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Figure 1: The complete MuCap detector installed in the πE3 area.
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1 Overview

The MuCap experiment [2, 3, 4] is a high-precision measurement of the rate for the basic electroweak
process of muon capture,

µ + p → n + ν. (1)

A measurement of 1% accuracy determines the least well-known of the nucleon charged current form
factors, the induced pseudoscalar gP , to 7%. This fundamental quantity is directly related to the chiral
symmetry of QCD and can be predicted with 2 − 3% precision [5]. gP is most directly determined
in muon capture on hydrogen, which has the potential for a stringent test of the underlying accurate
QCD relations. Alas, the current experimental results suffer from lack of precision, ambiguities in
their interpretation and inconsistencies. During 2004, the situation became even more confused. A
new result on the rate for the ortho–para conversion of ppµ molecules was released [6], essential for
the extraction of gP from experiments with liquid hydrogen targets, where muon capture from ppµ
molecules dominates (Fig. 2).

Figure 2: Experimental constraints for gP [5]. The new measurement of the ortho–para conversion rate
λop (TRIUMF 2004) is significantly larger than the previous experimental result. This uncertainty of
λop implies a large uncertainty in the extraction of gP from existing experiments. Moreover, theory,
ordinary muon capture (OMC) and radiative muon capture (RMC) are mutually inconsistent. The
MuCap experiment will be more accurate and nearly independent of λop.

MuCap employs a new method that avoids key uncertainties of earlier measurements. The capture
rate is derived from the lifetime difference of positive and negative muons stopped in an ultra-pure
and active hydrogen target (time projection chamber TPC).

– Unambiguous Interpretation. At the low target density of 1% LH2, capture from the F = 0
hyperfine state of the muonic hydrogen atom dominates, limiting the impact of ppµ uncertainties.
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– Clean µ stop definition. Tracking in the TPC selects µ-stops in hydrogen and eliminates capture
in wall materials.

– Gas impurity control. The critical gas purity can be monitored in-situ in the TPC. With ultra-
clean and bake-able materials in the TPC and a continuous gas circulation system, purity levels
surpassing 0.07 ppm are achieved.

Figure 3: Cut out view of MuCap CAD model showing the main detector components for the 2004
run.

The main components of the MuCap detector are shown in Fig. 3. Significant R&D was required
to optimize the depicted subsystems: beam detectors (µSC, µSCA, µPC), time-projection
chamber (TPC) and hydrogen vessel, and electron detection system (ePC1, ePC2, eSC)
as well as beam, gas system and diagnostics, magnet and data acquisition.

During 2003 we performed a commissioning run of several important detector components. The
goal for 2004 was the optimization of remaining performance issues, the completion of all subsystems,
and a first full production run with the complete detector. This was achieved during a 10 weeks run
in September–November 2004.

Progress 2004

Several hardware upgrades were required to prepare the detector for the first full physics run. They
dramatically improved the performance of the MuCap experiment compared to 2003.

– Commissioning of the πE3 beam line for MuCap. Because of the reconstruction of the
µE4 beamline, MuCap had to move to πE3. For efficient stopping the standard momentum bin of
this beamline had to be reduced by a factor two. This improvement was achieved by a new tune
with a dispersive focus. Due to the area shielding construction, the downstream experimental
cave imposed severe space constraints on the MuCap experiment. A customized experimental
infrastructure was built to optimally use the limited area. This included two rail systems (to
retract the TPC from the electron detector for gas filling and servicing), additional shielding,
and a tent enclosure of the whole area with humidity and temperature control.
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– TPC improvements and doubling of the good muon stop fraction. The development of
a TPC operating in 10 bar ultra-clean hydrogen is challenging. Hydrogen is a difficult chamber
gas. High pressure operation requires much higher chamber voltages (4.6− 6.5 kV) compared to
conventional chambers. In 2003, 6.5 kV was reached during laboratory tests, but several hot spots
appeared which limited reliable operation to 4.8 kV. At this voltage the TPC works as a 100%
efficient muon stop detector. After 10 weeks of operation in the muon beam some degradation
was observed. In early 2004 all wire planes were carefully inspected, cleaned and reassembled
under clean room conditions. The TPC was conditioned at the PSI detector laboratory up to
5.6 kV. During this training procedure, the TPC currents were always kept below 100 nA in
order to avoid any degradation of wires. After reaching 5.6 kV, the TPC was stably operated for
two months with continuous irradiation by a beta source inducing similar currents to the drift
region as the muon beam. The goal for 2004 was stable TPC operation in the muon beam at
5.4 kV which would allow observation of 5.3 MeV conversion muons from pdµ fusion to measure
the residual deuterium content in the protium gas. Unfortunately, this goal was missed because
an old hotspot reappeared when the TPC was brought to the experimental area, limiting the
TPC operation in 2004 to 5.0 kV. At this voltage the TPC worked well during the 10 weeks
data taking, with only some slight degradation towards the end.

In 2004 the old µPC2 chamber was removed and a new beryllium window mounted, replacing
the previously used Havar window at the muon entrance port. This new window, together with
a complete redesign of the beam scintillators and of the outer µPC chamber, led to a significant
reduction of multiple scattering of the low energy beam muons, resulting in an increase of the
muon stop fraction in the TPC from 33% to 65%.

