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Figure 1: The data sampleof 8 10*° muons collected in 2005 should yield a muon lifetime measuremen
with a statistical uncertainty of 4ppm.
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1 Summary

The MuLan collaboration aims to measurethe positive muon lifetime to a precision of one part per million
(ppm), which would represert more than an order of magnitude increasein precision beyond the current
world average, about 20ppm. The muon lifetime is usedto determine the Fermi coupling constart Gg,
which is the fundamertal quartity governing the strength of any electroweak process. Recen theoretical
work [I] enablesa clean extraction of Gg from  and pavesthe way for a new high-precision measuremen
Indeed, MuLan is only one of three current e orts to measurethe muon lifetime.[iZ, [3]

In 2005,the MuLan experimert ran twicein E3. This included a two-weekbeam study program in June
and a six-week nal commissioningand physicsrun in the fall. Theseruns weresuccessfulnd the experiment
is ready for production running in 2006 and 2007. The nal two technical hurdles, outlined at the Users'
Meeting last year, were the failures of the MOSFET switchesin the kicker systemand the missing waveform
digitizers (WFDs). The MOSFET cardswererepaired by our TRIUMF colleaguesand the addition of over-
current protection as well as a careful program of calibration and maintenance have rendered the system
far more robust (sectionH). In the fall run, using tunes establishedin a summer beam test, the extinction
factor was typically better than our systematic requiremert of one thousand. All 340 WFD channelswere
producedin July and weredeliveredfor usein the fall engineering/physicsrun (section@). Apart from a few
modest rm ware and power issues,they worked extremely well. The pulse and timing information provided
by the WFDs has already proved to be a spectacular successagain meeting the demandsoutlined in the
original proposal.



We continue to make good progresson the analysis of the fall 2004 data and expect a result to be ready
in the early summer of 2006 (section[). We have identi ed a potential systematic problem related to the
few per thousand muonsthat stop just upstream of our target (betweenthe Entrance Muon Counter (EMC)
and the target, inside the 40cm long helium corridor). We con rmed the stopping distribution by using
the MuCap detector (and a day of their running time, graciously o ered by the MuCap collaboration) to
measurethe stopping distribution along the corridor. Although we estimate the e ect of theseerrant muons
to be of order 10 ppm, they remain a subject of investigation. Before production running in 2006, either the
helium bag will be replacedwith a vacuum tube or we will imposea magnetic eld in that region, perhaps
with a saddle coil wound around the outside of the helium bag corridor (section[3).

Our 2005 successefclude:

Dedicated extinction factor (EF) studies were carried out before the fall run (section3). The twin
goalsof an EF > 1000and a rate of approximately 7 MHz were achieved.

The kicker worked a wlessly over a sewveral month-long period, at the designplate voltage of 12:5kV
(sectiond). This included usein \Muon on Demand" mode for the MuCap experimert.

The EMC was equipped with a custom Field Programmable Gate Array (FPGA) readout (sectionB).

An real-time, online monitoring system was implemerted to track the health of the system and help
track down any problems quickly (section@).

A data setof morethan 8 10'° positron decays wasobtained in approximately two weeks,and analysis
have begun (section[I0).

Disappointments include:

Becauseof power/cooling problems, we had to run with 10 percert of the WFDs removed from the
array of six VME crates (sectiond). We are investigating this anomaly and can correct it by adding a
sewernth crate in 2006, if required.

Early in the run, rm ware problems on the new WFDs causedminor aws in the data stream.

The data acquisition livetime wasa modest ft y percent (section[d). We expectit will be much greater
in 2006when fewer data words will be written per decay positron and online data compressionwill be
implemerted.

The Collaboration remains strong. Sciertists at every level helped to make our 2005 data taking run a
successjncluding Ph.D. and Master's candidates. Dan Chitwood of the University of lllinois is writing his
Ph.D. dissertation on the 2004 analysis. David Webber, also of lllinois, Qinzeng Peng, of Boston University,
and Sabyasadi Rath of the University of Kentucky will tackle the 2005 and 2006 analyses. The design,
dewvelopmert, and commissioningof the WFD-based data acquisition was the Master's researd project for
University of Kentucky graduate student Sivaram Battu, who is expectedto graduate in summer 2006.

The Collaboration goalsfor 2006include completion of the analysisof the 2004data, further developmert
of losslesonline compressionsoftware to enablea high-rate, high-statistics run, developmert of the improved
\m uon corridor" to ensurethat no errant muons stop in the low eld region just upstream of the target,
updating the WFD rm ware to enable shorter data blocks and to eliminate the few remaining errors. We
requesta 10.5week run: one half week for installation, two weeksfor beam tuning and systematic studies
and eight weeksof production running. This last should be su cien t time to collect roughly half the data
required by our proposal. The details are givenin section[1 of this report.

2 MuLan experimental concept

The MuLan experiment is simple in concept. During an accunulation period of 5 s, a stream of approxi-
mately forty muonsis brought to restin athin target. The muon beamis then switched o, and decas are
recorded by a surrounding detector (the MuLan \ball") during a measuringinterval lasting approximately



10 muon lifetimes (22 s). This cycle is repeated until more than 10*? decas are recorded. The time-
structured muon beam is created by meansof a high frequency high-voltage kicker. During the measuring
interval, the Michel positrons are recorded by a multi-segmerted, symmetric detector, featuring 170 inde-
penden scintillator tile pairs. Each elemern is read out by a photomultiplier tube (PMT), whosesignal is
sampled at 500MHz by a dedicated waveform digitizer channel. The time of arrival and energy deposited
in ead tile are derived from the WFD record. Decay time histograms, constructed from coincident hits, are
then t to extract the lifetime.

The designof the experiment is driven by systematic error considerations. Primary concernsare related
to multi-particle pileup, muon spin precession,muon decas outside the ducial volume of the detector,
time dependenceof detector gains or electronic thresholds, and badkgrounds. Pileup is minimized by the
segmetation of the detector, by the relatively low peak rate per elemen, and by the double hit resolution
enabled by recording the pulse height in both tile elemers for ead evert. Uncontrolled precessionof the
stopped, polarized muon ensenble will causea rotation of the angular distribution of decay positrons, which
is correlated to the direction of the muon spin. Any angular variation in detector responsewill then modify
the ideal exponertial decay time spectrum. The very high internal magnetic eld, approximately 0.5T, of
our target material, Arnokrome-3 (AK-3), results in a dephasingof the initial spin directions. Originally,
we planned to minimize the residual polarization by using a depolarizing target material, such as sulfur, but
found that the SR signal in AK-3 was much smaller. Finally, the detector features front/bac k matched,
symmetric segmers, where the time spectrum of the sum of corresponding elemers is nearly immune to a
changein spin direction. Non- ducial muon stopsare minimized by limiting the amount of material upstream
of the stopping target; a 9.3cm, 76 m mylar vacuum window and helium bag spanning the volume between
the EMC and target accomplishthis goal. A small permanert magnet array helps to dephasethe small
fraction of incoming muons - roughly one per thousand - which are known to stop in the foils of the EMC.

