
Hawaii Muon Beamline in detail 
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Motivations: 
• Number of beamlines world-wide limited  
• Want to ensure everything working/tuned before travel 
• Training platform 

Chris Ketter 
Oskar Hartbrich 
Richard Peschke 
Harsh Purwar 
Shivang Tripathi 
Gary Varner 
Salvador Ventura 
 
And many former 
and future members 



Hawaii Muon Beamline (HMB) v1 
• Version 1 (drift tubes) 
 iTOP prototype development 
 Cluster counting 
 Fine-mesh PMTs + scint (T0) 
 Poster on next slide 

2 



Version 1 
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• Development of an imaging Time-of-Propagation (iTOP) prototype detector, NIM A623 p. 365 (2010) 
• An Imaging time-of-propagation system for charged particle identification at a super B factory,       

NIM A623 p. 297 (2010) 
 

 

https://inspirehep.net/literature/876909
https://inspirehep.net/literature/830339


Hawaii Muon Beamline (HMB) v2 
• Version 2 (BMD trackers) 
 Borehole Muon Detector 
 Khahn and James thesis 
 DOE (administration change) 

v2 never finished 
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A novel muon detector for borehole density 
tomography, NIM A851 p. 108 (2017) 



Hawaii Muon Beamline (HMB) v3 
• Version 3 (scint planes) 
 EIC PID readout (Shivang) 

• Training platform 
 Mechanical Design (SolidEdge), Simulation (GEANT4), Pynq (Xilinx/Zynq) 

python + PL Firmware (Vivado) for DAQ, I/F board (Altium/Allegro), data 
acquisition (Juptyr notebooks), display (matplotlib), analysis (root) 
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• Alignment requirements 



General Configuration 
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~1 m 
Device 
Under  

Test 

Trigger paddles 

Scint blocks 

Scint blocks 

Sci-Fi 

Sci-Fi 

NaI Calor 

Beam definition (2x) 

Coarse tracking:  2x 1cm thick plastic scint 
WLS fiber, both x and y, 1cm pitch (2x2x15 ch.) 

Fine tracking:  2mm dia plastic scint fibers,  
both x and y, ~1.25mm pitch (2x75 ch.) 

Fine tracking:  2x 75 channels MPPCs 
Belle II KLM (ribbon cable) readout 

Coarse tracking:  2 x 2 x 15 MPPCs 
BMD/mRICH hodo (TARGETX) readout 

dE/dx for momentum; shower and 
bremsstrahlung detection 



The discovery of radiation 
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• Discovered by Henri Bequerel 
in 1896 

• Took many years to understand 
what it was 

• Darkening of photographic plate in 
proximity to a radioactive substance 
 

• Theme here:  whenever a new 
Instrument is developed, it opens 
whole new avenues of discovery 
 

• Why we are the IDL 



Wulf Electrometer 
Electroscopes discharge slowly 
with time due to weak 
conductivity in air. 
 
This is caused by ions in the air. 
Radioactivity produces ions. 
 
How does the ionization of air 
depend on altitude? 
 
Radioactivity known to occur 
in materials found in the 
ground, so … 
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New Technology For Discovery 
What is the nature and origin of natural radioactivity? 

Wulf took his electroscope to the top of the Eiffel tower in 1909 and found that the intensity 
of radiation “decreases at nearly 300 m [altitude to] not even to half of its ground value”. 
This was too small a decrease to confirm his hypothesis. 
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New Technology – Unexpected Results 
1912: Hess 5km balloon (improved Wulf {ionizing} chamber) 

Expectation: “dimunition of ionization as a function of altitude” 

– discovers “penetrating radiation” 
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Ionization Rate vs. Height 
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Ionization Rate vs. Height 
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• Do you know why they are called “cosmic rays” ?? 
 



Origin of the name 

• A debate raged over the nature of 
this radiation. 
 

