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ABSTRACT

Tables that allow conversion of degrees 20 to interplanar spacings for
use in X-ray diffraction analysis have been generated for Cu Ka;, Kay, and
weighted mean X-ray radiation, using a C language computer program. This
interactive program also permits the user to generate conversion tables for
Cr, Co, Fe, Mo, and Ni target materials and any other X-ray radiation
wavelengths. The various theoretical and practical aspects governing the
selection of target materials (wavelength of emitted radiation from the X-ray
tube) are also discussed.

INTRODUCTION

A computer program has been writtem to generate tables which allow the
user to convert degrees 20 to interplanar spacings. The program, which was
written in C language and will operate under UNIX system 5 or MS-DOS version
2.x, 1is interactive and prompts the wuser for all necessary information.
Although permanently sealed X-ray tubes are generally available with Cu, Co,
Cr, Fe, Mo and Ni targets, we have supplied conversion tables solely for
copper radiation. While the other target materials are available, in practice
they are not commonly used for X-ray diffraction analysis.

The calculation performed by the program (Appendixes 1 and 2) uses the
Bragg equation to generate the conversion tables. Atoms in crystalline
substances are arranged in symmetrical, repeating, three-dimensional planes.
X-ray diffraction can be visualized as the reflection of incident radiation
from a large number of parallel planes of atoms. The number, orientation, and
spacings of these atomic planes are determined by the crystalline structure of
the analyzed specimen. Bragg's law is represented by the equation:

nA=2d sin ©

where n is an integer giving the order of diffraction, A is the wavelength of
the incident radiation, d (where n = 1) is the interplanar spacings of the
crystal or defracting planes, and O, the Bragg angle, is the angle between the
incident X-ray beam and the atomic planes. The wavelength of the incident
radiation is dependent on the atomic number, and therefore the metallic
composition, of the X-ray tube target material. The diffraction of X-rays of
a given wavelength differs from reflection as in a mirror in that the
reflections can not occur at all angles; the angles at which diffraction takes
place must satisfy the Bragg equation.

X-rays emitted from the tube are a mixture of two distinct categories of
radiation: (1) the X-ray lines characteristic of the target material and (2)
the continuum or white X-rays which are present at all wavelengths or
frequencies below the excitation voltage (the operating potential) of the X-
ray tube (Parrish and Kohler, 1965). The characteristic X-rays generated with
the above target materials include the K and L series lines. However, because
of the low energy (long wavelength) of the L series, they are rapidly
attenuated by air and the tube window and are not of concern here. The K
lines consist of a doublet, Koy and Kay, which have nearly the same
wavelength, and a K; line, which consists of three lines, usually unresolved,
of shorter wavelength. Inasmuch as only Ka line radiation is normally used in
X-ray diffraction, the remaining radiation must be removed. The KB lines may



be filtered out either by metal foil filters inserted in the X-ray beam to
preferentially absorb a certain wavelength or band of wavelengths or by
monochromatization, using crystals of known interplaner spacings in the
incident or diffracted beam. The continuum (white) radiation can be filtered
out with a peak-height analyzer where a diffractometer is used.

The program allows the user to select a conversion table for Cu, Co Cr,
Fe, Mo, and Ni targets based on either the Ka,, Kaz, or a weighted mean
(Philips Electronic Instruments, Inc., un—-dated instruction manual) of the two
Ka lines. The X-ray wavelengths used in the program were taken from the CRC
Handbook of Chemistry and Physics (Bearden, 1978). This program also contains
the option to calculate Ko or K, conversion tables for any wavelength of X-ray
radiation selected by the user. This option can be used to generate
conversion tables for other, less common, target materials. The Ko, and K
line separation or splitting may not be resolved by most powder diffraction
systems in the lower part of the 20 range. For such unresolved reflections,
the weighted mean wavelengths are calculated using the equation:

(2(Ka1)+Ka2)/3

This equation gives the Ka; lines more "weight" because of the greater
intensity of the Ko; lines relative to the Ka, lines. Where Koy and K
reflections are resolved, accuracies such as those shown in tables 1 and 2 may
be achieved. Because of the resolution problem associated with the Kay and
Ka, doublet, some reseaycher prefer to use KB radiation. K, conversion tables
may be generated by using the program option to select any wavelength of
radiation. The K, wavelengths (Bearden, 1978) for the most common target
materials are given in table 3.

