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Abstract—Two scintillating bolometers of LiF (33 g) and Al,O4
(50g) at 20 mK, inside a lead shielding at the Canfranc
Underground Laboratory, were irradiated with neutrons from a
source of %*Cf. The analysis of nuclear recoils registered by
sapphire and (n,a) captures by ®Li shows the feasibility of these
cryogenic devices to measure the spectral flux of a neutron field.
Data unfolding was done assuming that the spectral flux is a
piecewise constant function defined on six energy groups. It can
be solved by using non-negative least squares without additional
assumptions on the neutron flux. The model provides consistent
results with the spectra of the observed events in bolometers,
giving a fast neutron flux of @(E>0.1MeV)=0.20ns"cm™
with a 15% uncertainty after 3 hours of live time. After our
analysis, it can be concluded that nuclear recoils in sapphire are
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more useful than (n,a) captures in LiF for spectrometry of fast
neutrons.

Index Terms— Bolometers, neutrons, radiation detectors, solid
scintillation detectors.

I. INTRODUCTION

NORGANIC scintillators containing natural Li or enriched in

the °Li isotope have traditionally been used to detect
thermal neutrons. The exothermic (Q =4.78 MeV) capture
®Li(n,0)®H, which has a cross section of 941 barn at
2200 ms™, is the basis for neutron detection. Currently, they
are also being taken into consideration for the development of
neutron detectors to manage the shortage of *He [1].

The first proposals of the classic scintillator °Lil:Eu to
detect slow neutrons [2] and for spectrometry of fast neutrons
[3,4] were given in the mid-twentieth century. These papers
showed the nonlinearity of its light output with respect to the
neutron energy [3,4], and its resolution improvement at low
temperatures [5]. Compounds with fluorine, as °LiF mixed
with ZnS:Ag for detection of thermal neutrons [6] or LiF as
thermo-luminescent dosimeter [7], were also proposed in the
same period. Nowadays, LiF and °LiF with different dopants
are widely used in both techniques. LiF scintillator has two
main drawbacks as a fast neutron spectrometer, even in the
favorable case of tungsten doped: low light yield (about 5%
with respect to Nal:Tl), and long decay time (40 us) of its
luminescence [8,9].

Prior works have proposed LiF bolometers to detect
neutrons or even dark matter [8,10,11,12,13]. Bolometers
profit from the fact that the largest component of the released
particles’ kinetic energy produces heat and overcomes the low
light yield of scintillators. Linearity of the heat signals was
verified by irradiations of °LiF bolometers with mono-
energetic neutrons from thermal energy up to 17 MeV [14,15].
However, heat signals are much longer (several ms) than light
signals and high neutron fluxes cannot be assessed.

The prospects of a cryogenic detector of °LiF as neutron
spectrometer were analyzed by Monte Carlo [16] and they
were further designed and built [17]. The unfolding of one
spectrum measured with °LiF was tested later [18].

Sapphire has not traditionally been used for neutron
spectrometry though it can be used as dosimeter for high
fluxes of neutrons from nuclear reactors [19]. Elastic
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scattering with oxygen or aluminum is the only relevant
process for fast neutrons below 1 MeV, and accounts for up to
80% of all interactions in sapphire at 6 MeV [20]. This task is
not possible using only the heat signal because heat response
is independent of particle type. Hybrid bolometers
[21,22,23,24,25] made with scintillating crystals can detect
the heat released by the interacting particles in addition to
light output. This light output is different for nuclear recoils,
alpha particles, electrons and gammas. Hence, a hybrid
bolometer of sapphire could be used as a neutron spectrometer
based on the scattering by light nuclei because it can
distinguish nuclear recoils (produced by neutrons) from
electron recoils (produced by gamma rays or electrons) [26].
The technique is also successful for °LiF or LiF [27].

This paper reports on the application of two scintillating
bolometers of LiF and sapphire as spectrometers of fast
neutrons. The former relies on (n,o) captures and the latter on
elastic collisions, which are two typical methods for neutron
spectrometry. Preliminary results were reported in [28,29].
The work is a byproduct of the ROSEBUD collaboration,
focused on the development of scintillating bolometers of
different materials for dark matter searches. Due to the
relevance of neutron background in such experiments [30], we
have used the available data to test the potential of these
scintillating bolometers as neutron spectrometers.

