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B S T R A C T

6LiF:ZnS(Ag) based cold neutron detector with wavelength shifting (WLS) fibers and SiPM photodetector was developed at the NIST Center for Neutron
esearch for the CANDoR instrument (Chromatic Analysis Neutron Diffractometer or Reflectometer). A series of detectors were irradiated with neutron doses
anging between 1E+11 n/cm2 to 6E+12 n/cm2. It was found that the neutron absorbing 6Li isotope was not measurably depleted, but the photonic yield of

the detector deteriorated with increasing neutron dose. Photonic yields were compared before and after neutron exposure by comparing pulse energy spectrum
photopeaks before and after exposure. A typical detector used in the CANDoR instrument is expected to withstand a cumulative cold neutron dose of at least
1E+12 n/cm2 before degrading to an unfit state. The component parts of the detector could not be separated, so the degradation of the bulk scintillator and WLS
fibers could not be gauged separately.
. Introduction

Scintillators are materials which convert high energy radiation into
photon signal for X-ray and particle physics applications. High energy

adiation energizes the electronic structure of a scintillator as it trav-
ls through the material. Photons are released during the process of
lectron relaxation. A typical commercial scintillator, such as NaI(Tl),
ields tens of thousands of photons per 1 MeV of dissipated particle
nergy. Scintillators may have varying photon production efficiencies
or different radiation classes such as photon, alpha, or beta [1–3].

A thermal neutron scintillator combines a standard scintillator ma-
erial with a neutron absorbing isotope such as lithium-6 or boron-10.
ithium-6 decays following neutron absorption and generates 4.78 MeV
f energy via an alpha particle and a triton (tritium nucleus). The decay
roducts dissipate their energy very locally, generally less than a 50 μm
ath length in solids and liquids [4–7].

The NIST Center for Neutron Research has developed a 6LiF:ZnS(Ag)
cintillating neutron detector with wavelength shifting (WLS) fibers [8,
] for routing light to a silicon photomultiplier (SiPM) [8–11]. The
etector diagram and a photograph are shown in Figs. 1 and 2. More
nformation can be found regarding the scintillator composition [10,
1], the design and optimization [12,13], the SiPM [14], and signal
rocessing [15].

The performance of scintillators has been shown to degrade from
ccumulated radiation damage, as the clarity of the scintillator material
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lessens. Plastic scintillators have been shown to degrade from gamma
exposure [16–18], high energy protons [19], and high energy neu-
trons [20,20,21]. Inorganic scintillators also show wear after radiation
exposures of various types including gammas, high energy protons, and
high energy neutrons [22,23]. In addition to just scintillator materials,
light guides, optical glues, and wavelength shifters also show radiation
damage in a more comprehensive review [24].

Plastic and inorganic scintillators have been studied with high
energy radiation, but less research has been done with thermal/cold
neutron scintillators using thermal neutrons with non-ionizing ener-
gies of 25 meV or less. One study of glass scintillators loaded with
6Li neutron absorber showed no measurable decrease in performance
after absorption of 1E+13 cm−3 of cold neutrons [25]. Another study
showed severe damage to scintillating fibers from a thermal neutron
environment, although the environment also contained roughly 2% fast
neutrons as well as a significant gamma field which are both capable of
ionization [26]. Irradiation of scintillators with purely cold or thermal
neutrons has not been widely studied, and so accessing the durability
of the CANDOR detector in a cold neutron field was necessary for
characterizing the detector’s radiation hardness.

2. Optical yield and detection efficiency

Although ZnS(Ag) is a very bright scintillator [7], there are drastic
losses to the photon yield before a signal is read out from the SiPM. A
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Fig. 1. CAD model of the CANDOR neutron detector. (A, green) wavelength shifting
ibers, (B, white) 6LiF:ZnS(Ni) primer layer, (C, pink) 6LiF:ZnS(Ag) scintillator slab,

(D, blue) Reflectors, (E) WLS fiber reflector termination.. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. Photograph of two triple-channel detectors.
 t
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Fig. 3. Pulse Height Distributions (Energy Spectra) of Co-60 gammas and neutrons.

Fig. 4. Absolute sensitivity as a function of photopeak.

ypical CANDOR detector has a photopeak between 100–200 SiPM pixel
ischarges per neutron event. The number of SiPM pixel discharges is
losely related to the number of photons incident on the SiPM. Fig. 3
hows a pulse height spectrum normalized to SiPM pixel discharges.
he neutron photopeak is fairly broad, centered at about 200 SiPM
ixel discharges.

As few as 40 detected photons are sufficient for reliable neutron
etection after pulse shape discrimination techniques are used [15].
ith a photopeak of 100 or 200 detected photons, the vast majority

f neutron events will be identified. To show performance trends, the
eutron detection efficiency is mapped as a function of the photopeak
n Fig. 4.

A detector with typical performance has a photopeak of 140 pixel
ischarges, and a detection efficiency of 89% for cold (4.74 Å, 4.9
eV) neutrons. As the optical quality of a detector diminishes down

o a photopeak of 80 or 90, the efficiency drops gradually. Below 70,
he neutron detection efficiency worsens much more rapidly as photon
ield decreases.

An investigation was conducted to see what effects neutron radia-
ion would have on the CANDOR detector. If neutron radiation causes
amage to the detector, how severe is the effect? The effects of ther-
al/cold neutron radiation were investigated exclusively, neglecting

amma dose studies, as cold neutron radiation is by far the most
ominant radiation type in situ.

