirements. 

• A "Production System" implementing and integrating all functions needed for actual 
PHENIX operation at official RHIC startup, based on evaluation of previous versions. 



11-66 CHAPTER 11. ON-LINE SYSTEM 

Each major version will be broken into minor releases that will provide frequent stages 
of increasing functionality: 

1. A minor release implementing functions that provide support for run control, ancillary 
systems, monitoring, diagnostics. 

2. A minor release adding increased functionality to support common services (operator 
interface, databases, interprocess messages). 

3. A third minor release implementing additional functions that provide support for re
maining framework functions (event-data flow control, event-data archiving, calibra
tion) . 

Two key releases will provide: 

• A first prototype (Early-prototype System first stage) at the end of 1995, with functions 
supporting detector subsystem development and testing. 

• A fully integrated prototype based on the overall design (Prototype System third stage) 
at the end of 1997, with all functions required for full detector cosmic ray tests. 

11.7 Cost and Schedule 
The cost estimate and schedule for on-line system is presented in Tables 11.10 and 11.11. The 
cost of the front-end electronics common systems (WBS 5.3.13), the data collection modules 
(WBS 5.4.1), the subevent transfer buffers (WBS 5.4.2), the event builder (WBS 5.4.3), the 
level-1 trigger (WBS 5.4.4), and the level-2 trigger (WBS 5.4.5) are shown in Table 11.10 
at PHENIX WBS level 4. The cost of the master timing and control system (WBS 5.4.8), 
on-line computing system (WBS 5.4.9), the simulation computing system (WBS 5.4.10), the 
on-line computers, archiving and networking systems (WBS 5.4.12), and the common DAQ 
system work (WBS 5.4.13) are shown in Table 11.11 at PHENIX WBS level 4. The detailed 
cost estimate, along with the schedules and profiles, is available in the PHENIX WBS book. 
The dictionary, basis of estimate, and contingency analysis are presented in the PHENIX 
WBS Notes book. 
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Table 11.10: Cost Estimate and Schedule for PHENIX On-line System 

WBS DMcription Totsl Cost 
1893 1 1994 I 1995 1998 1997 1998 U 

WBS DMcription Totsl Cost Q2|Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2]03|Q4 Q1|Q2|Q3|Q4 01|Q2|Q3|04 Q1lQ2|03|O4 Q1|Q2 
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54.14.1 Design Common System I $572,880.00 < » — | j — — 
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< » — | j — — 
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WBS Description Total Cost 
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5.4.1 Data Collection Modules $1,876,387.33 w 1 

1 

5.4.1.1 Design $191,827.81 
w 1 

1 

5.4.1.1 Design $191,827.81 
1 : ) t i 
i t i 

t i t 

5.4.1.2 I Prototype $204,911.52 
1 : ) t i 
i t i 

t i t 
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i t i 

t i t 

• " • 
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1 : ) t i 
i t i 

t i t 
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6.4.1.3 Fabrication $1,336,848.00 

1 : ) t i 
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t i t 

64.1.4 Assembly $57,600.00 
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5.4.2 Subsvent Transfer Buffers 
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5.4.3 Event Builder 

Design 

$2431,16446 

$202,228.80 
W 

6.4.3.1 
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Table 11.11: Cost Estimate and Schedule for PHENIX On-line System, Continued 

WBS Description Total Cost 
» 1994 1M5 I 1998 1997 1998 1999 

WBS Description Total Cost Q3|04 Q1|Q2|Q3|04 ai|Q2|Q3lQ4|Ql|Q2|Q3JQ4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|04 Q1|Q2|Q3 
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Chapter 12 

Off-line System 

12.1 Overview 

The purpose of the PHENIX off-line computing system will be to provide all aspects 
of data and information handling that are not directly connected to the collection of data 
and the monitoring of the experiment. Examples of functionalities provided by the off-line 
system are: event and detector simulation, event reconstruction and analysis, and data and 
general information management. 

The off-line system can be viewed as another subdetector, which will have to undergo the 
usual engineering phases: design, prototyping, fabrication, implementation and maintenance. 
The off-line system does, however, function in a somewhat different way, because it also 
can be viewed as a service organization for the rest of the collaboration. It will have to 
provide all the necessary tools for the physicists to transform the data, originally written 
to a storage medium by the data acquisition system in some digital format, into interesting 
physics papers and exciting conference talks. Whereas only a small subset of physicists will be 
directly interacting with each of the subdetectors, practically all members of the collaboration 
will interact with the off-line system on a daily basis (e.g., analyzing data, reading online 
manuals, producing figures, or accessing information on the state of the detector during a 
run two years). 

The PHENIX off-line system will provide the same functions as most other off-line sys
tems do in current large scale experiments. However, the challenge for PHENIX is the 
magnitude of the data flow coming from the detector. The requirements for data storage 
are two to three orders of magnitude larger than current experiments, and the computa
tional needs exceed even the largest supercomputers currently available. In many respects 
PHENIX's off-line requirements are comparable to or even larger than those of the SSC 
detectors. 

12-1 
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Table 12.1: Data Storage and CPU requirements for PHENIX and selected RHIC and SSC 
detectors. 

PHENIX STAR PHOBOS SDC 
Event recording rate (Hz) 
Event size (kBytes) 
Recording rate (MBytes/s) 

100 
300 
20 

1 
20,000 

20 

400 
12 
5 

100 
1000 

100 
Events / year (106) 
Raw data / year (10 1 2 Bytes) 

650 
200 

10 
200 

4000 
50 

1000 
1000 

Gigaflops-sec / event 
Continuous off-line CPU need (Gflops) 

1.0 
65 

10 
10 

0.005 
2 

0.3 
30 

12.2 Requirements 
Basic Parameters for Estimation of Requirements 

The initial phase in the design of the PHENIX off-line system was an evaluation of the physics 
and functional requirements. The two most important and expensive requirements by far 
are: (1) to have sufficient CPU power for the initial event reconstruction of the raw data, and 
(2) to be able to store all the recorded data (raw and simulated). Table 12.1 summarizes the 
basic parameters for the estimation of these requirements for PHENIX, STAR and PHOBOS 
[1] and the proposed SSC detector SDC [2]. Both PHENIX and STAR expect a recording 
rate of 20 MBytes/s. Due to STAR's very large event size, they will only record one event 
per second in contrast to PHENIX's rate of 100 events per second. In these estimates it 
is assumed that all events are central Au + Au events with charged particle multiplicities 
around 6000 and that RHIC will operate approximately 107 seconds per year. 

Data Storage Requirements 

The assumptions given above lead to an estimated 200 TeraBytes of raw data each year. It 
can be assumed, that additionally 300 TeraBytes of simulated data and reconstructed data 
will need to be stored resulting in a total storage need for PHENIX around 0.5 PentaBytes 
each year. This requirement is 2-3 orders of magnitude larger than current experiments and 
corresponds to « 100,000 8mm videotapes. An additional requirement for the data storage 
system will be to store as much of the data as possible with access times less than a few 
minutes. The proposed hierarchical data storage for all RHIC experiments will be described 
in Section 12.4. 

CPU Power Requirements 

In order to estimate the total need for CPU power it is necessary to estimate the CPU 
consumption per event. With the current tracking algorithms in PISORP 2.2 a full recon-
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struction of a central Au+Au event takes approximately 1-2 minutes on a IBM RS6000 
workstation, corresponding to 1000 Gigaflops-seconds. With an event rate of 65 Hz this 
implies a continuous CPU need around 65 Gigaflops for event reconstruction. If the event 
reconstruction facility has an "uptime" of 90% the CPU need reduces to 40 Gigaflops, but 
this reduction is compensated by the additional need for production of simulated data and 
repeated complicated data analysis. The magnitude of this CPU power requirement can 
be put in perspective by the fact, that the largest commercially available systems currently 
(1993) is around 10-20 Gigaflops. Due to financial limitations it might not be possible for 
PHENIX to obtain access to the required 65 Gigaflops of CPU power at RHIC and we might 
have to seek additional solutions (see Section 12.3.1). 

Data Analysis Requirements 

For the many users of the off-line system it will be mandatory that they can get easy access 
both to the data and to processing power. We estimate, that once the system is fully 
operational it will have to be able to support up to 50 concurrent users with up to half of 
them present at RHIC and the other half situated at their home institution. It is envisioned, 
that the bulk of the data will be stored and processed at RHIC, but the remote users will 
need access to a powerful Wide Area Network (WAN) with transmission speeds of 1 Gbit/s 
in order to function as well as the on-site user. 

In order to maximize the productivity of the user in the simulation and/or analysis phase, 
he/she should be able to communicate with the off-line system through a simple and uniform 
user interface with full online help facilities and the same look-and-feel for all parts of the 
off-line system. To the extend it is possible the same GUI should also be used for the online 
system. 

The user should have full flexibility in the use of the off-line analysis system. The system 
should operate across a reasonable set of platforms, both on- and off-site. Both serial and 
parallel computers should be supported. On-line documentation of all aspects of the system 
should be available. The system should make as many tasks as possible automatic and 
transparent to the user, while at the same time providing the advanced user the option of 
customizing his/hers programs. 

Finally it should be emphasized that financial constrains might make it impossible to 
fully implement all the requirements. In order to ensure, that a fully functional system 
and optimized system will be ready from "day one", the off-line system will be designed 
and implemented through a set of more and more elaborate prototypes, which will allow a 
design-to-cost philosophy to be implemented. 

12.3 Computing Models 

12.3.1 The RHIC Computing Facility 
In order to meet the requirements outlined in the previous section a simple model for 
PHENIX's off-line computing system has been developed. A fundamental assumption within 
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the model is, that the bulk of the computing will be done at a central RHIC computing fa
cility (RHICCF), which will provide both hardware and manpower for a large fraction of 
PHENIX's needs. The current "strawman" model for RHICCF is shown in Fig. 12.1 ob
tained from a report by the RHIC Off-line Computing Study Group chaired by B. Gibbard 
[3]-

The model operates with 4 main clusters of computing facilities: production clusters for 
PHENIX, STAR, a common cluster for the small experiments, and a common cluster for 
I/O intensive tasks. Each production cluster will consist of a) a set of CPU servers scaled to 
the CPU needs of the particular experiment, b) a file server for short time storage of data 
and experiment specific databases, and c) a tape drive system with an intermediate size tape 
robot. The I/O intensive cluster, which will be shared between all RHIC users, will contain 
a large scale disk and tape storage system. It is envisioned, that the data reconstruction 
is taking place at the production cluster and the data analysis is done at the I/O intensive 
cluster. 

