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PREFACE 

Aside from a perceived need for such a compilation, the prin
cipal inspiration for this data booklet was the Particle Proper
ties Data Booklet, which is compiled and published periodi
cally by the Particle Data Croup at the Lawrence Berkeley 
Laboratory. Indeed, Sections 1, 8.1,8.2, and 8.3 of the present 
booklet have been borrowed, with permission and with only 
slight modification, ftam the 1984 edition of the particle data 
booklet. 

Many other sections also draw heavily on work published 
elsewhere, as indicated in the text and figure options. Fur
thermore, we are indebted to many colleagues whose names do 
not appear among the authors of the articles. Several willingly 
made illustrations and other material available ID us, and we 
have tried to credit such contributions, explicitly. Others 
served as reviewers and offered invaluable advice on several 
articles; their names appear among the contributors. 

Despite these contributions and the efforts of the many 
authors, final decisions rested with only a few of us, as did 
responsibility for compiling tl,e sections lacking by-lines. 
Blame for error is thus easy to assign. 

David T. Mt«ood 
Janos Kin 
Douglas Vaughan 
16 Auguu ms 



A NOTE ON THE CORRECTED EDITION 

With this reprinting of the X-Ray Dma Booklti, we have made 
only a few corrections, affecting pages |-2, 2-6,2-13, 2-27,4-7, 
4-9, 7-2, 7-3, and 7-4. We slill plan a second, more extensively 
revised edition in the future. Consequently, i f you find further 
errors or omissions, or can think of wayi the booklet can be 
made more useful, please send your comments to Douglas 
Vaughan, Building SO, Room 149, Lawrence Berkeley Labora
tory, 1 Cyclotron Road. Berkeley, California 94720. 



SECTION 1 
PHYSICAL CONSTANTS 

Table 1*1 was adapted, with permission, from one that 
appeared in the April 1984 edition at The Particle Properties 
Data Booklet. A periodic table follows an page 1-4. 
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SECTION 2 
THE ELEMENTS 

2.1 PROPERTY OF THE ELEMENTS 
Table 2-1 lists the atomic weights, densities, melting and boil
ing points, first ionization potentials, and specific heats of the 
elements. Data were taken mostly from R. C Weast, Ed. 
CRC Handbook of Chemistry and Physics, 65th ed. (CRC 
Press, Boca Raton, Florida, I9S4). Atomic weights apply to 
dements as they exist naturally on earth or, in the cases of 
radium, actinium, thorium, protactinium, and neptunium, to 
the isotopes with the longest half-lives. Values in parentheses 
are the mass numbers for the longest-lived isotopes. Specific 
heats are given for the elements at 25°C. Dentines for solids 
and liquids are given at 2C°C unless otherwise indicated by a 
superscript temperature (in °C); densities for the gaseous ele
ments ore for (he liquids at their boiling points. 
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7Mb 2-1. Prepertlft o/iht eienunu. 

MrtrfK BMtot I**UMI*« Sftdfic 

z Ei««««t w w (iff'] eg ca (<vi wi-m 

ttjtaam 1.0079* O.0TOS - M M * -2S1*7 13.WB 3.41 

HtJium 4.00260 0.122 -2712 -268.93* 24.387 1.24 

LhMiun 6.941 O.S33 180.54 1342 SJ92 0.U4 

Beryllium I jQt i lS 1,841 tm 2970 9.322 0.436 

Boron ton 2.34 20T9 IMtf 8.198 W 4 1 

Cuban 12.011 2.24 J I M 33671 11.260 (1.170 

Nitroten i4.n«7 081 -209.16 -191,8 14.334 0.249 

Oi jKO 1J.W94 1.14 -1U.4 - IB I .%2 13.418 0.219 

Fluorine 18.99IWJ 1.10! -219.62 -188.14 17.422 0.197 

Nwn 20.179 1.707 -24J.67 -246.041 21.564 0246 

Sodium li<»977 0.W9 47.61 MZ.9 5.139 0.191 

Mwwi i i im 21.30} I.7JS 648.1 1090 7.646 0.241 

Aluminum 16.91154 2.6941 660J7 2467 3.916 0.213 

Silicon 2S.DM3 2.32» 1410 2J55 1.1)1 0.I6B 

PbiB»tiotm M.97176 t . « 44,1 2.W 10.486. 0.181 

Sulfur 32.06 Z0J m i 444.67* 101*0 A l » 

Chlorine J3.4S3 I.St. -loo.sa -34S 11967 0.114 

A iyw 39.948 1.40 -119.2 -113.7 IJ-730 0.i:4 

pouniuM ».(»» 0.SW 63J1 7K3 4.341 4.1(0 
CiJOura 40.01 M l 4)9 1414 6113 0UJ5 

Saud i™ 44,9339 I.9«0» 1S4I 2131 6.34 0.1173 

Tinnitus 41J8 4.11 i u a 12*7 «.a: a«4S 

Vuuoium sa»*is b i n 1 " IB»O 3380 6.7* 0.116 

C.-omium 5 f .«6 7.11 185? 2672 6.J6S 0.W 
M K I C M M * 54,9380 7,4] 1244 1962 7.433 0.114 

(ton JJ.847 i . t w ISM 21W U T J Q.lflJS 
Crtul i 58.9332 8.9 149] 2B70 7.8i 0-1D7 

Nickd 51.69 8.176" 14)3 2JJ2 7.633 O.I05I 

CofltKl 63.546 8.94 ioai.4 ! !67 7.726 O.Q924 

Zinc 6S.3B 7.112» 419.53 907 9.394 0.0922 

Gilltum 49.72 J.877* 1* 29.78 2403 3.999 0.DM 

Canuni urn 72.59 5.307» 937.4 2930 7.899 0.077 

Atunie 1*.«1I4 5.11 » | j » « m 61 J' 9-81 0018) 
VUnium 78.96 4.7* 217 bit.1) 9.7J2 0.0767 

Bromine 79.W4 3.11 -7.2 38. U 11.114 O03J7 
Krypion 13.80 2.6 - I J 6 J -152.30 13.999 0.019 

Hubiflium M.4HB l.H» 3S.S9 696 4.177 0.08W 
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TaMe 1-1. Propeniti of the tltmtnii (continued). 
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2.2 ELECTRON BINDING ENERGIES 
GwynP. Williams 

Table 2-2 gives the electron binding energies for the elements 
in their natural forms. The energies are given in electron volts 
relative to the vacuum level for the rare gases and for H 2 , N 2 , 
O^ Fj, and dp relative to ihe Fermi levri for the metals; and 
relative to the top of the valence bands for semiconductors. 
Values have been taken from Ref. ! except as noted: 

* Values taken from Ref. 2. 
f Values tal-en from Ref 3. 
* One-particle approximation not valid owing to the 

extremely short lifetime of the core hole. 
b Values derived from Ref. l. 

REFERENCES 

1. J. A. Bearden and A. F. Burr, "Ree valuation of X-Ruy 
Atomic Energy Levels," fiev, Mod. Phys. 39,12S (1967). 

2. M. Cardona and L, Ley, E-K, PhotoeiMsslon In Solids I: 
General Principles (Springer-Verlag, Berlin, 197B). The 
present table includes several ccrrecticwis lo the values 
appearing in this reference. 

3. J. C. Fuggleaod N. Manensson, "Core-Level Binding 
Energies in Metals," /• Electron SpecifOK. Retat. Phenom. 
21, 275 (I960). 
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2.3 CHARACTERISTIC X-RAY CNEftOCC 
Jtffrty B. Kortright 

In Table 2-3 and 1-* 2-), characteristic A* and L x-ray line 
energies are given Tor elements with 3 < Z <9$. Or.'; the 
strongest lines arc included: /Taj, JCaj, Jf/J., i.a,, Lctj, £.0,. 
L02, and Lfy The table presents the energies of these lines 
for etch of the elements, in order of increasing atomic number. 
Wavelengths, in angstroms, can be obtained from the relation 
\ - 12,4/£, when £ is in keV. The dau in the ubk were 
taken from Ref. 1, which should be consulted for a complete 
fisting of all lines. Widths or the Ka lines can be found in 
Ref. 2. Figure 2-1 shows the approximate energies and 
wavelengths of principal x-ray lines below 40 keV. 

REFERENCES 

\. J. A. BeaiJen, "X-Ray Wavelengths." Rev. Mod. Phys. 39, 
78(1967). 

1. M. O. Kranse and J- H. Oliver, "Naiural Widtfes of 
Atomic K and L Lewis, Ka X-Ray Lines and Several 
XIX Auier Lines," J. Phys, Chem. K& Data B, 329 
(1979). 
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TaMe 2 J . Energies of x-ray emission lints (corainued). 

F l e » u t Ka, K a 2 Kfit 
L a , l*2 w, 

22 Ti 4.5I0S4 4.50486 4.93181 0.4522 0.4522 0.4584 
23 V 4.95220 4.94464 5.42729 0.5113 0.5113 0.5192 
24 Cr 5.41472 5.405509 5.94671 0.5728 O.S728 0.5828 
25 Ml) 5.8S875 5.88765 6.49045 0.6374 0.6374 0.6488 
26 Fe 6.40384 6.39084 7.05798 0.7050 0.7050 0.7185 
27 Co 6.930« 6.91530 7.64943 0.7762 0.7762 0.7914 
28 Ni 7.47815 7.46089 8.26466 0.8515 0.8515 0.8688 
29 Cu 8.04778 8.02783 8.90529 0.9297 0.9297 0.9498 
30 Zn 8.63886 8.61578 9.5720 1.0117 1.0117 1.0347 
31 Ga 9.25174 9.22482 10.264.. 1.09792 1.09792 1.1248 
32 Ge 9.88Mi 9.35532 10.9821 1.18800 1.18800 1.2185 
33 As 10.54372 10.50799 11.7267 1.2820 1.2820 1.3170 
34 Se 11.2224 11.1814 12.4959 1.37910 1.37910 1,41923 
35 Br 11.9242 11.8776 13.2914 1.48043 1.48043 1.52590 
36 Kr 1L.649 12.598 14.112 1.5860 1.5860 1.6366 
37 Rb 13.3953 13.3358 14.9613 1.69413 1.69256 1.75217 
38 Sr 14.1650 14.0979 15.8357 1.80656 1.80474 1.87172 
39 Y L4.9384 14.8829 16.J378 1.92256 1.92047 1.99584 
40 Zr 15.7751 15.6909 17.6678 2.04236 2.039" 2.1244 



41 N b 16.6151 16.5210 18.622! 
42 M a 17.47934 17.3743 19.6083 
43 Tc 18.3671 18.2508 20.619 
44 Ru 19.2792 19.1504 21.6568 
45 Rh 20.2161 20.0737 22.7236 
46 Pd 21.1771 21.0201 23.8187 
47 Ag 2116292 21.9903 24.9424 
48 Cd 23.1736 22.9841 26.0955 
49 In 24.2097 24.0020 27.2759 
50 Sn 25.2713 25-0440 28.4860 
51 Sb 26.3591 26.1108 29.7256 
52 Tc 27.4723 27.2017 30.9957 
531 2S.6I20 28.31 Ti 32.2947 
54 Xc 29.779 29.458 33.624 
55 O 30.9728 30.6251 34.9869 
56 B t 32.1936 31.8171 36.3782 
5 7 1 * 33.4418 33.0341 37.8010 
58 Ce 34.7197 34.2789 39.2573 
59 Pr 36.0263 35.5502 40.7482 
60 N d 37.3610 36.8474 412713 
61 Pm 38.7247 38.1712 43.826 
62 Sm 40.1181 39.5224 45.413 

2.16589 
2.29316 
2.4240 
155855 
2.69674 
2.83861 
198431 
3.13373 
3.2869., 
3.44398 
3.60472 
3.76933 
3.93765 
4.1099 
4.2865 
4.46626 
4.65097 
4.8402 
5.0337 
5.2304 
5.4325 
5.6361 

11630 
2.28985 

2.55431 
2.69205 
183329 
197821 
3.12691 
3.27929 
3.43542 
3.59532 
3.7588 
3.92604 

4.2722 
4.45090 
4.63423 
4.8230 
5.0135 
5.2077 
5.4078 
5.6090 

2.2574 
2.39481 
2.5368 
2.68323 
2.83441 
2.99022 
3.15094 
3.31657 
3.48721 
3.66280 
3.84357 
4.02958 
4.22072 

4.6198 
4.82753 
5.0421 
5.2622 
5.4889 
5.7216 
5.961 
6.2051 

2.3670 
15183 

2.8360 
3.0013 
3.17179 
3.347S1 
3.52812 
3.71381 
3.90486 
4.10078 
4.3017 
4.5075 

4.9359 
5.1565 
5.3835 
5.6134 
5.850 
6.0894 
6.339 
6.586 

2.4618 
2 6235 

2.9645 
3.1438 
3.3287 
3.51959 
3"1686 
3.92081 
4.13112 
4.34779 
4! 5709 
4.80Q9 

5.2804 
5.5311 
5.7885 
6.052 
6.3221 
6.6021 
6.892 
7.178 



Ekwent Ka, Ka2 

63 Eu 
64 Gd 
65 Tb 
66 Dy 
67 Ho 
68 & 
69 Tm 
70 Yb 
71 Lu 
72 Hf 
73 Ta 
74 W 
75 Re 
76 Os 
77 ir 
78 PI 
79 Aa 
80 Hg 
81 Tl 

41.S422 
415962 
44.4S16 
45-9934 
47.5467 
49.1277 
50.7416 
52.3889 
54.0698 
55.7902 
57.532 
59.31824 
61,1403 
63.0D05 
64.8955 
66.832 
S&S037 
70.819 
718715 

40.9019 
42.3089 
43.7441 
45.2078 
46.6997 
4&32II 
49.7726 
51.3540 
52.9650 
54.dlI4 
56.277 
57.9817 
59.7179 
61-4867 
63.2S67 
65.112 
6&S895 
68.895 
70-8319 

K'nergtacfx-ray imuioit firm (esisisnk.iff. 

. w, La, ">! w, W j V,, 

47.0379 5.8457 5.8166 6.4564 6.8432 7.4803 
48.657 6.0572 6.O2S0 6.7132 7.1028 7.7858 
50.382 6.2728 6.2380 6.9TJ 7.3667 8.102 
52,1 19 6.4952 6.4577 7.2477 7.6357 8.4188 
S3.877 6.7198 6.6795 7.5253 7.911 8.747 
55.6SI 6.9487 6.9050 7J109 8.1890 9.M9 
57.517 7.1799 7.1331 8.101 8.468 9.426 
59.37 7.41S6 7.3673 8.4018 B.MS8 9.7801 
61.283 7.6555 7.6049 8.7090 9.0489 10.1434 
63.234 7.8990 7.8446 9.0227 9.3473 lasiss 65.223 8.1461 8.0879 9.3431 9.6518 10.8952 
67.2443 8.3976 8.3352 9.6723S S.961S UJ859 
69.310 8.6525 8.5862 10.0100 10.2752 11.6854 
71.413 8.9117 8.6410 10.3553 10.5985 12.0953 
73.5608 9.1751 9.0995 10.7083 10.9203 12.5126 
75.748 9.4423 9.3618 11.0707 11.2505 12.9420 
77.984 9.7133 9.6280 11.4423 11.5847 13.3817 
80.253 9.9888 9.8976 11.8226 ;I.924I 13.8301 
82.576 10.2685 10.1728 1Z2133 12J7I5 14.2915 
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Fig. !•!. Approximate trstrglts and mrelenglhs of'principal x-ray 
emission lints Mow 40 keV. 
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2.4 FLUORESCENCE YIELDS FOR 
K AND L SHELLS 

Jeffrey B. KaJrigkl 
Ftuorcacence yields for the tf and L shells for the clemcnu 
5 < Z «c 110 BTB plotted in Fig. 2-2; the data ire based on 
Rer. I. These yields represent the probability of a core hole in 
the K or L shells being filled by a radiative process, in corn-

Atom ic numbei 

Fig. 1-2. flttomctnttyitldiforKandLxhtlkfori <ZOIO. The 
plaited'<vnv for the L she!) rtpmttut an etwojc r,'Z|. i j , 
andLjeBtan/eyttlth, 



2-2Q 
petition with noflradutive processes. Auger processes are the 
only nonradlatlve processes competing with fluorescence for 
the XibeJlarriijiiibsheU holes. Auter and Coster-Kronig 
nonndiative processes complete with fluorescence lr> fill I j 
tod L2 subshell holes. Only one curve is presented for tbc 
three tmbshells, lepttMQtint^w avenge of the Lv L2, and 
Z-3 effective fluorescence yields in Ref. 1, which differ by less 
than about 10% over most of the periodic table. Sec Ret 1 for 
more detail on the I* subihell rates and the uortradiative rates, 
and for an appendix containing citations to the theoretical and 
experimental work upon which Fig. 2-2 is based. Widths of 
the if and X, fluorescence lines can be found in Ref i-

REFERENCES 

1. M. O. Krause, "Atomic Radiative and Radiatioiiless 
Yields for X and I Shells." J. Phys. Chem. Ref. Pata », 
307(1979). 

2. M. O. Krause and J. H. Oliver, "Natural Widths of 
Atomic AT and L J. Phys. Chem. R<f. Data 8. 32?<I979). 
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2.5 PRINCIPAL AUQER 
ELECTRON ENERGIES 

Figure 2-3 har been reproduced by permission of the Physical 
Electronics Division of PerkhvElmer, Inc. For each element, 
dots indicate the energies of principal Auger peaks, the 
predominant ones represented by the heavier dots. The fami
lies of Auger transitions are denoted by labels of the form 
WXY, where I f is the shell in which the original vacancy 
occurs, X is the shell from which the W vacancy is filled, and 
Y is the shell from which the Auger electron is ejected. 



Fl$.l-X Auger electron energies jbrthe elements. (Reproduced by per-
minion of the Physical Electronics Division o/Perhn-
Elmtr. IK) 
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2.6 ENERGY LEVELS OF HYDROGEN-, 
HELIUM-, AND NEONLIKE IONS 

James H. Scofield 
Table 2-4 presents ionization energies for selected few-electron 
ions with 6 «; Z «; 54. Table 2-5 gives Ihe energies of the 
resonant 2p transitions in hydrogen- and heliumlikc ions. 
Because of the interest in lasers based on neonlike ions in the 
soft K-ray region, selective transitions for the neonlikc ions are 
presented in Table 2-6. This table includes the two lines Tor 
which la si tig has been observed in selenium [ 11, the depopulat
ing transition of the lower lasing level, and two strong lines in 
the spontaneous spectrum, 'n addition, Fig. 2-4 shows Ihe 
2/i J3/ levels for neonlike selenium. The level positions arc 
labeled with a designation of the form 2S+1LJ and a jj cou
pling label. 

