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What properties do wave functions of overlapping

(thus indistinguishable) particles have?—electrons as example:
Sy

] +Ze™ }“t‘

v =y(r,,s,;I,,S,), including spin of both electrons

But labels can't affect any measurable quantity.
E.g.— probability density :

- — - — 2 - — - - 2
|l//(l’1,81,'l’2,82)| =|l//(l’2,82,'l’1,81)|
Therefore

Probability of finding two
(F.5.:7..5,) = 1u(F,.5.:7..5.) electrons at the same point in
ViT1r20:02052 )= 2 W 20220 00 5 space with the same spin is

=Py(F,. 8,1, S;) zero: “the Fermi Hole”
5 N R
wit = permutation operator —> r,,s;r,,S / \
o N o e T
and eigenvalues of +1 e Z-T DL

Finally, all particles in two classes :
FERMIONS : (incl.e”'s): w antisymmetric

17356 ~
S=_,_’_,,, P =—1 ———
2 2 2 12'/, '/, .
BOSONS : (incl. photons ) : v symmetric —the Exchange Interaction

~ J t =
s=0,12,.. Py =+1y —Hund’s 1st rule & magnetism




Assume N-electron, P nucleus wave function to be:

¥ ~ ® = Slater deter minant r ;ﬁi%?n "gm sor2[3$(i)

¢ (r)x.(o) ... ¢N(r)ZN(O'1)
1 : (35a)

\/m ¢ (r )y, (oy) - ¢N(FN)ZN(O'N)

and also require orthonormality of one-electron orbitals
[#/(F)g,(FraV =5,
Minimize total energy— Hartree-Fock equations:
H(r,)¢. (F)—g¢(F)'i—1 2,..N (42)

with _ :
£ =& +ZJU o U (47) _»One _electron energies
M oor ¢¢ or eigenvalues
One-electron mtegral. ~ binding energy~>

4.(F) |~ 1 V2 _i L\ .(F )> (48) Koopmans’ Theorem

0
& =\ @i\ E 1
=1 Iy, Note--K,-j often
Two-electron coulomb integral: J; in solid-state

3y = (N3 14.R)) = [ 4 G, ()4 Fag F)avav, (49

12

The Hartree-Fock Method

Two-electron exchange integral:
K, =(6E) 1K, 14,G)) = [[ 4D )6, ) (F)aviav,  (46)

Lowers energy—”attractlve” 12 Paper [1]--Basic Concepts of XPS

A first try at many-electron wave functions:




Basic energetics—Many e- picture

__ p=Vacuum __ [=Fermi
hv = Ebinding +E kinetic ~— E binding + ¢spectrometer

“
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binding ini

+ E
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Relaxation/screening

~
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N-1

EVacuum (Qn/j, K)

binding
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BINDING ENERCIES o KOCPMANS' THEOREM .
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LOGPMANS' 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 relaxarion effects. All of the theoretical

calculations were of roughly double-zeta accuracy or better. (From
Shirley, reference 7.)
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Figure 18
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Atomic orbitals:

r ComeLEx, tF m#£ 0

TABLE 6.1

NORMALIZED WAVE FUNCTIONS OF THE HYDROGEN ATOM FOR n = 1,2, AND 3* (

w43 HYOROGEN)
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Pa
3 2 0
3d g
3 2 +1
dd 2
3 2 +2

3dsa !

i e—r/ao
a(a)rz
1 r\y _,
- — ri2a,
waln)e
] T -ria,
276 a2 ay’? ag ¢
I r —ri2a,
2Jg asrz - ’
( r_z) e—i’l‘}a0
81\/5 312 a%
6 w-rl3a
81~/" ( )
—rSa
81\/— 4 (6 )_e I
I"_ e—rt3ﬂo
31\/_410 a
4 _r_z e—r/3an
81v30 &3° &
P
81v30 a3 0 a}? &

V.8

1

Vr a}?

