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NOTE TO THE READER 
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find errors or omissions, or can think of wajs the book lei can 
be matte more useful, please send your comments to Douglas 
Vaughan, Building SO. Room 149. Lawrence Berkeley Labora­
tory. I Cyclotron Road. Berkeley, California 9-1720. 
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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-
tin Data Booklet, which is compiled and published periodi­
cally by the Panicle Data Group ai the Lawrence Berkeley 
Ubaratory. Indeed, Sections 1,8.1,8.2, and 8.3 of the present 
booklet have befn borrowed, with permission and with only 
slight modification, ftom ti.e 1984 edition of the panicle data 
booklet. 

Many other sections also draw heavily on work published 
elsewhere, as indicated in the text and figure captions. 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 to 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 or us. as did 
responsibility for compiling the sections la.ckin„ by-lines. 
Blame for error is thus easy lo assign. 

David T. Allwood 
J an os Kirz 
Douglas Vaughan 
J6 August I9S5 



nuel-l. Physical co 

rtss: nxn).io--'M(Vi( 

,r„'£;i';? ,;'"-'"6,''ii"'"-
• , « W U r - i . » , , - » , 



E 

~ltjf&! 

ISIISi 

1: 1 

\\m 

M 

1 tt 
« * 

'-•islll!*, m 

t 

<8S 
•II! U 

Ililplil 
PllfffiSl 
Iglljllll 

! i f 

III 
m 

m III 



H 
PERIODIC TABLE 2 

He 
10 

Ne Li Be 
5 

B 
6 

c N o 
9 

F 

2 

He 
10 

Ne 

Na Mg Al 
14 

Si 
5 

P 
16 

s 
17 

a 
• 8 

Ar 
19 

K 
20 

Ca 
2 i 

So 
22 

Ti 
23 

V 
74 

Cr 
25 

Mn 
26 

Fe 
27 

Co 
28 

Ni 
29 

Cu 
30 

Zn 
31 

Ga 
32 

Qe 
33 

As 
34 

Se 
35 

Br 
36 

Kr 
37 

Rb 
36 

Sr 
39 

Y 
*o 
Zr Nb 

43 

Mo T© 
44 

Ru Rh Pd Ag 
43 

Cd 
43 

In 
50 

Sri 
51 

Sb 
52 

Te 
33 

Xe 
55 

Cs 
56 

Ba 
57 • 

La Hf 
73 

Ta W Re 
76 

OS lr Pt 
79 

Au 
m 
Hg 

81 

TI 
( 2 

Pb 
B3 

Bi 
B4 

Po 
65 

At 
66 

Rn 
37 

Fr Ra 
69 • • 

Ac 
104 105 106 107 108 109 

58 

Ce 
59 160 

Pr |Nd 
61 62 

Sm 
63 

Eu Gd 
66 

Tb 
66 

Dy 
67 

Ho 
88 

Er 
69 

Tm 
70 171 

Yb|Lu 
90 

Th 
9) 92 

Pa U 
99 94 95 96 97 99 

I s 
10O 

fa 
101 102 IID3 



SECTION 2 
THE ELEMENTS 

2.1 PHOPERTIES OF THE ELEMENTS 
Tabic 2-1 lists the atomic weights, densities, melting and boil­
ing pcints, first ionization potentials, and specific heals of the 
elements. Data were taken mostly from R. C. Wcast, Ed. 
CRC Handbook of Chemistry and Physics. 65th cd. (CRC 
Press. Boca Raton, Florila, 1984). Atomic weights apply to 
clcmcn;; as ihcy exist naturally or. earth or, in the cases of 
radium, actinium, thorium, protactinium, and neptunium, to 
the isotopes with the longest half-lives. Values in parentheses 
arc ihc mass numbers for the longest-lived isotopes. Specific 
heals are given for Ihc elements ai 25°C. Densities for solids 
and liquids arc given ai 20 °C unless otherwise indicated by a 
superscript tcmpcralurc (in °C); densities for ihc gaseous ele­
ments arc for ihc liquids at their bailing points. 
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TtUt Z-I. Properties of the elements (coittiitutd). 

MtMat l*Ufet iMlaliea Strife 
AMalc DtuUr MM fab" rtmUl tat 

Z E l t f I wltln (I/™1) PC) PC) HV) lal/rKl 

JB Sininuum 87.62 : .M 769 1394 ).6M 0.0719 
39 Vtin urn 88.9059 4.4)6" 1132 3331 6 ) 8 0,0713 
40 Zirconium 9 1 . ; ; 6.494 1812 4377 6.M 0.0660 
41 Niolnum W.«JM «-» 2WJ 4742 bSS O.066J 
42 Mul>bdcnum 93.94 1020 2617 4*12 7.099 0.0)97 

41 Tcthnclium (!!) 11.48* 21)2 417) 7.28 O058 

44 Ruthenium 101.07 12.19 2310 3900 7.37 ao;o9 
4S filiodiom :W.WJJ IZ}9 I W * J:JI 7.44 a ueo 
46 Pjlluligm 106.4? 12.00 u n 2970 (34 0OB3 

4? 5i!>-si 107 B682 10.49 96193 I I I I 7.576 0.0562 
«S C.Jmiura 112.41 B.6) 310.9 76 i H.993 O0SS2 
JV Indwm I H U 7-JD 156 61 2080 5 786 0,0556 

5U Tin 118 69 7.30 2H.96SI ' 2270 7.344 0.0)19 

) l AnumoTi)' III.JS 6.679 630.74 I93U 9.641 0,0495 
)2 Tcllunum u:.« 6.23 449 5 999 ! 9.00* 0,0411 
« M J M J2&.9041 4.92 I D S IB4.3J 10.4! 1 0.102 

J4 Xoion U l . 29 3.52 -1119 -107 1 12.130 0.0)78 
55 Cctium 132.9054 1.670 28.40 6*9.3 3.894 0.0575 

56 Butum 1)7.)3 J.5 72) 1640 5.212 0.0)bl 
57 JjjuJuaiiin JJS MJJ * 1 J 7 M 921 34J7 3.J77 0.0479 

i s rcnum 1401.' 6 637 1 ' 799 3426 5.47 0.0459 
it l>incoj>inium 1409077 6 761 931 J ? I 2 5.42 00167 
60 Krodtnnuia 144 14 6.914 I02t 306S 5.49 0.04)3 
61 Pramtlhmm 114)1 7.21f'S 1168 2460 ) . ) i 0.0442 

62 S*minuiT. 150)1- 7.51 1077 i m 3.63 0.0469 
6J C win-am l i t 96 5 ? ; E ! ' 831 1)91 5.67 0.032 b 
M (iiilolmium IST rs 7»772» 1313 3266 6.14 0.0)6 
6) Tabam IJ8 9254 K2'4 1)16 3121 5.83 U.04)S 
b6 I ) ) ip i«mm 162 )D 8 5 2 ) " N12 2»2 5.93 (1.0414 
67 Holm.urn IM9304 (.769J» 14'4 269 S 6.02 00)94 

bB frhium 167 2b 9.039" IJ9 28b J 6.10 0.0401 
b9 Thulium 168 9342 9.294 » I J « 1947 6.18 O.D3B2 
70 Yllclbn.ni 17)04 6 931 HI9 1191 6 2)4 00287 
T| Lultliuni 174 967 • m i " 1663 339 S 5.426 0.02S3 
M t l i fmum I7M9 IJ29 2227 4602 70 0.028 
13 Tuiuhim 180.9479 lb«24 2996 342) 7.89 ao))i 
74 Tui»it tn l *3 .« 19.) 3410 3660 7.98 O.Q322 
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3.2 ELECTRON BINDING ENERGIES 
Gwyn P. Williams 

Table 2-2 gives ihc 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 i . N ; , 
O,, Fi . and Civ. relative lo Ihe Fermi level for the metals; and 
relative lo the top ofthe valence bands for semiconductors. 
Values have been taken from Ref. I except as noied: 

* Values taken from Ref. 2. 
* Values taken from Rcf. 3. 
* One-panicle approximation not valid owing to the 

extremely jl-.on lifetime of the core hole. 
b Values derived from Ref. I. 

REFERENCES 

1. J. A. Bcarden and A. F. Burr, "Reevaluation of X-Ray 
Aiomic Energy Levels." Rev. Mod. Phys. 39, 125 (1967). 

2. M. Cardona and L. Ley, Eds., Photoemissfon in Solids I: 
General Principles (Springer-Vcrlag, Berlin. 1978). The 
present table includes several corrections lo the values 
appearing in this reference, 

3. J. C. Kuggle and N. Manensson, "Core-Level Binding 
Energies in Metals," J. Electron Spectresc. Relat. Pkenom. 
21,275(1980). 

) 
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2.3 CHARACTERISTIC X-RAY ENERGIES 
Jeffrey B. Kortrtght 

In Table 2-3 and Fig. 20, chcracteristic K and L x-ray line 
energies are given TOT dements with 3 < Z s 95. Only the 
stromal lines t ie included; Kat, fCa2. Kf3|. t a , , Lay, L0, , 
L&y, tnd Lfy The table presents the energies of these lines 
far each of the elemenu, in order of incieaiing, atomic number. 
Wavelengths, in angstroms, can be obtained from the relation 
X - 12.4/f, where E is in keV, The data in the table were 
taken from Ref. I. which should be consulted fbr a complete 
listing of all lines. Widths of (he Ka lines can be found in 
Ref. 2. Figure 2-1 shows the approximate energies and 
wavelengths of principal x-ray lines below 40 IceV. 

REFERENCES 

1. J. A. Bearded, "X-Ray Wavelengths," Rev. Mod. Phyt. 39. 
78(1967). 

2. M. O. Krause and J. H. Oliver. "Natural Widths of 
Atomic K and L Levels, Ka X-Ray Lines and Several 
KLL Auger Lines," J. Pfiys. Chem. Kef. Data 8, 329 
(1979)-
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T«*fc 2-3. Energies of x-ray mission lines (con'inued). 

Ekaest K B , K « 2 Mi L a , L a 2 W, 
22 Ti 4.51064 4.50486 4.93181 0.4522 0.4522 0.4584 
23 V 4.95220 4.94464 5.42729 U.5113 asm Q.5I92 
24 Cr 5.41472 2.405309 5.94671 0.5728 0.5728 0.5828 
25 Mn 5.8987S 5.88763 6.49045 0.(174 0.6374 0.6488 
26 Fc 6.40384 6.39084 7.05798 0.7050 0.7050 0.7185 
27 Co 6.93032 6.91530 7.64943 0.7762 0.7762 0.7814 
28 Nj 7.473 IS 7.46089 8.26466 0.S5J5 0.8515 0.8688 
29 Cu 8.G4778 8.02783 8.90529 0.9297 0.9297 0.949* 
30 Za 8.63886 8.61578 9.5720 1.01(7 1.0117 (.0347 
31 Ga 9.25174 9.22482 10.2642 1.09792 1.09792 1.1248 
32 Ge 9.88642 9.85:«2 10-9821 1.18800 1.18800 1.2)85 
33 As 10.54372 10.ii)799 11.7262 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 MHM3 1.52590 
36 Kr 12.649 12.598 [4.112 1.5860 1.5860 1.6366 
37 Rb 13.3953 13.3358 14.9613 1.694)3 1.69256 1.75217 
38 Sr 14.1650 14,0979 15.8357 1.80656 1.80474 1.87172 
39 Y 14.9584 14.8829 16.7378 1.92256 1.92047 1.99584 
40 Zr 15.7751 15.6909 17.6678 2.04235 2.0399 2.1244 



41 Nb 16.6151 16.5210 18.6225 
42 Mo 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 23.8IS7 
47 Ag 22.16292 21.9903 24.9424 
48 Cd 23.1736 22.9841 26.0955 
49 In 24.2097 24.0020 27.2759 
50 Sn 25.27)3 25.0440 28.48M 
S I S b 26.3591 26.U0S 29.7256 
52 Te 27.4723 27.2017 30.9957 
531 28.6120 28.3172 32.2947 
54 Xc 29.779 29.458 33.624 
55 Q 30.9728 30.6251 34,9869 
56 Ba 32.1936 31.8171 36.3782 
5? La 33.44 IS 33.0341 37.8010 
58 Ce 34,7197 34.2789 39.2573 
59 Pr 36.0263 35.5502 40,7482 
60 Nd 37.3610 36.8474 42.2713 
61 Pm 38.7247 38.(712 43.826 
62 Sm 40.1181 39.5224 45.4 J 3 

2.1&589 
2.29316 
2.4240 
2.55855 
2.69674 
2.83861 
2.9843! 
3.11373 
3.28694 
3.4439S 
3.60472 
3.76933 
3.93765 
4.1099 
4.2865 
4.46626 
4.65097 
4.8402 
5.0337 
5.2304 
5.4325 
5.6361 

2.163" 
2.289W 

2.55431 
2.69205 
2.83329 
2.97821 
3.12691 
3-27929 
3.43542 
3.59532 
3-7588 
3.92604 

4.2722 
4.45090 
4.63423 
4.3230 
5.0135 
5.2077 
5.4078 
5.6090 

2.2574 
2.39481 
2.5368 
2.68323 
2.83441 
2.99022 
3.15094 
3.31657 
3.4S721 
3.66280 
3.84357 
4.02958 
4.22072 

4.619S 
4.82753 
5.0421 
5.2622 
5.4889 
5.7216 
5.961 
6.2051 

2.3610 
2.5183 

2.8360 
3.0013 
3.17179 
3.34781 
3.52812 
3.71381 
3.90486 
4.10078 
4.3017 
4.5075 

4.9359 
5.1565 
5.3535 
5.6134 
5.850 
6.0894 
6.339 
6.586 

2.4618 
2.6235 

2.9645 
3.1438 
3.3287 
3.51959 
3.71686 
3.92031 
4.13112 
4.34779 
4.5709 
4.8009 

5.2804 
5-5311 
5.7885 
6.0S2 
6.3221 
6.6021 
6.892 
7.178 



TaWr 2-3. Energies of x-ray emiaion lina (awlinutd). 

Eteamt Kal K « 2 W i Lfcj L « i W, W3 1-Tf, 

63 Eu 41.5422 40.9019 47.0379 5.8457 5.8166 6.4564 6.8432 7.4803 
64 Gd 42.9962 42.3089 48.697 6.0572 6.0250 6.7132 7,1028 7.7858 
65 Tb 44.4816 43.7441 50.382 6.2728 6.2350 6.978 7,3667 8.1 D2 
66 Dy 45.9984 45.2078 52.119 6.4952 6.4577 7.2477 7.6357 8.4188 
67 Ho 47.5467 46.6997 53.877 6.7198 6.6795 7.5253 7.911 8.747 
68 Er 49.1277 48.2211 55.681 6.9487 6.9050 7.8109 8.1890 9.089 
69 Tm 50.7416 49.7726 57.5 J 7 7.1799 7.1331 8.101 S.46B 9.426 
70 Yb 52.J889 51.3540 59.37 7.4156 7.3673 8.4018 8.7588 9.7801 
71 Lu 54.0698 52.965D 61.283 7.6SS5 7.6049 S.7090 9.W9 (0.1434 
72 Hf 55.7902 54.6114 63.234 7.8990 7.8446 9.0227 9.3473 10.5158 
13 Ta 57.532 56.277 65.223 $.1461 8.0879 9.3431 9.6518 10.8952 
74 W 59.31824 57.9817 67.2443 8.3976 8.3352 9.67235 9.9615 11.2859 
75 Re 61.1403 5?. 7179 69.310 8.6525 8.5862 10.0100 10.2752 11.6854 
76 Os 63.0005 61.4867 71.413 8.9117 8.8410 10.3553 IQ.59B5 12JMS3 
77 Ir 64.8956 63.2867 73.5608 9.1751 9.0995 10.7083 10.9203 12.5126 
78 Pi 66.832 65.M2 75.748 9.4423 9.3618 11.0707 11.2505 12.9420 
79 Au 68.8037 66.9895 77.984 9.7133 9.6280 11.4423 11.5847 13.3817 
80 H B 70.819 68.895 8Q.2S3 9.98.&S 9.WJ6 11.8226 ) 1.9541 13.8301 
81 Tt 72.8715 70.8319 82.576 10.2685 10.1728 12.2133 12.2715 14.2915 
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Fig. 2-1. Appmxtmatr ennxin and Karrlfngthsafprincipal x-ray 
amnion l,nn Man-40 krV 
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2.4 FLUORESCENCE YIELDS FOR 
KAND LSHELLS 

Stfirty B. KortrigfH 
Fluorescence yields for (he A' and L shells for (he elements 
5 < 2 «s 110 are pi oiled in Fie. 2-2; the data are based on 
Rcf. 1. These yields represent the probability of a core hole in 
the A'or L shell} being filL-d by a radiative process, in corn-

Atomic nurobor 

Fig, 2-2, FiuommccyieldsfarKandLshrlls/or5 « Z * HO. The 
plotted cunt far the L shell represents an average «fL\, i j , 
and Li rgivltteyields. 
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petition with nonradiative processes. Auger processes ire the 
only nonradialive processes competing with fluorescence for 
the A' shell and L j lubthel) holes. Auger and. Cosler-Kronig 
naniadiativc processes complete with fluorescence to till L ( 

and L2 subshell holes. Only one curve is presented for the 
three L subshells, representing the average of the £-|. -L ,̂ and 
£.3 effective fluorescence yields in Re P. 1, which differ hy less 
than about ION over most of (be periodic able. See ReE 1 for 
more detail on the L subshell rates and the nonradiative rates, 
and for an appendix containing citations to the theoretical and 
experimental worit upon which Fig. 2-2 is based. Widths of 
the K and L fluorescence lines can be found in Ret. 2. 

