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Abstract

* We have built a fast, pipelined first-level wrigger processor for the H1 experiment at HERA. The trigger finds tracks in
the forward-muon spectrometer which point back to the interaction vertex. The inputs to the trigger come from drift
chambers with a 6 cm drift space comesponding to a maximum drift time of 1.2 us. These chambers consist of two layers of
drift cells whose staggered configuration makes it possible to extract the time at which a particle traversed the chambers to
better than one HERA bunch-crossing period, 96 ns. The trigger hardware exploits this characteristic in a real-time
operation, and is able to find pointing tracks and associate them to production in a specific electron—proton crossing. The
trigger processor must be deadtime free. It operates in a pipelined mode with 48 ns steps and has a latency of about 22
HERA bunch-crossing periods. The compact design is based on two semi-custom integrated circuits. Both are field-program-.
mable. 32 X 32 coincidence matrices. one having serial loading of its inputs and the other using paraliet loadmg The system
was installed in the H} cxpcnmem carly in 1993 and has run successfully since then.

l Iatroduction

HERA is a high-energy colliding beam accelerator
operating at DESY, Hamburg. It consists of two intersect-
ing storage rings situated in a tunnel of 6.3 km circumfer-
ence. one containing electrons of 27 GeV energy and the
‘other protons of 820 GeV energy. The heams of: particles
collide at two points where expcnmcnts are mounted: HI
in the north arca and Zeus in the south area.

The circulating beams are not continuous but consist of
a stream of particle bunches Y6 ns apart. The proton
_bunches are approximately 1.1 ns long and the electron
bunches -approximately 0.3 ns long. In the final design
configuration of HERA there will be 210 bunches of each.
_type which will effectively populate the complete circum-
ference of the rings. and provide a peak luminosity of
2x 10" cm™ *s~!. Storage rings with colliding bunched
.beams do not represent a new concept. However, in other
colliders the time between bunch crossings is much longer.
‘e.g. the CERN Collider where the time was 3.8 ps and

. Con'cs'pendrng' author.

LEP where the ume is now 11 us. At HERA the crossing
time of 96 ns puts additional constrzints on the design of
the detectors. and on the selection of interactions in real
time via triggering. It is also a useful step towards the
CERN LHC, where the crossing time will be 25 ns.

H! has adopted a multi-level trigger philosophy involv-
ing four levels of triggering: L1, L2, L3:and L4 These
triggers examine the information from the various compo-
nents of the experiment, and select events satisfying pre-set
combinations of conditions. They act sequentially and
apply more and more selective criteria. L1 is the first
selection process and has 1o examine detector information
every bunch crossing, whereas L4 :: a farm of computers
with a processing capabiiity of abou. 100 events/s. During
the running of 1993 and 1994 H1 operate.i with mggcrs
L1 and L3 only [1] '

The L1 trigger must be sensitive at every bunch cross-
ing if the experiment is to he efficient in its use of the
luminosity of HERA. Triggers coutributing at this level
must cither select the interaction of interest in less than 96,
ns. or operate in a pipelined mode. accepling: collisions

“every 96 ns and processing them in 96 ns stéps. The
' number of sieps in the pipeline deter-ines the latency of
o+ the mgger uhnch is the dc!ay behwccn the cmssmg and the
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Ll decision belag pmduced. The tngger lalcncy has qultc
significanl coasequences for the specification of detector

front-end electromics. ‘A further requirement of the LI ..
tnggctlstkmalmnst!!eabletoulennfyeachmlelactlouE :
which it selects with a uniqué bunch crossing. We will -
refer to this process as I-zero extraction. This requirement :
mcans that in any combination of L1 trigger conditions, at -
least . one element of the combination must be based on a .
detector which has intrissic time resolution better than the
hmchcrostngpetndof%ns. Multiwire proportional -
chambers and scintillation counters can achieve this resolu- .

uonmly The liquid argon calorimeter of H1 cannot. if
also reqired to retain good energy resolution.

The LI trigger described in this paper is based on drift
chambers with a maximum drift time of 1.2 ps. but with a

wire configuration such that t-zero can be: extracted. It

Yooks in the forward-muon spectrometer of H1 for particies
whose tracks point back to the region where the electron
and proton beams collide. These particles have penetrated
the end-cap iron of the H]l magnet. Many of them will be
muons., which constitute a signature for the production of
heavy-flavour quarks in the intcraction. The interaction
region is about 30 cm long and has transverse size of less
than 0.1 mm. Particles which cnter the forward-muon
system come not soly from electron—proton collisions. but
also from proton beam—gas interactions, proton beam—wall
inicractions, and synchrotron radiation from the electron
beam. The rates from the background processes are much
higher than those from genuine clectron-—proton interac-
tions. The pomung requirement provides a powerful means
of rejecting such tracks at L1.

2. Forward-muom spectrometer

The HI forward-muon spectrometer is shown in Fig. 1
2l » cnns!sts of six drift chamber planes. three either side
of an iron toroidal ‘magnet. Each plane is subdivided into
octants in azimuth, with-octants 0, 2. 4. 6 bemg identical,
and slightly different from octants 1. 3. 5 and 7 for
mechanical reasons. The geometrical arrangement of indi-

Fig. 1. Dngnmniainc side view of the H1 forward-muon spec-
trometer. The end-cap iron. hqmd argon calonmcm and ccatral’
lnckn are 1o lhe nghl .
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vidual drift cells is such that it provides a measurement of
the polar angle 0 in planes 1, 3, 4 and 6 {(denoted O, 8,,
6, and ©,) and a measurement of the azimuthal angle ¢
in planes 2 and 5 (denoted P, and P,). The ¢ chambers
play no part in the trigger described in this paper and no
further mention will be made of them. :

The region covered by the forward-muon drift cham—
bers is in the range of polar angles 3° to 17°. The tocations
of the chamber planes along the beam direction relative to
the nominal interaction point are given in Table t.

