Chapter 8. EXPERIMENTAL TECHNICS 

The main requirements can be formulated as follows: the ion beam parameters (energy, intensity, and incidence angle), the exit angles of reaction products, and the detector angular aperture   should be controlled.    

The main elements of an experimental arrangement are: an ion source, an ion tract with the small angular divergence and controlling system, an experimental vacuum chamber, and a computer complex to treat the experimental data. 

As ion sources, the electrostatic generators and cyclotrons are used. The energy varies from 0.5 up to 30 MeV. Magnetic analyzers separate ions of the same type and energy. The energy calibration is made by the etalon nuclear reactions. 

8.1. Ion sources
In early 1930s, Cockroft and Wolton employed the 200 KeV cascade rectifier to accelerate protons, the current being about 10 mA. Nowadays, the generators of that type are still applied to generate 14 MeV neutrons. Deuterons accelerated up to several KeV fall on a tritium target (tritium implanted in titan or zirconium samples). In a (t, n)
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 reaction (Q = 17.6 MeV), neutrons with energy 14.9, 14.1, and 13.3 MeV at the angle 0(, 90°, and 180° (the deuteron energy is 150 KeV) are produced. The reaction cross-section is high, which is due to the low Coulomb barrier. 

The electrostatic generators of the Van-de-Graaf type are conventional too, the acceleration potential being up to 15 MV. Cyclotrons provide the ions with a larger energy. 
8.1.1. Van-de-Graaf electrostatic generator
The generator consists of: a high voltage conductor, the charging system, the supporting column and shell, the acceleration tube, an ion source, and the voltage stabilization system.  

The shell confides the conductor and supporting column. The shell is filled with an insulating gas at the pressure about 1000 Pa (80% N2 and 20% С02, SF6, or N2 + СО2 with small quantity of SF6). 

Inside the column there are the charging system and acceleration tube.  The column is made from a great number of equipotential segments divided by insulating plates.  

The charging is produced by an infinite rubber fabric band, which is charged directly or by the induction. The new type of electric charging is called pelletron, being combination of steel and nylon (teflon) plates. The construction is very reliable. 

The acceleration tube is composed of copper electrodes and glass (or ceramic) insulators. Every electrode is attached to a corresponding equipotential plate.   

The ion source (as a rule, the radio frequency source) is usually installed inside the high voltage conductor. 
The voltage stabilization system operates when there is a signal from a controlling voltmeter or magnetic sensor located near the accelerated beam. 

The typical characteristics are: the voltage 2-15 MV, the current 0.1-0.5 mA, and the energy stability 0.1%. 

In tandem accelerators, a conductor separates the columns symmetrically. The 100 KeV negative ions from an external source are accelerated in the conductor direction, and then pass through thin foils or tubes filled with a gas at low pressure and lose their electrons. The positive ions produced are accelerated. At that, protons acquire energy two times higher than that corresponding to a conductor potential. For the heavyweight ions, this factor is (Z+1); Z being the positive charge on the second stage of acceleration. 

There are horizontal as well as vertical tandem constructions. The two-step constructions are very perspective, especially from the commerce point of view (the proton current is 10-50 micro Ampere, the energy is higher than 25 MeV). Tandems with the conductor voltage up to 20 MV are under construction. 
8.1.2. Cyclotron 
In cyclotrons the charged particles can be accelerated up to hundreds of MeV. The particles move along circular orbits and pass periodically through an acceleration gap, across which a high frequency voltage (about 500 KV)  is applied. The main part of the cyclotron acceleration system consists of two hollow electrodes (duants) located in a constant (almost homogeneous) magnetic field (Fig.8.1).

An ion source is installed between duants. Positive charged particles are being attracted by a negative electrode and under an action of magnetic field move along a circular orbit inside the duant. Having reached the gap, the particles enter the acceleration electric field once more  (the electric field frequency and that of rotation coincide). With the growing speed, the orbit radius becomes greater, the particles move along a snapping-back spiral. At the end of acceleration, the particles are deflected by a special electrode (deflector) and leave the cyclotron.
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Fig.8.1. The cyclotron (scheme)

The circular frequency is 
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Here, q is the charge; В is the magnetic field induction; т is the mass of a particle. 
The frequency of accelerating electric field (
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) can be found from: 
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In order to provide the particles vertical focusing, the field strength lines should be convex, in other words, the field should decrease with radius (Fig.8.2). When a particle leaves the median plane, the retarding force is produced, which make the particle to return back. Thus, the relaxation oscillations are generated.  

It follows from equation (8.1) that the angular speed (
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) would change, and the acceleration condition can be violated (if the number of rotations is too great). 

In accordance with a special theory of relativity, the mass of particles can be expressed as follows: 
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Here: т0 is the mass at rest; 
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is the velocity of a particle; с is the light speed. 
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Fig.8.2. Vertical focusing 
The faster is the particle the less is its angular speed (8.1). At certain energy, the particles can reach the acceleration gape in a counter-phase; thus, the acceleration principle (equality of the field frequency and rotation frequency of the particles) would be violated. The “classic” cyclotrons accelerate protons only up to 12 MeV (the feeding voltage 100 KV). 

There are two ways to overrun these difficulties. 
1. In cyclotrons with the frequency modulation, in order to provide the axial stability, the magnetic field decreases with radius. While accelerating, the frequency of rotation decreases; however, the phases of rotation and that one of the accelerating field coincide. After acceleration the cycle repeats. Hence, the ion flux consists of impulses (usually 100 impulses per second). The flux intensity is 1-2 order lower than that of classic machines. The energy (protons) is up to 1 GeV.  

