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What properties do wave functions of overlapping
(thus indistinguishable) particles have?—electrons as example:
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v =y(r,,s,;r,,S,), including spin of both electrons
But labels can't affect any measurable quantity.
E.g.— probability density :

- - - = 2 - > - - 2
|y/(r,,s,;r2,sz)| =|y/(r2,sz;r,,s,)| . .
Probability of finding two

Therefore o
(7. 50T, 50 ) = £1y(F,. 5,07 5. ) electrons at the same point in
e f’f’ v space with the same spin is
=Py (r;,$,1;,8,) zero: “the Fermi Hole”
ith P tati t A N
with P,, = permutation operator — r,,s,;r,,S,
and eigenvalues of +1 NS T el T

Finally, all particles in two classes :
FERMIONS : (incl.e”"'s): w antisymmetric
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BOSONS : (incl. photons) : w symmetric —the Exchange Interaction

—Hund’s 1strule & magnetism
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A first try at many-electron wave functions:

The Hartree-Fock Method

Assume N-electron, P nucleus wave function to be:
rs pace: like 1s, 2s,
e>spin: a(T) or BH)

Y ~ @ = Slater det er min ant
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JN!

¢1(F1)},'1(O-1) ¢N( )ZN(O-l)

(35a)

¢1(FN)}£'1(O'N) Py (FN)ZN (on)

and also require orthonormality of one-electron orbitals
[4/(P)g,(P)aV =5,

Minimize total energy— Hartree-Fock equations:
(42)

" A(F)4(F) =,4,(F);i=12,..N
with: £ =& +ZJU

One-electron mtegral
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)I—— Z £|¢( > (48)

—1
Two-electron Coulomb in tegral

=(4E)1,16.0)) = [[ 4,2 )=

Two-electron exchange integral

K, (47) —p One-electron energies

or eigenvalues
~ binding energy->
Koopmans’ Theorem

Note--K,.j often
J.. In solid-state

> 4,(F)p (F)dvdy,  (45)
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Ky =(#F) 1K, 14.0)=[[4,F9) (’2)r ¢,(F)g,(7)av,av,  (46)

Lowers energy—"attractive”
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Basic energetics—Many e picture

__ p=Vacuum __ =Fermi
hv =E binding +E kinetic ~— E binding + ‘pspectrometer

“
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LOOPMANS' THEONEM CALSULATION OF SHIFTS
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Figure 18 — Plot of carbon 1s binding energies calculated via
Koopmans' Theorem against experimental binding energies for several
carbon-containing gaseous molecules. For some molecules, more than
one calculated value is presented. The slope of the straight line
is unity. The two scales are shifted with respect to one another by
15 eV, largely due to relaxation effects. All of the theoretical

calculations were of roughly double-zeta accuracy or better. (From
Shirley, reference 7.)
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“PHoTorLecTRON EMissionN-
BASIC MATRIX ELEMENTS + SecEcTion RucEs :
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Atomic orbitals:

"

TABLE 6.1

NORMALIZED WAVE FUNCTIONS OF THE HYDROGEN ATOM FOR n = 1, 2, AND 3*
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*The quantity a, = 4xefi*/me® = 5.3 x 10" m is equal to the radius of the innermost Bohr orbit.
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MALING THB AToMic ORBITALS REAL (&.G.,
FOR CHEMICAL Dond/NG) "
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And the same thing for the d orbitals:
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Intraatomic electron screening
In many-electron atoms--a simple model

POINT CHARGE (~€) + SPHERICAL SHELLS

OF @ CHARGE (~0ABITS) ARsUND PoINT-

CHARGE NUCLBWLUS =D ~ ATom ¢

In many-electron atoms:
For a given n, s feels nuclear charge
more than p, more than d, more than f

Lifts degeneracy on ¢ in hydrogenic
atom
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Eplus)= YoV
(‘t.“-= ¢.SeV)
EyQd)= %oV
(E3q=13.4Y€V)

" = Zefelr)
e ="

= SCALENED ATemic ToTENTIAL CoRE

Intraatomic -8+
electron screening o
In many-electron
atoms--a self-
consistent Q.M.
calculation
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Paplr) (83, = 20.5 €V)

Ep(3s)z 122.5 eV
(€35 = 136.3eV)
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electron functions:
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TRANS ITION, METALS

