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The excitation of Mg:F2GeOs:Mn thermographic phosphors using a UV LED centered at
365 nm is explored. Two different LED drivers, one available commercially and one built at
Sandia National Laboratories (SNL), were used and assessed for their viability for phosphor
thermometry utilizing LED excitation and intensified, high-speed, CMOS camera data
collection. The SNL-driven LED was then utilized as an excitation source for Mg3;F2GeO4:Mn-
phosphor calibration and demonstration experiments measuring the temperature of a silicon
carbide heating rod using the time-decay method. The results presented here serve as a step
toward determining the application space, wherein SNL driven LED excitation would be
preferable over the use of laser systems for thermographic phosphor measurements.

I. Nomenclature

CMOS = complementary metal-oxide semiconductor
GOS = gadolinium oxysulfide

LED = light emitting diode

SNL = Sandia National Laboratories

YAG = yttrium aluminum garnet

II. Introduction

The importance of monitoring temperature within transient reacting environments, such as those experienced by
burning materials, has driven the development of advanced diagnostic techniques. More conventional temperature-
sensing techniques are often ill-suited for measuring fast-changing surfaces - whether due to sensitivity to the changing
surface emissivity (in the case of bolometers), graybody assumptions (in the case of pyrometers), or potential
interactions with the surfaces (in the case of thermocouples). Thermographic phosphor technology has been developed
to allow remote temperature sensing with high spatial and temporal resolutions, while remaining robust in harsh
reacting environments. Take intumescent paints for example. When exposed to heat the paint foams up 40-fold to
form a thick and porous charred layer, which protects the coated material against heat transfer. The dense char layer
not only acts as a thermal barrier but also helps both in reducing the propagation of volatiles to the flame and in
shielding the coated material from oxygen transport, thus reducing the rate of flame spread. The surface temperature
is an important parameter in the heat balance equation concerned with the paint and the surrounding environment, i.e.
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it is crucial for the determination of heat transfer inwards and outwards through the coating. Since the coating is very
fragile, no optical or physical probe technique had succeeded previously in measuring the coating temperature [1].
However, surface temperature of an intumescent coating has been investigated using thermographic phosphors [2-6].

Typical thermographic phosphors are inorganic crystals (often oxides such as GOS or YAG), doped with
luminescent centers (such as rare earth ions). It is difficult to generalize due to the large variety of phosphors available,
but many phosphors, such as YAG:Dy and Mg3;F>GeO4:Mn, are ideal for combustion and fire research due to their
high melting temperatures and relative insensitivity to environmental changes, such as pressure and chemical
composition.

When exposed to a UV light source, electrons found in the luminescent centers of the phosphor particles are excited
to higher energy levels. As the electrons relax to their equilibrium states, photons of light are given off. For inorganic
phosphors, this process is called fluorescence (for decay times from less than 10-'° to 10”7) or phosphorescence (for
decay times from 107 to greater than 10%) [7]. Thermographic phosphors are a subset of phosphors whose induced
emissions are temperature-dependent, allowing for use in thermometry in one of two ways. The first is the lifetime of
the induced emission, which typically decreases with increasing temperature [8]. Measuring the lifetime of the
phosphorescence from the thermographic phosphors can therefore be used to track temperature.

The second type of phosphor thermometry is derived from changes in the spectrum of the induced emission. The
spectra produced by various thermographic phosphors will shift as the equilibrium Boltzmann distribution of electrons
in the phosphor changes with temperature, causing a shift in the relative numbers of electrons transitioning between a
given set of energy levels. Two spectral bands are selected for a given thermographic phosphor, one with luminescent
strength that stays constant with temperature, and one with intensity that either increases or decreases when the
phosphor is heated. A ratio of the intensity of the two spectral bands is taken in order to minimize the effects of
phosphor concentration, signal absorption, excitation source intensity, and other potential sources of error. Both of
these approaches to phosphor thermometry have been applied for temperature sensing within various experimental
setups, including mock gas turbine engines [9-13,15] and diesel engines [14].

