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A YAP:Ce powder was used as a scintillator for the detection of thermal neutrons. For neu-
trons energy conversion, enriched LiF was used. The dependence of the concentration of the
scintillator: LiF ratio on neutron detection efficiency was studied as well as the influence of
areal density of layers and different YAP:Ce powder grains. The preamplifier pulse shape
study of YAP:Ce was also provided in response to the dependence of shape of the amplitude
spectrum on shaping the time setting. It was shown that based on the pulse shape from
YAP:Ce, the neutron and gamma pulses can be clearly distinguished. The results were related
to the reference mixture of ZnS:Ag/LiF which is commonly used in combination with ther-

mal neutron detectors.
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INTRODUCTION

The research and development of inorganic scin-
tillators has considerably evolved in recent decades
[1-8]. The advanced technology of crystal growth to-
gether with a closer understanding of the scintillation
process and band model of solids led to the successful
production of complex crystal structures consisting of
rare earth elements. The most common and histori-
cally one of the best-known scintillators is zinc sulfide
activated by a suitable activator, usually silver. Its'
phosphorescence was first reported in 1866 and it is
still widely used in many applications including ther-
mal neutron detection in connection with Li-6 by the
Li(n, )H reaction since zinc sulfide is suitable for de-
tection of charged particles. The main application of
ZnS:Agis in neutron monitors [9]. The sulfide is avail-
able only as a polycrystalline powder. There are sev-
eral methods of scintillation powders production. One
conceivable way is to crush a monocrystal and sepa-
rate the individual fractions from each other by using
particular sieves. Or it is possible to prepare powders
by using one of the synthesis methods. This process is
more accessible because there is no concern with the
technology of crystal growth. In addition, with the use
of synthesis methods, powders of various grain sizes
can be produced, from micro-powders to nanopow-
ders. This can be hardly feasible in the case of crushed
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monocrystals because the analytical sieves are not ca-
pable of separating particles smaller than 10 um apart.

Cerium-doped yttrium aluminum perovskite
(YAP:Ce) is a fast, mechanically and chemically resis-
tant scintillation material with very low energy sec-
ondary X-ray emission, which is an advantage in im-
aging applications. The YAP:Ce detectors are used for
gamma and X-ray counting, electron microscopy,
electron and X-ray imaging screens, tomography sys-
tems and even for experimental neutron detection
[10-14]. Selected physical and luminescence proper-
ties of YAP:Ce in comparison with ZnS:Ag are listed
in tab. 1.

It was found that the YAP:Ce powder can clearly
distinguish alpha events from beta and gamma events
[15]. The ability to separate radiation in mixed neu-
tron-gamma fields is one of the major parameters
monitored by scintillators intended for the detection of
neutrons.

Table 1. Comparison of properties of YAP:Ce and
ZnS:Ag scintillation materials [11, 12]

Properties ZnS:Ag YAP:Ce
Density [gem '] 4.09 5.37
Crystal structure Polycrystalline| Rhombic
Hygroscopic NO NO
The wavelength of max. emission [nm] 450 370
Decay constant [ns] 110 25
Index of refraction 2.36 1.95
Light output (% of Nal:TI) 130 40
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EXPERIMENTAL
Devices and equipment

The measurement was performed in a light-tight
chamber with an inbuilt 5.08 mm ET Enterprises
photomultiplier (PMT) of the 9266KB type (Great
Britain) which was connected to the NUVIA, Ltd.
preamplifier base. Digital signal processing was per-
formed by InSpector 2000, spectra acquisition was
conducted by Genie 2000 (both Canberra, USA) and
evaluated by GAMWIN SW (NUVIA, Czech Repub-
lic).

Chemicals

The ZnS:Ag,Cu of grain size less than 5 pm was
manufactured and supplied by Leuchtstoffwerk
Breitungen GmbH (Germany). The YAP:Ce scintilla-
tion crystal was grown, milled and sieved on different
grain sizes by Crytur, Ltd (Czech Republic). The
available fractions were 315-250 pm, 200-90 pum,
125-90 um, 90-70 pm, 70-50 pm, and <50 pm.

