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TOM TAT

Bai b&o trinh bay két khdo sat so quang luc tdc dong 1en hat nano trong chum tia laser ¢6 cau
triic Gauss vong. Chum tia c6 phan bo cuong do theo ham Gauss vong tqo ra tir cac hé quang phi
tuyén diroc mo ta gan diing bang biéu thirc toan hoc. Trén co so dé, chlng toi tinh quang luc tac
aong 1én cac vi hat c6 kich thwéc nano véi chiét sudt l6n hon va nhé hon chiét sudt méi trieong.
Phan bé quang luc trong khong gian chim tia dé dwoc khao sat sé, phan tich va binh lugn nham
Muc dich nghién ciu dong hoc cua cac vi hat trong kim quang hoc.

Tw khoa: Kim quang hoc; Quang luc; Laser; Vi hat.
1. MO PAU

Kim hay by quang hoc 1a nhitng cong cu hitu hiéu trong nghién ciru giam gitr, diéu khién tach
rdi va gom cac hat vi md [1, 2]. Kim quang hoc sir dung chim tia Gauss c6 thé bay cac hat co chiét
suét 16n ‘hon chiét sudt moi trudng (high index-HI), st dung chum Hollow-Gauss bay cac hat co
chiét sudt nho hon chiét suat méi truong (low index-LI) [3, 4]. Cho dén nay cac dang khac nhau
cua kim quang hoc da dugc nghién ctru, phat trién nham muc dlch néng cao tinh linh dong va tinh
hiéu dung. Kim quang hoc phi tuyén da nghién ctru gan day cho kha diéu khién ba chiéu cac vi hat
[5-71, keo cang cac chubi ADN ¢6 chiéu dai khac nhau [8] tranh dugc sy dat gy [9], nang cao
hiéu suat bay [10] va ting thém khau d¢ s cho cac kinh hién vi [11]. Kim quang hoc phi tuyen
hoat dong nho vao hiéu ing Kerr [12-16]. Hi€u (mg nay nhay hon khi thoi gian gan day cac chat
mau hitu co ¢6 d6 cam phi tuyén bac ba cao da dugc nghién ciru va tong hop [17]. Ngoai str dung
cho kim quang hoc, cac vat liéu phi tuyén bac cao con dugc sir dung dé han ché chum tia, bién
di€u thoi gian [18], khong gian [19]. Bac biét bang cach sir dung giao thoa ké Fabry-Perot phi
tuyen mot chim tia Gauss c6 thé bién diéu thanh chum Hollow-Gauss hay Rlng -Gauss theo khong
gian [20]. Nho d6, co hoi ché tao kim quang hoc biy va diéu khién cac vi hat LI da dugc kham
phé& [21-23]. Mot wu diém cua kim quang hoc sir dung chum Hollow- Gauss 1a dong thoi diéu
khién duoc ca hai loai vi hat LI va HI. Dic bi€t la kha nang tach bi€t hai loai vi hat nay va didu
khién chiing roi xa nhau [24]. Dé hleu 16 hon vé kha nang nay, ching toi s& khao sat phén b6 quang
luc tac dong 1én cac vi hat d6. Két qua s& duoc phan tich va chi ra kha ning chuyén dong cua vi
hat trong khong gian dudi tdc dong ctia chum tia Gauss vong.

Trong cong trinh ndy, chung toi dé xuét biéu thirc gan diing mé ta dang chum laser Gauss vong.
Dan ra céac biéu thirc quang luc tac dong 1én vi hat ctia chum tia nay. Khao sat phén bd quang luc
tac dong 1én cac vi hat HI va LI nhung trong méi trudng chit lwu. Trén co sé két qua thu dugc
chung t6i s& binh luan vé kha ning biy va xu huéng chuyén dong ctia cac vi hat trong khong gian
ctua chum tia laser Gauss vong.

2.LY THUYET CO BAN
2.1. Ham phin b cwong d ciia chum tia Gauss vong (RGB)
Dé don gian ching ta biéu dién gan dung ham phéan bd cuong do RGB tao boi giao thoa ké phi

tuyén sir dung hai chum tia [25] chira hai bién toa d6 trén ban kinh hudéng tdm va truc chum tia
(p, z) nhur sau:

