
Chapter 4. CHARACTERISTIC X-RAY RADIATION INDUCED BY FAST IONS 

Introduction 

The method of roentgen-spectrometric analysis using ion excitation is a unification of traditional methods of exploring solids and methods based on application of accelerated particles beams. The irradiation by electrons and X-radiation is the traditional method of excitation of the roentgen quanta. 

Excitation of characteristic X-radiation is a well-known process. Usually in roentgen-radiographic analysis, alpha particles of radioactive sources are used. But low intensity, presence of particles with different energy, impossibility of energy and focusing control limit the threshold sensibility; besides rather long time is needed to get a single spectrum.    

While applying focused accelerator ion beams, the exposition time is appreciably less. The ion energy can be easily controlled (selective excitation). The stopping radiation background is lower in comparison with electron excitation. The method is ideal for studying thin targets and layer analysis of massive samples, because ions stop in the surface layer (about 1 micron for lightweight ions with energy several MeV and about 0.01 micron for heavyweight ions with energy about 1 MeV).   

Utilization of flowing proportional counters and especially semiconductor detectors makes it possible analyzing the row of chemical elements in a single measurement with great accuracy.  Using the same beam you can simultaneously apply several supplement methods, for example the Rutherford back scattering of ions and controlling the Roentgen radiation. At that, the nuclear reaction method (for lightweight atoms) can be applied too. 

Registration of characteristic roentgen radiation while ion channelization gives new possibilities for investigating crystals. In particular, you can find locations of impurity atoms and lattice defects, the impurity atoms being either heavier or lighter than those of matrix. It should be noted that cross-section of characteristic radiation excitation by heavy ions is 102 – 103 times greater. By changing the ion type and its energy you can selectively excite the levels of needed atoms of a compound. The radiation generated in the process of implanting ions in substrate gives information on the quantity and depth distribution of implanted atoms. The last circumstance is of value in closed technologic processes of manufacturing the integral micro-schemes. 

4.1. Principles of characteristic X-radiation method  

4.1.1. Ionization cross-section while excitation by lightweight ions 

Charged particles while passing through the medium excite and ionize its atoms. The excited atoms return to the ground state. Two processes are possible: emitting electrons (light nuclei) or X-ray quanta (heavy nuclei). The ratio of those processes is defined by the fluorescence yield (
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), which is the probability of quanta remittance and being almost independent on type of excitation (Appendix 15 and 16).

The energy of characteristic quanta depends on transition levels. The spectrometric lines are designated by K-series, L-series, and so on (depending on the end level).  The fine structure is observed. 
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-series corresponds to transition from L-shell to K-shell; 
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-series corresponds to transition from M-shell to K-shell. 

The X-ray energy is a smooth function of atomic number. For isotope analysis, the spectrum lines 
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are usually used (Appendix 15 and 16). 

The number of quanta registered by a detector (the thin target) can be written as follows: 
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(4.1)

The quantity 
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 is the ionization cross-section (cm2); х– the target thickness (cm); 
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- density (g/cm3); А – atomic mass (g); n – number of bombardment ions; 
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 - the angular aperture of detector; 
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 - detector registration efficiency. The ionization cross-section can be found experimentally or calculated with good accuracy.  

Accelerated ions moving through medium undergo elastic and inelastic collisions. The lightweight ions lose its electron shells and directly interact with target atoms. The maximal energy, which can be transmitted by heavyweight particle (mass M1 and energy Е) to a free electron: 
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For protons Тmax = Е / 460. Thus, protons (in energy range 300 keV-3 MeV) transfer to electron the energy about 0.6-6.0 keV. That quantity corresponds the bonding energy of K-electrons (from oxygen to iron), L-electrons (from chrome to lanthanum), and M-electrons (50 < Z2 < 94). The ionization probability is rather great and vacancies are being produced. For helium ions Тmax = E/1840 i.e. four times smaller, that leads to less ionization cross-section.  

In order to find the ionization cross-section the Born approximation of plane waves (BPWA), semi classical approximation (SCA), and classical approximation of binary collisions (BCA) are used. 

The ionization cross-section in plane waves approximation is given by: 
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(4.2)

The quaintly (q is the transferred momentum; v – speed; Z1e – the particle electric charge; п, п' – initial and end state of electron. Summarizing (4.2) through all end states we arrive to: 
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(4.3)

Zs is the effective nucleus electric charge for n-shell; 
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 Е and M1 – energy and mass of bombardment particle; W – transferred energy in
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 The energy W and the wave vector k of the plane wave of ionized electron are related by 
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(4.4)

For small transferred momentum (dr << 1) it corresponds to far-off collisions of a particle with electron cloud of inner shell. If (dr >> 1) the collision region is small in comparison with shell size and electrons may be considered as free particles because the increment of Coulomb field in the collision zone is small too: (Vк / Vк ( 1 / qr; thus the field may be assumed to be constant. Using the momentum approximation we can write equation (4.4) as follows: 
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The quantity ln is the azimuth quantum number of initial state; v2min = 
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Ry |W – Q| / (q; fn(v2) – velocity distribution of electrons in initial state.  Equation (4.4) is basic for binary collision approximation (BCA), if Q ( W it leads to good results. The calculation according (BCA) is simpler than in accordance with the Born plane waves approximation (BPWA). The (BCA) ionization cross-section is got by integrating the distribution through electron velocity in the initial state.  

