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Introduction 

• In the intense neutrino beam facilities for the fundamental 

physics research, a hadron monitor plays an important role 

to measure a profile and a flux of secondary particles at 

downstream of a target to align from the beam element to the 

neutrino detector system, and to check the beam quality on-

line. 

 

• The designed beam power of primary proton for the LBNF 

(Long Baseline Neutrino Facility) will be 2.3 MW. 

 

• Since the monitor has been exposed directly to the intense 

proton beam the lifetime of the monitor is noticeably short 

due to  extremely high radiation damage.  
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LBNF Beam Line 
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Primary beam 

 

• Protons 

     120 GeV 

 
 

Secondary beam 

 

• Protons 

• Pions 

• Electrons 

• γ-rays 

• … 

Target 

 

• Carbon

Graphite 
Hadron monitor 

L = 100 m 



The ionization chamber for 

the NuMI experiment. 

 

The observed beam profile in the NuMI beam line.  

A pixel represents a segment size of the ionization 

chamber (7×7 pixels in 1×1 m2). 

 

Existing Hadron Monitor 
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• The existing hadron monitor based on an ionization chamber is not robust in the 

high-radiation environment vicinity of MW-class secondary particle production 

targets. 

• The new hadron monitor should be: 

– Radiation robust. 

– Highly sensitive to the secondary particle. 

– Cost effective.  



Proposal for a New Hadron Monitor 

• Gas-Filled RF Resonator Project: 

 

– New hadron monitor  formed by a set of RF resonators 

containing an ionization gas. 

 

– When the beam passes through the resonator the beam 

produces a great amount of electron-ion pairs by interacting 

with gas.  

 

– The permittivity in the resonator is changed proportional to 

the amount of produced ion pairs.  

 

– The number of ion pairs is proportional to the hadron flux. 
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Schematic Drawing of New Hadron Monitor  
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How to Measure the Hadron Flux 
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Permittivity  

ε' 
Evaluation 

Resonance 

Frequency  

f 

Measurement 

Total number of 

electron-ion 

pairs  

ne 

Evaluation 

Total number of 

particle  

I incident 

Evaluation 

𝜀’ = 1 +
𝒏𝒆 𝑝𝑔𝑎𝑠 𝑒2

ε0𝑚 𝜔2
𝑟𝑓 + ν 𝑇𝑒 𝐸, 𝑝𝑔𝑎𝑠

2  

𝑛𝑒 =

𝑑𝐸
𝑑𝑥 𝑝=𝑝0

𝑊𝑖
𝜌𝑔𝑎𝑠𝑰𝒊𝒏𝒄𝒊𝒅𝒆𝒏𝒕 

𝑓 =  
𝑥𝑚𝑛

2π μ𝜺′
 

Wi = average energy to require 

single electron-ion pair production 

Te = electron temperature  

pgas = gas pressure 

ν = collision frequency  

μ = permeability 

ωrf = resonance pulsation 

m = electon mass 

xmn = wave number 

E = electric field 

e = electron charge 



Project Plan 

Goal: evaluate the feasibility of a gas-filled RF resonator 

for a hadron monitor. 

 

Step 1 Make a code to generate a TMmn field 

map of the resonator. 

Step 2 Find out a secondary particle by using 

g4beamline. 

Step 3 Import a TMmn field map into 

g4beamline and estimate the frequency 

shift. 

Step 4 Optimization. 

Step 5 Start engineering design. 
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ω = 2πf = pulsation; m, n = mode numbers; a, b = dimensional  numbers;  

μ = permeability;  ε = permittivity; c = speed of light 

 

Electric  Field Components Magnetic  Field Components 

 

Step 1 - TMmn Field Map of the Resonator - Basic Equations 
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𝑅𝑒 (𝐸𝑥) = − 𝐵𝑚𝑛 
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𝑎
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𝑅𝑒 (𝐻𝑧) = 0 

Wave  

Number 

 

 

Cut-Off  

Wave Number 

 

Propagation 

Constant 

Cut-Off   

Wavelenght 

 

Cut-Off   

Frequency 

 

𝑘 =  ω με 𝑘𝑐 =  
𝑚π

𝑎

2

+  
𝑛π

𝑏

2

 β =  𝑘2 − 𝑘𝑐
2 λ𝑐 =  

2π

𝑘𝑐
 𝑓𝑐 =  

𝑐

λ𝑐
 



Step 1 - TMmn Field Map of the Resonator - Plot 
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Step 2 - Secondary Particles by G4beamline 

• G4beamline is a particle tracking simulation program based 

on Geant4 and optimized for the simulation of beamlines.  
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G4beamline output 

Microsoft Excel evaluation 

Particles distribution 

histogram 



Step 2 - Particles Distribution Histogram 
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L = 1 m 

L = 100 m 

L = 300 m 



Step 3 - Particles Distribution in Each Resonator 

• Hp: 

– Hadron Monitor Size: 1 [m] x 1 [m] 