10, 2) = Ipax(1 + 22) " [exp(—DQ_) + exp(—DQ,)] L)
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Trong d6: Qi = (pi%)2W0_2(1+Z§)_1; 2q = Z/Zy; Imax 12 cuong do dinh tai toa
do (p = £W,/2,0); W, dugc dinh nghia 1a dudng kinh vung 15i t6i, z, = 4mrWZ/A 1a do dai
Rayleigh; A 1a budc séng laser, p = \/x? + y? la toa do hudéng tdm, va z la toa do truc. D duogc

dinh nghia 1a tham sé d6 toi, mo ta ti 1 gilta cuong do tai tam chum tia Imm(O 0) so véi cuong do
dinh I,,,,,.. Vi gia thiét nay ching ta c6 thé xac dmh gia tri cta tham sb do t6i nhu sau:

D= 4ln( m‘”) (2)
Imin
_ Tham s6 d¢ toi cang I6n khi cuong do tai tam chum cang nho. Tuy nhién, khi tham s6 nay lon
dén mot gidi han nao d6 thi chum laser trén sé€ tré thanh HoIIow—Gaugs va th@m chi tro thanh chum
Gauss da vong. Gia tri toi han n,ay s& phu 'ghuéc vao chum tia cu th@ ban dau. Trong bai b4o nay
ching t6i khdng thao luan chi tiét vé van dé nay, ma chi tng dung dé khao sat quang luc.
2.2. Quang luc tac dgng lén vi hat
Dui tac dong cua chum tia laser, quang luc doc téng dong 1én vi hat bao gém Iuc tan xa va luc
gradient da dugc tinh nhu sau [26]:

totalz(piz) grz(piz)+ Sct(p,Z)——ZO'V |(p,Z)+Zﬂ|(,0,Z) (3)
gr,p(pv Z):_pgvpl(p;z) (4)
Trong do:
m? —1 128nsm5a® (m? — 1\
= (= - /! 5
g = 2nnpa <m2 + 2>' A 3cA* (m2 + 2) ©)

o va B twong tng 1a hé sb phan cyuc phi tuyén va hé sé tan xa phi tuyén, a la béan kinh hat,
m = n, /ng lati so chiet suat vi hat ny, va chict suat chat luu ng;, Z va p 1a véc to don vi trén truc

huéng tam va truc chim tia. Str dung ham phan b6 (1) chiing ta tinh duoc:

—2Dl, 4y W, w,
Wi(p,z) = 12 [(P - 70> exp(—Q-) + (P + 70) exp(—Q+)] (6)
q
Im
01(p,2) = =% [exp(—Q_) + exp(—Q,)]

"2+ 2)

2 2

¢ —20lmax _ [(p - %) exp(—Q-) + (p + %> exp(—Q+)]

2§ W' (1 + 25) 2 2

thé vao (3) va (4) chung ta nhin dugc biéu thic tinh quang luc, phu thude vao toa dd hudng tim p
va toa d truc z. Hon nira, phan bd quang luc con phy thude vao nhiéu yéu td nhu duong kinh ving
16i den W, cuong do dinh ban dau ,,,4,, ti s chiét sudt,... Tuy nhién, trong bai b4o nay ching toi
chi quan tdm dén anh hudng ciia dudng kinh ving 161 den. Pudng kinh nay s& anh hudng dén do dai
Rayleigh va cudi ciing anh hudng dén phan bd quang luc trong khong gian ctia chim tia Gauss vong.

3. TINH TOAN SO VA BiNH LUAN

3.1. Phan bd cwong do laser

Phan bd cuong d¢ trén mat thit (x, y) ciia chim Gauss vong (z = 0 ) duoc mo ta trong hinhla.
0 day, chung t6i md phong véi gid tri D=9, 1= 0,5um va W, = 1um. Phan bd cuong do trén mét
phing qua truc (p = Wy ~ =Wy, z = —z + zq) nhu trén hinh 1b. Nhu ching ta thay ving 16i ti
clia chum laser Gauss vong c6 cudng d9 rat thap, tham chi bang khéng va phan bé dang Gauss tir
truc ra bién. Trong khi d6, ving vé sang c6 cuong do 16n, dat dinh tai tam vo va phan bo Gauss vé
hai phia. Két hop két qua tir 2 hinh nay ching ta thdy ving 16i téi cua chum tia Gauss vong tao

(7)
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thanh mot khéi Ellip c6 tam 14 téi nhat va céc truc di qua toa 6 (p = 0,z = 0) . Qua két qua thu
dugc trén hinh 1 va xét theo biéu thic (2) ching ta c6 thé khiang dinh tdc do bién thién cua cuong
d6 s& 1on hon khi tham s D ting hodc khi duong kinh cua ving 18i toi giam. Theo nhu két qua da
cdng b trong cong trinh trude day thi hai tham sé D va W, ciia chum Gauss vong co thé diéu
khién bang cach thay doi cong suat va ban kinh chim tia Gauss ¢ dau vao [25].