Some authors have got the momentum representation of Sleter wave functions and also the Dirac electron wave functions for heavyweight atoms (relativistic corrections are of importance). It allows to find the functions fn(v2) practically for any electron shell. Application of Rutan-Hartry-Fock wave functions for calculation of ionization cross-sections in limits of (BCA) has given good results not only for K-shells but also for L- and M-shells. Relative ionization cross-sections of separate subshells have been also studied. At low energy (Е ( 3 MeV) (BCA) data coincide with experimental ones better than those of (BPWA). At high energy (when the far off collisions are of importance) the situation is opposite.  

Of course, the strict theory better describe the features of an atom. But in order to plan the X-spectrometry analysis, the approximate expressions and universal curves are more convenient, because it shortens calculation and allows quickly transmitting to different parameters. There are a lot of tabulated data on ionization cross-sections of inner atomic shells. Those data have been got using  (BPWA), (BCA), or (SCA) approximation (See Appendix 17).   

In (BWPA) K-shell ionization cross-section is given usually in non-dimensional units, thus the dependence of cross-section on energy being universal. The electron shell bonding energy (U) is normalized on the bonding energy of a hydrogen-like state and is expressed by the quantity 
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parameter (п) being the shell principal number. The kinetic energy is measured in non-dimension units ((): 
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Zs = Z2 – ( is the effective charge, ( ( the screening constant of a subshell. For К-shell the screening constant is 0.3; for L1-, L2-, and L3- sub-shells  – 4,15; для M1-, M2-, and М3-subshells – 11,25; for М4- and М5-subshells – 21,15. The ionization cross-section of n-shell (subshell) in (BWPA) is given by: 
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(4.6)
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The function Fn is universal and almost does not depend on (n. There are analytical forms of K-shell ionization cross-section at low 
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It should be noted that in low energy range 
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 < 0,1) the theoretical cross-sections are appreciably greater than experimental ones. It was proposed to take into consideration changing the electron bonding energy caused by charged particle at close collisions and ion trajectory deviation in Coulomb field of a target atom. It could be done by introducing factor ( ( 1 in such a way that the effective bonding energy would be 
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(4.7)
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Е' = E – 2Z1U; U( = (U. 

Analysis show that correlations are necessary not only for K-shells but for L-shells too (Fig.4.1). By the way, the corrections for L-shells are even more important (especially for light nuclei). To find K-shell ionization cross-section of heavyweight atoms (Z ( 40) the relativistic phenomena are to be taken into account. 

Fig.4.1. Energy dependence of L-shell electron ionization (by protons) cross-section of argon atoms in (BCA) (1) and (BWPA) (2) without correction, and in (BCA) (3) and (BWPA) (4) with correction: ○, ●, and ∆ ( experimental data

As in (BCA) as well in (BWPA) using the hydrogen-like wave functions of atomic states you can get the universal curves of subshells ionization cross-section.  Fig.4.2 shows the universal ionization cross-section of 1s-state (BCA). Using Fig.4.2 you can easily find the ionization cross-section for a given energy. Applying the hydrogen-like functions in (BCA) you are to take into account the scale law for calculating the ionization cross-section of an electron with binding energy UВ if the ionization cross-section of an electron with binding UA is known. 

((UB, E*) = (UA / UB)2 ((UA, E), (4.8) 


                                   



    E* = (UB / UA)E.

4.1.2. Analytical representation of inner electrons ionization cross-section by lightweight ions

Using equation (4.8) we generalized the experimental data on K- and L-shells ionization cross-sections by adjustable polynomial functions. The experiment was performed using thin samples and proton beams. The following formula has been got:  
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U – is the electron bond energy (eV); х = ln(E / (U), ( = 1836 – the mass ratio proton/electron. 

Fig.4.2. Universal curve in (BCA) of 1s-energy state: ○, ●, ∆, ( ( experimental data

Cross-sections are measured in 10(14 cm2. While evaluating K- and L-shell cross-sections according (4.9) the coefficients bп (Table 4.1) have been used. 

Formula (4.9) represents the ionization cross-section with accuracy 1% in energy range 0.034 < E / (U < 0.92. The standard deviation at interval limits is not greater than 5%. 

For L-shells the accuracy is 2% in interval E/(U from 0.084 up 2.33, the standard error at interval ends is less than 8. Formula (4.9) covers the energy range of interest for X-radiation analysis with proton excitation. It holds for silicon K-shell and germanium L-shell in the energy range from 100 keV to 3 Mev and from 200 keV up 6 MeV correspondingly. 