Typically, laser systems are used for excitation of the thermographic phosphors, as these provide sufficient power
for the phosphor signal to be easily imaged. Nd:YAG lasers are often used for excitation of thermographic phosphors,
as the third and fourth harmonic of this laser (355 nm and 266 nm, respectively) can excite many thermographic
phosphors. In addition, studies have also shown that excitation via light emitting diode (LED) can also yield usable
signals for phosphor thermometry [1,15-18]. These studies used LEDs within the blue-UV region (100nm-495nm),
allowing for excitation in a similar manner to the third and fourth harmonics of an Nd:YAG laser. Phosphorescence
was collected in references [1,15-18] using a photomultiplier, as the gain provided by this imaging device is required
for observing the lower emission yield produced by LED excitation when compared to laser excitation. Though the
lower power of LEDs should be taken into consideration when performing phosphor thermometry, LEDs still provide
many advantages over lasers for excitation, such as reduced cost, reduced complexity, and the ability to be deployed
in field applications where space may be limited.

In order to increase the LED energy, longer pulse widths must be used. When using the lifetime method, it is
important not to exceed the measured time constant., otherwise, it is necessary to deconvolve the LED pulse shape
from that of the collected time-resolved emission data [1]. When utilizing camera technology, it is much more difficult
to deconvolve this, as the time steps in data measurements are much larger, often on the order of the pulse width of
the LED excitation. This, in addition to the need for time-resolved data, severely limits the LED pulse widths available
for temperature measurements in fires.

III. Experimental Methods

A. Sample Preparation

The Mg3F,GeO4s:Mn (EQD25/N-U1) thermographic phosphors are available commercially from Phosphor
Technology Ltd. Samples were prepared by mixing the particles with methanol and pouring the mixture onto the
surface of a stainless-steel substrate or brushing it onto the surface of a silicon carbide rod. The methanol was allowed
to evaporate, leaving the phosphor particles coated to the surface. Once samples were prepared, they were positioned
within one of the experimental setups described below for LED excitation.

B. LED Driver Pulse Characterization Experimental Setup

A commercial, Lightspeed Technology, HPLS-36DD18B LED driver and the custom-built SNL driver (Model
614-10) [11,12] were characterized and compared. In all experiments performed in this study, a flat lens LED star
array (LED Engine, L.Z4-44UV00-0000) centered at 365 nm was used to excite the thermographic phosphors; the
same model of LED is used with both types drivers during characterization. Fig. 1 represents the experimental setup



used to compare both LED driver’s performances. A Stanford Research Systems (DG645) delay generator was used
to control the 10 Hz pulse signal sent to each driver, to provide consistency in the comparison. The driver is placed in
front of one of the ports of the integrating sphere, where the light is collected and transported with an Ocean Optics
fiber optic cable to the photodiode (PDA10A). The output signal from the photodiode was then recorded using a
Keysight Technologies InfiniiVision 200 X-series oscilloscope.

ID Number| Description
1 Oscilloscope
2 Delay Generator
3 DC Power Supply
4 Integrating Sphere
5 LED Driver
6 Photodiode

Fig. 1 Experimental setup used for LED pulse characterization experiments.

C. Phosphor Calibration Experimental Setup

The Mg3F,GeO4:Mn phosphors were calibrated for their temperature response via LED excitation within a custom-
built, high temperature furnace (Mellen). This furnace has a circular window on one side to allow the LED light to
illuminate the sample, and a rectangular window on its door for imaging the phosphorescence from the phosphor
sample. These windows are exactly perpendicular to one another. The SNL LED driver was used for excitation in
these experiments. Two plano-convex lenses (Lattice Electro Optics) were used to focus the LED light onto a sample
within the furnace in order to increase the LED intensity on the sample surface. The sample used in these experiments
was prepared via the methanol evaporation method described previously. A Phantom high-speed camera (Vision
Research, VEO710L) was coupled with an image intensifier (LaVision) for imaging the induced emission from the
phosphor sample. A 50mm, f1.4 Nikon lens equipped with a bandpass filter centered at 660 nm (FWHM 10 nm,
ASAHI) was used to capture the time-dependent phosphor signal. Similar spectral bands have been imaged with this
phosphor in literature [1,8,14,21-25].
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ID Number Description
1 SNL LED Driver
2 Plano Convex Lens
3 Neutral Density Filter
4 High-Speed Camera with IRO and 660nm bandpass filter

Fig. 2 Phosphor calibration experimental setup sketch.
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Oven Port

Fig. 3 SNL LED driver setup focusing into the calibration oven (ID numbers are the same as in the sketch
in Fig. 2).