0.2

0

Curimg dj

p(pm)

0.2

0.4

0.6

-0.8

-1
60

z (j2m)
b)
Hinh 1. a) Phdn b cuong do trén mdt that chim Gauss vong; b) Phdn bo trén mdt cdt qua truc.
Trong cong trinh nay, chung t6i quan tim dén quang luc tac dong 1én cac vi hat dién méi, do
d6 chum Gauss vong c6 duong kinh vung 161 t6i ngan va tham s6 d¢ sau lon hon s€ dugc uu tién
trude hét dé khao sat.

3.2. Quang luc

Trudc tién chung tdi s€ khao sat quang luc cua chum Gauss vong tac dong 1én vi hat HI. Gia
sir cac tham s6 dau vao ctia chum Gauss vong 13 Lyqy =1Xx 108W /cm?, W, =1+5um, D =
9,4 = 0,5um; vi hat HI: a = 50nm, n, = 1,57; va chat luu ng; = 1,33. Phan bo mét chicu cua
quang lyc gradient ngang dugc khao sat s0 va mo ta trén hinh 2.
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Hinh 2. @) Phdn bé mot chiéu ciia quang e gradient ngang tac dong lén vi hat HI trén mat that
chim tia (z = 0) khi chim Gauss vong c6 dwong kinh ving 16 16i Wo= 1 um (xanh nude bién), 2
um (do), 3 um (xanh la) va 4 um (hong); b) Phdn bé mét chiéu ciia quang lyc gradient ngang tdc
dong lén vi hat HI nam trén tiét dién ngang tai cdc toa dé truc khdc nhau z = 0 (xanh nudc bién),
7==%120/2 (xanh 14), z = % 20 (hong), z = + 2zo (d6) khi chim Gauss vong
c6 dwong kinh ving 161 toi Wo= 1um.

Tir két qua trén hinh 2a chiing ta nhan thiy mot diéu hién nhién 1a khi duong kinh ving 15i tdi,
W, cang I6n thi tam bay cac vi hat HI cang xa truc chinh ciia chum tia(p = 0). Quy luat phan bd
clia quang lyc gradient ngang khong thay d6i. Tir hinh 2b, ching ta thdy rang cac vi hat HI luon
luén dugc quang luc gradient ngang kéo vao truc vung vo sang co6 toa do hudng tam
(p = + W,/2). Nhu vay, khi duong kinh ving 15i t6i 16n va vi hat nim cang xa mat thit chum tia
thi quang luc tac dong 1én nd cang nhd.
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Khac voi phan bd quang lyc gradient ngang, phan b quang lyc gradient doc khong tuén thu
theo mot quy ludt nhéat dinh. Nhu trén hinh 3, chung ta thay, chi nhitng vi hat HI ndm gan truc
vung vo sang, tuc la p = + W, /2 méi dugc keo vé tam bay (z = 0) duoc bleu dién & duong cong
phan bd quang luc gradlent doc mau den va mau dd. Con cac vi hat HI nam qué xa truc vang vo
sang hay gan truc vung |0i tbi s& bi ddy ra xa tam bay biéu dién (6 duong cong phan b quang luc
gradient doc mau hong va xanh 14 cay. Di véi cac vi hat HI nam & vi tri trung gian (khong qua
gan va ciing khong qua xa truc ving vo sang) thi s bi kéo vé tm bay hay day ra xa tam by con
phu thudc vao khoang céch tir vi hat &én tdm bay, chang han nhu dudng cong phan bé quang hrc
gradient doc mau xanh nuéc bién. N6i mot cach tong quét, cac vi hat HI nam trong khéng gian
ctia chim Gauss vong c6 thé biy duoc hay khdng biy duoc con phu thudc vao vi tri ban dau cua
n6. Pay 1a diéu hoan toan khéc so véi céc vi hat HI nam trong chum tia laser thuan tuy Gauss. Tiép
tuc, chung ta s& di khao sat ddi véi cac vi hat LI dé xac dinh diéu kién by dugc vi hat.
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Hinh 3. Quang lic gradient doc tic dong 1én vi hat HI nam tai cdc vi tri khdc (p, z) p = 0 (xanh
1a), p = Wo/8 (hong), Wo/4 (xanh nude bién), 3Wo/8 (d6) va Wy/2 (den).

