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Luan an duoc thuc hién tai Hoc vién Khoa hoc va Céng nghé va Vién Vit ly,

Vién Han 1am Khoa hoc va Cong nghé Viét Nam dudi su hudng dan khoa hoc cuia PGS.
TS. Pham Hong Minh va PGS. TS. Dinh Vin Trung.

Trude hét, toi xin bay to long biét on sdu sic dén PGS. TS. Pham Hong Minh,
nguoi thay truc tiép dan dat toi hoan thanh luan qua trinh hoc tap, nghién ctru trong thoi
gian qua. Théy ludn sat sao chi béao va tao moi diéu kién thuan loi nhit cho toi trong
subt thoi gian thyc hién luan an.

T6i xin cam on chan thanh téi PGS. TS. Pinh Vin Trung, thdy di ludn quan tam,
chi bao tan tinh, dinh huéng nghién ctru khoa hoc va dong vién trong sudt qua trinh hoc
tap.

To61 xin tran trong cam on Hoc vién Khoa hoc va Cong ngh¢, Vién Han 1am Khoa
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hién luan an.

T61 xin chan thanh cam on cac Théy, C0, cac Anh/Chi tai Trung tam DPién tir hoc
Luong tur, Vién Vat 1y noi to1 hoc tap, da ho tro, hudng dan va gitp do dé t6i hoan thanh
ban luan an nay.
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T6i xin cam on dé tai Quy nghién ctru co ban va phat trién cong nghé Qudc gia
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ngh¢ Viét Nam, ma s6: VASTO01.02/24-25 d3 hd tro mot phén kinh phi dé 61 thuc hién
luan an.

Cudi cung, t6i giri 10i cam on téi gia dinh, nhimg ngudi luén yéu thuong, tin

tudng, cb vil va dong vién trong qua trinh hoc tap.
Ha Ngi, ngay  thang  nam 2026

Tac gia luan an

Lé Minh Quéan
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MO DAU

Ra doi tir nam 1960, laser nhanh chéng phét trién ca vé cau hinh budng cong
huong, k¥ thuat bom va moi trudng hoat chat, qua d6 mo rong dang ké dai budc song,
cong sudt ciing nhu cac ché do phat xa [1, 2]. Nho sé hitu cac dic trung ndi bat nhu: két
hop, dinh hudéng, don sic va cong suit cao ma birc xa laser ndi chung va laser tir ngoai
(UV) néi riéng da tré thanh ngudn sang quan trong cua quang hoc hién dai. Laser tir
ngoai duoc tng dung rong rii trong nghién ctru khoa hoc va doi sdng, truc tiép thuc day
su hinh thanh va phat trién cta nhiéu linh vuc khoa hoc, cong nghé hién dai nhu gia
cong vi co khi, do luong [3 - 7], y sinh hoc [8 - 10] va nghién clru mdi truong [11 - 15].

Tuy thuoc vao muc dich va linh vyc trng dung, cac yéu cau d6i voi nguén laser
c¢6 thé khac nhau dang ké vé cong suat, do rong xung, do rong pho, do 6n dinh ning
luong va chét lugng chum tia. Trong gia cong vat liéu, cac ngudn laser cong suit cao
hodc cong suat cuc cao thudng duoc sir dung nham cung cap mat do niang luong du 16n
dé 1am nong chay, bay hoi hodc bién ddi vat liéu, do d6 cong suit dinh va chét luong
chum tia 1 nhitng thong s6 quan trong. D6i voi quang phd cuc nhanh, yéu cau chil yéu
1a cac ngudn laser c6 do rong xung cuc ngin, tir pico gidy dén femto gidy, nham cho
phép nghién clru cac qua trinh dong hoc xay ra trén thang thoi gian cuc nhanh [1, 2].

Trong khi d6, ddi v6i cac tng dung quang phd va quan tric méi trudng, dic biét
1a x4c dinh ndng d6 cic chat khi 6 nhiém trong khi quyén, ngudn sang can c6 do rong
phd phu hop véi cac dai hap thu didc trung cta cac phan tir cdn quan tric va d6 6n dinh
ning luong cao. Poi v6i phuong phap quang phd hip thu vi sai (Differential Optical
Absorption Spectroscopy - DOAS), viéc str dung ngudn sang c6 pho siéu rong cho phép
d6ng thoi khai thac cac cau tric hdp thu dic trung cua nhiéu phan tir trong mot khoang
phd siéu rong, qua do tao diéu kién thudn loi cho viée x4c dinh ddng thoi nhiéu chit khi
[14, 15].

Trong khi quyén ton tai nhiéu loai khi 6 nhim c6 phd hap thy dic trung nam
trong vung budc song UV nhu O3 (200 — 400 nm), SO2 (280 — 300 nm), NO2 (200 —400
nm), HCHO (250 — 400 nm), CsHs (220 — 260 nm), ... Trong s cac chat khi 6 nhiém
néu trén thi SOz va O3 dugce quan tdm nghién ctru nhiéu nhét do c¢6 anh hudng 16n dén
chat luong khong khi va strc khoe con ngudi, dong thoi ¢6 dai hdp thu manh trong viing

UV phi hop cho viée st dung cac phuong phap quang phd [16]. Hién nay trén thé gidi,
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nhiéu phuong phap quang phd phat hién va dinh luong chét khi 6 nhiém c6 do chinh xéac
cao da dugc nghién ctru va irng dung hi¢u qua nhu: DOAS [17 - 20], Huynh quang cam
tng laser (Laser-Induced Fluorescence - LIF) [21 - 23], Quang pho suy giam vong trong
budng cong hudng (Cavity Ring-Down Spectroscopy - CRDS) [24 - 26] va cac hé do
dua trén cac phuong phap nay da duoc trién khai rong rai. Mdi phuong phap déu co wu
diém va han ché riéng, nhung phuong phap DOAS c6 nhirng vu diém ndi bat nhu: cdu
hinh hé quang twong d6i don gian, chi phi trién khai hop 1y, c6 kha ning do dong thoi
nhiéu thanh phan khi va dic biét phu hop cho cac phép do tir xa.

Trong cac hé DOAS, ngudn sang 1a mot trong nhimng yéu t6 then chdt va anh
huong dén d6 nhay, khoang cach phép do, mién phd khao sat va kha ning phat hién
d6ng thoi nhiéu phan tir khi. Cac ngudn sang c6 pho phat xa siéu rong trong ving UV
nhu dén Xenon va den Deuterium da dugc st dung rong rai trong cac h¢ DOAS [27 -
30]. Tuy nhién, nhuoc diém cta cac ngudn sang nay 1a hiéu suat chuyén doi dién - quang
con thap 1am phat sinh nhiét 16n, trong khi d6 phan ky chum tia 16n 1am anh huéng dén
kha ning do xa. Pé khic phuc nhiing han ché trén, viéc nghién ctru va phat trién ngudn
laser UV phé siéu rong dang duogc nhiéu nha khoa hoc trén thé gi61 dac biét quan tam.

Két qua nghién ctru trong cac linh vuc nhu do ludng va moi trudng cho thay, viée
sir dung laser pho siéu rong 1am ngudn kich thich gop phan nang cao d6 chinh xac phép
do va kha nang phat hién déng thoi nhiéu loai khi. Cu thé, véi viée str dung ngu6n laser
siéu lién tuc (Supercontinuum - SC) dé 1am nguon kich trong hé DOAS dé do nong d6
COa va H»0, sai s ctia phép do chi khoang 0,46% véi khi CO2 va 0,14% ddi véi H,O
[4]. Trong khi, néu sir dung dung laser diode diéu chinh budc song lam ngudn kich thich
thi sai s6 ciia hé do v6i CO khoang 1 - 3% va H,O khoang 0,8% [3, 6]. Diéu nay chimg
minh rang, sai s6 cuia hé DOAS phuy thudc rat 16n vao dong rong phd ctia ngudn laser
kich thich. Bén canh d6, cac nghién ctru vé tng dung laser pho siéu rong trong cac hé
cam bién cho thdy ngudn phd SC khi két hop véi budng da phan xa va phd ké hong
ngoai bién d6i Fourier, c6 kha ning phat hién dong thoi hon 17 loai khi. Két qua nay
cho théiy wu thé 16 rét so voi cac hé st dung laser bang hep, thuong chi phat hién duogc
2 — 3 loai khi va cac hé cam bién hong ngoai khong tan sic, c6 kha nang phat hién
khoang 3 — 8 loai khi [12, 14, 15]. Diéu nay cho thiy, ngudn laser UV pho siéu rong
dugc xem 1a yéu t6 then chét, co kha nang gop phan nang cao gidi han phat hién va hi¢u

qua phan tich ciia phuong phap DOAS trong cac ing dung nghién ctru mdi trudong, dac
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biét d6i véi cac khi 6 nhidm c6 ving phd hap thu trong dai budce song UV. Do viy, viée
phat trién cac ngudn laser UV pho siéu rong tng dung lam ngudn kich thich trong céc
hé DOAS nghién ciru khi 6 nhiém cé phé hap thy trong ving UV 1 can thiét.

Hién nay, btrc xa UV pho siéu rong c6 thé dugc tao ra thong qua qua trinh nhan
tan s6 cac laser co pho siéu rong trong ving nhin thay (VIS) hoic hong ngoai (IR) hoic
phat SC [31 - 38]. Qué4 trinh nhén tan sb phi tuyén 13 mot trong nhitng phwong phap
quan trong dé chuyén d6i buc xa laser tir ving IR hodc VIS sang ving UV thong qua
cac hiéu tng quang hoc phi tuyén. Cac nghién ciru gan day cho thiy k¥ thuat bién doi
tan so phi tuyén cho phép tao ra birc xa UV trong vung 200 - 400 nm [34]. Hién tuong
phat SC 1an dau tién dugc Alfano va Shapiro quan sat vao nim 1970 khi birc xa laser
xung cuong do cao twong tac véi moi truong phi tuyén, tao ra phod phat xa lién tuc trai
rong trén nhiéu ving budc song [35]. Tir dau nhitng nim 2000, véi su ra doi cia soi
quang ttr (Photonic Crystal Fiber — PCF), ngudn SC di dugc phat trién manh mé, trd
thanh ngudn sang pho siéu rong 6n dinh v6i nhiéu tmg dung trong quang phd hoc va do
luong. Pang chi y, Ermolov (2015) ¢ mé rong phd SC tdi ving UV chan khong [36],
trong khi Vincent Wanie (2024) di phat dugc ngudn SC hoan toan trong ving UV [38].
Tuy nhién, han ché 16n nhit ctia hai phuong phéap nay 1a déu dya trén qua trinh phi tuyén,
trong d6 yéu cau ngudén bom la cic xung laser cuc ngan, tir pico gidy dén femto giay,
v6i cong suat dinh 16n di qua cac méi trudong cé tinh phi tuyén manh. Mic du da dat
dugc nhiéu tién bo dang ké trong viéc tao ra ngudn laser UV phd siéu rong thong qua
qua trinh nhan tan s6 hodc phat SC, tuy nhién, cac gidi han cia vat liéu va hi¢u qua thép
clia qué trinh chuyén d6i phi tuyén trong viing pho UV van 1a nhitng thach thirc 16n can
duoc giai quyét. Hon nita, cac xung laser 1am ngudn kich cho qua trinh nay doi hoi 1a
cac xung laser cuc ngin, cong suit cao. Dé khic phuc nhitng han ché ctia qua trinh phat
gian tiép, viéc nghién ctru va phat trién cac ngudn laser UV c¢6 kha niang phat tryuc tiép
btc xa phd siéu rong c6 ¥ nghia khoa hoc ciing nhu tinh Gng dung cao.

Dic biét, cac nghién clru gan day cho thiy laser UV pho siéu rong c6 thé dugc
phat tryc tiép bang cau hinh laser khong mode. Khai niém laser khong mode duoc hinh
thanh tir dau thap nién 1980, véi cac cong trinh tiéu biéu ctia Paul Ewart (1985) [39],
Stankov (1986) [40] va Jean - Paul Pique (2003) [41]. Trong cac cau hinh nay, budng
cong huong (BCH) dugc thiét k& nham lam suy giam hodc triét tiéu cau tric mode doc,

tir 46 tao ra pho phat xa siéu rong. Dya trén nhiing nén ting d6, cac nghién ciru tiép theo
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d3 mé rong theo hudng phat trién cac ngudn laser pho rong, bao gém laser ngiu nhién
va cac cau hinh cong hudng phi Fabry - Perot, phuc vu hiéu qua cho cac ing dung quang
phd va do luong quang hoc. Cac cong bd ciia Michael Soo (2014), Mikhael Myara
(2017) d3 ghi nhan btrc xa phd rong va siéu rong trong ving UV dua trén co ché phat
khong mode khi khuéch dai truc tiép birc xa huynh quang [42, 43]. Hoat dong cta laser
khong mode xay ra khi ché do phat laser ma khong hinh thanh cac mode doc 6n dinh
trong BCH, hién twong nay xay ra khi BCH dugc don gian héa véi mot guong phang.
Khi d6, laser khéng mode chinh 14 qua trinh phat xa ty phat dugc khuéch dai (ASE) lan
truyén doc theo mdi trudng hoat chat, két qua 1a cac diéu kién can thiét cho phan hoi
quang hoc manh va sy hinh thanh ché d¢ cong hudng bi suy yéu déng ké hodc hoan toan
khong c6. Tuy nhién, laser khong mode thé hién tinh dinh huéng cao va duy tri tinh két
hop quang hoc nhit dinh, ph6 dau ra cua laser khong mode lién tuc, nhitng dic diém
nay 1am cho laser khong mode dic biét phit hop cho cac ing dung quang pho c6 do nhay
cao nhu huynh quang, cam bién tir xa va phat hién khi 6 nhiém trong méi trudng.
Laser khong mode doi hoi méi trudng hoat chat phai ¢6 huynh quang nam trén
mot dai rong, hiéu suét luong tir 10n, ngudng pha huy cao. Dé phat truc tiép buic xa laser
UV khéng mode pho siéu rong thi méi truong hoat chat phai c6 phd huynh quang siéu
rong trong ving UV. Céac nghién ctru trude ddy da chi ra rang, trong sb cac tinh thé c6
phat xa huynh quang siéu rong trong ving UV thi tinh thé Ce**:LiCaAlFs (Ce:LiCAF)
da chimg minh 1 mot trong nhitng méi trudng hoat chat hiéu qua nhat. Méi truong
Ce:LiCAF c6 dinh pho hap thu & budc séng 266 nm, hiéu suat luong tir 1én t6i trén 90%
va pho huynh quang trai dai tir 270 - 340 nm, ... [44, 45]. V&i cac uu diém nay, tinh thé
Ce:LiCAF hoan toan phu hop lam moéi truong phat birc xa laser UV pho siéu rong. Hon
nita, moi truong ndy con c6 ngudng pha hily va ngudng bao hoa 16n, do vay no cling co
vu diém dé tng dung trong cac ngudn laser UV phd siéu rong cong suit cao [45 - 48].
Trén thé gidi, viéc nghién ciru va phat trién cac ngudn laser UV van duoc nhiéu
nha khoa hoc dédc bi¢t quan tam nghién ctru. Tuy nhién cac nghién ctru chi tap trung vao
viéc phat cac xung laser UV ngdn va cuc ngén, ciing nhu cac ngudn laser UV cong suit
cao. Tai Viét Nam, cac nghién ctru phat trién ngu@)n laser UV cling da dugc trién khai
nham hudng téi tng dung khao sat 6 nhiém moéi trudng. Vi cau hinh Littrow, blic xa
UV Ce:LiCAF bang hep c6 nang lugng 0,7 mJ da dat duoc [49]. Tiép do, vai viéc st
dung cau hinh Littman, cho phép thu duoc btic xa c¢6 d6 rong phd duéi 2 pm [50]. Bén
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canh cac ngudn laser phd hep, cic ngudn laser c6 d6 rong phd 1én hon ciing dd duoc
nghién ciru va phét trién. Cu thé, sir dung BCH hai guwong phang Fabry - Perot, laser
phat xa vé6i hiéu sudt 1én téi 33%, d6 rong phd 2 nm va dai budc séng trai rong tir 286
nm dén 292 nm [51]. Ddi voi ciu hinh ndi phan xa toan phﬁn, do rong phé 16n nhét dat
3,5 nm [52]. Ngoai ra, cac nghién ctru vé laser UV Ce:LiCAF cong suit cao ciing da
dugce quan tAm phat trién [53, 54]. V6i cdu hinh khuéch dai nhiéu 1an truyén qua, hé
laser Ce:LiCAF dat cong suét 54 mW, hé sd khuéch dai ~8 [55].

Tir cc phan tich trén cho thiy, & mé rong hon nita ing dung cua cac ngudn laser
UV vao trong nghién ctru ciing nhu trong Gmg dung thyc té thi viéc phat trién hé phat va
khuéch dai laser UV phd siéu rong 13 can thiét. Xuat phat tir nhitng yéu cau khoa hoc va
thuc tién néu trén, toi lya chon dé tai “Nghién civu va phdt trién hé laser tir ngoai pho
siéu rong st dung tinh thé Ce:LiCAF irng dung trong quan tric khi 6 nhiém” 1am
hudng nghién ctru chinh cho luan an.

Muc tiéu ciia ludn an bao gom:

> Dua trén hé phuong trinh toc d6 da budc song va phuong trinh Frantz - Nodvik,
nghién ctru tuong minh dong hoc phat xa va khuéch dai laser UV khong mode
phd siéu rong sir dung tinh thé Ce:LiCAF.

> Phat trién thanh cong hé phat xung laser va hé khuéch dai xung laser UV khong
mode pho siéu rong sir dung tinh thé Ce:LiCAF duoc bom bang hoa ba bac bén
cua laser Nd:YAG.

> Ung dung hé¢ laser nay trong hé DOAS nghién ciru khi 6 nhiém méi truong SO»
va O3 trong phong thi nghiém (PTN).

Phwong phap nghién ciru

Luan 4n duoc thuc hién bang nghién ctru 1y thuyét va nghién ctru thuc nghiém.

- Bang md phong, st dung hé phuong trinh toc d6 da budc soéng nghién ctru dong
hoc phat xa xung laser phd siéu rong st dung tinh thé Ce:LiCAF; str dung mé hinh Frank
- Nodvik nghién ciru dong hoc khuéch dai xung laser pho siéu rong trong bo khuéch dai
nhiéu lan truyén qua.

- Bang thuc nghiém, nghién ciru va phat trién hé phat va khuéch dai laser UV
khong mode phd siéu rong dua trén tinh thé Ce:LiCAF, danh gia cac thong sd laser 16i
ra nhu do rong phé, do rong xung, do phan ky ctuia chum tia, nang luong, do 6n dinh

nang luong. Phat trién hé DOAS va str dung quy trinh danh gia dic trung cua khi 6
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nhiém ctia phan mém QDOAS dé kiém chuan khi SO, va do nong d6 Os bang hé DOAS
d3 duoc phat trién tai PTN v6i quang trinh hap thu ¢6 dinh 1a L = 50 cm.

B6 cuc ciia luin an:

Ngoai phan mé& dau va két luan, ndi dung ludn an duoc trinh bay trong 04 chuong:

Chwong 1: Tong quan vé laser tir ngogi pho siéu réng va irng dung

Chuwong 2: Nghién ciru va phdt trién hé laser tir ngoai khong mode pho siéu
rong sit dung tinh thé Ce:LiCAF

Chuwong 3: Nghién ciku va phdt trién hé khuéch dai laser tir ngoai Ce:LiCAF
khéng mode phé siéu rong

Chwong 4: Ung dung ciia laser tir ngoai khéng mode phé siéu rong trong
nghién civu khi 6 nhiém

Luan an dugc thuc hién tai Khoa Vat ly, Hoc vién Khoa hoc va Cong ngh¢ va
Trung tam Dién tr hoc Luong tir, Vién Vat 1y, Vién Han [am KH&CN Viét Nam, dudi
su huong dan khoa hoc ctia PGS.TS. Pham Héng Minh va PGS. TS. DPinh Van Trung.



CHUONG 1. TONG QUAN VE LASER TU NGOAI PHO SIEU RONG
VA UNG DUNG

Noi dung Chuong 1 cta ludn 4n trinh bay tong quan vé laser UV pho siéu rong,
cac phuong phap tao ngudn laser UV phd siéu rong ciing nhu cac tng dung cia chung.
Tiép theo, ludn 4n trinh bay tong quan vé mdi trudong tinh thé Ce:LiCAF, dic biét 1a cac
dac trung quang hoc cia moi truong nay. Mot trong nhitng ing dung quan trong cua
laser UV pho siéu rong 13 nghién ctru méi truong. Vi vy, cac loai khi 6 nhiém c6 phd
hép thy trong ving budce séng UV, cac phuong phap quang hoc duge tng dung trong
nghién ciru, phat hién va danh gia cac khi 6 nhiém nay ciing dugc trinh bay va phan tich

trong Chuong 1.
1.1. Tong quan vé phat birc xa laser tir ngoai pho siéu rong

Laser UV pho siéu rong 1a ngudn laser c6 do rong phd 16n thudng trai dai trén
mot dai bude song tir hang chuc dén hang trim nano mét (nm) nhung van duy tri duoc
cac dic trung co ban cua laser nhu tinh dinh hudng cao, do két hop khong gian tot va
mat do cong suit 16n [1, 2, 35]. Vé ban chat, dé tao ra burc xa laser UV phé siéu rong,
moi truong hoat chit can c6 dai phat xa huynh quang du rong trong mién budc song
quan tam. Trén co s& d6, birc xa laser UV pho siéu rong c¢6 thé dugc hinh thanh théng
qua cac co ché nhu phat xa khong mode hoic sir dung cac hiéu tmg phi tuyén dé lam
mo rong phd phat xa cua laser. Hién nay, hai phuong phap phd bién duogc sir dung dé
phat cac birc xa UV pho siéu rong 1a phat siéu lién tuc va nhan tan so tir cac laser phat
trong ving VIS hoic IR. Ca hai phuong phéap nay déu duoc xay dung dua trén hiéu ting

phi tuyén khi laser cuong d6 cao twong tac vdi moi truong vat chat.
1.1.1. Laser bién déi tan so

Viéc tao ra birc xa UV co dai phé rong dua trén cac nguén laser IR hoac VIS la
mot qua trinh khai thac tinh phi tuyén bac cao cuia vt liéu khi twong tac voi truong dién
tir cudng do manh thudng 13 cac xung femto gidy. Viéc nhan tan sb doi hoi su kiém soat
vé diéu kién hop pha giita séng phi tuyén sinh ra va séng phan cyc phi tuyén twong g
trong tinh thé va dic tinh ctia moi trudng phi tuyén. Dé tao ra birc xa UV tir mot xung
laser co ban, hé théng thudng thuc hién chudi bién doi: i) Tao hai bac hai (SHG) 14 hai

photon tan s6 w két hop tao thanh photon tan s6 2w; ii) Tron tong tan s6 (SFG) 1a photon
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tiép tuc twong tac v6i photon con du hodc mot photon khac dé tao ra cac photon hai bac
cao dua budc song di sau vao ving UV. So dd nguyén 1y cho viéc phat birc xa UV phd

siéu rong str dung phuong phap bién d6i tan sé duoc trinh bay trén Hinh 1.1 [31].

Hinh 1.1. So d6 biéu dién qua trinh bién d6i tan sb [31].

Trén Hinh 1.2(a) 1a so b hé phat xung laser UV pho siéu rong bang phuong phap
nhan d6i tan s6 (Achromatic Second Harmonic Generation - ASHG) do Pavel Malevich
phat trién [32]. Trong ciu hinh nay, ngudn kich 13 cac xung laser cuc ngin ~6 fs phat
trong ving budc song VIS véi bude song nam trong khoang tir 500 - 640 nm duoc tao
ra tr bo khuéch dai tham sd quang hoc khong dong truc (Noncollinear Optical
Parametric Amplifier - NOPA). Trudc khi dugc nhan tan s6, chum burc xa laser duoc
tach thanh hai chim bang bd nhan d6i xungTWINS (Translating-Wedge-based Identical
Pulses eNcoding System), sau d6 hai chim birc xa ndy dugc khéa pha bang giao thoa
ké va dugc gian ra vé mit thoi gian bﬁng cap lang kinh duoc ciu tao tur silica. Burc xa
laser sau d6 dugc nhan tan sd bang tinh thé phi tuyén p-BBO (Beta Barium Borate - f-
BaB,0s) dé chuyén doi sang ving UV, buc xa laser 16i ra nam trén dai pho rong 50 nm
v6i budc song trai dai tir 260 - 310 nm (Hinh 1.2(b)). Sau khi nhén tan sd cac birc xa
laser duoc nén lai vé mit thoi gian bang cip lang kinh CaF», d6 rong xung laser sau khi
nén 1a 8,2 fs. Hiéu suat chuyén doi quang ciia ca qua trinh khoang 1,5% va dai pho thu
dugc duge rong ndm trong ving budc séng UV. Diéu nay cho thiy tiém ning 16n cua

phuong phap bién doi tan sb trong phat trién cac ngudn laser UV phd siéu rong.

Viéc lua chon vat liéu phi tuyén co ¥ nghia quyét dinh d6i voi hiéu suit chuyén
d6i, dai diéu chinh budc séng va do rong bang thong cila cac hé laser UV. Trong ving
UV gén, tinh thé BBO 1a mot trong nhiing vat lidu dugc sir dung pho bién nho dai truyén
qua rong tir 189 nm dén 3500 nm, hé sé phi tuyén tuong ddi 16n va ngudng pha hiy
quang hoc cao. Nho do, BBO cho phép tao hi¢u qua cac birc xa song hai bac cao tir cac
xung laser & ving IR hodc VIS. Ddi véi cac hé théng yéu ciu cong suit trung binh 16n

va chat luong chum tia 6n dinh, tinh thé phi tuyén LBO (Lithium Triborate - LiB3Os)
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thudng dugc vu tién do c6 goc hop pha rong va dic tinh quang hoc tét, gitp duy tri phd
bang rong va han ché méo dang xung. Tuy nhién, ca BBO va LBO déu bj gi6i han khi
1am viéc trong ving UV chan khong dudi 200 nm do dic tinh hap thy ca vat liéu ting
manh. Vi vy, cac tinh thé chuyén dung nhu CLBO (Cesium Lithium Borate -
CsLiBsO19) va KBBF (Potassium Beryllium Fluoroborate - KBe:BOsF2) dang dugc
nghién ctru va phat trién nhim mo rong kha ning phat birc xa xudng ving budc song
ngan hon. Bén canh d6, viéc t6i vu d6 day tinh thé, thudng & c¢& micromet d6i voi cac
xung cuc ngin, ¢ vai trd quan trong trong viéc bao toan do rong xung, han ché méo
phd va md rong kha niang diéu chinh budc séng cho cac tng dung quang phd hoc va vi

gia cong chinh xac [31].

a)
o —
Ti:sa o _.I- CaF2 §_
I - - \ ’I' o o Nhén doi tan s6 bing M
o |-=% B i S . R
B0 khudch |5 tinh thé BBO ~_ CaF, T
[ =

dai

st FS A

[ A AA _ A TR
Bo nhan ”

* <d6i xung [ ™ _@ i

uv

480 520 560 600 640

- \/iS
—_ UV

Cwong dj (a.u.)

