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Abstract

These notes summarize two lectures on the deteotitast and slow neutrons. The focus
is on the basic detection techniques and detedtociples, i.e. detectors based on the
moderation of fast neutrons and on the detectiomeobil particles. The most important
techniques for the measurements of the energyilison of neutron, namely time-of-flight
and pulse-height spectrometry are presented. fiaadhort overview over the measurement
of spatial neutron distributions and on methodsjimality assurance of neutron measurements
is given.



1. Introduction
1.1 Neutrons in Science and Technology

In 1932, Sir James Chadwick repeated and correedglained [CHA32] earlier
experiments of the Curie’s by postulating an inlgateutral particle which together with the
protons constitutes the atomic nucleus. These awrpats already showed all relevant
features of a modern neutron detector. Neutron® weoduced by a nuclear reaction and
detected by conversion to a charged particle irradiator’. Fig. 1 shows a sketch of
Chadwick’s experiment and a photograph of his agtpar

Techniques for the detection of neutrons are requin many fields of physics and
technology. First of all, the neutron is a uniqaddratory for studying the fundamental
properties of matter. For example, experimentscb@ag for a permanent electrical dipole
moment contain a detector for polarized ultra cokltrons. In solid state physics the
magnetic dipole moment of the neutron can be usedduidy the magnetic structure of solids
by neutron scattering. In nuclear physics, the aete of neutrons yields important
information about the dynamics of nuclear reaction.
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Fig. 1: Sketch of the Chadwick’s experiment which led he tliscovery of the neutron (left). The
photograph shows Chadwicks'’s apparatus (right).

The most important use of neutrons, however, Isteg production of energy in fission
reactors, and eventually also in future fusion t@ac Here neutron measurements are vital
for the control of the reactors. Even in spacersmeand astrophysics neutron detection plays
a role. The measurement of neutron capture crossose is important to improve the
understanding of the synthesis of the elementsruptize stellar processes. Despite their
finite mean lifetime of about 880 s, a fractiontbé neutrons produced in the sun can reach
neutron monitors installed at high altitude on leakience, these neutrons can be used to
diagnose eruptive processes on the solar surface.

1.2 Interaction of Neutrons with Matter

Since neutrons are uncharged, they can only bectdeteoy registering the charged
particles or photons emitted in neutron-inducedlearcreactions, e.g. recoil nuclei from
elastic or inelasic scatterinftX(n,nY*X and “X(n,n'y)*X, photons from radiative capture
AX(n,y)**X, radioactive nuclei produced {X(n,2n)*Y reactions or fission fragments from
neutron-induced fission. For thermal, epithermadl asow neutrons with energies below
10 keV, reactions with large positiv@-values are required to produce secondary charged
particles of sufficient energy for easy detectiBecause of the hig-value, the energy of
the secondary particles is almost independent efstinall energy of the neutron. Hence,
detectors for low-energy neutrons are used asmpeugon counters in most cases.

In contrast, detectors for fast neutrons are gélgaraed as neutron spectrometers, i.e.
the energy of the secondary particle depends signily on the neutron energy and inversion



procedures can be applied to infer the neutronggndihe most important example is elastic
scatteringX(n,ny*X. The energyE;.. of the recoil nucleus is related to the enefgyof the
incident neutron by
rec = En 4A
(A+1)

cos’(¢:?) (1)

where @* denotes the emission angle of the recoil nucleughe laboratory system.

Moreover, the energy distributionNtE,eo) of the recoil nuclei has the same shape as the
differential scattering cross sectiong{dQ“") in the center-of-mass system,
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In the fast energy range nuclear reactions witln lsigd smoothly varying cross sections
are best suited for the detection of neutrons. lEhef suitable reactions is almost identical
with the collection of neutron cross section staddahown in Fig. 2, plus some dosimetry
standards, e.of>Bi(n,f) for high energy neutrons, and a few addiéibreactions such as
G ().
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Fig. 2: Neutron cross section standards.

The detection of neutron is covered in several yoagghs on neutron physics [MARG0],
[BEC64] or in textbooks on nuclear measurementrtiegtes [KNO10], [LEOQ9]. Moreover,
the proceedings of the regular conferences on Mudata in Science and Technology, the
SORMA and Crete conferences as well as those ok mpecialized workshops provide
additional and more up to date material. Usefulemalt can also be found in a special volume
on neutron metrology published in Metrologia [THQ11

2. Neutron Detection
2.1 Detectors for Slow Neutrons

Due to the low energy of thermal neutrons, onlyctieas with highQ-values can be
employed to detect them. In addition, inherenhaigamplification inside the detector is an
advantage. This is why proportional counters wiita tounting gase$le and'°BF; are used
frequently. The cross sectiongr of the *He(n,p)T Q= 0.764 MeV), %B(n,ao)’Li
(Q = 2.792 MeV) and®B(n,a1y)’Li (Q = 2.310 MeV) reactions are inversely proportioteal
the neutron velocity up to an energy of about 10 keV. The reaction rate

N _ I IoVo neVAE = g, n (3)
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is independent of the energy distribution and tetector can be used to measure the total
densityn of slow neutrons. Herey is the so-called Westcott cross section, i.e. diuss
sectiong(Vp) at a velocity of 2200 m/s.

The total energy of the charged reaction produstdetermined by th&-value of the
reaction products. Hence, the pulse-height sp&dtthe counters are almost independent of
the neutron energy. Due to the large range of #eorgary particles they are strongly
affected by wall effects, i.e. incomplete energpakgtion in the counting gas. A pulse-height
distribution of a®BF; proportional counter is shown in Fig. 3
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Fig. 3: Pulse-height distribution of &‘BF; proportional counter. The structures resultingrfro
incomplete energy deposition by alpha particle4.bions are indicated.

The advantage of proportional counters is that ey be constructed in various sizes
and geometrical shapes. The pressure of the cgugéises can be varied as well. Hence, the
sensitivity of the detector can be easily adaptethé measurement problem. The sensitivity
has, however, usually to be determined by a caidran a reference neutron field because
the sensitive volume depends on the details ofethetrical field and the pressure of the
counting gas which are usually not known well erfoufhe counters are also sensitive to
photons, but due to the large range of the secgrelactrons in the counting gases, photon
induced events can usually be discriminated easilyg a pulse-height threshold.

Other useful detectors for thermal and slow neutrame®>*U fission ionization chambers
and®LiJ scintillation detectors. These detectors usgt(n,f) reaction Q = 200 MeV) and
®Li(n,t)*He (@ = 4.78 MeV). Fig. 4 shows the cross sections fier most important reaction
used for detection of slow neutrons.