1 r
D =rl2a,
4V2x a3 ( ao) ‘
1

e

e—rl‘ao

ro_.
— e”"% cos @

427 ai? ap
1 r )
=124y in @ et
8\/—610 ao
1 r rt
—— (27 - 185 +2 —) ="
SlJi?a?,”( aq a
N
— (6 - I') "’;e’"’:’"o cos 6
Siw/;ao ap/ ag
1 r\r .
— (6 - —)—e"”"o sin 0 e**®
81s/—a3’2( ay/ ag
I 2
81J_a3’2a2e =% (3 cos? § — 1)
0
81\/1 ;ge"’:’% sin @ cos § et™®
* a)?
1 r? ~rfay ;2 g ,+2i¢
162\/_ —5e’ o sin® 0 e*“
T a

[4

",

*The quantity a; = 4xe,fi*/me? = 5.3 x 10" m is equal to the radius of the innermost Bohr orbit
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Filling the =2 Occupation

Atomic Degeneracy
: e 2
Orbitals:

+ 14 for nf




And the same thing for the d orbitals:

Ligand
(e.g. O)

o
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8,

5,

e S
X
Transition

Metal (e.g. Mn)

e, and t,, not
equivalent in
octahedral (cubic)
environment




Intraatomic electron screening
in many-electron atoms--a simple model

POINT CHARGE (~€ ) + SPHERICAL SHELLS
OF @ CHARGE (~oABITS) ARsUND PoINT-
CHALGE NUCLBUS =D~ ATom ¢

W SHELLS OF N es wity
N, +N,_+u3 +Nq=z

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

ke = 1/(4ns,)

F&Ll-l-"f

V. 2 0 = Scrasnad Nucsae

Lifts degeneracy on /7 in hydrogenic ToTRNTIAL.
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~ OBSERVED (¥ CALCWLATED) ORDER OF EILLING
ATOMIC LEVELS: 4 d
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PIGURE 7.13  The sequence of quantum states in an atom. Not to scale.
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TRANS ITIONL METALS

5d “ms

H' He?
- . N t & .3 4
sl» Periodic Table, with the Outer Electron Configurations of Neutral 'P P P P
1s Atoms in Their Ground States
Li’ Be' | The notation used to describe the electronic configuration of atoms B’ c N’ o* F? Ne'
and ions is discussed in all textbooks of introductory atomic physics.
, The letters s, p, d, . . . signify electrons having orbital angular . 1.
25 2s momentum 0, 1, 2, . . . in units fi; the number to the left of the 25°2p | 25°2p* |25°2p" | 25 22| 25"2p°| 25"2p°
Na'' | Mg" letter denotes the principal quantum number of one orbit, and the | Apn Jgi  [pes g6 cr lar®
superscript to the right denotes the number of electrons in the orbit.
1T 42 43 4 8 46 4T 48 T 10
3s | 3¢ { d d” d d | d*” d d d do | 3¢3p |3523p2|3523p2 |3s23p | 3s23p° | 3s73p®
KI‘J CaZU sc2! Ti22 v23 Cr i Mn25 .' g ‘ zn'io Ga?l Ge32 As33 Se34 Br35 Kr:lb'
3d 3d* 3d"
4s 4s? 4s* 45 4s* | 4s*dp |4s4p® |4s4p*|4s4p* | 4s*4p® | 4s74p®
Rb"? Sr'w ¥ 39 Zr cdﬂ In®? Snﬁo Sbﬁl Tes2 ‘5:1 xe54
4d 4d? 4d"
5¢ 5s* 542 5s? 552 | 5s*5p | 5s*5p* | 5s*5p*| 5575p* | 5s*5p° | 55°5p¢
Cs® | Ba® | La® | Hf™® Hg® | TI* Pb%* }Bi®* Po® [AtH Rns¢
4fl4
5d 5d*? 5d"
6s 6s 6s* | 65 652 | 65°6p | 65%6p*] 65°6p® | 6s°6p*|656p° | 6s°6p°
Ert” | Ra** | Ac* i |“_' (XY
ceSH pr59 Ndﬁo Pmﬁl Sm62 Euﬁ,'! Gdﬁ4 Tbﬁi Dyﬁﬁ Hoﬁ? Erss Tmﬁﬁ Ybﬂ) Lu?l m
Gd 4f‘2 4}('; 4f4 4f5 4fﬁ 4}(7 4)('! 4fﬂ 4f10 4ft| 4f12 4f13 4fH 4)(‘14
7s 7s? 7s? 5d 5d
* 6s? 6s* 6s* 6s* : . 6s* | 6s* | 6s? 6s* | 6s? 6s?
U: EK.CSPUO ”, Th* | pa® U Np* | Pu® | Am® | Cm® | Bk’ | Cf* Es? | Fmio

