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SECTION 1
PHYSICAL CONSTANTS

Table 1-1 was adapted, with permission, from one that
appeared in the April 1984 cdition of the Particle Properties
Dara Bookler. A periodic table follows on page 14,
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PREFACE

Aside from a perceived need for such a compilation, the prin-
cipal inspiration for this data bookiet was the Particle Proper-
ties Data Booklet, which is compiled and published periodi-
cally by the Parsicle Data Group ai the Lawrence Berkeley
Labaratory. ladeed. Sections 1, 8.1, 8.2, and 8.3 of the present
booklet have been borrowed, with permission and with only
slight modification, from tie 1984 editior af the particle data
baokiel.

Many other stctions alwo draw heavily an work published
elsewhere, as indicaled in the text and figure captions, Fur-
thermore, we are indebted to many collengues whase names do
nat appear among the authors of the articles. Several willingly
made illusirations and other material available 10 us, and we
have tried to credit such contributions explicitly. Others
served as reviewers and offered invafuable sdvice on sevenat
amicles; their names appear amottg the contributors.

Despite these fontributions and the efforts of the many
suthars, final decisions rested with only a few of us, as did
responsibility for tompiting the 3ciions lacking, by-lines,
Blamc for crror is thus casy 10 assign.

David T. Auwood
Janos Kirz
Douglas Vaughan
16 August 1985
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SECTION 2

THE ELEMENTS

2.1 PROPERTIES OF THE ELEMENTS

Table 2-1 lists the atomic weights, densities, melting and boil-
ing peints, first ionization potentizls, and specific heais of the
elements. Data were Iaken mostly from R. C, Weast, Ed.
CRC Handbaok of Chemistry and Physics, 65th cd. (CRC
Press. Boca Ratan, Florida, 1984). Atomic weights apply to
clemenis as they exist maturally or: carth or, in the cases of
radium, actinium, thorium, protactinivm, and neptunium, 1o
the isatapes with the longest half-lives. Values in parentheses
are the mass numbers for the longest-lived isotopes. Specific
heats are given for the elements a1 25°C. Densities for solids
and liquids are given a1 20°C unless otherwise indicated by a
superscripl temperature (in °C}; densitics for the gaseous ele-
ments are for the liGuids at their bziling points.
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TaMe 2-2,  Properties of the elemenis.
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Tasle -1, Fropertes af (he elements (convinued).
Mesiag
Atemic  Dr st

Z Hememt weleht_ (y &0

38 Sironuum s 2 i) X

3 Yorium 489059 4dse® 132 s 63 0071
0 Zrcomwum  9L3 aM 1B an 653 Oosen
+ Niotwum 929061 BSS ] anz 555 00se)
42 Mubbdeoum 9394 1020 2617 @2 109 o9y
43 Technetum  (59) ag um am 238 oos
44 Rutenom 10107 (2% a0 390 237 0oL
a5 Riodum 029055 1200 (LT 2 24 000
4 Paladium 100, 1200 1540 n0 834 ogss
@ Sivsr 1078682 1048 W  m1 737 0gse:
@ Cdmum 24 B8 LT ] 4993 00852
Py w2 s 2080 s 0083k
0 T e 44 00n19
5L Anumony 604 1980 3611 00498
52 Tellaoum s svs 90w oo
33 dachoe LS B33 tessL 002
54 Xenon SIe .o 0% ooy
53 Corivm a0 oG93 M5 00878
56 Banum s 1650 sn2 oom?
57 Lantanan o w7 587 oo
58 Cerum % 42 341 oo
59 Prwodymium a ] s opr
80 Neodymum 14434 et 10Nt 208 s oms
8 Prmethium (143} 220 ies 2480 395 00w
82 fmmum 108 18 W [0 563 Giey
63 Europam 13196 sz R 1597 561 vORe
b4 Gadohowm 15735 2amaB 1y 46 als ook
88 Terhium B9 K2 e an 588 oo
b Dysprovwm 16250 Ks280 12 2562 59 uoa
67 Halmum 104093 g7 1 2098 €02 omsa
8 Frbium 1226 .03 189 2463 610 001
& Thutwm 1889242 o20at goas 1947 618 0032
0 Viestwm 13K 6951 [ 1194 6254 Co87
T Leetom 170967 waNS leey 338 542 0O
2 tfum LU a0 0 o8
7 Tanalm IS0 lbels M s W amn
7 Tungsten (XTI T i sto0 98 oz



http://Yllclbn.ni

24

Table -1, Properties of the clements (continued).
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2.2 ELECTRON BINDING ENERQGIES
Gwyn P Williams

Table 2-2 gives the electron binding energics for the clements
in their natural ferms. The encrgics arc given in electron volis
relative ta the vacuum level for the rare gases and for Ha, N,
5 and Cly: relative to the Fermi level for the metals; and

ive 10 the top of the vakence bands for semiconductors.
Values have been 1ken from Ref. 1 except as noted:

* Values taken from Ref. 2.

1 Values taken from Ref. 3,

2 One-particle approximation not valid owing to the
extremely stiort lifetime of the core hole,
Values d'cived from Ref. I.

REFERENCES

1. J. A. Bearden and A, F. Bury, “Reevaluation of X-Ray
Alomic Encrgy Levels,” Rev. Mo, Phys. 39, 125 (1967).
M. Cardona and L. Ley, Eds., Photoemission in Solids I:
General Principles (Springer-Veriag, Berlin, 1978). The
present table includes several corrections 10 the values
appearing in this reference,

J. C. Fuggle and N. Mirtensson, “Care-Leve) Binding
Encrgies in Metals," J. Electron Spectrose. Relot. Phenom.
21, 275 (1980).
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2.3 CHARACTERISTIC X-RAY ENERGIES
Jeffrey B. Kortright

n Table 2-3 and Fig .2}, characteristic X and L x-my line
energies are given for elements with 3 < Z < 33, Only the
sironpest lines are included: Koy, Kag, K8y, Loy, Lay, L),
LBy, and Ly). The table presents the energies of these lines
(ar each af the elements, in order of increasing atomic aumber.
Wavelengths, in angatroms, can be oblained from the relation
A = 124/E, where £ is in keV. The data in the abe were
taken from Ref. |, which should be consulted for a complete
Tisting of all lines. Widrhs of the Ka lines can be found in

Ref. 2. Figure 2-1 shows the approximate encrgies and
wavelengths of principal x-ray lines betow 40 kev,

REFERENCES

1. J. A, Bearden, “X-Ray Wavelengths,” Rev. Mod. Phys. 39,
(1967

2. M. 0. Krause and ). H. Oliver, “Natural Widths of
Atomic X and L Levels, Ka X-Ray Lincs and Several
KLL Auger Lines," J. Phys. Chem. Ref. Dota 8, 329
(1979),
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Tabe 23, Energies of x-ray crission lines (continued).

Element  Kay Kay X8, Lay La, 18, L8, Lty
2T 451084 430486 4.93181 04522 0.4522 0.4584

v 495220 49464 542729 L5113 0.5t 05192

23Cr 341472 5405509 594671 05728 0.5728 0.5828

25Mn 5.89875  5.88765 649045  0.6374 0.6374 06483

26Fc 6.40384 6.39084 7.05798  0.7050 0.7050 0.7185

27Co 693032 691530 7.64943 0.7762 0.7762 0.7014

28 Nj 747315 7.46089 8.26466 08515 0.8515 0.8688

29Cu BG4778  8.02783 8.90529 09297 09297 0.5498

30Za 8.63386 B.61578 9.5720 Lotz 7 1.0347

31Ga 925174  9.22482 10.2642 109792 109792 11248

RNGe 9.88642  9.85532 10.9821 LIBBO0  1.iBBO0  1.2185

334As 1054372 104799 11.7262 12820 1.2820 13170

34 Se 112224 11.1814 124959 1.37910 137910 1.41923

35Br 19242 11.8776 13.2914 1.48043 148043  1.52590

36 Kr 12649 12,598 14.112 1.5860 1.5860 1.6366

37Rb 133953 133358 149613 1.69413 1.69256 175217

38Sr 14.1650 14,0979 15.8357 180656  1.80474  1.87172

nY 14.9534 14.882% 16.7378 1.52256 1.92047 1.59584

02Zr 15.7751 15,6509 17.6678 204236 20359 21244 221949 23027

Lak4



41 Kb
42 Mo
A Te
44 Ru
45 Rb
46 Pd
47 Ag
4R Cd
4% 1n

S0 Sn
518t
52Te
531

55Cs
36 Ba
571a
58Ce
59 Py
60 Nd
61 Pm
62 5m

16.6151
17.47934
183671
19.2792
20.2161
21.1773
22.16292
231736
24.2097
25.2713
26.3591
274723

16,5210
123743
18.2508
19,1504
200737
21.0200
21.9%03
229841
240020
25.0440
26.1108
212017
28.3172
25,458

30,6251
8N
33.034t
34,2789
35.5502
36,8474
381712
39.524

186225
19.6083
20.619

24,6568
227236
238187
24,9424
26,0955
272139
28,4860
29,7256
309957
32,2947
33.624

349869
363782
318010
392573
40,7482
422713
43826

45.413

216589
229318
24240

255855
269674

52304
5.4325
5.6361

21630
2.28965

2.5543¢
269205
283329
297821
3.12691
ITRW
343542
3.59532
17588
3.92604
42122
4.45090
463423
48230
5.0135
52077
54078
3.6050

22574

2.39488
15368

268323
283441
299022
315004
3.31657
348M
3.66280
3.84357
402958
4.22072

4.619%
4.82753
50423
52622
5.4889
5116
5.961
6.2051

23670
25183

28%0
3.0013
e
3.34281
352812
37131
3.90486
410078
4.3017
4.5075
4.9359
5.1565
53835
5.6i34
5.850
60854
6.333
6.586

24618
2.6235

29645
3.1438
3.3287
3.51959
3.71686
35203
413112
4.3477%
457109
4.8002

52804
5.5311
5.7885
6.052
63221
6.6021
6.892
1.178




Table 23, Energies of x-ray emission lines {continued).

Elemeat Koy Kay Ky Lay Lay L8, L, ad)
63Eu 415422 409019 470379 58457 S8I66 64564 68632  7.4803
64Gd 419962 423089  4RE9T 6052 6020 6712 TIME 77858
65Tb 444816 43744t SO3®2 62728 62380 6STE LMY BaD2
66Dy 459984 452078 S2119 G952 64577 12417 76357 B.AIgE
67Ho 475467 466997 53877 67198 6s75 L5253 I &Y
6BEr 491277 482211 55681 65487 69050 78109  BIBO  9.089
69 Tm 50.7416 49.7726 51537 T.1799 730 a1 8.455 9.426
70Yb 523889 513510 897 74156 73673 84018 87588 97801
Tilu 540698 529650 61283 7.6555 76049 &70% 90489  (0.1434
2HE 557902 546114 63234 78990 786 90227 93473 105158
BTa O %2 65223 B.4dsl  BORT9 93431 96518 108952
AW 593124 579817 67.2443 83976 8332 967235 99615 112859
75Re  6L1403 597179 69310 86525  BSBE2 100100 102752 116854
760s 630005 614867 LAl 89117 88410 103553 109985 120953
T7Hr €4.8956  €3.I867 T3.5608 9.1751 90995 107083 109203 125126
%P 66.832 65.112 75.748 9.4423 93648 110707 112505 129420
9 Au 68.8037  66.9895 77.984 9.7133 9.6280 114423 11,5847 133817
80Hg 70.819 6B.895 80.253 95888 98976  11.B226 11524 13.8301
SITL  728M5 08NS 82576 10265 101728 122133 122M5 142915

91z
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2.4 FLUORESCENCE YIELDS FOR
KAND L SHELLS
Jeffrey B. Kontright

Fluoresceiice yields for the X and £ sheils for the elements

5<Z
Ref. 1.

= 110 are plotted in Fig. 2-2; the data are based on
These yields represent the probability of a core hole in

the K or L shells being fillad by a radiative process, in cam-

10
09
28
07
0§
05,

0a

Fluoescence yirid

03

02

Flg. 22,

X shail

L snell
[average)

Atomic number

Fiupresrence yiolds for K ond L shells for 3 = 2 & 10, The
plotted curve for the L sheli represemts an average of Ly, Ly,
and Ly ffevtive yields.



220

pelmcn wnl\ nonnduuv: proeeues Auler proc:sscs Are the
lor
llle K shell and Ly luhhell holes. Auger lnd Coster-Kronig
nonradiative prooesses complete with fluorescence to fill £
and L, subshell holes. Only one curve is presented for the
three L subshells, representing the average of the L, Ly, and
L effective fluorescence yields in Ref. 1, which differ by less
than about 0% over most of the periodic table. See Ref, 1 for
more detail on 1he L subshell rates and the nonradiative mtes,
and for mn appe~dix containing citations 10 the theoretical and
experimental woric upon which Fig, 2-2 is based, Widths of
the X and L fluorescence lines can be faund in Ref. 2.

REFERENCES

3. M. O. Krause, “Alomic Radiative and Radiationless
Yields for X and L Shells," J. Phys. Chem. Ref. Data 8,
307 (1979).

2. M. O. Krause and J. H. Oliver, “Natural Widths of
Atomic X and L J. Phys. Chem. Ref. Data 8, 329 {1979).
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2.5 PRINCIPAL AUGER
ELECTRON ENERGIES

Figure 2-3 has been reproduced by permission of the Physical
Electronics Division of Perkin-Elmer, Inc. For cach element,
dots indicate the encrgics of principal Auger peaks, the
predominant ones represenied by the heavier dots. The fami-
lies of Auger tmnsitions are denoted by Jabels of the lorm
IAY, where W is the shell in which e ariginal vacancy
occurs, X is the shell from which the 1’ vacancy is filled, and
Y is the shell from which the Auger electron is gjecied.