Fig. 4: Cross sections for the most important reacti@duer the detection of slow neutrons.

2.2 Detectors for fast neutrons
2.2.1 Moderating detectors

In the energy range of fast neutrons cross searenmuch smaller than in the energy
range for slow neutrons. Hence, it is attractiveedostruct a detectors for fast neutrons by
covering a detector for thermal neutrons, e.gHa or '°BF; proportional counter, with a
moderator which reduces the energy of the fastroesitby multiple scattering off hydrogen
so that they can be detected efficiently by thentia detector. Due to the high detection cross



section and the large effective size of the moderatuch detector have a high fluence
responseRy = N/®, whereN denotes the number of detected events @nithe fluence of
incident neutrons.

The most important representative of this kind etitnon detectors is the long counter
[HAN47]. It consists of a cylindrical polyethylemeoderator which surrounds’dle or*°BF;
proportional counter. The moderator is split intocaiter annular part and an inner part which
are separated by a cadmium layer. This design esdtiee sensitivity to neutrons incident
from the sides. The energy dependence of the feueggponse at lower energies is increased
by holes or grooves arranged in the front faceectosthe proportional counter. As shown in
Fig. 5, this results at an almost flat respongbénenergy range between 10 keV and 10 MeV.

For neutron energies below 10 MeV, the moderatimtgss is mainly determined by
elastic scattering off hydrogen and carbon nudlbe cross sections for these reactions are
known with small uncertainties. The response obraglcounter can therefore be calculated
accurately using standard Monte Carlo simulatioogpams. The disadvantage of the long
counter priciple is the loss of all information d¢ne neutron energy. Due to the large
moderator time of several ten microseconds, longhtrs are also not suitable for time-of-
flight measurements.
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Fig. 5: Layout of a de Pangher long counter (left), epatgpendence of the fluence response of this
detector (right) [ROBO04]. The preferred directidos the neutrons is parallel to the cylindrical sxi
from the right.

Moderator-type detectors are used to efficientliedeneutrons from neutron-producing
reactions with small cross sections [GOM10]. Thetren source is usually placed in the
center of the moderator and thermal detectorsl@ated on concentric rings in the
moderator. An interesting variant of the moderaype detector for nanosecond-pulsed
collimated neutron beams is the so-called ‘blactecter [POE73]. Here, the moderator
consists of a liquid scintillator. The collimatedam is guided to the detector center through a
channel. The scintillation light is registered bveral photomultipliers. Due to the strong
guenching of the production of scintillation lighy low-energy recoil protons, the timing of
the photomultiplier signals is determined only by first few scattering events. Hence, an
almost flat detection efficiency of almost 90% ¢encombined with a time resolution of only
a few nanoseconds.

2.2.2  Recoil detectors: prop. counters, scintdlatiletectors, recoil telescopes

2.2.2.1 General aspects

The most important type of detectors for fast rangrare those which directly detect
recoil particles, in particular recoil protons risig from elastic neutron-proton (np)
scattering. The recoil particles are either producethe detector itself (target = detector) or
in a separate radiator. In the latter case theilrpeaticles are detected in a detector or a



combination of stacked detectors (detector telescop reduce the influence of neutron-
induced background. This methods allows the enefdiie neutron to be measured together
with the neutron fluence, i.e. the detector camded as a spectrometer. For neutron energies
below 20 MeV the relative uncertainties of the segttering cross sectiam, is smaller than

0.5 %. The detection efficiency of these detectan often be calculated rather reliably
because of the simple detection process and thiekm@lvn cross sections. The situation is
somewhat different for the neutron energy rangevalidd MeV. Here the differential np
scattering cross section is only known to abouteb%ackward angles [ARN91].

2.2.2.2 Proportional counters

At neutrons energies well below 1 MeV solid stateliators cannot be employed because
of the increased energy loss of the recoil protémstead gaseous radiators have to be used.
Gas amplification in proportional chambers faciét the detection of recoil protons with
energies of a few keV. As an exmaple, Fig. 6 shawsglindrical proportional counter which
is used as a reference instrument for neutron ¢eiemeasurements. Hydrogen/methane
mixtures and propane are used as counting gasessdirisitive volume is defined by field
tubes and the cylindrical cathode.

Fig. 6: Proportional counter for the measurement forfilence of neutron with energies below about
1.5 MeV. The sensitive volume is shaded in greys Hefined by the field tubes F and the cylindrica
cathode C. The anode wire A has a diameter of 50Tjle counter is operated with hydrogen/methane
mixtures or propane.

The shape of the pulse-height distribution measungtth this detector should be
rectangular because the differential np scatteziogs section in the center-of-mass system is
isotropic at energies below 5 MeV. However, as show Fig. 7, incomplete energy
deposition by recoil protons escaping from the gieesvolume (wall effect) as well as the

energy dependence of the enelfyrequired to produce an ion pair modifies the etgubc
rectangular shape.
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Fig. 7: The left panel shows a simulated pulse-heigtitibigion for the proportional counter shown in

Fig. 6. The neutron energy was 300 keV. The blstbram is the ‘ideal’ response while the red and
black histogram show the modifying effects of protcansportW-value and carbon recoils. The right

panel shows the experimental response to 297 ketfares (histogram) together with a Monte Carlo
simulation (red line).




2.2.2.3 Scintillation detectors

At higher neutron energies, the target = detectonciple is employed in organic
scintillation detectors. Actually, this kind of eetor is probably the most intensively used
‘working horse’ of neutron physics. Organic sciatibn detectors are either organic crystals
like anthracen or stilbene, or consist of an ararstlvent in which one or more fluors are
dissolved. The solvent can either be a liquid (tigscintillator) or a polymer (plastic
scintillator). The secondary electrons producednduthe slowing-down of charged particles
excite the delocalized electrons in the benzene rings. The kinetics gfupadion and de-
population of the various excited states, in paldicthe competition between radiative and
non-radiative de-excitation, determines the skatitbn process [BRO79]. The scintillation
light produced by the ionizing particles consist@dast component with a decay time in the
order of 10 ns (prompt fluorescence), and a slomeéxponential component with effective
decay times in the order of a few hundred nanosk¢delayed fluorescence). Due to the
combination of the different fluors the mean wangkh of the scintillation light is shifted
from the near ultaviolett to the blue wavelengtbioa where it can be effectively detected
using photomultiplier (PMT) tubes.

