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Abstract: Several methods to detect thermal neutrons make use of the naturally occurring 6Li isotope,
as it has a rather high cross-section for neutron capture followed by a decay into an alpha particle
and a triton. Due to the high chemical reactivity of lithium, the use of the stable isotopic salt 6LiF
is generally preferred to the pure 6Li. The typical method for depositing thin layers of 6LiF on
suitable substrates, therefore creating so-called neutron converters, is evaporation under vacuum.
The evaporation technique, as well as a newly developed chemical deposition process, are described
along with their benefits and drawbacks, and the results of neutron detection tests performed with
the two types of converters coupled to silicon diodes show convenient performances.
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1. Introduction

Neutron detection plays an important role in several fields, not only in physics research
but also in nuclear engineering, material science, radioactive waste management, homeland
security, and nuclear medicine [1–5]. As the neutron is an electrically neutral particle, its
detection requires indirect detection methods that make use of a so-called neutron converter,
i.e., a nuclear species featuring a conveniently large neutron absorption cross-section and
a decay channel involving charged particles. By detecting (one or more) such outcoming
charged particles, one can infer the detection of a neutron. High energy neutrons can be
detected by exploiting their elastic scattering on hydrogen and detecting the outcoming
proton. The detection of thermal neutrons (i.e., with 0.025 eV kinetic energy corresponding
to≈290 ◦K) is much easier, as the neutron absorption cross-section at low energy is basically
proportional to the inverse of the neutron velocity in most elements. Therefore, one can
make use of neutron moderators, i.e., bulk materials containing light nuclear species,
which are quite efficient in slowing neutrons down to thermal energy with few elastic
collisions. The widely used moderator material is polyethylene, which consists of carbon
and hydrogen atoms.

The most convenient neutron converter species are 3He, 10B, and 6Li, according to
the reactions listed in Table 1 along with their respective cross-sections. The most widely
employed neutron detectors so far have been based on 3He, due to its large reaction
cross-section and excellent insensitivity to background gamma radiation. During the last
decade, a considerably reduced availability of 3He [6], with the consequent price increase,
has triggered a worldwide R&D program focused on the development of new neutron
detection techniques [7–9].
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Table 1. Useful neutron conversion reactions and their respective thermal cross-sections.

Reaction Cross-Section [b]

n + 3He → 3H + p + γ 5333

n + 10B → 7Li + 4He + γ 3607

n + 10B → 7Li + 4He 230

n + 6Li → 3H + 4He 940

The choice of converter material is generally bound to the specific application. In
particular, if planning to use a solid-state detector, a reaction lacking γ-rays is preferred in
order to strongly reduce the background noise due to gamma ray signals being wrongly
interpreted as neutron detection. This is why, when using a semiconductor detector
for secondary particles following neutron capture, the preferred converter is 6Li [10–20].
However, due to the high chemical reactivity of lithium, the use of the stable isotopic salt
6LiF is generally preferred to pure 6Li.

The thermal neutron capture reaction of 6Li produces an alpha particle and a triton,
emitted back-to-back with kinetic energies of 2.05 and 2.73 MeV, respectively. Either of
the two particles can be detected after losing some of its energy while moving through
the converter before reaching the detector. The amount of loss depends on the interaction
depth, converter material, particle type, and initial energy. Moreover, the particle entering
the detector must have sufficient residual energy in order to produce a signal large enough
to be discriminated from the gamma (or noise) background. The range of the two particles
in 6LiF is about 6.5 µm for alphas and 22 µm for tritons. As a consequence, the choice of
film thickness that can be practically used is limited, and for a 6LiF converter coupled to a
silicon diode, the maximum useful thickness is around 16 µm, above which the detection
efficiency saturates [17].

