hiicig the

cavcadona st abdus salam
egrmon international centre for theoretical physics
intarnational atomic
e SMR.1148 - 46

COLLEGE ON MEDICAL PHYSICS
AND
WORKSHOP ON
NUCLEAR DATA FOR SCIENCE AND TECHNOLOGY:
MEDICAL APPLICATIONS
(20 SEPTEMBER - 15 OCTOBER 1999)

"Photon and Electron Interactions with Matter"

Stephen M. SELTZER
National Institute for Standards & Technology
Radp C-312
Gaithersburg MD-20899-0001
U.S.A.

These are preliminary lecture notes, intended only for distribution to participants






Photon and Electron Interactions
with Matter

Stephen M. Seltzer
National Institute of Standards and Technology
Gaithersburg, MD 20899 USA

Workshop on Nuclear Data for Science and Technology
Medical Applications
International Center for Theoretical Physics
Trieste, October 4-15, 1999



r.

lit

l‘l

-

Require information on radiation interaction cross sections
to determine: |

e conversion quantities used in medical physics (e.g.,
photon mass energy-absorption coefficient ratios,
electron stopping-power ratios)

e fate of primary (incident) radiation (e.g., attenuation of
photon beams)

e production of secondary radiation



Topics covered:

Photon interaction cross sections
Elastic (coherent) Rayleigh scattering
Inelastic (incoherent) Compton scattering
Photoelectric absorption
Pair production
Triplet production
Total attenuation coefficients
Energy-transfer coefficients
Energy-absorption coefficients

Electron and positron interaction cross sections
Electronic (collision) stopping power
Radiative stopping power
Range
Bremsstrahlung production
Elastic scattering
[onization

Energies of interest in medical physics applications, z1keV



PHOTON INTERACTIONS
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Contributions of the partial cross sections oy, for the atomic photoeffect,
6. for coherent Rayleigh (elastic) scattering, Gincon for incoherent
Compton (inelastic) scattering, opair for electron-positron pair production
in the field of the nucleus, oy, for pair production in the field of the
atomic electrons (“triplet” production), and gy, for nuclear photo-
absorption. Measured values of the total cross section oy, are not all
shown in regions of high measurement density. From Hubbell (1999).
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Contributions of the partial cross sections oy, for the atomic photoeffect,
0.1, for coherent Rayleigh (elastic) scattering, gincon for incoherent
Compton (inelastic) scattering, oy, for electron-positron pair production
in the field of the nucleus, gy, for pair production in the field of the
atomic electrons (“triplet” production), and oy, for nuclear photo-
absorption. Measured values of the total cross section gy are not all
shown in regions of high measurement density. From Hubbell (1999).



NIST PHOTON CROSS-SECTION DATABASE

e 1<7Z <100

e 1keV < E < 100 GeV

Process Interaction
Coherent (Rayleigh) Scatter atomic electrons
Incoherent (Compton) Scatter  atomic electrons
Photoelectric Absorption atomic electrons
Pair Production field of nucleus

Triplet Production field of atomic electrons
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PHOTON INTERACTIONS

Coherent scattering

« Incident photon scattered
« Scattered photon has same energy as incident photon

2
o G~2Z



COHERENT SCATTER

+1 dO'T

_ 2
Oeoh [_1 Troossy PO dicosd)

dd’T

2 2 .
= xr. (1+cos“8 Thomson cross section
d(cos®) * e ( )

F(x,Z): atomic form factor

(from Hartree-Fock calculations)

Z = atomic number

x = CE1—cos0

E = energy of inéident photon
C = 57.03 MeV ™!

Z = Fx,Z) =20
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Relative Distribution, sr™'
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Reietive Distribution,

COHERENT SCATTERING
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Elastic (Coherent) Rayleigh Scattering

g coh

+1
=nr [(1+cos?8)[F(x,Z)F d(cos 6)
-1

]

form factor

Simple form factors (non-relativistic, relativistic): FF
Modified form factors: MFF

Modified form factors plus anomalous scattering
factors: MFF+ASF

S-matrix calculations
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EPDLY? Cross Sections
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PHOTON INTERACTIONS

Incoherent (compton) scattering

E'=E-T-B

e Incident photon scattered

« Mostly outer shell atomic electrons ejected (B=0)

« X-rays and Auger electrons can be emitted, particularly
with inner shell vacancies

o c~2



INCOHERENT SCATTERING

_ +1 dUKN
Sincoh = I . Tecosh) S(x,Z) d(cosd)

1 +k(1 —cosb)

Klein-Nishina cross section

for scattering from an unbound electron

k = E/mc?