– Full electron tracking capability. The 2003 run was performed with only one electron cham-
ber, ePC1, while the larger outer chamber, ePC2, constructed in 2003, was being conditioned.
During the first half of 2004 the new ePC2 chamber was fully instrumented. This process in-
cluded the construction of additional shielding meshes, the design and construction of new high
voltage cards, and the installation of new frame-mounted readout electronics for cathodes and
anodes. After an extensive debugging and test phase, the two electron chambers were mounted in
their concentric configuration. About 1500 new channels connected to new compressor modules
were integrated in the DAQ. After installation in the new climatized experimental area (required
to reduce moisture induced dark current), the chamber system performed flawlessly during the
experiment.

– Protium production. The MuCap experiment has to be run in isotopically pure hydrogen
(protium) with deuterium levels cd ≤ 1 ppm. In 2003, ∼700 STP liters of protium gas were
produced with a Whatman generator using deuterium depleted water bought from Ontario Power
Generation, Inc. (Canada). Although the original production yielded protium with cd ≤ 0.5 ppm,
the final 2003 protium filling contained ∼5–6 ppm deuterium1. In 2004 a new protium production
was started at PSI from the same water supply, ∼1500 STP liters in total, just sufficient to load
the TPC (400 `) and the new gas circulation system CHUPS (800 `) and to keep a reserve
for samples taken in the course of the 10 weeks run. The deuterium content of the original
gas sample was determined at the tandem accelerator of ETH Zürich (Dr. Max Doebeli) to be
(1.7± 0.1) ppm.

– Gas purity and diagnostics (critical improvement). The MuCap hydrogen gas should
contain Z > 1 impurities of less than ∼0.05 ppm to prevent dangerous background from muon
capture on impurities. The careful selection of bake-able high vacuum materials resulted in a gas
purity of about 0.5 ppm. In 2004 a continuous gas circulation system (CHUPS) [7] operating at

1It is suspected that the exchange of a broken palladium filter by a new one with history of regular hydrogen use may
have caused this contamination. Other sources (walls of TPC vessel, hydride storage, tubes and pressure tanks) probably
contributed much less deuterium admixture since they were repeatedly cycled with previously available protium gas.
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10 bar was integrated in the experiment, after several years of development work in Gatchina2.
The tour–de–force of readying the new system for the run paid off. In contrast to 2003, constant
impurity levels were obtained and the overall amount of impurities decreased to 0.07 ppm. Nu-
merous gas samples were taken and analyzed on-site by a team of chemists, providing another
critical improvement for the understanding of the gas quality in the TPC.

– Electronics and data acquisition. Because the previously used electronics barrack would
not fit near the πE3 area, it was necessary to take apart all of the electronics and reassemble
them in a new barrack. We took advantage of this opportunity to re-implement the master logic
that coordinates the data acquisition system, and also the trigger for the flash ADC system,
using programmable devices rather than discrete NIM logic modules as before. Notably, a new,
powerful FPGA board was constructed for the flash ADC trigger. The computers, both those
embedded in the VME crates and the PCs used for event-building and online analysis, were
upgraded to newer, faster models. CAMAC ADC modules and an FPGA trigger system were
incorporated to monitor the analog signals from the eSC. The PSI electronics group repaired
and tested the TDC400 modules used to digitize the TPC.

This ambitious improvement program had to be achieved two months earlier than requested and
anticipated3. By the end of September the MuCap experiment was ready for full production and
continued into several weeks of successful data taking. The progress compared to 2003 is clearly
evident from Table 1.

Subsystem Parameter Run 2003 Run 2004
TPC µ stop fraction 0.33 0.65

High Voltage (kV) 4.8 5.0
Electron detectors 2nd chamber no yes
DAQ livetime fraction 0.8 0.9
Purity CHUPS system no yes

(ppm) 0.5 0.07
Data Condition
Protium statistics (109) ∼0.6 ∼2.5
Calibration Runs N2 (ppm) 18 11

D2 (ppm) no 20
natural H2 no yes

Table 1: Comparison MuCap performance in 2003 with 2004.

Concerning the detector performance, all basic design goals have been met, though there are still
important improvements to be achieved for the 2005 run in order to reach the proposed goal of a 1%
measurement of the µp capture rate. The necessary improvements concern mainly the better control
and diagnostics of impurities and deuterium.

The 2004 data represent 25% of our final statistics goal for µ−. This achievement already doubles
the statistics of earlier experiments, and MuCap provides much cleaner conditions for interpretation
and systematics. The data are currently being analyzed by two graduate students and should lead to
a first physics result for the µp capture rate with a few percent error4, which would be a significant

2This project was initiated by special funding from US CRDF, obtained by a joint proposal between UIUC and PNPI.
Additional funding came from PNPI, PSI and UK.

3This rescheduling was necessary, because the MuLan collaboration could only run at the end of 2004 to allow for
time to return the MuLan kicker from TRIUMF.

4The statistical uncertainty of the capture rate in the 2004 data is ∼2%; the systematic error has to be evaluated
during analysis.
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improvement relative to the current world data on gP . The collection of the full statistics as well as a
significant data set for µ+ is planned for the next 1− 2 years.

