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1. The Idea. 

The idea of a stand alone trigger is to measure p,. of a track in the 
muon system and to assign this trigger to a single bunch crossing (i.e. to 
measure T 0 with an accuracy better than 16 ns) using drift tubes only. This 
information is assumed to be obtained at the level I trigger, i.e. faster than 
I µs including drift time. 

The PT-trigger itself is not any different from any other proposed 
system (RPC's or CSC's). Segmentation (l inch tube diameter) seems to be 
adequate (only Yes-No information is assumed) and maximum drift time of 
300 ns does not make any constrain (the very forward region (0-9-150) 
might require a smaller tube diameter (-!cm)). Calculations of the bending 
are trivial (fig. la) and cannot take longer than 100-200 ns. However, drift 
time of 300 ns is definitely too long for straight forward timing. It is a 
measurement ofT 0 that is the main issue. 

The concept of T0 -measurement comes from an old idea as shown in 
fig.2. One can see that drift times measured in a pair of staggered cells do 
really provide information about T0 • However, one may notice that the 
reality is not so simple as presented in fig.2. First, drift time vs. distance, in 
general, is not a linear function. Secondly, the track can have a certain 
inclination (can be far not perpendicular to the chamber plane -- fig.3(a)). 
Third, as soon as the track is not perpendicular, it can go by the same side of 
two, rather than between wires -- fig.3(b). And last, b-electrons and other 
time errors result in additional complications. 

Does it mean that the idea of timing based on slow drift chambers is 
hopeless? The answer is not at all. 
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First of all, it turns out that function T(x) for typical gases can be 
rather reasonably approximated by linear plus parabolic terms (fig.4): 

T(x) =a· x + b · x 2 
(I) 

Secondly, if one knew a track angle, it would make possible a simole 
calculation of T 0_(fig.5) as follows: 

where C11 = R + aD. (2) 

where T1 andT 2 are absolute times of signals measured in the two tubes, a 
and bare from eq.(l), Risa tube radius, Dis a distance between tube layers. 

Third, it is obvious that this expression gives the right answer only in 
a case when the track goes between wires. If it does not. the formula would 
give a rather arbitrarv number. 

These three assumptions gave an idea for a stand alone trigger: 
I) One can see from fig.4 that formula (l) gives a very good 

approximation (difference between fit and data does not exceed - 4 ns in the 
worst points)*; 

2) Inclination of a track in the chamber is the sum of an angle which 
an infinitely high momentum track would have (this is determined by a hit 

• position within the chamber with an accuracy - I mrad) and an additional 
bending angle (which can be trivially obtained from comparison of hit 
positions in super layer SL2 and super layer SL3; in fact this angle is a 
measure of Pr which has to be measured any way -- fig. I and Appendix 1 ); 

3) If one would have calculated T 0 's for each pair of tubes in a super 
layer, then the pairs where a track went between wires would give the right 
(and the same) number, whilst the other pairs would give rather random 
numbers which would be spread around with a very low chance of 
coincidence; thus, by picking up the most frequent answer one should get the 
right T 0 with a very high efficiency; 

4) ll-electrons should also give random T o's so that their influence on 
the T 0-trigger could turn out to be negligible for reasonable probabilities to 
get all-electron in a drift cell. 

* It should be noted that the function T(x) could be any monatomic function 
when look-up tables are used for the calculations instead of a direct 
computation as given by formula (2). Therefore, the fact that we have assumed 
in this note T(x)=a•x+"*x2 does not hurt the generality of the approach. 
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Another way to do the same was proposed by L.Barabash [I]. One can 
see that any track is fully described by three parameters: T 0 , a point of track 
entrance in a chamber, and a track angle. Therefore, one needs three 
equations to solve this. The idea was to use cell triplets to get these three 
equations. However, this can may not be so easy. First of all, due to left-right 
ambiguities each triplet gives four possible answers, just one of them being 
right. Then, the number of usable triplets (all three cells in row) per given 
number of layers is smaller than the number of possible pairs. And finally, 
the larger the number of planes participating in a single calculation is, the 
more distractible the effect of b-electrons would be. 

2. Monte Carlo. 

In order to assess the efficiency of this proposed triggering scheme we 
have employed a Monte Carlo simulation. The middle super layer was 
assumed to consist of eight layers of axial tubes (N=8), all layers being in 
one chamber -- fig.6* . It is reasonable to restrict ourselves to the pairs of 
neighboring planes (N-1) and the pairs of planes with only one layer in 
between (N-2). The pairs separated far apart would give larger angle 
sensitivity in T0 -calculations, and, also, a constant Ca becomes angle 
dependent** . Thus, total number of pairs to be used in calculations 2N-3=13 
(one can calculate that number of triplets is N-2=6). 

* The results simulated for the case when these eight planes are grouped by 
four in two independent chambers can be found elsewhere [Z}. The case of 6 
axial planes, one pair of u- and one pair of v-planes has also been simulated 
{3]. All results are VE!IJI similar. 

** One can notice that the track can go by the different sides of wires in two 
ways: first wire - on the left, second - on the right; and otherwise - right/left. 
These two possibilities would give two different equations for T0 • However, if 
the distance between these cells is not big (one or two planes), one of the 
options corresponds to too big inclination and, therefore, is not of interest. 
When the two cells are far apart, both options are valid (in this case one option 
corresponds to a particular range of angles, whilst the other one corresponds 
to a different range of angles). 

