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Abstract

BaF2 is a common scintillator material used for the detection of gamma radiation due to its relatively high stopping

power, radiation hardness and high luminescence. BaF2 is often used in gamma ray timing experiments because of the

prompt decay component. It is well known that the light output from BaF2 has two decay components: a prompt one at

�220nm with a decay constant of around 600 ps and a more intense, temperature dependent, slow component at

�300nm with a decay constant around 600 ns which hinders fast timing experiments. We report here the development

of a gamma ray detector based on a BaF2 scintillator crystal heated to 220 1C for which the intensity of the slow

component is reduced to ð1 � 1Þ%. The analysis of the temperature dependent intensity using a model including a single

thermally activated quenching mechanism is consistent with the slow component arising from a self-trapped exciton

with an activation energy E ¼ ð0:25 � 0:01Þ eV.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

There exist a great many different scintillating
materials, with a correspondingly large variation
in their properties [1] and in general one chooses a
e front matter r 2005 Elsevier B.V. All rights reserve
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material that is optimum for a particular applica-
tion. The timing characteristics, in particular, span
an enormous range, from a few ns to ms,
associated with the emission of photons during
electronic transitions in the scintillating material.
For the efficient detection of gamma rays for use in
positron lifetime experiments [2] an ideal scintilla-
tor would be one with a high density and
d.
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luminosity but a fast decay time [3,4]. However,
the general trend is for denser materials to have
high luminosities but longer decay times. Table 1
lists some properties of a few commonly used
heavy scintillators (all of which are commercially
available). We note that recently a ZnO(In) crystal
scintillator was shown to have a sub-nanosecond
decay time when irradiated with 5.5 MeV alpha
particles [5], but is not yet commercially available.

Although the luminosity of BaF2 relative to,
say, NaI(Tl) is rather low it is nevertheless much
higher than a usual fast scintillator, such as plastic.
Also, the high density of this material (4:9 g=cm3)
makes it well suited for gamma ray detection.
Indeed, without the slow component of the
scintillation light BaF2 might be considered as an
ideal material for use in positron lifetime experi-
mentation.

It has been demonstrated that the slow light
component intensity (and decay time) is tempera-
ture dependent [6,7] while the fast component is
not. However, it has not previously been shown
that the slow component can be fully suppressed
by heating. In fact, previous work has largely
focused upon cooling crystals to increase the light
output of the slow component in order to provide
better energy resolution for low energy gamma ray
spectroscopy.

The standard method to study scintillation
fluorescence decays devised by Bollinger and
Thomas [8] employs a single scintillator and two
Table 1

Characteristics of some heavy, commercially available scintilla-

tors. D is the density in g=cm3, P is the attenuation length/

photoelectric fraction in cm for 511 keV photons, L is the

luminosity in photons/MeV for emissions o10ms, Lð0:1Þ is the

luminosity in photons/MeV emitted in the first 0.1 ns, tð50%Þ

and tð90%Þ are the time in ns for emission of 50% and 90% of

the light, respectively. These data are taken from Ref. [1].

Material D P L L(0.1) tð50%Þ tð90%Þ

BaF2 4.89 11.8 12,000 250 320 1340

Bi4Ge3O12 (BGO) 7.13 2.6 8200 3.7 184 664

CaWO4 6.1 4.7 6000 0.1 4160 13,800

CeF3 4.11 9.1 4400 22 17 61

CsI(Tl) 4.51 11 64,800 7.5 616 2400

NaI(Tl) 3.67 17 38,000 17 159 530
PMs. Whereas one PM, coupled directly to the
scintillator, can be set to trigger on the fast
photoelectrons, for the second PM, located a large
distance from the scintillator, the probability of
detecting single photoelectrons is much less than
one. Therefore, by measuring the distribution of
the start–stop time intervals, which requires typical
times of few hours, the time dependence of the
scintillation can be mapped out.

In this work we have used nanosecond bursts of
positrons from an accumulator to observe in a
single shot the complete fluorescence decay of a
BaF2 scintillator-PM detector as a function of
temperature. We find that at T ’ 200 1C the slow
component is essentially completely suppressed
while the fast component is unchanged, effectively
providing a scintillator with a sub-nanosecond
decay time and a fast light output of the order of
1000 photons/MeV.
2. Experimental details

The scintillation properties of BaF2 were stu-
died using positron bursts containing approxi-
mately 5million positrons obtained from a
positron accumulator. This type of accumulator
has been described elsewhere [9] and we shall give
only a brief overview here. Fig. 1 shows the layout
of the accumulator system. Positrons from a
20mCi 22Na source were moderated using a solid
neon moderator to produce a quasi mono-ener-
getic positron beam of 8 � 106=s. This beam was
magnetically guided into a two-stage Surko type
trap whose content was dumped into the accumu-
lator four times a second. The accumulator
contains a multi-ring potential well in which
positrons are stored and manipulated prior
to dumping. Each ring is hardwired to an
independent external voltage pulser so that
the dump may be initiated by applying a para-
bolic potential along the length of the well. This
causes the ejected positrons to arrive at the
target at the same time and hence acts as a time
focus [10].

