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GEM Electronics/Triggering/DAQ Meeting
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September 4, 1991

Abstract:

Transparencies and contributions from the
Electronics/Triggering/Data Acquistion Meeting held at the SSCL
on September 4, 1991
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Overview of Trigger Architacture etc.
Front End Specifications, rack placement, et
Update on Electro-optic modulators

TRD Mucn Trigger
RPC Muon Trigger
High-Speed GaAs ADC's

A Programmable System for Missing E_T Trigge:
Cluster Finding, and DAQ/Compaction

DAQ Schemes

Next three talks to be held in joint session with Computing Group . . .
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Return to Trigger G-.oup Only .

4:20

t.b.a

Couffee

Wang

McFarlane

Discussion

Intel Touchstone Level 2/Level 3 Processor Farm

Missing E_T Triggers {to be confirmed)

Status of GEM MC Package

.

Plans for Lol etc.
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Electronics Working Group Activity

e Members: Bauer, Denes (CERN), O’Connor,
Paffrath, Radeka, Sippach, Sumner, Wadsworth
(Marlow & Shaevitz ez officio)

e Activitjes

— System Architecture

— Strobe Timing Distribution
— Analog Sampling

— Calibration

— Rack Placement



Calorimeter Readout Performance Specifications

e 16 ns sample rate. ~ 2-5 samples per hit
¢ Dynamic Range > 2!°
e Resolution > 8 bits
¢ Total Conversion time < 10 us (for ~ 5 samples)
o Packagiug
— ~ 25 channels per FASTBUS-sized board

— = < 3 W/channel
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Q TEXAS INSTRUMENTS HA

GaAs HETEROJUNCTION BIPOLAR ADC TECHNOLOGY

OXYGEN

FEATURESIZE  5x5um EMITTER
METALPITCH  Spm




Placement Options

OE: On Element < No cable
ID: In Detector, e.g. in gap between EM and HCAL.
OD: On Detector, e.g. bolted to return yoke.
ND: Near Detector, e.g. lower counting room.
OS: On Surface, e.g. headhouse.
Loecation Summary
Cable Path | Radiation
S - RO
Loc. | Access Time meters Rad/Year Comments
OE Weeks ~ 0 500 — 150K | Access difficult
ID Weeks 2-5 < 10 Limited Space
OD Hours 20 - 30 —_ Beam Off
ND Minutes 60 — 80 — Beam On
SD Constant 100 — 130 —_
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Figure 3. Simplified diagram of the operation of the Mach-Zehnder integrated optical modulatoer.

of the modulator response function. This setting
is denoted as the halé-power pomt. For the smail
signal levels typrcaily read off the dnft chamber
sense wire, the modulator transfer curve was

linear about the half-ﬁwer overahns atnt. If

tions of the Nd:YAG laser source. This resuitant
signal was sent to an osciiloscope for observation
and recording. Figure 4 shows a picture of the
output of the modulator/receiver system. The
pulses are clearlv discernable over the noise.

sur experimental demonstrations of LLNL E/O technology in the HEP environmen
have been very successful, and well received

...... concentrating on goals that would bolster credibility and quickly demonstrate institutional effectiveness.

-

+ Sensitivity demonstration with 800 and 1300 nm systems
dynamic range of 5 decades reasonable target, ref. 1 : _
- First observation of muon chamber charge signals with E/O modulator without electron
... achieved with LLNL muon chamber, ref.2
«' Collaboration with MIT (Ulrich Becker, et. al. from Ting's group)

-- demonstrated direct charge readout of drift tube--- no preamp !!

-- measured Fe 55 decay spectrum o
-- demonstrated direct readout in B-field environment expected within the SSC detec
... at 0.8 Tesla no effect L

-- measured muon track resolution with modulator readout system
-- familiarized key members of HEP community with technology

~ref. 3 _
« Radiation hardness demonstrate i in collaborative expeniment at LAMPF

--rel, 4 ~ lo $S¢C Jear dove — Ou\l sl\ad' ethects
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Typical problems of
Digital triggers & Data acquisition/compaction
in Calorimetry of High Energy Physics.

For any number of channels:

1. Calculate the total energy and
the transverse energy

!\)

Calculate the geographical address
of clusters (local maxima).

3. Apply a threshold to the combined energy
of a local maxima and of its neighbeors.

4. Isolate from the empty calorimeter
channels:
- the clusters found along with their regions
of interest and
- calculate their cluster shape-factors
(e.g. to separate pions/electrons).
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&apid inprovements in performance of com-
wercially available

- Digital Signal Processors and of ? I~ qrate

o c“"' v \J
- Data-driven Array Processors Uecks im0

35"\“-

are an invitation to make a serious effort

- to efficiently integrate these commercial com-
ponents

-in a design that satisfies the requirements of
the applications in HEP.

The decision of developing a new VLSI special
digital precessor

- should be weigited very carefully
- because of ¢he difficalty of pi oviding all nec-
essary software development tools.
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Table 1 - Characteristics of RPCs
plate bulk resisgviry | - 101151 Q em
elecric field -40 kV/cm
puise charge 102pC
pulse rise time ~3ns
puise duradon ~20ns
efficiency ~97%
discharge area 0.1 em?
recovery dmne 1025
time resoiution ~1ns

2. Resistive Plate Chambers

The Resistive Plate Chambers, developped in Rome ten years ago, work at 3
uniform electric field of ~ 40 kV/cm between paralie] electrode plates of a plastic
rhenoiic material (bakelite) with a reststivity p 7 1012 Q cm. The piates. 2 mm thick,
are kept separated at a distance of 2 mm by spacers of polyvinyi chloride. Gas tighmess
is insured by a frame of the same material. The sensitive volume is filled with a gas
mixture of argorvbutane pius a small percentage of freon 13B1 at normai pressure. The
generating field electrodes are lzyers of a graphite varnish coating the outer surface of
the plates. They are isolated from the read-out elecxodes by 2 300 pm thick film. A
sectiont of the chamber is shown in Fig. L.

Sketch of a Resistive Plate Chamber

Resistive elecorode plates Pick-up sn'i.ps + H.V.
p =101Qxem h /f\ *

_...._--.k___-..--..-‘___-.-__-___-._----

Argon/n-Butane 60/40
Freon 3+5%

j:-oa.-uu- asetssNsatsnvaone -/.’7 j----n.--o.oo ;oo=o

1 //7 N

Insulanng film

Graphm: pa.mr.ad elecrodes
= 100K/

P.Y.C. spacers
Fie. 1
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Resistive Plate Chamber R&D Collaborative Work C

« Collaboration with Professor Irwin Pless's group at MIT.

+BU + Briwn + le‘q:‘q
« MIT will do the following:

+ Acquire an ltalian bakelite RPC (1m x 2 m).
 Set up a test stand to measure:

» spatial resolution as a function of length along the readout strips,
» time resolution

» gas choice - non-flammable

. n0|se

? h particle flux performance ( < 100 Hz/cm® ?)
performance in high neutron flux (important for plastic based RPCs)
« choice of readout electronics
- choice of fast trigger electronics

- Test facility with muon telescope, three component gas system, etc.

« LLNL will test glass-based counter on MiIT test stand for comparison
to the Italian RPC.



Resistive Plate Counter R&D at LLNL -
Craig Wuest, Elden Ables, Richard Bionta, Dan Makoweicki

« RPC R&D at LLNL is taking advantage of an extremely capable
Chemistry and Materials Science Division.

« We have expertise in coating a variety of dissimilar materials
using a number of different technologies:
e.g. sputtering of As on Pu.

+ We have identified a resistive soda-lime glass as a candidate for
RPC plates (in place of the carbon-painted phenolic).

. We will build a 25 x 25 cm” RPC in the first part of the program,
based on the work of Cardarelli, et al., NIM A263 (1988).

- Discussions with |. Pless of MIT have been initiated and a joint
effort to develop RPC's Is envisioned.

- Larger 1 x1m  RPC's in the future.
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DPHI aAnD RAYS  TRIGGERS
ek _
DPHI s A vauD TRIGGER F THERE IS A COINCIDENCE BETWEEN PADS
PHI3(i) AND ONE OF PHI2(i +/- thr)
WHERE thr = 0,1,2,3,....
%
RAYS s A vALD TRIGGER IF CALCULATED ANGLE BETWEEN
RAY2Z AND RAY3 IS SMALLER THAN A GIVEN THRESHOLD

~ GEM*DETECTOR 21/ 8/91 "
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Computing in High Energy Physics *91 Tsukuba City,
Japan March 11-15, 1991.

A FAST CLUSTER FINDING SYSTEM
FOR FUTURE HEP EXPERIMENTS

D. Crosetto

P

INFN, Torino, Italy.

Abstract

The recent rapid improvementsin performance of
commercially available Digital Signal Processors and Data-
driven Array Processors, make attractive their efficient
integration into the front-cnd trigger and data acquisition
electronics of future detectors for High Energy Physics
(HEP), in place of developing new VLSI processorsfor this
special purpose. MIMD parallet hybrid processing system
based on Data-driven Asray Processors, Digital Signal Proc-
essors (DSP) and Transputers for trigger decision, data
acquisitionand compaction is described. The hybrid nature
refers to the method of message passing based on both scrial
and parallel exchanges. The system is modular and suitable
for all calorimeter sizes including the ones proposed in the
R&D for the LHC experiments. The aim is to give full
programmability for the trigger decisions and for the data
compaction, over the cntire calorimeter at the single-chan-
nel granularity level, with no boundary limitation. The fast
cluster finding system is based on two cooperaling levels,
the higher one vtilizing FDPP, and the lower one, the new
data-controlled array processor for video signal processing,
DataWave. The proposed architecture provides one Data-
Wave Processing Elements (PE) for each calorimeter chan-
nel and one FDPP module for every 256 DataWave process-
ing clements. These numbers bave been chosen for an
optimized design but may be changed. Fastinter-processor
communication within the DataWave array overcomes the
problem of oveslapping areas, and cffectively provides a
continuous array of processing clements. Local maxima,
along with their energy, are found in a very short time from
the data-driven array processors, and are then easily selected
and transferred, with the data of their region of interest, to
a higher-level DSP array-processor sysiem even if part of the
data fall outside the region originally attributed to a particu-
lar FDPP,

1. Introduction.

Typical requirements for digital triggers and Data
acquisition/compaction in Calorimetry of High Energy
Physics Experiments can be summarized as follows (a more
detailed description can be found in section 4):

(2) toload DATA from the calorimeter and free the front-end
electronics for a subsequent acquisition;

(b) to find the geographical address of clusters (or local
maxima corresponding to the center of an energy cluster
derived from the full granularity), calculate their ener-
gics and apply different thresholds,

(c) to calculate the missing encrgy and the transverse energy
of the event,

(d) toisolate the clusters found, and their region of interest,
from the empty calorimeter channcls, and calculate the
cluster shape-factors (e.g. to separate pions from elec-
trons).