All calculations were done using 64-bit, double-precision, floating—-point
numbers as defined in the Institute of Electrical and Electronic Engineers
microprocessor floating-point standard. This standard allows for 53 bits of
binary precision, which translates to about 15 digits of decimal precision.
This use of double precision lessens the effects of rounding errors by
calculating the interplanar spacings to 15 digits before rounding the numbers
off to five decimal places. Previously published X-ray diffraction conversion
tables (Fang and Bloss, 1966) did not utilize double precision in their
programming and, therefore, contained greater rounding errors and could not
accurately generate data beyond four decimal places. Other conversion tables
(Brown, 1980) did not report data to 180920 or at .01°20 intervals

Each target material listed above produces X-rays of characteristic
energy and wavelength, making each  target suitable for specific
applications. Copper Ko radiation is the most commonly used radiation for
diffraction purposes owing to its relatively high peak energy, intensity, low
peak-to-background ratio, convenient wavelength, high heat conductivity of the
target material, and the symmetry (minimal trailing-off on the longer
wavelength wide) of the Ka; and Ko, composite peaks.

When a specimen contains more than a small percentage of iron, Co or Fe
Ko radiation should be used to avoid interference (high background or film
darkening) from fluorescent radiation (iron X-rays) caused by the excitation
of the iron by Cu Ka radiation. In samples that contain high percentages of
iron, cobalt radiation has some advantages over that of iron because Co Ka
radiation is not as strongly absorbed, and any interfering Co KB radiation is



INTERPLANAR SPACING SPLIT (Kay-Ko)

Ka 2920 5920 15920 25920 50°20 100°20
Radiation
CR .11191 04477 .01496 .00902 .00462 .00254
Fe .11282 .04514 .01508 .00909 .00466 .00257
Co .11131 .04453 .01488 .00898 .00459 .00254
Ni .10993 .04398 .01470 .00886 .00454 .00251
Cu .10967 .04388 .01467 .00885 .00453 .00250
Mo .12291 .04917 .01643 .00991 .00508 .00280

Table 1. Shows the apparent difference between the interplanar spacings in
angstroms for Koy and Ka, radiation at the given two theta angles.

DEGREES 20 SPLIT (Kay—Ka,;)

Ko 2920 5920 15°20 25920 50°20 100°20
Radiation
Cr - .01 .02 .04 .09 .23
Fe - .01 .03 .05 .11 .28
Co - .01 .03 .06 .12 .29
Ni - .01 .03 .06 .12 .32
Cu - .01 .04 .06 .13 .34
Mo .01 .03 .09 .15 .32 .83

Table 2. Shows the difference between the Ka; and Ko, lines in degrees at the
given 20 angles.

KB Wavelengths

K A K A
81,3 1,3
radidtion radgaﬁion
Cr 2.08487 Ni 1.500135
Fe 1.75661 Cu 1.392218
Co 1.62079
Table 3. wavelengths for Cr, Fe, Co, Ni, and Cu target materials from

Bearden (1978).



absorbed or filtered out by the iron (Brindley, 1961). Similarly, a Ni target
tube may be used to eliminate fluorescence problems associated with specimens
that contain high proportions of cobalt.

Cr Ka radiation is used because of the greater resolution obtainable with
the longer wavelength. Lower angle, long interplanar spacings, which would
not be otherwise observable, are shifted into the measureable 20 range with Cr
Ko radiation. However, because of its long wavelength and low energy, Cr Ka
radiation is quickly absorbed, and helium- or hydrogen—-filled diffraction
chambers and/or slow scan rates are required. Conversely, Mo Ka radiation,
because of its shorter wavelength, is used to shift the diffraction maxima
resulting from high angle, shorter interplanar spacings toward the low 20
angles.

