REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 75, NUMBER 11 NOVEMBER 2004

YAP scintillators for resonant detection of epithermal neutrons
at pulsed neutron sources

M. Tardocchi® and G. Gorini
INFM, UdR Milano-Bicocca, Milano, Italy and Universita degli Studi di Milano-Bicocca,
Dipartimento di Fisica “G. Occhialini,” Milano, Italy

A. Pietropaolo, C. Andreani, and R. Senesi
INFM, UdR Tor Vergata, Roma, Italy and Universita degli Studi di Roma “Tor Vergata,”
Dipartimento di Fisica, Roma, Italy

N. Rhodes and E. M. Schooneveld
Rutherford Appleton Laboratory, ISIS Facility, Didcot, United Kingdom

(Received 4 May 2004; accepted 24 July 2004; published 1 Novembe) 2004

Recent studies indicate the resonance det¢RDj technique as an interesting approach for neutron
spectroscopy in the electron volt energy region. This work summarizes the results of a series of
experiments where RD consisting of YAIQYAP) scintillators were used to detect scattered
neutrons with energy in the range 1—-200 eV. The response of YAP scintillators to radiative capture
y emission from &% analyzer foil was characterized in a series of experiments performed on the
VESUVIO spectrometer at the ISIS pulsed neutron source. In these experiments a biparametric data
acquisition allowed the simultaneous measurements of both neutron time-of-flighy autse

height (energy spectra. The analysis of the pulse height and neutron time of flight spectra
permitted to identify and distinguish the signal and background components. These measurements
showed that a significant improvement in the signal-to-background ratio can be achieved by setting
a lower level discrimination on the pulse height at about 600 keV equivalent photon energy. Present
results strongly indicate YAP scintillators as the ideal candidate for neutron scattering studies with
epithermal neutrons at both very ldw5°) and intermediate scattering angles.2@4 American
Institute of Physics[DOI: 10.1063/1.1795091

I. INTRODUCTION and insulators, high-lying molecular rotovibrational states,
molecular electronic excitations, and electronic levels in
The intense fluxes of epithermal neutrons available agg|igs®
spallation sources are ideal to investigate both single particle  ap important prerequisite for the HINS technique is the
short-time dynamicghigh wave vectorg, and energyw,  need to detect neutrons with final energy in the rafge
transfery and high energy excitationdow q and highe  =1_100 eV(Ref. 4) in inverse geometry time-of-flight in-
transfery in condensed matter systems. The former studiegtruments such as VESUVIO operating at the ISIS pulsed
are nowadays routinely performed with the experimentaheytron source. The standard detection techniques in use for
techniqgue known as deep inelastic qeutron s'cattering)ms experiments employing eithde gas detectors St
(DINS). DINS allows one to measure the single particle mo-gjass scintillators as neutron counters become unpractical
mentum distribution and mean kinetic energy in molecularabove, saf,=10 eV due to the 1/ dependence of the neu-
systems and quantum fluids and sofidsThe DINS kine-  ron absorption cross sectiongy being the neutron
matical regime is experimentally achieved employing bothyg|ocity) 5 For this reason, in the last years a different ap-
high energy(w>1 eV) and wave vectofq>20 A™) trans- proach for the detection of neutrons with electron volt ener-

fers where the scattering is well described within the impulsgjies has been developed, namely, the resonance detector
approximation(IA)." In the IA picture the scattering process (RD) techniqué’

is interpreted in terms of incoherent scattering off individual In the RD techniqu&® one considers an inverse geom-
(self) scatterers of the sample, occurring within a time scale‘etry time-of-flight instrument set up in the configuration
much shorter than the characteristic dynamical time responsghere a resonant foil, on the second flight path, selects the
of the sample. On the other hand, high energy inelastignergy of the scattered neutrons via resonance absorption in
neutron scatteringHINS) performed at low wave vector specific isotopes, such 32U and 2’Au. The foil strongly
(@<10 A™) and high energyw>500 meVf transfers pro-  apsorbs neutrons within a narrow energy interval around
vides a way to experimentally investigate dispersion relanyclear resonances and a photon detector tags the arrival
tions of high energy excitations in metals, semiconductorsime of the absorbed neutron by detecting the prompt radia-
tive capturey-ray cascade. The kinematics of the scattering

dauthor to whom correspondence should be addressed; electronic maiﬁvem_ is eventually reconstructed t-hrou-gh the time-of-flight
marco.tardocchi@mib.infn.it technique. Early measurements with different types of RD
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setup have been performed to cover both the (e80 keV)
(Ref. 9 and high(>800 ke\) (Ref. 5 photon energy range.
These have indicated that the increase of background with ]
final neutron energies is the main limitation to the detection n Sample n'
of epithermal neutrons of energies above few electron volts.
Previously to this work the best results were obtained with
cadmium-zinc-telluride semiconductor detectors which allow
room-temperature operation with good photon detection ef-
ficiency in the range 20-200 keV. These results indicated
that even without any energy selection the signal-to-
background ratio exceeded the conventiorfali-glass
detector$. In this case selection of the photon energy further
improved the signal-to-background ratio of the measurement
but with a loss of signal intensity). The performance of the g, 1. schematics top view of the experimental setup of the measurement
VESUVIO instrument operating in the RD configuration is performed on the Vesuvio spectrometer. The figure shows the incaming
further discussed in the present paper with the use of a difautgoing (n’), and scatteredns_) neutron beam together with the detector
ferent photon detector, namely, a YAIQYAP) scintilator, g’ The eectr syt s mace ot an anabret ) vewed for)
hereafter named YAP. signals to the Data Acquisition.

