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I. Introduction

Many applications exist in the ballistic research and development area that
require an accurate pressure measurement determination. An all-optical pressure
measurement system offers the potential of being free from both electrical and
magnetic disturbances. A Scientific Services Contract (STAS) was awarded to assist
the Ballistic Research Laboratory (BRL), Launch and Flight Division (LFD), Free
Flight Aerodynamics Branch (FFAB), with the design and assembly of a prototype
fiber-optic pressure transducer, similar to one built at MIT for pressure
measurements in turbulent boundary layers!2. This transducer is covered by
patents #4926696 and #4942767. Additionally, the STAS was intended to bring LFD,
FFAB up-to-date on current fiber-optic/laser technology and assess the usefulness of
a fiber optic measurement scheme in a ballistic research setting.

In the following report, background material is presented on pressure
transducers, the particulars of fiber-optic transducers, and the design and

construction of the prototype transducer built at BRL. Design specifications for a
high-pressure transducer are also presented in the Appendix.

II. Technical Background

1. Diaphragm Pressure Transducers

The most common type of pressure transducer is of the diaphragm type as
shown in Fig. 1

N TR
NN NN

Figure 1. Schematic of a diaphragm pressure transducer.

A diaphragm, attached to a substrate, is exposed to a pressure difference, Ap,
under the action of which it deflects up or down. For small deflections, typically of
the order of 1% maximum of its lateral extent or less than 1/3 of the diaphragm
thickness, the deflection is proportional to the applied pressure difference.3 The
measurement of pressure is therefore reduced to measuring the diaphragm
displacement.




It will be useful to define a spatial or geometric sensitivity for any given type
of transducer in connection with the primary change of the transducer when
exposed to a pressure difference. In the case of diaphragm transducers, the primary
change is the displacement of the diaphragm from its equilibrium position. The
spatial sensitivity will be the ratio of the maximum displacement of the diaphragm,
say at its middle, to some reference length. For example, in the case of a capacitive-
type transducer, the reference length will be the distance between the two capacitor
plates.

The two most common methods of measuring displacement are a) by
measuring the change in capacitance of a capacitor formed by the diaphragm itself
and a reference plate positioned below it, and b) using strain gauges mounted on
the diaphragm itself.

The spatial sensitivity of the capacitive-type transducer will depend on the
position of the reference plate given a fixed displacement of the diaphragm. The
closer the two plates are, the higher the spatial sensitivity, and thus the larger the
change in capacitance. This is desirable since it is easier to detect large relative
changes than smaller ones. However, the closer the plates are, the more the
diaphragm will be obstructed in rapid motion in trying to displace the fluid between
the capacitor plates.

The use of strain gauges, which are often deposited on the diaphragm, are
susceptible to errors due to temperature effects, even at low temperatures. In
addition, very high quality electronics are necessary since the change in resistance of
the strain gauges is very small. In this case, the spatial sensitivity is approximately
equal to the ratio of the diaphragm displacement to the radius of the diaphragm,
which is indeed very small. For the typical maximum displacement of 1% of the
diameter, it translates to a strain of about 2%, or a resistance change of about 4% if
the strain gauges have a typical gage factor of 2.

2. Interferometric Transducers

A much better spatial sensitivity can be obtained when using interferometry.
The diaphragm displacement is measured through the interference of coherent light
reflected off the diaphragm and a reference surface. The particular transducer
described in this report uses the end of a single mode fiber, the optical flat, as the
reference surface (see Fig. 2).




Figure 2. Optical-fiber interferometry.

In this case, the spatial sensitivity is the ratio of the diaphragm displacement
to that of the wavelength of light used. It becomes immediately apparent that the
sensitivity may now be too much rather than too little. For example, a diaphragm
displacement of 1% of the diaphragm diameter is equal to 10um for a diaphragm 1
mm in diameter. Using a He-Ne laser, with a wavelength of 0.633um, the spatial
sensitivity is about 1600% rather than a few percent. Using this type of sensitivity,
an interferometric transducer has been built as described in References 4 and 5. This
type of sensitivity, however, makes use of fairly intricate digital electronics, required
to count fringes, compared to very simple analog electronics for an interferometric
transducer with a maximum spatial sensitivity less than 100%.

The intensity, I, of the two interfering waves reflected off the diaphragm and
the end of the fiber varies almost sinusoidally with distance, S, of the diaphragm
displacement, as shown in Fig. 3.
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Figure 3. Intensity vs. diaphragm displacement.




If the initial displacement is such that the intensity is at halt its maximum
value with no pressure difference present, then applied pressure differences will
cause the intensity to vary, initially, linearly with applied pressure. If the
displacement of the diaphragm remains between the short vertical lines shown in
Fig. 3, then a linear variation of intensity with displacement will be obtained.

