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1 Sample Preparation

Low density polyethylene (LDPE) was purchased from Goodfel-
low, Cambridge Ltd. in two different batches. The first batch
consisted of as-received LDPE sheets of average thickness 0.05
mm and average dimension of 300 mm by 300 mm. The second
consisted of as-received LDPE sheets of average thickness of 0.25,
1.00, 2.30 and 4.80 mm and average dimension of 300 mm by
300 mm. The effective density of the LDPE sheet of each thickness
was measured by weighing 10 different sheets assuming homoge-
nous density. Following this, the as-received LDPE sheets were
cut to dimension 60 mm by 60 mm to fit the sample holder used
for the experiments. Prior to assembly, all sheets were cleaned
with isopropanol for degreasing, dried and handled with gloves.
Sandwiching 2 and 3 sheets of 0.05 mm thickness made possible
to obtain samples of 0.10 and 0.15 mm thicknesses. To obtain 0.5
mm thickness samples two 0.25 mm sheets were sandwiched. To
make the results of the quantitative analysis independent of the
incident neutron-beam geometry, the figure of merit was chosen
to be the number of moles of H per square centimeter (hereinafter
referred to as mole/cm2), denoted as n = ρd 1

mCH2

nH
nCH2

, where ρ is
sample density, d its thickness, mCH2 the molar mass of PE, nH and
nCH2 number of moles of H and PE, respectively. The thickness of
MANSE samples was measured with a caliper at different points
across sample cross-sectional area. The mean thickness values to-
gether with errors given by one standard deviations of the mean
values (1-STDs) are summarised in Table 1.
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2 MANSE
All experiments were performed on the VESUVIO spectrometer at
the ISIS Pulsed Neutron and Muon Source, United Kingdom1–10.
At ISIS, neutrons are produced when an energetic proton beam
from the synchrotron accelerator hits a heavy metal target - a
process called ‘spallation’. Thus, a convenient unit characterising
the length of a given neutron experiment at ISIS is the total inte-
grated proton charge per experiment. With the present VESUVIO
setup and ISIS neutron beam specification, a unit-of-time of the
VESUVIO measurement equals ca. 35 minutes.

At an inverted-geometry neutron spectrometer like VESUVIO,
the sample is exposed to a polychromatic neutron beam char-
acterized by an incident-energy spectrum I(E0). Incident neu-
trons having initial energy E0 travel a distance L0 from the pulsed
source to the sample. After scattering at an angle θ , neutrons of
final energy E1 travel a distance L1 to the detector, as schemati-
cally shown in Fig. 1. A thin metal foil placed in front of the de-
tectors absorbs neutrons over a narrow range of energies, thereby
fixing E1 of the detected neutrons at E1= 4.9 eV. With the time-
of-flight (TOF) of each neutron measured, for each TOF channel
(bin) there exists a unique relation between the TOF, neutron in-
cident energy E0, energy transfer, E0 −E1, and the momentum
transfer Q.2–4,7

The instrument is divided into three separate sections: (i) beam
monitors (S1 and S2), (ii) forward (S135 - S198), and (iii) back
scattering detector banks (S3 - S134)1–4,7. The incident- and
transmitted-beam monitors consist of beads of 6Li-doped scintilla-
tor glass. In backscattering, there are are a total of 132 6Li-doped
glass scintillation detectors. All NCS measurements described
in this work were obtained form the analysis of TOF spectra
recorded by forward-scattering detectors. In forward scattering, a
total of 64 Yttrium-Aluminium-Perovskite-doped (YAP) γ-ray de-
tectors are arranged into near-to-vertical columns of eight detec-
tors (banks), four above and below the horizontal plane passing
through the sample centre. There are 4 forward-scattering detec-
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Table 1 LDPE samples for MANSE analysis. Samples made by sandwiching 2 or 3 sheets of LDPE are marked with an asterisk. All table entries are
listed as mean values and their errors as 1-STDs. For details, see the text.