3 



First, we ran the MC without introducing any measurement errors and 
b-electron production, to check how many pairs have a track going between 
wires. Fig.7 shows that, on average, there are about 8 good pairs (out of 13). 
These pairs give right answers. Also, one can see that wrong answers are 
spread apart so that a probability for a coincidence of two wrong answers 
should be very low. Table I shows that in the case of measurements without 
errors each event has at least 7 right answers. 

To figure out the sensitivity of such a trigger to measurement errors, 
we put in the MC the following error sources: 
I) b-electron production (E = probability to get a b-electron per cell, b
electrons are given a random distribution between 0 and the actual distance 
from a track to a wire). Typical probability is 3-5% as measured in our 
Fermilab tests [4]. 
2) bT, drift time error (jitter) due to diffusion, misalignment, electronics and 
etc. (2ns error is considered to be typical, which corresponds to about 100 
µm space resolution). 
3) ~T, TDC bin width, the error which, essentially, could be included in the 
previous one. 
3) ba, an error in estimation of a track angle in the chamber (it is easy to 
estimate that if one uses only Yes-No information from tubes in SL2 and 
SL3 the error would be .003 rad (RMS) or smaller). 

The MC was run with uniform angular spread of tracks within 
-11O<cp<+11 o. A beam crossing number was assigned to each of 13 answers 
obtained for a track depending on the bucket (16 ns wide) the answer had 
dropped into. Then, the most frequent answer was considered to be THE 
final answer. 

Tracks had no spread in 0 so that no time correction on signal 
propagation along a wire was needed. It has been shown [5] that drift tubes 
have a very important advantage in terms of this correction since the z
coordinate is available from the same wires (by means of time difference 
from connected wire pairs) so that there is no need to correlate rcp
measurements with independent z-measurements. The z-information is also 
necessary even for a Pr trigger in the end-caps [6]. 

At this first stage we also did not put multiple scattering into the MC. 
Nevertheless, it is shown (Appendix 2) that the multiple scattering does not 
lead to errors exceeding the typical measurement errors mentioned above 
and, therefore, can be neglected. 
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Applied separately, the errors result in trigger inefficiencies as 
presented in Fig.8(a,b,c). One can see that the typical errors (marked by 
arrows) are far away from dangerous boundaries where inefficiency 
drastically increases. Fig.9 shows inefficiency vs. muon momentum when all 
three errors are turned on. One can see that inefficiency remains very small 
even when all errors have been arbitrary doubled(!); also, a TDC bin width 
of 8 ns seems to be quite adequate (this is not surprising since this does not 
add much to already assumed time error of 4 ns (RMS)). 

3. Experimental Data. 

The results of the Monte Carlo simulation have been checked against 
the data obtained with the large scale LSDT prototype [7] during tests at 
TTR. The 4 m long prototype had 4 planes of tubes. It operated at limited 
streamer mode in a gas mixture Ar+lsobutane=l+3. The TTR trigger on a 
cosmic muon was not exactly correlated with the time at which the triggered 
muon went through. Thus, the drift chamber a priori did not have any T 0 
information so that these tests have provided a very reliable comparison. 

The analysis was done in the following way. 
Some data cuts were made to insure that the chamber did really have a 

clean track at the level better than I% (it is very important for inefficiency 
estimations). 

First, a requirement of self-consistency of TTR data was applied (a 
reliable track and just one). These cuts are not essential for the discussion 
since at this step no information from the LSDT chamber had been used. 

Secondly, some soft requirements were applied to assure the 
cleanliness of the chamber data: 

-) the number of fired cells was required to be smaller than 7; this 
suppressed the rest of multitracks events which had not been caught at the 
stage ofTTR cuts; 

-) at least one hit per plane was required to suppress events where 
tracks went trough the edge of the chamber; 

-) just one hit in the top plane was required to make sure that there is 
information about a coordinate along a wire (only this plane had wires 
connected in pairs). 

No other cuts which would require any self-consistency of 
measurements in the chamber were applied. 
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After that an experimental function T(x) was fitted by a sum of linear 
and parabolic terms - fig. I 0. 

Then, using external information (from TTR) about the angle of a 
track, all 6 T o's were calculated (one can make 6 pairs out of 4 planes). Then, 
using TTR data (scintillators), the actual T 0 was calculated. The difference 
between these zero times is shown in fig.11. One can see that the majority of 
answers sit in zero and the peak is quite narrow (o-3 ns is mostly 
determined by the angle error). 

After that, each of 6 answers was assigned to a particular 16 ns wide 
bucket and the bucket containing the largest number of answers was chosen 
as the final T 0-decision. Fig.12 shows the distribution of such decisions. One 
can see that the bucket "Zero" ('right' answer) has been selected in 94% of 
cases. About 5% gave wrong answers and less than 1 % of cases (leftmost 
bucket) did not give any coincidence. 

Then, we ran the MC for this 4 plane chamber. The following table 
(Table 2 in fig.13) compares the MC predictions and the data: 

Right answers 
Wrong answers 
No answer 

Four plane chamber: 

MC DATA 

93.6% 
6.1% 
0.3% 

94% 
5% 
1% 

The remarkable coincidence of data and simulation allows reliance on 
the MC results. 

