X-ray Diffraction Manual
Phys 2010 – Brown University – November 13, 2009
Introduction and concepts
The experiment consists of two parts.  The first is to identify an unknown sample using the powder method; the second is to determine the orientation of a single crystal of unknown material using a Laue camera.
Powder method

X-rays, in this experiment, are produced as Bremsstrahlung radiation created when energetic electrons collide with a Cu target; the more energetic the incident electrons are, the broader the band of X-rays generated.  Figure 1 (below) shows a typical Bremsstrahlung spectrum with characteristic lines.
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Figure 1:  Typical X-ray spectrum.
(Reproduced from Reference [1])
In the powder method, a filter is used to isolate the Kα1 line (λ = 1.541 Å):  a monochromatic beam scatters off the randomly oriented powder crystallites (i.e., randomly oriented crystal lattice planes), giving rise to diffraction peaks at detector angles, 2θ, that satisfy the Bragg condition
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In Equation (1) dhkl is the spacing between adjacent lattice planes that are normal to      (h k l). (See Reference [2] for details.)  Thus, as the detector scans over 2θ, an intensity distribution is obtained, whose peaks occur at angles given by Equation (1).  
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Figure 2: Bragg Angles
Back-reflection Laue method
In the Laue method, a continuous band of X-rays – “white” X-rays – is used to produce diffraction spots on a 2D film wherever the incident and scattered wave vectors satisfy
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where K is a reciprocal lattice vector (Reference [2]).  Since the scattering is elastic, k=k΄, and therefore the incident and scattered wavevectors lie on the surface of a sphere – the Ewald sphere -- in reciprocal space.   Putting the tail of k on a reciprocal lattice point, to satisfy the diffraction requirement Equation (2), another reciprocal lattice point must lie on the Ewald sphere whose radius is k.  Keeping the incident direction fixed, this will not be satisfied for arbitrary magnitude.  Thus, to get a diffraction pattern it is necessary to include a range of k’s, whose magnitudes vary between 2π/λmax and 2π/λmin.  (Please refer to Figure 6-8 in Reference [2] for more information.)
An important notion in the Laue method is that of planes of a zone.  These are crystal planes whose normals are all coplanar and perpendicular to a direction called the zone axis.  For example (100), (010), and (110) all belong to the same zone, whose zone axis is [001].  Note that ()’s refer to directions in reciprocal space: K = hb1+kb2+lb3; []’s refer to directions in real space: R = n1a1+n2a2+n3a3; and the primitive vectors satisfy 
ai ( bj = 2π (ij.  Henceforth, a particular zone axis direction is labeled Az.  
Experimental procedure

X-ray Machine Operation
It is necessary to have Dean Hudek give specific instructions on safety and machine operation.  Do not operate the X-ray machine until you have received this training!
To operate the x-ray machine, first turn on the power at the wall behind the machine.  Then turn on the power at the bottom back left of the machine.  Make sure that all the doors on the main chamber are closed.  X-rays will not turn on unless all the doors are closed.  On the power supply press the white button on the lower right marked ‘?control power?’.  Now while holding down the green ‘xray off’ button adjust the amperage and voltage to 7 mA and –20kV respectively.  Release the “x-ray” off button and now press the red ‘xray on’ button.  A red light will turn on inside the chamber when there are x-rays.  Once the power supply has reached its 7mA and 20 kV minimum, you may adjust the values as you see fit.  DO NOT exceed the limits marked on the power supply.  Also, note that the power supply is a “smart power supply”, meaning that it is ok to turn off the x-rays by pressing the “x-ray off” button and the power supply will ramp down the voltage on its own.

