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A. Summary of the Experiment 

We propose an experiment which employs a hybrid emulJion spectrometer 

to measure lifetimes and decay properties for B mesons and charmed particles 

produced by interactions of high energy pions. Use of a high-momentum pion 

beam should maximize the B production :cross-section at presently avail-

able energies; emulsion is the highest resolution detector for observing 

short lifetimes, and the electronic detection system is needed to select 

interesting events, locate them within the emulsion and provide information 

about decay products. A variation of this technique has proven successful 

in measuring the lifetimes of neutrino-produced charmed particles {Fermilab 

Experiment 531). We believe that the experience therein gained will permit 

us to switch to hadronic production, where there are more Band charmed part-

icles to be found, and also more problems. Subject to development of a 

new form of solid-state detector, in a four month run with modest beam we 

should be able to obtain more than 1000 charmed particle decays, and based 

on a 100 nbn cross-section, about 30 B decays. There is also hope of seeing 

a small number of tau-lepton decays. 

Developing the new detector wi 11 require one to two years, thus actual 

running of the experiment could not take place before 1983. Though yields 

in the proposal are quoted for 400 GeV operation, based on the threshhold 

behavior for ~ production we estimate that the signal for B production 

would be improved a factor of four if the experiment were run at Tevatron 

energies. 

B. Physics Motivation 

We wish simultaneously to search for B-meson decays and to make a high 

statistics measurement of charm decays. 

The latter measurement provides an acceptable and secure motivation 

for the experiment. A ±10% knowledge of lifetimes permits conversion of 
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branching ratios into absolute partial decay rates without loss of precision. 

A current experiment 1 shows hints of two n_utral lifetimes and possibly 

the existence of weakly decaying neutral charmed baryons. Definitive studies 

of the above plus the possibility of observing sequential F + T +other 

lepton decays creates interest in a high statistics charm measurement. Ob-

servation of visible decay lengths also provides a relatively background-free 

sample of charmed particles for studying production dynamics. Provided 

trigger rates are acceptable, we may request a second run with geometry ex-

panded to include particle identification. 

However, the discovery of the upsilon family of resonances, and parti-

cularly the broad y' '', is considered to be strong evidence for the exist-

ence of b quarks, hence B mesons and baryons. 

This experiment will have three nanobarn sensitivity for detecting B mesons, 
-15 -12 

provided lifetimes are between 3 x 10 and 3 x 10 seconds. Should 

B mesons exist at this level, their sequential B +charm-?· strange decays 

should be topologically quite striking and relatively background free. In 

terms of the Kobayashi-Maskawa2 six quark model, measurement of the B meson 

lifetimes and relative branching ratios into charm would permit determination 

of the extended Cabbibo. angles 0 2 and '~3 (where 01 is the usual Cabbibo 

angle e ). As all angles and CP violating phases are expected to be small, c 
we can approximate 

sin e. - s. 
I I 

If we also assume the ratio, 

Then, 

(B + charm + X) ~ 
(B + no charm) > > 1 
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The 0. are given in terms of quark mass ratios by many of the higher 
I 

. . d 3 d h 1 . f . 10- 1 3 symmetry model.s which predict proton ecay, an -: arm 1 et1mes are 
-12 1 to 10 seconds; 

:::: (1.9 GeV\ 
5 

{lO 's 5.3 GeV/ 
100) {10- 13 to 10- 12 seconds) 

-15 -13 's = 5 x 10 to 5 x 10 seconds 

Should B lifetimes lie in this measurable range, the Higgs particle would have 

to be heavier than the B, else 'B would be considerably shorter. 

However, it may be that the b quark (and perhaps the tau lepton) are not 

members of doublets. In this case, theoretical predictions have even more 

freedom, and information obtained on B-meson decays could prove to be even 

more exciting. 

C. Description of the Experiment 

1. Design Motivation 

The apparatus is a hybrid emulsion spe~trometer similar in concept but 

technically more demanding than the one used successfully in experiment 531, 

and it will be operated in an beam rather than in a neutrino beam. The 

sensitivity of the experiment is ultimately limited by the volume of emulsion 
2 7 

(50i) and the maximum tolerable track density (700/mm) to a total of 7 x 10 - in-
'+ 

teractions. It is feasible to search for l - 2 x 10 of these events 

in the emulsion, so it is important a) to find efficient selection criteria 

and b) to eliminate unnecessary losses of good events due to spectrometer 

acceptance and reconstruction and scanning inefficiencies. 

The configuration and mounting of the emulsion is determined by the 

following considerations: l} The thickness along the beam direction should 

be as srnal 1 as possible to reduce secondary interactions, but not so small 
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that edge effect losses are serious. 2) The exposure area (beam spot size) 

must be large enough so that the maximum exposure density does not occur 

in less than one beam pulse, since moving the emulsion more often than this 

is not practical. 3) Unnecessary exposure of emulsion outside the beam due 

to beam halo should be minimized. 4) Precise alignment of emulsion relative 

to the spectrometer must be performed. These considerations lead to a 
2 

design in which many small modules -(locm) x (2 - 3cm thick) are se-

quentially exposed at the rate of one every - 2 hours. Each small module 

is mounted on a precision movable stage which allows exposure of a different 
2 

(]mm) area to every beam pulse. 

The design of the electronic spectrometer is motivated by the following 

requirements: 1) Finding events in the emulsion quickly and efficiently--

This is probably best done by following a tagged beam track. Since the 

average separation of beam tracks in the emulsion will be only -40µ. 

unambiguous tagging requires position resolutions - ±20 µ. 2) Large accept-

ance for beauty (B) and charm (C) decay produ~ts; 3) Good reconstruction 

efficiency for high-multiplicity, sharply-collimated events typical of 

hadronic interactions at 375 GeV; 4) Minimum decay path for n 1 s and K's--

Since we will depend on a single-µ trigger, the apparatus must be kept short. 

5) Ability to detect secondary vertices-- The relatively long lifetime 
-13 1 

of the 0±(10.3 ~l~:~ x 10 sec) makes feasible the efficient selection 
+ 0 + of a highly enriched o- sample (and some D , F-, and Ac as well) by success-

fully resolving production and decay vertices with the electronic spectra-

meter. Excellent position resolution in the detector downstream of the 

emulsion therefore becomes very desirable. 6) Successful kinematic recon-

struction of B and C events, implying satisfactory momentum resolution for 

charged particles and the ability to detect neutrals. 
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2. Solid State Detectors 

It is very difficult to satisfy the above design criteria with existing 

technology. Drift chambers, for example, fall short of the position res-

elution requlred for beam tagging and decay vertex resolution by factors 

of -7. Even worse, they can achieve track pair resolution no better than 

about 2mm, so that tracks more closely spaced than this are lost. Since 

projected angles between tracks of $ lmrad occur with appreciable proba-

bility in hadron interactions at 375 GeV, it is impossible to place drift 

chambers close to the emulsion target without incurring unacceptable re-

construction losses. (Yet, high resolution detectors close to the emulsion 

target are essential if the apparatus is to be kept short.) 

We have therefore produced a spectrometer design which relies heavily 
4 on a new technology, that of position-sensitive silicon detectors·, arid 

have begun a program of prototyping and testing. More details are provided 

in Appendix I. Briefly, these proposed devices are thin silicon semi-

conductor detectors on which are deposited many narrow parallel metal strips 

with a center-to-center spacing of 40µ (Figure .1 ). These strips are to 

be read out individually over a limited area corresponding to the region 

of highest track density, and wi 11 be read out in groups using the charge-

interpolation technique 5 with taps every 5 to 10 strips in regions where 

the average track density is lower. In designing the spectrometer we have 

assumed that we will succeed in producing detectors with the following 

characteristics: (1) active area up to Bern diameter; (2) thickness 0.4mm; 

(3) position resolution ·±20µ; (4) track pair resolution 40µ; (5) success-

ful operation in magnetic fields S 1.0T. There is at present no reason 

to believe that any of these requirements are unreasonable. 
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3. Discussion of Apparatus 

A schematic elevation view of the experiment is shown in Figure 2. 

Note that the total length of the apparatus between the emulsion target 

and the upstream side of the calorimeter is less than l .Sm. The major 

components are the beam and beam detectors, emulsion target, vertex 

detector, charged particle spectrometer, y detector, neutral hadron detector, 

muon identifier, and trigger counters. 

a. Beam and beam detectors. Because of the expected rapid increase 

of B cross section with energy, a TI beam of the highest available momentum 

(-375 GeV) is essential. The momentum bite can be large, and an intensity 
4 

-2 x 10 /pulse is satisfactory. The optimum spot size at the emulsion is 

0.7cm square. Because the emulsion target is much larger than this and 

will be shifted by one spot size after each beam pulse, it is very important 

that the integrated halo for several centimeters around the beam is a small 

fraction of the total intensity to avoid increasing the level of background 

tracks in the emulsion. 

To keep the emulsion exposure density uniform, a beam plug with an 

out-to-in response time of 0.1 second which can be actuated by a preset 

beam counter must be in~orporated well upstream in the beam line. 

The transverse coordinates of beam tracks at the emulsion will be 

determined to ±20µ by three small silicon detectors {called SS triplet in 

Figure 2) of the type shown in Figure 1-a, located immediately upstream of the 

emulsion. It is also desirable to determine beam track slopes to better 

than ±0.02mrad for use in surveying the rest of the apparatus. A second set 

of three silicon detectors is therefore located 2.0m further upstream. 
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b. Emulsion. Nuclear emulsion is a suitable detector to observe short-
-is -12 

lived particles with lifetime of 3 x 10 to 3 x 10 seconds. One can 

handle enough emulsion to get relatively rare events, but the limitation 

of using it is in analyzing large numbers of events under the microscope. 

Recently a microscope with TV monitor and computer-controlled, digi-

tized stage has been developed at Nagoya University and has turned out to 

be very powerful in analyzing E531 neutrino events. 

In this experiment we will use as much emulsion as possible and as high 

a track density as tolerable to get good sensitivity to small cross sections. 

The total amount of emulsion we can handle is about 50£, and is limited pri-

marily by cost. Maximum tolerable intensity is a slightly subjective number 
4 2 7 

but is ar~und (6 ± 2) x 10 /cm . We can get more than 7 x 10 interactions 
4 

using 50£ of emulsion and 2 x 10 /pulse beam intensity. To reduce the second-

pry phenomena, e.g., y-ray conversion ·and secondary interactions, the thinner 

the emulsion module along the beam direction the better. But we have to 

reduce edge effects especially for the pellicles. The compromised depth is 

2 - 3cm. The track density at the downstream end of modules is then 1.5 

times as much as at the upstream end. We can get some information about 

maximum tolerable intensity from NA-19 at CERN, in which Nagoya people are 

involved. 

Although the area of each emulsion module is about lOcm x lOcm, the 

size of beam spot is around ]mm x ]mm, and therefore we must have some mov-

able stage to expose uniformly over the whole area. 

The accuracy of track detectors is so high that we have to be careful 

in mounting the emulsion module. A schematic drawing of the stage is shmm 

in Figure 3. It is driven by computer-controlled pulse motors and the 

position of the stage is monitored by moire image encoders (lµm accuracy) or 
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by laser diffraction encoders (O. lµm accuracy). In this way we can know 

the relative position of events in the module. We also need to know the 

relative position of the module and the counter systems with an accuracy 

of lOµm. For this purpose we will expose two low-beam density regions (lcm ~ 

lcm). The total number of tracks in each of these regions will be about 100. 

Since beam tracks may easily be found in these low-density regions, trans-

lations transverse to and rotations about the beam line may be removed on a 

module by module basis. This will permit much greater precision for event 

searches in regions of high track density. 

The events located by the spectrometer will be found by two methods. 

One is to follow the incident beam; another is conventional volume scanning. 

We will tag the incident beam which produced interesting events. We can 

follow all the tracks seen in one field of view. ·in this case we do not 

need very good accuracy. If the vertex predictions are sufficiently good, 

we can also use the conventional volume scan technique. The volume is 
3 

estimated to be about O. lmm , which is about two orders of magnitude 

smaller than in E531, implying that the event finding speed is 100 times 

faster than before, exclusive of set-up time. 

After events are found, each will be analyzed using a microscope with a 

simplified computer-guided, digitized stage. In this fashion we can fully 

analyze 5000 events a year, and inspect several times this many. 

c. Vertex detector. The vertex detector consists of 15 silicon de-

teeters arranged in 5 triplets mounted on 2.5cm centers. Each triplet meas-

ures 3 projections rotated 60° from each other (x,u,v). With the proposed 

±20µ resolution the direction of stiff tracks can be measured to ±0.2mriad 

in each projection. Each detector (Figure 1-b) has an active area of Bern 

diameter and is only 0.4mm thick to reduce multiple scattering. In the 
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central 1.4cm band of each detector every strip is read out separately to 

maintain 40µ track-pair resolution in the region of high track density. On 

either side of this central band the charge interpolation technique is used, 

with pulse height information from taps every 5 to 10 strips being read out, 

thus preserving the spatial resolution but relaxing the track-pair resolution. 

We have studied the track-pair resolution requirements by use of a tape 

of measured 360 GeV rr-p events from a 3011 bubble-chamber exposure. The real 

tracks were augmented by gammas from Monte Carlo rr0 •s which were aHowed to 

convert with appropriate probability in a simulated 3cm emulsion target. 

The results of this study are summarized in Figure 4 and Table 1. 

Table I. Chamber parameters 

Track pair Track pair 
Approx. resolution resolution Fraction of 

Location z (cm) 0 (mrad} (microns} 6.x' (mrad) tracks blocked 

Center of -10 0 - 50 40µ 0.4 <9% 
vertex 
detectors 50 - 150 200µ 2.0 <8% 

>150 400µ 4.0 <8% 

Downstream -80 0 - 50 400µ 0.50 <10% 
s i 1 icon 
detectors 

Downstream -80 >50 2000µ 2.5mrad <10% 
drift chambers 

The integral distribution in laboratory production angle G for all charged 

tracks in this sample is shown in Figure 4-a. Approximately half the tracks 

have 0 < 50mrad and 25% have 0 < 12mrad. Since the mean multiplicity of 
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charged hadrons and converted electrons is -14, the effects of track masking 

can be appreciable. In Figure 4-b we plot the fraction of tracks produced 

at 8 which are masked in a given projection (x, e.g.) for various assumed 

slope resolutions 6x 1
• If, for example, the detector can resolve two 

tracks if their projected slopes differ by more than 0.4 mrad, the fraction 

of masked tracks is< 9% at all 0. This condition obtains in the middle of 

the vertex detector ( z = lOcm) where the pair resolution 6x is 40µ, giving 

6x 1 = 0.4mrad. For 0 ~ 50mrad (> 150mrad) a_ 6x 1 of 2.0mrad (4.0mrad) 

is sufficient to keep the masking be\ow l0%. The outer regions of the ~ilicon 

detectors therefore use the charge interpolation method. Similar consider-

ations are used in designing the detectors downstream of the magnet (next 

section). 

It should be noted that because the silicon detectors are thin it 

will be necessary to operate them at low temperature (-l00°C) to obtain 

satisfactory signal/noise. The whole vertex detector must therefore be 

cryogenic. 

The signal from each tap, or from each strip in the central region of 

the vertex detector, will require a low-noise amplifier and analogue read-

out. There are a total of 13,000 such lines in the beam, vertex and spec-

trometer arrays of silicon devices. We plan to store th~'.ana16gue•inform­

ation in charge-coupled devices (CCD's) and digitize this data serially 

during readout. 

d. Charged particle spectrometer. In order to achieve maximum 

aperture and minimum depth we have designed the spectrometer around the 

small iron magnet shown in Figure~:l '{layout), and 5 (B-field). 