Fig. 2.1

HE G e T e
ELECTAONENERGY t4v)

Auger electron energies for the elements. (Reproduced by per-
mistion of the Physical Electronics Diviston of Perkin-
Elmer, Inc)



26 ENERGY LEVELS OF HYDROGEN-,
HELIUM-, AND NEONLIXE IONS
James #. Scofield

Table 2.4 presents ionization energics for selected few-electron
ions with 6 & Z < 54. Table 2-5 gives the energies of the
resonant 2p iransitions in hydrogen- and heliumlike jons.
Because of the inlerest in lasers based on neontike ions in the
soft x-ray region, selective trensitions for the neonlike ions are
presented in Table 26, This table includes the two lines for
which lasing has been observed in sclenium [ 1), the depoputar-
ing transilion of the lower lasing level, and two strong lines in
the spuntancous spectrum. In addition, Fig. 2-4 shows the
‘.'p’ll levels for nconlike selenium, The level positions are
labeled with @ designation of the form 25+, and & jj cou-
pling label.

The energy values in this section have been gencrated using
the relativistic Hartree-Fock code of 1. P, Grant and collabora-
tors | 2] with a cormection term of the form A + BAZ - )
added to bring about agreement with the experimental values
known for low atomic numbers, Nuclear size effects, rdiative

ions, and the Breit i i ing for retarda.
tion and the magnclic electron-clectron interiction are
included in the calculations, The hydrogenic values are
uncorrected a5 Ihey come from the code, but to the accuracy
given here, they agree with more detailed calculations. The
=310 = 2 valugs given in Table 2.6 for the neonfike ions
are also uncosrected and show differences at the 2.¢V level
with experimenta! values.

REFERENCES

1. D. L. Matthews et al,, "Demonstration of & Soft X-Ray
Amplifier,” Phys. Rev. Lert. 34, 110 (1985).

2. 1. P. Grant, B. ). McKenzie, P. H. Norrington, D. F.
Mayery, N. C. Pyper, “An Atomic Multiconfiguras
tional Dimse-Fock Package,” Compui. Phys. Commun. 21,
207 (1980).




2-24
Table 24 Jonfzoticn energies, in electron volts. for seleced fowe
electron ionfc species. Each column is labeled with the
number of eleciroms in the fon before fonization and with
the symbol for the newteal atam with the same aumber of

rieciront.
Element  ta 200 (L) &) HM(Ne) N(NQ 2R
6149
or89
1
s

200
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Table 2-8.  Tramsition cnergies. in electron volts, for transthions from
ht = 2 stares to the n = § grownd state of H- and He-like
iony.

Sydevpesite Setiamlite
Wemel 2y Ima WM 'R
58 28547 130 pIEALY 083

3673
s
6537
074

318
003




2.26
Tabje 26.

Transition energies, in electron volis, for selected transitions
in Netike fons with 2p vacancies. The transitions for
whick lasing has been abierved are indicuted in boldface

pe.

2~ -2

-2

Ip-3s

p-0

2-3n

ety Ip-lsy dp-t, Oretr, iopR YD

10407
1568
17106
21028
33
303
811
s
4823

»na 52

el
16227

9.649
76

173

LECY
12401

24786
26981

12800
18.383
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227

1640
2p530
1600k 3p——(1/25/2)
L
fﬂa—@n.s/z)
- Fymm—(372.5/2)
1560 %% 3—gan
’_ ;So—u/zua)

§

&

Energy above ground state (eV)

1440

ol |

Flg 24, Selpcted excisgd encrgy levtls for Ne-like selenfun (Z = 24,
152522031 19 of the 36 levelsin this manifoid are shown.
Transttions for whick lasing has been ohserved are Indicad.




2.7 SCATTERING FACTORS AND MASS
ABSORPTION COEFFICIENTS
Burton L. Henke

At pholon cnergies between 100 ¥ and 10 keV, accurate cal-

culations for absorption and scaticring in materind systems

{e:g., flters, mirrors, multilayers, and crysials) can be based on

atomic scatiering factars {f) + if) for the constituent atoms.

These factors are derived from available experimental photo-

'lbso]rmian dauw, using the Kramers-Kronig dispersion relations
1.2}

> ¢ pﬂ(e)dt
-Z+C m
s
and

£ FCERGEY. @
where Z is the total number of clectrons; C is 2 constant equal
to V/xrghe with rg the classical electron radius, & Planck’s
constant, &nd ¢ the velocity ul'hglu Hgte) is the atomic photo-
absorplion cross section; and £ is the Sncident phumn €nergy.
The atomic photoabsorption cross section {in cm*/atom) is
related (o the mass absorption coefficient 3 {in cm2/g) by

ETATR &)

whcm A is the atomic weight and N is Avogadro's number.
One may also obiain the complex dielectric constant

¢=l-a=-iy @)
and the index of refraction

aml-8-if ®
from 1he scatiering factors by using the relations

b= 3= KM ©

and
g=2X =Ky, )
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where
2 N
r? Ny
K= TT" ®

and p is 1he density, The parameters B and & are called the
absorptian index and refractive index decrement, respectively.

Figures 2-5 and 2-6 illustralc the varialion with atomic
number of the mass absorption cocflicient for severat selected
cnergies, indicating the presence of absorption cdges, Near
1hese edges, one expects additional absorplion siuctuce,
reflecting the maolecular and solid states of complex systems,
This structure cannot be predicted by ealculations that assume
atomlike behavior of the sysiem components. Tables 2-7 and
2-8 are & mare camprelicasive tabulation of the vatues of the
mass absorption cocfMicient.

“Tables 2-9 through 2-12 1abulate the two components of the
atomic scattering factor for setected energies and atomic
numbers, Values in the tablys are recarded in the form.
1.42({-)02 1o denote the value 1.42 x 1007

REFERENCES

1. B. L. Henke, “Low Energy X-Ray Interactions: Photoion-
izatiop, Scatiering, Specular and Bragg Reftection,” in

D. T. Atiwood and B. L. Henke, Eds.. AIP Conference
Procceding No. 75: Low Encrgy X-Ray Diagrostics
{American Institute of Physics, New Yark, 1981), p. 146,
B. L, Henke, P. Lec. T. 1. Tanaka, R, L. Shimabukura,
and B, K. Fujikawa, “Low-Energy X-Ray Interaction
Coefficicats* Phatoabsarption, Scattering, and Reflec-
tion," At Data Nucl. Dara Tables 27, 1(1982).

~
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Fig. 24, Mass absorption coefficients at energie 2.5 and 10 ke as functions of atomvic number.
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Table 2-7.

Max absorption coefficients for selected salues of atomic number 2 at energies between 100 and 1000 e¥.

2L 0 380

Energy (¢V)
500 0

00

1000

2z
3
6
b

4205 24704 7.9803
23304 51403 | 48304

37103
24904

1.8103
13704

1.0903
8.89 03

BTI4 1884 70303
13005 49004 20004
10204 | 69004 34504
19204 80603 { 4.0704
26904 12404 63503
45804 L7904 9.0003
61304 26804 13204
78704 39104 20004
44404 41504 24004
91803 395704 29404
13004 | 21504 29204
88103 53503 | 20504

EXINX)
1.0704
20204

55303
78733
L1904
1.5404
20404
25004
20004

19703
57503
L1604
1.76 04
25304

48003
718 03
9.$503
12304
16304
1.69 04

12803
3.69 03
7.6503
12104
17804

33703
49303
6.7103
91503
LI8 04
13504

6.49 02
57403
12804

4.4702
41303
99103

3.08 02
29603
7.3103

22802
22704
5.7903

23503
49703
81003
12104
1.66 04

34003
46503
63703
83203
1.01 04

1.68 03
3.6203
60003
9.0803
1.26 04

26103
35603
4.88 03
64203
B1503

1.2103
26103
4.3903
67503
9.5003

1.96 03
26903
3703
49103
6.26 03

9.29 02
20203
34203
5.3203
7.56 03
9.91 03
1.5803
21503
29703
39503
5.06 03

®

L

Wi



54103
A0
15204
1.2305
28904
1.4304
17304
32504
26804
21004
1.6204
19204
23104
49704
6.56 04
13005

6.66 03
6.64 03
7.0803
4.6103
3.5503
9.9503
23004
25704
22404
21204
18704
16004
9.6203
6.0903
85403
6.1503

42603
5320
6.1503
67503
66803
7.96 03
L1304
16704
1.5504
1.65 04
17404
15804
15004
12004
5.6003
69903

94803
11704
12404
12804
14004
15104
14504
141 04
L1404
8.8403

69903
8.3503
1.00 04
L0604
L1504
11804
12604
14004
12004
10704

5.48 03
6.49 03
7.8503
8.8603
9.6703
1.06 04
1.0504
11504
11204
103 04

4.2103
49403
5.9703
6.76 03
7.6903
8.38 03
9.29 03
92503
10104
9.9503

34503
40103
48103
54603
62503
72303
77903
85703
84103
86303

27803
32203
3.8403
43803
50303
58303
6.6303
7.04 03
74303
72103

23303
2.6903
32103
3.6603
42103
4.3803
56403
62003
6.58 03
6.16 03

2

1y

L1y 4



Tale 28 Mais absorprion confiicients far selected valucs of aromic nurmber Z af energics between I and 10 keV.

Esergy (eV)
000 680 TER BN e

22802 25001 63400 24900
22703 30202 90401 37701
9 47903 9.0002 28802 12502
67502 30002
13503 53102
7.9502

18 34203 53202
21 53200 88402 30002
24 756063 1.2603 41602 18802
27 99103 17603 59302 26902
180
5.0002
6.0502
80002
9.7302

11800
1.89 01
64401
1.58 02
28602
44602
65702
1.0202
146 02
1w
27362
33002
4,41 02
54202

6.46-01
1.06 01
mno
9.26 D}
17102
26702
4020
5.1702

0
1.66 02
20002
26902
33302

3.8801
6.53 00
2320
58801
11002
.7402
11402
3.5202
5.8001
83004
1.09 02
13102
17702
21902

24901

4.26 60
1.54 01
19601
74901
12002
19002
24902
3.2002

7.5201
9.04 05
12202
L5202

1.69-01
291 00
1.07 03
22901
53201
85901
13102
18202
23802

54301
65301
8.8501
11002

11901
206 00
7.70 00
20401
38101
63701
120
13702
18102
170

40408
48301
86101
82501

¥z



20
15103
17503
21303
25503
25203
27603
34703
40603
38903
4.3203

4302 l
51002
$4102
80802
95302
1.0903
10403
13803
1.7903
1.8903
21103

1.1603
13303
1.5303
1.7303
19203

23403
23703
22893

1050
18602

11703

30002
38902
48602
53802
51102
6.7502
88502
93502
10503
11903
13103
13903
14703
13803

66102
696 02

30702
29302
3ps02
50802
5.4102
6.04 02
68402
76102
83902
93702
98202

4.08 02
43302
52802
6.39 02

24302
32102
34402
338102
43202
48202
53402
596 02
6.5502

21002
28702
3.5302
44302
52602
51002

25702

29292
32502
3.6202
4.04 02
44502

13802
20102
24702
39202
37302
41702
33802
3.2502

1.8202
20702
02
25802
23802
34702

13602
1.46 02
13002
22802
27402
31002
288 02

1.3502
1.5302
1ne:
19102
21302
13402

10202
10902
12502
L7202
20702
23602
22002

10202
11702
13002
1.46 02
16302
11902

M,

34



Tabic 3-9.  Vofues for componens f; of the stomiz scatiering facior, Jor srivcied sofues of alomic sumber Z o1 energics bevwren 0

and 1009 ¢V,
Emergy (V)

z 1 b L - L) “we e b " 1908
327500 33300 32600 32000 3500 31200 X000 30800 30700 30400
6 40BO0 36700 | 28800 55000 6000 62800 63500 63700 6.3600 63400
9 67100 76300 75400 73300 69500 63000 l 50100 7.5000 83500 87500
12 37300 10201 L1001 1101 L0061 10901 10700 10600 L0400 10201
1529300 70000 12201 13801 14301 (4401 14401 14301 14200 (2101
18 62100 46700 | 76400 12600 15700 L68AI L7301 L7601 L7701 L7701
2t 85000 99200 88600 12401 16901 15001 19801 2030t 20603
24 30601 13501 14201 15601 19201 21201 22301
17 95400 15200 1101 L7501 L7005 LEDO) 79200 L7001 21001
3 59900 15401 15401 20701 11203 21000 20401 19501 17400 10001
3D 26900 12701 19801 22401 24000 24500 24601 24401 24000 23301
36 40800 81300 17801 23100 26300 27700 28501 23701 28801 28601
35 98600 59400 13001 19201 26601 29201 30801 31601 32101 32301
42 13401 12007 {9.5400 16801 21901 27601 30700 32901 34281 35001

L



18501
e
25301
9.48 00
6.82 00
L4 0
1.4401
gn
12501
1.06 01
15501
17701
11201
24701
16201

14101
L0
18101
20501
25301
30201
32101
2370
19101
L5301
14501
12201
1.2601
2010t
28301
26700

2.66 00

13401
Lnol
1.86 01
22001
23701
3nos
26501
24601
23201
22001
17541
L5191
Lol
L6E 0L
18301

18801
23601
27301
33001
33n
27801
2701
25001
24301
20201
18001
12308
18301

24501
29301
3501
35501
32701
3.2901
33501
ol
29%01
27601
2220t
o0

25201

24101
30001
36503
36301
3.6201
ano
38501
36501
35601
35101
27501
29501

31701
2920
29101

36804
37Bm
38301
40501
43701
41601
4.06 01
40301
38701
33601

34601
34701
3.0001
34m

36501
38001
39301
42101
46201
45301
44401
45401
4.3801
4.3001

3.66 01
18281
35701
32501

34501
37600
39701
43201
48001
4820}
4890!
49801
4,64 01
48301

37708
4020t
38701
3430

370
36501
350
43601
45101
49901
sisol
52401
51701
50301

X4



Table 2M. Vahies for componesst fy of the @omic scattering fictor, for selected values of atomic number Z af enevgies between 1
and 10 keV.