A drift cell has a rectangular cross section, with a depth
of 2 cm and a width of 12 cm. The centrally-positioned
sense wire defines a maximum drift distance of 6 cm. The
lengths of the drift cells can vary from 40 10 240 cm,
depending on their distance from the beam-pipe. A drift--
chamber plane has two layers of drift cells. with vnc layer
displaced by half a cell width with respect 10 the other as
shown in Fig. 2. The purpose of this arrang=zieni is to
resolve the ambiguity between hits on cither side of the
wire, and to correlate the hits in the spectrometér with the
corresponding electron—proton collision in HERA as will
be explained in Section 5.1. To reduce the number of
clectronic readout chaanels required. sense wires of adja-
cent cells are connected via a 330 () resistor as indicated
in Fig. 3. Both ends are read out, and the coordinate along
the wire measured by charge division. The drift cells are
filled with a gas mixture consisting of 92.5% argon, 5%
CO;. and 2.5% mcthane. They are operated with.a drift
voltage of 4.2 kV and have a maximum drift time of 1.2,
us. The readout to the data acquisition system uses the

.
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Fig. 3. Detail of coamection and charge division on adjacent drift

same F1001 flash-ADC system [1] as the other drift cham- - .

bers of H1 10 sample and digitise its pulses, which are then
reconstrucied in time using a Q- algorithm.

3. Philosophy of the trigger

The forward-muon trigger is required to find tracks in
the forward-muon system which point back to the elec-
tron—-proton _intcraction region. The trigger must also be
able 10 associate tracks in the drift cells with a particular
bunch crossing, which requires a time resolution of better
than 96 ns. The contrast between this and the time resolu-
tion of a single drifi cell, 1.2 ps. is very striking..

The pointing requirement is imposed for tracks which -

reach -the tovoid, and also for tracks which traverse the
toroid. The pointing is degraded for both categories. Muons
in the region before the toroid which have come from the
interaction point have been deflected in the central
solenoidal magnetic field, and have undergone multiple
coulomb scattering {m.cs.) in both the liquid argon
calorimeter and the endcap iron of the H1 solenoid. Tracks
in the region after the toroid have also been bent in the
toroidal field and have undergone further m.c.s. in the
toroidal iron.

The trigger described here finds tracks that hit the same

octant of cach dnftodlambcr ‘plane,. but not tracks which -

coss from one octant (o another. This causes a small loss
in efficiency. The logical steps of the forward-muon trig-
ger are shown in Fig. 4. The analogue signals from two
linked drift cells are-ted into a discriminator module,
which ‘applies an tmphtudc threshold ‘to each signal to
determinc if a wrack is present, and produces an output
logic signal on one of two output lines comesponding to

the cell which the track traversed {i.e. which has the larger

signal).. The discriminator outputs’ are sem (o road-finder

modules which select hits corresponding to tracks which
point back to the interaction fegion. within the limits

allowed by . multiple scattering and bending. This is done
separately for tracks in planes @, and 6., and for planes
6, and 6,. Finally. tracks found before the toroid ar.d

after the. toroid are correlated in o:det to find bravcrsing’
tracks. The outputs from cach octant ate combir.d in the.
final-decision module. to produce tpological triggers. Each’ -

element of an 4 will be. dcscn'bcd below.

mem
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coordinate along the wire is oblamad by charge division.
The sense wires are SO pm-dmmem nichrome wires for
the longer wlls and 40 p.m—dlameler for the shorter ones,
with resistances of 550 and 859 (¥'m ™! respectively. The’
330 Q linking resistor thus corresponds to wire lengths of
60) cm for the longer cells and 38 cm for the shorter ones.
The trigger is required to identify which of the two linked
cells was struck in real time, and this s ‘achieved by
comparing the amplitude of the pulses on the two wires
and allocating the hit to the wire which has the bigger
amplitude. This is done using the circuit shown in Fig. 5.
If either wire signal amplitude is above a threshold, which
can be set in 256 equal steps up to a maximum value of
1.5 V. the discriminator fires and its outnut is shaped to
give a 50 ns-long pulsc. After a delay of 20 ns, this-
cnables a comparator into which the two wire signals are
fed. The two complementary comparator outputs are ar-
ranged such that the one which corresponds to the bigger
amplitude goes high. The two outputs are strobed out of
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- Fig, S. Circuit diagram of the discriminator.

the circyit with a 100.ns-long strobe. The 20 ns delay to
the cnable was seleeted to match the rise time of the pulse.
so that the comparator is enabled on the pulse peak rather
than the rising edge. The 100 ns output strobe ensures that
the discriminator is effectively disabled until the next
bunch crossing. The performance of the circuit was opti-
mised on a test rig consisting of two coupled drift cells and
a cosmic muon telescope, and was shown to be nearly
100% efficient at wire discrimination for threshoids above
a few tens of mV. The results are shown in Fig. 6; the
number of wrong assigments to the coupled cell is very
small. .

The four ® planes bave between 24 and 40 cells per
octant, as indicated in Table 1. In order for the trigger
logic to be independent of the ‘drift-chamber plane to
which it is applied, all of them have been, arranged to
provide 28 trigger channels. This is achieved by adding
four “*pull™” cells 10 the first plane, and by ORing the outer
16 cells of the third plane into pairs as well as the 24 outer
cells of the fourth piane. The ORing is done in the
discriminator modules, whose output signais then consist
of 24 signals from 6, and 28 from cach of 6, O,, and
6,. These signals, whicl are at this stage asynchronous
with the HERA 96 ns clock, are sent out onto the back-
plane and into the 10ad-finder modules about to be de-

There is one discriminator module per octant. Each
module consists of a mother-board holding 64 plug-in
6-layer printed-circuit boards (2.3 cm X 5.1 cm), each of
which contains one of the discriminator circuits shown in
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Fig. 6. Efﬁcmx:y of dncnmmmon as a function of dlsmmmamr
lhrcshold Co :

Flg. 3. The dlscnmma!or mother-board isan 8—|ayer pnmed
circuit 9Uh|gh><40cmdcep(1U-l75 m) '

5. “e md-ﬂnder llodule
These modules. mdlcated by the: large shaded areas in

Fig. 4, extract t-zero for each pair of wire signals, find
tracks in ©, and B,, ormG,andQ.andﬁnaliy

" correlate traversing lracks beforc and after the toroid. .

5.1. T-zero extraction

In Fig. 2 we have superimposed a track on a pair of
overlapping drift cells. This has drift times of T, and T, io
the two sense wizes. For pulses armiving at the wires,
originating from a single track perpendicular to the drift
direction which has gone through both drift volumes, the
sum of 7, and T, is equal 1o the drift time over the full 6
cm drift distance of the chambers, 7. which is a constant:

T,+T,=T. (r)

What appears on the wires is of course only a stream of
pulses, relative to some unknown starting time. This un-
known starting time identifies the bunch crossing which
produced the particle that left the track.