2 2
me  _ I - 1-cost
E’ E

S(x,Z) incoherent scattering function
(from Hartree-Fock calculations)

0 <8x,2) <Z

2
d‘KN = 1'!'2 [l‘._c(BZO + kz(l“cosa) ] /[l+k(l-cos0)]2
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Relative Distribution, er”!

Relolive Distribution, ar”!
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Inelastic (Incoherent) Compton Scattering

Form-factor approach: incoherent scattering function S

Impulse approximation: Compton profiles, Doppler
broadening

S-matrix calculations
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d%6 / dhv; dS4 (mb /keV)

0.15 v T v T ¥ T Y T Y | p— T

Z=73, K, hv;=661.7 keV
o.10 L 45° -
2] u"
1809~ 135" ¢
0.05 | FEGERNS AN :
,‘ / \ AN * \900 00
z : e ~ .
0 00 ’ - " '- [ 118005 111350. 9001 1 " 1 ‘:“%T—-’-:-_:.-_-: 4 0.0
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Cross section differential in scattered photon energy and angle
for scattering of an unpolarized beam of 661.7 keV photons
from a K-shell electron of tantalum. The photon scattering
angles considered are 0° (solid curve), 45° (small dash), 90°
(large dash), 135° (dot-dash), and 180° (dot-dash-dot). Results
are from S-matrix calculations. Arrows show the predictions for
the scattered photon energy given by Compton’s formula. From
Bergstrom and Pratt (1997).
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Z=82, 0 = 120°, hv, = 279 keV

—b b [ 3 vl
2 < % 7

d?a / d(hv) dQ (mb /keV)

=
Q
b

102 . S : . . . ) . . : ]
0 100 200 300
hvs (keV)

Comparison of results for the scattering of 279 keV photons into
120° from all of the electrons in lead, from calculations in the
impulse approximation: relativistic (dotted curve) and non-
relativistic (solid curve). The tips of the sharp peaks are at the
scattered photon energy given by Compton’s formula, and the
full-width-at-half-maximum of the distributions is about 5 keV.

From Bergstrom and Pratt (1997).



Fraction of energy reflected for photons normally incident on

water target
coherent | incoherent Incident photon energy, keV
scatter binding |
included | corrections 100 50 20 10
no no 0.202 | 0.194 | 0.0384 | 0.00457
yes no 0.203 | 0.196 | 0.0444 | 0.00666
yes yes 0.203 | 0.199 | 0.0475 | 0.00740
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PHOTON INTERACTIONS

Photoelectric absorption

electron

T

n

E-B

¢ Incident photon disappears
o Inner shell atomic electrons most probably ejected
e X-rays and Auger electrons emitted

4-5
o 6~



PHOTOEFFECT

Tpe (or 7 in much of the literature)

Calculated by Scofield

Solution of Dirac equation for the orbital electrons

moving in a static Hartree-Slater potential

For 2 < Z < 54, Scofield gave renormalization
factors to convert from Hartree-Slater to
Hartree-Fock

Comparisons with experiment favor the use of the

unrenormalized Scofield resulits
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PHOTON INTERACTIONS

Pair production (in field of nucleus)

electron

positron

E=T+T,+2mc¢* (E>2mc?)

e Incident photon disappears
e G""Zz



PHOTON INTERACTIONS
Triplet production (in field of atomic electrons)

ejected orbital
electron

electron

positron
E=T+T'+T,+B+4mc* (E>4mc?)

