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TOM TAT

Phurong phdp lam lgnh hé nguy@n tiz, phan tiz bang cach sir dung chum tia laser (laser cooling)
dd dwoc biét dén trong nhiéu nam qua trong linh vuc vat |i nguyén tiz va phan ti nhiér dé thap. Chinh
nho qud trinh tirong tac véi laser ma cac nguyén ti, phan tir mat di phan ém ndng heong chuyén
déng cuiia minh, tir 6 béc 16 ra nhiéu tinh chat vdt |i quan trong. Twong tir nhie vdy, mét dao dong tir
diéu hoa c6 khéi liwong rat nhé ¢ picogram dén nanogram ciing cé thé twong tdc véi laser va bj mat
mat nang heong (bi 1am lgnh). Trong bai viét nay, chiing tdi sé khdi qudt va tém lwoc vé li thuyét lam
lanh céc hé vi co hoc bang cach si dung mét chum tia laser bang cach sir dung phuwong phdp mé ta
cé dién. Qué trinh chuyén dgng cia dao dong tir theo thoi gian sé duoc mo td bang phuong trinh
Duffing cho dén khi dao ddng dat dén trang thai can bang. Hé thize thang gidng-mat mat sau dé cho
phép thu duoc nang luong hiéu dung cua dao dong tur, tir d6 thu dwoC Sy giam nang luong tuong
4ng véi qué trinh 1am lanh théng qua twong tac véi truong laser. Bai bao sé cung cdp céi nhin tong
quan vé phirong phdp lam lanh bang laser cho cac hé vi-co hoc huéng dén img dung trong cac hé
do luong siéu nhay trong tuong lai.

Tir khoa: phuong trinh Duffing; lam lanh bang laser; hé vi co hoc

1. Giéi thiéu

Vé y tuong rang anh sang co thé tac dong mot ap luc buc xa 1én céc vat thé da xuat
hién hon 300 nim trudc, khi nha thién vin hoc ngudi Dic Kepler quan sat can than sy hinh
thanh ciia dudi sao chdi va nhan thay rang phan dudi gom hai thanh phan rd rét, mot 1a dudi
ion (ion tail) ludn c6 huéng tiép tuyén véi dudng ndi gitra sao chdi va Mat Troi, do cac dam
ion nay chiu tac dong cua birc xa mat troi; hai 1a duoi bui (dut tail, khong mang dién tich)
thay vi c6 huéng nguoc voi huéng chuyén dong cia sao chdi do luc quén tinh gay ra, nd lai
¢6 vé6i huéng léch di so véi dudi ion va nam giira hudng tiép tuyén va phép tuyén voi duong
ndi dén Mit Troi. Biéu nay chi cé thé giai thich ring dudi bui ndy ciing chiu tac dong day tir
cac birc xa mat troi.

Cite this article as: Nguyen Duy Vy, & Pham Nguyen Thanh Vinh (2025). Optomechanical laser cooling: A
classical description. Ho Chi Minh City University of Education Journal of Science, 22(2), 201-209.
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Khi sao chdi dén gan mat troi
thi cac dudi cang dai hon

Céc dudi cla sao chéi hudng ra %U”
xa mat troi. Budi ion thang
hudng vai mat troi

Quy dao cla
sao chai

(dust tail)

Hinh 1. Quy dao sao chéi va cdc dudi ciia né. Pudi bui (Mau vang nhat) chiu tdc déng cua
lwc quan tinh va luc bic Xa tir Mat Troi. Dudi ion (mau xanh lam) chiu tac dong manh cua
birc xa mdt troi nén luén hwéng vé phia xa va thang goc véi Mt Troi

