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A YAP:Ce pow der was used as a scintillator for the de tec tion of ther mal neu trons. For neu -
trons en ergy con ver sion, en riched LiF was used. The de pend ence of the con cen tra tion of the
scintillator: LiF ra tio on neu tron de tec tion ef fi ciency was stud ied as well as the in flu ence of
ar eal den sity of lay ers and dif fer ent YAP:Ce pow der grains. The preamplifier pulse shape
study of YAP:Ce was also pro vided in re sponse to the de pend ence of shape of the am pli tude
spec trum on shap ing the time set ting. It was shown that based on the pulse shape from
YAP:Ce, the neu tron and gamma pulses can be clearly dis tin guished. The re sults were re lated
to the ref er ence mix ture of ZnS:Ag/LiF which is com monly used in com bi na tion with ther -
mal neu tron de tec tors.
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IN TRO DUC TION

The re search and de vel op ment of in or ganic scin -
til la tors has con sid er ably evolved in re cent de cades
[1-8]. The ad vanced tech nol ogy of crys tal growth to -
gether with a closer un der stand ing of the scin til la tion
pro cess and band model of sol ids led to the suc cess ful
pro duc tion of com plex crys tal struc tures con sist ing of
rare earth el e ments. The most com mon and his tor i -
cally one of the best-known scin til la tors is zinc sul fide
ac ti vated by a suit able ac ti va tor, usu ally sil ver. Its'
phos pho res cence was first re ported in 1866 and it is
still widely used in many ap pli ca tions in clud ing ther -
mal neu tron de tec tion in con nec tion with Li-6 by the
Li(n, a)H re ac tion since zinc sul fide is suit able for de -
tec tion of charged par ti cles. The main ap pli ca tion of
ZnS:Ag is in neu tron mon i tors [9]. The sul fide is avail -
able only as a polycrystalline pow der. There are sev -
eral meth ods of scin til la tion pow ders pro duc tion. One
con ceiv able way is to crush a monocrystal and sep a -
rate the in di vid ual frac tions from each other by us ing
par tic u lar sieves. Or it is pos si ble to pre pare pow ders
by us ing one of the syn the sis meth ods. This pro cess is
more ac ces si ble be cause there is no con cern with the
tech nol ogy of crys tal growth. In ad di tion, with the use
of syn the sis meth ods, pow ders of var i ous grain sizes
can be pro duced, from mi cro-pow ders to nanopow -
ders. This can be hardly fea si ble in the case of crushed

monocrystals be cause the an a lyt i cal sieves are not ca -
pa ble of sep a rat ing par ti cles smaller than 10 µm apart.

Ce rium-doped yt trium alu mi num perovskite
(YAP:Ce) is a fast, me chan i cally and chem i cally re sis -
tant scin til la tion ma te rial with very low en ergy sec -
ond ary X-ray emis sion, which is an ad van tage in im -
ag ing ap pli ca tions. The YAP:Ce de tec tors are used for
gamma and X-ray count ing, elec tron mi cros copy,
elec tron and X-ray im ag ing screens, to mog ra phy sys -
tems and even for ex per i men tal neu tron de tec tion
[10-14]. Se lected phys i cal and lu mi nes cence prop er -
ties of YAP:Ce in com par i son with ZnS:Ag are listed
in tab. 1. 

It was found that the YAP:Ce pow der can clearly
dis tin guish al pha events from beta and gamma events
[15]. The abil ity to sep a rate ra di a tion in mixed neu -
tron-gamma fields is one of the ma jor pa ram e ters
mon i tored by scin til la tors in tended for the de tec tion of 
neu trons.
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Ta ble 1. Com par i son of prop er ties of YAP:Ce and
ZnS:Ag scin til la tion ma te ri als [11, 12]