2 Experiment 2004

2.1 Apparatus

The complete MuCap apparatus (Fig. 3) was assembled for the first time in 2004. The apparatus
can be divided into two parts: the inner muon detectors and the outer electron detectors, which are
mounted on separate platforms and can be rolled apart for servicing and maintenance work. The
two detector groups also operate independently, recording the muon lifetime’s start and stop signals
as separate systems. This independence is essential, because any systematic correlations between the
muon and electron time measurements could induce distortions to the lifetime curve.

The 2004 experimental components are described in detail below.

� Beamline:

Figure 4: Photograph of the πE3 area. The last two
quadrupole triplets (red) are separated by the slit sys-
tem. The MuCap detector is visible at the end of the
beamline.

Figure 5: A tent was installed over
the πE3 area to allow for better
temperature and humidity control.

– The πE3 beamline was extended to fit our needs. A vertical separator was used to remove
most of the unwanted electrons from the muon beam, followed by two quadrupole triplets
and the final beam slits (see Fig. 4).

– The last section of beampipe was specially designed to support some of the MuCap appara-
tus — namely, µSC, µSCA, µPC, and the lead collimator. A laser was used for alignment
of the beampipe and TPC.

– At the end of the MuCap beam period, we installed the MuLan kicker [8] between the
separator and the first quadrupole triplet. Some tests were made with the MuCap electron
detectors to examine the kicker performance and to explore whether a Muon-On-Request
system [10] would be suitable for future measurements.

� Muon detectors:

– The muon scintillator, or µSC, was located immediately after the beampipe’s 75 µm thick
mylar window. The µSC provides the fast muon timing signal for the “start” of the lifetime
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measurement. Its energy resolution was sufficient to separate muons from electrons; this
separation was used to optimize their ratio in the beam.

– A lead collimator just after the muon scintillator, followed by an anti-coincidence scintillator,
µSCA, which has a hole in its center, allowed active and passive rejection of scattered muons
and defined the beam spot.

– Thereafter, muons pass through the µPC detector. This year an entirely new µPC cham-
ber was built with thin, aluminized Kapton cathode foils to reduce scattering and range
straggling. The µPC detector measures muon position just before the TPC entrance and is
extremely useful for beam tuning.

– The TPC sits in the center of the cylindrical pressure tank, shown in Fig. 6. Cathode and
anode wires provide the x and z coordinates of muon stops, while the drift time (maximum
24 µs) provides y information.

– The µSR magnet, newly made this year from aluminum to reduce scattering, is a cos(θ) coil
wound closely around the pressure vessel (Fig. 6). It generates a horizontal magnetic field
of ∼50 Gauss which controls the muon spin rotation (µSR) of the polarized µ+ beam. By
fitting the µSR oscillations, polarization-induced distortions of the exponential muon decay
curve can be accounted for.

Figure 6: The TPC assembly, rolled back from
the electron detectors. The red µSR magnet
is visible on the outside of the pressure vessel.

Figure 7: Close-up view of the anode
instrumentation at the ends of the ePC
chambers. Note the concentric nesting of
ePC1, ePC2, and the eSC.

� Electron detectors:

– The ePC1 detector is a cylindrical multi-wire proportional chamber closely surrounding the
central pressure vessel. The three ePC1 layers — inner cathode strips, anodes, and outer
cathode strips — provide (φ, z, t)–information about electron passage through the detector.

– The ePC2 detector is a larger multi-wire proportional chamber nested between ePC1 and
the eSC. The ePC2 chamber was built in 2003, tested during 2004, and commissioned
just prior to the 2004 data-taking. The humidity-sensitive high voltage cards of ePC2
worked stably inside the temperature and humidity controlled tent protecting the entire
MuCap detector (Fig. 5). The ePC1 and ePC2 chambers (Fig. 7) work together to provide
directional information on electron tracks, thereby enabling vertex matching between parent
muon stops and decay electrons.
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– The eSC detector is the outermost MuCap detector element. It is a cylindrically symmetric,
two-layer scintillation hodoscope with 16 scintillator bar pairs, each viewed on both ends
by photomultiplier tubes. The eSC provides the electron timing signal, or “stop,” of the
lifetime measurement.

Figure 1 shows the entire MuCap detector setup from the back, with the TPC rolled inside the
electron detectors.

� Electronics and data acquisition:

– The PSI TDC400 modules record time-stamped hit patterns from the TPC, with three
digitized thresholds to enable identification of muon stops and impurity captures. The
modules were completely overhauled by the PSI electronics group in spring 2004 to repair
damaged components and performed reliably during the 2004 run.

– The Louvain compressor TDCs record time-stamped wire hit patterns in the ePC chambers.
The number of compressor channels more than doubled with the addition of ePC2.

– The CAEN V767 TDC is a general-purpose, multi-hit TDC used to record hit times from
all other detectors. In the past year we came to better understand some of its design
limitations, and we made appropriate adjustments for the 2004 run. In particular, we
recorded redundant copies of critical signals to avoid losing any information.

