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A long lasting phosphor (LLP), which emits bright green light for a long period after irradiation has been stopped,
is a promising candidate as a simple and easy-to-use radiation detection element for digital radiography. Lumines-
cence from the LLP, SrAD,:El?",Dy**, exposed to various ionizing radiations has been measured to evaluate the
dependence of luminescence efficiency on quality of ionizing radiation. The following items were confirmed.

(1) Total luminous intensity from the LLP was proportional to total absorbed dose on the LLP element.

(2) The average energy to produce one phoWp, of the LLP exposed to either beta or gamma rays at 300K was
18+2.7 eV, while that for the exposure to alpha rays was#48ReV.

(3) The difference inW, for beta and gamma rays and alpha rays arose from the difference in linear energy transfer,
LET, in the LLP.

(4) TheW, values were determined by the short-term recombination rate of electron and hole pairs in the LLP as well
as their generation rate.

(5) Amodel to evaluate the/, based on behavioreg., generation, recombination and trapping, of electron and hole
pairs values was proposed to explain g dependence on the quality of ionizing radiation.

KEYWORDS: radiation detection, long lasting phosphor, luminescence, short-term recombination, lumines-
cence efficiency

|. Introduction In this paper, SrAI0,:EW?T,Dy3t 1245 was selected for

A long lasting phosphor (LLP) shows bright green Iightthe LLP detector element. The response of luminescence

o S ; emitted by a LLP to various ionizing radiations was mea-
emission when exposed to ionizing radiatforthe LLP el- sured. As the measure of detection sensitivity of the LLP, the

ements, which emit photons for a long period after stoppingvera e enerav to produce one luminescent oh as
the irradiation without any external excitation, are a promis: 9 gytop phawW

. . . - .aRpIied. Thew, values were evaluated for various ionizing
ing candidate as simple and easy-to-use radiation detectioh;. . . )
radiations and also compared with those of other conventional

elements, especially for digital radiography. In order to ap-
ply the LLP as radiation detection elements, dependence %<?tector elements,g. Nal (Tl) and Csl (Ti).

its luminescence on the quality of exposed radidti®rand
ambient temperatuté** should be determined.
A thin film of the LLP can be fabricated for an element tol. Experimental Setup
determine a two-dimensional distribution of relative absorbed Under irradiation, luminous intensity rate is determined
dose. Previous studies showed that the decay curve of LLP & energy storage rate and decay constants of lumines-
ter irradiation has been stopped consists of four compoHentgence, while after irradiation has been stopped, it is deter-
which have typical decay constants of LLP material. The cormined mainly by the decay constant?. Irradiation should
trolled temperature during the whole period from irradiatiorhe quickly cut off to determine the absorbed energy by LLP
until measurement makes it easy to estimate the absolute @ements accurately. The measurement system is shown
sorbed dose during irradiation by using the measured luméchematically ifFig. 1. The LLP detector element was placed
nous intensity of the LLP at any time after stopping the irradiin a sample holder installed in a vacuum chamber (diameter:
ation and applying a set of decay constahfBhis means that 15cm, length: 45cm). A high-speed air driven shutter for
a large number of LLP films can be applied to measuremerddiation cut-off, a radiation source, a photo multiplier tube
of very large scale radiations distribution and also to data syqPMT) (Hamamatsu R980) for photon detection and a heat
thesis for computational tomograpfiyApplications of LLP  sink to keep a constant ambient temperature during measure-
to radiation distribution displays and digital two-dimensionaiments were also installed in the vacuum chamber.
radiation profiling monitors are possible using a simple reader The ambient temperature, one of the most important exper-
system, without scanning the elements, but using a chargfental parameters, was controlled at a constant value from
coupled device (CCD). 160 to 390K with less than 0.1K deviations. In order to
get sharp radiation cut-off, a stainless steel shutter (thickness:

“Corresponding author, Tek81-22-217-7911, Fax-81-22-217- 2.0mm) was used. It was driven by high-pressure air; open-
7900, E-mail: shunsuke.uchida@qse.tohoku.ac.jp
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Fig. 1 Schematic diagram of light detection and measuring system

ing and closing shutter speed was 62 m/s. A current frequency
converter (Labo DN9000) and a multi channel scalar (MCYS)
(Labo MCABX) were also used.

