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Muon g-2!

•  g-factor is the ratio of a particle’s spin to its magnetic moment 
in units of the Bohr magenton.  =2 for point-like Dirac 
particles!

•  g-2 differs from zero due to quantum fluctuations in the 
vacuum!

•  These corrections can be calculated to sub-ppm precision!

•  A measurement of muon g-2 to sub-ppm precision required to 
test these calculations!
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Muon g-2!
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Experimental	
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Detector L2!

The L2 detector branch of the WBS contains all instrumentation 
required to measure the muon precession frequency!

•  This includes: 
§  Calorimeters to measure positron 

energy and time 
o  This data is fit to extract the 

precession frequency 
§  Tracking detectors to measure 

characteristics of the muon beam 
o  This data is used to make 

corrections to the extracted 
precession frequency and help 
constrain systematics 

§  Readout electronics, data acquisition, 
and slow controls 
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  2001	
  run.	
  	
  This	
  plot	
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Tracker L3!

•  This L3 resides under B. Casey (Control Account Manager) in the detector WBS. !
•  Encompasses the tracking detectors and the auxiliary detectors!
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Beam Dynamics!

•  We need to know everything 
about the stored muon beam!
–  Arrival time!
–  Injected profile!
–  Stored profile!
–  Motion throughout the fill!

!

7/26!

The pileup systematic uncertainty falls into three cate-
gories: efficiency, phase, and unseen pileup. The pileup
efficiency is established by creating a pileup event spec-
trum and adding it to the raw spectrum. A pileup multiplier,
mpu, is used to construct modified electron time distribu-
tions with varying pileup fractions. These spectra are fit to
determine !!a=!mpu. Equality of the electron energy
spectra early (high rate) and late (low rate) in the fill
indicates that pileup is corrected; an uncertainty of 8%
on this correction is assigned. The systematic uncertainty
on!a from pileup subtraction efficiency is 0.036 ppm. The
pileup phase reflects the error due to the uncertainty in the
phase of the constructed pileup spectrum. Simulations
determine the limits of the phase difference, and the am-
plitude of pileup subtraction, combined with the phase
difference, yields an uncertainty in !a of 0.038 ppm.
Finally, a 0.026 ppm uncertainty is assigned to the effect
of those very-low-energy pulses, unnoticed by the pulse-
finding algorithm, which are not included in the con-
structed pileup spectra. The combined pileup uncertainty
on !a is 0.08 ppm, where the efficiency and phase uncer-
tainties are correlated and add linearly and the unseen
pileup uncertainty is combined in quadrature.

4. Elimination of fast rotation

As described in Section III B, muons are injected into
the storage ring in approximately Gaussian bunches with
rms widths of 25 ns. The momentum spread causes de-
bunching with a time constant of approximately 20 "s and
the leading and trailing edges begin to overlap 5 "s after
injection. Approximately 30 "s after injection—a typical
fit start time—the underlying microstructure remains, ap-
pearing as a rapid modulation of the electron decay spec-
trum for a given detector. This fast-rotation signal is
filtered from the decay spectra by adding a random fraction
of the cyclotron period Tc to the reference time T0 that
marks the arrival of the bunch at the entrance to the storage
ring, a procedure that reduces the fast-rotation modulation
by a factor of about 500. Furthermore, if the calorimeter
signals are aligned in time according to their azimuthal
location and their decay spectra are combined, the fast-
rotation structure is reduced by an additional factor of 10.

In addition to the slow modulation caused by the (g! 2)
precession, the actual rate in a detector station varies sig-
nificantly over a cyclotron period, from early times until
the bunch structure has disappeared. The corresponding
modulation of the pileup rate is handled automatically by
the shadow pulse subtraction scheme.