4. Is it necessary to know a bending angle? 

When one thinks about this scheme a reasonable question emerges: 
how difficult is it to correlate hits in superlayer 2 and 3 to get a bending 
angle (which is needed for calculations)? 
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First of all, this has to be done anyway in any system to get a Pr 
trigger. Therefore, this is not a problem specific to the stand alone trigger. 

The only worry one might have is a case when two actual tracks get 
close to each other. Let us assume that there are two tracks of relatively high 
momentum close to each other so that we could make several combinations 
between one of hits in the SL2 and two hits in the SL3. Also, let us assume 
that both combinations satisfy to the PT trigger. Then, one might have a 
dilemma which of two possible bending angles to chose for T0 calculations: 
two different angles could result in two different T 0-answers. 

First, let us estimate if this problem is serious in the barrel. There are 
two components to be considered: accidental coincidence (when a track gets 
close to another one accidentally), and a correlated case (a decay of a high 
momentum zo would be an example). 

The simplest tactics could be as follows. As soon as one gets a track 
segment in SL3, it is projected back in the SL2. A track segment closest to 
this projected point is considered to be the right segment to be used for 
calculations of bending and T 0 • 

The distance between the projected point and the actual hit point in 
SL2 is (see fig.l(a)) 

!:!..Y=eB4.(4-I.'1)._l = 3.6m 
2 Pr Pr(GeV/c) 

(3) 

Therefore, the probability to get an independent track within this 
distance (fig.14(a)) is 

p=N-(2·!:!..Y·L)·T. - 8·6% 
drift Pr(GeV I c) (4) 

where N =charged particle rate (-1. cm-2s-I in SL2@ 1034 luminosity [8]), 
T dnrr-300 ns, L - drift tube length (-4 m). One can see that this probability is 
absolutely acceptable even for the lowest p~lO GeV/c. 

Now let us consider a case of two correlated muons on an example of 
a zo decay. If a zo energy is E, then it decays into two muons with p.-FJ2 
(in the barrel) and opening angle 0-2m/E-m/pT. With this opening angle a 
distance between these two muons in the SL2 would be R-0 *L:!-m*L:!/pT 

7 



which is considerably larger than /l. Y. The probability to have these muons 
aligned so that in rq1-projection they would be closer than /l. Y (fig.14(b)) is 

p = (2 · ll.Y) IR _ 0.4% 
lr 

which is again negligible (and does not depend on pT). 

(5) 

Thus, these estimations show that there is no problem with a bending 
angle and the T 0-trigger will. therefore. definitely work in the barrel. 

Before going to the end-cap regions where the rate will be much 
higher, let us take a look at what happens if information about bending is 
ignored. That means the angle to be used in calculations is determined by a 
track segment coordinate in SL2 alone (this is equivalent to an infinitely 
high momentum track). Fig.15 (we are still in the barrel) shows that if one 
would wish to have trigger for muons with Pr>30 GeV/c, this would work 
perfectly. However, it does not look satisfactory when the goal is 10 GeV/c. 

Now when we go to the end-caps, the orientation of the drift tubes is 
different. In the barrel the bending angle is the angle of a track in a chamber. 
In the end-caps these angles are correlated, but are not the same (fig.16) and 
the angle of a track in a chamber is much more predictable (due to a large 
axial component of the muon momentum). At 0-300 the uncertainty in the 

•• angle of a muon going through the chamber is 2 times smaller than that in 
the barrel. In the very forward region the rate becomes very high and does 
not allow reliance on an unambiguous measuring of a bending angle. 
However, this is a region that does not need this measurement: the 
uncertainty does simply vanish. The efficiency of the T0 trigger in the very 
forward chambers is shown in fig. I 7 (no information about bending angle 
has been used in T0 calculations). 

The conclusion is as follows: 

BARREL: one needs to measure a bending angle and to use it in T 0 
trigger and this does not seem to be difficult; 

END-CAPS: the change of chamber orientation allows a full To 
efficiency without measuring a bending angle which makes a T 0 trigger 
even simpler. 
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5. Time Budget for the Calculations. 

The following very naive model is given with the purpose to show 
that even a very conservative estimation of the time needed to perform the 
calculations does not exceed 1 µs, including full drift time. More realistic 
(and simpler) electronics will be shown to do the same faster (-750 ns). 

Table 3 shows that if one makes direct arithmetical calculations in 
three parallel streams (and assuming 50 ns per one operation), all T 0 answers 
would be obtained in 400 ns. About 100 ns should be enough to select the 
most frequent answer out of N-13. Adding 300 ns for full drift time, 50 ns 
for signal propagation along anode wires and 100 ns for bending angle 
estimation, one ends up with about 950 ns. 

6. Electronics. 

The possible realizations of the trigger electronics is attached in the 
Appendix 3. The general conclusion (R.Sumner [Appendix 3), D.Marlow 
[Appendix 4), M.Shaevitz [9], M.Atiya [9]) is that this electronics does not 
seem to be any difficult to build. It does not require anything not available 
today. 

Since this trigger scheme does not require any special additional 
detectors, the cost of electronics represents the entire cost of the trigger. The 
trigger electronics has been costed to be about -$21.4/channel (R.Sumner, 
LeCroy). 
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7. Background. 

Charged particles. 

As was estimated in a section 4, in the barrel the rate of punchthrough 
is low enough so that it results in an additional inefficiency not exceeding 
1%@ L=l034. 