2. LLP Detector Element

The LL P detector element was made of SrAl,O4:Eu?t,Dy3+
powder (particle diameter: 30 um) bound with polystyrene
binder. The concentration of phosphor in the element was
58wt%. The LLP element was 14.0mm in diameter and
1.0mm in thickness and had a density of 1.92 g/cmq.

3. Sources of lonizing Radiation

Specifications of the radiation sources arelisted in Table 1.
Alpha or beta rays from the source were arranged as a pencil
beam by alead collimator (diameter: 10 mm). Cobalt-60 was
used as the gamma-ray source.

4. Absorbed Dosein the LLP Element

In order to evaluate the response of the luminescence to
ionizing radiation, the absorbed dose in the LLP element
should be determined exactly. The energy spectra of the
alpha- and beta-ray sources used in this study are shown in
Figs. 2 and 3. The energy spectrum of the alpha-ray source
was measured by using a solid state detector (SSD), which
was calibrated with the standard alpha-ray source (***Am:
5.486 MeV). The energy of alpha rays used in this study was

Table 1 Specifications of radiation sources

Source Distancefrom Particle fluence

R:gfclgn Species intensity  the source rate
(MBq) (mm) (particles/s)
o 2Am 2.799 30.0 4.6 x 10*
B g0y 2873 30.0 4.8 x 10
y 8Co 3.70 22.6 22 x 10°

3Measured value

determined to be 4.68MeV. The apharay source was cov-
ered with the plastic coating. Due to absorption of alpha par-
ticlesin the coating of the source surface and self-absorption
in the source, the energy of the alpha rays was decreased and
the energy spectrum was broadened. The energy spectrum of
the betarray source was measured using a plastic scintillation
detector (NE-213) system. The ratio of the energy absorp-
tion in the LLP to that in the detector element was the mass
fraction of LLP in the detector element (0.58).
(1) AlphaRays

The range of apha rays with energy of 4.68MeV in the
LLP element was about 34.3 um. The apha rays completely
lost their energy in the detector elements (thickness: 1.0 mm)
and were absorbed in them. Figure 4 shows the geometrical
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Fig. 2 Energy spectrum of 2*!Am alpha-ray source (measured)
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Fig. 3 Energy spectrum of *°Sr—°Y beta-ray source (measured)

layout of the measuring system. The total absorbed energy of
irradiated alpharaysis expressed by

AE; = QparticleAa—sourceEaAt€~ (1)

The ratio of the incident particles in the LLP detector ele-
ments, Lparice, IS expressed as the following equation:

T RELP/ COSOsource @
47 R2
nRELP/ C0SOsurce Was calculated as the area of an ellipse.
The mass fraction of LLP in the detector elements, ¢, was
0.58.
(2) BetaRays
The total absorbed energy by beta ray irradiation is ex-

Qparticle =
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pressed by

Eg-max
AEg = QpartideAﬁ-paﬂiC'e/ Ps(E)
0

*dE
X [/o d—xdxi| dEAte. (3)

The beta rays had a continuous energy spectrum, S(E)
(Fig 3). The absorbed energy per electron of beta rays was
obtained by following the procedures (a) through (c).

(8 The collision mass stopping power of electrons of
beta rays was caculated by using Bethe's equa
tion, by assuming a uniform mixing of LLP (LLP
(SrAlL,O4:EU?t Dy3):  58wt%) and polystyrene
(CgHg)n: 42wt%) binder as the target material shown
in Fig. 5. Basic data of stopping power were obtained
from the NIST data base.

(b) The LLP detector element was divided into very thin
layers to estimate energy deposition of electron in each
layer with collision mass stopping power.

(c) The cut off energy of electrons was 10keV, which was
the highest energy for the electronsto penetrate the LLP
detector element.

