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Luminescence Lifetime Response of Pressure-Sensitive
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Pressure-sensitive paint (PSP) is used to acquire high-fidelity images of steady pressure distributions across
surfaces. The PSP luminescence emission response to excitation light depends in a straightforward way on the
oxygen concentration (hence air pressure) and the irradiance incident on the PSP lumiphores. Often, however,
the phenomenon of interest is unsteady. During a rapid change in pressure, the oxygen concentration within a
PSP layer varies with depth. Moreover, the excitation irradiance varies with depth as a result of attenuation, and
this affects signal generation when the spatial distribution of oxygen is also changing. Prior studies have been
reported on the transient response of PSP using the radiometric technique to detect pressure; we have extended
the study by applying a luminescence lifetime technique. Oxygen concentration as a function of time and depth
are obtained by solving the mass diffusion equation, with appropriate initial and boundary conditions. We develop
a luminescence emission model that takes the spatially varying oxygen concentration and excitation absorption
profile into account and relate pressure to the lifetime of the luminescence emission. Oxygen concentration is
governed by mass diffusion of oxygen through a PSP layer during a rapid change in pressure, and the absorption
of excitation light is governed by Beer’s law. The significance of both the mass diffusivity and the optical depth of
PSP are assessed. A numerical method was used to solve the mass diffusion equation that allows modeling of the
oxygen concentration within the PSP given an arbitrary pressure function. We have used a double-image digital
camera to acquire PSP emission lifetime data from several paint thicknesses during a rapid change in pressure.

These data were compared to the results predicted by the model.

L.

MAGING of surface air pressure using pressure-sensitive paint

(PSP) is well established.!~® The photoreactive molecule in PSP
luminesces when excited with an intense light source such as a laser.
The resulting luminescence can then be detected with a charge-
coupled-device (CCD) array. The excited-state lumiphore is selec-
tively quenched by oxygen, and therefore the magnitude and life-
time of the luminescence signal depend on the partial pressure of
oxygen in contact with the painted surface. The luminescence emis-
sion can therefore be related to the partial pressure of oxygen and
thus air pressure. Demas et al.! have shown that the actual lumi-
nescence decay of PSP is most accurately modeled by the sum of
several exponential terms, but that the single decay time constant that
most closely fits the luminescence decay can be accurately related
to pressure. The single-time-constant-based irradiance emission of
PSP caused by an impulse of excitation light is given by

Introduction

1(t) = e '™ (1)
where I, (W/m?) is the maximum luminescence at t =0 and 7 is
the luminescence decay lifetime (us).

The luminescence signal observed during PSP measurement re-
lates to oxygen concentration (and ultimately to pressure when a
pressure measurement is conducted) by the Stern—Volmer model
for quenching of the irradiance. The radiometric and lifetime forms
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of the Stern—Volmer equation are'

I4/I =1+ Kgy[O5] 2

3

respectively, where /4 and t, are the time-integrated irradiance and
the decay time constant in absence of a quenching molecule (in this
case oxygen), I and t are the time-integrated irradiance and decay
time constant of the luminescence in the presence of oxygen, and
Ksv (units of inverse oxygen concentration, e.g., m*/mole O,) is the
Stern—Volmer coefficient. For pressure measurements a variation in
the partial pressure (kPa or torr) of oxygen can be related to pressure
under steady-state pressure conditions. In this case the right-hand
sides of Egs. (2) and (3) are expressed as 1 + k P, where P (torr) is
the air pressure and k (torr ™) is a coefficient representing a modified
form of the Stern—Volmer constant that converts the partial pressure
of oxygen to atmospheric pressure.

In the radiometric technique, one applies an excitation pulse and
measures the time-integrated luminescence intensity throughout the
luminescence decay under a static, known pressure condition. This
wind-off measurement is used as an irradiance reference rather than
acquiring /4 under vacuum conditions, which in general is exper-
imentally impractical. Pressure is then measured by applying an
excitation pulse during wind-on conditions and measuring the time-
integrated luminescence emission. This technique is therefore lim-
ited to measurements of pressures that are time invariant over the
duration of luminescence decay because any change in pressure
during acquisition of the time-integrated signal would corrupt the
measurement.

