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Abstract

This paper shows how neutron radiography can
be used forin situ quantification of the lithium
concentration across battery electrodes, a criti-
cal physical system state. The change in lithium
concentration between the charged and discharged
states of the battery causes a change in number of
detected neutrons after passing through the battery.
Electrode swelling is also observed during battery
charging.

The measurements are taken at steady-state con-
ditions (after a long relaxation time or small load).
To interpret the measurements, the expected neu-
tron attenuation through the different layers of a
battery pouch cell is modeled using the known ma-
terial densities and dimensions. The optics of the
neutron beam (geometric unsharpness) and detec-
tor resolution need to be considered in order to
quantify the lithium concentration from the images
due to the thinness of the electrode layers. The ex-
perimental methodology provides a basis for com-
prehensivein situ metrology of lithium concentra-
tion. The measurements can be used to validate an
electrochemical model for the purpose of battery
management.
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Introduction

Battery management requires accurate prediction
of the bulk and the spatiotemporal lithium (Li)
concentrations. The bulk concentration is a good
metric for the total available energy stored in the
battery. The spatial distribution is important for
predicting the available power. In order to cap-
ture the spatial distributions, the electrode mate-
rial has been modeled as a distribution of spher-
ical particles along the electrode,1,2 as shown in
Figure 1. The ratio of Li surface concentration
over the maximum concentration represents the
amount of readily available power because the sur-
face lithium is easily removed,3,4 whereas the ions
near the center of the particle are limited by the
rate of diffusion to reach the surface and corre-
spond the bulk energy storage.

Although there are many distributed parameter
micro-macro scale physics based models of the
electrochemical reactions and mass transport phe-
nomena occurring inside the battery, they could all
benefit from measurement of the lithium concen-
trations for model validation. Prior efforts to uti-
lize neutron imaging resulted in only qualitative
results.5,6 Note also that the only other Li mea-
surement7 requires visual access and can provide
only surface concentration information for the an-
ode (carbon) electrode.

This manuscript includes observations of the raw
data and a model of the imaging process. Ac-
counting for the effects of the imaging system is
necessary to interpret the results and quantify the
changes lithium concentration. We discuss the
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Figure 1: The pouch cell construction used for
neutron imaging is shown with an expanded view
of the electrode structure. The lithium concentra-
tion distribution varies across the electrode in the
solid and the electrolyte during battery discharg-
ing as a function of C-rate, using the battery model
provided in Comsol.

physics of the image formation process using pin-
hole optics, the Lambert-Beer law, material den-
sities, and the neutron cross sections. A Lithium
Iron Phosphate (LFP) pouch cell battery with typ-
ical commercial electrode materials was imaged
using the thermal neutron imaging beamline at
the National Institute for Standards and Technol-
ogy (NIST) Center for Neutron Research.8 Ex-
periments were conducted with a high resolution
Micro-Channel Plate (MCP) detector.

The experiments were carefully designed to
achieve high measurement confidence in this ini-
tial effort. In this paper we show thein situ
Bulk lithium concentration measurements along
the electrode thickness and length, at various states
of charge and discharge, by imaging steady-state
conditions, i.e., when the battery is at rest.

After a brief explanation of the experimental
setup and the apparatus, the raw and processed
images are presented.The battery structure (physi-

cal dimensions) and a model of the image forma-
tion system is used to interpret the data, since the
resolution of the imaging system is only slightly
smaller than the physical dimensions of the bat-
tery layers. Consecutive images at various states
of charge and discharge show the Li movement
between anode and cathode (by the local change
in lithium concentration between frames). A 3%
volume expansion is observed in the data due to
material swelling during charging.

Principles of Lithium Metrology
via Neutron Imaging

Neutron imaging is a valuable tool forin situ mea-
surements. The principle of neutron imaging is
similar to x-ray radiography, where a detector is
placed behind an illuminated object to measure the
change in transmission through that object. Neu-
tron interactions with the battery reduce the num-
ber of transmitted neutrons. The neutron cross-
sections, of various materials used in the construc-
tion of Li-ion batteries, indicate the probability
of neutron interaction and are shown in Figure 2.
The neutron cross-section represents the attenua-
tion that is due to both scattering and absorption.
The relative strength of each processes depends on
the specific isotope, and has been tabulated.9

Lithium’s large cross section enables the study
of changes in lithium atom concentration by mea-
suring the change in neutron transmission. Hydro-
gen, like Li, also has a large neutron cross sec-
tion. The successful utilization of neutron imag-
ing for Fuel Cell (FC) liquid water metrology has
been demonstrated at imaging facilities by NIST8

and Paul Scherrer Institute.10 The FC liquid wa-
ter measurements have advanced our understand-
ing of the water dynamics and have been used to
validate mathematical models of the complex spa-
tiotemporal FC behavior.11,12 These results moti-
vated our development of neutron imaging tech-
niques for validating Lithium ion battery models.