In addition to providing the bulk of the hardware needs for PHENIX's off-line system 
RHICCF will also provide a substantial amount of manpower and software for core tasks 
like a) general system support, b) network support, c) code development support, d) general 
application (CERNLIB, GUI, databases, publishing etc.) e) technical development and f) 
hardware support. 

The current model assumes PHENIX's production cluster allocation to contain: 
CPU Servers: w 20 GFlops of CPU power based on loosely-coupled 

workstation-like servers at $100/MFlops. 
File Servers: A total of 800 GBytes of disk space consisting of eight 

100 GByte file servers, each providing 16 MBytes/s 
Mass Storage Playback: 19 mm tapedrive providing 16 MBytes/s. 
Mass Storage Robot: 2 TByte robot supporting 1 tapedrive. 
Network: ATM operating at 16 MBytes/s connecting all fa 60 nodes 

(CPU servers, file servers and tape drives). 
In addition PHENIX will have shared access to the I/O intensive cluster, which currently 

is envisioned to be configured as 
CPU Servers: w 5 GFlops of CPU power. 
File Servers: A total of 2400 GBytes of disk space. 
Mass Storage Playback: 3 19 mm tapedrives, each providing 16 MBytes/s. 
Mass Storage Robot: 60 TByte robot supporting 3 tapedrive. 
Network: ATM connecting « 40 nodes. 

Most of the technology choices will be postponed until two years before the estimated 
RHIC turn on in order to optimize the system and to take advantage of the rapid develop
ments in the computer industry. For the CPU server it will be of special interest to follow 
whether a farm of loosely coupled workstations, as currently used at FNAL, or a massively 
parallel processor (MPP), like the PARAGON at ORNL, will be the most optimal choice. 

A serious problem is, however, the severe discrepancy between the CPU power of 20 
GFlops currently allocated to PHENIX at RHICCF and out estimated need of more than 65 
GFlops. Since computer performance improvements larger than 1.4/year, as assumed in Ref. 
[3], seems unlikely, we are forced to consider other alternatives like: a) Obtaining additional 
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CPHENIX On-line) C Other On-line]) 

C STAROn-lineJ 

Figure 12.1: "Strawman" model of the proposed RHIC Computing Facility. The center will 
contain 4 clusters. PHENIX will have its own cluster for event reconstruction and have 
shared access to the I/O Intensive cluster for data analysis. 
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compute cycles at major collaborating institutions like ORNL, LANL and/or LLNL, which 
currently operate some of the worlds largest supercomputers, b) perform a larger fraction of 
the total operations on an event at the highest trigger level, c) develop more efficient event 
reconstruction algorithms or d) reduce the total amount of operations on each event. Since 
the last solution could imply, that only a few especially interesting events would be fully 
reconstructed, it is our hope, that a combination of a), b) and c) will solve PHENIX's CPU 
shortage. 

12.3.2 Main Code Modules of the P H E N I X Off-line System 
Of particular importance, especially in the construction phase of PHENIX, is the interaction 
between the off-line and the simulation system. Fig. 12.2 shows the main modules of the two 
systems and their interconnection. The two systems will interact via a set of standardized 
data structures stored in the event data base. If sufficiently powerful computers will be 
available at a later stage, the communication between the two systems can take place without 
intermediate storage. This later mode of operation can easily be implemented on any parallel 
computer system. 

The off-line event handling package will be designed so the user will have full control over 
the in- and out-put level of the data structures. This implies, that PHENIX will not operate 
with separate reconstruction and data analysis packages with different user interfaces etc., 
but the event reconstruction will take place by running the event handling programs with 
raw data as input and reconstructed events as output. A data analysis user will then run the 
same program with reconstructed events as input, but will also have the option of starting 
at a lower data structure level and redo the tracking with other tracking modules than used 
in the official event reconstruction. 

Software Layer Model 

In order to more clearly differentiate between the function of different modules of software 
and the responsibilities of the creators of these modules a simple layered model for the 
PHENIX software has been generated. As show in Fig. 12.3 we envision three fundamental 
layers of software within PHENIX, each with their own distinct functions and creators. 

Physics Applications: All modules operating on real and/or simulated event data with 
the purpose of transforming the data from one data structure level to another level. 
Examples: Tracking modules, detector simulation modules. These modules will be 
written by PHENIX physicists (graduate students, post-docs, ..) with as few restric
tions as possible concerning programing language in order to enhance the productivity. 

Core Applications: This layer will consist of core modules and interface modules for the 
event handling package. Examples: I/O modules for the data structures, general 
software bus for the offline system, event display, etc. These modules will be designed 
and programmed by the off-line group in collaboration with the simulation and on-line 
group. The programming language is likely to be C or C++. 
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The Main Event Handling Modules in 
The Off-line and Simulation Systems 
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Figure 12.2: Conceptual layout of the main modules of the event handling package and the 
simulation package. The data flow through the simulation system will be going from the 
event generator module at the lower right up to the digitization module in the upper right 
corner. The output from this module and the on-line system will be accepted by the off
line system for calibration, event reconstruction and data analysis. The main modules will 
exchange information through a set of data structures (labeled DS). This design will provide 
a high degree of modularity. 
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Software Layer Model 

Unique Physics Applications 
Simulation. Event reconstruction & Analysis 

Responsibility of PHENIX physicists and off-line group 
Language: As few restriction as possible. F77, C, C++ (F90) 

API: Application Program Interface 

I 
Core Physics Applications 

Data Structures. Event Handling Bus. Production Control 

Responsibility of PHENIX off-line group 
Language: More restricted. C or C++ likely 

I 
API: Application Program Interface 

I 
System Services 

Graphical User Interface. Data Base Management Systems. Network. Commercial Applications-
System Management 

Responsibility of RHIC Computing & PHENIX off-line group 
Language: Very restricted. C, C++ 

Figure 12.3: Conceptual layered model for the design of PHENIX software. The purpose 
of this model is to focus attention on a) who has responsibility for for the various layers of 
software, and b) what requirements should be imposed on the software. 
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System Applications: All system modules which might be either common to all RHIC 
experiments or which will require advanced programing know-how. Examples: Network 
services, System management, Data base management etc. We envision this layer being 
the responsibility of the RHIC Computing Center. 

As indicated on Fig. 12.3 the three layers will communicate through two sets of Application 
Program Interfaces (API). The first will be designed by PHENIX. The second will have to 
be designed by RHICCF and all RHIC experiments in collaboration. 

12.4 Data Storage and Management 

Probably the most important task of the off-line system is to organize and provide access 
to the multitudes of data collected by the collaboration. The data can be subdivided into 
three different classes: a) Simulated or real event data, b) detector and instrumental data 
and c) general information data. This division of all the PHENIX data into 3 distinct 
classes is shown in Fig. 12.4, which illustrates a conceptual layout of the general PHENIX 
multidatabase system. 

12.4.1 Event Storage and Management 
As described above the event data volume to be handled by PHENIX is in the order of 
500 TeraBytes/year. The handling of this gigantic amount of data is likely to be the most 
difficult issue facing the PHENIX off-line system. The experience from other experiments 
indicate, that already the handling of much smaller data volumes can be a serious bottleneck. 

All RHIC experiments will be faced with this data volume problem and it is therefore 
important, that the storage problem will be solved as a collaborative RHIC effort. The 
RHICCF committee [3] has defined the following criteria for the RHIC primary mass storage: 

- A single recording format should be used for all detectors. 

- The recording system must be supported by a large scale robotic system. 

- The recording rate for a single drive should be a significant fraction (>50%) of the 
anticipated raw data collection rate. 

- The capacity of the individual media must be as large as practical. 

- The cost must be as low as possible. 

Currently the best option seems to be 19 mm tapes from either Sony or Ampex. These 
tape drives support recording rates up to 32 MBytes/s and each tape can record up to 100 
GBytes. Due to the large capacity of each 19 mm tape the associated tape robots have a 
very large capacity at a low price of « $13k/TByte. But even this low price will only allow a 
small subset of the annual data volume to be stored in the robots. The amount and types of 
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Conceptual Layout of PHENIX's Multi-database 
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Figure 12.4: Conceptual layout of PHENIX's multidatabase. The different modules are 
described in more detail in the main text. 
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data stored in the mass storage robots for access within few minutes will therefore probably 
be limited to very recent data and to a variety of data summaries. 

The mass storage will likely contain a large disk system serving as a rapid access cache. 
This will allow writing to the tape drives at a uniform speed, but more important it might 
allow the off-line system to perform a variety of operations on the data before they are 
stored on tape. These operations can range from simple calibrations to the actual event 
reconstruction. 

An effective file caching between the disk and the mass storage robot is of major impor
tance for the throughput of the off-line system, especially for users performing data analysis 
on a large set of different files. Several commercial solutions for the file cashing are avail
able, all derived from the UniTree product developed by the National Storage Laboratory 
at LLNL and IBM. 

The location of the experimental and simulated data will be stored in the following 
database: 

Event Database: Typical information stored in this database will be: How far has each run 
proceeded through the complete event reconstruction and data analysis process and 
where are the different parts of the complete data structure for a given run located 
in the data storage system. In addition the database will store information on the 
location of mixed event runs, 2- and 3-dimensional spectra, ntuples etc. 

12.4.2 Detector Database 
The detector multidatabase will contain all information pertaining to the detector and the 
environment under which the experiments are performed. The multi-database will consist 
of several databases with a common user interface: 

Configuration database: All parameters describing the complete configuration of the de
tector: geometrical data, hardware configuration of all data aquisition channels, all 
production software for triggers and off-line system. All entries will be time stamped, 
so the complete detector configuration at any time can be reconstructed. Estimated 
size: 1-5 GBytes with an update rate of 10 MBytes/day 

Calibration Database: All calibration parameters obtained either in earlier calibration 
runs or obtained as feedback from off-line analysis. The instantaneous size (total size 
of all data active at any particular time) will by « 1 GByte, but since many of the 
sensitive calibration constants might change on a daily bases we estimate the total 
database will grow with 100-200 Gbytes/year. 

