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TOM TAT

Laser sgi quang céng sudt cao da chirng minh dwoc tiém ndng lom trong cdc linh viee cong
nghiép, y hoc, hang khéng vii tru, quoc phong va nhiéu linh viee khdc. Sir dung ché dé don mode
SOT quang cé cdc weu thé nhw chat heong chiim tia tot, cong sudt cao, dé on dinh va hiéu qua cao.
Do vdy, laser soi quang cong sudt cao ché do don mode dang dwoc vmg dung trong viéc ché tao
va gia cong cdc chi tiét tinh vi. Spi quang hoat tinh pha tap dat hiém ytterbium (Yb®) duoc sir
dung lam méi truong khuéch dai chii yéu va tao ra nhitng ngudn phat laser c6 cong sudt > 200 W
hién nay. Muc dich cua bai bao nay la mé phong phan bo cwong do mode LP soi quang ché do
don mode, phan tich cdac thong so anh hwong dén cong sudt dau ra cia laser soi quang cong sudt
cao nhw chiét suat, duong kinh [oi, do dai soi quang, so do bom, chat lvong chum tia M2. Tir do
lira chon cdc déc tinh t6i wu cho soi quang ché dp don mode trong iing dung mdy laser cdt kim
loai chuyén dung.

Tir khoa: Laser soi quang; Cong suit cao; Don mode; Pha tap dét hiém; Pha tap Yb®*.
1. MO PAU

Laser soi quang tir 1au da dwoc biét dén va ing dung nhiéu trong céng nghép, nhit 1a cac linh
vuc can sir dung cong suét cao nhu cit, han, khic [1, 2],... Diéu nay 1a do d6 chinh xac cua tia laser
50 v&i cac cong nghé khac. Cac vat lidu cat bang tia laser sé it gy ra hiéu ing khong mong mudn
tai vi tri cit nhu bavia, cong, vénh hay sai s6, tir d6 mang lai san phém chét luong. Cac uu diém
khac c6 thé ké dén nhu chit luong chum tia tot, d6 6n dinh cao, nhé gon, gia thanh hop 1y.

Soi quang c6 thé dugc sir dung nhu mot buéng cong huong quang hoc, dé khuéch dai cac
photon cung pha, tao ra chum tia laser két hop. Céu truc 15i cia soi quang dang nay duoc pha tap
céc nguyén t6 dat hiém nhu Erbium (Er), Ytterbium (Yb), Thulium (Tm), tuy thugc vao yéu cau
budc song dau ra khac nhau [3-5]. Do mdi nguyén té dat hiém s& c6 mirc nang lugng kich thich va
phat xa niang luong khac nhau. Soi quang don mode mang lai nhitng wu diém nhu han ché nhidu
xa, dinh hudng cao. Du chi ¢6 tiét dién nho, , nhung laser soi quang don mode van du kha nang xu
1y cong suit cao, phu hop cho cac thlet bi cit kim loai chuyen dung [6]. Tuy nhién, nhimg nghién
clru chuyén sdu ve ché do6 don mode, t6i uu cac thong s6 soi quang va cong sudt bom, dé c6 cong
sudt dau ra ciing nhu chit luong chum tia theo yéu cau, 1a khong c6 hoic khong ddy du.

Muc dich cua bai bao nay la khao sat phan bo cuong d6 mode LP cua soi quang pha tap Yb
Yb**, dudi dang mo phong 2D (muc 2, 3). Cac yeu t6 anh hudng dén cong suit laser va chat luong
chum tia M2 nhu chiéu dai sgi quang, chiét suit 15i soi, 161 phu, so dd bom cong suét s& dugc phan
tich va mo6 phong toan hoc (muc 4).

2. MO PHONG CHE PQ PON CUA LASER SQI QUANG CONG SUAT CAO

Chung t6i nghién ctru sy thay ddi trong phan bd cuong do cua cac ché do phan cyc tuyén tinh
dbi véi chi s6 bude chiét sut clia sgi quang. Nhu da biét, cac mode ciia soi quang laser thé hién
su phan bé cua dién trudng truyén doc theo truc cia soi quang [5 5]. Chlet sudt hiéu dung nes lubn
thoa man diéu kién Nz < Nerr < Ny, trong d6 Ny va N, 1an luot 1a chiét suat ciia 16 va 16p boc ciia soi
quang. Hang s6 lan truyén chuén hoa duge mo ta bang cong thire [5].
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trong d6, a 1a ban kinh 15i soi quang, NA 1a khau do s6 soi quang.

