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ABSTRACT
Superconducting High Resolution Fast-Neutron Spectrometers
by
Ionel Dragos Hau
Doctor of Philosophy in Engineering — Nuclear Engineering
University of California, Berkeley

Professor Jasmina Vujic, Chair

Superconducting high resolution fast-neutron calorimetric spectrometers based on °LiF
and TiB, absorbers have been developed. These novel cryogenic spectrometers measure
the temperature rise produced in exothermal (n, o) reactions with fast neutrons in °Li and
'"B-loaded materials with heat capacity C operating at temperatures T close to 0.1 K.
Temperature variations on the order of 0.5 mK are measured with a Mo/Cu thin film
multilayer operated in the transition region between its superconducting and its normal
state. The advantage of calorimetry for high resolution spectroscopy is due to the small
phonon excitation energies kgT on the order of peV that serve as signal carriers, resulting
in an energy resolution AE = (kgT°C)"?, which can be well below 10 keV.

An energy resolution of 5.5 keV has been obtained with a Mo/Cu superconducting sensor
and a TiB, absorber using thermal neutrons from a 232Cf neutron source. This resolution
is sufficient to observe the effect of recoil nuclei broadening in neutron spectra, which
has been related to the lifetime of the first excited state in 'Li. Fast-neutron spectra
obtained with a °Li-enriched LiF absorber show an energy resolution of 16 keV FWHM,

and a response in agreement with the °Li(n, o)’H reaction cross section and Monte Carlo



simulations for energies up to several MeV. The energy resolution of order of a few keV
makes this novel instrument applicable to fast-neutron transmission spectroscopy based
on the unique elemental signature provided by the neutron absorption and scattering
resonances. The optimization of the energy resolution based on analytical and numerical

models of the detector response is discussed in the context of these applications.
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Chapter 1. Introduction

This chapter provides an overview of fast-neutron spectroscopy instrumentation along
with their current applications and potential applications of instrumentation with high
energy resolution. Fast neutron spectroscopy refers to measuring the kinetic energy of
fast neutrons. These neutrons are measured either directly after emission from a source or
after undergoing interactions inside a sample, and spectroscopy can be thus used to infer
the properties of the source or of the intervening nuclei. This dissertation describes a
novel fast-neutron spectrometer operated at very low temperatures, which offers high
energy resolution and a simple response function, developed in the Advanced Detector
Group at Lawrence Livermore National Laboratory. Applications of this technology are
discussed in the context of the advantages of high energy resolution this novel instrument

offers.

1.1 Fast-neutron spectrometers

Since its discovery in 1932 by J. Chadwick [Cha 32], various methods for detecting
neutrons and measuring their kinetic energy have been devised [Kno 99], [Bro 02],
[Peu 00]. Neutrons are usually detected by inducing nuclear reactions that produce
energetic charged particles, and by collecting the resulting electrical charges or photons.
The interaction of neutrons with nuclei is a complex process. It involves (n, n) elastic and
(n, n’) inelastic scattering, absorption by (n, a) reactions, radiative capture in (n, 7y)
reactions, charged particle reactions such as (n, p) or (n, ’H), neutron-producing reactions
such as (n, 2n) and (n, 3n) and nuclear fission reactions with heavy elements. Such

interactions are characterized by energy-dependent microscopic neutron cross sections



o(E), in units of cm’, that are unique for each neutron-nucleus pair [END 06]. The
product of target nuclei number density N and o(E) is called the macroscopic cross
section X and it has units of cm™. The macroscopic cross section T is a probability per
unit path length that a neutron interacts with target material. The product between the
neutron flux @ in units of neutron/cm?/s and T represents a reaction rate R = ® in units
of reactions/cm’/s.

Precise spectroscopy of fast neutrons with energy of order 1 MeV and above is
challenging due to the fact that the interaction cross sections are only on the order of a
few barns to tens of barns at best in this energy range, which significantly reduces the
reaction rate and thus the detection efficiency.

An additional challenge for precise fast-neutron spectroscopy results from the fact that
current instrumentation has either low energy resolution AE, or low detection efficiency,
or that the response function is complicated.

Fast-neutron spectrometers based on organic scintillators (liquid or plastic) convert the
kinetic energy of the neutron into visible light through a reaction that produces charged
particles. For example, hydrogen-containing scintillators use the (n, p) reaction, which
has a cross section of about 4.2 barns at 1 MeV. The energy deposited in the scintillator
material by the recoil proton and the recoil nucleus is transferred through ionizations to
electrical charges that excite the atoms and produce visible light photons collected with
photomultiplier tubes. These instruments have among the highest detection efficiency for
fast-neutrons but offer a resolving power E/AE only on the order of 10.

*He gas proportional counters and ionization chambers employ the *He(n,p)’H

exothermal reaction to detect neutrons, with a reaction Q-value of 0.764 MeV. The



charges produced by the energetic reaction products are collected inside the chamber by
electrically polarized electrodes. Designs that include an ion grid to prevent avalanche
ion formation in an ionization chamber have better stability and provide an E/AE ~ 50 for
1 MeV neutrons [Kno 99], [Bro 02]. The low *He number density in the gas contributes
to low detection efficiency. The energy response of a *He gas detector is affected by the
wall effect which is produced when the reaction products strike the chamber wall and
deposit less energy in the gas. This results in a complicated response function that in
addition is affected by the position of the neutron interaction inside the gas.

Organic scintillators and *He gas chambers collect either light or electrical charges
produced by incoming neutrons. The energy resolution of scintillator detectors is limited
by statistical fluctuations in both the number of the initial scintillation phonons and the
number of the photoelectrons produced in the photomultiplier tube. The energy resolution
of charge-collecting detectors is limited by the statistical fluctuations in the number of
electrical charges collected.

An alternative method for neutron spectroscopy is based on determining the kinetic
energy of the neutron E, = (1/2)m,vy,” from the measurements of the time-of-flight (TOF)
that a neutron with a velocity v, = L/At takes to traverse a flight path of length L. A start
moment is marked when the neutron is generated at the beginning of the flight path
(source), while a highly efficient neutron detector (with detection area S) at the other end
of the flight path is determining the arrival moment of the neutron. The precise
measurement of the time of flight At can result in an resolving power E/AE >> 1000,
limited only by the practical flight path length. But the longer the flight path, the lower

the solid angle Q = S/4nL* and thus the lower the total detection efficiency. For high



energy resolution applications, the TOF method is by far the most accurate technique,
often employing flight paths with lengths of order of hundreds of meters [Col 98].

For an overview of fast-neutron spectrometers used today in various applications, one can
plot their intrinsic detection efficiency versus the resolving power E/AE (Fig. 1.1). The

‘ideal’ neutron spectrometer would have 100% intrinsic detection efficiency and E/AE >>

1000.
100‘E T B L ol Lol
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Figure 1.1. Neutron spectrometers comparison.

In this dissertation, we introduce a novel technique for fast-neutron spectroscopy. It is
based on calorimetry, i.e. on measuring the energy of the fast-neutrons from the increase
in the temperature of a material upon neutron absorption in an exoenergetic nuclear
reaction. The Full Width Half-Maximum (FWHM) energy resolution of the calorimeter is
given by [Mat 82]:

AEpwim = 2.355(kgT2C)"? (1.1)



where kg is the Boltzmann constant, C is the heat capacity of the calorimeter and T is the
operating temperature. In the case of a fast-neutron calorimeter, a theoretical energy
resolution on the order of a few keV can be obtained by operating the calorimeter at
T = 0.1 K with heat capacities of a few nJ/K. One of the advantages of the method is that
it collects and measures heat (phonons), for which the excitation energy per signal carrier
is much lower than for electrical charges or scintillation photons, which translates into
improved energy resolution. On the other hand, in order to obtain high energy resolution,

the detection system has to be operated at low temperatures.

1.2 Cryogenic radiation detectors

The idea of nuclear and atomic radiation spectroscopy by calorimetric methods is not
new. As early as 1903, Curie used room temperature calorimetry to measure the heat
produced by self-absorbed radiation from a radioactive sample [Cur 03]. The advantage
of lowering the temperature of the absorber in order to obtain higher sensitivity was
suggested in 1935 [Sim 35], while the possible use of the transition edge in a
superconductor for radiometric purposes was first proposed in 1939 [Goe 39]. In 1942,
Andrews et al. describe a bolometer to measure infra-red radiation with a tantalum sensor
(T, =4.48 K) [And 42], and in 1949 Andrews also describes the use of superconducting
‘columbium’ strips (niobium) to detect a-particles from a polonium source [And 49]. As
an interesting coincidence, the associated ‘columbium’ article was published next to a
report about fast-neutron spectroscopy with °Li-loaded photographic emulsions. (Fig.

1.2).



On the Measurement of the Energy of Fast
Neutrons by Photographic Emulsions Loaded
with Enriched Li®

GeoroE K. KEEPIN axp Jases H. RonerTs
Department of Physics, Nordkwestern [Muizernity, Evansion, Ilincis
May 13, 1949

N the literature! it is suggested that Li* disintegrations in
photogeaphic emulsions be used to mewsure the energy of fast
nentrons. In commercial lthium loaded plates the disintegrations
are masked by a high background of proton tracks. To overcome
this Roberts? suggeatad the use of emulsions heavily loaded with
enriched Li% This isotope with an enrichment factor of about 98

The Effect of Alpha-particles on a Superconductor*
I H. ANDREWS, R. I FOWLER axD M. C. WILLIAMS

Cheminiry Department, The Johus Hopbing Universivy, Baltimaore, Maryiond
May 9, 19499

UPERCONDUCTING bolemeters have been bombarded with

alpha-particles from a polonium source, and it is found that
countable electrical pulses are produced, one for each particle
impact. The bolometer used in the experiment reported here was
made of a strip of columbium nitride, approximately 3.5x04
#0006 mm, mounted with hakelite lacquer on a copper base,
and maintained at the operating temperature of 15.5°K in a
cryostat, as previously described;! its time constant was about
107 sec.

Figure 1.2. The article by Andrews (right) in Phys. Rev. 76, 154—155 (1949). Reproduced with
permission from Physical Review.

In the following decades, both superconducting and semiconducting sensors have been
developed as sensitive photon and particle detectors. In 1961, a gallium-doped single-
crystal germanium bolometer operated at 2 K is described for infra-red and microwave
applications [Low 61]. Experimental neutrino physics and dark matter searches in
cosmology have motivated the development of cryogenic sensors since the early 1980°s
and have lead to the large underground experiments such as CDMS, CRESST and
EDELWEISS [Ake 04], [Dru 84], [Fab 03], [Goo 85], [Pre 87], [Sad 99]. The field of x-
ray astrophysics, that offers a window to understanding the high energy events in the
universe, has driven the development of semiconducting and superconducting
calorimeters [Bei 03], [Irw 95], [Mos 84], [Pol 04]. In the field of nuclear radiation
metrology and particle spectroscopy, the work of de Marcillac et al. [Mar 93] focused on
calorimeter development for dark matter research and for radiation metrology with LiF
and silicon absorbers. An energy resolution of 16 keV FWHM is reported at a
temperature of 35 mK, measured with a carbon resistor thermometer, but the
measurements were limited to thermal neutrons and alpha particles. More recently, Silver

et al. have reported an energy resolution of 39 keV FWHM obtained with LiF neutron



absorbers with NTD thermometer at 330 mK with a response to monoenergetic neutron
beams with energies up to 7.2 MeV [Sil 02].

The Advanced Detector Group (ADG) at Lawrence Livermore National Laboratory
(LLNL), is developing superconducting gamma and fast-neutron calorimeters for
fundamental science and national security applications [Cho 00], [Cho 01], [Cun 02],
[UIL 03], [Ter 04]. In our experiments, the temperature is measured with superconducting
transition edge sensors (TES) as thermometers. Our goal is to develop a spectrometer
with an energy resolution less than 0.1% for fast-neutrons up to 5 MeV kinetic energy

with an efficiency of at least 1% for applications in fast-neutron resonance spectroscopy.

1.3 Motivation for high energy resolution in fast-neutron spectroscopy

High resolution neutron spectroscopy has applications in nuclear science, material
characterization and nuclear non-proliferation [Kno 99], [Rei 91]. Fast neutrons with
kinetic energies from fractions of keV to MeVs are emitted for example in deuterium-
deuterium (D-D) and deuterium-tritium (D-T) fusion reactions and in spontaneous or

#3U. Deuterium ions are accelerated by a potential

induced fission reactions of **Cf or
of about 300 keV onto deuterium or tritium targets and produce monoenergetic neutrons
with energies of 2.44 MeV (D-D reaction) and 14.1 MeV (D-T reaction). Neutrons
emitted in fission reactions have continuous energy distributions that can be theoretically
described by Maxwellian distribution [Cie 83].

Because the neutron has zero electric charge, in some cases it can penetrate deep into

matter, somewhat similar to high energy gamma-rays. This property makes neutrons an

attractive probing tool for determining the properties of matter. High resolution



measurements of the kinetic energy of the neutron provide information about the type of
neutron source and about the properties of the intervening nuclei in the materials between
the neutron source and the spectrometer. They can, for example, measure the spectral

>°pu/Be. The initial energy distribution

characteristics of (o, n) neutron sources such as
of the neutron flux incident on any sample is altered by the neutron interaction with the
nuclei in elastic and inelastic scattering or radiative capture interactions which have cross
sections that present resonant structures. As a result, when examining the sample in

transmission, fewer neutrons will be present with energies corresponding to the energy of

the interaction resonances [END 06] (Fig. 1.3).
Material Neutron beam

out
Neutron : Fast-Neutron
beam in Spectrometer

Neutrons lost to
interactions

Figure 1.3. Schematic of the neutron transmission spectroscopy experiment.

A high resolution fast-neutron spectrometer allows the identification and quantification of
certain low atomic number compounds by locating the position (centroid) and the
amplitude (depth) produced by their neutron interaction resonances, in a fashion similar
to high-resolution gamma-ray spectroscopy with a high purity Ge spectrometer. For each
type of nucleus in the sample, the position and the depth of the associated resonances
provide unique elemental signatures. These signatures of the neutron interactions in the

sample and the associated detector can be modeled with numerical transport methods



such as Monte Carlo N-Particle (MCNP) code. This work uses the MCNP computer code
versions 4C and Polimi [Bri 93], [Poz 03].

The following examples illustrate the potential of high energy resolution fast-neutron
spectrometry to detect fissile materials, drugs and explosives based on the spectral
signatures of the elements based on passive and active interrogation techniques [Rei 91].
In a first example, consider the presence of oxygen in a spherical plutonium sample with
a diameter of 4 cm placed in free space. Neutrons emitted by spontaneous or induced
fission of the Pu nuclei, interact with the Pu and O nuclei in the same sample and a
fraction of them leak out of the sphere. Two different material compositions are
independently simulated with MCNP: metallic Pu with 93% **Pu and 7% ***Pu, which
corresponds to the so called weapons grade plutonium and PuO,, in which Pu isotopic
composition is 93% ***Pu and 7% **’Pu and oxygen is 100% '°O [Alb 97]. In both cases,
the leakage spectrum is determined at the surface of each sphere. The simulation assumes
that the neutrons are initially generated uniformly in the spherical volume, and they are

#9py isotope only with a Watt energy distribution given by

spontaneously emitted by the
f(E) = exp(-E/0.799)sinh(4.903E)"* [Cie 83]. Due to the fissions with **°Pu, the initial
neutrons are multiplied with net multiplication factors of 1.46 for PuO, and of 2.33 for
metallic Pu. No additional neutron production from (o, n) reactions with 0 are
simulated. The MCNP code tallies the neutrons that reach the surface of the sphere in an
energy-dependent neutron flux averaged over the area of the sphere (F2 tally) in 500
energy bins of 10 keV each, in the energy range from 1 keV to 5 MeV. The error per

energy bin is between 2% and 6%. The plot in Fig. 1.4 shows the leakage spectrum of the

neutrons emitted per energy bin for both metallic Pu and PuO; in the energy range up to 4



MeV. The elastic cross section of '°O is plotted on the same figure with the MCNP
simulation in order to show the correspondence between the dips in the neutron spectrum
of PuO, and the position of the resonances in '°0. The neutron energy distribution from
metallic Pu is closely described by the Watt distribution. In the case of PuO,, the dips
(troughs) in the spectrum are due to neutron interaction with '°O. Neutron interaction
resonances in '°O result in creation of dips (troughs) in the spectrum at the location of a

resonance, due to the higher interaction probability of the neutrons in this energy range.
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Figure 1.4. MCNP simulation of the neutron spectra of PuO, and metallic Pu. The elastic cross section of
0 is included in the plot for comparison (bottom spectrum, right axis).

The '°O resonances in Fig 1.4 have widths ranging from about 200 keV to a few keV. For
low atomic number nuclei, the resonances are typically hundreds of keV apart and
quantifying their effect in the leakage spectrum requires an energy resolution of a few
keV. The amount of PuO, in mixed metallic Pu and PuO, samples can also be quantified
with a high resolution instrument. This is illustrated in the MCNP simulation presented in
Fig. 1.5, which considers a metallic Pu sphere with diameter of 2 cm, placed in free

space. The Pu sphere has a thin layer of PuO, all over its surface and the leakage
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spectrum is simulated over the area of the outer sphere. The ratio of PuO, layer volume to
the total volume of the metallic Pu sphere results in a fraction f of PuO, by volume. The
MCNP simulation considers three values of f, i.e. 1%, 10% and 20%, which corresponds

to thicknesses of 0.13 mm, 0.64 mm and 1.12 mm of the PuO; layer.

PuO, layer

4 cm metallic Pu

Figure 1.5. Simulation geometry of spherical metallic Pu sample with thin PuO, layer.

The isotopic composition of metallic plutonium is 94% ***Pu and 6% **°Pu. The initial

240

Watt spectrum from “*"Pu is altered and the leakage spectrum shows that resonances due

to oxygen do not produce any effect on the energy distribution when f = 2% but they

become visible when f= 10% and f=20% (Fig. 1.6).
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Figure 1.6. MCNP simulation of the neutron spectra of metallic Pu with different PuO, fractions. The
elastic cross section of '°0 is included in the plot for comparison (bottom spectrum, right axis).
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The resonances in '°0 have correspondents in the dips in the spectrum, which is more
clearly observed for f = 20%. The additional dip in this spectrum at about 0.4 MeV is due

to inelastic interaction with 2*°

Pu while the larger dip at about 0.7 MeV is due to inelastic
interaction with **°Pu.

The effect of shielding on the neutron spectrum of nuclear materials is is examined in the
following simulation [Shu 00]. The neutron leakage spectrum of a spherical PuO, with a
diameter of 4 cm shielded with a spherical shield of 5 cm of lead (Fig. 1.7) resembles the
distribution of unshielded PuO, from Fig. 1.4, with the dips in the spectrum produced by

%0 at the same location (Fig. 1.8). The MCNP simulation assumes that both spheres with

a total diameter of 14 cm are in free space.

AT =

Shield
14.em Q Im

Figure 1.7. Simulation geometry of shielded PuO, sphere.

The isotopic composition of PuO, is 94% **°Pu, 6% **°Pu and 100% '°0. The shield is
assumed to be 100% 2**Pb. In this case, the energy bins are 5 keV wide, equivalent to an
energy resolution of 25 keV FWHM. The leakage spectrum is shown in Fig 1.8
comparatively with the total interaction cross section of **Pb below 5 MeV. The

. . 208
Interaction resonances from

Pb are densely-packed (51 resonances below 1 MeV) and
the total cross section is dominated by elastic scattering. They have widths ranging from

fractions of keV to about 30 keV and amplitudes up to about 80 barns. These resonances

12



alter the initial fission spectrum of **°Pu significantly more than the oxygen nuclei in the
unshielded PuO, sample. Resolving these resonances in the output spectrum requires

energy resolution of at least on the order simulated with MCNP (25 keV FWHM).
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Figure 1.8. MCNP simulation of the effect of Pb shielding on the PuO, neutron spectrum for an

instrumental energy resolution AEpwiy = 25 keV (top). Total interaction cross section of **Pb (bottom)
with insert showing the region below 0.2 MeV.

A second example showing the effect of the shielding around the spherical PuO, source
consists of a spherical iron shield with thickness of 5 cm as shown in Fig. 1.7. The

MCNP simulation assumes natural isotopic composition of iron, with °Fe having the
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dominant abundance (97.6%), followed by *Fe (5.8%) and “"Fe (2.1%). The isotopic
composition of PuO, is 94% **°Pu, 6% **’Pu and 100% '°0. The energy bins are 5 keV
wide. The energy distribution of the neutron flux at the surface of the iron shield is shown

in Fig 1.9 comparatively with the total interaction cross section of *°Fe below 5 MeV.
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Figure 1.9. MCNP simulation of the effect of Fe shielding on the PuO, neutron spectrum for an
instrumental energy resolution AEpwy = 25 keV (top). Total interaction cross section of *°Fe (bottom) with
insert showing the region below 0.2 MeV.
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The iron shield produces large fluctuations in the output flux due to the interaction

208

resonances from *°Fe, which are even more densely-packed than in ***Pb (192 resonances

208

below 1 MeV) and are dominated by elastic scattering. Similarly to “"Pb, the resonances

in *°Fe have widths ranging from fractions of keV to about 30 keV and amplitudes up to

about 100 barns. These resonances alter the initial fission spectrum of **°

Pu significantly
more than the '°O nuclei in the unshielded PuO, sample. In this case, even if the errors
are between 4% and 7% per energy bin, it is difficult to visualize the effect of the
resonances from *°Fe. Resolving these resonances in the output spectrum is nevertheless
challenging and it requires energy resolution of at least on the order simulated with
MCNP (25 keV FWHM).

