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In this work we investigated the suitability of newly synthesized series of haloborate phosphors with
the general formul ,BsOgX:Ce** (M = Sr or Ca:X=Br or Cl) for thermal neutron detection and
with reduced sensitivity toy background. Storage properties such as yield of photostimulated
luminescencéPSL) and thermoluminescence are reported. Based on these results the series of the
haloborates with 99% enrichment 8B was sensitized to increase neutron sensitivity. The PSL
yields of enriched witlt°B haloborates were compared with a common mixture of BaFBi:E40

wt%) and GgO; (60 wt%) under y and neutron irradiation. The PSL light yield from

Ca 19B;O,Cl:Ce,Na phosphor after neutron irradiation is 16 times less than that from
BaFBr:Ef*xGd,0;. However, the neutron te discrimination of Cal®BsO,Cl:Ce,Na(1%) is
almost an order of magnitude better than that of BaFBr'BuGd,0;. Therefore, haloborate
phosphors should be more suitable when utilized in environments with a sigackground.

© 2004 American Institute of Physic§DOI: 10.1063/1.1719260

I. INTRODUCTION main process of-ray interaction with a higtZ.; material is
a photoelectric effect, and the cross section of this process

Imaging of x rays andy rays with image plateslP)  decreases significantly withe; of a material. Thus a search
based on detection of phOtOStimulated Iuminescdm_) of new neutron Storage phosphors must be done among ma-
from storage phosphors is widely applied. The storage phoserials with lowZ.
phor used nowadays in almost all the commercial imaging  when both approaches are combined, i.e., Byy-ma-
systems is BaSrF(Br,l):Ed. Applications based on imag- terial with a'% or °Li neutron converter, the lowestray
ing of thermal neutrons are less known. Neutron sensitivgensitivity in comparison to neutrons is expected. Theoretical
IPs as position sensitive detectors are successfully applied hiculations show that with storage phosphors having a neu-
several neutron applications. Recent data from neutron diftron sensitive element in its crystal lattice, a higher detective
fractometer designed at Institute of Laue-Langevin are a verguantum efficiency can be achieved.
good example of it. There are several elements, such as @&, and 1B,

The most common neutron IP is based on athat can be used as a neutron converter. In spite of the high-
BaFBr:Ef *xGd,05 mixture (Gd-1P). However, this phos- est neutron capture cross section, a Gd-based neutron con-
phor is rather sensitive tg-ray background, which reduces verter or storage phosphor is not favorable because of low
the image quality. Therefore, the main priority for optimiza- kinetic energy of secondary particlédhe choice ofLi or
tion neutron IP is to reduce theray sensitivity. Two ways to 108 is a compromise between higher neutron capture cross
reduce they sensitivity can be proposed. In a first approach,section and energy deposition into the phosphor from sec-
the neutron converter is chosen in such a way that the nunondary radiation.
ber of created PSL active defects from incident neutrons is  In this work storage properties of the series of halobo-
much higher than that frony rays. For example, itf%B is  rates with general formulaM,B;0uX:Ce&*, At (M
used, the energy of secondary particles after neutron capture;Ba,Sr,CaX=ClI,Br,A=Na",K*) and natural abundance
which is about 2.78 MeV is much higher than the energyof 9B isotope have been investigated ug@ny, and neutron
deposition from captureg-ray with energy of several hun- irradiation. The natural abundance ¥B is 18.8%. Since
dreds of keV. only 19B has a high neutron capture cross sect@8%0 b for

The second approach implies that; of the storage a 1.8 A neutrohthe series of the haloborates with 99% en-
phosphor is chosen as low as possible. FAray background richment of'°B was sensitized afterwards to increase a sen-
in the experimental hall and in the neutron beam is mainlysitivity to thermal neutrons. The enriched samples were com-
determined byy-ray energies below 2 MeV. Therefore the pared with BaFBr:E%i" xGd,O; mixture.

0021-8979/2004/95(12)/7898/5/$22.00 7898 © 2004 American Institute of Physics
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TABLE I. Summary of TL and PSL yields of investigated compounds. All the samples were measured at the same conditions. Irradiation was performed with
90s5r/%%y B source. The fourth column shows TL yields measured with a U-340 filter. This filter is used for PSL measurements with blue LEDs, and the fifth
column represents the attenuation of the emission light from the sample passing through the U-340 filter. The sixth column shows the integrdl PSL signa
during 20 s of photostimulation with=470 nm.