The usual method for depositing thin layers of 6LiF on suitable substrates is evapora-
tion under vacuum. One of the practical applications of detectors employing evaporated
6LiF converters is the monitoring of neutron radiation from radioactive waste drums. This
goal was pursued within the framework of the H2020 EURATOM project MICADO [20,21]
by installing a few detectors around each drum. These detectors, called SiLiF, employ
double-sided 3 × 3 cm2 silicon diodes and 6LiF converters enclosed in 10 × 10 × 10 cm3

polyethylene moderators.
Within the framework of the H2020 EURATOM project CLEANDEM [22], an un-

manned ground vehicle (UGV) is being developed for nuclear decommissioning and/or
remediation, and a miniaturized neutron counter is required onboard the UGV for a fast
dose rate map acquisition. This detector, called miniSiLiF, consists of a 1 × 1 cm2 silicon
diode coupled to a 6LiF layer. In order to minimize the waste of the isotopically enriched
6LiF, unavoidable with such a small size in the evaporation technique, a chemical deposition
technique was developed that makes possible the production of single converters.

In the following, the evaporation technique and the newly developed chemical depo-
sition process will be described, along with their benefits and drawbacks, and the results
of neutron detection tests performed with the two types of converters in the SiLiF and
miniSiLiF configurations will be shown.

2. The Evaporation Technique
2.1. Converter Production with the Smaller Evaporator

The physical vapor deposition technique (PVD), so far employed in our previous
research and development activity, is still currently used to deposit layers of the isotopic
6LiF salt on suitable substrates. The salt, enriched at 95% in 6Li, was provided by Sigma
Aldrich [23]. Several different substrates were tested, namely mylar and kapton down to
2 µm thickness, and aluminum, glass, silicon, and carbon fiber in the 0.1–2 mm thickness
range; they all showed quite good adhesion properties. The salt to be evaporated is
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placed inside a vacuum chamber on a small molybdenum crucible kept in place by two
water-cooled electrodes. A suitable electrical current heats the crucible and the salt, which
evaporates (Figure 1) and diffuses through the chamber, reaching the substrates and
condensing on their surface. The substrates have to be placed at a convenient distance in
order to minimize geometrical nonuniformities due to their proximity to the crucible. The
first prototype converters were produced in a small evaporator employing a Pyrex glass
cylinder inside a vacuum chamber 30 cm in diameter, as shown in Figure 2. The cylinder
reduces the waste of material that otherwise would be deposited on the chamber walls and
need to be cleaned at the end of the production procedure. The prototypes had an area
of 5 × 5 cm2 and could only be produced in batches of four, due to the limited size of the
evaporation chamber.
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A picture of the mechanical support for the substrates is shown in Figure 3. A quartz
oscillator, to be installed during evaporation in correspondence with the middle round
hole, acts as a scale to weigh the amount of evaporated salt. Indeed, while the hot pellet
evaporates, a thin film is deposited also onto the oscillator, thus increasing the oscillating
mass and making the oscillation frequency decrease correspondingly. By measuring such
a decrease, one can deduce the deposited layer thickness and stop the process when the
programmed value is reached.
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Figure 3. Mechanical support for the substrates.

The effectiveness of this method was cross-checked by depositing a thin layer of 6LiF
(1.8 µm at nominal density, i.e., 458 µg/cm2) onto thicker aluminum foil (6 µm as indicated
on the manufacturer datasheet) and measuring the thicknesses by means of the energy lost
by alpha particles when crossing the layers. This method can only be exploited with thin
layers of converter and substrate, as the alpha particles have to cross them and reach a
silicon detector suitably placed behind the sample. The measurement was done in three
steps inside a vacuum chamber: (A) a Pu-Am-Cm alpha source was placed in front of the
silicon detector with a collimator in between; (B) the aluminum foil was placed in front of
the detector; (C) the aluminum foil with the evaporated 6LiF layer was placed in front of
the detector (Figure 4).
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Figure 4. Sketch of the three steps of the measurement of the thickness of the thin layers using an
alpha source and a silicon diode.

The recorded spectra in the three configurations show peaks at 5.148, 5.477, and
5.794 MeV from 239Pu, 241Am, and 244Cm, respectively, clearly degraded by the crossed
material thickness in B and C (Figure 5). The detector was calibrated in energy in config-
uration A, then the centroid of each peak in configuration B and C was used to calculate
the energy losses for three categories of alpha particles as the distance between each pair
of corresponding centroids. Knowing the initial energy, the energy loss (Eloss), and the
crossed material, one can infer the thickness by using a tool based on the Bethe and Bloch
formula [24]. In order to show more directly understandable numbers, we prefer to report
thickness in micrometers instead of areal density, assuming the standard density values for
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each material. The resulting thicknesses are listed in Table 2 along with the corresponding
nominal values. The nominal thickness set by means of the quartz oscillator was found to
underestimate the measured thickness, while the uncertainty introduced by the energy loss
method is basically negligible.
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Table 2. The nominal and measured thickness of the aluminum and 6LiF layers, assuming standard densities.
The quoted systematic uncertainty due to the energy loss method employed is basically negligible.

