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Displacement sensor based on polarization mixture of

orthogonal polarized He-Ne laser at 1.15 µm
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Displacement sensor based on the polarization mixture and the cavity tuning of the orthogonal polarized
He-Ne laser 1.15 µm is presented. The power tuning curves of He-Ne laser are irregular, and it is difficult to
measure the change in cavity length. The distortion of the curves is caused by the higher relative excitation
compared with the He-Ne laser at 633 nm. In view of its potential for the wider displacement measuring
range, a new method of displacement sensing is developed. Experiments show that displacement measuring
stability based on the method of the polarization mixture is better than that of the power tuning curves.
The displacement sensor achieves the measuring range of 100 mm, resolution of 144 nm, and linearity of
7×10−6.
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The applications of laser technology are widely used
in metrology because of the traceability to the
wavelength[1,2]. Many characteristics and applications
of laser, such as spectrum, wavelength, beat frequency,
intensity, laser line, and fringes, are used in different
measurement areas[3−7]. In most of these applications,
laser is regarded as a source of light with excellent per-
formance, including having high intensity, stability, and
directionality. Another important factor in displace-
ment measurement is the stability of frequency because
frequency is directly related to result of measurement.
Hence, the frequency stabilization system is necessary
in a high-precision measuring system, which results in a
complex structure.

Intracavity tuning displacement sensing is the appli-
cation of the intracavity laser method in the field of
displacement measurement. Du et al.[8] utilized a dual-
frequency He-Ne laser at 633 nm as a displacement sen-
sor, with the measuring range being 12 mm. It has the
merits of linearity, self-calibration, and traceability to the
wavelength. The simple structure also has stability. The
frequency stabilization system is not necessary and the
cost is much lower. However, the measuring range can
hardly be increased because the measuring method re-
quires the operation of a single longitudinal mode. Dur-
ing the process of measurement, the vibration of the cav-
ity mirror may lead to the detuning of the laser cavity,
and the output light disappears when the loss surpasses
the gain. Research shows that He-Ne laser at 1.15 µm
is more promising for the intracavity laser method, be-
cause the active medium gain of the laser is more than
that of He-Ne laser at 633 nm. Therefore, in theory, the
adoption of He-Ne laser at 1.15 µm can enlarge the mea-
surement range.

The active medium of He-Ne laser is mainly Doppler
broadened. The laser line function gD(v, v0) is in the
form of a Gaussian shape. When v equals v0, gD(v, v0)

reaches the maximum[9]:

gDmax = λ
( m

2πkbT

)

, (1)

where v0 is the central frequency, λ is the wavelength
of the laser, m is the atomic mass, kb is the Boltzmann
constant, and T is the temperature. The corresponding
gain factor G can be expressed as

G = ∆n
υ2A21

8πc2

(

m
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λ3, (2)

where ∆n is the inverted population density, υ is the
velocity of atoms, and A21 is the spontaneous emission
rate. Equation (2) shows that G is proportional to λ3.
This means that the gain of the laser will be higher for
a longer wavelength with the same active medium and
conditions. Higher gain promises a wider displacement
measurement range and stability, thus He-Ne laser at
1.15 µm is more suitable to be a displacement sensor.

After inserting a birefringence element (such as a
quartz plate, a stress-birefringence glass, etc.) into the
laser cavity, one geometric cavity length becomes a cav-
ity with two physical lengths. One laser beam then
splits into two orthogonal linear polarized beams with a
certain frequency difference[10,11]. They can be called o-
light and e-light, respectively, according to crystal optics.
The cavity tuning characteristics of the orthogonally po-
larized dual-frequency He-Ne laser at 1.15 µm have been
discussed in detail[12].