In the lifetime technique, one applies an excitation pulse and
measures the time-resolved luminescence decay, and from this de-
cay curve one extracts the luminescence lifetime. Multidimensional
(surface) lifetime measurements have been obtained previously by
rastering single-point excitation and detection over a test object,”®
by exciting the test object with a periodic illumination source and
detecting the phase delay of the luminescence emission relative

T4/T =14 Ksy[Os]
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to the excitation with a phase-sensitive camera (where the decay
time constant is then calculated from the phase angle and excitation
frequency; a technique developed for the detection of fluorescence
lifetime measurements in biochemical analyses),”~!! and by double-
image techniques.!? Of these, the double-image approach offers the
advantage that a spatial distribution of pressure is obtained from
one excitation pulse. It has also been shown that the two-gate tech-
nique offers pressure sensitivity superior to that of phase detection
methods. !

Recent accuracy assessments of the lifetime measurement
technique,'®!""!3 based on earlier error analyses of Oglesby et al.'*
and Sajben,'” quantitatively show that radiometric techniques show
less error in the Stern—Volmer equation at low pressure than lifetime
techniques; however, the error introduced by wind-oft supercede the
uncertainty in the Stern—Volmer equation. It has also been shown
that the sensitivity of the lifetime technique significantly exceeds
the sensitivity of the radiometric technique.'!

Most of these results have been acquired under steady pressure
and temperature conditions. A number of flowfields of interest, how-
ever, involve pressure transients (e.g., transitional flows). If the pres-
sure transient is fast relative to the total response time of the paint,
these steady flow approaches are not necessarily accurate. During
a rapid change in pressure, the oxygen concentration within a PSP
layer varies with depth. Moreover, the incident irradiance varies
with depth caused by attenuation, and this can affect signal genera-
tion when the spatial distribution of oxygen is also changing. Some
research has been performed on the transient response of PSP and
the effects of PSP thickness.'®~!® We have performed a somewhat
more detailed study, however, in order to evaluate what phenomena
must be included when transient data are analyzed. In what follows,
we review the existing literature on the transient response of PSP,
describe the development of a more detailed model that requires
numerical solution, describe experiments performed to evaluate the
model, and then draw conclusions on what kind of model is neces-
sary for accurate analysis of PSP response to pressure transients.

II. Background

There have been several investigations into the response of PSP
to pressure transients. Baron et al.!® stated that the response of PSP
to a rapid change in pressure is governed by the oxygen diffusion
rate through the binder; PSP response depends on paint thickness
and oxygen diffusivity of the binder material. They conducted ex-
periments that demonstrated the use of different binders. For these
experiments, a PSP sample, under excitation by steady-state short-
wavelength illumination, was subjected to a rapid change in pres-
sure. The spatially integrated emission response was acquired with
a photomultiplier tube. Response times of several binder types were
compared.

Carroll et al. modeled PSP emission response to steady-state lu-
minescence excitation during a step increase in pressure by solving
the mass diffusion equation with a positive-step driving function.'®
They used a laboratory setup similar to that used by Baron et al. and
tested three lumiphore/binder configurations of varied thickness to
verify their model.

Winslow et al. modeled PSP emission during steady-state lu-
minescence excitation and a sinusoidally varying pressure field.?
Their model included a solution of the mass diffusion equation with
a sinusoidal driving function. They conducted experiments using
an apparatus similar to those used by Baron et al. and Carroll et al.
with oscillating pressure. Analyses were performed in the frequency
domain. Their conclusions were that the physical characteristics of
a PSP (binder diffusivity, thickness, etc.) determine its response to
changes in pressure and that the response time of a PSP layer to
a change in pressure is inversely proportional to the square of the
thickness. The response time cited by Winslow et al. is the time
constant for oxygen concentration in a layer of PSP to reach equi-
librium with atmospheric partial pressure of oxygen following a
pressure step. In the experiments reported here, PSP samples of var-
ied thickness were exposed to pressure changes that occurred over
several hundred milliseconds; thus, the change in pressure was on
the temporal order of the expected response time of a PSP layer.

In a recent paper, Winslow and coworkers developed an irradi-
ance model by recasting the mass diffusion equation (along with the
initial and boundary conditions) in terms of PSP emission response
to steady-state excitation.?! In that study, a luminescence emission
model based upon the depth profile of oxygen concentration was de-
rived and integrated to give the total irradiance; absorption and scat-
tering of excitation light and PSP luminescence was not considered.
In each of these studies, the radiometric form of the Stern—Volmer
relation was applied to integrated irradiance measurements.

