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magnetic dipole moment of muon
• torque experienced in external magnetic field 

• spin -> intrinsic magnetic dipole moment 

• experiment measures how fast spin rotates
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g – 2 experiment at BNL
E821 (1999 - 2006):  
aμ = 0.001 165 920 89 (63) (±0.54 ppm)  
And a hint of New Physics ?
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Standart Model prediction

SM prediction

Experiment 
E821 
this talk



5



6

principles of ωa measurement

1. source of polarized muons (P violating pion decay) 

2. precession proportional to (g – 2) 

3. magic momentum 

4. parity violating decay (positron reports on spin)
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1. source of polarized muons
Recycler Ring 

Beam Transfer and 
Delivery Ring 

Muon Campus 

Overview of beam plan 
• Recycler 

‒ 8 GeV protons from Booster 
‒ Re-bunched in Recycler  
‒ New connection from Recycler 

to P1 line (existing connection 
is from Main Injector) 

• Target station 
– Target 
– Focusing (lens) 
– Selection of magic momentum 

• Beamlines / Delivery Ring 
‒ P1 to P2 to M1 line to target 
‒ Target to M2 to M3 to 

Delivery Ring 
‒ Proton removal 
‒ Extraction line (M4) to g-2 

stub to ring in MC1 building 

Target Station 

3 1/12/12 Mary Convery 

Booster
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2. precession proportional to g – 2

s
p

(a) g 2

s
p

(b) g 2

Figure 1.6: Illustration of the muon spin and momentum vectors for a muon orbiting in a magnetic field
when (a) g 2 and (b) g 2.

National Lab (BNL) experiment described in this thesis.
In the CERN I experiment, polarized muons were injected into a 6 m long magnet. Once in the 1.5 T

magnet, muons traveled horizontally in a spiraling orbit from one end of the magnet to the other, as shown
in Figure 1.7(a). This type of motion was created by carefully shimming the magnetic field to be parabolic
in the vertical direction

B y B0 1 ay by2 (1.29)

where B0 determined the average radius of the orbit, the strength of the gradient a caused each orbit to
advance along the magnet, and a non-zero coefficient b produced a quadratic field, which provided vertical
focusing. The step size of the orbital ’walking’ was gradually increased by increasing the a coefficient along
the length of the magnet. At the magnet exit, the gradient was large enough to allow the muons to escape
from the field. As the muons exited, they were stopped in a methylene-iodide target and the polarization was
determined by measuring the asymmetry of the decay electrons. The amount the muon spin had precessed
relative to the momentum was determined by the amount of time spent in the magnetic field, or in other
words the number of orbits. The number of orbits had a natural variance depending on the exact y-position
at which the muon entered the apparatus. Rather than relying on a forward and backward detector, each with
its own efficiency and characteristics, a pulsed magnetic field was used to alternately rotate the muon spin
by 90o prior to injection. The average asymmetry versus time is plotted in Figure 1.7(b). The data from
CERN I does not visually appear to be much more precise than the Garwin data shown in Figure 1.5(a),
however the CERN I experiment measures the anomaly directly. Therefore, the precision of 3 10 3 on aµ
achieved by the CERN I experiment

aexpµ 1965 0 001 162 5 4300 ppm (1.30)

12

g = 2 g > 2
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3. magic momentum

• either select γ = 29.3, muon momentum 3.094 GeV 

• or don’t use electric focusing

• electric quadrupole used for vertical focusing
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Fermilab E989 vs E34 J-PARC

• R 7m storage ring

• 1.45 Tesla magnetic field

• magic momentum: 3.09 GeV/c

•high-rate muon beam 

• Polarization ~ 97% 

• Data taking 2017-2018

• 140 ppb by end of 2019


• R 0.33m storage ring

• 3 Tesla, no electric field

• surface muon beam,muonium, 

~0.3 GeV/c muon beam

•can control spin direction 

• Polarization ~ 50%

• Data taking 2019-2021

• 400 ppb by end of 2023




11

4. parity 
violating 
decay

• muon -> electron and two neutrinos 

• electron carries information on muon’s spin 

• positron prefers spin direction 

• electron would prefer opposite direction



12

µ+

µ+
e+

e+
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extract frequency ωa
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g-2 crystals