Table 4.1. Coefficients  bп
	Coefficient 
	

	
	К-shells
	L-shells

	b0
	2,0471
	3,6082

	b1
	(0,65906 ((2)
	0,37123

	b2
	(0,47448
	(0,36971

	b3
	0,99190 ((1)
	0,78593 ((4)

	b4
	0,46063 ((1)
	0, 25063 ((2)

	b5
	0,60853 ((2)
	0,12613 ((2)


We also systemized the experimental data of K-shell ion ionization cross-section while irradiated by fast protons. The thin and thick (when it is necessary to take into account as energy loss as well absorption of radiation) targets have been studied. The ionization cross-sections were treated by polynomial representation: 
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(4.10)

We assume that у = ln ((); ai – adjustable parameters (Table 4.2); х = ln(Е); cross-section ( is measured in barns. Adjustable parameters are given only for 12 ( Z2 ( 50, the nuclei with Z < 12 could not be detected because of absorption of quanta in the samples camera and detector window.  If an atomic number Z > 50 we advise to register L-radiation because of it greater yield than that of K-radiation. 

We also have studied dependence of cross-section on Z2:
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(4.11)

Coefficients bi are listed in Table 4.3. 

Equations (4.9) – (4.11) are very convenient for analyzing when characteristic X-radiation is induced by lightweight ions. 

Using exact non-relativistic wave functions and (BCA) method, we have got tabulated ionization cross-sections of K-shell electrons, which can be described with accuracy 10% by: 
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electron mass; (Z2 – () – nucleus effective electric charge for K-electrons;; ( = 1/137 – the fine structure constant; Т = E1 / (U; ( = M1 / me; coefficients Alm are given in Table 4.4. Formula (4.11) (with accuracy 10%) is valid in the energy range 10(3 ( Т ( 10MeV.

Table 4.2 
	Z
	а0
	а1
	а2
	а3
	а4
	а5
	а6
	Energy *), MeV

	12
	10,13
	0,9983
	-0,2287
	0,4691
	0,2034
	0,02817
	
	0,03 ( Е ( 4,0

	13
	9,543
	1,027
	-0,6932
	0,08703
	0,08467
	0,01568
	
	0,03 ( Е ( 4,0

	14
	9,276
	1,350
	-0,4966
	
	
	
	
	0,75 ( Е (4,0

	18
	7,258
	1,818
	-0,5307
	0,02048
	
	
	
	0,07 ( Е ( 5,0

	20
	5,877
	2,561
	-0,8322
	0,07349
	
	
	
	2,0 ( Е ( 25,0

	22
	5,243
	3,072
	-0,7028
	-0,3010
	0,08511
	0,03363
	-0,009681
	0,09 ( Е ( 25,0

	23
	5,085
	2,410
	-0,6368
	
	
	
	
	0,10 ( Е ( 3,0

	25
	3,909
	2,962
	-0,3478
	-0,1492
	-0,04029
	0,02468
	
	0,10 ( Е ( 12,0

	26
	3,810
	3,007
	-0,8283
	-0,1444
	0,1445
	0,0219
	-0,01776
	0,10 ( Е ( 12,0

	27
	3,386
	2,636
	-0,5700
	0,0701
	
	
	
	0,10 ( Е ( 11,0

	28
	   -0,0294
	-1,256
	-1,945
	
	
	
	
	0,09 ( Е ( 0,042

	28
	3,084
	2,764
	-0,4703
	
	
	
	
	1,0 ( Е ( 28,0

	29
	2,674
	3,157
	-0,6527
	-0,03928
	0,02582
	
	
	0,13 ( Е ( 12,0

	30
	2,388
	3,144
	-0,5831
	
	
	
	
	0,15 ( Е ( 12,0

	32
	1,595
	2,941
	-0,3701
	
	
	
	
	0,50 ( Е ( 6,0

	34
	1,043
	3,062
	-0,4655
	
	
	
	
	0,40 ( Е ( 2,0

	36
	1,100
	3,009
	-0,3488
	
	
	
	
	1,5 ( Е ( 5,0

	38
	  0,02774
	2,700
	-0,5903
	3,369
	-3,050
	
	
	0,60 ( Е ( 2,0

	40
	  -0,9995
	3,824
	-0,6063
	
	
	
	
	0,20 ( Е ( 5,5

	42
	  -1,153
	3,479
	-0,620
	0,04887
	
	
	
	0,24 ( Е ( 12,0

	46
	  -2,373
	3,772
	-0,9647
	0,4189
	
	
	
	0,60 ( Е ( 2,0

	48
	  -2,692
	3,724
	-0,6658
	0,07476
	
	
	
	0,60 ( Е ( 11,0

	50
	  -3,273
	3,522
	-0,1569
	-0,1413
	-0,03847
	0,2303
	-0,1067
	0,20 ( Е ( 6,0


*) In that energy interval, the treatment of experimental data has been made.

The theoretical results (Fig.4.2 and equation 4.12) correspond to ionization of atoms with small and middle atomic number. If Z2 ( 40 the relativistic effects are of importance. The relativistic correction increases the ionization cross-section; correction of trajectory (deviation from the strait line) and changing of electron bonding energy (in presence of a positive charged particle) leads to its decrement. Sometimes those corrections compensate each other.