Laser quang soi pha tap dat hiém thuong str dung cac budc song 1064 nm trong cac ng dung
cit kim loai trong cong nghiép [1, 2]. Khi hoat dong ¢ ché dé don mode cua laser soi quang pha
tap Yb3*, duong kinh 15i thuong ném trong khoang tir 10 dén 30 pm véi cong suét co thé 1én toi
hang kilowatt [7]. Nguoi ta biét rang véi kich thudc 15i cua soi quang, khi V <2.405, soi quang
ludn hd trg truyén song don mode va khi V > 2.405, soi quang ludn hd trg truyén song da mode
[5]. Tur phuong trinh (2), ban kinh cua soi quang c6 thé duoc tinh sao cho du nho dé hoat dong &
ché d6 don mode tuong Umg voi cac budc song truyén di khac nhau. Can luu y rang trong bai bao
nay, su thay ddi chiét suat ctia cac thanh phan soi ciing nhu sy thay doi chiét suat hiéu dung trong
qua trinh truyén song dién tir déu bi bo qua.

Trong [8], cac tac gia da chi ra sy phan bd cuong do ciia cac mode phan cuc tuyén tinh d6i véi
chi s6 budc chiét sut cua soi quang. S¢i quang hoat dong ¢ ché d6 don mode ludn duoc vu tién
dé co chat lwong chum tia tot hon nén cac md phong ve ché d6 nay dugc tap trung khao sat trong
nghién ctru nay. Trong ché 46 dan hudng dién truong gin dung, cac mode duoc coi la gan suy bién
v6i cac trang thai phan cyc tuy y [5]. Gia su rang hai bd ché do doc lap - ché d6 phan cuc X va
phan cuc y, c6 cung hing sb lan truyén. Cac ché do nay duoc goi l1a ché d6 phan cuc tuyén tinh
(mode LP).

Soi quang cach tir Bragg (FBG) la mot cdu triic don gian dugc thiét ké dé tao ra nhiing thay doi
dinh ky vé chi s6 khuc xa ctia 13i soi trong laser soi quang don mode cong suét cao. Bom tir mot
phia thuong duoc sir dung, vi né pht hop véi su tién loi va don gian ciia may cit laser soi quang
trong cong nghiép. Mot FBG véi nhiéu bude cach tir khac nhau dan dén thay ddi sy phan bb cuong
do cua cac ché do phan cuc tuyén tinh. So d6 ciu trac cia FBG duoc mo ta trong hinh 1.

Lbi phu

Chum bom L(”)iis()i \ﬁLaser
) 1220 )) RY

Chum tia phan xa Cach tu Bragg

Hinh 1. So do cau triic FBG trong laser soi quang céng sudt cao.
Trong diéu kién Bragg [9]:
AB = ZneffA (4)
Trong d6: Jg 1a budc séng clia nhidu xa Bragg phan xa ngugc, budc song lan truyén ciia anh
sang trong khoang cach tir Bragg; ner 1a chiét sudt hidu dung cta 15i soi & budce song nhiu xa
Bragg; 4 1a khoang cach gilta cac cach tur, thoa man diéu kién lién quan dén budc song nhidu xa

Bragg phan xa nguoc Zs. Céu tric cach tir Bragg trong soi quang la sy thay doi theo truc (x) va
tudn hoan cta chiét suét 16i v6i chiét suit hiéu dung dwoc dua ra boi cong thic:
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Nepr(x) = ng + Ancos(2mx/A) (5)

Trong do: np la chiét sut trung binh ctia soi quang; 4n 1 bién d6 nhiéu loan cia chiét suét hiéu
dung 161 s¢1i; X 1a khodng cach doc theo chiéu dai soi.

C6 sau ciu trac phé bién cho FBG, bao gdm dang cach tu déu ddng nhét, cach tir Gaussian,
céch tir tang cosine, kiéu dan xen, dich pha roi rac va siéu cau triic [10]. Trong bai bao nay, ching
t61 xem x¢t dang FBG don gian nhit, d6 1 cach tr déu ddng nhét voi cac tim Bragg gidng hét
nhau va cach déu nhau (hinh 2).

quang

Hinh 2. So do soi quang cach tir Bragg.