5. Multiparameter fitting

The electron decay spectra prepared as described above,
fit with the naive five-parameter function in Eq. (10),
results in a very poor #2=dof. Fourier analysis of the
residuals reveals identifiable oscillatory features and slow
changes to the overall spectral shape. Figure 34 shows the

Fourier transform of the residuals of such a fit to the R01
data. While the fit removes !a from the residuals, strong
peaks at the horizontal CBO frequency, its first harmonic,
and at the sum and difference between the CBO and !a
frequencies are evident. Additionally, small peaks associ-
ated with the vertical CBO (VO) and the vertical waist
(VW) are seen at higher frequencies. The low-frequency
rise is ascribed to distortions to the exponential envelope
from muon loss and gain changes. These physical terms
motivate development of a multiparameter fitting function.
A general form, which includes all known and relevant
physical perturbations, and assumes an energy threshold
Eth, can be written

N"t# $ N0

$%"
e!t=$%" %!"t# % V"t# % B"t# % C"t#

% &1! A"t# cos"!at'&"t#( (32)

with

!"t# $ 1! Aloss

Z t

0
L"t0#e!t0=$%"dt0 (33)

V"t# $ 1! e!t=%VWAVW cos"!VWt'&VW# (34)

B"t# $ 1! Abre!t=%br (35)
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FIG. 34. The Fourier spectrum obtained from residuals from a
fit based on the five-parameter, ideal muon decay and spin
precession expression. The horizontal coherent betatron oscilla-
tion (CBO) frequency at 466 kHz, its first harmonic, and the
difference frequency between CBO and the (g! 2) frequency
are strong peaks. The vertical waist (VW) and CBO vertical
oscillation (VO) produce smaller, but still significant, effects at
high frequencies. The low-frequency rise stems from muon loss
and gain distortions of the underlying decay exponential.

G. W. BENNETT et al. PHYSICAL REVIEW D 73, 072003 (2006)

072003-30

Power	
  spectrum	
  of	
  
residuals	
  to	
  a	
  simple	
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  fit	
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Physics Goals !

•  Measure the beam profile in multiple locations around the ring. !
–  Validates our model of beam dynamics needed to!

•  Understand calorimeter acceptance changes due to beam breathing!
•  Determine ppm level corrections to ωa due momentum spread and 

betatron oscillations!
•  Determine effective magnetic field map seen by the muons!
•  Limit the size or radial and longitudinal magnetic fields!

•  Make an independent measurement of positron momentum !
–  Can be used to validate calorimeter-only methods of determining 

pileup and gain systematic uncertainties in regions where tracker and 
calorimeter acceptance overlap!

•  For commissioning, determine position (x,y) and angle (x’,y’) 
distributions at injection and during the kick and scraping.!

•  Characterize position and width CBO modulations, horizontal and 
vertical.!

8! 21-22 October 2015!B. Casey, Tracker Design Review!
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Requirements!
•  Need to measure beam profile with mm level accuracy!

•  Large extrapolation back to decay position requires percent level 
uncertainty on curvature and minimal material!

•  Requires better than 300 micron uncertainty on individual position 
measurements!
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Technical design:  Trackers!

Destruc=ve	
  fiber	
  
harps	
  to	
  measure	
  

injected	
  muon	
  profile	
  

Non-­‐destruc=ve	
  
trackers	
  to	
  measure	
  
stored	
  muon	
  profile	
  

Entrance	
  counters	
  to	
  determine	
  
temporal	
  profile	
  

456 AUXILIARY DETECTORS

(a) (b)

Figure 21.1: (a) The 180� x profile monitor, glowing under ultraviolet illumination in the
laboratory. (b) The 270� y profile monitor, which was found to be damaged when it was
removed from the Brookhaven E821 storage ring.

21.1.2 Recommended Design

The fiber beam monitors were originally built for E821 by a group at KEK that is not part
of the Fermilab collaboration [2, 3]. We intend to refurbish and reuse all components from
the existing system that remain suitable.

Each fiber beam monitor holds a “harp” of seven scintillating fibers of 0.5 mm diameter,
each 90 mm long and separated from its neighbors by 13 mm, as shown in Figure 21.1(a).
Each scintillating fiber is bonded to a standard optical fiber that connects it to a vacuum
feedthrough. There are a total of four devices, and they are deployed near the 180� and 270�

positions in the ring. The 180� fiber beam monitor should observe an image of the beam
as it was injected at the inflector, while the 270� fiber beam monitor should map x0 and y0

at the inflector into x and y there. At each location, one fiber beam monitor suspends the
fibers vertically to measure in x, and the other arranges them horizontally to measure in y.
The fibers stay inside the vacuum, and they can be plunged into the beam path. As shown
in Figure 21.2, they can be also rotated into a horizontal plane, where all fibers see the same
beam, for calibration, or upright for measurement. Because ferromagnetic material cannot
be placed this close to the precision magnetic field, aluminum motors and actuators driven
by compressed air are used for this motion.