The total amount of scintillation light depends thie ionization density of the charged
particle. This causes the non-linear dependencideofamount of scintillation light on the
energy of the charge particle. The so-called ‘ghers is dominant for protons and heavier
particles with a strong variation of the differehtenergy loss @dx) , but also observed for
electrons with energies below a few keV. Moreowdso the relative contribution of the
prompt and delayed components can depend on thzaimm density. This facilitates the
discrimination of electrons from heavier chargedtiples, e.g. recoil protons, or secondary
alpha particles. Hence neutron-induced events @mifcriminated from photon-induced
background by analyzing the decay of the scinitdtatight. This technique is termed pulse-
shape discrimination (PSD). Fig. 8 shows the sclienemergy dependence of the integral
scintillation light yield (light output function)ral typical waveforms for the decay of the
scintillation for organic scintillators.
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Fig. 8: The decay of the scintillation light observed fmarticles of different ionization density in
organic scintillators is shown schematically on tight panel. The left panel shows the integrahtig
yield normalized to that of high-energy electronkiaki depends almost linearily on the electron
energy.

Fig. 9 shows how different particle species canskparated in a two dimensional
distribution of events sorted according the integght yield (horizontal axis) and a second
parameter related to the effective decay time efsilgnal (vertical axis).
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Fig. 8: Separation of different particle species of secongarticles in a liquid scintillation detect
In the past, the PSD capabilwas only observed for liquid scintillas, but recently PSD
was also demonstratéor solid organic scintillato where the secondary fluors «issolved

in a plastic matrix [ZAl12] Tablel summarizes the key parameters of these two tgp
organic scintillators.

Table 1: Key parameters of liquid and plastic scintillators

plastic scint. liquid scint.
1. Hydrogen / carbon ratio =11 =0,1.2-2.0
2. Scintillation efficiency 55-65% 40 - 80 % anthracene
3. Scintillation spectrum 2., 370 — 490 nm =425 nm
4. Transparency 1-4m
5. Decay times 14-3ns,230ns 2-4ns
6. Pulse-shape discrimination (yes) yes
7. Doping for thermal sensitivity yes yes

The response of organic scintillators is determibgdthe energy distribution of tt
secondary patrticles, the néinear light output functions, the influence of Itiple scattering,
wall effects and by the finite pul-height resolution. At energies belo4 MeV, neutrons
can only produce light charged particin organic scintillation detectoitsy np scattering. |
this energy rangethe puls-height distribution is detrmined by the rectangular enel
distribution of recoil protons and fiir non-linear light output functianAt higher energies
also neutronnduced reactionwith carbon nuclei contribute and modify the resgmnin
particular at lower pulse height. F9 shows the cross sections of the reactions reidoa
the response in the neutron energy range below 2¥ Mnd a an example for t
decomposition of total puldeeight response to monoenergetic nets according to the fir:
interaction.
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Fig. 9: The left panel shows the cross sections of theroeuhduced relations relevant fmodeling
the response of scintillation detectors for neutmmergies below :MeV. The experimente
(histogram) and calculated (lines) differentialgauheight response of a liquid scintillatidetector to
15.19 MeV neutrons is shown on the right panel. patial distributions are sorted according to

first interaction.

In this energy range the response of the deteetorbe modeled rather accurately, v
the exception of small discrepancies causecthe insufficient description of the breaki



channels ?C(n,ri3a). At higher energies, however, the discrepancieswéen the
experimental and calculated pulse-height resporesenach larger.

Despite progress in the description of the respahszintillation detectors to neutrons,
an experimental investigation of the response ¥ secessary, at least when small
uncertainties are required, or for neutron energles/e 20 MeV. The light output has to be
determined experimentally, as it usually variesrfretector to detector. The normalization of
the response is most easily fixed by comparing utaled and measured pulse-height
distributions in the pulse height region exclusyveletermined by np scattering, i.e. the
‘rectangular’ part of the response. White neutr@arbs are very suitable for this purpose,
because the full pulse-height response can bendigied as a function of neutron energy in a
single experiment.

Liquid scintillation detectors can built in verydge volumes if the material is sufficiently
transparent to its own scintillation light. Thisvery important, not so much for the detection
of neutrons, but for the construction of large dites for very rare events induced by
neutrinos. For these detectors, technical and ysaspects are very important, such as
availability, cost per volume, compatibility withoetainer materials and, in particular,
flammability and toxicity of the material. Very eft these aspects rule out the classical
trimethylbenzene-based liquid scintillators.

The strong quenching of the integral light yield fdensely ionizing particle makes
organic scintillation detectors difficult to user flow-energy neutrons. Here ‘doping’ of the
scintillator with compounds containing isotopeshaatlarge reaction cross section and a large
positive Q-value, such ad’B, **>**Gd, or®Li is an alternative. The high-energy secondary
particles or photons resulting from neutron-induge@ctions with the dopant produce
sufficiently high signals even for thermal neutroms case of reactions emitting alpha
particles, PSD techniques can be employed to ingthe discrimination of events induced
by neutrons and photons. Of course, ‘doping’ istreasily realized in liquid scintillators,
but ‘doped’ plastic scintillators were developedaad!. For liquid scintillators adverse effects
of the dopant on the light yield and the PSD proggihave to be minimized.

Inorganic scintillators such a4il and in particular LiGlass scintillators remairery
popular for detection of thermal neutrons. LiGlasstillators consists of cerium-activated
silicate glasses which contain up to 20 % 4.iDhe advantage StiGlas scintillators is their
stability and their large range of sizes. By usither®Li or Li oxide, detectors with strongly
different sensitivity to thermal neutrons can beduced. Since LiGlass has almost no PSD
capability, discrimination of events induced by mens and photons is only possible by using
a pulse-height threshold. A novel scintillator niztlefor the detection of low-energy neutrons
is cerium-activated CkiYClg (CLYC) [LEE12]. This material has a very largeeigtal light
yield, excellent PSD properties and a fast timpwoase which facilitates efficient suppression
of photon background and time-of-flight measurersenhe crystals are, however, difficult to
grow and not available in large sizes.

