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4. ACCELERATOR APPLICATIONS EXPERIMENTS

4.1. STOPPING POWER OF LIGHT IONS IN SOLID MATERIALS

4.1.1. Theoretical background

Energetic ions lose energy when passing through materials due to Coulomb interactions with
atomic electrons and nuclei. At MeV ion energies, the dominant energy loss mechanism is
through interactions with electrons (electronic stopping power). At keV and lower energies.
the transfer of energy to the atomic nuclei becoines more important (nuclear stopping power).
The sum of these two energy loss processes is the total stopping power S(%), which is defined
as the rate of energy lost per unit distance: '

dE

SE)="o (57)

In the MeV energy region, nuclear stopping only contributes a few percent to total stopping
power. In this region, the electronic stopping power S(E) is described by the Bethe-Bloch
equation [12, 13]:

S(E) = 4mrémc?
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Where ry is the classical electron radius (2.8 fm), Z; and Z- are the projectile and target atomic
number, M, the mass of the target atom, N, Avogadro’s number, / the mean ionisation
potential of the target material, U a shell correction factor, and /8 the ratio of projectile speed
to the speed of light.

[n practice, a semi-empirical model of stopping powers is used SRIM [14], which uses best-
fits on experimentally measured data. This freely-available and widely-used software is used
to calculate stopping powers for different ion/material combinations. For this experiment, the
stopping power of protons in aluminium is used, with the calculations of SRIM plotted in
Figure 21.

FIG. 21, Stopping power of protons in aluminium caleulated by SRIM.
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A commonly encountered experimental situation is shown in Figure 2. An iou beam of

energy [y ivaverses a material of thickness Av, exiting with an energy loss ot 47

IRCA TR E T T 8 T el e el

NI U R I FERINE T SN

Ave= Wi (arveal density)

G 22 Sehematic diagram of ihe incident ion (Z), M) jrissing ilmougstly o homogeneous
maicrial witlr ilickness v composed of aioms wiilt adomic munber 25 apdd iicss M,

The energy £, of the ion after passing through the thickness b in given by Ba. (59):

. . tdE
Ey=E,-AF = [

o dx
, o dE
Co tind the minierinl thiclnesn v oeoducing o given energy <hasge U0 e gt inverd T
VHK‘
:‘zt’;eé e .,15 R B § R AT
’2() .
’_ k g §] - - ‘l
A A
I

iz tegration can be done numerically or by slab analysiz, Fore ihivdc tacgein in which "f./.\,’

does not significantly change as the ion beam passes through h@ aterial, the stopping power
can be taken as a constant and to be that value at the surface oof the material. B, (60) thug
becomes:

1 [ i1 FRER R T

! : I
[ ; | I disid (IR B
. R ;.
I i o E )



These scattered protons are incident on a foil of unknown thickness. The transmitted protons
are detected in the particle detector. The measured energy spectra are shown in Figure 24.

The energy loss of beam particles in the foil should be smaller than the energy resolution of
the particle detector (~ 15 keV). The diameter of the incident beam on the target was 3 mm,
and the proton beam current is kept below 10 nA during the measurement. Two options for
‘the experimental setup are shown in Figure 23.
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FIG. 23. Setup of the experiment for foil thickness determination: ) with a scattering foil in
the transmission geomeltry, b) with a scattering foil in the reflection geometry.
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FIG. 2. Energy specira of 2 Mel” protons scattered from thin gold [oil afier passing through
aluminium foils of different thicknesses and scattered with no foil in front of detector (black
line).

The final energy of the ion afier passing through the thin aluminium foil can be found from
the peak position in the energy spectrum, as shown at Figure 24. First, the position and the
width of the peak in the energy spectrum ol 2 MeV protons scattered from the thin Au foil is
measured using the particle detector. This defines the initial condition £, Next, foils of
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different thicknesses are placed in front of the particle detector. The peak position and its
width are determined for each foil. It is assumed that the energy calibration of the particle
detector is well-known. If not, it should be done before measurement e.g. by measuring
forward scattering spectra from the thin gold foil at a minimum of two different proton
energies and constructing a linear calibration using the reaction kinematics.

Aluminium foils have been used for these measurements; however. more readily available
thin foils of other materials (e.g. Mylar™ or Kapton™) can be used. The prerequisite
condition is that the foils are thin enough so that 2 MeV protons can be transmitted through
them into the detector. Different thicknesses can be obtained by adding together different
combinations of the available thin foils. The areal density of the thin foils can be determined
by precise weighing and measurement of the foil area. The foil density (g/cm’) should be
known to obtain a nominal physical thickness. These foil thicknesses will be compared with
those determined from the energy loss experiment.

In this experiment, 6 aluminium foils of different thicknesses are measured. as shown in
Figure 24. The thickness of foils #3 - #6 was determined by weighting, while the thicknesses
of foils #1 and #2 were given by the foil supplier. All spectra were accumulated to the
approximately same number of detected protons. The peak in the energy spectrum of 2 MeV
protons forward scattered from the gold foil (black line) and detected by the particle detector
is defined by the position of energy E,. Subsequently, spectra are recorded with different
aluminium foils placed in front of the particle detector. The energy [, when foil #n is placed
in front of particle detector is denoted in Eq. (62):

Ly, = Ep- AL, (67)

Here AE, is the energy loss of protons in the n™ foil as is shown on Figure 24,

The foil thicknesses determined from the stopping power measurements, together with the
thicknesses that are given by foil suppliers or weighed, are”given in Table 20. The average
uncertainty is dominated by uncertainty in the stopping power (< 4% for H in Al) and
uncertainty in the centroid position of the peak to be < 7%.

TABLE 20. COMPARISON OF THICKNESSES OF DIFFERENT Al FOILS FROM
ENERGY LOSS MEASUREMENTS IN COMPARISON WITH FOIL THICKNESSES
GIVEN BY FOIL PRODUCERS OR FROM WEIGHT MEASUREMENTS (1 pm Al = 6024
x 10" at/cm?)

Foil# | AE tal tal Cal tal
(keV) (10" af/cmz‘) (from Eq. (61)) | (from Eq. (60)) | (from weight or supplier)
(pum) (pum) (pum)
1 70.5 13930 2.3 23402 2.0:0.1
2 206.9 39860 0.9 6.64+0.5 50403
3 276.9 52660 9.2 8.7+0.6 8.5 0.4
4 331.7 62430 11.1 10.3+£0.7 [0.2:4+0.5
5 383.9 71530 12.8 11.940.8 [1.7--0.7
6 680.7 119550 227 [0.8+ 1.4 (9.3 1.0

For the thinnest foil, toil #1, the energy loss A is 70.5 keV and using S(2000 keV) = 2993
keV/pum, the caleulated thickness is 2.36 pm using the surface approximation (Eq. 61). This
resull is in very good agreement with that given by the foil supplier. It ig seen that as the foil
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thickness increases the surface approximation becomes less valid. Better agreement is
obtained if changes in the stopping power are taken into consideration and used in a more
exact calculation (Eq. 60).

As can be seen in Figure 24, the transmitted energy spectra become Gaussian-shaped and
‘broader as the foil thickness increases (L.e. energy loss becomes larger). This effect is energy
straggling, which arises from the statistical- nature of the energy loss process. By fitting the
experimental energy spectra (not including the long tails) with a Gaussian function to
determine the standard deviation of the energy distributions, one can extract the contribution
of the energy loss straggling in the foil from other energy degrading contributions (such as
detector energy resolution, or geometrical effects).

The Bohr theory of energy straggling [15] yields the equation:
0% - O.26ZIZZZN1[1Olgm/cmz} (63)
Where £23is the energy standard deviation and N/ is the target areal density. The standard

deviation Qrelates to the FWHM £ through the relation:
oF =2.3550 (64)

Example: Using Eqs. (63) and (64), 2 MeV protons transmitted through 10 pm Al have a
FWHM JOF of approx. 33 keV.

The measured experimental energy width JE.,, is comprised of all the different energy
broadening effects added together in quadrature. For an ideal foil:

6Egyy = SEF + OEZ + SE? (65)

det
Where dEy is the width of the incident proton beam, d£ the Bohr straggling width and dE,

the detector energy resolution (a few keV). Experimental values obtained for JE; from
Eq. (65) are compared with the Bohr formula Eqs. (63) and (64), and are given in Table 21.

TABLE 21. EXPERIMENTAL AND CALCULATED BOHR ENERGY STRAGGLING

Al thickness dEp (experimental) OEg (calculated)
’ (pm) keV FWHM keV FWHM
23+0.2 20.0 16.2
6.6 0.5 38.9 27.5
8.7+0.6 51.8 33.4
10.3+£0.7 53.7 36.4
11.9+0.8 66.5 40.0
19.8 1.4 78.5 55.5

Bohr straggling in Eq. (63) depends on the target thickness, but not on the ion energy. This
description is valid in cases where the energy loss ofions in the target is large enough that the
energy distribution can be described by a Gaussian shape, and small energy loss compared to
the incident energy. i.e. when 0.01 < AL/E < 0.2. This condition is fulfilled for all foils except
[oil #6. From Table 21 it is seen that the experimentally obtained values for energy straggling
are up to 60% larger than values predicted by Bohr's theory in the region where Bohi's theory
should be valid (foils #1 - #5). Other theories were developed within the energy validity
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region of the Born approximation such that of Livingston and Bethe [16], but they are not
considered here. The difference between experiment and theory can partly be due to other
effects arising from differences between a perfect foil and a real foil, such as material

inhomogeneity and surface roughness, and other energy degrading terms not included in
Eq. (65).

4.1.3. Recommended equipment

e A sample holder in front of the particle detector to hold thin foils for stopping power
measurements; ) ,

e Thin foils of known areal density;

e A thin high-Z foil for scattering proton beam into detector;

° A particle detector placed at front angles and corresponding electronic chain with
multichannel analyser;

e SRIM or SIMNRA software.

Thin foils are very fragile and should be handled with care to avoid breakage. Evacuating the
vacuum chamber quickly with a rotary vacuum pump can cause a fast movement of air which
also can break the foils. The roughing evacuation should be done slowly.

