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Brief history

Reading:

B.E.Warren, X-ray Diffraction,
Dover Publ., 1969, 1990

B.D.Cullity & S.R.Stock, Elements of X-ray Diffraction
Prentice Hall Inc. 2001

P.Klug & L.E.Alexander, X-ray diffraction procedures

for polycrystalline and amorphous materials,
Wiley, NY, 1954

L.H.Schwartz & J.B.Cohen, Diffraction from Materials,
AP. Academic Press, 1977
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The tale:

Rdntgen, a German physicist,

was experimenting with a Crookes tube
when it produced streams of electrons
called cathode rays.

Just before leaving for lunch one day,
RdOntgen put an activated tube on a book and
the book just happened to be lying on

a piece of photographic film.

Inside the book was a key and

when he later discovered that image,

he knew he was looking at

something entriely new.

The world's first ever x-ray

Discovery: 1895, Nobel Prize: 1901 Wilhelm Konrad Réntgen
1845 - 1923
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X-ray or rontgen image of

one of the hands of
Rontgen’s wife
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the first diffraction experiments: Max von Laue, 1912

Laue photograph of zinc blend, ZnS
along the three-fold axis
M.vonLaue, Friedrich & Knipping, 1912

of Hong Kong
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the first diffraction experiments: Max von Laue, 1912

third improved image,
after applying a pinhole

Laue photograph of zinc-blend, ZnS
along the three-fold axis
M.vonLaue, Friedrich & Knipping, 1912
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the first diffraction experiments: Max von Laue, 1912
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the first diffraction experiments: Max von Laue, 1912

two consequences

1) materials are crystalline consisting of atoms
2) X-rays are waves

electromagnetic waves

Nobel Prize in Physics 1914



Laboratory X-ray sources,
Basic properties of X-rays,
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Electron Beam

the first X-ray tubes:
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the first X-ray tubes:
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X-ray tubes today

BERYLLIUM

WINDOW B JA

TUNGSTEN
FILAMENT

GLASS

i i

-

COOLING
WATER

TARGET—]

)

/ ELECTRONS /
=

>
TO TRANSFORMER

'

e \\

\\

)

X-RAYS — *\,*

FOCUSING CUP

N
VACUUM

SCHEMATIC CROSS SECTION OF AN X-RAY TUBE]

’ EEEmAL
"" City University
of

oooooooo




Fundamentals of X-ray scattering
Brief history

aboratory X-ray sources,

Basic properties of X-rays,

X-ray spectra,

X-ray absorption edges,
Synchrotron X-ray sources,
Scattering mechanisms of X-rays by matter,
Atomic scattering factors for X-rays
Total X-ray reflection,

Darwin-breadth (qualitatively)
Monochromators (briefly)

EEBHARB
‘ﬂr City University
of Hong Kong



X-ray spectra
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X-ray spectra
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X-ray spectra
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X-ray spectra
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X-ray spectra
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X-ray wavelengths used in the laboratory

Table 2-3. X-ray Wavelengths Most Useful in Diffraction Studies®
Un- K Ab- Excitation
Ele- resolved? sorption  Potential
ment Koy (A) Koy (A)  Ka(A) KB, (A) Edge(A) (kV)
Ag 0.55941  0.56380 0.56084 0.49707  0.4859 25.52
Mo 0.70930  0.71359 0.71073 0.63229 0.6198 20.00
Cu 1.54056  1.54439 1.54184 1.39222 1.3806 8.98
Ni 1.65791  1.66175 1.65919 1.50014 1.4881 8.33
Co 1.78897  1.79285 1.79026 1.62079 1.6082 7.71
Fe 1.93604  1.93998 1.93735 1.75661 1.7435 7.11
Cr 2.28970  2.29361 2.29100 2.08487  2.0702 5.99

“These values are taken from Bearden[43] in which they were listed on a re-
adjusted scale of A* units based on A(WKe,) = 0.2090100 A*. Since 1 A* =1 A

to *5 ppm (probable error), values in this table are designated as being in
angstrom units. P

“These values are the customary weighted mean of Ke; and Ka,, Ka; being given
twice the weight of Ka,.



