5 X-Ray-Spectroscopy

and Moseley’s Law
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Location: room Jordan 305

A. Short Description

X-ray spectroscopy can be used to study inner shell phenomena of atoms, states of highly ion-
ized atoms produced by accelerators or to determine material properties. There are two princi-
pal methods : Using a semiconductor detector or a Bragg-type spectrometer (see expt. Nr. 17).
Semiconductor detectors are advantageous as they are simple, portable and yield sufficient reso-
lution to distinguish adjacent elements. They have a good intrinsic efficiency, and an acceptable
energy resolution in the range of a few percent, conversly the Bragg method yields much higher
resolution, but very poor detection efficiency. In our experiment a high resolution silicon detec-
tor is used to measure the K-lines (or also L-lines) of several elements to verify Moseley’s law.
The excitation of inner shell vacancies is performed by using the 59.5keV ~-line of a strong
241 Am source (best range 30 < Z < 65), or by using a small special X-ray tube with a rhodium
anode which has its maximum of emission near 10 keV. The second method is preferable for
lower Z elements (10 < Z < 30). By observing the characteristic L - lines, one gets access
to the elements with Z up to 92, but the L—spectra yield more lines, and are more complicated.
Moseley’s relation has a broad field of application in material analysis — see experiment Nr. 18.

Remarks

Henry Gwyn Jeffreys Moseley (November 23, 1887 — August 10, 1915) was an English physi-
cist and a graduate of Trinity College Oxford. His main contributions to science were the quan-
titative justification of the previously empirical concept of atomic number, and Moseley’s law.
This law advanced chemistry by immediately sorting the elements of the periodic table in a more
logical order. Moseley could predict the existence of several then-unknown elements. Mose-
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ley’s law also advanced basic physics by providing independent support for the Bohr model of
the Rutherford/Antonius Van den Broek nuclear atom, containing positive nuclear charge equal
to atomic number.

As Niels Bohr once said in 1962, ''You see actually the Rutherford work [the nuclear atom]
was not taken seriously. We cannot understand today, but it was not taken seriously at all.
There was no mention of it any place. The great change came from Moseley."

Moseley fought at Gallipoli, Turkey, where he was killed in action by a sniper in 1915, shot
through the head while in the act of telephoning an order. Many speculated that he should have
won the Nobel Prize, but was unable to because it is only awarded to the living. It is speculated
that because of Moseley’s death in the war, the British and other world governments began a
policy of no longer allowing their scientists to enlist for combat.

B. Moseley’s Formulae
Moseley’s formulae for K-alpha and L-alpha lines, in his original semi-Rydberg style notion
(squaring both sides for clarity) :

f(Ky)=(3.29 x 10" - = . (Z — 1)  Hz

A~ w

f(Ly) = (329 x 10") - % - (Z - 74)? H:z

the simple notation of Moseley’s law being :
\/?:kl . (Z - kg)

Here f is the frequency of the main or K-X-ray emission line, and k; and k, are constants that
depend on the type of line, k; is given in units of the fundamental Rydberg frequency fr, =
(3.29 x 10%%), k; = % =1- }l for the K-alpha-lines and k; = % for the L-alpha lines.

The constant ky describes the screening of the nuclear charge and it was obtained empirically
to be 1 for the K-alpha transitions, and 7.4 for the L-alpha transitions.

C. Necessary Knowledge

Physics : . Basic atomic physics of inner shells, concepts and terms,
characteristic numbers, Roentgen fluorescence yield, bind-
ing energy in the shell model of the atom, Auger electron
emission

° Production of X-rays

° Bremsstrahlung; Synchrotron radiation



51

° Characteristic X-rays, selection rules, K- and L-series
. Absorption and scattering of X-rays
° Applications of characteristic X-ray spectroscopy
° Some quantitative considerations
Measuring Technique : ) Principles of X-ray detectors, especially silicon de-
tectors
° Classical method of X-ray wavelength determination
o Function of the specific ! Am source
° Function of an X-ray tube
° Required electronic units and function
° Multichannel-Analyzer

Mathematics :
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Experimental Tasks

Get the variable X-ray source from the TA

Turn on first the NIM power, then turn on very slowly the high voltage bias of the detector
(- 500 Volts) and watch the signals from the main amplifier. In case they are not regular
stop and ask.