The last example in this Section that illustrates potential applications of high resolution
fast-neutron spectrometry is obtained from MCNP simulations of materials containing C,
N and O having natural isotopic composition. The simulation geometry assumes a
cylindrical target 6 cm in diameter with a height of 5 cm, oriented in the direction of the
y-axis (Fig. 1.10). An ideal monodirectional neutron beam irradiating the sample is
simulated in MCNP assuming that neutrons are generated on the input surface in the

positive direction of the y-axis and that they have uniform energy distribution form zero

to 4 MeV.

Output
surface

Input
surface

» y-axis

Figure 1.10. MCNP simulation geometry for materials containing C, N and O.
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The effect of the sample is studied by determining the characteristics of the transmitted

neutron beam at the other end of the cylinder. MCNP tallies the neutrons that reach the

output surface of the cylinder in an energy-dependent neutron flux averaged over the

circular output area (F2 tally) in 400 energy bins of 10 keV each, in the energy range

from 1 keV to 4 MeV. Three different materials with natural isotopic composition have

been simulated: TNT (explosive) with chemical formula CcH,CH;3(NO,)3, cocaine (drug)

with chemical formula C;7H,;NO,4 and water (reference material) with chemical formula

H,O [Lid 99]. The effect of these materials on the input neutron spectrum is shown in

Fig. 1.11. The errors are on the order of 4% per each 10 keV energy bin.
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Figure 1.11. Top: MCNP simulation of neutron transmission spectroscopy in samples containing low
atomic number elements (H, C, N, O). Bottom: Neutron interaction cross sections for 2C, N and 0. The
cross section of 'H (with no resonances) is included for comparison. Data from ENDF [END 06].
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The total interaction cross sections in Fig. 1.12 are dominated by elastic scattering with
cross sections on the order of a few barns. Inelastic interaction cross sections have minor
contribution to the total cross section below 4 MeV, mostly due to '*N which has the first
excited state at 2.3 MeV with 64, ) = 0.01 barns, while C and O have their first excited
states at energies above 4 MeV. The neutron thermalizing effect of each compound is
reflected in the energy spread at energies below 300 keV, with water showing stronger
neutron thermalization effect than TNT or cocaine. However, resolving the resonances in
the output spectrum requires an energy resolution of at least on the order simulated with
MCNP (25 keV FWHM), which can be used to identify C, N and O compounds based on
the relative amplitude of the dips in the neutron spectrum, eventually in conjunction with
gamma-ray spectrometry [Goz 95], [Lov 95]. Similar approaches to using the scattering
resonances of low-Z elements for compound identification are based on fast-neutron
resonance spectroscopy with imaging capabilities but with no energy resolution
capability [Che 02].

All these examples based on MCNP simulations illustrate the potential of neutron
resonance spectroscopy for characterizing the neutron source and some of the low-Z and
high-Z materials in the vicinity of the source [Rei 91. The wide resonances could be
identified with active or passive interrogation techniques with a ‘classical’ neutron
spectrometer such as a *He detector or organic scintillator with energy resolution on the
order of tens of keV, but the identification of resonances with widths on the order of 5-10

keV or lower, requires higher energy resolution.
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1.4 Thesis Outline

This thesis presents the theory, the design and the performance of neutron spectrometers
based on exothermic (n, o) reactions in '’B and °Li compounds, currently under
development in the Advanced Detector Group at Lawrence Livermore National
Laboratory. The initial motivation for this work is in the area of fast-neutron resonance
spectroscopy. Future applications that can benefit from high energy resolution lie in the
areas of nuclear physics and nuclear data (direct energy level measurements, delayed
neutrons experiments), nuclear waste management, or in the area of neutron dosimetry
for radiation therapy or astrobiology (astronaut doses).

Chapter 2 of this thesis discusses neutron interaction cross sections in TiB, and LiF
together with MCNP simulations of neutron transport in these materials in order to
predict the spectral response in the thermal and MeV energy ranges.

Chapter 3 contains the time-domain and frequency-domain analysis of the electro-thermal
models of the simple and composite calorimeters in order to understand the pulse
formation and the noise components that limit the energy resolution of the fast-neutron
calorimeters.

Chapter 4 describes the experimental setup that includes the fabrication and installation
of the absorbers, the readout electronics, and the cryogenic apparatus for generating low
temperatures.

Chapter 5 presents neutron spectra obtained with a prototype TiB, absorber irradiated
with thermal neutrons for characterizing its energy resolution. These spectra have been
analyzed to determine the lifetime of the first excited state in 'Li from the broadening of

the 2.31 MeV line in TiB,.
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Chapter 6 focuses on optimizing the energy resolution of large volume °LiF-based
neutron spectrometers. The experimental results are compared with MCNP simulations to
identify spectral features and to determine the limiting energy resolution of the
instrument. The measured spectrum can be deconvolved through the response matrix of
the detector to reconstruct the input energy spectrum. This study also shows the
possibility to increase the efficiency of the spectrometer by adjusting the thermal
parameters of the detector with no significant degradation in energy resolution.

Chapter 7 summarizes the results and outlines possible future development to increase the

spectrometer sensitivity.
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Chapter 2. Neutron Interactions in TiB, and LiF

Neutrons are generally detected indirectly through nuclear reactions that result in
emission of prompt energetic particles or through the transfer of some of their kinetic
energy to recoil nuclei. Both the reaction products and the recoiling nuclei ionize the
material surrounding the interaction point. Exoergic nuclear reactions release heavy
charged particles with a range of a few tens of micrometers that can be completely
stopped inside an absorber. One such exoergic reaction is the (n,a), which in some cases
releases the reaction energy (Q-value) on the order of a few MeV. The energy liberated in
the X(n, a)Y reaction by the nuclei with mass m is:

Q = (m, + my - m, - my)c’ 2.1)
where c is the speed of light.
The energy deposited in the absorber following (n,a) reaction is the sum of the Q-value
and the kinetic energy E, of the neutron:

Edeposited = En +Q (2.2)
With Q-value on the order of a few MeV, it is possible to discriminate between gamma
rays and neutrons since the neutron response will be shifted towards higher energy by the
amount of the Q-value. This is of particular interest since fission neutron sources also
emit gamma rays, usually in much higher proportion [Cie §83]. Ideally, the total energy
from (n, a) reaction is completely deposited inside the absorber and measured so that:

Emeasured = Edeposited (23)
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2.1 Neutron reactions and cross sections for TiB, and LiF

Exothermal (n,a) reactions of interest are with °Li and '’B isotopes. These isotopes are
used for the conversion of both slow (thermal) and fast neutrons into detectable particles
[Kno 99]. The reactions are '’B(n, o))’Li, with Q = 2.79 MeV and °Li(n, a)’H, with Q =
4.782 MeV. About 94% of all '’B(n, a)’Li reactions lead to the first excited state of 'Li at
478 keV, while the remaining 6% produce 'Li in its ground state. The excited state of 'Li
decays promptly with the emission of 478 keV gamma-rays. In the °Li(n, o)’H reaction
there is no branching and *H is produced in the ground state.

Besides the neutron detectors described in Chapter 1, the (n,a) reactions with '°B and °Li
isotopes are employed in various instruments such as BF; (gas) proportional tubes,
boron-lined counters (solid coating), or boron-loaded plastic scintilators. Lithium-loaded
scintillators such as Lil crystals doped with Eu and scintillators obtained by incorporating
Li into glass have widespread applications. These materials can be used either with the
natural isotopic composition of "B (19.9%) and °Li (7.6%) or they can have these two
isotopes enriched to levels close to 90-95%. In any case, there is a wide selection of
available boron and lithium compounds that can be used for fast-neutron spectroscopy
[Bel 05], [Peu 00]. In selecting a neutron absorber compound, the (n,a) reaction should
be dominant and the average atomic number Z of the compound should be low in order to
reduce gamma-ray absorption.

In particular, LiF and TiB, compounds have been tested as neutron absorbers because
they are stable, solid state materials that pose no hazards. These two compounds have
been chosen because of their °Li and '°B content, with large (n, o) reaction cross sections

[END 06]. Additionally, the isotopic content of °Li and '°B in LiF and TiB, can be
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increased by enriching the natural isotopic composition with factors of 5 to 12 to about
90 — 95%, which ensures an increased (n, o) reaction rate per unit volume of absorber. A

selected set of physical parameters for LiF and TiB; is presented in Table 2.1.

Table 2.1. Isotopic composition and physical parameters of TiB, and LiF

Parameter TiB, LiF
Natural isotopic composition  “°Ti (8.2), 'Ti (7.4), ®*Ti (73.8),  °Li (7.6), "Li (92.4) "°F (100)
(% per atom type) T (5.4), *°Ti (5.2)
B (19.9), ''B (80.1)
Density p (g/cm’) 4.52 2.64
Number density N(nuclei/cm®)  6.13x10% 3.37x10%
Molar mass M (g/mol) 69.50 25.93

In this Chapter, we present a summary of the neutron reactions in LiF and TiB,, including
the (n, a) reactions, and the expected detector response to neutrons. However, besides the
(n, o) reaction, there are other reactions such as elastic and inelastic scattering, and

radiative capture that influence the energy deposition in the detector. The reactions that
we will focus on in this Chapter, are summarized in Table 2.2, where ;X represents the

nucleus with atomic mass number A and atomic number Z .

Table 2.2. Reactions of importance for energy deposition in the absorber

Neutron Reaction Microscopic Reaction formula Energy
cross section deposition
(n,0) O(n.a) an+ ) X He+3Y +Q complete
Elastic scattering (n, n) G(n.n) 01 ni ZA Y (A+Zl X) N Oln + ZA Y partial
Inelastic scattering (n, n’) O(nn) IntAX - (A+Z1 X) S X 4y partial
Radiative capture (n, y) o) Oln+ ;X R ( y +ZIX)*_) 4 +ZIX Ly partial
The total interaction cross section G, total) 1S given by:
O (n, total) = O(n,a) + O (n,n) to (n,n’) + O(n,y) +... (24)

The elastic and inelastic scattering reactions involve the re-emission of neutrons with

lower energy, while radiative capture reactions result in the emission of gamma rays.
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2.1.1 Characteristics of (n,a) reactions with %Liand "B

The expected detector response to thermal neutrons is sketched in Fig. 2.1 for TiB, and
LiF, with the peaks located at the Q-values of the reactions. Fast neutrons with kinetic
energy E, are producing shifted pulses at a deposited energy Eqeposied = En + Q. The shift
in energy is shown only for the °Li(n, a)’H reaction. Due to the simple response to
neutrons and the high Q-value, the reaction with °Li provides a simple spectral unfolding

which on the first order depends only on the (n, o) reaction cross section.
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Figure 2.1. Expected response to thermal neutrons shown at the Q-value for each reaction. Fast neutrons
produce a shift in the response with an amount E,, (top sketch).

In the neutron reaction with '°B, the response is more complicated than in the case of °Li
due to the branching into two reaction channels. For this reason, TiB; is more suitable for
characterizing the energy resolution of a calorimetric spectrometer by using thermal

neutrons. Thus, LiF is the absorber of choice for fast-neutron spectroscopy because of its

single Q-value.
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Figure 2.2-A shows the cross sections for °Li(n, o)’H and 'B(n, )’Li reactions as

function of neutron energy [Kno 99], [END 06]. The fast-neutron region of the cross

section is present
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Figure 2.2-A. (n, o)) reaction cross sections over the energy range available in literature.
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Figure 2.2-B. The resonant absorption structures above 10 keV, in the fast neutron region (from Fig 2.2.A.)

At thermal (~ 25

-1/2

meV) and epithermal neutron energies, 64, (E) ~ E™ is on the order of

thousands of barns and no resonance structure is present up to about 100 keV. In the
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energy range above 10 keV, which is considered the fast-neutron region, the average

cross-section is on the order of a few barns.

2.1.2 Elastic and inelastic scattering interaction mechanisms

In order to understand the energy deposition mechanisms, two fundamental interactions
are being considered: elastic (potential) scattering and compound nucleus formation
which results in elastic and inelastic interactions [Lam 66], [Dud 76]. Elastic (potential)
scattering of the neutron on a nucleus occurs with neutrons of any energy. This is a
process in which both the kinetic energy and the total momentum are conserved, similar

to the collision process of two billiard balls. The neutron with initial kinetic energy E,
does not penetrate the 5 X nucleus, which remains in its ground state and it behaves like
a single rigid body. The maximum energy loss occurs in a head-on collision, which

and a recoil nucleus with kinetic

results in a neutron with kinetic energy (E'n)pom.al

'

energy E . described by:
(E;1 )Potential - (A R len and E;ecoil - LZEH (25)
A+l (A+1)

After the interaction, the energy E, = (En) + E.,, is deposited in the material if, for

potential

example, the neutron is absorbed in an (n, o) reaction and the recoil nucleus deposits the

energy E ., in a short range on the order of a few pum. For neutron energies above a

recoi

threshold at E;min = [(A+1)*/4A]Q, the energy deposited by the recoil nucleus has the
same value as the Q-value of the (n, a) reaction, which can interfere with the energy

deposited at the Q-value. For °Li, 'Li and '°F, this interference occurs for neutron
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energies above 9.5 MeV, while for '°B, ''B and Ti isotopes, the energy deposited by the

recoil ion becomes significant for neutron energies above 7 MeV.
If the neutron is absorbed by the 4 X nucleus, a compound nucleus **) X is formed (Fig.
23).
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Figure 2.3. Compound nucleus energy level diagram (from [Dud 76]).

From the conservation laws for momentum and energy, the total kinetic energy in the
center-of-mass system is Ecy = (A/A+1)E,. The energy Ecym plus the binding energy Ep
of the neutron is brought into the compound nucleus system, which is excited at Ecy + Eg
above its ground level. The probability for the formation of the compound nucleus is very
high for certain neutron energies, which corresponds to interaction resonances (Fig. 2.3).
The compound nucleus decays to its ground state by three possible ways: gamma-ray
emission in cascade (radiative capture), by emission of another neutron or by emission of
a group of nucleons. In the case of radiative capture, the time scale of the decay process

from each energy level is described by the mean lifetime © = h/ I'i which depends on the
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width I'; of each energy level E;, where h is the reduced Planck constant h/2w. For prompt
gamma-ray emission with T~ 10" — 10?5, T'; is between a few meV to a few eV.
Reactions that results in the re-emission of the neutron are:

a) elastic neutron scattering, when the neutron is re-emitted and the residual

'

/' X nucleus is returned to the ground state. In this case, the kinetic energy (E )elastic of the

outcoming neutron is calculated from the conservation of the linear momentum and
energy for a projectile (neutron) and a target (X nucleus) at rest in the laboratory
coordinate system. The energy distribution is influenced by the large interaction cross
sections in the vicinity of the energy levels in the compound **) X nucleus. As a result,
the elastic scattering cross section shows distinct resonances at neutron energies close to
the energy levels in the %) X nucleus. An example of such resonances is presented in Fig
2.3. An elastically-scattered neutron that is subsequently absorbed in an (n, o) reaction
deposits an energy equal to Q + (E'n)elastic , while the recoil nucleus deposits its kinetic
energy in a short range on the order of a few pm.

b) inelastic neutron scattering, in which the residual % Xnucleus is left in an

excited state with energy Ee, followed by the emission of gamma-rays if the transition
rules permit it. This is an endoergic reaction, and, at the threshold, inelastic neutron
scattering occurs when Ecy > Ecx. In the laboratory system, this reaction takes place if the

neutron has at least an energy Einreshold > [(A+1)/AJEc. Neutrons with E, above the

threshold are re-emitted with kinetic energies (Eyn)inelastic: E, - [(A+1)/A]E If E, =

Etnreshold, the initial energy of the neutron is used to excite the energy level at E¢ and the
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neutron is re-emitted with kinetic energy close to zero which have higher probability to

be captured or to participate in an (n, o) reaction releasing an energy Q + (En )melasﬁc .
2.1.3 Resonant elastic and inelastic scattering and radiative capture cross sections
The microscopic cross sections described previously for low-energy neutron
spectroscopy are presented for the naturally-occurring isotopes in LiF and TiB,, with data
from [END 06]. The total inelastic neutron scattering cross section Ginelasic 1S Obtained as
a sum over the inelastic interaction cross sections of the corresponding every energy level
in the nucleus:

Ginelastic = O(n,n’)l T Omn)2 T O3 +... (2.6)
Up to about 100 keV, the total interaction cross section in °Li (Fig. 2.4) is dominated by
the (n, a) reaction, as shown in Fig. 2.2-A. The elastic scattering cross section has a
constant value below 100 keV and then a resonance in the 240 keV region. The threshold
for the inelastic scattering is reached at E, = 1.75 MeV, which corresponds to the first

excited state at 1.5 MeV in °Li, produced by the (n, n’) reaction.
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Figure 2.4. Neutron interaction cross sections in °Li.
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Other (n, n’) cross sections corresponding to superior energy levels (2, 3, ...) in °Li are
included in Fig. 2.4 in the (n, inelastic) cross section. The radiative (n, gamma) capture
cross section is larger in the thermal region and it is on the order of a few pbarn in the

MeV region which results in very low gamma ray emission from °Li.
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Figure 2.5. Neutron interaction cross sections in 'Li.

The total interaction cross section in 'Li is dominated by elastic scattering (Fig. 2.5). The
inelastic scattering threshold is located at E, = 0.546 MeV which corresponds to the first
excited state at 0.477 MeV. The radiative capture cross section is similar to that in °Li,
being on the order of pbarns the MeV region.

The cross sections of '°F are more complex than for Li isotopes (Fig. 2.6). The elastic
cross section dominates over the total cross section, with a few notable resonances
located at 27.1, 49.0 and 98 keV respectively with a maximum cross section of 127 barns.
The inelastic component has cross sections about two to three orders of magnitude lower,
with a sharp edge at E, = 116.2 keV, corresponding to the first excited level at 109.9 keV.

The second excited energy level in '°F (not shown in Fig. 2.6) is located at 197.1 keV,
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which corresponds the threshold at E,, = 207.5 keV. The radiative capture cross section is
of 0.5 barn for thermal neutrons and it peaks at the resonance at 27.1 keV. By comparison
with the smooth cross sections from °Li and 7Li, the resonant structures in °F can

significantly alter the neutron energy distribution in LiF absorbers.
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Figure 2.6. Neutron interaction cross sections of '’F.

In TiB,, the 1OB, “B, *Ti and ®Ti isotopes are being considered. Similarly to 6Li, the
total interaction cross section in '’B (Fig. 2.7) is dominated by the (n, o) reaction, as
shown also in Fig. 2.2-A. Above about 100 keV, the elastic interaction cross section is
dominant over the inelastic and radiative capture cross sections. The first excited level in

'8 at 0.718 MeV produces the threshold in the inelastic cross section at E, = 0.790 MeV.

30



Lol vl vl vl vvvd vcvnd vl vl vl vl il vl

107 — (n, total) Tl
o e (n, elastic) el
— (n, inelastic) Sl

Cross section (barns)

o8}

10 _____ (Il,l’l') "'~.\_\.
9 =eee- (n, gamma) ~
-5 \
0 S Lt MM
-11 9 7 -5 3 -1 1
10 10 10 10 10 10 10

Neutron Energy (MeV)

Figure 2.7. Neutron interaction cross sections of '°B.

In "'B, the cross section is dominated by elastic scattering (Fig. 2.8). The radiative
capture cross section shows a narrow peak at about 20 keV. The inelastic scattering cross
section has a sharp edge at E, = 2.32 MeV, corresponding to the first excited state at 2.12
MeV.

The data available for **Ti starts at 0.3 MeV, with the inelastic cross section edge at about
1.0 MeV (Fig. 2.9). By comparison, *Tj has a large radiative capture cross section for
thermal neutrons (Fig. 2.10). In T, a large number of radiative capture resonances are
present between 1 keV and about 200 keV, which alter significantly the energy
distribution of the neutrons incident on the TiB; absorber. The inelastic scattering edge in

T occurs at 0.9 MeV.
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Figure 2.10. Neutron interaction cross sections of **Ti.

A type of reaction which was not discussed is the secondary neutron emission by (o, n)
reaction [Rei 91]. The a-particle emitted in an (n, o) reaction can produce secondary
neutrons when interacting with the °Li, 'Li and the "°F nuclei in LiF or with '°B or ''B in
TiB,. Because both the a-particle and the target nucleus are positively charged, this
reaction takes place if the a-particle has enough energy to overcome the Coulomb barrier
of the target nucleus and to exceed the threshold energy of the reaction [How 81]. This
condition is not met for the nuclei in LiF. In this case, the (o, n) reaction has negative Q-
value on the order of about -2 MeV and a threshold energy of minimum 2.36 MeV. Thus,
the a-particle emitted with E, = 2.05 MeV from the °Li(n, a)’H reaction cannot produce
secondary neutrons in (0, n) reactions.

