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Céc vi cau thuy tinh silica pha tap Erbium (Er-4S) duwong kinh ~ 30-40 um da dwoc
ché tao thanh cong biang phuong phap phéng dién ho quang. Cac soi quang vudt
nhon hinh chép nén mét dau duoc sit dung d€ bom tia laser vao bé mat Er-4S va
thu pho laser phat xa. Cac mode WGM (Whispering Gallery Mode) ¢ vung thong
tin quang ~ 1550 nm da dwoc phan tich mét cach dinh luwong. V6i cdu hinh da thuc
hién, phd phat xa don mode hodc da mode cua laser Er-4S c6 thé thu duoc bgmg
cach diéu chinh khoang cach két cdp gitta dau s¢i quang thu voi bé mat Er-4S.
Phuong phap sai phan hitu han mién thoi gian (FDTD) va phuwong phap s6 da
duoc sit dung d€ mo6 phong phd phan xa, phan bd treong ciing nhu tinh toan cac
bd s6 mode luong tir dic trung cho cac mode WGM cua cac 4S. Cac két qua cho

thdy 6 su twong dong gitta thuc nghiém do dac, m6 phong va giai s6.

Tw khéa: Diéu kién bién PML, Mode WGM, Phuong phap FDTD, Vi cau dién moi.

1. MO PAU

Vi héc cong huong quang hoc la d6i tuwong duoc cha y nhiéu do cac tinh chat
dac biét ctia chung, vi hdc cong huwong quang hoc c¢d nhiéu hita hen ting dung trong
linh vuc dién dong luc hoc luong tir, quang phi tuyén, cam bién, laser va bd loc [1-7].
Trong vi cau dién moi (4S), anh sang c6 thé duoc giam git rat chat d€ hinh thanh cac
mode WGM véi thé tich mode nho va hé s& pham chat Q cuc cao. Nhiéu vat liéu khéc
nhau da duoc sit dung dé ché tao S nhdm tao ra cac héc cong huong tich cuc cho cac
tia laser phat xa. Trong thiét 1ap do luwong, cac s¢i quang vudt nhon don mode duwoc st
dung d€ dan chum tia laser bom dén bé mat xS va thu phd phat xa laser tir 4S. Cac két
qua thuc nghiém cho thay kha nang tng dung rdng rai cta hé trong nhiéu linh vyc
nhu chuyén mach quang, ghép kénh quang va cam bién [8].

Trong bai bao nay, trén co sé& Er-4S véi dwong kinh 38,5 um va 29,7 pm da dwoc
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ché tao, hai s¢i quang vudt nhon duoc st dung dé dan tia laser bom (4=1470 nm,
phan cuc TE) téi bé mat Er-4S va thu cac tin hiéu phat xa twong tng. Tuy thudc vao
khoang cach két cdp gitra dau soi thu v6i bé mét Er-4S ma cd thé thu duwoc phd phat xa
laser don hodc da mode véi bude séng nam trong ving thong tin quang A ~ 1550 nm.
Ngoai ra, dé€ kiém chiing su hinh thanh cac mode WGM cho béi laser Er-4S, viéc md
phong bang phuong phap FDTD va giai s6 da dugc thuee hién trén cac Er-4S gan giong
voi cac mau thue duge ché tao. V6i phuwong phap FDTD, ngudn phét 1a cac ludng cuc
dién dugc ddt bén trong va gan bé mat Er-4S, diém thu pho phan xa dwoc chon nam
ngay trén mat phang xich dao va ¢ bén trong gan véi bé mat Er-4S, két qua mo phong
cho thdy c6 nhiéu mode phat xa twong dong voi cac két qua thuc nghiém. Két qua
phuwong phép giai s6 nhan duoc cac by s0 mode lwong tit ddc trung cho cac mode
WGM gan trung voi két qua md phong. Qua do cho thdy c6 sy phu hop tot gitea ly
thuyét mode WGM, md phong bang phuong phap FDTD va thuc nghiém do dac.

2. PHUONG PHAP NGHIEN CUU
2.1. Ly thuyét mode WGM cua vi cau
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Hinh 1. Budng cong hudng hinh thanh khi théa man diéu kién phu hop pha (a), song ding xuat
hién trén duong chu vi ctia 4S khi thdéa man diéu kién phu hop pha (b), quy dao ctia photon doc
theo dwong chu vi ctia 45 (c) va mode WGM lan truyén doc theo mit phing xich dao cta 4S8 (d).

