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PO DICH CHUYEN NHO DU'O'l NM BANG GIAO THOA KE
HETERODYNE AP DUNG VONG KHOA PHA BON PHIEN BAN 2

SUB-NANOMETER DISPLACEMENT MEASUREMENT USING HETERODYNE
INTERFEROMETRY WITH 2™° PHASE-LOCKED LOOP
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"Truong Co khi, Pai hoc Bach khoa Ha Noi
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TOM TAT

Bai bdo trinh bay phwong phdp do dich chuyén co hoc véi dé phan gidi 0.1 nm bang hé giao
thoa ké heterodyne va mdy do pha dwa trén phwong phdp vong khéa pha don phién ban 2 (2" single
phase-locked loop (PLL)). Phwong phdp 2" PLL khéng diing bé loc trong vong ldp dé tranh sw tré
pha khi thue hién so véi phién ban triede. Két qua thwe nghiém duoe so sanh gitta may do pha tham
chiéu (Ref. PM) va 2" PLL cho thdy cd hai déu cé thé cé thé xdc dinh duwoe cdc dich chuyén bude
nhé ~2.6 nm va sai léch chudn 0.1 nm trong thoi gian do ~30s va trén hanh trinh do 5 um. Piéu dé
chitng minh giao thoa ké heterodyne véi phirong phdp do pha méi cé thé dat phép do d phén gidi
vai chuc pm trén hanh trinh do vai um.

Tir khéa: Giao thoa ké heterdodyne; Po dich chuyén nhé véi bude pm; PZT: Vong khéa pha.
ABSTRACT

This paper presents a method of measuring mechanical displacement with a resolution of
0.1 nm using a heterodyne interferometer and a phase meter based on the 2" single phase-locked
loop (version 2). The 2" PLL does not use a filter in the loop to avoid a phase delay in execution
compared to the previous version. The experimental results of the reference phase meter (Ref. PM)
and the 2" PLL show that both can determine small step shifts of ~2.6 nm and a standard deviation
of 0.1 nm for ~30s and over a measuring range of 5 um for the interferometer. This proves that the
heterodyne interferometer with the 2" PLL can achieve a resolution of several tens of pm over the

measuring range of a few um.

Keywords: Heterodyne interferometer; Displacement measurement, Pm-order displacement

measurement; PZT; Phase-locked loop.
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1. GIOI THIEU

Trong thoi dai cong nghiép phat trién
vuot bac hién nay, khong chi ¢ linh kién dién,
dién tir ma ca cac thiét bj co khi cling c6 thé
giam kich thudc va san Xuét hang loat; tao
chuyén dich tir hé thong vi mé sang hé thong vi
mo. Khi phat trién cac hé théng vi md, nha san
xut phai d6i mat v6i nhiéu van dé khac nhau
do yéu cau vé dam bao do chinh xac cao cua
cac thiét bi do luong va céc thiét bi trong hé
théng. Theo d0, céc sai s6 trong qué trinh san
xuét noi chung va cong nghé nano (thdm chi
la picometer) ndi riéng ngay cang dugc giam
thiéu; c6 thé néi la da dat dén thanh tyu rat cao
trong mot s6 linh vuc (nhu vidién tur [1, 2], vi
co [3, 4], di truyén [5],...) [6]. Hién tai, yéu cAu
dat ra trong linh vuc k¥ thuat vi mé phai dat
dén do khong dam bao do ¢& nanomet bao gom
cac kha nang dinh vi, dan dong va diéu khién
v6i do chinh xac 0,1-100 nm [7-11].