4.1.4. Safety precautions

The proton beam can produce high yields of X rays from collimators and beam-defining
apertures if high currents are used and large amounts of the proton beam are incident on these
beam trajectory defining components. A radiation survey should be made prior to undertaking
measurements and if' necessary, use the appropriate shielding and working distance to
minimise any potential exposure risks.

4.2. NON-RUTHERFORD SCATTERING NEAR THE "“C(p.p)*C RESONANCE
ENERGY

At ion energies above the Coulomb barrier. cross-sections for elastic backscattering are
strongly dependent on ion energy, and deviate significantly from the classical Rutherford
formula. For the elastic scattering reaction '*C(p.p)'?C there is a resonance in the
cross-section with peak maximum positioned at 1734 keV and FWHM of ~ 40 keV. As
non-Rutherford cross-sections can be much higher (in some cases up to 100 times) than
Rutherford ones, this can be utilised in practical applications to increase the analytical
sensitivity of the backscattering technique. The intense resonance for *C or '°O with helium
ion beam is a commonly-used tool for depth-profiling carbon and oxygen in various
substrates [17, 18].-

4.2.1. Theoretical background

In this experiment, the yield of protons backscattered from a thin carbon foil is measured as a
function of the proton energy (caleulated from the magnetic field of the analysing magnet) in
the energy range from 1610-1810 keV. The cross-section is calculated from the yield
measurements.

The differential cross-section for backscattered protons at a scattering angle ¢ ig given by
Eq. (66):
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= Where F is incident proton energy, AEcis energy loss in the carbon film, A is the area under
the carbon peak (yield), O is the number of incident protons, £2(0) the detector solid angle and
N¢ the number of carbon atoms per unit area (atoms/em?). The energy loss of protons AE- in
the 20 pg/em® carbon foil used in this experiment was calculated using SRIM [14] as ~4 keV.
The energy of the protons in the carbon foil is taken as that at the middle of the foil.

4.2.2. Experimental procedure

Figure 25 shows the experimental geometry. The measurements must be carried out in a
vacuum chamber. The chamber should be light tight as the charged particle detector is
sensitive to light (when bias is applied). A collimated proton beam with energy varied from
1600 to 1800 keV is incident on a thin carbon foil (10-20 ug/cmz). A particle detector is
placed at a backward angle (135°-170°) to detect the backscattered protons. The proton beam
transmitted through the carbon foil is collected in a reliable Faraday Cup. The backscattering
yield for the "*C(p.p)"*C reaction is measured between 1610 keV and 1810 keV in steps of
10 keV.

! 1.61-1.81 MeV proton beam

particle detector

thin € foil

. - . . . . . 2 -
FIG. 25. Experimental setup for backscattering of protons from the 20 ug/cm carbon foil.

All spectra are collected to the same number of incident particles i.e. to the same collected
charge in the Faraday Cup (O = 0.5 nC in this case). It is important that the target is as thin as
possible to avoid the broadening of the narrow resonance. In this case, the energy loss of
16101810 keV protons in a 20 pg/em’ carbon is ~ 4 keV. which is 10% of the resonance
FWHM. The spectrum of protons backscattered from the carbon foil for several proton
nergies is shown in Figure 26. It is clear that yield is very sensitive to the incident proton
energy.
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FIG. 26. Backscattering spectra of proions from a thin carbon Joil for several incident
energies: a) 1610 kelV, b) 1680 keV, ¢) 1730 keV and d) 1810 keV. All spectra are normalised
fo the same number of incident protons (O = 0.5 HC).

If the solid angle of particle detector is not known, absolute cross-section values cannot be
calculated and only relative cross-section values obtained. The solid angle can be determined
from a backscattering spectrum of heavy element such as Au, W, etc. for which cross-sections
are pure Rutherford. For this system, (0) is (7.6 + 0.3) msr. For 0.5 pC the number of
incident particles is 3.125 x 10" protons. N, for 20 pg/em’ carbon foil is 1000 x 10'% at/em?.

The measured ditferential cross-sections for '*C(p,p)*C scattering at 165° are shown on
Figure 27 together with the evaluated cross-sections using SigmaCalc program from IBANDL
[19]. and cross-sections calculated using the Rutherford formula. The data is tabulated in
Table 22. It can be seen that the Rutherford cross-section is completely erroneous for this
reaction. Also, the present measurements are energy-shified ~8 keV towards higher energies
and could be attributed to a small inaccuracy in the accelerator energy calibration.
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FIG 27 Differential cross-sections jor proton scattering from carbon at 16357



The evaluated cross-sections are those obtained from the parameterisation of all the available
experimental data for this reaction in the framework of nuclear physics models to obtain a set
of best and recommended cross-section values. According to SigmaCale, the cross-section

resonance maximum is at 1734 keV.

“The uncertainty in the calculated cross-section is ~ 7%, arising from:
e the statistical errors of the number of counts (peak areas) for backscattered protons;
e charge collection error 2%;
¢ solid angle determination 3%:
e target thickness 5%.

TABLE 22. DIFFERENTIAL CROSS-SECTIONS FOR "*C(p, p)'*C' AT 165°, MEASURED
VALUES, SigmaCalc AND RUTHERFORD VALUES

E (keV) A o (mb/sr) E (keV) o (mb/sr) o {(mb/sr)
experimental present tabulated | SigmaCalc | Rutherford
measurements
1608 4875 + 70 186412 1610 167 18.4
1618 4793 £ 79 183+ 12 1620 161 18.1
1628 477 0+ 69 182+ 12 1630 151 17.9
1638 4570 £+ 68 174+ 11 1640 133 17.7
1648 4241 4+ 65 162+ 10 1650 105 17.5
1658 3683 61 14049 1660 64 17.3
1668 2978 & 55 1147 1670 18 17.1
1678 1801 £ 43 69+ 5 1680 8 16.9
1688 556 4+ 25 21«2 1690 95 16.7
1198 520 + 23 2042 1700 281 16.5
1708 3846 462 147 +£9 1710 508 16.3
1718 9959 + 100 380+ 24 1720 735 16.1
1728 17217 £ 131 656 & 41 1730 898 15.9
1738 23071 £ 152 879 & 55 1740 862 15.7
1748 23740 £ 152 904 + 56 1750 618 15.6
1758 16473 £ 129 628 + 39 1760 364 15.4
1768 9751 + 99 372 423 1770 202 15.2
1778 5640 £ 76 2154+ 14 1780 [16 15.0
1788 333158 127+ 8 1790 72 14.9
1798 2202 4+ 47 84+ 5 1800 51 14.7
1808 1445 + 39 5544 1810 41 14.5

4.2.3. Recommended equipment

e A sample holder with thin self-supporting carbon foil
e A particle detector placed at any backscattering angle (135-170%)

K
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e A preamplifier, bias supply. spectroscopy amplifier, ADC and MCA:

e SRIM.

Thin foils are very fragile and should be handled with care to avoid breakage. Note, that
evacuating the vacuum chamber quickly with a rotary vacuum pump can cause a fast
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movement of air which also can break the foils. The roughing evacuation should be done
slowly.

4.2.4. Safety precautions

The proton beam can produce high yields of X rays from collimators and beam-defining
apertures if high currents are used and large amounts of the proton beam are incident on these
beam trajectory defining components. A radiation survey should be made prior to undertaking
measurements and if necessary, use the appropriate shielding and working distance to
minimise any potential exposure risks.

4.3. MEASUREMENT OF THE HYDROGEN CONCENTRATION IN THIN FILMS

The hydrogen content and depth profile in materials can be measured using the Elastic Recoil
Detection Analysis (ERDA) method. In this method, an ion beam with mass greater than
hydrogen (e.g. *He, "Li, "*C ions) is used in a two-body collision to knock hydrogen atoms in
a forward direction. The knocked-on hydrogen atoms and forward scattered ion beam are
incident on a charged particle detector placed at a forward angle. A stopping foil is placed in
front of the charged particle detector to stop the scattered ion beam and transmit the knocked-
on hydrogen atoms. Heavy ions have larger stopping powers than protons, allowing the
thickness of the stopping foil to be tailored to stop the heavy ions yet transmit the recoiled
protons. In this experiment, the hydrogen content in a thin foil of the polycarbonate material

Mylar™ will be measured and compared with that of 36 at.% from its known stoichiometry
CioHgOy4 .

4.3.1. Theoretical background

The experimental geometry is shown in Figure 28. A heavy ion beam of several MeV energy
(in this experiment 10 MeV "C** jons) is incident on a polymer material such as Kapton™
(CaH10N20s) or Mylar™ (CgHgO4). Two possibilities for the positioning of the target exist
as shown in Figure 28. For thin transmission targets and in cases when one wishes to measure
the total amount of H, the transmission geometry as shown in Figure 28a) can be applied. For
thin hydrogen containing layers on a thick substrate, and in cases when the depth distribution
of hydrogen in the sample is to be measured, the target should be tilted as shown in Figure
28b) and reflection geometry should be used.

10 MeV 3203 JLUNS AR

aj b)

& i thick

3y thick # e thick
Myfa?™

Mylar™ SiviarTH

3 jun thick
Mylar'™

particle detector

IFIG. 28, Tvo possible configurations for the measurement of iydrogen content in the thin foil
a) transmission aid b) reflection geometiy.
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This experiment uses the transmission geometry shown in Figure 28a with the reaction
kinematics shown in Figure 29.

energy

FIG. 29. Schematic presentation of the transmission geomeitry and idealised measured ERDA
energy spectrum.

The incident ion beam with atomic number Z,, mass M; and energy [, enters the sample

under angle « (in our case and transmission geometry a=0). At depth x;, the incident ion has
energy Fp(x;) given in Eq. (07):

3 Vil dEg(x)
Eo<x,~>=bo~j (-—-—i’m} dy (67)
0 o in

dEy(x) . . . .
Where -(-?,r- is the stopping power of the ion beam in the sample.