– Resonators Size, (a) x (b): 0.1 [m] x 1 [m] → 10 Resonators 

– Hadron Monitor’s Distance from the Target, (L): 100 [m] 
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Step 3 - Ionization Loss dE/dx Evaluation 
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Protons Unit Value GN2 absorber Unit Value

c m/s 299792458 ZH 7

e Cb 1.60218E-19 AH g/mol 14.0067

h Js 6.62608E-34 IGH2 eV 82

m0 kg 1.67E-27 K MeV cm
2
/mol 0.307075163

mm MeV 938.2727884 c1 K*ZH/AH 0.153464138

p input MeV/c 63436 T0 K 273.15

p kg*m/s = J/(m/s) 3.3902E-17 P0 atm 1

p eV/(m/s) 211.5997194 rGH2 g/cm
3 1.17E-03

bg 67.61 operating temperature K 298.07

b 0.99989063 thermal conductivity W/(K.m) 0.181264665

g 67.62 operating pressure atm 1

me MeV 0.510998918 rGH2 g/cm
3 1.0676E-03

Tmax MeV 4352.064371 eGH2 (measured at 298.07 K) 1.0002854

me MeV 0.510998918

argument og Ln() 3.02365E+15

dE/dx (analytical) MeV cm
2 

/g 2.58

dE/dx MeV/cm 2.7568E-03

−
𝑑𝐸

𝑑𝑥
= 𝐾𝑧2

𝑍

𝐴

1

𝛽2

1

2
𝑙𝑛

2𝑚𝑐2𝛽2𝛾2𝑊𝑚𝑎𝑥

𝐼2
−  𝛽2 −  

𝛿 𝛽𝛾

2
 

𝑇𝑚𝑎𝑥 =
2𝑚𝑒𝑐2𝛽2𝛾2

1 +
2γ𝑚𝑒

𝑀 +
𝑚𝑒
𝑀

2 

Bethe-Bloch formula 



Step 3 - Evaluation of Electron-Ions Pairs Number, ne 

• The number of the electron-ions pairs generated from each 

particle collision with the gas can be given by using: 

 

 

 

 

• Where 

 

𝑊𝑖 = 33.6 [𝑒𝑉] 

 

is the average electron-ions pairs production energy for nitrogen.  
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𝑛𝑒 =  

𝑑𝐸
𝑑𝑥
𝑊𝑖

=  
2.7568 ∗ 103 𝑒𝑉

𝑐𝑚
33.6 [𝑒𝑉]

= 82.04852297 
1

𝑐𝑚
 

 



Step 3 - Frequency Shift Estimation 
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𝑓𝑠ℎ𝑖𝑓𝑡 = 𝑓𝑐
𝑑ω

ω
= 𝑓𝑐 −

1

2

𝑑ε

ε
; 𝑓𝑐(𝑑𝑟𝑖𝑣𝑖𝑛𝑔 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦) = 1.5 GHz  

Resonator 
Proton  

Number 

(Simulation) 

Total Pairs  

ne(tot) 

Permittivity  

 (Real Part) 

ε' 

Permittivity 

 (Imaginary Part) 

ε'' 

 

dω/ω 
Frequency  

Shift 

[#] [#] [#]  [F/m] [F/m] [#] [Hz] 

1 12 9.8458E+10 1.00000349E+00 6.3018E-09 1.7454E-06 2.6311E+03 

2 7 5.7434E+10 1.00000204E+00 3.6760E-09 1.0181E-06 1.5348E+03 

3 10 8.2049E+10 1.00000291E+00 5.2515E-09 1.4545E-06 2.1926E+03 

4 18 1.4769E+11 1.00000524E+00 9.4527E-09 2.6181E-06 3.9467E+03 

5 46 3.7742E+11 1.00001338E+00 2.4157E-08 6.6906E-06 1.0086E+04 

6 58 4.7588E+11 1.00001687E+00 3.0459E-08 8.4360E-06 1.2717E+04 

7 13 1.0666E+11 1.00000378E+00 6.8269E-09 1.8908E-06 2.8504E+03 

8 9 7.3844E+10 1.00000262E+00 4.7263E-09 1.3090E-06 1.9733E+03 

9 4 3.2819E+10 1.00000116E+00 2.1006E-09 5.8179E-07 8.7704E+02 

10 10 8.2049E+10 1.00000291E+00 5.2515E-09 1.4545E-06 2.1926E+03 

Pairs 

Number 
ne 

Statistic 

Weight 
Iincident 

Resonator 
Depth 

Electron  

Charge^2 
e2 

Nitrogen 

Permittivity 
ε0εr 

Electron 

 Mass 
melectron 

RF 

Pulsation^2 
ωrf

2  

Nitrogen  

Density 
nN2 

Electron  

Temperature 
Te 

Collision  

Frequency 
ν 

[1/m] [#] [m]   [C2]  [F/m]  [kg] [rad2] [1/m3]  [eV] [Hz] 

8.2049E+03 1.0000E+08 1.0000E-02 2.5670E-38 8.8591E-12 9.1096E-31 8.9715E+19 2.4463E+25 3.0000E-02 1.7099E+07 



Step 3 - Frequency Shift - Histogram 
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Summary & Conclusions 
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Goal: evaluate the feasibility of a gas-filled RF resonator for a hadron monitor. 

Step 1 Make a code to generate a TMmn field 

map of the resonator. 
COMPLETED 

Step 2 Find out a secondary particle by using 

g4beamline. 
COMPLETED 

Step 3 Import a TMmn field map into g4beamline 

and estimate the frequency shift. 
COMPLETED 

NEXT STEPS 

Step 4 Optimization. • Increase the frequency shift. 

• Optimize the evaluation tools 

developed in the last 3 Steps. 

Step 5 Engineering design. • Development of the equivalent 

electrical circuit of the resonator. 

• Find out the sensitivity. 

• Estimate the RF power source. 

An abstract of this work was submitted to IPAC 2015  
and I plan to contribute to the proceedings. 
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THANK YOU FOR 

ATTENTION! 


