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GIAO THOA KE HETERODYNE SUA POI VO'I HAI TAN SO TACH
BIET TRONG KHONG GIAN CHO PHEP PO DICH CHUYEN NHO

HETERODYNE INTERFEROMETER WITH SEPARATED FREQUENCIES IN SPACE
FOR SMALL DISPLACEMENT MEASUREMENT

Nguyén Thanh Pong*
Truong Co khi, Pai hoc Bach khoa Ha Noi

TOM TAT

Bai bdo trinh bay mét giao thoa ké Michelson sita déi dé ndng cao dé phan gidi trong phép
do. Trong hé nay, tia laze t6i tir nguon He-Ne diwoc 6n dinh tan sé theo nguyén Iy Zeeman duwoc tach
riéng cdc tan sé [, va f, trudc khi gii toi giao thoa ké dé tranh hién tieong 16i phi tuyén theo chu ky
trong phép do. Phiong phdp khuéch dai khéa tan (LIA) véi tan sé cdt phit hop va dé nhay cao xdc
dinh suw thay doi pha lién quan dén dich chuyén. So sanh hai phép do tir giao thoa ké va cam bién
dién dung cho thdy cdc két qua twong dong. Sai sé gitta hai két qua do la ~70 nm trén ving do 2
um. Két qua tir LIA ¢6 thé loc nhiéu tot hon so véi cam bién dién dung do diing bé loc théng thdp
phu hop.

Tw khéa: Giao thoa ké heterodyne; Po dich chuyén nhé; Khuéch dai khéa tan; DY phi
tuyén theo chu ky.

ABSTRACT

This paper shows a modified Michelson interferometer for enhancing resolution in
displacement measurement. In this system, the ingoing laser beam from a commercial He-Ne
source, which is frequency-stabilized using the Zeeman effect, is spatially separated by frequencies
f, and f, before sending to the interferometer. This approach reduces periodic nonlinearity during
measurement. The phase variation related to displacement is determined by a lock-in amplifier (LIA)
with an appropriate cutoff frequency and a high sensitivity. A comparison between measurements
obtained from the interferometer and a capacitive sensor reveals that the results are in good
agreement, with a deviation of approximately 70 nm over a measurement range of 2 um. The LIA
results exhibit superior noise filtering compared to the capacitive sensor, owing to suitable low-pass
filters.

Keywords: Heterodyne interferometry; Displacement measurement; Small displacement
measurement,; Lock-in amplifier; Periodic nonlinearity.
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1. GIOI THIEU

Po ludng dich chuyén chinh xac déng
vai trd rat quan trong trong cong nghé nano,
cong nghé sinh hoc, nganh cong nghé ban dan,
ché tao chinh xac va do luong chinh xac, dac
biét 1a trong viéc tao ra cac vi mach va bé mat
nho hon véi hiéu suat nang lugng hodc phan ting
vuot troi [1-4]. Viéc ché tao chinh xé4c cao doi
hoi cac phép do chinh xac cao ma khong cé su
tré, sai sO hay cac yéu t6 giao thoa nio trong
phép do 1a diéu can thiét. Khi do chinh xé4c trong
gia cong va ché tao tiém cén véi ty I¢ na-n6-mét,
cac phép do str dung cac k¥ thuat do quang hoc
tr& nén ngay cang pho bién, do chiing 1a phuong
phap do khong tiép xtc va két qua co thé duoc
thu dugc nhanh choéng.

Giao thoa ké hai tan s6 (heterodyne)
phat hién dich chuyén tir viéc lay thong tin duoc
mi hoa trong pha va/hodc tin s cua song anh
sang hodc hong ngoai. Giao thoa ké heterodyne
nhay kém véi cac nhiéu tan s6 thap (thuong anh
huong manh mé trong giao thoa ké homodyne
truyén thong), dong thoi phat hién hudng dich
chuyén cua ddi twong do. Cac phép do dich
chuyén d6 phan giai dudi 1 nm sir dung giao
thoa ké heterodyne 1a giai phap hiru hiéu phu
hop vé6i nhu cau tng dung trong cong nghiép. Su
phirc tap vé cdu triic va toan hoc ciia cac hé giao
thoa heterodyne doi hoi viéc sir dung mét yéu to
mo-dun dién tu, nhu laze voi hi¢u tng Zeeman
[5], bo diéu ché quang-dién (EOM) [6, 7] hodc
bd diéu ché quang am (AOM) [8, 9] dé két hop
v6i mot bd khuéeh dai khoa tan (LTA) va/hoac
chuong trinh cho phan tich tin hiu.