At this depth x; and energy Ep(xy), the incident ions recoil atoms j with atomic number Z> and
mass M- into the solid angle A2 and angle f. The yield of recoiled atoms 1 from this sub-
layer Av is given by Eq. (68):

dY L/O“(EQ(.\"),IH)
*(—/\—‘L\\ = (:)AQW.JESLMA\”/ (68)

Where @ is the number ol incident {ons, 11, is atomie density of / atoms in the target, A is the
= - ! . o
dof 1,()(\1 )/)7)

solid angle, and EEe— is the differential cross-section for recoil ot mass A/> at energy
(S T4

Eq (x7) in the layer Av at v In this experiment, the incident ion beam is ~C and so the
ditterential cross-section is described by the Rutherford formula Eq. (69):
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(69)

Note: If using alpha particles as the ion beam, the cross-section is non-Rutherford!
In the two-body collision of an incident ion of mass M, with an atom of element j (mass M>),
the energy of the recoiled atom £>(x;) is the kinematic factor Kgrpa:

4M M~ cos” s

Ey(xi) = Kpppa o) =— 3
(M + M)

Ey(xy) (70)

The recoiled atoms lose energy as they travel through the sample, and exit with energy £'(x;)
given by Eq. (71):

d
t I (iE?(.\.)
Eqr(xy)y= Frlx;)— | ——| —=—" ray
2(xp)=Ena(x;) Jcosﬂ( e )Om‘\ (71)
X

i

dlbn(x)

dx
on the way out from the target. A stopping foil is placed in front of the detector which has a
thickness x ;. chosen to just stop the incident 12C jon beam at its primary energy Fy. Thus, the
energy of the recoiled hydrogen atoms measured by the charged particle detector £'(x) e is
given by Eq. (72):

Where d is the total sample thickness and ( J is the stopping power of the recoiled ion
out

By (X)aec = E5(x;) — f(;xfailsfoil (E) dE (72)

Where S(L) 4 is the stopping power of the recoiled ions in the stopper foil. The resulting
idealised spectrum for a thin homogenous sample with constant hydrogen distribution is
shown in Figure 29,

4.3.2. Experimental procedure

The measurements must be carried out in a vacuum chamber. The chamber should be light
tight as the charged particle detector is sensitive to light (when bias is applied). In this
experiment a collimated beam of 10 MeV "*C* jons was used to recoil hydrogen atoms from
a (2.9 £ 0.1) pum thick Mylar™ foil in (ransmission geometry (Figure 28a). The charged
particle detector was placed at 45° forward angle with the measured ERDA spectrum shown
in Figure 30. This figure shows the spectrum obtained (a) when no stopping foil is placed in
front of the particle detector and (b) with a stopping foil. With no stopping foil, the spectrum
contains overlapping spectra from recoiled hydrogen, oxygen and carbon ions together with
scattered carbon ions. A 6 pm thick Mylar™ foil used as the stopping foil in front of the
particle detector clearly removes all ions except hydrogen. It can be also seen that hydrogen
peak is shifted towards the lower energies in spectrum due to the energy loss of hydrogen ions
in the foil. In both cases, the spectra were collected to the same number of incident particles
L.e. to the same collected charge (O = 0.1 pO).
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FIG. 30. Top: Spectrum of 10 MeV °C ions scaitered Jfrom Mylar together with recoiled C, O
and H ions from the target (without foil in front of the particle detector); Above: Spectrum of
recoiled H atoms when 6 pm thick Mylar foil is placed in front of the particle detector.

The concentration of hydrogen atoms 7, in the Mylar™ foil can be calculated using FEqs. (67)-
(69). It the sample is thick enough such that the energy loss of incident ions in the target
cannot be neglected, as it is in this case, the calculation can proceed more easily by sub-
dividing the thick sample into several thin slabs, and approximating the continually changing
energy of the incident ion beam to be a constant in each of the slabs.

In this experiment, the thickness d of Mylar™ foil is ~28000x10" at/em?®. The total energy
loss of 10 MeV C ions in this foil was calculated to be 2985 keV using SRIM [14]. The
sample is divided into 10 slabs, each slab with thicknesses of Av = 2800:10' at/cm’. The
yield of hydrogen atoms from each slab with a thickness 4x can be calculated by using the

cross-section at the mean energy in the slab. The differential cross-section i’ﬂ’“;‘T"“_l used
€

for calculation in each slab is tabulated in Table 23. The values have been calculated by the

utility subroutines incorporated into SIMNRA [20].

The total yield of hydrogen ions is obtained by summing the yields from all 10 slabs. The
hydrogen depth profile is coarsely represented by the concentrations calculated for each slab.
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TABLE 23. CROSS-SECTIONS USED TO CALCULATE YIELD OF RECOILED
HYDROGEN IONS IN EACH SUBLAYER IN THE MYLAR™ SAMPLE

1085 45 2 2 (e " : - —
K0T atlom) | Bl (V) | ABGREV) | B (keV) | 2 545 (s

0 10000 283 9859 504
2800 9719 286 9574 958
5600 9431 288 | 0087 1018
8400 9143 291 8998 1085
11200 8852 294 8705 1159
14000 8558 296 8410 1242
16800 8262 299 8112 1335
19600 7963 302 7807 1441
22400 7661 304 7500 1557
25200 7357 307 7204 1692

As we wish to obtain a bulk-averaged hydrogen concentration in the Mylar™ film, the
experimentally obtained total hydrogen yield is taken from spectrum that is shown in
Figure 30b. The yield Y is the area under the peak (22640 counts). The total collected charge
was 0.1 uC which for g=+3 charge state, corresponds to 2.08x10'" incident carbon ions. The
solid angle of the particle detector at 45° is £2= (8.76 + 0.26) msr. If the solid angle of the
particle detector is not known, it can be determined from a forward scattering spectrum of
protons from some other thin transmission foil of heavy element such as Au, Cu, Ni, etc. for
which cross-sections are Rutherford.

The bulk-averaged atomic concentration of H atoms in Mylar™ sample is calculated using
Eq. (68) which is:

37
00355 (Fy (x), B)dx

Ny =

22640

= -~ == 0.3579
2.08 x 10 - 8.76 x 107351 - 2800 x 10%5at/cm? - 12391 x 10-27¢cm?

This result is in excellent agreement with the atomic concentration of hydrogen in Mylar™
obtained from its well-known stoichiometry CyHgOy:

8
iy = e = (0.3636
H 10844

4.3.3. Concluding remarks

ERDA spectroscopy is very efficient technique using small accumulated charges (0.1 pC),
and due to high recoil cross-sections, high yields can be obtained. By using a simple stopping
foil, the unwanted background due to scattering events can be eliminated and the sensitivity
for hydrogen detection enhanced. Analytical codes such as SIMNRA [20], NDF [21] or
RUMP [22] are useful programs that can simulate elastic scattering experiments in various
geometries (including RBS and ERDA) and are routinely used to obtain concentrations as

-

well as depth protiles of unknown elements in the sample from the experimental spectrum.



Radiation induced damage occurs in polymeric materials and numerous other hydrogen
containing materials in which hydrogen is lost during the measurements. The hydrogen loss
can be significant and depends on many parameters such as ion type, ion current or total
collected ion dose on the sample. To minimise losses, it is recommended to keep beam

currents low, to have a large solid angle for the charged particle detector, and to keep the
‘measurement char ge low, measuring only until sufficient statistics have been collected under
the hydrogen peak.

4.3.4. Recommended equipment

e A particle detector positioned at forward angle with stopper foil;
e A preamplifier, bias supply, spectroscopy amplifier, ADC and MCA:

e Reliable charge integration;

o A thin target foil with well-known stoichiometry and hydrogen concentration;

e SRIM;

e An ijon beam with mass >1. Helium (~2 MeV) or carbon beams are most commonly
used.

4.3.5. Safety precautions

The proton beam can produce high yields of X rays from collimators and beam-defining
apertures if high currents are used and large amounts of the proton beam are incident on these
beam trajectory defining components. A radiation survey should be made prior to undertaking
measurements and if necessary, use the appropriate shielding and working distance to
minimise any potential exposure risks.

4.4. PROTON-INDUCED GAMMA RAY EMISSION ANALYSIS OF Na AND Al

When a beam of particles hits the sample surface layer, nuclear reactions are induced. and
gamma radiation is emitted. In PIGE, the radiation is detected during irradiation (prompt
gamma emission instead of activation). The PIGE method is used in similar way as the PIXE
method. PIGE enables the detection of the light elements with good sensitivity. The use of
different bombarding particles and energies offers varying sensitivity for different elements,
which makes this technique trickier to use than the PIXE method. The common bombar ding
particles used in PIGE analyses are protons, deuterons and alpha-particles. In this experiment,
protons are employed for detection of aluminium and sodium.

d.4.1. Theoretical background

The observed gamma ray yield (or interaction products in general) is directly dependent on
the cross-section (which defines the probability of a specific type of interaction) and the
density of atoms of the kind to be determined. For thick sam Jks (sample thickness greater
than the incident ion range) and provided that the product radiation is not significantly
attenuated when passing through the rather thin layer to the detector, the observed yield may
be expressed as:

( E)dE

m

I,
Y, =ungf, f@“,( L) S
o
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Where i is the measured nuclide, m the matrix, » the number of bombarding particles, & the
detection efficiency including the solid angle, E, the incident ion energy, f the weight
fraction of nuclide 7, S, the stopping force (or stopping power) for the matrix, and oy(£) the
cross-section for the specific reaction. In addition, we assume that the nuclide to be measured
is evenly spread through the matrix. Also, straggling effects are ignored and smooth cross-
section curves without resonance structures are assumed.

The complicating factors are that accurate cross-section data are not always available (within
the energy region from incident energy to zero) and that the major element composition of the
sample is needed to calculate the stopping forces.

An advantage of the method is that the gamma ray peaks are generally well isolated. and the
energy is high enough that absorption corrections are not needed. The high penetrability of the
gamma rays also simplifies the experimental arrangements.

The available literature for absolute thick-target gamma ray yields (per solid angle in
steradians, and microCoulombs of collected charge) have been collected [23]. In several
studies, the atlas of appropriate gamma ray spectra for light elements is also provided.

Detailed prescriptions for light element analyses by particle-gamma reactions may be found in
the IBA Handbook [23]. Additionally, several important factors (e.g. geometry, background
and interferences as well as peak broadening effects) to be taken into account for accurate
element analyses by the PIGE method are described in this reference and the reader should
consult Refs [23, 24] for more in-depth discussion on the method details. In this experiment
only analysis of aluminium and sodium is considered.