The relativistic effect in (BWPA) model in energy range E1 ( 1 ( 4 MeV/AMU can be described by following expressions for ionization cross-section of K-shell L1-, L2-, and L3- subshells. 
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The quantity (рел/(нрел is the ratio of relativistic and non-relativistic cross-sections; ( = [k2 –  – (2(Z2 - ()2]1/2;  k – relativistic quantum number; Г(x) –gamma function; g0 =    = a2gmin; a2 = a0 / n(Z2 – ()-1; a0 – the Bohr radius; n – principal quantum number;  
[image: image53.wmf]2

min

g

= 2M1E1[1 – (1 – (1 – U / E1)1/2]2.

While getting expression (4.13) non-relativistic functions (for (нрел) and Dirac functions (for (рел ) have been used. Thus, with formulas (4.8) – (4.11) or Fig.4.2 it is easy (expression 4.13) to evaluate K- and L-shell ionization cross-section of heavyweight atoms where the inner electrons are relativistic.  The relativistic correction is especially important when the ion energy is small (Fig.4.3). 

Table 4.3. Coefficients  bi
	Энергия
	b0
	b1
	b2
	b3
	b4
	b5
	b6

	1,5
	50,44
	-50,50
	26,91
	-6,644
	0,5601
	
	

	2,0
	-32,43
	44,59
	-13,99
	1,191
	
	
	

	2,5
	-524,2
	11,94
	-1078
	508
	-132,2
	18,00
	-1,904

	3,0
	-13,87
	26,54
	-8,268
	0,6162
	
	
	

	3,5
	5,793
	7,607
	-2,271
	
	
	
	

	4,0
	5,806
	7,356
	-2,183
	
	
	
	


Table 4.4 Coefficients  Alm 

	
	M

	l
	1
	2
	3
	4

	1
	-1,6401
	-19,5481
	4,3163
	1,0022

	2
	2,5526
	2,1828
	-1,1294
	0,2555

	3
	-6,7861(10-3
	-0,2007
	0,3542
	-0,4899

	4
	-4,4739(10-2
	6,2682(10-2
	1,3289(10-3
	0,1133

	5
	2,4598(10-3
	-1,2106(10-2
	-1,7717(10-3
	-1,2684(10-2

	6
	-9,2936(10-6
	7,7271(10-4
	-1,8168(10-4
	6,2660(10-4


4.1.3. Ionization of inner electrons by fast ions

The ionization cross-section reaches maximum at ion energy about Е ~ M1U/m. For example, in silicon atoms the K-shell bonding energy is 1.8 keV, hence the cross-section is maximal at 3.5 MeV. But at such energy, the background due to secondary electrons is great too. So as a rule, the energy of a bombardment beam is chosen smaller than 
[image: image54.wmf]U

m

M

E

1

£

. At low energy the ionization cross-section can be approximated by:  

( ~ E4 / 
[image: image55.wmf].

8

8

4

1

Q

s

Z

M


The quantity ( is about unity and Zs ( Z2, hence the cross-section is inversely proportional to the eight power of an impurity atomic number. Thus, at ion conventional energy (~ 1 MeV) the sensibility (characteristic X-ray radiation) to lightweight impurities is greater than respective to heavyweight ones. The characteristic radiation excitation cross-section is greater than that of scattering (for lightweight atoms) and increases with the beam energy (Fig.4.4). 

While bombarding by heavy ions (Z ( 3) the cross-section is two-three orders greater than that evaluated under assumption of Coulomb ionization mechanism. The characteristic radiation yield while exciting by heavyweight ions can be appreciably smaller at low energy (10 – 100 keV). 
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The dependence of ionization cross-section of ion-atom collisions (for heavyweight ions) on atomic number of ions and target atoms is not monotonous. The oscillation depth of ((Z1) reaches two-three orders of magnitude. Thus, choosing the ion type it is possible to excite the impurity in question. 

Fig.4.3. The K-shell electron ionization cross-section while bombarding gold by protons: (1) – (BWPA) with relativistic correction; (2) – (BWPA) taking into account (4.12); (3) – (BWPA) without any correction; (4) – (BWPA) with trajectory correction and taking into changing electron bonding energy; 

○ – experiment

Fig.4.4. Helium ion scattering (dashed lines) and K-shell excitation by protons (solid lines) angular cross-section (at 150°); (1, 1() ( Е = 100 keV; (2, 2() ( Е = 200 keV;  (3, 3() ( Е = 500 keV; (4, 4() ( Е = 1000 keV; (5, 5() ( Е = 2000 keV

Due to greater energy loss, the heavyweight ions stop in thin surface layer (about 10 nana meter) and induce X-ray radiation. Thus, those ions are available for controlling implanted layers. Layer-by-layer etching of sample surface and changing ion energy or experimental geometry usually accompanies the method. 