Important: Check the main settings of the main amplifier to obtain good resolution. Time
constant 2 -3 us should work best. Set amplification so that the 59.5keV line of ! Am
has an amplitude of nearly 8 Volts.

Set MCA to 2048 or 4096 channels (both channel select and conversion gain)
Check pole zero cancellation very carefully with the oscilloscope

Calibration of the detector using three lines Cu K,, Ba K, and 59.5keV ?*'!Am line,
you can also use the Cs-137 (36 keV X-ray), the Mn-54 (5.4keV X-ray) and the Co-57
(14.4keV ~-ray) source; measure the calibration spectrum with all lines at once, but keep
the total count rate within reasonable limits (1 kHz)

Determine detector resolution in keV for at least two lines (iron K, and 122 keV line of
57CO)

Measure the K,, and K lines of the six elements of the variable source

Verify Moseley’s law with a graph and table (+ uncertainties)

Determine 1 — 2 unknown samples (ask TA which ones)

Alternative task: Measure several L-spectra for various elements and explain them

In addition, you can determine more elements than six, which have appropriate K lines

WARNINGS

Make sure that the detector was cold for 3 hours or more prior to HV application
No HV without preamp power on ! Internal FET can die !

HYV turn on and off very slowly. No abrupt switch off'!

Remove protection cap from detector before starting measuring

Never touch the ultra thin Be window of the detector
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e Watch count rates ! Too high count rate can latch up preamp or deteriorate resolution

e Be careful with the 2*' Am source, it is strong and under special regulations (transuranium
element)

e No measurement of spectra during LN filling
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D. Information Regarding the Experimental Setup

Schematic Drawing, Block Diagram

ThinkCentre
IBM Computer
Canberra
. SifLi)
L Source BN X-ray Canberra
s > Detector Multiport Il
\\.\ PreAmp R
HV Power i -~ Spel:trosco;;y
c::g::!r'a | 41 | Bmplifier
31220 ; bl
Legend:
Detector: Si(Li)-Semiconductor Detector Canberra EURISYS Mod.
ESLX 30-150-ER No 0251 (year 2002) Crystal dimen-
sions: useful surface 30 mm?; external diameter 6.2 mm;
length 5.5 mm; volume 0.15 cm?; dead layer ~ 0.2 ;m/Si;
distance from cap 3 mm
Energy resolution 150eV at 5.9keV
Bias: Canberra bias voltage supply Canberra #2122D, neg. -
500 Volts
Preamp : Preamplifier Canberra # PSC 854, "‘reset" - type
SpecAmp: Main spectroscopy amplifier CANBERRA #2020, (im-

portant for "‘reset" - type preamp)



55

MCA,ADC: Canberra multiport II (ADC and MCA)

Computer : Computer IBM think centre; CANBERRA MCA software
Genie 2000 (dongle !)

The preamplifier works with a so-called optical feedback, which means that most of the time
the feedback resistor is nearly infinite, but when the output signal reaches a certain amplitude,
it is switched to a low value by a flash of a light emitting diode. The main amplifier has to deal
with these strong negative switching signals and only a few have this property, the Canberra
2020 being one of them. The advantage is better resolution and higher count rates. The proper
settings for pole zero cancellation and base line recovery are very important.

Gamma source for the excitation of characteristic X rays
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Figure 15: Decay scheme of 2! Am from [6].

In the block scheme the scheme of the so-called variable X-ray source is also given. The ! Am
source is encapsulated in ring form and radiates downwards onto samples of material. This
americium-241 decay yields, besides a-particles, a strong 59.5 keV -transition which is used
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for the excitation. The alphas cannot escape from the source which is shielded in the upwards
direction by tungsten to prevent the direct beam of 59.5keV radiation being ’seen’ by the de-
tector. The produced characteristic X-rays are emitted upwards through the opening of the ring
and reach the detector. The source assembly includes a target revolver with six different sam-
ples covering the range 29 < Z < 65 (copper Cu, rubidium Rb, molybdenum Mo, silver Ag,
barium Ba, terbium Tb). For other materials the source is disassembled carefully and set on top

of material to be investigated.