2. In cyclotrons with an azimuth variation of the magnetic field, the magnetic field strength increases with radius to compensate the relativistic mass increment (additional coils on magnet poles). The axial stability is provided by making the particles to move alternately above and below the median plane (additional magnetic discs or sectors). The focusing is especially good if the sectors have a spiral form. The cyclotrons of this type are called the isochrones or the sector-focused cyclotrons.     .
Table 8.1.  Cyclotron 520 CGR-MeV (France)
	Magnet


	
	

	Pole diameter, m

	
	1



	Number of sectors

	
	4



	Field strength at external radius, Tesla 

	
	1,48



	External radius, m

	
	0,525



	Energy, MeV


	p

	2,5-24



	
	d

	3-14,5



	
	3Не


	6-32



	
	4Не


	19-29



	Beam intensity, micro ampere 


	
	p

	100



	
	d

	100



	
	3Не


	60



	
	4Не


	60




8.2  Back scattering and recoil nuclei Installation 
Yu.Kryuchcov and Yu. Timoshnicov (Nuclear Research Institute, Tomsk Polytechnic University) have developed the installation "ТОКАМА-1" (ТОмское КАналирование и Мгновенный Анализ) has. The cyclotron У-120М is used. Figure 8.3 shows the installation scheme. 

The ion beam falls on a sample installed in a multi-position holder of a goniometer located in the center of an experimental vacuum scattering chamber. Special detectors (depending on reaction products) control the reaction products. Two collimator sets format the ion beam diameter and angular divergence. 

 An entrance diaphragm (10 mm in diameter) is protected by a tantalum covering and is cooled by water. A collimator block is composed from carbon insets (20 mm in diameter), distantly controlled breakers, and two aluminum circular diaphragms cooled with water. A holder provides rotation of discs (0.5-10 mm in diameter) in the horizontal plane. 

The collimator is insulated; hence, the incident particles flux can be easily measured. The collimator block is installed in a rectangular ion truck (cross-section 34x78 mm 2). Bellows provides all vacuum joints.

The distance between the 1 mm diaphragms (9 and 15) is 1560 mm, the angular divergence is  less than 0.010. 

The scattering chamber can be displaced in the vertical and horizontal direction by special screws. The collimator block, ion track, and scattering chamber with a photo-control system can be rotated (at a distance) about two reciprocally normal axes А-А and В-В (intersecting in the collimator center). 

The chamber frame rotates about a support attached to an experimental table. It is very convenient. The beam axis and that of the collimator system can be easily superposed. 
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Fig.8.1. The arrangement  "ТОКАМА-1":

1- vacuum gate; 2 - laser; 3,8 – restricting collimator; 4 – TV camera; 5 – movable optic prism; 6 – quartz screen; 7 – beam controlling set; 9 – entrance insulated diaphragm; 10 – collimator holder; 11, 17 – ante-scattering diaphragm;12 – insulated beam breaker;13 – collimator block; 14 – ion track; 15 – gadget diaphragm; 16 – scattering chamber; 18 – sample;19 – holder; 20 – goniometric device; 21 – monitoring system; 22 – registration system;  23,24 – corbels; 25 – movable frame; 26 – experiment table plate; 27 – support;  28 – adjusting screws; 29 – slide rails; 30 – photo-registration set (films or luminescent screen);  31,32 – Faraday cylinders

The experimental equipment adjustment is made with the help of a laser. The laser beam falls upon a rotating prism and reflects from it. Then, all the collimators are being adjusted along the reflected beam. The collimator (9, 11, 15, and 17) diameter is 0.5-mm. The beam enters the scattering chamber and falls on the center of the luminescent screen. After this procedure, all the collimators and other elements are fixed. While analyzing the samples, a slight adjustment (if needed) is made using the Faraday cylinder (32) and rotating the frame (25).    

8.2.1. Scattering chamber and goniometer 

The scattering chamber is a cylinder with the diameter 600 mm and the length 500 mm. The sockets are located at the angles (0, 10, 60, 90,150, 180, 225, 270, 300, and 330() relative to the beam direction. Some of them are covered by organic glass. In others sockets, the ante-scattering collimator (17), vacuum electric lead-ins, a registration thin crystal (30), a vacuum aggregate ВА-05-4, and the cooling water system are installed. The scattering chamber is connected with the cyclotron vacuum system, the pressure being of 5SYMBOL 215 \f "Symbol"10-6 mm Hg. The organic chamber lid is fixed by four hold-downs and can be easily removed or installed. 

In the center of a down flange, an axis with two corbels is fixed. The first corbel is for rotating the registration system at the angles ( = 0 ( 180( (with a step 0.01() about the axis passing through a sample. The second corbel fixes the goniometer and provides the rotation of a sample about the vertical axis at the angles up to (0 = 270( (with a step 0.0033() (for example, while transmitting from one crystallographic axis to another). 

The goniometer provides the rotation about Z-axis at the angle ( = ( 360(, rotation around the beam axis (X-axis) at the angle ( = ( 360(, and inclination of the sample (Y-axis) at the angle ( = ( 90(. 

 The transition perpendicular and along the beam axis (axis Y) at a distance SYMBOL 177 \f "Symbol" 10 mm is available (with violation of vacuum). The rotation (() and transmission (Y) provides controlling at any point inside the 20 mm radius circle. The rotation through angles ( and ( provides installation of targets normal to the beam axis (zero position), and then choosing any inclination angle depending on the experiment geometry (channeling, sliding, blockading). 