X-ray spectra
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X-ray spectra

Experimental K-alpha x ray

{fj

energies

Z ||Element Koty Ko,
eV(unc) eV(unc)

10[Ne 848.61(26) |[848.61(26)
11[Na 1040.98(12) |[1040.98(12)
12 Mg 1253.437(13) |[1253.688(11)
13] Al 1486.295(10) |[1486.708(10)
14]si 1739.394(34) |[1739.985(19)
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23| v 4944.671(59) [4952.216(59)
24 cr 5405.5384(71)(5414.8045(71)
25[Mn  [5887.6859(84)[5898.8010(84)
26[Fe 6391.0264(99)(6404.0062(99)
27| co 6915.5380(39)(6930.3780(39)
28[Ni 7461.0343(45)(7478.2521(45)
29[ cu 8027.8416(26)(8047.8227(26)
30(Zn 8615.823(73) [8638.906(73)
31[Ga 9224.835(27) [9251.674(66)
32[Ge 9855.42(10) [9886.52(11)
39y 14882.94(26) [14958.54(27)
40 Zr 15690.645(50)(15774.914(54)
41 Nb 16521.28(33) [16615.16(33)
42[Mo 17374.29(29) [17479.372(10)
43 Te 18250.9(12) [18367.2(12) *
44|Ru 19150.49(18) [19279.16(18)
45|Rh 20073.67(20) [20216.12(20)
46(Pd 21020.15(22) [21177.08(17)
17| Ag 21990.30(10) [22162.917(30)
48[ cd 22984.05(20) [23173.98(20)




X-ray spectra
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X-ray absorption
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w/p=ka3Z3 between absorption edges



X-ray absorption spectrum for platinum
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Fig. 2-19. Plot of the mass absorption coeflicient for platinum versus wavelength, showing
positions of the K and L absorption edges.
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X-ray absorption

Appendix IIT
Mass Absorption Coefficients ,, of the Elements (Z = 1 to 83) for a Selection of Wavelengths (Values given in italics are of low accuracy)
(Reprinted from International Tables for X-Ray Crystaliography, Vol. 111, with the permission of the Editorial Commission of the International Tables.)

cmé/g

Target Ag Rh Mo Co Fe Cr Ti
radiation | X& KB, | k& KB, K& KB, K& KB, Kz  Kpy K& KB, K& KB, K& KB,
A(A) 0.5608 0.4970 | 0.6147 0.5456 | 0.7107 0.6323 | 1.5418 1.3922 | 1.7902 1.6208 | 1.9373 1.7565 | 2.2009 20848 [2.7496 25138

Absorber Him (cm?/g)

H 1 0.371 0366 | 0375 0.370 0.380 0.376 0435 0421 04064 0443 0483 0459 0.545 0.507 0.658 0.595
He 2 0.195 0.190] 0.199 0.19¢ 0.207 0.200 0.383 0.333 0491 0414 0.569 0.474 0813 0.661 1.26 1.01
Li 3 0.187 0.177| 0.197 0.185| 0.217 0.200| 0.716 0.571 1.03 0804 125 0978 196 1.52 3.26 2.53
Be 4 0229 0.208 | 0.251 0.224| 0.298 0.258| 1.50 1.15 2.25 171 2.80 2.13 450 3.4 7.64 5.88
B 5 0.279 0.244 | 0.314 0.270 0.392 0327 2.39 1.81 3.63 2.74 4.55 3.44 7.38 5.61 12.6 9.67
C 6 0400 0.333| 0469 0.383 0.625 0495 4.60 344 7.07 5.31 8.90 6.69 14.5 11.0 24.8 19.1
N 7 0544 0433| 0658 0515| 0916 0.700| 1.52 560 | 11.6 870 | 146 11.0 239 182 41.0 315
o 8 0.740 0.570 | 0.916 0.696 1.31 0981 11.5 8.52 17.8 13.3 224 16.8 36.6 27.8 62.5 48.1
F 9 0976 0732 123 0913 180 132 | 164 12.2 254 19.0 32.1 24.0 524 39.8 89.4 68.8
Ne 10 131 0969 | 167 1.22 247 180 229 17.0 354 26.5 44.6 335 72.8 55.3 124 954
Na 11 1.67 122 | 215 156 3.21 232 | 301 2.3 46.5 34.8 58.6 44.0 95.3 72.5 162 125
Mg 12 212 154 273 197 4.1 2.9 38.6 28.7 59.5 44.6 74.8 56.3 121 924 204 158