Figure 16: Variable
X-ray source, an
encapsulated 24'Am
ring source radiating
on six elementary
targets (Cu, Rb, Mo,
Ag, Ba, Tb) on a
revolving disk to
obtain characteristic
X-rays for elements
in the range 29 < Z
< 65.

Cover Plate

Target Turn Table

Aperture

Annular Source

-

38 mm
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Calibration sources for energy calibration of the detector
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Figure 17: Decay scheme of 137Cs from [6]. Decay scheme of *Mn from [6].
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Figure 18: Decay scheme of "Co from [6].

The Cs-137 source delivers characteristic X rays of barium (K,, =31.8keV, Kg, =36.38keV),

the Mn-54 source those of chromium (K,, =5.4keV), and the Co-57 source those of iron
(Kq, =6.4keV) in addition to the 14.4 keV MoBbauer-line.
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X-ray tube for the excitation of characteristic X-rays

Eclipse IV X-Ray Output Spectrum
120000 - Rh Target @ 45 kV

Rh Ka.
100000 4 20.21 keV

30000 4

60000

Counts

40000 4 Rh Kp
22.72 keV
20000
0 ¥ T - - — 7 y T T
o ] 10 18 20 25 30 33 40 45 50
Energy (keV)
Figure 1. Eclipse-I'V output spectrum at 45 kV
Figure 19: X-ray tube Eclipse IV. Emission spectrum of an Eclipse IV tube.

The Eclipse IV X-ray tube from Oxford Instruments, resp. AmpTek is designed as a compact
mobile X-ray source for material analysis. The maximum voltage applied is 45 kV, and it can be
set in a range from 10 to 45 kV. The X-ray tube is pressurized under sulfur-hexafluoride to iso-
late the high voltage. The anode current can also be varied in the range 0 — 50 1A by varying the
current through the tungsten cathode. The anode material is rhodium, the exit window is made
from a beryllium foil and the tube is operating in transmission yielding the spectrum shown in
Fig. 1b. Here the characteristic rhodium lines sit on a broad Bremsstrahlungs-spectrum ranging
from about 4 to 40 keV. The radiation is emitted in a cone with an angle of 130 degrees, there-
fore a collimator is indispensable.
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E. Data Tables on the Periodic System and X-ray transitions

i

Amptek K and L Emission Line Lookup Chart

Amptek Inc.
14 DeAngelo Drive
Bedford, MA 01730 USA
Tele: +1 781-275-2242 Fax: +1 781-275-3470
e-mail: sales@amptek.com
www.amptek.com