For '°B and ''B, the (o, n) reaction has Q > 0, with zero threshold energy for the
a-particle. However, the (o, n) reaction cross section with either '°B or ''B is on the order
of 0.01 barns for the 1.47 MeV a-particle resulted from '°B(n, a)'Li reaction, which in

the end produces a negligible contribution to the total number of neutrons.
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2.2 Intrinsic absorption and interaction probabilities
The intrinsic absorption probability i, of a narrow parallel neutron beam with energy E
entering a neutron absorber slab with thickness Ax is calculated with the following
formula [Lam 66]:

g, =1-®/®, =1-exp(- NoAx)< 1 (2.7)
where @ ; is the initial incoming flux of the parallel beam of neutrons and @ is the flux of

the outcoming parallel beam in the geometry in Fig. 2.11-A. N = pNa/M is the number
density of the target atoms calculated from the density p and the molar mass M, with Ny
the Avogadro number. In a more realistic geometry (Fig. 2.11-B) that applies to (2.7), the
incoming neutron flux is not a parallel beam due to scatterings in the materials
surrounding the absorber. A more accurate calculation of &, which takes into account a
non-directional neutron flux (Fig. 2.11-B) is made with Monte Carlo methods and it is

presented in Section 2.4.

A R
(Do [0 (DO
[> E> ®
> AX AX

Figure 2.11. Geometry for absorption probability calculation. A - ideal beam geometry with directional
neutron flux for analytical calculation. B — real geometry with non-directional neutron flux for Monte Carlo
numerical simulation

As N and Ax are independent of energy, the absorption probability depends on the cross
section 6 = 6(E) and in the first order predicts the energy response. As an example, the

absorption probability &;, of the (n, o) reaction is calculated with (2.7) in the geometry in
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Fig 2.11-A with Ax = 1 cm for LiF and TiB, absorbers with natural isotopic composition

(Fig. 2.12).
100 | |
z 10" 1
=
<
s
& 107 4
(=]
8
=
) -3
2 10”1
<
107 3
e T
10" 10° 107 10° 10° 10" 10'
Neutron Energy (MeV)

Figure 2.12. Neutron absorption probability in 1 cm thick LiF and TiB, absorbers with natural isotopic
composition.

The resonant absorption structures above 100 keV noticed in the (n, o) reaction cross
section (Fig. 2.2-A and Fig. 2.2-B) are present in the theoretical response in Fig. 2.12.
Cold and thermal neutrons are 100% absorbed in 1 cm LiF and TiB,. In the fast-neutron
range, the absorption probability follows the structure in the cross section. At 240 keV, at
the resonance in the 6Li(n, a)3H reactions cross section, the efficiency is gy = 0.85% in
LiF with natural isotopic composition. &, drops to below 0.1% at neutron energies > 400
keV. The (n, o) reaction in TiB; is a factor of 5 to 10 more efficient for fast neutrons than
in LiF. The intrinsic detection efficiency &i, can be increased by changing the isotopic
composition of the absorber. For example, LiF crystals can be grown enriched in the °Li
isotope from 7.6% natural composition to about 93% (a factor of 12 enrichment). Instead

of natural composition TiB,, one can use a pure boron metallic absorber that is enriched
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to about 95% in 'B [Bel 05], [Lan 05]. The effect of isotopic enrichment on &

calculated with equation (2.7) is presented in Fig. 2.13 for a LiF absorber.
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Figure 2.13. Comparison of absorption probability in natural LiF and 93% °Li-enriched °LiF absorbers.
The absorber thickness is Ax = 1 cm.

As shown in Fig. 2.13, the isotopic enrichment has the effect of extending the 100%
(n, o) reaction probability range to the epithermal neutron region. In the fast neutron
region, &, increases by one order of magnitude with isotopic enrichment. For example, at
the 240 keV peak, the efficiency is &, = 10% instead of 0.85% for natural isotopic
composition.
It is important to quantify the gamma-ray absorption in LiF in order to see its
contribution to the total energy deposited in the absorber. The intrinsic absorption
probability for gamma-rays is calculated as:

Eint, gamma = 1 - € /PP (2.8)
where (Wp) in cm?/g is the mass energy absorption coefficient [XCO 06]. As an example,
the photon absorption probability in LiF is presented in Fig. 2.14. It can be seen from Fig.

2.14 that gamma-ray photons up to 20 keV are completely photoabsorbed in 1 cm-thick
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LiF. Photons with energies above 50 keV are predominantly scattered and thus they
deposit less energy than their initial value. The 109 keV photon emitted by the first
excited level in "’F is absorbed with an efficiency of about 1%, comparable to the
absorption of a neutron in the same energy range. By comparison, the 197 keV photon
emitted from the second excited level in "°F is absorbed with only 0.1 % efficiency.
Gamma-rays emitted from the first excited states in °Li (1.5 MeV) and "Li (0.477 MeV)
have photoabsorption probabilities below 0.1% and they do not contribute significantly to

energy deposition in LiF.
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Figure 2.14. Photon interaction probability in 1 cm-thick LiF

Even in the event of full energy deposition, the energy deposited by a single independent
gamma-ray photon produced by excited '°F is about two orders of magnitude smaller
than the Q-value of the (n, ) reaction with °Li. In an inelastic interaction, the kinetic
energy of the neutron E, is fully deposited in the absorber only if the scattered neutron is

captured and the photon deposits its energy in the absorber at the same time. The pair
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production above the threshold at 1.022 MeV does not play a significant role in the
gamma-ray absorption, as the electron and the positron either escape out of the absorber
or produce 511 keV gammas by annihilation, which are self-absorbed with €in;, gamma <

0.01%.

2.3 Neutron mean-free-path and reaction products range

The total energy Eio1 = En + Q resulting from the (n,a) reaction is distributed among the
reaction products. In order to determine Euy,, the reaction products must deposit their
energy completely in the volume of the absorber. Thus, for a complete energy deposition,
the range of the reaction products should be shorter than the physical size of the absorber.
The (n,a) reactions occur in the volume of the absorber at locations that depend on the
energy of the neutron. The mean-free-path <mfp> of the neutron in the absorber is
calculated as <mfp> = (No)', and is independent of the thickness of the absorber
[Kno 99], [Dud 76]. Figure 2.15 shows the mean-free-path of the (n,a) reaction as a
function of energy in TiB, and LiF. At low neutron energy, where the absorption
probability is higher, <mfp> ranges from micrometers to millimeters. This implies that, if
the absorber has linear dimensions larger than <mfp>, thermal neutrons will interact in
the absorber with a higher probability in an outer layer, which we call the Slow Neutron
Skin Effect (SNSE). For fast neutrons, <mfp> is on the order of centimeters and tens of
centimeters, which ensures uniform illumination of the volume of the absorber and
uniform spatial distribution of the (n,a) reactions within the absorber. Thus, the fast-

neutron part of the spectrum is not affected by the SNSE.
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Figure 2.15. Neutron (n,o) mean-free-path <mfp> in natural isotopic composition LiF and TiB,.

The biggest impact of the SNSE is on the formation of the thermal peak. From equation
(2.7), it results that 99% neutron absorption takes place in a layer with thickness Axgge, =
<mfp>In(0.01) = 4.6<mfp>. Also it is interesting to see the effect of the isotopic
enrichment on the <mfp>. As the number density N of (n,a)-reacting nuclei increases, the

mean free path decreases, which is visualized in Fig 2.16 for LiF absorber.
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Figure 2.16. Neutron (1,01) mean-free-path comparison for natural LiF and 93% °Li-enriched °LiF
absorbers.
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A factor of 12 in °Li enrichment produces a factor of 12 reduction of the neutron mean
free path, with the fast neutrons being unaffected by the enrichment, because their <mfp>
still remains one order of magnitude larger than the size of the absorber, which ensures
uniform (n,a) reactions within the absorber.

For enriched °LiF crystal with linear dimension of centimeters, cold and thermal neutrons
with energies below ~107 MeV are absorbed in a layer of up to 200 um at the surface of
the absorber. Thus, the more the neutron flux is thermalized, the smaller its mean-free-
path is. This translates into a larger spread of the thermal neutron absorption peak due to
energy loss at the surface. Thus, the enrichment has the effect of extending the energy
range over which the SNSE takes place. In practice, the thermal peak can be reduced with
special experimental care in order to reduce the amount of moderating low-Z materials
from around the cryostat. However, thermal and cold neutrons can still be produced when
they interact with the low temperature stages in the measurement system.

Typically, the stopping range of an energetic a-particle or a heavy ion with MeV kinetic
energies is in the range of 1-100 um in a material with density of the order of 2 - 4 g/cm’,
depending on the particle energy [Kno 99], [Zie 77]. This ensures that the reaction
products stop in the volume of the absorber and the total energy E, + Q available from
the (n,0) reaction is completely deposited in the absorber. When the neutron energy is
low (e.g. thermal neutrons or below), the reaction products are emitted in opposite
directions. According to the conservation laws for momentum and energy for the
X(n, a)Y reaction, each reaction product carries a kinetic energy E, = myQ/(m,+my) and
Ey = m,Q/(m,+my) respectively, where m, and my stand for the masses of the a-particle

and Y nucleus. Table 2.3 presents a summary of the reaction product parameters when
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the (n,o) reaction takes place with thermal neutrons. The average ion ranges are obtained
from the TRansport of lons in Matter (TRIM) software, developed by Ziegler et al. [Zie

77].

Table 2.3. lon ranges in TiB, and LiF absorbers calculated with TRIM

Reaction Absorber Reaction product Ion Energy E, Average lon
compound (ion) MeV) Range Ry, (um)
"B(n, a)'Li TiB, Li 0.84 3.8
"B(n, a)’Li TiB, ‘He 1.47 1.9
SLi(n, a)’H LiF *H 2.73 33.8
SLi(n, a)’H LiF ‘He 2.05 6.1

Because of the larger ion range of the reaction products in LiF, the SNSE is more intense
in LiF than in TiB, and also stronger in enriched °LiF than in natural LiF. By comparing
the data in Table 2.3 with Fig. 2.15 and Fig. 2.16, it can be concluded that the SNSE is
produced in TiB, when the neutron energy is below 10" MeV (in the cold and ultra-cold
region), whereas in enriched LiF the SNSE is produced even with thermal neutrons. If the
99% absorption layer has the thickness smaller than the range of the ion, then the ion
deposits only partial energy in the absorber. Figure 2.17 shows snapshots from TRIM
simulations for the *H and *He ions resulted from the °Li(n, a)’H reaction with thermal
neutrons, assuming that the ions are produced as a narrow beam in the positive direction

ofthe  y-axis with the origin at the surface of the LiF absorber.
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Figure 2.17. TRIM simulation of the range of the ions resulting from the °Li(n, a)*H reaction in LiF.
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A schematic description of the SNSE is shown in Fig. 2.18. When the ion range is
comparable with the depth of the neutron absorption from the surface (given by
4.6<mfp>), then it is possible for the ion to end its trajectory outside of the absorber (case

b in Fig. 2.18) or to completely escape from the absorber with no energy deposition.
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cold neutrons
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Figure 2.18. Schematic representation of the Slow Neutron Skin Effect (SNSE). Arrows represent the
range of the reaction products. a — complete energy deposition (from fast neutrons that can access central
regions in the absorber), b — partial energy deposition (from thermal or cold neutrons). The regions
accessible inside the absorber at different neutron energies are presented to the right (shaded).

For fast neutrons that produce uniform irradiation in the volume of the absorber, the
maximum fraction of the volume f.,x from which the reaction products can partially
escape is directly proportional to the ion range Ri,,. This is shown by considering a cubic
absorber with side length L and volume V = L?. The volume Vi, from which ions having
the range Rj,, can escape is 6L2Rion, which results in a fraction fi,.x = 6R;on/L. In a cubic
LiF absorber with 1 cm® volume and with R;,, = 33.8 um, the fraction is fax ~ 2%

whereas in 1 cm® TiB, absorber with R;,, = 3.8 um, the fraction is fiax ~ 0.2%.
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A semi-quantitative calculation of the energy lost at the surface is presented in the
following example for an enriched LiF absorber: consider an absorption <mfp> on the
order of 30 — 40 pum, comparable to the range of the 2.73 MeV *H ion obtained from
TRIM. This <mfp> corresponds to a neutron energy of about 2 meV (Fig. 2.16). With the
ion range data in Table 2.3 and the energy loss mechanism described in Fig. 2.18, the
energy loss at the surface has been numerically simulated as a function of neutron energy

in a range from 10" MeV to 10” MeV.
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Figure 2.19. Energy loss curves of *H and *He ions from °Li(n, o)’H reaction in LiF.

In the algorithm, the thermal and epithermal absorption cross section (Fig. 2.2-A) is fit
with a function given by o(E) = 1.4 + 0.205E" barns, with the energy in MeV. The
<mfp> is calculated from <mfp> = (No(E))" and the 99% absorption depth z, is
calculated using the 4.6<mfp> formula. One ion CH or *He) with its initial energy E and
known range Rj,, from Table 2.3 is selected and it is projected towards the surface at a
random angle 6 with respect to the normal to the surface while the other ion resulting
from the reaction is projected in the opposite direction. The distance to the surface is

d, = za/cosB (Fig. 2.18). If d, > Rjon, then the ion energy is completely absorbed in the LiF
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crystal. The total deposited energy is obtained by summing E, and the energy of the pair
ion projected inside the crystal (‘He or *H). If da < Rion, then the ion partially deposits
energy in the crystal and its exit energy E(d,) is calculated from the fit of the energy loss
curves for *H and *He in LiF, obtained from TRIM (Fig. 2.19). The solid curves in Fig.
2.19 are obtained by fitting the TRIM data with a 9™ degree polynomial. The integrated
area under each curve has a value equal to the total energy of the ion from Table 2.3.

The results of the numerical simulation are shown in Fig. 2.20. In each case, the lower
energy region of the thermal peak (half-peak) is reconstructed. About 35% of the total
neutrons with E = 10" MeV contribute to the tail, compared to only about 21% for
neutrons with E = 107"’ MeV. When E = 10° MeV (= 1 meV), about 73% of the total
number of events end up depositing energy at Q = 4.782 MeV with no low-energy tail
right below this energy; the remaining 27% of the events deposit energy below ~ 4.2
MeV. However, we should not forget that the shape of the half-peak depends not only on
the energy loss at the surface in absorption events, but also on the energy deposition
resulting from elastic and inelastic scattering events. The neutron scattering followed by

absorption in will be presented in Section 2.4.
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Figure 2.20. Numerical simulation of the low energy part of the thermal peak in 92% °Li-enriched °LiF
absorber (energy loss half-peak).
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A better quantification of the energy spread is made starting from the total number of
events located in the Half Width Half Maximum (HWHM) and the Half Width Tenth

Maximum (HWTM) of energy deposition half-peaks, where HWHM = FWHM/2. For

each energy interval (bin) AE of the neutron flux, we define the fractions f,,,, <1and

fawm <1 as:
D N(E) D N(E)
fHWHM = % and fHWTM = % (2.9

Where N(E) are the number of events in the HWHM and HWTM respectively, and N is
the total number of detected events over the whole energy range. The fraction of events
fi(E) in the HWHM coming from each AE depends on the fraction fN(E) of the initial
neutron events in AE:

£, (E) = fwumfn (E) (2.10)
While fywiwm and fawrv can be determined with equation (2.9) using the data in Fig. 2.20
(also see Table 2.4), fx(E) is obtained from Monte Carlo simulations of the neutron

transport with MCNP in the actual measurement geometry.

Table 2.4. Event fraction in HWHM and HWTM of the half-peaks

Energy bin HWHM HWTM Suwnm Jawrm
(MeV) (keV) (keV)

10" -10" 19.2+0.9 142+ 12 0.100 +0.016 0.162 + 0.020

10"°-10” 494+2.6 177 + 18 0.062+0.010  0.143+0.018

The overall values of the HWHM and the HWTM are calculated as a weighted average of

each individual value:
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> (HWHM)f, (E) S (HWTM),f, (E)
HWHM = - and HgwTM = _ (2.11)

PRAE) > L(E)

This semi-quantitative estimate predicts the formation of the lower energy half of the
thermal peak. However, this approach based solely on the neutron absorption mean free
path does not completely describe all the energy loss mechanisms from the LiF absorber.
For example, additional energy loss due to LiF scintillation reported in [Bir 64],

[Dzo 04], [Mar 93] is not included in this model.

2.4 Theoretical response and MCNP neutron transport simulations of the neutron
absorbers
The total microscopic cross section for any type of reaction for an A,B,, compound is
given by [Lam 66]:

6 =NC, +MG, (2.12)
A modified form of equation (2.7) can be applied to calculate the intrinsic interaction
probability for a directional (collimated) neutron beam with uniform energy distribution
as shown in Fig. 2.11.
In a simplistic model, the (n, o) neutron reaction contributes to the reduction of the
neutron flux, while the elastic scattering has the effect of bringing a fraction of the non-
absorbed neutrons back in the sample volume. The interaction probability is calculated
for a two-step process: neutron scattering with '°F followed by (n, o) reaction with °Li.
Using equation (2.7), &ine can be expressed as:
Ax) L - exp(- No , , Ax)} (2.13)

€. = exp(— No

scattering
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When using Gscattering = Gnn) + Oy fOr YF at 27 keV (first radiative capture resonance),
the probability of the two-step process is of 0.98 x 0.031 = 0.03 (Fig. 2.21). For the peak
at 0.270 MeV in the inelastic cross section of I°F , &t = 0.41 x 0.13 =0.05. As a result,
both these resonances have no effect on the detector response, which is dominated by the
(n,a) reaction. A much stronger effect is obtained when the elastic scattering cross section
of °F is taken into account, in which case Ggatiering = Oelastic- At 27 keV, the interaction
probability is of 0.01 x 0.031 = 0.00031, a reduction of two orders of magnitude. The
overall theoretical response is given by the (n,a) absorption reaction modulated by the
elastic scattering cross section that produce dips at the location of the resonance. The
(n,0)) reaction with °Li produces neutron absorption that is most relevant in the thermal

and epithermal tail (below 50 keV) and in the 240 keV absorption peak.
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Figure 2.21. Theoretical intrinsic response of a 1 cm-thick °LiF absorber. The inset shows the region below
0.5 MeV on a linear scale.

In order to obtain the response of the LiF absorber in terms of deposited energy due to the

(n, o) reaction, the energy distribution in Fig. 2.21 must be shifted up in energy with an
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amount equal to the Q-value. However, using equation (2.7) to calculate the response of
the neutron absorber assumes collimated beam geometry such as in Fig. 2.11-A, in which
the neutrons are moving on straight trajectories inside the absorber and their flux is
reduced according to an exponential function. In fact, the neutrons interact with the
absorber in complex random processes and an analytical calculation that follows their
transport is simply impossible. The MCNP-Polimi version [Poz 03] has been used for
simulating the energy deposited by neutrons, recoil nuclei and photons at each interaction
event. The theoretical result presented in Fig. 2.21 is improved by the numerical
simulation which can take into account more complex series of events such as elastic or

inelastic scattering followed by (n, o) reaction .

Figure 2.22. MCNP simulation of a neutron interaction history in 1 cm’® LiF showing a succession of four
scattering events followed by (n, o) absorption. The coordinates show the distance in cm.

For example, the spatial location of the events in a single neutron history is simulated
with MCNP-Polimi (Fig. 2.22). In chronological order, the events are from A to E:

inelastic neutron scattering with F | elastic neutron scattering with "Li, with "F, inelastic
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neutron scattering with '°F, and (n,0) reaction with °Li. For this history, the total energy
effectively deposited in the absorber is of 5.012 MeV.
In terms of energy response, the three-dimensional response matrix R(E) of the neutron
absorber is given in the following coordinates: E, = incident energy distribution, Egeposited
= deposited energy distribution, N(E) = number of events. Experimentally, only a two-
dimensional projection of R(E) is accessible in the (Egeposited, N(E)) coordinates, which
represents the measured spectrum M(E) obtained as the sum per energy bin of all the
neutron interactions mentioned before. The original incident spectrum S(E) is inferred
from the response matrix R(E), as follows:

S=R"'xM (2.13)
The MCNP-Polimi simulations have been performed for 1 cm® cubic enriched LiF and
natural TiB, absorbers in free space in order to obtain the intrinsic response to >*Cf with

Watt energy distribution described by:

f(E) = Ce ™" sinh~+/2.926E (2.14)

The simulation assumes that neutrons are generated as a monodirectional beam with
uniform spatial distribution on one surface of the cube. Figure 2.23 presents the 3-D
response matrix obtained for the enriched LiF absorber, in which each point represents
the number of events in 5 keV % 5 keV energy bins from zero to 8 MeV on each energy
axis. The total number of events in this simulation is of 65,000, out of which 54,600, i.e.
84% deposit energy below the Q-value of the °Li(n, a)’H reaction at 4.782 MeV. The
response matrix presents structure which is better visualized in projections on

(Ena Edeposited) and (Edeposited, N(E)) planes.
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Figure 2.23. MCNP-Polimi 3-D intrinsic response matrix of the °LiF absorber.

