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The emission spectrum, the time dependence of the luminescence, the excitation spectrum and the reflectance spectrum have
been measured for the pure BaF2 crystal, the BaF2 .Sr crystals with Sr" concentrations of 2 and 5 mol%, the BaF2:MgF2 crystal

with a mole mixing ratio of 12, and the pure CsBr crystal and the CsBr:LiBr crystal with a mole mixing ratio of 1 :1 The
measurements have been made by using synchrotron orbital radiation and high-energy electrons produced by gamma-rays It is
shown that the BaF2, the BaF2:Sr and the BaF2 :MgF, crystals have the Auger-free luminescence having decay times around 0.90
ns . The slow and fast luminescence components of the BaF2 crystal are suppressed by introduction Sr" and Mg" ions. It is,
however, clearly seen that the suppression of the slow component is more effectively occurring than that of the fast component,
especially in the BaF2 :MgF2 crystal . By analyzing the Auger-free luminescence spectrum, it is shown that the valence band widths
are 2.7±0.3 eV, 2.7±0 .3 eV and 4.2±0.3 eV and the band-gap energies are 11 .1 ±0 .3 eV, 11 .1 ±0 .4 eV and 119±0.4 eV for BaF2,
BaF2:Sr and BaF,:MgF2 crystals, respectively . The introduction of LiBr into CsBr has resulted m a significant enhancement in the
luminescence intensity, attaining 40 times larger intensity than that of CsBr crystal at room temperature, due to the suppression of
the non-radiative relaxation of the outer-most core holes due to the absorption induced by the Urbach effect. The observations of
the increases in the band gap-energy, the exciton energy and the decay time of the CsBr:LiBr crystal compared with those of the

C-,Br crystal support the argument given in the present study regarding the suppression of the Urbach effect in the CsBr:LiBr

crystal The decay times observed are 0.20±0.05 ns and 0.90±0.06 ns for CsBr and CsBr:LiBr crystals, respectively .

1. Introduction

The interatomic radiative transitions of the elec-

trons from the valence band to the top of the outer-

most-core band have been investigated in alkali halide

and alkaline-earth halide crystals, such as CsCl, CsBr

and BaF, crystals, by observing the associated lumines-

cence from the crystals [1-13] . These crystals are dis-

tinguished from the other crystals of alkali halide and

alkaline-earth halide by their band structures in which

the energy separation, E, between the top of the

valence band and the outermost-core band is less than

the band-gap energy, Eg. The Auger process is, there-

fore, energetically prohibited . The luminescence emit-

ted from this type of crystals is called the Auger-free

luminescence (AFL) [4] (sometimes called as cross lu-

minescence [3] or radiative core-valence luminescence

[8]) . Since the decay time of the AFL is order of 1 ns,

these crystals have been used as scintillators in such
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fields like high energy physics [14,15] and nuclear
medicine [16,17].

Among these crystals, the pure BaF2 crystal has
been intensively studied [1,3,6,10] and applied to vari-

ous fields of applications as an excellent scintillating

material, because of i) its high density (4.89 g/cm;), ti)

the good time resolution due to the fast component
( < 1 ns) appearing in the emission bands around 220
nm and the 195 rim, iii) the relatively large light output
compared to conventional scintillators such as BGO,
and iv) the high radiation resistance [18] . In addition to
the fast component, the BaF2 crystal has a slow compo-
nent, which has a maximum emission around 300 nm

with a decay time of about 700 ns [5,16-18]. The slow
component, however, could cause serious pileup prob-
lems with a counting rate higher than 10`' S-1 where
the dead time of the detector system due to the slow

component becomes comparable to the event intervals
[19] . The suppression of the slow component is, there-
fore, a crucial key to applying this crystal to high

counting rate experiments. Although there have been

several attempts to reduce the slow component by
introduction of rare earth elements into the BaF2 crys-
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tals [17-241, further study for the suppression of the
slow component is needed .

The first aim of the present work is to find promis-
ing combinations of different alkaline-earth fluoride
crystals in which the slow component is highly sup-
pressed. Since the BaF2 crystal is widely accepted as
mentioned above, the author has focused the research
on a group of BaFZ-based crystals, synthesizing new
combinations of BaFZ crystals with various alkaline-
earth crystals which have not been investigated so far .
Newly synthesized in the present work are BaF2:Sr
crystals with Sr ++ concentrations of 2 mol% and 5
mol %, a BaF2:MgF2 crystal with a mole mixing ratio of
1:2 . By exciting these crystals with vacuum-ultraviolet
(VUV) photons and high-energy electrons, systematic
measurements have been made including the emission
spectrum, the time dependence of the luminescence,
the photo-excitation spectrum and the reflectance
spectrum . The results show that the slow component is
suppressed by introducing the SrF2 and MgF2, to-
gether with the suppression of the fast component.
However the suppression of the slow component is
more effective than that of the fast component.
Alexandrov et al . [23] also paid their attention to the
combination of BaF2 with SrF2 . In contrast to our
approach, they mixed both crystals in form of powder
in which the SrF2 powder was major component.

Another interesting crystal characterized by the AFL
is CsBr, which is known to be the fastest scintillator
found so far [5] . The luminescence in the CsBr has
been widely studied by several investigators [4,7,9,11,
25,26] . The problem of the crystal is its low AFL
intensity at room temperature, which has been as-
cribed to the non-radiative relaxation process of the
outermost-core holes due to the absorption induced by
the Urbach effect [26] .

The second aim of the present work is to find a way
of increasing the luminescence intensity of the CsBr
crystal at room temperature by introducing a foreign
component. As a first trial a new crystal composed of
CsBr and LiBr with a mole mixing ratio of 1:1 was
synthesized . Since the band-gap energy of LiBr is larger
than that of CsBr [27], it is expected that the band-gap
energy and the exciton energy in the CsBr:LiBr crystal
are larger than those of the CsBr crystal, thus suppress-
ing the Urbach effect in the crystal . The AFL intensity
of the CsBr:LiBr crystal should, therefore, be larger
than that of the CsBr crystal . To ascertain this expecta-
tion, systematic studies on the AFL of the CsBr and
CsBr:LiBr crystals are made by exciting them with
VUV photons and high-energy electrons. As expected
the experimental result shows 40 times increase in
AFL intensity of the CsBr:LiBr crystal compared to
that of the CsBr crystal .

The paper is organized as follows: in section 2 the
experimental procedure is described; the experimental

results are given in section 3; and the discussion is
described in section 4. Finally a conclusion is given in
section 5 .

2. Experimental procedures

2.1 . Crystal preparation

525

Among the crystals investigated, the first crystal
group of BaF2 , BaF2 :Sr and BaF2 :MgF2 were obtained
from Union Material Inc., Japan. These crystals were
grown from starting powder of suprapure grade, which
were purchased from E. Merck, Germany. In order to
study the suppression of the slow component by intro-
duction of the Sr" ions, two BaF2 :Sr crystals having
different Sr ++ concentrations of 2 mol% and 5 mol%
were prepared . The mole ratio of MgFZ mixed to BaFZ
was uniquely determined to be 2:1, in reference to the
phase diagram [28] .