The energy values in this section have been generated using 
the relativistic Hanree-Fock code of I. P. Grant and collabora
tors (2| with a correction lerm of the form/I + B/(Z- Q) 
added to bring about agreement with the experimental values 
known for low atomic numbers. Nuclear size effects, radiative 
corrections, and the Breit interaction accounting for retarda
tion and the magnetic electron-electron interaction are 
included in the calculations. The hydrogenic values arc 
uncorrected as they come from the code, but to the accuracy 
given here, they agree with more detailed calculations. The 
n - 3 to n - 2 values given in Table 2-6 for the nconlike ions 
are also uncorrected and show differences at the 2-eV level 
with experimental values. 

REFERENCES 
1. D. L. Matthewsetal., "Demonstration ora Soft X-Ray 

Amplifier," Phys. Ret. Lett. 54.110(1985). 
2. 1. P. Grant. B. J. McKenzie, P- H, Norrington, D. F. 

Mayers, and N. C. Pyper, "An Atomic Multiconligura
tional Dirac-Fock Package," Comput. Phys. Commurt. 21, 
207 (1980). 
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7Mb J-4. lonitailon energia. In electron volu, for selected few-
electron ionic iptcift. Each column Is labeled with the 
number nftieetnms In thtion beforekmliatlon andwith 
the symbol for the neutral atom with the lantr number qf 
electros. 

Omm 1(H) I{IU) 30D <(•«> IflINt) IHNi) U(Mi) 

^^ 490.0 392.1 64.49 47J9 
7 N 667,1 5)11 97.19 77.41 
• 0 171.4 719.1 113.90 
9 F 1103.1 9)3.9 111.11 157.1) 

10 St l » U 1199.1 239.09 iat.it 21.164 
11 N i 1641.7 299.16 144.11 47.116 5.119 
11 M | 1961.1 I76IJ 367.) 211.0 10.141 ISO)) 7.646 
13 Al 1KHJ 2016.0 441.0 198.7 119.99 18.447 
M S 3437.7 313.4 416.3 166.41 41.12 1364 
i i r 2116.9 611.7 5601 120.31 6).01 51.50 
16 S 3494 1114 707.0 632.1 211.00 11.0) 72.19 
I T a 3946 3651 109.2 i i a i 348.1 114.20 96.84 
HAT 4416 4121 9 1 M 115.1 143.46 
I 9 K 4914 1054.6 96t0 5019 175.82 (J4.73 
M C . 3470 5129 11)7.7 1017.3 191.9 111.21 I U . » 
21 Sc 6034 S671 i n t o 1113.6 6)6 6 249.84 311.13 
11 Tl 6616 6249 I42SJ 1146.9 111.2 191.50 164.91 

av 72« mi im.7 3 » J 107.» 
24 Cr 7412 1721J I634J 1011.1 114.1 
13 Mn SS71 1141 1179.9 1719.) 4)1.2 403.1 
16 n 9271 1041.1 I « I J 1161.7 489.3 4)1.6 

n a 1O0I1 2211.9 11204 546.6 111.0 
U N 10771 U » . 3 2196.1 D 4 a i taw 
29 a . 11461 1DH9 1)19.1 1451.1 i69ai 6706 
» Z f t 12319 I IMS 2711.0 2671.1 1846.4 7)7.3 696.4 
1 1 0 . 11119 11696 U69.4 2009.4 807.1 
H O : tun J IM 307J tm.t I f t U 
J I M IJ019 14441 1412 1111 2316.0 9568 910.3 
MSe 15961 15361 3617 3509 2)196 1036.1 981.1 
3 )8 t 1U9 3117 1119.1 
» X r 17916 17296 4109 197) 2921.4 110)2 
37 Rb 11965 11106 « » 7 4216 111! 1294. J U40B 
11 Sr 10015 19341 4612 4467 ) M ) 1311.3 1)11.1 
39 Y i n n 20411 4176 4116 3)61 1411.1 
40 Zt 11137 21116 5141 4991 3116 1581.4 IS23J) 
41 Mb nm I K 4 1 J4M ua 4017 16*4.9 
42 Mo 5711 5510 41)6 1117.8 
43 Te 25787 2)004 6001 1900.) 11)1.1 
44 R U 27013 21130 6111 2013-0 
4SRh 2)112 27417 M23 6441 5014 1129.2 2060.) 
46 W 19621 21176 694) 6762 11419 2111.0 
47 A | 30966 J0097 7211 7016 1)71.0 2M9.2 
4SCd 12341 114)1 7601 1418 241)9 
4 9 1 . 317)0 12137 791) 7711 6121 1628.1 
10St> Mi? 130? l ie? *4)J ««.* J 6 U 9 
si sb 34MB 31110 1670 1461 1BW.B 2119 2 
52 T t 3i n 37196 9041 18)2 102 J IfHI 
SJI 31716 9421 9201 118) J101 
54 X, 41»0 40271 4110 9191 766 J 1314 1247 

http://iat.it
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7U1* 2-5. Transition tnetjitt, in ttKtron nlix JOT transitions fiom 
then -2stasatoihtn - / grovndstate ofH- andHe-like 
ions. 

HrtmwHto 
U t - » l fcirt * F j / l *»*• V'Fi 

I B 1JS.11 2)9.20 30171 201.97 

« C 367.J 167.5 KM.) 307.1 
I N MO. J soo.4 4 ]6J 4)0.7 
SO 6 9 ) . l 6)1.1 974.0 

tit.} ti?.f nij » 7 . l 
10 N t 1011.! 1021.0 914.9 922.1 

11 St nay ISJ7.0 Uli.i nw 
12 M | 14)17 1412-T 1143.1 lui.) 
D M 1727.7 1119.0 1591.4 
14 Si 1004.3 2006.1 111)9 IMJ.I 
11 F 

16 5 

1101.7 

1119.1 

2304.0 

2622.7 

2140.) 21)2.6 

24M.I 
D O U S D 17»! l 1719.1 
11 A i JJU 3)22 ) I » U*D 
l » K 970) 349) 
W O . 4100 4101 111) )») 21 Sc 412) « ) 1 419] 4)16 
22 Ti 4H6 4577 4717 4TJ0 
2 ) V 14)1 5180 9201 
24 Cr 19)2 H i ) 5611 
IS M B « l ( l 

16 Ft mi 6971 6661 6101 
ITCH 7501 7S26" 7106 n*z 11 Nl urn • 102 71(6 1106 
19 Cu till IJ99 1210 (307 
» Z n im 9)11 19» tm 
11 O . 9960 9911 9621 
12 Ot I017S IOS24 10111 1D2I0 
31 » l 11295 11)11 10119 
HSc r i 9 i t IW2I 11(11 
11 Bi 12612 12791 11292 I 2 1 » 

SSKf 13419 IM16 
17 Rb W99 1421! l ) 7 t ) n t u 
3SSr HMO 14562 ) « M 
39 Y •510) 15916 19)64 154(2 
40 Z i 1616) 16)11 

116)9 m i l 
41 Mo l l l l l 111)7 
41 Tt 11971 
41 Ru 10234 20*06 19117 19904 
« im 21I7J 3M6J 

4b Pd 22196 22)14 21621 1114) 
fAt I I I J ' am 2J609 22151 
41G1 14111 24444 21611 23114 

1)11) 2S11I 2 « ) 7 24941 
10 Sn 1MOI 16611 11117 16011 

http://1JS.11
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TtUt 2-4. Traruttltm energies, tn eiearon volts, for selected transition* 
in Nt-tike ism with 2p meaaties. TkenansiHantfor 
vhich laiiBg has bttn teamed we indlatled in boldface 
type. 

J . - I* U-ir M-U J*- '" J » - 3 ' " - 3 C 
fimmJ^-% *t,-% %-% %~*f% 'P f^ i %-3t>i 
MS. 103 06 104.07 126.41 9,949 10.393 12809 
ISP 134.41 IJ5.W 16117 11.116 12.40) 15.343 

I6S 169.52 J 71.06 202.83 
I 7 D ma. 39 JIDJ l 13.723 16.433 
M A I 131.02 233.33 294.21 17.7*4 18.474 23.650 
ISK 393.3! S0S.3 345.6 20S4B ] S J » 
20 C* 147.3 351.1 21.915 

21 K 401.3 403.7 4591 24.051 24.716 11.75 
art SI2.S 3S.9SS 14.51 
23 V 320.1 516.8 31497 29.135 17.31 
24 O J I M 393.3 639.3 J I JJ 401J 
25 M B an 6617 7318 J3.I9 31.94 41.US 

» f t mi nt.o I l l . B JVM 16.42 46.03 
27 CO m u 191.6 31,19 
2i Hi 89B.7 979.3 40,82 11 .61 52.21 
19 C* 965.3 9JS.I SBSS.S 44.39 SS.*3 
30 Zn 10)14 1073.6 11621 4727 51.16 

31 G« 11*3.1 1PD.I «.J9 50.26 62.20 
32G* « K S era.* S2.J0 55.39 
33 A . I37I.J I4M.9 56.67 
34 S. 14)1.2 1478.4 1573.4 59.18 60.11) 73 29 
13 B. 15414 1519.3 166i.S 6272 63.70 77.2S 

36 K. IMI .J 1794.1 67.48 81.41 
31 Bb I763.S IB24.4 1199.3 70.41 71.43 S5.7J 
1 1 * 1B79.9 1941.2 2021.9 7562 90.30 
39 V 19W.6 JST4.4 2141.: S0.01 *3.03 
40 Z* 3:208.9 2211.4 83.52 

41 Nb iSWJ.B 241X4 £9.31 W5.17 
« M » »»!* iW.% WAS 
43 Tt 2313.7 <S12.9 2691.8 116 31 
44 R U 2611.1 37B3J :«7.3 12129 
U « t w u 2931.0 19BM 110.51 l i l . t o 121.ST 

46 W 31(0 111.15 115.17 

«*• M M 1162 124.16 14110 
« C d 3 » i 3430 W9.JJ 
4J in 3622 138.24 157.04 
30 SI. 3)48 1782 3191 146.32 141.27 165.09 



2p°3d 

b 3 11/2.5/2) 

^D,—(3/2,5/2) 
„ 5, J F3 0/2.5/2) 
2p a3p 3p 3 (3/2,3/2) 

1 S Q (1/2.1/2) 
(1/2.3/2) 

Fff, 2-*- Selected excited energy Iritis for S'flike selenium <2 - 34), 
lsl2s22friil: 10 of the 36 levels in this manifold are shown. 
Transitions for mhith. losing has been abstnedaie indicated. 



2.7 SCATTERING FACTORS AND MASS 
ABSORPTION COEFFICIENTS 

Burton L. Henke 
At photon energies between 100 eV and 10 *eV, accurate cal
culations for absorption and scattering ifl material systems 
(e.g., filters, mirrors, multilayers, and cry 5 1*!*) a a t* based on 
atomic Raftering factors <ft + if2) fat the constituent atoms. 
These factors are derived from available experimental photo-
absorption data, using the Kramers-Krof»8 dispersion relations 

m 

f2-fc£liam, m 
where Z is the total number of electron*; C is a constant equal 
so Mxrtftc with rQ the classical electron »dtss, A Plain's 
constant, and c the velocity of light; j: f l(0 '* the aiomic photo-
absorption cross section; and E is the incident photon energy. 
The atomic photoafsorpiion cross section <•» cm /atom) is 
related to the mass absorption coefficient jt (in cm /g) by 

where A is the atomic weight and rV, is Avogadro's number. 
One isay also obtain the complex dielectric constant 

t - ] ~ a - i y W 
and the index of refraction 

n - I - 6 - iff (S) 
from the scattering factors by using the rations 

a - | - Kft (6) 

9 - - ? - A T 2 . 
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where 

""it*2 NA 

and p is the density. The parameters ff and S are called the 
absorption index and refractive index decrement, respectively. 

Figures 2-5 and 2-6 illustrate the variation with atomic 
number of the mass absorption coefficient for severfl selected 
energies, indicating the presence of absorption edges. Near 
these edges, one expects additional absorption structure, 
reflecting the molecular and solid states or complex systems. 
This structure cannot be predicted by calculations Ibat assume 
atomlike behavior of the system components. Tables 2-7 and 
2-B are a more comprehensive tabulation of the values of the 
mass absorption coefficient. 

Tables i-9 through 2-12 tabulate the two components of the 
atomic scattering factor for selected energies and atomic 
numbers. Values in the tables are recorded in the form 
l . « ( - ) 0 2 to denote the .aluc 1.42 x 1&-"*2 

REFERENCES 

1. B. L. Henkc, "Low Energy X-Ray Interactions: Pholoion-
ization, Scattering, Specular and Bragg Reflection," in 
D. T. Attwood and B. L. Henke, Eds., AIP Conference 
Proceeding No. 75: low Energy X-Ray Diagnostics 
(American Institute of Physics, New York. 1981), p. 146. 

2. B. L Hcnke, P. Lee, T. J. Tanaka, R. L, Shimabukuro, 
and fl. K. Fujikawa, "Low-Eneruy X-Ray Interaction 
Coefficients: Pholoabsorption, Scattering, and Reflec
tion," At. Data Nucl. Data Tables!!, 1 (1982). 



Atomic number 

Flf. 2-5, Man absorption ufffid/nv at entries bfwem 2S8 and 1000 tV. <afunaiont ofaiainic number. 



toy 

'*• . . . . . . . . . . . . . . . . . . < 
1 25 50 75 100 

At«nic number 

Jfe 2 * Aftu* ataoqXion co0clerUS at etwgles bttmxn 2.S and 10 keK asfitiKtiora of atomic number. 



T*Ut2-7. Man absorption coefficimtsfor stttttat taluts of atomic number Z as n nergla bmrm 100 and 1000 H'. 

Z 100 200 300 400 500 600 700 800 900 1000 

1.42 05 2.47 04 7.98 03 3.71 03 1.81 03 1.09 03 6.49 02 4.47 02 3.08 02 2.28 02 
2.33 04 5.1403 | 4.83 04 149 04 1.37 04 8.89 03 5.74 03 4.13 03 2.96 03 2.27 03 
fi.7304 1.8&G4 7.0303 3.6103 UTOi 7.2603 I 1.Z8Q4 9.9103 T.3103 S.7903 

I — v 
1.30 05 4.90 04 2.0004 1.07 04 5.75 03 3.69 03 2.35 03 1.68 03 15 ~ 1.02 04 | 6.90Q4 3.45 04 2.02 04 1.16 04 7.65 03 4.97 03 3.62 03 

IS 1.92 04 8.Q6 03 | 4.07 04 2.90 04 1.76 04 1.21 04 8.1003 6.0003 
21 2.69 04 1.34 04 6.3503 3.92 03 | 2.53 04 1.78 04 1.2104 9.08 03 
24 4.5804 1.7904 9.0003 5.53 03 3.4103 139 03 | 1.66 04 1.2604 
27 6.13 04 2.$8 04 1.32 04 7.87 03 4.80 03 3.37 03 2.36 03 I 1.46 04 

1.21 03 9.29 02 

2.61 03 5.02 03 

4.39 03 3.42 03 

6.75 03 J.32 03 

9.50 03 T.56 03 

1.1104 9.91 03 

30 7.8704 3.9104 Z0004 1.1904 7.1803 4.93 03 3.40 03 Z6103 IM03 t.S803 
33 4.44 04 4.15 04 140 04 1.54 04 9.55 03 6.71 03 4.65 03 3.56 03 2.69 03 2.15 03 
36 9.18 03 3.5704 2.9404 2.04 04 (.2904 9.1503 6.37 03 4.88 03 3.7103 J.97 03 
39 1.30 04 | 115 04 2.92 04 2.5004 1.6304 1.1804 8.32 03 6.42 03 4.9103 3.9503 
42 8.8103 5.35 03 | 2.05 04 2.0004 1.6904 1.35 04 1.0104 B.I503 6.2603 $.0603 

•hn 



45 5.41 03 6.66 03 4.26 03 | 1.93 04 2.02 04 1.68 04 1.29 04 1.51 04 7.7B 03 6.31 03 
48 4.34 04 6.64 03 5.3203 4.11 03 | 2.18 04 1.66 04 1.42 04 1.20 04 9.3003 7.59 03 
51 7.52 04 7.08 03 6.15 03 4.9703 3.6103 | | 1.98 04 1.34 04 I.I 104 1.0104 8.68 03 
54 1.23 05 4.61 03 6.75 03 5.69 03 4.42 03 3.48 03 | 2.24 04 1.2S04 9.55 03 9.38 03 
37 2.89 04 3.55 03 6.68 03 6.30 03 4.91 03 3.95 03 3.08 03 2.53 03 ! | 1.0904 8.81 03 
60 1.43 04 9.95 03 7.96 03 7.96 03 5.98 03 4.74 03 3.67 03 3.00 03 2.42 03 | 8.97 03 
63 1.73 04 2.3004 1.13 04 9.48 03 6.99 03 5.48 03 4.21 03 3.45 03 2.78 03 2.33 03 
66 3.2S04 2.57 04 1.67 04 1.1704 8.35 03 6.49 03 4.94 03 4.01 03 3.22 03 2.69 03 
69 2.8804 2.24 04 1.55 04 1.24 04 1.00 04 7.85 03 5.97 03 4.81 03 3.84 03 3.21 03 
72 2.1004 2.12 04 1.6504 1.2804 1.0504 8.86 03 6.76 03 5.46 03 4.38 03 3.66 03 
75 1.62 04 1.87 04 1.74 04 1.40 04 1.15 04 9.67 03 7.69 03 6.25 03 5.03 03 4.21 03 
78 1.9204 1.60 04 1.58 04 1.5104 1.1804 1.06 04 8.38 03 7.23 03 5.8303 4.88 03 
81 2.3104 9.62 03 1.5004 1.49 04 1.26 04 1.05 04 9.29 03 7.79 03 6.63 03 5.64 03 
84 4.97 04 6.09 03 1.20 04 1.4104 1.4004 1.15 04 9.25 03 8.57 03 7.04 03 6.2003 
87 6.56 04 8.54 03 5.6003 1.1404 1.20 04 1.12 04 1.0104 8.41 03 7.43 03 6.5803 
90 1.30 05 6.15 03 6.9903 8.84 03 1.07 04 1.03 04 9.95 03 8.63 03 7.21 03 6.16 03 



