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ABSTRACT

Computed radiography is a standard medical imaging technology that uses
photostimulable storage phosphor imaging plates to create an image. X-rays
create electron hole pairs within the plate which recombine upon stimulation by a
laser, producing light which is read out and stored as a digital image. Modern
imaging plates contain an active layer of crystalline storage phosphors
embedded in a polymer binder. The resolution of images from these plates is
reduced due to light scattering at grain boundaries during readout.
Fluorochlorozirconate (FCZ) glass-ceramic imaging plates containing BaCl,:Eu®*
[barium chloride] [europium] nanocrystals in the orthorhombic phase have been
developed to decrease light scattering during readout and improve resolution for
applications such as mammography where a high level of detail is required.
However, these plates lack the conversion efficiency (CE) of current plates and
therefore require a higher x-ray dose to provide sufficient light to produce an
image. This work investigates the use of co-doping to increase the CE of FCZ
glass-ceramic imaging plates.

A series of fluorochlorozirconate (FCZ) glass samples were produced, replacing
the EuCl, with HoF3; [holmium] to determine the effects of co-doping on light
output. The samples were characterized using differential scanning calorimetry
to determine the temperature at which orthorhombic BaCl, crystallization occurs.
Thermal treatments were performed to precipitate BaCl, nanocrystals in the
orthorhombic phase, creating a glass ceramic. The heat treated samples were
characterized using phosphorimetry and x-ray diffraction to confirm the crystalline
phases present. Photostimulated luminescence (PSL) experiments were
conducted to evaluate light output. The results indicate that the addition of HoF3
increases the CE even though HoF; singly doped FCZ glass ceramics do not
exhibit any PSL.

In an effort to reduce the costs of the FCZ glass-ceramic imaging plates,
experiments were conducted to see if less costly EuCl; could be reduced to form
the more expensive EuCl, through heating in an inert atmosphere. Three
different heating profiles were tested. The percent conversion was evaluated
using Mdssbauer [Mossbauer] spectroscopy. The results show that EuCl, can be
successfully synthesized from EuCls.
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CHAPTER 1

INTRODUCTION & BACKGROUND

Computed Radiography

Computed radiography (CR) is one of the medical imaging diagnostic
technologies currently being used. Traditional screen film (SF) radiography
systems are being replaced by computed radiography (CR) and digital
radiography (DR) which uses either direct or indirect detection. Each imaging
system is distinguished by the detection medium, the way the image is
stored/recorded within the medium, and how the stored image is retrieved.
During x-ray irradiation, SF systems store the image on film which must be
chemically processed to retrieve the image. In CR imaging systems, upon
irradiation, a photostimulable storage phosphor plate stores the latent image in
electron hole traps until they recombine under laser stimulation, emitting photons
that are converted to a digital image. DR indirect conversion uses a flat panel
screen with scintillator material that converts X-rays to visible light photons upon
irradiation. Visible light is converted to electrical charge. The image is stored as
electrical charge which is converted to a digital x-ray image. DR direct conversion
uses a flat panel with photoconductor material to produce electrical charges
directly from the x-rays upon irradiation [1].

Each of the radiographic imaging system offers advantages and disadvantages
over the alternatives. The CR and DR systems both produce digital images which
may be enhanced or manipulated with algorithms to remove artifacts. Produced
images may be transmitted electronically to other locations or archived. The SF
system produces a hard copy, which requires storage space and is tedious to
transport from location to location. The CR system offers more cross table image
capture flexibility than DR systems which use a flat panel screen detector
embedded in a bucky table or bucky wall. The storage phosphor imaging plates
used in CR are erased and reused which should reduce the cost to patients. DR
systems produce an image more rapidly than the SF and CR systems requiring
cassette processing, but the equipment cost makes DR the most expensive
method of radiography.



Computed Radiography Imaging Plates

Computed radiography systems use imaging plates made of photostimulated
luminescence materials. The portable plates are encased in cassettes. The
cassette material is opaque to visible light, but transparent to x-ray radiation.
After exposure, the plate is removed to a central processing system where the
plate is removed from the cassette in darkness. It is raster scanned with a laser
to release the stored latent image. As the laser sweeps the plate pixel by pixel
and line by line, the emitted light is collected and detected with a photomultiplier
tube whose output signal is amplified and digitized to form the radiographic
image. Any residual image remaining in the plate is erased by exposure to white
light. The plate is reinserted into the cassette and is ready for re-use as an
unexposed image plate. A schematic of the process is shown in Figure 1.

Current CR storage phosphor plates consist of a support substrate layer and a
layer containing x-ray storage phosphor crystallites embedded in an organic
binder. Upon X-ray irradiation, complementary defects (electron hole pairs) are
generated in the crystallites. The absorbed x-ray energy is stored in these
defects. The energy is trapped as the latent image. The laser stimulation
provides the electron with sufficient energy to recombine with the hole. The
recombination energy is transferred to the luminescent center which emits a
characteristic photon. This process is termed photostimulated luminescence
(PSL). [2]

Storage phosphor plates currently being used experience loss of resolution due
to diffraction and scattering during the readout process when stimulating
radiation interacts with the polycrystallites dispersed in the polymer binder [3].
Soft tissue imaging for diagnostic mammography requires a high level of spatial
resolution. A fluorochlorozirconate glass (FCZ) has been developed which has
superior spatial resolution [4, 5]. The scattering due to the polymer binder is
eliminated since the nanocrystals are embedded in a glass matrix. However,
FCZ lacks the PSL conversion efficiency of the current imaging plates.
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Fluorochlorozirconate Glass

Fluorozirconate glass was discovered in 1975 by Poulain, Poulain and Lucas in
Rennes, France. Containing 50% ZrF,4, 25% BaF,, and 25% NaF [6] the glass
system joined other heavy metal fluoride glasses (HMFGs) including
fluoroaluminate, fluorogallate, fluorindiate, fluoromanganate, and fluoroscandate
glasses. The classification name is based on the primary constituent component
in the fluorine and metals glass system [7].

Fluorozirconate glasses have been continually developed. Standard
compositions are modified by incorporating selected chemicals to achieve
specific glass properties. This has led to new fluorozirconate glass forming
systems, including ZBLAN (ZrFs-BaF,-LaF3z-AlF3-NaF) by Poulain and Lucas at
the University of Rennes. The addition of AlF; and LaF; was found to increase
glass stability [7, 8, 9, 10]. The separation between the glass transition
temperature (Tg) and the crystallization temperature (T,) is an indicator of
viscosity and is used as a criterion for stability assessment.