Group
1A VIIA
'; Key to Hze
Energy Values XR-100CR / XR-100T-CdTe / GAMMA-8000 /
1A in kev X 123 A IVA VA VIA VIIA
0.052 0.110 Ka Kp - 0.185 0.282 0.392 0.526 0.677 0.851
Li Be Au B c N o F Ne
3 4 = X-Ray and Gamma Ray Detectors 5 6 7 s 9 10
La Ly
1.04 1.07 1.25 1.30 1.49 1.55 1.74 183 2.02 2.14 231 246 262 2.82 2.96 3.19
Na Mg Group Al Si Cl Ar
11 12 0 13 14 15 16 17 18
ns vB VB ViB viB 1B 1B
3.31 359 3.69 4.01 4.09 4.46 451 4.93 4.95 5.43 5.41 5.95 5.90 6.49 6.40 7.06 6.93 7.65 7.48 8.26 8.05 8.90 8.64 9.57 9.25 10.26 9.89 10.98 | 10.54 11.73 | 11.22 12.50 | 11.92 13.29 | 12.65 14.11
Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
0.34 0.40 0.45 0.46 0.51 0.52 0.57 0.58 0.64 0.65 0.70 0.72 0.78 0.79 0.85 0.87 0.93 0.95 1.01 1.03 110 112 119 121 128 1.32 1.38 1.42 1.48 153 159 164
13.39 14.96 | 14.16 15.83 | 14.96 16.74 | 15.77 17.67 | 16.61 18.62 | 17.48 19.61 | 18.41 19.61 | 19.28 21.66 | 20.21 22.72 | 21.18 23.82 | 22.16 24.94 | 23.17 26.09 | 24.21 27.27 | 25.27 28.48 | 26.36 29.72 | 27.47 30.99 | 28.61 32.29 | 29.80 33.64
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag cd In Sn Sb Te 1 Xe
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
169 1.75 1.81 1.87 1.92 2.00 2.04 212 217 2.26 229 2.40 242 254 2.56 2.68 270 2.83 2.84 2.99 2.98 3.15 3.13 332 3.29 349 3.44 3.66 3.61 3.84 3.77 4.03 3.94 422 4.11 4.42
30.97 34.98 | 32.19 36.38 55.76 63.21 | 57.52 65.21 | 59.31 67.23 | 61.13 69.30 | 62.99 71.40 | 64.89 73.55 | 66.82 75.74 | 68.79 77.97 | 70.82 80.26 | 72.86 82.56 | 74.96 84.92 | 77.10 87.34 | 79.30 89.81 | 81.53 92.32 | 83.80 94.88
Cs Ba 57-71 Hf Ta w Re Os Ir Pt Au Hg T Pb Bi Po At Rn
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
4.29 4.62 4.47 483 7.90 9.02 8.15 9.34 8.40 9.67 8.65 10.01 8.91 10.35 9.19 10.71 9.44 11.07 9.71 11.44 9.99 11.82 10.27 12.21 | 10.55 12.61 | 10.84 13.02 | 11.13 13.44 | 11.42 13.87 | 11.72 14.32
86.12 97.48 | 88.46 100.14 | 90.89 102.85 | 93.33 105.59 | 95.85 108.41 | 98.43 111.29 | 101.00 114.18| 103.65 117.15| 106.35 120.16 | 109.10 123.24 | 111.90 126.36 | 114.75 129.54 | 117.65 132.78 | 120.60 136.08
Fr Ra Ac Th Pa Np Pu Am Ccm Bk Es Fm Md No Lr Actinides
87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 89-103
12.03 14.77 | 12.34 15.23 | 12,65 15.71 | 12.97 16.20 | 13.29 19.70 | 13.61 17.22 | 13.95 17.74 | 14.28 18.28 | 14.62 18.83 | 14.96 19.39 | 1531 19.97 | 15.66 20.56 | 16.02 21.17 | 16.38 21.79
. 33.44 37.80 | 34.72 39.26 | 36.02 40.75 | 37.36 42.27 | 38.65 43.96 | 40.12 45.40 | 41.53 47.03 | 42.98 48.72 | 44.47 50.39 | 45.99 52.18 | 47.53 53.93 | 49.10 55.69 | 50.73 57.58 | 52.36 59.35 | 54.06 61.28
Lanthanides La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
57-71 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
465 5.04 4.84 526 5.03 5.49 5.23 5.72 5.43 5.96 5.64 6.21 5.85 6.46 6.06 6.71 6.28 6.98 6.50 7.25 6.72 7.53 6.95 7.81 7.18 8.10 7.41 8.40 7.65 8.71
Actinium - Ac 89 (10.07) Bromine - Br 35 (0.007139)  Dysprosium - Dy 66 (8.55) Helium - He 2 (0.0001785) Lutetium - Lu 71 (9.84) Nobelium - No 102 Radium - Ra 88 (5.0) Strontium - Sr 38 (2.56) Uranium - U 92 (18.7)
Vanadium - V 23 (5.98)

Aluminum - Al 13 (2.70)
Americium - Am 95 (11.87)
Antimony - Sb 51 (6.62)
Argon - Ar 18 (0.001783)
Arsenic - As 33 (5.73)

Astatine - At 85

Barium - Ba 56 (3.5)
Berkelium - Bk 97
Beryllium - Be 4 (1.85)
Bismuth - Bi 83 (9.78)
Boron - B 5 (2.53)

Cadmium - Cd 48 (8.65)

Calcium - Ca 20

(1.55)

Californium - Cf 98

Carbon - C 6 (2.25-G; 3.51-D)

Cerium - Ce 58 (6.90)
Cesium - Cs 55 (1.87)

Chlorine - C1 17

(0.003220)

