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I. Introduction

Our IndianaUniversity(IU)TaskC group consistsofthreefaculty(RichardM. Heinz,
StuartL.Mufson,and James Musser),anAssociateScientist(CharlesBower),an Engineer
(ChrisBender),a computer systemsmanager (GeorgeTurner),two technicians(Mark
Gebhard and James Pitts),and threegraduatestudents(AlecHabig,AliceHawthorne,
and Lynn Miller).

We axeparticipatinginthe experimentsGEM at theSSC and MACRO atthe Gran
Sasso.

AfterintroducingGEM in ¶II,we presenta detailedreporton the work we have
done duringthe currentcontractperiodon the designof theouterregionofthe GEM
CentralTracker.We thenreporton theCentralTrackerMonte Carlo,whichwas theother
significantGEM activityby our group.

In ¶IIIwe introduceMACRO and givea briefstatusreport.Then we willpresenta
Muon Astronomy analysiswe havedoneusingMACRO data.

NotethattheGEM and MACRO figuresaxeeachlocatedattheend oftheirrespective
sections,asindicatedintheTableofContents.

II. GEM

A. Introductionto GEM

GEM isa 4_"solenoidalmagnet detectorwhich emphasizesprecisemeasurementsof
_Gammas,__Electrons,and .MMuons.InGEM we willsearchfortheHiggsBoson,thecharged
Higgs,excitedW's, excitedZ'sand the Top Quark. By measuringelectrons,muons,
photons,and jetswithhighresolutionwe willbe sensitivetoothernew phenomena which
willinevitablybe accessibileatSSC energies,butwhicharenotanticipatedintheStandard
Model orinexistingextensionstotheStandardModel. The SSC laboratoryhas approved
GEM's Expression-of-Interestand Letter-of-lntent,and we arenow preparingthe GEM
TechnicalDesignReport(TDR).

B. Physics Goals of the GEM Central Tracker

The Central Tracker is being designed primarily to support the physics goals of the
GEM detector, namely the detection of gammas, electrons and muons at high FT. Some
examples of these physics goals are:

• The identification of the primary vertex of an event of interest so that the event can
be separated from other pileup events in the memory time of the detector.

• The separation of electrons and gammas by the presence or absence of a charged
track pointing to an electromagnetic shower in the calorimeter.

• To assist with electron-hadron separation by providing a momentum measurement
for comparison with the energy deposition in the calorimeter.

• To assist with the rejection of spurious muon backgrounds by matching the muon
momentum measured in the Central Tracker with the momentum measured in the
muon chambers.

• To determine the electron sign up to _ 600 GeV/c.
1
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• To provide track information for the implementation of gamma, electron, or muon
isolation cuts, and to assist with rejection of conversions.

• The separation of close, multi-charged tracks from single charged tracks, a goal im-
portant for tagging tau decays and gamma conversions.

The tracker should be able to fulfill these goals well at the design luminosity of 1033 cm -2
s-1. These capabilities should also survive to luminosities of 1034 cm -2 s-1. These goals
do not require full pattern recognition, but can be met by looking for hits in the Central
Tracker along a specific road extrapolated from the calorimeter or muon system.

The second category of physics goals is more ambitious:

• The full reconstruction of the charged tracks in an event.

• Secondary vertex finding.

• Tracking low pr with good resolution.

These secondary goals would enhance GEM's performance to a level at which it would be
able to address issues such as b and top physics. Since these more ambitious goals require
robust pattern recognition and excellent vertex resolution, we expect that these goals will
only be met up to a luminosity of 1033 cm -2 s-1. However, since the physics processes
involved here have relatively large cross sections, they likely can be studied at a luminosity
of 1033 cm -2 s-1 or below.

C. GEM Outer ,Tracker Development at Indiana University

1. Interpolating Pad Chambers

The IU group has been an active participant in the development of the GEM outer
tracker. In the next few sections, we summarize the design of that system. The GEM
outer tracker is composed of Interpolating Pad Chambers (IPCs); An IPC is a multi-wire
proportional chamber with one cathode plane consisting of an array of electrically isolated
regions, or 'pads'. These pads sample the induced charge on the cathode plane due to
an avalanche at the anode initiated by ionizing radiation in the chamber volume. The
centroid of the induced charge distribution, determined from the pad signals, defines the
ionizing particle's transit position.

Several techniques have been developed over the years for reading out segmented cath-
ode MWPCs. These include resistive charge division, capacitive charge division, and geo-
metrical charge division. The resistive charge division technique, which employs resistive
strips running under each anode wire with periodic readout points, is not favored for large
area applications due to the difficulty in maintaining a uniform resistance.

The geometrical charge division technique is the most straightforward, using a separate
readout channel for each cathode segment. Capacitive charge division is an extension of
geometrical charge division in which the pads are made narrower, and one or more pads are
skipped between readout pads. In this scheme, the induced charge on the intermediate pads
are coupled to the nearest readout pads via the inter-pad capacitance. Its major advantage
over the simple geometrical approach is a reduced capacitive load on the readout amplifier
input, which results in lower electronic noise, at the expense of position linearity.
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Optimization studies of the cathode readout are now underway at IU, and wiU be used
to evaluate the tradeoffs between the geometric and capacitative readout techniques. The
current GEM Outer Tracker design and the IPC prototypes constructed to date employ the
geometric charge division technique. Changing to a capacitative charge division readout
scheme would not affect any aspect of the IPC design other than the physical layout of
the chamber cathode..

2. Geometrical Charge Division

For IPC readout by geometric charge division, the transit position of an ionizing par-
ticle can be obtained from the equation

where xk are the positions of the pads, and Qk are the signals induced on each pad.
Typically, the effective extent of the induced charge spans 3-5 pads, depending upon the
chamber geometry. It is desirable from the standpoint of occupancy and channel count
considerations, discussed below, to keep the number of pads associated with a given particle
transit low.

The fact that the pads used to calculate the particle position from the charge centroid
do not completely span the induced charge distribution leads to a non-lineaxity in the
relationship between the true and reconstructed position. For this reason, a fit of the pad
signals to the known spatial distribution of the induced charge distribution for the chamber
geometry used is generally superior to the centroid method of determining the avalanche
position.

The position resolution obtained from the centroid measurement is directly related to
the signal to noise ratio of the readout chain. A simple error analysis of the equation for
the centroid position shows that the position resolution obtained is given by

Where w is the pad width, and n is the number pads used in the measurement. This equa-
tion is valid for low gas gains, for which the input noise dominates the position resolution.
At high gas gains, broadening of the induced charge distribution due to regeneration limits
the position resolution.

3. Design Parameters

The design parameters of the IPC system are set by the resolution, occupancy, and
speed requirements imposed by the physics goals of the Central Tracker. In this section we
discuss the optimization of these parameters under the operational constraints and design
goals summarized in Table 1.
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Table I. Design Constraintsand Goals

Beam CrossingRate 62 MHz

ChargedTrackDensity/MinBiasEvent dN/drid¢=l.2

_:Min BiasEvents/ Crossing@ 10S4crn-2s-I 16

Tracks/sac-ramWire@ 10S4crn-2s-I Ix 10%-imm -

IntegratedCharge/Yr-cmWire @ 10_crn-2s-I 0.85C/cm-Yr

LevelI TriggerRate 10Khz

LevelITriggerLatency 2/_s
_ ,=,,, H - ., ,.., , __ , __

Occupancy@ 1034crn-_s-I < 10o7o

DesignGoalPositionResolution/Layer 50/_m

4. Chamber Geometry

The chamber geometry issetby the requirement of a fastelectroncollectiontime and
reasonablemechanical tolerances.A largeanode to cathode distancewould resultin an
unacceptablylong electroncollectiontime,while separationslessthan 2 mm would result
in unacceptably tightmechanical tolerances_due to the largechamber capacitance.

The chamber gain isgiven approximately by

M = ke(cv°)

so that a large chamber capacitance results in a more rapid increase in gain for a given
voltage change, with correspondingly larger sensitivity to mechanical tolerances. It can be
shown that

AM/M=(AQ/Q)lnM

and

where Q = CVo is the charge per unit wire length, M is the chamber gain, a is the wire
radius, l is the anode/cathode spacing, and s is the spacing between wires,

Table 2. IPC Geometry

Wire spacing 2 mm

An.-Cath. spacing 2 mm

Wire Diameter 20 microns

Voltage 3000V

Gas 50-50C02 - CF4
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The geometry specified in Table 2, corresponding to the present IPC design, has a
capacitance of 7.6 pf/m. For this geometry, a 2 rail variation in the anode/cathode spacing
results in a 10% variation in the g_in of the chamber.

5. Occupancy

The design goal for occupancy in the IPCs is set by the desire for robust operation at a
beam luminosity of 1034cm-2s -1. The IPC design parameters which affect the occupancy
are the number of pads having a significant signal associated with a single track, the pad
length, and the length of time during which a subsequent hit on a pad would exhibit serious
degradation in position resolution due to pileup.

The most conservative estimate of occupancy assumes that three pads are needed
to reconstruct a position, and multiple tracks with separations less than this are not
analyzable. However, studies conducted by the GEM Tracker Group have shown that the
positions of two tracks separated by a small fraction of a pad width can be determined with
minimal loss of resolution, and one can expect to do better that this worst case estimate
in practice. The real two-track resolution will be measured as part of the GEM Central
Tracker test beam program.

A fast detector response is a critical aspect of the Central Tracker IPC system. A dead
time of 40-50 nsec (3 bunch crossings) is desirable in order to achieve the IPC occupancy
specification. The dead time of this system is given by the time taken for the shaped
output of the front end amplifier to return to a level such that it can be subtracted from
the subsequent pulse without significant loss of resolution. A lower limit to the shaping
time which can be used is given by the characteristic time for coUection of the ionization
electrons at the wire. Integration times shorter that this will result in a large reduction
in the observed signal, large event to event differences in the peak signal, and a strong
dependence of the peak signal on the shaping time.

