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Dose	=	Absorbed	Energy	Density

2

1 Gy = 1 J
kg

SI	units

Absorbed	energy	normalized	by	weight,	volume,	atoms,	etc.



Water:	heat	to	boiling	point

3

cp
H2O  = 4.1813 J

g ⋅K
  (@ 25°C)

specific heat of water

ΔT = 80 K
cp

H2O  ΔT =  334.5 J
g

 ×  103 g
kg

= 3.345 ⋅105 J
kg

= 0.3345 MGy Absorbed	
Energy





Projectile-Target Interactions

# events
<volume> or <weight>

= ρ σ ϕ t• • •
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Projectile-Target Interactions
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Projectile-Target Interactions
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Projectile-Target Interactions
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Projectile-Target Interactions 
Leading to Atomic Displacements
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Electron irradiation-induced 
amorphization of powellite (CaMoO4)

300 keV electrons
room-temperature irradiation conditions



Electron irradiation-induced 
amorphization of powellite (CaMoO4)

Two components of damage:

1. electronic component
(electron excitation/ionization; radiolysis)

2. nuclear component
(ballistic or displacement damage)



1. Electronic Stopping



Electron Excitation/Ionization 
Bethe-Ashkin expression for ionization energy loss per unit length

H. A. Bethe, and J. Ashkin, in Experimental Nuclear 
Physics. Volume I, edited by E. Segrè (John Wiley & 
Sons, Inc., New York, 1953), pp. 166-357.



Electron Excitation/Ionization 
Bethe-Ashkin expression for ionization energy loss per unit length
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E0 = mec
2 =  rest energy of the electron

me = rest mass of the electron
c = speed of light

e2 = 14.4 eV ⋅Å



β = v
c

v = velocity of electron
c = speed of light

β = 1− E0
E0 + E

⎛
⎝⎜

⎞
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2

E0 = rest energy of the electron
E = kinetic energy of the electron



ρe = Z ⋅ρa

ρe = electron density
Z = atomic number
ρa = atomic density



J = 9.76 Z + 58.5 Z −0.19  (eV)
=  mean electron excitation potential

M. J. Berger, and S. M. Seltzer, Nat. Acad. Sci. / Nat. Res. 
Council Publ. 1133 (Washington, 1964), p. 205.



W. H. Bragg, and M. A. Elder, Phil. Mag. 10, 318 
(1905)

Bragg’s Rule for Additivity of 
Stopping Powers



Stopping Power

εe = Se E( ) = 1
ρa

dE
dx e

 eV ⋅Å2
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Bragg’s Rule for Additivity of Stopping Powers

ε
e

AmBn = m ε
e

A + n ε
e

B

where m  is the number of A  atoms in molecule AmBn
and n  is the number of B  atoms in molecule AmBn

For binary compound with molecular unit, AmBn :

One can show that:

dE
dx e

AmBn

= ρm
AmBn ε

e

AmBn = dE
dx e

A

+ dE
dx e

B

where ρm
AmBn  is the molecular density of  AmBn

molecules in the compound.



Ionization stopping in powellite

E (eV) electron energy

dE/dx
(eV/Å•e-)

dE/dx (E = 300 keV) = -0.0729 



dE/dx (E = 300 keV) = -0.0729 eV/Å•e- 

E = 300 keV

β = 0.776526

thickness = 1000 Å
TEM sample thickness

Total ionization energy
loss over sample thickness = 72.9 eV/e- = 1.17x10-17 J/e-  



ϕ = 107 e−

nm2 ⋅s
= 105 e−

Å2 ⋅s
= 1021 e−

cm2 ⋅s
electron flux

t = 5 min.= 300 s
irradiation time

Φ = 3⋅107 e−

Å2

electron fluence



Areal Energy Density = dE
dx electronic

⋅ Φ

= 3.504 ⋅10−10 J
Å2

Total Energy Density = Areal Energy Density
thickness

= 3.504 ⋅10−13 J
Å3



ρw = 4.259 ⋅10
−27 kg
Å3

Dose = 8.2 ⋅1013 J
kg

 = 82 TGy

Magnitude of dose: Tens of TeraGray !!



2. Nuclear Stopping



Electron displacement damage calculation

Primary damage cross-section after Seitz & Koehler (1956):
F. Seitz, and J. S. Koehler, in Solid State Physics: Advances in Research & 
Applications, edited by F. Seitz, and D. Turnbull (Academic Press, 1956), 
pp. 305-448.