The way in which these pulses are processed by lhc
trigger is shown in Fig. 7. The pulses from a pair of
overlapping drift cells are shaped by discriminators as-
described above, and then are strobed into two shift regis-
ters, 32 locations long, which form the x and y axes of a
coincidence matrix. The system clock which provides the
strobe has a period of 48 ns and is synchronous to the 96
ns HERA clock. An application-specific integrated urcun
(ASIC) contains all the logic shown in Fig. 7.

The strobing frequency of the discriminator outputs
into the shift registers provides the limiting factor in the
time resolution of the trigger. As mentioned in Section 4.

" the pulses coming from the drift cells rise in about 20 ns:

For a fixed disctiminator threshold. this means that the

n :w 0

FEIENLAL O

l

zun'mu HE

" Fig. 7. lock diagram of the 1-2er0 ASIC,
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maxlmnm‘nmc slew of ihe ‘discriminator output ‘pulses. -

relative to the -pulse. ccnlrond is ‘less than 20 ns. The
discriminator pulses_are asynchronou.s with . the syslcm.
clock, and so ﬂmbmg theni into the shift registers intro-

duces 2 maximum additional umc skew of 48 ns. Thc.

combined time slew, ‘coming from- the discriminators and
the strobing, will still be less than the time between HERA

bunch crossings. and therefore should. mot result in'an

incarrect t-zero bcmg extracted. A system clock period of
96 ns is clearly not viable. while a system clock of 24 ns
would provide better overall time resolution but would
require a 64 X 64 coincidence matrix. The additional cost
of this sysicm was not considered to be justified.

. The pulses are clocked along the shift registers with the
sysiem clock. Each of the elements of the 32 x 32 coinci-
dence matrix can be considered as a 3-input AND gate, as
shown in Fig. 7. The inputs correspond to:

— an element of the x-axis shift register,
~ an element of the v-axis shift register.
- a field-programmable bit.

The outputs of the AND gates are ORed in the ¥
direction and outpui to a 7 xgister as shown. The pro-
grammable elements of the coincidence matrix that are
activated determine the correlation between the ¥ and ¥
values which will produce an output at . A diagonal load
as illustrated in Fig. 7 defines a condition.

x+y=CONSTANT. . )

When this coadition i< samﬁcd by the input pulses, an
output pulse appears in the z-register at a value z = x. If
this CONSTANT is equal to the drift time corresponding
to the full drift distance. T, expressed in units of system
clock ticks, then we have a constraint which is equi\':alcm
1o that in Eg. (1). Note that for particles nat normal to the
drift. direction lhe equallon must include an additional
‘_cunsldnl .

The delay. between the particle hcmg produced and the
signal appearing in the z-register is the sum of the time for
the particie to reach the drift cell. the maximum drift time
in the chamber. the time for the wire signal to arrive at the
discriminator and pruduce an output signal. and the delay

through the t-zero chip itself. This latter is one 48-ns clock
tick: Thus the time of the bunch crossing responsible tor
the track can be extracted.

Not only does the coincidence matrix .tll(w» the deter-
-mmatmn of the bunch crossing responsible for the track, it
'alsq determines the location of the track in the drifi
volume. Given that the drift time is 1.2 ps for 6 cm, the
ionisation drifts 2.4 mm for every 48 ns clock tick. The
distance. d. of the track from the sense wire is given by

d-(h()—-x"-ﬂmm : (3)

Thus we gel holh a melsuremcnl in 4% ns steps, of the
time at which the track crossed the chamher (from the time

taken- fot a coincidence in the matrix_to oceur), and a-
measurement, tn 2.4 mm steps, of the track position in the

Fig. & Logic lavout of the t-zero ASIC.

drift volume (from the value of z where the coincidence
occurs). The philosophy of this approach represents the
heart of the forward-muon trigger. Given hits in space and
time in each of the four @ planes. the problem of finding
pointing tracks can be addressed.

The implementation of the logic in Fig. 7 is done in a
semi-custom ASKC using 1.5 um CMOS technology. The
logical layout of the t-zero ASIC is shown in Fig. 8. Here
we indicate some of its significant characteristics. The chip
can be operated in four modes, controtled by the mode
register. The modes are: '

© 1) NORMAL RUNNING in which the two wires from
overlapping drift cells are connected to the x and ¥
registers and the discriminator pulses are clocked using the
48 ns clock. In this mode the x and y registers arc each
connected to 32-bit long overflow registers, which con-
tinue to clock the data along. The purpose of the overflow
registers is to allow offline monitoting of the trigger
performance. The delay between the interaction and the
registration of a level-one trigger in H1 is 24 bunch-cross-
ing periods. or 48 system-clock ticks. When a L1 trigger is
declared by the Central Trigger Logic the state of the
trigger processor is frozen. By this time the wire. hits
which contributed to the forward-muon trigger have
clocked on along the x and v registers and may even have
shifted out of the register. The overflow reg,Ncr retains

tr=m for offline analysis.
* 2) REWIND mode is lmplcmemcd after the Central

. Trigger. Logic has decided 10 read out an event. The

contents of the ¥ and ¥ registers of the t- zpro chips have
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to be: restored to the ‘value they had at:the time the. trigger
was produced, about 10.5 bunch crossings earlier. In this
.mode, the x and y registers and their overflows are
connected to form a closed loop and the . contents are
clocked back by-the correct number of system clocks for
hits to occupy the same posmons in the shift register that
‘they liad at the instant- the tnggcr was produced, and
therefore the z register and ail subsequent regnstﬂs in the’
‘trigger are also as they were.

~ 3).READOUT mode is implemented to read out the
values of the x, y and 2 registers after the rewind. In this
mode the three registers are connected in series and read
out serially as part of a module-wide scan path.

-4) LOADING mode is used to load the bits enabling
the individual cells in the coincidence array. The contents
of a horizontal row are loaded o the x register, the
address into the y register, and then the load instruction is
carried out.

The z register contents change every 48 ns to reflect

the correlation between the hits in the x and y registers.

The 32 bits of the register correspond to the position of the
hit in the drift volume in units of 2.4 mm as indicated in
Eq. (3). This coordinate is required as input to the track-
finding ASIC that will be described in Seciion 5.2. How-
ever the intrinsic resolution of 2.4 mm, which has come as
a tesult of the time resolution requiremernt of 48 ns, is
better than is needed for tracking. This is because m.c.s. in
the end-cap iron of the H1 solenoid and in the liquid argon
calorimeter cause a smearing in direction of the tracks
emerging from the interaction point. This will be discussed
in detait in Section 5.2. Therefore the posit-onal informa-
tion from the t-zero chips is only provided on seven lines
which correspond to

— 1 ORs of 8 bits,

— 2 ORs of 16 bits,

— 1 OR of 32 bits.

giving nominal spatial resolutions in the drift direction of
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SN 92, 3.84, and 768 cm (aclually timited 1o 6 cm hy the

size of the drift cells). .