An operational requirement of the IPCs, therefore, is that they have an electron col-
lection time of order 20 nsec. At the same time, the Lorentz angle of the gas at 0.8 kG
must be kept under 15 degrees, as the chambers must be canted at this angle with respect
to the magnetic field to minimize the position resolution degradation due spreading of the
induced signal along the cathode; mechanical constraints make an cant angle larger that
15 degrees difficult.

A gas mixture suitable for Central Tracker use in the IPCs must, therefore, be rela-
tively fast, with a small Lorentz angle. Suitable gas mixtures do exist which satisfy our
requirements. An example are C F4 - C02 mixtures, the properties of which the GEM
Central Tracker Group at Indiana University have been investigating using a chamber
designed to make precision drift velocity and Lorentz angle measurements. Results show
that these gas mixtures are relatively fast, and exhibit Lorentz angles below 10 degrees at
8 kG over a wide CF4 concentration range.

The results of these gas studies have been used in a simulation of an IPC chamber using
the wire chamber simulation program GARFIELD. The critical operational parameters
used in this simulation are listed in Table 2. The contours of equal electron drift time
obtained in the simulation are shown in Figure 1. The contours are at 5 ns intervals. It
is apparent from this figure that the maximum delay between the traversal of the particle
and the arrival of the first electron at the wire is less than 20 ns, as is the spread in arrival
times for electrons coming from a given particle track. The distribution of arrival times of
the first electron at the anode is shown in Figure 2 for an ensemble of random trajectories

5
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through the chamber. This represents the major contribution to time jitter in the system,
and demonstrates that it will be possible to assign virtually all hits to the proper crossing.
A full simulation of the IPC readout indicates that the timing resolution of the system is
approximately 1.5 ns.

6. Position Resolution

As stated earl.ier, the position resolution is determined by the signal to noise ratio of the
readout chain. The design goal of the tracker calls for 50 micron resolution, corresponding
to 2% of the pad width. Referring to the relationship between position resolution and
signal to noise ratio, this requires a signal resolution of about 1% of the total measured
cathode signal. The gas gain (G), which determines the signal amplitude, is, therefore,
constrained by signal to noise considerations.

Figure 3 shows the measured position resolution in an prototype IPC chamber devel-
oped at IU versus the gas gain. These measurements were made on a chamber with the
same geometry as the baseline IPC design, a fast gas mixture_ and a front end amplifier
with a peaking time of 25 ns, and demonstrate that the 50 micron requirement is achievable
under realistic conditions.

At low values for the gas gain the resolution is measurement error dominated, and
hence varies roughly as the inverse of the gas gain. Under the operating conditions used
to generate the data in Figure 3_ the position resolution of the chamber under study
achieves its minimum value at a gas gain of 3 × 104. The gas gain above which the
chamber resolution is dominated by irreducible effects is determined by the noise in the
front end readout electronics_ normally expressed in equivalent electrons. The dominant
noise component_ due to the input transistor of the preamplifier, can be expressed as

This component of the amplifier noise increases with the inverse square root of the
shaping time, and is proportional to the input capacitance. (We list our amplifier charac-
teristics in Table 3.)

The amplifier capacitance includes the mutual capacitance between pads_ along with
the capacitance between a pad and the readout lines_ ground planes_ etc. The present
design of the cathode calls for readout lines lying on the opposite side of a 0.5 mm thick
sheet from the pad plane, with no ground plane between the readout and pad layers.
Measured values of the total capacitance for 0.2 cm wide rectangular pads plus readout
lines are in the range 2-25 pf for the range of pad lengths encountered in the IPCs.

Based the performance of monolithic preamplifiers fabricated as part of the GEM
R& D program: it is reasonable to expect a noise figure of 1300 electrons for an input
capacitance of 25 pf, with a peaking time of 20 ns. Using this value for the expected
noise in the readout chain, we require a total cathode signal of roughly 1.3x10 s electrons
to obtain a total signal to single channel noise ratio of 100. This value can be used to
determine the gas gain required to achieve the 50 micron position resolution design goal.
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Table 3. AmplifierSpecifications

-PeakingTime 25ns

InputCapacitance i0-40pf

RMS noise 1000e's

PowerDissipation20 rnW/ch

Linearity < I LSB

Gain 10 V/pC

DynamicRange 1,000

FullScaleCharge 150fC

FilterShape Semi-Gaussian
_,.

The number of ion pairsproduced in a 4 mm gap of 50-50 CO2 - U F4 is 60. The
measured signalon the cathode issmallerthan 60xG as a resultof two factors.First,the
induced signalisshared between the two cathodes and the adjacentwires,so the induced
signalon a givencathode isroughly one halfthe total.Second, the shaping amplifierfilters
out allbut the initialportion of the induced signal.For the baselinechamber geometry
and usingknown valuesforthe ion mobilityof CO2 and CF4, we findthat approximately
20% of the totalcharge isseen at the output of the shaping amplifierfora 20 ns peaking

time. Combining these factors,the gain requiredto obtain a cathode signalof 1.3x10s
electronsis20,000.This would be sufficientifelectronicsnoisewere the only contribution
to the positionerror.Resultsof the positionresolutionmeasurements in IPC prototypes

(shown in Figure 3) indicatethat irreducibleeffects,such as diffusion,alsocontributeto
the positionerror,requiringthat a slightlyhighergas gain thau thisvaluebe used.

_'. Rate Effects

The effectsof the high rateSSC environment on IPC performance fallintotwo cate-
gories.These arechamber aging,and theeffectsofspacechargeon chamber gain.Chamber
aging refersto a gradual decreasein the gas gain in the chamber due to a buildup of de-
positson the electrodes,resultingin narrowing operatingplateau and eventualchamber
breakdown. This effectisdirectlyproportionalto the integratedcharge collectedper unit

lengthof wire. At a luminosityof I034cm-28 -I the amount of charge collectedper SSC
year per cm of wire in the IPCs, assuming a gas gain of 30,000, is 0.85 C/cm at a radius
of 30 cm. For a given integrated charge, chamber aging depends primarily on gas compo-
sition. Measurements have been carded out on chamber aging for CF4 - CO_ mixtures.
For a 50-50 mixture the measured decrease in the operating current of a test chamber was
found to be

(Z- Zo)/Zo= O.OTC-r,,

This result confirms the expectation that these gases should exhibit very small aging
effects. It is well known, in fact, that Freon can be used to recover a chamber which
suffers from aging. The conclusion is that at the gas gain required from signal to noise

requirements, the chambers should be able to operate for a number of years at 10 34cm -2 8-1
while suffering minimal aging effects.



Thh buildup of space charge in the IPCs will result in a decrease in gain of the chamber ,:
at s_lfl_ciently high ionization rates. At a luminosity of lOa4em-2s -1, the charged track
rate in the IPCs is 2 x 109s -1 in each IPC, or i x 1048-1rnrnwire -1 in the innermost
layer of IPCs. Measurements conducted on IPC prototypes at IU, running on CF4 - COs
mixtures and exposed to a high intensity x-ray source generating local ionization levels in
excess of this amount, indicate little if any space charge induced reduction in gain at these
ionization levels. To confirm this, a critical part of our R&D plan during the coming year
is an investigation of space charge effects on chamber operation at high particle fluences
using minimum ionizing particles.

8. IPC Readout Electronics

The IPC readout electronics development is being carried out by a group consisting of
Indiana University, the University of Michigan, Brookhaven National Laboratory, and Oak
Ridge National Laboratory. The development effort is being directed by the IU group. The
readout electronics for the IPC system must satisfy three primary requirements. First, the
signal to noise ratio must be maintained below 1% throughout the readout chain. Second,
the IPCs must be read out in time to participate in a level 2 trigger decision. Third, the
front end electronics must be rad-hard.

The shaped output of each pad signal is sampled every 16 ns, and these samples are
stored temporarily in analog form in a switched capacitor array. Upon receipt of a level
1 trigger, four samples are output fo_ each hit pad. The first sample is used to determine
the baseline for the signal on that pad, and to eliminate pileup. The next three samples
provide three independent measurements of the charge centroid. Multiple measurements
are desirable due to the time jitter of the signal with respect to the beam clock, caused
by electron transit time variations, as well as to obtain the signal timing. It is important
to note, however, that this time jitter does not affect the temporal relationship between
adjacent pad pulses arising from the same avalanche, and does not, therefore, affect the
charge centroid measurement obtained using samples acquired at the same time on all
pads.

Results of a full simulation of the IPC readout, which includes the affects of channel
to channel shaping time differences, clock skew, etc, will be presented at the end of this
section. The full IPC readout architecture is shown in Figure 4. The readout electronics
consists of five functional blocks. The first is the preamp/shaper, which in the current
design would be packaged 8 channels per die. The second is an 16x128 analog memory,
which stores the samples during the level I trigger latency period, and provides buffeting
for hits associated with level 1 triggers occurring during a prior readout. The third element
in the readout chain is a 16 to 1 analog multiplexor, which will be included on the same
die as the analog memory.

The memory/MUX unit is followed by a 15 MFIz FADC, which digitizes the samples
to 8 bits, with an effective 9-10 bits of dynamic range obtained through the use of a center
tapped reference ladder. The final element in the readout chain is the controller, which
services 128 pad channels. It consists of address drivers for the analog memory, a state
machine to control the readout sequence, a zero suppression circuit, and a buffered frame
builder which appends a beam crossing tag to the zero-suppressed data. These frames are
output to the DAQ through a 50Mhz LED/fiber optic link.



e
i

The current design for the zero suppression logic uses a comparator, which scans the
digitized pad signal samples as they are generated. If a sample exceeds a preset value, then
that sample, along with the corresponding sample from the previous and two subsequent
pads are kept. This ensures that all samples required to reconstruct a position are available
in the output stream. This operation is performed on the sample nearest the pulse peak,
which is digitized first in the readout sequence. The location of the pads which were not
zero suppressed on this sample are stored, and the remainder of the 4 samples for these
pads are transmitted regardless of sample amplitude.