Energy (eV)

100 0 e D il i

7000

8006 - 9980

v o wiN

2
15
18

2
27

EX)

2

30600 30200 30100 30100 30000
63400 61700 61000 60600 60500
87500 93500 9.2300 92100 4.1600
10201 {12101 12400 124001 12301
14101 12101 | 24900 1LM01 15400
L7700 16901 15291 | 17501 18201
20601 20501 19901 1.960)
22300 2400r 23501

21001 2710t 27001
1000t § 29701 30201
23301 [ 301 3320
28601 | 29201 35801
32301 24801 | 37101
5001 34201 | 36101

231
26601
29901
ano
36401
asto
4130

29601
33001
3.6301
39401
4.230)

3.0000
6.0300
9.1200
12301
1.5401
18401
2.080)
1.80 01

2934t
327
36101
393m
42301

30000
6.03 00
9.1000
2201
13401
1.8401
21201

25001
350
35901
39201
42401

30000 30000
60200 60200
90800 9.0700
1220t L2m
15301 15300
18401 18401
2140t 21401
2390t 220
24501 26201

ann
35701
3900l
42301

3em
35501
3880t
410

30000
601 00
9.06 00
1210t
1.5301
1.8401
21501
24301
2.6801

31501
aszon
3.86 01
42008

27501

ko
&
=



45 37700 39001 24401 44801 45101 45501 45501 43401 45301

48 40201 43901 41901 46801 48101 48501 48601 48601 48501

s1 38701 47001 46001 40801 | 45901 50201 51201 51601 51701 5170

54 34301 49301 43301 47500

§T 30501 50701 52601 S150L

60 LI201 53301 56201 55801

63 31701 | 52201 60401 60301

6 36501 | 53901 62501 63201

€ 39501 | SOOI 63901 65901

72 43601 | 46401 65801 69001 a0

75 49101 [ 32801 65601 71701 72801 72800 72301 7501 70301 670l M

78 49901 41401 | 64101 73701 580 7610t 75901 7.5301 74601 7.3401

81 51501 $3401 | 61101 74501 7.8301 7.9201 719301 78901 7E40I 7.7601

84 52401 6010) {59101 74400 BO301 82001 22401 B230I 2001 81401

87 51701 64001 13101 | 73901 B8.401 84401 85301 85501 835301 8500

9 50301 67701 62901 {69301 $1301 86301 88001 88601 BETOI 83501
v

68T



Tabic 2-11. Values for compenent f3 of the atomsic scattering factor, for selected valwes of atomic aumber 2 at energies bevween 100

and 2000 ¢V.

z 1 L » fed

Esergy (¢V)
boad “s

1908

1.51-01  1.07-0)
1.9700 15200

39500 17100 96201 64601
75400 56900 35000 24500
1.02 01

3]23400 81801 39901 24201
6 66601 29501 | 41800 28200
9
2

7.7000 58800
L1701 10901
21 28800 26700 2060 1.6600
24 56600 44600 33700 27100
27 85900 75500 56000 43700
30 1201 12200 94100 73500
33 79200 314901 12008 10801
36 18300 15901 L7801 16101
39 27500 {91200 18701 20901
42 20100 24500 { 14201 18001

448-0t 34401

1.6800 12700

43000 33700
B4200 68400

21300

1.36 01

11301
1.76 00

33900 28200
56300 4.5800
85300 171300

12901 1901
17401 14801
19401 18301

7.58-02
11600
4,09 00

5.89-02
9.40-01
3.5700

45802
7.61-1
2.98 00

37402
64201
2.59 00

9.58.01
25900
5.44 00
9,16 00
14501

374 00
5.86 00
89800
12401
16301

7.77-01
21300
4.55 00
77500
12401
16301

32400
5.05 0D
7.75 00
10801
14801

62901
17300
33500
6.50 00
10601

27400
43200
6.6500
9.35 00
1190t

53301
1.48 00

9

&




13200
11601
21801
38501
9.5300
4.92 00
6.27 00
1.2601
L1601
395300
7.16 00
89300
11201
23801
34801
71901

32700
35700
41200
29000
23500
68600
16701
1.9% 01
18101
18104
1.66 01
14901
940 00
61100
9.1000
6,8200

31600
43000
5.3900
6.3800
6.69 00
8.28 00
12301
19501
1.8901
21301
23301
22201
22101
1.8101
9.00 00
L1701

19601
25608
25701
3.0201

99100
1.2401
15301
1.3501
22100
2.68 01
30201
a0l
3.5601
38001

Lo
22501
26408
26908

2 00
90600
Lizo1
13301
16301
2010
24401
29001
3701
3.5501
315901

1.5301
20101
24901
29101
28901
3.0501
8.3700
1.0301
1.2801
1.5801
1.8501
22501
27201
3070t
34601
33701

My
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Taple 112 Values for componens f, of the atoic scaltering factov, for selected salies af atomtic mumber Z at emergiss between {
and 10 keV.
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37402
6.42-01
25500

14800
32200
56400
9270
13803
244 00

38000

58700 |
8.28 00
11501

82503
1.73:01
8.1301
23400

3.2403
77402
39001
L1790
2.54 00
L0100 50101
18900 9.61-01
31100 15400
49300 24900
74300 33600
LO8Ot 57600
14101 77500
15300 | 5060
L3800 | L3708

16403
43002
22601
69241
1.56 06
30200

1.51 00
23300
3.56 00
48200
6.76 00
8.8800

9.77.04
26902
1.45-01
4.5500
L0300
20900
35100

6.40-04
1.82-02
1.01-01
32100
7.5501

163 DD
24300
32500
4.67 00
6.15 00

448.04 32904 25104
L3102 97203 74703
7.3402 55702 43502
23801 1830t 14501
56701 44101 3.5301
11600 91101 7.3501
20500 16390 13100
10500 24500 20200
3,59 00
.03
136 00
1.8200
26200
3.50 00

1.07 00
L4400
20700
27800

1.96-04
5.89-03
34802
L1801
28801
6.05-01
1800
£.69 00
2.54 00

7.20-01
9.23-0
14D 00
LE8 00

36900

b
&



45 1.5301 59900 80800 59900 46200 36800 30000 25000
48 20101 30900 93100 65400 53700 42900 35100 219100
51 24901 L0IOL 34800 [ 1.2201 9'700 71400 57200 46900 39200
54 29100 13300 4.86 00
57 28901 1.680! 64200
60 30501 20001 7.38 00
63 83700 {19901 7.3900
6 103Gt | 26801 1.040f
6 12801 | 32601 14201
72 L3401 (33001 15901
75 18501 | 38201 L8701 13401 10101 79700 63600 53700 45300
78 22501 10801 22101 15901 12000 94700 7.6900 63900 54100
81 27201 L3001 25401 (8501 14001 11101 B9700 74600 63200
84 30701 15301 21001 16001 12601 10301 85700 72700
&7 34601 18301 24801 19001 135000 12201 10201 386300
% AN 2120 27161 2170t 13200 14001 V1601 98700




2.8 TRANSMISSION BANDS
OF SELECTED FRLTERS
Burton L. fHenke '

Figures 2.7 and 2-8 show transmission bauds for sclected prac-
tical filter materjals between 50 ¢V and 10 keV. The filter
muterials and absorption edges arc given in Table 2-13, along
with the mass thickness a7 required to give about a 60% max-
imum tranamission. This value of m is e?\nl 10 1){24), where
3 is the mass absorption cocfficiem in em®/ug. These fipures
illustrute only the principal teansmission band for each filter.
A typical transmi: curve (or a wider spectral region is
shown in Fig, 2.9, and deisiled 1ransmission curves for all the
filter materials considered here can be found in B. L. Henke
and P, A, Inanimagi, “A Two-Channel, Elliptical Analyzer

for Absotate, Ti i i i
Spectromelry of Pulsed X-Ray Sources in the 100-10,000 eV
Region,™ Rev. Sei. Instrunt. 56, 1537 (1985).
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Tahde 2-13.  Absorption edges and maus chicknesses fae the filters with
transmission characteristics iilustrated in Figs. 2-7 and 2.8.

12p

No. Filter Eige(eV)  (a/em?)
1 Beryllium {Be) BeK (111 81
2 Boron nitride (BN) B-K (188) 68
3 Carbon (C} CK {289} 226
Palyprapylene CK (284} 256

(CH~CHCH,),

Formvar {CH,0;) CK (284) 156
Mylar (C\gHaOg) CK (284) 152
Kimfol (CigH, 40y CK (284) 181
4 Boron nitride (8N) N-K (400} (3
5 Aluminum oxide (ALO,) O-K (532) 126
Silicon dioxide (Si0;) O-K (532) 116
Palyformaldehyde (CHy0),  O-K {532) 92
& lron (Fe) Fe.Ly (707) 224
7 Nickel (Ni} Ni-L; (854) 19
8 Copper (Cu} Cu-L; (933) 3B
9 Magnesium (Mg) MgK (1303) 13
0 Aluminum (Al} ALK (1560) 1427
11 Silicon (§i) Si-K (1840) 1680
12 Saran (CHp=CCly), CiK (2820) s
13 Silver (Ag} AgL, (3351} 1296
14 Tin{Sn} Sn-Ly (3929) 1669
15 Tiwnium {Ti) Ti-K (4964) 6010
16 Chremium (Cr) Cr-K (5989) 7924
17 Iron (Fe) Fe-K {7111} 9804
18 Nickel (Ni} Ni-K (8231) 11820
19 Copper (Cu) Cu-K (8980) 13699
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SECTION 3
SCATTERING PROCESSES

3.1 SCATTERING OF X-RAYS FROM
ELECTRONS AND ATOMS
Janos Kirz

A, COHERENT, RAYLEIGH, OR

ELASTIC SCATTERING
Scattering from single electrons (Thomson scattering) has a
total cross seclion

or = 8rr /3 = 6652 % 107 P m? , m
the classical radius of the electron, ¢2/mc2
metee. The angulat distribution fo1r unpotac-
ized incident radiation is proportional to {1 + cas” 8), where #
is the scatiering angle, For polarized incident radiation, the
cross section vanishes at 90° in the plane of polarization,

Scattering from atoms involves the cooperative 2ffect of all

the clectrons, and the cross seclion becornes

ag = w3 [ 1500+ o8t dicos oy . [}
L

where £{) is the {complex) atomic scaticring factor, tabulated
in Section 2.7 of this bouklct. Up 10 about 2 ke, the scatter-
ing factor is approximately independent of scattering angle,
with @ ceat pant that represents the elfective number of elec-
trons thal participate in the scatiering. At higher energics, the
scattering factor falls off rapidly with scatering angle, For
details sc: Ref. |,
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B. COMPTON SCATTERING

In relativistic quantum mechanics, the scattering of x-rays by &
free clectron is given by the Klein-Nishina formula. 1f we
assame unpolarized x-rays and unaligned electrons, this for-
mula can be approximated as follows for x-ray energies below
100 kev:

21 + cos? )
doyn/da = el teos

— 3;
2[1 + k(1 - cos )2 o

where & = £/mc?, the photon energy measured in units of
the electron rest energy. The totai cross section is approxi-
mately "
2 (Lt 2% + 1.2k%
ogN = Bxrf . “
KN L+ k2

Note that fe very low encrgies (k — 0), we recover the Thom-
son cross scction. The real difference comes when we deal
with atoms. In that case, il the scaticring leaves the alom in
the ground state, we deal with coherent scattering (sce nbow:).
whereas il the efectron is ejected from the atom, the scattering
incoherent) Complon scattering. At high energies. \he totat
Compton cross scction approaches Zay . Allow encrgics
and small satering anges, however, binding effects are very
impanant, the Camptan cross section is significantly reduced,
and coherent scatiering dominates (sce Figs. 3-1 and 3-2). For
details ser Refs. § and 2.

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

EYE = 1)+ k(0 - cos )] %)
oF, in lerma af the wavelengih shift,
N A=Al -cost), 6

where A, = hme ~ 2426 x 10713 moter, The kinetic
encrgy of the recoil clectran is just the energy lost by the pho-
ton in 1his approximation:
k(1 - cos @)
Fpop Ao 7
P+ k(- cos o
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Fig. 3. Total phowon cross section o, in carbon. as a funciion of

encrgy, shawmg the connibutions of dyferent processes: 7,
armee phota-cffict cfectron efection, photan absurption)
coherent scaliering (Rasleigh scantering—atom avither
ROP XU 0, o, tnCORCEERE SCatICring {Compton
e g off an clecteon); v, patr production, nuclear field:
&, pur production. ciecteon field; oy, photanuclear absorp-
{hon tactedr absonptin, asualy fllowed By emission of @
newteon or other paricle). (From Ref. 3: figure courtesy of
W Nubbell)

ERENC

1. 1. H. Hubbell, W. J. Veigele, E. A, Briggs, R. T, Brown,

D. T. Cromer, and R. 1, Howerton, “Atomic Farm Fac-

tors, Incoh :rent Scattering Funciions, and Photon Scatters
ing Cross Sections,” J, hy
(1975).

. Chem Ref. Data 4, 47\




LN S
1 103 108 o’ 0 ot
Fholon enargy (oV)

Fig. 33, Tatal photan crass sextton oy, in lead, as a function of
entrgy. Sce Fig. Jud. (Fram Ref. 3 figure courtesy of
1 H. Hubbell)

2. R. D. Evans, The Atomic Nuclews {Krieger, Malabar, FL,
1982); R. D. Evans, “The Compton Effect,” in 5. Flugge,
Ed., Handbuch der Physik, vol. 34 {Springer-Verlag, Ber-
tin, 1958), p. 218; W. J. Veigele, P. T. Tracy, and E. M.
Heary, “Compion Effery and Electron Binding,” Am, J.
Phys, 34, 1316 (1966).