Chromium - Cr 24 (7.14)
Cobalt - Co 27 (8.71)
Copper - Cu 29 (8.96)

Curium - Cm 96

Einsteinium - Es 99
Erbium - Er 68 (9.066)
Europium - Eu 63 (5.234)
Fermium - Fm 100
Fluorine - F 9 (0.00169)
Francium - Fr 87
Gadolinium - Gd 64 (7.90)
Gallium - Ga 31 (5.93)
Germanium - Ge 32 (5.46)
Gold - Au 79 (19.32)
Hafnium - Hf - 72 (13.3)

Holmium - Ho 67 (8.795)

Hydrogen - H 1 (0.

0000899)

Indium - In 49 (7.28)

lodine - 153 (4.94)

Iridium - Ir 77 (22.42)

Iron - Fe 26 (7.88)
Krypton - Kr 36 (0.

00368)

Lanthanum - La 57 (6.15)
Lawrencium - Lr 103
Lead - Pb 82 (11.34)
Lithium - Li 3 (0.534)

Magnesium - Mg 12 (1.74)
Manganese - Mn 25 (7.41)
Mendelevium - Md 101

Mercury - Hg 80

(13.55)

Molybdenum - Mo 42 (10.22)
Neodymium - Nd 60 (6.96)

Neon - Ne 10 (0.
Neptunium - Np
Nickel - Ni 28 (8.

000900)
93 (20.4)
.88)

Niobium - Nb 41 (8.57)
Nitrogen - N 7 (0.001251)

Osmium - Os 76 (22.5)
Oxygen - O 8 (0.001429)
Palladium - Pd 46 (12.16)
Phosphorus - P 15 (1.83-Y 2.20-R)
Platinum - Pt 78 (21.45)
Plutonium - Pu 94 (19.8)
Polonium - Po 84 (9.27)
Potassium - K 19 (0.86)
Praseodymium - Pr 59 (6.48)
Promethium - Pm 61
Protactinium - Pa 91 (15.4)

Radon - Rn 86 (4.4)
Rhenium - Re 75 (21.0)
Rhodium - Rh 45 (12.44)
Rubidium - Rb 37 (1.53)
Ruthenium - Ru 44 (12.1)
Samarium - Sm 62 (7.75)
Scandium - Sc 21 (3.02)
Selenium - Se 34 (4.82)
Silicon - Si 14 (2.42)
Silver - Ag 47 (10.49)
Sodium - Na 11 (0.97)

Figure 20: X-ray chart from Amptek

Sulphur - S 16 (1.92)
Tantalum - Ta 73 (16.6)

Technetium - Tc

43 (11.5)

Tellurium - Te 52 (6.25)

Terbium - Tb 65

(8.229)

Thallium - T1 81 (11.86)

Thorium - Th 90
Thulium - Tm 69
Tin - Sn 50 (7.3)
Titanium - Ti 22

(11.3)
(9.321)

(4.5)

Tungsten - W 74 (19.3)

Xenon - Xe 54 (0.00585)

Ytterbium - Yb 71
Yttrium - Y 39 (3

0 (6.965)
8)

Zinc - Zn 30 (7.1)
Zirconium - Zr 40 (6.4)

