X-RAY BRAGG DIFFRACTION

OBJECTIVE:  To observe the diffraction of X rays by a crystal and to use the interference maxima to determine the wavelength of the X rays.

READING: Krane, Sections 3.1 and 3.5.

THEORY:  When a beam of electrons collides with atoms of a target (copper, in this experiment), two processes result in the emission of X rays.  The first process is bremsstrahlung, in which the electrons slow down as they interact with the atoms and produce X-ray photons whose energy is equal to the kinetic energy lost by the electrons.  The X rays produced in this process have a continuous spectrum of wavelengths from a minimum value (determined by the accelerating voltage for the incident electrons) to infinity.  The second process depends on the discrete energy levels in atoms and occurs when an incident electron knocks loose one of the inner atomic electrons of a copper atom.  Other atomic electrons can jump down to fill this vacancy, and the energy given up by these electrons is emitted as an X-ray photon.  The photon energy is equal to the difference between the initial and final energies of the electron that makes the jump.  The X rays that are used in this experiment mostly result from this second process and so have discrete, rather than continuous, energies.

The X rays are scattered from a single crystal of NaCl.  When X rays are scattered from a crystal, we can think of the scattering as taking place as a reflection from planes drawn through successive layers of atoms in the crystal, as shown in Figure 1.
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The path length of radiation reflected from the second plane is longer by a distance 2x than the path length of radiation reflected from the first plane.  If this path length is a whole number of wavelengths, the radiation reflected from the two planes will interfere constructively to produce an intensity maximum.  From the crystal geometry, the interference condition can be determined to be





2d sin ( = n(

(n = 1,2,3,…)


(1)

This equation is the condition for Bragg diffraction of X rays.  Note that the angle between the direction of the incident beam and the direction of the reflected beam is 2(.

For NaCl, the total mass M of a mole of Na ions and a mole of Cl ions is 58.46 ( 10(3 kg.  (This is the molar mass, but a solid NaCl crystal is composed of Na and Cl ions, not NaCl molecules.)  The mass of a pair of Na and Cl ions is then m = M/NA = 9.71 ( 10(26 kg. The density ( of NaCl is 2.16 ( 103 kg/m3, so the volume per ion pair is (/m and the volume per ion is 2(/m.  NaCl has a cubic arrangement of ions (each ion occupying the corner of a cube), so the spacing between ions is
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APPARATUS: A schematic diagram of the X-ray apparatus is shown in Figure 2.



X rays are produced in the X-ray tube when electrons accelerated through a potential difference V (which can be set at either 20 kV or 30 kV) bombard a copper target.  After passing through the primary beam collimator, the X rays strike the NaCl crystal.  The crystal mount is designed so that when the slide carriage holding the X-ray detector is rotated through an angle 2(, the crystal rotates through the angle (.  The apparatus thus preserves the Bragg condition for all angular positions of the detector.  The radiation reflected by the crystal passes through 2 collimators and is detected by a Geiger-Mueller tube.  The output of the Geiger-Mueller tube is sent to a scaler, which provides the readout of the number of X-ray counts recorded by the detector.  The scaler unit also provides the high voltage for the Geiger-Mueller tube. A separate microammeter is connected to the unit to monitor the current in the X-ray tube.  A screwdriver adjustment on the side of the X-ray unit (near the “X-RAY ON” button) allows for adjustment of the X-ray current.



PROCEDURE:  By turning the keylock switch to the horizontal, turn on the filament power.  Set the front timer on the X-ray unit to 50 minutes.  The purpose of this timer is to preserve the life of the X-ray tube by avoiding its being left operating for too long.  During the experiment you can periodically reset the timer to keep the unit from turning off while you are taking data.

With the filament on, allow the X-ray tube to warm up for at least 15 minutes.  This is necessary in order to eliminate condensation in the tube.


Turn on the scaler and the GM tube high-voltage supply.  Check that the high-voltage setting for the GM tube is the same as the operating voltage posted just above the control knob.

Open the cover of the X-ray apparatus and set the accelerating voltage switch to the 30 kV position.

Note the position of the NaCl crystal, and observe that the X-ray beam will strike the side of the crystal with the rougher texture.  Do not touch the crystal or allow moisture to come into contact with it.  

Close the cover of the X-ray apparatus and slide the cover toward the center locked position.  This allows the X-ray tube to be energized.

Depress the X-ray tube power switch and observe that the red light inside the apparatus comes on.  If it does not, make sure the cover is centered and try again.

Observe the X-ray tube current on the microammeter.  It should be 50 (A.  Adjust if necessary.  The current has a tendency to drift.  During the experiment, monitor the current and adjust it to keep it at 50 (A.  DO NOT ALLOW THE CURRENT TO EXCEED 80 (A, BECAUSE DAMAGE TO THE TUBE WILL RESULT.
Take data with the GM tube every 2( from 12( to 75(.  At each position, count long enough so that the fractional uncertainty in the number of counts is 10% or less.  (For Poisson statistics, the uncertainty in N counts is 
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.)  The peaks are very sharp, but you should be able to locate the peaks with this method.  After you know where the peaks are, go back over the peaks and take measurements about every 0.25( to determine their locations and shapes as carefully as possible.

ANALYSIS:  Plot the count rate against the angle 2( and determine the peak locations as carefully as you can.  

Discrete X-ray emissions in atoms come in groups, in our case pairs, with close-lying energies or wavelengths.  Find the pair of peaks at the lowest angles.  We can begin by assuming that these correspond to the first-order Bragg diffraction (n = 1).  If this is a correct assumption, you should be able to calculate the angles where the corresponding 

n = 2,3… peaks should appear in your data.  Do peaks occur at the expected locations?  Check some other possible interpretations for the first pair of peaks (could they be the second-order or n = 2 maxima?  third-order?) to strengthen your argument.

Assuming you have correctly identified the orders of all of the peaks in your spectrum, obtain a value for the wavelength for each peak.  Estimate the uncertainty and average the wavelengths obtained for the same peak at different orders.

Compare your values of the wavelengths with the accepted values for copper, 0.154 nm and 0.139 nm.

QUESTIONS:

1.  The two X rays in copper are called K( and K( 

and result from electron “jumps” between discrete

energy levels of copper as shown in the sketch.  

Relative to the lowest state labeled K, find the 

energies of the states labeled L and M.

2.  For a 30 kV accelerating voltage, where would you expect the angle corresponding to the smallest bremsstrahlung wavelength to occur?  Can you see the onset of the bremsstrahlung in your data?  Probably the background counts in the regions between the peaks is from bremsstrahlung.
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Figure 1





WARNING: X rays are a health hazard.  The equipment has been designed to shield the user from direct exposure to X rays.  A safety interlock prevents the lid of the apparatus from being raised when the X-ray beam is on.  Do not force the lid open or attempt to tamper with or to defeat the purpose of the safety interlock.





EACH X-RAY UNIT HAS A LOG BOOK.  EVERY STUDENT USING THE APPARATUS MUST SIGN WITH THE DATE AND TIME THE APPARATUS HAS BEEN USED.























WARNING:  Failure to allow proper warm-up time will damage the tube.
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Figure 2
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