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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 Koti, Koto, 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 written 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, is interactive and prompts the user 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:

n X = 2d sin 0

where n is an integer giving the order of diffraction, X is the wavelength of 
the incident radiation, d (where n = 1) is the interplanar spacings of the 
crystal or detracting planes, and 0, 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, Kou and Koto, which have nearly the same 
wavelength, and a Kg line, which consists of three lines, usually unresolved, 
of shorter wavelength. Inasmuch as only Kot line radiation is normally used in 
X-ray diffraction, the remaining radiation must be removed. The Kg 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 Kou, Ka2 , 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 Ka or Kg 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 Kou and Ka2 
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 Kot-^ lines relative to the Ka2 lines. Where Ka^ and Kc^ 
reflections are resolved, accuracies such as those shown in tables 1 and 2 may 
be achieved. Because of the resolution problem associated with the Koti and 
Ka0 doublet, some researcher prefer to use KQ radiation. KQ conversion tables

£    P P
may be generated by using the program option to select any wavelength of 
radiation. The Kg 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 180°20 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 Ka 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 Ka2 composite peaks.

When a specimen contains more than a small percentage of iron, Co or Fe 
Ka 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 Kg radiation is



INTERPLANAR SPACING SPLIT

Ka 
Radiation

CR
Fe
Co
Ni
Cu
Mo

2°20

.11191

.11282

.11131

.10993

.10967

.12291

5°20

.04477

.04514

.04453

.04398

.04388

.04917

15°20

.01496

.01508

.01488

.01470

.01467

.01643

25°20

.00902

.00909

.00898

.00886

.00885

.00991

50°20

.00462

.00466

.00459

.00454

.00453

.00508

100°20

.00254

.00257

.00254

.00251

.00250

.00280

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

DEGREES 20 SPLIT (Ko^-Kc^)

Kot 2°20 5°20 15°20 25°20 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 Kot^ and Kc^ lines in degrees at the 
given 20 angles.

Kg Wavelengths

K$l,3 X K$l,3 X 
radiation___________________radiation______________________

Cr 2.08487 Ni 1.500135
Fe 1.75661 Cu 1.392218
Co 1.62079

Table 3. Kg 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 
Ka 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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APPENDIX A 

Program Documentati on

Program Name; intp1anspace (for IBM PC, ipspace.exe) 

Types Main prograrn

Purpose: To produce a table that can be used to convert degrees two 
theta to i nt.erp 1 anar spacings (in Angstrom units) for any 
wave Iength of x-ray radi at i on.

Machine: Pacific Microsystems 68010 (also IBM PC)

Operating Systems UNIX. System 5 (for IBM PC, MS-DOS vers. 2.x)

Source Languages C Programming Language

Program Category: Table Generator

Inputs The investigator will be asked for the type of target element 
producing the radiation, which lines of the spectrum are to be 
used, and the range of angles to include in the output.

Outputs A formatted table with headings showing the choices selected
for input. The two theta angles, in .01 degree increments, are 
listed in the margins with the interpIanar spacings, in 
Angstrom units, in the body of the table.

Usage: Type the program name, intpIanspace, to start the process.
Questions and menus are sent to the UNIX stderr - the terminal 
used to run the program. All input comes from the stdin device 
- also the terminal. The output table is sent to stdout - by 
default, the terminal, but in normal use, this should be 
redirected to a fiie or piped to the line printer.

To redirect the table to a file, type this to run the programs 

i ntp I anspace >f i ! enarne

where 'filename 1 is any legal name. The 'greater than' symbol 
must be there. In this case, all the set up routines will still 
be handled through the terminal, but the table will be sent 
only to the file. If you. know UNIX, you. may also 'tee' a copy 
off to the terminal, but since it is formatted for a 132: column 
line printer, it will be hard to read.

To pipe the output table to the line printer, type this: 

intpIanspace ! Ipr

The pipe symbol '!' and the mnemonic 'ipr' must both be there 
for this to work. As with the redirection example above, ail the 
set up questions and answers will still be handled through the 
term i naI.
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Deta iIed Usage s

After the program begins running, the foilowing menu appears:

Choose one of the following elements using the 
letter designation preceding it

a - chromium

b - i r o n

c - cobalt

d - nickel

e - co p p e r

f - molybdenum

g - user selected wavelength

Letter: e

Here, the investigator has chosen 'copper 1 by typing the ietter 
'e 1 and hitting the carriage return. After the carriage return, 
the next menu appears?