2.2.2.4 Recoil telescopes

With sufficient effort put into the characterizatiof organic scintillation detectors,
neutron fluence measurements with relative unceits in the order of 2% can be
performed. Nevertheless, proton recoil telescopewin the best choice for neutron fluence
reference instruments, because their responsdasiiaed exclusively by the differential np
scattering cross section, the number of hydrogemstin the radiator material (usually
polyethylene or tristearine) and the geometry efittstrument. Fig. 10 shows the schematic
arrangement of the neutron source, the hydrogenealigtor and the aperture defining the
solid angle for the detection of the recoil protpngduced by np scattering in the radiator.
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Fig. 10: Schematic layoubf a recoil proton telescope. The radiator is a fayer of hydrogeneot
material, e.g. polyethylene. The solid angle fue tetection of the recoil protois defined by an
aperture in front of the proton detec

In most cases the detection efficienc calculated semi-analyticallyn theenergy range
below 20 MeV the classical Los Alamos design igmused Here the radiator and the rec
proton detetor are positioned in the neutron field. Taperturein front of the proton detectt
restrictsthe neutron scattering angles to a small rangenaran angle 0180° in the centre-
of-mass frame. Since all part of the instruments acatéd in the neutn beam, the recoll
protons have to be separafeain neutro-induced background by requesting coincidence
additional transmission detecs arranged in fro of the proton detector. Fig. shows the
recoil proton telescope T1 used as the fluencergeée instrument for neutron energ
between 1.2 MeV and 20 Mt at the PTB.

Due to the rather small detection efficiency, retelecopes must be positioned as cl
as possible to the neutrsource. Hence, the precise measurement of tsiiandie become
crucial. At higher energieprotons, deuterons, tritons and alpha particlespaneluced by
12C(n,x) reactions in the radia in addition to recoil protonsThey must be discriminate
using AE-E particle identification. The contribution of pro® from*2C(n,px) reactions c:
be determined separately by a measurement withaphije radiator. Fig. 12 shows t
separation of different particle species producgd78 MeV neutrons in a polyeylene
radiator. The telscope was mounted at an angle ¢ with respect to the collimated neutr
beams to avoid exssive neutro-induced background.

Prop. Counters P1and P2

100

events per bin

Ep / MeV

Si SB Diode Aperture Radiator

Fig. 11: The left panel shows thecoil proton telescope T1 of the PTB. The recodtgrs emitted
from the radiator pass two proportional counterd areregistered in a surface barrier detector.
rangeof proton emission angles is defined by an apeiitufeont of the surface barrier detec. The
right panel showthe measured (black histogram) and calculatedqoéd line) energy distributics of
the recoil prtons. The dashed blue line indic: the extrapolation of the residual I-energy events
under the recoil peak.
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Fig. 12: Separation of the different hydrogen isotopes éugganel) in a tripl-stageAE;-AE,-E recoil
proton telescope (lower panel). Tquasi-monoenergetic neutron distributinith a peak neutro
energy of 72 MeMvas produced bthe p+Li reaction. TheAE silicon PIN diodes had a thickness
500 um. Thee detectomwas a Nal scintillato The telescope was positioned at an angle of 2@tivel
to the axis of the collimated neutron be

2.2.3 Fission ionization chambe

Fission ionization chambeare very useful secondareference instruments for neutr
measurements because of their simple and ruggedraotion and easy operati The large
positive Q-value ofthe fission process make these instrument almasuime against phot-
induced ambient dckground. The fission process if*®U can be used for fluen
measurements in the energy range fromkeV up to 200MeV. The large®*®U(n,f) cross
section at thermal energies and in the resonang®mrecan cause oblems when a
background of low-energyeutrons is present. In such cases the ne-induced fission
process if>®U can be employe for neutron energies above MeV. Because crather small
specific activity of?*>?3U, the pile up of fission events and alpparticle backgroundoes
not pose significant problen

For neutron fluence measurements the details gbtilee heighspectrum are irrelevar
as faras events induced by fission fragns can be clearhdiscriminated from even
induced by alpha patrticles resulting from the ractive decay of the fiss isotopes. Hence,
the simple parallgplate designshown in Fig. 13 can be employéor fluence reference
instruments.

U, J—+|HIV—}—

X electrons
fission frag.
d r
@ jons
fissile layer

Fig. 13: Schematic design of a para-plate fission ionization chamber for neutron flue

measurements. Theltage is applied usinthe ‘forward biasing’ schemeé.e. the secondary electro

drift to the opposite electrode.

The fission fragments are relea in the fissile layers depibsd on the cathode of ti
fission chamberSecondary electron drifting in tlelectricalinduce a voltage chan(dJ on
the anode which depends the angl® of the track relative to the normah the cathode,
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Here W and (dE/dr) denotethe energyrequired to produce an ion pair i the differential
energy loss of fission fragments in the counting, respectively. Tie capacity of the fissic
chamber is denoted ly andd is the disance between anode and catt. The length of the
fragment track in the counting ga: T = min(R, d/cos®), whereR denotes the range of tl
fragment in the counting gaFor chambers operated at atmlosric pressure with P

counting gas (90 % Ar, 1% CH,), a distancal of about 5 mm is wxl which results in goc
separation between the sigs inducedby alpha particles and fission fragme, while

keeping the total depth of the chamber s.

The neutron detection efiency of fission ionization chabers is rather low, because
thickness of the fissile laydras to be restricted to less thar % of therange of the fissio
fragmentsi.e. the mass per unit area is usually less tha pg/cnt. The neutron etection
efficiency can be incred byusing a stack of several fission chambmsnected in paralle
The fission fragment detection efficieng of a fission ionization chambis determined by
the absorption of fragments in the fissile la. It can be calculated analytically from tl
rangeR: of fissionfragments in the fissile mater if a homogeneous layer can be assu
[CAR74],

d

=1- .= 094- 099. (5)

Higher-order energgependenicorrections arise fronthe anisotropy of the fragme
emission and from incomplete transfer of momentum to the fissioméaig. Depending c
the thickness of the layethe fission fragment tedion efficiency ranges between 0.94 ¢
0.99. The relativeenergy dependence less than 0.5 %As shown in Fig. 14, th
homogenty of the fissile layers influens the details of the puldeight distributions, i
particular the fraction of fissi-induced events in the plateau region at small pulse h
Monte Carlo simulationgdicate that for homogeneous layers a horizontal exiation can
be used to determine tlerrection for those fission events lost in the region of the &
particle background.
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Fig. 14: Pulseheight distribution measured for a**U fission ionization chambers with vel
homogeneous (left paneland inhomogeneous (ri¢ pane) layers producedusing different
technologies. The chambers were operated in the/dia-biased’ mode. Horizontal extrapolations
used to determine the fissi@gmduced events in the region of the alpha particle backgd

The number of fissile atoms in the layers can be determined byingigéfore and afte
deposition of the material on the electr, if the chemical composition of the material is w
defined and known. Alternatively, narr-geometry alpha counting using solid state dete«
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can be employed. For some isotopes, @°gu, the half life for spontaneous fission is known
so well that the product of the number of fissile atoms and then&agdetection efficiency
can be determined from the measured rate of spontaneous fission events.