Although the accumulator is capable of storing
up to 100 million positrons for the present work 5
million per shot was more than sufficient. The
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Fig. 1. The layout of the positron accumulator system. A DC positron beam of 8 � 106=s is generated by the solid neon moderator in

the source. From this the trap section created pulses containing approximately 250,000 positrons and delivers them to the accumulator

at 4Hz. The accumulator is capable of storing 1 � 108 positrons and can deliver pulses with a spread of approximately 10 ns.

Fig. 2. The design of the BaF2–PM system adopted in this experiment. Details are described in the text.
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positron pulses so obtained were approximately
10 ns FWHM. The BaF2 crystal used was a 40 mm
thick cylinder with diameter D ¼ 90 mm. The
expected absolute efficiency for the 0.511 MeV
photons is � ’ 95%. The scintillator had to be de-
coupled from the photomultiplier (PM) before it
could be heated, to prevent damage to the PM.
For this reason, an especially designed detector
casing, shown in Fig. 2, was used. BaF2 is rather
sensitive to thermal shocks and so the crystal was
housed in an Al holder to help distribute the heat.
Thermocouples were placed on the front of the
crystal holder and near the cathode of the PM to
monitor the heating process. An evacuated glass
cone with quartz windows was used as a light
guide to thermally insulate the PM from the
crystal. The cone was wrapped with Teflon tape to
increase the diffuse reflection. A heater tape was
used to heat the Al crystal holder and care was
taken to keep the temperature gradient at approxi-
mately 0.5 1C/min. Air was blown through two
holes (not shown in Fig. 2) in the stainless steel
casing near the PM and a fan was used externally
as an extra precaution. For a crystal temperature
of 220 1C the maximum PM temperature was
30 1C.
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The PM was operated with negative voltage
applied to the photocathode and anode at ground
potential. The detector anode was directly coupled
to the 50O input of an Agilent Infinium 54855A
digital storage oscilloscope which was triggered by
the voltage pulser used to initiate the positron
dump. Three waveforms were taken at each
temperature as the crystal was heated in 20 1C
steps. The sampling time was 0.5 ns. Each wave-
form consisted of 2 � 104 points, spanning a range
of 10ms. The results shown in the next sections are
very similar to those obtained with a different
setup where two BaF2 scintillators coupled to
XP2020Q PMs and a standard 22Na positron
source were employed. In this case the trigger to
the temperature controlled scintillator (the same as
that shown in Fig. 2) was provided by the
anticollinear g ray reaching the second scintillator,
kept at room temperature and coupled directly to
the second PM. The main difference between the
two experiments was that whereas in the latter
system we collected many waveforms to get
sufficient statistical precision (each spectrum was
averaged over 4096 acquisitions), in the former
experiment the information was obtained in one
single shot of the positron beam (more precisely,
as mentioned above, three shots were employed).
Fig. 3 shows a typical waveform of the digital
Fig. 3. A typical anode waveform of the digital oscilloscope

employed in the data acquisition (at T ¼ 20 	C). The 20,000

bins spectrum has been subjected to 15 points smoothing.
oscilloscope, characterized by a prompt peak
followed by a slow decay. Note that the direct
study of the anode waveforms adopted in the
setting described above has the advantage of
reducing the acquisition time to few seconds.
3. Results and discussion

Fig. 4 shows some representative anode time
spectra taken at various temperatures. For ease of
representation the spectra have been interpolated
to a smaller number of points. (In the following,
the spectra collected at the various temperatures
are denoted as T40, T80 etc.) Clearly, the trailing
edge of the anode signal, attributed to the 300 nm
slow component of BaF2 decreases considerably
as a function of temperature. At the highest
temperature ðT ¼ 220 	CÞ, no remnant of the
anode decay in the 100–6000 ns region can be
observed. On the other hand, the prompt peak of
the anode pulse, shown in Fig. 5 at the binning of
the original acquisition (0.5 ns/channel), is essen-
tially temperature independent. The FWHM of the
prompt peak is W T ’ 12 ns. This width is
consistent with the convolution (approximated
by a sum in quadrature) of the intrinsic width of
Fig. 4. Some anode traces for various temperatures of the

BaF2 scintillator. The original waveforms have been interpo-

lated into 200 points. The t ¼ 0 time coincides with the peak of

the prompt. To better visualize the slow decay, the traces have

been truncated at amplitudes V ¼ �0:2V.
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Fig. 5. The same waveforms shown in Fig. 4 near t ¼ 0 for the

original acquisition binning (0.5 ns/channel).