ZBLAN became the most heavily studied HMFG. It was considered to be the
most stable HMFG and an excellent host for rare earth ions [11]. Uses include
optical fibers and photovoltaics. ZBLAN doped with rare earth ions has been a
material of interest in creating a better storage phosphor plate [4, 12, 13,14,15,
16] due to its low phonon energy [16, 17, 18,19,20] and because thermal
treatments determine the nanocrystal phase that precipitates during the
crystallization process [19, 20]. Low phonon energy reduces non-radiative
energy losses.

The developed fluorochlorozirconate glass ((ZrFs-BaCly-LaFs-AlFs-NaF) is a
modified ZBLAN in which BaF is replaced with BaCl,. The addition of chlorine
ions enables the nucleation of BaCl, phase specific nanocrystals during a
thermal treatment process [21]. Inclusion of EuCl, and InF; enhance the glass
ceramic properties.

The rare earth dopant EuCl, is added to enhance the luminescent properties.
While EuCl, embedded in the glass matrix does not fluoresce, when EuCl,
associates with the BaCl, nanocrystals during thermal treatment, EuCl,
fluorescence does occur [22, 23]. BaCly:Eu?* nanocrystals in the orthorhombic
phase are required to produce a storage phosphor. BaCl,:Eu®*" nanocrystals do
not produce electron hole pair defects required for photostimulated luminescence
[24, 25, 26]. EuF; as a dopant has been investigated, but the phase transition
from hexagonal to orthorhombic structure occurs at a higher temperature [14].

ZrF, is the primary component in ZBLAN, usually making up about 50 percent of
the composition. When it reduces to ZrF3, black specks precipitate in the glass
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ceramic, diminishing the quality of the glass. Inclusion of InF3 limits the effect by
acting as an oxidizer. When ZrF,4 reduces to ZrF;, InF; reduces to InF and the
ZrF3 oxidizes back to ZrF,4 [14, 27]. It has been shown that InF; is a critical
component for orthorhombic crystallization to occur during heat treatments [28].



Rare Earth Doping

The luminescent properties of singly doped and co-doped fluorozirconate glasses
have been investigated. Ho** has been shown to exhibit multiphoton processes
including excited state absorption, energy transfer upconversion, photon
avalanche absorption and downconversion [29, 30, 31, 32, 33, 34, 35, 36].

Impurities which lead to nanocrystal defects (electron hole pairs) and influence
PSL properties are introduced by rare earth doping [15]. To optimize the storage
phosphor material for radiographic imaging plates, we investigate the impact of
co-doping with HoF3 on conversion efficiency or light output.

Inclusion of a rare earth dopant like EuCl, is a critical ingredient in FCZ if an
efficient storage phosphor is to be produced. However, due to limited quantities,
EuCl; is the most expensive component of FCZ glass. In an effort to address
environmental issues, the amount of europium production has been significantly
reduced, and the trend is expected to continue. As a raw material, Eu®**, which is
the stable state, is less expensive than metastable Eu?*, but Eu®*" does not
produce a storage phosphor [25, 26].

Weber et.al. showed that partial conversion of EuCl; to EuCl, can be
accomplished by heating it. However, at room temperature in normal
atmosphere, it oxidizes to EuCl; within 10 weeks, so synthesized EuCl, must be
stored in an inert environment [25].



CHAPTER 2

MATERIALS & METHODS

Sample Preparation

All samples were produced in an inert argon atmosphere in an MBraun
LABmaster SP glovebox with an attached OTF-1200-2 dual zone tube furnace
(MTI Corporation). Oxygen and moisture contamination inside the glove box was
monitored. H,O and O, levels below 20 ppm are acceptable, and we generally
maintained these levels at <0.1 ppm. A thermocouple is installed inside the
ceramic tube in the furnace, near the location of the sample to accurately know
the temperature surrounding the sample during the melting process. The furnace
was continually purged with argon gas during the melting process. All chemical
components were anhydrous which were opened and stored in the glovebox.
The system setup is shown in Figure 2.
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Glass Synthesis

A series of six fluorochlorozirconate (FCZ) glass samples was produced with the
2% EuCl; substituted in 0.4% increments by HoFs. An additional FCZ sample,
void of any rare earth dopant, was made for comparison. Table 1 shows the
composition of each EuCly/HoF; sample. All chemical constituents were
purchased from Sigma Aldrich (Milwaukee, WI).

Table 1. Composition (mole %) of each glass sample produced with HoF; replacing
EuCl; in 4% increments and a sample without rare earth dopant

EuCIZ/HoF3 Series Composition (mole %)
(20 g Samples)

Sample ZrF, BaCI2 NaF AIF3 LaF InF EuCI2 HoF

3 3 3

JJ147 | 53.00 |20.00 |20.00 [3.00 (350 [0.50 |0.00 0.00

JJ138 | 51.00 |20.00 |20.00 [3.00 (350 [0.50 |2.00 0.00

JJ146 | 51.00 |20.00 |20.00 |3.00 |[3.50 [0.50 1.60 0.40

JJ145 | 51.00 |20.00 | 20.00 |3.00 |[3.50 [0.50 1.20 0.80

JJ144 |51.00 |20.00 |20.00 [3.00 (350 [0.50 |0.80 1.20

JJ143 | 51.00 |20.00 |20.00 [3.00 (350 [0.50 |0.40 1.60

JJ142 |51.00 |20.00 |20.00 |3.00 3.50 0.50 0.00 2.00

Dopant

Each of the 20 gram glass samples was produced using a two-step process to
decrease the evaporation of chlorides during the melt. During the first step, the
fluoride compounds (except HoF3) were weighed, blended in a platinum crucible,
covered, and placed in the tube furnace at room temperature. A schematic of the
heating process is shown in Figure 3 and corresponds to the temperature
recorded by the thermocouple embedded within the furnace. Each sample
underwent a two hour drying stage as the furnace ramped to 800° C. After one
hour at 800° C, the melted fluoride mixture was removed and cooled to room
temperature. During the second step, the chloride compounds and HoFs; were
added to the solidified fluorides and the mixture was returned to the 750° C
furnace. The glass mixture spent one hour at 750° C, five minutes as the furnace
ramped to 700° C, and an additional five minutes at 700° C. Decreasing the
temperature during the final ten minutes of the melting process fines the glass
and reduces the bubbles in the poured sample. The temperature program is
shown Appendix .
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Figure 3. Schematic of Temperature Profile used for glass synthesis

Each sample was removed from the furnace and poured into a preheated 200° C
brass mold that was pre-programmed to slowly return to room temperature over
four hours. The procedure is shown in Figure 4. The mold has two embedded
cartridge heaters which heat the mold and an embedded thermocouple which
monitors the temperature. The rapid temperature change from 700° C, when the
sample is removed from the furnace, to 200° C, which is just below the glass
transition temperature, ensures that the sample transitions rapidly through
crystallization formation temperatures, effectively suppressing any crystallization
reactions.