Trong bai bao nay, mot giao thoa ké
Michelson stra d6i dugc dé& xuit dé nang cao
d6 phan giai phép do gap doi. Tia laze téi duoc
tach riéng thanh cac tan sé‘ f, va f, v6i tinh phan
vuong goc voinhau tir nguon laze He-Ne thuong

mai trudc khi toi giao thoa ké dé ngan 18i phi
tuyén theo chu ky xay ra. Thuat toan khuéch dai
khoa tan (lock-in amplifier, LIA) duoc str dung
dé thuc hién phat hién dich chuyén nho. Mot
cam bién dién dung thwong mai dugc str dung dé
quan sat phép do dich chuyén giao thoa ké. Mot
thi nghiém tao dich chuyén guong MM tuyén
tinh trong mot khoang 2 pum tir 0 dén 10 s. Giao
thoa ké va cam bién dién dung s& do dich chuyén
nay. Két qua do cho thiy ca hai phuong phap do
¢6 két qua tvong dong nhau. Véi giao thoa ké,
két qua do co it nhiéu hon véi két qua tir cam
bién dién dung. Pay 12 vu diém cua giao thoa ké
do phan giai cao véi kha ning mién cac nhiéu/
16i thong thuong cao nhung van dam bao kha
nang do chinh xac. Phép do LIA c6 kha nang loc
nhiéu ngau nhién va nhiéu thong thudng tdt gitp
hé do cai thién cac phép do dich chuyén nho t6t
nhat. D& cai thién viéc nay, kha ning diéu chinh
tan sb cit mém déo trong cac bd loc thong thap
tuong tu trong thiét bi LIA 1a yéu t then chdt
nhung van dam bao b nhay cao dé xac dinh sy
thay d6i pha/dich chuyén nho ctia giao thoa ké.
Co so 1y thuyét giao thoa ké, thuat toan khuéch
dai khoa tan LIA, thuc nghiém do voi1 cac luya
chon thong s6 cua LIA va két qua do s& duoc
thao ludn sau day.

2. NGUYEN LY GIAO THOA KE HAI
TAN SO

vy
Mi
i E, | Ea

i A= s
P 7G3 E. o
p 2 B NTEIEy W DC?‘L“.?J:“

o~ ﬁ/ca E{|EN iy EE Y Y
GIAO THOA KE APD1
HPF

Hinh 1. So' d6 nguyén 1y giao thoa ké sira doi hai
tan sé (heterodyne).
BS — B¢ tach chum,; P— T am phan cuc;
GG — Guong géc; MM — Guong dich chuyén;
APD — Cam bién quang dién; HPF — B¢ loc thong
cao; LPF — B¢ loc thong thd'p
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Hinh 1 mo ta nguyén 1y hoat dong cua
giao thoa ké heterodyne stra d6i do dich chuyén
nho. Tia sang tir ngudn laze He-Ne ¢6 cip tan
sb f, va f, chénh léch rat nho (A, =f, - f, = 3.6
MHz v6i gid st f, > f) va phuong phan cuc
cua ching vuéng gbéc véi nhau. Bo tach chum
BSI tich tia laze t6i thanh hai phan. Phan 1
guri toi tAm phan cuc P1 dé chin tia phéan cuc
f, va cho qua tia phan cuc f, v6i cuong do dién
tmong E. Phan 2 phan xa qua guong G1, gui
t6i tAm phan cuc P, dé chan tia phan cuc f, va
cho qua tia phan cyc f, voi cuong do tia E,,
phéan xa qua G, vaG, de tGi giao thoa ké. Trong
glao thoa ké, t1a f, t0’1 BS3 tach thanh hai phan.
Phén 1 véi cuong d6 dién truong E , t61 guong
géc GG, phan xa quay tré lai BS3. Phan 2
voi cy:c‘rng do dién truong E_| t6i guong dich
chuyén MM, phan xa quay tr(j)’ lai BS3. Tia f t6i
BS3 chia thanh hai phan. Phan 1 véi cuong do
dién truong E_ t61 GG, phan xa quay lai BS3.
Phan 2 véi cuong do dign truong E_, t61 MM,
phéan xa quay lai BS3.