The fast cluster finding system described hereinis
based ontwo cooperatinglevels, the higher one utilizingthe
FDPP (or FDPP_DM) Fast Digital Parallel Processing
module [1], and the Jower one, the new data-controlled array
processor for video signal processing, DataWave {2].

Figure 1 shows an example of a general layout of
atrigger and a data acquisition/compaction scheme with its
related data-flow phases and timing for a typical calorimeter
of future HEP experiments.

The DataWave array processing system is made of
DataWave chips, (fig, 2) each one containing 16 identical,
but individually programmable, processors working on the
data flow principle and organized in a matrix form. Each cell
isa RISC processor with 12-bit architecture which operates
on the pipeline principle. The cells communicate with their
four nearest neighbors via asynchronous paraliel buses. The
computing power of one processor is up to 125 MIPS, where
aninstruction mayimply two operations, and the maximum
data transfer rate via the processor boundaries is 750
MByte/s. The program memory of cach processor is 64
words of 48-bits each.

The Fast Digital Parallel-Processing {(FDPP) sys-
tem is a modular system in which each node consist of one
Digital Signal Processor (DSP) tightly coupled to one
Transputer. Any number of nodes can be interconnected
using the four serial links (1.2 Mbyte/s) provided by the
Transputer, while any data source can communicate in a
parallel manner with the DSP up to 10 Mbyte /s.

The Fast Digital Parallel-Processing Dual triple-
port Memory (FDFP_DM) module has the same architecture
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as the FDPP module with an additional internal direct-to-

memory channel permitting data transfer at up to 150 Mbyte/

s with either memory bank “X” or *Y". )
There are three level of programmability:

(a) low level assembly code for the DataWave,

(b) assembly and “C” for the DSP32C, and

(c) high level language (OCCAM, C,FORTRAN, ADA) on

the Transputer.

' A crossbar switch is being designed to switch the
parallel 170 posts of the DataWave chips to one of the
following:

- the calorimeter input channels,
- the adjacent DataWave chips and
- the FDPP parallel array.
The design is presently waiting for the final speci-
fications of the DataWave chip.
Inthe examined case, the Calorimeter channel values are

digitized from A/D converters.
| P

Wast Eant
I R o t'l

Fig. 2 DataWave chip architecture (courtesy of ITT).

The data-flow from the calorimeter with its associ-
ated timing (in parentheses) can be described as follows (see
fig.1):

PHASE 0 The DataWave crossbar switch is set to INPUT
from the FDPP (or FDPP_DM) array system
which loads all programs and constants into the
DataWave array.

PHASE 1 The DataWave crossbar switch is set to INPUT
from the Calorimeter so that digital values can
be transferred from the calorimeter to the Data-
Wave Processing Elements (PE) 64 ns), next
DataWave crosshar switch register is set to 1/0
between DataWave PE.

At this stage, the “front-end” electronics is
free for the next acquisition (64 ns after digit-
ized data was ready).

PHASE 2 Data recetved from the Calorimeter is exchanged
between cach DataWave Processor and its cight
neighbors.

PHASE 3 The DataWave array finds all “Jocal maxima”, cal-
culates their energics and compares them with
a threshold. A local maximum is defined as a
channelvalue greater than or equal that of any
of its 8 necarest neighbors. “Local maxima”
addresses and energies are then available at this
stage (304 ns).

Total energy or transverse energy are cal-
culated at this stage as partial results on 256
calorimeter channels. One of these tworesults
can be obtained within the same time as the
search of local maxima in a pipeline mode,
while the other requires an additional 300 ns.

PHASE 4 The DataWave array transfers results of a 256-
channel total energy or transverse energy deter-
mination, “local maxima” and their region of
interest (which may extend beyond the area
covered by the 256 channels) tothe DataWave
array exit which points towards the FDPP (480
to 600 ns). The DataWave crossbar switch reg-
isteris set to 1/0O from the FDPP array.

PHASE S Total cnergy or transverse energy from 256 chan-
nels, “local maxima™ and their region of interest
are transferred from the DataWave array to the
FDPP array (1to 15 ’ls).

PHASE 6 The FDPP array (DSP part) calculates all duster-
shape factors to separate, for example, pions
from electrons (15-30 fs).

PHASE 7 The FDPP (Transputer part) correlates the resulis
and transfers them to the Crate Controller (30-

50 phs).

2. State-of-the-art technology integrated in high-energy
physics experiments.

Future experiments require clectronic perform-
ance that may not yet seem available on the market. Much
of the analog circuitry required for a given HEP application,
is so specialized that it is impossible to find it among
commercial components. Then the necessitytodevelopan
ASIC or a VLSI circuit is unavoidable. For some very fast



and special combinatorial logic or a device with very few

specialized instructions, it may really be necessary to de-

velop a special chip, '

For digital circuitry the situation is different, and
before proceeding one should carefully investigate the latest
technological advances in the ficld of programmable de-
vices where progress is presently very fast, and make a
serious effort to efficiently inlegrate these commercial
components in a design that satisfies the requirements of the
application. A decision to make a digital ASIC should be
. weighed very carefully because of the difficuity of providing
all the necessary software development tools.

In order to efficiently integrate the commercial
components (Data-driven array Processors, DSP and
Transputers) in High Encrgy Physics applications, the fol-
lowing considerations have been and should be kept in
mind:

(a) to find the optimum balance between the tasks (o be exe-
cuted and the processor characleristics,

(b)tofind the best interconnection scheme (tightly coupled
or loosely coupled) among processing elements in each
processor array and between array processors.

(c) to define a flexible processor architecture with the
possibility to change dynamically the topology of the
system (¢.g. from a tree structure to a mesh structure) on
the high level of array processor and with a data flow
based architccture on the lower level of array processors

The reason for having used two processors
(Transputers and DSPs) on the higher level with different
cost per Mllops, s because the AT&T DSP32C at a very low
cost per Milop can do most of the rapid calculations while
the Transputer array at a higher cost per Mllop, gives an
casier means to the user to distribute tasks over several
processors (Transputers and DSPs) and to correlate results.

The low cost of the DataWave Processing Element
(PE) gives instead on the lower level the possibility tomake
a scheme where there is one processor for each Calorimeter
channel, ideal for rapid paralle! calculations.

The features of the fast parallel 1/0 connection, as-
sociated with the interconnection scheme adopted in this
system, provides a fast means to cxchange data:

(a) from the calorimeter channels to the DataWave array,

(b) between PEs of the DataWave array, giving the full
granularity of the calorimeter channels without bound-
ary limitations.

(c) between DataWave array processors and the higher-level
array of FDPP (DSPs and Transputers).

3, System modularity and Nexibllity.

The present system is modular in the sense that a
“Logjcal Unit” is made of one FDPP (or FDPP_DM) module
and 16 DataWave chips organized in a matrix 4x4 thus
giving a platform of 256 DataWave Processing Elements
organized in a matrix of 16 x 16. This choice does not
introduce any boundary limitationsin the DataWave Array
but is simply a practical choice in associating the PE with the
closest exit point to the higher-level of processors {fig. 1)

The higher-level Processors (FDPP or FDPP_DM)
are linked to the Crate Controller (VME or IBM PC) and

‘among themselves through the Transputer serial link (at 1.2

Mbyte/s max) or through the 32-bit parallel 1/0 port (upto
150 Mbyte /s max).

Any number of *“Logical Units” can then be inter-
connected in a matrix scheme, regardicss of the hardware
platform used (VME, FASTBUS, etc.).

All timings given in this report should be independ-
ent of the Calorimeter size (100 to hundred thousand chan-
nels). As the size of the Calorimeter increases, the only time
increases is the one required to transier the data of the
clusters found from the transputer tothe Crate Controller.

4. Requirements on the calorimeter triggers and data
compaction. '

4.1. Triggers requirements.

From the requirements specified for triggers for the
future colliders [3-5), one may conclude that simplified
algorithms which execute in very short time should be
capable of providing a reasonable selection. Inthe case of a
calorimeter, the main algorithms are:

(a) Total Energy {4,5]
E, sE c,E,
(b) Transverse Encrgy [4,5]
E, = E, cosg,
where:  “q” is the calibration constant for channel *5”

“E"isthe signal for channel “i” and
@ is the angle of incidence of channel “3”.



(¢) Identify clusters or local maxima in the whole calorime-
ter [6-8], (a local maximum is found when a cell value
is greater than or equal to that of any of its neighbors).

C> | fori=1,.,8 (sce fig. 3)

11 L
cy] E=3XL+C
111 i=1
Fig. 3 Local maximum.
(d) Apply atbreshold tothe sum of the energics of the local
maximum and of its neighbors,
8
THRESHOLD< J 1+C
i=1

(e) Calculate the cluster shape factors:1/C,0/C, [6,7] (c.g.
to separate pions/electrons)
8
/C=(1/8Z 1)/C

i=1

16

O/C=(1/16 3 0)/C
i=1

(sec fig. 4)

4.2, Data reduction during acquisition,

To have the possibility to analyze more in detail
each local maximum, that is a candidate to be a cluster, a
relative large area (region of interest) surrounding the jocal
maximum must be saved as useful data for furiher analysis.
On the other band, there is no need to transfer zeros from
empty channels. The DataWave array is therefore capable of
achieving a substantial reduction of the amount of data.

5. Performance of the system on real-time algorithms.
5.1. Finding “local maxima” on the DataWave array.

Each digital value of the calorimeter channel is
transferred into a DataWave Processor. The DataWave
array program to do this is shown in Table 1. I n
the first five Lines calibration constants and thresholds are
loadedinto registers (r11tori5). The next four instructions
perform the following actions:

(&) each input value from the calorimeter (n) is multiplied by
the relative calibration constant and accumulated

(b) the same value isalsostored intocal PE registers (£5-19)
anddistributedtotheadjacent PE. Inthe caseof cell 0,0,
the data are sent east (e) and south (s).

Table 1. DataWave Program totransfer input datainto PE.
12 ri=C4
L2=C5
13=C1
14=C2
r15=THRES
/* START LOADING FROM READOUT ELECTRONIC */
10- alu=alu+n*rll, e=s=r9=n
t1- alu=alu+n*rl2, c=s=18=n
t2- alu=alu+n*r13, e=s=5=n
13- au=alu+n®*rl4, e=s=16=n
J* END LOADING FROM READOUT ELECTRONIC */

In order to calculate the “local maxamum”, each
processor needs to have the data of its neighbors inits own
memory (see fig. 3). This task of transferring the data
between processors is accomplished in a programmable way
bythe DataWave processors (Tables 1and 2). The required
time for this task is 128 ns. During the execution of the above
program shown (see Table 2) partial calculation of the
energy is also accomplished, thus only an additional 112 ns
are required 1o have the energy of each “local maxima”.

Table 2. DataWave program to exchange data with ncigh-
boring PE.