The setup used for battery imaging is shown in
Figure 3. A neutron sensitive detector is placed
behind the battery to measure the change in trans-
mission and a beam of neutrons is directed at the
sample. The transmitted neutron beam intensity is
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Figure 2: Averaged total (scattering and absorb-
ing) neutron cross-sections based on naturally oc-
curring concentration of isotopes.9

described by the Lambert-Beer Law

I = I0exp(−Nσδ ) (1)

where I0 is the incident beam intensity passing
through a material of widthδ (cm) with atom den-
sity N (cm−3) and neutron cross sectionσ (cm2).
As Eq. (1) indicates, the neutron beam attenua-
tion depends not only on the cross sectionσ , but
also the number density of atomsN. In addi-
tion to having a large cross section, the concentra-
tion of lithium in the intercalation material is high
and changes significantly between the charged and
discharged states. The bottom panel in Figure 1
shows an example of the solid bulk and electrolyte
lithium concentrations across the electrode at two
different C-rates. As can be seen, the largest
change in molar concentration of lithium occurs
within the intercalation materials. Measurement
of the change in lithium ion concentration in the
electrolyte is not feasible because the number den-
sity of lithium atoms in the solution is too low,
and hence, the changes are imperceptible. How-
ever, due to the high neutron cross section of the
hydrocarbon based solvents, neutron radiography
has been used to see the absorption of the elec-
trolyte into the battery electrode structure during
initial cycling.6

The optical axis bisects the anode and cathode
electrodes, so that the change in local lithium atom
density (integrated along the beam path) produces
a local change in the number of neutrons transmit-
ted through the battery forming a two-dimensional
projection onto thex-y plane. The two dimensional
(2-D) position sensitive count of the number of
neutrons that hit the detector is then recorded. The
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Figure 3: (Left) Neutron imaging setup. The neu-
tron beam is attenuated as it passes through the
pouch cell to reach the detector, producing a 2-
D projection of the battery onto the x-y plane.
(Right) Neutron image of pouch cell. The battery
width along the optical axis isδ = 2 cm.

planar pouch-cell construction has a unique ad-
vantage over cylindrical designs for neutron imag-
ing. When the optical axis is parallel to the plane
of the separator the difference between anode and
cathode layers are easily identified in the neutron
image. Also in this orientation the Li-ion migra-
tion between the anode and cathode electrodes can
be observed during charging or discharging. The
electrode widthδ , along the beam path, can also
be tailored to optimize the beam transmission. In-
creasingδ can increase the effect of lithium con-
centration changes on neutron transmission, how-
ever, if it is too large not enough neutrons will
reach the detector increasing the measurement un-
certainty.

Measurement uncertainty arises primarily from
the random nature of the neutron emission and in-
teractions with the battery and detector. The num-
ber of neutrons counted in a given period of time
can be described by a Poisson distribution. In or-
der to minimize the measurement uncertainty, we
should increase the number of counted neutrons,
which can be achieved by careful choice of materi-
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als, increasing the exposure time, and/or by spatial
averaging.

Experimental Setup, Apparatus,
and Procedures

This section describes the testing protocol and the
steady state conditions under which neutron im-
ages were acquired. Low current rates were ap-
plied to the battery in order to ensure a flat distribu-
tion of lithium concentration across the solid elec-
trode,13,14 which could be measured with higher
confidence by increasing the exposure time.