The conversion tables that follow show the calculated interplanar
spacings to .01°,
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Conversion Table — Degrees Two Theta to Interplanar Spacings
for copper K Alpha Weighted Mean Radiation (1.541838 Angstroms)
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Conversion Table — Degrees Two Theta to Interplanar Spacings
for copper K Alpha Weighted Mean Radiation (1.541838 Angstroms)
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Conversion Table - Degrees Two Theta to Interplanar Spacings
.02

for copper K Alpha Weighted Mean Radiation (1.541838 Angstroms)
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Conversion Table ~ Degrees Two Theta to Interplanar Spacings

for copper K Alpha Weighted Mean Radiation (1.541838 Angstroms)
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Conversion Table — Degrees Two Theta to Interplanar Spacings
for copper K Alpha Weighted Mean Radiation (1.541838 Angstroms)
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Conversion Table - Degrees Two Theta to Interplanar Spacings
for copper K Alpha Weighted Mean Radiation (1.541838 Angstroms)
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Conversion Table - Degrees Two Theta to Interplanar Spacings
.02

for copper K Alpha Weighted Mean Radiation (1.541838 Angstroms)
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Conversion Table — Degrees Two Theta to Interpianar Spacings
for copper K Alpha Weighted Mean Radiation (1.541838 Angstroms)

Pt ot et ot St ond Pt ol yi Ot

nnnnnnnnnn

nnnnnnnnnn

07
85747
85711
85674
85602
85566
85530
854
85459
85423

----------

nnnnnnnnnn

----------

03
85762
85725
85689
85653
85617
0.85545
0.85509
0.85473
85437

02
85765
85729
85693
65658
85584

512
85476
85441

oooooooooo

o1
9
732
85696
85660
85624
85588
2
16
85480
854

[-X-R-N-X-R-X-N-X-N-4

g sesé@g ﬁ%é

—n—-—-—o—t—-ﬂ—n

..........
P ont vt Gad S P Ot oui ot e
oooooooooo
..........
----------
----------
..........
..........

%ZSZ"%ES%@

N et vt o Pt ot ot ot W= ot

38

..........

