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1. Background information 

 
2. Electromagnetic interaction and charge generation 

a) Proton, neutron, and alpha particles 
 

3. Electron-hole pair generation  
 

4. Permanent damage 
 

5. Conclusions 
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How do particles create charge 
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Getting Rid of the Energy:  
Photoelectric Effect and lattice Vibration 
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Phonon (heat) 

1 

3 

4 

http://www.compadre.org/STP/document/ServeFile.cfm?ID=8643&DocID=1050 

Fermi-Pasta-Ulam problem .... 
Difficulty in reaching equipartition 

Initial mode (k, red) and two 
neighboring modes k+1 
(blue) and k-1 (green). 



2.1 Protons interact with bound electrons 
by electromagnetic interaction 

 Proton interacts with both nucleus and 
the electron cloud; the nucleus-proton 
interaction is elastic  that randomizes 
proton momentum, while electron-proton 
interaction inelastic results in electron-hole 
pair generation.  

 
 Proton sees charge distribution only at a 
single atom level, everything else further 
out  is charge neutral (nucleus-electron 
cloud). 

 
 To calculate energy loss, we take one 
interaction at a time (as it was there on its 
own) and then sum up over the volume. 
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2.1 proton, pion, muon: relative LET 

Pion mass= 139.6 MeV/c2                     charge=1 
Proton Mass= 938.272013(23) MeV/c2,   charge=1 

Muon mass 105.658 369(9) MeV/c2,          charge=-1 
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How often does the nuclear reaction occur 

22 1/ 3 25 2(28) 5 10− = = = × R r cmσ π π

24 2Black Wall=1/(area/atom)=2x10 atom/cm

atom 

Only Nucleus 
(single plane) 

Probability of guaranteed strike ….  
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Interaction depth=Black Wall/ atoms/cm
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40cm 
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Pr orbability of Hit:  10 m/40cm~1/40,000.  
1 in 40,000 neutrons will cause nuclear reaction

µ

 
10 



Frequency of Nuclear reaction 

5 6

Integrated neutron in 10 
0.5-1.5x

yrs 
= x0 10=101

-2Typical Active Area=0.04 cm

Almost every chip will have one radiation-induced error  
11 
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Number of hits ~
10 / 40,000 25 hits/cm=

-2Nos. of hits/IC=25x0.04 cm 1=
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2.2  Neutron-nucleus interaction: 
Size of an Atomic Nucleus 

A nucleons 
N neutrons, Z protons 
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1 barn=10-24 cm2  
Defined at Purdue during WWII 
Size of a uranium atom is ‘as big 
as a barn’ 



2.2  Binding Energy of a Nucleus: droplet model 
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volume 
surface 

N=neutron 
Z=proton 
A=N+Z 

bulk Surface Coulomb n-p Symmetry Pairing, λ= 
+1, odd-odd 
-1, even-even 
0, odd-even 

Weizsacker (1935) 



2.2  Binding Energy of a Nucleus 
2
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B.E./A~8MeV

Remarkably good fit 
Maximum at Z=20 
Eventually limited by Z2 term.  
Fission is exothermic 
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volume 
surface 

N=neutron 
Z=proton 
A=N+Z 
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Ref.  Asoke, p. 93 

2.2 Breaking a nucleus by a neutron 
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A is the baryon number 

Same for Boron in packaging materials,  
B10 (20%) in BPSG most dangerous 



2.2 neutron interaction with SiO2 
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Energy=8MeV/nucleon,  
cascade by 65,23 MeV possible …  

~ 4k of e-h pair/micron/per proton 
~ 25k of e-h pair/micron/per alpha 
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Yield due to a hit …  
 
 

Final product …  Most occur at the tail end  

2.2 Reading the tables: example Problem 

 
17 



Suppose we need 50% of this charge for an upset (simulation) 
500,000 electrons = 80 fC 

3.1 Critical charge and single event upset 
Assume a transistor is doped to 1017 cm-3 and  V=1x1x10 µm3 vol.) 

Number of electrons in the device = 1017x1x1x10x10-12 = 1 Million 

Yield per interaction with products of nuclear reaction…  
 for alpha particles  (3 x 25k x 10 um) = 750,000 
 for protons           (2 x 4k x 10 um) = 400,000  
 
Minimum yield …. 1 Million 
 
Every particle strike can cause an electrostatic upset!  
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Type Energy 
(eV) 

σe 
(cm2) 

σh 
(cm2) 

 
Acceptor 

 
EC-0.42 

 
2.0*10-15 

 
2.0*10-14 

 
Acceptor 

 
EC-0.46 

 
5.0*10-15 

 
5.0*10-14 

 
Donor 

 
Ev+0.36 

 
2.5*10-14 

 
2.5*10-15 

Ec 

Ev 

Permanent damage: Perugia Model 

Leads to increased recombination and VT shift  
Very important for low-noise detectors. 



Conclusions 
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1. There are three types of particles of interest: alpha particles, 

high-energy neutrons, and low energy neutrons. Others do not 
make it to the surface in significant numbers.  
 

2. Once the neutrons and alpha particles interact with nucleus, 
they may displace the atoms from their usual position, causing 
permanent damage in the process.  
 

3. The protons released in the process interacts with the lattice 
by EM interaction and generate electron-hole pairs – which in 
turn leads to soft-errors and single event upsets.  
 

4. It is relatively easy to calculate the net yield of charge per 
nuclear interaction in various materials by using semi-empirical 
approaches.  
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 Review Questions 
1. What did Fermi-Pasta-Ulam did in 1950s that is relevant for the 

discussion today?  

2. Do you expect the neutron to have longer mean free path than a 

proton? Why or why not?  

3. What is a ‘mass formula’? Why do we need a mass formula for?  

4. What is Fermi? How is it related to Barns?   

5. What is a blackwall? How does blackwall of Uranium compare to Si? 

6. What is the definition of stopping distance?  How do you calculate 

stopping distance?  

7. Why is the emission from packaging so damaging to the ICs? Why 

doesn’t Boron as a p-dopant cause the same problem? 

 
22 


	Lecture 38:  Charge Generation by Particles
	Copyright 2013
	Outline
	On photons and particles
	How do particles create charge
	Getting Rid of the Energy: �Photoelectric Effect and lattice Vibration
	2.1 Protons interact with bound electrons by electromagnetic interaction
	2.1 proton, pion, muon: relative LET
	How do particles create charge
	How often does the nuclear reaction occur
	Frequency of Nuclear reaction
	2.2  Neutron-nucleus interaction:�Size of an Atomic Nucleus
	2.2  Binding Energy of a Nucleus: droplet model
	2.2  Binding Energy of a Nucleus
	2.2 Breaking a nucleus by a neutron
	2.2 neutron interaction with SiO2
	2.2 Reading the tables: example Problem
	3.1 Critical charge and single event upset
	Permanent damage: Perugia Model
	Conclusions
	References
	 Review Questions