Also available as oulpuls are the- wnre-ORs, i.c. ORs of
regions of the x and y registers, which are produced in the
1-zero chips with the same granularity as above but without.
any coincidence tequirement. Their use will be described

below in Section 5.2.

03 pair position (cm)

A full description of 'the {-zero Chlp spccuﬁcatlon is
available in Ref. [3).

5.2. Track ﬁhding

As indicated in Fig. 4, the track finding is done in
several consecutive stages. In Section 5.1 we described
what is done by the t-zero chips in each of the & planes.
This already applies some pointir2 Lonstraint, as the sum
of drift times indicated in E. (1) is only true for tracks
traversing the chambers at right angles to the drift direc-
tion. The sum of drift times depends on the angle of the
track, and this is catered for by changing the constant in
Eq. (2). that is by moving the position of the diagonal
coincidence-matrix Joad.

These t-zero chip outputs are used to find pointing
tracks in the pre-toroid chambers. @, and @, and sepa-
rately in the post-toroid chambers 6, and @,. This is done
in parallel in two separate electronic modules, as shown in
Fig. 4, using track-finding ASICs. Finally. the pre-toroid
tracks. are correlated with the post-toroid ones.to find
traversing tracks.

We will now discuss the spatial resolution required at
the drift chambers to define a track pointing 1o the interac-
tion region. The track emer.es through the central and
forw:ard tracking systenss, the liquid argon calorimeter. and
the return yoke of the magnet before it reaches planes 6,
and &,. The change in the angle of the track due to m.c.s.
varies as 1/p. where p is the particle momentum. The
HISIM Monte Carlo has been used to investigate -the

300
250
200
150
00 | et :
m;l:’ ae " )
50 E_ i l l 'y A 1 ] A A1 L_i_.l_
100 200 . 300
() @4 pair position (cm)

Flg 9. Monte Carlo currclatmn between hu\ in {a) 9 and H,. {b} 9‘ and O, for 1. cks core ;Md n2 o 5-10 (ch/c paruclcs

onzmatmg in the interaction region.
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effects of m. cs.. and in pamcular to study the uonelauon .
between coordmates in @, and 8. for tracks coming °
from the interaction region. Thc resalts are shown in Fig. 9 -

for ‘tracks gencrated with a uniform momenturm distribu-
tion from 5-10 GeV /c. It is clear that to obtain 100
efficiency for S GeV /c particles the road widths that are
required at ©, and 8, are cm wide rather than mm. These
roads : narrow as Ihe momentum is increased. since the
width:is. dominated by mc.s. rather than by the length of
the mlerachon region. and bv 26 GeV /¢ are only about ‘1
‘cm wide. The much wider correlation between 6, and 6,.
in two scparaté bands, reflects the fact that both signs of
particle have to be accepted afier bending in opposite
directions, and so in order to b=+ good efficiency for S
GeV/c particles afler the toroid very wnde roads have 1o
be set.

The purpose of the trigger is (o select interactions
which produce muons in the forward chambers, and to
reject background processes such as beam-wall and
beam-gas interactions. These background processes are
likely to confuse the pointing trigger, particularly for re-
gions near the beam where the tracks are at very smali
polar angles. If the rate of false triggers in ihis region
proves high, the trigger must retain the possibility of
narrowing the roads to reduce it. This narrowing will lead
to a loss in trigger efficiency at 5 GeV /c for particles at
small angles to the beam. Moving out in angle towards she
limit of 17°, the width of the roads required to reject
background processes becomes less critical.

" To preserve as much flexibility and safety as possibie.
while keeping the overall size of the irigger processor
within acceptable limits, the **t-zero' " road widths given in
Table 2 were implemented. This gives a total of 64 roads
in eact oclant of each © plane. Extracting these road
widths from the t-zero chips is just a matter of selecting
the appropriate OR outputs. .

. "Having decided to divide each octant of each € plane
inlo 64 “*1-zero™’ roads, pointing tracks can be found in &,
.and .. and in B, and O,, by correlating the signals from
these roads in a 64 X 64 coincidence matrix However
such- a procedure would require each of the four drift cells
through which the particle passed 1 give a signal. This
would clearly lead to inefficiencies as the cells have walis
0.7 mm thick, and for normal incidence this will lead 10 a
-straight geometrical inefficiency of 1/60 per drift volume

and a maximum uack-finding -efficiency of 93% even if

the drift cells have 100% signal efficincy.

Table 2 :

Road widths used for the t-zcro chips

TTicm chips Road width No. of roaas
1-9 C182em %

0-19 . 383cm -t

0-27 © 768 cm - TN

T-zero
. Wire 1 e
wu-z os-:o'a on | on |- 1
[on[onTorJon] -

5 W 2 O

Fig. 10. The ORing of the wirc signals from adjacent drift
volumes.

‘The way around the problem s 1o accept tracks which
have only three out of the four possible chamber hits. Such
a sulution effectively removes the problem of track-finding
inefficiencies. However. it has several bad effecis on the
integrity of the tracks which are found. Three-hit tracks
consist of a t-zesu-validated pair of hits in one € plare
and a single wire hit in the other. If the track is seen in
only drift volume the time resolution is clearly the fuli
drift time of 1.2 s, and the spatial resofution, because of
the ambiguity for hits either side of the wire, becomes
twice the full drifi distance, i.e. 12 cm. If the single-wire
hit rate is high, due to background interactions, the chance
of a random corelation being made between a pair of hits
in one chamber and a wire hit in the other is high. The
random probiem can be reduced by dividing the 6 cm drift
spacc up into narrower roads before tracks are looked for.
The same road widths as those described above for the
t-zero z register are used. .

To cater for tracks with only three hits. the wire-hit
information from every wire in the system has to be
brought 1o the track-finding chips. What is actually re-

‘quired is the OR of the two wire signals involved. This is

shown schematically in Fig. 10, where we siiow two
overlapping drift cells of one of the & planes. The ambi-

‘guity problem results in the volume covered by this OR

being that within the overall outline of the two' drift cells.
On the t-zero chip. as already mentioned in Section S.1.
various wire-ORs are formed. The 8-bit ORs are iised here.
as shown in Fig. 10. Matching sigsials from the two wires
are then combined to form wire ORs which correspond to
the drift volumes indicated by different patterns. It can be
seen that the effective volume represented by one wire OR
covers a total of {3 X 1.92) cm in the @ coordinate.