240 260 280 300 320
‘ Bude song (nm)
Hinh 1.2. a) So db hé laser bién d6i tan sd phat btic xa trong ving tir ngoai, b) Phd
laser trude va sau khi nhan tan sé [32].

Nhuoc diém ctia phuong phap bién doi tan sb 1a hiéu suat chuyén ddi budc song
thép, dac trung cua laser 16i ra phu thudc rat 1on vao tinh thé phi tuyén, ... Tur két qua
thue nghiém co thé thay rang, sau mdi lan di qua tinh thé phi tuyén dé phat hoa ba, hiéu
suat chuyén doi bude song giam dan, déng thoi, chat lugng chum sau bién d6i phu thudc

16n vao hop pha, din dén yéu cau cao vé k¥ thuat diéu chinh.
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1.1.2. Laser phat siéu lién tuc

Phat xa siéu lién tuc 12 mot hién tugng quang hoc phi tuyén phtrc tap, su hinh
thanh pho SC trong viung UV 13 két qua cua chudi tuong tac giita laser xung cong suat
cao va méi truong phi tuyén bao gdm: ty bién diéu pha; tan sic nhém va cac qua trinh
dong lyc hoc soliton va phan tach soliton, so dd biéu dién qué trinh phat si€u lién tuc
duge trinh bay trong Hinh 1.3 [37]. Ngudn birc xa SC ¢ vu diém ndi bat so véi cac
ngudn laser khac nhd dai pho rat rong, c6 thé kéo dai tir ving UV dén VIS va IR, phu

thudc vao ngudn laser kich thich va méi trudng phi tuyén.

Xung dau vao Soi phi tuyén Xung dau ra

N\
7

Tansac  Hiéu (ng phi tuyén

Hinh 1.3. So d6 biéu dién qua trinh phat siéu lién tuc [37].

Nho déc tinh nay, nguén bre xa siéu lién tuc 1a nén tang quan trong cho cac hé
quang pho hap thu da kénh, quang phd phan giai cao, sinh hoc phan tir va céac linh kién
quang tir tich hop 1am viéc trong mién budc song ngan.

Tuy nhién, viéc phat trién ngudn birc xa SC trong ving UV gip nhiéu thach thic
do s¢i quang c6 ton hao vat liéu taing manh & cac budc song dudi khoang 300 nm. Vi
vy, mot hudng tiép can hiéu qua hién nay 1a st dung soi quang 13i rong két hop véi cac
khi tro nhur Ar, Ne hodc He 1am méi truong phi tuyén. Céc khi ndy c6 ngudng ion hoa
cao, dai truyén qua rong t6i ving UV chan khéng va d6 phi tuyén c6 thé diéu chinh
thong qua ap suat khi, nho d6 rat phi hop cho viéc tao nguon SC trong ving UV. Bang
viéc dung soi quang 15i réng ciu tric kiéu kagomé dugc bom day cac khi He va Ne, mot
hé laser phat buc xa si€u rdng trong mién UV va VIS da duoc phat trién, so dd cta hé
dugc trinh bay trén Hinh 1.4.a [36]. Trong cdu hinh niy, ngudn kich thich 1a laser
Ti:sapphire xung cuc ngin ~35 fs ¢ budc song 805 nm, va tan sd lip 1 kHz. Cac qua

trinh twong tac phi tuyén giita xung laser v6i s¢ quang tir dan t6i pho laser mo rong tir
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113 nm dén 1000 nm, bao phu gan nhu toan bé mién tir ngoai chan khong, tir ngoai gan
va toan bo viung kha kién nhu trén Hinh 1.4.b [36].

a)

1t sapphire. 805 nm Guong chirped
~35fs,1 kHz

B{ phan cuc
mang mong

Van nap

L3 Fs F

Guong chirped Ong khi Ong khi
b)
£l
L
=
=
£
=
@)

I00 200 300 400 500 600 700 800 900 1000
Budc song (nm)
Hinh 1.4. a) Hé laser soi quang 15i chira He va Ne phat siéu lién tuc, b) Dai phd rong

thu duoc tir h¢ laser [36].

1.1.3. Laser khong mode

Laser khong mode 1a loai laser dugc thiét ké sao cho cac mode cong huong doc
khong hinh thanh rd rang trong BCH, hoic bi suy giam manh dén muc khong thé quan
sat dugc. Do do, phd phat xa cta laser khéng mode khong bi phan tach thanh cac dinh
phd tuong g voi cac mode doc rdi rac ma c6 dang pho lién tuc hodc phd rong (Hinh

1.5). Trong d6, Hinh 1.5 a 1a phd cta cac laser don mode; phd phat xa cua laser don
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mode chi xuét hién céc dinh phé rat hep va sdc nét, tuong g voi mot mode doc dugc
lua chon va khuéch dai manh trong BCH. Do chi mot mode doc chiém wu thé, laser don
mode c6 do don sic cao. Pic trung nay phu hop voi cac tng dung yéu ciu ngudn sang
¢6 tinh don séc cao, 46 6n dinh tan sb tt va do rong phé hep. Hinh 1.5 b, phé cua laser
da mode bao gom nhiéu dinh pho hep nam lién tiép trong mot ving budc séng rong.
MG&i dinh twong Gng voi mot mode doc ctia BCH duoc duy tri dong thoi. Khoang cach
giita cac mode lién quan dén khoang cach tan s6 ty do cia BCH. Do nhiéu mode cling
ton tai, laser da mode c6 d6 rong phd 16n hon laser don mode. Tuy nhién, phd van c6
cAu trac ri rac v6i cac dinh mode 16 rang, do d6 chua khai thac day du kha nang phat

xa trén toan bo dai phat xa ciia méi truong hoat chat.

Pon mode

Pa mode

Khong mode

Budc song (nm)
Hinh 1.5. a) Pho don mode, b) Pho da mode, ¢) Phd khong mode [41].

Hinh 1.5 ¢, phé phat xa cua laser khong mode c6 dang rong va tuong ddi lién tuc,
khong xuat hién céc dinh phé hep va tuan hoan dic trung cho cac mode doc nhu ¢ hai
truong hop trén. Didu nay cho thay cac mode doc cia BCH khong dugc hinh thanh hoic

khong duoc duy tri véi cdu trac phd 18 rang. Thay vi tap trung ning lwong vao mét hodc
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nhiéu mode cong hudng riéng biét, ning luong laser khéng mode duoc phan bd trén mot
ving bude séng rong, cho phép khai thac hiéu qua hon phd khuéch dai ctiia moi truong
hoat chat. Vé ban chit, co ché hoat dong cua hé nay dua trén qua trinh ASE trong ciu
hinh séng chay, thay vi dya vao hoi tiép cong hudng giira hai gwong phan xa. Do khong
tdn tai cac diéu kién cong huong mode doc, phé phat xa cua laser khong mode c6 dang
gﬁn lién tuc trong mot mién phé nhét dinh. Hé laser khong mode dau tién dugc Paul
Ewart phat trién ndm 1985, ciu hinh co ban cua hé duoc chi ra trén Hinh 1.6. M6i truong
hoat chdt Rhodamine 6G dugc kich thich quang hoc bﬁng hoa ba bac hai cua laser
Nd:YAG.

Laser ra Laser bom
P2 6 P1
M2 G e 25 0 AN o .« i .y et & S ) i St Mo o 0
s el hn - s ‘& 4 1 \
1 2 !

a) 1 . i
| M1 fe—> et 1/
: = V/

Méi truomg I'hiét bi chon loc
hoat chit tan so
Laser ra ‘/'
P2 Rhodamine 6G P1

. 4 ? E:”_::_”Z::\)

Cach tir nhieu xa

Laser bom

Hinh 1.6. a) So &6 nguyén 1y cua hé laser khong mode, b) Hé laser mau dugc bom

ngang va cach tir nhiéu xa goc t6i 16m [39].

Xung ASE phat sinh tai ving dugc chim bom kich thich, sau d6 dugc dan truyén
qua cac phﬁn ttr chon loc tan sd nhu cach tir nhidu xa va hé lang kinh. Sau khi duogc loc
pho, birc xa tiép tuc di qua cac ving hoat chét ké tiép dé dugc khuéch dai bo sung. Qua
trinh nay dugc thuc hi¢n 1dp lai qua nhiéu lugt nho hé guong phan xa va lang kinh goc
vudng, tao nén su phéi hop tuan tu gifra khuéch dai va chon loc phé ma khong hinh

thanh mode trong BCH laser. V6i céu hinh nady, hé van dat dugc do khuéch dai cao, do
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phan ky chim nho va hiéu suat phat tt, nhung phd du ra khong xuat hién sy diéu ché
tuan hoan boi cac mode doc roi rac nhu trén Hinh 1.7. Uu diém ndi bat nhat caa ciu
hinh laser nay 13 kha ning tao ra buc xa c6 phd lién tuc va rong. Két qua thuc nghiém
cho thy bang thong ctia hé c6 thé giam xudng dudi 10 GHz, trong khi d6 rong phd cua
ting xung don dat xap xi 6 GHz.

30 GHz

<~— 11 GHz —
Hinh 1.7. Pho phat xa laser mau Rhodamine 6G khong mode [39].

Viéc loai bo ciu trac mode dé phat xa phé si€u rong lién tuc dugc Michael Soo
va Nick Glumac (2014) phat trién véi mot cau hinh laser khong mode t6i gian nhung
hiéu qua, phuc vu cho muc dich tao birc xa UV bang rong dé nghién ctru méi trudng. So
d6 hé laser khong mode sir dung chat mau Coumarin dugce trinh bay nhu trong Hinh 1.8
(a) [42]. Nguon bom 1a laser Nd:YAG 355 nm duoc b tri bom ngang vao méi trudng
hoat chit 1a chat mau, nhim gidm anh hudng cua hiéu ung etalon va tao diéu kién cho
phat xa pho rong. Budng cong hudng chi sir dung mot guong phan xa toan phan, trong
khi ddu con lai dé ma, vi vay btrc xa phat ra 1a ASE dugc khuéch dai theo cAu hinh song
chay. Nho co ché nay, chum bire xa laser ¢6 pho rong, lién tuc so vai laser mau phat ra
tir budng cong huong Fabry - Perot thong thuong.

Tir ngudn bue xa khong mode c6 phd rong nay, buec xa tiép tuc dugce nhan déi tin
) béng tinh thé BBO dé tao ra burc xa UV, véi phé 16i ra duoc chi ra trén Hinh 1.8 (b).
Két qua cho thdy buc xa UV thu dugc c6 d6 rong phd 1a 3,3 nm trong ving budc song
~ 226 nm. Piéu d6 cho thay cau hinh laser mau khong mode 1a mét giai phap hiéu qua

dé tao ngudn co ban pho rong, lam co s& cho vi¢c phat trién cac nguon laser tir ngoai
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bang rong thong qua bién ddi tin sb phi tuyén.
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Hinh 1.8. a) Cau hinh laser mau khong mode, b) Pho laser sau khi nhan tan [42].

1.2. Téng quan vé laser tir ngoai toan rin Ce:LiCAF
1.2.1. Méi truwong Ce:Flouride

Cho dén nay, tinh thé Ce:LiCAF c6 thé duoc nudi bang cac k¥ thuat 1a Micro
pulling down, Czochralski va Bridgman. D6i véi moi truong Ce:LiCAF ciing nhu cac

moi truong Ce:Flouride khac, hi¢n tugng hép thu ¢ trang thai kich thich (ESA) dugc dac
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biét quan tdm do anh hudng cua chung dén hiéu suat laser. Cac nghién ctru thyc nghiém
cho théy, hién tuong ESA cua moi truong Ce:LiCAF 1a nho so véi cdc moi truong
Flouride khéc, dan dén hiéu suit luong tir cua laser Ce:LiCAF cao hon, 1én téi trén 90%
[44]. So @6 céu tric cac mic ning lwong va dich chuyén dién tir cia ion Ce®* trong nén

Fluoride dugc chi ra trong Hinh 1.9 [46].
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Hinh 1.9. So d6 muc niang luong va chuyén doi ctia ion Ce**trong nén fluoride [46].
Khi pha tap vao trong moi truong tinh thé, ion Ce3* ¢6 hoa tri ba v&i mot dién tir

& 16p vo 4f', cau hinh dién tir ciia ion Ce** duoc bicu dién:...4f'5s*5p°. Tai mirc laser
y o A . 7. . ~ A 2 \ 2F . 7 \ /4 A
dudi, ton tai 2 trang thai spin - quy dao gom ['5,,va [5), , hai mirc nay cach nhau mot

khoang 2253 c¢m™'. Trang thai kich thich dau tién ciia ion Ce** dugc hinh thanh do su
dich chuyén cua dién tir & 16p 4f 1én 16p 5d, cau trac 16p 5d ciling bi phan chia do twong
tac spin - quy dao thanh ? ., va 2D5 1, 1an lugt nam tai 49737 cm! va 52226 cm'. Pién
tr & 16p 5d khi dugc kich thich c6 thé vuot ra ngoai 16p vo 5s5p®, dan dén khi c6 su
tuong tac manh boi truong dién tir gdy ra boi chat nén co thé lam anh huong dén ban
chét cta cac dai 5d. Trong cac murc ning luong & trang thai kich thich 2D(5d") bao gém
cac murc ning luong con 2Eg, 2Ta,. Sau khi phuc hoi khong phat xa tir cac mirc cao hon
trong dai 2D(5d") vé mirc ning luong thip nhét ¢ trang thai kich thich 5d', nho dich

chuyén 5d' — 4f' laser phat xa trong ving tir ngoai, budc song laser phu thudc vao cac
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murc ning luong con cua dai 2Fsp. Trong cac tinh toan 1y thuyét, hai mirc nang luong
2D(5dY), 2F(4f") 1a cac muc rong va mé rong dong nhat. Bén canh d6, moi trudng laser
Ce:LiCAF c6 nhitng wu diém ndi bat so v6i cac moi truong Ce:Fluoride khac nhu:
> Dinh pho hép thu tai bude song 266 nm (Hinh 1.10), phu hop voi viée bom quang
hoc b@ing hoa ba bac bén cua céc laser thuong mai Nd:YAG [44, 46].
> Tiét dién phat xa 16n (~7,5%10°'® cm?) nén hiéu suit laser cao ciing nhu ngudng
phat laser thap [67, 68].
> Pho phat xa siéu rong 70 nm tir 270 nm dén 340 nm. Do d6, méi trudng nay duoc
tmg dung nhiéu trong viéc phat trién cic ngudn laser UV toan rin diéu chinh
budc song. V4i phd phat xa siéu rong, moi trudng ciing cho phép phat trién cac
ngudn laser UV phét xung cuc ngin, c6 thé phat cac xung laser ngin xudng tdi 3
fs [44, 66, 69].
> Thoi gian séng huynh quang ciia ion Ce*" & trang thai kich thich ¢& 25 ns, phu
hop dé phat trién cac hé khuéch dai laser nhiéu 1an truyén qua [68, 69].
> Mat do nang lugng bio hoa cao (115 mJ/cm?) va ngudng pha hay 16n (5 J/cm?),
do d6 Ce:LiCAF phu hop dé phat trién cac ngudn laser UV cong sut cao.
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Hinh 1.10. Pho hap thu va phat xa ctia mdi truong tinh thé Ce:LiCAF [44].
Viéc nghién ctru chiét suit phi tuyén cta vat liéu nén Fluoride cho thay méi
truong Ce:LiCAF c6 chiét sudt phi tuyén nho nhét [70]. Do d6 véi ciing mot chum laser
cong suét cao lan truyén trong cac vat liéu nén Flouride thi vat liéu Ce:LiCAF s& co hiéu

g phi tuyén nhé nhat va s& 1a moi trudng phi hop hon cho cac img dung laser cong
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sudt cao, xung cuc ngin [71], bén canh d6 méi truong ndy ciing di duoc ching minh

hiéu qua trong cac hé khuéch dai nhiéu 1an truyén qua [53 - 55].

1.2.2. Laser Ce:LiCAF
Trong sb cac mdi trudng tinh thé fluoride pha tap ion Ce*, tinh thé Ce:LiCAF da
dugc chirng minh 1a mot moi truong hoat chit phat truc tiép bic xa UV hi¢u qua. Tinh
thé Ce:LiCAF di duoc nhiéu nhém nghién ctru trén thé gi6i lua chon dé phat trién cac

nguon laser UV bang hep diéu chinh bude song, laser xung ngédn va laser cong suat cao.

Nd:YAG 4w

M,

266 nm

Tam chan
chum

Laser ra

Ce:LiCAF

M;

Hinh 1.11. So db hé laser Ce:LiCAF sir dung c4u hinh BCH Littman [72].

Hinh 1.11 trinh bay so d6 hé laser Ce:LiCAF phét birc xa UV bang hep diéu chinh
budc song st dung cAu hinh budng cong huong Littman, hé duoc phét trién tai Trung

tam Dién tor hoc Luong tor Vién Vit 1y.
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Hinh 1.12. a) Do rong xung, b) Do rong phd laser 16i ra [72].

Két qua thuc nghiém (Hinh 1.12) cho thy h¢ laser phat xung UV tai budc séng



trung tam 288,5 nm v&i do rong phd khoang 0,6 nm va do rong xung 3,9 ns khi cong
suat bom dat 160 mW. Hé con c6 kha ning diéu chinh lién tuc budc song trong dai tir
286 nm dén 290,5 nm.Cac két qua nay cho thay cau hinh Littman 1a mot giai phap phu
hop dé phat trién ngudn laser Ce:LiCAF bing hep c6 kha ning diéu chinh budc song,
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dap Gmg cac tmg dung doi hoi do don sac cao trong viung UV,

Viéc phat trién ngudn laser UV xung cuc ngan st dung tinh thé Ce:LiCAF ciing
da duogc thyc hién. Bang ki thuat khéa mode BCH, h¢ laser UV Ce:LiCAF phat tryc tiép
xung UV 100 fs d3 dugc Adam Sharp (Pai hoc Macquarie, Uc) nghién ctru va phat trién,

so d6 thiét ké hé dugc trinh bay trén Hinh 1.13 [71].
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Hinh 1.14. Po thoi lugng xung: a) Puong cong khdp, b) Biéu d6 tan suit ctia 600

phép do [71].
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Do rong xung laser ng‘fm nhét dat duoc trong ché d6 khoa mode thiu kinh Kerr
la 91 £+ 15 fs. Hinh 1.14 trinh bay dit li¢u thyc nghiém cung vé1 duong cong khop thu
dugc bang k¥ thuat tuong quan chéo khong dong bo cai tién, trong 6 xung tham chiéu
c6 thoi lwong 14 260 fs. Dong thoi, biéu dd tin suit cua 600 phép do ciing di duogc trinh
bay nham danh gia d6 tin cdy va do 6n dinh cua két qua do. Khi bd ngat khong hoat
dong, thoi luong xung dugc xac dinh bang cing phuong phap do 13 106 + 13 fs.

Viéc nghién ctru va phat trién cac ngudn laser UV cong suét cao khi st dung tinh
thé Ce:LiCAF cling da dugc thuc hi¢n béng cach sur dung cAu hinh khuéch dai nhiéu lan
truyén qua (Hinh 1.15). Trong cau hinh nay, tinh thé khuéch dai Ce:LiCAF c6 kich thudc
10x20x20 mm, duoc bom hai dau bang bon chum laser véi tong nang lugng 380 mlJ tai
budc song 266 nm. Xung laser tin hiéu c6 nang lugng 13 mlJ tai budc song 290 nm sau
hai 1an khuéch dai co nang lugng l1a 98 mJ, tuong Ung voi hé s6 khuéch dai 14 6,5 va
hiéu suat khuéch dai 13 25% [53].

Laser tin hiéu
13 mJ @ 290 nm

Chum bom 1 Chium bom 3
182ml 4' N 75md
Z 2 ; —_—
] Ce:LiCAF )
Chumbom 2 § [.aser ra 1x2x2 cm? Chum bom 4
60 mJ 98 mJ @ 290 nm 65 mJ

Hinh 1.15. So db hé khuéch dai laser Ce:LiCAF hai 1an truyén qua [53].
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Hinh 1.16. Sy phu thudc cua nang lugng laser ra vao nang lugng laser bom [53].
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V61 nhiéu wu diém vuot trdi, viéc img dung ngudn laser UV toan ran Ce:LiCAF

vao nghién ctru moi trueong cling da dugc quan tam nghién ctru va phat trién.

Guong %Gmmg Ce:LiCAF Guong ra {

U 2 n | 22— — A ._rD UV laser
Ce:LICAF Thau kinh i Lang kinh CaF,
UV LASER no 8 2

Tam chia chum e

4 i 8 . .

==  Guong & = Théu kinh Guong

p— Nd:YLF

= 152
Guong lai chim (527 nm)
CLBO
y — (
Ling kinh CaF, i
=t

Nd:YLF (527 nm)

Hinh 1.17. H¢ laser tir ngoai Ce:LiCAF tng dung cho Lidar [48].

Nam 2017, mot hé Lidar dua trén laser UV Ce:LiCAF khao sat khi O3 téng thép
da dugc phat trién tai trung tdm nghién ciru NASA Langley, My. So d6 hé laser duoc
trinh bay trén Hinh 1.17. Hé stir dung ngudn kich thich 14 laser UV Ce:LiCAF ¢6 ning
luong 0,2 mJ tan s6 lap lai 500 Hz, d6 rong pho 13 0,2 nm va ving diéu chinh budc song
rong 34 nm tir 281 nm dén 315 nm (Hinh 1.18a) [48]. Hé Lidar di dugc str dung dé khao
sat ndng d6 khi Os tai mot sé thanh phd & My. Hinh 1.18b 1a két qua do duogc thuc hién
vao ngay 31 thang 1 nim 2014 tai Langley- My. Két qua cho thay, hé Lidar c6 kha nang
khao sat Os tir mat dat 1én dén d6 cao 5 km voi do phan giai thoi gian 5 phit va d phan

giai khong gian 450 m [48].
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Hinh 1.18. a) Vung diéu chinh budc song cta laser Ce:LiCAF va b). Két qua do
cua h¢ Lidar ngay 31 thang 1 ndm 2014 tai Langley, My [48].
Nghién ciru vé laser Ce:LiCAF trong thoi gian qua cha yéu tip trung vio ba
huéng laser biang hep diéu chinh budc song, laser xung ngin va laser cong suat cao

thong qua khuéch dai. Tuy nhién, méi trudng nay cho thiy Ce:LiCAF con co tiém ning
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rat 16n dé phat trién cac ngudn laser UV phd siéu rong. Huéng phat trién ngudén UV phd
siéu rong tur Ce:LiCAF van con it dugc quan tam, dac bi¢t la cac nghién ctru két hop
giita phat xa pho siéu rong va khuéch dai pho siéu rong. Vi vay, viéc nghién ciru phat
trién cac ngudn laser UV phd siéu rong bang cdu hinh khong mode sir dung tinh thé
Ce:LiCAF khong chi c6 y nghia khoa hoc, ma con m¢ ra mot hudng ing dung méi cho
moi truong laser ndy trong quang phd hip thy, lidar va quan tric méi truong. Hudng
nghién ctru nay vira gop phan lam 1 cac qua trinh vat 1y chi phdi sy hinh thanh va phat
trién pho laser siéu rong bang cu hinh khong mode, vira tao co s cho viéc phat trién
nguén btrc xa UV phuc vu phat hién va dinh lugng khi 6 nhiém. Day chinh 1a ndi1 dung
nghién ctru ma luéin an hudng t6i dé giai quyét, tir nghién ctru co sé vat 1y, mo hinh va
thuc nghiém phat trién ngudn laser dén danh gia kha nang ing dung trong quan trac khi
0 nhiém.

1.3. Khi 6 nhiém va cac phwong phap nghién ctru khi 6 nhiém

1.3.1. Tong quan vé khi 6 nhiém

O nhiém khong khi 1a mot trong nhitng van dé méi trudng nghiém trong nhat
hién nay, mic du chi chiém ty 1é rat nho trong thanh phan khi quyén nhung chung gay
anh huong xdu dén strc khoe con ngudi, hé sinh thai va khi hau toan cau. Dudi day 1a

mot s6 khi 6 nhiém c6 phd hap thu nam trong ving budc séng UV.
1.3.1.1. Luu huynh dioxide (SO:)

SO; 1a mot trong nhitng chat 6 nhiém khong khi phé bién, duoc sinh ra chu yéu
tir qua trinh d6t cac nhién liéu chira lvu huynh nhu than d4, ddu mé va tir cac hoat dong
luyén kim. Trong khi quyén, SO> c6 thé bi oxy hoa thanh SOs va tiép tuc tao thanh axit
sulfuric (H2SO4), 14 thanh phan chinh giy nén hién trong mua axit. Tiép xac v6i ndng
d6 SO2 cao co thé gy kich ung dudng ho hip, 1am suy giam chic ning phdi va lam
tram trong thém cac bénh hen suyén. Con duong phoi nhiém chinh cua con ngudi véi
SO; 1a hit tho, dac biét 1a & khu vuc do6 thi va cong nghiép. Phoi nhiém SO, cép tinh co
thé dan dén kich Gmg duong thd, co that thanh quan, co that phé quan, phu phoi va tir
vong trong truong hop ning. Phoi nhiém mén tinh, ngay ca & ndng do thap, ciing co thé
gdy ra cac bénh vé phoi va ngoai phoi [56]. Trén toan cau, khoang 55 triéu tin SO, duoc
thai ra mdi nam, ngudn gbc phat thai va nhirg anh hudng dén stc khoe con nguoi dugce

chi ra trén Hinh 1.19. Mot lugng 16n SO» dugc thai ra trong hoat dong ntii ltra thong qua
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cac vu phun trao va sy thoat khi lién tuc tir cac 10 thong hoi. Cac ngudn dia nhiét khac,
chang han nhu sudi nudc nong va mach nude phun, cling thai ra khi lvu huynh, bao gom

SO, va hydro sunfua (H2S) [56].
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Hinh 1.19. Ngudn phat thai va cac con duong phoi nhiém SO [56].
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Hinh 1.20. Pho hap thu cta phan tir SO» trong viing budc song tir ngoai [16].
Nghién ciru va giam sat khi SO, duoc thuc hién bang nhiéu phwong phap khac
nhau, tir cac k¥ thuat hoa hoc truyén théng dén cac cong nghé quang phd va cam bién

hién dai. Viéc lya chon phuong phap phu thudc vao muc dich nghién ctru, dai néng do
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can do, diéu kién méi truong va yéu cau vé do chinh xéac, trong d6 phd bién 1a phuong
phap dién hoa [57], sic ky khi [58] va DOAS [16]. Phuong phap DOAS xéc dinh ndng
d6 SO» thong qua phd hap thu cta SO, trong ving UV (Hinh 1.20) [16].

1.3.1.2. Ozone (03)

Ozone (03) gdbm ba nguyén tir oxy lién két voi nhau. Trong khi quyén, Os ton tai
chu yéu ¢ hai tang khac nhau va c6 vai trd hoan toan khac biét. O tang binh luu, Os tap
trung & d6 cao khoang 15 — 35 km, tao thanh 16p ozone ¢ chirc ning hap thu phan 16n
blrc xa tir ngoai (UV-B va UV-C) tur Mat Troi dé bao vé su séng trén Trai DAt [59]. o)
tang d6i luu, O3 1a mot chat 6 nhiém thi cap dugc hinh thanh théng qua cac phan ng
quang hoéa gitra cac oxit nito (NOy) va cac hop chat hitu co dé bay hoi duéi tic dung cua
anh sang mat troi. O3 tang ddi luu 1a thanh phan chinh ctia hién twong swong mu quang
hoa va duge xem 1a mot trong nhitng chat 6 nhiém khong khi nguy hiém nhét ddi véi

stc khoe con nguoi.
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Hinh 1.21. Cac dai hap thu ctia phan tir Os [16].