(3) GammaRays

Secondary electron equilibrium in the detector elements
was assumed to evaluate absorbed energy of gamma rays.
The average energy of ®°Co gamma rays was assumed to be
1.25MeV. Thetotal absorbed energy for gammaray irradia-
tion is expressed by the following equation:;

AE, = 2~Qparticle'°\y—sourceEy (ten/P)LLPPLLPX0ALE. (4)

Mass energy absorption coefficient of LLP detector elements
was determined by the mass energy absorption coefficient and
the mass ratio of each element as shown in Table 2.

5. Total Luminous Intensity from the LLP Detector Ele-

ments

The determination of the total luminous intensity from the
LLP element exposed to ionizing radiation should also be car-
ried out exactly. A schematic view of the measuring appara-
tusis shown in Fig. 4. The luminous intensity emitted at the
surface of the LL P detector element was estimated from mea-
sured luminous intensity. The total luminous intensity from
the LLP element was evaluated by using the following equa-
tion:

! . F I. (5
1-H £2proton QEnpm71.602 x 10-19

The total absorption rate of the generated light in the LLP
element, H, is expressed as a function of thickness as shown

Dot =

Table 2 Mass energy absorption coefficient of each element and
weight ratio of each element

Sr Al (0] Eu Dy
(iten/P)i® 2.342 2.451 2.669 2.557 2.570
[x102 c?/g]
w(i) 0.42 0.25 0.31 0.007 0.013

3For mass energy absorption coefficient, open data of NIST were used.
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Fig. 5 Collision mass stopping power of LLP for betarays

in Eq. (8) and Fig. 6. Some assumptions to obtain H are
shown as follows.

(1) The intensity of the generated light in the LLP is ex-
pressed as a function of the depth, f(x)® and photons
are emitted isotropicaly.

(2) The transparency of the generated light is calculated
based on energy dependent attenuation coefficient,
shownin Fig. 7.

(3) An isotropic disk shape uniform source with pho-
ton emission rate calculated based on the transparency
shown above is assumed as the luminescence source.

The critical angle which light escapes from the element is
expressed as Eq. (6) and the attenuation rate of the generated
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Fig. 6 Schematic view of the geometrical transparency of generat-
ing light in the LLP element

light at the depth x, n(x), is expressed as Eq. (7):

ec=s'rr1¥. ()
1 [ 1 (% ux

X) = — lpdd = — ——do. 7

100 Zﬂf_%u o @
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Fig. 7 Light attenuation characteristic of LLP element for 520 nm

The total absorption rate of the generated light in the LLP
element, H, isexpressed as follows:

H= /XO f (E)n(x)dx. ®
0

The measured relative light attenuation coefficient in the
LLP detector element isshowninFig. 7. Thelight with wave-
length of 520 nm that is the same as LLP luminescence was
introduced onto sample through a hole (diameter: 1.0mm)
from a spectroscope. Thelight that passed through the sample
was detected using the PIN photo diode. The penetrating light
fluxes were measured by changing the thickness of the detec-
tor element from 1.0 through 3.0 mm and the mass concentra-
tion rate of SrAl,O4:Eut,Dy3* from 0O (polystyrene 100%)
through 58 wt%.

In this study, $2pnoton is obtained from the geometrical ar-
rangement of the PMT, the radiation source, and of the LLP
element, which is as follows:”

2 3
$2photon = %{1_ Z(wz‘i‘wz)
5y 4ot L,
+§< 3 +¢a)>
BMyS+® 3 ,, ,
_1_6|: 7 +E‘ﬁw(1ﬂ +w)i“, 9
_ Rue _ R
xp_T, 0=

The ellipse shaped LLP detector element was assumed to be
acircle with the same surface area.

6. Measurements

The LLP detector element accumulates the absorbed en-
ergy and emits some of it as luminescence during the irra-
diation process, while after irradiation has been stopped, all
the remaining accumulated energy is released gradually and
luminous intensity decays with time. Total energy stored in
the LLP detector element and decay properties are much af-
fected by ambient temperature.) In the present study, much
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attention was paid to temperature control of the LLP detector
elements during irradiation and measurement:

A luminescence measurement run was divided into three
steps.