e Incident photon disappears
« Mostly outer shell electrons ejected (B=0)

e G~2



PHOTON INTERACTIONS

e Mass attenuation coefficient

—E=NA[0 +0

p A pe coh+0incob+0pair+o

trip]

e Simple attenuation

___£ = e_IJ-t
IO



PAIR AND TRIPLET PRODUCTION

o (or x, in much of the literature)

pair

Opriptet (O e in much of the literature)

e Compiled through an elaborate synthesis of

theoretical information
e Born-approximation without screening
e Coulomb corrections
e Screening corrections

e Radiative corrections



Photon Energy (MeV)

o ¥
o

[+)
4

10° | Pair production dominates

10"t

100 Compton scattering dominates

101t

16’2 - Photoeffect dominates

R e RS- —

Nuclear Charge

Regions of relative importance of photoeffect, Compton
scattering, and pair production in total absorption cross sections,
shown as a function of incident photon energy and atomic
number (nuclear charge) Z. From Bergstrom and Pratt (1997).
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PHOTON INTERACTIONS

e Mass attenuation coefficient

p‘-N*"[o +0 ., +0 +0,__. +0, . ]
‘B" - ——A_ pe coh incoh “pair trip

e Simple attenuation

_l.-_ = e_l"t
IO
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PHOTON INTERACTIONS

¢ Mass energy-transfer coefficient

Her N,
p _:ZI" [fpeope+fincob0incoh+

f o +f o ]

pair“ pair tripY trip

where the factors f are the average fractions of the
photon energy transferred to kinetic energy of
secondary charged particles.

¢ Mass energy-absorption coefficient

l‘l'en p‘tr
= (1-9)
D P

where g 1s the average fraction of the kinetic energy of
secondary charged particles subsequently lost in
radiative processes.




finc:oh

fpair

accounts for:

accounts for:

accounts for:

accounts for:

accounts for:

complete cascade of fluorescence
emission as atom relaxes following
photoelectron ejection

energy of scattered photon

cascade of fluorescence emission
following Compton electron ejection

energy converted to rest mass of
electron-positron pair

energy converted to rest mass of
electron-positron pair

fluorescence emission (cascade)
following triplet electron ejection

radiative losses of the secondary
electrons and positrons as they slow
down in the medium (and includes
effects of energy-loss straggling)

bremsstrahlung production by electrons
and positrons

annihilation-in-flight of positrons

fluorescence emission from electron-
and positron-impact ionization



PHOTON INTERACTIONS

e Lerma
K=0®Etu
P
e Absorbed dose
D=®gter
P

(under conditions of charged-particle equilibrium)
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ELECTRON INTERACTIONS
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MEAN ENERGY LOSS

STOPPING POWERS
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STOPPING POWER

Lee 2w
p P

do
dw
N; = number of scattering targets per unit mass

= cross section for scattering with energy loss W

p = density of medium

electronic stopping power: inelastic scattering from
bound atomic electrons, resulting in ionization and

excitation (called collision stopi)iilg power by ICRU)

radiative stopping power: inelastic scattering from
atoms resulting in emission of bremsstrahlung photons

(important for electrons and positrons)

nuclear stopping power: elastic scattering from atoms
with energy transfer to recoiling atom (important only

for low-energy heavy charged particles)



ELECTRON INTERACTIONS

lonization and excitation

knock-on electron

scattered primary

e o~/
¢ Electronic stopping power-average energy loss by
ionization and excitation per unit path length

Z
1g-Z
P A
o Mostly outer shell ionization
eX-ray and auger electron emission from inner shell
vacancies
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ELECTRONIC STOPPING POWER

"1_, Scol = "1; Scol(W = W) """lp' ScaW > W)

W,_ >> atomic electron binding energies

Distant Collisions

From Bethe theory

% Scol(w s‘Vc) =

21rre2mc2NA Z 24 2mc? 82 W,
g? A (1-317

&

1"

o



with correction factors

2 .2
1 2rr,mc” Ny
— Seq(W=W)) = :

P | g2

2mc?2 Bz W,
(1-%12

Z,
A

-6+2[—-z(-:- + 2L, +22L2]

where z = charge of projectile/charge of electron

non-trivial parameters:

I = mean excitation energy of medium

L)

density-effective correction

C/Z = shell correction

little or no information for
zL, = Barkas correction

electrons and positrons
zsz = Block correction
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CLOSE COLLISIONS

1 Z (V= do
2 SeqW > W) =N, 2 W dW
p o AAIW aw

4

_‘_!2'_ = cross section for inelastic scattering from free

electron

| m m ) 2
W, = 27(7+2) mc 2 / [l +2(7+1) M + [ﬁ] -

m = mass of target electron
M = mass of projectile

projectile energy/rest energy

Y
I



ELECTRONS:

W_, = T/2 (incident and target electrons are indistinguishable)

< 1. [ W )2, 7 [w]z_ 27+1 w]
[T‘W > L T)]  @? | T-W

Maoeller cross section (includes relativistic spin and

exchange effects



E

POSITRONS:

W, =T

2xr>me?2
._dl _ T r, mc 1
dw 32 w2

< |1 - T w
| 2(r+1) T
Bhabha cross section (includes relativistic and spin effects)
a = T T+2 + lﬁ
B r+1 | 7+1 742

2
bg = [—L] [3 + (1+2)_2]

7+1

_ 27
(1+1)(1+2)?