Millikan argued they were γ from 
space, “cosmic rays” 
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Next New Technology 
1930’s:  Cloud chamber observations: 
• Mounting evidence of energetic particle origin 
• Anderson – discovery of the “anti-electron”  
• Neddermeyer/Anderson – discovery of the muon 
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Further technology development 
1938:  Auger  Geiger counter coincidence 
• Observation of “extensive air showers” 
• Correctly conjectured > 1015 eV events  
                                     (>10 million times previously observed)  
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Further technology development 
1938:  Auger  Geiger counter coincidence 
• Observation of “extensive air showers” 
• Correctly conjectured > 1015 eV events  
                                     (>10 million times previously observed)  
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Experimental mysteries  Discovery 
A decade passed without an acceptable solution… 
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Experimental mysteries  Discovery 
A decade passed without an acceptable solution… 

1949 Fermi – proposes shock acceleration 
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Experimental mysteries  Discovery 
A decade passed without an acceptable solution… 

1949 Fermi – proposes shock acceleration 
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Again, a complicated story… 
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Supernova can do 
the trick (with 
caveats) 
 
Know there must be 
other processes, 
since core-collapse 
can’t get beyond 
iron, so where do 
the heavier 
elements come 
from? 



The spectrum 

1 per m2 per second 

“knee” 
1 per m2 per year 

“ankle” 
1 per km2 per year 

Can this go on forever? 
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Again new tools, completely unexpected discovery 

"The discovery of the cosmic microwave background by Penzias and Wilson 
transformed cosmology from being the realm of a handful of astronomers to a 
'respectable' branch of physics almost overnight." – Michael Turner 

Early 1960s: Penzias and Wilson, studying 
radio emissions from the Milky Way using 
ultra-sensitive microwave receiving system 
found an unexpected background of radio 
noise with no obvious explanation.   

They spent hours searching for and 
removing the pigeon dung. Still the noise 
remained, and was later identified with the 
Big Bang -- 3K microwave background 
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Again new tools, completely unexpected discovery 

"The discovery of the cosmic microwave background by Penzias and Wilson 
transformed cosmology from being the realm of a handful of astronomers to a 
'respectable' branch of physics almost overnight." – Michael Turner 

"Thus, they looked for dung but found gold…”  – Ivan Kaminow 

Early 1960s: Penzias and Wilson, studying 
radio emissions from the Milky Way using 
ultra-sensitive microwave receiving system 
found an unexpected background of radio 
noise with no obvious explanation.   

They spent hours searching for and 
removing the pigeon dung. Still the noise 
remained, and was later identified with the 
Big Bang -- 3K microwave background 
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The Universe began  
with a “Big Bang”  
about 15 billion years ago 
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Profound Implications 

• The Universe is awash in 3K   
microwave background 

• Why are we here ?? 

 Impacts Directly on what we can observe 

 From E=mc2, how to get a stable Universe? 
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What about these background γ ?  

Milky Way dia. 

Andromeda 

Virgo Cluster 

“Far out” 
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Expectations:                             

1. Greisen, Zatsepin, 
Kuzmin (GZK) 
calculated a cutoff: 

p * γ  ∆  n + π  ν 
 
2. These interactions 

produce a 
corresponding 
neutrino flux 

 
3.  Provides a handle on 

what is going on for 
these “extra-GZK” 
events 
 

GZK ν 
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 How to Observe? 

1960’s: Askaryan predicted that the resultant compact cascade 
shower (1962 JETP 14, 144; 1965 JETP 21, 658): 
 
• would develop a local, relativistic net negative charge excess  
• would be coherent (Prf ~ E2) for radio frequencies 
• for high energy interactions, well above thermal noise 
• detectable at a distance (via antennas) 
• polarized – can tell where on the Cherenkov cone 

neutrino 
Cascade: ~10m length 

air 

solid 

RF 
Cherenkov 
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ANITA concept 

Antarctic Ice at 
f<1GHz, T<-20C : 
 
• ~Lossless RF 
transmission 
 

• Minimal scattering 
 

• largest homogenous, 
RF-transmissive solid 
mass in the world 
 

• RF quiet! 
 

Target ~ 1M km3 
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Antarctic Impulsive Transient Antenna 
(ANITA) 
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The discovery of radiation 
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• One of 2 UH 2024 Antarctic balloon flights 
 
 
 
 
 
 
 
 
 
 
 
 

• Still awaiting that first neutrino! 



The big picture 
of extensive air 

showers 
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Why so Hard??  The Flux Problem 
• At E>10^20… 

∫∫∫
θφ

θφ
,,r

ddrd 1 per m2 per second 

“knee” 
1 per m2 per year 

“ankle” 
1 per km2 per year 
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HMB: not a problem   

1 per m2 per second 

“knee” 
1 per m2 per year 

“ankle” 
1 per km2 per year 
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Composition 
and 

Direction 
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What Streams 
Through the 
Atmosphere 
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What Makes it 
to the surface 
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What if I want 
to shield? 