An advantage of PIGE is the high penetrability of gamma rays, thus diminishing matrix
effects. The detector can be positioned immediately behind the sample, providing a maximum
solid angle for improved sensitivity. The experimental setups are simple, and with external
beams, the usability of the technique can be enhanced. As a rule, very small amounts of
sample material are needed. Also, surface topography does not significantly influence the
determinations. The technique is fast and non-destructive. Using PIGE in combination with
other ion beam techniques, nearly all elements can be detected simultaneously. On the other
hand, PIGE can be used only for the analysis of selected isotopes, and its sensitivity for many
elements is only moderate. Because the optimal conditions, such as the bombarding particles
and their energy, depend on the matrix and the isotope to be detected, no universal “best”
conditions and physical parameter choices can be provided.

4.4,2. Use of standards

Concentrations of elements distributed homogeneously in thick samples can be obtained by
comparison to standards. Many multi-element standards exist for the analysis of geological,
biological, and medical samples [e.g., National Institute of Standards and Technology (NIST),
Institute for Reference Materials and Measurements (IRMM), International Atomic Energy
Agency (IAEA)]. In many cases proper standards can be prepared by mixing a known amount
of the element to be determined into a matrix similar to the one being studied. For example.
the determination of carbon, nitrogen, and oxygen can be carried out with organic compounds
as standards. The known stoichiometry for ¢, N, and O of the compounds can be used
directly. As a restriction, the selected organic compounds should not have very high
concentrations of any single element (above about 40 wi%).
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4.4.3. PIGE analysis of Na and Al

An experimental set-up consisting of a vacuum target chamber (alternatively an external beam
set-up may be used) with appropriate charge integration possibility is shown in Figure 31.
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FIG. 31. Typical PIGE set-up used for in-vacuum measurements. In case of « thin sample the
integrated charge can be collected from the Faraday cup. For thick samples the current
integration is carried out directly from the sample.

The feasible gamma ray lines for elemental analyses of sodium and aluminium are discussed
below.

. . 2
Sodium has one stable isotope, **Na.
A good sensitivity for sodium analysis is obtained by detecting the 440 keV v rays originating

from the reaction 33Na(pwp’y‘)BT\Ia. The y ray line at 1636 keV is somewhat Doppler-
broadened.

Aluminium has one stable isotope, Al

Aluminium has several strong vy ray lines; at 844 keV and 1014 keV originating from the
reaction 27Al(p,p’y)27Al, at 1369 keV from the reaction > Al(p.ay)**Mg, and at 1779 keV
originating from the reaction®’ Al(p,y)**Si (only at E,<3 MeV). The 1369 keV line might have
interference from sample magnesium. The 1779 keV line may contain interference from
sample silicon and phosphorus. Also, the 844 keV and 1014 keV lines which are most
suitable for aluminium analysis have interference from magnesium, “*Mg(p.y)> Al but
fortunately the magnesium yields are rather low.

Typical gamma ray spectra obtained by 1.0 and 2.4 MeV proton bombardments of thick Na
and Al samples are shown in Figures 32 and 33.
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4.4.4. Experimental procedure

(1) The standard sample and the “unknown” sample are bombarded with a proton beam of

selected energy and the corresponding gamma ray spectra are recorded.
©(2) The measurements should be normalised to correspond to the same collected charge.

(3) The calculated 440 keV and 844 keV peak area ratios (standard sample/“unknown”
sample) and the concentrations stated in the standard sample certificate provide the Na
and Al concentrations of the “unknown” sample. The deducted data can be collected in
Table 24 to facilitate the analysis.

(4) For comparison determine the concentrations using the other gamma ray peaks
(1636 keV for Na and 1014, 1369 and 1779 keV for Al). Be careful of possible
interferences!

(5) Compare the obtained Na and Al concentration values with the certified values given
in the “unknown” sample certificate.

TABLE 24. DATA FOR Na AND Al CONCENTRATION DETERMINATION FROM AN
“UNKNOWN" SAMPLE

Sample Collected Na peak area | Al peak area | Au/As-Na- Au/As-Al-
charge [normalised | [normalised std.cone. std.conc.
[nCl by charge] by charge]
Standard (S)
Unknown
(U)
4.4.5. Recommended equipment

e Anenergy calibrated gamma ray detector;

e Standard electronics for gamma ray spectroscopy;

e Peak fitting software;

e A 2-3MeV proton beam, energy selected as available and most convenient;

e Two samples with known Na and Al concentrations. One is used as a standard and the
other one as the “unknown” sample to be analysed. To check the accuracy of the
obtained result, the concentration values should be compared with the values given in
the “unknown” sample certificate.

4.4.6. Safety precautions

When energetic protons (above ~2 MeV) are used to bombard light elements (especially Li,
Be, B) high neutron yields can occur as well as potentially high fluxes of high-energy gamma
rays. The local accelerator related radiation safety rules and regulations must be followed to

minimise the generation and exposure to any neutrons and high-energy gamma rays.
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4.5. NUCLEAR REACTION ANALYSIS OF LIGHT ELEMENTS

Nuclear reactions induced by bombardment with energetic charged particles causing the
emission of other energetic particles (particle-particle reactions) are used for elemental
analysis. These methods are best applied to light elements, as nuclear reactions on light nuclei
often have large Q-values and high cross-sections. The analysis method consists of the
detection of charged particles produced by nuclear reactions during irradiation. In principle
any reaction may be used, but with increasing projectile energy the number of outgoing
channels becomes so large that the interpretation of the spectra from a complex sample
becomes practically impossible. The most commonly used reactions are (p.a), (d.p) and (d,u).
Alpha particle induced reactions have had limited use. Incident particle energies from 0.5 to
2 MeV are most useful for minimizing interference from reactions in heavy isotopes.

Bulk composition can be derived from particle-particle measurements assuming a
homogeneous sample. The sensitivity is good for light elements, but for heavy elements, the
Coulomb barrier reduces the cross-sections, thereby limiting the applications. Reaction
cross-sections of 10 to 100 mb/sr are observed for proton and deuteron induced reactions in
light isotopes (e.g. Li, Be, B). Sensitivities of the order of 10 pg/g or even less are possible
with measuring times of the order of tens of minutes. Depth profiling of light elements is also
feasible by this technique.

. . . . 15 . .
In this experiment, as an example, oxygen analysis via the %0(p,at)"°N reaction is shown.

4.5.1. Theoretical background

The choice of optimum experimental parameters is an essential part of the design of an NRA
measurement. Analysis using particle-particle reactions involves choices such as:

e choice of reaction;

e incident particle energy;

¢ detection angle.

Usually there is no analytical form of the nuclear cross-sections, so reliable b\pelnneﬂlﬂl
design and data analysis depends largely on the availability of measured cross-sections in the
energy range and at angles of interest [19, 26].

The energy spectrum method is the main profiling technique used with particle-particle
reactions. It is a relatively quick method since the necessary data are obtained during one
irradiation with fixed incident particle energy. The product particle is usually different from
the incident particle and higher in energy which has an important influence on the choice of
experimental conditions and the performance achieved. Many variations of the method have
been developed and the reader is asked to consult one of the references for more details.

NRA spectra are sometimes difficult to interpret as peaks of different particles (or the same
particles with different energies) can overlap. Nuclear level diagrams showing nuclear
structure and properties of nuclear levels can bc found from the Nuclear Physics journal
series [27].

Depth information is always obtained from the product particle spectrum if the depth exceeds
that corresponding to the energy resolution. The energy interval to the next lower group in the
spectrum sets the maximum depth that can be profiled. It should be noted that these
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parameters are unique for each reaction. The maximum depth is usually limited to the order of
I pm. At depths greater than approximately 100 nm, the effects of multiple scattering and
energy loss straggling on both incident and product particles degrade the resolution.

4.5.2. Experimental procedure

Most particle-particle reaction measurements are made with very simple experimental
arrangements. The basic NRA geometry is shown in Figure 34.

To avoid high count rate from elastically scattered primary particles, it is necessary to filter
this large flux. The most common way to do this is to place a foil in front of the detector
(absorber foil technique). The thickness of the foil should be equal to the range of the
scattered particles so that these are absorbed while the higher energy reaction products pass
through. Mylar or Kapton are common absorber foil materials. The major disadvantage of this
absorber foil technique is that energy straggling takes place in the foil, resulting in poor
energy resolution in the measured spectrum. As an example, the typical particle detector
energy resolution of 10-15 keV may be degraded to 50-100 keV. This is not a problem if there
is a sufficient energy difference between particle groups from different reactions or different
target nuclides. Inhomogeneities in the absorber foil thickness affect the energy resolution.

Ep o), E(EL(x),Q,6)
F
£p
:\\ & = Oy, 0p,0)
' Absorbar foil

FIG. 34. Typical scattering geometry used in NRA experiments. E, is the incident energy, [y,
is the incident particle energy at reaction site, Euy is the reaction product energy after
(raversing out of the sample and Ey is the particle energy after passing through the absorber
Joil. The conventional scattering angle is 0, which is the angle between the incident and
exiting beams. The figure has been adopied from Ref. [23].

Practical information related to the detection of the light elements and a comprehensive list of

proton and deuteron induced reactions feasible for light elements characterisation via particle-
particle reactions is provided in Ref. [23].

The following brief list is only indicative and excludes reactions exhibiting simultaneous
gamma ray and particle emission, as analyses based on detection of gamma rays are often

more convenient than on detection of the charged particles.
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TABLE 25. BRIEF LIST OF LIGHT ELEMENT NUCLEAR REACTION ANALYSIS

°Li the (d,a) reaction provides reasonable performance.

"Be the (p,0) reaction is useful for depth profiling.

"B the (p,a) reaction is useful for profiling and boron detection.

2c the (d.,p) reaction is most used. It can be used for simultaneous C. N and O
determinations in thin layers.

be the (d,p) reaction can be used for carbon detection and C isotope ratio
measurements.

"N the (d,p) and (d,u) reactions can be used.

PN the (p,o) reaction is useful.

"0 the (d.p) reaction is most used for profiling purposes (simultaneous C.. N and O
analyses).

"0 the (p,a) reaction utilizing narrow resonances is commonly used for depth
profiling. The (d,p) and (d,o) reactions can also be used.

“Na the (p,a) reaction may be used for depth profiling.

“5i the (d,p) reaction can be used with reasonable sensitivity.

p the (p,) reaction gives the best sensitivity.

g the (d,p) reaction has been used for sulphur determination and profiling.

