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PREFACE

Aside from & perceived need for such a compilation, the prin-
cipal inspiration for this data booklel was the Particle Proper-
ties Data Bookler, which is compiled and published periodi-
cally by the Particie Data Group #1 the Lawrence Berkeley
Laboratory. inderd, Sections 1, 8.1, 8.2, and 8.3 of the present
booklet have been borrowed, with pemiission and with only
slight modification, fram the 1984 edition of the particle data
booklet.

Many other scetions also draw heavily on work published
clsewhere, as indicated in the text and figure captions. Fur.
thermore, we are indebted 1o many colleagues whase names do
not appear among the authors of the articles. Several willingly
made iltostrations and qther material available 1o vs, and we
have tried to credit such contributions explicitly. Others
served as reviewers eud aoffered invaluable advice on several
articles; their names appear among the contribulors.

Despite these contributions and the efforts of the many
authars, final decisions rested with only & few of us, ss did
responsibility for compiling thc sections lacking by-lines.
Blame for error is thus easy o assign.

David T, Attwood
Janos Kil

Douglas Vaughan
16 Augus; 1953



A NOTE ON THE CORRECTED EDITION

‘With this reprinting of the X-Ray Data Booklet, we have made
only a few corrections, affecting pages 1-2, 2-6, 2-13, 2-27, 4.7,
4-9,7-2, 7-3, and 7-4. We still plan a second, more exiensively
revised edition in the future. Consequently, if you find further
©rrors or omissions, or can think of ways the booklet can be
made more useful, please send your comments to Douglas
Vaughan, Building 50, Room 149, Lawrence Berkeley Labora-
tory, | Cyclotron Road, Berkeley, California 94720,



SECTION 1
PHYSICAL CONSTANTS

Table 1.1 was adapted, with permission, from one that
appeared in the April 1984 editian of the Particle Properties
Data Booklet. A periodic table foltows on page 14,
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SECTION 2
THE ELEMENTS

2.1 PROPERT.ZS OF THE ELEMENTS

Table 2-1 Lists the atomic weights, densities, melting and boil-
ing points, firs1 ionization potentials, and zpecific heats of the
elements, Data were taken mostly from R. C. Weast, Ed.
CR Handbook of Chemistry and Physics, 65th ed. (CRC
Press, Boca Raton, Florida, 1384). Atomic weights apply to
clements as they exist naturelly on earth or, in the cases of
radium. actinium, thoriuns, protactinium, and neptunium, o
the isotopes with the longest half-lives. Values in parentheses
are the mass numbers for the longest-lived isatopes. Specific
heats are given for the clements at 25°C. Densi
and liquids are given a1 26°C ualess otherwise i
superscript temperature (in °C); densities for the gascous cle-
menls are for the liquids at their boiting points.
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Ioble -5, Properties of the elements frontinued).
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Tade 2.1.  Properiies of the elements (continvied).
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2.2 ELECTRON BINDING ENERGIES
Gwyn P. Williams

Table 2-2 gives the electron binding energies for the elements
in their natural forms. The energics are given in cleciron volts
relative 10 the vacuum Jevel for the rare gases and for Hy, Nj,
Oy, ¥y and Chy; relative 1o the Fermi leved for the mewaly; and
relative 1o the top of the valeace bands for semicanductars.
Values have been taken from Ref. 1 except as noted:

* Values taken from Refl. 2.

* Values taren from Ref. 3.

? One-particle approximation not valid owing to the
extremely shor lifetime of the core hole.

® Values derived from Ref. 1.

REFERENCES

L. J. A, Bearden and A. F. Burr, “Resvaiuation of X-Ruy
Atomic Energy Levels," Rev, Mod, Phys. 39, 125 (1967).
2. M, Cardona nnd L. Ley, Bds,, Phetoemission in Solids I:
General Principles (Springer-Verlag, Barlin, 1978), The
present table includes several corrections 1o the values
Bppearing i this reference.
). C. Fuggle and N. Mirteasson, “Cort~Level Binding
Energies in Mewals," J. Electran Specirosc. Relat. Phenom.
21, 275 (1980).
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23 CHARACTERISTIC X-RAY ENERGHS
Jeffrey B, Kortright

In Table 2-3 and yig. 2-), charscteristic X and L x-ray line
energies are given for clements with 3 < Z « 98, Or' the
strongest lines are included: Koy, Kaj, Kﬂ‘. Lay, Lay, LBy,
Lfiy and L), The table prescnts the energies of these lines
for each of the elements, in order of increasing atomic number.
Wavelengths, in angsiroms, can be oblained from Lhe relation
A = 124/E, where E i8 in keV. The dat in the table were
uken fram Ref. 1, which should be consulied for a complete
fisting of all lincs, Widths of the X lines can be found in

Ref, 2, Figure 2-1 shows the approximate energies and
wavelengths of principal a-ray lines befow 40 keV.

REFERENCES

1. J. A, Bearlen, “X-Ray Wavelengthe,” Rev. Mod, Phys. 33,
1B (1967),

2, M. O, Krapse and J. H. Oliver, “Nutura) Widihs of
Atwmic X asd L Levels, Ko X-Ray Lincs and Scveral
XLE Auper Lines,” J. Phys, Chem. Ref Data B, 329
{1979).
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TaMe 2.3,  Energies of x-ray emission lines {continued).

Flemest Koy Ka, K8, Lay La, 18, [7: Ly
2Ti 451088 450486 493181 04522 04522 04584

13V 495220 494464 542729 05113 0SI3 05192

24Ce 541472 5405509 594671 05728  QSME 05828

25Mn 585875 5.88765 649045 06374 06374 06488

26Fc 640384  6.39084 205798 07050 07050  O.7S

27Co 6330 691530 164943 07762 072 07914

28Ni  7.47815  7.46089  B26466  0.8515 Q8515  0.8688

29Cu 84718 80283 850529 08297 09297 0949

302n 8636 861578 95720 1017 LOIIT 10347

31Ga 925174 522482 10266 L0992 LO9B2 11248

32Ce 9386 93332 109821 LISS00 LSS0 12185

33As 1054372 1050799 107267 12820 12820 L3170

385 1124 1118 12495 137910 13910 141923

5B 19242 11877 132914 148043 148043  1.52550

36Kr  1:649  12.598 14112 L5860 15860 15366

37Rb 133953 133358 149613 169413 169256 175217

38Sr 141650 140979 158357 180656 180474 187172

39Y 149584 148829 167378 192256 152047 199384

Wz 157781 156509 176678 204236 203" 21244 22194 23027

y1-T



16.6151
17.47934
183671
192792
20.216)
21171
22.16292
231736
24.2097
25.2713
26.3591
274723
286120
29779
309728
321936
334418
347197
36,0263
37.3610
38.7247
40.1181

16.5210
17.3143

18.622¢

218589
2.29316
24290

255855
269674
2.83861
29843
3.13373
3.28694
3.44398

2.1630
228985
2.55431
2,69205
2.83329
2.9782)
3.12691
3.27929
343542
3.59532
3.7588
3.92604
42122
445090
4.6423
4.8230
50135
5.2077
54078
5.6090

2.2574
2,39481
25368
2.68323
283441
2.95022
3.13094
3.31657
3.48721
3.66280
384357
4.02958
4.22072
4.6198
4.82753
5.042¢
5.2622
5.4889

2.3670
25183

28360
3.0013
3anm
3.34781
352812




Takle 2.1, Energies of x-ray €mAsion fnes (omiinu.al

Element Koy Key, ¥4 Lay L2y 20 L5 Ly
63Eu  ALMZ2 405019 470319 58457  5BIS6  64%64 6B 74803
AGA 419562 41089 45657 60512 GOMD €T TG 7Tese
65Tb 444816 437441 %0382 62728 6280 GST8 73667 410z
66Dy 459984 452078 52119 6492 AN 72477 TEIT  84Ime
§7Ho 475467 466997  $817 67158 66193 15153 911 ST
68Er  AN12TT Qg2 SA6RL 6387 6900 78109 BlaW 5089
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Fig. 2.1, Approximale enevgles ond wavelengihs of principad x-ray
emissian Jines below 40 keV.
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2.4 FLUORESCENCE YIELDS FOR
KAND L SHELLS
Jeffrey B. Kortright

Fluorescence yields for the X and L shells for the clements
5« Z « 110 e plotied in Fig. 2-2; the daia aye based on

Rel. 1.

These yields represent the probability of a core hole in

the X or L shells being filled by a mdistive process, in com-

10

(i}

05

Fluorescence yield

03

0z

at

2]

04p

L shell
{averaga) 4

1. L L 2

Fig. 22,

20 40 -] 80 w0 120
Atomic number

Fluorescence yietds for K and L shelis for $ & Z < J10. The
Plotted curve for the L shell represents an crerage ¢fLy. Ly,
and L effeciive yields.
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peuuun with nonradiative PIOCELSES,  AUET Procoases Are the

processes with for
mu Xi:e\l and L; subsheil holes. Auger and Coster-Kronig
nonradiative processes complete with fluorescence 10 fill L)
and L, subshiell holes. Only one curve is presented for the
three £, subshelly, repeesenting the average of the L, Ly, and
L cffective fluorescence yields in Ref. 1, which differ by fess
than abaut 10% over most of the periodic table. Soe Rel. 1 for
more detail an the L subshelt rutes and the nonradiative rates,
and for an appendix containing citations to the theorelical and
cxperimental wark upon which Fig. 2-2 is based. Widths of
the Kand L Nluorescence lines can be found in Ref. 2.

REFERENCES

1. M. O. Krause, “Atomic Radiative and Radiationless
Yields for K und L Shelis,” J. Phys. Chem, Ref, Data 3,
307 (1979).

2. M. O, Krausc and J. H. Oliver, “Natural Widths of
Atomic K and L J. Phys. Chem. Ref. Data 8, 329 (1979).



26 PRINCIPAL AUGER
ELECTRON ENERGIES

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



Pig 20 Auger electron energies for the elements. (Reproduced by pev-
mitsion of the Physical Electronics Division of Perkin-
Elmer, Inc)
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2,6 ENERGY LEVELS OF HYDROGEN-,
HELIUM-, AND NEONLIKE IONS
Jantes H. Scofield

Table 2-4 presents ionization energies for selected fow-slectron
ions with 6 < Z < 54, Table 2-5 gives Ihe encrgies of the
resonant 2p transitions in hydrogen- and heliumlike ions,
Bevause of the interest in lasers based on neonlike ions in the
3ot xeray region, selective transitions for the neonlike ions are
presented in Table 2:6. This table includes the two lincs for
which lasing has been observed in selenium [1], the depopulat-
ing transition of the lower lasing level, and two strong lines in
the spontancous spectrum. 'n addition, Fig. 24 shows the
Zp’Jl levels for neonlike selenium. The level positions are
labeled with o designation of the form 2 +1L, and a jf cou-
pling iabel.

The energy values in this section have been generated using
the relativistic Hanree-Fock code of L. P, Grant and collabora-
tors [2| with a correction term of the form A + BAZ ~ Q)
added 10 bring about ngreement with the experimental values
known for low atomic numbers. Nuclear size effects, radiative

ions, and the Breit i i ing for retarda-
tion and the magnetic electron-¢lectron interaction ars
included in the calculations. The hydrogenie values are
uncorrected as they come from the code, but 10 the accuracy
given here, they agree with more detailed calculatons. The
n=31ton=2 values given in Tablc 2-6 for the neonlike jons
are also uncomected and show differences at the 22V level
with experimental values.

REFERENCES

1. D. L. Mauhews et ol,, “Demonstrtion of a Soft X-Ray
Amplifier,” Phys. Rev, Leir. 54, 110 (1985).

2. 1. . Grant. B. J. McKenzie, P. H. Norrington, D, F.
Mayers, and N. C. Pyper, "An Atomic Multiconfigura-
tional Dirac-Fock Package, Comput. Phys. Commun, 21,
207 (1980).
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Table 24, {onization enevgies, In electron volts, for selected fow-
electron dontc species. Each coliumn s labeled with the
of n the ion before konlzation and with
the symbed for the nesiral atom with the sante number of
ectrens.

Besest  1(H)  3(He) 3(LD 4B 16(N)  11{Na)  13(Mg)

5C W00 WLl 64y aay
743
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Tuble 23 Thansition enevyles, in electron volts, Sor tramsttians from
then = 2 riates o ihe n = ! ground state of H- and He like
fom,

'y
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Task 24,

Transition enevgles, in electron volls, for sefected transitiont
n Nelike fons with 2p vocancies, The tramitions for
whick Javing hax bren obaerved are indicaled in boldface
tvpe.

N N-2p di-2p -2y 1 - -3
Dree p-ls, M-, In,ois, dR-8, ‘DY 67D,
1S 306 1407 1A S 10w 1E
ISP 14 Uk (6L AT 2403 15848
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=) 2660 137M  1ad1s 10969
nar /I 1M et 134
da M3 19814 20540 %333
2088 4008 .95 2640 9031
S 4598 24058 W86 378
nn ms I8 W S
By 91 WA Bns 3N
ua e TR (T ¥
25Ma mE BB BM Lo
2Fe nE S we e
1Ce 936 3R 897 49.08
28 Ni 979.3 “82 .63 5224
E 458 435 w39 ssed
nzn €2 an a0 5878
na [T E IR R PO 3
® DLE S0 MR
Na uMs BN e
s 14 B an
»o s a2l en
BK 18020 47 a8
nRe 93 WA e
s TR TX R Y
kil 2482 N 008
QI 1 pikH Bas4e
a [ U R X R )
&2 Mo psokd 24 465
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“Rh Jed MO8 e
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Fig. 24, Selected excuted entrgy levels for Ne-like selenium (2 = 34),
15221325 31: 10 of the 36 levels in thit manifold are shown.
Transitions for which lasing has been observed are indicated.



