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Focused Laser Differential Interferometer Response to
a Controlled Phase Object
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In this paper, we characterize the response of the focused laser differential interferometer
(FLDI) instrument to a controlled phase object. A thin, uni-directional, controlled phase
object is created by vibrating a cylindrical lens in the beam path. Attached to this lens
is an accelerometer from which displacement may be measured and, with knowledge of
the lens geometry, the phase response of a differential interferometer may be calculated.
We compare the phase response derived from the accelerometer to that measured by the
FLDI. This accelerometer-derived phase change was found to be in excellent agreement
with the FLDI-derived phase change for both single and double FLDI setups with different
phase-object strengths (focal lengths) in both amplitude and frequency.

A = Phase change, (radians)
A = Laser wavelength, (m)
L = Length, (m)

R = Radius of curvature of lens, (m)
n = Index of refraction, (-)
Ax = Beam intraspacing, (m)
\Y% = Voltage, (V)

p = Density, (kg/m?)

K = Wavenumber, (1/m)
Subscript

a = Ambient

g = Glass

I. Introduction

Understanding the phenomenon of high-speed boundary layer transition is important for the development of
hypersonic vehicles. The high velocities, stagnation temperatures, and broad ranges of length and time scales
present unique challenges in studying these flows using traditional experimental techniques and numerical
simulations. Established flow diagnostic techniques include pressure transducers, hot-wire anemometers,
and heat flux gauges. Each of these traditional measurement techniques have unique limitations: hot-
wire anemometers are encumbered by wire breakage, limited frequency response, flow intrusion, and signal
interpretation problems; heat flux gauges and pressure transducers have limited bandwidth and are restricted
to on-surface measurements. Non-intrusive optical diagnostic techniques have recently gained popularity,
their appeal promoted by recent improvements in imaging, electronics, and laser technology.'
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Focused laser differential interferometry (FLDI) is a novel nonparticle-based optical flow diagnostic tech-
nique pioneered by Smeets?” and Smeets and George® in the 1970s. In the 1980s/1990s/2000s, other
researchers have used laser differential interferometry (LDI) to make measurements in high-speed flows.% 14
More recently, Parziale et al.!®2! used the FLDI technique to characterize facility disturbance level and
boundary-layer instability and transition in the Caltech T5 reflected-shock tunnel. Since that time re-
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searchers have made additional advancements including making reliable convective velocity measurements
between two closely spaced FLDI probe volumes,?? 29 facility disturbance-level characterization,?® 32 and
novel beam shaping techniques for application in hard-to-access flows.?3 37 Additionally, researchers have
devised controlled problems®* 49 to test the data-reduction strategies by Fulghum,*! Settles and Fulghum,*?
and Schmidt and Shepherd.*3

The objective of this work is to characterize the response of the FLDI instrument to a controlled phase
object. We measure the response of an FLDI instrument to an oscillating optical path length and compare
it to the vibrations measured by an accelerometer. This is a calibration in both amplitude and frequency.

II. Experimental Setup

A basic FLDI setup is developed by first expanding a linearly polarized laser beam using a diverging lens.
The expanding beam is then circularly polarized by a quarter-wave plate before being split into two beams
of mutually orthogonal, linear polarization by a Wollaston prism. The diverging beams are collimated by
locating the Wollaston prism at the focal point (or close to) of a converging lens. The converging lens brings
the beams to a focus. When the beams are recombined by a second Wollaston prism and linear polarizer,
they interfere with one another. The interference is measured by a change in intensity on a photodetector.

The FLDI is sensitive to the phase difference between the beam pairs of the instrument. The phase difference
between a beam pair is due to the separate optical path lengths traversed by the individual beams in the
FLDI setup. Unwanted signals are rejected by the FLDI outside of the focus area by filtering due to finite
beam separation, finite beam width, and beam overlap.

This basic FLDI setup can be expanded by the addition of quarter-wave plates and Wollaston prisms up-
stream of the focus to generate additional beam pairs, and corresponding photodetectors downstream of the
focus to measure their interference. In this work, a single beam pair FLDI setup and a double beam pair
D-FLDI setup was utilized. The components of the D-FLDI setup are shown in Fig. 1.

LEGEND X

C | Lens Q | Quarter-wave Plate 7
D | Photodetector SP | Speaker

L | Laser W | Wollaston Prism

P | Linear Polarizer

Figure 1: Schematic of a D-FLDI setup. C is the diverging lens used to expand the linearly polarized laser
beam. The upbeam quarter-wave plate (Q1, Q2) and Wollaston prism (W7, W5) generate the two beam pairs
in a D-FLDI setup. C5 is the converging lens used to focus the beams. The downbeam Wollaston prism
(W2) and linear polarizer (P) recombine the beams within each beam pair. Another lens (C3) is used to
separate the beams so that they can be focused onto photodetectors. A single point FLDI setup is developed
by removing one of the the upbeam quarter-wave plate and Wollaston prism bundles. Cj represents the
lenses used as phase objects in these experiments.