T»Uet-i. MauaIao>j!H(mco^itirKaf(irirteatdtoJneitfol0m!£ mia&tr?. awttebttveeniimd tSltV. 

z 1900 im 3Wt 4M6 SON t * « ?tM mm MM 1MM 
3 2.28 02 2.50 01 6.54 00 2.49 00 1.1800 6.46-01 3.88-01 2.49-01 1.694)1 1.19-01 
6 2.2783 3.0232 9.0401 3.77 0J 1.5901 1.06 01 6.5300 4J690 2.91 OB 20600 
9 5.7903 9.0002 28802 1.25 02 6.4401 3.7201 2.3201 1.54 01 1.07 01 7,7000 

12 9.2902 20303 6.7502 3.0902 t.5602 9,2601 5.8801 3.9601 27901 204 01 
IS 2.02 03 

3.4203 
3.03 02 
S.3202 

1.1503 5.31 02 
7.95 02 

286 02 
4.40 02 

1.71 02 
267 02 

1.10 02 
1.74 02 

7,4901 
1.2002 

5.3201 
6.5901 

3.9! 01 
i8 

2.02 03 
3.4203 

3.03 02 
S.3202 1.76 02 

5.31 02 
7.95 02 

286 02 
4.40 02 

1.71 02 
267 02 

1.10 02 
1.74 02 

7,4901 
1.2002 

5.3201 
6.5901 6.3701 

21 5.32 03 8.84 02 3.0002 1.36 02 6.S7 02 4.]2 02 27402 1.9002 1,3702 1,02 02 
24 7.5(5 03 (.26 03 4.16 02 1.88 02 1.02 02 5.17 02 3.52 02 2.49 02 1.8202 1J702 
27 9.91 03 1.76 03 

2,3903 
5.53 02 
8.28 02 

169 02 
3.83 02 

1.46 02 
2.09 02 

8.8301 
1.27 02 

5.8001 
8.30 01 

3J002 
5.71 01 

23802 
4.09 01 

1.81 02 
3D 1.58 03 

1.76 03 
2,3903 

5.53 02 
8.28 02 

169 02 
3.83 02 

1.46 02 
2.09 02 

8.8301 
1.27 02 

5.8001 
8.30 01 

3J002 
5.71 01 

23802 
4.09 01 237 02 

33 2.15 03 3.02 03 1.0803 S.0002 2.73 02 (.6602 1.99 02 7.5201 5.4301 4.0401 
36 2.97 03 

35503 
3,55 03 1.3003 

1.67 03 
6.0502 
8.0002 

3.30 02 
4.41 92 

2.00 02 
2.0 OZ 

1.3! 02 
i.7702 

9.0401 
1.2202 

6.53 01 
8.8501 

4.8801 
39 

2.97 03 
35503 7.4202 

1.3003 
1.67 03 

6.0502 
8.0002 

3.30 02 
4.41 92 

2.00 02 
2.0 OZ 

1.3! 02 
i.7702 

9.0401 
1.2202 

6.53 01 
8.8501 6.6101 

42 5.06 03 9.59 02 2.00 03 9.73 02 5.42 02 3.3302 2.1902 1.5202 1.1002 8.25 01 



45 6.31 03 1.22 03 4.31 02 1.17 03 6.61 02 4.08 02 170 02 1.88 02 1.36 02 1.02 02 
48 7.59 03 

8.68 03 

1.51 03 

1.7503 

5.10 02 

6.44 02 

1.05 03 6.96 02 

8.42 02 

4.33 02 

5.28 02 
187 02 
3.53 02 

1 0 1 0 2 

147 02 

1.46 02 

1.80 02 

1.09 02 

51 

7.59 03 

8.68 03 

1.51 03 

1.7503 

5.10 02 

6.44 02 3.0002 
6.96 02 

8.42 02 

4.33 02 

5.28 02 
187 02 
3.53 02 

1 0 1 0 2 

147 02 

1.46 02 

1.80 02 1.35 02 
54 9.38 03 

8.81 03 

8.97 03 

1 1 3 03 

155 03 

192 03 

176 03 

3.47 03 

8.08 02 

9.93 02 

1.09 03 

1.0403 

1.38 03 

3.89 02 

4.86 02 

5.38 02 

5.1102 

6.75 02 

6.69 02 6.59 02 

6.81 02 

4.43 02 

5.26 02 

5.1002 

3.S9 02 

3.12 02 

3.73 02 

4.17 02 

3.38 02 

3.25 02 

128 02 

1 7 4 02 

3.1002 

1 8 8 0 2 

3 2 3 0 2 

1.72 02 

57 

9.38 03 

8.81 03 

8.97 03 

1 1 3 03 

155 03 

192 03 

176 03 

3.47 03 

8.08 02 

9.93 02 

1.09 03 

1.0403 

1.38 03 

3.89 02 

4.86 02 

5.38 02 

5.1102 

6.75 02 

2.67 02 

3.07 02 

1 9 3 0 2 

3.85 02 

6.59 02 

6.81 02 

4.43 02 

5.26 02 

5.1002 

3.S9 02 

3.12 02 

3.73 02 

4.17 02 

3.38 02 

3.25 02 

128 02 

1 7 4 02 

3.1002 

1 8 8 0 2 

3 2 3 0 2 

107 02 

60 

9.38 03 

8.81 03 

8.97 03 

1 1 3 03 

155 03 

192 03 

176 03 

3.47 03 

8.08 02 

9.93 02 

1.09 03 

1.0403 

1.38 03 

3.89 02 

4.86 02 

5.38 02 

5.1102 

6.75 02 

2.67 02 

3.07 02 

1 9 3 0 2 

3.85 02 

1.93 02 

1.85 02 

1 4 3 02 

4.43 02 

5.26 02 

5.1002 

3.S9 02 

3.12 02 

3.73 02 

4.17 02 

3.38 02 

3.25 02 

128 02 

1 7 4 02 

3.1002 

1 8 8 0 2 

3 2 3 0 2 

2 J 6 0 2 

63 1 3 3 03 

1 6 9 03 

1 1 3 03 

155 03 

192 03 

176 03 

3.47 03 

8.08 02 

9.93 02 

1.09 03 

1.0403 

1.38 03 

3.89 02 

4.86 02 

5.38 02 

5.1102 

6.75 02 

2.67 02 

3.07 02 

1 9 3 0 2 

3.85 02 

1.93 02 

1.85 02 

1 4 3 02 

4.43 02 

5.26 02 

5.1002 

3.S9 02 

3.12 02 

3.73 02 

4.17 02 

3.38 02 

3.25 02 

128 02 

1 7 4 02 

3.1002 

1 8 8 0 2 

3 2 3 0 2 
1 2 0 0 2 

66 

1 3 3 03 

1 6 9 03 

1 1 3 03 

155 03 

192 03 

176 03 

3.47 03 

8.08 02 

9.93 02 

1.09 03 

1.0403 

1.38 03 

3.89 02 

4.86 02 

5.38 02 

5.1102 

6.75 02 

2.67 02 

3.07 02 

1 9 3 0 2 

3.85 02 

1.93 02 

1.85 02 

1 4 3 02 1.64 02 

3.12 02 

3.73 02 

4.17 02 

3.38 02 

3.25 02 

128 02 

1 7 4 02 

3.1002 

1 8 8 0 2 

3 2 3 0 2 185 02 

69 3.2103 4.0603 1.79 03 8.85 02 5.08 02 3.2102 1 1 6 02 1.53 02 3.0902 3.1902 

72 3.66 03 3.8903 1.89 03 9.35 02 5.41 02 3.44 02 1 3 3 02 1.65 02 1.21 02 1 4 7 0 2 

75 4.21 03 

4.88 03 

4.32 03 1 1 1 0 3 

1 1 4 0 3 

1.05 03 

1.19 03 

6.04 02 

6.84 02 

3.81 02 

4.32 02 

157 02 

1 9 2 02 

1.8202 

1 0 7 02 

1.3502 

1.5302 

1.0202 * * 

78 

4.21 03 

4.88 03 1.1603 

1 1 1 0 3 

1 1 4 0 3 

1.05 03 

1.19 03 

6.04 02 

6.84 02 

3.81 02 

4.32 02 

157 02 

1 9 2 02 

1.8202 

1 0 7 02 

1.3502 

1.5302 1.1702 

8) 5 .M03 1.3303 1 3 7 03 1.31 03 7.61 02 4.82 02 3.25 02 1 3 1 0 2 1.71 02 1.3002 

84 6.20 03 

6.58 03 

1.5303 

1.73 03 

1 2 8 03 1.39 03 

1.47 03 

8.39 02 

9.37 02 

5.34 02 

5.96 02 

3.62 02 

4.0402 

1 5 8 02 

1 8 8 0 2 

1.91 02 

1 1 3 0 2 

1.4602 

87 

6.20 03 

6.58 03 

1.5303 

1.73 03 7.05 02 

1.39 03 

1.47 03 

8.39 02 

9.37 02 

5.34 02 

5.96 02 

3.62 02 

4.0402 

1 5 8 02 

1 8 8 0 2 

1.91 02 

1 1 3 0 2 1.6302 

90 6.16 03 1.9203 7.86 02 1.38 03 9.82 02 6.55 02 4.45 02 3.17 02 13402- 1.79 02 
M 

6.16 03 1.9203 7.86 02 



T*Ue2-9. Valuef for component fj of the 
arflMQeV. 

atomic scatteringfaaor. for selected •rf'"" of atomic lumber Z at tnetfia bttvem 100 

z 100 2W 3M 4W 
£«TjyOV) 

5M MO m 8H fW lMt 
3I | 2.75 00 3.33 00 3.26 00 

2.88 00 
3 JO 00 
5.5000 

3.15 00 
6.10 00 

3.12 00 
6.28 00 

3.10 00 
6.35 00 

3.0800 
6.37 00 

3.07 00 
6.36 00 

3.06 00 
6 4.08 00 3.67 00 

3.26 00 
2.88 00 

3 JO 00 
5.5000 

3.15 00 
6.10 00 

3.12 00 
6.28 00 

3.10 00 
6.35 00 

3.0800 
6.37 00 

3.07 00 
6.36 00 6.34 00 

9 6.7100 7.63 00 7.54 00 7.33 00 6.95 00 6.3000 [ 5.0100 7.5000 8.35 00 8.75 00 
VI VH.W ^sa/w u<m U\ft\ V-WW \SftW \ftlfc\ VW.W VWW Wtt% ' 
15 2.93 00 1 7.00 00 1.22 01 1.38 01 1.43 01 1.44 01 1.4401 1.43 01 1.42 01 1.41 01 
18 6.2100 4.67 00 1 7.64 00 1.28 01 1.57 01 1.68 01 1.73 01 1.76 01 1.77 01 1.77 01 
21 8.50 00 9.92 00 8.86 00 | 1.24 01 1.6901 1.9001 1.98 0! 103 01 206 01 
24 1.0601 1.35 01 1.42 01 1.37 01 1.17 01 1.56 01 1.92 01 112 01 123 01 
27 9.54 00 1.52 01 1.71 01 1.74 01 1.70 01 1.60 01 1.29 01 | 7.92 00 1.70 01 21001 
30 5.99 00 1.54 01 1.94 01 2.0'01 2.12 01 11001 104 01 I.9S 01 1.74 01 1.0001 
33 2.69 00 1.27 01 1.98 01 2.24 01 2.40 01 145 01 2.46 01 244 01 14001 133 01 
36 4.08 00 8.13 00 1.78 01 131 01 2.63 01 177 01 185 01 187 01 188 01 286 01 
39 9.86 00 | 5.94 00 1.30 01 1.92 01 2.66 01 192 01 3.08 01 3.1601 3.2101 3.23 01 
42 1.54 01 1.20 01 ] 9.54 00 1.6S 01 2.19 01 176 01 3.07 01 3.29 01 3.42 01 3.50 01 

•in 

file:///SftW


45 1.85 01 

I t 101 

1.41 01 

1.64 01 

9.6600 [ 

1.4401 

4.28 00 1.81 01 

1.5501 

252 01 

2 2 9 01 

3.17 01 

2 9 2 01 

3.46 01 

3.47 01 

3.66 01 

3.82 01 

3.77 01 

48 

1.85 01 

I t 101 

1.41 01 

1.64 01 

9.6600 [ 

1.4401 7.6000 | 

1.81 01 

1.5501 

252 01 

2 2 9 01 

3.17 01 

2 9 2 01 

3.46 01 

3.47 01 

3.66 01 

3.82 01 4.02 01 

51 2.53 01 1.810 1.71 01 1.5001 1.38 00 ] 1.92 01 2 9 1 0 1 3.00 01 3.57 01 3.87 01 

54 9.48 00 2.05 01 1.86 01 1.88 01 1.69 01 1.04 01 | 1.56 01 3.04 01 3.25 01 3.43 01 

57 6.84 00 2.53 01 2.20 01 2 3 6 01 2.45 0 ! 2 4 1 0 1 2 1 1 0 1 1.16 01 ) j 2 2 1 0 1 3.05 01 

60 1.44 01 3.02 01 2.37 01 2-74 01 2 9 3 01 3.00 01 2 9 6 01 2 8 0 0 1 130 01 | | 1.1201 J 

63 1.44 01 3.21 01 3.1101 3.3001 3.54 01 3.65 01 3.68 01 3.65 01 3,49 01 3.1701 ' 

66 1.1801 2.47 01 2.66 01 3.33 01 3.55 01 3.68 01 . 3.7801 3.80 01 3.76 01 3.65 01 

69 1.25 01 1.91 01 2.46 QL 2,7801 3.27 01 3.62 01 3.8301 3.9301 3.97 01 3.95 01 

72 1.0601 1.5301 2.32 01 274 01 3.29 01 3.72 01 4.05 01 4.2101 4.3201 4.36 01 

15 1.5501 1.4601 2 2 9 0 1 2.90 01 3.35 01 3.85 01 4.37 01 4.620) 4.8001 4.91 01 

78 1.77 01 1.22 01 1.7501 2.43 01 3.13 01 3.65 01 4.16 01 4.5301 4.82 01 4.99 01 

81 2.1201 1.2601 1.51 01 2.02 01 2 9 9 01 3.56 01 4.0601 4.4401 4.8901 5.15 01 

84 1 4 7 01 2.0101 M 1 0 1 1.8001 2 7 6 01 3.57 01 4.03 01 4.5401 4.9901 5.2401 

87 1.62 01 1 8 3 01 1.6801 1.2301 2 2 2 01 2 7 5 01 3.87 01 4.380) 4.6401 5.1701 

90 2 6 7 01 1.8301 1.83 01 2 0 1 0 1 2 9 5 01 3.5601 4.30 01 4.8301 5.0301 



*ir atomic scattering/odor, for xleard taluei of atomic number 7. at emrsia Jwnrrw 1 

z i m 2Mf 3MW 4#W 5#M 6M0 7000 8M0 W W 1W0O 

3 3.0600 3.0200 3.0100 3.0100 3.0000 3.0000 3.0000 3.0000 3.0000 3.00 00 

6 6.34 00 6.17 00 6.1000 6.0600 6.0S0O 6.03 00 6.03 00 6.02 00 6.0200 6.01 00 

9 8.75 00 9.3800 9.28 00 9.2100 9.16 00 9.12 00 9.10 00 9.08 00 9.07 00 9.06 00 

12 1.0201 U 1 0 1 1.24 01 1.24 01 1.23 01 1.23 01 1.22 01 1.2201 1.22 01 1.21 01 

15 1.41 01 1.21 01 1.49 01 I.S401 1.54 01 1.5401 1.5401 1.S301 1.5301 1.5301 

IS 1.77 01 1.6901 1.52 01 1.75 01 1.82 01 1.84 01 1.84 01 1.84 01 1.84 01 1.84 01 

21 2.06 01 2.0)01 1.9901 1.8901 1.96 01 2.08 01 2.12 01 2.14 01 2.14 0) 1 1 5 0 1 

24 2 3 3 01 2.4001 2.35 01 2.3101 124 01 1.80 01 1 3 2 01 2.3901 1 4 2 0 1 1 4 3 0 1 

27 2.10 01 2.7101 

2.97 01 

2.70 Ql 

3.02 01 

2.66 0 ! 

2.99 01 
2,6201 

196 01 

1 5 8 01 

2.93 0 J 

2.50 01 

2.90 Cl 

2.4501 
2.86 01 

1 6 2 0 1 

Z78 0I 

1 6 8 0 1 

30 1.00 01 

2.7101 

2.97 01 

2.70 Ql 

3.02 01 

2.66 0 ! 