Thickness [mm] Average Density [g cm−3] n [H mmol cm−2]
0.050 ± 0.004 0.815 ± 0.030 0.582 ± 0.068
0.100∗ ± 0.005 0.815 ± 0.030 1.164 ± 0.101
0.150∗ ± 0.009 0.815 ± 0.030 1.746 ± 0.169
0.250 ± 0.007 0.861 ± 0.027 3.076 ± 0.182
0.500∗ ± 0.008 0.916 ± 0.030 6.542 ± 0.319
1.000 ± 0.006 0.948 ± 0.036 13.542 ± 0.596
1.250∗ ± 0.008 0.953 ± 0.041 17.017 ± 0.841
1.500∗ ± 0.008 0.946 ± 0.038 20.271 ± 1.598
2.300 ± 0.057 0.942 ± 0.020 30.951 ± 1.424
3.300∗ ± 0.058 0.971 ± 0.032 45.775 ± 2.313
4.800 ± 0.054 0.915 ± 0.020 62.743 ± 2.077

E0, k0

E1, k1 �xed

Fig. 1 Schematic layout of the VESUVIO spectrometer: a) incident
neutron monitor; b) transmission neutron monitor; c) Au resonance
filters; d) S135-S198 -forward scattering detectors; e) S3-S134 -
backward scattering detectors; s) sample. For further details, see the
text.

tor banks to the left (numbered 1-4) , placed approximately at
angles -60 (S135 - S142), -50 (S143 - S150), -40 (S151 - S158),
and -30 degrees (S159 - S166). There are further 4 detector
banks to the right (numbered 5-7) placed approximately at an-
gles 35 (S167 - S174), 45 (S175 - S182), 55 (S183 - S190), and
65 degrees (S191 - S198). The detectors in odd-numbered de-
tector banks are placed nominally 55 cm and the even-numbered
ones 75 cm from the centre of the sample position. Each detec-
tor element is 8 cm in height, 2.5 cm in width, and 0.6 cm in
thickness.1,2,7,11

To obtain each TOF spectrum, a difference of two separate mea-
surements is performed: (i) one with the foil out of the scattered
neutron beam, and (ii) one with the foil in the beam.2–4,7,12 A
motorised foil changing mechanism is in place for both forward
and backscattering. Each individual experiment (run) is divided
into 6 different periods. In each period, the gold foil is moved in
front of a given detector bank leaving the adjacent detector fac-
ing directly the sample. With the number of neutrons detected
per period fixed at 15 µAh of total accumulated proton current, a
unit-of-time of the VESUVIO measurement (hereinafter referred
to as the run) equals ca. 35 minutes, which is equivalent to 90
µAh of total integrated proton charge. Importantly, due to the
difference-measurement nature of the method, the signal plotted
in each MANSE spectrum corresponds to difference of counts and
thus can be either positive or negative.

The MANSE data treatment scheme is explained in more de-
tail elsewhere 2–4,7,13–15 and thus here only a brief account
will be given. Each MANSE spectrum is recorded by a detector
placed at a particular scattering angle θ and time-of-flight chan-
nel TOF t. For a given mass M and a given detector, instrument-
calibration procedures establish a unique relation between the
values of TOF for each channel t, momentum transfer Q(θ , t) and
energy transfer E(t). Consequently, each MANSE spectrum can
be represented as a histogram with bins given by the count rates,
C(θ , t)dt =C[Q(θ , t),E(t)]dt, calculated for a number of t values.