REFERENCES 

i. M. O. Km use, "Atomic Radiative and Radiaiioakss 
Yields for K and L Shells," J. Phys. Ckem. Ref. Data 8. 
307 (1979). 

2. M. O. Krause and J. H. Oliver, "Natural Widths of 
Atomic Kand L J. Phys. Chem. Rcf. Data 8,329(1979). 
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2.5 PRINCIPAL AUGER 
ELECTRON ENERGIES 

Figure 2-3 his been reproduced by permission of the Physical 
Electronics Division of Pcrlcin-Elmcr, Inc. For each element, 
dots indicate the energies of principal Auger peaks, the 
predominant ones represented by the heavier dots. The fami­
lies of Auacr transitions are denoted by labels of the form 
WXY, where W 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. 
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Fig, 2-3. Auger tlKtron energies Jdnheelemems. (Reproduced by per­
mission of the Physical Electronics Division e/Perkin-
Elmer. Inc.) 
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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 •; '/.«; 54. Tabic 2-5 gives the energies of the 
resonant 2n Iransilions in hydrogen- and helium like ions. 
Because or the interest in lasers based on nconlike ions in the 
soft x-ray region, sdecinc inmiiions for ihc nconVikc ions arc 
presented in Tabic 2-6, This table includes the two lines for 
which lasing has been observed in selenium 11 ], the depopulat­
ing transition of the lower lasing level, and two strong lines in 
the spontaneous spectrum. In addition. Fig. 2-4 shows the 
2/i 53/ levels for nconlike selenium. The level positions arc 
labeled with a designation of (he form 2 S + lLj and »Jj cou­
pling label. 

The energy values in this section have been generated using 
the rclalivislie Hanrec-Fock code of 1. P. Grant and collabora­
tors |2] with a correction term of the form A + 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 Tor retarda­
tion and the magnetic electron -electron interaction are 
included in the calculations. The hydrogenic values are 
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 
arc also uncorrected and show differences at the 2-cV level 
with experimental values. 

REFERENCES 
1. D. I. Matthcwt et al., "Demon si ratiun of a Soft X-Ray 

Amplilkr," Phys. Ret. Lett. 54.110 (1985). 
2. I. P. Grant, B. J. McKcmie, P. H, Norrington, D. F. 

Mayer*, and N. C. Pypcr, "An Atomic Multiconfiguiv 
tional Pirac-Fock Package," Compul. Phys. Cotnmun. 21, 
:0T(196O). 
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T*Mr 1-4. hnteeticn energies, in electron volts, fer selected few-
electron ionk species. Each column ii labeled wtth the 
number of elttironi in the ion before ionization tad viith 
the symMfar the neutral atam irirt the sarw number of 
ftetfiviu. 
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Transition energies, in electron rolls, for selected transitions 
in Ne-ttke iota »%ith 2p vacancies. The transitions for 
which losing has been obierml are indicated in boldface 
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2.7 SCATTERING FACTORS AND MASS 
ABSORPTION COEFFICIENTS 

Simon L Hetike 
At photon energies between 100 cV and 10 keV, accurate cal­
culations For absorption and scattering in material systems 
(e.g., filters, mirrors, multilayers, and crystals) can be based on 
atomic scatKum factors {/[ + (fj) for the consiiiucm 'Moras. 
These factors are derived from available experimental photo-
absorption data, using the Kramers-Kroriig dispersion relations 
11.2]: 

/ 2 - - | C t > 0 < E ) , (2) 
where Z is the total number of electrons; C is a constant equal 
to i/rr0hc with r0 the classical electron radius, A Planck's 
constant, and c ths velocity oflight; fJQ(<) is the atomic phoio-
absorplion cross section; and E is the incident pholon energy. 
The atomic photoabsorption cross section (in enr/atom) is 
related to Ihe mass absorption coefficient n (in enr/g) by 

Ha ~{AfSA)n. (3) 
where ̂ 1 is the atomic weight and NA is Avogadro's number. 

One may also obtain the complex dielectric ci 

and the index of refraciion 
( 1 - 1 - 0 - / 0 (S) 

from ihe scauering factors by using the relations 
6- j-Kft to) 

and 
0 - 1 - Kf2 , (71 
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where 

and p is ihE density. The parameters 0 and b are called the 
absorption index and refractive index, decrement, respectively. 

Figures 2-5 and 2-6 illustrate the variation with atomic 
number of the mm absorption coefficient for several selected 
energies, indicating the presence of absorption edges, Near 
ihcse edges, one expects additional absorption SMuctuK, 
reflecting the molecular and solid states of complex systems. 
This structure cannot be predicted by calculations that assume 
atom like behavior of the system components. Tables 2-7 and 
2-8 are a more comprehensive tabulation of the values of the 
mass absorption coefficient. 

Tables 2-9 through 2-12 Tabulate the two components of the 
atomic scattering factor for setcctcd energies and atomic 
numbers. Values in the tab'.js ate recorded in the form 
1.42(-)02 to denote the value 1.42 x 10'"">? 

REFERENCES 

1. B. L. Henfce, "Low Energy X-Ray Interactions: Phoioion-
izaiion. Scattering, Specular and Bragg Reflection," in 
D. T. AHwood and B. L. Hcnfcc. Eds.. AlP Conference 
Proceeding No. ?5; Low Energy X-Ray Diagnostics 
(American Institute of Physics, New York, 19SI), p. 146, 

2. B. L. Henkc. P. Lee. T. J. Tanafea, R. L. Shimabukuro. 
and B. K. Fujikawa. "Low-Energy X-Ray Interaction 
Coefficients- Pbatoabsorptiaa, Scattering, and Reflec­
tion,".H. Daw Nucl. Data Tables27> I (1982). 
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1.2-5. Mas* absorption coefficimi at energies between 210 and 1000 tV. csfurt 
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F%. Z-4. .Wail adsorption coefficients at energies fctmxn 2J and 10 keV. as functions of atomic number. 



TaMe2-7. Mass absorption cotjftdeias for selectedtallies ofatomic number Z at energies between 100 and 1000 eV. 

z 1 M 2 M 3*0 4 » 
E a w t y ( t V ) 

5 M HO 700 800 9 » 1000 

3 | 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 

6 2.33 04 5.14 03 | 4.83 04 2.4904 1.37 04 8.89 03 5.74 03 4.13 03 2.96 03 2.27 Oi 

9 8.73 04 1.88 G4 7.0303 3.6103 1.97 03 1.2S.Q3 1 | 1.28 04 9.91 03 7.31 03 5.79 03 

12 1.30 05 4.9004 2.0004 1.07 04 5.75 03 3.69 03 2.35 03 1.68 03 1.21 03 9.29 02 

15 1.02 04 ( 6.90 04 3.45 04 2.02 04 1.16 04 7.65 03 4.97 03 3.62 03 2.61 03 2.02 03 

18 1.92 04 8.06 03 j 4.07 04 2.90 04 1.76 04 1.2104 8.10 03 6.00 03 4.39 03 3.42 03 

21 2 6 9 04 1.24 04 6.35 03 3.9203 j 2.53 04 1.78 04 1.21 04 9.08 03 6.75 03 5.32 03 
24 4.58 04 1.79 04 9.0003 5.53 03 3.41 03 2.39 03 | 1.66 04 1.26 04 9.5003 7.56 03 

27 6.13 04 2 6 8 04 1.3204 7.87 03 4.80 03 3.37 03 2.36 03 j 1.46 04 I.I 104 9.91 03 

30 7.87 04 3.9104 2 0 0 0 4 1.1904 7.18 03 4.93 03 3.40 03 261 03 1.96 03 1.58 03 
33 4.44 04 4.15 04 2.4004 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 3.97 04 2 9 4 04 2.0404 1.29 04 9.15 03 6.37 03 4.88 03 3.71 03 2.97 03 
39 1.30 04 | | 2 1 5 04 2 9 2 0 4 2.5004 1.63 04 1.18 04 8.32 03 6.42 03 4.91 03 3.95 03 

42 8.81 03 5.35 03 | 2.05 04 200 04 1.69 04 1.35 04 1.01 04 8.15 03 6.26 03 5.06 03 

k i l l 



•45 5.41 03 6.66 03 4.26 03 | 1.93 04 2.02 04 1.68 04 1.29 04 1.0104 7.78 03 6.31 03 

4 8 4 3 4 04 6.64 03 5.32 03 4.11 03 | 2.18 04 1.66 04 1.42 04 1.20 04 9.30 0? 7.5903 

51 7.5204 7.0B03 6.15 03 4.97 03 3.61 03 | 1.98 04 1.34 04 1.1104 1.01 04 8.68 03 

54 1.2305 4.61 03 6.75 03 5.69 03 4.42 03 3.4803 | 2.24 04 1.25 04 9.55 03 9.38 03 

57 Z89 04 3.55 03 6.68 03 6.30 03 4.91 03 3.95 03 3.08 03 2.5303 | 1.09 04 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 1.7304 2.30 04 1.13 04 9.48 03 6.99 03 S.48 03 4.21 03 3.45 03 2.78 03 2.3303 

66 3.25 04 2.57 04 1.67 04 1.17 04 8.35 03 6.49 03 4.94 03 4.01 03 3.22 03 2.69 03 

69 1 8 8 04 2.24 04 1.55 04 1.24 04 1.0004 7.85 03 5.97 03 4.HI 03 3.84 03 3.21 03 

-J2 2-1004 2.12 04 1.65 04 1.28 04 1.06 04 8.86 03 6.76 03 5.46 03 4.38 03 3.6603 

75 1.62 04 1.87 04 1.74 0* 1.40 04 1.15 04 9.67 03 7.69 03 6.25 03 5.03 03 4.21 03 

78 1.9204 1.6004 1.SS04 t.51 04 1.1804 1.06 04 8.38 03 7.23 03 5.8303 4.S8 03 

81 Z 3 1 0 4 9.62 03 1.50 04 1.49 04 1.26 04 1.05 04 9.29 03 7.79 03 6.63 03 5.64 03 

84 4.9704 6.09 03 1.20 04 1.4104 1.4Q04 U 5 04 9.25 03 8.57 03 7.04 03 6.2003 

87 6.56 04 8.54 03 5.60 03 1.14 04 1.20 04 1.1204 1.0104 8.41 03 7.43 03 6.58 03 

90 U 0 05 6.15 03 6.99 03 8.84 03 1.07 04 1.0304 9.95 03 8.63 03 7.11 03 6.16 03 



TmUeZ* .t/mi absorption coefficients for selected tutors cfatamie number Z at entrgiis ton* en Iand 10 kef. 

z 1«W i*§6 3M0 4M* 
BwnyfcV) 

7«M S M t M H 1 M M 

3 2-28 02 2.50 01 6.54 00 149 00 1.1800 6.46-01 3*8-01 2.49-01 1.69431 1.19-01 

6 2.27 03 3.0202 9.0401 3.77 01 1.S9 01 1.06 01 6.53 00 4.26 00 2 .9)00 2.0600 

9 5.79 03 9.0002 2.88 02 1.25 02 6.44 01 3.72 01 2.32 01 1.54 01 1.07 OJ 7.70 00 

12 9.29 02 2.03 03 6.75 02 3.00 02 1.58 02 9 J 6 D J 5.88 01 3.9601 3.7901 2.04 01 

15 2.02 03 3.0302 1.J5 03 5.31 02 2.8*02 1.71 02 1.1002 7.4901 5.3201 3.91 01 

IS 3.4203 5.32 02 1.7602 7.95 02 4.40 02 2.6702 1.74 02 1.20 02 8.59 01 6.37 01 

21 5.32 03 8.84 02 3.0002 1.36 02 6.57 02 4.12 OZ 2.74 02 1.9002 1.37 02 1.0202 

24 7.56 03 1.26 03 4.16 02 1.88 02 1.02 02 5.17 02 3.52 02 2.49 02 1.82 02 1.37 02 
2? 9.91 03 1.76 03 5.93 02 2.69 02 1.46 02 8.83 01 5.80 01 3.20 02 2.38 02 1.81 02 
30 1.58 03 2.39 01 8,28 02 3.83 02 2.09 02 1.27 02 8.3001 5.71 01 4.0901 2.17 0 2 
33 2.15 03 3.02 01 1.08 03 5.0002 2.73 C3 1.66 02 1.09 02 7.52 01 5.43 01 4.04 01 
36 2.97 03 

3.95 03 

3.55 01 1.30 03 

1.67 0 i 
6.05 02 

8.0002 

3.3002 
4,41 EQ 

2.00 02 

1 6 9 M 

1.31 02 

1,77 02 

9.04 01 

1.22 02 

6.53 01 

8,8501 

4.88 01 
39 

2.97 03 

3.95 03 7.4202 
1.30 03 

1.67 0 i 
6.05 02 

8.0002 

3.3002 
4,41 EQ 

2.00 02 

1 6 9 M 

1.31 02 

1,77 02 

9.04 01 

1.22 02 

6.53 01 

8,8501 6.61 01 
42 5.06 03 9.59 02 2.00 03 9.73 02 5,42 02 3.33 02 2,19 02 1.5202 1,1002 S.250I 



45 6.31 03 1.22 03 4.31 02 1.17 03 6.61 02 4.0H 02 2.70 02 1.8802 1.36 02 1.02 02 

48 7.59 03 

S.6S03 

1.51 03 

1.75 03 

5.1002 i 

6.4402 

1.05 03 6.96 02 

8.42 02 

4.33 02 

5.28 02 

2.87 02 

3.53 02 

2.01 02 

2.4702 

1.46 02 

1.8002 

1.09 02 

51 

7.59 03 

S.6S03 

1.51 03 

1.75 03 

5.1002 i 

6.4402 3.0002 

6.96 02 

8.42 02 

4.33 02 

5.28 02 

2.87 02 

3.53 02 

2.01 02 

2.4702 

1.46 02 

1.8002 1.35 02 

54 9.38 03 

8.81 03 

8.97 03 

2.1303 

2.55 03 

2.9203 

2.7603 

3.47 03 

8.0S 02 

9.93 02 

1.09 03 

1.0403 

1.3803 

3.89 02 

4.86 02 

5.38 02 

5.11 02 

6.7S 02 

6.69 02 6.59 02 

6.81 02 

4.43 02 

5.26 02 

5.1002 

3.59 02 

3.1202 

3.73 02 

4.17 02 

3.3802 

3.2502 

2.28 02 

2.74 02 

3.10 02 

2.88 02 

3.2302 

1.72 02 

57 

9.38 03 

8.81 03 

8.97 03 

2.1303 

2.55 03 

2.9203 

2.7603 

3.47 03 

8.0S 02 

9.93 02 

1.09 03 

1.0403 

1.3803 

3.89 02 

4.86 02 

5.38 02 

5.11 02 

6.7S 02 

2.67 02 

3.07 02 

2.93 02 

3.85 02 

6.59 02 

6.81 02 

4.43 02 

5.26 02 

5.1002 

3.59 02 

3.1202 

3.73 02 

4.17 02 

3.3802 

3.2502 

2.28 02 

2.74 02 

3.10 02 

2.88 02 

3.2302 

207 02 

60 

9.38 03 

8.81 03 

8.97 03 

2.1303 

2.55 03 

2.9203 

2.7603 

3.47 03 

8.0S 02 

9.93 02 

1.09 03 

1.0403 

1.3803 

3.89 02 

4.86 02 

5.38 02 

5.11 02 

6.7S 02 

2.67 02 

3.07 02 

2.93 02 

3.85 02 

1.93 02 

1.85 02 

2.43 02 

4.43 02 

5.26 02 

5.1002 

3.59 02 

3.1202 

3.73 02 

4.17 02 

3.3802 

3.2502 

2.28 02 

2.74 02 

3.10 02 

2.88 02 

3.2302 

2.36 02 

63 2.33 03 

2.69 03 

2.1303 

2.55 03 

2.9203 

2.7603 

3.47 03 

8.0S 02 

9.93 02 

1.09 03 

1.0403 

1.3803 

3.89 02 

4.86 02 

5.38 02 

5.11 02 

6.7S 02 

2.67 02 

3.07 02 

2.93 02 

3.85 02 

1.93 02 

1.85 02 

2.43 02 

4.43 02 

5.26 02 

5.1002 

3.59 02 

3.1202 

3.73 02 

4.17 02 

3.3802 

3.2502 

2.28 02 

2.74 02 

3.10 02 

2.88 02 

3.2302 

2.20 02 

66 

2.33 03 

2.69 03 

2.1303 

2.55 03 

2.9203 

2.7603 

3.47 03 

8.0S 02 

9.93 02 

1.09 03 

1.0403 

1.3803 

3.89 02 

4.86 02 

5.38 02 

5.11 02 

6.7S 02 

2.67 02 

3.07 02 

2.93 02 

3.85 02 

1.93 02 

1.85 02 

2.43 02 1.6402 

3.1202 

3.73 02 

4.17 02 

3.3802 

3.2502 

2.28 02 

2.74 02 

3.10 02 

2.88 02 

3.2302 2.8502 

69 3.21 03 4.06 03 1.7903 8.85 02 5.08 02 3.21 02 2.16 02 1.5302 3.09 02 3.19 02 

72 3.66 03 3.89 03 1.89 03 9.35 02 5.41 02 3.44 02 2.33 02 1.6502 1.21 02 247 02 

75 4.21 03 

4.88 03 

4.32 03 2.1103 

2,14 03 

1.05 03 

1.19 03 

6.04 02 

6.84 02 

3.81 02 

4.32 02 

2.57 02 

2.92 02 

1.8202 

107 02 

1.35 02 

1.53 02 

1.02 02 

78 

4.21 03 

4.88 03 1.1603 

2.1103 

2,14 03 

1.05 03 

1.19 03 

6.04 02 

6.84 02 

3.81 02 

4.32 02 

2.57 02 

2.92 02 

1.8202 

107 02 

1.35 02 

1.53 02 1.17 02 

81 5.64 03 1.3303 2.3703 1-3103 7.61 02 4 .8202 3.25 02 2.31 02 1.71 02 1.3002 

84 6.2003 

6.58 03 

1.5303 

1.7303 

2.2803 1.39 03 

1.47 03 

8.39 02 

9.37 02 

5.34 02 

5.96 02 

3.62 02 

4.04 02 

2.5802 

2.8802 

1.9102 

2.13 02 

1.46 02 

87 

6.2003 

6.58 03 

1.5303 

1.7303 7.05 02 

1.39 03 

1.47 03 

8.39 02 

9.37 02 

5.34 02 

5.96 02 

3.62 02 

4.04 02 

2.5802 

2.8802 

1.9102 

2.13 02 1.63 02 

90 6.16 03 1.92 03 7.8602 1.38 03 9.82 02 6.55 02 4.45 02 3.1702 2.34 02 1.79 02 6.16 03 1.92 03 7.8602 