B



ELECTRONS AND POSITRONS

14 10

-+

4

T2 (r42)?

(1+2)°
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MEAN EXCITATION ENERGY

¢ Key, non-trivial, parameter |

e Sources of information on I

Theoretical

- Oscillator-strength data

- Dielectric-response function
- Local-plasma approximation

(used here mainly for systematics)

Experimental
- Stopping-power and range data
- Mainly proton data; sensitive to estimates of

shell corrections
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COMPOUNDS

Additivity Rule:
Z;

Z/A) = . 3
@y =% w3

Z:
Inl = <Z/A> -1 E w.i —K‘- lan
|

w; = fraction by weight

e Accuracy improved by using I-values pertinent to

compound
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TABLE 5.1—Mean excitation energies adopted in the present
work for atomic constituents of compounds

Gases
Constituent I/eV
H 19.2
C 70
N 82
O 97
Liquids and Solids
Constituent l/eV
H 19.2
C 81
N 82
O 106
F 112
Cl 180
Others 1.13 X Ja/eV

a ] is the mean excitation energy for the element in the condensed

phase given in Table 4.3.



H. Bichsel T. Hiraoka

Table 4
Values I (eV) derived from experimental measurements. The

uncertainty 1/ (eV) is based on an uncertainty of +0.25% of
the experimental data. Also given are [-values from ref. [12]
with their uncertainties.

Z I A7 ref. [12] A7
- water 79.7 0.5 75 3
6 C - 86.9 1.2 78 7
- quartz 135.6 1.7 139.2 3
13 Al 166 - 166 2
14 Si 176 -2 173 3
22 Ti 242 3 233 5
24 Cr 275 3 257 10
26 Fe 293 3 286 9
- 27 Co 311 3 297 9
28 Ni 322 3 311 10
29 Cu 339 4 322 10
30 Zn 336 4 330 10
40 Zr 417 4 393 13
41 Nb 431 4 417 15
42 Mo 440 4 424 15
47 Ag 489 5 470 10
48 Cd 518 5 469 20
49 In - 503 5 488 20
50 Sn 508 5 488 15
73 Ta 736 6 718 30
74 w 766 7 727 30
82 Pb 816 7 823 | 30
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Table 3. The mean excitation energy I for stopping power of water

Source, Year

Dalton and Turner, 1968 [73]
Zeiss et al., 1977 [74]
Ritchie et al. 1978 [75]

ICRU No. 37, 1984 [66]

Bichsel and Hiraoka, 1992 [76]

Dingfelder et al., 1998 [77]

Basis of determination

Bragg additivity
Stopping power of vapor
From df/dE of vapor
From n(E) of liquid
Recommendation for vapor
Recommendation for liquid
Stopping power of liquid
for protons of 30 - 70 MeV
From 7)(E) of liquid

Value

65eV

713eV
71.6eV
75eV

71.6eV
75.0eV
79.8 eV

8l1.8eV
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DENSITY EFFECT

e Passage of charged particle polarizes atoms in medium

Polarization decreases EM field on particle

¢ Reduces electronic stopping power

In limit of 8 — 1

2
5 - In |:.__(EP)__:|—1

(1-%12

# wp = 28.8 (,oZ/A)”2 eV  plasma energy

1 1
- scol - — Scol (p,Z/A)

P P

e In general, calculate é using Sternheimer’s model
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ELECTRON INTERACTIONS

Range
T dT
oM = [ 5
0

o S=Sel + Srad
¢ Continuous-slowing-down approximation (csda)
¢ Total pathlength, not penetration distance
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ELECTRON INTERACTIONS