A full simulation of the IPC readout electronics has been performed, using GARFIELD
to generated current wave forms for random trajectories through the chamber. Landau
fluctuations and electron diffusion are included in the simulation These wave f_rms are then
convoluted with the transfer function of the preamplifer and shaping amplifier to obtain
shaped anode signals. The cathode pad signals are generated by first selecting a random
position across a pad. This position is used to determine the correct relationship between
the signal on this pad and those on its nearest neighbors. The anode signal is then divided
among the three pads according to these relationships, with an additional attenuation
factor of 2 on each pad signal due to charge sharing with the other cathode plane. These
cathode signals are then sampled at 16 ns intervals. The samples are subjected to smearing
due to amplifier noise, clock skew, and shaping time differences between the three pads.
Clock skew is simulated by adding a random component to the times at which the samples
are acquired. This results in an error in the positions determined from the sample sets
which is greatest for samples acquired on the leading or trailing edge of the pulse. Shaping
time variations are modeled by varying the amplifier transfer function for each of the three
pads on every event, so that each has the same nominal shaping time, but actual shaping
times which differ from this nominal value over a set range. Amplifier noise is simulated by
adding a random component of noise to each sample. After these operations are performed
on the samples, the digitization is simulated, using a set number of effective bits, and the
resulting digital values are used to determine the position. This reconstructed position
is then compared with the true position to evaluate the effects of the various smearing
processes.

Some results from this simulation are presented here. In Figure 5 the relationship
between position resolution and noise is presented. The vertical scale is in microns. In
Figure 6 the dependence of the resolution of the position derived from thesample closest
to the signal peak on jitter in the sampling time is presented. In Figure ? the dependence
of the position resolution, again derived using the peak sample, on channel to channel
shaping time variations is shown.

9. Radiation Hardness

Recent studies of the radiation environment in the GEM central cavity indicate that

the charged particle radiation dose is approximately 0.44(10era/r) 2 MRad/ SSC Yr. To
allow several years of operation at 1034crrt-2s -1 , IPC electronics at a radius of 40 cm
must survive a radiation dose of 2 MRad, while maintaining the noise specification above.
The front end electronics being designed for the GEM outer tracker consists exclusively
of CMOS ICs at the present time, although a bipolar preamplifer/shaping amplifier is
currently under study. Neutrons are generally not as serious a problem in rad-hard CMOS
as ionizing radiation, since CMOS is a majority cartier based process, and therefore not
sensitive to bulk damage. Neutron fluences below l0 is neutrons crn -2 , corresponding to
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an exposure of 500 SSC years, can be handled without serious degradation in performance
in the CMOS processes under consideration by us.

Ionizing radiation in CMOS effects the gate oxide and the field oxide regions. The
primary effects are a shift in the threshold voltage of the transistor and channel mobility
degradation, due to a buildup of holes at the Si-SO2 interface. Because of this threshold
shift, N-channel devices become easier to turn on, and P-channel devices become harder to
turn on. In analog circuitry, threshold shifts result in a change in the biasing of the circuit.
In the tad-hardened CMOS processes under investigation by our group, threshold shifts
of 0.2 V are typical for a 1 MRad dose. At the present time, the development of custom
electronics for the IPC system is being carried out in the Harris AVLSI-RA process, which
is radiation tolerant to the required level, and is the only process known to us with the
required radiation tolerance which possesses high quality capacitors.

As part of our R&D program, we are vigorously pursuing the development and testing
of prototypes in this process, with essentially full scale prototypes of the critical front end
components expected to be fabricated starting in 1993.

10. IPC Preamp/Shaper

The IPC preamp and shaping amplifier circuits are based on a design developed by
the instrumentation group at BNL. In implementing this design in the present application,
the front end preamp/shaper IC is packaged on a separate die from the analog memory in
order to minimize coupling of the digital signals into the analog readout. Two technologies
are being considered for the amplifier. Analog CMOS is available from several vendors and
offers the advantages of cheap, fast multiproject service for rapid prototyping from several
vendors, the availability of BSIM model parameters (the most advanced MOS model for
analog design), and the fact that technology is well-integrated into commercial and public-
domain CAD packages. In addition, a bipolar transistor is always available for use in the
design.

However, bipolar processes remain a candidate for this device. Many foundries have
recently announced advanced processes optimized for high frequency analog work. The
advantages of bipolar are that the devices generally have higher key performance ratios:
gin/C, gin/I, gin/area, and bipolar devices are inherently more tolerant to gamma radiation
damage. The baseline preamp design uses an n-channel input device in a folded cascode
configuration, as shown in Figure 8. The width of the input device must be selected to
optimize the signal to noise ratio by matching the capacitance of the input device and the
signal pad. The first prototypes have an input device with a 10,000 micron gate width
biased at 5 mA (nominal).

The shaper response can be obtained with a variety of circuit configurations. We have
chosen a low-pass stage that has a second-order transfer function. The natural frequency
of the filter in this design can be changed by adjusting the bias current at points in
the circuit. On the other hand, the Q factor (damping factor) is determined only by
ratios of components. Power dissipation is reduced by having two poles per op-amp. A
passive differentiator and two stages of this type form a shaper whose peaking time can
be controlled (for all channels on a chip) by a single bias without distorting the shape of
the resulting pulses. In production, this could be a simple way to trim out the shapers'
manufacturing variations.

10
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Figure 9 shows the results of noise measurements made on a prototype pre-amplifier
circuit, fabricated using MOSIS. In this figure we see the relationship between the RMS
noise and the input capacitance and shaping time. The layout of this prototype is shown
in Figure 10. Tests conducted on a single channel version of this chip demonstrate that the
performance of the amplifier is well represented by the circuit models used in the design
of the chip, and indicate that the design goals will be met. This design has now been
layed out in the Harris AVLSI-RA process, and a fabrication run in that process will soon
take place in conjunction with a fabrication run of a rad-hard switched capacitor array
prototype.

11. _PC Switched Capacitor Array

The IPC switched capacitor array is a 16 channel by 128 cell array under development
at Oak Ridge National Laboratory. The device has simultaneous read/write capabilities,
and will clock at 60 Mhz. The required length of the array is set by the level 1 trigger
latency, which has been established as roughly 2 microseconds for GEM, plus additional
cells required to buffer level 1 triggers during readout. This rather short latency period is
made possible by the proximity of the counting house to the detector in the baseline GEM
design. Some of the critical design parameters are listed in Table 4.

Table 4. Analog Memory Specifications

# channels/chip 16

Pipeline length 128
Channel Pitch 200 microns

Cell Length 30 microns

Dynamic Range 10 bits
AccessTime 500 ns

The R&D plan for IPC electronics development in FY 92-93 calls for the fabrication
of a prototype of this chip in early 1993 in the Harris AVLSI-RA process. As mentioned
above, the preamp/shaper will be fabricated on the same wafer as the SCA in this initial
tad-hard fab run to help reduce the development costs of these chips. The IPC SCA chip
is now under development at ORNL. The basic architecture for the first memory prototype
has been finalized. The initial prototype design will be an 8 channel by 128 cells device.
Several readout topologies are being tested in this prototype, including both voltage read
and a charge read configurations. These alternatives are shown in Figures 11 and 12.

In the voltage write-voltage read (VWVR) topology, the output offset voltage (or
pedestal) could be easier to control than in the alternative configuration, using the residual
charge generated by the switched feedback of the readout amplifier. In the simpler voltage
write-charge read (VWCR) scheme, on the other hand, the output offset is not easily
compensated by p- and n- device matching. A second reason for considering the VWVR
topology is that amplifier compensation providing rapid and stable settling is easier for the
VWVR topology than for VWCR. This results from the fact that the VWCR amplifier has
a noise gain of approximately 2.5 for readout and 1.0 for reset, i,mplyi.ng, that fast, stable
settling times must be maintained over a 2.5:1 change in loop transrmssmn. The VWVR
topology, on the other hand, requires a noise gain of approximately 1.5 during sampling
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and 1.0 during reset. The loop transmission changes only 50% for VWVR instead of 150%
for VWCR. Further simulations and and tests on the prototype device are needed to resolve
this issue.

Several amplifier topologies have been simulated using Flewlett Packard CMOS34 Semi-
Empirical (Level 3) and BSIM (Level 13) models and Harris Semicondictor AVLSI-RA
nominal pre- and post-radiation models. We have settled on three candidate topologies,
two of which will be used on the first prototype chip. Half of the channels will utilize one
of the topologies, half the other. The address control for the initial design will use two
f-bit counters, one for even addresses, one for odd. This will allow at least 16 ns of settling
time for the logic of either counter and will also allow maximum arrayability of the blocks
under development. This circuit is shown in Figure 13. The settling time of this amplifier
is critical in determining the readout time for the system. A BSIM simulation of this
circuit indicates that the settling time to 11 bits is less than 500 ns. Post rad simulations
in the Harris process show no significant increase in settling time. A typical BSIM result
for this amplifier is shown in Figure 14.

12. IPC Flash ADC

The specifications of the Flash ADC (FADC) are given in Table 5.

Table 5. FADC Specifications

Resolution 8 Bits

Dynamic Range 10 Bits

Integral Linearity 1 LSB

Diff. Linearity 1 LSB

Bandwidth 25 Mhz

Conversion Speed 25 Mhz

Extensive tests have been conducted on the performance of a tad-hard FADC developed
by Harris, the HA4009, which would, in principle, be suitable for GEM outer tracker use.
The HA4009 is an 8 bit 25 Mhz FADC developed in the AVLSI-RA process. A complete
suite of tests of the critical performance parameters of the FADC, including the number
of effective bits vs conversion rate, the generation of speckle code, and the integral and
differential non-linearity, have been conducted by our group over a range of radiation
of radiation doses extending up to 6 MRads. No significant deterioration in the device
performance was observed. We are now in the process of repeating these measurements
under neutron irradiation . The HA4009 is equipped with a center tap on the reference
ladder, allowing the device to by run in a bilinear response mode. This extends the dynamic
range of the digitization to roughly 10 bits.