The LiF enriched with more than 95 at. % of Li-6
was bought from Sigma Aldrich.

The >3?Cf isotope of 21 MBq activity with a cy-
lindrical 7 kg paraffin moderator was used as a thermal
neutron source. The Am-241 and Co-60 were used as a
source of gamma radiation with the activity of 493 Bq
and 354 kBq, respectively. Furthermore, the Am-241
was used as a source of alpha radiation.

Procedures

The scintillation powder, lithium fluoride, and
5 % water solution of polyvinyl alcohol (Sloviol R
trademark) as an optical binder was mixed together in
aratio of 3:1:6 and then put into the ultrasonic bath in
order to get a homogeneous mixture. Afterward, the
mixture was applied to the surface of the cylindrical
optical glass with dimensions of 50 mm in diameter
and 1 mm of thickness. The sample thus prepared was
placed in the desiccator for 24 hours to dry. The dry
sample, fig. 1, was covered with a Teflon tape and
black light-tight tape. Dow corning 4 was used as a
sample — photomultiplier optical contact.

Figure 1. Prepared samples

The four samples of different scintillator: con-
verter mass ratios were prepared in order to determine
the best concentration proportion. Another three sam-
ples of each mass ratio but different thickness were
prepared also to establish the dependence of detection
efficiency on the aerial density of the detection layer.
As a thermal neutron source, the paraffin moderated
Cf-252 was used.

RESULTS AND DISCUSSION

The main aspect of the neutron detector based on
the reaction of n(a) is the scintillator sensitivity to
these reaction products. Thus, in the beginning, the
sensitivity of both scintillation powders to alpha radia-
tion was measured. The amplitude spectrum is shown
in fig. 2. The shape of the alpha peak, as well as its po-
sition in the amplitude spectrum, was affected by the
magnitude of the energy of the interacting alpha parti-
cle and by the grain size of the scintillation powder.
The setting of multichannel analyzer remains the same
for both the measurements. Due to the opacity of the
ZnS:Ag the light output of the ZnS:Ag, contrary to the
YAP:Ce fraction, was reduced, resulting in the shifting
of counts in the lower part of the amplitude spectrum.
This shift in the amplitude spectrum is undesirable
when gamma/neutron radiation is measured due to the
worse discrimination between gamma/neutron pulses.
Unlike the ZnS:Ag with the grain size of about 5 pum,
the YAP:Ce grain size ranged from 50 to 70 wm, thus
ten times larger. The difference in grain sizes possibly
led to decrease of photon collection efficiency due to
reflections at grain boundaries.

Scanning electron microscope (SEM) analysis
confirmed the high diversity among YAP:Ce grains
due to crushing and regular shape of the ZnS:Ag pow-
der. The reason is in different production methods of
each scintillator — solid-state synthesis contrary to
crystal growth and milling.

One of the common issues in neutron systems
based on the scintillator/convertor mixture is that only
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Figure 2. The response of scintillation powders to alpha
Am-241 radiation
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the layer thickness and mixture ratio are solved. To
fully optimize the scintillator/converter system it is
necessary to deal with the grain size of both scintillator
and converter which has been shown to have a crucial
influence on the efficiency of measurement. It was cal-
culated that the range of alpha particles in lithium fluo-
ride is ~6.6 um, whereas the range of triton is ~28.1
pm [9]. This means that a part of the alpha particles
and tritons energy is directly absorbed into the LiF it-
self. The SEM analysis showed that the particle size of
enriched LiF was approximately ten times larger in
comparison with LiF with natural abundance. One of
the possible solutions to the problem with energy ab-
sorption is to employ the nano-sized converter.
Figure 3 shows the difference between the parti-
cle size of LiF with natural abundance and the en-
riched LiF. The enriched LiF particle size of 2 um is

unsuitable especially for small-grain scintillation
powders. The use of lithium-6 chloride as a converter
successfully solved this problem. Furthermore, there
was also a significant increase in detection efficiency
using the same molar concentration as in the case of
the use of lithium fluoride. Another advantage of im-
plementing lithium-6 chloride was the decrease in its
weight in the mixture maintaining the same detection
efficiency. This was probably caused due to a better
distribution of the lithium atoms around the scintilla-
tion powder. On the contrary, the main disadvantage of
lithium chloride that prevents its wider use is its
hygroscopicity. This was the main reason why lithium
fluoride was used in the following studies.