Bremsstrahlung production

scattered primary

E=T-T

e ~Z%in field of nucleus
oc ~Z in field of atomic electrons

eRadiative stopping power-average energy loss by
bremsstrahlung per unit pathlength

__1p__S,,,,d ~ Z(Z+1)

A
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BREMSSTRAHLUNG PRODUCTION CROSS SECTIONS
(Electrons)

ka‘-: electron-nucleus cross section

do
__¢. electron-electron cross section

Lot 1] g
dk 7.2 dk

(often assumed to be unity)



ELECTRON-NUCLEUS BREMSSTRAHLUNG

High energics (T; > 50 MeV)

2,2
do, 4dar,Z”  uneer
& k [xnorn +6m+8Coul]

x;:: = Bethe-Heitler, Born-approximation result

for unscreened nucleus (no energy

approximations)
Ogcreen = HEX::m - HExnom high-energy approx.

using Hartree-Fock form factors in
calculation of screening functions

s = [t colli-g28] - 1}z + s
e = Elwert factor
CoBuhl‘ o = high-energy Coulomb correction

Two factors combined to give good tip values



Z H39NNN JOINO1VY
09
i

06 08 0L 09
1

0t

|

I I I

Y311liI3H-3H13d X LHIMT3 ———--

(AVIILATVYNY)

11vdd ANV HNgavr

(IVOIH3aIWNN)
11vHdd ANV Hngavr

- YIWIWVH ANV NITINIA Y030 ——

TFE
]



“op> g

38 11VHd o
11VvHdd ANV HN88Vrl o

i ] |

I |
| 2 G 0lL0Z
AN ‘L

€




|

iy

.mb
k - T1

day
dk

8
22
(*2]

T 1T

Lol

LLLELILES!

T

T T T T1TVT]

L L L

L1 1 1113

LELBELEERE!

L 11 vyl

T 17 T Tl

0.1




PERCENT CONTRIBUTION BY COULOMB CORRECTION
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ELECTRON-NUCLEUS BREMSSTRAHLUNG

Lower energies

o Analytical results become unreliable
° Use results from Pratt, Tseng et al., exact
phase-shift calculations for

1keV < T; < 2 MeV

o Interpolate to fill in gap from 2 to 50 MeV
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BREMSSTRAHLUNG PRODUCTION CROSS SECTIONS
(Electrons)

dk

do, .
-(-l-.k...: electron-nucleus cross section
dae .
K: electron-electron cross section

do

n=——-5/
dk

1 do,
z%| dk

(often assumed to be unity)
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ELECTRON-ELECTRON BREMSSTRAHLUNG

7 # 1

¢ Screening of atomic electrons different than e-n brems
e e-e brems goes to zero at high-frequency limit
e low-energy brems component due to recoiling target

electron

e kinematic upper limit on emitted photon energy
Ty < Kpax < T,/2
B,=DD B, =0
e e-e brems cross section vanishes at low energies

(no dipole moment)




T1 = 2000 MeV

Ty = 2000 MeV
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BREMSSTRAHLUNG PRODUCTION CROSS SECTIONS
(Electrons)

91-_- n+s7 _¢ = 1+l___
dk dk dk Z| dk

1. electron-nucleus cross section

__¢. electron-electron cross section

ot /(1) s
dk 7,2 dk

(often assumed to be unity)



RADIATIVE STOPPING POWER

1 2 “A 2 2
=S =ar, Z“(T, + mc”) &
rad ! 1 ) rad

d = [arfz’-(Tl + mcz)]_1 ] k do dk
0

L 4
dk

ra

Pra = Py + Z Frag

rad

=1 +2/2) ‘P(")

/5 o8)
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BREMSSTRAHLUNG PRODUCTION BY
POSITRONS

® Positron-nucleus cross section vanishes at the high-
frequency limit (tip)

e In high-energy approximation (= 50 MeV),
positron-nucleus xsec = electron-nucleus xsec

e At low energies,
positron-nucleus xsec << electron-nucleus xsec

e Positron-electron cross section should be finite at tip
(as in the electron-proton system)

e At high energies,
positron-electron xsec = electron-electron xsec

e In the non-relativistc limit,
positron-electron xsec = 2 electron-proton xsec
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POSITRON INTERACTIONS

Annihilation

mcC

mc’

o Predominately for the positron at rest
e Two oppositely directed photons, each with
an energy of 0.511 MeV