Hon 100 niam sau, Maxwell dd xuat ban chuy@n luan vé Bién va Tir (1874) (Maxwell,
1874), trong d6 dé xuit rang song dién tir gay ra mot &p luc theo hudng vudng goc voi mit
s6ng va ap luc do co gia tri bang vai ning lugng trén mdi don vi thé tich. Nhiéu thi nghiém
kiém chtng da duoc thuc hién boi Lebedev (Lebedev, 1901; Nichols & Hull, 1901, 1903)
d3 kiém chung va do luong dinh luong &p luc bic xa trén cac vat thé vi mo (Beyer, 1987).
Kho khin chinh trong viéc phat hién &p lrc nay 1a do cudng do cua ching rat yéu va su gidi
han cua céac thiét bi do luong ¢ thoi diém dy. Pén nam 1975, Braginsky va cong su di dé
Xuit sir dung céc vi hc quang hoc va co hoc dé tang cuong anh hudng cua anh sang hozic
tang d6 nhay cua cac thiét bi phat hién (Braginskii & Vorontsov, 1975) va da chua y thay rang
thoi gian phan ra hitu han caa vi hc quang hoc (OMC) c¢6 thé dan dén viéc khuéch dai (1am
nong) hoac giam (lam lanh) cac dao dong co hoc.

Trong giai doan 1970-1990, tiép sau giai doan phét trién ban dau cua laser, nhiing
thanh céng trong viéc bay/giam nhét cac hat c6 kich thugc micromet va trong viéc 1am lanh
cac nguyén tir (Ashkin, 1970; Chu et al., 1985; Chu et al., 1986; Phillips et al., 1985) (giam
nhiét do hiéu dung cua cac nguyén tir tir mirc ban dau vai kelvin xubng thang milli-kelvin)
da mo ra ki nguy@n méi cho cac nghién ciru vé &p luc birc xa va cac ung dung tién phong
trong sinh hoc, ciing nhu cac nghién ciru vé sy ngung tu Bose-Einstein. Nhiéu giai Nobel vé
Vit li da dugc trao cho cac nha nghién ctru trong linh vuc ndy. Sau nhirng dot pha do, tir
nhitng ndm 1990 dén nay, mdi quan tdm cua cac nha nghién ciru ciing da mé rong dén viéc
diéu khién quang hoc cac vat thé nano va Iam lanh laser trong cac hé vi mé quang-co hoc.

Mot hé vi mdé quang co-hoc duoc hiéu 1a mot vat ran co kich thuge khoang vai
micromet mdi chiéu, c6 tin s dao d6ng khoang tir vai chuc kHz dén vai chuc MHz, dugc
chiéu boi mot chum tia laser c6 cudong do vai milliwatt (Nguyen & lida, 2015; Pham et al.,
2020). Thong thudng hé s& duoc sap xép sao cho vat thé co hoc c6 thé phan xa 4nh sang va
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tao thanh mot hé vi hdc quang hoc (optical micro cavity—-OMC). Khi anh sang & vao bén
trong vi héc nay, nd c6 thé duoc phan xa nhiéu 1an giira hai “guong” phan xa truéc khi thoét
ra khoi hé, do d6 cuong d6 tuong tac cua laser 1&n vat thé nay (vat nay duoc md ta gan ding
nhu mot dao dong tir diéu hoa) duogc ting cuong. Su twong tac giita laser va dao dong tir
diéu hoa nay c6 thé 1am boc 16 nhiéu tinh chat vat Ii quan trong nhu sy 1am lanh laser c6 thé
lam giam s6 phonons cta dao dong tir tir vai chuc nghin xudng vai phonons, tir 6 cho phép
quan sat hiéu tng luong tir & cip do micrometer (Aspelmeyer et al., 2014).

mode
guang hoc
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Hinh 2. Hé vi md quang-co hoC gom mét thanh co hoc dwroc 6 dinh mét hodc hai dau, co
tan so dao dong 1a Qm, ¢6 do mat mat nang luwong I'm, twong tac voi tia laser. Thanh cé hoc
duwoc bé tri @é hinh thanh mét vi hac quang hoc €6 tan sé weay va do ra k. Tia laser sé tac
aong mét luec goi 14 luc “birc xa " (radiation force) Ién thanh co hoc. Luc ndy ¢6 nguon goc
ter xung lwong Cua cac lwong tir nang lwong cua tia laser.