The dependence of the measured count rate per
areal density and the concentration of the mixture is
shown in fig. 4. The vertical axis represents measured

Figure 3. The SEM analysis of the LiF particle size; (a) LiF with natural abundance, (b) LiF enriched 95 at. 95 % of Li-6.
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Figure 4. The dependency of measured counts per areal density and concentration of the mixture of

ZnS:Ag/LiF (a) and YAP:Ce/LiF (b)
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CPS (counts per second) of the complete amplitude
spectrum. The detection efficiency of ZnS can be
largely maintained up to a 4: 1 for the scintillator to the
converter mass ratios, in the case of YAP:Ce even up to
aratio of 10: 1. In this case, however, the larger particle
size of the YAP:Ce scintillation powder plays an im-
portantrole. For subsequent measurements, the 3 : 1 of
the scintillator : converter ratio was used for the case of
lithium fluoride. This conclusion is consistent with the
results achieved in former studies [16-21]. The impor-
tance of the proper choice of the concentration and
grain size in the mixture and their effect on detection
efficiency is explained in [5].

Furthermore, it was shown that increasing the ar-
cal density up to 50 mgem™ resulted in maintaining
the detection efficiency, thus expected losses due to
absorption of radiation in the deposited layer were not
observed.

The dependence of different YAP:Ce grain
sizes on detection efficiency is shown in fig. 5. The re-
sults were corrected on the uniform areal density of
42 mgem2 and scintillator : converter ratio of 3:1. Ac-
cording to the results, the significant difference in the
measurements of various scintillator powder grains
was obtained in the case of 70-50 um grain size. Ata
confidence level of 95 %, it was statistically verified
that the measured value for the 70-50 um grain size
powder is statistically significant and exhibited the
highest detection efficiency compared to others. The
lowest detection efficiency was calculated for the
scintillator powder with the smallest grains. This was
probably caused by energy loss due to refraction and
reflection of light on a large number of small grains as
mentioned above. The amplitude spectrum of grain
size below 50 pm was shifted towards lower channels
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Figure 5. The dependence of different grain sizes on
detection efficiency

confirming the fact that light yield was significantly
affected by the grain size as in the case of ZnS:Ag.

Additionally, the signal output from the
preamplifier was also analyzed. All types of radiation
interact with matter in a different way, resulting in dif-
ferences in height and time characteristics of
preamplifier pulses [21]. Figure 6 shows preamplifier
pulse shapes from both YAP:Ce (1-A, B) and ZnS:Ag
(2-A, B) scintillation powders. In both cases, the anal-
ysis showed that the pulse height from the alpha pulse
(hundreds of millivolts) is approximately 10 times
higher than pulse height from gamma pulses (tens of
millivolts).

The previous studies [22] reported that ZnS:Ag
phosphor has two types of decay, one is exponential
and another hyperbolic. The exponential decay has a
shorter decay constant, 10-7-10~? sec and is caused al-
most by the single excitation by y-rays and B-rays. The
hyperbolic decay has a longer decay mode of ZnS

Figure 6. Pulse shapes from YAP:Ce (1) and ZnS:Ag (2), where gamma pulses (A) and alpha pulses (B). Parameter
settings: 1-A) voltage/div =50 mV, time/div =20 ps, 1-B) voltage/div=500 mV, time/div =20 ps, 2-A) voltage/div=100 mV,
time/div = 200 ps, 2-B) voltage/div =1V, time/div =50 ps
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~107 sec which always exists in addition to the expo-
nential decay and is caused by a-particles.