YAP scintillators are normally employed for photon
spectroscopy in different fields including Mossbauer
spectroscopy; x-ray imaging,” and medical applicatior’S.  incident neutron bearfn) impinges on the sample, placed
In this work, this device combined with a natural uraniuminsige an aluminum vacuum chamber, located at a distance
analyzer foil has been employed for epithermal neutron der —11.055 m(primary flight path from the moderator. The
tection. This article describes the response of the YAP deteGyeytron beam is partly transmitte@’) toward the beam
tor to the radiative capturg: emission from a natural ura- qump, placed five meters beyond the sample position, and
nium analyzer foil. The YAP performance has beenpartly scatteredns). In the present experiment the sample
characterized during DINS measurements from a referencgas a 1 mm thick Pb metallic slat2.5x 3.5 cnf), sup-
polycrystalline Pb sample. Data where acquired with a biported by an aluminum frame. Scattered neutrons of specific
parametric data acquisition which allowed simultaneousynergies are selected via resonance absorption in an analyzer
measurements of neutron time-of-flight agdpulse height  foj|, The Jatter was natural uraniurf*®) in the form of a
(energy spectrd” The analysis of they pulse height and  metaliic foil of 2.4x 3.5 cn? area and 6Qum thickness. The
neutron time-of-flight spectra permitted to identify the signal chosen thickness ensured both good neutron absorption effi-
and background components. The improvement of thjency and low self-absorption of the radiative captyre
signal-to-background ratio that can be achieved by raisingays The foil was attached to a photon detector which re-
the pulse height threshqld i_s quantified and di_scussed iBorded the prompt radiative captuserays emitted by the
Secs. IV-and V. Two applications of the RD are finally pre-fqj|. The photon detector was a yttrium aluminum perovskite
sented in Sec. VI. (YAIO ) scintillator, YAP, doped with cerium. It was directly
coupled to a photomultiplier tube and the analog signal sent
to the data acquisition system for data recording.

YAP is a fast, mechanically and chemically resistant

The experiment has been performed on the VESUVIGscintillator material, with mechanical properties enabling
inverse geometry neutron spectrom&tevhich operates at precise machining to many different shapes. The inorganic
the ISIS spallation neutron source. On the VESUVIO beamscintillator is nonhygroscopic, glasslike, with a high density
line a water moderator at ambient temperature provides £.55 g/cni) but a low effective atomic numbeiz=36).
white incident neutron beam. The incident neutron spectrunMain characteristics of this scintillation material are a good
peaks at about 0.03 eV and has an inverse energy depelight yield (=18 000 photons/MeYand a short decay time
dence(1/E,) in the epithermal region. VESUVIO usually (=27 n9 at a wavelength of maximum emission of
operates with the filter difference technidtievhere the de- 350 nm*® The material is relatively stable over a wide tem-
tection of the scattered neutrons is performed®biyglass  perature range. Its chemical composition is such that no neu-
scintillators located in both back- and forward-scatteringtron resonances are present in the energy range of interest
positions™® In the present experiment the instrument was,(1—200 eV). The YAP crystal used in this experiment was
instead, set up to operate in the resonance detg¢&D) manufactured by BicroSaint Gobain London, UKwith a
configuration. In this case, scattered neutrons were recordaxylindrical shapg35 mm diameter by 6.4 mm thickngsin
by a suitable detection system consisting of a combination ofrder to investigate the behavior of the scintillator in a neu-
an analyzer foil and a photon detector. tron andy enriched environment, the detector was set up to

The detection system was located on the secondary flighdperate without any neutron arshielding. The crystal was
path at a distance;=0.30£0.01 m from the sample and a glued to a standard 51 mm photomultiplier tube made by
scattering angle 2=90° £5°. A schematics of the experi- Electron Tubes LimitegMiddlesex, UK) (type 9954 with a
mental setup of the measurement is shown in Fig. 1. Théialkali photocathode. The thickness of the crystal was

beam dump

to Data Acquisition

Il. EXPERIMENT
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FIG. 2. Photon interaction probability for a 0.6 mm thick YAP crystal istic Iines(95, 98, and 112 ke)/ The expected energies and
(Ref. 17. relative intensities of the radiative captuyerays following
thermal neutron absorption iff®U are shown in Fig. 3°
From this figure one can observe that most of the photon
somewhat arbitrary but represents a compromise between tlgnission (about 80% occurs at photon energies below
need for good detection efficiency to theemission follow- 1 MeV.
ing neutron capture in the analyzer foil and low neutron scat-  As in a previous work with CZT photon detectttsaa
tering in the crystal. In Fig. 2 the total absorption probability dedicated data acquisition system was specifically set up in
curve for a 6.4 mm thick YAP crystal is plotted in the order to acquire simultaneous measurements of both the neu-
10-1000 keV photon energy range. Below 100 keV phototron time-of-flight (TOF) and they pulse height(energy
electric interaction is the dominant process for energy depospectra. This set up was achieved by modifying the standard
sition in the crystal and guarantees 100% total absorptioVESUVIO data acquisition electronigd®AE), which nor-
probability. The edge in the absorption efficiency located aimally records TOF spectra through an arrayldfdetectors.
17 keV corresponds to th¢, edge of yttrium. Above about The modified DAE was able to record simultaneously both
200 keV compton interaction becomes the dominant mechahe neutron TOF and photon pulse height values for each
nism for energy deposition in the crystal, providing a signifi- photon eventhereafter named biparametric acquisijioFhe
cant absorption probabilitigbout 10% above 1 MeV main elements of the signal processing and biparametric ac-
In the RD technique the detection of scattered neutronguisition are briefly described below. The negative analog
via a photon detector consists of two separate procegiges: signal from the photomultiplier tube was first integrated with
resonant neutron capture in the analyzer foil @inddetec- g 270 ns integration time and thereafter inverted. The posi-
tion of the prompt radiative capturgrays. The first process tive analog signal was then further amplified by a timing
selects the mean energy of the absorbed neutron and sets #ier amplifier which was set with a gain of 40 and an inte-
neutron absorption efficiency. The second step provides thgration time of 500 ns. The amplified signal was sent to a 13
neutron counting and affects the signal-to-background ratigit analog-to-digital convertafADC) of Nuclear Instrumen-
of the measurements. The intensity of the resonance crosation Module(NIM) standard produced by FAST ComTec
section defines, for a given thickness of the analyzer foil, theOberhaching, Germaiy The ADC operated with a fixed
neutron absorption efficiency while the resonance widthconversion time of 500 ns and an internal lower level dis-

