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Abstract


This experiment directs a beam of electrons at a Molybdenum anode to generate two types of x-radiation, a continuum of Bremsstrahlung radiation and radiation characteristic of the anode material, which is emitted when inner electrons from the K orbital are ejected and outer electrons from the L and M orbitals drop down. This characteristic radiation is of two specific wavelengths.

These x-rays pass through a collimator and into a spectrometer where they interact with a single salt crystal which has a face at an angle θ to the beam and x-rays are detected with a counter at an angle 2θ to the beam (ie: a 2θ coupling).
The intensity of radiation against electron gun voltage and current is measured and the effect of these on the spectrum is observed. Additionally three orders of diffraction are observed to validate Bragg’s law of diffraction, which relies on the assumption that x-rays can act as waves, and from these the wavelengths of the characteristic x-radiation is determined and compared to the accepted values.
Introduction

In 1912 William Henry Bragg, along with his son William Lawrence Bragg, unexpectedly discovered that x-rays, when directed at crystals, have sharp characteristic peaks at certain angles. They soon realised that this phenomenon could be used to probe crystals and determine their atomic or molecular structure.

Using their discovery, they determined the structures of several crystals, and were awarded the Nobel prize in physics in 1915.


In this particular experiment, a Sodium Chloride (NaCl) crystal with a known cubic structure and plane spacing will be used to determine the wavelength of x-ray radiation characteristic of a Molybdenum anode bombarded with high energy electrons. This is somewhat the reverse of the experiments initially done by Bragg and son, in which they knew the wavelength of the radiation, but not the structure or plane spacing of the crystals.

Additionally, observations will be made on the spectrum of radiation received when the energy of the electrons is varied, and when the emission current of the electron gun is varied.


Since this experiment also relies on the assumption that x-rays can act as waves, the results of the experiment can also be used to either validate or reject that hypothesis.

Theory

In a crystal, the layers of atoms can be modelled as a flat plate, from which x-rays are specularly reflected off. In reality, it is the individual atoms that are absorbing, and re-emitting the x-ray photons in a random direction.
If two such plates are placed near each other, then the x-rays reflected from the first and second plates can interfere with each other. This gives rise to an interference pattern where in some areas the x-rays constructively interfere, and in other areas destructively interfere.

The angle at which constructive interference takes place can be determined by this simple formula:

nλ = 2dsin(θ)
Essentially, this formula states that constructive interference only takes place when the extra distance travelled a photon to the second crystal plane (dsin(θ)) plus the distance travelled back up to the first crystal plane (also dsin(θ)), must be equal to an integer multiple of the wavelength of the x-ray radiation. The geometry is nicely represented by Diagram A:
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The Bragg peaks of radiation for a particular wavelength can be detected at several values for n, corresponding to different values for theta. (1)
Experimental Method


The collection of data for this experiment is an automated process, merely requiring some initial parameters to be set before data collection begins. However, the basic principles of how the machine operates are no different to that of a spectrometer.

On the left hand side of the machine is a fixed anode, this is the target for the high energy electrons and is what produces the x-rays. Some of the electrons are simply decelerated, and this gives rise to a Bremsstrahlung spectrum, however some of the electrons penetrate deeply into the Molybdenum atoms and interact with the very inner electrons and eject them. This leaves a gap in the K shell of the atom which can be very quickly filled by an electron from a higher energy level. This experiment makes use of those x-rays emitted when an electron from either the L shell (Kα) or the M shell (Kβ) drops down; these are referred to as the characteristic radiation of Molybdenum.
In the middle of the machine is a small holder for the crystal to be placed on, this holder can be rotated anti-clockwise. Finally on the right hand side is a detector tube for the x-rays, and this can be rotated anti-clockwise about the crystal.


For this particular experiment, when the holder is rotated through an angle θ, the detector is rotated through an angle 2θ. This is known as a 2θ coupling arrangement.


Below is an image of the apparatus used in this experiment, Diagram B:
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For the first part of the experiment, Task 1, θ was varied between 2.5° and 12.5° in increments of 0.1°, with a measuring time of 4 seconds at each angle. This was performed three times, each with a different value for the electron gun voltage, 25.0 kV, 30.0 kV and 35.0 kV, at a constant emission current 1.0 mA. The results for Task A can be found in Table A, and plotted on Graph A.


For the three spectra obtained, the centre of each of the spectral peaks were recorded to find the wavelength of the characteristic radiation, Table D. The minimum value for the wavelength of Bremsstrahlung radiation was also determined, Table E, and from this a value for Planck’s constant was calculated.


Next, Task 2 involved varying the emission current of the electron gun at a constant gun voltage of 35.0 kV. Three different emission currents (I) were used, 0.6 mA, 0.8 mA and 1.0 mA, however the last run for Task 2 is the same as the last run in Task 1, therefore the same data was used. Results from Task 2 can be found in Table B and plotted on Graph B. θ was once again varied between 2.5° and 12.5° in increments of 0.1°, with a measuring time of 4 seconds at each angle.


To clearly show the effect of varying the emission current, the count rates for both characteristic peaks and the Bremsstrahlung radiation, in each of the three runs, were all recorded in Table F and plotted on Graph D.


Finally, Task 3 was performed with a constant current of 1.0 mA and a constant voltage of 35.0 kV, but this time for θ between 2.0° and 25.0° in increments of 0.1°. The measuring time for each angle was also increased to 10 seconds. The aim of this task was to observe multiple orders of diffraction from the crystal, which allows more accurate calculation of the characteristic wavelength for Molybdenum. Results for this task can be found in Table C and plotted on Graph C.

Since multiple orders of diffraction were found, the centre of each spectral peak was calculated, and from these much more accurate determinations of the wavelengths of the characteristic x-ray radiation were calculated than in Task A.
Results


Presented here are the three main results tables for the different tasks carried out.

For the sake of clarity, errors have not been included in the tables, however for the angle θ there is an absolute error of 0.1°, which over the range of 2.0° to 25.0° is a relative error of 5.0% to 0.40%. Additionally there is an error of 0.1 kV for the voltages (0.29% to 0.40% relative error) and an error of 0.01 mA for the currents (1% to 1.7% relative error).

Table A: Task 1, Varying The Tube Voltage
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θ (°)  λ (pm) U=35.0 kVU=30.0 kVU=25.0 kV θ (°)  λ (pm) U=35.0 kVU=30.0 kVU=25.0 kV