Fig. 4 LaVision High-Speed Phantom camera with a High-Speed IRO (intensifier) and a 660nm filter
lens.

D. Silicon Carbide Rod Temperature Measurement Demonstration

The time-decay temperature measurements utilizing Mg;F.GeO4:Mn phosphor were demonstrated by measuring
the temperature of a silicon carbide rod in a box as it was cycled on and off. A handheld Fluke meter was used to
control the applied amperage (4 mA) to the box heater consisting of four silicon carbide rods in series. An area of
phosphor was painted on the second rod from the top (seen as a red patch in Fig. 5) using the method described in
Section A. The same camera setup described in Section C was used to acquire data at a rate of 250 kHz.
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Fig. 5 Picture of the box heater used for the demonstration experiments (left) and its power control
(right).



IV. Results and Discussion

A. LED Driver Pulse Characterization

As a first step taken in characterizing the light pulses supplied by each driver, a series of pulses were sent to each
driver with varying pulse durations (1, 2, 3, 4, and 5 ps). The voltage sent to the SNL driver was set to 24 V in order
to give a direct comparison of the power output of each driver. The light pulses measured using the photodiode and
oscilloscope. Averages over five pulses are plotted in Fig. 6 below. For simplicity, the traces from the SNL-driven
pulses are shown in blue, while the commercially-driven pulses are shown in red. For the 1-3 ps pulses, the SNL-
driven and commercially-driven pulses have similar shapes and rise times. However, the SNL driver produces more
powerful light pulses, reaching higher voltages than those created by the commercial driver. The ratio of pulse energies
(calculated by integrating the measured powers) can be found in Table 1. At longer pulse widths, it can clearly be seen
that the commercial driver does not illuminate the LED for the full 4-5 ps, as the signal from this driver begins to fall
slightly after 3 us have elapsed. This is due to internal circuitry meant to limit the pulse widths to <1 ps. While meant
as a safety feature, this circuitry severely limits the ability to vary LED pulse energy via pulse width using the
commercial driver. Since pulse widths greater than 1 ps would likely be needed to excite thermographic phosphors in
order to get the UV energies necessary to utilize CMOS-camera based data acquisition, this commercial LED driver
was taken out of consideration for our phosphor thermometry experiments. The SNL driver was used in the rest of the
work described in this paper.

Table 1 Ratio of the energy output from the 365-nm LED traces shown in Fig. 6 The energy output was
calculated by integrating the voltage traces from the LED outputs at the varying pulse widths.

Input Signal Length Ratio of Energy Output from LED
(Sandia Driven/Commercially Driven)
1 us 1.3096
2 us 1.2743
3 us 1.2872
4 us 1.6919
5 us 2.1235
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Fig. 6 Photodiode voltage acquired from 365-nm LEDs driven by commercial (red lines) and SNL (blue lines)
drivers with 24V input power

Further characterization of the SNL driver was performed by varying the input voltage. Fig 7 shows the results of
varying the input voltage of the SNL driver from 13 to 25 V, in 0.5 V increments. Each line represents the average of
4 runs at the same input voltage. A pulse width of 10 pus was used in this experiment. The peak photodiode voltage
(approximately where the LED signal plateaus) appears to increase linearly with increasing input voltage. The rise
and fall times also do not change dramatically with varying input voltage. These results show that, since the voltage
signal from the photodiode correlates to LED power, the performance of this driver remains consistent between various
input voltages.
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Fig. 7 The LED signals from the SNL driver with varying input voltage from 13 V (lowest blue line) to 25
V (highest purple line) with increments of 0.5 V.

B. Phosphor Furnace Calibration

Measurements were taken inside the calibration furnace from 100 to 600°C in intervals of 50°C. In order to test
the impact of the LED pulse width on the measured time constants, five sets (corresponding to LED excitations of 1,
2,3, 5, and 10 ps) of 100 time-series of images were taken at each temperature. The repetition rates were varied from
75 kHz (at the lowest temperatures) to 250 kHz at 600°C in order to capture enough images to fit a time constant. For
calibration, the signal was summed over the entire LED spot and then normalized to create time series like those
shown in Fig. 7.