The instrumentation naturally divides into subsystems:the muon beam (lllinois); magnetsand targets
(Berkeley); the detector ball and EMC (lllinois); the calibration system (JMU); the waveform digitizers
and clock systems(Boston); and the data acquisition, logging and online analysis computers (Kentucky).
Institutions with primary responsibilities for these items are indicated, but much of the work is shared by
all collaborators.

3 Beam studies

Our E3 beamline con guration hasbeendescribed in detail in previous Annual Reports.[4, 5] In 2005,we
made onemajor changeto the physical layout. We operatedin a \kic ker rst" mode, meaningthe kicker was
placed upstream of the electrostatic separator, which yields a higher extinction factor (EF). In general,the
properties of the beam are adequatefor the experiment: the beam spot sizeis relatively small (see gure B),
the ux is approximately 7MHz, the EF exceedsl000,and there are no noticeable beam microstructures at
any relevant time scale.

We made a comprehensie study of the basic tune in June. First, running the kicker in DC mode,
we made a thorough sweep of ead slit elemert in the beamline, registering the muon ux and extinction
factor for ead setting. Togetherwith similar sweepsof critical quadrupole pairs in the line, we arrived at
a working beam tune, one that was veri ed and then later usedin the fall data-taking period. We made a
few important and surprising discoveries. In particular, with seweral asymmetric upstream slit settings, the
extinction factor could be dramatically improved while allowing the main muon beam to pass. The nal
settings are closeto our theoretical models but di er in a manner that suggestsunknowns in the source
distribution or in the description of the magnetsin the line. We believe we can increasethe rate slightly in
2006 and, of course,the rate riseslinearly with the PSI proton beam current.

As described briey in last year's report, we usedthe MuCap spectrometer to determine the location
of muon stopsin air just downstream of our EMC detector. The low-momertum tail revealedin the mea-
suremen implies that a small fraction (a few per 1000) of the muons which make it to the erntrance of the
MuLan ball, might not make it to our stopping target. In the MuLan setup, these straggling muons would
stop in helium in a region with a magnetic eld of no more than a gauss. The large precessionperiod of
those stopped muons, many tens of microseconds,induces an e ectiv e acceptancechange on the detector
tiles that is not canceledout by the point-lik e symmetry of the MuLan ball.



Figure 2: An aerial view of the MuLan ball and E3 beamline.

The 2004 test was cut short when the PSI accelerator had a problem just at the end of the MuCap
run. This year, we used a day of MuCap running in Decenber 2005to reinvestigate the low-momertum
tails and the anomalousmomertum shift of those muonsthat make it through the kicker. With improved
reconstruction software and more cortrolled conditions, we measuredthe momertum stopping range in air
and mapped out the long, low-momertum tail that had beenobsened previously. Figure 3 is a composite
plot giving the kicked (red) and unkicked (black) stopping distributions in air (approximately ten times
helium in density). The horizontal axis is in millimeters and the beam \enters" the plot from the left,
arriving in air at the dotted vertical line. A gaussiant is overlaid on the unkicked distribution and a clear
low-side (momentum) tail is evidert. Thesetail muonswould lie in a region of relatively low eld.

It is important to note that, for reasonsas yet unknown, the kicked distribution peaksat a lower mo-
mentum than the unkicked distribution. Given the kick supplied by the 1.5m long plates with a potential
of 25kV acrossthe (reduced) gap of 12cm, our models indicate that no muons should pass. The measured
muons - the Y1000 that do pass- are shifted downward in momertum. We do not know their polarization
direction. We usedboth SRIM [6] and GEANT [7] to predict the stopping fraction in our helium corridor
basedon the seriesof plots in gure 3 and similar plots made at other nominal momerta.

There are two options for controlling the muonsthat might stop in the muon corridor betweenthe EMC
location and the AK-3 target. The rst involvesbuilding a saddlemagnet such asthe one usedto surround
the TPC in the MuCap experiment. TheseBerkeley magnetshave undergonese\eral iterations and one can



Figure 3: A 2005air-scanrun using the MuCap spectrometer to image the stopsin air downstream of the

PC wire chamber. At a momertum of 28MeV/ ¢, the peak of the unkicked stopping distribution occurs
580mm downstream of the wire chamber. The width of the Gaussianpeak suggestsa P=P of 2.6 percert.
The kicked beam appearsto have a certral momertum of 26.4MeV/ ¢, a 5.7 percert downward shift.

be made for MuLan that would usethe existing cooling and power infrastructure available for the MuCap
magnet. The transversemagnetic eld it would produce along the muon corridor, approximately 40-50G,
should be enoughto precessand dephasethe muonsduring the accunulation period but remain small enough
to permit the PMTs to function without additional shielding. The magnet would be placed symmetrically
in the MuLan ball and a new AK-3 target would be placed at the midplane. As before, a helium volume
would occupy the upstream region betweenthe EMC and the target.

An alternate plan involvesthe elimination of all matter betweenthe entrance window and the target
by meansof a long thin vacuum tube, which would also extend from the target to the bad of the MuLan
ball. The EMC would be placedin a symmetric position downstream of the certer of the ball; that is, at
the exit pentagon face rather than the entrance pentagon face. With a new AK-3 target inside, no muons
would passthrough to the EMC. However, the target will be designedto rotate out of the way of the beam
for beam tuning and monitoring runs. The advantage of this plan is that all the muonswould travel to the
target in vacuum. The disadvantage would be the lossof II-b y- Il monitoring of the event ux and snealer
muons (those coming during the kicker cycle). The Collaboration will investigate both plans and prepare a
hardware solution by the time of the summerrun.

4 Electrostatic kicker

The electrostatic kicker provides the pulsed muon beam which is essetial to our experiment.[8] Located
just upstream of the electrostatic separator, the kicker consistsof two pairs of 0.75m long by 20cm wide
electrode plates, mounted 12cm apart. When opposing plates in a pair are biasedat 12.5kV the beamis
de ected into a collimator. When the plates are shorted to ground, the beampasseaundisturb ed. The kicker
is typically operated at a cycle frequencyof approximately 37kHz. Thereisa5 saccunulation period with
the plates grounded and a 22 s measuremen period with the plates biased. The kicker will be usedin a
\m uon-on-demand" mode for the MuCap experiment and possibly for some experiments mounted by the

SR community. After somerepair and upgrade work performed in early 2005 (detailed below), the system
worked well during the ertire experimental run of both the MuLan and MuCap experiments.