Nhiéu nghién ctru da thu dwoc mode WGM ctia 1S bang cach sit dung cac md
hinh phan tich khac nhau [9]. Trong bai bao nay, md hinh 2D don gian nhdm tim hiéu
cac dac tinh vat ly va quang hoc cua S da duoc xem xét. Nhw da biét, mode WGM ctia
4S duoc hinh thanh do hién twong phan xa toan phan ldp di ldp lai ctia anh sang trén
bé mét bén trong xS [3]. Khi thoa man diéu kién phtt hop pha (Hinh 1.a), séng diing sé
xuat hién doc theo chu vi twong tng cua £S (Hinh 1.b). Ba s6 luong tit dic trung cho
mode WGM la: s6 lwong tir xuyén tam (1), s6 lugng tir phuwong vi (1) va so luong tir goc
(m) [10]; ngoai ra, cac mode WGM cuia S con phu thudc sy phan cuc cua treong. Khi
chum séng truyén theo duong tron 16n nghiéng moét goc 6 so véi mit phang xich dao
(Hinh 1.c), thanh phan moment goc theo phuong truc z sé la m = l.cos6. Trong thuc t&,
néu xem mat phang xich dao 1a mat phang chinh ctia sy lan truyén, mét mode WGM
c6 thé duoc biéu dién bang mot tia quang hoc bi giam gitt gan bé mit 48 va vach ra
mot duong zig-zag quanh mét phang xich dao (Hinh 1.d), m6t mode WGM bj giéi han
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trong mdt d6i xung quanh mat phing xich dao bdi dd cong ctia vi cau theo hudng cuc
[9, 11]. Thuec t€, chung ta chi quan tam dén cac mode WGM bac thdp véi n nho vam =1
d€ cuc dai hda vwu diém cdng huong cta 1S. Cac mode nay cé sy phan bd truong gan
bé mat 4S va gan trung voi duong xich dao, ltc nay dién truong E duoc nén thanh thé
tich mode nho nhat. Khi m =1, phuwong trinh trang thai cta xS d6i v6i mode TE va TM
dwoc cho boi [12]:

0)=z[ ! _Lj (1)
(kR,) kR, kR,

Trong do6 Ji, Yi: cdc ham Bessel thwong loai moét va loai hai bac I; Ro: ban kinh cua
4S; k, ko: Tan lweot 12 s8 séng trong madi tredng 45 va trong chan khong; p 1a hang s& lién
quan dén su phan cuc cua treong va duoc xac dinh boi:

{k Ik, =n, Mode TE
p =

(2)
k[ k=1/n, Mode TM

ns: chiét sudt twong d6i ctia moi treong 1S so véi moi truong xung quanh.

Vi bude song cong huong A cho truede, cac s6 mode I ¢6 gid tri sao cho:

Zn(RO +6p) <l+1 <n, ZH(RO +6p) 3)
A 2 7 A
Trong dé: Sp~ A b 4)
2mtn, \fn? -1

2.2. C4u hinh thyc nghiém khao sat phd phat xa laser caa vi cau

Dé€ kich thich Er-4S phat xa laser mode WGM, ching ta cé thé sit dung nhiéu
phuong phap két cip khac nhau gita kénh dan séng véi Er-4S, chang han nhu st dung
dng dan séng tich hop, lang kinh, soi mai nhén géc, soi quang vudt thon & gitta hozc
vudt nhon mot dau hinh chép nén [13, 14]. Hién nay, viéc két cdp Er-4S vdi soi quang
vudSt nhon moét dau hinh chép nén 1a phuwong phap st dung hiéu qua va phu hop véi
diéu kién co so vat chét cua phong thi nghiém chung t6i nghién ctru. Vi vay, két qua
ctia bai bao chi dé cap dén phurrong phap két cip nay bang thuc nghiém.

Cdu hinh két cap Er-4S vdi soi quang dé€ bom va thu ph6 phat xa laser mode
WGM cua Er-4S theo duong tiép tuyén ma chung toi thue hién nghién cttu dwgc minh
hoa nhu trén Hinh 2. Hinh 2.a la treong hgp dau thu quang duoc dat theo hudng két
cap gitta dau bom va Er-4S d€ 1ay tin hiéu theo chiéu kim dong ho (CW), Hinh 2.b la
treong hop dau thu dét theo hudng tan xa phia sau dé 1ay tin hiéu theo chiéu nguoc
chiéu kim dong ho (CCW).
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Hinh 2. C4u hinh két cadp CW (a) va cau hinh két cdp CCW (b).