Il. SCINTILLATING BOLOMETERS

The total cross section of LiF [20] in the region of interest
for this work (Fig. 1) is dominated by interactions on *°F
(100% natural fluorine) and Li (92.41% natural lithium).
Elastic scattering is the more probable process for both nuclei.
Inelastic scattering accounts for an appreciable fraction of the
total cross section only above 0.2 MeV and 0.6 MeV for *°F
and ’Li, respectively. Resonances below 0.15 MeV come from
pure elastic scattering on “°F whereas the structure between
0.2 and 0.5 MeV comes from elastic scattering on *°F plus an
important contribution from (n,n’) to the first (110 keV) and
second (197 keV) excited levels of *°F, as well as a small
fraction from resonant elastic scattering on ’Li at 0.24 MeV.
The cross section of °Li (Fig. 1) is less than 10% of the total in
the region of interest, because of its low natural abundance
(7.59%).
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Fig. 1. Total cross section for neutrons on LiF (continuous line) and °Li (long
dashed line). Short dashed line shows (n,a) cross section on LiF, where
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capture by °Li dominates below 3 MeV and capture by *°F is dominant above
3 MeV.

A less common interaction on LiF is (n,o) capture (Fig. 1).
®Li(n,o), with the resonance at 0.24 MeV, is dominant for
neutron energies below 3 MeV, whereas endothermic °F(n,a)
(Q =-1.52 MeV) dominates above 3 MeV, and reaches a
maximum at 5.7 MeV. Note that in a °LiF bolometer with the
abundance of ®Li enriched to 95%, capture by °Li is 12.5 times
higher than that plotted in Fig. 1.

8

L2

Ligngt channel energy (MeVee)
s

Bry . l )Captures

.~ Muclear recoils

0 i "
0 2 4 6 8
Heat channel energy (MeV)

Fig. 2. Light-heat plot of a LiF scintillating bolometer estimated by Monte
Carlo with MCNP-PoliMi. Light output is measured in MeVee (MeV electron
equivalent) assuming that it is calibrated with gamma rays.

Particle discrimination can be achieved by comparing the
light and the heat signals of these particles. Fig. 2 shows an
estimate with MCNP—PoliMi v1.0 [31] of a light—heat plot of
a LiF scintillating bolometer irradiated by #°Cf. LiF was
inside a 25—cm thick lead box in a 1 meter thick rock cavern.
This version of MCNP—PoliMi was enough for our purposes;
in particular, it considers that charged particles deposit their
energy where they are produced, a very good approximation
for our problem. To imitate the bolometer response, we
assumed similar parameters to those of our LiF scintillating
bolometer (see section 1V): the heat output does not depend on
the type of particle, the light output of the products of neutron
captures is 0.5 times the electron light output, the light output
of neutron induced nuclear recoils is 0.2 times the electron
light output, the resolutions are 1% in the heat channel and
30% in the light channel at 4.78 MeV and are extrapolated for
all energies according to square root of the energy. If for every
history generated by a primary neutron, E,, E. and E; are the
transferred energies to LiF by elastic or inelastic neutron
collisions, electron absorption and neutron captures,
respectively, the expected heat signal, Hy, is then proportional
to E,+E.+E. and the expected light signal, Lo, is
proportional to 0.2 E, + E. + 0.5 E.. Once the pair (Ho,L) is
calculated, every point (H,L) of Fig. 2 is sampled from an
uncorrelated two—dimensional Gaussian centered at (Ho,Lo)
with the standard deviations o, and oj extrapolated from the
values at 4.78 MeV. Therefore, according to our chosen
factors, nuclear recoil events form a high density band
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(nuclear recoils band) with a of slope of 0.2, and interactions
of scarce gammas coming from (n,n’) collisions in lead or
rock are located on the diagonal B/y band. Between the nuclear
recoils and B/y bands there are (n,n’) collisions followed by
gamma interaction in LiF. Captures by °Li of room returned
thermal neutrons accumulate at (4.78 MeV, 2.39 MeVee)
whereas (n,a) captures of fast neutrons extend beyond this
point as a band of slope slightly lower than 0.5 (captures band)
because multiple collisions are possible before a capture event.