Backgrounds from the first 15 images in each time-series is subtracted off in order to limit the effect of graybody
radiation from the furnace and then each time-series is individually fit in MATLAB with a non-linear least-square fit
(Levenberg-Marquardt algorithm). The average results are plotted in Fig. 8 with the standard deviation as the error
bars. For reference, the calibration curve for MgsdFGeOgs:Mn from [13] is shown as a black line. As phosphors can
vary from manufacturer and batch, calibrations are not expected to fall perfectly on top one another. As expected, little
influence of LED pulse width can be seen in the time constants. A rational fit (numerator 4, denominator 5, Levenberg-
Marquardt algorithm) was calculated in order to predict temperatures on the silicon carbide rod. The fit is shown with
the blue dashed line. While the line fits the data well, there are areas of higher uncertainty. The first is between the
temperatures of 400-500°C. Because of the sparse data, an inflection point was fit here that is unlikely to exist based
on published data. The second area of concern is at temperatures above 600°C where our time constants decreases
more quickly than what is seen in literature. Both of these problems can be fixed by taking addition future calibration
measurements.
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Fig. 8 Summed and normalized signals from a single time-series of images taken with an LED pulse width
of 5 us.
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Fig. 9 Average time-decay constants for Mg4sFGeQOs:Mn measured in calibration oven with SNL-driven
LED excitation of 1-10ps. Error bars represent one standard deviation of the 100 time-series taken at each
temperature and pulse width.

C. Silicon Carbide Rod Temperatures

Power was cycled on and off to a silicon carbide rod-driven box heater in order to test the
speed of the LED-excited thermographic phosphor temperature measurements. Images (Fig. 10, left) were processed
in MATLAB, as above, with the signal binned 5x5 superpixels pre-fitting for their time-decay constant. The time-
decay vs temperature curve fit shown in Fig. 9 was used to calculate a temperature corresponding to individual
superpixels (Fig. 10, right). The averages and standard deviations, shown as error bars, can be seen in Fig. 11. The
data acquisition rate of 250kHz was chosen in order to fully resolve the time-decay constants near 600°C, however
due to hardware limitations, this restricted time-series length to 350 images or ~1.3 milliseconds of active data
collection after background images. Since the rule of thumb for good time-series fits is 4x the time constant, lower
temperature data could not be fully resolved.

Of the two main areas of concern related to the curve fit discussed in Section IV.B., only the
effects of the inflection point between 400-500°C can be seen in the results shown in Fig. 11. As the power applied to
the rod heaters was constant, the heating rate should have stayed constant as well. On the cooling side, the power was
off, so no plateau in the cooling should have been seen around 450°C. This error will likely be corrected by an increase
in calibration data points as discussed above. The sharp drop in time-constants above 600°C on the calibration curve

was not an issue as none of the measured time decays in the heater experiment were faster those measured during
calibration (7*%10-6 s).
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Fig. 10  Sample image (left) of phosphor spot on silicon carbide rod heater and its corresponding
superpixel temperature map after processing (right). The temperature scale is 0-600°C. Note that though
the phosphor spot is not uniform, the processed temperatures are not affected.
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Fig. 11  Average measured temperature on the silicon carbide rod heater as power was applied and
removed. Error bars are one standard deviation of the superpixel values.

V. Conclusion

The SNL-driven LED exhibits higher energy output than the commercially driven LED, making the Sandia driver
preferable for replacing lasers for phosphor excitation. Additionally, the SNL driver’s lack of pulse-limiting circuitry
allows the LEDs to be overdriven resulting in more energy. Measurements in the calibration oven show only a small
effect due to the pulse-width (up to 10pus) on temperature measurements using the MgsFGeOg:Mn time-decay method.

Using the temperature-time constant fit calculated from the calibration measurements, silicon carbide rod
temperatures were measured using an intensified CMOS camera at 250 kHz as power was cycled on and off.
Temperatures above 400°C were resolved, but lower temperatures were difficult to fit due to recording-length limits
on the intensifier. For future measurements, a lower repetition rate should be considered.
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