Trong linh vuc diéu khién quang hoc ¢ thang nanometer (Svoboda & Block, 1994;
Hofkens et al., 1997; Ito et al., 2001), c4c nha sinh hoc va héa hoc da nhan thirc duoc tiém
nang cua ap luc birc xa trong viéc kiém soat cac phan tir sinh hoc va cac phan tng hoa hoc.
Hon nita, trong linh virc nghién ciu v& 1am lanh bang laser cua hé vi md quang-co hoc trén
OMC, phép do cac tin hiéu rat yéu doi hoi sy chinh xéac cao véi d6 nhidu thap nhét, d6 1a cac
phép do str dung kinh hién vi quét dau do (SPM) (lida & Ishihara, 2006; Chu et al., 2017;
Metzger & Karrai, 2004; Chaumet et al., 2002), cac may do giao thoa song hip dan
(Grosvold, 2010) tai Pai quan sat song hap dan bang giao thoa ké laser (LIGO), va dic biét
la su réi (entanglement) giita cac mode quang hoc va dao dong co hoc (Vitali et al., 2007;
Miao et al., 2009) trong cac cong nghé thong tin lugng tir (QITs) (Marshall et al., 2003; Rabl
et al., 2010; Cohen-Tannoudji & Phillips, 1990). Nhiém vu co ban trong cac nghién ctru nay
vé SPM, LIGO va QIT la do luong céc tin hiéu cuc yéu trong mot bo dao dong co hoc dudi
muc do nhidu cuc thip, véi ning luong bang hoac nhod hon gidi han lugng tir tiéu chuan.

Mot loat cac thanh tuu i thuyét da dwoc ghi nhan trong nhitng nam gan day lién quan
dén viéc giam nhiét lwong tr bang ki thuat 1am lanh laser trong hé théng quang-co hoc
(Favero et al., 2007; Favero & Karrai, 2009). Khi cac dao dong co hoc dugc dua vao ché do
lam lanh gan trang thai co ban luong tir, tuc 1a chi c6 mot vai phonon trong ché do co hoc
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(cac rung dong luong tir), va néu dao dong dugc két hop véi ché do khoang quang hoc, thi
c6 thé xay ra su rdi loan luong tir, mot hién twong ma cac trang théai cua hé khong thé tach
roi nhau.

Trong linh vuc diéu khién quang hoc cua céc vat thé & quy md nano, céac thi nghiém
gan day da thanh cong trong viéc két hop &p luc bic xa véi cac hé théng co hoc luong ti,
va nhitng thanh tuu nay da mé ra cac tng dung mai trong viéc phat hién va diéu khién cac
hé thong luong tir. Vi du, cac thi nghiém d chi ra rang su trong tic quang hoc giita cac dao
dong co hoc va cac ché do khoang quang hoc c6 thé duoc st dung dé 1am lanh hoac 1am
noéng dao dong co hoc, ddng thoi do luong chinh xac cac dich chuyén vi tri cua ching.

Véi nhitng thanh tuu 6, mot sé lugng 1on cac nghién ctru da dugc cong bb, nham muc
dich tng dung ki thuat diéu khién quang hoc trong céac linh vuc cong nghé théng tin lwong
ttr (QIT) va khoa hoc do ludng. Céc nghién ciru ndy bao gdom viéc phét trién cac ki thuat moi
dé do ludng chinh xac va kiém soat cac trang thai luong tir cia cac dao dong co hoc, dong
thoi kham phé cac hién tugng mai trong vat 1i lwong tir ma trude day chua dugc hiéu rd.