– The data acquisition system operates in a minimum-bias mode, recording detector hits
during blocks of livetime. The cycle is coordinated by a programmable logic module built
by the PSI electronics group. This programmable board replaced several racks of discrete
NIM logic and proved to be much more reliable.

– The analog signals from the hodoscope scintillator were split and run to LRS CAMAC
discriminators and LRS ADCs. Subsequent discriminated signals were fanned out to the
CAEN and Louvain compressor TDCs to establish the hit times; they were also sent to a
trigger for the ADCs.

– Struck VME flash ADC modules were used to record analog information from one TPC
sector about potential capture events on hydrogen gas impurities. The ADC modules can
provide energy deposition spectra and have the potential to distinguish between captures
on different elements. The impurity capture trigger was a Verilog program deployed on an
Louvain-built FPGA module.

– Each VME crate was upgraded with a new VMIC VMIVME-7740 single-board computer,
for faster electronics readout and data transfer over the Gigabit Ethernet network to the
primary DAQ computer.

– The primary DAQ computer was upgraded to a dual-processor 64-bit system, and was used
for event-building, online compression, and online data analysis. This was the first time
that MuCap had deployed online compression software, and we were able to compress the
data between 2.2 and 2.5 times its initial size. The online analysis results were exhibited in
the online display, used by shift-takers to continually monitor the data quality.

� Gas Purification:
The Continuous Hydrogen Ultra-Purification System (CHUPS) [7] was designed by PNPI (Gatchina)
to remove high-Z impurities from the MuCap hydrogen target. The MuCap experiment requires
that the usual vacuum contaminants C/N/O be reduced to a level of 0.05− 0.01 ppm.
The CHUPS installation in the πE3 area is shown in Fig. 8. A computer automatically controls
the gas compression, purification, and return stages, but periodic liquid nitrogen refillings by the
shift crew are necessary. The original CHUPS design (Fig. 9) was modified during the run to
incorporate additional safety features, some of which proved extremely useful during the abrupt
PSI power outages in late October 2004.
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Figure 8: The CHUPS hydrogen purification
circulation system.

Figure 9: CHUPS schematic diagram, includ-
ing the compressors, purifiers, release volumes,
and valves.

2.2 Run Overview

The MuCap detectors were moved into the πE3 area in September 2004. The complete electron detector
— including the new, larger wire chamber, ePC2 — had been assembled, cabled, and partially tested
beforehand. The detectors were surveyed and precisely aligned, and we began to simultaneously tune
the beam, produce protium, and finalize the electronics and data acquisition setup.

On October 1, the TPC volume was filled with deuterium-depleted hydrogen through a palladium
filter, and data-taking commenced. One week later, CHUPS was connected to the TPC volume and
began removing impurities from the hydrogen gas. Except for some brief CHUPS tests, we recorded
data for several weeks in this configuration. Figure 10 shows the accumulated statistics during the
2004 run, with the solid blue line giving an estimate of the number of fully reconstructed µ− decay
events after initial cuts.

In November, towards the close of data-taking, several calibration measurements were made. At
different times we added small, controlled amounts of nitrogen, oxygen, and water to the hydrogen
gas in order to study their effects. Also, a run with increased deuterium concentration was performed.
These measurements are needed to calibrate the in-situ impurity monitoring of the main production
data.
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Figure 10: Accumulation of statistics versus time during the 2004 run.

2.3 Performance

2.3.1 Detectors

On the whole, the MuCap detectors performed remarkably well in 2004. Concerning the muon detec-
tors, the improved µSC and µPC contributed to a twofold improvement in the muon stopping fraction
(Table 1), and the TPC functioned as a reliable muon track detector (Fig. 11). Unfortunately, due to
the reappearance of sparks at high voltages above 5 kV, the TPC was again unable to operate at the
voltages necessary for detecting Alvarez muons (5.4 kV). Intensive development efforts are underway
to remedy this chronic TPC problem (see section 3.1).

The electron wire chambers, ePC1 and ePC2, performed stably throughout the run with effi-
ciencies of roughly 90% for a coincidence of all chamber planes (with respect to the always-steady
eSC). The ePC2 chamber was an especially welcome success story. In spite of a tight commissioning
schedule, ePC2 was ready in time for data-taking and produced valuable information. With both
ePCs operational, we were able to reconstruct electron tracks and investigate the origins of our muon
losses (Fig. 12).

In general, the miscellaneous support infrastructure–electronics, slow control, and DAQ–worked re-
liably without any serious problems. DAQ improvements led to an increased livetime fraction (Table 1)
even though the data volume increased substantially from the previous run. The high-voltage slow
control and online display software proved to be highly effective tools in maintaining and monitoring
the MuCap experiment over the multiple weeks of data-taking.

2.3.2 CHUPS Hydrogen Purification

The CHUPS design specification included continuous circulation at ∼ 2 `/min and removal of nitrogen
and other impurities from the hydrogen gas to a level < 0.01 ppm, while keeping the critical TPC gas

10



Figure 11: A page from the 2004 online display which shows entrance muon information. Different
projections of the TPC’s muon stopping distribution are shown in the six leftmost plots. The plots on
the right exhibit the µPC profile and stopping efficiency, as well as beam phase space information.

pressure stable within 20 mbar. CHUPS was first connected to the TPC’s gas system on October 8,
2004, and the subsequent attenuation in the hydrogen’s impurity level is plotted in Fig. 13.