Al 13 265 190 | 342 245 5.16 371 | 48.6 36.2 74.8 56.2 939 70.9 152 116 255 198

Si M4 328 235 4.25 3.04 644 4.61 60.6 45.1 93.3 70.1 117 88.3 189 144 315 245

P 15 4.01 285 520 371 7.89 5.64 74.1 552 114 85.5 142 108 229 175 s 297

S 16 484 344 | 629 448 9.55 682 | 89.1 66.5 136 103 170 129 2712 209 450 -352

a 17 5.77 409 | 751 534 114 8.14 | 106 79.0 161 122 200 152 318 246 322 410

A 18 681 482 | 887 629 13.5 9.62 |123 924 187 142 232 177 366 284 593 469

K 1 800 566 (104 7.39 158 113 143 107 215 164 266 204 417 325 667 531

Ca 20 928 6.57 |[12.1 8.58 18.3 13.1 162 122 243 186 299 231 463 363 728 585

S¢c 21 107 7.57 j139 989 | 21.1 151 184 139 273 210 336 260 513 405 794 643

Ti 22 |123 870 |160 114 242 173 208 158 308 237 n 293 571 453 98.4 758
vV 23 |140 991 182 129 275 197 |233 178 343 266 419 37 684 502 116 89.6
Cr 24 |158 112 ]206 14.6 311 223 | 260 199 381 296 463 363 79.8 60.7 13§ 104
Mn 25 |17.7 126 |23.0 164 | 347 249 |285 219 494 323 512 395 930 708 157 122