2.3 Techniques for neutron measurements
2.3.1 Time-of-flight measurements

The energy distribution of neutrons can be determined fromagurement of the flight
time t required to travel a distance The flight time is most easily measured if the neutrons
are generated in burst with durations of a few nanoseconds. Such adagamns or fields are
be produced by charged particle beams with a pulsed time structigterit on sufficiently
thin neutron production targets. Detectors with time resolstcmmparable to the duration of
the neutron bursts at the position of the production target arefarseteasuring the time of
arrival t, at the detector relative to a reference signal derived from the charged [aéicie
pulses. The time delay of this reference signal to the ‘physioa# tf neutron production is
constant, but usually unknown. Hence, the time of neutronuptaeth has to be determined
from the time of arrivat, of the photons produced together with the neutrons ancetbeity
of light c,

t=(t,—t,)+d/c. (6)

For neutron energies above a few MeV, relativistic kinematics hastbtasrelate the
neutron flight time for a distancel to the neutron velocity = d/t and energ¥g,

1 @)
J1-(v/cy

Fig. 15 shows two typical time of flight distributions far quasi-monoenergetic neutron
source and a source with continuous (‘white’) energy distributtoshould be noted that
eg. (7) assumes a point-like neutron production target and detectallyJsowever, the
measured time difference between the detected arrival time of neutropla@nds includes
also the transit times spent by the neutrons in the prasutdrget and the detector. Hence,
corrections for these extra times have to be applied to eq. (7) edd@alsually expressed by
an energy-dependent additional flight distatg(E). The uncertaintyoE of the neutron
energy (energy resolution) achievable using this technique itedirby the uncertaintgt of
the measured flight time and the uncertaiddhyof the flight distance.

OE _ ov  ov_ |(Jt) (adY
E—(V*‘l)yv, T_\/[Tj +[?j (8)

E=(y-1)nc, y-=

The first componendt/t has contributions from the duration of the charpadicle beam
and the time resolution of the neutron detecta,sbacond componedt/d has contributions
from multiple scattering of the neutrons in theg&rand the detector, i.e. the distribution of
flight distancedl.

The effect of the size of the neutron detector len ttime resolution is demonstrated in
Fig. 16 which shows the time difference betweenatval of the neutrons on the surface of
an organic scintillation detector and the time loé tactual detection of the neutrons. The
rectangular peak is due to the transit time throtinghdetector while the exponential slope is
caused by mutiple scattering of the neutrons.
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Fig. 15: Measured neutron tir-of-flight distributionsfor a monoenergetic (left panel) and a ‘wh
(right panel). The indicated time T(= tyartsiop IS the time difference between the signal in dete
(tsa) and the reference sigl (tsop derived from the charged particle beam or the acatdr
radiofrequency signal. The red symbol in the lefbgdashow the location of the origt, for the
physical flight timet in this ‘inverted’ TOF scaleas determinedrom the position of the pes
corresponding to theflash.

The time-offlight techniquecan also be used to measure the energy distributic
secondary neutrons resulting from elastic or inelagutron scattering or (n,xn) reactions
these cases the time-thght distributions are also broadened by the kiaéical dependenc
of the neutron energl¢ of the emission angl® because of the finite angular acceptanc
the neutron detector. This is demonstrated in Figior monoenergetic neutrons scatterec
a polyethylene sample.
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Fig. 16. Calculated distribution oneutron interaction times for cylindricalrganic scintillatior
detector of with diameteat and heighl for d =1 andd >>1.

As already mentioned above, organic scintillati@tedtors are the working horses
TOF spectrometry because of their fast time respaisabout ns and their high neutrc
sensitivity due to the large np scattering crossice. The shape of scination detectors can
be adapted to the needs of TOF measurements artdn-induced background can
discriminated using PSD techniques. Scintillatietedtors are, however, difficult to apply
neutron energies below 1 MeV because of the quegcbf he light production by lo-
energy recoil protons. Compared with scintillatitetectors®LiGlas detectors show a slow
time response of 3#s and the strong resonance of°Li(n,t) cross section around 250 ki
effects the time response. Other disatages are the strong sensitivity to thermal nest
because of the \t/energy dependence of ti°Li(n,t) cross section and the large pho
sensitivity of LiGlass detectors without significd®SD capability
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Fig. 17: Monoenergetic neutrons scattered off a polyethykamaple. The angulacceptanc O of
the scintillationdetector was +0.7 The strong kinematical broadeniofthe peak resulting from r
scattering is due to the small target miA = 1).

The TOFtechnique can even be applied for sources withnéiraoous time structure if
double scattering experiment is carried, using an active radiator ttat’ the neutrons. An
example for such a ‘selfOF’ deviceis the TOFOR spectrometfBATO6] installed at the
JET tokamak for the measurement of the neuenergy distributions produced uring
deuterium discharges. This device makes use offdgbe that in an organic scintillatic
detectors only recoil protons produce a significamount of scintillatio light and carbon
recoils are virtually ‘invisible, i.e. only np scattering events are detected in‘aative’
radiator consisting of a thin plastic scintille. The energyE, of the scattered neutrc
emitted at an angler is given byE,cosa. Hence, as shown in Fi§§8, neutrordetectors
arranged on a sphere of radiR together with the radiator will register the sanmaet
differencet to the signal from the active radiator and the gnE, of the incident neutrons
given by

E,=E,cos(a)=E, = Zm(TRj 9)

32 stop det.‘'s 3
UNVERSITET | BC-420 52

Beam

5 start det.‘s
BC-418

Fig. 18: Layout of the TOFOR spectrome{GATO06] at the JET tokamak. The neutron detector
the active radiator are located on a sphere oftaoh3 OF for the sctered neutron The spectromter
was designed to detect the 2.5 MeV neutrons fromtedieim discharge

Another important variant of the TOF techniquehe slowin-down spectromet. This
technique uses the slowing down of t-energy neutrons in a large h-Z moderator. The
mean logarithmicenergy los per collision { = 2/(A+2/3) is very small. This results a
dependence of the mean neutron velov on the timet after production of the primai
neutron with velocity, [BEC64].

v(t) =% (V<< W), (10)

S
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where Zs denotes the macroscopic scattering cross secfidheomoderator material. For a
lead moderatorA = 208), the spread of the slowing-down time anergy distributions are in
the order of 5 % and 10 %, respectively. Hences#dmi-empirical relation

Ef)=— "~

“ur -

with the experimentally determined paramet&rsandt, can be used to relate the time
dependent count rate of a detector, e.g. a fisginization chamber, exposed to a neutron

field inside such a moderator to the mean endg@t) of the neutrons. The advantage of this

spectrometer is that very high instantaneous neuflteence rates can be produced which
makes measurements with very small samples masssshfe. Of course, the poor energy
resolution of only 20 % to 30 % does not allow theolution of resonances and other fine
structures in the cross section. An example of suspectrometer is the LANL lead slowing-
down spectrometer [ROCO5] which consists of a cabd.2 nt of very pure lead. The
spectrometer is driven by an 800 MeV proton beaodant on a tantalum spallation target
located at the center of the lead cube.