Tiép xtc véi ndng d6 O3 cao cob thé gay kich ing mét, mii va c6 hong, lam giam
churc nang phoi, gay viém duong ho hap va lam trdm trong thém céc bénh nhu hen suyén,
viém phé quan va bénh phdi. Ngoai ra, O3 con anh hudng tiéu cuc dén hé sinh thai, 1am
giam ning suit ciy trong, suy giam da dang sinh hoc va gy hu hai vat liéu xay dung.
Nhiéu phuong phap da duoc phat trién dé do nong d6 Os trong khi quyén, trong d6 phd
bién 1a phwong phap hip thy UV [59], cam bién dién hoa [60], sic ky khi [61] va DOAS
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[16]. Phuong phap hip thu UV dua trén kha ning hip thu manh caa Os tai budc song
254 nm, cho dd chinh xac cao va dugc str dung rong rai trong cac tram quan tric chat
luong khong khi. Phuong phap dién hoa sir dung cam bién chuyén d6i phan tng hoa hoc
ctia ozone thanh tin hiéu dién, ¢6 vu diém 1a thiét bi nho gon, tiéu thu nang lugng thép
va phu hop cho cac hé thong giam sat di dong. Trong khi d6, phuong phap sic ky khi
cho phép tach va dinh lugng O3z vo1 d§ chinh xac cao, thuong duogc str dung trong cac
nghién ctru va phan tich chuyén sau trong PTN. Bén canh do, phuong phap DOAS xac
dinh ndng do O3 théng qua cac dic trung hip thy quang hoc ctia phan tir trong ving UV
va VIS (Hinh 1.21) [16], cho phép do tir xa, do lién tuc va déng thoi nhiéu khi 6 nhiém
khac.

1.3.1.3. M{t s6 khi 6 nhiém khdc

Ngoai cac khi ké trén, nhiu chat 6 nhiém khac ciing duoc quan tdm trong céac
nghién ctru chat luong khong khi nhu: Nito dioxide (NO2), Formaldehyde (HCHO),
Benzen (Cg¢Hs), Nitric oxide (NO), Nitrous acid (HONO), Chlorine dioxide (OClO),
Bromine monoxide (BrO), lodine monoxide (IO), Glyoxal (CHOCHO), Sulfur trioxide
(SO3), Ammonia (NH3), Hydrogen sulfide (H2S),... Cac khi nay tham gia vao nhiéu qua
trinh héa hoc trong khi quyén, anh huéng dén can bang oxy hoa, sy hinh thanh aerosol
thr cAp va cac hién tugng 6 nhiém quang hoa.

Dic trung hap thu cia mot s6 khi 6 nhiém dugc tong hop trén Bang 1.1.

Bdng 1.1. Pic trung hap thy trong ving tir ngoai ctia mot s6 khi 6 nhiém & nhiét o

20° C [16].
Phin i Phé hép thu | Tiét dién héap thu Dich chuyén Gi6i han do
(nm) (cm?/phin tir) ppb
200 — 230 65 ¢'Bz2 — X'Al 0,03*
SO» 290 -310 5,7 A'Bi — X'A; 0,06
340 —390 a’B: — X'Ai
CS, 320 — 340 0,4 0,9
NO 200 — 230 24 A2 — X1 0,08%*
NO» 330 — 500 2,5 A?Bi — XA, 0,15
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NH3 200 —-230 180 A'Ar — X'As 0,009%*
HNO» 330 - 380 5,1 - 0,07
O3 300 —330 0,1 C— X'A 3,7
CH-0O 300 - 360 0,48 A'Ar — X'As 0,8
ClO 260 — 300 35 XAl «— A 0,01
BrO 300 - 360 104 XAl «— A 0,004
10 400 — 470 170 XAl «— A 0,002
OClO 325-435 116 A%A, — X?B: -
Benzene 240 —-270 21,9 A'Bz, — X'Aug 0,017
Toluene 250 —280 12,8 - 0,03
Xylene 250 —280 2,1/6,6/20,3 - 0,18/0,06/0,02
Phenol 260 — 290 198 - 0,002
Cresol 250 —280 20,1/31,8/87,2 - 0,018/0,011
Benzaldehyde 280—-290 44 - 0,008

1.3.2. Mt sé6 phwong phdp quang phé nghién civu khi é nhiém

Viéc giam sat va dinh luong céac khi 6 nhiém nhu SO,, NO, NO», O3, CO, NHs,
HCHO va cac hop chat hiru co dé bay hoi phai sir dung nhitng phuong phap do c6 do
nhay cao, d6 chon loc tét va kha nang quan trac lién tuc. Trong s6 d6, cac phuong phap
quang hoc ngay cang dugc str dung rong rai nhd kha ning do khong tiép xuc, thoi gian
dap mg nhanh va cho phép quan trac tir quy mo PTN dén khi quyén. Nguyén 1y chung
cua cac phuong phap quang hoc la khai thac sy tuong tac gitra birc xa dién tir voi cac
phan tir khi thong qua cic qua trinh hap thu, phat xa, tdn xa hodc huynh quang. Mdi
phan tir c6 cac dic trung quang phd riéng biét, cho phép nhan dang va xac dinh nong do

cua chung trong moi truong.
1.3.2.1. Phuong phap huynh quang cam ung laser

Phuong phép huynh quang cam ting laser 1a mot trong nhirng phuong phap quang

phé laser c6 do nhay cao nhat hi¢n nay, dugc sir dung rong rai trong nghién ctru hoa hoc
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khi quyén, giam sat moi trudng va khao sat dong hoc phan tng ctia cac chit 6 nhiém
[23]. Nguyén ly cuia phuong phéap nay la dya trén viéc kich thich chon loc cac phan tu
hoic nguyén tir bang birc xa laser c6 budc séng phi hop, sau d6 ghi nhén tin hiéu huynh
quang phat ra khi cac phan tir tré vé trang thai ning luwong thap hon. So d6 nguyén 1y
ctia mot hé LIF dugc trinh bay trén Hinh 1.22. Uu diém ndi bat nhat cta LIF 1a kha ning
phat hién cac chat khi & nong do cuc thap, tir mirc phan ty (parts per billion - ppb) dén
phan nghin ty (parts per trillion - ppt) va trong mdt s6 trudng hop ¢ thé thap hon, dong
thoi cung cAp thong tin vé phan bd khong gian va thdi gian cia cac chit khao sat. Day
12 mot trong nhitng k¥ thudt quan trong nhat dé nghién ctru cac goc tu do hoat dong
manh trong khi quyén nhu OH, HO2 va NOs, nhiing d6i twong rat kho phat hién bang
cac phuong phap thong thuong. Hon nita, do laser kich thich duoc diéu chinh dung budc
song hap thu ctia phan tir can do, do d6 giam nhidu tir cc khi khac va han ché anh huéng
ctia pho chong lan. Pay 12 wu diém quan trong khi nghién ctru cac hdn hop khi phuc tap
trong khi quyén.

Van nap
Binh khi SO:

T 1 T T\
H T L1\
N/

Viach ngin

H¢ laser UV

Bom va
kiém soat Ap suit

v T Photodiode

Khi SO; miu
Binh khi SO; miiu

Hinh 1.22. So @b cuia hé LIF [24].

Tuy nhién, phwong phap ndy ciing c¢6 nhitng han ché nhu hién twong dap tat huynh
quang vi trong khi quyén, cic phan tir c6 thé va cham voi phan tir kich thich va lam mat
nang luong trude khi phat huynh quang diéu niy gay ra tin hiéu huynh quang suy giam

1am anh hudng dén do chinh xac cua phép do. Ngoai ra, phuong phap nay doi hoi cac
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ngudn kich 13 laser xung cong suit cao; hé quang hoc chinh xac va cac dau thu PMT
hodc ICCD c6 dd nhay cao. Do LIF thuong duoc t8i wu cho mot hodc mot vai chét khi

cu thé nén khé thuc hién viéc do dong thoi nhiéu thanh phan khi trong ciing mét phé.
1.3.2.2. Phirong phdp quang phé suy gidm vong trong buong cong huéng

Phuong phap quang pho suy giam vong trong budng cong hudng 13 mot ki thuat
quang pho hap thu c6 d6 nhay rit cao dugc cac nha khoa hoc O'Keefe va Deacon phat
trién vao nam 1988. So d6 nguyén Iy cia mot hé CRDS duoc trinh bay trong Hinh 1.23.
[26]. Phuong phdp nay dua trén viéc do thoi gian suy gidm cia anh sang trong mgt BCH
quang hoc c6 hé sb phan xa rat 16n thay vi do truc tiép su suy giam cudng do anh sang
nhu trong céc k¥ thuat hap thy khac. Nho d6, CRDS c6 kha ning phat hién cac hé sb
hap thu rat nho, twong tng voi nong d6 khi & mitc ppb hoic ppt.

Guong quay
2 :

Guong BCH (R =99,996%) V

v
| pr — _ _ Ong nhan
e— - B quang dién

Hinh 1.23. So db ctia hé CRDS [26].

Nguon laser

B{ loc giao thoa

Trong nghién ctru khi 6 nhiém, CRDS duoc st dung dé do nhiéu loai khi vét va
khi nha kinh nhu NO», O3, NH3;, HCHO, CO2, CH4, N2O va cac gbc tu do trong khi
quyén. V6i vu diém vé do nhay, do chinh xac va kha nang do lién tyuc, CRDS da tr¢
thanh mot trong nhitng phuong phap quan trong trong quan tric mdi trudng hién dai.
Nho str dung BCH véi cac guong phan xa cao, CRDS tao ra chiéu dai quang trinh hiéu
dung rat 16n, cho phép phat hién cac khi vét nhu NO2, O3, NH3, SO2 va CHa & mite ppb
dén ppt. Mot wu diém quan trong cuia CRDS 14 dai luong do dugc 1a thoi gian suy giam
ctia 4nh sang trong BCH. Do d6, phuong phap hau nhu khong phu thudc vao su bién
thién cong suét nguén laser, cho phép dat do 6n dinh va d6 chinh xac dinh lugng cao.
Tuy nhién, CRDS c6 chi phi thiét bi 16n, yéu cau cin chinh quang hoc chinh xac va kha
nang do dong thoi nhidu khi con han ché. So véi DOAS va LIF, CRDS c¢6 do nhay cao
hon nhung kém linh hoat trong phén tich da thanh phan. Ngoai ra, phwong phap cha yéu
dugc sir dung cho cac phép do tai chd va khong phit hgp cho quan tric tir xa nhu LIDAR
hoic DOAS dudng truyén dai. Vi vay, CRDS dic biét thich hop cho cac nghién ciru yéu
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cau phat hién khi 6 nhiém & ndng do rat thap voi do chinh xéc cao.
1.3.2.3. Phurong phdp quang phé hap thy vi sai

Phuong phap quang phd hap thu vi sai gitip xac dinh ndng do khi dua trén sy suy
giam cudng do birc xa kich thich theo budc soéng khi chiim birc xa truyén qua moi trudng

hép thu, so do nguyén 1y ciia mot hé DOAS dugc trinh bay trong Hinh 1.24.
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Hinh 1.24. So d6 ciia hé DOAS [16].

Co sé cuia phuong phap 1a dinh luat Beer - Lambert, trong d6 tin hiéu hip thu cta
khi duoc suy ra tir su chénh 1éch cuong d6 gitta phd ban dau va pho sau khi buc xa di
qua moi trudng chira chat hap thu. DOAS cho phép nhan dang va dinh lugng dong thoi
nhiéu khi, dic biét hiéu qua ddi véi cac khi c6 cdu trac hap thu dic trung trong ving UV
va kha kién. Tty theo ngudn birc xa st dung, DOAS duogc chia thanh hai loai 1a DOAS
chu dong va DOAS thu dong. Cac h¢ DOAS chu dong sir dung nguén sang nhan tao
nhu dén hd quang xenon, LED, ngudn plasma diéu khién bang laser hodc laser bang
rong. Trong khi do, cdc hé¢ DOAS thu dong sir dung birc xa ty nhién nhu 4nh sdng Mat
Troi truc tiép hodc 4nh sang tan xa trong khi quyén. Pdi véi nghién ctru khi 6 nhiém
trong PTN va trong cac h¢ do duong truyén xac dinh, ciu hinh DOAS chu dong co6 uu
thé rd rét vi chu dong duoc ngu?)n phat, cuong d buc xa, quang trinh va mién buédc
song khao sat. Nhiéu hé LP-DOAS hién dai str dung ngudn pho rong nhu dén xenon,
LED hoic laser pho rong, trong khi phdn mém QDOAS [62, 63] dugc dung phd bién dé
truy hoi nong do khi tir pho do duoc.
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1.4. Ung dung ciia laser tir ngoai phd siéu rong trong nghién ciru khi 6 nhiém

Nam 2019, Jan-Marcus Nasse va cac cong su da cong bd mot nghién clru veé viéc
phat trién hé thong LP-DOAS c6 do chinh xac cao, 4 6n dinh tot va kha ning van hanh
tu dong trong thdi gian dai nham phuc vu quan tric cac thanh phan khi trong khi quyén
[64]. Hé théng duoc thiét ké dé thuc hién cac phép do trén quang trinh dai, trong d6
chum sang tir nguén UV duoc truyén dén khu vuce khao sat, di qua 16p khi quyén can

quan tric va dugc phan xa trd lai hé thu.
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Hinh 1.25. Céc thanh phan ciia hé théng LP-DOAS bao gom: 1) Ngudn sang, 2)
Soi quang, 3) Kinh vién vong, 4) guong phan xa, 5) may quang phd [64].

Trong cu hinh duoc trinh bay trén Hinh 1.25, anh sang sau khi phat ra tir nguon
laser UV pho siéu rong duoc ghép vao soi quang va truyén dén hé théng kinh vién vong.
Tai day, chum sang duoc mo rong va dinh hudng vé phia guong phan xa dit & khoang
cach xa. Sau khi phan xa, chiim séng truyén nguoc trd lai theo quang trinh gan nhu tring
v6i quang trinh téi va duge kinh vién vong thu nhan. Tin hiéu quang sau d6 duoc ghép
vao soi quang va dua toi may quang phd dé phan tich pho hap thu. Mot dic diém dang
cht ¥ cua hé thong 1a viée str dung quang trinh dai, c6 thé dat t6i khoang 10 km nhu
minh hoa trén Hinh 1.25. Khi chim sang truyén qua khi quyén, cac phan tir khi c6 dic
trung hip thu trong ving pho khao sat s& 1am suy giam cudng d6 anh sang tai nhiing
budc song twong tng. Phd hip thu thu duoc duoc xir Iy bang phuong phap DOAS dé
tach thanh phan hap thy bién thién nhanh theo budc séng, dic trung cho cac chat khi
can do, khoi cac thanh phé“m hép thu nén va bién thién cham. Nho quang trinh dai, do

hép thu tich lily ctia cac chat khi trén toan b duong truyén duge ting 1én, tir d6 cho
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phép phat hién va dinh luong cac chat khi c6 néng d6 twong ddi thip trong khi quyén.
Trong c4u hinh nay, ngudn sang dong vai tro dic biét quan trong dbi voi chat luong cua
phép do. Ngudn sang truyén théng thuong dugc sir dung trong cac hé DOAS 14 dén
xenon, ¢ ru diém 1a phat bc xa lién tuc trén mot ving phd rong. Tuy nhién, cac ngudn
nay van ton tai mot s6 han ché nhu d6 6n dinh cuong dd theo thoi gian chua cao, tudi
tho ngudn han ché va c6 thé tao ra mirc 4nh sang tan xa dang ké trong qua trinh do. i
vo1 hé LP-DOAS c6 quang trinh dai, nhiing han ché nay trd nén rd rét hon do tin hi¢u
quang sau khi truyén qua khi quyén va phan xa tr¢ lai da bi suy giam dang ké. Vi vay,
viéc nang cao do 6n dinh va chat luong phd ctia ngudn sang 1a mot trong nhimng yéu tb
quan trong dé cai thién gi6i han phat hién va do chinh xac ctia hé do. Pé khic phuc
nhimg han ché trén, Nasse va cac cong su di thay thé nguon sang truyén théng bang
ngudn Laser-Driven Light Source (LDLS) phat birc xa UV phd siéu rong [64]. LDLS
dua trén viéc str dung laser cong suat cao dé kich thich méi truong phat xa plasma, tir
do taora nguén burc xa ¢co phé rong va do 6n dinh cao. So v&i dén Xenon, ngu6n LDLS
dugc ching minh c6 do 6n dinh t6t hon, tudi tho cao hon va dic tinh phat xa phu hop
hon véi yéu cau cua hé théng LP-DOAS. bic biét, mot vu diém quan trong cua nguén
LDLS 14 1am giam dang ké thanh phan anh sang tan xa trong ving budc séng dugc sir
dung dé phan tich khi. Két qua thyc nghiém cho thay, khi sir dung nguén LDLS, cudng
d6 anh sang tan xa tai ving budc song khoang 330 nm giam hon 95% so véi cau hinh
sir dung dén Xenon [64]. Su giam manh 4nh sang tan xa c6 y nghia quan trong d6i véi
phép do DOAS, boi anh sang tan xa 1am ting pho du sau qué trinh xir 1y va c6 thé lam
suy giam do chinh xac cua két qua dinh luong. Pic biét, trong phép do LP-DOAS véi
quang trinh dai, tin hiéu can phan tich thuong twong dbi nhé so véi tin hiéu nén; do do,
viéc giam anh sang tan xa gbp phan truc tiép nang cao ty sb tin hiéu trén nhiéu (SNR)
va kha ning phat hién cac chat khi c6 nong do thap. Hiéu qua cua viéc thay thé ngudn
sang duoc danh gia thong qua két qua xtr Iy phd bang phan mém QDOAS. Theo két qua
cong bd, gia tri can bac hai trung binh binh phuong ctia phd du (RMS residual) giam
dang ké, tir khoang 21x10° ddi voi cdu hinh st dung ngudn truyén thong xubng con
khoang 6x107 khi str dung ngudn LDLS [64]. Nhu vy, bién d6 phd du giam khoang
3,5 lan, cho thay chit luong phd sau khi xtr Iy DOAS dugc cai thién 13 rét. Dong thoi,
cuong do tin hiéu quang thu duoc ting khoang 70%, gbp phan nang cao kha ning xac

dinh cac dic trung hap thu yéu cua cac chat khi trong khi quyén. Nhiing két qua trén
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cho thiy chat lugng ngudn sang c6 anh hudng truc tiép dén hiéu ning cua hé théng LP-
DOAS. Viéc str dung ngudén UV pho rong c6 d6 6n dinh cao khong chi 1am ting cudng
d6 tin hiéu thu ma con 1am giam dang ké cac thanh phan nhiéu va phd du. Pay 13 yéu t6
dic biét quan trong khi xay dung cac hé do DOAS str dung ngudn birc xa UV trong ving
pho hap thy manh ctia cac chat khi 6 nhiém nhu SO,, O3 va mot s6 hop chat khac. Bén
canh viéc cai thién ngudn sang, nghién ctru ciia Nasse va cac cong su con cho thy kha
nang van hanh 6n dinh trong thoi gian dai cua toan b hé théng LP-DOAS. Hé do duoc
trién khai trong diéu kién thuc té tai Nam Cuc, noi yéu cau cao vé do 6n dinh cua thiét
bj va kha nang van hanh tu dong trong thoi gian dai. Két qua nay chimg minh riang cu
hinh LP-DOAS str dung ngudén LDLS khong chi ¢6 uu thé vé chat luong phd ma con co
tiém ning Gmg dung trong cac hé théng quan tric khi quyén dai ngay.

Tir két qua ctia nghién ctru ¢6 thé thy rang, ddi voi cac hé DOAS sir dung quang
trinh dai, viéc lya chon nguén sang co phé) rong, do 6n dinh cao, cuong do du lon va
murc 4nh sang tan xa thap 1 yéu cau quan trong. Dic biét, ngudn sang UV phd siéu rong
c6 kha nang bao phu déng thoi nhiéu dai hép thu dac trung s€ tao diéu kién thuan loi
cho phép do ddng thdi nhiéu chat khi. Pay ciing 13 co s& quan trong cho viéc nghién ciru
va phat trién cac ngudn laser UV phd siéu rong sir dung tinh thé Ce:LiCAF, hudng t6i

g dung trong cac hé DOAS do SO», O3 va cac chat khi 6 nhiém khac trong khi quyén.
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KET LUAN CHUONG 1

Trong Chuong 1, théng qua viéc phén tich va téng hop cac két qua nghién ctu

trén the gidi ve laser UV pho siéu rong va ing dung, luin an da thu duogc cac van dé

chinh nhu sau:

>

Téng quan vé cac laser UV pho siéu rong dd duoc trinh bay, trong d6 tap trung
vao phan tich hai phuong phép phat laser UV phd siéu rong chil yéu hién nay 1a
bién d6i tan sb va phat siéu lién tyc. Cac wu, nhuoc diém cua ting phuong phap
da dugc phan tich va danh gia.

Xu huéng phat trién laser khong mode di duoc phan tich. Két qua cho thay cdu
hinh laser khong mode 13 mot hudng tiép can phu hop va kha thi nhdm phat truc
tiép bizc xa UV ¢6 pho siéu rong.

D3 trinh bay va phan tich cac dic trung quang hoc cua tinh thé Ce:LiCAF. V&i
cac uu diém nhu pho huynh quang rong, tiét dién phat xa 10n, tinh thé Ce:LiCAF
c6 tiém nang ung dung trong cong nghé laser UV phd siéu rong.

Mot s6 khi 6 nhiém c6 phd hap thu trong ving tir ngoai di dugc phan tich va
danh gia. Bén canh do, cac phuong phap dugc img dung trong nghién ciu va
quan trac khi 6 nhiém ciing d3 dugc trinh bay va phan tich chi tiét. Trong do,
phuong phap DOAS cho thiy nhiéu uu diém trong nghién ctru va quan tric cac

khi 6 nhiém, do d6 duoc lya chon dé ung dung trong ludn an.
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CHUONG 2. NGHIEN CUU VA PHAT TRIEN HE LASER TU NGOAI
KHONG MODE PHO SIEU RONG SU DUNG TINH THE Ce:LiCAF

Trong chuong nay, mé hinh 1y thuyét dong hoc phd cho hé laser UV Ce:LiCAF
khong mode phd siéu rong s& duoc nghién ctru. Bang cach giai hé phuong trinh téc do
da budc song, dong hoc phat xa cua laser UV Ce:LiCAF s€ dugc nghién ctru tudong
minh. Dya trén co s& 1y thuyét, mot hé laser UV Ce:LiCAF khong mode phat butrc xa
phd siéu rong ciing dugc phat trién thanh cong. Pho laser 16i ra trai dai tir 275 nm dén
330 nm voi d6 rong xung 25 ns, ning lwong trung binh ~ 0,2 mJ twong tng véi hiéu suat

chuyén d6i khoang 2% da thu duoc véi cau hinh laser khong mode.
2.1. M6 hinh 1y thuyét cho ddng hoc phé laser tir ngoai khong mode

Mo hinh 1y thuyét dugc xay dung nham khao sat dong hoc phat xa cta hé laser
Ce:LiCAF cau hinh khong mode. Dé dam bao do tin cay, mo hinh 1y thuyét cling nhu
cac tham sb dau vao déu dugc thiét ké dua trén cac diéu kién thuc nghiém, hé théng

trang thiét bi tai Trung tdm Dién tor hoc Luong tur, Vién Vit ly.
2.1.1. So’ d6 thiét ké h¢ laser tir ngogi Ce:LiCAF khéng mode phé siéu rong

So db hé laser UV Ce:LiCAF khong mode phéat buc xa phé siéu rong dugc trinh
bay trong Hinh 2.1.

M, Nd:YAG,10 Hz, 266 nm ‘

A

Laserra

CM, )

H¢ thau kinh chuén
trucL, valL,

S &

M,

Hinh 2.1. So db thiét ké hé laser tir ngoai khong mode Ce:LiCAF pho siéu rong.
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Trong ciu hinh nay, ngudn laser bom 1 hoa bac bon cia laser Nd:YAG, budc
song 266 nm, tan s6 l3p lai 10 Hz va d6 rong xung 7ns. Chum laser bom duoc dan téi
moéi truong hoat chét thong qua hai gwong phang M; va M, ¢6 hé sb phan xa cao tai
budc song laser bom & goc 45°. Mbi trudng hoat chit 1a tinh thé Ce:LiCAF duoc cat
gbc Brewster nham giam ton hao phan xa tai bé mit tinh thé. Trong hé laser UV phd
siéu rong su dung tinh thé Ce:LiCAF, dic diém quang hoc cua cac mat cit tinh thé va
kich thudc ciia viing bom 1a nhing yéu t6 anh huéng dén qua trinh truyén lan va khuéch
dai burc xa. Viéc str dung tinh thé cit & g6c Brewster nham giam tén hao phan xa Fresnel
d6i v6i thanh phan anh sang phan cuc p tai mat phan cach giita khong khi va tinh thé.
Tuy nhién, diéu kién Brewster khong loai bo hoan toan cac ton hao quang hoc, béi phan
xa cua thanh phén phan cyc s, tan xa do d§ nham bé mat va céc khuyét tat bén trong vat
liéu van co thé ton tai. D6i v6i birc xa phat xa tu phat khuéch dai, cac ton hao nay anh
huong dén ty 1& nang lugng dugc duy tri trong tinh thé cling nhu hiéu qua phan hoi
quang hoc cua hé. bé tdng mat d0 nang lugng cuia chum bom trong tinh thé, mot thau
kinh hoi tu L1 ¢6 tiéu cu 30 cm duogc str dung hdi tu chum laser bom trude khi dén tinh
thé. Nham tranh viéc pha huy tinh thé gay ra bodi laser bom, tinh thé Ce:LiCAF dugc dit
trude diém hoi tu ciia chim laser bom khoang 2 cm. Kich thuéc cia vét bom quyét dinh
su phan bd khong gian ctia mat do ion Ce** ¢ trang thai kich thich va do d6 anh hudng
truc tiép dén phan bd hé s khuéch dai trong tinh thé. Khi chum bom c¢6 phan bb cuong
d6 khong dong déu hodc vét bom c6 dang elip, ving c6 mat do kich thich cao s& hinh
thanh cac mién khuéch dai cuc bo, trong khi cac ving nam ngoai vét bom c6 dong gop
khuéch dai nho hon. Pong thoi, kich thude va vi tri ciia vét bom xac dinh thé tich vat
liu duoc kich thich ciing nhu mutrc 46 chdng chap gitta ving khuéch dai va cac quy dao
truyén cta bire xa. Doi vi laser khong mode, su két hop gitta phan bb khuéch dai khong
ddng déu va ton hao phy thudc hudng truyén cé thé anh huong dén ning luong dau ra,
phan bd goc va su tién trién cua pho phat xa. Vi vay, viée tdi uwu goc cat tinh thé, vi tri
hoi tu va kich thudc vét bom 14 can thiét nham nang cao hiéu qua khuéch dai, dong thoi
duy tri dic tinh phd rong ctia hé laser UV Ce:LiCAF. Dé thu nhén tbi da bic xa ASE
sinh ra tir tinh thé Ce:LiCAF khi dugc kich thich boi laser bom, guong cau CM; ¢6 hé
s6 phan xa cao tai ving budc song laser va tiéu cu (f) dugc sir dung. Dé co su chong
chép giita chum laser bom va btrc xa ASE 14 16n nhét, gwong CM; dugc dit cach tinh

thé mot khoang (2f), sao cho chum birc xa ASE sau khi phan xa toan phan trén guong
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duoc hoi tu trd lai tinh thé. Birc xa ASE quay tr¢ lai tinh thé tiép tuc tuong tac vdi cac
ion Ce** ¢ trang thai kich thich, qua d6 duoc khuéch dai thanh btc xa laser. Pé dan
chum laser ra sau khi ra khoi tinh thé, guong cdu CM: ¢6 tiéu cu (f) dugc st dung.
Guong CM; dugc bb tri cach tinh thé mot khoang bang tiéu cu (f), nhd d6 chum laser
sau khi ra khoéi hé phat duoc chuén truc. Dé giam kich thudc chum laser, mot bo chuan
tryc gdm thau kinh hoi tu Ly va thau kinh phan ky Ls d3 duoc st dung nhu trong Hinh
2.1. Trong h¢ laser stt dung mdt guong cau, buc xa dugc phan xa tr¢ lai mo1 truong hoat
chét, 1am ting chiéu dai tvong tic quang hoc va tao diéu kién cho qua trinh khuéch dai
tiép dién. Tuy nhién, khi dung mot guong thi khong c6 co ché phan hoi bo sung dé duy
tri dao dong tuan hoan nhu trong mot BCH khép kin, h¢ khong hinh thanh dugc diéu
kién cong huéng pha c6 tinh chon loc tan sb twong ty nhu trong cau hinh Fabry—Perot.
Két hop véi dai phat xa huynh quang siéu rong cta tinh thé Ce:LiCAF, qué trinh ASE
cho phép nhiéu thanh phan budc song dong thoi duoc khuéceh dai, qua d6 tao ra phd phat

xa siéu rong ma khong xuét hién cac dinh mode doc phan giai ro rét.
2.1.2. H¢ phwong trinh téc dp mé ti dong hoc phdt xa laser khong mode

H¢ phuong trinh tdc do 1a cong cu toan hoc co ban dé mo ta dong hoc phat xa
laser, trong d6 su bién thién mat ion cac muc nang lugng dugc lién hé voi qua trinh
bom, phat xa tu phat, phat xa kich thich va hép thu. Boi voi nguén laser hoat dong & ché
d6 khong mode, hay chinh xac hon 13 ngudn phat xa UV trong ché d6 ASE-dominated
v6i cau hinh phan hoi yéu va khong c6 su chon loc mode, buc xa dau ra hinh thanh chu
yéu tir phat xa tu phat dugc khuéch dai trong méi trudng hoat chét. Vi phd phat xa cua
laser khong mode nam trén mot dai siéu rong, mo hinh dugc viét theo dang da budc

song, trong d6 dai phd dugc chia thanh cac kénh roi rac ¢6 budce song trung tim A;.
Mat d6 ion & mirc dudi va muc trén 1an luot duoc ky hiéu 1a Ny (z,t) va N,(z, t),
\(GE
Nior = N1(2,t) + N, (z,1).