2.99 01 
2,6201 

196 01 

1 5 8 01 

2.93 0 J 

2.50 01 

2.90 Cl 

2.4501 
2.86 01 

1 6 2 0 1 

Z78 0I 2.75 01 

33 2.33 01 3.11 01 3.32 01 3.32 01 3.30 01 3.27 01 3.25 Dl 3.22 01 3.19 01 3.15 01 

36 2.8601 

3.23 01 

2.9101 3.58 01 

3.71 01 

3.6401 

3.91 01 

3.63 01 

3.94 01 

3.61 01 

3.93 01 

3.59 01 

3.92 01 

3.5701 

3.9001 

3.55 01 

3.88 01 

3.5201 

39 

2.8601 

3.23 01 2.4801 

3.58 01 

3.71 01 

3.6401 

3.91 01 

3.63 01 

3.94 01 

3.61 01 

3.93 01 

3.59 01 

3.92 01 

3.5701 

3.9001 

3.55 01 

3.88 01 3.860] 

12 3.30 01 3.42 01 3.61 01 4.13 0] 4.23 01 4.25 01 4.24 01 4.23 01 4.21 01 4.20 01 



« $.77 01 >.»tH 2.443; 4.24 01 4.48 01 4.54 01 4.55 01 4J5QI 4.54 01 4J3 0) 
48 4.0201 4.3901 4,19 01 4.0401 4.68 01 4.81 01 4.B5 0I 4.86 0) 4.86 01 4.85 01 
SI 3.87 01 4.70 01 4.6001 4.0801 4.69 0) 5.02 01 5.12 01 5.1*01 5.1701 5.1701 
54 3.4301 4.93 01 4.94 01 4.75 01 4.31 01 5.0SQI 5.33 01 5.4Z01 5.4601 5.4801 
57 3.0501 5.0701 5.26 01 5.19 01 4.91 01 4.79 01 5.42 01 5.63 01 5.72 01 5.7601 
60 J .12 01 5-33 01 5.62 01 5.S8 01 5.4501 5.03 01 5.2901 5.76 01 5.93 01 6.02 01 
63 3.17 01 5.72 01 6.0401 6.03 01 5.26 01 5.82 01 5.11 01 5.7401 6.12 0) 6.25 01 
66 3.65 01 5-3901 6.2501 6.32 01 6J8 01 6.18 0) 5.9901 5.71 01 5.9601 63901 
69 3.9501 5.08 01 6.3901 6.5901 *.S9 01 6.52 01 «.4Q0i 6.1701 6.0201 6.2501 
72 4.36 01 4.64 01 6.58 01 6.9001 6.94 01 6.9101 6*401 6.7201 6.4801 6.4301 
75 4.91 01 

4.99 01 
3.28 01 6.5601 

6.4101 
7.1701 
7.3701 

7.28 01 
7.5S01 

7.28 01 
7.61 01 

7.23 01 
T.S9 0I 

7.1501 
7.5301 

7.0301 
7.4601 

6.7901 
78 

4.91 01 
4.99 01 4.1401 

6.5601 
6.4101 

7.1701 
7.3701 

7.28 01 
7.5S01 

7.28 01 
7.61 01 

7.23 01 
T.S9 0I 

7.1501 
7.5301 

7.0301 
7.4601 7.3401 

SI 5.15 01 5.3*01 6.1101 7.4501 7.83 01 7.92 01 7.93 01 7.8901 7.8401 7.7601 
84 5.24 01 

S.17 01 
6.01 01 
6.4001 

5.91 01 7.4401 
7.3901 

8.03 01 
8.1401 

8.20 01 
8.44 01 

8.24 01 
8.53 01 

8.23 01 
8.55 01 

8.200! 
8.5301 

8.1401 
87 

5.24 01 
S.17 01 

6.01 01 
6.4001 U l O l 

7.4401 
7.3901 

8.03 01 
8.1401 

8.20 01 
8.44 01 

8.24 01 
8.53 01 

8.23 01 
8.55 01 

8.200! 
8.5301 8.5001 

90 3.0301 6,7701 6.29 01 6.9301 8.1301 8.63 01 8.80 01 8.8501 8.8701 8.85 01 3.0301 6,7701 6.29 01 



TMc2-ll. I'aJua for cvmponmf2 of ihealom&tealleringfactor, for s^tfiph&qra3omi£numb0 V 
- W / O W J K 5 

Ewr(«V) 
Z 160 2 W 3 H 4 W W MO 7W »H Wt ltW 
3 I 234 00 8.1841 3.9941 Z4241 1.51-01 1.07-01 7.58-02 5.8*02 4.58-02 3.74-02 
6 6.6641 2.95-01 ) 4.18 OQ 2.8200 1.97 00 1.52 00 1.16 00 9.4041 7.61-01 6.42-01 
9 3.95 00 1.7100 9.62-01 6.46-01 4.4841 3.44-01 | 4.09 00 3.5700 2.98 00 2.59 00 

12 7.54 00 5.69 00 3 JO 00 2.45 00 1.68 00 13700 9.58-01 7.77-01 6.2941 5.3341 
15 7.5141 | 1-02 01 7.7000 5.8800 4.3000 3.3700 2.59 00 2.1300 1.7300 1.4800 
18 1.8200 1.5400 | 1.1701 I.Q901 8.4400 6.8400 5.4400 4.5500 3.7500 3.2200 
21 2.8800 2.67O0 2.06 00 L66 00 | 1.3601 1.13 01 9.1600 7.7500 6.5000 5.6400 
24 5.66 00 4.46 00 3.37 00 2.7100 2.13 00 1.76 00 J 1-45 01 134 01 1.06 01 9.27 CO 
r 1 ?.59(J0 7.55 00 5.60 00 4.37 00 3.39 00 2.8ZO0 13300 | 1.6301 I.40Q1 1.3801 
30 1.2201 1.2201 9.4100 7.35 00 5.6300 4.58 00 3.7400 3.2400 2.7400 2 .4400^ n 

33 7.9200 1.4901 1.3001 1.0801 8.58 00 7.1300 5.8600 5.O500 43200 3.8000 
36 1.83 00 1.59 01 1.7801 1.6101 1.2901 1.0901 8.9800 7.7500 6.6500 5.8700 
39 2.75 00 "| 9.12 00 1.87 01 2.0901 1.7401 1.4801 1-2401 1.0801 935 00 83800 
42 2.0100 2,45 00 I 1.4201 1.8001 1.9401 1.F3 01 1.6301 1.4801 1.2901 1.1501 



45 1.32 00 3.27 00 3.16 00 | | 1.87 01 2.49 01 2.46 01 Z23 01 1.9601 1.7101 1.5301 

48 1.I6C- 3.57 00 4.3000 4.35 00 | 2.93 01 2.65 01 2.69 01 2.56 01 2.2401 2.0101 

51 X18QI 4.1200 5.39 00 5.69 00 5.27 00 | 3.42 01 2.7401 2.5701 2.6401 2.4901 

54 3.85 01 2.90 00 6.38 00 7.03 00 6.96 00 6.48 00 | | 4.95 01 3.12 01 2.6901 2.9101 

57 9.53 00 2.35 00 6.69 00 8.23 00 8.1800 7.78 00 7.L9 00 6.6700 j | 3.240] 2.8901 

60 4.92 00 6.8600 8.28 00 1.08 01 1.03 01 9.7100 8.9000 &20 00 7.49 00 | | 3.05 01 

63 6.2700 1.6701 1.24 01 1.3601 1.27 01 1.18 01 1.08 01 9.94 00 9.0600 8 J 7 0 0 

66 1.26 01 1.99 01 1.95 01 1.79 01 1.6301 1.50 01 1.35 01 1.24 01 1.12 01 1.0301 

69 1.16 01 1.81 01 1.89 01 1.98 01 Z03 01 1.88 01 1.69 01 1.54 01 1.39 01 1.28 01 

72 8.93 00 1.81 01 2.13 01 2.15 01 2.28 01 Z25 01 2.0301 1.85 01 1.6801 1.54 01 

75 7.16 00 1.66 0) 1 3 3 01 Z4501 2.570) 2.56 0) 2,4101 Z2J01 2.0)01 1.85 01 

7« 8.93 00 U 9 0 1 2 J 2 0 I Z7BGI 2.77 01 2.93 01 2.1S01 2.6801 2.4401 Z2501 

81 1.12 01 9.40 00 2 ^ 1 0 1 2.8701 3.0901 3.03 OL 3.19 01 3.0201 2.9001 2.72 01 

M Z 4 8 0 1 6.11 00 1.81 01 2.78 01 3.5301 3.44 01 3.26 01 3.4201 3.1701 3.0701 

87 3.48 01 9.1000 9.0000 1 3 9 0 1 3JO 01 3.54 01 3.77 01 3.5601 3.5501 3.46 01 

90 7.19 01 6.82 00 1.17 01 1.93 01 2.9801 3.38 01 3.88 01 3.8001 3.5901 3 J 7 0 1 



tringfaacr.for setaled valuts tfatomic number Z a entrgia drtnwfn / 

z 1MB 29W 3000 4600 
Elt«Ky(cV) 
5000 6000 im sew 9909 10000 

3 3.74-02 8.2343 3.24-03 1.6443 9.f?-04 6.4044 4.4*44 3.29-04 15144 1.96-04 
6 6.-42-01 1.73-01 7.74*2 4.30432 1*9*2 f.82*2 1.31-02 9.7243 7.47*3 S.8943 
9 2.5900 8.13-01 3.9041 12641 1.̂ 541 1.0141 7.34-02 5.5742 4.35*2 3.48*2 

12 < 33-01 2.3400 1.1700 6.9241 4.55*1 3.2I4I 2.3841 1.8341 1.4541 1.18*1 
15 1.48 90 4.46-01 2.54 00 1.56 00 1.009 7.5541 5.67*1 4.4141 3.5341 18841 
18 3,22 00 KOI 00 S.0I-O1 3.0200 209 OD 1.52 00 1.1600 9.H41 7.35*1 645*! 
21 3.64 00 1.8900 9.61-01 5.8041 3.3100 2.64 00 105 OC 1.6300 1.3200 1.0900 
24 9.27 00 3.1100 1.54 00 9.32-01 6.3341 3.83 00 3.0500 2.4600 2.0200 1.6900 
2? 1.38 Of 4.9300 

7,44 00 
2.4900 
3.86 00 

i.5100 
2.3800 

1.02 00 
1.63 00 

7.4241 
1.1900 

5.6941 
9.0341 

3.5900 
7.1141 

3.0000 
5.73*1 

15400 
30 2.44 00 

4.9300 
7,44 00 

2.4900 
3.86 00 

i.5100 
2.3800 

1.02 00 
1.63 00 

7.4241 
1.1900 

5.6941 
9.0341 

3.5900 
7.1141 

3.0000 
5.73*1 3.69 00 

33 3.8000 1.08 01 5.76 00 3.56 00 2.43 00 1.77 00 1.36 00 1.07 00 8.70*i 7.20*1 
36 5.87 00 

8.28 00 
1.4101 7.75 00 

1.C501 
4.82 00 
6.7600 

3.29 00 
4.67 00 

2.3900 
3.42 00 

1.82 00 
2.62 00 

1.44 00 
2.0700 

1.1700 
1.68 90 

9.73*1 
39 

5.87 00 
8.28 00 3.1400 

7.75 00 
1.C501 

4.82 00 
6.7600 

3.29 00 
4.67 00 

2.3900 
3.42 00 

1.82 00 
2.62 00 

1.44 00 
2.0700 

1.1700 
1.68 90 1.4000 

42 1.15 01 4,38 00 1.37 01 8.6800 6.(9 00 4.56 00 3.50 OQ 2.78 00 2.26 00 1.88 00 



45 1.53 01 5.99 00 3.17 00 1.1501 8.0BO0 5.99 00 4.62 00 3.68 00 3.00 00 2.50 00 
45 2.01 01 

149 01 
8.09 00 
1.01 01 

4.09 00 
5.59 00 

1.120] 9.3100 
1.22 01 

6.94 00 
9.17 00 

5.37 m 

7.14 00 
4.29 00 
5.72 00 

3.51 00 
4.69 00 

2.92 00 
51 

2.01 01 
149 01 

8.09 00 
1.01 01 

4.09 00 
5.59 00 3.48 00 

9.3100 
1.22 01 

6.94 00 
9.17 00 

5.37 m 

7.14 00 
4.29 00 
5.72 00 

3.51 00 
4.69 00 3.92 00 

54 2.91 01 
2.89 01 
3.05 01 

1.3J 01 
1.68 01 
2.00 01 
1.99 01 

7.S7 00 
9.84 00 
1.13 01 
1.13 01 

4.86 00 
6.42 00 
7.38 00 
7.39 00 

1.04 01 1.23 01 
1.35 01 

9.69 00 
1.22 01 
1.22 01 
9.07 00 

7.80 00 
9.86 00 
1.15 01 
9.77 00 

6.41 00 
8.15 00 
9.55 00 
9.36 00 

5.37 00 
57 

2.91 01 
2.89 01 
3.05 01 

1.3J 01 
1.68 01 
2.00 01 
1.99 01 

7.S7 00 
9.84 00 
1.13 01 
1.13 01 

4.86 00 
6.42 00 
7.38 00 
7.39 00 

4.42 00 
5.27 00 
5.29 00 

1.23 01 
1.35 01 

9.69 00 
1.22 01 
1.22 01 
9.07 00 

7.80 00 
9.86 00 
1.15 01 
9.77 00 

6.41 00 
8.15 00 
9.55 00 
9.36 00 

6.85 00 
60 

2.91 01 
2.89 01 
3.05 01 

1.3J 01 
1.68 01 
2.00 01 
1.99 01 

7.S7 00 
9.84 00 
1.13 01 
1.13 01 

4.86 00 
6.42 00 
7.38 00 
7.39 00 

4.42 00 
5.27 00 
5.29 00 

3.98 Cv 
4.00 00 

9.69 00 
1.22 01 
1.22 01 
9.07 00 

7.80 00 
9.86 00 
1.15 01 
9.77 00 

6.41 00 
8.15 00 
9.55 00 
9.36 00 

8.09 00 
63 8.37 00 

1.3J 01 
1.68 01 
2.00 01 
1.99 01 

7.S7 00 
9.84 00 
1.13 01 
1.13 01 

4.86 00 
6.42 00 
7.38 00 
7.39 00 

4.42 00 
5.27 00 
5.29 00 

3.98 Cv 
4.00 00 

9.69 00 
1.22 01 
1.22 01 
9.07 00 

7.80 00 
9.86 00 
1.15 01 
9.77 00 

6.41 00 
8.15 00 
9.55 00 
9.36 00 7.95 00 

66 1.03 01 2.68 01 1.60 01 1.04 01 7.44 00 5.63 00 4.45 00 1.00 01 1.1201 1.1001 
69 1.28 01 3.26 01 2.15 01 1.42 0] 1.02 01 7.73 00 6.08 00 4.92 00 1.1201 1.2801 
72 1.54 01 3.30 01 2,40 01 1.59 01 1.15 01 8.76 00 6.93 00 5.6100 4.6200 1.05 01 
'5 1.85 01 

2.25 01 
3.82 0J 2,8001 

2.98 01 
1.87 01 
2.21 01 

1.34 01 
1.59 01 

1.01 01 
1.20 01 

7.97 00 
9.47 00 

6.46 00 
7.69 00 

$.3700 
6.39 00 

4.54 00 
78 

1.85 01 
2.25 01 1.08 01 

2,8001 
2.98 01 

1.87 01 
2.21 01 

1.34 01 
1.59 01 

1.01 01 
1.20 01 

7.97 00 
9.47 00 

6.46 00 
7.69 00 

$.3700 
6.39 00 5.4100 

SI 2.72 01 1.3001 3.46 01 2.54 01 l.-j 01 1.4001 1.110] 8.97 00 7.46 00 6.32 00 
84 3.07 01 

3.46 01 
1.53 01 
1.83 01 

3.42 01 2.77 01 
3.1101 

2.10 01 
2.48 01 

1.60 01 
1.90 01 

1.2601 
1.50 01 

1.03 01 
1.22 01 

8.57 00 
1.02 01 

7.27 00 
87 

3.07 01 
3.46 01 

1.53 01 
1.83 01 1.1201 

2.77 01 
3.1101 

2.10 01 
2.48 01 

1.60 01 
1.90 01 

1.2601 
1.50 01 

1.03 01 
1.22 01 

8.57 00 
1.02 01 8.63 00 

90 3.37 0] 2.12 01 1.30 01 3.05 01 2.7101 2.1701 1.72 01 1.40 01 1.16 01 9.87 00 
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2.8 TRANSMISSION BANDS 
OF SELECTED FILTERS 

Burton L Henke 
Figures 2-7 and 24 show transmission bands Tor selected prac
tical filter material! between 50 eV and 10 kcV. The Alter 
materials ind absorption edges are given ia Table 2-13, along 
with the mass thickness m required to live about a 60% max* 
imum transmission. This value of M is equal to l/(2fi), where 
;i is the mass tbsoiptkft coefficient in em'/pf. These figures 
illustrate only the principal transmisiion band for each filter. 
A typical transmission curve for a wider spectral region is 
shown ia Fig. 2-°. tad detailed transmission curves for all the 
filter materials considered here can be found in B. U Henke 
and P. A. Jaanimagi, "A Two-Channel, Elliptical Analyzer 
Spectrograph lor Absolute, Time-ReioMng/Time-IfltegrMing 
Spectrometry ofFulsedX-Ray Sources in the 100-10,000 eV 
Region," Rev. Set. Itutnim. M, 1537 (1985). 



2-45 
TaM*2-13. Absorption edges and mass thicknessesfor thefilters with 

transmission characteristics illustrated in Fly . 1-7 and 2-8. 

l/2u 
No. Filler E*e(eV) ( W / » a ) 

1 Beryllium (Be) Be-K(lll) 81 
2 Boron nitride (BN) B-K(ISB) 68 
3 Carbon (C) C-K (284) 226 

Polypropylene 
(CHZ-CHCH3)S 

C-K(284) 256 

Formvar (CjHT02) C-K (2S4) 156 
Mylar (CjoHjO,) C-K (284) 152 
Kimfol(C|6H|403) C-K (284) 181 

4 Boron nitride (BN) N-K (400) 66 
5 Aluminum oxide (AljOj) O-K (532) 126 

Silicon dioxide (Si02) O-K (532) 116 
Polyformaldehyde (CH20)., O-K (532) 92 

6 Iron (Fc) Fe-L3 (707) 234 
7 Nickel (Ni) Ni-Lj (854) 279 
8 Copper (Cu) Cu-L3 (933) 318 
9 Magnesium (Mg) Mg-K (1303) 1139 

10 Aluminum <A1) AI-KO560) 1427 
11 Silicon (Si) Si-K(1840) 1680 
12 Saran(CH2-CCI2)„ Q-K (2820) 3151 
13 Silver (Ag) Ag-L3 (3351) 1296 
14 Tin (Sn) Sn.L3 (3929) 1669 
15 Titanium (Ti) Ti-K (49M) 6010 
16 Chromium (Cr) Cr-K (59B9) 7924 
17 Iron (Fc) Fe-K(7Ul) 9804 
18 Nickel (Ni) Ni-K(8331) 11820 
19 Copper (Cu) Cu-K (8980) 13699 



Energy (eV) 
fit 2-7. TrarxmiSiion dandi ofaltaedfiUm (str tatty towm 10 *l ' and 1 ktV. 



fig, Z-g. Transmission bonds of sdtrttdfillers(snlobte) bomttn 500 tYand 10 keV-
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Fig. 2-9. Tmnsmiaion diarafleristinfo' boron nitride M w > 3D tV and I ktV. 



SECTION 3 
SCATTERING PROCESSES 

3.1 SCATTERING OF X-RAYS FROM 
ELECTRONS AND ATOMS 

Janos Kirz 
A. COHERENT, RAYLEIGH, OR 

ELASTIC SCATTERING 
Scattering from single electrons (Thomson scattering) has a 
local cross section 

aT - 8 i r r / /3 - 6.6S2 x 1 0 - 2 9 m s , ( I ) 

where rt is the classical radius or the electron, e 2 / m c 2 • 
2.818 x 10~"meter. The angular distribution Tor unpolir-
ized incident radiation is proportional to (1 + cos 1 it), where & 
is the scattering angle. For polariied incident radiation, the 
cross section vanishes at 90* in the plane of polarization. 