To adjust the crystal surface perpendicularly to the ion beam, a laser is used. The light beam having passed through the collimator block falls on a target. Having reflected it falls upon the collimator 17. Changing angles ( and ( provides falling of the laser beam in the collimator center, a needed position being adjusted.   

On the removable holder (disc), 60 samples (5x10mm2) are installed. You can rotate them through angles ( = ( 100( about the beam axis (the accuracy of axis position is about 0.1 mm). All mechanic transpositions are made by the reduction worm gears and step electric motors controlled by computers. 

The experimental equipment parameters are listed in the Table 8.2. 

Table 8.2. Goniometer parameters (one step of the engine) 

	Arrangement 
	Rotation angle, degree 
	Displacement along Y axis, mm

	
	(
	(
	(
	(0
	

	ТОКАМА - 1
	0.001
	0.0007
	0.02
	0.033
	0.0061 smoothly

	ТОКАМА - 2
	0.083
	0.042
	0.033
	-
	0.0037 smoothly


8.2.2. Registration system and beam monitoring 
The registration system consists of a semiconductor detector, absorbers, collimators, an (-source (226Ra), and calibration targets mounted upon a holder (disc), which is cooled by water. Computers treat the detector electric signals.   

Beam monitoring includes the relative and absolute current controlling systems. The relative system consists of a target-breaker (a silicon plate covered by gold) and a silicon surface-barrier detector. The electric signals through an amplifier and discriminator are transmitted to a counter with the fixed number of impulses. The counter stops when the number of signals becomes equal to the given one. 

The target-breaker (as it had been said before) is usually a thin film of a heavyweight isotope deposited on a lighter substrate. In an elastic scattering spectrum there is an insulated peak of ions scattered from the film atoms. At that, an inaccuracy in the relative measurements of a beam current is minimal. A distant controlled spectrometric 226Ra source is employed for calibration and controlling the ion track during experiments.   

The change in concentration of heavy isotope (powdered by ion beam) leads to errors. To control the heavy isotope concentration, the data from the monitor and reaper (the concentration is fixed) targets (Fig.8.4) are compared.  The structure of reaper target is like that of monitor one.  However, the mass of a heavy isotope is chosen smaller in order to eliminate superposing with the spectrum produced by the monitor target.

If an ion beam does not affect the concentration of film nuclei in the monitor target, the ratio of peak squares in monitor and reaper targets does not change. Figure 8.4 shows the spectra of monitor and reaper targets. The monitor target is a golden film deposited on a silicon substrate, the reaper target being a nichrome film on the same substrate. The reaper target film thickness is chosen to have identical counting rate in spectral peaks. Thus, it is much thinner than that of the monitor target as the ion flux at the reaper target is larger. 

As a result, we get the dependence of the film nuclei concentration in the monitor target on the number of incident ions. A plateau of this dependence is chosen as a working regime. The relative monitoring error is not greater than 3%.   
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Fig.8.4. Beam monitoring

A Faraday cylinder (as an absolute monitor) is used for adjusting and controlling the beam while experimenting. The monitor signals pass to the control panel. A silicon surface-barrier detector (aperture angle 177 degrees) is mounted near the collimator 17. The arrangement "ТОКАМА-2" is located in the Van-de-Graaf (ЭСГ-2.5) experimental hall.  

The collimator block of the second arrangement consists of plates, which can be moved independently by micrometric screws without violation of the vacuum. The vacuum chamber is smaller. 
When annealing is needed, a heating element (up to 1500 K) is installed instead of the target disc. A computer set makes the treatment of experimental data. 

8.2.3. Adjusting crystal samples 

While using nuclear methods, channeling should be excluded. At the same time, the channeling may be used for lowering the background, and locating the crystal defects and impurities.    

The orientation system (square) is shown in Figure 8.5: а) – illustrative scheme, г) – intersection of planes in the vicinity of the main axes of cubic crystals. The Table 8.3 shows the yields of an axial and plane channeling. 

The orientation procedure is matching of the crystal and beam axes while scanning (step-by-step inclination of an crystallographic axis) and measuring yield of particles. The procedure includes three stages. 

The crystal surface should be installed normal to the ion beam. It is made with a laser beam, direction of which coincides with that of the ion beam or is opposite (See Fig.8.3).  The reflected light beam falls on a collimator. The greater the distance between the crystal and collimator is, the greater is the superposition (of the incident and reflected rays) accuracy. 

Table 8.3. Yields

	Structure
	Idices< h k l >

	
	Plane
	Axis

	Diamond 
	110
	111
	100
	110
	111
	100

	SCC
	111
	100
	110
	110
	100
	111

	VCC
	110
	100
	111
	111
	100
	110
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Then crystal is inclined at the angles ( and (, the initial scanning point being chosen (point A). The angles are to be greater than those of disorientation. At that, the axis would be inside of a circumscribing quadrilateral. If the disorientation angle is less than 3 degrees, the orientation procedure does not take much time.   

Then scanning is performed with a step ((, the yields being measured. At that, the ion beam would surely enter the channeling plane and the yield decreases (Fig.8.5. б, point 1).  The measurements corresponding to the plane channeling are marked (in angular coordinates) on a reaper square. Then, at a constant angle ((), the scanning with a step (( is made, and the back scattering minimal yields being marked (Points 2 and 3). Having changed the direction of scanning, the procedure is repeated and the initial point is reached (point A). The lines connect the points on opposite sides of the square (with the identical minimal yield). These lines represent projections of the main crystallographic planes. The bold lines represent the priority planes. 