2.5 24.60 6.00 4.25 1.25 7.6 74.60 520.75 323.25 194.00

2.6 25.59 8.25 3.75 1.75 7.7 75.57 444.50 266.75 164.75

2.7 26.57 9.50 3.50 2.25 7.8 76.55 435.00 244.00 161.50

2.8 27.55 8.50 4.25 2.25 7.9 77.52 439.00 234.75 155.50

2.9 28.54 10.25 4.25 1.75 8.0 78.50 410.25 224.00 149.75

3.0 29.52 7.25 3.00 2.50 8.1 79.47 405.75 206.25 145.50

3.1 30.50 11.50 4.00 1.50 8.2 80.45 406.00 191.75 139.25

3.2 31.48 9.50 4.75 1.00 8.3 81.42 415.50 189.00 138.75

3.3 32.47 14.00 5.00 1.75 8.4 82.39 388.50 189.25 132.00

3.4 33.45 15.00 2.75 2.75 8.5 83.37 391.50 190.25 131.50

3.5 34.43 48.25 3.75 1.50 8.6 84.34 379.50 191.50 115.50

3.6 35.42 146.75 3.50 0.75 8.7 85.31 368.75 181.00 99.00

3.7 36.40 312.75 5.25 3.00 8.8 86.29 356.00 193.25 99.50

3.8 37.38 464.50 7.25 1.50 8.9 87.26 356.50 191.50 92.75

3.9 38.36 576.25 7.25 1.50 9.0 88.23 338.75 186.50 89.75

4.0 39.34 661.75 9.75 1.75 9.1 89.20 321.75 185.50 90.25

4.1 40.33 749.75 21.25 2.50 9.2 90.18 315.00 176.00 75.50

4.2 41.31 779.25 74.50 2.75 9.3 91.15 296.00 167.00 62.50

4.3 42.29 873.50 171.00 2.00 9.4 92.12 296.50 151.00 64.50

4.4 43.27 898.00 263.75 2.00 9.5 93.09 275.75 153.00 50.50

4.5 44.25 905.50 337.00 1.75 9.6 94.06 257.50 154.25 47.75

4.6 45.23 909.50 403.50 1.50 9.7 95.03 246.75 142.50 39.75

4.7 46.21 937.25 463.00 3.75 9.8 96.00 246.50 139.50 36.75

4.8 47.20 909.50 484.25 1.50 9.9 96.97 228.50 136.25 40.00

4.9 48.18 903.50 527.25 4.00 10.0 97.94 237.25 138.50 35.00

5.0 49.16 895.25 533.25 17.50 10.1 98.91 223.50 137.25 33.00

5.1 50.14 862.00 534.50 56.50 10.2 99.88 211.25 131.25 35.25

5.2 51.12 830.25 539.75 98.00 10.3 100.85 204.25 130.00 36.00

5.3 52.10 846.75 532.75 133.25 10.4 101.82 184.00 128.00 36.75

5.4 53.08 827.50 537.00 178.25 10.5 102.78 189.00 125.25 38.25

5.5 54.06 787.00 542.25 200.50 10.6 103.75 185.25 117.25 39.75

5.6 55.04 758.50 528.00 230.25 10.7 104.72 183.75 119.25 41.00

5.7 56.02 753.25 510.50 226.25 10.8 105.69 172.25 116.75 44.00

5.8 57.00 685.25 499.75 249.50 10.9 106.65 176.25 100.25 44.75

5.9 57.98 696.25 473.00 252.25 11.0 107.62 163.75 114.00 45.75

6.0 58.96 656.75 480.75 235.75 11.1 108.59 156.25 100.25 48.50

6.1 59.94 703.25 481.75 259.75 11.2 109.55 166.25 96.75 46.00

6.2 60.91 947.25 623.25 315.50 11.3 110.52 146.00 98.25 42.50

6.3 61.89 1334.75 838.75 390.00 11.4 111.48 152.75 96.50 37.00

6.4 62.87 1332.75 847.25 392.75 11.5 112.45 156.75 91.25 45.50

6.5 63.85 982.25 631.25 322.75 11.6 113.41 161.75 94.25 43.00

6.6 64.83 750.75 507.25 285.25 11.7 114.38 146.75 88.75 36.25

6.7 65.80 599.75 440.75 258.50 11.8 115.34 150.25 79.25 41.25

6.8 66.78 547.00 415.50 244.25 11.9 116.30 149.50 78.25 49.50

6.9 67.76 530.50 392.75 238.75 12.0 117.27 138.50 81.50 42.25

7.0 68.74 1210.00 767.75 368.00 12.1 118.23 146.75 84.25 38.25

7.1 69.71 2284.25 1421.00 606.00 12.2 119.19 139.25 73.50 36.50

7.2 70.69 2464.50 1532.00 611.00 12.3 120.15 139.25 74.25 37.50

7.3 71.67 1730.75 1054.00 433.50 12.4 121.12 134.75 64.50 37.75

7.4 72.64 1147.75 682.25 307.00 12.5 122.08 151.50 71.50 42.75

7.5 73.62 740.00 422.75 226.75


Table B: Task 2, Varying The Emission Current
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θ (°)  λ (pm) I=1.0 mA I=0.8 mA I=0.6 mA θ (°)  λ (pm) I=1.0 mA I=0.8 mA I=0.6 mA