In a paper closely related to the present work, Schairer modeled
the effects of PSP thickness under transient pressure conditions us-
ing the radiometric technique.'® Schairer developed an analytical
model of the total luminescence emission of PSP as the emission
per unit depth, integrated over the paint thickness. The emission was
related first to sinusoidally varying pressure by the radiometric form
of the Stern—Volmer equation, and the perceived pressure was re-
lated to actual pressure by an amplitude ratio and a phase difference.
The sinusoidal pressure was then generalized by including higher-
order harmonic terms. Schairer showed that as pressure frequency
increases increased PSP thickness causes measurement distortions
as a result of relatively slow diffusion of oxygen through the PSP
layer.

In the present work, the lifetime PSP technique, a numerical so-
lution to the mass diffusion equation, and Beer’s law for irradiance
attenuation in an absorbing and scattering medium are used to de-
velop an irradiance impulse response model under dynamic pressure
conditions. Laboratory results are presented in which a scientific-
grade dual-image interline transfer CCD (ITCCD) camera was used
to acquire luminescence lifetime measurements of PSP during a
rapid pressure change, as described previously.'? Several sample
thicknesses of PSP were prepared on an oxygen-impermeable sil-
icon substrate; thicknesses were measured, and measured lifetime
responses were compared to predicted results.

III. Theory

A. Lifetime PSP Technique

The lifetime PSP technique presented here is based largely on the
work of Goss et al.!! Following excitation by an impulse of light,
PSP luminescence decays exponentially from an initial irradiance
I to zero, given by Eq. (1) and shown in Fig. 1. Two camera ex-
posures, denoted by m; and m, in Fig. 1, are captured during the
luminescence decay. Here, m, corresponds to an acquisition interval
beginning at time 7y and ending at time #,. Similarly, m, corresponds
to an image acquisition interval beginning at time #, and ending at
time 7. The duration of the second image is sufficiently long that
the luminescence emission is negligible at the conclusion of the
exposure.

Expressions for m; and m, calculated as integrals of the expo-
nential decay function are

f
my = / [()eit/r dr = lo‘L'(eﬁO/I _ e*ﬂ/f) 4)
L]

tf
my = / Le /T dt = Lyre™/® (3)

il

where I, represents the luminescence irradiance at t =0 and ¢ is
sufficiently larger than 7 such that e//* 0. The dimensionless

I
¢ m, = _[t'IOe_"/r dt

0t, t,

Fig. 1 Double-image acquisition of exponential luminescence decay.
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ratio my /m, is
my[my = e/ — ] (6)
Equation (6) can be explicitly solved for t:

_hoh @)
T =

a1 + my /my)
If #) and #, are known and m; and m, are measured, the decay
time constant t can be calculated from Eq. (7) and in turn used to
calculate pressure by the lifetime Stern—Volmer relation.

B. Light Attenuation by PSP

The luminescence emission of PSP is affected by absorption and
scattering of excitation light by PSP lumiphores. Here transmissivity
of PSP is discussed, and the effect of absorption and scattering
is discussed in later sections. When a layer of PSP is exposed to
excitation light, the irradiance decreases exponentially with depth
into the paint layer according to Beer’s law?:

I(z,t) =1(0,1)e ™" (8)

where 1/k, is the optical depth of the PSP, for green (A =532 nm)
light in this case. Optical depth is the distance into the medium at
which the excitation irradiance is 1/e (~36.8%) that of the unatten-
uated light.

Although the PSP emission (red) light also undergoes attenua-
tion, it is negligible on the scale of the excitation absorption.'$:?!
In our own work, when measured attenuation of red light was in-
corporated with reasonable values for luminescence yield the PSP
emission attenuation profile had little effect on the outcome, which
was dominated by the attenuation of green light and by the O, con-
centration profile. The model is simply more sensitive to 532-nm
absorption and to oxygen concentration profiles, owing to the low
values for luminescence yield, and therefore red attenuation was
neglected in this model.

C. Irradiance Modeling Under Dynamic Pressure Conditions

Winslow et al. developed a model for luminescence emission from
a layer of PSP under dynamic pressure conditions by establishing a
luminescence density (irradiance per unit depth) expression J (z, 1)
and integrating over the thickness of the PSP layer to give the to-
tal luminescence emission /(¢) (Ref. 21). Here we take a similar
approach, incorporating Beer’s law to account for absorption at a
depth z.