The projection of the response matrix in the (En, Edeposited) plane is shown in Fig. 2.24 for
LiF. In this plot, each point corresponds to the sum of energies deposited at each
interaction in a single neutron history. In Fig. 2.24, the straight lines with slope = 1 are
from reactions in which Egeposited = En + Q. One example is the straight line starting at Q =
4.78 MeV deposited energy which corresponds to direct (n, o) reaction. The thermal peak
is located at incident neutron energy E, ~ 0. The two parallel lines that appear right below
the Q-value corresponds to the two-step reaction in which neutrons have initially lost
their energy in inelastic interactions with the first or the second excited level in "°F at 109
keV and 197 keV respectively, and have subsequently interacted in (n, o)) reaction with
SLi. Much weaker lines corresponding to the two-step interaction with the third and

fourth energy levels in '°F are visible starting at about 1.4 MeV incident energy. Three
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endothermal reactions with slope = 1 are visible: 6Li(n, p)6H (Ethreshoid = 3.18 MeV),
PF(n, n+ta) "N (Ereshola = 4.22 MeV), and F(n, p)"?O (Enreshold = 4.25 MeV).

(o]

LiF absorber

"F inelastic + (n, o) endothermal

Deposited Energy (MeV)
N~
st b b b v v b |

Incident Neutron Energy (MeV)

Figure 2.24. MCNP simulation of energy response matrix for LiF.

Events corresponding to elastic (potential) scattering with SLi, "Li, and "F have a
maximum slope = 4A/(A+1)* < 1 and they are grouped at deposited energies below 2
MeV. The highest slope corresponds to elastic (potential) scattering with °Li, while the
lowest slope is due to potential scattering with '’F. The MCNP simulation for LiF
suggests that interference in the energy deposition above the Q-value is due to incident
neutrons with energies above 6.2 MeV originating in the endothermal reactions

mentioned before.
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the response between 4.6 and 6 MeV deposited energy.

The projection in the (Egepositeds N(E)) plane of the response matrix is histogrammed in
energy bins 5 keV wide and it shows the expected neutron spectrum from energy
deposition in LiF (Fig. 2.25). The spectrum is smoothed with a Gaussian filter with 10
keV FWHM to simulate the instrumental energy resolution. The low-energy elastic
scattering events are located below 4.78 MeV, which offers good discrimination for high-
energy neutron events which deposit energy above the Q-value. The events between 0
and 4.78 MeV are expected to represent about 84% of the total number, which dominate
the reaction rate in LiFIn this simulation, the thermal peak extends to about 52 keV above
the Q-value and it has a FWHM of about 26 keV. The resonance peak at 240 keV in the

spectrum originates in the (n,a) reaction and it represents the increased absorption in this

region.
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From the simulation, the intrinsic absorption efficiency for events above the Q-value in
the 1 cm® °LiF absorber is estimated at 2.6% while the analytical calculation estimates
about 1.5%. For the TiB, absorber with natural isotopic composition (Fig. 2.26), the
MCNP simulation renders a more complex picture: the two (n, o) absorption lines
originating at Q; = 2.31 MeV and Q, = 2.78 MeV contribute to the formation of two
thermal peaks.

The intense line that originates at Egpyresnolda = 1.61 MeV is due to the 46Ti(n, p)46Sc
endothermal reaction. Right below it, there is the *"Ti(n, 0)*Ca reaction, which presents a
lower reaction rate due to reduced cross section. An other endothermal reaction has
Eihreshold = 4.82 MeV and it is due to the 10B(n, 2H)9Be reaction. At low incident neutron
energies, there are three more endothermal reactions: 48Ti(n, a)48Ca with Eireshold = 0.08
MeV, '“B(n, p)'’Be with Egreshora = 0.226 MeV and '°B(n, 2a)*H with Egeshola = 0.322
MeV. Energy deposition events from elastic (potential) scattering with B and Ti isotopes
with a maximum slope = 4A/(A+1)* < 1 and they are grouped at deposited energies
below about 1 MeV. Interferences in the thermal peak occur mainly for events resulted

from **Ti(n, p)46Sc reaction with neutrons with E, > 2 MeV.
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Figure 2.27. MCNP simulation of the expected response of TiB, to ***Cf neutron source.
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The expected energy deposition response of TiB, to neutrons is presented in Fig. 2.27.
The long tail corresponding to low-energy events extends to about 1 MeV. The two peaks
corresponding to the two decay channels in '’B(n, a)’Li reaction are located at 2.31 MeV
and 2.78 MeV respectively and they appear in the ratio of 96/4. Energy discrimination is
also possible in the TiB, absorber, because the two energy deposition peaks are located at
about 1 MeV above the low-energy events tail (Fig. 2.27). The MCNP spectrum is
smoothed with a Gaussian filter with 10 keV FWHM to simulate the instrumental energy
resolution. The intrinsic absorption efficiency resulted from simulation is of about 6% for
events above 2.31 MeV.

From the MCNP-Polimi simulation one can also extract information about the location
neutron of the interaction in the absorber, based on the position of the interaction as
depicted in Fig. 2.28. This is most interesting for LiF absorbers, as it has been shown
previously that the energy loss at the surface contributes to the widening of the thermal
peak below the Q-value. When selecting energy deposition events in the range from 4.70
MeV to 4.85 MeV, and histogram their number as function of interaction location in bins
100 um wide, a fraction of about 26% of the events occur in a layer no thicker than 500

um (Fig. 2.28).
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Figure 2.28. Neutron interaction position for energies around the Q-value of the (n, a) reaction in LiF. The
neutron source is located at the left of the absorber.

Interaction events from thermal neutrons that deposit energy around the Q-value are
grouped towards the input surface of the LiF absorber, while events due to high energy
neutrons depositing energy above 4.9 MeV are spread uniformly throughout the absorber

(Fig. 2.28 —right).
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Chapter 3. Neutron Calorimeter Theory

This chapter describes the analytical model of high resolution fast-neutron spectrometers
based on single-neutron calorimetry, i.e. on the measurement of the temperature rise
produced by the absorption of a fast neutron.

The advantage of calorimetry for high energy resolution spectroscopy is due to the small
excitation energies € = kgT of the phonons that serve as signal carriers in a thermal
signal. When the neutron’s kinetic energy E, is completely deposited in an absorber with
heat capacity Ca, an average number of high-frequency non-thermal phonons are
initially excited in the absorber [Bro 85], [Kit 99]. The high-frequency phonons down-
convert in energy in a complicated relaxation cascade until their average temperature is
close to the operating temperature T. The initial neutron energy E, is determined from the
measurement of the small increase in the temperature of the absorber AT = (Q+E,)/Caps.
As a consequence, the lower the operating temperature T, the larger the number of
phonons that are produced. Assuming a deposited energy Q + E, = 4.782 MeV, after
undergoing a few reflections inside the crystal, a large fraction of the high energy
phonons convert down in energy (thermalize) to the equilibrium temperature in the
crystal lattice at T = 0.1 K resulting in € = 8 peV, and Nphonon = (Q + Ey)/e = Caps T/kgT ~
4x10"" phonons. If the same energy Q + E, = 4.782 MeV were deposited in a
semiconductor such as germanium (with an electron-hole pair excitation energy of 3 eV),
it would have created only ~1x10° electron-ion pairs. Whereas the electrical charges are
collected as an electrical current, the phonons propagate in the material as a heat wave

and their effect on the temperature variation is sensed as a continuous function. However,
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because we do not measure phonons individually but rather heat pulses, the attention is
focused in measuring small fluctuations in the temperature above the thermal level due to
particle interaction. Considering that the Poisson statistics still apply, the energy
fluctuation OE is given by the energy per phonon € = kgT multiplied with the fluctuation
in the number of phonons 8Nyhonon = (Nphonon)l/2 = (CabsT/kBT)l/z. In this approximation it
results that oE = (kBTzCabs)l/ 2. The complete theoretical expression found in literature for

the FWHM energy resolution is given by [Mos 84]:

AE iy = 2.355,/4k,, T°C,,, (3.1)

3.1 Neutron Detection Principle

The operating principle of a calorimeter is illustrated in Fig. 3.1. The calorimeter consists
of a radiation absorber with heat capacity Cgps that is strongly coupled to a thermometer
and initially held at a temperature Ty. A neutron with energy E, deposits a total energy Eg
= E, + Q in an exothermic absorption reaction with energy release Q the absorber. This
increases the temperature of the absorber by AT = E¢/C,s, which is subsequently
measured by a sensitive thermometer. In the design discussed here, the thermometer
consists of a superconducting film held at the transition between its superconducting and
normal state (Fig. 3.2), commonly known as a transition edge sensor (TES). The energy
deposited in the absorber is eventually transferred to the cold bath through a thermal
conductance G, and the system returns to the equilibrium temperature Ty, ready to detect

a new particle.
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Figure 3.1. General principle of calorimetric radiation detection.

The temperature signal is schematicaly shown in Fig. 3.2. The amplitude of the pulse is
AT = Eo/Cqps and the decay time T = C,,s/G depends on the absorber heat capacity and on
thermal conductance G. Larger absorbers therefore result in higher detection efficiency,
smaller signals and larger decay times. This detection principle can be applied to any
kind of particle (neutron, electron, ion or a-particle) or electromagnetic radiation (x-ray,
y-ray) that deposits energy in an absorber. In each case, the absorber has to be tailored for
the type of particle or radiation intended for detection in order to ensure high absorption
efficiency. For example, Sn is a good absorber for detecting gamma-rays [Cun 02] while
%Li and '°B-based absorbers are more efficient for neutrons [Kno 99], [Bel 05]. In order
to detect radiation in a certain energy range, the heat capacity C,s must be adjusted so
that the temperature increase AT does not drive the sensor (TES) out of the range of the
resistive transition. As an example, an energy deposition of 4.782 MeV from the °Li(n,
0)’H reaction sensed with a sensor (TES) having AT = 1 mK requires a heat capacity of

roughly 0.7 nJ/K. Since the absorber heat capacity also sets the limiting energy resolution
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of the detector, its size is usually chosen as big as possible for highest efficiency, while

still offering enough energy resolution to separate the spectral features of interest.
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Figure 3.2. Schematic thermal pulse from a calorimeter (left). Experimental superconducting transition
with AT, =0.9 mK and T, = 148 mK (right).

3.2 Single thermal mass calorimeter model
The transition region of the TES thermometer (Fig. 3.2) is characterized by a sensitivity
a = d(logR)/d(logT). To first order, OR/OT is constant at the bias point (Ty, Rg) in the
transition. Typical values of a are between 50 and 1000 with the normal resistance R, ~
10 - 500 mQ, depending on the material choices and the deposition process [Ali 05],
[Cho 01]. The TES thermometer can therefore be characterized as a thermistor with an
electrical resistance R, operated at a voltage bias V and at a current I. When included in
an electronic circuit, the TES measures the variation in the resistance with temperature
upon the detection of an energetic event.
The calorimeter is modeled here by considering two basic cases:

i. The simple calorimeter, in which the absorber and the thermometer form a

single thermal mass with heat capacity C,ps (Fig. 3.3).
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ii. The composite calorimeter, in with the absorber and the thermometer are
treated as two separate thermal masses with a finite thermal conductance
between them.

For a simple calorimeter, the thermometer also functions as the radiation absorber, with
heat capacity Caps, both coupled to a cold bath at the temperature Tpa through a thermal
conductance G (Fig. 3.3). In this simple model, the excess phonons produced by photon
or particle absorption are assumed to thermalize instantaneously. This means that the
phonon energies are reduced to kgT by anharmonic decay through phonon-electron and
phonon-lattice scattering on time scales much faster than the signal rise time [Bro 85],
[Lin 00], [Pro 95]. Because of fast ballistic phonon propagation inside the high-quality
absorber crystal, one can also neglect any position dependence in the absorber, i.e. the
energy measured with the TES is assumed to not depend on the location of the neutron

interaction in the volume of the crystal.

G

00777 Toam

Figure 3.3. Schematic of the coupled electrical and thermal circuits for a single thermal mass calorimeter.

The cooling power of the absorber is Peooling = GAT. The rate of change in the
temperature of the calorimeter is given by C(dAT/dt) = - GAT, with the initial condition

AT(0) = ATy = Eo/Caps. The differential equation can be solved by AT = ATyexp(-t/1o).
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This equation describes the observed signal waveform in the case that the absorber and
the sensor are identical or if the TES has a much smaller heat capacity Crgs than the
absorber and if the thermal coupling between the absorber and the TES is very strong so

that phonons can flow unimpeded between them.

3.2.1 Time domain analysis

The TES is operated stably in the superconducting — normal transition region at the
critical temperature T, = Ty by maintaining a cold bath temperature Ty < Tc and heating
the TES into the transition to a constant bias point (Ty, Ry). Typically, the TES is DC-
biased at voltage V(, = constant, so that the Joule power Pjoue = Voz/Ro dissipated in the
resistance Ry is balanced in equilibrium by the cooling power Pcooling = G(To — Tharm),
which extracts the heat from the TES sensor. The evolution of temperature T of the
absorber described by the power flow in the system according to:

dT
C—/—=P

dt Joule — cooling

(3.2)

When the TES sensor cools, the resistance drops and Pjoue increases while Pegoling drops.
When Peooting = Pjoule, @ stable thermal equilibrium state is reached. The TES is self-biased
in the transition at Top = Tan + Pioue/G due to the feedback between cooling and Joule
heating, an effect known as electro-thermal feedback (ETF) [And 42], [Irw 95], [Irw 96].

Neutron absorption raises the temperature of the calorimeter by an amount AT, = E(/C.
As T increases, R increases and the current [ = V/R through the TES drops. This reduces

the Joule power dissipated in the TES, to first order by:

P ; P
AP = Puoie ppo_ Vo R Py o (3.3)
Joule 2
oT R*(T) 8T T,
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Similarly, the cooling power becomes APcooing = GAT results and since the zero order

equilibrium terms cancel out, equation (3.2) results in:

Cﬂ— [%+ GJAT (3.4)
dt T, '

This differential equation can be solved analytically to describe a transitory temperature

signal:
AT() = AT, exp(- t/ z,5) (3.5)
C/G 7,
T = = < T 3.6
o 1+ aPJoule 1+ GETF 0 ( )
GT, G

Here 1. is the effective decay time in the presence of ETF. ETF reduces the decay time
of the signal below 1y =C/G, since the reduction of Joule heating from the bias is faster
than the heat flow through the weak link G. This is reflected in equation (3.6), by the
term Gerr = aPjoue/To Which is equivalent to a thermal conductance due to electro-
thermal feedback in parallel with G from the weak thermal link, with an effective open-
loop gain Gerr/G.

The resulting current upon neutron absorption which provides the signal to be measured,
is obtained from the sensitivity of the TES:

ol AT ol, E
Al(t) = —AT(@®) = —al, — = ——2 O exp(-t/ 3.7
(0 =—AT(O) TSI xp(- t/t ) (3.7)

where Iy = Vo/Ry. The positive temperature variation in the absorber is converted into
negative current pulses due to the positive change of resistance OR/OT > 0 and the DC
voltage bias. The resulting current signal Al(t) is proportional to the energy E, deposited

by neutron absorption, and it is measured with the electrical circuit of the current-
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sensitive preamplifiers. In the limit of the extreme electro-thermal feedback with
Ggrr >> G and thus 1 = C/Ggrr, the total deposited energy can be obtained by

integrating the signal according to

al, E,
[ Vit = v, =27, = E, (3.8)

measured T C e
0

3.2.2 Frequency domain analysis

The noise characteristics of the calorimeter detector can be analyzed more conveniently
in the frequency domain. The Fourier transform () = j.o I(t)e™”'dt, where j2 = -1 with

I(t) given by equation (3.7) results in a signal current in frequency space:

AT, T
0 eff (3 .9)

Isi nal (0)): I o
ol B P

The noise in the system consists of the Johnson current noise ijopnson = Vn/Ro due to the

random motion of the electrical charges in the TES with voltage noise density
v =4k, TR and an electrical resistance Ry, and the phonon noise due to the random
motion of phonons across the thermal conductance G, given by:

o,

o) = -—T(w) (3.10)

{ phonon (
phonon T()

Here, T(w) is obtained from the Fourier transform of equation (3.4) which results in:

0] 0]
(o) - p.(@) I p.(@) G3.11)
(G + G)+ jaoC  Sl@)
where p”,(®) = 4kgT°G is the density of the phonon noise and
S(@) =(G e + G)+ jaC (3.12)
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is the phonon noise responsivity of the calorimeter.

The two current noise terms add in quadrature and produce a total noise current:

v, (@)
RS

(3.13)

2
. al p,(®)
lfotal(a)) = : ] 1 .

(G + Gy )To (meff )2

The phonon noise has a roll-off at 1/tes, while Johnson noise is constant. The noise
equivalent power (NEP) injected in the TES can be written in terms of ij and the

responsivity S as:

NEP(w) = T(w)S(w) = [ aT n ]imlsw) (3.14)

0
For an optimally filtered signal, the limiting energy resolution can be calculated by

integrating the noise equivalent power (NEP) from zero to infinite frequency [Mos 84],

[Trw 95]:
I 1 T 4dw (3.15)

AEfwi  (2.355)° 0 NEP* () .

From equations (3.12), (3.13) and (3.14), the noise equivalent power results in:
a’P oule G 2 2

NEPz(a))ZNEPg{G—%OI+ 1 (%} +(wr,) (3.16)

where
2 2 TOG
NEP, = 4k, T,G— (3.17)

Joule
The energy resolution equation (3.15) can be integrated as an (1/u)atan(x/u) function

which results in:

AE cyim = ‘f\/kBTzc (3.18)
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where & is given by:

4G 12
i_Laz(G+GETF)j (319)

When Ggrr >> G (extreme ETF regime) and a >> 1, the energy resolution is reduced

below the (ksT?C)"* value [Irw 95].

3.3 Composite calorimeter theory

To better simulate the response of a neutron detector in which the sensor chip is glued to
the neutron absorber, the single thermal mass is separated into two sub-systems: an
absorber with heat capacity Cays at temperature Taps, Which is coupled to the TES with
heat capacity Crgs through a finite thermal conductance G,ps. The voltage-biased TES at
temperature Trgs is thermally connected to the cold bath through the thermal conductance
Gres. In the quiescent state, the absorber and the TES are at the same temperature Ty >

Thatn due to Joule heating Pyoye = V%R of the TES.

Cabs Tabs
Pabs-phon Gabs Pabs—cooling
1:’Joule >
C Tres
PJ ohnson > TES
PTES-phon GrEs PES-cooling

T770000777: T,

Figure 3.4. Composite calorimeter model with a finite thermal conductance G, between the absorber and
the TES.
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In this model, neutron interactions take place in the absorber only, and the excess
phonons produced are assumed to instantaneously and uniformly thermalize throughout
the volume of the absorber [Bue 94], [Lin 00]. The heat flows from the absorber to the
TES through a finite thermal conductance G,ps, Where it produces a measurable signal by
heating the TES and then flows to the cold bath through Grgs, Here we focus on the pulse

signal formation in the TES and on the energy resolution of the system.

3.4.1 Time-domain analysis

For the composite calorimeter, the power balance equations in the absorber and the TES

arc:
dT
Cabs d—ibs = _G abs (Tabs - TTES) (3203)
dT
CTES d—T[ES = _(G grr T GTES )(TTES - Tbath ) + Gabs (Tabs - TTES ) (3-2O-b)

The term -Gups(Tabs - Tres) represents cooling of the absorber to the TES, and the term
-(Getr + G1es)(TtEs - Tram) represents the cooling of the TES to the cold bath by electro-
thermal feedback conductance Ggrg = 0P joue/To and by Grgs.

