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Abstract

The neutron depth profile analysis (NDP) technique can obtain the depth
distribution information of °B, °Li, Be, *Na and other light core elements
near the surface without loss. It is widely used in the influence of Li* on the
performance of lithium batteries. When using NDP technology to measure
lithium concentration in lithium batteries, the distribution of target nuclide
concentration with sample surface depth can be obtained by measuring ener-
gy spectrum inversion. In this paper, the principle of measuring lithium ion
concentration in lithium batteries with the NDP method is analyzed, and a
collimator is added to the measurement system. Through the research and
evaluation of four typical lithium ion concentration distributions, it is shown
that the collimator can effectively improve the reliability of the inversion al-
gorithm when applied to the inversion calculation of NDP measurement.
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1. Introduction

The lithium battery is a secondary battery, its positive and negative poles can
make Li* detached and embedded, and the process is reversible [1]. The neutron
depth profile analysis (NDP) can be used in situ characterization of lithium bat-
tery anode and nondestructive measurement of Li* concentration [2]. At
present, NDP technology is mainly applied to the research of lithium battery
electrolyte and anode materials in foreign countries, while the application of

NDP technology in lithium batteries is still insufficient in China. In order to im-
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prove the spatial resolution of detected lithium ion concentration in most NDP
measurements, the detection solid angle is reduced by increasing the position
distance between the detector and the sample. Meanwhile, the ions received by
the detector are very limited, which affects the detection efficiency. The collima-
tor can limit the particle beam and increase the duty ratio. The performance of
the collimator depends on the geometric transparency of the porous narrow
channel of the collimator, the size and uniformity of each small hole, the thick-
ness and strength of the hole wall, the length of the channel, the surface
smoothness and straightness, etc. [3]. The earlier collimator was bulky and large
with a large aperture and a wall thickness of 5 cm. In the 1980s, the development
of the handicraft industry made the thin collimator appear, and the hole wall
thickness reduced to half of the original. In the late 1980s, the collimator pro-
duced by micro-hole casting method had a uniform aperture and uniform shape,
which greatly improved the resolution. In the 1990s, a variety of shape collima-
tors appeared. Studies by many scholars show that the optimized collimator de-
sign can effectively improve the resolution and detection efficiency of the
front-end system [4] [5] [6]. The most direct way to maximize detection effi-
ciency is to align collimator holes with detector pixels [7] [8]. So far, many scho-
lars have done a lot of research on collimators, detectors and reconstruction al-
gorithms, but the research on collimators used in NDP measurement is little.
Therefore, this paper proposes to increase the collimator in the NDP measure-
ment system to improve detection efficiency.

In the NDP lithium ion concentration measurement system, in addition to the
application of collimator, it is also necessary to use a certain algorithm to inverse
the measured energy spectrum to obtain the depth distribution of lithium ion
concentration. At present, the common inversion algorithms of NDP are proba-
bilistic iterative method, SVD singular value decomposition for least squares
method, and linear regularization method. Cao and Zhao ef al used the im-
proved algorithm combining regularization theory and Chahine iterative algo-
rithm to reconstruct the particle size distribution in 2015, which improved the
stability and smoothness of the inversion results [9]. When using NDP technol-
ogy to measure lithium concentration in lithium batteries, the distribution of
target nuclide concentration with sample surface depth can be obtained by
measuring energy spectrum inversion. Therefore, this paper discusses the influ-
ence of the inversion algorithm on the lithium ion concentration in the NDP
measurement by the collimator through the simulation experiment. When using
NDP technology to measure lithium concentration in lithium batteries, the dis-
tribution of target nuclide concentration with sample surface depth can be ob-
tained by measuring energy spectrum inversion. Therefore, this paper discusses
the influence of the inversion algorithm on the lithium ion concentration in the

NDP measurement by the collimator through the simulation.

2. Theory

When the lithium battery is measured by NDP, the neutron capture reaction
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occurs after the Li element in the lithium battery sample captures the neutron.
The reaction equation is as follows:
*Li+n — *H" +* He* )

The energy of *H* generated by Equation (1) is 2727.9 keV, and the energy of
a particle is 2055.5 keV. *H" is emitted in all directions, and ions travel through
the lithium battery medium and lose energy. Some ions reach the surface of the
lithium battery. So *H* has spatial and concentration information of Li*. Some
ions travel to the surface of the lithium battery sample after losing a certain
amount of energy. According to these *H* residual energies, the initial position
of the nuclear reaction between Li element and neutron can be calculated in or-
der to obtain the concentration of Li* at the corresponding depth.

The energy loss law of heavy charged particles in matter can be expressed by
Bethe-Block formula.