4.5.3. Experiments and calculations

(1) A fixed proton energy between 500-700 keV is selected; these are the most commonly
adopted energies.

(2) A detection angle 6 of 165° is selected and fixed.

(3) Calculate the alpha particle energy as a function of incident proton energy (E,) using
Eq. (74), the kinematic formula for a two-body nuclear reaction, from initial proton
energy downwards.

1/, .
Ea:/’Z =B+ (Bz + C)l/zw
(74)
. Y ) u
Where B = Wcos@ and C = (21Q:E) -1y}
(Mg-+M) (Mg+M)
O-value for the reaction is 3.9804 MeV.

. M is the product nucleus mass. The

(1) Test (using the sample to be analysed) the effects of different absorber foil thicknesses
and find the absorber foil thickness sufficient to exclude the scattered incident
particles.

(2) Compare the adopted Mylar thickness value with the calculated value oblained by the
SRIM program [14].

(3) Estimate the cut-off energy (for the selected absorber) for the emitted alpha-particles
(by SRIM program).

() Using this value, estimate the approximate depth from which information is still
obtainable (taking into account the energy loss of the alpha-particles in the sample
material itsell). First, based on calculations using Eq. (74). estimate the validity of
using constant alpha-particle energy for this approximation.




(5) Measure the sample and note the obtained spectrum shape. Discuss the specific
features according to the following points.

Notes:

e The measured alpha-particle energy depends on the energy loss of the protons when
reaching depth x (a;, = 0) and the energy loss of the emitted alpha-particles when
traversing a distance X % $ec gy in the sample before reaching the detector. The alpha-
particle energy thus specifies the depth. F he highest energy corresponds to the nearest
surface region.

e The number of alpha-particles with Spemﬁc energy depends on the reaction cross-
section at fixed proton energy. Since the 'O concentration is constant, the shape of'the
spectrum should be closely related to the cross-section curve (Figure 35) (ignoring the
effects of straggling and detector energy resolution).

e The easiest procedure for composition determination by NRA is to use a standard
sample. This is feasible if the standard and the unknown sample are both bulk samples
(measurements under same experimental conditions). Then the composition at the
surface can be obtained by applying the surface-energy approximation.

4.5.4. Recommended equipment

The experimental arrangement required for particle-particle analysis is similar to that for RBS
and is shown schematically in Figure 35.
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FIG. 35. Schematic layout of particle-particle analysis fucility.

The experimental geometry consists of:
e A scattering chamber (light tight), with current integration;
® A particle detector with standard electronics for spectroscopy:
o  Absorber toils of various thicknesses;
e A sample with constant oxygen concentration.

As an example of the use of particle-particle reactions for elemental analysis of light
elements, the reaction 'SO(pﬁu,)lSN for oxygen determination is demonstrated. The
straightforward method of using an absorber foil is employed. The relevant cross-sections as a
lunction of proton energy are provided in Figure 36.




O e o AL S et S At T e
I B, )TN
50 - (po )° _
- 0= 165
19 .
/// :
AV PN SRTSRTI S, A
0.5 0.6 0.7 0.8 .9 1.6

E (MaV)

FIG. 36. Cross-sections of the ISO(]), &) "N reaction at the indicated laboraiory angle of 165°.

Ref. [23].
4.5.5. Safety precautions

Even though charged partticles are detected in this experiment it should be always kept in
mind that energetic gamma rays and in some cases also neutrons are emitted during the
sample bombardment. Specifically note that whenever deuterons are used as bombarding
particles, a clear possibility for radiation hazard exists due to the high neutron yields. A
radiation survey should be made prior to undertaking measurements and if necessary, use the
appropriate shielding and working distance to minimise any potential exposure risks. In
addition, whenever deuterons are used as bombarding particles and due to high neutron fields
created, the surrounding metal structures can become activated increasing additional radiation
risk. In such cases, continuous monitoring of neutron and gamma dose rate might need to be
installed, and the entrance in the experimental room might be permitted only after decay of
activation products.

4.6. RUTHERFORD BACKSCATTERING SPECTROMETRY OF HEAVY ELEMENT
LAYERS ON A SILICON SUBSTRATE

Rutherford Backscattering Spectrometry (RBS) [28] is the most widely used ion beam
technique. The technique is based on the determination of the number and energy distribution
of particles backscattered from the sample atoms. The most common applications include the
determination of sample stoichiometry, elemental areal density, and impurity depth profiling
in thin films.

Presently many specific variations of RBS are used, such as:

e Heavy ion backscattering HIBS. This option provides improved mass and depth
resolution;

e Utilisation of the ion channelling feature. This special feature is commonly used for
the detection of displaced atoms in crystalline structures;

o Utilisation of non-Rutherford elastic scattering. This improves the sensitivity for
several light element detection and profiling.
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Several excellent presentations on the technique covering the principles and details are
available. The reader should consult the list of references at the end of this experiment. In this
experiment only the conventional use of RBS is treated and experimented via thin film
stoichiometry and thickness determination.

“

4.6.1. Theoretical background

Only the main points related to the data analysis of this experiment are briefly discussed.
Figure 37 shows the typical RBS geometry, ‘the equations of ion transport and typical
backscattering spectrum from a homogeneous single-element thick sample.

In the equations ¢ is the stopping cross-section factor and N is the atomic density of the
sample material. H, is the height (counts/channel) of the leading edge of an elemental peak
corresponding to scattering from the sample surface. JE is the energy width per channel and ¢,
is the surface-energy approximation of the stopping cross-section factor evaluated at the
incident energy. a(E,) is the scattering cross-section value at the incident energy. The other
symbols are defined in the text below. Note that the equations above refer to a single-element
sample.
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FIG. 37 RBS geomelry.

The kinematic factor is the ratio of the scattered ion energy £, (from element /) to the initial
ion energy
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From the conservation of energy and momentum applied to the two-body collision between
isolated particles of masses M, (incident particle) and M (target) we obtain:

1 2
- |(ME-mZsin?0) /2, My cos @

K

(76)

Where 0 is the scattering angle in the laboratory system. As the other parameters are fixed, M,
can be determined from this relation and the target element can be identified.

The areal density (Nr); in atoms per unit area for element 7 is obtained by using the following
equation:

. Aj €05 01
(VE); = = (77)

The use of this equation requires knowledge of the detector solid angle (£2), integrated peak
count 4;, the collected charge O and the Rutherford scattering cross-section o;(£,6). 0 is the
angle of incidence of the bombarding particles with respect to the sample normal. The
Rutherford scattering cross-sections are calculated directly by the employed simulation
programs used for the spectrum analysis. In Eq. (77) ; is the atomic density (atoms per unit
volume) of element 7 and ¢ is the film thickness.

The average stoichiometric ratio for the sample film (4,,B,) can be now calculated by using
Eq. (77):

no_ Np . Ap g4 (E,0) (78)

m Ng Agq op(E,0)

Note that the result depends only on the ratios of the peak area counts and of the
cross-sections. 1t is not dependent on the collected charge or the detector solid angle which
are clearly more difficult entities to be determined accurately.

Conversion of (Ny); to thickness t requires information on the film density (p.i3). The atomic
densities N and N5'® can then be obtained from:

m N, n N \
N‘Z{IB — MpPaB Mo and Nng - PaB Mo (79)
Map Map

Where N, is Avogadro’s number and M, = mM; + nMy is the molecular weight of the
compound ,,3,.

From Eq. (77) we obtain the film thickness:

(Nt)y _ (NOp

b= femd
AB B
Ny Ng

(80)

The tactors (Ni);are obtained from Eq. (77) and the atomic densities &, from Eq. (79).
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4.6.2. Experimental procedure

The employed set-up is similar to the one used for nuclear reaction analysis described in
experiment 4.5. Typical arrangements are shown in Figures 35 and 38.

FIG. 38. Experimental set-ups for RBS measurements.

Two detection geometries are commonly used. They are referred to as the IBM and Cornell
geometries. The incident beam is always horizontal and the sample surface is vertical. In the
IBM geometry the detector is also placed in the same horizontal plane. In the Cornell
geometry the detector is placed directly below the incident beam. For both arrangements, the
charged particle detector is placed at a baclxwmd angle (e.g. 170°). The most typical particle
beam for conventional RBS measurements is a *He beam with energy of 1-2 MeV. A very
basic energy spectrometry system for charged particle detection is employed. as shown in
Figure 39. Thin film samples are prepared e.g. by the Atomic Layer Deposition (ALD)
method. and are characterised by the RBS technique. In this experiment a two component thin
film sample on a silicon backing is measured and analysed“(here a snyBiy thin film grown on
silicon substrate was chosen to demonstrate the spectrum analysis, but in fact any thin film
sample available will do).

Si charged particle
detector T~

Pre-amplifier MCA

Amplifier

Bias voltage

FIG. 39, Detection system used in conventional RBS measurements.
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4.6.3. Energy calibration

The energy of the detected particles is converted to a charge pulse and after suitable
amplification to a voltage pulse. The height of the analogue voltage pulse is converted further

to the digital output of the ADC (channel number). The energy £ of the detected particle is

linearly proportional to the channel number ¢/ of the MCA:
L= /\’C/, w ch + E() (8 1)

Where k., (energy/channel) and Ej (zero offset) are the energy calibration coefficients. These
parameters are needed for the evaluation of the spectra or for fitting a theoretical spectrum to
the experimental one. In RBS analysis the energy of the particles scattered from known
surface elements can be calculated. Therefore, one can use standard samples with known
elements at the surface for energy calibration. From the position of the surface peaks (very
thin films) or steps (thick samples) and the corresponding energy values, the calibration
coefficients (k. and Ep) are then evaluated through linear regression.

4.6.4. Measurements

Accurate "He ion beam energy can be determined by employing nuclear resonance reactions
(see another experiment in these series). An example of such a reaction is 2“LI\/Ig(OL,y)?‘ 8Si and
its three resonances at energies of 2435, 2866 and 3198 keV [23]. If the initial energy of the
ion beam is already sufficiently accurately known this step can be omitted.

The conversion of the pulse height analyser channel number to backscattered ion energy can
be carried out by bombarding pure elemental thin film targets (same bombarding energy,
same geomelry, and several elements should be measured to warrant wide calibrated energy
range). Typical calibration samples could be: Ti/Si substrate, Ag/Si substrate, Au/Si substrate
and so on.