For this experiment, an FLDI instrument was constructed using a Wollaston prism with a l-arcminute
splitting angle and a D-FLDI instrument was constructed by adding a Wollaston prism with a 20-arcminute
splitting angle. For both the FLDI and D-FLDI setups, the beams were inter- and intraspaced in the
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x— direction. For the FLDI setup, an intraspacing of 41.063 pm is achieved. For the D-FLDI setup, an
intraspacing of 40.984 pm and an interspacing of 699.242 pym was achieved. Pictures of the beams at the
focus for both setups are shown in Fig. 2.

699.242 um
41.063 um

(b)

Figure 2: Pictures of (a) FLDI and (b) D-FLDI beam pairs taken at the focus using an Ophir-Spirion LT665
beam profiling camera. To capture the closely intraspaced beams in each setup, the camera’s aperture was
reduced to 5 ms.

To measure the response of the FLDI setup to a changing
optical path length, the apparatus pictured in Fig. 3 was
constructed. The apparatus was mounted on a manually ad-
justable translation stage and consisted of a speaker, an ac-
celerometer, and a cylindrical diverging lens as a phase object.
The setup could be precisely adjusted in the +2-direction using
a translation stage. The speaker was driven at a prescribed fre-
quency by a Stanford Research Systems model DS345 synthe- _
sized function generator. The diverging lens was suspended by =il ' e ST
a compliant spring directly in front of the speaker. The radius & ' )

of curvature of the lens was along the direction of beam sepa-
ration. The lens was positioned such that it gently touched the
speaker, and it was placed in the path of the FLDI beams. As
the speaker was driven at the prescribed frequency, its vibra-
tions oscillated the lens along the direction of beam separation,
changing the individual lengths traversed by each FLDI beam.
A PCB 352C34 accelerometer measured the apparatus’s accel-
eration and was mounted directly to the lens, in-line with the
direction of oscillation.

Speaker |

}

For the single point FLDI setup, a cylindrical diverging lens
of -50 mm was used as the phase object. For the D-FLDI
setup, weaker lenses of focal lengths -150 mm and -400 mm
were used to reduce beam steering and distortion. Initially,
the apparatus was placed such that the lens was at the point ? )
of best focus of the FLDI beams, i.e. z = 0. As the speaker Figyre 3: Apparatus used to measure the
was vibrated at the driving frequency, a comparison was made response of the FLDI instrument to a
between the frequency measured by the FLDI instrument and  ¢hanging optical path length.

the accelerometer, and between the amplitude of the phase

change as measured by the FLDI instrument and as calculated

using the accelerometer.

| PCB 352C34
accelerometer ‘a

The apparatus described above modeled a density disturbance field experienced by an FLDI instrument that
is sinusoidal in «, uniform in y, and infinitesimally thin in z, of the form p = p(z,y, z) = sin(kx)d(2).

III. Phase Change Due to Cylindrical Lens Displacement

Similar to Ceruzzi et al.,?* the optical path lengths (OPLs) of two FLDI beams as they pass through a lens
of radius of curvature R is shown in Fig. 4. The phase difference experienced by the FLDI beam pairs of
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wavelength A due to their distinct optical paths is

2 2
Ap = ZAoPL =8

3 - ((Lana + Lang) — (Lona + Lang)) (1)

where AOPL represents the difference in optical path lengths between the individual beam pairs, L is
distance, ng is the refractive index of the glass, and n, is the refractive index of the ambient environment.

X

[—>

Ls Ax /2 Ax/2

Figure 4: Cylindrical lens of radius of curvature R with FLDI beams (red) displaced by Az. The center of
the FLDI beams are displaced a distance z from the origin.

The lengths can be found in terms of the geometry of the optical setup as

L3+ (Az/2 — 2)* = R?, (2a)

L3+ (Az/2 +2)* = R?, (2b)
L3:R—L1,andL4=R—L2.

Simplifying the above relations results in

g =2 [(ny —na) (VA= Baf2— 2] — VB~ (Bafp a7 (3)

which enables the calculation of phase change if the position, x, of the lens is known. We determine the
position with an accelerometer, which may be independently compared to the phase change from the FLDI
signal as

A¢p = sin? <“//0 - 1> , (4)

where Vj is the voltage at the most linear part of a fringe. It is obtained by averaging the minimum and
maximum voltage output of the FLDI instrument measured by a photodetector as the downstream Wollaston
prism is adjusted to translate the FLDI instrument through a fringe.

IV. Results and Discussion
In this section, we compare the phase change as measured by the FLDI instrument and the accelerometer.