Electronic Log Book: Will be obtained from either manual or automatic entries from the 
online system. This database will be a multimedia database containing all records 
pertaining to the recording of data: personal comments, graphics, histograms, VCR 
recordings, audiotapes of communication etc. Estimated size: 100 Gbytes/year (this 
estimate is very dependent on the extend to which graphical data will be stored directly 
in the database). 
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Monitoring Database: All information related to the monitoring of the status of the de
tector. Part of this database might reside within the online hardware. 

Software Database: All official software will be contained in a time- and version-stamped 
database. This database should either be fully integrated with the code management 
system or be the code management system itself. 

12.4.3 Information Database 
The information database will contain all the general information necessary for the collabo
ration. 

People Database: A small database containing information about all PHENIX collabora
tors: addresses, telephone numbers, responsibilities etc. 

Physics Results Database: A multimedia database containing transparencies, articles, 
PHENIX technical notes, histograms, movies etc. describing the results obtained by 
PHENIX. Included will also be similar data obtained by other collaborations. 

Manuals and Reports: An easy accessible database (WWW?) containing on-line manu
als, reports and documentation of all aspects of PHENIX. 

The total size of the information multi-database is expected to be considerably smaller the 
detector database, but might have a considerable more complex structure due to the larger 
amount of relations between the entries. 

The planned capacity of 800 GBytes for the PHENIX file server seems to be adequate 
for containing the parts of the PHENIX databases, which need a rapid access time. 

12.4.4 Data Structures 
All the different software modules of the off-line system will be communicating with each 
other through a set of data structures. It is of great importance to design these structures 
as early and as flexible as possible. The data structures are usually organized in banks 
(ZEBRA terminology) or structures (C or F90 terminology) and the following set of minimum 
requirements for their implementation has been defined: 

- All structures should be defined in selfdocumenting files. 

- The should be no numeric pointers to the data. 

- There should be full support for nested structures. 

- The should be tools for defining more complex relations between banks (like one-to-
many, many-to-one etc.). 

- The structures should be highly integrated with the programming language used for 
the modules operating on them. 
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There exist already several product developed in the high energy physics community, that 
partially fulfills these requirements (ZEBRA, JACELLE, CHEETAH, ADAMO ... ). Cur
rently CHEETAH seems to be the best match to our requirements. 

12.5 Software 

12.5.1 Code Development Environment 

The main part of the construction of the off-line system will consist of programming the 
hundreds of thousands of lines of computer code needed. It is therefore of outmost importance 
to create a highly structured and well functioning code development environment. In the 
following some of the most important ingredients in such an environment will be discussed. 

Operat ing System 

UNIX will without any doubt be the dominant operating system within PHENIX for the next 
2-4 years. Currently most workstations and CPU servers envisioned in the PHENIX off-line 
system runs UNIX. Over this time period there will be a decreasing support of VMS. We 
will, however, follow the commercial developments and success of systems like NT, NextStep 
and open VMS in order to evaluate, if we at a later stage should adopt one of them. 

It is the policy of PHENIX to work closely together with the RHIC Computer Facility, 
and it is our hope, that any changes in supported operating systems or other major changes 
in the computing environment will be done simultaneous by all RHIC experiments through 
collaboration with RHICCF. 

Programming Language 

As discussed above in connection with Fig. 12.3, then it is envisioned, that several program
ming languages will coexist in the off-line system. Many high level applications programmed 
by physicists will still be done in FORTRAN77, whereas many of the core modules more 
likely will be done in C. It is especially the support for structures and dynamic memory 
allocation, that makes C attractive for core module programming. We see currently no 
particular advantages in adopting FORTRAN90, but if F90 should increase dramaticly in 
popularity and should high efficiency compilers be commonly available, then there would be 
no serious problems associated with accepting modules in the off-line system programmed 
in F90. The question of object oriented programming languages will be addressed below. 

Code Management 

The basic function of the code management system is to provide a highly structured envi
ronment for the development of software. We have identified the following requirements to 
our code management system: 
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History FEAture: Autodocumentation of changes and easy regeneration of 
earlier versions based on either version number or date. 

Auto Documentation: Features for automatically documenting each individual 
module 

Include Feature: Easy insertion of common data structures and/or code. 
File Structure: Should support a UNIX like directory structure with all 

modules accessible outside of the code manager. 
Module Generation: Should provide easy scripts for generating a specific sub

set of the total code. 
Configuration Control: Configuration control should be supported at the source 

text level (of special importance when operating with 
code for both parallel and serial computers). 

Network Distribution: Support for automatic network distribution of the com
plete code. 

Code Compression: Support for code compression to reduce network transfer 
times. 

At the start of the development of PHENIX's Integrated Simulation Application (PISA) 
it was decided to use the CMZ code management. CMZ has served well over the last 18 
months. It does, however, not fully satisfy all the above requirements and a new code 
management system will be selected. CVS or its descendant RCVS seems to satisfy most 
requirements and does furthermore have the advantage of being used by STAR. 

CASE Tools 

Until now most major experiments have managed to develop and implement their off-line 
systems without full use of a CASE tool (Computer Assisted Software Engineering). Due to 
the increased complexibility and worldwide distribution of the next generation of experiments 
at SSC and RHIC this is, however, likely to change. ALEPH and DO used SA/SD (Structured 
Analysis / Structured Design ). This provided a smart way of describing requirements, 
Data-Flow diagrams, Entity Relationship Diagrams and State Transition Diagrams. It was, 
however, difficult to follow all the fancy diagrams up, since the SA/SD tools did not easily 
translate into code. Several newer CASE tools does, however, promise greater power and 
flexibility. 

It will be one of the first tasks in the design phase of the off-line system to investigate 
to what extend CASE tools should be used to develop our software. The question is closely 
coupled with the availability of moderately priced CASE tools running across many platforms 
and the likelyhood of getting all people involved in software development to accept the 
stringent use of CASE. 

Code Documentation 

It is of outmost importance in a heterogenous collaboration like PHENIX, that all software 
is very well documented and written is such a way, that it can be easily understood by all 
interested parties. Many code management system provide some features for automatic code 
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documentation at check-in time and it is our intension to expand these capabilities, so no 
code module is not automatically fully documented. The documentation will consist of both 
header information for each module and extensive in-line comments as well as full online 
description in the information database described above. 

Code Testing 

Testing of software is probably the area in which the physics community is most far behind 
the commercial software developers. Whereas we understand, that it probably will be very 
difficult to reach the commercial quality assurance (QA) level, then it is our intension to 
develop a much more structured and detailed testing scheme than usually implemented in 
nuclear physics experiments. 

Some of the elements entering in our QA program will be: 

Design: Probably the most important aspect of QA is to create a well structured design 
before any coding. 

Modularity All code should be highly modular. This allows easier testing and replacement 
of old modules without unwanted consequences. 

Interfacing All modules should communicate through a set of well-defined data structures 
and should only be allowed access to the parts of the data structure absolutely necessary 
for its operation. 

Visual inspection: All code will be periodically inspected by software guru's in order to 
check if it complies with PHENIX's set of programming rules, and if the modules only 
operate on the parts of the data structures, that they are intended to. 

User test case: Programmers will be required to provide test cases for all their module 
packages. Software guru's will periodically check the code against these test cases. 

Simulated data In collaboration with the simulation group a special set of simulated test 
data will be created by a small group of people, who are not directly involved in the 
coding. All major modules and packages will be tested against this set of simulated 
data before every major release. The simulated test data will continuously be refreshed 
and augmented with new "weird" special cases in order to test all corners of the off-line 
system software. 

Object Oriented Approach 

A major decision to be made for the off-line system will be the extend to which object 
oriented approaches are going to be used. We will identify one or two test projects for 
this approach. After the finish of the main prototyping (see Section ??) a decision will 
be made, if OOP is going to be used in the final implementation. This approach has the 
advantage, that if OOP is chosen, then our understanding of the system is much better after 
the prototyping and much better objects can be designed. OOP will in general only lead to 
superior code, if the objects are well-designed. 
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12.5.2 High Level Program Packages 
The high level program packages are denned as all the software that performs "physics" 
operations on the data. The main ingredients of the off-line software will be (see also Fig. 
12.2): 

Event Generators: Currently several different event generators based on hadronic sce
narios (FRITIOF, VENUS, HIJET) are being used in addition to a set of simple 
vectormeson generator based on Vogt's work [4]. We intend to strongly expand our in
teraction with theorists in order to obtain a larger set of Monte-Carlo event generators 
addressing physics of interest to PHENIX. 

Detector Simulation The main simulation tool is PISA (Chapter 3). PISA performs a de
tailed detector response simulation based on GEANT. PISA is considered a prototype 
which is going to be completely restructured within the next 1-2 years. We futhermore 
plan to develop a much faster detector simulation code based on parameterized shower 
profiles etc. to be used for studying low cross section phenomena. 

Event Handling The event handling package will contain all the aspects of the primary 
data flow, like calibration, event reconstruction and analysis. This part of the off-line 
code is likely to contain the most lines of code. It will be developed primarily by 
PHENIX physicists under the guidance of the off-line group. Currently a nearly fully 
functioning prototype (PISORP) has been developed. 

12.5.3 Core Modules 
The high level software modules will be attached to a software "bus" consisting of a large 
set of core modules: 

Off-line frame: All basic routines providing the backbone of the event 
handling package. 

I / O modules: All modules interfacing to the data structures and the 
users. 

Database manager: All modules providing interface and control over the 
databases. 

Graphic modules: All modules providing graphical display of the data flow
ing through the off-line system: Event display, histogram 
display, GUI etc. 

Production control: Command procedures for handling the automatic flow of 
data through the system. 

PHENDC utilities: All modules performing utility tasks specific for 
PHENIX. 