H /-W-ﬂ
S.L Periodic Table, with the Outer Electron Configurations of Neutral
ls Atoms in Their Ground States
Li’ Be' The notation used to describe the electronic configuration of atoms
and ions is discussed in all textbooks of introductory atomic physics.
, The letters s, p, d, . . . signily electrons having orbital angular
2s 2s momentum 0, 1, 2, . . . in units H; the number to the left of the
Na'' | mg" | letter denotes the principal quantum number of one orbit, and the
superscript to the right denotes the number of electrons in the orbit.
1 42 3 g% 48 46 4T 48
s | |40 d° d® & d d° d d
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3d 3d? Jel?
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Some SPIN-0ABIT SPLTTNGS: (1 eV )
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X-Ray Data Booklet--Section 1.1 ELECTRON BINDING ENERGIES

The energies are given in eV relative to the vacuum level for the rare gases and for
H,, N,, O,, F,, and Cl,; relative to the Fermi level for the metals; and relative to the
top of the valence bands for semiconductors (and insulators).

Electronic
configuration

1s

152

152 2s

152 252
152252 2p
152 252 2p2
152 252 2p3
152 252 2p4
152 252 2p°
152 252 26
{Ne] 3»

{Ne] 352
[Ne] 3s23p
[Ne] 352 3p2
[Ne} 352 3p3
[Nej 352 3p4
[Ne} 352 3p°
[Ne} 352 3p6
[Ar] 4s
[Ar) 452

Element K s Ly2s  Lalpys Lylpys Myl Mydpgn  Malpas
| H 13.6

2 He 24.6% - -

3 Li 54.7% \ MISSIng
4 Be 111.5% Valence
5B |88+

e aga 28 Valence levels B.E.s

7 N 4009 0% 37.3% - -

80 5431% 4l6® ~1§ ~1§ Interpolated,

o F w67 [oe — — extrapolated

10 Ne 8702+ 48 5% 21.7% 21.6%

Il Na 107084 63.54 30,65 20.8]

12 Mg 1303.0¢ 8.7 40.78 40.50 \

13 Al 1556.6 117.8 7205 ns [

14 Si 1830 149,7%h 00,82 .42

15 P 2145.5 | Bo= 136" 135= Valence levels

16 8 2472 2309 163.6 162.5

17 Cl 28224 270= 202 0=

18 Ar V0500 3263 280 64 248 4% 203 15.9% 15,7

19 K a0 4% ATR G 207 3= JO0d 6 e Ig 3= g 3=

20 Ca 4008.5% 43844 340,74 146,24 4434 2544 25 4%

21 Sc 4402 408 ()% 403 6% WOR T 511 283 28.3%

2 Ti 4066 560,04 46024 453,84 5874 1264 32 64



X-Ray Data Booklet--Section 1.1 ELECTRON BINDING ENERGIES

Element K 1s Lyls La2pys Lalpya  Myds  Madpys Madpyy My3dys Ms3dsy  MNyds Npdpys  Nadpan
23 v 5465 6267 S108F 51204 66,34 17,24 17.24

4 Cr 5080 6960t SEISF  STALY 414 42.2% 422%

25 Mn 6330 7601t 6499F 63874 R2.34 47.2% 4724

26 Fe 7112 BH46t  TIOOF 7068 91.34 52,74 52.74 Valence levels

27 Co 7700 0251t 7932¢  TTRI+ 10L.0% 58.0% 50.9

28 Ni 8313 I00B6+  ET0OOF  ESLT 11084 68.0% 66.2%

29 Cy ROT0 10967+ 9523 9327 122.5¢ 77.3¢ 75.14

30 Zn 0650 11962%  10440¢ 10218 |308s 0] 4% %86 10,23 10,13

31 Ga 10367 1299.0%h  11432¢F  11164%  1595¢  103.5¢  100.0¢ 18.74 18,74

12 Ge 11103 4146 1481 12070°h  1R01F 12400 1208 20.8 20.2 Valence levels
13 As 11867 1527.0%b  1350.01%h  13236%h  2047¢  1462%  1412% 41.7% 4172