ELECTRON INTERACTIONS

Elastic scattering

e Negligible energy loss
o 5~7°
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ELASTIC-SCATTERING CROSS SECTION

Factored cross section

%?')‘ = ddn;;;(a) Kscr(e) Krel(o)

Spin-relativistic correction

Koa(0) = Lltan [2oa

Screening correction

K, (0)

1 — cosé 2
1—cos@+2n

Moliére screening angle

2
n =3 (0.885p) Z%/3 (1.13 4+ 3.76 (aZ/B)" |



ELASTIC-SCATTERING CROSS SECTION

Zeitler & Olsen estimate relative error of factorization

T(keV)
1028
512
256
128

32
16

o W Qo

-

€ ~ 202743

Z=6 13
0.002
0.003
0.001 0.005
0.003 0.01
0.005 0.02
0.01 0.04
0.02 0.07
0.04 0.14
0.07 0.28
0.15 0.55

0.30 1.10

29

0.004
0.006
0.01
0.02
0.04
0.08
0.15
0.31
0.61
1.21
243

VI=F

ﬁ2

47

0.007
0.01
0.02
0.04
0.08
0.15
0.29
0.58
1.16
2.31
4.62

79

0.01
0.02
0.04
0.08
0.15
0.30
0.59
1.16
2.32
4.62
9.23

90

0.02
0.03
0.05
0.10
0.18
0.35
0.70
1.38
2.75
5.50
11.0



ELASTIC SCATTERING OF ELECTRONS AND POSITRONS

e Approximate, analytical theory becomes less reliable at

lower energies
e Use Riley code for relativistic, partial-wave expansion
calculations of differential elastic-scattering cross

sections

e Treats scattering by a static, screened Coulomb

potential

e Screening: electron density distributions from
relativistic Dirac-Fock wave-function program of
Desclaux

e 1<Z <100

e 1keV < T < 1024 keV

e e and e’



(ia/sr)

CROSS SECTION

ELasTIC SCATTERING CROSS SECTIONS FOR Au

102
' N\ POS1TRONS
10° t§
{ :
2l
10 1 ke¥
= i
‘ 8
I0'4 — 16
32
- 64
128
IO'6 — 256
- 512
0 50 100 150
102 : o
ELECTRONS
100
. 1 key
' 2
4
i ".’,/
!&‘4 8
— 16
g4 32
64
— _ 128
|56 256
512
B | 1024
Yol 1 l ]
0 50 100 5

ANGLE (degrees)
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10'® do/d0 (cm?/sr)

10'® do/dQ (em?/sr)

60

55¢ Hg, 300 eV

S0} ~———— no exch.corr.
5| o ST n i emeh cort
40t *o . Bromberg

35 o

30¢ .

© (deg)

0 " n i i " N M - .
0 6 12 18 24 30
© (deg)
0.45
Hg, 300 eV
0.401¢
i —_— no exch.corr.
0.35¢ ; T with exch.corr.
' o Hol tkamp et al
0.30¢t Bromberg
0.25
0.20fF
0.15}
0.10¢
0.05
O‘OO " _ & i A N " M
30 60 90 120 150 180



10'® do/d0 (cm?/sr)

10'® do/dt (cm?/sr)

45 - | | : -
o Hg, 100 eV
40 |
no exch.corr.
35 ............... wlth exch'corr.
30¢ ’
25¢
(@]
20¢

--------------- O

15}

Lo
10¢ | |
B“”“
St =
O Smsn
O :
0 5 10 15 20 25 30 35 40
® (deg)
.0
Hg, 100 eV

0.9}

: no exch.corr.
0‘8-‘: --------------- w[th exch'corr-
0.