I (sfuejor romponrra / , of Shr atomic scatteringfactor, for Sriraed taSaa ef atomic ttumbtr Z at ttiergia ixf*mn 1O0 

z 1 M 2 H 3*# 4 M 
EKTSffeV) 

5 H « M 7 M m 9 H i m 
3 | 2.75 00 3.33 00 3.26 00 3.20 00 3.15 DO 3.12 00 3.1000 3.08 00 3.07 00 3.06 00 
6 4.08 00 3.67 00 j | 2.88 00 5.50 00 6.10 00 6.28 00 6.3S0O 6.3700 6.3600 6.34 00 
9 6.7100 7.63 00 7.54 00 7.3300 6.95 00 6.30 00 [ 5.0100 7.50 00 8.35 00 8.7500 

1.0201 K 12 3.73 00 1.02 01 1.10 01 1.11 01 1.1001 1.09 01 1.07 01 1.06 01 1.04 01 

8.7500 

1.0201 K 

IS 2 . M 0 0 | 7.00 00 1.22 01 1.38 01 1.43 01 1.44 Ql 1.44 01 1.4301 1.42 01 1X1 01 

(8 6.2100 4.6700 ] | 7.64 00 1.2*01 1.57 01 1.68 01 1.73 01 1.76 01 1.7701 1.77 01 

21 8.S0G0 9.92 00 8.8600 ) 1.2401 1.69 01 1.90 01 1.98 01 Z03O! 2.0601 

24 1.06 01 1.3501 1.4201 1.37 01 1.17 01 1 1.5601 1.92 01 2.1201 2.2301 
37 9.54 00 1.52 01 1.71 01 1.7401 1.7001 1.6001 1.29 01 j | 7.92 00 1.70 01 2.1001 

1.0001 * ™ 30 5.9900 1.54 01 1.94 01 Z07 01 2.12 01 2.10 01 2.04 01 1.95 01 1.74 01 

2.1001 

1.0001 * ™ 
33 2.6900 1.27 Ot 1.98 01 2.24 01 2.40 01 2,45 01 2.46 01 2.44 01 2.40 01 2.33 01 
36 4.08 GO 8.13 00 1.7801 2.31 01 2.63 01 2.77 01 2.85 01 2 8 7 01 2.88 01 2.8601 
39 9.86 00 | | 5.94 00 1.3001 1.92 01 166 01 2.92 01 3.08 01 3.16 01 3.21 01 3.23 01 
42 1.54 01 1.20 01 | 9.54 00 1.68 01 2.1901 2.76 01 3.07 01 3.29 01 3.4201 3.50 01 



45 1.85 01 1.41 01 9.66 00 j : 4.28 00 1.81 01 1 5 2 0 1 3,17 01 3.46 01 3.6601 3.77 01 

4B 1 1 1 0 1 1.M01 1.44 0 1 7 .6000 | ( 1.55 01 2 . 2 9 0 ) 2,92 01 3.47 01 3 .8201 4.0201 

51 2.53 01 1.81 01 1.71 01 1.50 01 1.38 00 j | 1.92 01 1 9 1 0 1 3.00 01 3.57 01 3.8701 

54 9.48 00 1 0 5 01 1.86 01 1.8801 1.69 01 1.04 01 | 1.56 01 3.04 01 3.25 01 3.4301 

57 6.84 00 1 5 3 01 1 2 0 0 1 1 3 6 01 145 01 1 4 1 0 1 111 01 1.16 01 | 121 01 3.05 01 

60 1.44 01 3.0201 1 3 7 OJ 1 7 4 0 1 1 9 3 01 3.00 01 1 9 6 01 1 8 0 01 1 3 0 01 | 1.1201 

63 1.44 01 3.21 01 3.1101 3.3001 3-54 01 3.65 01 3.68 0) 3.65 0) 3.49 0) 3.1701 [ 

66 1.18 01 1 4 7 01 1 6 6 01 3.33 01 3.55 01 3.68 01 3,78 01 3.8001 3.76 01 3.65 01 

69 1.25 01 1.91 01 1 4 6 0 1 178 01 3.27 01 3.62 01 3.83 01 3.93 01 3.97 01 3>5 01 

72 1.06 0 1 1.5301 1 3 2 0 1 1 7 4 01 3.29 01 3.72 0 1 4.05 01 4.21 01 4.32 01 4.36 01 

75 1.55 0J 1.460) 1 2 9 0 ) 2 9 0 0 1 3.35 01 3.85 01 4 .370! 4.6201 4.80 01 4.S! 01 

78 1.77 01 11201 1.75 01 1 4 3 01 3.13 01 3.65 01 4.1601 4.53 01 4.82 0) 4.99 01 

81 1 1 2 0 1 1.26 01 1.51 01 1 0 2 01 2.99 01 3.5601 4.0601 4.4401 4.89 01 5.15 01 

84 1 4 7 01 1 0 1 0 1 1.1101 1.80 01 1 7 6 01 3.57 01 4.03 01 4.54 01 4.99 01 5.24 01 

87 ( .6201 1 S 3 0 1 1.68 01 1.23 01 122 01 1 7 5 01 3.87 01 4.38 01 4.64 01 5.17 01 

90 1 6 7 01 1.830) 1.8301 2.01 01 1 9 5 01 3.56 01 4.3001 4.S301 5.03 01 



TaUel-lt. ValuesJbr component ft of ike atomic Hollering factor, for setecud*alues of atomic number Z at energia bei*wi I 
ilQkeV. 

z 1 M * 2 * * 3m 4 * M 
EacnyfeV) 

7M0 H M <mt> IMflO 

3 3.0600 3.0200 3.0100 3.0100 3.O0O0 3.0000 3.00 00 3.00 00 3.0000 3.0000 

6 6.34 00 6.17 00 6.10 00 6.06 00 6.05 00 6.03 00 6.03 00 6.02 00 6.02 00 6.0100 

9 8.75 00 9.38 00 9.28 00 9.2IOO 9.16 00 9.12 00 9.1000 9.08 00 9.07 00 9.06 00 

12 1.0201 121 01 1.24 01 1.24 01 1.23 01 1.2301 1.2201 1.22 01 1.22 01 1.21 01 

IS 1.41 01 1.21 01 1.49 D. 1.54 01 1.54 01 1.54 01 1.5401 1.53 01 1.53 01 1.53 01 

IS 1.77 01 1.69 01 1.52 01 1.7501 1.82 01 1.84 01 1.84 01 1.8401 I.S4 0I 1.84 01 

21 Z06 01 Z05 0J 1.99 01 1.8901 1.96 01 2.08 01 Z 1 2 0 I 2.14 01 114 01 2.15 01 

24 Z23 01 2.40 01 2.35 01 2.3101 2.24 01 1.80 01 2.32 01 2-39 01 2.42 01 Z4301 

27 2.10 01 2.7101 

2.97 01 

2.7001 

3.0201 

2.6601 

2.99 01 
2.62 01 

2.96 01 

2.58 01 

2.93 01 
Z50 0I 

2.90 01 

2.45 01 

2.86 Ql 
2.62 01 

2.78 Ql 

2.68 01 

30 1.0001 

2.7101 

2.97 01 

2.7001 

3.0201 

2.6601 

2.99 01 
2.62 01 

2.96 01 

2.58 01 

2.93 01 
Z50 0I 

2.90 01 

2.45 01 

2.86 Ql 
2.62 01 

2.78 Ql 2.75 01 

33 2.33 01 3.11 01 3.32 01 3.32 01 3.3001 3.27 01 3.25 01 3.22 01 3.19 01 3.15 01 

36 Z86 0I 

3.23 0 ! 

192 01 3.58 01 

3.71 01 

3.64 01 

3.91 01 

3.63 01 

3.94 Ql 

3.61 01 

3.93 01 

3.59 01 

3.92 QI 

3.57 01 

3.90 01 
3.55 01 

3.88 0) 

3.52 01 

39 

Z86 0I 

3.23 0 ! 2-4g01 

3.58 01 

3.71 01 

3.64 01 

3.91 01 

3.63 01 

3.94 Ql 

3.61 01 

3.93 01 

3.59 01 

3.92 QI 

3.57 01 

3.90 01 
3.55 01 

3.88 0) 3.86 01 

42 3.50 01 3.42 01 3.61 01 4.13 Dl 4.23 01 4.25 01 4.24 01 4.23 01 4.21 01 4.20 01 



45 3.77 01 3.90 01 2.44 01 4.24 01 4.48 01 4.54 01 4.55 01 4.55 01 4.54 01 4.53 01 
4* 4.02 01 

3.87 01 
4.39 01 
4.70 01 

4.19 01 
4.60 01 

4.04 01 4.68 01 
4.*9 01 

4.81 01 
5.0201 

4.85 01 
5.12 01 

4.86 01 
5.16 01 

4.86 01 
5.17 01 

4.85 01 
51 

4.02 01 
3.87 01 

4.39 01 
4.70 01 

4.19 01 
4.60 01 4.0S 01 

4.68 01 
4.*9 01 

4.81 01 
5.0201 

4.85 01 
5.12 01 

4.86 01 
5.16 01 

4.86 01 
5.17 01 5.17 01 

54 3.43 01 
3.05 01 
1.1201 

4.93 01 
5.07 01 
5.33 01 
5.72 01 
5.39 01 

4.94 01 
5.26 01 
5.62 01 
6.04 01 
6.25 01 

4.75 01 
5.19 01 
5.58 01 
6.03 01 
6.32 01 

4.31 01 5.0*01 
4.79 01 

5.33 01 
5.42 01 
5.29 01 
5.11 01 

5.42 01 
5.63 01 
5.76 01 
5.74 01 
5.71 01 

5.46 01 
5.72 01 
5.93 01 
6.12 01 
5.96 01 

5.48 01 
57 

3.43 01 
3.05 01 
1.1201 

4.93 01 
5.07 01 
5.33 01 
5.72 01 
5.39 01 

4.94 01 
5.26 01 
5.62 01 
6.04 01 
6.25 01 

4.75 01 
5.19 01 
5.58 01 
6.03 01 
6.32 01 

4.91 01 
5.45 01 
5.96 01 
6.2S 01 

5.0*01 
4.79 01 

5.33 01 
5.42 01 
5.29 01 
5.11 01 

5.42 01 
5.63 01 
5.76 01 
5.74 01 
5.71 01 

5.46 01 
5.72 01 
5.93 01 
6.12 01 
5.96 01 

5.76 01 
60 

3.43 01 
3.05 01 
1.1201 

4.93 01 
5.07 01 
5.33 01 
5.72 01 
5.39 01 

4.94 01 
5.26 01 
5.62 01 
6.04 01 
6.25 01 

4.75 01 
5.19 01 
5.58 01 
6.03 01 
6.32 01 

4.91 01 
5.45 01 
5.96 01 
6.2S 01 

5.03 01 
5.82 01 
6.18 01 

5.33 01 
5.42 01 
5.29 01 
5.11 01 

5.42 01 
5.63 01 
5.76 01 
5.74 01 
5.71 01 

5.46 01 
5.72 01 
5.93 01 
6.12 01 
5.96 01 

6.02 01 
63 3.1701 

3.65 01 

4.93 01 
5.07 01 
5.33 01 
5.72 01 
5.39 01 

4.94 01 
5.26 01 
5.62 01 
6.04 01 
6.25 01 

4.75 01 
5.19 01 
5.58 01 
6.03 01 
6.32 01 

4.91 01 
5.45 01 
5.96 01 
6.2S 01 

5.03 01 
5.82 01 
6.18 01 

5.33 01 
5.42 01 
5.29 01 
5.11 01 

5.42 01 
5.63 01 
5.76 01 
5.74 01 
5.71 01 

5.46 01 
5.72 01 
5.93 01 
6.12 01 
5.96 01 

6.25 01 
66 

3.1701 
3.65 01 

4.93 01 
5.07 01 
5.33 01 
5.72 01 
5.39 01 

4.94 01 
5.26 01 
5.62 01 
6.04 01 
6.25 01 

4.75 01 
5.19 01 
5.58 01 
6.03 01 
6.32 01 

4.91 01 
5.45 01 
5.96 01 
6.2S 01 

5.03 01 
5.82 01 
6.18 01 5.99 01 

5.42 01 
5.63 01 
5.76 01 
5.74 01 
5.71 01 

5.46 01 
5.72 01 
5.93 01 
6.12 01 
5.96 01 6.39 01 

69 3.95 01 5.08 01 6.39 01 6.59 01 6.59 01 6.52 01 6.40 0) 6.17 01 6.02 01 6.25 01 
72 4.36 01 4.64 01 6.58 01 6.90 01 6.94 01 6.91 01 6.84 0) 6.72 01 6.48 CI 6.43 01 
75 4.91 01 

4.9901 
3.28 01 6.56 01 

6.41 01 
7.17 01 
7.37 01 

728 01 
7.58 01 

7.38 01 
7.61 01 

7.23 01 
7.59 01 

7.15 01 
7.53 01 

7.03 01 
7.46_01 

6.79 01 
78 

4.91 01 
4.9901 4.14 01 

6.56 01 
6.41 01 

7.17 01 
7.37 01 

728 01 
7.58 01 

7.38 01 
7.61 01 

7.23 01 
7.59 01 

7.15 01 
7.53 01 

7.03 01 
7.46_01 7.34 01 

81 5.15 01 5.3401 6.1101 7.45 01 7.83 01 7.92 01 7.93 01 7.89 01 7.84 01 7.76 01 
84 5.24 01 

5.17 01 
6.01 01 
6.4001 

5.91 01 7.44 01 
7.39 01 

8.03 01 
S.I4 01 

8.20 01 
8.44 01 

8.24 01 
8.53 01 

8.23 0! 
8.55 01 

8.2001 
8.53 01 

8.14 01 
87 

5.24 01 
5.17 01 

6.01 01 
6.4001 1.3101 

7.44 01 
7.39 01 

8.03 01 
S.I4 01 

8.20 01 
8.44 01 

8.24 01 
8.53 01 

8.23 0! 
8.55 01 

8.2001 
8.53 01 8.50 01 

90 5.0301 6.77 01 6.29 01 6.93 01 8.13 01 8.63 01 8.8001 8.86 01 8.87 01 8.85 01 



ieiaaaberZ at energies bm*m 11 

z 1M •m 3 M 4 M 
EmaisitV) 

m 44* 7 H m 9 M I « M 

»l | 2.34 00 «.i«4)i 3.994)1 2.12-01 1.51-01 1.07-01 7.584)2 5.89-02 4.58-02 3.744)2 

6 6.664)1 1954)1 | 4.1800 2.8200 1.97 00 1.52 00 1.16 00 9.404)1 7.61-01 6.42-01 

9 3.95 00 1.71 00 9.62-01 6.46-01 4.4841 3.444)1 | 4.09 00 3.57 00 2.98 00 1 5 9 00 

12 7.54 00 5.69 00 3.5000 2.45 00 1.68 00 1.27 00 9.584)1 7.77-01 629-01 5.33-01 

15 7.51-01 | | 1.02 01 7.70 00 5.8B00 4.3000 3.37 00 159 00 1 1 3 0 0 1.73 00 1.48 00 

18 1.82 00 1.54 00 | 1.1701 1.09 01 8.44 00 6.84 00 5.44 00 4.55 00 3.75 00 3.22 00 

21 2.88 00 2.67 00 2.06 00 1.66 00 | 1.36 01 1.1301 9,16 00 7.75 00 6.50 00 5.64 00 

24 5.66 00 4.46 00 3.37 00 1 7 1 0 0 1 1 3 0 0 1.7600 | 1.45 01 1.24 01 1.06 01 9.27 00 

27 8.59 00 7.55 00 5.60 00 4.37 00 3.39 00 182 00 2.33 00 | 1.63 01 1.40 01 1.38 01 

30 1.22 01 1.22 01 9.41 00 7.35 00 5.63 00 4.58 00 3.74 00 3.24 00 174 00 1 4 4 00 

33 7.9200 1.49 01 1.3001 1.08 01 8.58 00 7.1300 S.86 00 5.05 00 4.32 00 3.80 00 

36 1.83 00 1.59 01 1.78 01 1.61 01 1.29 01 1.09 01 8.9800 7.75 00 6.65 00 5.87 00 

39 2.75 00 | 9.12 00 1.87 01 109 01 1.74 01 1.48 01 1.2401 1.08 01 9.35 00 8.28 00 