/* START TO EXCHANGE DATA WITH NEIGHBOR-
INGPE®*/

t4- 2zn w=i5

t5- ac=rB+19

16- 3’=e, acc=acc+rS
(- s=rd=w, n=1§

18- acc=acc+r13

{9- w=r5, accxacc+rh
t10- n=w, rI=g

ti1- ri=n, acc=acc+r2
t12- acc=acc+r4 s=al

/* END OF DATA EXCHANGE WITH NEIGHBORING
PE*/

The program listings for DataWave processor are
derived from the exampies reported in ref. [2], and should be
considered preliminary as the DataWave chipis still under
development.
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SUMMARY

. Requirements on Calorimeter
Triggers & Data acquisition

. Integration of commercial components
in High Energy Physics applications

. Fast cluster finding system

on two cooperating levels
of Arrays Processors

. Performance of the system on

Real-time algorithms.

. What is available today of the

described system.
(execution time of real-time algorithms
on present and future systems are given)



Typical problems of |
Digital triggers & Data acquisition/compaction
in Calorimetry of High Energy Physics.

For any number of channels:

1. Calculate the total energy and
the transverse energy

2. Calculate the geographical address
of clusters (local maxima).

3. Apply a threshold to the combined energy
of a local maxima and of its neighbors.

4. Isolate from the empty calorimeter
channels:
- the clusters found along with their regions
of interest and
- calculate their cluster shape-factors
(e.g. to separate pions/electrons).
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dligged itnprovements in performance of com-
mercially available

- Digital Signal Processors and of
- Data-driven Array Processors

are an invitation to make a serious effort

- to efficiently integrate these commercial com-
ponents

-in a design that satisfies the requirements of
the applications in HEP.

The decision of developing a new VLS special
digital precessor

- should be weighted very carefully
- because of she diffscalty of p: oviding all nec-

essary software devdlopment tools.



A
i 16 to 30 us Phase &
FDPP 4! 4E17 L A
ARRAY | Vol Rolpul e ¢t * ¢ FOFF
%r 14 s 0/ 1 to I1Sus Phase §
crossbar switel
1/0 from FDPP
480 to 600 ns Phase 4
18 x 18 DataVWave :
(T T 7T 77T —_—
Datayave A A LA AL, (304 DS 4bDRESS
ARRA LT AT Phase 3

MZ 7 727 7 2 72272 72 77 7

192 ns Phase 2

A

84ns

" froat—end”
is free

crossbar switck

TTV1/0 <> DataWa

Phase 1

0 DATA Read
A from W

crossber switch

Time

"INPUT from Cal
Phewe 0

1IN S TWDD



The fast cluster findimg system is based on two
cooperating levels of Array Processors:
- Higher level: FDPP

(Fast Digital Parallel Processing Module
based on DSPs and Transputers)

- Lower level: DataWave

‘(Data-controlled array processor for video
signal processing. Elektronik magazine 12/June
8, 1990) o

‘/‘u 053 W .k'\'"
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DataWave chips

The one described in the magazine El-
ektronik 12/june 8, 1990 has:

- 16 identical PEs(in program also with one and
64 PEs)

- individually programmable

- working on the data flow principle and or-
ganized in a matrix form

- each PE is a RISC processor with 12-bit
architecture which operates on the pipeline
principle

- each PE communicate with their four nearest
neighbors via asynchroaous parallel buses

- each PE can have a maximum program
length of 64 words of 48-bitseach.



FDPP + DATAWAVE system

gives the possibility to realize a

FLEXIBLE ARCHITECTURE

®, MIMD PARALLEL HYBRID SYSTEM
(loosely coupled but with both serial and parallel exchange)
on the higher level array processor

(DSP + Transputers) |

-~ with the possibility to change dynamically the topology
of the system (e.g. from a tree structure to a mesh
| structure) |
@ - with 1.2 Mbyte/s scrial links
- with parallel channels of up to 150 Mbyte/s

2. DATA FLOW BASED
on the lower level array processor (DataWave)

- with 750 Mbyte/s maximum transfer rate between
. chips.



1. MIMD PARALLEL HYBRID SYSTEM

used for:
- distributing processes over several prowésors
- concentrating the processing power in the region

of the detector where tl:lere_ are some interesting
data. | |

2. DATA FLOW BASED
used in:

(@) CALORIMETER
- fast data correlation

(b) TRACKING DETECTORS
- should be possible to reconstruct tracks usmg
the data flow principle:

Processing Elements execute programs
when the input data is available.



— one DataWave Processing Element (PE)
— for each Calorimeter channel

DataWave

/e , ARRAY
= -7~ 375 Mbyte/s transfer
< e rate per
CALORIMETER DataWave
CHANNELS e iz chip
Y j i
3 5 f
als L7 i
QIO i

;




A "local maximum’ is a channel value
greater than or equal to its neighbors

8
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- the Calorimeter (A/D conmverters) = =&
® and from neighboring DataWave chigs -
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E—C
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32 33 34/35
T T e L
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() e
® South

Each DataWave sends DATA to:
— neighboring DataWave processors

West East




ews > v &
DataWave program to tr
input data inty PE

/* START LOADING FROM\ R OUT ELECTRONIC */ @

E alu=alu+n*ril, e=s=r9=n
t1 alu=alu+n*ri2, e=8=r8=n
t2 alu=alu+n*ri3, e=8=rd=n

E' alu=alu+n®ri4, e=s=r6=n

/* END LOADING FROM READOUT ELECTRONIC */

DataWave program to exchange
data with neighboring PE

/* START TO EXCHANGE DATA WITH NEIGHBORING PF

t4 r2=n, w=rd ®
£S5 acc=r8+r9
' t6 r3=e, acc=acc+rd
t7- s=r4=w, n=r5
| t8 | acc=acc+r3
| t9 w=r5, acc=acc+r6
£10] n=w, r7=s
t11! ri=n, acc=acc+r2
t12! acc=acc+r4, s=alu

/¢« END OF DATA EXCHANGE WITH NEIGHBORING PE *




Fast inter-process communication within
the DataWave Array
- overcomes the problem of overlapping areas,
- and effectively provides a continuous array of
PEs.

Local maxima, along with their energy,
- are found in the DataWave array and
- are transferred, with the data of their region
of interest,
- to a higher-level DSP array-processors sys-
tem, even if part of the data fall outside the re-
gion originally attributed to a particular FDPP.



" k‘g{
-

P FFEE P T T 7T

- m.... H m o N

- A & mS LR

> B m = b

iy = n...n__m = =¥ N B

N TN PR
3 LHEE W

"IN L R B VNN

) .z -

) I

| i St debiupumbiuiniad

p)

-

L [f JL L L L L

"‘-o,
AN

onpea NP HqQ-gT)

ETE TR S T b o

r---—---&---------u—---

o [euERY

=] soserdey




DataWave Communications
(controlled by the DataWave switch)

- down to calorimeter channel
(proposed multiplex 4 channels
on one cable unidirectional
(16 ns fer channel)

- across the other DétaWave PE
(North, East, West, South) NEWS
bidirectionally (750 Mbyte/sec)

- Upto FDPP _
(bidirectionally i’ 150 Mbyte/s)
(proposed 256 DataWave PE per upward link)

This choice does not introduce any bound-
ary limitations in the DataWave Array but is
simply a practical choice in associating the PE
with the closest exit point to the higher-level
DSP array-processors.



Performance of the whole system:

Full programmability over the entire calorime-
ter at the single channel granularity level, with
no boundary limitations.
TIME
- total energy
cluster finding (address & energy) 304 ns

- Transverse energy (additional) 300 ns

- cluster shape-factors 15 pus
(e.g. to separate pions from electrons)



Cost of the integration

- of commercial components (Data-drivea as-
ray Processors, DSP and Transputers)

- in High Energy Physics applications.

Transputer INMOS  T800 70 $/Mflop(4.5)
DSP AT&T  DSP32C 7 $/Mflop(25)

Data-driven  ITT DataWave 3.? $/Processor
array processor

Why not ¥ use only the éheapest components ?
Aim:

- Find the best balance between the tasks to be
executed and the processor characteristics.

- Find the best interconnection scheme
(tightly coupled or loosely coupled) among
orocessing elements in each processor array
and between array processors.



LAZW GENE B9 FRIELL ClIU PrUghdaliiniayimsmy

Level 1 @ow-level)

DataWave Array Processors

Level 2 (high-tevel)

- lamguages: C or Assembly

- maximum program length of 256 Kbytes

- Library

- Crosscompilers for MS-DOS, UNIX, VMS

- Simulator: MS-DOS ¢

- Fransputer Part:
. - fanguages: OCCAM, C, FORTRAN
- Rigiximem program length of 8 Mbysés

- ~’commpiter wn Transputer
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SPACAL RUN 22531 — ALGORITHM 1 EXECUTED ON FDPP
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SPACAL RUN 22421 — ALGORITHM 1 EXECURED ON FDPP
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"Algorithm

each FDPP

— calculates Rp (I_n 'ﬂoat‘ng Pofﬂt)

In 19 us
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Algorithm 1

each FDPP

— scans 100 channels

— finds local maximum

— calculate E, 1/C, 0/C

In 58 usec

(electron events)
o

0/c=(1/123.0)/C

i=1

é 12
E=C+),I+),0
i=1

=1

1/C=(1/63'1)/C

i=1




AlLUIL1LLL111
each FDPP

— scans 100 channels

— finds type of hit

— calculate E, I/C, 0/C for

different type of hit
In 62 usec

(electron events)




e
L8

6 1 C :'Cl+ C{\Cz 0
E=C+ )1+ 2,0 E=CHCHCr Y I+

16

1 =t  i=t

f/o=ussgn/e  frgasegne
(0/%(1/1220)/0 10/%(1/1520)/0

[
| SR |
| The same event N.3B from RUN 22531 on SPACAL (1990)

~ E, = 27.25 Gev E,= 28.25 Gev
: e/(,1 = 0.1667 (1/(1: 0.2874
| fo/q = 0.1544 o/, = 0.0977




Which is ?

- the fastest
- the more flexible
- the more modular

- the simpler

~

- the more economical

r..

way to interconnect them for these
specific applications:

1) signal correlation in calorimeter
(find region of interest)

2) track finding in traking detectors.