Scattering from atom) involves the cooperative effev. of i.l< 
the clKiront, and the CTOJJ section becomes 

oR - » r / J ' If&Hkl + cos J«rf(cos0) , (2) 

where f(B) is the (complex) atomic scattering factor, tabulated 
in Section 2.7 of this booklet. Up to about 2 kcV, the scatter
ing factor is approximately independent of scattering angle, 
with a real part that represents the effective number of elec
trons that participate in the scattering. At higher energies, the 
scattering factor falls off rapidly with scattering angle. Par 
details see Ref I. 



B. COMFTON SCATTEKING 
In icUUviitlc quantum tnecbuicf, the scattering of a-rays by * 
free electron if given 6y the Kleia-Niihina formula. If we 
assume unpaltrized x-rays and unaligned electrons, this for
mula can be'approjcimated as follows fcr x-ray energies below 
100 keV: , 

r}{\ + cos3 6) 
*" 2 i+ * ( i -e« n 2 

where it * E/mc\ the photon energy measured in units of 
the electron rest energy. The total cross section is approxi
mately 

K N * 3(1 + 2k)2 

Note that for very low energies {k ~r 0), we recover the Thorn-
son cross section. The real difference comes when we deal 
with atoms, In that case, if the scattering leaves the atom in 
the ground state, we deal with coherent scattering (sec above), 
whereas if the electron it ejected Irom the atom, the scattering 
is (incoherent! Compton scattering. At high energies, the total 
Compton cross section approaches Z<*w ^1 low energies 
and small scattering angles, however, binding effects are very 
important, the Compton crow section is significantly reduced, 
and coherent scattering dominates (see Fiji. 3-1 and 3-2}. For 
details see Ref*. 1 and 2. 

The scattered x-ray suffers an rnergy loss, which {ignoring 
binding effects) is given by 

E'/E - 1 / ( 1 +fc ( l -eos0) I (5) 
or, in terms of the wavelength shift, 

V - \ - \ . (1 - cos 8) . (6) 
whereXc - hlmc - Z426 x 1 0 " 1 2 meter. The kinetic 
energy of the recoil electron is just the energy Ion by the pho
ton in this approximation: 

l + *( l - cos0) (7) 



10 3 10 s 10 7 10 9 

Photon Bneigy (flV) 

Total photon cross section o^i "> carbon, as a function of 
energy, shotting the contributions o}different processes; r. 
atomic photo-effect (ettctron ejection, photon absorption); 
o^ coherent scattering (Raylelgh scanerlng—caom neither 
ionized nor excited): o^ato Incoherent icanerint (Compttm 
scattering off an electron); •„ , pair production, nuclearfield; 
« ( , pair production, electron field; «•* photonuclearabtaep 
Hon (nuclear absorption, usually followed by emission of a 
neutron or other particle}. (From Itrf. J; figure courtesy of 
J. H. Hubbeli.} 
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I. J. H. Hubbeli, W. J. VciKle, E A. Brim. R- T. Brovm, 
D. T. Cromer, and R, J. Howcnon, "Atomic Form Fac
tors, Incoherent Scattering Functions, and Photon Scatter
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(197 J). 



In 

tol, expe<rment 

v\ 
/ \^~~~*; -

- / 
/ I , 1 

I 1 0 4 

8 
10° 

10" 
10 10 3 10 s 107 10 9 10 1 1 

Pftoton enerfly (eV) 

ffeJ-2. Total photon cross section 0^ in lead, at a fiinaton of 
energy. SeeFlg.S-l. (Front Ref. 3: figure courtesy qf 
J. H. Hubbell) 

2. R. D. Evaru, The Atomic Nucleus (Kriefer, Malabar, FL, 
1982); R, D. Evanj, "The Campion Effect," in S. Flutfc, 
Ed., Handbwk del Phystk, vol. 14 (Sprin|W-V«l»», Ber
lin, 19S8), p. 218; W. J, Veigele, P. T. Tracy, and E M. 
Henry, "Compon Effect and Electron Bindim," Am. J. 
Phyt. 34,1116(1966). 
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ficient!) for I McV-100 GeV Photon* in Element! Z - I 
to 100," J. Phys. Chtm. Ref. Data », 1023 (19S0). 
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3.2 LOW-ENERGY ELECTRON 
RANGES IN MATTER 

Plero Planetia 
The electron range ij * mesiure of the itnughMiue penetration 
distance of electrons in a solid | t ] . Electron* with energies in 
the kilo-electron voli range, traveling in a solid, ire scattered 
inelastically in collisions with the electrons in the material. 
For Iw-Z materials, such as organic Insulators, scattering from 
the valence electrons it the major lost mechanism for incident 
electron energies from 10 eV to 10 keV. The core If veil con
tribute less than 1MB to the electron'* energy dissipation for 
energies between I fccV and 10 keV [2j. 

For electron energies below 5 keV, the usual Belhe-Bloch 
formaliim is inadequate for calculating the electron energy loss 
in a solid, and an approach using the dielectric response of the 
material is used [3|. The complex dielectric function <(*,u>) 
describes the response of a medium lo a given energy transfer 
Au and momentum transfer hk. The dielectric function con
tains contribution) from both valence and core electrons. 
References 4 and 5 describe the steps for calculating <{k&) fye 
insulators and rnettls, respectively. For an electron of energy 
£, (.he probability Qf an energy lou <u per Unit distinct is given 
by|2] 

r U U w ) - _ U p f l J - ^~ l (I) 
XOQE J*_ * L«*.w)J 

whcreft&? - VST (v*E * Vfi-huJ and «(> - rV2/me2. 
Trie quantity * (E,nu) it also known ai the differential inverse 
mean free path, because by integrating it over all allowed 
energy transfers, th? inelastic mean fiw path is obtained. 
Furthermore, an integration of n wr<E,ft w) over all allowed 
energy transfer* gives the energy IOM per unit path length, or 
stopping power S(E). The stopping power can then be used to 
calculate the distance it takes to alow an electron down to a 
given energy' This distance is called the continuous flowing 
down approximation range, or CSIM range, became the calcu
lation assumes that the electron slows down continuously from 
the initial energy £ to the final energy, which is usually taken 
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to be 10 cV (2 | . The CSDA range Ra{E) is given by 

The calculations for Inelastic mem ftw path and stopping 
power have been carried out down to 10 eV for a number of 
materials, including SiOj [ 3 | ; polystyrene [2]: polyethylene 
16]; collodion [7j; and silicon, aluminum, nickel, copper, and 
gold [J] . The CSDA ranees from IS eV to 6 keV were then 
calculated for polystyrene, silicon, and fold by integrating Eq. 
(2) and are shown in Fig. 3-3. These curves can be used with 
confidence down to 100 eV. However, comparisons of dif
ferent available calculations with the met ier experimental data 
below 100 eV indicate that errors as large as 100% may occur 

io« 

-103 
•J, 

I01 

10 1 10 2 1Q3 10 4 

Electron energy (oV) 

Ffg.3-X PloiofthtCSDAranrr.aiafimctioncftneTsy.Jbrgoldand 
llllcon[S) and far polyttyrtnr,(C,Ht)n[ wiihadouttyof 
1.01 t/cm5 \l\. TKtmrasurtd electron range in collodion 
witH a dually of I g/an J is alio plotted [ 7\. 



at lOeV. An example of this is shown in Ihe figure, where 
experimental range data for collodion are given. It is clear that 
the agreement bclwecn the collodion and polystyrene data 
starts to become reasonable above lOOcV. The differences 
below 100 eV could equally well be due to problems with the 
theory or to the increased difficulty of the measurement. 
Stopping-power calculations for PMMA have been carried out 
only from 100 eV, so that the CSDA range as defined above 
could not be calculated | 4 j . However, data on cfleclive elec
tron ranges of photoclcctrons in PMMA at several energies can 
be found in Ref. B. 
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SECTION 4 
X-RAY SOURCES 

4.1 CHARACTERISTICS 
OF SYNCHROTRON RADIATION 

Kwang-Je Kim 
Synchrotron radiation occurs when a charge moving at rcla-
tivistic speeds Follows a. curved tntaiory. (n this section, for
mulas and supporting graphs are used to quantitatively 
describe characteristics of this radiation for tht cases of circu
lar motion (bending magnets) and sinusoidal motion (periodic 
magnelic structures). 

We will first discuss the idea) use, where the effects due to 
the angutar divergence and the finite size of the electron 
beam—the emit la nee effects—can be neglected. 

A, BENDING MAGNETS 
The angular distribution of radiation emitted by electrons 
moving through a tending magnei with a circular trajectory in 
the horizontal plane is given by 



• photon flux (number of photons per second) 
- observation angle in the horizontal plane 
• observation angle in the vertical plane 
- fine-structure constant 
- electron encrgy/m c 2 (m f - electron mass, 

c "Velocity ofligl.it 
* angular frequency of photon (£• ftu -energy 

of photon) 
- beam current 
* electron charge - 1.602 x I0~ l 9coulomb 
- a/ue - t/(e 

- critical frequency, defined as the 
frequency that divides the emitted power 
into equal halves, - 3y*cJ2fl 

- ndiui of instantaneous cuwature of the 
electron trajectory Jin piactica! units, 
rfm) - 3,3 E(GeVy/B{T)\ 

- electron beam energy 
- magnetic field strength 
* hu. (in practical units, 

tc (keV) - a-565 E2 (GeV) S{7)\ 
- W 
- J (I +Xl)il vlflln 

The subscripted Xs are modified Besse] functions or the 
second kind In the horizontal direction (^ - 0), Bj. (I) 
becomes 

where 

^ W ^ O ' W . (3) 
In practical units [photons-s~'-nir~"i-{0.1% bandwidth)"1 J, 

d2Pn I , , -iml.r'-3"'"0 "^n'ww 
The function If^y) is shown in fig 4-1. 

The ditlribu Son integrated over </- ti given by 

http://ofligl.it
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101 1 1 1 1 

y - E/E C 

Fig. 4-1. Thefimttiow C, 0>) and H^Y *-htrey ii the ratio of pho
ton entity to critical photon energy. 

where 

ClO 'J -y l" K5/i(y')dy'. <5) 

In practical units [photons •s~ 1 -mr~ l -(0. l%bandwidlh)~ 1 ) , 

- j -£ - - 2.457 x l O ' ^ f G e V j / f A j G , ^ ) . 

The function G t{y) is also plotted in Fig 4-1. 
Radiation from a bending magnet is linearly polarized 

when observed in the bcndini plane. Out of this plane, (he 
polarization it elliptical and can be decomposed into its hor
izontal and vertical components. The fust u d second terms 



fa the last bracket of Eq. (I) ccrrespwsd, respectively, to the 
Intensity of the horizontally and vertically polarized radiation. 
Figure 4-2 tivet the tnrmalized intensities of these two com
ponents, as functions of emission anile, for different enenp'ei. 
The square root of the ratio of these intensities it toe ratio of 
tnemiiCTaQdmiDoruetortnepoIariutlDaeUipse. Toe 
K Q K of the electric field rotation reverses as the vertical obser
vation angle changes from positive to negative. 

Synchrotron radiation occurs in a narrow cone of nominal 
angular width —Uy. To provide a more specific measure of 
thii angular width, in terms of electron and photon energies, it 
is convenient to introduce the effective rmi half-angle o^ as 
follows: 

where a . is given by 

. 2 cm . mm0 0 0 1"*1 

The function Cty} is plotted in Fig 4-3. In tem» of a., 
Eq. (2) may now be rewritten as 

d% Id 
m 

m 

tit. <*-2. Harmallud imeiuittei ef horizontal and vertical potariwion 
components, injunctions of the vertical observation angle |f>, 
far different photon tnergiet. (Adaptedfrom Ref. iJ 



B. PERIODIC MAGNETIC STRUCTURES 
In a wigglcr or an undulator, electrons travel through a 
periodic magnetic structure. We consider the case where the 
magnetic field B varies simisoidatly and is in the vertical 
direction: 

fl(z)-fl0co5i>=/Xli>, (8) 
where z is the distance along the wiggler axis. 8$ the peak 
magnetic field, and \ u the magnet period. Electron motion is 
also sinusoidal and lies in the horizon la I plane. An important 
parameter characterizing the electron motion is the deflect ion 
parameter K given by 

*.' - eB&Jlicmc - 0.934 X„lcm|fl 0 |T | . (9) 
In terms of A', the maximum angular deflection of the orbit is 
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5 - K/y. For K s 1. radiation from the various periods can 
exhibit stron| interference phenomena, because the aniular 
excursions or the electrons are within the nominal l/T radia
tion cone; in this case, the structure is referred to as an undula-
tor. In the case K » 1, interference effects arc less impor
tant, and lie structure is referred to as a winter. 

B.l Wlnltr rtriiarJoa 
In a wi|jler, K is large (typically a 10} and radiation from dif
ferent pans of the electron trajectory adds incoherently. The 
flux distribution is then given by 2N (where N ii the number 
of magnet periods) times the appropriate formula for bending 
magnets, either Eq. (I) or Eq. (2). However, p or B must be 
taken at the point of the electron's trajectory tangent to the 
direction of observation. Thus, for a horizontal angle 0, 

, \ / i - (8/i)2. 

f c m u - 0.665 £2[GcV] fl0[T|. 
When ̂  - 0, the radiation is linearly polarized in the hor

izontal plane, as in the case of the bending magnet. As <P 
increases, the direction of the notarization changes, but 
because the elliptical polarization from one half-period of the 
motion combines with the elliptical polarization (of opposite 
sen« of rotation) from the next, tht polarization remains 
linear. 
B.I Unaalator radiation 
In an undulator, K is moderate ( s i ) and radiation from dif
ferent periods interferes coherently, thus producing sharp 
peaks at harmonics of the fundamental (n - 1). The 
wavelength of the fundamental on axis (0 - \l< - 0) is given 
by 

A,[A|. 

- (1 + Ml) , 
2-r2 " 

13.056 \ |cm) 
E2[GcVj ' 



The corresponding energy, in practip1) units, is 

«, keV - 0.950 J L — -

The relative bandwidth at the nib harmonic is 

f-'^-'TS <•-'•«••••>• l l 2» 

On axis the peak intensity of the nth harmonic is given by 

^ 5 L | - „ A V ^ ^ ^ M - ) <«-1.3.5.. ) 
- 0 ( « - 2 , 4 . 6 . . . ) , (13) 

" (I + rV J/2J 2 I • 3 - ~ L<«<l + A--/2) J 

.^ Ir_jrtt_"|y. «,,, 
~ U{! + rT2/2j JJ 

Here, the A are Bcsscl functions. The function /' n(A") is plot
ted in Fig 4-4, In practical uniii (photons • s - ' • m r " ' • 
(0.1% bandwidth)" 1 ) , Eq. (131 becomes 

guiar di 
narrow 

V i -, V 2* 
Here L is the length of the umtulaior it - SKU). Additional 
rings of radial ion of the same frequency also appeal ai angular 
distances 

The angular distribution of the nth harmonic is concen
trated in a narrow cone whose half-width it given by 



Fig. 4-4. Thefunction f n(A')/or different \aluei ofn, n-herr K li the 
deflection parameter. 

The angular structure of undulaior radiation is illustrated in 
Fig. 4-S for the limiting case of zero beam emiltancc. 

We arc usually interested in the central cone. An approxi
mate formula for the flux integrated over the central cone is 

or, in units of photons •&"' • <0. I'M bandwiih) - 1, 
P„ - 1.431 x \OltNQ„l\A\. 

The function 0 f l<tf)-<l + K1/2)F„/n is plotted in Fig. 4-4. 
Equation (13) can alio be wrilten as 

Away from the axis, there is also a change in wavelength: The 
factor (1 + K2/2) in Eq, a I) must be replaced by 
[ I + K2/2 + r f f l 1 + V)\. Because of this wavelength shift 
with emission angle, the ingle-integrated spectrum consists of 
peaks at \„ superposed on a continuum. The peak-to-

file:///aluei


Hg- 4-5. Tlit angular distribution offundammia! fa - 1, undubxor 
radiation for thetimiiing east ofrm> beam emiitanee. The 
x andy axes correspond to the observation angles Band $ 
(in radians), respectively, and the - a m a the intensity m 
photons -s"' -amp' '-(01 mr)"- • (l%bandnidth}~1. 

' Thr undulator parameters for this theoretical talcuhuion +*re 
N -H.K- 1.87. \ u •S.iem.andE- 1-3 G,V. (F,gure 
courtesy ofK. Taichyn. Stanford Vniiersity.) 



Flg.44. Tht function QHIK) fordtfftrtM values of'n. 

continuum ratio is large for K « l.butlhe continuum 
increases with A', ai one ihifti from undulator to wiitler ci 
ditioni, 
BJPtww 
Trie total power radiated by an ur Julator or wigjJer is 

where Z n - 377 ohms, or, in practical units, 
P r |kW) - 0.633 £2|GeV]fl^|T|/,[m) / | A ] . 

The angular diitribulion of the radiated power is 

or.inunitiofW-mr~J, 

G[K\fK{tQ.yl>). 



• ^ r - 10.84 B0\T]EA{O<!V[/{A}NGtK}/K(-r0.vt't-

Ttie behavior of Ihe angular function f^tyB.y^). which is 

Flf. 4-7. Thr Angular fiinctiimfr. for dlferatt wfoaeflhed&eetion 
paramarr K, (a) as ajuncliaa cftht vtnlcoi obsm&lon 
angle t> wtitn tht horizontal obxnatlon angle 0 - 0 and 
(b)taa junction of 9 wkn i-6. 
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normajteed u / r (0,0) - I, il shown in FT*. 4-7. Tbe lUnction 
G{K\ shown inTJf. 44, quickly approach** unity u K 
incmteifiQctittra. 

'0 I U J , I I t 

Ffc*A n»JfinaAM 0(«(. 

C. EMHTANCE EFFECTS 
Electron* in Home rinu art distributed in • finite are* of 
transverse phase space— position x ai»te. We introduce the 
tm* beam slits u, (horiionu]) and » (vertical* and beam 
JivcriHux* o y (hortionul) and <y (vertical). The quantities 
<x » 0,0^' and »y ™ Oj,ff<,'*re known u the horizontal and 
vertical cmiltancn. respectively. In general, owing to the 
finite emittances of real electron beams, the Intensity of the 
radiation observed in (he forward direction it leu than thai 
livtnby&ji, (2a)im)(13a), Finite emiltancet can be taken 
into account approximately by rtpticin* these equations by 



for bends and undulators, respectively. For bcndini maincu, 
the eleclron beun divergence effect i i usually neaJiaible in the 
horiionul plane. 

