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Figure A2.1: Schematic representation for numerical calculations of the energy loss process in
IBA. The target is divided into n+1 sublayers of equal width 4x. If the ion traverses to the nth

sublayer, the energy before backscattering is En as calculated above and after backscattering is
KEn. The ion must now travel back through the same series of sublayers while losing energy

passing through each, before reaching the detector with energy Esn. Adapted from [1].
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2.1, i.e. the kinematic factor, and the ion will travel on an outgoing path towards the detector. As
illustrated in Figure A2.1, the scattered ions will again lose energy along the outgoing path they
take proportional to the stopping cross section at their current energy, and the path length Ax/cos6>.

The finial energies after leaving the target completely, here called Es, Es,.., Esn. For Esz:
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NAx ) (A2.3)

ESZ = KEl - g(KEl) (COSGZ

As seen in the above figure, the second ion scattered will have traveled through sublayer 1

and 2 both on an inward and outward path. Thus, Esz will be:

Ess = KE; — e(KE3) ( o ) —£ <KE2 — e(KE;) ( Nax )) ( NAx ) (A2.4)

cosf, cos6, cosB,

Which can be iterated to find Esn, the energy of ions scattered from the nth slab.

Knowing what the energy at each interface is, allows one to calculate the energy loss
through each individual slab. From Equation A2.2, on the inward trajectory, the energy loss for

the nth slap can be calculated:

NA
Ay = By = Epoy = €(Ent) (5 (A25)

where the stopping cross section used in Equation A2.5 was estimated using Andersen and Ziegler

values [2].

The integrated energy loss,AEZ*, for the inward trajectory is the sum of all such energy loss

for n slabs:

AESY = Y1 | AE; (A2.6)
A similar procedure is used to integrate the total energy losses in the outward trajectory

after backscattering, to get AE2** based on Equation A2.3.

The enew in the inward and outward trajectories are given as corrections of the Andersen

and Ziegler, &oiq, values:

AEy, (A2.7)
AEC mn

ginnew (Ein) = &old (Ein)



159

AE, (A2.8)

goutnew(Eout) = gold(Eout) AE 0w
c

where AE,, is the measured energy loss and Chapter 3 describes how it was measured using MEIS
spectra and AE_is the calculate energy loss. The processes is iterated until the measured and

calculated energy losses are equal within experimental uncertainty.
A2.2 Python Code

#program allows you to calculate stopping powvers if the files with target compasitions and the energy losses are provided
1importnumpyas np
2importos

3

4 def Kfactor (M1, M2, angle):

5 "function calculates kinematic factor”

6  retumnp.power(ML/(M1 + M2)), 2)*np.power((np.cos(np.radians(angle)) + np.sart(np.power(M2/M1), 2) -
np.power(np.sin(np.radians(angle)), 2))), 2)

7

8 def Stopping_Power_kkk(x, s, a0, al, a2, a3, b):

9 "functional form for KKKNS stoping powers'

10  slow=np.power(0.001*x, s)*np.log(np.exp(1) + b*0.001*Xx)#energy is in the units Me\V/amu

11 shigh=a0+al*np.power(0.001*x, 0.25) + a2*np.power(0.001*x, 0.5) +a3*np.power(0.001*x, (1+s))

12 retum slow/shigh

13

14 def Stopping_Power_az(x, al, a2, a3, a4, ab):

15 "functional form for Andersen and Ziegler stopping powers™

16 slow=al*np.power(x, a2)

17 shigh = (a3/X)*np.log(1-+ad/x+a5*X)

18  retum slow*shigh/(slow + shigh)

19

20 def StoppingLayer5(Energy, Correction, Layer):

21 "function calculates the stopping powver at given Energy for the Layer using Corrected Andersen and Ziegler values
(REFERENCE) or KKKNS stopping powers (Nucl. Instr. Methods Phys. Res. B 136-138 (1998)159-165)"

22 Sum=0

23 forindex in range(int(Layer[3])):

24 Element =int(Layer[2*index+4] - 1) #to skip fitting option, thickness and number of layers/elements

25  Concentration = Layer[2*i+5]

26 ifElement==13#if Si, then use KKKNS stopping powers

27 Sum += Correction[Element]*Concentration*Stopping_Power kkk(Energy, 0.37,4.16e-002, -1.47e-001,
1.80e-001, 2.79e-001, 15.7)

28  elseor other elements use Andersen and Ziegler
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29 Sum += Correction[Element]*Concentration*Stopping_Power_az(Energy,
Stop5CoeffElement][0],StopSCoeff[Element][ 1], Stop5CoefflElement][2],

Stop5Coeff{Element][3],StopSCoeff{Element][4])
30 reumSum

3

32 Stop5Coeff str = [linestrip().split() for line in open(“Andersen_Ziegler 5 H.dat")J# AZ coefficients al-a5 from the
file

