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The research work in the Phase | project was focused on several areas: (i) doping of LaBrs,
(ii) investigation of mixed lanthanum halides and growth of crystals, (iii) evaluation of
scintillation properties and (iv) measurement of energy resolution.

A. DOPING CONSIDERATIONS FOR LaBr; AND RELATED COMPOUNDS

Most inorganic scintillators used today are based on insulating host crystals in which
luminescent ions or complexes are imbedded. Sometimes the luminescent centers are intrinsic,
such as the cerium in CeF3 or the tungstate complex in lead tungstate (PbWQO,), and sometimes
they are dopants, such as thallium in Nal: Tl or cerium in LSO:Ce. In these materials, the ionizing
radiation initially forms holes in the valence band and electrons in the conduction band, with
enough energy being transferred to the electron that it comes to rest many atomic diameters away
from its original position. The holes are

spatially localized (~1 atomic diameter in

size) and diffuse to luminescent centers, 3

placing the center in an ionized state. The N

ionized center then attracts an electron, g

placing the center in an electrically neutral &

but excited state, which de-excites by i

radiating a scintillation photon. The =

scintillation properties of the inorganic 93 I —0.5%
materials, notably the decay lifetime and £ o 50 -
the light output, are therefore heavily I ]
dependent on the luminescent center. The 0.0H . . . .—. O.% i

ideal luminescent ion would have a single,

optically active electron when it is in its _

preferred valence state (to prevent time, ns

undesirable interactions between Figure 1. Rise-time spectra for LaBrs crystals with 0.5,

electrons), a spin / parity allowed transition f’ and 20% Ce concentrations. The rise-time is faster
) L. or samples with higher Ce™ concentration.

(to achieve short decay lifetimes), and an

ionic radius similar to that of high-Z ions (to allow doping in dense, high-Z host materials).

Ce* is a popular dopant for fast, high efficiency luminescence in a number of scintillators
such as LSO, GSO, CeF; etc. For Ce3* the electric-dipole 5d—4f transition is allowed, and the
resultant optical emission is typically bright with 20-40 ns decay time. Ce** doping has been
successfully employed with LaBr; [Shah 03, van Loef 01a & 01b]. At RMD, we have varied the
amount of Ce®" in LaBr; from 0.5% to 20% (by mole) and have found the rise-time and decay-
time to become faster with increasing Ce®" concentration. As an example, the variation of rise-
time of LaBrs:Ce samples as a function of Ce®* concentration is shown in Figure 1. The light
output on the other hand does not change appreciably with varying Ce®*" amount [Shah 03,
Glodo]. In view of the improvement in timing properties of LaBrs:Ce with higher Ce®*
concentration, we also explored CeBr; in the Phase | research.

We also investigated other dopants (particularly, Eu?* and Pr**) for LaBrs in the Phase |
project. Eu®*" doping has been shown to be promising in other halide scintillators such as
CaF,:Eu®*. The decay time constant of Eu** luminescence is about 1 us, which while slower
than that of Ce®", is fast enough to allow high count-rate operation. An attractive feature of Eu*
doping is the possibility of high luminosity. As seen in Figure 2, the luminosity of CaFy:Eu®" is
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about two times that of Nal(Tl). Asa ¢ 1%
result, we selected Eu** as a potential
dopant for LaBrs in the Phase |
research. An important requirement
in this study was to maintain a
reducing atmosphere to prevent Eu®*
from changing to Eu®" in the crystal
lattice, since Eu®* luminescence is
considerably slower and its decay
time constant is in the millisecond
range. 0%
During the Phase | project, we
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also evaluated pr3+ (praseodymium) Figure 2: Measured energy resolution of scintillators for 662

as a possible dopant for LaBrs

keV y-rays as a function of their light output (expressed as the
number of photoelectrons observed with a PMT). The solid

- - 3 -
scintillators.  Pr* doping has been curve indicates the theoretical lower limit placed by counting
shown to be promising in gadolinium statistics [Moses 2001].

oxysulfide (Gd,0,S:Pr or GOS:Pr)

[Grabmaier]. Traditionally, GOS has been doped with Tb**. However, the replacement of Th**
by Pr** has provided enhanced performance for GOS screens. This enhancement occurs because
in some lattices Pr exhibits a blue-green transition between states of the same multiplicity (3P,- -
®H,), which renders the transition more probable and therefore faster and brighter. It is worth
pointing out that Pr** doping in lanthanum halides has already been successfully tried by other
researchers for solid-state infrared laser applications [Bowman], and as a result the compatibility

of Pr** with lanthanum halide crystals has
already been verified.

Thus, in addition to Ce** doping, Eu®*
and Pr** doping of LaBr; was investigated in
the Phase | research.

B. GROWTH OF LaBr; AND MIXED HALIDE
CRYSTALS USING BRIDGMAN METHOD
LaBrs crystals have hexagonal (UClI;
type) structure with P63/m space group and
the density of LaBrs is 5.3 g/cm® [van Loef
0la]. The compound melts congruently at
783 °C and therefore, is well suited for melt
based growth methods such as Bridgman and
Czochralski processes [Brice].  This is
fortunate because these melt-based processes
are ideal for growth of large volume crystals
[Brice]. During the Phase | project we used
Bridgman method (shown in Figure 3) for
growing LaBrs crystals because this
technique is easy to implement, and can
provide good indication of the feasibility of

Melt zone

Solidification zone

N
£\

725°C  825°C

Figure 3. Schematic representation of the
Bridgman setup used for La halide growth in the

Phase | project.



producing large crystals of LaBrs from the melt. In fact, many of the commercially available
scintillators such as Nal(Tl) and CsI(TI) are grown using melt based Bridgman and Czochralski
techniques. At RMD, we have considerable experience in growing various semiconductors and
scintillators using Bridgman technique.