TL
Total TL intensity PSL
Concentration intensity U-340 Ratio intensity
Compound (mol %) (arbitrary unitg (arbitrary unit3 TL/TL y.340 (arbitrary unitg
Sr, "BO,Br:.Ce*" 1% 243 6.5 3.8 5.8
Sr, "B.0yBr:Ce* ", Na" 1%, 1% 61.5 23.0 2.7 12
Sr, "B O,Br:Ce* K+ 1%, 1% 55.8 14.3 3.9 9.9
Sr, ¥B.0,Cl:Ce®* 0.5% 22.6 7.7 2.9 5.4
Sr, "B0,Cl:.Ce,Na" 0.5%, 0.5% 47.8 26.7 1.8 15
Ca, "B;0,Br:Ce*" 1% 31.2 6.6 4.8 5.5
CZ ”"1“1320212«:&:2+ ,Na* 0.5% 25.8 9.3 2.8 6.5
Ca, "B;0,Cl:Ce",Na" 1% 31.9 14.6 2.2 9.4
Sr, 19B;0,Br:.Ce** 1% 6.7 3.7
Sr, 1%B;0,Br:Ce** ,K* 1%, 1% 7.2 4.8
Sr, 1B,0yBr:Ce**,Na" 1%, 1% 7.1 45
Ca, 19Bs0,Br:Ce*,Na" 1%, 1% 6.2 3.7
Ca 1B;0,Cl:Ce" ,Na* 1%, 1% 8.3 6.1
Il. EXPERIMENT Each pixel was read-out during 2 s, and the PSL signal

was recorded in an array of 100 channel. The value of the
first channel represents the detected PSL signal in the first 20
ms of laser stimulation. The PSL yields of studied phosphors
Svere characterized by this value.

Irradiation by neutrons was performed using one of the
beam lines(L21) of the IRI nuclear research reactor. The
energy spectrum of thermal neutrons is close to a Maxwell
distribution with a maximum at 25 meV. The neutron flux

as measured to be aboux30* cm~? s 1. Irradiation by

The solid solutions of haloboratéd,B;0uX:Ce** (M
=Ca,Sr,BaX=Cl,Br) were prepared in A. V. Bogatsky
Physico-Chemical Institute using a standard solid stat
method as described in Ref. 3. As starting mixtu#€0;,
MX;,-nH,0 (10% excess Ce(NQy) 5, and H*BO; (15% of
exces$ were used. For preparation of the samples with en
riched abundance dfB, boron oxide with 99% ot’B was
used. As a reference material for comparative measureme

. o .
the mixture of BaFBr:EH" (40 wt99 with Gd,O5 (60 wt9%) y rays was performed with &'Cs sourcg662 ke\) with a

was used. . . dose rate~2 mGy/h.
The measurements of thermostimulated and photostimu-

lated luminescence intensities of the series of haloborates

were performed with the help of Risg-TL/PSL-DA-15A/B |||. EXPERIMENTAL RESULTS AND DISCUSSION

reader with installed $/Y*° B8 source with a dose rate 1.0 _

mGyls in air. As a photostimulation source a ring of blue”- TL and PSL_ study co’f haloborates with natural

light emitting diodegBlue LEDS with A =470+ 20 nm was abundance of B (18.8%)

used. A set of three U-340 filterg (~ 340 nm, FWHM (full We have presented the luminescence and thermolumi-

width at half maximum ~80 nm) with total thickness 7 nm nescence studies of S0yBr doped with C&" in.® It was

was employed in order to shield the photomultiplier tubeestablished that increase of Teconcentration leads to an

(PMT) window from the scattered light of the stimulation increase of TL yield and the optimum is between 1% and

source. 2%. Introduction of K or Na" codopants leads to an in-
The comparison of PSL vyields of haloborates andcrease of the TL yield as well, what can be explained by

BaFBr:Ef*xGd,0; was done with a single-grain attach- higher solubility of C&" ions in the lattice in the presence of

ment to the Risg-TL/PSL reader, which was originally de-monovalent charge compensating codopants.