The second crystal group of CsBr and CsBr:LiBr
were grown from the melt in accordance with the
vertical Bridgman method at Rikkyo University. The
starting powder used for crystal growth with purities of
99.90%, was purchased from Metal Gesellschaft K.K.,
Germany. Prior to the crystal growth, the powder was
submitted to the purification process by evacuating it
at 300°C for two hours in order to remove residual
water. To grow the CsBr crystal, the CsBr powder of
100 g was first placed into a quartz crucible on a
furnace stage, and then heated in bromine atmosphere
of 200 mmHg up to 650°C. Upon the powder being
melt, the crystal was grown with a rate of 0.8 mm/h .
To grow a CsBr:LiBr crystal, the CsBr powder and the
LiBr powder were mixed together with a mole ratio of
1 :1 in a quartz crucible [29] . Two kinds of powder were
heated up to 650°C to melt. The melt of the mixture
was quickly cooled down to 300°C, which is the opti-
mum temperature for crystal grown of this mixture
according to the phase diagram [291. The CsBr:LiBr
crystal was grown with a rate of 0.8 mm/h . The crystal
was machined and polished in the dimensions of about
1X1X1CM 3 .

2.2. Time-resolved spectroscopy

The time characteristics of the luminescence emit-
ted from the crystals as a function of the wavelength,
was measured by employing the time-resolved spec-
troscopy, and irradiating the crystal sample at room
temperature with gamma-rays as shown in Fig. 1 .

Each crystal was mounted at the site of the en-
trance slit of a monochromator (Shimadzu Bausch &
Lomb), and was irradiated by 511 keV annihilation
gamma-rays from a 22Na source (3 .7 MBq). The
monochromator had a resolving power of 0.1 eV at 5.6
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Fig . 1 . Block diagram of the electronic system used in time-re-
solved spectroscopy measurements .

eV . The monochromatized luminescence photons were
detected with a UV sensitive microchannel-plate em-
bedded photomultiplier (Hamamatsu Photonics,
R2809U-06) which generated delayed timing signals .
The correlated 511 keV annihilation gamma-rays from
the source were detected with a BaF2 scintillator (about
2 X 2 X 3 em3) coupled to a UV sensitive photomulti-
plier (Hamamatsu Photonics, H2431QX) to generate
zero-time signals .

The zero-time and the delayed timing signals were
sent to constant fraction discriminators (ORTEC model
416), and were delivered to a time-to-amplitude con-
verter (ORTEC 437) as start signals and stop signals,
respectively . The output pulses from the time-to-ampli-
tude converter were fed into a multichannel analyzer
where a luminescence decay curve was accumulated at
a given wavelength of the emission . Since the decay
curves exhibited several components with different de-
cay times as described in the next section, the range of
the time-to-amplitude converter was set to either 50 ns
or 10 ws in full scale depending upon the range of
interest . Attaining good statistics in the observed decay
curves typically required a data accumulation time of
24 h. The data acquired in the multichannel analyzer
were sent to a personal computer for further analysis
and storage.

2.3 . Emission spectrum and light output

The emission spectra of the crystals under investiga-
tion were measured by counting the numbers of the
photon signals from the R2809U-06 photomultiplier at
various wavelengths of luminescence in a common ac-
cumulation time . In order to evaluate the contribution
of the fast component to the total emission spectra at
different wavelengths, the intensity of the fast compo-
nent observed at a given wavelength was determined by

summing the counts recorded in the decay curve from
its time origin to 4 ns . The measured emission spectra
were corrected for the spectral response of the detec-
tion system .

The relative light outputs of the fast component of
the BaF2-based crystals under irradiation of 662 keV
gamma-rays from a t37Cs source were measured with a
UV sensitive quartz photomultiplier (Hamamatsu Pho-
tonics, R1668) . A silicon compound, 600000 cSt in
viscosity (General Electric, Viscasil), was used to as-
sure the optical contact between the photomultiplier
window and the crystal . All the surfaces of the crystal
were uniformly wrapped with Teflon tape to improve
the reflectivity, except for the one in contact with the
photomultiplier window . The output signals from the
photomultiplier were shaped with a resistance capaci-
tance (RC) network having RC clipping time constant
of about 5 ns . After amplified with a fast pre-amplifier
(ORTEC model 9301) and shaped with a main ampli-
fier (ORTEC model 410), the output pulses were sub-
mitted to a multichannel analyzer for pulse height
analysis .

2.4. Emission, photo-excitation and reflectance measure-
ment with SOR excitation

Synchrotron orbital radiation (SOR) at the Institute
for Solid State Physics, Tokyo University, was em-
ployed as an excitation light source to investigate the
spectral characteristics of the AFL of the crystals . The
VUV photons from SOR were monochromatized with
a 1 m Seya-Namioka monochromator . The energy reso-
lution of the monochromator was about 0.8 nm with a
slit width of 100 wm, corresponding to 0.02 and 0.12
eV at photon energies of 6 and 14 eV, respectively . A
surface of the crystal to be studied was exposed to the
monochromatized VUV photons with a normal angle.
The luminescence emitted from the crystals was viewed
at 70° with respect to the exciting light axis, and was
focused with a quartz lens on the entrance slit of a
second monochromator (Shimadzu Bausch & Lomb).
The band width of the second monochromator was
fixed to 0.1 at 5.6 cV . The photon signals monochrom-
atized with the second monochromator were detected
with a quartz window photomultiplier (Hamamatsu
Photonics, R585). The photo-excitation spectrum was
measured as a function of the excitation photon en-
ergy . The relative AFL intensities for CsBr-based crys-
tals were measured under irradiation of VUV photons.

The intensity of the reflected VUV photons at the
crystal surface was also measured to obtain comple-
mentary information to the photo-excitation spectrum .
The reflected photons with an energy ranging from 6 to
25 eV were detected with a photomultiplier (Hama-
matsu Photonics, R105) having a viewing angle of 50°
with respect to the exciting light axis . In order to make



the photomultiplier to be sensitive to VUV photons,
the window was coated with a thin layer of sodium
salicylate, which converts VUV photons into visible
ones with an emission spectrum peaking around 420
nm .

3. Results

3.1 . BaF2, BaF2:Sr and BaF2:MgF2

3.1 .1 . Total emission spectra observed under high-energy
electron excitation

Fig. 2 shows the emission spectra measured for the
BaF2 , the BaF2:Sr (5%) and the BaF2:MgF2 crystals at
room temperature under the excitation of high-energy
electrons generated by 511 keV annihilation gamma-
rays . The spectrum for the BaF2:Sr (2%) crystal is not
displayed in this figure, since it shows a nearly identical
feature to that of the BaF2 :Sr (5%) crystal. All the
spectra are normalized in such a way that they show
the same intensities at their maximum emission .
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Fig. 2 . Emission spectra of BaF2, BaF2:Sr (5%) and
BaF2:MgF2 under high-energy excitation . Solid curve : total
emission spectra . Dotted curve: fast emission spectra . Dashed

curve : slow emission spectra .