General utilities: External application packages performing general utility 
functions like the CERN libraries, GNU software etc. 
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12.6 Cost and Schedule 
The cost estimate and schedule for the off-line system is presented in Table 12.2. In this 
table the off-line (WBS 5.4.11) system cost is shown at PHENIX WBS level 4. The detailed 
cost estimate, along with the schedules and profiles, is available in the PHENIX WBS book. 
The dictionary, basis of estimate, and contingency analysis are presented in the PHENIX 
WBS Notes book. 

The cost estimate for the off-line system ?? is based on the following set of assumptions: 

1. All hardware described in Section 12.3.1 will be provided to PHENIX by the RHIC 
Computing Facility. 

2. Additional hardware (particular workstations and peripherals) needed for the off-line 
system is either contained in the on-line system WBS or will be provided by the 
collaborating institutions. 

3. All high level routines described in Section 12.5.2 will be designed and written by 
captive labor from the collaborating institutions in the form of graduate students, 
post-docs, professors, etc,. It is estimated, that the manpower needed here will increase 
from six in 1994 to 45 in 1998. 

4. The design, development and implementation of all the core modules of the off-line 
system have to be done by a dedicated off-line group consisting of six persons. This 
group will consist of a yet-to-be-determined mixture of captive label and hired people. 
In the WBS it has been assumed, that the effective hourly rate for the core group will 
be $10/hour. 

5. PHENIX will get substantial manpower help (5-10 FTE's) from the RHIC Computing 
Facility to design, develop and implement core and systems modules. 

It is estimated that the total manpower need for the off-line system is 100-120 man-years. 
This is an absolute lower limit. In comparison, DO has used 250 man-years for their combined 

Table 12.2: Cost Estimate and Schedule for the PHENIX Off-line System 

WBS Description Total Cost 
1994 1995 1998 1997 1998 1! 

WBS Description Total Cost 04 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 Ql!Q2|Q3l04 01|Q2|03|04 Q1|Q2|03|O4 Ol|Q2 
5.4.11 Ofl-Niw Computing/Software $574,400.00 w ! 
5.4.11.1 Design ON-Uns System we,»oo.oo 

*ifn\20o.bo 

w ! 
5.4.11.1 Design ON-Uns System we,»oo.oo 

*ifn\20o.bo 5.4.11.2 Prototype O I M N M System 

we,»oo.oo 
*ifn\20o.bo w 

5.4.11.3 Fabric** OfHIne System $247,200.00 
w 

• 

5.4.11.4 Asssmbly sod Integration of Off-line S' S4O.800.00 

w 

• 
5.4.11.5 Tost of OH-line System S62.400.00 

w 

• 5.4.11.8 Off-line System Finished $0.00 

w 

• 
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on- and off-line systems [5], and GEM estimates their combined computing needs to be in 
the order of 500 man-years. 

As stated earlier in Section 12.2, the off-line system will be designed based on a design-
to-cost philosophy, which implies that the functionality and degree of sophistication will 
depend strongly on the amount of allocated manpower and hardware. A system designed 
completely by captive labor without any professional help would barely meet the minimum 
requirements, and would in the long run be very expensive due to the lack of reliability and 
increased maintenance problems. 

The overall schedule for the off-line system estimates that the main design will be finished 
by late summer 1994. The first fully operational prototype will be complete early 1996, and 
the final implementation is finished by the end of 1997. Integration and testing will occur in 
1998. 
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Chapter 13 

Systems Engineering and Integration 

13.1 Overview 
The PHENIX experiment comprises 11 different detector systems using a variety of different 
technologies. These subsystems are being developed and constructed by separate groups 
within the PHENIX Collaboration. Integration, installation, testing, and commissioning for 
these systems are tasks critical to the success of PHENIX. 

The Systems Engineering (SE) group at BNL is responsible for these tasks. Additionally 
this group designs the support structures, common systems, and facilities. The SE group 
also coordinates the interface with the accelerator, and manages documentation, quality 
assurance, and safety issues. 

13.2 Changes 
The SE group's responsibilities have been broadened since the Conceptual Design Review. 
Chapter 12 in the CDR (titled Structures and Facilities) is expanded here to address these 
changes. There are three new major headings in WBS section 5.5. They are Integration, 
Installation, and Test and Commissioning. There are significant changes in the detector 
design that affect SE planning. The major changes and progress since the CDR include: 

1. Detectors and Carriages 

• The configuration of the outer tracking and EMCal modules is changed from two 
to four segments per arm. There is a corresponding decrease in <f> coverage per 
segment from 45° to 22.5°. 

• The ToF will be placed only in front of the PbGl. 

• Radial space allocations have been adjusted. 

2. Facilities 

13-1 
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• The new counting house is now planned as a single story building with reduced 
floor space. Specifications have been defined and submitted to BNL Plant Engi
neering and design is well underway. 

• Utility requirements have been defined. 

3. Integration 

• The SE group coordinates mechanical and electrical specifications to guarantee 
compatibility and fit of the subsystems. 

• A system of control drawings is in effect. 
• An archiving system for drawings from all participating groups has been imple

mented. 
• A parameter database is being prepared. 
• A review program has begun to insure compatibility of the various systems and 

minimize duplication. 

4. Installation 

• The installation plan, while not significantly changed has been considerably re
fined. 

• The mechanism for moving the central magnet and the detector carriages is im
proved to reduce the downtime required for maintenance. 

5. Test and Commissioning 

• The SE group is responsible for coordination of testing and commissioning of 
system components. 

13.3 Detector Systems and Central Arm Carriages 
Figure 13.1 shows a "beams-eye" view of the central arm detectors with the latest segmen
tation. The most significant change is that the outer detectors (DC, PC, TEC, and EMCal) 
are now divided into four segments, instead of two. Space is provided for the TOF only in 
front of the PbGl modules of the EMCal. The PbSc modules are now located slightly closer 
to the beam, just outside the respective PC3 Pad Chambers. The structural-design concept 
for the support carriages remains basically unchanged, except that the carriage shapes follow 
the new detector outline. Diagonal-stiffening bars (square steel tubing) have been added to 
increase the natural frequency of the loaded structure and reduce deflections. 

For several of the detector systems the new segmentation plan results in smaller individual 
modules, which are more easily handled. In particular, the smaller EMCal walls are now 
within the capacity of the 30-ton crane in the high bay of the Multi-use Laboratory, where 
PHENIX subsystems are to be assembled. 
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Figure 13.1: Central magnet and central arms on the RHIC beam line showing detector 
support carriages with one central arm in data-taking position (left) and one retracted (right). 

The muon ID is now five layers of steel, instead of the two layers of concrete shown in 
the CDR. This change does not affect the placement of the Muon Magnet (MM) or other 
detectors. 
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13.4 Facilities 

13.4.1 Counting House 
Figure 13.2 shows the current design for a single story counting house. Floor space has been 
trimmed to about 485 m 2 , which is the minimum necessary to house the data acquisition 
electronics, computing systems, and a control room with a reasonable amount of work space. 
Removing the second story resulted in a major cost savings since the building is now com
patible with the footings of the MFH. Additional needs are to be provided by temporary 
structures and trailers, or in existing buildings at BNL. 

13.4.2 Uti l i t ies 
AC Power 
The total AC power requirement for the detector systems in the MFH is approximately 
300 kW. This includes detector high voltage, front-end electronics, data acquisition electron
ics through the DCM's and LVL-1 trigger, as well as control electronics. This AC power 
must be an isolated feed, which is independent of magnet power and utility power for air con
ditioning, pumps, and general use. The utility-power requirements are specified at 500 kW. 
This includes an air conditioning and cooling load of 400 kW. These loads plus the magnet 
load of 1200 kW are within the capacity of 2500 kW already available in the MFH. However, 
provision must be made for the isolated feed. As information pertaining to the specific power 
requirements for each detector becomes available, distribution panel capacities and locations 
will be specified. Power requirements for the magnets is discussed further in Chapter 4. 

The power requirements for the data acquisition electronics, computing facilities, and 
control consoles in the counting house are 250kW. This power must also be isolated from 
the utility feeds. These requirements along with the air conditioning loads are folded into 
the specifications for this new building. 

Cooling Water 

Cooling water at or below 20 C° is required for the magnets. With all coils operating, the 
cooling load is about 1.2 MW at a maximum flow rate of 800 L/min. The RHIC project 
will provide cooling-tower water including pumping. The cost of a supplementary chiller was 
estimated, but it is not included in the baseline detector. 

Climate Control 

The air conditioning load used in the cost estimate is 40 tons. Most of the detectors expect to 
use air cooling with a resulting heat load increase on the MFH air conditioning requirements. 
Additional units will have to be installed to bring the net available capacity of the MFH up to 
the levels required to accommodate both detector and personnel demands. Capacities in the 
counting house are sized accordingly as part of the construction specifications. Additional 
individual chilled water units may be used for several of the detectors and to cool enclosed 
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Figure 13.2: The proposed PHENIX counting house. 
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equipment racks in the counting house. Because these will exhaust heated air outside the 
facility they are not expected to be a concern for air conditioning. 

13.5 Integration 
The SE group will provide a number of integration functions within the PHENIX project. 

1. Establish a basis for common terminology. 

2. Define tolerance specifications and requirements. 

3. Manage distribution of technical information such as parameters, and specifications. 

4. Integrate physical envelopes, interface requirements and resolve conflicts. 

5. Ensure that tasks are performed and completed in an organized fashion to prevent 
time/schedule and spatial conflicts. 

6. Determine support requirements and ensure that provisions are made to meet them. 

7. Maintain record of progress, new requirements, changes, and problems as they develop 
in order to ensure that a timely solution can be found. 

Detector integration is coordinated by the SE group which negotiates, generates, and 
distributes the system level design and layouts. These are in the form of a series of envelope 
and interface control drawings. Drawing numbering and design standards are monitored 
and controlled to assure compatibility with RHIC standards. All mechanical drawings are 
electronically filed and archived with Autocad being the standard CAD system. Electronic 
drawings must be compatible with View-logic, P-CAD, or Autocad. Figure 13.3 shows 
the steel section envelope control drawing currently used to allocate space in the r-z plane 
between the magnets. 