It should be noted that excitation by heavy ions may lead to changing the surface state by implanting the beam particles; the damage done by heavyweight particles is naturally greater than that of light ones

The ionization and stopping cross-section of heavyweight ions depends (in rather complicated way) on the atomic number of colliding ions and its magnitude in most cases is not known with accuracy to conduct the quantitative analysis. Thus, for interpreting experimental data we are to utilize etalons. The generation probability of inner vacancies while colliding with target atoms depends mainly on the distance between colliding particles and dos not almost depend on relative speed. Formatting inner shell vacancies is provided by transition of electrons to unoccupied energy levels of a quasi-molecule formed in the process of ion-atom collision. The energy spectrum of an electron after the colliding particles have left each other can be continuous. 

4.1.4. X-radiation spectra

After electron ionization a vacancy in inner shell is produced; one of the far-off atomic electrons occupies that place. At that, a gamma quantum or electron is emitted, the excessive energy being released. The first process is called the fluorescence; the second process is called the Oge-effect.  In heavyweight atoms the radiation transitions with emitting X-radiation dominate. In lightweight atoms the non-radiation transitions with emitting electrons dominate. 

The electrons of far-of subshells (of the same shell) can occupy the vacancies in L-shell (and in outer shells too). Those transitions are called the Coster-Croning transitions. They lead to the redistribution of vacancies inside the shell, the vacancies transmitting to outer subshells. 

Every radioactive transition (characteristic X-radiation spectral line) characterizes certain atom (Table 4.5). The most intensive lines correspond to dipole transitions with the following changing quantum state numbers: |(l| = 1; |(j| = 0, |(j| = 1; |(n| ( 0. While occupying the vacancies, the spectrum series is generated. That series depends on the end level of transition. 

Let us assume the intensity of K(1, L(1, and M(-line to be 100%, then the intensity of  K(2-line would be 50 %, K(1 – 20, K(2 – 6, K(3 – 10, L(2 – 10, L(1 – 50, L(2 – 20, L(3, L(4 – 5 ... 6, Ll – 2, M( – 50, and M(-line  – 1 ... 2 % .

The relative intensity depends (in small quantity) on atomic number, especially for transitions from the outer shells. Experiments shows that the ratio of line intensity almost does not depend on excitation type and is the same as for fluorescence excitation by X-ray quanta as well as by striking excitation by protons and alpha particles (See Appendix). 

The vacancy populating probability accompanied by X-radiation is called the Roentgen fluorescence yield. The K-shell ionization cross-section (Kx = (K(K, where ( is the yield of X-ray fluorescence, which depends on atomic number (in wide range) as follows: 
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(4.14)

The best agreement with experiment has been reached when: А = 0.015 ± 0,01, В = 0.0327 ± 0.0005, С = -(0.64 ± 0.07)(10- 6.  The first term in (4.14) describes the screening; the second one is the relativistic correction, which becomes small for lightweight atoms. 

There are three subshells in L-shell. Thus, the method of evaluating the fluorescence yield becomes complicated. Because of Coster-Croning transitions to higher shells, the X-ray fluorescence yield depends on the original vacancy subshell distribution and partial yields. 

For L-series the yield is described as: (Lx = (1(1 + (2(2 + (3(3, the quantity (i being the subshell ionization cross-section; (i – the emission probability of L-series quanta, which depends on the first subshell vacancy. The probability (I , Closter-Croning probability fij , and subshell yield  (I are related by;  (1 = (1 + f12(2 + (f13 + fl2 f23) (3; (2 = (3 + f23(3; (3 = (3.

Table 4.5 Designation of characteristic X-ray radiation lines 
	Transition
	Line
	Transition
	Line
	Transition
	Line

	К – LI 
	K(13
	    LI – OII, III
	L(4
	LIII – NI
	L(6

	К – LII
	K(2
	LI – PII, III
	L(13
	LIII – NIV
	L(15

	К – LIII
	K(1
	LII – MI
	L(
	LIII – NV
	L(2

	К – MII
	K(3
	LII – MIII
	L(17
	LII – NVI, VII
	Lu

	К – MIII
	K(1
	LII – MIV
	L(1
	LII – OI
	L(7

	   К – MIV, V
	K(5
	LII – NI
	L(5
	LIII – OIV, V
	L(5

	К – NII, III
	K(2
	LII – NIV
	L(1
	MIII – NV
	M(

	К – NVI, V
	K(4
	LII – NIV
	L(
	MIV – NII
	M(2

	LI – MII
	L(4
	LII – OI
	L(8
	    MIV – NIII
	M(

	LI – MIII
	L(3
	LII – OIV
	L(6
	    MIV – NIV
	M(

	LI – MIV
	L(10
	LIII – MI
	Ll
	 MIV – OII, III
	M(

	LI – MV
	L(9
	LIII – MII
	Lt
	MV – NIII
	M(1

	LI – NII
	L(2
	LIII – MIII
	Ls
	MV – NVI
	M(2

	LI – NIII
	L(3
	LIII – MIV
	L(2
	    MV – NVII
	M(1

	LI – NV
	L(11
	LIII – MV
	L(1
	
	


We remind our readers that subshell fluorescence yields and Coster-Croning transition probability are listed in reference books. Expressions for M-shell X-ray fluorescence are more complicated because the shell includes five subshells, the average 
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 being usually used. 