Figure 3 shows a schematic representation of the Bridgman crystal growth process. As
shown in the figure, the material to be grown is placed in a crucible inside a two zone furnace
and the crucible is slowly dropped through the furnace. The upper furnace zone is kept above
the melting point of the compound, and the lower zone is maintained below the melting point.
Thus, the feed material in the crucible would melt in the upper zone and crystallize out as the
crucible enters the lower zone. This solidification process would be gradual and start from the
tip of the crucible, with the melt-solid interface shifting upward (along the length of the crucible)
as the crucible is dropped more. The speed at which the crucible is dropped, the temperature
gradient in the furnace, and the shape of crucible are important parameters that need to be
carefully controlled to grow high quality crystals.

The first step in preparation of LaBrs
crystals was synthesis of LaBr; doped with
desired activators such as Ce**, Pr**, and Eu®".

This involved mixing of appropriate amounts

of ultra-dry LaBr3; with CeBr3, PrBr3, or EUBTr».

These materials were loaded in a quartz

ampoule and melted in furnace to allow proper

mixing. In case of Eu®" doping reducing R it | gt
environment was employed. Upon cooling, S T A R TR R T AT T B
lanthanum  bromide doped with  desired Figure 4. Photograph of a LaBr3:Ce (1" diameter, 1" long)
activator was available.  During Bridgman crystal grown at RMD using the Bridgman method.
growth, this material was placed in a quartz

ampoule and dropped through a two zone furnace (similar to that shown in Figure 3) to produce
LaBr; crystals. The growth process involved a controlled solidification of the material along a
well established solid-liquid interface (at junction of two furnace zones). Growth rate of ~5
mm/day provided good results for preparation of LaBr; and was

therefore used in the Phase | project. In a related effort, we have

now produced LaBrj;:Ce crystals that are up to 1” in diameter and

1” long. Figure 4 shows a photograph of such a LaBrs:Ce

crystal grown using Bridgman method.

In addition to growth of LaBrs with 0.5% Ce®*, 1% Eu?®* - Se 4
and 1% Pr** doping (on molar basis), we also explored growth of
related compounds such as CeBrs, LaBry4lps (with 0.5% Ce
doping) and LaBrysClys (with 10% Ce doping). It is worth
pointing out that all these compositions have same crystal | 10 20
structure (hexagonal, UCI; type) as LaBr;. The temperature i
settings in the furnace were modified slightly to account for
differences in the melting points of the various compositions. Figure 5. Photograph of LaBrs:Ce
Quartz ampoules were used as crucibles in all cases. crystal (16 mm diameter, 2 cm long),

The crystals of all these materials were taken out of thejr PrePared atRMD.
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quartz ampoules and cut using a diamond coated wire saw. The surfaces exposed as a result of
these cuts were polished using non-aqueous slurries (due to hygroscopic nature of these
materials) prepared by mixing mineral oil with SiO,, CeO, or Al,O3 (< 1 um grit size). Figure 5
shows a photograph of a 16 mm diameter LaBr;:Ce crystal (20 mm long) that was prepared in
this manner.

The crystals were then packaged to prevent long exposure to
moisture. We have begun to explore a new packaging scheme in our
research, in which a metal can with two open faces is fabricated. A
quartz window (<1 mm thick) is sealed on one open face of the metal
can. A scintillation crystal is then placed inside the can and attached to
the quartz window using optical epoxy. SiO, powder is then packed in
the open space between the crystal and the metal can in such a way that
all faces of the scintillation crystal except the one attached to the quartz
window are completely covered with SiO,. The top of the metal can is - _
then sealed to a metal disk using epoxy. We have explored this £igyre 6. Photograph of a
packaging scheme using a LaBr;:Ce crystal (see Figure 6) and the packaged LaBrs scintillator.
results have been promising. Comparison of the light output of the
crystal before and after packaging showed that <5% light loss was
observed upon packaging. Same approach was used to package other crystal specimens in the
Phase | project. Evaluation of scintillation properties of these crystals was then carried out.
Results are discussed first for LaBr;:Ce and CeBrs followed by a discussion of LaBr,Cls.x:Ce and
LaBryl3:Ce. Finally, evaluation of LaBrs; doped with Eu** and Pr®* is discussed.

C. INVESTIGATION OF LaBr3:Ce AND CeBr3

1. Overview

We have evaluated two compositions of the LayCe;.xBr scintillation family in the Phase |
research. This included LaBr; with 0.5% Ce (with x = 0.995) and CeBr3; (with x = 0). LaBr; and
CeBr; have hexagonal crystal structure
(similar to UCIs3) and their density is 5.3 L AL

and 5.2 g/cm®, respectively. Both these 10 —LaBr,:Ce 7
compositions rely on Ce®* ions for i —— CeBr,
luminescence. In case of LaBr; with0.5% , 0.8 .
Ce, cerium is intentionally added as a &
dopant to provide luminescence, while in g 0.6 F .
case of CeBrs, cerium is an intrinsic
constituent as well as an activator. The G g4l -
scintillation properties of LaBr;:Ce (with gf;

[

0.5% Ce, ~1 cm’ size or larger) and CeBrs .S 5
crystals (<1 cm® size) have been '
investigated at RMD in the Phase | 0.0 - -
research and the results are discussed here. 300 350

400 450 500
2. Emission Spectrum wavelength, nm

We have measured the emission Figure 7. Optical emission spectra of LaBrs:Ce and CeBrs
spectra of LaBr;:Ce and CeBr; scintillators upon exposure to X-rays.
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scintillators. These samples were ,
excited with X-rays from a Philips tube 10° E
having a Cu target, with power settings 3
of 30 kVp and 15 mA. The scintillation
light was passed through a McPherson
monochromator and detected by a
Hamamatsu R2059 photomultiplier tube
with a quartz window. The system was
calibrated with a standard light source to
enable  correction for  sensitivity

L LA AL R LR LA B BN
LaBrS:Ce
CeBg

intensity, arb. units
H
o

. .. . 107 F
variations as a function of wavelength. - 3
Normalized emission  spectra  for J
LaBr;:Ce and CeBr; samples are shown 10 - " EPEFRPPS TR FS H
in Figure 7. The peak emission 0 50 100 150 200 250
wavelength for both samples is at ~380 time, ns
nm, which is due to 5d—4f transition of Figure 8. Decay-time spectra for LaBrs:Ce and CeBrs
ce®t scintillators.