2. Noi dung nghién cau
2.1. M0 td ban-cé dién qué trinh 1am lgnh bang laser

Trong cac nghién cau If thuyét vé qué trinh 1am lanh bang laser, thong thuong phuong
phap mo ta ban co dién s& duoc sir dung (Nguyen & lida, 2015; Aspelmeyer et al., 2014;
Vitali et al., 2007; Miao et al., 2009). Trong phuong phap nay, truong laser sé dugc lugng ti
héa va dugc mo ta boi cac toan tir sinh hay (a' va a), con dao dong tir thi duoc md ta boi cac
toan tir xung lwong P va vi tri Q, 1 cac bién sé lién tuc theo khéng gian va thoi gian. Mot
Hamiltonian bao gdm céc sé hang ning luong cua trudng laser, dao dong tir, va s6 hang
tuong tac gitta hai dai lugng sé dugc st dung. Théng qua viéc giai cac phuong trinh
Heisenberg cho cé4c toan tur a, a, P, va Q, chiing ta s& thu duoc su bién d6i theo thoi gian,
hodc su phu thudc vao tan sb (théng qua phép bién d6i Fourier) cta cac toan tir nay. Tir do,
chiing ta s& thu duogc cac s6 hang vé sé photon, sé phonon. Su phu thudc caa sé phonon theo
cac thdng sb bén ngoai nhu tan sd, nang lwong cua laser, hoic nhiét 4o ban dau cua bé nhiét
s& duoc khao sat. Pay 1a mot phuong phap tong quat dé khao sat qué trinh 1am lanh bang
laser. Trong pham vi bai bao nay, chiing tdi chi trong dén phuong phap cb dién, trong do6 cac
dao dong tir (mode co hoc) duoc md ta bang phwong trinh Duffing.

2.2. M0 td cé dién qué trinh 1am lgnh bang laser

Trong mét vi hc quang hoc cong hudng 6 mot trong cac guong phan xa 13 mot dao
dong tir didu hoa, luc bic xa tac dung 1én cac guong sé c0 tinh chat 1a: dat trj s6 cuc dai khi
khoang cach gitra hai gwong 1a mét gia tri nao do, thuong 1a sé nguyén 1an nira budc séng
quang hoc cua laser ma ta goi l1a chiéu dai cong huong Lc. Khi d6, hé duoc coi 1a ¢6 cong
huong va cudng do quang hoc bén trong cua vi héc quang hoc duoc ting cudng lén gap
nhiéu lan. Cac tinh toan Ii thuyét va thuc nghiém cho thay, luc ndy c6 phan bb dang
chuéng/Gaussian véi cuc dai tai chiéu dai cong huaong.
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Khi guong dich chuyén ra khoi vi tri cuc dai, s6 photons dugc giam git trong vi hdc
giam xudng, do d6 luc tac dong 1én guong s& giam xubng, 1am cho lrc tong thé (bao gom
luc Hook va luc btrc xa ndy) s& giam xuéng 1am cho guong c6 xu hudng tré vé vi tri ban
dau. Pay chinh 13 co ché twong tac quang-co hoc. Mac di &nh sang c6 tdc do rat cao, nhung
nd van 1a mot gia tri hitu han, do d6 cac photon can mét thai gian hiru han dé di chuyén phan
Xa tir gwong thtr nhat dén guong th hai, do d6 n6 phan tng cham hon so véi su thay doi vi
tri cua guong va lién quan truc tiép dén van toc v cia guong. Néi cach khac, gwong cam
thiy mot lyc tré ti 1& thuan véi van téc cia nd, Fopt & v. DSi vi mot vi hdc ¢ chiéu dai ngan
hon budc séng anh sang chiéu vao, tic 1a 4nh sang 1a “dich chuyén vé phia do” (red-detuned),
thong lwong ning lugng tong thé trong mot vong tron 1a 4m, sau d6 guong bi tat dan va bién
d6 dao dong cua n6 bi giam dan, do c¢ong cua lyc tac dong trén quing duong dich chuyén
cta dao dong tir trong mdi chu ki 1a 4m, nhu duoc giai thich trong Hinh 3. O phia déi dién
la “dich chuyén vé phia xanh” (blue-detuned), guong bi nung néng, diéu nay c6 thé dan dén
mat 6n dinh (Aspelmeyer et al., 2014.) khi mét truong quang hoc dit manh dwoc &p dung.