2.7 SCATTERING FACTORS AND MASS
ABSORPTION COEFFICIENTS
Burton L. Henke

At photon energies between 100 ¢V and 10 keV, actumte cal-
culations for absorption and scattering in maderial systems
(e.g, filters, mirrors, multilayers, and crystals} can be based on
atomic scatiering factars {f; + if) for the constituent atoms.
These factors are derived fram available eaperimental phato.
;bsolrplian data, using the Kramers-Kronig dispersion relations
1.2}
2
m ep lede
fi=Z+C ——— {1
i .J; o2

and

fi= %CE::,(E) . @

where Z is the tolal number of electrons: C is a constant equal
%9 1/arghe with ry Uhe classical electron fadius, & Planzk’s
constant, and ¢ the velocity of light; ¢, (€) is the atomic photo-
absorption cross section; and £ is the incident photon encrgy.
‘The atomic pholoabsarption cross sectign {in cm*/atom) is
related 1o the mass absorption coefMicient 4 (in cm¥/g) by

g =AAIN )

where 4 is the atomic weight and N, is Avopadro’s number.
One may alsa obtain the complex diglectric cansant

€= ~a-iy @)
and the index of refraction
nw=l-&=if %)
from the scattering fictors by using the relations
a
8= 2 = Kfy ©

and
=T =Ky, ™



where
2
P NA
Keor 5 ? 8}

and p is the density. The parameters § and 3 are called the
shsorption index and refractive index decrement, respectively,

Figures 2-5 and 2-6 iHlustrate the variatiar with atomic
number of the mass absorption coefMicient for seveial selecied
energies, indicaling the presence of absorption edges. Near
these edges, onc expects additional absorption structure,
reflecting the molecular and solid states of complex systems.
This structure cannot be predicied by calculations 1bat assume
atomlike behavior of the sysiem components. Tables 2-7 and
2-B are a more comprehensive tabulation of the values of the
mass absorption coefficient.

Tables 2-9 through 2-12 wbulate the two companeats of the
atomic scaftering factor for selected energies and atomic
numbers. Values in the tables are recorded in the foem
1.42(-)02 fo denote the value 1.42 x 1002

REFERENCES

. B. L. Henke, “Low Energy X-Ray Interactions: Phumnon-
ization, Scattering, Specular and Bragg Reflection,” in

D. T. Attwood and B. L. Fenke, Eds., AIP Conference
Proceeding No. 75: Low Energy X-Ray Diagnosucs
(American Institute of Physics, New York, 1981), p. 146,
B. L Henke, P. Lec, T. J. Tanaka, R, L. Shimabukuro,
and B. K. Fujikawa, “Low-Epesgy X-Ray Interaction
Coefficients: Photoabsorption, Scattering, and Reflec-
tion," At. Data Nucl. Data Tables 27, 1 (1982).
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Tabie 2-7.

Mass absorption coefficients for selecied values of atomic number Z al energies berween 100 and 1000 eV,

100 200 300

Esergy (V)
500 600

700 800 900 1000

z
3
6
?

15

14205 24704 7.9803
23304 5.1403 | 48304

37103
24904

1.81 03
1.3704

1.09 03
8.89 03

6.49 02
57403

4.4702
4.1303

3.0802
29603

22802
22703

87304 (8804 70303
13005 49004 20004
10204 | 69004 34504
19204 80603 | 40704
26904 12404 63503
45804 12904 9.0003
61304 26804 13204
78704 ISt 20004
44404 41504 24004
9.4803 39704 29404
13004 | 21504 29204
88103 53503 | 20504

36103
10704
20204
29004

39203
55303
7.8703
Lig
1.54 04
20404
25004
2.0004

3703
57503
11604
L7604
2.53 04

7803
9.5503
12904
1.6304
1.69 04

1.2803
36903
7.6503
12104
1.78 04

23503
4.9703
8.1003
12104
1.66 04
2.36 03
34063
4.65 03
63703
8.3203
1.01 04

L2103
26103
4.3903
6.7503
9.5001
11104
L9607
26903
ino
49103
6.26 03

1.68 03
36203
6,00 03
9.0803
1.2604
1.46 04

9.2902
20203
jax03
3203
1.56 03
9.9103
L5803
21503
29703
39503
5.06 03

49303
67103
9.1503
11804
13504

26163
35603
4.8803
6.4203
81503

f 8¢ 99103 13163 37703'(

Lin

€t
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5

31

63

69

k3

]

87

5.41 03
43404
7.5204
12308
28904
14304
1.7304
323504
28804
21004
16204
19204
23104
49704
6.56 04
13005

6.66 03
6.6403
7.08 03
4.61 03
35503
9.9503
23004
25704
22404
21204
18704
1.60 04
96203
6.09 03
8.5403
61503

4.26 03
53203
6.1503
61503
6.68 03
1.96 03
L1304
16704
1.5504
16504
17404
15804
13004
12004
56003
69903

9.4803
11704
1.2404
12804
14004
15104
L4904
14104
1.1404
8.8403

69903
83503
1.0004
10509
11504
11804
12604
1.4004
12004
10704

548 03
64903
18503
3.8603
96703
1.06 04
1.0504
L1504
11204
10304

42103
49403
59703
67603
7.69 03
83803
92903
9.2503
101 04
99503

34503
40103
48103
54503
6.2503
72303
77903
85103
8.4103
B.6303

27803
320
38403
43303
50303
58303
6,63 03
1,04 03
74303
72103

23303
26903
32103
36603
4.2103
4.8803
5.64 03
6.2003
6.5803
6.1603

€67



Tabie 2-8.

Maxs absarption coeficients for selacted walues of atomic mumber 2 a ecrples betweos 1 and 10 ke¥.

1900

000 30M 400

Energy (eV)
5004 [ oid

080 Loned b ed

10005

22802
2109

57903

20203
202
53203
7.56 03

9.91 03

1.53 03
21503
29703
39543
50603

25000 65400 24900
30202 90401 37701
%0002 28802 12502
0303 67502 30002
30302 530
522102 7.95 02
88402
1.26 03
L7603
23903
3.0203

LI6 02

3.00 02
4.1602
39302
8.2802
L0803
13003

18802
26902
38302
5.0002
60502
8.0002
9.1302

11800
18901
6.44 01
1.5802
28602
440 02
6.57 02

64601
10601
mna
926 01
17102
26702
41202
51702
88301
12702
16602
20002
288402
JBe

146 02
20902
rma
33002
44102
54202

38801 24901 16901
65300 42600 29100
23201 15401 10700
58803 39601 27901
11002 74901 53301
172402 12002 RS9O)
27402 19002 13702
35202 24902 18202
58001 § 32002 23802
830 smMo1
102 7501
13102 901
ar Lol
21902 15202

54301
65301
48508
11002

L1901
2.06 00
77000
204 01
no
63701
1.02Q2
13702
180
23702

40401
4.88 01
S5L0L
82501



6.3103
7.5903
86803
23803
88103
89703
23308 |
26903
0
3.6603
42103

4.88 03
55403
6.2003
65303
6.16 03

43102
51002
6.44 02
8.08 02
99302
L9 03
1.0403
1.3803
17303
1.89 03
1o
21403
23703

1.1703
1.05 03
3.0002
38902
4.8602
53302
51102
6.7302
8.8502
93502
10503
11903
13103
1.3903
14703
13803

6.61 02
6.9602
84202

3.0702
29302
38502
5.08 02
54102
6,04 02
6.84 02
7.61 02
8.3902
93702
9.8202

4.0802
43302
52802
6.59 02
6.81 02

3.8102
43202
48202
5.M02
5.96 02
6.5502

27002
28702
35302
44302

25702
29202
32502
36202
4.04 02
44502

1.88 02
20102
24702
320

1.8202
20702
23102
25802
28802
3.1702

13602
1.46 02
1.80 02
22802

13502
1.5302
17102
19102
21302

23402

1134



Tabde 29,

Values for componeni [y of the aiomic scattering factor, for selected whlues of atomic rumber Z at energles berween 100

axd 1000 .
Energy (V)

zZ 100 20 300 400 500 80 L o " 1w

327500 33300 32600 32000 31500 34200 31000 30800 30700 3.0600

6 40800 36700 [ 28800 55000 61000 62800 63500 63700 63600 6.3400

9 67100 76300 75400 73300 69500 63000) S0100 75000 83500 87500
1333 SOIM LIOBL LALGL L1001 AEeH AUTOL 1061 1AM amw
1§ 29300 | 70000 12201 13801 14301 14401 14401 14301 14201 L4100
18 62100 46700 | 76400 15701 L6801 L7304 17601 L7701 L7700
21 85000 99200 £.2600 12401 16901 19001 19801 20301 20601
24 10601 13501 14201 13701 LS601 19201 21201 22301
27 95300 15201 L7101 L7401 17001 16001 7.92 00 21001
30 59900 15401 19401 26/0r 21201 21001 20401 19501 17401 1L00OL
33 26900 12701 19801 22401 24001 24501 24601 24401 24001 23301
36 40800 81300 17801 23101 26301 27701 28501 28701 28R0I 28601
39 98600 | 59400 13001 19201 26601 29201 30801 34601 32100 32301
42 15401 12001 | 9.5400 16801 21901 27601 30701 32901 34201 35001

[
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1.8501
FALN
530
$.43 00
68400
14401
L4 01
11801
12501
1.06 01
1.5501
L7701
23201
24708
1.6201

14101
16401
1810
20500
50
30201
32101
24701
9ol
15301
1.4503
12200
1.26 01
20101
28301
26701

9.66 00
14401
170
1.8601
22001
23701
3o
26601
24501
23201
2200
1750
15101
140
1.6801
1.8301

33001
330
27180
27401
2%0
24301
20201
18001
1230
18301

3.5401
35501
32101
22901
30
330
29901
276 0)
2201
201 01

3.6501

36801

6201
3no
3501
3.650)
s601
35700
27501
29501

346801
33801
38301
40501
43701
415601
4.06 01
40301
38701
3.56Q1

36501
3800
39301
42101
4620
4.530)
44401
4.5401
43801
43001

34A9Q1
37601
39701
43201
48001
438201
4.8901
43901
4.6401
48301

31701
6501
39501
43601
49101
45901
51501
52401
51701
50301

i



Tahle 218 Values for componens f; of the ctomic scatteving fecior, for selected values of atomic number Z at energies berwrrn 1
10keV,

and

o

2008 30

iad

Energy (eV)
80 6600

7000

basiad

Z
3
6
9

306 00
6.34 00
87500

14108
Lma
206 0
22301

2.10 01

1.0001
23301
18601
32301
33001

30200 30100
61700 61000
93800 92800
12101 1.240)
12101 | 14901
L6901 15201
20501 19901
24001 23501
27101 27001
29701 30201
ot 33201
29201 35801
24801 | 3101
03610

301 00
6.0600
9.2100
12401
15404
17501

201
16601
29901
ann
36401
3o
4.130)

3.0000
6.05 00
9.16 00
1230
15401
L8201
196 01

29601
33001
3.6301
%401
o

3.00 00
603 00
9.1200
12301
1540
18401
20801
1.80 01

29301
32100
36108
39301
4.2501

3.00 00
6.03 00
9.10 00
1201
1.5401
1.8401
21201

29061
3250
35901
3920t
4240

30000
6.02 00
9.08 00
20
15301
L8301
2140
23901
24501

3.2201
35701
3.9001
42301

30000
6.0200
9.07 00
20
15301
18401
210
2008
26201

31908
3550t
38801
42100

3.0000
6.01 00
9.06 00
12100
15301
1.8401
2150
89m
2630
27501

3150t
ls2at
38601
4200

©
e
&



33708
w020
3870¢
30
3850t
1120

4950}
51501
52401
s
30301

35001
43301
47001
49301
STt
533101

41401
5301
60101
(3010
67701

24453
41901
4.60 01
49401
52601
56201
60408
62501
63901
6.58 01
65601
643 01
6.5 01
391 0}
1310
62901

40801
4301
FACIUN
55801
6.0301
63201
65901
69001
71701
73701
74501
14408
139501
69301

44861
46301
4.69 0}

7230

7.58 01
78301
8.0301
81401
81301

4.3301
8101
5020

22801
26101
15201
82001
84401
86301

45501
4B850)
o

72300
159 01
79301
32401
L1108
8.30 0}

455at
43601
s6a

74501
1.5301
789 m
82301
85501
88501

45401
43601
51701

70301
74601
50
82001
35301
ag70t

45303
48501
EANL

6.7901
73401
77601
£1401
2.50D}
8.8501 -

34



Table 2-11. Valug for component f of the atomic scallering factar, for selected walues of atomic number Z a1 encrgics between 100 g
and 1000 411