This magnet has a pole-piece depth of only 35cm and a\ lows a vertical 

aperture from the target of ±240mrad with a maximum vertical gap of 26cm. 
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The horizontal aperture is twice as large. By having the pole pieces open 

vertically outward (thereby deliberately creating a non-uniform field) a 

transverse kick of 0.20 GeV/c is obtained with a maximum field of 2. lT. 6 

The directions of charged particles downstream of the magnet are 

measured by silicon detectors at small angles and by drift chambers similar 

to those used in E531 at larger angles. The silicon detectors are of the 

type shown in Figure 1-c, with active areas of 8cm diameter and charge-

interpolation readout with taps every 10 strips. There are 3 pairs of xuv 

triplets located at approximately 75, 85 and llOcm from the target. Stiff 

tracks with productionangles0 s 50mr pass through the first two pairs, 

wh i 1 e those with 0 s 4omrad pass through a 11 three. If we use the ru 1 e of 

thuinb that most B-meson and charm-decay tracks have Pr s 1 GeV/c, these 

silicon detectors measure momenta of most tracks having p ~ 20 GeV. For 

tracks withe ~ 50mr, which are on the average softer and more widely sepa-

rated, a system of 12 drift chambers (4 pairs of xuv triplets)measure the 

directions with spatial resolution ±150µ and a lever arm of 30cm. As can be 

seen from the momentum resolution graphs in Figure 6, with this multi-element 

system momenta p s 3 GeV/c are measured to ±1.5%, while most tracks at 

50 GeV/c are still measured to ±6%. 

It is clear that to use the excellent resolution of silicon detectors to 

full advantage we must build stable mounting hardware and monitor the align-

ment carefully. Our experience with the much larger apparatus in E531 should 

be most useful here. In that experiment drift-chamber positions were found 

to be stable to ±25µ over times ~1 week, and absolute survey discrepancies 

between the drift chambers and emulsion fiducial sheet were -±50µ. In 

addition, we can record stiff beam tracks passing through the central re-

gions of all the high-resolution devices, a very powerful survey tool 

which we did not have in E531. 
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e. Gamma detector. For electron/photon detection we have designed 

a segmented electromagnetic shower calorimeter consisting of alternate 

layers of 1 radiation length of lead and extruded aluminum proportional 

ionization chambers (EPIC). A similar device has been tested satisfac-

torily for use in E531. The overall dimensions of ~he detector are 

Im x lm with a total thickness of 14 radiation lengths of lead. Each EPIC 

chamber is constructed of aluminum extrusions with individual tube cross 

sections of lcm x lcm. The pulse heights from each tube will be read out 

from both ends using a charge-division technique to give both x and y 

position information from each chamber. The spatial resolution attainable 

with this technique is typically 1% of the wire length or -lcm along the 

direction of the wire for a lm chamber. To reduce the number of ADC channels 

required the pulse heights from groups of 32 tubes will be stored in a 

parallel input CCD and serially shifted into an ADC for digitization. 

With one radiation length of lead sampling thicknesi, similar devices7 

using multi-wire proportional chambers operated at 1 atmosphere of pressure 

have achieved an energy resolution ~E/E=0.30/l"E". This is about a factor of 

two worse than the resolution obtained with a lead-scintillator calorimeter. 

We expect to operate the gamma-EPIC chambers at a pressure of -10 atmospheres 

and estimate an.improved el)ergy resolution of 0.20h1 E. 

Assuming a spatial resolution of -2.0cm for showers, Monte Carlo studies 

using 350 GeV 1T-p events from a 3011 bubble chamber exposure indicate an 

overall efficiency of -70% for resolving multiple showers in they-detector. 

Masking of one shower by another is worst in the central core for angles 

less than 50mrad; Here the efficiency drops to ~40%. We are investigating 

the feasibility of using silicon detectors with lead converters to cover this 

central 50mrad with better position resolution. 
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Additional details and discussion of the spatial and energy resolution 

can be found in Appendix I I. 

f. Hadron calorimeter. The primary function of the hadron calorimeter 

is to measure the position and energy of neutral hadrons 

The position resolution that can be achieved is ~ 25mm, 

( K0
, A 0 

, and n) . 
8 or -20mrad at l.3m. 

This angular resolution is well matched (in terms of contributions to the 

overall mass resolution) by an energy resolution of -11/'"E for the range 

of energies of interest (5-25 GeV). 

The major difficulty in finding neutral hadrons lies in separating them 

from the charged hadron background. We have estimated the detection effi-

ciency by plotting the positions of charged hadrons at the front face of the 

calorimeter. A successful identification is assumed if no other hits lie 

with ±40mrad (±5cm) in the x projection. The resulting efficiency is shown 

in Figure 7 as a function of polar angle e. Superimposed on this curve is 
0 the kaon angular distribution expected from B + ~ K rr. The net efficiency, 

including corrections due to loss of events with pKo < 5 GeV, and a finite 

absorber thickness (1 
_2 

- e ~ . 84) is 25%. 

The proposed detector is shown in Figure 2. It consists of alternate 

layers of iron plates and extruded MWPC (EPIC chambe~s) with 2.54cm ~ire 

spacing operated at atmospheric pressure. We are using EPIC chambers of this 

kind in the second run of E53 l and have tested 'samp 1 e ·chambers in the M$ 

beam line. The iron plates, which can be made from the E53l calorimeter 

steel with a minimum of cutting, have dimensions l.2m high x 1.Sm wide x 

5cm thick for the first six plates, 2.4m x 3.0m x lOcm for the next two,-

and 2.4m x 3.om x 20cm for the last 3 plates. EPIC chambers covering ±240 

mrad from the target are inserted after each of the plates, and are read 

out from both ends using the charge division technique to give coupled 

t\'lo-dimensional information on the hit positions as is done in the gamma 
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detector. A total of 1,728 amplifiers is required. The analogue data 

will be stored-in CCD's and di~.:::ized seri'ally during readout. 

g. Muon detector. The muon detector has two functions: to reduce 

the hadron flux sufficiently to give a manageable trigger ratet and to deter-

mine from the reconstructed event whether a given track which has traversed 

the detector is indeed a muon. The first objective is most simply accom-

plished by requiring enough range of iron. Using simulated decays of 

measured tracks from a 360 GeV bubble chamber exposure we found that 2.Srr. 

of iron (including that in the calorimeter) will give fewer than 20 
3 

triggers/10 . interactions from upstream'dec~ys ~nd punch through, while 

accepting muons above 3.5 GeV/c. 

To meet the second objective it is essential to track the muon candidate 

from the emulsion through the spectrometer, hadron calorimeter, .. and absorber 

with frequent sampling of position and ionization in the iron to look for 

evidence of hadronic interaction. It is also very desi ;·able to make a 

second momentum measurement after several interaction lengths of iron to be 

sure that no large energy loss has occurred, and that the correct candidate 

has been tracked through the region of heavy hadron showers. 

The frequent sampling is performed in the EPIC chambers of the ca\ori-

meter. The second momentum measurement is performed with a square iron toroid 

(similar to those used in E613) l.Om deep and 2.Sm on a side. Assuming 

low carbon steel (1010 or equivalent), a current of 1000 Amp and 100 turns,· 

one obtains reasonable saturation and a radial variation of magnetic field 

from 2.0 T near the center to 1.7 Tat the outer rim. On either side of 

this toroid are 2 triplets of EPIC chambers instrumented for drift-chamber 

readout using surplus electronics from E531. This system wi 11 have a r.esolution 
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~ = [(.21)
2 

+ (.Olp)']t , (p in GeV/c) 
p 

where the first term is the multiple scattering contribution and the second 

results from the ±0.5mm resolution of the chambers. 

Downstream of the toroid are three identical modules, each consisting 

of 0.4m of steel followed by two crossed bands of EPIC chambers with 5cm 

wire spacing, with each tube read out from both ends to give charge-division 

information. The_ final two modules serve to further constrain muon 

candidates above 3.5 GeV/c. 

h. Trigger counters. As non-zero data from all events will be stored in 

a fast buffer memory during each spill, we are studying a variety of triggers, 

many of which require fast processing before recording on magnetic tape. 

Though several techniques appear promising, we will present here only the 

simplest muon trigger, which should be sufficient to lower recorded events to 

a level of 20/pulse. This trigger will require non-halo beam to interact in 

the emulsion, giving rise to a downstream muon of more than 3.5 GeV. 

The following sketch qualitatively indicates counter locations: 

HALO 

I S5 y T R 
0 0 A 

BEAM E CAL:- R N 

I 0 T. I G 

Ss 0 E 

ll 1 ll2 
SPECTROMETER 

The trigger will consist of 

Trigger = {Beam) (Interaction) • {Muon) 

with components as listed below: 
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. Interaction = (S4 ~ ~ in pulse height) • (S 5 ~ 2 pulse heigh~) 

(S 5 will have a small hole for non-interacting beam) 

(The muon counters may have to be shielded against slow neutronso) 

0. Event Rates and Acceptances 

In the standard model the B meson is expected to have a substantial 

branching ratio (B.R.) to muons either from direct decay: 

(a) B + µ + anything 

or through the cascade 

(b) B + D ~ anything 
L µ + anything 

In the first case, the muons are stiff and have a large transverse momentum 

{pT - 1 GeV/c), while in the second case they are soft and have Pr - 0.3 - 0.4. 

We have therefore considered two methods of analysis of events; the first 

a tag of B decays with a stiff muon, the second a tag of events passing less 

stringent cuts on the muon, but having a reconstructed secondary vertex. 

The second analysis will also yield a large sample of charm decays. 

Tagging interesting decays with muons requires that we can extract a 

signal out of the background of soft muons coming from~ decays upstream of 

(as well as in) the calorimeter. We have generated muon spectra from pion 

decays (using 360 GeV/c ~ bubble-chamber data) and from B + µ via Monte Carlo 

simulation of processes (a) and (b) above. The decay distance allowed is 

120cm. We assume the B's are centrally produced with 
3 

do N = c ( 1 - x) e-ap.L 
dx dpL 
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In figures 8 and 9 we compare the p and Pr distributions for muons from 

these three sources, where we have taken N = 2 and a = 1 in the expression 

above in generating the B mesons. We have also calculated the muon spectrum 

for the process K + µv (not shown). The muon background is listed in Table II 

for several values of p and Py· 

Table I I , Muon background per 360 GeV/c TI interaction. 

Off-1 i.ne Pu PT 
selection GeV/c GeV/C TI + µ K + l.1 

-4 -r+ 
a > 6 > o.6 3 x 10 o.s x 10 {+ secondary vertex) 

-3 
10-4 b > J.5 > 0.25 4 x 10 4 x 

+ We have assumed 1/3 K-/interactions, and a 63% B.R. to µv. 

In addition to the decays of primary pions and kaons, one also has 

muons produced by decays of secondary and tertiary pions produced in the 

hadron absorber. This latter background is comparable to that listed in 

Table I but can largel~ be eliminated by comparing momenta of muons as 

measured in the spectrometer and in the toroid and by requiring that the 

muon point to the interaction vertex. 

The yield of events is given by 

Yield-= (Mo. interactions) x (electronic live time) x (scanning efficiency) 

x (
0
::) x B.R. (sB++a~l) x (µdetection efficiency). 

A similar expression may be used for the charm yield. 
7 

We take the number of interactions to be 7 x 10 , the electronic live 

time to be 80%, and the scanning efficiency to be 50% (the efficiency in 

E531 is 53%). oabs = 8.]mb/nucleon for pions in emulsion. 

We calculate B yields based on a total cross section of 100 nb/nucleon. 
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This estimate is motivated in part by Figure 10 where we compare the ~p inclusive 
c cross sections for the bound quark states ¢, ~' T to the unbound states ~' charm.~ 

The bound states differ in cross section by 8 decades, yet they lie on a straight 

line. If we assume that the unbound states also lie on a straight line with a 

slope determined by the Kand charm cross sections, we get a B cross section of 

approximately 200 nb/nucleon. Published theoretical estimates range from 8nb 

to -1µb.JO The Goliath result from CERN, if correct, would imply a cross section 

of several hundred nanobarns. 

In the free quark model the b quark decays directly to muons (plus hadrons) 

with a B.R. ~ 16%. Non-leptonic enhancements will reduce this ratio, especially 

for the B+ which decays non-exotically, so we take the average B.R. for B+ and 

B0 to be 10%. *o *+ For process (b) ahove, given equal numbers of D and D - in the 

debris of B decays one gets a D+/0° ratio ~2. Using 20% and 2% for the respective 

B.R. yields a net rate of 8%. The total B.R. of B ~ µ is thus 18%. 

For charm production we take o = 20µb and an average semi-leptonic B.R. 

to muons of 10%· 
4 

For selection a, (pµ > 6 GeV/c, Pr> 0.6) we have 1.5 x 10 events to 

examine and a yield of 19 B decays from process (a) and 5 from process (b), 

with a charm yield of 1300 events (650 pairs). The relevant muon accept-

ances are 60% for (a), and 20% for (b). 

In addition to this straight forward cut on the prompt muon, which works 

well for muons from B decay, but loses 80% of the charm decays, we would select 

events where a muon is tagged as coming from a secondary vertex downstream of the 

primary interaction. To predict the success of this procedure we have computed 

the ratio oz/z for 5 o± events found so far in E531. Here, oz is the estimated 

error in the z (beam direction) coordinate of each event, based on the actual 

momenta and angles of the observed decay tracks, and z = cSyT is the expected 
-13 

decay length for a lifetime T = 10 x 10 sec. For these 5 events, having 



-21-

+ respective o- momenta of 9.8, 10. 1, 16, 17, and 120 GeV/c, the corresponding 

ratios 8z/z are .22, .17, .14, .15, and .10, so that primary and secondary 

vertices are separated by 5 - 10 standard deviations. It should be noted 

that oz/~ improves with D momentum because oz is dominated by multiple scat-

tering in the emulsion for secondaries below -8 GeV/c. 

We estimate the efficiency of reconstructing three-prong secondary 

vertices (with a visible energy of greater than 10 GeV/c) could be as high 

as 80%. The background is primarily from nuclear interactions of pions. 

= 8 n's/interaction x (4% absorption length) x (40%, p > 10 GeV) x {70%, ~ 3 prongs). 
-3 We estimate the muon background to be s 2 x 10 from the secondaries. 

For selection b, (pµ > 3 GeV/c, Pr > 0.25 for muon from secondary vettex), we 

3 have a yield of 960 charm decays and 5 B decays for 8 x 10 events examined. 

(This yield is corrected for double counting in ?election a.) 

To summarize, we have 

Selection a 
p > 6, PT > 0.6 

µ 

Selection b 
(pµ > 3.5, Pr > 0.25 
secondary vertex) 

B Yield 
·'· B-+ o"µv 

19 

B Yield 
B -r Dl1n Charm 

I 1.· 
-+ K µv Yield 

5 1300 

5 960 

Background 
events to 

scanned 

4 
1.5 x 10 

3 
8 x 10 

be 
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E. Cost Estimates 

Items in parentheses already exist. 