2.3. Phuong phap tinh toan m6 phong

Dé€ tinh toan mo phong qua trinh lan truyén séng dién tir trong cdu trtc, chiing
toi da st dung phuwong phap FDTD, phuong phap nay dwoc dé xudt boi nha khoa hoc
Nhat Ban K. Yee vao nam 1966 [15]. Phuong phap FDTD cho phép giai truc ti€p hé
phuong trinh Maxwell trong mién thoi gian [15, 16], phwong phap nay stt dung phép
gan dung sai phan trung tam bac hai thay cho dao ham riéng theo khong gian va thoi
gian ctia dién truong va tlr treong roi thue hién tinh todn bang mdy tinh s6. FDTD la
phuong phap giai tryc tiép trén mién thoi gian nén cé thé trai trén mot dai tan s6 rong
ddi voi mot tién trinh mé phong. Hién nay, phwong phap FDTD da tro thanh mot
trong nhitng phuong phap pho bién dung dé moé phong cac bai toan vé treong dién tie.

Trong bai bao nay, dé€ thu duoc phd phan xa, phan bd treong ctia cdc mode
WGM cua S, cac ludng cuc dién dugce dat bén trong & gan bé mat S va vudng goc voi
mat phéng xich dao cuia ©S (mode TM) hodc ndm trén mit phzfmg xich dao ctia uS
(mode TE) d¢€ kich thich cac mode WGM, cac diéu kién bién hap thu hoan hao (PML)
duoc st dung xung quanh xS, diém thu phd phan xa dugc chon tai diém bat ky nam
trén mat phang xich dao va ¢ bén trong gan voi bé mat 4.

3. KET QUA VA THAO LUAN

3.1. Thyuc nghiém do phé phat xa caa laser Er-4S
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Hinh 3. M6 hinh hé thuc nghiém do phé phét xa cta laser Er-4S.

Viéc khao sat pho phat xa laser mode WGM cho mot s6 Er-4S kich thwde khac
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nhau theo hai cdu hinh két cgp CW, CCW va khoang cach két cap dugc chiing t6i thuc
hién bf?mg hé thuc nghiém c¢é mo6 hinh dwoc trinh bay nhu trén Hinh 3. Trong d6, laser
diode cd bude song A = 1470 nm, cong suat phat ~ 180 mW va phéan cec mode TE dwoc
st dung dé€ kich thich cac ion Er* trong £S. Chum tia laser bom va laser phat xa thu
duoc tir 1S dwoc dan truyeén béi hai soi quang vudt nhon hinh chép nén khac nhau.
Cac mau S dwoc stt dung trong phép do 1a cac Er-4S ching tdi da ché tao duoc bang
phuong phap phéng dién h6 quang.

bé ghép anh sang vao xS mot cach hiéu qua, mode séng treong gan phat ra ti
s0i bom phai phu hop véi mode WGM cua 4S. Khi Er-4S duoc két cdp tuong thich voi
soi thu, ta c6 thé thu dugc pho phét xa laser don mode hodc da mode [17, 18]. Ky thuat
nay linh hoat trong viéc diéu khién khoang cach két cdp gitta dau soi thu véi bé mat
1S, khoang cach két cip dwoc diéu chinh bang hé vi chinh 3D véi do chinh xac
~0,1 um, ph8 phat xa laser dugc phan tich bang thiét bi OSA-Advantest Q8384 véi do
phan giai 0,01 nm. Hai kiéu mode twong ting véi cdu hinh CW va CCW da thu duoc ti
thuc nghiém. Qua trinh do phd phat xa laser mode WGM ctia Er-4S theo cau hinh CW
va CCW st dung phuong phap két cdp dau soi bom va sgi thu quang dang hinh chép
non voi Er-4S dugc thiee hién trén hé do do chiing t6i tie xay dung nhu trén Hinh 4.
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Hinh 4. Thuc nghiém do pho phat xa cta laser Er-4S theo cdu hinh CW va CCW.
3.1.1. Phd laser mode WGM cuia Er-4S duong kinh 38,5 um
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Hinh 5. Pho phat xa laser mode WGM ctia Er-4S duong kinh 38,5 um
tng voi khoang cach két cdp ~ 1,5+ 0,1 pm: cdu hinh CW (a), cdu hinh CCW (b)
va cau hinh CW khi khoang cach két cdp ~ 0,7 um £ 0,1 pm (c) va ~ 0,5 um £ 0,1 um (d).

