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Abstract

This work presents a Monte Carlo code to get response spectrum of ions for Neutron Depth Profiling (NDP) technique that simulates the behavior of ions transmitted through sample matrix and generates the energy spectrum for a specified detector. Based on the method of Monte Carlo simulation and probabilistic inversion for neutron depth profiling, the depth concentration distribution of element B in Si matrix material is calculated. According to NDP experimental equipment, energy spectra of standard sample SRM2137 are simulated using MCNP and Geant4 software, and the concentration-depth diagram of elements in SRM2137 is achieved adopting inverse iteration method through MATLAB software. It shows that the inverse iteration calculation in NDP is feasible.
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Introduction
In 1972, the Neutron Depth Profiling (NDP) was first proposed by Ziegler et al is a non-destructive technique for measuring the depth profiles of some light elements (e.g., 3He, 10B, 6Li, etc.) in the near-surface region of a sample [1]. The basis of NDP is the irradiation of a sample with thermal/cold neutron beam to induce reactions that ultimately emit a charged particle, either a proton or alpha, and recoil nucleus to measure the concentration of specific light elements versus their depth in material [2]. The measurement is based on the analysis of residual energy of charged particles from the nuclear reactions induced. 
As we know, NDP is useful for analyzing the light elements concentration versus depth distribution with high neutron cross-sections for particle-producing reactions [3]. Therefore it has been further developed and extensively applied in surface analysis, solid state research, lithium ion batteries, and other material sciences. Nowadays, there are several NDP facilities and most of them in the U.S.A and Europe. At present, with the improvement of the detector technology, NDP equipment was using particle time of flight spectrum method, which has increases the detector on the particle detection efficiency and sensitivity of the role, to a certain extent, improve the accuracy of the calculation results [4].

This article is mainly introduced through Monte Carlo code to obtained the concentration depth distribution of boron by inversion calculation base on China advanced Research Reactor (CARR) NDP at China institute of Atomic Energy (CIAE), the results show that inversion iterative computation method is feasible[5].
Basic principle
In the vacuum environment Li, Be, B and other light elements (each have an isotope) capture the thermal neutrons after a large cross-section (n, p) or (n, ɑ) reaction. When 10B absorbs a neutron, it undergoes the following nuclear reactions:
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7Li (840keV) + 4He (1472.4keV) + γ (478keV) (93.7%)

10B+n[image: image5.png]


7Li (1013keV) + 4He (1776.7keV) (6.3%)          (1)
The emission particles p or ɑ have specific kinetic energy which could be used for the identification and quantification of the corresponding element. The energy loss from the reaction occurrence position to the surface of the sample is a measure of the position (depth) [1]. The mathematical relationship between depth and residual energy can be expressed in the following form:
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     (2)
Among them: X is path length, E0 is the initial energy of particle; E(X) is the residual energy after leaving the sample; and S(E) is stopping power of the material [2,3]. The stopping and range of ions in matter (SRIM) code of Ziegler et al can determined the stopping power of the material [2].
Model description

NDP is utilized neutron beam bombardment of sample to produce charged particle, and according to the charged particle to reach the surface of sample, and then by measuring the energy spectrum to obtain sample near the resulting distribution. The process is shown in Figure 1 below.
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Fig.1 NDP theory layout
In the ideal environment, that is, regardless of the loss of neutrons passing through the surface of sample, we take stratified calculation of the number of ions generated at depth x of the sample dx by the number of ions detected:
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 is average micro-section of the thermal neutron reaction; [image: image20.png]


 is ion yield per reaction; ε[image: image23.png]


 is probability of a single ion detection, that is, the probability that a single incident ion produces a count on the multichannel spectrum, For most solid detectors, ε=1;  is distance of alpha particles in vacuum to reach detector; [image: image30.png]
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  is detector surface area;  is angle between detector normal and sample surface normal; [image: image32.png]C(x)



 is thermal neutron reaction to produce an ion specific atomic density of specific isotopes; In absence of special cases, single energy particle source strength is proportional to content of the element to be measured, the neutron flux rate and reaction cross section. The distribution of the intensity is the distribution of the element content to be measured when the measurement system and parameters are not changed [6-8].
Without considering the small angle scattering, the neutron beam intensity of the incident depth is satisfied：
[image: image33.png]Iy



 (4)
Where Σ is the macroscopic absorption cross section of the thermal neutrons of the sample, and the order of the mean free path of neutrons is mm. The projection range of 1.472MeV charged particles produced by boron capturing neutrons in pure silica samples is less than 10um. The neutron beam can react uniformly with boron elements in the range of the depth d of the section, so the concentration depth distribution of boron has a linear relationship with the charged particle strength. Therefore, the influence of the conventional neutron flux rate on the experiment is not large, and the distribution of the element to be measured can be deduced by calculating the outgoing energy of the charged particles.
Sampling simulation