Choose one of the three types of lines used to 
compute the radiation wavelength, lambda

a - K Alpha 1

b - K Alpha 2

c - K Alpha Weighted Mean

Letter: c

The investigator chose 'K Alpha Weighted Mean 1 . The next menu 
allows a choice of the range of angles included in the table:

Do you want a full table ( 0 to 180 degrees ) or 
a partial table, where you choose the range? Type 
in 'a 1 or 'b 1 below.,

a - FulI Table

b - Partial Table

Letter: b

Start table at (integer degrees): 45

Finish tab i e at (not i ncIud i ng): 49
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Detailed Usage (cont.)s

After selecting a partial table, the choice was made to start the 
table at 45 degrees and end it at 49 degrees. Notice that only 
whole degrees (integers) can be entered for the last two lines. 
Another important point here is that the table will include values 
to 48.99 degrees only. If the full table had been selected, the 
last two questions on this menu would have been omitted and the 
table would have results from 0.00 degrees up to and including 
179.99 degrees. The final menu is a summary of the selections the 
investigator has made:

The following parameters have been chosen:

Element Type - copper

Line type - K Alpha Weighted Mean

Lambda - 1.541838

Table range from 45 to 49 degrees

Is this correct? (yes or no) no

Typing anything starting with a 'y' c' r 'Y' will allow the program 
to start generating the table, but here, a 'no' has been typed, so 
the program restarts the set-up phase with the opening menu;

Choose one of the following elements using the 
letter designation preceding it

a - chromium

b - iron

c - cobalt

d - nickel

e - copper

f - molybdenum

g - user selected wavelength

Letter: g

Wave Iength (i n Angstrom un i ts): 1.234567
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Detailed Usage (cent.):

This time, 'user selected wavelength' was chosen, so an additions 
prompt is displayed and a wavelength in Angstrom units must be 
typed in. Because there is no need for the investigator to select 
the line type, the program skips that menu and asks again for the 
two theta range of the tables

Do you want a full table ( 0 to 180 degrees ) or 
a partial table, where you choose the range? Type 
in 'a' or 'b' below.

a - Ful1 Tab Ie

b ~ Partial Table

Letter; b

Start table at (integer degrees): 45

Finish table at (not including): 49

Notice that this prompt must be answered again. It isn't possible 
to default to the answers given the first time through.

Finally, the summary of selections is given again;

The following parameters have been chosen:

Element Type ~ user selected wavelength

Line type -

Lambda ~ 1.Z34567

Table range from 45 to 49 degrees

Is this correct? (yes or no) yes

Generating user selected wavelength Table

This time, an answer of 'yes' is given and the response is 
'Generating ...... Table'. Since the output may take a while to
to start or may be silent, this message lets the investigator 
know that it's out of his hands now. Upon completion, the program 
will terminate with a 'table finished for ... ' message.
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Restrictions: When asked for single letter responses, you must be sure 
to type iff only one letter and then a carriage return» 
Also, when asked to respond 'yes 1 or 'no 1 , you must 
limit your response to five characters and there must be 
no blanks embedded in the answer. These restrictions are 
due to the way input is handled by the C programming 
Ianguage.

The range of the table must be from whole degrees to 
whole degrees. Start and stop limits cannot be given 
in tenths of degrees 

Both of these restrictions could be removed, with some 
software changes, if they prove to be major problems.

Subprograms Requireds None

Storage Require rn e n t s s 22.. 8K Bytes ( f o r IBM PC, 30. 6K By t e s )
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APPENDIX B

Program Listing

#i nc ! ude <std io»h> 
$i nc i ude <rnath . h>

fdefine NTYPE < s i zeof (e I ements) / 5 izeof< struct format))
#def ine FULLPAGE 40 /* a new page is started every 40 * 0.1 degrees */

#define D2R 0.017453292:5199433 /* conversion factor - degrees to radians */ 

struct format

char *f u. I l_name; /* Element : 
char #symboi; /* name 
double length[3D; 