Note that in an underground experiment, where the major
background source comes from environmental gammas that
have energies below 2.6 MeV, a hybrid bolometer is not
necessary to identify the reaction °Li(n,o)®H, because there are
no background events of energy greater than Q value. At
ground level, however, cosmic ray interactions can transfer
energy greater than Q value. In this case a scintillation signal
would be required to detect weak neutron fluxes, given that
cosmic ray events are in the P/y band and can be easily
identified.

The total cross section on sapphire between 10 keV and
10 MeV (Fig. 3) shows that elastic scattering, with oxygen or
aluminum, is the only relevant process for fast neutrons below
1 MeV. Elastic scattering accounts for up to 80% of all
interactions in sapphire at 6 MeV [20]. Inelastic scattering is
the other relevant process and neutron capture is noticeable
only above 5MeV. A sapphire bolometer light—heat plot
would be similar to Fig. 2 without the capture band.
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Fig. 3. Total (continuous line), inelastic (long dashed line) and capture (short
dashed line) cross sections for neutrons on sapphire.

I11. EXPERIMENTAL SET UP

Commercial, undoped sapphire and LiF cylindrical crystals
(25 mm diameter and 25 mm height) were used as detector
material. Whereas the exact scintillation mechanism is not yet
known for the LiF crystal, it is thought to be due to titanium
impurities in the sapphire, at the ppm level; see [32] and
references therein.

A strong scintillation emission at low temperature was
reported for the sapphire crystal, with absolute light yields
(fraction of deposited energy going to light) estimated to be
0.127 for gammas, 0.016 for alphas and 0.0073 for neutron
recoils, using a strong anticorrelation found on the heat and
light signals, and assuming no energy lost in traps [26].
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After performing in the double LiF bolometer a >°Fe
calibration of its light detector [33], the collected light yield
was estimated to be around 0.4 keV/MeV for gammas, and
0.11 keV/MeV for alphas-tritons and 0.06 keV/MeV for
nuclear recoils.

Each crystal (Fig. 4a) was in a copper frame, faced to an
optical bolometer, i.e., a thin Ge disk (25 mm diameter and
several tens of micrometers thickness) absorbing the
scintillation light. Bolometers were placed inside a dilution
refrigerator at a base temperature of 20 mK. Thermistors of
Ge—NTD [34] measured the temperature increases of massive
and optical bolometers, providing information of the heat and
scintillation light produced in the crystals. Signal acquisition
was triggered by the logical OR of the signals coming from
thermistors, so that both bolometers had the same live time.
This was estimated by counting the infrared pulses that, at a
frequency of 1/30 s, were guided via an optical fiber to the
bolometers.
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Fig. 4. (a) Diagram of a scintillating bolometer; (b) Layout of experimental set
up (top view)

A source of *2Cf was used to produce the neutron field and
to calibrate the LiF bolometer. The sapphire was calibrated by
placing a *’Co source near the bolometers. Underground
placement and shielding were required to reduce natural
radiation and its associated dead time. The low part of the
dilution refrigerator was in the hole of an uncovered lead box
of side 80 cm, walls and base of thickness 25 cm. The lead
box was on 20 cm of polyethylene and had two walls covered
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by 40 cm of polyethylene (Fig. 4b). The system was placed
inside a Faraday cage at the formerly called LAB2500 [35],
(currently hall E) of the Canfranc Underground Laboratory
under 850 m of rock overburden.