This is based on the Chinese institute of Atomic Energy in the CARR reactor neutron depth profile equipment to simulate [9]. The experimental equipment as Fig. 2: 
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Fig. 2 NDP equipment at CARR
Between the detector and the sample are parallel, the relative distance of D=10~17cm, the detector model is BU-013-150-300 in the ULTRA type. The specific geometric model is shown in the following figure. 3:
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Fig.3 Simplified chart of emitted particle
The radius of the neutron cross section is mm, the distance between the detector and sample is D=11cm, assuming the incident angle is 5mm in the sampleand the incident angle is π/3, there are:
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If θ(θ<4π/9), you can think of ∠2=∠2′. The cross-section of each outgoing charged particle can be simplified to a different displacement of the surface profile in a direction perpendicular to the surface.
When using multichannel analyzer to measure the NDP particle energy spectrum, the observed counts vector C(N×1) of the spectrum (back-ground subtracted) is generally related to the concentration profile vector S(K×1) and the response matrix P(N×K), PS=C . it is assumed that the measured energy of the particles is distributed in F channels. While, the thickness of the sample layer is N nanometer, the samples can be divided into d/N=K layers uniformly in depth direction. The particles produced by the reaction of each layer are considered as a single energy charged particle source with a strength of Pj. The content of the element to be measured in the sample to be measured, the neutron fluence, and the nuclear reaction cross section are proportional to their intensities. When the detector and neutron reactor power and system parameters, the intensity is the content of the element to be measured distribution.
Assume the energy of the energy deposition spectrum is F= 1024 channels, then the energy deposition probability of each energy is P0(i,j), then normalized to P1(i,j)=Po(i,j)/K, (i = 1, 2, 3…,1024; j = d / N), i is the number of points; j is the layer coefficient. Through the multi-layer sampling, we can get the corresponding matrix NUO(1024×j), where the energy deposition probability P1(i,j). There are:
NUN1(1024×1)=NUO(1024×j)U1(j×1)  (8)
U1(j×1) is the concentration of elements in each sample layer; NUN1(1024×1) is the energy spectrum detected by the detector; NUO(1024×j) is the probability matrix. Inversion iteration is the solution matrix U1(j×1). Assuming that (8) is multiplied by NUO′(j×1024) on both side. There are: NUO′(j×1024) ·NUN1=NUO′(j×1024)·NUO·U1(j×1).
Make A(j×1)= NUO′(j×1024) ·NUN1, B(j×1)= NUO′(j×1024) ·NUO, so A(j×1)= B(j×j)·U1(j×1), that: 
[image: image45.png]a, =Y _ by Ul,



 (m=k=1, 2, 3, …, j)  (9)

Which [image: image47.png]


, [image: image48.png]


 is the element of matrix A, B, respectively. That is:
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Then the iterations U1(j×1) can be obtained from Eq (10). assuming [image: image50.png]suM1 =Y’ _ U1,
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 can be expressed as the relative density of the charged particles produced by the j profile element, that is the relative density of the elemental distribution.
Simulation analysis

In order to verify the feasibility of the inversion iterative calculation method, the data of simulated samples are analyzed and verified. The following results are obtained by programming the iterative formula with MATLAB software and using SRM2137 as the detection element. A unit of SRM 2137 consists of a single crystal silicon substrate with a surface rendered disordered by siliconion implantation, the depth distribution of 10B in the material is shown Fig. 4:
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Fig. 4 Concentration diagram of standard sample SRM2137
The Standard Reference Material (SRM)-2137 is intended for use in calibrating the secondary ion response to minor and trace levels of boron in a silicon matrix by the analytical technique of secondary ion mass spectrometry (SIMS). The SRM 2137 is divided into 64 layers (5 nm) and 105 ions are simulated for each layer. Calculate the 1.472MeV charged particles produced by the analytical reaction .The specific graphic is shown below:
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Fig.5 Simulated energy spectra of standard sample
The energy spectrum obtained by Monte Carlo simulation showns that MCNP and Geant4 are similar and the results is good. The energy spectrum have been calculated by using achieve inversion iterative method, the normalized concentration depth distribution as shown in Fig.6:
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Fig.6 Depth diagram of standard sample using inversion method
The iterative calculation of the standard sample SRM2137 is carried out by MATLAB and Monte Carlo software to realize the analysis of the depth concentration distribution of boron in silica. The inversion results show that the depth concentration distribution agrees well with the actual distribution, and verifies the reliability and feasibility of the inversion iterative method
calculation.
Results and discussion

A neutron depth profiling system has been developed for various applications of the NDP technique in CARR reactor. All equipment for the System was designed and built. In this paper, the NDP equipment in CARR reactor is used as our simulation model, and the depth distribution of boron in standard reference material 2137 is realized by Monte Carlo code and inversion iterative calculation. The results show that the final result maximum error is not more than 4% at each layer of 5nm thickness. The result are basically consistent with SRM2137, thus verifying the feasibility of inversion iterative calculation method in NDP. We suspect that the main factor may be due to low detection efficiency, the iterative formula is not perfect, MCNP low energy charged particle insensitivity.
However, there are still some issues needed to be improved. Then intend to test the feasibility of our analytical method with a truly measured energy spectrum.
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