After reaching room temperature, the amorphous glass samples were removed
from the mold. A typical sample is shown in Figure 5. The glass samples were
cut into 1 cm? sections for heat treatments and characterization. They were
stored inside the glove box in an inert environment to prevent contamination due
to the atmosphere.



Platinum Crucible
in Tube Furnace
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Figure 4. Platinum crucible inside the furnace and during the pour process
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Figure 5. Typical glass sample
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Glass Ceramic Synthesis

Thermal treatment determines the specific BaCl, crystalline phase present in
FCZ glass. At lower temperatures (near 235° C), hexagonal phase BaCl;
crystallites form. These make good scintillators. At higher temperatures (near
290° C), orthorhombic phase BaCl, crystallites precipitate. The orthorhombic
nanocrystals produce the crystal defects required to produce effective storage
phosphors [18, 36]. During the heat treatment, the rare earth ions (EuCly)
associate with the BaCl, and become incorporated into the crystallite structure.
The crystallites are randomly oriented in the glass [20].

The 1 cm? sample pieces were heat treated at temperatures corresponding to
hexagonal and orthorhombic phase BaCl, crystallization as well as the
temperature when bulk crystallization occurs. Glass ceramic samples heat
treated to precipitate hexagonal phase BaCl, nanocrystals are not within the
scope of this investigation since they have potential photovoltaic applications and
do not have storage phosphor applications. The samples with hexagonal BaCl,
nanocrystals and those heat treated at the bulk crystallization temperature are
included for comparison purposes only. Table 2 lists thermal treatments
performed to precipitate orthorhombic phase BaCl, nanocrystals required for
storage phosphors. Heat treatment temperatures were determined by
differential scanning calorimetry analysis.

Table 2. Heat treatments performed to precipitate orthorhombic nanocrystals

Composition Pre-heat Heat Treatment (°C)
EuCl /HoF, (°C) (Orthorhombic Phase)

0.0/0.0 207 299

2.0/0.0 208 297

1.6/0.4 209 299

1.2/0.8 205 300

0.8/1.2 209 298

0.4/1.6 210 294

0.0/2.0 209 298

To prevent thermal shock during heat treatment, samples were preheated for five
minutes at 205° - 210° C to just below the glass transition temperature. The
system setup is shown in Figures 6 and 7. A hot plate was used to heat an
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aluminum block with an embedded thermocouple to the preheat temperature.
Samples were placed on a tray on the heated surface.

Either a Carbolite three zone tube furnace or an Electro Applications Inc. tube
furnace was used to heat treat samples. Each sample was placed in a preheated
covered aluminum boat with embedded thermocouple and returned to the oven
for five minutes at the desired temperature. Temperatures were monitored and
recorded every minute during the process. Samples were removed from the
furnace to the 200° C heated tray and allowed to return to room temperature.

Aluminum Block
with Embedded
Thermocouple

Figure 6. Samples were pre-heated to just below the glass transition temperature to
prevent thermal shock
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Covered Aluminum Boat with
Embedded Thermocouple

Figure 7. Thermal treatment furnace setup

After heat treatment, samples exhibit unique color changes when exposed to
ultraviolet light. Color is the first visual indicator of the specific BaCl, phase
present in the samples. Blue fluorescence suggests presence of hexagonal
phase and purple suggests presence of orthorhombic phase nanocrystals.

This is illustrated in Figure 8 (left) when samples were exposed to 254 nm
excitation wavelength and (right) to 365 nm excitation wavelength. Column one
contains doped samples that have not undergone any heat treatment. Column
two contains samples heat treated at 250° C to precipitate hexagonal phase
BaCl, crystallites. Column three holds samples heat treated at 300° C to
precipitate orthorhombic phase BaCl, crystallites. Column four contains samples
that were heat treated to 330° C, the bulk crystallization temperature.
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Excitation Wavelength 254 nm Excitation Wavelength 365 nm

2.0%
2.0% \
HoF3 HoF3

HoF3

0 n% Not Heat Treated

HoF3 ~290°C ~300°C ~330°C
Not Heat Treated~2950°C ~300°C ~330°C

Figure 8. Unpolished, doped samples exposed to 254 nm and 365 nm ultraviolet
excitation
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EuCl; Reduction/EuCl; Synthesis

Rare earth dopants are critical for producing an effective storage phosphor. Cuts
in production have led to limited availability and higher costs. The Eu®" state is
stable and less expensive than the Eu®" state. EuCl; doped FCZ does not
generate crystal defects required to produce a storage phosphor material.

Experiments to determine an optimal temperature program for reducing EuCls to
EuCl, were carried out in the glovebox and tube furnace shown in Figure 2.
Anhydrous EuCl; was purchased from Sigma-Aldrich (Milwaukee, WI). It was
weighed, placed into a platinum crucible, covered, inserted into the tube furnace,
and heated at 700° C. Three samples were produced using different heating
profiles. The temperature and time profiles are shown in Figures 9, 10, and 11.

During the first two hours, the oven is ramped in increments to prevent thermal
shock to the ceramic tube in the furnace. One sample was placed in the furnace
to undergo the ramping stage and then heated at 700° C for one hour. The other
two samples were inserted into the 700° C furnace at the end of the ramping
stage. One was heated for one hour and the other was heated for six hours.
The oven temperature programs are shown in Appendix Il.