> elements CD = -C "chromium",
"iron", 

"cobalt", 
"nickel", 
"copper", 
"molybdsnum", 

"user selected wavelength",

iyrnbo 1

11 cr",
"fe",
11 c o " ,
"ni",
11 cu",
"mo",

i

K Alpha
1

2 . 289700 ,
1.936042,
1.788965,
1.657910,
1.540562,
0 . 709300 ,
0.000000,

K Alpha
2

2.293606,
1.939980,
1.792850,
1.661747,.
1.544390,
0.713590,
0.000000,

We i ghted
mean

2.291002,
1.937355,
1 . 790260 ,
1.659189,
1.541838,
0.710730,
o.oooooo :

*/
*/

>;

rnai n( ) /# program to calculate table for converting #/
/# degrees two theta to i nterp I ans.r spacing */
/* for x-radiat ion */

int heading(), hyph_l i ne( ) 
int i, end_page, twotheta; 
int begin__deg, finish_.deg; 
char #type; 
char #1 i ne_type ; 
double lambda, spacing;

set__up();

set_.up( &type, S:larnbda, &l i ne__type, &beg i n_.deg, &f in i sh__deg );
/* this is the function that interacts with the investigator - #/ 
/* the choice of element and line type are made here and */ 
/# the range of angles to be converted is input here. */

end_page = begin_deg; /* make sure there are 4 degrees per page no */ 
/* matter what the initial angle is */

fprintf(stderr,"\n\n\n\n\nGenerating Xs TabieXn", type);

/* main program loop - twotheta is an integer that counts the angle in
tenths of a degree. Within a line, for a given 
twotheta, the angle is further subdivided into 
hundredths of a degree. Notice that for a whole 
degree, twotheta must be incremented by 10 */
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for( twotheta = begin__deg; twotheta < finish__deg; twotheta++ 5 
 C

if( twotheta % 10 =-  0 && twotheta != begin._deg ) /* print line of */ 
hyph_l ine(); /* hyphens if at a whole */

/* degree (but not beginning degree) */
if( twotheta == end_page 5 

mr

if( twotheta != begin..deg ) /* form feed only if not first page */
printf ("\f");

heading(type, line__type, lambda);/* print heading - top of page */ 
end_page *= FULLPAGE; /* set the 'look for' count to know when */ 

} /* next page will start */

/# start of one line print */

printf("%6.2f ", (twotheta * 0.1) ); /* print angle value */
forti = 0; i < 10; i++> /* print 10 values of spacing for each */
 [ /* .01 degree */

if( twotheta *  i == 0 ) /* takes care of the first data value */ 
spacing = 0.0; /* because it causes division by zero */

e I se
spac i ng ::

lambda / (2.0 * sin(.05 * (twotheta + (i *   1)) * D2R));

if( spacing < 10000.0 ) /* normal format for spacing */
printfC1 %10.5f", spacing); 

else /* special format for spacings */
printfC1 X10.4f", spacing); /* at very low angles */

printfC1 %6.2f\n", (twotheta * 0.1) ); /* print angle value again */

/* end of one line print */ 

} /* end of main program loop */ 

putchar('\f'); /* end of table - send form feed to printer */

fprintf(stderr,"\n\n\n\n\ntabIe finished for Xs\n", type);
e x i t (0); 

/
/* start of function to interact with investigator - sets up menus and */ 
/# interprets answers - loops until investigator is happy with choices */ 
i nt
set_up( type, lambda, line__type, begin._deg, finish.jdeg )
char **type; /* points to pointer to string containing element name */ 
double * lambda; /* points to the wave length to be used in this program */ 
char **line_type; /* pointer to pointer to string containing line name */ 
int *begin_deg, *finish__deg; /* pointers to limits of angles to be con- */

/# verted in this program #/
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static char #linesC43 =
{ "K Alpha 1", "K Alpha 2", "K Alpha Weighted Mean", "" }; 

char answertS], designator, buffer5 
int i, e lrnt__se I ect, i i ne__se i ect, error;

do /* main function loop - continues till 'yes' answer at end */
r 
\

/*** section 1 - get element type ***/ 
fpri ntf(stderr,"\n\n\n\n\n\n\n\n\n\n\n\n\ri\n\n");
fprintf(stderr,"Choose one of the following elements using the \n"); 
fprintf(stderr,"letter designation preceding it\n\n\n\n"); 
for( designator = 'a 1 , i =0; i < NTYPE; designator++, i++ )

fprintf(stderr,"Xc - %s\n\n", designator, e iernentst i 3 .f ui I __narne );

do /* ask for 'Letter' until a valid answer is returned */
r 
X

fprintf(stderr,"\n\nLetter5 "); 
scanf("XIs", &des i gnator); 
designator = to Iower(designator); 