signed to measure sand-sized grdifiis system was cho- The measured TL yields of the series@frradiated ha-

sen because of read-out conditions, which are very similar ttoborates with natural abundance ‘9B and different types

those in commercial image plate scanners. As a photostimwf anions and cations as well as monovalent codopants are

lation source a 10 mW Nd:YVPsolid state diode-pumped listed in column 3 of Table I. All the samples exhibit a TL

laser was used, emitting at 532 nm and producing a spotield of the same order of magnitude. The TL glow curves of

~120 um in diameter at the surface of the sample disk. InSr,BsOgBr:Ce** ,Na", SKLBsOBr:1%Ce ™, and

our PSL experiments we set 10% of the full laser power, i.e.CaBs0,Cl:Ce®" ,Na" are shown in Figs. (a—¢ (solid

1 mW. A small portion of powder sample was put into the curves. The intensity of the low temperature peak at 350 K

surface of 10 mm diameter aluminum disk. The thickness ofelative to that at high temperature 400-430 K is much

the powder layer is about 30@m. The laser beam can scan higher in the presence of monovalent codopants.

the disk in 10< 10 grid pattern giving a total of 100 pixels of Emission bands of Gé luminescence in haloborates are

photostimulated phosphor on each sample disk. located in the 325—-360 nm region depending on cation and
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’ 5 sured at\ =350 nm emission and of BaFBr:Eu (dotted curvé measured
= osl g TL Intenstty at A =390 nm emission. The spectra were corrected for the intensity of the
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s 04} ... 2s 5
> —— 45 3 - ) ) ) .
@ gal —10s 0 20 40 60 80 100 spectrum. It is seen that stimulation with the common He-Ne
2 Stimutation time, & laser wavelength =632 nm is inefficient. Applying a stimu-
0.2 lation source with shorter wavelength down to 430 nm can
increase the stimulation efficiency.
0.1 \ In our experiments as a stimulation source Blue LEDs
) with A =470 nm installed in the Risg reader was chosen and
O'%oo 350 400 450 500 550 600 650 a pack of three U-340 cutoff filters was placed in front of the
(b) Temperature, K PMT. The measured TL yields with U-340 fi!ters are Iistgd in
column 4 of Table I. The degree of attenuation of a TL signal
12 B due to the mismatch of cutoff filter transmission spectrum
0 € and the TL emission spectrum is shown in column 5 of Table
T g I. For some compounds, especially with a high concentration
a i [ TL intenslty + . : i
5§ oal 3! o PSL intensity of C€ the use of U-340 filters cut off a S|gn+|f|cant part of
e z! Sum of TL and PS| the PSL light. For example, for GBsOgBr:Ce** only one-
s - fifth part of PSL light passes through the filter. With the
2 08} 0 20 40 60 80 100 . N . .
2 Stimulation time, s increase of C& concentration the emission spectrum of
2oal /A5 8555 Cée" luminescence shifts more to the long wavelength part.
- A A 2s The origin of this shift has been discussed in Ref. 5.
7 ——4s The results of Table | show that for some samples there
021 [ - N —10s . . . .
/ Ny, —_40s is a discrepancy between TL and PSL response. Especially it
bl T TN —100s is pronounced for compounds codoped with"NdDifferent

(©

00 = 1 .
300 350 400 450 500 550 600 650
Temperature, K

recombination processes occurring upon thermal and optical
stimulation can explain this.
A combined PSL and TL technique was applied to inves-

FIG. 1. The TL glow curves ofg irradiated SyB;OgBr:Ce**,Na* (a), . . -
SLB.OBr1%Ce" (b), and CaB.0,Cl:CE* Na* (¢), which were re- tigate the observed differences between PSL and TL signals.

corded after photostimulation of different duration—from 0 to 100 s. Blue 1 N€ procedure of this technique is as follows. Affeirra-

LED's (A =470 nm) were used as a stimulation source. The TL curves werdliation the integral PSL signal was measured during a certain

recorded with a heating rate of 1 K/s. Irradiation was performed with stimulation time. Immediately after photostimulation the re-

9‘fSr/gOY B source. In the inset integral intensity of residual TL signal, PSL iy 5] T glow curve was recorded. The residual TL signal is

signal measured before TL measurements, and the sum of both are plotted as . . .