C
0)

C
O
ô
a-

104

103

102

10'

100

Time (ns)

527

Fig. 3. Decay curves of the HELband in BaF2, BaF2 :Sr (2%),
BaF2:Sr (5%) and BaF2:MgF2 measured under high energy

electron excitation .

Double peak structures are commonly recognized in
all spectra measured . The peaks are locating at 5.9 and
4.2 eV for the BaF2 and the BaF2:Sr (5%) crystals [30],
while they are at 5.7 and 4.2 eV for the BaF2:MgF2
crystal . Since all the spectra measured show the dou-
ble-peak structure, the peaks appearing at higher and
lower energy regions are, hereafter, referred to as the
high-energy luminescence (HEL) band and the low-en-
ergy luminescence (LEL) band, respectively. The emis-
sion spectrum of a pure MgF2 crystal is also measured,
however, there is no emission band detected whose
intensity exceeds higher than 10 -3 of the BaF2 :MgF2
crystal emission . It should be noticed here that the
intensity of the HEL band for the BaF2:MgF2 crystal is
larger than that of the LEL band . This is quite con-
trary to the case of the BaF2 and the BaF2:Sr crystals
in which the LEL bands are dominant .

3.1 .2. Decay curves
Fig. 3 shows the decay curves measured for the

HEL bands in the BaF2 , BaF2:Sr (2%), the BaF2 :Sr
(5%) and the BaF2:MgF2 crystals . All curves show
single-exponential decays with a common decay time of
about 0.9 ns . No appreciable difference was observed
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Table 1
Decay times and relative light outputs of the fast component
The ratios F/S of the fast component intensity to the slow
component intensity are also indicated. Experimental uncer-
tainties are 15% m the last two columns
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in the time dependence among the decay curves . The
measured decay times are summarized in Table 1 .

Fig. 4 shows the decay curves measured for the LEL
bands in the BaF2 , the BaF2:Sr (2%) and the BaF2:Sr
(5%) crystals . As can be seen from Fig. 4, at least three
decay components exist in these curves . Although the
intensity is considerably small compared with the other
components, an extremely fast component is clearly
recognized as a spike near the time origin with a decay

time of about 1 ns . Disregarding the fast component,

the observed decay curves are fitted to a two-exponen-

Time (gs)

Fig. 4. Decay curves of the LEL band in BaF2, BaF2:Sr (2%),
BaF2 Sr (5%) measured under high-energy excitation .

Table 2
Decay times for the slow component and the ratios 1, 112 of
the intensity of the T, decay component to that of the 72
decay component. The relative light outputs of the slow
component are also summarized

tial function with decay time constants of T, and ?2,
i.e ., (!,/-r,) exp(-t/T,) + (12/72) exp(-t/T2) . Table 2
summarizes the fitted values of T,, 72 and the relative
intensity ,/,2 . Although none of the crystals shows
any differences in 'r2 from that of the BaF2, the
determined value of -r, for the BaF2 :Sr (5%) crystal is
found to be nearly a half of that of BaF2 crystal. The
decay curve for the LEL band in the BaF2:MgF2 crys-
tal could not be obtained, because emission intensity is
not as intense as those in the BaF2 and the BaF, :Sr
crystals .

3.1 .3 . Emission spectra for the fast and the slow compo-
nents

In Fig. 2, the dotted lines indicate the intensity of
the fast components observed in the BaF2, the BaF, :Sr
and the BaF2:MgF2 crystals as a function of the lumi-
nescence photon energy . These time-resolved emission
spectra are superimposed to the total emission spectra
in such a way that both spectra coincide at the peaks in
the higher energy regions, since the fast components
are dominant there as reported above. The time-re-

solved spectra for the slow components are obtained by
subtracting the fast component spectrum from the total
emission spectra . The slow component emission spec-
tra thus obtained are shown by dashed curves in Fig. 2.
After separating the total emission spectra into two
independent components, it can be seen that the HEL
bands distribute from 4.2 to 6.9 eV in the BaF2 and the
BaF2:Sr crystals, while it distributes from 3.2 to 7.4 eV
for the BaF2:MgF2 crystal. It should be noted here that
the spectrum width (4 .2 eV) of the fast component for
the BaF2 :MgF2 crystal is larger than those (2 .7 eV) for
the BaF2 and the BaF2 :Sr crystals .

3.1 .4. Light output for the fast components
Under the excitation of high-energy electrons gen-

erated by 662 keV gamma-rays, the light output of the
fast component, relative to that for the BaF2 crystals, is
measured to be 0.41, 0.27 and 0.22 for the BaF2:Sr
(2%), the BaF2:Sr (5%) and the BaF2:MgF, crystals,

Crystal Decay time
[ns]

Relative
light output
1%]

F/S Crystal T i
[ns]

T,
[ns]

h lIZ Relative
light
output

BaF2 0.90+0.06 100 0.28 1%]

BaF2 :Sr (2%) 0.89+0.050.05 41 0.48 BaF2 330±30 670±60 0.44±010 100
BaF2 :Sr (5%) 0.87+0.050.05 27 0.60 BaF2 - Sr (2%) 300+40 680+70 0.30+0.06 23
BaF2 :MgF2 0.89+0.04 22 2.70 BaF, - Sr (5%) 150±20 700±70 0.15±0.03 13

BaF2 .MgF 2 2



_cd 150

c

N
C
C
0

E
W

200

50

MM. Hamada /Nucl. Instr. and Meth in Phys . Res. A 340 (1994) 524-539

respectively, as listed in Table 1. Fig. 5 compares the
emission spectra of the BaF2 , the BaF2:Sr (2%), the
BaF2:Sr (5%) and the BaF2:MgF2 crystals under high-
energy electron excitation generated by 511 keV
gamma-rays . In this figure, the intensities at the maxi-
mum values of the HEL were scaled by using their
relative light output ratios indicated above. As can be
seen, the HEL (fast component) and the LEL (slow
component) bands decrease with the addition of Sr"
and Mg". Table 1 also compiles the intensity ratios of
the fast components to the slow components in these
crystals . The light output of the slow component, rela-
tive to that for the BaF2 crystals, is summarized in
Table 2. As the BaF2:MgF2 crystal clearly demon-
strates the slow component is more effectively sup-
pressed than the fast component.