Sy bién thién mat do muc trén N, (z, t) duoc md ta boi phuong trinh toc do:
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dNZ—(tZ’t) = Upaap(lp)qbp (z, )N, (z,t) — e ,([Z’ 2
f
I;(z,
1Y D 5, 1N, )~ 0, N 0] 1)

i

Phuong trinh niy gdm ba nhoém hang vat ly. Hang thir nhat biéu dién qué trinh
bom tao mat do murc trén. Trong d6 1, 1a hi¢u suit bom hiéu dung; g4, (Ap) 1a tiét dién
hép thy bom tai buéc séng bom Ay, 6 don vi cm?; @, (z, t) 1a thong lwong photon bom,

2.s71. Do d6 tich 0,,®, c6 don vi s™*, bicu dién x4c suat hap thy

don vi photon.cm™
photon bom trén mot ion & mirc dudi trong mot don vi thoi gian. Hang thir hai, N, /7,
mo ta suy giam muc trén do phat xa ty phat, voi 75 1a thoi gian song huynh quang. Hang
cudi cung biéu dién twong tac gitta birc xa UV va moi truong hoat chat. Thanh phan
0, (A;)N, (g véi phat xa kich thich, lam giam N, va lam ting cudong do birc xa; thanh
phan o, (1;)N; ung véi hap thu tir mic dudi. Vi vy, khi viét phuong trinh cho N,, hang
tuong tac kich thich duoc viét dudi dang hiéu o,N, — o, N; dé nhat quan véi biéu thirc
h¢ s6 khuéch dai tin hi¢u nho.

Cudng do birc xa tai tirng kénh budc song A; khi lan truyén doc theo tinh thé dugc
mo ta boi phuong trinh truyén mét chiéu:

ali(Z, t)
0z

= g:(2I;(z,t) + Ssp,i(zr t) — Qoss(A)1; (2, t) (2.2)

Trong d6 1;(z, t) 1a cuong d6 birc xa tai kénh A;, S, ;(z, t) 13 hang ngudn phat xa

D,i
tw phét va ajoss (1;) 12 hé s6 suy hao phu thudc bude song. Hang Sy, (2, t) ty 1€ véi mat
d6 ion & muc kich thich N,(z,t) va c6 phan bd phd twong tng véi phd phat xa tu phat
clia moi trudng hoat chat. Hé sb suy hao a),5(1;) dugc dung dé mo ta cac mat mat

khong nam trong phan khuéch dai, nhu tan xa, ESA hodc cac suy hao nén khéc.
Hé s6 khuéch dai tin hiéu nho tai kénh budc song A; duge xac dinh boi:
9i(z) = It[0.(A;)N;(2) — 04(A) N1 (2)] (2.3)
O day I} 1a hé s chong chép gitra trudng tin hiéu hoic ASE vé6i vang hoat chit;

0, (2;) 1a tiét dién phat xa kich thich; o, (1;) 13 tiét dién hap thu tai budc séng A;. Phuong

trinh nay cho théy khuéch dai tai mot buéde song la két qua cua su canh tranh gitra phat
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xa kich thich, 1am ting cudng do birc xa va hap thy hodc tai hip thu, lam suy giam cudng
d6 burc xa. Khi o,N, > 0,N;, hé sb g; duong va méi trudng c6 kha ning khuéch dai tai

A;. Nguoc lai, khi 0,N, < g,N,;, moi truong gy suy hao tai budc song do.

Téng ning luong dau ra cua xung laser khong mode trén M khoang budc song

c6 thé tinh tir cudng do phd tai dau ra tinh thé:

Eou = Aeffz[ J I, (L,t) dt] A2 (2.4)

Trong d6 Ag¢ 12 dién tich mode hi¢u dung, mo ta ving khong gian ma nang lugng
hodc truong quang hoc ctia mode laser phan b hiéu qua. Cong thirc trén dung khi I;

duoc hiéu 1a mat do cuong do phé theo don vi budc song.

H¢ phuong trinh trén mo ta cac qua trinh vat 1y co ban cua phat xa ASE: bom tao
mat d6 muc trén, phat xa ty phat dong vai trd ngudn ban dau, phat xa kich thich khuéch
dai buc xa, con hép thu va suy hao phuy thudc budc song lam bién d6i dang phé. Tuy
nhién, dé giai ddy du hé nay can biét chi tiét phan b bom theo khong gian, hé s6 chong
chép, goc thu nhén tin hiéu ASE cua guong, hé s6 phan hdi yéu cta guong ciu va cac
suy hao riéng ré trong cau hinh phat xa khong mode. Céc dai luong nay khé xac dinh
chinh xac trong c4u hinh thuc nghiém. Vi vay, dé xay dung mo hinh thuc nghiém cho
ngudn phat xa laser khong mode, phd dau ra ctia ngudn laser khong mode duge mo ta
bﬁng mot md hinh ban thuc nghi¢ém dya trén tiét dién phat xa kich thich cua méi trudong

hoat chit.
Dang ph6 chuan hoa ciia ngudn laser khong mode dugc viét:

O¢ (/11)

Smi—out(4;) = m
jOe \4

(2.5)

Véi cach chuan héa ndy, S,,_ou(A;) thoa man diéu kién tong phd bang mot khi
tich phan roi rac trén toan dai budc song. Nang luong xung dau ra ciia ngudn laser khong

mode dugc xac dinh tir nang lugng bom cua laser 266 nm:

Enl-out = EpsfabsnASEFseed (2.6)

Trong do E,s 1a ndng lugng xung bom; fops 1a phan ning luong bom thuc té duoc

hap thy boi moi truong hoat chat; nasg 13 hiéu suat chuyén d6i ASE hiéu dung; Iyeeq
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mo ta hiéu suit thu nhan, chong chap khong gian va ghép quang hoc cta cu hinh laser

khong mode, bao gém vai trd thu hdi birc xa ctia guong cau trong cu hinh thyc nghiém.

2.1.3. Thong sé sir dung trong mé phéng dpng hoc pho laser tir ngogi Ce:LiCAF

khéng mode phé siéu rong

Dé nghién ctru dong hoc phat xa cua laser UV Ce:LiCAF khong mode pho siéu
rong, cac thong s sir dung trong mé phong duoc trinh bay trong Bang 2.1. Cac thong
sb nay duoc lga chon dua trén co sé cac dac tinh k¥ thuat cua céac linh kién quang hoc
va ngudn bom duy kién st dung trong hé thuc nghiém. Cach tiép can ndy dam bao tinh
kha thi cia mo hinh va nang cao do tin cdy khi d6i chiéu giira két qua tinh toan mo

phong va thuc nghiém.

Bdng 2.1. Céc thong s6 sir dung trong moé phong dong hoc pho [46, 75].

Théng s6 tinh thé laser Ce:LiCAF

Kich thude tinh thé 10x10x20 mm
Néng dé pha tap ion Ce’* I mol %, 5x10'7 cm™
Thoi gian song huynh quang 25ns

Tiét dién hdp thu tai budc song 266 nm 7,5x1071% em?
Tiét dién phat xa tai buoc song 266 nm 0,1x10" cm?
Tiét dién hcfp thu tai buoc song 288,5 nm 0,4x107 cm?
Tiét dién phdt xa tai buéc séng 288,5 nm 9,8x107'% cm?
Théng so6 laser bom

Buorc song 266 nm

Do ban rong (FWHM) 0,1 nm

Do rong xung, t 7 s

Duwong kinh chum laser 2 mm

H¢é s6 trong mé phéng

Tiét dién mode hiéu dung, A 102 cm?

Hé s6 suy hao, a 0,1 cm™!

Hé sb chdng chdp ciia xung bom va ving hoat chat, I' | 1

Hé s6 chong chap ctia xung bom va xung tin hiéu, Typeq | 0,7

Hé s6 phan xa cta guong 100%
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Ngoai ra, tiét dién hap thu va phat xa theo budc song cua tinh thé Ce:LiCAF duoc
trich dan tir cac cong b6 khoa hoc, trong khi cac tham sb hé théng dugc hi€u chinh trong
pham vi sai s& cho phép nhim dam bao tinh nhat quan giita mé hinh va diéu kién thi
nghiém thyc té. Viéc hiéu chinh nay khong 1am thay doi ban chét vat 1y cia mo hinh ma

chi nham phan anh chinh xac hon cac diéu kién bién va tén hao cua hé thuc nghiém.
2.1.4. Déng hoc phé laser tir ngogi khong mode sir dung tinh thé Ce:LiCAF

Pong hoc phd laser UV Ce:LiCAF pho siéu rong ciu hinh hé laser khong mode
duoc nghién ciru bang viée giai hé phuong trinh (2.1) - (2.4) biang phin mém MATLAB.
S6 phuong trinh dugc str dung dé giai bai toan dong hoc phu thudc vao ving budc song
phat xa (270 - 340 nm) duoc lya chon va budce chia theo budc song. Tir hé phuong trinh
(2.1) - (2.2) cho thay sy bién thién do tich liiy cia muc laser trén va cudng do phat xa
laser 1a mQt ham theo thoi gian, toa d0 va budc song, trong toan mién phé duoc khao
sat, do vay, dé quan sat vé mat pho thi ta lay tich phan toan mién phat xa theo thoi gian
va biéu dién theo budc song, khi mudn quan sat vé mat thoi gian thi 1ay tich phan toan
mién pho phat xa laser theo budc song va biéu dién theo thdi gian. Vi niang lugng laser
bom 10 mJ va cac tham sb khac dugc 14y trong Bang 2.1, pho cua laser UV Ce:LiCAF
khong mode dugc trinh bay trong Hinh 2.2.

l L] L] I I I I
Ning luwgng laser bom 10 mJ
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o
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0 [ [ [ [ [ [
270 280 290 300 310 320 330 340

Budc song (nm)
Hinh 2.2. Pho phat xa ctia laser UV Ce:LiCAF khong mode.

Két qua cho thay, khi sir dung cau hinh laser khong mode, birc xa laser thu dugc
c6 pho trai rong tir 275 dén 335 nm véi dinh pho tai budc séng 288,5 nm, ngoai dinh

phd chinh, pho laser con xuét hién mot dinh phu & budce séng ~310 nm va dang phd hau



41

nhu khong c6 su khac biét so v6i phd huynh quang cua tinh thé Ce:LiCAF. Cau trac

phd nay 1a dic trung phat xa pho siéu rong cta ion Ce** trong nén LiCAF, lién quan dén

cac chuyén doi dién tir 5d' — 4f' laser phat xa trong ving UV.

Anh huodng cua ning luong laser bom 1én dic trung pho laser 16i ra ciing dd duoc

nghién ctru. Vi viéc thay ddi nang luong laser bom tir 4 mJ dén 14 mJ, pho cua laser

16i ra dugc trinh bay trong Hinh 2.3 a) va Hinh 2.3 b). Két qua chi ra ring khi ting ning

lwong bom laser, pho laser khong mé rong va hinh dang phd gan nhu khong thay d6i.

Diéu nay c6 thé duoc giai thich nhu sau: do st dung cau hinh BCH laser khong mode

vo1 mot guong cd hé sO phan xa cao nén buc xa laser sinh ra chi dugc khuéch dai mot

1an trong tinh thé ma khong chiu sy anh hudng cta qua trinh chon loc mode trong BCH.
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Hinh 2.3. Anh huong ciia niang laser bom 1én pho phat xa laser 16i ra: a) Pho khong

chuan ho4, b) Phd chuan hoa.
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Hon nita, véi cac mic ning lugng bom nay, qué trinh hip thu cua tinh thé
Ce:LiCAF tai bude song bom da dat dén trang thai bao hoa. Do do6, dang va d0 rong cua
pho laser dau ra hau nhu khong thay ddi khi nang lugng bom dugce tang lén.

Su phu thudc cta ning luong laser UV Ce:LiCAF khong mode phd siéu rong vao
ning luong laser bom duoc khao sat bang mo phong, vai két qua dugc trinh bay trén
Hinh 2.4. Két qua cho thiy ning lugng laser 16i ra ting gan nhu tuyén tinh theo ning
luong laser bom khi ning lwong bom vuot qua ngudng phat laser. Cu thé, tai budc song
bom 266 nm, nang luong ngudng phat laser dugc xac dinh vao khoang 4 mJ. Khi nang
luong laser bom ting tir 4 mJ 1én 14 mJ, nang luong laser 1i ra ting tuong tng tir
khoang 0,1 mJ 1én 0,3 mJ. Véi cAu hinh laser khong mode nay, hi¢u suat laser thu duoc

Xap xi 2,2%, v6i nang luong dau ra cuc dai & 0.3 mJ khi nang lugng laser bom 1a 14 mJ.
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Hinh 2.4. Anh hudng cua ning lugng laser bom 1én ning luong laser 16i ra.

Mic du vé mat 1y thuyét, viée tiép tuc gia ting ning luong laser bom c6 thé 1am
tang nang lugng birc xa UV 16i ra, nhung trong thyc té, kha ning nay bi gidi han boi
ngudng pha huy quang hoc cua tinh thé. Khi ning luong bom ting vuot qua gidi han
cho phép, mat d6 ning luong cao co thé giy ra sy gia ting nhiét cuc bo trong tinh thé,
1am phat sinh cac hiéu Gmg nhiét va quang phi tuyén, tir d6 lam suy giam chat luong
quang hoc va gia ting nguy co pha hiy tinh thé Ce:LiCAF.

2.2. Phit trién hé thuc nghiém laser tir ngoai Ce:LiCAF khong mode phd siéu rong
2.2.1. Cdc linh kign, thiét bi dwoc sir dung trong hé thwe nghiém

Dé phat trién bang thyc nghiém hé laser UV Ce:LiCAF khong mode phd siéu
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rong, cac linh kién va thiét bi dugc st dung bao gém:

e Linh ki¢n: 01 tinh thé Ce:LiCAF kich thuéc 10x10x20 mm, ndng do 1 mol %
cit goc Brewster (54°); 02 guong phang ctia hing Thorlabs, c6 hé sé phan xa cao (R =
100%) tai budc song 266 nm & goc tdi 45°; 02 guong cau cia hang Thorlabs, tiéu cu 5
cm va hé s6 phan xa cao (R = 100%) trong ving budc séng UV va 01 thau kinh hi tu
(FS), tiéu cy £ =30 cm va duong kinh ®50 mm.

« Thiét bi: Nguén bom 13 hoa ba bac bdn cua laser Nd:YAG (hang Lotis,
Belarus), hoat dong & ché dd Q-switch tai budc song 266 nm, tan sb lap lai 10 Hz va do
rong xung 7 ns; nang luong cuc dai 55 mJ & budc song 266 nm, phan cuc ngang, véi do
6n dinh cong sut +5%. Pau do ning lugng hing Coherent LM-2 UV 1am viéc trong dai
budc song tir 250 nm dén 400 nm, dai cong suat do tir 10 nW dén 30 mW, do phan giai
1 nW; 01 dao dong ky sb Tektronix TDS7154B (Digital Phosphor Oscilloscope) véi
bang thong 5 GHz (twong ing thoi gian dap ung khodng 250 ps); 01 photodiode S9055
ctia hing Hamamatsu, hoat dong trong dai budc séng tir 250 dén 1000 nm, thoi gian dap
ng (~250 ps); 01 may quang phd AvaSpec, model HSC1024x58TEC-EVO, dai budc
song do tir 200 dén 1160 nm vé&i do phan giai 0,6 nm va 01 camera CCD WinCamD-
UCD 12 cua hang DataRay.

2.2.2. H¢ thue nghigm laser tiv ngoai Ce:LiCAF khéong mode phé siéu ring

Dua trén so do thi nghiém duoc thiét ké trén Hinh 2.1, mot hé laser UV Ce:LiCAF

khong mode pho siéu rong di dugc phét trién thanh cong.

Hinh 2.5. Hé thyc nghiém laser tir ngoai Ce:LiCAF khong mode pho siéu rong.

Sau khi hoan thanh qua trinh lép dat va can chinh, hé laser UV Ce:LiCAF hoat
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dong 6n dinh, tao ra btrc xa laser UV ph siéu rong trong cau hinh khéng mode véi chat
luong t6t. Hinh anh hé laser UV Ce:LiCAF khong mode phd siéu rong dugce trinh bay
trong Hinh 2.5. H¢ thuc nghiém dugc sir dung dé nghién ctru cac ddc trung ctia chum
laser 16i ra bao gdm: phét xa phd va xung, do phan ky, d6 6n dinh ning luong va hiéu
suat chuyén niang luong.

2.2.2.1. Bdc trung phé cia laser tir ngoai Ce:LiCAF khéng mode

Tang dan niang luong laser bom, tai ning lugng bom 10 mJ ¢ budc séng 266 nm,
laser hoat dong 16i ra 6n dinh, nang lugng laser do duoc 1a 0,2 mJ, phé phat xa siéu rong
cua laser UV Ce:LiCAF thu dugc tu thuc nghiém la duong nét dit, mau dé dugc trinh

bay trong Hinh 2.6.

1
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Hinh 2.6. Pho laser tir ngoai khong mode Ce:LiCAF.

Hinh 2.6 cho thdy phd phat xa laser thu dugc tir mé phong va thuc nghiém co su
tuong dong, tir d6 c6 thé két luan rang, pho phat xa cua laser UV Ce:LiCAF khong mode
trai dai trong khoang tur 275 nm dén 330 nm, v&i hai dinh dic trung tai cac budc song
288,5 nm va 310 nm. Két qua nay cho thdy phat xa cia laser khong mode tao ra pho
rong hon nhiéu so véi hé laser UV Ce:LiCAF sir dung cau hinh BCH Fabry - Perot (281
nm — 299 nm) [51] va hé laser UV Ce:LiCAF sir dung cu hinh BCH noi phan xa toan
phan ( 280 nm — 300 nm) [52]. Piéu nay c6 thé dugc giai thich nhu sau, vi huynh quang
chi di qua tinh thé laser mot 1an nén khong c6 su chon loc mode trong qua trinh khuéch
dai. Két qua nay chimg t6 Ce:LiCAF 1a moi truong hoat chat c6 kha ning phat xa UV

phd rong tot, pht hop cho phat trién cac ngudn laser UV ph siéu rong phuc vu cac tng
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dung quang phd va giam sat moi trudng. Véi cac tham sé dau vao duoc xac dinh dua
trén s6 lidu thyc nghiém. C6 thé nhan thay rang pho phat xa thyc nghiém va moé phong
cta laser UV Ce:LiCAF khong mode c6 sy twong dong cao (Hinh 2.6). Su phu hop tot
gitra két qua mé phong va thuc nghiém cho thdy mo hinh tinh toan di phan anh chinh
xé4c cac dic trung dong hoc ctia qua trinh phat xa phd siéu rong trong méi truong
Ce:LiCAF.

2.2.2.2. Dac trung xung cua laser tur ngoai Ce:LiCAF khong mode

Dic trung thoi gian ctia xung laser UV Ce:LiCAF dau ra dd duoc khao sat va
trinh bay trong Hinh 2.7. Tai ning luong bom 10mJ, xung laser 16i ra rong 25 ns véi
bién dang bat ddi xtng 16 rét v6i suon trude doc dimg va suon sau bi kéo gidn dai hon

gan ba lan so voi do rong 7 ns cia xung laser bom.

0.5

Cwing dj chuin hoa

0 L
-50 0 50 100 150

Thi gian (ns)
Hinh 2.7. Xung laser ra tir ngoai Ce:LiCAF khong mode.
Hién tuong kéo gidn nay, ciing voi phan dudi phat xa kéo dai 1én téi xap xi 100
ns, phan anh su chi phdi manh mé cua thoi gian séng huynh quang va cac qua trinh tai
phan b phat xa trong viéc dinh hinh bién dang xung dau ra.

2.2.2.3. Do phan ky cua chum laser tir ngogi Ce:LiCAF khong mode

Do khong ton tai BCH xéc dinh mode khong gian, chum laser dau ra 1a sy chong
chap ctia nhiéu thanh phan khong gian khac nhau, 1am ting goc mé tong thé ciia chum

tia va diéu nay lam gidm kha nang hoi tu va truyén xa ctia chum tia. Do d6, viéc danh
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gi4 d6 phan ky ctia chum tia laser dau ra 13 rit quan trong nhdm dinh huéng cho cac tng
dung tiép theo. D6 phan ky cua laser dau ra duoc danh gia bang cach do phan b chum
tia sir dung camera CCD WinCamD-UCD 12 ctia hang DataRay tai cac vi tri khac nhau
trén dudng truyén cua laser, sau d6 duoc xir 1y trén phan mém DataRay Image dé xéac
dinh kich thudc chum theo hai truc chinh X va Y. Kich thudc chum laser duoc xac dinh
theo tiéu chuan FWHM nham dam bao tinh nhét quan gitta cac lan do. Dé giam sai sd,
cac diéu kién do nhu thoi gian phoi sang, muc nén va cin chinh truc quang dugc giit
khong ddi trong toan bg qua trinh thyc nghiém. Hinh dnh mat cit chum laser tai vi tri Z
= 10 cm thu dugc tor CCD dugc trinh bay trong Hinh 2.8. Twr cac gia tri duong kinh
chum do duogc tai nhiing vi tri khac nhau, d§ phan ky dugc xéc dinh riéng cho hai truc
X va Y thong qua su bién thién kich thudc chum theo khoang cach lan truyén. Vi hai
vi tri do lién tiép cach nhau mot khoang Az, @6 phan ky toan phan duoc xac dinh theo
biéu thirc [80 - 82]: @ = Ad/Az trong d6, Ad 14 d6 ting cia FWHM giira hai vi tri do
lién tiép. Gi4 tri 6 phan ky dugc tinh riéng cho timg khoang do va cho timg truc nham
danh gia mac do ddi xang cta chum laser. Tir d6, cac gia tri 6 phan ky dugc tong hop
dé xac dinh gia tri trung binh va khoang dao dong ctia chum theo tirng phuong. Két qua
do cho thiy do phan ky FWHM toan phan trung binh ctia chum laser theo truc X 1 4,07
+ 0,30 mrad, theo truc Y 1a 2,50 + 0,29 mrad. Nhu vay, chum laser dau ra co dang elip

v6i d6 phan ky theo truc X 16n hon dang ké so véi truc Y.

Hinh 2.8. Hinh anh mit cit chum laser tai vi tri Z = 10 cm thu duoc tir CCD.

Do phan ky cua laser khong mode duoc phat trién trong nghién ctru nay 16n hon
s0 v&i cac hé laser c6 BCH chét luong cao [81, 82], cac gia tri thu dugc van nam trong

giéi han pht hop cho truyén dan chum tia & khoang cach trung binh va ghép ni vao cac
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hé quang hoc. Do d6, ngudn laser nay hoan toan dap tng yéu cau cho cac tng dung thyc

tién, dic biét 1a cac hé do va giam sat khi 6 nhiém dua trén hép thu quang hoc chu dong.
2.2.2.4. B¢ 6n dinh ning lwong ciia chiim laser UV Ce:LiCAF khong mode

D6 6n dinh ning lugng cua xung laser 1a mot thong sé quan trong, anh hudng
tryc tiép dén do chinh x4c va do tin cay cua cac phép do quang phd hap thy, dic biét ddi
v6i cac hé do DOAS [83]. Su bién thién ning lwong cuia xung laser bom trong qu4 trinh
van hanh hé DOAS c6 thé din dén sy thay d6i cuong d6 nén cua pho do, qua d6 1am gia

tang sai s6 trong qua trinh xac dinh nong do cac chat khi 6 nhiém.
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Hinh 2.9. Panh gia d6 6n dinh cia nang luong laser khong mode.

Vi vay, do 6n dinh nang luong theo thoi gian cua h¢ laser UV Ce:LiACF khong
mode pho siéu rong di duoc danh gia thong qua cac phép do thuc nghiém, két qua duoc
trinh bay trén Hinh 2.9. Két qua cho thiy, khi ning lugng bom duoc duy tri & muc 10
mlJ, nang lugng xung laser dau ra dat khoang 0,2 + 0,03 mJ va dugc duy tri tuong doi
6n dinh trong sudt thoi gian khao sat 4 gio. Tir két qua do, d6 6n dinh nang luong cua
laser Ce:LiCAF khong mode phd siéu rong dugc xac dinh vao khoang £3%, ndm trong
giéi han d6 on dinh cia laser bom Nd:YAG do nha san xuat cong bd. Diéu nay cho thay
hé laser c6 kha ning duy tri ning luong phat xa 6n dinh trong thoi gian dai, dong thoi
dap ung t6t yéu cau vé do 6n dinh ciia ngudn sang trong cac phép do quang phd hap thu.