In the end-caps, there is no need to measure a bending angle of a track 
to calculate T0. In this case an extra inefficiency would be determined by the 
probability of having two tracks very close to each other (within one tube) 
which is estimated to be around l % @ L=l034. As a consiquence, the T 0-

trigger remains robust and becomes even simpler. 

Neutrons. 

Neutrons with a rate estimated to be 104 cm-2s-t are equivalent to <>
electrons giving a small addition of about 1.5% (for a 4m long tube) to the 
probability E to get a measurement spoiled by a <>-electron. The value of E 

was conservatively estimated to be 5%. This would increase the T 0-trigger 
inefficiency by 0.2% (see fig.Sa). If a neutron happens to get into a tube 
neighboring the tube containing a track, it can lead to an error in the 
reconstruction of the pattern to be used in T 0-calculations. This confusion is 
also effectively equivalent to a wrong time used in calculations, i.e. again 
equivalent to <>-electrons (additional E=l.5% ). 

Thus, neutrons themselves at a rate 104 cm-2s-I result in -.5% 
inefficiency of the To-trigger for 4 m long tubes. For shorter tubes, the 
contribution is proportionally smaller. 

Also, should it be necessary, the neutrons can be easily sorted out on 
the base of z-coordinate correlation between planes in the chamber (this 
information is immediately available from time differences on the connected 
wires). 
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Electromagnetic debris. 

Electromagnetic debris (electrons and photons) associated with a high 
energy muons can cause additional troubles for the T0-trigger. Simulation for 
l TeV/c muons done by A.Ostapchuk [10) showed that this contribution 
could be well described by the binomial distribution with a probability to get 
a spoiled hit -3.5%. 

Thus, this could be again simply added to £of b-electrons. 

The worst case. 

The worst case would be a high energy muon @ L=l().34 with To 
inefficiency not exceeding 3%: probability to get a spoiled hit is about 12% 
(5% b-electrons, l.5%+1.5% neutrons, 3.5% e/m debris) and this would give 
about 2% inefficiency; charged particle background would result in an 
additional I% inefficiency. 
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8. Conclusions. 

• The Stand Alone Trigger proved to provide PT and T 0 triggers. 

• The e~'}Jerimental data validate the idea and the MC results. 

• It has been shown that the decision can be easily made 
within the time range available at level 1 trigger (<l µs). 

• All information (pT; T0 and z (coordinate along a wire: 
axial in the Barrel and radial in End-Caps)) is available from 
the same end of a chamber, i.e. there is no problem inherent in 
the designs where this information has to be somehow 
correlated (e.g. time and z from wires, bending from strips). 

• Electronics required is not primitive 
but not a state-of-the-art either. 
Electronics cost is estimated to be around $22/channel. 
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Figure Captions. 

Fig. I (a). A muon track going through chambers of SL2 and SL3. 
The value 11 Y is a measure of bending and, therefore, PT· 

Fig.l(b). A muon track in SL2: a 02 is an angle which an infinitely high 
momentum muon would have; a 2 is an additional bending angle; 
Uzrar=am+a2 is the angle of the track in the chamber. 

Fig.2. The concept ofT 0 calculations in a pair of staggered cells. 

Fig.3(a). A track can be inclined. 

Fig.3(b). An inclined track can go on the same side of two wires. 

Fig.4. Fit of drift time data by a simple function T(x)=a*x+b*x:!: 
(a) Ar+Isobutane=l+3; 
(b) CF4+C(h+C4H10=70+20+10. 

Fig.5. Calculation of T 0 in a pair of staggered cells when a track angle is 
known and the drift time function is T(x}=a*x+b*x:!. 

Fig.6. Layout of drift tubes in SL2 used in the MC calculations. 

Fig.7. Distribution of all calculated T 0's (13 T 0's per event). 
No measurement errors have been assumed. 

Fig.8. Inefficiency ofT 0-trigger when different sources of errors have 
been applied separately: 
(a) inefficiency vs. probability per cell of getting a fl-electron; 
(b) inefficiency vs. time error (RMS); 
(c) inefficiency vs. angle error (RMS). 

Fig.9. Inefficiency of T 0-trigger when different sources of errors have 
been applied together. Three numbers in the legend mean 
a fl-electron probability, time error (ns), angle error (mrad) 
correspondingly. 
The first set of numbers represent typical values one might expect. 
Notice that the inefficiency is still small when all errors have been 
arbitrary doubled (the second set of numbers) and an additional 
error corresponding to a wide TDC bin width has been applied. 

Fig.IO. Fit of data (drift time vs. distance) obtained with the large scale 
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LSDT prototype at TTR by a simple function T(x)=a*x+b*x2. 

Fig. I I. The difference between T 0 as calculated in the drift chamber and 
T 0 as measured at TTR (scintilators). All 6 T o's per track are in the 
same histogram. 

Fig.I2. A distribution of final To-decisions. A bin width is I6 ns. 

Fig. I3. A four plane LSDT prototype and table 2 where cosmic muon 
results are compared with the MC simulation made for this 
chamber. 

Fig. I4(a). A scheme for calculation of probability that two independent 
tracks will get close enough to.confuse the T 0 calculations 
(see text). 

Fig. I 4(b ). A scheme for calculation of a probability that two correlated 
muons (ZO --> µ,µ) will get close enough (in r"'-projection) 
to confuse the T 0 calculations (see text). 