2.5 24.60 6.00 4.50 5.50 7.6 74.60 520.75 387.50 312.50

2.6 25.59 8.25 5.25 5.75 7.7 75.57 444.50 351.25 280.25

2.7 26.57 9.50 7.50 4.50 7.8 76.55 435.00 354.75 280.00

2.8 27.55 8.50 5.50 5.50 7.9 77.52 439.00 341.25 264.25

2.9 28.54 10.25 7.25 6.25 8.0 78.50 410.25 346.75 246.00

3.0 29.52 7.25 7.00 5.50 8.1 79.47 405.75 322.00 257.00

3.1 30.50 11.50 8.25 3.75 8.2 80.45 406.00 331.00 249.00

3.2 31.48 9.50 8.50 7.00 8.3 81.42 415.50 325.00 243.00

3.3 32.47 14.00 8.25 6.75 8.4 82.39 388.50 306.25 241.75

3.4 33.45 15.00 15.00 10.75 8.5 83.37 391.50 310.25 228.50

3.5 34.43 48.25 42.00 27.50 8.6 84.34 379.50 299.50 225.50

3.6 35.42 146.75 126.00 84.25 8.7 85.31 368.75 307.00 205.50

3.7 36.40 312.75 255.25 193.75 8.8 86.29 356.00 284.50 217.75

3.8 37.38 464.50 374.75 290.25 8.9 87.26 356.50 266.25 207.75

3.9 38.36 576.25 501.25 360.75 9.0 88.23 338.75 257.75 197.25

4.0 39.34 661.75 566.00 431.00 9.1 89.20 321.75 248.50 204.75

4.1 40.33 749.75 626.00 486.50 9.2 90.18 315.00 252.25 195.50

4.2 41.31 779.25 677.00 506.75 9.3 91.15 296.00 231.50 185.50

4.3 42.29 873.50 690.75 548.25 9.4 92.12 296.50 229.50 176.75

4.4 43.27 898.00 709.00 572.25 9.5 93.09 275.75 213.50 158.50

4.5 44.25 905.50 737.50 570.75 9.6 94.06 257.50 218.75 153.50

4.6 45.23 909.50 732.75 589.00 9.7 95.03 246.75 202.25 143.25

4.7 46.21 937.25 763.50 581.75 9.8 96.00 246.50 188.50 147.00

4.8 47.20 909.50 757.25 588.75 9.9 96.97 228.50 192.00 149.25

4.9 48.18 903.50 725.50 572.75 10.0 97.94 237.25 192.25 140.50

5.0 49.16 895.25 721.50 572.50 10.1 98.91 223.50 174.25 133.25

5.1 50.14 862.00 698.00 555.50 10.2 99.88 211.25 169.50 130.25

5.2 51.12 830.25 708.00 546.75 10.3 100.85 204.25 154.50 133.25

5.3 52.10 846.75 707.75 532.75 10.4 101.82 184.00 153.75 110.25

5.4 53.08 827.50 661.25 516.50 10.5 102.78 189.00 147.25 103.25

5.5 54.06 787.00 661.50 482.25 10.6 103.75 185.25 153.25 115.25

5.6 55.04 758.50 638.25 474.00 10.7 104.72 183.75 149.50 104.25

5.7 56.02 753.25 613.25 461.25 10.8 105.69 172.25 135.25 106.50

5.8 57.00 685.25 585.50 432.50 10.9 106.65 176.25 128.75 99.25

5.9 57.98 696.25 547.75 416.75 11.0 107.62 163.75 122.00 99.50

6.0 58.96 656.75 537.00 404.50 11.1 108.59 156.25 130.75 93.75

6.1 59.94 703.25 556.50 429.50 11.2 109.55 166.25 131.50 100.75

6.2 60.91 947.25 785.75 591.00 11.3 110.52 146.00 124.75 93.25

6.3 61.89 1334.75 1112.50 853.00 11.4 111.48 152.75 123.50 77.50

6.4 62.87 1332.75 1091.75 853.75 11.5 112.45 156.75 125.50 90.00

6.5 63.85 982.25 789.75 640.50 11.6 113.41 161.75 121.50 93.25

6.6 64.83 750.75 594.00 473.00 11.7 114.38 146.75 119.25 90.75

6.7 65.80 599.75 490.00 379.75 11.8 115.34 150.25 114.50 84.25

6.8 66.78 547.00 451.50 357.75 11.9 116.30 149.50 122.00 78.25

6.9 67.76 530.50 464.00 341.50 12.0 117.27 138.50 106.50 83.25

7.0 68.74 1210.00 1004.25 803.50 12.1 118.23 146.75 111.75 81.25

7.1 69.71 2284.25 2023.25 1615.50 12.2 119.19 139.25 108.00 79.75

7.2 70.69 2464.50 2056.25 1660.50 12.3 120.15 139.25 105.75 87.00

7.3 71.67 1730.75 1424.25 1115.50 12.4 121.12 134.75 112.75 83.00

7.4 72.64 1147.75 913.00 722.00 12.5 122.08 151.50 127.75 101.25

7.5 73.62 740.00 596.50 457.50


Table C: Task 3, Diffraction Of X-Rays At A Single Crystal Up To The 3rd Order
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θ (°)  λ (pm) R (Hz) θ (°)  λ (pm) R (Hz) θ (°)  λ (pm) R (Hz)

2.0 19.68 6.9 7.7 75.57 446.4 13.4 130.71 126.6

2.1 20.67 5.9 7.8 76.55 442.3 13.5 131.67 128.1

2.2 21.65 7.1 7.9 77.52 452.6 13.6 132.62 113.6

2.3 22.64 6.7 8.0 78.50 429.5 13.7 133.58 114.2

2.4 23.62 8.5 8.1 79.47 422.1 13.8 134.54 110.2

2.5 24.60 6.4 8.2 80.45 400.6 13.9 135.49 109.4

2.6 25.59 7.4 8.3 81.42 390.7 14.0 136.45 111.2

2.7 26.57 8.9 8.4 82.39 389.9 14.1 137.40 110.0

2.8 27.55 9.7 8.5 83.37 389.2 14.2 138.36 132.7

2.9 28.54 7.8 8.6 84.34 369.4 14.3 139.31 307.3

3.0 29.52 7.8 8.7 85.31 358.1 14.4 140.27 646.9

3.1 30.50 9.5 8.8 86.29 352.2 14.5 141.22 719.7

3.2 31.48 10.1 8.9 87.26 343.3 14.6 142.17 501.3

3.3 32.47 9.8 9.0 88.23 338.9 14.7 143.12 288.7

3.4 33.45 15.1 9.1 89.20 319.2 14.8 144.08 172.9

3.5 34.43 45.3 9.2 90.18 318.2 14.9 145.03 119.6

3.6 35.42 138.4 9.3 91.15 294.1 15.0 145.98 100.6

3.7 36.40 294.0 9.4 92.12 286.6 15.1 146.93 92.4

3.8 37.38 449.5 9.5 93.09 272.1 15.2 147.88 92.1

3.9 38.36 586.1 9.6 94.06 263.4 15.3 148.83 90.9

4.0 39.34 687.0 9.7 95.03 250.5 15.4 149.78 94.8

4.1 40.33 760.8 9.8 96.00 241.5 15.5 150.73 90.8

4.2 41.31 814.2 9.9 96.97 243.8 15.6 151.68 89.4

4.3 42.29 857.2 10.0 97.94 223.0 15.7 152.62 80.5

4.4 43.27 888.3 10.1 98.91 213.4 15.8 153.57 81.3

4.5 44.25 908.4 10.2 99.88 223.6 15.9 154.52 83.0

4.6 45.23 924.3 10.3 100.85 206.0 16.0 155.46 76.9

4.7 46.21 915.7 10.4 101.82 193.4 16.1 156.41 77.6

4.8 47.20 929.8 10.5 102.78 190.8 16.2 157.36 79.3

4.9 48.18 901.9 10.6 103.75 177.6 16.3 158.30 75.3

5.0 49.16 905.4 10.7 104.72 177.8 16.4 159.25 70.3

5.1 50.14 879.6 10.8 105.69 168.8 16.5 160.19 66.3

5.2 51.12 870.2 10.9 106.65 169.3 16.6 161.13 70.6

5.3 52.10 841.6 11.0 107.62 167.7 16.7 162.08 66.1

5.4 53.08 822.1 11.1 108.59 156.7 16.8 163.02 67.5

5.5 54.06 795.8 11.2 109.55 151.1 16.9 163.96 63.6

5.6 55.04 768.5 11.3 110.52 153.4 17.0 164.90 68.1

5.7 56.02 743.0 11.4 111.48 152.5 17.1 165.84 62.1

5.8 57.00 714.1 11.5 112.45 153.9 17.2 166.79 62.8

5.9 57.98 688.7 11.6 113.41 150.0 17.3 167.73 63.9

6.0 58.96 659.3 11.7 114.38 139.0 17.4 168.66 60.6

6.1 59.94 673.7 11.8 115.34 148.2 17.5 169.60 59.3

6.2 60.91 926.8 11.9 116.30 142.7 17.6 170.54 63.6

6.3 61.89 1303.1 12.0 117.27 143.2 17.7 171.48 58.5

6.4 62.87 1327.3 12.1 118.23 134.2 17.8 172.42 55.9

6.5 63.85 1002.4 12.2 119.19 140.5 17.9 173.36 54.3

6.6 64.83 766.3 12.3 120.15 132.5 18.0 174.29 54.8

6.7 65.80 642.4 12.4 121.12 138.8 18.1 175.23 55.3

6.8 66.78 567.0 12.5 122.08 158.5 18.2 176.16 52.2

6.9 67.76 548.5 12.6 123.04 184.0 18.3 177.10 49.3

7.0 68.74 1195.5 12.7 124.00 247.6 18.4 178.03 50.6

7.1 69.71 2334.5 12.8 124.96 335.2 18.5 178.97 52.1

7.2 70.69 2473.3 12.9 125.92 313.0 18.6 179.90 47.8

7.3 71.67 1732.0 13.0 126.88 216.2 18.7 180.83 48.0

7.4 72.64 1169.1 13.1 127.84 163.7 18.8 181.76 52.2

7.5 73.62 746.4 13.2 128.79 136.4 18.9 182.70 46.2

7.6 74.60 514.5 13.3 129.75 134.9 19.0 183.63 48.5


Table C: Continued
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θ (°)  λ (pm) R (Hz) θ (°)  λ (pm) R (Hz) θ (°)  λ (pm) R (Hz)