3. 3. 5. Hubbell, B, A. Gimm, 1. Overb, “Pair, Triplet, and
“Total Atomis Cross Sections (and Mass Attenuation Coef-
Qeients) for | McV—-100 GeV Photons in Elerents Z = |
10 100, J, Phys. Chent. Ref. Data 9, 1023 {19803,



3.2 LOW-ENERGY ELECTRON
RANGES IN MATTER
Ficra Piancita

The electron range is a measure of the straight-line penetration
distance of electrons in a solid | 1). Eiectrons with energies in
the kilo-electron volt range, iraveling in a solid, are scaltered
inclastically in collisions wilh 1he clectrons in the material.
For low-Z malcrials, such as organic insulators, scatiering from
the valence clecirons is the major Joss mechanism for incident
electron encrgies frem 10 ¢V 1o 10 keV. The core levels cons
tribute less (han 10% (o the electron's energy dissipation for
energics between 1 keV and 10 keV |2].

For electron encrgics below 5 keV, the usual Bethe-Bloch
formalism is inadequate for calculating the electron encray loss
in a solid, and an approach using the diclectric response of the
material is used {3]. The complex dielectric funclion (k)
describes the responsc of a medium (0 a given encrgy transfer
Aw and momentum transfer Ak, The diclectric funclion con-
Lains contributions from boath vatence and core clestrons.
References 4 and $ describe the sieps for calculating e(k w) for
insulators and nictals, respectively, Foran clectron of energy
- |II|¢] probability of an cnergy loss w per unit distance is given

by [2
- 1 v dk -1
reno- o U '“‘[qm]- 0

where Ak, = V2m (VE z VE-hw)andag = A3/me?.
The quaniity 7 (E,Aw} is also known as the differential inverse
mean frec path, because by integrating it over all allowed
energy transfers, the inelastic mean free path is obtained.
Furthermore, an integration of Awr{E Aw) over all allowed
encrgy transfers gives the energy loss per unit path length, or
stopping power S(E). The stopping power can then be used to
calculate the distance it takes to slow an clectron down lo @
piven encrgy. This disunce is calied the continuous slowing
down spproximation range, or CSDA range, because the calcu-
lation assumes that the electron siows down continuously from
the initial enet,y E (0 the final energy, vhich is usually taken
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to be 10¢V |2). The CSDA range Ro(£) is given by

Y 3
RE) = [y o @
The calculations for inclastic mean free path and stopping
pawer have been carried out down to 10 eV for 2 number af
materials, including SiO; [3]; polystyrene {2]: polyethylenc
{6} coltodion |7]; and silican, atuminum, nickel, capper, and
gold [5]. The CSDA ranges from 15 ¢V 1o 6 keV were then
calculated for polystyrene, silicon, and gold by intcgrating Eq.
(2) and are shown in Fig, 3-3, These curves can be uscd with
confidence down to 100 eV, However, comparisons of dif
ferent available calcutations with the meager experimental data
below 100 cV indicate that errors as large as 100% may cccur

104 R e e i
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CSDA ranga (R}
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Fy. 33 Plot of the CSDA range, us a function of energy, for gold and
stlicon {3| and for polystyreie, (CyHyly, with a density of
103 g/em? [2]. The meaaured electron range in collodion
with a demsity of 1 giom? is also plotted | 7]



SECTION 4
X-RAY SQURCES

4.1 CHARACTERISTICS
OF SYNCHROTRON RADIATION
KwangJe Kim

Synchrotrun mdiation oceurs when a charge moving at rela-
tivistic specds fatlows a curved teajectary. In this sectian, fore
mulas and supporting graphs are used to quantitatively
describe characteristics of this radiation for the cases of circu-
lar motion (bending magnets) and sinusoidal mation (periodic
magnelic struclures),

We will first discuss the ideal case, where the effecis due to
Ihe angutar divergence and the finile size of the clectron
beam—the ¢mittance effects—ean be neglected.

A. BENDING MAGNETS

The angular distribution of radiation emitted by clecirons
moving through o bending maget with a circular trajectory in
the horizontal plane is given by

S e
a3 2w L2 13
Frraavck i E

2

‘f",z x.l/,(a]. w

x [A’zz,;(é\ +



. where

EN
€ 2reSy

£ om o~

E
8
3
r
&

P AR |

photon flux (number of photons per second)
observation angle in the horizonta!l plane
observation angle in the venical plane
fine-structure canstant

electron energy/m,c* (M, = clectron mass.
¢ = velotity of light)

angular frequency of photon (¢ = hw = energy

of photom)

beam curtent

eleciron charge = 1602 x 10~ 1% coulomb
wfw. = £fe

critical frequency. defined as the
frequency that divides the emitted power
into equal halves, ~ 3y’c/2p

radius of instaniancous curvature of the
clectron trajectory [in practical nits,
pm) = 1.3 E(GeVYB(T)|

eieciron beam energy

mugnetic field strength

A, (in practical ynits,

€. (keV) = 0.665 £- (GeV) B(T))|

P(L+ A2

The subscripied K's arc modificd Bessel functions of the
second kind. {n the horizomal direction (¢ = 0), Eq. (1)

becomes

427,
s

where

¢=0 4 o

Hywd ~ 13 Es 12y
In practical units {photons+s™" - mr2-(0. 1% bandwidih) =1},

digy

doay

e ~= 1327 x 1013 EGev 314 4,00

The function Ilzb') is shown in Fig 4,
The distribution integrated aver y is given by

[E]
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In practicaf units [photons -5~ {-mr~ - (0.1% bandwidin ~ |,

4.7,

—dT” = 2457 x 108 E[GeV[1[A]G 1)

The function G () is alsa piotied in Fig 41

Radiation from a bending magnet is lincarly polarized
when abserved in the bending plane. Out of this plane, the
polarizatinn is elliptical and can be decomposed into its hor-
izontal and venical components, The first and second terms



&b

& ~ K/v. For X 5 }, redintion from the various pericds can
exhibit strong interference phenomena, because the angular
excursions of (he electrons are within the nomins! /y mdia-
tion cone; in this case, the siructure is referred 10 as an unduta-
tor, Inthe'case K >> i, interference effects are less impar.
1ant, and the siruciurs is referred o as a wiggler.

B.l Wigght 1sdiatisn

Ina wiggler, X is large (sypically 10} and radiation from dif-
ferent parts of the efeciron trajectory adds incoherently, The
flux distribution is then given by 2¥ {where ¥ is the number
of magnet pericds) times the appropriute formula for bending
magnets, either Eq, (i) or Eq, {3). However, p or 5 must be
(aken at the point of the cleciron’s trajectory langent 10 the
direction of observation. Thus, for a horizontal angle 4,

(0 ~ g, gy VI - (888, (]

where
€ max = 0:665 £ GeV] By[T].

When ¢ w 0, the radiation is finearly poiarized in the hor-
izonal plane, as in the case of the bending magnet. As ¢
ingreases, the direction of the polarization changes, but
becuuse the ediplical polarization from one half-period of the
mplion cambines with the elliptical palurization {of opposite
sene of eotation} from the next, the palarization remains
linear.

B.2 Unduintor radiation

In an undulator, X is moderate { 1) and radiation from dif-
ferent pericds interfercs coherently, (hus producing sharp
pealis at harmonics of the fundamental {r: = 1). The
wavelength of the fundamental on axis (€ = ¢ = 0} is given
by

L,
WEY 2Py ‘ an
-

13.056 A, fem]

+ K.
o] (+ K

NA[=



&7
The corresponding encrgy, in practical units, is
E¥Gev]
€ [ke¥| = 0.950 —l—
Ll 1K
The relative bandwidth at the nth harmonic is
A\ L Aw o -
Falalndab L 123,..3. )
On axis the peak intensity of the nth harmonic is given by

LA ,2.2 Aw l .
prm aNly F k) (n=135,..)
-0 (=24, ), (13
where
) 22 K2 ]
F k)= —20" Ly -
n(K) K /2)3{ [m + XY

ol
- O G | ST
tass [ ) 00

Here, the Js are Besse! functions. The function £, (K} is plol-
ted in Fig 4-4, In practical units [photons - s~ e
(0.1% bandwidih) ~ '], Eq. (13) becomes
43,
| = 1744 % (0% N2 EGev ).
720 o 1744 x | EXGev|1|A|F,(K)
The angular distribution of the nth harmonic is concen-
trated in a narrow cone whose half-width is given by

u,z\/E.:.‘.\/,Q:LZ/J_. (15
‘ [ Y]

Here L is the length of the undutator (L = XX, ). Additional
rings of radintion of the same frequency also appear at angular
distances

-l 2 -
o=t \/f‘ 1+ KY2) (€=123,..0. (16
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Fig. #4, The funcrion FyIK ) for differens valyes of n, where K s the

deflection paranetrr,

The angulas structure af undufator radigtion i ittusirased i
Fig. 4-5 for the limizing case of zero beam eminance.

‘We are usoally interesicd in the central cone.  An approxis
et farmula for the flux integrated aver the central cone is

7, mwan 22 L g g, an
w ¢
or, in units of photons « s™ 1 « (0.1% bandwith) ™!,

F, = 1431 x 10Y NG, 1A}
The functian 2, (K} = (1 + K%2F, /a iy plowed in Fig. &-6.
Equation (13 can also be writlen as
47, I

-
Bav o~ Teed (1)

Away from the axis, there is also a change in wavelength: The
factor (1 + K/2) in Eq. {11) must be replaced by

{1+ K272 + 1307 + ¥1)]. Because of this waveiength shift
with emission angle, the angle-integraied specinitn consists of
peake ut A, supcmposed on a continuom. The peak-lo-
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Fig 45,

The angulor distribution of fundamental n = 1) undulator
vadiotion for he limiting case of zem beam emittance. The
x and y axes correspond to the observation angles § and
{in rodians), respectisely. and the = axis is the intensity in
photons - s~ 1 - gmp =1 0.1 mry~2 . (1% bandwidin)~ 1.
The undulator paramerers for this theoretical calculation wore
Nold K= lBl.A, =35 cm and E = 1.3 GeV. (Figure
countesy of . Tatchym, Stanfaed Universicy$
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Flg. 46 The function O (K) for different values of n.

conlinuum ratio is large for A << 1, but the continuum
increases with X, as one shifts (rom undulalor to wiggler cone
ditions.

B.3 Pewer
The tolal power radiated by an undulator or wiggler is
= L zge ;‘-T K2, [t
where Z = 377 ohms, ar, in practical wnits,
Pr|kw] = 0633 EGev]a3(TIL(m] /]a] .
The angulur disiribution of the radiated power is

a2p 22
. ALy, Gy (v0 Y 19)
n T Joag T KYROOTH, 1]

or, in units of W-mr~2,
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angle ¢ when the horizontal observation angle 8 = 0 and
(b) as a funciion of § when ) = 0.

()
re


file:///K-025

412

normalized ISIK {0.0) = ), is shown in Fig. 4-7. The function
G(K), shown in 4-B, quickly approaches unity as X
increases from zero.

GK)

of L i 2
s 10 15
K

Fig. 48, The function GIK).

C. EMITTANCE EFFECTS

Electrons in storage rings are distributed in a finite area of
transverse phase space—~position x angle, We introduce the
ms beam sizes g, thorizontal) and =, (vertical) and beam
1|\=r|z-ncrs a, (humonul) and o,/ (vertical). The quantitie:
0,0 nnd t, = o0 are Known as the horizantat and
wmcal emittances, respectively. In general, owing o the
finite emittances of real eleciron beams, the intensity of the
radiation obscrved in the forward dircction is less than that
given by Eqs. (2a)and (13a). Finite emittances can be taken
inta account approximaiely by replacing these equations by

L I N @

dEdY Jgmp | dB =
and

L | . T— 2y

aMe o NS et e ok
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for bends and unduletom, respectively, Far bending magnety,
the electron beam divergence effect 35 usually negligible in the
horizonial planc.

D. SPECTRAL BRIGHTNESS AND
TRANSYERSE COHERENCE

For experiments that require & small angular divergence and &
small irradiated arca, the relevant figute of merit is the beam
brightniess @, which is the photon flux per unit phuse space
volume, afien given in units of photons < 8™ L - mr™2 - mm ™
+ {0.1% bandwidth~*, For an undulator, an approximate for
mufa for the peak bngh\nm is

kA
* )]

B0 = g,
" [ER L

where, for examy

are = \/v} i,

@y
Tr "x:' + al%.
and where the single-cieciron radiation from an aniaffy
extended source of finite wavelength is described by
LA WL AL,
I
Q3

AL

Hrighiness it shown in Fig. 4-8 for scvem? saurves of synchro~
1ron radiation, ns well as some conventional X-ray sources.