Powder Method
1. Turn on the X-ray machine.  The settings of the X-ray source power supply have to be manually set, and might need to be modified according to the results obtained.  An accelerating voltage of 30 - 40 kV and filament current of 30-40 mA should be sufficient for obtaining good quality angle scans.  The values of these settings can be increased if a need for higher X-ray intensity seems appropriate.  Exercise caution in exceeding these values though, since increased X-ray intensity will cause faster wearing out of the X-ray source. (See Rigaku X-ray manual)
2. Check the calibration of the computerized goniometer by analyzing the position of peaks in a Silicone powder sample.  Place the Si powder sample on a glass slide in the sample holder.  Set the scan options in the Datascan software to 20° for the minimum and 140° for the maximum value of 2θ with steps of 0.02° or 0.05°. (Alternatively, for a continuous scan, choose 2°- 5° per minute).  The Monochrometer, Divergence, Scatter, and Receiving slits settings have already been selected and should not be altered by anyone except Dean Hudek!  After taking your scan, use MatLab software (or another software program of your choice) to locate the peaks (there should be 11).  Compare the locations of these peaks to the standard values for Silicone powder.  Determine any systematic errors of these differences in 2θ and determine their average value.  Any offset determined from the calibration can be taken into account in subsequent scans of unknown samples by entering the average value of the systematic error into the Datascan offset field for 2θo.  Students should be aware that changing the offset angle in Datascan does not have the expected effect; a check of the correctness of the angle offset should always be performed after adjustment of the offset angle. It is recommended you perform another full scan of silicon to confirm the repositioning has been properly set.  (Alternatively, instead of using the Datascan offset field, the error can simply be subtracted after the fact.)  
3. Optional: Next, you will analyze the resolution of the goniometer using a Quartz sample.   Set the scan options in the Datascan software to 67° for the minimum and 69° for the maximum value of 2θ with steps of 0.01° or 0.02°.  (Alternatively, for a continuous scan, choose 0.2° per minute.)  Your completed scan should have a pattern that looks like the letter “x” with 5 apparent peaks.  These 5 peaks are actually only 3 peaks, with overlapping Kα1 and Kα2 peaks.  Number the peaks, from left to right, one through five, and the LOW valleys one through three (ignore the high peak between peaks three and four).  Use MatLab (or another software program) to find the peaks (perform smoothing and background subtraction if necessary). You will evaluate the resolution of the instrument by comparing intensity of the second peak to the average intensity of the three valleys.  The ratio of these numbers should be approximately two (or better).  If it is not, you should consult Dean Hudek to adjust the slit size.
4. Take the spectrums of three of the given polycrystalline specimens (Fcc, hcp NaCl type, diamond cubic, and tetragonal crystals are available) with the goniometer.  In setting the scan options in the Datascan software, the extreme scan angles should not exceed 2° for the minimum and 140° for the maximum value of 2θ.  Use MatLab (or another software program) to analyze your data.  
Laue Method

X-rays here are provided by the same source as that for the powder method beam. A set of collimating slits is used to direct the X-rays to the sample. The experimental setup is schematically shown in Figure 3 below.


Figure 3:  Geometry for Back reflection Laue camera.

Back-reflection Laue pictures can be obtained using the camera available. Note that of the back-reflection and transmission Laue techniques, the former is more widely employed, because transmission Laue pictures requires very thin samples.

1. Before turning on the X-ray machine, place sample with one flat face perpendicular to beam tube, 3 cm from film plane.

2. Turn on the X-ray machine.  In the current setup, optimal quality pictures can be obtained with the accelerating voltage of the Cu source tube set between 20 to 30 kV and the filament current set to 40 mA.  Higher voltages create larger halos without improving the resolution of the spots in your photo.  

3. Check to see if the X-ray beam is properly collimated by letting the beam fall on fluorescent screen. If beam is weak or not properly collimated, move X-ray camera unit vertically, always keeping the collimating tube pressed against the  X-ray tube (all beam alignments are to be done by Dean Hudek ). To turn X-ray unit OFF, turn off the high voltage switch before turning off the line voltage
4. Load film into the holder.  Turn the film so that the white bar is facing away from you and at the bottom.  Make sure the camera has the switch set to “load” (on the right).  While standing behind the camera, insert the film gently into the camera.  When it is all the way in pull it back up ~3/4 of the way, you will feel a soft stop.  Now move the ‘Expose” lever to the up position (the lever is on the side of the camera that is facing you).  

5. Take a back-reflection Laue photograph of a given single-crystal surface.  Exposure times can vary from few minutes to almost an hour, depending on the sample quality and the sample to film distance. You will have to experiment to find the appropriate exposure time for your set-up, but a good starting point is 30 minutes.  To use the auto-timing device on the X-ray machine close the doors, and turn on the power to values you desire.  Then set the camera shutter (right of the power supply) to closed.  On the timer immediately to the right of the shutter switch the bottom ‘Timer’ up (not off), the ‘Shutter’ to close (not X-ray off).  Now dial in the exposure time you desire at the top of the timer unit.  Press ‘LOD’.  The time will now appear in the LED display.  Press ‘Start’, and then flip the camera shutter switch on the left to the open position.  The timer will automatically close the shutter when the time has elapsed.  If the small red shutter light does not turn on in the main chamber or the blinking light next to the timer does not start something is wrong,  Start over.  Maybe you forgot to open the shutter in the main chamber, or one of the doors is closed incorrectly.  If the little red light and the blinking light next to the timer are not both going you will not get data for the exposure time you want.  