V&i mace do 6n dinh dat duge, hé laser UV Ce:LiCAF khong mode phé siéu rong c6 du
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kha nang dap ung cac yéu cau vé do 6n dinh ngudn sang cho cac nghién ctru va ung

dung do khi 6 nhiém bang phuwong phap DOAS.
2.2.2.5. Anh huéng ciia nang heong laser bom 1én nang leong laser 16i ra

Sy phu thudc ctia ning luong laser UV dau ra vao ning luong kich thich tir ngudn
bom Nd:YAG & budc song 266 nm da dugce khao sat. Két qué thuc nghiém dugc trinh
bay trén Hinh 2.10. Khi ning luong laser bom ting tir 4 mJ dén 14 mJ, ning luong laser
dau ra ciling ting twong Gng. Trong khoang niang luong bom tir 4 mJ dén 14 mJ, ning
lwong laser dau ra c6 sy phu thudc gan nhu tuyén tinh vao ning luong bom va dat gia
tri cuc dai khoang 0,28 mJ tai nang lugng bom 14 mJ.

Vi cau hinh laser khong mode, hiéu suat chuyén d6i nang lugng laser dat khoang
2%. Gia tri nay thap hon déng ké so véi hiéu suat ciia mot s6 cau hinh BCH khéc da
dugc nghién ctru va cong bd trude day [49, 50]. Nguyén nhan chi yéu 1a do trong cu
hinh khong mode dugc st dung, chum laser chi dugc khuéch dai mét 1an khi truyén qua
moi truong hoat chit Ce. Do d6, muc d6 tich iy khuéch dai trong moi truong laser bi
han ché, din dén hiéu suat chuyén d6i niang luong thap hon so véi cac cau hinh cho phép

chum laser truyén qua moéi trudong khuéch dai nhiéu lan.
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Hinh 2.10. Sy phu thudc cua nang lugng laser ra vao nang lugng cua laser bom.

Su anh huong cua nang lugng laser bom 1én dic trung phé cia laser 16i ra ciing
d3 duoc nghién ctru. Véi viée thay d6i ning luong laser bom tir 4 mJ dén 14 mJ, phd
cua laser 18i ra dugc trinh bay trén Hinh 2.11. Két qua chi ra rang, khi ting ning luong
laser bom thi dang pho cua laser 16i ra hau nhu khong thay doi. Nhu vay, véi viée sir

dung cdu laser khong mode ta thay ring pho phat xa laser Ce:LiCAF thu duoc tir 275
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nm — 330 nm va rdng hon rat nhi€u so voi cac cau hinh BCH khéc da dugc nghién ctru

trude day [51, 52].
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50

KET LUAN CHUONG 2

Trong Chuong 2, ludn 4n di trinh bay két qua nghién ctiru dong hoc va phat trién
thuc nghiém hé laser UV Ce:LiCAF khong mode phd siéu rong. Trén co sé giai hé
phuong trinh téc d6 bing phan mém MATLAB, cac dic trung dong hoc va thong sb
phat xa cua laser da duoc nghién cru bang moé phong. Pong thoi, bang thuc nghiém hé
laser tir ngoai Ce:LiCAF khong mode phd siéu rong da duoc phat trién thanh céng. Céc
dac trung vé phé, nang luong, do 6n dinh va do phan ky cia chum tia cling da duogc
danh gia. Cac két qua chinh dat dugc nhu sau:

e Vé nghién ciru mé phong: Pong hoc phat laser UV Ce:LiCAF khong mode phd
siéu rong di dugc nghién ciru mot cach chi tiét bang phuong phéap giai hé phuong
trinh toc d6. Két qua mo phong cho thiy birc xa laser Ce:LiCAF c¢6 pho phat xa
rong, nam trong khoang budc séng 270 — 340 nm, véi hiéu suit laser dat khoang
2,2%.

e V@ phdt trién hé thwe nghiém: Hé laser UV Ce:LiCAF khong mode phd siéu
rong da duoc xay dung va phat trién thanh cong. Vi ngudén bom 1a laser Nd: YAG
phat hoa ba bac bon tai bude song 266 nm, tan sd 1ap 10 Hz va d6 rong xung 7
ns, pho laser 16i ra thu dugc trong khoang 275 — 330 nm, voi hiéu suat chuyén
d6i quang—quang khoang 2%. Niang lugng laser 16i ra 16n nhat dat khoang 0,3 mJ
khi ndng luong bom la 14 mJ; do 6n dinh nang luong dat khoang +3% tai ndng
lugng bom 10 mJ.

e Ve chit lwong chim tia: DO phan ky cta chum laser 16i ra sau hé chuén truc da
dugc danh gia. Két qua do cho thidy do phan ky FWHM toan phan trung binh
theo truc X dat 4,07 = 0,30 mrad, trong khi theo truc Y dat 2,50 + 0,29 mrad, cho
thiy chum laser c6 d phan ky twong d6i nho va chat lvgng chum tia phu hop véi
muc dich str dung trong cac hé quang hoc tiép theo. Tai nang luong bom 10mJ,
xung laser 16 ra rong 25 ns.

e Vé sw danh hwong ciia ning lwong bom: Anh hudng cta ning lugng laser bom
dén dic trung phd cua laser 16i ra 3 duoc nghién ciru bang ca mé phong va thuc
nghiém. Két qua cho thiy, trong khoang ning luong bom dugc khdo sat, thi ning
luong laser 16i ra ting khi ning luong bom ting. DO rong va hinh dang cua phd
phat xa laser gan nhu khong thay doi khi ta ting nang lwong ciia laser bom. Két

qua nay phu hop véi dic trung ciia ciu hinh laser khong mode, trong d6 khong
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¢6 co ché chon loc mode doc trong BCH.

Nhu vay, dong hoc phé cua laser UV Ce:LiCAF khong mode phé si€u rong da
dugc nghién ciru tudng minh bang moé phong va phat trién thanh cong bang thye nghiém.
Hé laser nay hoat dong twong dbi 6n dinh véi phd phat xa siéu rong trong ving UV. Céc
két qua dat dugc trong chuong nay 14 co sé quan trong cho cac nghién ctru tiép theo cuia
luan 4n. Cu thé, ngué)n laser nay s€ dugc sir dung lam nguén tin hiéu cho hé khuéch dai
laser duoc trinh bay trong Chuong 3, dong thdi duge sir dung 1am ngudn kich thich
quang hoc trong hé DOAS phuc vu nghién ctru va quan tric cac khi 6 nhiém méi trudng,

dién hinh 14 SO va O; trong Chuong 4.
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CHUONG 3. NGHIEN CUU VA PHAT TRIEN HE KHUECH PAI LASER TU
NGOAI Ce:LiCAF KHONG MODE PHO SIEU RONG

Trong Chuong 2, mot hé laser UV Ce:LiCAF khong mode phd siéu rong da duoc
phat trién thanh cong. Tuy nhién, ning luong laser dat duoc con twong ddi thap, dudi
ngudng ctia nhidu tng dung, dé md rong tng dung ctia hé laser nay thi viéc phat trién
bd khuéch dai cho laser UV Ce:LiCAF khong mode phd siéu rong 1a can thiét. Trong
chuong nay, bang viéc str dung mé hinh khuéch dai da budc song Frantz - Nodvik, dong
hoc khuéch dai cac xung laser UV khong mode pho siéu rong nhiéu lan truyén qua tinh
thé Ce:LiCAF sé& duoc nghién ctru. Anh huéng cia ning luong laser bom, laser tin hiéu,
FWHM laser tin hiéu 1én dic trung cta laser sau khuéch dai ciing nhu hiéu tng thu hep
FWHM trong qué trinh khuéch dai s& duoc nghién ciru tudng minh. Bang thuc nghiém,
hé khuéch dai bon 1an truyén qua cho laser UV Ce:LiCAF khong mode pho siéu rong

cling da duoc phat trién.

3.1. Pong hoc khuéch dai cic xung laser tir ngoai khong mode pho siéu rong sir

dung tinh thé Ce:LiCAF
3.1.1. So do thiét ké hé khuéch dai xung laser ti ngoai khéng mode pho siéu rong

CAu tao chinh ctia hé khuéch dai bao g6m nguén laser bom, bg phat xung tin hi¢u
va b khuéch dai nang luong. Trong d6, ngudn bom cho ca bo phat xung tin hiéu va bd
khuéch dai 1a laser Nd: YAG phat hoa ba bac bon tai buéde song 266 nm cua hang Lotis,
v6i do rong xung bom 7 ns va tan sd lap lai 10 Hz.

Pé khuéch dai hiéu qua xung laser tin hi€u, viéc lya chon sb 1an truyén qua phu
hop trong b khuéch dai 1a can thiét. Voi do rong xung laser bom 7 ns, photon truyén
trong chin khong trong khoang thoi gian nay c6 thé di duoc quing dudng khoang 2.1
m. Do d6, cAu hinh khuéch dai can duoc thiét ké sao cho thoi gian xung laser tin hi¢u
truyén qua mdi trudng khuéch dai phit hop véi thoi gian ton tai ciia xung laser bom, qua
d6 bao dam qua trinh twong tac giita laser tin hiéu va cac ion Ce** nam trén muc kich
thich hi¢u qua. Mat khac, do chum laser tin hiéu c6 dd phan ky tuong ddi 1on, viée lua
chon cdu hinh quang hoc pht hop c6 vai trd quan trong trong viéc duy tri su chdng chap
t6t giita chum laser bom va chum laser tin hiéu trong tinh thé khuéch dai. Trén co s cac
yéu cau vé thoi gian twong tac va sy chong chap khong gian giita hai chum laser, trong

nghién ctru nay, cau hinh khuéch dai bon lan truyén qua duoc lya chon nham nang cao
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hiéu qua khuéch dai xung laser tin hiéu. CAu hinh quang hoc cua h¢ khuéch dai duoc

trinh bay trén Hinh 3.1.

M,

266 nm, 10 Hz, 7ns (4w) Nd:YAG

Laser khong mode

Cet CM,

X B{ khuéch dai
B} dich 4 lan truyén qua
chuyén ’
M Mg + .\"“
L, s Cé?

4

Hinh 3.1. So db thiét ké hé khuéch dai cac xung laser tir ngoai khong mode phd
siéu rong bon l1an truyén qua tinh thé Ce:LiCAF.

Laser bom, sau khi phan xa toan phan trén hai gwong M; va Mz, dugc chia thanh
hai phan nho tdm chia chum BS. Phan truyén qua duoc sit dung 1am ngudn bom cho bd
phat xung tin hiéu, phén phan xa duoc str dung lam nguén bom cho bo khuéch dai. Cau
tao chi tiét cia bo phat xung tin hiéu da dugc trinh bay trong Chuong 2. Laser tin hiéu
sau khi phat ra dugc dan qua bd chuén truc, dugc ciu tao tir mot thau kinh hoi tu c6 tiéu
cu (f=10) cm va mot thau kinh phan ky c6 tiéu cu (f = -10) cm. Thiét ké dé tam phat
xa cua tinh thé Ce:LiCAF tring véi tim guong cau CM; tao ra chim laser khong mode
gan nhu song song va lam giam d6 phan ky ctia chum tia. Bd chuan tryc c6 thau kinh
hoi tu trude, thau kinh phan ky sau lam hep va giam tinh khong d6i ximg cia chum tia
khong mode trude khi dwa vao hé khuéch dai. Pay 1a nhiing cai tién quan trong trong
thiét ké ctia hé khuéch dai cac xung laser tir ngoai khong mode pho siéu rong so véi
khuéch dai cac xung laser tir ngoai xung hep trudc day. Sau khi duoc chuan tryc, chim
laser tin hiéu c6 duong kinh khoang 1 mm va duoc dan vao bd khuéch dai thong qua

guong dan Ma. Tinh thé Ce:LiCAF c6 kich thuéc (10 x 10 x 20) mm, pha tap 1% Ce’*
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va cét gb6c Brewster duoc st dung lam moi truong khuéch dai. Chum laser bom tai buge
song 266 nm, sau khi phan xa bo1 tdm chia chum BS s& dugc hoi tu vao tinh thé khuéch
dai nho thau kinh hoi tu c6 tiéu cy f> = 30 cm. Thau kinh hdi tu dwoc dit cach tinh thé
khuéch dai khoang 25 cm, tao ra vét laser bom trén bé mit tinh thé c6 dudng kinh khoang
2 mm. Dé dat duoc hiéu suit khuéch dai cao, viéc déng bo thoi gian gitra xung laser
bom va xung laser tin hiéu trong bd khuéch dai dong vai trd rat quan trong. Vi vy, laser
bom duoc din qua b dong bd nham diéu chinh thoi gian dén cua xung laser bom tai
tinh thé khuéch dai, qua d6 bao dam su chong chap vé thoi gian giira xung laser bom va
xung laser tin hiéu trong méi trudng khuéch dai. Laser tin hiéu sau khi phan xa trén
guong dan My dugc dua vao tinh thé Ce:LiCAF va duoc khuéch dai 1an thir nhat. Sau
lan khuéch dai tht nhat, chum laser tin hiéu duoc dan qua hai gwong Ms va Ms, sau do
quay trd lai tinh thé Ce:LiCAF dé thuc hién 1an khuéch dai thir hai. Tuong tu, xung laser
sau lan khuéch dai thi hai tiép tuc duoc din qua hé guong va quay trd lai tinh thé dé
thuc hién lan khuéch dai thir ba. Qua trinh nay duoc lap lai cho dén khi xung laser tin
hiéu trai qua bon 1an khuéch dai. Sau bon 1an truyén qua tinh thé khuéch dai, chum laser
khuéch dai duoc dan ra ngoai qua guong M.

Trong khuéch dai laser, mtc d6 chong chap gitra chum laser bom va chum laser
tin hiéu, hay néi cach khac 1a chiéu dai khuéch dai hiéu dung c6 anh hudng 16n dén hiéu
suat ctia qua trinh khuéch dai. Theo thiét ké, goc hop boéi giita chum laser bom va chum
laser tin hiéu trong 4 1an khuéch dai lan lugt 14 5°, 5°, 10° va 10°, khi d6 chiéu dai khuéch
dai hiéu dung dat gia tri 16n nhét ¢ hai 1an khuéch dai dau tién, khi goc hop giira chum
laser bom va chum laser tin hiéu 1a nho nhét. Chiéu dai khuéch dai hiéu dung nay sé&
giam xudng trong hai 1an khuéch dai tiép theo khi ma goc giira chum laser bom va laser
tin hiéu bi mé rong. Chiéu dai khuéch dai hiéu dung c6 thé duoc xac dinh theo cong

thirc [84]:

(3.1)

P
1 L) 2  tan (T)
I'=1- —[l — atan <—)]
4q

2 LAY
1—tan (7)

trong d6, I chiéu dai tinh thé, a duong kinh chim bom va ¥ géc gitta chum laser bom

va chum tin hiéu trong céac lan khuéch dai.
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3.1.2. M6 hinh Iy thuyét cho khuéch dai xung laser tir ngogi khong mode

Trong khuéch dai laser, phuong trinh Frantz — Nodvik (1963) duoc sir dung dé
danh giéa sy phuy thudc cia nang luong laser sau khuéch dai vao nang lugng laser tin hi¢u
[85]. Tuy nhién, mé hinh ban d4u chu yéu ap dung cho xung gan don sic va chua xét
day du sy phu thudc theo budc song, thoi gian va khong gian cta qué trinh khuéch dai.
Vi vay, nhiéu nghién ctru sau ndy di tién hanh hiéu chinh phuong trinh Frantz — Nodvik
nham mo ta chinh xac hon dong hoc khuéch dai trong cac h¢ laser hién dai. Cac cong
trinh cua Peter Krétz va cong sy da mé rong mo hinh theo hudng biéu dién dugc cac
dic trung pho laser sau khuéch dai phu thudc vao budc song, trong khi Bingnan Shi va
cong su bo sung anh hudng khong gian — thoi gian va trang thai bio hoa phi tuyén cho
hé khuéch dai pico gidy cong suat cao [86 - 88]. Nghién ciru ctia Alexander T. Coney va
cong su tiép tuc tng dung mé hinh nay cho hé Nd:YAG ning luong cao [89].

DPéi véi laser UV phé) siéu rong su dung tinh thé Ce:LiCAF, viéc hiéu chinh
phuong trinh Frantz — Nodvik 14 can thiét do phd khuéch dai trai rong, cac tiét dién phat
Xa va hép thy phu thudéc manh theo bude song, dan dén céac hién tuong nhu thu hep phé,
dich chuyén dinh pho va canh tranh khuéch dai giita cac thanh phan pho. Ngoai ra, trong
céu hinh khuéch dai nhiéu 1an truyén qua, phan bb phd va nang lugng xung tiép tuc thay
d6i sau mdi 1an khuéch dai. Do d6, phuong trinh Frantz — Nodvik can dugc mé rong
theo hudng da budc séng va phu thudc thoi gian dé mo ta chinh xac dong hoc khuéch
dai cuia laser UV pho siéu rong. So do khéi biéu dién qua trinh khuéch dai xung laser sir
dung phuong trinh Frantz — Nodvik dugc chi ra trén Hinh 3.2.

Moéi truong
khuéch dai

AF F(n)

(m)
F”:l —) Gy ) St

Hinh 3.2. So db khéi khuéch dai laser theo phwong trinh Frantz — Nodvik [85].

Trong do, thong luong laser sau khuéch dai tai mot bude song A; 1a Fo(fft) s€ duoc
xéc dinh theo thong lwong laser tin hiéu F va do khuéch dai G,. Sau mdi 1an khuéch
dai, mot phﬁn nang lugng laser tich trit ¢ trang thai kich thich AF s€ chuyén thanh nang
luong laser sau khuéch dai dong thoi do khuéch dai ban dau va ning luong tich trit &

trang thai kich thich s& giam va duoc cap nhat lai. D6i v6i hé khuéch dai nhiéu lan truyén
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qua thi thong luong laser 161 ra ctia 14n trudce s& 12 tin hiéu cua 1an khuéch dai sau. Gia
sir tai 1an khuéch dai thir (n) xung tin hiéu dau vao c¢& nano gidy, dugc dic trung bai
thong lugng phd F (1;) tai 1i vao bo khuéch dai. Khi laser tin hiéu di qua méi truong
khuéch dai, hé s6 khuéch dai mot 1an truyén qua dugc xac dinh béng cong thuc [86, 87]:

Go(4) = T 50, AINIDL - a (AL, (3.2)

v6i 0,(1;) 1a tiét dién phat xa; I, ti 16 thudn véi chiéu dai khuéch dai hiéu dung,
13 hé s chong chap khong gian gitta chum tin hiéu va vung khuéch dai; [ 1a chiéu dai
tinh thé; a(4;) 12 hé s mat mat hiéu dung; NZ(;L)) 1a nghich déo d tich luy trong tinh thé
)

trude khi xung tin hi¢u vao. Thong lwong phd 16i ra F,7 (1;) sau mdi lan lan truyén duoc

xac dinh theo phuong trinh Frantz — Nodvik da budce song 1a [86, 87]:

My
EM (1) = Fype(4) In i W]—l)], (3.3)

out

Fsat (Ai)

1+ exp(Go(1)) (exp

trong d6 thong lugng bao hoa Fy,, (4;) tai budc song A; dugc xac dinh boi:
hc/A;
Oe (Ai) .

Xét dén cac mat mét trong mdi 1an truyén qua, bao gom phéan xa clia guong, suy

Foar (/11) = (3.4)

F'(n)

hao quang hoc, théng luong pho thuc té (1,) sau luot truyén thir (n) duoc 1a:

out
ER Q) =T™QIFR A, (3.5)

v6i T™M (1) c6 gia tri nam trong khoang (0,1].

Do qué trinh khuéch dai duoc thiét ké véi bon 1an truyén qua xay ra trong mot
xung bom va thong lwong xung bom 16n hon nhiéu lan so véi théng lugng bom béo hoa,
nén moi trudong dugc xem la hoi phuc hoan toan gitra cac lan khuéch dai. Khi do, nghich
dao do tich lily suy giam chi do khuéch dai va dugc xac dinh theo ning lugng photon
trich xuat khoi méi trudng theo cong thuc [86, 87]:

( )
AND() = P (D) — A7)
hC//li

(3.6)

Dbi v6i luot truyén thir n, tong thong luong quang pho tai tat ca cac budc song

th? duoc tinh bang:
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Fap = Z EM(1) AL (3.7)

Ning luong xung laser E™ va cong suét trung binh Pa(‘?g) 16i ra tuong tng tai tan
s6 1dp lai frep lan luot 1a:

E™ = AgeFg,

tot

(3.8)
P = fiepE®.

avg

Pbi véi bo khuéch dai 4 1an truyén qua, théng luong phd sau 4 1an khuéch dai
dugc tinh tir phwong trinh (3.3) véin = 1, 2, 3, 4, thong luong cua 1an khuéch dai trude
s& 1a tin hiéu cua lan khuéch dai sau. Phuong trinh lién hé giira cac 1an khuéch dai la:

EMYQ) = FR (. (3.9)

out

Tom lai, phuong trinh (3.2) biéu dién hé s6 khuéch dai, phuwong trinh (3.3) biéu
dién thong lwong laser sau mdi 1an khuéch dai, phuong trinh (3.6) biéu dién su suy giam
nghich dao d6 tich luy sau mdi 1an khuéch dai. Do hé sb khuéch dai va thong luong dau
ra cua qua trinh khuéch dai déu 1a mot ham theo buéde song dan téi mé hinh khuéch dai
nay khong chi cho phép biéu dién qua trinh khuéch dai vé mit nang luong ciia cac xung
laser ma con cho biét diac diém phd cua qua trinh khuéch dai.

Céc thong s6 dau vao cta qua trinh mé phong khuéch dai xung laser bang phuong
trinh Frantz — Nodvik bao gom:

1) Laser bom va laser tin hiéu: budc song, thong luong, do rong phé va d6 rong
xung.

ii) Moi truong khuéch dai: tiét dién phat xa o,(1) theo budc song, chiéu dai
khuéch dai.

iii) Hé s6 mat mat trong mot 1an truyén T hay 13 ti 1é nang luong laser con lai sau
khi trir di cdc mat mat tuyén tinh do phan xa khong hoan toan trén cic mat guwong va
phan xa trén bé mat tinh thé, suy hao quang hoc va sai léch ch6ng chap trong mot lan
truyén. Hé s6 chong chap khong gian giita chum tin hiéu va ving khuéch dai I ;.

Qua trinh md phong gdm ba budc:

Budc 1. Thong luong laser tin hiéu ddu vao tai tirng budc séng duge chia thanh
nhiing 14t cat theo nhitng khoang thoi gian bang nhau At.

Budc 2. Céc lat cit nay lién tuc di qua moi trudng khuéeh dai, ning luong tich
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trir tai moi truong khuéch dai s& duoc trich suét theo cac 14t cit va dugc duoc cap nhat
sau mdi 1at cat di qua.

Budc 3. Thong luong laser 16i ra 13 tong ctia cac thong lwong thanh phan sau qua
trinh khuéch dai.

3.1.3. Thong sé sir dung trong mé phéng khuéch dai laser khong mode

Céc thong s6 sir dung trong md phong khuéch dai cac xung laser UV st dung tinh
thé Ce:LiCAF dugc lay tir cac linh kién, thiét bi hién c6 tai PTN Quang tir - Vién Vat Iy
va duoc trinh bay chi tiét trong Bang 3.1.

Bdng 3.1. Cac thong sd linh kién va thiét bi st dung trong mo phong khuéch dai.

Tinh thé khuéch dai Ce:LiCAF [46, 75]

Kich thude tinh thé 10x10x20 mm
Néng dé pha tap ion Ce’* 1 mol %, 5x10'7 ¢cm™
Thoi gian Séng huynh quang 25 ns
Thong luong bdo hoa tai budc song 266 nm 1,1 W/em?
Thong luwong bdo hoa tai budc song 288,5 nm 1,2 W/em®
Tiét dién hdp thu tai bude séng 266 nm 7,5x10°7"% em?
Tiét dién phat xa tai buée séng 266 nm 0,1x1071® cm?
Tiét dién hap thu tai budc séng 288,5 nm 0,4x10"'* cm?
Tiét dién phat xa tai budc song 288,5 nm 9,8x10°'8 cm?
Laser bom
Buoc song 266 nm
Do ban rong (FWHM) 0,1 nm
Do rong xung, t 7 ns
Puong kinh chim bom trén bé mdt tinh thé 2 mm

0,85

H¢é s6 truyén qua trong mét lan khuéch dai

Goc giita chum laser bom va laser tin hi¢u cho cac

lan khuéch dai tir 1 dén 4

5°, 5°,10°, 10°

Mo phong s& dugc thuc hién vai s6 1at cat ciia mdi xung laser tin hiéu 1a 50 lat

cat. Bén canh do, xung laser tin hiéu dén tinh thé khuéch dai tr& hon xung bom mot

khoang thoi gian 1,5 ns - thoi gian du dé moi truong khuéch dai dat trang thai bdo hoa
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va bdn 1an khuéch dai s& dién ra trong thoi gian cia mot xung bom.
3.1.4. Péng hoc khuéch dai xung laser tir ngoai khéng mode phé siéu rong

bpé nghién clru ciac qua trinh dong hoc cua bd khuéch dai xung laser UV
Ce:LiCAF, phuong trinh Frantz - Nodvik da dwoc giai bing phin mém Matlab véi cac

thong s6 dau vao duoc chi ra trén Bang 3.1.
3.1.4.1. Anh hudéng ciia ndng lrong laser bom 1én nang leong laser 16i ra

Pé danh gia anh hudng ctia nang luong laser bom 18n nang luong laser sau khuéch
dai, mo6 phéng dugc thuc hién voi cac thong sb cua laser tin hiéu duoc gilt khong ddi
0,2 mJ, trong khi ndng lugng laser bom lan luot nhan céac giatri SmJ, 10 mJ, 15 mJ va
20 mJ. Két qua trén Hinh 3.3 cho thay niang lugng laser 15i ra ting dan theo s6 1an khuéch
dai d6i véi tat ca cac muc ning lugng bom khao sat. Pong thoi, tai cing mot sb 1an

khuéch dai, nang luong laser bom cang 16n thi ning lugng laser 16i ra cang cao.
2
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S6 lan khuéch dai

Hinh 3.3. Anh hudng cta nang lugng bom Ién ning luong laser sau khuéch dai.