4.2. Analytical characteristics of X-ray method

4.2.1. Absorption of X-ray radiation

In thick targets the X-ray radiation excited by accelerated ions is weekend because of absorption by target atoms. The radiation is absorbed also in the detector system window. Either gas counters or semiconductor (germanium-lithium) detectors must be isolated from a vacuum system. While using the gas counters, the detector window hindrances the work gas leaking and semiconductor detectors are secured by the entrance window from vacuum impurities (10-4 – 10-5 Pa). 

The radiation intensity as a function of thickness is given by the Lambert-Bert formula:  

It = I0 exp (-(t), 


                                                

(4.15)

The quantity It is the beam intensity at the target depth t; I0 – the origin beam intensity; ( ( the linear weakening coefficient, i.e. the inverse distance where the radiation weakens e times (2.7183); the coefficient depends on substance. The mass weakening coefficient (m = ( / ( (cm2/g) is more convenient (( is the density). 

For a compound: 
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(4.16)

The quantity Сп and (mn are the relative concentration and its mass weakening coefficient. 

Taking into account the interaction processes we can assume ( = N
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where N is the target atom density; (l - the effective cross-section of l-process (per atom). The energy range dominates the process. At low energy (Е0 = (( < I, I – the ionization potential of outer electron shells) the elastic (Raleigh) scattering is of importance, the combination scattering being superposed. While elastic (coherent) scattering by bound electrons the radiation energy does not change, its space distribution being modified. 

When the quanta energy is greater than ionization threshold the photo effect dominates.  A portion of quantum energy transfers to photoelectron: ((  = = Ii + Ekin. The quantity Ii is ionization potential of i-electron; Еkin – the electron kinetic energy. Photo absorption becomes a dominant process.

The absorption of soft X-ray radiation ((((10 keV) is caused mainly by photoelectric effect. In limits of absorption band, the mass coefficient (m is approximately proportional to (3 (radiation wavelength) and 
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The K-shell photo effect cross-section of photons with energy (( is given by: 
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(4.17)

(Т = 
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 cm2 – the Thompson scattering cross-section; re – is a classic electron radius;
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Z2эфф = Z2 – 0,3 – effective electric charge for K-shell electrons. It was assumed: 
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Fig.4.5. Dependence (т on radiation energy for platinum 
1 Ry = 13.6 eV; а0 = 0.53 Å. The photo absorption is maximum when (( ( IK: 
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is the fine structure constant. While increasing ((, cross-section 
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 decreases as ((()-8/3. When  (( >> IK, the dependence becomes ((()-7/2.

When (( < IK, photo ionization of L-, М-, … shells dominates. 

We can write analogues expressions L-subshells taking into account two 2s-electrons: 
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(4.19)

For six 2p-electrons: 
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(4.20)

The quantity 
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 orbital speed in origin state; 
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 When (( ( mc2 we have also take into consideration inelastic scattering of quanta (Compton effect), electron-positron pair generation in nuclear and electron Coulomb field, and photo nuclear reactions. 

The absorption mass coefficient (m at low energy decreases rapidly with energy (Fig.4.5). At that, the radiation is absorbed only by M-shell (and other outer shells) of platinum atoms. Then three ‘jumps’ are observed (11.56, 13.27, and 13.88 keV), which are due to absorption in L3-, L2-, and L1-subshell. The 78.4 keV ‘jump’ is induced by K-shell photo absorption.

There is a lot of experimental data. The Mitchel and Zigler tables are very convenient, the absorption coefficients of K-, L-, and M-series (excluding the energy E<1keV) being listed.  

The linear absorption coefficient ( of lavsan (С10Н8О4, (=1.33 g/cm3) and beryllium  ((=1.82 g/cm3) in the range of soft X-ray radiation (Е ( 1.5 keV) is shown in Fig.4.6. Even the thin layers of a substance absorb that radiation, thus the detector window thickness can dominate the analysis sensibility. 
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Fig.4.6. X-radiation transmission curves in beryllium (1) and mailar (2) 

4.2.2. Resolution as function of atomic number, Sensibility

The energy resolution dominates the atomic number resolution. Two types of detectors are conventionally used. 

For registering spectra with quanta energy more than 1.5 keV, a Si(Li) or Ge(Li) detector is used. The energy resolution for Сu К(-линии (5.9 keV) is 200-300 keV.  It means that while analyzing K-series you can distinguish the neibouhr atoms ((Z = 1). The registration ability of semiconductor detectors falls sharply at energy below 1.5 keV and practically vanishes at (( ( 1 keV.