3. Timing Properties

Decay-time spectra of LaBr;:Ce and CeBr; crystals have been measured at RMD using the
delayed coincidence method [Bollinger]. Figure 8 shows the decay-time spectra recorded for
LaBr;:Ce and CeBr; samples. From multi-exponential fits to these plots, the principal decay
constant for CeBr; and LaBr;:Ce was estimated to be 17 ns and 26 ns, respectively. The fast
decay component in both materials can be attributed to optical emission arising from direct
capture of electron-hole pairs at the Ce** sites. The initial photon intensity — a figure of merit for
timing applications is estimated to be 2500 and 4000 photons/(ns-MeV) for LaBr;:Ce and
CeBrs, respectively. The estimate for CeBr; is higher compared to all common inorganic
scintillators including BaF,, a benchmark for timing applications.

Coincidence timing |
resolution of LaBrs:Ce (0.5% | S
Ce) and CeBrj crystals has been
measured at LBNL using the
setup shown in Figure 9. This
experiment involved irradiating o start

BaF, and LaBr;:Ce (or CeBrs) BaF, TAC

e .| DAQ |— COINC
scintillators, each coupled to a s @

stop

fast PMT (Hamamatsu R-5320, CeBry/LaBrs
operated at —2000V) with 511 PMT

keV positron annihilation y-ray
pairs (emitted by a ®®Ge source).
The BaF,-PMT detector formed
a “start” channel in the timing | s [ bsc |
circuit, while the LaBrz (or | e

CeBr3)-PMT detector formed  Figure 9. Schematic diagram of setup used to measure coincidence
the “stop” channel. The signal timing resolution of LaBrs/CeBr; scintillators in Phase | project.
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from each detector was processed using
two channels of a Tennelec TC-454 CFD
that had been modified for use with fast
(sub-ns) rise-time PMTs. The time
difference between the start and stop
signals was digitized with a Tennelec TC-
862 TAC and a 16-bit ADC, resulting in a
TDC with 7.5 ps per bin resolution. Data
were accumulated until the coincidence
timing distribution had approximately
10,000 counts in the maximum bin.

Figure 10 shows coincidence timing
resolution plots acquired at room
temperature in this manner with LaBr;:Ce
(0.5% Ce) and CeBr;z crystals that were
placed in “stop” channel of the timing
circuit. (with BaF; in the “start” channel in
all cases), and the coincidence timing
resolution was measured to be 390 ps and

LaBr,:Ce (390 ps)-:
CeBr, (198 ps)

1.0

0.8

0.6

0.4

intensity, arb. units

0.2

0.0k

time, ns
Figure 10. Timing resolution of LaBrsz (0.5% Ce) and CeBrs

crystals in coincidence with BaF, upon irradiation with 511
keV gamma-ray pairs.

198 ps (FWHM), respectively at room temperature.

These results indicate that LaBr;:Ce and CeBr; scintillators provide excellent timing resolution
and they would be suitable for time-of-flight (TOF) studies. It should be noted that the timing
resolution of LaBr3:Ce improves substantially as its cerium concentration is increased [Shah 03,

Glodo].
4. Light Output and Energy Resolution

Light output (or luminosity) of LaBr;:Ce and CeBr; crystals have been measured at RMD.
LaBr3:Ce and CeBrs crystals were wrapped with a Teflon tape, coupled to a PMT and then

irradiated with 662 keV photons (**’Cs
source) to record pulse height spectra
using standard NIM electronics. A
similar experiment was then performed
with a calibrated BGO crystal under the
same operating conditions.
Comparison of the 662 keV gamma-ray
peak position recorded with LaBrs:Ce,
CeBr; and BGO scintillators (see
Figure 11) provided an estimate of the
light output of LaBr;:Ce and CeBrs.
Amplifier integration time of 4 us was
used.

The light output of LaBr;:Ce and
CeBr; was found to be ~74,000 and
~68,000 photons/MeV, respectively.
This light yield is about 80% higher
compared to that of Nal:Tl, and is

B
1.4 -Cs-137 Spectra

LaBr :Ce |
CeBr,
BGO

1.2
1.0
0.8
0.6
0.4

intensity, arb. units

0.2

|

0 400

800 1200
MCA channel

Figure 11. ~'Cs spectra collected with LaBrs:Ce, CeBr; and
BGO crystals coupled to PMT. The energy resolution of 662
keV peak for LaBr3:Ce and CeBrs is <3% (FWHM).

0.0

1600

137
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among the highest values reported for inorganic scintillators. The theoretical maximum light
output of ionic crystals such as LaBr3:Ce and CeBr; can be estimated to be as high as 125,000
photons/MeV (based on their bandgap). Thus, further improvement in light output should be
possible upon optimization of these crystals.

102 § 60 keV T T T T T T T T T
F 122 keV LaBr,:Ce
' \/\ '\ 254 Koy Nal:T|
2 V' 511 kev
S AW\ 662 keV
g \‘J 1274 keV
© E \“ 1173 kev 1333 keV
> i
2 10" E
£ :
10-2 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " .
0 500 1000 1500 2000 2500 3000 3500

MCA Channel

Figure 12 Energy spectra recorded Wlth Nal:Tl and LaBrs:Ce scintillators (coupled to PMT) upon exposure to
multiple gamma-ray sources (***Am, *’Co, ***Ba, ?Na, **'Cs, and ®Co). Superior energy resolution of LaBrs:Ce
is clearly visible in the figure.