Prop er ties ZnS:Ag YAP:Ce

Den sity [gcm–1] 4.09 5.37

Crys tal struc ture Polycrystalline Rhombic

Hy gro scopic NO NO

The wave length of max. emis sion [nm] 450 370

De cay con stant [ns] 110 25

In dex of re frac tion 2.36 1.95

Light out put (% of NaI:Tl) 130 40



EX PER I MEN TAL

De vices and equip ment

The mea sure ment was per formed in a light-tight
cham ber with an inbuilt 5.08 mm ET En ter prises
photomultiplier (PMT) of the 9266KB type (Great
Brit ain) which was con nected to the NUVIA, Ltd.
preamplifier base. Dig i tal sig nal pro cess ing was per -
formed by In Spec tor 2000, spec tra ac qui si tion was
con ducted by Ge nie 2000 (both Can berra, USA) and
eval u ated by GAMWIN SW (NUVIA, Czech Re pub -
lic).

Chem i cals

The ZnS:Ag,Cu of grain size less than 5 µm was
man u fac tured and sup plied by Leuchtstoffwerk
Breitungen GmbH (Ger many). The YAP:Ce scin til la -
tion crys tal was grown, milled and sieved on dif fer ent
grain sizes by Crytur, Ltd (Czech Re pub lic). The
avail able frac tions were 315-250 µm, 200-90 µm,
125-90 µm, 90-70 µm, 70-50 µm, and <50 µm. 

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

The 252Cf iso tope of 21 MBq ac tiv ity with a cy -
lin dri cal 7 kg par af fin mod er a tor was used as a ther mal 
neu tron source. The Am-241 and Co-60 were used as a 
source of gamma ra di a tion with the ac tiv ity of 493 Bq
and 354 kBq, re spec tively. Fur ther more, the Am-241
was used as a source of al pha ra di a tion.

Pro ce dures

The  scin til la tion  pow der,  lith ium  flu o ride,  and
5 % wa ter so lu tion of poly vi nyl al co hol (Sloviol R
trade mark) as an op ti cal binder was mixed to gether in
a ra tio of 3:1:6 and then put into the ul tra sonic bath in
or der to get a ho mo ge neous mix ture. Af ter ward, the
mix ture was ap plied to the sur face of the cy lin dri cal
op ti cal glass with di men sions of 50 mm in di am e ter
and 1 mm of thick ness.  The sam ple thus pre pared was
placed in the des ic ca tor for 24 hours to dry. The dry
sam ple, fig. 1, was cov ered with a Tef lon tape and
black light-tight tape. Dow corn ing 4 was used as a
sam ple – photomultiplier op ti cal con tact.

The four sam ples of dif fer ent scintillator: con -
verter mass ra tios were pre pared in or der to de ter mine
the best con cen tra tion pro por tion. An other three sam -
ples of each mass ra tio but dif fer ent thick ness were
pre pared also to es tab lish the de pend ence of de tec tion
ef fi ciency on the ae rial den sity of the de tec tion layer.
As a ther mal neu tron source, the par af fin mod er ated
Cf-252 was used.

RE SULTS AND DIS CUS SION

The main as pect of the neu tron de tec tor based on 
the re ac tion of n(a) is the scintillator sen si tiv ity to
these re ac tion prod ucts. Thus, in the be gin ning, the
sen si tiv ity of both scin til la tion pow ders to al pha ra di a -
tion was mea sured. The am pli tude spec trum is shown
in fig. 2. The shape of the al pha peak, as well as its po -
si tion in the am pli tude spec trum, was af fected by the
mag ni tude of the en ergy of the in ter act ing al pha par ti -
cle and by the grain size of the scin til la tion pow der.
The set ting of mul ti chan nel an a lyzer re mains the same 
for both the mea sure ments. Due to the opac ity of the
ZnS:Ag the light out put of the ZnS:Ag, con trary to the
YAP:Ce frac tion, was re duced, re sult ing in the shift ing 
of counts in the lower part of the am pli tude spec trum.
This shift in the am pli tude spec trum is un de sir able
when gamma/neu tron ra di a tion is mea sured due to the
worse dis crim i na tion be tween gamma/neu tron pulses. 
Un like the ZnS:Ag with the grain size of about 5 mm,
the YAP:Ce grain size ranged from 50 to 70 mm, thus
ten times larger. The dif fer ence in grain sizes pos si bly
led to de crease of pho ton col lec tion ef fi ciency due to
re flec tions at grain bound aries.