19.1 184.56 55.3 21.1 203.05 36.0 23.1 221.29 31.0

19.2 185.49 55.1 21.2 203.96 33.5 23.2 222.19 26.5

19.3 186.42 53.8 21.3 204.88 35.7 23.3 223.10 28.3

19.4 187.35 78.2 21.4 205.80 34.7 23.4 224.00 24.8

19.5 188.27 92.8 21.5 206.71 33.7 23.5 224.90 24.7

19.6 189.20 76.3 21.6 207.63 33.6 23.6 225.80 28.3

19.7 190.13 53.6 21.7 208.54 34.5 23.7 226.71 25.1

19.8 191.05 47.7 21.8 209.46 49.2 23.8 227.61 23.4

19.9 191.98 43.6 21.9 210.37 95.5 23.9 228.51 23.3

20.0 192.91 43.3 22.0 211.29 155.7 24.0 229.41 25.2

20.1 193.83 39.8 22.1 212.20 163.7 24.1 230.31 23.4

20.2 194.76 36.4 22.2 213.11 123.9 24.2 231.20 22.6

20.3 195.68 35.7 22.3 214.02 71.3 24.3 232.10 20.4

20.4 196.60 38.8 22.4 214.93 43.0 24.4 233.00 23.9

20.5 197.52 38.0 22.5 215.84 38.3 24.5 233.90 20.3

20.6 198.45 36.7 22.6 216.75 28.8 24.6 234.79 22.3

20.7 199.37 37.1 22.7 217.66 34.3 24.7 235.69 20.6

20.8 200.29 38.3 22.8 218.57 27.6 24.8 236.58 20.2

20.9 201.21 33.9 22.9 219.47 26.2 24.9 237.47 20.1

21.0 202.13 35.2 23.0 220.38 28.9 25.0 238.37 21.4



Now here are some additional results tables containing data derived from the preceding tables.

Table D: Spectral peaks for three different voltages (Task 1).

	Voltage, U

(±0.1 kV)
	Kα
	Kβ

	
	θ (°)
	λ (pm)
	θ (°)
	λ (pm)

	25.0
	7.20 ± 0.13
	70.69 ± 1.30
	6.35 ± 1.12
	62.58 ± 1.33

	30.0
	7.20 ± 0.12
	70.64 ± 1.18
	6.36 ± 1.11
	62.47 ± 1.12

	35.0
	7.21 ± 0.13
	70.76 ± 1.30
	6.36 ± 1.12
	62.51 ± 1.13


Table E: λ-min for three different voltages (Task 1).

	Voltage, U (±0.1 kV)
	λ (pm)

	25.0
	48.8 ± 1.0

	30.0
	40.5 ± 1.0

	35.0
	34.5 ± 1.0


Table F: Count rates for the characteristic and Bremsstrahlung spectral peaks (Task 2).
	Current (mA)
	R(Kα)
	R(Kβ)
	Rc

	0.6
	1660.50
	853.75
	589.0

	0.8
	2056.25
	1112.50
	763.5

	1.0
	2464.50
	1334.75
	937.25


Task 1
Calculation of the characteristic wavelengths from the spectral peaks of the three spectra:

λKα = (λα1 + λα2 + λα3) / 3 = (70.69 + 70.64 + 70.76) / 3 = 212.09 / 3
λKα = 70.70 pm

ΔλKα = (Δλα1 + Δλα2 + Δλα3) / 3 = (1.30 + 1.18 + 1.30) / 3 = 3.78 / 3

ΔλKα = 1.26 pm

λKβ = (λβ1 + λβ2 + λβ3) / 3 = (62.58 + 62.47 + 62.51) / 3 = 187.56 / 3
λKβ = 62.52 pm

ΔλKβ = (Δλβ1 + Δλβ2 + Δλβ3) / 3 = (1.33 + 1.12 + 1.13) / 3 = 3.58 / 3

ΔλKβ = 1.19 pm


λKα = 70.70 ± 1.26 pm (1.8% error)

λKβ = 62.52 ± 1.19 pm (1.9% error)

Calculation of Planck’s constant from the minimum wavelengths of Bremsstrahlung radiation of the three spectra:

1 eV = 1.602 × 10-19 J
c = 2.998 × 108 m/s
E = hc / λ

∴ h = Eλ / c
Δh = h × (ΔE/E + Δλ/λ)

h1 = 25.0 × 103 × 1.602 × 10-19 × 48.8 × 10-12 / (2.998 × 108)
h1 = 6.52 × 10-34
Δh1 = 6.52 × 10-34 × (0.1/25.0 + 1.0/48.8)
Δh1 = 0.16 × 10-34

h2 = 30.0 × 103 × 1.602 × 10-19 × 40.5 × 10-12 / (2.998 × 108)
h2 = 6.49 × 10-34
Δh2 = 6.49 × 10-34 × (0.1/30.0 + 1.0/40.5)
Δh2 = 0.18 × 10-34 
h3 = 35.0 × 103 × 1.602 × 10-19 × 34.5 × 10-12 / (2.998 × 108)
h3 = 6.45 × 10-34
Δh3 = 6.45 × 10-34 × (0.1/35.0 + 1.0/34.5)
Δh3 = 0.21 × 10-34
h1 = (6.52 ± 0.16) × 10-34
h2 = (6.49 ± 0.18) × 10-34
h3 = (6.45 ± 0.21) × 10-34
h = (h1 + h2 + h3) / 3 = (6.52 + 6.49 + 6.45) × 10-34 / 3
h = 6.49 × 10-34
Δh = (Δh1 + Δh2 + Δh3) / 3 = (0.16 + 0.18 + 0.21) × 10-34 / 3
Δh = 0.18 × 10-34
h = (6.49 ± 0.18) × 10-34 (2.8% error)
As the tube voltage was increased in task 1, it is easy to see from Graph A that the Bremsstrahlung radiation spectrum is shifted to the left, ie: the shorter wavelengths, which have a higher energy. This is a direct result of the electrons having more energy to lose as Bremsstrahlung radiation. Additionally though, the characteristic peaks of radiation from the Molybdenum anode are higher, this is probably because it is more likely for a higher energy electron to be able to interact with an inner electron of Molybdenum in such a way that both are successfully ejected from the atom. Such an interaction is needed to allow for an electron in either the L or M orbitals to drop down to the K orbital and emit the characteristic radiation desired, therefore more successful interactions results in higher spectral peaks.
Task 2

As the current in increased, the whole spectra is raised up. Since current is a measure of charge per unit time, this means that more electrons are shot out of the electron gun in the same time. Clearly then this directly correlates with the height of the spectrum, as Graph D shows.
Task 3
	
	n = 1
	n = 2
	n = 3

	
	Kα
	Kβ
	Kα
	Kβ
	Kα
	Kβ

	θ (°)
	7.21±0.13
	6.38±0.13
	14.50±0.13
	12.82±0.13
	22.07±0.13
	19.50±0.07

	Nλ (pm)
	70.70±1.23
	62.70±1.23
	141.23±1.26
	125.18±1.28
	211.96±1.16
	188.25±0.69