Layer
Material

Nominal
Thickness

[µm]

Measured Thickness
[µm]

Systematic
Uncertainty Eloss

Method [µm]

Aluminum 6 6.3 0.018
6LiF 1.8 1.9 0.005

In light of these results, a series of measurements was performed on three different
thin converters denoted as LiF-01, LiF-02, and LiF-03 and belonging to the same evaporated
batch. Their thickness was measured at three or five positions according to the scheme
shown in Figure 6 in order to evaluate the uniformity of the evaporated layers. The
measured thicknesses are reported in Figure 7, where one can immediately see that the
maximum observed nonuniformity is on the order of a few nanometers, and thus negligible.
The plot in Figure 8 shows the percent deviation of each measured thickness from the
average value, with the vertical dashed line indicating the nominal value set by means
of the quartz oscillator. The three converters were successfully tested by placing them on
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top of a 3 × 3 cm2 silicon detector exposed to a thermalized AmBe neutron source that
produces 2.2 × 106 neutrons/s, with a flux of about 2000 thermal neutrons/s/cm2 in the
measurement position. As an example, the obtained deposited energy spectrum of Figure 9
for the LIF01 sample shows the contributions of tritons, alphas, and background gamma
rays [8]. While the hardware threshold around 0.4 MeV suppressed any electrical noise, a
suitable software threshold around 1.8 MeV allows one to select only tritons as a signature
of neutron detection.
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2.2. Converter Production with the Larger Evaporator

The MICADO project was required to produce 74 converters with 16 µm nominal
thickness on 50 × 50 × 1 mm3 carbon fiber substrates, and this required employment of a
bigger evaporator with a 50 cm diameter vacuum chamber. The evaporator and the mechanical
support that can host 22 substrates are shown in Figure 10. The support was installed on a
rotating carousel in order to obtain a uniform deposition across all the converters.
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The production of the 74 samples was done in four batches. Even though the quartz
scale method is reasonably reliable, the amount of 6LiF actually deposited was cross-
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checked on a selected number of samples. Eight samples from positions 1, 3, 5, 7, 9, 13,
16, and 20, were selected from runs 1–3, and only four from positions 1, 3, 5, and 7 from
run 4, according to the scheme in Figure 11. Each sample was weighed before and after
evaporation using a 10 µg precision scale, thus obtaining the amount of deposited 6LiF that,
divided by the effective area, provided the areal density. The nominal required value for
the areal density was 4068 µg/cm2, corresponding to 16 µm of 6LiF at standard density. As
could be expected from the considerations in the previous section, the nominal thickness set
by means of the quartz oscillator underestimated the effective measured thickness. Indeed,
the average thickness came out as 16.87 ± 0.37 µm, corresponding to an areal density of
4290 ± 94 µg/cm2.
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The measured thicknesses are reported in Figure 12, whereas the plot in Figure 13 shows
the deviation of the measured thicknesses from the average value for the 28 converters tested.
No particular correlation was observed with the position of the samples on the carousel.
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Figure 13. The deviation from the average thickness for the 28 samples. The vertical dashed line
indicates the nominal value set by means of the quartz oscillator.

Each converter was successfully assembled on top of a 3 × 3 cm2 silicon detector and
exposed to a thermalized AmBe neutron source. As an example, the obtained deposited
energy spectrum of Figure 14 for one of the produced detectors shows the contributions
of tritons plus alphas and alphas plus background gamma rays. This plot differs from
Figure 9 because of the larger thickness of the converter. The contribution of tritons and
alphas spreads toward low energy due to the increasing energy loss for particles produced
more deeply in the 6LiF layer. Additionally, in this case, the hardware threshold suppressed
any electrical noise. The safe software threshold to suppress the gamma ray contribution
was chosen as 1.5 MeV, with alpha and triton separation no longer visible [20].
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3. The Chemical Deposition Technique

The required deposition of 6LiF converters on substrates with much smaller areas, as
foreseen in the CLEANDEM project, posed the problem of quick production of few samples
with a reduced effort in terms of equipment and manpower. A solution was searched for
and found in a chemical deposition technique.