Fig.8.5 а) The Rutherford back scattering and channeling; б) The helium ions back scattering yield while scanning about the <100> axis of a GaAs crystal; в) The stereographic projection on the plane normal to the <100> axis of a GaAs crystal; г) The intersection of planes in vicinity of the main axes of cubic crystals 

For these planes, the quantity (мин is the less (See table 8.3). Their intersection represents coordinates of a crystallographic axis in question (Point K). A glance on Figure 8.5 shows through what angles ( and ( a crystal should be rotated to transmit from А to К, and what is the disorientation angle. Comparing Figures 8.5 (в and г) shows that it is the  <100> direction. 

The back scattering angular yield while scanning along a square is shown in Figure 8.5,б.  These pictures can be observed on a display screen. A protocol program is provided to find the crystallographic axes automatically. 

 After that, the scanning (in vicinity of a point K) about the axis ( and ( is performed to find the minimal yield. At that, the orientation procedure is finished and the measurement of the energy spectra begins. To exclude the beam action on the samples structure (during the orientation procedure), the sample is usually displaced (in normal direction to the beam) at a distance not less than two beam diameters. 

Comparing two spectra (before and after parallel transposition) demonstrates the beam action  on the crystal structure. In such a way, the optimal exposition time can be chosen. If the structural violation is great you can make the step-by-step scanning in a perpendicular plane (axis OY, Fig 8.3) and then summate the partial spectra. 

It is preferable to have two regions: initial and implanted. After having treated the control region, the energy spectrum from the implanted region is controlled. The crystal is being disoriented in this region through the angle 5(1/2 (both ( and (). The procedure (‘square’) is repeated with a greater scanning step to minimize the plane channeling action.  
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Usually, while studying the implanted samples, two regions (control and implanted) are under investigation. Figure 8.6 shows the 1.8 MeV helium ion energy spectra, while scattered from a <100> GaAs implanted by the100 KeV sulfur ions (dose of 1SYMBOL 215 \f "Symbol"1016 cm-2). The chaotic spectra of control and implanted samples are different. This phenomenon can be used for finding the impurity profile when impurity atoms are lighter than those of a matrix. 

Thus, the less disorientation is, the less the time needed to find the crystallographic axes. The number of different regions should be maximal. 
Fig.8.6. The energy spectra of  4Не ions (Е0 = 1.8 MeV) scattered from a <100> GaAs implanted by the 100 KeV sulfur ions with dose 1SYMBOL 215 \f "Symbol"1016 cm-2 ( 3 - axial, 5 – random); 1013 cm-2 (2 – axial) and control (1 – axial, 4 – random). 

Two methods have been developed to limit the orientation procedure. 

A crystal is disoriented at an angle greater than the disorientation angle between the normal and crystallographic axis. Then scanning with a small step (about ( and ( angles) is performed. As a result, we get a closed figure inscribed into a square. 

A crystal is disoriented and rotated about two axes with variation of (( and ((. A figure known as an Archimedes snail is produced. That procedure is automatic. 

8.3. X-ray spectral analysis with ion excitation 

8.3.1. Experimental technique 
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Figure 8.7 shows the experimental arrangement. 

Fig.8.7. Thee experimental arrangement: 1 – accelerator; 2 – ion beam correction system;  3 – magnet separator; 4 – collimators;  5 – scattering chamber; 6 – target; 7 – X-ray detector; 8 – preamplifier; 9 – semiconductor detector cryostat;   10 – main amplifier; 11 – superposition trap; 12 – control pane; 13 – multi-channel analyzer; 14 – display;  15 – computer 

In order to induce the characteristic X-ray radiation, the direct action accelerators are used. As a high voltage source, the cascade or electrostatic generators can be employed (the voltage stability 0.01-0.1%). The energy range is 0.5-5.0 MeV. 
The Faraday cylinders control the ion currents (1-500 nana A) usually. To eliminate the charge leakage due to the multiply scattering, the inner sides of cylinders are covered by the lightweight isotopes (graphite, aluminum) and an electrostatic screen (voltage about 300 V) is installed in front of the entrance window to damp the secondary electrons. Current integrators control the Faraday cylinder output. 

The pressure of a residual gas inside the ion-optic system should provide the free path of accelerated particle to be greater than the distance between the ion source and the sample. The pressure is about (1-5) 10-4 Pa. 

The structure of sample surface layers depends on the residual gas and the vacuum pump oil vapor. At the current density less than 200 micro A/cm 2 (1 MeV protons, the pressure 5(10-4 Pa), the polymer films are produced. For example, while irradiating the copper samples by the 400 KeV protons at the current density of 30 micro A/cm 2 and pressure of 5(10-4 Pa, the film formation rate is 0.05 nana m/c. The growing rate of a polymer surface film while irradiating by protons is:  

Pп = Рп0 + 0,7(1016 (1 – exp (-0,35i0)(,  





     (8.4)

Рп0  is the initial atomic density atom/cm 2, i0 the ion current density micro A/cm 2 . 

In order to decrease the film growth rate, the heating (100-500 °С) of samples, oil vapor freezing by liquid nitrogen, and absorbers are used.  While studying the oxide films (0.004-50 micro g/cm 2) we used the cryogen and sublimate pumps providing the pressure 2.5(10-8 Pa. At that, the pressure formatting the oxygen, nitrogen, and carbon films is negligible.