Véi cac yéu cau khit khe da néu ¢ trén
thi hé giao thoa ké hai tan sb (heterodyne) dua
trén cau hinh Michelson nhu 1a mot giai phap
hitu hiéu dé do cac dich chuyén siéu nho nho
dd phan gidi cao va dd chinh xac vuot trdi
[12, 13]. Phuong phap do nay dugc st dung
rong rai trong cac ung dung khac nhau, nhu do
d6 dich chuyén nhé [12], do tdc do cao/rung
siéu am [13], phat hién song hap dan [14], hoa
sinh [15], v.v. Cac dich chuyén siéu nho nay
dugc tinh toan gian tiép thong qua do léch pha
gitra hai thanh phan cia mot chum tia phat ra
tir ngudn sang laser: mot nhanh duoc gui t6i
guong phan xa ¢ khoang cach ¢ dinh va nhanh
con lai duge gui t61 mot guong khac ¢ khoang
cach khong xac dinh (nghia 1 gwong nay co thé
dich chuyén). Khi hai tin hiéu duoc két hop lai
trong giao thoa ké, pha két qua 1a gia tri phan
anh truc tiép khoang cach dich chuyén cua bé
mit phan xa tir gwong muc tiéu di di chuyén.

Trong bai bao nay, nhom thuc hién sé
trinh bay phuong phap do chinh xac lugng dich
chuyén nay bang hé giao thoa ké heterodyne
va ap dung may do pha theo phuong phap mai
bang vong khoa pha don phién ban 2 (2™ single
phase-locked loop (PLL)). Phuong phap 2™
PLL khong c6 bo loc trong vong 1dp nén tranh
su tré pha so voi phién ban trude [16]. Két qua
do do nhom phat trién c6 thé xac dinh cac dich
chuyén budc nho ~2.6 nm va sai 1éch chuén 0.1
nm trong thoi gian do ~30 s trén vung do 5 um.
Nguyén ly va thuc nghiém s€ dugc trinh bay
dudi day.

2. NGUYEN LY GIAO THOA KE
HETERODYNE

CBQ-1 I

A= f o iy
= Xir Iy
P N N
CBQ-2 I, \ )
Af=fp- fyy +Afy,

GCD

12
:"I'I'(f:

-

| TCS/4-1 GMT

ra A
Ngudn laze He-Ne fy
hai tin sb fp

.—j
v
)
=
[N

Hinh 1. So dé hé giao thoa herterodyne.
fyvafy cl}itm tia phan cuc ngang va doc twong
ung; Af: tan so chdp, AfDop: tan so Doppl,er bién

thién; I va 1, t{n hiéu giao th70a tham chiéu va do;
D : tong dich chuyén cua GMT.

Hinh 1 cho thy so do mét giao thoa ké
heterodyne véi muc dich 1a do d6 dich chuyén
ctia gwong muc tiéu (GMT) dugc diéu khién boi
mot ban dich chuyén ap dién (PZT). Giao thoa
ké bao gdm mot laser He-Ne on dinh tan sd, co
hai tan s6 f, va £, phan cuc va tryc giao; mot
bd tach tia (BTT); bo tach tia phan cuc (BTP);
mot guong phan xa (GPX), hai tim 1/4 budc

song (TCS/4); mot guong tham chiéu cb dinh &
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(GCP); mot guong do dich chuyén (GMT); hai
tam phan cuc (TPC) va hai cam bién (CBQ).

Khi qua BTT, chum tia laser dugc tach
thanh hai phdn, phan xa va truyén qua. Phan
phan xa qua TPC vé CBQ-1, tao ra tin hi¢u giao
thoa chudn L. Phén truyén qua vao BTP s& tich
chum tia phan cuc ngang f, phan xa va phén cuc
doc f truyén qua. O nhanh tham chiéu, chum
tia f, qua TCS/4-1, GCD, TCS/4-1, BTP, GPX,
BTP, TCS/4-1, GCD, TCS/4-1, BTP, TPC va
vé CBQ-2. Tuong ty, chum tia f qua TCS/4-
2, GMT, TCS/4-2, BTP, GPX, BTP, TCS/4-2,
GMT, TCS/4-2, BTP, TPC va vé CBQ-2. Tai
cac cam bién CBQ-1 va CBQ-2, cac tin hiéu
giao thoa I val, lan luot la:

[.=1_ cos(Aot), (1)

[, =1, cos(Awt+6_(t)) (2)

Trong d6: I, I, Aw, 0_(t) lan luot 1a
d6 16n tin hi¢u giao thoa & nhanh tham chiéu va
nhanh do, tan s6 goc chap (Ao = 2nAf voi Af =
f - £, gia st fD > f) va sy thay doi pha tic}l ll‘le
do dich chuyén Doppler. Gia su sy thay doi tan
s0 Doppler (AfDop) c6 thé do bang cach so sanh
[ val, Méi quan h¢ gitra tan s6 Doppler (AfDOp)
va van toc tirc thoi V cua GMT la:

2£,V
AfDOp = T (3)

Trong do, c¢ 1a van téc anh sadng trong

chan khong. Su thay ddi pha tich liy 0_co thé
duoc viét 1a:

4ty 4mm
Bm(t) =27 f AfDopdt = TJ Vdt = T Dt'(4)

3. MAY DO PHA 2™ PLL
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Hinh 2. So' do khéi ciia phwong phdp 2" PLL:
(a) Toan bo so do vong khoa pha, (b) Bé do pha;
(c), (d) Bo dich pha 1 va 2.

Tt hinh 2, phuong phap 2 single PLL
g6m hai bo dich pha 1 va 2, bo do pha va bd
tich phan. I dugc chia thanh hai phan giri dén
hai bd dich pha twong tng. Hinh 2(c) va 2(d)
cho thay nguyén 1y cta bo dich pha 1 va 2. I
bao gdm phan cung pha (cos(Awt)) va phan
truc pha (sin(Amt)) lan luot dwge nhan véi sin
va cos ctia pha thuc @. Cac phép nhan dau ra
dugc cong (cho bd dich pha 1) va trir (cho bd
dich pha 2) vo6i nhau. Ca hai bo dich pha tich
cuc déu diéu chinh pha cua I _thanh ®. Tin hi¢u
tham chiéu dich pha I | va I, dugc biéu thi:

ISSN 2615 - 9910 (ban in), ISSN 2815 - 5505 (online)
iKY TAP CHI CO KHI VIET NAM, S6 304 thang 6 nim 2023
cokhivietnam.vn / tapchicokhi.com.vn



NGHIEN CU’U - TRAO BOI

I = A cos(Aot)sin® + A sin(Awt)cos® = A
sin(Aot+ @) 5)

[, = A cos(Amt)cos® + A sin(Aot)sin® = A
cos(Aot+ D) (6)

Hinh 2(b) cho thiy nguyén 1y ctia bo do
pha. I, dugc chia thanh hai thanh phan, phan
cung pha (B cos(Awt+ 0 )) va phan truc pha (B
sir,l(A(nt+ 0 )) dugc nhan lan lugt véi I, val,.
Két qua AB sin(Aot+ @) cos(Awt+ 6 ) trir di
AB cos(wtt+ @) sin(Aot+ 0 ) s€ dugc tin hi¢u
sai sO O

O, =ABssin(Aot+ @) cos(Antt+6_)- AB cos(wt+
®) sin(Awt+ 0 ), (7

0.= AB sin(®- 0 ) ~AB (®-0,).

O day, gia st (®- 0 ) << 1. Diéu chinh
O, bing 0 béi bg tich phan sao cho ®=0_[17].
Cubi cung, két qua do dich chuyén D, ¢6 thé
tinh toan va thu dugc tir d§ Iéch pha 0_ gitra hai
tin hiéu heterodyne dau vao thong qua phuong
trinh (4). Uu diém so phién ban 1 [16] 14 phién
ban nay khong ding bo loc trong vong lap dé
tranh su tré pha trong thyc hién.