IV. IRRADIATION WITH 2°2CF NEUTRONS

Both bolometers were irradiated simultaneously for about 8
hours with neutrons emitted by the *2Cf source placed in front
of the LiF bolometer, 80 cm away from the lead wall. The live
time was 11430 s, 39.2% of the irradiation time. Dead time is
due to the thermal conductance G between the bolometer and
the thermistor which, besides the heat capacity C of the
bolometer, determines the characteristic time z= C/G [14] and
the required time to return to the work temperature, ~50 ms
for the bolometers of this work. Note that not only fast neutron
interactions contribute to dead time, but also thermal neutron
captures and other background events, as B and y rays
interactions, as well as the pulse processing of the acquisition
system. The dead time induced by the absorption of thermal
neutrons by LiF can be suppressed by adding cadmium
screens. The dead time induced by B and y rays can be reduced
using hardware thresholds in the light and/or heat channels to
process only the pulses coming from interactions of fast
neutrons. Furthermore, the pulses identified as pile—up are
rejected because the bolometer temperature after the first
event is higher that the work temperature, therefore the
increasing of the specific heat gives a nonlinear response for
the successive piled-up events. The losses from pile—up could
be reduced by adapting new algorithms currently developed
for microcalorimeters [36].

The expected neutron spectrum outside the shield is a
standard spontaneous fission spectrum, with an additional
component due to neutron scattering in the laboratory walls
and equipment inside. The source intensity at time of
irradiation was 3.72x10* neutrons s !, giving a total flux of
0.463 ncm 2s ' at 80 cm (the nearest lead surface). This value
is five orders of magnitude greater than the estimated flux in
the LAB2500 [37] or the one measured in “Hall A” [38] of the
Canfranc laboratory, both in agreement with typical values of

neutron flux underground [39]. Therefore, neutron
background is negligible in our data.
A. LiF Data

The response of the LiF bolometer is plotted in Fig. 5
[28,29] and clearly illustrates the discrimination power of
combining light and heat detection.

Events produced by interactions of electrons and photons
(B/y events) are around a straight line through the origin and
the point (1000, 500) mV; nuclear recoils are in the band
placed mainly below 100 mV in the light signal, and (n,o)
captures are clustered between 2000 and 2100 mV in the heat
signal and between 300 and 500 mV in the light signal. Events
without a significant heat signal are produced by interactions
only in the optical bolometer.

The heat signal spectrum of (n,a) absorptions (Fig. 6) was
obtained selecting the events with heat amplitude between

http://dx.doi.org/10.1109/TNS.2016.2561280

1900 and 2500 mV. Absorption of thermal and epithermal
neutrons produces the biggest peak around 2000 mV and
absorption of fast neutrons peaks around 2100 mV. Their
energies are 4.78 MeV, the Q value of the ®Li(n,o)H reaction,
and 5.02 MeV, the Q value plus 0.24 MeV of the resonance. It
was checked that the 5.02 MeV disappears when the neutrons
are thermalized [27]. Both peaks give a linear calibration
E(keV) =a+bV(mV), where b=2.6360.076 keV mV ™,
a=-499+152 keV, and cov(a,b) = -11.485 keV* mV . This
calibration around 2000 mV cannot be extrapolated to low
amplitudes because of big uncertainty (note that an amplitude
of 0mV gives —499+152 keV). The extrapolation has a
reasonable precision near 5 MeV. For instance, the uncertainty
at 3 MeV is about 2%.
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Fig. 5. Light-heat plot of the scintillating bolometer of LiF irradiated with a
source of *Cf. Captures °Li(n,a)®H produce (a+t) events, elastic collisions
produce nuclear recoils and interactions of electrons and photons produce
(Bly) events. Events without heat signal are produced by interactions in the
optical bolometer. Energy scale (upper axis) is not precise beyond the region
around 2000 mV, close to °Li absorption peaks (Fig.6), due to the
extrapolation of the calibration. © IOP Publishing. Reproduced with
permission. All rights reserved.