Warren, X-ray diffraction



X-ray absorption

9%t

cmé/g

Target Ag Rh Mo Cu Co Fe Cr Ti

radiation | K& KB, | Ka KB, K& KB, K& KB, K& KB, K& KB, Ka KB, K& KB,
A(A)  |0.5608 0.4970 | 0.6147 0.5456 | 0.7107 0.6323 | 1.5418 1.3922 | 1.7902 1.6208 | 1.9373 1.7565 | 2.2909 2.0848 |2.7496 2.5138
Fe 26 |19.7 140 256 182 385 217 |308 238 $28 349 664 500 |108 $2.2 182 141
Co 27 |21.8 155 [283 202 425 306 |[313 257 61.1 458 768 518 |128 95.0 210 163
Ni 28 [241 17.1 [310 223 466 337 | 457 215 70.5 528 886 667 |l144 109 242 187
Cu 29 [264 188 |[341 244 509 36.9 529 393 81.6 612 |103 77.3 | 166 127 280 217
Za 30 {288 206 [37.2 267 554 402 60.3 448 930 6.7 |117 880 [189 144 318 246
Ga 31 |314 224 |404 29.1 60.1 43.7 679  50.5 |10§ 784 |131 989 (212 162 356 276
Ge 32 [341 244 |438 316 648 473 756 562 |116 873 |146 110 238 180 393 306
As 33 [369 265 (473 342 69.7 SI.1 834 621 |128 9.2 |160 121 258 198 430 338
Se 34 |398 286 |S09 369 747 549 914 681 |140 105 175 133 281 216 467 364
Br 35 |427 308 |546 39.7 79.8 588 9.6 744 |152 s 190 144 305 234 503 394
Kr 36 [458 331 |[583 425 849 628 |108 80.7 | 165 124 206 156 327 252 538 422
Rb 37 |489 354 |[622 455 90 669 |117 873 |[177 134 221 168 351 27 573 451
Sr 38 |521 378 |660 484 950 709 |25 94.0 | 190 144 236 180 373 289 606 479
Y 39 |553 403 |699 515 |100 750 |134 101 203 154 252 193 396 308 638 506
Zr 40 |585 428 |17 545 |T159 10 |143 108 216 165 268 208 419 326 669 533
Nb 41 |61.7 453 [774 5715 170 829 [153 115 230 178 284 218 441 345 699 559
Mo 42 |648 478 [81.1 605 184 131 |162 123 243 186 300 231 463 363 727 584
Tc 43 |679 S03 |13.0 63.5 197 M1 172 131 257 197 316 244 485 382 753 609
Ru 44 |107 528 (139 664 21,1 151|183 139 272 209 334 259 509 403 784 637
Rh 45 |11.5 552 [149 106 26 162 |194 148 288 222 352 274 534 424 8i4 665
Pd 46 |123 575 [159 113 241 173|206 157 304 235 3 289 559 446 845 694
Ag 47 [i131 929 170 121 258 185 |218 166 321 248 391 305 58 468 376 723
Cd 48 [140 991 [182 129 27.5 197 |231 176 338 262 412 322 613 492 908 753
In 49 [149 106 |194 138 29.3 210 |243 186 356 277 432 339 638 s14 935 781
Sn 50 [159 113 |206 147 3.1 223 | 256 197 373 291 451 356 662 536 957 805
sb 51 |169 120 |219 156 330 238 |27 207 391 306 472 373 688 559 1100 832
Te 52 |179 127 (233 166 350 252 |282 218 407 320 490 389 707 578 557 399
I 53 |190 135 [246 176 371 267 |294 228 422 333 506 404 722 594 214 919
Xe 54 (201 143 |260 186 392 282 |306 238 436 346 521 418 763 609 245 51
Cs 55 |213 151 (2715 197 413 29.8 |318 248 450 358 534 431 793 621 274 215

Warren, X-ray diffraction



X-ray absorption

89¢

cm?/g
Target Ag Rh Mo Cu Co Fe Cr Ti
radiation | K& KB, | kK& Kp, K& KB, K& KB, K& KB, K& Kp, K& KB, Ka Kp,
A(4) | 0.5608 0.4970 | 0.6147 0.5456 | 0.7107 0.6323 | 1.5418 1.3922 | 1.7902 1.6208 | 1.9373 1.7565 | 2.2909 2.0848 | 2.7496 2.5138
Absorber iy (cm?/g)
Ba 56 (225 160 (291 208 | 435 314 (330 258 463 370 546 444 461 661 302 237
La 57 [23.7 169 [306 219 | 458 332 |[341 268 475 382 557 456 202 681 329 259
Ce 58 |250 178 |[323 231 482 349 |352 218 486 394 601 468 219 409 356 281
Pr 59 [263 188 (340 244 | SO.7 367 (363 288 |497 405 [359 479 236 183 381 302
Nd 60 |27.7 198 (357 257 | 532 386 |[374 298 543 416 379 3509 252 196 405 32
Pm 61 |29.1 208 (376 270 | 559 406 [386 308 327 428 iz 538 268 209 429 342
Sm 62 (306 219 (395 284 586 426 |397 319 344 461 182 328 284 222 452 361
Eu 63 [322 230 (414 298 61.5 448 |425 329 156 478 193 344 299 234 473 379
Gd 64 |338 242 (435 313 644 470 |439 340 165 295 203 157 314 247 495 397
Tb 65 |355 254 [456 329 | 675 49.2 |273 352 173 309 214 165 329 259 516 415
Dy 66 |37.2 266 (478 345 | 706 516 |286 369 182 140 24 173 344 2m 53 433
Ho 67 [39.0 279 [500 36.1 739 540 |128 231 191 146 234 181 359 283 555 450
Er 68 |408 293 [524 379 773 866 |134 242 199 153 245 190 373 295 574 466
Tm 69 (428 307 |549 397 | 808 592 {140 252 208 160 255 198 387 307 592 483
Yb 70 [448 322 [574 4LS 845 619 l146 TN 217 167 265 206 401 319 610 499
Lu 71 |468 336 (600 434 | 882 647 |153 116 226 174 276 215 416 331 628  5IS
Hf 72 |488 351 [625 453 | 91.7 674 [159 121 235 181 286 223 430 343 645 532
Ta 73 (509 367 |651 473 | 954 702 |166 126 244 189 297 232 44 355 662 547
W 74 |530 382 [67.8 493 | 991 7.1 {172 132 253 196 308 241 458 368 679 363
Re 75 |552 398 |704 s1.2 |103 759 {179 137 262 204 319 250 473 380 69 579
Os 76 [573 414 |731 532 |106 78.7 | 186 143 272 212 330 259 487 393 712 595
Ir 77 [S94 429 |756 552 [110 814 |193 148 282 219 341 269 502 406 729 611
Pt 78 [614 445 [780 s1.1 |113 839 |200 154 291 228 353 278 517 419 745 628
Au 79 [63.1 458 |80.0 587 |[115 86.0 |208 160 302 236 365 288 532 4% 761 644
Hg 80 |64.7 471 (818 602 |117 879 |216 166 312 245 3717 298 547 446 777 660
T 81 [662 484 [835 617 |119 89.5 |224 172 323 253 389 309 563 460 794 677
Pb 82 [67.7 498 |[850 632 120 910 |23 179 334 262 402 319 579 474 810 694
Bi 83 [69.1 51.1 |8.1 646 [120 920 |240 185 346 272 415 330 506 489 827 712