13. IPC Readout Controller

The readout controller i_ under development at Indiana University by Chris Bender.
It consists of a state machine to drive the readout sequence, address drivers for the analog
pipelines, zero suppression logic consisting of an 8 bit comparator and a register containing
the threshold value used in the zero suppression operation described below, an output frame
buffer, and test and calibration circuits.
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The readout controllers on an IPC chamber are serviced by a single low bandwidth
serial input link which allows the threshold values to be set, and to trigger the test and
calibration functions. The readout controller is responsible for driving the switched capac-
itor array write address lines, which are common to all arrays serviced by a single readout
controller. Upon receipt of a level one trigger, the controller stores the write address on
the level 1 pending stack. Asynchronously, the controller initiates a readout sequence,
described in the section on readout timing below. The controller determines the read ad-
dress appropriate to the time of the level one trigger and the current write address, asserts
this address, and latches the capacitor voltage onto the readout amplifier for all channels,
allowing that voltage to settle.

The controller then scans through the analog memory chips and the channels within
each memory chip, allowing the output multiplexer to settle on each channel. An FADC
convert is then initiated after the multiplexer settling period, and the digitized value is
loaded into a pipeline in the controller chip. The value is then compared with the threshold
stored in the controller. If the value is above threshold, a block of four pad locations are
retained, including this pad address, the preceeding pad, and the subsequent two. This
ensures that all signals required to reconstruct an address are retained, independent of
the amplitude of the pad signals in the tail of the induced charge di.stribution. The non-
suppressed digital values and pad addresses are appended to a header containing the bunch
and controller ID, and pushed out the LED output link.

The test and calibration function consists of a circuit capable of injecting a known
voltage pulse onto a line which is capacitively coupled to the readout lines into each
amplifier, at the same time controlling the read and write address lines on the pipeline,
allowing all elements of the pipeline to be read out sequentially. The controller will be
programmed to initiate a test sequence upon receipt of a calibration trigger on the input
link. All the functions of the controller described above could be pr_,vided by a single gate
array chip. Rad-hard gate arrays of the required complexity and speed are commercially
available from LSI Logic. Prototypes of this chip have been developed in a programable
gate array, and are now under test.

14. IPC Readout Link

In the baseline digital readout design, each readout link services 128 pad channels.
With no zero suppression, and assuming two time slices are read out for each hit, the num-
ber of bits being transmitted per channel per event is n=128x(8 bits)x(2 samples)=2Kbits.
If we assume a 10 ms readout time, the worst cast bit rate required by the link is 0.2
Gbit/s. Handling this bandwidth requires rather expensive technology, and it is there-
fore highly desirable to avoid these rates by zero suppressing on the detector. The basic
scheme for doing this in the digital architecture has been described above. Zero sup-
pression requires a very low bandwidth link running into the detector, through widch the
thresholds are input to the system . In a zero suppressed system, the bit rate is given by
r = 128z(hero)z(N.,zSbits + 8bitsaad)/(lOgs). For fze,o = 0.1 and Ns = 2 _'.' find that a
30 Mbit/s link is r¢._quired. This is within the capabilities of a simple LED based system,
as described under the Silicon Strip Optical Data Link in this document.

15. Readout Timing

One of the requirements of the IPC readout electronics is the ability to ship the data
out to 2nd level trigger processors in a time short compared with the 2nd level trigger

13



m

latency period, which has been established as 100 microseconds. In this section we will
examine in some detail the readout timing for the baseline design.

The readout of the pipeline is performed at the 60 Mhz accelerator clock rate. At
present, it is expected that three time slices will be read out for each pad. Simulations
of the readout electronics, described in the Central Tracker Section of the TDR, indicate
that three samples are sufficient, and allow for the jitter in the collection time of the first
electron at the wire, as well as a presample.

In the event of a ]st level trigger, the readout supervisor initiates a readout sequence
by asserting the chip, time slice, and channel address on the address bus connecting the
supervisor with the 8 pipeline chips it services. The access and settling time of the pipeline
is the time critical operation in the readout, and therefore we wish to pipeline this process
to the extent possible. This dictates a readout sequence in which the pipeline chip _ is
clocked at the highest rate, followed by the channel number, with the time slice address
within the pipeline clocked at the slowest rate. In Table 6 we detail the readout cycle,
including timing estimates for each step. A 25 Mhz FADC is assumed. The access time
of the switched capacitor array is based on BSIM models of the readout amplifier of the
array, which predicts a settling time to 11 bits of 500 ns.

Table 6. Sequential Pipeline Readout Timing

Assert Time Slice Address (1 of 3) 0

Wait for SCA to Settle 500 ns

AssertChannel # (i-16) 0

Wait forMUX Settle(2-16) 20 ns

ConvertFADC 40 ns

AssertChip # (I-8) 0

Load Data/Add 17 ns

IncrementChip _ 0

IncrementChannel _ 0

Increment Time Slice _ 0

A total readout time of 11 microseconds is predicted by this timing sequence. This
simple estimate has been verified on the FPGA prototype.

D. Central Tracker Monte Carlo

At Indiana we have built a simulation of the the geometry of the pad chambers in the
Central Tracker using the CERN package GEANT. This simulation includes the current
best estimate of the amount of material in the pad chambers, support structures, the
cooling loops, gas piping, front end electronics, and cables.

Our simulation of the pad chambers in the Central Tracker is shown in Figures 15-
18. In Figure 15 we show an overview of the geometry of the pad chamber detectors in
the Central Tracker with the silicon detector removed. The silicon detector would fill the
region between the beam line and pad detectors. The overlapping trapezoidal detectors
in the endcaps, required for full acceptance, can clearly be seen in this figure. In Figure
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16 we show an exploded view of the sensitive volumes in the four barrel layers and the
trapezoidal regions in the endcaps. Here the rotation of the barrel layers with respect to
adjacent layers, again required for full aceeptance, is illustrated. Figure 17 is an end view
of the Central Tracker. The outline of the silicon detectors can be seen surrounding the
beam pipe, as well as the struts for the support of the pads in the endcap layers. The pads
in the barrel region are also clearly shown. Here we can see how the pads have been canted
at the Lorentz angle of 14°, and how they cover the detector acceptance. In addition the
cooling lines and the cabling for the electronics have been indicated. Figure 18 shows
an enlarged and more detailed view of an endcap region. This figure clearly shows how
adjacent trapezoidal segments within a superlayer overlap.

This simulation has been used to determine the amount of material found in the Cen-
tral Tracker. This tool enabled the Central Tracker to be designed with the minimization
of material as an important constraint on the overall optimization. Support structures
have been designed with composite materials, detector configuration choices have been
made to minimize the paths of services, and other trade-offs were evaluated with material
minimization in mind. Such concerns are important as the material within the tracking
volume limits the low momentum resolution of the tracker and tegrades the GEM high pre-
cision electromagnetic calorimeter performance through the conversion of gammas within
the tracker and the bremsstrahlung radiation from electrons. The material in the current
design is shown in Figure 19. This figure gives the detector mass, averaged over ¢, in units
of percentage of a radiation length. The average amount of material before the outermost
layer of the tracker at 90° is ._ 15% of a radiation length.

A program has been written at Yale which simulates the placement of individual pads
within the sensitive volumes of the Central Tracker. This program was inserted into the
simulation and tested at Indiana. This code assumes that the pad sizes vary around an
average of Ae_a x A¢ _ 0.0007. The pads are approximately 2.5 mm wide in the ¢ direction
and a few centimeters long in the z, or the beam, direction. There are a total of slightly
less than 400,000 pads in the detector.

In the design and optimization of the Central Tracker, occupancies have been a major
concern. The silicon subsystem has inherently small occupancies (_ 0.1% at a luminosity
of 1033 cm -z s-1) due to the very small cell sizes which result from the 50 #m strip pitch.
In the ongoing design of the optimimum pad geometry the Central Tracker simulation is
being used to estimate the occupancy in various parts of the detector. These calculations
included the primary tracks produced in the pp collisions as generated by PYTHIA as well
as secondaries produced in interactions, gamma conversions in the material of the tracker,
and loopers (low energy particles curling up in the magnetic field producing multiple hits
in the tracker). In this calculation it was assumed that the pad detector integrates over
one beam crossing. In Figure 20 we show the results of the occupancy computatations as
a function of 77and barrel/forward layer. Near 90°, the occupancy in the pads is 0.25-0.4%
at a luminosity of 1033 cm -2 s -1, and appoximately a factor of 10 higher at a lunaJnosity of
1034 cm -2 s -1. Previous experience with trackers indicates that the performance degrades
significantly at occupancies above 10%. Figure 20 shows that the interpolating pad system,
while not characterized by occupancies as small as those in the silicon detector, does nearly
as well due to the small pad sizes and limited region of induced signal. We therefore expect
that the pad detector will perform weU even at the highest luminosities of the SSC.

The simulation has also been used to address many physics issues useful in the design
of the Central Tracker. For these studies the simulation assumes the chamber resolutions

as shown in Table 7. 15



i

Table 7. Design Parameters for the IPCs

Pad chamberresolution 50 pm

Pad chamber alignment stability 25 pm

The Central Tracker simulation has is being used to test other design parameters
for the Central Tracker. With an analog readout we expect to interpolate to obtain a
precision of -,_50pro in the ¢ direction. To obtain better precision than the pad length in
the z direction, the pads will be tilted by -4-50 mrad in the two layer of each superlayer,
respectively. This stereo angle will provide a z resolution of -,_ 700ftm, which will provide
a vertex z _._lution of < 2 mm from IPCs alone. The results found in simulations of the
resolution _ _ummarized in Table 8.

Table 8. Monte Carlo Tests of the Design Parameters for the IPCs

chargeseparationat95% C.L. p <_600GeV/c

Momentum resolution:

athigamomenta Ap/p ,,,1.2%

(me_,surement limited)

at low momenta Ap/p ,-, 3.5%

(multiple scattering limited)

Vertex resolution:

' along beam direction 6z --,1 mm

impact parameter _/b_ 25 pm above 10 GeV/c
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E. GEM Figures
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Figure 4. IPC readout architecture
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Figure 15.

Overview of the pad detector geometry
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Figure 17.

End view of the Central Tracker
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Figure 18.