Esergy (eV) . .
100 Psd » B id 508 o ™ L] " 1008

z
32400 801 39901 24201 15001 10700 7.5802 S.8902 45802 37402
6 66601 29501 ) 418300 28200 19700 15200 11600 9.4001 7.6101 64201
9 39500 17100 96201 64601 44801 34401 | 40900 35700 25800 25900
75400 56900 35000 24500 16800 12700 95801 77701 62901 53301
75101 | L0201 77000 53800 43000 33700 25900 20300 17300 14800
18200 15400 | L1701 10901 84400 63400 54400 45500 37500 32200

12

13

18

21 28800 26700 20600 16600 | 13601 11301 77300 AS000 56400
24 56600 44600 33700 27100 12400 10601 92700
P
30
33

00 73500 56000 4.3700 1.6301
12205 12201 94100 73500 56300 45800 37400 32400 27300 24400 m
79200 14901 13001 10801 85800 71300 38600 50500 43200 38000

36 18300 15901 17801 16101 12901 1.0901 B9800 77500 66500 58700

39 27500 | %1200 18701 20901 17401 14801 (2401 10801 93500 82300

42 20100 24500 | 14201 18001 19401 18301 16301 14801 12901 11501



L3200
116G
21801
3850
9.53 00
49200
6.27 00
12601
1L16%
89300
71600
89300
112m
24801
34300
71901

32700
3.5700
41200
290 00
23500
68600
16701
1901
18101
1.81 0t
216601
14301
9.40 00
61100
21000
6.82 00

31600
43000
53900
6.38 00
6.69 00
8.28 00
i2401
19501
1390t
21301
2339
nu
22101
581 01
9.00 G0
L1701

13501
17901
19301
21501
24501
27808
28701
27801
23901
19301

12701
16301
20301
22801
25701
b
3090
ision
32001
29801

1.1801
1.5001
i.88 01
2250
2560)
29301
30301
34401
315401
33801

10801
13501
16901
203010
24101
27501
31901
32601
o
38801

9.06 00
L2m
13901
16801
20001
24301
29001
e
35501
901

83100
10301
12801
15401
13501
22508
no
oo
34601
1ol

v

e



Tale 2-12. Values for component f of the atomic scuttering facicr. for selected waluss of atomic number Z ot enevgies betwen 1
and 10 ke,

Esergy (eV)
5000 600D TDRO  BOGE 5000 10000
o704 64004 44804 12904 25104 19604
26902 18207 13102 9.7203 74703 58903
14501 10101 T3H01 55102 43502 34802
49501 32101 23801 18301 14501 LiBO1
10500 75501 56701 44101 35301 26801
2PW 15200 11600 94101 73501 60501
26400 2050C 16300 13200 LBV
38300 30500 14600 20200 16900
33900 30000 25400
36500

K

13



1.53 01
20101
24901
29101
28201
3.0501

18501
22501
27201
30701
34601
33701

5.9900
8.09 00
1.0101
13301
1.68 01
2.0001
19901
26801
32601
33001

38201

1.0801

13001

15301
18301
21201

31700
4.09 00
5.59 00
1.57 00
9.84 00
IREL )
L1301
1.60 01
21501
24001
28001
29801

18701
22101

L0101
12001
L4001
1.6001
L9001
21701

79700
94700
1.11 01
12601
1.50 01
L7201

6.45 00
769 00
89700
Lo3 ol
L2201
1.40 01

53700
6.39 00
7.46 00
8.5700
10200
1.16 01

45400 W

5.4100
6.3200
7.2700
B.6300
9.87 00
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2.8 TRANSMISSION BANDS
OF SELECTED FILTERS
Burton L. Henke

Figures 2-7 and 2-8 show transmission bands for selected pmc-
tical filter materials between 50 ¢¥ and 10 keV. The filter
matcrials and absorption edges are given in Table 2-13, wong
with the mass thickness s required 10 give about o 60% max-
imum tansmission, This value of 21 is eguul o 1/(2p), where
 is the mess sbsomtion cocfficient in om™/ug. These figures
illusurats only the principal Lransmission band for each filter,
A typicai transmission curve for a wider spectral region is
shown io Fig. 2-9, sad detailed trantmission cucves for all the
filter materials considered here can be found in B. [ Henke
and P, A. Jaanimagi, "A Two-Channel, Elliptical Analyzer

for Absolute, Ti ing/Time-Jategrati
Spectromelsy of Pulsed X-Ray Sources in the 100-10,000 eV
Region,” Rev. Sci. Instrum. %6, 1537 (1985).
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TaMe 2-13. Absorpiion edges and mast thicknevies for the Alters witk
transmission charscterintes tiiustrared (n Fig - 2.7 and 2-8.

au

No. Fliter Edge(eV)  (u/emd)
1 Beryllium (Be) BeK (1) 81
2 Boron nitride (BN) B-K (186) 1]
3 Carbon {C) C-K (284) 226
Polypropylene C-K (284) 256

(CH,=CHCH,),

Formvar (CgH,05) C-K (284) 136
Mylar (CyoHyOy) CXK (289 152
Kimfol (CyH,),03) CK (284) 181
4 Boron nitride (BN) N-K (400) 66
5 Aluminum oxide (ALO3) O-K {532) 126
Silicon dioxide (Si0;) O-K (532) 116
Polyformaldchyde (CH,0),  O-K (532) 92
6  Iron (Fc) Fe-L; (707) M
7 Nickel (Ni) Ni-L, (854) 9
8 Copper {Cu) Cu-L; (933) 318
9 Magacsium (M) Mg-K (1303) 1139
10 Aluminum (A1) AlK (1560) 1427
11 Silicon (Si) Si-K (1840) 1680
12 Samn (CHy=CCly, 1K (2820) 3151
13 Silver (Ag) Ag-Ly (3351) 1296
14 Tin(Sn) SneLy (3929) 1669
i Tiwnium (Ti) Ti-K (4964) 6010
16 Chromtium (Cr) CrK (3989) 7924
17 lron (Fe} Fe-K (7111) 9804
18 Nickel (Ni) Ni-K (8331} 11820
19 Copper (Cu) Cu-K (8980) 13699
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8
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Energy {eV)
Fig 2-7.  Transmission dangs of selected filters (sev taffe} betwren 50 eV and ! keV,

TNLp
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Fig. 28, Transmission bands of selected fillers (see table) betwren 500 e¥ 2nd 10 keV.
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Flg. 28, Tranrmission characieristics for boron nitride between 30 ¢V and J keV.

Lig4



SECTION 3
SCATTERING PROCESSES

3.1 SCATTERING OF X-RAYS FROM
ELECTRONS AND ATCMS
Jangs Rirz
A. COHERENT, RAYLEIGH, OR
ELASTIC SCATTERING
Scatlering from single electrons (Thomson scatiering) has &
total cross section
o = Brr /1 = 6652 % 10" m? , a
where r, is the classical radjus of the electron, e3/mc? =
2818 x 10~ "> meter. The anguiar distribution for unpolar-
ized incident radiatlon is proportional 1o (1 + cos® 8), where 8
is the scattering angle. For polarized incident radiation, the
crost section venishes 41 50° in the plane of polarization.
Scatiering from atoms involves the coaperative effev: of iif
the zlectrony, and the cross section becores

op =22 [lir@ r ot Bidensy, @

where £(8) is the (complex) atomic scattering factor, abulated
in Section 2.7 of this booklel, Up to aboul 2 keV, the scatier-
ing factor is approximately independent of scatfering angle,
with a 7ea} part that represents the effective number of elec-
unnx that participate in the scaitering. At higher cnergics, the
tcatlering factor falls off rapidly with seattering angle. For
deaifs see Ref. 1.
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B, COMPTON SCATTERING

In reladvistic quantum mechanics, the scattering of x-rays by &
free electron is given by the Klein-Nishinu formuls. i we
assume unpolstized x-rays and unsligned electrons, this for-
r,n;ch can be'spproximated as foliows for x-ray energies below
keV;

21 + cos?
rE{1 + cost 6)
doyy/dgt = —~

1+ k(1 - cos ) @

where k = E/mc?, the photon encrgy measured in units of
the clectron rest energy. The tata! cross section is approxi-
mately s
on 5 et Lt 2k 3 12T @
NI TR @

Note that for very low encrgics (k — 0), we recover the Tham-
son crass section. The real difference coines when we deal
with atoms, In that case, if the scattering feavey the atom in
1he ground staté, we deal with coherent scuttering {see above),
whereas if the clectron it ejected from the atom, the scatiering
is (incoherem] Compton scattering. At high energies, (he total
‘Compton cross section approachies Zoyy, At low encrgics
and smal} sckitering angles, however, binding effects are veey
imporuny, the Compron cross setiion is significantly reduced,
and coherent scattering dominates {sce Figs. 31 and 3-2). For
desails sce Refs. | and 2.

The scatiered x-ray suffers an energy Joss, which {ignoring
binding effects) is given by

EYE = {1 + k1 ~ cos )] [}
OF, in terms of the wavelengih shif),
N—A=A Al -cost), ©

where b, = h/mc = 2426 x 107'2 pieter, The kineric
energy of the recoil clectron is just the energy lost by the pho-
1on in this approximation:

k(t - cos &)

[+ k({l ~cos @) ™

E,~E
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a

Y1at, axpenmant

3
R

Cross seclon (bams/atom)

100

w0 g

Photon ensrgy (V)

Flg. 3. Total photon cross section ., in carbon. as a function of
eneney, showing ihe caniriburions of difeven processes: 7,
atomic photo-effect (electron ejection, photon nbmrpmn).

Ocoar CONErent scatiering (Rayleigh scattering—aiom neither
ionized mor excited): O;neny, Incoherent scattering (Compton
scattering off an electron); a,, poir production, Auclesr fimd:

&g, pair production, electron field; o, Or Pholaniciear absorp-
tion (nuctear absorpilon, ussally followed by emistion of a
newiron or other particle). (From Ref. 3 figure courtesy of
J. H. Hubbal,
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. H. Hubbell)

2. R. D. Evany, The Atoniic Nucleus (Krieger, Malabar, FL,
1982); R. D, Evans, "‘The Complon Effect,” in S. Flugge,
Ed., Handbuch dev Physik, vol. 34 (Springer-Verlag, Ber.
lin, 1958), p. 218; W. J, Veigele, P. T. Tracy, snd E. M.
Henry, “Compton Effect and Electron Binding,” Am. J.
Phys. 34, 1116 {1966),

3, L. H. Hubbell, H. A, Gimm, 1. @verbg, “Pair, Triplet, and
Fotal Atomic Cross Sections (and Mass Attenuation Cocf:
Ficients) for | MeV-100 GeV Fhotons in Elements Z = |
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3.2 LOW-ENERQY ELECTRON
RANGES IN MATTER
Plero Fianetia

The eleciron range is & measure of the straight-line penctretion
distance of electrons in 4 solid {1}, Electrons with energies in
the kilo-eleciron volt cange, irmveling in & solid, are seatiered
inclastically in collisions with the electrons in the mawrial.

For law-2 materials, such us organic insulators, scatéering from
the valence ¢lectrons ik the major loss mechanivm for incident
electron encrpics from 10 ¢V 10 J0 kaV. The core levels con-
tribute less than 10% to the clectron’s encrgy dissipation for
energies between | keV and 10 keV (2],

For electron encrgies below S ke'V, the usual Bethe-Bloch
formalism is inadequate for ealculating the eloctron energy {oss
nd an approach using the dicleciric response of the
used (3], The complex dislectric function e(kw)
describes the response of 2 medium 10 & given cnergy transfer
A snd momentum tnsfer Ak, The diefectric function con-
ains contributions from bath valence and core efectrons,
References 4 and 3 describe the sieps for calculating ek.w) for
insulators and metals, respectively, For an efectron of cnergy
£, the probahility af wn energy loas « DT unit distance is given
by |2

! + ok =1
ey = =L Hoymf = |, )
7IERSD xapk -[:. k lm[l(ll’.w)] o

where Mk, = V2 (VE & VE-Ralund gy ~ A3fme?,
“The quantity 7 (E,Hw) is also known ax the differential inverse
meah froe path, beesuse by integrating It over al) allowed
encrgy transfers, Uw inelastic mean (ree pah it abuined.
Furthermore, an inicgration of Awr(E,Aw) aver al} allowed
eneryy transfers gives the ensrgy Joss per unit path length, of
stopping power S{E}. The sopping power can twen be uwd 10
calculate the distince it taked 10 slow An eleciron down to &
given encrgy, This distance is called 1he continuous i
down appraximation rnge, or CSDA range, bicausc the talcs-
{ation aseumes that (he ciectron slows down vontinuounly from
the initial cnergy £ 10 the final epergy, Which is usually isken
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tobe 10V [2]. The CSDA range R(E) is given by

£ _dE’
RyE) = [ o @

The calcufations for Inclastic mean free path end stopping
power have been carried out down ta 10 cV for a number of
materials, mcludlnl 0. [J] polystyrene [2]; polyethylene
|6] ; collodion {7); and silicon, aluminum, nickel, copper, and

i [S). The DA ranges from 15 eV 10 6 keV were then
calculated for polysiyrens, silicon, and gold by integrating Eq.
{2) and are shown in Fig. 3-3. These curves can be used with
confidenee down ta 100 V. However, compsrisons of dif-
ferent avaitable calculations with the meager experimental data
below 100 eV indicate 1hat errors as large as 100% may occur

0t

" L

2

T
al

CSDA range (R)

102

101 LSt

10! 102 109 104
Elgctron energy (oV)

Fig. 33 Plot of the CSDA range. as @ finction of energ, for gold and
aitcon [} wfw polystyrene, (CeHy)y, with a dewity of
£ maanured eiectron range in collodton

with ahnulyq‘l &/em? is also plotted [ 7).
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at 10eV, An caample of this is shown in the figure, where
experimental range dnta for collodion are given. It is clear that
the agreement belween the colladion and polystyrene data
staris to become reasonable above 100 ¢V. The differences
belaw 100 eV could equally well be due 1a problems with the
theory or ta the increased difficulty of the measurement.
Stopping-power calculations for PMMA have been caried out
only from 100 eV, 50 that the CSDA range as defined above
could not be caleulated [4]. However, data on effective etec-
tron ranges of photoelectrons in PMMA at several energics can
be found in Rel. 8.
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SECTION 4
X-RAY SOURCES

4.1 CHARACTERISTICS
OF SYNCHROTRON RADIATION
Kwang-Je Kim

Synchratron radiation occurs when a charge moving at rela-
tivistic speeds lollows a curved waicctory. [n this section, for-
mulas and supporting graphs are used 10 quantitatively
describe characieristics of this radiation for the cases of cirru-
lar motion (bending magnets) and sinusoidal motion {periodic
magnelic structures).