Scan ning elec tron mi cro scope (SEM) anal y sis
con firmed the high di ver sity among YAP:Ce grains
due to crush ing and reg u lar shape of the ZnS:Ag pow -
der. The rea son is in dif fer ent pro duc tion meth ods of
each scintillator – solid-state syn the sis con trary to
crys tal growth and mill ing.

One of the com mon is sues in neu tron sys tems
based on the scintillator/con ver tor mix ture is that only
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Fig ure 1.  Pre pared sam ples
Fig ure 2. The re sponse of scin til la tion pow ders to al pha
Am-241 radiation



the layer thick ness and mix ture ra tio are solved. To
fully op ti mize the scintillator/con verter sys tem it is
nec es sary to deal with the grain size of both scintillator 
and con verter which has been shown to have a cru cial
in flu ence on the ef fi ciency of mea sure ment. It was cal -
cu lated that the range of al pha par ti cles in lith ium flu o -
ride is ~6.6 µm, whereas the range of tri ton is ~28.1
µm [9]. This means that a part of the al pha par ti cles
and tritons en ergy is di rectly ab sorbed into the LiF it -
self. The SEM anal y sis showed that the par ti cle size of
en riched LiF was ap prox i mately ten times larger in
com par i son with LiF with nat u ral abun dance. One of
the pos si ble so lu tions to the prob lem with en ergy ab -
sorp tion is to em ploy the nano-sized con verter.

Fig ure 3 shows the dif fer ence be tween the par ti -
cle size of LiF with nat u ral abun dance and the en -
riched LiF. The en riched LiF par ti cle size of 2 µm is

un suit able es pe cially for small-grain scin til la tion
pow ders. The use of lith ium-6 chlo ride as a con verter
suc cess fully solved this prob lem. Fur ther more, there
was also a sig nif i cant in crease in de tec tion ef fi ciency
us ing the same mo lar con cen tra tion as in the case of
the use of lith ium flu o ride. An other ad van tage of im -
ple ment ing lith ium-6 chlo ride was the de crease in its
weight in the mix ture main tain ing the same de tec tion
ef fi ciency. This was prob a bly caused due to a better
dis tri bu tion of the lith ium at oms around the scin til la -
tion pow der. On the con trary, the main dis ad van tage of 
lith ium chlo ride that pre vents its wider use is its
hygroscopicity. This was the main rea son why lith ium
flu o ride was used in the fol low ing stud ies.

The de pend ence of the mea sured count rate per
ar eal den sity and the con cen tra tion of the mix ture is
shown in fig. 4. The ver ti cal axis rep re sents mea sured
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Fig ure 3. The SEM anal y sis of the LiF par ti cle size; (a) LiF with nat u ral abun dance, (b) LiF en riched 95 at. 95 % of Li-6.
Mea sured by VEGA3 TESCAN, HV 5.0 kV, 2 µm scale

Fig ure 4. The de pend ency of mea sured counts per ar eal den sity and con cen tra tion of the mix ture of
ZnS:Ag/LiF (a) and YAP:Ce/LiF (b)



CPS (counts per sec ond) of the com plete am pli tude
spec trum. The de tec tion ef fi ciency of ZnS can be
largely main tained up to a 4: 1 for the scintillator to the
con verter mass ra tios, in the case of YAP:Ce even up to 
a ra tio of 10: 1. In this case, how ever, the larger par ti cle 
size of the YAP:Ce scin til la tion pow der plays an im -
por tant role. For sub se quent mea sure ments, the 3 : 1 of 
the scintillator : con verter ra tio was used for the case of 
lith ium flu o ride. This con clu sion is con sis tent with the 
re sults achieved in for mer stud ies [16-21]. The im por -
tance of the proper choice of the con cen tra tion and
grain size in the mix ture and their ef fect on de tec tion
ef fi ciency is ex plained in [5].

