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INTRODUCTION

In the vulnerability assessment of liquid propellants, the Ballistic Research
Laboratory encountered a problem in monitoring the hydraulic pressures produced
within the liquid propellant when impacted by a shaped charge. Kistler gauges were
initally used to measure the pressures generated. Unfortunately, the pressures ex-
perienced in a one-gallon container of liquid propellant under shock loading exceeded
the limitation of the Kistler gauges. These pressures were in excess of 100,000 psi.
Normally, liquid propellant will be stored in larger quantities. It is critical to know the
pressure generated in these larger stored quantities of liquid propellant in order that
safety design criteria for storage containers can be obtained. Another concern is the
safety of the crew members of an army vehicle from the high hydraulic pressures
produced.

The Army Research, Development and Engineering Center initiated a program to
ascertain the feasibility of using pressure and temperature-sensitive inorganic
phosphors to remotely monitor these parameters.

BACKGROUND

A class of inorganic phosphors that include rare earth doped lanthanum oxy-sulfide
(La20 2S) and yttrum oxy-sulfide (Y202S) have demonstrated spectral emission charac-
teristics that are strongly pressure-dependent (ref 1). These emission spectra are
extremely complicated. More than 200 emission lines can be obtained. To be able to
understand these emissions, a few representative lines are selected for study. To
insure that the pressure affected the crystal states equally, the emission lines originat-
ing in the upper 5D, levels were monitored. The results from these studies

demonstrated that all the emission lines originating from the same 5Di term displayed

the same pressure dependence. The emission lines selected from other 5D, level
emissions assured that the pressure dependency for a given emission line repre-
sentated the effects at only one level. As the magnitude of the pressure was increased,
the phosphorescence intensity increased. This indicated longer average decay times.
In another application, the use of fluorescence decay of Neodynium ion as an informa-
tion carrier in a multimode fiber optic pressure sensor has been demonstrated (ref 2).

High quantum efficiency of the fluorescence, good mechanical and thermal
properties, and weak temperature dependency of the quantum officiency and decay
rates are requirements for a gooa information carrier material. The rare earth ions
incorporated into the various crystalline inorganic phosphors make these materials
suitable as information carrier materials. Webster and UncKamer (ref 1) found 1iat
samples of doped phosphors with high concentrations of rare earth europium showed
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emission characteristics that were quantitatively different from samples of lower con-
centrations when the pressure changed. Smaller changes in the emission characteris-
tics were encountered with the higher concentration of doped europium phosphor
samples. The total intensity of the spectral emission from these higher doped materials
is also greater.

Relative intensity changes are determined rather than absolute number of photons
recorded. The small shifts in peaks in the emission with pressure charges eliminated
the need to correct the data for the response of the spectrometer to different
wavelengths of light. It was also found from the spectral emissions of doped phosphors
that they are temperature dependent as well (refs 3 and 4). For example, studies
shown in figure 1 (ref 1) illustrate an increase in intensity with lower temperature. This
may be explained as less energy is being delivered to the !ower 5D2 levels as 5D3 level
emission increases. Quenching througch the charge transfer state makes less energy
available to the lower levels. The data provide reproducibly measurable intensities with
increasing temperatures and pressures. Based upon this information, the use of doped
inorganic phosphors appeared promising as a remote sensor to monitor high pressures
and temperatures.

EXPERIMENTAL TEST DESIGN

The experimental test setup is shown in figure 2; high-pressure optical cell in figure
3 (ref 5 and 6). The phosphor sample is surrounded by sodium chloride and
sandwiched between two steel disks or hardened tool steel which move when an
external force is applied to the pistons. The stepped NaC1 windows are pressed into
the steel insert which is shrunk-fit into the steel body of the cell. The salt in the optical
ports is supported by sapphire cylinders. This cell design can be used repeatedly to
about 30 kbar without replacing steel disks and insert which tend to distort about 30
kbar.

An external force is applied to the sample in the cell in a press with a 10-ton
hydraulic ram activated by a hand pump. The sample pressure is within 10% of that
calculated from the mechanical advantage (203:1 ram to disk area) of the apparatus.
The pressure scale, applicable to the recorded gauge reading for a particular disk set, is
verified with the optical observation of the KC1 phase transition at 19.8 kbar. It is
observed as a loss of transmittance when the salt undergoes the phase transformation
(ref 5 and 6). Temperatures above ambient are achieved with four resistive heating
elements placed in the steel body of the cell body and measured with a thermocouple.