Cuong do dien truong cac tia f, va f toi
GG c¢6 thé duoc biéu dién nhu sau:

Erl (r) = Erﬂlemlf;E (r) r[D (1)

Trong do: E , vaE_, 1an luot 1a bién do
cudng d¢ dién truong ciia B, va E_. O day, o
=2nf, va o, = 2nf,. Cudng do dién trudng cua
cac tia f, va f, t6i guong MM ¢6 thé duoc biéu
dién nhu sau:

E ()=E,e"“".E ()=E,,e"" (2

Trong d6, t 1a thoi gian tré do MM
chuyén dong quang duong AL va biéu dién:

2nAL 3)
c

T =

Trong d6, n va ¢ 1an luot 1a chiét suat va
van toc anh sang trong chan khong. Tai BS3,
tia f, voi E | giao thoa véi tia £, vo1 E_ va tia
f,v6i E glao thoa véi tia f, v6i E_| O day,
hal Vi tr1 giao thoa duogc tach riéng blet trong
khong gian. Sau do, céc tia giao thoa qua BS2
t6i cac cam bién quang dién APD1 va APD2.
Tai APDI, tin hi¢u giao thoa I (t) la:

L= ‘Erl +E,, ‘l = (Erme””" +Emnzew:(r_(>XE»mE +EmD7e (4)
= 1(t) =E’on + E'wn +2E  E,, cosfA ot — @7}

O day, Ao = o, — ©,. Tai APD2, tin hi¢u
giao thoa L(t) la:

L= ‘Eml +E, ‘2 = (Emmem] 0 Eruzew XEmme_W‘a_n & Eruze_w )

-5

= L) = E*wor + E5v + 2, ,E, g, cosihat + 47}

3. PHUONG PHAP KHUECH PAI KHOA
TAN (LIA)

Hai tin hi¢u I (t) va L(t) dugc giri qua
bd loc thong cao (HPF) dé loal bo céc thanh
phan tin s6 thap, giit lai thanh phan Aw. Phuong
trinh (4) va (5) c6 thé viét:

I(#)= Acos(Aax — w,7). ©)
L,(¢) = Beos(Aax + qr)

Trongdo,A=2E E _  vaB=2E OZEmOI
Hai tin hiéu giao thoa s& dugc gui dén may
do pha LIA (NF Corporation, LI 5660 bang
thong DC — 11 MHz). [(t) dugc chon la tin
hiéu tham chiéu va I (t) la tin hi¢u do. L(t)
dugc chia thanh hai phan phan 1 giir nguyen
va phan 2 ¢6 pha dugc dich 90 d6 so véi phan
1L (1) =By aars o1 Cho I (1) nhan voi (1) va
I’ (t) dugc cac tich:

LOxL ()= B[co:s(ZAwH(a)1 wj)r)+cos((ml+a)2)r)],(7)
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L(OxL(t)= ’z—B[sin(ZAa)H(a)l —w2)1)+sin((a)l +w2)1')].(8)

Céc tich sau do qua céc bo loc thong
thip (LPF) d¢ loai bo cac thanh phan 2Am va
giir lai thanh phan (o, o,)t. Tin hi¢u ra cta
cac LPF la:

XzAz—Bcos((a)l +a)2)z'), 9)

AB .
Y2751n((a)1+a)2)f). (10)

Hai tin hiéu X va Y ra ctua LIA s€ duogc
ghi boi bd chuyén ddi twong tu sang s6 (ADC)
& toc do 1 kS/s vao may tinh (PC). Pudng tron
Lissajous va thuat toan tan™' s€ dugc thuc hién
trong PC & toc d6 100 kS/s dé tim Ad.

A® =tan™ sin(( +)7) =(o+o,)7.(11)
cos((axﬁa)z)z')
Thé (3) vao (11) s& duoc:
A@:(q+m2)2nj\L:2m02nfL:2ﬁf2n;AL:8m;’AL(12)

O day, dit o, + 0,= 20, cd o 1a tan sb
gbc trung tam, trong d6 A (= 633 nm) la budc
song trung tim ctia anh sang tir nguén He — Ne
trong chan khong.

4. THU'C NGHIEM VA KET QUA PO

& SRR N

Hinh 2. Anh thuc nghiém giao thoa ké.