§§§§§§*$3§

333

..........
..........
----------
----------
----------
----------
----------

0900000000

E2RRSRBRRBR

et P et et e ont ged Pot pad wd

ot ot ot el ont ot o ong

----------

----------
ped i ol dbrdbedbed

- ot P et nt ) ey et



06°SET1 6r1€B°0 261€8°0 ssles o 8G1€L"0 191€8°0 $91€8°0 191€9°0 0L1€8°0 ELIEB O 9L1€8°0 06°GET
08°GEl 6.L1€8°0 281€8°0 ¥81€8°0 £81£8°0 061€8°0 €61€8°0 961€8°0 661€8°0 202€8°0 S02EB° 0 08°GE1
0L°SET 80ZEB"O 112€8°0 v12€8°0 £L12€8°0 022€8°0 €22€8°0 922£8°0 622€8°0 2E2€8°0 GEZEB™ O 0L°GET
09°GET B8E£2E8°0 1¥2€8°0 EV2EB 0 9v2€8°0 6+2€8°0 252€8°0 GS2e8"0 852€8°0 192€8°0 ¥92€8°0 09°Gel
0S°SET  [92€0°0 022€8°0 €L2€8°0 9/2€8°0 6426870 282¢€8°0 582€8°0 882€8°0 162€8°0 ¥62€8°0 0S°SEl
OP°SET  162€8°0 00€€B" 0 €0EEB™O 90€€8°0 60EEB"0 Z1Ee8 0 SIEEB8 0 8lecs o 12€€8°0 ¥2€€8°0 or°SEY
0E"SET /[2e€870 0EEEB 0 €EEEB"0 9EEEB°0 GEEEB"O Z¥EEB"0 Syees o 8¥EEB"0 15€€8°0 ¥SEEB O 0€°SET
02°GET LSEEB°O 09€€8°0 €9€€B°0 99€€8°0 G9EEB™ 0 Z2LEEB"0 SLEEB™O BLEEBO 18€€8°0 ¥8EEB°0 02°GET
O1°GET /BEEB™O 06EEB"0 €6€€8°0 96EEB°0 66€E8°0 20¥EB"0 SO¥EB"0 80¥E8"0 11v€8°0 P19€8°0 01°GEY
00°SE1  LI¥EB"O 0ZyE8"0 €2¥€8°0 92¥€8°0 62¢€8°0 2EvEB°0 SEYES"0 BEYES"O 179€8°0 "Hes o 00°GETY
06°¥ET L¥¥EB™O 0S¥€8°0 €SYES™0 95S¥E0°0 65¥€8°0 29¥€8°0 S9¥EB"0 896€8°0 L¥E8°0 bLPEB O 06°vET
08°¥ET [L¥EB°0 08¥EB"0 €8¥€8°0 98¥€8°0 68¥€8°0 26¥€8°0 S6¥€8°0 86¥€8°0 105€8°0 ¥0SE8°0 08" ¥l
OL°¥ET LOSEB™O 01S€EB°0 E15€B°0 91SEB8°0 615€8°0 225€8°0 G625€8°0 825€8°0 ZESEB"O SEGEB"O 0L ¥EL
09°¥E1 BESEB°0 1#GE8° 0 v¥SEBTO L¥5€8°0 055€8°0 €GGEB°0 955€8°0 6G5€8°0 29G€8°0 G9G€E8°0 09°¥E1
0S°¥E1  B9SE8°0 145€8°0 $LSEB°0 L11S€8°0 085€8°0 €685€8°0 98GE€8°0 68GE8°0 Z6SE8°0 965€8° 0 05°¥EL
Or°¥E1 66S€8°0 209€8°0 S09€8" 0 909€8°0 119€8°0 v19€8°0 L19€8°0 029€8°0 €29€8°0 929€8°0 ov ¥EL
0E"¥ET 629€8°0 2EIEB"0 GEIEB 0 8€9€8°0 Z¥9EB 0 Sv9E8™ 0 8¥9€8°0 159€8°0 ¥S9E8°0 LS9€8°0 0€E"¥ET
0Z°¥ET  099€8°0 €99€8°0 999€8°0 699€8°0 2.9€8°0 SL9€8°0 8.9€8°0 289€8°0 S89€8° 0 8689€8°0 0Z° ¥l
OI"¥E]l 169€9°0 $69€8°0 L69€8°0 00LE9°0 €0.€8°0 90/€8°0 60.€8°0 21/€e8°0 912€8°0 61.€8°0 01°p€]
00°bET 2Z2.€8°0 S2LE8°0 82L€8°0 1€4€8°0 ¥ELEB O LELEB"O orL€8°0 EVLEB°O 9¥L€8°0 052€8°0 00°¥ET
06°EEl €EGL€8°0 96.€8°0 652€8°0 29.€8°0 59.€8°0 89.€8°0 142€8°0 vLLEB"O 8L1€8°0 18.€8°0 06° €€l
08°EET ¥8L€8°0 48L€8°0 06LE8°0 €6L€8°0 96.€8°0 66L€8°0 208€8°0 908€8°0 608€8°0 2i1ees o 08°€€1
OL"EET SIBEB"O 8168€8° 0 128€0°0 +¥28€8°0 428€8°0 1€8€8°0 PEBEB"O LEBEB™O ovees"0 €E¥8E8°0 0L €€
09°€€l 9¥8€B"0 698€8°0 258€8°0 958€8°0 658€8°0 298€8°0 S96€8°0 896€8°0 1.8€8°0 $48€8°0 09°€€l
0S°E€ET 8/8€8°0 188€8°0 ¥88€8°0 188€8°0 068€8°0 €68€8°0 968€8°0 666€8°0 €06€8°0 906€8°0 05°€ct
OF°"EEl ©606€8°0 216¢€8°0 S16€8°0 816€8°0 226€8°0 526€8°0 826€8°0 1€6€8°0 ¥E€6EB* 0 LEBEB"O ov-€ct
OE"EET O¥6EB O ¥¥6€8°0 Lp6E8°0 056€8°0 £G6€8°0 956€8°0 656€8°0 €96€8°0 996€8°0 696€8°0 0E"€ET
02 EET 2.6€8°0 S.6£8°0 8.6€8°0 286€8°0 G86EB°0 866£8°0 166€8°0 ¥66€8°0 L66€8°0 100¥8°0 02°€E1
OI°EET »0OVB8°0 LO0¥8°0 010$8°0 ET10¥8°0 81048°0 02098°0 £20¥8°0 920+8°0 620870 2E0¥8°0 o1-€€t
00°€El 9EO¥8°0 6€0¥8°0 2rov8 0 S¥0or8-o 8yor8 o 1S0v8°0 SS0¥8°0 850¥8°0 190¥8°0 ¥90$8°0 00°€ET
06°2€1 L90¥8°0 140¥8°0 vL0¥8°0 LLO¥8°0 080+8°0 €80¥8°0 480¥8°0 060¥8°0 €60¥8°0 960¥8°0 06°2¢1
08°2E1 660¥v8°0 €01¥8°0 901#8°0 601¥8°0 211p8°0 Sliv8 0 611¥8°0 221¥8°0 SZ1¥8°0 8214870 08°2¢1
0L°2E1  1€1¥8°0 SEIP8°0 8EIY8 0 11$8°0 vriyr8 o Lb1p8°0 1S1#8°0 ¥S198°0 LS1¥8°0 091#8°0 0L°2€1
09°2e1 €9148°0 191%8°0 0L1¥8°0 ELI1¥8°0 9L1¥8°0 081#8°0 €81#8°0 981$8°0 681+8°0 261¥8°0 09°2¢1
0S°2E1 961870 6614870 202+8°0 S02v8°0 602¥8°0 212v8°0 S12v8°0 81298°0 222v8°0 Geev8 0 05°2¢1
ov-2€1 822v8°0 1€2¥8°0 ¥EZ¥8°0 8e2¥8°0 1%2¥8°0 *"WZre o L¥2¥8°0 1529870 ¥52ve 0 152¥8°0 or° 2l
0€"2ET 092v8°0 ¥92+8°0 L92¢8°0 0L2v8°0 €L2¥8°0 LLeve o 082+#8°0 €82¢8°0 982¥8°0 062¢8°0 0€°2Ze1
02°261 €62v8°0 962¥8°0 662+8°0 €0EYB"0 90€¥8°0 60€¥8°0 Z1E¥8°0 91EY8°0 61€¥8°0 Z2E¥8°0 02°2¢1
O1°2€1 GZev8 0 62€¥8°0 ZEEVE O GEEVE8 O GEEYS™0 2rEre-o S¥EYS°0 8veys o Z25E¥8°0 GSEY8™0 01°2€1
00°2€ET BSEY8°0 19€%8°0 S9Ev8T0 89ev8 0 1LE¥8°0 YLEVE O 8.€¥8°0 18€+8°0 yeere=o 88€¥8°0 00°2€1
1oy 2 78y) 2
see.baq 60" 80° L0° 90° S0° L. €0° 20° 10° 00° 800160