D. S P E C T K A t H I G H T N E S S A N D 
TRANSVERSE COHERENCE 

Foe experiment! that require * imall angular divcrteaoe and a 
tmall imdiated area, the relevant fifure of merit it the beam 
brightness a, which ii the photon nun per unit phaie tpace 
volume, often given in units of photons- « - 1 • m r ~ 3 • m m - 2 

- (0.1% bandwidth)"'. For an undulalor, an approximate for
mula for the peak brightness is 

^i , (0,0) - - — ; = , (22) 
<2x) OrxajyOftfTy' 

where, for example. 

and where the tingle-electron radiation from an utility 
extended source of Unite wavelength is described by 

- V A T . 

Bri|hlnc» is shown in Fig. 4-9 for several sources of synchro
tron radiation, as well as some conventional x-ray sources. 

That portion of the flux that is transversely coherent is 
given by 

°'rTx'rTyaTx"'Tv' 



to»r 

: io'6 

*14 

Waveienglh (JS] 
1240 >24 1B4 1.24 

ESRF undulators 
ALS ufidulators „ • * " *—"N. . _ . 

/ NSLS X l \ 

PEP umJuteto?" 

SSRL 54-polo higgler 

1 0 1 0 . 

lOoV 100oV ikeV lOkeV 100 keV 
Pholon energy 

Hg. *-9. Spectra) Wttoxrujor severalrynckrotron radiation tourers 
andcowtxilonaixrayiokmi. The dataiorconvrUionai 
x-ray lubt* thouid be taken <u roufH attmata only. *'*« 
brljAtntlt aeptndt strongly on lurh parameters as operating 
roliaie Bfld lakt-oSangie. The Irutitwni t»ovraewf-
mniniiwlf rantM rtwiSt anrorimalF tuhaim ihoi w* 
bt expected among stoiioHaryanode lubes lloner ftd 0/ 
rant*), niwini-moat rata ftiiddit), and raaiinronodt 
lubes *lt/i mtew/bnuing (upptr end af range). 
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A substantial fraction of undulator flu* is thus transversely 
coherent for a low-cmittancc beam satisfying txt,, £ {X/4r)2, 

E. LONGITUDINAL COHERENCE 
Longitudinal coherence is described in terms of a coherence 
length 

rt - \2/Ak . (26) 
For an u adulator, the various harmonics have a natural spec
tral purity of AAA - UnN |see Eq. (12)]; thus, the coherence 
length is given by 

(c - ,'iNA . (27) 
which corresponds to the rclativistically contracted length of 
the undulalor. Thus, undulalor radiation Tram low-cmittance 
electron beams \txty £ (X/4x)'] is Iransversely coherent and 
is longitudinally coherent within a distance described by E,. 
(27). In the case of finite beam emiitance or finite angular 
acceptance, the longitudinal coherence is reduced because cf 
the change in wavelength with emission angle. In this sense, 
undulalor radiation is partially coherent. Transverse and long
itudinal coherence can be enhanced when necessary by the use 
of spatial and spectral filtering (i.e., by use of apertures and 
monochromators, respectively). 
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4.2 X-RAY TUBES 
The spectral brithtnesi of conventional it-ray tube* is com
pared to that of sources of synchrotron radiation In Fig, 4-9. 
Detailed data on the emission characteristics of tubes, lOfcther 
with additional reference*, can be found in the references listed 
be tow. 
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4.3 PULSED X-RAY SOURCES 
Gary L Stradling and John C. Rio/dan 

Both laser-generated plasmas and Z-pinch plasmas are com
mon])' used putted x-ray sources. In boih, x-ray generation ii 
by radiilive recombinalion and atomic inner-shell line emis
sion. The relative contributions of these two processes at a 
given x-ray energy depends on several physical plasma param
eters, including the electron density and energy distribution, 
the plasma material, and the ionization stales. Bremsiirahlung 
radiation is generally negligible, except in the case of plasmas 
produced by long-wavelength lasers. In optically thick, high-
atomic-number plasmas, the thermal x-ray emission spectrum 
can be roughly approximated by a black-body spectrum, with 
tome atomic line structure superimposed. 

A. LASER PLASMA SOURCES 
Laser-generated plasmas are produced by illuminating matter 
with high-power Users, focused intensities typically ranging 
ftoro 10 1 2 to 1Q1 J W/cm 2. Small systems in which a few 
tenth) of a joule of 1.06-̂ m light, delivered 10 an area of about 
IffVm1 within a few tent of picoseconds, nave proved to be 
useful x-ray genemon, at have larger systems that deliver tent 
of kjlojoules in less than a nanosecond. 

Parametric studies have shown that the x-ray emission effi
ciency, spectral shape, and emission pulse width depend on the 
illumination conditions, as well at the irradiated material (l}. 
Shorter (submicron) wavelengths, moderate Irradiation intensi
ties ( - I 0 1 * W/cm?}. and hrefa-atomic-number plasmas appear 
to provide the highest x-ray production efficiency |2j. Figure 
4-10 show* some experimental and theoreiicnl results. 

The x-ray emission pulse shape depend! on both the pho
ton energy of the emitted radiation arid the plasma atomic 
number. Higher photon energies (>1 keV) and higher atomic 
numbers yield pulse shapes that conform closely to that of the 
later. Lower photon energies (<1 keV) and low atomic 
numbers tend to show pulse* wider than the later pulse. This 
observation can clearly be understood as the effect of a cooling 
plasma emitting at progressively lower temperature* An 



Laser intensity (W/cm aJ 

Fit. *->0. Measured and theoreticalx-ray conversion efficiencies as 
Junctions of incident intensities, for three laser tvavelengths. 
Tht curves represent the results of computer simulations. 
(FwmRef.l) 

example or this spectral dependence of the pulse width is 
shown in Fig-4-11. 

A crude relationship can be established between the con
verted incident laser intensity and the x-ray emission charac
teristics or the plasma by invoking the Slefan-Bolumann rela
tionship. In units common to laser applications, 

t„d - 1-03 * 10 s [w/(cm a • cV*)\. ( f t r j 4 . 
where kT is the black-body temperature in cV. Thus, a black 
body would radiate u shown in Table 4-1. 

Knowledge of the laser intensity and the x-ray conversion 
efficiency can then be used to obtain an estimate of the region 
of temperature space the plasma is likely to occupy, assuming 
that Ihe plasma corresponds to an optically thick blick-body 
tmiiier. 

B. Z-prNCH SOURCES 
tn a Z-pinch device, the "pinch plasma" is produced by mag
netically imploding ft cylindrical g u column that fills an elec
trode gap. The electrodes are connected to dfast capacitor 



500 1000 16W i, X 2500 3000 
Time (pa) 

Fk-4-ll. Emlalontilitoryiifatoldplatmateitmit4byt93S-fs.il-
J. t.Q6nmlaserwheincttimonegeMi)nb, ThtineUtai 
powrrdnuitywuin lo^ty/m'. Thtdtewaing pulse 
wt&h-rfikimfQttntfiwtmtntrt)>HW*t*n>- DaMwnt 
takmwUh a wft x-nyitrMk camera In iOmbliuilon wkh a 
flv+dwmtl feymrf synthetic mienamimut vMismwr 
with ofUVctototf-with. KttMin internum of tteflte 
rtconU energy bvtir wtrr nol eallb/aiti (FromlHf.i.) 

http://Emlalontilitoryiifatoldplatmateitmit4byt93S-fs.il-
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TiW* 4-1. Radiated internum Jbr leverat black-body temperature!. 

kT(tV) / ^ ( W / c m 3 ) 

50 6.4 x 10" 
100 1 x I 0 1 3 

ISO 5.2 x I O n 

200 1.6 x I 0 H 

bank, which ionizes (he gas in several nanoseconds to form a 
low-iempcraturc plasma shealh. The plasma conducts a large 
cleclric current, whose azimuthal magnetic field radially 
compresses the plasma to create a hoi, dense plasma that is an 
emitter of intense x-rays. 

During the implosion, the plasma acquires kinetic energy 
which is ihcmiHlizcd as the plasma stagnates on axis. This 
thermal energy is then radiated away in a submicrosecond 
pulse by bound-bound and free-bound transitions from a wide 
range of ionization slates in the plasma. The resulting spec
trum is a quasi-continuum of merged lines and recombination 
continua, which typically peaks at 100-200 cV and extends 
beyond 600 eV. 

For most applications requiring, a small source spot size, 
the source is viewed along the plasma axis through a hole in 
the anode. Hot p s debris and energetic electrons are also 
emitted through the hole and can damage specimens, filters, or 
windows placed too close to the source. Nonetheless, success-
fu} c x p o i u ' » of tow-sensitivity photo mists have been made 
as close »< 15 cm to the source, using a bafllc array and per
manent ii 'i iris lo divert the debris and electrons. At ihe 
other ex" ne, sensitive materials, such as soft x-ray photo-
-mpl f, can be exposed tens of meters away in a single 

niirogen, oxygen, neon, argon, and kryplon have 
i . :o optimize the emission of Z-pinch plasmas in dif-

•ctral ranges. The radiation spectrum and intensily 
, .,id t r o l l y on the working gas, whereas source spot size, 
.isc width, and jiuer do not. Because the soft x-ray yield his 

i. strong inverse dependence on photon energy, the most 



4-22 
inieiiK toft x-radiition (Ac » I keVJit achieved with a neon 
plaima |4] . The XUV yield [h» < 1 VeV), on the oilier hand. 
generally increases with atomic number because of the greater 
number of electron! in the radiating shell [4]. 

The tof) x-ray ipectrum emitted bya neon plaima consists 
of Jf-shell lines and recombination coralnua from both helium
like and hydrogenlikc specie* [4] (ice Fit- 4-12). The XUV 
ipectrum emitted by in argon plasma is a quasi-conlinuum of 
merged £-stiell lines and recombination continua from a 
number of panially ionised argon species |5|{see . :ig. 4-13). 
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SECTION 5 
OPTICS 

6.1 CRYSTAL AND MULTILAYER 
DISPERSIVE ELEMENTS 

Jemet H. Vadmtood 
Short-wivelentth electromagnetic radiation (a-wi and 
extreme ultraviolet tttht) ft commonly anatyreo '^ use of 
periodic structures, which split the incident beam into n larjc 
number N orscparale beams. Between my beam / and the 
betntJ + l.rtieopticalpathdiffertnccitconstam. After(eiv-
in* ihe periodic structure, the beams are rwombined and 
caused to Interfere, whereupon the spectrum of the incident 
radiation it produced. Dispersion of radiation by a periodic 
structure it ihui formal!)'equivalent to mulitple-bcim intcr-
ferometry. 

Structures that are periodic acrou their turface and that 
produce the M tntericrint beami by division of the incident 
wave from are called iniir«t and are treated in Section 5.1 
Here, we consider crystals and multilayer structures, which 
produce the A' imerferini beams by division of the incident 
amplitude. 

The spectrum of the incident radl'.tiun is dispersed in antic 
accordini to the Bran equation: 

n^-Wsinfl 
whert n it an intcacr represemtnt, the order of the reflection. \ 
is the wavelenitn of the Incident radiation, d it the repeal 
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period of the multilayer or crystal structure, and 0 is the angle 
o r i l i n c i n i incidence (the complement of Mr conventional 
optica) angle of incidence). 

Multilayer structure! fall into four separate categoric*: 
naturally occurring crystal! (i.e., mineral)), artificially grown 
crystals, Langmuir-Slodgeit multilayer films, and sputtered or 
evaporated multilayer*. 

A, CRYSTALS AND U N G M U I M L O D G E T T FILMS 

For a crystal, d is ibe Janice spacing, the perpendicular dis
tance between the »ccet:<ve planes of atom* contributing to 
the reflection. These plar.es are designated by their Miller 
indices |(AW> or, in lbc case of crystals belonging to the hexag
onal group, (AW/jl. 

UnimuXr-BUyJistt multilayer films art nude from the 
heavy-metal (lead, barium, etc) sail* of Ibe aliphatic 
carboxylic {Tatty") «cfdt C„ H j B 0 2 . These films are laid 
down on a substrate in successive monolayers, with the metal 
atoms an one aide of the monolayer and Ihe Ally acid eftaia 
on the other. The films arc first laid on the surface of water as 
a condensed monolayer under a conitani surface pressure, then 
transferred to the substrate in a dipping process, which builds 
up the multilayer structure layer by layer. The orientation of 
the molecules alternates with each successive monolayer, so 
that d, the repeat period of the structure, is twice the length o f 
the fatly acid chain. MultiUyeriofiUtkiadcanbebuiKwitri 
the salts of lauric (dodecanoic) acid (i 2 carbon atoms, 
U - 70 A> Anwa> nvtltute ttriacotnanotc) acid {30 tartwn 
atoms, 2 d " IK) A), In general, aa luef ibe naturally occur* 
ring acids {those with an even number of carbon atoms) can be 
layered in this way, whereas those that must be made syntheti
cally cannot. 

For 2d values greater than about 2S A, the choice of 
natural crystals is very limited, and thou available (such u 
proclilorite) are likely tr> be small and of poor quality. Using 
vacuum deposition techniques, it is now possible 10 mate 
artificial layered UruOutt* with periods (d) of 19 A and 
greater. T l u ^ s p u t w r r i D r c v a p ^ t f muluTayeri,c5ieniised 
below, can be used as dispersing element! in the gap between 
the hydrogen (or "acid") phthalates, such w KAP 
\ l d - * 6 A > , i r d k » A l * « W i t l d - 1 0 A ) . Together with the 
Lanfrntui'Modieli iirwiurei, these device* form t bridgo 

http://plar.es
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between the icgion where crystals arc useful and the UV region 
of conventional multilayer technology. 

Table S-I, which begins on p. i-7, it an expansion and revi
sion of the one compiled by £- ?. Benin 111. The crystals and 
multilayers ate arranged in otder of increasing 2d spacing. 

Column ) is the serial number tfthecrysul fir multilayer 
in the table. 

Column 2 fives common and chemical name* and com
monly used tetter symbols, if any. Only the lead salts are 
lined for the Ungmuir-Blodgctt multilayers. The barium or 
other divalent mewl Mil usually has a similar 2d spacing to 
(he lead salt, but a lower diffracted intensity. 

Column J lives the Miller indices ((Ml), or (hklt) for hex
agonal crystals)] of the diffracting plane!; parallel to the surface 
of the dispersive element A Question m»iK(?> indicates thai 
the crystal is developmental and that the indices have not been 
ascertained. An asterisk following the indices indicates that, 
when reference is made to this crystal in me literature without 
specification oUhkl) or 2d, it is likely lt> be this "cut" that is 
meant. LBFdr-./;ie»aLaiiniuir-Blod|ett film. 

Column 4 lives the value or 2d in antttfomi. The value of 
W also represent* the lontest wavelength that the structure 
can diffract. 

Column Sgivw the chemical formula for the crystal sub
stance. Fororaanicoampoundj,thefonrmlauiivenina 
form that indicate! the molecular structure. 

Column 6 gives the wavelength region lying in the 29 inter
val between 10° and 140s, The analyzer should be used oul-
lide these limit* in special cam only. 

Column 7 gives remark) on the principal applications of 
the analyzer and ill limitations. Relative intensities are indi
cated where known or appropriate, 

•, SPiriTEftED OK EVAPORATED MI/LTILAVER 
MIUOHS AND DiSmstVE ELEMENTS 

Multilayer x-ray reflecton can alto be made try vacuum depo
sition, These structures are nude upofultraihln layers of two 
different materials, usually elemental, which axe laid down on 
the substrate ly alternately exposing it lo sources (either 
sputtering or evaporation sources) of two different vapors. By 
careful control of deposition conditions, layers u thin at 7.5 A 
can be laid down. 



54 
Normally i tputtered or evaporated multilayer reflector is 

madeupoflayeriofamateriaM with thiekneu tA and hav
ing i high vilue of* (the refractive index decrement, ice Sec. 
2.7) alternating with "tpacet" layer* of a material fl with 
thicknett tg and having *t low a value o f J «i pouJHe in ihc 
wavelength region of intcrcit For example, the UM of 
tungiten (or a timtlar refractory heavy meul, tuch at molybde
num or tuagtttn-rht-nlum alloy), with carbon » t h e ipacer, has 
been found to be elective over a wide r*n|e o f the x-ray and 
soft x-ray tpectnim. 

When the layeri are tlrictly periodic in depth,at detcribed t 

above, the relation between the reflected wavelength and the 
glancing angle 9 it again given by the Bragg relation, where d 
it now the per iod^ + tg. It ihouM be noted thai in the toft 
x-ray region, when- value* of both 6 and 0 (the abwrption 
index, let Sec. 2.7) may be relatively high, the Bragg equation 
thould be corrected for the effect! of refraction and absorption. 
Thii it belt accomplithed uting a prcfram deiigned to 
compute the reflectivity of multilayer*; many programs 
dcttgned for carrying out iuch cakulatioita for vitiWe-light 
interftrehoe coaling* will work for the x-ray and extreme (JV 
caie without modification. Such programa are alto required to 
calculate the reflectivity oTitructtiret that are not periodic in 
depth, but rather graded la tome may TO widen the budpasa, 
incraaae reflectivity for a ftxed number of layan, etc. 

Since the number of pottiW* material combinatiou i> 
quite targe, being limited mainly by conaidemtfoM of material 
compatibility and "depotitability," only tome example* of the 
prrfcmaiK«oflfcmmuHUayencanbeaLveiib«e. l a Fig, 5-
1, we p m e m the calculated aormal-iacidowe peak reflectivity 
of idtaUaed muKilaytT coating* of material combination fcav 
ing the optimum optical conMMa. The iiunbtr o f layer paira 
required to achieve thii reflectivity it alao ptottad o * the aame 
t a l e . I a f » i-2,tlK»Tl«rtf)«tk*c^^rtctah^^ic^of•fill-
tctt4 or evaporated multilayer ttntctum o f ttwaaw* aatd car-
boa are p m n t a d . For t a c t i o n tf ik* r*naaetanpttrM 
ia Fig. $-2 and for detail* •*> how they were calculated, ate 
Rtf .2, 
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S.2 SPECULAR REFLECTIVITIES FOR 
GRAZINQ-INCIDENCE MIRRORS 

Burton L Henke 
Figures 5-3 through 5-10 give reflectivities for eight grazing-
incidence x-ray mirrors, calculated from the scattering factors 
tabulated in Section 2.7. The calculations, which are summa
rized in B. L. henke, P. Lee, T. J. Tanaka, R. L. Shimabukuro, 
and B. K. Fujikawa, "Low-Encrgy X-Ray Interaction Coeffi
cients: Pnoioabsorption, Scattering, and Reflection," At. Data 
Nvtl. Dma Tables 27,1 (1982), assume unpolarized incident 
radiation and perfectly smooth mirror surfaces. 