Fig.15. A To-efficiency in the barrel when the information about a 
bending angle (a2 ; fig.l(b)) is ignored. 

Fig.I6. The change of chamber orientation in the end-caps makes the 
track angle in a chamber be much more predictable than 
in the case of a track with the same PT in the barrel. 

Fig. I 7. AT 0-efficiency vs. muon PT in the end-cap region for different 
0 without using any information from SL3 (<>-electrons (.05) and 
time error (2 ns) have been included). 
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Toble.1. 
ONE BUNCH (+-8 ns) WIDE BUCKET: 

. a= 5.031063 b= 1. 411695 
KEY=l 
eps=.000 Terror(ns)=O.O Tbin(ns)= 0.0 Aerror(rad)=.000 

--= 10.GeV: Nyes-Nno-Nwrong-Nminus-Nplus= 100.00 o.oo o.oo o.oo 
, 14 .Gev: Nyes-Nno-NWrong-Nminus-Nplus= 100.00 o.oo o.oo o.oo 

P• 20.GeV: Nyes-Nno-NWrong-Nminus-Nplus• 100.00 o.oo o.oo o.oo 
P= 28.GeV: Nyes-Nno-Nwrong-Nminus-Nplus= 100.00 o.oo o.oo o.oo 
P= 40.GeV: Nyes-Nno-Nwrong-Nminus-Nplus= 100.00 o.oo o.oo o.oo 
P• 80.GeV: Nyes-Nno-Nwrong-Nminus-Nplus= 100.00 o.oo o.oo o.oo 
P=l60.GeV: Nyes-Nno-Nwrong-Nminus-Nplus= 100.00 o.oo 0.00 o.oo 
P=320.GeV: Nyes-Nno-Nwrong-Nminus-Nplus= 100.00 o.oo o.oo o.oo 

• C.L. p=IO : 1ll =-20 =2& :40 =-lo =160 
0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 
7 1859 1874 1875 1882 1902 1852 1904 
8 2386 2583 2724 3027 2873 2904 2975 
9 2219 2234 2220 2035 2193 2150 2100 

10 2240 2273 2276 2253 2260 2271 2186 
11 1101 884 725 627 585 619 605 
12 92 65 81 84 87 76 69 
13 103 87 99 92 100 128 161 

~ C.L.- Co\nc\Jence. level (numb.ctr~ r•~l:l 
a.n S\.\.IUS ~ e.vent) 
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o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 

= 320 ~e\l/c_ 
0 
0 
0 
0 
0 
0 
0 

1881 
2977 
2124 
2200 

585 
60 
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X1 = -X1 - Xt Y.:t = Y9./1 . 21 = -z...1 * z.1 
-----1-----'(,._Ti..:...;.-"-•._'"L :J..0 _________ (j_~-- ---· _____ i_l_!_§.G: __ 

* C X1 = X1- Yt Y.Z= g/4 -z.1-= Yi/21 
-----i--~(..,_r.L.!C~~ r_L -~t"--c, __ - i§ . __ _{Jl_ ·---~~(a.Ce.! 

di= :;- _ - ~ 1 "" 21 :,\\ YL 
-----1---------------------·- . _____ 1_ek:~_r:~1 

X1 = X1 - 21 . 

(T.) 
----~----~J----------------···· 

T _ 1 1 + Tz. _ et Co_ g_ fC: + (r,-T't.J2. ) 
. 0- .2_ :2.. 4 c -~+- ~)L 
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'Dri fl Ii mes : 

"t' - A, 
I - V 

• 

T., = T, +Ta. 
2 

A1 + Aa, ...! _ Tj+ T2. _ T4,. 
v 2. 2. .2. 

WHAT WAS U~cl>: 

'1. 

2. 

:5. 

4. 

Vdrift = con.st 

Vertical irack. (ol= O) =t> A,+ Az. = R. 

Troe.I: we"'t ~e.hveen wi r.es 
Mea.sureme.nis. are ~ood (no ~ -alackons, ) 

no ba.cktrolLn.<L 
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Chi sq 

R 
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c:: 
G) 
a zoo- _,,. 

·-I-... ... ·-.... 
Q 

1 so - - . 

100 -

so -

0 

y • m1•MO + m2•MO•MO 

V1lue Error 
17.357073062 0.094725 

0.28546071821 0.0104131 

13.306709135 NA 
0.99994534341 NA 

2 4 6 8 

T-a•x + b•XA2 
(Points are calculated 
from accurate fit of LASER DAT A), 
Ar+IB -25+75 

10 12 

Distance, mm 



ml 
mZ 
m3 

Chlsq 

• 
200 

"' c:: 
Q) 

a ·-!-- 150 
+-' .... 
I... 
Cl 

0 

y • ml .f.fn2*MD + m3•MO•MO 

Value Error 

3.3417585497 0.484641 

5.031063318 0.23408 

1.4116950994 0.0239047 

2.9760939244 NA 
0.99995388072 NA 

2 4 6 

CF. + co, +c.H,o = 69 +20 + 11 

U = 5.4 kV 
Laser Data 

8 10 12 

Distance from wire, mm 

R~.4 (b) 
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'Drift Times: 