6. When the timer has closed the shutter turn off the X-ray tube (press the green button on the power supply).  Open the chamber and press the ‘Expose’ lever to the bottom position.  Push the film all the way back into the camera.  Flip the switch on the back to the left (process) position.  Quickly pull the film up and out of the camera (try to do this is one quick, swift motion so that the film does not get stuck).  Wait 15 to 20 seconds for it to develop.  Open the film and remove your picture.  Coat the picture with the “goo” provided with the film (if you do not do this, your pictures will turn white in a couple days).
7. The diffraction pictures obtained with the available apparatus are sufficient for the determination of the crystallographic orientation of the provided sample.  An apparent unresolved problem of the current setup is the overexposure of the central region of the film.  This is due to the K lines in the X-ray spectrum, which lead to an increased incident intensity but a corresponding increased intensity of only certain specific Bragg spots on the diffraction pattern. (See Reference [3], Chapter 6)
Analysis

Powder method

Measure the interplanar spacing and relative intensities corresponding to the observed diffraction lines (See Reference [3], Chapter 6).  Compare your unknown material to known materials using standard X-ray diffraction tables (See References [4] and [5]).
Laue method

Planes of a zone figure prominently in Laue diffraction because they produce loci of points on film that are either hyperbolae or straight lines.   First note the scattered wave vectors for scattering off of planes of one zone lie on the surface of a cone.  The cone axis is the zone axis and the opening angle is equal to the angle the zone axis makes with the direction of incident X-rays, call it (:
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In going from left to right in Equation (3) k=k΄, k( = k+K, and K(Az = 0 (definition of planes of a zone) have been employed.  As shown in Figure 4 below, the back-scattered part of the cone intersects the film in a hyperbola or a line, depending on the value of (.  
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Figure 4:  Back-scattered cone intersecting with film; black dots are diffractions spots.  (Reproduced from Reference [2])
As implied above, the position and orientation of a hyperbola (or line) on the film depends on the orientation of the corresponding zone axis with respect to the incident direction: by changing the orientation of the sample, the zone axis orientation changes, and hence the corresponding hyperbola (or line) also changes.  One can see that if the two zone axes are fixed relative to the incident X-ray direction, the orientation of the sample is determined.  Therefore, the key operation in figuring out sample orientation is to map out at least two zone axes – the Greninger chart and stereographic projection are used to do this. 

Consider Figure 5.  In this picture a particular zone axis is shown and lies in the y-z plane; therefore, the normals to the planes of the zone intersect the film on the line 

A-B.  Provided the sample-film distance is held constant, the loci of points

S(x, y) can be located with (x, y), or equally well by the coordinates of the normal to the scattering planes, ((, ().  For example, if, for the a given crystal orientation, the zone axis lies in the y-z plane, the hyperbola will lie on a line of constant (; on the other hand, if the zone axis lies in the x-z plane, the hyperbola will lie on a line of constant (.  A Greninger chart consists of lines of constant ( and (, in 2° steps.  (Note: the bottom portion of the chart with the protractor is not needed here.)  Reference [2] provides a Greninger chart suitable for a sample-film distance of 3 cm.  
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Figure 5:  Explanation of ( and (. 
 (Reproduced from Reference [3])
As a first step to finding crystal orientation, one places a transparent copy of a Greninger chart on top of the film (center of film aligned with center of chart) and copies the most clearly identifiable hyperbolae and lines onto the chart.  (See section 8-2 of Reference [3] for more details.) 
In the second step, the loci of points on the Greninger chart are mapped onto a stereographic projection, known as a Wulff net –much like a 2D map of the world.  

Short aside on stereographic projection

This introduces the basic ideas of the method; it is recommended that sections 2-11 and 8-2 of Reference [3] are studied to get the complete story.