λKα = (70.70 + 141.23/2 + 211.93/3) / 3 = (70.70 + 70.62 + 70.64) / 3 = 211.96 / 3
λKα = 70.65 pm
ΔλKα = (1.23 + 1.26/2 + 1.16/3) / 3 = (1.23 + 0.63 + 0.39) / 3 = 2.25 / 3
ΔλKα = 0.75 pm

λKβ = (62.70 + 125.18/2 + 188.25/3) / 3 = (62.70 + 62.59 + 62.75) / 3 = 188.04 / 3
λKβ = 62.68 pm
ΔλKβ = (1.23 + 1.28/2 + 0.69/3) / 3 = (1.23 + 0.64 + 0.23) / 3 = 2.10 / 3
ΔλKβ = 0.70 pm
λKα = 70.65 ± 0.75 pm (1.1% error)
λKβ = 62.68 ± 0.70 pm (1.1% error)
Discussion
Task 1 Summary:

λKα = 70.70 ± 1.26 pm (1.8% error)


λKβ = 62.52 ± 1.19 pm (1.9% error)
h = (6.49 ± 0.18) × 10-34 (2.8% error)

Task 3 Summary:

λKα = 70.65 ± 0.75 pm (1.1% error)
λKβ = 62.68 ± 0.70 pm (1.1% error)
Accepted values:


λKα = 71.07 pm (5, 6)
λKβ = 63.095 pm (5, 6)
h = 6.626 × 10-34 m2kg/s (7)

The values calculated for λKα and λKβ in both tasks 1 and 3 were very good, with the accepted values well inside the margin of error. Task 3 reduced the error slightly over Task 1 thanks to the additional accuracy of using multiple orders of diffraction.

The calculation of Planck’s constant for Task 1 also gives good agreement with the accepted value, once again it is within the margin of error.
Conclusion


As well as determining accurate values for the characteristic x-ray radiation of Molybdenum and Planck’s constant, the fact that several orders of diffraction were observed in Task 3 in accordance with Bragg’s Law validates the assumption that x-rays can act as waves.

The biggest source of error in this experiment is the angular resolution of the spectrometer. Although the data was collected automatically allowing for many readings to be taken, it would have been more beneficial for this experiment if fewer, but more accurate, readings were taken; specifically around the peaks of the characteristic radiation. An angular resolution of 0.1 degrees, or 6 arc-minutes, is not particularly impressive when there are manual spectrometers with a resolution at least 12 times better.
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								Table B: Task 2, Varying The Emission Current

		Angle		Wavelength		Rate, R (Hz) for given currents								Angle		Wavelength		Rate, R (Hz) for given currents

		θ (°)		λ (pm)		I=1.0 mA		I=0.8 mA		I=0.6 mA				θ (°)		λ (pm)		I=1.0 mA		I=0.8 mA		I=0.6 mA

		2.5		24.60		6.00		4.50		5.50				7.6		74.60		520.75		387.50		312.50

		2.6		25.59		8.25		5.25		5.75				7.7		75.57		444.50		351.25		280.25

		2.7		26.57		9.50		7.50		4.50				7.8		76.55		435.00		354.75		280.00

		2.8		27.55		8.50		5.50		5.50				7.9		77.52		439.00		341.25		264.25

		2.9		28.54		10.25		7.25		6.25				8.0		78.50		410.25		346.75		246.00

		3.0		29.52		7.25		7.00		5.50				8.1		79.47		405.75		322.00		257.00

		3.1		30.50		11.50		8.25		3.75				8.2		80.45		406.00		331.00		249.00

		3.2		31.48		9.50		8.50		7.00				8.3		81.42		415.50		325.00		243.00

		3.3		32.47		14.00		8.25		6.75				8.4		82.39		388.50		306.25		241.75

		3.4		33.45		15.00		15.00		10.75				8.5		83.37		391.50		310.25		228.50

		3.5		34.43		48.25		42.00		27.50				8.6		84.34		379.50		299.50		225.50

		3.6		35.42		146.75		126.00		84.25				8.7		85.31		368.75		307.00		205.50

		3.7		36.40		312.75		255.25		193.75				8.8		86.29		356.00		284.50		217.75

		3.8		37.38		464.50		374.75		290.25				8.9		87.26		356.50		266.25		207.75

		3.9		38.36		576.25		501.25		360.75				9.0		88.23		338.75		257.75		197.25

		4.0		39.34		661.75		566.00		431.00				9.1		89.20		321.75		248.50		204.75

		4.1		40.33		749.75		626.00		486.50				9.2		90.18		315.00		252.25		195.50

		4.2		41.31		779.25		677.00		506.75				9.3		91.15		296.00		231.50		185.50

		4.3		42.29		873.50		690.75		548.25				9.4		92.12		296.50		229.50		176.75

		4.4		43.27		898.00		709.00		572.25				9.5		93.09		275.75		213.50		158.50

		4.5		44.25		905.50		737.50		570.75				9.6		94.06		257.50		218.75		153.50

		4.6		45.23		909.50		732.75		589.00				9.7		95.03		246.75		202.25		143.25

		4.7		46.21		937.25		763.50		581.75				9.8		96.00		246.50		188.50		147.00

		4.8		47.20		909.50		757.25		588.75				9.9		96.97		228.50		192.00		149.25

		4.9		48.18		903.50		725.50		572.75				10.0		97.94		237.25		192.25		140.50

		5.0		49.16		895.25		721.50		572.50				10.1		98.91		223.50		174.25		133.25

		5.1		50.14		862.00		698.00		555.50				10.2		99.88		211.25		169.50		130.25

		5.2		51.12		830.25		708.00		546.75				10.3		100.85		204.25		154.50		133.25

		5.3		52.10		846.75		707.75		532.75				10.4		101.82		184.00		153.75		110.25

		5.4		53.08		827.50		661.25		516.50				10.5		102.78		189.00		147.25		103.25

		5.5		54.06		787.00		661.50		482.25				10.6		103.75		185.25		153.25		115.25

		5.6		55.04		758.50		638.25		474.00				10.7		104.72		183.75		149.50		104.25

		5.7		56.02		753.25		613.25		461.25				10.8		105.69		172.25		135.25		106.50

		5.8		57.00		685.25		585.50		432.50				10.9		106.65		176.25		128.75		99.25

		5.9		57.98		696.25		547.75		416.75				11.0		107.62		163.75		122.00		99.50

		6.0		58.96		656.75		537.00		404.50				11.1		108.59		156.25		130.75		93.75

		6.1		59.94		703.25		556.50		429.50				11.2		109.55		166.25		131.50		100.75

		6.2		60.91		947.25		785.75		591.00				11.3		110.52		146.00		124.75		93.25

		6.3		61.89		1334.75		1112.50		853.00				11.4		111.48		152.75		123.50		77.50

		6.4		62.87		1332.75		1091.75		853.75				11.5		112.45		156.75		125.50		90.00

		6.5		63.85		982.25		789.75		640.50				11.6		113.41		161.75		121.50		93.25

		6.6		64.83		750.75		594.00		473.00				11.7		114.38		146.75		119.25		90.75

		6.7		65.80		599.75		490.00		379.75				11.8		115.34		150.25		114.50		84.25

		6.8		66.78		547.00		451.50		357.75				11.9		116.30		149.50		122.00		78.25

		6.9		67.76		530.50		464.00		341.50				12.0		117.27		138.50		106.50		83.25

		7.0		68.74		1210.00		1004.25		803.50				12.1		118.23		146.75		111.75		81.25

		7.1		69.71		2284.25		2023.25		1615.50				12.2		119.19		139.25		108.00		79.75

		7.2		70.69		2464.50		2056.25		1660.50				12.3		120.15		139.25		105.75		87.00

		7.3		71.67		1730.75		1424.25		1115.50				12.4		121.12		134.75		112.75		83.00

		7.4		72.64		1147.75		913.00		722.00				12.5		122.08		151.50		127.75		101.25

		7.5		73.62		740.00		596.50		457.50
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		Table C: Task 3, Diffraction Of X-Rays At A Single Crystal Up To The 3rd Order																														Table C: Continued