While controlling the characteristic X-ray radiation, the proportional gas-discharged counters are used. Their energy resolution is not great (for СРПП-10, the resolution at the 5.9 KeV line is 15%); however, the registration efficiency (in the range of 200-2000 KeV) is great. The X-ray radiation with the energy greater than 1.5 KeV is registered usually by Si(Li) or Ge(Li) detectors with resolution 200-300 eV at the 5.9 KeV line.  
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Figure 8.8 shows a scattering chamber (proton excitation of X-rays). In a holder (5), seven samples can be installed. A collimator block (1) includes a graphite cylinder with four pairs of orifices (diameter from 2 to 5 mm). Two concentric graphite screens (3,4) submit scattered protons and secondary electrons (a negative 600 V potential is supplied to an external cylinder). The target holder is insulated from the chamber and connected electrically with a current integrator.  A Faraday cylinder (7) controls the particles passing through thin targets. The holder and the inner screen are connected electrically. 

Fig.8.8. The experimental chamber when controlling the X-ray radiation induced by protons: 1 – collimator; 2 – scattering chamber; 3, 4 – cylindrical screens; 5 – guiding teflon cylinder; 6 – sample holder; 7 – Faraday cylinder

The target holder frame is inclined at the angle 45° relative to the beam. There is an orifice (at the angle 90° and the distance 50 mm from the target center), which can be closed by a metallic mylar 10 micron film. A silicon lithium detector is installed just behind the orifice. To eliminate the background, the inner surface of the scattering chamber is covered by graphite.  To provide the uniform intensity distribution, the beam before falling on the target is defocused. To insert targets, the different mechanic systems (cassette, carrousel, and advancing) are employed. 

8.3.2. Calibration 

The X-ray radiation yield is given by: 
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     (8.5)

The quantity а is the target-detector distance; А is the area of the detector sensible surface; f is the correction factor; ( is the detector efficiency; I(Е) is the number of registered quanta; Ni is the number of bombardment  ions. 

On the other hand, the yield can be represented as follows: 
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     (8.6)
S(E) is the stopping power; х(Е) is the depth-energy dependence; п is the  target atoms surface concentration, atom/cm2.

It follows from equation (8.5) and (8.6): 
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For thin targets: 
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To find the magnitudes of f, (, and (х(Еи) with accuracy better than 15-20% is almost impossible. At that, the previous calibration of an experimental installation is needed. An auxiliary factor (found experimentally) is introduced: 
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To provide calibration, a set of thin samples of known surface density (
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) is needed. Let Nи be the number of incident ions. The number of registered quanta (the target at 45 and the detector at 90 degrees) can be expressed as follows:
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NA is the Avogadro constant; А0 is the atomic mass. The calibration curve is represented by: 
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Obviously, the surface density can be written as follows: 
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While calibrating the thick targets, the yields at the energy Е1 < Еi, Еi , and Е2 > Еi  should be found. According (8.7): 
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When a measurement is performed only at certain energy, it is needed to evaluate an integral 
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 and then by differentiating it to get the stopping power (dI/dE).

We recommend making calibration only for several isotopes; intermediate points can be evaluated having in mind the cross-sections (K, (L, and so on. 

The efficiency of semiconductor detectors does not almost depend on the energy in the 1.5-10 KeV range. However, the efficiency of proportional gas counters is rather irregular (Fig.8.9). The efficiency decrement at large wavelengths is due to the exit window thickness (the 20 micron lavsan film).  The mylar windows of 2-5 micron thickness are preferable. 
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Fig.8.9. Efficiency of СРПП-10
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Fig.8.10. A beam arrangement of the Ghent university cyclotron: 1-concrete, 2-Faraday cylinder, 3-sample block, 4-target holder, 5-turbo-molecular pump, 6-vaccum pump, 7-quadrupole 
8.4. Activation analysis techniques  

8.4.1. Accelerator 
A double electrostatic generator or cyclotron can be employed to generate the 2-20 MeV protons and deuterons and 10-40 MeV helium ions. At low energy (less than 5 MeV for protons, deuterons, and tritons; and less than 10 MeV for helium ions), the conventional electrostatic generators are available. 

Isochronal cyclotrons (rather simple in operation) can be used too.  The tandem electrostatic generators with the voltage greater than 5 KV are very complicated.  We recommend to employ the isochronal cyclotrons, which are convenient in many applications (producing radioisotopes, generating X-radiation, the neutron activation analysis)..

8.4.2. Arrangement and irradiation of samples 

 Accelerated particles having passed the ion tract (pressure 10-4 Pa) fall on a target. Sometimes a single target is used, sometimes there are up to ten targets installed in separated concrete blocks. The ion tract includes the correction magnets, the quadruple magnet lens, and the Faraday cylinders. A corundum plate installed just in front of the target controls usually the beam position. A TV system provides observation. A typical target holder is shown in Fig. 8.11.   