1 • Fe rm i 1 ab : 

a. 20' x 30' of floor space, with prov1s1on for 
an upstream set of beam drift chambers. 
Utilities such as 30KW of 110 and 208V, water 
for magnet 

b. Up to 200KW of electrical power delivered 
for magnets 

c. 1 toroid, estimate 50 tons @ $600/ton 
for cutting and machining, and $5000 
for the co i 1 s 

d. Extra muon steel (could be taken from 
existing E-531 iron) assume cost to be 
100 tons @ $300/ton 

e. Calorimeter steel (could be made from 
E-531 calorimeter by cutting only 3 
of 16 existing 211 plates). Assume cost 
to be $500/ton 

f. Small conventional magnet, estimated at 
$1.00/lb for machined steel and $3.00/lb 

Total 
(in thousands) 

$ 35K 

($ 30K) 

($ 25K) 

for copper, with a 30% cost overrun included 30K 

g. Prep electronics, mostly already in 
inventory 

h. Rigging, 16 days @ $500/day 

i. 250 hours of computer time, @ $400/hour 

j. Space in the village as provided 
for E531. 

k. Prototyping solid state detectors 

Existing Costs 

New Costs 

Total Costs 

($ 90K) 

$ 8K' 

$ lOOK 

$ SOK 

($ 145K) 

$ 22JK 

$ 368K 
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2. Experimenters 

a. Scintillation Counters 

i. Tubes, bases, power supplies, voltage 
dividers 

ii. Scintillation material 

Subtotal 

b. Solid state detectors 

i. Prototyping, (30K is already committed). 

ii. Hardware (including cryostats and stands) 
for 33 detectors, @ 2K/detector 

iii. Electronics, 13000 wires@ $25/wire 

Subtotal 

c. Drift chambers 

i. 12 chambers@ $2K/chamber (includes 
stands) 

ii. Existing multiple hit/wire readout 
system for 250 wires 

Subtotal 

d. Gamma chambers 

i. Lead 

ii. Stand 

iii. Extruded tube chambers: 14 planes@ 
$400/plane 

iv. Electronic readout of both ends of 1400 
wires, @ $6.00/channel 

Subtotal 

($ l OOK) 

($ 
$ 

($ 
$ 

20K) 
15K 

120K) 
15K 

($ 30K) 
$ 30K 

$ 66K 

$ 325K 

($ 
$ 

30K) 
421K 

$ 24K 

($ 25K) 

($ 25K) 
$ 24K 

$ 4K 

$ 2K 

$ 6K 

$ 17K 

$ 29K 
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e. Calorimeter (exclusive of iron) 

i. Stand 

ii. Hardware for 108 chambers, @ $150/chamber 

iii. Electronics-864 lines read out both 
ends, @ $6/channel 

Subtotal 

f. Muon detector {exclusive of scintillator 
counters, toroid and range steel) 

i. Extruded tube drift chambers, 84 units 
@ $100/unit 

ii. Multiple hit/wire drift chamber readout 
system; 672 lines@ $100/line (mostly 
existing) 

iii. Tube chamber hardware, 66 units@ $100/unit 

iv. Electronic readout of both ends of 792 
wires, @ $6/channel 

g. Emulsion related costs 

i. Precision front-end stand and 
emulsion movement mechanism 

Subtotal 

ii. Misc. hardware {for punching, etc.) 

iii. Emulsion: 50 liters {@ $7K/1iter by the 
end of 1982, current cost is $5K)liter) 

iv. Pouring laboratory (being constructed for 
E531 at Fermilab) 

v. Developing laboratory (exists at Ottawa) 

vi. Developing costs (chemicals, etc. @ 10% 
of cost of emulsion) 

vii. Emulsion scanning laboratories at Ottawa and 
in Japan 

Subtotal 

$ 2K 

$ 16K 

$ lOK 

$ 28K 

$ BK 

{$ 59K) 
$ BK 

$ 7K 

$ lOK 

($ 59K) 
$ 33K 

$ SOK 

$ SOK 

$ 350K 

($ BOK) 

($ 1 OOK) 

$ 35K 

{$ 825K) 

($1005K) 
$ 485K 
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h. Computer (General Automation SPC 16/85) 

i. 1000 hours of AMDAHL 470 computer time 
at $500/hour 

j. Misc. fast electronics 

k. Operating costs, 12 months @ $SK/month 

Existing 

New 

-!: 
Total 

* 

( $ 120K) 

$ 500K 

($ 30K) 
$ 1 OK 

$ 60K 

($1389K) 

$1605K 

$2994K 

This total is within 30% of that estimated for the second run 
of E531. Based on experience gained in E531, we expect cost 
overruns to be less than 30%. 

F. Time scale for the Experiment 

We believe that with the good rate of progress on our existing E531 

experiment, we have the capability of instituting a developmental program 

for solid state detectors. This program has already begun, with the placing 

of purchase orders for the prototype strip detectors from the Silicon Solid 

State Group at LBL. A testing cryostat is being designed and constructed 

by a student at Ohio State University. However, we believe this testing 

program will take two years and will require at least two prototypes before 

construction of the final detectors. It is important that such a program 

have clear goals generated by a pending experiment. Therefore, we propose 

the following schedule. 

Summer, 1981 Complete testing of 

first prototypes. 

Winter, 1982 Complete testing of 

final prototypes and 

commence full-scale 

construction. 



Winter, 1983 

Summer, 1983 

Fall, 1983 

Summer, 1984 

Winter, 1986 

-26-

Complete construction 

and commence installation. 

Complete installation, 

have 1 month run to 

debug hardware. 

Commence data run* of 

roughly 2-3 months. 

First results of 

analysis appear. 

Complete analysis. 

*Note that emulsion data runs are necessarily short, well suited to the 

period of construction at Fermilab. Of course, the B-yield for the experi-

ment would benefit a factor of 4 from pion beams available during Tevatron 

operation should it be available. 
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Figure Captions 

1. Layout of position-sensitive silicon detectors. (a) Beam detector wafer; 

{b) Vertex detector wafer; (c} Downstream detector wafer. 

2. Elevation view of the hadron hybrid spectrometer. 

3. Emulsion module and movable mounting stage. 

4. (a) Integral distribution in laboratory production angle 0 for charged 
-hadrons and converted electrons from 360 GeV/c n p events. 

(b) Fraction of tracks masked in the x projection vs. e for various 

resolutions in projected slope ~x', for the above events. 

5. Pole-piece geometry and calculated magnetic field for the spectrometer 

magnet shown in Figure 2. 

6. Charged particle momentum resolution for tracks passing through the 

downstream drift chamber (solid curve) and through the downstream silicon 

detectors {dashed and dotted curves). 

7. Neutral hadron detection efficiency. Fraction of hadron showers separated 

by more than Scm in the x projection vs. production angle 0 (solid curve); 

angular distribution of K0 from B + ~K0n decay (dotted curve). 

8. Momentum distributions of muons from n decay in ordinary hadronic events 

(dotted curve), from B + D + µ cascades (dashed curve), and from 

* B + D µv-(solid curve). 

9. Transverse momentum distributions for muon from the three sources listed 

above. 

10. Experimental cross sections for ~' ~' and T production, and for Kand D 

production from pions of ~350 GeV. 
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Appendix I 

Prototyping of Position-Sensitive Semiconductor Detectors 

Though developing solid state detectors will require an extended 

program, we believe it may be informative to delineate our first steps. 

The semiconductor group of the research services division of Lawrence 

Berkeley Laboratory has agreed to construct six prototype devices according 

to the specifications shown in Figure 1-l (page 43). These prototypes are 

designed to test both of the readout techniques to be used in this experiment. 

Each is made from a wafer of high-resistivity P-type silicon 2cm in diameter 

and 0.4mm thick. The central active area, lcm x lcm square, is given an 

N-type layer on one side by a standard phosphorous diffusion technique, and 

the inactive outer portion is covered with an oxide layer. On the other side 

of the wafer, a pattern of 250 gold strips O.Olmm wide with 0.04mm center-

to-center spacing will be laid down over a similar pattern of P-type boron 

implants covering this active area. These gold strips are fanned out over 

the inactive region so that at the rim the connection pads have a spacing 

of 0.25mm. Each detector will then be mounted on a ceramic ring holder to 

which external connections can be attached. Since every strip is brought 

out, these prototypes may be used to test both the individual-strip and the 

charge-division readout techniques with complete flexibility to choose the 

number of strips between taps. 

In order for the charge-interpolation method to succeed it is important 

to stabilize the impedance between strips. This will be done by protecting 

the layer between strips with an oxide layer. At present, neither how well 

the surface under the oxide "pinches off", (i.e., how the impedance between 

strips varies with applied voltage), nor what noise levels and impedance 

values can be achieved is known. A preliminary series of tests will therefore 

be performed on some laboratory samples with 0.5mm spacing which are easier 



-41-

to produce. If these tests are satisfactory, the six prototypes will then 

be constructed according to plan. 

Ohio State University has committed $7K to this first stage of testing, 

which should take 2-3 months, and another $18K to the building of the six 

prototypes, which will take approximately six months more. Because detector 

noise may be a problem, Ohio State is constructing a cryostat with an 

internal heating system which will permit controlled stab.ilization of devices 

between ambient and liquid nitrogen temperatures. 

Even in the initial test setup we must be prepared to detect (with good 

pulse-height accuracy) signals of a few femtocoulombs from over 100 l Ines. 

Thus, the detecting electronics and the test setup must be quite sophisti-

cated. Initially, we propose to borrow about 100 channels of the I iquid 

argon ADC systems designed by Tom Droege. This is one full CAMAC crate and 

will cover about 4mm of the first prototype .. These have a one femtocoulomb 

least count and a four thousand count dynamic range. Since they:are CAMAC 

modules, it will be easy to connect them to a small computer. This setup 

should allow understanding many of the properties of the detector such as 

charge collection efficiency and charge collection time. To maks solid 

state detectors truly effective, we must have even lower noise amplifiers 

( 0.2 femtocoulombs random noise), and 5% pulse height capabtlity for more 

than ten thousand lines. Developing these amplifiers and a low cost CCD 

parallel in-series out analogue storage system with fast ADC conversion 

presents an electronic engineering task which must be pursued simultaneously 

with hardware development. 

Of course, the bottom 1 ines are detection efficiency, single-track 

spatial resolution and multitrack separation capability. Since these detectors 

will have state-of-the-art capability, many tests will have to be performed 

with a stack of at least three identical detectors in a high-momentum test beam. 
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Though for our proposed usage radiation damage will not be a problem, 

such may not always be the case for all applications. If solid state devices 

were to be used as vertex detectors in a colliding beam apparatus, radiation 

during injection could be severe. Therefore, we will also study the effect 

of radiation damage for our prototype devices. 
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Appendix II 

Event Reconstruction 

This appendix is still in preparation, but will be available within 
two weeks. 
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Figure I-6. 

StriEe Hit Correlations 

Matrix of correlated hits, first plane (1-4)+, second plane + with last 
detector also hit. 

3 MeV Source 30 MeV Linac 
a) b) 

58 10 0 3 80 2 4 0 
18 56 11 0 15 86 9 3 

DATA 5 22 69 20 3 13 174 9 
0 0 6 42 6 4 22 116 

220 Diagonal 456 
87 1 Off Diag. 70 

8 > 1 Off 20 
315 546 

c) d) 
48 9 0 0 94 0 0 0 

( 14 54 12 1 20 149 0 0 
MONTE 3 26 54 19 0 26 149 0 CARLO 

0 7 26 42 0 0 17 91 

198 Diagonal 483 
106 1 Off Diag. 63 

11 > 1 Off 0 
315 546 

( 
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Appendix II 

Possible Beam Lines 

At least three beam lines 012, M6W, PC) appear to be compatible with our 

requirements for both present and Tevatron energies. 

We require a beam at or near maximum machine energy which has 2-6 x 104/second 

intensity on a spot size 3 mm x 3 mm, and an integrated halo in a square 10 cm x 20 cm 

centered on the beam which is at most 7% of the beam intensity. (Note that for 

a 20-second Tevatron spill we would require roughly 1/2 x 106/pulse.) 

The remainder of this section will be devoted to a discussion of measurements 

on the M6 charged beam (provided by P. Garbincius) and on the PC neutron beam 

(provided by M. Johnson). It is our feeling that the M2 hyperon channel also 

would be suitable, but we were unable to obtain applicable measurements. 

For a 2 x 106 positive M6 beam at 100 GeV (2/3rr, l/3P) a spot 6 mm in width 

and 5 mm high was obtained for the ten percent beam density points. Ninety-eight 

( 

percent of the beam was contained in a spot of 9 mm x 8 mm. ( 

Halo was determined by three sets of three halo counters, each set mounted 

in a cloverleaf fashion with a 6 mm x 6 mm hole in the center. The sets of antis 

were mounted at the second focus and upstream and downstream of the hydrogen target. 

The ratio of halo/beam summed over all three sets was 0.075, completely 

consistent with the fraction of beam overlapping the antis. Spot size and halo did 

not appear to be a strong function of the momentum setting for the beam, so additional 

collimation placed at the first focus and a:long the parallel section should be able 

to reduce them down to our requirements. 

A neutron beam is being commissioned in Proton Center for E-630. They have 

obtained 0.3 x 106 neutrons per pulse in a spot sized 1 mm x 7 mm. The ratio of 

halo/beam= .04 for halo outside 2 mm x 9 mm. This beam may be converted to a 

diffracted proton beam of suitable intensity by targetting the main beam at a 
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small angle into a new curved channel. An additional set of three 10-ft. benders 

placed downstream of the hyperon magnet would be run with polarity opposite to that 

magnet, partially correcting for momentum dispersion. K. Stanfield and P. Garbincius 

believe that a diffracted proton beam could be constructed with a suitable spot 

size and a halo/beam ratio at least as low as that measured for the neutron beam. 

In summary, we believe that our beam requirements are quite minimal and 

could be satisfied by several existing and proposed Tevatron beam lines with 

minimal additional cost to Fermilab. Furthermore, our experiment uses less than 

15 meters of floor space and could be designed to move in and out of the beam in 

a day of rigging. 
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Appendix III 

Spectrometer Magnet 

Our compact geometry imposes definite constraints on the spectrometer 

magnet. To get the largest possible field :integral we use a tapered vertical 

magnet gap which opens from 14 cm to 28 cm over a distance of 40 cm. To re-

duce interference of the coils (and their attendant fringe fields) with the 

silicon detectors and their amplifiers and connector boards, we propose to 

put two coils aronnd the sides of an H-frame magnet rather than aronnd the 

pole-tips as is usually done. A total of 500 kiloamp turns will produce a 

maximum field of 1. 7 Tesla and a transverse momentum kick of 0.2 GeV/c. We 

are study:ing the feasibility of using Fe-Co pole tips (saturating at 1.5 

times higher field) to :increase this kick to 0. 3 GeV / c. 

Although we can accomplish these goals with conventional coils, fig. III-1 

shows the improved geometry possible with superconducting coils. The 

dimensions of the two cryogenic cans containing such coils are 0.4 m ID by 

0.6 m OD by 0.3 m high. The coils are circular and take up their own Lorentz 

forc~s by teusion, permitting a simple support structure design. If one adds 

the saving in electric power, the superconducting option looks very attractive. 

The OU group of our collaboration has sufficient technical expertise and man-

power to design the coil, cryostat and magnet but would need the cooperacion 

of Fermilab to provide it with superconducting cable, transformer iron and 

other materials. Since this magnet requires only about 500 liters of liquid 

Helium per week it could be kept cold using Dewars; however, a refrigeration 

system, if one were available, might be a useful alternative. 

( 

( 
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Appendix IV 

Calculation of Muon Background 

The muon background from charged pion and K decay was calculated from 

ISR production data [18] at center of mass energies of 31 and 53 GeV. Special 

care was taken in parametrizing this data to be sure the behavior at high trans-

verse momentum PT was correctly described, since event selection depends at 

least in part on high-pT muons. Comparison of the model with data at rapidity 

y=0 are shown for pions and K's in figs. rv-la and IV-lb. The model also works 

well for nonzero y out to very near the edge of phase space. 
2 Laboratory cross sections d cr/dpdpT were then calculated with this paramet-

rization on a grid of p, pT. In each bin of this grid the fraction of pion or 

K decays per meter is then m/(crp), where T is the lifetime of the decaying 

particle of mass m. In each bin of p,pT of interest a number of monte carlo 

decays (rr ➔ µv, K •µv) were generated proportional to the number of parent 

decays in the bin. The resulting integral muon spectra are plotted vs. PT in 

figs. 9, l0for several cuts on lab momentum p. Note that the contributions 

from pion and K decay are comparable for PT> 1.2 GeV/c. 