The Interconnection among

- high level processor arrays
- medium level processor arrayé

AN

- VLSI front-end chip arrays

and between the above arrays

is a challenging task

for future TRIG/DAQ systems
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TEXAS
INSTRUMENTS
INCORPORATED

DEFENSfN?)YSTEMS SEMICONDUCTOR
ELECTRONICS GROUP GROUP
CENTRAL RESEARCH (ADVANCED TECHNOLOGY GaAs BUSINESS ;
LABORATORIES OWAVE TECHNO INITIATIVE

MICROWAVE & RF PROCESSES MMIC PERSONAL COMMUNICATIONS
MIXED EPITAXY & COMPONENTS DIGITAL/ANALOG HBT FIBER COMMUNICATIONS
A/D CONVERTER DEMONSTRATION  GaAs VLS! PROCESSORS AUTOMOTIVE ELECTRONICS

INTEGRATED DIGITALYMICROWAVE

& T—— I _J
Defense Systems & Electronics Group




GaAs AVIONICS SYSTEMS APPLICATIONS

1TO2GHzZ 1TO4 GHZ
8 TO10BITS 8TO 14 BITS

— independent Research & Dwobmn'—\

, .7
\ “, MMIC 7
,.’F/_///'/ﬂ

Y FIBER BUS

AVIONICS BUS

SRAM

' *//‘/, . /
‘ L . 0E|c /,
P ‘ I

/" DATAPROCESSOR .
- SIGNAL PROCESSOR

e 1100 MH2

o

AT05-4 MAY, 1000



@ Advanced Technology ﬁ

GALLIUM ARSENIDE SIGNAL PROCESSING

4K SRAM MIPS CPU
REQUIREMENT  4ns, 4K DRFM RISC, 100 MIPS 12 BIT 20 MSPS
STATUS 4K DRFM ELEMENT DARPA CORE MIPS PROCESS AND
2.5ns ACCESS 150 MHz, 100 MIPS COMPONENTS
DEMONSTRATED
PLANS INTEGRATE W/HBT GaAs HBT 320/30 E.O.-12 BIT 20 MSPS
ADC FOR DIGITAL 32 BIT FLOATING RADAR-8 BIT, 1.5 GSPS
RF MEMORY POINT DSP
s Defense Systems & Electronics Group

Insr-{zumrm 46-690



FREQUENCY
32

DIRECT DIGITAL SYNTHESIZER/MODULATOR
MONOLITHIC ACCUMULATOR/ROM/DAC

Advanced Technology ﬂ

ECO0>

SIN 4
ROM 10

DAC

IMQOC >

—D f\_/ SIN (wt + o)

12—
PHASE

* @F.=500 MHz, POWER=2.5W
¢ MAXIMUM CLOCK FREQUENCY, F_ = 500 MHz
o NYQUIST OUTPUT FREQUENCY 250 MHz

* FREQUENCY RESOLUTION 32 BITS, 0.1 Hz

s PHASE RESOLUTION 12 BITS, 0.1 DEGREES
e DIGITAL TO ANALOG 10 BITS

¢ UPDATE LATENCY 48 nSec

1904-1

Defense Systems & Electronics Group
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| MONOLITHIC 12 BIT 20 MSPS 4/5/5 SPFB CONVERTER

BLOCK DIAGRAM
TEXAS
‘U INSTRUMENTS

X3 um VERSION OF
5-BIT QUANTIZER

GAIN SWITCHED RESIDUE AMPLIFIER DEMONSTRATED 3/90
sawEANDHOLGSH 0 [ T T T T T ] /
1024V I— _______ '| I
f c._|_{>__/,__{>_ , |
SIGNAL s
N/ weur weUT HOLD : OQUANTIZER
| BUFFERS :ETO- ens —1 ' |
M I I-o.aaw Qe22mV
l_ — — 4 — —— J | QUANTZER //s
&M CLOCK —_—— s QoK
GAIN SWITCH ERROA
/ o e -
5 X 5 um 2S/H AND DAC cLocK
CORE CIRCUITS Ao ,ifz G148
DEMONSTRATED 430 - " DATA
o Vi
ReasTeRs |© 12




f

DARPA/ONR GaAs HBT ADC

J TEXAS
INSTRUMENTS

PARAMETER 12-BIT 20 MSPS ADC  8-BIT 1 GSPS ADC 5-BIT 2.5 GSPS ADC

ARCHITECTURE SERIES-PARALLEL FLASH, ANALOG ENCODING FLASH, ANALOG ENCODING
FEEDBACK (SPFB) (4 FOLD, 4 INTERPOLATION (2 FOLD, 2 INTERPOLATION
4/5/5 64 COMPARATORS) - 16 COMPARATORS)

SPEED 20 Msps 1.2 Gsps 2.5 Gsps

LINEARITY +0.51S8 +1LSB + 0.5LSB

INPUT BANDWIDTH -3dB > 40 MHz -3 dB > 500 MHz -3dB > 1 GHz

INPUT VOLTAGE RANGE 0TO1V +1.28V i 0.32V

OUTPUT DRIVE T DIFFERENTIAL ECL DIFFERENTIAL ECL

OUTPUT DEMUX N/A 2:1 OPTIONAL 2:1 OPTIONAL

POWER SUPPLIES +12V, +7V +7V +7V

POWER 3 WATT/ 20 Msps 5 WATT 4 WATT

EMITTER SIZE 5uM X 5uM 5uM X 5uM 5uM X 5uM

DEVICE COUNT 2100 HBTs, 50 JFETs ~4000 HBTs ~1000 HBTs

DIE SIZE 280 mils X 210 miis 270 mils X 260 mils 100 mils X 150 mils
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Advanced Technology
APS-137 (V) HIGH RESOLUTION RADAR

TEXAS INSTRUMENTS
OBJECTIVE

_w—rﬂ@é-m—n-y

SYSTEM BENEFIT

APPROACH

o DEFINE GaAs ASICS FOR MAXIMUM

o MODIFY SYSTEM BOARDS & SOFTWARE

_/—f/\\ﬂ/—v

¢ FOOT RESOLUTION

Emax: 270 W
COMPLEXITY: 13,000 GATES
POWER: 3.5 WATTS

SPECIAL FEA.: 2K RES.FILE

TO SUPPORT 2X (200 MHz) CLOCK

e DEVELOP TWO 270 MHz GaAs ASICS

DATABUFFER = DELAY GENERATOR

270 MHz
1,000 GATES
1 WATTS
PHASE LOCK LOOP

3 FOOT RESOLUTION
SCHEDULE
ACCOMPLISHMENTS
1990 1
TASK

o SYSTEM HARDWARE AND 10| 20 | 30 | 4010 | 20 | 3G | 4Q

SOFTWARE MODS COMPLETRD

o TASK LEADS :—#

o SECOND PASS PARTS, APRIL, DEFINITION —d

100% FUNCTIONAL AT 200 MMz IC DEVELOPMENT

. FIRST PASS PARTS A

o SYSTEMINFEGRATION SYSTEM EVALUATION A /

STARTED - SECOND PASS PARTS A

: THIRD PASS PARTS )

o 270 MHz GaAs ASK'S NEEDED 983 QUALIFICATION A——@-——o

FOR JULY ASSEMBLY PRODUCTION READY TAN

FOR SEPT. FLIGHT TEST

i

Defense Systems & Electronics Group




Texas
INSTRU
PRETSPNGITE Y Y WP TR

e

(e L

94-816

in P

MENTS
o ki -t N



/-
83[0A 000°Q = A P3teg S[oAW [0S~ = 248MuDuwp S3I[OAW [0 [0~ = [~BMJIDWA
su Qg2 = 1 o3{eQ sd OE2- = doag su 006 2- = 3035
sd OEp— = Aotag - atpssd (J0S = ®soqowg]

S3[OAN ([0S~ = 398430 Atp/sionm Z2°G21 = I 0

\\\x\ 1N
I NIANIIIavis v s
NIAVIEIiaaias

/[ 1)/ /

sy Qu0°2 sd OEY- su  OFES "2~



*iF

LOGIC
¢ GaAs HETEROJUNCTION BIPOLAR

HIGH SPEED GaAs MICROPROCESSOR PROGRAM
ELEMENTS OF HIGH PERFORMANCE COMPUTER SYSTEMS

ARCHITECTURE

® TMS320 FAMILY IS A COMMERCIAL LEADER
- 60% WORLD MARKET IN DSP's

ADVANCED TECHNOLOGY —

¢ CMOS SRAM HAS BEST SPEED/POWER TRADE

¢ GaAs AND ECL SRAMS DRAW POWER
CONTINUOQUSLY

¢ BASELINE: LEVERAGE ALADDIN BICMOS SRAM
(8 ns 100 MHz 16K X 9}

® 64 BIT BUS AND PIPELINED ARCHITECTURE
ALLOWS VARIOUS 100 MHz SRAM OPTIONS
FOR RISK REDUCTION

¢ DARPA CPU: 13,000 GATE, 150 MHz - 32 BIT FLOATING POINT AND MULTIPLY IN C30
- ADA SOFTWARE SUPPORT AND COMMERCIALLY
¢ APS-137: 14,000 GATE, 200 MHz DRIVEN TOOLSET
¢ AN/PRC-126: 3,500 GATE, 500 MHz o SOI-320 20 MFLOP RADIATION TOLERANT
e HBT-320 PROVIDES SPEED AND RADHARDNESS
GROWTH
MEMORY PACKAGING

¢ TI/GE AWARDED 1 OF 2 DARPA BAA's FOR
MULTI-CHIP MODULE FOUNDRY

® HIGH DENSITY INTERCONNECT - GE PROCESS
- T1 WILL FOUNDRY AND COMMERCIALIZE

¢ Si ON Si- Tl DEVELOPED
- TRI-C30 DEMONSTRATION

J

Defense Systems & Electronics Group




Advanced Technology —\

GALLIUM ARSENIDE HBT DIGITAL SIGNAL PROCESSOR

GaAs HETEROJUNCTION TMS320/30 DIGITAL SIGNAL
BIPOLAR TRANSISTOR PROCESSOR PROCESSOR ARCHITECTURE

1 | 1 |

| BLOCK 4 ,

roI-4200

ﬁk'ﬁifiﬁiﬁ‘ziﬁntﬁﬁ

ArpIMIT=-3MY

™
im
Mk
b

T win whedwanig

DUAL TMS320/30

EPIC-II"™ (0.5 1 m) BICMOS
WITH 3-D MEMORY

3.8ns 64K ECL SRAM

Defense Systems & Electronics Group




ADVANCED TECHNOLOGY ——

SSC SENSOR ADC DEVELOPMENT

STUDY PROGRAM (6 MONTHS)
ARCHITECTURE - SPARSE CODE/LLOG ADC/SERIES VS. PARALLEL

RISKS - YIELD / SCHEDULE / PROCESS MATURITY

COSTS - DIE SIZE/DESIGN TO COST / PACKAGING / VOLUME FOUNDRY

PROTOTYPE DEVELOPMENT (24 - 30 MONTHS)
IC DESIGN/TEST ISSUES / PACKAGE PARAMETRICS / COST

PRODUCTION

FOUNDRY / COST REDUCTIONS / YIELD ENHANCEMENT

\_ y

Defense Systems & Electronics Group
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Electro-optics offers several advantages

for SSC Instrumentation T
The detector system must promptly acquire 10° E/O Advantages:
channels of data at potential rate of 10'® bits/sec  Fiber optics data links offer a compact

’ cable-plan and minimal radiation scattering
cross-section

« E/O systems are much more immune to EMI
and grounding problems '