Cu thé, vai nang luong laser bom 5 mJ, nang luong laser sau bon 14n khuéch dai
lan luot dat khoang 0,22 mJ; 0,3 mJ; 0,39 mJ va 0,48 mJ. Khi nang lugng bom tang 1én
10 mJ, nang lugng laser 16i ra tuong Ung sau bon 1an khuéceh dai dat khoang 0,33 mJ;
0,56 mJ; 0,79 mJ va 1,0 mJ. Trong truong hop nang lugng bom 1én, 15 mJ thi nang
lugng laser sau bon 1an khuéch dai 1an luot dat khoang 0,45 mJ; 0,85 mJ; 1,19 mJ va
1,5 mJ. Khi ning luong laser bom ting 1én dén gia tri trén 20 mJ thi nang lugng laser
tang cham hon, twong tng 0,57 mJ; 1,08 mJ; 1,52 mJ va 1,92 mJ. Nhu vay, viéc ting

ning luong laser bom lam ting ning luong laser 16i ra, nguyén nhan do ning luong bom
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tang, s6 ion Ce** dugc kich thich 1én trang thai trén nhiéu hon, dan dén hé sé khuéch dai
clia méi trudng ting va nang luong laser sau khuéch dai ting. Bén canh d6, c6 thé nhan
thdy hé s6 khuéch dai laser giam dan theo sb 1an truyén qua d6i véi ca bon truong hop
ning lwong bom. Pidu ndy phan anh sy suy giam cua ning luong tich trir trong moi
truong khuéch dai do d3 bi trich xuit qua cac 1an truyén trude. Nhu vay trong diéu kién
trén, viéc ting ning luong bom dan téi ting ning luong laser 16i ra sau khuéch dai. Tuy
nhién, viéc ting ning lugng laser bom dn téi ting nguy co xuat hién cac hiéu ing bat
loi nhu khuéch dai phat xa tu phat, hiéu tng thau kinh nhiét din t6i pha hay tinh thé, do
vay trong cac nghién ctru tiép theo ning luong bom duge giit khong d6i & mirc 10 mJ.
3.1.4.2. Anh hudng ciia ndng lirong laser tin hiéu 1én ning leong laser 16i ra
Pé danh gia anh hudng cia ning luong laser tin hiéu 1én niang luong laser sau
khuéch dai, méo phong dugc thyc hién vai laser bom va cac dac trung phé va thoi gian
ctia xung laser tin hiéu duoc giir khong d6i, trong khi nang luong laser tin hiéu 1an luot

nhan céc gia tr1 0,1 mJ; 0,2 mJ; 0,4 mJ va 0,6 mJ.
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S$6 1an khuéch dai
Hinh 3.4. Anh hudng cta ning lugng laser tin hiéu 1én ning luong laser sau

khuéch dai.

Két qua duoc chi ra trén Hinh 3.4 cho thdy ning luong laser 16i ra ting dan theo
s6 1an khuéch dai d6i véi tat ca cac trudng hop khao sat. Pong thoi, voi cling mot s6 1an
khuéch dai, nang lugng laser tin hi¢u ban dau cang 1on thi ndng luong laser sau khuéch
dai thu dugc cang cao. Cu thé, véi nang luong laser tin hiéu ban dau 0,1 mJ, nang lugng

laser sau bon 1an khuéch dai 1an luot dat khoang 0,26 mJ; 0,49 mJ; 0,69 mJ va 0,87 mJ.
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Tuong ng véi hé sb khuéch dai cua timg 1an truyén qua 1an luot 13 2,60; 1,88; 1,41 va
1,26. D6i v6i truong hop ning luong laser tin hi¢u ban dau 0,2 mJ, nang luong laser sau
bon 1an khuéch dai tuong g dat khoang 0,41 mJ; 0,64 mJ; 0,83 mJ va 1,00 mJ, v&i hé
s6 khuéch dai cua tung lan truyén qua lan luot 1a 2,05; 1,56; 1,30 va 1,20. Khi nang
lugng laser tin hi¢u tang 1én 0,4 mJ, nang lugng laser 16i ra sau bdn 1an khuéch dai 1an
luot dat khoang 0,64 mJ; 0,86 mJ; 1,03 mJ va 1,18 mJ, twong ung véi h¢ s6 khuéch dai
1a 1,60; 1,34; 1,20 va 1,15. Trong truong hgp nang lugng laser tin hi¢u ban dau 16n nhat,
0,6 mJ, nang luong laser sau bdn 1an khuéch dai lan luot dat khoang 0,85 mJ; 1,05 mlJ;
1,20 mJ va 1,34 mJ, twong tmg hé sb khuéch dai twong Gng 1a 1,42; 1,24; 1,14 va 1,12.
Két qua trén cho thiy ning luong laser tin hiéu dau vao c6 anh huong rd rét dén kha
nang trich xuat nang lugng ctia bo khuéch dai. Khi nang luong tin hiéu ting, sé photon
ban d4u di vao méi truong khuéch dai 16n hon, dan ti nang luong laser 16i ra sau khuéch
dai ciing tang 1én. Tuy nhién, hé s6 khuéch dai c6 xu hudng giam khi nang luong laser
tin hiéu ban dau tang. Cu thé, ¢ lan khuéch dai thir nhat, hé s6 khuéch dai giam tir 2,60
d6i voi truong hop tin hiéu 0,1 mJ xudng con 1,42 dbi véi truong hop tin hiéu 0,6 mJ.
Xu hudng twong ty ciing duoc quan sat & cac 1an khuéch dai tiép theo. Bén canh d6, ddi
vo1 tung gia tri nang lugng laser tin hi¢u dau vao, hé sb khuéch dai déu giam dén theo
s6 1an truyén qua. Diéu nay cho thay khi tin hiéu dau vao manh hon, nang lugng du trix
0 moi truong khuéch dai bi trich xuét 16n hon, nghich ddo dg tich liiy giam nhanh hon.
Nhu vay, khi ting ning luong laser tin hiéu dau vao, nang luong laser 16i ra sau khuéch
dai ting 1én, nhung hé s6 khuéch dai riéng cta ting lan truyén qua lai giam. Két qua nay
cho thiy can lua chon nang lugng laser tin hiéu dau vao & mot gia tri phit hop nham vira
bdo dam nang luong 16i ra du 16m, vira duy tri dugc hi¢u suét khuéch dai cao va tranh

lam moi truong khuéch dai bao hoa qua sém.

3.1.4.3. Anh huéng ciia do ban réng phé laser tin hiéu lén ning lirong laser 16i

ra

Dé danh gia anh huong cia FWHM laser tin hiéu 1én ning lwong laser sau khuéch
dai, m6 phdong dugc thuc hién voi dinh phé laser tin hi€u gilt khong ddi tai bude song
288,5 nm, trong khi FWHM 1an luot nhan cac gia tri 12 nm, 14 nm 16 nm va 20 nm.
Két qua nhan duoc trén Hinh 3.5 cho thiy ning luong laser 16i ra ting dan theo s 1an

khuéch dai d6i véi tat ca cac truong hop khao sat. Tuy nhién, tai cing mot s6 1an khuéch
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dai, nang luong laser 16i ra thu duoc phu thudéc vao FWHM cua xung tin hi¢u dau vao.
1.2
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S6 1an khuéch dai
Hinh 3.5. Anh huong cta do rong pho laser tin hiéu 1én nang luong laser sau

khuéch dai.

Cu thé, véi phé tin hiéu c6 do rong hep nhat, FWHM = 12 nm, nang luong laser
sau bon 1an khuéch dai dat gia tri 1on nhat, xép xi 1,07 mJ. Trong khi d6, véi FWHM =
14 nm, nang luong laser sau bon 14n khuéch dai dat khoang 1,03 mJ, con véi FWHM =
16 nm, gié tri ndy chi dat khoang 0,97 mJ va v6i FWHM = 20 nm, ndng lugng laser sau
bon 1an khuéch dai dat gia tri bé nht, xép xi 0,9 mJ. Xu hudng tuong ty cling dugc quan
sat & cac 1an khuéch dai trung gian. Két qua trén cho thdy khi FWHM cua laser tin hiéu
dau vao tang 1én thi ning luong laser sau khuéch dai c6 xu hudng giam xudng. Diéu nay
c6 thé dugc giai thich 12 do FWHM tin hiéu cang rong thi ning luong xung dau vao
cang duogc phan bé trén mot dai bude song 16n hon. Trong khi d6, méi trudng Ce:LiCAF
c6 hé s6 khuéch dai phd khong dong déu va dat cuc dai chu yéu quanh ving bude song
288,5 nm. Do do, chi mot phén phé tin hiéu nim gén dinh tiét dién phat xa dugc khuéch
dai manh, con cac thanh ph::in phé & xa dinh khuéch dai hon s& chiu hé sé khuéch dai
nho hon. Két qua 13 hiéu suat trich xut niang lugng tong thé cua bo khuéch dai giam khi
phé tin hiéu dau vao tré nén rong hon. Nhu vay, FWHM cua laser tin hi¢u dau vao 1a
mot thong s6 co anh huong dang ké dén nang luong laser 16i ra ctia bo khuéch dai. Trong
diéu kién khao sat, xung tin hiéu c6 FWHM hep hon cho nang lugong 16i ra 16n hon sau
cung mot s6 1an khuéch dai. Két qua nay cho théy viéc lva chon FWHM laser tin hiéu
phtt hop 13 can thiét nham tdi wu hiéu suat khuéch dai nang luong ciia hé laser UV phd

siéu rong str dung tinh thé Ce:LiCAF.
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3.1.4.4. Phé laser trong qud trinh khuéch dai

Pé khao sat sy thay doi ctia phd laser trong qué trinh khuéch dai, phd laser tin
hiéu va pho laser sau tirng 1an khuéch dai da duoc chuan héa va biéu dién trén Hinh 3.6.
Két qua cho thiy, sau mdi 1an truyén qua bo khuéch dai, dinh phd chinh cia xung laser
van duy tri trong ving buéc song khoang 288,5 nm, tuy nhién FWHM giam dan rd rét
theo 6 1an khuéch dai. Cu thé, phé laser tin hiéu ban dau c6 FWHM khoang 16 nm. Sau
1an khuéch dai thtr nhat, FWHM giam xudng con khoang 14 nm; sau lan khuéch dai thir
hai con khoang 11 nm; sau lan khuéch dai tht ba con khoang 9 nm; va sau l1an khuéch
dai thtr tu chi con khoang 7 nm.
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Hinh 3.6. Phé laser sau ting lan khuéch dai.

Két qua biéu dién trén Hinh 3.6. cho thiy qua trinh khuéch dai trong tinh thé
Ce:LiCAF khong dién ra dong déu trén toan mién pho ciia xung laser tin hiéu. Cac thanh
phan ph6 nam gan ving dinh phat xa ctia méi truong khuéch dai, noi tiét dién phat xa
dat gia tri lon nhét, duoc khuéch dai manh hon so vé6i cac thanh phén phé nam & hai
canh. Do d6, ning luong phd ngdy cang tap trung vé ving budc song trung tdm, dan dén
hién tuong thu hep FWHM sau mdi lan khuéch dai. Bén canh su giam dan cua FWHM,
c6 thé nhan thay bién do twong dbi ctia dai phd yéu hon quanh ving 310 nm ciing suy
gidm 10 rét theo sb 1an khuéch dai. Biéu nay cho théy hé s6 khuéch dai tai vung budc
song dai 16n hon 300 nm nho hon dang ké so véi viing dinh phat xa chinh. Tuy nhién,
dai phé nay van con ton tai sau bon 1an khuéch dai, chirng t0 tai cac budc song nay moi

truong Ce:LiCAF van con kha ning khuéch dai trong diéu kién bom di luva chon. Két
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qua trén Hinh 3.6 khiang dinh rang trong cAu hinh khuéch dai bbn lan truyén qua tinh thé
Ce:LiCAF, hién tugng thu hep FWHM xay ra ro rét va tang dan theo s6 1an khuéch dai.
Két qua nay ciing cho thay rang mic du bo khuéch dai cho phép ning cao dang ké ning
luong xung laser, nhung dong thoi lam bién d6i dic trung phd cua xung tin hiéu dau
vao. Piéu ndy c6 ¥ nghia quan trong trong viéc lya chon s 1an truyén qua ciing nhu tdi
vu cau hinh khuéch dai, ddc biét ddi véi cac Gmg dung yéu cau dong thoi ning luong
cao va duy tri FWHM Ién ctia ngudn laser UV. Pay 1a co s quan trong dé danh gia giéi
han khuéch dai d6i véi ngudn laser UV phd siéu rong va dé xuat cac giai phap toi uu hé

thuc nghiém.
3.2. H¢ khuéch dai laser tir ngoai Ce:LiCAF khong mode pho siéu rong bon lin
truyén qua
3.2.1. H¢ thire nghi¢m khuéch dai laser tiv ngoai Ce:LiCAF khong mode
Dua trén so do thiét ké da duoc trinh bay trong Hinh 3.1, h¢ khuéch dai cac xung
laser UV bang rong bdn 1an truyén qua sir dung tinh thé Ce:LiCAF di duoc phat trién

va chi ra trén Hinh 3.7.

Laser ra

Hinh 3.7. Hé khuéch dai cac xung laser tir ngoai khong mode pho siéu rong bon

1an truyén qua tinh thé Ce:LiCAF.
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Hé laser UV Ce:LiCAF phd siéu rong di duoc trinh bay trong Muc 2.1 véi dai
budc song nam trong khoang tir 275 dén 330 nm, dinh phd phét xa tai budc song 288,5
nm va dd rong xung la 25 ns dugc st dung lam laser tin hi¢u. Sau khi di qua bd chuan
truc, duong kinh chum laser 1a 1 mm va nang luong 1a 0,2 mJ, chum laser tin hi¢u sau
d6 dugc dua téi bo khuéch dai thong qua cac guong dan. Laser bom cho hé khuéch dai
& bude soéng 266 nm ¢ ning luong 1a 10 mJ, duong kinh vét chum bom trén bé mit tinh
thé khuéch dai 1a 2 mm. Sau khi hoan thanh qua trinh 1ap dit va cin chinh, hé khuéch
dai laser UV khong mode ph siéu rong bdn lan truyén qua tinh thé Ce:LiCAF hoat dong
on dinh. Hé thuc nghiém dugc st dung dé tién hanh céc nghién clru tiép theo vé dic
trung phd, xung, do phan ky ciia chum tia laser, dd 6n dinh niang luong va hiéu suét

chuyén niang lugng.
3.2.2. Pdc trung vé ning lwong trong qud trinh khuéch dai

Céc dic trung vé ning luong trong qua trinh khuéch dai xung laser UV pho siéu
rong da duoc nghién ciru. Xung tin hiéu ¢6 ning luong ban dau khoang 0,2 mJ, sau bon
lan khuéch dai ning lugng laser 16i ra dat xap xi 1,0 mJ, twong tng véi hé sé khuéch dai
tong khoang 5. Chi tiét vé ning luong laser ciing nhur hé sé khuéch dai trong mdi 1an
truyén qua duoc chi ra trén Hinh 3.8. Két qua thuc nghiém (duong mau den) cho thay,
nang lugng laser 16i ra sau mdi lan khuéch dai lan luot dat khoang 0,47 mJ; 0,75 mlJ;
0,90 mJ va 1,00 mJ. Tuong Gng vo1 cac gia tri nay, hé s6 khuéch dai & 1an truyén qua
thir nhat dat khoang 2,4, 1an thir hai 1a 1,6, lan tht ba 1a 1,2 va lan thi tu x4p xi 1,1. Két
qua trén cho thy, nang luong laser ting din sau mdi 1an khuéch dai, tuy nhién hé s6
khuéch dai ¢6 xu hudng giam theo s6 1an truyén qua. Piéu nay duoc giai thich 1a do &
cac 1an khuéch dai dau, ning luong tich trit trong moi trudng hoat chat con 16n nén xung
laser tin hiéu dwgc khuéch dai manh. Khi sé 1an truyén qua tang 1én, mot phan déng ké
nang luong tich trir da duogc trich xuét, do d6 hé sb khuéch dai giam dan & cac lan truyén
tiép theo. Trong hé khuéch dai laser Ce:LiCAF bén lan truyén qua, chum bom 266 nm
dugc giit ¢d dinh, trong khi chum tin hiéu dugc diéu hudng bang hé guong dé goc giira
chum laser bom va laser tin hiéu cho cac 1an khuéch dai tir 1 dén 4 1an lugt 14 59, 59, 10°
va 10°. Viéc tang goc hop gitta chum tin hiéu va chum bom tir 5° 1én 10° ¢6 thé lam thay
d6i muc do chong chap khong gian gitta chum tin hiéu va ving dugc bom, dan dén thay

doi hé s6 khuéch dai. Tuy nhién, do h¢ s6 khuéch dai van giam gitra cac luot c6 cung
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goc hop, khong thé xem su thay ddi goc 13 nguyén nhan duy nhat. Anh hudng nay co
thé tré nén dang ké khi két hop voi do phan ky cta chum tin hiéu va sy phan bd khong
d6ng déu ctia mat do nghich déo tich lity trong tinh thé. Hon thé nita, bang viéc ap dung
mo6 hinh Frantz — Nodvik da budc séng cho hé khuéch dai véi cac thong sd dau vao ldy
tir thue nghiém, ning luong laser sau timg 1an khuéch dai theo mo phong (dudng mau
d6 trén Hinh 3.8) cling dd duogc xac dinh. Két qua mo phong cho thiy, nang luong laser
16i ra sau mdi 1an khuéch dai lan luot dat khoang 0,50 mJ; 0,78 mJ; 0,98 mJ va 1,12 mJ,

trong khi hé s6 khuéch dai tuong ung la khoang 2,8; 1,5; 1,2 va 1,1.
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Hinh 3.8. Thay dbi ning luong va hé sé khuéch dai laser sau mdi lan truyén qua.

Nhin chung, ¢6 su phut hop tét giita két qua thuc nghiém va mo phong, vdi sai
1éch chu yéu trong khoang 10%. Sy sai khac nho giita thuc nghiém va mé phong co thé
xuét phat tir cac yéu t6 nhu ton hao trén céc linh kién quang hoc, su khong dong déu cua
viing bom, sai léch trong qua trinh can chinh quang hoc ciing nhu mirc do chong chap
gitta chum laser bom va chum laser tin hiéu trong tinh thé chwa hoan toan t6i wu. Tuy
nhién, sy phu hop tt giita hai két qua cho thdy mo hinh 1y thuyét duoc sir dung 1a phu
hop trong viéc moé ta dong hoc khuéch dai cia xung laser UV trong cdu hinh bon lan
truyén qua. Ta thay rang, sau mdi 1an khuéch dai, hé s6 khuéch dai c6 xu huéng giam
dan, tir 2,8 & 1an khuéch dai thir nhat xudng con 1,2 & lan khuéch dai thir tw. Nguyén

nhan chi yéu dugc cho 1 do do phan ky cua chum laser tin hiéu twong ddi 16n, khién
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su chong chap gitra chum laser bom va chum laser tin hiéu trong tinh thé khuéch dai
giam dang ké sau mdi lan truyén qua. Pé khic phuc han ché nay, can b6 sung thém hé
chuan tryc chum laser tin hiéu trong céu hinh khuéch dai nham duy tri sy chong chap
tbt gitta chum laser bom va chum laser tin hiéu qua céac 1an truyén qua tiép theo. Ngoai
ra, hé s6 khuéch dai tong sau bon lan truyén qua chi dat khoang 5, thap hon so v&i mot
s6 két qua da duoc cong bd trude day. Nguyén nhan mét phan c6 thé 13 do hé thdng hién
tai chi st dung mat nguén laser bom cho ca bd phat va bo khuéch dai, dan dén nang
lwong laser bom danh cho qua trinh khuéch dai chua du 16n [53, 72].

Do 6n dinh nang luong cua laser sau khuéch dai cling da dugc khao sat va chi ra
trén Hinh 3.9. Nang lugng xung laser dugc ghi nhan theo thoi gian trong diéu kién hé
hoat dong 6n dinh, trong d6 mdi diém dir lidu tuong tng véi gia tri nang lugng trung
binh thu dugc trong mdt khoang thoi gian do xac dinh. Cac phép do dugce thuc hién lién
tuc trong 4 gid vé6i chu ky 1dy mau 30 phit, nham danh gia do lap lai ciia ngudn laser.
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Hinh 3.9. Panh gia d6 6n dinh cta ning luong laser sau khuéch dai.

Tai mdi thoi diém khao sat, gia tri trung binh va do 1éch chuin cta nang lugng
xung duoc str dung dé phan tich d6 6n dinh ngin han ciia ngudn. Két qua do cho thay
nang luong xung laser duy tri 6n dinh quanh gia tri trung binh xap xi 1 mJ, twong tng
v6i cong suat trung binh khoang 10 mW, trong toan bo khoang thoi gian khao sat. Do
1éch chuan cta nang luong tai cac thoi diém do nam trong khoang tir 0,018 mJ dén 0,027

mJ, trong tng voi mic dao dong twong ddi khoang 2 — 3%. D6 phan ky cta chum laser
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16i ra cling d3 dwoc danh gia va hinh anh chum tia laser dugc ghi lai nhu trén Hinh 3.10.
Két qua do cho thdy do phan ky FWHM toan phan trung binh ctia chum laser theo truc
X1a 4,87 + 0,35 mrad, theo truc Y 1a 3,01 + 0,31 mrad. Nhu vay, chum laser sau bon lan
khuéch dai co dang elip, voi dd phan ky theo truc 16n 16n hon 18 rét so vdi truc nho. Két
qua nay cho thdy chum laser khong d6i xtrmg hoan toan theo phuong ngang va phuong
thing dimg, dong thdi phan anh sy khac biét vé dic trung lan truyén theo hai tryc chinh
ctia chim birc xa. PO phan ky FWHM toan phan trung binh ctia chum laser tin hiéu theo

truc X 1a 4,07 + 0,30 mrad, theo truc Y 1a 2,50 £+ 0,29 mrad.

Hinh 3.10. Hinh anh mat cat chum laser thu dugc tir CCD camera.

Sau 4 1an khuéch dai, d6 phan ky FWHM toan phan trung binh cta chum laser
khoang 4,78 + 0,30 mrad theo truc X va 3,01 = 0,31 mrad theo truc Y.

3.2.3. Pdc trung vé phé trong qud trinh khuéch dai

Céc dic trung vé phd trong qué trinh khuéch dai xung laser UV pho siéu rong
cling da duoc nghién ciru va chi ra trén Hinh 3.11, trong d6 pho laser sau ting lan khuéch
dai thu dugc tur thyc nghiém (duong lién mau den) dugc so sanh vai két qua mo6 phong
(duong nét dit mau do). Két qua cho thay, sau mdi lan khuéch dai, phd laser van duy tri
cAu truc hai dai phat xa dic trung gdm mot dai phat xa chinh chiém wu thé tai vang buéc
song ~288,5 nm va mot dai yéu hon & budc séng ~310 nm. Qua trinh khuéch dai phd
con déng thoi xuét hién hién tuong thu hep FWHM sau khuéch dai va sy dich chuyén
nho cua dai phd phat xa chinh. Véi FWHM laser tin hiéu 1a 16 nm, FWHM laser thu
duoc sau lan khuéch dai thtr nhat bi thu hep xuéng con ~14 nm, sau 1an khuéch dai tha

hai 14 11 nm, sau 1an khuéch dai tha ba 1a 9 nm va sau 4 1an khuéch dai 13 7 nm. Diéu
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nay duoc giai thich, déi vaoi cac h¢ khuéch dai cac xung laser pho si€u rong c6 hé so
khuéch dai phu thugc manh vao bude song, phan nang lugng tich trit sé duogc trich suat

nhiéu hon cho budc séng xung quanh dinh pho phat xa va s& giam dan vé phai suon pho.
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Hinh 3.11. Két qua mo phong pho (dudng nét dat mau do) va thuc nghiém (duong

lién mau den) tir hé khuéch dai cac xung laser tir ngoai khong mode.

Hién tuong thu hep FWHM la dic trung dién hinh cta qua trinh khuéch dai trong
moi truong cé hé sb khuéch dai phu thude budc song [95, 96]. Cac két qua thuc nghiém
va md phong bang mé hinh Frantz — Nodvik da budc song ciing cho thay su phit hop tot
v61 nhau. M6 hinh Frantz — Nodvik da budc song da mé phong dugc xu hudng thu hep
FWHM, céc gia tri FWHM thu dugc tir m6 phdng sai khac khong qua 1 nm so véi thuc
nghi¢m, qua dé cho théy cac tiét dién phat xa phu thudc budc song va hé s6 mat mat
dugc sir dung trong mé hinh da phan anh sat voi dic trung vé pho trong hé khuéch dai
thyc nghi¢m. Bén canh hién tugng thu hep FWHM, mdt su dich nho cua dai phé chinh
cling dugc ghi nhan. Pho laser tin hiéu c6 budc song dinh tai Apeax ~ 288,5 nm, sau 4 1an
khuéch dai di dich 1én khoang 289,8 nm. Hién twong nay co thé dugc giai thich boi su
phu thudc ctia budc song vao cac mat mat trong qua trinh truyén dan xung laser tin hiéu.
Do phan xa clia cic guong phi nhom sir dung trong hé thyc nghiém ting dan trong
khoang budc song tir 275 nm dén 300 nm. Do d6, cac thanh phan phd ¢ phia budc song

dai hon 288,5 nm chiu mat mat nho hon so véi cac thanh phan & phia budc séng ngan,



70

dan d&én sy vu tién khuéch dai nhe vé phia budc song dai. Trong mé phong, hiéu tng
dich dinh phé do su phu thudc cua hé sb phan xa guong vao budc song dugc biéu dién
thong qua thanh phan mat mat a()). Két qua 1a hién tugng dich dinh pho trong qua trinh
khuéch dai di dugc ghi nhin bang ca thuc nghiém va 1y thuyét, cac két qua thuc nghiém
va 1y thuyét cho thay sy thong nhit cao véi nhau. Két qua trén Hinh 3.11 con cho thay
cudng do cua dai phd yéu hon trong ving budc séng quanh 310 nm giam dan khi xung
laser lan truyén qua bo khuéch dai. Tuy nhién, ngay ca sau bon 1an truyén qua, dai phod
nay van chwa bién mat hoan toan. Két qua d6 cho thiy tai cac budc song dai hon, hé sb
khuéch dai thudn ctia méi trudng van con mang gia tri duong trong diéu kién nang lugng
bom d3 lua chon. Két qua mé phong ciing biéu dién dung xu hudng suy giam cia dai
phé quanh 310 nm, mic di muc suy giam tinh toan dugc 16n hon mot chut so véi thuc
nghiém. Su ton tai ctia dai phd quanh 310 nm sau qua trinh khuéch dai khiang dinh ring
nguon laser sau khi dugc nang cong suat van duy tri duoc ciu tric pho rong hai dai dic
trung. Pay 12 mot wu diém quan trong ctia ngudn laser tir ngoai Ce:LiCAF pho siéu rong,

dic biét d6i v6i cac ung dung trong quang pho hap thu UV pho rong va ky thuat DOAS.
3.2.4. Pdc trung vé thoi gian ciia xung laser trong qud trinh khuéch dai

Pé khao sat dic trung thoi gian cta xung laser trong bo khuéch dai nhiéu 1an
truyén qua, dang xung cua laser tin hiéu khong mode va laser sau bon 1an khuéch dai da
dugc ghi nhan bang dau thu quang tdc d6 cao két hop véi may hién song sb, két qua
dugc chi ra trén Hinh 3.12. Két qua cho thdy xung laser tin hiéu ban ddu c6 FWHM x4p
xi 25 ns. Sau bdn 1an khuéch dai, 46 rong xung laser 16i ra hau nhu khong thay doi va
van duy tri & mutrc khoang 25 ns. Nhu vay, trong cau hinh khuéch dai bon 1an truyén qua
tinh thé Ce:LiCAF, qua trinh khuéch dai chu yéu lam ting ning luong xung laser ma
khong giy ra su bién dang dang ké vé mat thoi gian. Trong diéu kién khuéch dai hién
tai, hiéu tmg bio hoa khuéch dai tuy 1am suy giam dan hé s6 khuéch dai theo s6 lan
truyén qua, nhung chwa di manh dé gay ra hién twong tai dinh hinh xung theo thoi gian.
Mai truong khuéch dai chu yéu tac dong 1én bién d6 va phd cta xung laser, trong khi
dic trung thoi gian cua xung van dugc bao toan. Diéu nay 1a phu hop véi ché d6 phat
xa khong mode ctia ngudn laser Ce:LiCAF, trong d6 d6 rong xung chiu chi phdi chi yéu
bad1 dong hoc phat xa tu phat dugc khuéch dai va thoi gian séng huynh quang hiéu dung

clia mdi truong hoat chat. Qua trinh khuéch dai bang phat xa kich thich chu yéu lam
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tang sd photon va ning lwong ctia xung tin hiéu, nhung khong gay ra sy anh huong dang

ké dén thoi gian ton tai ctia xung, thdi gian xung truyén qua, hinh dang va d6 rong xung

duogc duy tri twong d6i on dinh.
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Hinh 3.12. a) Xung laser tin hiéu, b) Xung laser sau bon 1an khuéch dai.

