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Abstract

The rotating crystal method
combined with Laue diffrac-
tion has emerged as a powerful
technique for characterizing the
structure of NaCl and LiF crys-
tals. This investigation is aimed
to determine the crystal orienta-
tions and lattice parameters of
three NaCl crystals using this
methodology. The results indi-
cated that the rotating crystal
method provided accurate and
precise measurements, aligning

well with theoretical predictions.
However, the Laue diffraction
technique displayed higher un-
certainties, potentially stemming
from errors in the production of
the diffraction pattern. To en-
hance future experiments, it is
recommended to slow down the
rotation of the sample, allowing
for the collection of additional
data points in the lower resolu-
tion plots.
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1 Theoretical Background

1.1 X-ray Generation

X-rays are generated from two mechanisms; Braking Mechanism and the Auger
effect.

1.1.1 Braking Mechanism

A low voltage supply heats a filament, which ejects electrons which are ac-
celerated by an electric field toward a copper target. When these electrons
collide with the copper target, they are rapidly decelerated. This Deceleration
of charged particles produces electromagnetic waves, in this case X-rays. This
mechanism produces Bremsstrahlung X-rays of varying wavelengths.

1.1.2 The Auger Effect

This is a two step process. First, and inner shell
electron is knocked out of the atom by an in-
coming electron. Second, an outer-shell elec-
tron drops to fill the inner shell vacancy, emit-
ting its excess energy as an X-ray. However, the
transition energy is a very precise amount and
therefore this vacancy can only be filled by an
electron dropping down from the M or L orbital

as shown in Figure 1. Figure 1: Atomic transitions
responsible for the Auger
emission peaks Ka and Kf3.

1.1.3 Expected Spectrum

The braking mechanism generates Bremsstrahlung X-rays with varying wave-
lengths because the electrons have different kinetic energies before colliding
with copper. This corresponds to a broad area on the spectrum. Conversely,
the Auger Effect produces X-rays with specific wavelength because of the strict
electron transitioning requirement. Since, there are two transitions possible,
this corresponds to two sharp peaks on the spectra.

Since the electron in the M orbital transitions between a wider energy gap,
the K is more energetic. However, the probability of the electron in the L
orbital transitioning is higher since its energy gap is lower, so the K« peak has
higher intensity.

1.2 X-ray Diffraction

X-rays can be diffracted by crystals because the interatomic distance in crystals
is comparable to the X-ray wavelength.



Ka
2 e
‘0
c
[0
E
g
=
¥
Wavelength

Figure 2: X-ray spectrum of copper featuring a smooth background due to Bremsstrahlung radiation
and a pair of sharp peaks K« and K due to the Auger effect

To Detector

From X-ray tube ™

Bragg Planes

Figure 3: Bragg diffraction in a crystal lattice

For constructive interference to occur, the path difference between the two
rays need to be an integer multiple of the wavelength. That is,

2dsin 0 = nA, (1)

where n = 1,2, 3, ... is the order of diffraction. This is known as Bragg’s Law.
1.3 Rotating Crystal Method

From Bragg’s Law, the peaks depend on the incident angle 6, we can obtain
a spectrum by rotating the sample and observing the location of the peaks to

multiple orders.
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Figure 4: Varying 0 allows us to observe mul-
tiple orders of diffraction

1.4 Laue Diffraction

This method involves fixing the angle of the in-
cident beam with respect to the crystal. Ac-
cording to Bragg’s Law, there can only be one
specific wavelength that results in diffraction.
In order to observe multiple diffracted beams
from different lattice planes, Laue diffraction
involves the continuous (Bremsstrahlung) spec-
trum of X-ray radiation. The diffracted beams
will hit the detection screen producing a spot
at a distance L from the origin. If D is the
distance between the crystal and the detection
screen, the angle is given by:

1 L
6= —tan? (—) ,  where L = \/y? + 22.

2 D
(2)

ANGLE

Figure 5: Expected Spectra featuring multi-
ple orders of diffraction

(b)

Figure 6: Multiple diffracted
beams that result from Laue
diffraction
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Aim

To investigate how the structure and orientation of crystals affects the direction
and intensity of diffracted x-rays.
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3.1
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Methodology

Rotating Crystal Method

. Start the Measure Program

. Calibrate the apparatus with the LiF sample

Input correct settings given by the operating instructions

Insert the sample to be measured

Start the measurement

After measurement has been completed, export the data as a text file
Repeat this for all 3 samples of NaCl, the NaCl powder and the KBr

powder.

Laue Diffraction

. Insert the LiF crystal into the machine

Record and process the Laue pattern
Find the values of y and z for each spot, use this to calculate 6.
Assign diffracted beams to a reflection from a particular lattice plane

Determine the d-spacing, and therefore the X-ray wavelength for each
beam.