Fur ther more, it was shown that in creas ing the ar -
eal den sity up to 50 mgcm–2 re sulted in main tain ing
the de tec tion ef fi ciency, thus ex pected losses due to
ab sorp tion of ra di a tion in the de pos ited layer were not
ob served.

The  de pend ence  of dif fer ent YAP:Ce grain
sizes on de tec tion ef fi ciency is shown in fig. 5. The re -
sults  were  cor rected  on the uni form ar eal den sity of
42 mgcm–2 and scintillator : con verter ra tio of 3:1. Ac -
cord ing to the re sults, the sig nif i cant dif fer ence in the
mea sure ments of var i ous scintillator pow der grains
was ob tained in the case of 70-50 µm grain size. At a
con fi dence level of 95 %, it was sta tis ti cally ver i fied
that the mea sured value for the 70-50 µm grain size
pow der is sta tis ti cally sig nif i cant and ex hib ited the
high est de tec tion ef fi ciency com pared to oth ers. The
low est de tec tion ef fi ciency was cal cu lated for the
scintillator pow der with the small est grains. This was
prob a bly caused by en ergy loss due to re frac tion and
re flec tion of light on a large num ber of small grains as
men tioned above. The am pli tude spec trum of grain
size be low 50 µm was shifted to wards lower chan nels

con firm ing the fact that light yield was sig nif i cantly
af fected by the grain size as in the case of ZnS:Ag. 

Ad di tion ally, the sig nal out put from the
preamplifier was also an a lyzed. All types of ra di a tion
in ter act with mat ter in a dif fer ent way, re sult ing in dif -
fer ences in height and time char ac ter is tics of
preamplifier pulses [21]. Fig ure 6 shows preamplifier
pulse shapes from both YAP:Ce (1-A, B) and ZnS:Ag
(2-A, B) scin til la tion pow ders. In both cases, the anal -
y sis showed that the pulse height from the al pha pulse
(hun dreds of mil li volts) is ap prox i mately 10 times
higher than pulse height from gamma pulses (tens of
mil li volts).

The pre vi ous stud ies [22] re ported that ZnS:Ag
phos phor has two types of de cay, one is ex po nen tial
and an other hy per bolic. The ex po nen tial de cay has a
shorter de cay con stant, 10–7-10–9 sec and is caused al -
most by the sin gle ex ci ta tion by g-rays and b-rays. The
hy per bolic de cay has a lon ger de cay mode of ZnS
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Fig ure 5.  The de pend ence of dif fer ent grain sizes on
de tec tion ef fi ciency

Fig ure 6. Pulse shapes from YAP:Ce (1) and ZnS:Ag (2), where gamma pulses (A) and al pha pulses (B). Pa ram e ter
set tings: 1-A) volt age/div = 50 mV, time/div = 20 µs, 1-B) volt age/div = 500 mV, time/div = 20 µs, 2-A) volt age/div = 100 mV, 
time/div = 200 µs, 2-B) volt age/div = 1 V, time/div = 50 µs



~10–5 sec which al ways ex ists in ad di tion to the ex po -
nen tial de cay and is caused by a-par ti cles.

The time dis tri bu tions of the light pulses of
YAP:Ce were also re ported for g-rays and a-par ti cles
[23]. A very in tense fast com po nent with a de cay time
con stant of 27 ns, fol lowed by a slow com po nent with
the de cay time con stant of 150 ns were mea sured for
g-ray ex ci ta tion. The light pulse due to a-par ti cles
showed the fast com po nent of 25 ns and the slow com -
po nent with the de cay time con stant of 100 ns. While a
fast com po nent of g and a pulses is al most the same,
the de cay time con stant of the slow com po nent un der
a-par ti cle ex ci ta tion was faster by about 30 %. The
con tri bu tion of the slow com po nent de pended on dif -
fer ent mix tures of trap ping cen ters as so ci ated with the
qual ity of tested ma te ri als.