Neutron Source

The neutron imaging setup is similar to a pin-
hole camera. The geometry of the imaging setup,
shown in Figure 3, impacts the sharpness of the
resulting image, which ultimately limits the accu-
racy of the Li metrology. The separation between
the aperture and the detector,L = 6 m, is fixed at
the NIST facility. Therefore, the neutron beam di-
vergence at the sample location and the neutron
beam intensity both depend on the aperture size
D. The ratio of these quantities,L/D, and the neu-
tron flux define the capability of the imaging facil-
ity.8,15 An L/D = 3000 is used for the experimen-
tal setup. The neutron flux measured at the detec-
tor for this aperture setting isΦ0 ≈ 2×106 (cm−2

s−1).8

The distancez between the detector and the bat-
tery is also a critical parameter of the imaging sys-
tem. The geometric unsharpness can be modeled
by convolving a sharp image with a pillbox func-
tion of width Ug = zD/L. For the experimental
setupz = 5.4 cm, so the theoretical geometric un-
sharpness has a full width half maximum (FWHM)
of Ug = 18 µm. The FWHM describes the spa-
tial separation at which two Gaussian distributed
signals become indistinguishable. Care must be
taken to ensure that the FWHM of the geometric
unsharpness is much smaller than that of the de-
tector, otherwise the overall system resolution will
be less than that of the detector. Increasing the
L/D ratio, by decreasing the aperture diameter, de-
creases the geometric unsharpness, but the trade-
off is lower neutron flux at the detector. In this

case, a longer exposure time is needed to achieve
the same level of measurement confidence because
of the lower neutron count rate as discussed in the
measurement uncertainty section .

Detector

Prior attempts to investigate lithium ion batteries
using neutron imaging5 were limited by the res-
olution of the imaging system. The thickness of
commercial electrode materials require very high
resolution detectors such as the recently developed
cross-strip anode Micro-Channel Plate (MCP) de-
tector. The MCP detector, used in this work, is ca-
pable of resolving features on the order of 13.5µm
(based on 10 % Modulation Transfer Function16).
This high resolution detector enables the mea-
surement of lithium concentration across the solid
phase of commercial battery electrodes, as the typ-
ical electrode thickness is between 40-100µm.1,4

Neutron capture, in a thin layer of the detector,
causes the release of electrons into the MCP pores.
The electric signal is then amplified, and spatially
resolved using an array of wires.17 Neutron cap-
ture events in the detector can be localized to an
area 5µm by 5µm, which is the pixel size of the
image acquired by the electronics. Hence, the best
achievable detector resolution based on the sensor
array is slightly larger than twice the pixel size.
In practice the dimensions of the MCP pores limit
the overall detector resolution.18 The detector res-
olution can be described by the amount of blur-
ring in the image due to the detector. The associ-
ated point spread function (PSF) corresponding to
this detector resolution can be modeled by a Gaus-
sian kernel withσD = 9.2 µm, based on measured
data.8 The corresponding FWHM of the detector
is FWHMD = 2.35σD = 21.6 µm.

Pouch Cell

As was discussed before, the pouch cell used
for this experiment consists of alternating double-
sided current collectors; LiFePO4 on aluminum
for the positive electrode and carbon on copper
for the negative electrode, as shown in Figure 5
and in the lower schematic of Figure 6. The elec-
trodes are separated by a porous membrane sepa-
rator material. The negative electrode thickness is
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≈ 37 µm (each side) graphite with 10µm cop-
per foil backing. The positive electrode is 53µm
(each side) with 20µm aluminum foil backing.
The separators are 25µm thick. The multi-layer
sheets of electrode material are then folded to pro-
duce a 10 layer pouch cell. The battery fixture
was aligned using a stepper motor so that the op-
tical axis was parallel to the electrode sheets. The
width of the pouch cell, along the optical axis, is
δ = 2 cm. The capacity of the pouch cell is ap-
proximately 120 mAh.

Experimental Procedure

The experiments performed involve low C-rates
and long rest times to allow longer exposure time
in order to reduce the uncertainty in the measured
lithium concentration. Images are acquired con-
tinuously during the experiment with a two minute
exposure time for each. Figure 4b shows the cur-
rent profile applied to the battery (dashed line), and
the stored charge in mAh (solid line). The result-
ing voltage profile is shown Figure 4a. The ini-
tial state of the battery was discharged, and let to
rest overnight at 3.1 V. The battery is charged at
C/5 rate (where C is the battery capacity) for 2.5
hours to 50% state of charge (SOC) and then left
to rest for 2 hours, corresponding to the intervals
t2 and t3. The battery was then charged to 100
% SOC using a constant-current, constant-voltage
(3.6V) charging algorithm (t4). The battery is then
left to rest for 1 hour (tre f ). This relaxed state at
fully charged conditions, where most of the mo-
bile lithium ions are expected to be intercalated
into the carbon or negative electrode, corresponds
to the reference state against which other images
are compared.