Fig. 6. Selected anode traces for various temperatures, after

background subtraction, invertion and rebinning as described

in the text. The inset shows the prompt peak of the same

spectra. In the main graph, the continuous lines superimposed

onto the T20 and T40 spectra are obtained from the fit

described in the text.

M. Biasini et al. / Nuclear Instruments and Methods in Physics Research A 553 (2005) 550–558554
the PM-scintillator ðWPM ’ 5 ns, as measured in
separate experiments) with the time spread of the
positron pulse (Wbeam ’ 10 ns, as mentioned
above). Note that the FWHM obtained is still
sufficiently narrow for future single shot positron
lifetime experiments aimed at measuring
changes in the lifetime of orthopositronium
(tvacuum ¼ 140 ns) as a function of the positron
density, generated by various quenching processes
(recall Fig. 1). In these measurements, where up to
’ 108 positrons annihilate in a single burst, the
overall waveform consists of the superposition of
several prompt and slow decays, each caused by
the response of the scintillator to a single
positronium annihilation. It is therefore clear that
the suppression of the slow decay would eliminate
a large background in the critical region centred
around 100 ns or so where we plan to set a timing
window to monitor the changes of the positronium
lifetime. Consequently, a large improvement in the
sensitivity of our experiments can be predicted
with this spectrometer.

A clearer representation of the time shape of the
waveforms is provided by plotting them in
logarithmic scale after inversion and background
subtraction (the background was obtained by the
average of the spectra at negative times, for
to� 2ms, not shown in Fig. 4). Moreover, to
reduce the statistical noise, data have been
regrouped into bins having width proportional to
the time distance from the prompt peak (located at
t ¼ 0). The spectra displayed in log scale are rather
well approximated by straight lines, addressing the
presence of simple exponential decays. To analyse
the data more quantitatively we have fitted all
spectra as the sum of a fast prompt, to be
attributed to the fast decay, followed by a slow
decay. Since the time response of the PM is much
larger than the fast scintillation [3,11], the prompt
peak, KðtÞ, can be viewed essentially as a kernel
which mimics the time resolution of the system (i.e.
the fast decay is approximated to a delta function).
Moreover, the time response of the system is also
reflected in the fine features of the slow decay. The
fitting function f ðtÞ adopted is, therefore,

f ðtÞ ¼ A KðtÞ þ KðtÞ � B Dðl; tÞ (1)

where the symbol � denotes the convolution
operator, Dðl; tÞ is a sum of exponentials with
time decays l and A;B; l are fitting parameters.
The unknown kernel KðtÞ is approximated by the
T220 spectrum [12]. The fitting procedure con-
firmed that the spectra are well approximated by
employing a single exponential decay in Dðl; tÞ
[13]. Fig. 6 shows the good agreement between
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Fig. 8. (A) The lifetime of the long components of BaF2 and

the absolute intensities of the fast and slow components as a

function of temperature. The intensities have been rescaled in

terms of number of photons/keV, according to the room

temperature photon yield for the slow decay reported in Ref.
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waveforms T20, T40 as examples and the corre-
sponding fits with a single exponential decay. Note
that the noise present in the fitted curves is due to
the convolution of a pure exponential with the
experimental (i.e. noisy) kernel spectrum. A
representative example of the agreement between
data and model on a magnified time scale near to
t ¼ 0 is shown in Fig. 7 for the T40 spectrum. It
can be observed that the good agreement between
data and model persists to a large extent at the
merging between prompt peak and longer decay
(at t ’ 15 ns).

The lifetimes of the slow component (tS) and the
intensities of slow and fast component ðIS, IFÞ as a
function of the acquisition temperature are shown
in Fig. 8A. Whereas IS decreases drastically with
temperature, IF is constant. To facilitate the
comparison with previous studies, the intensities
have been renormalized to number of photons/
keV, employing the room temperature photon/keV
yield for the slow decay reported in Ref. [1]. Fig.
8B shows the relative intensities of IS and IF in
percent. The values of tS and IS ½ð0:66 � 0:02Þms,
ð89 � 2Þ% at room temperature are in good
agreement with the average results quoted in Refs.
[3,7], although both papers claim to separate two
components in the slow decay. We can conjecture
that the level of precision of the data acquisition
(particularly at t44msÞ is such that we are unable
Fig. 7. The T40 spectrum and the fitting function described in

the text in the ½�25; 150ns time interval.

[1]. (B) The relative intensities of the two components, in

percent. In both plots the continuous lines are merely guides to

the eye.
to resolve the two components in the fit. In any
case, as discussed above, in our analysis the slight
departures from a single decay behaviour can be
accounted by the inclusion of the kernel KðtÞ in the
fitting procedure (see Ref. [13]).