An independent check on this calculation was provided by a tape (12] 

of 360 GeV rr-p bubble-chamber events. Charged tracks from these real events 

were assumed to be pions, and monte carlo decays were generated. The muon yield 

from this approach agrees with the above calculation to better than 10%. 

For the background estimates in Section D; it is necessary to know the 

number of muons from secondary interactions in the emulsion passing the muon 

p,pT cuts. The lab momentum spectrum of pions from 800 GeV interactions is 

known from the production model described above. It was assumed that this model 

is also approximately correct for interacting pions down to 10 GeV/c, and the 

( 

( 

( 
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muon background program was run for "beams" with selected momenta between 10 

and 800 GeV/c, corresponding to the interacting secondaries. The yield of muons 

passing the cuts for each such bin of secondary momentum was then weighted 

by the momentum spectrum of pions from 800 GeV interactions. The largest contrib-

ution to muons passing the cuts was from secondaries of order 100 GeV/c, which 

make about 6 charged prongs per interaction. We thus estimate that limiting 

charm decay vertex candidates to< 7 prongs will eliminate 40% of this interac-

tion background. 

The probability of a muon from a secondary interaction passing the p,PT 

and prong cuts was found to be 0.13 times that of a muon from the primary 

vertex. This number must be multiplied by the probability of a secondary interac-

tion. We assume 9 charged prongs plus 2 long-lived neutral hadrons per 800 

GeV interaction, and use the pion mean free path [17] of 50 cm and an effective 

path in emulsion of 0.75 cm to obtain 0.165 secondary interactions per event. 
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A. Summary of the Experiment 

We propose an experiment which employs a hybrid emulsion spectrometer 

to measure lifetimes and decay properties of beauty particles (B) and charmed 

particles (C) produced by interactions of high energy hadrons. Emulsion is 

the highest resolution detector (by more than an order of magnitude) for obser-

ving short lifetimes, and the electronic detection system is needed to select 

events, locate them within the emulsion and provide information about decay 

products. 

A similar technique has proven successful in measuring the lifetimes 

[1,2,3] of neutrino-produced charmed particles (Fermilab Experiment 531). We 

believe that the experience therein gained will permit us to switch to hadronic 

production, where there are more beauty and charmed particles to be found. 

The key to this experiment is a new form of solid-state detector which 

we are developing. With this detector as part of the hybrid emulsion system 

we should be able to obtain, in a four-month run with modest beam, 15,000 charmed-

particle decays, and based on a 50 nanobarn cross section, about 200 B decays. 

Nearly 30 tau decays should also be observed. 

Completing the development work on the new detector will require a year, 

so that data taking could begin late in 1983. Since the technique we propose 

has many novel features, we request "shakedown" running on whatever machine 

(conventional or Tevatron) exists at that time. 
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B. Physics Motivation 

We wish simultaneously to search for B-particle decays and to make a high 

statistics measurement of charm decays. 

The latter measurement provides an acceptable and secure motivation for 

the experiment. A+ 10% knowledge of lifetimes permits conversion of branching 

ratios into absolute partial decay rates without loss of precision. A current 

experiment (1,2,3] shows hints of two neutral lifetimes and the possible exist-

ence of weakly decaying neutral charmed baryons. Definitive studies of these 

effects, plus the possibility of observing sequential F +tau+ other lepton 

decays, creates interest in a high statistics charm measurement. Observation 

of visible decay lengths also provides a relatively background-free sample 

of charmed particles for studying decay modes and production dynamics. 

Of even greater interest than these charm measurements, however, is the 

opportunity to measure the lifetime of particles (B) carrying the b quark, 

for which strong evidence now exists [4], and to search for other new phenomena 

which may be associated with lifetimes down to 10-15 sec. This experiment 

will have a sensitivity of 4 events/nanobarn for detecting such interesting 

events. Should B-particles be produced at this level, their sequential B + 

charm+ strange decays should be topologically striking and relatively back-

ground-free once the secondary and tertiary vertices are identified. 

Measurement of B lifetimes and relative branching ratios into charm would, 

in the "standard" Kobayashi-Maskawa six-quark model [5], permit determination 

of the extended Cabibbo angles 92 and 93. In the approximation of small 9i 

and GP-violating phase a, we may write 

( 

( 

( 
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If we also assume the ratio, 

(B --i- charm + X) = 
s3 + •z•iO 

1

2 
> > 1 , (B --i- no charm) sls3 

then, :(::f 1 
TB I iol 2 

T 
+ charm 

s3 s 2e 

The Si are given in terms of quark mass ratios by many of the higher sym-

metry models which predict proton decay [6], and charm lifetimes are 10-13 

seconds [l,2,3]: 

(
1. 9 GeV)S 

TB= 5.3 GeV 

T = 5 X 10-lS 
B 

13 -12 (10 - 100) (10- to 10 seconds) 

-13 to 5 x 10 seconds 

If the Higgs particle comes from a single multiplet, its couplings are 

flavor diagonal, and its existence would have no effect on the B lifetime. 

However, if there are multiple Higgs doublets, in general the charged Higgs 

could couple B + H + (charm). If~>~-+ MC, the B lifetime could be 

considerably shortened. 

A recent theoretical preprint [7] uses CESR data and a conventional 

six-quark model to set bounds on the B lifetime in terms of the ratio T (b+u)/ 

-r (b + c). Recent CLEO data [8] on this ratio then may be used to set an 

upper limit of 1.3 x 10-13 seconds for the B lifetime. If the B lifetime turns 

out to be much shorter than expected, it may be that the b quark (and perhaps 

the tau lepton) are not conventional. In this case, theoretical predictions 

have even more freedom, and information obtained on B decays could prove 
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to be even more exciting. 

Co Description of the Experiment 

l. Design Motivation 

The apparatus is a hybrid emulsion spectrometer similar in concept but 

technically more demanding than the one used successfully in Experiment 531, 

and it will be operated in a charged hadron rather than in a neutrino beam. 

Given a reasonable track density (1000/mm.
2 

) , we can obtain 2.8 x uJ3 inter-

actions in 100 liters of emulsion, and will rapidly check the emulsion for 

an interesting subset of 61,000 predicted secondary vertices. 

Reducing secondary interactions leads to an emulsion design in which many 

thin modules 10 cm x 20 cm x 1.5 cm are sequentially exposed in hourly inter-

vals. Each module will be mounted on a precision stage which moves during 

the beam spill, exposing strips of emulsion. 

The design of the spectrometer is motivated by the following requirements: 

1) Finding events in the emulsion quickly and efficiently; 

2) Large acceptance; 

3) Identification and momentum analysis of decay products; 

4) Good reconstruction efficiency for the expected high multiplicity, 

highly collimated events; 

5) Minimum path for pion and kaon muonic decays (since our selection 

criteria depend on BB and CC muonic decays); 

6) Ability to resolve secondary vertices electronically. 

( 

( 

( 
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( 2. Solid-State Detectors 

( 

It is very difficult to satisfy the above design criteria with existing 

technology. Drift chambers, for example, fall short of the position resolution 

required for beam tagging and decay vertex resolution by factors of 10. Even 

worse, they can achieve track pair resolution no better than 2 mm, so that 

tracks more closely spaced than this are lost. Since projected angles between 

tracks of< 1.0 mrad occur with appreciable probability in hadron interactions 

at 350 to 800 GeV, it is impossible to place drift chambers close to the emul-

sion target without incurring unacceptable reconstruction losses. Yet, high 

resolution detectors close to the emulsion target are essential if the apparatus 

is to be kept short and secondary vertices are to be reconstructed. 

We have, therefore, produced a spectrometer design which relies on the 

rapidly evolving technology of position-sensitive silicon detectors, and are 

well into a program of prototyping and testing. Details of our progress and 

a photomicrograph of our prototype with 40 micron strip spacing are given in 

Appendix r. 

Briefly, the detectors are thin silicon wafers onto which are deposited 

strips with a center-to-cencer spacing of 40 microns, as shown in fig. 1. 

When they are reversed-biased, the ionized electrons resulting from charged-

particle passage are collected on individual strips, as shown in the figure. 

In the region of highest track density individual strips will be read out, 

and resistive interpolation [9] (with taps every 3-10 strips) will be employed 

in regions with lower track density. For the spectrometer, we have assumed 

detectors with the following characteristics: 6 cm diameter active area, 0.3 

mm thickness, position resolution of at least+ 40/112 (= ±. 12) microns, two-

track separation of 40 microns, and the ability to function in magnetic fields 
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( up to 0.7 Tesla. 

( 

( 

These requirements are all achievable using "old fashioned" solid state 

technology. 

3. Discussion of Apparatus 

A schematic elevation view of the experiment is shown in fig. 2 , and 

an enlarged view of the charged particle spectrometer is given in fig. 3. Note 

that the total length of the apparatus between the emulsion target and the 

upstream side of the calorimeter is less than 3.5 m. The major components 

are the beam and beam detectors, emulsion target, vertex detector, charged-

particle spectrometer, charged-particle identifiers, gamma detector, neutral 

hadron detector, muon identifier, and trigger counters. 

a. Beam and Beam Detectors. We require a hadron beam of about S 
4 x 10 /second with a small (3 mm x 3 mm) focus and a halo integrated over 10 

cm x 20 cm which is less than about 77. of the beam intensity. The momentum 

spread of the beam is relatively unimportant. For B production at 400 GeV, 

a pion beam would be preferred. For cha.rm production at any energy and B pro-

duction at Tevatron energies, a proton beam is preferred, as the spot size 

and halo requirement are more easily satisfied. Possible locations are dis-

cussed in Appendix !I. The beam coordinates (angles) will be determined to 

+6 microns ( ±. 7 microradians) by sets of small silicon detectors as shown 

in fig. 2. The relative positions of all electronic detectors will be cali-

brated continuously on the high momentum beam tracks. 

b. Emulsion. Nuclear emulsion is the only detector which can observe 
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short-lived particles with lifetimes down to sec with high efficiency. 

In this experiment we will use as much emulsion as possible and as high a track ( 

density as tolerable to get good sensitivity to rare events. The pouring facil-

ity built at Fermilab for E531 can produce 32 liters of emulsion modules per 

month, so that an exposure of 100 liters is well within our capability. Maximum 

track density is a slightly subjective number, but the Nagoya group has exper-
2 ience from E531 with densities of 225 I mm , and from NA-19 at CERN with densi-

2 
ties of up to 10,000/ mm • The maximum reasonable intensity appears to be 

about 1000/mm.2 , which will give 2. 8 x 108 interactions in 100 liters a 

Historically, a serious drawback to the use of nuclear emulsion in studying 

rare processes has been the limited number of events which can be examined 

under ~he microscope. A breakthrough of this limitation has been made by the 

Nagoya group, who have developed a microscope with a TV monitor and computer-

controlled digitized stage. This system has already shown its power in analy-

zing E531 neutrino interactions, and has been extended to handle 6,000 fully-

measured events for the second E531 exposure; good progress is being made toward 

the goal of 10,000 measured events per year. Furthermore, the techniques 

described below, which take advantage of the excellent resolution of the sili-

con detectors, make it possible to eliminate uninteresting events quickly, 

so that the scanning rate should approach 40,000 events per year. 

Fig. 4 is a schematic drawing of the emulsion mounting stage and a module 

of the "vertical" type, in which the sheets are mounted perpendicular to the 

beam. The emulsion volume is divided into modules 10 cm x 20 cm in area by 

1.5 cm thick. This thickness, 0.04 interaction lengths, is a compromise 

which provides sufficient fiducial volume to observe decays and minimize edge 

losses, while also keepinB secondary interactions and gamma conversions to 

( 

( 
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a tolerable level. Each module contains 40 10 cm x 10 cm x 0.73 mm sheets of 

plastic- backed emulsion. 

In order to maintain the desired track density with a 3 mm x 3 mm beam 

spot of optimum intensity, it is necessary to have the emulsion mounted on 

a precision microscope-type stage which moves continuously during the beam 

pulse, uniformly exposing a band 10 cm high x 3 mm wide. This stage is driven 

by computer controlled motors, and its position is monitored with standard 

Moire image encoders which digitally record the position of the stage at each 

event with 1 micron accuracy. In E531 the individual emulsion sheets were 

registered with each other mechanically to+ 50 microns. Improving this toler-

ance will substantially reduce the time required to follow tracks from one 

sheet to another. To do this, we will use the heavy-ion technique already 

tested successfully by the Nagoya group. The assembled modules will be exposed 
2 ( to a low-intensity heavy ion beam (2 GeV/nucleon Ne, few/cm ) which provides 

easily-recognized local fiducials. Relative sheet registration will then be 

limited mainly by the mechanical stability of the package between exposures, 

which should be held to a few microns. 

The solid state detectors will be able to locate vertices to better than 

+ 10 microns in the plane of the emulsion sheets and to+ 0.2 mm along the 

beam direction. This defines a scanning volume 1000 times smaller than we 

used in E531, and means that a predicted vertex will certainly fall within 

one microscope field of view (100 microns x 100 microns at high power), and 

within+ 1 emulsion sheets. Finding a predicted primary or secondary vertex 

under these circumstances will take approximately 4 minutes. As discussed 

in section D, we intend to select events with charm decays by reconstructing 

and resolving the secondary vertices with the solid-state detectors. Because 
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( of this very short time required to find a predicted vertex in the emulsion, 

these electronic predictions of a decay can be quickly verified. Most vertices 

from secondary interactions will have dark nuclear breakup tracks and can be 

immediately rejected. Primary vertices will be even easier to find because 

( 

one has the additional option of scanning along a beam track. B selection 

does not rely on electronic prediction of a B-decay secondary vertex. However, 

if the B lifetime is less than the charm lifetime as expected, most B decays 

will occur in the same emulsion sheet and microscope field of view as the pri-

mary vertex, and can be found simply by varying the depth of focus of the micro-

scope. 

In order to use the high precision of the emulsion and the solid state 

detectors the two systems must be registered with each other to an accuracy 

small compared with the transverse distance between interactions. This was 

done to+ 50 microns with the thicker modules and drift chambers of E531 using 

the fiducial sheet technique [l,2,3]. In this experiment we will expose four 

10 cm x 3 mm bands in each module at 1/20 normal intensity (comparable to the 

integrated beam halo), during which the spectrometer will run with a total 

interaction trigger. The interactions in these low-intensity bands can be 

unambiguously identified by both position and event topology; once found, they 

provide local calibration good to the 6 micron accuracy of the beam detectors. 

c. Vertex Detector. The vertex detector locates events in the emulsion, 

and also plays a key role in event selection by reconstructing more than half 

of the secondary vertices from charm decay. It consists of 21 silicon strip 

detectors spaced 0.7 cm apart, with 7 detectors measuring each of 3 projections 

( rotated 60 degrees from each other (x,u,v). Each silicon wafer (fig. 1) has 
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an active area of 6.0 cm diameter and is only 0.3 mm thick to reduce multiple 

scattering. In the central 0.6 cm band of each detector every strip is read ( 

out separately to maintain 40 micron track pair resolution in the region of 

high track density. On either side of this central band the charge interpo-

lation technique [9] is used, with pulse height information being read out 

from taps every 3 to 10 strips, thus preserving the spatial resolution of 

±12 microns but relaxing the track pair resolution where it is not needed. 

We have studied the track pair resolution performance of this system by 

, generating Monte Carlo events which contain a BB pair cascading through DD 

and contributing 10 charged particles, together with an additional (typically) 

10 "ordinary" tracks distributed like hadronic interactions at an energy equal 

to that left over from the BB pair. It was then asked what fraction of the 

charged tracks from B or D decay was compromised by shadowing from the 20 other 

tracks. It was found that such a track was shadowed (by another track hitting 

the same or an adjacent strip) in 2 or more views only 4% of the time, and 

in all 3 views only 0.5% of the time. Shadowing of a track in only one of 

three views should not present a serious problem since the ionization is being 

measured, thus signaling the presence of two overlapping tracks. 