3.1 .5 . Emission induced by VUVexcitation
Fig. 6 shows the emission spectra of the BaF2 , the

BaF2:Sr (5%) and the BaF2:MgF2 crystals at room
temperature irradiated with 21 .7 eV photons which can
excite the outermost Ba++ 5p core band . As in the
case of high-energy electron excitation, the HEL and
the LELbands have the maximum emission around 5 .9

Photon Energy (eV)

Fig. 5 . Emission spectra of the BaF2, BaF2:Sr (2%), BaF2:Sr
(5%) and BaF2 :MgF2 . The intensity at the maximum values of
HEL band are adjusted in accordance with their relative light

yield ratios .
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and 4.1 eV, respectively, in the BaF2 and the BaF2:Sr
crystals . In contrast to the high-energy electron excita-
tion, however, the HEL band is dominant for the
BaF2:Sr and the BaF2 crystals . The BaF2 :MgF2 crystal
has a single broad band having a maximum around 5 .7
eV as shown in Fig. 6c .

3.1 .6. Photo-excitation spectra and reflectance spectra
Figs . 7a, 7b and 7c show the measured photo-excita-

tion spectra of the fast and the slow components of the
BaF2, the BaF2:Sr (5%) and the BaF2:MgF2 crystals at
room temperature . The threshold energies, Et ., above
which the fast component appears are determined to
be 18 .0 ± 0.2 eV for both the BaF2 and the BaF2 :Sr
crystals, while Eth is determined to be 19 .3 ±0.2 eV
for the BaF2 :MgF2 crystal from Fig. 7. The slow com-
ponent for the BaF2 and the BaF2:Sr crystals is found
to be excited abundantly around the excitation photon
energy of exciton excitation and of valence-band excita-
tion . For the BaF2:MgF2 crystal photo-excitation spec-
trum of the slow component has a fine single peak at
10 eV .

The reflectance spectra measured for the BaF2 and
the BaF2:Sr (5%) crystals at room temperature are

Photon Energy (eV)
BaF2 1
BaF2 :Sr (2%) 2

Fig. 6. Emission spectra of BaF2, BaF2 :Sr (5%) and
BaF2:MgF2 measured under 21 .7 eV photon-excitation .

BaF 2 :Sr (5%) 3
BaF 2 :KtF2 4
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displayed in Figs . 7a and 7b . For the BaF2 crystal,
there are three major peaks observed in the reflectance
spectrum, which are assigned to the core exciton en-
ergy (A and B) and the exciton energy (l'), and are in
good agreement with those reported by Rubloff [31].
The BaF2 :Sr (5%) crystal does not show any particular
difference in reflectance spectrum from the BaF2 crys-
tal. An intense peak was found at 9.8 ± 0.1 eV in the
exciton energy region and two strong peaks at 17 .1 ± 0.1
eV and 19.8 ± 0.1 eV were observed in the core exciton
region . In the BaF2:MgF 2 , two peaks at 10.0 ± 0.3 eV
and 11 .0 ± 0.4 eV are observed in the exciton energy
region . A broad band locating around 18.6 ± 0.3 eV
and is observed in the core exciton region .

3.2 . CsBr.LiBr and CsBr

3.2 .1 . Total emission spectra observed under high-energy
electron excitation

Fig. 8a displays the time-resolved emission spec-
trum of the CsBr crystal. As can be seen, a single
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Fig. 8. Emission spectra of CsBr:LiBr and CsBr under high-
energy excitation at room temperature. Solid curve: total
emission spectra. Dotted curve: fast emission spectra. Dashed

curve: slow emission spectra.

continuous emission band is found, with the maximum
emission at 5.3 eV . This band consists of a fast compo-
nent with a decay time of 0.2 ns as described later.
There is a minor shoulder-like structure observed at
4.1 eV as well . Due to the low emission intensity of the
CsBr crystal at room temperature, the present spectro-
scopic system was incapable of providing decent results
on the total emission spectrum of the crystal. Mixing
LiBr into the CsBr, however, changed the monotonous
spectrum into a rather varied one as shown in Fig. 8b .
The total emission spectrum of the CsBr:LiBr crystal
observed at room temperature under the high-energy
electron excitation has a peak at 3 .6 eV in the LEL
region and a peak at 4.4 eV together with a minor one
at 5.6 eV in the HEL region. The intensity of the 5.6
eV luminescence band is about 80 times weaker than
that of the 4.4 eV luminescence band .

3.2.2. Decay curves
The decay curve for the HEL (4.4 eV) band in the

CsBr:LiBr crystal manifests a single exponential decay
with a fitted decay time of 0.90 ± 0.06 ns as shown in
Fig. 9. The decay profile for the 5.6 eV luminescence
band is almost identical to that for the 4.4 eV lumines-
cence band . The decay curve for the LEL band (3.6
eV) could not be obtained with the present experimen-
tal apparatus because of its low luminescence intensity
and long decay time of more than 100 ns . As shown in
Fig. 9, the decay curve observed for the 5 .3 eV band in
the CsBr crystal shows also a single exponential decay
with a fitted decay time of 0.20± 0.05 ns . The deter-
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Fig . 9 . Decay curves of the HEL band (5 .6 eV) in CsBr :LiBr

and (5 .3 eV) in CsBr.

mined decay time for the 4.1 eV luminescence band
does not indicate any difference from that of the 5.3
eV band. The fitted decay times for both crystals are
listed in Table 3 .

3.2.3 . Emission spectra for the fast and slow components
The time resolved emission spectrum for the fast

(nanosecond) component observed in the CsBr:LiBr
crystal is shown in Fig. 8b by the dotted curve . In this
spectrum, the maximum emission intensity at the pho-

Table 3
Decay times for the fast component in CsBr and CsBr:LiBr
crystals and the relative luminescence intensities for the fast
component. The experimental uncertainties are 20% in the
last two columns
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Fig. 10. Emission spectra of CsBr (ref. [4]) and CsBr:LiBr
measured under 14.8 eV photo-excitation and 7.75 eV photo-

excitation at room temperature.

ton energy of 4.4 eV is normalized to that of the total
emission spectrum at that energy . The spectrum of the
slow component is obtained by subtracting the fast
component spectrum from the total emission spectrum .
The slow component spectrum thus determined is
shown by the dashed curve. It can be seen from this
figure that the HEL and the LEL bands distribute
from 3 .6 to 6.6 eV and from 3 .0 to 4.2 eV, respectively .

3.2 .4 . Emission spectra under VUVexcitation
Figs . 10b and 10c show the observed emission spec-

tra of the CsBr:LiBr crystal observed at room tempera-
ture under the outermost Cs+ 5p core band excitation
with 14 .8 eV VUV photons and the valence band
excitation with 7.75 eV VUV photons, respectively .
Three emission bands are observed at 5.5, 4.3, 3.4 eV
under the core band excitation . The 3.4 eV lumines-
cence band exhibits a shoulder on the lower energy
wing at 2.8 cV. Under the valence band excitation a
LEL band at 3.5 eV is observed as a dominant emis-
sion . It should be noticed here that the spectral struc-
ture and the intensity ratios among these three peaks
are entirely different from those under the high-energy
electron excitation as shown in Fig. 8b . The emission

Crystal Peak
position
of AF
emissions
bands [eV]

7
[ns]

Relative
Room
temper-
ature

intensity [%]
Liquid
nitrogen
temperature

CsBr 5.3 0.20+0.050.05 1 100
4.1 0.23+0.04

CsBr:LiBr 5.6 0.90+0.06 40 200
4.4 0.86+0.05
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spectra of the CsBr crystal observed under the core
band excitation and the valence band excitation are
presented in Fig. 10a for reference as reported in ref.
[4]. The SOR intensity available in the present study
was, unfortunately, insufficient to perform the emission
spectrum measurements of the CsBr crystal due to the
low luminescence intensity of this crystal .