The extent of the ambiguity probler: is shown ir Fig. -
10. For the wire-OR hits indicated. ke ambiguities lead to-
uncertainties in track position as shown. Only the wire-ORs
‘of every second t-zero chip are regrired 10 cover the @

- 'planes completely. For the wire-OR signals, each 8 pianc
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Table 3 : s

Roads for wire-OR sngmls . o .
-T-zero chips . - Road width. ~  No. of roads
L3.57: . 192em - 16
9,1,13,15.17. 19 384cm - 12
2).23,25, 27 768cm’ 4

is divided into 32 ‘' wire-OR™" roads. These are shown in
Table 3; it should be noted that these are not the same as
the “‘t-zero’" roads of Table 2.

The track finding between & planes is implemented as

shown ‘in Fig. 11 for @, and 6,. The process is based
upon a semi-custom ASIC in 1.5 pm CMOS technology

which incorporates a 32 X 32 coincidence matrix similar to
the t-zero ASIC. The block diagram is shown in Fig. 12.
The inputs to this track-finding chip are 32-bit parallel on
both x and y registers, rather than serial as on the t-zero
chip. The mode register has equivalent operation to that of
the t-zero chip [4]. The system clock takes in the data from
the t-zero chips every 48 ns.

Four ASICs are used to perform ihe track finding in a
pair of @ planes, as shown in Fig. 11. Here it should be
noted that the inputs from chamber @, always form the x
axis of the track-finding chip, while 6, is always on the y
axis. On the left-hand pair of ASICs it is the wire-ORs of
6, and the nght-hand pair the t-zero z-register roads of
@, while 8, is treated in the opposite manner. The 2
registers of both configurations of the track-finding chips
give the position of the found track in €,. The outputs of
both these configurations of track-finding chips correspond
10 tracks with at least three wire hits, on the lcft two hits in
6, ‘and one in @, and on the right two hits in @, and
one hit in ©,. The OR of the twa : registers combines
both_ possibilities and gives the protection that is needed
against chamber inefticiency. The AND of the two :z

S40h 2-cogistar
wheOR 6, x5 o=
ack-fnding Srack-finding
R
ooro O
44 rputs)

Fig. 11 Confguranon of track- fmdmg ASICs to preserve the
optwn of demandmg four hits OR three hns in 6, and 9,

Fig. 12. Block diagram of the track-finding ASIC.

registers requires two hits in- &, and two hits in 8,. . This
will have a reduced random track component at the ex-
pense of lower efficiency, and may have to be used if the
particle flux through the system is high.

The configuration of tracking matrices for chambers 83
and 6, is a mirror reflection of Fig. 11 in the toroid. The
x axes are the wire-ORs and the t-zero z-register roads of
6,. and as a result the z register gives the position of the
tracks found in 8,

The final operation to find tracks traversing the toroid
is 10 comelate the pre-toroid tracks with' the post-toroid
tr:--s. The ANDing and ORing of the z registers indi-’
cated in Fig. 11 produces a 32-bit word which is a measure
of the position of the track in the drift chamber planc 6,
for tracks before the toroid, and in- & for tracks after the
toroid. These 32-bit words form the x and y axes of a fifth

* track-finding ASIC, which is called tir: currelator chip to

distinguish it. This determines the combinations aoceptcd
as traversing tracks. This is shown in Fig. 4, where it can’
be seen that the 32-bit word of track information from the

" pre-toroid road-finder modile is sent to the posl-loroxd
" road-finder modrle.

All rdad-finder modules are ldentlcal and so the 32-bit
pre-toroid word also goes to a track- ﬁndlnb chip on the
pre-toroid module (sce Fig. 4).- This is configured by
software as a dummy, to pass the word through fo the

“cutput of the road-finder. module. What is finaily ‘sent out

by the road-finder module is the 8 ORs of 4 bits each from
the 32-bit 2 regnsler of mc omrclator chip. These signals
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Fig. 13: Scan path for the road-finder module. showing how the
ASICs are conr.neqed for rcadout.

are availabic - for tracks found before the toroid and. for
tracks traversing the toroid. They correspond to eight
regions in 6 for cach octant.

5.3. Configuration of the module

.+ The 1oad-finder module {RFM) contains 54 t-zero chips.
four track-finding chips and one corelator chip. All the
RFMs operate as pre-toroid modules or post-toroid mod-
ules, depending on the slot they occupy in the crate. The
configuration of x, y. and : registers and their overflows
on the t-zero chips and the track-finding chips, which is
implemented for readout after a trigger-in order to perform
offline ‘evaluation of the ‘tigger performance. has been
described in Section 5.1. ‘The configuration of the scan
path for the complete module is shown in Fig. 13. A
photograph of a module §s shown in Fig. 14. The RFM
also contains RAMs. which can be-used to simulate input
data from the discriminator modules and thus aliow stand-
alone testing of module operation. The RFM is impie-
mented as a 12-layer printed-circuit board, 9U high x 40
.cm deep. ) -

6. The final-decision module

The logical flow of trigger information from the out-
puts of the road-finder modules through final-decision
‘modules and then to the Central Trigger Logic of H1 is
shown in Fig.. 15. The information coming from cach RFM

consists of ¢ight bits, which give the approximatc location
in @ of the trigger tracks. There ar¢ two RFMs per octant,
oné providing these eight bits for pre-toroid tracks, and the .

_other for tracks traversing the toroid. Thus there are 64 bits
. "of trigger data -in .all describing tracks before the tosoid,
-and 64 bits of trigger data describing tracks traversing the
" toroid. {These 128 bits are also sent 10 the L2 /L3 wiggers.)

There is a separate final-decision module (FDM) for each

. of these. two possibilities. The function of the FDM is to
. extract from this data the eighi rigger bits, or **subtrigger
" elements”’, that go to the Central Trigger Logic.

The FDM consists of a set of RAM lookup tables. One

"RAM takes in the eight bits from one road-finder module

as an address and outputs its four-bit conteats. These four
bits can be programmed to give information on the multi-
plicity and location of hits in the octant. The first bit for
each of the ociants is combined to form an eight-bit word
which is used to address a second level of RAM lookup
tables. This is repeated for each of the four bits. The
output from this second level is a single bit per RAM, and
as a result the final output of the final-decision module is a
four-bit word. The configusation of the lookup tables used
at present is:
— bit 1 single muon in the small-@ region (i.c. inner four @
zones). '
- bit 2 single muon in the farge-6 region (i.e. outer four 0

zones). : ' .