Due to the impulsive nature of the scattering events of epither-
mal neutrons transferring high energy and momentum to the nu-
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clei present in the sample, each MANSE spectrum, C(θ , t)dt, can
be described as a linear combination of response functions of in-
dividual masses M, CM(θ , t)dt = CM [Q(θ , t),E(t)]. Each response
function can then be expressed as a convolution of its own mass-
dependent resolution function RM and nuclear momentum distri-
bution (NMD) expressed in a form of the so-called neutron Comp-
ton profile JM:

JM(xM) =
exp(−x2

M)√
2πσ2

M

[
1− k

Q
H3(xM)

]
(1)

with xM = (yM)/(σM
√

2) where σM and yM are the standard devia-
tion of the NMD and the West-scaling variable for each M, respec-
tively. The West-scaling variable describes the magnitude of the
projection of a nuclear momentum onto the momentum transfer
direction and can be mathematically expressed through Q(θ , t)
and E(t) as:2–4,7,13–15:

yM [Q(θ , t),E(t)] =
M

h̄2Q(θ , t)

(
E(t)− h̄2[Q(θ , t)]2

2M

)
(2)

Consequently, the count rate, C(θ , t), can be expressed as:

C(θ , t) =C[Q(θ , t),E(t)] = A
E0I[E0]

Q
(3)

×

[
∑
M

McMJM(xM)⊗RM(xM)

]
,

where A is a proportionality constant.
Each coefficient cM in Eq. 3 is proportional to the product of

the number density NM and the total (coherent plus incoher-
ent) bound neutron cross section of a given nuclide sM = 4πb2

M ,
as described above16,17. Thus, an integral in the TOF domain
IM =

∫
CM(θ , t)dt calculated over the entire recoil peak region is

proportional to the number of nuclei of a given isotope present
in the sample of interest. Moreover, one can take advantage
of the linear constraints imposed on the coefficients cM by the
sample chemical formulation by imposing constraints of the type
cM
c′M

= NMsM
N ′Ms′M

. Such linear constraints were imposed in fitting the

LDPE sample under investigation with cH
cC

= 2× 82.02
1× 5.551 = 29.5514,

where the tabulated values of the total bound neutron cross sec-
tion for H and C, equal to 82.02 and 5.551 barn, respectively,
were taken.18

Due to high energy and momentum transfers of neutrons scat-
tered off protons, the proton recoil-peak position in a TOF spec-
trum will shift from detector to detector. Moreover, the kine-
matics involved in neutron-proton collisions will influence differ-
ently the widths of resolution functions RM for different detec-
tors. Thus, a fit to a sum of normalised TOF spectra, recorded by
a group of detectors placed at a wide range of scattering angles,

must be performed using a sum of unit-area normalised functions,
given by Eq.3, with each element of the sum calculated for a dif-
ferent set of instrument parameters representing different detec-
tor (the so-called CAAD method13). If chosen detectors lie within
a relatively narrow scattering angular range and distance from
the sample, the CAAD sum can be replaced with a fit using a sin-
gle function given by Eq. 1 with average values of instrument pa-
rameters for the detectors in the group. Such detector grouping
will always introduce an additional distribution of geometrical
parameters which, by virtue of error propagation, will broaden
the resolution function RM for every mass M, a process that can
be mathematically described by an effective unit-area normalised
resolution function, Re f f ,M . Such an approach produces spectra
with signal-to-noise ratios better than for single detectors and
avoids complications associated with globally fitting spectra ac-
quired by detectors covering a large kinematic range. Here, the
MANSE spectra recorded in forward scattering were grouped in
8 groups representing 8 detector banks. The data was fitted on
the bank-by-bank basis using Eq.1 with the resolution function,
Re f f ,M obtained by averaging instrument parameters within each
group of detectors. Figure. 2 shows the results of this procedure,
as applied to data recorded at low (-40 degrees, detector bank
3) and high (-60 degrees, detector bank 1) scattering angles, for
the thinnest (0.05 mm thickness) and thickest (4.3 mm thickness)
LDPE sample investigated. All spectra shown in Fig. 2 consist of
two recoil peaks: (i) the H recoil peak, centred at lower TOF val-
ues, and (ii) a C recoil peak, to the right of the H recoil peak.

