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Abstract

In this paper, design and simulation of a nanometric
displacement measurement system is discussed. The
combination of the Doppler effect and interferometry
method is being used. A stabilized three-longitudinal-

mode He-Ne laser with 63284° wavelength and
35¢m cavity length is used. Its primary and secondary
beat frequencies are 428.60MHz, 429.27MHz, and
670kHz, respectively. Therefore, the maximum
measurable velocity is equal to 106mm/s .Also, the
measuring displacement is limited to the fraction of the
synthetic wavelength and its accuracy will be
decreased to 0.09nm.

Keywords: He-Ne laser, three-longitudinal-mode,
stabilized laser, Doppler-interferometry.

1-Introduction
The fabrication improvement of microelectronic
devices in photolithography and masking process is
impossible without measurements of the accurate
displacement in different axes [1]. There are different
methods for nanometric displacement measurement,
but the effective one is the interferometry method.
Principles  of classical multiple wavelength
interferometry (MWI) method has been designed for
the first time in 1895. Then, it has been improved by
designing of advanced laser cavity [2]. For this
purpose a multimode laser or combination of several
lasers with different wavelengths was used.

If we consider the two-wavelength
interferometry using the optical wavelength A, and A, ,

then the phase shift for each wavelength will be,
Ad, =2 0g ()
A
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where d is the optical path difference and @, is the
phase shift corresponding to the wavelength A, .
Therefore, the phase difference between ®; and P,
is given by

A® = 2n(i - L).w )
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And the synthetic wavelength can be expressed as
MA, C

|)“1‘)”2| |V1—V2|
where v, and v, are the optical frequencies

A= = 3)

corresponding to A; and A,, and C is the velocity of
light in vacuum.

The He-Ne laser can be applied to MWI,
using different laser lines, for example at 0.62934um
and 0.6328um . This allows us to obtain synthetic

wavelength about 117wm [3]. Therefore, with

combination of A, and A,, and reaching to synthetic

wavelength, A , the maximal measurable displacement

will increase. This value (d considering

max) >

maximum phase shift of 7 , is equal to A, / 4 .

2- Doppler Interferometry using
Three-Longitudinal-Mode Laser

If the length of He-Ne laser cavity is increased, as a
C
result, the space between modes, Z , decreases.

Because of this effect, the number of modes will
increase at the Doppler broadened gain curve.
However, the curve for the neon in a He-Ne laser will
have a half-width in the order of 1.5GHz . So, for a
35cm length cavity there are three stabilized
longitudinal modes.

By utilizing the stabilized 3-mode He-Ne
laser; there will be three inter-mode beat frequencies,
against the two-mode type, which has only one inter-
mode beat frequency. On the other hand, at three-mode
laser, the secondary beat frequency, v, , is much

smaller than the other beat frequencies (vl V) )

Figure 1 depicts the optical head of the
designed nanometric displacement measurement
system using the stabilized three-longitudinal-mode
He-Ne laser. The stabilized cavity is too necessary for
having the high accuracy in the displacement
measurement systems [5-7].
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Fig.1: The optical head of the nanometric displacement measurement system using three-longitudinal-mode He-Ne laser.

As is shown in figure 1, the beam with
frequency v, is passed through polarizing beam

splitter (PBS) and the beam having frequencies v, and

v, , are reflected. The reference signal is expressed as,

Loy, = E, cos(2mflt)+ E, cos(2m/2t)+ @
+E, cos(Zm/Ut)

The high frequency terms will be eliminated
by the reference avalanche photodiode, APD,;, and
the Eq.4 can be rewritten as
IAPD1 = Acos(2zr(v2 -V, ))+

+B cos(Zn(v2 -v, )‘)+ C cos(Zn(vo -V, )‘)+ D
Lypp, =4 cos(2fr(vH +v; ))+ B cos(Zm/Ht)+
+ Ccos(2m/Lt)+ D
where vy +v; >>vy, v, , A=EE,, B=EE,,
C=E,E and D=05(E2 + E2 + E2 . Similarly, the
output current of the APD, is

(&)

E cos(Zm/lt)+ E, cos(2m/2t)+

Larp, = +E, cos Zn(vo * 2ZV )t +O ©)
Iipp, = A'cosQaly ,; FAV)Y - @)+
+B‘cos(2n(vL :Av)+<I))+ (7)

+ C'cos(Zn(vH +v; )')+ D'
The represented signals in Eq.5 and Eq.7 will
be squared by analog mixer such as double balanced
mixer (DBM ) Table 1 presents the reference and

measurement signals.
According to table 1, v, =v, -v,; and
v, = 2Av signals with the phase shift of —2® can be

filtered from reference and measurement frequencies,
respectively. By measuring frequency v, + 2Av , the

target velocity will be obtained. The displacement of

target is obtained by the integration of velocity or by
. 4
measuring the phase -2® , (CD = Tnd ) .