For analyzing lightweight atoms with K-shell radiation energy below 1.5 keV, the proportional flowing gas-discharged counters are applied. Its energy resolution of the 5.9 keV spectral line is 15%. At lower energy the resolution falls, only spectra of atoms differing by 2-3 atomic numbers can be registered without superposition. 
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 К-, L-, and М-lines are shown in Fig.4.7. The vertical segments (1- СРПП, 2 – Si(Li)) represent the energy resolution at energy 5.9 keV. It follows from the drawing that the atomic number resolution while using K-line is better than for L- and M-line. 

	Fig.4.7. Energy of К-, L-, and М-series quanta as function of atomic number

Fig.4.8. The X-radiation method sensibility relative to atoms left in deposits after evaporating of 1 cm3 of water: the analysis time 10 minutes, j = 0.5 microА while irradiating by 700 keV protons 


It should be noted that besides the atomic number resolution, you are to take into consideration also the concentration sensibility.  For atoms in the range 20 ( Z2 ( 30, the analysis by L-series appears to be more preferable than by K-lines. 

When analyzing by light ions (hundreds of keV) the sensibility reaches 10-8 – 10-9 impurity atoms per a matrix atom (Fig.4.8). The solid curve shows the sensibility as function of atomic number (the detector window is made of 40 microns aluminum film deposited on 25 microns mailar film). 

The dashed line corresponds to 25 microns beryllium window, the sensibility being 10-11 – 10-12 (sometimes sensibility reaches up ( 10-14). At proton energy about 175 keV, the sensibility of a characteristic X-radiation method is as a rule 10-7 – 10-8.

4.2.3. Controlling thickness and composition of massive samples covering 

Roentgen spectrum analysis (RSA) with ion excitation is a non-destructive method of controlling atomic composition of the matter. The method can be applied with success to study laminar targets. The method is based on the calibration curve i.e. the yield ratio of two energies of bombardment particles. The X-radiation yield from the layer in the range (х1 - х2) can be written as follows: 

Y(E1) = (N(x(E1(x + xd)( exp(((((x1 + (пxd)(,

                        
(4.21)

The quantity ( = (( / 4(cos(; ( ( detector angular aperture; ( ( detector efficiency; ( ( the incidence angle; N – atomic concentration; ( ( geometrical factor; хd = (х2 – x1)/2; ( and (п – matrix and impurity absorption coefficient. Introducing average stopping cross-section S1 and S1п in interval  (х < x1) and  (x1 ( x ( x2) related by factor В we can express the yield ratio as follows:  
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(4.22)

Thus, the quantity х0 = x1 + Bxd can be easily found.  
X-radiation method opposite to back scattering one allows controlling isotopes as heavier as well lighter than those of matrix. Le us assume that the thickness of a film under investigation is less than the ion free path. The partial yield from the surface layer: 


[image: image76.wmf]ò

ú

û

ù

ê

ë

é

j

m

-

÷

ø

ö

ç

è

æ

s

e

y

p

W

=

-

1

0

,

cos

)

(

exp

)

(

cos

4

1

E

E

x

i

i

dE

E

x

dx

dE

E

N

Y

 
                        
(4.23)

The quantity ( is the angular aperture; 
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(4.24)

The last quantity is the ion energy after having passed the film. The integral in (4.23) can be expressed as difference of two integrals. You are take in to account the depth origin would be different (by (). It leads to an absorption factor being included.  
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(4.25)

Thus, the yield can be represented as: 
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(4.36)

The quantity Y(E0, (x) is X-radiation yield from a film (thickness (х) while irradiated by ions (energy Е0); Y(E0, () and Y(E1, () are the yields from very thick sample at energy E0 and E1 (4.24). We remind that the linear absorption coefficient characterizes the film.  

If the film is deposited on massive sample, the X-ray radiation yield depends on film thickness. The yield can be represented as: 
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(4.37)

Y(E1) is the yield from substrate when there is no any covering on the sample surface, ion energy E1 being defined by (4.24); ( ( absorption coefficient of the film..
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Fig.4.9. X-radiation spectra excited by 500 keV protons from Ni films deposited on Si sample; the film thickness (in nana meters): (1)-20; (2)-34; (3)-49; (4)-64; (5)-80.    

It follows from (4.26) and (4.27) that for interpreting the data on lamellar structures, it is necessary to find the X-radiation yield from thick samples (when the ion free path is less than the sample thickness. 

The typical characteristic X-radiation spectra from nickel films deposited on silicon substrate are shown in Fig.4.9. 

Fig.4.10 shows the theoretical and experimental yield of X-radiation as function of nickel film thickness.

The yield strongly depends on the coating thickness. That effect can be used for controlling the thickness of films containing isotopes which spectrum by some reasons cannot be registered.