		Angle		Wavelength		Rate				Angle		Wavelength		Rate				Angle		Wavelength		Rate		Angle		Wavelength		Rate				Angle		Wavelength		Rate				Angle		Wavelength		Rate

		θ (°)		λ (pm)		R (Hz)				θ (°)		λ (pm)		R (Hz)				θ (°)		λ (pm)		R (Hz)		θ (°)		λ (pm)		R (Hz)				θ (°)		λ (pm)		R (Hz)				θ (°)		λ (pm)		R (Hz)

		2.0		19.68		6.9				7.7		75.57		446.4				13.4		130.71		126.6		19.1		184.56		55.3				21.1		203.05		36.0				23.1		221.29		31.0

		2.1		20.67		5.9				7.8		76.55		442.3				13.5		131.67		128.1		19.2		185.49		55.1				21.2		203.96		33.5				23.2		222.19		26.5

		2.2		21.65		7.1				7.9		77.52		452.6				13.6		132.62		113.6		19.3		186.42		53.8				21.3		204.88		35.7				23.3		223.10		28.3

		2.3		22.64		6.7				8.0		78.50		429.5				13.7		133.58		114.2		19.4		187.35		78.2				21.4		205.80		34.7				23.4		224.00		24.8

		2.4		23.62		8.5				8.1		79.47		422.1				13.8		134.54		110.2		19.5		188.27		92.8				21.5		206.71		33.7				23.5		224.90		24.7

		2.5		24.60		6.4				8.2		80.45		400.6				13.9		135.49		109.4		19.6		189.20		76.3				21.6		207.63		33.6				23.6		225.80		28.3

		2.6		25.59		7.4				8.3		81.42		390.7				14.0		136.45		111.2		19.7		190.13		53.6				21.7		208.54		34.5				23.7		226.71		25.1

		2.7		26.57		8.9				8.4		82.39		389.9				14.1		137.40		110.0		19.8		191.05		47.7				21.8		209.46		49.2				23.8		227.61		23.4

		2.8		27.55		9.7				8.5		83.37		389.2				14.2		138.36		132.7		19.9		191.98		43.6				21.9		210.37		95.5				23.9		228.51		23.3

		2.9		28.54		7.8				8.6		84.34		369.4				14.3		139.31		307.3		20.0		192.91		43.3				22.0		211.29		155.7				24.0		229.41		25.2

		3.0		29.52		7.8				8.7		85.31		358.1				14.4		140.27		646.9		20.1		193.83		39.8				22.1		212.20		163.7				24.1		230.31		23.4

		3.1		30.50		9.5				8.8		86.29		352.2				14.5		141.22		719.7		20.2		194.76		36.4				22.2		213.11		123.9				24.2		231.20		22.6

		3.2		31.48		10.1				8.9		87.26		343.3				14.6		142.17		501.3		20.3		195.68		35.7				22.3		214.02		71.3				24.3		232.10		20.4

		3.3		32.47		9.8				9.0		88.23		338.9				14.7		143.12		288.7		20.4		196.60		38.8				22.4		214.93		43.0				24.4		233.00		23.9

		3.4		33.45		15.1				9.1		89.20		319.2				14.8		144.08		172.9		20.5		197.52		38.0				22.5		215.84		38.3				24.5		233.90		20.3

		3.5		34.43		45.3				9.2		90.18		318.2				14.9		145.03		119.6		20.6		198.45		36.7				22.6		216.75		28.8				24.6		234.79		22.3

		3.6		35.42		138.4				9.3		91.15		294.1				15.0		145.98		100.6		20.7		199.37		37.1				22.7		217.66		34.3				24.7		235.69		20.6

		3.7		36.40		294.0				9.4		92.12		286.6				15.1		146.93		92.4		20.8		200.29		38.3				22.8		218.57		27.6				24.8		236.58		20.2

		3.8		37.38		449.5				9.5		93.09		272.1				15.2		147.88		92.1		20.9		201.21		33.9				22.9		219.47		26.2				24.9		237.47		20.1

		3.9		38.36		586.1				9.6		94.06		263.4				15.3		148.83		90.9		21.0		202.13		35.2				23.0		220.38		28.9				25.0		238.37		21.4