A database of detector parameters is being developed to centralize and make readily avail
able the major specifications and physical characteristics of the experiment. This database 
will be updated as frequently as necessary to provide the collaboration with a current source 
of information about the apparatus. It will be kept on-line and accessible via the network 
to all group members. This database will be a basic reference document for PHENIX. 

For consistency and compatibility, and to minimize duplication, the SE group reviews 
all specifications and requirements for common needs such as facilities, utilities, survey, 
alignment, etc. 

13.6 Installation 
While each subsystem group is responsible for, and directs the installation of their detector, 
the SE group at BNL plans and coordinates the overall installation process. Many compo
nents, from massive magnet parts to fragile detectors, will be arriving at the site over the 
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Figure 13.3: Envelope control drawing showing magnets in r-z plane. 

two year installation period. The installation sequence and the myriad of activities in and 
around the MFH must be well choreographed to insure that PHENIX is ready for beam on 
day one. In addition, the group will provide support, as required, for rigging, survey, and 
technician labor to work under the supervision of detector subsystem personnel. 

Figure 13.4 shows that the concept for moving the CM and detector arms has been 
considerably refined since the CDR. A system of permanent and temporary tracks with guides 
and a hydraulic drive system allow these large assemblies, supported on Hilman rollers, to 
be moved with relative ease, both for installation and maintenance. A major purpose of this 
system is to allow access to all detectors for normal maintenance with minimal impact on 
the running schedule. 

Permanent tracks, fixed to the floor in the collision hall, serve for both installation and 
normal maintenance. Temporary track sections are used for installation and removal of the 
detectors or CM from the collision hall to the assembly area. 

The drive and lift system provides the horizontal travel and vertical lift actuation required 
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Figure 13.4: Illustration of the concept for moving the CM and detector carriages. 

to move the CM or detector carriages. The drive system comprises pairs of actuators which 
drive horizontally from incremented attachment points on the tracks to corresponding points 
on the carriages or CM. Hilman rollers running in lateral guides on hardened steel tracks 
provide accurate low friction action. The lift system comprises jacks which lift the carriages 
or CM from base corner points thus allowing rotation of the Hilman rollers to change rolling 
direction at intersections in the tracks. This rotation operation is necessary only for removal 
of the detectors or magnet from the collision area. 

Prior to the initial installation of the CM and detector carriages, the muon magnet 
and the muon ID absorber will already be in place. The permanent track system will be 
permanently affixed to the MFH floor. The temporary tracks are put in place and the CM 
is rolled into position. While the fields of both magnets are mapped the individual detectors 
are tested and installed into the carriages in the MFH assembly area. Prior to rolling the 
carriages into the collision hall, the CM must be removed to the assembly area to allow the 
far side carriage access to its position on the outside of the beam line. Then the CM is rolled 
in, followed by the near side carriage. The CM and carriages are locked down whenever they 
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are not actually being moved. Finally all detector components are surveyed in place. 
For normal maintenance, the permanent section of track in the collision hall will allow 

each detector carriage to be retracted laterally from the Central Magnet by 0.82 m. With 
the carriages retracted, the CM will be free to travel away from the Muon Magnet by 1.5 m 
in z. These large assemblies can then be rolled back into their data-taking positions with an 
accuracy of better than 1 mm. Such good tolerances eliminate the need for realignment of 
individual detectors. Only a quick survey and a straight-through-tracks run will be required 
to resume data taking. It will be possible to retract and replace the carriages and the magnet 
including required alignment and survey in one day. This will allow reasonably quick access 
to the BB counter on the muon end and Station 1 of the muon tracking system. Also both 
BB counters can now be mounted symmetrically to the CM. 

To minimize the time required to accomplish retraction of the arms and central magnet, 
and to facilitate testing, the utility and data connections to both the CM and the carriages 
are maintained through umbilicals. Since the Hilman rollers rest on hardened tracks, vertical 
jacking is not required prior to moving these systems. This allows z movement of the CM 
without removing the MVD or BB. 

For major maintenance or upgrades requiring removal of one or more detectors, the 
carriages will be moved from the collision hall to the assembly area. To accomplish this, the 
shield wall must be removed, the beam pipe disassembled, and temporary track segments 
laid in place. Then the near carriage, the CM, and the far carriage are rolled out in sequence. 
During the maintenance period, the shield wall and the beam pipe can be re-assembled and 
accelerator operation can resume. All of this can be accomplished within a standard 4 month 
shutdown. 

13.7 Test and Commissioning 
The subsystem groups are responsible for testing and commissioning their respective detec
tors. To minimize interferences and schedule/manpower conflicts, the SE group will coordi
nate the post-installation testing and commissioning process. Close collaboration with each 
subsystem group is required to plan the testing schedule, establish test parameters and spec
ify acceptance criteria for the respective detector systems. The test and commissioning plan 
will be approved by the DC members, Project Management, Engineering, and Safety/QA. 

13.8 Cost and Schedule 

The cost estimate and schedule for systems engineering and integration is presented in Ta
ble 13.1. In this table the carriage (WBS 5.5.1), faciltiy (WBS 5.5.2), integration (WBS 
5.5.3), installation (WBS 5.5.4), test and commissioning (WBS 5.5.5), and safety (WBS 
5.5.6) cost are shown at PHENIX WBS level 4. The detailed cost estimate, along with the 
schedules and profiles, is available in the PHENIX WBS book. The dictionary, basis of 
estimate, and contingency analysis are presented in the PHENIX WBS Notes book. 
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Because there are three additional sections (Integration, Installation, and Test and Com
missioning), as discussed above, the costs are not directly comparable to the numbers in 
CDR. Installation costs for the magnets and the muon ID absorber are not included in WBS 
5.5, but rather in WBS 5.1 under magnets (see Chapter 4). 
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Table 13.1: Cost Estimate and Schedule for PHENIX Systems Engineering and Integration 

WBS Deecriptiefl Total Coat 
1993 1994 1995 1996 1997 1t 

WBS Deecriptiefl Total Coat Q2|03|Q4 Q1|Q2|Q3|04 Q1|Q2|Q3|04 01|02|03|Q4 Q1|Q2|03|Q4 Q1|Q2 
63.1 Detector Carrlagee $554,767.16 63.1 Detector Carrlagee $554,767.16 

53.1.1 DeaigiVAnatyaia $257,314.81 53.1.1 DeaigiVAnatyaia $257,314.81 

• 5.5.1.2 Prototype-No! Req'd $0.00 • 
5.5.1.3 Fabrication / Aaeembly $258,714.11 

• 
5.5.1.3 Fabrication / Aaeembly $258,714.11 

63.1.4 Taatlng/Dabuggjng $38,758.14 

WBS Doacription Total Coat 
» 1994 1995 1996 1997 1998 19 

WBS Doacription Total Coat 03|Q4 Q11021 Q3|Q4 01|Q2|03|04 Q1|02|Q3|04 a i |Q2 |03 l04 01|Q2 03|O4 01|Q2 
5.5.2 Facilities $1,545,814.30 

5.6.2.1 Design 

Prototypa - Not Required 

Fab./Procure 

$84,565.53 

$0.00 

$946,162.91 

5.6.2.1 Design 

Prototypa - Not Required 

Fab./Procure 

$84,565.53 

$0.00 

$946,162.91 

i i S3A2 

Design 

Prototypa - Not Required 

Fab./Procure 

$84,565.53 

$0.00 

$946,162.91 

i i 

5.5.2.3 

Design 

Prototypa - Not Required 

Fab./Procure 

$84,565.53 

$0.00 

$946,162.91 

i i 

5.5.2.3 

Design 

Prototypa - Not Required 

Fab./Procure 

$84,565.53 

$0.00 

$946,162.91 

53A4 Install $460,153.21 53A4 Install $460,153.21 

5 3 2 3 TEST $34,932.66 5 3 2 3 TEST $34,932.66 | ' V 

WBS Daacrlptlon Total Coat 
» 1 1994 I 1995 1 1996 1997 1996 1999 

WBS Daacrlptlon Total Coat Q3IQ4 011021(33104 Q1|Q2|Q3|CI4 Ql|Q2lCalQ4 Q1|Q2|Q3|04 Q1|Q2|Q3|04 Q1|Q2|Q3 
63.3 Integration $1,244,610.46 H F̂—1 
5.5.3.1 Taehnlcal Oversight $573,698.66 i ! i • 1 
53.3.2 Interface control 

Paramatar Book 

$90,669.63 

$26,366.79 
H r——1 

53.3.3 

Interface control 

Paramatar Book 

$90,669.63 

$26,366.79 l i - i i ^^* l 

63.3.4 RHIOPnenix interlace $213,034.12 H I 63.33 TravaVUalaon $18,633.31 

$6,1».76 53.3.6 Coordination 
$18,633.31 

$6,1».76 

63.3.7 Fadllty Requirements $39,039.1V 

53.3.8 Survey/Alignment $25,954.30 

$282,136.66 

$0.00 

!' J 1 63.3.9 QARavlaw 

Survay/AIIgn Complotad 

$25,954.30 

$282,136.66 

$0.00 1! ! • 1 53.3.10 
QARavlaw 

Survay/AIIgn Complotad 

$25,954.30 

$282,136.66 

$0.00 1! ! • 1 

WBS Daacrlption Total Coat 
» 1994 1996 1996 1997 1996 1999 

WBS Daacrlption Total Coat Q3|Q4 QllQ2lQ3lQ4 01|Q2|03|Q4 Q1|Q2|Q3|04 01|Q2|Q3 04 Ql l02 lO3l04 Q1|Q2|Q3 
6 3 4 Installation $2,331321.04 w 
534.1 Design/Analysts $38313-76 

• 6.5.4.2 Prototype-Not Req'd $0.00 • 
834.3 Fabricate/Procure $325,234.16 

83.4.4 InatalVConnect/Siirvey/Teat $1,967,773.12 W 

WBS Description Total Coat 
» 1994 1996 1996 1997 1998 1999 

WBS Description Total Coat Q3IQ4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|04 Q1|Q2|Q3|Q4 Ql|02|O3lO4 Q1|Q2|Q3|Q4 Q1102103 
53.6 Datactor Taat and Commiaaioning $347,386.29 

63.5.1 Teat Plan $48,664.32 63.5.1 Teat Plan $48,664.32 

• 53.5.2 Prototypa-Not Raq'd $0.00 • 
6 3 5 3 Commiaaioning Taata 

Rovlawa 

$291,998.61 

$6,723.36 

• 
w 

53.6.4 

Commiaaioning Taata 

Rovlawa 

$291,998.61 

$6,723.36 

• 
w 

WBS Description Total Coat 
1994 1996 1996 1997 I 1998 1999 

WBS Description Total Coat 04 01|02|Q3|04 01 |Q2|03 |04 Q1|Q2|Q3|04 0 1 | Q 2 | Q 3 | Q 4 | Q 1 | Q 2 | O 3 | O 4 Crtl02|03 
53.6 Safety ft Environmental Protection $161,458.66 

53.6.1 Procedural ft Control $161,456.68 t 
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Project Management 

14.1 Introduction 
The basic structure of PHENIX Project Management (WBS 5.6) is unchanged since the 
CDR was submitted. There is some reduction in the cost estimate for project management, 
which results from two changes. First, some scientific manpower at BNL, which was formerly 
carried under project management, is now moved into the appropriate WBS areas. Second, 
there is expansion and redefinition of the area of effort now called System Engineering & 
Integration (WBS 5.5). Some tasks formerly listed under Project Management, including 
some related to safety and quality assurance, are now in WBS 5.5. 