The lithium fluoride salt is scarcely soluble in water, with a value of Kps = 1.84 × 10−3

at 25 ◦C, corresponding to a solubility of 1.11 g/l (1.08 g/l for 6LiF enriched at 95%).
Starting from lithium carbonate and hydrofluoric acid, the following reaction was exploited
to produce lithium fluoride and gaseous carbon dioxide.

Li2CO3 + 2 HF→ 2 LiF + H2O + CO2 ↑

A dedicated mini-well support made of polyethylene was designed, resistant to
hydrofluoric acid, that is closed at the bottom by the converter substrate. The required
amount of 6Li2CO3 was spread onto the substrate inside the mini-well, and the setup was
placed under a chemical fume hood. Then, a suitable amount of HF solution was poured in,
along with a few microliters of demineralized water to improve the uniform distribution
of the salt, and the reaction started with visual feedback provided by CO2 bubbling up
from the solution. The setup was kept under the hood until water was visible, with the
6LiF salt deposit left on the bottom. In order to remove the residual humidity, it was placed
in an oven under vacuum at 105 ◦C for twelve hours, and then it was left to cool down to
ambient temperature still in vacuum. The pictorial scheme in Figure 15 summarizes the
above-described phases of the chemical deposition procedure up to the detector assembly
and neutron detection. The pictures in Figure 16 display the assembly of a carbon fiber
substrate on the bottom of the mini-well and the setup at the end of the deposition.

1 
 

 
 
 
 
 

 

Figure 15. Pictorial scheme summarizing the phases of the chemical deposition technique for the
production of a 6LiF neutron converter layer onto a suitable substrate.

Unfortunately, this procedure produces a salt layer that does not adhere strongly
enough to the substrate, as immediately evident from the visual appearance of the deposited
layer. Indeed, the surface is also grainy; thus, its uniformity is far from what was obtained
with the evaporation technique described before. Nonetheless, apart from high-precision
applications where the uniformity may be important for reproducible detection efficiency,
in several cases it is not so relevant. The main issue that remained was preventing the
loss of salt from the surface when brushing even lightly against the converter or simply
moving it. This was solved by coating the converter with a thin (a few nanometers in scale)
layer of a resistant and transparent polymeric thermoplastic resin called Formvar. This was
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achieved by briefly immersing it into a suitable solution and then letting it dry. A number
of tests made it possible to calibrate the quantities of each reagent required to obtain a
given final amount of 6LiF on the substrate that can be checked by weighing the samples
before and after deposition on a high-precision scale.
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Figure 16. (Left): the mini-well assembly with a carbon fiber substrate on the bottom. (Right): the
setup at the end of the deposition.

In Figure 17, a comparison is shown between two spectra obtained with a converter
chemically deposited and a reference evaporated one. In both cases, the nominal thickness
at standard density was 16 µm, and the converters were coupled to identical 3 × 3 cm2

silicon detectors. The two detectors were placed in turn in the same position facing a
thermalized AmBe neutron source. The plot shows that, for this thickness, the behavior
is identical regardless of the possible different uniformity. It should be remarked that
16–17 µm is the thickness after which the detection efficiency saturates [17].
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Figure 17. Comparison between two spectra obtained with a converter chemically deposited and a
reference evaporated one. The nominal converter thickness was 16 µm.

4. Discussion

The three methods of 6LiF layer production can coexist, and each time, one has to
choose the most appropriate method according to several factors.

The smaller evaporator, which also exploits a Pyrex glass cylinder to confine the
evaporation plume, is well-suited for the production of a restricted number of samples. It
involves relevant waste material that in the end is left on the walls of the cylinder itself,
on the circular support of the samples, and on the bottom of the chamber. The maximum
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rectangular sample area that can be arranged on a suitably designed support is on the
order of 10 × 5 cm2. The benefit of the smaller evaporator is the optimal uniformity of the
deposition, especially when producing micron or submicron thickness layers.