Figs . 11a and 11b show the emission spectra of the
CsBr and the CsBr:LiBr crystals cooled at liquid nitro-
gen temperature. Three bands having the maximum
emissions at 5.4, 3.8 and 2.8 eV are clearly observed in
the CsBr:LiBr crystal, while two bands peaking at 5.4
and 3.8 eV with a shoulder on the lower energy wing at
2.9 eV are observed in the CsBr crystal, being in good
agreement to ref. [111 . The intensity of the 5.4 eV
luminescence band exceeds those of the 3.8 and 2.8 eV
bands, which is quite contrary to the results at room
temperature.

3.2 .5. Luminescence intensity for the fast components
The intensities of the fast components in the

CsBr:LiBr and the CsBr crystals are measured at liquid
nitrogen temperature as well as at room temperature
by using 14 .8 eV photons. At room temperature, there
is no luminescence detected in the CsBr crystal in the
present study. Cooling the CsBr crystal down to liquid
nitrogen temperature results in a substantial increase
of the fast component. This result is consistent to the
other studies done so far in which the intensity at room
temperature has been reported to be less than 1/100
of that at liquid nitrogen temperature [5,11] . It is also
found that the measured AFL intensity of the
CsBr:LiBr crystal at room temperature is 2.5 times
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Fig. 11 . Emission spectra of CsBr and CsBr:LiBr measured
under 14 .8 eV photo-excitation at liquid nitrogen tempera-
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Fig. 12. Reflectance spectra (a) for CsBr and CsBr:LiBr
measured at room temperature and liquid nitrogen tempera-
ture. Excitation spectra for the 3.4 eV band labeled 1 and the
5.5 eV band labeled 2 from CsBr:LiBr crystal measured at

room (b) and liquid nitrogen (c) temperatures .

lower than the measured AFL intensity of the CsBr
crystal at liquid nitrogen temperature. In reference to
these facts, one could state that the AFL intensity of
the CsBr:LiBr crystal at room temperature is 40 times
larger than that in pure CsBr. At liquid nitrogen tem-
perature, the measured AFL intensity of the CsBr:LiBr
crystal is two times larger than that of the CsBr crystal .
These results are summarized in Table 3.

3.2 .6. Photo-excitation spectra and reflectance spectra
Figs . 12b and 12c show the photo-excitation spectra

measured for the fast (5 .5 eV) and slow (3 .4 eV)
components of the CsBr:LiBr crystal at room and liq-
uid nitrogen temperatures . The photo-excitation spec-
trum for the 4.3 eV luminescence band is not included,
since it is nearly identical to that for the 5.5 eV
luminescence band. The threshold energy Eth is mea-
sured to be 14.1 ± 0.1 eV at room and liquid nitrogen
temperatures . The 3.4 eV luminescence band is found
to be efficiently excited at room and liquid nitrogen
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temperatures around 7.0 eV, which corresponds to the
fundamental absorption edge of the crystal.

Fig. 12a shows the reflectance spectra for the CsBr
and the CsBr:LiBr crystals at room temperature. Fig.
13 shows the reflectance spectra expanded in the va-
lence exciton region for the CsBr and the CsBr:LiBr
crystals . The reflectance spectrum measured in this
study for the CsBr crystal at room temperature is in
good agreement with that reported by Rubloff [31] . In
the valence exciton region, the lowest energy peak,
denoted as T, is observed at 6.55 ± 0.02 eV in the
CsBr crystal. On the other hand, the corresponding
peak is observed at 6.70± 0.03 eV in the CsBr:LiBr

crystal. In the high-energy region, the peaks are ob-
served at 13 .3 +_ 0.1 eV and 14 .6 +_ 0.2 eV in both
crystals .

Band structure calculations [32,33] for ionic crystals
show that the conduction band consists of the excited s
and d states of the positive ions and the valence band
filled with p states of the negative ions . Below the
valence band, there is an outermost-core band filled
with p states of positive ions . Fig. 14 shows schematic
energy diagrams, illustrating the AFL and Auger elec-
tron emission . When the excitation energy deposited in
an ionic crystal by energetic electrons or by VUV
photons is high enough to ionize the outermost-core
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Fig. 13 . Reflectance spectra expanded in the valence exciton region for CsBr and CsBr:LiBr measured at room temperature.

band, there will be created electrons in the conduction
band and holes in the outermost-core band in the ionic
crystals . Then the valence band electrons recombine
with holes in the outermost-core band . The conse-
quence of the recombination process is strongly depen-
dent upon the amount of the energy released during
the process which is well represented by the energy
difference E,,c between the tops of the valence band
and the outermost-core band . In case Ev, is smaller
than the band gap-energy Eg, Auger electron emission
is energetically impossible . Then the outermost-core
holes are free from the Auger electron emission and
combine with the valence electron . The recombination
process will, therefore, result in the emission of radia-

Conduction band

Valence band

Outermost-
cote band
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Auger Process Auger-free luminescence

MINE
Evc

(a) A-type

	

(b) L-type
Eg<Evc Eg>Evc

Fig. 14. Schematic energy diagrams illustrating the AFL and
Auger electron emission .
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Table 4
Summary of the parameters relevant to AF luminescence and the peak position of emission band for the BaF2-based crystals
measured at room temperature. All values are in eV

a Ref. [25] . t' Ref. [10] . ` Ref. [40] d Ref. [3] . ' Ref. [5] . t Ref. [34] . g Ref. [41]
h The Emax values are a reasonable guess from Fig . 2, because of no sensitivity of the present detection system in the spectral
region above 6.9 eV.

tion, and is called Auger free luminescence as ex-
plained before . Those crystals which satisfy the condi-
tion of Eg > E, c are referred to as type L crystals . In
case Eg <Evt , on the other hand, the Auger process
becomes dominant, reducing the luminescence inten-
sity significantly . This type of crystals is referred to as
type A crystals . BaF2 crystal is known as a typical
example of the type L, while the SrF2 and the MgF2
crystals are categorized in the type A.

Since the AFL is associated with the creation of the
holes in the outermost core band, there exists the
threshold energy Ech, corresponding to the energy of
Eg + Ex,, in the photo-excitation spectrum, above which
the excitation energy becomes sufficient to ionize the
outermost core band . One can, therefore, obtain the
value of Eg +E,c by determining Eth , from the photo-
excitation spectrum observed.