14 Se 12658 1652.0%h  14743%h  143309%h  2206% 1665 1607F 55.5% 54.6%

35 Br 13474 1782% | 506% | 550 257% 30% 52+ T G0

36 Kr 14326 1921 173005 16784%  2028= 2222 2144 05.01% 93.8% 27 5% 1413 14.1%
17 Rb 15200 2065 1864 1804 32675 M487F 200%  [3gs 129 0 5% 16,3 1532
38 Sr 6105 2216 2007 19401 ISETF 2803t 2700¢  1360F  134.2 380 213 2014
10 Y 17008 2373 2156 20801 W20%h 306 2988F  1ST7F 15584 438% 244 23.1%
40 Zr 17008 2532 2307 2023 H03% M35 3208 18114 1788 5064 28 5¢ 2714
41 Nb 18986 2608 2465 237 w66F A6 3606F 20508 20234 5.4 3.6t 308
42 Ma W00 2866 2623 2520 S063% 4116t 30404 23114 22704 6324 37 64 3554
43 Te 044 3043 2703 2677 5445 447.6 4177 57,6 2539 69 5% 423 399
44 R 2117 M 2067 2838 SEG1F  4B3S5F 46149 2842 28004 75.0¢ 463 432¢
45 Rb 2220 3412 3146 3004 628.1% 5213t 49650 31L9F  307.24 Bl4%h  50.5% 4734
46 Pd 24350 3604 3330 3173 671.6%  S59.9¢  5323% 305t 33524 B7.01%h  557ta  S0.0F
4T Ag 25514 3806 31524 3351 71008 G038 5T30F  ATA0F 3683 o7 i 63.7% 5834




The quantum mechanics of covalent bonding in molecules:
H,* with one electron

Q.= (oantibonding,
= P1sa = P1sb

0

electron®
energy

x‘(oantibonding

‘0
*
’0
*

‘e

L 4
‘e Sam

S |
Binding
ENergy

(D)

elegtlfo‘r.z

Equilibrium
separation =R

FIGURE 10.2 The nel poen
tial energy curve, showing the
equilibrium  separation and
binding energy.

FIGURE 8.4  (a) Potential energy of an electron in the electric field of two nearby protons. The total energy

of a ground-state electron in the hydrogen atom is indicated. (b) Two nearby protons
correspond quantum-mechanically to a pair of boxes separated by a barrier.




H. MOLECULAR ORBITAL DRAWINGS : 61

1. Hydrogen Symmetry: Doch
Anti-Bonding
MO ~ -
Panti~ = P1sa = P1sa
e positive

(ungccupied) 10, €= 0.2656 a.u.=+7.21eV

e negaftive

(occupied)

MO ~
¢bonding = P1sa + P1sa

104 £€=-0.5944 a.u. =-16.16 eV
(Compare — 13.61 for H atom 1s)



THE ELECTRONS N CARBoN mMoNoXI(DE Atumic orbital makeup
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Theoretical
Calculations
of charge
density for
CO bound to
Ni(001)- “on-

7

top™:

Fig. 12.14. Charge density contour plots appropriate to Ni(100) ¢(2

x 2)-CO: (a) free molecule So orbital; (b) free molecule 2z orbital; (c)
difference between CO/Ni(100) and the superposition of clean Ni(100)
and an unsupported CO monolayer. Solid (dashed) lines indicate a
gain (loss) of electronic charge (Wimmer, Fu & Freeman, 1985).

N

®

(@)

() Vacuum

Density

Zangwill,

p. 307, plus
PRL 55, 2618 ('85)



“PHoTotLecTrRON ErMiSSION-
BASIC MATRIX ELEMENTS «+ SEcECTION RULES :

® ATorie-LiIkE (LOCALIZED) STATES = CORE:
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For all states in crystalline (ordered) solids:

. = 1 _iReF — = % .
W.(r)=u.(r)e™" ,whereu.(r)=u(r +A)-—a Bloch function

A typical Bloch function

iKer

__ Re orim part of e

uR(P) has periodicity of lattice, same in each unit cell



Different directions in k-space:

The first (reduced) K,
Brillouin zone:

fcc crystal
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Figure 28 Brillouin zones of the face-centered
cubic lattice. The cells are in reciprocal space, and
the reciprocal lattice is body-centered as drawn.,
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Valence-band photoemission:

Angle-Resolved Photoemission (ARPES)
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Fig. 13 Direct” or k-conserving transitions
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Electronic bands and density of states for “free-electron” metals-
Rydberg = 13.605 eV