a function of optical stimulation time. proportional to the number of trapped carriers, which were
not released upon the preceding photostimulation. Varying
the duration of the photostimulation time, information about

anion type. The so-called stimulation spectrum of photostimefficiency of photostimulation of certain types of traps

ulated luminescence of 8B:O,Br:1%Ce" is shown in can be extracted. In Fig. 1 the results are shown

Fig. 2 (solid curve. The spectrum was recorded afteirra-  for  SpLBsOgBr:Ce*" ,Na", SpBsOyBr:Ce*1%, and

diation of the sample and detecting Celuminescence at CaBsO,Cl:Ce*" ,Na" compounds. In the insets integral in-

350 nm. The spectrum is almost structureless and increasésnsities of PSL, TL, and both PSLTL signals are plotted

monotonically with shortening of the wavelength. All the versus the time of photostimulation applied before the TL

studied haloborates show similar behavior of stimulationmeasurements.
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FIG. 3. Transmission spectrum of BG4JG1 filter (filled curve with diag-
onal lines, x-ray excited emission spectrum of BaFBr2Euphosphor and ~ FIG. 4. The PSL curves of BaFBr:EtxGd,0; and Ca '°BsO,Cl:Ce,Na
of CaBs0,Cl:Ce*,Na'. under continuous stimulation by means of Nd:Yy@ser (=532 nm).
Laser power is 1 mW and the beam diametet20 um on the sample
surface.

For the samples with Nacodoping where the intensity
of 350 K TL peak is high, the integral PSLTL signal de-
creases with increase of photostimulation time as it is seen iWith "B and boron oxide was used for synthesis of enriched
insets in Fig. 1. But after a certain stimulation time it be- Samples. The studied samples with 99% enrichmentf®f
comes constant. We have performed the same type of expeﬁep_re§ent a “pilot” series and synthesis conditions are not yet
ments described above wiirradiated samples that were Optimized. _
annealed at 350 K, i.e., samples, in which only traps corre- The results of Table | lead to the conclusion that
sponding to the high temperature peak are left. In that case®BsOsCl:C€",Na" is the most promising of the studied
no decrease of integral PSLTL signal was observed. Thus series for detection of thermal neutrons with reduced sensi-
the trapped charges corresponding to the 350 K TL peak ardvity to yrays, since it has the loweZy; number and, at the
efficiently emptied upon photostimulation, but there is non-Same time, a relatively high PSL yield.
efficient recombination with Gé emission centers. There-

fore only the traps, which correspond to the high TL peak,Cl Quantitative comparison of studied haloborates
appear to be active in the PSL process. with BaFBr:Eu 2*xGd,0s

To perform a correct comparison between two different
types of storage phosphors, the experimental conditions must
be equally optimal for both of them. The read-out of

The optimal thickness of a storage phosphor layer in aBaFBr:Ef* storage phosphor is usually performed with a
image plate is not more than 150m® Larger thickness He-Ne laser X =632 nm). However, as it can be seen from
would not lead to PSL increase, since the created PSL phd-ig. 2, the maximum of PSL excitation spectrum of
tons deep inside the layer will not be able to escape from thBaFBr:E$ " is at 550 nm. The stimulation of haloborates is
surface of the image plate. It is easy to calcflatet for  also very inefficient ah =632 nm. For our experiment we
Ca, "®B;O4Br the probability for the thermal neutron to be used a Nd:YWQ laser withx =532 nm, which is about op-
captured in a 15@m phosphor layer with grain filling factor timal for both haloborates and BaFBr#u
0.7 is 17%. This means that the detective quantum efficiency As a cutoff filter for protection of the PMT we used a set
of such a detector would be very IdwAs an example, of BG-4 and UG-1 filters. The filters transmission curves and
the capture probability for BaFBr:Et (40wt%) x-ray excited emission spectra of BaFBréu
-Gd,05 (60 Wt %) mixture is about 99%. However, for the Ca, °B;0,Cl:Ce’*,Na"(1%) areshown in Fig. 4. These
Ca, 1%B50,4Br phosphor, i.e., 99% enrichment witiB, al- filters attenuate the emission from BaFBr’ELby a factor of
most 63% of thermal neutrons will be captured in a 260 5 and the emission from G&°BsO,Cl:Ce*",Na" by a factor
phosphor layer. That is why the characteristics of the haloboef 2.
rates enriched witH°B isotope should be determingHig. The typical PSL curves of BaFBr:EuxGd,0;,