If the lattice relaxation is negligible, the emission
spectrum for the AFL distributes in the region of
E,c - AEv < by <Evc [3,11,25] . Here, AEv denotes the
width of the valence band. The values of Evc and AEv

can be experimentally determined from the maximum
photon energy E,t,dx and the width Emax -Em,n of the

Table 5
Summary of the parameters relevant to AF luminescence and the peak positon of emission band for CsBr and CsBr :LiBr crystals
measured at room temperature All values are in eV

Crystal

CsBr

CsBr-LiBr
a Ref. [25] . n Ref. [4]. ° Ref. [3] d Ref. [39] . e Ref. [36] .
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emission spectrum, respectively, where Emtn denotes
the minimum photon energy of the emission spectrum .
By using the values of Eth and E, the values of Eg
for the crystals investigated in the present work have
been determined and are listed in Tables 4 and 5.

4.2. BaF2based crystals

4.2.1 . BaF2:Sr
Since there are remarkable similarities in the ob-

served reflection spectrum between the BaF2 :Sr and
the BaF2 crystals, it is assumed that the first peak (l')
at 9.8 ± 0.1 eV and the peak at 17 .1 ± 0.1 eV of the
BaF2:Sr crystal correspond to the exciton and the
Ba ++ 5p core exciton creations, respectively, as Rubloff
ascribed in the case of BaF2 [31].

As reported in the previous section, there is no
difference observed between the BaF2 and the BaF2 :Sr
crystals in the threshold energy in the photo-excitation
spectrum for the fast component. This observation
leads us to ascribe the fast component to the AFL
associated with the radiative recombination of the va-
lence electrons with the holes in the Ba++ 5p band as

Crystal Experiment

Eth Eg Epeak Em_
E_

Emm Spectrum width
Emax - Emin
,AE,

Calculation
Valence band
width
DEP

Emax
Ev,

En� t,
EP - DEP

BaF2 18.0±0.1 11.1±0.3 5.9 6.9±03 h 4.2+0 .1 2.7+0 .3 3.4 ±0.2 t 7.2 ± 0.2 1 3.8 + 0.3
18 .23 a 10.94 a 7 3 ± 0.1 d 4.0 + 0 2 `~ 3.3+0 .2 d 2.9+0 .2 9 7.3 ± 0.2 9 4.4 ± 0.3
10.0+0.2 b 10.5+0 .2 ` 6.8 e 4.3 e 25e

BaF2:Sr(2%) 18.0±0 .2 11 .1±0 .4 5.9 6.9±0.3 h 4.2+0.1 2.7+0.3
BaF2:Sr(5%) 18.0+0 .2 111±0.4 5.9 6.9±0.3 h 4.2+0.1 27+03
BaF2MgF2 19.3±0 .2 119+0.4 5.7 7.4±0 .3 h 3 .2+0.1 4.2+0 .3

Experiment

Eth Eg Epeak Em_
E,c

Emm Spectrum width
Em,, - Emm
DEv

Calculation
Valence band
width
DEP

Emax
EP

Emin
EP - o EP

13 .82 ° 7 16 a 5 .3 . 4.1 6.6 + 0.1 3.2+0 .1 3.4± 0.2 21+0.2 d 6.6+0 .2 d 4.5+0 .3 d
13 .1 ± 0.2 b 6.2+0 .3 b 4 4 +0.1 b 1 .8 ± 0.3 n 3 .0 + 0.1 e 7.3+0.1' 4.3+0 .1 1
14.01 +_0 1 4.5 ± 0.1 ` 2.0± 0.1
14 .1 +0 .1 7.5 ± 0.1 5.6 . 4.4 6.6 ± 0.1 3.6+0.1 3.0± 0.1
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for BaF2 crystal. It seems also quite natural to attribute
the slow component to the radiative decay of the
self-trapped excitons formed by the excitons or elec-
tron-hole pairs, since the time characteristic is nearly
the same as that of the BaF2 crystal and it is excited
around the excitation photon energy of exciton excita-
tion and of valence-band excitation .

According to the discussion in the section of 4.1, the
energy of the emitted photons, hv, released in the
AFL mechanism should be in the range of E,,, - 0E �
<by < Evc . By using the reported values of both E�c
and AE, for BaF2 crystal, which were obtained from
photoelectron spectroscopy [34], one can determine the
range to be 3 .8 eV < by < 7.2 eV for BaF2 crystal . The
energy range estimated in this' way is consistent with
the one determined from the maximum and minimum
energies of the fast emission spectrum from BaF2:Sr
crystal as well as BaF2 crystal .

Since all the parameters characterizing the AFL for
BaF2 :Sr crystal are almost equal to those for the BaF2
crystal, one can conclude that introduction of SrF2 into
BaF2 has little effect in the resultant band structure,
except for the mechanism controlling the relative light
output and the intensity ratio between the fast and
slow components in the crystal . The decrease of the
fast component could be explained by the fact that the
Sr++ 4p core band which has an excitation energy of 24
eV [34] can be excited as well as the Ba++ 5p core
under the high-energy electron excitation . With raising
the Sr" ions concentration, the number of the holes
produced in the Sr {+4p core band increases and that
in the Ba ++ 5p core band decreases. As the SrF2 crys-
tal is the type A crystal, the holes generated in the
Sr ++4p core band can relax non-radiatively, thus re-
ducing the intensity of the fast component [5,6] . This
explanation has, however, a difficulty in clarifying the
mechanism by which only 2-5% of Sr" ions concen-
tration in the BaF2 crystal can decrease nearly 60% of
the entire luminescence intensity.

It is known that the SrF2 crystal has the broad
luminescence band peaking around 4.3 eV, which cor-
responds to the slow component with a decay time of
900 ns [5] . This slow component is attributed to the
radiative decay of self-trapped excitons produced by
the recombination process of the electrons in the con-
duction band with the holes in the valence band [35] .
Because the band gap-energy (11.6 eV) of SrF2 [34] is
almost the same as that (11 .0 eV) of BaF2 [34], one
could expect that the number of electron-hole pairs
produced in the BaF2 crystal doped 2-5% Sr" ions
should not manifest any significant difference from
that in a pure BaF2 crystal . The intensity of the slow
component for the BaF2:Sr crystal should, therefore,
be as strong as that for the BaF2 crystal, unless the
introduction of Sr" ions into the BaF2 crystal has a
substantial effect on the efficiency of the self-trapped
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exciton luminescence . The decrease in the lumines-
cence intensity for the slow component was, however,
clearly observed in the present study. This result,
therefore, suggests that a considerable decrease in the
efficiency for the self-trapped exciton luminescence
has been induced by introduction of Sr" ions . Since
the decay times T1 and T2 of the slow component of
the BaF2:Sr crystal are almost the same as those in the
BaF2 crystal, it can be concluded that the introduction
of Sr" ions does not affect the decay rate of the
self-trapped excitons . In this argument the Il compo-
nent can be neglected, since it contributes only 15% to
the total intensity even in the BaF2:Sr (5%) crystals .
The probable explanation for the decrease in the in-
tensity is, therefore, that the Sr" ions are existing as
electron trapping centers which prevent the electrons
from recombining with the holes, resulting in the re-
duction of the number of the self-trapped excitons .
Schotanus et al . have reported a similar decrease in the
intensity of the slow component in a La.. . doped
BaF2 crystal, and have interpreted it by the same
mechanism [17] .