42 2.0100 2.45 00 1 1.42 01 1.80 Ot 1.94 01 (.8301 1.6301 1.4801 1.2901 1.15 01 

Illl 



1.32 00 3.27 00 

3.S7 00 

3.16 00 1 

4.30 00 
{ 1.S7 01 2.49 01 

2.93 01 

2.46 01 

2.65 01 

2.23 01 

2.69 01 

1.96 01 

2.56 01 

1.7101 

2.24 01 

1.53 01 

1.1601 

3.27 00 

3.S7 00 

3.16 00 1 

4.30 00 4.35 00 | 

2.49 01 

2.93 01 

2.46 01 

2.65 01 

2.23 01 

2.69 01 

1.96 01 

2.56 01 

1.7101 

2.24 01 20101 

218 01 4.12 00 5.39 00 5.69 00 5.27 00 | 3.42 01 174 01 2.57 01 2.6401 2.49 01 

3.85 01 2.9000 6.3S00 7.03 00 6.96 00 6.48 00 | 4.95 01 3.12 01 2.6901 2.9101 

9.53 00 2.35 00 6.6900 8.23 00 8.1 BOO 7.78 00 7.19 00 6.67 00 | | 3.2401 2.8901 

4.92 00 6.S600 8.2800 1.08 01 1.03 01 9.7100 8.90 00 8.20 00 7.4900 | 3-05 01 

6.27 00 1.67 01 1.24 01 1.36 01 1.27 01 1.18 01 1.08 01 9.94 00 9^0600 8.37 00 

1.26 01 1,9901 1.95 01 1.79 01 1.63 01 1.50 01 1.35 01 1.24 01 1.12 01 1.03 01 

1.16 01 LSI 01 I.B9 01 1.98 01 2.03 01 1.88 01 1.69 01 1.54 01 1.3901 1.2S01 

8.93 00 1.81 01 2.1301 2.15 01 2.28 01 2.25 01 Z03:, . 1.85 01 1.68 01 1.54 01 

7.16 00 1.66 01 2.33 01 2.45 01 2.57 01 2.56 01 Z41 01 2.2101 2.01 01 1.85 01 

8.93 00 1.49 01 2.2201 2.7801 2.77 01 2.93 01 275 01 2.68 01 2.4401 2.25 01 

1.12 01 9.40 00 2.21 01 2.8701 3.09 01 3.03 01 3.19 01 3.02 01 2.9001 Z72 01 

2.48 01 6.1100 1.81 01 2.7801 3.5301 3.44 01 3.26 01 3.42 01 3.1701 3.07 01 

3.48 01 9.10 00 9.0000 2.39 01 3.20 01 3.54 01 3.77 01 3.56 01 3.5501 3.4601 

7.19 01 6.82 00 1.1701 1.93 01 2.98 01 3.38 01 3.S8 01 3.80 01 3.59 01 3-3701 



ir sdecud tuWi of atomic number Z a ntcrgin bttwetn I 

z I N * 2 t t f 3«M 4M0 
b a f l r f e V ) 

7000 80UQ 90H ieow 
3 3.74-02 8.25-03 3.24-03 1.64-03 9.7744 6.40-04 4.4844 3.2944 2.5144 1.9644 

6 6.42-01 1.73-01 7.74-02 4.3002 2.69-02 1.8242 1.3142 9.7243 7.4743 5.8943 

9 25900 8.13-01 3.9O-01 2.26411 1.4541 1.01-01 7.3442 5.5742 4.3542 3.4842 

12 5.3MH 2.34 00 1.1700 6.92-01 4.5541 3.2141 2.3841 1.8341 1.4541 1.1841 

15 1.4$ 00 4.46-01 2.54 00 J.56 00 1.05 00 7.5541 5.6741 4.4141 3.5341 28841 

18 3.2200 1.0100 5.0141 3.02 00 209 00 (.52 0) 1.16 00 9 . I I41 7.3541 6.0541 

21 5.64 00 1.89 00 9.61-01 5.S041 3.5100 264 00 205 00 1.63 00 1.32 00 1.09 00 
24 9.27 00 3.1100 1.54 00 9.32-01 6.3341 3.83 00 3.0S00 246 00 2.02 00 1.69 00 
27 1.380) 4.93 00 

7.44 00 

249 00 

3.86 00 

1.5100 

238 00 

1.02 00 

1.63 00 

7.4241 

1.1900 

5.6941 

9.0341 

3.5900 

7.1141 

3.00 00 

5.7341 

254 00 
30 2.44 00 

4.93 00 

7.44 00 

249 00 

3.86 00 

1.5100 

238 00 

1.02 00 

1.63 00 

7.4241 

1.1900 

5.6941 

9.0341 

3.5900 

7.1141 

3.00 00 

5.7341 3.69 00 
33 3.8000 1.0801 5.76 00 3.56 00 243 00 1.77 00 1.36 00 1.07 00 8.70-01 7.2041 

36 5.87 00 

8.28 00 

l.-U 01 7.75 00 

1.06 01 

4.82 00 

6.76 00 

3.29 00 

4.67 00 
2.39 00 

3.42 00 

1.82 00 

262 00 

1.44 00 

207 00 

1.1700 

1.68 00 

9.7341 

39 

5.87 00 

8.28 00 3.14 00 n 

7.75 00 

1.06 01 

4.82 00 

6.76 00 

3.29 00 

4.67 00 
2.39 00 

3.42 00 

1.82 00 

262 00 

1.44 00 

207 00 

1.1700 

1.68 00 1.40 00 

42 U S 01 4.38 00 1.37 0) 8.88 00 6.19 00 4.56 00 3.50 00 2,78 00 2.26 00 1.88 00 



1.53 01 5.99 00 3.17 00 1.1501 8.08 00 5.99 00 4.62 00 3.68 00 3.00 00 2.50 00 
2.0101 8.09 00 

1.01 01 
4.09 00 
5.59 00 

1.1201 9.31 00 
1.22 01 

6.94 00 
9-700 

5.37 00 
7.14 00 

4.29 00 
5.72 00 

3.51 00 
4.69 00 

2.92 00 
2.49 01 

8.09 00 
1.01 01 

4.09 00 
5.59 00 3.48 00 

9.31 00 
1.22 01 

6.94 00 
9-700 

5.37 00 
7.14 00 

4.29 00 
5.72 00 

3.51 00 
4.69 00 3.92 00 

2.91 01 1.33 01 
1.68 01 
2.00 01 
1.99 01 
2.6S 01 

7.57 00 
9.84 00 
1.13 01 
1.13 01 
I.6G01 

4.86 00 
6.42 00 
7.38 00 
7.39 00 
1.04 01 

1.04 01 1.23 01 
1.35 01 

9.69 00 
1.22 01 
1.22 01 
9.07 00 

7.S0 00 
9.E6 00 
1.15 01 
9.77 00 
1.00 01 

6.4! 00 
8.1500 
9.56 00 
9.36 00 
1 12 01 

5.37 00 
2.89 01 

1.33 01 
1.68 01 
2.00 01 
1.99 01 
2.6S 01 

7.57 00 
9.84 00 
1.13 01 
1.13 01 
I.6G01 

4.86 00 
6.42 00 
7.38 00 
7.39 00 
1.04 01 

4.42 00 
5.27 00 
5.29 00 
7.44 00 

1.23 01 
1.35 01 

9.69 00 
1.22 01 
1.22 01 
9.07 00 

7.S0 00 
9.E6 00 
1.15 01 
9.77 00 
1.00 01 

6.4! 00 
8.1500 
9.56 00 
9.36 00 
1 12 01 

6.85 00 
3.05 01 

1.33 01 
1.68 01 
2.00 01 
1.99 01 
2.6S 01 

7.57 00 
9.84 00 
1.13 01 
1.13 01 
I.6G01 

4.86 00 
6.42 00 
7.38 00 
7.39 00 
1.04 01 

4.42 00 
5.27 00 
5.29 00 
7.44 00 

3.98 00 
4.00 00 
5.63 00 

9.69 00 
1.22 01 
1.22 01 
9.07 00 

7.S0 00 
9.E6 00 
1.15 01 
9.77 00 
1.00 01 

6.4! 00 
8.1500 
9.56 00 
9.36 00 
1 12 01 

8.09 00 
8.37 00 

1.33 01 
1.68 01 
2.00 01 
1.99 01 
2.6S 01 

7.57 00 
9.84 00 
1.13 01 
1.13 01 
I.6G01 

4.86 00 
6.42 00 
7.38 00 
7.39 00 
1.04 01 

4.42 00 
5.27 00 
5.29 00 
7.44 00 

3.98 00 
4.00 00 
5.63 00 

9.69 00 
1.22 01 
1.22 01 
9.07 00 

7.S0 00 
9.E6 00 
1.15 01 
9.77 00 
1.00 01 

6.4! 00 
8.1500 
9.56 00 
9.36 00 
1 12 01 

7.95 00 
r.03 oi 

1.33 01 
1.68 01 
2.00 01 
1.99 01 
2.6S 01 

7.57 00 
9.84 00 
1.13 01 
1.13 01 
I.6G01 

4.86 00 
6.42 00 
7.38 00 
7.39 00 
1.04 01 

4.42 00 
5.27 00 
5.29 00 
7.44 00 

3.98 00 
4.00 00 
5.63 00 4.45 00 

7.S0 00 
9.E6 00 
1.15 01 
9.77 00 
1.00 01 

6.4! 00 
8.1500 
9.56 00 
9.36 00 
1 12 01 1.10 01 

1.28 01 3.26 01 2.15 01 1.42 01 1.02 01 7.73 00 6.08 00 *.92O0 1.12 01 1.28 01 
1.54 01 3.30 01 2.40 01 1.59 01 1.1501 8.76 00 6.93 00 5.61 00 4.62 00 1.05 01 
1.85 01 3.82 01 2.80 01 

2.98 01 
1.87 01 
2.21 01 

1.34 01 
1.59 01 

1.01 01 
1.20 0! 

7.97 00 
9.47 00 

6.46 00 
7.69 00 

5.37 00 
6.39 00 

4.54 00 
2.25 0! 1.08 01 

2.80 01 
2.98 01 

1.87 01 
2.21 01 

1.34 01 
1.59 01 

1.01 01 
1.20 0! 

7.97 00 
9.47 00 

6.46 00 
7.69 00 

5.37 00 
6.39 00 5.4100 

2.72 01 1.30 01 3.46 01 2.54 01 1.85 01 1.40 01 1.11 01 8.97 00 7.46 00 6.32 00 
3.07 01 1.53 01 

1.83 01 
3.42 01 2.77 01 

3.1101 
2.10 01 
2.4S 01 

1.60 01 
1.90 01 

1.26 01 
1.50 01 

1.03 01 
1.22 01 

8.57 00 
1.02 01 

7.27 00 
3.46 01 

1.53 01 
1.83 01 1.12 01 

2.77 01 
3.1101 

2.10 01 
2.4S 01 

1.60 01 
1.90 01 

1.26 01 
1.50 01 

1.03 01 
1.22 01 

8.57 00 
1.02 01 8.63 00 

3.37 01 2.12 01 1.30 01 3.05 01 2:71 Ot 2.17 01 1.72 01 1.40 01 1.16 01 9.87 00 
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2.1 TRANSMISSION BANDS 
OF SELECTED FILTERS 

Burton L Henke 
Figures 2-7 and 2-8 show transmission bands for selected prac­
tical filter materials between 50 eV and 10 kcV. The Tiller 
materials and absorption edges are given in Table 2-13, along 
with the mass thickness m required to give about a 60% max-
imum transmission. This value of m is equal lo V(2p), where 
u is the mats absorption cocflicfein in tm'/>ig. These fijutM 
illustrate only the principal transmission band for each filter. 
A typical transmission curve for a wider spectral region is 
shown in Fig, 2-9, and detailed transmission curves Tor all the 
filter materials considered here can he found in B. L. Henke 
and P. A, lun imagi . "A Two-Channel, Elliptical Analyzer 
Spectrograph for Absolute, Ti me-Rcsolvi rig/Time'[niegraiin& 
Spectromeiry of Pulsed X-Ray Sources in the 100-10,000 eV 
Region," Rev. Sri. Instnmi. 56, 1537(1985). 
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TaUe2-13. Absorption tdg& and ttvustktckneutt far Ike fihtrt with 
innsntUsion characteristics lUiutrottd in Figs. 2-7 and 2-8. 

1/2M 
No. Filler E^e(eV) Wl/m2) 

\ Beryllium (Be) Be-K(lll) 81 
2 Boron nitride (BN) B-K(188) 68 
3 Carbon (C) C-K(284) 226 

Polypropylene 
(CH2-CHCH3)K 

C-K (284) 256 

Forravir{C5H,02) OK 1284) 156 
Mylar (C, 0H 8O 4) C-K (284) 152 
Kimfbl (C 1 6 H 1 4 0 3 ) C-K (284) 181 

4 Boron nitride <BN) N-K <400) 66 
5 Aluminum oxide (A^Oj) O-K (532) 126 

Silicon dioxide (SiOj) O-K (532) 116 
Polyfomwldchyde (,CH-p\ O-K (532) 92 

6 Iron (Fe) Fe-Lj (707) 234 
1 Nickel (Ni> Ni-L3 (854) 219 
8 Copper (Cu) Cu-Lj (933) 31B 
9 Magnesium (Me) Mg-K(l303) 1139 

10 Aluminum (Al) AI-K056Q) 1427 
II Silicon (Si) Si-K(IS40) 1680 
12 Saran (CHj-rCl^ Ci-K (2820) 3151 
n Silver (Ag) A«-L3(335l) 1296 
1-4 Tin (Sn) Sn-Lj (3929) 1669 
15 Titanium (Ti> Ti-K (4964) 6010 
16 Chromium <Cr) Cr-K (5989) 7924 
17 Iron (Fe) Fe-K(7111) 9804 
IS Nickel (Ni) Ni-K (83311 11820 
19 Copprr (Cul Cu-K (8980) 13699 



Energy (eV) 
Fit-2-1. Transmission bands of ulectedfilien(uv table) between 50 eV and I k.e\'. 
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SECTION 3 
SCATTERING PROCESSES 

3.1 SCATTERING OF X-RAYS FROM 
ELECTRONS AND ATOMS 

Jama Kir: 

A. COHERENT. RAYLEIGH, OH 
ELASTIC SCATTERING 

Scattering from single electrons (Thomson scattering) has a 
total cross section 

aT - SxrffS - 6.652 x I 0 ' : * m : . ( I ) 

where Tj, is I he classical radius of I he dec I ran, c*/mc2 — 
2.8I8 x 1 0 - I i meter. The angular distribution for unpotar-
ired incident radiation is proportional to ( I + cos2 tf), where 0 
is the scattering angle. For polarized incident ndiation, the 
cross section vanishes at 90" in the plane of polarization. 

Scattering from atoms involvn the cooperative effect of all 
the electrons, and the cross seciion becomes 

aK °itr- JT 1 | / (0> | : ( ] +cos 2 t f)rf(cosfl( . ( I ) 

where/(fl) is the (complcn) 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 p»tt thai reprcscmt the effective number of elec­
trons that participate in the scattering. At higher energies, the 
scattering factor falls off rapidly with scattering angle. For 
details a.-: Rcf. I. 



1 . COMPTON SCATTEK1NG 

In relativistic quantum mechanics, the scattering of x-rays by a 
free electron is given by the KJein-Nishina formula. If we 
assume unpolarized x-rays and unaligned electrons, this for­
mula can be approximated as follows for x-ray energies below 
100 keV: 

rh\ + eos zfi) 

*** 2(1 + *<l-cosfl)] 2 

where k — Efntc\ the photon energy measured in units o r 
the electron rest energy. The total crass section is approxi­
mately 

K N * 3(1 + 2k)2 

Note that fci very low energies {k — 0), we recover the Thom­
son cross section. The real difference comes when we deal 
with atoms. In that case, if the scattering leaves the atom in 
the ground stale, we deal with coherent scattering (see above), 
whereas if the electron is ejected from the atom, the scattering 
is (incoherent) Complon scattering. At high energies, the total 
Com peon cross section approaches XuKfi. At (aw energies 
and small scantling angles, however, binding effects arc very 
i m p o m m . the Compton crosi section is significantly reduced, 
and coherent scattering dominates (sec Figs. 3-1 and 3-2). For 
details see Kefs. 1 and 2. 

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

fc'VA" - 1/jl + AO - c o s f l ) | (5) 

or, in terms, af the w&vclength shift, 

A ' - A - \ . ( ! - cos (J) . (6) 

where \ c - h/me - 2,426 x J 0 _ l i racier. The kinetic 
energy of the recoil electron is just the energy lost by the pho­
ton in ihis approximation: 
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energy, thawing the contribution* of different procmn: i. 
atomic photn-cffivt (elnwn ejection, photon absorption): 
"((*• eoherent icancriits (Hayleigh scattering—atom neither 
ionized nor extant); o , n [ o l ] , incoherent scattering (Campion 
icattering off an electron); «„. pair production, nuclear field; 
« r . pair production, electron field; a„ h . photonuclear absorp­
tion (nuclear absorption, usually foaoired by emission if a 
neutron or other particle). (From Ref 3; figurecourtesy tf 
J.ll.lluhbell) 

Rt:n:at:.\ch:s 
1. J. H. Hubbcll, W. J. Veigclc, B. A. Briggi, R. T, Drown, 

I>. T. Cromer, and R. J. Howe Hon, "Atomic Form Fac­
tors, Incohircnl Seal It ring Funciions, und Photon Scatter­
ing Crow Sections." J. I'hvs. Client Ref. Data 4, 471 
m 7 5 ) . 
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fig. 3-2. Total photon cross section trw in lead, as afitnaion of 
energy, SeeFig.31. (From Ref. $:ftgurt courtesy of 
J H. Hubbe/l.) 