41 MOSFET card failure and solutions

Fast-switching, high voltage MOSFET cards provide a quick meansof charging and discharging the kicker
plates. MOSFET card failures during the 2004 experimental run weretraced to three di erent problems:

High voltage breakdonvn betweenthe Fischer feed-through connector and the de ector plates, caused
by outgassingof the cable insulation.

Breakdown within the Fischer connector itself, on the output of the modulator: by mistake, sealed
ernvironmental plugs were ordered and the sealedplugs were not correctly wired.

Timing problems of the MOSFET cards. Timing o sets of more than a few nanosecondsbetween
adjacert cards can quickly destroy the MOSFETs themseles.

The original TRIUMF kickersdid not have an overcurrent interlock and hence,in the evert of one of the
above mentioned breakdowns occurring, a MOSFET stack would likely attempt to turn-o high current (up
to 54A) and therefore avalanche. Testsat TRIUMF showed that, although the MOSFETs are avalanche
rated, they tend to oscillate and self-destruct during avalanching. As foreseenin our preceding progress
report [5] we have implemented the following electronics upgrades:

TRIUMF engineersdesigned,constructed and tested b er optic basedovercurrent detection cards. An
overcurrent card is connectedon the DC end of eat stack of MOSFET stadk (Figure 4). A TRIUMF
TTL splitter box has beendesigned,built and tested. This splitter box receives b er optic feedbak
from ead of the eight overcurrent cards and, under approximately 95 percen of operating conditions,
prevents the stacks of MOSFETSs turning o if a current of more than approximately 10A occurs for
a period of more than approximately 160ns.

In the course of recalibrating the MOSFET cards, seweral timing mismatches were discovered. The
problems were traced to damaged b er optic interconnections, which were replaced

In order to make the MOSFET cards more insensitive to timing mismatches, we have incorporated a
resistanceof approximately 3.7 on the gate of every MOSFET. This gate resistanceslows down the
turn-on voltage collapseacrossa MOSFET, from approximately 3nsto 6ns, without signi cantly (less
than 1ns) increasingthe de ector plate voltage rise time. The gate resistancereducesthe maximum
drain-sourcevoltage (V4s) acrossa MOSFET, during turn-on, which canresult from atiming mismatch.
With a smaller Vg5, the MOSFET s lesslikely to avalanche. After adding the new gate resistance,all
the MOSFET card timing o sets were remeasured.

4.2 Preparing the kicker for the fall run

As already described earlier in this report (section 3), we madethree important changesto the kicker system
during and just after the beam test run of June 2005. At that point, while the MOSFETs cards were still
at TRIUMF for repair, the kicker was used only in a DC mode. The default position of the kicker and
separator were reversed so that the former is now upstream. Although the order of the two should not,
in the ideal case,make a signi cant di erence, we learned that it was far easierto achieve good extinction
factors with the kicker upstream. In addition, given the fact that nearly all the muons passingthrough
kicker are located within 6cm of the horizontal midplane, we increasedthe kicking eld by reducing the gap
betweenthe de ector plates from 15cm to 12cm. We narrowed the opening of the collimator accordingly.
An end view of the lower kicker plate and a glimpse of the new over-current protection are showvn in gure 4.

Many tests were performed o ine to characterize the timing of the kicker. The most important ones,
later performed on a regular basis,were measuremets of the drain-sourcevoltage and timing for ead of the
136 MOSFET cards. Beforethe kicker wasusedin the fall, all the timing o sets had beencarefully matched.
We also cleanedthe inside of the kicker cabinets at least oncea weekthroughout the run, removing metallic
dust (generatedmostly by the Hallendienst workshop) which was brought inside the cabinets by the cooling
systemfans.

During the beginning of the fall 2005 run period, various additional measuremets were performed on
the kicker. Perhapsthe most important concernedthe at top circuit, intended to minimize any voltage



Figure 4: Left: Inside the beampipe: copper connector betweenthe de ector plate and the feed-through.
Right: Over-current protection circuit connectedand installed in a MOSFET stack.

sagduring the measuremen period, which had not beentested in situ sinceits installment in 20041 The
12.5kV at top sagslessthan 300mV, a fractional decreaseof 2:4 10 °; see gure 5. Measuremeirts
of the extinction factor versuskicker voltage were made with various beamline con gurations. Additional
measuremets, suc astiming delays betweenvarious cortrol signalsand kicker transitions were made using
the capacitive pick-ups mounted on the inside of the kicker tank.

Careful inspection of the MOSFET cards, maintenance and timing calibration, as well as vigilant mon-
itoring of the extinction factor helped make the TRIUMF kicker an extremely reliable devicein 2005. As
noted above, it ran for nearly four months, without incident. The new fault-protection circuit worked per-
fectly, when, during the MuCap run, one of the plates was inadvertently shorted to ground through a loose
collimator. (The collimators will be better securedfor the 2006 run.) Results on the extinction factor are
given elsewherein this report.

1A description of the at top circuit appearsin our 2004 report[ 5].

Figure 5: E ect ofthe at top circuit: The left photo shavs a non-working system, heright photo a good one.
Both measuremets were done at 12.5kV. The atness is good to approximativ ely 100-300mV, depending
on the MOSFET stack.



5 Detectors
5.1 EMC

The Entrance Muon Counter (EMC), a wire chamber positioned at the ertrance to the MuLan ball, records
the time and position of muonsertering the detector. The beampro le provided by the EMC is usedto focus
the beam. Timing information on the incoming muons allows us to study and possibly reject lls in which
a muon entered the detector during the measuremen period. The EMC can function with at instantaneous
beamrates up to 10MHz.

(@) The EMC mounted on the beampipe. The mag-
nets used to create a 50G eld in the EMC are vis- (b) An X-Y prole of the EMC from the 2005 run.
ible on the front face.

Figure 6: The EMC is a wire chamber designedto provide an X-Y prole at high beamrates.

The EMC is lled with a 70:30gasmixture of CF4 and isobutane. It has25 m aluminized mylar windows
at the front and badk. There are two planesof 20 m diameter tungsten wires, onein the vertical and one
in the horizontal direction. There are one hundred wires (96 active) on ead plane with 1mm spacing.
To reduce the number of channels, the wires are connectedtogether in pairs; thus the detector has 2mm
resolution. The wire planes are separatedfrom the outer windows and eat other by 12.5 m aluminized
mylar sheetswhich sit at a positive high voltage.