In the limit of single scattering, experimental spectra can be
fitted with a linear combination of mass-dependent line shapes,
given by Eq. 3 and shown as solid lines in panels (a) and (b) in
Fig. 2. With increasing sample thickness the agreement between
fitting curves and experimental data worsens due to contributions
from multiple scattering in the sample (as shown in panels c and
d in Fig. 2). The multiple scattering contribution (MS) of epither-
mal neutrons for the case of VESUVIO spectrometer was described
thoroughly by Mayers et al.19 In Figure 2, MS is visible as a pos-
itive signal plateau left from the centre of the H recoil peak for
the thickest sample (panels c and d). As described in Ref.19, MS
is flat from the shortest recorded TOF value of 50 µs up to the
centre of the proton recoil peak. Following this, the magnitude
of MS decreases approximately in a linear manner to reach zero
value in the region of H and C recoil-peak overlap. Thus, to a
good degree of accuracy, the MS contribution at the C recoil peak
centre can be neglected for all scattering angles and LDPE sample
thickness values considered and the C recoil-peak shape can be
very well described within the single-scattering limit. Using this
approximation, the integrated H intensities from LDPE MANSE
data (denoted as IH) were calculated, for each detector bank, by
numerical integration of H recoil peaks over the TOF interval 50
– 550 µs after subtraction of the C contribution fitted to recorded
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Fig. 2 MANSE data for LDPE recorded at 300 K. Data recorded at low
(-40 degrees, left panels) and high (-60 degrees, right panels) scattering
angles are shown for the thinnest (0.05 mm, top panels) and thickest
(4.8 mm, bottom panels) LDPE sample. The fit of the experimental data
(red trace) is performed using Eq. (1). The individual contributions to the
fit from H and C recoil peaks are shown as red and blue traces,
respectively. In the limit of single scattering (thin samples) experimental
spectra can be fitted with a linear combination of mass-dependent line
shapes, given by Eq. 3 and shown as solid lines in panels (a) and (b).
For thicker samples the single scattering limit is not longer valid due to
the presence of multiple scattering contribution visible as a positive
signal plateau left from the centre of the H recoil peak for the thickest
sample (panels c and d).

MANSE data in the single-scattering limit using Eqs. 3 and 1. The
total integrated intensities were then obtained by direct summa-
tion of IH over all forward-scattering detectors (hereafter denoted
as IHT ).

3 The choice of the blank

The choice of the suitable system to represent the blank measure-
ment is of utmost importance for a number of reasons. Firstly, as
mentioned in the seminal work by Currie20, an estimate is nec-
essary of the critical data acquisition time, beyond which an ap-
paratus will start counting noise as analyte. Currie established
a graphical method to find this critical data acquisition time.
Namely, two histograms, representing the probability distribution
functions of the apparatus responses to the blank and a given an-
alyte concentration respectively, should overlap at a given critical
value of the analyte concentration. The probability distribution
function of the responses to a given analyte concentration, when
integrated up to this critical value, should then give no more than
one percent probability. In other words, a detection limit can
be established corresponding to the smallest concentration of the
analyte that will yield a net count above system background de-
tected with 99% probability with only 1% probability of falsely
concluding that a blank observation represents an analyte sig-
nal20.

The manner in which the expectation value and the stan-
dard deviation of the blank are obtained can vary depending
on the type of spectroscopic measurement under consideration.
In single-channel measurements (for example, in alpha and beta
radiation-counting applications) a non-radioactive blank count is
often performed for this purpose prior to the sample assay21.
However, in multichannel spectroscopic measurements, such as
those employing the neutron TOF detection, it is common to spec-
ify ’sidecar’ regions on either side of the peak region of interest
(ROI) which can be used to estimate the continuum counts be-
neath the peak21. MANSE has a unique place amongst these mul-
tichannel measurements due to the fact that neutron scattering
off each isotope occupies largely exclusive fraction of the accessi-
ble E−Q plane. Thus, MANSE produces a series of peaks for dif-
ferent isotopes whose ROIs are almost mutually exclusive, partic-
ularly at high scattering angles. MANSE detection of H amount in
bulk is even more special as this isotope scatters epithermal neu-
trons only in the forward direction (in the single-scattering limit)
and the H peak ROIs correspond to the lowest time-of-flight chan-
nels, kinematically forbidden to other elements, as illustrated in
Fig. 3. Figure 3 shows calculated profile of the spectral response,
C[Q(θ , t),E(t)], associated with atomic-recoil excitations in the
polyethylene sample. The calculation was performed for indirect-
geometry configuration of the VESUVIO spectrometer with the
final energy fixed at E1 = 4908 meV and the scattering angle of
70 degrees, and using the CH2 formula unit. Atomic-recoil exci-
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Fig. 3 Calculated profile of the spectral response, C[Q(θ , t),E(t)],
associated with atomic-recoil excitations of H (red shaded area under
the peak with label H) and C (blue shaded area under the peak with
label C) in the polyethylene. The H and C recoil peaks lie on the
instrument trajectory crossing the H recoil line (solid red line) and the C
recoil line (blue solid curve). See text for details.