Guong phan xa 1 Guong phan xa 2

laser LC E
=l = > =

F .
74 Fdz

<0
lam lanh

>0

lam nong

Luic bific xa

red-detuned blue-detuned zZ

Hinh 3. Hinh md t4 vi héc quang hoc ¢6 chiéu dai Lc diroc tqo thanh tir hai guwong phdn Xa
dat doi dién nhau. Liec birc xa F tdac dong lén cdc gwong sé c6 dang phan bé Gaussian (mau
xanh). Cong do luc birc Xa F theec hién trong méi chu ki dao dong c6 thé c6 gia tri &m hodc
dwong tity theo tirong quan chiéu dai vi héc va buéc song laser.

Ta c6 thé mo ta chuyén dong cua guong nhu 13 mot dao dong tir didu hoa co tan s6 Qm,

bang phuong trinh Duffing sau,

véi x 12 bién s vi tri, T 1a mo ta mirc d6 that thoat ning luong cua dao dong tir (mire do tat
dan cua dao dong), KL = m*Qm? 1a d6 ciing cua dao dong tir, Fopt 12 luc quang hoc do laser
gay ra, va Fq 12 mot ngoai luc dé diéu bién dao dong tir, thudng ¢ dang Fo.sin(w*t) voi o 1a
tan sb cudng buc va Fo 1a d6 16n caa luc cudng burc.

Dé biéu dién qué trinh chuyén dong cua dao dong ti, ching t6i dung cac thong sb sau
day. Hai guong phan xa 1 vat liéu vang (Au) c6 d6 day lan lugt 1a 38 va 80 nm, guong thir
hai dugc gin trén mot thanh silicon c6 d6 day 460 nm, ca ba déu co do dai 223 pm va bé
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rong 22 um, hai gwong duogc dat canh nhau mot khoang ¢& 1220-1226 nm. B¢ day cua hai
guong co thé dugc chon dé téi wu hoa luong ning lwong duogce luu trit va ting cudng trong
vi hdc quang hoc tao boi chiing (Chu et al., 2017; Nguyen & lida, 2016). Khéi luong cua
guong th hai: 16p vang: 7.6 pg va thanh Si 1a 5.3 pg. Mat do khéi lwong cia Au va Si lan
lwot 12 19.3 g/cm® va 2.33 g/cm?®. Suat dan hoi Young caa Au xem = 0 va caa Si 12 9.2 mN/m.
Chung t6i xap xi luc Fopt trén Hinh 3 c6 dang Gaussian véi dinh peak tai 1220 nm, bé rong
15 nm, va dat gia tri cuc dai khoang 40 pN/mW.

Giai phuong trinh chuyén dong trén, ching ta s& thu duoc dién tién cua dao dong theo
thoi gian vai cac thdng sé khac nhau caa cuong d6 trudng laser chiéu vao. Chang toi thé
hién trén Hinh 4.

12295 + 15uW ——— 45 pW -~
1229
1228.5

X (nm)

1228
1227.5

0 0.1 0.2 0.3 0.4
Time (s)

Hinh 4. Vj tri ciia guwong (dao déng tir) theo thoi gian khi dwoc chiéu bgi tia laser c6 cong
suat khac nhau. Ham bao ciia dao dgng khi P 1on (45 uW) 1a phic tap va dan tién dén mét
gia tri bdo hoa

Ta ¢ thé thiy, bién d6 dao dong khi duoc chiéu laser vai cac cong suat khac nhau 1a
bao gém hai dao dong dong thoi, mot 1a dao dong véi tan sé riéng Qm, va hai 1a mot kiéu
dao dong véi ham bao phirc tap (duong ngoai cling caa cac d6 thi mau do, xanh 14, va xanh
duong). Su phuc tap nay dén tir su tranh chip gitta hai dao dong, d6 1a dao dong cudng buc
véi hé s6 tat dan T va dao dong thay doi theo vi tri ciia gwong trong phéan bd luc Fopt. Ham
bao nay s& tién vé mot duong thang khi thoi gian da 16n, luc d6, qua trinh tit dan khdng con
dong vai trd quan trong nira. Guong chi dao dong 6n dinh véi bién d6 dao dong dwoc xéac
dinh dua trén twong quan gitta luc cudng bic, luc quang hoc Fopt, va luc Hook.