0.
0.
0.
0.
0.
0.
0.
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ELASTIC-SCATTERING CROSS SECTION

Transport (or momentum-transfer) cross section

+1
o = 2% LI _‘.'gg’l (1 - cosf) d(cosh)

has dominant influence on multiple-scattering process
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ELECTRON-IMPACT IONIZATION
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Secondary Electron
Spectra from Charged
Particle Interactions

Issued: 20 April 1996

INTERNATIONAL COMMISSION ON RADIATION
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ELECTRON-IMPACT IONIZATION CROSS SECTION

Approach:

shell-by-shell cross section for all shells

differential in ejected secondary electron

energy

detailed implementation of the Weizsicker-

Williams method

d"ion _ dﬂ’c
dE dE
close
collisions

d

+ 2%
dE
distant
collisions
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CLOSE COLLISIONS

Binary-encounter generalization of the Meller cross section

dag) 2x re2 mc 2 p 1 1
= n: ' + +
dE ﬁz 1) W +Bj)2 (vr_w')z
_ 21+1 1 + G-

)2 WeB)A-W)

E=W+ B energy transfer
W = KE of secondary electron, 0 < W < (T -
B, = binding energy of jth orbital

n; = number of orbital electrons

Uj = mean KE of orbital electron

8U;
G; ] 1 . arctan yy +
3x | W+B)® (T-W)’

1 T 2
T2 1-!-1 -

Bj)/2

-

No-D|
(y+1)?



DISTANT COLLISIONS
Replace incident electron by equivalent field of virtual photons

dag)

- 0)
= nj I(W +B]) O'PE(W +BJ)

ag%g = photoionization cross section, per orbital electron

Virtual photon spectrum:

2 1 3
IE) = :‘33 —E- [Ft(xmin) Ft(xmax)]
2
Fs) = xKo Ky - 2 K0 - Ko )

Eb y1-82
fic B

X =

minimum impact parameter b_;, = (r); for jt orbital
1.123 AcfB

B, {1-8*

maximum impact parameter b_ .. =
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ELECTRON-IMPACT IONIZATION

Total sub-shell cross section

T-Bp12 g, 0)

o¥ = ] dw
0
Spectrum of ejected electrons
do g do¥
dw 7 AW
Ionization stopping power
1 Na (T-Bp/2 do
= Sin = — B:) dw
P 1on A jE Io J



TasLE 1. SPECTRUM OF SECONDARY ELECTRONS PRODUCED BY 10-xeV
ELECTRONS IN WATER VAPOR, AS A FUNCTION OF THE
KINETIC ENERGY W OF THE SECONDARY ELECTRON, CIVEN IN
TERMS OF THE RATIO TO THE MOLLER CROSS SECTION.

W{EV) Ratio

0 0
10 0.427
20 70.896
50 1.33
100 1.12
200 1.00
500 0.962
1000 0.969
2000 0.978
3000 0.990
4000 1.01
4600 1.03
4800 0.815
4990 0.612
4992 0.408
4993 0.205
5000 0
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LOW-ENERGY ELECTRON-IMPACT -
IONIZATION OF ATOMS AND MOLECULES

Binary-Encounter-Dipole Models of Y-K. Kim

BED Model for the differential cross section:

do(W.,T) S {(N,./N)—2( . )+

dw B.(t+u+1) t+1  \w+l t-w .

1 1 Int df.(w)

2—(N./N —+ + t .

2 )’Lwﬂr (r—w)z} N(w+1) dw}
where R=13.6¢eV t=T/B;
S=4na,"N(R/B;)’ u=U/B,
a, = 0.529A w=W/B,

BEB Model for the total cross section:

S lnt( 1} 1 Int
o, = l—— |+1—-———
f+u+1| 2 t t t+1




0¢

(A9)M

Js|pal{—W
jodQ

E|S!

A® Q00 |=1 ®H uo s

| . L i i 1

(Ae/;Wz, OL) MP/OP



(n8) 1

.vo | no | NO L —O L
rrb r 1 | I LI I 1 I | LRI ] T o
| O
{
8 41
. ¥
| &°®
n " *
v L ) ¢ ]
qnoJls ° ] o R .
. oDy n v A srd® _
uspozuojog v m 7 ..mnwn ¢
us}INY9S  a .
i oung @ U A 1
aioyy o n o
- g9 — "y Lan® 1¢
- O%H uo _3 1 1
| O T | 1 1 | I O T | 1 L | 10 T S | 1 .T

|

(Zw OZ—O I’> 0



ICRU REPORT 46

Photon, Electron, Proton
and Neutron Interaction
Data for Body Tissues

Issued: 28 February 1992

INTERNATIONAL COMMISSION ON RADIATION
UNITS AND MEASUREMENTS

7910 WOODMONT AVENUE

BETHESDA, MARYLAND 20814

USA



i}