2. R. D. Evans, The Atomic Nucleus (Kricger, Mitabar, FL, 
1982)1 R. D. Evans, "The Compton Effect," in 5. Flugge, 
Ed-, llandbuch dcr Physik, vol. 34 (Springcr-Verlag, Ber­
lin, 1958). p . 21B; W. S. Veigele, P. T. Tracy, and E. M. 
Hewy. "Compion Effect mi Election Binding," Am. J. 
Phyi. 34,1116 U966). 

3. J. H. Hubbtll, H. A. Gimra, 1. ©verb*, "Pair, Triplet, and 
Total Atomic Cross Sections (and Maw Attenuation Coef­
ficients) Tor 1 McV- [QQ GcV photcn* in Elements Z - 1 
to 100," J. PHys. Chmt. Ref. Data 9,1023 <1980). 
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3.2 LOW-ENERGY ELECTRON 
RANGES IN MATTER 

Picro Pianetta 
The electron range is a measure of the straight-line penetration 
distance of electrons in a solid 111. Electron! with energies in 
the kilo-electron volt range, traveling in a solid, are scattered 
inelasticall)- in collisions with the electrons in the material. 
For low-£ milerials, such as organic insulators, scattering from 
the valence electrons is the major loss mechanism for incident 
electron energies f i r m 10 eV to 10 keV. The core levels con­
tribute less than 10% to the electron's energy dissipation for 
energies between l keV and 10 kcV |2] . 

For electron energies below 5 keV, the usual Bethe-Bloch 
formalism 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 (unclion t(k.u) 
describes the response of a medium to a given energy transfer 
Am and momentum transfer hk. The dielectric function con­
tains contributions from both valence and core electrons. 
References 4 and 5 describe the sleps for calculating ((fr,w) for 
insulators and metals, respectively. For an electron of energy 
k\ the probability of an energy loss u per unit distance is given 
bv|2| 

where hk^ - \/lm (VE ± V £ - f t u ! ) a n d d 0 - h2/me2. 
The quantity r lE.hu) is also known as the differential inverse 
mean free path, because by integrating it over all allowed 
energy transfers, the inelastic mean free path is obtained. 
Furthermore, an integration of hw{E,hu) over all allowed 
energy transfers gives the energy loss per unit path length, or 
stopping power ${E), The stopping power can then be used to 
calculate the distance it takes to slow an electron down to a 
given energy. This distance is called the continuous slowing 
down approximation range, or CSDA range, because the calcu­
lation assumes that the electron slows down continuously from 
the initial eneit,y h to the final energy, .Men ft usually taken 

http://lE.hu
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lobe IOcV|2] . The CSDA range * „ ( £ ) is given by 

" < < * > - & • & • , 2 > 

The calculations Tor inelastic mean Tree path and stopping 
power have been carried out down to 10 eV for a number af 
materials, including S i0 2 J3J: polystyrene |2] ; polyethylene 
|a|',collodion |7];aod silicon, aluminum, nickel, cooper, and 
gold |5| , The CSDA ranges from 15 eV to 6 kcV were then 
calculated for polystyrene, silicon, and told by inicsraiini 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 meager experimental data 
below 100 cV indicate thai mors as large as 100% may occur 
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Fig. 34. Plot ofthe CSDA range, us a function o]'energy, for gold and 
silicon ( j | and for polystyrene. (C|Hj),, wirt a density qf 
1.05 g/cnt* [l\. The measured electron range in collodion 
Kith a density of I g/em * is abo plotted | ?]. 
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SECTION 4 
X-RAY SOURCES 

4.1 CHARACTERISTICS 
OF SYNCHROTRON RADIATION 

Kwang-Je Kim 
Synchrairun radiation occurs when a charge moving at rcla-
tivistic speeds follows a curved trajectory. In this section, for­
mulas and supporting graphs are used to quantitatively 
describe characteristics of (his radii lion Tor the cases of circu­
lar motion (bending magnets) and sinusoidal motion (periodic 
magnclic siruclurcs), 

We will first discuss the ideal case, where the effects due to 
Iherngutar divergence and I he finite size of the electron 
beam—the omittance effects—can be neglected. 

A. SENDING MAGNETS 
The angular distribution of radiation emitted by electrons 
moving through a, bending magnet with a circular trajectory in 
the horizontal plane is given by 

•*'•%!") „ 3 » i A J / , . 3 , | , , y 
dm 4»2 « ' 



Jfi - photon flux (number or photons per second) 
& * obKnathrt angle in the harizoatai plane 
$ - observation angle in the vertical plane 
a - fine-structure consianl 
y - electron cncrgy/m, e* (» i c - electron mass. 

c - velocity oflight) 
u> - angular frequency of photon (« - rW • energy 

of photon) 
/ • beam current 
e - electron charge - 1.602 x 10"~ 1 9 coulomb 
y - u/ue - f / * f 

«>f - critical frequency, defined as the 
frequency that divides the emitted power 
into equal halves, - 3-y3c/2p 

p - radius or instantaneous curvature or the 
electron trajectory [in practical units, 
p tm)-3.3£(GcV)/ f l<T) | 

E - electron beam energy 
B - magnetic field strength 
tc - hvtf. [in practical units, 

U k c V ) - 0.665 E:lCe\)B(l)\ 
J- - TV 
{ - y ( l + - V V 2 / 2 

The subscripted Ks are modified BcsscI functions of the 
second kind. In the horizontal direction (<P - 0), Eq. (1) 
becomes 

£1, - f j ^ ' W ' « rfff# | ; - o -fir 1 

where 

H2<yt-r2KljO'/2i. (3) 

In practical units (pho lons 's - 1 -TOT - a-t0.116 bandwidth)" 1 ] , 

The function W ? (y) is shown in Fig 4- | , 
The distribution integrated over $ is given by 



Fig. 4-1. rhcfurshfM (V, <_r I « " ' ' " ; (>* I. "•*(""• >' « "w ""»> (if/?fto-
to,t energy (o entica! phot/"! energy. 

<"*iO-i - r / " A ' S / J O - T * ' . (J) 

In practical uniis [photons - s ~ ' *mr~'• (0.1% bandwidth) - ' J, 

- ^ - 2.157 * IO' 3 £|GeVl/[A|Gt(r) -

The function G ,00 i* also pi oiled in Fig 4-1. 
Radiation from a bending magnci is linearly polarized 

when observed in Ihc bending plane. Oui or this plane, the 
polarization is elliptical and can be decomposed into its hor­
izontal and vertical components, The first and second terms 
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5 — tC/y. For K JS i. radiation from the various periods can 
cahibit strong interference phenomena, because ihc angular 
excursions of the electron* are within the normna! \h E l a ­
tion cone, in this case, the structure is referred to as an unduta-
tor. In the case K » i, interference effects are less impor­
tant, and the structure is referred to as a wi|gler. 
B.l Wigckr iwltMSM 
In a wigikr, A' is large <iypic*ily ft 10) and radiation from dif­
ferent p«ra of (he electron trajectory adds incoherently. The 
flux distribution is then given by 2N {where N is 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 lo the 
direction of observation. Thus, far a horizontal angled, 

tc(0) - te m „ Vi - Wm2 • (10) 
where 

V m»» " ° « 3 £ z |GcV| fl0[Tj. 
When >p - 0, the radiation is linearly poiariicd in the hor­

izontal plane, as in the case of the bending magnet. As 4> 
increases, the direction of the polarization changes, but 
because the elliptical polarization from one half-period or the 
motion combines with the elliptical polarization {of opposite 
sense of roHiitoa} from the next, the polarization remains 
linear. 
H.2 UMlalaiar nullatiM 
In an undulator, K is moderate i £ 1) and radiation from dif­
ferent periods interferes coherently, thus producing sharp 
peaks at harmonics of the fundamental (r: - I ) . The 
wavelength of the fundamental on axis ftf «• ^ - 0) is given 
by 

X l - i l i£iax. . an 

, , , 13.056\ u Jem} 



The corresponding energy, in practical units, is 

fi'fOeVl 
i + s\n' 

The relative bandwidth at the nth harmonic is 

i, (keV| - 0.950 -

. ^ = ^ = _L , B - W , 3 . . . J . (12) 
A m «A 

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

i g L | - „A 'V ^ f F,K> ( I . - I J . 1 . . J 

- 0 (H-2,4.6, . . . ) , (13) 

where 

" (I * K2/2;r I i y i L 411 + X*m -1 

_, n + l r__-EL_iv ( I 4 ) 

^ L4(i +A-2/2)JJ 
Here, the Js 3re Besscl functions. The function F„(K) is plot­
ted in Fig 4-4, In practical units [photons • s" ' - mr~- • 
(0.1% bandwidth)"'|. Eq. (13) becomes 

- ~ - 1.744 s 101 4 A'2 Kz\GcV\l\A\F„tK). dQdt |o i i i i « 
The angular distribution of the nth harmonic is concen­

trated in a narrow cone whose half-width is given by 

he length of th 
intion of the s. 

• J- \ / - < l + A':/2) (f-1.2,3....). 

Here/, is the length of the undulatorff. -AAH). Additional 
rings of radiation of the same frequency also appear at angular 
distances 



Fig. 4* Thefioxiim F„IK}J&digcreni values ofn. where K h the 
deflection parameter. 

The annular structure of undufator radiation is iffustfaKti m 
Fig. 4-5 for the limiting caw of zero beam crmtumcc. 

Wcare usually interested in the central cone. An approxi­
mate formula Tor the AUK integrated over the central cone is 

.91 - woA'-^ J-O.tKi. mi 

or, in units of photons • s""1 • (0.1%bandwiih) ' , 

Sfn - I.43J x lQlA NQ„l\A\. 

The (unction Q„{X)-(I * K2/2)Fn/« i*pioHMJin Fig. 4-6. 
Satiation (13) can also Be written at 

dBty \ 2*<r~. 

Awty frem the axis, there is also a change in wavelength: The 
ftctor (I + K2/2) in Eq . i l 1) mast be replaced by 
{I + K2lt + •?<$* + $% Because of this wavdenglh shift 
with emitsion angle, the angle-iiUegnUKt spectrum consists of 
peaki at X f l superposed on a continuum. The pcaV-lo-

http://Eq.il


Fig. 4-5. The angular distribution cffundamental (n • I) undulaior 
roduBion jot thr limning case of ;cra beam eminence. The 
x and y axes correspond to the observation angles B and ^ 
{in ntdians), respectively, and ihe z axis it the intensity in 
photons • s~'• amp~' • (0.1 mr)-2. (I*bandyeidthr'-

/ The undidMor parameters for this theoretical calculation nere 
N-I4.K- I.S7. \ ~ i.i art. andE - IJ CeV. (Figure 
comtesyof/L Taich\Ti, Stanford L'tdvtm'.yj 
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coniinuum ratio it large for K « 1. but Ihc continuum 
increases with A', as one shifts from undulaior lo higgler con* 
dilions. 
B.3 Fiwcr 
The total power radiated by an undutaior or wiggler is 

PT- Ztfe ***** 
where Z0 - 377 ohms, or, in practical units, 

/•flkW] - 0.633 JT2(GCV]B = (T|i.(m| / |A] . 
The angular ditlribulion of the radiated power is 

or, in unitiofW-mr - 2, 



- g - = 10.84 S0|T]/;-4|GcV|/|A]W(A'lfA.(7tf.-r^)-
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normalized a s / * (0,0) - 1, is shown in Fig. 4-7. The function 
G(K), shown in Fig. 4-B, quickly approaches unity as K 

C. EM1TTANCE EFFECTS 

Electrons in storage rings are distributed in a finite area of 
Inns verse phase space—posii ion x angle, We introduce the 
rms beam sires a^ (horizontal) and u (vertical), and beam 
Jivcrgenccs «_,< (horizontal) and ay- (vertical). The quantities 
t,. = ff,",' and ty - n,.o..' arc known as the horizontal and 
vertical omittances, respectively. In general, owing to the 
finite eminences of real electron beams, the intensity or the 
radiation observed in ihc forward direction is less than that 
given by Eqs. (2a) and (13a). Finite cmittances can be taken 
into account approximately by replacing ihcsc equations by 



for bends And tmdidtiars, respectively. For bending magueta, 
the electron beam divergence enect is usually negligible in ittc 
horizontal plane. 

For experiments (hat require i small angular divergence and a 
small irradiated area, the relevant figure of merit is the beam 
brightness a. which is the phoion flux per unit phase space 
volume, often liven in units of photons - s~ l • mr"* • m m - * 
' 0.1% bandwidirij"1. For an undulttor, an approximate ft*. 
mula Tor the peak brightness is 

tfJO.Ol 5 = — , (22) 

V^J* 
and wficie the singfe-etectron radiation from an axiafty 
extended source of finite wavelength is described by 

„ . J_ VxE . 

* r, - Vx/T. 
BrighlKis ii afcswfi in fig. 4-§ for wren! se&cws ofsynchro­
tron radiation, as well as some conventional x-ray sources. 

Thai portion of the flu* that is transversely coherent is 
given by 

:r. - v. 141 - — = — - (25) 
"'"•'n'Ty'T^n1 



Wavelength (A) 
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P£P undulaloi** 
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10 2 ! . _ _ 
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Photon enorgy 

f%. <•#, Spectrat teghtneu jor several synchrotron radiation sources 
andcontrnUona( x-ray sources. The data for eoiivrMiaMil 
x-ray lubes should be taken as rough estimates only, since 
brightness depends strongly on tuch jwnmnrn as operating 
wttage and take-off angle. The Indicated Iwo-order-cf-
magnitude ranges ifiow ihr approximate variation thai can 
be expected among siationary-anodc tubes (lower end of 
range), rouainftnode luffs (mtddtci. and wtaiing-anode 
lubes *lth micro/bcMing (upper end of range}. 
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A substantial fraction of undulntor flu* is thus transversely ^ 
coherent for a low-cmiimncc beam satisfying txty £ (A/4*)*. 

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

ff - X2AiX. (26) 
For on undulalor, the various harmonic* hive a natural spec­
tral purity of .JAM - \fnS |*ee Eq. (!2ij; thus, the coherence 
length is given by 

t t - K\'\ . |27) 
which corresponds to the rclativi&tically contracted length of 
the undulntor. Thus, undulalor radiation from low-cmittancc 
electron beams [<,<, £ (VJir)*| is transversely coherent and 
is longitudinally coherent within a distance described by Eq, 
(27). In the case of finite beam cmittance or finite angular 
acceptance, the longitudinal coherence is reduced because of 
the chingc in wavelength with cmisiion angle. In this sense, 
unduUtor 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 
monochromalors, respectively). 
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4.2 X-RAY TUtES 
The spectral brightness or conventional x-ray tubes is com­
pared to that of sources of synchrotron radiation in Fig. 4-9. 
Detailed data on the emission characteristic! of tubes, together 
with additional references, can be found in the references listed 
below. 
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4.3 PULSED X-RAY SOURCES 
Gary L Stradiing and John C. Riordan 

Both laser-gene rated plasmas and Z-pinch plasmas arc com­
monly used pulsed x-ray sources. In both, x-ray generation is 
by radiative r^combination 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 nates. Brcmsstrahlung 
radiation is generaffy negngr'bfc. except m rite case of pfasmas-
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 
some atomic line structure superimposed. 

A. LASER P U S M A SOURCES 

Laser-generated plasmas arc produced by illuminating matter 
with high^power lasers, focused intensities typically ranging 
from I 0 1 " to | 0 1 S W / c m J . Small systems in which a few 
tenths of a joule of 1.06-pm light, delivered to an area of about 
I c V m - within a few tens of picoseconds, have proved to be 
useruf x-ray generators, a* nave farter systems rtrar deliver teas 
of kilojoulcs in less than a nanosecond. 

Parametric studies have shown that Ihe x-ray emission effi­
ciency, spcctra.1 shape, and emission pulse width depend on the 
illumination conditions, as well as the irradiated material 11 ]• 
Shorter (submicron) wavelengths, moderate irradiation intensi­
ties t—10*** W^cm 1 ) , and high-aiomic-numbct plasmas appear 
to provide the highest x-ray production efficiency (2). Figure 
4-10 shows some experimental and theoretical results, 

The »-i»y amission pulse shape depends o n both the pho­
ton energy of ihc emitted radiation and the plasma atomic 
number. Higher photon energies ( > I keV) and higher atomic 
numbers yield pulse shapes ihat conform closely to that or the 
laser. Lower photon energies ( < l keV) and lovv momie 
numbers tend to show pulses wider lhan the laser pulse. This 
observation can clearly be understood as the effect of a cooling 
plasma emitting at progressively lower temperatures. An 



Laser intensity (W/cirr) 

Flg.-t-tO. Measured and theoretical x-ray conversion tffieieneies as 
function* of Incident intensities, for three laser wavelengths. 
The ninn represent the results of computer simulations. 
(From Ref. I) 

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

A erode relationship can be established between the con­
vened incident laser intensity and the x-ray emission charac­
teristics of the plasma by invoking the Fiefan-Boltzmann re la-
l ion ship. In units common to laser applications, 

/ „ „ - 1.03 x 10 s [W/ fcm 2 • cV 4)) • ( A D 4 , 

where kT is the blcck-body temperature in eV. Thus, a blark 
body would radiate as 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 the plasma corresponds to an optically thick blade-body 
emitter. 

B. Z-PINCH SOURCES 

In • Z-pinch device, the "pinch plasma" is produced by mag­
netically imploding a cylindrical gas column that fills an elec­
trode p p . The electrodes are connected to * fast capacitor 
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hank, which Junius the gat in several nanoseconds to form a 
low-temperature plasma sheath. The plasma conducts a large 
electric current, whose, aaimulhal magnetic field radially 
comprises, the plasma lo create a hoi, dense plasma that is an 
emitter of intense A-rays. 

During tlie implosion, i n ; plasma acquires kinetic energy 
which is thermaliicil as the plasma Magnates on an is. This 
thermal energy is then radiated away in a supmicrusccond 
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 10O-2OOcV and extends 
beyond 600 eV. 