contributes to the overall spectrometer energy resolJtion.Criminator set to the minimum levekbout 70 keV during
Thus important requirements for the choice of the best ana-

lyzer foil are well separated and intense resonance cross sec-
tions (og, defined as the cross section at the peaith in-
trinsic narrow widths[I'g, expressed as full width at half
maximum (FWHM)].® A systematic investigatidfi of a
large variety of nuclear resonances has indicated?fdtis
the nuclide showing most intenger>10* b) and narrow
(I'r<<60 meV) neutron resonances in the energy range ofa
interest for epithermal neutron spectroscopy, i.e., 1-200 e\g 40 1
(Table ). The intrinsic resonance width is broadened, at a—
certain finite temperature, by the lattice thermal vibration of 20
the nuclides in the analyser fqiDoppler broadening

80

60

ty (%)

The y-ray emission following neutron absorption3 U L ol , s bl
consists of many lines spanning a wide spectrum, ranging 0 1000 2000 3000 4000
from 11 keV up to 4.060 MeV which is the neutron binding Energy (keV)

. 23 . . . .
energy in**. Earlier ch)eaSUrementS with Cadm_lum zinc FIG. 3. Relative intensities of the spectrum following thermal neutron
te_"u_”_de (CZT) detector h_aV(_a shown that th_ere is also a capture in?%. Only the y lines with intensity above 0.5% are plotted
significant prompt x-ray emission at the uranium character¢Rref. 20.
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data acquisitioncompatible with acceptable dead time val- 310" 1 P
ues. The digital output from the ADC was fed into the modi- y @
fied DAE resulting in a biparametric acquisitighOF and 2410* | l i

energy. Due to the limited memory in the DAE, the number
of channels was chosen to be 1627 for the TOF spectrum ang 1 10* |
512 for the pulse height spectrum. A fixed energy bin was <
chosen for the pulse height spectrum while a variable imeg , , 1t
bin was used to cover the entire TOF region with adequateﬁ
time resolution. The chosen time bins values where @25

in the time region 30—26@s, 0.5us in 260—500us, 5 us

in 500—1500us and variable bins in 1500-20 0QG. NS L
These choices provided adequate energy and time resolutio 0 20 40 80 80 100 120 140 160
for the measurement. ADC channels

410°

6000

IIl. INSTRUMENT CALIBRATIONS

The data presented in this article refers to a single run ofig? 310° |
11 h, corresponding to an integrated proton beam current 013
1936 A h. The collected biparametric data contains dual
information. By introducing a selection window on the TOF
axis and projecting the data along theenergy axis one
obtains they energy spectrum corresponding to the selected
neutron TOF window. In a complementary way, the TOF
spectrum corresponding to a selecte@énergy window can
be obtained. Two independent calibrations are therefore
needed for each energy and time chain of the biparametric

data acquisition system. The two distinct calibrations are de-

scribed in Secs. Il A and Il B. FIG. 4. Pulse height spectra fronP4Co sourcetop) and Pb sample mea-
suremenibottom). The pulse height spectrum from tA&Co source is ob-
tained integrating the biparametric data at all times and projecting the data

A. Energy calibration along the energy axis. The pulse height spectrum from the Pb sample mea-

. . . urement is obtained by projecting the biparametric data along the ener
Absolute calibration of the pulse height values recordecﬁxiS in the time imerva|y480_180psg_ P ? i