Trén hinh 4 12 quang luc gradient ngang téc dong 1én vi hat LI c6 chiét suat n,, = 1.27. Tirhinh
4a chling ta thiy chi c4c vi hat nam trong viing c6 toa do huéng thm —W, /2 < p < W, /2 sé& dugc
kéo vao tam bay, con lai s& bi day xa tm bay. Quy luat nay van thoa man véi cac vi hat L1 nam
trén cac tiét dién ngang tai céc vi tri khac nhau trén truc cham tia (hinh 4b). O trén cac tiét dién
ngang cang xa mat that chum tia thi quang luc cang giam. Diéu nay hoan toan dung vi cang xa mit
that cuong do laser cang giam.
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Hinh 4. Phdn bé mét chiéu quang e gradient ngang tac déng {én vi hat LI a) trén mdt thdt
chum Gauss vong tai z = 0 khi chum tia c6 dwong kinh ving 161 toi khac nhau Wo= 1 um (do), 2
um (xanh nuée bién), 3 um (xanh 1d) va 4 um (hong); b) Trén mdt cdt ngang tai cdc toa do truc

khdac nhau z = 0 (do), z = + zo/2 (xanh 18), z = £ 20 (hong), z = + 2zo (xanh nudc bién) khi
diong kinh ving 16i toi Wo= 1 pm.
Tuong ty nhu céc vi hat HI, ta nhan thay c4c vi hat LI gan tryc chim tia s& duoc kéo vao tam bay,
céc vi hat nam xa truc s€ bi day ra ngoai, con céc vi hat nam trong vung trung gian co thé bi day ra
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khoi tam bay hogc kéo vao tam bay tuy theo vi tri ban dau cu thé cia vi hat. Dang diéu cac duong
cong phan bé quang lyc trén hinh 5 nguoc so véi hinh 3. Do d6, cac vi hat HI s& ¢ chuyén dong
theo chiéu nguoc lai so vai cac vi hat LI néu ciing nam mét vi tri. Nhu vay ching ta c6 thé rdt ra
rang st dung RGB cho kim quang hoc thi cac vi hat LI hay HI s& dugc bay néu chdng nam trong
mot khdng gian gisi han nhat dinh. Tinh chat ndy hoan toan khac véi truong hop khi ching ta sir
dung chuim Gauss hay Hollow - Gauss cho kim quang hoc dé bay cac vi hat HI hay LI tuong Gng.
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Hinh 5. Phan bé quang luc gradient doc theo truc song song véi truc chiim tia tdc dong Ién cac
Vi hat LI tai cac toa dé huong tém’khéc nhau p = 0 (xanh la), p = Wo/8 (hong),
Wo/4 (xanh nuoc bién), 3Wy/8 (do) and Wo/2 (den).

4. KET LUAN

Trong bai bao nay, ching t6i da dé xuat biéu thuc toan hoc gan ding mé ta phan bé cuong do
trong khéng gian ba chiéu ciia chim tia Gauss vong. Tir d6, chung toi da tinh phan b quang luc
tac dong 1én cac vi hat HI hodc LI. Két qua nhan duoc khiang dinh rang dudi tac dong cua luc
quang hoc, hai loai hat HI va LI s& duoc bay vao tam bay la khac nhau. Tuy nhién, trong qua trinh
biy céc vi hat nay bi tac dong dong thoi cua cac quang luc doc va quang luc ngang nén ching sé
khong chuyén dong thang huéng vé thm bay ma cé nhitng thoi diém ching chuyén dong xa tam
truge khi duge kéo vao tam. Pay 1a mot diém khéc biét vai truong hop bay vi hat HI bang chum
Gauss hoic bay vi hat LI bang chum Hollow-Gauss. Két qua khao sat nay s& gilip chiing ta diéu
can luu y khi khao sat qua trinh dong hoc cua vi hat trong kim quang hoc. Van dé nay ching toi
s& tiép tuc nghién ctru cu thé trong thoi gian t6i.
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ABSTRACT
Optical forces acting on microparticles in a ring Gauss laser beam

This article presents the results of a numerical investigation of the optical force acting
on nanoparticles in a laser beam with a ring Gauss structure. Beams with intensity
distribution according to the ring Gauss function created from nonlinear optical systems
are approximately described by mathematical expressions. On that basis, we calculate the
optical force acting on microparticles (nanoscale) with refractive indices larger and smaller
than the environmental refractive index. The optical force distribution in beam space has
been numerically investigated, analyzed and commented for the purpose of studying the
dynamics of microparticles in optical tweezers.

Keywords: Optical tweezer; Optical force; Laser; Microparticles.
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