(density in g/lcm® at NTP)
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VA Element K., K, Kn K, Wy
10 Ne 848561 848561 85789
11 Na 104098 104098 1071.12
12 Mg 1253437 1253.688 130220
13 Al 1486295 1486.708 155757
14 Si 1739394 1739985 183596
15 P 2012.70 2013.68* 2139.1
16 B 2306.700 2307 885 2464 07 0.049
17 Cl 2620846 262244 2815.60 0065
18 2955566 2957 682 319049 0.081
19 K 3311.1956 3313948 358963 0.099
20 Ca 3688.128 3691.719 4012.76 0.120
21 Sc 40859526 4090.735 4460 44 0.143
22 Ti 4504 9201 4510.899 4931 827 0.170
23 v 4944 671 4952216 5427320 0.198
24 Cr 54055384 5414 805 5946823 0229
25 Mn 5887 .6859 5898.8010 6490 585 0261
26 Fe 6391 0264 6404 0062 7058.175 0293
27 Co 69155380 69303780 7649 445 0327
28 Ni 7461 0343 74782521 8264775 0359
z Element Ko K Ko Ky Wy
29 Cu 8027 8416 8047 8227 8905413 0393
30 Zn 8615823 8638.906 957203 9658 .05 043
31 Ga 9224 835 9251.674 1026419 1036642 046
32 Ge 985542 9886 52 1098219 1110097 049
33 As 1050750 105432674 1172573 1186434 052
34 Se 1118153 1122252 1249603 1265229 055
35 Br 1187775 1192436 1329156 1346960 058
36 Kr 12595424 12648002 14112815 143150 0.60
37 Rb 1333588 1339549 1496142 1518554 063
38 Sr 1409803 1416520 1583589 16084 68 065
39 Y 1488294 1495854 1673808 170156 067
40 Zr 15690645 15774914 17666 578 179703 0.70
41 Nb 1652128 1661516 1862268 189529 071
42 Mo 1737429 17479372 1960834 1996527 073
43 Te 182509+ 183672+ 206190* 210054* 075
44 Ru 1915049 1927916 2165675 220743 077
45 Rh 2007367 2021612 2272359 231730 078
46 Pd 2102015 2117708 2381869 242994 0.79
47 Ag 2199030 22162917 2494242 2545671 080
48 Cd 2298405 2317398 2609544 2664407 082
49 In 2400203 2420975 27271555 2786120 083

Figure 21: Table of the X-ray K-series energies from NIST
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Z Element ) K., Ko I—cg_: Wy
50 Sn 2504404 2527136 2848626 29109 64 084
51 Sh 2611078 2635886 2972553 3038984 085
52 Te 2720199 2747257 3099597 3170076 086
53 In 2831752 2861232 3229505 330417 086
54 Xe 29458250 2977878 3362423 344147+ 087
55 Cs 3062540 3097313 349873 358217 088
56 Ba 31816615 32193262 36377445 372577 088
57 La 3303438 3344212 3780145 387303 089
58 Ce 3427928 3472000 3925777 402331 089
59 Pr 3555059 3602671 4074867 417744 090
60 Nd 36847 502 37360739 4227090 43335+ 090
61 Pm 3817155 3872511 438255+ 44937+ 091
62 Sm 3952339 40118481 454130 46575 091
63 Eu 4090233 4145263 470384 482566 092
64 Gd 4230930 4299672 486969 499606 092
65 Th 4374462 4448275 503829 51724* 092
66 Dy 4520827 4599894 521197 53510* 093
67 Ho 4669998 4754710 538771 55325+ 093
68 Er 4822161 4912724 5567352 57214* 093
69 Tm 4977267 50741475 5750876 59095+ 093
70 Yh 5135460 5238948 593671 60985+ 094
Z Element ) K. Ko Kg: Wy
71 Lu 5296557 5407039 61283+ 62967+ 094
72 Hf 546120% 5579084 63234* 64980* 094
73 Ta 562776 575332 652233 6701358 094
74 w 5798177 59318847 672450 691013 094
75 Re 5971857 6114100 693103 712321 095
76 Os 6148727 6300107 714139 734032 095
77 Ir 6328729 648962 735617 756193 095
78 Pt 651233 668329 757491 778783 095
79 Au 6699073 688045 7797980 801862 095
80 Hg 688951 708195 802542 82545 095
81 Tl 708325 728725 825767 849485 095
82 Ph 7280542 7497011 8493908 873669 096
83 Bi 7481621 771092 873441 898618 096
84 Po 768644+ 792929+ 89797+ 92400* 096
85 At 78944* 81514* 92304+ 94991+ 096
86 Rn 81066* 83783+ 94867+ 97639+ 096
87 Fr 83232+ 86105+ 97478+ 100326 * 096
88 Ra 85436 88476 100136 103045 096
89 Ac 87676* 90884 8* 102847 * 105868* 096
90 Th 8995704 9334738 105601 51 108718 096
91 Pa 922834 95866 4 1084173 111625* 096
92 U-238 9465084 9843158 111295.08 114607# 096

Figure 22: Table of the X-ray K-series energies from NIST
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Designation of the spectral lines according to Siegbahn
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Level scheme of the X-ray levels of uranium. Arrows indicate the real observed transitions.