 
Cull direct 

muons, but 
neutrinos 

unstoppable! 
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At Earths surface (depends on lattitude) 
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The integral intensity: 



At Earths surface (depends on lattitude) 
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The integral intensity: 



At Earths surface (depends on lattitude) 
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The integral intensity: 



GEANT4+CRY simulation 
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GEANT4+CRY simulation 
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𝒚 

1k Muons 𝒚 = 𝟓𝟓 cm 

Color codes: 
𝝁+ : blue 
𝝁- : red 

𝜸  : green 
e+ : yellow 
e- : orange 
Others: grey 

1k Muons 

Muon energy spectrum 

Incident muon energy [GeV] 

𝒚 = 𝟓𝟓 cm 



Summary – So this is our beam 
• Muons are a very nice beam                      

(minimal “multiple scattering”) 
• Diffuse, so need good tracking system and to 

be patient 
• Rule of thumb is about 1 muon per square 

centimeter per minute                                   
(~0.5 Hz within HMB acceptance limits) 

• Typical “overnight” run is perhaps 16 hours 
• So ~30k muons per nightly run             

(perhaps 100k muons over weekend) 
• Next time we’ll talk about details of how 

we’ll measure their direction and energy 
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Beam definition counters 
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Note: 
• Re-use Belle Time of Flight fine-mesh PMTs 
• Newly fabricated  

Oskar Hartbrich 



Scint block trackers 
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Notes: 
• Originally prototype for Borehole Muon Detector 
• Explore gradiometry in position reconstruction 

Henry/Zander 



Scintillating Fiber (Sci-Fi) Trackers 
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Notes: 
• Basically a scaled down version of Belle II KLM 
• 4cm x 1cm strips  fibers 
• Cables!  (Chris Ketter) 
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Calorimeter 
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Note: 
• Limited space for a magnet (see upgrade slide later) 
• Use dE/dx to reject low-p muons, relativistic rise for high-p tag 
• Useful to have shower and bremsstrahlung detection 

Salvador/Shivang 



Calorimeter (1 of 6) 
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St. Gobain  s600-8565   NaI  counters 

PMTs bases 
Henry/Zander 



Calorimeter Configuration 
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• NaI Calorimeter 
 6U VME board 

(WATCHMAN) 

Salvador Ventura 



Trigger Overview 
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EUDAQ 
machine 

PMA 

Trigger/ 
Precision timing 
card (TX, LAB4D) 



Python productivity for Zynq (Pynq) 
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• Pynq architecture 
 Python Zynq (PYNQ) Jupyter Notebook 

 Other languages/kernels available 
 Hardware (PL) overlays 
 SD card for filesystem, DDR3 RAM  
 Proper (Arm-9 dual-core), with 

hardware assist 
 HDMI in/out (object recognition) 
 Hardware computation assist (DSPs) 

 

 



Data Collection Overview 
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EUDAQ 
machine 

Trigger/ 
Precision timing 
card (TX, LAB4D) 

4 SCROD Rev A5 SFP links 
1 MicroZed ethernet 
1 Zynq ARM ethernet 

• To be Added 
 Pynq (can be done “now”) 
 Calorimeter ZedBoard 
 Other SCRODs (tracking 

planes and EIC PID RO) 



EUDAQ 
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Richard Peschke 



GEANT4+CRY simulation 
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Harsh  

CRY provides CR flux 



GEANT4+CRY simulation 
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𝒚 

1k Muons 𝒚 = 𝟓𝟓 cm 

Color codes: 
𝝁+ : blue 
𝝁- : red 

𝜸  : green 
e+ : yellow 
e- : orange 
Others: grey 

1k Muons 

Muon energy spectrum 

Incident muon energy [GeV] 

𝒚 = 𝟓𝟓 cm 



DD4hep 
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Notes: 
• Unified description of mechanics (construction) and simulation 

Shivang 



Tracking Resolution Estimates 
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~1 m 
Device 
Under  

Test 

Trigger paddles 

Scint blocks 

Scint blocks 

Sci-Fi 

Sci-Fi 

NaI Calor 

Toy Monte Carlo 

10mm/sqrt(12) 