If the difference of the initial and final phases
between the reference and measurement signals are
denoted as @, and ®,, respectively, and Doppler

shift frequency is denoted by N, the displacement is
described by [8],

D, - P
Ad=%[N+%} (8)
JU

4- The Displacement Measurement
System Design

Figure 2 shows the schematic of the designed system.
According to this figure, photocurrent of the avalanche
photodiodes is amplified and converted to voltage
signal by pre-amplifier and post-amplifier. V' (¢) and
Vi () are self-multiplied with the two double
balanced mixers (DBM 1»DBM 2) ,and frequency
components of Table 1 are obtained. The high
frequency components is eliminated by two low pass
filters (LPF,, LPF, ).

The output signal of the low pass filters
(LPFs) for reference and measurement paths are
described as
Vo, =ki cos(ZJWbt + (p) )

o

V, =k, cos(ZJr(vb * an
v A

t-2D+¢ (10)

01
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The sinusoidal signals in Eqs.9-10 are
converted into square wave and the secondary beat
frequency, v, , is measured by a high bandwidth
frequency up/down counter. Therefore, the number N
in Eq.8 is obtained. In addition, the phase detector
measures the initial and final phase between the
reference and measurement signals, so the fractional



part of Eq.8 will be determined. The operation of the
phase detector especially in lower target velocity is
important.
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Fig.2: The schematic of the nanometric displacement
measurement system using three-longitudinal-mode He-Ne
laser.
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Fig.3: The phase detector section

The designed circuit for phase detector is
shown in figure 3. According to this figure, the output
signal of LPF) is amplified; and the reference signal
is integrated by U; . Then, the measurement signal is

mixed at one time with reference signal as well as its
integrated. The output signal of the low pass filters are
P= sin(2d>) and Q= cos(2<1>) . The phase of

®=0.5tan"! (P/Q) is produced for the processor

circuit by using one
converter.

Table.1: The phase and
measurement signals.

divider and an analog to digital

frequency of reference and

Reference Signal

Measurement Signal
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5- Experimental and Simulation
Results

To achieve a three-longitudinal-mode He-Ne laser, the

use of the theoretical and experimental data at

visibility curve is being considered. By considering

the effect of the background, the visibility of the

fringes can be defined as

V= Imax_lmin (11
Imax +1min _21bg

The visibility data can be obtained by
changing the moving mirror at a step rate of S5cm . The
theoretical visibility for a laser having 3-modes is
given by

sin(ﬂ)msm(ﬂ“)‘ (12)
L L
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Fig.4: The theoretical and experimental results of stabilized

He-Ne laser.

The theoretical and experimental data have

enough conformity according to figure 4. A stabilized

3-mode He-Ne laser having 5%107! stability is used



as the light source of the present system. The laser has
a fundamental mode (T EM ,, ) and its cavity length is
equal to 35¢m . The longitudinal mode spacing is about
428.6MHz , and the secondary beat frequency, v, , is
equal to 670KHz .

The output signals of double-balanced mixers
and low pass filters for velocity of 0.0m/s, 100mm/s
and 50mm /s is shown in figure 5. Hence, in the

presented system, the maximum measurable velocity
is limited to

Av = 20V _ N
A, = Vawo=2Zel  _106mm/s  (13)
n

2Avmax =Vp n=1
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Fig.5: The output signal of DBMs. (a) target is fixed, and the
target velocity equal to (b) 100mm/s and (c) 50mm/s.

Having the phase resolution equal to 0.1
degree, the displacement resolution is obtained to be
0.09nm. Certainly, at high velocity which Doppler
frequency is high, it is not necessary to measure the
initial and final phases. Figure 6 shows the phase shift
versus linear displacement for three-longitudinal-mode
and two-longitudinal-mode lasers. The nanometric
displacement measurement system using two (typical)
and three longitudinal modes is compared in table 2.
According to this table and figure 6, the resolution of
the displacement measurement in the three-
longitudinal-mode is considerably increased.

Table 2: Comparing of the two systems.

Parameter Two-mode Three-mode

Cavity length 25cm 35cm

Wavelength 632.8nm 6328nm

Synthetic wavelength 0.5m 473.6m

Beat frequencies 600MHz 428.60,429.27,
0.67MHz

Maximum measurable 21m/s 0.1m/s

velocity

Nanometric 0.16nm 0.09nm

displacement resolution
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Fig.6: The shift phase in terms of the linear displacement. (a)
Two-longitudinal-mode. (b) Three-longitudinal-mode.
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