Neutron absorption deposits an energy Eg in the absorber, so the initial conditions att =0
are given by:

T](“)ES = Toun + Proue’ (G R G ) (3.21.a)

TS, =T, +P

abs

/(GETF +GTES)+EO/Cabs = T”l(“)ES +EO/Cabs (3.21.b)

Joule

The system of coupled differential equations can be written in a matrix form as:

67



_ Gabs Gabs
g Tis _ Cos C s T n 0 (3.22)
ot TTES Gabs _ GTES + GETF * Gabs TTES (G tes T GETF )Tbath .
CTES CTES

This matrix equation can be solved analytically for Trgs to describe the signal formation
as measured by the TES. The general solution of equation (3.22) is a linear combination

of the homogenous and the inhomogeneous solutions:

abs abs
Tabs _ Tabs ¢y exlt + C, exzt (3 23)
T - T c TES c TES )
TES TES / homogenous 1 2

The coefficients A; and A,, which have units of 1/time, are the eigenvalues of the

+

determinant of the matrix:

_ Cc}abs _ }\‘ Cc}abs
abs abs — 0 324
Gabs GTES +GETF +Gabs _7\‘ ( )
CTES CTES
They have the values
A, - AEVA'-B (3.25)
12=" " A~ ~ :
2CabsCTES
with
A= CTESGabs + Cabs (Gabs + GTES + GETF)
B= 4CTESCabs (GTES + GETF )Gabs (3.26)

The constants c¢; and c; in equation (3.23) are obtained from the initial conditions
equation (3.21) and lead to the full analytical solution

_A-VA’-B_ _A+A’B

E,G '
Trps () = TTOES + 02 Sl G (3.27)
A -B
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The equation describes a signal waveform with a decay time t4 and a finite rise time T,

corresponding to the first and the second exponential. They have the values

T4 = 2CabSCTES/(A +VA’ —B) (3.28)
The plus sign corresponds to the rise time 1, and the minus sign produces the decay time
T4, such as 14 > 1,. The finite rise time 1, is due to the finite thermal conductance G, and
reflects the fact that the TES will respond to the temperature rise in the absorber upon
neutron detection only after being heated through the finite Gus. By comparison, the
signal waveform of the simple models produces an infinitely fast rise time and a finite
decay time.
In the experimental section, 1. and 14 are measured from the pulses while Cyps and Crgs
are calculated at the operation temperature from the dimensions and the material
parameters of the absorber and the TES. In order to speed up the pulse decay and increase
the count rate of the detector, we examine the variation of the decay time with the Gy
and Grgs (Fig. 3.5). The simulations show that 14 saturates when the thermal conductance
ratio Ggaps/Grgs 18 increased above a limit set by 1q = Caps/(Gans + G1rs), which serves as a
bottleneck in the thermal relaxation back to equilibrium. Note that as the thermal
conductances are increased to speed up the detector response, the initial assumptions of
fast and homogenous energy thermalization will eventually no longer be valid. At lower
values of Grgs, a stronger coupling between the absorber and TES is necessary to achieve
decay time saturation. However, Gygs can not be increased indefinitely in order to reduce

the pulse duration, as it also increases the phonon noise.
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Figure 3.5. Decay time dependence on the thermal conductance ratio Gg,y/Grgs With Grgs = 10 nW/K
(=), 100 nW/K (--- ), 1000 nW/K (— ).

Experimentally, equations (3.26) and (3.28) can be used to extract the thermal

conductances Gy and Ggs which result in:

Cabs C1TES Tr + Td
Cabs + CTES) Lt
12
Tr Td Cabs t CTES j
5 .
(z.+ 7,) Cres

1 Cabs C‘TES
Gahs z-r Td

G =1 ( and G = - Gupye (3.29)

with 77 = (l—

In practice, neutron detectors are designed such as C,ps >> Crgs and Gups >> Grgs, and

equation (3.27) simplifies to:

E : ,
TTES (t) — T?Es + Ctotal (e—t/rd _ e—t/rr ) ( 33 0)

abs
with T, # C, /(Gps + G ) and 1, = Cppe/G (3.31)
In this limit, the decay time 14 reduces to the expression in equation (3.6), and is set by
the heat flow from the absorber to the cold bath. As before, while 14 becomes shorter as
Ggrr is increased. Similarly, the signal rise time T, is shorter than the decay time 14 due to
the strong thermal coupling Ggps between the absorber and the TES and the smaller heat

capacity Crgs of the TES. This is illustrated in Fig. 3.6 for two pulses obtained with
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equation (3.27) for typical values Crgs = 10 pJ/K, Grgs = 1 nW/K, and Cys= 1 nJ/K at
140 mK. The TES has a = 60 and the quiescent bias power is Pjoue = 10 pW. The inset
shows the same pulses on a logarithmic time scale, with a rise time a factor of 100
smaller than the decay time. The pulse shows that for large G,ps both rise and decay times
are shortened and the pulse amplitude increases (Fig. 3.6). Because Ggrr is in parallel
with Grgs, it dominates the time scale for pulse decay and determines ultimately the

maximum count rate capabilities of the detector.
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Figure 3.6. Simulated pulse waveforms for the response of a detector to thermal neutrons in a composite
SLiF calorimeter with G = 100 nW/K ¢ ) and Gy = 10 nW/K ().

3.4.2 Frequency-domain analysis
We use the same approach to understand the noise in the composite calorimeter that we
have used for the single-thermal mass model. Equations (3.20) are Fourier-transformed

and yield:
jaﬁabsTabs =~ Gabs (Tabs - TTES) + pabs—phon (332)

. \A
JaCop Trpg = R G rgs (TTES - Tbath) + Gy (Tabs - TTES)+ Lo Vi + Pubsphon T PrEs-phon
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There are now two phonon noise terms, which are introduced in order to take into
account the random phonon transport across the two thermal conductances G,ps and Grgs,
with pzabs—phon = 4kgT’Gas and pzTES-phon = 4kpT’Gres. These two terms, become

significant in the noise analysis of the calorimeter. These equations can be solved for

TTEs((D)Z
Gabs + jaCabs
pabs—phon + (IOVn + GTESTbath + pTES—phon + pabs—phon) G
T (@) = P G 7 jaC. - (3.33)
( - +GTES+Gabs+jaETES) = - _Gabs

TO Gabs
In a more general form, equation (3.33) is written as:

NEP(®)

T (@) = S(w)

(3.34)

where NEP(w) is the noise equivalent power as before and S(w) is the spectral

responsivity of the detector:

GETF + Gabsj
GTES

} (3.35)

S(w) = Gt ST i 1
(0)= Gy 1+ G T O Ty Trps T JO| Typg + Tyl 1+
TES

with tres = Cres/Gres and Taps = Cabs/Gabs. In the limits of the simple calorimeter model,
when Crgs — 0, Pabsphon = 0 and Gaps — 00, we obtain S(®) = (Gerr + Gris) HOCaps, In
agreement with equation (3.12).

From equations (3.10) and (3.33), the noise current terms can be regrouped in Johnson
and phonon components which add in quadrature to the total noise current. The Johnson
noise current is obtained by grouping the terms in V, and the remaining terms in the

equation represent the phonon noise current.

(@)= v, -
@= VR, T T,S(w)

(1+ joor,,) (3.36)

1] ohnson
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and

an pabs—phon + (pTES—phon + pabs—phon + GTESTbath )(1 + Ja)rabs)

i W)= - 3.37

phonon( ) TO S(a)) ( )
By rearranging equation (3.36), the Johnson noise current results in:
. _ Vn a)zrabs Z-TES + aPJoule /GTESTO B 1
1Johnson (C()) - Ro TOS(CI))

.V, [TTES + z—abs(l + Gy / Grps = APy / Gres Ty )]
+ jo— (3.38)
R, T,S(w)
For ® = 0, the minimum value of Johnson noise 1is obtained as
_ 4kBT0 Ggs

11 onmson lweo = , which shows that in the low frequency range, the
RO GETF + GTES

Johnson noise is reduced when Ggrr increases. This corresponds to situations when large
values of a or large values of Joule power that increase Ggrr are used.

From equation (3.37), the module of the phonon noise current is expressed as:

2 2
2 2_2
.2 ( ) [ OCIO ) (p TES-phon + 2p abs—phonon ) tow Tabs (p TES-phon + p abs—phon + GTES Tbath )
1 ) =
phonon
G TES TO

S(e)
(3.39)
The module of the phonon noise current results in:
4+ GTES + CUZTZ (l_l_ GTES)
.2 4k Ty Proye@’ G G " G
1phonon (a)) = 2 (340)
Ry GrgsTy Grgs IS()|

The phonon noise presents the maximum value in the low frequency range and it has the
dominant contribution to the total noise in this region. In the high frequency range
(0 — o) the phonon noise goes to zero, because S(w) is a function of o’ and the

nominator in equation (3.40) is a function of o (Fig. 3.7).
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The analytical expressions derived for the current noise components can be compared
with the power spectrum of the signal. Equation (3.32) does not include the initial
conditions. The signal in this case is obtained by the Fourier-transform of equation (3.27),

which results in an expression that depends on the rise and decay times of the pulse:

aIO EtotalGabs
T, VA’-B

isignal (Q)) =~

T T
L & } (3.41)
I+ jor, 1+ jor,

with the module

aloj ’ (EtotalGabS)2 (Td ~ Tr)z (3.42)

s _
1 signal (@) ( T, A’-B (1— a)2TdTr)2 + a)z(rd + 2-r)z

Equation (3.45) is plotted on the same graph comparatively with the total noise current
components determined previously with Pjoye = 10 pW and Gups/Gres = 10 (Fig. 3.7). For
T, << 14 (negligible rise time by comparison to t4), the frequency spectrum of the signal

reduces to that given by equation (3.8) for the simple calorimeter model.
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Figure 3.7. Signal and total noise current comparison in a neutron calorimeter. G,ps/Grgs = 10 at T=140 mK
with Cabs =1 IIJ/K, CTES =50 pJ/K
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3.4.3 The energy resolution of a composite calorimeter

An analytical expression for the energy resolution is obtained based on the integral over
the noise equivalent power as in equation (3.14). The only difference compared to the
simple calorimeter model lies in the complexity of the NEP term. The total current noise

is expressed as:

iiomposite (a)) = i?ohnson (C()) + iIzohonon (Cl)) (3 43)

Using equation (3.46) and the expression for Tres(®)

. _NEP(w) T, .
TES (a)) - S(C()) - I alcomposite (a)) (344)
0

it results that NEP(w) can be expressed as:

2
T,S(w))| .
NEP® (o) = (7] Composiie (@) (3.45)
0
NEP2 (0)) = NEPthonon (a))+ NEPJ%)hnson (a)) (346)
with
2 _ G TES 2_2 G TES
NEPphonon (a)) - 4kBTO Gabs 4+ T o Tabs 1+ (347)
G abs G abs
T,G G Y Gy ~Gere )|
NEP ?ohnson((’o) = 4'kBTO e [ (DzrabsTTES + — - IJ + 0‘)2 TTES + Tabs(l + M)
G0t Gies Grgs

(3.48)
In order to calculate the energy resolution with the integral in equation (3.15), the terms
in equations (3.47) and (3.48) are grouped according to the powers of ®. The NEP(w)

term is then written in a general form as:

NEP?(0) = an® + ba® +c (3.49)
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where the parameters a,b and c are given by:

G
a= 4kBT02GTES &(TabsTTES )2

ETFe

2
Omes 2TabsTTES(GETF - IJ + (TTES T Taps (1 + s _Sen j] +
0G grp G s Gus  Gres

G
+4k,T.G,,, (1 + %}2

b =4k, T;G g

abs
abs

G G G
c=4kpT{G (4 + —1ES j + 4k g T —1ES [1 - —IES J (3.50)
G 4ps a Gerr

with trgs = Crgs/Gres and Taps = Cabs/Gabs. In the limits of the single thermal mass
calorimeter, when Crgs — 0 and Ggas — o0, the product 7, 7, — 0 and the parameter a

becomes equal to zero. The parameters b and c take a simpler form:

2
G
b, :4kBT02GTESh(TTES +Tabs(l_ﬂJ] (3.51)
aG gy TES
G G
¢, =16k, T;G,,, +4k T, —= (1— TESJ (3.52)
a G

In this case, NEP() results in a simple form, i.e. NEPX (@) = byo® + c¢,, which has the
same quadratic frequency dependence as equation (3.16). However, the exact calculation
of the energy resolution with NEP(w) given by equation (3.49) is not always necessary
for the composite calorimeter and the term in ®* can be neglected since it only plays a

role for frequencies above 1/t while most of the signal is at lower frequencies (Fig. 3.8).
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Figure 3.8. Numerical comparison of the energy resolution integrand 1/NEPJ* for the o* dependence and
the o’ approximation.

The energy resolution is again obtained by integrating over the NEP according to:

11 1]‘3 4dw (3.53)
AEfyy (23550 bg 2. ©
b
The FWHM energy resolution results in:
2
AE2 0, = (2.355)2?@ . (3.54)
Equation (3.54) can be written similarly to equation (3.18) as:
1/2
AE py = 2.3558(k,, T°C,,. ) (3.55)

with & being a function of the parameters b and ¢ in equation (3.50). A plot of equation
(3.55) is presented din Fig. 3.9 as function of C,y for different values of the thermal

conductances Gups and Grgs. Above Cps = 0.1 nJ/K, the energy resolution of the

composite calorimeter is reduced below AE .y = 2.355(1{BT2C2lbs )”2 because of the

electro-thermal feedback.
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Figure 3.9. Energy resolution as a function of absorber heat capacity for different values of Gy with Grgs
=1 nW/K, Crgs =50 p J/K, Pjoue = 10 pW at T = 140 mK held constant in this simulation.

When C,ps << Crgs, the energy resolution becomes limited by Crgs which becomes the

only thermal mass left in the system. In this case, AE,,,levels off and it has a value

equal to 2-35w/4kBT02 Cigs/0 . When Caps >> Crgs, AE,yy, is directly proportional to

2‘355(kBT2Cabs )”2 , with a correction factor o™ < & < 1. For practical applications, a

heat capacity Cus = 1 nJ/K but no larger than 10 nJ/K is optimal for obtaining an energy
resolution on the order of 0.5 — 5 keV FWHM corresponding to a temperature rise in the
absorber on the order of 0.7 mK, which is within the limits of the transition width of the
TES.

The change in energy resolution as a function of the thermal conductance ratio G,ps/Grgs
for constant C,,s and Crgs is presented in Fig. 3.10 which shows that the energy

resolution levels off when Ggubs/Grgs > 1. In this range, the energy resolution lies below

the 2.355(kBT2CabS )mvalue. For practical purposes, a ratio Gus/Gres = 10 is already

sufficient for the design of a composite neutron calorimeter. Conversely, Gaps/Gres < 1
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energy resolution is degraded due to increased phonon noise injected in the TES from

GrEs.
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Figure 3.10. Energy resolution as a function of the thermal conductances for different levels of Joule
power and thus different degrees of ETF. C,,s = 1 nJ/K, Crgs = 50 p J/K and Grgs =1 nW/K at T = 140 mK
are held constant.

3.4 Optimization of the neutron calorimeter
The design optimization of a fast-neutron detector requires a trade-off between high
energy resolution, high detection efficiency and high count rate capabilities. For fast-
neutron spectroscopy, one could ideally like to attain:

e An energy resolution on the order of 1 — 10 keV FWHM in order to detect the

effect of interaction resonances in the neutron spectrum,;

e Detection efficiency of at least a few percent for MeV neutrons

e Count rates well above 10 Hz per pixel.
The three requirements require a tradeoff that depends on the particular application. On
one hand, the energy resolution is improved when operating at low temperature T to

reduce the heat capacity C,,s and with the & value in the minimum. The predictions made
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based on Fig. 3.9 and Fig. 3.10 show that the theoretical energy resolution can be reduced
below 1 keV FWHM.

On the other hand, the intrinsic detection efficiency of a cubic absorber with volume
V =L’ is given by &, = 1- exp(-NoL), and it must be maximized in order to increase the
detection efficiency and the count rate. The resolving power is calculated as E/AEpwnm in
which the heat capacity C,ps is proportional to the volume of the absorber. Fig. 3.11
shows that in order to increase the resolving power in the fast-neutron region, the volume
of the absorber must decrease, which in turn reduces the detection efficiency. At the
operation temperature T, the lower the number of moles n, the lower the AE. One way to
reduce n is with an absorber that has a large value of the molar mass M but the
disadvantage is that in general, the atomic number Z of the compound is also large.
Elements with high Z such as Ti have large gamma-ray production rates from radiative
capture and inelastic scattering and also large p/p photon absorption coefficients which
can increase the parasitic gamma-ray self-absorption. An insulator material such as LiF
has the property that the heat capacity per unit volume is much lower compared to a
metallic compound such as TiB, [Kit 99]. A comparison of the heat capacities of metallic
TiB, and insulating LiF is made in order to understand what material is the best choice
from the point of view of the size and efficiency with respect to the energy resolution

optimization.
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Figure 3.11. Intrinsic detection efficiency (left axis, solid curve) and resolving power (right axis, dotted
curve) as a function of absorber volume at T = 150 mK for fast neutrons with E;, = 1 MeV.

The heat capacity of a solid-state absorber has two components, the electronic heat
capacity, which varies linearly with the temperature, and the lattice heat capacity, which

is described by the Debye’s T° law [Kit 99]:

C

total

3
= Celectron + Clattice = n’Y'Y + 234nR[9lJ (356)

D

v is the specific electronic heat capacity which has a finite value in a metal such as TiB;
but which becomes zero in insulators such as LiF. Thus, the heat capacity of insulators is
described purely by the Debye’s law, which depends on the number of moles = m/M
for a material with molar mass M, on the universal gas constant R and on the Debye
temperature of the crystalline lattice Op.
Normalized Cioal to the number of moles results in the total specific heat capacity cipm
(J/mol-K): which is independent on the amount of material

Coor1 =C

/M = YT +PT? (3.57)

total
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The values for B and vy are taken from experimental heat capacity measurement of TiB,

and LiF crystals [Lan 05].

Table 3.1. Specific thermal parameters of LiF and TiB, crystals

B (mJ/K*/mol) v (mJ/K*/mol)
TiB, 3.403x107 £ 0.070x107 1.001%10™ +0.019%10
LiF 9.187x10°° 0

At the same temperature T, the specific heat capacity of LiF is a factor of about 300

larger than for TiB,, driven by the § parameter in Table 3.1.
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Figure 3.12. Specific heat capacity comparison of TiB, and LiF.

Imposing the same heat capacity for both materials, the volume of LiF is related to the

volume of TiB, with the following expression:

Vi _ Duir M, Pris,

Vig, Dpg, M

(3.58)

TiB, PLiF
The specific heat capacity dependence on temperature of LiF and TiB, absorbers is

calculated with values for § and y from Table 3.1.
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A numerical example in which the required heat capacity of the absorber is of 1 nJ/K is
considered for a theoretical energy resolution of about 0.3 keV FWHM from Fig. 3.9.
With Cys = 1 nJ/K, the temperature increase is of about 0.7 mK, which is in the range of
the superconducting transition width of the TES sensor. At T = 140 mK, the same heat
capacity is obtained with either nrigs = 7.1x10® moles of TiB, with a volume of 0.2 mm’
or with niir = 3.9x107 moles of LiF with a volume of about 0.7 cm’. The intrinsic
detection efficiency of the 0.7 cm® LiF absorber calculated at 1 MeV is a factor of 10
larger than in 0.2 mm’ TiB,. Although the theoretical energy resolution of the two
materials is identical for the same heat capacity, the LiF absorber has the advantage of
higher detection efficiency. This supports the use LiF for fabricating and testing a high

detection efficiency calorimetric neutron spectrometer with theoretical energy resolution

on the order of a few keV FWHM.
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Chapter 4, Experimental Setup

This chapter describes the experimental implementation, the data acquisition system, the

cryostat for detector operation at temperatures of 0.1 K and calibration sources.

4.1 TES thermistor fabrication

The microscopic theory of superconductivity developed by Bardeen, Cooper and
Schrieffer (BCS) states that below the critical temperature T, the electrons can bind in
so-called Cooper pairs, due to an attractive force mediated by the polarization of the
lattice [Bar 57]. The total binding energy of a Cooper pair 2A = 3.5kgT, results in an
energy gap 2A in the density of states at the Fermi energy that is larger than the energy of
typical electron-electron or electron-lattice scattering event. As a result, below T, the
Cooper pairs travel through the lattice without scattering, which translates into zero
electrical resistance and hence the phenomenon of superconductivity.

The energy resolution of superconducting calorimeter detectors improve with lower
operating temperature i.e. with decreasing critical temperature T.. An operating
temperature around 0.1 K is a good compromise between high energy resolution and ease
of operation. Unfortunately, no elemental superconductor has a critical temperature at
this range. A method to decrease the T, of a pure superconducting material such as Mo is
to combine it with a metal such as Cu, which does not exhibit superconducting properties.
When two such films are deposited on top of each other, the overall T is lowered due to
the so-called proximity effect [Tin 04]. For use in TES calorimeters, the proximity effect
can be produced in Mo/Cu bilayers consisting of a single film of Mo and Cu, or in

multilayers consisting of many alternating layers of Mo and Cu. The resulting T, depends
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only on the Mo/Cu thickness ratio and the quality of the interface (Fig. 4.1a) [Mar 00].
Note that Mo and Cu are not the only normal-superconducting material combinations that
can be wused. Other groups have used other normal-superconductor materials
combinations such as Mo/Au, Ir/Au or Al/Ag [Wol 00], [Hoh 99], [Hol 98], Eva 77],
[Cha 81]. We use Mo/Cu, because the two materials do not form intermetallic phases and
thus remain stable over years of storage and thermal cycling. We favor multilayers over
the much simpler bilayers, because T, and the normal resistance R, can be adjusted

independently (Fig. 4.1b).