The main components of the Project Management cost are several categories of man
power, including scientists, engineers, administrative personnel, and technical personnel, as 
well as project-related travel and communications. These are discussed in more detail below. 

The current cost estimate for project management is based on a 69-month (July 1993 
through March 1999) construction and installation phase. Construction funds are expended 
on this effort starting in July 1993. 

14.2 Personnel 

14.2.1 Scientists and Engineers 
The Assistant to Project Management, who is a Ph.D. physicist, is supported on PHENIX 
construction funds as of October 1993. There are a number of engineering functions not 
associated with specific WBS elements in the detector subsystems. For example, the position 
of Project Engineer, who is also the director of the Project Office, is described below. 

14.2.2 Technical and Administrat ive Personnel 
Technical personnel include a PHENIX Building Manager and a Technical Supervisor, whose 
jobs are to oversee the preparation of PHENIX space on site and to supervise the technical 
effort associated with detector installation. The project also requires a full-time equivalent 
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Table 14.1: Cost Estimate and Schedule for the PHENIX Project Management 

WBS Description ToUl Coat 
» 1904 I 1995 1996 1997 I 1998 I 1999 

WBS Description ToUl Coat Q3|Q4 Q1|Q2|Q3|Q4 Q1|Q2|Q3|Q4 01|Q2|03|Q4 Q1|Q2|Q3|Q4 01102103104 CM 102103 
5.6.1 Scientific Management and QA $1,712,583.60 

5.6.1.1 Baseline definition $«88,*30.24 5.6.1.1 Baseline definition $«88,*30.24 1 • . 1 ! 1 1 5.8.1.2 Project documentation $547,920.00 
1 • . 1 ! 1 1 5.8.1.2 Project documentation $547,920.00 W 1 I 1 * 5.8.1.3 Administrative assistance $426,160.00 

W 1 I 1 * 5.8.1.3 Administrative assistance $426,160.00 
I i 

5.8.1.4 Computing Equipment $50,043.36 
I i 

5.8.1.4 Computing Equipment $50,043.36 I | i i i 

WBS Description Total Coat 
» 1994 I 1996 1998 I 1997 1 1998 I 1999 

WBS Description Total Coat Q3|Q4 0 1 | Q 2 | Q 3 | 0 4 | Q 1 I Q 2 | Q 3 | 0 4 OllQ2l03lO4 Q 1 | Q 2 | Q 3 ! Q 4 | Q I | Q 2 | 0 3 | 0 4 Q1|02|Q3 
5.6.2 Site Management $397,466.16 w 

5.6.2.1 Coordination of alts praparatlon $178,200.00 , 1 ( 5.6.2.2 ConaumaMaa $219,266.16 w : 1 

WBS Description Total Coat 
B3 1994 I 1995 | 1996 1997 I 1998 1999 

WBS Description Total Coat Q3|Q4 Ol!02|Q3|04|Ql lQ2lO3iO4 Q1|Q2]Q3|Q4 Ql |Q2lQ3!04|ai |Q2|Q3lQ4 OllQ2lQ3 
88.3 Budgst tracking and rsporting $521,526.00 ^ r ^ ^ ^ l ^ ^ ^ ™ " w 
54.3.1 IntsmaJ budgat tracking $343,328.00 

$174200.00 
• I ! I i | 

5.6.3.2 Tracking a rsporting 

$343,328.00 

$174200.00 I eamaaj 

(FTE) for document and drawing control, budget and schedule tracking, and general project 
software maintenance. 

A number of other administrative functions, including procurement, contracts, and sec
retarial duties, are expected to be supported through existing departments and divisions of 
BNL, including RHIC and the Physics Department. 

14.3 Cost Estimate and Schedule 
The cost estimate and schedule for PHENIX project management is presented in Table 14.1. 
In this table the scientific management and quality assurance (WBS 5.6.1), the site man
agement (WBS 5.6.2), and the budget tracking and reporting (WBS 5.6.3) cost are shown 
at PHENIX WBS level 4. The detailed cost estimate, along with the schedules and profiles, 
is available in the PHENIX WBS book. The dictionary, basis of estimate, and contingency 
analysis are presented in the PHENIX WBS Notes book. 

The total cost estimate for project management is $2,360k in FY 1993 dollars, although 
nearly half this sum is covered by BNL operating funds. The cost in terms of RHIC project 
funds is $l,298k. The manpower resources for all the positions described above are in place. 

Under the assumptions used in estimating the cost of WBS 5.6, there is a continuous and 
uniform level of effort throughout the project. 
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Schedules and Profiles 

Cost estimates, schedules, and funding or resource profiles are presented in the WBS Book, 
which accompanies the PHENIX Management Plan. The WBS Book and the WBS Notes 
Book (dictionary, basis of estimate, and contingency analysis) will be available to the Techni
cal Advisory Committee at the Cost & Schedule Review, which will be held at BNL on 8-11 
November 1993. A version of the summary cost estimate will be sent in another mailing to 
the Technical Advisory Committee so that they have it before the Cost & Schedule Review. 
The numbers below represent the status of the cost estimate at the time of the printing of 
the CDR Update. 

15.1 Summary Cost Estimate 
The summary cost estimate shows the PHENIX WBS level 3 (RHIC WBS level 4) costs 
and funding sources. The total cost (assuming all elements of the baseline were built for 
the US-based cost estimate) exceeds $71M. In terms of construction funds from the RHIC 
Project, the cost in FY1993 dollars is $32.5M plus contingency. The bottoms-up contingency, 
described in the Management Plan and shown in the WBS Book, is 22% when averaged over 
the project. Therefore, with contingency the total cost in Project funds is $39.6M. This is 
approximately $4.1M over the budget; plans for addressing this shortfall are described in the 
Management Plan. 

Additional funding sources include: 

1. Institutional Contributions: Resources (primarily engineering and technical man
power) supported on the operating funds of several US and Canadian collaborating 
institutions. 

2. Japanese Funds: The member institutions of the PHENIX-J collaboration are con
tributing several detector subsystems built with Japanese funds. 

3. Other Foreign Contributions: Non-US collaborating institutions are building sev
eral detector subsystems with a combination of PHENIX project funds and their own 
resources. This results in a cost reduction (relative to US cost estimates for these 
subsystems. 
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The additional funding sources listed above account for approximately $28.3M. In addi
tion, there are deferred items totalling $10.3M. 

The estimated cost (with contingency) of $39.6M is to be compared with $34.8M at the 
time of the CDR submission in January 1993. Many factors contribute to this 14% increase; 
the major ones are: 

1. The stretch-out of the project to a new completion date of March 1999 had the effect 
of increasing the cost of manpower. 

2. Returning to a five-layer steel //ID absorber increased the cost of this item. 

3. Integration and installation tasks have been pulled together under WBS 5.5. In the 
process the cost increased, primarily due to the inclusion of previously overlooked 
efforts and resources. 
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Upgrade Options 

16.1 Introduction 
The baseline detector configuration of PHENIX is presented in Chapters 4 through 12 of this 
document. It is capable of performing a very large fraction of the PHENIX physics menu, 
as shown in Chapter 3. The detector design concept is an open one, allowing for the easy 
integration of future upgrades. 

Several possible upgrades to the baseline were identified in the CDR, namely: 

• Conversion of the four-layer TEC to a six-layer transition radiation detector/tracker 
(TRD). 

• Addition of a higher-resolution, finer-grained electromagnetic calorimeter. 

• Addition of a hadron-blind detector for Dalitz rejection at small radius. 

There has been no change in the list of potential upgrades since the submission of the 
CDR. There has also been no attempt at this time to make new cost estimates for the 
upgrade items along the lines of those prepared for the present update. Similarly, there 
has been no attempt to put a priority order to this list for the same reasons given in the 
CDR: "We expect the order of implementation of these and other possible upgrades to 
depend on a number of factors which cannot be determined at present. These include future 
developments in physics: Theoretical, experimental (both before we have data from RHIC 
and after), and technical. In some cases, particular upgrades will be the subject of specific 
proposals for additional funding; the fate of these proposals will also influence the order of 
implementation." Below we discuss briefly recent developments in each. 

16.2 Tracking TRD 
The upgrade of the PHENIX four-plane TEC to a six-plane tracking transition radiation de
tector (TRD) greatly expands the momentum region over which PHENIX has e/7r separation 
capability. The tracking TRD can separate electrons from pions starting at 1.0 GeV/c and 
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continuing above 50 GeV/c. Also, the dE/dx particle identification of the TEC improves by 
almost one order of magnitude when going from four to six active layers. Since the PHENIX 
baseline detector has limited electron identification above 3.5 GeV, the TRD upgrade im
proves the experiment's ability to measurement the J /^ , T, and Drell-Yan continuum. 