+ High bandwidth of E/O is important for
potential high data rates _

+ Small size of E/O components is important for
limited volume in detector |

+ E/O eliminates need for much electronics in
the detector
- space
- thermal loading
- radiation vuinerability

» Optical processing for fast trigger generation




| W
W b ( The Mach-Zehnder Interferometric Modulator

Single-mode optical - @

wave-guides, ~ 2 pm

o o » yields
shepul ;""‘:"" E";'“"’s\ electro-optically induced
rom signal voltage Vs . . optical path differences.
. Optical interference
_. P produces modulation.
hot ot
%
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Our experimental demonstrations of LLNL E/O technology in the HEP environment
have been very successful, and well received g

concentrating on goals that would bolster credibility and quickly demonstrate institutional effectiveness.

s

» Sensitivity demonstration with 800 and 1300 nm systems
dynamic range of 5 decades reasonable target, ref. 1 :
» First observation of muon chamber charge signals with E/O modulator without electronic preamp
... achieved with LLNL muon chamber, ref. 2
«' Collaboration with MIT (Ulrich Becket, et. al. from Ting's group)
-- demonstrated direct charge readout of drift tube--- no preamp !!
-- measured Fe 55 decay spectrum
-- demonstrated direct readout in B-field environment expected within the SSC detector
: .. at 0.8 Tesla no effect
- measured muon track resolution with modulator readout system
-- familiarized key members of HEP community with technology
~Ttef. 3
« Radiation hardness demonstrated in collaborative experiment at LAMPF

--ref. 4

1) Mark Lowry, Eldon Ables, Richard Bionta, Ron Haigh, Keith Hugenberg, Ralph Kalibjian, Charles McConaghy, Darin Mifton, Mark Rotter, andHal Schulte,
An Electro-Opiical Imaging Approach to the Prempi Signal Processing Problem of Mega-Channel SSC Desector Arrays, 10 be published in the proceedings of the Symposium on

Dectector Research and Development for the Swperconducting Super Collider, October 1990

2) E. Ables, R. Bionta, M. Lowry, D, Masquelier, K. McCammon, C. McConaghy, and C. Weest, Observation of Drift Chamber Signals Using a Mach-Zehnder Electro-optic
Modularor, sccepied for poublication in Nuclear Instruments and Methods in Physics Research , July 1991

3) 10 be published in NIM: joint LLNL/MIT paper ~ 75% writien
4) 10 be published in NIM: joint LLNIL/LANL paper. Deta just now being anelyzed- 120 megabytes



Electro-optic read-out of muon drift chambers has been performed at LLNL and MIT LLL;

f)afgf g Ou""l'ne.

"
Nd:YAG Laser “"3& .
1320 nm

Modultor bias...1--- ... | Polarization Preserving
volage Fier Cable - 50 matess
' |
: W DC Block
re
Arc profection External termination
and Blas-T ° Single Mode
Optical Fiber pa—
50 meters '
B Field 250 KHz
High-pass
Fikter
: | 5 wire chamber
Drift Tube or 1.3 chamber
Readout e | i Readout
Electronics * Electronics
' LeCroy 612A Scope
x 10 LeCroy 612A
LeCroy x10 Plotter
2249W LeCroy
PC ' 6238 Disc. Signal Levels
LeCroy
Pulse Height 2229 TDC
Spectrum PC
Resolution from



Comparison of 5-wire chamber signals from N2 laser tracks -

Volis

NIKHEF amplifier Modulator
0.2+ - 0.2+
°L’"~W 0.1+ :
: s : :
0.2+ S od i
o °$ -0.1 a '
-°o6 : f. :
: 8 : A :
-0.8-F _% : -0.2 : :
A -0.3 :
100 200 300 400 500 600 700 0O 200 400 600 800 1000

Time nanoseconds Time NANceecONds



Comparison of Drift Tube Signals from Iron-55 X-rays

NIKHEF amplifier

Fes5 Spectrum

NIKHEF ampiifier

0 100 200 300 400 500 600 700

120

Moduiator

F955 Spectrum

.......

? 3
L8
y L
. 2
.3 :.-: -
N -~ S B
. . > &

ADC channels
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Modulator performance has been measured for ~10 SSC years of dose -
Mark Lowry, Kent McCammon, LLNL; Hans Ziock, Larry R!bam_:!k, LANL

1300 nm laser N\

R

-y

800 nm laser

Pulser

Tek Storage
Scope

LLNL
L 1300 MZ

J

[ uTP
800 MZ

.

(UTP.

. { 1300 YBBM

1300 nm receiver

Chart Recorder

a

800 nm receiver

Al

| SAS LSS AL TS ST SN LSS SIS

Shield
Wall

Proton
beam
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Recelver Output (velts)

-~

LLNL MZ output on 7/17 while being irradiated
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Our preliminary results indicate that radiation hardness is excellent for
SSC applications

Experiment Conditions:

« LAMPF proton beam was source "
e 650 MeV protons, I= 0.6-1.6 nA, ~ CW beam
 Irradiated 3 modulators e |

- 800 nm and 1300 nm

' - spectrum of device designs
* 6.5 days of irradiation approximates 10 SSC years of dose

Preliminary Results:
« No radiation induced transient upsets observed (down to 1-5 mV levels) while the
modulators were being irradiated (note upset threshold scales with dose rate)

. Some darkening of modulator/fiber may have been observed. Less than x2; more
analysis required. Self-annealing will probably mitigate this at the lower dose
rates at the SSC.

« Some operating point drift correlated with beam on/off. Scaling these effects with
dose rate indicate minimal impact on SSC implementation.



- Directions for E/O at the SSC

» Continue improvements in charge sensitivy
-- X 2-3 on horizon

« Cost reduction initiative e
- industrial partner UTP ?
v - increase integration density
- model channel interactions
produce multi-channel chip
- automate packaging

« Hightbandwidth Serialized data link demonstration
-- experimentally demonstrate time-division multiplexed system
~ trading fiber and modulator count for bandwidth

- a[."o 1002 © lolv -aﬁ-'ﬁ.//ab - pokar JJ!::PR.‘[M pre&inps,

 Develop cost models for parallel and serial approach
-- apply to SDC and GEM
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Observation of Drift Chamber
Signals Using a Mach-Zehnder
Electro-optic Modulator

E. Ables, R. Bionta, M. Lowry, D. Masquelier,
K. McCammeon, C. McConaghy and C, Wuest

Lawrence Livermore National Laboratory

Abstract

A Mach-Zehnder electro-optic modulator has been used to read out the charge collected on drift
chamber sense wires. The modulator sensitivity is sufficient to allow measurement of the pulse
waveform without preamplification of any kind. We report here initial results and discuss on-
going research and potential applications as well as projected performance improvements as we
continue to optimize the system for drift chamber read-out.

As part of the L* detector collaboration,
Lawrence Livermore National Laboratory has
proposed that electro-optic modulators could be
used in a number of detector sub-systems in the
L* detector to be built at the Superconducting
Super Collider, as well as other planned high en-
ergy physics detectors.1»2 Recent advances in
electro-optics coupled with the obvious advan-
tages of utilizing modulated analog light signals
carried on fiber-optic cables make this technology
a very desirable option for the future generation
of large detectors at SSC and LHC. Among these
advantages are reduction of coaxial cable volume,
reduction of ground-loop and noise pick-up,
lower power consumption through the elimina-
tion of front-end preamplifier circuitry, the possi-
bility of performing triggering algorithms using
light signals rather than electrical signals, and in-
creased density of sense elements.

Electro-optic modulators have been success-
fully used to read out the sense wire of a multi-
wire drift chamber built at LLNL. The read-out
was performed by connecting a single sense wire
of the drift chamber directly to the input of the
modulator without a preamplifier of any kind.
The drift chamber is a 1 meter long test chamber
built with the same wire spacings as the L3 muon
drift chambers at LEP.34 25 micron diameter

gold-coated tungsten sense wires alternate with
50 micron diameter gold-coated tungsten field
wires with a 4.5 mm spacing. Cathode (mesh)
planes are located at a distance of 5 cm on either
side of the sense/field plane and consist of 50
micron wires separated by 4.5 mm. The chamber
cross section is shown in Figure 1 along with the
voltages applied to the wires. A 100 microCurie
cobalt-60 source was used to provide ionization
tracks in the drift chamber gas - P10 (90% Ar, 10%
CHy).

An electro-optic modulator was arbitrarily
connected to the third sense wire out of sixteen
available sense wires. The circuit used to operate
the modulator is shown in Figure 2. The main
component of the modulator system is the inte-
grated optical modulator, which is a basic Mach-
Zehnder interferometric modulator as shown in
Figure 3. Details of the modulator operation may
be found elsewhere.? For the purpose of this dis-
cussion we note that the optical intensity output
of the modulator varies sinusoidally as a function
of the applied voltage (or charge) to the modula-
tor electrodes. The applied voltage (or charge)
creates an electric field over the optical waveg-
uide regions, changing the index of refraction,
and hence interferometrically modulating the op-
tical intensity.



4.5 mm
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Figure 1. Cross section of muon drift chamber. The mesh and field wires are 50 micron diameter goid-
coated tungsten and the sense wires are 25 micron diameter gold-coated tungsten. Mesh plane wires
are all set to the same voltage. Field and sense wires alternate with the voltages as shown, The wires
are 1 meter in length and are kept in 1 atmosphere of 90% argon and 10% methane. Sense wires are

unterminated.

The modulator employed was a 20 GHz trav-
elling-wave Mach-Zehnder modulator that was
designed, fabricated and evaluated at LLNL. For
this application, the standard 20 GHz modulator
was packaged such that the electrical output of
the travelling-wave electrode structure could be
accessed via a standard high bandwidth Wiltron
"K" connector. This modification allowed us to

experiment with the wvalue of the output

impedance that was connected to the electrode
structure.

At frequencies below about 1 GHz this modified
modulator electrode structure is well represented
by a simple "lumped element” circuit model. In
this model the electrode structure itself may be
viewed -essentially as a capacitor to ground in
parallel with the externally supplied termination
impedance. To optimize charge sensitivity the
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Figure 2. Electro-optic modulator drift chamber read-out system. The muon drift chamber sense wire
is connected to a protection circuit and bias-T into the Mach-Zehnder interferometer. The Nd:YAG
driving laser light is modulated, as detailed in Figure 3, by the charge collected on the sense wire and
transported to the modulator electrode. A single mode optical fiber transports the modulated light to
an optical receiver where it is sensed by a photodiode, amplified, filtered and displayed on an escillo-

scope.

ionization detector output impedance must be
matched to the modulator impedance. However,
this modulator termination impedance aiso affects
the modulator timme response through the RC time
constant of the modulator's electrical circuit
model. Thus, to optimize both sensitivity and
bandwidth, careful consideration must be given
to detector/modulator impedance matching.