by the biparametric acquisition was performed witi’@o
source. The source provided twdines of energies 122 and
136 keV. The pulse height spectrum was obtained integrataround chn. 280 can be ascribed to the full energy absorption
ing the biparametric spectrum over the entire time axis anaf y rays of energy 477.8 keV, which are produced via the
projecting the data along the energy afi§g. 4@)]. The reaction'®B(n,a)’Li and the following decay ofLi nuclide
main peak, located at about chanein) 60, corresponds to to the ground state. Boron is used in the walls of the experi-
the full-energy deposition peak. This receives the contribumental hall and in the beam dump to absorb thermal neu-
tion of both the 122 keMrelative intensity,| =90%) and  trons. We note that, due to the low absorption probability of
136 keV (1=10%) y lines of the®’Co source. The modest the YAP detector at such energies the majority of 477.8 keV
energy resolution of the detector, about 22 kéWHM) at v rays deposit their energy via compton scattering. The
122 keV, prevents separating the two lines. The comptomompton edge of thé’B photopeak is located at 311 keV
shoulder is visible at about chn. 18, above the ADC lowerand shows up with its characteristic shoulder.
level discriminator set at chn. 12. The structure around chn.  The two full energy peaks provided by the pulse height
50 can be likely ascribed to characteristic x-ray escape peakseasurements of th&Co source[Fig. 4(a)], and of the'’B
of Ce (K,1=34.7 keV, K_,=34.3 ke\j. Cerium (Z=58), neutron capturgFig. 4b)], respectively, have been used to
which is present in the YAP scintillator as an activator, showsassign a linear energy scale to thesnergy axis of the bi-
the highest energy x-ray levels among thé2=39), Al (Z  parametric data acquisition system. The result of the calibra-
=13), and O(Z=8) atoms of the YAP crystal. The main full tion provides an offset of about 10 keV and a slope of
energy peak is used as one calibration point for the pulsé.8 keV/chn. The'®B background peak at 477.8 keV also
height axis of the biparametric acquisition. A second calibraprovides an absolute pulse height reference during the Pb
tion energy point is provided by the lead biparametric meameasurement which has been used to monitor the stability of
surement as described below. the gain of the photomultiplier tube and the drifts of the
Lead is used as a calibrating sample in DINS measureelectronics. By analyzing pulse height spectra at different
ments because of its well-known scattering function. he TOF intervals one can check for possible shifts of the
pulse height spectrum, obtained integrating the Pb samplé77.8 keV peak. This was done by comparing pulse height
biparametric data in the TOF region 400—80§, is shown spectra obtained integrating TOF values in /&€ consecu-
in Fig. 4b). The selected TOF region corresponds to incidentive intervals. The result indicates that th% peak shifts
neutron energies in the range 1-4 eV. The broad pealipward by about 4% over the whole TOF region. This shift

210° |

Intensity (c

Compton edge
@1TkeV) 4778 kev

-

L Il L L Il L
100 200 300 400 500
ADC channels
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can be attributed to an increase of the photomultiplier tube g, 190 103 €60 367 209 ‘ 5
gain. The gain value is higher at the short TOF values when h

the YAP records the highest count rate, and decreases until i 2500
reaches its minimungsteady statevalue at about 100@s.
The size of the effect, which is a well-known behavior of
photomultiplier tubes subject to rapidly varying count rate
conditions* is at an acceptable level for the purpose of this
work.

1~

2000

e B )

1500 -

Intensity (counts)

B. Time calibration 500 |

1
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1000 1
1
1
1
1
1
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The measured neutron TOF values represent the differ- . ! L
ence between the multiple stops and the start signals of the 50 80 120 160 200 240 280 320
neutrons provided by the detector and spallation source, b b (4S)
respectively. Although in the RD technique the stop signal is

. . - - FIG. 5. Time of flight spectrum from the Pb sample obtained by projecting
given by the detection of the radiative Captl:y‘,ahe time of the biparametric data along the time axis foenergies above 600 keV. The

the arrival of they can be assumed to be equal to the time Ofexpected positions of t#*U resonances are indicated by dashed vertical
the absorption of the neutron in the analyzer foil. The time-ines. The label above each line is the corresponding neutron energy in

of-flight valuet,.s of a neutron scattered from the Pb sampleelectron volts.
with final velocity v,es can thus be accurately calculated us-

ing the equation +5 cm onL; and an uncertainty of +20° oné2give a sys-
LL tematic variation irty of +0.6 us and +0.2us, respectively.
tres=t0+—°+—1; (1) This accuracy level is acceptable for the purpose of this
Yo Ures study.

heret, is a fixed time delay provided by the ISIS spallation

source Ly andL, are the primary and secondary flight paths, v DATA ANALYSIS

respectively, and the initial neutron velocity. A value of i . . )
Ly=11.055+0.021 m on VESUVIO was provided by previ- The collected biparametric data contains the dual infor-
ous calibration measuremerifsThe final and initial neutron Mation on the neutron TOF angpulse height spectra. The
velocities are related by the kinematics of the scattering red@ta analysis aims to characterize the YAP response by iden-

action, which in the case of free recoil can be writteféas  1ifying the main signal and background components associ-
ated to the absorption of resonant and non-resonant neutrons

Ures _ COS29) + [(M/m)? - sir(29)]°° (2y  inthe analyzer foil. This is done through the analysis of the
Ug M/m+1 ’ v pulse height spectra corresponding to different neutron

where @ is the scattering anglé/ the mass of the recoiling TOF ir_1terva|s. Subsequ_ently a Iovx_/er level discrimination
Pb atom in the sampleV=207.2 a.m.J), andm the neutron (LLD) in the y energy is introduced in order to produce the

mass. From a system with Eqd) and (2) t,. can be ex- corresponding TOF spectrum. The aim here is to investigate
pressed as a function of the unknown varial;)e&sé!sl, and .  the change in the signal-to-background ratio of the TOF mea-

A general description of the calibration procedure in the stanSurement as well as in the signal counting statis_tics.
dard configuration can be found in Ref. 15. In this experi- The TOF spectrum from the Pb polycrystalline sample

ment we have determined from direct measurements the vafi€nerated with a LLD value of 600 keV is shown in a log-
ues ofL;=30+2 cm and 2=90+2°, and estimated the best log plot in Fig. 6 in the entire TOF region. The plot shows an
value ofty with the time calibration procedure described be-
low. From the biparametric data the TOF spectrum corre- 10*
sponding to a selectegt energy window can be found by
projecting the data along the TOF axis. This is shown in Fig.
5 in the time region 50—34fs for a selected energy win-
dow above 600 keV. The peaks marked in the spectrum cat
be ascribed to recoil from Pb atoms registered via neutrons 4goo |-
absorption in the’*®U analyzer foil at different resonance i
energies. Seven peaks can be identified corresponding to th
238 resonances going from 6.67 up to 189.7 eV. The mea-
sured time-of-flight values were corrected for the delay value
to, which was determined by fitting the measured positionsin | N L
time of each resonandg,, to the calculated valuet,s indi- 100 1000 10*
cated with dashed lines in Fig. 5. The best linear fit yields a b b (88)
value ofty=-5.9+0.5us and gives good agreement between _ _ _ o
the calculated and measured position for all the observef/C: 8- Same plot as Fig. 5 but plotted in a log scale in the time interval
. . . 0—20 000us. The vertical dashed lines indicate the Pb recoil peaks. The
resonances. A sensitivity test of the calibration procedure tQ,gioactivity level induced by the uranium analyser foil is indicated by the
the parametert; and 2 has shown that an uncertainty of horizontal dashed line.