For most applications requiring a small source spot sire, 
ihc source is viewed alcng the plasma axis through a hole in 
ihc anode. Hot gas debris and energetic electrons arc also 
emitted through Hie hole and can damage specimens, filters, or 
windows placed too clow to the source. Nonetheless, success­
ful exposures of low-scnsilivivy photo resists have been made 
OS close as 15 cm to the source, using a baffle array and per­
manent magnets to divert the debris and electrons. At the 
other extreme, sensitive materials, such as soft x-ray photo-
granitic films, can be exposed tens of meters away in a single 
shot. 

Propane, nitrogen, oxygen, neon, argon, and krypton have 
been used to optimize (he emission of Z-pinch plasmas in dif­
ferent spectral ranges. The radiation specirutn and intensity 
depend strongly on Ihe working gas. whereas source spot size, 
pulse width, and jitter do not. Because the soft x-ray yield has 
a strong inverse dependence on photon energy, the most 
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intense soft K-radialiorj (fie ;» J krV)js achieved wilha neon 
plasma \A\. The XUV yield {hu < I keVj, on Ihe other hand, 
generally increases with aiorojc number because of )>>e greater 
number of clecirons in the radiating she!) |4) . 

The soft x-ray specnuro cmitied by a neon plaima consists 
of Jv'-shcll lines and recombination comiftua from both helium-
likc and bj'drogcnlikc species |4] ( « e Fifi. 4-J3). The XUV 
spec I rum emilled by an argon plasma h a quaii-cortiinuum of 
merged A-shell lines and recombination wwinua from a 
number of partially i o m « d atgoit specie* {Sj <s« Fig. 4-131. 
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SECTION 5 
OPTICS 

5.1 CRYSTAL AND MULTILAYER 
DISPERSIVE ELEMENTS 

Jama It tWmmiKi 
Short-wavelength electromagnetic rad union (x-rays and 
extreme ulltavioln light) is commonly analysed by use of 
periodic structures.. >*hssfe spHs the itteuicnt beam into a (arte 
number , v ttfwparaie beam*. Belwct:.. any beam i and the 
beam < <• I, the optical path difference is constant. After lea v. 
mg Ihr periodic 'tructure, ihe beams -ire recomhined and 
caused tu inu.ifrv. whereupon ihe spectrum of the ineideni 
tadiaiiors is produced. Dispersion of radiation by a periodic 
structure ii ibm formally cqutvaJcm to sttiltiplc-heatf imcr-
ftwrnetcy, 

Structures thai are periodic across iheir surface and that 
produce the ,V inierfcnng beams by division of ihe incideni 
*au- ficr.! are catfcd gratingi and ate treated in Section 5.3. 
Here, »e consider crys'aK and multilayer struciures, which 
produce (he ,V interfering l*ann b> division of ihe incident 
iimplnuih: 

The vflecimm of it\C tneident tato\iot\ is dispersed in angls 
accordiisj ia ihc ftra« equatios: 

«X » 2rf sin l> 
where/i i*an inlcgcr representing the order or Ihe rvfleclion, \ 
ii ihc wavelciujjb of lfie incident radiation, it it (he repeat 
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pc-noil of the niultilajer or crysial structure, and 9 is (tic angle 
of glancing incidence (the complement of the conventional 
optica1 angle of incidence). 

Multilayer structures fall into four separate categories, 
natural)' occurring crystals (i.e., minerals), artificially grown 
crystal- Lmgmuir.Blodgcit multilajcr films, anil sputtered or 
evaporated multilayers. 

A. fBl'STALS AMI (.ANGMt'lK-BLODCElT FILMS 
fur a crystal, d it the lattice spacing, the perpendicular dis­
tance between the successive planci of atoms contributing to 
the reflection. These planes undesignated by their Miller 
iniliec* 1 W ) o f - "i the ease of crystals belonging to the hexag­
onal g'oup, ( « i / | | . 

l^ngmuir-BlcidgeJI fnitliitaser films are made from the 
hcavj-mOfl) (lead, barium, etc.) salts olthe aliphatic 
farbo*}l»c ("felly") acid* C„ H j , 0 ; . The« films are laid 
down "n 3 subslralc in successive monolayers, with Die mr«! 
atoms on one side of the mono)j)er and Hie fatly acid chain 
on the other. The filnr. are first laid on ihe surface of water as 
a condensed monolayer under a constant surface pic-.sure. then 
transferred to the substrate in a dipping piocess. which builds 
up the niuluUi>cr structure layer by layer. The orientation of 
the molecules alternates with each successive monolayer, so 
thai d. 'he repeat period of the structure, is twice the length °l 
the fail)' acid chaw, Mtiltrlajersof this kind ran be buiil with 
i he salt* of laurtc (dudecanofc.*) at«l < 12 carbon alums. 
2d •=• 70 A) ibroujih mrJissie (iruronunoirj acid (30 carbon 
aloms,-'/ " IK) A). Jn general, salts of Ihe naturally occur­
ring aC'd* (those with an even iwmlwr of carbon atoms) can he 
layered in >'»* *'«)'. whereas those ^hat must be made synthcti. 
cally cannot. 

For 2d values greater Ihan abc . »S A. the choice of 
natural crystals is very limited, and those available I such us 
prochWnicf are likely to be small and of poor quality. Using 
vacuuf" deposition tcchmtiiics, il is now possible to make 
artificial 'S)Wd structures «iih periods (Jl of IS A and 
grralnv These sputlrmJ or evaporated nitAutyen. discussed 
below, c * n r* usvd as dispersing r Itmrnii in the gap between 
the n>iJ™»en lor "acid") phihalaics, such as >>AP 
(2d « 26 A), and lead laurale Qtl - 70 A). Together with the 
La i£muir»BICHlgcu uruciurcs, these devices form a bridge 
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tk'iwveii the region where crystals arc uy.iul and the UV region 
ui conventional niu)ii);ijiT technology. 

Table J-l.uhieh begins on p. 5-7. is an Mpansion and revi-
Mutuifi(u.'uiw compiled by E. P. Hcrtin{t|. The crystals arid 
muUibym are arranged in order of increasing Id spacing. 

Column ) is the serial number of the crystal or multilayer 
in the table 

Column 2 gives common and chemical names and com­
monly used letter symbols, if any. Only ihe lead salts arc 
IftW for the Langmutr-HSodgeil multilayers. The barium or 
other divalent metal u)I usually has a similar 2d spacing JO 
I fit' lead salt, nut a lowcrdilfracted intensity. 

Column .1 tivcs (he Miller indices |(iW/l. or (A*i/) for hcn-
agnnal crystals}) of (he diffracting planes parallel to tSc surface 
ol'ihc dispersive eli-mcm. \ question mark |?) indicate* thai 
the crystal n developmental and that the indices nave not been 
ascertained. An asterisk follmvirg the indices indicates thai, 
*twn reference is. made to this crystal in ihe literature without 
ipcvification of [hi I) or id. it is likely It) be this "cut" thai is 

... LBF denotes a Lanimuir-BIodgcll film. 
Column •Jgiics the value of 2d in angstroms. The value of 

2d also represents the longest waielenKin that the structure 
can diffract 

Column 5 gives the chemical formula for the cryili) sub­
stance For organic compounds, the formula is given in a 
form that indicates the molecular stru lure. 

Column 6 gives [hi- wavelength region lying in the 29 inter­
val between 10" and I •10". The analyzer should be used out­
side these limits in special cases only. 

Column 7 gives remarks on the principal applications of 
the analjm and its (imitations. Relative intensities arc indi­
cated where known or appropriate. 

H. S n i T E K K D OR EVAPORATED MULTILAYER 
MIRRORS AND DISPERSIVE ELEMENTS 

Multilayer s-ray reflectors can also be mmfe by vacuum depo-
tition These structures ore made up of utirathm layers of (wo 
different materials, usually elemental, which arc taid down on 
the t-ubiirate by alirrealely exposing a lo sources (either 
apultenng or evaporation sources) of two diflercnt vapors. By 
careful control of deposition conditions, layers at Ihin as 7.3 A 
can be laid dawn. 
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Normally a sputtered or evaporated multilayer reflector is 
made up of tayws of a rnalcna! A with thickness iA and hav­
ing a high value of d (the refractive (ride* decrement, sec See. 
2.7) alternating with "spacer" layers ofa material B with 
ihickncss t# and having as low a value of a as possible in the 
wavclengih region of interest. For example, the use of 
tungsten (or a similar refractory heavy metal, such as molybde­
num or tungstun<rhcnium alloy), with carbon as the spacer, has 
been found lo be cffcciive over a wide range of the x-ray and 
soft vray spectrum. 

When I he layers are strictly periodic in depth, as described 
above, the relation between the reflected wavelength and the 
planting angle 0 is again given by the Bragg relation, where d 
is now Hie period tA + / B . H should be noted that in the soft 
x-ray region, where values of both fl and p* (the absorption 
inckn, sve Sec. 2.7) may be relatively high, the Bras*equation 
should be corrected for the effects of refraction and absorption. 
This iii best accompiished using a program designed to 
compute the reflectivity of multilayers: many programs 
designed for carrying out such calculations for visible-light 
interference coalings will work for ihc i-ray and culreme UV 
case without modification. Such programs are also required to 
calculate the reflectivity of structures that are not periodic in 
depth, but rather graded in some may to widen the bandpass, 
increase reflectivity for a fined number of layers, etc. 

.Since the number of possible material combinations is 
quite large, being limited mainly by considerations t>f material 
compatibility and "depusilability," only some csamples or the 
performance of these multilayers can be given here. In Fig. 5-
I, we present the calculated norma I-incidence peak reflectivity 
oCidcali'cd multilayer coatings of material combinations hav­
ing the optimum optical .onstants. The numb.r of layer pairs 
rnjmnul lo achieve ibis fcflcciiviiy is also ploucd on the same 
scale. In Fig. $-2, (he Bragg reflection characteristics of sput­
tered or evaporated multilayer structures of tungsten and car­
bon ore presented. For tabulations of the parameters plotted 
<n Fig. 50 and for details on how they wen? calculated, see 
«c(. 2. 

I. £. P. Benin. "Crysttlwnd Multilayer Ungmuir.Blodgctl 
Films Used as Analyzer* in Wavelcngih'I>ispcrsive X-Ray 



Spectrometers," in J. W. Robinson, Ed.. Handbook of 
Spectroscopy {CKC Press, Cleveland, 1974). vol. I, p. 238. 

. B. L. Hcnke, P. Lee, T. J. Tanaka, R. L Shimibukuro, 
and B. K. Fujikawa. "Low-Eneriy X-Ray In tenet ion 
Coefficient); Photoabsorption, Scattering, and Reflec­
tion," At. Data Nud Data Tables 27.1 (1982). 

. A. Roscnbluth, Reflecting Properties of X-Ray Multilayer 
Devices. Ph.D. thesis, University of Rochester (1983). 
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ttkiti-1. Selected data for trytah and Langmwr-Btodgm mulu layer films (corainutd). 

Ciknt calcium W ^ ) mw C J C O J 

'tST"**0* Q U I ) 3 » : SLOJ 

a-Q-^Itl. K ! I ™ III::I J 6 M S I O , 

UlIiLt m i n i Lfu»a Ui bi*b 

i t ( tntr i l O I U I faf K *- to 



Is J1 
l !ih 
IS1I1 

I-8 S J3J | f l « J 

IhillMm 

'I 8 | 

I l i lu 1 i» 
* 5 5 

a M l ! ! !i 



TtUe S-L Selected data for crysuh and Langmuir-BIodgeu multilayer films (conlwutd). 
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5.3 SPECULAR REFLECTIVITIES FOR 
QRAZ1NQ-INCIDENCE MIRRORS 

Burton L. Henke 
Figures 5-3 lhrou|h 5-10 give reflectivities for eight grazing-
incidence x-ray mirrors, calculated from the scattering factors 
tabulated in Section 2.7. The calculations, which arc summa­
rized in B. U Henke, P. Lee. T. J. Tanaka, R. L. Shimabukuro, 
and B. K. Fujikawa. "Low.Energy X-Ray Interaction Coeffi­
cients: Pho!absorption. Scattering, and Reflection," At. Data 
Nucl. Data Tables 27, I (1982), assume un polarized incident 
radiation and perfectly smooth mirror surfaces. 

The calculations are alio based on the assumption that, in 
the low-energy x-ray region, ihc atoms within a condensed sys­
tem act independently as scattering dipolcs. The total atomic 
dipolc moment per unit electric field amplitude is thus propor­
tional to the average atomic scattering factor for the medium. 
Results for grazing angles from 10 to 785 mr at energies 
between 100 and l740cVarc given in the reference cited 
above. 
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5.3 GRATINGS AND MONQCHRDMATORS 
Malcolm Jt, Howells 

A. DIITHACTION PROPERTIES 
A.I NoUtim aw) sign convention 
If u t adopt the notation of Fig. S-11, a and £ have opposite 
signs if (hey are on opposite sides of the normal, 
A J Cntdiiff «4«t(l«i 
The basic grating equation may be written 

- d(m a + sin 8) , (» TJit angfcs a and 0 are both arbitrsry, so n is possible to 
impose various conditions relating them. If this is done, then 
for each X, ihere will be a unique o an-! ;?, The Tallowing con­
ditions arc used; 
(i) Qn-blaze condition: 

where 9g is the bitic anjle (the angle or the sawtooth;« 
Tabic 5-2). The grating equation is then 

• 2rf sin 6B cos (jS + 6B) . 

ffeJ-M. lllusirnilc/Ki/tioiailonalconvenilDM. 
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00 Fixed in and out directions: 

m\ - id cos 6 sin (5 + (J) . (S) 
In this case, the wavelength scan ends when « or Q reaches 
90°, which occurs at the horizon wavelength \ f {

 m 2d cos 6, 
(iii) Constant incidence angle: Equation (1) gives 0 directly. 
(iv) Constant fixal distance (of a plane grating): 

£°L« _ K ( _ _-L ; K e ] 0 l e r ) , (6) 
cos20 ' 

leading 'o a grating equation 

[* - s i n d l - I -A'<J -sin2?} . O) 

Equations (3), (5), and (7) can readily be invcncd to give *3 
(and (hence ct) for any A. Examples of the above «•/? relation­
ships arc as follows: 

(i) Hunter ci al. double plane-grating monochromator 
(PGM|[I| , Kunzctni. PGM |2 | . 

(ii) Mijakc ci al. j3], Wesi cl al. |4 | , Hcwclls el al. |S). 
Ebcrhardl et al. (Flipper) | 6 | PGM*; all grazing-
incidence toroidal-grating monochromators ITGMs) 
|7], Seya-Namioka |8,9|, most aberration-reduced 
holographic, spherical-grating devices, 

(iiij Essentially all spectrographs. Grasshopper mono-
chroma!ur|)0]. 

(iv) Petersen (5X700) [l 11. Brown ct al. (UMO) 112|, 

B. FOCUSING PHOPEBTIES 
Gratings have rumples focusing properties tlwi vary according 
lo the substrate shape and the pattern of gro'" •» on Ihe sur­
face. An important special case is a Rowlan' ,<jating. which is 
(he intersection of the substrate surface with a set of parallel 
cquispaced planes. The calculation of focusing propenies is 
traditionally carried out by the use of analytical formulas for 
the optical path function f. Such formulas use a power scries 
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of the development in the aperture coordinates, with each verm 

series representing a recognizable geometrical optical abe 
lion. Here, we consider only a toroidal Rowland gratini 
illuminated by a point source in the symmetry plane [13]; see 
Fig. 5-12. 

Wc then have 
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and the £ i iplies lbs! a second expression must be added that 
is identical 10 the first, except for the replacements f - » r ' and 
r»-*0. 

The condition for focus is F2n — 0. This can be achieved 
by selling r •• it cos a and r ' — R cosjS. which implies thai 
A and BQ are on the Rowland circle with diameter R. This is 
the normal choice for spectrographs but is not convenient for 
constant-deviation moncchromaiors. For TGMs. r and r ' are 
chosen so thai F^ ™ 0 for two wavelengths within the work­
ing region. 

The importance ofihc optical path function is that it 
enables the transverse ray aberrations i y ^ and dry to be cal­
culated for each aberration. These are measured from the 
Gaussian (paraxial) image point Btfr', ff, 0/ given by the grat­
ing equation and the focusing condition ( F z o «• 0). 

The transverse ray aberrations are then given by 

r' &ii 

The final result for the ray posiiion is given by 

• i - ' -S- i . - , , • 

C. DISPERSION PROPERTIES 
C.l Angular dispersion 
Angular dispersion is given by 

1 



C.2 Rtciptwal llwar diiawakm 
Reciprocal linear dispersion is given by 

U ] .^£ . '0 -^ |A|co , g 

(3q)a mr' mr'{m\ 

where q is measured in ihc symmetry plane perpendicular to 
ihe outgoing ray. For ihe Rowland circle case, t' - R cos # 
ir. Eq. (12) 
C.I Magnification 
Magnification is given by 

D. RESOLUTION PROPERTIES 
The following are the main contributions to ihc final resolu­
tion. The actual resolution is the vector sam. 
(i) Entrance slit (width S y): 

S.rfcosa 

(it) Exit slit (width S2): 
S,tt cos a dX S J - -1—;J1 . 

(Hi) Diffraction: 
4A f l » A/IMJV , 

wiitffc N is the number of participating grooves, 
(ir) Aberrations (due to perfect optics): 

A mr' m U ? } 
(y) System spread function (due to imperfect optics): 

AA, LSF 

where iv is Ihe width of ihf system line spas J funciion. 