The larger evaporator has to be involved when producing a relevant number of
samples. It also allows for the production of wide-area rectangular samples, roughly up to
30 × 20 cm2. The price to pay is a slightly worse thickness uniformity across the samples,
even in the same batch, and a much higher amount of material waste. Indeed, for the
production of the 74 samples described above, the useful amount of 6LiF was about 7 g
in light of the total 60 g required to perform the process. Moreover, in order to reach the
desired thickness, 15 loads of 6LiF on the crucible were necessary, and therefore 15 runs for
a total duration of several days.

The chemical deposition technique, better suited for the quick production of single
converters, produces lower quality, grainy, and rough samples, lacking good uniformity and
reproducibility. As long as one needs only an average amount of 6LiF on the substrate and does
not care much about a precise a priori determination of the neutron detection efficiency, this
type of converter is much cheaper, as it does not need the complex and expensive evaporator
equipment, is faster, and requires a considerably lower amount of manpower.

A summary comparing the main features for the three production methods of 6LiF
layers is reported on Table 3.

Table 3. Comparison of the main features for the three 6LiF deposition methods.

Small Evaporator Large Evaporator Chemical Process

n. samples ≈4 units ≈22 units single

material waste ratio ≈5:1 ≈8.5:1 ≈negligible

max sample area ≈10 × 5 cm2 ≈30 × 20 cm2 depends on the
well size

thickness uniformity very good (≈0.2%) good (≈2%) rough (not measured)

best suited for micron or submicron
thickness 10–20 µm thickness

10–20 µm,
not for well-calibrated

efficiency detectors

equipment
complexity and cost medium high low

Figure 18 shows two 5 × 5 cm2 converters produced with the smaller evaporator,
respectively, 40 nm (10 µg/cm2) on 0.6 mm thick carbon fiber and 1.6 µm (400 µg/cm2)
on 2 µm mylar. The latter was tightly glued on a resin frame to keep it flat. The lefthand
picture has some slight multicolor nuances produced by chromatic interference due to the
ultra-thin deposited layer.
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Figure 18. Two 5 × 5 cm2 6LiF converters produced with the smaller evaporator. (Left): 40 nm
(10 µg/cm2) on 0.6 mm carbon fiber. (Right): 1.6 µm (400 µg/cm2) on 2 µm mylar.
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Figure 19 shows one of the 74 converters (16 µm nominal layer thickness) deposited on a
1 mm thick carbon fiber substrate by means of the larger evaporator. Finally, in Figure 20, two
converters (16 µm nominal layer thickness) produced by means of the chemical deposition
technique are shown. The lefthand one was deposited on a 5 × 5 cm2 aluminum substrate
using a larger mini-well. The righthand one was deposited on a 2 × 2 cm2 glass substrate
using a smaller mini-well. Notice that the two pictures are not to scale.
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Figure 19. One of the 74 6LiF converters (16 µm nominal layer thickness) deposited on a 1 mm thick
carbon fiber substrate by means of the larger evaporator.
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Figure 20. Two converters, 16 µm nominal layer thickness, produced by means of the chemical
deposition technique. (Left): on a 5 × 5 cm2 aluminum substrate, using a larger mini-well. (Right):
on a 2 × 2 cm2 glass substrate using a smaller mini-well. The two pictures are not to scale.

5. Conclusions

Three methods for the reliable deposition of 6LiF in the form of thin layers on various
types of substrates have been described, to be used as neutron converters on top of semi-
conductors or kinds of detectors. Two methods exploit the physical vapor deposition in a
smaller and a larger evaporator, respectively, for limited or more considerable production.
The third one is a fast and simplified chemical process suitable for the production of a
single unit or a few units. Each method has its own benefits and limitations, and their
availability represents a versatile set of tools that covers a wide spectrum of possible future
needs for this type of neutron converter.
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P.F.; simulations S.A.; manuscript preparation P.F. All authors have read and agreed to the published
version of the manuscript.
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