Based on the relativistic electron cross-section expression 
derived by McKinley & Feshbach (1948):
W. A. McKinley, Jr., and H. Feshbach, Physical Review 74, 1759 (1948).

Total cross-section (primary plus secondaries) after Oen (1973):
O. S. Oen,  (Oak Ridge National Laboratory, Oak Ridge, TN, 1973), pp. 204.



Differential displacement cross-section, dσ

dσ (T ) =
π ′b 2
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′α = α Z
where α  is the fine structure constant (~1/137)
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Tm = maximum energy transfer from e−  to target atom

Tm = 4 me M
me +M( )2 E 1+ E

2 E0
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where E  is the incident electron energy
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E = 300 keV

Tm
Ca = 21.245 eV

Tm
Mo = 8.8756 eV

Tm
O = 53.219 eV

ZCa = 20

ZMo = 42

ZO = 8

Zave = 15.67 Tm
ave = 25.54 eV



Ethreshold
Ca = 493 keVZCa = 20

ZMo = 42

ZO = 8

Zave = 15.67

Ed = 40 eV

Ethreshold
Mo = 920 keV

Ethreshold
O = 237 keV



Ethreshold
Ca = 130 keVZCa = 20

ZMo = 42

ZO = 8

Zave = 15.67

Ed = 8 eV

Ethreshold
Mo = 275 keV

Ethreshold
O = 55.3 keV



σ p (E) = dσ
Ed

Tm∫ (T )   < area >
atom
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where Ed  is the displacement threshold energy

Primary displacement cross-section:

Cascade cross-section:

σ tot (E) = ν (T ) dσ
Ed
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where ν (T ) is the number of secondary displacements,
given most simply by the Kinchin-Pease expression:
ν (T ) = 0;   T  < Ed

ν (T ) = 1;   Ed  ≤  T  < 2Ed

ν (T ) = T
2Ed

;   T  ≥  2Ed



Ethreshold
ave = 295 keVZave = 15.67

Ed = 25 eV

Tm
ave = 25.54 eV

2Ed = 50 eV

E = 300 keV

σ tot (E)=σ p(E)= 0.588 barn = 5.88 ⋅10−9  Å2

atom

1 barn = 10-24  cm2 = 10−8  Å2



ϕ = 107 e−

nm2 ⋅s
= 105 e−

Å2 ⋅s
= 1021 e−

cm2 ⋅s
electron flux

t = 5 min.= 300 s
irradiation time

Φ = 3⋅107 e−

Å2

electron fluence



Total displacement damage dose

displacements per atom = σ tot  Φ

= 5.88 ⋅10−9 Å2

atom
×  3⋅107 e−

Å2  

= 0.18 dpa

Presumably, this magnitude of 
displacement damage is not 
sufficient to induce a crystal-

to-amorphous phase 
transformation



Displacement cross-section, σp(E, Ed) versus e- 
beam energy, E, and displacement threshold energy, 
Ed, for oxygen (O) target atoms (Z = 8)

Compare this plot to Fig. 6 in P. S. Bell, and M. H. Lewis, Phil. Mag. 29, 1175 (1974).
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Displacement cross-section, σp(E, Ed) versus e- 
beam energy, E, and displacement threshold energy, 
Ed, for vanadium (V) target atoms (Z = 23)

Compare this plot to Fig. 6 in P. S. Bell, and M. H. Lewis, Phil. Mag. 29, 1175 (1974).
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Dose Rate

Dose Rate = 
82 TGy
300 s

 = 0.273 
TGy

s
= 273 

GGy
s

Ming’s experiment on CaMoO4:

ϕ = 107 e−

nm2 ⋅s
= 105 e−

Å2 ⋅s
= 1021 e−

cm2 ⋅s
electron flux



Dose Rate
Field Emission Gun (FEG) Scanning Transmission Electron 

Microscope (STEM) probe:
1 nA in 1 nm diam. probe

6.24 times 
greater than 

Ming’s 
experiment

ϕ = 6.24 ⋅109 e−

nm2 ⋅s

= 6.24 ⋅107 e−

Å2 ⋅s

= 6.24 ⋅1023 e−

cm2 ⋅s
electron flux



Dose Rate

Dose Rate = 6.24 × 273 GGy
s

= 1.7 ⋅103  GGy
s

= 1.70 TGy
s

Field Emission Gun (FEG) Scanning Transmission Electron 
Microscope (STEM) probe:

1 nA in 1 nm diam. probe



Dose Rate
Field Emission Gun (FEG) Scanning Transmission Electron 

Microscope (STEM) probe:
S. D. Berger et al., Philosophical Magazine B-Physics of Condensed Matter Statistical 
Mechanics Electronic Optical and Magnetic Properties 55, 341 (1987).