In re sponse to the pre vi ous facts, the de pend ency 
of the pulse-height dis tri bu tion on shap ing time (ST)
was stud ied. The re sults are shown in fig. 7. The ST
was set from 0.4 µs to 4.6 µs with vari able val ues of
rise time (RT) and flat top time (FT). The rise time of

the pulse is de fined as the time in ter val from 0.1 to 0.9
of the pulse max i mum. It is not pos si ble to ig nore the
role of the de cay time of each scintillator. Scin til la tors
which have lon ger de cay time need more time to let the 
pho tons fully con trib ute to the sig nal cre ation. To en -
sure com plete col lec tion of light, it is nec es sary to set
the shap ing time to be lon ger than the de cay time of the 
scintillator. In com plete pho ton col lec tion gives rise to
a pro por tion of pulses rather smaller than what they
should be and would lead to tail ing at the low-en ergy
side of the spec trum. All of them are re lated as is
shown in fig. 8

Ac cord ing to the re sults, the shape of the am pli -
tude spec trum sig nif i cantly changed in the case of
ZnS:Ag/LiF. The dif fer ent pro cess of in ter ac tion of
gamma and al pha ra di a tion in the scintillator it self
leads to a dif fer ent shape of the out put sig nal from the
preamplifier [15]. The gamma pulse has gen er ally a
steeper lead ing edge whereas the pulse gen er ated from 
al pha ra di a tion is more grad ual and its height is sev eral 
times higher so that it takes more time for the pulse
shaper to pro cess it. There fore, the pulse shaper has to
be set so that both pulses can be pro cessed prop erly
and their real height is cor rectly de ter mined for both.
In this case, the im proper set ting of shap ing time can
lead to shift ing of the al pha sig nal am pli tude his to -
gram to the left part of the spec trum be cause the height
of the al pha pulse is not cor rectly de ter mined, and then
into the loss of al pha pulses and wors en ing of al -
pha/gamma dis crim i na tion.

Fi nally, the am pli tude spec trum anal y sis and
com par i son were per formed. Ac cord ing to the re sults
shown in fig. 9, the ZnS:Ag ex hib ited better
gamma-neu tron pulse height dis crim i na tion mea sured 
with 0.6 µs RT and 0.3 µs FT which was prob a bly
caused due to a com bi na tion of higher den sity, par ti cle
size, and shape of the YAP:Ce pow der. The scintillator
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Fig ure 7. Rise time and flat top def i ni tion [24]

Fig ure 8.  De pend ence of the spec trum shape on shap ing time; YAP:Ce (a), ZnS:Ag (b), where RT rep re sents rise time and
FT flat top time



re sponse to gamma ra di a tion might be par tially de -
creased by ap ply ing a thin ner scin til la tion layer. This
caused the de crease of the gamma pho ton de tec tion ef -
fi ciency and the re duc tion of the gamma pulse am pli -
tude. The am pli tude height of al pha or tri ton pulses
was not in flu enced since their pen e tra tion depth is
very short. Nev er the less, the al pha/tri ton de tec tion ef -
fi ciency was partly de creased as well since the like li -
hood of nu clear re ac tion of a neu tron on Li-6 nu clei
de creases with the thin ning of the layer.

A sig nif i cant in crease of the count rate in the
higher am pli tude re gion when mea sur ing the mod er -
ated Cf-252 source was ap par ent in both ZnS:Ag/LiF
and YAP:Ce/LiF scin til la tion mix tures. The en ergy of
al pha par ti cles and tritons is trans ferred on a very short 
path due to their high LET. There fore, even a very
small thick ness of the scin til la tion layer en sures com -
plete ab sorp tion of al pha and tri ton en ergy. Large vol -
umes and thick lay ers of ther mal-neu tron ac tive lay ers
are gen er ally un nec es sary and mostly un de sir able be -
cause of self-ab sorp tion of scin til la tion pho tons which 
leads to lower pho ton col lec tion ef fi ciency. In the case
of ther mal neu tron de tec tion sys tems, the larg est vol -
ume is usu ally oc cu pied by a mod er a tor. The Co-60
gamma am pli tude spec trum is added to the neu tron
spec tra to com pare the sen si tiv ity of each pow der to
gamma ra di a tion. Most of the com mon neu tron
sources are also strong emit ters of gamma ra di a tion
which is clearly vis i ble in the in creased count rate in
the low am pli tude range of the spec trum. This is more
ev i dent in the case of YAP:Ce which is shown to be
more gamma-sen si tive. There fore, the con tri bu tion of
the counts in the low am pli tude part of the ther mal
neu tron spec trum was partly due to the gamma ra di a -
tion emit ted from the Cf-252 neu tron source.