In the BaF2 and the BaF2:Sr crystals, an incident
photon with the energy higher than Ech creates an
outermost-core hole accompanied by a photo-electron .
After the emission of AFLinvolving this outermost-core
hole and an electron in the valence band, it remains a
hole in the valence band. This valence hole recombines
with either the photo-electron or a some hole trap . The
recombined valence hole and photo-electron forms the
self-trapped exciton which eventually emits a photon of
LEL. One can, therefore, state that a photon of the
HEL band is emitted being accompanied by no more
than one photon of the LEL band . It is expected from
this argument that the intensity of the HEL band is
equal to or larger than that of the LEL band . The
experimental result shows that this is the case under
the VUV excitation as shown in Fig. 6. Contrary to the
VUV excitation, the intensity of the LEL band is
stronger than that of the HELband under the high-en-
ergy electron excitation as shown in Figs . 2a and 2b .
This enhancement of the LEL band can be explained
in terms of the efficient excitation of the valence band
due to the delta-ray electrons produced by the incident
high-energy electrons. This explanation holds as long
as the mean energy of delta-ray electrons is lower than
the threshold energy (18 eV) of the Ba ++5p band .

4.2.2. BaF2 :MgF2
The threshold energy of the HEL band (18.0 eV) is

proximate to the energy of Ba++ 5p core exciton (17.1
eV) for the BaF2 crystal, as shown in Fig. 7. Since
there is the same feature of the reflectance spectra
observed at the core exciton region in the BaF2:MgF2
crystal, one could infer that the first peak at 18 .6 eV,
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which is located lust below the threshold energy (19.3
eV), corresponds to the Ba++ 5p core exciton. There-
fore, the HEL band observed in the BaF2 :MgF2 crystal
can also be interpreted as the AFL due to the radiative
recombination of the valence electrons with the
Ba ++5p holes.

The threshold energy of the BaF2 :MgF2 crystal lo-
cates at the photon energy of 19 .3 ± 0.2 eV, which is
about 1 eV higher than that of the BaF2 crystal . The
band gap-energy of the BaF2 :MgF2 crystal determined
in the same manner described in the section 4.1 was
found to be Eg = 11 .9 t 0.4 eV, which is about 1 eV
larger than that of the BaF2 crystal . This increase in Eg
for the BaF2:MgF2 crystal probably comes from the
larger band gap-energy (14.5 cV) of MgF, [34] .

The spectrum width of the AFL observed in the
BaF2:MgF2 crystal is 4.2 ± 0.3 eV, which is larger than
that (2 .7 ± 0.3 eV) of the BaF, crystal . On the basis of
the discussion made in the section 4.1 again, this result
suggests that the valence band in the BaF2 :MgF2 crys-
tal is about 1.5 eV wider than that of the BaF2 crystal .
By using photoelectron spectroscopy technique, Poole
et al . reported the valence band widths of BaF, and
MgF2 to be 3.4 and 6.3 eV, respectively [34] . They have
discussed these values in terms of the linear depen-
dence of the total width of the valence band on the
distance between the nearest-neighboring atoms in a
given crystal . The width of the valence band increases
with decreasing the nearest-neighbor distance, which is
due to the crystal-field effect associated with the pro-
gressive increase of the electron wave-function overlap-
ping in the crystal [34,36] . Since the nearest neighbor
distance in BaF2 and MgF2 is known to be 2.69 and
1 .99 A respectively [34], the introduction of two moles
of MgF, into one mol of BaF2 could result in broaden-
ing of the valence band of BaF2 , which is considered to
be the responsible mechanism for yielding the lumines-
cence in this newly synthesized crystal .

It is also important to pay attention to the experi-
mental fact that the introduction of the two moles of
MgF2 into one mol of BaF. resulted in the decrease in
the intensity for the slow component, together with the
suppression of the fast component . A difficulty was
found in synthesizing such a crystal in which the slow
component is highly suppressed without a significant
decrease of the fast component intensity, which was
one of the goals the present work assigned . However, it
can be said that the newly synthesized crystal of
BaF2 :MgF2 manifested the promising enhancement of
the fast component at the expense of partially quench-
ing the original luminescence intensity.

The peak appearing at 11 .0 cV in the reflectance
spectrum as shown in Fig. 7c is attributed to the
exciton creation which is 1 eV higher than that of the
pure BaF2 crystal . This increase is due to the increase
of Eg for BaF,:MgF, crystal compared to that for BaF,

crystal . The first peak at 10 .0 eV, which is almost the
same as that 9.8 eV in BaF2 crystal, is most likely due
to the exciton creation originating from the BaF, crys-
tal, which consists in the impurity formed in the crystal .

As can be seen in Fig. 7c the LEL band for the
BaF2 :MgF2 crystal is efficiently excited at excitation
photon energy of around 10 cV, but no significant
luminescence is observed at excitation photon energy
of more than 11 cV . As described just above lumines-
cence at excitation photon energy of around 10 eV
corresponds to the creation of excitons in BaF2, which
is the impurity of the BaF2 :MgF, crystal . Thus the slow
component from the BaF2:MgF, crystal observed in
Fig. 2 can be due to the radiative decay of self-trapped
excitons formed uniquely from exciton originating from
BaF, present as impurity in the BaF2:MgF2 crystal . It
is expected, therefore, that the slow component should
be totally suppressed in a perfect BaF, :MgF2 crystal .

4.3. CsBr-based crystals

The CsBr crystal has a weak AFL band peaking at
5.3 eV and a dominant luminescence band at 3 .2 eV at
room temperature, under VUV excitation, as shown in
Fig. l0a [4] . The 3.2 eV band observed under the
valence band excitation has been considered to be a
kind of luminescence associated with defects intro-
duced in the crystal [11] .

The 4.5 and the 5.6 eV bands in the CsBr:LiBr
crystal confirmed m the present study for the first time,
are appearing in the HEL region under VUV excita-
tion, both having the same threshold energy of 14 .1 ±
0.1 cV. This value is in good agreement with the
transition energy from the outermost-core states of the
Cs + 5p to the conduction band [4] . It is, therefore,
highly conceivable that these two bands in the
CsBr:LiBr crystal arc the AFL involving the Br - 4p
valence electrons and the Cs +5p holes. The 3 .5 eV
luminescence band observed in the LEL region is
considered to be unrelated to the AFL, since this band
can also be excited under valence-band excitation as
shown m Fig. l0c. Being similar to the case of the CsBr
crystal, this luminescence may be interpreted in terms
of the luminescence originated from some defects .