ounts)

nsity




Rev. Sci. Instrum., Vol. 75, No. 11, November 2004 Resonant epithermal neutron detector 4885

overall background with a characteristic power law curve. 1 fF—————F—"———F—————

Two distinct time regions can be identified) t<<800 us . fes

. . . 10° E
where recoil from Pb atoms is detected via resonant absorp 185.7
tion of epithermal neutronéE,> 1 eV) by the analyzer foil; 2 ,» [ ]
(i) t>800us corresponding to the arrival times of lower § 28 766 10008
energy neutronsE,<1 eV). The horizontal dashed line in 2 100 ¢

Fig. 6 indicates the constant background level registered b)g
the YAP, which is due to the analyzer foil radioactivity. The ~
signalin the TOF spectrum is represented by Pb recoil peaks
registered via resonance absorption in t#f&) analyzer foil

at different final neutron energies. Seven peaks correspond 1
ing to neutron resonances going from 6.67 up to 189.7 eV

can be distinguished from the backgrouiy. 5). The reso-

nance at 80.7 eV is not distinguishable in the plot due to th&IG. 7. Pulse height spectrum of tR&U analyzer foil recorded with a
small value of the cross section. The intensity of each p&ermanium d_etector. The mean energies of some of the most prominent
recoil peak in the time channel of widiht centered at the Peaks are indicated.

time of flightt is proportional to the quantity

dE, ( o

100 H

o

500 1000 1500 2000
E (keV)

foil. Finally, a fraction of y rays is also known to come
I(Eg) —At )AElAQn(El), (3)  directly from the cell and sample itself whenever they con-
dt dE,dQ) tain isotopes with a high absorbing radiative neutron cross
where |(Eg)dEy/dt is incident neutrons fluxmeasured in  section. This sample dependent background in the case of Pb
s2cm?), d?o/dE;dQ the Pb double differential scattering in an Al cell is a small fraction of the total background; it can
cross sectionAQ) the solid angle viewed from the analyzer represent a significant fraction for samples containing hydro-
foil, E; andAE; the mean energy and width of the resonancegen isotoped? The radioactivity of the analyzer foil was
cross section, respectively, anglE;) the overall detection separately measured with a high resolution coaxial germa-
efficiency. For a RDy(E,) is, at a first approximation, given nium detector which was set to cover the energy range up to
by the product of the probability for a neutron of enefy 2 MeV.?® The germanium crystal provided a 20% efficiency
to be absorbed in the analyzer fcﬂn,_e—N-aﬁﬁ-d)’ times the at 1.33 MeV with an energy resolution of 1.6 k¢FWHM).
detection efficiency of the radiative prompt emission, ~The pulse height measuremafig. 7) showed that a series
7(E,). HereN is the analyzer foil atomic densityS the qf v lines are present which can _be ascribed to the radioac-
effective absorption cross section at the peak, i.e.,dge tive decay chains of*U and**%U isotopes of the analyser
values of Table I corrected for the Doppler effect at roomfoil. Among the many peaks of Fig. 7 one can identify the
temperatur® andd the thickness of the foil. The line shape line at 185.7 keV as & decay line of**U and the line at
of each recoil peak is due to the Pb compton profile convo92 keV as x-ray emission from thorium isotopes; the latter
luted with the instrument energy resolutidrFor a detail are produced from the decay chains of the two uranium iso-
description of the Pb scattering function at room temperaturéoP€s.
we refer to Ref. 15. The energy resolution is dominated by The YAP background and signal features identified in the
the analyzer foil whose main contributions are the intrinsic! OF Spectrum can be studied by analyzing julse height
resonance cross section width, the Doppler broadenin§P€ctra associated to different time regions. Shown in Fig. 8
caused by the thermal lattice motion and the thickness of thi the spectrum for the time regionl0 000us. The spec-
foil. The shrinking of the resonance peaks as one movefum is dominated by the radioactivity of the uranium analy-
toward low times—of—flight is mainly caused by the nonlinear
kinematic relationship between neutron time-of-flight and 10° ¢
neutron energy. This set the requirements on the DAE time
resolution in order to perform a line shape analysis of the
higher energy resonances. The present lower limit of 250 ns
on the bin width of the DAE will be superseded by the
planned DAE which will accept bin width as low as 100 ns.
The backgroundunder the recoil peak can be divided
into an environmental component, consisting of x-rays and
y-rays with a time structure related to the neutron beam, ance
a constant radioactivity component, which has a flat time
spectrum as shown in Fig. 6 by the asymptotic behavior of
the TOF spectrum at long times. The environmentalack- S N
ground is generated by neutrons absorbed in the various me 0 200 400 600 800
terials present in the experimental hall, e.g., in the beam E (keV)
dump. A significant contrlbutlpn to the baCkground, IS aIsp FIG. 8. Pulse height spectrum from the Pb sample obtained by projecting
represented by neutrons which scatter several times in thfe piparametric data on the energy axis in the time interval
experimental hall before being absorbed in & analyzer  10000<t<20000us.