LaBr3:Ce and CeBr; show excellent energy resolution. As shown in Figure 11, energy
resolution of ~3% (FWHM) or less has been recorded with LaBrs:Ce and CeBrs crystals for 662
keV y-rays (**'Cs source) with the scintillators coupled to a PMT. Such high resolution has
never been achieved before with any of the established scintillation materials (such as Nal:Tl,
Csl:Tl, LSO, BGO, and GSO) even in form of small crystals. The energy resolution of LaBrs3:Ce
and CeBr; at 662 keV y-energy is almost twice as good as that for Nal:Tl. This is illustrated in
energy spectra recorded with LaBr;:Ce and Nal:Tl crystals coupled to a PMT (see Figure 12)
upon exposure to multiple radiation sources such as ***Am (60 keV photons), >’Co (122 keV
photons), **Ba (354 keV photons), ?Na (511 keV and 1274 keV photons), *'Cs (662 keV
photons) and ®°Co (1173 and 1333 keV photons). LaBrs:Ce crystal used in this study was 1”
long. The superior energy resolution of LaBrs:Ce is clearly observed in the spectra. For
example, the Nal:TI detector is not able to separate the 1274 keV and 1333 keV gamma-ray
emissions, while these gamma-lines are well-resolved in the spectrum recorded with LaBr;:Ce
detector. Similarly, various features near the 354 keV peak (***Ba source) are well-resolved with
LaBr;:Ce detector, which is not the case with Nal:Tl detector. Furthermore, the peaks
corresponding to 354, 511, 662 and 1173 keV gamma-ray energies are much broader in the
spectrum recorded with Nal:TI compared to that for LaBrs:Ce, confirming the superior energy
resolution of the LaBr;:Ce detector. Similar performance is expected from CeBr3 crystals.

5. Proportionality

We have evaluated the proportionality of response of LaBrs:Ce and CeBr; scintillators.
Non-proportionality (as a function of energy) in light yield is one of the important reasons
behind the degradation in energy resolution of established scintillators such as Nal:Tl and LSO
[Moses]. We have measured light output of LaBr3:Ce and CeBr; under excitation from isotopes

14



such as °’Co (122 keV y-rays), *Na (511
keV and 1274 keV v-rays), ***Ba (354
keV y-rays), and **'Cs (662 keV y-rays).
From the measured peak position and the
known y-ray energy for each isotope, the
light output (in photons/MeV) at each y-
ray energy was estimated. The data
points were then normalized with respect
to the light output value at 662 keV
energy and the results indicate that CeBrs
and LaBr;:Ce are fairly proportional
scintillators. As shown in Figure 13,
over the measured energy range (100
keV to 1300 KkeV), the non-
proportionality in light yield is about 5%
for CeBrsz and 2% for LaBrs:Ce, which is Figure 13. Proportionality of response as a function of
substantially better than that for many gamma-ray eneray for LaBra:Ce and CeBrs crystals.
established scintillators. Over the same energy range, the non-proportionality is about 35% for
LSO and about 20% for Nal:Tl and Csl: Tl [Guillot-Noel]. Good proportionality in combination
with high light output explains high energy resolution of LaBr;:Ce and CeBr; and we believe
that further improvement in energy resolution should be possible as crystals with better optical
quality and uniformity are produced.

In the Phase | effort, we have also confirmed that large crystals of LaBr;:Ce provide
excellent energy resolution. For example, using a 16 mm diameter, 2 cm long LaBrs:Ce crystal
(shown earlier in Figure 5) coupled to a PMT, *¥'Cs spectrum was acquired (see Figure 14).
The resolution of the 662 keV gamma-ray peak was measured to be ~3.5% (FWHM) at room
temperature, which is very impressive. These results confirm the potential of these new
scintillators in gamma-ray spectroscopy.

1.1 ——r

relative light yield

—0— LaBrS:Ce
—0O— CeBr,

1000
energy, keV

0.7
100

20

6. Comparison of CeBr; and LaBr;:Ce
Overall, these characteristics clearly
indicate that LaBr;:Ce and CeBr; are very
promising scintillators and they should be well
suited as gamma ray detectors for monitoring
of nuclear materials.  Our measurements
indicated that physical and scintillation
properties of CeBr; and LaBrs:Ce are very
similar. The dominant luminescence in both
scintillators is due to Ce**. In case of LaBr3:Ce,
cerium is a dopant and it is intentionally added
to enhance the scintillation performance of the
material. In case of CeBrs, cerium is an
intrinsic constituent as well as an activator for

FWHM~ 3.5%
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=
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intensity, counts/sec
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Cs-137 Spectrum
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Figure 14. Cs spectrum recorded with a LaBrs

0
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the luminescence process, which simplifies
material preparation and maintaining Ce**

crystal (16 mm diameter, 2 cm long) coupled to a PMT
with 3.5% FWHM resolution for 662 keV peak.
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uniformity in large crystals. One issue that differentiates CeBrs and LaBrs is their self-activity
due to presence of radioactive isotopes. In LaBrs, self-activity is primarily due to **¥La that
emits conversion electrons and B-particles with energy of up to 1.7 MeV. The self-activity due
to *®La in LaBr; has an intrinsic count-rate of ~1.5 events/(cm>sec). The self-activity of CeBr;
(due to **°Ce that emits B-particles with total energy of 4.5 MeV) is 4x10™ events/(cm>.sec).
Thus, the self-activity of CeBrs is about 3750 times lower than that in LaBrs. Such negligible
self-activity of CeBr; makes it much more attractive in some applications where large detector
volumes are required and the expected extrinsic count-rate is very low.

Overall, both materials are promising and we will continue to investigate them in parallel
in the Phase Il effort. The scintillation properties of LaBr; (with 0.5% Ce) and CeBr3 along with
those for other crystal compositions investigated in Phase | research are summarized in Table 1
at the end of this final report. Scintillation properties of LaBr,Cls.x:Ce and LaBryl;:Ce crystals
were also measured in the Phase | project as discussed in the following section.