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

ry
KA

A [ ] —— 25
an)? "IA"K\"’T<'”TJ‘
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A substantial raction of undulatos fux is thus iransversely
coherent for a low-cmittance beam satisfying €€y, <5 (A/4w)%,
E, LONGITUDINAL COHERENCE
Longitudinal coherence is described in terms of a coherence
{ength

ro = AYAN. (26)
For an undulator, the various harmonics have a natural spee-
trat purity of AA/A = /4N [sce EQ. (12)]; thus. the coherence
fength is given by

£, = 08N, @n

which to the ivisti d lengih of
the undulator. Thus, undulator, radiation from low-cmiltance
electron beams fe,e, < (Ardri?] is transverscly coherent and
is longitudinally coherent within a distance desctibed by Eq,
(27). 1n the case of finite beam emittance or finite angular
accepianee, the fongitudinal coherence is reduced because of
the chinge in wavelength with emission angle. In this sense,
undulator mdiation is partially coherent. Transverse and long.
itudinal cohicrcace can be enhanced when necessary by the use
of spatial and speciral filicring {i.c., by use of apertures and
monochromators, respectively).
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4.2 X-RAY TUBES

The spectral brightness of conventional x-ray tubcs is com-
pared 1o 1hat of sources of synchrotron radiation in Fig. #+9.
Deiailed data on the emission characieristics of tubes. wgeiher
with additiona) references, can be found in the references listed
below.
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4.3 PULSED X-RAY SOURCES
Gary L. Stradting and John C. Riordan

Both laser-generated plasmas and Z-pinch plasmas are com-
monly used pulsed x-ray sources. In both, x-ray gencration is
by radiative recombination and atomic inner-shell ling emis-
sion. The relative contributions of these two processes at a
given x-ry energy depends on several physical plasma param-
cters, including the electron density and energy distribution,
the plasma maicrial, and the ionization :tates. Bremsstrahlung
radiation is generaify negligibic, except im the case of plastas
produced by long-wavelength lasers. In optically thick, high-
atomic-numbes plasmas, the thermal x-ray emission spectrum
can be roughly approximated by a black-body specirum, with
some atomic line structure superimposed.

A. LASER PLASMA SDURCES

Lascr-gencrated plasmas are produced by illuminating matter
with high-power lasers, focused intensilics typically ranging
from 10'% 10 10'® W/em?. Small systems in which a few
teniths of 4 joule of 1.06-um light, delivered to an area of about
10%um? within & few tens of picoseconds, have proved fo be
usefuf x-ray gencrators, as frave fanger systemmts tac delfver s
of kilojoutes in l¢ss than a nanosccond.

Parametric studies have shown that the x-ray emission effi-
ciency, spectral shape, and emission pulse widih depend on the
illumination conditions, as well as the irradiated material | 1].
Shorier (submi, moderate irradiation intensi-
ties {~10 Wyem?), and high-atomic-number plasmas appear
to provide the highest x-ray production cfMiciency [2]. Figure
4-10 shows some eaperimental and theoretical results,

The x-13y emission pulse shape depends on both the pho-
ton encrgy of the ¢mitted radiation and the plasma atomic
number, Higher photun ¢ncrgies (31 keV) and higher atomic
numbers yield pulse thapes that conform closely ta that of the
laser, Lower photon energies (<1 keV) and low niomic
numbers tend to show pulses wider than the laser pulse, This
abwervation can ¢lesriy be understood as the cMfect of a cooling
plasma emitting at progressively lower temperatures. An
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Fig. #-10. Mrusured and throretical x-ray coaversion efficiencies as
Sfunctions of incident intensities, for three laser waselengths.
The curves represent the results of computer simufations.
(From Ref 2.}

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

A crude relationship can be established between the con-
verted incident laser intensity and the x-ray emission charac.
teristics of the plasma by invoking the Siefan-Boltzmann rela.
tianship. In units common ta laser applications,

irg = 103 x 10° [W/(em?® - eV4)] - (T4,
where &7 is the bleck-body temperature in ¢V, Thus, a black
body would radiate as shown in Table 4-1.

Knowiedge of the laser intensity and the x-ray conversion
efficiency czn then be uscd to obtain an estimate of the region
of temperature space the plasma is likely to occupy, assuming
that the plasma correspands to an optically thick black-body
cmitier,

B. Z-PINCH SOURCES

In n Z-pinch device, the “'pinch piasma” is produced by mag-
netically imploding a cylindrical gas column that fills an elec-
trode gap, The clectrodes are cornccled to a fast capacitor
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Fig. €11, Emitsjon history of @ goid plasma generated by a 735-ps. 31
4. 1,00-um laser puise incident on a gold slad. The incident
power density was 3 X 10" W icm?. The decrewing puise
width with increasing photon enevgy is apparent. Daia were
ukm wyi d mﬂ x~my mwkramm in combination witha
witha fo-ed” rhumwl Mh Kelative intensitfes of the flve
recorded enrgy bandda were not calibrated. (From Refl 3.}
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Tadic 4. Radated imtennurs for several blach-body 1eniperatures.
KT (eV) 1 g (W/em?)

50 64 x ta!!

100 Ux 1013
150 5.2 x 10M

200 1.6 x 101*

bank, which ionizes the gas in several nanaseconds (o form a
tow-temperatune plasma sheath. The plasma conducts 2 large
clectnic cusTent, whaose azimuthal magnetic field radially
compresses the plasma 1o ereate 2 hoy, dense plasma that is an
emitter of intense A-rays,

Daring the implasion, the plasma acquires kinetic cnerey
whith is thermatized as Whe plasina sagmates on axis. This
thermal cnergy s then radiated away in 2 subnticrosecond
pulse by bound-bound and free-bound Iransitions from 2 wide
tange af 1onization stzles in the plasma. The cesulting spec-
trusm is a quasi-continuum of merged Jines and recombination
continua, which 1ypically peaks a1 100-200 ¢V and exiends
beyond 600 cV.

For most applicatians requinng a small source spot size.
the spurey is viewed slong the plasma axis through a hole in |
he anode. Hol gas debris and energetic elecirons are also
cmitted through the hole and can ¢amage specimens. filters, or
windows placed toa clese ta the saurce. Nanctheless, success-
1l exposuses of low-seasitivity photo resisis have been made
as close as 15 ¢m (o Ihe souree, using 2 baMMy array and per-
manent magnets to divers the debris and clectrons. At the
other exlreme, seasitive materials, such s soft x-ray photos
B;‘npmc {itms, can be exposed tens of meters away in 2 single
B

ot

Propane, nitrogen, oxygen, neon, argon, and krypton have
been used to optimize the entission of Z-pinch plasmas in dif
Ferent spectral ranges. The rdiation spectrusn and intensity
depend strongly on the working gas, whereas source spol size,
pulse width, and jilter do not. Because the sofl x-ray yi¢ld has
a strong inverse dependence on photon encrgy, the most
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intense sofl x-radiation (hu 3 3 keV) is achieved with 2 neon
plasma [4]. The XUV yield (ko < 1 keV), on the other hand,
generally increases with ajomic number because of the greater
number of elecisons in the radiating shell {4).

‘The sofl x-ray specirum cmitied by a ncon plasma consists
of K-shel} Jines and recombination comtinua from both helium-
like and hydrogenlike species J4)] (see Fig. 412). The XUV
specirum emilted by an argon plasma is @ quasi<ontinuum of
merged L-shell lines and recombingtion continua from a
number of panially 1anized argon species {54 {see Fig. 4433
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SECTION 5
OPTICS

5.1 CRYSTAL AND MULTILAYER:
DISPERSIVE ELEMENTS
Jamps 1. Underwoud

Short-wavelength clectramagnelic radiaton (v-rays and
extreme ulteaviolel light) is commonly analyzed by use of
petiodic strucrures, which split the incident beam inta a tamge
numbes ¥ oF separate brams. Beiwen,, any bean: ; and the
beam ¢« 1, the oplical path daffcrence is constant. After feav.
1ng the perindic <tructure, the beams are recombined and
cawsed 3o it wre, whereupon the spectrum of the incident
adiatton 13 produced. Dispersion of radiation by a penodic
strisciure ss thus formally equivalent 1o muispic-beans inter-
&eemetey,

Struciures that aze penodic across their surface and that
produce the N interforing beams hy division of the incident
wave front gre calied peatings and are reated in Section 5.3
Hene, we consider crystals and mofiiayer struviures, which
produce (he X interfering beams by division of the incident
amplituy.

The speetrum of the incident radiation is dispersed in angle
accarding o the Bragg cquasion:

AN = 2 sin i

where & ys an integer sepresenting the order of the reflection, A
1s she wavelongsh of the incident sadiation. d is the repeat



32

poriod of the multitayee or crysial strucure, and @ 15 the angle
of glancing tncidence {the complement of the canventional
optical angle of sncidence).

Multitayer structures fall o four separate categorics:
naturally octurming crystals (1., minerals). aruficially grown
crystals. Langmwr-Blodgett mufilayer films, and sputiered ot
evaporated ndbtayers.

A, CRUSTALS AND LANGMUIH-BLODGELT FILMS

For a enystal, d 15 the lattice spacing. the perpendicular dis-
tance between the sucgessive planes of atoms contnbuting 10
the reflectson. Thrse plancs arc designaied by thewr Miller
indices {(4%7) or. 1n the case of crystals belonging to the hexag
onal group, (Akifil.

Langeiur-Blocdgett multitaser fitms are made from the
heavy-metad {lead, banum, ety salts of the aliphatic
carboslic (“falty"} acids Ty Hy, 0. These films are laid
dowy OB D SUDSIFAIE IR SUCTESSINC Monolaytrs, with the meld}
oms a0 one side of the monolayer and the fayly acid chain
on the other. The films are firstlaid on the surface of waer as
a condenwd monalayer under acanstant surface pressure, then
tramsfereed 1o the substrate in a dipping process, which buikls
up the mulilayer structure fayer by layer. The oricnation of
the malccules aliemates with each successive monelayer, s0
that . the repeat penod of the Mructure, 1s twice the longth ol
the faty acrd chaw, Mukiidagers of this kind can be bude with
1he salts of lurie {dodecanoe) acd {21 catban atoms,

24 = 70 A3 1hsough medissie (triscomanoic) acid (30 carbon
atoms, 24 = 360 A). In general salts of the naturally occyr-
ning acids {thuse with an even nymber of carban atoms) can e
tayered 40 Uy way, whereas those “hat must be made syntheti
cally eannot,

For 2d vialuey greater Vham ake . 25 A, the choice of
natura €SIl i3 very limited, and those availabile (such as
prochionic) arc hkely to be smail and of poor quality. Using
vacuud! depasition techniques, i 1s nuw possibic 10 make
arielicial fayered structures with geriods {1 of 15 A and
greater, These spusiesed or evaporated multiloyers, discussed
below, £an b used as dispersing clements in the gap helaeen
the hydtogen {or “acid™) phihataies, such 25 BAP
(2d = 26 A), and lead lavrate (24 = 70 A). Together with the
La igmuir-Blodgett struciures, these devices form a bridie
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betwren the region where erystals are ug i and the UY region
of conventional muliilayer technology.

Table 1, which begins vn p. 3.7, is an expansion and revis
s af the ane campited by E. P. Bertin {1]. The crystals and
awttadavers are armanged in order of increasing 2 spacing,

Column 1 is the serial number of the crysial or multilayer
1n (he table.

Columin 2 gives common and chemical names and com-
monts used letter symbals, ifany, Only the lead salts are
hsted for the Langmunr-Biodgeit muhiitayers. The barium or
other divateni metal salt usually has a similar 22 spacing to
the lead salt. bul a lower diffracted intensity.

Colurn 3 geves the Mitler indices [(A&¢). ar (Akel) foc hex-
agonal crystulsh] of the diffracting plancs paratiel 1o the surface
of thr dispensive element. A question mark (7) indicates thal
the crystal 1s developmental and that the indices have not been
ascertained. An asterisk followirg the indices indicates that,
when teference 8 made to this crystal in Whe lterature without
smlhmllnn of thhd) or 2d. it is Lkely 10 be this “cut™ thal is

LRBF denotes a l:mlmnlr-mod.cll film.

(‘ulumn 4 gives the value of 24 in angstroms. The value of
2d also tepresents the longest wavelengn that the structure
can il

Column 5 gives the chemical formula for the crystal sub-
sance. For organic compounds, the formula is given in a
form that indicates the maolecular strz fure.

Culumn 6 gives the wavekength region lying in the 20 inter-
val bovween 10° und 140% The analyzer should be nsed out-
nide these imits in spocial cases only.

Column 7 gives remarks on the principal applications of
the analyzec and s limiattans. Relative inensities are indi.
¢ated where known or sppropriate.

B, SPUTTERED OR FYAPORATED MULTILAVER
MIRRORS AND DISPERSIVE ELEMENTS

Muttilayer x-ray reflestors can also be mpde by vacuum depor
sition. These structyres are made up of ultrathin layers of twa
different matenats, usually tlemental, which are faid down on
the tobsiraie by alicrnaiely £apusing i 10 sourres {either
sprllenng of cvaporalion sources) of iwo different vapors. By
carcful controt of deposition comlitivns, Jayers as thinas 2.5 A
can be lad dawn.
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Normally a sputtered or evaporaied multilayer reficctor is
made up of layers of a matenal A with thickness ¢ and hav.
ing a high value of & (the refractive index decrement, sce Sec,
2.7) alternating with “spacer” fayers of a material 8 with
thickness ty snd having as Jow o value of & as possible in the
wavelength region of interest. For caample, the use of
tuttgsten (or a similar refractary heavy metal, such as molybde-
num or tungstensrhenium alloy), with carbon as the spacer, has
been found 1o be effective over a wide range of the x-ray and
sof) x-ray specirum.