Under dynamic pressure conditions, the oxygen concentration
n within a layer of PSP varies with depth and time: n =n(z, t).
For this discussion, the temporal variation of n(z, t) as a result of
rapidly changing pressure is on the order of hundreds of milliseconds
while PSP luminescence decay is on the order tens of microseconds.
Therefore, the oxygen concentration immediately following a lumi-
nescence excitation pulse at t =1, is n,(z) =n(z, ), and it varies
negligibly during the duration of PSP luminescence emission. This
is significant here because the luminescence response of PSP de-
pends on the oxygen concentration within the PSP layer. Measure-
ments during a rapid pressure change (i.e., during a rapid change in
the oxygen concentration within a PSP layer) must be sufficiently
fast that the oxygen concentration (and therefore the luminescence
response) does not change significantly from the beginning of the
luminescence measurement to the end of it.

Winslow et al. define irradiance per unit depth J (z, ¢) that, when
integrated over z, gives the total irradiance emission from the PSP,
that is,

I1(t) = /J(z, 1) dz =~ Iye /" )

J(z,t) varies with depth as a function of oxygen concentration
n,(z2).

Integrating J(z, t) over a thin “slice” Az within the PSP layer
gives the irradiance at a depth z. The irradiance from a thin layer at

a depth z resulting from an excitation impulse is the luminescence
decay function caused by an oxygen concentration n,(z). The ex-
citation pulse incident on a layer at a depth z is scaled according to
Beer’s law. The irradiance from a thin layer at a depth z is

AzJ(z,1) = Le /= (10)

where /, and 7, are the emission irradiance and lifetime caused by the
oxygen concentration n,(z), given by the Stern—Volmer equations

IAeiKVZ TA

I, =——— =
1+ Ksvn,(2) 1+ Kgyn,(2)

an

Note that I is scaled by an attenuation term e~*** satisfying Beer’s
law. The complete model for the decaying luminescence emission
caused by an excitation pulse at ¢, is

6 —KvZ
1= —2 expl 1+ Kevnp 1= b de~ e
0 1 + KSVnp(Z) i TA

(12)
where 6 is the thickness of the PSP layer.

D. Mass Diffusion Equation and Finite Difference Solution

The quasi-instantaneous oxygen concentration n,(z) appearing
in Eq. (12) is modeled by mass diffusion of oxygen through the
permeable PSP during arapid change in pressure. The mass diffusion
equation in one spatial dimension z is

9’n 1 on
922~ D, ot (13)
where n(z, t) is the oxygen concentration within the PSP layer at
a depth z and time ¢, and D,, is the mass diffusivity of the PSP
(D,, =1000 pm?/s is used here; this is a typical value'®). The
PSP boundaries are z=0 at the air/PSP interface, and z =0 is
the thickness of the PSP layer. The oxygen concentration at the
PSP/atmosphere interface is given by Henry’s law

n(0,t) = ox P(t) (14)

where oy is Henry’s constant that relates oxygen concentration to
pressure. Because oy varies with temperature, constant temperature
was maintained.

The silicon substrate to which PSP was applied is not oxygen
permeable, the boundary condition at the PSP/substrate interface is
therefore given by Fick’s law

0
M _o (15)
BZ 0,1
The initial condition
n(z,0) =0 (16)

indicates that the PSP was held at vacuum sufficiently long that any
significant concentration of oxygen diffused out of the sample.

A numerical solution to the mass diffusion equation along with
the specified initial and boundary conditions was implemented with
a finite difference technique to give n(z, t) (Ref. 23). The instan-
taneous oxygen concentration n,(z) =n(z, t,) obtained by solving
the mass diffusion equation was used in Eq. (12) to obtain a pre-
dicted emission irradiance function I (z) & Iye~"/*. The lifetime 7 of
the modeled emission irradiance function was calculated for com-
parison to experimental results.

To calculate a numerical solution, several results were required.
In Eq. (12), 1/k, was determined by a transmission experiment,
and n,(z) was determined over a range of discrete depths z;. The
vacuum (P =0.12 torr) lifetime 7, was measured as 60.3 us. The
Stern—Volmer constant Kgy was calculated from static-pressure life-
times at vacuum and atmosphere (r =10.6 us when P =692 torr
in our case). The straight-line Stern—Volmer constant for relative
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concentrations comes from solving Eq. (3) for Kgy, which gives
K Sy — 470

The integral in Eq. (12) was calculated as a sum over Az, sam-
pled 30 times over a 300-us interval and fit to a single-exponential
function by the Levenberg—Marquardt nonlinear fitting algorithm.
Luminescence decay time was then tabulated against ¢, and com-
pared to lifetime measurements.