tations are plotted, as a function of energy, E, and wave vector,
Q, transfers, as peaks for H (red shaded area) and C (blue shaded
area). The parabolic-shape (linear in a log-log Q−E-plane plot)
atomic recoil lines, given by E =h̄2Q2/2M, are shown as solid red
and blue lines, for H and C respectively. Both recoil peaks lie on
the banana-shaped detector trajectory that intersects the recoil
lines at the loci of the C(Q,E) peak maxima.

As shown in Fig. 2, for the particular case of MANSE spectra of
LDPE, the ’sidecar’ regions can be easily chosen on the right-hand-
side of the ROI, which in this case is the TOF region occupied by
the H and C recoil peaks ranging from 50 to 400 µs. It is this
’sidecar’ TOF region of the LDPE spectra, on the right of the C
peak in the MANSE spectrum of LDPE that extends from 47 to 48
Å−1 on the Q axis and on the negative side of the energy trans-
fer axis, E. Using the mapping between the Q and E and TOF
values, given by the instrument calibration, one obtains a desired
’sidecar’ region from 550 to 600 µs. The integral intensity of this
’sidecar’ region, calculated for different numbers of accumulated
runs starts the catalogue of different systems chosen as blank and
background, shown in Figs. 4 and 6, and is shown as filled green
diamond symbols along with transparent green 1-STD confidence
band. Apart from these data, Fig 4 shows, in form of scattered
plots with colour-matched 1-STD confidence bands, data for other
candidates for a blank measurement, thin plain slabs of H-free
high-grade purity vanadium and lead, shown as olive filled square
symbols and orange upward triangles respectively. As for the sys-
tems representing the background, empty instrument and empty
aluminium sample container integrated intensities are shown as
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Fig. 4 Integrated intensities of different systems chosen as blank and
background shown for different numbers of accumulated runs along with
their respective 1-STD confidence bands: (i) ’sidecar’ region (550–600
µs) in MANSE spectra of LDPE - filled green diamond symbols and
green shaded area; (ii) thin plain slabs of H-free high-grade purity
vanadium - olive filled square symbols along and olive shaded area; (iii)
thin plain slabs of H-free high-grade purity lead - orange upward
triangles along with transparent orange shaded area; (iv) empty
instrument - black filled squares along with grey shaded area; (v) empty
aluminium sample container - red filled circles along with red shaded
area. See text for details.

black filled squares and red filled circles, respectively.
Perhaps the most natural candidate for a blank measurement