To get the RBS spectrum of the thin film:
(1) Collect the RBS spectrum of the sample to be analysed.
(2) Record the collected charge used in the sample RBS measurement.

Note: In all measurements adjust the detector count rate to a reasonable level to exclude
detection dead-time-corrections.
Sn-Bi thin film sample spectrunm:
As a sample case a thin bi-elemental Sn-Bi alloy film grown on a Si substrate is characterised.
The RBS spectrum obtained from the sample by 3 MeV alpha particles is shown in Figure 40.
The experimental parameters in the measurements were as follows:

(1) detection angle 165° (Cornell geometry);

(2) ionenergy 3 MeV He"

(3) collected charge 37 nC;

(4)y  detection solid angle 43.48 msr;

(5) energy resolution 18 keV;

(6)  delector energy calibration £, =-85.3 keV and & = 8.188 keV/channel:

(7) area of experimental Siyield 19274 counts;

(8) area ol experimental Sb yield 768 counts;

(9) area ofexperimental Bi yield 812 counts;

(10)y area of simulated St yield 19604 counts;
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(11) area of simulated Sb yield 954 counts;
(12) area of simulated Bi yield 1047 counts.

350

300 - Bi

250

200 -

counts/channel

0 50 100 150 200 250 300 350 400
channel number

FIG. 40. RBS spectrum obtained of a thin film of Sn.Bi, alloy grown on Si substrate. For
experimental parameters see the text.

4.6.5. Data analysis

Using the guidelines and equations provided in the theoretical part of these instructions:
(1) Identify the sample elements by using Eqs. (75) and (76);
(2) Calculate the average stoichiometry of the film using Eq. (78);
(3) Calculate the sample film areal density by Eq. (77).

The corresponding simulated spectrum obtained by using the computer code RBX [29] is
shown by the solid red line. The experimental parameters were used as input to the program.

The simulation yields a stoichiometry of Sng74Big 26 and a film areal density of approximately
. i 2
1.2 x 10" atoms/cm’.

Some other commonly utilised RBS computer codes besides RBX are SIMNRA [20], NDF
[21] and RUMP [30].

4.6.6. Concluding remarks

The most common RBS computer codes are listed in Ref. [23] along with proper references
and the code distribution modes. A comprehensive presentation of the various simulation
programs can also be found in Ref. [23]. Finally, it should be noted that by taking advantage
of the increased, non-Rutherford, cross-sections at high He ion energies, the sensitivity for the

detection of light elements can be improved significantly. The procedures of utilising the
enhanced cross-sections in analytical work (including utilisation of the cross-section
resonances for light element depth profiling) may be found in Ref. [23] along with appropriate
cross-section data.
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4.6.7. Recommended equipment

e Scattering chamber (light tight), with current integration;
e Particle detector with standard electronics for spectroscopy;
o A thin film sample deposited on a light substrate (e.g. silicon).

4.6.8. Safety precautions

In case the sample contains significant concentrations of light elements, one should note the
possibility for prompt gamma ray and neutron emission. Radiation level should be measured
prior to the experiment, and constantly monitored throughout. If necessary, use the
. appropriate shielding and working distance to minimise any potential exposure risks.
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5. ACCELERATOR NUCLEAR INSTRUMENTATION EXPERIMENTS

5.1. MEASUREMENT OF THE EFFICIENCY CURVE OF AN X RAY DETECTOR

@ontrary to charged particle detectors where the detection efficiency is 100% and is not
dependant on ion energy, the intrinsic detection efficiency for Si(Li) X ray detectors strongly
depends on the X ray energy. The non-constant detection efficiency of a Si(Li) detector must
be taken into consideration when making elemental analysis using PIXE. For low-energy X
rays (1-3 keV), the intrinsic detection efficiency is very low and thus the sensitivity for PIXE
measurements of Al, Si, P and CI using their characteristic I, X ray lines is low. This
experiment will measure the intrinsic detection efficiency in the region 1-10 keV.

5.1.1. Theoretical background

A Si(Li) X ray detector can be geometrically modelled, as shown in F igure 41. The sensitive
detection volume is a silicon crystal. A gold contact layer is deposited on the crystal and
beneath this is an inactive silicon dead layer. The Si crystal is maintained at liquid nitrogen
temperatures in a cryostat which has a thin Be window to allow the X rays to pass through.
These four thicknesses are normally provided by the detector manufacturer in the detector’s
specifications. In addition, the presence of the ice layer at the surface of a Si(Li) detector
should be also taken into account. This layer is formed due to condensation of the water
molecules onto the Si crystal that is kept at the liquid nitrogen temperature and can be a few
tens of pum thick after a few years of operation.

X rays incident on this system are attenuated by the Be window, ice layer, Au contact and Si
dead layers. The transmitted X rays are then absorbed by the Si crystal, producing electron-
hole pairs which generate an electrical pulse of amplitude proportional to the energy of the X

ray.

Be window Au contact layer

g
f/ .

_
E;K/\MM ( Si erystal B
K \\ X

R
————_..]

Ice layer 51 dead layer

FIG. 41 Schematic model of a Si(Li) X ray detecior.
Using this model, the detector efficiency &) at energy £ can be described by Eq. (82):

a(le) =T(l) -« A(k) (87)
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Where T(E) is the fraction of X rays transmitted through the Be window, ice layer, gold
contact and Si dead layers, and A(E) is the fraction of X rays absorbed by the Si crystal.

T(E) = exp {“NBexBe “HiceXice ™ HauXan — HSi’xsc‘li] (83)
O AE) = 1- exp[—h;xs;] (84)

Where fie, flices [au and fis; ave the total mass attenuation coefficients for X ray of energy £ in

R . . {
the Be window, ice layer, Au contact and Si dead layer and Xpe. Xice. X4y and X are the

thicknesses of those materials. /44’,- is the photoelectric absorption coefficient at energy £ and
xs; 1S the thickness of the active Si crystal. The absorption coefficients can be found in Ref.
[31] or obtained from the XCOM program [32]. For our detector xz, = 25 pum, x4, = 10 nm,
Xiee = 0 1, .\‘fg{f = (0 nm and xg = 3 mm. The calculated detector efficiency using this data is
shown in Figure 42.

FIG. 42, Calculated intrinsic Si(Li) detector efficiency using XCOM Photo Cross-Sections.

In this low-energy region, A(E) = 1.0 (i.e. transmitted X rays are completely absorbed by the
Si crystal). Here, the shape of the efficiency curve is completely determined by the
attenuation of X rays through the Be window, ice layer, Au contact layer and Si dead layer.

Following the method proposed by Lennard and Phillips [33], the Si(Li) detector efficiency
can be measured by detecting proton induced X rays from a set of thin calibration targets
simultaneously with the elastically backscattered projectiles. The spectrum of elastically
backscattered projectiles can be used to determine the target thickness. [t is assumed that the
X ray production cross-sections as well as non-Rutherford backscattering cross-sections are
well-known for used elements. As the yield of backscattered particles and X rays are both

proportional to the product of the number of incident protons and the target thickness, the
ratio of X ray yield to proton backscattered yield is independent of these two quantities. Thus,

the detector X ray elTiciency can be determined without knowing them. as will now be
described.
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The experimental geometry is shown at Figure 43.

< MeV proton beam

particle

detector
SHLAY x-rav l

detector

sample holder
" for several targets

FIG. 43, Experimental setup for Si(Li) detector efficiency determination.

The target thickness N,, in at/cm® is given by Eq. (85):

A,
Ny = 8 o
: do. A (85)
Qppe —A(L—~—X 9 :
QOpps 0 (E=—=5.0)

Where Ay is the area under the peak of element x in the backscattering spectra, Q is the
AE

Ay

doy (-
d 2

cross-section for backscattering of protons from element x, and AE, is the energy loss of
protons in the target. It should be checked if the backscattering cross-sections are Rutherford
using the IBANDL web site [19] or SigmaCale.

number of incident particles, Qpps is the detector solid angle, 0) differential

The number of counts under the K, characteristic X ray “line of an element v is the yield
Vikeand can be calculated from Eq. (86):

Yehe = Z;';—QN_\.@ IKOK SR abx (86)

Where €2 is the solid angle of X ray detector (in this case 3.3 msr), Q is the number of
incident protons, N, is the target thickness, in at/cm?, oy is the jonisation cross-section for the
K™ shell of element x, @y is fluorescence yield for the K" shell, fi. is relative width of K, X

ray line and &, is the intrinsic detection efficiency for X ray line of element x.

It can be seen that the quantities Q and N, are common in both equations. The intrinsic
detection efficiency is calculated from Eq. (87):

Ky
QNGO op fre

o frw
cx

(87)




5.1.2. Experimental procedure

The measurements must be carried out in a vacuum chamber. The chamber should be light
tight as the charged particle detector is sensitive to light (when bias is applied). All spectra are
collected to the same number of incident particles ie. to the same collected charge
(b = 0.5 pC in this case). For this system (@) is 7.6 + 0.3 msr. The list of targets used in
present experiment with calculated thicknesses from the backscattering spectra is given in
Table 26.

TABLE 26. TARGETS USED FOR THE MEASUREMENTS WITH THICKNESSES
CALCULATED USING RUTHERFORD BACKSCATTERING SPECTROMETRY

Z element/compound K, X ray thickness
energy (keV) (10" at/em?)
13 Al 1.49 788
14 510 (Si) 1.74 664
15 GaP (P) 2.01 427
17 NaCl (Cl) 2.62 500
20 CaF, (Ca) 3.69 348
22 Ti 4.51 350
24 Cr 5.41 439
26 Fe 6.40 533
27 Co 6.93 460
28 Ni 7.47 390
31 GaP (Ga) 9.24 103
32 Ge 9.88 379

The spectrum of characteristic K X ray lines and backscattered protons from a thin Ct target is
shown in Figure 44,
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FIG. ) Proton induced X ray spectrum of Cr KN ray lines, b) backscatiered protons fiom
the Cr tareet.
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Fluorescence yields wy for the K" shell are taken from [34], relative line widths fr, from [35]
and the ionisation cross-sections ok, can be taken from [36]. In this experiment, reference
ionisation cross-sections were calculated using the GUPIX subroutine GUCSA. Experimental
yields of X ray lines are determined using the spectrum fitting routine in the program AXIL.
The GUPIX program as well as any other program that can fit X ray peak shapes can be used
as well. All parameters needed for calculation are given in Table 27 together with the
calculated detector efficiency using Eq. (87).