"'Cl = O.· A, + ~·A~ "t; =- 1 1 -T0 

"'tz " a_. /),,.2. + ~. b~ Li_= T2 -Ta 

. I 

~ ( 2. J"2. ) Tc, ... ~ ;T2. - ~Co - ~ c; + (:+bCo)a 

CO=R+oLD 

R b ~. . 
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RUN 0626 T = a•x + b*X"2 
Value Error 

a 16.357749129 0.148809-
b 0.38743023349 0.0142478 

Ill 300 Chi sq 60.432318987 NA 
c R 0.99985114084 NA 
• 

GI 

E 250 ·-I-... ... ·- 200 .. 
Q 

150 

100 

so 
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0 2 4 6 8 10 12 
Distance from Wire, mm 



92/11/20 01.40 

RUN0626 
900 L.. ID 4001 

c 
Entries 8808 c 

c Mean 14.86 
~ RMS 36.16 c 600 

c 
700 L.. 

c 

600 .. 
c 

500 .. 
c 

400 --
-

300 -

200 - . 
-

100 .. 
c 

j 1r'\. _ .... n - -. • . . . ' . • I . . - . '"' 0 
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TO-Distribution, ns 
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92/11/20 01.45 

RUN0626 

900 ID 4001 
Entries 8808 
Mean 14.86 

800 RMS 36.18 

t 6.605 

700 
Constant 717.4 ± 6.112 
Mean .1620 ± .3100E-01 
Si mo 2.916 ± .2504E-01 

600 

500 

400 

300 

200 -
100 

0 
-30 -2D -10 0 10 20 30 

TO-Distribution, ns 
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RUN0626 
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Entries 1468 

- Mean .2582 
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I • I I . • . . I - • • 

-8 -4 0 4 8 12 16 20 

TO Trigger Distribution (bunch numbers) 
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Appendix 1. Calculations of bending (pT and/or a2). 

Let horisonatal axis be Y, and vertical - X (fig.l(a)). 

An equation for a muon track is 

xz 
Y=-+ RX 2R ,., ' where 

One can easily calculate Y 3, Y 2. and, then, /1 Y =(L2/L3 )Y 3-Y 2: 

One can see that /1 Y is indeed a measure of bending: 

aY(4) Y, 11Y 
a - --- ----
2- ax 4 - 4-4 
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Appendix 2. Contribution of Multiple Scattering in the Calorimeter. 

1. To calculate T 0 , the scheme requires the determination of a~ -
inclination angle of a track in the SuperLayer#2 (superscript T stands for 
"Total"). This angle is a~ - a 0 + a 2 , where a 2 is an angle due to track 

bending in the magnetic field, a 0 is a geometrical angle (angle of a straight 

line coming out of the vertex). Angle a2 is momentum dependent and 
determined as follows (fig.4): 

d 
a, = - , where tlL = T - T • - tlL '"'.l '""'2 

2. If there is no multiple scattering, the track line is described by the 
following expression (fig.AZ. I): 

' x-
y = - , where R = p I ( eB) is a radius of cuvature 

2R 
A muon coming out of the calorimeter has a y-coordinate y 1 and an 

inclination angle a~ (a: = a; ). (In the following calculations we will 

assume that axis X is perpendicular to the chamber. We are looking for the 

error in determination of angle a2 and this does not depend on a sector 
rotation with respect to a muon.) 

3. The consequence of multiple scattering is that a muon has some 
displacement l>y1 and a slight change of an angle l>a 1 in the outcoming point. 
Let's call for simplicity sake l>y1=A and l>a1=0. The RMS's and correlation of 
this parameters depend on the calorimeter thickness and are as follows: 

8 = 14.IMeV JXcat . 
0 x , 

p 0 

4. This results in a change of a trajectory; 
xz 

y=-+bx+c 
2R 

Jj 
Peti. = - 2 

now it will be: 

where b=0 and c=A-0L1 to satisfy new boundary conditions on the 
calorimeter surface. 

5. Actual angle a2 will be: 
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T ay2 Y2 4. c a =a -a =---=---. 2 1 0 ax Li ZR Li 
(Notice that this does not depend on the sector rotation). 

d 
6. Angle a 2 as measured ( a2 = AL ): 

4. 
ameas = I;Y

3

-y
2 

=-l-(4, ( ~ +b4 +c\ -( 4 +bL +c\) = 4. -~ 
2 AL AL 4 2R ) 2 R 2 

) 2R 4 
7. Error in Angle Measurement: 

{)a =a meas - a = ~ - ~ = (A - 8L ) AL 
2 2 2 Li 4 ·4~ 

Taking into account RMS's and correlation function one gets: 

-2 fi. 2 1 2 A/3 
{)a2 = o{LI - L.Xcal + 3Xcal) 4 2 L/. 

Using the LOI numbers (L1=3.9m, L2=6.3m, L3=8.7m, X=2.5m, 
Cu calorimeter of effective 12A. thickness) for p=lO GeV/c one get the angle 
error of about oo-.002, what is smaller than the assumed measurement 
error {and. of course, it is far away from the biggest tolerable error). 

8. Momentum Error Due to Multiple Scattering. 
The angle a2 gives a measure of PT· 
Without multiple scattering: 

4. eBLi_ 
a 2(nom.s.)= ZR= Zp . 