D. INVESTIGATION OF LaBr,Cl;4:Ce AND LaBryl;.4:Ce

During the Phase | project, we have also investigated mixed lanthanum halide
compositions, LaBrCls.x and LaBryl;.x, which were doped with cerium. The motivation behind
this study was to vary the bandgap of the compositions and investigate the effect on the
scintillation performance. Furthermore, in some instances (for example, CdyZn;.xTe or CZT) the
ternary mixtures provide increased flexibility in the crystal lattice and thereby, allow easier
growth of larger crystals. Based on our prior experience with the binary compounds, LaCls,
LaBrs, and Lals, and their crystal structures, we selected following two compositions for our
investigation: LaBr,4los (with 0.5% Ce doping) and LaBr;sClys (with 10% Ce doping). The
doping level of 0.5% Ce was chosen for LaBr,4lps because this doping level is sufficient for
both LaBr; and Lals. In case of LaBr;sClys, 10% Ce level was chosen because LaCls requires
10% Ce for optimal performance [van Loef 00]. Light output, energy resolution, proportionality,
and emission and decay spectra were measured for LaBr,4lps:Ce and LaBr;sCly5:Ce crystals
(<1 cm?® size) in the Phase | project. 5

T+ r T 1 17
1. Light Output and Energy Resolution | 197cg Spectra LaBr, |, :Ce
Measurements i LaBr, .Cl, :Ce ]
Light output of LaBry4lps:Ce and —BGO
LaBr1s5Cly5:Ce crystals was measured in
similar manner as that described earlier for
LaBr;:Ce and CeBrs crystals and involved
recording **'Cs spectra (see Figure 15) with
these scintillators (wrapped with Teflon) ]
coupled to a PMT. ™*’Cs spectrum with a ]
calibrated BGO crystal (with known light ]
output of 8000 photons/MeV) was also ]
recorded for comparison. From comparison 0 U — e
of the 662 keVV gamma-ray peak position for 0 300 600 900 1200 1500
BGO, LaBrylos:Ce and LaBr;sClys:Ce MCA channel

crystals, the light output of LaBra4los (With  Figure 15. %¥Cs spectra collected with LaBr; sCly 5 (with
0.5% Ce) and LaBrisClys (with 10% Ce)  10% Ce), LaBrzalos (with 0.5% Ce) and BGO.

intensity, counts
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was estimated to be ~30,000
photons/MeV and ~68,000
photons/MeV, respectively. While the
light output of LaBry4lps:Ce is lower
compared to LaBrs:Ce, the light output
of LaBr;5Clys:Ce is excellent and is
similar to that for LaBr;:Ce and CeBrs.
Gamma ray energy resolution of
LaBr,4lo6:Ce and LaBrysClys:Ce
crystals was also estimated from the
energy spectra shown in Figure 15. The
662 keV  energy resolution  of
LaBry4lo6:Ce crystal is ~7% (FWHM)
using a double Gaussian fit, while that of
LaBr;sCl;5:Ce is excellent (<3.5%
FWHM), which is very encouraging.
LaBr1s5Clys (10% Ce) also shows good
proportionality. Over 100 keV to >1

I ' ' v T T T T T T T T T T
1.0F LaBr, Cl, :Ce
[ LaBr, | Ce |
9 08Ff ]
= I
S [
S 06f ]
= [
>'; R
a 04 ~ -1
c
9
£ 0.2F =
0 et 1 1 1 1 1 2 " 2 | i
300 400 500 600

wavelength, nm

Figure 16. X-ray excited emission spectra for LaBr; sCly 5 (with
10% Ce) and LaBrz4lo.6 (with 0.5% Ce).

MeV gamma-ray energy range, its non-proportionality is ~5%. Based on the light output and
energy resolution studies, LaBrysCly5:Ce appears to be a promising scintillator for y-ray

spectroscopy.

2. Emission Spectra
During the Phase | program we

measured emission spectra of LaBry4lps:Ce and

LaBr;5Cly5:Ce crystals. During these measurements, good quality crystals were covered on all
sides (except the polished front face) with a reflective Teflon tape. The samples were excited

with a Philips X-ray tube having a copper

target, with power settings of 30 kVp and
15 mA. The scintillation light was passed
through a McPherson monochromator and
detected by a Hamamatsu R2059
photomultiplier tube with a quartz
window. This data was corrected by taking

into account the spectral response of the
PMT and a background subtraction was

also performed. Figure 16 shows the
emission spectra for LaBry4lps:Ce and
LaBr15Cly5:Ce crystals measured in this
manner. The peak emission wavelength
for LaBr;5Cly5:Ce is ~380 nm which is
similar to that for LaBrs:Ce and CeBr;
crystals while that of LaBry4lps:Ce is
~450 nm. The emission peak in both cases
is due to 5d—4f transition of Ce®".

LI AL A A L S R A L R
10° LaBr, | :Ce

" i LaBr, Cl, .:Ce

% -1

g 10" f

@®©

>

‘0

g 10°F

E
10»3I----I----I----I----

0 50 100 150 200
time, ns

Figure 17. Decay time spectra for LaBry 5Cly 5 (with 10% Ce)
and LaBr2.lgs (with 0.5% Ce).
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3. Decay time Spectra —

Decay-time spectra of LaBr,4lo6:Ce and L LaBr Eu
LaBr;5Cl;5:Ce crystals upon irradiation with *
662 keV gamma-rays (**’Cs source) have been
measured at RMD using the delayed
coincidence method [Bollinger]. Figure 17
shows the resulting decay-time plots for these
crystals. By fitting the data to an exponentially
decaying lifetime model, decay components
were estimated for these crystals.  The
principal decay time constant for LaBr;sCl;s
(10% Ce) was ~20 ns and this component
covered almost all of the light emitted. In case ‘ P — ‘
of LaBryslos (0.5% Ce), two decay 300 400 >00 600
components with 33 ns and 360 ns time wavelength, nm
constants were present. Thus, LaBrisClis  Figure 18. X-ray induced emission spectrum of LaBrs
(10% Ce) shows faster response. doped with 1% Eu®" (on molar basis).