This reliable performance at high track density is an enormous improvement 

over drift chamber technology, in which electronic dead time leads to missing 

or grossly shifted hits for nearby tracks. In areas of high track density 

drift chamber discriminators refire at regular intervals equal to the minimum 

track separation so that a hit may not lie on any true track, as shown below: 
• • ••• : : .. 

. . . 

( 

{ 
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Note that in this example neither hit adjacent to the track in DC 1 is real, so 

both tracks 1 and 2 are incorrect. From our experience with the drift chambers 

in E531 it has become evident that most spurious secondary vertices are gener-

ated by this effect. 

The silicon strip detectors do not refire, have a two-track resolution 

50 times better than drift chambers, and reveal multiple tracks by ionization. 

We believe that this improved performance will allow reliable reconstruction 

of secondary vertices with a very low percentage of fakes, so that resolving 

vertices will be limited only by the 12 micron measurement accuracy and multiple 

scattering. As discussed in Section D, this ability to recognize charm decays 

with an electronic detector is an enormous advantage in efficient selection 

of events to be looked at in the emulsion. 

d. Charged Particle Spectrometer. In order to achieve maximum aperture 

and minimum depth we have designed the spectrometer around the small iron magnet 

shown schematically in fig. 3 and discussed in more detail in Appendix III. 

This magnet has a pole-piece depth of only 40 cm and allows a vertical (horizon-

tal) aperture from the target of +200 (240) mrad. By having the pole pieces 

open vertically outward a transverse kick of 0.20 GeV/c is obtained with a 

maximum field of 1.7 Tesla; a kick of 0.30 GeV/c seems quite feasible (Appendix 

III). 

The directions of charged particles downstream of the magnet are measured 

by silicon detectors at small angles and by drift chambers similar to those 

used in E531 at larger angles (fig. 3). Pairs of drift chamber xuv triplets 

located 84, 102 and 290 cm from the target cover the full magnet exit aperture. 

( Tracks within 30 mrad of the beam are picked up by two pairs of silicon detector 
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triplets which cover the region in which the track pair resolution of the drift 

chambers is inadequate. An additional silicon triplet at 283 cm gives a very 

long lever arm for very stiff tracks. If one uses the rule of thumb that tracks 

from Band C decay have transverse momenta around 1 GeV/c, this small-angle 

system catches tracks above about 80 GeV/c. All downstream silicon detectors 

are 6 cm in diameter and use charge-interpolation readout with taps every 10 

strips. 

The momentum resolution of the spectrometer is shown in fig. 5; it is 

dominated at all but the highest momenta by the constant multiple scattering 

contribution of +2%, and is still only +5% at 300 GeV/c. 

It is clear that to use the excellent resolution of silicon detectors 

to full advantage we must build stable mounting hardware and monitor the align-

ment carefully. Our experience with the much larger apparatus in E531 was that 

drift chamber positions could be held stable to +25 microns over 1-week inter-

vals, and that absolute survey discrepancies between the drift chambers and 

the emulsion fiducial sheet were +50 microns [2]. In addition, we will now 

have the powerful survey tool of stiff beam tracks passing through the central 

regions of all the high resolution devices. 

e. Charged Particle Identification. Identification of charged particles 

will use two complementary techniques familiar to us from E531: dE/dx in Ar-co2 
to distinguish particles in the momentum range 5-30 GeV/c, and time of flight 

for softer tracks. 

Even with an 800 GeV/c beam more than 20% of the charged tracks from 

charm decays have p < 5 GeV/c. More than 80% of these soft tracks can be cleanly 

( 

( 

( 
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identified in the TOF system over a 3 m flight path for a time resolution of 

+65 (+95) picosec for the case of single (multiple) tracks crossing a scintil- ( 

later. This resolution is a reasonable extrapolation from that achieved in 

E531 (+100, .::!:150 picosec) with much larger scintillators. For this experiment, 

the downstream hodoscope will consist of a bank of 30 Pilot F scintillators 

1.4 m long x 4.0 cm wide x 2.5 cm thick, viewed at both ends by phototubes 

of modest quality. A start time resolution of +30 picosec is easily obtained 

with 3 small beam counters upstream of the target. 

The dE/dx charged particle identifier (CPI) will identify at least 60% 

of the B,C decay tracks in the momentum range 5-30 GeV/c. Since the requirement 

of a short spectrometer limits the available length to 1.5 m, it is necessary 

to run the chamber at a pressure of 3 atm absolute, and to sample ionization 

every 1.0 cm along the tracks in order to obtain the necessary resolution. 

The empirically determined [10] resolution is 

crE (FWHM) = .96 N-· 46 (xP)-.JZ mp 

where N=number of samples, x=sample size in cm, and Pis the absolute pressure 

in atm. For a CPI with 150 l.O cm samples at 3 atm a resolution of+ 3.4% is 

reached, allowing a 3 S.D. separation of pions and K's at 30 GeV/c. 

The proposed design of the CPI consists of two cells, one on either side 

of the beam axis, allowing the beam and the unresolvable forward jet from had-

ronic events to pass through a region with no electric field. Ionization from 

tracks outside this 10 mrad region is collected on 150 sense wires in each 

cell. The expected track pair resolution is 6 mm, and the necessary sampling 

clock speed is around 40 MHz. Possible readout and compaction schemes are dis-

cussed in Section 3j. 

( 

( 
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f. Gamma Detector. The design of the electromagnetic shower detector for 

electron identification and gamma detection is shaped by the same concerns 

about high track density which motivated the spectrometer design. A similar 

solution was chosen: conventional technology at large angles, and solid state 

detectors at small angles. Ideally, the detector should measure both conversion 

position and energy for each incoming electron or photon; since fully developed 

showers are likely to overlap, we have emphasized getting conversion points 

early in the shower development. 

The detector is located 3.1 m from the target and has an active area 

of 1.4 m x 1.4 m. The conventional portion consists of alternating layers of 

lead converter and extruded aluminum proportional ionization chambers (EPIC). 

A similar device has been used successfully in the second run of ES31. The 

EPIC tubes will have a cross sectional area of l cm x l cm, and will be run 

at a pressure of 10 atm. To measure accurate and unambiguous conversion points 

the first three sections of the detector will each consist of a 1.5 radiation 

length (r.l.) converter followed by three crossed planes (xuv) of EPIC tubes. 

The remaining 9.0 r.l. will consist of 1.0 r.l. converters each followed by 

one EPIC plane (x or u or v). Tubes in this section will be ganged longitud-

inally, with all corresponding wires from each projection summed and read out 

in common. The number of data lines for this conventional detector 

is 1320. Because of sharing of shower ionization between adjacent tubes we 

expect a position resolution of< +l.S mm. An energy resolution of oE/E = 

Oe30/IE has been achieved by similar devices using multiwire proportional cham-

bers at 1 atm with l r.l. sampling [11]. The factor 10 increase in pressure 

should improve this value to 0.20/IE. 
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Hasking of one shower by another grows rapidly more serious at small 

angles. Beyond 3 cm from the beam, however, monte carlo studies based on bubble 

chamber events [12] indicate that 98% of the showers will be separated by 2 

or more tube spacings in this conventional detector. 

One third of the gammas from pi zero decay are less are less than 3 cm 

from the beam at 3.1 m. The conversion points (and a rough measure of the 

energy) of these small angle showers will be obtained by a miniature gamma detec-

tor placed just upstream of the conventional one. This detector, 6 cm in dia-

meter, will consist of alternating layers of tungsten and silicon wafers with 

l mm strip spacing, using a pattern of radiators and rotated planes similar 

to that in the large detector. Because the wafers are so thin the device is 

quite dense, and the shower spread is small. To estimate this shower size the 

monte carlo program "EGS" was used to generate electron-induced showers. 

Ten slabs of lead [13] 5.6 mm thick, each followed by an empty space of 3.0 

mm represented the detector. Fig. 6 shows the average number of charged parti-

cle crossings (from 10 showers) vs. transverse position at the exits of conver-

ters 1,3,5 and 9 for incident 25 GeV electrons. At the third space the ioniza-

tion density is down a factor of 10 from its central value only 0.35 mm from 

the shower center. These calculations indicate that it should be possible to 

determine conversion positions to a few hundred microns with such a detector, 

and to resolve conversion points of showers ~l mm apart. The losses from 

masking in this detector will be about 13%, thus maintaining the efficiency 

( 

( 

( 
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of the two complementary detectors at 93%. 

g. Hadron Calorimeter. The primary purpose of the hadron calorimeter 
0 0 is to measure the conversion points and energies of neutral hadrons ( K ,A ,n). 

The position resolution achievable [ 14] is < +10 mm, or j:4 mrad at 3. 8 m. This 

angular error makes a smaller contribution to the overall mass resolution than 

the expected energy measurement error of about 0.7/IE for the energies of inter-

est (5-35 GeV). 

The proposed detector (fig. 2) consists of alternate layers of iron plates 

S cm thick x 2.4 m high x 3 m ride, and planes of EPIC tubes 1 2 cm in cross 

sectional area, operated at atmospheric pressure. The first seven gaps in the 

iron rill be instrumented rith pairs of EPIC planes at right angles, with the 

planes in alternate gaps rotated 45 degrees to give stereo information. The 

EPIC tubes in these gaps will be ganged transversely as follows: every rire 

read out for angles< 60 mrad, adjacent tubes added in pairs for angles between 

60 and 120 mrad, and adjacent groups of 4 tubes added for angles from 120 to 

240 mrad. The final 9 gaps in the calorimeter steel will be instrumented with 

one EPIC plane each, with alternate planes rotated by 90 degrees. These planes 

will be ganged transversely like those in the first 7 gaps, and will also be 

ganged longitudinally, rith all x and ally planes in these last 9 gaps read 

out in common. In all, 1280 amplifiers are required. 

The major difficulty in finding neutral hadrons is separating them from 

the charged hadron background. Monte carlo calculations indicate [15] that 

showers produced by 30 GeV hadrons typically have transverse size< 20 mm at 

a depth of O .5 co.llision lengths. We have estimated the masking loss contribution 

to t:he detection efficiency by using "boosted" [12] bubble chamber data t:o 

( 

( 
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( generate charged hadron hits on the front face of the calorimeter. A successful 

identification is assumed if no other tracks have hits within one wire spacing 

in any direction. The resulting efficiency is shown in fig. 7 as a function 

( 

( 

0 of polar angle 8. On the same plot is shown the K angular distribution expected 

from B + D(5;r), with D + K0 (3,r). We find that more than 80% of the K
0 can be 

resolved under the assumptions above, and 65% with the more restrictive require-

ment of two wire spacings between showers. 

h. Muon Detector. The muon detector has two functions: to reduce the 

hadron flux enough to give a manageable trigger rate, and to determine from 

the reconstructed event whether a given track which has traversed the detector 

is indeed a muon. The first objective is simply accomplished by requiring enough 

range of iron; 5 GeV of range should be sufficient (see Section D and Appendix 

IV). 

To meet the second objective it is essential to track the muon candidate 

from the emulsion through the spectrometer, hadron calorimeter and absorber 

with frequent sampling of position and ionization in the iron to look for evi-

dence of hadronic interaction. It is also very important to make a second momen-

tum measurement after several interaction lengths of iron to be sure that no 

large energy loss has occurred, and that the correct muon candidate has been 

tracked through the region of dense hadron showers. 

The frequent sampling is performed in the EPIC chambers of the calor-

imeter. The second momentum measurement is done with a square iron toroid (sim-

ilar to those in E613) 1.3 m deep and 2.5 m on a side. Assuming low carbon 

steel (1010 or equivalent), a current of 1000 Amp and 100 turns, one obtains 

reasonable saturation and a nearly constant magnetic field of 2.0 T. On either 
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( side of the toroid are 2 xuv triplets of EPIC chambers instrumented for drift 

chamber readout using surplus electronics from E531. This system will have 

( 

( 

a resolution 

op/p = [(.19) 2 + (.0lp) 2] ½ , (p in GeV/c) 

where the first term is the multiple scattering contribution and the second 

comes from the +o.5 mm resolution of the chambers. Downstream of the toroid 

are two identical modules, each consisting of 0.8 m of steel followed by banks 

of scintillators (as in E53l) to complete the range requirement. Muons of 2.8 

GeV will penetrate the toroid, and the downstream absorbers transmit 4.0 and 

5.2 GeV respectively. 

i. Trigger Counters. Since non-zero data from all events from each spill 

will be stored in a fast buffer memory, we are studying a variety of triggers, 

many of which require fast processing before recording on tape. Although several 

techniques appear promising, we present here only the simplest muon trigger, 

which should be able to lower the rate of recorded events to about 13 per second. 

This trigger requires a non-halo beam particle to interact in the emulsion, 

giving rise to a tagged muon stiffer than 5 GeV. The following sketch qualita-

tively indicates counter locations: 

T 
0 
~ a 
1 

.:0 
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The trigger will consist of 

Trigger= (Beam) • (Interaction) • (Muon) 

with components as listed below: 

Beam= Sl • S2 • S3 • Halo 

Interaction= (S4 ~ 3 in pulse height) • (~ 2 T0F paddles) 

Muon= µ1 • µ2 
(Note that the T0F hodoscope will have a small hole for non-interacting beam, 

and also that the muon counters may need shielding against slow neutrons.) 

j. Data recording. In this experiment it will be necesary to record infor-

mation from 9500 solid state detector lines, 520 lines of multi-hit drift cham-

ber wires, 2600 lines of EPIC chambers in the gamma detector and hadron calor-

imeter, and 300 lines of dE/dx chamber wires. In a 20 second Tevatron spill 

perhaps 260events may be recorded. The sheer volume of data necessitates some ( 

processing prior to recording on tape, a large amount of buffer storage and 

use of high density magnetic tape drives. 

The solid state detectors (SSD) will be multiplexed in a fashion similar 

to the proposed Droege system for the Colliding Detector Facility, in which 

outputs of addressable amplifiers are recorded only if they exceed "table look-

up" thresholds. In this way the SSD data should be reduced to typically 1500 

2-byte words per event with efficient packing. 

The drift chamber multi-hit system already exists and provides efficiently-

packed data which will contribute perhaps another 500 words. EPIC chambers 

may be recorded either with the Lecroy 2280 processor and 12-bit, 48-fold 2282B 

ADC's, or alternatively with the Droege system. We expect typically 1000 2-byte 

( 
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words from channels over threshold. More compact recording schemes involving 

extraction of moments are under study. 

The dE/dx chamber in E531 uses CCD pulse height storage and sequential 

digitization. With the advent of stable flash encoders and inexpensive digital 

memory it appears feasible to devote an encoder and memory chip to each of 

the 300 sense wires. We are investigating algorithms to extract the arrival 

time and integral pulse height of each resolved track from the many time samples 

of ionization per track obtained from each wire. By compressing time and pulse 

height information into a single word, the information content from a single 

event should be reduced to typically 3000 2-byte words. 

Such a system may be extended in a natural fashion to encompass more 

sophisticated trigger processing in the future. 

From the above considerations, it is necessary to record 

(1500+500+1000+3000) ~ 6000 words per event, or 1.6M words per Tevatron spill . 

We are developing a fast memory system to buffer several events to smooth 

statistical fluctuations in data arrival and permit a more uniform rate of 

permanent data recording. 

The exposure of each emulsion module will require approximately one hour. 