The most important characteristic in this figure is the drop of the yield Y of capture events, as
monitored in the TPC by selecting clearly identified capture event signatures, to an asymptotic level
of about 0.8 × 10−5. This yield corresponds to roughly 0.08 ppm of N2 if, for example, N2 would be
the source. This level should be compared to the observed yield Y in 2003 without purification where,
after a new clean filling of the TPC, the capture yield started at ∼ 10−5 and increase to ∼ 10−4 within
a week. Thus CHUPS achieved a critical improvement to the experiment. Not only did it decrease
the impurity level by a factor of six compared to the weekly average of 2003, but it also maintained
a stable equilibrium situation, which is a tremendous help for both systematic corrections and data
taking efficiency, as it allows running without major hardware interruptions. CHUPS operated for
several weeks without incident until the abrupt PSI power outages in late October 2004, after which
CHUPS began to experience occasional lock-ups during its purification cycles.

The impurity level for C/N/O elements achieved with CHUPS would already be sufficient, as the
correction to the observed muon decay constant is roughly proportional to 1.6 Y , which translates into
a 13 ppm correction. While zero correction would be preferable, such a correction can be applied after
careful calibration.

At the moment, however, we assign a relatively large error to it, as the CHUPS performance still
leads to some unresolved questions which can be seen in the more detailed inspection of the figure.
CHUPS produced an exponential reduction in the impurity level as expected from the gas flow, but
the yield Y leveled out at a factor of 10 higher than anticipated, while direct high sensitivity gas
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Figure 12: Using the ePC1 and ePC2 detectors, it was possible to reconstruct electron tracks and
calculate their point of origin along the z-axis. The black distribution above corresponds to electron
tracks that were coincident with good muon stops in the TPC, while the red distribution corresponds to
electrons coincident with muons that did not stop in the TPC’s fiducial volume. These “tomography”
plots were of great assistance in determining where muons were actually stopping in our setup.

chromatography confirmed that nitrogen and oxygen were filtered to the design level (Fig. 13.). The
fine details of the history plot record our efforts to understand this discrepancy by changing the gas
flow of CHUPS or disconnecting the TPC from the circulation. While it is suspected that the residual
impurity is due to outgassing of water vapor caused by the periodic flow variation of CHUPS, we don’t
have a definite proof yet, as this very small contamination level is at the limit of our present external
moisture sensor. A test period without beam with an improved CHUPS system and diagnostics is
foreseen before the next production run to definitely clarify this unexpected behaviour.

2.3.3 Data Analysis

Two of the MuCap graduate students, Tom Banks (UC Berkeley) and Steven Clayton (UIUC), are
currently developing independent analysis software packages with the goal of extracting the µp capture
rate from the 2004 data. They are performing a blind analysis, as the true electronics clock frequency
has been entrusted to a few select members of the collaboration. The plan is to reach independent
capture rate results which will ultimately be unblinded and compared as an internal collaboration
consistency check. We anticipate this analysis will be accomplished within the year.

MuCap has a good head start on the analysis, since a large fraction of the software was developed
by analyzing data from the 2003 MuCap commissioning run. Additional analysis contributions will
come from new MuCap graduate student Brendan Kiburg (UIUC) and undergraduate Jordan Meyer
(UC Berkeley).

In spring 2004, MuCap made extensive use of the PSI Merlin cluster for large-scale analysis passes
over the entire 2003 run data set. This year we are developing a second analysis center at UIUC,
comprised of the UIUC Linux farm and the UCB LTO-2 tape robot. This should help to speed up
large-scale data analyses, and it provides us with an analysis center closer and more accessible to the
institutions immediately involved with the task.
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Hours After CHUPS Connection (9:37, October 8, 2004)
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Figure 13: History plot showing the hydrogen gas impurity level attenuation in the weeks after CHUPS
was connected to the gas system. Note that two quantities with different units are plotted on the same
y-axis: the TPC-measured Z > 1 impurity capture yield points in red, and the gas chromatography
measurements of nitrogen concentration in purple. The various bumps and gaps in the red capture
yield distribution are due to beam-down periods, µ+ measurements, and CHUPS tests.
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Figure 14: Comparison of the µ− lifetime spectra from the 2003 and 2004 runs, demonstrating a
significant improvement in the accidental rate. At this stage in the analysis, only loose directional cuts
have been applied to the additional ePC2 data.
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3 Plans for 2005

The progress of MuCap in 2004 as well as the new MuLan [8] kicker development make us confident
that the new experimental approach and the associated complex technical developments work, so the
critical statistics and systematics goals can be met. The new ortho–para result [5] and the lively
theoretical debate over the last years remind us that scrupulous care is required to achieve a clear-cut
gP result. The planned upgrades in 2005 aim at a final optimization of the experiment based on
operating experience, with emphasis on reduction of systematic corrections and redundancy in their
computation.