2012 crystals (similar to DVCS at JLAB)
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Single GM-APD gives no information on light intensity → MATRIX structure
first proposed in the late '80-ies by Golovin and Sadygov 

A SiPM is segmented in tiny GM-APD 
cells and connected in parallel trough a 
decoupling resistor, which is also used
for quenching avalanches in the cells 

Each element is independent and 
gives the same signal when fired 
by a photon

In principle output charge is 
proportional to the number of 
of incident photons

Σ digital signals  analog signal !!!→

Q = Q1 + Q2 = 2*Q1

substrate

metal

The silicon PM: array of GM-APD 

VAPD
full depletion

photodiode  APD
Geiger
Mode

APD

A SiPM is…

• take a photo-diode 

• reverse-bias it above breakdown voltage  
(Geiger mode avalanche photo diode) 

• add quenching resistor 

• repeat many thousand times
17



Huge variety of products

Hamamatsu 
KETEK 
SensL  
Philips 
ST Microelectronics 

1x1 – 52 x 52 mm 

10 – 200 um pixels
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Segmented design

S12572-25P  
16 chips manually combined 
3x3 mm2 (active) area 
25 µm pixels 
Ni-based quench. resistor 
optical trenches 
high purity Si wafer 
not TSV

MPPC® (multi-pixel photon counter)

S12572-025, -050,-100C/P

Low afterpulse, for general measurement
Photosensitive area:  3 × 3 mm

1www.hamamatsu.com

The S12572 series are general-purpose MPPC with drastically reduced afterpulses compared to our previously marketed 
products. By widening the operating voltage range and improving the time resolution and photon detection effi ciency, the 
S12572 series offer the characteristics needed for a variety of applications. These MPPCs have a photosensitive area of 3 × 3 
mm and are available in a ceramic package or surface mount type.

Superior photon counting capability 
(superior photon detection effi ciency against incident photons)

Fluorescence measurement

MPPC module                                C11205-350

Flow cytometry
DNA sequencer
Environmental analysis
PET
High energy physics experiment

Operates at room temperature

Significantly reduced afterpulses 
(compared to previous products)

Low voltage (100 V or less) operation
High gain:  105 to 106

Immune to the effects of magnetic fields
Superior time resolution

Compact

Operates with simple readout circuits
MPPC module also available (sold separately)

1

Features Applications

Related product (sold separately)

When an MPPC detects photons, the output may contain spurious signals appearing with a time delay from the light input to the MPPC. 
These signals are called afterpulses. Compared to our previously marketed products, the S12572 series have drastically reduced afterpulses 
due to use of improved materials and wafer process technologies. Reducing afterpulses brings various benefi ts such as a better S/N, a 
wider operating voltage range, and improved time resolution and photon detection effi ciency in high voltage regions.

(M=1.25 × 106)

10 ns

50
 m

V

(M=1.25 × 106)

10 ns

50
 m

V

Pulse waveform comparison

Low afterpulse

Previous product Improved product (reference data: S12571 series)
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Theory of operation

• each pixel is an independent detector 

• when pixel fires, it delivers charge (~1e6 electrons)  
(regardless how many photons hit the pixel) 

• then the pixel is dead for ~100 nsec (recovery time) 

• many times more pixels on the device than photons

19



Advantages

• fast like PMT, compact, cheap 

• runs in magnetic fields, is non-magnetic 

• high photo detection efficiency 

• low voltage (typ. 40 or 70 V, diode orientation) 

• much lower radioactivity than PMT
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emission wavelength of popular solid state scintillators. However
it does not have enough PDE for noble liquid scintillators. The
standard product has a resin coating on the surface of the MPPC
chip. This prevents the penetration of photons in the VUV.

2. Basic improvements of UV sensitivity and other
characteristics

2.1. Improvement of VUV sensitivity

We modified the wafer processing during active area formation
and optimized the anti-reflection material and thickness. Fig. 5

shows the PDE of the VUV region. The plot indicated “STD MPPC”
shows the current product without the surface protecting resin.
The MPPC does have sensitivity at 200 nm if the surface resin is
removed. Even the value of the PDE around the liquid xenon
emission region remains 3% or smaller. On the other hand, the
improved MPPC indicated “VUV improved MPPC” has achieved
over 10% PDE at 178 nm and still has sensitivity down to around
140 nm.