TABLE 27. IONIZATION CROSS-SECTIONS FOR K SHELL o, FLUORESCENCE
YIELDS @ RELATIVE WIDTHS OF K, X RAY LINE Fy, AND Si(Li) DETECTOR
EFFICIENCY gy FOR ELEMENTS USED IN PRESENT WORK

Z Bia (keV) | o (b) oK fico Ex

13 1.487 29401 0.039 0.986 0.33+£0.03
14 1.74 19483 0.05 0.976 0.51+0.04
15 2.013 12910 0.064 0.960 0.64 +0.05
17 2.622 5923.9 0.099 0.922 0.68 +0.05
20 3.691 1916.4 0.169 0.887 0.8540.05
22 4.509 941.3 0.226 0.884 0.89 + 0.05
24 5412 476.2 0.288 0.882 0.99 + 0.06
26 6.399 2478 0.355 0.882 0.95+£0.06
27 6.925 179.9 0.388 0.881 1.01 £ 0.05
28 7472 131.7 0.421 0.880 0.99 4 0.05
31 9.243 52.7 0.517 0.873 1.02 4+ 0.05
32 9.876 39.2 0.546 0.868 0.91 £ 0.05

The final result is plotted in Figure 45 with the detector efficiency values (symbols) calculated
from experimental X ray spectra as a function of X ray energy, and the theoretical efficiency
curve (Hqs. (82)-(84)) calculated using the subroutine GUCSA (full line) in the GUPIX
software package. It is seen that the detector efficiency is significantly less than 100% in the
low-energy region and is strongly dependent on the detector parameters. The uncertainty of

calculated detector efficiency is between 6% for higher and 9% for lower energies due to
higher uncertainty in the fluorescence yield at low energies (10-5% for 10 < 7 < 20 and 5-3%
for 20 < Z < 30).

This convenient technique can be successfully used for measurements of the intrinsic X ray
detector efficiency if thin single element standards are available. 1{ the Si(Li) detector
efficiency is not known, then the above procedure will yield the absolute detection efficiency
instead. The relationship between the absolute and intrinsic efficiencies is given by Eq. (88):

€

- - QO
Eabs = g Eint (88)

86




1
i
|

11k -
08 e

07 - -

06 - 3 ]

x-ray deleclor efficiency
s}
o1
]
[ o
{

I . 1 . ! . t
g a i 12

o)
)

g
(S}
L

anergy {keV)

FIG. 5. Si(Li) detector efficiency as a function of the X ray energy (symbols) together with
the theoretical efficiency calculated using Egs. (66)-(68) and GUPLY subroutine GUCSA.

5.1.3.

o

e © © & ¢ e @

5.1.4.

Recommended equipment

Si(L1) detector;

Si(L1) detector bias supply:

spectroscopy amplifier (2 of);

Charged particle detector;

Charged particle detector bias supply;

Analogue to digital converters (2 of) and multichannel analyser to record dual spectra;
Set of thin calibration foils from Z= 12 to Z=35;

Graphical plotting software;

X ray spectrum analysis software (e.g. AXIL, GUPIX or GUPIXWIN).

Safety precautions

The proton beam can produce high yields of X rays from collimators and beam-defining
apertures if high currents are used and large amounts of the proton beam are incident on these
beam trajectory defining components. A radiation survey should be made prior to undertaking
measurements and if necessary, use the appropriate shielding and working distance to
minimise any potential exposure risks.

87



5.2, ENERGY AND EFFICIENCY CALIBRATION OF A GAMMA RAY DETECTOR

In order to carry out multi-elemental PIGE analyses, a calibrated (for energy) gamma ray
detector is required. For single (and in rare cases for determination of few elements
simultaneously) element determinations, a detector with poorer energy resolution than a high
purity germanium (HPGe) detector, such as Nal (Tl) or BGO, may be employed. The gamma
ray detection system is typically calibrated for energy and efficiency using radioactive point
sources for the low-energy gamma rays. In the first part of this experiment HPGe detector is
calibrated for energy. This enables practical PIGE measurements of unknown samples for
their light element composition. The actual PIGE measurements utilising multi-elemental
standard samples for deducing the absolute concentrations are carried out in a separate
example. The second part of this experiment deals with determination of the detector
efficiency curve.

It should be noted that practical problems may be encountered if very high energy gamma
rays are of interest as no common radioisotopes providing such gamma quanta are available.
If required, the energy calibration can be easily performed by utilising nuclear reaction
induced gamma rays of several light element targets, for example, '"F(p,ay)'°O,
£, = 6129 keV. Note that the Doppler broadened gamma ray peaks cannot be used for energy
calibration.

5.2.1. Theoretical background

Efficiency is often subdivided into two classes; absolute and intrinsic. Intrinsic efficiency
does not include the solid angle subtended by the detector as an implicit factor. The two
efficiencies are related as:

Sy T & alw("lﬁ/kQ) (89)

Where € is the solid angle of the detector seen from the-radiation source position. In this
experiment, it is assumed that the detector-source distance is significantly larger than the
detector-crystal radius. In this case Q =~ A/F (4 is the detector frontal area and o is the
detector-source distance). Determination of intrinsic efficiency is clearly more convenient
than absolute efficiency determination. The intrinsic efficiency of a detector usually depends
primarily on the detector material, radiation energy, and the physical thickness of the detector
in the direction of the incident radiation.

For efficiency calibration one can use any source with known nuclide activity and gamma ray
emission probability. Gamma radiation is emitted by excited nuclei in their transition to
lower-lying nuclear levels. As an example, the decay scheme of '*7C's is shown in Figure 46.
From such decay schemes, the probabilities of various de-excitation transitions (branching
ratios) and the number of gamma ray photons per disintegration may be found.

e
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\ 137M Ba (2.6 min)
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v 0.662 MeV (85 %)
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, 137 . . : ) . ]
FIG. 46. Decay scheme of ™' Cs showing the corresponding branching ratio which should be
laken into account in the efficiency delermination.

Detector (intrinsic peak) efficiency is the ratio of the detected counts in a full energy peak to
the number of the corresponding gamma rays emitted by the source:

g(Fy) = Ny/Ny = Nylipd, : (90)

Where N, is the number of counts in the photo-peals, Ny is the number of photons emitted from
the source. A4, is the activity of the source on the reference date, p is the branching ratio
corresponding to energy E, and / is the real time of the successive measurements. For
simplicity it is also assumed that the source emits radiation isotropically, and that no
attenuation takes place between the source and the detector.

HPGe crystal 4 S

Pre-amp. Amplifier MCA

High-voltage |
bias supply
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5.2.2. Experimental procedure

Prior actual measurements some important points to be considered are:

e check the bias voltage polarity;

e select proper amplifier shaping time;

o adjust the amplifier gain;

e check if pole zero adjustment is necessary;

e check whether unipolar or bipolar pulse shape provides the best energy resolution;

e adjust proper gain for the amplification! Usually an energy region up-to about
6.5 MeV is sutficient (enables determination of fluorine via the reaction '"F(p.ay)'°0),
ifonly low-energy gamma rays are to be detected, the gain can be increased:

° measure gamma ray spectra for all sources and insert the data in Table 28.

The measurement time is not important; it should only be sufficiently long to provide an
accurate determination of the peak position.

TABLE 28. PEAK ENERGY VERSUS CHANNEL NUMBER

Source Gamma ray line energy [keV] Channel number

Feed the data of Table 28 into the MCA energy calibration program. For details consult the
O ol
program manuals. Now instead of channel number, the x-axis shows the gamma ray energy.

e Check the source absolute activity at the specified date provided by the source
manufacturer (source set specifications sheets);

e Calculate the source activity at the date of the efficiency curve determination;

® Measure each source for good statistics and record the measurement time accurately;

e Determine the peak areas of the gamuma ray lines using the peak fitting program;

e Using the calculated source activity, determine the number of gamma rays emitted by
the source during the measurement time. Insert the data in Table 29:

o (falculate the solid angle suspended by the detector in order to deduce the absolute
efficiency curve;

e Calculate the ratio measured/emitted according to Eq. (90).

TABLE 29. DATA FOR EFFICIENCY CURVE DETERMINATION

y-energy Peak area Measurement Photons emitted by the source e(Ey)
[keV] [counts] time
[seconds)
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In common elemental analysis by the PIGE method, the efficiency of the detector is not
required if elemental standard samples are employed. But there are times when efficiency is
needed, e.g., when absolute thick target gamma ray yield determinations are of interest. In
such cases the detector efficiency multiplied by the solid angle is used as entity and they need
not be separated. Now, absorption effects of the low-energy gamma rays are also incorporated
intrinsically in the efficiency curve. For such cases, place the sources at the position of the
sample in the PIGE set-up.

The branching ratios and relative gamma transition intensities should be taken into account in
the calculations (when extracting the number of photons emitted during the measurement)
according to the procedure described in the fundamentals part of these instructions. Detector
solid angle influence (4n steradians/solid angle of experiment in steradians) should be taken
into account when calculating the number of photons emitted by the source.

e Plot the data of Table 29 as energy versus efficiency curve;
e Fit a higher order polynomial (¢(Ey) = Y a;F;) to the obtained data.

A typical absolute efficiency curve is shown in Figure 48.

Efficiency %
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FIG. 48. A typical absolute efficiency curve for HPGe detecior.

5.2.3. Concluding remarks

If required, the detection efficiency for the high energy gamma ray energies can be

determined by using 'well-known gamma ray resonance transitions, e.g.. the 992 keV
. . ; ’ 281 1oy

resonance of the reaction *’ Al(p,y) **Si [37].

Despite extremely accurate fmd careful measurements, the data points in the efficiency curve
may scatter somewhat. The'curve should be smoothed out for practical use (by the polynomial

fit). The data points alqo mclude the stated uncertainty of the reference source certified
activity. : ~
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To improve the accuracy of the absolute efficiency curve, several source-detector distances
(solid angles) should be utilised.