Electronic bands and density of states for “free-electron” metals-
Rydberg = 13.605 eV
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—\Vacuum level

b, = 4.4 eV =work function

The electronic structure of a transition metal—fcc Cu
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Fig. 7.12. Bandstructure E(k) for copper along directions of high crystal symmetry
(right). The experimental data were measured by various authors and were presented
collectively by Courths and Hiifner [7.4]. The full lines showing the calculated energy
bands and the density of states (left) are from [7.5]. The experimental data agree very
well, not only among themselves, but also with the calculation



And the d orbitals are not equivalent
in different bonding environments:

Metal (e.g. Mn)

ey and t,, not
: ‘E==E = equivalent in
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Copper densities of states-total and by orbital type:
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The electronic

structures of the 3d
transition metals—

~ “rigid-band
model”

3s23pb filled + 3d,4s CB 3d?%4s? 3d3%4s? 3d°4st 3d%4s2
Argon Titanium Vanadium Chromium Iron
(fec) (hep) bee) \ (bee) “\ (bee) N
b
+ Exchange!
10 - L s + Exchange!
&
£
&
? - il
2 > L
05F ~ S PN T - -
+ Flat “core-
like” Ar 3s, 3p
bands at ~1.0-  ®k@u) 08 kiau) 05 k(au) 110 K@uw) 115 k(au) L6
1.5 Rydbergs 3d74s2 308452 3d104g1 3d19452
\A Cobalt Nickel " Copper Zinc
(fee) (fee) (fec) (hecp) -
%
' xchange! )
= +|Exchange!| | L
+ Flat “core-
like” Zn 3d
bands at ~-0.8
Rydberg
k({au) 094 k(au) 094 k(auv) 092 k (a.u.)
F1a. 10-20. Energy bands of 3d transition elements, along a single tion, from

Mattheiss.




392  Chapter 11  Semiconductor Theory and Devices

Figure 11.8 Possible band
structures: (a) a conductor with
an unfilled valence band, (b) a
conductor with overlapping va-
lence and conduction bands (a
semimetal), (c) an insulator due
to its large band gap, and (d) a
semiconductor (due to its small
band gap).
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Electronic bands and density of states for a semiconductor-Germanium—
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The Soft X-Ray Spectroscopies
Core PE

Valence PE |e-

ore

PE = photoemission = photoelectron spectroscopy
XAS = x-ray absorption spectroscopy
AES = Auger electron spectroscop
XES = x-ray emission spectroscop
RIXS =resonant inelastic x-ray scattering / x-ray Raman scatt.



MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT

e Photoelectron spectroscopy/photoemissionﬁ'v o{free)
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PHOTOELECTRON SPECTROSCOPY
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Theoretical
Calculations
of charge
density for
CO bound to
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Fig. 12.14. Charge density contour plots appropriate to Ni(100) ¢(2

x 2)-CO: (a) free molecule So orbital; (b) free molecule 2z orbital; (c)
difference between CO/Ni(100) and the superposition of clean Ni(100)
and an unsupported CO monolayer. Solid (dashed) lines indicate a
gain (loss) of electronic charge (Wimmer, Fu & Freeman, 1985).
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The Soft X-Ray Spectroscopies

Core PE

Valence PE |e-

CB
Ve 7
Core

photoemission = photoelectron spectroscopy
XAS = x-ray absorption spectroscopy
AES = Auger electron spectroscop
XES = x-ray emission spectroscop
RIXS =resonant inelastic x-ray scattering / x-ray Raman scatt.



MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT

e Photoelectron spectroscopy/photoemissionﬁ'v o{free)
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Normalized Electron Yield

Magnetic Circular Dichroism in X-Ray Absorption
(XMCD)
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Variation of Near-Edge X-Ray Absorption Fine
Structure (NEXAFS) for Different Polymers
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Sl The Soft X-Ray Spectroscopies

surface L,
sensitive,

Valence PE |e-

-y -

- ==

PE = photoemission = photoelectron spectroscopy
XAS = x-ray absorption spectroscopy
AES = Auger electron spectroscopy
XES = x-ray emission spectroscopy
REXS/RIXS = resonant elastic/inelastic x-ray scattering



MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT
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Figure 2. Scheme of the Auger process. A valence-level involved Auger emission
is illustrated here, but the two electrons involved also could have come from core
level, ¢;, provided ¢ — 2¢; > 0.
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X-Ray Data Booklet--Section 1.1 ELECTRON BINDING ENERGIES

The energies are given in eV relative to the vacuum level for the rare gases and for
H,, N,, O,, F,, and Cl,; relative to the Fermi level for the metals; and relative to the
top of the valence bands for semiconductors (and insulators).