33 Stop5Coeff = np.array([[float(another) for another in item] for item in StopSCoeff str])

34 PeriodicTable_str = [line.strip().split() for line in open(*'PeriodicTable.dat')# atomic weights of elements

35 PeriodicTable = np.array([float(item[2]) for item in PeriodicTable_str])

36 os.chdir(os.pardir)

37 os.chdir("Data’)

38 TargetFile =open(raw_input('Please, enter the name of the target file: )

39 Target = [J#to store target layers

40 ToFit = [J#to store elements for which one fits the stopping powers

41 for line in TargetFile:

42 item=linestrip().split()

43  ifitem[0] == 0'#ayer's stopping powver is fixed

44 Targetappend([float(another) for another in item])

45  elifitem[0] =="1":#ayer's stopping power needs to be fitted

46  Targetappend([float(another) for another in item])

47 LayerOfinterest = Target]-1]# to store the layer for which one fits the stopping powers48  ToFit = [int(item[2*i
+4]) for i inrange(int(item[3]))]

49  elifitem[0] =="-1'#sulbbstrate layer

50  Substrate =int(item[4]) - 1

51 EnergyLoss_str = [linestrip().split() for line in open(raw_input('Please, enter the name of energy loss file: )]
52 EnergylLoss_exp = np.array([[float(another) for another in item] for item in Energyloss_str]#Experimental energy
loss

53 CorrectionCoeff = np.ones((len(EnergyLoss_exp), len(Stops5Coeff)))#all the correction coefficients are initially set to 1
54 os.chdir(os.pardir)

55 os.chdir("Output')

56 OutputFile = open(raw_input("Please, enter the name of the output file: ), W)

57

58 Energy calc=[]

59for i inrange(len(EnergylLoss_exp))#for every energy loss value measured

60 Energy calc.append ([])

61 Energyloss calc=0#calculated energy loss, so that not to call it in while loop before defining the elements
Energy calc

62 flag=O#flag signals if the previous iteration was unsuccessful

63 K=Kfactor(PeriodicTable[0], PeriodicTable[Substrate], Energyl.oss exp[i][3])

64  while np.absolute(Energyloss calc - (K*Energyl.oss exp[i][0] - Energyloss_exp[i][4])) > 0.03: #exp - calc
65  ifflag==1#iteration was unsuccessfull - rewrite the calculated values with the next iteration

66 Energy calc.pop()

67 Energy calc.append([])

68  Energy calc]i].append(Energyloss expli][O])#first value is equal to the initial energy of the ion

69  forjinrange(len(Target))#energy lost on the way in for every layer in the target



70 SublayerThicknessin = (Target[j][ 1}/ Target[j][2])/
(hp.cos(np.radiians(Energyloss_exp(i][1]))*np.cos(np.radians(Energyl.oss_exp[il[2])))

71 for kin range(1, int(Target[j][2]+1))#for every sublayer in the target layer

72 Energy calc[i].append(Energy_calc]i][-1]0.001*StoppingLayers(Energy _calc|i][-1], CorrectionCoeffi],
Target(j])*SublayerThicknessin)

73 Energy calc]i].append(K*Energy_calc[i][-1])#energy lost in the backscattering event

74 forjinrange(len(Target)): #energy lost on the way back

75 SublayerThicknessOut = (Target]j][ L)/ Target[j][2])/(np.cos(np.radians(180Energyl.oss_exp[i][1] -
Energyloss_exp{i][3]))*np.cos(np.redians(Energyloss_exp[i] [2])))

76 for kinrange(l, int(Target[)][2]+1)):

77 Energy_calc[i].append(Energy_calc(i][-1]0.001*StoppingLayer5(Energy_calcfi][-1], CorrectionCoefffi],
Target(j])*SublayerThicknessOut)

78  EnergylLoss calc=K*Energy calc[i][0] - Energy_calc[i][-1[#calculated energy loss

79  foritem in ToFit#changing the correction coefficient for a given element

80 CorrectionCoefffi][item-1] = CorrectionCoefffi][item1]*(K*EnergyLoss_exp[i][0] -
EnergyLoss_exp[i][4])/EnergyLoss_calc

81 flag=1

82 elsestoring the E, K*E and the corresponding stoppping powers with correction

83  OutputFilewrite ("%00.2f %00.2fn" % (EnergylLoss_exp[i, 0], StoppingLayerS(EnergylLoss_expli, 0],
CorrectionCoeff]i], LayerOfInterest)))

84  OutputFilewwrite ("%00.2f %00.2\n" % (K*EnergylLoss_exp[i, 0], StoppingLayerS(K*EnergyLoss_expli, 0],
CorrectionCoeff]i], LayerOfInterest)))

85 OutputFile.close()
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