Warren, X-ray diffraction



X-ray filters
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Fig. 2-20. The zirconium absorption curve superposed on 35-kV molybdenum radiation.
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correspondence between different radiations
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correspondence between different radiations

Properties electrons X-rays neutrons
charge e 0 0
rest-mass m 0 M
I8 h/A'2mE=0.123 nmveV he/E= h/V2ME=
x\JE + 10-OE2 1240 nm eV /E 3.08 nm /\/T(K)
interaction Coulomb electrodynamic nuclear + magnetic
Energy range 10 eV —400 keV 2 keV —200 keV 10 meV - eV
absorption length 0.1 nm — 200 nm 1 nm— 10 mm > 1 mm
scattering-length 0.1 nm -3x107" m +1x10" m
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solving the acronyms

LEED: low energy electron diffraction
AES:  Auger electron scattering

EELS: electron energy loss spectroscopy
SEM: scanning electron microscopy
HEED: high energy electron diffraction
TEM: transmission electron microscopy
XRD: X-ray diffraction

Cold/thermal: thermalized neutrons

XPS:  X-ray-photon-spectroscopy
Synchrotron: synchrotron source of photons
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The first ”“synchrotron source”
“Synchrotron radiation was seen for the first time at the
General Electric in the USA in 1947”




Brilliance of X-ray sources:

number of fotons

sec X mm¢+



The road to tomorrow’s X-ray lasers

foton/s/mm?2
10% e
L»-« XFEL
1024
120 years of -

brilliance




Synchrotron X-ray sources

X-ray beam

packages of electrons



ESRF, Grenoble

European Synchrotron Radiation Facility




ESRF, Grenoble

European Synchrotron Radiation Facility
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ID31
high resolution
powder diffractometer




ID31 high resolution powder diffractometer:
detector system

9 detectors o T

Si 111
crystals

Sample —



protein crystallography

X-ray beam




protein crystallography ESRF, Grenoble

European Synchrotron Radiation Facility




protein crystallography ESRF, Grenoble

European Synchrotron Radiation Facility
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protein crystallography
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SPring-8