We will firat discuss the ideal case, where the effects due to
the angular divergence and the finite size of the electron
beam—the emittance effects-—can be neglected.

A, BENDING MAGNETS

The angular distribution of radiation emitted by electrons
maving through a banding magnet with a circular trajectory in
the horizontal plane is given by
2 7ptw)
B 3a 2 Aw f 7, x2?
—E 2a 28w 2 X
Pyl el S
x?
1+x2

x [x,’,,(a + Kf/;(t)]‘ [
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where

9y = photan flux (number of photons per seeand)

8 = observation angle in the horizontal plane

¢ =« observation angle in the vertical plane

a = fine-structure wnsmm

¥ =~ electron encrgy/m 2 (m, = electron mass,
¢ = velocity of light}

w = angular frequency of photon (€ = Aw = encrgy
of photon)

f  « beanm current

e~ clectron charge = 1.602 x 107" coutomb

P~ wlw, = efe,

W =~ rmxral frv.-quenq, defined as the
frequency that divides the emitted pawer
into equal halves, = 3v7c {2z

e =~ radius of insiantancous curvature of the
electron wajectory [in practical units,
o(m) = 3.3 E(GeVI/B(T)]

& =~ eleciran beam cnergy

B =~ magnetic field sumglh

¢ = ho, lin practical

& (keV) ~ D665 52 (GeV) Bm)
X -
£ XY

The subscripied Xs are modified Bessel functions of the
second kind. In the horizontal direction (¥ = 0), Eq. (1)
becomes

2
%,% " A Lag, o)
where
i) =y 0/ (&)
In practical units [photons+ s~ - r™2(0,1% bandwidih)~ 1),
a3z
ey fymo

The function §f (v} it shown in Fig 4-1.
The dinn'bul?}on integrated aver  is given by

= 1327 x 108 EYGeV (1A VM 1) .


http://ofligl.it
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01

Gyly) and Haly)

0.001 . A
0.001 001 0.1
¥y = 8/

Fig. ¢1. The functions G\ () and Hy (). where 3 is the ratio of pho-
ton entergy (o critical photon energy.

e Palalen, @
where
1} - - e .
Gio =y [ K0y’ *
In practical units [photons -5~ - mr - (0.1% bandwidth) 1],
4%,
—3 = 2457 x 107 B[Gev)riale ) -

The function G (y) is also platied in Fig 4-1.

Radiation from a beading magnet is linzarly polarized
when observed in the bending plane. Out of this planc, the
polarization is elliptical and can be decomposed into its hor-
izonta) and vertica) componcnts. The first and secand terms
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in the et bowcket of €4, (15 comespond, teopectively, t the
{ntensity of the horizontally and vertically polarized radistion.
Figure 4-2 gives the notmalized intensities of these two com-
ponents, a5 functiont of emission angle, for diffesent energics.
‘The squase root of ih¢ ratio of these intensities is the matio of
the mnjor and mibor axes of the polarization ellipse. The
sense of 1he clectric figld rowtion reverses wa the vertical abser-
vation angle changes from positive to negative,

Synchrotron radiation occurs in a narrow cone of nominal
angular width ~1/y. To provide 8 more spesific meature of
this angular widih, in terms of glectron and photon energies, it
is convenient to introduce the clfective fms half-angle o A
Tol]om.

&£

ds T 0-\/iu'rfrw. 6
where o v is given by
CO){mr
€02 = 0BGy - o

The function C{y}is plotted in Fig4-. o termsof o,
EQ. {2) may now be rewriticn as

T T T
— horizontal
==a verlical

e =00

N (%)

Fig 42, Normalized intensities of horizontal and vertical polarization
romponenis, a3 functions of tke vertical observalion angle ¥ .
Jor diierent photon energies. {Adapied from Ref. 1)
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= C{1)~ 08
51 ~y0354 oy - 032/
1t 4
—0549 7
~y05%9
01 L L S
0.001 001 01 1 1

¥~ ieg

Flg. 43, The function C(y). The limiting slopes, for tje, << ) and
/e, >> ), are indicated.

a2y
7009 |ymo
B. PERIODIC MAGNETIC STRUCTURES

1n a wiggler or an undulator, clectrons travel through &
periodic magnetic structure. We consider the case where the
magnetic field B varies sinusoidally and is in the vertical
direction:

Biz) = Bycos2xz/A,), @

where 2 is the distance along the wiggler axis, By the peak
tmagnetic field, and A, the magnet period. Electron motion is
also sinusoidal and lies in the horizontal plane. An important
parameter characterizing the clectron motion is the deflection
parameter K given by

K = eBoh, f2mmc = 0934 A, [em|8q|T| . ©
1n terms of X, the maximum angular deflection of the orbit is

{2a)
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&= X/y. For X = 1, mdiation from thie various periods can
exhibil strony interference phenomena, because the angular
excursions ol the electrons are within the nominal 1/y rdia-
tion cone; in this case, the struclure is referred to as an undula-
tor. In the case K >3 1, interference cffects are less impor-
tant, and the structure is referred to as a wiggler.

B.) Wiggler radlation

In a wiggler, X is large (typically =10} and radiation from dif
ferent parts of the electron trajectory adds incoherently, The
flux distribution is then given by 2N (where N iy the number
of magnet peciods) times the appropriate farmula for bending
magnets, either Eq. (1) or Eq. {2). However, p or & must be
taken at the point of the clectron’s trujectory tangent to the
direetion of observation. Thus, for a horizontal angle 6,

€ (0) = € may V1 - G107 an
where
£ max = 0665 £2[GeV) Bo[T|.
‘When ¥ = 0, the radiation is lineasly polarized in the hor-

because the elliptical polarization frum one half-period of the
motion combines with the elliptical polarization (of opposite
sense of rowtion) from the next, the polarization remaing
linear.

8.2 Undulator radlation

In an undulator, X is maderate (5 1) and radistion from dif-
ferent periods interferes coherently, thus producing sharp
peaks at harmonics of the fundamental (7 = 1). The
wavelength of 1he fundamental on xis (§ = ¢ = 0) is given
by

2
w= LA, an
Y

or
13.056 A, [em]

1+ K%2).
£2(GeV] ! G

MA] =
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The cortesponding energy, in pragtica) units, is
£34Gev|
{1+ K21, fem]
The relotive bandwidth at the nth harmoni¢ is

€y [keV| = 0950

Aoz de oz Lo
Y ” N tr =123, az)
Dn axis the peak sntensity of the ath karmonic is given by
Jz.v,, N
12,2 Aw Au\ I
— = aN E X 35
Toae aNy W&} {n )
=0 {n=246. ), (13
whare

[+
al « K32y
n? ]}’
[ S AP
axl [4(1 Ky u

Here, the Js are Bessel functions. The function #, (K) is nln:~
ted in Fig 4-4. In practical wpits [phorons - 7 F -
(0.1% Bandwidih) ™ '}, Eq, (13} becomes
47,
dtdy
The anguiar distribution of the nth harmonice is concens
trated in @ pamow cane whase half-widih is given by

\/’_ Aoy as
g

Here £ is the fength nhhe undufator (£, = XA, ). Additionat
singy of radintion of the same frequency also appear at pngular
distances

2=
ﬂll.( —T o 1+ K2 (e~1.2.3,. ). {16y

- kn? {
Fptky = — A
" o+ K2R

R 104 ¥2 EYGeV]ijAJE (K




Fig. 44, The function F,(K) for different values of n, where K ir the
deflection parameter.

The angular structure of undulator radiation is illustrated in
Fig. &5 for the limiling case of 2¢ro beam emiltance,

‘We are usually interested in the centeal cone, An approxi-
male formula for the flux integrated over the central cone is

; Aw J
%, = 7aN T“’ £ 2aK), an

o, in units of photons » ™1 - (0.1% bandwith) ™,
% = 1431 x 104 Ng, IfA) .
The function Q,,(K) = (1 + K%/2)F, /n is plotted in Fig 46,
Equation (13) can also be wrilten a3
42, %
P e (WIa)
déay |o Z:urz,
Away from the axis, there is alsa & change in wavelength: The
factor {1 + K*2/2) in Eq, (1) must be replaced by
[+ K32 + ¥%(8% + yA)]. Because of this wavelength shift
with eminsion angle, the angle-integrated spectrum consiats of
peaks st A, superposed on a continuum, The peak-o-
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1 7900Ens/
119338415 /

,,/
5.9866E 14~

Fig. 45, The anguler distribution of fundamental (n = 1) undularor

radiation fot the limiting case of zevo beam emittance. The
x and y axes comrspond to the obsersation angles 8 and ¥
(in radians), respecierly. and the = axus i the insensity
phwau e~ amp T (01 me)d (1 md».an;
or parameters for ths were
L Il K~28/ A, =3Tcnt and £ - 1.3 Ged'. {Figure
courtery of R Tawchyn Sranford Uninersity)
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K

Flg 44 The function Qy(K) for different values of .

continuum ratio is large for X << {, bui the cominuum
increases with &, as one shifts from undulator 10 wiggler con-
ditiony,

B3 Pewer
The lota! powes radiated by an up Julator ar wiggler is
p- Zge 3 2 -,’l(2 18)
where Zg = 377 Ohml, or, in practical units,
Pr{kW] = 0.633 EYGeV[BZ[T|L[m) 7]A] .
The rngutar distribution of the radisted power is

_ﬁ
u 4 " e G cthird) as

or, in units of W mr 1.
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aip
didy
The benavior of the angular funclion [ {vBird). which is

= 1084 Bg| T)EYGeV [HAING U gtrbrdi .

d0et

Fig 47 Thrangular function [y, for different vabies of the deflection
parameter K, (a) a3 @ function of the veriical pbservalton
angle { when the horironsal osrrvation angle @ = 0 and
(5 ar @ function af 8 whew ¢ = 0.
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nomulized as £y 0,0) = 1, is shownt in Fig. 4.7, The function
G(K), sbown in Fig. 4-8, quickly approaches uzity as X
incrsauey

.
! T T
o8l ]
ust
5 oT ]
o2t 1
e L L L.
(3 g 5

K
Pig. 48, The fincrion G(K )

€. EMITTANCE EFFECTS

Electrons in storage ringa Are distributed in A finite ares of
transverae phase spsce—position x angle, We introduce the
T beam sizes o, (horlzoniad) and o, (vertical), and beam
sivergences o, (horizontal) and o, (vertical). The quantities
45 = 0,0, ANd &y = 0, 0,c are known u the horizontal and
vm‘uufmilunm, vespectively, o general, owing 10 the
finite emitnees of 1eal electron beams, the imentity of the
rediation observed in the forward direction is leas than that
given by Eqn. 422) and (138). Finile emittances can be teken
into account approzimately by replacing these equations by

d_".’!. - .‘1@ —t {20}
d8d¥ | pup LY vt 8

n 1""$ + uy 0}
% % .

dedé o V©Z+ il + a:.)
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for benda and undulators, respectively. For bending magacs,
the electron beam divergence effect i usually negligible in the
horizontal plane,

SPECTRAL BRIGHTNESS AND

TRANSVERSE COHERENCE
Far experiments that require s small angular divergence and a
small irradiated arcs, the relevani figure of merit is the beam
brightness @, which is the photon fiux per unit phase space
volume, often given In units of photons - 8~ 1 - mr*? - mm ™

+ (0.1% bandwidth) ™%, For an unduluior, sn approximate for-

mula for the peak bnlh\nm is

(00 % @2

0! @ orop,opop, |

where, for example,
Oy ™ ‘(0‘ + O
L \/u:, + af,.

and where the single-electron radiation from an axially
extended source of finite wavelengrh is described by

@23

i
- = VAL ,
i
249

AL
Brightness is shown in Fig. 49 for several agurces of synchro-
tron radintion, as well a1 some conventional x-ray sourres.