[image: image111.png]



Fig.8.11. A target holder (Ghent university): 1-sample, 2-aluminum, 3-copper 

Figure 8.10 shows the activation analysis arrangement. The particles pass through collimators  (the length is 8 cm; the diameter: 0.8, 1.2, and 1.7 cm). The target holder is electrically isolated and cooled with water (the beam intensity is less than 1 micro Ampere). The 13-20 mm discs installed in aluminum tube represent targets. 
Figure 8.12 demonstrates a target (discs) holder provided with a more effective cooling system (water). Figure 8.13 shows an aluminum holder for powder samples. A thin (aluminum) and rather thick foil for controlling beam intensity (position C) is fixed by the tube (B) attached to (C) by a ring (A).  The sample is installed in (C). A rod (D) is installed in (C) and fixed by (E). After irradiating, (A) and (B) are separated from (C) and the aluminum foil (monitor) and the sample are extracted. 
[image: image112.png]


After installing the sample, a valve К1 is closed, a valve К2 is open, and the vacuum pump is switched in. When a desired pressure (5 Pa) is obtained, the valve К2 is closed and the valve КЗ is open.  When pressure in the region between valves КЗ and К4 becomes less than 102 Pa, the valve К4 is open and irradiation begins, the Faraday cylinder being in upper position. While irradiating the samples of a low heat conductivity, the errors due to sublimation can be produced.  The sample temperature in a helium medium is lower than that one when irradiating in vacuum. 

Fig.8.12. The sample holder construction (Ghent university [6]): 1- holder, 2-foil, 3-teflon, 4-collimator, 5-sample, 6-hollow copper cylinder, 7-teflon
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Fig.8.13. A powder sample holder: 1-nicel or aluminum foil, 2-sample, positions A-E (see in the text)
When short lifetime isotopes (t1/2 < 5 min) are produced, the period before measurements should not be long. Besides, the radioactivity level can be great. In construction elements a radioactive aluminum (
[image: image19.wmf]g
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 - radiation, t1/2 = 2.24 min) in reaction 27AI(d, p)28Al is formed.  Thus, a pneumatic transporting system is needed (Fig.8.14). 

At the first stage all pneumatic hatches are closed, the vacuum pump and turbine are switched off. The controlling operations are as follows: switching in the turbine and opening valves К5 and К'5, moving a pneumatic post container in front of optical sensors (1,2), closing valves К5 and К'5 and switching in the turbine, switching in the vacuum pump and opening valve К2; when the pressure becomes   lower than (5 Pa), the pump is switched off, valve К2 is closed, valve КЗ is opened, and the Faraday cylinder is removed from the operating position. 
When the pressure reaches 10-2 Pa, the irradiation process begins. At that, the container is attached (by two copper rings) with a cooling water-jacket.    After irradiation it is needed to close valve КЗ, switch in the turbine, and open valves К6 and К'6; to move the container in front of the optical sensors (1,2); to close valves К6 and К'6, and switch off the turbine. In about 10 minutes, the sample is ready for following treatment. 
8.4.3. Beam intensity control  

The electric current in an etalon sample and that one under investigation controls the beam intensity.  The beam intensity (particles per second) and the current strength (micro Ampere) are related by: 
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(8.13)
While measuring current, the sample holder should be insulated electrically from the frame, which is grounded. As a cooling liquid, the de-mineralized water (low electric conductivity) is used. To eliminate the secondary electrons, a metallic ring with a negative potential (300 V) is installed in front of a sample. The beam intensity can be found by indirect method using foils (thickness is less than the free path) as the intensity monitors. The foils are installed in front of the control samples and those ones under investigation).

      Table 8.4. Monitor foils 

	Particle
	Foil

	Tпл,
	Heat conductivity плопроводность
	Reaction

	ЕT,


	T1/2
	Gamma line

	
	
	(С
	At 25°С,

	
	MeV
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	Сu

	1083
	3,98

	63Сu(p,n)63Zn

	4,2


	38,5 min
	679



	
	
	
	
	65Сu(p,n)65Zn

	2,1


	243,7days
	1115

	
	Ti

	1675
	0,2


	48Ti(p,n)48V
	4,9


	16 days
	984, 1312

	
	Zr

	1852
	
	92Zr(p,n)92mNb
	2,8


	10,1days
	935



	d

	Ni

	1453
	0,90
	60Ni(d,n)61Cu
	Q>0
	3,37h

	283, 656

	
	Ti

	1675
	0,27
	47Ti(d,n)48V

	Q > 0

	16 days
	984, 1312

	
	Mo

	2610
	1,4


	92Mo(d,n)93mTc

	Q>0
	43 min
	390



	3Не


	Сu
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	3,98
	65Cu(3He,2n)66Ga

	5,0


	9,5h

	1039
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The monitor foil activity can be written as follows: 
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The quantity Ам is the number of atoms per gram, i is the beam intensity; 
[image: image26.wmf]м