The modulator system used an Amoco
Nd:YAG laser operating at a wavelength of 1320
nanometers to provide the carrier signal. The
laser carrier passed through an optical isolator
and half-wave plate. The half-wave plate was

used to rotate the beam polarization for proper
launching of the laser light into polarization-pre-
serving (pp) optical fiber. The laser carrier trav-
elled through a pp optical fiber jumper and into
the pig-tailed lithium niobate waveguide of the
modulator. The drift chamber sense wire was
connected to the modulator through a 2.54 cm
length of coax, a high voltage protection circuit,
and bias T-connector. The bias voltage applied to
the modulator set the operating point of the de-
vice on the sine-squared transfer curve. This bias
voltage was set to the point of maximum device
sensitivity - corresponding to the maximum slope
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Figure 3. Simplified diagram of the operation of the Mach-Zehnder integrated optical modulator.

of the modulator response function. This setting
is denoted as the half-power point. For the small
signal levels typically read off the drift chamber
sense wire, the modulator transfer curve was
linear about the half-power operating point. If
necessary, large signal responses can post-
measurement linearized.

The charge pulse signal from the drift cham-
ber sense wire developed an electric field across
the modulator that produced a proportional opti-
cal pulse out of the device. The optical pulse
propagated through a single mode optical fiber to
a remotely located optical receiver. The photodi-
ode and preamplifier in this receiver converted
the optical signal to an amplified electrical signal.

After the receiver, the signal was high-pass
filtered in order to attenuate the 150 kHz fre-
quency noise introduced by the relaxation oscilla-

tions of the Nd:YAG laser source. This resultant
sipnal was sent to an oscilloscope for observation
and recording. Figure 4 shows a picture of the
output of the modulator/receiver system. The
pulses are clearly discernable over the noise.

In order to measure the gas gain in this par-
ticular drift chamber the electro-optic modulator
was removed and in its place an EG&G Ortec 142
pre-amplifier was connected to the sense wire.
The amplitude of the pulses generated in the
chamber was measured visually by observing the
output of the preamplifier on an oscilloscope.
Knowing the gain of the preamplifier and the
impedance of the circuit, we arrived at a gas gain
of 1.2 x 108 for the particular operating conditions
in this experiment.

While the signal-to-noise ratio (s/n) of the
signal from this first atternpt at reading out a drift



Figure 4. Oscilioscope picture of the output of the optical receiver for cobalt-60 gamma ray interactions
in the drift chamber. The vertical axis is 2 mV/division and the horizontal axis is 100 ns/division. The
exposure was for 1/4 second. The bandwidth of the signal is given by the RC time constant of the
modulator's internal capacitance and the chosen termination resistor and has not been optimized.

chamber with an electro-optic modulator is not
currently suitable for most applications, we note
here that in continuing collaborative work with
researchers at MIT we were able to achieve s/n
ratios of ~ 30 from ionization tracks generated in
drift tubes due to 9Fe x-rays and clearly discern

the two peaks of the 59Fe x-rays in a pulse height

spectrum.® Furthermore, in the LLNL/MIT work
we experimented more extensively with detec-
tor/modulator impedance matching and were
able to detect signals at significantly higher
bandwidths, whereas the system described in this
letter is still very far from being optimized for
charge sensitivity, and bandwidth.

The sensitivity of the modulator system as a
charge-readout device depends on several factors:
the shot noise and thermal noise in the optical re-
ceiver, the slope of the interferometric response
curvel, the stability of the laser source, and the
impedance matching between the ionization de-
tector (drift chamber) and the modulator. We are
currently making several improvements to the
system that will be ready in the short term. We
are stabilizing the previously mentioned 150 kHz
relaxation oscillation, as well as lower frequency
fluctuations in the laser source. The shot-noise
floor is being lowered by using a detector and
preamplifier in our optical receiver that are ca-

pable of handling higher optical power without
adding to the thermal noise. Finally, we are
working on ways of optimizing the impedance
matching between the ionization detector and the
modulator.

A longer term improvement will be realized
with an increase of the modulator response slope.
We are currently considering approaches ranging
from redesigning the modulator electrode struc-
ture to compietely different device architectures.

In summary, we have detected and followed
the charge off a drift chamber sense wire directly
using a Mach-Zehnder electro-optic interferome-
ter without preamplification. The gas gain of
about 106 implies that the interferometer system
in this configuration is sensitive to charge at a
level of about 0.1 picocoulombs. The application
of this technology could significantly reduce the
amount of electronics, cabling and power con-
sumption in large detector arrays. In addition,
optical processing of the signals generated by
electro-optic read-out of drift chamber systems
could be performed. Taking into account all of
the refinements that are currently being pursued
we expect improvements in the sensitivity of the
modulator to the charge generated in ionization
drift chambers by a factor of 10 to 100.
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Introduction

‘The physics demands of high luminosity at the SSC
and the sometimes subtle measurements required to elucidate
new physics will undoubtedly tax existing instrumentation, As

is the case with most experimental fields, new physics follows

from better measurement concepts and technologies, We
expect this to be the case with the SSCas well. Inwhat follows,
we offer a glimpse of what may be possible using some of the
recent results from the emerging technologies in the field of
clectro-optics.

A Proposed Electro-Optic System Architecture

The large number of channels required for SSC
instrumentation and the temporal resolution required lead
quite naturally to the consideration of electro-optical imaging
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techniques.} This is particularly true with the need to establish
reliable and prompt event triggers that are based upon total
encrgy and event topology, as we shall see with the system
outlined in Figure 1.

Here we start with more-or-less conventional HEP
detectors that yield charge as the measurement output. This
charge is then used to modulate an externally provided optical
carrier signal (amplifiers and pulse shaping may not even be
required, as will be seen in what follows). The basic ideas
regarding the optical modulator are discussed inref, 1 . The
optical carrier may be supplied by some, hopefully small,
number of fibers that provide optical power to a chip contain-
ing many of the modulators discussed in ref. 1. The optical
power division is accomplished on a chip as well {perhaps
monolithically integrated with the modulator chip). This large

Gated CCD
Imaging Fiber oco
Dalay Camera Controlles
Oatato Level 3

Figure 1. Proposed electro-optic system architecture for high luminosity data acquisition at the SSC. Some key features are
the use of ultra-sensitive integrated-optical modulators and the use of optical pattemn recognition for trigger formation.

*  This work was performed under the auspices of the U.S. Department of Energy by the Lawrence Livermore National

Laboratory under contract number W-7405-ENG-48.



number of independent optical channels (perhaps as many as
100 are possible per chip) are brought off chip in individual
optical fibers. These optical fibers are arranged in an imaging
bundle—such that image information is preserved. In the
event of a hit, this bundle is then the conduit of a transient
image that propagates to the level-one trigger.

The first step in the trigger generation process is to
pick-off a portion of the image power through use of a con-
ventional optical beam splitter. Let us call these beams, after
the splitter, the trigger image and the major pertion the record
image. The trigger image can be split into two beams. In the
case of data from a calorimeter, on¢ leg of the trigger beam can
be spatially filtered with a filter whose optical density is graded
as, sin(@), where 0 is the angle with respect to the beam di-
rection for that pixel element. As this filtered image is relayed
optically to a large area photodetector, the output charge from

the photodiode is then a prompt measure of the (otal transverse

energy—the delay for this part of the trigger formation is just
the response time of the photodetector; a few nanoseconds is
casy.

The second portion of the trigger image can be used
to perform relatively complex event topology discrimination

- through the use of well-established optical pattern recognition
techniques. The most straight-forward technique appliesagain
to the case of calorimetry. By applying the optical Fourier
transform to the second trigger image—realized conveniently
withthe useof simple optical le ——one can perform spatial
frequency filtering operations by simply placing the appro-
priately patterned spatial transmission filter in the Fourier
plane (by using the new technologies of spatial light modula-
tion,” the characteristics of this frequency filter could be
conveniently controlled electronically). The output of the
spatal filter is thenrelayed to another large area photodetector.
The prompt optical sum performed by this photodetector is a
measure of the energy content only of features of the event that
have a frequency content that is matched to the spatial filter in
the Fourier plane, This thenallows usto discriminate promptly
(a few nanoseconds) on the basis of event topology, as well as
total event energy. It should be noted that optical processing
has at least one precedenl4 in HEP instrumentation.

Perhaps this optical pattern recognition may be ex-
tended to the case of tracking detectors. It may be possible to
use the optical Hough transformation to detect the existence of
stiff tracks. The Hough transformation maps straight lines into
points—one coordinate of the point being the line’s angle with
respect to the abscissa, and the other is its distance from the
origin. Using techniques similar to the optical Fourier trans-
formation, the Hough transformation may be accomplished
optically.i 6 1¢ may prove possible to optically correlate this
trigger with the calorimeter information to provide an elegant
and comprehensive trigger, prompily, and with litle or no
electronics in difficult environs. It must be pointed out that all
the optical Hough ransformation work that we have seen to
date is accomplished with a mechanically rotating optical
element, and thus would be far 100 slow for HEP instrumen-
tation. However, there may be a way (o realize the transform

in optical fashion instantly, and we are currently exploring that
possibility.

We have thus far painted a simple picture of Fourier
optics techniques. Our laboratory measurements to date—and
some reflection on the Fourier optics theory—would suggest
that performing the Fourier transform of the image from an
optical fiber bundle may be very difficult. Basic Fourier optics
work is done with the use of simple apertures, and the optical
wavefronts employed are coherent. Inour case, the individual
image pixels have probably suffered large relative optical
phase shifts. These phase shifts lead to severe interference
noise in the Fourier plane. We can suggest three possible ways
around this relative phase shift problem.

First, the fact that our optical carrier was derived from
a single laser (or perhaps a phase locked set of lasers) may
allow us to adjust these relative phases such that when we
arrive at the Fourier plane the relative phase shifts have been
compensated. Further, the use of integrated optical devices as
our signal encoding mechanism may provide a convenient
solution, The most fundamental form of optical modulation is
the phase shifter. Infact, the Mach-Zehnder modulator discussed
inref. 1iscomposed of two suchdevices. A phase shifter could
be employed in each channel to compensate these phase shifts
in response to the input from a feedback mechanism. Another
phase compensation technique would be the use of a holographic
element in the image plane after the bundle, this element could
be used to compensate the optical phases of the individual
image pixels by focusing the image onto this holographic
phase plate.7 We are exploring both of these phase compen-
sation techniques, and hope to carry-out experiments soon.
Finally, the partially coherent image from the fiber bundle
could be transformed into an incoherent image. This may be
achieved by imaging the fiber output unto an image intensifier.
The image intensifier output is then incoherent light from the
phosphor screen, Then the incoherentimage could be processed
using incoherent processing techniques. This offers the added
advantage of allowing the image informaton to be gated;
however, to retain the speed of the optical processing fast
phosphors must be used—so, the gain of the intensifier may
then become an issue.