————
238 235
U, U

v

tensity (counts)
g
T
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TE N ' ' ' ' 3 20-200 keV(Ref. 10 indicated that small differences exist
Y ] between the resonance and off-resonance spectra but they
cannot be distinguished by the YAP detector due to its poor
energy resolution. The structure at 478 keV has been previ-
ously identified as photons produced neutron absorption in
198, Above 500 keV the on-resonance spectrum is systemati-
Y cally higher(about a factor twpthan the off-resonance spec-
gl trum. These events are due to the Compton interactions of
: the radiative capture rays of high energyabove 700 keV.
0.001 p—+1er = = = = : The higher on-resonance spectrum level represents a clear
i ] signal signature which suggests that an improvement of the
signal to background ratio of the TOF measurement can be
obtained by increasing thg energy discrimination. This oc-
curs at the cost of a reduced counting statistics. In order to
investigate the best tradeoff between high signal-to-
background ratio and high counting statistics, a figure of
merit (F) can be defined. Her€ is defined as the reciprocal
[ of the relative statistical error on the number of signal counts
0001 —+l—t—y : : : . (S) under the recaoil peak, i.e.,

o -1
(%" @

Indicating with B the number of background counts under
the peak, one can express the total number of counts as
=S+B and the signal-to-background ratio @sS/B. F can
thus be expressed merely as a function of the variabbasd

g as follows. The relative statistical error on the number of
signal counts under the recoil peak is

o
e
T

o

(=4

=
T
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FIG. 9. Pulse height spectrum from the Pb sample obtained projecting the S S

biparametric data on the energy axis for specified time intervals. In eaCtAssuming a normal distribution fo® and B we have that

panel a pair of normalized spectra are shown corresponding to a narrow time, _ _ .
window around the neutron resonan¢eontinuous ling and an off- o.=¢ and o5 =B and Eq.(5) can be thus rewritten as
—
(Ts> _ \8 + B

resonance region(dashed ling The chosen time intervals aréa)

309.0<t<313.0us (resonanceand 272.6<t<299.0us (off-resonancg ( - ] (6)

(b) 173.5<t<175.0us (resonance and 145.6<t<168.0us (off- S c—B

resonancg (c) 130.25<t<131.25us (resonanceand 115.0<t<<128.0 us

(off-resonanck From the definition ot andq it is trivial to see thaB can be
expressed as

ser foil. A direct comparison with Fig. 7 shows that the two B= i )

major peaks in the spectrum can be ascribed to the decay 1+q

chains of?% and?*U. The YAP pulse height response to Now using Eq.(6) and Eq.(7) F can be expressed as
neutron absorption in tHe®U analyzer foil is shown in Figs.

9(a)-9c) for the neutron resonances located at 6.67, 20.86, F= #—\; (8)
and 36.68 eV. The two spectra in each panel correspond to V(1+0g)(2+0q)

the resonancécontinuous ling and off-resonancédashed  The ¢ andq values of the recoil peaks in the TOF spectrum
line) energy spectra. Each pair gfenergy spectra was pro- can be calculated and are used to deternfinga Eq. (8).
duced by selecting narrow time windows around each neusych data analysis procedure has been repeated for TOF
tron resonance in the TOF spectrum of Fig. 5 and broadpectra generated with different LLD values to obtain the
windows in the off-resonance regions, and by projecting thehree curvesi) q versus LLD,(ii) & versus LLD, andiii) F
biparametric data along the energy axis. For instance, th@ersus LLD. These curves are shown in Figs. 10-12 for the

pair of energy spectra of Fig(8 were generated by select- neutron resonances up to 36.68 eV and for 16 different LLD
ing a 4 us wide time window centered aroun@309.5us,  values ranging from 80 to 900 keV.

i.e., the 6.671 eV resonance, and the region 272299

i.e., an off-resonance interval. In each panel the two spectr,

have been normalized to the height of B8 peak, which V. biscussion

provides a convenient normalization point. FEgy<<400 keV The YAP response to the signal and background sources
the spectra show essentially the same features. Earlier mehas been characterized with the pulse height spectra associ-
surements performed with CZT detectors in the energy rangated to different time regiong=ig. 9). A comparison of the

()
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FIG. 10. Signal to background ratig), counting efficiency(e), and figure FIG. 11. Signal to background rati@), counting efficiency(e), and figure
of merit (F) versus lower level discriminatioLLD) for the neutron reso-  of merit (F) versus lower level discriminatio(LLD) for the neutron reso-
nance at 6.671 eV. nance at 20.87 eV.

normalized pulse height spectra associated to resonance aftle second contribution to the background is represented by
off-resonancgbackgroungiregions seems to suggest that be-the radioactivity of the U analyzer foil and has therefore a
low 400 keV the background is dominant over the signal andlat time structure. Its pulse height spectrfig. 7) mea-

that the background and signal have similar spectral featuresured with a Ge detector of high intrinsic photopeak effi-
The signal is given by the prompt radiative captuserays ciency (>50% at 500 keY shows that the majorityabout

and x rays of the uranium analyser foil. The x-ray photons70%) of the registered events are below 400 keV. The pulse
deposit their full energy in the detector while the majority of height spectrum of YAP at long time of flight$ig. 8) is

the radiative capture rays, due to the intrinsic low photo- indeed dominated by the analyzer foil radioactivity and has
peak efficiency of the YAP crystal at energies aboveindicated that about 65% of the registered events are below
300 keV, interact in the YAP crystal predominantly via 400 keV. Energy discrimination of the detected photons is an
Compton scattering. This results in signal events with aeffective way to reduce the interference of the different back-
rather flat pulse height distribution which covers a broadground components. Shielding is also another possibility to
energy rangéFigs. 9a—-9(c)]. The off-resonance spectra re- reduce the background, except for the unavoidable uranium
ceive the contribution from severbhckgroundcomponents radioactivity, but is not practical due to space limitations; the
which are induced by the environmental background, timeeffects of the shielding on scattered neutrons should also be
related to the neutron beam, and by the radioactivity of theonsidered. The potentiality of energy discrimination is dis-
analyzer foil. The former is made of x-ray emission inducedcussed below.