> 434 A1 Wy Freced /Fies

- el(tP‘l’lm1 6d | 6d | é6d 6d

N EA B Al A E A B

7s? 7s? 7* 7s? 7s? 7s?
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furoes
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- ® SPIN-ORBIT SPLITTING OF LEVELS':
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Some SPIN-oABIT SPLITTNGS: (v eV )
2p'—Z=13(A0)  28(N¢) 96 (Pq)
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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 25

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

{Ne¢] 352
[Ne] 352 3p
[Ne] 352 3p2
[Ne) 352 3p°3
[Nej 352 3p4
[Nei 352 3p°
[Ne} 352 3p6
[Ar] 45
[Ar] 452

Flement K Is Lyls  Lalpys Lylpys  Myds  Maldpgs My dpays
I H 13.6

2 He 24 6% : :

3 Li 54,75 \ MISSIng
4 Be 111.5% Valence
5B |88+

£ aga2s Valence levels B.E.s

7N 4000 373s - ~

20 S0 4160 ~1§ ~1§ Interpolated,

oF 067 [os — — extrapolated

10 Ne 8702*  485* 21.7* 21.6*

Il Na 10708 63.5¢ 3065 30.81

12 Mg 130304 887 40.78 49.50

13 Al 1559.6 117.8 72.05 72.55

14 Si 1830 149, 7% 9082 99.42

15 P 21455 | RG= 136* 1 35= Valence levels

16 § 2472 2309 163.6" 162.5%

17 €1 28224 270 202 200"

18 Ar 32059% 3263 2506+ 24540 203 15.9% 15.7%

19 K W08 4% ITRG* 297 3 204 6 148 18,3 183"

20 Ca 4038.5% 43844 340,74 146,24 4434 2544 25 4¢

21 Se 4492 4980 403 6% AR, T* 51.1% 28.3* 28,3

2Ti 4966 560,94 460,24 453 84 58.74 32.6% 32 6f



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

Element K 1s Lils  La2pys LaZpya  Myds  Madpys Madpyy My3dyy Ms3dsy  Nyds  Nodpya  Nadpas
23V 5465 6267 S198F  SI12.0% 66.3% 37.24 724

4 Cr 5080 6601 SEI8E  STAI4 414 4224 422%

25 Mn 6330 76018 640.0F  GIRTH 82.34 47.24 4724

26 Fe 7112 B446%  TIO9F 7068 9134 5274 52.74 Valence levels

17 Co 7700 02514 T3¢ TIRIE 10L.0% 58,04 50.0

28 Ni 8333 00B.6%  ET0.0F  ESLTF 1108% 68,04 6624

29 Cy R079 10967 0523% 937 12254 77.34 7514

30 Zn 0650 1196.2%  10440% 10218 [a0Es 0] 4% 886 10,23 10,12

3l Ga 0367 1299.0%h  11432%  11164% 15950  103.5%  100.0F 15,74 18.74

12 Ge 11103 4146 1481 12070%h  1801F 12400 1208 0.8 20.2 Valence levels
11 As 11867 1527.0%h  1350.1%b  1323.6%h  2047F 14625 1412% 41.7% 4172

14 Se 12658 1652.0°b  14743%b  1433.9%h  2206%  1665°  l60.7* 55.5% 54.6%

5 Br 13474 178= |506* 1550 257+ 89% |52+ 70 e

6 Kr 14326 1921 17300%  16784% 2028 2022 2144 05.0% 03.8% 27 5% 1413 14.1%
37 Rb 15200 2065 1564 1504 32675 2487¢  2300F 11305 112 30.5% 16.3 153+
18 Sr 6105 2216 2007 1940 IETH 2803 2700F  1360F 13424 380 213 2014
30 Y 17038 2373 2156 3080 W20 306 2088 1517t 155.8% 43 8% 24.4% 231
40 Zr 17998 2532 2307 2273 03¢ 3435 3208F  I8L1F 7S 506+ 28 54 2714
41 Nb 18086 2608 2465 2371 AG66¢ AT 3606 20501 20234 St 44 3264 08¢
42 Ma W00 2866 2623 2520 s0631 4116t 3040 23L1% 22794 632+ 376t 3554
43 Te N4 3043 2793 677 5445 4476 477 576 2530 60 5% 423 390
44 Ru 2117 nM 2067 2838 SE61* 48350 4614F  2842% 28004 7508 46,3 4324
45 Rb 2220 3412 3146 3004 62811 S213% 496.5F 3119t 307.24 §l4%h 505t 47 3¢
46 Pd 24350 3604 3330 3173 67164 S50.04  S323%  M0St 33524 87.1%h 5574 500
4T Ag 5514 3806 3524 3351 719.0¢ 60381 ST30F 37401 3683 o7 0 63.74 583




