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A laser feedback interferometer with an
oscillating feedback mirror
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A method is proposed to solve the problem of direction discrimination for laser feedback interferometers. By

vibrating the feedback mirror with a small-amplitude and high-frequency sine wave, laser intensity is modulated ac-
cordingly. The modulation amplitude can be extracted using a phase sensitive detector (PSD). When the feedback

mirror moves, the PSD output shows a quasi-sine waveform similar to a laser intensity interference fringe but with a

phase difference of approximately +7/2. If the movement direction of the feedback mirror changes, the phase difference

sign reverses. Therefore, the laser feedback interferometer offers a potential application in displacement measurement

with a resolution of 1/8 wavelength and in-time direction discrimination. Without using optical components such as

polarization beam splitters and wave plates, the interferometer is very simple, easy to align, and less costly.
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1. Introduction

Laser power can be modulated when part of
its output light is reflected back into the laser

[1-4]

cavity. This phenomenon is called optical feed-

back, or self-mixing interference. In the beginning,
laser feedback was thought to be harmful and requir-
ing elimination.[>% However, it has attracted great
attention in recent years due to its potential applica-
tion in accurate measurement. A laser feedback inter-
ferometer is similar to conventional laser interferom-

eters and can be used to measure displacement, 71

(11.12] yihration, 113 ete. However it is more

velocity,
simple and rigid because the reference arm is the laser
itself. A laser diode (LD) is a most common source
for laser feedback interferometry (LFT) at present due
to its advantages in, for example, miniaturization and
compactness. In an LD based LFI, direction discrim-
ination is usually achieved by monitoring the switch-
ing slope, but there are some inconveniences™ in, for
example, measuring a displacement of less than \/2,
where ) is the wavelength of the light source. In order
to obtain high resolution, an electro-optical modulator
(EOM) can be used,' but this will increase cost.
One advantage of the He—Ne laser over other
types of light sources is its frequency stability, which
is on the order of 1077, There exist, however, two key
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problems facing ordinary He—Ne laser feedback inter-

(41 One is direction discrimina-

ferometers at present.
tion and the other is resolution improvement. In or-
der to solve these problems, anisotropic elements are
introduced into either the internal®® or externall”
cavity of the He—Ne laser feedback system. An intra-
cavity element not only increases cavity loss but also
influences cavity stability, so the latter method is
more attractive. However, it would be better if the
anisotropic element and polarization beam splitter
could be removed. To achieve this goal, a method

is proposed and experimental results are given in this

paper.

2. Experimental setup

The experimental setup is shown schematically in
Fig. 1(a).

A miniaturized internal cavity 632.8 nm He—Ne
laser made of monoblock glass ceramics!'® is used
whose structure is shown in Fig. 1(b). The laser is
14 cm in length and is filled with Ne?° and Ne??
dual isotopes. Mode selection diaphragm and Brew-
ster window ensure that only one lasing mode emerges
when the frequency is stabilized at gain peak with hill-

climbing method. A 50:50 beam splitter splits laser
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output from mirror My into two parts. One part is
incident on a photo-electric detector Dy for frequency
stabilization and the other is incident on the feedback
PZT,
(piezoelectric transducer) is used to push/pull mir-

mirror M3 with a reflectivity of about 10%.

ror M; to stabilize the laser frequency. The laser
output from M; is detected by Ds and sampled into
a computer with AD; (analog-to-digital converter).

™ work-

The computer program is built with Labview
bench. A scanning signal from the SCAN model is ap-
plied to PZTy via DA; (digital-to-analog converter).
And meanwhile, a sine signal with small amplitude
and high frequency from an oscillator (OSC) is also
applied via DAy. So the feedback mirror M3 oscil-
lates in the normal direction all the time. As a result,
distance between My and M3 dithers with small ampli-
tude which further makes the laser power oscillating.
In the computer program, a low pass filter (LF) is used
to eliminate the oscillating part in the laser light in-
tensity and a digital phase sensitive detector (PSD) is
used to obtain the induced oscillating amplitude with
a frequency identical to the OSC model in the laser
light.
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Fig. 1. Experimental setup (a) and the structure of the
laser (b).

The principle of PSD is shown in Fig. 2.
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Fig. 2. Principle of PSD.

The PSD consists of a multiplier and an integra-
tor. Let input signal y(t) be

y(t) = y1 + yz sin (wt) (1)

where y; is the component that has no sine signal at
frequency w, yo sin (wt) is the oscillating part in y(¢),
w is the frequency of the oscillator, and ¢ is time.