The schematic structure of the experimental setup is
shown in Fig. 1. A half-intracavity cavity laser is com-
posed of a concave output mirror M, a cat’s eye reflector
(CER), and a He-Ne laser discharge tube T. W refers to
the window plate with an anti-reflection coating on both
surfaces; Q is a quartz plate, which is obliquely placed
to keep a certain angle between the crystal axis and the
laser axis, and the frequency difference is adjusted by the
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Fig. 1. Schematic structure of the experimental setup.

Fig. 2. Experimental results of the power tuning curves.

angle; PZT is a piezoelectric ceramic, and its elongation
is linear with the supply voltage; ROD is the rod that
moves in axial direction in a sleeve. CER, PZT, and
ROD are mounted together. PBS is a Wollaston prism
used to separate two orthogonal polarized linear beams.
D1 and D2 are two photoelectrical detectors. Two beams
are the output from M, separated by PBS, and then pro-
jected on D1 and D2.

CER is composed of a convex lens and a concave mirror.
There are anti-reflection coatings on both surfaces of the
convex lens and a high reflective coating (>99.9%) on the
left-hand side of the concave mirror, as shown in Fig. 1.
The focal length of the convex lens, the radius of the cur-
vature of the concave mirror, and the distance between
them are equal. A normal incident paraxial beam will
be reflected back by CER along the entrance way. Even
for the obliquely incident paraxial beam (the tilt angle
is small enough), CER can still provide high parallelism
for the incident and reflected beam. This is the reason
why CER, acting as a resonator mirror, can improve laser
stability. This is impossible for any traditional laser res-
onator mirror. If there is slight vibration in the process of
displacement measurement, the application of CER can
reduce the destructive influence[13].

All parameters of the discharge tube T are selected
through a series of experiments. The length of the cap-
illary is 90 mm, and the diameter is 1.5 mm. The trans-
mittance of M is 2.5%, and the radius of the curvature is
1 m. The pressure is 500 Pa, and He3:Ne20:Ne22 equals
9:0.5:0.5. The discharge current is 3 mA. All the coatings
above are for the wavelength of 1.15 µm. PZT is driven
by the triangular supply voltage, hence the cavity length
changes forward and backward in the short scale. The
corresponding power tuning curves are shown in Fig. 2.

The result shows that the power tuning curves devi-
ate from the Gauss shape. Numerical calculation indi-
cates that the distortion of power tuning curves is a com-
bined action of the self-saturation and cross-saturation
effects[12]. The power tuning curves are irregular and not
fit for the direction judgment of the displacement. Al-
though the magnitude relationship of the adjacent volt-

ages where o-light equals e-light differ, the difference is
too small to be distinguished exactly.

In view of its potential for the wider displacement mea-
suring range, we look for a new method of displacement
sensing. By rotating the Wollaston prism at a certain
angle, o-light and e-light are mixed unequally, resulting
in the creation of two new signals to reflect the judgment
information of the displacement. Through this process,
the total signal magnitude is compressed and the mag-
nitude difference between the adjacent voltages where
o-light equals e-light is maintained. The signals created
by the polarization mixture are shown in Fig. 3.

In Fig. 3, the “x-light” and “y-light” mean that the
main parts of the signal are separately composed of o-
light and e-light. According to polarization optics, the
intensities of x-light and y-light — Ix and Iy , respec-
tively — can be expressed as

Ix/y = k × Io/e + (1 − k) × Ie/o, (3)

where k is the proportion of Io in the direction of x-light
and (1 − k) is the proportion of Io in the direction of
y-light; they are determined by the rotation of the Wol-
laston prism. The sequence of the two signals is opposite
when PZT moves forward or backward. This provides us
with a method for displacement measurement, especially
direction judgment. The signal-processing circuit is de-
signed as:

(a) A high-pass filter is designed so that the mean value
of the signal would be zero. The CER is modulated by
PZT with high frequency.

(b) Generate a floating threshold for the purpose of

Fig. 3. Signals created by the polarization mixture.

Fig. 4. Signals after the amplifier and the floating threshold.
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subdivision. The floating threshold is calculated as the
mean value of the adjacent high and low voltages where
x-light equals y-light. It is also shown in Fig. 4.