2 T T T T T T 140 ‘ : : ‘ ‘ T 400
TC
[ ]
o Q -o- R
— G 3 . _
4 130 \ a
=T I g . -300 E
U N =
= &= | o
= . £ 120 °
S = . g
& il | 5 200 §
2 E 110+ 5
° Q - =
'§ = o g
Zosk . 4 8 g 100
5 = 100 S
= y ©
Mo thickness = 2 nm ° °
0 1 1 1 1 1 1 1 907 70
01 2 3 4 5 6 7 8 ‘ \ ‘ w ‘ \ w ‘ ‘
Cu thickness [nm] 200 400 600 800

Multilayer thickness (nm)

Figure 4.1 a) Dependence of T, on the thickness of the Cu layer for a multilayer TES. b) Multilayers with
different thicknesses have different resistances and the same T,, provided the Mo/Cu ratio is constant.

The Mo/Cu multilayers are fabricated by standard photolithography at the Lawrence
Livermore National Laboratory Microtechnology Center and the Advanced Detector
Group. We use a TES with 23 layers of Cu (7 nm each) deposited by magnetron
sputtering alternately with 20 layers of Mo (2 nm each) on 0.5 um of SiN a Si substrate.

For our 200 nm Mo/Cu multilayer, the T, varies between 110 mK — 150 mK and the
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normal electrical resistance is R, = 350 mQ [Ali 05]. The typical area of the TES is 0.5
mm % 0.5 mm and a top view of the Si chip is shown in Fig. 4.2.

For some TES, the Si underneath is etched away, leaving the TES on a free-standing SiN
membrane which sets the thermal conductance Grgs to the cold bath. For others, the Si is
not etched away, in which case the mounting scheme of the chip with the TES in the
cryostat sets the thermal conductance. For devices on a SiN membrane, the mechanical
properties of the SiN sets the upper limit of about 5 mg of absorber mass that can be
attached to TES 1 (device TES-1 in Fig. 4.2). By comparison, TESs on a solid substrate
(device TES-2) can be attached to larger absorbers. Practically, space constraints of the
cryostat and concerns about spatial variations of the detector response limit the volume of

- 3
a single neutron absorber to several cm’.

Figure 4.2 Picture of a multilayer Mo/Cu TES chip. The central device (TES 1) is deposited on a SiN
membrane (2) and a second device (TES 2) is deposited on a rigid SiN/Si substrate (3).
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4.2 Fabrication of Neutron Spectrometers

We have fabricated two types of neutron spectrometers using TESs from the chip shown
in Fig 4.2. A small TiB, absorber with a mass of 2.3 mg whose weight can be supported
by the SiN membrane, has been glued with epoxy (Stycast 2850FT) onto the TES. The
resulting device and a schematic is presented in Fig. 4.3. The Si chip is glued with silver
paint on a alumina chip holder with gold traces for wirebonding to the electronic read-
out. The assembly is mounted at the end of a cold finger at 0.1K. The device with the

TiB; absorber can be modeled as a simple calorimeter as discussed in Section 3.2.

neutron

N\

"

TiB, absorber

SiN membrane

Figure 4.3. Left: TiB, absorber (irregular shape in the center) installed on a TES on a SiN membrane.
Right: Schematic of TiB, detector.

For large volume LiF absorbers, the TES-2 in Fig. 4.2 has been used. In order to reduce
the heat capacity of the Si chip, it has been cut to one third of the original chip size in Fig.
4.2. The Si chip has been glued with GE varnish onto the LiF absorber, which creates the
Gabs interface. Grgs is set by the Au bond wire with a diameter of 25 um and a length of 2

cm, which sets the thermal conductance limit.
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Figure 4.4. TES neutron detectors with large volume
LiF absorbers and their low-temperature support
structure. All absorbers are mounted on screws with
spring-loaded Teflon plungers with low thermal
conductance. Note the different scale in the two
pictures.

A. Neutron detector with a large natural LiF absorber
(3.25 cm®), with the Si chip with the TES attached with
GE varnish. The thermal conductance between the TES
and the cold bath is set by the Au wires. The holder can
host a crystal of up to 8.5 cm’ in size.

B. Neutron detector with an enriched °LiF absorber
(0.25 cm®) whose thermal conductance to the cold bath
is controlled by an Al screw coated with stycast. This
holder can host a crystal of up to 2 cm’ in size.

Contact to cold

bath
TES-2
W 7y ¥
e | S
I i _:."- Il
C. Schematic of the detector with the relative position (] Lik -
of the TES and the absorber. ) abso:‘ heg

O ¥~ Sapphire balls ¥ O

To improve the thermal conductances Ggps and Grgs, especially during cooldown, a

second detector design employed an epoxy-coated Al screw to mechanically press the Si
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chip against the LiF absorber. Al is a normal metal with high thermal conductance during
cooldown, whose conductance decreases significantly below its superconducting
transition at 1.1 K. Due to the presence of the Si chip, in both designs with large
absorbers, Crgs can no longer be neglected by comparison with C,ps, in which case, the
composite calorimeter model applies.

In order to increase the thermal conductance G,,s between absorber and TES for
improved energy resolution, we have attempted to deposit Mo/Cu TES bilayers directly
onto LiF crystals. For that, Mo strips with thicknesses between 20 and 55 nm were first
deposited on LiF through shadow masks, followed by 200 nm of Cu over the central part
of the strip.

Figure 4.5 shows comparatively two representative transitions of different TESs. The
Mo/Cu bilayers deposited on SiN/Si substrates have narrow transitions with a sensitivity
a ~ 50, while similar bilayers deposited on a LiF crystal exhibit a wider transition with
AT, ~ 250 mK and lower sensitivity a = 5. Such Mo/Cu bilayer TES cannot detect
temperature variations on the order of 1 mK for typical neutron interactions with

sufficiently high signal-to-noise ratio.
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Figure 4.5. Superconducting transition comparison of Mo/Cu bilayers on SiN and on LiF.

The reason for the degraded transition on LiF is due to the surface quality. Even when
polished to high optical quality, the surface roughness of the LiF crystals still is on the

order of hundreds of nm root-mean-square (RMS) measured by Atomic Force

Microscopy (AFM) (Fig. 4.6).

Flatten

Figure 4.6. AFM measurements of LiF crystal surfaces. Left: LiF crystal polished about 6 years before the
date of the measurement shows blurred features due to hygroscopic nature of LiF. Right: LiF crystal
polished to optical quality a month before the measurement presents sharp features.
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This surface roughness of LiF crystals implies that a Mo film nominally 20 nm thick
varies in fact widely in thickness since it follows the polishing grooves and the relief on
the LiF surface, resulting in wide variations in Tc due to the proximity effect with the top
Cu layer. Additionally, the hygroscopic nature of LiF causes problems with the stability
of metal deposition in time (Fig. 4.7). Unfortunately, the attempt to deposit TESs directly

on the LiF absorbers was unsuccessful and therefore abandoned.

4.3 TES read-out and electronics circuit
To read out high resolution signals from a low impedance TES, a Superconducting
Quantum Interferometer Device (SQUID) amplifier is used to convert the current signals

Al into voltage output Al (Fig. 4.7).

Rbias Pre-anTpliﬁer ASQ Vout Aampliﬁer
/VW\/ I:‘ -/ ° AP_@ A\/pulse
Rrgs — R 1
FB -
— R § SQUID
Vbias
Lso ><>< Lrp

Figure 4.7. Schematic of the electronic read-out circuit of the TES. Rrgg and Ry are at 0.1 K while Vi,
Rypias, Reg and A are at room temperature. The SQUID amplifier, its input coil Lgq and its feedback coil
Ligare ~ 1.2 K.

The SQUID amplifier is a sensitive magnetic flux-to-voltage converter based on the
Josephson tunneling effect [Cla 04]. The superconducting 350 nH input coil of the

SQUID converts the current into a magnetic flux that is retrieved as a voltage in the
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output coil with an amplification factor Agg=43. The SQUID used in our experiments is
a commercial DC SQUID from Supracon AG in Jena, Germany [Sup 06].

A shunt resistor Ry << Rrgg is placed in parallel with Rygs to obtain a constant bias
voltage across the TES. Ry and Rrgs are both operated at 0.1 K while the SQUID
preamplifier and its input and feedback coils are operated at ~1 K. The current variation
in the TES in response to neutron absorption is converted into a magnetic flux and sensed
by the input coil of the SQUID, which is in series with Rygs and is operated in feedback
locked-loop through Rrgs and Lpg. The RrgsLpp circuit acts as a low-pass filter with a
cutoff frequency of about 570 kHz which does not affect the signal from the detector. At
room temperature, the SQUID preamplifier output pulse is further amplified by a
commercial Stanford Research Systems amplifier.

The electrical wiring between the low temperature stage at 0.1 K and higher temperature
stages at 1 K and 4.2 K is made with CuNi-clad quad-twist wires with low thermal
conductance to reduce heating of the 0.1 K stage.

The current-voltage I(V) curve of the TES circuit is shown in Fig. 4.8 for a set of bath
temperatures Ty, below T¢. The slope of the curve represents the inverse of the electrical
resistance. Qualitatively, when very low Vs of a few pA is applied, the TES is
superconducting (Rrgs = 0) and no Joule power is dissipated in the TES. The only non-
zero resistances are Ry = 5 mQ and an additional parasitic resistance R, of a few mQ
coming from the soldering contacts of the wires. At higher Vi, the TES enters the
transition region of the TES where Rygs and the Joule power increases with T, and the
current drops as a result. When the TES becomes normal (R = R, = constant) the slope is

(O1/OV )nommal = 1/Ra
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Figure 4.8. I(V) characteristics curve of a TES with T, = 147.8 mK (Fig. 4.1) for three different values of
the bath temperatures.

When Ty, increases, less Joule power is needed to bias the TES at the same resistance R
in the transition, so that the curves with high I-V values correspond to lower Ty, and the
curves with low I-V values correspond to higher Ty, values.

Each pulse from a detectable neutron interaction event is amplified by the SQUID
electronics preamplifier and by the amplifier. Each pulse is then digitized with an
Analog-to-Digital Converter installed on a GaGe" data acquisition board and then

individually stored on a PC for further analysis (Fig. 4.9).
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Figure 4.9. Read-out electronics circuit.

To reduce electromagnetic pick-up noise, the 300 K shell of the cryostat serves as a
Faraday cage. In addition, the SQUID is mounted inside a superconducting Nb can, and
the cryostat is surrounded with multilayer magnetic shielding made of Finemet® from
Hitachi Metals [Hit 06]. The SQUID preamplifier box is directly connected to the
cryostat and all readout wires inside and outside the cryostat are twisted in pairs to reduce

pickup.

4.4 The Adiabatic Demagnetization Refrigerator
The required operating temperature of 0.1 K for the neutron detector obtained using the

two-stage adiabatic demagnetization refrigerator (ADR) shown in Fig. 4.10 [Fri 01]. The
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cryostat uses a nested design, similar to a Russian doll, with the outer high temperature
stages shielding the inner low temperature stages. The cryostat is pre-cooled to 77 K
using liquid nitrogen (LN3) and cooled to 4.2 K with liquid helium (LHe). Two other low
temperatures stages for cooling to 1 K and 0.1 K respectively, are mounted on Kevlar
strings, and are initially kept at 4.2 K with an electro-mechanical heat switch in the

closed position.

LN, (77 K) : :
|
Magnet FAA
coil /
~ / GGG
Heat switch
Kevlar

strings\

A Fast neutron
detector

L Electronics box

C

DA

Detector on
cold finger

0.1 K stage

Figure 4.10. Cross section through the cryostat in the normal operation position

Cooling below 4.2 K is obtained with two paramagnets, namely ferric ammonium alum
(FAA)' and gadolinium gallium garnet (GGG), both surrounded by a high-current
superconducting magnet. The FAA pill cools one stage to a temperature of 0.1 K, while
the GGG pill is used to cool the second stage to 1 K. Cooling is achieved by isothermal

magnetization and adiabatic demagnetization process, as illustrated in Fig. 4.11 [Lou 74],

! Fe,? (SO4)3(NH,),S0,24H,0
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[Pob 96]. A magnetic field of 5 T is applied to the salt pills using a superconducting
magnet. This aligns the magnetic moments of the salt pill atoms and reduces their entropy
S, with the heat of magnetization being removed isothermally through the closed heat
switch. The mechanical heat switch is then opened to thermally decouple the 0.1 K stage
from the rest of the cryostat and the magnetic field is slowly reduced adiabatically (S =
constant). The minimum bath temperature Ty, attained is of about 70 mK, and it can be
adjusted and stabilized by controlling the remnant magnetic field of the magnet. The
magnetization-demagnetization cycle takes about 1.5 h, and the effective hold time is set
by the heat load into the cold stage that determines the time to warm up from Ty, to the
critical temperature T, of the TES, which is typically between 12-14 h, after which the

cycle has to be repeated.
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Figure 4.11. Entropy of an FAA salt pill as a function of T and B according to Brillouin function [Pob 96].
Adiabatic magnetization-demagnetization cycle: A1-A2 isothermal magnetization, A2-A3 adiabatic
demagnetization, A3-A1 slow warm-up.

Figure 4.12 shows a picture of the interior of the cryostat with the cover lids removed, as
viewed from the bottom (cf. Fig. 4.10). Three concentric temperature shields are visible,

held during the operation (from outside to the inside) at 300 K, 77 K and 4.2 K
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respectively. The central rod is the cold finger, which is part of the 0.1 K stage suspended
by Kevlar strings at the four suspension towers. The round structure to the left of the cold
finger is the electro-mechanical heat switch used to make and break the thermal contact

between the 0.1 K and 1 K stages with the He-cooled thermal reservoir at 4.2 K.

Figure 4.12. Photograph of the interior of the cryostat.

During the TES detector operation, the bath temperature must be regulated to a constant
value. This is done with a commercial LR-130 temperature controller. The temperature is
measured with a germanium resistance thermometer (GRT) from Lake Shore Cryotronics
installed on the 0.1 K stage, using an AVS-47 resistance bridge from Picowatt and
operated in the feedback mode with the LR-130 temperature controller [Lak 06], [Pic 06].
With this system, we have measured a temperature stability of the 0.1 K stage between 15
and 22 pK FWHM, which is sufficient to not affect the energy resolution of the

spectrometer.
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4.5 Neutron sources and shielding

In our experiments we have used **°Cf as a neutron source. The activity of *°Cf source is
between a few pCi (class I) to 2 mCi (class IV), which require both neutron and gamma-
ray radiation shielding. The neutron shield is made of bags of granulated borated
polyethylene. In the configuration used for thermal neutron measurements (Fig. 4.13), 1
to 5 cm thick lead bricks provide gamma-ray shielding, and high-density polyethylene
(HDPE) is used to thermalize the neutrons. For fast-neutron spectroscopy, the HDPE

block and the lead brick between the source and the detector were removed.

cryostat

/
i,

- detector

B <]

Figure 4.13. Measurement geometry for neutron spectroscopy. The approximate scale of the geometry is
shown by the double arrow.

The neutron thermalization and gamma-ray production has been studied with MCNP
simulations in the geometry shown in Fig. 4.13, in order to understand the input spectrum
and to compare with the experimental results. For tests with heavy shielding and strong
thermalization, the spectrum has a long tail that extends into the thermal and cold neutron
region. For fast-neutron spectroscopy, the neutron thermalization is lower by a factor of
3. The presence of a sample in between the *>*Cf source and the spectrometer also alters

the spectrum, which is quantified in the next Chapters on experimental results.
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Chapter 5. Experimental results with a prototype TiB, device

5.1 Pulse and noise characteristics

We have built a neutron detector using a 2.3 mg TiB, absorber attached to a Mo/Cu TES
on a SiN membrane (Fig. 4.3). TiB, is a metallic compound and even small volumes that
can be supported on a SiN membrane have sufficiently high heat capacity that the TES is
not driven off the transition when neutron interaction deposits several MeV of energy.
The purpose of this prototype detector is to demonstrate the feasibility of high-resolution
neutron detection with a cryogenic detector with an energy resolution of a few keV
FWHM.

We have operated this detector at a temperature T, = 122 mK inside the cryostat and
illuminated it with thermal neutrons from a 2 mCi *>>Cf neutron source shielded with

HDPE as shown in Fig. 4.13. The operation parameters of this detector are summarized
in Table 5.1.

Table 5.1 Operation parameters of the TiB, neutron spectrometer

Parameter Value
TiB, absorber mass m 2.3 mg
Bath temperature Ty, 108 mK
Operating temperature T, 122 mK
TES sensitivity o 70
Absorber heat capacity Cyps 3.59nJ/K
TES heat capacity Crgs 10 pJ/K
SiN thermal conductance Ggg 1.0 nW/K
Bias resistance Ry, 1.0 kQ
Feedback resistance Ryp 1.0 kQ
Shunt resistance R 5.0 mQ
SQUID amplification Agg 43

At the operation temperature, Cu,s = 3.59 nJ/K and Crgs = 10 pJ/K is three orders of
magnitude smaller than C,,. To examine how the energy resolution of this detector

compares with theoretical models, we extract Gus and Grgs from the observed I(V)
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characteristics and pulse shapes using the simple calorimeter model of Section 3.3.1 in
which G = Gpgs and C = C,s. Both the rise and decay of the observed pulse waveforms
can be described with single exponential function with t, =152 ps and t4 =74.8 ms (Fig.

5.1).

Pulse amplitude (V)
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Figure 5.1 Average pulse obtained from a cryogenic neutron detector with a TiB, absorber on a
logarithmic scale. The rise time fits with a single exponential function with a time constant t, =152 ps and
the decay time fits a single exponential with a time constant ty =74.8 ms.

The electro-thermal feedback thermal conductance i1s Ggrr = 0Pjoue/To = 70 < 60 pW/122
mK = 34.5 nW/K. In the approximation given by equation (3.31), with 19 = C,s/Grrs =
3.59 s, the effective decay time is of tg = 101.5 ms. The rise time is estimated with
equation (3.28) in the composite calorimeter model to T, = 67 ps.

The temperature increase of the absorber is calculated from the pulse amplitude

according to:

Ve AViue R
: o : (5.1)

|ATTES |=
I"21“ES RFBASQApre Rs +Rb

With a pulse amplitude AV = 2.2 V, a = 70, an amplification A = 50 and Agq = 43,
we obtain ATrgs = 0.87 mK. The expected temperature rise from an energy deposition

Q=2.78 MeV in the TiB, absorber with C,ps = 3.59 nJ/K is 0.1 mK.
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Shown in Fig. 5.2, the frequency spectrum of the experimental pulse extends to about 10
kHz due to the fast rise time component on the order of 0.1 ms. At 1 kHz, the theoretical
total noise current predicts 35.5 pA/Hz"?, dominated by phonon noise. The experimental

noise current at 1 kHz is 68.6 pA/Hz'?

. The noise spectrum presents parasitic peaks at
harmonics of 60 Hz, i.e. at 240 Hz and 540 Hz, which are due to interference from the

power lines and EM pickup. However, the effect of the parasitic peaks is reduced during

the optimal filter processing of the pulses.
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Figure 5.2. Experimental and theoretical pulse and noise current.

5.2 Energy resolution of the TiB; device

The experimental spectrum obtained with the TiB, detector exposed to thermal neutrons
is presented in Fig. 5.3. The spectrum has a total number of 3349 events distributed in
3000 energy bins with a width of 1.1 keV each. Above 1 MeV, the spectrum presents the
features expected from the MCNP-Polimi simulation (Fig. 2.26) with the two energy
deposition peaks at 2.31 MeV and 2.78 MeV respectively, corresponding to the two

channels in '°B(n, o))’Li reaction. The 2.31 MeV peak has an integrated area of 3124 + 56
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counts, whereas the peak at 2.79 MeV has 225 + 15 counts. The ratio of the number of
counts in each peak to the total number of counts is of 96:4, as expected from the

branching ratio of the B(n, 0))’Li reaction shown schematically in Fig. 2.1.
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Figure 5.3 Response of the TiB, absorber to thermal neutrons. Note the low background and the lack of
any other energy lines from capture or inelastic scattering. The inset shows the peak region on a vertical
logarithmic scale.

The 2.79 MeV energy deposition line corresponding to the reaction leading to the ground
state of 'Li has an energy resolution of 5.5 keV FWHM from the Gaussian fit, which is
considered the instrumental energy resolution (Fig. 5.4). The 2.31 MeV energy
deposition line corresponding to the reaction that leads to the first excited state of Li has

an energy resolution of 10.5 keV FWHM [Nie 04].
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Figure 5.4. TiB, absorber response to thermal neutrons (energy deposition lines detail).

The larger width of the 2.31 MeV line is explained by the fact that the 478 keV gamma-
ray is emitted from the first excited state of 'Li. The gamma-ray emission produces
variations in the energy deposited by the 'Li recoil ion, which results in broader energy
line. This broadening effect allows the measurement of the lifetime of the 478 keV
energy level, which is described in detail in Section 5.3.

The broadening of the 2.31 MeV line from the instrumental energy resolution is

calculated as AE, ., =+105"-55" = 890 keV FWHM. Due to the linear energy

response (within 2%) of the detector, we assume that the 5.5 keV FWHM instrumental
energy resolution is uniform from zero up to 3 MeV.

