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TO ESTABLISH AN 4/100 OPTICAL FLATNESS
STANDARD

Chen Yaohuang Zho Linxiang Cao Weigui Li Chengye

ABSTRACT

An interferometer which can optically divided the space of fringes in N fold subdivision has been
constructed. This instrument can be used to measure the flatness of plates with fimls in a uncertainty
better than A/100., This paper describes the construction of combined interferometer, the white light
fringes appear, the measuring principle and establishing a 4/100 fused silica optical flatness standard
covered with dielectric films.
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The Beat Wave Interferometer with
Zeeman Laser for Measuring Short Range

Wu Yunlung Chen Yunchang Zhang Yongnian Tang Rendao

ABSTRACT This paper introduces a new scheme of Zeeman laser for measuring short
range. The frequency difference (beat frequency) produced by Zeeman laser can be
directly used as length unit. The beat frequency in prototype equipment is about |
GHz. Costant error is less than 0.04mm. The sensitivity is better than one over ten
thousandth of the beat wavelength. Measurement uncertainty of the equipment is 0.04
mm+1.5%10"°L (where L is measured length). The measurement range is up to 100
meters.

Preface

In 1983, at the 17th International Conference of Metrology, t_he new definition of
meter based on the costant velocity light in vaccum was adopted. Thus, the expectation
for a unified definition of length and time has come true by the laser. It gives impetus
to nations in the research of linear measurement by means of frequency or time
-measurment.

Interferomentry is an old and great fascination method. Since the famous experi-
ment by Michelson and Morley, light interferometry has become one of the most
accurate way for length measurement. However, since light wavelength is very short
and single value measuring range is within several tenth of micrometers, its application
is rather limited and expecially, traditional interferometry measurerhem is not so
convenient for long length measurement. In the early T70s, two frequency laser
interferometer has been produced and served in workshop for measuring long length.
But it is necessary to have a rail long enough for carriage movement and the light can
not be broken off in whole measuring circulation. So we propose a new method on
length measurement with Zeeman laser beat wave interferometry.

The prototype equipment based on beat wave interference principle has been
developed. In this paper, it show the agreement of measuring a length with HP
interferometer against the prototype beat wave interferometer (BWI). This instrument
may find a vast application field for heavy manufacturing industry and other large
structure installation.



Beat Wave

It is well known that an interference field will appear in space while two light
sources with same frequency and epoch are combined. Another phenomenon was first
observed in 1955 by Forrester, Gudmundsen and Johnson. That is an interference
phenomenon caused at time coordinate while two monochromatic light sources with some
frequency difference are combined. At present this phenomenon is used as a semsitive
and convenient method for meassuring tiny optical frequency difference.

If two waves of same amplitude E,(w,), E,(w,) are combimed and propagated along
Z axis, the comined electro-vector can be expressed as

E=E; [cos(K,z—w t)+cos(K,z—w,1)] (1)
or
E=2E,,cos(K,z— w,t)cos(Kz—~wt) )
where
W= (W) Wom g (Wi w2)
w 1
K =-(Ki+K,) K= (K =Ky

T —_—
K=%~ is wave number. w,K is avarage angular frequeney and avarge wave number

respectively. W, and K, is modulation angular frequency and modulation wave number.
The composition E can be seen as a wave of w,, frequency. The amplitude Ey(z, 1) is
the function of time.
E(z, t)=FE,(z, t)cos(Kz—wt) 3)
where
E (2, 1)=2E, cos(Kz—w_t) (€]
The beat frequency (w,—w,) equals to two time of w,_. Fig(l) shows the beat
wave composition from two waves different frequency. Beat wavelength can be got
from equation (5).

A v A
b= g ®)
In this way, composition wave be taken as a longer electromegnetic wavelength, and
the smaller is the difference, the longer is the beat length. So the length is changeable
in a fairly large range and a suitable wavelength can be got if a proper laser is
chosen. The output of photodetector is proportional to the intensity of the resulting
light. That is

E(z, D=FEi(z, )cos’(K z~w_l)

=5, D1 +e0s(Knz— W) )
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FIG1 Composition of two different freguency wave

The light source

To choose suitable kind of light source, it is very important for realization of
entire project. The basic requirement for interferometric light source are that the
wavelength should be stable, the wave-tront shoule be flat enough. There are three ways
of using small power He-Ne laser to produce two modes with slight frequency
difference.

" First, two laser tubes with the same
performance can be used to produce modes with GO
slight frequency difference. Under taking some
optical measures, it can make the light beam of

the two lasers coaxal. If the frequency difference

. niv)
of the two modes were controlled properly, a
expecting beat wave would be produced. Because

the two lasers independent each other. Technically

speaking, it is very trouble to make light beam

coaxal and frequency difference stable.

Second way is to use a two longitudinal modes Fig.2 The characteristics
laser. The two mode components of the light beam of Zeeman laser
are coincident with each other. The frequency difference of the two modes depends
mainly on the length of the cavity, so it is more stable than that produced by two laser
tubes. But, owing to the mode competition and the couple effect between modes, the
beat wave signal obtained by detector carries a lot of noise and it is bed to the system.
Of course, this situation could be improved through proper stabilizing steps.

Third way, the method are adopting in the equipment is to produce two modes by a
Zeeman laser. The frequency difference of the modes produced by Zeeman laser is
much more stable than the two ways mentioned above. Due to longitudinal Zeeman
effect, each of the gaincurve and dispersion coure will be spllitted into two. Thus, two
modes of weakly coupled He-Ne laser become independent.