All of the fiber beam monitors have been dismantled from E821, and three of the four
appear to be in good condition. One fiber beam monitor was found to be damaged, with a
snapped fiber and bent frame components, as shown in Figure 21.1(b). This damage may
have existed since early E821 runs; an unexpectedly high muon loss rate when the fiber
harps were inserted suggests that there were unintended scattering sources in the beam. At
a minimum, this frame will need to be straightened and realigned, and the broken fiber will
need to be re-bonded.

We will clean and lubricate the parts of the system that were outside the vacuum, and

Recycled	
  from	
  BNL	
  

In-­‐vacuo.	
  	
  >factor	
  of	
  5	
  improvement	
  to	
  similar	
  system	
  on	
  BNL	
  

Systems	
  primarily	
  funded	
  by	
  
the	
  STFC	
  and	
  ECA	
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Design!
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3	
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Mu2e Straws!
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Figure 19.8: Side view and cross-section of assembled straw. The aluminum end-piece on
the right is designed to pass through holes in the manifold. The ’top hat’ structure of
insert on the left will not. Straws are tensioned against this before being epoxied into place.
Plastic inserts (shown red) and crimp pins are press-fitted into the aluminum inserts. The
pins center the wires and hold them under tension and provide electrical connection to the
first-stage electronics.

The modules are 32 straws wide (i.e. contain 128 channels each). The total channel
count including prototypes and spares is listed in Table 19.3.

A schematic diagram of a module is shown in Fig. 19.7. The active height of each station
is 7.63 cm. The straws are mounted between aluminum gas manifolds which also house the
first stage of the readout electronics.

We have chosen a system based on Mu2e straws [4]. Each straw has a 5 mm diameter and
is 10 cm long. The straw wall is made of two layers of 6 µm Mylar, spiral wound, with a 3 µm
layer of adhesive between layers. The total thickness of the straw wall is 15 µm. The inner
surface has 500 Å of aluminum overlaid with 200 Å of gold as the cathode layer. The outer
surface has 500 Å of aluminum to act as additional electrostatic shielding and improves
the leak rate. The straws are attached to the manifolds at the ends and tensioned to 65
grams to compensate for expansion under vacuum. The straw parameters are summarized
in Table 19.4. The material budget in the active region of each station is given in Table 19.5.

584 TRACKING DETECTORS

Figure 19.7: Schematic diagram of a tracking module together with the readout electronics
attached. The module is 32 straws wide.

Straw material Aluminized Mylar
Straw wall thickness 15 µm
Wire 25 µm gold-plated tungsten
Straw length 10 cm
Stereo angle ± 7.5� from vertical
Gas 50:50 Argon:Ethane
Pressure 1 Atm
Operating voltage 1800 V

Table 19.4: Summary of the properties of the tracking detectors.

Material Thickness radiation Length (cm) X/X0 (%)
Gold 200 Å 0.3 6⇥ 10�4

Aluminum 500+500 Å 8.9 1⇥ 10�4

Adhesive 3 µm 17.6 2⇥ 10�3

Mylar 6 + 6 µm 38.4 3⇥ 10�3

Ar:Ethane 5 cm 1⇥ 105 4⇥ 10�2

Total per straw 0.05
Total per station 0.11
Tungsten 25 µm 0.35 0.7
Total after hitting 1 wire 0.82

Table 19.5: material budget in the active region of a station.
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Table 19.5: material budget in the active region of a station.Unique	
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Manifolds!
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Front end electronics!
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Back end electronics!
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Figure 19.22: A schematic of the MicroTCA tracker readout crate.

be encoded into the C5 protocol on the FC7 FPGA before being transmitted to the logic
boards. The FC7 will receive data in the 8B10B protocol from the logic boards and this
will be formatted in the FC7 FPGA to match the data format requirements of the AMC13.
The TDCs will begin to accumulate data at a fixed time (O(30)µs) after the begin of spill
signal is received by the AMC13 for a duration of 700µs. In order to ensure that the tracker
hit times have a common t 0 with respect to the calorimeter, su�cient to synchronize the
data before track-fitting, the FC7 will multiply the input 40MHz clock to 800MHz and will
record when the C5 command instructing the TDC to accumulate hits is sent to the logic
board with respect to this clock. The C5 commands are sent with a 10MHz clock and so
don’t have the necessary granularity to synchronize the data.