The chamber is read out by six ampli er/discriminator boards which produce logic pulsesbetween40ns
and 100ns long, depending on the analog pulse's time-over-threshold. In 2005 the readout scheme for the
EMC data was modi ed. An FPGA wasusedto digitize the time and position of hits, with a user selected
prescalingfactor during the beamon period. Prescalingis required during the high rate accurnrulation period,
but not during the measuremen period when the rate is one thousand times lower.

A beamprole from the EMC is shown at the right of Figure 6.

5.2 The detector tiles of the MuLan ball

The MuLan ball (gure 2) was fully commissionedduring the fall 2003 run and has been used successfully
in the 2004 and 2005 data-taking runs. Calibration, monitoring and simple debugging of the individual
tiles becamemuch easierwith the arrival of the WFDs in 2005, when we could readily inspect the pulse
responseand gain of ead elemen. Becauseessetially all decay positrons passingthrough a scirtillator tile
pair are minimum ionizing, the energy deposited per evert is well described by a landau distribution. In
order to set the high voltage correctly, a small sample of data was obtained at a seriesof di erent voltage
settings for eat detector. In ead data set, for ead detector, a histogram of the energydeposited was t to
a landau distribution. The t yielded a most probable value (MPV) parameter for the distribution, which



is proportional to the gain. Empiracally, the MPV scaleswith the eighth power of the voltage; the PMT
voltageswere set so that the MPVs would all be approximately 350. Operationally, the voltageswere then
iterativ ely adjusted, as necessaryuntil all the tted MPVs were within 10 percert of 350. Figure 7 shows
the tted MPVs for all detectors, with all but ten at satisfactory values.

As we slowly increasedthe beamrate during the 2005data taking, we noticed a gertle rise in the average
MPV for ead elemen. As the MPV does not drop immediately when the rate is lowered, this e ect is
most likely related to heating in the enclosedtile cans. We are investigating this e ect and plan to make
corrections, perhaps involving simple verting or cooling. The slow gain change is not a concern for the
timescale of measuremen

Figure 7: Snapshot of most-probable value for landau ts to the individual tile pairs after high-voltage
adjustments. Somedetectorswill require special adjustments or repair.

6 Electronics

The MuLan electronicsinclude timing cortrol devices,a master clock and clock fanouts, and the waveform
digitizers usedto read out the photomultiplier signals.

6.1 Clocks and timing control systems
There were four main clocks in the MuLan experiment in 2005:

1. Fill cortrol: In the AC mode of the experiment, the kicker cycle (or II) must be time synchronized
with the various acquisition electronics, all of which take di erent typesof start/stop control signals.
We maintain this syndronization with an FPGA based Programmable Pulse Generator (PPG). To
cortrol kicker basedsystematics,the kicker operatesin a continuously cycling mode, but we gate the
syndhronized control signalsto the electronicsby meansof a second,DAQ cortrol clock. The repetition
rate of the Il clock is on the order of 30 s.

2. DAQ control: This clock gatesthe control signalsto the DAQ electronics and synchronizesthe back
end MID AS cortroller with the hardware. Thesetasks are performed by a PPG that is identical to
the Il cortroller. These DAQ macro cyclesare on the order of 100ms.

3. Timebase signal: The main timebase for the 2005 run period was provided by an Agilent E4400
frequency synthesizer generating a sinusoid at approximately 500MHz. In previously reported tests,
we have con rmed the absolute frequency and short and long term frequency stability of this unit at
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Figure 8: Pictures of the MuLan WFD: on the left, the front-side of the WFD VME module; on the right,
one of the six VME crates after installation and cabling.

the 10 8 level; this stability exceedsthe requiremerts of the experiment. Prior to the running period,
we recon rmed that the absolute frequency remained within this tolerance.

4. Beam RF signal: While the collaboration does not cortrol this clock, it must be consideredin the
cortrol of systematic errors. We must avoid \slow componers" in the data stream that might be
generatedby harmonics of our clocks beating against the beam RF. Careful choice of the other clock
frequenciespreverts this from being an issue.

The main hardware componerts of the timing system were unchanged from the 2004 running period.
In addition to the Agilent E4400 and the two PPG units, the clock system consistsof a number of high
precision, low skew fanout units for the main WFD timebase, a divider module to down-convert the main
timebase for the MHTDC, and a number of NIM fanouts to distribute control signalsto the acquisition
electronics. This equipmert performed asexpected;asin the past, we expect no signi cant systematic errors
attributable to thesesubsystems.

6.2 500MHz waveform digitizers
6.2.1 Functional description

In 2005, we ran the experiment with a full complemen (340 channels) of four channel, 500MHz waveform
digitizers (WFDs); see gure 8. While TDCs were adequatefor the 2004analysis, simple debugging, calibra-
tion, pileup, badkgrounds, gain and timing stability are far more easily monitored with the full waveform.
Each channel consists of analog input bu ers, a Maxim MAX106 600MHz 8bit ash converter, half the
resourcesof a Xilinx Virtex Il FPGA, and a 128Kibit 40 FIFO memory. The FPGAs perform triggering
and data formatting tasks. The four FIFO memoriesare connectedover a sharedbus to a third Virtex |l
FPGA that links the onboard memoriesto the VMEG64 bus, providing a high speed, 64 bit wide data bus.
In addition to thesehigh speeddata paths, eadh module corntains a number of lower speedbusesfor cortrol
and setup functions; theseinclude a cortrol bus sharedbetweenthe three FPGASs, a front panel NIM cortrol
subsystem,and front panel status LEDs.

FPGAs provide a great deal of power and exibilit y. An FPGA consists of a set of logic elemeris
(logic gates, multipliers, multiplexers, look-up tables, etc.), clock managemei resources,and input/output
resources. These resourcescommunicate over a network of interconnect lines that can be con gured at
power-on.

In MuLan we have usedthe con gurabilit y of the FPGA to provide behavioral padkagescalled \p erson-
alities". We have provided three of theseruntime selectablepersonalitiesin the initial rm ware release:

1. Oscilloscope Mode: When the front panel Run input is pulled active, the data streamis copieddirectly
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from FPGA input to FPGA output. This is a classicalADC mode, wherethe data stream contains no
time stamps.

2. Fill and O set Mode: When the front panel Run input is pulled active, an internal timer is reset, and
starts courting clock ticks. Whenewer an input rises above a con gurable analog or digital threshold,
a block of data is copiedto the FPGA output. Each block consistsof a con gurable number of data
samples,followed by the time stamp assaiated with the rst sample. In this mode, the time stamp
consistsof a 16bit Il court in the data segmem, and a 16bit clock tick o set within the Il. This is
the mode usedin the experimert.