2.2. Afterpulse reduction

In general, all silicon photomultipliers including MPPC have
delayed pulses to the incident photon time. This phenomenon is
called “afterpulsing”. The rate of afterpulsing increases non-
linearly with increasing bias voltage to the MPPC and worsens
S/N. The newly improved MPPC suppresses the afterpulse effect
drastically by careful wafer material selection and sophisticated
wafer processing. Fig. 6 shows the difference in afterpulses
between the traditional and newly improved MPPC. Fig. 7 shows
the dependence of the afterpulse rate to the applied bias voltage.

2.3. Crosstalk reduction

The pixel which detected the single photon usually affects
neighboring pixels or channels and creates other pulses at differ-
ent pixels. This effect is called “crosstalk”. The newly improved
MPPC suppresses the crosstalk effect through the use of barriers
between pixels and channels. Fig. 8 shows the oscilloscope view of
the MPPC output pulse. Fig. 9 shows the bias voltage dependence
of the crosstalk rate.

Fig. 1. Photon absorption coefficient of silicon.

Fig. 2. Impact ionization coefficient as a function of electric field.

Table 1
Main characteristics of noble gas scintillators [7].

Property Liquid xenon Liquid argon

Wavelength 173 nm 128 nm
Temperature −107 1C −186 1C

Fig. 3. VUV light into MPPC.

Fig. 4. PDE of standard MPPC (S10931-050P).

K. Sato et al. / Nuclear Instruments and Methods in Physics Research A ∎ (∎∎∎∎) ∎∎∎–∎∎∎2

Please cite this article as: K. Sato, et al., Nuclear Instruments & Methods in Physics Research A (2013), http://dx.doi.org/10.1016/j.
nima.2013.06.054i



Disadvantages

• temperature dependence 
photo-effect (sec. order, cryo) 
probability electron triggers avalanche discharge  
gain (charge delivered by a pixel when it fires) 
breakdown voltage  
-> temperature monitoring  
-> in situ calibration 
    (0,1,2 ph comb, or laser) 

• batteries not included 
no standard pre-amplifier (think PMT without a base)

21
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[Figure 1-5] Pulse waveforms when using a linear amplifier (120 times) [S10362-11-050U, M=7.5 u 105] 

 
 
(2) Integrating the output charge 
When the timing at which light enters an MPPC is different, the number of photons detected within a certain 
time period can be estimated by integrating the MPPC output using an integrating amplifier or similar device. 
Figure 1-6 shows a distribution plotted for the amount of charge accumulated in the integration time. Each 
peak from the left corresponds to the pedestal, one photon, two photons, three photons and so on. Since the 
MPPC gain is high enough to produce a large amount of charge, the distribution can show discrete peaks 
according to the number of detected photons. 
 
[Figure 1-6] Pulse height spectrum when using charge amplifier (S10362-11-025U, M=2.75 u 105) 
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1-2. Features 
 
Low afterpluse 
When an MPPC detects photon, the output may contain spurious signals appearing with a time delay from the 
light input to the MPPC. These signals are called afterpulses. Compared to our previously marketed products, 
new MPPCs have drastically reduced afterpulses due to use of improved materials and wafer process 
technologies. Reducing afterpulses brings various benefits such as a better S/N, a wider operating voltage 
range, and improved time resolution and photon detection efficiency in high voltage regions. 



Heavy duty & Cryo compatible

• photon absorption length depends on temperature 

• easy down to 100 K (SiPMs like that) 

• modified runs well in LXe, LAr 
anti-reflective coating (UV eff), cryo comp package  
K.Sato NIM A 732, 2013 (427–430) 

• charge carrier freeze-out < 50 K 

22



Historical artifacts
• cross-talk -> optical trenches 

• after-pulsing -> Si wafer purity 

• high dark rate -> Si wafer purity 

• slow pulses, pulse dependent on temperature -> 
metal (Ni) based quenching resistor 

• high cost -> now often cheaper than PMT

23



cross-talk

• real photons emitted 
during avalanche discharge 

• problem for stat properties of pulses 
e.g. mean over sigma squared proxy 
for number of pixels fired 

• optical trenches
24

3. Low temperature stability of MPPC

Each MPPC pixel has a quenching resistor to stop the Geiger
avalanche process caused by an incident photon. The value of the

quenching resistor is several hundred kΩ. The product of the
resistance and capacitance significantly influences the pulse and
recovery time of each pixel. Excessive resistance values strongly
restrict the repetition rate and dynamic range by making the pulse
too long. It is very important to adjust this resistor value to match
the application.