Ap dung hé thic thiang giang-mat mat (fluctuation -dissipation theorem),

1 5 1)
5K (%) = SkpT.

Chung ta c6 thé thu dugc mot dai lugng twong trung cho ning luong cua dao dong tir
& dang nhiét do, goi 1a nhiét d6 hiéu dung Tesr. Ta c6 thé thiy, d6 suy giam cua bién d6 dao
dong trong Hinh 4 twong ¢ng véi sy thay doi giam caa nhiét do hiéu dung. Tir d6 ta noi la
dao dong tir di duoc 1am lanh. Diéu nay la hoan toan twong duong véi khai niém lam lanh
bang laser cua cac hé nguyeén tir, phan tir trong vat i nguy@n tir nhiét d6 thip dé quan sat cac
qué trinh tan xa, phét xa caa cac nguyén ti. Vi ching ta ludn can giam cac dao dong nhiét
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dén muc thap nhat c6 thé. Ngoai ra, sy thay doi cua Tesr €O thé twong ng voi binh phuong
su thay di caa bién d6 dao dong, nén néu bién d6 dao dong giam 1 bac, thi Tes €O thé giam
hai bac. N&i cach khac, tir nhiét do ban dau khoang 4 K, mot dao dong tir hoan toan co thé
duoc 1am lanh dén millikelvin.
3.  Kaétluan

Chung t6i da khai quat vé hiéu tng 1am lanh bang laser cho hé quang-co hoc vi m.
Thdng qua viéc tuong tac vai truong laser vai budc song thich hop, dao dong tir co hoc ¢o
thé duoc cung cap nang luong hoic rat di bot nang lwong. Qua trinh rit bét nang lwong dao
dong twong tng véi viéc chum laser c6 bude song dai hon chiéu dai cong huong cua hé vi
héc quang hoc. Trong miéu ta c6 dién, ta c6 thé suy ra nhiét do hiéu dung caa dao dong tir
tir bién d6 dao dong cuia no6. Do d6 viéc giam bién do dao dong twrong trng Vi viéc dao dong
tir d duoc 1am cho lanh di. Bang phuong phéap nay, nhiét do hiéu dung trong céc hé thi
nghiém gan day di co thé giam xudng dén thang micro-kelvin va cho phép quan sat duoc
hiéu tmg luwong tir & thang micro, vi khi d6, sd phonon tuong tng cia dao dong tir giam gan
dén gia tri 0. Theo co hoc luong tir, Xac suat tim thay 0 phonon s& twong tng véi viéc ta o
thé giam sé phonon vé gan mirc 0 bao nhiéu. Do d6, mé hinh ¢6 dién tuy don gian nhung
cling d4 cung c4p mot cai nhin tuong d6i chinh xac vé hiéu tng twong tac quang hoc-co hoc
ma cu thé 1a qué trinh 1am lanh bang laser cho hé vi mé.

7

% Tuyén bé vé quyén loi: CAc tac gid xac nhan hoan toan khéng c6 xung dét vé quyén loi.
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ABSTRACT

Laser cooling in atomic and molecular systems has been known in low-temperature atomic
and molecular physics, enabling the study of fundamental properties by reducing the motion energy
of atoms and molecules through laser interaction. Similarly, harmonic oscillators with masses
ranging from picograms to nanograms can also interact with the laser fields, leading to energy
dissipation. This article summarizes the theory of micromechanical cooling using a classical
description. The motion of the oscillator is modeled by the Duffing equation, while the fluctuation-
dissipation theorem is employed to determine the effective energy of the oscillator. Through laser
interaction, energy reduction corresponding to cooling is analyzed. The paper will provide an
overview of laser cooling in micro-mechanical systems, highlighting its potential for applications in
ultra-sensitive measurements.
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