E. EFFICIENCY 
The calculation of diffraction grating efficiencies is, in genera], 
highly complex [ 1-4]; however, some simplification is possible 
in the soft x-ray region. In Table 5-2, wc give scalar theory 
formulas for the absolute efficiency E., which should be 
approximately valid if (a) the reflectance R, is independent of 
polarization, (b) groove shadowing is negligible, and (c) the 
projected groove spacing satisfies the inequality decaa> S\. 

In the table, 5 - 2*A(cos a + cos &)/\, where A is the 
peak-to-valley cmplitudc of the grating profile and m is the 
spectral order defined in Fig. 5-11. The equation S — Q can 
be solved to find ft/fOp^ as a function of A, a, d. and m as 
follows: 

(4). 
4 x V 

(19) 

T*kk $-2, Scalar theory formulas for grating rfficitney. 

Vi l id fur m -

* •! pert rflicunrk-10) 
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5.4 ZONE PLATES 
Janes Kirz 

Zone plates arc circular diffraction gratings. In ils simplest 
form, a transmission Frcsncl zone plate for use wiih incident 
pUr.o waves consists of alternate transparent and opaque rings, 
The radii of ihczonc edges arc given by 

where « is the zone number (opaque and transparent zones 
counted separately) and / is ihe focal length in first order. 
The zone plate can be used as a thin lens [o focus mono­
chromatic incident radiation, or, due to the inverse relation­
ship between focal length and wavelength, it can be ti*ed as a 
dispersive element. If used as a lens, the thin-lens formula 
applies: 

\/i * I/.*' - \/f . , (.2) 
where ,i and s' are object and image distames, respectively. 
Diffraction -limited resolution' of itic wmc plate is given by 

a = 1.22 3r Y = 1.22 ff./2X , (3) 
whereby inhc radius of the 2orie plate, N is the total number 
of zones, anility, is the width of ihe outermost zone. In 
higher orders, the resolution improves in proportion to the 
order number. 

The efficiency af (he simple zone plate in first order is 
ideally i r _ \ oraboui 10%. The remainder a!" the radiation is 
absorbed (50%) or diffracted in other orders—zero order (25%), 
negative orders (12.5%), and higher positive orders (2.5%). Jf 
opaque zones art.' replaced by transparent but phase-shifting 
zones, efficiencies can be substantially improved. See, for 
example. K. Taichyn, J\ L C'sonka, and (. Lindau, "Ouiline of 
a Variaiional Formulation of Zonc-I'laie Theory." J- Opt. Sm: 
.-Jin. /I 1.806(1984). 



ai 10 cV. An example of this is shown in I he figure, where 
experimental range data for collodion arc given. Jl is clear that 
the agreement between the collodion and polystyrene data 
sians lo become reasonable above 100 eV, The differences 
below 100 cV could equally well be dye to problems wilh the 
theory or to the increased difficulty of the measurement. 
Slop ping-power calculations for PMMA have been carried out 
only from 100 cV. so lhat ihc CSDA range as defined a b o ' c 
could not be calculated [4(. However, data on effective elec­
tron ranges of photoc lee irons in PMMA a! several energies can 
be found in Ref. 8. 

REFERENCES 

1. T. E. Everhart and P. H. Hoff, "DeicrminPticn of Kilovolt 
Electron Energy Dissipation vs Penetration Dislante in 
Solid Materials," J. Appl. Phys. « , 5837 11911). 

2. J. C. Ashley, C. J. Tung, and R. H. Rilchic, "Jnelaslic 
Interaclionsof Electrons with Polystyrene; Calculations of 
Mean Ftcc Paths, Slopping Powers, and CSDA Ranges," 
IEEE Tram. Nucl. Sci. NS-26, 1566 1 I S ' " 

3. J. C. Ashley and V. E. Anderson, " In tc ra t . jn of Low 
Energy Electrons with Silicon Dioxide," J, Elect. Spec-
troK.U. 127(1981). 

4. J. C. Ashley, "Inelastic Interactions of Low Energy Elec­
trons with Organic Solids; Simple Formulae for Mean 
Free Paths and Slopping Powers," IEEE Trans. Nucl. Sci. 
NS-27. 1454(1930). 

5. J. C Ashley, C. J. Tunj . R. H. Ritchie, and V. E. Ander­
son, "Calculations of Mean Free Paths and Stopping 
Powers of Law Energy Electrons ( < 10 kcV) in Solids 
Ua i i* a Statistical Model," IEEE Trans. Nu:i. Sci. NS-23, 
1833 (1976). 

6. J. C. Ashley, "Energy Losses und Inelastic Mean Free Path 
or Low Energy Electrons in Polyethylene," Radial. Res. 
90,433(1982). 

7. A. Cole, "Absorption of 20 eV lo 50 keV Electron Beams 
in Ait and Plastic," Radial Res. 38 ,7 (1969), 

8. R. Feder, E. Spiller, and J. Topalian, "X-Ray Lithogra­
phy," Polymer Eng. Sci. 17, 385 (1977). 



SECTION 6 
X-RAY DETECTORS 

Albert C. Thompson 
A wide variety of *-ray detectors arc available, some providing 
only measurements of count rate or total flux, otheis measur­
ing the energy, position, aitd/or incidence time or each x-tay 
j ! j . In Table 6-1, typical values for useful cnerRv range, 
en«By resolution, dead lime per evcni, and maximum count 
rate capability arc given for common x-ray detectors. For spe­
cial applications, iljese specifications can often be substantially 
improved. 

Ttbli 6-1. froprnies of common x-ray demurs. 
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New instruments currently twins dew..!-,".; 'King semicon­

ductor iecHMosy *ili have sybsiai>liaHy improved eoanl me 
capabilities, position rcsotutions, and/or energy resolutions, 
and will, therefore, be especially useful with the intense x-ray 
sources that ore becoming available ai synchrotron facilities, 

A, GAS IONIZATION 0ETECTOSS 
One of the simplest x-ray detectors is (tie gas ionization 
chamber. Such detectors arc commonly used with a low-noise 
current amplifier lo measure s-ray flu* rather than lo count 
itidivitlaa! photons. A common tfeteetor geometry consists of 
a rectangular gas-tight container wUh thin entrance and e*»l 
windows and a flowing gas supply. Inside the detector arc two 
parallel plates across which a potential is applied to produce 
on electric field ofaboui JOO v/cm. X-rays are photoelectri­
cal?^ absorbed ra preface fast piuMocieanms an** ester Atsscr 
electrons or fluorescence photons, The energetic electrons pro­
duce additional electron-ion pairs by inelastic collisions, and 
the photons cither escape or arc pftoioclccirically absorbed. 
The voltage applied across the chamber sweeps the electrons 
and Ions apart, ancl they are collected a* the piates. 

The average energy required to produce on electron-ion 
pair in several common gases is given in Tabic 6-2. The 
number of x-rays stopping in the detector can be calculated 
from the active volume of the chamber, the gas pressure, and 
the a-rsy absorption cross sections fat the p $ used. Figure 6-1 
shows, for different gases ai normal pressure, the efficiency of 
a 15-cm-long ion chamber as a function of energy. 

Ttiir t'l. AmngtrattgyttqiiiTttS to predate an elmma-hnSeiwir in 
Sfferai gaJfJ-

EVeirieni _ Entity (PV) 
Heiiam 27.8 
Neon 27.4 
Argon 2<M 
Krypioii 22.8 
Xenon 20.8 
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tig. *-/. Efftc'-ency "fa 15-cm-long gas ionization chamber as a function of energy, for different gasa at normal pressure. 
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B. CAS PROPORTIONAL COUNTERS 

Gas proponional detectors comprise a small-diameter anode 
wire in an enclosed cylindrical gas volume. A high voltage is 
applied, so that the field around the wire is above 25 fcV/cm. 
These detectors are usually used lo count single photon events. 

If operated in an avalanche mode, such detectors arc called 
Gcigcr counters and give very large pulses Tor each stopping 
x-ray. In this mode, they arc filled with a noble gas lo which a 
small amount of halogen is added lo quench the gas after each 
pulse. A major limitation of ihis mode of operation is the 
large dead time (about 20O j±s) 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 pulse height resolution ofthc detector 
(about 20% at 6 keV> can be used for some energy discrimina­
tion, and the aulpui counting rate can be as high as 10 s counts 
per second. 

C. MULTIWIRE PROPORTIONAL CHAMBERS 
Multiwirc proportional chambers arc widely used as position-
sensiiive detectors of both photons and charged panicles 
J2-4], 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 the event posi­
tions [5,6]; four examples are amplifier per wire, analog charge 
division, time digitization using a delay line, and drift-time 
systems. The spatial resolution from the anode plane is usu­
ally the anode wire spacing (typically ' -5 mm). Two-
dimensional read-out can be achieved if the cathode plane is 
also segmented and read oui. A spatial resolution of around 
80 *im can be achieved for the cathode read-out plane. 

D. SCINTILLATION DETECTORS 
Scintillation detectors use cither a phoiomultiplier tube or a 
photodiode to detect the optical photons produced in special 
materials when an x-ray js stopped. The scintillator material 
can be either organic scintillators, single crystals of thallium-
activated sodium iodide (commonly referred to as NaljTl}], or 
single crystals of bismuth germanatc (BGO). Since the tight 
output is low (about 200-30QeV is required for each optical 
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photon), the energy resolution is low. Organic scintillators 
have very poor energy resolution, whereas the Nal(TI) and 
SGO crystals have an energy resolution of about 40% a! 
10 kcV. These detectors are often used for measuring the stop-
pins lime of x-rays. They can have a lime resolution ofbetter 
than I ns and a count rate capability "P to 10 s photons per 
second. 

Gas scintillation detectors combine the operation of a gas 
ionization chamber and a photon detector to give improved 
performance J7J. Electrons generated from photc;. or 
charged-panicic inicraciions in a gas (usually pure xenon or 
argon with \% xenon) arc acccleralcd in a high-field (~3 
kV/crn) region, where they produce UV scintillation light. 
This light is usually wave-shifted and then detected by a oho-
lomultijilicr. These detectors have an energy resolution about 
two to three limes better than a conventional proportional 
chamber. 

E. SEMICONDUCTOR DETECTOHS 
A semiconductor detector is basically a very large, reverse 
biased n + - i - ; > + diode. When tlte diode is reverse biased, an 
intrinsic region with an electric field across it is crealcd. When 
an incident photon interacts in this region, tracks of electron* 
hole pairs are produced. In the presence of (he electric field, 
these pairs separate and rapid])' drift to the detector contacts. 
The average energy required to generate an electron-hole pair 
at 77 K is 3.6 eV for silicon and 2.98 eV for germanium. To 
keep the fcafcagc current low, the defecwr must be of very high 
purity. To fabricate silicon detectors! lithium is generally 
drifted through the device at elevated temperature with a field 
on. The lithium compensates the p-type impurities in the 
device to give a large active region in the detector with intrin­
sic conductivity. Germanium crystals do not now require 
lithium drilling, because they can be directly purified by zone 
refining IO the required purity ( < 1 0 1 0 electrically active 
impurities/cm3). These dclcciors are usually cooled to liquid 
nitrogen lempcralure (77 K) to reduce the thermal leakage 
current. They aw usually used in a single-pholon-cauntias 
mode to exploit their excellent Energy resolution {typically 175 
eV at 5.° keVy, The count rate capability is limited to less 
titan 5 x 104 per second, 

tithrunfdrtfled silicon and pianar germanium dcieciort arc 
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widely used for energy-dispersive analysis. The efficiency nf 
3- and 5-mm-thick SifLiJ and S-ram-lftfcfc germanium deicc-
lors, as a function of energy, is illustrated in Fig. 6-2. Si(Lij 
detectors are often used ID measure nondcsiructivcly ihc cte-
menial composilion of samples. Uernianium detectors arc 
generally not used below 20 keV because of ihe interference 
from peaks due lo the escape of ihc germanium A' II u ore sconce 
photon, large germanium detectors arc widely used for ? -oy 
spectroscopy. 

F . OTHER X-RAY DETECTORS 

Many instruments (especially spectrographs) use photographic 
film as the detector. Film is an excellent dciecior in expert. 
merits requiring a lotaf-flm; detector with high spatial resolu­
tion, The major limitation of film is the need for processing. 
If carefully calibrated with a microdcnsitomeier. film can be 
used for quantitative analysts of x-ray intensity. To enhance 
the detection clScicflcy of film, a fluorescent screen is often • 
placed next to it. Special films are available to gwe improved 
efficiency, contrast, or resolution; for initial alignment of 
instruments, Cola raid film is oflen used. 

A. variety of imaging systems can be used to image x-ray s 

electronically | 8 j , For medical imaging, an image converter is 
widely used ID provide rcal-iimc imaging. These detectors use 
a cesium iodide scintillalor with a phoiocathode screen <k'po 
sitetj on it to produce electrons from incident vrnys. The elec­
trons arc then accelerated and imaged onto a phosphor screen, 
which is viewed, in turn, by a video camera, Linear photo-
diode arrays and CCD detectors ore available to give excellent 
position information wit*t fast read-out. targe, onc-
diroensianal photodiodc arrays coupled to a scintillator arc 
also used for a-ray detectors. Two-dimensional x-ray CCD 
detectors are becoming availahtc with 512 x 513 pineh, eacft 
pixel measuring 13 *tm x 13 urn. These deicclors arc 
currently undergoing rapid development and will And many 
applications both for detecting low-energy x-rays directly and 
for use with x-ray image intensifies, 

For high-speed imaging or plasmas and other intense x-ray 
sources, x-ray $irtak cameras have also been developed | 9 j . 



Fig. *•£ Detection efficiency''" a function ofenergsfor semiconductor tryxqls. The thickness of'thedttraor tryiaal//mis ihrdacc-
tion ofhlfh-tnergy photons: absorption by air. beryllium tvinrfoM, and I he dead layer ef silicon trpiah limits efficiency UI ? 
la*-merits. ~* 
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SECTION 7 
SYNCHROTRON RADIATION FACILITIES 

Herman IVinick 
Tabic 7-1 lists storage ring synchrotron radio I tan facilities now 
in operation or under construction, together with typical elec­
tron beam energies and characteristic photon energies. The 
characteristic energy is defined as 

t c [keV| - 2,218 F*/R - 0,665 HF.2 . 

where E is ii> OcV. ft (the bending radius) is in meters, and B 
is in tcsla. Additional information has recently been compiled 
in Rcls. I and 2. Following the table, names and addresses arc 
given for the current directors of these and other facilities. 
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SECTION 8 
MISCELLANEOUS 

8.1 PROBABILITY AND STATISTICS 

Wc give here properties or three commonly used probability 
dislribulians: normal (or Gaussian), chi-squared (x 2 ) . and 
Poisson. Wc warn the reader that there is no universal con­
vention for the term "confidence level"; thus, explicit defini­
tions that corrcsponu 10 common usage are given for each dis­
tribution. It is explained below how confidence levels Tor all 
three dislribulions may be extracted from Fig. B-1. 
A. l Normal disl l ib i t ion 
The normal disiribulion with mean x and standard deviation 
a (variance ff2) is 

aVZn 
The confidence level associated wim an observed deviation S 
from the mean is the probability that \x-J\> B, i.e., 

f dxf 
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since Ihc disiribulion is symmciric about x. The small figure 
in Eq. (2) is drawn wilh 6 — 2a. CL is given by lhe ordinate 
of the tip = I curve in Fig. 8-1 at \~ - IS/") 1- The confi­
dence level for S - lois31.7%;2rr. 4.6%; 3d, 0.3%. The odds 
against exceeding M l - CL)/CL, for* - la arc 2.15:1; 2o, 
21:1; 3a, 370:1; 4<f, 16,000:1; 5o, 1.700,000:1. Relations 
between a and other measures of the width: probable error 
(CL - 0.5) - 0.67o; mean absolute deviation - 0,80a; RMS 
deviation - a; half width at hair maximum - 1.18a. 

A.2 x, 2 distribution 
The x " distribution for n^ degrees of freeJoni is 



,„(xVx2 

'7m 
frh~ie-x2f2dxt ( x 2 > 0 ) , 

where A (for "hair'} - nl}Il. The mean and variance arc nD 

and 2nD respectively. In evaluating Eq. O) one may use 
Stirling's approximation; 

I t*) sr 2.507*--* a ' * ~ , / 2 , U + 0.0833/ft), 
which is accurate 10 * 0.1 % for all h » 1/3. The vanfidena' 
frvW associated wiih a given value of «g and an observed 
value of x% is the probability of the x 3 exceetSisg the observed 
value, i.e.. 

--£> :'v* 2> 
The small figure in Eq. (4) is drawn with it^ - 3 and 
CL - 10%. CL is ptoited as a function of x" for several values 
of»£j in Fie- 8>I. For large fin < x~ hemraes normally dislrib-
uied about n n - Thus, 

.'', -tf-nD)l\fin£ {5} 

becomes normally distributed with unit standard deviation and 
mean zero. A hotter approximation is that %. not x 2 . becomes 
normally distributed; specifically. 

„-v5?- I (6) 
approaches normality with unit standard deviation and mean 
zero. For small CLs in particular. y 2 is mush more accurate 
than y t . Thus, for nD - SO and x* - 80, the true CL - 0.45%. 
but y t is 3.0, corresponding to a C t of 0,13%, while y z is 2.7. 
corresponding to a CL of 0.35%. 
A.3 Pohson distribution 
The Poisson distribution with mean if is 



P J „ ) - } (n = 0,1.2.- • ) . 17) 

The variance is equal to the mean. Confidence Inch for Pois-
son distributions arc usually defined in terms of quantities 
called "upper limits" as follows: Tlic confidence level associ­
ated with a given upper limit A' and an observed value «Q of 
n is the probability that n > »Q if if - A', i.e., 

CL~ S *"*<«) 

CL 

• 2 >'*(»> 12 

The small figure in Eq. (8) is drawn with 'IQ = 2 and CL -
90%. A useful relation between Poisson and x~ confidence 
levels allows one lo look up ibis quantily in Fig. 8-1. Specifi­
cally. Ihc quantity I - CL is given by ilic ordinate of the 
"n " -f"o + " c u r v c a I x~ " 2 , v - T h u s ' 9 0 % confidence 
level upper limits for n 0 - 0, I, and 2 arc given by half the x~ 
value corresponding to an ordinate of 0.1 on the tip - 2, 4, 
and 6 curves, respect ively; the values are A' - 2.3. 3.9. and 5.3. 