Temperature Profile 1
800
o / ~
500 / \
400 7 / \

300 /
200 / Insert Remove |
100 | {// Crucible Crucible |———
0 T T T T 1
0 60 120 180 240

Tube Furnace Temperature
(°C)

Elapsed Time (minutes)

Figure 9. Schematic of Temperature Profile 1
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Temperature Profile 2
o 800
5 700
‘E 600 /‘,*\ .r\
& 500 /] N
E 400 ? / \\ \\ ~
S5 w0 | |
8 ~ 200 / Insert Remove
= 100 Crucible Crucible |—
S é
L 0~ T T T 1
§ 0 60 120 180 240
= Elapsed Time (minutes)

Figure 10. Schematic of Temperature Profile 2

Temperature Profile 3

D T T T T T T T T 1
60 120 180 240 300 360 420 480 540

o 800
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S 400 -

:g}‘ 300 ? \. ,/

g"—' 200 Insert Remove | ——
g o0 [ Crucible Crucible

S
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3 0

=
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Figure 11. Schematic of Temperature Profile 3

The samples were removed from the furnace, cooled to room temperature, and
finely powdered with a mortar and pestle. A thin layer of vacuum grease was
applied to a sample holder and the powder was attached. Samples were stored
in the glovebox at room temperature or in a VWR Signature ULT Freezer Model
5600 Series Chest freezer at -80° C (193 K).
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Characterization

Amorphous “as made” glass samples were characterized using differential
scanning calorimetry to determine the temperatures specific to each
crystallization phase. After heat treatments were performed to precipitate
orthorhombic nanocrystals, the glass ceramic samples were characterized using
phosphorimetry and x-ray diffraction. Photostimulated luminescence analysis
was used to determine the conversion efficiency or light output of the samples.
Mossbauer spectroscopy was used to measure EuCl, and EuCls; concentrations
in samples produced by heating EuCls.
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Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimety (DSC) was used to determine the glass
transition temperature (T,) and the temperatures where crystallization occurs.
Measurements were acquired using a Netzsch DSC 200 F3 (NETZSCH,
Geraetebau GmbH, Willelsbacherstrasse 42 D-95100 Selb/Bayern), and analysis
was performed using Netzsch Proteus Thermal Analysis Version 5.2.1.

Small fragments (20 mg +10 mg) were selected from the interior bulk of each
sample. For each measurement, the fragment was placed in a standard Netzch
Aluminum 25 ul crucible and sealed with a companion lid. The sample was
aligned on a heat sensor in the DSC chamber (see Figure 12). An empty sealed
crucible was used as a reference and placed on the second heat sensor. During
the process, the chamber was continually purged with nitrogen (40 ml/min.)
Each DSC measurement was started when the chamber temperature reached
100° C. The temperature increased 10° C per minute to the maximum
temperature of 400° C.

Empty
Crucible

Figure 12. Netzsch200 F3 Differential Scanning Calorimeter used for DSC Analysis
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Phosphorimetry (PL)

Phosphorimetry (PL) was used to determine the states of crystallization phases
present within each sample. Gated excitation scans excite a sample within a
particular range of wavelengths to determine the amount of emission at a specific
wavelength. Gated emission scans excite at a specific wavelength to determine
emission over a range of wavelengths. The emission scans show the relative
amounts of each crystallization phase present. Gated excitation and emission
spectra were acquired using a PTI QuantaMaster 30 Phosphorescence /
Fluorescence Spectrofluorometer (Birmingham, NJ) in conjunction with PTI
Felix32 analysis software. The system configuration is shown in Figure 13.

Xenon Lamp
and
Diffraction
Grating

Sample
Chamber

Photomultiplier
Detector
System

Sample

Figure 13. Configuration of PTI QuantaMaster 30 Phosphorescence / Fluorescence
Spectrofluorometer used to acquire PL measurements

Samples were polished to expose the bulk and remove surface contamination.
Measurements are acquired in a darkened room to eliminate potential light
contamination. Table 3 lists the excitation and emission scans acquired for each
glass ceramic sample.
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Table 3.

sample
Gated Excitation Scans Gated Emission Scans
Wavelength Emission Excitation Wavelength

Range Wavelength Wavelength Range

(nm) (nm) (nm) (nm)
225-400 410 270 280-700
225-460 470 360 370-700
225-535 548 448 460-700

Gated Excitation and Emission Scans performed on each glass ceramic
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X-Ray Diffraction (XRD)

X-Ray diffraction (XRD) was used to identify specific crystallization phases
present in the glass ceramic samples. All samples were polished to expose the
bulk of the glass prior to measurements.

XRD characterization was performed using a Scintag, Inc. X; Advanced
Diffraction System XRD and a Philips X’'Pert XRD to acquire diffraction patterns.
Both systems use Cu Ka radiation (A = 1.54 A). The Scintag system is shown in
Figures 14a and 14b. All characteristic x-rays are produced. A monochromatic
filter permits the detector to count only reflected Cu Ka x-rays. Measurements
were taken by continuously scanning the two theta range from 20° to 80° at a
rate of 5 degrees per minute.

Figure 14(a). X; Advanced Diffraction System, Scintag Inc. Vanderbilt University
Chemistry Department
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X-ray
Source

Detector

Figure 14(b). The sample is stationary in the horizontal position. The X-ray tube and
detector move simultaneously over the angular range

Other experiments were performed using a Philips X’Pert XRD shown in Figure
15. The ceramic tube with copper anode is equipped with a crystal
monochrometer so only Cu Ka radiation strikes the sample. Measurements were
taken over the two theta range from 20° to 80°using a scanning step of 0.01° and
a time step of 4 seconds.
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X-ray
Source

Detector

Sample

Figure 15. For this goniometer configuration (Philips X'Pert XRD), the x-ray tube is
stationary. The sample is positioned vertically and moves with the detector over the

angular range

MDI Jade 9 analytical software was used to identify the crystalline phases. The
characteristic diffraction pattern obtained for each sample was matched to the
Jade database containing diffraction pattern files.
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Photostimulated Luminescence (PSL) Analysis

Photostimulated luminescence (PSL) was used to measure the storage phosphor
conversion efficiency (CE). CE is the intrinsic efficiency of a storage phosphor to
convert x-ray energy into visible light.

Output Energy

c on Efficiency —
onversion Efficiency Input Energy (absorbed x — ray dose)

PSL decays under continuing stimulation according to I(t) = lo"""+c where |y is
the amplitude of PSL at beginning of stimulation, t is the stimulation time, T is a
time constant that depends on the power of the stimulation light (exposure
speed), and c is a constant which is the measured offset with no sample in place
[22]. A schematic showing the PSL decay is shown in Figure 16.

PSL Intensity (a.u.)