Enlarged, detailed view of an endcap region
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III. MACRO

A. Introduction to M._CRO

MACRO is a U.S.-Italian collaborative effort to search for magnetic monopoles, to
search for cosmic sources of neutrinos and anomalous muons, and to study the composition
of high energy cosmic rays. MACRO stands for _M_Monopole,Astrophysics, and _Cosmic J_ay
_bservatory. This experiment is being built in a tunnel under the Gran Sasso Mountain in
Italy. The mountain will serve as a filter to reject unwanted background cosmic rays, thus
facilitating the detection of monopoles. Additional scientific goals of MACRO will be met
by analyzing other penetrating particles, such as muons and neutrinos. These goals include
searches for neutrino osciUations (using the earth as an oscillation medium) and searches
for extraterrestrial point sources of neutrinos from coUapsing stars and supernovae or from
periodic X-ray binary sources such as Cygnus X-3.

MACRO is a massive detector utilizing liquid scintillator, streamer tubes, and track-
etch detectors. It is organized into 12 supermodules, each 12 m by 12 m by 4.5 m high.
The supermodules are arranged in a double-decker 12 m wide by 72 m long. (A detailed
description of MACRO has been given in previous Progress Reports and in the MACRO
proposal.)

MACRO is located in Hall B of the Gran Sasso National Laboratory (LNGS) at latitude
42°271 N, longitude 13°341 E, at average depth of 3800 m.w.e., and at 963 meters above sea
level. When completed, the MACRO detector will have dimensions 72 m x 12 m x 10 m,
providing an acceptance for isotropic particle fluxes of Aefffl "_ 10,000 m 2 ar.

The first supermodule of the MACRO detector is described in Ahlen et al. (1992a). In
addition we recently published a technical description of the first MACRO supermodule.

• MACRO Collaboration, "First Supermodule of the MACRO Detector at Gran Sasso."
Nuclear Instrument_ and Method_ A324, 337 (1993).

The main components are a streamer tube system, a scintillator system, and trac!:-etch
detector. The streamer tube system is primarily designed for accurate tracking of muons
and slow monopoles. The functions of the scintillator system are to make precise timing
measurements of through-going muons for the discrimination of upward from downward
trajectories, to record the waveforms of muons and monopoles, and to detect low energy
neutrinos from stellar collapse. The purpose of the track etch system is to aid in the
identification of relatively fast monopoles. The general layout of the full MACRO detector
is shown in Figure 1.

Indiana University has major MACRO responsibilities that extend far beyond the shift-
taking required of all collaborators. We are responsible for ERP, the primary MACRO
trigger. We are co-responsible for the liquid scintillator, the primary MACRO detector.
Finally, we are in charge of the US MACRO software effort.

B. Status

As of December, 1992 MACRO has been in data taking mode with the bottom six
supermodules and all electronics. During this time, physical construction of the 'Attico',
(the top six supermodules) has continued, and is nearly complete. This summer the attico
will be instrumented, and will turn on this fall of 1993.
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During the current data run, priority has been placed upon data quality, while in the
past detector construction and testing has been the priority. For the lower six supermod-
ules, the effort has been on fixing the subtle problems, all the major bugs having been
worked out.

The analysis results from the first data runs (those that happened with a partial
detector during construction) have led to five publications during 1992. These are the
following.

• MACRO Collaboration, "Search for Neutrino Bursts from Collapsing Stars with the
MACRO Detector." Astroparticle Physics 1, 11 (1992).

• MACRO Collaboration, "Measurement of the Decoherence Function with the MACRO
Detector at Gran Sasso." Physical Review D 46, 4836 (1992).

• MACRO Collaboration, "Study of the Ultrahigh-Energy Primary Cosmic Ray Compo-
sition with the MACRO Experiment." Physical Review D 46, 895 (1992).

• MACRO Collaboration, "Search for Nuclearites using the MACRO Detector." Physical
Review Letters 69, 1860 (1992).

• MACRO Collaboration, "Arrival Time Distributions of Very High Energy Cosmic Ray
Muons." Nuclear Physics B3_'0, 432 (1992).

In this Technical Report we wish to present results of another analysis of early MACRO
data, performed primarily by our group, involving downward-going muons in MACRO.

C. Downward-Going Muons Introduction, i

During the period 1975-1985 there appeared a growing body of experimental evidence
for the existence of UHE 7-rays from the direction of point sources llke the bright X-
ray binary Cyg X3. For these sources, the integral 7-ray flux at TeV energies is llke that

measured for Cyg X3, N(> E_) = KE_ _, where a = 1.1+0.1 (Nagle, Gaisser, & Protheroe
1988). One striking feature of the Cyg X3 signal in particular was that the showers were
not "muon poor", as expected for electromagnetic showers (Auriemma, Bilokon, & GriUo
1984; Stanev, Vankov, and Halzen 1985; and Berezinsky et al. 1988).

In addition, two underground experiments reported excesses of TeV muons pointing
to the direction of Cyg X3: Soudan 1 (Marshak et al. 1985a,b) and NUSEX (Battistoni
et al. 1985). The most compelling evidence for the association of the muons with Cyg X3
was the modulation of the muon arrival time with the 4.8 h orbital period of the source.

Since 1986, further experiments have only been able to place upper limits on the UHE
7-ray flux from any point source (Weekes 1991). All sources previously reported, e.g.,
Cyg X3, Her X1, and 1E2259+59, have not again been positively identified. Further,
investigations with the underground detectors Kamiokande (Oyama et al. 1986), Frejus
(Berger et al. 1986), IMB (Bionta et al. 1987), and Homestake (Corbato 1989), as well
as early studies with MACRO (Petrakis 1990) failed to detect any significant muon excess
from any source. During this period, only one positive underground muon signal has been
reported. The Soudan 2 collaboration reported a burst of muons from Cyg X3 with a flux
of _ 7.5 × 10-I° cm -2 s-1 at 2090 meters of water equivalent (m.w.e.), unmodul_ted by
the X-ray period, during a large radio flare in January 1991 (Thomson et al. 1991).
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The continuing interest in the detection of muons from cosmic sources comes from the
fact that there is no simple explanation within the framework of the standard model of
particle physics for such an observation. For muons to preserve source directionality and
phase, the primary interacting particle must be low mass, long-lived, and neutral. The most
likely neutral primary is a 7-ray since the zenith angle distribution of the muons seemingly
rules out neutrinos (see e.g., Ruddick 1985; Ruddick 1986; Berezinsky, Ellis, & Ioffe 1986;
Collins and Olness 1987). For a -)'-ray primary to produce a muon above the MACRO
threshold, it must have an energy E.y > 3 TeV. Only two sources, the Crab nebula (Vacanti
et al. 1991; Baillon et al. 1991) and Mrk 421 (Punch et al. 1992), are known to emit
photons exceeding this limit . Using the results of Berezinsky et al. (1988), the expected
flux of muons from the Crab nebula (a = 1.4) is dt,(Et, > 3 TeV) .._ 10-is crn -2 s -1, a
flux well below the sensitivity of the present search. The situation concerning Cyg X3 is
of course more controversial. However, using the upper limit with 95% confidence (C.L.)

given by O'Flaherty et al. (1991), Jr(> 1 TeV) < 3.9 x 10-11 crn -2 s -1, the limit to the
Cyg X3 muon flux (a = 1.1) is < 10 -14 ern -2 s -1. This limit is beyond the sensitivity of
the present search, although it could be reached eventually with the full MACRO detector
running for several years.

Consequently, the search for muon emission from point sources in the present investi-
gation is a search for exotic processes. Perhaps there are sources that produce unknown,
long-lived, neutral particles with typical hadronic interactions (see e.g., Auriemma, Maiani,
& Petrarca 1985; and Baym et al. 1985). Or perhaps 7-ray interactions in the atmosphere
at extreme energies involve unexpected process above _ 1 TeV, as suggested by Drees &
Halzen (1988) and Yock (1991). Another intriguing possibility is that neutrinos contain
strongly interacting preons at a mass scale of .-_1 TeV (Domokos & Nussinov 1987).

In this report we reconstruct the direction of the muons seen by MACRO to survey the
sky for steady point-like sources of muon excesses over the cosmic ray background in the
declination range -5 ° < 6 < 90 °. Throughout these investigations we make the assumption
that the intrinsic angular spread of the muons (or of the primaries) is small compared with
the spread introduced by multiple Coulomb scattering and other electromagnetic processes
in the rock. In addition, we have made a more sensitive search for a muon signal from
several candidate UHE emitters by using a known periodicity to improve the signal-to-noise
ratio. Finally, we have searched our list of candidate point sources for bursting behavior
similar to that reported for Cyg X3 during its January 1991 radio flare (Thomson et al.
1992).

The analysis reported in this paper depends primarily on the streamer tube tracking
system of the lower deck of the first two supermodules. Each supermodule consists of 10
horizontal planes of streamer tubes operating in the limited streamer mode; in addition
there are 6 vertical planes on each exterior side. The spacing between the central streamer
planes is partially filled with rock corresponding to _ 60 g cm-2; the threshold for a #
traversing the apparatus in the vertical direction is ,_ 2 GeV. Each plane of streamer
tubes is read out by wires and pick-up strips at a stereo angle of 26.5 ° which allow the
reconstruction of the hit position within trz × tr_ = 1.4 × 1.1 cm 2. In the track
reconstruction procedure, a search is first made for a set of aligned points. A linear fit to
these selected points is then performed, and the track parameters are calculated.

The statistical uncertainty in the direction of reconstructed tracks of the first MACRO
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supermodule has been experimentally determined by measuring the space angle between
the tracks of double muon events. The distribution of these angles is shown in Figure 2. In
this distribution, approximately 68% of the events have a space angle _<1.4 °, which implies

a statistical uncertainty in pointing 1.4°/x/_ _ 10 (1or). This uncertainty is a convolution of
several factors• The main contribution is due to multiple Coulomb scattering as the muons
traverse the rock overburden. In addition, there is the contribution due to the intrinsic
resolution of the detector, which corresponds to an uncertainty of 0.48 ° (1¢r) (Ahlen et al.
1902a). The systematic errors in the absolute pointing are estimated to be < 0.1°, based
on a survey from geographical references outside the tunnel.