Stereographic projection allows a 2-D analysis of the angles between the lattice planes of a 3-D crystal.  Imagine putting the crystal at the center of an imaginary sphere, referred to as the reference sphere.  The angle between any two sets of lattice planes can be found by measuring the angle between their normals; in turn, by representing these normals as points on the surface of the reference sphere, this angle can be found by measuring the distance along the surface between the points, or “poles” as they are often called.
Place a plane tangent to the sphere at some point.  Then, project each pole on the sphere by drawing a line from the point diametrically opposite to the tangent point through the pole and onto the plane (see Figure 6 for terminology).  In this experiment the A-B axis is the direction of incidence (i.e.: the crystal’s orientation) and the projection plane coincides with the film.
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Figure 6:  Stereographic projection.
(Reproduced from Reference [3].)
For the analysis here, it suffices to consider a few important properties of stereographic projections:

(i) Great circles on the reference sphere are projected onto circular arcs;

(ii) Great circles passing through the N and S poles are projected onto “meridians”, or lines of longitude;  

(iii) Circles parallel to the E-W great circle are projected onto lines of latitude;

(iv) Poles corresponding to normals of planes of a zone (call them zone normal poles) lie on a great circle.  This follows since they are coplanar;

(v) The poles corresponding to zone axes are 90° from the great circle in (iv). 

The grid consisting of lines of longitude and latitude is called the Wulff net.  If the circular arc obtained from projecting the zone normal poles happens to lie on a meridian, the zone axis pole can be drawn on the Wulff net by simply moving 90° along the equator from that meridian.  In general, the circular arc obtained from projecting zone normal poles does not coincide with one of the meridians; however, by rotating a blank transparent Wulff net on top of the one with the zone normal poles marked, so that the arc of points coincides with a meridian on the top net, then looking 90° over along the equator of the top net, one can mark the zone axis pole on the bottom net.  This will become clearer with an example to follow.  

The angle between two zone axis poles can be found by following the above instruction:  rotate the Wulff net with the two poles below a another net, so that they lie on a meridian on top one; the angle obtains by counting the number of lines of latitude between the two poles on the top net.  

End of aside
Given Figure 5 and items (i), (ii), and (iii) above, the hyperbolae on the Greninger chart map onto circular arcs on the Wulff net; in particular, hyperbolae with constant ( map onto meridians if the E-W axis of the net is aligned parallel to the y-axis of Figure 5.
The following example should help to clarify the above ideas.
Example: Determination of the zone axis for a Laue picture hyperbola.

To illustrate the use of the charts and procedures outlined above, the determination of the zone axis for the hyperbola corresponding to planes of a zone on the Laue picture of a Niobium single crystal will be described.  The Laue picture is in Figure 7.
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Figure 7:. Laue picture from Nb single crystal.
By superposing a Greninger chart on it, the angles ( and ( for points 1 through 6 are determined.  These points can now be plotted on a Wulff net; thus the positions of the poles of the planes of that zone on the stereographic projection are determined, as in Figure 8. 

[image: image10.png]il
ity

i
i

Wiki





Figure 8:  Determination of a zone axis on a Wulff net.
These points are then found to lie on a meridian of a rotated Wulff net.  The zone axis can be directly determined on this rotated Wulff net.  Since the zone axis is perpendicular to the poles of all the planes in the zone it lies on the N-S great circle on the rotated Wulff net at 90° from the zone poles great circle.  The full three dimensional picture of this is Figure 9.



Figure 9:  Three dimensional determination of the zone axis with respect to the zone poles great circle, on the reference sphere.  The film is tangent at A and normal to A-B.
Once several zone axis poles have been identified on a Wulff net, one can make comparison with the standard projections available.  These are projections of the poles of cubic crystal planes (h k l), with the A-B​ axis coinciding with a low index direction, e.g. (100).  If this procedure doesn’t work, several trial and error procedures for the identification of the crystal orientation are available as outlined in the literature (good luck with those).
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Figure 9: Crystallographic orientation.
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Figure 10: Crystallographic orientation.
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Figure 11: Crystallographic orientation.
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Figure 12: Crystallographic orientation.
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Figure 13: Wulff’s stereographic projection.
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Figure 14: Greninger chart for the solution of back-reflection Laue patterns, reproduced in the correct size for a specimen-to-film distance D of 3 cm.
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