		4.0		39.34		687.0				9.7		95.03		250.5				15.4		149.78		94.8

		4.1		40.33		760.8				9.8		96.00		241.5				15.5		150.73		90.8

		4.2		41.31		814.2				9.9		96.97		243.8				15.6		151.68		89.4

		4.3		42.29		857.2				10.0		97.94		223.0				15.7		152.62		80.5

		4.4		43.27		888.3				10.1		98.91		213.4				15.8		153.57		81.3

		4.5		44.25		908.4				10.2		99.88		223.6				15.9		154.52		83.0

		4.6		45.23		924.3				10.3		100.85		206.0				16.0		155.46		76.9

		4.7		46.21		915.7				10.4		101.82		193.4				16.1		156.41		77.6

		4.8		47.20		929.8				10.5		102.78		190.8				16.2		157.36		79.3

		4.9		48.18		901.9				10.6		103.75		177.6				16.3		158.30		75.3

		5.0		49.16		905.4				10.7		104.72		177.8				16.4		159.25		70.3

		5.1		50.14		879.6				10.8		105.69		168.8				16.5		160.19		66.3

		5.2		51.12		870.2				10.9		106.65		169.3				16.6		161.13		70.6

		5.3		52.10		841.6				11.0		107.62		167.7				16.7		162.08		66.1

		5.4		53.08		822.1				11.1		108.59		156.7				16.8		163.02		67.5

		5.5		54.06		795.8				11.2		109.55		151.1				16.9		163.96		63.6

		5.6		55.04		768.5				11.3		110.52		153.4				17.0		164.90		68.1

		5.7		56.02		743.0				11.4		111.48		152.5				17.1		165.84		62.1

		5.8		57.00		714.1				11.5		112.45		153.9				17.2		166.79		62.8

		5.9		57.98		688.7				11.6		113.41		150.0				17.3		167.73		63.9

		6.0		58.96		659.3				11.7		114.38		139.0				17.4		168.66		60.6

		6.1		59.94		673.7				11.8		115.34		148.2				17.5		169.60		59.3

		6.2		60.91		926.8				11.9		116.30		142.7				17.6		170.54		63.6

		6.3		61.89		1303.1				12.0		117.27		143.2				17.7		171.48		58.5

		6.4		62.87		1327.3				12.1		118.23		134.2				17.8		172.42		55.9

		6.5		63.85		1002.4				12.2		119.19		140.5				17.9		173.36		54.3

		6.6		64.83		766.3				12.3		120.15		132.5				18.0		174.29		54.8

		6.7		65.80		642.4				12.4		121.12		138.8				18.1		175.23		55.3

		6.8		66.78		567.0				12.5		122.08		158.5				18.2		176.16		52.2

		6.9		67.76		548.5				12.6		123.04		184.0				18.3		177.10		49.3

		7.0		68.74		1195.5				12.7		124.00		247.6				18.4		178.03		50.6

		7.1		69.71		2334.5				12.8		124.96		335.2				18.5		178.97		52.1

		7.2		70.69		2473.3				12.9		125.92		313.0				18.6		179.90		47.8

		7.3		71.67		1732.0				13.0		126.88		216.2				18.7		180.83		48.0

		7.4		72.64		1169.1				13.1		127.84		163.7				18.8		181.76		52.2

		7.5		73.62		746.4				13.2		128.79		136.4				18.9		182.70		46.2

		7.6		74.60		514.5				13.3		129.75		134.9				19.0		183.63		48.5
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		Table C: Task 3, Diffraction Of X-Rays At A Single Crystal Up To The 3rd Order																														Table C: Continued

		Angle		Wavelength		Rate				Angle		Wavelength		Rate				Angle		Wavelength		Rate		Angle		Wavelength		Rate				Angle		Wavelength		Rate				Angle		Wavelength		Rate

		θ (°)		λ (pm)		R (Hz)				θ (°)		λ (pm)		R (Hz)				θ (°)		λ (pm)		R (Hz)		θ (°)		λ (pm)		R (Hz)				θ (°)		λ (pm)		R (Hz)				θ (°)		λ (pm)		R (Hz)

		2.0		19.68		6.9				7.7		75.57		446.4				13.4		130.71		126.6		19.1		184.56		55.3				21.1		203.05		36.0				23.1		221.29		31.0

		2.1		20.67		5.9				7.8		76.55		442.3				13.5		131.67		128.1		19.2		185.49		55.1				21.2		203.96		33.5				23.2		222.19		26.5

		2.2		21.65		7.1				7.9		77.52		452.6				13.6		132.62		113.6		19.3		186.42		53.8				21.3		204.88		35.7				23.3		223.10		28.3

		2.3		22.64		6.7				8.0		78.50		429.5				13.7		133.58		114.2		19.4		187.35		78.2				21.4		205.80		34.7				23.4		224.00		24.8

		2.4		23.62		8.5				8.1		79.47		422.1				13.8		134.54		110.2		19.5		188.27		92.8				21.5		206.71		33.7				23.5		224.90		24.7

		2.5		24.60		6.4				8.2		80.45		400.6				13.9		135.49		109.4		19.6		189.20		76.3				21.6		207.63		33.6				23.6		225.80		28.3

		2.6		25.59		7.4				8.3		81.42		390.7				14.0		136.45		111.2		19.7		190.13		53.6				21.7		208.54		34.5				23.7		226.71		25.1

		2.7		26.57		8.9				8.4		82.39		389.9				14.1		137.40		110.0		19.8		191.05		47.7				21.8		209.46		49.2				23.8		227.61		23.4

		2.8		27.55		9.7				8.5		83.37		389.2				14.2		138.36		132.7		19.9		191.98		43.6				21.9		210.37		95.5				23.9		228.51		23.3

		2.9		28.54		7.8				8.6		84.34		369.4				14.3		139.31		307.3		20.0		192.91		43.3				22.0		211.29		155.7				24.0		229.41		25.2

		3.0		29.52		7.8				8.7		85.31		358.1				14.4		140.27		646.9		20.1		193.83		39.8				22.1		212.20		163.7				24.1		230.31		23.4

		3.1		30.50		9.5				8.8		86.29		352.2				14.5		141.22		719.7		20.2		194.76		36.4				22.2		213.11		123.9				24.2		231.20		22.6

		3.2		31.48		10.1				8.9		87.26		343.3				14.6		142.17		501.3		20.3		195.68		35.7				22.3		214.02		71.3				24.3		232.10		20.4

		3.3		32.47		9.8				9.0		88.23		338.9				14.7		143.12		288.7		20.4		196.60		38.8				22.4		214.93		43.0				24.4		233.00		23.9

		3.4		33.45		15.1				9.1		89.20		319.2				14.8		144.08		172.9		20.5		197.52		38.0				22.5		215.84		38.3				24.5		233.90		20.3

		3.5		34.43		45.3				9.2		90.18		318.2				14.9		145.03		119.6		20.6		198.45		36.7				22.6		216.75		28.8				24.6		234.79		22.3

		3.6		35.42		138.4				9.3		91.15		294.1				15.0		145.98		100.6		20.7		199.37		37.1				22.7		217.66		34.3				24.7		235.69		20.6

		3.7		36.40		294.0				9.4		92.12		286.6				15.1		146.93		92.4		20.8		200.29		38.3				22.8		218.57		27.6				24.8		236.58		20.2

		3.8		37.38		449.5				9.5		93.09		272.1				15.2		147.88		92.1		20.9		201.21		33.9				22.9		219.47		26.2				24.9		237.47		20.1

		3.9		38.36		586.1				9.6		94.06		263.4				15.3		148.83		90.9		21.0		202.13		35.2				23.0		220.38		28.9				25.0		238.37		21.4