Pho phat xa cua laser Er-4S duong kinh 38,5 pm thu duoc tir thuc nghiém tng
véi mot s6 khoang cach két cap khac nhau theo hai cdu hinh CW va CCW dugc trinh
bay trén Hinh 5. Hinh 5.a-b hién thi pho phat xa laser da mode cua Er-4S v6i khoang
cach két cap ~ 1,5 £ 0,1 um, két qua nay cho thdy s6 lwong mode WGM ciing nhu cong
suat phat xa laser ctia cac mode nhan duwoc theo cau hinh CW 16n hon so véi cau hinh
CCW, nghia 1a da co su két cap manh trong cadu hinh CW va thuong dugc goi la két
cap dong pha [19]. Khi khoang cach két cap nho hon ~ 0,7 um, ching t6i da thu dwoc
cac phd phat xa laser don mode vdi cong suat 16i ra khac nhau ting véi cac khoang
cach két cap khac nhau. Hinh 5.c-d hién thi cdc phé don mode ting véi hai khoang cach
két cap khac nhau duoc trich xuat tir Er-4S theo cdu hinh CW.

3.1.2. Pho laser mode WGM cua Er-4S duong kinh 29,7 um
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Hinh 6. Pho phat xa laser mode WGM ctia Er-4S duong kinh 29,7 pm tng véi
khoang cach két cdp ~ 1,5 + 0,1 um: cadu hinh CW (a), cdu hinh CCW (b) va cau hinh
CW khi khoang cach két cap ~0,7 um £ 0,1 pm, ~0,5 um = 0,1 pm va ~ 0,3 pm £ 0,1 pm (c).

Phé phat xa cua laser Er-4S duwong kinh 29,7 pm thu duoc tit thue nghiém tGng
véi mot s6 khoang cach két cap khac nhau theo hai cdu hinh CW va CCW dugc trinh
bay trén Hinh 6. Két qua ¢ Hinh 6.a-b cho thdy: v6i khoang cach két cdp ~ 1,5+ 0,1 um,
chung t6i thu dwoc pho phat xa laser da mode véi s6 lwong mode cling nhu cong suét
phat xa rat khac nhau gitta hai cau hinh két cap CW va CCW. Su khéc biét nay gay ra
boi cac diéu kién két cdp dong pha va léch pha trong hai cadu hinh nhw da duwoc thao
luan & [19]. Khi khoang cach két cap nho hon ~ 0,7 um, chiing t6i cting da thu dwoc cac
pho phat xa laser don mode véi cong sudt 16i ra khac nhau tng véi cac khoang cach
két cdp khac nhau. Hinh 6.c hién thi phd laser don mode duoc trich xuét tir Er-4S
duong kinh 29,7 um tuwong tng véi ba khoang cach két cap ~0,7+0,1 um,
~0,5+0,1 um va~0,3+0,1 um theo cdu hinh CW.

Cac két qua thyce nghiém cho thay pho phat xa laser da mode thu dwoc cd s6
lwong mode va cdng sudt phat xa khac nhau twong ting voi hai cdu hinh két cap CW va
CCW. Ngoai ra, laser don mode theo cau hinh CW c6 budc séng thay ddi cing da
duoc ghi nhan. Cac két qua thuc nghiém nay c6 quy luat phu hop vdi cac két qua da
duoc cong b [17, 20].

3.2. M6 phong mode WGM cua uS

D€ quan sat cac mode WGM va phéan b treong trong S duwong kinh 38,5 um
va 29,7 um, phuong phap FDTD da duoc st dung dé thuc hién mo phong. Trong do,
kich thudc 6 ludi duoc chon la 10 nm, nguon kich thich phat xa mode WGM 1a cac
ledng cuyc dién phat budc séng trong dai A= (1400 - 1600) nm phan cwc TM hodc TE,
dwgc dat bén trong gan bé mat 4S.
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Hinh 7. Pho phan xa trén bé mat xS thay tinh silica dwong kinh 38,5 um (a) va phan bd
thanh phan Hz trén mat phang xich dao cta 45 d8i véi mode WGM c6 4 = 1549,01 nm (b).
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Hinh 8. Pho phan xa trén bé mat xS thuy tinh silica dwong kinh 29,7 um (a) va phan bd
thanh phan Hz trén mat phang xich dao ctia 48 d6i véi mode WGM c6 4 = 1550,82 nm (b).

Hinh 7 va Hinh 8 hién thi phd phan xa thu dwoc tai diém thu va sy phan bo
thanh phan truong Hz (mode TE) trén mit phang xich dao ctia 1S d6i véi mode WGM
c6 1=1549,01 nm va A=1550,82 nm twong tng voi hai xS duong kinh 38,5 pm va
29,7 um. Két qua cho thdy cd sy xuét hién cac mode WGM véi A~ 1550 nm; ngoai ra,
sw phan bd truong cua cdc mode WGM kha dong déu trén duong chu vi thudc mat
phang xich dao caa 8.