Viée d6 rong xung laser sau khuéch dai gan nhu khong thay doi so véi xung laser

tin hiéu 1a mot két qua c6 y nghia quan trong. Piéu d6 cho thay bo khuéch dai nhiéu lan

truyén qua khong 1am suy giam dang ké chat luong thoi gian cta xung laser, déng thoi

cho phép nang cao ning luong xung ma van duy tri dugc dang xung ban dau. Pay la

mdt wu diém cua hé khuéceh dai laser UV phé siéu rong s dung tinh thé Ce:LiCAF, dac

biét d6i vdi cac trng dung yéu cau dong thoi nang luwong xung cao va tinh 6n dinh vé dac

trung thoi gian cta bire xa laser. Cac thong sd chinh dic trung ctia xung laser tin hiéu

cling nhu xung laser sau bdn lan khuéch dai da duoc khao sat va trinh bay trén Bang 3.2.

Bdng 3.2. Thong s6 xung laser tin hiéu va xung laser sau bon lan khuéch dai.

Thong so Xung laser tin hi¢u Xung laser sau khuéch dai
Nang luong (mJ) 0,2 1,0
Budc song dinh (nm) 288,5 288.,5
Dai bude song (nm) 275 -330 275 - 330
Do rong xung (ns) 25 25
Théang gidng nang <39 <39
luong




72

KET LUAN CHUONG 3

Trong chuong 3, viéc nghién ciru va phat trién hé khuéch dai bon 1an truyén qua

cho laser UV Ce:LiCAF khong mode phé siéu rong da dugc thuc hién thanh cong, cac

két qua chinh dat dugc nhu sau:

>

Vé nghién citu mé phéng:

- bong hoc khuéch dai laser UV Ce:LiCAF phé siéu rong khong mode da duoc
nghién ciru mot cach chi tiét bang cach giai phuong trinh Frantz—Nodvik mé
rong. Pho va ning lugng laser sau timg 1an khuéch dai da duoc danh gia. Két qua
cho théy, sau bon 1an khuéch dai, phé laser ¢6 su uwu tién khuéch dai tai vung budc
song 288,5 nm; tuy nhién, 6 rong phd gan nhu khong thay d6i, van duy tri trong
khoang tir 270 dén 330 nm.

- Sy phu thudc ctia ning luong laser 16i ra sau timg 1an khuéch dai vao ning luong
laser bom va ning luong laser tin hiéu dau vao ciing da duoc nghién ciru mot
cach trong minh. Nang luong laser 16i ra 16n nhat dat khoang 1,92 mJ khi ning
lugng laser bom 20 mJ va ning lwong xung tin hiéu trudc khi dua vao bo khuéch
dai 13 0,2 mJ. Két qua cho thiy ning luong laser 16i ra c6 xu huéng ting gin
tuyén tinh theo ning luong laser bom. Diéu nay cho thay, c6 thé thu dugc ning
lugng laser ra sau khuéch dai 16n hon bang cach ting niang luong cua laser bom.
Vé phdt trién hé thwe nghiém:

Hé khuéch dai bon lan truyén qua cho laser UV khong mode pho siéu rong st
dung tinh thé Ce:LiCAF duogc bom béng hoa ba bac bdn cua laser Nd:YAG, da
duoc phat trién thanh cong.

Ning luong laser sau bon 1an khuéch dai dat 1 mJ khi ning lwong xung tin hiéu
dau vao 0,2 mJ va nang lugng laser bom 1a 10 mJ. Pho laser siéu rong sau ting
lan khuéch dai ciing da dugc danh gia. Két qua cho thay, sau bon 1an khuéch dai
phé laser ¢6 su uu tién khuéch dai tai vung budc song 288,5 nm; tuy nhién, do
rong phd gan nhu khong thay doi, van duy tri trong khoang tir 270 dén 330 nm.
- Céc dac trung cua laser sau khuéch dai cling da duoc danh gia, bao gém do 6n
dinh nang lugng, dd phan ky chum tia va d rong xung. Két qua cho thr?iy laser
sau khuéch dai c¢6 do on tot va nim trong gidi han so vai do on dinh cua laser
bom. Chum tia sau khuéch dai c6 d6 rong xung gan nhu khong thay d6i nhung

d6 phan ky lai ting 1én so v6i chum tia tin hiéu trude khi dua vao bo khuéch dai.
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CHUONG 4. UNG DUNG NGUON LASER TU NGOAI KHONG MODE
PHO SIEU RONG TRONG NGHIEN CUU KHI O NHIEM

Nhu d biét, cac khi 6 nhiém doc hai nhu SO» va O3 ¢ phd hap thy manh trong
vung UV. Do viy, trong chuong nay, bang viéc phat trién hé DOAS sir dung ngudn
laser UV Ce:LiCAF khong mode phd siéu rong 1am ngudn kich, khi 6 nhiém chuan
SO, duoc sur dung dé kiém chuan hé do va khi O3 s& duoc khao sat dong hoc phan

huy trong PTN v6i1 quang trinh L = 50 cm.
4.1. H¢ thwe nghiém va phwong phap xir ly dir li€u DOAS

Pé danh gia kha nang tng dung cua laser UV khong mode phd siéu rong trong
quan tric khi 6 nhiém, trudc hét can xay dung mot hé thuc nghiém phu hop va st

dung mét quy trinh xt 1y dir li€u c6 co sé rd rang.

Yéu cau ddi véi ngudn laser UV 1am ngudn kich cho hé DOAS nghién ctru
SO va O3, ngudn laser UV sir dung 1am ngudn kich cho hé DOAS phuc vu nghién
ctru khi SO» va Os phai dap Gmg ddng thoi cac yéu cau vé ving budc séng, cong sut
phat, do 6n dinh cong suét va do 6n dinh bude song nham bao dam d6 nhay, d chinh
xac va kha ning van hanh 6n dinh cta hé do. Khac véi cac phép do hép thu quang
thong thuong, DOAS xac dinh néng do khi dya trén cac cau tric hép thu vi sa1 dac
trung cta phan tir trong pho truyén qua. Do d6, chat luong va do 6n dinh ciia ngudn
sang c6 anh huong truc tiép dén ty sb tin hiéu trén nhifu va do tin cdy cua qua trinh
xtr 1y, phén tich phd. Péi véi SO2, viing pho UV khoang 300 — 330 nm thuong dugc
sir dung trong cac hé¢ DOAS do SO: ¢6 cau tric hap thy vi sai rd trong viing nay; cac
nghién ctru thuc nghiém da sir dung cac cira s6 pho khoang 307,5 — 319 nm va 312 —
326 nm dé xac dinh SO2. Pdi vi O3, ving 280 — 290 nm, ciing nhu mot s6 ving budce
song 16n hon tuy cAu hinh thiét bi, c6 thé duoc st dung dé xac dinh néng do thong
qua dic trung hap thu UV cua Os. Vi vay, ddi v6i hé do ddng thoi SO, va Os, ngudn
kich can c6 kha ning cung cap birc xa trong ving UV phi hop véi cac cira s6 phd
duogc Iya chon hodc c6 kha nang diéu chinh budc song [98 - 100].

Vé cong Sut, nguén laser can bao dam cuong do buc xa tai dau thu du 16n dé
dat ty so tin hidu trén nhiéu can thiét trong diéu kién dudng truyén quang va do truyén

qua thuce té cta hé thdng. Cac nghién ctru gin day cho thdy ddi véi hé DOAS nghién



74

ctru trong diéu kién phong thi nghiém hoic dudng truyén quang khong qua dai, cong
suat quang ¢ murc vai mW co thé dap g yéu cau vé tin hiéu do. Viéc lwa chon cong
suat can bao dam tin hiéu tai dau thu khong bi bdo hoa va han ché cac anh hudng do
anh sang tap, phi tuyén dau thu va cac hiéu tmg quang héa khong mong muén trong
ving UV. D6 6n dinh coéng suét 13 yéu cau quan trong dbi voi ngudn laser ctia hé
DOAS. Trong phép do DOAS, phé hap thu duoc xac dinh théng qua su thay d6i twong
d6i ctia cuong do buc xa trude va sau khi truyén qua moi trudng khi. Vi vay, su dao
dong cia cong suat ngudn ngudn kich theo thoi gian c6 thé tao ra bién thién gia trong
phé do, lam suy giam kha nang phan biét tin hi¢u hép thu vi sai cua SOz va O3, dac
biét khi cAn x4c dinh ndng do khi & murc thap. Do d6, ngudn laser UV ding cho DOAS
can c6 d6 6n dinh nang luong tbt, wu tién & muc khoang +3—5% hoac tdt hon; d6i vai
cac phép do yéu cau d6 nhay cao, mirc 6n dinh £1-3% 1a mong mubn [98 - 101].
4.1.1. H¢ thwe nghi¢m do nong dé khi é nhiém

Hé DOAS trong nghién ctru nay duoc xay dung theo nguyén 1y hap thu quang

hoc chii dong. So dd nguyén Iy hé DOAS duoc trinh bay trén Hinh 4.1.

) May tinh ghi dir liéu Ngubn laser
May quang pho

AvaSpec-HERO | | UV khéng mode

Tam UVFS
S¢i quang Tam L'!:FS Gng khi
YEN i i
Thiu ] Cam bién ] [ Guong
kinh ap suat, . : 3 E )
nhiét dé
—
B& kiém soat lwu lwgng khi
Khi dau vao

Hinh 4.1. So d6 thiét ké tong thé hé do khi hap thu sir dung laser tir ngoai
Ce:LiCAF khong mode pho siéu rong.
Vé cdu hinh, hé DOAS bao gdm ba thanh phan chinh: (1) laser kich thich, (2)
ong khi va (3) hé thong thu tin hiéu va xur 1y dir liéu. Nguon laser UV Ce:LiCAF

khong mode pho siéu rong duoc dan vao dng chira khi qua ctra s6 thir nhat bang mot
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guong phang c6 hé sé phan xa cao trong ving UV & goc 45°. Ong khi duoc ché tao
bang hop kim nhom cé dudng kinh 6 cm, chiéu dai 50 cm. Dé co thé kiém soat va 6n
dinh khi lién tuc trong qua trinh do, 6ng khi duoc thiét ké c6 hai van nap va mot van
x4. Hai tim thach anh UV (WG 40530-UV, Thorlabs) phti chéng phan xa trong ving
budc song 245 — 400 nm, truyén qua trén 99,5 % & budc song laser kich thich duoc
st dung 1am ctra s6 cua dng khi. Ong chtra khi ludn duoc kiém soat ap suit va nhiét
d6 trong sudt qua trinh thuc nghiém. Laser kich thich di qua ng khi, bi hip thy mot
phén boi khi 6 nhiém, phﬁn birc xa laser con lai ra khéi ctra s6 tht hai va duge thu

bdi MQP (AvaSpec-HSC1024x58TEC-EVO).

Hinh 4.2. H¢ thyc nghiém do khi 6 nhiém.

Sau khi hoan thanh qué trinh lép dat va can chinh, h¢ DOAS str dung laser UV
khong mode pho siéu rong lam ngudn kich hoat dong 6n dinh. Hinh anh hé thyc
nghiém kiém chuan khi SO» va do khi O3 duoc trinh bay trén Hinh 4.2. Hé thyc
nghiém duoc sir dung dé tién hanh dé kiém chuan khi SO tir nha cung cép khi va do

ndng do khi O3 dugc tao ra tir may tao khi Os trong PTN véi quang trinh L = 50 cm.
4.1.2. Phwong phap DOAS va quy trinh xw ly dit liéu

Phuong phéap DOAS duoc lua chon do c6 kha nang tach céc cAu trac hép thu

hep cta phén tir khi ra khoi nén phd bién thién cham theo budc song. Nho d6, ndng
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d6 khi c6 thé duoc xac dinh véi d6 chon loc va do tin cay cao. V& ban chit, phuong
phap DOAS dugc xay dung trén dinh luat Beer — Lambert mo ta sy suy gidm cuong
d6 anh sang khi truyén qua méi truong hap thu. Ky hiéu I,(1) 1a cuong d6 phd chuan
ban dau khi 4nh sang truyén qua méi trudng khong co bat ky loai khi hap thu nao va
I(1) 14 cuong dd phd hap thu sau khi anh sang truyén qua méi trudng khi, thi c6 thé
viét:

1) = Ip(A) exp [— z o ON,L — 7, (A)] @.1)

i

trong d6 o;(A) 1a tiét dién hap thu ctia thanh phan khi tha i, N; 13 mat 6 phan
tir cia thanh phan khi d6, L 1a chiéu dai quang trinh hap thu, con 7, (1) 1a thanh phan
suy hao nén bién thién chdm theo budc séng, bao gdm anh hudng cua dudng truyén
quang hoc, suy hao khong chon loc va cac thanh phan nén pho khéc [16].

Lay logarit tu nhién hai vé cia biéu thirc trén, thu dugc:

I,(A)
In ( e ) = Y o N+ 7, (42)

Pai luong & vé trai 1a mat do quang D (1) (optical density- hay con goi 1a do
sdu quang hoc - optical depth-trong luin an nay duoc théng nhat cach goi 1a mat do
quang), phan anh téng murc hap thu va suy hao trén tirng budc séng. Tuy nhién, trong
DOAS, muc tiéu khong phai la khai thac toan bd mat d quang hoc nay ma la tach ra
phan ciu trac hap thy hep theo budc song cta timg phan tir khi. Vi vy, céac tiét dién
hép thy va phd mat do quang hoc thudng duogc tach thanh hai phan: mot phan bién
thién chdm va mot phan bién thién nhanh theo budc song. Thanh phan bién thién
cham chinh 14 phan “vi sai”, mang thong tin dic trung cta khi can khao sat [16].

Trong phén tich, thanh phan nén bién thién cham theo budc song thuong duoc
mo ta gan dung bang mot ham da thire nén P(1), c¢6 dang:

P(A) =ag+ a;d+ a, A% + -+ a, A" (4.3)

trong d6 a,, a4, ..., a, 1a cac hé sd cia da thirc, con n 13 bac cia da thirc nén
duogc Iya chon phu hop véi viing phd phan tich va dic diém caa dir liéu thuc nghiém.
Vé mit nguyén 1y, sau khi mé ta dugc thanh phan nén cham nay, phd mat do quang

vi sai duoc xac dinh theo biéu thurc:
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D'A)=DA1) —P) (4.4)

Khi @6, D' (1) chira cac cau triic hap thu hep dic trung cho khi muc tiéu va 1a
dai lugng duogc sir dung trong qua trinh khép phd theo phuong phap DOAS. Trén co
s& biéu thurc cua phé mat d§ quang vi sai, bai toan DOAS dugc dua vé viéce biéu dién
D’ (1) dudi dang t6 hop tuyén tinh cta cac tiét dién hap thy vi sai chuan [16].

Goi o] (1) 1a tiét dién hap thu vi sai ctia thanh phan khi thtr i va S; = N;L 1a
mat do cot ciia thanh phan khi d6 trong quang duong truyén quang, thi phuong trinh

DOAS trong dang vi sai c6 thé viét du6i dang gan dung nhu sau:

D'(A) = Z a! (DS, + R(2) 4.5)

l

trong d6 D' () 1a mat do quang vi sai thuc nghiém sau khi da loai bo nén bién
thién cham, con R(A) 14 phan sai sé con lai hay goi 1 phd du. Bai toan DOAS tré
thanh bai toan khép tuyén tinh hodc gan tuyén tinh giita phd hip thu vi sai thuc
nghiém va t6 hop tuyén tinh cta céac tiét dién hap thu vi sai chuan [16, 62]. Trong
thuc té phan tich pho, ngoai cac tiét dién hap thu cta khi myc tiéu, mé hinh khép con
c6 thé bao gém thém mét s6 tham sb hiéu chinh nhu da thirc nén bac thép con sot lai,
thanh phﬁn offset hodc cac tham s hiéu chinh sai 1éch budc song. Tuy nhién, vé ban
chat, cac tham sd nay chi dong vai tro hd trg dé cai thién chét lugng phép khép, con
dai lugng vat 1y chinh can truy hoi van 1a mat do cot S; cta khi hap thu [62, 63], sau
khi thu dugc mat do cot S; tir qua trinh phan tich DOAS, co thé x4c dinh mat do phan

tu theo:
N, =— (4.6)
Tu do, néng do khi theo phﬁn mol hodc theo don vi ppm duoc xac dinh thong

qua phuong trinh khi I tuéng. Ky hiéu P 13 ap suat tuyét ddi trong dng khi, T 1a nhiét

do khi va kg la héng s6 Boltzmann, thi phén mol cua khi thtr i duoc xac dinh boi:

x; = ——="L. (4.7)

va ndng do theo ppm dugc tinh theo:

C;(ppm) = x; X 10° (4.8)

Trong biéu thirc trén, can str dung hé don vi nhat quan giita S;, L, P va T. Day
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1a budc chuyén d6i quan trong tir dai lvong quang phd thu duge sau qué trinh khép

sang dai lugng vat 1y c6 y nghia dinh luong ddi vai khi khao sat [16].

Quy trinh phén tich va xit Iy dii liéu phé hdp thu theo QDOAS

Quy trinh phén tich dit liéu duoc xdy dung trén co s& 1y thuyét cua phuong

phap DOAS va phan mém QDOAS do BIRA-IASB phat trién. Phan mém 1a cong cu

cho phép thyc hién truy hdi DOAS tir cac phé do trong ving UV-VIS trén nhiéu nén

tang h¢ diéu hanh. Phan mém cho phép thiét lap cura ) phan tich, lya chon tiét dién

hép thu, phé) tham chiéu, da thitc nén chdm va cac tham s hiéu chinh can thiét cho

qua trinh khép phd [56, 57].

- ™
Thu phd I(A) va I4(A)
Khi mau/ khong c6 khi
\ l Y,
- - - ™
Tién xir ly pho
Tru phé téi, hiéu chinh nhiéu sang
\ l Y,
- ™
Pua cac dir liéu vao QDOAS
\ l Y,
- - - ™
.| Thiétlap cac tham sokhop
Diéu chinh trong QDOAS )
tham s khép l
- - ™
Khép pho theo phwong phap |
DOAS trong QDOAS
\ l Y,
[ ) ™
Khong | panh gia chdt lugng phép
khép
\ Y,
V Co
- ™
Truy hoi mat dd cot khi
\ l Y,
- ™
Xac dinh nf’ing do khi
\ Y,

Thu tryc tiép dit liéu
bang méay quang pho

Chuén hoa dinh dang dit
liéu cho QDOAS

Dua phd do, phd tham
chiéu, chon ving phd

Pa thitc nén, offset, shift,
squeeze, loc

Phan mém thyc hién tach
nén cham va khop cu
trac hap thu vi sai

RMS residual, phé du,
kiém tra cu trac hé
thong

Lay SCD/DSCD tir két
qua khép

Nong d6 thé tich [ppm]

- hodc [mg/m?]

Hinh 4.3. So db quy trinh xtr 1y dit liéu phd hap thy str dung cong cu hd tro
QDOAS theo phuong phap DOAS.

Toan bd qua trinh nay duoc thiét ké dé phu hop véi hé do st dung ngudn laser

UV khong mode, MQP AvaSpec-HSC1024x58TEC-EVO, dong thoi bao dam tan
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dung duoc vu diém cia phuong phap DOAS trong viéce tach hip thu vi sai [16, 62].

Buwéc 1. Thu nhin va ghi nhin dir ligu dau vao

Phé thu duoc tir hé thue nghiém dugc phan loai thanh ba nhoém co ban gém
phd chuén (phd laser kich thich dwa vao 6ng khi), phd hap thu (phd laser sau khi di
qua 6ng khi c6 chtra khi 6 nhidm) va pho t6i (pho khi ngin hoan toan anh sang di vao
detector ciia may quang phd). Cac phd duoc luu dudi dang dit liéu gdm budc song va
cudng do twong Umg, 1am co s& cho cac bude xir 1y tiép theo trong QDOAS [16, 62,
63]. Pho chuan, phd ti str dung trong phan tich can dugc thu lai sau khoang 30 phit
ctia mdi lan thuc hién thu dir liéu. Khi tién hanh phén tich dit liéu s& st dung phd
chuan, phd téi twong tng voi cac phd hap thy thu trong khoang thoi gian trén. Trén
Hinh 4.4 bidu dién mot tép dit liéu vi du cta phd chuan (dudng mau den), phd hap
thu khi (dudng mau do) véi truc cudng do tin hiéu bén trai va phd téi (duong mau
xanh) v6i truc cudng do tin hiéu bén phai. Tin hiéu phd chuan dat dinh ¢ khoang
25 x 103 a.u. Tin hiéu nay c6 muc cuong d6 ndm ¢ ving tdi vu trung binh so véi
ngudng bdo hoa cia cam bién may quang phd (~65 x 103 a.u) va du 16n dé giam
thiéu nhiéu théng ké [16, 62].

x](]f‘

30 7T T 7 30
—— Phé chuin (== Truc trai)
_ —— Phé hap thu (=> Truc trai) .
z —— Phé tbi {(—> Truc phai) E
= "N =
3 20 "“)6.
= =
= g
:‘5. %.
=11] =T}
'g 10 ] ﬂf%
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280 290 300 310 320 330
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Hinh 4.4. Dit liéu pho chuan, phd hap thu va phd téi thu duoc tir hé thue nghiém.
Buéc 2. Tién xir ly div liéu phé
Pé han ché anh huong cua nhiéu nén dién tir va tin hiéu t6i ctia cam bién, phé

t6i duge dung dé hiéu chinh cho ca phd chuan va pho hap thu trude khi thyc hién
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phan tich. Bén canh do, dir li¢u phé duoc kiém tra va chuan héa vé dinh dang nham
bao dam pht hop v6i yéu cau nhap liéu cia phan mém QDOAS, trong d6 cac cot dir
lidu budc séng va cuong do phai duoc sap xép nhit quan. Pay 1a budc chuan bi can
thiét dé bao dam rang dit liéu thuc nghiém c6 thé duoc st dung truc tiép trong cung
mot quy trinh xt 1y pho, tranh sai 1éch do khéc biét vé dinh dang hodc do cac thanh
phan nhidu nén chua dugc loai bo day du [62].

Buwéc 3. Nhip dit liéu phé vao QDOAS va lwa chon viing phén tich

Sau khi hoan tit budc tién xir 1y, cac phd di hiéu chinh dugc dwa vao phan
mém QDOAS dé tién hanh phén tich. Trong budc nay, phd chuan duoc sir dung 1am
pho tham chiéu, con pho hap thu 13 phd do can truy hoi thong tin khi. Dong thoi, ving
budc song dung cho phép phan tich ciing dugc lya chon trong QDOAS trén co s¢ phu
hop v&i dai phat xa hitu ich ciia ngudn laser UV khong mode va ving hap thu dic
trung cua khi khao sat. Viéc lua chon ctra s phd c6 y nghia quan trong vi n6 anh
huong truc tiép dén kha ning tach cdu trac hap thy vi sai ciia khi muc tiéu khoi nén
phd va dén d6 nhay cua phép do. Do d6, budc nay khong chi mang tinh thao tac nhap
dir liéu ma con 1a budce thiét 1ap diéu kién phén tich pht hop véi hé thuc nghiém cia
luén an [62, 63].

Buéc 4. Thiét lip cdc tham so phén tich va khai bdo phé doi chirng trong
0DOAS

Trong QDOAS, tiét dién hép thu chuan cua khi muc tiéu va cac thanh phén
lién quan duogc khai bao dé sir dung trong phép khdp phd. Pong thoi, cac tham sb
phan tich nhu bac da thic nén, cac tham sé dich bude séng, co gidn budc song va cac
hiéu chinh phu tro khac ciing duogc thiét 14p trong ciing moi trudng phan mém. Vé
ban chét, day 1a budc xay dung mo hinh phan tich phu hop voi dit liéu thyc nghiém.
Viée lua chon cac tham sb nay can dua trén dic diém cua vung phé khao sat, d0 phan
gidi cua hé do va dac trung tin hi¢u thu dugc tr MQP. Do d6, mdc du QDOAS thuc
hién viéc xir Iy va khép pho, ngudi phéan tich van dong vai trd quyét dinh trong viéc
Ira chon cAu hinh tham s thich hop dé bao dam két qua truy hdi c6 ¥ nghia vat 1y va
dat do tin cdy cao.

Vi du cho budc 4 duoc biéu dién bang d6 thi a), b) trén Hinh 4.5. D thi a),
mat d6 quang thuc nghiém D(A) dugce xac dinh tir phé chuin va phé do khi co khi

(duong den map md). Ngoai thong tin hap thu ciia khi, phd hap thu ndy con chira cac
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thanh phﬁn nén bién thién chdm nhu tan xa Rayleigh, tan xa Mie va dac tinh dao dong
chim cta hé thdng. Thanh phan nén duoc xap xi bang ham da thite P(1) (dudng tron
mau d6). Sau khi trir ham da thirc nén khoi phd hap thu thuc nghiém, thu dugc phd
hép thu vi sai D’ (1) nhu d6 thi b). C6 thé thiy phd sau khi xir Iy dao dong quanh gia
tri khong va khong con xu thé bién thién chim theo budc song, cho thdy thanh phan
nén di duoc loai bo, chi con lai cha yéu céc cau tric hép thu hep dac trung cta khi
duoc khao sat. Viéc lya chon bac da thirc can phu hop véi d6 rong vung phé phan
tich. Néu bac da thirc qua thép, nén phé c6 thé chua duoc loai bo hét; néu qué cao,
mot phﬁn cAu tric hép thu that ctia khi c6 thé bi triét tiéu theo. Vi vay, trong qua trinh
xtt 1y can lya chon ving phd va bac da thirc sao cho phan phd du sau khdp khong con

cau trac hé thong rd rét [16, 62].
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Hinh 4.5. Minh hoa quy trinh tach phd mat d6 quang vi sai: a) Pho mat d6 quang
thuc nghiém D(L) va da thirc nén P(L), b) Pho mat do quang vi sai D'(X) sau khi
d3 loai bo thanh phan bién thién nhanh.