~ bit 3 more than one muon in the same octant.
~ bit 4 more than one muon in different octants.
Such. a system of lookup tables is of course very versatile,
since its contents can be changed easily if other trigger
topologies look interesting. Each FDM sends four bits to
the Central Trigges Logic. - : '

The FDM allows another mode of operation, that of
global ORs. The road-finder module. as well as sending
the eight-bit trigger corresponding to the eight regions in 8
1o :he FDM. also sends the OR of these cight bits. If this is
set it indicates a track somewhere in the octant. The ORs
coming from the eight ociants can be directed with min:
mal delay to the output of the FDM. This option is
provided to allow a slightly shorter trigger latency. if that
proves necessary. It passes the problem of topological
triggers on 1o the Central Trigger Logic.

The. FDM performs one final function in the trigger.
The system clock used to drive the chamber data through
the trigger has a period of 48 ns, i.c. one half of the 96 ns
HERA clock period used to latch the trigger bits into the
Central Trigger Logic. The final-decision module can
strobe trigger results from the first half cycle of the HERA
clock, from the second half cycle of the HERA clock, or it
can combine the two cycles together. At present we use the’

- latter option.

The FDM is implemented as a 10-layer printed-circuit
board. U high X 40 cm deep. '

7. Control and readout

© The complete’ forward-muon trigger is housed in four

. 9U high X 40 cm deep crates. Each crate contains a crate-
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Fig. 14. The road-finder modulc.

Fig. 5.
module.

| '
Logical flow of information through the final-decision

controller maodule, two discriminator modules, four road-

~ finder modules, and caters for twoicomplete octants of the

trigger.“Two of the crates also contain a final-decision

. module. one for pre-toroid triggers. and the other for

toroid-traversing triggers. “The overall ‘configuration is

‘shown in Fig. 16. A detailcd description of the readout will :

not be given here but ‘the function -of the significant
componen., .ill be indicated. R T
As has been described in Section S.1. on receipt of an
L1 trigger from the Central Trigger Logic the system state -
is frozen. Immediately foilowing this the x and y registers
of the t-zero chips are rewound to bring the input data

back to where it had been in the fegisters at the ifitant the

trigger was produced. Re-establishing the data in the x and

_ y registers of the t-zero chips resuits in the contents of all
- subsequent _registers being re-established, including the .
- final trigger bits. These data, the input and the output of ail

the t-zero, road-finder, and cortelator chips, and also the
final-decision bits, must be read out and retained with-the
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Fig. 16. The crate configuration of the trigger. indicating the
vanious busses involved in readout and control.

detector data in order to allow monitoring of the trigger
performance offline. Within one road-finder module this is
done by connecting all the x, y and z registers into a
single serial scan path and reading them out via a shift
register on cack module onto a 16-way data bus on back of
the trigger crate, and into a2 multi-event buffer in the crate
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Fig. 18. Discriminator curves taken with cosmic muons.

controller. The total time allowed in H1 to achieve this and
reconfigure the modules for data taking is 800 ps.

The dialogue with the front-end multi-event buffers and
the trigger modules is controlied by a 68000-based CPUQ7
processor which resides in a VME crate. This processor
organises the loading of the modules with register, coinci-
dence-matrix and RAM scttings, and the readout of the
daia from the modules into the muhti-event buffer in the
crate controller. It also contmls the operation of a DSP,
which takes the event data out of the multi-event buffer,
zero-suppresses it, and passes it on 1o 3 memory (DPM) in
the VME crate from where it is accessed by a FIC8230

"processor for formatting before being sent to the data-

acquisition system. Also in the VME crate are modules
(“*Fast™ and ‘*Slow’") which handle the dialogue with the
Central Trigger Logic..

8. Performance of the wigger
8.1. Trigger timing

The delay between the interaction taking place and a
L1 trigger being declared by the Central Trigger Logic
must be less than 2.3 us (24 bunch crossings). This limit is
defined by the length of the drift-chamber readout pipelines.
The drifi-chamber pulses are digitised by a flash-ADC:
(FADC) system running with a clock frequency ten times
that of HERA, and the digitised pulses are stoted: in-
pipeline memories 256 locations deep. All triggers have to.
report to the Central Trigger Logic within 23 bunch cross-
ings of the interaction, i.c. 2.2 us. For the forward-mion’
trigger, taking into account the drift time in the chambers,
and the cables from the chambers to the trigger and from
the trigger o the Central Tnggcr Logic, the time avallablc
for the trigger 10 make its decision is much shortet. This is
summarised in’ F|g 17, where the total latency of ‘the.

' mggcr Ioglc is scen to be about 3U0 ns.
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8.2. Performance of the discriminators
The discriminators for the forward-muon trigger serve

two functions. They must produce a logic pulse if either
puise is above a programmable voltage threshold, and they
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must detennme wlnch of the coupled dnft cells the pamcle

" trayersed by comparing the pnlse he:ghts at the two ench

oftheconpled wires.
In Fig. lsweshow a platesu curveﬁorlhe wuuofllle.

~ whoie of plane 6,, obiained. using a cosmic-ray trigger.

The cosmic ray was defined as a track seen in planes 6,,

. 8, and 8,, and the fraction also scen in O, is plotted as

a function of discriminator threshold. value in 8;. Plane
6, has 28 wires. Separate discriminator threshold valaes’
can be applied to two sets of 14 wires in each octant, the
set nearest the beam (inner) and the set furthest from the
beam (outer). Because of geometry the wires closest to the
beam are the shortsst, and therefore on average give bigger
pulses for a fixed ionisation loss in the chamber. This
effect can be clearly seen in Fig. 18, where the knee of the
platcau for the inner wires is at a higher threshold value
than that for the outer wires. Since for physics runs the
inner regions of the chambers sce the mnst activity due to
background processes, it is impartant to set the discrimina-
tor thresholds as high as possible to reduce the rate of
inputs to the trigger logic.

The time resolution of the input to the t-zero chips has
been measured for real data by comparing the drift time
measured by the arrival time of hits in the x registers of
the t-zero chips with the drift time measured offline by the
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FADC system ‘used in the chamber readout. The FADC ™ -

'systcm is designed to give a ‘spatial resolution of 150 pm,

. which is equwalem 10 a time resolution of 3 ns. The.results

“are shown_ in Fig. 19, where it can be seen that the rms
deviation is 17 ns. This resolution should be sufficient to
allow the trigger to determine uniquely thc bunch crossing
responsible for a track. in‘most cases.. .