Using a reference signal r(t) = sin (wt + ¢) to
multiply y(t), we obtain

y(O)r(t) = [y1 + y2sin (wt)] sin (wt + @)
= yy sin (wt + )

a %312 [cos (2wt + @) —cos (p)] . (2)

When integrated over time span greater than
2m/w, alternating components in y(¢)r(t) go to zero
and only s cos (¢) is left. In this way, the amplitude
of oscillating component in y(¢) is obtained. Through
tuning ¢ to zero, we can enhance the sensitivity of
PSD to make 2ys cos () maximum. In order to obtain
a good signal-to-noise ratio (SNR) for P, a band-pass
filter (BPF) can be added in front of the multiplier.

3. Experimental results

First, we investigate the characteristics of laser
intensity and PSD. We turn on the laser and fre-
quency stabilization system. In the program, the
SCAN model sends a triangular wave and the OSC
model sends a sine signal. The frequency and ampli-
tude of the sine signal are 50 kHz and 0.1 V, respec-
tively. Meanwhile, laser intensity is sampled via AD;
and processed to obtain I and P, which are outputs
of LF and PSD. A BPF of 20 Hz bandwidth is used to
improve the SNR for P. The update rate of AD and
DA is 250 kHz, which is limited by the electric system.
The outputs of LF and PSD in the computer program
are shown in Fig. 3, where I and P are scaled and
shifted along vertical axis so that they can be shown
in the same figure. From Fig. 3(a), we know that I
and P are in the form of a quasi-sine waveform. Fur-
thermore, I leads to P when PZT voltage is increas-
ing and vice versa when the feedback mirror is driven
by PZTs. The phase difference is approximately 7t/2.
This phenomenon is very useful for discriminating di-
rection and enhancing resolution from A/2 to A/8 in
measuring displacement, which is 79 nm for the He—
Ne laser. The quasi-sine waveform can be reformed
into a square wave, as shown in Fig. 3(b).
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As an example for application, we measure hys-
teresis loops of PZT, by applying a triangular wave.
The results are shown in Fig. 4, where the original
result is plotted in dashed lines. We can see small
steps due to the A/8 resolution. The hysteresis loop is

not very clear in Fig. 4(b) due to limited resolution.
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With an average filter of 15 orders (smooth function
in Matlab™), the curves are smoothed and plotted
in solid lines. The smoothed lines are shifted upwards
at 0.75 pm in Fig. 4(a) and 0.5 yum in Fig. 4(b) so as
to avoid superposition. We can see evident hysteresis
loops in the figure.
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Fig. 3. (colour online) Outputs of LF and PSD (a) and their reshaped wave (b) when the mirror moves under

triangular voltage scanning.
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Fig. 4. (colour online) Measured hysteresis loops of PZT> using (a) 0-235 V triangular wave and (b) 0-85 V

triangular wave.

4. Theoretical analysis

In a typical single mode He—Ne laser, when a small
part of light is reflected back into its cavity, the inten-
sity is

I =1Iy[1+msin(2kl)], (3)

where I is the initial intensity without feedback, m
is the modulation depth, k is the wave number, and
l is the distance between the feedback mirror and the
laser output mirror, or the external cavity length.

When the feedback mirror is dithering in the nor-
mal direction with a small-amplitude sine wave, inten-
sity is changed to

I = Iy [1+ msin (2kl + 2kAl sin (wt))], (4)

where Al is the dithering amplitude and w is the fre-
quency.

Through the equations of trigonometric function,
we have

sin [2kl + 2k Al sin (wt)]
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= sin (2kl) cos [2kAl sin (wt)]
+ cos (2kl) sin [2kAlsin (wt)] . (5)

According to properties of Bessel’s function, we
obtain

cos [M sin (wt)]
= Jo(M)+2 Jan (M) cos (2nwt), (6)
sin [M sin (wt)]

=2 Jons1 (M) sin[(2n + 1) wi], (7)
0

where M is real argument and J,, (+) is the n-th order
Bessel function.

From Egs. (5)-(7), we know that the base
frequency component in sin[2kl 4+ 2kAlsin (wt)] is
2Jy [2kAl]sin (wt).  As a result, after light passes
through the PSD module, we obtain P =
IyJy [2kAl] cos (2k1) cos . If we tune ¢ to zero in the
Labview program, and remove the DC component of
I, we can obtain a pair of signals

I = Iysin (2kl), (8)
P = Pycos (2kl). (9)

Equations (8) and (9) are both sine waveforms
with a phase difference of 7t/2. Combining them, we
can measure the displacement of the feedback mirror
with a resolution of A\/8. The method is well known
in this field,®! so we will not express it in detail.