The most important restriction of ‘conventionathe-of-flight spectrometry is the need to
adapt the repetition frequendyof the beam to the chosen flight distamteto avoid
ambiguities in the relation between the neutrorr@nkE and measured flight timte Neutrons
below the frame-overlap threshold

E = %m(d f Yy (12)

have to be suppressed by a suitable pulse-heigéshbld or by filters to avoid neutrons
produced by consecutive beam pulses to travel legtweurce and detector at the same time.
Hence, a good energy resolution using a large tfldjgtance can only be achieved at a
reduced repetition frequency which is often difficto achieve, in particular for sources
driven by cyclotrons, and compromises the meancgo@mission rate in most cases.

2.3.2  Neutron spectrometry
2.3.2.1 General aspects

Time-of-flight spectrometry is the method of chofoe measurements of neutron energy
distributions but there are many situations whaig technique is not applicable, for example
for quasi-stationary sources, large distributiorispossible flight paths, e.g. in shielding
benchmarks, or for environmental measurements when&on energies from a few meV to
several hundred MeV are relevant. Such measurepneblems can be solved using detectors
for which the so-called response functigfh, E), i.e. the relation between the detector signal
L and the neutron enerdy, is well known. The distribution {dfdL) of detector signals is
given by

(dN /dL) :jR(L, E)[®.dE - N,=>'R,®,. (13)

Eq. (13) is a Fredholm integral equation of thetfkind. It can be approximated by a matrix
equation relating the fluenc®; in the energy bin to the number of events; in detector
signal bini. Techniques for the ‘solution’ of this equatior @alled ‘unfolding’ methods and
the measurement of neutron energy distributionagusihese techniques is usually termed
‘neutron spectrometry’. Fig. 19 illustrates the e of getting from the space of d&ato
the space of possible solutiofs
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Fig. 19: Relation between the spectral fluence distributfegnand the distribution of detector signals
L (insert). The inference of the neutron energyritistion from the distribution of signals using the
detector response mattfikxand all available preinformation is termed ‘nentepectrometry’.

Formally, the matrix equation (13) can be solvediibgct inversion,
N=RP = ®=(R'[R)"'[R'IN, (14)

but the matrix R"R)™ is usually ill-conditioned, if it exists at allh€ straight-forward direct
inversion will usually effect an increase in theise’ of the resulting fluence distribution and
eventually even lead to negative fluence val@®esMoreover, eq. (13) does not account for
the uncertainties; of the measured number of events in detector klgna. A more realistic
version of eq. (13) would be

N. +u :ZR,,—‘D,- (15)

which still neglects the uncertainty of the responsatrixR.

Usually there is a multitude of solutior; which would produce the same distribution of
detector signaN; via eq. (15). Hence, it is not requested to fihd texact’ solution which
might not exist at all. Instead, an approximateisoh is sought which is consistent with the
experimental data and all available preinforambarthe spectral fluence distribution.

Iterative methods to ‘solve’ the unfolding problestarting from a ‘guess solution’” were
developed already decades ago, but their mathesth&bigndation is sometimes not entirely
clear. The least squares methods use a lineangedxamation to eq. (15) and are capable of
including the correlated uncertainties of the datal the response matrix. Regularization
methods address the problem of the amplificatiomoise’, i.e. the ‘unphysical’ fluctuations
in the solutions, by adding constraints to enfanaenerical stability and smoothness of the
solution. There are also stochastic techniques, Blgnte Carlo methods or genetic
algorithms, for solving the unfolding problem.

The most advanced methods make explicit use of 8ayggiation and understand the
solution of the unfolding problem as a process edring which uses the measured
distribution of signals and the information on tihetector response to add more information
to the already available pre-information on the trau spectrum. Examples are methods
based on the maximum entropy principle or the nukbtbbBayesian parameter estimation
starting from an analytical model of the neutroergy distribution. A short overview of these
techniques is given in [REG10].

From the experimental side, neutron spectrometryaither aim at resolving details of
the neutron energy distribution at the expensewéning many decades of neutron energy, or
can try to determine the neutron distribution oadarge logarithmic energy intervall with a
resolution of only a few ten bins per decade oftreuenergy.
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2.3.2.2 Highresolution spectromet

High-resolution spectrometry requires detectors wittr@ang dependence of the respo
on neutron energy, but tmespons matrix does not need to be ‘diagonal’. Typical exam|
are measurements of the neutenergydistributions produced in plasma dischar¢These
measurementare carried out using organic scintillation detextd@he location of the roil
edge in these detectors is related to the neutnengg by the integral light yie and the
response matrix is almost trigo. It can be calculated using Monte Carlo simulation saak
determin@ experimentally using monoenergetic neutrorhe broaeningof the recoil edge
(pulse height resolution) determines the energglugien of the neutron distributicinferred
from the pulse-height distnitions. With response matrices of high quality a neutroargn
resolution of about 1/5 of the pu-height resolution can be achieved. 120 shows two
examples of neutrodistribution: obtained for JET discharges with pure ohmic and iol
plus neutral beam heatifgiMO06].
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Fig. 20: Neutron energy distributions produced determined" pulse-heighdistributions measure
using a cylindrical BC501A scintillation detect@” (in diameter and lengt [ZIM0O6]. The neutrons
were produced during deuterium discharges with chamd neutral beam heating at the

tokamak.

The biggest danger of unfolding methods is occurrence of sealled artifacts which
result from imperfections in the resise matrices, in particular ifiger energyintervals are
to be covered. This is demonstratedFig. 21 which show neutron distributiorproduced
with a 643 keV deuteron beam incident on a 1 m? Ti(T) target containin about 1 %
deuterium as an impurity. The distributions exls two distinct peaks from the D(d*He
and the T(d,rfHe reactionst atout 3 MeV and 15.5 MeV, respectiveljhe neutron energ
distribution obtainedusing an experimentally determined response funcsbhows ar
additional structure between MeV and 12MleV which is caused by imperfections of t
particular response function.