A schematic of the apparatus used in this study is shown in figure 2. The phosphor
sample is excited with 1 mW (1.1 mm diameter) of 325 nm radiation from a He-Cd laser.
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The emission is viewed at right angles from the excitation axis through a 0.25-m
monochrometer using a fl.2 50 mm camera lens. The signal is detected by a photomul-
tiplier, amplified by an electrometer, and recorded on an X-Y recorder.

The material used was La20 2S:Eu with 1 mole percent europium doped in place of

the lanthanum. The phosphor powder is mixed 1:10 with crushed NaCI crystals and
pressed into a thin wafer in a pellet press. A rectangular section of this wafer is inserted

into a slot previously cut into the NaC1 cylinder fused into the center of the high-
pressure optical cell. This slot is milled at 45 degrees relative to the excitation/emission
axis in order to detect front-surface luminescence. The sample pellet is carefully fuzed
to the correct thickness and transparency. The sample and cell are now ready to be
inserted in the high pressure station shown in figure 2.

DISCUSSION AND RESULTS

The emission spectrum of La 20 2 S:Eu recorded with the appartus is shown in figure

4 at ambient temperature. In the 450 to 659 nm spectral region, the emission lines from

the 'D2, 5Do excited states to the 7Fi lower states are found. In the temperature range
3+5

from ambient to about 500 C, the Eu3 D 2 lines in the shorter wavelength region are

strongly temperature-sensive, while ie D 1 nos (toward the longer wavelengths)

show a smaller sensitivity to temperature changes. For purposes of our detection limit

and relative intensity scales, the 514-nm line (5D2-7F3) and the 555-nm line (5D1-7F2)

were monitored. How these two lines are influenced by pressure at 350 C are shown in
figure 5. The 514-nm line grows tan-fold at high pre.sures. while the 555-nm line is
diminished by approximately 50%. This pressure response is interpreted as an inhibi-

tion of the 5D2-charge transfer (CT) state transition probability and the consequent

reduction in the 5D1 population derived from the CT state. The 555-nm line is chosen to

normalize the intensity, and the intensity ratios 1514/1555 are reported as a function of

pressure at three temperatures. The ratio for three pressure runs at 350C is shown in
figure 6. The reproducibility for these types of measurements is excellent. It is also
noted that pressure affects the intensity ratio only slightly below 10 kbar, but the in-
crease in 1514/1555 accelerates steeply at the higher pressures. This behavior is consis-

tent with the single-configurational model (refs 7 and 8). Here, the quenching process
is activated, and the pressure-induced changes are consistant with an increase in
energetic separation of the ground and charge transfer state. Specifically, if the change
in activation energy with pressure is linear, then a linear dependence of 1 nI514/1555

3
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versus P is anticipated from the model (ref 1). Such a plot closely approximates the
linearity over this pressure and temperature interval (fig. 1). Note that the temperature
offset of 270C corresponds to about 9.5 kbar in pressure.

CONCLUSION AND RECOMMENDATIONS

The La20 2S:Eu phosphor is an excellent indicator of pressure in the 20 to 500C

temperature range. TGhe 1514/1555 value obserrved in an unknown environemnt can be
related to thepressure if the temperature is independe,,tly known. Additional experi-
ments are obviously needed to separate the two environmental effects. According to
our present knowledge of these systems, nonradiative transitions to neighboring charge
transfer bands would be influenced by both i' and T It is required that simultaneous
measurements of at least two phosphors with known and distinct P-T offsets be made.
A systematic photophysical study of other luminescent materials in which the P and T
quenching mechanisms are uncoupled is needed to determine if the material is either
insensitive to pressure or temperature. For example, f-f transitions far removed from
charge transfer bands may be shielded fiom pressure perturbations. However,
temperature changes are reflected in their emission from the redistribution of sublevel
populations. Similarly, a search for a luminescent material whose quantum efficiency is
T-independent by P-dependent would be of great value for pressure and temperature
mon'toring applications. These studies can be refined by changing the excitation
wavelengths of luminescent materials and investigating the influence of thermal traps
and mechanical defects in the solid materials. Clearly, the continued investigation of
the photophyhsical behavior of phosphors in extreme environments is of fundamental
significance and practical importance in P-T measurements.
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