Step 1. Before radiation exposure, background noise that is
caused mainly by electrical and thermal noises was
measured.

During irradiation, the luminous intensity rate in-
crease at a constant temperature was measured. The
rate increase is determined by the balance between
accumulation of absorbed energy of ionizing radia-
tion and energy release as luminescence.

After irradiation, afterglow intensity at the same tem-
perature asin Step 2 was measured. Afterglow inten-
sity decreased monotonously through release of ac-
cumulated energy as luminescence.

The ambient temperature for irradiation was controlled at
300K. Theintegration of the luminousintensity rate through-
out the entire measurement time for Steps 2 and 3 was defined
asthe total luminous intensity.

Step 2:

Step 3:

I11. Experimental Resultsand Discussion

1. Time-dependent L uminescence

Time-dependent luminescence from the exposed element at
300K isshown in Fig. 8 for alpha, beta and gammaray irra-
diations. During irradiation (Step 2), luminescence increased
and then reached a saturated level determined by the balance
of the absorption and release. After irradiation was stopped
(Step 3), luminescence decayed without regard to the quality
of ionizing radiation.

2. Total Luminous Intensity

Thetotal luminousintensity designated as the sum of Steps
2 and 3isshownin Fig. 9 for alpha, beta and gamma rays as
afunction of the total absorbed dose in the LLP detector el-
ements. For all ionizing radiations, the total luminous inten-
sSity increased linearly in the range from 3 Gy to 100 mGy.
For beta and gamma rays, the responses of the total luminous

1200

o Alpharay
1000 + Betaray

* Gammaray

800 7

Luminous Intensity Rate (arb. Unit)

1000

0 200 400 600 800
Time (s)

Fig. 8 Time dependent luminescence of LLP for various irradia-
tions (Irradiation time: 300s, Sample temperature: 300K)
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Fig. 9 Linear response of LLP luminescence for total absorbed dose (Irradiation temperature: 300 & 0.1K)

intensity were in complete agreement. For the alpharay irra-
diation, however, the response of the total luminous intensity
differed from the others.

3. Wy Values
(1) Definition of W, Value

In order to evaluate the effects of quality of ionizing radi-
ation on the luminous efficiency, the LLP, the average energy
for production of one luminescence photon, W,,, was defined.
The W, value of the LLP detector elements for each ioniz-
ing radiation could be obtained by dividing the total photons
produced by irradiation by the total absorbed energy.
(2) Evauation of Errorsin Measured Value

The errors in the measured W, values were evaluated as
follows.
(@ Error Caused by Assuming Luminous Photon Spectrum

as Monochromatic

L uminescence from LL P was made into 520 nm monochro-
matic light in this research. Luminescence from LLP was ob-
served as a spectrum with a certain width. In this analysis,
total photon numbers from the LLP detector elements were
calculated by assuming 520 nm monochromatic light. This
assumption could cause error of less than 5%.
(b) Errors Caused by PMT Efficiency

The quality of the PMT was uneven. The manufacturer’'s
value? for the efficiency error was less than 10%. Change
in the high voltage power supply was less than 1V, which
would cause error of less than 0.25%.
(c) Error Caused by Integration of the Total Luminescence

Finite period measurement for the total luminescenceto es-

timate infinite integration was thought to be in error by less

than 1%. And the error caused by inclination of the LLP disk

source was less than 3%.

(d) Error Caused by Estimation of Absorbed Energy in the
LLP Detector Elements

The absorbed energy was calculated by using energy flu-
ence at the element and the energy absorption coefficient of
the element, which give an error of less than 1%. The errors
caused by discrepancy between the point source for applying
Eq. (2) and the LLP disk source was estimated of less than
9% at the maximum.

Therefore, the maximum errors of W, values could be es-
timated as about 15% including consideration of propagation
of theindividual errors. The W, valuesfor each ionizing radi-
ation type were obtained as shown in Table 3. The W, values
for betaand gammarays agreed with each other within the er-
ror range but the W, value for alpharays differed from them.
(3) Comparison of W, Values

The W, values of various radiation detectors for beta and
gammarays are shown in Table 4. The W, value of the LLP
detector elements was measured with beta and gamma ray
sources, while those of the other elements was obtained with
electrons ranging a kinetic energy of 1MeV. The W, value
of the LLP detector elements was nearly the same as those of
conventional scintillation phosphors.