The caltuiaiions are also based on the assumption that, in 
the low-energy x-ray region, the atoms within a condensed sys
tem act independently as scattering dipolts. The total atomic 
dipole moment per unii electric field amplitude is thus propor
tional to the average atomic scattering factor for the medium. 
Results for grazing angles from 10 to 7B5 mr at energies 
between 100 and 1140 ;V arc given in the reference cited 
abovt. 
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Fig. 5-5. Specular reflectivity for fused quartz, assuming a mirror density of 2.20 g"c 
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Fig. 5-7. Specular reflectivity for aluminum, aauming a 
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5.3 GRATINGS AND MONOCHROMATORS 
Malcolm R- Howells 

A. DIFFRACTION PROPERTIES 
A.l Notation »nd ilgn convention 
If we adopt the notation of Fig. 5-11. a end 3 have opposite 
signs if they are on opposite Sides of the norma!, 
A.2 Grating edition 
Tne basic grating equation may be written 

mX - d(sina +• sin/3) . (I) 
The angles a and 0 arc both arbitrary, so it is possible to 
impose various conditions relating them. If this is done, then 
for each X. there will be a unique a and (3. The following con
ditions ate used: 
(ij Qnbtaze condition: 

where flfl is the blaze angle {the angle of the sawtooth; see 
Table 5-2). The grating equation is then 

m\ - 2dsinfl f l cos (ff + QB) . 

Fig. 5-11. Illustration qfnotalivna! conventions. 



J-24 
<(i) Fixtd In and out dirtcttons: 

a - 0 - 2# , (4) 
where 20 it the (comuni) Included angle. The grating equa
tion U then 

m*-2dcot$tin(6 + ff) . <5) 
In this caic, the wavelength ican ends when a or 0 reaches 
90", which occurs at the horbon wavelength \ H -Id c o r 0. 
(Hi) Constant incident.? angle: Equation (I) gives 0 directly. 
(it) Constant focal distance (of a plane grating): 

£9?k _ * , _ _ _ ! . «*!,,„> , (6) 
cos30 r 

leading to a grating equation 

^ - s i n / j j - l - X t l - i i n * / ? ) . (7) 

Equations (3), (S), and (7) can readily be inverted to give & 
(and thence a) for any X. Examples of the above a-0 relation
ships are as follows: 

(i) Hunter et al. double plane-grating monochromator 
(PCM) (11, Kunz et aL PGM |2l. 

(ii) Mijake et al. [3], West el al. [4], Howells el al. [5], 
Ebcrhc/dl et al. (Flipper) [6j PGMs; all grazing-
incidence toroidal-grating monochromators <TCMs) 
(7j, Seya-Namioka [8,9], moil aberration-reduced 
holographic spherical-grating devices, 

(iii) Essentially all spectrographs, Grasshopper mono-
chromalor 110]. 

(iv) Petersen (SX700) ( l l ] , Brown el a], (UMO) [12]. 

B. FOCUSING PROPERTIES 
Gratings have complex focusing properties that vary according 
to the substrate shape and ihc patient of grooves on the sur
face. An important special case is a Rowland grating, which is 
the intersection of the substrate surface with a set of parallel 
c qui spaced planes. The calculation of focusing properties is 
traditionally carried out by the use of analytical formulas for 
the optical path function F. Such formulas uses power scries 
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development in the aperture coordinate!) with each term of the 
serin reprewntiai a recognizable seomeifkal optical aberra
tion. Here, we cooiidH only a toraidal Rowland (ratini 
Illuminated by a point source in the symmetry plane f 13]; tee 
Fig. 5-12 

We ihss have 

* i»>r3t + $»fira + i«<F«, + ••• m 

% - < • + ' ' 

/* 0 1 - ~£- - sin a - sin 0 (Gratini equation) 

FK-?iT Dtfoco! (80 
f 02 " 2 s Astigmatism (8d) 

F j o - S - S ^ r Coma 

Fn " 2 ^ ^ s Astigmatic coma (80 

' « - 2 \ r ; r V )|2 J aberration <**' 

point (in it.y piano) 



. c o s 2 * 

and the £ implies that a second expression must be added that 
Is identical to the tint, except far the replacements r -* r' and 

The condition for focus is F20 — 0. This can be achieved 
by setting r <- R cos a and r' - R cos 0, which implies that 
A and £gareon the Rowland circle with diameter R. This is 
the normal choice for spectrographs but is not convenient for 
constant-deviation monochTomators. For TCMs, r and r' «re 
chosen so that F 2o " 0 f° r t w o wavelengths within the work-
ins region. 

The importance of the optical path function is that it 
enables the transverse ray aberrations Ay„ and Azy to be cal
culated for each aberration. These are measured from the 
Gaussian (paraxial) image point B0{r', ft 0) given by the grat
ing filiation and the focusing condition (f 2n "" ")• 

The transverse ray aberrations are then giver, by 

r' *Fu Ay„ - - ^ - r — { J- (9a) 

The final result for the ray position is given by 
Ay-2Av,> (IDa) 

and 
Az - S42„ . (10b) 

<j 

C. DISPERSION PROPERTIES 
C.I Antalar dispcrski 
Angular dispersion is given by 

US Jo 



C.2 Reciprocal linear dlaperikw 
Reciprocal linear dispersion is given by 

U ] ..bsA.io-MAI../) 
VdqJa ""• mr'[ra] 

where q is mcuurcd in the symmelry plan: perpendicular to 
the outgoing ray. For the Rowland circle case, r' — R cos 0 
in Eq. (12) 
C3 Magnification 
Magnification is given by 

D. RESOLUTION PROPERTIES 

(i) Entrance slit (width St): 
S,d cosa 

(it) Exit slit Mdth S2): 
S}d cos 0 

^ 2 - - L ^ - • 

(Hi) Diffraction: 
OXD - \/mN , 

where A' is the number or participating grooves. 
(iv) Aberrations (due to perfect optics): 

m ^ d c o s . 
m [ay) 

(v) System spread function (due to Imperfect optics): 

wd cos 0 

where w is the width of the system line spread function. 



E. EFFICIENCY 
Tbe calculation of diffraction grating effidende* it, In general, 
highly complex [Ml; however, tome simplification is possible 
in the loft x-ray region. In Table 5-2, we five scalar theory 
formula! for the absolute efficiency Ev which should be 
approximately valid if (a) the reflectance Jt.it independent of 
polarization, (b) groove shadowing is negligible, and (c) the 
projected groove spacing satisfies the inequality d cos a > 5A. 

In the table, J - 2*A(cos a + cos /3)/X, where A is tbe 
peak-to-valley amplitude of the grating profile and m is the 
spectral order defined in Fig. 5-11. The equation 6 - fl can 
be solved to find Wd)ottk as a function of A, a, d, and m as 
follows: 

( U - — H ^ -
7iMr 5-2. Scaler theory formula! fir grating tfficlmty. 
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5.4 ZONE PLATES 
Jartos Kin 

Zone plates arc circular diffraction gratings. In its simplest 
farm, a transmission Frcsnel zone plate for use with incident 
plane waves consists of alternate transparent and opaque rings. 
The radii of the zone edges are given by 

f} - nf\ + n V / 4 , (1) 
where n is the zone number (opaque and transparent zones 
counted separat-'. \ .-.-.A f is the focal length in first order. 
The zone plate can be used as a thin lens to focus mono
chromatic incident radiation, or, due to the in very relation
ship between focal length and wavelength, it can be used as a 
dispersive element. If used as a lens, the thin-lens formula 
applies: 

1/5 + ! / » ' « 1 / / . (2) 
where s and $' are object and image distances, respectively. 
Diffract ion-limited resolution of the zone plate is given by 

A s 1.22 &rN = 1.22 rN/2N , (3) 
where rN is the radius of the zone plate, N is the total number 
of zones, and irN is the width of the outermost zone. In 
higher orders, the resolution improves in proportion to the , 
order number. 

The efficiency of the simple zone plsle in first order is 
ideally * , or about 10%. The remainder of the radiation is 
absorbed (50%) or diffracted in other orders—zero order (25%), 
negative orders (12.5%), and higher positive orders (2.5%). If 
opaque zones are replaced by transparent but phase-shifting 
zones, efficiencies can be substantially improved. Sec, for 
example, R. Tatchyn, P. L. Csor.ka, and I. Lindau, "Outline of 
a Variational Formulation of Zone-Plate Theory," J. Op!. Soc. 
zlm. 51.806(1984), 



SECTION 6 
X-RAY DETECTORS 

Albert C. Thompson 
A wide variety of x-ray detectors are available, some providing 
only measurements of count rate or total flux, others measur
ing the energy, position, and/or incidence time of each x-ray 
| l ) , ]n Table 6-1, typical values for useful energy range, 
energy resolution, dead lime per event, and maximum count 
rate capability are given for common x-ray detectors. For spe
cial applications, these specifications can often be substantially 
improved. 

TaUt * J . Properties of common x-ray defectors. 
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New instruments currently being developed using semicon
ductor technology will have substantially improved count rate 
capabilities, position resolutions, and/or energy resolutions, 
arid will, therefore, be especially ssefai with ihc intense x-ray 
sources that arc becoming available at synchrotron facilities. 

A. GAS IONIZATION DETECTORS 
One of the simplest x-ray detectors is ihr gas ionization 
chamber. Stich detectors are commonly used wjjh a low-noise 
current amplifier to measure x-ray flux rather than 10 count 
individual photons. A common detector geometry consists of 
a rectangular gas-light container with thin entrance and exit 
windows and a flowing gas supply, Inside the detector arc two 
parallel plates across which a potential is applied to produce 
an electric field of about 100 Wcro. X-rays are pheieekctri-
caJJy absorbed to produce fast photoelecirons and cither Auger 
electrons or fluorescence photons. The energetic electrons pro
duce additional electron-ion pairs by inelastic collisions, and 
the photons either escape or arc photoelectrical!;*' absorbed. 
The voltage applied across the chamber sweeps the electrons 
and tons apart, and they are collected at the piates. 

The average energy required lo produce an electron-ion 
pair in several common gases is given in Tabic 6-2. The 
number of x-rays slopping in the detector can be calculated 
from the active volume of the chamber, the gas pressure, and 
the x-ray absorption cross sections for the gas used. Figure 6-J 
shows, for different gases at normal pressure, the efficiency of 
a 15-cm-long ion chamber as a function of energy, 

r*We 6-2. A*rnigt energy rtquitrdfo produce an electron-hole pair in 
several gw&. 

Element Energy ( c V ) 

Helium 27.8 

Neon 27,4 

Argon 24.4 

Krypton 22, B 

Xenon 20.8 



Fir- *•!• Efficiency of a i5-tm-long gas ionization chamber as a function of energy, for different gasa at normal pressure. 
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B. CAS PROPORTIONAL COUNTERS 

Gas proportional detectors comprise a smatt-dhmctcr anode 
wire in an enclosed cylindrical gas volume. A high voltage is 
applied, so that the field around the wire is above 25 kV/cm. 
These detectors arc- usually used to count single photon events. 

If operated in an avalanche mode, such detectors are called 
Gciger counters and give very large pulses breach stopping 
x-ray. In this mode, they arc filled with a noble gas to which a 
small amount of halogen is added to quench the ga» after each 
pulse, A major limitation of this mode of operation is the 
large dead time (about 200 us) for each event 

The normal mode of operation of gas proportional counters 
is at a lower voltage, so that the detector gain is linear. In this 
mode, the output is coupled to a low-noise preamplifier to give 
usable pulses. The putsc height resolution of the detector 
{about 20* at 6 fceV) can be used for some energy discrimina
tion, and the output counting rate can be as high as I0 6 counts 
per second. 

C. MULTIWIRE PROPORTIONAL CHAMBERS 
Mulliwtre proportional chambers are widely used as position-
sensitive detectors of both pholons and charged panicles 
|2-4J. They use a grid of fine wires spaced about 2 mm apart 
as the anode plane in a gas proportional chamber. Many dif
ferent read-out techniques are used to measure tbc event posi
tions \Y6\: four example* are unpYrfier per wire, aiialoa Arose 
division, time digitization using a delay line, and drift-time 
systems. The spalial resolution from the anode plane is usu
ally the anode wire spacing (typically 1-S mm). Two-
dimensional read-out can be achieved if the cathode plane is 
also segmented and read out. A spatial resolution of around 
80 jim can be achieved for the cathode read-out plane. 

D. SCINTILLATION DETECTORS 
Scintillation deieciora use cither a pnotomultiplier tube or a 
phdtodiode to detect the optical pholons produced in special 
materials when an x-ray is stopped. The scintillator material 
can be either organic scintillators, single crystals of thallium-
activated sodium iodide {commonly referred to as Nal(TV)}, or 
single crystals of bismuth gennanate (BGO). Since the light 
output is low (about 200-300 eV is required for each optical 
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photon), the energy resolution Is low. Organic scintillators 
have very poor energy resolution, whereas the NiI(Tl) and 
BOO crystals have an energy resolution of about 40% at 
10 keV, These deteefsrs are ofien sised far measuring the stop
ping lime of x-rays. They can have a time Etiolation of better 
than 1 ns and a count rale capability up to 10s photons per 
second. 

Gu scintillation detectors combine the .iperation of a gas 
ionization chamber and a photon detector to give improved 
performance (?|. Electrons generated from photon or 
charged-particle interactions in a gis (usually pure xenon or 
argon with 1% xenon) are accelerated in a high-field (-3 
kV/ctn) region, where they produce UV scintillation light. 
This light is usually wave-shifted and then detected by a pho-
fontttitip&er. These detectors have as energy ittolusion about 
two to three times better than a conventional proportional 
chamber. 

E. SEMICONDUCTOR DETECTORS 
A semiconductor detector is basically 8 very large, reverse 
biased o^-i-p* diode. When the diode is reverse biased, an 
intrinsic region with an electric field icross it is created. When 
an incident photon .ntcracu in this region, tracks of electron-
hole pairs are produced. In ihepresenccofthcclectric field, 
these pairs separate and rapidly drift to the detector contacts. 
The average eneigv required to generate ta electron-hole jair 
at 11K is Id eV for silicon wai 2.9B eV for gcrtnantHfn. To 
keep the leakage current low, the detector must be of very high 
purity. To fabricate silicon detectors, lithium is generally 
drifted through tbe device at elevated temperature with a field 
oa. The lithium compensates the p-type impurities In the 
device to give a luge active region in the detector wish intrin-
xic conduct!vify. Ccrroaniom crjrt*Ji do not now-require 
lithium drifting, because they can be directly purified by zone 
refining to the required purity <<10'° electrically waive 
impurities/cm3). These detector* are usually cooled to liquid 
nitrogen iempemiure (7? K) to reduce the thermal leakage 
current They are usually wed ia a ilagle-phoion-Gounting 
mode to exploit their excellent energy resolution (typically ns 
cV at S.9 keV), The count rale capability is limited to lest 
than S x 10* per second. 

Lithium-drifted silicon and planar germanium detectors arc 
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widely used for cnec$y-4hpenive analysis. The efficiency of 
3- and 5-mnvthick Si(U} and 5-mm-thiek germanium dciec-
tors, as a function of energy, h illustrated in Fig. 6-2. St(Lt) 
detectors arc often used to measure nondestruc lively the ele
mental composition of samples. Germanium detectors are 
generally not used below 20 keV because of the interference 
from peaks due to lite escape of the germanium K fluorescence 
photon. Large germanium detectors are widely used for 7-riy 
spectroscopy. 

F. OTHER X-RAY DETECTORS 
Many instruments (especially spectrographs) use photographic 
film as the detector. Film is an excellent deiector in expert. 
merits requiring a total-flux detector with high spatial resolu
tion. The rnaior limitation of film is the need for processing. 
If carefully calibrated with a microdensitometer, film car. be 
used for quantitative analysis of x-ray intensity. To enhance 
the detection efficiency of film, a fluorescent screen is often 
placed next to it. Special films are available to give improved 
efficiency, contrast, or resolution; for initial alignment of 
instruments, Polaroid film is often used. 

A variety of imaging systems can be used to image x-rays 
electronically [8j. For medical imaging, an image converter is 
widely used to provide real-time imaging. These detectors use 
a cesium iodide scintillator with a photocathodc screen depo
sited on it to produce electrons from incident x-rays. The elec
trons are then accelerated and imaged onto a phosphor screen, 
which is viewed, in turn, by a video camera. Linear photo-
diode arrays and CCD detectors are available to give excellent 
position information with fait read-Out. Large, one-
dimensional pholodiode arrays coupled to a scintillator a e 
also used for x-ray detectors. Two-dimensional x-ray CCD 
detectors are becoming available with 512 x 512 pixels, each 
pixel measuring 13 jtm x I3fjm. These detectors are 
currently undergoing rapid development and will find many 
applications both for delecting low-energy x-rays directly and 
for use with x-ray image intcnsifiers. 

For high-speed imaging of plasmas and other intense x-ray 
sources, x-ray streak cameras nave afsc beta developed [9\. 
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SECTION 7 
SYNCHROTRON RADIATION FACILITIES 

Herman Wittttk 
Tabic 7-1 Mils storage ring synchrotron radiation facilities now 
is operation or under construction, together with typical elec
tron beam energies and characteristic photon energies. The 
characteristic energy is defined as 

te [keV| « 2.21$ E*/R - 0.S6S BE2, 
where E is in GcV, R (the bending radius} is in meters, tad B 
is in iMia. Additional information has recently been compiled 
in Reft 1 and 2, Following the lable, names and addresses *re 
given for the current directors of ihete and other facilities. 
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the typical election beam energy and tc ts the characumUir 
photon energy of tending-magnet radiation. 
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SECTION 8 
MISCELLANEOUS 

8.1 PROBABILITY AND STATISTICS 
A. PROBABILITY DISTRIBUTIONS AND 

CONFIDENCE LEVELS 
We give here properties of three commonly used probability 
distributions: normal (o. Gaussian), chi-squared ix2). and 
Poisson. We Ham ihc reader thai there is no universal con* 
veniion for the term "confidence level"; thus, explicit defini
tions that correspond to common usage are gives for each dis
tribution. It is explained beiow how confidence levels for all 
three distributions may be extracted from Fie. B-l. 
A.1 Normal dlstrlbHClon 
The normal distribution with mean x and standard deviation 
s ^variance a1} is 

(1) P[x)dx - -~~\= e-^-^'^dx . 