At liquid nitrogen temperature three luminescence
bands are observed at 5.4, 3.8 and 2.8 eV in the
CsBr:LiBr crystal as shown in Fig. llb. Among these
bands the 5.4 eV band has the threshold energy of
14 .1 ±0.1 eV, which can be ascribed to the AFL. The
3 .8 and 2.8 eV bands, on the other hand, are effectively
excited in the range of the fundamental absorption
region . The pure CsBr crystal has also two bands at 3.8
and 2.8 eV at liquid nitrogen temperature, which have
been attributed to -rt emission [77] . Noticing the simi-
larities in the spectroscopic feature observed between
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the CsBr and the CsBr:LiBr crystals, one could infer
that the Tr emission mechanism is also responsible to
these two bands in the CsBr:LiBr crystal .

Referring to the reflectance spectrum for the CsBr
crystal, the first peak (F) appearing at 6.70 ± 0.03 eV
in the CsBr:LiBr reflection spectrum can be attributed
to the exciton creation . It should be stressed here that
the peak location has been shifted to the higher energy
side by 0.15 eV in the CsBr:LiBr crystal with respect to
that in the CsBr crystal, as shown in Fig. 13 .

The band gap energy of the CsBr:LiBr crystal has
been determined to be 7.5 ± 0.1 eV in the present
study, and is clearly larger than that of 7.16 eV of the
CsBr crystal [25] . This increase was expected prior to
synthesizing the crystal, since Eg of the LiBr crystal is
larger than that of the CsBr crystal as described in the
section 1.

It is known that the intensity of the AFL from a
CsBr crystal at room temperature is about 100 times
weaker than that at liquid nitrogen temperature
[5,11,37]. According to Davoli et al . [26] this reduction
of the intensity at room temperature is attributed to
the activation process of the hole to such an energy
position in the outermost-core band where the Auger
process is highly favoured due to the Urbach effect.
Here, the Auger process includes not only the produc-
tion of an electron-hole pair but the electronic excita-
tion of an exciton, and the excitation or the ionization
of defects as well . Since Eg at room temperature is
smaller than that at liquid nitrogen temperature [25,36],
the Auger process resulting in the non-radiative relax-
ation of the outermost-core holes proceeds more effi-
ciently at room temperature than at liquid nitrogen
temperature .

The most striking feature induced by the introduc-
tion of LiBr into CsBr is the enhancement of the AFL
intensity. The luminescence intensity in the CsBr:LiBr
crystal becomes 40 times larger than that of the CsBr
crystal at room temperature . This enhancement can be
explained by the mechanism that the Urbach effect [26]
in the CsBr:LiBr crystal is suppressed due to the in-
creases in both the band gap-energy and the exciton
energy of the CsBr:LiBr crystal . The hole relaxation
process through the AFL competing with the Auger
process can, therefore, be more efficient in CsBr:LiBr
crystal than that in the CsBr crystal, resulting in the
intensity enhancement as observed in the CsBr:LiBr
crystal .

The decay time measurements carried out in the
present study also provide an evidence of the Urbach
effect suppression in CsBr:LiBr crystal . Since the sup-
pression is expected to close one of the decay channels
of the formation of the Auger process, the apparent
decay time should be longer under the suppression of
the Urbach effect . The decay time observed in the
CsBr:LiBr crystal was 0.90 ± 0.06 ns, which is signifi-
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cantly longer than that (0.20 ± 0.05 ns) in the CsBr
crystal as expected .

The AFL spectra of the CsBr:LiBr crystal have
peaks around 5.6 and 4.3 eV as shown in Figs . 8b and
10b. The intensity of the 5.6 eV band is about twice as
intense as that of the 4.3 eV band under VUV excita-
tion . On the contrary, the intensity of the 5 .6 eV band
is about 80 times weaker than that of the 4.3 eV band
under the high-energy electron excitation . This reduc-
tion in the intensity of the 5.6 eV band can probably be
explained by the self-absorption of the - 5.6 eV pho-
tons in the crystal . Since the absorption length for 511
keV annihilation radiation is about 10 cm, outermost-
core holes are produced almost uniformly over the
crystal volume under the high-energy electron excita-
tion . The photons with an energy of - 5 .6 eV emitted
in the bulk of the crystal, could be strongly absorbed
due to the opacity, resulting in low luminescence inten-
sity . The outermost-core holes are on the other hand,
produced within - 10' cm from the crystal surface
under the VUV excitation . These photons are, there-
fore, free from the self-absorption, and are detected as
a strong emission . It is anticipated that a good optical
transmission of the crystal can improve the lumines-
cence intensity of the 5.6 eV band .

As Fig. 8a displays, the emission band observed in
the CsBr crystal distributes from 3.2 to 6.6 eV . The
maximum energy (6 .6 eV) is in good agreement with
the values reported so far [3,4]. As can be seen in
Table 5, however, the minimum energy measured is
about 1 eV lower than those reported in refs . [3,4], and
its spectrum width determined 3 .4 eV is about 1 .5 eV
larger than those reported in refs . [3,4] . It should be
noted that the emission spectrum is obtained by em-
ploying the time-resolved spectroscopy in this work
[38] . By using the valence band widths AE°, which are
deduced from the photoelectron spectroscopy [36,39],
the expected location of luminescence in the CsBr
crystal can be calculated to be either from 4.3 to 7.3 eV
or from 4.5 to 6.6 eV depending upon the numerical
values of DE° to be used, i .e. 3.0 eV [36] or 2.1 eV
[391 . Accurate measurements of the valence band width
are needed to compare the measured spectrum width
measured in the present study and the calculated one.

5. Conclusion

It has been demonstrated that the introduction of
such foreign species of SrF2 and MgF2 into BaF2
results in the significant suppression of the slow com-
ponent luminescence . Although the decrease of the
fast component is also induced, the suppression of the
slow component is more effective than that of the fast
component. The Sr" and Mg" ions act as electron
trapping centers, preventing the formation of self-
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trapped excitons by electron-hole pair . The suppres-
sion technique of the slow component provides a
promising way of developing new scintillation material
suitable for high counting rate experiments.

Detailed study on the fast component appearing in
the newly synthesized BaF2--based crystals, the BaF2:Sr
and BaF2 :MgF2 crystals open a way of investigating the
band structure in this type of the crystals by combining
them with the AFL measurements presented in this
work . While the introduction of the Sr" ions yielded
no significant difference in the band structure of BaF2
crystal, an appreciable difference is observed in the
band structure of the BaF2 :MgF2 crystal compared to
that of the BaF2 crystal.

It has also been shown that the luminescence inten-
sity of the CsBr:LiBr crystal at room temperature is 40
times more intense than that of the CsBr crystal. This
enhancement is attributed to the suppression of the
Urbach effect due to increases in the band-gap energy
and in the exciton energy of the CsBr:LiBr crystal
compared with those in the CsBr crystal. At liquid
nitrogen temperature, the increase of the luminescence
intensity in the CsBr:LiBr crystal is less effective, being
only twice more intense than that of the CsBr crystal.
The increase in the decay time for the CsBr:LiBr
crystal also provides an evidence to the suppression of
the Urbach effect in this crystal.
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