The remaining beam, the record image, can be
refocused onto another imaging optical fiber bundie, and be
allowed to propagate forhowever longisrequired forcomplete
trigger formation. Afier trigger formation, the image is cap-
tured by a gated ultra-fast readout CCD imager. Image readout
times of 10 s for 10,000 pixels with adynamic ranges of 1,000
are attainable with today’s technology. Extended dynamic
ranges could be attained by using a slightly higher power
optical carrier and splitting the record image with a 10:90 beamn
splitter and recording both images.

The advantages of using this electro-optical imaging
approach are several:

« The transmission media (small diameter optical fi-
bers with approximately 1cm? cross-sectional area
per 10,000 fibers) offers low radiation scattering, and
a mechanically manageable cable plan.



HP 8111A Signal Generator .

1 MHz Sine Wave Trig. Out

=4 VP-P

Out
Modulating
Signal
Mach-Zehnder
. D.C. Biss
Vou "4V | Sippty
Out
= Var. ™
/ Atten. 8.
7854 Scope
AMOCO BiasT
1300 nm
CW.YAG [
. — .| MachZemder - —| pp. I[>
ORTEC 450 Amp.
.1 us Differentiation Time
P.D. - Photodiode 0t us c':'f.i‘é'm o
. = - Optical Signal

Figure 2. Experimental layout for Mach-Zehnder dynamic range measurements.

«  Since all channels are brought outside in parallel,
triggering architectures become very flexible and
amenable to modification in the future,

=  Ground-loops and other forms of EMI become Jess of
a problem.

«  The modulators and fiber medium easily support the
required temporal response.

=  The power consumption can be much less than 1 mW
per channel for the power-dissipation critical inner-
tracker applications.

+  Thefiber medium conveniently provides signal delay
to accommodate the trigger formation time.

+ The potential for operation without amplifiers (dis-
cussed in detail below) adds greatly to system reli-
ability—particularly for the high radiation environ-
ments,

e Optical pattern recognition and optical summing
techniques can be applied for prompt trigger forma-
tion.

‘While this total system architecture is quite attractive
in many respects, we should not overiook the value of any one
of the roughly three major subsystems: the optical modulators,
the image processing techniques, and the fast CCD data
capire. We will spend the rest of the paper addressing the
optical modulators.

Integrated Optical Modulator Results

While we have been pursuing instrumentation de-
velopment with modulators for several years, we have only
recently considered them in the context of HEP experiments.

. To that end, we sct out to understand how they might best be

used in HEP experiments, A potential application of the
technology is in calorimetry experiments, where exceptional
dynamic range is required. We have made measurements of
dynamic range at 8300 nm, using 2x2 modulators, and measure-
ments at 1300 nm using Mach-Zehnder modulators. Due tothe
limited space, we will only discuss the Mach-Zehnder mea-
surements here.

The experimental setup is outlined in Figure 2. We
used a sinc-wave electrical input for convenience, but the
conclusions should apply to pulse operation as weil. The
bandwidth of the system was limited by the amplifier at 1.5
MHz. The bias applied to the modulator was adjusted by
observing the signal-to-noise of a very weak signal; at the point
of maximum signal-to-noise, the bias voltage level was fixed.
Figure 3 shows the result of three different levels of electrical
attenuation (on the sinusoidal input signal) ranging from 0 dB
to 80dB (voliage). Even with 80 dB attenuation (x 10,000), the
output signal from the modulator is easily seen on the scope
trace. For the 0 dB trace, the negative going portion of the
sinusoidal input is distorted as it passes through the minimum



in the sinusoidal response function (see ref. 1), however the
positive going portion does not go through the response peak
(indicating that the modulator was not biased precisely at the
half-power point). Concentrating on the positive going portion
of the sinuscid, we see that the input signal goes through a
dynamic range of at least 10,000. At the lowest input signal
level (80 dB attenuation), the signal is still much above the
noise. By analyzing the rms noise of our system with the light
beam blocked, and with the beam unblocked but no modula-
tion signal, we find that at the attenuation value of 10,000 the
ratio of the peak signal to the noise due to just the laser/
modulator combination is ~ 4. However, these noise mea-
surements were made from scope traces of the same time scale
as Figure 3; here the noise bandwidth is determined by the
amplifier roll-off at 1. 5 MHz, and the record length at the low
end; we find this to be 1.3 MHz. Extrapolating to the case of
a 10 MHzbandwidth {maore suitable for most SSC applications),

we find that this increase in bandwidth should lead to a noise -

increase of a factor of = 2.77. Thus operating with a bandwidth
of 10 MHz, we would expect to find a dynamic range of = (4/
2.77)(10,000) or slightly more than 14,000, Further, since we
know that this signal can be linearized, we can establish a linear
relationship between the optical power from the modulator and
the input voltage to the modulator,

At this point, it is convenient to discuss the relation-

ship of the charge (or voliage sensitivity) to the parameters of .

the carmrier modulator system. The optical power output of
most modulators can be conveniently described by

P=PoF(V) eq. 1
where P( = 1\Pjp is the maximum carrier power out of the
modulator--when F(V)=1, | is the insertion loss, Pjp, is the
input optical power, and F(V) is some modulation function of
charge or voliage. The uncertainty of the measured optical
throughput, dP, is made up of three contributions: carrier
power instabilities, detector noise, and amplifier noise. We
may lump these uncertainties together into the total uncertainty
in the measured power, dP. The voltage uncertainty due to
fluctuations in the measured optical power is given by

SV=(5P/Po)/(dF/dV) eq.2

assuming that oP is small compared to Pg, and dF/dV is not
close to zero. Any fluctuations from the modulator itself8 are
then added in quadrature with this uncertainty to arrive at the
total uncertainty in the measured voltage.
For the case of the Mach-Zehnder, reproducing eq. 1
from ref. 1 we note that
P=n{1-€f(V,)}Pisin’ (';—v‘!-+ & J¥NEf(V;)Piy eq. 3
where P is the modulated optical power output, Pjp is the input
optical power, Vg is the applied signal voltage, Vg is the
voltage required to modulate from a minimum to maximum (1/
2 of an interference fringe}, 7 is the device insertion loss, € is
the low voltage modulator extinction and usually € <0.01, ¢ is
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Figure 3. Results of Mach-Zehnder dynamic range measurements. A dynamic range well

in excess of 10,000 is demonstrated.



the quiescent phase shift of the device, and fis a phenomeno-
logical function that describes the behavior of the modulator
extinction at high modulation voltages “f” is very nearly 1
except at voltages much larger than Vg, With dF/dV at its
maximum (i.¢., at the half-power point, in the Mach-Zehnder
case), we find,

3Q _3v _
E‘%'(EP’P")‘L

n(1-€) eq. 4
so the voltage (charge) uncertainty is proportional to the
relative optical power uncertainty, scaled by V,(Q).

For the measurements shownin Figure 3 extrapolated
to 10 MHz, 8v/vg= 1/(dynamic range) = 1/14,000 = 7.1x10"3
Equivalently, $Q/Qp = 7. 1x10"5 Alternatively one may ex-
tract the relauve optical power uncertainty using eq. 4, dP/
Po=1. 1=104, The modulator used for the measurements in

Figure 3 was an in-house designed and fabricated high- -

bandwidth traveling wave Mach-Zehnder. In general, for SSC
applications it appears that lumped element electrode structures
may be preferred; to understand the charge sensitivity possible
for SSC applications let’s consider the lumped element case.

Beckerl0 discusses a figure-of-merit for lumped-element -

modulators; M=Vy L, where L is the length of the electrode
structure. Becker finds that M= 14 V-mm and that the
capacitance/electrode length p =0.85 pF/mm . Thus, one can
casily calculate theamountof charge deposited on the electrode
structure to yield a voltage of Vy; Qu=Mp=12 pC. Applying
this to our dynamic range measurements above yields the result
that the minimum charge that we are capable of detecting
would be 12 pC/14.,000 = 0.86 femtocoulombs. This assumes
our value of the relative optical power uncertainty extrapolated
to 10 MHz bandwidth, and the Qg of a lumped element
modulator structure. We are further making the tacit assump-
tion that the electrode termination resistance is large enough
(or actively gated) so that the charge will not dissipate on time
scales consistent with the desired bandwidth.

It is wseful to consider the shot noisc {counting
statistics) limitations on the dynamic range. For our optical
power level of ~ 5 mW—at the Mach-Zehnder bias point, a
projected bandwiith of 10 MHz, at a wavelength of 1300 nm,
and a detector quantum efficiency of 90%, the shot noise is
easily calculated using the usual Poisson distribution as-
sumption. Given these circumstances we find that the shot
noise ﬂucmauons in the measured optical power would be
1.8x1073 of the average power, i.c. 9P/P=1.8x10-3: where 9P
is the fluctuations in the measured power (assuming only shot
noise)and P is the average measured power. So we are a factor
of 6.1 away from realizing a shot noise limited system. For the
ideal optical shot-noise limited system, operating, with an
optical power of 5 mW at the receiver, the charge sensitivity
could be as good as 0.14 femtocoulombs. However, at these
low charge levels, we are probably approaching the level of the
thermal charge fluctuations in the modulator capacitance: at
room temperature with a capacitance of 5 pF the thermal noise
would be of order 1000 electrons or 0.16 IC (see ref. 8).

The dependence of the sensitivity on the slope of the
modulation function , eq. 2, has led us to consider resonant

modulator structures. These structures exhibit a modulation
function that consists of resonances, i.e. the device is charac-
terized by a “Q"—or finesse in the optical vernacular. Thesc
kinds of devices may be of interest where extremely high
charge sensitivily is required but dynamic range is not. Most
tracking detectors, by virtue of their necessarily smatl volumes,
would seem 1o fall into this category.

This kind of modulator is very simple in design. It
consists of a single waveguide with dielectric mirrors depos-
ited on the input and output facets of the chip to form an optical
cavity. The resonances in transmission are a function of the
ratio of the optical length of the cavity and the optical free-
space wavelength. For a Fabry-Perot modulator, the modu-
lation function, in analoH with eq. 2 can be derived by
following Bon and Woif' ! but including a loss factor,

(1-R)%e-oL

G@®)=
(1-Re-oLY2 +4ReLsin 2(3/2)

eq. 5

where o.isthe optical loss coefficient, R is the reflectivity of the
cavity ends, 8 is the optical phase difference; d=4nnL/A, where
n is the refractive index. Electrodes are then deposited on
cither side of the single waveguide. The electrodes are used to
modulate the index of refraction and hence the optical length
of the cavity. Thus, this structure can be used as a tuneable
monochromater or a very sensitive modulator that responds to
applied voltage or charge.