Figure 23: X-ray transitions for the L-series in uranium. The designation of the observed lines
is according to Siegbahn.
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Most intense L-X-ray lines of some heavy elements

Element Tantalum | Tungsten | Platinum | Gold Mercury | Lead Thorium Uranium
Symbol (Z) | Ta (73) W (74) Pt (78) Au (79) | Hg (80) | Pb (82) Th (90) U (92)
Line* Energies in electron-volts [eV]

oy (LsMs) | 8146.17 8398.242 | 9442.39 9713.44 9988.91 | 10551.6 12967.937 | 13614.87
ag (LsMy) | 8087.93 8335.34 9361.96 9628.05 9897.68 | 10449.59 | 12809.49 13438.97
01 (LaMy) | 9343.19 9672.575 | 11070.84 | 11442.45 | 11822.7 | 12613.8 16201.556 | 17220.15
B2 (LsNs) 9651.89 9964.133 | 11250.66 | 11584.75 | 11924.2 | 12622.8 16024.6 16428.44
B3 (LiMg) | 9487.62 9818.91 11230.89 | 11610.5 119954 | 12793.4 16423.855 | 17455.17
Bs (LiM2) | 9212.47 9525.23 10854.41 | 11204.81 | 11563.1 | 12305.9 15639.54 16575.51
v1 (LaNy) 10895 11286 12942 13381 139830 14764 18978 20167
~v2 (L1Ng) 11217 11610 13270 13709 14162.3 | 15218.2 19302 20484
v3 (L1N3) 11277.68 | 11680.49 | 13361.5 13809.1 14264.8 | 15218.2 19503 20712.95
v5 (LaNy) 10570 10948 12552 12974 13410 14307 18364 19506

[ (LsMy) 7173.2 7387.8 8268.2 8494.03 8721.32 | 9184.56 11118.06 11618.41
n (LaMy) 8428.09 8724.42 9975.2 10308.41 | 10651.4 | 113494 14510.327 | 15399.81

* Siegbahn notation (modern notation)

F. Discussion of Results
1. Discuss the energy spectra of the >"Co, *"Cs, 5*Mn and ?*! Am sources.
2. Construct the energy calibration.
3. Explain the energy spectra of the different elements.
4. Plot the energy of the X-rays as a function of nuclear charge number Z.
5. Plot the energy resolution as a function of energy.
6. Plot the detector response function as a function of energy.

7. Check Moseley’s law and compute the shielding constants.
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II.B. ATOMIC PHYSICS EXPERIMENTS

. Identify the unknown materials based on Moseley’s law.

. Explain the obtained X-ray L-spectra

Example Questions

. How are X-rays created ?

. What is the difference between X-rays and v-rays ?
. What is the Auger effect ?

. What is a fluorescence yield wy ?

. Explain Moseley’s formula.

. How is the material analysis performed ?

. Why does the silicon-detector have to be cooled ?

. Which other methods of X-ray spectroscopy are known ?



II.C. NUCLEAR PHYSICS EXPERIMENTS

6 Alpha Spectroscopy

George Gamow
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IV ALPHA - Spectroscopy

Location: room Jordan 308

A. Short description

a-spectroscopy is related to the a-decay of nuclei which is described by the Gamow theory
and the tunneling effect. These effects are also important for fusion reactions, for example in
the nucleosynthesis of the chemical elements. Using a modern high resolution silicon detector
(resolution 11 keV at about 5 MeV) one can explore the fine structure of specific a decays
or determine the line energy of unknown samples. Through this the identity of the unknown
nucide can be determined. Furthermore the relative intensities within an alpha-spectrum can be
measured as well.

In this experiment a small vacuum chamber is evacuated by an oilfree forepump and it houses
the detector, the optional foil and the o emitter. To reach high resolution the o sources used
have to be very thin.

Energy loss in matter is used to determine the thickness of foils and thin layers, an important
application of particle spectroscopy. The energy loss of « particles in matter is described by the
Bethe-formula and more recently simulated by the TRIM or the SRIM codes.