by absorption of nonresonant neutrons?fJ,*° 1°B radia- Increasing the LLD threshold on thepulse height per-
tive capture photons and other unidentifigdsources. The mits us to discriminate the background at the price of losing
X-ray emission component is the most intense one and, beirgpme signal fraction. This has been quantified in Figs. 10-12
present also for resonant neutron absorption, cannot be difsr the neutron resonances at 6.67, 20.86, and 36.68 eV. All
tinguished from the signaP The same happens fofB ra-  three studied neutron resonances show similar features in the
diative capture photonéE, =478 ke\) which contribute to  signal to background rati¢S/B) versus LLD curve[Figs.

the pulse height spectra of Fig. 9 below the compton edgé&Q(a)-12a)]. In the lower energy regio(80—400 keV there
(E,=311 keV) and with the photopeak centered at 478 keV.is a linear increase i/B with increasing LLD values. Such
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14 ¢

F since the improvement i5/B is compensated from the
decrease in counting statisties The situation is partly dif-
ferent for the resonance at 20.86 and 36.68 eV, which are
both characterized by a somewhat more peaked distribution
of F, as shown in Figs. It) and 1Zc), respectively. The two
plots seem to suggest that the optimum LLD setting is
around 400-600 keV. In general the figure of merit for the
three studied resonances indicates that the highest values of
. 5 ] F are reached for a quite broad range of LLD values. This
0 f—+—+— ——t ——t ——t ———] means that the LLD setting is not critical and that the gain

3 i ®) 1 variation of the photomultiplier-tube, discussed in Sec. Ill A
210° | . is indeed not affecting the measurement.
: ] We observe that the curves found for ¢, and F are
1510° | ] strictly valid only for one specific combination of sample

i ; ] (Pb) and detector position. The detector angular position is

12 -
1
0.8 -
06 |

02 |

(counts)

I : ] less important in this case since Pb is an almost isotropic
510° [ ] scatterer. A fraction of the background is sample dependent
: \\ ] which means tha®/B might change with different samples.

P R ’“‘**--H -y o ] The detector position plays also a role since by increasing
. © 1 the detector to sample distan@d the signal and the sample-
[ ] dependent background fraction drop asiwhile the ura-

i ,/'—"‘A ] nium radioactivity background remains constant, which re-

L/ ] sults in a reduction of5/B. The present discussion should
W : ] therefore be considered as a qualitative indication of the per-
20 f ; \ ] formance of a YAP based detection system.

The above results indicate that for the higher energy
resonances the optimum setting of the LLD is in the range
o ] 400-600 keV. This would not seem ideal fromyaetection
0 200 400 600 800 1000 point of view since the YAP detector thickness is optimized

E (keV) for detecting photons below 200 keV. However other consid-
erations need to be taken into account for the selection of the
FIG. 12. Signal to background ratig), counting efficiency(e), and figure  gptimum crystal thickness. If, on one hand, a thicker crystal
g;rr]rlirgt(l;)é%eés:\jlower level discriminatio(LLD) for the neutron reso- would provide highery detection efficiency, on the other
hand, it would also mean higher sensitivity to theback-
ground. Moreover, neutron backscattering in the YAP crystal

improvement can be attributed to the reduction of the backltS€lf is @ potential background source. Neutrons of slightly
ground events induced by both uranium radioactivity andi9her energy than the resonance energy are transmitted
boron compton events. The central region 400—600 keV iéhro_ugh the foil and can degrade their energy via backscatter-
characterized by a steep rise $B (about a factor 2 pri- ing in the YAP crystal toward the analyzer foil |tself. Here
marily due to the discrimination of th®B photo-peak lo- they can be absorbed by the resonance thus creating an ad-
cated at 478 keV. Above 600 keV there is little improvementditional peak in the time-of-flight spectrum. The backscatter-
in S/B and the curves seem to reach a plateau. In such df9 Peak is too close to the main peak to be resolved and it
energy region alt’8B background events and the majority of would re_present an undesired Q|stqrt|on of_the peak shape.
the uranium radioactivity have been discriminated, whichVé remind here that the physics information that can be
makes the reduction that can be achievedyibackground —€Xtracted from DINS measurement lies primarily in the
proportional to the reduction in the signal, as evident in theShape of the recoil peak. Simulations will be carried on in
pulse height spectra of Fig. 9. Employingenergy discrimi- order to investigate neutron l_)ackscat_termg and to confirm
nation there is, together with an improvementSitB, a loss that t_he chosen YAP crysFaI thlc!<r_1ess is indeed a good com-
in counting statistics. This can be noticed from the plots ofPTOMise betweeny detection efficiency and neutron back-
Figs. 1Gb)-12b) where the total numbers of counts under Scattering. In_pr|nC|pIe a su_bs_tanual upprovc_ament gould oc-
the recoil peaks show a rapid exponential decrease. The r&Yr by replacing the YAP scintillator with a higher(#igher
sulting statistical uncertainty in the signal as a function of? €fficiency and lower neutron scattering cross section ma-
LLD has been evaluated introducing the figure of merit  terial