IV. Laboratory Apparatus

Laboratory experiments were conducted to verify the model. A
PSP sample at vacuum (P ~0.12 torr) was exposed to a rapidly
increasing pressure function P(¢) that started at + =0 and reached
atmospheric pressure (P =692 torr) at t ~ 250 ms. Pressure was
measured at discrete times during the pressure change using the
luminescence lifetime technique and simultaneously with a pressure
transducer for comparison.

A. Sample Preparation and the Pressure Chamber

A sample was prepared by applying five thicknesses of PSP to a
silicon wafer (~20 x 25 mm). The PSP (Uni-FIB from ISSI) con-
sisted of a fluorinated platinum porphyrin [Pt(TfPP)] lumiphore in a
fluoroacrylic copolymer (FIB) base and was applied with an airbrush
(Badger No. 150, fine-tip). PSP sample thicknesses were measured
using a profilometer.

Figure 2 shows a drawing of the pressure apparatus and sample
holder that was used. The sample holder was constructed from cop-
per and included a water-circulation tube for maintaining the PSP
sample at a constant temperature of 10°C. Pressure inside the vessel
was reduced to 200 mtorr by a vacuum pump, then impulsively filled
to atmospheric pressure by closing a valve on the vacuum line and
triggering a solenoid valve that opened the vessel.

B. Chamber Pressure Measurements

Static-pressure measurements were made using a barratron with
a range of 10-1000 torr and a thermocouple gauge with a range
of 0.01-1 torr. Chamber pressure measured as a function of time
during the filling procedure was detected by a piezoelectric pres-
sure transducer and recorded on a digital oscilloscope. The trigger
signal (which coincided with an excitation pulse) that initiated im-
age acquisition was also recorded on the digital oscilloscope to
resolve the time of the excitation relative to the pressure ramp. Each
digitized pressure signal was recorded as a list of 2500 (time, volt-
age) data points. Transducer voltage data points were converted to
pressure data points by subtracting a 50-s exponential decay back-
ground function and scaling by a calibration factor (as suggested
by the pressure transducer manufacturer). The equation applied to
each voltage value v; obtained at a time 7; to obtain a corresponding

<
Water at
Constant

N Shutoff
\Y%

Vacuum

Underneath:
Pressure Transducer

Fig. 2 Vacuum system.

pressure value P; was

_ 51.715 torr

= omv [v; + 1.434(1 — 739 (17)

where the 51.715 torr/10 mV ratio and 50-s time constant are param-
eters cited by the transducer manufacturer, and the factor of 1.434
was determined empirically based on initial and final static-pressure
measurements made with a thermocouple gauge and barratron, re-
spectively. Pressure vs time data are plotted in Fig. 3. Fifty-seven
repetitions of the pressure transient shown in Fig. 3 were compared
to verify repeatability of the pressure transient. The standard devia-
tion of transducer-measured pressure as it varied with time is plotted
in Fig. 4.

Pressure and time rate of change of pressure (d P/dr) at the mo-
ment of the excitation pulse were calculated by fitting a fourth-order
polynomial to a subset of 250 (z, P) data points; the center point
used to define the limits of each subset was determined by the time
of the excitation pulse.

C. Optical and Imaging Systems

The vacuum vessel was fitted with viewports on two orthogo-
nal sides for transverse optical access. Excitation light entered the
vacuum vessel through one viewport and luminescence was col-
lected through the other, as shown in Fig. 5. The sample was illumi-
nated by green (A = 532 nm) light pulses from a frequency-doubled

700
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T T T

Pressure [Torr]

[\
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(=]
T

100f

0 01 02 03 04 05 06 07 08

Time [sec]

Fig. 3 Transient pressure function measured by the pressure
transducer.

Pressure Standard Deviation [Torr]

0L . . . . .
0 0.2 0.4 0.6 0.8 1
Time [sec]

Fig. 4 Standard deviation of transducer-measured pressure during
the transient pressure event.
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Fig. 5 Excitation and imaging apparatus.

Q-switched Nd: YAG laser. The laser was operated at a 10-Hz repe-
tition rate, the pulse duration was 9 ns, and the energy delivered to
the sample was ~140 wJ/pulse.