4. KET QUA THU'C NGHIEM

Hinh 3. Hé giao thoa ké Heterodyne cdu hinh
Michelson.

Hé giao thoa ké duoc thiét lap nhu
Hinh 3. Hé c6 nguon laser He-Ne (Zygo ZMI
7705, tan sd chap 3,6 MHz) 1am ngudn sang.
Céc dich chuyén co hoc cta gwong GMT duoc
tao tr ban PZT (Thorlabs NFL5D20P/M, do
nhay 267 nm/V, pham vi 20 um) [17]. Céc tin
hi¢u giao thoa dugc thu boi hai PD (Thorlabs
PDA36A2). Hai may do pha tham chiéu (Ref.
PM) (Moku:lab) [17] va 2™ PLL duoc str dung
thuc hién phép do. Ban PZT dugc dich chuyén
nhd cip dién ap 1, chiéu bude 0.01 V trong 10
budc. Mdi 0.01 V tuong tng dich biéu kién
~2.67 nm (= 0.01 V/ 75V x 20 um).

Hinh 4 chi ra két qua do dich chuyén.
Ca hai may do pha déu do ~2.6 nm. So dich
chuyén biéu kién, két qua do nho hon, do ban
PZT chiu tai tir guong va dd ga va su suy hao
dién ap trén dudng day cip. Méay do pha Ref.
PM khir nhiéu kém hon may do pha 2™ PLL do
loc nhidu kém. Két qua ciia may do pha Ref.
PM duoc cai thién khi loc trung binh 27 diém
duoc thuc hién va do d6 hai két qua do cua cua
hai may do pha cho thdy twong dong trong phép
do ~30 s. Tiép theo, hé do str dung 2™ PLL ¢6
thé thuc hién cac phép do dich chuyén trong
vung 16n 5 pm, nhu trinh bay & hinh 5. Piéu
d6 chung to giao thoa ké két hop v6i may do
pha 2" PLL ¢6 thé thuc hién cac phép do dich
chuyén nho véi bude ¢ 0.1 nm hodc dudi va
trén ving do 5 um. D¢ cai thién do phan giai
do, hé can dugc che chin kin va hé co khi PZT
dich chuyén duoc ting d6 ctng hon.

Trung binh 27 diém

T *
2eig ~2.6nm
¥

Dich chuyén (nm)

20 PLL

o S 10 15 20 25 30
Thoi gian (s)
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Hinh 4. Két qua do dich chuyén nhé gitta cdc mdy
do pha (tham chiéu Ref. PM va 2"/ PLL)
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Hinh 5. Két qua do dich chuyén hanh trinh 5 um tir
may do pha 2" PLL

5. KET LUAN

Bai bdo trinh bay giai phap do dich
chuyén siéu nho véi do phan giai 0.1 nm hoic
thap hon trén ving do 5pum thong qua hé giao
thoa ké heterodyne. Trong hé do nay, cdu hinh
giao thoa ké nhé gon, che chin kin. Toan bd hé
quang duoc 6n dinh trén ban chdng rung quang
hoc. Piém m&i cia bai bao 1a hé do dugc sir

dung may do pha dya trén vong khda pha don
phién ban 2 méi. Uu diém so phién ban 1 1a
phién ban 2 khong dung bd loc trong vong lap
dé tranh sy tré pha trong thuc hién. Két qua
chung minh hé do st dung ca hai may do pha
tham chiéu Ref. PM va 2™ PLL ¢6 thé do dich
chuyén co hoc nho véi bude ~2.6 nm, d§ phan
2141 0.1 nm trong thoi gian do ~30s va trén hanh
trinh do 5 um. Mac du vay, hé do dich chuyén
& tde do thép va chua duoc hiéu chinh sai sé do
anh hudéng moi truong. Trong tuong lai, phat
trién hé théng xu ly tin hi¢u tdc do cao can thuc
hién. Céc sai sb hé do can duge khao sat.
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