0 T
Stimulation Time (t) (a. u.)

Figure 16. Schematic of PSL curve showing (1) stimulating radiation (2) shutter opening
(3) decay curve
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Information needs to be read out in the shortest time possible. Ideally there
should be a high initial intensity followed by a rapid decay. Otherwise, when a
storage phosphor plate is being raster scanned, excess emission of light from the
previous pixel may bleed over and corrupt the image.

Dr. Lubinsky performed these experiments at the State University of New York
(SUNY), Stony Brook. Figure 17 shows the experimental setup. Initially,
samples were exposed to a 320 mRad dose using a Tungsten anode x-ray tube.
The apparatus used to test the conversion efficiency is based on an integrating
sphere. The stimulating light power of 8.2 mW at 532 nm was spread by a
diffuser over an area about 8x10 mm. The sample port has a 1/8 inch opening.
A red-cutting filter and two 2mm FBG25 Thorlabs filters were used to prevent
detection of the stimulating light. The detector is a Hamamatsu 124-06 module
with an R6095 photomultiplier tube which was operated at 700V.
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Mirror

Laser
(Stimulating Light)

Photomuitiplier
Tube

Optical
Filters

Computer

Figure 17.
efficiency

Apparatus based on integrating sphere used to determine conversion
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Mossbauer Spectroscopy

MoOssbauer spectroscopy was used to measure the relative concentrations of
EuCl; and EuCl;, The measurements were acquired using a SEE Co Mossbauer
Spectrometer (Minneapolis, MN) with Janis model SHI-850-5 closed cycle
refrigerator system with operation capacity of 5K-300K (Willmington, MA). The
cryogen-free, continuous flow cryostat was used to measure relative
concentrations at low temperatures. The apparatus is shown in Figures 18 and
19.

Spectroscopy measurements were obtained for samples at temperatures
between 5K and 250K. At room temperature, the Mossbauer Effect is reduced
due to thermal vibration. By measuring the sample in a cryostat at lower
temperatures, there is less thermal vibration, and the Mdssbauer Effect is much
more detectable.

A Mdssbauer data analysis program created at Northern lllinois University was

used to fit the spectra. This software was designed to fit Mossbauer spectra
using simple Lorentzian functions.
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Sty 1

Collimator Méssbauer Drive
Detector Sample Source

Figure 18. Mdossbauer spectrometer showing Detector (proportional counter), Sample,
Collimator, Source at room temperature (151Sm in EuyF3), and the Mdssbauer Drive
(velocity transducer)
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Cryostat

Detector

Moéssbauer §
Drive

Sample

Figure 19. Mossbauer apparatus with cryostat used for low temperature experiments
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CHAPTER 3

RESULTS & DISCUSSION

EuCI2/HoF3 Co-doped FCZ Glass Ceramics

Differential Scanning Calorimetry (DSC)

DSC scans on each of the “as made” glass samples are stacked for comparison
in Figure 20. The spectra follow the profile consistent with BaCl, crystallite
formation in either hexagonal or orthorhombic phase. The first exothermal peak
occurs at 240 °C (+ 3° C) and indicates the formation of the hexagonal phase of
BaCl,. The second exothermal peak occurs at 300 °C (x 5° C) and shows the
formation of the orthorhombic phase of BaCls,.

DSC (mW/mg)

I ) 1 Ll | ' Ll 1 Ll !

L
100 125 150 175 200 225 250 275 300 325 350 375 400
Temperature (°C)

Figure 20. DSC scan comparison for (a) undoped ZBLAN and (b-g) in which the EuCl,
dopant was exchanged with HoFs; dopant in 0.4% increments as follows: (b) / 2.0%
EuCl, / 0.0% HoF; (c) 1.6% EuCl, / 0.4% HoF; (d) 1.2% EuCl, / 0.8% HoF; (e)0.8%
EuCl, / 1.2% HoF; (f)0.4% EuCl, / 1.6% HoF; (g)0.0% EuCl, / 2.0% HoF;
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The third exothermal peak is attributed to bulk crystallization of the glass matrix
[16, 28]. The sample without dopant undergoes bulk crystallization at a lower
temperature (314° C) than the EuCl, doped sample (322.7° C). The HoF; doped
samples underwent bulk crystallization at higher temperatures (329° C + 3° C).
Exothermal peaks at higher temperatures are due to reactions between
crystalline phases and crystal consolidation [13]. Analysis data is shown in Table
4.

Table 4. Temperatures at which hexagonal and orthorhombic BaCl, form and the
temperatures when bulk crystallization of the glass matrix occurs

% EuCl, | % HoF, Glass Peak 1 (°C) Peak 2 (°C) Peak 3 (°C)
Transition BaCl, BaCl, Bulk
(°C) (hexagonal) | (orthorhombic) | Crystallization

0.0 0.0 2084 237.0 2954 314.0
2.0 0.0 212.3 238.0 297.9 322.7
1.6 04 217.5 239.3 298.7 330.9
1.2 0.8 212.2 241.1 298.5 328.0
0.8 1.2 212.2 240.2 298.9 329.5
04 16 212.6 2394 297.1 326.5
0.0 2.0 211.1 2415 299.7 327.7

The glass transition (T4) occurs near 213 °C (x 5° C) for all the samples. The
temperature difference between the glass transition (T4) and crystallization (Ty) is
an indicator of viscosity (AT = Tx — Tg). Larger temperature difference (AT)
equates to less viscous glass [16]. Inclusion of HoF3; changes the viscosity of the
glass more than the inclusion of EuCl..
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Phosphorimetry (PL)

Gated emission scans show phosphorescence is dopant dependent. Each
spectrum was normalized, and they are stacked for comparison.
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Figure 21. Normalized emission spectra where the samples were excited at 448 nm and
observed between 460 and 700 nm for (a) undoped ZBLAN and (b-g) in which the EuCl,
dopant was exchanged with HoF; dopant in 0.4% increments as follows: (b) / 2.0%
EuCl,/ 0.0% HoF; (c) 1.6% EuCl, / 0.4% HoF; (d) 1.2% EuCl, / 0.8% HoF; (e) 0.8%
EuCl, / 1.2% HoF3 (f) 0.4% EuCl, / 1.6% HoF; (g) 0.0% EuCl, / 2.0% HoF;

Figure 21 shows that the phosphorescence resulting from 448 nm excitation is
dependent upon the holmium content. The undoped sample and the solely
doped EUCIl, sample experience no emission. HoF; has a known 550 nm
fluorescence which is attributed to the °S,, °F4 — °lg upconversion based upon
multiphonon (non-radiative) processes [34, 36].
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(e)

(d)

(c)

Intensity (a.u.)