3.1 TPC

The world experience with high pressure TPCs filled with ultra-clean hydrogen is very limited. In
the context of the MuCap experiment, the pioneering work was done by PNPI, which studied basic
properties of hydrogen as a chamber gas and produced the first TPC prototypes based on standard
chamber materials [3, 9]. Following our technical proposal, the PSI detector group developed a unique
ultra-clean and bake-able version of the TPC, which worked as the central muon detector in our
successful runs in 2003 and 2004, albeit at low gain. In parallel, PNPI developed an alternate ultra-
clean TPC technology which allowed the production of several additional spare frames at acceptable
cost. For the main production run we plan to prepare two interchangeable TPC systems, to minimize
the risk of failure due to aging or other issues5.

PSI plans. The previous upgrade one year ago improved the TPC’s long-term stability, but
unfortunately no significant increase of the operating voltage in the muon beam has yet been achieved;
it has remained limited to 5.0 kV. Even after being mechanically cleaned, wires that have previously
drawn large currents seem to keep a “memory” that cannot be completely erased. Also, a few cathode
wires have lost part of their mechanical tension, possibly as a result of too many heating cycles.
Furthermore, the use of the new CHUPS circulation system seems to have deposited more tiny dust
particles on the cathode planes than were found after the 2003 run.

Based on these observations, we decided to completely overhaul the TPC. Both cathode planes are
being replaced by new ones, as are those anode wires with a troubled history. The TPC pressure vessel,
including all tubing, is being baked out for several weeks in order to further reduce any outgassing from
walls or cables. The goal formulated already in 2004 remains the same: reliable TPC operation in the
muon beam at ∼5.5 kV, useful for the observation of 5.3 MeV Alvarez muons from pdµ fusion. Since
great care must be exercised for tuning up the TPC voltage, the whole overhaul procedure, including
extensive tests with sources as well as gas circulation and impurity studies, will take 6 to 8 months.

PNPI plans. Three sets of TPC chambers have been produced. The frames were tested up to
150 � without noticeable change in wire tensions. During spring 2004 the whole TPC assembly was
installed in an identical vacuum vessel as the PSI TPC and operated for several weeks. After shipping
to PSI, all detector components were carefully cleaned and the filling system assembled6. In spite
of this effort, the TPC did not reach the operating characteristics achieved at PNPI, which could be
traced to oil contamination. The PNPI plan for 2005 is the following: In a first step all the elements
of the TPC system (vessel without TPC electrodes, vacuum and gas filling system) will be cleaned,
the system will be assembled and tested for impurities, in particular oil and water. The second step
consists of tests with a small proportional chamber inside the volume using a beta source, to make
absolutely sure that no contaminants are left which could deteriorate the chamber performance. In the
third step, the real TPC will be mounted and tested with beta sources. The final step is the connection
with CHUPS and extensive test of performance and purity.

5The repair and conditioning for these delicate devices are much more time-consuming than for conventional chambers.
6Thanks to significant help from PSI and vacuum equipment provided by the PSI vacuum group.
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3.2 Statistics

In the 2004 run, 25% of the proposed 1010 statistics of pile-up protected and fully reconstructed µ−

decay events were recorded. With reduction of the material intercepting the beam path and other
incremental increases in efficiency, we estimate7 that about 8 weeks of data taking are required to
achieve full statistics for µ−.

The data collection rate could be significantly boosted with a Muon–On–Request scheme [10]. In
order to obtain undistorted time spectra with small background level only events with a single muon
in the TPC during the TPC sweep-out time of ±24 µs are accepted (“pile-up protected events”). This
condition reduces the accepted muon rate by about a factor of three compared to the incident muon
flux. With the commissioning of the MuLan kicker in 2004, there is the exciting possibility of increasing
the data rate by two to three. The actual gain will depend on the achievable µ− rate in the πE3 area
and the kicker switching delay. Beam optimizations as well as careful tests to exclude artificial time
correlations by the kicker will be required. Brief tests at the end of the MuCap run 2004 with the
kicker running were encouraging: no strong pick-up in the chamber electronics was observed.

The MuCap detector has unique in–situ diagnostic capabilities for gas impurities, all of which were
nonexistent in earlier experiments. Muon capture on impurities leads to events with distinct topologies
in the TPC. To determine the relation between the impurity yield and the observed lifetime, the
detector must be calibrated with dedicated hydrogen fillings containing small impurity admixtures.
During the 2004 run, we carried out a full sequence of these calibrations. In 2005 we have to foresee
more time for these calibrations, not only for the actual measurements but also for high-vacuum
preparation of lines and sampling volumes.

3.3 Systematics

The systematic error budget for the MuCap experiment, which will likely be dominated by the contri-
butions shown in Table 2, will guide the following discussion of experimental upgrades. The goal is to
ensure that the total systematic uncertainty is less than 5 ppm of the measured lifetime so that the
final, combined error of 10 ppm is dominated by statistics.