Higher sensitivity to theionizing radiation than for the con-
ventional detectors indicated that the LLP was a promising
candidate for a sensitive radiation detector element.

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY
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Table 3 W, valuesfor various radiations

Radiation . Particle energy W, value
source s (MeV) (eV/phaoton)

o 21Am 4,689 480+ 72

B 050y 0.54, 2.24° 18+27

y %Co 117,133 18+27

M easured value
D)Maximum beta ray energies for ©Sr and %Y, respectively

Table 4 W, valuesfor various radiation detector elements

Radiation detection element W, value (eV/1 photon)
Liquid Ard 251+1.8”
Nal:TI? 174+ 0.6
Csl:TI? 15,51
SrAl,04:Eu,Dy? 18+27

dMeasured W, value for 1MeV eectrons
b)Measured W, value for beta rays (this work)

4. Luminescence Efficiency

The W, value of the LLP detector elements for alpha rays
was different from those for beta and gamma rays. In order
to determine the W, value for the quality of ionizing radia-
tions, the average absorbed energy in the LLP detector ele-
ments used to be considered. But in order to explain those
differences, short-term recombination of electron and hole
pairs in the LLP detector elements as well as generation of

1257

the pairs (equivalent to energy absorption) should be consid-
ered. Excess electron and hole pair generation enhances their
short-term recombination. One of the measures of densities
of pair generationsis LET (Linear Energy Transfer) in mate-
rials. Relative luminescence efficiency isshown in Fig. 10, as
afunction of the average LET of the ionizing radiation.

The relative luminescence efficiency for alpha rays with
high LET was very low. The penetration depth of alpha
rays in the LLP detector elements was about 34.3 um and
the energy was absorbed in the surface vicinity. The average
LET for apha rays was defined as the ratio of the total en-
ergy absorption to the effective thickness for energy absorp-
tion. Therefore the average deposited energy density wasvery
high.

Holes produced by the absorption of energy in the LLP
are transferred through the valence band and then trapped by
Dy3+ ions as Dy*t.29 At the same time, electrons are cap-
tured by EU?* ions as Eut. The holes trapped by Dyt ions
arereleased slowly and recombine with electrons captured by
Eu?* ions to emit photons.>® The energy accumulation rate
in the LLP (equivalent to hole trapping rate by Dy** ions) is
determined by hole number density in the LLP in the quasi-
equilibrium state. Hole and electron densities in the conduc-
tion band and valence band respectively, [e] and [h], in the
LLP are expressed by the following mass balance equations:

% = Ge — ale][h] — A[€] (10)
dfh
% = Gy, — ale][h] — A[h]. (11)

The generation rates of the electrons and holesin the unit vol-

1r oo ool +vs,, i
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L ° *  Theoretical
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g o1} o
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Fig. 10 Relative luminescence efficiency for the average LET

VOL. 39, NO. 12, DECEMBER 2002



1258

ume, G and Gy, are obtained by the following eguation:

AE
Ge=Gp = W
A couple of absorbed energy rates of the unit volume, AE
and W value of the LLP for the ideal condition (18.0€V) can
give generation rates of electrons and holes. And capture rate
of electrons and holes, 1, is assumed to be equal in this study.
The recombination factor of electrons and holes was deter-
mined by the best-fit curve shown in Fig. 10. It was expected
that the possibility of short-term recombination before gener-
ated electrons and holes in the LLP are captured to Eu and/or
Dy ions in the case of apha rays was very high due to its
high local charge density. Conversely, for beta and gamma
rays, the local charge density in the LLP was not high due to
their low average deposited energy. Therefore the possibility
of short-term recombination was relatively low. As aresult,
the luminescence efficiency was high.