1 Y 1 v
400 450 500
Wavelength (nm)
Figure 22. Normalized emission spectra where the samples were excited at 360 nm and
observed between 370 and 700 nm for (a) undoped ZBLAN and (b-g) in which the EuCl,
dopant was exchanged with HoF; dopant in 0.4% increments as follows: (b) / 2.0%

EuCl,/ 0.0% HoF; (c) 1.6% EuCl, / 0.4% HoF; (d) 1.2% EuCl, / 0.8% HoF; (e) 0.8%
EuCl, / 1.2% HoF; (f) 0.4% EuCl, / 1.6% HoF; (g) 0.0% EuCl, / 2.0% HoF;

Phosphorescence occurring when the samples are excited at 360 nm is
europium dependent. See Figure 22. Only samples containing EuCl,
experience emission. A divot in the spectra occurs near 418 nm. Samples with
greater percentages of HoFs exhibit more distinct divots. EuCl, has a known
emission at 402 nm which is attributed to the 5d — 4f transition [18, 24]. The
divots in the spectra located near 418 nm may be attributable to HoF3; absorption
at that wavelength due to the °ls — °Gs transition. This suggests that some of the
EuCl, emission is absorbed by HoF3.
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X-Ray Diffraction (XRD)

The x-ray diffraction scans are stacked for comparison in Figure 23. XRD peaks
were used to identify the BaCl, phases present in the samples. Powder
diffraction file (PDF # 24-0094) is superimposed at the bottom and indicates
BaCl;, orthorhombic phase nanocrystals in all the samples.

Q)

(U]

(e)

(d)

(c)

Intensity (a.u.)

(b)
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Figure 23. X-ray diffraction scans for (a) undoped ZBLAN and (b-g) in which the EuCl,
dopant was exchanged with HoF; dopant in 0.4% increments as follows: (b) / 2.0%
EuCl, / 0.0% HoF;z (c) 1.6% EuCl, / 0.4% HoFz (d) 1.2% EuCl, / 0.8% HoF; (e) 0.8%
EuCl, / 1.2% HoF; (f) 0.4% EuCl, / 1.6% HoF; (g) 0.0% EuCl, / 2.0% HoF;
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Photostimulated Luminescence (PSL) Analysis

Conversion efficiency results from the PSL experiments are shown in Table 5.
The gain, which is the number of photoelectrons per absorbed x-ray, is an
absolute number and is an indicator of light output. A comparison of conversion
efficiency relative to HoF3 content is plotted and shown in Figure 24.

Table 5. Conversion efficiency and gain results

EuCI2 % HoF, % Conversion Gain
Efficiency (photoelectrons/
(pJ /mmszad) absorbed x-ray)
0.0 0.0 0.0 0.0
2.0 0.0 2.2 1.1
1.6 0.4 2.4 1.2
1.2 0.8 3.4 1.65
0.8 1.2 4.5 2.2
0.4 1.6 4.0 2.0
0.0 2.0 0.0 0.0

The undoped sample and the singly doped HoF3; sample exhibited no light output
while all the co-doped samples have improved light output compared to the
singly doped EuCl, sample. The enhanced conversion efficiency follows a linear
trend based upon increased HoF3 content for samples containing less than 1.6%
HoF3;. The highest conversion efficiency was achieved by the sample co-doped
with 0.8% EuCl, and 1.2% HoFsz. Diminished conversion efficiency was
experienced by samples containing more than 1.2% HoF.
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Figure 24. Comparison of conversion efficiency for each sample tested
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Figure 25. Comparison of light output for samples containing 2% EuCl,/0% HoF; and
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Figure 25 compares the decay curve trend line of the singly doped sample
containing 2% EuCl, and the co-doped sample containing 0.8% EuCl, and 1.2%
HoF3; which experienced the highest conversion efficiency. An efficient storage
phosphor should exhibit the characteristic decay curve shown in Figure 16 with
high initial signal and rapid decay. The co-doped sample exhibits significantly
superior PSL to the singly doped sample.

These PSL results confirm the necessity of adding rare earth dopants to FCZ
glass to produce an efficient storage phosphor. There are several potential
causes of the increased PSL in the co-doped samples, including:

1) Increase in BaCl, nanocrystal precipitation during thermal processing
due to HoFs.

2) More crystal defects formed in BaCl, nanocrystals which allow more
electron hole trapping due to HoFs.

3) Different nanocrystal size or shape due to HoFs.

4) Possible energy exchange in luminescence center between HoF3; and
EUC|2.

Additional studies are required to better understand the mechanism that leads to
the enhanced PSL. The nanocrystal size and shape analysis can be performed
with transmission electron microscopy.

Further testing is necessary to determine if the PSL increase in co-doped
samples is due to HoF3 or EuCl; emission. A large range of the visible spectrum
was filtered in Dr. Lubinsky’s tests to prevent the detection of 532 nm stimulation
light as shown in Figure 26. Phosphorimetry analysis indicates that HoFz emits
at 550 nm, which was filtered in these experiments. Selection of a longer
excitation wavelength, so any PSL resulting from the 550 nm can be detected,
would give insight into the HoF3; contribution. Performing additional experiments
with a high band pass filter which filters wavelengths less than 500 nm would be
beneficial in determining the PSL due to EuCl..
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Figure 26. Schematic showing wavelengths of light that were filtered to prevent

detection of the stimulation light
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EuCl; Reduction/EuCl,; Synthesis

Mossbauer Spectroscopy

MoOssbauer spectra were acquired for the sample prepared following
temperature profile 1 (Figure 9) at 5K and 250K, temperature profile 2 (Figure 10)
at 5K, 250K, and at 7K after being stored 165 days in a cooler at -80° C, and
temperature profile 3 (Figure 11) at 6K and 143K. The fitted spectra are shown
in Figures 27, 28, and 29. Site 1 (green) fits EuCl, and site 2 (blue) fits EuCls.
The red line fits the entire spectrum which represents the superposition of the
two site fits.