Source Correction (error) to lifetime in ppm
Estimate 2004 Goal 2005

Impurity capture 16(8) assuming H2O 8(3) twice reduced impurities,
better diagnostics

Deuterium diffusion 30(10) assuming cd=3 ppm 30(5) improved diagnostic
to 0.5 ppm precision

Kinetics (15) due to uncertainty (5) after in-situ measurement
in λop and λpp of λop and λpp

Table 2: Main systematic uncertainties in the MuCap measurement. These estimates need to be
confirmed by the analysis of 2004 data. The deuterium estimate assumes no µ-e impact parameter
cut; even a loose µ-e cut (µ stop point separated from e-track by < 5 cm), useful to suppress accidentals,
increases this correction to ∼140 ppm. Additional contributions to the total systematic uncertainty
exist but are expected to be small in comparison.

In these three critical areas — general and isotopic gas purity, and kinetics — the systematic
uncertainties should be improved. In–situ measurements with upgraded detector components as well
as auxiliary measurements will be needed. In addition, several maintenance tasks will improve the
reliability of the system.

7This preliminary estimate will be updated once the new data collected last fall have been systematically analyzed.
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3.3.1 Transfer to Z > 1 impurities

Gas system

The present diagnostics for trace water vapor contamination in the system must be improved in
order to fully understand the correspondence between the in–situ impurity measurements and external
analyses of gas samples. The observed 0.07 ppm of H2O is close to the sensitivity limit of the present
hygrometer apparatus; moreover, it is somewhat uncertain to what extent the walls of the sampling
volumes adsorb water molecules. A new moisture sensor compatible with 10 bar in-line operation has
been ordered already, which will reduce the latter uncertainty. A test period, without beam, with
CHUPS circulation through a rented high-sensitivity moisture detector (based on cavity ring-down
spectroscopy) is foreseen in early fall to establish beyond doubt whether water really is the main
component of the residual impurities.

The gas circulation system, CHUPS, operated quite successfully until a series of abrupt PSI power
outages in late October 2004. At that point, it began to experience occasional lock-ups and false
pressure readings in its purification cycles. It will be repaired with a new control board, which will
also have more options and be more reliable. Additional safety improvements will be implemented to
avoid overpressure in various parts of the system. An automatic liquid nitrogen filling system will be
added; during the 2004 run, it was necessary to enter the area several times per day for this filling.
This filling apparatus will operate together with the new liquid nitrogen delivery system to be built
in the experimental areas during this winter’s shutdown. The CHUPS computer interlock system will
be updated and made more resilient. During the 2004 run, it was shown that the residual impurity
concentration was reduced by a higher hydrogen flow rate. Accordingly, the hydrogen mass flow
controller will be replaced and supplemented by two better models which should allow us to run the
purification system more reliably and at a higher and more constant flow rate than originally foreseen.

3.3.2 Transfer to deuterium and diffusion

As elaborated in the technical proposal [3], the target gas should be isotopically pure to 1 ppm in order
to avoid muon transfer and subsequent diffusion, which lead to subtle distortion of the observed decay
time spectra. In 2004 we improved our isotopic purity from the 2003 value of cd ∼5–6 ppm to 2 ppm8.
Analyses have been performed on the PSI-operated tandem accelerator at ETH Zürich (Laboratory
for Ion Beam Physics), at the PSI Laboratory for Atmospheric Chemistry, and at the Ioffe Institute in
St. Petersburg. From the scatter of results and estimated systematics we expect a precision of 0.5 ppm
for these methods. Ontario Power Generation, from whom we purchased the deuterium-depleted water
that has been used to this point, no longer sells it, but we were able to procure a sufficient quantity
for upcoming runs from their existing reserves. To be clear, we have achieved deuterium purity at
nearly the required level, but additional improvements and redundant monitoring will be essential for
our final precision goal.

The baseline option is the detection of Alvarez muons with the TPC, which is a direct, in-situ
monitoring method. However, it requires stable TPC operation with a high voltage of at least 5.4 kV,
and high statistics and excellent background rejection to identify this process, which is extremely rare
in low density gas. The first condition should be achieved by the TPC improvement program. The
instrumentation of the full TPC with analog readout (see below) will sharpen our event selection. We
are also developing a detailed Monte Carlo of the diffusion process and an approach to use muon-
electron vertex tracking to determine this trace isotopic impurity.

As regards the off-site analysis, PNPI will work out a contract with the Ioffe Institute, so that the
mass spectrometer analysis if coordinated with our data taking and can be performed several times
during the main run with fast turn–around.

Still, an improved on-site method would be most valuable to determine this decisive systematic
correction. We will seek funding from CRDF, which has already contributed the indispensable CHUPS

8This is a value for initial filling, final value still needs analysis.
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system to the experiment, for an alternative on-site method for precision deuterium diagnostics. At
LH2 density, the fusion yield, by which the deuterium concentration is monitored, is increased by a
factor of 170. We propose a muonic “tabletop” method based on a LH2 target [11] for absolute D/H
isotope ratio determination at the unprecedented 0.1 ppm level within about one day of running.

FADC readout of TPC

The current flash ADC modules are only sufficient to instrument one sector of the TPC. The Berkeley
and Louvain groups are cooperating to build an upgraded flash ADC system based on the 12–bit,
170 MSPS MAX19542 device. Xilinx Spartan-3 FPGAs will coordinate the transfer of the recorded
waveforms from the ADC directly to a Gigabit Ethernet interface. Enough channels will be available
to cover the entire TPC; the increased resolution will make the modules useful over a wider dynamic
range. In conjunction with newly developed trigger FPGA module, we will be able to record full analog
information on rare impurity capture events (increasing our capability for background rejection and
impurity identification) as well as to maximize the efficiency for Alvarez events.