The battery was then discharged to 50 % SOC
at C/5 rate and left to rest for 1 h, at timet5 indi-
cated in Figure 4. The discharge continued to 3V,
or 0 % SOC, and a final interval is defined for the
rest conditions (t6).

Observations

Images with 60 minute effective exposure time,
acquired during the rest periods, are calculated
from the average of the two minute exposures
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Figure 4: Charge and discharge profile applied to
the battery during imaging.

taken during each interval and shown in Figure 5.
These images are compressed versions of the raw
image shown in Figure 3 that are formed by av-
eraging every 25 pixels in the y-direction. The
spatial averaging is used to reduce noise increas-
ing the signal to noise ratio and making the bat-
tery features visible in the image. The bright spots
in the image correspond to the aluminum current
collector, as shown in the exploded diagram of the
electrode layers.

Specifically, Figure 5 shows three steady state
images of the relative neutron transmission
through the pouch cell attre f (100 % SOC),t5
(50 % SOC) , andt6 (0 % SOC). The reference
state is taken to be fully charged, so that lithium
accumulation (a decrease in neutron transmission)
occurs in the cathode layer when the battery is
discharged relative to the reference. The negative
electrode (carbon) is losing lithium, therefore, the
transmission increases fromt4 to t6 in these re-
gions. The bright region near the center of the
carbon electrode develops during discharging of
the battery as this region is delithiated.

The curvature of the electrode along the y-axis is
clearly visible in these images. The curvature that
is visible in the image can be corrected by post-
processing, however, this surface roughness is also
present along the beam direction. The curvature
and roughness of the surface along the beam path
contributes to the lower spatial resolution observed
in the line profiles, as discussed in the following
section, that cannot be corrected by post process-
ing the images. Therefore in future experiments
more care will be taken to ensure the flatness of
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Figure 5: Images from the charge and discharge
profile corresponding to timetre f , t5, andt6. Neu-
tron intensity values in the images are relative
(I/I0) to the open beam intensity.

the battery layers.

Line Profile Data

The image is formed by neutron counting, where
the neutron arrival is a Poisson random process.
The variance in the number of counted neutrons is
directly related to the confidence in measurement
of lithium concentration, as shown in the measure-
ment uncertainty section. A reduction of the mea-
surement uncertainty can be achieved by increas-
ing the exposure time of the image and counting
more neutrons, but then the decreased temporal
resolution may be unsuitable for imaging transient
behavior such as battery charging.

Another approach to reducing the measurement
variance is to average many pixels together over
a region with uniform characteristics, in this case
the lithium concentration along the electrode. By
treating each pixel as an independent measure-
ment and taking a spatial average we can achieve
the same effect as increasing the exposure time
by trading off in-plane resolution. A planar, one-

dimensional (1-D), battery structure allows for the
calculation of line-profiles, where pixels along
the y-axis of the image are averaged to create
a 1-D sectional view (across the x-direction) of
the battery with much higher measurement confi-
dence. Since the intent is to measure the change
in lithium concentration across the electrode (in
the x-direction or through plane), and the con-
centration along the electrode (along they-axis or
in-plane) should be uniform, averaging along the
in-plane direction is an acceptable compromise.
Therefore line-profiles, where approximately 1000
pixels along they-direction are averaged together,
are used for further data analysis and discussion.
The line profile shown in Figure 6, is calculated
based on 1000 pixel average from the image shown
in Figure 5, as indicated by the rectangular box.
The peaks in the line profiles are caused by the
aluminum foil current collector which has an or-
der of magnitude lower neutron attenuation than
other materials in the pouch cell. The total thick-
ness of each unit battery is 260µm, which agrees
well with the average peak spacing of 52.5 pixels
or 262.5µm. The highest attenuation is expected
to come from the separator region, since the mem-
brane consists of plastic material that strongly at-
tenuates neutrons. It is not easy to identify in ei-
ther the images or line-profile, however, due to the
thinness of the membrane (≈ 25µm) and its prox-
imity to the active material.