3.3. Tinh toan cac bd s6 mode lwong tit (I, #) bing phwong phap s

Str dung cac biéu thiic gan dung tir (1) dén (4), cac bd gia tri (I, n) ctia cac mode
WGM phan b4 trén mat phang xich dao ctia hai 45 duong kinh 38,5 um va 29,7 um cé
chiét sudt twong doi ns=1,44 da duwgc chung toi tinh toan mot cach cu thé tai mot s
budc song xac dinh (4~ 1550 nm) tng vdi treong hop phan cec TM va TE (Bang 1).
Ngoai ra, Bang 1 cling da liét ké cac bo gia tri (I, n) dém duoc tir cac hinh anh md
phong mode WGM theo phuwong phap FDTD, trong do6 I va n dugc xac dinh moét cach
truec quan théng qua viéc dém so cuc dai cua truong theo hudng phuong vi va hudng
xuyén tam twong tng.

Badng 1. Cac b tham s6 mode WGM (/, ) dugc xac dinh theo hai phwong phép khéc nhau

T U T e mumgpipss o
1 38,5 ™ 1550,74 ((180;’ 41)?’ ((89:’ 52)) (;902,’63)) (80, 6)
2 38,5 TE 1549,01 ((18085,’ 41)?’ (;949,’ 52)) (;903”63;) (85, 5)
3 29,7 ™ 1551,53 79 (16)4,(;3” (26)1(;8 3) (64, 4)
4 29,7 TE 1550,82 (80, 1), (74, 2), (69, 3) (66, 4)

(65, 4), (61,5)
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Bang 1 cho chung ta thdy c6 sy phu hop gitra mot trong cac b gia tri luong ti
(I, n) khi tinh toan theo phuong phép s8 véi bd gia tri (I, n) xac dinh dwgc bang phuwong
phap m6 phong FDTD. Tuy nhién, do do phan giai chuwa du 16n ctia chwong trinh mo
phong, viéc doc gia tri budc song cong huong mode WGM chua chinh xac cling nhwe
diéu kién gan dung ctia phuong phap s6 ma két qua thé hién trén Bang 1 c6 sy sai
khac. Dac biét, khi tinh toan ly thuyét theo phuwong phép s ching t6i nhan duoc nhiéu
bd gia tri (I, n), trong khi két qua md phong theo phwong phap FDTD chi cho mot b
gia tri (I, n) duy nhat.

5. KET LUAN

Trén co so cac Er-4S duwong kinh 38,5 um va 29,7 pm da ché tao, phat xa laser
mode WGM ctia céc Er-4S 6 vung thong tin quang ~ 1550 nm da dwogc phan tich dinh
leong béng thuc nghiém do dac. Trong hé thuc nghiém, viéc diéu chinh khoang cach
gitta dau soi thu va bé mat Er-45 cho phép laser phat xa phé don mode hodc da mode.
Viéc kiém ching su phat xa mode WGM ctia cac Er-4S nay ¢ vung thong tin quang
~ 1550 nm ciing da dwoc thuc hién bang phuong phap md phong FDTD va phuong
phap giai s6. Cac két qua nhan duoc cho thay c6 sy phut hop tot gitta tinh toan 1y
thuyét, m6 phong va thuc nghiém do dac, dong thoi laser vi cau da ché tao c6 kha
nang ung dung cho nhiéu linh vuc nhw cam bién, truyén thong lugng tt.
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ABSTRACT

Erbium-doped silica glass microspheres (Er-4S) with ~30-40 pm diameters were
successfully fabricated by using an arc discharge method. The single-mode optical
tapered fibers guided the pumped laser into the Er-u4S surface and collected the
laser emission spectrum. The whispering-gallery-modes (WGMs) at the telecom
regime of ~ 1550 nm wavelength are quantitatively analyzed. With the presented
scheme, the selective single or multi-emitted modes of the Er-4S laser can be
obtained by adjusting the coupling gap between the collection tapered fiber and
the Er-uS surface. The finite-difference time-domain method (FDTD) and
numerical method have been used to simulate the reflection spectrum, field
distribution as well as calculate the sets of quantum mode numbers that
characterize the WGM modes of Er-4S. The results show that the experimental

measurements, simulations and numerical solutions are similar.

Keywords: Perfectly Matched Layers Boundary Conditions, Whispering-Gallery-

Mode, Finite-Difference Time-Domain Method, Dielectric Microspheres.
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