Due to multiple scattering, the measured angle will have an error: 

~ meas { ) C ua2 = a 2 - a 2 nom.s. - --
4' 

what corresponds to momentum error of i?p/P:'.066. 
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R. Sumner, Octo'6u- 1qq2... 
Appcndix2> : Hardware Implemcntalion of the Le\'el 1 Trigger 

The basic muon !rigger is a local 4 layer coincidence of 1he 4 layers in a superlayer. 
When 1his occurs a sm:dl amounl of dead time is incurred in 1ha1 muon chamber only. The 
local coincidence is fom1ed in hardware which is auached 10 each wire. The remaindc;r of 1he 
!rigger uses hardware which is shared among all wires in a muon chamber. For a valid track, 
1he 1rigger ou1pu1 consis1s of 1he correc1ed beam crossing time, 1he bend angle of the track, 
and the Phi and Z coordinates of the local track segment. The global portion of the muon 
trigger must correla1e 1he information from all muon chambers. 

The basic trigger group is 16 drif1 cells, 4 in each of the 4 layers. 1l1e maximum drift 
time is 300 ns. The maximum signal transit time is 50 ns (for a 6 M long wire). 

The ou1put of each cell (drift wire) is input to a pipelined TDC similar to !he precision 
TDC but with less resolulion. This must be logically independent from lhe precision TDC. 
The resolu1ion is 4 ns, so it divides 1he beam crossing in1erval into 4 pans. The pipeline is as 
long as 1he drift ~ in the drifl cells plus 1he transit time. There is an OR ou1put which is 
the OR of all of 1he pipeline s1ages, and indica1es 1hat there is a hit somewhere in 1he 
pipeline. Note 1hat 1here is one pipeline for each wire in 1he chamber. 

These pipeline ORs are 1hen ORed with adjacenl cells (in the same layer and same 
basic group) 10 form a layer OR. This is ANDed with !he 3 01her layers 10 form the local 4 
fold coincidence. To avoid the problem of !rack sharing be1ween 2 adjacenl !rigger groups, 
the adjacenl groups are paired 10 form overlapping coincidence !rigger groups of 32 cells, 8 
in each of the 4 layers. The corresponding layer ORs are ORed toge1her before the 4 fold 
AND. 

When the 4 fold coincidence is detected the trigger system enters 1he second phase, 
and deadtime begins. The processing hardware cannot accept another 4 fold coincidence 
until this trigger is completed. The TDC data leaving the pipeline is extended (by adding a 
step count since the coincidence detection) and stored in a register at the end of the pipeline . 

• After waiting the drift time (plus the wire transit time), the entire pipeline has been searched 
for da1a. All detected hits are now converted to time and are stored in local registers. The 
pairs of wires which are linked at the far end are examined to produce 1he cell struck and 1he 
Z position (I M resolution). This logic is most naturally part of the TDC IC, and is not 
shared, but is replicated for each wire pair. 

The 4 fold coincidence also triggers the rest of the trigger logic, which is shared by all 
wires in the chamber. 

This hit cell pauem is now examined. Of the 4096 possible pauems of 1 hit per layer, 
only about 200 correspond to straight tracks wi1hin +- 17 degrees from the normal (10 Gev 
muon cutoff). The 12 bit pauern (3 bits per layer) is used as 1he input lo a lookup table. If 
1he pattern docs not ma1ch. 1he !rigger is aborted, and 1he dead lime (less 1han 450 ns) is over. 
The 4 Z coordina1es are simul1aneously checked for consistency. 111e oulputs of this stage 
are !he Phi and Z coordinales of the track candidate. 

If the pallem is valid, 1he time is examined, and a new pattern is formed using the 
time data to reduce 1he cell size. This new pallern ( 11 bits, a relative pattern, independent of 
Phi) is also used to enler a lookup 1able. 111ere are only aboul 300 valid patterns out of the 
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.. 

~048 available. The presence of a delta ray will typically transfonn a valid pattetn into an 
invalid one. There are three outputs, the track angle (with respect to the chamber), 
instructions for calculating the beam crossing time (which time pairs to use, and their· 
polarity), and the beam crossing time correction (due to the angle). 

The next step is to subtract the selected pairs of time measurements, and add the 
correction. This results in up 6 beam crossing times. Using either combinatorial logic, or a 
sequence of lookup tables, the times arc compared, and a majority logic decision made. The 
Z correction (night time from interaction point) is included in this step, as is the non linear 
drift characteristics of the chamber gas. 

Simultaneously with the beam crossing calculation the Phi coordinate is used to 
extract the bend angle from the observed chamber angle (again, lookup tables). This bend 
angle will be known to I degree rrns or better. 

The final result from this trigger system is the beam crossing time, the bend angle, 
and the Phi and Z coordinates of the track. 

A preliminary estimate of the trigger processing time. 111e drift and transit times 
cannot be reduced. The processing time estimates are an upper limit. 

drift time + transit time 
cell pattern table lookup 
time pattern table lookup 
beam crossing calculation 
beam crossing selection 

total time 

350 ns 
100 ns 
100 ns 
100 ns 
100 ns 

750 ns 

This simple trigger scheme is not very robust. It does have some inherent rejection of 
delta rays, during the table lookup of the time pattern, but not enough redundancy lo do much 
more than reject a trigger accompanied by a delat ray. The trigger can be made more robust 
by adding another layer to the superlayer (for a total of 5 layers). If the trigger uses the 
middle superlayer (which consists of 2 4 layer chambers), 8 layers would be available for the 
beam crossing calculation . 
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Daniel R. Marlow 
September 23, 1992 