When the fayers are strictly periodic in dopih, as described
above, the refation between the reflected wavelengsh and the
glanging angle & is sgain given by the Bragg relation, where &
is now the period ¢ + 2y, 1 should be noted that in the saft
aeray region, where values of both 8 and d (the absorption
indes, see Sec, 2.7) may be relatively high, the Bragg equation
shauld be carrecied for the effects of refraction and absorplion.
This i best accomplished using @ program desigresd to
campute the reflectivity of multitayers; many progmms
designest for carrying out such calculations for visible-light
interference coalings will wosk for Ihe s-ray and extreme UV
case without modification, Such progmms are also requiced to
cafeulate the reflectivity of structutes that are nol periodic in
depth, but rathet graded 1n some may to widen the bandpass,
increase seflectivity for a fixed number of laycrs, eic,

Since the number of possible material combinations is
quite large, being limited mainly by considerations of material
compatibility and “depositabilny,” only some cxamples of the
pesformance of these multilayers ¢an be given here. In Fig. 5-
1, we preseat the calculated normal-incidence peak eefllectivity
of ideatized multiiayer coatings of material combinatians hav-
g the optimutn optical constants. The numb.r of layer pairs
requared 10 achicye this reflectivity is 030 plotted o the same
scale. In Fig 5.2, the Bragg refection chamcteristics of sputs
1ered or evaporated multilayer structures of ungsicn and car-
ban are presented. Far tabulations of the parameiers plolied
in Fig. 52 and for delails on how they were calculated, sec
nefl 2.
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Spectromelers,” in J. W. Robinson, Ed., Handbook of
Spectroscopy (CRC Press, Cleveland, 1974}, vol. |, p. 238,
B. L. Henke, P. Lee, T. J. Tanaka, R. L. Shimabukuro,
and B. K. Fujikawa, “Low-Energy X-Ray Interaction
Cueflicicnts: Photoabsorption, Scaticring, and Reflec-
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3. A. Rosenbluth, Refecting Properites of X-Ray Multilayer
Devices, Ph.D. thesis, University of Rochester (1983).
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Table 5-1.

Selecied data for crystals and Langmuyr-Blodgere multilayer films (continued).
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Table 51,

Selected data for crystals and Langmuir-Blodget multilayer filsns fcontinued).
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sehection.
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reflectivity,
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5.2 SPECULAR REFLECTIVITIES FOR
GRAZING-INCIDENCE MIRRORS
Burion L. Henke

Figures $-3 through 5-10 give reflectivities for eight grazing-
incidence x-ray mirrors, calculated from the scallering factors
tabulated in Section 2.7, The calculations, which are summa-
rized in B. L. Henke, P. Lee, T, J. Tanaka, R. L. Shimabukuro,
and B. K. Fujikawa, “Low-Encrgy X-Ray Interaction Coefli-
cients: Photoabsorption, Scattering, and Reflection,” Ar. Data
Nucl. Data Tables 21, 1 (1982), assume unpolarized incident
radiation and perfectly smooth mirror surfaces.

The calculations are also based on the assumption that, in
the low-energy x-ray region, the atoms within a condensed sys-
tem act independenily as scattering dipoles, The total atomic
dipole moment per unit eiectric field amplitude is thus propor-
tional 1o the average atomic scaltering factor for the medium.
Results for grazing angles from 10 1o 785 mr at cnergies
between 100 and 1740 eV are given in the reference cited
above.
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5.3 GRATINGS AND MONOCHROMATORS
Muleolm R, Howells
A, DIFFRACTION PRUPERTIES

Ad Notstion amd sign convention
1f we adopt the nowation of Fig. 5-11, « and 8 ha'e opposite
signs if they 8 on opposite sides of the normal,

A2 Geaclag cquation
The basic grating cquation may be wrilten.

arh = disin + sin 8) , 1)

The angles o and @ aee both arbitrary, so it is possible o
impoye various tonditions Felating them. {€ this is done, tdwen
for each A, there will be a unique a an! 3. The foliowing con-
ditions are used:
(i} On-blaze condition:

atf=y @
where 5 is the blaze angle {the angle of the sawtaath; see
Table 5-2). The graving equasion is then

mA = 2d sin 8g cos (3 + f5) . [&)]

Groove spacing - d
Spactrat order = m

ma2

Fig. 511, Nustration of notaiional conventiony.
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Gi)  Fixed in and ow divections:
a-f~20, [SH]

where 28 is the (conswant) inctuded angle. The grating equa-
tion 1s then

mh = 2d cos Bsin (8 + 8) . 5y

In this case, the wavelength scan ends when @ o § reaches,
90°, which occurs at the horizon wavelength Ay = 2d cos? 6.

(it} Constant incidence angle: Equation (1) gives 8 directly.
fiv}  Constant focal distance (of a plane grating):
costn
cas?l
feading ‘0 a grating equation

=K== seelnen )

mx 2
[-;— —sind| =1 - K@ ~sin? B} . ]

Equations {3), {5), and {7) can readily be inveried to give 4
(and thenee a) for any A, Examiples of the above a-@ refation.
ships are as follows:

() Huntzr et al. double plane-grating monochromatar

(PGM) [ 1], Kunz et al, PG (2],

{ii)  Mijake eval. |3), West et al, {4), Howulls e al. |5},
Eberhardt et al. (Flipper) |6] PGAs: all grazing-
incidence toroidal-grating monochromators [TGMs})
|7). Seya-Namioka [8,9), most aberrati ducrd
holographic, spherical-grating devices.
iatly afl Grassh

).

chromator | 10]
(iv)  Petersen (SX700) [11]. Brown et al. (UMO) | 12].

mono.

qiiiy

B, FOCUSING PROPERTIES

Gratings have complex focusing propertics that vary according
1o the substrate shape and the paticrn of gror s an the sue-
face. An imponant special case is a Rowlan: arating, which is
the interseciion of the substeate surface with @ set of paralicl
cquispaced plancs, The calculation of focusing propenices is
traditionally carried out by the use of analytical formulas for
the aptical path function &. Such formulas use a power senes
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in the aperture i with cach 1erm of the
series representing a recognizable geometricat oplical aberra-
tion. Herc, we consider only a toroida! Rowland grating
illuminated by a point source in the symmetry plane [13]; sce
Fig $-12.
We thea have

- Fooe \
F o Foy 4 whgy + 2wy + 1 2Fp,

+1 w3y + 4 welF gy + %w‘rw S (B

Fogmr+r (B2
For = ﬂ} ~sina~sinf  {Grating equstion) {(8b}
= ZT Defocus e
Fp= 55 Astigmatism 6d)
Fp=2 E'L,E T Coma (8¢)
Fz= Eyn_g s Asligmatic coma (81}
- I’; * ')i—z'] f::rer::ln (8a)

A
Source point
in xy plane
Gaussian image

point {in x,y plana)

Fig. %12, Gmm«nv and notation for a weoidal Rowland. gmung
ed by a point souece ln




where
7~ la | cwsa
i
sadl_ o
»

and the = i splies 1hat 8 second cxpression must be sdded that
is identicat 1o the first, except for the replacements r — #' andt
o -~ f.

Tt condition for focus is Fay = 0. This can be achicved
by selting r = R cos e and r’ = R cos B, which implies that
A and By are on the Rowland citcle with diamerer R, This is
the normal chojce for spectrographs but is not convenient for
canstant-devigtion mancchromators. For TGMs, 7 and ¢’ ane
chosen 5o that Fpq w=  for two wavelengths within the work.
ing region,

The smportonce of the optiral path function 55 that it
enables the trensverse ray aberrations 35y, and Az;; to b cal-
culated for each abeeration. These are measured from the
Gaussian (paraxial} image point 8glr’, B, G} given by ihe grar-
ing cquation and the forusing condition {Fg = Q).

The transverse my aberratians are then given by

v BF
7 i e e
and
a5, -,'f%L ) 50y
The fina} rosult for the ray position is given by
dy = Zay, (i)
and Y
s = S, {100
u

C. DISPERSION PROPERTIES
C.1 Angular dispersion
Angular dispersion is given by

Al . des
(8], -2

[,



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

[ﬁ.’;] - dooef -.—-.—«..—lo-ld“] LLl Armm , {12)
W)a e mr'{m] ’

where g is measured in the symmetry plane perpendicular to
the catgoing ray. For the Rowland circle case, #* = R cos §
in Eq. (12)

.3 Magnifleation

Magnification is given by

Moy~ S 2l 3
it wosB 7 an
D. RESOLUTION PROPERTIES

The following are the muin contributions to 1he final resalu.
tion. The actust resolution ig the veetor sum,

{i)  Entrance shit (width 8 )
Sdcosa
o

Ahgy = 04

(i Exit stit (width )
5,4 cos 8
Mgy = 225
mr
(i) Diffaction:
Ay = NN, 18

15

where N is the number of participating grooves,
(iv)  Abereations (due to perfect optics):

. Mydeosg . faF
& mr’ m ey )" an
) System spread function (duc to imperfect optics):

d
Shyge = “—m‘:l,’-ﬂ- . i)

where w is the width of the system line spruad funclion,
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E. EFFICIENCY

‘The calculation of dif ion grating is, in general,
highly complex [14); however, some simplification is possible
in the soft x-ray region, In Table 5.2, we give scalar theory
formulas for the absolute efficiency EA, which should be
i valid if (a) tbe R, isi

polarization, (b) groove shadowing is nepiyhble. and (c) the
projecled groove spacing satisfies the inequality d cos o > SA.

In the table, § = 2xk{cos a + cos B)/A, wherc & is the
peak-to-valley emplitude of the grating profile and m is the
spectral order defined in Fig. 5-11, The cquation 3 = 2 can
be salved o find (\/d) . 8 & function of &, a, d, and m as

Doliows:
2m sin o + 240
A xh
ri i 9
peak Q%d” | 2
27
axch
Table $2, Scalar theory formulas fer grating effictency.
Staveolds!
Lamelln (holographk) Blazed
Waveform qUALE warE ne wave sawtooth
Y
EyRy [:] m’[%] 733
Vald for m = 2138, .. 21
& m1 peak efficiency (Q) ms pY ) m -
Feak vatue of £,/R, a0 n i
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toroid with ay; valucs s follows:agg = /(2R), agp =
1/2p), agg = 1/8R? ),azz l/(AR ), agq = 11Gse.
all other g;; = Qfor i

R. Petit, Ed., Elmmmngnrnc Thra:y of Gratings, Topics
in Current 2'hysics, vol, 22, (Springer-Verlag, Berlin,
1980), and A. Franks, K. Lindsey, J, M. Bennett, R. J,
Speer, D, Turner, and D. J. Hunt, “The Theory, Manufac-
1ure, Structure and Performance of N.P.L. X-Ray Grat-
ings, Phifos. Trans. Roy. Soc. London A 277, 503 (1975).
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5.4 ZONE PLATES
Janos Kirz

Zane plates are circular diffraction gratings. In ils simplest
form, a transmission Fresucl zone plate for use with incident
piana waves consists of alternate transparent and opaque rings.
The radii of the zone edges are given by

oFwafh e ain W

where # is the zone number (opaque and Irmnsparcnt zones
counled separately) and f is the focal length in first order.
The zone plate can be used as a thin lens o focus monc-
chromatic incideni radiation, or, dug 1o the inverse relation-
ship berween focal length find wavelengih, it can be uscd asa
dispersive tlement. 1 used as a lens. the thindens formuta
applies:

Is Vst = 1 R @

where 5 and 5° are object and image distances, respectively.
Diffmction-limited sesolution of the 2one plate is given by

A1y = L2/ €]

where 7y i% the radius of the 2one plate, N is the total number
of zones, and 8ry: is the widih of ke outermost zone. In
higher onders, the resolution improves in propastion to the
ordes aumber.

The efficicncy af the simple zone plate in fiest order is
ideally # %, ar about 10%. The remaindee of the radiation is
absorbed (50%) ar dififacted in other orders—zero onder (25%),
negative onders (12.5%), and higher positive orders (2.5%). I
opague zones are replaced by (ransparent but phase-shifting
rones. efficiencics can be substantially improved. Sce, for
example. R. Tatchym, P. L. Csonka, and I Lindau, “Qutline of
4 Yariational Formulation of Zone-Plate Theory,” J. Opt. Soc,
Am. {1, 806 (1984).
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ai 10 eV. An cxample of this is shown in the figure, where
experimental range data for colladion are given. M is clear that
the agreement between the coltodion and palystyrene data
stans (o become reasonable above 100 ¢V, The differences
below 100 ¢V coutd cqually well be due ¢ problems with the
theory af 1o the increased difficulty of the measurement.
Stopping-power calculations for PMMA have bren carried out
only from 100 V. sa that the CSDA range as defined abo~c
could not be calculated [4]. However. data on effective clec-
tron ranges of photoclectrons in PMMA at several energies can
be found in Ref. 8.
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SECTION 6

X-RAY DETECTORS

Albert C. Thompson

A wide varicly of x-ray detectars arc available, some providing

onfy measurements of count rate or toral flux, others measur-

ing the cnergy, position, and/ur incidence time of eacit x-ray

{1} In Table 61, typical values for useful encrgy range,

energy resalution, dead time per event, and maximum count

rate capability arc given for common x-ray detectors, For spe-
tal icati these ifications can ofien be £

cial
improved.

Table 61, Froperties of common x-ray detectors.

Esray SE Mexlmem
nge  (FWIM)/E at foud e
Oewector wevy S2icvon «
Grigtt counter 350 none 200 wt
Gas ionizaion 02-50 na na wnlte
n cuntent mode
Gts propontional 0.2-50 15 02 0t
Muluwire proportional 350 3 5 10%/s00de
chamber
Scimitltion 3-10.000 © 023 W
Nk
Seniiconductar 160 3 4430 $x 0t
fsifLi}
Semicenducior {Ge) 1+ 1000 3 430 S it

*Maximum count raic is Timited by space<charge effects to around 10' photonws pet cm?.



&2
New instruments currently being deve. ‘Jsing semticen-
ﬂuvxur mlnwlug) nm have substantially improved €ount fae
i andfor envrgy
and will, |hcrcfor=. bc especinlly usefu) with the intense x-ray
saurces that are becaming availsble at syncheatran facitities,

A. GAS IONIZATION DETECTORS

One of the simplest x-ray detectors is the gas ionization
chamber. Such detectors are commonly used with & fow-nase
cusyent amplifier 10 measure x-ray flux rather than to count
individdat photonis. A common detector geometry ronsists of
a recianguiar gas-tight container with thin enisnce and exis
windows and 2 lowing gas supply, lnside the detector are two
paraliel piates across which a patzntial is applicd 10 produce
an electric field of aboul J00 V/em, X-mys are photoclestri
caity absarbed 10 produce fast phatociectrons and either Auges
efecirons or fluorcscence phatons, The energetic 2lectrans pro-
duce additional clectron-ian pairs by inclastic collisions, and
the photans either gscape or are phiotoclecirically absorbed.
The voltage applied across the chamber sweops the electrons
and fons apar, ond they aze catfected af the piates.