3. Large Time-word Mode: Operationally, this mode is identical to the Fill and O set Mode. The
di erence lies in the format of the time stamp - here a simple 32bit clock tick courter. This mode is
being usedby the MuCap experimert.

The inherent exibilit y provided by the FPGA allows the construction of additional or modi ed personalities
as needed.

As deployed in the experiment, the WFDs are divided into roughly equal groups, eat fed by approx-
imately = of the detector. This required six VME crates with fourteen or fteen modules each. Because
a coincidenceis required between inner and outer scirtillator tiles, eat pair is wired to the same WFD
module, in order to minimize data lost in the event of a WFD failure. Similarly, control of systematics
requires simultaneous collection of data from point-wise pairs on opposite sidesof the target; thus, opposing
pairs are wired to the sameWFD module.

6.2.2 Progress and status

By the spring of 2005, it was clear that our secondprototype worked. The late spring and early summer
of 2005were dewvoted to tests of the hardware and incremertal re nements of the rm ware and, in July, we
proceededwith the production and assenbly of the one hundred circuit boards. The nished boards were
tested then shipped to PSI in groups of roughly thirt y. By early Septenber, 92 working boards had arriv ed,
86 of which were installed on the MuLan ball. A waveform from the decay positrons is showvn on the cover
of this documert.

The arrival of the waveform digitizers and the accomparying hugeincreasein data volume wasa tremen-
dous challengeto the the data acquisition and the on-line analysisteam. Perhapsthe most vexing problem
concernedapparertly random and intermittent failures in someof the VME crates. Data registration would
fail in isolated channels or whole cards, resulting in unreadable data for seweral runs, and then seemingly
correct itself, only to fail again a few minutes later. This failure mode was ultimately traced to an apparert
limit in the number of boards one can safely install in a given crate. This problem was not seenin benc
tests, where as many as sixteen boards were successfullyinstalled in the test crate. For reasonsthat are still
under investigation, the insertion of subsequeh WFDs results in a rapid increasein the frequency of this
failure mode. The addition of a severth VME crate to the systemshould provide a simple remedy.

The rm ware used by the FPGAs on the board underwent almost a dozenrevisions over the course of
the fall run. One particular problem was our inability to run the WFD FIFOs in concurrert mode, where
the FIF Os are written to and read from at the sametime. Instead, to ensurethe integrity of the data, we
were forced to serialize reads and writes, thus sewerely limiting the livetime. The corruption of the data in
concurrert operation was traced to a timing error in the readout, and was corrected by the middle of the
data taking run.

The rm ware usedto con gure the FPGAs is now adequate but needsfurther re nements. There are
still hints of stale ash ADC samplesin somechannelsand extra 32bit words. We seeno sign of time word
errors. Perhapsthe most critical upgrade concernsthe block length. During the fall 2005run, the minimum
pulse length was 32 samples,or 64ns of data. The minimum length could have beenchangedto 24 samples,
or 48ns but the optimal length, 16 samplesor 32ns, which will allow us to handle the much higher rates
that we expect in 2006, doesn't work yet.
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6.3 LED calibration and testing

An LED is mounted on ead of the PMTs on the MuLan ball. Fast light output (few nanoseconds)s made
possibleby atriggering circuit mounted with the LED and embeddedin the detector housing. The individual
LED pulsersare cortrolled by driver circuits which provide both the trigger pulse and power for the light
ash. The trigger pulsesare generatedin a VME-based programmable pulser, and routed along with the
power to each LED through a driver box.

Twelve driver boxes were constructed and installed during the summer of 2004. Each box cortrols up
to 32 LED pulsers. Six of the boxeswere fully operational and test data was recorded during the fall 2004
run. In 2005, the remaining six boxes were commissionedto the system and approximately 85 percert of
the detectors are now responding as expectedto LED light ashes.

A few problems were encourtered during the processof installation and testing. Individual channels
have failed due to occasionalcomponert failure on the LED boards or driver circuits. There are also a few
channels where electronic noise seemsto be capable of generating false triggers. These problems will be
addressedbefore the upcoming run.

In generalthe systemis capableof pulsing individual detectorswith light pulsescomparableto the signal
producedby decay positrons, at rates of several kilohertz, in an arbitrary computer cortrolled pattern. Before
the summer run, the systemwill be usedto study the detector systemresponse,both as a preparation for
upcoming data recording and as a method for assessingystematic gain and timing errors.

7 Data acquisition

During 2005 our DAQ e orts were focused on the dewvelopmen, commissioningand running of the data
acquisition for the fall MuLan run. The acquisition provided readout for two new componerts of the MuLan
experimental setup: the 500MHz WFDs instrumenting the 340 scirtillator tiles of the MuLan detector ball,
and a custom built FPGA instrumenting the 96 wires of the EMC. In addition, the DAQ provided the cortrol
and readbad for the electrostatic kicker, beamline magnets, high voltage system, LED calibration system
and various current, eld and temperature probes.

The data acquisition setupis basedupon a local gigabit network of eight frontend processorspnebackend
processor,two redundant disk arrays (RAIDs) and a LTO3 tape robot. We deweloped the DAQ with
a modular, distributed design philosophy using the MID AS software library. The DAQ was designedto
accunulate data in sequettial chunks or data segmens with xed lengths of typically 80ms. Shorter data
segmerns produce more manageableeverts sizeswhile longer data segmeits reduce acquisition dead times.

Utilizing the on-board memoriesin the WFDs and the EMC electronics, eat data segmen represerts a
80ms deadtime-freehistory of the activity in the MuLan scirtillator ball and the EMC. Betweenead data
segmen, the frontends were responsible for completing the readout of the data fragments from the detector
hardware and sending the fragmerts over the gigabit network to the badkend processor. One frontend {
denoted the master { was responsible for synchronizing the sequenceof data segmeits acrossthe various
frontend processors.A schematic of the systemis showvn in gure 9.

Six frontend processorswere responsible for the data readout from the six VME crates housing the 340
channelsof waveform digitizers. At the start of the 2005run the readout wasoperatedwith sequetial writing
(to the WFD memory from the WFD FADCSs) and reading (from the WFD memory onto the VME bus)
of digitizer data. Near the end of the 2005run the readout was modi ed for faster, concurrert read/write
operation. Data rates per WFD frontend processorwere typically of order 10° pulses, about 4MB, per
second.

The EMC frontend provided readout of all chamber hits during the measuremen period and prescaled
chamber hits during the Il period. As noted earlier, the prescalingof Il period hits wasaccomplishedwith
a custom built FPGA. An additional frontend processorwas dedicated to the cortrol and the readbad for
the LED calibration systemand the slow control componerts.