Al2O3

100 keV e-s

Probe Width = 1 nm
Current Density = 5•107 A/m2

current density = 0.05 nA
nm2

5% of the STEM analytical probe 
current density

Hole-drilling in α-Al2O3



Dose Rate
SrY-16 Source

90Sr source: β-decays to 90Y then to 90Zr 
I. I. Shpak, I. P. Studenyak, and M. Kranjcec, J. Optoelectronics and Adv. Mater. 5, 1135 (2003).

As2X3 (X = S, Se)
12.2 Ci e- source

E = 546 keV
Current Density = 1•1011 e-/cm2•s

current density = 10−3 e−

nm2 ⋅s
One-billionth of Ming’s current 

density!

Chalcogenide Glasses



Dose Rate
Febetron 707

Pulsed Electron Accelerator
B. H. Milosavljevic, and L. Novakovic, Nucl. Instr. Meth. Phys. B 151, 462 (1999).

Polypropylene
Single pulse dose = 50 kGy

Dose Rate = 2.5 TGy/s
5•107 pulses/s

Polypropylene (PP)

Compare to 60Co Gamma Source
Dose Rate = 1 Gy/s



Dose Rate
Sandia National Laboratory

Gamma Irradiation Facility (GIF)
Array of 60Co sources 

Dose Rate = 300,000 rads/hr.
= 83.3 rads/s

Sandia GIF

1 Gy/s = 100 rads/s

Dose Rate = 0.833 Gy/s

Eγ = 1.3325 MeV



Dose Rate
Pulsed electron radiation therapy

Dose Rate = 0.1 cGy/pulse

Therapeutic Dose = 10-20 Gy/minute



Dose
Radiation Doses to Humans

Ave. Radiation Dose From Abdominal X-ray = 1.4 mGy



Dose
Irradiation of Food for Preservation

Irradiations performed with electrons, gamma rays and X-rays



Radiolysis

L . W . H o b b s , i n 
Introduction to Analytical 
E lec t ron M ic roscopy , 
edited by J. J. Hren, J. I. 
Goldstein, and D. C. Joy 
(Plenum Press, New York, 
1979), pp. 437-480.

powellite (CaMoO4)



Extra Note

What about the dose rates in a 
typical proton irradiation experiment?



Electronic & Nuclear Stopping 
300 keV proton (H+) irradiation of CaMoO4

nuclear

electronic

dE/dx|e ~ 0.125 keV/nm
over first 1000 Å sample thickness



Electronic & Nuclear Stopping 
300 keV proton (H+) irradiation of CaMoO4

dE
dx e

CaMoO4

= 0.125 keV
nm ⋅H+  = 12.5 eV

Å ⋅H+

TEM thickness = 1000 Å

Total Energy Loss Per Proton = 1.25 ⋅104  eV
H+

= 2.00 ⋅10−15  J
H+



Electronic & Nuclear Stopping 
300 keV proton (H+) irradiation of CaMoO4

Φ = 1⋅1016 H+

cm2  = 1 H+

Å2

Typical ion fluence:

Energy Density = 2 ⋅10−18  J
Å3

Energy Density = Energy Loss Per Proton x 
Fluence / TEM thickness



Electronic & Nuclear Stopping 
300 keV proton (H+) irradiation of CaMoO4

energy density = 2 ⋅10−18  J
Å3

ρw
CaMoO4 = 4.26 ⋅10−27  kg

Å3

dose = energy density
ρw

CaMoO4
=

2 ⋅10−18  J
Å3

4.26 ⋅10−27  kg
Å3

dose =  4.7 ⋅108 J
kg

 = 0.47 GGy



β- Decay	Process

Z
AX → Z+1

AY + −1
0e + 0

0ν







Beta
Decay

of 
Tc-99