. As already stated in Section 5.1, a slmbe penod of 24
‘ns rather than 48 ns wnuld be justified to optimise the tine
resolution, but this would require a much more expensive
64 X 64 coincidence matrix in the 1-zero chip.

8.3. Performance of the t-zero chips

|- The performance of the t-zero ‘chips is summarised in
Fig. 2v To illustrate the environment in which they are

operating and their correct functioning. chips at a particu-.

lat distance from the beam have been selected. In Figs. 20a
and 20t the activity in the t-zero chips attached to the two
drift vo'umes of ©, nearest the beam in one octant is
shown. in Fig. 20c the activity in the t-zero chips attached
to wires 20 and 21 of all octants of €, is shown. The x
and y axes of the plots correspond to the x and v axes of

61 1-zar0 Inputs

&1 t-2ero inpuls

&
L=
e

TrE
w

oy

31 1-zero inputs

: the i-zero clups The data ploned represent the state of the:
shift registers at 2 uime 16.5 HERA bunch crossmgs after
the interaction occurred.

‘Fig. 20a;is very- illuninating. It shows seveﬂl featum
which allow an unders|andmg of where'the particles giving
pairs of hits originate. The conﬁgurauon of the two drift
volumes relative to the beam ‘is shown as an insert. The:
regions of correlated hits in 'Fig. 20a consist of three lines:
at right angles to each other. The lines represent tracks
coming through the chambers at a steep angle to the beam
direction and not originating a1 the interaction region. The
three lines sepresent tracks from the same origin, but
entering the chambers at different positions. For tracks of
type (i) the sum of drift times is small compared to a track
at normal incidence. which explains why the diagonal is
displaced to the t1op right of the plot. For tracks of type (ii)
the correlation is seen at the bottom right hand comer.
which corresponds to tracks with a short drift time in drift
cell | and a long drift time in drift cell 2. For tracks of
type (iii) the correlation is at the top left hand comer,
which corresponds to tracks with a short drift time in
chamber 2 and long in chamber 1. It can be seen that this
correlation plot, Fig. 20a, allows the location of the source

) : 62 wire inputs
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0 50

92 wire nputs

Fig. 21. Pcrform_ﬁncc of the uack-l'indmg ASIC. .
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of mcks to: be deten'nmed. in pnnuplc Such tracks are:. i
bactground, and are produced by particles mtemctmg with:

a clfimator in the beam pipe of HERA.
.. We are mteresled in triggering. on tracks originating
from the eleclron—pfoton interaction regioa. In Fig. 20b

we show the distribution of chamber hits which sansfy our |

trigger requirethent, i.e. evenis where the t- -zero chip has

produced an output signal. It can be seen that these hits .

indicate the comcndence matrix load required to find tracks
coming from the interaction region. The events displayed

in Figs. 20a and 20b come from the same data sample, and

the plots indicate the power of the t-zero chips in rejecting
particles which do not come from a given source. By
‘adjusting the load in the coincidence matrix of the t-zero
chip the source of tracks which lead to ‘a trigger can be
moved along the beain direction.

In Fig. 20c the cormelation plots are for t-zero chips
attached to drift volumes at large values of 8. The plols
shouw the hits which bave produced an output signal. The
two diagonal correlations correspond to the configurations
shown in the insen, and comespond to the geometrical
arrangements of the drift volumes for odd and even-num-
bered octants of @, at chip no. 20.

Figs. 20b and 20c indicate that the t-zero chips are
applying the drift time correlation between adjacent drift
volumes in the expected way. Fig. 20a gives an impression
of the-source of tracks actually traversing thc muoa cham-
-bers.

8.4. Perft;rmance bf the track-finding chips

The performance of the track-finding chips is sum-
marised in Fig. 21. The data shown are from: Iracks in
planes ©, and 6,. Once again the data cortespond to the
register inputs to the track-finding chips at a time 16.5
bunch crossings after the interaction. This is the time at
which the trigge: decision is made in the track-finding
‘chips. In Fig. 21a the activity in planes: @, and &, is
shown for all octants. A strong correlation can be seen.
which corresponds (o tracks with a small 8 value in 8,
and larger in €,. This indicates the same source of
.particles as shown in Fig. 20a, and is due to tracks
emerging from collisions in a collimatar. The t-zero corre-
lation has not removed all the pairs of hits corresponding
t0 such tracks. as can be scen clearly in Fig. 20b. Fig. 21b
_shows the data which survive the tracking correlation, i«.
have given an output signal from the track-finding chips.
The accepled data do not fall <n a clean diagonal line as
onc might expect. This is because the coincidence load is
computed to accept tracks with a total of only three hits in
planes €, and &.. It should be noted thai in Fig. 2Ib the
inputs from 6, are wire inputs only, while those from 8,
are' the outputs of 1-zero chips. For fracks with hits in all

four drift volumes of @, and &,, there will be an outpui .

also from the track-finding chxps taking in 6, wire hits
and 8. t-zero outputs.. Fig. 21¢ shows the correlation that

remains |f such a requlrcment is made offlme usmg soft-
ware. and therefore “indicates the " hits acceptcd by the
triggger in the AND mode of operation described in Section
5.2. The numbers of entries in Figs. 21a, 2lb and 21c are
interesting, They, are an indication of the ‘reduction in
coincidences bcwveen €, and 8, whnch is acmeved by
requmng pomnng lracl(s.