The difficulties incurred with unfolding procedurean be reduced if the response me
of the detector can be made as ‘diagonal’ as plesdtbr recoil detectors this can be achie
using reactions with two charged particles in tkié &annel, sch as théHe(n,p)T reactions.
Then the maximum ener@se, deposited in the detector is given by

Edep = En + Q ' (16)

and a maximum related to to these events withen#rgy deposition by the two second

particles is expected in the response. In additiothese peaks events without full ene

deposition or parasitic events from competing rieastmight causes aw-energy continuum
in the response. For example, i°*He proportional counter the offiagonal contributions t

the response functions are mainly due to edge teffeud elastic scattering ¢He, i.e.*He

recoils. The same technique is applied PHe or a°Li sandwich spectrometer in which t

two charged secondary particles emitted from a ls®He gas volume or thi®Li radiator in

are detected in two opposite silicon solid statecters.
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Fig. 21: Neutron energy distributions obtained for a 64% kkeuteron beam incident on a 1 mgfcm
Ti(T) target with a 1 % deuterium impurity. The bland red histograms were unfolded using a
calculated and a experimentally determined resporaex. The black histogram was obtained using
the time-of-flight technique. The green histogramows the spectral distribution calculated for the
nominal target properties without the deuterium umiy present. The stronger broadening of
distribution obtained using the time-of-flight tedfue is due to the large duration of the low-egerg
deuteron bunches.

In recoil telescope the angular range of recoiltgme is confined to a small range of
proton emission angles close to 0° which resultaipeaked response compared with a
scintillation detector. Hence, the pulse-heightribsitions of recoil telescopes can unfolded
to obtain the neutron energy distribution. In medéesigns, additional detectors with spatial
resolution are used to track individual recoil prg and to use the information on the
emission angle to improve the unfolding. The disadage of this technique is the rather high
low-energy cutoff imposed by the energy loss inrdmiator and the tracking detectors.

Another technique to obtain a diagonal responseixnatth a scintillation detector is the
so-called ‘capture-gated’ spectrometry. This teghaiuses scintillation detectors which are
doped with an isotope with a high cross sectiortiiermal neutrons, e.&>>**Gd, °Li or '%B.
Events with complete energy deposition by multigtescattering are selected by requesting a
coincidence of the prompt scintillation signal freecoil protons with delayed signal from the
reaction of the thermalised neutrons with the dop&wompared with normal scintillation
detectors, a peaked pulse-height response is ebitédn neutron energies up to 10 MeV.

2.3.2.3 Low-resolution spectrometry

The classical way to perform low-resolution spectetry is to determine neutron energy
distributions using activation foils. In the fastuiron energy range, endothermic reactions
with radioactive product nuclei can be used to cagiven energy range. Ideally, reactions
are selected which show steeply rising cross sext® (i = 1-n) above the threshold
energiesEqn; with En; < Enmjr1 and a decrease at higher energies. Hence, eactiore@s
particularly sensitive to a certain energy rangd #re neutron fluenc®; (j =1 -m) in the
energy binj can be determined from a the measured producét@Pr, in an activation foil
with N; target nuclei,

Eju

R=N>. 'ja—idnE,jdEzNizmjdnj. (17)
I E j

using an unfolding procedure. Hettg:; and 7; ; denote the spectral fluence distribution in
energy bin and the spectrum-averaged cross section in thisrbspectively. For neutron
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energy distributions containing slow and thermalitnons, exothermic capture and fission
reaction have to be used in addition to cover tiieeshergy range.

The same technique is applied with active detectorshe so-called Bonner sphere
spectrometers (BSS). A BSS consists of a set ofrgmi *He proportional counters
embedded in polyethylene moderators of differeatrgiters. As shown in Fig. 22, this results
in a fluence responsiy(E) = N/® which varies slowly as function of neutron eneeagyd
peaks at an energy which is characteristic forsthe of the moderator. At high energies, pure
polyethylene moderators would become too inefficieherefore, combinations of
polyethylene with lead or copper shells are useddéorease the mean neutron energy
efficiently by inelastic scattering and multiplyetincident neutrons by (n,xn) reactions.

bare, Cd-covered bare,
—— 3"to 12" spheres
—— modified spheres

>

R,(E)Icm’
- N ©w -~ L o ~ ©

E,IMeV —>

Fig. 22: The Bonner sphere spectrometer of the PTB (leftepaand its fluence response (right
panel). The spectrometer consists of several spietide proportional counters embedded in
polyethylene moderators. Bare counters and modsratith copper or lead shell are used to enhance
the sensitivity to thermal and high-energy neutraespectively. The thick solid line in right panel

shows a typical energy-weighted spectral fluenstridution E®g) of a partially moderated source
of fast or high-energy neutrons.

Low-resolution spectrometry is usually employed ¢bharacterize neutron fields
encountered inside or behind shieldings or in matder multiplying assemblies. These
neutron energy distributions are usually quite Emiand differ mainly in the relative
magnitude of their prominent spectral features: thermal peak, the slowing-down
continuum, the evaporation peak and the high-entggllation’ peak. These structures can
be described by simple analytical models, involvordy a limited number of parameters.
Hence, Bayesian parameter estimation can be entplégedetermine values of these
parameters and their covariance matrix from thesonea event rates of the Bonner sphere
detectors.

2.3.3 Spatial neutron distributions

The spatial distribution of the neutron fluenceoften required to evaluate the expected
count rate in collimated neutron beams with a fdadwarying intensity profile. The most
simple solution is to use an BaFBr#umage plate with a suitable converter to produce
charged particles. This phosphor has a large dynaamge with linear response, allows
spatial resolutions in in the order of 0.1 mm todohieved and can be easily re-used after
erasure with visible light. In the fast energy rangolyethylene sheets can be used as
converter; in the slow energy range radiative captn the'®**Eu activator atoms can be
employed. An image produced without converter camged to subtract background effected
by themalized neutrons and by photons. Fig. 23vshihe intensity distribution in an high
energy neutron beam recorded with an image pldte.biggest disadvantge of image plates
is the lacking capability to discriminate the neatenergy. This can be circumvented to some
extent by using the image plate to produce an adiograph of activation foils with different
reaction thresholds.
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Fig. 23: Intensity distribution of a que-monoenergetic 40 MeV neutron beam obtained usi
BaFBr:Elf* image plate with a 2 milucite converter.