Goi mo phong chum tia quang hoc ciia phan mém Comsol Multiphysics 6.1 trén may tinh da
dugc thiét 1ap. M6t mo hinh 2D dugc ching toi xay dung nho tinh ddi xtng truc cua soi quang.
Cac thong so cua soi quang, budc song lan truyén va cong suit dau vao duge mo ta trong bang 1.
Chiét sut ctia 18i va 161 phi1 soi quang 1an luot 1a 1.4623 va 1.4512 [11]. Ban kinh soi quang dugc
dat theo gia tri sat vdi sgi quang don mode dang c6 maét trén thi trudong [12].

Bing 1. Cac gid tri tham s6 cho md phong |aser soi quang cong sudt cao.

4.6 [um]; 6 [um]; 8 [um]; 10[um] Ban kinh 16i

62.5 [um] Ban kinh 161 phu
1.4623 Chiét suat 15
1.4512 Chiét suat 15i phu

1064 [nm] Budc séng lan truyén

600 [nm] Khodng cach céch tir Bragg
3;5; 10 S luong cach tir Bragg
200 W Cong suat birc xa laser

3. KET QUA MO PHONG VA THAO LUAN

Trén thyc té, laser soi quang pha tap Yb* & budc song 1064 nm dugc st dung rong rai trong
nhiéu tng dung «cong nghiép lién quan dén xir Iy vat liéu nhu cét, han va khac [1,2]. Diéu ndy la
do nhiing uu diém cua laser soi quang Ppha tap Yb%*, ching han nhu hiéu suét chuyén déi rit cao
vaty 1¢ bé mit trén thé tich cao, tao diéu kién cho viéc tan nhiét d& dang va tao ra chum tia laser
v6i d6 nhidu tan xa tbi thiéu. Do dé, chung t6i xem xét phan bd cudong do mode phan cuc tuyén
tinh cta laser soi quang pha tap Yb%* & budc song 1064 nm véi cac dudng kinh 161 soi d khac nhau,
nhu duoc mé ta trong hinh 3.
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Chi s6 mode n=1.456 n=1.4582 n = 1.4606
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Hinh 3. Phdn bé cuong do ciia cde mode phén cuc tuyén tinh & bude séng 1064 nm
doi véi cdc dwong kinh 16i khéac nhau.

C6 thé quan sét thay rang, voi duong kinh 16i 9.2 um hodc 12 pm, cé thé thu duge phan bd
cuong do cia ché do LPO1 phan cuc tuyén tinh. Trong khi d6, ché d6 phan cuc tuyén tinh LP02
c6 thé thu dugc khi soi quang c6 duong kinh 181 20 pm & budc song truyén quang 1064 nm. Khi
dudng kinh 15 soi quang ting 1én, su phan bd cudng do cua ché do phan cuc tuyén tinh tré nén bi
phan chia manh hon, diéu nay c6 thé dan dén giam chit luong chim tia. Do véy, duong kinh 13i
9.2 um 1 thong sb tt nhat trong cac truong hop nay.

Sau d6, chung t6i nghién ctru su phan bd cuong do cua ché do phan cuc tuyén tinh trén cac soi
chtra sb cach tir Bragg khac nhau. Didu nay dwoc hd tro béi goi do chum tia quang hoc trong
chuong trinh Comsol Multiphysics 6.1, v&i ngudn bom 14 laser song lién tuc, cong sudt 200 W,
budc song A = 1064 nm, dudng kinh 16i soi d = 9.2 pm. Két qua dugc trinh bay trong hinh 4.
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Hinh 4. Phdn bé cwong do ciia cic mode phén cwc tuyén tinh khi sé lwong I6p cach tir Bragg
khac nhau trén soi quang, dwong kinh 161 spi d = 9.2 um.

C6 thé nhan thay rang, sb luong cac mode phéan cyc tuyén tinh tao ra la it nhét khi s6 16p cach
tu Bragg la 3. Trong trudng hop 5 va 10 tAm cach tir Bragg, c6 thém sy xuat hién cta cac ché do
phan cyc khong d01 xtmng, c6 thé 1am giam chét lugng chum tia trong nhiing truong hop nay. Ché
d6 phan cuc tuyén tinh mode LP0O1 chi nhan dugc khi s6 16p cach tir Bragg 1a 3 16p. Day c6 thé
xem 14 s6 lugng 16p cach tir Bragg tdi wu nhét trong cac trudng hop nay.