Figure 4 shows data taken at LLNL from an inte-
grated optical Fabry-Perot modulator of LLNL design and
fabrication. Here the resonance is clearly seen. Inthis figure,
the finesse, F—the ratio of the free spectral range (distance
between peaks) to the FWHM of the resonance—is approxi-
mately 12. This data was acquired by scanning the optical
spectrum; which is equivalent to applying a voltage or charge.
One can easily relate the finesse of this device to the maximum
slope of the modulation function. An analytic expression is
possible from eq. 5, however, the essential point can be made
with far less algebra, by approximating the resonant peaks with
triangular spikes. ‘If we constrain the peak of the spike to
correspond to the peak of the resonance and also force itto pass
through the FWHM of the resonance, we arrive ata very simple
approximation for the slope of theresonampeak especially for
a finesse that is large,

4G .
dv F (2Vz)

eq.6
where F- is the finesse. Applying eq. 2, we may calculate the
voltage andcharge uncertainties (hence, theoretical sensitivities)

for the Fabry-Perot modulator as,
3Q _ 3V _ sp/pe)2
Q% Vz F eq. 7

Naturally, this sensitivity scales with the inverse of
the finesse which can in principal be made quite high. Given
the same optical noise parameters of our MZ measurements
and using the finesse value from Figure 4, we would estimate
under these conditions that the charge sensitivity of the FP
modulator would be 0.3 femtocoulombs or ~ 2000 clectrons.
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Figure 4. The modulation shape function for a Fabry-Perot structure, Note the resonant peaks in the response.

The sensitivity leverage of the resonant Fabry-Perot modulator

isclear. We could presumably extracteven better performance
from a FP with a higher fincsse and/or shot-noise limited
optical detection, however we are again approaching the level
of the thermal noise in the electrode structure itself (ref. 8).

A word of caution about such resonant structures is in
order: Their excellent sensitivity may come at the price of
significant instability, with respect to temperature in particu-
lar. However,itmay be possible tocompensatethese instabilities
with & feedback mechanism or conceive device designs that are
self compensating, yet resonant—the Mach-Zehnder is an
example of a self-compensating structure, unfortunately it is
not resonant. The Mach-Zehnder’s two paralle]l paths pass
through the crystal so closely that any temperature-induced
optical path change is experienced identically by both. Per-
haps it is possible to design a resonant structure that also has
this feature,

Modulator Power Dissipation

For many SSC applications, the power dissipated by
subsystem e¢lements is critical. For the case of the modulators,
the dissipated power is from two sources the optical carrier and
the charge driving the modulator. As we shall see, the most
significant component is the optical power.

The optical power dissipation will be approximately -

equal to (3/2)Pp— on the order of 1/2 of the input optical power
will probably be lost due to inefficiencies in optical coupling,

and operation at the half power point will then account for an
additional 1/2Pg.

The energy dissipated due to the modulating charge is
calculated as q2/2C. Since the MZ will be the least sensitive
of the two devices discussed here, we will consider it as the
worstcase, Taking C=2.55 pF and assuming q=Qp=12 pC, we
find that there will be 28 pJ of energy dissipated per “hit,”
maximum. Then, if every pixel registered a hit every beam
crossing, the dissipated power from the charge waould be 28plJ/
1.6nS = 1.8 mW. However, since the detector elements that
are not hit far outnumber those that are, on average, this power
dissipation term will be reduced by a couple arders of magnitude.
So we would expect the charge dissipation power to be of order
10 microWatts, or less, on average. It should be pointed out
that no matter how the charge is readout the energy must be
dissipated.

While on the subject of power dissipation it should be
noted that given the ultimate shot-noise limited system, where
the optical noise goes as the Pol/2, there will be a trade-off
between noise--hence, sengitivity—-and optical power dissipa-
tion. This tradeoff should be considered when determining the
optimum modulator design for a particular SSC application.

System Costs
There is not space here for a comprehensive discus-

sion of projected costs. However, it is clear that without
significant advances in integration density (number of modu-



lators per chip) and antomated packaging techniques the per
channel costs will be prohibitive. We hope to pursue, with
industrial partners, both of these critical areas.

Radiation Sensitivity

While some encouraging data on the radiation sen-
sitivity of these integrated optical modulators does exist,!2
there is much that remains to be done at SSC dose-rate levels.
And we have begun a program of investigation for thisimportant
issue for modulators at the SSC,

Conclusions

- We have presented dynamic range, and sensitivity
data for two distinct classes of integrated optical modulator.

These measurements demonstrate that these devices may prove |

very useful forboth calorimetry and tracking. Further, we have
outlined a comprehensive electro-optical imaging system ar-
chitecture thatincludes anovel and elegant optical approach to
trigger formation and the means of capturing the triggered
event data.

As high energy physics moves into the twenty first
century with the completion of the Superconducting Super-
Collider, we believe that only by incorporating the best and
most sophisticated technology zavailable will the physics move
forward as efficiently as possible. We hope that we have
demonstrated, in a substantive fashion, that electro-optics has
a very large role to play.
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trodes of the proper impedance. Patterns such as x-y or u-v can readily be laid out.
Particular attention will be paid to the study of resistive pick-up electrodes that can allow
charge division of the signal between the two ends of the electrode with a corresponding
position measurement of the z-coordinate of the muon track.

We already have general purpose electronics and gas handling systems available from
previous research projects carried out in FY 1991 for our internally funded L* R&D pro-
grams in muon chamber design and liquid scintillator hadron calorimetry. This includes
high voltage power supplies, amplifiers, discriminators, TDC and ADC modules, and
scalers. We also have data acquisition systems utilizing VaxStation 3100's interfaced to
CAMAC via SCSI or Macintosh II/FX interfaced to CAMAC via GPIB. Both systems
contain powerful data analysis and color graphics display and visualization software.

The program for R&D we propose is the following:

1. Determine the best coating techniques and characterize them for resistivity and
surface uniformity.

2. Assemble a small 30 x 30 cm? single layer RPC using resistive glass and cermet
sputtered resistive electrodes.

3. Characterize this small counter for noise, operating efficiency (plateau), time
resolution and spatial resolution. This includes characterizing the size and tem-
poral duration of the localized dead region after an electron avalanche is gener-
ated. Spatial resolution along the long pickup strips will also be studied, with
particular attention being paid to uniformity and linearity of the position mea-
surement near the edges of the chamber. Also, chamber lifetime and aging ef-
fects can be studied with accelerated tests using high rate localized pulsing.
Tracks can be generated using tagged cosmic rays, radioactive sources, and UV
lasers. In addition the LLNL. 140 MeV Electron Linear Accelerator could be uti-
lized as a source.

4. Based on the experience with the small RPC we would next build a larger RPC
of about 1 m? area. This effort would be carried out keeping in mind the goal
of large scale production of RPCs. As such, materials, cost, and manpower
would be optimized.

Collaborative work with MIT

We have initiated discussions with Professor Irwin Pless of MIT to form a collabora-
tive effort on RPC R&D.5 Dr. Pless has indicated that he can bring a phenolic RPC back
to MIT from Gran Sasso for study and characterization. We envision a research program at
LLNL that is complementary to the effort of the MIT group. Initial work at MIT will focus
with designing a test stand for the Italian RPC and carrying out various tests on that RPC.

Independently, LLNL will perform the tasks outlined above with the goal being to
provide a suitable GEM prototype RPC that could then be compared to existing RPC tech-
nology. A meeting with Dr. Pless to work out these details was scheduled to coincide with
the GEM Muon Sub-system meeting to be held in Boston on August 23, 1991, This
meeting resulted in an agreement to perform the tasks outlined above with the work to be
performed by the two institutions as previously stated.



A Proposal for R&D on Resistive Plate Counters for the GEM Detector
Craig R. Wuest, Richard M. Bionta, Elden Ables, Dan Makowiecki
Lawrence Livermore National Laboraiory
Introduction

Resistive Plate Counters, or RPCs have been proposed as part of the prompt trigger
and muon detection system for the GEM detector - to be built at the Superconducting Super
Collider.l RPCs of various types have been built for air shower arrays as well as charged
particle detectors at accelerators.2# In its most basic form an RPC consists of a thin (2
mm) gas-filled region sandwiched between resistive plates coated with resistive electrodes
(usually made from graphite-based paints). -An electric potential is applied to the resistive
electrodes to form a field in the gas region of about 4-5 kV/mm. The resistive electrodes
typically have surface resistivities of a few 100 kQ/square. The resistive plates typically
have a volume resistivity of 10! Q-cm and have been made in the past with plasticized
PVCZ, bakelite (phenolic)3, or resistive glass.* Timing resolutions are reported to be a few
hundred picoseconds to a few nanoseconds. .

RPCs also offer the potential of providing z-coordinate information along with the
fast rigger pulse identifying the passage of a muon. Z-position information is provided by
charge splitting using resistive readout electrodes, or time-differencing of the charge signals
at each end of the readout electrode, and has the potential of providing the z-coordinate of
the muon with a resolution of about 100-200 microns.

Experimental Program

There are indications that RPCs based on plastics and phenolics suffer from noisy op-
eration and deterioration because of the deposition of hydrocarbons on the inner surfaces of
the resistive plates and because of electrical breakdown in the regions where the plates are
separated by spacers. To address these issues and to develop an appropriate trigger counter
for the GEM detector, we propose to study alternative materials for RPCs utilizing the ex-
pertise at LLNL in the areas of Chemisiry and Material Science (CMS) and Physics. We
have already identified candidate resistive glasses that could be easily coated with various
resistive electrodes by sputtering. We are equipped to sputter a number of different mate-
rials on large area plates and could, for example, provide cermet thin film coatings
(chrome/silicon monoxide) with resistivities controllable from a few tens of kQ/square to a
few MQy/square. We have extensive experience in sputtering cermet coatings as well as
other types of resistive coatings. While many resistive coating technologies should be suit-
able for RPCs, we would concentrate on the application of cermet thin film coatings be-
cause we have experience in producing these coatings for other position sensitive avalanche
counters under development at LLNL, and because we feel that the surface resistivity and
uniformity of these coatings can be more readily controlled.

Sputtering processes provide fast uniform coatings that can be adapted to large volume
production of RPC parts. In addition, complex patterns can be sputtered utilizing masking
techniques to provide metallic (copper, aluminum, etc.) or resistive (cermet) pick-up elec-




Cost

We estimate the R&D funding needed to perform this work at about $200 K for
FY1992. This amount covers 0.25 FTE of a CMS engineer, 0.5 FTE of technician sup-
port, 0.5 FTE of an Electronics Engineer as well as an estimated $20 K for materials and

$30 K for travel.

RPC materials (glass, coating targets, spacers, masks, etc.) $20K

RPC gas system supplied by LLNL
RPC electronics (computer, data acquisition, muon telescope, etc.) supplied by LLNL
0.25 FTE Chemistry and Materials Science Engineer $35K

0.25 FTE Chemistry and Materials Science Technician $22.5K

0.25 FTE Mechanical Technician $22.5K

0.50 FTE Electronics Engineer : ' $70K

Travel (for physicists) supplied by LLNL
Travel (for engineers and technicians} $30K

TOTAL $200K.
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