Timing resolution of LaBr;sClis (10%
Ce) in coincidence with BaF, was measured to be 220 ps (FWHM) upon exposure to 511 keV
gamma-ray pairs by Dr. Moses at LBNL using the setup shown earlier in Figure 9. Thus,
LaBr1s5Clys (10% Ce) is an excellent scintillator with properties matching those for LaBrs:Ce
and CeBrs. The scintillation properties of LaBry4lps (0.5% Ce) and LaBr;sClis (10% Ce)
crystals along with those for other crystal compositions investigated in the Phase I research are
summarized in Table 1 at the end of this final report. Properties of LaBrs:Eu®* crystals are
discussed in the following section.

430 nm

intensity, counts

E. INVESTIGATION OF Eu?* DOPED LaBrs3
During the Phase | research, we have investigated crystals of lanthanum bromide doped

with Eu* in place of Ce** as scintillators.

The motivation behind this study was to LA BRI BRI

crystals of LaBr; doped with 1% Eu®* (on
molar basis) and studied scintillation
properties such as emission spectrum,
decay time spectrum and light output of
the specimens. These measurements were AT

performed in similar manner as that 10 0 1000 2000 3000 4000 5000

described in earlier sections.

investigate the luminescence produced by 10k LaBr.:Eu.
Eu?* in LaBrs host crystals because Eu* " F 3
is also a very efficient activator and in =
some host specimens (for example, CaF;) = £ ~90 ns
it provides very bright luminescence. £ o EBO NS
During the Phase | research, we produced - 10tk ?

3

c

g

=

time, ns
Figure 19. Gamma ray induced decay time spectrum of
a LaBrs:Eu?* sample.
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Figure 18 shows an X-ray induced emission spectrum of a LaBr; sample doped with 1%
Eu®*, which shows a well defined band

peaking at 430 nm. This wavelength is 1.0 T T T ]
typical for Eu** doped materials LaBr.:Eu 1
[Dorenbos 03]. For example, maximum osk 3 ]
of emission in CaF,:Eu* is around 425 & ]
nm. This emission, as in case of Ce*, is % ]
due to d-f transitions of Eu**. c 06 ]
The decay time spectrum of 8§ ]
LaBrg:Eu®" has been measured upon =5 0.4F .
exposure to 662 keV gamma-rays (**’Cs §> AE = 13% ]
source) using the delayed coincidence & o[ ]
method [Bollinger] and the resulting = [ ]

temporal response is shown in Figure  Cs-137 Spectrum
OO PR URT SRT S S S VR U N ST S S PR

;|.9. Whl|e th(_% fastest decay c_omponent ) 50 100 156 - .200 250
is ~90 ns in this case, the principal decay MCA ch |
time constant is ~560 ns. It should be channe

noted that the temporal response Figure 20. ~'Cs spectrum with a LaBrs crystal doped with

. th ¢ ts d 1% Eu?*. Based on prior calibration with BGO crystal, the
covering these two components aecays light output of LaBrs:Eu was estimated to be 10,000

over only 1-2 orders of magnitude from  photons/MeV and its energy resolution was 13% (FWHM).
the peak value, which suggests that

slower components are also present. This was confirmed by performing afterglow measurements
on LaBrs:Eu®* samples.

Finally, light output of LaBrs:Eu** sample has also been measured in the Phase | project.
The experiment involved recording a 662 keV gamma-ray spectrum with a LaBrs:Eu®* crystal
(wrapped in Teflon) which is shown in Figure 20. Based on previous calibration of the energy
scale with a BGO sample, the light output of LaBrs (1% Eu®*) was estimated to be ~10,000
photons/MeV. This low light output can be explained on the basis of slow components (>50 pus)
that are present in LaBrs:Eu*. Since the light emitted by the slow components falls outside the
integration window (up to 12 us) of spectroscopy amplifier, it is not included in the light
estimation. The energy resolution of the 662 keV photopeak was measured to be 13% (FWHM)
in this case.

Our hypothesis regarding the slow components in LaBrs:Eu®* is that they are caused by
presence of charge traps in the crystals. One possible cause of such traps could be the charge
imbalance caused upon Eu®* ions replacing the La>* ions in the host lattice. Such defects can be
removed by co-doping the crystal with ions (such as Hf*") that restore charge neutrality, which
will be the focus of a future research effort. The scintillation properties of LaBrs:Eu®* crystals
along with those for other crystal compositions investigated in the Phase | research are
summarized in Table 1 at the end of this final report. Scintillation properties of LaBrs:Pr**
crystals were also measured in the Phase | project as discussed in the following section.

137

F. INVESTIGATION OF LaBr; DOPED WITH Pré*
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During the Phase | research, we
have also investigated crystals of
lanthanum bromide doped with Pr**,
Depending on the crystal field, Pr** can
exhibit both d-f and f-f types of emission.
d-f emission is usually faster than that of
Ce, whereas f-f is slower. Pr** doping
level of 1% (on molar basis) was explored
in our research. Scintillation properties
such as emission spectrum, decay time
spectrum and light output of LaBrs:Pr
were measured.

Emission spectrum of LaBrs:Pr was
measured upon excitation of the sample
with X-rays using the approach described
earlier. The resulting emission spectrum
for LaBrs:Pr is shown in Figure 21. The
spectrum indicates that the emission

[ LaBr,:1%Pr

490 nm F T

4

734 nm{

intensity, counts

PASSIT S Y AT |

300 400 500 600
wavelength, nm

Figure 21. X-ray induced emission spectrum for
LaBr3:Pr. Various transitions corresponding to observed
peaks in the emission spectrum are also shown.

700 800

arising from 5d-4f transition of Pr’* is absent in the sample. Spectroscopic measurements
indicate that this may be because the charge transfer from the valence band to Pr** occurs at
energies below that required for 5d-4f emission. However, there is efficient energy transfer from
the host to the activator ions leading to strong emission from 4f>-4f? transition of Pr**. Multiple
transitions associated with Pr** lead to a rather complicated and rich spectrum which is
predominantly in the red-region. This red-emission of LaBrs:Pr is interesting because it is well
matched to the optical response of silicon photodiodes.