Expansion of electrode materials
(swelling during charge)

The pouch cell is secured to an aluminum fixture
on the right side of the image near pixel 600, and
therefore material expansion will produce a shift
with increasing displacement (from right to left or
decreasing pixel number) as the layers each ex-
pand. The peaks in the line profile, which corre-
spond to the aluminum current collector for the
positive electrode, provide the most well defined
feature for determining the amount of translational
motion occurring during charging. Due to the
noise present in the image and in the line profile,
estimation of the peak height and location is nec-
essary, rather than simply finding the maximum
value. An estimate of the peak location can be
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Figure 6: The two left most peaks from the line
profile of neutron transmission through the battery,
from the green squares in Figure 5, are shown with
a schematic of the pouch cell showing only two
folds. The total thickness of each unit battery is
260µm, which agrees well with the average peak
spacing of 52.5 pixels or 262.5µm. Expansion
of the active material during charging is visible
in the peak shift. This figure shows the left-most
peak which is furthest from the mounting plate and
therefore subject to the greatest translational mo-
tion.

found by fitting a Gaussian kernel,

f (x) = aexp

(

(x− x̄)2

2σ2

)

+b (2)

locally to the data using least-squares algorithm
with four parameters (σ , x̄, a, b) to determine the
peak location, ¯x, with sub-pixel resolution.

The measured peak displacements are shown in
Figure 7 and indeed follow the linearly increasing
shift pattern with the distance away from the fixed
mount. The average displacement corresponds to a
3% change if attributed solely to the anode active
material, which is within the range of 0-7% pre-
dicted by Fuller, et al.19 Shrinkage of the active
material is observed upon discharging consistent
with the assumption of expansion due to Li inter-
calation.
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Figure 7: Peak displacements for each of the 10
layers, from the fully charged reference state to
the discharged state. Positive displacement indi-
cates a shift in the peak location to the right during
discharge. Each pixel corresponds to 5µm.

Quantification of Changes in Li
Concentration

The total attenuation can be calculated from the
composite neutron interaction probability of each
independent material scaled with the molar con-
centration of that material. Since the battery is
composed of many materials, we can write the to-
tal linear attenuation as the sum of two compo-
nents, one which is changing over time, the lithium
concentration,cLi(t) mol cm−3, and one which re-
mains stationary;

I(t) = I0exp(−σLicLi(t)NAδ − Σ
i, i6=Li

σiciNAδ )

(3)
whereci is the molar concentration (mol cm−3),
NA is Avogadro’s Number,σi is the total neutron
scattering cross section (cm2) for elementi, andδ
is the thickness of the battery in the beam direc-
tion.

The change in lithium concentration at timet as
compared to a reference time,tre f , can be related
to the change in neutron attenuation. The nega-
tive logarithm of the ratio of two measurements of
the beam intensity, referred to as the optical den-
sity (OD), is proportional to the change in lithium
concentration,

ODtre f (t) =− ln
(

I(t)/I(tre f )
)

= σLiNAδ (cLi(t)− cLi(tre f )) ∝ ∆cLi.

(4)
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Imaging at low C-rates and with long relation
times ensure that the lithium concentration in the
electrode is at a constant value across the bat-
tery. Future work will address observations while
at higher C-rates. In conclusion, for the specific
experiments reported, a change in beam intensity
can be directly related to a change in lithium con-
centration in the solid electrode by assuming that
nothing else in the battery is changing (or moving).

Corrected Line Profiles and Optical
Density

Expansion of anode solid electrode material dur-
ing lithium intercalation,19 requires special atten-
tion to correctly interpret the neutron radiographs.
The change in lithium concentration is propor-
tional to the negative logarithm of the ratio of two
images Eq. (4),8 assuming nothing else within the
image is moving. Movement of the active mate-
rial, as suggested by the peak misalignment shown
in Figure 6 may lead to an erroneous estimate of
the change in lithium concentration. Therefore,
there is a need to estimate and account for the ex-
pansion/contraction of the pouch cell for calcula-
tion of the optical density during charging and dis-
charging.