4. MO HINH TOAN HQC PANH GIA CONG SUAT PAU RA

Chung t61 xem xét cac yéu to nhu d¢ dai soi quang va céu hinh bom anh huong dén cong suat
dau ra. Trong thuc té, do dai soi quang anh hudng dén cong suét dau ra cua laser sgi quang cong
sudt cao [13]. Dé giai quyét van dé nay, mot tinh toan mo phong sir dung bo giai bai toan gia tri
bién (BVP) ciia Matlab d duoc thyc hién ddi véi laser soi quang pha tap Yb%, v6i cong suat dau
ra 200 W, chiéu dai sgi 50 m va budc song 1064 nm. Céc tic gia trong [13] d'& chi ra rang, bang
cach bo qua tbn that birc xa lan truyén hodc bd sung vao phat xa tu phat, BVP twong duong véi
bai toan gié tri ban dau (IVP) ma 16 giai ciia nd, dugc tinh toan bang bo giai IVP ciia Matlab, cung
cip mot du doan phi hop cho bai toan BVP. Piéu nay dan dén mot bo giai Matlab don gian dé mo
phong su truyén anh sang trong laser sgi quang cong suat cao.

CAu hinh phd bién nhit ciia may bom laser soi quang cong suit cao dugc moé ta trong [14].
Trong c4c cAu hinh nay, nhidu guong quang hoc duoc thay thé bang cach tir FBG trong 15i va cac
bd phan bom dugc két hop. C6 ba cau hinh bom phd bién cho FBG, bao gdm bom hdn hop, bom
toan sgi va bom bén trong soi. Bom tur ca hai dau cua soi - cAu hinh bom toan soi s& tao thém ap
luc 1én FBG vi chung phai chiu dugc ca luc bom va tin hi€u manh, do do can duoc thiét lap dac
biét dé bao vé chung. Py 1a ciu hinh bom dugc gia dinh trong phan tiép theo, vi né 1a t6i uu nhat
cho hiéu sudt cong suat bom vdi cong suat dau ra. Cau hinh bom bén trong soi, voi kha ning bat
d4u bom bén trong khoang, giup giam bét mot sé van dé vé ap luc 1én soi quang FBG. Tuy nhién,
n6 gy phuc tap cho viéc ché tao va van hanh. Do d¢, tac gia dé xuat kha ning bom hai ddu voi
cong suat dau vao 1a 240 W trong trudng hop nay.

102 D6 Thanh Ting, “Khdo sdt ché dp don mode laser sgi quang ... may cit kim logi cong nghiép.”



Nghién ciru khoa hoc cong nghé

Sy lan truyén ciia song anh sang trong khoang tuyén tinh duoc mé ta boi lity thira tién va lui,
duoc dac trung boi phuong trinh rat gon [13, 15]:
dP;
+—2(2) = (0,7 + 3, INo(2) = 5y " ML B (2) — B (2) (6)

= (95(2) — as(2))PF (2) ()

Trong do: P, Py, 1an luot dai dién cho cong sudt bom (ky hiéu p) va cong suat laser tin hiéu (ky
hiéu s) & budc song laser khac nhau, ky hiéu + khi tinh theo hudng tring véi hudng tia téi (truc z),
ky hi€u - 1a nguoc lai; O'( ) va a(a) 1an luot biéu thi mit cit hap thu va phat xa tai ngudn bom; N
va N lan luot biéu thi mat o dan cu ¢ trang thai co ban va trang tha1 kich thich; I,, I}, twong ting
1a hé s6 chong chap gitra phén bd i ion pha tap va cac mode cua nguon bom (p) va laser tin hiéu (s);
a,Va as duge hiéu 1an luot 1 hé sb suy hao truyén quang tai nguén bom va tin hiéu laser; g, la
mirc tang tin hiéu tai A = /.

Hinh 5 cho thiy c6ng suit bom va tin hiéu laser theo hudng tring V61 hudng tia to1 (+) va
nguoc lai (-), Py, Py, Ps™, Ps 1a cac ham cua vi tri doc theo sgi quang d6i vai laser sgi quang pha
tap Yb**.

300

Cong suit [W]

S i .,
50 = ~.

—— 4
et e

0 1‘0 2‘0 3’0 4‘0 50
Chiéu dai s¢i quang [m]
Hinh 5. Céng sudt bom va tin hiéu theo hwéng tring voi huedng tia 161 (+) va nguoc lai ) Py",
Py, Ps", Ps la cdc ham cua vi tri doc theo soi quang doi véi laser soi quang pha tap Yb**.