For the downward-going muon (or muon astronomy) studies reported here, we have
conservatively chosen 1.5 ° as the radius of the search window. This window would contain
81% of the muons originating from a point source.

D. Data Selection

The muon data reported here were collected by the first MACRO supermodule (12 m x
12 m x 4.8 m) during two extended periods, and by the first and second MACRO super-
modules (24 m x 12 m x 4.8 m) during a third. For each of these three data sets, the dates
and the number of active supermodules are given in Table 1.

Table 1. Parameters of Muon Data Sets

Set_ Periodof SMs

, DataTaking Active

1 '_'ebl 27, 1989- May 30, 1989 1

2 Nov.11,1989-May 10,1990 I

3 May 10,1990-Feb.5,1991 1,2

The muon detection efficiency is the product of the trigger efficiency, _t, and the track
reconstruction efficiency, er. In our apparatus, _t > 99% due to multiple triggering schemes.
However, the track reconstruction efficiency differs more significantly from 1 because of
its dependence on factors like the efficiency of the streamer tubes and the requirements
of the reconstruction procedure (viz. _ 4 of 10 planes hit). We have evaluated _r on a
run-by-run basis by selecting clean muon events using two separate scintillator triggers.
We used scintillator information alone for this sample of muon events in order to keep
it free from the bias of using streamer tube information to define the efficiency of the
streamer tube system. We have investigated the possibility that a hot scintillator box
could generate spurious muon events as selected by our criteria. Our studies demonstrate
that such spurious muon events are too few to significantly affect our computation of the
efficiency.

This sample shows that e, has a Gaussian distribution with a mean of g_ _ 0.81. The
factor that reduces the track reconstruction efficiency most significantly is its dependence
on track length, in the sense that shorter tracks have a lower probability of being recon-
structed. In particular, corner dippers are likely to trigger the apparatus, although they
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are unlikely to give a reconstructed muon track. The er quoted above is an average over
all track lengths, and should be regarded as a conservative estimate.

During data taking period #3, no scintillator trigger was in operation on the second
supermodule (SM2). We have estimated the muon detection efficiency in SM2 during this
time to be that of SM1, scaled by the ratio of the number of reconstructed tracks in SM1
and SM2.

For each data set, we list in Table 2 the number of events with reconstructed streamer
tube tracks.

Table 2. Events Lost to Cuts

Set # Numberof EventsLost to: Numberof Exposuretime

Events runcuts eventcuts EventsAnalyzed (hours)

1 249,795 2,154 3,649 244,333 1,942.87

2 385,228 9,287 13,321 365,148 3,072.05

3 1,388,533 53,331 27,281 1,2351321 5,274.90

Total 2,023,556 64,772 44,251 1,844,802 10,289.82

We then applied two general types of cuts to these events, those which eliminate entire
runs and those which target specific types of events within a run. The following types of
runswerecut:(I)Runs withlowe_ciencieswerecut.The cutoffwas setat30"below_ for
thatdatasetas determinedby fittinga Gaussianfunctiontotheefficiencydistribution.
(2)We have excludedrunswithpeculiarrates,specificallythosewith an eventrate<
10/hour/supermodule(usuallyveryshortruns),oran eventrate> 250/hour/supermodule
(shortrunsorrunswithpeculiarstreamertubeactivity).(3)Runs werecutforspurious
dataacquisitionbehavior.We haveappliedthefollowingeventcutstothedata:(1)Events
withzenithangle> 72° wereexcluded.(2)Eventswereexcludedifthemultipicityinthe
stripviewand themultiplicityinthewireviewdifferedby more than 2.(3)Eventswere
excludedwhen taggedwithan incorrectUTC time.The number ofeventsexcludeddue
torun and eventcutsislistedinTable2.Thisisfollowedby a column thatgivesforeach
datasetthenumber ofeventsanalyzed.A totalofapproximately1.8x 106eventssurvive
the cuts.The finalcolumn ofTable2 givesthe exposuretime,definedas the time the
detectorwas activelycollectingthesedata.

The zenithangleand azimuthalangledistributionsforalltheeventsinthelocalrefer-
enceframe areshown inFigure3.The shapesofthesedistributionsreflectthemountain
overburden.InFigure4 we plotthefightascensionand sindeclination(sin/_)distribution
fortheseevents.The structureseenintherightascensiondistributionisprimarilydue to
theeffectsofdetectordowntime.

E. Search Criterion

The muons seen in MACRO are primarily the result of the interaction of charged cos-
n'tic ray primaries (E > 10 TeV) with the atmosphere, although single muons do result
from primaries of lower energy. Above the earth's atmosphere, these cosmic ray primaries
are isotropically distributed due to propagation effects through the Galactic magnetic field.
At the surface of the earth, the distribution of these muons integrated over long times is
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expected to be highly isotropic in right ascension, but to have a declination distribution
that depends on the observer's latitude (through the zenith angle dependence of muon

production). Underground, at MACRO, this muon distribution will remain isotropic in
fight ascension, but its declination distribution will be modified by the known rock over-
burden. A search for astrophysical sources of muons, therefore, can be made by looking
for a statistically significant excess of muons from a particular direction with respect to
the expected number of muons from that direction.

The distribution of muons actually observed at MACRO from an isotropic primary
flux, however, will match this expected distribution only as long as there are no gaps in
the data taking and the detector remains perfectly efficient. To account for the time gaps
that do occur and the changing detector e_ciency, we have computed the expected muon
distribution on a run-by-run basis by Monte Carlo simulation. In the following we will use
the term "background" to designate the expected number of muons computed in this way.

The simulation is based on the fact that for an isotropic distribution of cosmic ray
primaries, the muon arrival times and directions are uncorrelated and therefore can be
chosen independently. The simulated arrival times for each run were initialized with the
observed time for the first event in that run. Event arrival times were simulated by using
the mean time between events for each run to choose exponential deviates, At, and then
computing ti+l = ti + At. The dead-time is sufficiently short (_ 50 ms) compared with
the mean time between events (> 10 s) that it could be ignored in these computations.
This method successfully reproduced the distribution of time differences between events
(Ahlen et al. 1992b), a particularly important consideration in the search for periodicities.
Event positions were then chosen from the observed two-dimensional distribution of zenith
and azimuthal angles. We combined the simulated position and time for each event to
calculate the expected right ascension and declination.

In Figures 4a and 4b, the fight ascension and sin6 distributions generated by an
average of 25 Monte Carlo simulations are shown as triangles superposed onto the data
distributions. We use the average of 25 Monte Carlos since fluctuations in the simulated
fight ascension distribution (_r ._ 25 events) are then small compared with fluctuations in
the data (or _ 125 events). The background simulations reproduce the structure in the
fight ascension quite well because the gaps in continuous running are explicitly accounted
for in the Monte Carlo.

F. All-Sky Survey

We have used the right ascension and declination distributions to search the sky accessi-
ble to MACRO for statistically significant sources of muon excess. As a first step the muons
were sorted into bins of equal solid angle, A_/ _-- 2.1 × 10-3(Aa = 3.0°_ Asin/5 -- 0.04).
These bins have approximately the same _ as a cone of half-angle 1.5 °.

The deviation from the mean for each solid angle bin was computed using the Gaussian
statistic (hobs -nezp)/_, where hobs is the observed number of events in the bin
and neap is the number of events expected from the background. Figure 5a shows the
distribution of these deviations for the 3,960 bins in which the number of events is __ 16.
Bins with small numbers of events were excluded because the Gaussian approximation to
the deviation is not valid for them. Superposed onto this distribution of deviations is the
best-fitting Gaussian, for which x2/DoF = 87.7/68. The mean of the Gaussian is near
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zero (-1.6 x 10-_) and cr is 1.0, as expected for a distribution of random fluctuations. The
largest deviation in this distribution is +3.82a; there is an a priori probability of 0.26 of
finding a deviation at least this large from random fluctuations in the background.

The survey was then repeated using a set of bins shifted with respect to those of the
first survey. This second survey reduces the possibility that a weak source was missed
because it was located near the edge of a bin and the signal was spread into adjacent bins.
For this second survey we shifted the right ascension bins by +1.5 ° and the sin 6 bins by
-.02. At the pole we constructed a cap of solid angle Aft = 2.1 x 10-s. The remaining
polar solid angle region was divided equally into 59 bins. This procedure prevents the
polar bins from becoming long and narrow. As above we computed the deviation from the
mean for every solid angle bin. Figure 5b shows the distribution of these deviations for
the 4,020 bins in which the number of events is >__16 and sin/_ > -0.34. Superposed onto
this distribution is the best-fitting Gaussian, for which x2/DoF = 71.0/70. The mean
of the Gaussian is -3.8 x 10-s and ¢r is 1.02, as expected for a distribution of random
fluctuations. The largest deviation in this distribution is +3.97cr; it does not overlap the
largest deviation in the unshifted survey. There is an a priori probabiLity of 0.14 of finding
a deviation this large from random fluctuations in the background.

We conclude that there is no evidence for a steady source of muon emission in our
data.

Although there are apparently no muon point sources present in our data, we have
nevertheless investigated whether any high energy sources are found within the solid angle
bins with the largest deviations (> 3.5_r). There are no coincidences in the catalogues of
Joss & Rappaport (1984) and Nagase (1989). There is an X-ray source with no optical
counterpart, 1//1151 - 130 = 4Ul147- 12 (Woods et al. 1984), within the bin with the
largest deviation in the unshifted survey.

In Figure 6 MACRO's exposure, A_// x f x t,=v,a is plotted as a function of sin 6.
The average effective area, Ae/[, for each bin was computed by averaging the projected
area seen by each muon, Aeff = _i A(Oi, ¢i)/noba, where _i, ¢i are the angular coordinates
of the muon in the detector frame and the formula for A(Oi,¢i) assumes that the detector
consists of 10 horizontal planes of streamer tubes, at least 4 of which must be hit (Bologna
et al. 1985). The fractional exposure time, f, was computed by checking which bins were
< 720 from the zenith at the arrival of each event. The total exposure time, ttt_,os was
taken from Table 2.