Experiment shows that yield decrement is a little greater than expected one (Fig.4.11). The evaluation of yield decrement has been made by (4.23) taking into consideration the proton energy loss and absorption of X-radiation by films. 
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The discrepancy could be caused by inaccuracy of cross-section (х(Е) at low energy. We advice to treat experimental data by variation X-radiation yield as depending on film thickness in accordance with: 

Fif.4.10. Yield of L-series X-radiation excited by protons from Ni film deposited on Si substrate
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(4.28)

The adjustable constant (a) can be found by a single measurement with an etalon film. For nickel films а = 4.8 micron-1. The accuracy of film thickness controlling depends strongly on bombarding ion energy. At low energy the X-radiation yield sharply decreases; at high energy the yield dependence on thickness weakens. For example, for thin nickel films (10 nm ( (х ( 50 nm) deposited on silicon sample the proton energy of 300-400 keV is the best. 

4.2.4. The depth impurity distribution profile 
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The very reliable (but rather tiresome) method of controlling the impurity distribution is based on layer-by-layer erasing and using 100 KeV highweight ions to excite the characteristic X-radiation. 

Fig 4.11. X-radiation yield of K-series of silicon sample with nickel coating while irradiated by protons 

The specific energy loss of heavy atoms is great. Thus, the depth where X-radiation is produced can be smaller than the depth of ion-implanted layers. The method has been applied for controlling the depth distribution of antimony atoms implanted in silicon sample. The excitation was produced by krypton and molybdenum ions (100 keV). Ions excite M-series of antimony in surface layer with thickness about 10 nm. Registering X-radiation and erasing the surface layers  (by ion pulverization or anode oxidation) we controlled the antimony atoms distribution in the depth of silicon crystals. 

In analogues way we studied the depth distribution of cuprum atoms implanted in silicon sample. The cuprum L-series X-radiation is excited by 40-50 keV Ne+ ions. The sensibility appeared to be 5(1013 atoms/cm2 in a layer with thickness 10 nm.

The yield of X-radiation as function of bombardment ions energy can be expressed as follows: 


[image: image84.wmf][

]

ò

÷

÷

ø

ö

ç

ç

è

æ

j

m

-

s

=

max

0

,

cos

exp

)

(

)

(

)

(

R

x

i

dx

x

x

E

x

N

f

E

Y

i

                         


(4.29)

The quantity Ni(x) is partial depth concentration; Rmax – the maximal depth of X-rays generation; f – factor depending on experiment conditions. The ion energy at the depth (x): 
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(4.30)
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is the target stopping power. The depth X-radiation cross-section is defined by (х(Е) and Е(х). The maximal sounding depth depends on ion and quanta energy and radiation stopping power. 

The X-radiation yield depends on beam incidence angle (() as:  
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(4.31)

Table 4.6. Relative intensity К( / К( 

	Z2
	К( / К(
	Z2
	К( / К(
	Z2
	К( / К(

	12
	0,013
	40
	0,190
	68
	0,260

	14
	0,027
	42
	0,197
	70
	0,264

	16
	0,059
	44
	0,204
	72
	0,267

	18
	0,105
	46
	0,210
	74
	0,269

	20
	0,128
	48
	0,213
	76
	0,273

	22
	0,134
	50
	0,220
	78
	0,275

	24
	0,135
	52
	0,225
	80
	0,278

	26
	0,135
	54
	0,232
	82
	0,280

	28
	0,135
	56
	0,237
	84
	0,283

	30
	0,138
	58
	0,242
	86
	0,286

	32
	0,147
	60
	0,247
	88
	0,287

	34
	0,157
	62
	0,250
	90
	0,288

	36
	0,172
	64
	0,255
	92
	0,289

	38
	0,180
	66
	0,257
	94
	0,291


The depth resolution increases while applying the sliding geometry. At that, the radiating surface increases and influence of its roughness increases too. The accuracy can become less, for example when measuring small impurity concentration. 

Changing the incidence angle of proton beam we analyzed the atomic layers of arsenic implanted in silicon crystals at the depth 110 nm.  The normalization method of X-radiation yield depending on target orientation relative the ion beam has been developed. Having compared the experimental and theoretical X-radiation angular yields we managed to find not only deposition depth of arsenic atoms but even asymmetry of implanted atoms distribution. 

The impurity deposition depth can be controlled by discrepancy of stopping power of К(- and K(-lines. К(-quanta (more energetic) are being absorbed in less measure in comparison with К(-quanta; thus the intensity ratio К( / К(- or L( / L(-spectral lines is greater for atoms, which are located in deeper layers.

The ratio of surface and depth concentration is controlled by the intensity К(/К( (L( / L(). That method has been used while analyzing (helium ions) aluminum samples either containing 0.6% Fe atoms or coated by 40 nm Fe film. The ratio of intensity К(/ К( differs by factor 1.5. That quantity is listed in Table 4.6 (12
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The method described can be applied also for surface isotope controlling. In order to do it, a thin ion beam scans the sample surface.  There are automatic systems (with proton excitation) for surface impurity analysis in express regime.
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Fig.4.12. The intensity ratio K( / K
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The method is used with success for analyzing and controlling: crystal structure; chemical bonds of solids; ion-atom collision mechanism; plasma diagnosing; inverse populated roentgen states; form of heavyweight nuclei; life-time of compound nuclei produced by ion-atom collisions; the reliability of quantum concepts for super heavy atomic structures.  
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