The output frequancy of laser car “2 expressed as:

Yq=qé—:‘fjr @)
where
c——velocity of light in vaccum
n, refractive index in cavity
L——cavity length
g—-plus integral number
The interval of the two modes is
By=5y ®

‘From the following equation, it can be seen that there is a violent dispersion near
the gain curve center of laser mudium, and while the gain factor of working medium
growing up the dispersion value become bigger.

Y"?n) 2.3 Yd Yo
Avp j‘ ?n eldt
An(y)= ;rm-y (‘P)e d ©)
where Ayp the doppler width.
GY(y)-—-the gain factor of small signal.
The expression of frequency pulling is shown as following.
C s .
Pa—Ve'=— no(:sufz;;) n2Gi{yy La) 1+—l' (10)
where
. —4 _H_‘E)
GitYarlvad  f14+7=Gi(vo)e Aro
I,,—light intensity in cavity.
L——the saturated intensity.
G.(¥yy I, )——the gain factor.
In a general Is3»l, . It is for stable laser.
Cly,—y)/T2(a+1
Vel (¥ ?.:3 nze( +1) an
2m 2 Ay,n®L

where

(a4 1)——the loss of laser.

From above, it can be seen that pulling value is getting bigger when the resonating
mode deviates from gain center. In other word, if resonating mode approaches center of
gain, so that the beat frequency of two modes will be more stable. If following
requirement is fulfilled

_8_



29— (12)

e
where

u,—Bohr magneton.

h ——the Planck’s constant.

g ——the land’s factor, g=1.3 for 633nm spectroline of Ne.

Under the above conditions beat frequency unstability caused by pulling effect can
be reduced greatly. The stability can be improved obviously. If take the push effect into
account and give equation (12) some correction, the beat frequency stability can be
improved greatly. That’s why a Zeeman laser is chosen as a beat interferotry light
source. According to above analysis, the characteristics of the light source is shown in
Fig (2). The principle of beat frequancy stabilization is to balance left against right
circular polarzed light with servo system. So dextro and levo light have same intensity.
Thercfore, the beat frequency could be stabilized.

Beat frequency measurement

The light containing slightly different freauency forms the beat in optic path. The
beat wavelength is used as the standard length unit in distance measurement. It can be
caiculated from following expression

C
%=m (13)

where
n——group refrative index. (n,=1.00027923 for §33nm He-Ne laser in p=760
mmHg, t=20°C, e=10mmig)
Ap——beat frequency of two modes.
c

velocity of light in vaccum.

From above analysis, Ay dependes on many factors. Such as magnetic field, cavity
length of the laser. Q value of the cavity, working current of laser, cros coupled in
working medium of laser and frequency pulling and so on. So, it is very trouble to
obtain beat frequency by calculation directly. In a general, under some stabilization
steps is taken, real time measuring beat frequency is necessary, namely, while the
length value is taken, the beat frequency is read out. The beat frequency in prototype
equipment is about |GHz. There is a set of device for measuring UHF light beat
frequency in the equipment. Measuring schematic diagram is shown in Fig(3).

Equipment construction

The schematic block diagram of BWI is shown in Fig (4). Longitudinal Zeeman

_9_
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Fig3. The block diagram of beat frequency measurement

pemmm—————————— ——— — ———— -~ laser | emits a beam of light that
| i
| ;—-—E | contains two components with a slight
| |
! s GRAT SYS ¢ frequency difference. After the beam
| < i
| sy pass through a A/ 4 nplate. Two
| cmumaron Tha ! . . .
: l components will change inte linear
I' . ;E_'@'- { polarized light f,, f, which would be
1 = | o
= perpedicular to each other. The A/4

| E sl —— P ! -
'ID Dd—!}i 4 = f mBS1 | plate and polarized beam splitter PBS1
I |
! i | (oel__lv N S— - hould be placed so that the two
! —_— AMP 4 | components from PBS] have same
COMP AMP ! . .
——————————————————————— ' intensity. The reflective beam from

FID4 Schematic diagram ol BWI two PBS passes through a 4/2 plate so

there is a cross angle of 45 degrees in
light polarizing plane. Then after the beam passes through a collimator ¢ analyzer A
and PBS3. The beam is split into two, each of them contains two components £, f
Then, the beam from measurement and reference retroreflector are assembled in PBS3.
The analyzer is plased so that the two components of same frequency change into
coherent light of maximum intersety. Detector D receives the beat interference signal
which measuring retroreflector moves reletively to reference prizm. The amplitude of
output signal from detector change periodically. The position of the measurement
retroreflector is a functions of the signal amplitude. In order to raise measuring
accuracy, we adopt discriminsting minimum method. In other words, by moving position
of the reference prizm we can obtain the optical path difference of a integral beat
wavelength, thus, alternating amplitude of interference signal will be smallest, thereby,
high magnification amplifier could be adopted so that measuring sensitivity and accuracy
could be improved. At present, the measuring sensitivity is better than | x107*. Due to a
serious steps of restraining noise is taken. The accuracy of the equipment could be
raised greatly.
Two components transmitting PBS] are reflected by penta prizm and mirror to 4/4
plate. The A/4 plate here is used for preventing light feedback into laser. The beam
from A/4 plate passes through a lens to a UHF PIN sillicon photodiode. It is used for