Mo hinh tinh toan cung cip dy doan hiéu qua vé su truyén song anh sang trong soi quang. Két
qua cho thiy co thé dat dugc cong sut ddu ra Ps* = 200 W & chiu dai soi L = 35.6 m. Do dai dién
hinh cua soi quang ytterbium duoc sir dung trong hé théng thuong tir 10 - 50 m [7], vi vay, tinh
toan nay cho thdy su phu hop véi cac nghién ciru trude day.

Thong s6 chat lugng chiim tia, hay thong sb M2, 1a dai luong quan trong dé danh gia chat lugng
ctia chum tia laser, dc biét 1a & laser soi quang cong suat cao. N6 cho biét kha ning hoi tu cua
chum tia hodc muc do chum tia laser so v&i chum tia Gaussian ly tuong.

M2 dugc xac dinh bé'lng ty 1€ gitra dién tich chum tia thyc té tai vi tri tiéu cu voi dién tich chum
tia Iy twong tai ciing mot vi tri. Noi cach khéc, nd ¢é thé dugc dinh nghia 1a ty s6 cia tich tham sd
chum tia dang xét v6i chim Gaussian c¢6 cung kich thude diém giéi han nhiéu xa [14]. Trong
truong hop nay, khi tham s6 V trong (2) cang nho thi chat lugng chim tia M2 ciing cang nho [16].
Noi cach khéc, soi don mode ludn tt hon soi da mode vé chat lugng chum tia.

5. KET LUAN

Mot m6 hinh m6 phong laser sgi quang cong suét cao pha tap Yb%* da dugc xay dung. Ché do
phan cyc tuyén tinh don mode LPO1 c6 thé thu duoc khi sgi c6 duwong kinh 161 9.2 um hodc 12 ym
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& budc song truyén quang 1064 nm. M6 phong COMSOL véi sb lugng cach tir Bragg khac nhau
trén soi quang da dugc tién hanh. Ché do phan cuc tuyén tinh LP0O1 c6 thé dat dugce khi s6 luong
cach tir Bragg 1a 3 16p. Trong truong hop 5 va 10 tam cach tir Bragg, c6 thém sy xuat hién cia cac
ché d6 phan cuc khong d6i xung, 6 thé 1am giam chat lugng chum tia trong nhiing truong hop
nay. Phép tinh sir dung bo giai bai toan gia tri bién (BVP) ciia Matlab dua ra dy doan vé cong suat
bom va céng suit dau ra tuy thude vao d6 dai sgi. Cong suét tin hiéu du ra Ps* = 200 W ¢6 thé
dat duoc & chiéu dai soi L = 35.6 m.

Céc thong s tdi uu cho soi pha tap Yb®* trong thiét 1ap ctia chiing t6i cho pham vi budc séng
1060 - 1080 nm bao gém chiéu dai L = 35.6 m, duong kinh 161 d = 9.2 pm, chi s6 khuc xa 16i va
v lan luot 1a 1.4623 va 1.4512, soi quang Bragg c6 cau tric cach tir véi 3 16p, chu ky cach tir 600
nm va cu hinh bom hai chiéu déau soi _quang c6 cong sudt 240 W. Dya trén két qua tinh toan va
danh gia, cho phép thiét ké thiét bi cit kim loai bang laser sgi quang chuyén dung trong cong
nghiép cho d¢ chinh xac cao.

_ Bii bdo nay da duwgc bao co tai Hji thdo khoa hec Quéc gia “Ung dung Cong ngh¢ cao vao thuc
tién” niam 2024.
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ABSTRACT

Investigation of single mode high-power fiber laser used in
industrial metal cutting machines

High-power fiber lasers have demonstrated great potential in various industries such as
industrial, medical, aerospace, defense, and many others. Utilizing single-mode fiber
configuration offers advantages such as good beam quality, high power, stability, and
efficiency. Therefore, high-power single-mode fiber lasers are applied in the manufacturing
and processing of fine details. Ytterbium-doped active fibers are primarily used as the
amplification medium, generating laser sources with powers exceeding 200 W. The objective
of this paper is to simulate the intensity distribution of single-mode fiber, analyze parameters
affecting the output power of high-power fiber lasers, such as refractive index, core diameter,
fiber length, pump scheme, and beam quality (M2). This aims to select optimal
characteristics for single-mode fiber in specialized metal cutting laser machine applications.

Keywords: Fiber laser; High power; Single mode; Rare earth doped; Yb3* doped.
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