EuCl, Fit

EuCl, Fit

Spectrum Fit

o
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|
N

4
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Figure 27. Fitted spectra for the sample prepared using Temperature Profile 1
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Figure 28. Fitted spectra for the sample prepared using Temperature Profile 2
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Figure 29. Fitted spectra for the sample prepared using Temperature Profile 3
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The isomer/chemical shift provides information about the valence of atoms
present in the sample. The entire spectrum is shifted in either the positive or
negative direction depending upon the electron charge density of the s orbital.
The s orbital overlaps the nucleus. The orbital is spherically symmetric and there
is no angular momentum. The Mdssbauer apparatus source is SmFsz which
decays to EuFs. No isomeric shift would be seen for a EuFs; sample since the
absorber and source would be the same.

The chemical shift for the samples is listed in Table 6. Only a slight positive shift
(0.35 - 0.86 mm/s) is seen in the spectra for Eu®* site since the source is Eu®*.
This positive shift can be attributed to the fluorine source versus chlorine sample.
The Eu® is the stable form of Europium. Eu?' shifts to -14 mm/s relative to Eu*".
The isomer shift for the Eu?* ions ranges from -13.8 to -13.5. Temperature shifts
are due to slower velocities at lower temperatures. The magnitude of the shift
ranges from 0.08 to 0.19 mm/s.

Table 6. Isomer/Chemical Shift

Cryostat Site 1 Site 2 Chi-
Temperature (EuCl,) (EuCl,) Squared
Isomer Shift Isomer Shift
Temperature Profile 1
5K -13.66 0.81 0.98
250K -13.74 0.69 0.99
Temperature Profile 2
5K -13.66 0.74 0.94
7K -13.61 0.86 1.02
(stored)
250K -13.80 0.72 0.97
Temperature Profile 3
6K -13.53 0.46 1.12
143K -13.63 0.35 0.94

A chart showing line amplitudes and line widths is shown in Table 7. The
broadened lines associated with Eu?* are due to the relaxation of electron spin.
Lines do not broaden during fast relaxation. This broadening is more discernible
at lower temperatures. Line amplitudes become larger at lower temperatures.
Lowering the temperature means the nucleus is more tightly bound in the solid.
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At room temperature, the nucleus is not as tightly bound, and it becomes more
difficult to differentiate between the Eu?* and Eu®" states.

Table 7. Line Amplitudes and Line Widths

Cryostat Site 1 Site 1 Site 2 Site 2 Chi-
Temperature (EuCl,) (EuCl,) (EuCl,) (EuCl) | Squared
Line Line Line Line
Amplitude | Width | Amplitude | Width
Temperature Profile 1
5K 0.0206 4.490 0.0199 3.016 0.98
250K 0.0084 3.846 0.0168 2.876 0.99
Temperature Profile 2
5K 0.0293 4532 0.0105 2.742 0.94
7K 0.0266 4.356 0.0099 2.790 1.02
(stored)
250K 0.0106 3.899 0.0074 2.736 0.97
Temperature Profile 3
6K 0.0363 4.929 0.0242 2.905 1.12
143K 0.0256 4.150 0.0189 2.707 0.94

The Mdssbauer Effect is the probability of a gamma ray being absorbed and is
equivalent to the area under the absorption curve (Figures 27, 28, & 29). The
line broadening and greater amplitude height that occurs at lower temperatures
increase the probability of detecting the Mossbauer Effect. Lower temperatures
provide a truer representation of the percentage of the Eu”** and Eu®" present in
each sample. Table 8 lists the relative percentage of Eu?* and Eu®*" present in
each sample.
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Table 8. Relative Amounts of EuCl; and EuCl,

Cryostat Total Area Site 1 Site 2
Temperature | (Mossbauer effect) (EuCl,) (EuCl)
(A.U)
Area Area% Area | Area%
(A.U)) (A.U)
Temperature Profile 1
5K 0.48 0.29 [6062% | 0.19 | 39.38%
250K 0.25 0.10 | 40.11% | 0.15 | 59.89%
Temperature Profile 2
5K 0.51 042 |[8216% | 0.09 | 17.84%
7K 0.45 0.36 [ 80.70% | 0.09 | 19.30%
(stored)
250K 0.19 0.13 [ 67.01% | 0.06 | 32.99%
Temperature Profile 3
6K 0.78 056 | 7183% | 0.22 | 28.17%
143K 0.49 033 [ 6750% | 0.16 | 32.50%

The sample that was reduced using temperature profile 2 experienced the
highest percentage of conversion to EuCl,. More than 82% of the EuCl; was
reduced to EuCl,. After the initial measurements, the sample was stored in a
coldbox at -80° C for 165 days and then re-tested on the Mdssbauer apparatus.
There was a slight decrease in the Mossbauer effect, suggesting that the sample
may have undergone oxidation during storage. The sample reduced according
to temperature profile 1 experienced 61% conversion and the sample reduced
following temperature profile 3 had 72% conversion.

Each heating method decomposed a percentage of the EuCl;. The reaction of
the reduction is EuCl; — EuCl;, + %2 Cl,. The mass loss that occurred during the
three thermal methods is shown in Table 9. The percentage of mass loss ranges
from 12.3% to 23.6%. A sample experiencing 100% conversion would result in
13.7% mass loss. The additional mass loss must be attributed to some other
mechanism than the intended reaction. This result is consistent with a 39.9%
mass loss during a 10 minute thermal treatment of EuCl; reported in the
literature. Distinct color changes ranging from gray to purple occurred during the
heating process with all samples produced which is also consistent with the
literature [25].
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Table 9. Mass loss during reduction process

Temperature | EuCl s EuCl 3/EuCI ) Mass Mass Loss (%)
Profile Initial Final Lost | =T, 100%)
(grams) (grams) (grams) m;
(1) 0.0390 0.0298 0.0092 23.59
(2) 0.0306 0.0236 0.0070 22.88
3) 1.3389 1.1739 0.1650 12.32

Sample size for the experiments following temperature profiles 1 and 2 are
similar. Both experienced a large percentage of mass loss due to the unknown
mechanism, but the sample prepared using temperature profile 2 experienced
the highest conversion while the sample prepared using temperature profile 1
experienced the least conversion. Placing the sample in the furnace to undergo
the ramp-up cycle proved detrimental to the overall conversion rate.

The reduction methods using temperature profiles 2 and 3 differed both in the
time spent in the furnace (one vs. six hours) and in the sample size. The
additional time spend in the furnace did not increase the conversion of EuCl; to
EuCl,. However, less mass loss occurred, suggesting that sample size is an
important factor in the reduction procedure. The sample reduced using
temperature profile 3 was 43 times larger than the sample reduced using
temperature profile 2.