That portion of the flux that is transversely coherent is

given by

\1
-2 3] - R
s arp— P
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and convemiional X-ray sources. The data for conventional
xoray tubss should be taken a1 rough extimater only, siace
brightness depends strongly on such parameters as operaiing
volrage and take-off angle, The indicared two-orderaf
gt TOREe) 3h the opprteimae variation 1has TR
be expected among siationarpanode tubes flower end of
range), rotazing-anodé tubet fniddle), and rotating-anode
tubes with mrcrofocusing (xpper end of range).




415

A subsuntial fraction of undulator flux is thus transvorsely
coherent for o fow-cmillance beam satisfying €6, < (Mdrpt

E. LONGITUDINAL COHERENCE

Longitudinal coherence is described in terms of a coherence
length

£ = AYan. 26)

For an undulator, the various harmonics have a naturat spec-
tral purity of AA/A = 1/nN |see Eq. (12)]; thus, the coherence
length is given by

AR @n

which 0 the ivisti length af
the undulator. Thus, undulnlor radiation from low-cmittance
clectron beams {¢,¢, < (\/4x)2] is transversely coherent and
is longitudinally coherenl within a distance described by E .
{27). In the case of finite beam emillance or finite angular
acceptance, the longitudinal coherence is reduced because cf
the change in wavelength with emission angle. In this sense,
undulator radiation is partially coherent. Transverse and long-
itudinal coherence can be enhanced when necessary by the use
of spatial and spectral filtering (i.c., by use of apertures and
monochromators, respeciively).
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4.2 X-RAY TUBES

The spectral brightness of conventional x-ray tubes is come
pared t that of 3ources of aynchrotron nudiation in Fig. 49,
Detailed dats oo the emission characteristics of tubes, 1ogeiher
with edditiona! referenoes, can be found in the references listed
betow.
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4.3 PULSED X-RAY SOURCES
Gory L. Stradling and Jokn C. Riordan

Both (ases-generated plasmas and Z-pinch pissmas are com-
monly used pulsed x-ray sources. In doth, x-ray generation is
by radintive recombination and aiomit inner-shell line emise
sion. The relative contributions of these two processcs ata
given x-my energy depends on several physical plasma param-
eter, including the electron density and energy distribution,
the plasma malerial, and the jonizatian states. Bremsstcahlung
madiation is generully negligible, except in the case of plasmas
produced by long-wavelengih lasess. In opticaily thick, high.
atomic-number plasmas, the thermal x-ray emission spectrum
<an be raughly approximated by a black-body specteum, with
some atomic line siruciure superimposed,

A. LASER PLASMA SQOURCES

Laser-generated plasmas are produced by illumingiing mateer
with high-power lasers, focused intensitics (ygwully ranging
from 1012 10 1013 W/cm?, Smalt sysiems in which a few
tenths of 8 joule of 1.06-um light, delivered to an arez of about
10%m? within & few tens of picoseconds, have proved ta be
useful x-ray generatons, as have larger systems that deliver tensy
of kilojoules in less than a nanosecond.

Parametric studics have shown that the x-ray emission cffi-
ciency, spectral shape, and cmission pulse width depend on the
iumination condilions, as well as the imadiated material {1}.
Shorter modernie iation infensi-
ties (~10"* W/em?), and high-atomic-number playmus appear
10 provide the highest x-ray production efficiency 2], Figure
430 shows some experimenta) and theoretical resuits.

The x-ray emitsion pulse shape depends on both the pho-
100 energy of the emitted radintion and the plasma uomic
number. Higher photon energies (=1 keV) and higher atomic
numbers yield puise shapes that conform closely o that of the
taser. Lower photon energies (<1 keV) and iow slomic
sumbers 1end 10 show puites wider than the laser pulse. This
obacrvation can ciearly be underviood as ibe efiect of a cooling
plaams emitting at progressively kower lemperatures. An




Q21 g 106 um

a--053
' a——035
1 L 1 1
101 10" 10'5 10'8

Laser intensity (W/cmé)

Fig. +10. Meawured and theoretical x-ray conversion effieiencies as
functions of incident intensitles, for three laser wavelengths.
The curves represent the results of computer simulations.
{From Ref. 2}

example of 1his 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 charae-
teristics of the plasma by invoking the Stefan-Bolizmann rcla-
tionship. In units common to laser applications,

Frag = 103 % 10° [Wriem? - evh| - k),

where kT is the black-body tempersture in ¢V. Thus, a btack
body would radiatc a3 shown in Table 4-1.

Knowledge of the laser intensity and the x-ray conversion
cfficiency can then be used to obtain an estimate of the region
of temperiure space the plasma is likely to occupy, assuming
that the plasma comresponds to an optically thick black-body
emilter.

B. Z-PINCH SOURCES

In » Z-pinch device, Lhe “pinch plasma™ is produced by mag-
retically imploding @ cylindrical gas column that fills an elec-
trode gap. The clectrodes are connected to 4 fast capacitor
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Relatve x-ray ntensily
a
R

Phoy
anellsg eV)

7000 1600 % 10 2500 3000
Time {ps)

Fg.4q2, smum»umydc Mdmmﬂd&yt 2358, 31
2.06-¢m laser pulse incident o9 8 goid sigh, The incldens
mhylwm! 2 101 W fem<, The ducreasing pulse

wideh with INCreQsing photon energy 13 apperent. Detg were
faken wuhamuruymnkmm in combination wich 2

H layered synt
with 10¢Y channel width. Relacive incenaities of the five
recorded enevgy bands werr not colibvaied. (From RY. 3)
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Table &1, Raduated itensities for veveral black-body temperatures,

AT (V) Irgq (Wrem?)

50 6.4 104
100 tx 1043
150 32x 101

200 1.6 % 1014

bank. which ionizes (he gas in seveml nanoseconds to form a
low-tempetature plasma sheath. The plasma conducts a large
electric current, whose azimuthal magnetic ficld radially
compresses the plasma to create a hot, dense plasma that is an
cmitier af intense x-rays,

Duting the implosion, the plasmn acquires kinetic energy
which is thermalized as the plasma stagnates on axis. This
hermal cnergy is then radiated away in a submicrosccond
pulse by bound-bound and frec-bound transitions from a wide
range of ionization states in the plasma. The resulting spec-
trum is & quasi-continuum of merged lincs and recombination
continua, which typically peaks at 100-200 ¢¥ and eatends
beyond 600 eV.

For most applications requiring a small saurce spot size,
the source is viewed along the plasma axis through a hole in
he anode.  Hot pas debris and energetic elecirons are also
emiticd through the hole and can damage specimens, filtees, or
windows placed t00 clox to the source, Nonetheless, success.
ful cxposu: =s of low-sensitivity photo resists have been made
as close gt {5 cm lo the source, using a baflle array and per-
manent i sels lo divert the debris and electrans, At the
other ex" e, sensilive materials, such as sofl x-ray photo-
~mp} 1, can be exposed tens of meters away in a single

nitrogen, oxygen, ncon, argon, and keypton have
. + 10 optumize the emission of Z-pinch plasmas in dif-
“ctral anges. The radiation spectrum and intensity
. .28 rorgly on the working gas, whereas source spot size,
.ise width, and jitter do not. Because the soft x-ray yield has
« strong inverse dependence on pholon energy, the most
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imense so x-radiation (kv & 1 keV)is achieved with 4 acon
plasma [4) The XUV yicld (h» < | keV), on the olher band,
generally increases with atemic number because of the greater
number of electrons in the radiating shell 4],

The waf x-ray spectrum emitied bya neon plasma consista
of K-shell lines and recombination continua from both helium-
like and hydrogenlike specics {4) (sce Fig. 4-12). The XUV
spectrum emitted by an argon plasma b & quasicontinuum of
mensed Leshell fines knd recombination continua from
number of pattially ionkeed argon species {5] {see Jig. 413).
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SECTION 5
orTics

5.1 CRYSTAL AND MULTILAYER
DISPERSIVE ELEMENTS
James N. Underwood

Shan-wavelength clectromagnetic radiation {x-7vs and
extreme ultrmviolet fight) is commonly analyzea f,y use of
periodic structures, which aplit ihe incident beam into n large
number & of scparste beams. Beiween any beam £ and the
beam i + |, the optical path difference is consian. Afler feav-
ing the periodic atructure, the beams are recombined and
cauKd 1o interfere, whereupon the spectrum of the incident
adiation is produced. Dispersion of cadiution by & periodic
atructure ie thus formally equivalent to multiple-beam inter-
ferometry.

Structures that are perindic scross their surface and that
produoe the N interfering beams by division of the incident
wihve front are catied pratings and are (reated in Section 5.3,
Here, we consider crysials and muliilayer struciures, which
produce the N interfering beams by division of the incident
amglitude,

The spectrum of ihe incident radiztiun is dispersed in angle
according (o the Bragg equation:

nh = 2d sin @

where 1 is an integer representing the order of the reflection, A
is the wavelength of Ihe incldent radiation, 4 is the repess
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period of the muttifayer ar crystd siructure, and & is the angle
ol glancing incidence {the complemens of 1he conventional
opiica) anglc of incldence).

Multitayer structures faf info four scparate categories:
nawurally occursing Crysials (i.e., minerals), anificially grown
crystals, Langmuir-Blodgett multilayer films, and sputtered or
cvaponsted multitayers.

A, CRYSTALS AND LANGMUIR-SLODGETT FILMS

For a cryst), 4 s 1he Janice spacing, the perpeadicular dis-
tance between the succes:ive planed of stoms coniributing to
the reflection. These planes are designated by their Miller
indices {{hk/) or, in 1he case of crysiah belonging to the hexsg-
onat graup, (Aki).

Cangmuir-8 At multilayee Gl are rsde from e
heavy-meul {lead, barium, cic.) salts of the aliphatic
carbaxylle (“fatty™) acids C,, H; 401 These films are faid
down on & subsirate in wuoctmive monolayers, with the metal
a1om3 an one side of the monolayer and the fauty acid chain
on the other. The filmd are first 1akd on the surface of water as
a condensed monolayer under a conaant surface pressure, then
transferred to she subsirase in » dipping procsss, which buikis
up the multilayer structure Jayer by lnyer. The orientstiot of
the molocules alicenuicn with each wuccesive monolayer, 10
that d, the repeat period of the structure, is twice 1he Jength of
the fatly acid chain, Multilayecy of this kind can be buily with
the salts of lauric (dodecanoic) acid (2 carbon atoms,
2d = 70 A through melisic (iriaconancic) acid {30 carbon
atorms, 24 = 160 A). In genera), salta of the haturally oocure
ring keids {thosc with an even number of carbon atoms) can be
Tayered in this way, whereas those that mus be made synthetis
cally cannot.

For 2d values greater than about 25 A, the choice of
natural crystals s very limited, and thowe availsble (such as
prochlorise) are likely to be small andd of poor quadity. Uslng
vacoum depasition lechiniques, it is now possidie 10 make
ariiflcial layered structuses with perioda (d) of 1S & and
sreater, Thest sputiered or evaposaind mullilayers, discusied
beluw, can be uaed a5 dispersing elementt in the gap between
the hydrogen (or “acid”} phibalates, such a8 KAP
AL = 26 A), und lend une (24 = 70 A), Togeiher with 1he
Langmuir-Blodget! pructures, these devices form & bridge
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bewween the tegion where crystals are useful and the UV region
of conventiona) mullilayer techanlogy.

Tabie -1, which begins on p. 5-7, is an expansion and revi-
ston of the anc compiled by £ P, Benin {1, The crystals and
multilayers ate arranged in order of increasing 2d spacing.

Column 1 js the serial number of the crysia) or multilayer
in the wble,

Cotumn 2 glves comman snd chemical names and com-
mioniy used ieer symbals, if any, Only the lead salty are
Yisted for the Langmuir-Blodgett multilayers. The barum or
other divaleny mela) it vaually has # similar 24 spacing 10
the lead salt, but a lower diffracted intensity.

Column 3 gives the Mitler indices {(hk(), or (kkif) for hea-
sgonal crysials)} of the Aillracting planes parallel to the susface
of the dispersive element. A question mark (2) indicates the!
the crysial is developmental gnd thag the indices fave nof deen
wscertgined, An asterisk folfowing the indices indicates that,
when teference is made 1o this crystal in sae literature without
specification of (ki) or 2d, it is likely 10 be Diis “cur™ that is
meant. LBF dptlex a Langmuir-Blodgett Mm,

Column 4 glves the value of 24 in anguisoms. The vatue of
24 alsa represents the fongest wavelengih that the siructue
can diffract,

Column $ gives the chemical formula for the crystal sub-
stance. For arganic compaunds, the formula is given in g
form that indicates the molecular structure,

Column 6 gives the wavelength region Lying in the 28 inter-
val bewween 10°and 140° The spalyzer should be used ous-
wide these limite in special cases anly.

Column 7 gives remarks on the principal applications of
the analyzer and ils limitations. Relative intensities are indic
cated where kaown oF Bppropriale.