(12)

V. Conclusions

Luminescence from long lasting phosphor (LLP),
SrAlL,O4:EU?t Dy3t, detector elements exposed to various
ionizing radiations has been measured. Determination of the
W, value has been carried out. The W, value for beta and
gammarays was estimated as 18+2.7 eV, whilethat for apha
rays was estimated as 480+72eV. The W, values for beta
and gamma rays were almost the same as those of the con-
ventional scintillation detectors such asNal (TI) and Csl (TI).
Total luminous intensity from the LLP detector elements was
confirmed to be proportional to total absorbed energy in the
LLP detector elements. High sensitivity to beta and gamma
rays, long luminescence life-time and linearity to total ab-
sorbed energy in the LLP detector elements indicated these
elements were suitable for application to two-dimensional ra-
diation monitor for digital radiography.

Difference in the luminescence efficiency for beta and
gamma rays and alpha rays was considered to be mainly due
to the difference in their LET in the elements. As a result
of evaluating the response of luminescence to alpha, beta,
and gamma rays, it was confirmed that short-term recombi-
nation of holes and electrons generated in the LLP detector
elements played an important role in energy accumulation in
the elements. A model based on generation of hole and elec-
tron pairs, their short-term recombination and their trapping at
Dy®* and Eu?* sites was proposed to explain the differences
in the luminous efficiency of variousionizing radiations.

Abbreviations

CCD: Charge Coupled Device
DR: Digital Radiography

LET: Linear Energy Transfer

LLP: Long Lasting Phosphor

Nomenclature
A.-source: Source activity of alpharays (Bq)
Ap_source: Source activity of betarays (Bq)
A, .source: Source activity of gammarays (Bq)
a: Recombination factor (mm?-m/s)
d: Distance from the LLP element to the PMT surface

M. KOWATARI et al.

(mm)
E.: Energy of apharays(MeV) [4.68MeV]
: Maximum energy of betarays of °S—0Y (MeV)
E,: Energy of gammarays (MeV)
[€]: Density of electrons (10~3/mm?3)
F: Conversion rate of the I-F converter (A/count)
. Relative deposited energy distribution in the LLP ele-
ment (1/mm)
Ge: Generation rate of electrons in a unit volume
(10-3/mm?3/s)
Gp: Generation rate of holesin aunit volume (10-3/mm?3/s)
[h]: Density of holes (10-3/mm?d)
H: Total absorption rate of the generated light in the LLP
element
I: Counts obtained by the MCS (counts)
I: Light path length of the depth x and the generating light
of the discharge angle 6 in LLP detector element (mm)
. Relative intensities of electrons of a given betaray en-
ergy (L/ev)
QE: Quantum efficiency of the PMT
R: Distance from the LLP element to the radiation source
(mm)
: Radius of the LLP element (mm)
Ry: Radius of the PMT window (mm)
W: The W value of the LLP for the ideal condition (eV/
apair)
W,: Average energy for which one photon was produced in
the LLP (eV/a photon)
x: Depth of the LLP element (mm)
Xo: Thickness of the LLP element (mm) [10.0 mm]
AE: Absorbed energy rate of the unit volume (10~ eV/mmq/s)
: Total absorbed energy for alpharay irradiation (eV)
. Total absorbed energy for betaray irradiation (eV)
: Total absorbed energy for gammaray irradiation (eV)
At: Irradiation time (S)
&: Massfraction of LLPinthe LLP element [0.58]
n(x): Attenuation rate of the generated light in the section
[X, X 4+ dx]
0: Generating light of the discharge anglein LLP element
.. Critical angleto which this generated light is emitted at
the surface of the LLP element
Osource:  LLP element angle to the radiation source [45°]
A: Capture rate of electrons and holes (s™1)
w: Light attenuation coefficient of the LLP element (cm™)
Current magnitude of the PMT
Mass energy absorption coefficient of LLP for
1.25MeV (cm?/g)

npmT-
(Uen/P)LLP:

pLp. Measured density of the LLP eement (g/cm®)
[1.922 g/cm®]
Py Number of photons emitted from the surface of the LLP
element (photons)
Lpatice: Geometrical efficiency of incident particlesfrom thera-
diation source
pnoton: Geometrical efficiency of the light collection of the
PMT.
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