The temporal response of LaBrs:Pr sample was measured using delayed coincidence
method [Bollinger] and the result is shown in Figure 22. From an exponential fit to the temporal

response, the decay time constant was
estimated to be ~11 ps. Since much of
the emission for LaBrs;:Pr originates from
3p, level (see Figure 21), the lifetime of
this level governs the decay time constant
for LaBrs:Pr. The calculated lifetime for
®p, level in LaCls:Pr based on Judd-Ofelt
theory is ~12.5 ps [Gatch], which is in
reasonable agreement with our measured
decay time constant for LaBr3:Pr. Due to
cross-relaxation, the decay time of Pr
emission should depend on the activator
concentration. For example crystal of
Y,03; doped with different Pr
concentrations shows such an attenuation
of decay time constant. For Y,0s:Pr, the
decay time decreases from 124 pus to 4 us

intensity, arb. units

100'_l""l""l""l""l""_
LaBrs: 1% Pr ]

t,~11 us

107 F
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0 10 20 30 40 50
time, us

Figure 22. Gamma-ray induced decay time spectrum
for a LaBrz sample doped with 1% Pr*.
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as the Pr’* concentration is increased
from 0.1% to 2.5% [Guyot]. Initial
results in Phase | research at RMD also 100
indicate that such a trend exists for
LaBrj:Pr. By increasing the Pr¥*
concentration to 5% in LaBrs, the decay
time constant was found to be ~5 us. We
will explore a wider range of Pr**
concentration in LaBrs in the Phase Il
research.

Light output of LaBr; sample with
1% Pr doping has also been measured in .. L
the Phase | research. In view of the red- 10 1000 2000 3000 4000 5000
emission of the LaBrs:Pr sample, the
light °“tp9t measur_e_ments WEre Figure 23a. °Fe spectrum (5.9 keV x-rays) detected
performed with RMD’s silicon avalanche directly with a silicon APD (in blue) and **’Cs spectrum with
photodiodes (APD) [Shah 01]. These same APD coupled to a LaBrs:Pr crystal (in red). From the
APDs operate with high gain (>1000), calibration provided by the 5.9 keV peak, the light output of
low noise (<100 electrons-rms) and high LaBrs:Pr crystal was estimated to be 85,000 photons/MeV.
quantum efficiency (~60% at A>500 nm). Since these silicon APDs can also detect low energy
X-rays directly, an *°Fe spectrum (5.9 keV X-rays) was recorded first (without any scintillator) to
allow calibration of the energy scale. **'Cs spectrum was recorded using a LaBrs:Pr crystal
(wrapped in Teflon) coupled to the same APD (see Figure 23a). Based on the position of the
662 keV photopeak (in comparison to the directly detected 5.9 keV X-ray peak), the APD
quantum efficiency, the known silicon conversion efficiency of 3.6 eV (to create an electron-hole
pair upon X-ray interaction), and scintillator-APD coupling efficiency, the light yield of the
LaBr3:Pr sample was estimated to be 85,000
photons/MeV, which is ~15% higher than 500
the light yield of LaBr; doped with Ce. This
is the highest light yield for a scintillator that 400
emits in red-region. Upon optimization of
the test setup, the energy resolution of the
662 keV photopeak was measured to be ~4%
(FWHM) in this study (see Figure 23b),
which is promising.  Proportionality of
response for LaBrs:Pr was very good. Over
60 keV to 1 MeV y-ray energy range, its 100
non-proportionality was ~4%. | LaBr,:Pr

Thus, LaBrs:Pr appears to be a very Ot b L L
interesting  scintillator. Particularly 0 500 1000 1500 2000 2500
attractive features of this material are its channel MCA
high light output and red-emission, which Figure 23b. **'Cs spectrum recorded with LaBrs crystal
would make it an excellent match for silicon (1% Pr doping) to a Si APD. The energy resolution of
photodiode based systems.  While its  the 662keV peakis ~4% (FWHM).

Trrrrrr7
LaBrs:Pr 1

[} 55
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- Cs
[|| direct detection

10 F

intensity, arb. units
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*'Cs Spectrum ]

300

200 FWHM ~4% -
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response is slow compared to Ce®*" doping, for many applications its speed is fast enough.
Further improvement in speed, light output and energy resolution of LaBrs:Pr should be possible
upon optimization of the crystal quality and its doping level. These issues will be explored in the
Phase Il research. The scintillation properties of LaBrs:Pr crystals are summarized in Table 1
along with those for other crystal compositions investigated in the Phase | research at the end of
this final report. A discussion of performance of lanthanum and cerium bromide crystals at high
temperatures is provided in the following section.

G. PERFORMANCE OF LaBr3:Ce and CeBrs AT HIGH TEMPERATURE

In a related research effort, we have investigated performance of LaBr;:Ce and CeBrs at
elevated temperatures for use in oil
well logging instrumentation. Since 100,000

the ability to perform at high —v—LaBr,:0.5% Ce
temperatures may be relevant in ] CeBr,

some nuclear waste clean-up 75,000 4 —*—BGO
activities, the high temperature | \\Q_jzm
performance of LaBr3:Ce and CeBrs

crystals is discussed here. In order to 50,000 - —e

conduct these measurements, a

custom designed oven for elevating

and maintaining the temperature of \

both photomultiplier tube |

(Hamamatsu R4607-01) and M‘_*

scintillator was built at RMD. Using 0 y T y T y
: 0 50 100 150 200

such a_setup, the light output and Temperature, °C

decay time of LaBrs (0'5% Ce) and Figure 24. Variation in light yield as a function of temperature for

CeBrs crystals were measured in 25 various scintillators including LaBrs:Ce and CeBrs.

to 175 °C temperature range.

Figure 24 shows the variation in light yield of LaBrs;:Ce and CeBrs scintillators as a
function of temperature. Also shown in the same figure are the results for established
scintillators such as BGO, Nal:Tl and Csl:Tl that were measured using the same experimental
setup. The high temperature results are very encouraging and indicate that LaBr3;:Ce and CeBrs
show high light yield at elevated temperature. For example, at 175 °C, the light yield of
LaBr;:Ce and CeBr; is up to 80% higher than that for Nal:Tl. Furthermore, at elevated
temperature (>100 °C), the light yield of LaBr3:Ce and CeBrs is more than an order of magnitude
higher than that for BGO.