8. SPUTTERED OR EVAPORATED MULTILAYER
MIRRORS AND DISPERSIVE ELEMENTS

Multilayer x-ruy reflectons can Aiso be mude by vacuum depo-
wition, These structures are made up of ultrsthin layers of two
diffevent maeriah, usually elemental, which are laid down on
1he subsirste Ly aliematcly caposing it 10 sources (cither
sputtering ot evaporation sources) of cwo different vapors, By
careful control of deporition conditions, layers 31 thinas 7.5 A
can be laid down.
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Normally 8 sputtered or evaporsied muitilayer reflecior is
atade up of layers of & material 4 with thickness 4 and hav-
high vajue of ¢ (the refmctive index decrement, sce Sec,
.7) alietaating with “spacet” layers of a materinl B with
thicknens 2 and having &1 1ow a value of 3 as possibie in the
wavelength region of interest. For cxsmple, the use of
lungaten (ar w similar refractory heavy metal, such as molybde.
pum or tungstenahenium alloy), with carbon as 1he spacer, has
been found to be effective aver & wide range of the x-ray and
soft K-y spectrum,

When the 1ayern are slrictly periodic in depih, as described
above, the relation beiween the reflecied wavelength ¥nd the
glancing angle 8 is again glven by the Bragg relation, where o
is now the period £, + 1. Tt should be noted that in the soft
-y region, whese vdhuofbwil and J (the absorption
index, see Sec, 2.7) may be relatively high, the Bragg equation
should be corrected for the effects of refraction and absorption.
This is best accomplished uslng » program designed \o
compute the refiectivity nl‘mumhy:m ARy program
designed for carrying out auch cakculations ﬁx vinhle-lldn
interference contings will work for the x-ray and extreme UV
case without modification, Such programs are also requited 10
calculale the reflectivity of Bructuret that are no? periodic in
depth, but rather graded In some may 10 widen the bandpass,
increase reftectivity for a fixed number of layen, ¢&.

Since the number of postible materisl combinations Is
quite jerge, bma Umised mainly by considlerntions of miaterial
compatibility and “depasitability, valy some examples of the
pesformance of these multilayers can be given here. In Fig. 3
1, we present the calkculadnd sormal-incidence peak reBectivity
of idealized mitktilayec coatings of metorial combinations hav.
ing the optimum optical consanis. The number of fayey paint
required to schievs this reflectivity is alsa plotied on the tame
wak, 1n Fig. 5-2, the Brogg reflaction characteriatics of sput-
tered

i;;’u&zudfordﬂlih ' bow they were cakulaied, s
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Table 51 Selected dasa for erystals and Langmuir-Blodgett multilayer films wed as dispersive elements in ey spectrameters and
mnanochromators.
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5.2 SPECULAR REFLECTIVITIES FOR
GRAZING-INCIDENCE MIRRORS
Burton L. Henke

Figures 5-3 through 5-10 give reflectivities for eight grazing-
in¢idence x-ray mirrors, caleulated from e scaticring factors
1abulated in Seciion 2.7. The caleulations, which ase summa.
rized in B. L. hienke, P. Lee, T. J. Tanaka, R. L. Shimabakuro,
and B. K. Fujikawa, “Low-Encrgy X-Ray luleraciion Coeffi-
cienls: Photoabsorption, Scatiering, and Reflection,” Ar. Dara
Nucl. Data Tables 27, 1 {1982), assume unpolarized incident
radiation and perfectly smooth mirror surfaces.

The caluyations are elsa based on the assumption that, in
the low-cnergy x.ray region, the atoms within a condensed sys-
1em act independently as scattering dipoles. The total atomic
dipolc moment per unil electric field amplitude is thus propor-
tional to the average atomic scaltcring factor for the medium.
Results for grazing angles from 10 1o 765 mr at energies
between 100 and {740 3V are given in the reference cited
above.,
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53 GRATINGS AND MONOCHROMATORS
AMalcolm R. Howells
A. DIFFRACTION PROPERTIES

A.1 Notation and sign convention
1f we 2dopt the notation of Fig. 5-11, & and 8 have opposite
signs if they are on opposite sides of the normal,

A.2 Graling eyustion
Tne basic grating tquation may be written

mA = disine +sin ) . m

The angles a and § are both arbitrary, so it is possible to
impose various conditions relating them. If this 1s done, then
for each A, there will be a unique o and 8. The following con-
ditions are used:

() Onblaze condition:
at+d=120g, @

wherz @ is the blaze angle (the angle of the sawiooth; see
Table 5-2). The grating equation is thea

m\ = 24 sinflg cos (8 + 0g) . ()

Groove spacing - d

Spectral order = m

m-2

Fig. $11. thairation of notational canventions.
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(i) Fixed in and owt directions:

a-g=2u, (O]
where 27 is the {constani) lucluded angle, The grating equa-
tion is then

mh = 2d cosfaln(@+6) . )

In this case, the wavelengih scan ends when a or § reaches
90°, which occurs at the korizon wavelength Ay, = 24 cos? 6.

(iii) Constant incider.> angle: Equation (1) gives 8 directly.
i) Constant focal distance (of a plane grating):

sl el x ©
v X{ el sce later) , ()
leading 1o & grating equation
» 2
["'T - sinﬂ] = 1-K(1-sin?§) . m

Equations {3), (5), and (7) can readily be inverted to give §
(and thence a) for any M. Examples of the above a-ff relation-
ships are as follows:

(i} Hunter et al. double plane-grating monochromator
(PGM) {1], Kunz et al PGM [2].
(i) Mijake ct al. [3], West et al, [:J}. Howells et al. [5),
Eberh:.cdit et al. (Flipper) {6} PGMs; all grazing-
incidence toroidal-grating monochromators (TGMs)
{7). Seya-Namioka (8,9}, most sberration-reducod
holographic, spherical-grating devioes.
iadly all mono-

(i)
chromator |10).
(iv) Petersen (SX700) {11], Brown el a), (UMO) [12].

B. FOCUSING PROPERTIES

Gratings have complex focusing propertics that vary according
to the substrate shape and the patiem of grooves on the sur-
face, Animportant speciat case is 2 Rowland grating, which is
the intersection of Lhe substrate surface with a sel of parallel
cquispaced planes. The calculation of focusing propestics is
traditionally camied out by the use of analytical formulas for
the oplica! path function F. Such formulas use & power serics
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in the aperture i with each Lerm of the
scrien representing a recognizable yeomeirical optical aberra-
ton, Here, we comides only a toroidal Rowland graling
illumicated by  point source in the syrametsy plane {13; see
Fig 512,
We ihen have

F = Fog+ wFqp 4 wiFgg + £ &gy

+ 3wt g s wirg s @)
Fp=t+r @)
For = -’!'d—)‘ ~tno-sinf  (Gratingequation} (8b)
Fp=ZT Defocus (8¢}
Fp=ZS Astigmatism (8d)
Fp=3% -"";—" T Comi @
Fp=3 !3,3' s Astigmatic coma  (80)
ro-p(tifer- 28] B

A
Sauree panl
inxy plane
Gaussian image
paint (in xy plana)

Fig $-J2. Geometry and noation for a toroidal Rowland grating
Wiuminated by a point source in the symmetry plane.
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‘whero
Tm

§=1_cma
r e

ang the X implics that » sccond expression must be added that
is identical to the first, except for the replacements ¢ — r* and
a-B.

The condition for focus is Faq = 0. This can be achieved
by setting 7 = R cos a and r’ = R cos B, which implics that
A and B are on the Rowland circle wilh diameter R. This is
the normal choice for spectrographs but is not convenient for
constant-devistion monochromators. For TGMs, r and ¢* are
chosen 30 that Fyp = 0 for two wavelengths within the work-
ing region,

‘The importance of the optical path function is that it
enables the Lransverse ray aberrations AyU and Az,/ 10 be cal-
culated for each aberration. These are measured from the
Gaussian (paruxial) image point By(r’, 8, 0) given by the grat-
ing rquation and the focusing condition (F, = 0).

The transverse my aberrations are then givers by

+  dF
r if
B = B ow 9a)
and oF
=il 9
Az = r " (9b)
The final result for the ray posilion is given by
ay = Zay, (10=)
iH
and
8z =Faz, . (10b)
q

C. DISPERSION PROPERTIES

C.1 Angular dispersion
Angular dispersion is given by

A| _deosp
[aﬂ]q N an
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C.2 Reciprocal Linear dispersion
Reciprocal linear dispersion is given by
—3
[ﬂ] domp 0B
aq mr’ [ ]

where ¢ is measured in the symmelry plans perpendicular to
ray. Forthe Rowland circle case, 7’ = R cos §

Magnlfication
Magnification is given by

M) = M r a3
D. RESOLUTION PROPERTIES

The following ure the main contributions to the final resotu-
tion. The actual resolution is the vector sum.

(i) Entrance slis (width S |):

$yd cosa

Mgy = 14)
fii)  Exit slit (width Sy):
Syd cos f

Mgy = o as)

fiii)  Diffraction:

Ahp = MmN, (16)
where N is the number of participating grooves.
(iv)  Aberrations {due to perfect optics):

s ]

ANy = 17]
4 mr’ m Loy o
{v)  System spread function (due to imperfect optics):
vd
AW 110 18

mr’

where w is the width of the system line spread function.
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is, in geoeml,
yeom;kz ['l‘ﬂ bom:r some nmyhﬁ.:uon is possible
on. In Tabls 5-2, we give scalar theory

formulas for the absolute efficiency Ey which shoukd be

i valid If (a) the is i of
polarizaton, (b) groove thadowing is neglipble, and (¢) the
projected groove spaclag satisfies the inequality o cos a > 5h.

In the table, 8 = 2Zrh(cos a + cos S)/A, where & is the

peak-to-valley amplitude of the grating profile and a1 is the
apeciral order defined in Fig. 5-11. The equation & = Q can
be solved 1 find (\/d)peq), 23 & function of &, a, d, and m as
follows:

[ ] Im sina + QAE00C

19
g’d’ m?
Table 52 Scalar theory formulas for grating eficiency.
Siesssitn)
Lamella (bolagraphic) Blasad
Waveform Kquare wave wine wave mwiooth
,
(ETwls) a3 wfimie-d)
Valid for m = 2135, 1t 12,
& a1 peak efficiency (@) mr 368 mx
Poak value of £, /R, (%1 © K o
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5.4 ZONE PLATES
Janas Kirz

Zone plates are circular diffraction gratings. In its simplest
form, & transmission Fresnel zone plate for use with incident
plane waves consists ol alternate transparcnt and opaque fings,
The radii of the zone edges are given by

2=\ + a4, m

where 1 is the zone number (opaque and transparent zones
counted separat~",* i f is the focal length in first order.
‘The zone plate can be used as a thin lens (o focus mono-
chromatic incident radiation, or, due to the inverse relation-
ship between focal length and wavelength, it can be used as a
dispersive element. If used as a lens, the thin.lens formula
applies:

Vs + 108 =1 @

where s and s* are object and image dislances, respectively.
Diffraction-limited resolution of the zone plale is given by

AR 1228y S 1227y /2N )

where 7y is the radius of the zone plate, A is the total number
of 2ones, and dry; is the width of the outermost zone. In
higher orders, the resolution improves in proportion to the
order number.

The efficicncy af the simple zone plate in first order is
idealty x ™%, or about 10%. The remainder of the radiation is
absarbed (50%) or diffracted in other orders—zero order {25%),
negative orders (12.5%), ond higher positive orders (2.5%). I
opaque zones are replaced by ransparent but phase-shifting
20nes, efficicncics can be substantially improved. See, for
cxample, R. Tatchyn, P. L. Csonka, and L Lindau, “Outline of
a Variational Formulation of Zone-Plate Theory,” J. Opt. Sor.
Am. B 1, 806 (1984),




SECTION 6
%-RAY DETECTORS

Alben C. Thompson

A wide variety of x-ray detectors are available, some providing
only measurements of count rate or total flux, othes measur-
ing the energy, posilion, and/or incidence lime of cach x-ray
{1). In Table 6-1, typical values for useful encrgy range,
encrgy resolution, dead time per event, and maximum count
rate capability are given for common x-ray detectors. For spe-
cial applications, these specifications can often be it}
improved.

Table 1. Propertles of common x-ray detectors.

AL Dved Maleen
g IFWHMITE it B jevrm L F'.
Drevctor (keV) A9 V(%) (ma} Y
Gtiger counter 0 nane m 10!
Gas iopization 02-%0 w o wlte
in current mode
G propontional az-30 15 02 .4
Muttiwist proponional  3-50 E [t} 10s00de
chambet wire
Srinlilaton 3-1na0 < azs [
[Naremh]
Semicogductor -6 3 -3 sx g
Jsana]
Semiconductor (Gr)  1-10,000 3 % sx10!

pece-chane 104 phosomey per e,
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New instruments currently being develaped using semican.
ductor lcchnnlngy will have substantially improved count mie
sitio ions, and/or energy
and wiil, therefare, be espeeintly useful with the intense x-ray
sources that are becoming available at syachrotron facititics.