A block diagram showing the key features and signal paths of the FC7 is shown in
Fig. 19.23.

L o w - V o l t a g e D i s t r i b u t i o n ( B e c k y )

The low-voltage (LV) system provides ±5V to the logic board board which will be put
through regulators to provide the necessary power to the TDCs and ASDQs. The typical
operational current is about 2.8A for the +5V supply and 1.4A for the -5V supply. The LV
system will provide independent LV to each logic board such that individual logic boards
can be powered on and o↵. The LV boards provide isolated output to avoid ground o↵-sets
between systems which can be a main issue when using long cables.

The LV will be provided by 36W isolated DC-DC converters operating with a 24V DC
input supplied by an external commercial AC-DC power supply. The expected power con-
sumption is about 20W so the 36W is chosen to allow for some contingency. One board

Micro	
  TCA	
  based	
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  g-­‐2	
  detector	
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Gas!

21-22 October 2015!B. Casey, Tracker Design Review!16!

Gas	
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  to	
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  with	
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  or	
  Ar:CO2(80:20)	
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  is	
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  gain	
  
-­‐not	
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  a	
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  for	
  it	
  
(everything	
  rated	
  for	
  3kV)	
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LV/HV!

•  HV:  Evaluating 3 commercial units!
–  CAEN, ISIG/Veiner, CAEN system recycled 

from CDF!

–  Based on CDF and LHC experience, we 
would need 50% spares for new systems 
and significant human resources for burn in 
and communication with vendors!

–  CDF system has factor of 2 more channels 
than we need already burned in. Started 
testing it this week!

•  LV: Custom board from UCL designed and 
prototyped!

•  HV/LV independent for three trackers with 
racks located about 2 meters away!
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provides a dual ±5V output su�cient to power a single logic board, so 16 boards are re-
quired per tracker. A photograph of the board is shown in Fig. 19.24.

Figure 19.24: A photograph of a prototype low-voltage board.

The boards for one tracker will be housed in a custom 3U crate with a crate controller
board which can power individual boards on and o↵ as well as provide monitoring information
such as currents and temperatures. The three LV crates will be located in the centre of the
ring at a maximum distance of 5m from the logic board so as to minimize signal perturbation
and impact on the storage ring field. Furthermore, the LV boards also o↵er slow control
capabilities via direct links to every logic board.

High-Voltage Distribution (Brendan)

High voltage will be supplied by a commercial CAEN SY4527LC universal multichannel
power supply system containing 12 channel A1535 3.5 kV/3 mA common floating return
boards. The nominal HV will be 1800 V. All electronics in the HV chain are rated to 3kV.
Two SY4527s will be located in the center of the ring and will distribute HV to the three
tracking stations. There is one common HV per 16 straws so each tracking station has 64
HV channels. Trip currents will be set at 10 µA per HV channel to avoid damaging straw
walls if a sense wire breaks.
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Vacuum chamber modifications!

21-22 October 2015!B. Casey, Tracker Design Review!18!

588 TRACKING DETECTORS

Figure 19.10: Modifications to the vacuum chambers to allow for the tracking stations.
The distribution above is an unmodified chamber. The distributions below are a modified
chamber. The green lines are the existing vacuum chamber. The blue lines are the extension.

The gas system is shown in Fig. 19.11. The entire system can flow either N2 or Ar:Et.
Flow rate sensors are placed on the supply and return lines for each module. Gas flow to
each module is controlled with a solenoid with shut o↵ capabilities controlled by PLC. Input
and output bubblers maintain atmospheric pressure in the system. Check valves are in place
upstream of the output bubbler to prevent oil from being drawn back into the system if gas
flow is cut o↵ while the straws are under vacuum. The final return is vented to atmosphere
on top of the fenced in berm behind the MC-1 building.

The total charge in the hottest region is expected to be 3 mC/cm. For a pure mixture of
50:50 Ar:Et. we would expect a 20% loss in pulse hight over the lifetime of the experiment
based on the literature [6]. The aging process can be eliminated with the proper additive.
Based on CDF experience, we plan to introduce part per mil concentration levels of O2 in
the gas mixture.
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Simulated Performance!
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•  Design meets specifications with significant head room!
–  Simulations backed up by preliminary beam test results!
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What is ready!