Resolution of the heat channel at 4.78 MeV is 54 keV; the
peak at 5.02 MeV is much wider because it comes from the
convolution of the resonance at 0.24 MeV (Fig. 1) and the
resolution of heat channel. Figure 5 shows that both peaks are
not resolved in the light channel. Then, neutron spectrometry
is made with heat signals because its resolution is much better
than light signals.
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Fig. 6. Spectrum of neutron captures in the scintillating bolometer of LiF
irradiated with a source of **Cf.
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We established a discrimination threshold for the heat
signal, where nuclear recoils and B/y events are well separated
by their light signals. This threshold is approximately at
250 mV. Calibration at 250 mV with the *’Co source was not
possible since the total absorption peaks of 122 and 136 keV
were not visible in the B/y band of LiF because they could be
below 250 mV or the photoelectric absorption rate of the light
Li and F atoms could be very weak. Therefore, we did not use
the recorded nuclear recoils on LiF for neutron spectrometry.
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Fig. 7. Light-heat plot of the scintillating bolometer of sapphire irradiated
with a source of 22Cf. Elastic collisions produce nuclear recoils, and
interactions of electrons and photons produce (B/y) events. Inset: Detail of the
cuts for selecting nuclear recoils. Energy scale (upper axis) is not precise
beyond the region around 150 mV, close to *'Co energies (Fig. 9), due to the
extrapolation of the calibration. © IOP Publishing. Reproduced with
permission. All rights reserved.
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B. Sapphire Data

The light—heat diagram of sapphire is shown in Fig. 7
[28,29]. Nuclear recoils were selected with two cuts: the first
one separated events above the discrimination threshold of
50 mV in the heat signal and the second one selected events
below the straight line passing through the points (50,100) mV
and (400,200) mV (see inset, Fig. 7). The spectrum of these
events is shown in Fig. 8.
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Fig. 8. Spectrum of nuclear recoils in the scintillating bolometer of sapphire
irradiated with a source of %2Cf.

An estimate of number of nuclear recoils lost in the B/y
band and of number of B/y events included in the nuclear
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recoil band can be made by fitting events with a heat signal
between 50 and 55 mV to two Gaussians in the light signal,
one for nuclear recoils and another for B/y events. As a result
of this fit, we expect only 0.7 lost recoils and only 1.2
included B/y events, negligible with respect to the number of
events in the bin. The first bin of the recoil spectrum (Fig. 8)
remains virtually unaltered by this cut, as does the rest of the
bins of Fig. 8 because the discrimination between B/y and
recoil events is even better than in the bin from 50 to 55 mV.

C. Sapphire Calibration

The calibration of sapphire with *’Co (Fig. 9) lasted 52
minutes. The 122 keV line is at 139 mV and the 136 keV line
appears as an accumulation of about 8 counts at 154 mV. To
check the position of this line, we used a template obtained in
16.2 hours with *Co and ?**Am (Fig. 10). This calibration had
been done in a previous run where an encapsulated source of
*'Am was mounted inside the dilution refrigerator, close to
the sapphire bolometer [26]. The template was built with a
suitable data binning to compare it to Fig. 9.
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Fig. 9. Calibration spectrum of the scintillating bolometer of sapphire

irradiated with a source of *'Co.

The lines from °’Co and the line of 59.5 keV from *'Am
are clearly visible in Fig. 10, as well as the Compton edge of
122 keV at 39.4keV. The template shows that the
accumulation at 154 mV in Fig. 9 matches the 136 keV line
and therefore, in spite of low statistics, both *’Co lines can be
identified in the calibration. Also, the Compton edge of
122 keV should be locate around 50 mV in Fig. 9.
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Fig. 10. Template of a calibration spectrum of the scintillating bolometer of
sapphire irradiated with **Am and *’Co [26].

The position of the peaks can be estimated by the maximum
likelihood method. Assuming the probability distribution
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function as the normalized addition of two Gaussian functions
of the same width plus a second order polynomial as baseline
between 100 and 190 mV (Fig. 11), the *'Co lines are located
at 139.087312 mV and 154.45*11tmV (Tablel), with a
negligible correlation coefficient of 0.006. Their estimated
areas, 5613 and 7.01%§, are compatible with the intensities of
122 keV (85.5%) and 136 keV (10.7%) gamma radiations
[40].
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Fig. 11. Plot of the peaks and baseline of the *'Co calibration with the
estimated parameters by maximum likelihood.

counts /2 mV

The asymmetric uncertainties have been symmetrized
following the method used in “The NUBASE evaluation of
nuclear and decay properties” [41]: from the estimated value
X*2 we obtain the symmetric estimate m + o, where

m—X a—>b
HED
2
o2 = (1—;) (a —b)? + ab )

We take the symmetric estimates in Tablel as the
calibration points of the sapphire bolometer. According to
them, the Compton edge of 122 keV line is located at
52 +7mV, an interval in the right region of Fig. 9. The
precision is not good because both peaks are tiny, they are
very close together and far from Compton edge.