A. GAS IONIZATION DETECTORS

One of the simplest x-ray debeclors is 1be gas jonization
chambes. Such detectors arc commonly used with a low-noise
current amplifier 1 measure x-ray flux rather than to count
individual photons. A common detector gsamctry consists of
a rectangular gas-light container with thin entrance and cxit
windows and a flowing gas supply. Inside the detector arc Iwo
paralicl plates across which a potential is applied to produce
an dlectric field of about 100 V/em. X-rays arc photoeleetri-
cally absorbed to produce fast photoelectrons and either Auger
electrons o fiuorescence photons. The cnergetic electrons pro-
duce additional clectran-ion pairs by inelasiig coltisions, and
the photons either escape o are photeelecirically absorbed.
‘The voljage epplivd across the chamber SWeeps the electrons.
and fons apart, and they ate coliccled at the plates,

‘The avarage energy required to produce an electron-ion
pair in several common gascs is given in Tabls 6-2. The
number of x-rays stopping in the detector can be calculated
from the active volume of the chamber, the gas pressurc, and
the x-ray absarption cross sectians for the gas used. Figure 61
shows, for different gases at normal pressure, the efficiency of
a |5cm-long jon chamber a3 a funcrion of cnergy.

Table 6-2.  Average energy required 1o produce an electron-hole pair in
several gases.

Element  Energy (eV)

Helium 27.8
Neon 274
Argon 244
Kryplon 228

Xenon 20.8



Elticiency (%)

Energy (kev)

Py 61 Efficiency of a 15-¢m-long gas ionization chamber as @ function of energy. for different gases ot mormial pressuse.
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B. GAS PROPORTIONAL COUNTERS

Gas proportional detectors comprise a small-diameter anode
wire in an enclosed cylindrical gas volume. A high voliage is
applitd, so that the field around the wire is Rbove 25 kKV/cm.
These detectors are usually used to count single photon events.

If operuted in un avalanche mode, such detectors are called
Geiger counters and give very large pulses for each stopping
x-ray. In this mode, they are filled with a noblc gas to which a
small amount of halogen is added to quench the gas after each
pulse. A major limilation of this mode of operation is the
large dead time (about 200 us) for each event.

The normal mode of operation of gas proportionat counters
is at & lower voltage, 50 that the detector gain is linear. In this
made, the output is coupled 10 a low-noise preamplificr to give
ussble pulses. The pulse height resolution of the detector
{about 20% at 6 keV) can be used for some energy discrimina-
tion, and the output caunting rate can be s high as 106 counts
per second.

€. MULTIWIRE PROPORTIONAL CHAMBERS
Multiwire proportional chambers are widely used as position-
sensitive detectors of both photons and charged particles
[2»4]. ‘They use & grid of fine wires spaced about 2 mm apart
as the anode plane in a gas proportional chamber. Many dif-
ferent read-out techniques are used fo measure the event posi-
tiont {5.6}: four exaraples are amplifier per wire, analog Charge
division, time digitization using a delay tine, and drift-time
systems, The spatial resolution from the anode plane is usu-
ally the anode wite spacing (typically 1-5 mm). Two-
dimensional read-out can be achieved if the cathode plane is
als0 segmented and read out. A spatial resolution of around
80 ¢m can be achieved for the cathode resd-out plune,

D. SCINTILLATION DETECTORS

Scintillation deleciors use gither a photomultiplier tube or a
phatodiode to detect the optical pholons produced in special
malerials when an x-ray is stopped. The scintiltator material
can be cither organic scintillators, single crystals of thaifium-
activated sodium iodide [commonly referred 10 23 Nllm)] of
single crystals of bismuth germanate (BGO). Since the lipght
output is low (about 200-300 eV is required for each optical
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pholon), the energy resolutlon is low. Organic sintillator
have very poor encrgy resolution, whereas Lhe Nal{T!) and
BGO crystals bave an energy resolution of about 40% at

10 keV. These detectors are ofien used far Mexsuring the stop-
ping time of z-mys, They can have & time tesolution of betier
than 1 ns and a count rale capability up to 10% photans per
second.

Gus scintillation detectors combine the aperation of a pas
ionization chamber and a photon detector to give improved
performance {7]. Eirctrons generated from photon or
<harged-panticle interactions in & gas (usually pure xcnon or
argon with 1% xengn) arc accelerated in & high.figld (~3
kV/cm) region, where they produce UV scintillation light.
‘This light is usually wave-shified and then detecied by a pho-
fomuitiplier. These detectors have 8a ensfgy resolution about
1wo to three times beticr 1han a conventions! proportional
chamber,

E. SEMICONDUCTOR DETECTORS

A semiconductor detector is basically a very largr, reverse
biwsed 5 —i~p ™ diode. When the diode it reverse binsed, an
intrinsic region with an electric field across it is created. When
an incident photon .nterac in this regian, tracks of electron.
fiole pairs are produced. In the presence of the electric field,
these pairs separate and rapidly drift to the detector contacts,
The average energy sequired to gencrate 20 electron-hole pair
8t 7T K is 3.6 eV {or silicon and 2,98 cV for germaniom. To
keep Lhe leakage cyrrent low, the detector must be of very high
purity. To fabricate silicon deiectors, lithium ix generally
drified through the device at elevated tempemiure with a field
on. The lithium compensates the p-type impurities In the
device o give s Targs active region in the detector with inteine
$i¢ conductivity, Germanium crysials do not gow require
lithium drifting, because they can be directly purified by zone
refining to the required purity (<1010 clectrirally active
impurities/cm®). These detectors are usually cooled 1o liquid
nitrogen iempemtare {77 K} 16 reduoe the thermal leakage
current. They are usually used in & single-photon-counting
mode ta exploit their excelleal enérgy resolution (sypically 195
£V at 5.9 ke¥). The count rase capability is limited to less
than § x 10% per second

Lithivm-drified silicon and planar germanium detectors arc
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widely used for crorgy-dispersive ana!ys:s, The cmmm:y of
J:and § hick Si(Li} and § delec-
1ars, as a function of energy, is illustrated in Fig. 6-2. Si(LY
detectors are often used 16 measure nondestructively the ele-
menwl composition of samples. Germanium detectors are
generally nol used below 20 keV because of the imerference
from peaks dus 10 the escape of the germanium X Auorescence
photon.  Large germanium detcctors are widely used for y-ray
spectroscapy.

F, DTHER X.RAY DETECTORS

Many {especially

fiim 13 the deteetor, Film s an excellent dmc\ur in experi»
ments requiring a total-flux detsetor with high spatial resofu.
tion. The major limitation of film is the need for processing.
f carefully calibrated with a microdensitometar, Mm car. be
wsed for quantitative analysis of x-ray intensity. To enhance
the detection efficiency of film, a fluorescent screen is often
placed next Lo it. Special fifms are gvaileble to give improved
efficicnsy, contrast, or resolution; for initiat alignment of
instruments, Polaroid film is ofien used,

A variely of imaging systems can be used to image x-rays
electronically {8], For medical imaging, an image converter is
widely used 1o provide real-time imaging, These detectors use
a cesium iodide scintillatlor with a photocathodt screen depo-
sited an it 10 produce clecisons from pcident s-sBys. The elec-
1rons arc then acceicrated and imaged onto a phosphor screen,
which is viewed, in tum, by a video camera. Linear photo-
diode srrays and CCD deteciors ate availabie (o give excelient
position information with fast reed-oul, Large, one-
dimensional photodiode arrays coupled to a scintillator a ¢
alsa used for x-ray detectors. Two-dimensional x.ray CCD
detectors are becoming available with 512 x 512 pixels, cach
pixel measuring 13 am x 13 um, These detectors are
currently undergoing rapid development and will find meny
applications both for delscling low-energy x-raya directly and
for use with x-ray image intensificrs,

For high-speed imaging of plasmas and other intense xeray
sourees, X1y sireak cameras have afso been develaped 9]
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SECTION 7
SYNCHROTRON RADIATION FACILITIES

Heratan Winick

Table 71 lists storage ring synchrotron radiation faciliLles naw
in opcration or under construction, together with typical elec-
tron beam energics ond characteristic phaton energies. The
charucteristic energy is defined as

€ [kev] w 2218 EY/R = D.665 BE?,

where £ is in GeV, R (the bending radius} is in meters, and 2
i in vesia, Additional information hay recently been compifed
in Refs. { and 2, Following the able, names and addresses are
given for the cyrmrent dircetors of thess Bnd other facilies.
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SECTION 8

MISCELLANEOUS

8.1 PROBABILITY AND STATISTICS

A. PROBABILITY DISTRIBUTIONS AND
CONFIDENCE LEVELS

We give here properiies of three commoniy used probabitity
distributions: norma! {0, Gaussian), chi-squared (x*), and
Poisson. We warn the reader that there is no universal con
vemtion for the term “confidence level™; thus, explicit defini-
tions that correspond to commaon usige are given for each dis-
tribution. It is explained below how confidence levels for aff
three distributions may be extracted from Fip. B-1.

A1 Normal distribution

The normal distribution with mean ¥ and standard deviation
& {varignce o'} is.

1 —x=T)/22
P - dx .
x Jdx —e m

The canfidence level associated with an observed deviation §
from the mean is the probability thet jx—%|> 4, ie,
P
-2 [  arm, @
e233

CL.(E 1-CL CL2

20-0 0 a 2



Confidence level, CL

£ (or x2X 100 for—==)

Fig. 1. Confidence level as a function of x? for several values of np,
the number of degrees of freedom.

since the distribution is symmetric about ¥, The small figure
in Eq. (2) is drawn with § = 2o, CL i3 given by the ordinate
ofthe ap = 1 curve in Fig. 81 8t x2 = {8/a)%. The canfi-
dence level for & = o is 31.7%; 24, 4.6%; 3o, 0.3%. The odds
against exceeding &, (1 ~ CLY/CL, for § = Lo are 2.15:1; 20,
21:1; 3a, 370:1; 4o, 16,000:1: 50, 1,700,000:1. Relations
between ¢ and other measures of the widrh: prabable emor
(CL = D.5) = 0.670; mean absolute deviation = 0.800; RMS
deviation = g; half width at half marimum = 1.180.

A2 XL distributlon
The x” distribution for 1z degrees of freedom is




=3

P 043

1 D1,y d)2
- Gl od > 0,
e i o
where & {for "half") = np /2 The mesn and variance any )
BRd 2ny, regpectively. In evaluating Eq. (3) one may use
Stirling’s approximation:

Tth) & 2,507 e~ WU (1 4 0,0833/k)
which iy accurate 10 +0.1% for all h & 1/2. The confidence
level ssociated with & given value or;n and an abserveq
vajye afx,} is the probability of the x* exceeding the observed
vilue, ie., 5

n

D

cL=- f P, () L@
H 'n ¢
% e
0 5 10 15

The small figure in Eg, {d) is drawn with np = Sand
ClL = 10%. CL is plotted a5 a function of x* for scverat vatups
of gy, in Fig. 8-1. For large gy, x* becomes normally distrit-
Uled about ap. Thus

=t - g ®
Bevomes narmally distributed with upit standard dei/im«.,, and
Mban zero. A petier approximation js that x, not x*, betomes
ntrmally distributed; specifically,

¥a = VI - \finp=1 ©

8Pproaches normality with urit standard devietion and mean
Zety. For sma}l CLs in particular, 12 is much more RCcuU
than ). Thus, for np = 50 end x* = 80, the true CL = 0,450,
but y, is 3.0, correspanding to a CL of 0.13%, while p 1 2.7,
coresponding to a CL of 0.35%,

A3 Poisson dletriboticn
The Poisson distribution with mean 7 is
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Plny - 7= =DLL ) m

The variance is equal to the mean. Confidence levels for Pojs-
son distributions are usually defined in 1erms of quantities

called “wpper limits" as follows: The confidence fevel associ-
ated with a given upper limit N and an observed valuz ng of
2 is the probabifity that i1 > g if & = N, i

—_—
-
CL= F Pylny ®
A=+ 1-CL
7
ng N
-1- n
R )

The smail figure in Eq. (B} is drawn with mg = 2 and CL =
90%. A uselul relation between Poisson and X* confidence
Jevels allows one to Jook up this quantit; in Fig. 8«0, Specifi.
cally, the quantity { — CL §; x; given by the ordinate of the

ap = g+ Hyourve as x© = 2V, Thus, 90% confidence
devel upper Himits for ngp = 0, |, and 2 are given by half the x?
value corresponding to an ordinate of 0.1 on the fryy = 2, 4,
and 6 curves, respectively; the values are N = 2.1, 39, and 53,

Tables of confidence levels for all thres of these distribu-
tions, the refatian between Poisson and x* confidence levels,
and numenous other useful tables and relations may be found
inRef. 1,

B. STATISTICS

Suppose onr is presented with N independent dats, », 20,
and it is desired 1o make some inferenve about the “truc™
value of the quantily represcnted by these data. For ihis pur-
poss we interpre( each datum y, a9 a single sample point
drawn randomly (and mdcpcnden!ly of the other data) from a
distrilrution having true mean ¥, (whuh we wish to estimaie)
and variance 3, We do nat maquire that (hey be normally dis-
wibuted. (deniification of the trus a, with the g, dutum s
aften an apprnxlmadan which may becnm: wnnusly inmccu.
vate when o,, iy 80 appreciable fraction of y,.) Some com-
monly uud methads of estimation are given belas; see Ref. 2
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for numerous applications. Section B.1 deals with 1he case in
which ail 3}, are the same, e.8., several different measurements
of the same quantity; Sec. B.2 deals with the case in which
Fp = Flx,), where x, represents some set of independent
variables.