Sun = (~dE/dX) :%- NB @)
B:Z[In(ZmOVZ/I)—In(l—ﬁz)—ﬁz} ©)

Sion is the loss rate of ionization energy; eis electron stationary charge; zis the
charge number of incident charged particles; 1 is the electron static mass; v is
the velocity of incident charged particles; n is the number of atoms per unit vo-
lume of lithium battery medium; 7 is the average Equivalent ionization potential
of lithium battery medium; B = v/ for the non-relativistic particle v> ¢ f can
be ignored, where c is the speed of light. According to the Formula (2) and
Formula (3), it can be seen that the ionization energy loss rate of *H* is smaller
than that of a particle, so the penetration distance of *H* is longer than that of a
particle, which is more conducive to the spatial and concentration analysis of Li*
in lithium batteries. Therefore, *H* was selected as the analytical ion in this pa-
per.

Inversion Algorithm is a Method of Reason Inversion from Result [10]. At
present, most NDP calculation methods adopt inversion method [11], however,
different algorithms are selected in the calculation and processing, and the dis-
tribution of the depth change of the sample surface obtained by different algo-
rithms will be different. Therefore, the selection of the inversion algorithm is a
key step in the NDP technology. Selecting the appropriate algorithm in the
measurement of lithium battery samples can make the Li* concentration ob-
tained by inversion calculation more reliable.

When NDP measures lithium batteries, the count of the 7; channel is y;, which
detected by the detector has an integral relationship with the longitudinal dis-

tribution ((x) of lithium ion concentration:
Y= [ C()R (X)dx, i =1, N ®)

The response function R{(x) depends on the model to predict the ion energy
distribution reaching the detector, and Equation (3) is the first kind of Freholm
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Equation. The method used to obtain the longitudinal distribution of source
strength is the inversion problem that will be encountered in many fields. There
are different core problems, which depend on the actual physical process. In
NDP, it is very difficult to calculate ({x) according to Formula (1) by using the
count y; obtained by the known multi-channel spectral analyzer MCA because
only finite () is known and countless S(x) values are required in the range of x
= 0 t0 X = Xmax. Therefore, the lithium battery samples are divided into jlayers,
and the matrix relationship between the counting and the longitudinal distribu-
tion of Li* concentration can be written as follows:

R1,1R1,2 R1,j C Yi

R2,1R2,2: Rz,j sz _ Y:z (4)

RuRR |G| LY,

1) ] 1
RC =Y (5)

In the above formulas, R; represents the probability that a *H* in the jy layer
generates a count on the 7; channel of the multi-channel detector; R is the ener-
gy spectrum response matrix of ix j; Cis the concentration distribution of Li*
ions; and Yis the measured energy spectrum data. The inversion task is to solve
the concentration distribution C of Li* ions according to the spectral response
matrix R and the measured spectral data Y.

In the commonly used inversion algorithm of NDP, SVD singular value de-
composition solves the least square method and linear regularization method for
inversion, which has the disadvantages of poor stability and strong oscillation
[11]. The inversion result of probability iterative method is not ideal when the
concentration changes, and it is easy to fall into the trap of local optimum. Sim-
ple Principle of Particle Swarm Optimization, easy implementation, fast conver-
gence and global optimization, so this paper chooses particle swarm optimiza-

tion algorithm as inversion algorithm.

3. Instrument

Nowadays, lithium-ion batteries have been applied to all aspects of human pro-
duction and life. In the 3C field, most mobile communication devices such as
mobile phones and tablets use lithium-ion batteries. In order to ensure that the
positive and negative electrodes are not short-circuited inside the battery, sepa-
rators are also included in the lithium ion battery system using liquid electrolyte.
During the charge and discharge process, the positive and negative electrodes
generate electronic gain and loss, and the positive and negative materials of li-
thium ion batteries are reversible to embed and remove Li* to balance the
charge. This kind of lithium ion battery can be charged and discharged repeat-
edly is like a rocking chair with positive and negative electrodes at both ends. Li*
is like a small person running back and forth on the rocking chair, which is vi-

vidly called rocking chair battery [12].
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Organic liquid electrolytes used in commercial lithium ion batteries are toxic,
flammable and leaky, bringing security challenges [13]. Thin-film lithium bat-
tery is a kind of all-solid-state battery with high safety and good compatibility. It
replaces the liquid electrolyte and separator with inorganic solid electrolyte,
which can inhibit the growth of lithium dendrite during charging and discharg-
ing to avoid damaging the cathode structure of the battery, and avoid the influ-
ence of liquid composition on the measurement of lithium ion concentration
[14]. In this paper, the lithium battery model reference X. Liu et al’s NDP mea-
surement lithium battery experiment used all-solid-state thin film lithium bat-
tery [15]. NDP measurement lithium battery experiment is shown in Figure 1.