II1. System Description

1. System Components

The overall system setup is shown in Fig. 4. A ImW, frequency and
amplitude stabilized, He-Ne laser (Spectra-Physics™, model 117A-1) was used as the
coherent light source. The light beam was then coupled into a single mode fiber
using a Newport™ F-916 coupler with a 20x objective lens. The laser and the
coupler were mounted on a Newport™ XSD-13 breadboard. The single mode fiber
(4um core diameter, 125um cladding) is one of four pigtails of an Aster™ 50/50 fiber
coupler (model SMC-01-50-2-A-1-5). Halt of the light leaving the fiber coupler is lost
without reflections at the terminator which consists of a 4-40 screw around which
the fiber is wound about 15 turns. The other half of the light is directed to the sensor.

COUPLER

He- Ne LASER

S0/50 COUPLER
SENSOR

)

PHOTODIODE

TERMINATOR

Figure 4. Overall setup.

About 4% of that light is reflected off the end of the fiber, opposite the
diaphragm, and is directed back towards the fiber coupler. Of the light emerging
from the end of the fiber, about 4% is also captured by the fiber after reflection off the
polished diaphragm. While 96% of the ligh: leaves the fiber end, a much smaller
percentage comes back due to the fact that the light spreads out conically on its way
to the diaphragm and back. By adjusting the initial separation distance, S, between
the fiber end and the back of the diaphragm, the captured light is of the same
intensity as that reflected off the end of the fiber, thus enabling complete destructive
interference when the two reflected waves are 180 degrees out of phase. It is this
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geometric arrangement that produces the graph of intensity vs. separation distance
shown in Fig. 3.

After reaching the fiber coupler, half of the reflected light travels back towards
the laser and the other half towards the photodiode (EG&G JUDSONTM, model
HAD-1100A).

2. Pressure Sensor

A pressure sensor was designed for measuring pressures of the order of 104Pa
(1.5psi). The diaphragm was made from a common, single edge, razor blade with a
thickness of 0.23mm (0.009in). The diaphragm was mounted on an aluminum base
as shown in Fig. 5.

.
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Figure 5. Pressure sensor schematic.

The active diaphragm diameter is approximately 8mm. This dimension was
dictated by the requirement that under the maximum applied pressure, i.e. 1.5psi,

the diaphragm at hand should deflect no more than about 10% of A or 0.06um. This
small deflection ensures that the diaphragm displacement is linear with applied
pressure to very high accuracy. The following equation was used to calculate the
diaphragm diameter, valid for small deflections for a circular diap..ragm?:

3r4(1-vh
d="__7A
16Et3
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where,

3 = diaphragm center displacement
r = diaphragm radius

v = Poisson’s ratio

Ap = applied pressure difference

E = Young's modulus

t = dianhragm thickness

It is evident that care should be taken in the calculations since the
displacement is very sensitive to the actual diaphragm thickness and radius.

The last 2cm of fiber (OF) were secured in 1.5mm O.D. hypodermic tube with
epoxy glue. The tube was held in place in the aluminum base with a lock screw (LS).
Manual adjustment of the tube position, and hence the fiber-end distance from the
diaphragm, was initially done to make sure that the two reflected waves were of the
same intensity for optimum performance, as discussed earlier. Once this was
accomplished, fine adjustments were made with the adjusting screw (AS) so that the
intensity of the observed interfering waves was half the maximum value. By the
previous adjustment, the minimum intensity (destructive interference) was zero.
The purpose of the adjusting gap, which is approximately 1.5mm wide, is to allow
for infinitesimal movements of the fiber end relative to the reflective surface. This
was accomplished by fixing the fiber via the locking screw to the lower part of the
aluminum base and ever so slightly separating the upper part through the use of the
adjusting screw. This method proved to be very effective since the fiber end
position has to be adjusted to within a fraction of a micron with respect to the
diaphragm.

3. Photodiode Circuit

The photodiode circuit is shown in Fig. 6. A pair of 12V lantern batteries are
used to power both the photodiode amplifier and the second stage external
amplifier. Batteries were used for the convenience of low noise; however, it would
be preferable to use a good quality power supply to ensure voltage stability. A high
pass filter, with a low frequency cutoff of 16Hz, is used to subtract the relatively large
intensity (half of the maximum intensity) to isolate the fluctuations in the linear
region. Thus, only the deviations from the equilibrium position are amplified at
the second stage.

If slower pressure fluctuations are to be measured, then a high pass filter with
a lower cutoff frequency can be easily implemented. The present circuit has the
advantage of being very simple compared to circuits required for any other pressure
transducer of comparable sensitivity.
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Figure 6. Photodiode circuit.




4, Performance

The performance of the overall system was within expected bounds. The
intensity variations, as observed on an oscilloscope when the diaphragm was blown
upon, were clearly visible and somewhat larger than expected since the pressures
generated were well below 1.5psi. Due to time constraints, the system was not fine-
tuned for optimum performance, a task to be undertaken at a later date by BRL.

A source of noise, manifested as intensity fluctuations and identified in
References 1 and 2, was also observed in this case, and is due to motion of the fiber
(jiggling). It is not clear at this point by what mechanism this comes about.

IV. Conclusions

An interferometric pressure measuring system was built, similar to the one
developed in References 1 and 2. A new type of pressure sensor was developed in
this case with an improved adjustment method for setting the operating point.
Improvements in the overall setup will be achieved when a better understanding of
the noise source is obtained, as discussed above.