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

B. STATISTICS 
Suppose one is presented with iV independent data. yn ±a„. 
and it is desired to make some inference about the "true" 
value of the quantily represented by these data. For this pur­
pose we interpret each datum yn as a single sample point 
drawn randomly (and independently of I he other data) from a 
distribution having true mean yn (which we wish to estimate) 
and variance o%. We do not require thai they be normally dis­
tributed. (Identification of the true*,, wtththco f l datum is 
often an approximation which may become seriously inaccu­
rate when (rn is an appreciable fraction of y„.) Some com­
monly used methods of estimation arc given below; sec Rcf. 2 



for numerous applieaiions. Section l l . l deals wilh the case in 
whith all r „ arc ilic same, e.g.. several different measure men is 
of [hi-same tjiianiity; Sec. H.;? deals with (fte case in which 
v„ - i"{\„), where i n represents some sc: of independent 

H.I Simile mean and i aria nee estimates 
(I) If die i r | rrprostnt a sei of values all supposedly drawn 
•rom a single d is t r ibu te with mean 'y and variance <r (i.e.. 
ihc n ( ] are all the same, hul their common value is unknown), 
I hen 

Sow> : 

^-j[(ir»-(?>=] 
are unbiaseii estimates of y and a~\ the angular brackets 
denote an average over Ihe daia. The variance of y is o"/N. 
i f Hie parent distribution is normal and A' is large, ihc vari­
ance of rt" is 2tr 4/A'. 

(2) Ifthe yn are independent cstimalcs of ihe same y, and 
Ihe a„ are known, then the weighted average 

i s »•»»•. 
"'n = W"iiand " ' " - w n ' i s a n aPP™Priaie unbiased 
;c of y. This choice of weighting factors in Eq. (11) 

minimizes Ihc variance or ihc estimate; the variance is l/ iv. 

B.2 Unrar least-squares fit 
Wc wish to dcicrminc ihc best fit of indcrwndenl unbiased 
daia y„±a„, measured at points , r n , t o i i i c f o r m j ' l . v ) -
Ea (-/ (|.v>, where the fi arc known, linearly independent func­
tions (e.g., Legendre polynomials), one-to-one over the allowed 
range of.v. The estimates for the linear coefficients at which 
minimize the sum ofthe squared deviations arc 
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«'/ - Hvi)fjten)ynt°l• (i2) 

Here V is (he covariance matrix of Ihe fined parameters 

where Ihc overbar denotes Ihe unknown true value; V is 
estimated by 

W~\ M S//Hf«W/JTn»/«B- (14) 

The cuimmed variance of on interpolated or extrapolated 
value of ,r m point .v, j* - 2^/,( . t) , is 

tf-fi'u-svw- usi 
Foi itie ease of a straight line fit. y{.\) - a + b.x, one obtains 
Ihc following estimates of a andfr: 

d = [S..Stv -S,St..)/D. 

i> -tststy-sxsyi/n. 
where 

- S( i• .vfl. Jfl. •*,?. -v„>•„ )/ifj;. (i 'i 
respectively, and 

I> -S | . s ; v r -A\ r . 

The co van a net main* of ihe fined parameters is; 

l'-«(.'-«.J « K s. J' "ai 

TIic estimated variance of an interpolated or extrapolated 
value aty al point .v is 



I *> f *. I 2 

A least-squares fil gives estimates for the o ( [Eq. (12)| with the 
smallest variance, under ihe conditions thai the expansion of y 
in terms of n ^ is the correct model and thai the y„ are 
independent, unbiased i ?asuremems whose variances Q„ are 
known. 

C. ERROR PROPAGATION 
Suppose one wishes to calculate ihc value and error ofa func­
tion of some other quantities with errors, e.g., in a Monte 
Carlo program. Let |i'f be a set of random variables with 
means {y] and eavariancc matrix V. Then ihc mean and vari­
ance ofa function of ihese variables are approximately (to 
second order in {j'-7}) 

f'-nv}Hi£"-{iik!m.n 
and 

E.g., the mean and variance ofa function of a single variable 
with mean f and variance <r are 

/a/oo+i-Viyi 

if-ffxJfm2. (23) 
Note ihat these equations will usually be applied by substitut­
ing measured quantities, {£} say, for the irucmeans, jF|- it 
as is often Ihe case, yn -yn is of order \ / l ' n ^ ' , then the 
second-order terms in Etis. (2D) and (22) may be small com­
pared with the first-order errors introduced by the substitution. 



REFERENCES 

1. M. Abramowilz and I. Stcgun, Eds.. Handbook nf 
Mathematical Functions (Dover, New Vork. 1972), 

2. W, T. Eadie. D. Drijard, F. E. James. M. Roos. and B. 
Sadoulct, Statistical Methods in Experimental Physics 
(North Holland. Amsterdam and London, 19711; S. L. 
Meyer. Data Analysis far Scicmisis and Engineers (John 
Wiley and Sons. Inc., New York, 1975): A. G. Frodcsen. 
O. Skjeggesiad, and H. TtSftc. Probability and Statistics in 
Particle Physics (Uiiivcrsitetsfcrlagci. Oslo. Noway . 
1979). 

This section was adapted, wilh permission, from HIC April 
1984 edition of (he Particle Properties Data Booklet. 



8-9 

8.2 ELECTROMAGNETIC RELATIONS 

I '-«{!:- * MM ! - o l E . i x B i 

•** t:"_ - i fK 1 * i» - .B i i:\ - - , i f i . . * B ) 
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ImpediRtts (MKSA) 
p - resistivity in 1Q"8 Jim: 

- 1.7 for Cu - 5.5 for W 
- 2.4 for Au - 73 for SS 304 
- 2.B for Al — 100 for Nichromc-
(Al alloys may have 
double mis value.) 

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

Zl 1 
i 
I Impedance ofself-iniiuciance i : Z -iuiL . 

Impedance of capacitance C: 7. - l / i«C. 
Impedance of free space: / - \ff>tf*Q " 376.7 fl . 
Impedance per unit length of a flat cor ductor of width 
frequency, v): 

2 D [\ *.')£. where * = effective skin depth ; 

Capwitancfr C mi inductance L p«r unit tenth (MK*JAf 
FTai rectangular plates of width «', separated by rf « •'•: 

— = 2 io 6 for plastics; 4 lo 8 for porcelain, glasses. 

Coaxial cable of inner radius r,, outer radius r-,: 

''-iSvv^'-t""^'''' 
Transmission lines (no lass): 

Impedance* 7. - V L / C 



Vclocily: v - \/VLC - J / V * ( . 

Motion of chanted p i n k l n In • 1111(01111, static nuRMdc ficM 
The pain of motion ofa charged particle of monuntum p is a 
helix of constant radius H and constant pitch angle A, with Ihc 
axis of the helix along B: 

/ j |GcV/r JcosX - 0.29979 <|A|tcs1a| R [ m | . 

where the charge q is in units of ihc electronic charge. The 
angular velocity aboul the axis orthc helix is 

u.|rads-'I - 8,98755xl07<jfl|lcsla)/£|GcV| , 
where L is Ihe energy of the particle. 

This section was Liapted, wiih permission, from the April 
1984 edition of the Particle Properties Data iiooklet. See J. D. 
Jackton, Classical Electrodynamics. 2d cd. (John Wiley & 
Sons. New York. 1975) for more formulas and details. 
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B.3 RADIOACTIVITY AND 
RADIATION PROTECTION 

The International Commission on Radiation Units and Meas­
urements (!CRU) recommends the use ofSl units. Therefore, 
we list SI units firsi, followed by cgs (or other common) units 
in parentheses, where they differ. 
Unit of activity = bctquerel (curie); 

1 Bq = 1 disintcgraiion/s|«- l/(3.7x!O , 0)Cij. 
Unit of exposure, the quantity of *- or -,-radiation at a point in 

space integrated over lime, in terms of charge of either sign 
produced by showering electrons in a small volume of air 
about the point: 
- 1 coul/fcgofair (roentgen". 1 R - 2.58x1G~4cou1Ag 
- 1 csu/em3 = 87.8 erg released energy per g of air); 
implicit in the definition is the assumption ihat ..ic small 
test volume is embedded in a sufficiently large uniformly 
irradiated volume that the number of secondary electrons 
entering the volume equals the number leaving. 

Unil of absorbed dose = gray (rat!): 
1 Gy - 1 *oute/k^{=> I0 4 crg/g » 10 : rad) 

- 6.24xlOl*MeV/kg deposited energy. 
Unft of doi? equivalent (for biological damage) - sievcrt 

j « 10- rem (roentgen equivalent for ntanlj: 
Dose equivalent in Sv - grays x (J, 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 7 rays 
and/* particles, < J 3 Ufor protons, G s l a t^ tOMcV, 
rising gradually to = 2 at — I GcV; for thermal neutrons, Q 
s 3; for fast neutrons. Q ranges up to 10; and for « parti­
cles and heavy ions (assuming internal deposition — skin 
and clothing arc usually sufficient protection against exter­
nal sources). i> -z ~0 

Natural annual background, all sources: Most world areas, 
wholc-boclj dose equivalent rate 2 (0.4-4) mSv M0-J00 
millirems). Can range up 10 JO roSv (5 rems) in certain 
areas. U.S. average 3 0.8 mSv, The lungs, receive an addi­
tional s 0.1 mSv t B 10 mrem) from inhaled natural 
radioactivity, mostly ratlim and radon daughters {good to a 
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faclorof 2 in open areas; can range an order of magnitude 
higher in buildings and up to lOOOx in poorly ventilated 
mines). 

Cosmic ray background in counters (Earth's surface): 
-10 4 /min /m- / s r . 

Fluxes (per m~) to deposit one Gy in one kg of matter, assum­
ing uniform irradiation: 
a (cKaiwd particles) 6.24x \Ol2fldE/dx). where dE/dx 
(MeV rrr/kg), the energy loss per unit length, may be 
obtained from range-energy data. 

s 3 . 5 x l 0 1 3 minimum-ionizing singly charged panicles 
in carbon. 

= (photons) 6 .24xlO , 3 /{Jr{MeV]fr c n /p)[mVi( | | | . for pho­
tons of energy E, mass energy absorption coefficient ata, 
and density p, for samples thick enough to contain the 
secondary electrons but « l / > e n . 

s 2x I 0 I S photons of I MeV energy on carbon. 
(Quoted fluxes good to abaul a factor of 2 for all materials.) 

VS. maximum permissible occupational tfose for the whole 
body: 
50 mSv/ycar (5 rem/ycar). 

lethal Cos*: Whole-body dose from penetrating ionizing radi­
ation resulting in 50% mortality in 30 days (assuming no 
medical treatment), 2.5-3.0 Gy (-50-300 rads) as measured 
internally on body longitudinal center line; surface dose 
varies due to variable body altenualion and may be a 
strong function of energy. 

For a recent review, sec E. Pochin, 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. 



8.4 PROPERTIES OF VACUUM SYSTEMS 
A. THROUGHPUT AND CONDUCTANCE 

The throughput of any conducting clement in a vacuum sys­
tem is given by 

qPV ~ PV/I . (I) 

where P is the pressure and I' is the volume or gas passed in 
time r. For a pump, if P and V are constant. 

q p v - PS , (2) 

where S is the pumping speed at the intake pressure P. 
Throughput Tor a passive clement can also be expressed as 

gPV - CUP , (3) 

where &P is Ihc difference between the pressures al the 
entrance and exit or the clement and C is ihc conductance. In 
high and 'iltrahigh vacuums. C is effectively independent of 
pressure. By analogy lo Ohm's law. conductance for para lie' 
constructions is given by 

and for scries constructions by 

\ / C m - 1/C, + l / C \ - . . . (S) 

The effective pumping speed of a pump depends on both 
the nominal pumping speed and the conductance of connec­
tions between the pump and Ihc volume to be evacuaicd: 

In the regime of molecular flow (sec Table 8-3. below), the 
conductance, for air (in I • s - 1 ) . of an aperture of area .-I (in 
cm-) is 

C o j r - 11.6.1 . (7) 

For a long straight tube of uniform circular cross s-ciion hav­
ing length L and diameter I). 

r . i . - 12.1 1>\'L . |H) 



F ()r short tubes, Eqs. (7) and (8) must be combined: 

C * ~ • ,' L~- "> 
11.6/1 m D J 

The equivalent diamcicr of a Ijbc thai tapers front di<tmetcr 
^1 to diameter 0 i ' s 

2D;Di \ 

The equivalent length of an elbow is 

' - e - ' - + ' " " - i l O D - « » 
"•'here 0 is the angle of the elbow in degree1;. 

B, GAS LOADS AND ULTIMATE PRESSURE 
S'HHYCS of gas in a vacuum system include (a) the residual gas 
in the system; (b) Ihc vapor in equilibrium with ihe m a i e r j a ] S 

present; and (c) the gases produced or introduced by leakage, 
olitgassing. and pcrmcaiian. In high-vacuum systems. | n c ulti­
mate system pressure ,". usually depends only on <c>: 

*hcre QG is the gas load due, in this case, to leakage, ouigas-
sing, and pcrmcat'on. Where QG is constant, as in tht case of 
3 leak. Pu is also constant: whereas. tfQfj J / ( ' ) . as it j s 
wlicn ouigassing dominates, Pu is also a function ortime. 
Reference I contains nomograms relating gas loads, ultimate 
pressures, and various physical system parameters. Tiible 8-1 
fives outgassing rates for several vacuum materials. Extensive 

0Ut gas sing data can be found in Rcf. 2. 
By assuming that the process is dominated by rcsid.uai gaSi 

piimpdown in the high-vacuum region can be described by 

/• - / ' j C x n H W V ] - (13) 
"here /' is the pressure after time I, i", is the piessurc ai / - 0, 
aid r , 0 , is the total system volume. 
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TaMt W. Approximate oulgassing rate K\ for xveral vacuum materi­

als, sjirr est hsxr In wawm as room temperature. 

MmtttUi <mhf • ! • « " ' - sm"h 

Aluminum <fresh) 
Aluminum {20 h at IQO'C) 
Stainless steel (304) 
Stainless siecl (304, 

eleciropotishcd] 
Stainless surd {304, 

mechanically polished) 
Stainless sieci (304, 

dectrapolished. 30 h 
at 250°C) 

Pcrbunan 
Pyrex 
Teflon 
Viton A (freshl 

C, MISCELLANEOUS VACUUM PROPERTIES 
The mean free path A of a gas is inversely proportional to the 
pressure: 

\P » c* , (14) 
where c* is n constant characteristic of a given gas, Values for 
several gases arc given in Table 8-2. 

For ulirahigh-vacuum systems, il is common lo quote the 
monolayer lime r, which is denned as ihc lime required Tor a 
monomolecular layer to form on a gas-frcc surface, assuming 
Shal every impinging gas molecuk finds and binds to a vacant 
site. The monolayer time, in seconds, can be conveniently 
estimated from 

T » J . 2 K i0~b/P> (15) 

9 x 10 " 
S x l O - ' 4 

2 >= 10"8 

6 x i t r 9 

2x!0- ' 
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TtUt 8-2, Values for the product c* of the mean fiee path X and the 
pressure P for settral gates at 10°C. 

Gas c * (cm * mbu) 

Hydrogen 12.00 x I 0 ~ 3 

Helium 18.00 x I 0 ~ 3 

Nitrogen 6.10 x I D - 3 

Oxygen 6.S0 x I 0 ~ 3 

Argon 6.40 x I 0 ~ 3 

Mercury 3.05 x I 0 - 3 

Water 3.95 x I 0 " " 3 

Air 6.67 x I 0 " 3 

where P is expressed in mbar. 
I Table 8-3 lists for several pressures rough values Tor A, r, 

the impinge mem rate 7.A (the number of particles incident on 
a unit surface per unit lime), and the volume collision rale 7.y 

, (the number of collisions in a unit volume per unit time). 
I 
; REFERENCES 
I 

1. A. Roth, Vacuum Technology, 2d cd. (North-Holland, 
| Amsicrdam, 19B2), p. 142, 

2. R. J. Elscy, "Outgassing of Vacuum Materials." Vacuum 
! 25. 299. 347(1975). 
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T*tic§-3. VaSuaforciiaraarristie mevvm paramttm afire trprntniali'tpressures. 

Pressure 

lft3 10* I (T 3 10" ' i a - ' » f c « 
7JXHI 5 7 ^ x 1 0 " ' 7£xW4 IS x I0""7 7.5 x lO" I OTofr 

18s 102 16" 1 10~4 HT 7 P* 

Panicle density, n (cm~3) 1Q19 I0 1 6 10 1 3 I0 1 0 107 

Mean fitc paih. \ (cm) ID" 5 ! (T Z 10 I0 4 107 

Impingement raw, ZA 

(s"'-cro~2) lO" 1020 10" 1014 i o l ! 

Collision rale, Zy 
(sT'-cnf" 3) 10 W 102* 10 1 7 10" I0 5 

Moaalayerlime,T 10ns 10(is 10mS 10s 3 h 
Type of gas flow •* viscous ~—H—Knti&eiH! molecular * 
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