4 Results

100

NaCl Crystal 2

NaCl Crystal 1

10 20 30
Angle (degrees)

(a)

Nacl Crystal 3

6000
1000
5000
800
4000
2 8
£ 3000 H oo
3 3
2000 200
- /\_L L A ‘ v W._AJ { A
0 0
10 20 30 ] 50 10 20 30 a0
Angle (degrees) Angle (degrees)
(b) (c)
NaCl Powder KBr Powder
8000
500 7000
o 6000
5000
2 300 2
£ < 4000
3 )
200 3000
2000
100 1000
0 ° T
10 20 30 40
10 30 ] 50
Angl
Angle (degrees) ek

(d)

()

Figure 7: Spectra of crystals




Sample Peak (°) | Onset (°) | Offset (°) | Uncertainty (+)
NaCl (1) 12.7 12.3 12.9 0.3
13.9 13.5 14.3 0.4
25.6 25.1 25.9 0.4
28.5 27.8 28.9 0.6
NaCl (II) 14.4 14.3 14.6 0.2
16.0 15.7 16.2 0.3
29.7 29.6 29.8 0.1
33.1 33.2 33.4 0.1
NaCl (I1I) 20.4 20.0 20.8 04
22.7 22.2 23.3 0.6
44.0 43.8 44.3 0.5
50.5 50.3 50.7 0.2
NaCl Powder 14.4 13.9 14.8 0.6
16.0 15.3 16.5 0.6
29.5 29.3 29.8 0.3
33.2 32.7 33.5 0.4
KBr Powder 12.4 12.1 12.7 0.3
13.7 13.3 14.1 0.4
28.0 27.7 28.3 0.3

Table 1: Crystal peak positions

5 Discussion

5.1 Rotating Crystal Method

The spectra is very similar to the expected spectrum (Figure 5). Interestingly,
NaCl Powder and NaCl Crystal (I) did not have many counts recorded whereas
NaCl Crystal 2 had plenty. Since the peaks are very narrow, the uncertainty
was crudely calculated by taking half the difference between the onset and the
offset.

5.1.1 Crystal Orientations

From Question 3, the possible orientations of the crystal based on the selection
rules for a face centred Bravais Lattice has the h, k and [ unmixed. At certain
angles, we observe a maximum in the diffraction which is a peak in the spec-
tra, the formula for calculating the angle is derived from Bragg’s Law in the

Appendix - Q3 as:
L (wm)
0 = sin _—

9 3)

This results in the possible orientations and their corresponding angles:
Comparing Table 2 with Table 1, we find that:
NaCl (I) — (111) orientation,



[100] orientation

[110] orientation

[111] orientation

200: 0, = 15.8°, g = 14.3°
400: 0, = 33.1°, 03 = 29.5°

220: 0, = 22.7°, 03 = 20.4°
440: 0, = 50.6°, 05 = 44.2°

111: 0, = 13.7°, 65 = 12.3°
222: 6, = 28.2°, 63 = 25.3°
333: 0, = 45.2°, 65 = 39.8°
444: 9, = T71.1°, 65 = 58.6°

Table 2: Possible orientation for a face centred Bravais Lattice

NaCl (II) — (100) orientation,
NaCl (IIT) — (110) orientation.

The theoretical values align very accurately with the experimental values
with most inside the uncertainty bounds. The (333) and (444) orientation peaks
in NaCl crystal 1 was not observed possibly due to the low count number and
thus the spectrum being in low resolution. This could be improved by setting
the crystal increment to be 0.025° (1/4 of the value that was used).

The peaks in all spectra come in pairs: first one lower than the second. The
lower one is K 8 and the higher is K« for reasons provided in section 1.1.3. Each
repetition of this pair is another order of diffraction, n = 1,2, 3, ....

5.1.2 Lattice Constant

From Equation 3, we find that:

MWh? + k2 + 12
a= # (4)
2sin @
Each peak can give one estimate of a. So for each crystal we have 4 estimates

in total. Averaging the 4 estimates for each crystal gives:

NaCl (I) = a = 5.55 + 0.06 A
NaCl (II) — a = 5.61 4 0.044
NaCl (IIT) — a = 5.65 + 0.05A

The uncertainties were calculated using propagation of uncertainty oy = |% |z
These estimates are all very close to the accepted value for NaCl, a = 5.64A.
The last two estimates fit within the uncertainty bounds but the first is outside
of it. This is because of the low resolution spectrum of the first crystal, perhaps
the X-rays from a (111) orientated crystal are not as likely to diffract toward
the detector.

5.1.3 Trends

The trend in the peak intensity vs 6 for the (100) and (110) crystals is such
that the intensity of K« drops with every order (increase in ). I hypothesise
that this is due to the X-ray having to travel through a greater distance of the



crystal for higher orders and thus reducing the intensity. Another reason could
be the ’Lambert’s cosine law’, which states that the intensity of radiation is
proportional to the cosine of the angle between the direction of incidence and
the normal to the surface. Hence, as the angle increases, the intensity decreases.