The resonance at 6.67 eV shows the best figure of merit,

with a rather flat distribution around the average valué of

=80 up to 500 ke Fig. 1Qc)]. Such value translates from VI RD PROSPECTS AND APPLICATIONS

the definition ofF [Eqg. (4)] into about a 1% statistical error This work describes a series of scattering experiments
in the signal counts under the 6.67 eV recoil peak. Increasingerformed on the VESUVIO neutron spectrometer setup in
the LLD setting from 80 up to 500 keV has a little effect on the RD configuration. The prospects of the RD to be a suit-

10 |
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able configuration for neutron spectroscopy in the electron 10— —————————— 7
volt energy range are primarily based on the ability of the
detector system to detect neutrons of final energies of tens 0 g10° §

eV with good signal to background discrimination. The mea- I Ho el

surements performed with a single YAP scintillator and a - 10 | 1
hatural uranium analyzer foil allowed us to detect scattered$ || ss023668 2087 667

neutrons with final neutron energies up to 200 eV. z e | . ;

The response of a YAP scintillator to radiative captyre
emission from a uranium analyzer foil was characterized [
with a biparametric data acquisition, which consisted of a  210° -
simultaneous measurement of the neutron time of flight and I

v pulse height spectra. The analysis of thepulse height o100 Lt i L e
spectra associated with resonant and non-resonant neutrc 100 200 300 400 500
absorption has allowed us to identify the different signal and Time of Flight (us)

background components. The signal is predominantly made _ , _ ,
FIG. 13. Time of flight spectrum registered from a®sample in an Al cell

up .Of compton events mducgd by radiative captt;rreayg in the time region 50-50@s. The dashed and dot-dashed lines indicate the
which are not fully stopped in the detector. These signaH and cell recoil peaks, respectively, corresponding to?#ig resonances
events are superimposed on a background whose ma#the energiegin electron volts indicated by the labels.

sources have been identified @sx rays induced by absorp-

tion of nonresonant neutron iU, (i) °B radiative capture  gistance of about 2 m from the scattering sample. VLAD
photons, andiil) radioactivity of the U analyzer foil. The iy extend the kinematical region for neutron scattering to
componentgi) and(ii) are time related to the neutron beam low wave vector transfet<10 A1) while keeping energy
while the componentiii) gives a flat contribution at all yansfer>1 ev. Accessing such kinematical region will al-
times. The quality of the TOF measurements depends on thg, exnerimental studies in condensed matter systems. The
relative intensity of the signal recoil peaks to the back-irst step of the upgrade was the installation of a vacuum
ground, i.e., the signal to background raBB. It has been 5y specifically designed in order not to intercept neutrons
shown that energy discrimination is an effective method toyc4itered at very low angles. A detector bank prototype was
reduce the background interference. A significant improveyii; consisting of four RD detectors, each one made of two
ment in S/B has been achieved by using a lower level dis-yap crystals of trapezoidal shape enclosed in an aluminum
crimination (LLD) of the y energies at about 600 keV. A 55e which acts as a light guide. A 28 238U analyzer foil
study, based on a figure of me(f), of the achievable sta- a5 attached to each RD unit. Measurements were taken
tistical uncertainty in the signal recoil peaks has shown thagom an ice sample at 270 K at scattering angles varying
the best results are reached for a quite broad range of LLBerween 2° and 5°. The four VLAD detectors covered the
values. energy transfer range of 0.2—-20 eV and the wave vector
Two applications of the RD are discussed here. The firs{ygnsfer range of 3—-107A. A preliminary analysis of the
one is to access the region of high wave vector transfergasonance at 6.67 eV has indicated that one can derive quan-
(g>100 A1) coupled to high energy transfef®>1 eV) in titative values for the dynamical structure fac®q, w) and
order to perform a deep inelastic neutron scatte(DtNS)  the density of stateg(w), of hydrogen in the sample using
experiment. An example of a DINS experiment is repre-the same method for data analysis of previous experiments
sented by the measurement of giHsample at a scattering performed on a different spectrometérThese measure-
angle of about 30*' Neutrons scattered from the 8  ments are the first of this kind on an inverse geometry instru-
sample were measured with a single YAP detector viewing gnent.
30 um thick ?*U analyzer. In order to achieve a high count-  The present results indicate YAP scintillator as the ideal
ing statistics over a short time the LLD was set to a IoWRp candidate for studies of microscopic dynamics of matter
photon energy valués0 keV) at the price of increased back- ;g epithermal neutron scattering. YAP scintillators appear as
ground sensitivity. A typical time of flight spectrum recorded most suitable RD for inelastic neutron scattering at both in-
by YAP is shown in Fig. 13 for the case of,8 sample at  termediate and very low scattering angles. Further develop-
T=300 K andp=1 bar in an Al container. The peaks can be ment can be done to improve the detection efficiency and the
ascribed to scattering from the H and the Al atoms; they arieutron energy resolution. Other issues being addressed in
separated because of their mass difference. We note that e near future are cross talk between nearby detectors and
and Al recoil peaks can be distinguished from the backyytiple neutron scattering. These are relevant issues in view

ground up to final neutron energies of 66.0 eV. Final aim ofof the planned construction of a position sensitive RD array.
the data analysis is the determination of the H mean kinetic

energy. Data analysis has shown that the experimental r
sponse function and H mean kinetic energy are in agreemen
with previous experiments on this sampfe. This work was performed with financial support by the
A second application of the RD is the construction of theEuropean Community-Access to Research Infrastructure ac-
very low angle detectofVLAD) bank of the VESUVIO tion of the Improving Human Potential PrografaU Project
spectrometer which will cover the 1°-5° angular range at &dPRI-CT-2001-50020 We acknowledge Consiglio Nazion-
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