The PHENIX TEC has been designed to accomodate the upgrade to a tracking TRD in 
a straightforward way. An open area exists between each TEC plane where the TR radiator 
packets will be inserted. Support structures for those packets are incorporated into the TEC 
frames as are structures needed to support the TEC windows under xenon gas hydrostatic 
pressure. The front-end electronics for the TEC are being designed to handle a dynamic 
range covering energy deposits from both minimum ionizing particle dE/dx and transition 
radiation x-rays (Chapter 6.5.2). The 5-bit flash ADCs instrumenting each anode wire will 
have 28 levels set in the lower dE/dx range and three in the higher transition radiation 
range. Additionally, the gas system for the detector will initially purge the TEC P10 gas 
mixture into the air but is designed to be upgraded to a fully recycling system when xenon 
gas is introduced into the TRD. 

The scheme for upgrading from the TEC to the tracking TRD will involve the instru
menting of the final two TEC planes with electronics, installing radiator packets between 
the planes and changing the gas system into a fully recycling one. The detector gas will be 
changed from an argon-based mixture to a xenon-based mixture. At the present stage in 
the detector design, it isn't clear whether the TEC will have to be disassembled to allow for 
the installation of the radiators. The other aspects of the upgrade, however, involve little 
disturbance to the detector. 

16.3 High Resolution Photon Detector 
16.3.1 Overview 
Since the completion of the CDR, a detailed investigation as been carried out to study the 
design and performance of the high resolution photon detector for PHENIX. The results of 
this study are summarized in detail in PHENIX Note 79 [1], and in the proposal [2] recently 
submitted to the National Science Foundation. Here, a short description of the status of the 
proposal will be given, along with a brief discussion of the technical progress which has been 
made towards developing the high resolution detector. 

16.3.2 Changes 
Progress has been made in several areas since the PHENIX CDR was submitted. 

1. A proposal to build the high resolution PHENIX Plasma Photon Detector (P 3D) has 
been submitted to the National Science Foundation. 

2. The calibration scheme has been firmly established. 

3. The timing resolution of Csl and BaF2 crystals has been measured and found to be 
excellent. 
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4. The first full-size BaF2 crystals have been ordered and tested. 

5. The Csl prototype detector has now taken data under real experimental conditions in 
the BNL-AGS Au + Au program. 

NSF Proposal 

A proposal to build the PHENIX Plasma Photon Detector (P 3D) was submitted to the 
National Science Foundation in May 1993. The proposal is a collaboration of 11 institutions 
consisting mainly of PHENIX collaborators, along with several other groups which are not 
part of the main PHENIX experiment. Its purpose is to build the high resolution photon 
detector described in the CDR which will extend the p? coverage for photons into the region 
below 1 GeV/c. This will substantially extend the search region for direct photons from 
the QGP and the mixed hadronic phase beyond what will be attainable with the baseline 
PHENIX detector. 

The proposal was sent out for peer review early this summer by the NSF. The review 
process is continuing, but the initial reaction from the NSF has been encouraging. The total 
amount of of funding requested for the detector and accompanying system integration into 
the PHENIX experiment is approximately $7.1M. 

Progress on Detector Design 

Development work on the high resolution detector has proceeded with additional study 
and testing of the multicrystal prototype detector. A complete description of the entire 
set of test results is given Chapter 5 of reference [1], We have firmly established that an 
energy resolution of < 2%/VE can be achieved under test beam conditions down to very 
low energies. The actual resolution measured over the range from 50 MeV to 1 GeV was: 

E "° - 8 % ® JE® E 

It was also shown, as discussed in Chapter 4 of ref.[l], that the excellent energy resolution 
of the detector can be preserved even in the high multiplicity environment at RHIC. It was 
found that the energy resolution for an isolated photon in the 200-500 MeV range is increased 
from 1.8% to 2.2% (i.e., the increase is less than 50%), and its efficiency decreased by no 
more than about a factor of two, even in events with triple the average HIJET multiplicity. 

Additional test beam data have also been obtained on the time resolution for high reso
lution crystals at low energies. A series of beam tests were carried out at TRIUMF in March 
1993 in which the time resolution of both undoped Csl and BaF2 crystals were measured for 
electrons, muons and pions. Figure 16.1 shows some of the results obtained for electrons 
at a momentum of 150 MeV/c. The uncorrected time resolution for Csl was a = 159 ps 
versus a = 110 ps for BaF2- After correcting for the time resolution of the start counter 
which defined the beam (er = 95 ps), the corrected time resolutions were 127 ps and 55 ps for 
Csl and BaF2, respectively. This measurement clearly demonstrates the much better time 
resolution obtainable with BaF 2 , due to its much faster (r < 1 ns) decay time. It should 
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Figure 16.1: Time resolution for 150 MeV/c electrons measured at TRIUMF. Top: Csl 
(<r = 159 ps). Bottom: BaF2 (cr = 110 ps). After unfolding the time resolution of the start 
counter (<r = 95 ps), the corrected values are 127 ps and 55 ps, respectively. 

be noted that BaF2 is one of two main options for the type of crystal to be used in the 
final detector, and additional prototype work is presently under way for further study the 
performance of BaF 2 in a broader range of tests. Moreover, high quality BaF 2 crystals up 
to 17 radiation lengths in length (35 cm) are presently available from China at an attractive 
cost (~ 3/cm 3), and it is possible that suitable phototubes with the appropriate gain and 
window material may be available from Russia at a much lower cost that what is available 
from western suppliers. We intend to further explore all of these various cost saving options 
in order to try and reduce the overall cost of the detector. 

A further test of the performance of the high resolution detector in the actual heavy 
ion collisions was performed using the 11 A-GeV gold beam at the BNL-AGS in October 
1993. Our existing prototype detector, consisting of 30 undoped Csl crystals, was installed in 
experiment E877 and was used to measure photon production in central Au + Au and Au + U 
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collisions at forward rapidities. The detector took data with a pj threshold below 1 MeV, 
demonstrating that it is possible to operate a detector such as this with good sensitivity at 
very low energies, even in a very high multiplicity enviroment. We intend to use these data 
to measure the inclusive photon spectrum in central gold collisions and try to place some 
limit on the level of direct photon production at very low p?. This will be an important 
test of how the detector performs under actual running consitions, as well as our ability to 
extract real physics information from the data obtained. In addition, it will exercise other 
aspects of the detector, such as the laser calibration system, for which similar systems will 
be used elsewhere in the PHENIX experiment. 

16.4 Hadron-blind Detector 

16.4.1 Introduction 
The hadron-blind detector (HBD) is a device intended to measure electrons at small radius 
inside the CM field region around the collision point. The goal is to improve rejection of 
the dielectron background due to random combinations of electrons from photon conversion 
and Dalitz decay of x°. Rejection would be improved by detecting the soft partners of such 
electrons that curl up in the field and are not seen in the central arms. 

The HBD implementation under study is the same as presented in the CDR. It is a series 
of cylindrical gas volumes in which electrons produce Cherenkov light. The photons are 
detected with a parallel-plate avalanche chamber (PPAC) with a solid Csl photocathode at 
the outer radius of each gas volume. 

Research and development on the HBD was actively pursued during the past year on this 
idea, with encouraging results which were submitted for publication to NIM. The prototype 
tested is quite insensitive to hadrons but did not generate sufficient photoelectrons for good 
efficiency. Several improvements are incorporated in the version to be studied during the 
coming year: 

1. A better method of laying down the photocathode was used by the PHENIX group 
studying similar photon detectors for the RICH. This will be used in the next HBD 
prototype. 

2. A new PPAC with a wire configuration giving a more uniform E-field will be used. 

3. Several different gas mixtures will be studied to optimize the photoelectron yield. 

4. Faster amplifiers will be used to take advantage of the different time structure of 
electron and ion signals in the PPAC. 

A testbeam area is being set up at MIT's BATES Laboratory to provide better access 
for the HBD, and other PHENIX R&D efforts, to a high quality, low energy electron beam. 

I 
I 
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Collaboration and Organization 

17.1 PHENIX Collaboration 
The PHENIX collaboration consists of over 350 scientists, engineers, and graduate students 
from 44 institutions in 10 countries. The updated institutional distribution of the PHENIX 
collaboration is shown in Table 17.1. 

17.2 Management Structure 
Figure 17.1 shows an updated organizational chart of the management structure for the 
PHENIX experiment. The function of each box in the organizational chart in Fig. 17.1 
is described in the PHENIX Management Plan. The current members of the PHENIX 
management (Project Management, Executive Council, and Detector Council) are listed in 
Table 17.2. Institutional responsibilities are described in the Management Plan. 
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PHENIX Collaboration 

Brasil: Russia: 
U. Sao Paolo 3 IHEP-Pro tv ino 24 

INR-Moscow 7 
Canada: ITEP-Moscow 8 

McGill U . 10 J I N R - D u b n a 23 
Kurchatov Inst . 9 

China: P N P I - S t . Pe te r sburg 22 
CIAE 13 Individual 1 
I H E P 8 
Ins t . Mod . Phys . 8 Sweden: 
Peking U. 4 Lund U. 8 

Germany: U. S. A.: 
U . Minister 7 U. Alabama 4 
Individual 1 BNL 25 

UC-Riverside 5 
India: Columbia U. 14 

B A R C , Bombay 3 Florida S ta te 3 
Georgia S ta te 3 

J a p a n : Idaho NEL 4 
Hiroshima U. 8 Iowa Sta te / Ames Lab. 9 
I N S , U. Tokyo 5 LLNL 10 
K E K 7 LANL 16 
Kyoto U. 2 Louisiana S ta te 4 
Nagasaki Inst . 2 M I T 9 
N a t . Inst . Rad. Sci. 1 SUNY-Stony Brook 12 
U. Tokyo 6 ORNL 17 
U. Tsukuba 11 U. Tennessee 4 

Vanderbilt U. 4 
Korea : Yale U. 9 

Chung-ang U. 1 Individual 1 
Korea U. 
Seoul Na t . U. 

4 
6 

Korea U. 
Seoul Na t . U. 