for the case of the LDPE is a sample of pure graphite. The sam-
ple was carefully prepared by enclosing fine-mesh high-purity
graphite powder in an aluminium sachet, and subsequently, in
an aluminium container, thus forming a thin plane-slab sample,
in which neutron scattering off carbon and aluminium are both
within the single-scattering limit. Ensuring the single-scattering
limit was necessary in order to avoid counting scattering intensity
due to neutrons multiply scattered off carbon in the ROI of the H
peak. As clearly seen from the inset of Fig. 5, the sample transmis-
sion for epithermal neutrons is ca. 95% (5% scattering power). In
this limit, the magnitude of the multiple scattering can be well ap-
proximated treating multiple scattering as series of nearly elastic
collisions, with dominating contribution from double scattering.
Taking the scattering power of 5% and neglecting the multiple
scattering of the order higher than double, one can estimate the
magnitude of the double scattering to be 0.052 = 0.25%. Conse-
quently, the MANSE spectrum of the graphite sample can be very
well described within the single-scattering limit using Eqs. 3 and
1. Figure 5 shows the sum of graphite sample MANSE forward
scattering spectra recorded at VESUVIO together with the sum of
the fitting lines, for the total signal (black solid line), the C recoil
peak (red solid line and shaded area) and aluminium container
and sachet recoil peak (green solid line and shaded area). Clearly,

1–8 | 5



100 200 300 400 500 600
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

100 101 102 103 104 1050.5

0.6

0.7

0.8

0.9

1.0

sa
m

pl
e

tra
ns

m
is

si
on

E0 [meV]

/µ
s

TOF [µs]

Fo
il-

in
 m

in
us

 fo
il-

ou
t s

ig
na

l

Fig. 5 Main: The sum of graphite sample MANSE forward scattering
spectra recorded at VESUVIO together with the sum of the fitting lines:
for the total signal (black solid line), the C recoil peak (red solid line and
shaded area) and aluminium container and sachet recoil peak (green
solid line and shaded area). Inset: transmission of the graphite sample a
function of the incident neutron energy, E0: black solid line-sample
transmission, 1-STD confidence band - cyan shaded area, the
asymptotic value of the sample transmission - red solid line. See text for
details.

both the ROI of the H recoil peak in the region from 100 to 300
µs and the ’sidecar’ region from 550 to 600 µs are clear of any
scattering intensity from the sample and container.

The integral intensities, obtained by the direct numerical inte-
gration of graphite MANSE spectra, together with their respective
1-STD confidence bands, are shown in Fig. 6. The integral inten-
sities were obtained by three different computational routes: (i)
(wine filled pentagons and wine shaded area) integration of the
raw spectra of a pure graphite sample in the ’sidecar’ region from
550 to 600 µs, (ii) (gray filled stars and grey shaded area) inte-
gration of the raw spectra in the ROI of H, from 100 to 300 µs,
and (iii) (dark yellow filled circles and shaded region) integration
of reduced spectra in the ROI of H, whereby the reduced spec-
tra were obtained by subtracting, from the total raw spectra, the
fitting curves to C recoil peaks calculated in the single-scattering
limit using Eqs. 3 and 1. This last computational route was chosen
in order to mimic the calculation of the H integrated intensities of
the LDPE, shown in Sec. 4, in the limit of vanishing concentration
of the analyte.

Taken together, all data shown in Figs. 4 and 6, starting from
10 accumulated runs onwards, converge towards the zero value,
whereas their respective 1-STD confidence bands are bounded by
the value of four. It is perhaps worth noting that, in case of blank
and empty instrument spectra, this convergence is oscillatory in
nature, whereby the integral intensities adopt both small positive
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Fig. 6 Integrated intensities of the blank sample of pure graphite
together with their respective 1-STD confidence bands shown for
different numbers of accumulated runs. The integral intensities were
obtained by three different computational routes: (i) (wine filled
pentagons and wine shaded area) integration of the raw spectra of a
pure graphite sample in the ’sidecar’ region from 550 to 600 µs, (ii) (gray
filled stars and grey shaded area) integration of the raw spectra in the
ROI of H, from 100 to 300 µs, and (iii) (dark yellow filled circles and
shaded region) integration of reduced spectra in the ROI of H, whereby
the reduced spectra were obtained by subtracting, from the total raw
spectra, the fitting curves to C recoil peaks calculated in the
single-scattering limit using Eqs. 3 and 1. The total number of
accumulated runs of 10 and upper limit for the 1-STD confidence bound
are marked for guidance. See text for details.
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and small negative values. It is a simple consequence of the fact
that each MANSE spectrum of the blank and empty instrument is
obtained as a difference of the foil-out and foil-in spectra, both
containing close-to-zero numbers of counts. On the whole, it can
be safely assumed that the expectation value of the integrated in-
tensity for a blank measurement is zero and its standard deviation
is no bigger than four counts. These values will be thus used in
all subsequent calculations of the limit of detection and the limit
of H quantitation of the MANSE method. Importantly, this re-
sult demonstrates the consistency of all three computation routes
adopted for the calculation of the integral intensities of the blank
and the right choice of the ROIs, both for the ’sidecar’ region and
the ROI of H.