Results from an experiment with an FLDI setup and a f;, =-50 mm focal length cylindrical diverging lens
phase object placed at the focus are presented first. The FLDI beam pair is shown in this position in
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Fig. 2a. Fig. 5-left shows the acceleration, velocity, and position of the phase object as measured by the
accelerometer. The acceleration, a(t), is numerically integrated once in the time domain to obtain the
velocity, v(t), and again to obtain the position, x(t). Alternatively, the position of the phase object can be
obtained in frequency space by pre-multipication of the FFT of the acceleration data as Fla(t)]/ (472 f?).
Comparison of the two methods are presented in Fig. 5-right, and represent a sanity check. Moreover, the
amplitude of the fundamental frequency in |z(f)| at 50 Hz matches the observed amplitude in Fig. 5-left.
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Figure 5: Left: Acceleration, velocity and position of the phase object as measured by the accelerometer;
velocity and position are obtained by numerical integration. Right: FFT of the position of the lens as
computed by the numerical integration of accelerometer data (Time Domain) and as computed by the pre-
multipication of the FFT of the acceleration data, F[a(t)]/(472f?), (Frequency Domain).

The position, x(t), of the lens, calculated from the accelerometer signal is substituted into Eq. (3) to directly
obtain the phase change, A¢, as measured by the accelerometer. The phase change as measured by the FLDI
instrument is determined by substituting the voltage output of the photodetector, V(t), into Eq. (4). Results
for the phase change as measured by the accelerometer and the FLDI instrument for this experiment are
presented in Fig. 6-left. To obtain the spectrum of the phase change from the accelerometer data we input
lz(f)| = Fla(t)]/(472f?) into Eq. (3). We present a comparison of the accelerometer-derived and FLDI-
derived phase-change spectrum as Fig. 6-right noting excellent agreement at the fundamental frequency
(50 Hz) and a half dozen harmonics.
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Figure 6: Phase change as measured by the accelerometer and the FLDI instrument as a function of time.

The phase object is next translated in the z-direction and comparisons are made between the response of
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the accelerometer and the FLDI instrument. In Fig. 7a, from top to bottom, pictures of the FLDI beam
pair are presented at z = 2.54 mm, 5.08 mm, and 7.62 mm away from the beam’s focus. Correspondingly, in
Fig. 7b, we present the phase change as measured by the accelerometer and the FLDI instrument at these
positions. As the phase object is translated away from the focus, the increasing 1/e? beam radius results in
beam overlap and signal attenuation of the FLDI instrument. For example, at + 7.62 mm away from the
focus, the FLDI instrument’s signal is reduced to approximately 25% of its signal at the focus. For the FLDI
setup built for this experiment, this deviation from the focus represents less than 2% of the total span along
which the FLDI instrument is sensitive to phase differences.
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Figure 7: Phase change as measured by an accelerometer and an FLDI instrument with an f = -50 mm
diverging lens used as a phase object. (a) From top to bottom: Pictures of FLDI beams taken at z = 2.54
mm, z = 5.08 mm, and z = 7.62 mm. Minor tick marks are at every 10 pm and major tick marks are at
every 100 pm. (b) Comparison of A¢ as measured by the accelerometer and the FLDI instrument with the
phase object positioned at the corresponding positions in z.

Fig. 8 summarizes the signal attenuation experienced by the FLDI instrument as the phase object is moved
away from the focus. Broadband reduction in the FLDI signal is observed at increasing distances away from
the focus, although no trend with frequency is readily apparent.
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Figure 8: Ratio of the FLDI-derived phase change to accelerometer-derived phase-change with varying
locations from the focus, z.

In Fig. 9, results are presented for an experiment with a D-FLDI setup, with the two beams pairs identified
as FLDI A and FLDI B. A phase object in the form of a cylindrical diverging lens with a focal length of
fr =-150 mm and f; =-400 mm is placed at the focus of the D-FLDI beams and is vibrated at a fundamental
frequency of 50 Hz. The FFT shows excellent agreement between the accelerometer and the two FLDI signals
in picking up the fundamental frequency and higher frequency resonances inherent to the apparatus. There
is good agreement in the amplitude of the phase change between the two measurement methods noting
reduced response with the lens of larger focal length (increased radius of curvature).
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Figure 9: Comparison of accelerometer-dervied phase change to D-FLDI-derived phase change at the focus.
Left: fr =-150 mm, and Right: f; =-400 mm.

V. Conclusions

In this paper, we characterize an FLDI instrument by comparing its response with a prescribed phase object.
The prescribed phase object was a lens placed at the FLDI focus and vibrated. Attached to this lens was
an accelerometer from which displacement and, subsequently, phase change was found. This accelerometer-
derived phase change was found to be in excellent agreement with FLDI-derived phase change for both the
single and double FLDI setups with different focal length lenses.

Off-focus measurements with the FLDI were made with the accelerometer to act as a control. Ratios of the
response show that the FLDI response is attenuated as the distance from the focus is increased. However,
there is no clear sensitivity to frequency; this will be studied in subsequent work.
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