4 
6 Total 366 

Soong-Sil U. 1 

Table 17.1: Institutional participation in the PHENIX collaboration. 
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Project Director: Sam Aronson 

Deputy Project Director: Glenn Young 
Project Engineer: Leo Paffrath 

Assistant for PM: Walter Kehoe 
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Brant Johnson 
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Figure 17.1: Organizational chart of the PHENIX experiment. 
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Project Management 
Spokesperson: 
Pro jec t Director: 
Depu ty Project Director: 
Pro jec t Engineer: 
Assistant for Project Management : 

Liaison Physicist: 

S. Nagamiya (Columbia) , nevis::nag 
S. Aronson (BNL), bnlcl6::aronsons 
G. Young (ORNL) , orph01::young 
L. Paffrath (BNL), bnldag::paffrath 
W . Kehoe (BNL), bnlcl6::kehoe 

B . Johnson (BNL), bnl : :brant 

Executive Council 
P. Braun-Munzinger (Stony Brook) 
J . Moss (LANL) 
F . Plasil (ORNL) 
R. Hayano (Tokyo, Japan) 
K. Yagi (Tsukuba, Japan) 
A- Vorobyov (St. Pe te rsburg , Russia) 
V. Manko (Kurchatov, Russia) 

Z. X. Sun (CIAE, Beijing, China) 
Z. P. Zheng ( IHEP, Beijing, China) 
R. Santo (Miinster , Ge rmany) 
I. Ot te r lund (Lund, Sweden) 
S. K. Mark (McGill , Canada) 
S. S. Kapoor (B AR C , Bombay, India) 

Detector Council 
Magnet : J . Thomas (LLNL) 
Tracking: E. O'Brien (BNL) 
T O F : Y. Miake (Tsukuba) 
Muon: W . Kinnison (LANL) 
On-line: G. Young (ORNL) + W. 
Off-line: S. Sorensen (Tennessee) 

Inner Det . : B . Jacak (LANL) 
RICH: H. Hamagak i ( INS, Tokyo) 
E M Cal: S. W h i t e (BNL) 

Zajc (Columbia) + T. Carey (LANL) 
Simulation: C. Magui re (Vanderbil t) 

Table 17.2: Members of the Project Management, Executive Council, and Detector Council 
for the PHENIX experiment. 



Appendix A 

Acronyms and Abbreviations 

A . l Physics and Simulations 

Table A.l: Acronyms and Abbreviations for Physics and Simulations 

Item Description 
FRITIOF a Swedish Monte Carlo event generator (a Norse god) 
GEANT standard CERN simulation program (French for "giant") 
HBT Hanbury-Brown-Twiss (Bose-Einstein correlation) 
HIJET Heavy Ion simulation program (derived from ISAJET) 
ID Identification 
PID Particle Identification 
PISA Phenix Integrated Simulation Application 
PISORP PISA Output Readback Program 
QCD Quantum Chromodynamics 
QGP Quark- Gluon Plasma 
Ex transverse energy 
PT transverse momentum 
Ptotal total momentum 
r radial dimension from beam axis 
Tc critical temperature (for the transition) 
y rapidity 
z dimension along beam axis 
AO solid angle 
V pseudorapidity 
<t> azimuthal angle 
9 polar angle 

A-l 
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Detectors and Hardware 

Table A.2: Acronyms and Abbreviations for Detectors and Hardware 

Item Description 
AB Analog Buffer 
ADC Analog to Digital Converter 
AMU Analog Memory Unit 
AP Analog Processing 
ASIC Application Specific Integrated Circuit 
B Buffer 
BB Beam-Beam Counter (Inner Detectors System) 
BC Beam Clock 
CM Central Magnet 
CFD Constant Fraction Discriminator 
CMOS Complimentary Metal Oxide Semiconductor 
COB Chip On Board 
CTR1 em Fictitious Central-Arm Tracker 
DAI Data Acquisition Interface 
DAQ Data Acquisition System 
DC Drift Chamber (Tracking System) 
DX Name of a RHIC magnet closest to the collision point 
DCM Data Collection Module 
DMU Digital Memory Unit 
DSP Digital Signal Processor 
EB Event Builder 
EMCal Electromagnetic Calorimeter System 
ENC Equivalent Noise Charge 
FADC Flash Analog-to-Digital Converter 
FEE Front-End Electronics 
FEUnnn Russian PMT #nnn 
FIFO First In First Out 
FOL Fiber Optic Link 
FOXFET Field Oxide Field Effect Transistor 
FPGA Field-Programmable Gate Array 
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Table A.2: Acronyms and Abbreviations for Detectors and Hardware 
(Continued) 

Item Description 
GARFIELD Drift-chamber simulation program 
GLn Global Level-n (trigger) 
G-10 Fiber-glass-resin composite insulating board 
heap ASK GLENN 
HBD Hadron-Blind Detector 
HDI High Density Interconnects 
HRX High Resolution Crystal 
HV High Voltage 
HVAC Heating, ventilation and air conditioning 
IC Integrated Circuit 
LLn Local Level-n (trigger) 
LSB Least Significant Bit 
LTS Local Trigger Supervisor 
LVL-n Level-n for trigger 
MB Mega Bytes 
MCM Multichip Module 
MCS Monitor and Calibration Supervisor 
MIMD Multiple Instruction, Multiple Data 
MM Muon Magnet 
MSB Most Significant Bit 
MVD Multiplicity Vertex Detector (Inner Detectors System) 
MUX Multiplexer 
//ID Muon Identification (Muon Arm) 
M P Microprocessor 
//T Muon Tracking (Muon Arm) 
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Table A.2: Acronyms and Abbreviations for Detectors and Hardware 
(Continued) 

Item Description 
NIM Nuclear Instrument Module 
PbGl Lead-Glass (EMCal System) 
PbSc Lead-Scintillator (EMCal System) 
PCn Pad Chamber # n (n = 1,2,3) (Tracking System) 
PGA Programmable Gate Array 
PLA Programmable Logic Array 
PMT Photomultiplier Tube 
PPAC Parallel Plate Avalanche Counter 
PPMD Programmable Prescalable Multilevel Discriminator 
POPOP organic compound (scintillator and wavelength shifter) 
QVC Charge-to-Voltage Converter 
RICH Ring Imaging Cherenkov Detector 
RISC Reduced Instruction Set Computer 
ROC Readout Controllerss 
TAC Time-to-Amplitude Converter 
TDC Time-to-Digital Converter 
TEC Time Expansion Chamber (Tracking System) 
TOF Time-of-Flight System 
TR Transition Radiation 
TRD Transition Radiation Detector 
TVC Time-to-Voltage Converter 
TTS Transit Time Spread 
uv Ultra-Violet 
VME Versabus Module for Eurocard 
VWVR Voltage Write and Voltage Read 
WLS WaveLength Shifting 
68K Motorola 68nnn Series Microprocessor 
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A.3 Organizations and Facilities 

Table A.3: Acronyms and Abbreviations for Organizations and Facilities 

Item Description 
AGS Alternating Gradient Synchrotron 
BARC Bhabha Atomic Research Center, India 
BNL Brookhaven National Laboratory 
CDF Collider Detector Facility (an experiment at FNAL) 
CERN Centre European pour la Recherche Nucleaire (Switzerland) 
CIAE China Institute of Atomic Energy 
DESY Deutches Electronen Synchrotron (Hamburg, Germany) 
DOE Department of Energy 
ESB Experimental Support Building 
Ennn Experiment #nnn at the AGS. Also, Experiment jj^nnn at FNAL. 
FNAL Fermi National Accelerator Laboratory 
GAMS a Russian lead-glass array at CERN 
GEM Gammas, Electrons, Muons (SSC experiment) 
GSI Gesselschaft fur Schwerionen Forschung (Darmstadt, Germany) 
IEEE Institute of Electrical and Electronic Engineers 
IHEP-Beijing Institute of High Energy Physics, Beijing, China 
IHEP-Protvino Institute of High Energy Physics, Protvino, Russia 
IMP-Landzou Institute of Modern Physics, Landzou, China 
INR-Moscow Institute for Nuclear Research, Moscow, Russia 
INS Institute for Nuclear Study, University of Tokyo, Japan 
ISR Intersecting Storage Ring (at CERN) 
ITEP-Moscow Institute of Theoretical and Experimental Physics, Moscow, Russia 
Idaho NEL Idaho National Engineering Laboratory 
JACEE Japanese-American Collaborative Emulsion Experiment 
JINR Joint Institute for Nuclear Study, Russia 
KEK Institute for High Energy Physics (Koh Energy Ken), Japan 
KEK-PS Proton Synchrotron at KEK 
LANL Los Alamos National Laboratory 
LEP Large Electron-Positron collider at CERN 
LBL Lawrence Berkeley Laboratory 
LLNL Lawrence Livermore National Laboratory 
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Table A.3: Acronyms and Abbreviations for Organizations and Facilities 
(Continued) 

Item Description 
MFH Major Facility Hall 
MIT Massachusetts Institute of Technology 
NAnn North-area experiment # n n at CERN 
ORNL Oak Ridge National Laboratory 
PHENIX Pioneering High Energy Nuclear Ion eXperiment 
PHENIX-J PHENIX-Japan 
PNPI St. Petersburg Nuclear Physics Institute, Russia 
RHIC Relativistic Heavy Ion Collider 
SDC Solenoidal Detector Collaboration at SSC 
SUNY State University of New York 

ssc Superconducting Super Collider 
SSCL Superconducting Super Collider Laboratory 
UAn Underground-area experiment #ra at SppS at CERN 

uc University of California 

us United States 
WAnn West-area experiment #nn at CERN 
ZEUS detector (named for a Greek god) at HERA e-p collider at DESY 
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A.4 Management and Miscellaneous 

Table A.4: Acronyms and Abbreviations for Management and Miscellaneous 

Item Description 
CDR Conceptual Design Report 
DC Detector Council 
EC Executive Council 
EDIA Engineering, Design, Inspection, Administration 
ES&H Environment, Safety and Health 
MOU Memorandum of Understanding 
PAC Program Advisory Committee 
PM Project Management 
PO Project Office 
R&D Research and Development 
SE Systems Engineering Group at BNL for PHENIX 
SEAPPM Safety and Environmental Administrative Policy and Procedure Manual 
TAC Technical Advisory Committee 
TBA To be Assigned 
WBS Work Breakdown Structure 
pCDR Preliminary Conceptual Design Report 