Following the prescription of Helene (1983), we have used hobs and rtezp to compute
the upper limit with 95% C.L. for the undetected muon signal in each bin, n_,(95%). The

upper limit with 95% C.L. to the muon flux in each bin, JStd_(95%)_,, was computed from

n_(95%) _2s_ I (1)
J_'dY(95%) <- _Ae.¢.¢Y tear,,,, cm ,

where g is the average efficiency for each solid angle bin. Explicit computation shows
that the average efficiency has tittle dependence on right ascension and declination, and is
approximately given by _ _ 0.81 × 0.81, where the first factor is due to bin size (§2) and
the second factor is due to the efficiency of track reconstruction (§3).
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The 95% confidence limits to the muon flux, J_d_(95%), for all bins are shown in
Figure 7 as grey-scale intensity levels mapped in equatorial coordinates. A typical upper

limit at 6 .-_45 ° is of order J_td_(95%) _< 2 × 10-12 cm -2 s -1.

G. Periodicity Search for Selected Point Sources

It is well-known that when the emission from a source is modulated with an a priori
known period and a small duty cycle, the signal-to-noise ratio can be improved by a
periodicity analysis. In fact the reports of a statistically significant muon excess in the
X-ray binary system Cyg X3 (Marshak et al. 1985a,b and Battistoni et al. 1985) at a
particular phase of the orbital period were the result of such an analysis. In the following
we describe the results of periodicity analyses of the muons from the direction of Cyg X3
and several other sources with well-established periods. The sources investigated are listed
in Table 3 (except for 1E2259+59 which was only included in the burst analysis).

Table 3. Point Sources Investigated

Source a(1950) 6(1950) f Ae_ <depth>

(m2)
4U0115+63 I h 16m 630 33' .864 213.0 3731

Crab 5h32m 21059' .467 227.3 3608

HerX1 16_ 56'n 35025' .550 223.0 3902

4U1907+09 19h 09" 9040' .421 213.1 3556

CygXl 19h 56"_ 35003' .549 220,5 3914

Cyg X3 20h 30m 400 451 .582 216.4 4008
1E2259-t-59 22h 59_ 58031t .747 207.6 3852

Included in Table 3 for each source are the position in equatorial cooordinates; the
fractional time, f, the source is _<720 from the zenith; the average effective area, Ae//; and
<_depth_, the average pathlength traversed by muons from the source direction in meters
of water equivalent (m.w.e.).

For the muons with directions pointing back to a 1.50 half-angle cone centered on
Cyg X3, we have constructed a phase diagram based on an extrapolation of the quadratic
ephemeris that van der Klis & Bonnet-Bidaud (1989) fitted to the X-ray light curve ob-
tained by EXOSAT. The arrival time of each muon was first corrected for the earth's
motion with respect to the solar system barycenter, and then was folded with the extrapo-
lated light curve to obtain the phase. The phase diagram for two complete cycles is shown
in Figure 8. The average expected number of muons in each phase bin is also shown in
Figure 8 as a dashed line. From this figure we see that the largest deviation in one com-
plete cycle is found in phase bin .8 <_• _ .9 and its magnitude is _ 2.1cr. We therefore
conclude that our data show no evidence for a modulated muo,l signal with this period.

We have computed the 95% confidence limit to the modulated muon flux from the
direction of Cyg X3 using an equation analogous to eq.(1). Since the modulated muon
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emission reported by Soudan 1 (Marshak al. 1985a,b) and N.USEX (Battistoni et al. 1985)
was found in a phase bin of width A6 = 0.1, we have used m our computation the phase
bin which shows the largegt fluctuation, 0.8 _< _ _< 0.9. In Table 4 and Figure 9 we
give this 95% confidence limit. On Figure 9 we have in addition displayed the Limits and
observations reported by other underground experiments.

Table 4. Search for Modulated Muon Signals
from Point Sources

........... (:rr'-:a,1)
........4U0115+63 24.32d 'ia) ......orbital 0.79 <:8.9 × 10-la

Crab 33.3"_'(b) pulsar 0.90 < 1.1 × 10-12

HerXl 1,70a (c) orbital 0.98 < 9.4 × 10-13

4U1907+09 8.38a (d) orbital 0.57 < 1.4× 10-12

CygXl 5.60d (e) orbital 0.68 < 9.0 x 10-13

CygX3 4.79h (f) orbital 0.06 < I.ix 10-12
, f , ,, , ,,,,

In Table4 we alsogivetheresultsofperiodicityanalyseson severaladditionalX-ray
binariesextractedfrom the compilationsofJoss& Rappaport(1984)and Nagase(1989).
These sourcesallhavewell-determinedephemeridesand stableperiods(seereferencesin
Table 4).

We have also searched for a periodic muon signal from the Crab pulsar. The Crab pul-
sar is a pulsed X-ray emitter and the Crab nebula is a known TeV "y-raysource. Although
its pulsar period is extremely short, 33 ms, the Crab pulsar is nevertheless an extremely
accurate clock with a period determined to better than 10 significant figures (Massaro et
al. 1991) and a periodicity analysis would find a signal if one were present.

The results of all these searches were negative, and the corresponding flux limits,

J_°d(95%), are also reported in Table 4.

H. Search through Period Space

Sincetheephemerideswe haveusedinour periodicityanalysesarederivedfrom mea-
surementsthataretypicallyseveralyearsold,thereisa reasonableprobabilitythatthe
uncertaintyin theperiod,when extrapolatedto the time ofour observations,willhave
washed outthesignal.This can be seenby simpleerroranalysis.The errorinthephase,
6q_,accumulatesoverthelengthoftheobservationperiod,T, as

_._-_2/_P=
N _P

p'

whereP istheperiod,6P istheerrorintheperiod,and N = T/P isthenumber ofperiods.

Therefore,a successfulperiodicityanalysisrequiresI_P/P<<_N -z.ForouranalysisofCyg
X-3,which usesdataobtainedovertwo years,itsperiodmust be known with a relative
errorof-._.02%. Sincethe ephemerisofvan der Klis&:Bonnet-Bidaud(1989)isbased
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on the X-ray light curve of 1983-1985, our extrapolation will likely not have the required
precision.

We have therefore searched through period space for a modulated muon signal from
the sources in Table 4 with a period displaced from the fiducial X-ray period P0. For this
analysis we divided the data into 4 samples with approximately equal run times. Two
of the samples are coincident with data sets #1 and #2 while samples 3 and 4 result
from the division of data set #3 equally into two. We investigated 4 data samples of J
approximately equal run time so that each sample would have approximately the same
independent Fourier spacing (IFS), 6P = P2/At, where At is the total length of time over
which the data were obtained (cf., Table 1). The IFS is the standard increment used in
period searches.

In order to evaluate the statistical significance of a potential signal, we use the Z _
statistic (Buccheri & Sacco 1985) given by

1z2 1 (2)= ---- t)/P + ,
n°bs j=l Li=I Li=I

where tl is the arrival time of the ith event, P is the running trial period, and rtobs is
as above the total number of muons in the window. This statistic, which is the sum of
the Rayleigh powers of the first 5 harmonics (de Jager 1987), is appropriate because the
modulated muon emission reported for Cyg X3 had a relatively small duty cycle (_ 10%)
in the phase diagram. It follows from the Shannon sampling theorem that the sum of five
harmonics of the basic periodicity is needed to reconstruct the signal (Wiener 1948).

The a priori distribution of the Z 2 statistic is a x2-distribution with 10 d.o.f. (Buccheri
and Sacco 1985), assuming there are no gaps in data taking. This is not our case. Therefore,
we evaluated the significance of the deviations observed for the test statistic by constructing
artificial data sets in which the events were distributed randomly in phase.

In Figure 10 we show the results of our search through period space for a modulated
muon signal from Cyg X3 in the 4 samples, plotting the value calculated for Z 2 as a function
of the trial period. The dotted lines represent the estimated 1% probability levels from the
Monte Carlo calculations. In Table 4 we give our estimate of the confidence level of the null
hypothesis W(>__ Z2), namely the probability of finding by chance a random fluctuation
of the statistics as large as Z _, for the fiducial period taken from the ephemerides. This
statistical test reinforces the conclusion that there is no modulated signal present at the
fiducial period.

It can be seen in Figure 10 that there is no large fluctuation which appears consistently
at the same period in the four samples. Nevertheless there are fluctuations with a probabil-
ity < 1%. To estimate the significance level of these fluctuations, I¥(>__ZZ(rnaa:)), we must
make a correction for the number of trials, N. For this investigation N = 101 x 4 = 404
because we have searched through 101 IFS in 4 independent runs. Let p be the probabil-
ity of an occurence of a fluctuation as large as Z2(rrtaz), as determined by Monte Carlo
methods. Then W(>__Z2(rnaa:))= 1-(1-p) N. With this correction, W(>_ Z2(rnaz))__ 1.
The result is that we have no evidence of a modulated muon signal from Cyg X3, with a
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period displaced from the nominal X-ray period by £ 5%.

The same search through period space was applied to Her X1, 4Ui907+09, and Cyg
X1. As for Cyg X3, we di'eided the data into 4 samples with approximately equal run
times, and we used the IFS for data set #2. We have investigated 50 IFS on either side of
the fiducial periods in steps of 1 IFS for a total of 101 possible periods. For these aources,
as for CygX3, W(> Z 1.

i. Seareh for Bursting Episodes

One of the most striking peculiarities of the Cyg X-3 system is its episodes of flaring
activity at radio wavelengths. On the average, once or twice per year, the radio emission
from this object, which is ordinarily at a quiescent flux density of a few rnJy, rapidly jumps
to a flux density of tens of JY and remains there for a few days. Recently Thomson et al.
(1992) reported the detection of two unmodulated muon bursts from Cyg X3 correlated
with a large radio outburst that occurred in January 1991. The radio burst peaked on
21 January 1991, and the two unmodulated muon excesses that were observed on 20 and
23 January 1991 had fluxes J++__ 7.5 x 10-1° cm -2 s -1 at 2090 rn.w.e.. The fact that
a positive underground muon signal was reported around the time of the radio burst has
led to the suggestion that the many reports of the absence of a muon signal from Cyg X3
might be related to its relatively quiescent state at the time the observations were made.