Luminescence emission was collected using a scientific-grade
ITCCD double-image feature camera (Micro-MAX by Roper Sci-
entific/Princeton Instruments, Inc.). The camera was fitted with a
105-mm Nikon imaging lens. A long-pass filter (cutoff wavelength
~600 nm) in front of the camera lens reduced scattered light entering
the camera.

The camera’s dual-image timing mode (described in detail by
Drouillard et al.'?) was used to acquire two sequential exposures
following an excitation pulse. The first exposure was 10 us and
began ~2 us after the excitation pulse. The second exposure was
8.01 ms and began immediately after the first image was acquired.

V. Results and Discussion

A. PSP Transmissivity

Transmission of 532-nm light at various PSP thicknesses was ac-
quired by applying several thicknesses of PSP to microscope slides
(12 thickness samples ranging from ~3 to ~47 um). Thicknesses
were measured using a profilometer (model P-10 by Tencor Instru-
ments) to acquire six thickness profiles across each region of uniform
paint thickness. Thickness and roughness were calculated as the av-
erage and standard deviation across a region. A spectrophotometer
(Cary 5G by Varian Optical Spectroscopy Instruments) was used
to measure percent transmission of monochromatic light (integer
wavelengths from 300 to 800 nm) through 11.4 x 18.5-mm surface
regions of uniform thickness. Percent-transmission spectra of PSP
samples with mean thicknesses of 2.99 and 18.7 um are plotted in
Fig. 6.

A Levenberg—Marquardt algorithm was used to fit transmission-
vs-thickness data (transmission of 532-nm light) to Eq. (8). The
transmission data and fitted curve are plotted in Fig. 7. The fit pro-
duced 1/k, = 6.48 um for 532-nm light. Horizontal bars denote the
roughness measurement. The vertical error component of Fig. 7 is
the uncertainty of the spectrophotometer measurement. According
to the manufacturer specifications, the uncertainty in the transmis-
sion measurement is <0.0004 (0.04%), wavelength uncertainty is
+0.1 nm, and positional reproducibility (causing changes in reflec-
tivity) contributes <1%.

B. Thickness Measurements

Thicknesses of samples that were prepared for the rapid pres-
sure experiment were measured with the profilometer. Figures 8—12
show profilometer data acquired in each of five thickness regions.
Mean thickness values are shown as dashed lines. The profilome-
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Fig. 6 Transmission spectra of PSP at two mean thicknesses.
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Fig. 7 Attenuation at a depth z.
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Fig. 8 Thickness profile, region 1.

ter sampled at 10-um intervals; the profile in Fig. 8 for example
consists of 280 points sampled over 2.8 mm. Seven profiles were
acquired from each thickness region.

Mean thickness values were calculated for each region of uniform
thickness. Surface roughness values were measured as the standard
deviations of thicknesses over each region. Mean paint thickness
and roughness are shown in Table 1 along with the ratios of rough-
ness to thickness (standard deviation/mean). Region O indicates the
thickness and roughness measurement made on unpainted silicon
substrate. The ratio column in Table 1 indicates that the roughness
of the paint layer in region 1 is significant compared to the mean
thickness, whereas the paint roughness of regions 2-5 is signifi-
cantly less than the mean thickness.
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Table 1 Profilometer results

Thickness, Roughness, Thickness/
Region Qum nm roughness
0 9.2 x 10718 0.02 —
1 2.3 1.4 0.60
2 7.0 1.2 0.17
3 11.5 1.6 0.14
4 24.3 2.8 0.12
5 46.3 22 0.047
14 ---- Mean = 7.02 um
12
El
.3—10
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&
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Profile Span [mm)]

Fig. 9 Thickness profile, region 2.
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Fig. 10 Thickness profile, region 3.
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Fig. 11 Thickness profile, region 4.

C. Lifetime Image Measurements

The sample was placed in the chamber, and the filling procedure
was repeated numerous times; an excitation pulse and double-image
acquisition were conducted at a different time ¢, relative to the
solenoid valve trigger during each repetition. Luminescence decay
lifetime values t were calculated from background-subtracted im-
age pairs on a per-pixel basis, then averaged over regions of uniform
thickness.