The system described in the Appendix holds promise for measuring the very
large pressures generated in a gun breech using the same interferometric
arrangement described here, but with a different sensing mechanism. Future plans
also include replacing the He-Ne laser with a laser diode and miniaturizing the

electronic circuit with microchips and surface mount technology.




Appendix

The measurement of gun tube breech and chamber pressure are currently
made with conventional piezo-electric transducers. These electronic sensors are
inherently susceptible to electromagnetic (EM) interference. The basic principles of
operation of the optical transducer make it suitable for measuring a wide range of
gun tu:.- pressure values without EM signal degradation. However, since gun

breech and chamber pressures approach 10°psi, even diaphragms made of the
optimum materials begin to suffer from plastic deformation thus rendering them
unsuitable for pressure measurement. This appendix describes a variation of the
system presented in the main report that appears to hold promise for measuring
very large gun pressures with excellent spatial and temporal response.

The basic arrangement of the new transducer is shown in Figure Al.

MAIIMINIIIIITIHiTas

%

/| Cladding
N\ Deposited glass
— Coating

Figure Al. Schematic of the high pressure sensor.

Three layers of material are deposited directly on the end of the fiber. The first layer
is a reflective coating, the second a relatively thick layer of glass and the third
another reflective coating. Interfering waves now come from reflections off the end
of the fiber and the top part of the glass layer. The reflective coatings are necessary to
achieve equal reflected intensities back into the fiber.




The sensing mechanism is now through the compression of the glass layer.
However, in this case the interferometer’s intensity vs. thickness (or distance
between the two reflective coatings) of the glass layer looks more like a picket fence,

as shown in Figure A2

Figure A2. Intensity vs. glass layer thickness.

As in the previous case, the distance between peaks in the interference

pattern is still A/2. The configuration causes the slope to much steeper about the
half intensity level. The advantage is that the sensitivity is much greater, but a
disadvantage may be that it is much more difficult to fabricate the various layers to

the desired thickness, in particular the middle sensing layer.

The thickness of the glass, sensing layer, is determined by two requirements.
The first is that the thickness should be such that under the expected maximum
strain, the thickness change will be about 5% of the wavelength of light used,
resulting in a path length change of 10%. The second requirement is that the
thickness should be rounded off to an integral number of half-wavelengths plus an
eighth so that with no applied pressure the intensity level is at half its maximum
value. In addition, it should be remembered that the wavelength of light will be
altered in the glass layer due to the index of refraction, n.

The strain € = 6/E, where o is the applied stress and E is Young's modulus for

the particular glass deposited. Therefore, the change in glass thickness will be As =
€S, where S is the thickness of the glass layer. We now set As = 0.05A/n so that S =
As/e = 0.05ME/(no). Using n = 1.5 for the index of refraction of glass, A = 0.633um, E
= 5x10° psi and o = 10° psi, we find S = 1.055um. We now set S = m(A/2n) ¥ 1/8n
which gives m = 5. Ideally, m = 4.75 which implies that our sensitivity for a planned
0.05A change in S will be 5% less, an acceptable change. Conversely, if we do allow a

10




0.05A change in thickness for S, then we can increase the pressure range by 5%. In
either case, the design thickness will be S = 1.108um.

Finally, some mention should be made in regards to the temperature
sensitivity of this arrangement. Glass has a typical coefficient of thermal expansion

of 9x10%/°K. If we require our measurement to be accurate to within 1%, then we
can tolerate long term temperature changes of about * 21°K. Under normal
circumstances, this is very acceptable. If, however, the sensor is exposed to very high

temperatures, then the question is how large a temperature change can be tolerated
for how long, so that the measurement error is within prescribed limits.

The problem to be solved here is the classical heat conduction problem in a
semi-infinite slab when an impulsive temperature change takes place at its surface.

The solution to this problem is readily obtained as F(n) = (T-T})/(T,-T,) = erf(n),
where T is the temperature in the slab, T, is the surface temperature before the
imposed temperature jump, T, is the imposed temperature, erf is the error integral
and n = s/2(ct)1/2 ,where a is the thermal diffusivity of the slab material, and s and t
are the distance in the slab and time respectively where and when T is evaluated.
For small values of F(n), we may approximate the solution, to very good accuracy, as
F(n) = 1.13n.

We now assume that the we can tolerate a maximum error of 5% in pressure
measurement with a gun tube temperature jump of 2000°K. According to our
discussion earlier, a 5% error due to temperature translates to an average
temperature in the glass layer of 5x(21°K) = 105°K. We therefore take half this
temperature to be the temperature at the bottom of the glass layer and seek the time
it will take for this to occur. With a = 0.005cm?2/s and s = 1.1um, we find that the
time it takes for this to occur is about Ims. It is seen that this is a borderline case.
Fowever, as the time of heat penetration is proportional to the square of the glass
layer, one way to improve the situation is to deposit an additional insulating layer
on top of the top reflective layer. Thus, an additional 3um thick layer will increase
the useful operating time of the sensor to 9ms.
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