Electronic
configuration

1s

152

152 2s

152 252
152252 2p
152 252 2p2
152 252 2p3
152 252 2p4
152 252 2p°
152 252 26
{Ne] 3»

{Ne] 352
[Ne] 3s23p
[Ne] 352 3p2
[Ne} 352 3p3
[Nej 352 3p4
[Ne} 352 3p°
[Ne} 352 3p6
[Ar] 4s
[Ar) 452

Element K s Ly2s  Lalpys Lylpys Myl Mydpgn  Malpas
| H 13.6

2 He 24.6% - -

3 Li 54.7% \ MISSIng
4 Be 111.5% Valence
5B |88+

e aga 28 Valence levels B.E.s

7 N 4009 0% 37.3% - -

80 5431% 4l6® ~1§ ~1§ Interpolated,

o F w67 [oe — — extrapolated

10 Ne 8702+ 48 5% 21.7% 21.6%

Il Na 107084 63.54 30,65 20.8]

12 Mg 1303.0¢ 8.7 40.78 40.50 \

13 Al 1556.6 117.8 7205 ns [

14 Si 1830 149,7%h 00,82 .42

15 P 2145.5 | Bo= 136" 135= Valence levels

16 8 2472 2309 163.6 162.5

17 Cl 28224 270= 202 0=

18 Ar V0500 3263 280 64 248 4% 203 15.9% 15,7

19 K a0 4% ATR G 207 3= JO0d 6 e Ig 3= g 3=

20 Ca 4008.5% 43844 340,74 146,24 4434 2544 25 4%

21 Sc 4402 408 ()% 403 6% WOR T 511 283 28.3%

2 Ti 4066 560,04 46024 453,84 5874 1264 32 64



Sl The Soft X-Ray Spectroscopies

surface L,
sensitive,

, Valence PE

g amy
- dt;::ok;r
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PE = photoemission = photoelectron spectroscopy
XAS = x-ray absorption spectroscopy
AES = Auger electron spectroscopy
XES = x-ray emission spectroscopy
REXS/RIXS = resonant elastic/inelastic x-ray scattering
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Figure 2. Scheme of the Auger process. A valence-level involved Auger emission

is illustrated here, but the two electrons involved also could have come from core
level, ¢;, provided ¢ — 2¢;, > 0.
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MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT
e Photoelectron spectroscopy/photoem:ss:on oAfree)

- 4 =Vacuum

(Df (D | rie;(1) ‘ ————— V;acuum

¢I(b oun d) hv
o Near-edqge x-ray absorption:

ée(p,(|F|o,@)

e Auger electron emission:
e Direct . Exchange
o |(@, (1)¢1(2)|r—|¢3 D)9,(2)) - (0.(De; (2)\ 9, (De,(2))

12 12

Vacuum — - — — -
e X-ray emission: D,

1 <|é o (9,1 F| 0, (1)

2




1.3 FLUORESCENCE YIELDS FOR K AND [ SHELLS

Jeﬁi‘ey B. Kortright "

Fluorescence yields for the X and L shells for the elements 5 <
Z £ 110 are plotted in Fig. 1-2; the data are based on Ref. 1.
These yields represent the probability of a core hole in the K or
L shells being filled by a radiative process, in competition with
nonradiative processes. Auger processes are the only nonradia-
tive processes competing with fluorescence for the X shell and

If fluorescence yield = FY

FY = probability of radiative 3

decay — x-ray emission) g
g

1-FY = probability of non-radiative §

decay — Auger electron emission &

Fig, 1-2. Fluorescence yields for K and L shells fo ~
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“X-Ray Data Booklet”