(swoa3sBuy GEBIYG 1) uoi1jeipey ueey pojyBien wydjy ) 48ddod uoy
sBuioudg smuejdiejul o3 wjay; om) ssesuleq - ojqe; uojsisAu0)

39



Conversion Table - Degrees Two Theta to Interpisnar Spacings
for copper K Alpha Weighted Mesn Radiation (1.541838 Angstroms)
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Conversion Table -~ Degrees Two Theta to Interplanar Spacings
for copper K Alpha Weighted Mean Radiation (1.541838 Angstroms)
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Conversion Table - Degrees Two Theta to Interplanar Spacings
for copper K Alpha Heighted Mean Radiation (1.541838 Angstroms)
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Conversion Table - Degrees Two Theta to Interplanar Spacings
for copper K Alpha Neighted Mean Radiation (1.541838 Angstroms)
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Conversion Table - Degrees Two Theta to Interplanar Spacings
for copper K Alpha Weighted Mean Radiation (1.541838 Angstroms)
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Conversion Table - Degrees Two Theta to Interplanar Spacings
for copper K Alpha Neighted Mean Radiation (1.541838 Angstroms)
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Conversion Table - Degrees Two Theta to Interplanar Spacings
for copper K Alpha Weighted Mean Radiation (1.541838 Angstroms)
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Conversion Table - Degrees Two Theta to Interplanar Spacings
for copper K Alpha Weighted Mean Radiation (1.541838 Angstroms)
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