B.1 Single mean and varlance estimates

(1) If the y,, represent o set of values all supposedly drawn
from a single distribution with mean ¥ and variance o2 (i.c.,
the g, are all the same, but their camman value is unknown),
then

|
Fexw S 9
Nn-l n

and

2

. 4
.,.._12 Wy - 51

- Al om-¢r] an

are unbiased estimates of ¥ and a%; the angular brackets,
denote an average aver the data, The variance of  is 6%/N.
Ifthe p:;}m dlslnhulmn is normal and A is large, the vari-
ance of

@ 1fthe y, arv mdtpcnd:nl estimates of the same 7, and
the o, are knnwn‘ the the weighted average

s 1
)";:12".. s an

where w, = /o2 and w = 2 w,. is an appropriale unbiased
estimate of 7. This choice of weighting factors in Eq. (11)
minimizes the variance of the estimate; the variance is 1/w.

B.2 Linear least-squares fit

We wish to determine the best it of independent unbiased
data y, to,, measurcd at points x,,, 1o the form y(x) =

Za,f; {x), where the /, ; wre known, linearly independent fune-
tions (e, §., Legendre polynomials), ane-to-one over the allowed
range of x. The estimates for the linear cocfficicnts @; which
minimize the sum of the squared deviations are



86
dy - IE Vy £ieplatad . [¢2)]
n
Here V is the covariance matrix of the fitied parameters

vy =G -axg; - a), 13

where the overbar denotes the unknown true value; V is
estimaled by

[CUPED YATRT RN )
n
‘The estimated variance of an inierpolated or extrapolated
value of v at point x, § = 2 &f;{x), is
-7 | = %v”f,(x)fj(x). as)

For the casc of a straight line fit, y(x) = a - bx, one ohtains
the following estimates of ¢ and b:

G = (8,8, — 5,5, /D,

6
§ = (5,5 -5, 5,)/D,
where
Sy, Sgr 8y S Sy
= B Xy e X2 Xy M2 an

respectively, and
D =585, -5t

The covariance matrix of the fitted parameters is:

bava)- 50 5 @

The estimated variance of an inlerpelated or extrapolated
value of y at point x is
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2
s, s,
O =il - o51|-+7;- [x—-S.‘T] . 9

A least-aquares fif gives entlinanes for 1h¢ a; {Eq, {(12)] with the

smadiest vasiance, under the condillons thai the expanalon of y

in 1eras of 3,/ is the correet modef and thn the 3, wre

independent, unbiased measusements whose variances o3 re
Wi,

€. ERROR PROPAGATION

Suppose pne withes 1o calculaie the value and emor of a func-
tion of some other quantities with ermors, c.a., in & Monte
Cario program. Let {y} be a set of random vasiables with
means (¥} and covariance matrix ¥, Then the mean and vari-
ance of & function of these vaciables are spproximately {to
second order in {y 7]}

¥
F=rpp+ L 3, [——"1—] 20)
MRS Al brr W @
and
o~
v [_dL [_e.r_ -
B Sl oop P g

Eg. tht mean and variance af & function of a single variable
with mean F and variance o are

Taro + 3500 @
and
f-F¥ o G @

Nate that these equations will usually be applied by subatitut-
ing measurcd quantities, {¥) aay, for the true means, {F). If,
as is often the case, 7 = ¥, is of order /7)., then the
second-order temms in Egs. (20) and (22) mly'\x smalt com-
pared with the first-order errors introduced by the substitution.
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8.2 ELECTROMAGNETIC RELATIONS
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Impedances (MKSA)
p = tesistivity in 1073 nm:
7 for Cu ~ 5.5 for W
~ 2.4 for Au ~ 73 for S8 304
~ 2.8 for A) ~ 100 for Nichrome
(Al alloys may have
double this value.)

For currents, i current J, voltage ¥,
angular frequency w:

Vo Vel gy

Impedance of self-inductance L: Z = {wl .
Impedance of capaciance C: Z = 1/{wC.
Tmpedance of free space: Z = \/pgfep = 376,701,
Impedance per unit length of & flat conducior of widih w (high
frequency, ¥)

z = L1202 | yhere s = effective skin depth

66em
nu ‘/,{
Capacitance € and inductance £ per unit length (MKSA)
Flat rectangular plates of width w, separated by d << w:

paed fompd
Cmegi L=uls

&m I’ur Cu.

£~ 2106 for plastics; 4 10 & for porcelain, glasses.
t0

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

o E R . R
Tirgiry * L z‘,"'(’ll’l)‘

Transmission lines (no loask

Impedance: Z = VL/C .
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Velosity: v = I/VIE = 1/Vie.

Motiss of charged partichs in & walform, static, magnatic ficld
The path of molon of a charged particle of momentum p isa
helix of consiant radiug R and constant pilch angle A, with the
axis of the helix along B:

P|GeV/c]osh = 0.29979 ¢B(wesla] R[m},

where the charge ¢ is in units of 1he electronic charge. The
nngular velocity sbout the wxis of the helix is

w[rad 51| = 8.98785%107 B [1eala)/E|Gev] ,

where E is the energy of the particle,

‘This section was adapted, with permission, from the April
1984 editian af the Particle Properties Data Bookler, See J. D.
Jackson, Classical Electrodynamics, 24 ed, (Yohn Wiley &
Sons, New York, 1975) for more formulas and details.
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8.3 RADIOACTIVITY AND
RADIATION PROTECTION

The Intcrnational Commission on Radiation Units and Meas-
urements (ICRU) recommends the wse of §i units. Therefore,
we list 5¢ units first, followed by cgs (or other common) unita
in parenthescs, where they differ.

Unit of activity = beequere! {curie):
1By = 1 disintegration/s [= 1/(3.7x10') Ci].

Unh of expownre, the quantity of x- of y-adiation at & point in
space integrated over time, in wrms of charge of either sign
produced by showering electrons jb a small volume of air
abaut the point:
= | coul/kg of air {focntgen; 1 R = 2.58% 107 coul/kg
= 1 esufem’ = §7.8 erg icleased cnergy per g of air);
implicit in the definition is the assumption that the smalt
test volume is embedded in a sufficiently large unifon.uy
irradinted volume that Lhe number of secondary 2lecitons
entering the volume equels the number feaving.

Unit of wbsorbed dose = gray (rad):

1 Gy = 1 joule/kg (= 10% erg/g = 10? md)
= 6,24x10'% MeV/kg deposited energy.
Unit of dose eguivalent (for biofogical damage) = sigvert
w 102 rem (roentgen equivaient for man:
se equivalent in Sv = grays x {0, where  (quality fac:
tor) expresses long-lerm risk (primarily cancer and
ieukemia} from fow-ievel chronic exposure; it depends
upon the type of radiation and other factors. For y mys
and § panicles, D s 1; for protons, D = 1 at ~10 MeV,
rising gradugily o0 g 2 at ~1 GeV; for thermal neutrons, @
= 3, for fast neutrons, @ ranges up te 10; and for & parti»
cles and heavy ians {Rssuming internal deposition — skin
and clothing are usually sufficient protection against cxter«
nel sources), @ = 20.

Natural asnza! background, ali sources: Most world areas,
whole-body dose equivalent rate 3 (0.4-4) mSv (40-400
millirems), Can range up to 50 mSv (5 rems) in certain
greas. U.S. average x 0.4 mSv. The lungs receive an addi-
tional ¥ 0.1 mSv (i 10 mrem) from inhaled naturat
tadioactivity, mosily radon and don daughiers (good 10 =
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factor of 2 o open areas; can runge an order of magnilude
‘higher in buildings and up to 1000x in poorly ventilated
mines),

Cosml ray backgronnd in counters (Eacth's surface):
~10%min/m®/sr.

Flaxes (per m?) to deposit one Gy in one kg of matter, assum-
ing uniform irradiation:
= (clurged particles) 6.24x 10Y3(dE/dx), where dEfdx
{MeV m/kg), the energy loss per upit length, may be
obtained frord range-enersy data,

= 3.5x10" minimurionizing singly charged particles

in carbon,
= {photous) 6.24x 10\ LE|MeV |(u, /)| m?/kg]}, for pho-
1ons of encrgy £, mass energy absorption coeflicient ugy,

and density p, for samples thick enough 1o contin the
secondary electrons but << /g,
» 2x10'3 photons of 1 MeV energy an carbon,
(Quoted fluxes goad to abaul a factor of 2 for ell materials)
.S, maximun permissible occupational dose for the whole

Y.
50 mSv/year (5 rem/year).

Lethal dose: Whole-body dose from penetraling ionizing radi-
ation resulting in 50% mortality in 30 days (assuming na
medical treatment), 2.5-3.0 Gy (250-300 rads} a7 measured
internally on body longitudinel center bine; surface dose
varies due to variable body altenuation and may be a
strong function of encrgy,

For a recent review, see E. Pochin, Nuclcar Radiarion:
Risks and Beneflts (Clarendon Press, Oxford, 1983).

“This section was adapted, with permission, from the April
1984 edition of the Particle Properties Data Booklet.
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4.4 PROPERTIES OF VACUUM SYSTEMS

A. THRGUGHPUT AND CONDUCTANCE
‘The throughput of any conducting ecfement in & vacuum $y%-
1em ia given by

apy = FVIL, o
where P is the pressure and ¥ is the volume of gas passed in
time ¢, Fora pump, if P and ¥ are constant,

qpy = PS, @
where § is the pumping specd &1 the intake pressure P.
Throughpui for & passive ciement can Also be expressed as

qpy = CAP, »
where &P is the dillzrence between the pressures at the
entrance and exit of the element and C is the conductance. fn
high and uluhigh vacuums, C is effectively indcpendent of
pressure. By analogy 1o Ohm's law, conductance for parxllel
constructions is given by

Cog=Cy+Cyt... )
and for series constructions by
1y = 1/Cy + 1/Cqt ... &)

‘The elfective pumping speed of & pump depends on both
the nominal pumping speed and the conductance of connec-
tions between 1he pump and the volume to be evacuated:

Sy = 1S + 1/Ciyy ©
[n the regime af molecular Now (see Tabe 8-3, belaw), the
vonductance, for air {in 3 s"), of an aperiure oferea A (in
em?) is

Cyip= 1164 . ]

For & fontg straight tabe of uniferm circlar eross section hav-
ing length L and diametet D,

Cyip = 121 D¥L . @
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For short tubes, Eqs. (7) and (§) must be combincd:
Cppm =7 . ®
64 * 12107

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

173
i} i 0
D, 5,55;] - (10
The equivalent length nnm elbow is
L-L+Illmb (11}

where B js the angle of the elbow in degrees.

B. GAS LOADS AND ULTIMATE PRESSURE

Sources of gas in & vacutm system include {a) the residual gas
in the system; {b} the vapor in equilibrium with the materials
present; and (c) the gases praduced or introduced by leakage,
oulgassing, and permeation. In high-vacuum systems, the ulti-
mate system pressure P, usually depends only on (c):

Py = Qg/Ser: 2
where Q; is the gas laad due, in this case, 10 leaknge, outgas-
sing, and permeation. Where Q; is constant, s in the case of
alesk, P, is also constant; whereas, if Qg = f (1), asitis
when outgassing dominates, P, isalso a runcnon of time.
Reference 1 contains nnmogmms relating gas loads, ultimate
pressures, and various physicat system parameters, Table 8-1
gives outgassing rates for scveral vacuum materials. Extensive
outgassing data can be found in Ref, 2.

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

P = Py exp| = Sent Vit ] a3)

where P is the pressure afler time ¢, P; is the pressure at { = 0,
and ¥y, is the toal system volume.
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Tuble 8.1 Approximate owipansing rate Ky for several vacuum masert-
alt, ater one Aowr fn vacum af room temperasite,

L]
Material (mbar 1371 -cm™%}
Aluminum {fresh) 9% 1077
Aluminurn (20 b at 100°C) sx 1071
Stainjexs stee! (304) 2x10™"
Stainless wteel (304, 6x 107
clectropolished)
Suaintess steel (304, 2x 1077
mechanically polished)
Stainfess steel (304, 4x 1072
eleciropolished, 30 h
8t 250°C)
Perbunan sx1076
Pyrex 1x 1078
Teflon Bx 1078
Viton A (fresh} 2% 1070

€. MISCELLANEQUS YACUUM PROPERTIES

The mean free path A of a pas is inversely proponional to the
pressure:

AP = v, {49

where ¢* is a constant characierislic of a given gas. Values for
several gases are given in Table B-2.

For ulimhigh-vacuum sysiems, it is common 1o quote the
monolayer time r, which is defined as the time required for a
monomotecular layer to form on a gas-free surface, assuming
that every impinging gas mofecule finds and binds (o a vacant
site. The monofayer time, in seconds, can be conveniently
estimated from

r=32x 1075pP, (5
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TeWe 32, Valuer for the product ¢ of the mean free path )\ and the
preusure P for severad gaser ot 20°C.

Gas ©* (cr » mbar)

Hydrogen 1200 x 107
Helum  18.00% 10™3
Nitrogen 6.10x 10~3

Oxygen 6.50x 10™3
Argon 6.40 x 1073
Mercury 3,08 x 10~}
Water 398 x 1073
Al 6671073

where P is expressed in mbar.

Table 8-3 fists for scveral pressures rough values for X, 7,
Lhe impingement rate z{, {the nurmber of patticles incident an
a unit sutface per vait time}, and the volume collision rate Z,,
(the number af coilisions in a unit volume pet unit ime).
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