When the battery was charged and discharged, most of the *H* produced by
Li* capture reaction with neutron still remained in the electrolyte, only a few Li*
migrated to the electrode, and the *H* concentration in the electrolyte was high-
er than that in the electrode. With the increase of charging and discharging time,
Li* continuously migrates to the electrode. At this time, the concentration of Li*
on the electrode increases continuously until the Li* in the electrode reaches sa-
turation. Therefore, it is necessary to ensure that the measurement time is long
enough to ensure that the inversion algorithm correctly inverts and calculates
the depth distribution of lithium ion concentration in lithium battery [16].

Weng Fenghua clearly pointed out that the image quality depends largely on
the performance of collimator in 2016. The collimator parameter size is closely
related to the nuclide energy, the collimator designed by ideal collimator method
can reduce flux error very well [13]. Wen Yugqin et al studied the influence of
collimators with different speed limiting apertures on the measurement results
in 2021. According to the different incident ray energy, the aperture size and
shielding thickness of collimator hole were selected, and the optimum size of
collimator was established [17], Avoid producing small angle scattered rays from
collimator, which provides a reference for the design of collimator in this paper.

In this paper, collimator material is selected in photosensitive resin [17]. Ac-
cording to the current processing technology level, the collimator with radius r =
2.0 mm has better performance, so r = 2.0 mm is designed. The shape of the col-
limating hole is honeycomb, and the spacing of the collimating holes is 1.0 mm.
If the collimating device is manufactured by metal processing or laser
processing, it is easy to cause the deformation and fracture of the material.
Therefore, the collimating device used in this experiment is processed by 3D
printing. The design and physical drawings of the collimator are shown in Fig-

ure 2.

4. Results and Discussions

In this experiment, the inversion of the depth distribution of Li* concentration
with different shapes can make the inversion of the depth distribution of lithium
concentration in lithium battery more accurate, so as to improve the reliability

of the experiment. In order to study the influence of the designed collimator on
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Figure 1. NDP measurement lithium battery experimental system diagram.

Figure 2. Design diagram and physical
diagram of collimator.

the results of the inversion algorithm, this experiment assumed four typical
depth distributions of Li* concentration: uniform distribution, linear distribu-
tion, power function distribution and sawtooth distribution.

The count data is obtained by Monte Carlo simulation software, and the in-
version results before and after alignment are compared by particle swarm algo-
rithm. The results are normalized. The comparison results are shown in Figure
3. The particle swarm algorithm can better inverse the linear and power function
Li* concentration depth distribution without collimator, but the inversion results
of uniform and serrated are not ideal. After the collimator is added, not only the
linear and power function Li* concentration depth distribution can be well in-
verted, but also the inversion results that are not well consistent with the uni-
form and sawtooth distribution are improved. The inversion depth distribution
is in good agreement with the reference depth distribution. It can be found that
the inversion accuracy of the particle swarm algorithm is greatly improved after

the collimator is used.
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Figure 3. The inversion results of particle swarm algorithm. (a) The results of Oh energy spectrum; (b) The results of 5 h energy
spectru; (c) The inversion results of particle swarm algorithm.

It can be seen from Figure 3(a) that the collimator is not ideal for 0 h inver-
sion results. Although the concentration coincidence at the left boundary is im-
proved, the overall calculation results are too large. The reason for this result is
that at 0 h, the lithium battery has just begun to charge and discharge, and the
concentration of Li* in the battery is low, which leads to the low concentration of
*H* produced by neutron capture reaction. The particle swarm algorithm can’t
invert the low concentration of Li* very well. In practical applications, sufficient
measurement time should be ensured in order to improve the accuracy of the
results. Therefore, the collimator can improve the reliability of the inversion al-
gorithm under sufficient measurement time.

It can also be seen from Figure 3(b) and Figure 3(c) that the inversion results
before collimation are not in good agreement with the reference depth distribu-
tion in the electrolyte region, and there are also some differences between the
inversion results and the reference depth distribution in the electrode region.
After the collimator is used, the concentration distribution trend in the electro-
lyte region is greatly corrected, and the distribution in the potential region is

more consistent with the reference depth distribution.
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5. Conclusion

In this paper, the principle of NDP measuring lithium ion concentration of li-
thium battery and the principle of NDP measuring lithium ion concentration
depth distribution inversion algorithm are proposed. The experimental platform
and simulation platform are designed to study the influence of collimator on the
inversion algorithm of NDP measurement. Comparing the simulated spectrum
of four different Li* concentration depth distributions with and without colli-
mator, the obtained spectrum is inverted. The results show that adding a colli-
mator to the NDP measurement system can improve the accuracy of the inver-

sion calculation of lithium particle concentration.
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