“The average energy required 1o produce ap eletiron-ion
pair in several common gases is given in Table 6-2. The
pumber of x-rays slopping in the detectar can be ealculated
from 1he active volume of the chamber, the gas pressure, and
the a-ray absarption crass scttions fnr the gas used. Figure 61
shows, for dilferemt gases at normal pressure, the efficiency of
& 15.¢m-long ion chamber as a function af energy.

Table 62, Avevagr enessy sequired 10 produce an clecsronhole gatv in
several gased.

Element Eperay (2V)

Helium 28
Nean 274
Argon M4

Krypton 2.8
Kenon 20.8
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Fig. 1. Efficency of a 15.crrlong gas jonization chamber ax @ function of enexgy, for different gases at normal pressure.
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B. GAS PROPORTIONAL COUNTERS

Gas proportional detectors comprise a smatt-diameter anode
wire in an enclosed cytindrical gas volume. A high voltage is
applied, so that the field around the wire is above 25 kV/em.
These detectors are usunily used ta count single photon events.

1f operated in an avalanche mode, such detectors are called
Geiger counters and give very large pulses for ¢ach stopping
x<ray. In this mode, they are filled with a noble gas to which a
small amount of halogen is added to quench the gas after zach
pulse. A major limitation of this mode of operation is the
large dead time (about 200 us) far each event.

The normal mode of operation of gas proponional counters
is at a lower voltage, 5o that the detoctor gain is fincar. In this
modg, the output is coupled to a fow-noise preamplifier to give
usabie puises. The puise height resoivtion of the detector
{about 20% at 6 ke¥} can be used for some coergy disctimina-
tion, and the autpul counting ate can be as high s 10% counts
per sceond.

C. MULTIWIRE PROPORTIONAL CHAMBERS

Multiwire proportional chambers arc widely used 83 position-
sensiiive detectors of both photons and charged particles
{2-4]. They use a grid of finc wites spaced about 2 mm apart
88 the anode planc in a gas proportional chamber. Many dife
ferent read-out techniques ara uscd to measure the event posis
tions [5,6]; four cxamples are amplificr per wirc, anatog charge
division, time digitization nsing a delay finc, and arift-lime
systems, The spatiat resotution from the node piane is usu-
ally the anode wirc spacing {typicaily 1-5 mm). Two-
dimensional read-out can be achieved if the cathode plane is
also segmenied and read oul, A spalial resolution of around
80 am can be achi¢ved for the cathode read-out plane,

D. SCINTILLATION DETECTORS

Scintiliation detectors use cither a photomultiplier tube or a
photodiode to detect the optical photons produced in special
materials when an x-ray is stopped. The scintillatar materia}
san be either organic scintillators, single crystals of thallivm-
activated sodium iodide {commonly reerred to a5 Nal{Ti}, or
single crystals of bismuth germanate {BGO}. Since the light
ovtput is low (abous 200300 ¢V is required for eath optical

e o e o St
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phovon), 1he energy resolution is low. Organic scintillators
have very poor energy resolution, whereas the Nal(Tl) and
BGO crystals kave an energy resalution of about 40% 81

10 ke, These detectors are ofien used for measuring the siop-
ging time of x-rays. They can have a time resotution of better
than { s and s count rate capabitity up to 105 photons per
second,

Gas scintifiation deicctors combine ihe operation of a gas
jomization chamber and a phaton detectar 10 give improved
performance |7}, Efecirons generated from photes. or
charged-particle intcractions in a gas {usually pure xenon or
argon with 1% xenon) are accelerated in @ high-field {~1
kV/cm) region, where they produce UV scintillation light.
This light is usually wave-shifted nad then deiceted by a phos
tomuttiplicr. These detectors have an energy resotution about
w0 10 three times beticr than a conventionsl proportional
chambee.

E. SEMICONDUCTOR DETECTORS

A sericonducior detector is basically a very large, reverse
biased 0t —i~p* diode. When the diode 5 reverse biased, an
nirinsic fopion with an electric ficld across it is created. When
an incident pholon inicracls in this region, tracks of electron.
hole pairs are produced, In the presence of the clectric ficld,
these pairs separate and rapidly drilt 10 the delector contacis.
The average encrgy required to gencrate an cleciron-hole pair
at 77 K is 1.6 oV for silicon and 2.98 ¢V for germanium. To
keep the feakage current low, the detector must be of very high
purity, To fabricate siticon detectors, lithium is generally
dr.lted through the device at elevated tempemature with a field
on. The fithium compensaics the piype impurities in the
deviee to give a farge active region in the detestor with intrin.
sic conduciivity. Germanium crystals do not now require
fithium drifting, becausc they can be dircctly purified by zone
refining 10 the required purily (< 10'0 electrically active
impurities/em?), These defectors are usually cooled to liquid
nitrogen Ilemperature (77 K) to reduce the thermal leakage
current. They arc usuatly used in a single-phoion-cauating
mode 1o exploit Yheir excellent enefgy resolution {typically 175
eV at 5.9 keV), The count rate capability is imited 1o less
than § x 10" per second,

Lithium-drified siticon and planar germanivm deteciors are
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widely used for energy-dispersive anal)s‘s. The emcm\r) o
3-and hick S(Li) and 5 fri defor.
1ar%, a5 a function of ¢nergy, is illustrated in Fig. 6.2, Si(Liy
detectors are ofien used to measure nondestructively the cle.
mental composition of samples. Lieenianium detectors are
generally not used below 20 eV because of (he interiveence
from peaks due to the escape af the germanium A Muorescence
photan. Large germanium detectors are widely used for y-my
SPCCLOSCOPY.

F. OTHER X-RAY DETECTORS

Many § (especially
film as the detector, Film is un excellent dclmur in experi.
ments requining a total-fMlux detector with high spatial resaly.
tior, The major limitation of fitm is the need for processing,
Af carcfulty calibrated with a microdensitometer, film can be
uscd for quantitative analysis of x-ray intensity. To enhance
the detection cfficiency of film, a Buorcscent sereen is often -
placed next to it, Specint films are available to gise improved
efMiciency, contrast, or resolution; for inisial alignment of
instruments, Polaroid film is often used.

A variety of imaging systems can be used to image x-rays
clecyronically |8]. For medical imaging, an image converter is
widely used lo provide real-time tmaging. These detectors use
& cesjum iodide scintillator with a photocathode sereen depo-
sited on it to produce efectrons from incident x-rays. The clec-
irons are then acceleraied and imaged onto 2 phosphor sereen,
whith is viewed, in twrn, by o video camer, Linear photos
diode prrays and CCD deieetors arc avaiiable o give excelient
positian informatian with fast read-out, Large, one-
dimensianal photodiode arrays coupled o a scimittator are
slso used for xwray detectors. Two-dimensional x-+ay CCD
detectors are becaming avaifabic with 512 x 512 pixcls, ¢ach
pixel measuring 13 pm x 13 um. These detectars are.
currently undergoing rapid development and wilt find many
applications both for detecting low-encrgy x-rays directly and
for use with x-ray image intensificrs,

For high-speed imaging of plasmas and other intense x-ray
soutces, x-ray sireak tameras have alsp been developed 9]
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SECTION 7

SYNCHROTRON RADIATION FACILITIES

Herman Winick

Table 7-1 lists storage ring synchrotron radiation facilities now
in operation ar under construction, logether with typical elec-
tron beam energics and characicristic photon energics. The
characteristic encrgy is defined as

€ [kev] = 2218 EVR = 0.665 BE?.

where £ is in GeV, R (the bending radius) is in meters, and &
is in tesla. Additional information has recently been compiled
in Refs. 1 and 2. Following the table, names and addresses arc
given for the current dircetors of these and other facilities.
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tron Radialion (North-Holland, Amsterdam, 1983), vol.
1A, p. 33,
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SECTION 8

MISCELLANEOUS

8.1 PROBABILITY AND STATISTICS

A, PROBABILITY DISTRIBUTIONS AND
‘CONFIDENCE LEVELS

We give here propertics of three commonly used probability

distributions: nermal {or Gaussian), chi-squared {x*), and

Poisson. We warn the reader that there is no universal con-

vention for the term “confidence level™; thus, explicit defini-

tions that correspond 10 common usage are given for each dis-

tribution, It is explained below how confidence levels for ail

three distributions may be extracted from Fig. B-1.

A.l Norma! distribution

‘The normal disiribution with mean ¥ and standard deviation

7 (variance 7% is

Pleyx = :‘ ot =E 26y | w

The confidence levef associated wiw an observed deviation &
from the mean is the probability thay |x —X|> 8, ie.,

e
-
-2 f dx Px), @
X+8
cL2 1-CL CLR
M AN

= x=%
-2 -0 0 © 20
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Confidence level, CL

*2 (0r x2X 100 for-em

Fig. 81, Confidence level as a function af x* for several values of .

the number of degrees of freedon.

since the distribution is symmetric about ¥. The small figure
in Eq. (2) is drawn with § = 2. CL, s given by the ordinate
of the iy = { curve in Fig. 81 at X (5/4)‘ The confi-
dence level for 8 = 1o is 31.7%; 2m, 4.6%; 30, 0.3%. The odds
against exceeding 8, (1 ~ CLYCL, for § = o arc 2.15:1; 2o,
21:1; 30, 170:1; 40, 16,000:1; 5o, 1,700,000:1. Relations
between o and other mmsurcs of the wudth: prabable error
(CL = 0.5) = 0.6%: mean absolute deviation = 0.800; RMS
deviation = o; half width at hall maximum « L.18a.

2 distribation
The x~ distribution for iy, degrees of freedam is

£ ez
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Py o

“le 2t om0,

ot
Mg
wherc 4 (for “half"} = 11,/ The mean and variance are np,
and 2a, respectively. In evaluating Bq. (3} onc may use
Stirling’s approximation:
Tih) = 2507 e ~H 4204 4 00833783,

which is accuraie 1o £0.1% for all & > 1/2. The confidence
Jevel associated with a given value of ¢, a0d an observed
value of Xn is the prabability of the X! exceeding the observed
value, i,

Pap
A 1
= - & 4]
cL J;zdx Py o @
0 2
Q $ At 5

The small figure in Eq. (4) is drawn with rip = S and

CL « 1%, CL is plotted as a function af x* for several values
al ag in Fig. 8-1. Forlarge upy . x° 2 hecomes nomally distrib-
uted about . Thus,

»y 7 = g /Ig )
becomes normally distributed with bnit standard deyiation and
mcan 2era. A hetter approximation is that x. not x°, becomes
normally distributed; specifically,

vy = V2 - \/Ing=1 (5)

approaches normatity with unit standard deviation and mean
zere. For small CLs in particular. 2 is much more acchrate
than yy, Thus. for s = 50 and x° = 80, the true CL = 0.45%,
but y4 is 3.0. coresponding 10 a €L of 0.13%, while 3, is 2.7,
comqundmg 103 CL of 0.35%.

A3 Palsson distribution
The Poisson distribution with mean 7 is
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(n =013, ) 7

¢

I’"_(n) = 3
The variance is equal to the mean. Confidence fevels for Pois-
son distributions are usually defined in terms of quantities
called “upper limirs™ as follows: The confidence level associ-
ated with a given upper limit A" and an observed value ng of
n is the probability that n > ag if # = N.ic.,

oL
L= T Py ®
n=rgtl 1-Cl.
il
ny PN
-1-3 P n
,,%‘u VTR 8 e

The small figure in Eq. (8) is drawn with ng and CL =
90%. A useful relation beween Poisson and onfidence
levels allows one 10 look up this quantity in Fig. 8-1. Speeifi-
cally. the quantity | — CL j; is given by the ordinate of the

fp = 2ng + 1) curve at x* = 2N, Thus, 90% confidcace
fevel upper limits for 2 = 0, |, and 2 are given by half the X2
value correspording to an ordinate of 0.1 on the np, = 2, 4,
and 6 corves, respectively: the values are A" = 2.3, 3.9, nnd 5.3

Tabies of confidence levels for all threg of these disiribu-
tions, the relation between Poisson and x~ confidence Jevels,
and numerous other useful tables and relations may be found
in Ref. I,

B. STATISTICS

Suppase on is presented with A" independent data, ¥, xa,,
and it is desired to make some inferenee about the “true™
value of the quantity represented by these data. For ihis pur-
posc we interpret each datum p, as a single sample point
drawn randomly (and independently of the other daia) from a
distribution having rue mean 3, {which we wish 1o estimate)
and variance . We do not require that they be normally dis-
tributed. {Identification of the true o, with the o, datum is
often an approximation which may become seriously inaccu-
rate when ,, is an appreciable fraction of y,,.) Some com~
monly used methods of estimation arc given below; sce Ref. 2

]

I

i
!
i
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Section B.1 drals with the case in
which all ¥, veral different measurements
of the same quantity B.2 deals with the case in which

¥, f{a, ) where v, represents some se: of independent
sanables.

for numerous applications.

B.1 Single mean snd varignce estimates

(431 the v, represent a sel of values all supposedly drawn
‘rom a nngh' distributiun with mean ¥ and variance o* (ic.
the a, are all the same, but their comman value is unknown),
then

[\

and

are unbiased estimates of y and 2% the angular brack 1S,
denote an average over the data. The variance of 5 oM.
I the parent distribution is normal and N is large, the vari-
ance of 8° is 20%/N.

(2) I the ¥, are independent estimates of the same ¥, and
the a,, are known, then the weighted average

N 1
£ Bt an

where w, = 1/a? a0d w « X w,, is an appropriate unbiased
estimate of 7. This choice of weighting factors in Eq. (11)
minimizes Ihe variance of the estimate; the varianee is 1jw.