The badkend processomwasresponsiblefor the assenbly of the data fragments from the di erent frontends
and the transfer of the resulting events to our RAIDs.? The backend alsomanagedthe usercortrol of running
conditions via the MID AS web interface and the MID AS online database. Sinceour data storageon local disk

2Note that our RAIDs also doubled as our online data analysis cluster.
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Figure 9: Schematic of data acquisition system showing the frontends (MFE's), event builder (MEVB), and
data logger (MLOGGER).

arrays was limited, we asyndironously migrated the accunulated data to permanert storage on our LTO3
tape robot system and backup storage on the PSI tape robot archive. The high data rate (approximately
25MB/s) from the frontend processors,made the badkend throughput the rate-limiting bottleneck for the
data acquisition in our 2005run.

During the fall 2005run we accumulated data at a time-averageddecay-positron rate of about 0.5MHz
and recorded a total of about 10'! decay positrons with digitized pulse shapes. This represened a major
improvemert over our 2004run which yield approximately 10'° decay positrons with digitized leading-edge
times. However, somedi culties and limitations were encourtered with our 2005DAQ system. One problem
noted above was the occasionalmisformatting of waveform digitizer data. Another problem was signi cant
deadtimes assaiated with the data throughput on the badkend processor. These problems are currently
being investigated using waveform digitizer and acquisition setupsat BU and UK, and will be remedied for
our 2006 running. Related work on losslesscompressionof digitized pulsesis also underway.

8 Real-time data monitoring

The fall 2005 run featured a new data monitoring system. The MID AS Analyzer framework is used to
processfrom ten to one hundred percert of the raw data in real time and produce histograms represering
the most important features of the data. At the end of ead run, another program analyzesthe histograms
and extracts and stores in a databasethe integral parameters which describe data quality. Examples of
such parametersinclude the number of dead channels,the extinction factor, the data collection rate, etc. A
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Figure 10: Overview of 2005data collection. We estimate at least8 10%° good muon decay positrons were
collected.

custom web-interface provides accessfor both operators and experts, to the runs themseles, as well as the
beamline data-monitoring databases.Histograms for a particular run can be selected,or the behavior of any
parameter stored in the database can be graphed over a period of time or range of runs. The online data
monitoring kept data-quality high during production running and helped us to spot and correct occasional
problems. A sampleof plots is showvn in gure 10.

9 Analysis of the 2004 data

The analysisof the * lifetime data (see gure 11) collected at the end of 2004 contin ued throughout 2005;
by the summer of 2006, we hope to presert the most precise value of the muon lifetime to date. The
2004 data set was handicapped by frequert failures of the kicker and the use of multihit TDCs instead
of WFDs. This resulted in substartial time spent investigating systematic uncertainties assaiated with a
larger badkground, higher pileup rates, and e ects intro duced from the electronics. Despite these obstacles,
we expect a fractional measuremen error of 8-10ppm, a precision two times better than the current world
average.
The systematic issuesinclude:

TDC timing shifts

Pileup and deadtime corrections

Flatness of the background

Gain changesin PMTs

Changing of the ground on signal lines

Rate dependert timing shifts

Residual polarization of the muons

Detector asymmetry from non-target muons stops

Details on all of thesetopics can be found in appendix A of the report.
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Figure 11: Full statistics lifetime histogram with t. The t parameter ; ( showsthe statistical precision
of this data setto be 8.2ppm.

10 The 2005 data set and analysis plans

We estimate that the 2005 dataset cortains at least 8 10'° decay positrons (seeFigure 10), allowing us
to extract a result to better than 4ppm statistical uncertainty. Becausethe new WFDs record samplesof
every waveform for every event (enabling detailed study of gain, pileup, and backgrounds), the data set is
large. We recorded 16.5TB on 32 LTO3 tapes. The data is backed up to the PSI tape archive, and the
original tapeshave beenreturned to lllinois for analysis. We note that the nal data setfor a 1 ppm result,
uncompressedwill be at least an order of magnitude larger.

The analysiswill be carried out in three steps. The rst step, which was recertly completed, is to build
an average pulse shape for eat the 340 individual detector elemers, using a small part of the data; see
gure 12 Theseaveragepulse shapesare then usedin the secondstep, a full passthrough the data using a
custom pulse nding algorithm, to determine pulse areas(proportional to the deposited energy) and times.
The full passwill also sanitize the data by rejecting pulsesfrom phototube breakdown (rare, but evident
in the data for seweral of the PMTs) and lls in which muons enter the detector during the measuremen
period. In the third step, a passthrough the processeddata will be usedto explore systematic e ects and
to extract the lifetime. To prevent bias, the exact WFD digitization clock frequency is hidden from the
analyzersat the 200ppm level, just asin the 2004 analysis.

Resultsfrom the 2004data analysisallowedusto x someparametersduring the run and explore others.
For example,the 2004data analysisgave us enoughcon dence in the AK-3 target that it wasusedexclusively
in 2005. Additionally , the kicker was run exclusively with a time structure of 5 sbeamon, 22 sheamo.
In the summer beam studies, our best beam tune achieved a maximum rate of approximately 3MHz, with
good extinction. We beganthe fall data taking using this sametune, but with cortinued studies, managed
to raisethe ux to 7MHz for the last weekof the run, without compromisingthe extinction factor. We also
investigated seeral systematic e ects outlined below.

Pileup: With the 2ns sampling of the waveform digitizers, we should be able to resolve pulseswhose
certers are separatedby as little as 3ns. We are investigating the use of an area (deposited energy)
cut to resolve pulse pairs whosecerters are even closer.

Gain Changes: To examinethe low-energypulsesfrom the phototub es,the WFD digitization threshold
was set just above the noise. This threshold setting allows the recording of an abundance of pulses
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Figure 12: The averagepulse for one detector, showvn at ten times the WFD timing resolution. The rst
step in the analysisinvolvesdetermining averagepulse shapesfor ead detector.

to cross-tek tube gain versusmeasuremen time. At 5MHz DC beam rate and above, a slow gain
changein the tubeswas obsened. The gain changetook place over seweral hours, and will not a ect
the determination of the muon lifetime. More analysisand benc tests will be doneto investigate the
drift.

Background stability: Various measuremets were made of the badkground time spectrum which, on
the time scaleof the muon lifetime, should be as at as possible. Dedicated runs were taken to ched
the kicker extinction versuskicker high voltage. Direct measuremets of kicker voltage versustime
were made using capacitive pickups near the plates. Randoms counters and pulserstest the stability
of the readout electronics. Overall, kicker at top measuremets, combined with measuremets of the
beam extinction versuskicker voltage, indicate that the error due to non- at beam badckgrounds will
be below 1ppm.