The reference line profile is stretched, using
an affine transformation (linear interpolation) to
match the peak locations. This linear scaling of
the reference transmission line profile is necessary
for calculating the change in optical density us-
ing Eq. (4), and shown in Figure 8b, so that the
same regions of the active material are compared
and valid results can be obtained. Despite the non-
uniformity in the detected transmission line pro-
file shown in Figure 8a, the change optical density
from Eq. (4) shows fairly uniform characteristics
between pouch layers. A zoomed plot showing the
change in optical density for the first two layers is
shown in Figure 9. The optical density is propor-
tional to lithium concentration; thus the only ex-
pected change in optical density should occur in
the regions corresponding to the anode and cath-
ode active material. The reference state is taken
to be fully charged, so that lithium accumulation
(positive values of optical density) occurs in the
cathode layer when the battery is discharged rel-
ative to the reference. The negative electrode is

losing lithium, therefore, the optical density de-
creases. The decrease in optical density in the an-
ode and analogous increase in the cathode during
discharge is shown at the 50 % and the 0 % SOC
in Figure 9.
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Figure 8: Line profile of the optical density, which
is proportional to lithium concentration, at various
states of charge. There is clearly variability of the
neutron transmission through each fold. The op-
tical density in the second subplot relates directly
to the change in lithium concentration in the solid.
Hence the mobility of Li in each fold seems to be
uniform across all folds despite the observed dif-
ference in the transmission. The reference state is
taken to be fully charged, so that lithium accumu-
lation (positive values) occurs in the cathode layer
when the battery is discharged relative to the ref-
erence.

Uncertainty Analysis

The neutron images are discrete measurements of
the number of neutrons captured by the detec-
tor over an areaA = ∆y∆x and time∆T = 120 s,
denoted byI[i, j,k]. Where i and j represent
the spatial coordinates of the pixel, andk rep-
resents the time that the image frame was cap-
tured. The measurement uncertainty in Li con-
centration is primarily due to the neutron count-
ing statistics. Therefore, the ability to detect small
changes in lithium concentration using neutron
imaging is limited by the variance in the number
of counted neutrons. The number of detected neu-
trons, over an areaA and timeT , can be described
by a Poisson distributed random variable. For a
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Figure 9: Detail from Figure 8 showing the opti-
cal density, calculated from a 4185 pixels averaged
line profile of an image with a 60 minute exposure,
corresponding to the first two battery folds.

Poisson random variable, the parameterλ repre-
sents both the mean and variance of the number of
counted neutrons. The expected number of neu-
trons counted by the detector for a single pixel is
related to the average neutron flux at the detector
surface I(x,y,t) given by Eq. (3):

E[I[i, j,k]] = η
∫

∆y

∫

∆x

∫

∆T

I(x,y, t)dxdydt = λ

(5)
where η = 0.2 is the detector efficiency. This
equation illustrates the trade-off between pixels
size (lower limit on resolution) and the number
of detected neutrons. A longer exposure time
is therefore needed to increase the number of
counted neutrons with higher resolution detectors.

The change in lithium concentration can be cal-
culated from a reference image using Eq. (4).
SinceσLi, is not yet calibrated for the NIST beam,
as previously done for liquid water,8 only the stan-
dard deviation in optical density can be compared
with the numerical results. The optical density,
however, is proportional to the change in lithium
concentration so the percent measurement accu-
racy for optical density is the same as for the con-
centration measurement. The theoretical standard
deviation in optical density for the image data is

given by the following equation;

STD(ODtref[k]) =

√

1
λ
+

1
λ ref . (6)

This equation indicates that the measurement un-
certainty can be reduced by counting more neu-
trons.

When using the high resolution detector the area
corresponding to a single pixel is very small since
∆y = ∆x = 5×10−4 cm are the pixel dimensions.
Although the incident flux is very high, on average
only 10.84 neutrons per pixel per image (120 s)
are detected with an open beam (no sample placed
in front of the detector). The number of counted
neutrons is further reduced by attenuation through
the battery where placed in front of the detector.
For the experimental setup described in this work,
the average transmission through the battery was

λ̂ =
1

Nx Ny

Nx

∑
i=1

Ny

∑
j=1

I[i, j,1] = 0.64 (7)

detected neutrons per pixel in a frame (120 s). This
value is used as an estimate of the mean (and vari-
ance) of the Poisson distribution. Due to the low
neutron counting rate there is a high probability
that for any given pixel in the image, no neutrons
will be detected over the two minute exposure. In
this case calculation of the optical density using
Eq. (4), on a per-pixel basis, will result in some
pixels with undefined values.