		4.0		39.34		687.0				9.7		95.03		250.5				15.4		149.78		94.8

		4.1		40.33		760.8				9.8		96.00		241.5				15.5		150.73		90.8

		4.2		41.31		814.2				9.9		96.97		243.8				15.6		151.68		89.4

		4.3		42.29		857.2				10.0		97.94		223.0				15.7		152.62		80.5

		4.4		43.27		888.3				10.1		98.91		213.4				15.8		153.57		81.3

		4.5		44.25		908.4				10.2		99.88		223.6				15.9		154.52		83.0

		4.6		45.23		924.3				10.3		100.85		206.0				16.0		155.46		76.9

		4.7		46.21		915.7				10.4		101.82		193.4				16.1		156.41		77.6

		4.8		47.20		929.8				10.5		102.78		190.8				16.2		157.36		79.3

		4.9		48.18		901.9				10.6		103.75		177.6				16.3		158.30		75.3

		5.0		49.16		905.4				10.7		104.72		177.8				16.4		159.25		70.3

		5.1		50.14		879.6				10.8		105.69		168.8				16.5		160.19		66.3

		5.2		51.12		870.2				10.9		106.65		169.3				16.6		161.13		70.6

		5.3		52.10		841.6				11.0		107.62		167.7				16.7		162.08		66.1

		5.4		53.08		822.1				11.1		108.59		156.7				16.8		163.02		67.5

		5.5		54.06		795.8				11.2		109.55		151.1				16.9		163.96		63.6

		5.6		55.04		768.5				11.3		110.52		153.4				17.0		164.90		68.1

		5.7		56.02		743.0				11.4		111.48		152.5				17.1		165.84		62.1

		5.8		57.00		714.1				11.5		112.45		153.9				17.2		166.79		62.8

		5.9		57.98		688.7				11.6		113.41		150.0				17.3		167.73		63.9

		6.0		58.96		659.3				11.7		114.38		139.0				17.4		168.66		60.6

		6.1		59.94		673.7				11.8		115.34		148.2				17.5		169.60		59.3

		6.2		60.91		926.8				11.9		116.30		142.7				17.6		170.54		63.6

		6.3		61.89		1303.1				12.0		117.27		143.2				17.7		171.48		58.5

		6.4		62.87		1327.3				12.1		118.23		134.2				17.8		172.42		55.9

		6.5		63.85		1002.4				12.2		119.19		140.5				17.9		173.36		54.3

		6.6		64.83		766.3				12.3		120.15		132.5				18.0		174.29		54.8

		6.7		65.80		642.4				12.4		121.12		138.8				18.1		175.23		55.3

		6.8		66.78		567.0				12.5		122.08		158.5				18.2		176.16		52.2

		6.9		67.76		548.5				12.6		123.04		184.0				18.3		177.10		49.3

		7.0		68.74		1195.5				12.7		124.00		247.6				18.4		178.03		50.6

		7.1		69.71		2334.5				12.8		124.96		335.2				18.5		178.97		52.1

		7.2		70.69		2473.3				12.9		125.92		313.0				18.6		179.90		47.8

		7.3		71.67		1732.0				13.0		126.88		216.2				18.7		180.83		48.0

		7.4		72.64		1169.1				13.1		127.84		163.7				18.8		181.76		52.2

		7.5		73.62		746.4				13.2		128.79		136.4				18.9		182.70		46.2

		7.6		74.60		514.5				13.3		129.75		134.9				19.0		183.63		48.5
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								Table A: Task 1, Varying The Tube Voltage

		Angle		Wavelength		Rate, R (Hz) for given voltages								Angle		Wavelength		Rate, R (Hz) for given voltages

		θ (°)		λ (pm)		U=35.0 kV		U=30.0 kV		U=25.0 kV				θ (°)		λ (pm)		U=35.0 kV		U=30.0 kV		U=25.0 kV

		2.5		24.60		6.00		4.25		1.25				7.6		74.60		520.75		323.25		194.00

		2.6		25.59		8.25		3.75		1.75				7.7		75.57		444.50		266.75		164.75

		2.7		26.57		9.50		3.50		2.25				7.8		76.55		435.00		244.00		161.50

		2.8		27.55		8.50		4.25		2.25				7.9		77.52		439.00		234.75		155.50

		2.9		28.54		10.25		4.25		1.75				8.0		78.50		410.25		224.00		149.75

		3.0		29.52		7.25		3.00		2.50				8.1		79.47		405.75		206.25		145.50

		3.1		30.50		11.50		4.00		1.50				8.2		80.45		406.00		191.75		139.25

		3.2		31.48		9.50		4.75		1.00				8.3		81.42		415.50		189.00		138.75

		3.3		32.47		14.00		5.00		1.75				8.4		82.39		388.50		189.25		132.00

		3.4		33.45		15.00		2.75		2.75				8.5		83.37		391.50		190.25		131.50

		3.5		34.43		48.25		3.75		1.50				8.6		84.34		379.50		191.50		115.50

		3.6		35.42		146.75		3.50		0.75				8.7		85.31		368.75		181.00		99.00

		3.7		36.40		312.75		5.25		3.00				8.8		86.29		356.00		193.25		99.50

		3.8		37.38		464.50		7.25		1.50				8.9		87.26		356.50		191.50		92.75

		3.9		38.36		576.25		7.25		1.50				9.0		88.23		338.75		186.50		89.75

		4.0		39.34		661.75		9.75		1.75				9.1		89.20		321.75		185.50		90.25

		4.1		40.33		749.75		21.25		2.50				9.2		90.18		315.00		176.00		75.50

		4.2		41.31		779.25		74.50		2.75				9.3		91.15		296.00		167.00		62.50

		4.3		42.29		873.50		171.00		2.00				9.4		92.12		296.50		151.00		64.50

		4.4		43.27		898.00		263.75		2.00				9.5		93.09		275.75		153.00		50.50

		4.5		44.25		905.50		337.00		1.75				9.6		94.06		257.50		154.25		47.75

		4.6		45.23		909.50		403.50		1.50				9.7		95.03		246.75		142.50		39.75

		4.7		46.21		937.25		463.00		3.75				9.8		96.00		246.50		139.50		36.75

		4.8		47.20		909.50		484.25		1.50				9.9		96.97		228.50		136.25		40.00

		4.9		48.18		903.50		527.25		4.00				10.0		97.94		237.25		138.50		35.00

		5.0		49.16		895.25		533.25		17.50				10.1		98.91		223.50		137.25		33.00

		5.1		50.14		862.00		534.50		56.50				10.2		99.88		211.25		131.25		35.25

		5.2		51.12		830.25		539.75		98.00				10.3		100.85		204.25		130.00		36.00

		5.3		52.10		846.75		532.75		133.25				10.4		101.82		184.00		128.00		36.75

		5.4		53.08		827.50		537.00		178.25				10.5		102.78		189.00		125.25		38.25

		5.5		54.06		787.00		542.25		200.50				10.6		103.75		185.25		117.25		39.75

		5.6		55.04		758.50		528.00		230.25				10.7		104.72		183.75		119.25		41.00

		5.7		56.02		753.25		510.50		226.25				10.8		105.69		172.25		116.75		44.00

		5.8		57.00		685.25		499.75		249.50				10.9		106.65		176.25		100.25		44.75

		5.9		57.98		696.25		473.00		252.25				11.0		107.62		163.75		114.00		45.75

		6.0		58.96		656.75		480.75		235.75				11.1		108.59		156.25		100.25		48.50

		6.1		59.94		703.25		481.75		259.75				11.2		109.55		166.25		96.75		46.00

		6.2		60.91		947.25		623.25		315.50				11.3		110.52		146.00		98.25		42.50

		6.3		61.89		1334.75		838.75		390.00				11.4		111.48		152.75		96.50		37.00

		6.4		62.87		1332.75		847.25		392.75				11.5		112.45		156.75		91.25		45.50

		6.5		63.85		982.25		631.25		322.75				11.6		113.41		161.75		94.25		43.00

		6.6		64.83		750.75		507.25		285.25				11.7		114.38		146.75		88.75		36.25

		6.7		65.80		599.75		440.75		258.50				11.8		115.34		150.25		79.25		41.25

		6.8		66.78		547.00		415.50		244.25				11.9		116.30		149.50		78.25		49.50

		6.9		67.76		530.50		392.75		238.75				12.0		117.27		138.50		81.50		42.25

		7.0		68.74		1210.00		767.75		368.00				12.1		118.23		146.75		84.25		38.25

		7.1		69.71		2284.25		1421.00		606.00				12.2		119.19		139.25		73.50		36.50

		7.2		70.69		2464.50		1532.00		611.00				12.3		120.15		139.25		74.25		37.50

		7.3		71.67		1730.75		1054.00		433.50				12.4		121.12		134.75		64.50		37.75

		7.4		72.64		1147.75		682.25		307.00				12.5		122.08		151.50		71.50		42.75

		7.5		73.62		740.00		422.75		226.75
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