The confidence level associated with an observed deviation S 
from the mean, is the probability tiatl | x -x [ > h, ie., 

-2a - o 6 a Zo 
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since the distribution is symmetric about T, The small figure 
in Eq. (2) is drawn with 6 - 2ir. CL is | iven by the ordinate 
of the nD - 1 carve in Fig. 8-J al x1 - (M<) 2 . The confi
dence level for 5 - Iff is 31.7%; 2a, 4.6%; So, 0.3%. The odds 
against exceeding 6,(1 - CL)/CL, for 5 - lo are 2.15:1; 2o, 
21:1; 3(7, 370:1; 4a. 16,000:1; 5<r, 1,700,000:1. Relations 
between a and other measures of the width probable error 
(CI - 0,5) - 0.67a; mean Absolute deviation - 0 . 8 0 ; RMS 
deviation - a; hairwidth at half maximum - 1.18a. 
A.2 r 2 distribution 
The x distribution for nD degrees of freedom is 
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•Ad 2ftjr, respectively. In evaluating Eq. (3) one may use 
Slirfing's approximation: 

IXA)a2,50?e""* n<*-'/2>(l + 0.0833M), 
wliich is accurate lo ±0.1% for all h > 1/2. Vac confidence 
feve/associated with a given value of Ap and an observe*! 
v f llue of xf isthe probability of the x^ceedina the observed 
**!«, j,e.. 

The small figure in Eq. (A) is drawn with "n ~ 5 and 
CI,- 10%, CLisplouedasgfunclion of x 3 for Several VJJUJJ 
of n D in Fig. 8-i. For large nD, x 2 becomes normally cijtrtb-
u«-d about o 0 . Thus, 

y, - (x ! - Bf l ) /v^a (5) 
becomes normally distributed with unit standard deviaifea and 
mtan zero. A better approximation is that x, not X , becomes 
normally distributed: specifically, 

y2 m s/zx* - ^/2nD-l 1 (6) 
approaches normality witb uf it standard deviation and sjeaji 
K*O. For small CU in particular, v2 is much more accuhMc 
thsny,. Thus, for nD - 50 and x " 80, the true CL - 0.45%, 
bui y, is 3.o, correspondini to a CL of 0.13%, while y2 ** 2.7, 
corresponding to a CL of 0.35%. 
A.3 POIHOB diitribotloa 
Tlie Poisjos distribution with mean n is 
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e is ease! to ihe mean. Confidence levels for Pois-

ion distributions are usually defined in terms of quantities 
called "upper limits" as follows: The confidence level associ
ated with a given upper limit N and an observed value *i&of 
n is the probability that n > n f l if n - N, i.e., 

a 
2 <W»> 1 - V t-a 1 

>»\ ll., 
- 2 *•«("> Q ' 4 ^ e 12 

The small figure in Eq. (8J is drawn with n0 "2 and CL «• 
90%. A useful relation between Poisson and x confidence 
JeveJs allows one to look up this quantify in Fi& 8-1. Specifi
cally, the quantity 1 - CL is given by the ordinate of the 
nD » 2(«0 + !) curve at x ~ 2N. Thus, 90% confidence 
level uppci limits for n 0 - 0, I, and 2 are given by half the x2 

value corresponding to an ordinate of 0.1 on the nD - 2.4, 
and 6 curves, respectively; the values are N - 2.3,3.9, anfl 5.3. 

Tables of confidence levels for all three of these distribu
tions, the relation between Poisson and x2 confidence levels, 
and numerous other useful tables and relations may be found 
in Ret I. 

B. STATISTICS 
Suppose one is presented with # tndependeiu data, y„ ±a„, 
aad it is desired to maVc some inference about the "tnic" 
value of the quantity represented by these data. For this pur-
pons we interpret each datum y„ as a single sample point 
drawn randomly (and independently of the other data) from a 
distribution having true mean y„ (which we wish to estimate) 
and variance e*. We do not require that they be normally dis
tributed (Identification af the true e n with the en datum is 
often an approxlmaiion which may become seriously inaccu
rate when an is an appreciable fraction of >•„.) Some com
monly used methods of estimation are given belo< see Ref. 2 
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for numerous applications. Section B.I deals with the case in 
which all F n arc ihc same, eg., several different measurements 
of the same quantity; Sec. B,2 deals wilh the case in which 
yn " T(xn). where xn rcprcsenis some set of independent 
variables. 

B.l Single mean and variance estimates 
(1) If ihc y n represent a set of values all supposedly drawn 
from a single distribution with mean y and variance a2 (i.e., 
ihe an arc all the same, but their common value is unknown), 
then 

i N 

y - jj S y„ m 

" -fr~{i^-m1'] (10) 
are unbiased estimates of T7 and a 2; the angular brackets 
denote an average over the data. The variance of y is a /N. 
ITthe parent distribution is normal and N is large, the vari
ance of a1 is 2a4/N. 

(21 If ihc .>'„ arc independent estimates of the same y, and 
the an arc known, the-i the weighted average 

f - ^ S ' V ' n . (II) 

where nn — \/o* and w - 2 n n , is an appropriate unbiased 
estimate of y~. This choice of weighting factors in Eq. (11) 
minimizes Ihe variance of the estimate; the variance is l/w, 
B.2 Linear least-squares fit 
We wish to determine the best fit of independent unbiased 
data v n±ff„, measured at points xn, to the form y(x)-
Eajfjix), where the / , arc known, linearly independent func
tions (e.g., Legendrc polynomials), one-to-one over the allowed 
range of x. The estimates for the linear coefficients at which 
minimize the sum of the squared deviations are 
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W 
Here V is the covarilnce matrix of Ihe fated parameter 

r„-ti,-^j—,i. (13) 
where the ovcrbar denotes the unknown true value; V is 
estimated by 

W~X ~ 2f, lxnW*nVa$ • (14) 

The estimated variance of an interpolated or extrapolated 
value ofy at point x, y — 2 S/fAx). is 

V-tflm-'SyyfiWjM. 

For the case of a straight line/it, y(x) -a - bx, one obtains 
the following estimates of d and b: 

where 
Sv Sx, Sy, S^, S^ 

- 2 O - W **•*-.>'„>/»*• » ' ) 
respectively, and 

D - SiSjfx - S* . 

The covariance matrix of the fitted parameters is: 

\ ^ v a \ o\-sx s, J' 
The estimated variance of an interpolated or extrapolated 
value of y at point* is 
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A ieiiMquarej fit fivt* enhnaiei for the at (Eq, (12)] with die 
:m»liett vuitnct, under the condHJoisi thai the Hpanikra ofy 
ia terras of»,/, ii the correct mwfei tad tbit tie y„ ire 
independent, unbiased measurement! whose variances e* are 
knows. 

C. EUOK PROPAGATION 
Suppose one withes to calculate lite value and error of i junc
tion or tome other quantities with errors e.|., in % Monte 
Carlo program. Ut{y}betsetofr»adora variables with 
means {?} and covaritnee matrix V, Then Ac mean Kid vari
ance of* function of these vtrubfa ire approttinately <« 
second order in {y-y}) 

E.g., Ihe mean and variance aft function of a j/ngfr variable 
with mean F and variance <r are 

/ B / t r + 7ffV"0 i) 

Note that these equation* tvilJ usually be applied by substitut
ing measured quantities, {$} say, for the true meant, Jy), If, 
as ii often the case, yn - y~n is of order s/^Z. then the 
second-order terms in Eqs. (20) and (22) may oe small com
pared with the first-order errors iniroduced by Ihe substitution. 
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Iwp • < • • • • (MKSA) 

p - resistivity in 10"* nm: 
- 1 . 7 for Cu ~ S . S f o r W 
- 2 . 4 for Au - 7 3 for SS 304 
- 2.8 for A). - 100 for Nichrame 
(Al alloys may have 
double thU value.) 

For alternating currents, instantaneous current / , voltage V, 
angular frequency u: 

V - V#iui - Zi . 
Impedance of self-inductance L: Z • ia>L . 

Impedance of capacitance C: Z • \/IuC. 

Impedance of free space: Z - y/i^o " 3 7 6 - 7 n • 

Impedance per unit lenith of a flat conductor of width tv (high 

frequency, e): 

, where i — effective akin depth; 

forCu. 

Caa*dtaace C and indttcuuee L per aait Itagth (MKSA) 

Rat rectangular plates of width w, separated by d « w: 

C - €-£ ; L - n ^ ; 

— - 2 to 6 for plastics; 4 to 8 for porcelain, glasses. 
*0 

Coaxial cable of inner radius r 1 ( outer radius r 2 : 

Transmission lines (no loss); 

Impedance: Z - V Z T c . 



M l 

Velocity: v - l / \ / £ C - l / V j w . 

MttiM e /c iarf tJ H r t k b i (a ft M K M M , Matte, augMtk tkU 

The path of motion of a charged particle of momentum p it a 
helix of constant radiui R u d conittnt pilch ancle X, with the 
•xit of the helix along B: 

p|GeV/c]cosX - 0.29979«0[teslaj Jt[ra), 

where the charge 4 it in uniu of the electronic charge. The 
angular velocity about the axil of the helix ii 

u ( n d s " l | - B . 9 8 7 5 5 x i 0 7 t f | t e j l a ] / E | G e V | , 

where E is the energy of the particle. 
This tcction was adapted, with permission, from the April 

1964 cdMan of the Particle Properties Data Booklet. See Ji D. 
Jackson, Classical Electrodynamics, 2d ed. (John Wiley & 
S o u , New York, 1975) for more formulas and details. 
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8.3 RADIOACTIVITY AND 
RADIATION PROTECTION 

The International Commission on Radiation Units and Meas
urements flCRlT) recommends the me of SI anils. Therefore, 

* we list SI units first, followed by «* (w «*«• common) units 
in parentheses, where they differ. 
Unit of activity - becqucrel {curie): 

I Bq - 1 disintegration/* [- i/O.TxlO'0) Ci]. 
Uaft of expo****, the quantity of x- at -v-radiation at s point in 

space integrated over time, in terras of charge of either sip 
produced by showering electrons in a small volume or air 
about the point' 
- Icoul/kgofair (roentgen; 1 R - 2.58X10-4caul/kg 
- 1 esu/enr - 87.8 erg released energy per f, of air); 
implicit in the definition is the assumption that the small 
test volume is embedded in a sufficiently large unifonmy 
Irradiated volume that the number of secondary electrons 
entering the volume equals the number leaving. 

Ualt of absorbed dote - gray (rad): 
I Gy - ! jaufc&gC- 104ttgfe - 101 tad) 

- 6.24xlOra MeV/kg deposited energy. 
Unit of IIDSC equivalent (for biological damage) - sievert 

I - I0 3 rem (roentgen equivalent for man)): 
Dose equivalent in Sv - grays x Q, where Q (quality fac< 
tor) expresses long-term risk (primarily cancer and 
leukemia) from low-level chronic exposure; it depends 
upon the type of radiation and other factors. For y rays 
and 8 particles, g a l ; for protons, Q = 1 at —10 MeV, 
rising gradually ta » 2 at — 1 GeV; for thermal neutrons, Q 
B 3; for fast neutrons, Q ranges up to 10; and for a parti, 
cles and heavy ions {assuming internal deposition — skin 
and clothing are usually sufficient protection against exter
nal sources), Q = 20. 

Natural iHtuJ background, all sources: Most world areas, 
whale-body dose equivalent rate » (0.4-4) mSv (40-400 
mi Hire ms). Can range up to 50 mSv (S rents) in certain 
areas. VS. average s 0.8 mSv. The langs receive an addi
tional a 0.1 mSv ( s 10 mrem) from inhaled natural 
radioactivity, mostly radon and radon daughters (good to s 



8-1J 
Actor of 2 in open areas; can range an order of magnitude 
hither in buildings and up to 1000* in poorly ventilated 
mines). 

Connie » y fetcitrora* in sctmtera (Earth's sarifcee): 
-l0 4 /min/m z /sr. 

Flaxes (per m 2) to deposit one Gy in one H of mailer, assum
ing uniform irradiation: 
= (charral particles) fl,24x Wl2HdE/dx), where dE/dx 
(MeV s?/kg), the energy ioss per unit length, may be 
obtained from range-ener©' data, 

sr 3.5xlD 1 3 minimum-ionizing singly charged particles 
in carbon. 

s (paotans) <5,24x 10 1 2/J^MeV]{p e Q/p)|m 3/kg]f, for pho
tons of energy £, mass energy absorption coefficient j i e n , 
and density p, for samples thick enough to contain the 
secondary electrons but « l/ji^. 

T, 2x lO I J photons of 1 MeV energy on carbon. 
(Quoted fluxes good to abaul a factor of 2 for all materials.) 

US, maxl*tw* jKTraissioIe oeeupatfatal 4oM for the '''hole 
body: 
50 mSv/year (S rcm/year). 

Lethal dose: Whole-body dose from penetrating ionizing radi
ation resulting in 50% mortality in 30 days (assuming no 
medical treatment), 2.5-3.0 Gy {250-390 rads) s i measured 
internally on body longitudinal center lint; surface dot* 
varies due to variable body attenuation and may be a 
strong function of energy. 
For a recent review, see B. Poehts, Nuclear Radiation: 

Risks and Benefits (Clarendon Press, Oxford, 1983). 

This section was adapted, with permission, from the April 
1984 edition of the Particle properties Data Booklet. 



U.« PROPERTIES OF VACUUM SYSTEMS 
A. THROUGHPUT AND CONDUCTANCE 
The throughput of any conducting element in « vacuum sys
tem is given by 

QFv - PVft , tl) 
where P is the pressure and V is the volume of gas pasted in 
time t. Fors pump, ifP and V are constant 

qfy - PS, (2) 
where S it (he pumping jpeed at the intake pressure P. 
Throughput for • passive element can also be expressed as 

qPY - CAP, 0 ) 
where &P is the difference between the pressures at the 
entrance and exit of the element and C is the conducUncc. In 
high and ultrahigh vacuums, C is effectively independent of 
pressure. By analogy to Ohm's law, conductance for parallel 
constructions is given by 

C w - C , + C 2 + . . . W 
and for series constructions by 

l y C w | - i / C , + l/Cj + . . . (5) 
The effective pumping speed of a pump depends on both 

the nominal pumping speed and the conductance of connec
tions between the pump and the volume to be evacuated; 

1 / S e r f - I / S + 1/C l 0 1. (6) 
In the regime of molecular flow (see Table 6-3, below), the 
conductance, for air (in 1 • s~'),ofan aperture of area A (in 
cm2) is 

For a Jdrtg straight tube ofanihnn cinolar eross section Sav
ing length L and diameter D, 

• 12.1 D3/L , 



For abort tubes, Eqt. (7) and (8) muit be combined: 

The equivalent diameter of a tube that tapers from diameter 
£>! to diameter £• j is 

°.-m 
The equivalent length of an elbow is 

1 , - t + U J - J j f l . (11) 
where 0 is the angle of the elbow in degrees. 
B. GAS LOADS AND ULTIMATE PRESSURE 
Sources of gas in a vacuum system include (a) the residual gas 
in the system; (b) the vapor in equilibrium with the materials 
present; and (c) the gases produced or introduced by leakage, 
outgissing, and permeation. In high-vacuum systems, the ulti
mate system pressure Pu usually depends only on (c): 

fu - Qc/ Seff. <'2> 
where QG is the gas load due, in (his case, to leakage, outgas
sing, and permeation. Where QG it constant, as in the case of 
aleak, Pu is also constant; whereas, if QG - / ( t ) , as it is 
when outgassing dominates, Pu is also a function of lime. 
Reference 1 contains nomograms relating gas loads, ultimate 
pressures, and various physical system parameters. Table 8-1 
gives outgassing rates for several vacuum materials. Extensive 
ouigassing data can be found in Rcf. 2. 

By assuming that the process is dominated by residual gas, 
pumpdown in the high-vacuum region can be described by 

i , - /V«pI - (S e n /K I O I ) /* l , (13) 
where P is the pressure after lime t, Pt is the pressure at t • 0, 
and Vlot is the total system volume. 



Aluminum (fresh) 9 x KT» 
Aluminum (20 h at l W Q 5 x 10~ w 

Stainless steel (304) 2 x 10~* 
Stainless steel (304, 

electronoliihed) 
6x)D-« 

Stainless steel (304, 
mechanically polished) 

2 x KT* 

Stainless steel (304, 
electropolished, 30 h 
at 2S0°O 

4 x H T " 

Pcrbunan s x i t r 6 

Pyrcx i x io~ 8 

Teflon 8x 10~ s 

Viton A (fresh) 2 x !0~ 6 

C. MISCELLANEOUS VACUUM PROPERTIES 
The mean free path \ of a gas is inversely proponional to the 

XP-c*. (14) 

where c* is a constant characteristic of a fciven Bas. Values for 
several gases are given in Table B-2. 

For ultrahigh-vacuum systems, it is common to quote the 
monolayer lime r, which is defined as the time required for a 
monomolecuUr layer to form on a gas-free surface, assuming 
(hat every impinging eas molccutc finds and binds (o a vacanl 
site. The monolayer time, in seconds, can be conveniently 
estimated from 

r - 3 . 2 * l O ~ V / \ (131 



M7 
r*W»*-Z Vatuttfarihtproduat* cf&enwii fret path* and tht 

pffinirePforiermtgastiet20''C. 

GM c*(cra-»Wr) 

Hydrogen 12.00 x 1 0 - ' 
Helium 18.00 x 1 0 " 3 

Nitrogen 6.10 x 10" 3 

Oxygen 6.50 x 10" 3 

Argon fi.-W x 1 0 - 3 

Mercury 3. OS x 10 ~ 3 

Waier 3.M x 1 0 " 3 

Ait 6.67 x H P 3 

where p is expressed in mbar. 
Table 8-3 tisis for uversl pressures rough values for K T. 

Die impinficmeni rale 2 . (ihc number of particles incident on 
a unit surface per unit time}, and the volume collision rate Zv 

(the number of collisions in a unit volume p « unil lime). 
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