Hinh 3. Tin hiéu ra X va Y cua LIA

Hinh 2 dua ra anh hé thyc nghiém giao
thoa ké heterodyne sira d6i. Mot dau laze He-
Ne (Agilent 5517C) duoc 6n dinh tan sb theo
hi¢u tng Zeeman co6 cap tan sd sai 1éch nho
f va f, duoc ,sfr dung nhu ngudn sang. G}mng
MM dugc gan chdt trén ban dich chuyén ap
dién PZT (Chuo Precision Industrial, tan s6
cong hudng co ~100 Hz). Bé tao dich chuyén
ctia gwong MM, ban PZT dugc cap véi cac tin
hiéu dién &p tao tor mot may phat song (FG)
dugc khuéch dai nho bo diéu khién c6 do nhay
1 pm/1 V. Trong thuc nghi¢ém nay, PZT dugc
cap voi mot tin hiéu tuyén tinh v6i dién ap thay
ddi tir 0 dén 2 V trong 10 s. Hai tin hiéu giao
thoa trén APD1 va 2 s€ gui t61 LIA: LI-5660
v6i d6 nhay 500 mV, hang s thoi gian 10 ms
(tan sd cit ciia LPF = 100 Hz). Hinh 3 cho thay
tin hiéu ra X va Y cta LIA duoc hién thi trén
may do song. X va Y dugc ghi béi ADC (NI,
PCI 6122, 16 bit) & tde d6 1 kS/s. Mot cam bién
dién dung (MicroSense, 4830) dugc su dung
dé xac dinh dich chuyén guwong MM ddng thoi
so v6i giao thoa ké. Nguyén 1y cam bién dua
trén su thay d6i dién dung va khoang cach giita
cam bién va guong MM. Sy thay d6i dién dung
do thay doi dién ap do s& xac dinh su thay doi
khoang cach nay.

ISSN 2615 - 9910 (ban in), ISSN 2815 - 5505 (online)
218 TAP CHI CO KHI VIET NAM, S6 316, thang 6 nim 2024
cokhivietnam.vn / tapchicokhi.com.vn



NGHIEN CU’U - TRAO BOI

3.5 0.75
E 3 0.7
:l\.z 5 —_
= 2.3 o=
s 0.65 g
= 2 06 5
515 -
= - . L gea F 0.55 8
- | __-=="7" ——Cim bién dién dung b
05 +--"" = = =Giao thoa ké - 0.5
——Sai léch
0 4 T T T T 0.45
0 2 4 6 8 10
Than gian (s)

Hinh 4. Két qua do dich chuyén guong tir cam bién
dién dung va giao thoa keé. Guong dich chuyén
tuyén tinh do PZT dwoc cdp tir 0 dén 2 V trong 10 s.

Hinh 4 cho biét két qua do cta cam bién
dién dung va giao thoa ké. Hai phuong phap
déu do dich chuyén guong va c6 két qua twong
ddng. Su sai 1éch cua hai két qua do khoang 70
nm trén Vung do 2 um, tuong u'ng sai s tuong
d6i 3.5 %. Két qua do cua cam bién dién dung
(nét lién) c6 vé chira nhiéu nhiéu hon so véi clia
giao thoa ké (nét gach). Cac nhidu ngiu nhién
trong d0 thi sai 1éch ¢6 thé do nhiéu tir cam bién
dién dung mang lai. Sai 1¢ch trén khong 6 6n dinh
nam ngang ma thay doi 1én xubng tir 0.55 pm
t61 0.65 um. Pay co thé 1a hai phuong do cia
cam bién dién dung va giao thoa ké khong song
song ma léch véi nhau mdt goc nho.

5. KET LUAN

Trong bai bao nay, mot giao thoa ké
Michelson véi cdu hinh stra d6i dé nang cao
d6 phan giai duoc dé xuat. Cac tia sang phén
cuc vudng goc véi nhau véi tan sb f va f, dugc
tach riéng ra khoi tia laze ban dau phat ra tur
ngudn laze He-Ne thwong mai truée khi vao
giao thoa ké dé tranh xay ra hién tugng 1an gay
ra 16i phi tuyén theo chu ky. Su két hop giao
thoa ké va phuong phap xac dinh pha dua vao
k¥ thuat khuéch dai khoa tan co thé thuc hién
phép do dich chuyén nhé véi d6 phan giai cao.
So sanh két qua do ciia giao thoa ké véi két
qua do tir cam bién dién dung thuong mai cho
thay sai 1éch 12 ~70 nm trén ving do tuyén tinh

2 um. Ldi twong dbi 3.5 % c6 thé chap nhan
dugc dbi v6i phép do nay. Giao thoa ké vai cdu
hinh tach riéng hai tan s6 trong khong gian co
uu diém gitp hé do tranh 15i phi tuyén theo chu
ky. Trong tuong lai, 16i chu ky s& duoc khao sat
dé nang cao do chinh xac ctia phép do 4p dung
trong cac ung dung cong nghé cao hién dai.
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