Section 1.3
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SEREUEE [he Soft X-Ray Spectroscopies [ichiss
surface L, —~g— “bulk”,
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PE = photoemission = photoe‘l‘eetr:o_n_spect—ro‘scopy
XAS = x-ray absorption spectroscopy
AES = Auger electron spectroscopy
XES = x-ray emission spectroscopy
REXS/RIXS = resonant elastic/inelastic x-ray scattering



MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES:
RESONANT EFFECTS

e X-ray emission: = 2
f o ‘9 '(?’f“)‘r‘q’i (1)>‘

Vacuum—= = - - -
e Resonantinelastic x-ray scattering: hy é,.nc ¥_(N) EV :AE
V_
- . R . 2 e .
oo 3|3 (X e M) Cams o F[ ¥, (N)) (¥, (N) | < F|1¥, () Xi(g’z\ ?“RX
7 |m hv+E,(N)-E_(N)-il" —L‘Pf(N

x8(hv - (E,,(N) - E,(N))) \ ¥ (N) -
2yt t

Nm (t) — Nm (0)9 F = Nm (O)e_rlifetime
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=4f
N =N; =447
X'Ray Nz :N? :ﬁgS/Z
M a,! - 1/2
Nomenclature V _ag
(from “X-Ray M. — === |== §m353p§g
2 == — === pm. -
Data Booklet”) Mi=3s 4
By By B L Jog oz BifB2ss ¢ Aj=0,x1
In general: VT
— Nnl._ —|— Yy Y Y —La=2
Spin-'" j=1+1/2 —|~|I—| ¥ Y= 8=4P3p
ni ﬂnlj#_, - L2 =2p,;,
R L1=2S,,
K
e See Section
1.2 in “X-Ray
Data Booklet”
YY VY W Ky =1s

Fig. 1-1. Transitions that give rise to the emission lines in
Table 1-3.



Electron binding energies

Element K 1s Ly 1s Ly Ipyr Ly Ipyp My 3s Madpyr Madpys My ddyy Mg 3dgy
23V 5463 626.7% 519.8% 512.1% G631 37.2% LYl

24 Cr NORG 96.0% SEIET 574.1% 7414 42.2% 422% .

24 O SORD GIG.0 AE3 BT H. . . 221 e > Diff. = 11.2

25 Mn 6530 T69.1% f49.0% G38.7% B1.3% 47.2% 47.2¢

26 Fe 7112 B44.6% 719.9% T06.8% Q1.3¢% 52.7% 52.7%

27 Co 1709 025.1% 793.2% TT8.1% 101.0% 58.9% 59.0%

28 Ni B33 |00E. 64 RT0.0% B32.7% 1108 68, 0F G6.2¥

20 Cu BT 1096, 74 952.3% 932.7 122.5% T1.3% Ta.1%

30 £n Q659 1196, 2% | 044 G* |021.8% | 30, 8* 01.4% BE.6F 10.2% 10.1%

. : .. Table 1-2. Energies of x-ray emission lines (continued).
Element Kag Ko KB Lay Loy LA LB, Ln Mo

22 Ti 451084 4,50486 493181 4522 452.2 4584

23V 495220 494464 542729 5113 5113 519.2

24 Cr 541472 5405509 594671 572.8 572.8 582.8 _

25 Mn 589875 588765 649045 | 6374 637.4 s488 — Diff. =11.4
26 Fe 6,403.84 639084 705798 7050  705.0 7185

27 Co 6,930.32 691530  7,64943 7762 776.2 791.4

28 Ni 7,478.15 746089 826466  851.5 851.5 868.8

29 Cu 8,047.78 8,027.83 890529 9297 929.7 949.8

30 Zn 8,638.86  8,615.78 95720 1,011.7 1011.7 1.034.7
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Fig. 3-1.  Toal photon cross section Oyo1 in carbon, as a Junction of
energy, showing the contributions of different processes: .
atomic photo-effect (electrun ejection, photon absorption);
Ocons COherent scattering (Rayleigh scattering—atom neither
tonized nor excited); Oinc. » [ncoherent scattering (Compton

Scattering off an electron) «,, pair production, nuclear field;

Ke. Pair production, elect n field: oy, photonuclear absorp- i

tion (nuclear absorptic. . sually fblfcpw :d by emission of a “ X-Ray Da_tta Booklet

neutron or otker particle). (From Rof 3; figure courtesy of Section 3.1

J. H. Hubbell) ’ : '
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