The quantum mechanics of covalent bonding in molecules:

.= (Dantibonding'
= P1sa = P1sb

FIGURE 8.4

(b)

H,* with one electron

Pl‘gﬁ}p a proton b

¥

@, = ¢bonding
electron®
energy

Energy x‘(oantibonding
0..’.
’ ‘e amm
i r

iz
Binding
Cnergy

e leg_tylfo%

Equilibrium
separation =R

FIGURE 10.2 The net poen-
tial energy curve, showing the
equilibrivm  separation  and
binding energw.

(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: Deon

7 Anti-Bonding

H
MO ~ -
(Danti == ¢1sa ¢1sa

& positive
(ungccupied)

v

e negative
(occupied)

Bonding
(abondingMo=~ P1sa + P1sa

105 €=-0.5944 a.u. =-16.16 eV
(Compare — 13.61 for H atom 1s)



THE ELEBCTRONS N CARBoN moNOXIDE .
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The electronic
structures of the 3d
transition metals—
~ “rigid-band
model’
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Surface, interface, and nanoscience—short introduction
Some surface concepts and techniques—photoemission
Synchrotron radiation: experimental aspects
Electronic structure—a brief review

-The basic synchrotron radiation techniques:
more experimental and theoretical details

Valence-level photoemission
Core-level photoemission

Photoemission with high ambient pressure
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The Soft X-Ray Spectroscopies

Core PE

Valence PE |e-

Core

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



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

e Photoelectron spectroscopy/photoemissionr.;v o{free)

- — =+ =Vacuum
?, (1)>\2\%5\

@(bound)

I oc

ée(p, (1|7




PHOTOELECTRON SPECTROSCOPY
Energy analyzer

E .
LINEAR -

- hv‘
‘R|Q“T, e —
LERT
)cmcuun 8 Detector
Sample
@ BowND FREE
i ; o
E 1 e h " ' <9 hv
L% v =g
.08 : a
53 | M L o
2 |4 N '\ A L
%, 'y / l \ 2 % >
M
c::l VALE uEF EVOC
CHEMICAL, —¢—
MacNE™E ® :‘::-:- A
b) \ srare Ton
-
X
w
e

Kinetic energy Eyn
hw 2 Ein * Epinding* P
- =

Binding energy




TYPICAL PHOTOELECTRON SPECTRA:
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The Soft X-Ray Spectroscopies

Core PE

Valence PE |e-

)

Core

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



MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT
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Normalized Electron Yield
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Variation of Near-Edge X-Ray Absorption Fine
Structure (NEXAFS) for Different Polymers
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Electron-out: The Soft X-Ray Spectroscopies

surface
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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



MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT
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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
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{Ne] 3
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[Ne) 352 3p°3
[Nej 352 3p4
[Nei 352 3p°
[Ne} 352 3p6
[Ar] 45
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Flement K Is Lyls  Lalpys Lylpys  Myds  Maldpgs My dpays
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3 Li 54,75 \ MISSIng
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5B |88+
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13 Al 1559.6 117.8 72.05 72.55

14 Si 1830 149, 7% 9082 99.42

15 P 21455 | RG= 136* 1 35= Valence levels

16 § 2472 2309 163.6" 162.5%

17 €1 28224 270 202 200"

18 Ar 32059% 3263 2506+ 24540 203 15.9% 15.7%
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Electron-out: The Soft X-Ray Spectroscopies

surface
e 7/
sensitive ,

,/ Valence PE |e-

—_—y
—___—
—_—
-

Core PE

Photon-out:
“bulk”,
deeper
interfaces

N‘—_—’

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 s — 2¢; > 0. |
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MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT
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1.3 FLUORESCENCE YIELDS FOR K AND L SHELLS

Je_ﬂ‘i-ey B. Kortrighs

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 K shell and

If fluorescence yield = FY

FY = probability of radiative
decay — x-ray emission)

1 - FY = probability of non-radiative
decay — Auger electron emission

Fluorescencs yield

Fig. 1-2. Fluorescence yields for K and L shells fo ~
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“X-Ray Data Booklet”
Section 1.3