3). Ca, 19B;0,Cl:Ce,Na upon continuous laser stimulation after

Five samples of haloborates with 99% enrichmentBf  neutron irradiation are shown in Fig. 4. The measurements
were synthesized. The TL and PSL yields of these samplesere carried oul h after irradiation. The PSL signal of
were compared with those with natural abundance and thBaFBr:E¥" phosphor(without adding GeOs) after neutron
results are compiled in Table I. The TL and PSL yields ofirradiation is two orders of magnitudes lower than that of
enriched haloborates are lower than those with natural abuBaFBr:E¥*xGd,0; or Ca °BsO,Cl:Ce,Na.  Pure
dance. Different starting materials used for synthesis can eaFBr:Ef* does not interact with thermal neutrons and the
plain this. Boric acid was used for synthesis of haloborate®SL signal is attributed to the rays in the neutron flux.

B. TL and PSL study of haloborates with enriched
abundance (99%) of 1°B isotope
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TABLE Il. The measured PSL yieldsS{ andS,) of some studied materials after neutron gridradiation. The
yields are normalized to the one of BaFBrEuGd,0;. The samples were measured at the same conditions.

Items S "B, 0yBr:Ce" (1%) Ca, 1%B50,Cl:Ce,Na(1%) BaFBr:Ef " xGd,0,
S, 3.2 6 100
S, (at 662 keV 0.26 0.14 18
Sn/Sy 12 43 55

The results of PSL experiments are collected in Table I11V. CONCLUSIONS
o ales epesent e verage of oL =07 MNP S e 11 ana L propertes f te seesofrlagento-
disk. The mean measured PSL si ngls after neutron panrc?‘teS with general formulaM;BsOpX:Ce™" A" (M

o 9 =Ba,Sr,CaXx=CI,Br,A=Na",K*) were studied. The re-
y-ray irradiation are denoted &, andS,. The values are

) i . sults of this study brought to the conclusion that
corrected for the attenuat|9n+of the cgtoff f||_te_rs, ie., theCaQB509CI:Ce3+,Na* compound is the most promising in
detected signal from BaFBr:EuxGd,05 is multiplied by 5 . . .

. . the whole studied series for detection of thermal neutrons
and that from haloborates is multiplied by 2.

The results of Table Il show that the neutron sensitivity%r;seg;h rﬁfrl:]%ee? asr?orl‘sgltvglye tsq';ln:aeyfi,rnzmgerelltat?\?; trr‘"e .
of BaFBrEY"xGd,0; is 16 times higher than that of eff ’ ) y hig

: PSL yield. The PSL light yield from Ga%Bs0,Cl:Ce,Na
10, . 0 _ 5V
CaQ B5OQCI.Ce.,Na(+1 4. Al the same t|me,_th@kray sen (1%) after neutron irradiation is 16 times less than that from
sitivity of BaFBr:E(f " xGd,0; is 125 times higher than that BaFBrEG*xGd,0;. However, the neutron tg discrimina-
of Ca'%B;0,Cl:Ce,Na (1%). Thus, S,/S, of ' 3 ;

T tion of Ca, 19B50,Cl:Ce,Na(1%) is almost an order of mag-
Ca, 19B;04Cl:Ce,Na(1%) is eight times better than that of . ' ) "
BaFBrE}* xGd,O,. nitude better than that of BaFBr:EixGd,0;. Therefore ha

The fading properties of studied materials are presentelc?borate phosphors could be more attractive when utilized in

in Fig. 5. It is seen that in 10 h after irradiation 46% of the envq_cr)]r)m'ents .Wlth a highy background. . :

- . . 10 i . is is a first study of haloborates with enriched abun-
initial PSL signal left in Ca "BsOyCl:Ce,Na(1%), and this dance of!%B isotope and improvements can be expected
value is 77% for BaFBr:Ei xGd,0;.

when further synthesis optimization is performed.
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