If high-activity sources are employed, proper corrections for detector dead time should be
conducted when determining the efficiency curve.

The measurement geometry should be arranged so that detection of scattered gamma quanta is
prevented.

5.2.4. Recommended equipment

e Detector (with integrated preamplifier);

e Detector bias supply (high voltage);

e Spectroscopy amplifier;

e Analogue to digital converter (ADC) and multichannel analyser (MC'A);

e A set of gamma ray reference point sources, e.g. >'Co, 'V7Cs, “°Co. *°Ra, ""’Eu, *"Bi
and *°*T1 cover the energy range from 0.1 MeV to 3.0 MeV. Also "*'Ba, HOAg sources

are commonly employed. The appropriate gamma ray energies and intensity ratios
may be found in [23, 38];

e A peak fitting program such as those provided by the MCA vendors (e.g. Gamma
Vision by Ortec or Genie-2000 Spectroscopy System by Canberra) is required.

5.2.5. Safety precautions

Even though the required source activities are low and sealed sources are used, the relevant
safety regulations must be followed. With knowledge of the source activity and the type of
radiation, together with a wise compromise between shielding, distance and exposure time,
the risks can be minimised when working with the radioactive sources normally encountered
in the laboratory environment.

5.3. ENERGY CALIBRATION OF A SILICON CHARGED-PARTICLE DETECTOR

Charged particle detectors must be calibrated for the detected particle energy in accordance
with ion beam methods which are based on particle detection. Such techniques are discussed
in the present series of experiments, namely, Rutherford backscattering spectrometry (RBS)
and nuclear reaction analysis (NRA) with particle-particle reactions. The detector should be
calibrated for the same type of particle as is involved in the actual application.

The most common particle detector used for ion beam analysis has traditionally been Si
surface-barrier detectors, where a thin gold layer is used as an electrode. The newer detector
type employs ion implantation to form accurately controlled junctions necessary for low
reverse leakage currents and thin entrance windows (Passivated Implanted Planar Silicon.
(PIPS)). The advantages of these over the surface-batrier detectors (SSB) are discussed in
more detail later in these instructions. For light ions (protons and alpha-particles) the detector
response is typically quite linear. The overall resolution is typically in the range of 815 keV
at £, = 5.486 MeV.
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5.3.1. Detector choice

When selecting the proper detector type for each experiment, the vendors detector catalogues
are of significant help. In the selection one should be careful to pick a detector with a
sufficiently thick depletion region to stop the highest expected energy particles, or the energy
of these particles will not be measurable. A nomogram shown in Figure 49 may be used to
determine the depletion-layer thickness in a Si surface-barrier detector when protons, alpha
particles or electrons are to be detected. Note that the depletion layer thickness, silicon
resistivity and the required bias voltage are interconnected. As long as the depletion layer is
thicker than the particle range, 100% detection efficiency is achieved.
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FIG. 9. Silicon surface-barrier detector nomogram showing the reluiionship benvween bias,
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material between the source and the detector and in the detector dead layer should be
. bl
corrected for. Alternatively, a ***Th source can be employed.
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FIG. 51. Decay scheme for *' dm.

The measurements must be carried out in a vacuum chamber. The chamber should be light
tight as the detectors are sensitive to light (when bias is applied). A vacuum created by a fore-
vacuum punip is sufficient.

5.3.2. Measurements

(1) Caretully place the alpha-source in the vacuum chamber and pump it until a constant
pressure reading is achieved.

(2) Increase the detector bias voltage steadily to the specitied value. The maximum
operating voltage must be kept below the breakdown voltage. The detector
specifications provide the maximum voltage rating. Additional protection can be
provided by monitoring the leakage current during the experiments.

(3) Measure the energy spectrum for the alpha particles and use the MCA calibration
program for channel to energy conversion. Plot the calibration line. A linear response
should be noted. Note that an off-set is usually observed at zero.

NOTE: The energy calibration of a particle detector for heavy ions is not as straightforward ag
it is for light ions (such as alpha-particles in this experiment). This is due (o the pulse height
defect caused by energy loss due to nuclear collisions which also decreases the detector
energy resolution. Energy is lost in the entrance window and the detector dead layer. For
dense ionisation, recombination can also occur before the electrons and holes are fully
separated. ;



Eq. (92) becomes:
B =KA~T (94)

The magnet constant K, when determined experimentally, establishes a single-point
relationship between the magnetic strength of the analyser magnet and the transmitted proton
energy.

For energy calibrations, a comprehensive list of suitable reactions can be found in [23. 39].
The most commonly used reactions are based on:
e neutron threshold measurements such as 'Li(p,n)'Be at 1880.4 keV;
e natrow y resonances such as '"F( p,oy)' O at 872.1 keV or 27 Al( p.y)*PSiat 991.9 keV;
s resonances in backscattering such as'°O(o,a”)'°0O at 3036 keV.

In this experiment, the v resonance in >’ Al(p.y)**Si at 991.9 keV is used for a single-point
accelerator energy calibration by measuring the yield of 1778 keV y ray by HPGe detector
This y ray energy of 1778 keV energy corresponds to the transition from the first excited to
the ground state of **Si, and is emitted at the resonant proton energy 01 991.9 keV.

5.4.2. Experimental instructions

The experimental geometry is shown in Figure 52 consisting of:
e A proton beam in the energy range from ~980-1010 keV;
e A scattering chamber with a sample holder for aluminium target;
e A HPGe detector placed at the 45°, 90° or 135° scattering angle and as close as
practical to the target;
e Reliable charge collection from a target.

Incident beam

HPGe y ray
detector

thick aluminium
target

N

— - —- N N . " . 7 I8¢t e
FIG. 520 Experimental selup for aceeleraior energy calibration using =~ Al(p, p)7"Si reaction

and detecting yravs using HPGe detector.

A thick aluminium target has been used to produce y rays. In practice il is difficult to use very
thin targets because the yield of y rays, which is proportional to the target thickness, is very
small. Therefore il is more common to use a thick target in which the protons are either

completely stopped or lose a large percentage of their energy.
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The HPGe detector has been placed close to the target and inside the scattering chamber using
a recessed access port in the target chamber. The y ray spectrum for the one of the
measurement points (analysing magnet magnetic field B = 0.27492 T) is shown in Figure 53.
The total collected proton charge for each spectrum was 20 pC. with current during the
measurement being ~20 nA.
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FIG. 53, yray spectrum for analysing magnet B=0.27492 T (above the 991.9 kel resonance).

The gamma ray yield. the area (number of counts) under the 1178 keV peak (including the
background in this case), is normalised to the total number of protons incident on the target
(integrated charge). The excitation function of the *'Al(p,y)**Si reaction is determined by
repeating the measurements at other accelerator energies near 991.9 keV resonance., and
plotting the experimental data as shown in Figure 54.

The half-value height of the plateau corresponds to the resonance peak energy 991.9 keV. A
fit of the experimental data with a Boltzmann function using the built-in function in the
program ORIGIN 6.0, is shown with red line in Figure 54. The fit yielded a value of
B=0.27378 & 0.00002 T for the half-height corresponding to the resonance energy
Ey=9919 £ 0.1 keV. From Eq. (94), the magnet constant A is calculated to be
K=0.27490 £ 0.00003 T/MeV'" (n.b. the theoretical fitting function to use is the Error
function, if available in the fitting software).

For a more accurate accelerator energy calibration, B versus V7 is measured at a number of
widely-spaced energies using well-known reactions, and then a linear least-squares fit to the

data is made (o obtain Eq. (95):

B = KT -+ constant (

o)
N
~—
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FIG. 54. Thick iarget y ray yield for the excitation of ¥ Al(p,1)**Si 991.9 keV resonance as a

”
Junction of the magnetic field of the analysing magnel.

The front slope of the excitation yield contains information about the energy distribution of
the proton beam. By convention, and assuming a Gaussian energy distribution, the energy
half-height of the plateau is the energy of the beam (mean of Gaussian), while the region of
energies from 10-90% represents the energy width of the beam (Gaussian FWHM).

0.27367 T) to 90% value

the 10% wvalue (B =
' the beam energy. This

From the fitted data in Figure 54,
(£=0.273927T) corresponds to 2 keV at ~1 MeV, or only 0.2 % o
beam width is primarily determined by the accelerator high-voltage instability and finite exit

slit opening in the analysing magnet.
5.4.3. Recommended equipment

e Aluminium target;

e  HPGe detector;

e Detector bias supply (high voltage);

e Spectroscopy amplifier;

Analogue to digital converter (ADC) and multichannel analyser (MCA);
Data fitting and fJIOtting software (e.g. ORIGIN);

e A peak fitting program.

5.4.4. Safety precautions
produce neutrons in which the

Certain reactions used. for:calibration, such as 'Li(p.n)'Be
yields may be high, depending:, on the beam current. Additionally, the proton beam can
produce high yields of X rays from collimators and beam-defining apertures it high currents
are used and large ﬁmounts of the proton beam are incident on these beam trajectory defining
components. A radiation survey should be made prior to undertaking measurements and if
necessary, use the "xppmpxmtv shielding and working distance (o minimise any potential

exposure risks. S
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ABBREVIATIONS

ADC Analogue to Digital Converter

ALD Atomic Layer Deposition

CICH Central Irradiation Channel

CIC Compensated lonization Chamber

CSC Control System Computer

CR Control Rod ‘

DAC Data Acquisition Computer

Dl Diffused junction

ERDA Elastic Recoil Detection Analysis

FC Fission Chamber

FE Fuel Elements

FWHM Full Width Half Maximum

HIBS Heavy Ton Backscattering

HPGe High Purity Germanium

IRMM Institute for Reference Materials and Measurements
[&C Instrumentation and Control

MTR Material Testing Reactor

MCA Multi-channel Analyser

NIST National Institute of Standards and Technology
NRA Nuclear Reaction Analysis

PIXIE Particle Induced X ray Emission

PIPS Passivated Implanted Planar Silicon

PIGE Proton Induced Gamma ray Emission

RR Research Reactor

RBS Rutherford Backscattering Spectroscopy
SPND self-Powered Neutron Detector

SDB Silicon direct bonding

SSB Silicon surface barrier

TRIGA Training, Research, Isotope, General Atomic
UIC Uncompensated lonization Chamber
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