Pressure and luminescence lifetime data were acquired at nonuni-
form time steps. The finite difference scheme used to generate a
solution to the mass diffusion equation requires boundary (pres-
sure) data at uniform time increments. Therefore, (¢, P, dP/dt) data

50 ---- Mean =459 um
g40
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<30
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Fig. 12 Thickness profile, region 5.
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Fig. 13 Luminescence lifetime during rapid pressurization.
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Fig. 14 Luminescence lifetimes from the mass diffusion model.

were used to interpolate a quadratic spline function, which was then
sampled at uniform increments for comparison. Similarly, a linear
spline function was interpolated from the nonuniform (¢, 7) data,
then sampled to produce uniformly sampled luminescence lifetime
data. The uniformly spaced luminescence time constants are plotted
in Fig. 13.

A corresponding family of luminescence lifetime curves was cal-
culated from the mass diffusion model, and they are plotted in
Fig. 14. There is an important experimental detail that must be dis-
cussed here. The paint used in this work is embedded with TiO,
particles, to scatter the incident light and thus enhance absorption
of the laser beam. This means that some laser radiation is multiply
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Fig. 15 Error between modeled and measured luminescence lifetime
data.

scattered within the paint layer before it is absorbed. The form of
Beer’s law presented in Eq. (9), however, is intentionally written in
a general form. The parameter k, is an attenuation coefficient that
can represent both absorption and attenuation by multiple scatter-
ing. Here, we have measured the attenuation coefficient, and the
measurement contains contributions from both processes.

The model presented here is in one spatial dimension, and that
is appropriate. Multiple scattering might broaden a small excitation
beam, but in this case the experiment was truly one-dimensional
because the sample is uniformly illuminated, and calculations are
averaged over aregion of interest within the illumination boundaries.

The curves in Figs. 13 and 14 show that predicted and measured
luminescence lifetimes are maximal and approximately equal at
static vacuum, decrease as pressure increases, and approach equal-
ity as the oxygen concentration in the PSP layer approaches equi-
librium. The predicted and measured lifetimes change more rapidly
with thinner paint, whereas the response of luminescence with the
thicker PSP is more gradual.

The discrepancy between the predicted and measured lifetime
curves is plotted in Fig. 15 and was calculated by

€rror = (fpredicted - Tmeasured)/Tmeasured (18)

The agreement between predicted and measured lifetimes can gen-
erally be said to improve with thickness. The curves in Fig. 15 are
interpreted as follows: a positive error occurs when the predicted
decay lifetime is greater than the measured lifetime, that is, when
measurements indicate more oxygen quenching and thus a faster re-
sponse to a rapid pressure increase than was predicted by the model.
Conversely, a negative difference suggests the observed quenching
rate was slower than what the model predicted.

For each thickness, the discrepancy between modeled and mea-
sured response was greatest during the steepest region of the pressure
change; the differences started near zero and approached zero again
as the oxygen concentration approached equilibrium. The most sig-
nificant error was observed with the thinnest paint, which consis-
tently responded faster than model predictions. This is because of
the high-roughness/mean-thickness ratio (see Table 1); the 2.31-
pum PSP sample here is more accurately modeled as a collection of
discrete peaks than as a volume with a uniform surface.

D. Pressure Measurements

Pressure was calculated by applying the Stern—Volmer function
to the luminescence lifetime data. Pressure data for each thickness
and transducer-measured pressure are plotted in Fig. 16. Error in
the PSP pressure measurements was calculated as the difference
between the transducer-measured pressure and pressure acquired
from PSP luminescence lifetime data and is plotted in Fig. 17.
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Fig. 16 Pressure calculated from luminescence lifetimes.
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Fig. 17 Error in PSP pressure during the transient pressure function.

Figures 16 and 17 confirm that thinner PSP responds more quickly
to rapidly changing pressure. After 800 ms the thicker PSP samples
still had not achieved equilibrium. Conversely, the thinnest PSP
layer exhibited minimal error with respect to the pressure transducer
measurement.

E. Model Sensitivity to Physical Parameters

Two physical parameters embedded in Eq. (12) are the mass dif-
fusivity constant and the optical depth. Here the effect of variations
in each of these parameters on the predicted response is assessed.
In each case, error was calculated as it was in Fig. 15, and rms error
was calculated for each thickness. These values were tabulated as
the assumed mass diffusivity constant and optical depth were singly
varied.