Variation of the principal decay time constant as a function of temperature for LaBr;:Ce,
CeBrsz and Nal: Tl is shown in Figure 25. As seen in the figure, LaBr3;:Ce and CeBrs show fast
response with principal decay time constant less than 30 ns at 175 °C for both materials. Thus,
LaBr;:Ce and CeBr; would provide high count-rates at elevated temperatures. The decay time
constant for Nal:Tl is longer, and is about 90 ns at 175 °C.

25,0004

Light Output, photons/MeV
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Initial investigation of 1000 5
proportionality of response of these ] " LaBr;:0.5% Ce
cerium based rare earth halide ] CeBr,
scintillation materials at 175 °C has NalTl
also been carried out and the results
indicate that over 100 keV to 1 MeV
gamma-ray energy range, the non-
proportionality is as low as 5%. This
is very encouraging because it .
indicates that these materials should 1 i )
provide excellent energy resolution at 104 T em- .
high temperatures. In fact, we have ]
already confirr_ned that at 100 °C, the 50 " 50 100 180 200
energy resolution of these rare earth
halide scintillators is comparable to
their room temperature value. Some
degradation in energy resolution at
even higher temperatures was observed, mostly due to the drop in the quantum efficiency of the
PMT used at elevated temperatures. However, in our measurements in the 125 to 175 °C
temperature range using *¥'Cs source (662 keV photons), the energy resolution achieved with
CeBr; and LaBr3:Ce was ~3.5 times better than that for Csl:Tl, >9 times better than that for BGO
and ~2 times better than that for Nal:Tl, which is very encouraging. Thus, these new scintillators
appear to be promising for nuclear waste clean-up applications that require high temperature
operation.

100 4

Decay time, ns

Temperature, °C

Figure 25. Variation of the principal decay time constant of
LaBrs:Ce, CeBrs and Nal:Tl versus temperature.

H. SUMMARY

The goal of the Phase | research was to investigate lanthanum halide and related
scintillators for nuclear waste clean-up. A number of compositions were investigated in the
Phase | research and a summary of their scintillation properties is provided in Table 1.
Properties of Nal: Tl are also listed in Table 1 for comparison. In the table, more than one decay
component is listed only when the faster component does not cover more than 50% of the
emitted light. As seen in the table, LaBrs;:Ce remains a very promising scintillator with high
light yield and fast response. CeBrs is attractive because it is very similar to LaBr;:Ce in terms
of scintillation properties and also has the advantage of much lower self-radioactivity, which
may be important in some applications. CeBrs also shows slightly higher light yield at higher
temperatures than LaBr; and may be easier to produce with high uniformity in large volume
since it does not require any dopants.

Among the mixed lanthanum halides, the light yield of LaBrl;«:Ce is lower and the
difference in crystal structure of the binaries (LaBrs and Lals) makes it difficult to grow high
quality crystals of the ternary as the iodine concentration is increased. On the other hand,
LaBryCl;«:Ce provides excellent performance. Its light output is high and it provides fast
response. The crystal structure of the two binaries (LaBr; and LaCls) is very similar. Overall, its
scintillation properties are very similar to those for LaBr3:Ce. While the gamma-ray stopping
efficiency of LaBrCls;«:Ce is lower than that for LaBr;:Ce (primarily because the density of
LaCls is lower than that of LaBrs3), it may be easier to grow large crystals of LaBryCls.x:Ce (than

23



LaBrs3:Ce) since in some instances (for example, CdyZn;«Te), the ternary compounds provide
increased flexibility in the crystal lattice.

Table 1. Properties of Scintillators Investigated in the Phase | Research

. Light Output Wavelength of Decay Lifetimes Attenuation
Material [Photons/ MeV] Maximum Emission [ns] Length (511 keV)

[nm] [cm]
Nal(TI) 38,000 415 230 3.0
LaBr; (0.5% Ce) 74,000 370 26 2.1
CeBr; 68,000 370 17 2.1
LaBr,4lp6 (0.5% Ce) 30,000 450 33, 360 1.9
LaBrysCly5 (10% Ce) 68,000 380 20 2.4
LaBr; (1% Eu®") 10,000 430 90, 560 2.1
LaBr; (1% Pr3+) 85,000 610* 11,000 2.1

* - weighted mean

Among the new dopants, Eu** and Pr®*, tried in LaBr; host crystals, the Eu** doped
samples exhibited low light output. This was mostly because a large fraction of light was
emitted via very slow decay components (>50 us) and as a result was not included in the light
estimation performed using gamma-ray spectroscopy where the typical amplifier integration time
used is <12 us. The origin of these slow component(s) is most likely related to the presence of
defects caused by charge imbalance in the crystals. The charge imbalance occurs when the Eu®*
ions replace the La®>" ions in crystal lattice. This charge neutrality can be restored by codoping
the Eu®* doped LaBr; crystals with ions such as Hf**. The Pr®* doped LaBr; crystals provided
exciting results. They exhibited very high light yield (85,000 photons/MeV) and good energy
resolution. While the decay time of LaBrs:Pr is much slower than that for LaBrs:Ce, it is fast
enough for many nuclear waste cleanup applications. Furthermore, it should be possible to
increase the speed of LaBrs:Pr by adjusting its Pr®* concentration. The most exciting feature of
LaBr3:Pr is that it emits in red-region and is therefore, well suited for silicon photodiode readout.
In fact, LaBr3:Pr is the brightest scintillator in the red-region and its light yield is ~15% higher
than the light yield of LaBr; doped with Ce.

Overall, the Phase | research has been very successful and has lead to better understanding
of the lanthanum halide and related scintillators. It has also opened up some promising avenues
to optimize the performance of these exciting scintillators. Based on the Phase | results, we have
clearly demonstrated the feasibility of the proposed approach.
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