4 The limit of detection and the limit of
quantitation of hydrogen

The limits of detection (LOD) and quantitation (LOQ) of H (for
definition of LOD and LOQ, see Section 3.3 of the main arti-
cle) were obtained by calculating cumulative (as a function of
the number of accumulate runs) average and standard deviation
values of integrated intensities of the LDPE sample of 0.25-mm
thickness with n of 3.076 mmol/cm2 (see Table 1) and the blank
measurement (see Fig. 4). The H integrated intensities were ob-
tained by numerically integrating the histograms representing the
H recoil peaks obtained in forward scattering by subtracting, from
the total MANSE spectra, the fitting curves to C recoil peaks cal-
culated in the single-scattering limit using Eqs. 3 and 1. The stan-
dard deviations of the H integrated intensities were obtained by
adding in quadrature the errors of individual histogram bins. The
integrated intensities of the blank were calculated by integrating
numerically the histograms representing MANSE spectra of H-free
high-grade purity vanadium and lead thin plane slabs, shown in
Fig. 4. The integration was performed in the TOF region corre-
sponding to the the ROI of the H recoil peak. The standard devi-
ations of the integral intesities of the blank samples were also ob-
tained by adding in quadrature the errors of individual histogram
bins.

It is clear in Fig. 7 that an experiment consisting of 10 accu-
mulated runs gives already a reasonably good statistics with rela-
tively short acquisition time. From 10 accumulated runs onwards,
the value of the scattering intensity reaches the asymptotic value
of 961 counts and is bounded by 1-STD confidence interval of 24
counts. Based on these two values, the sensitivity of the MANSE
method, S can be calculated as S = (3.076 - 0) mmol/cm2/(961 -
0) count = 0.0032 mmol/cm2/count. Using the value of the sen-
sitivity, S = 3.2 µmol/cm2/count, and the standard deviation of
the blank measurement, 4 counts, one obtains LOD of 0.0032·3·4
= 38.4 µmol/cm2 and LOQ of 0.0032·10·4 = 128 µmol/cm2.
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Fig. 7 Integrated intensities of H peaks from the LDPE sample of 0.25
mm thickness with H concentration of 3.076 mmol/cm2 for different
numbers of accumulated runs. See text for details.

5 Determination of the LDPE sample trans-
mission

In order to quantify the contribution from multiple scattering and
γ-background to the total H integrated intensity, the transmission
levels of a series of LDPE samples of various thicknesses between
0.05 and 4.8 mm were calculated and compared to the trans-
mission measured with empty instrument. The plot of the LDPE
sample transmission vs. H concentration in units of mol/cm2 is
shown in Fig. 8. The plot shows, along with data points, an expo-
nential decay fitting curve together with 95% and 99% confidence
bands (as solid red line, red shaded area, and light red shaded
area, respectively). Fitting the sample transmission, T , with an
exponential decay of the form, T = exp(−n

t ), yields t= 17.4 ± 0.5
mmol/cm2. Given this exponential relation, transmission scales
linearly with the H concentration in the region between 0 and ca.
7 mmol/cm2 (LDPE sample thickness in the region between 0 and
0.5 mm), a clear signature that the neutron scattering from the
LDPE sample is within the single-scattering limit22. This linear
region is shown in Fig. 8 as the pink shaded area. A linear fit of
the LDPE sample transmission as a function of n is shown in the
inset in Fig. 8 as the black solid line.
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