. Materials and methods

Detectors were measured before and after neutron exposure at the
CNR Multi-Purpose Test Station (PHADES). The PHADES location uses
highly oriented pyrolytic graphite monochromator set at a fixed angle

o steer a 4.87 meV (4.1 Å) neutron beam into a shielded cavity formed
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Fig. 5. Detector measurement station diagram.

Fig. 6. Histogram of SiPM thermal noise pulses.

of borated polyethylene. Post-collimation, the rectangular beam had a
width of 5 mm, a height of 20 mm, and the beam current can be varied
using borated glass attenuators. Our most recent measurements use a
beam current of approximately 250 neutrons per second. A diagram
illustrates the setup in Fig. 5

Pulse height spectra of each detector were compiled using a XIA
PIXIE32 waveform digitizer sampling at 62.5 MSPS, which was pro-
grammed to output charge integrals for each event. The charge inte-
gration window was from 0 μs to 1.4 μs following the rising edge of a
neutron pulse. The charge integrals were normalized to units of SiPM
pixel discharges using the average single pixel discharge which was
measured from a thermal noise histogram (Fig. 6 and Eq. (1)).

𝑠𝑖𝑛𝑔𝑙𝑒 𝑝𝑖𝑥𝑒𝑙 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 𝑥𝑝𝑒𝑎𝑘2 − 𝑥𝑝𝑒𝑎𝑘1 (1)

To expose detectors to a high flux of cold neutrons, the detectors
were placed in the pre-collimated beam at the NG6 neutron imaging
station [26]. The beam flux at this location is approximately 2E+9
n/cm2/s. The detectors were oriented with their front face toward the
neutron beam. A progression of 9 exposure times were used to dose 9
different detectors, plus one unexposed detector as a control. The SiPM
photodiodes were removed from the assembly prior to the neutron
exposures and were not dosed. 9 different detectors were exposed
instead of exposing the same detector 9 times and characterizing after
each exposure. There were two reasons for this approach. One reason
was for quick exposure and testing. Exposing and testing the same
detector multiple times would take more coordination and beamtime
at the high flux imaging station at NG6. A second benefit of exposing
multiple detectors is testing for consistent trends. Trends that pervade
9 different detectors induce to a larger, more diverse population of
detectors. A single detector exposed multiple times was not attempted,

not even for the purpose of comparing with single-exposed detectors.
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Fig. 7. Pulse height spectra before and after exposure (scale not normalized to SiPM
pixel discharges).

Fig. 8. Post/pre exposure photopeak ratios.

To gauge optical degradation, the photopeak was measured before
and after exposure, and the post/pre photopeak ratio is used as the met-
ric of optical degradation. An example post/pre pulse height spectrum
is shown in Fig. 7. Note that the scale of these pulse height spectra have
not been normalized to SiPM pixel discharges, but the post/pre ratio is
unaffected. The post/pre ratio in this example is 280/450, or 0.622.

4. Results

The post/pre exposure photopeak ratios were calculated for all 10
detectors and plotted in Fig. 8. The post/pre ratio of the unexposed
control detector was 1.024 ± 0.027 (1𝜎).

Following neutron dose exposures, neutron transmission through
the detectors was not measurably affected, implying that the neutron
absorbing lithium-6 was not depleted. This was expected as the neutron
doses are miniscule compared to the lithium-6 concentration per unit
area.

5. Discussion

For the NCNR’s purposes, these dose measurements were used to
estimate the maximum cumulative exposure for detectors in the CAN-
DOR instrument. Detectors installed in the CANDOR instrument have
photopeaks meeting or exceeding 120 SiPM pixel discharges. And so,
these detectors can lose 30% or more of their photopeak value before
they reach the fitness cutoff of 75 SiPM pixel discharges. This optical
loss is not realized until a cumulative dose of 10E+12 n/cm2 has been
reached. In a typical use case at CANDOR, this exposure limit would
not be reached for decades, since the neutron intensity on a detector

2
averages less than 1000 n/cm /s. However, the shelf-life of these
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detectors has not been studied extensively. Early prototype detectors
which were resting on a shelf at room temperature and humidity for
2 years were re-tested with no noticeable change in performance, but
a systematic shelf-life study was not performed. For a comprehensive
longevity study, detectors in the CANDOR instrument will be monitored
periodically over time.

It is unclear whether most of the optical damage is found in the
LiF:ZnS(Ag) scintillator or in the WLS fibers, as the two components
are not separable. After removing the surface reflectors, there was some
discoloration to the front face of the LiF:ZnS(Ag) bulk scintillator. The
WLS fibers could not be examined. It is logical that most degradation
would be located in the bulk scintillator material rather than in the WLS
fibers, because the high energy decay products are produced within the
bulk scintillator and have short pathlengths of approximately 30 μm –
40 μm. Only a small percentage of these decay products would escape
the bulk scintillator to interact with the outer cladding layer of the WLS
fibers.

6. Conclusion

Radiation hardness of a LiF:ZnS(Ag) cold neutron detector was
tested. Detectors were irradiated with cold neutron doses ranging from
2E+11 n/cm2 to 6E+12 n/cm2. Detector characteristics such as neutron
absorption and optical yield were measured before and after neutron
exposures and compared. It was found that the neutron absorption of
the detectors was not affected in a measurable way, and the optical
yield decreased with additional neutron exposure. The component
materials of the detectors could not be separately tested, and so damage
was not separately gauged in the bulk scintillator and WLS fibers,
although discoloration to the bulk scintillator post-exposure was ob-
served. The results of these tests suggest that detectors installed in the
CANDOR instrument are able to withstand a cold neutron dose up to
1E+12 n/cm2 before degrading to an unfit state.
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