The (111) lattice does not follow this trend because unlike the other two ori-
entations, all planes are possible (111), (222),..., since they do not involve the
mixing of h, k and I. E.g. there is no Bragg peak from the (100) or (110) planes
because this involves mixing of h, k and .

5.2 NaCl Powder
From Table 1, we have the peaks with their attributes:

0 | Radiation Orientation
14.4° Kpg (200)
16.0° Ka (200)
29.5° Kpg (400)
33.2° Ko (400)

Table 3: The attributes of the NaCl Powder peaks

My experimental spectrum for the NaCl powder had a maximum count of
around 540. This is significantly less than the KBr spectrum that was recorded
using research based apparatus; 7344 counts. This means that the quality of the
my results is inferior due to the peaks having a lower resolution. Despite this,
the peaks still aligned with the theoretical values (within uncertainty bounds).
Interestingly, the spectrum taken for KBr during the lab (Plot (c¢)) had a similar
count rate to the research acquired plot meaning that the NaCl powder is less
effective than the KBr powder at diffracting the x-rays toward the detector.
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5.3 Laue Diffraction

Type 02y hkl | 65,. | |y/z —k/l| | dhw (pico) | A (pico)
Bright Spot 146 +£3.2 | 133 | 13.3 0.44 95 48 £10
Medium Spot 1 | 20.8 £1.9 | 244 | 19.5 0.94 69 49+4
Medium Spot 2 | 23.2£4.0 | 224 | 24.1 4.4 84.5 67 £11
Dim Spot 1 109£1.6 | 133 | 13.3 0.031 95 36£5
Dim Spot 2 16.8+1.5 | 113 | 17.5 0.73 124.8 72+6

Table 4: Angle of spots in Laue diffraction

Table 4 demonstrates that the longer the wavelength, the further out the
diffraction pattern. It also suggests that the crystal orientation of LiF is (hll)
with (133) being the most effective at diffraction. The quantities were calculated
using the following formulas:

e

For a given lattice plane, |y/z — k/l| =~ 0 However, the medium spot 2 violates
this rule, indicating a mistake in the assignment or the collection of data. As
this data was collected by my lab partner, I am not able to analyse the errors
during data collection. Diffraction would can not be observed from the 200 plane
because that implies § = 90°, and since 6 is the angle that the beam makes with
the plane, that implies the beam hits the crystal and bounces back so it misses
the detector. The lowest wavelength from the results is 36 £ 5 picometers so a
wavelength of 33 picometers still fits in the uncertainty bound and is possible.

A= 2dhkl sin 9, where dhkl = (5)

6 Conclusion

In conclusion, the rotating crystal method compared with Laue diffraction has
proven to be a powerful technique for determining the structure of NaCl and LiF
crystals. The orientations of the three NaCl crystals and the lattice parameters
were determined to high accuracy and aligned with theoretical predictions well.
However, it is worth noting that the Laue diffraction technique exhibited higher
uncertainties in this particular experiment, which may be attributed to potential
mistakes in producing the diffraction pattern. To improve future experiments,
the rotation of the sample could be slowed to collect more data points for the
lower resolution plots.

7 Appendix

7.1 Logbook
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Figure 8
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Figure 10

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
KBr XRD Data Intensity Parameters Intensity %

Line hil 20 0 sing/A (X3 f8r + F IF1%2 P Lp 1(a) Thy. Exp.

1 111 2335 1168 013 1588 3124 - 6142 377193 8.00 4596 138671391 021 0.1748366
2 200 2705 1353 015 1530 3018 + 181.89 3308324 6.00 3372 6693467.17 1.00 1
3 220 3865 1933 021 1376 2682 + 16231 2634389 1200 1558  4924815.85 074 05360839
4 311 45.60 2280 025 1228 2560 - 7 5328 283876 2400 1076 733067.17 011 01373911
5 22 47.80 2390 026 1200 2522 + 14885 2215573 8.00 967 1714057.26 026 02181373
6 400 55.75 2788 030 1097 2381 + 139.14 1935883 6.00 681  791499.69 012 01824619
7 331 61.20 3060 033 1031 2286 - 7 5023 252345 2400 552 33455595 005 0.0800654
8 420 63.00 3150 034 1010 + 13062 1706263 2400 518 212181337 032 02602124
9 422 69.80 3490 037 954 12488 15594.02 2400 417 1560202.78 023 0.1542756
10 333 7475 3738 039 9.06] 7 4764 226995 8.00 365 6630531 001 00709423
1 440 82.70 4135 043 877 2093 + 11882 1411724 1200 310 52538231 008 0.0880991
12 600 88.95 44.48 045 829 1956 + 11139 12407.29 6.00 286 21262186 003 0.1092048

Figure 11: Question
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