The spatial fluence distributions collimated neutron beams with broad ene
distributions are usually energy endent. Therefore, active detectors with spatisbltgion
are required to provide images for different nemtemergy window. These windows a
defined using the time-dfight technique. The micromegas detect(PANO4] uses a
combination of solid-statt.i or *°B converters and a gaseous conversion gap (He-teod,
Ar+isobutanecounting gases, gap width 3 r) to convert neutron® charged patrticles. Tt
primary ionisation is amplifiein an amplification gap separated from the coneergjap by
a micromesh structure. Several strips and pad strestare used to provide one and -
dimensional images. Fig. 24 shows the layout of thétectors and a series of beam pro
measured athe n_TOF neutron beam facil [BEL13]. Spatial resultions ofbout 0.5 mm
were acheéved using this detec.
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Fig. 24: Layout of the Micromegas detector (left pan[PAN04] and beam profile of the n_TC
neutron beam (right pandBEL13].

3  Absolute methods, quality assurance
3.1 Associated particle methc

Neutron measurements ausually carriedout relative to reference cross sens.
Moreover, the detectiorefficiency of the reference instrumentdependsalso on the
knowledge of properties of ‘afacts’ such the hydrogen content of radiators errthass o
fissile layers. The only technique whican at least in principle be used to measure
neutron fluenceby pure counting is the -called associated particldP) technique. This
method uses thstrict correlation of neutro and charged patrticles in neut-producing two-
particle reactionssuch as D(d,’°He, T(p,nfHe or T(d,nfHe. In these reaction the numt
Yn(©n) of neutras emitted per unit solid an at an emission angl®, in the laboratory
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frame, the so-called yields related to the numbiYcy(©cp) of chargedsecondar particles per
unit solid angle at the kinematically correlate@la©c,,

Y@ )= dcos@,,)
"\ dcos@,)

n J(Eproj) wcp(ecp) . (18)
For a given reaction andeutron emission angl®,, the quantity relating the two yiel(
dependsonly on the projectile energE;. For sufficientlythin neutron production targe
this energy is weltlefined. Hencethe neutron fluenc& =Y,/d at a distanced from the
target can be determined from the measurement of yield Y, of associated charge
particlesusing a solid state detector with a detection igfficy very close to oneFig. 25
shows a typical AP setup for the T(¢*He reaction.

Fig. 25: AP setup for theT(d,n)'He reaction. The associated alpha particles detected at ¢
emission anglé,, of 150° using a solid state detector. The effecgedd angle covered by th
detector is defined by aapertur located directly in fronbf the detector. The emission angle of
associted neutrons depends on the projectile enEy;. For 110 keV deuteronthe emission angl
O, of the associated neutrowsuld be 26.5'

The AP method is conceptually very appealing, n real experiments corrections he
to be applied for theffects of neutron trisport in the scattering cham and for the ion
transport in the target, in particL for multiple scattering. For low projectile energi@so the
dependence of the kinemal factor in eq. (1) on the projectile energy cannot be negle:

The kinematical factor is not needed if the cotrefes between individual events in t
neutron and the chargedrpele detector are used, i.e. the neutron areviddally ‘tagged’ by
detecting the associatetiarge particle. Using the time correlated assedigtrticle metho
(TCAP) the detection efficience of a neutron detector positionatithe angl®, is given by

N

=== (19)

cp

where N, ¢p denotes the numbeof detected coincident neutron and cha-particle events
and N, is the total number of charg-particle events. Eq. ()}%ssumes that the cone

associated neutrons defined by icharged-particle detector ompletely intercepte by

neutron detector, including the broadening indumgthe straggling of the charged particle

the targetln reality corrections for neutrons missing the tnen detector have to be appli

The total uncertaintgchieve: using the AP or TCAP methods rarfggtween % to 3 %.

Associated particle methods can also be used withopes undergoing spontane:
fission, e.g.?*Cf. Here the fission neutrons are tagged byecting the associated fission
fragments in a smaibnizatior chamber. Since the emission of neus from the fission
fragment is a statistical process, the mean nuiv of neutrons per fission has to be kno
with sufficiently small uncertaty for. The energy distribution of the neutrons can
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determined using the time-@fght technique because sn-size fission chambers allow tin
resolutions of about ds to be achieve

3.2 International &y comparison

Several neutron metrologidnstitutes(NMIs) worldwide provide calibration capabiliti
for neutron detectors in the fast energy range. fidédron reference fields are produced
characterized according to the vant ISO standards whiathescribe monoenergetic neutt
referencefields with mean energies of keV, 144 keV, 250 keV, 56keV, 1.2 MeV, 2.t
MeV, 5 MeV and 14.8/eV. At most of the NMIs, however, the energy ramngeto 20 MeV
can be covered. Depending on the accelerator tnfictare, neutron fields with intermedi
energies cabe produced as well, with exception of th-called gap region between 7 M¢
and 14 MeV where no reaction producing only monogetec neutrons is available. At t
PTB neutron beam facility &Vv28 cyclotron isused to cover the gap regiorith quasi-
monoenergetic neutron reference fic produced with the D(d,fjle reaction and deuter
beams with energies up to 13.5 Iv.

The ultimate proof of the quality of the ceration service®ffered by the NMls are tr
regular key comparisons orgaed by the Bureawnternational des Poids et isures (BIPM).
In these exercises, all participants have to meash& yieldY per unit count of a very stak
monitor in several neutron fields at one selectedtmon beam facility. Fi 26 shows the
resultsof the most recent comparison carried out at foemtron energie [GRE14]. The
uncertaintiesof the key comparison reference values (KCRV), il mean value of &
results obtained by the participants, usually rangeund % to 1.5% and the standd
deviation of the results betwee % and 4 %.

CCRI(II)-K11 (2010-2011)

264
= NPL
* VNIM

IRMM
v PTB

NIST 4

+ AIST . ?—r
229 < |RsN } "
i

—— KCRV
KCRV uncertainty (k=1)

1.8 4}{}’;
0.01 0‘1 ; 1I0

Energy (MeV)
Fig. 26: Results of the most recent BIPM key comparison GMR-K11 of fast neutron fluenc
measurements [GREL14AIl participants had to determine the fluence peit monitor count at m
distance from thdarget, corrected for attenuation in air. The mezrments were carried out t
AMANDE neutron beam facility of the Institute de dRaprotection et Surete Nuclaire (IRSN)
Cadarache/France.
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