The traditional MPPC uses poly-Si as the quenching resistor
material. This is suitable for wafer processing but has a strong
dependence on the ambient temperature. It is known that the
resistance rapidly increase at low temperature. This change makes
the MPPC output pulse longer and smaller. We can control the
resistance value to have a suitable value at low temperatures,
however such a device cannot be evaluated at room temperature.
There is some minimum limitation value to stop the Geiger
avalanche process.

We changed the quenching resistor material to metal on this
development and confirmed the suppression of the temperature
dependence down to 1/5 of the original level. Fig. 10 shows the
comparison of the temperature dependence of this new device to
the traditional MPPC.

Fig. 5. VUV sensitivity of standard MPPC and VUV improved MPPC.

Fig. 6. Waveform of the traditional and afterpulse-reduced MPPC.

Fig. 7. Afterpulse ratio of the traditional and afterpulse-reduced MPPC.

Fig. 8. Waveform of the traditional and crosstalk-reduced MPPC.

Fig. 9. Crosstalk ratio of the traditional and crosstalk-reduced MPPC.

K. Sato et al. / Nuclear Instruments and Methods in Physics Research A ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 3

Please cite this article as: K. Sato, et al., Nuclear Instruments & Methods in Physics Research A (2013), http://dx.doi.org/10.1016/j.
nima.2013.06.054i



after-pulsing

• incomplete discharge 

• part trapped 

• delayed release

25



Ni based quench resistor

26



examples of use
• Cerenkov telescopes (CTA) 

single photons, shaping, clipping,  
pole-zero correction 

• hadron calorimeters 
~1000 photons  
Cerenkov, fast scint, or both 

• positron emission tomography 
TOF

27



pre-amplifier
batteries not included (like a PMT without a base) 

3 possible designs: 

• voltage amplifier with a shunt resistor 
pulse shapes ~40 nsec 

• discrete trans-impedance amplifier 
pulse shapes ~10 – 20 nsec 

• integrated trans-imp. amplifier 
pulse shapes ~5 nsec

28



SiPM board design goals
• energy scale (gain) stability 

comes from pulse amplitude 
0.1 % (short time stability) 

• timing resolution, time scale accuracy 
comes from the leading edge 
~30 ps (different crystals), ~50 ps (pile-up) 

• pulse width 
leaked energy vs. direct hit, lost muon  
SiPM board should preserve light profile

29



Monolithic design
S12642-0404PA-50  
16 channel array 
12x12 mm2 (active) area  
50 µm pixels 
Ni-based quench. resistor 
through silicon vias 
high purity Si wafer 

25 – 4000 photons

30



LMH6881 fully differential op-amp  
	 variable gain (6–26dB), SPI 
	 thermal coupling to crystal 

DC coupled output 
	 2 MMCX connectors feeding 
	 twinax cable 

2x THS3202 dual op-amp 
	 each sums 4 SiPM channels 

THS3201 at unity gain 
	 sums four 4-sums

31



Knobs to turn
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pulse width ~8 nsec 
timing resolution ~30ps (fit)



High rate capable

34

~5 MHz laser shots 
1000 photons per shot 

jitter from the pulse gen 
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Flash Test Result 

Time [𝜇𝑠] 

𝐺
𝑡 𝐺 0

 

𝜏 = 2.9 ± 0.3 𝜇𝑠 

SiPM fully recovered from intense flash in < 20 𝜇𝑠 
11 
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A.Fienberg et al. NIM A 783, 12–21, (2015); arxiv://1412.5525
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SiPM summary
• Geiger mode avalanche photodiodes 

• fast, compact, cheap, low-voltage devices, high detection 
efficiency 

• much lower radioactivity than PMT, cryo friendly 

• data analysis straight-forward, and bit more involved than PMT 

• requires custom readout board 

• gain is sensitive to temperature; must control environment
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