l

is the decay constant; tb is the exposition time; D = 
[image: image27.wmf]r

l, 
[image: image28.wmf]r

is the foil density; l is the foil thickness. For standard (S) and analyzed (X) samples: 
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Here ам,Х, ам,S is the counting rate at the end of exposition, tb,X and tb,S is the exposition time. 
We remind our reader that the foil thickness should be small in comparison with a free path, the foil thickness should be uniform, its heat conductivity should be great, and the gamma spectrum should be simple. 
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Fig .8.14. The cyclotron pneumatic post (Ghent university): 1-fixing rings, 2- O-form ring, 3-sample, 4-regulatind foil, 5-threading ring, 6-turbine, 7-valve, 8-cooling system, 9-Faraday cylinder, 10-optic system, 11-pump, 12-manometer, 13-turbomolecular pump, 14-ion beam, A-pneumatic transportation, Б – irradiation block
The recoiling effect can violate spectra of 
[image: image30.wmf]+
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- radioactive isotopes. The chemical etching eliminates this effect. To diminish the action of recoil atoms, the foil monitor composition should be identical to that of the analyzed sample. Very often an additional foil is installed between the monitor foil and the sample. The foil should be either of the same composition as that of the sample or its induced activity should be small. The characteristics of regulating foils are listed in the Table 8.4.   
8.4.4. Induced activity control 
Measurement. Mostly the induced radioisotopes emit positrons with a continuous energy spectrum. The Geiger counters or plastic scintillators usually control the beta radiation. It is rather difficult to evaluate the spectrum maximal energy. By the way, the energy loss must be taken into account. 
When the gamma radiation accompanies positrons, it (the gamma radiation) is preferable for controlling. The NaI(Tl) detectors are used only for ‘pure’ positron emitters. The semiconductor germanium detectors are also available because of their high resolution (about ten times greater than that of NaI detectors). The resolution of germanium detectors for the 60Со 1332 KeV line is about 2.0 KeV. 
If there is no accompanied gamma radiation (15О, 11С, 13N, and 18F), an annihilation gamma radiation (two gamma quanta with energy 511 KeV moving in opposite direction) is usually detected by a coincidence pulses circuit. 
Figure 8.15 shows a typical arrangement (Ghent university). It consists of two cylindrical NaI(Tl) detectors with diameter of 7.5 cm and the  thickness of 7.5 cm installed at the opposite sides of a sample and surrounded by a  6 cm thickness lead screen. The analyzer thresholds correspond to the energy of 400 and 600 KeV. An exit pulse (D) is retarded relative to the impulse (C) by 100 nana seconds. 
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Fig. 8.15. The controlling scheme (annihilation radiation): 1-high voltage source, 2-NaI detector, 3-preamplifier, 4-amplifier, 5-retarding block, 6-time-amplityde converter, 7-counting block, 8-clock, 9-counter, 10-printer 
Decay curves. The decay curves can be analyzed graphically. However, the computer treatment is more convenient.  The number of components and their lifetime (approximately) should be known. The comparison of experimental and theoretical curves is made by the minimum square criterion. 
Let us suppose that (n) points (counting rate) represent an experimental curve. Let the initial activity of an isotope (decay constant
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) be а0j. Then, the activity can be written as follows: 
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A quantity (8.17) should be minimized: 
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Let tm,В be the exposition time when counting the background (B), and tm,i is the exposition time when analyzing samples (ai). A partial dispersion 
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The quantity 
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This leads to: 
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Here k = l, 2…m.  Thus, we have (m) equations for а0,j. They can be solved by the Kraut method. 
The quantities 
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The quantities 
[image: image46.wmf]j

a

,

0

¢

 are obtained at the first step (
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If the quantity 
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Equation (3.14) takes the following form: 
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The second term is negligible.
Combining equations (8.25) and (8.17) and finding the derivatives relative to 
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8.5. Treatment of the sample surface after irradiation 

8.5.1.  Radioactive nuclide recoil 
The thickness of the surface layer, which can be removed after irradiation, depends on the recoil nuclei free path. The energy of recoil nuclei depends on the scattering angle and is defined by the Marion-Young equation. The energy of recoil nucleus (B) (Fig.8.16): 
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Let us take the  160(3He,p)18F (Q = 2.0 MeV) reaction as an example. The quantities 
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 and 
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 are equal to 0.1346 and 0.04515 at the initial energy 18 Mev. Thus, the recoil angle is less than
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q

.  Two energies of a fluorine nucleus are possible (plus or minus signs in 8.27). The energy (
[image: image69.wmf]q

= 0) is 6.7 and 0.48 MeV, the maximal remittance angle is 35.4°. Figure 8.17 shows the energy angular dependence of fluorine recoil nuclei at the energy 14, 16, and 18 MeV.
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Fig.8.16. A nuclear reaction scheme 
8.5.2. Removing the surface layer after irradiation  

The chemical etching, the mechanic treatment, and the combination of both operations can be employed.   
[image: image117.png]


The mechanic treatment is used rarely, because of possible pollution of inner layers.  Moreover, the additional errors can be produced (the sample sides not being parallel). 
Fig.8.17. The energy of recoil nuclei 18F as a function of exit angles in the 160(3Не, p)18F reaction.
While choosing an etching solution (mixture of acids), some conditions should be taken into account. The etching time is to be smaller than an isotope halftime. The etched surface should be uniform (controlling by microscope).
Sometimes, the higher temperature is preferable. We recommend performing the etching procedure two times at the least (in two etching solutions of the same composition). Having been etched, the samples are to be bathed in water, then in methanol or acetone.

Sometimes, a ‘carbon layer’ is produced on the sample surface during irradiation. The layer formation speed depends on the ion flux and temperature, the ion energy, the target composition, and the pressure.

 The layer formation speed is maximal at the current density of 0.2-0.5 picaAmpere/mm 2. At the temperature greater than 100 C, the formation speed is very small. The carbon layer handicaps the chemical etching after irradiation. 

Figure 8.18 shows changing the sample surface after irradiation and etching. It is seen that the irradiated side is less etched. 

[image: image118.png]


Fig.8.18. The surface profile of a germanium sample (irradiated by the 3 MeV tritons with the  intensity of  6 micro Ampere/cm 2) after being etched.
8.5.3. The layer thickness measurement
A layer thickness can be found usually by: a mechanic or electronic micrometer, weighting (before and after etching). 
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Fig.8.19. An electronic micrometer: 1-sample, 2-working table, 3-sond, 4-monitor
The accuracy of electronic micrometers is about ±0.1 micron. 
To eliminate errors due to a different etching speed for inner and external sides of samples, it was proposed controlling the thickness of removable layer only on the irradiated side.  A sample being irradiated is glued (by the non-irradiated side) to a graphite block (the electronic micrometer being set at zero position). Then, the sample is etched and controlled.