We have searched our complete data set, which includes data taken at the time of
the January 1991 radio flare, for a statistically significant daily burst of muons from the
direction of Cyg X3. In addition, we have searched for daily bursts from the remaining 6
sources in Table 5. For these searches we compute the quantity -log10 A, where

't'l,obJ

A= t - (3)
n--+0

Here nob+ is the number of rnuons seen on any particular day and _eep iS the expected
number computed by Monte Carlo simulation. The A statistic represents the probability
of observing a burst at least as large as n,,ba due to fluctuations in the background, which
are assumed to have a Poissonian distribution about ne,v.

In the absence of muon bursts, the a priori expectation is that the cumulative fre-

quency distribution of A is a power law of index -1 since any A is equally probable. This
expectatmn, however, is only valid for observation trials of equal length. For the 7 sources
in Table 5 we have computed the cumulative frequency distrlbution of A for the 135 days
in which the detector had less than 1% down-time. In Figure 11 we show a log-log plot
of this cumulative frequency distribution. The straight line resulting from a least squares
fit to this distribution has a slope of -0.97 and is shown superposed. Since this straight
line fits the data well, we conclude there are no statistically significant daily bursts in this
data set.

The result of our search for a statistically significant burst from the direction of Cyg X3
for all days in the 3 data sets, including days with significant down-time, is shown, in
Figure 12. In this figure we have also marked the dates of all reported radio bursts durmg
the period MACRO was operational (Umana 1991). In Figure 12 there are 7 days in which
-log10 A >_2.5, and 2 days in which -log10 A > 3.0. We have tested whether the number
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ofmuons seenon thesedaysrepresentstatisticallysignificantdailyburstsby simulating
thedailybackgroundinthedirectionofCyg X3 usingPoissonianstatisticsand ne,p.The
resultsof 1,000simulationsshow thatthe chanceprobabilityofobserving7 fluctuations
with -log10A >_2.5is14%, and thatofobserving2 fluctuationswith -log10A > 3.0is

_. 43%. We concludethatMACRO has not observeda statisticallysignificantdailyburst
from the directionofCyg X3. In Table5 we givetheupper limitwith95% C.L.tothe

flux,Jburst(95%),forthelargestdailyfluctuationinFigure12.
Table 5. SearchforBurstingBehavior

from PointSources

Source J_'" (95%)

-I)
4U0i15.63 < 9.4× I0-II

Crab < 2.4× 10-m

Her XI < 1,5x I0-I°

4U 1907+09 < 2.2× I0-to

Cyg Xl < 1,5 × 10 -t°

Cyg X3 < 2.0x i0-I0

1E2259+59 < 1.5 × 10-1°

We have alsosearchedfora daily,unmodulated muon excessfrom the remaining6
sourcesinTable5. As forCyg X3 we findno evidencefora statisticallysignificantdaily
fluctuationduringany oftheapproximately500 dayseachsourcewas observed.For each

sourcewe givetheupperlimitwith95% C.L.totheflux,Jbu'st(95%),fortheday inwhich
thelargestdailyfluctuationwas found.

J. Source Parameters for Cyg X3

Up to this point we have computed detector-dependent flux limits for sources. However,
by assuming a physical model, we can calculate detector-independent source parameters.
We have derivedupper limitsto the Cyg X3 sourceparametersassuming an integral

spectrumoftheform K,(am)E_a°.With thisspectralform,thenumber ofmuons observed
atMACRO is

CO
#t

)E;(o.+1)

*J

,ime

× A,,f;(e,¢,t) (t)g(co,e)P(E,,,h). (4)
Here A.fl(O, ¢,t) = A.H(O(t),qb(t),t ) is the detector effective area computed as described
for Figure 5. The zenith angle, 0 = O(t) and the azimuthal angle ¢ = ¢(t) are functions
of time because of the changing position of Cyg X3 with respect to MACRO; the explicit
time dependence in Aef.f is the result of the changing number of supermodules used in the
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data collection. In addition, e = e(t) is the time-dependent, run-by-run detector e_ciency;
g(cos0) = sec0 is the dependence of muon production on zenith angle, assumed the same
as high energy muon production in the atmosphere (Gaisser 1990); and P(Eu, h) is the
survival probability for muons of initial energy E u to penetrate a slant-depth h. Again
because of the changing position of Cyg X3 with respect to MACRO, h - h(t).

We have computed upper limits to the source parameters in Cyg X3 from eq.(4) using
our 95% confidence timits to the steady number of muons (119,8), the modulated number
of muons (21.9), and the average daily number of muons (4.0) seen during data set #3.
For P(Eu,h ), we used the survival probabilities calculated by Bilokon et al. (1992) who
propagated muons through the average composition of Oran Sasso rock using GEANT
(Brun et al. 1991). For this computation, we assumed that 81% of the muons from
Cyg X3 that survive to the detector fall within the 1.5 ° search window. The integral was
evaluated by Monte Carlo methods, and the results are shown in Figure 13.

We have repeated the above computations for a source model which assumes prompt
muon production, that is, 9(cos0) = 1. For this model, the upper limits are a factor of

1.2 above those shown in Figure 13 for as -- -2.0. This factor, quantifying the difference
between the two source models, varies by less than 10% over the entire range of spectral
indices investigated.

K. Conclusions

We have investigated approximately 1.8 x 106 muons collected by the first and second
MACRO supermodules during a little more than a year of live time. Our all-sky survey for
muon point sources has yielded no evidence for a source of steady muon flux. In regions
with the greatest exposure, we have reached a flux limit of F, td_ = 7 x 10-13 cm -2 8-1 . We
have searched for a periodic muon signal from Cyg X3. We find no evidence for modulated
muon emission at the fiducial X-ray period, nor at periods displaced by < 5% from the
fiducial. A search for daily bursts of unmodulated muon emission from Cyg X3 has also
yielded no evidence for statistically significant fluctuations. We have used our upper limits
to the Cyg X3 muon flux to compute detector-independent source parameters, assuming
a power-law energy spectrum of muon emission.

We have repeated the analysis for the several additional high energy sources listed
in Table 3. For all these sources we find no evidence for modulated muon emission at
the reported fiducial periods; searching through period space also gives negative results.
Analysis of the daily muon emission from these sources shows that the fluctuations observed
are consistent with random fluctuations in the background.
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M. MACRO Figure Captions

Figure I.Generallayoutofthe fullMACRO detectorinHallB ofthe Gran SassoLaboratory.

Figure 2. The distributionofthe spaceangleAe between reconstructedtracksindoublernuonevents.Over

68% oftheeventsfallwithinthe cross-hatchedregion.

Figure 3. (a)Azim,:tbdangledistributionforthe totalmuon sample.(b)Cosinezenithangledistributionfor
the totalmuo_,sample.

Figure 4. (a)Rightascensiondistributionforthetotalmuon sample.The averageof25 Monte Carlosimulations

issuperposed.(b) sin6 distributionforthe totalmuon sample. The averageof 25 Monte Carlo

simulationsissuperposed.

Figure 5. (a)Deviationsfrom the mean formuons in equalsolidanglebinson the sky. Superposedisthe
best-fittingGaussian.(b)Deviationsfrom the mean formuons inequalsolidanglebinson the sky.

Binshave been shiftedby +1.50 inrightascensionand by -0.02in sin6compared with Figure5a.

Superposedisthe best-fittingGaussian.

Figure 6. AverageexposureofMACRO as a functionofsin6,computed as describedinthe text.

Figure 7. The 95% confidencelimitson the muon fluxfortheall-skysurveyinequatorialcoordinates.

Figure 8. Phase diagramformuon eventsfrom a 1.5o half-angleconecenteredon Cyg X3. The periodforthe

phasecomputationcomes from theparabolicephemerisofvan der Klisand Bonnet-Bidaud(1989).
i

Figure9. The MACRO limitto themodulated muon fluxfrom Cyg X3 compared with the resultsfrom other
undergrounddetectors.

Figure10.Searchthroughperiodspacefora modulated muon signalfrom Cyg X3 forthe4 datasamples.The
solidlinesarethe Z2 statistic;the dashedlinesare 1% probabilitylevelscomputed by Monte Carlo

methods. Po isthefiducialperiodfrom the parabolicephemerisofvan der Kllsand Bonnet-Bidaud

(1989).

Figure11.The logof the cumulativefrequencydistributionvs log10A_>log10Ao for945 source-daysforthe

sourceslistedinTable 5.Superposedisa least-squaresfitstraightlinewhose slopeis-0.97.

Figure12. The searchfordaily,unmodulated rnuonexcessesfrom Cyg X3. Plottedis-log10A asa functionof
Julianday.The figurehasbeen dividedatthedateon whichboth SMI and SM2 became operational.
The datesofseveralr_dioburstsaremarked.

Figure13.Upper limitstothedetector-independentsourceparametersforCyg X3 fora rangeofspectralindices,

ascomputed from eq.(4).The upper limitshave been computed forthe95% confidencelimitsto the
steady,modulated,and averagedailymuon flux.
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N. MACRO Figures

Figure I.
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ALL-SK'_* SURVEY
95% Confidence Limits on Muon Flux

+9O

+60

+30





w

'''' i''''''''_'''i' '' ili ''' I'''' I°' _'-I'_"' I' _'' i_''"''"'_

-10
10 _ Modulated MuonFlux _

_m fromCyg X3

|, _ Soud_2-11 v 0
' 10 Soud_ml

c_ . Kamiokande =.
- (_ NUSEX "- O -

-12"

_ 10 _ t Homestake
-- MACRO

..

m

-13
I0 ®

- $ -
!,,p i I I i i i i I i , i , I i i f t, I , i I ,I,, I i , i I, I , , I ,I,I,, , _ I i I I J I J

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

Depth (m.w.e.)

Figure 9.

61



,,+

Figure 10.

62



loglo(cumulative frequency)
I I I I I

o J o

, , I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' i ' ' ' ' I '
I - 3

I

' i

I

I

I



Figure 12.

64



• t I
• i

Figure 13.

65