In order to account for all possible broadening sources of the 2.31 MeV line, we
examined the absorption of the neutron capture gamma-rays produced in the
*Ti(n, y)*Ti reaction. This is the only reaction in TiB, that produces gamma-rays in the
energy range about 2.31 MeV. The gamma-rays that can interfere with the 2.31 MeV line
are the 2306.45 keV line (reaction cross section 6, = 2.6 mbarn) and the 2308.97 keV line
(oy = 0.9 mbarn), for which the photoelectric absorption probability in TiB; is less than

3x10™ %. By comparison, the '°B(n, «)’Li reaction is by far the dominant reaction in the
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TiB, crystal, with a cross section larger than 4000 barns for thermal neutrons and an
(n, o) absorption efficiency practically 100%.

The theoretical energy resolution calculated with AErwnmy = 2.355(4kgT?Caps) ' is 1.57
keV FWHM. By comparison, the simple calorimeter energy resolution equation (3.15)
estimates 0.33 keV FWHM. The composite calorimeter model provides a value of 0.71
keV FWHM. However, these values are obtained assuming there is no additional noise
interference in the signal. It was shown in Section 5.1 that the experimental noise current

is a factor of 2 larger than the expected theoretical noise current. Because the energy

resolution is proportional with the integral of the noise current AE ~ J.i,om, (a)) , the energy

resolution is estimated to be a factor of about 2 larger than the estimates made based on
theoretical models. Based on this, the expected energy resolution is between 0.6 keV to
3.1 keV FWHM.

These results demonstrate that high energy resolution neutron spectroscopy is possible
with cryogenic calorimeters. The next section discusses how the difference in the line
widths can be used to extract the lifetime of the first excited energy level of the 'Li

nucleus produced in the "B(n,0)'Li* reaction.

5.3 Determining the lifetime of the first excited state in 'Li

The purpose of this section is to calculate the lifetime T of the first excited state in 'Li at
478 keV from the experimentally observed broadening of the spectra in Fig. 5.4 with the
Inverse Doppler Shift Attenuation method (IDSA). Originally, the direct DSA method
was used for extracting the lifetime t of an excited energy level from the Doppler

broadening of gamma spectra when the stopping power of the recoil nucleus is known. In
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this Chapter we apply this theory to the 'Li recoil nucleus for determining t from the
experimental broadening of the neutron spectral lines in Fig. 5.4.

In the case of short-lived nuclear states with lifetimes in the picosecond range, T is
typically measured from the broadening of the spectral features associated with these
states, obtained either by photoelectron or by gamma-ray spectroscopy. One particular
case is the on-flight emission of a gamma-ray from an excited nucleus traveling through
matter, which produces Doppler broadening of the gamma-ray line and the broadening of
the recoil nucleus energy. In this case, two independent processes occur simultaneously:
a) the nucleus slows down as a result of the interaction with the target material,
characterized by an overall slow-down parameter D, and b) the excited state decays with
a lifetime t. As a result, T and D cannot be obtained simultaneously from the same
measurement. Instead, when determining t, the value of D has to be obtained
independently from theoretical models or other experimental measurements. Methods for
determining D are based on theoretical calculations of the stopping power and ranges of
ions in matter, such as the Lindhardt-Scharff-Schiott (LSS) theory [Lin 63] and the
Universal Stopping Power Function [Zie 75]. Alternatively, the work of Neuwirth et al.
studies the stopping power and ranges of 'Li ions in borides, considering the lifetime of
the 478 keV state as known from other experimental measurements [Hau 74], [Neu 75].
An upper limit of 200 fs for the lifetime of the 478 keV level in 'Li was first determined
by photoelectron spectroscopy [Ell 48]. Subsequent precision measurements with Ge
spectrometers since early 1960s have determined a lifetime value t = 103 fs,
corresponding to a half-life t;» =t x In2 = 73 fs [Ajz 88]. The technique was also used to

determine the electronic stopping power of 'Li ions resulting from '°B(n, «)’Li reaction
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in various boron compounds by applying the IDSA method. Other applications of the
IDSA method were in non-destructive quantitative and state analysis of trace amounts of
boron in the presence of Na and Ni in neutron activation measurements on environmental
samples [Sak 96], [Mag 98] and in determining the range of "Li" nuclei in matter in
Boron Neutron-Capture Therapy based also on the '’B(n, o))’Li reaction [Cod 99].

To a larger extent, the information carried by the Doppler-broadened gamma-ray lines
has been used to study of energy levels of exotic nuclei [Fyn 03]. An example is the
Gamma-Ray Induced Doppler broadening (GRID) technique that uses the grazing angle
in crystal spectrometers with an energy resolution <10 eV to measure the lifetimes of

excited states in *’Ti, **Cr, *’Fe and *°Cl by direct Doppler Shift Attenuation [Bor 93].

5.3.1 Recoil broadening

"Li designates the nucleus in the ground state and 'Li* designates the excited nucleus at
the 478 keV energy level. By decay, we refer to the de-excitation of the 478 keV energy
level to the ground state with the emission of the gamma-ray.

The exothermic '’B(n, a)'Li reaction proceeds with 94% probability in the first excited
state of 'Li* with a reaction energy Q = 2.31 MeV, where 'Li* is always emitted with an
initial kinetic energy Eo= 842 keV (B = v/c = 0.016). The *He nucleus is always emitted
in its ground state with a kinetic energy of 1.46 MeV. With this initial energy, the travel
time of an energetic ion through the host crystalline lattice is on the order of hundreds to
thousands of fs [Kno 99], [Zie 77]. The 478 keV gamma-ray is emitted on-flight from the
first excited level of 'Li* which is left in the 'Li ground state afterwards. A large fraction
of the 478 keV gamma-rays escape out of the target, their energies can be measured by

gamma-ray spectroscopy external to the target system (DSA method). Depending on the
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speed v of "Li*, at the decay moment, the gamma-ray experiences a Doppler shift in
energy AE,, while the recoil nucleus experiences the corresponding kinetic energy
variation AE,. Here, c is the speed of light. Both the excited and the de-excited 'Li nuclei
continuously transfer energy to the crystalline lattice during the slowdown until they
finally stop as neutral atoms. The kinetic energy of the '’B(n, a)’Li reaction products is
completely deposited in the crystal in a maximum range on the order of 3-4 pm (see
Table 2.3). When using a borated material, the total energy deposited in the crystal is
Eiotal = 0.842 MeV + 1.46 MeV + AE, = Q; + AE,. Thus, the broadening of the 2.31 MeV
energy deposition line is given by AE,.

The lifetime t can be determined by comparing the analytical energy distribution for the
"Li recoil nuclei with the experimental measurement of AE, in the crystalline sample. In
this experiment, we have adapted the IDSA method to measure the 'Li recoil energy
instead of the Doppler broadening of the 478 keV gamma-ray. The recoil energy is

derived from the momentum vector diagram in the laboratory system |L| (Fig. 5.5).

External y-ray
§ detection system

Sample
boundary

Figure. 5.5. Momentum vector diagram in the laboratory reference frame for energy distribution
calculation. The recoil nucleus deposits its kinetic energy within the sample, whereas the gamma-ray
escapes out of the sample.

For thermal neutrons, the "Li ion is initially emitted isotropically, and the direction of the

gamma-ray emission or the direction of the "Li recoil nucleus, are not known.
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In terms of kinetic energy, the recoil energy E, is determined from the conservation of

momentum and energy, according to:

EZ
E,=E+—"—-E, fz—ECOSOL (5.2)
2ELi ELi

where E71; = m7LiV2/2 is the kinetic energy of the Li" nucleus with a speed v before the

recoil, E, = 478 keV i1s the energy of the gamma-ray, Er; = 6.55x 10° keV is the rest mass
of the 'Li nucleus, and 0y is the angle between the initial direction of the 'Li* momentum
and the direction of y-ray emission in the laboratory system. The energy of the gamma-
ray 1s Doppler-broadened with AE, = E,(v/c)cosO.. In our case, we are not measuring the
gamma-rays escaping from the sample, but the total energy deposited by the 'Li nuclei.

In a first approximation, the variation of the energy deposition can be considered in terms
of extreme maximum values of the recoil energy E,, which is obtained for cosf; = -1 and

to cosOp, = +1:

k. 12E (5.3)

r, cos0=+1 = Y E
L

AE max (E) =E - E

r, cos0=-1
i

The maximum energy variation of the recoil nucleus broadens the 2.31 MeV line by the

decay of the 'Li" nucleus in the TiB, lattice. The maximum broadening AE° = 15.32

max

keV is obtained when the decay occurs at the initial kinetic energy of the "Li" nucleus E =

0

max

E( = 842 keV. Measuring energy fluctuations on the order of AE __ or smaller requires

an instrumental energy resolution of comparable magnitude. For an instrumental energy
resolution of 5.5 keV FWHM (Fig. 5.4), this type of measurement is feasible. The
minimum variation of the recoil energy occurs when the 'Li nucleus has already been

stopped in the crystalline lattice and its kinetic energy equals the thermal energy of the
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lattice E = Ethermai- The recoil broadening in this case is E, = Eyz/(2E7Li) = 17.4 eV, which
is not possible to measure with an energy resolution on the order of a few keV.

When the '’B(n, a)’Li reaction takes place in the target material (crystalline, liquid or
gaseous), the 'Li recoil nucleus deposits its energy either by ionization and excitation of
the electrons in the surrounding atoms, for kinetic energies > 50 keV, or by nuclear
scattering due to Rutherford-type interactions. The dominant energy loss for Li" is due to
electronic interactions [Neu 75] and it creates a time-dependent speed v(t) and kinetic

energy E(t) respectively, described by:
v(t)=v,e ™ and E(t)=E,e™". (5.4)

Based on equations (5.3) and (5.4), the limits of the time-dependent recoil energy E; are:

EZ
E.(f)=Ee P +ﬁ +E, /;—Eoe‘” P (5.5)
i Li

1

and the maximum available energy interval AEpx(t) = Er. coso=-1 - Er, coso=+1 for the recoil

energy, based on equations (5.4) and (5.5) results in:

/2E
AE, . () =2E, E—Oe*t") =AE) ", (5.6)
Li

The maximum energy variation given by equation (5.6) is presented in Fig. 5.6. The
variation in the recoil energy becomes smaller as the gamma-ray decay occurs later in

time.
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Figure 5.6. Maximum energy variation AE,,,,(t) as a function of time for a single event.

5.3.2 Analytical energy distribution

We assume an initial total number Ng of "Li* nuclei that are slowing down in TiB, and
decaying with a lifetime t while traveling through the crystal.

The time interval from the emission of the "Li* nucleus (t, = 0) to the stopping time t; is
discretized in a number n = (ts- to)/At intervals, where At = t; - ti.; (i = 1 to n) is the
elementary time interval (Fig. 5.7). Since N(t) = Noexp(-t/t) with the lifetime t, at the
moment t;, the number of nuclei that decay in the time interval At = ti-ti; is AN; = -
(No/t)e " At, with Zi(AN;) = Ny. The decay probability in any time interval At is constant
and the corresponding variations in the recoil energy can be represented by a rectangle

with the area proportional to the maximum energy broadening available at the moment t;

(Fig. 5.7).
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Figure 5.7. Maximum energy variation AE,«(t) as a function of time for overall energy distribution.

Based on equation (5.6), the maximum energy variation around Ej is:

|AE, (t,)|==AE’ ™" (5.7)

1
2 max
Thus, the elementary energy distribution around Ey = 842 keV in any time interval

At=t; - t;.1 1S:

£ ( ac=— 2N (5.8)
‘AEmax (tl)‘

The total energy distribution is obtained by summing all individual energy distributions

from the emission of the "Li’ nuclei at ty = 0 to the moment of the gamma-ray emission at

t=tg:

f(E) = ﬁ £i(t; )at (5.9)

After t = tg, no other decay of the same 'Li nuclide is possible, thus it will not contribute

to the energy broadening. When At — 0, the summation can be replaced by the integral:

t=tg

—— exp[—ﬂj dt (5.10)
TAE’ D

max t=0

f(E) = -
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At the moment tg of the gamma-ray emission, the maximum available energy variation is

2|AE,, (t,)| =AE’ e *'” and the moment of emission tg can be calculated as:

max

2|AE,, (tp)]
ty = —Dln(TE (5.11)

Considering D = st, where s is a non-dimensional fit parameter (shape factor), the energy

distribution given by equation (5.10) becomes:

C 2N, s | (218E, 1)
f(B)=——7 s—1[1 [ — ] ] (5.12)

max max

with AEn.x given by equation (5.6) and AEOmaX = 15.32 keV. Equation (5.12) represents
the line shape contribution to the broadening from the energy distribution of the recoil
nuclei. The total analytical shape of the broadened line, such as the one in Fig. 5.4, is
obtained by convolving equation (5.12) with the instrumental energy resolution. The
expression in equation (5.12) describing the energy distribution of the recoil nuclei is
similar to the distribution obtained for Doppler-broadened gamma-rays in [Cat 67], [Kub

00]. The FWHM broadening of equation (5.12) is given by:

1
AEFWHM = (%js_l AEOmax (5-13)

The fit parameter s is calculated from equation (5.13), by taking into account the
experimental broadening of the lineAE, ,= 8.9 keV. The lifetime of the excited level is

calculated then as:

D 1
= where s=1-——F— (5.14)
1 AE,,. .
I- log,| "
1o (AEbroadj AEmax
gZ AEO
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With AEp0ad = 8.90 keV and AEOmaX = 15.32 keV, the fit parameter is s = 2.28. The
convolution of equation (5.12) with a Gaussian instrumental energy resolution with 5.5

keV FWHM is in good agreement with the experimental line shape.