Polarization e ects: Sincethe surfacemuons collected by the E3 beamline are highly polarized, slow
muon precessioncould distort the extracted lifetime. A magnetaround the EMC and the high internal
magnetic eld of the AK-3 target ensurethat the muons precessat a high rate in any high-Z materials.
During the run, the magnetic elds in the EMC and the target were ipp ed at regular intervals.
However, asin the 2004 data set, we are still vulnerable to stopsin a low magnetic eld in the helium
bag betweenthe EMC and the target.

11 Beam request 2006

The MuLan experimert is ready for physics production running. The time required to reach our statistical
error goal is determined by the beamrate, the kicker period (27 s), the muon lifetime itself (approximately
2.2 s),the t start time (roughly 500ns), the solid angle acceptanceof the detector (75 percert for MuLan)
and the data acquisition livetime. Assuming that we operate sixteen hours per day at a DC beam rate of
8MHz, we expect to record about 4 10! muon decays in an eight week production run during 2006. This
is almost one half the statistics of the original proposal. We would probably need an additional two weeks
for systematic studies and one half weekfor installation and assenbly.
We have discussedthe running schedule with the other main usersof the E3 line, MuCap and ALC,

and have mutually agreedon a schedule that is corveniert and appropriate for all parties. This schedule
placesthe cortinuation of the MuCap run at the beginning of the running cycle, followed by a 4.5 week
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intermediate run of ALC, a 10.5weekrun of MuLan, and a nal lengthy run for ALC. The exchangetime is
included and is basedon our real experiencein dismartling and setting up the experiments. The suggested
dates are given in the following table:

User Dates Duration (weeks)
MuCap April 5- June 19 10.5
ALC June 21 - July 24 4.5
MuLan July 26 - Octob er 9 10.5
ALC October 11 - shutdown 9.5
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A Analysis of the 2004 data set

In the sectionswhich follow, we presert more details on the analysis of the 2004 data set. At the outset, it
should be noted that like many high precision measuremets, the 2004analysisis done\blind". In this case,
the analyzer is given the master clock frequency only to a precision of 200ppm. The exact value is known
by a few members of the collaboration who are not directly involved in the analysis. In the samespirit, the
analyzer useshis own private o set, g, in presenations, sothat collaboration members who know the true
clock frequencyare not biasedin their reactions.

A histogram showing the sum of all data, along with a t (gure 11), appearsin the main part of this
document. The statistical uncertainty on the lifetime, a lower bound on the ultimate precision, is 8.2ppm.
Note that the reduced 2 is nearly one, satisfying a necessary(but not su cien t) goodness-of- t condition.
As explained below, un ttable structures, introducedinto the data by the electronics, prohibit t start times
earlier than 900ns. Any t start time from 900ns on givesconsistert results, as seenin gure 13.

ed
N
o
=)
\

Al iy .l|:il i ry II 1.2
ke !|||I|..;|||||||i| || |‘d”
Tl "

0.96

v . /f‘!‘/’c
Y ‘o aght 3 . 4
vt/ /o, y / 7

T ‘H\‘\H.:\H‘H\‘\
>

|

0.94

| | | | | | 0.2
2000 3000 4000 5000 6000 7000 8000 0.9k
Time [TDC clock ticks]

=
ol
=)
o

oo e L b b L L
0 2000 3000 4000 5000 6000 7000 8000
Time [TDC clock ticks]

BETTT
ol
S

(@) The tted lifetime in ppm with the red bands
indicating the allowed 1 deviation from the initial
t time.

(b) The reduced 2 with the red region showing the
1 allowed deviation about one.

Figure 13: Variation of t parametersasa function of t start time.

The 2004 total data setincluded many di erent running conditions. Below is a list of parametersthat
were varied during the run.

Extinction factors varied signi cantly becauseof kicker malfunctions.

Two di erent stopping targets were used: Arnokrome-3 with a large internal magnetic eld, and sulfur
which is known to be a good depolarizer.

The magnetic eld in the target region was rotated on a regular basis.

The magnetic eld nearthe EMC was alsorotated at regular intervals.

The discriminator thresholds were set at two di erent values,80mV and 200mV.
The measuremen period was setat 22 sand 27 s.

The tted lifetimes of these subsetsare all statistically consisten.

A.1 Systematic studies

Much of the analysise ort hasbeenspent focusing on the various systematic errors.
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A.1l.1 TDC eects
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use of the CAEN v767 multihit TDC led to someof the largest systematic issues. Most issuesrelated
is TDC were known beforethe run and had already beeninvestigatedto somedegree.

The TDC is capable of recording both the leading and trailing edgesfrom a discriminated signal, but
the small input bu er, along with the slow readout, forced us to usethe leading-edge-onlymode, just
to reducethe number of missedevents. The useof only the leading edgeresults in a lossof information
for pileup reconstruction, but it e ectiv ely reducedthe overall deadtime by a factor of two.

The TDC operated with an input clock of 23.7MHz and usesa delay locked loop (DLL) to interpolate
the frequency by a factor of 32. At bestthe DLL had a di erential non-linearity of 5 percert. This
small shift in time is addressedby using bins that correspond to the 23.7MHz input clock for the
lifetime histograms. An additional problem occursif the input clock signal is interrupted or deformed,
causingthe DLL to stop functioning. To avoid this problem, great care was taken to keepthe clock
signal quality high.

The most troubling systematic e ect was identied during post-run analysis: every hit in a CAEN
module results in a small oscillating shift of the time givento subsequen hits. The oscillation corntinues
for a few microsecondsafter the initial event (see gure 14). This had two e ects. First, becausethe
time of the kicker wasrecordedin each TDC module, there was an oscillation term found on all signals.
Second, it raised the possibility of an early to late e ect by having one positron a ect the recorded
time of a later one. Errors assaiated with this latter problem were investigatedin seweral months of
dedicatedlab tests. We found that by including the lab results in the t, we could alleviate the e ects
of the oscillation componert. Moreover, the e ect of one positron on another is negligible becauseof
the low rate of hits per detector and the dephasingof the electrical oscillation.
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Figure 14: Oscillations from electronicsseenin the data.

There were se\eral other potential sourcesof errors from the TDC that are not fully addressedhere, but
have beenaddressedeither in the analysis or during the setup before the run. Theseinclude spurious
trailing edges,recording of rollovers, and the detection of missing clock ticks.