CON CLU SIONS

Sil ver ac ti vated zinc sul fide pow der has been
used for a long time as one of the most ef fi cient scin til -

la tors, es pe cially for a count ing, be cause of its high
scin til la tion ef fi ciency. How ever, it is un suit able for
the mea sure ments at a high-count rate and for use as a
fast com po nent since its scin til la tion-de cay time is rel -
a tively slow. In ad di tion, it is not al ways an ap pro pri -
ate ma te rial, for ex am ple, if it is used in a chem i cally
cor ro sive en vi ron ment. The big gest ad van tage of the
YAP:Ce pow der is its shorter de cay time. The com par -
i son be tween YAP:Ce and ZnS:Ag scin til la tion pow -
ders for the de tec tion of neu trons was per formed. The
cru cial in flu ence on the pho ton col lec tion ef fi ciency
was es sen tially the par ti cle size of the used pow ders
and the com po si tion of the con verter ma te rial. Due to
the dif fer ence in these di men sions, it was ideal to use
the scin til la tion pow der of grain size of mm in con nec -
tion with the con ver sion nano-pow der.

The pulse shape dif fer ences be tween ZnS:Ag
and YAP:Ce pow ders were also stud ied. The out put
light pulse from ZnS:Ag was ini tially rapid but has a
slow af ter glow with ~10–5 sec de cay time. Fur ther -
more, ZnS:Ag had a greater ten dency to glow in the
dark af ter pre ced ing day light ex po sure.

The cor rect de ter mi na tion of the shap ing time is
an im por tant part of the pro cess of the de tec tion sys -
tem op ti mi za tion. It was proved that in case of scin til -
la tors with lon ger de cay time such as ZnS:Ag the loss
of pulse height oc curred at short shap ing times since
the scin til la tion light does not fully con trib ute to the
sig nal and the am pli tudes were there fore sig nif i cantly
lower com pared to those mea sured at lon ger shap ing
con stants.

On the other hand, ZnS:Ag showed better de tec -
tion ef fi ciency for charged par ti cles in com par i son
with YAP:Ce. This was caused be cause of higher light
yield since ZnS:Ag be longs to the group of sul fides,
which have the small est band gap and there fore the
high est light out puts are re ported [1]. 

The choice of the proper scin til la tion pow der for
the de tec tion of ther mal neu trons is there fore strongly
de pend ent on the par tic u lar ap pli ca tion and the en vi -
ron ment in which the de tec tor will op er ate.
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Fig ure 9. The am pli tude spec tra from ZnS:Ag (a) and YAP:Ce (b) scin til la tion pow ders
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MEREWA  TERMI^KIH  NEUTRONA  PRIMENOM  YAP:Ce  PRAHA

Prikazana je upotreba YAP:Ce praha kao scintilatora za detekciju termi~kih neutrona.
Za konverziju energije neutrona iskori{}en je oboga}eni LiF. Ispitana je zavisnost odnosa
koncentracije scintilatora i LiF na efikasnost detekcije neutrona, kao i uticaj povr{inske
gustine sloja i razli~ite vrste zrna YAP:Ce praha. Prikazano je i ispitivawe oblika impulsa
pretpoja~ava~a YAP:Ce kao odgovor na zavisnost oblika amplitudskog spektra od pode{avawa
vremena oblikovawa. Pokazano je da se u zavinosti od oblika impulsa YAP:Ce mogu jasno razdvojiti
neutronski i gama impulsi. Rezultati su upore|eni sa referentnom sme{om ZnS:Ag/LiF koja se
uobi~ajeno koristi u kombinaciji sa detektorima termi~kih neutrona.

Kqu~ne re`i: YAP:Ce, scintilacioni prah, detekcija termi~kih neutrona