(c) Generate a counting pulse where the voltage of the
signal equals the floating threshold. The direction repre-
sented by the pulse is judged by the resulting sequence of
x-light and y-light. As seen in Fig. 4, when the voltage
of PZT increases, which means that the cavity length is
shortened, y-light appears earlier than x-light; when the
voltage of PZT decreases, x-light appears earlier than
y-light. This phenomenon is used for direction judgment
with the help of numerical logical chips. A numeric logi-
cal formula is established to count the pulses and judge
the direction synchronously.

Within each longitudinal mode interval, four pulses
exist. Each pulse represents λ/8; in this case, it is 144
nm. The equality of the interval of adjacent pulses is
determined by the beat frequency, which is controlled by
the rotation of the quartz crystal. The shape of the sig-
nals is well maintained during the ROD’s moving range
of 100 mm.

The accuracy of the system is tested by comparing
it with a dual-frequency laser interferometer (Agilent
5529A). The linear motion of the translation stages for
100 mm is measured. The cube corner of the dual-
frequency laser interferometer is fixed on the platform
of the translation stages. The ROD of the displacement
sensor is attached to the back of the cube corner. The
axes of the displacement sensor, the dual-frequency laser,
and the translation stages are placed on the same line.
Therefore, the displacement of the translation stages is
shown synchronously by the displacement sensor and
the dual-frequency laser, and their measuring results are
stored. Figure 5 shows the comparison of the results and
the residual error.

The displacement sensor offers excellent repeatabil-
ity. The results of multiple measurement of the same
displacement are identical. The linearity in the range of
100 mm is 7×10−6 and the total uncertainty is estimated
to be 459 nm. The details are as follows:

(a) The limitation of resolution causes the uncertainty
of 144 nm.

(b) The inequality of the intervals of count pulse causes
the uncertainty of about 30 nm. This is experimentally
tested from the analysis of the waveform diagram.

(c) The change in the temperature of the laser cavity
causes the uncertainty of about 432 nm. This is experi-
mentally tested from the zero drift of the sensor, which
is 432 nm per hour after the thermal balance. This is
the combined action of the environment, while the main
factor is the temperature.

(d) The gap between the rod and the sleeve causes
the uncertainty of 50 nm. This is determined by the
machining accuracy.

(e) The measurement of the wavelength causes the un-
certainty of 0.01 nm.

When the cavity length changes in the measuring
range, the change in magnitude of the signals created
by the polarization mixture is much less than that of
the power tuning curves because of the polarization mix-
ture and the high-pass filter. As shown in Fig. 6, the
magnitude of the power tuning curves changes by 300%
compared with the lowest magnitude, while the magni-

tude of the signals created by the polarization mixture
changes by 20%. The method of the polarization mix-
ture ensures that the displacement sensor still works well
when the cavity mirror is not well aligned. Thus, the
displacement measuring stability based on the method of
the polarization mixture is better than that of the power
tuning curves.

In conclusion, a displacement sensor based on the po-
larization mixture and the cavity tuning of the orthogo-
nal polarized He-Ne laser at 1.15 µm is demonstrated. By
mixing the orthogonal polarized laser beams unequally,
two signals are created to reflect the direction information
of the displacement. A corresponding signal-processing
circuit is designed with the function of a high-pass filter
and the floating threshold generation. Subdivision pulses
for the displacement counting and direction judgment are
generated. Comparing the results with a dual-frequency

Fig. 5. Comparing the experiments between the displacement
sensor and the interferometer: (a) comparison results and (b)
residual error.

Fig. 6. Changes in the magnitude of the power tuning curves
and the signals created by the polarization mixture.
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laser interferometer shows that the linearity is 7×10−6

in the range of 100 mm with the resolution being 144
nm. Further experiments show that the displacement
measuring stability based on the method of polarization
mixture is better than that of the power tuning curves.
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