} wh i Ie
( (eirnt__se!ect = designator - 'a') < 0 !! e lmt_se I ect >= NTYPE );

*type = e i ernentste lrnt__se iect3 .f ui i_name;

if( elementsCelmt_seIect3.lengthC03 == 0.0 > /* if 'g' */
 [ /# category chosen... */ 

fpr i ntf ( stderr , "\n\nlAlave I ength (in Angtrorn units)? "); 
scanf("%if", lambda);
#line_type = lines[33;

i j~
else /* if a specific element #/ 
{ /* name chosen.... */'

fpr i ntf ( stderr , "\n\n\ri\n\n\n\ri\n\n\n\n\n" );
fprintf(stderr,"Choose one of the three types of lines used to \n");
fprintf(stderr,"compute the radiation wavelength, iambda\n\n\ri\n");

for( designator = 'a', i ~ 0; i < 3; designator-^, i++ ) 
fprintf(stderr,"Xc - Xs\n\n", designator, iinesCi3);

do /# ask for 'Letter' until a valid answer is returned */ 
{

fpr i ntf(stderr,"\n\nLetter: ");
scanf("XIs", &desi gnator);
designator = to Iower(designator); 

} while
( ( I tne__select -  designator - 'a') < 0 !! I i ne__se I ect >= 3 );

#lambda = e i ementsCe lrnt__se I ect3. i engthC I i ne_se I ect 3;
#ltne_type = i i nesC I i ne__se I ect] ;
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/### section 2 - select range of table ***/

fpri ntf (stderr, "\n\n\n\n\n\n\n\ri\n\n\n\n 11 );
fprintf(stderr,"Do you want a full table ( 0 to 180 degrees ) or\n">?
fprintf(stderr,"a partial table, where you choose the range? Type\n">;
fprintf(stderr,"in 'a' or 'b 1 beiow.\n\n\n\n">;
fprintf(stderr,"a - Full Tabie\n\nb - Partial Tab Ie\n\n");

do /# ask for 'Letter 1 until a valid answer is returned */
r 
t

fprintf (stderr, "\n\r.Letters " >; 
scan-FC'Xls", Sides i gnator); 
designator = to 1ower(designator); 

} whiie( designator != 'a 1 && designator !- 'b 1 );

fpr intf(stderr,"\n\n");
if( designator --= 'a' ) /* if 'full table' option chosen... */
 C

fprintf(stderr,"\n\n\n\n\n\n\n\n");
*begin__deg = 0;
*f in i sh_..deg = 1800; » j°

e I se /* i f 'part i a I tab Ie' opt i on chosen... */
r 
L

do /* ask for angles until valid answers are returned */
r 
L

fprintf(stderr,"\n\n\nStart table at (integer degrees ): ");
scanf("Xd", beg i n_deg);
fprintf(stderr,"\n\nFinish table at (not including >; "5;
scanf("%d", finish_deg);
error = 0;
if( *begin_deg < 0 .'! *begin_deg > 180 )

e r r o r = 1 ^ 
if( *finjsh_deg < 0 11 *finish_deg > 180 5

e r r o r = 1; 
i f ( *beg i n_deg >= *f i n i sh...deg )

error = 1? 
> wh iIe( error );
*begin_deg *= 10;
*f inish..deg *= 105

 v 
1

fprintf(stderr,"\n\n\n\n\n\n\n\n\n\n\n\n");
fprintf(stderr,"The following parameters have been chosens\n\n");
fprintf(stderr,"Element type - XsXnxn", *type>;
fprintf(stderr,"Line type - %s\n\n", *!ine_type);
fprintf(stderr,"Lambda - %8.6f\n\n M , * lambda);
fprintf(stderr,"Tabie range from %d to %d dsgrees\n\n",

*begin_deg/10, *f in ish._deg/10) 5 
fprintf(stderr,"\n\nls this correct? (yes or no) ");
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