TABLE |
ESTIMATES OF THE POSITIONS OF *’CO PEAKS

keV Maximum likelihood (mV)
122.06 139.08*512
136.47 154457132

Symmetric estimate (mV)
139.07 £ 0.16
15432 +1.24

V. DATA UNFOLDING

Neutron flux is generally a function of position, neutron
velocity, and time. In our case, it is time independent and we
can suppose the flux is the same in every point of each
bolometer surface, since their sizes are much smaller than the
relevant lengths. Monte Carlo simulation with MCNP [42] of
a simplified geometry (lead, polyethylene and laboratory rock)
showed that the flux of the °2Cf fast neutrons inside the hole
of the lead shielding where the bolometers are contained is
nearly isotropic [43]. Accordingly, flux depends only on the
neutron energy.

The spectral flux of the incident neutrons on the bolometers
can be estimated using a piecewise constant function:
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N
O(E) dE = Z 0, dE 3)
k=1

where the spectral flux of the kth group, @, is nonzero only
inside the interval (Ey_;,Ey).

The response Rj is the content of the ith voltage bin per
incident neutron of the kth group and was estimated by Monte
Carlo with the code MCNP—PoliMi. A simulation including a
bolometer, copper frame, helium bath, and lead shielding
showed that one emerging neutron from the bolometer had
only a 2% probability of being reflected back inside [43]. This
allowed a simplified simulation consisting of a cylinder of
same size as the bolometer. We consider negligible the
distortion produced by this 2% fraction in the responses Rj.

The experimental spectrum is a linear combination
N

(ol z iR €))

k=1

where ¢; is the content of the ith bin and the unknown o is the
number of neutrons of the kth group going into the bolometer.
Equation (4) is not exact because the model (number and
energy intervals of the groups, isotropy of the flux) is
approximate. We expect also an inaccuracy of a few percent
coming from the simplified geometry used to estimate Rj.

Therefore, @, and oy are related by

_ 2 ay c
%= a5 At - (Ex — Ex_1) ®)
where A4S is the surface of the bolometer, At is the live time of
the measurement and the factor two is due to the assumed
isotropy of the neutron flux.

In general, as the number M of bins is greater than the
number N of groups, the linear system (4) is over—determined.
We chose a model with six groups, of roughly the same width
per unit lethargy between 0.05 and 5 MeV. It was solved by
the method of least squares with the constraint of non-negative

flux (e >0, k=1... N) looking for the minimum of
N

M
52 =D wi o= ) @Ry )? ©)
i=1 k=1
The inverse of the estimated variance is the weight of the ith

bin
-1
w; = (Ci + Z apViy + Z axa; cov(Ry, Ril)) ™
X L

It assumes that the observed values c; are random variables
following the Poisson distribution, it includes the variances
[44] Vj of the responses R, evaluated by MCNP-PoliMi and a
third term coming from the uncertainties in the positions of
calibration peaks.

The third term takes into account that the output of
MCNP-PoliMi has to be binned according to the gain
(keV/mV) and offset of the experimental spectrum. Therefore,
this binning depends on the positions x; and x, of the two
calibration peaks (see an example in Fig. 12), i.e., Ry is a
function Ri(xy, X2). Then,
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2
OR; OR;
cov (Ry, Ryy) = z (—axlk> (—”) cov(xj,x,,)  (8)
jm=1 J

0x,,

Usually, x; and x, are independent or their correlation is
negligible, as in our case for the sapphire bolometer:

cov(xj, Xm) = 07 8jm, (j = 1,2)

R R )_ZZ: Ry (0Ry\ ©
cov ik Nl — ax] ax] O-]

j=1

o
g

0.03

0.02

0.01

counts / 5 mV [ incident neutron

0 50 100 150 200 250 300 350 400

Fig. 12. Response functions of sapphire bolometer for the 3" group of
neutrons, (0.2,0.5) MeV for different positions of the *Co peaks. Continuous
line (x;=139.07 mV, x,=154.32 mV), short dashed line (x;=140.07 mV,
%2=154.32 mV), long dashed line (x;=139.07 mV, x,=155.32 mV). Note that,
in the sapphire of this work, the useful region is above the 50 mV threshold.