During this time about one 2400 foot reel of 6250 byte/inch data tape will 

be written. The system is thus well-matched to high density recording, but 

we will require at least two such high density drives to avoid reliability 

problems such as have been experienced by E516. 
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D.Event Rates and Background 

The event rates for CC and BB pairs have been calculated assuming respec- ( 

tive cross sections of 25 microbarns and SO nanobarns per pair per target nuc-

leon at 800 GeV. (If recently reported preliminary results [16] from CERN are 

verified, there is a leading particle contribution to B production at the level 

of a few microbarns,and to charm production at the 100 microbarn level.) To 

obtain the total number of interactions we use the measured [17] mean free 

path (MFP) of high energy protons in emulsion, 36 cm, corresponding to a total 

interaction cross section of 12.1 millibarns per nucleon. For 100 liters of 

emulsion exposed to a beam track density of 1000 per square millimeter we have: 

#int.= (thickness/MFP)(tracks/area)(area) 

= (volume)(tracks/area)/(MFP) 

= ( 105 
cm

3 )( 105 / cm.2 ) / (36 cm) 

= 2 .8 x 108 interactions 

The number of charm and beauty pairs present in the emulsion is then 
8 

ti charm pairs = (2.8xl0 )(25 microbn)/(12.1 millibn) 
5 . = 5.8 x 10 pairs 

# beauty pairs= (2.8xl08 )(50 nanobn)/(12.1 millibn) 

= 1150 pairs 

The key to success in this experiment is selection criteria for emulsion scan-

ning which have a high efficiency for finding these charm and beauty events. 

All of our selection criteria require a muon from charm or beauty decay. 

We have calculated distributions in lab momentum p and transverse momentum 

PT of these muons with a production model in which charm or beauty pairs result 

( 
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( from decay of a heavy parent of mass M which is centrally produced with a dis-

tribution 

( 

-1 where for charm (beauty) M=4.23 (11.10) GeV, n=4.0 (3.0), b=2.0 (1.0) GeV . 

Four-body decays such as B ➔ D1rµv, D ➔ K,rµv generate the muons. Integral muon 

distributions vs. PT from this monte carlo calculation are shown in fig. 8 

for muons from direct B decay, and from directly-produced and B-cascade D's. 

Estimation of background depends on reliable calculation of the number 

of muons from pi and K decay. This calculation, described in Appendix IV, is 

based on particle production data from the ISR [18] at energies bracketing 

800 GeV lab equivalent; it has been checked successfully against an independent 

approach which starts from a tape of measured 360 GeV bubble chamber events 

[12]. The resulting muon fluxes from pi,K per interaction per meter of flight 

path are shown in figs. 9 ,10. The effective decay path of the apparatus is 

3.5 meters. We believe that most of the muons from K decay, and some from pion 

decay as well, can be eliminated offline by comparison of the track slopes 

perpendicular to the spectrometer bend plane upstream and downstream of the 

magnet, and by comparison of the momenta determined by the spectrometer and 

by the toroid. Therefore only the pion contribution from fig. 9 has been used 

in the background estimates below. 

The electronic trigger will require an interaction in the emulsion, plus 

a muon of more than 5 GeV/c by range. This should reduce the modest interaction 

rate of 600/sec to a recordable level of about 13 /sec. Offline, three types 

of selection will be performed on reconstructed events to obtain the sample 
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to be scanned in the emulsion: 

1. Charm Selection. We will capitalize on the excellent resolution of 

the silicon detectors by requiring an electronically-reconstructed secondary 

vertex from which a muon of p > 8, pT > 0 .2 GeV/c emerges. This requirement 

will pick up not only directly-produced charm, but charm from B decays as well. 

As shown in fig. 8, this weak muon cut has an acceptance of 40% (45%) for 

muons from directly-produced CB-cascade) charm. 

We have tested the ability of the vertex detector to resolve secondary 

vertices with a monte carlo program which simulates multiple scattering in 

the emulsion and in the silicon detectors, and which generates random measure-

ment errors of +12 microns at each detector. Multiprong decay vertices can 

be located to +7.5 microns in the transverse coordinate and +220 microns along 

( the parent direction. 

( 

Table 1 summarizes the effects of branching ratios and vertex recon-

struction cuts on each charmed species. A secondary vertex cut at 4 standard 

deviations still retains 76% of charged D's and at least half of the others. 

The abundance-weighted total efficiency for this selection is 0.041 (0.051) 

for direct (B-cascade) charm. 

The yield of directly-produced charm is 

Found 
charm 
pairs 

( E~ents \ r· Muon \ l/ BR and 
= 1.n : , cut I vertex 

\ emulsion } \ survi vars i cuts 
\ 

! Scan \ 
, (success) 

= (5.8 X 105 )(0.40)(2)(0.041)(0.8) 

= 15,000 found charm pairs 

The factor of 2 comes from 2 chances of semileptonic decay per pair. The life-

time measurement of one charmed particle per pair is unbiased by this event 

selection. 
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Table 1. Data and Assumptions for CC Event Selection 

Particle 

Lifetime -13 (10 sec) 

BR toµ 

2 - 6 prongs 

Fraction passing 
vertex cut of 4 S.D. 

Product of BR, prong 
and vertex cuts 

Relative Abundance 
in CC Production 

Contribution 
to finding CC pairs 

Relative Abundance 
in BB decays 

Contribution to finding 
BB pairs 

Contribution if no 
BR toµ required 

(a) From refs. 2, 3 
(b) From ref. 19 
(c) Assumes o*/D = 3.0 
(d) Assumes o*/D = 1.0 

(a) 9.5 3.2 

0.20 0.07 

(b) 0.52 0.93 

0.76 0.59 

0.079 0.038 

(c) 0.20 0.60 

0.016 0.023 

(d) 0.33 0.67 

0.026 0.025 

0.13 0.37 

F 

2.0 1.8 
( 

-0. 04 -0.04 

- 0.5 - o.s 

0.5 0.5 

0.010 0.010 

0.10 0.10 

Total], 
0.001 0.001 .041 

( 

0 0 

Total 
0 0 . 051 

Total 
0 0 0.50 

( 
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We will also obtain a measurement of the tau lifetime. Assuming 3% of 

the F's decay to taus, and assuming 10% of the charm sample is F's, we expect 

45 taus. This number is reduced to 28 by the smaller efficiency for finding 

single-prong kinks in the emulsion, as measured in E-531. 

The yield of B pairs found from their charm decays is similarly found 

to be: 

B pairs found = (1.15 x 103 )(0.45)(2)(0.051)(0.8) 

= 42 pairs or 84 B particles 

where 100% decay of beauty to charm has been assumed. Note that both B-particles 

in the pair are available for unbiased lifetime measurement. 

The main background to real charm decays comes from secondary inter-

actions in the emulsion from which one of the outgoing particles has decayed 

to give the tagged muon. Calculation of this background is discussed in Appendix 

IV. The probability of a secondary interaction is 0.165, and the chance of 

a muon from such an interaction passing the p,pT and multiplicity cuts is found 

to be O .13 times that of a muon from the primary vertex, which is (fig. 9 ) 
-3 1.55 x 10 per meter per interaction. The background rate is then 

8 BG= (0.165)(.13)(.00155 /m)(3.5 m)(2.8 x 10 interactions) 

= 32,600 secondary vertices. 

As discussed in the emulsion section, searching the emulsion for a secon-

dary vertex can be limited to one or two sheets and a single microscope field 

of view, allowing us to look for more than 60,000such secondary vertices if 

necessary. Of those resulting from nuclear interactions, 95% can be immediately 

rejected by the presence of dark tracks from nuclear breakup or recoil [20]. 

2. BB Selection Using a Single Muon with Large Transverse :1omentume This 
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is the standard type of trigger proposed by many groups. We will require a 

muon with p > 8 , PT > 1.3 GeV/c. From fig. 8 ,the fraction of surviving muonic ( 

B decays is 0.18. Taking 11% for the BR of B to muons, we have 

B pairs found= (1.15 x 103 )(2)(0.11)(0.18)(0.8) 

= 36 pairs, or 72 decays. 

Each found pair contributes one completely unbiased lifetime measurement and 

one restricted only in that it is a semileptonic decay. 

From fig. g , the background is 
8 -6 ti BG= (2.8 x 10 inc.)(8.5 x 10 muons/m/int)(3.5m) 

= 8300. 

If the background is unexpectedly high we can, according to figs. 8 

and 9, obtain an additional factor of 2.4 rejection at the cost of a factor 

1.5 in signal reduction by increasing the PT cut from 1.3 to 1.5. However, 

we point out that using a single criterion to cut deeply into both signal and 

background leads to rate and background estimates which are very model-depen-

dent. For example, our model of muons from B decay gives (2)(0.11)(0.030)=0.0067 

B pairs surviving the cut of p > 10, PT > 2 GeV/c used in Proposal 694. The 

model used in that proposal obtains 0.022 for this fraction of survivors. Further-

more, our muon background model gives twice as many muons from an 11 m decay 

path as their model. Model dependence of the very high- PT tails has thus intro-

duced a discrepancy of a factor 7 in signal to BG, with our model predicting 

a signal to background of only 1/1000 for the geometry and cuts of that proposed 

experiment. 

We therefore believe it is desirable to avoid relying too heavily on 

model-dependent selection criteria, especially those which depend totally on 

a single criterion. For this reason we are investigating a third event selection 

( 

( 



( 

( 

( 

-37-

Table 2. Summary of Selection Criteria. 

FOUND FOUND 
CHARM B SELECTION DECAYS DECAYS 

Muon with p > 8, PT > 0.2 15,000 
Plus a Secondary Vertex (- 30 taus) 84 
Containing the Muon 

Muon with p > 8, pT > 1.3 -- 72t 

Muon with p > 8,0. 7 <PT< 1.3 
Plus a Secondary Vertex .:. 
With no Muon --- 72' 

TOTAL 15,000 200tt 

* Includes both signal and backgrotmd 
t Half are semileptonic 

NUMBER 
TO BE 
PARTIALLY 
SCANNED 

* 47,600 

---

13,000 

60,600 

tt The sum has been corrected for double counting 

NUMBER 
TO BE 
FULLY 
SCANNED 

17,000 

8,300 

1,000 

26,300 
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which loosens the PT requirement but requires in addition a non-muonic secondary 

vertex. 

3. Selection Using a Muon of Moderate Transverse Momentum with a Nonmuonic 

Secondary Vertex. Reducing the muon PT cut from 1.3 to 0.7 would increase the 

B yield 170% over that of selection 2, while increasing the background a factor 

of 15. Most of this additional background can be eliminated if it is feasible 

to reconstruct secondary vertices reliably without requiring a muon from a 

secondary vertex candidate. From Table 1, the fraction of B-cascade charm sur-

viving the prong and vertex cuts, but without the charm muonic branching ratio, 

is 0.50. We estimate the number of secondary interactions with the right prong 

number and visible energy to be about 0.5, giving a rejection factor of 

(0.165)(0.5)=0.08 beyond the muon cut. It is thus reasonable to expect a yield 

of B's about equal to that of selection 2, with a background of about 13,000 

additional events to scan for decay vertices as in selection 1. 

Table 2 summarizes the criteria, yield, and background for each of the 

selection methods. 

E. Identification and Reconstruction of Decays 

In order to be used to full advantage in studying charm and beauty decays, 

an apparatus with a high resolution vertex detector must do more than merely 

see secondary vertices. It must also be able to distinguish decays from inter-

actions, determine the charge of a decaying particle (nontrivial for short 

decay distances), and reconstruct and identify its species. 

As discussed in Section D, the probability of secondary interactions in 

( 

( 

( 
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the emulsion is about 17% per event. Of these interactions 5% will have no 

visible nuclear breakup or recoil and a prong number consistent with a decay 

[20]. The background of fake single charm decays is thus 0.9%. For SOK event 

candidates containing 15K charm pairs this background is only 3% of the charm 

signal, and may be further reduced by other considerations such as visible 

mass. This source of background is also negligible for beauty decays via charm. 

In the case of B decays without a subsequent cascade, one also has the strong 

constraint that the visible mass of the decay must be large, so that only for 

the very small subset of unconstrained beauty decays without charm cascades 

is there any significant background. 

An interesting problem for detectors with resolution appreciably coarser 

than emulsion is determining the number of prongs emitted by the decay, and 

thus its charge and species. There are two reasons for this difficulty. First, 

when an unseen decay vertex must be deduced by measurement, as happens for 

decay distances so short as to be barely resolvable, forward-going tracks are 

often ambiguous in their origin. This familiar problem need not be elaborated. 

A more serious difficulty arises from the expectation that much of charm produc-
~ o+ tion is via resonances such as D*. In the particular case of D + D ,r , or 

+ of E + A ,r , the pion is emitted at a very small angle to the direction C C 

of the charmed decay product, typically< 5 mrad at Tevatron energies. Since 

the average decay distance for such events is about l mm, the resolution needed 

to distinguish the decay vertex from the accompanying pion is S microns, easy 

for emulsion but very difficult for other techniques. If the decay vertex is 

not resolved from the pion the o0 looks like a charged decay, and a Ac looks 

like the decay of a doubly charged object. 

An important consideration in fitting events is that more than 90% of 
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the decays throw off one or more neutral hadrons. To obtain unambiguous assign-

ment of these neutrals to a vertex it is necessary not only to detect them 

in the spectrometer with reasonable efficiency and precision, but also to know 

with some accuracy the missing transverse momentum at the decay vertex, which 

is typically 300 MeV for each neutral. In this experiment (as in E531) we will 

be able to constrain the direction of the decaying particle because the trans~ 

verse coordinates of both primary and secondary vertices are measured to 

+o.4 microns in the emulsion. Thus for a charmed particle with a typical momen-

tum of 70 GeV/c and decay distance of 1 mm, we can constrain PT to 0.040 GeV/c. 

In the case of the proposed streamer chamber or NaI detector experiments, the 

resolution is about +20 microns in~ transverse coordinate, giving 1.4 GeV/c 

PT resolution in that projection and no information at all in the other projec-

tion. Thus while most decays in the emulsion can be fit with no combinatorial 

background, this is definitely not the case for detectors in which only one 

view is available. We note that in the case of LEBC, which has approximately 

the same resolution as other proposed Fermilab experiments~ only one pair 

decay has so far been fit from a May,1980 exposure of 600K interactions. 

We have made monte carlo studies of the mass resolution and acceptance 

of our spectrometer for BB and CC events obeying the production model of Section 
± ± ± 0 0 ± ± 0 D. Results for the "typical" decays B + Drr 11' 11' 11' 11' and D + Krr 11' 11' are shown 

in fig. 11. A decay is considered to be within the acceptance of the spectra-

meter if all secondary products, including gammas from pi zero decay, lie within 

a cone of half-angle 200 mrad. The integrated acceptance for B (charm) is 73% 

(64%), and is> 90% for Feynman x > O. For most events the mass resolution 

is better than 1.2%. 

( 
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In addition to those events completely contained in the spectrometer, 

we can expect to recover events with one or more charged tracks at lab angles 

> 200 mrad. These slow tracks, typically 1 GeV/c, can be momentum-analyzed 

by measuring ionization and multiple scattering in the emulsion. The expected 

mass resolution for charm and beauty decays in this category is about 80 and 

190 MeV respectively, and including them increases the acceptance to 80% of 

all decays. 

The acceptance in fig. 11 does not include effects of "pattern recog-

nition" losses such as masking of charged or neutral particles by nearby tracks. 

These losses are 2% for charged tracks, 7% for gammas, and 30% for long-lived 

neutral hadrons. Even when these losses are folded in, we still expect more 

than 65% of all non-leptonic charm decays, perhaps 50% of beauty decays, to 

be fully constrained, with a negligible ( < 5%) fraction of decays having ambi-

uous fits from combinatorial background. For comparison the fraction of fully 

constrained non-leptonic multiprong decays in E531 is 54%. 

The next question to consider is what fraction of charm decays has the 

species uniquely identified. We take 5% as an acceptable level of feedthrough. 

In general, the identification is unambiguous if one or more of the following 

is true: (a) the resolution in the calculated mass is small; (b) some or all 

of the decay products are identified by TOF,dE/dx or some other means; or (c) 

the particle comes from the decay of a resonance such as D* or F*. 