1. Assumed Mass Diffusivity Constant

The mass diffusivity constant is a measure of the permeability
of a substance (the PSP binder in this case) to mass diffusion. A
higher mass diffusivity constant indicates greater permeability, that
is, a layer of PSP achieves equilibrium with a changing surface pres-
sure more efficiently with a greater mass diffusivity constant. Baron
et al.'” reported that PSP binders of increased mass diffusivity in-
crease the response times of PSP to rapidly changing pressure. Here,
the sensitivity of the irradiance emission model to variation in the
assumed mass diffusivity for each thickness is plotted in Fig. 18. The
data plotted in Fig. 18 were obtained as follows: the mass diffusivity
constant D,, was varied from 50 to 2500 um?/s. For each modeled
value of D,,, the luminescence lifetime was calculated over the du-
ration of the transient pressure function for the five thicknesses of
PSP. Luminescence lifetime error was calculated from each lumines-
cence lifetime value, and each luminescence lifetime error-vs-time
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Table 2 RMS error values for indicated PSP thicknesses using
measured and infinite optical depths

Thickness, RMS error RMS error RMS error
pum 1/ky, — 0 pm, % 1/ky =6.48 um, % 1/ky — 00, %
2.31 8.66 9.35 8.70
7.02 10.8 7.47 7.63
11.5 19.4 13.3 12.9
24.3 28.7 13.1 14.2
459 28.8 3.99 67.5
80%
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Fig. 18 RMS error as mass diffusivity was varied.

data set was reduced to a rms value. The rms lifetime error values
were tabulated with mass diffusivity and plotted in Fig. 18.

The values of D,, that give the lowest lifetime error seem to in-
crease with PSP thickness. This perception stems from the fact that
the effects of mass diffusion, and therefore the uncertainty caused
by an erroneous mass diffusivity constant, are only apparent as oxy-
gen is diffusing through the PSP layer. Thinner PSP layers achieve
steady-state oxygen concentrations more rapidly than thicker lay-
ers, and accordingly the rms luminescence lifetime error (calculated
from lifetime data over the duration of the transient pressure func-
tion) tends to be smaller.

Except for the 2.31-um paint, each thickness indicated a nomi-
nal mass diffusivity constant (minimum error) between ~300 and
~1000 pm?/s. In comparison, Winslow et al. report mass diffusivi-
ties varying from 422 to 837 um?/s for a proprietary PSP consisting
of a ruthenium-based lumiphore embedded in a silicone polymer
binder.?

2. Optical Depth

Optical depth is the 1/k, term in Beer’s law, Eq. (8). The error
vs modeled optical depth was varied and is plotted in Fig. 19. In
addition to the range of optical depths shown in Fig. 19, a value of
1/k, — oo is also of interest because this corresponds to a case of
no optical attenuation, which is a common approximation in related
publications. An error-vs-time plot similar to Fig. 15 is shown in
Fig. 20, where 1/k, — oo was used in the model. RMS error values
are shown for comparison in Table 2.

Figures 19 and 20 and Table 2 show that as 1/k, decreases to
0 the error grows uniformly with thickness, and as 1/«, increases
to infinity only the thickest PSP layer shows significant error. Note
too that the minimum lifetime error for 45.9-um sample occurs
when the predicted optical depth is ~7 pm; this is within ~8% of
the measured optical depth (6.48 pm) obtained by the transmission
experiment.
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Fig. 19 RMS error as optical depth was varied.
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Fig. 20 Error between modeled and measured luminescence lifetime
data assuming no irradiance attenuation.

V1. Conclusions

The luminescence lifetime technique has been demonstrated un-
der unsteady pressure conditions. Although the benefits of the life-
time technique over the radiometric technique are well documented
under quasi-static-pressure conditions, we have shown that the dual-
image lifetime technique is well suited to an instantaneous pressure
measurement during a rapid change in pressure.

A finite difference solution to the mass diffusion equation was
used to model the oxygen concentration in a layer of PSP during a
rapid pressure change. The oxygen concentration and optical atten-
uation of excitation light were then used to produce a model of the
total emission response to an excitation pulse. An experiment was
conducted to compare PSP lifetime measurement results to model
predictions. The benefit of solving the mass diffusion equation by
a numerical scheme is that unsteady pressure fields rarely follow a
simple analytical form.

The comparison of measured and predicted responses during a
rapid pressure change confirms previous conclusions that thin PSP
coatings respond more quickly to rapidly changing pressure than
thicker layers.

The results here suggest that irradiance attenuation is mildly sig-
nificant for modeling the luminescence emission of thin PSP coat-
ings, but becomes substantial for thicker coatings (~45 pm). Sim-
ilarly, variations in the mass diffusivity constant used in a model
do not significantly alter the predicted response for thin PSP, but
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for thicker PSP the predicted mass diffusivity contributes more
significantly.
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