A Shnrt-011ll1y-Tim11 Tmpl11m11ntation of the LSDT Trigger 

Recently, Korytov proposed a trigger 1cheme for the GEM LSDT's suitable for de
termining the bunch cro11ing for the Level 1 trigger. Korytov'a analysis 1howa that for 
staggered 1quare tubes of transverse dimenaion D ( oee figure 1) having a tim•-diotanc• 
relationship o! the form 

t; =ad;+ 64 
where f1 io the drift time of ch1>rge origin1>ting ,. diot..nce d1 o.wo.y from the wire, T0 , the 
nbsolutc time of the po.rticlc'a incidence, ia gh·en by 

T. _(ti +h) aCo 6 [c2 6.T
2 

] 
o- 2 -2-4 o+(a+bC

0
)1 

where 6.T = t 1 - t3 and 

D 
Co= 2 +oD and o = tan9 

where 6 is the angle of incidence (zero for normal incidence). 
The first term In the expression for Tn is just i = (!1 + h)/2, the mean time of arrival 

of the two pulses. Note that for a linear gas (b = 0) and normal Incidence (a = O) the 
second and third terms vanish, apart from a fixed constant. In practice these terms are 
not zero, but they can be viewed as corrections to the mean time, I.e. 

To :i+r(o,AT)+to 

where to is a constant offset. Figures 2a shows the additive time correction as a function of 
mnmP.nt.nm, which is closely related to a; and figure 2b shows the corrections as a function 
of 6T for Vll.rinnR r.hoice1 of a. 

Cirettits r.apii.hlP. nf pP.rfnrming the meantiming function In realtlme ca.n be Imple
mented in a number of w1ty•. A populAr approach is shown in figure 3. As the figure 
suggests, the same circuit ha• hP.P.n n•ed in past high·energy physics experiment& to cor
rect for position dependence in lnng •r.intillators. In practice the dele.ys can be Implemented 
ucing logic gates, permitting vP.ry fine granularity. Although the time at which the first 
AND-gate c.oincid!!nr.P. iR RlltiRfied depends only on i, the po1itian or the tlrst AND iate to 
tire depends on t::. T. ThuR by adding small amounts of extra circuitry (11. priority encoder) 
one r.J.1n dr.viM a circuit tha.t simultaneously meantimes Its inputs and produces a. binary 
word proportional to 6T. 

This block can In turn be incorporated Into the system shuwu in flgu1·e 3. The pulse 
emerging from the meantlmer is delayed (sli,;htly) alluwiug enough time Cor the t:.T in
formation to be combined with B bbuu:y 1·epn:.entation or .. to Corm a.n addre11 Cor the 
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memory luukup unit (MLU). The contents 0£ the MLU are loaded with tbe required ror· 
rection tiu1e-i.e. they contain the !unction r(a, 6.T). The value of r ia then u1ed to 
dyna.mic111ly 11Jju8t the delay time euch that a puloe emerges at time To (plu1 a eontlant ). 
One simple iu1pleiue11tatio11 o{ the adjustable delay is a prcoettable down-counter, although 
It may prove det1in1.blc to seek dc•igns bGeed solely on 1111ynchronoua logic, u discu11ed be
low. 

For valuw of u and t:.T of pradical interest, r is alwo.ya leaa than - 100 m or 10. 

Requiring :5 4 m• or "qullllti~ation error" in r leads to the need for only five or aix bit• 
of accuracy. A .. umiug comparable accuracies for c:t o.nd 6.T are required, the number 
of address line• to the MLU is in the ra.nge of 10 to 12 bite, a modest oize by today'• 
standards. 

The outpuh o! the corresponding circuits from other left right wire pain ean be 
combined using a st1111J111J 111ajority logic circuit that require• o. specified multiplicity. 
This will provide Immunity Lo uoi8e and to the (presumably) amo.11 number ol cuea where 
the To signal from & given pwr comes out of time. 

For normal lncideucc the latency time o£ thie scheme is the drin time plua the iixad 
delay of the mean timer. lu Lhe implementation shown this is one ho.I£ of the m&Ximum 
drift time, yielding a total latency o! 1.G thnes the total drin time. The MLU also a.dd. 
some delay, but thls can be kept to 11 few tens 0£ ns. Finally, some allowo.nec must be made 
fnr non-norms.I incidence, which will al•o aJd to the latency, but this is probo.bly leas than 
100 nR. We note that there Is some room le!L between the latency of this circuit and the 
irredudblP. limit imposed by causll.!!ty, suggesting Lli11L further improvements e.re possible. 
This would rP.qnire a meantimer design with no fixed p1·ov•ir;ation delay. 

Anoth"r ~nch concern in any such scheme is th" deadtime. For achemeo employing 
sequentia.1 logic, this will likely be o! the same orJer a& the latency. If, however 1 o. pipelined 
version of t.hP. IU!justable delay CllJl devised-this Bhould be posoiblc--the entire circuit can 
be fully pipelinP.d. In this case, the effective deadtime CllJ.l be reduced to the few xlO ne 
level. An added hP.nP.fit would be the elimination of the ueed for a high-speed clock. 

One loose end in t.hia design Is the determination o{ u, which will require additioncl 
circuitry. Thia could P.nta.il some additionll.! latency due Lo propagation delay• 1inec et i1 
an inherently non-loe11.I q1111ntity. 
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