A.1.2 Pileup and dead time

Whe

n one or more positrons passthrough a detector elemer during the deadtime from a previous evert,

the event(s) are not included in the lifetime histograms. These missing events are called pileup, and if
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unaccourted for, result in a large systematic pulling on the tted value for . To correct for pileup, we
arti cially reproduce the distribution of missing events and, before tting, add them badk into the lifetime
histogram. To construct the pileup distribution, we rst trigger on an inner/outer coincidenceand then look
in a xed window at a later (or earlier) time for the existenceof another hit. If another hit is found, we make
an entry in the pileup histogram. Figure 15(a) shows the reconstructed pileup distribution relative to the
lifetime histogram. As expected, the pileup distribution hasa characteristic lifetime of =2. The amplitude
of the pileup correction is about 10 2 of the singlesamplitude and is ertirely below the badkground level.
To ensurethat the correction is performed correctly, we arti cially varied the deadtime to amplify the e ect
of pileup. The magnitude of the pileup e ect and stability of the correction can be seenin Figure 15(b). If
left uncorrected, the pileup would lead to at least a 20ppm shift in the lifetime. Basedon simulations and
the varying of pileup reconstruction parameters we conclude that the pileup correction adds a systematic
uncertainty of 1 ppm to the 2004 data set.
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Figure 15: Corrections for pileup and TDC dead time.

There are other e ects that can be corrected using a statistical reconstruction, asis donefor pileup. One
example is what we call \p ositive pileup”. This occurs when the inner and outer tile elemens of a single
detector form a coincidencefrom two events that are unrelated. Just like normal pileup, this hasa =2
distribution, but instead of a missedevert, we count an event that should not be included. In reconstructing
theseevents we rst trigger on a singleinner, which is not in coincidencewith its outer, and then record the
times of single\outer" events found in a delayed window. Other typesof systematic errors that fall into this
category are afterpulses,inner/outer time shifts that causethe lossof a hit, and the shifting of the recorded
time due to pileup. All of thesee ects are an order of magnitude smaller than normal pileup and therefore
make a negligible cortribution to the systematic error.

A.1.3 Flat background

During the measuremen periods of 2005,the kicker typically reducedthe beamrate by a factor of approxi-
mately onethousand, but in 2004these extinction factors were more typically in the range of 100-600 The
resulting background is included in the t function and, provided it is constarnt, will not causea systematic
error. Howevwer, if the kicker voltage is not stable, then the nominally at background will change with
time, causinga systematic shift in the lifetime measuremeh At the beginning of the 2004 run the kicker
voltage was measuredto be stable to 0.25V during the measuremenm period. Measuremens of the changein
extinction factor versuskicker voltage were performed during the run. These can be combined to estimate
the maximum possiblechangein badkground rate over the measuremen period at about 0.8ppm of the total
rate. Toy Monte Carlo simulations indicate that the maximum resulting systematic error in the lifetime
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measuremen is 3.4ppm. Sincethis is an upper limit basedon the lowest kicker voltage and extinction factor
from the 2004 run, we expect to reducethis error with further analysis of the 2004 data.

A.1.4 Gain and pedestal shifts

Gain and DC o set shifts during the measuremen period would causean e ectiv e shift in the discriminator
threshold. This, in turn, would result in a changing e ciency for the detection of decay positrons during the
Il. Preliminary simulations indicate that a 1ppm shift in detector e ciency during the measuremen period
could result in up to a 0.25ppm systematic error in the lifetime. In order to measurethe changein detector
e ciency with time, it is usefulto study the spectrum of pulse heights produced by the detectors. There are
a limited number of channelsfrom the 2004 data set which include WFD data that will allow oine study
of the changesin gain and pedestal with time. However, the full ball was read out via WFDs in the 2005
run. Analyzing the 2005 WFD data will allow us to calculate a systematic error due to gain and pedestal
shifts from the 2004 run.

A.1.5 Timing shifts

If the di erence betweenthe time of a muon decay and the recordedtime of the detected decay positrons
shifts during the measuremen period due to e ects in the PMTs or readout electronicsthen there will be
a systematic error in the lifetime measuremen Early to late timing shifts could occur if the recordedtime
of a hit is a ected by recert hits in the samedetector. Preliminary simulations indicate that a 3ps shift
in the timing could causea 1ppm systematic error in the lifetime measuremeh An estimate of the timing
shift will be obtained by comparing the time between coincidert hits on an inner/outer pair when one of
the channelswas recertly hit to the time betweenthe two when there was no other hit in those channels
recertly. Given the results from benc test measuremets made se\eral yearsago, we do not anticipate any
problems.

A.1.6 Residual polarization and stopping distributions

Most recertly, we have beenfocusing on the error presered by the residual polarization of muonswhich stop
in the helium corridor betweenthe EMC and the target. As described earlier (section 2), the spins of muons
in the AK-3 target dephaseduring the accumnulation period and the e ect of the residual polarization, if
any, is minimized by the forward-backward symmetry of the detector. However if a muon stops outside the
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Figure 16: Lifetime versuscoq ).

22



target regionin a low magnetic eld, the precessionperiod of the spin is large relative to the measuremen
period and no signi cant dephasingoccurs. Moreover, the further the muon stops from the target, the less
the detector symmetry will help minimize the e ect of the strong correlation betweenthe direction of the
averagemuon spin and the direction of the decay positron. With convertional tting techniques,it is di cult
identify the precessionfrequency for muons stops in the corridor, but the e ect is apparent when plotting
the tted lifetime asa function of position on the detector.

Anticipating trouble with muon stops both in the corridor and in the EMC region, we performed a few
dedicated studies with a plastic plate placed upstream of the target region. We made tests with the plate
placed just after the EMC and half-way betweenthe EMC and target. In the rst, we applied seweral
magnetic elds to the EMC region. With no magnetic eld the variation in lifetime versustheta was seweral
percent; but applying a magnetic eld signi cantly reducesthe polarization e ect of these muons stops. By
rotating the eld at regular intervals we were able to averageout the e ect at this position. Using the data
when the plate was midway betweenthe EMC and target we can infer the error causedby muons stopping
in the corridor. Basedon this study, along with stopping distributions measuredusing the MuCap detector,
we estimate the residual polarization e ect from muons stopping at this location to have lessthan a 10 ppm
e ect on the lifetime.

A.2 Curren t status

The analysis of the 2004 data set is quickly comingto a close. We have determined that we can produce a
fractional statistical uncertainty of 8{10 ppm (see gure 16). Most systematicissuesare well understood with
the remainder under active investigation. We hope to nish the systematic studies by May 2006, unblind
the analysis, and releasethe nal value from this data set by the summer of 2006.
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