B.2 Lincar leust-squares fit

We wish to determine the best it of independent unbiased
daia y, +a,, measured at points X,,, to ye form y(x) =

a; f,(v). where the f; are known, fincarly independent func-
tions (e.g. Legendre polynomials), one-to-one over the allowed
range of X. The estimates for the lincar cocflicients a; which
minimize the sum of the squared deviations are
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Gy = By Sy alod . 12)
n

Herc V is the covariance matrix of the filted parameters

Vi = @ - aa; - a) . L%}
where the overbar denotes Ihe unknown true value; ¥ is
estimated by

[CRUYED T ATATATRVER it}
N

The estimated variance of an interpotatcd or extrapolated
value of ¥ at point v, = & f{x) is

G = 2 Vo - {15y
7]

For the casc of a straight line fit, y{x) = a + by, onc obwins
he folfowing estimates of a and :

& = 18,5 = 5, Sy)/D. .

b= (5,5, - 8, 5,0D.
where

AN an

respegtively, and

Do S Sec-
The covariance matrix of (he filted parameters is:
[y ] [ S, -S, ]
aa ab ] gid X
ga aby o L7 . (s
[ wlwl DS S
The estimated variance of an interpolated or exyrapolated
value of 3 8l point v is



A least-squares fil gives estimates for the a; (Eq. (12)] with the
smaliest variance, under the conditions that the expansion of y
in terms of a,f; is the carrect mode! and that the y,, are
indspendent, wnbias:d 1 sasurements whose variances o are
known,

C. ERROR PROPAGATION

Suppose one wishes 1o calculate the value and crror of a func-
tion of some ather quantities with crrors, t.g., in a Monie
Carlo program. Let {1'} be a set of random variables with
means {F} and cavariance matrix #*, Then the mean and vari-
ance of a function of these variables ar approximately (10
second onder in {p ~7))

JFarqp+t T [—iL] 2
ARSI ALY rerre - 20
and

-

esv _J;] [ﬂ_] e
b "’"[”*'m piem Py &

Eg. the mean and variunce of a function of a single variable
with mean ¥ and variance o are

T =r@+ 43w )

s (2]

Nate 1hat shese cquations will wsually be applied by substitut-
ing measured quantitics. {F} say, for the true means, {7 1f,
as s oflen the case, Jp =¥, s of order /7, then the
second-order terms in Cus. (20) and (22) may be small com.
parcd with the first-arder ervars introduced by the substitution.
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Particle Physics {Universitesforiages, Osto, Norway.
1979,

"

This section was adapted, with permissian, from e Aprit
1984 edition of the Particle Propertivs Data Rooklet.
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Impedances (MKSA)
p = resistivity in 10°8 pm:
~ L7 for Cu ~ 5.5 for W
~ 2.4 for Au ~ 73 {or 5S 304
~ 2.8 for Al ~ 100 for Nichrome
{Al alloys may have
double 1his valpe.)

For alternating currenis, instantancous current {, voltage 5,
angular Trequency w;

¥ vl = 21
Impedance of self-inductance L: Z =iwL .
Impedance of capacitance C: ¥ = YiwC.
Impedance of free space: Z = \/iglig = 376,749

Impedance per unit length of a Nat cor ductor of width w high
frequency, ¥):

Z= ll—*—;)‘l where & = effective skin depth ;
-

6.6 cm
PSR A S 11, W WY
™ Vifsee™t)
Capacitanee C and inductance £ per unlt tevgth (MKSAS
Flal rectungular plates of width w, scparated by d << 1
Ao, poaad,
C=¢ i Loe=p w
L = 210 6 for plastics: 4 o 8 for porcelain, glasscs.
‘o
Coasial ¢cable of inner fadius £, outer radius ¢y:
A 3me P it
o = s Lo Inlrafr).
ey Tintry/ry)
Transmission lines tno lass):

e,
Impedance: 2 = VL/C
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Velocity: v = 1/VIC = 1/Vae.

Motion of charged paticles in a unlform, siatic, magmetic fleld
The path of motion of a charged particle of momuntum p is a
helix of constant radivs R and constant pitch angle A, with the
axis of the helix along B:

#[GeVicfoosh = 029979 gh|testa| R[m].
where the charge g is in units of 1he clectronic charge. The
angular velocity about the axis of the helix is

w|rad 5] = 8.98755%107 g |esha)/ €[ Gev|

whene £ is the encrgy of the paticle.

This section was & fapted, with permissian, from the April
1984 ¢dition of the Particle Propertivs Data Bookler, See ), D,
Jackson, Classtcal Electrodynamics, 2d ed. (John Wiley &
Sons, New York, 1975) for more formulas and details.
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8.3 RADIOACTIVITY AND
AADIATION PROTECTION

“The international Commission on Radistion Units and Meas-
urements {(ICRU} recommends the use of S1 units, Therefore,
we list ST units first, followed by cgs {or ather common) units
in parentheses, where they differ,

Unlt of sctvity = beequerct (curie):

1 Bq = | disintegration/s [ = 1/3.7x1010 Ci}.

Unlt of exposure, the quaniity of x- ar y-radiation at a point in
space integrated over time, in terms of charge of either sign
procuced by showering ciectrons in a smali volume of air
about the point:
= 1 caul/kg of nir {racntgen; ¢ R = 2.58x10" couifkg
~ { cswfem” = 878 crg released encrgy pet g of airk;
impticit in the definition is the assumption ihat ¢ small
test volume is embedded in 3 sufficiently large uniformly
irradiated valume that the number of sccondary cleetrons
entering the volume cquals the number leaving,

Nl of absorbed dose = gay (ead)

1 Gy ~ | foule/kg (= 107 erpe = 10% rad)

~ 6.24x 10" McV/kg depasited enersy.
Unit of dase equivatent {for biotogical damage) = sievert
= {0 rem {roenigen equivalent for man}):
Dose cquivalent in Sv = grays x () where @ (quality fac-
ot} enpresses long-ierm risk {printarily cancer and
leukemin) from low-leve] chronic exposure; it depends.
upon the type of radiation and other factars. Fos ¥ rays
and # particles, @ i 1: for protons, @ = 1 at ~10 MeV,
rising graduaity 1o = 22t ~1 GeV: for thermal reutrans, 0
= & for fast neutrons. (2 ranges up to 16, and for a partis
¢les and heavy jons (assuming infernal deposition — skin
and ciothing acc usually sufficicnt prosectivn against Tsier-
nal sources), 2 z 20
Natural annual backgrnund, all sources: Most warld arcas.

whole-budy dose equsvatent ate o {0.4-4) mSv {40-400
miflicems). Can range up to 50 Sy {5 rems} in certain
arcas. L rerage 3 0.8 Sy, The fungs receive an addi-
tinmad = 0.8 mSv {5 10 mrem) from inkaled natural
radioactivity, mastly mdon and radon davghiers (good to =
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factor of 2 in open arcas; can range an arder of magnitude
higher in buildings and up ta 1000x in poorly ventilated

ing uniform irradiation:
= (charped particies) 6.24x 10124(dEdx), where dEfdx
{McV m</kg), the encrgy loss per unit lenpth, may be
obtained from range-cnergy dat;
= 3.5x101Y minimum-ionizing singly charged paricles
in carbon.
= (photons) 6.24x10'%/{E[ MeV](u,,,/m{m?/kg]}. for pho-
tans of energy E, mass energy absorption coefficient ugp,
and density p, for samples thick enough to conlain the
secondary electrons but << Mgy,
= 2x10'3 photans of | MeV energy on carbon.
(Quoted fluxes good 1o abaui a factor of 2 for all materials.)
US. maximum permissibie occupational dose for the whole
body:

50 mSv/ycar {§ rem/year).

Lethal dose: Whale-body dose from penctrating ionizing radi-
ation resulting in 50% morality in 30 days (assuming no
medical treatment), 2.5-3.0 Gy {250-300 rads) as measured
internally on body longitudinal center ling; surface dose
varies duc to variable body altenualion and may be a
strong function of energy.

For a recenl review, see E. Pochin, Nuclear Radiativn:
Risks and Benefits (Clarendon Press, Oxford, 1983),

This section was adapted, with permission, from the April
1984 edition of the Particle Propertics Data Hovkler.
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8.4 PROPERTIES OF VACUUM SYSTEMS
A. THROUGHPUT AND CONDUCTANCE
The throughput of any conducting element in a vacuum sys-
1em is given by
qpy = PV, 0]
where P is the pressure and I is the volume of gas passed in
time ¢. For a pump. if P and ¥ are constant,
qpy = PS, @
where § is the pumping speed at the intake pressure P,
Throughput for a passive clement can also be expressed s
apy = CAP £}
where AP is the difference between the pressures al the
entrance and exit of the clement and C is the conductance. In
high and »ltrahigh vacuums, C is cflectively independent of

pressure. By analogy (o Ohm's law, conduciance for paralie’
constructions is given by

Crp= Cy# Cat..n O]
and for series constructions by
VCyoy = /T + 1/Cy v ... )
The cffective pumping speed of a pump depends on both

the nominal pumping speed and the canductance af connec-
tions between the pump and the valume to be evacuaied:

VSerm 18 + 1Ciqy. (6)
In the regime of molccular flow (sce Table 8-3, below), the

cnn:iuclnncc. for air (in 1 - s7 '), of an aperture of arca A (in
em*}is

Cyig = 1164 . @

For o long siraight tube of uniform circular cross s~ction hav-
ing length L and diameter D.

Cyip = 121 DXL [}

e
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Far short tubes, Eqs. (7) and (8) must be combined:
!
Car=—— [~ ©®
64 ¥ 21 p?

The equivalent diameter of a tube that tapers from diameter
D to diameter Dy is

By = (1)
The cquivafent fength nrnn clbow is
~r+1n-Lop. a1

Le 180
where 7 is the angle of the elbow in degrees.

B, GAS LOADS AND ULTIMATE PRESSURE

Sources of gas in a vacuum system include () the resigual gas.
i ghe system; (b) the vapor in equilibrium with the materials
Drescnt; :md (:) the gascs pmduc:d or introduced by leakage,
high systems. the ulti-
malc \)sln‘m prcssurc has usunll) depends only on ()
= /5oy 12)
*hcn. QF is the gas foad due, in this case, 0 leakage. outgas-
S'ng and pesmeatian, Where Qg is constant, as in the case of
4 leak, P, is also constant: whereas. if Qg = f(7), asitis
When outgassing dominates, P, is alsa a Function of time,
Reference 1 contains namagmms relating gas loads, ultimate
Plessures, and various physical system parameters. Table 8-)
Plves outgassing rates for several vacuum miaterials. Exqensive
Outgassing data can be found in Ref. 2
By nssummg that the process is dommalcd by residual gas,
Pumpdawn in the high-vacuum region can be described by

P Py exp| = (Seq/ Vit ] - 13

Where £ is the pressure afier time ¢, P, is the pressure ap ¢ w 0,
angd §°, ., is the total system solume,

tot
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TaMe &1, Approximate ougassing rate Ky for several vacuum matert.
al. after one Aour i varvum Gf PO (emperatire.

¢

1
Material (@ber- 1871 om™Y
Aluminum (fresh) 9x107%
Aluminum {20 b at 100°C} 5x10”™M
Suinless steel (304) 2x 1078
Stainless steel (304, 6% 1070
electropatised)
Suaintess siecl {304, 2x107°
mechanically polished)
Stainfess steel (304, 4x 0712
electropolished, 30 h
2t 250°C)
Perbunan 5% 1078
Pyrex 1x 1078
Teflon B x 1078
Viton A (fresh) 2x 1078

C. MISCELLANEOLS VACUUM PROPERTIES

The mean frec path X of 4 gas i inversely proportional to the
pressure:

AP met, 4

where ¢* is o constant characteristic of a given gas, Vatucs for
several gases are given in Table 8-2.

Feor ui(rahigh-vacuum systems, it is comman te quote the
manolayes time 7, which is defined as 1he time required for 3
monomolecular layer 10 form on a gas-[tee surface, assuming
that cvery impinging gas melecuk finds and binds to a vacant
site, The monolayer time, in seconds. can be conveniently
estimated from

7= 32x 107E6P 0%

i
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Table 82, Values for the product c* of the mean free path N and the
pressure P for several gases at 20°C.

Gas c*{cm - mbar)

Hydrogen 12,00 x 103
Helium 18.00 x 1073
Nitrogen 6.10 x 1072

Oxygen 650 % 1073
Argon 640 % 1073
Mercury 305 x 1073
water 395 x 1073
Air 6.67 % 1073

where P is expressed in mbar.

Table 8-3 lists for several pressures rough values for A, 7,
the impingement rate Z,; (the number of particles incident on
a unit surface per unit time), and the volume collision rte Z).
(the number of callisions in a unit volume per unit time).

REFERENCES

1. A. Roth, Vacunm Technology, 2 ed, (North-Holland,
Amsterdam, 1982), p.142.

2. R. J. Elsey, “Outgassing of Yacuum Materials,” Vacutim
25,299, M7(1975).



Tabie 83, Values for characueristic vapuum parametert 01 five #epresentative prestures.

Pressure
Lo 10* -2 s 1079 mbar
75%x 107 75x 1070 75x 1074 75 %1077 75x 1071 Torr
1° 10° 107! 104 10 TP
Particle density, 7 (em™%) 10'? 10'6 1012 100 107
Mzan free path, A em) 1% 102 10 10t 107
Impingement rawe, Z,
t~em™?) 103 10 10V 101 107
Collision rate, Z),
" eem™Y) 10 102 1017 1ot 10°
Monolayer time, » i0ns 10 g5 10ms 10s 3h
Type of gas flow e ¥ 4 {1
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