There is a method based on the matrix activity measurements. It follows from (7.8):
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Fig.8.20. The yield from thick targets
 After being irradiated and etched the yield is controlled. A residual energy can be found from Y(E) dependence. The ratio of yields (before and after etching) can be written as follows:  
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That method has some advantages: it is very simple, there is no need of finding sample density, and the surface can be non-uniform. 
8.6. Calculation 
8.6.1. Initial energy 

A monitor foil, screening foils (to stop recoil nuclei), and a surface removable layer cause the energy losses.  

The ion energy is controlled usually by the free path – energy dependence. The emitted ions free path is given by equation (8.32):  
R(Eu) = R(EI) - 
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The quantity 
[image: image73.wmf]ρ

 is the target density; L is the target thickness.

The Table 8.5 demonstrates the linear interpolation method of finding the emitted particles energy. The gold target installed behind a molybdenum monitor-foil (9.35 mg/cm 2) is irradiated by the 5 MeV deuterons. Being irradiated, a layer (9.80 mg/cm 2) is etched off. The ion energy after passing through the molybdenum foil is 4.42 MeV. The effective initial energy is 3.98 MeV.

8.6.2. Standard sample activity 

[image: image121.png]


While applying equation (7.4), it is supposed that the energy of particles when irradiating an analyzed and standard sample is identical. It is rather difficult to hold this condition, especially while etching. The different standard samples are usually irradiated at different energy. While controlling calcium in a cast iron by the 40Са(
[image: image74.wmf]a

, p)43Sc reaction (Table 8.6),  the etalons were irradiated by the 14.40, 13.94, and 13.46 MeV helium ions. The dependence of quantity as/is(1 - exp(-
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tb,s)) on the energy has been found. After removing (by etching) the layers with thickness from 3.24 up 7.10 mg/cm 2, the effective initial energy is in the range from 14.40 up to 13.46 MeV. Figure 8.21 shows the calibration curve. 

. 
Table 8.5. Calculation of initial energy 

8.6.3. Correction factor F(EI) 

Factor F(E1) (7.15) can be found by the numerical integration  of the equation:  
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The correction factor while controlling oxygen in zirconium by 1бО(3Не, p)18F reaction (quartz etalon) is listed in the Table 8.7. It appeared to be a slow function of the energy.  
Table 8.6. Controlling calcium in iron cast by 40Са(
[image: image77.wmf]a

, p)43Sc reaction (calcium carbonate etalon, initial energy 17 MeV)
	Monitor foil, mg/cm 2

	Additional foil, mg/cm 2

	Energy, MeV 

	Removable layer (etching), mg/cm 2


	Series 1 Series 2 Series 3

	Сu 6,90
Сu 6,90
Сu 6,90

	Al 4,15

Al 5,72

Al 7,28
	14,40

13,94

13,46
	3,24

5,17

7,10


а Analyzed sample is installed behind a copper (6.90 mg/cm 2) and aluminum (1.56 mg/cm 2) foil.

8.6.4. Concentration  

 The concentration is defined as:
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     (8.34)
CS is the etalon concentration; аX is the counting rate at the time tw after irradiation: 
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aS is the etalon counting rate (8.4.3); 
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SF, SХ is the stopping power of foils and samples at (Е0 + EI)/2. Introducing 
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S'F and S'X is the stopping power at 
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 Fig.8.21. Controlling of calcium in an iron cast by  the 40Са(
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, p)43Sc reaction 
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. At that, the initial energies (for standard and analyzed samples) are not identical. A concentration error can be found from the calibration curve (dependence of as/is(1 - exp(-
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tb,s) on the energy).
The difference in the thickness of monitor and analyzed foils leads to a systematic error. The error can be controlled by verifying the repeatability of the as/is(1 - exp(-
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tb,s) function.  
Table 8.7. Factor F(EI) while controlling oxygen in zirconium by 
the 16O(3Не, p)18F reaction

	EI
	
[image: image98.wmf])

(

i

E

s


	
[image: image99.wmf]

 EMBED Equation.3  [image: image100.wmf]S

i

E

)

INT(


	
[image: image101.wmf]X

)

INT(

i

E


	F(EI)

	3,0


	0


	
	
	

	4,0


	20


	0,015
	0,027
	0,559

	5,0


	80


	0,103
	0,182
	0,566

	6,0


	180


	0,358
	0,625
	0,573

	7,0


	340


	0,925
	1,59
	0,579

	8,0
	380


	1,78
	3,04
	0,585

	9,0


	350


	2,72
	4,61
	0,589

	10.0


	280


	3,60
	6,06
	0,593

	11,0
	250


	4,40
	7,37
	0,596

	12,0

	220


	5,15
	8,60
	0,599

	13,0

	180


	5,84
	9,70
	0,601

	14,0

	160


	6,46
	10,70
	0,604

	15,0

	130


	7,01
	11,58
	0,605

	16,0

17,0
	120

100
	7,52

7,98
	12,38

13,11
	0,607

0,609

	18,0


	90


	8,40
	13,76
	0,610

	19,0
	80


	8,79
	14,37
	0,612


The discrepancy in the target isotope composition leads to systematical errors. For example, the Li 6  fraction is 3.75%, being 78.5% according to Atomic Weight Commission. The amount of B 10 varies from 19.8 up to 20.1%.  
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