The time distributions of the light pulses of
YAP:Ce were also reported for y-rays and a-particles
[23]. A very intense fast component with a decay time
constant of 27 ns, followed by a slow component with
the decay time constant of 150 ns were measured for
y-ray excitation. The light pulse due to a-particles
showed the fast component of 25 ns and the slow com-
ponent with the decay time constant of 100 ns. Whilea
fast component of y and a pulses is almost the same,
the decay time constant of the slow component under
o-particle excitation was faster by about 30 %. The
contribution of the slow component depended on dif-
ferent mixtures of trapping centers associated with the
quality of tested materials.

Inresponse to the previous facts, the dependency
of the pulse-height distribution on shaping time (ST)
was studied. The results are shown in fig. 7. The ST
was set from 0.4 ps to 4.6 pus with variable values of
rise time (RT) and flattop time (FT). The rise time of

Flattop
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Figure 7. Rise time and flattop definition [24]
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the pulse is defined as the time interval from 0.1 to 0.9
of the pulse maximum. It is not possible to ignore the
role of the decay time of each scintillator. Scintillators
which have longer decay time need more time to let the
photons fully contribute to the signal creation. To en-
sure complete collection of light, it is necessary to set
the shaping time to be longer than the decay time of the
scintillator. Incomplete photon collection gives rise to
a proportion of pulses rather smaller than what they
should be and would lead to tailing at the low-energy
side of the spectrum. All of them are related as is
shown in fig. 8

According to the results, the shape of the ampli-
tude spectrum significantly changed in the case of
ZnS:Ag/LiF. The different process of interaction of
gamma and alpha radiation in the scintillator itself
leads to a different shape of the output signal from the
preamplifier [15]. The gamma pulse has generally a
steeper leading edge whereas the pulse generated from
alpha radiation is more gradual and its height is several
times higher so that it takes more time for the pulse
shaper to process it. Therefore, the pulse shaper has to
be set so that both pulses can be processed properly
and their real height is correctly determined for both.
In this case, the improper setting of shaping time can
lead to shifting of the alpha signal amplitude histo-
gram to the left part of the spectrum because the height
ofthe alpha pulse is not correctly determined, and then
into the loss of alpha pulses and worsening of al-
pha/gamma discrimination.

Finally, the amplitude spectrum analysis and
comparison were performed. According to the results
shown in fig. 9, the ZnS:Ag exhibited better
gamma-neutron pulse height discrimination measured
with 0.6 pus RT and 0.3 ps FT which was probably
caused due to a combination of higher density, particle
size, and shape of the YAP:Ce powder. The scintillator
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Figure 8. Dependence of the spectrum shape on shaping time; YAP:Ce (a), ZnS:Ag (b), where RT represents rise time and
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Figure 9. The amplitude spectra from ZnS:Ag (a) and YAP:Ce (b) scintillation powders

response to gamma radiation might be partially de-
creased by applying a thinner scintillation layer. This
caused the decrease of the gamma photon detection ef-
ficiency and the reduction of the gamma pulse ampli-
tude. The amplitude height of alpha or triton pulses
was not influenced since their penetration depth is
very short. Nevertheless, the alpha/triton detection ef-
ficiency was partly decreased as well since the likeli-
hood of nuclear reaction of a neutron on Li-6 nuclei
decreases with the thinning of the layer.

A significant increase of the count rate in the
higher amplitude region when measuring the moder-
ated Cf-252 source was apparent in both ZnS:Ag/LiF
and YAP:Ce/LiF scintillation mixtures. The energy of
alpha particles and tritons is transferred on a very short
path due to their high LET. Therefore, even a very
small thickness of the scintillation layer ensures com-
plete absorption of alpha and triton energy. Large vol-
umes and thick layers of thermal-neutron active layers
are generally unnecessary and mostly undesirable be-
cause of self-absorption of scintillation photons which
leads to lower photon collection efficiency. In the case
of thermal neutron detection systems, the largest vol-
ume is usually occupied by a moderator. The Co-60
gamma amplitude spectrum is added to the neutron
spectra to compare the sensitivity of each powder to
gamma radiation. Most of the common neutron
sources are also strong emitters of gamma radiation
which is clearly visible in the increased count rate in
the low amplitude range of the spectrum. This is more
evident in the case of YAP:Ce which is shown to be
more gamma-sensitive. Therefore, the contribution of
the counts in the low amplitude part of the thermal
neutron spectrum was partly due to the gamma radia-
tion emitted from the Cf-252 neutron source.