If the mass resolution is sufficiently good, no particle identification 

is necessary to distinguish species because only one kinematic fitting hypo-

thesis is tenable. We have studied the possible ambiguous interpretation of 
+ -++ D decays, using for concreteness the K rr rr mode and asking how often it could 

pass for F + KKrr or Ac+ Kprr. We find that for the 1/3 of events which have 

( 

( 

( 
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mass resolution better than 10 MeV, only 30% of the generated D's are ambiguous 

with the F hypothesis, and only 12% are ambiguous with Ac. Overall, we find 

30% of the events will be cleanly identified even in the absence of particle 

identification. 

However, more than 90% of the charged decay products of charm and beauty 

have momenta less than 40 GeV/c, and roughly 65% of these can be identified 

to better than 2 standard deviations by TOF or dE/dx. The majority of charged 

tracks will be identified for 50% of beauty decays and 75% of charm decays. 

The final handle on identifying decays comes from resonance production 
o+ + +o . (D*, F*, Ac*,~). The mass resolution for D 11' , Ai:l and D 11' will be of order 

2 MeV. We estimate that the backgrounds under the resonance effective mass 

peaks will be << 5%; it is zero for the 18 D0 decays from E531. Assuming half 
0 of charm production to go via resonances, we have 45% of D and A and 30% 

C 
+ of D , unambiguously tagged by this criterion alone. 

To summarize, we estimate that 85% of all constrained and about half of 

unconstrained charm decays can be identified by one or (usually) more than one 

of the above methods. 
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F. Cost Estimates 

The following estimates are divided into items which are to be 
fumished by Fermilab and those which must be furnished by experi-
menters. For clarity, the worth of existing items has been suppressed 
in order to focus on new expenditures. 

1. Fermilab: 

a. 25' x 45' of floor space, along a 
suitable beam, with power and other 
utilities. 

b. Village space as provided for E-531 

c. Toroid, estimate 70 tons @$600/ton 
for cutting and machining, and 
$5000 for the coils. 

d. Muon and calorimeter steel (already 
exist in E-531) 

e. 

f. 

g. 

h. 

i. 

j. 

Spectrometer magnet estimated at 
$1.00/lb for machined steel and 
$3.00/lb for copper, with inclusion 
of a 30% cost overrun. 

PREP electronics 

On-line computer (We understand 
that in 1983-84 the standard on-
line computer will be a VAX. ) 

Off-line analysis (250 hours) 

Rigging and surveying 

Solid-state prototyping 

( 

$ 

$ 

$ 

( 

( 

$ 

$ 

TarAL 

47K 

30K 

300K 

lOK 

SOK 

) 

\ 
J 

( 

( 

( 
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2. Experimenters: 

a. Emulsion 

i. Precision moving target 
stage 

ii. Emulsion, 100 liters 
@$6K/liter 

iii. Pouring laboratory (exists 
at Fermilab) 

iv. Developing laboratory (exists 
at the University of Ottawa) 

v. Developing costs, @10% of 
emulsion cost 

vi. Existing scanning laboratories 
in Canada, Japan, Korea, and 
the United States 

Subtotal 

b. Scintillator Counters 

i. New trigger counters 

ii. Muon hodoscopes (exist from 
E-531) 

iii. Time-of-flight hodoscope 
(30 counters) 

Subtotal 

c. Solid-State Detectors 

i. Prototyping and construction 
for 12 beam, 36 spectrometer, 
and 9 gamma detectors 

ii. Electronics, 10,000 lines @$40/line 
(from detector to computer) 

Subtotal 

TOTAL 

$ 90K 

600K 

$ 60K 

$ 750K 

$ 2K 

30K 

$ 32K 

$ 150K 

400K 

$ 550K 
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TOTAL 

d. Drift Chambers 
( 

i. 18 spectrometer chambers and c:: 36K .,, 
supports @$2K/chamber 

ii. 12 muon chambers and supports 24K 
@$2K/chamber 

iii. Multiple hit per wire readout -----------
electronics already exist 

Subtotal $ 60K 

e. Charged-Particle Identifier 

i. Chamber and supports $ 25K 

ii. Electronics for 300 wires 45K 
@$150/wire 

iii. Miscellaneous (power supplies, 15K 
gas purifiers, et:c.) 

Subtotal $ 85K 

{ 
f. Gamma Calorimeter 

i. Chambers, lead and supports ,. 12K ;;, 

ii. Amplifiers and cables for 26K 
1300 lines @$20/line 

Subtotal $ 38K 

g. Hadron Calorimeter 

i. Chambers aud supports $ 16K 

ii. Amplifiers and cables for 26K 
1300 lines @$20/line , 

Subtotal $ 42K 

( 
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h. Off-Line Computer Analysis 

i. Al-IDAHL 470 (Ohio State University) 

ii. VAX 11/780 

iii. VAX 11/780 

(University of Oklahoma) 

(University of Toronto) 

Subtotal 

i. Operating Costs, 12 months @$7K/month 

Subtotal 

New Costs for Experimenters TO!AL 

TOTAL 

$----------

$ 84K 

$ 84K 

$ 1641K 
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* G. Time Schedule for the Experiment 

Spring, 1981 

Summer-Fall, 1981 

Summer, 1981 

Fall, 1981 

Winter, 1982 

Winter, 1982 

Winter, 1982 

Fall, 1982 

Spring, 1983 

Summer, 1983 

Summer, 1983 

Fall, 1983 

Fall-Winter, 
1983-84 

Complete testing of Solid State Devices (SSD) 
with 1 mm strip spacing. 

Further work on Experimental Design 

Commence testing of l cm2 SSD with 40 µm 
strip spacing, first reading out every 
wire and then testing resistive division. 

Complete testing of 1 cm2 SSD 

Commence construction of all Non-SSD equipment 

Commence construction of Beam and Gamma SSD 

2 Coxmnence testing of 25 cm SSD Prototypes 

Complete all prototype testing and begin 
construction of sp~ctrometer SSD. 

Finish all Non-SSD construction 

Coxmnence rigging of Non-SSD equipment 

Latest possible dace for placing order for 
more than 100 liters of Fuji Emulsion. 

Finish rigging of Non-SSD equipment and commence 
SSD installation. 

Complete all installation, if possible take 1 
month run to "shake down" equipment. 

( 

( 

( 



( 

( 

14) 

15) 

Fall-Winter, 
1983-84 

Winter, 1984 
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Emulsion is received at Fermilab and first 
modules poured. Pouring of modules also 
will go on during the data run so as not 
to pour many more modules than are used. 

Commence data run, one month for electronic 
hardware, two additional months to expose 
emulsion. 

We do not show more on the time scale, for if the proposed method were 
to be successful we would request further running. 

* As we have constructed devices similar to all those proposed except the 
SSD's, we expect the SSD's to b~ the limiting factor in the time sched-
ule. Accordingly, we have utilized the SSD work to benchmark che con-
struction phase. 
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Appendix I 

Prototyping of Solid State Detectors 

The design of the spectrometer for P653 relies heavily on the excellent 

position and multiple track resolution of position-sensitive semiconductor 

detectors. These are thin wafers of high resistivity silicon on which are depos-

ited many narrow parallel strips which collect the ionization from charged 

particle tracks. The size of this signal is about 80 electron-hole pairs per 

micron of silicon, or 3.8 femtocoulombs for a fully-depleted wafer 0.3 mm thick. 

Analogue signals may be read out either from individual strips (as is necessary 

where the track density is high) or from taps every N strips, with the position 

being inferred from interpolation of the resistively-divided charge [9]. 

The latter method considerably reduces the instrumentation cost when 

relatively large areas of detector are needed, as is the case for P653, and 

maintains the same position resolution as the individual- strip readout in 

regions of lower track density. In this method strips are connected by constant 

interstrip resistances R, as shown below: 

S1""~ 1 P +~ .. , -----------~--..,.Q--1~ 0 1 

STR\P J-
~ 

R. _____________ _..,. 
~ .... ------------~ 

ST"R. \ F ~ 

Since the charge-sensitive amplifiers act as virtual grounds, charge deposited 

by a track passing through strip j is divided according to path resistance 

( 

( 

( 
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( onto only the amplifiers immediately adjacent to that strip. The struck strip 

is then inferred from the divided charges Q1 and Q2 : 

j = 
N(Ql - Q2) 
2 (Ql + Q2) 

For constant interstrip resistance R the error in determining j is 

(Q2 + q2/~ 
__ 1 ___ 2 __ N ~ 

Q Q cj = 

where Q is the total deposited charge and dQ is the RMS uncertainty in each 

signal due to system noise. For N=lO, Q=3.8 femtocoulombs (detector 0.3 mm 

thick), an RMS noise of ~Q=0.15 femtocoulombs gives rise to a position uncer-

tainty &j=0.38, comparable to the value of (12)-½ expected for the case of 

individually-read strips without charge sharing between strips. There ls also 

a contribution to oj from uncertainty in interstrip resistance which is roughly 

(N)-½ oR/R. Thus for N=lO the fractional error in R must be smaller than 10% 

RMS to maintain position accuracy. Though not demonstrated here, R must also 

be kept larger than 2000 ohms if oQ is not to be dominated by parallel resis-

tance thermal input noise to the amplifier. 

A. Construction of Position-Sensitive Silicon Detectors 

Position-sensitive silicon detectors may be constructed using either 

surface barrier or diffused junction techniques. In surface barrier detectors 

the rectifying contact is at the surface between the silicon and the metal 

deposited on it. They are relatively easy to make by etching away an evaporated 

metal film to leave the desired pattern of strips. During the past year several 

groups [21,22,231 have reported successful source or beam tests of surface 

( barrier detectors with strip spacings of 600 microns down to 40 microns. 
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We have chosen to use the diffused junction technique in which the recti-

fying junction is buried below the surface, occurring between the silicon and 

an implanted impurity such as phosphorus on which the metal strips are laid 

(similar to the construction of commercial IC's). Although requiring specialized 

equipment, this method has several advantages: 

1) The buried junctions are more stable against deterioration and the 

resulting increase in noise, and the area between the strips is rendered inert 

by a layer of oxidized silicon. The resistance between the strips is high and 

stable, as required by the charge division readout. Achieving a uniform resis-

tance for this application is much more difficult in surface barrier detectors. 

2) Strip spacings smaller than 40 microns appear to be quite Eeasible 

with optical masking techniques, as witnessed by the few-micron line widths 

routine in IC fabrication. 

3) The p-type semiconductor used in our diffused-junction device can 

( 

easily handle the radiation in this experiment. No impairment of performance ( 

occurs f d f • • • • • • 1 f 1014; 2 or oses o minJ.ID.um ionizing partic es o cm. This feature 

is important for possible future high-rate applications. 

Prototype diffused junction detectors are being made Eor us by the Silicon 

S0lid State Group at Lawrence Berkeley Laboratory. We are now in the second 

generation of prototypes. The first round of detectors, having 0.8 mm strips 

with 1.0 mm center-to-center spacing, were built mainly to gain experience 

in diffused junction strip technology; results of tests on these detectors 

are described below. Prototypes with strips on 40 micron centers have recently 

been fabricated,and at least 6 of these should be ready for testing early this 

( 
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summer. 

The 9 mm x 9 mm active area of this 40 micron prototype and its printed 

circuit fanout board are shown in fig. I-1. Photomicrographs of parts of the 

area are shown in fig. I-2; one can see the strips, the underlying implants 

and the pads which will be connected with ultrasonically bonded, 20 micron 

gold wires to the traces on the fanout board. 

B. Testing of Prototypes 

The first generation of prototypes (1 mm spacing, 1 cm x 1 cm area) has 

. h Rul06 been tested wit electrons (3.5 MeV endpoint) at Fermilab, the University 

of Toronto, and the University of Oklahoma (UO), with the different groups 

trying different amplifier and readout schemes. Results from the Fermilab tests 

using a modified version of the Droege electronics (designed for liquid argon 

detectors) are shown in fig. I-3. A very clean separation of signal and noise 

peaks is apparent. 

A stack of three of these detectors is being tested both with the 3 MeV 

source and in the beam from a 30 MeV electron linac by the UO group. Four strips 

from each of the 3 wafers are read out via FET-cascode amplifiers into standard 

ADC's. Typical pulse height spectra are shown in fig. I-4. A clear electron 

peak is observed at 3.2 fc average charge. Noise contributions were present 

from the amplifier alone (0.1 fc) and from the amplifier-detector combination 

(0.24 fc). These were increased to 0.4 fc by the noisy RF environment of the 

linac. 

The main questions to be addressed by this multi-detector test are: 1) 

How often does a particle give a signal in adjacent strips; 2) What is the 

overall efficiency; and 3) Is the space between metal strips alive or dead? 
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Some preliminary results are available at this time. Correlations of hits 

between wafers are shown in fig. I-6a,b for both source and linac data. For 

perfectly aligned strips, no multiple scattering and no sharing between strips, 

only the diagonals of these correlation matrices would be populated. Although 

the multiple scattering from the source is approximately 1 mm, that from the 

30 MeV linac beam is only 0.1 mm (comparable to the gaps between strips), and 

the angular divergence of the beam is much smaller than the mean multiple scat-

tering angle. As is clear from fig. I-6b the 30 ~eV data are in fact markedly 

more peaked at the diagonal. The small subdiagonal population implies a 

misalignment of about 1/7 strip spacing between planes. Both sets of data 

are in good agreement with the monte carlo simulations in figs. I-6c,d, which 

assume no signal sharing between adjacent strips. There is thus already evidence 

for clean 3-point trajectories. 

An estimate of the inefficiency can be made by asking how often neither 

of the two central strips in the middle wafer failed to record tracks seen 

by the corresponding strips in both front and back wafers. Two misses were 

seen in 92 events, giving an efficiency (97±2)%. This high efficiency, together 

with the known misalignment of 1/7 strip, implies that the 0.2 mm gap between 

the 0.8 mm metal strips is essentially live. If it were dead (e.g. from 

increased collection time) one would expect an inefficiency of about 20%. 

We are now preparing to test the second generation 40 micron prototypes 

at LAMPF, starting in July,1981. Four wafers with 30 instrumented strips each 

will be used in a closely spaced stack to study sharing between strips, position 

resolution, efficiency and amplifier performance. With a 550 MeV/c beam we 

will be able to measure the position resolution to 5-7 microns (standard devia-

tion). Fermilab has agreed to provide a PDP 11 computer with CAMAC interface, 

( 

( 

( 
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( together with a full-time research associate, for this and future beam tests. 

We would appreciate receiving this support by the beginning of testing in July. 

( 
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Figure I-1. Layout of stripes and PC mounting board for 
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Figure I-2 
Photomicrographs of 40 micron 
(center-to-center) prototype. 
The color is an artifact. Strip 
layout shown on page 56. 
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Figure I-5 
Amplif ier Board 
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Figure I-6. 

StriEe Hit Correlations 

Matrix of correlated hits, first plane (1-4)+, second plane + with last 
detector also hit. 

3 MeV Source 30 MeV Linac 
a) b) 

58 10 0 3 80 2 4 0 
18 56 11 0 15 86 9 3 

DATA 5 22 69 20 3 13 174 9 
0 0 6 42 6 4 22 116 

220 Diagonal 456 
87 1 Off Diag. 70 

8 > 1 Off 20 
315 546 

c) d) 
48 9 0 0 94 0 0 0 

( 14 54 12 1 20 149 0 0 
MONTE 3 26 54 19 0 26 149 0 CARLO 

0 7 26 42 0 0 17 91 

198 Diagonal 483 
106 1 Off Diag. 63 

11 > 1 Off 0 
315 546 

( 
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Appendix II 

Possible Beam Lines 

At least three beam lines 012, M6W, PC) appear to be compatible with our 

requirements for both present and Tevatron energies. 