10mm/sqrt(12) 

1.25mm/sqrt(12) 

1.25mm/sqrt(12) 



Tracking Resolution Estimates 
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At reference plane of center of DUT 

Vertical position [mm] 
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m
] 

• Typically 3.5 mrad 
resolution 

• Dominated by scint 
block resolution 



Tracking Resolution Estimates 
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If can improve from 10mm/sqrt(12)  10mm/10 



Tracking Resolution Estimates 
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With 17.25 mm thick fused silica radiator at DUT center 

No DIRC Radiator 

Only 1D, sanity-check of final GEANT result 



DUT: 
Aerogel Ring Imaging Cherenkov (ARICH) 

• mRICH using ARICH 
technique 
 Proximity focus 
 Can measure ring image to 

determine muon momentum 
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DUT: 
compact Ring Imaging Cherenkov (cRICH) 
• ARICH technique 
 Works well at high p, but many atmospheric 

muons at lower momentum 
 Can make compact if use dense, thin material 
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Question:  will we see these? 
Hint:  TIR? 



DUT 
Large Area Picosecond PhotoDetector (LAPPD) 
• In addition to laser 

testing, can also image 
Cherenkov rings 
 Initially DRS4 readout 
 Transition to AARDVARC 

readout  
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HMB v3       
Other tests       

• Timing of long scintillator strips with WLS fibers      
(KLM scint upgrade) 

• mRICH test? 
• Spatial/timing resolution comparisons between BMD 

and SciFi Trackers 
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HMB v4 
• Belle II “LS2” 

upgrades 
 Number of beamlines 

worldwide very limited, 
resource under great 
duress 

 Want to be *certain* 
prototype works properly 
before (or if) doing 
beamtest 

 Improved tracking 
 Silicon strip sensors 

(Belle I SVD) 
 Permanent magnet to 

form spectrometer 
 Momentum select to 

mimic K/pi of different 
velocities 66 



Summary -- Prioritized List 
• Nobody working on full-time  
• Pynq readout to EUDAQ 
• Pynq PMOD-B trigger 
 Trigger distribution FW 

 Trigger data format definition (added to spreadsheet) 
 Variants for SCROD and Calor   make the same 

• Calorimeter trigger 
 Use PMOD-B board 

• Scint block trigger/readout 
 Trigger input card design (with LAB4D readout for Scint 

paddles) [‘final’ Calorimeter trigger solution] 
 Modify scint plane daughtercards for direct SiPM attach 
 Light cones for optical coupling (?) 
 Daughtercard firmware (4x window TARGETX) 
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Backup 
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Tracking Resolution Fits 
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With 17.25 mm thick fused silica radiator at DUT center 



Impact Resolution Estimates 
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While did measurement, could have just related to angle 
by geometry 



HMB 3.1000 power 
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Repurposed power module 
from iTOP prototype 
Based upon compact DC-
DC 

Excelsys power 
Adjustable 3 – 6 V 
40A per module 

Ordered 2 chassis, 
5 XG2 



Nomenclature:  HMB 3.abcd 
1. Version 3. is without semiconductor tracker/magnet (v4) 

a. Tracker configuration 
b. Calorimeter configuration 
c. RICH configuration 
d. DUT configuration 

 

 

72 

So for example:   HMB 3.1000   
 
Will be the first set-up (just 2 existing layer pairs) with KLM 
Motherboard and pre-amp/cable readout 
 
Will switch to 3.2xxx when scint planes ready (could be 3.2100 or 
3.2011 or … depending upon which other systems ready first) 



Interconnect Document (google doc) 
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https://docs.google.com/spreadsheets/d/1n2BbW0DX0ElCNCiPCY2XMOYuf8mqHJAXCbxM
YiiGm7U/edit?usp=sharing 



Trigger Details 
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• Use “byte-link” protocol  
• Clock (25MHz), 125Mbps (DDR) 
• Trigger latency ~ 10’s of ns 

 
 

SCROD 1 
 RJ-45 I/F 
(FTSW) 

SCROD 2 
 RJ-45 I/F 
(FTSW) 

Trigger 
(clock?) 

TrigOut  L1 trig 

Clock 
Pynq 

SCROD 

L1 trig 

L1 trig 

L1 trig 

Clock 

1 

2 

3 

125MHz  
Ref. clock 
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