Japan’s synchrotron




SPring-8

Japan’s synchrotron

EF‘ﬂl‘Ej

Harima Science

Garden City Sendai

Hiroshima Tokyo
Fukuoka



controlling the path of electrons

Incertion devices

- Bending magnet
- Wiggler

- Undulator



Bending magnet
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Wiggler

Intensities are adding up

B Source



Undulator

the amplitudes are in phase 1



typical undulator spectrum at APS - Argonne
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free electron laser: FEL

a very long undulator




the synchrotron in Hamburg (Germany) today:
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schematics of the European Free Electron Laser (XFEL)




Ultrafast Sources and Science:

Vizsgalo sugarzasok

X-ray sources:

Vizsgalat targyai

Science:

Laser plasmas

Acoustic phonon
Vibrations (Optical phonons)
Strings,  Particle Chemistry and Biochem

asmology Collisions Electron dyhamics
T

I [ I
harpo yacto zepto atto femto pico nano micro milli
1027 1024 102 10® 10 108 10° 10® 103

Pulse duration (seconds)



prospective diffraction on
single molecules

at the European FEL



THEORY predicts XFELs may allow high resolution

imaging of single particles / molecules
Neutze, Wouts, van der Spoel, Weckert, Hajdu Nature 406, 752-757 (2000)

Concept: Capture an image with a short and

intense X-ray pulse, before the sample has time
to respond (explode)

Diffraction pattern

Just before XFEL pulse

>

During the pulse

After pulse

3D reconstruction
courtecy: Hajdu, Uppsala possible from many views



Interaction chamber and detector arrangement

Particle injection

Pixel
Pixel detector 2
detector 1 Intelligent
beam-stop

Electrostatic
trap

XFEL beam

(focussed,

Compressed)
Particle _
orientation = Optical and
beam X-ray Readout and
\ diagnostics reconstruction

To mass NEED TO UNDERSTAND WHAT HAPPENS
spectrometer TO THE SAMPLE IN THE BEAM

courtecy: Hajdu, Uppsala



Scattering mechanisms of X-rays by matter,

EEEmAL
"" City University
of Hong Kong



Mechanism of X-ray scattering

+

the atom is polarized

the polarized dipole radiates

oooooooo



Atomic scattering factors for X-rays

FREHAE
"" City University
of Hong Kong



scattering of X-rays by an electron

€y = Eﬂl' sin 211']", €gz = .Eoz sin 2wyt

the electric field, €, in cgs units:

__gasina
¢*R

€

So

Fig. 1.2 Illustration of the electric field
¢, produced by a charge g with accelera-
tion a, according to classical electro-
magnetic theory.

of Hong Kong Warren, X-ray diffraction



scattering of X-rays by an electron

the Y’ component of the electric field at P:
8250}'

o

mc°R

€y’ =

sin 27vt cos ¢

the amplitude is:

2
e El)l"
E,,=——cos
O me®R ¢
the E,, amplitude (for the E, ¢=90°) :

9250 Z

E Z —
meR

FAEBHKE
‘l’ City UniTersity - -
of Hong Kong Warren, X-ray diffraction



scattering of X-rays by an electron

the observed intensity at P:

4

. e
E'=Ej + E} = — = (Eiy + Eiy o5’ §)

assuming that the incoming beam is randomly polarized:
(Eoy) + (Eoz) = (EQ) and (E3,) = (E3;) = W(E})

finally:

o _ o€ [l +cos’d
() =B m'zc"Rz( 2 )
\\

polarization factor
for an unpolarized
Incoming beam

FAEBHKE
‘l’ City UniTersity - -
of Hong Kong Warren, X-ray diffraction



scattering of X-rays by an electron

the numerical factor in the scattered intensity:

e‘l

;;;5 =794 x 107 cm*®

the number of electrons in the volume illuminated by the incoming beam
In a usual specimen:

~ 1022

therefore, the scattered intensity is approximately of-the-order of:

I |, x 10

scattered

‘.1 BB AR
City University - .
of Hong Kong Warren, X-ray diffraction



scattering of X-rays by an atom

|
le 'n

| I', Is the position of the N-th electron

20 in the atom

) X

P
the amplitude scattered by the n-th electron at P:

E,é

2w
€, = mczxz cos |:21ﬂ‘f —_— T(Xl + Xz):l Xl << Xz

It can be shown that:

Xi+Xg—=r,os+R—r,s=R—(s—5sy)-r,

‘.1{ BB AR
City University - .
of Hong Kong Warren, X-ray diffraction



scattering of X-rays by an atom

turning to complex exponentials and summing over all electrons:

5032 2rilvi—(R/ 1)) Z (27i/A) (S—sg)°T
——— e 0! "n

mceR n

€ =

scattering of X-rays by a smeared-out electron

Eoeg 2xi[vi—(R/A)]) | (2wi/A)(8—8¢)°T
€= =%, e o dV.

mc*R ‘

electron scattering factor, f,
p Is the average charge-density distribution
of the electron

f, Is the amplitude scattered by an electron in 1-electron-scattering-units

‘.1{ BB AR
City University - .
of Hong Kong Warren, X-ray diffraction



scattering of X-rays by a smeared-out electron

taking into account the real charge-density distribution: p (r)

f, = f “amrp(r) ST 4,
0 kr

scattering of X-rays by an atom

the atomic scattering-factor:

sin kr

f=§fm = f 4rr? Pﬂ(r)

f Is measured in units of
scattering by a single electron

‘1{ *%*ﬁkmjcf“’
o Homg Koy Warren, X-ray diffraction



atomic scattering factors of X-rays
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City University - -
of Hong Kong Klug & Alexander, X-ray diffraction



atomic scattering factors of X-rays

ﬂ jﬁ\\\x\\\\\\\\\\\\\\ |

6666666
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X-ray diffraction

Klug & Alexander,

50 25 167 125 100 083 0.72 0.63 055 050 045 042 0.39 0.36
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City University
of Hong Kong



atomic scattering factors of X-rays

f= ;f en = Zn L®41rr’p,,(r) sir;(:cr dr

at k=0, where k=4nrsin6/A, sinkr/kr =1,
l.e. in the forward scattering case, or at small values of 260:

> f dnrip,(r)dr = Z
n JO

FAEBHKE
‘l’ City UniTersity - -
of Hong Kong Warren, X-ray diffraction



comparison of scattering factors of X-rays and neutrons

S w
T T

g amplitude (107'*cm)

Scatterin

X-ray cross section

05503 06 08 10

(sin /7 (10* ¢cm)

F1G. 16. X-ray and neutron scattering amplitudes for a potassium atom. .
] =] . . . .
D C 0O A Si Fe

—_—
Neutron cross secfion

Fig. 2. Neutron and x-ray scattering cross-sections compared. Note that

neutrons penetrate through Al much better than x rays do, yet are
61! B strongly scattered by hydrogen.

of Hong Kong



Total X-ray reflection,
Darwin-breadth (qualitatively)
Monochromators (briefly)

EEEmAL
City University
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Kinematical vs. dynamical scattering

/ Inciden

t beam

/]

A NN
/XN

N

’ FREHAE
"" City University
of
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//crystal surface

\/<><

A

energy

/NS /N

Al scattering IS
A\ back & forth

N energy travels

N\ parallel to

the planes

N\

lattice planes in a large crystal
and perfect



Kinematical vs. dynamical scattering

incident beam
/ //crystal surface

lattice planes in a small crystal

scattering occurs
one single times

’ EEEmAL
"" City University

of Hong Kong



Kinematical vs. dynamical scattering

we want to deal with small crystals
where scattering occurs one single times:

this is: Kinematical scattering



Kinematical vs. dynamical scattering

monochromators are large perfect crystal
scattering occurs in the

dynamical regime Darwin breadth
1= ———-
| Cu (200): 19
'1(\ | Si (220): 5.02”
el
Ey { | -—(a)
¢12
e |
) , (b)
‘ | 1 . ] i

http://www.chess.cornell.edu/oldchess/operatns/xrclcdwn.htm



Thank you
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