In order to overcome the statistical uncertainty
(and the systematic bias of a Poisson distribution
with low mean) a sufficient number of neutrons
need to be counted, i.e.λ should be large. There-
fore, line profiles are calculated from the image
data, where pixels from regions of the battery with
the same lithium concentration are averaged both
in time and space (across multiple images). The
pixels corresponding to the same lithium concen-
tration (and same background attenuation) can be
taken as independent measurements and used to
reduce the uncertainty. The line profile corre-
sponding to summingNpix pixels along they-axis
and a 60 minute effective exposure time (Nframes=
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30) is given by,

LP,60[i,k] =
Npix

∑
j=1

Nframes

∑
m=1

I[i, j,k+m]. (8)

The sum of independent Poisson random vari-
ables is also Poisson distributed. Therefore, the
line profile data is also described by a Poisson dis-
tribution, with parameterλN equal to the sum of
that for each pixel. Therefore, the mean and vari-
ance of the line profile data are both equal toλN ,
and given by the following expression,

λN = Npix Nframesλ . (9)

The theoretical standard deviation in optical
density for the line profile data is given by the fol-
lowing equation

STD(ODtref
LP[k]) =

√

1
NframesNpix

√

1
λ
+

1
λ re f

≈

√

1
NframesNpix

1.76 .

(10)

An estimate of the measurement uncertainty can
be found using the measured variance in num-
ber of counted neutrons neutronλ̂ , where λ ≈

λ re f ≈ λ̂ = 0.64 neutrons per pixel. Therefore,
for a 60 minute exposure (30 frames) we need
1050 pixels to get STD(OD)=0.01, or about 5 %
of the optical density corresponding to the change
in lithium concentration between charged and dis-
charged states of the battery. This value for stan-
dard deviation in optical density agrees quite well
with the variability observed in the 1000 px line
profile data, and the 4000 px data shown in Fig-
ure 9.

Modeling the Image Formation
and Capture Process

Figure 10 shows a schematic of a lithium-ion
pouch cell and corresponding simulation of the
resulting ideal transmission line profile according
to the Lambert-Beer law Eq. (1). The ideal line
profile, shown in subplot (a), corresponding to

the fully charged state is drawn with a solid line.
The discharged state is shown with a dashed line.
Using modeling results from Comsol, which are
based on the work by Fuller, Doyle, and New-
man,1,19,20a uniform Li concentration across the
electrode is expected due to the low C-rate. Some
typical material parameters are taken from the lit-
erature and applied in the model of the image for-
mation process. Details about the model and the
parameters will be documented in a future publi-
cation.

The image formation process introduces several
artifacts changing the ideal line profile from that
shown in Figure 10(a) into the smoother line pro-
file shown by Figure 10(b). This smoothing pro-
cess complicates the quantification of the lithium
concentration from the detected signal. These ar-
tifacts are caused by at least four things; improper
alignment of the battery with respect to the neutron
beam, geometric unsharpness due to the pinhole
imaging system, roughness or curvature of the ob-
ject (non-parallel layers), and blurring of the sig-
nal introduced by the detector. Proper alignment
of the battery layers, parallel to the optical axis, is
critical to produce the expected transmission line
profile. If the battery is slightly misaligned (rota-
tion about the y-axis), if the layers have very rough
surfaces, or if the electrodes are not flat, the trans-
mission line profile corresponding to the various
layers in the battery may appear blurred due to
neutron transmission through two or more layers
of the pouch cell.

The ideal line profile is convolved with four
point spread functions (PSF)s, to simulate the blur-
ring.8 The geometric unsharpness is captured by
convolution with a rectangular function of width
Ug. The rotation about they-axis can be mod-
eled by convolution with a rectangular function of
widthUr = δ sin(θ), whereθ is the rotation andδ
is the battery width. The waviness or curvature of
the electrode along the optical axis can also be de-
scribed by convolution with a Gaussian PSF, how-
ever theσw associated with this effect is unknown.
Finally, the detector effect is modeled by a Gaus-
sian PSF, with parameterσd. The simulated line
profile, which accounts for the image degradation,
is shown in Figure 10. The simulated transmission
line profile in (b) can be compared with the actual
(measured) line profile in Figure 6.
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Figure 10: A model of the transmission line pro-
files based on the layer structure of the Li-ion
pouch cell (bottom) is shown. Dashed lines cor-
respond to discharged state 0 % SOC, and solid
lines to 100 % SOC. The ideal model of neutron
transmission line profile is shown in subplot (a).
The detected transmission line profile is shown in
subplot (b), after a 0.09◦ rotation of the pouch cell
with respect to the beam, and accounting for the
blurring associated with neutron capture process in
the detector. Ideal simulated optical density (solid
line) and optical density resulting from the blurred
transmission line profiles (dashed line) with the
reference taken at the fully charged state are shown
in subplot (c).