8.5 Overall syslem performance

85.1. Timing

-The forward-muon trigger is organised 5o that the
trigger output signal occurs at a fixed time after the
particles have Feen produced in the electron—proton inter-
action. This is possible because the t-zero chips can be
configured to compensate for the spread in drift times of
the particles traversing the 6 cm drift volume of the
chambers. The timing resolution of the trigger .is deter-
mined by the timing resolution of the strobing of the
discriminator hits into the x and y registers of the t-zero
chips. This was presented in Section 8.2. H! triggers based
on scintillation counters and MWPCs have good intrinsic
time resolution. and by comparing the arrival time of the
forward-muon trigger bits at the Central Trigger Logic
(CTL) with the arrival time of these triggers it is possible
to determine with what precision the bunch crossing re-

" sponsible is being extracted. In Fig, 22 the arrivai time of

the forward-muon trigger at the CTL is' shown for a
sample of evenis which contain a track in the forward-muon.
chambers. In seclecting these events the forward-muon
trigger bils were ignored by the CTL, and the selection
used well-timed triggers from the forward proportional
chambers and the forward end-cap streamer chambers
only. The honizontai scale ts in units of HERA bunch
crossing period. 96 ns. It can be seen that the majority of
the forward-mu~n triggers cume at precisely the correct
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Table 4~ :

Forwnrdmuonmggefraxcs : Coe

Trigger descripfion - . AND-rate. . ORrate . Ratio
i T (H2) )

FMT - EsdcapMuon = 044 . .19 a3

FMT Dimuon S U006 68 N33

FMT - BarelMuon =~ 0008 - 03 BT

time. The spread is consistent with the time resolution
given in Fig. 19. ,

8.5.2. Tngger rates -

. During physics runs the rate of hits in lhc forward-muon
chambers is very high. As described in Section 5.2, track
finding i the trigger normally requires only lhrce hits out
of the possible four. In 6, and O, for example, tracks
can consist of two hits in @, and one kit in 6,, OR one
hit in ©; and two in @,. Each of the singie hits has an
effective resolving time of the full drift time in the muon
chambers. 1.2 us, and the two-plane coincidences will
therefore have a considerable random component at high
rates. However, the AND of these coincidences requires
four hits in @, and ©,. This had an effective resolving
time of about 48 ns during the 1993 running. and therefore
a random component which is roughly 48/(1200 X 2}
= 0.02 of the OR rate. which is a big improvement. The
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price paid for dcmandmg four .out of  four possnble hits is
an inefficiency. of a few percent. - :
- Measurenicats of the forward-muon mgger (FMT) rales
for typical running conditions Jate in 1993 with the trigger
«n the OR and the AND condition are shown in Table 4. it
is clear. that the effect of random' coincidences. is verv
severe, ard in-the OR condition the random tracks com-
pletely. dommalc the trigger rate. This is evident from the
* comparison of ‘single muon and dimuon rates in the two
conditions. Al present it seems that the trigger will have to.
be operated in-the AND condition with a. cwrespondmg
loss in. efficiency. We are investigating the effect on the
OR 'rates of raising the discriminator thresholds. This is a
good thing to do. as quite a large fraction of the discrimi-
nator output pulses are due to the discnminators renring
on oscillations on thr tails of chamber pulses. These false
outputs then lead 1o production of random tracks. As can
be seen from Fig. 18, raising the thresholds will reduce
individual wire efficiency. However. requiring the track
OR condition. i.e. only three hits required out of four drift
volumes, may still allow nearly 100% track efficiency.

8.5.3. Truck distributions during physics runs

The forward-muon trigger provides easy access to wire-
hit activity in the forward-muon system. For each H1
trigger the contents of all the x and y registers oi the
t-zero chips are read out. Combining all the hits from &,
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'to 94, this dlsmbutlon is shown in Flg .3 ﬁg 23a shows

the profile for all-wires hit, and Fig. 23b only for wire hits
-which lead to a t-zerr clnp oulput, i.c. comspond to pairs

of hits pointing to the interaction reglon Notice the enor-

mous reduction in the number of entries, indicating -the -

level of activity in the chambers overall. In Fig. 23b the
profile of the t-zero hils is seen to be structured for t-zero

chips oear the outer edge of the chambers. This is due to

the wire-ORing described. in Section 5.2, which has to be

doac in €, and 6, to accommodate all the chamber wires

in the 27 t-zero chips allocated to each chamber. In Figs.
23¢ and 23d are shown the total hits in each & chamber.
The effect of the toroid is obvious.

8.5.4. Muon triggers

The trigger is extremely ﬂexnble and has been config-
ured to trigger on various sources of muons. Alignment of
the chambers is done using cosmic muons and beam-halo
muons. For triggering on cosmic muons near the horizon-
1al, the trigger is configured to require tracks traversing the
four planes for each octant. To achieve this. the coinci-
dence matrices for the t-zero chips are all filled, as well as
the coincidence matrices in the track-finding and correlator
chips. With the trigger configured in this way the drift
celis are effectively continuous detectors.

Beam-halo muons are produced by the coasting proton
beam in HERA interacting with residval gas, vacuum
chamber or collimators. They travel roughly paralie! to the

: fpro!on beam and traversc the expenmem over qune a
) considerable area, luminating the whole: forward-muon
* chamber system. With' the toroid switched off they are a

source of straight tracks through the system, and as such

. are useful for geometrical alignment of the chambers. For

beam-halo muons which have’ appmxnmalely normal inci-

" dence on the - muon’ chambers, all t-zero chips have a

simple diagonal load, as do the track-finding and comelator
chips: All't-zero chips are Ioaded 1denucal!y Beam-halo
data for ahgnmem purposu is regularly taken with the
forward-muon trigger configured in this way.

For, phys:cs Tuns, the trigger is configured to select
tracks pointing to the nominal electron—proton interaction
region. The final-decision modules are configured to re-
quire the following trigger élements:' a single muon -in
cither of two 6 regions, more than one rawon in one
octant, arkl more than one muon in different octants. Each
of these four is produced for tracks before toroid and also
for tracks traversing the toroid, making a total of cight
subtrigger clements which are sent by the forward-muon
trigger to the Central Trigger Logic.

Fig. 24 shows an example of an interesting eveni
triggered by the forward-muon trigger. It is a dimuon 2vent
with a dimuon invariant mass of 3.2 + 0.3 GeV/c*, and is
probably an elastic J /W event. This event triggered on the
single muon trigger and not the dimuon trigger. This is
because one muon had only three chamber hits before the
toroid due to a non-functioning drift cell.-

Fig. 24. Interesting dimuon cvent in HI.
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9, Conclusions

Based on our experience so far. the forward-muo_jn-
trigger appears to wo:< well. It is able to {ind, in'real time, . -

tracks with a time resolution of better. than one HERA

bunch crossing, 96 ns, in a drift-chamber system with a-

drift time of 1.2 ps. The: conﬁgumlon of ‘the trigger is
field programmabie. It mcorpomes ‘coincidence matrices
of 32x 32 elements which can give a decision every 48

ns. Since these are implemented as part of 1wo semi-cusiom

ASICs, the system is quite compact.’
The concept of such a tracking trigger is vcrt refevant
to experiments operating on storage rings where the time

between bunch crossings is small. In particular. muon

triggers -for LHC expetiments. where the time between

crossings will be only 25 ns, could be designed around this -

flexible, field-programmable concept.
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