We require a beam at or near maximum machine energy which has 2-6 x 104/second 

intensity on a spot size 3 mm x 3 mm, and an integrated halo in a square 10 cm x 20 cm 

centered on the beam which is at most 7% of the beam intensity. (Note that for 

a 20-second Tevatron spill we would require roughly 1/2 x 106/pulse.) 

The remainder of this section will be devoted to a discussion of measurements 

on the M6 charged beam (provided by P. Garbincius) and on the PC neutron beam 

(provided by M. Johnson). It is our feeling that the M2 hyperon channel also 

would be suitable, but we were unable to obtain applicable measurements. 

For a 2 x 106 positive M6 beam at 100 GeV (2/3rr, l/3P) a spot 6 mm in width 

and 5 mm high was obtained for the ten percent beam density points. Ninety-eight 

( 

percent of the beam was contained in a spot of 9 mm x 8 mm. ( 

Halo was determined by three sets of three halo counters, each set mounted 

in a cloverleaf fashion with a 6 mm x 6 mm hole in the center. The sets of antis 

were mounted at the second focus and upstream and downstream of the hydrogen target. 

The ratio of halo/beam summed over all three sets was 0.075, completely 

consistent with the fraction of beam overlapping the antis. Spot size and halo did 

not appear to be a strong function of the momentum setting for the beam, so additional 

collimation placed at the first focus and a:long the parallel section should be able 

to reduce them down to our requirements. 

A neutron beam is being commissioned in Proton Center for E-630. They have 

obtained 0.3 x 106 neutrons per pulse in a spot sized 1 mm x 7 mm. The ratio of 

halo/beam= .04 for halo outside 2 mm x 9 mm. This beam may be converted to a 

diffracted proton beam of suitable intensity by targetting the main beam at a 



( 
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small angle into a new curved channel. An additional set of three 10-ft. benders 

placed downstream of the hyperon magnet would be run with polarity opposite to that 

magnet, partially correcting for momentum dispersion. K. Stanfield and P. Garbincius 

believe that a diffracted proton beam could be constructed with a suitable spot 

size and a halo/beam ratio at least as low as that measured for the neutron beam. 

In summary, we believe that our beam requirements are quite minimal and 

could be satisfied by several existing and proposed Tevatron beam lines with 

minimal additional cost to Fermilab. Furthermore, our experiment uses less than 

15 meters of floor space and could be designed to move in and out of the beam in 

a day of rigging. 
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Appendix III 

Spectrometer Magnet 

Our compact geometry imposes definite constraints on the spectrometer 

magnet. To get the largest possible field :integral we use a tapered vertical 

magnet gap which opens from 14 cm to 28 cm over a distance of 40 cm. To re-

duce interference of the coils (and their attendant fringe fields) with the 

silicon detectors and their amplifiers and connector boards, we propose to 

put two coils aronnd the sides of an H-frame magnet rather than aronnd the 

pole-tips as is usually done. A total of 500 kiloamp turns will produce a 

maximum field of 1. 7 Tesla and a transverse momentum kick of 0.2 GeV/c. We 

are study:ing the feasibility of using Fe-Co pole tips (saturating at 1.5 

times higher field) to :increase this kick to 0. 3 GeV / c. 

Although we can accomplish these goals with conventional coils, fig. III-1 

shows the improved geometry possible with superconducting coils. The 

dimensions of the two cryogenic cans containing such coils are 0.4 m ID by 

0.6 m OD by 0.3 m high. The coils are circular and take up their own Lorentz 

forc~s by teusion, permitting a simple support structure design. If one adds 

the saving in electric power, the superconducting option looks very attractive. 

The OU group of our collaboration has sufficient technical expertise and man-

power to design the coil, cryostat and magnet but would need the cooperacion 

of Fermilab to provide it with superconducting cable, transformer iron and 

other materials. Since this magnet requires only about 500 liters of liquid 

Helium per week it could be kept cold using Dewars; however, a refrigeration 

system, if one were available, might be a useful alternative. 

( 

( 
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Appendix IV 

Calculation of Muon Background 

The muon background from charged pion and K decay was calculated from 

ISR production data [18] at center of mass energies of 31 and 53 GeV. Special 

care was taken in parametrizing this data to be sure the behavior at high trans-

verse momentum PT was correctly described, since event selection depends at 

least in part on high-pT muons. Comparison of the model with data at rapidity 

y=0 are shown for pions and K's in figs. rv-la and IV-lb. The model also works 

well for nonzero y out to very near the edge of phase space. 
2 Laboratory cross sections d cr/dpdpT were then calculated with this paramet-

rization on a grid of p, pT. In each bin of this grid the fraction of pion or 

K decays per meter is then m/(crp), where T is the lifetime of the decaying 

particle of mass m. In each bin of p,pT of interest a number of monte carlo 

decays (rr ➔ µv, K •µv) were generated proportional to the number of parent 

decays in the bin. The resulting integral muon spectra are plotted vs. PT in 

figs. 9, l0for several cuts on lab momentum p. Note that the contributions 

from pion and K decay are comparable for PT> 1.2 GeV/c. 

An independent check on this calculation was provided by a tape (12] 

of 360 GeV rr-p bubble-chamber events. Charged tracks from these real events 

were assumed to be pions, and monte carlo decays were generated. The muon yield 

from this approach agrees with the above calculation to better than 10%. 

For the background estimates in Section D; it is necessary to know the 

number of muons from secondary interactions in the emulsion passing the muon 

p,pT cuts. The lab momentum spectrum of pions from 800 GeV interactions is 

known from the production model described above. It was assumed that this model 

is also approximately correct for interacting pions down to 10 GeV/c, and the 

( 

( 

( 
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muon background program was run for "beams" with selected momenta between 10 

and 800 GeV/c, corresponding to the interacting secondaries. The yield of muons 

passing the cuts for each such bin of secondary momentum was then weighted 

by the momentum spectrum of pions from 800 GeV interactions. The largest contrib-

ution to muons passing the cuts was from secondaries of order 100 GeV/c, which 

make about 6 charged prongs per interaction. We thus estimate that limiting 

charm decay vertex candidates to< 7 prongs will eliminate 40% of this interac-

tion background. 

The probability of a muon from a secondary interaction passing the p,PT 

and prong cuts was found to be 0.13 times that of a muon from the primary 

vertex. This number must be multiplied by the probability of a secondary interac-

tion. We assume 9 charged prongs plus 2 long-lived neutral hadrons per 800 

GeV interaction, and use the pion mean free path [17] of 50 cm and an effective 

path in emulsion of 0.75 cm to obtain 0.165 secondary interactions per event. 
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12 . 041 . 052 
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target spacer bottom 
emulsion 

emulsion 
tape 

,- 2 00 

------
SSD X 2 1 

x S SD pitch 50µ11,thickness 300µm X, U, V 7sets total 21 layers"~ 
o improved S SD ; top layer 50µm--·>25µm 

2 or ·~-,cc L=-~=E~~~~~ _; :~~ ~ ; ____ -· --~ ;_~--~--~ :~~ ! . '._L ~ 
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• bottom emulsion plate,emulsion tape plus improved S SD 
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GOALS 
- FITS FOR CHARM AND BEAUTY DECA VS WITH , 

NEUTRALS 

.. FOR D0 44+10°/o D0--> K- X 
16% ALL CHARGED 
23% WITH 1 TC 

0 

- ELECTRON IDENTIFICATION (SHORT R.L. 
TARGET) 

- VERTEX PREDICTION 
- SCANNING 
- SEMI-ELECTRONIC DECA VS 

PATTERN RECOGNITION 

-14 RECONSTRUCTED SHOWERS PER EVENT 
- 13 CHARGED TRACKS 
-SHORT SPECTROMETER 

- 40 GEV SYMMETRIC TC 

SHOWER SEPARATION= 3.3 CM 
- SHOWER OVERLAP PROB. HIGH 

- PROJECTIVE+ PAD GEOMETERY 
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DETECTOR PARAMETERS 
Prop .-h~be 

J' 

LAC - HADRON CALORIMETER 

SIZE 1.6M X 1.6M 2. 4M X 2.4 M 
. 

SAMPLING . o 9 4" Pb 5cm Fe 

# OF SAMPLES 3 9 1 6 

LON GT ITUD INAJ,. 3 ' SEGMENTS 
/.r 

TRANSVERSE . 5cm X,Y 1.6cm 
':?!-

X, Y_.,.y1a.node) 
SEGMENTATION + .PADS + PADS 

CHANNELS 3600 12oea 

RESOLUTION 

ENERGY 12 %/-rt'+ .. 02.s, ~ Iii 100%/ -IT 
POSITION 1.3mm Iv 2 cm 

OtJ. 
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:LAC PAD STRUCTURE 
, 

I◄ 64 

1 -.t6.4"r---

6.4" 

f 

64" 

.------ .5; 
•· - --,4 ,-- - .2e 
~ . II • 

( ' • 

,,, \ 

/ 1 

/ 
J 

3.2"x3.2" 1.6"x 1.6" 0.8"x0.8" 



237 
CM 

( ( 

~L.,__ __________ ~237 
CM 

,__ 
-=---------~----::t--t-t--1-t-tt-H-t- H-++.:H-4-++-+-+-----------:1 

,-,-

IX=! IX=2 IX=3 

FIGURE 6 

The pad pattern for the entire detector for modules in the 
vertical orientation (view I). The horizontal modules (view 2) 
are rotated 90° counterclockwise. For the muon analysis, the 
detector was divided into nine equal-area regions. The values 
of the indicies IX and IY specify the individual regions. 

IY=3 

IY=2 

IY= I 
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ICYL= 6 NEVNi= 715 
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ICYL= 0 NEU INT,- -, f c; ....,.. I c: b t91m1p? 11 , 2=1,_B~s:, 0=no 
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w ( vl V v- Y ( V 

15 1112 10 324 6 8 7 9 

, 
0 

0 

0 

0 

0 

0 

0 

0 0 . 
0 

0 . 0 

EVENT 715 RUN 2321 IRES 0 

XMAX= 154.00000 PMAX= 253.00000 

YMAX= 139.00000 SECTION 1 
SHOWER ENERGY X CENTER y CENTER FTSHWT CHISOUARE 

1 2.174 414. 152 -16.734 1.000 1 .068 
2 11 .053 74.719 -16.929 0.436 1 .042 
3 7.599 96 .155 27.027 0.566 0.785 
4 10.814 56.492 -0.669 0.411 1.372 
5 2.467 387. 081 -182.892 0.894 1.983 
6 3. 104 -83.968 -182.940 0.586 0.895 
7 3.799 -298.039 -33.870 0.959 8. 195 
8 6.024 -205.490 477.269 0.533 2.759 
9 1.982 -714.895 15.294 0.986 1.965 

10 3.978 131.468 -151.769 0.562 2.056 
, 1 2.160 228.385 301 .551 0.869 3.090 
12 2.424 213.425 -98.784 0.828 2.570 
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XIU:X• Ml◄ l:"feDl 716 Run 2321 l!l:CTION• 1 nux- r,99 

7 

,_..Fl=\.,.. 

~ 

,-L. M·, 

7 

__,., ________ _ -----------· ~--·--t 1 

Shower I X-eneray Y-•n•ray X-po ■ iln Y-po ■ iln 

1 5.881 4.170 le .29C> 8. 7 6-4 
2 10.388 11.33-4 22.!HO 17. 740 
3 8.810 10.HIB 27 .078 19.087 

"' 28.802 34.868 3.229 26.821 
6 4.1113 6.1527 17 . .f93 24.997 
e 2.940 3.821 22.711 1-4.606 
7 0.848 0.778 28.728 21.109 
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Vertex· Finding 

( 

©® ~ o@ [f ®U □ @ ITT) 

Alignment 
Drift Times 
Spurious Electronic effects 

~®®~ 
@®11® 

~[ru® □W®□® 

December 18, 1986 

ffi0u@IT7Jli® ©®[f~@ 
Geant 3 
Testing Reconstruction 
Algorithm. 
Detector efficiencies. 

Identifying species 
of the secondary 
vertices. 



Status: 
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Event Fitting 

Adapted from an E531 program. 

Basic program structure makes 
use of n°'s and charged tracks. 
Tests with Monte Carlo complete. 
Tests with real charm to be 
completed by January 15th• 

Momentum refitting completed by 
February 14th• 

Program for matching tracks 
between the emulsion and µ-strip 
detectors - March 15th• 

Add missing tracks and Ks near 
emulsion - March 15th• 

Add OC fit D ➔ µX and D* fit -
March 15th• 

At this point we have a structure with which 
we can do some physics. 
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We had 1300 tapes in the first run and will 
have Twice as many in the second run . 

Rough Benchmarks 
Machine 1 Data Tape Tapes/week 

Vax 750 1000 Min. 
Vax 780 620 Min. 
Vax 785 520 Min. 
Vax 8600 160 Min. 
Ohio IBM 3081E 90 Min. 20 
Old. IBM 3081K 60 Min. 25-30 

ACP: Each node is equivalent to 60% -90% of 
a VAX780 

We could spin a tape every 20 Min. 
Running one week/month with 5 good days in 
that week, Conservatively ACP can do 200 

Tapes/month 
So we volunteered to be guinea pigs for the 

ACP 

Status: Our programs have been compiled 
linked and have run on ACP 68020 nodes. 
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ACP Schedule: 

Tape tests with one tape Complete by 
January 15th. 

Ten tape test finished by February 1st. 

100 tape test begins March 15th. 

Comparisons 
Computers to use Rate/month Time to crunch 

1300 tapes 

1. OSU IBM 80 tapes 15 Months 
2. OK IBM 120 tapes 12Months 
3. OKandOSU 200 tapes 7 Months 
4.ACP 200 tapes 7 months 
5. ACP &OK 320 tapes 4months 
6. Everybody 400 tapes 3 months 
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ENGINEERING NOTE 

£653 U-.{!r£x S1ucoJ/ Snvl' Dsr. (II} 
Lu~8E.eG 

8-0c.r-86 

x~:._ --- -- -

----{]---,--
---

Target 

5x5 cm Silicon Strip Detectors ( I 5) 

9,6x9.4cm 

Silicon Strip Detectors (3) 
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C. Detailed List of All Improvements , 
I. Equipment 

a. General . 
..J, pion beam , 
f extension to building (foe new steel) t fourth portakamp and associated improvements (clean power, covered access to 

building, etc.) 
b. Beam System , 

improve drift chamber stand •. 
repair bad channels 
new veto on upstream interactions 
new internction counter 

c. SSD's 
3 10 cm x 10 cm at downstream end 

d. SCM 104 Magnet 
'!' Hall probes for continuous monitoring and recording of field 
e. Vector Drift Chambers 

added two - one in stack, one in gap in new steel 
replaced 2 mil wire in coarse cells with 1 mil wire - can run at lower voltage t TOC's in two Fasthus crates - can run coarse and fine cells a different least counts; 

fewer events :ire too long for a single crate 
'I better gas 

f. Time of Flight 
improved bases - faster signal, better grounding 
add start time 

g. Liquid Argon Calorimeter 
increased shaping amplifier gain - re.duces effect of pedestal drift 
revise plumbing - improve monitoring 
replace dead amplifiers 

h. Hadron Calorimeter 
new amplifiers and preamplifiers - can run at lower voltage 

i. Muon System 
-, improved field shaping 
'I improved amplifiers 
-k added steel 
"I' ccntere.d east-west 

2. Electronics 
j,programmable logic units in.trigger- can automatically change trigger type 

improve scanning DVM. for monitoring of voltages 
1' additional Fastbus crate for drift chambers 
"'K4 Mbyte 1891's 
..fsmart CAMAC crate controllers 

micro VAX for monitoring 
3. Software 

fFastbus driver 
automatic voltage checking for computer-controlled high voltage power supplies 
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