•  Straw and manifold designed and prototyped!
•  Front end preamp boards designed and prototyped!
•  Backend link to DAQ designed, prototyping in progress!
•  Low voltage designed and prototyped!
•  Gas system designed, building first ‘channel’!
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What is not ready!

•  Having QC problems with straw vendor!

•  Demonstrated that straws pass leak rate spec but havent demonstrated it with 
a complete module!

•  Have to do another design iteration on the TDC do to space conflicts!

•  Still prototyping the modifications to the vacuum chambers!

•  Over our material budget!
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Straw vendor!

•  We piggybacked off a Mu2e 
purchase!

•  Large variation batch to batch 
in ID!
–  Vendor didn’t keep the 

mandrel!

•  Feathering at the seams!
–  Looks like the cutting tool got 

dull!
–  Causes OD problems!

•  Straws damaged in shipping!

•  In the end, ~50% useable!
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Straw vendor!

•  Buying a new batch of straws!
–  Minimum order is about 4x what we need!

•  Working directly with vendor and have renegotiated specs on 
ID and OD!
–  They claim to have solved the feathering problem!

•  Purchasing up to 4 setup charges!
–  We will do QC on the straws during production and will adjust 

setup if needed!
•  We are getting the mandrel!
•  We are supplying the shipping material and will do the 

shipping!
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Vacuum chamber modifications!

•  Have a very tight tolerance on space between vacuum chamber floor and 
ceiling and the manifolds!
–  0.5 mm at ATM, 0.1mm at 10-6 T!

•  Engineers realized we could no keep these specs if we are welding 
aluminum!

•  Solution is to machine pockets into the floor and ceiling of the chambers!
–  Prototyping weld this week!

21-22 October 2015!B. Casey, Tracker Design Review!24!



Muon	
  g-­‐2	
  

Material budget!

•  About 60% of the ring is 
instrumented with electrostatic 
quadrupoles and kickers that 
shadow the calorimeters!
–  Calorimeters can live with this!

•  Our goal has been to keep our 
material budget << than this 
material so we know the 
calorimeters can live with us!

•  Muon beam envelope is contained 
within 9cm!

•  Our goal has been to have passive 
material outside this area!
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high voltage insulator. It was therefore very
important to make those electrodes (Q1 full and
Q1 half) as thin as possible and yet sturdy enough
so that they do not buckle.

4.1.5. Leads
The typical leads arrangement for each set of

four electrodes are shown in Fig. 8. The leads
are 3 mm O.D. aluminum tube with 0:5 mm

Fig. 5. The cross section of the quadrupole plates (‘‘electrodes’’) and NMR trolley rails (‘‘ground electrodes’’). The top-bottom as well
as the left-right high voltage support insulators are also shown.

Fig. 6. A photograph taken from the end of a vacuum chamber housing the quadrupole plates; the ring center is on the left. The
distance between quadrupole plates at equal potential is 10 cm. The bottom left and the top right rails are where the cable NMR trolley
rides when measuring the magnetic field. The other two rails were used to keep the symmetry in the quadrupole region. The ruler units
are in inches.

Y.K. Semertzidis et al. / Nuclear Instruments and Methods in Physics Research A 503 (2003) 458–484 465
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Material budget!

•  Problems with our assumptions!
–  Brem photons created in the quads/kickers in general do not hit the 

calorimeters!
–  Brem photons created in tracker in general hit the calorimeters!
–  Divergence in decay angle has positrons hitting manifolds!

•  About 2% of positrons going through the tracker get reconstructed 
as two showers!
–  Can probably reduce this by a factor of 2 by shrinking the carbon fiber 

post but we don’t think we can shrink the manifold any more!
–  Still investigating the effects on downstream analysis!
–  Systematic uncertainty budget for understanding pileup is 40 ppb!

•  Worst case would be that the calorimeters behind the trackers 
could not be used for analysis!
–  In this case, we would not deploy all three trackers!
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Schedule from 10,000 ft!

•  Final prototyping of modules, refining of QC procedures now!

•  Construction readiness review 4th week of January!
!
•  Module production starts in February and takes 15 months!

•  First trackers worth of equipment at Fermilab ~summer 2016.!

•  Final equipment arriving late spring 2017!

•  Beamline scheduled to be complete early spring 2017 so if that 
stays on schedule, third tracker would be installed in summer 2017 
shutdown !
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