CONCLUSIONS

Silver activated zinc sulfide powder has been
used for a long time as one of the most efficient scintil-

lators, especially for o counting, because of its high
scintillation efficiency. However, it is unsuitable for
the measurements at a high-count rate and for use as a
fast component since its scintillation-decay time is rel-
atively slow. In addition, it is not always an appropri-
ate material, for example, if it is used in a chemically
corrosive environment. The biggest advantage of the
YAP:Ce powder is its shorter decay time. The compar-
ison between YAP:Ce and ZnS:Ag scintillation pow-
ders for the detection of neutrons was performed. The
crucial influence on the photon collection efficiency
was essentially the particle size of the used powders
and the composition of the converter material. Due to
the difference in these dimensions, it was ideal to use
the scintillation powder of grain size of pm in connec-
tion with the conversion nano-powder.

The pulse shape differences between ZnS:Ag
and YAP:Ce powders were also studied. The output
light pulse from ZnS:Ag was initially rapid but has a
slow afterglow with ~107 sec decay time. Further-
more, ZnS:Ag had a greater tendency to glow in the
dark after preceding daylight exposure.

The correct determination of the shaping time is
an important part of the process of the detection sys-
tem optimization. It was proved that in case of scintil-
lators with longer decay time such as ZnS:Ag the loss
of pulse height occurred at short shaping times since
the scintillation light does not fully contribute to the
signal and the amplitudes were therefore significantly
lower compared to those measured at longer shaping
constants.

On the other hand, ZnS:Ag showed better detec-
tion efficiency for charged particles in comparison
with YAP:Ce. This was caused because of higher light
yield since ZnS:Ag belongs to the group of sulfides,
which have the smallest band gap and therefore the
highest light outputs are reported [1].

The choice of the proper scintillation powder for
the detection of thermal neutrons is therefore strongly
dependent on the particular application and the envi-
ronment in which the detector will operate.
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Jynuja ®PUINTEPOBA, Jupxu JAHTA

MEPEIbA TEPMUYKUX HEYTPOHA INPUMEHOM YAP:Ce IIPAXA

ITpukazana je ymorpe6a YAP:Ce nmpaxa kao ciuHTHIATOPA 32 IETEKIU]Y TEPMUIKIX HEYTPOHA.
3a koHBep3ujy eHepruje HeyTpoHa uckopuutheHn je oborahenu LiF. Mcnurtana je 3aBUCHOCT OfHOCa
KOHI[eHTpanyje cuuHTuiaatopa u LiF Ha edukacHoCT geTekiyje HEYTPOHA, KA0 U YTHUIA] IOBPIIMHCKE
rycTuHe cnoja u pasiaumaute Bpere 3pHa YAP:Ce mpaxa. Ilpukaszano je n ucnuTuBame OOIMKA UMITyJIca
npernojayaBadya YAP:Ce kKao ofroBOp Ha 3aBHCHOCT OOJMKa aMIUIMTYICKOT CIEKTpa Off MOojellaBamba
BpeMeHa o0sKoBama. [Toka3zaHo je ga ce y 3aBuHocTH off o0auka ummyJiica YAP:Ce Mory jacHo pa3fiBojuTu
HEYTPOHCKM U rama uMmmyicu. Pesynratu cy ynopebenu ca pepepenrnom cmemom ZnS:Ag/LiF koja ce
yoOuuajeHo KOPUCTH Y KOMOUHANIM)H ca IeTEKTOpIMAa TEPMIUKUX HEYTPOHA.

Kwyune pexcu: YAP:Ce, CUUHITUAAUUOHU UpaX, OeilleKyuja epMULKUX HeYitlpoHa