400 Experimental spectrum
~~~~~~~~ Broadening distribution
Convolution fit
— Instrumental energy resolution
300
E
: |
2 200
@]
100+
0-

T T T T T |
2295 2300 2305 2310 2315 2320 2.325
Energy Deposition (MeV)

Figure 5.8. Experimental data fit of the 2.31 MeV energy deposition line with the broadening energy
distribution convolved with the instrumental energy resolution.

With these results, Fig. 5.8 is now understood as the Gaussian instrumental energy
resolution enlarged to 10.5 keV FWHM by the non-Gaussian broadening of the energy
distribution of the recoil nuclei. A value of s = D/t > 1 is consistent with literature values
of the time scales for stopping and decay for the 'Li ion, i.e., D is on the order of 10" s
while 1 is on the order of 10" s. In order to determine t from the experimental results,
the value of the slow-down parameter D for the Li ions in TiB, is calculated with

equation (5.4) and the chain rule v(dE/dx) = (dE/dt) , where dE/dx is the stopping power

of the ion in the absorber material:

2E,

Dzm (5.15)

The stopping power of ions in solids consists of two terms:
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e the energy transferred by the ion to the target electrons (called electronic stopping or
inelastic energy loss) that is dominant when the ion velocity is much larger than the
Bohr velocity vg = e%/(4neoh) = 0.007¢ of the orbital electrons;

e the energy transferred by the ion to the target nuclei (called nuclear stopping or elastic
energy loss) which occurs when v is comparable with vg [Zie 77]. The nuclear
stopping component is usually considered separately because the heavy recoiling
target nucleus can be assumed to be unconnected to its lattice during the passage of
the ion, and the elastic recoil energy which is transferred to it can be treated as being
due to the elastic scattering of two heavy screened particles.

The Bethe-Bloch stopping power equation [Bet 30] for ions traveling with velocity v in a

material with the ionization potential I, describes the transfer of energy to the target

electrons given by the expression:

dE e'z’nZ
- :
dx gm,v

v ) @ (5.16)

2
2m_ v v’ ]

where ¢ is the electron charge, z the charge of the ion, n the number density of target
atoms, Z the charge of the target atoms, gy the vacuum permitivity, m the electron mass,
c the speed of light. The derivation of this equation assumes that the ion velocity v is
much larger than the Bohr velocity vg = e*/(4neoh) = 0.007¢c of the orbital electrons and
the target is characterized by a mean ionization potential created by immobile electrons
which do not change their position relative to the impact parameter. Because the initial
velocity of the "Li ion traveling in TiB; is vo = 0.016¢, a factor of 2.1 larger than v, the
Bethe-Bloch equation does not apply correctly to the calculation of the stopping power of

"Li ions with the initial energy Eo = 842 keV. For example, with an ionization potential T
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= 165.5 eV of the TiB, target [Ahl 80], the Bethe-Bloch stopping power results in dE/dx
~ 15 eV/em. With this value, the slowdown parameter D is on the order of 2x10™ s,
which results in a lifetime T = 10 s, inconsistent with the reference value of 103 fs.

In a different approach, the Lindhardt-Scharft-Schiott (LSS) theory models the transfer of
energy to the target nuclei considering the collision kinematics calculated from the atom-
atom interatomic potentials [Lin 63]. This model considers all atoms at zero temperature
and it can be applied to the relatively slow (by comparison to vg) 'Li ions with energies
below ~ 1 MeV traveling in TiB; [Zie 77]. The slow-down parameter D is calculated

directly according to:
D=) ns, (5.17)

where n; is the number density for each element in the TiB, compound. §; is the elemental
slow-down parameter calculated by assuming the interaction of the 'Li ion with each

element of the TiB, compound in a pure form, namely B and Ti only, as given by:

2
k- W. . a’M, M.
6 =———= (1=1,2) W, o=dng—— L
2C1M7Li (M7Li +Mi)
i Z, Z)?(A,  +A)"
Ci - 231\/1l ki =0'00793Zl7/ii( zL/; l) 2/(3 3/4Ll 312 l)1/2 (518)
Z,, 2.9 M, +M)) (27 +Z)" ATV A

with Z;, M; and A; being the element number, the atomic mass and atomic number of the
i-th element. The interatomic distance a is estimated based on the Bohr radius of the

hydrogen atom ao = 0.529 x 10™'" m:

a=0.8853a,(2% +2%)" (5.19)
0 i

"Li
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The value obtained from the LSS model for 'Li ions in TiB, is D = 252.4 + 9.6 fs. With
this value, we obtain a lifetime of 110 + 8 fs, which is about 7% larger than the currently
evaluated data 1. = 103 fs found in literature [Fir 96].

In a third approach to calculating the lifetime through the slowdown parameter D in TiB.,
data has been extracted from the measurements of the stopping power by Neuwirth
[Neu 75]. This experiment has employed the Inverted Doppler Shift Attenuation method
for the determination of the stopping power of excited 'Li nuclei recoiling in matter,
assuming that the lifetime of the first excited state is of 115 fs, which was the reference
value at the time of the measurement (year 1974). This measurement concluded that
stopping power of the Li ions is predominantly due to nuclear stopping interaction below
80 keV and to electronic stopping interactions above 80 keV. A value (dE/dX)exp = 6237
+ 52 MeV/cm has been obtained at the Bohr velocity vg for Li ions traveling in TiB..
According to equation (5.4) and to the chain rule v(dE/dx) = (dE/dt) , the stopping power
at the velocity v = 0.016¢ of the "Li ion is dE/dx = v/vg(dE/dxX)exp. By this formula, the
slowdown parameter is D = 559 + 61 fs from which the lifetime is 242 + 26 fs, within a

factor of 2 of the current reference lifetime value of 103 fs (Table 5.2).

Table 5.2. Comparison of lifetime t and half-life t;, from experimental data
and stopping power calculations (reference value s = 1.03x 10" s).

Theory or Experiment D T tin T/ Tret
Q) ) ()

Bethe-Bloch 2x10™ 1x10™ 6.9x107 107

LSS 2.52x10%  1.10x10"° 7.6%x107 1.05

Neuwirth et al. 5.59x10"°  2.42x10"°  1.6x10" 2.34

116



Chapter 6. Experimental results with LiF devices

This Chapter presents the results obtained for neutron spectrometers with natural and
enriched LiF absorbers, which are used for fast-neutron spectroscopy. We have
experimented with two diferent LiF absorbers, mounted as in Fig. 4.4 in the setup in Fig.
6.1, with the temperature sensor (TES) glued on the top of the absorber and reffered to as
LiF-1, LiF-2A and LiF-2B. Device LiF-1 uses a natural LiF absorber, while devices LiF-
2A and LiF-2B use the same enriched °LiF absorber and the same TES sensor but are

treated separately because they have different thermal parameters (Table 6.1).

Table 6.1. Physical parameters and mounting of the LiF crystal absorbers

Device | Volume | °Lienrichment Description
name (em®) (%)
LiF-1 0.8 7.2 (natural) TES glued on top, Au wire cooling path
LiF-2A 0.2 92 TES glued on top, pressure contact cooling path (low
mechanical tension)
LiF-2B 0.2 92 TES glued on top, pressure contact cooling path (high
mechanical tension)

MCNP simulations have been used to understand the response of the absorbers to an
external neutron flux in two different geometries derived from the experimental setup
presented in Fig. 4.13. As described in Chapter 2, when using a LiF absorber for fast-
neutron spectroscopy, the external neutron flux must be reduced as much as possible in
order to increase the efficiency in the energy range above 50 keV. This approach is the
opposite of the type of shielding used for neutron thermalization used to characterize the
energy resolution of the TiB, detector. When simulating with MCNP the heavy neutron
shielding in Fig. 4.13, about 55% of the detected events are due to neutrons with energy
below 50 keV which results in a prominent thermal peak that reduces the efficiency in the

fast-neutron region. However, because a complete reduction of the thermal neutron peak

117



is not possible, the goal is to have only about 10% of the detected events coming from
neutrons below 50 keV. An MCNP simulation of the actual experimental setup which is
presented schematically in Fig. 6.1, shows that the number of neutrons detected in the
energy range below 50 keV is reduced to about 18% when removing the neutron
thermalizing materials around the detector (HDPE and radiation shielding). The BICf
source is placed inside the ‘sample’, which consists of lead or aluminum blocks with
thickness of 5 cm to 10 cm. The squares inside the cryostat indicate the position of the

LiF absorbers with only one crystal used at the time.

cryostat

Sample (Pb or Al)

Cd foil

Figure 6.1. Measurement geometry with LiF absorbers.

The Cd foil presented in Fig. 6.1 has a thickness of 2 mm and it was used in order to

absorb external neutrons with energies below the cut-off edge at 0.3 eV.

6.1 Results from the natural LiF-1 neutron detector
The LiF-1 device uses a 1 cm X 2 cm x 0.4 cm LiF absorber with natural isotopic
composition and is installed inside the cryostat (Fig. 6.1) rather than on the cold finger.

The device is tested with a **Cf source with an activity of about 0.2 uCi (Fig. 6.2). The
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source is positioned at 20 cm from the absorber, resulting in a solid angle of 7.9x107 sr,
and an expected count rate of 0.5 Hz. Since the absorber is more efficient to thermal
neutrons, the observed count rate for events above the thermal peak is ~ 0.2 Hz. No Cd
foil is used in this experiment in order to detect the thermal component of the neutron

spectrum. The parameters of device LiF-1 are summarized in Table 6.2.

LiF-1 absorber
crystal

Figure 6.2. View of the LiF-1 device through the cryostat porthole before closing. The Teflon spring
plunger holders are visible in the top and at the bottom of the crystal.

Table 6.2 Operation parameters of the natural LiF-1 device

Parameter Value
LiF-1 absorber mass m 21g
Bath temperature Ty, 110 mK
Operating temperature T, 143 mK
TES sensitivity o 70
Absorber heat capacity Cyps 1.2 nJ/K
TES heat capacity Crgs 13 pJ/K
Grgs thermal conductance Grgg 2.6 nW/K
Bias resistance Ry, 1.0 kQ
Feedback resistance Ryg 1.0 kQ
Shunt resistance R 5.0 mQ
SQUID amplification Agg 43

Pulses obtained from the LiF-1 device have a single exponential decay time with a value
of 13.5 + 0.4 ms (Fig. 6.3). This value of the decay time allows for a count rate of pulses
of ~ 5 Hz when using optimum filtering. The tail of the pulse is affected by the
AC-coupling of the readout. The experimental rise time (0.77 + 0.03 ms) is a factor of 2

larger than the theoretical rise time calculated for ballistic phonons traveling with a
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velocity v ~ 4000 m/s inside the LiF absorber which reflects the finite phonon

transmission probability across the absorber — Si chip interface.
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Figure 6.3. Average experimental pulse obtained with the LiF-1 device. The solid curve is a fit with single
exponential function. The inset shows the rise time fit with a single exponential curve.
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The observed white noise level at 1 kHz is 52 pA/Hz '~ (Fig. 6.4), somewhat higher than

the expected noise level of 31 pA/Hz"? according to the parameters in Table 6.2.
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Figure 6.4 Noise and signal frequency spectra obtained with the LiF-1 device.
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The LiF-1 device was first tested with the 0.2 pCi **>Cf source without neutron
thermalizing materials in the vicinity of the cryostat at a distance of 20 cm from the
absorber, located at the outside wall of the cryostat. In this case, a count rate of 2-3
counts per minute was obtained, which is too low for a good detector characterization. To
increase the thermal neutron flux, 15 cm of HDPE were subsequently added between the
source and the cryostat. The expected distribution of the neutron absorption in the LiF-1
device was simulated with MCNP with the F6 tally normalized per energy bin. Figure 6.5
shows the maximum neutron flux below 1 eV, corresponding to quasithermal energies.
Only a fraction of about 10 of the total neutron population is present in the 0.1 — 1 eV
region. However, the incomplete neutron thermalization is revealed by the extension of
the neutron distribution to ~ 40 keV, which broadens the high-energy portion of the

observed thermal peak.

5 |

ST S R
10* 4 — | .

10° 4 :
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Figure 6.5. MCNP-simulated neutron energy distribution in the measurement geometry of the LiF-1 device

The expected theoretical count rate for thermal neutrons is about 0.5 Hz whereas for 240
keV neutrons it is a factor of 100 less. The natural isotopic composition of the LiF crystal

and the low solid angle result in a count rate of about 0.2 Hz due to thermal neutrons
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while the count rate for 240 KeV neutrons is a factor ~ 100 less. Because of the low
detection efficiency above 50 keV (on the order of 10 %), the experimental spectrum
only shows two major features (Fig. 6.6):

- the thermal peak at the Q-value of the (n, o) reaction centered at 4.782 MeV.

- low-energy events due to gamma rays, neutron recoil, and scattering that extends

up to about 2.5 MeV.

The peak at 4.782 MeV is fit with a Gaussian function with a FWHM of 16 keV. The
lower half of the peak extends about 42 keV below the Q-value and is predominately due
to energy loss at the surface mechanism presented in Chapter 2. The upper half of the
peak is asymmetric and it results from incomplete neutron thermalization, which extends
about 55 keV above the Q-value. The MCNP simulation in Fig. 6.5 is convolved with the

16 keV energy resolution, which approximates the upper part of the peak.
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Figure 6.6. Experimental neutron spectrum obtained with the LiF-1 device. The inset shows the peak
structure, with the dotted line representing the Gaussian fit of the data and the thin solid line being the
MCNP simulation in Fig. 6.5 convolved with the energy resolution.
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The thermal peak and the low energy gamma-rays and recoil events are about 2.5 MeV
apart, which demonstrates good discrimination between neutron absorption and scattering
events that can be obtained with this instrument.

The total FWHM of the thermal peak contains contributions from different independent

effects which add in quadrature:

AE} iy = AE;

theoretical

+AE2 +AB +AE; . +AE’ . ... (6.1)

thermal position

a. The theoretical energy resolution of the device AEmeoreticat = 0.55 keV FWHM, as
calculated according to equation (3.55) for the composite calorimeter with the
parameters from Table 6.1. Its contribution is negligible.

b. The electronic noise of the readout AE, = 1.2 keV FWHM can be obtained from the
convolution of an average pulse with the measured baseline noise. In this setup it is
negligible too.

c. The energy loss at the surface, AEsnsg. The FWHM value corresponding to the lower
half of the peak is obtained from the MCNP simulation (Fig 6.5) and the values for
energy spread presented in Table 2.4. The lower half of the peak is estimated at
FWHM =96 + 13 keV, which corresponds to an energy spread of 48 + 6.5 keV below
the Q-value. The FWHM is a factor of two larger than the experimentally observed
broadening. This discrepancy likely originates in errors made with the MCNP
simulation in the 10" — 10 MeV energy interval. Still, this suggests that energy loss
due to scintillation may be a dominant contribution to the energy resolution of the
device [Mar 93].

d. The broadening of the thermal peak due to incomplete neutron thermalization

AEthermal (Fig. 6.5). In this experiment, the non—thermal low energy component of the
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input neutron spectrum from the **>Cf source, which in total extends ~ 55 - 60 keV
above the Q-value.

e. The energy loss in the absorber due to position dependence, AE,osition. Since neutron
absorption in different parts of the LiF crystal produces signals with different rise
times due to the finite phonon speed, this value can be estimated by plotting the pulse
amplitude versus pulse rise time (Fig. 6.7). In a first approximation, the distance D
from the interaction position to the temperature sensor is proportional to the rise time
Tr, 1.6, D = Vphonon X Tr. If the pulse amplitude decreases with t,, this is indicative of
energy loss in the absorber. In this experiment, the slope is zero suggesting that for
this device the broadening due to position dependence of the response is negligible.

f. Finally, some part of the energy of the reaction products may be trapped in long-lived
metastable electronic impurity states. Also, some fraction of the reaction energy may
cause lattice damage in the LiF crystal. The magnitude of these effects is difficult to
estimate and may ultimately limit the attainable energy resolution.
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Figure 6.7. Deposited energy as a function of pulse rise time. The solid line is a linear fit to the data points,
whose slope is zero within the uncertainty of the measurement.
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6.2 Testing the LiF-2 device

The LiF-2 device is the generic name given to the enriched 0.7 cm X 0.7 cm % 0.4 cm LiF
absorber with a volume of 0.2 cm®. Two diferent sets of thermal coupling parameters
have been used in experiments, which resulted in device LiF-2A and LiF-2B respectively
(Table 6.3). The LiF-2 device is enriched to 92% in °Li, which by comparison with
natural isotopic composition allows a factor of 12 increase in detection eficiency per unit
volume of crystal. Because the LiF-2 device has 4 times smaller volume than LiF-1 but
an enrichment which is 12 times larger, the effective gain in the eficiency is of a factor of
3. In addition, the LiF-2 device is installed at the end of the cold finger, which results in a
solid angle of 1.5x107 sr for a source located at 50 cm, which is at least a factor of 5
larger than for the LiF-1 device. Thus, the overall gain in the eficiency for LiF-2 device
is about a factor of 15. The expected count rate from a source activity of about 30 uCi is
about 2.4 Hz. Note that the thermal conductances were different in LiF-2A and LiF-2B

due to different mechanical pressure of the mounting scheme (Fig. 4.4.B).

Table 6.3 Operation parameters of the LiF-2 devices

Parameter Value
LiF-2 absorber mass m 0.528 g
Bath temperature Ty, 108 mK
Operating temperature T, 132 mK
TES sensitivity o 70
Absorber heat capacity C,ps 0.23 nJ/K
TES heat capacity Crgs 15 pJ/K
Grgs thermal conductance Grgg 10 - 20 nW/K
Bias resistance R, 1.0 kQ
Feedback resistance Ryg 1.0 kQ
Shunt resistance R 5.0 mQ
SQUID amplification Agg 43

Pulses from LiF-2A device exhibit a single exponential decay time of 17.3 ms. When
increasing the mechanical tension of the Al screw to make LiF-2B device, the rise time

decreases by a factor of 10, and the signal decay time decreases to 10.4 ms since both
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Gas and Grgs are increased (Table 6.4). This is the direct result of a better thermal
coupling between the LiF absorber, the TES and the cold bath. The values for G,,s and
Grgs are obtained according to equation (3.29). The thermal coupling is not only stronger
in LiF-2B, but the signal is now best described by a double exponential function, with

two components of 2.1 ms and 10.6 ms (Fig. 6.8).

Table 6.4. Thermal parameter comparison of the LiF-2A and LiF-2B devices.

Device Decay time Rise time Gabs Gres Gabs / Grgs
T4 (Ms) 7, (ms) (nW/K) (mW/K)
LiF-2A 22.3 1.120 324 10.4 3.1
LiF-2B  10.6 (long) 0.166 70.4 17.3 4.0
2.1 (short)

The presence of two exponential decay time in LiF-2B device suggests that ballistic
phonons are initially detected, which cause the short decay time as they thermalize to
energies of ~ kgT. The 1/e rise time 7, is set by phonon propagation inside the absorber
with width W = 0.4 cm and the phonon transport across the absorber-sensor (TES)
interface, 1. ® W/vpy + (Csistes + Crir)/Gabs. A ballistic phonon speed Vpatisic = 4.9x10°
m/s causes the energy to spread throughout the crystal within a few us [Bro 95] [Pro 95].
The thermal coupling 1/Gaps = 1/Gk + 1/Gy between the absorber and the temperature
sensor is due to the Kapitza boundary resistance Gx = 1.6x10>T A across the contact area
A =4 mm’, plus the thermal conductivity of the GE varnish G, = 105 pW/K [And 70].
The theoretical rise time in LiF-2B iS Ty heory = 28 ps, a factor of 5 less than the smallest
experimental value in Table 6.4. This is be due to a finite phonon transmission coefficient
across the GE varnish used to glue the TES sensor onto the LiF absorber, as suggested by
the reduction with a factor of 10 of 1, when tightening the Al screw and by the shorter 7,

for events absorbed in the temperature sensor.
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Figure 6.8. Comparison of the experimental pulses from devices LiF-2A (single exponential curve) and
LiF-2B (double exponential curve). The inset shows pulses on a semi-logarithmic scale.

We can also determine Gyps by irradiating the detector with gamma-rays of known energy
from a °’Co source. The gamma rays interact with higher probability in the Si substrate of
the temperature sensor (TES) and then decay to the absorber which acts as a cold bath,
with a decay time T4 gamma® Cres/Gabs. FOr Tqgamma ® 1 ms obtained experimentally, we
obtain Gy = 12.5 nW/K and thus t4=~ 11 ms, in agreement with the observations.

The detection of gamma-rays by the Si substrate of the temperature sensor during neutron
measurements can not be completely avoided. Even with good external gamma-ray
shielding, gamma-rays are still produced by the neutron interaction with the material in
the cryostat, mostly Cu, Al, and stainless steel, and with F inside the LiF absorber,
which has rather large (n, gamma) and (n, inelastic) cross section by comparison with SLi
and 'Li (Fig. 2.6). At 100 keV, the photoelectric absorption coefficient of Si is (Wp)s; =

2.5x10 em?/g, while for LiF is (Wp)Lir = 3.3x10~ cm?*/g, which makes the gamma-ray
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absorption in the Si substrate with Crps << Cgps a factor of 6 more efficient than in LiF
[XCO 06]. Gamma-rays with energies on the order of 100 keV produce a temperature
rise in the Si chip on the order of 1 mK, comparable with the temperature rise of the
neutron absorber upon an (n, o) reaction in LiF. The comparison in Fig. 6.9 shows a
gamma-ray pulse absorbed in the Si substrate (1, = 0.092 ms, 14 =1.3 ms) along with a
neutron pulse (t,= 1.1 ms, 14 = 22.3 ms) detected in the °LiF absorber. The differences in
pulse shape allow easy discrimination between gamma events in Si and neutron events in

LiF, thereby reducing the effects of gamma-rays on fast-neutron spectra.
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Figure 6.9. Comparison of gamma-ray pulse (left) and neutron pulse (right) in the LiF-2 device.

6.2.1 Experimental neutron spectra with LiF-2 device

Fast-neutron spectra obtained with 2 puCi *>Cf source shielded with 1 cm of Pb were
obtained with devices LiF-2A and LiF-2B for two different values of Grgs and Ggps (Fig.
4.4 and Table 6.4). The MCNP simulation of the detector response in this geometry

shows a thermal peak with a FWHM 26 keV (Fig. 6.10).
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Figure 6.10. MCNP simulation of the energy distribution in LiF-2 device. For comparison, the energy
distribution for LiF-1 is shown as a dotted line.

The incomplete neutron thermalization in the surrounding materials extends the thermal
peak to about 45 keV. In the thermal energy range, the neutron distribution extends down
to about 0.1 meV.

The thermal peak measured with LiF-2A and LiF-2B has a width AEpwuy = 55 keV and
AErwnm = 59 keV respectively, with an electronic noise of 2.5 keV (Fig. 6.11). In order
to detect fast neutrons, no HDPE has been used in the vicinity of the source in this
measurement, and the Cd foil was placed around the detector cold finger as shown in Fig.
6.1. For both LiF-2A and LiF-2B devices, the data is taken with low trigger level, and the
energy events below 3 MeV represent 56% of the total events and 68% respectively. A
gap of about 2 MeV is visible in the two spectra between the elastic scattering events and
neutron capture events with energies above the Q-value of the (n,a) reaction at 4.782
MeV. Above this energy, the absorption peak above E, = 240 keV (Egeposited = 5.02 MeV)

is visible. Energy deposition events up to Egeposiea ~ 9 MeV are detected for neutrons with
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energies up to E, ~ 4 MeV. Both spectra show the features expected from the MCNP-
Polimi simulation (Fig. 2.25), which includes a low-energy tail, that extends to ~ 2.3
MeV. The experimental thermal neutron peak has a smaller amplitude than the simulated

peak, because of the broadened spectrometer response.
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Figure 6.11. Response to *”Cf for detectors with different thermal coupling between LiF and Si chip and
TES. Top — LiF-2A device, Bottom — LiF-2B device. The top spectrum is shifted by 60 counts for clarity.

In the next set of experiments, detector LiF-2B was irradiated by a ***Cf source with an
activity of 350 uCi shielded with 5 cm of Pb in the the experimental setup is presented in
Fig. 6.1. The experimental spectrum with energy bins 2.5 keV wide is compared to the
MCNP simulation in Fig 6.12. The calibration of the spectrum includes the origin and the
thermal peak. The thermal peak in the MNCP simulation has FWHM of 26 keV and its
base extends to 42 keV above the Q-value. The width of the experimental thermal peak

fit with a Gaussian is of 88 keV FWHM. The lower half of the peak extends 138 keV
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below the Q-value due to energy loss, while the upper half of the peak extends 83 keV
above the Q-value due to incomplete neutron thermalization. The errors associated with
the 2.5 keV energy bins in the (n, o) peak corresponding to E, ~ 240 keV are about 18%,

which is not sufficient for visualizing spectral features.

B Experimental spectrum L
100 —— MCNP simulation 100

80

60

Counts

40-

20

IR ““\70

! rrrTTTTTTTTTT rrTTTTTT T rrrrTTTTTTT
4.4 4.6 4.8 5.0 52 5.4 5.6 5.8 6.0
Deposited Energy (MeV)

Figure 6.12. Experimental fast-neutron spectrum compared with MCNP simulation. The energy bin are 2.5
keV wide. For clarity, no error bars are included.

The counting statistics of the thermal peak improves to relative errors < 3% when the
energy bins are increased from 2.5 keV as in Fig. 6.12 to 15 keV in Fig. 6.13. However, a
few measured features seem to correspond to the structure expected from the MCNP
simulation, such as the dip at 4.9 MeV which corresponds to neutron loss by inelastic
interaction with the first excited state in '°F at 109 keV, with a threshold at E, = 116 keV.

The dip at Egeposited ~ 5.1 MeV in the resonant peak corresponds to En =
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Figure 6.13. Experimental fast-neutron spectrum with error bars included. The energy bins are 15 keV
wide with errors < 3% per energy bin..

6.2.2 Fast-neutron spectrum deconvolution

This section presents the reconstruction of the neutron spectrum incident upon the °LiF
absorber from the spectrum in Fig. 6.13 and the 3-D response matrix from the MCNP
simulation (Fig. 2.23). The neutron source term as seen by the °LiF absorber is calculated
according to equation (2.13) by inverting the response matrix R(E). The projection on the
deposited energy axis corresponds to the actual measurement. The inverse of the response
matrix multiplied with the experimental spectrum reconstructs the incident neutron

spectrum (Fig. 6.14).
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Figure 6.14. Reconstructed incident neutron spectrum as seen by the °LiF absorber. The solid line
represents the initial Watt distribution of the **Cf source, given by equation (2.11).

The reconstructed spectrum has an overall energy distribution that partially resembles the
original Watt distribution above 0.7 MeV. Below this energy, the spectrum is altered due
to the presence of scattering materials around the absorber, with the effect of neutron

thermalization more visible below 500 keV.

133



Chapter /. Conclusions

The results in this dissertation demonstrate the possibility of fast-neutron spectroscopy
with compact cryogenic spectrometers with high-energy resolution, broadband efficiency,
and a simple response function. The instruments have, for example, the potential to detect
light elements in actinide matrices through their nuclear scattering resonances or to
identify the neutron scattering signatures of low-Z compounds.

High energy resolution cryogenic detectors are finding applications in laboratory or other
controlled settings for the detection of fast neutrons. The resolution of these devices can
enable the identification of neutron sources and possible also the source’s chemical form
and its surrounding shielding by observation of absorption and transmission resonances.
Direct measurement of the kinetic energy of the neutron with '°B and °Li-loaded
compounds can be inferred trough the response matrix of the neutron absorber. Due to
the complex nature of neutron interaction in the absorber and in the surrounding
materials, the deconvolution of the experimental spectra is aided by Monte Carlo
simulations.

Although not likely to become field instrument, the spectrometer can be made
transportable, and improvements in refrigeration techniques, such as the use of
mechanical pulse tube coolers to replace the liquid cryogens may well further that end.
The use of fast digital signal processors with algorithms that can process piled-up pulses
on-line will increase the count rate of the instrument to ~ 100 counts/s per pixel. When
combined with an array of neutron detectors, the neutron spectrometer should be able to

reach count rates of at least 1000 counts/s in the MeV range, with no degradation in
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energy resolution. This will further increase the sensibility of the instrument and increase

the range of applications.
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