The origin of the slow and fast decays in
BaF2 has been discussed extensively [14–17]. There
is a consensus in ascribing the fast decay to the
transition of electrons from a 2pF� band to the
hole caused in the 2pBa2þ band by the electron
excitation due to the irradiation. This decay,
observed in the luminescence spectra as peaks at
190 and 220 nm, has been denoted by a variety of
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Fig. 9. The decay rate of the slow component, fitted with the

function described in the text and shown in the figure. The three

lower temperature points (corresponding to T ¼ 0;
�25;�45 1C) have been derived from Fig. 3(b) in Ref. [7].

Fig. 10. The intensity of the slow component, plot in log scale

vs 1=kBTðKÞ, fitted with the function described in the text and

shown in the figure. The errors are smaller than the sizes of the

dots.
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short-cut definitions such as crossover transition

(CT) [14,15], core to valence photoluminescence

(CVL) [16], or Auger electron free luminescence

[17]. Nevertheless, all authors agree on the
electronic transition mentioned above (from
2pF� to 2pBa3þ).

On the other hand, the slow decay is ascribed to
the radiative decay of the so called (electron-hole)
self-trapped exciton (STE). Since all the theories
[16,15] propose that the STE is a shallow trap, it is
natural to assume that it can be quenched by
thermal phonons. Consequently, from our tem-
perature dependent data, we can address the
question of the apparent binding energy of the
STE. From the simple one-trap model we know
that a trap can modify a rising or a decaying part
of the scintillation time profiles introducing a
characteristic non-radiative decay rate [18]

lnr ¼ G exp �
E

kBT

� �
(2)

where G and E are the frequency factor and trap
depth, respectively. At a given temperature, the
decay rate of the slow component observed (lS) is
lS ¼ lr þ lnr where lr and lnr are the radiative
decay rate and the rate at which the STE decays
non-radiatively, due to thermal quenching. The
observed decay rate can then be fitted as

lS ¼ lr þ G exp �
E

kBT

� �
. (3)

Fig. 9 shows the result of the fit. To test the
consistency of our measurements with previous
ones, in Fig. 9 the inverse of the lifetime values
measured in Ref. [7] at 0 1C, �25 	C and �45 	C,
have been included and fitted with the same model
(Eq. (3)). The lowest temperature additional points
are well described by the model, yielding an overall
binding energy of the STE, E ¼ ð0:25 � 0:01Þ eV
[19]. Conversely, the fit cannot account of the
apparent saturation of the lifetimes at high
temperature. In this regard, one should realize
that the closer the spectra are to the T220
waveform, assumed as kernel KðtÞ, the smaller is
the significance of the lifetime values yielded by the
fitting procedure of Eq. (1) (and the larger are the
uncertainties). On the other hand, the intrinsic
decay rate, lr ¼ 0:15 � 106=s yields a lifetime
tS ¼ ð6:7 � 0:4Þms, which is consistent with the
results of Ref. [7].

Finally (Fig. 10), we account for the time
dependence of the absolute intensity, ISðTÞ assuming
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a temperature dependence amplitude of the
decay, AðTÞ

AðTÞ ¼ A0 � A1 exp �
E0

kBT

� �
. (4)

Consequently,

ISðTÞ ¼
AðTÞ

lSðTÞ
(5)

where lSðTÞ is given by Eq. (3). The decrease in the
amplitude addresses the possibility that other
thermal processes reduce the probability of for-
mation of the STE (described by the coefficient
A1). In the fit of the intensity we have let A0, A1

and E0 be free parameters, and fixed the para-
meters for lðTÞ to the values obtained previously.
The value of E0 ¼ ð0:208 � 0:002Þ eV is lower than
the value obtained fitting the lifetime. This is not
very surprising, since the number of STE’s which
form is mostly conditioned by density and diffu-
sion of electrons and holes, whereas the number of
STE’s thermally quenched is uniquely affected by
the density of phonons.
4. Conclusions

In this work we have sketched a procedure to
study the decay of the luminescence in scintillators.
The method, greatly facilitated by the enormous
improvement in the state of the art digital
oscilloscopes in terms of sampling frequency
and data acquisition, consists in the direct analysis
of the anode output of the scintillator–PM
system, suitably triggered. This technique has
been employed to study the thermal quenching of
the slow decay of the BaF2 scintillator. The
quenching is essentially complete at a temperature
TQ ’ 200 	C. From the temperature dependence
of the single lifetime of the slow decay tS we
estimate the binding energy of the self-trapped
exciton responsible of the transition to be
E ¼ ð0:25 � 0:01Þ eV. It is also worth emphasizing
that the adoption of a BaF2-based detector where
the slow component is suppressed should improve
noticeably the precision of single shot lifetime
experiments in the typical range of the orthoposi-
tronium lifetime (50–150 ns), which are planned
for the pulsed beam, consisting of bursts of ’ 108

positrons, described in this work.
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