5. Discussion

5.1. Influence of BPF

When the scanning speed of PZT, increases, ex-
perimental results disagree with theoretical analysis
in two aspects, as shown in Fig. 5(a). One aspect
is that the reverse direction point lags behind the
PZT voltage, which is mainly caused by hysteresis
of PZT5 to the output voltage.
that the phase difference between P and I deviates
from 7t/2 to some extent. It is found that BPF in-

duced time delay mainly accounts for the problem.

Another aspect is

The PSD module needs some time to perform data
processing and introduces time delay. When the scan-
ning speed is fast, this problem becomes remarkable.
When we change bandwidth of the BPF from 20 Hz to
200 Hz, the influence of time delay is reduced as shown
in Fig. 5(b). The phase difference between P and [ is

approximately £71/2 but SNR is reduced. Therefore,
the time delay of the PSD module is the main limiting
factor of this system.
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Fig. 5. (colour online) Outputs of LF and PSD with (a)
20Hz BPF and (b) 200 Hz BPF when the mirror moves at
higher speed under triangular voltage scanning.

The disadvantages of this method result from
PSD module delay, which may reduce the maximum
speed of the feedback mirror. With higher oscillating
frequency and larger amplitude as well as faster AD
and DA, more periods of oscillating signal can be used
at a given period in the PSD module so that the SNR
can be improved. As a result, a small delay BPF can
be used, which allows us to measure objects moving
at higher speed.

5.2. Frequency stabilization

In order to achieve stable wavelength, the fre-
quency is stabilized. The laser power tuning curve
is shown in Fig. 6, where the slope is caused by a dis-
tortion of PZT;. With the hill-climbing method, the
laser can be stabilized at the peak power.
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Fig. 6. (colour online) Power tuning of the laser with
PZT;.

The intensity near power peak can be approxi-
mately expressed as

I=1Ip [1 b(f— fp)ﬂ [1+mecos (2k)], (10)

where Ip is the maximum intensity, b is the fitting co-
efficient, f is the laser frequency, and fp is the laser
frequency corresponding to peak power. The terms
[1 —b(f - fp)j and [1 + m cos 2kl] express the influ-
ences of internal cavity length and external feedback,

The influence of external feedback on
[19]

respectively.
laser frequency is omitted because it is very small.
We can control the feedback level to make m less than
0.1, so its influence on frequency stabilization system
is small. From this point of view, the system should
be operated in weak feedback condition.

5.3. Influence of strong feedback

When feedback is strong and multiple feedback
happens, the waveform of I as a function of 2kl will

not
2.0
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0 . . .
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Time/100ms
Fig. 7. (colour online) Outputs of LF and PSD with

strong feedback.

show a quasi-sine wave.!'®2%) When the reflectivity of
Mj is changed to about 0.8, the I and P each as a func-
tion of PZT, voltage are shown in Fig. 7. It is found
that direction discrimination can still be achieved.
The phase difference between I and P reaches a devi-
ation of 71/2, which results in unequal subdivision of a
fringe. Therefore, it is not suitable for the system to

obtain high precision.

6. Conclusion

Direction discrimination is a key problem in laser
feedback interferometers. Anisotropic feedback is used
to obtain a pair of orthogonal signals in Ref. [17].
However anisotropic feedback needs a wave plate and
a polarization beam splitter, which complicates the
system and alignment. The experimental results in
Section 3 show that through vibrating the feedback
mirror and using PSD method, a pair of orthogonal
signals is obtained. The displacement direction can
be easily obtained according to the phase relationship.
When the signals are processed with a suitable com-
puter program, a resolution of \/8 is achieved. Com-
pared with anisotropic feedback method, this method
exploits electric signal processing to simplify the laser
feedback system. The laser feedback system only
needs a feedback mirror with PZT, so it is simpler and
easier to align. In order to make the system achieve
a high precision, it is better for the system to oper-
ate under weak feedback conditions. The PSD may
induce time delay, which limits the maximum speed
of the feedback mirror. However, due to advantages
such as simplicity, low cost, and easy alignment, this
laser feedback interferometer still has many potential

applications.
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