Possible causes for the additional mass loss include trace contaminants in the
purchased EuCl; or interaction with the platinum crucible. The furnace was
continually purged with argon during the reduction treatments, but the ceramic
tube may leach a chemical which interacts with the samples.

Performing an experiment with a larger sample following temperature profile 2
would be beneficial in determining the influence of sample size. Additional
experiments might also include varying the time samples spend in the oven to
optimize the time required to achieve the greatest conversion.
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CHAPTER 4

CONCLUSIONS

Co-doping FCZ glass with HoF3 is a method of increasing conversion efficiency
making it more suitable for CR imaging plates. HoF; singly doped FCZ does not
exhibit any PSL at 532 nm stimulation. EuCl, appears to be a necessary
component of FCZ if it is to be an efficient storage phosphor. EuCl, can be
synthesized from EuCls.

Future work should include additional PSL experiments using a different
stimulating wavelength so any HoF3; emission can be detected. Additional FCZ
samples co-doped with HoCl; should be prepared and tested to see how
additional chlorines impact the PSL.

The EuCl; reduction experiment should be repeated using temperature profile 2
and a larger sample. Performing additional experiments varying the heating time
could help optimize the process.

The viability of using synthesized EuCl, that has been reduced from EuCl; in
FCZ glasses should be tested. One FCZ samples should be prepared using the
synthesized dopant product from heat treatment and another FCZ sample
prepared using purchased dopant chemicals. They should be characterized
using DSC and heat treated to precipitate orthorhombic nanocrystals. Additional
characterization (PL and XRD) should be performed to confirm and compare
orthorhombic crystallization behavior in the two samples. Finally, PSL analysis
should be performed to determine if this method of creating EuCl, is a feasible
option as a dopant for storage phosphors.
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Appendix |

Input data reflects the PID controller temperature displayed, while the actual
temperature represents the temperature inside the tube furnace near the sample.

Temperature program for Glass Synthesis

Prompt | Input Data | Actual

CO01 25 °C 25 °C Begin at Room Temperature

T 01 20 mlnuteS 20 mlnuteS kkkkkkkkkkhkkkkkkkkhkhikkkkkkkk

C 02 427 °C 400 °C 20 minutes to ramp to 400 °C

T 02 60 mlnuteS 60 mlnuteS kkkkkkkkkkhkkkkkkkkkhkkkkkkkk

C 03 427 °C 400°C 60 minutes maintain at 400 °C

T 03 40 mlnuteS 40 mlnuteS kkkkkkkkkkhkkkkkkkkkhkkkkkkkk

Cc0o4 825 °C 800 °C 40 minutes to ramp to 800 °C

T 04 60 mlnuteS 60 mlnuteS kkkkkkkkkkhkkkkkkkkkhhkkkkkkkk

C 05 825 °C 800 °C 60 minutes maintain at 800 °C

T 05 45 mlnuteS 45 mlnuteS kkkkkkkkkkhkkkkkkkkkhkkkkkkkk

C 06 765 °C 750 °C 45 minutes to ramp to 750 °C

T 06 60 mlnuteS 60 mlnuteS kkkkkkkkkkkkkkkkkkhkhkkkkkkkk

C 07 765 °C 750 °C 60 minutes maintain at 750 °C

T 07 5 mlnutes 5 m|nutes kkkkkkkkkkhkkkkkkkkkhkkkhkkkkkk

C 08 725 °C 700 °C 5 minutes to ramp to 700 °C

T 08 5 mlnutes 5 m|nutes kkkkkkkkkkhkkkkkkkkhkhkkkhkkkkk

C 09 725 °C 700 °C 5 minutes maintain at 700 °C

T 09 60 mlnuteS 60 mlnutes kkkkkkkkkkhkkkkkkkkkhkkkkkkkk

C 10 427 °C 400 °C 60 minutes to ramp to 400 °C

T 10 -121 Return to Room Temperature
minutes
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Appendix Il

Input data reflects the PID controller temperature displayed, while the actual
temperature represents the temperature inside the tube furnace near the sample.

Temperature Program for Samples 1 & 2

Prompt | Input Data | Actual

Cco01 25°C 25°C Begin at Room Temperature

T 01 20 mlnuteS 20 mlnuteS kkkkkkkkkkhkkkkkkkkhkhhkkkkkkkk

C 02 427 °C 400 °C 20 minutes to ramp to 427 °C

T 02 60 mlnuteS 60 mlnuteS kkkkkkkkkkhkkkkkkkkhkhhkkkkkkkk

C 03 427 °C 400°C 60 minutes maintain at 427 °C

T 03 40 mlnuteS 40 mlnuteS kkkkkkkkkkhkkkkkkkkkhkkkkkkkk

Cc04 725 °C 700 °C 40 minutes to ramp to 725 °C

T 04 60 mlnuteS 60 mlnuteS kkkkkkkkkkhkkkkkkkkkhhkkkkkkkk

C 05 725 °C 700 °C 60 minutes maintain at 725 °C

T 05 60 mlnuteS 60 mlnuteS kkkkkkkkkkkkkkkkkkkhikkkhkkkkkk

C 06 427 °C 400 °C 60 minutes to ramp down to 427 °C

T 06 -121 Return to Room Temperature
minutes

Temperature Program for Sample 3

Prompt | Input Data | Actual

CO01 25°C 25 °C Begin at Room Temperature

T 01 20 mll"luteS 20 m|nutes kkkkkkkkkhkhkkkkkkkkhhkkkhkkkkk

C 02 427 °C 400 °C 20 minutes to ramp to 427 °C

T 02 60 mlnutes 60 m|nutes *kkkkkkkkhkhkkkkkkkkhhhkkkhkkkkk

C 03 427 °C 400°C 60 minutes maintain at 427 °C

T 03 40 mll"luteS 40 m|nutes kkkkkkkkkhkhkkkkkkkkhkhhkkkhkkkkk

C 04 725 °C 700 °C 40 minutes to ramp to 725 °C

T O 4 360 360 kkkkkkkkkkkkkkkkkkkhkkkkkkkk
minutes minutes

C 05 725 °C 700 °C 360 minutes maintain at 725 °C

T 05 60 mlnutes 60 mlnutes kkkkkkkkkkkkkkhkkhkkhkkkkkkkkk

C 06 427 °C 400 °C 60 minutes to ramp down to 427 °C

T 06 -121 Return to Room Temperature
minutes
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