The partial derivatives of (9) were estimated numerically as
(Rik(xj+ax%) Ri(x;))/4Ax; for Axi=1mV. Looking at Fig. 12,
they are the difference between the short dashed and the
continuous lines (j=1) and the difference between the long
dashed and the continuous line (j=2).

TABLE Il
RESULTS OF THE UNFOLDING WITH SIX GROUPS
Sapphire LiF
MeV stcm? Mev?
0.05-0.1 <24 <17
0.1-0.2 0.59+335 0.311+0.072
0.2-05 0.248 £ 0.031 0.315+0.028
0.5-1.0 0.068 £ 0.012 0.161 + 0.040
1.0-2.0 0.031 £0.003 <0.28
2.0-5.0 0.0017 + 0.0007 <10
Flux (s* cm?)
0.1<E(MeV)<5 0.1<E(MeV)<1
0.204+393¢ 0.206 + 0.022

The results of the unfolding for each bolometer are listed in
Table Il. The first column lists the endpoints of the groups; the
second and the third columns are the differential flux
estimated with sapphire and LiF data, respectively. The
constrained one-at-a-time uncertainties (or upper limits) of @,
and of the integral flux were estimated at 68% C. L., as
described in [45], Integral fluxes are given in the last row of
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Table Il. The incident spectral fluxes on each bolometer are
plotted in Fig. 13. Solutions give upper limits for the first
group between 0.05 and 0.1 MeV. This reveals the limited
information supported by our data about the flux below
0.1 MeV.

The differences between the experimental data and the
fitted values, ¢; — X¥_; ax Ry, are within their uncertainties.
Fig. 14 shows the residuals wl.l/z(ci — YN_,axRy) at the
minimum of (6): differences between data and fitted values of
LiF are within two times the estimated standard deviation in
every bin, and those of sapphire are mainly within three times
the estimated standard deviation.

100 ——

=
o

[y

o
-

Spectral flux (s cm™? MeV-)

o
=]
=
T
L

0.001 el N —

0.01 0.1 Energy (MeV) 1 10

Fig. 13. Results of the unfolding of sapphire data (black squares) and LiF data
(red dots). Only upper limits are plotted for the 1% group, and for 5™ and 6"
groups for LiF.
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Fig. 14. Residual plots of the data unfolding of LiF bolometer (a) and
sapphire bolometer (b).

No noticeable differences were found taking the weights w;
without the variances Vi, i.e., the uncertainties of the
responses Rj coming from the Monte Carlo method, were
negligible in (7). Using one at a time the other summands of
the weights w; to minimize (6), we concluded that the
randomness of the measured events c; essentially dominates
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the uncertainty of LiF deconvolution and that of sapphire at
high energy, whereas the uncertainty at low energy in the
sapphire result is dominated mainly by the uncertainty coming
from the *’Co calibration. We were not able to improve the
resolution of the spectral flux because least squares solutions
had strong oscillations when we increased the number of
groups, and the unfolding was not possible without an
additional constraint of smoothness [46].

VI. CONCLUSION

The spectral flux of a neutron field has been estimated
through scintillation bolometer measurements of the elastic
collisions in sapphire and neutron captures in LiF. The live
time of the experiment was 39.2% for 0.2ns ' cm™ This
value is the typical magnitude of the measurable flux of fast
neutrons with the set-up here described. In the best
conditions, if the processing time was negligible, then the dead
time would be ~50 ms per recorded event, and the saturation
count rate would be ~20 Hz in a nonparalyzable system.
Obviously, a realistic upper limit for a measurable rate would
be one half of the saturation, say ~10 Hz. As the rate has been
3Hz for a flux of 0.2ns'cm™, the upper limit for a
measurable flux would be ~0.7ns'cm™, if the rate was
proportional to the neutron flux, i.e., the background was
dominated by the y rays and neutrons emitted by %*Cf.