PER CHANNEL

COUNTS

10

10

Zp-:'ls

/——_—-’"
1 2 3 q>
HOLE HolLE HOLE  Holg!
T T T ' s ! T T T ! u T ]
' kL Kk kP (ke?) =
fla;,=1,253.aV —
| ~ E,(Mg 1s) - E,(Mg 2p,, 3/2)
=1303.0 - 49.7 = 1253.3 eV
ds i
—10 s
3 =
VALENCE 3f+1sg
1 HOLE. ol
dg dg - o
ﬁ sl
— 1 uwj
a,, %o : =
Re-fl- 1 Ay . E E
th_“_ R - e /s W
___________ | T e s =
> . |
"—5 0.1
: L L ,: 0.02

10 20 30
AE, RELATIVE ENERGY (eV)

o

A STANDARD LABORATORM Y-RAY SoURCE

3p
1/2,3/2
KB |
[ 3S1p
© ) < ™ ©.
e e e o
e o o o &
N & & & ¢
w o o u &
N N N N O
- = &= & -
w o n n 2
™ ™ ™ T
2
'Y Xe o6 © 3
2P,
2s,)
P [ Ko deeeeadp
<> 4> < &>
A 4 v A 4 v v
O O—=O—=0—0As8,4),

Mg K series of x-rays:
atomic no. =12
Fluorescence Yield ~ 0.03

“Basic Concepts of XPS”
Figure 2



LRl The Soft X-Ray Spectroscopies BubiSiaEl
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PE = photoemission = photoetectron_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 SPECTROSCORPIES:
RESONANT EFFECTS
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Ne NG a2
X-Ray N3 | Eﬂ? = ?g
Nomenclature ™ T o
(from "X-Ray == S| = =3pa
Data Booklet”) My =35,
B By B L |ag 02 Bi|Bzss € ™ Aj:O,:H
In general: 3h1 7%
— nf._ —|— Yy w 'y —La=2
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i - See Section
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. Data Booklet”
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Fig, 1-1. Transitions that give rise to the emission lines in
Table 1-3.



Electron binding energies

Element K 1s Ly 2s Ly 2pyr Ly Ipap My 3s My 3pgas  Madpys My 3dyy Mg 3dgs
23V 465 626,74 510.8% 312.1% Gbh.at 37.2% 3T.2%
4 Cr 5080 06,04 58384 574.1% 74.1% 42.2¢ 4224 .
:-I- |:I .J3J IEIEI] = 3 : : —=— — VDIff.=11.2
25 Mn GAA0 The 1% 640 O 6B T Bl.af 47.2% 47 2%
26 Fe 7112 =44 6% 719 9% 06, 8% a1.3% 32.7% 2. 7%
27 Co 7709 g25.1% T93.2% TTE.1% [0 .0% 8.0+ 50 0f
28 Ni 8333 [O0E.6% a70.0% w32 7% 105+ Ga.0% G2
20 Cu LAtELY 096, 7% 052.3¢ Q32.7 | 22.5% 77.3% 75 1%
a0 £ D650 [ 196 2* 044 O* [02].8% | 30 B* 0] 4% a8 .6% [0 2* [0, 1%
__ ~ Table 1-2. Energies of x-ray emission lines (continued).
Element Kag Koy Kp Loy Loy LB LB Ln Moy
22 Ti 451084 4,504.86 493181 4522 4522 458.4
23V 495220 4,944.64 5,427.29 511.3 511.3 519.2
24 Cr 5414712 5405509 5,946.71 372.8 572.8 582.8 )
25 Mn 589875 5887.65 649045 |637.4 6374 sas.8 [— Diff.=11.4
26 Fe 6.403.84 639084 705798 7050 7030 718.5
27 Co 6,930.32  6,915.30 7,649.43 776.2 776.2 7914
28 Ni 7.478.15  7,460.89 8,264.66 851.5 851.5 868.8
29 Cu 8,047.78 8,027.83 8,905.29 929.7 9297 0949 8
30 Zn 8,638.86 8,615.78 9,572.0 1,011.7 1,011.7 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 (electrin ejection, photon absorption);
Ocon COherent scattering (Rayleigh scattering—atom neither
lonized nor excited); Oinc » InCcoherent scattering (Compton

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

Ke. bair production, elect' n field; o _,, photonuclear absorp-

n’i)n (nuclear absorpzic.. . usually fol Qhw :d by emission of a “X-Ray Da.ta Booklet”

neutron or otler particle). (From Ref 5 Sfigure co'urresjz of Section 3.1

J. H. Hubbell) ’ : '
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