3.3.3 Kinetics and interpretation

Figure 15: Design of electron detector bar upgraded with two neutron detectors with 5 inch × 5 inch
cylindrical liquid scintillator cells (center).

Figure 2 shows that the extraction of gP in MuCap depends slightly on the value of the ortho-
para conversion rate λop. This relation was discussed in detail in our original proposal, and we
expected that the TRIUMF experiment would clarify the ortho-para situation and eliminate this
minor model dependence. Alas, the 2004 result of the TRIUMF experiment leads to an even larger
uncertainty in λop. Estimating this uncertainty to be 10−5 s−1, the systematic error in gP becomes
roughly comparable to our final precision goal. This argument, as well as the speculation that the
gas density might affect the λop rate, makes it compelling to directly verify the kinetics by observing
the time distribution of capture neutrons. The time spectrum of capture neutrons is more sensitive
to λop and no absolute neutron efficiency is required. This method was employed by the previous λop

measurements in liquid targets, the sensitivity at the 100 times lower densities of MuCap was presented
in our original proposal [2]. The MuCap detector was built considering this upgrade option. We plan
to modify four electron detector elements as shown in Fig. 15; we estimate that these eight liquid
scintillator neutron detectors should collect sufficient statistics to directly constrain the ortho–para
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effect on the interpretation of the muon lifetime to 5 ppm9. The new flash ADC modules will be used
to record the signals from the neutron detector system, providing pulse shape discrimination between
neutrons and gammas.

The rate for ppµ formation will be measured from the time distribution of capture events in the
TPC, after a small impurity of argon or neon is added.

4 Beam Time Request 2005

In 2005 the highest priority is the analysis of the 2004 data, which, on the one hand, should lead
to a first significant physics publication of MuCap and, on the other hand, will define indispensable
guidance concerning the final experimental systematics. In parallel, we will work on and finish final
upgrades to the MuCap detector and gas system, to improve on the primary, clearly identified issues
laid out in the previous section.

We plan to have all systems ready by early September, 2005. In September–October we will
perform a major test without beam, where the TPCs, the upgraded CHUPS system, and upgraded gas
diagnostics (online and offline) are available to exercise the system and to identify the small, but not
completely understood, residual impurities. The activity would ideally take place in the staging area
in the main hall that we used in 2004.

Only after successful completion would we be ready for the main production run. This run should
be split, with an 8 week startup/production phase at the end of 2005 in πE3 and a continuation of
the production run of approximately 10 weeks in 2006. Ideally the MuCap detector would remain in
the πE3 over the shutdown, which would significantly reduce the set-up overhead and risks, a critical
advantage for the main production with this complex detector and its ultra-high purity gas system.
Essential parts of the startup phase are beam tuning and systematic studies to decide whether we will
switch from our present baseline design of using a DC beam to the new Muon–On–Request scheme for
main data taking. The overall goal of the main production run is:

– The collection of 1010 analyzed µ− decay and a limited µ+ statistics, if Muon-On-Request is
unsuitable for MuCap

OR

– the full proposal statistics of 1010 analyzed µ− as well µ+ decays, if we can operate in Muon–
On–Request mode.

In summary, our beam request for 2005 is the following:
8 week startup/production run at the end of the year in πE3. It must be scheduled at
the end of the year to carefully prepare all MuCap subsystems, so that all components
are in place to minimize start-up losses10. It would be optimal for the planned continued
production to immediately follow the 2005–2006 shutdown.
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hauser, M. Ojha, C.J.G. Onderwater, C.S. Özben, J. Paley, C. Petitjean, G.E. Petrov, C.C. Polly,

9The total uncertainty will depend on the total systematics, in particular on the signal to accidental ratio which can
be achieved in the real experimental situation.

10In 2004 we lost valuable time, because we accepted the compromise to run earlier than planned.

18



R. Prieels, S. Sadetsky, G.N. Schapkin, R. Schmidt, G.G. Semenchuk, M. Soroka, V. Trofimov,
A. Vasilyev, A.A. Vorobyov, M. Vznuzdaev, D. Webber, and P. Zolnierzcuk

[2] D.V. Balin et al., High precision measurement of the singlet µp capture rate in H2 gas, PSI proposal
R–97–05.1. http://www.npl.uiuc.edu/exp/mucapture/documents.html

[3] V.A. Andreev et al., High precision measurement of the singlet µp capture rate in H2 gas, Technical
Proposal, PSI proposal R–97–05.2, February 2001.

[4] Invited and contributed papers were presented by MuCap members at various international con-
ferences (F. Gray, 6th International Workshop on Neutrino Factories & Superbeams (NuFact’04),
July 26 - August 1, 2004, Osaka, Japan, nucl-ex/0410042; C. Petitjean, International Nuclear
Physics Conference (INPC’04), June 27 - July 2, 2004, Göteborg, Sweden; B. Lauss, Conference
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