Measurements of more intense neutron fluxes could be done
with smaller crystals. The chosen mass should depend on the
neutron flux and on the background from the rest of sources.
This should avoid the increase of the total interaction rate and
the corresponding dead time. Furthermore, a smaller mass
reduces the heat capacity C and the characteristic time z. An
increasing of the thermal conductance also reduces z, but it is
not recommended because a fraction of the heat could escape
of the target before the thermalization were reached, giving a
loss in resolution. Bolometers of 25 g would improve a factor
2 the upper limit of the measurable rate up to ~20 Hz.

Adiabatic Demagnetization Refrigerators (ADRs) could
replace dilution refrigerator in the case of *He shortage.

The LiF bolometer gives good results (within 10% of
uncertainty in the total flux) in the region between 0.1 and
1 MeV even with the small number of events reported in this
paper. The peak due to the absorption of thermal neutrons
(Fig. 6) masks the capture of fast neutrons below 0.1 MeV,
while the decreasing of the cross section outside the resonance
at 0.24 MeV weakens the sensitivity of LiF for energies
greater than 1 MeV or smaller than 0.1 MeV.

The sapphire bolometer gives information above 0.1 MeV
and could explore the region below 0.1 MeV with a lower
discrimination threshold (Fig. 8). The statistical uncertainty of
the unfolded solution for the total flux between 0.1 and 5 MeV
is about 15%, which could be improved if the sapphire
calibration were more precise. From the point of view of fast
neutron spectrometry, detection of elastic collisions by
sapphire is a better option than detection of neutron captures
by LiF. Note that this is possible because light output
classifies nuclear recoils and electron recoils (Fig. 7).
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The systematic uncertainty of the simplified Monte Carlo
simulation of both bolometers is estimated as 2%, which is the
fraction of neutrons that would come back to the bolometer if
the materials around were included in the simulated geometry.
This uncertainty is negligible with respect to those estimated
by the unfolding.

Data unfolding (with a few energy groups) has been
obtained without any additional a priori hypotheses other than
positive flux because the linear system (4) is over—determined.
This is one advantage with respect to a Bonner spheres
spectrometer (BSS), where an under—determined linear system
has to be solved assuming, a priori, some features of the
neutron spectrum. The different available numerical methods
to unfold the BSS data give similar total fluxes and spectra of
similar shapes but with big discrepancies (a factor two or even
a factor ten) for some energy bins; see, for instance, [38].
These disagreements do not exist for scintillating bolometers
because the solution of an over—determined system is unique;
hence the precision of scintillator bolometers is much better.

Conversely, the method reported in this paper is more
complicated and more expensive than a BSS. Nowadays,
scintillating bolometers are useful for fluxes no greater than
~1ns?cm™ whereas BSS, depending on its features (size,
neutron detection based on °Li, *He or activation foils) can
measure neutron fluxes between ~102and ~10°ns'cm™
[47].

Due to the limited rate affordable with scintillating
bolometers (a few 10 Hz at most), foreseen applications are
restricted for radioprotection topics, such as measurement of
the residual fast neutron component after shieldings of the
thermal component in accelerators or reactors installations.
Other applications are foreseeable with enriched °LiF
detectors, as in situ monitoring of the fast neutron background
in experiments looking for dark matter with bolometers, where
fast neutrons of energy between ~100keV and ~1 MeV
constitute the ultimate background [48]. They would allow
either to check the multi—detector Monte Carlo simulation
during the neutron calibration phases, or to monitor the
background during the exposure ones. A good deal of °LiF
bolometers could be necessary to compensate for the neutron
capture cross section in ®Li with respect to the scattering ones
in the targets (Ge, CawWQ,) [43] at the relevant neutron energy
range.
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