It is important to note that the overall system res-
olution could be much less than the detector res-
olution as a result of these compounded effects.
Deconvolution of the data, to reconstruct the ideal
line profile is not possible as this would inten-
sify the noise present in the signal.21 Therefore, a
model of the blurring caused by the measurement
system is used to filter the ideal transmission line
profile, in order to compare the measured data with
the expected results.

This model of the blurring process is needed
to extract quantitative data for the local change
in lithium concentration from the optical density,
which is calculated from the measured (blurry)
data. Direct calculation of the optical density

(change in Li concentration) using the blurred
transmission line profile (dashed line) yields a
lower value than the ideal (solid line), as shown
in Figure 10(c).

The numerical simulation of optical density
shows good qualitative agreement with the line
profile calculated from the measured change in
neutron transmission shown in Figure 9. Further
work is needed to archive quantitative agreement
between the simulation and data. The ideal line
profile, corresponding to the change in lithium
concentration calculated using the Lambert-Beer
law, is convolved with a model of the PSF for each
of the four sources of image degradation. Ac-
counting for these artifacts, of the imaging sys-
tem and the imperfections in the battery, yields
much better agreement with the experimental re-
sults. A higher value for the effect of battery elec-
trode curvature,σw = 28.6 microns, than the theo-
retical value of the detector resolution,σD = 9.2
microns, was needed to match the experimental
data. The higherσw increases the blurring of the
simulated line profile and shows better agreement
with the blurred peaks in the transmission line pro-
file, shown in Figure 10; in particular the peak
near pixel #38, corresponding to the anode ac-
tive material in the discharged state, which be-
comes flat during charged conditions. The in-
creased blurring observed in the neutron images
may be attributed to in-plane roughness or curva-
ture of the battery layers, which highlights the im-
portance of designing planar battery cells which
are suitable for imaging. Quantitative assessments
of the change in lithium concentration distribu-
tion across the electrode requires calibration of the
measurement tool using a lithium fluoride standard
by NIST neutron imaging facility, which is cur-
rently in progress and once completed will allow
the translation of measured optical density into the
change of lithium concentration in the solid elec-
trode.

Conclusion

Measurement of the change in lithium concentra-
tion between neutron radiographic images can be
calculated from the optical density using the Beer-
Lambert law. The experimental results show rea-
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sonable matching with numerical simulation for
the optical density obtained from a model of the
lithium distribution in the solid electrodes during
cycling of the battery at low C-rate. The local
change in neutron transmission due to the move-
ment of lithium ions is clearly visible in the image
data. Swelling of the battery is observed during
charging in the image data. The swelling can be
attributed to a 3 % change in the thickness of the
anode electrode.

Ideally the optical density is proportional to
lithium concentration, however, attempts to calcu-
late the change in lithium concentration directly
from the line profile data between two time in-
tervals is complicated by blurring in the image.
The blurring is evident in the images because the
battery has small feature size (electrode thick-
ness) relative to the overall resolution of the op-
tical system. The artifacts introduced by the imag-
ing system need to be considered when trying to
make quantitative assessments of the change in
lithium concentration distribution across the elec-
trode. Convolving a model of an ideal line profile
with a model of the image system is necessary to
compare with the experimental results.

The variance in number of counted neutrons is
directly related to measurement uncertainty in the
calculation of optical density and hence lithium
concentration. Spatial and temporal averaging are
required to overcome the statistical variance of the
Poisson distribution neutron count (pixel intensity
in the image). This time-averaging necessitated
using low C-rate for data collection. The long-
term goal is to observe the spatiotemporal distri-
bution of lithium across the two electrodes dur-
ing charging and discharging at various C-rates
(or current densities) using the application of pe-
riodic charge-discharge profiles and stroboscopic
averaging to overcome the spatiotemporal resolu-
tion limitation of the imaging equipment. The con-
centration measurements can then be used to val-
idate models for battery management in applica-
tions that require high power demand and hence
need accurate estimates of the both the bulk and
the spatiotemporal Li concentration.

The measurements fill a critical gap in the ex-
perimental verification and availability ofin situ
lithium concentration distributions for Li-ion bat-
teries. The technological breakthrough from the

availability of validated models will make a sub-
stantial impact to the hybrid system level siz-
ing and power management for an ultra-light far-
reaching portable power source.
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