Buéc 5. Thuwe hién phép khdp phé theo phwong phdp DOAS bang QDOAS

Trén co so dit liéu pho va cac tham sé da thiét 1ap, QDOAS thuc hién qua trinh
xtt Iy phd theo phuong phap DOAS. Trong qué trinh nay, cac bude xir Iy pho cdt 16
nhu xay dung dai lugng hap thy, loai bé nén cham va khép pho vi sai duoc thuc hién
théng nhat trong ciing mét quy trinh phan tich ctia phan mém, thay vi tach roi thanh
cac budc tinh toan doc 1ap bén ngoai.

Buéc 6. Pdnh gid chit liwong phép khép DOAS
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Chét lwong két qua dugc danh gia thong qua phd tinh toan, phd du va gia tri
RMS residual do QDOAS cung cap. Mot phép khdp dugce coi 1a dat yéu cau khi phd
tinh toan bam sat phd thuc nghiém, con pho du chi dao dong nho quanh gia tri 0 va
khoéng con céu tric hé théng rd rét. Néu phd du con xudt hién cac ciu trac dic trung
theo budc song, diéu d6 cho thdy mé hinh phan tich chwa hoan toan phu hop; khi do
can xem xét va diéu chinh lai cac tham sb trong QDOAS nhur cira s6 phd, bac da thirc
nén, offset hodc cic tham s hiéu chinh budc séng. Bude danh gia chat luong phép
kh6p nham kiém tra két qua cubi cung va 1a co so dé tdi wu quy trinh phan tich, bao
dam rang cac gia tri truy hdi dugc st dung ¢ budc sau co do tin cay [16, 62].

Buéc 7. Truy héi mat dé cot khi tiv két qud phén tich

Két qua truc tiép ctia phép khdp pho trong QDOAS 14 cac dai luong truy hoi
cua khi khéo sat, trong d6 quan trong nhat 12 mat do cot trén quang duong truyén
quang. Pong thoi, phan mém ciing cung céap sai sé khép twong tng, cho phép danh
gia so bd d6 6n dinh cua gia tri truy hoi.

Buéc 8. Chuyén doi tiv mdt dp cot sang nong dé khi

Tur gia tri mat do cot truy hdi duoc boi QDOAS, néng do khi trong 6ng duoc
xéac dinh thong qua chiéu dai quang trinh cta dng khi va cac diéu kién nhiét do, ap
sut trong qua trinh do. Trong hé thuc nghiém cua luan an, chiéu dai quang trinh dugc
giit ¢d dinh 12 50 cm, trong khi 4p sudt va nhiét d6 duoc theo ddi trong qua trinh thi
nghiém, nho do6 viée chuyén doi tir mat do cot sang néng d6 khi co thé duge thuc hién
mot cach nhat quan cho toan bo tap dit liéu. Pay 13 budc cubdi cung dé dua két qua tir
dai luong quang phd thu dugc qua phép khép vé dai luong vat Iy c6 ¥ nghia dinh
lugng ddi v6i khi khao sat, nhu néng do theo ppm hoac theo cac don vi néng do thé
tich twong tng. Tir cac phén tich trén, quy trinh xr 1y dit liéu cu thé duoc st dung

trong ludn an c6 thé tom tat theo cac budc sau:

Bang 4.1. Quy trinh xtr 1y dit liéu.

TT NOi dung thuc hién Ghi chu

Ghi pho chuédn trudc va sau mdi phién
Thu nhan va ghi nhan dir liéu dau | lam viéc v6i phdé hap thu sau khoang
vao thoi gian duéi 30 phit trong cung diéu

kién
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Trir pho t6i, chudn hoa dit liéu phu hop

Tién xu ly dir liéu phd
2 v6i QDOAS

Nhép dit liéu phd vao QDOAS va 7 _
3 Chon vung pho phu hgp vai khi khao sat
lua chon vung phan tich

Thiét 1ap cac tham sb phan tich va
4 khai bao phé ddi chirng trong | Pa thirc nén, shift, squeeze, offset...
QDOAS

Thuc hién phép khép phd theo . . .
5 . Phan mém ty xur ly va truy hoi
phuong phap DOAS bang QDOAS

DPéanh gid chat luong phép khop | Kiém tra phd khop, pho du va gia tri

6 DOAS RMS residual

Truy hoi mat do cot khi tir két qua|
7 Lay SCD hoac DSCD

phan tich

Chuyén d6i mat do cot sang néng dd | Dua trén chiéu dai quang trinh, nhiét do
8

khi va ap suat

Véi quy trinh nay, phan xt 1y dit lidu vira bam sat co s& 1y thuyét ciia phuong
phap DOAS, vtra phu hop véi cAu hinh thuc nghiém cu thé caa hé do st dung laser
UV khéng mode bang siéu rong da duoc xay dung. Day 1a co so truc tiép dé trién
khai phan tich di liéu voi muc dich kiém chuan hé sir dung khi chuan SO2 & Muc 4.2

va khao sat khi Os tir bo tao khi & Muc 4.3.
4.2. Kiém chuin hé do bing khi chuin SO;

Kiém chuan hé do DOAS nham danh gia d6 chinh xac cta phép do ndng do
khi théng qua mau khi chuan. Khi chuin SO» c¢6 ndng d6 danh dinh 100 ppm (+ 2%),
duoc chirng nhan dat tiéu chuan ISO 6141, hang san Xuét AirLiquide, don vi cung
cép Oxymecie Vi¢t Nam. Vi¢c lya chon SO» lam khi kiém chuan xuét phat tur hai co
so chinh: Thtr nhét, SO» 13 khi ¢6 tiét dién hap thu manh trong ving UV, dic biét
trong mién budc song phu hop voi dai phat xa cia ngudn laser UV khong mode str
dung trong h¢ do [92]; Thu hai, sir dung khi chuén c6 n@)ng dd da biét cho phép dénh
gia kha ning dap tng cua hé, kiém tra tinh ding din cua quy trinh xt Iy phd va 1am

co s& dé xac dinh d9 tin cdy cua két qua do ndng d6 khi bang hé thyc nghiém [16].
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4.2.1. Phan tich dit ligu do khi chuin SO;

Khi chuan SO dugc dua vao dng khi véi luu luong 3 lit/phat. Thoi gian luu
thong lién tyc 5 phat. Sau do6, giam luu lugng vé 1 lit/phat. Khi cam bién 4p suét 6n
dinh, chi s 4p suét lac nay 13 1030 hPa, cam bién nhiét d6 co6 chi sé 1a 24°C. Hinh
4.6 biéu dién phd chuan (dudng mau den), phd hip thu thu dugc khi do khi chuin
SO, (duong mau do) cuing véi phd tiét dién hip thu chuin cua SO, (dudng mau xanh)
cua Danielache et al. (2008) tai 293 K tur co s¢ dir liéu MPI-Mainz st dung trong
phan tich [92].

3 108
%10 <1077

d
=

Phé chuan
Pho hap thu SO, y
Tiét dién hﬁp thu S0,

-+

Tiét dién hfip thu SO, (cm/phéan tr)

20

1=

Cuong d¢ tin hi¢u (a.u)

2é0 290 360 3i0 320 350
Budc song (nm)
Hinh 4.6. Pho chuan, phd hap thu thu duoc khi do khi chuan SO» va pho tiét dién
hap thy chuéan ciia SO2 [92] dung trong phan tich.
Trén co s6 dit lidu cac pho dau vao, phép khép phd duoc thuc hién trong phan
mém QDOAS véi khi muc tiéu 1a SO, cac tham s6 co ban va diéu kién khép phd ap

dung duogc trinh bay trong Bang 4.2.

Bang 4.2. Mot s6 tham so va két qua chinh cta phép khdp pho bang QDOAS dbi

v6i khi chuin SO».
Tham s Ap dung/Kiéu Gia tri
RMS residual Co 4,01223 x 107°
S6 vong lap <20 3
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Tham s6 Ap dung/Kiéu Gia tri
Mat d6 cot SO2 Co 1,241 x 107 phén tir.cm™
Sai s6 mat do cot SO, Co 6,461 x 10** phan tir.cm™
Loc bang thong thap Gaussian 3
Loc bang thong cao Gaussian 1
Ham slit Gaussian 0.4
Béc da thic nén Co 0
Ving pho phan tich Lién tuc 280-315 nm
Dich buéc séng ctia pho hap thu Co 1,048 x 1073
Co gian budc séng ciia phd hap thu Co 3,456 X 1073

Hinh 4.7 trinh bay két qua khdp phd vi sai trong viing budc song phan tich tir
280-315 nm. Pho tinh toan bam sat pho thuc nghiém trén toan mién budc song khao

sat, dong thoi tai hién cac dao dong hap thu hep dic trung ciia khi SO».
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Hinh 4.7. Két qua khép pho vi sai khi chuan SO, bang phin mém QDOAS.
Tu phép khop nay, mat d6 cot xién cua SO» dugc xac dinh 1a 1,241 x 1017
phan tr.cm™. Vi sai s6 ctia phép khép 13 6,461 x 10'* phan tir.cm™.
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Hinh 4.8 biéu dién pho du sau khép. Phé du dao dong quanh gia trj 0, v6i bién
do ¢& 107>, khong con biéu hién ciu tric hé théng 0 rét theo budc song. Gia tri cua
phd du RMS residual = 4,01 x 10~ thé hién phan sai khac con lai giita pho do va pho
tinh toan chu yéu mang tinh dao dong ngiu nhién. Pay 1a mét chi bao quan trong cho
thdy cdu hinh phép khép da phu hop, dong thoi két qua truy hoi mat do cot SO ¢o
d6 tin cay t6t doi v6i hé do thuc nghiém dugc xay dung [16, 62, 63].

Tir gia tri mat do cot tinh duoc sau phép khép, nong d6 SO, trong dng khi
dugc xac dinh theo cac biéu thirc (4.6)-(4.8) Muc 4.1.2 [16]. Véi chiéu dai quang
trinh L = 50 cm, trong diéu kién thi nghiém chi s6 P ~ 1030 hPa va T ~ 24°C, ndng
do SO theo ppm: Cgp, =~ 99 ppm. T1r sai s6 mat do cot truy hoi cua tép dir lidu nay
suy ra sai s0 nong do ciia phép do xap xi: ACsp, = 0,52 ppm. Nhu vy, két qua phép
do c6 thé biéu dién gin ding 1a: Cy4, = 99 + 0,52 ppm. Két qua thu dugc trong muc
nay dong thoi 14 co sé thuc nghiém dé tiép tuc danh gia do chinh xac va do tin cay
cua h¢ do 6 Muc 4.2.2 [16, 62, 63].

<107

RMS Residual = 4,01x10"

0

Phé dur

285 290 295 300 305 310
Burée song (nm)
Hinh 4.8. Ph6 du sau khép ddi v6i khi chudn SOa.

4.2.2. Danh gia do chinh xdc va tin cdy cua hé do

Trén co sé cac két qua phan tich pho ddi voi khi chuan SO, di trinh bay & Muc
4.2.1, d6 chinh xéac va dd tin cdy cua h¢ do dugc danh gid thong qua hai nhom tiéu
chi chinh: So sanh gi4 tri giira ndng do khi chuan truy hoi tir thuc nghiém va nong do

danh dinh cta khi chuan (100 + 2 ppm); d6 lip lai két qua truy hdi ndng d6 qua nhiéu
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tép dir li¢u thu. Ngoai ra, phé du va gia tri RMS residual dugc sit dung nhu mét chi
bao bd sung dé danh gia chat lugng mdi phép khdp phd trong QDOAS.

Thi nghiém dugc thuc hién 1dp lai 20 lan trong cac diéu kién do giéng nhau.
Céc phép do nay thuc hién & cac thoi diém khac nhau. Nong do SO, truy hoi tir ting
tap pho st dung ciing mot cau hinh tham s phén tich trong QDOAS. Két qua thong
ké ctia 20 phép do dugc trinh bay trén Hinh 4.9. Gia tri ndng d6 truy hdi nim trong
khoang tir 99,2 - 100,5 ppm, sai s6 cia mdi phép do déu nho hon 1 ppm. Cac gia tri
nay nam hoan toan trong giéi han sai sé ching nhan ctia khi chuin 100 + 2 ppm. Diéu
nay phan anh hai dac diém quan trong cua hé do: Thur nhat, phé hép thu thu duoc tur
hé quang va may quang phd c¢6 d6 on dinh tét dé quy trinh xir Iy DOAS truy hoi duoc
cac gia tri nhat quan giita cac 1an do. Thit hai, ciu hinh tham s6 phan tich da lya chon

trong QDOAS 1a phu hop va khong giy ra su dao dong 10n cia két qua truy hoi.
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Hinh 4.9. Két qua thong ké nong d6 SO truy hoi duoc tir 20 phép do lap lai v6i
khi chuan 100 ppm.

Pho du sau qua trinh khép phd cua 20 phép do (dai dién Hinh 4.8 muyc 4.2.1)
cho thay sai khac gitta ph6 hap thy thuc nghiém va pho tinh toan dao dong quanh 0
trong toan bo vung budce song 283 — 313 nm. Gia tri RMS residual dao dong tir 1076 —
1075, chimng té phan sai khac con lai sau khép 1a rat nho. Pho du khong thé hién r6
cAu trac hip thu con sét lai cia SO2, qua trinh hiéu chinh budc séng, xir Iy nén phd
duoc thuc hién 6n dinh. Mot sd dao dong cuc bd & mirc 1075 ¢6 thé lién quan dén
nhiéu pho, sai khac nhé vé d6 phan giai pho hodc sy khong hoan toan tring khép giira

diéu kién do va pho tiét dién tham chiéu, cac sai khac nay khong gay anh huong dang
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ké dén qua trinh truy hdi mat do cot. Két hop véi két qua do 1ap lai khi chuan 100
ppm nam trong khoang 99,2 — 100,5 ppm, c6 thé khang dinh hé do DOAS cho kha
nang dinh lugng SO 6n dinh va pht hop véi sai sé chirng nhan cta khi chuan. Ngoai
viéc danh gia d6 chinh xac va tin cdy, tir sai s6 16n nhat trong cac phép do truy hdi
cia mat do cot SOz 1a 1 ppm ciing c6 thé udce lugng so bo kha ning phat hién nong
d6 thip nhit ctua hé do. Néu ly tiéu chuan phat hién & mirc 3o (o 1a sai s6 phép do),
gidi han phat hién (LOD) so b ctia hé do d6i voi SO2 ¢o thé ude lwong [102, 103]:
LOD;, = 3 X1 =3 ppm.
Néu l4y tiéu chudn dinh lugng & mic 100, gidi han dinh lugng (LOQ) x4p xi:
LOQ1ps = 10 X 1 = 10 ppm.

Céc gia tri nay moi mang tinh wdc lugng so bd trong diéu kién do hién tai,
nhung cho thdy hé do con c6 kha ning phat hién SO2 & nong do thap hon déng ké so
v6i ndng d6 chuan 100 ppm. Tl cac phan tich trén, co thé rit ra rang hé do sir dung
laser UV khong mode bang siéu rong két hop voi khdp phd bang QDOAS cho két
qua dinh luong SO> ¢6 do chinh xac va do tin cay tbt trong diéu kién PTN. Su phu
hop gitra néng do truy hoi va n@)ng d6 danh dinh cta khi chuén, su phan bd tap trung
ctia 20 phép do lip lai quanh gia trj 100 ppm, cting véi chét lugng phép khép thé hién
qua RMS residual nhé va pho du khong con ciu tric hé thong 1a nhitng minh chimg
nhit quan cho nhan dinh nay. Két qua kiém chuan hé do trén khi chuan SO» vi vay la
co s& thue nghiém quan trong dé tiép tuc ap dung hé do cho khao sat khi O tir b tao
khi & Muc 4.3.

4.3. Khao sat ndong do khi Os

Sau khi hé do di dugc kiém chuan bang khi chuan SO2 va cho két qua truy hoi
phu hop véi néng do danh dinh, budc tiép theo 1a khao sat kha nang img dung hé thuc
nghiém ddi voi khi Os sinh ra tir bo tao khi. Khao sat dong hoc phan huy khi nham
theo ddi su bién doi ndng do khi theo thoi gian trong qua trinh phan huy. Khac véi
truong hop SO», & ddy muc tiéu khéng con 1a so sanh két qua voi mot khi chuan co
ndng d6 duoc ching nhan sin, ma 1a danh gia kha ning phat hién, phan tich va theo
ddi su bién thién néng d6 ctia O3 do bo tao khi sinh ra trong diéu kién PTN. Vi vay,
trong tAm cua muc nay la xem xét dic diém phd hap thu cia Os trong vung lam viéc
ctia hé do, chit luong phép khép phd, va kha nang truy hdi ndng do Os tir dir lidu thue
nghiém [16, 93]. Trong thi nghi€ém nay, bd tao khi O3 duoc cép khi v6i luu lugng 1
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lit/phut, Iuu thong lién tuc khoang 10 phut sau d6 dimg cip khi va tién hanh thu dix
liéu. O3 14 loai khi kém bén viing, ¢6 tinh oxy h6éa manh. O diéu kién trong 6ng khi,
khi O; s& ty phén tach thanh O va giam ndng d6 dan theo thoi gian. Dir liéu phd hap
thu duoc thu sau khoang 10 - 15 phut mdi lan. Két qua thu dwoc trong muc ndy sé
g6p phan danh gia tinh linh hoat ctia hé do khi chuyén tir bai toan kiém chuén vé6i khi

chuén sang bai toan khao sat khi sinh ra thyc nghiém.
4.3.1. Phan tich div li¢u do khi O;

Trong phép do ndng d6 Os bang phuong phap DOAS, can loai trir thanh phan
suy giam ty nhién ctia phd chudn dé khong 1an vao tin hiéu hap thu cta Os. Dé bao
dam do tin cay, can kiém soat sy bién thién nang lugng va phé chuan gifra cac lan do,
dong thoi str dung quy trinh hiéu chinh nén va khép phd phu hop. Nhu véy, thanh
phén suy giam tu nhién cua phé chuan khong dugc nhan dién nhu tin hi¢u hép thu O3
chi dya trén do giam cuong do, ma dugc loai trir thong qua phép so sanh phd chuan
va phd truyén qua.
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Hinh 4.10. Ph6 chuan, pho hap thu va pho tiét dién hap thu ctia O3 ding trong
phan tich [94].
Hinh 4.10 biéu dién phd chuén, phd hip thu va phd tiét dién hap thu Os cia
Bogumil et al. (2003) tai nhiét d¢ 293K sur dung trong phan tich [94]. Su tuong Gng
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gitra tin hi¢u do va phé tiét dién hép thu chuén 1 co s& dé truy hdi mat do cot O tir
dir liéu thuc nghiém [16, 62, 93]. Trén co s& cac phd dau vao va phd tiét dién hap thu
chuan ciia O3, phép khép phod dugce thiét 1ap trong phan mém QDOAS véi khi muc
tiéu 1a O3 [63, 93]. Cira s6 phd dung dé phan tich O3 duoc lwa chon trong ving 275 —
305 nm, 13 viing vira nam trong dai phat xa hitu ich cia ngudn laser UV khong mode,
vira thé hién o dic trung hép thu manh cta Os. Viéc lya chon cira s6 phé nay co y
nghia quan trong vi néu cira s6 qua gan ria pho phat xa clia nguon, tin hiéu thu duoc
c6 thé suy giam dang ké; nguoc lai, néu chon ving phd c6 nén bién thién manh hoic
cudng do tin hiéu yéu thi chit luong phép khdp s& bi anh hudng. Do d6, ving phd
phan tich dugc chon sao cho van duy tri dugc tin hi¢u du manh, cAu tric hép thu cua

05 du 18 va pho du sau khdp khong con cau tric hé thong dang ké [16, 62, 93].

Bdng 4.3. Mot s6 tham sb va két qua chinh caa phép khép phd bang QDOAS d6i
v6i khi O3 ctia phép do tai thoi diém bat dau.

Tham s Ap dung/Kiéu Gia tri
RMS residual Co 5,89 x 107>
S6 vong lap <20 3
Mat do cot O3 Co 4,04 x 107 phan tir.cm™
Sai s& mat do cot Os Co 2,97 x 10%° phan tir.cm™
Loc bang thong théip Gaussian 3
Loc bang thong cao Gaussian 1
Ham slit Gaussian 0.4
Bic da thic nén Co 0
Vung phd phan tich Lién tuc 275-305 nm
Dich budc song ctia phd hap thy Co 2,5x107%
Co gian budc séng ctia phd hap Co 4456 X 103
thu
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Két qua phép khép pho vi sai dbi véi O3 dugc trinh bay & Hinh 4.11. Pho tinh
toan bam sat phé thyc nghiém trong toan bd ctra $6 phan tich, tai hién dugc cac ciu

trac hap thy dic trung cta O; trong ving UV.
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Hinh 4.11. Két qua khép pho vi sai ddi véi khi Oz bang phan mém QDOAS.

Diéu nay cho thay mo hinh phan tich lya chon trong QDOAS 1a phu hop véi
dir liéu do va véi dic trung pho cua khi muc tidu. Két qua xir 1y cho thay phép khép
hoi tu sau 3 vong lip, gia tri mat do cot truy hdi dugc 13 4,04 x10'7 phén tir.cm?, sai
s6 twong tng 14 2,97x10'° phan tir.cm.

Hinh 4.12 trinh bay phd du sau phép khdp pho. Pho du sau khdp phd O3 dao
dong quanh duong O trong vung budc soéng phan tich. Gid tri RMS residual dat
5,89 x 1075, 16n hon so véi phép do khi chuan trude d6, phan anh phan sai khac con
lai sau khop cao hon. Phé du khong thé hién xu huong 1éch nén rd rét hodc sai léch
don di€u theo budc song, ma chu yéu la cac dao dong cuc bo quanh 0. biéu nay cho
thiy phép khép van 6n dinh, mic du c¢6 thé con chiu anh hudng cia nhiu phd, sai
khac nho vé hiéu chinh budc song, d6 phan giai pho hodc sy khong hoan toan phu

hop giita pho tiét dién tham chiéu va diéu kién do thuc nghiém.
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Hinh 4.12. Pho du sau khép d6i voi khi Os.

Tir gia tri mat do cot do QDOAS truy hoi, nong d6 O3 theo ppm: Co, =

327,75 ppm. Tuong ing, sai s6 ctia ndong do do dugc xap xi 2,45 ppm. Nhu viy, trong

diéu kién van hanh dang xét, phép do dau tién cho két qua: Co, = 328 + 2,45 ppm.

4.3.2. Két qua khdo sdt nong dé khi Os

Do Os 1a khi kém bén, ¢6 tinh oxy hoa manh va dé phan huy trong diéu kién

thuc nghiém, sy suy giam nong do theo thoi gian 1a dic diém vat Iy quan trong can

dugc xem xét khi phan tich két qua.

Bdng 4.4. Két qua khao sat khi O3 theo thoi gian.

i . Chi s0 tin
Thoi diém Nong do C +Ac -
TT (ohiit opm) opm) hiéu/nhiéu RMS
phut ppm ppm
(SNR)
1 Bit diu 327,75 +2.45 133,8 5,89x10°3
2 ~5 306,99 + 2,64 116,3 5,79%10°
3 ~20 225,70 +2.82 82,1 5,57%107
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4 ~35 149,42 +292 51,2 5,37x107
5 ~50 123,99 +2,89 42,9 5,33x107
6 ~65 68,04 + 2,85 23,9 5,26x107
7 ~80 52,80 +2,83 18,7 5,22x107°
8 ~90 36,68 +2,79 13,1 5,17x107
9 ~100 13,19 + 2,80 4,7 5,13x10°°

Bang 4.4 trinh bay ndng do O; truy hoi, sai s6 ciia mdi phép do, SNR va RMS
residual tai cac thoi diém khac nhau sau khi ding cap khi. Céc gia tri RMS residual
nam trong khoang 5,13 x 105 dén 5,97 x 10~5. Khoang bién thién nay twong d6i
hep, cho thay qua trinh khép phd O3 baing QDOAS 6n dinh trong toan bo chudi do.
Gia tri RMS residual cta phép do dai dién ¢ thoi diém dau 13 5,89 x 1075, 16n hon so
v6i trudng hop SO2, cho thay phan sai khac con lai sau khép phd O3 cao hon. Pho du
sau khép van dao dong quanh dudng 0 va khong thé hién xu huéng 1éch nén don diéu
1 rét, nén két qua khdp van co thé duoc xem 13 6n dinh dbi v6i muc tiéu truy hdi Os
trong ving phd 275 — 305 nm.

Tai thoi diém bat dau ghi nhan, nong do Os dat 327,75 ppm. Sau khoang 5
phut, ndng do giam nhe xudng 306,99 ppm. Tir thoi diém khoang 20 phut tro di, su
suy giam thé hién rd hon, va chi con 13,19 ppm sau khoang 100 phut. Xu huéng nay
phu hop voi dic tinh khong bén cta O3 trong 6ng. Khi khong con dong O3 méi bd
sung vao ong khi, lwong O3 di tao ra da bi phan huy theo thoi gian. Vi vy, co thé
nhan dinh réng trong diéu kién van hanh cua hé do, thoi gian ban ra hiéu dung cua O3
nam trong khoang 25 — 30 phut. Gia tri nay khong nén hiéu 1a chu ky ban ra noi tai
tuyét ddi ciia O3, ma 1a chu ky ban ra thuc nghiém trong cau hinh 6ng khi cy thé, bao
gdm ddng thdi anh hudng cua phan hity Os, twong tac bé mat, thé tich luu khi va diéu
kién trao doi khi cua hé.

Sai s6 ndng do truy hoi cia mdi phép do nam trong khoang 2,45 - 2,92 ppm.
Gia tri nay bién thién khong 16n trong toan bo chudi do, trong khi ndong d6 O3 giam
manh theo thoi gian. Vi vy, sai s6 tuong ddi ting dan khi nong d6 giam. O thoi diém
bat dau, v6i C = 327,75 ppm va AC = 2,45 ppm, sai sd twong ddi chi khoang 0,75%.
Nguoc lai, ¢ thoi diém sau khoang 100 phut, véi C = 13,19 ppm va AC = 2,80 ppm,
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sai s twong d6i ting 1én khoang 21%. Diéu nay cho thdy hé do c6 do tin cay dinh
lwong tot & ving nong do trung binh va cao, nhung khi néng do O3 giam xudng thip,
két qua can dugc danh gid kém theo sai s6 va chi sb tin hiéu trén nhidu SNR. Chi s6
SNR ciing thé hién rd xu huéng nay. SNR giam tir 1338 ¢ thoi diém bat dau va cudi
cung con 4,7 tai thoi diém sau khoang 100 phut. Trong khoang nong do tir khoang
36,68 ppm tré 1én, SNR van 16n hon 10, cho thay két qua dinh luong con twong ddi
tin cdy. V4i diém do thap nhit 13,19 ppm, SNR van 16n hon 3, nén hé van phat hién
dugc O3, nhung do tin cay dinh luong da giam ro rét.

Tir sai s6 ndng d6 trong bang, c6 thé uéce lwong so bd kha ning phat hién ndng
d6 thap ciia hé do d6i vai O3. Néu sir dung tiéu chuan phat hién 3¢, voi sai s6 nong
do dac trung khoang 2,8 ppm, LOD udc lugng la:

LOD = 3 x 2,8 = 8,4 ppm.
Néu sir dung tiéu chuan dinh luong 100, LOQ udc luong la:
LOQ = 10 x 2,8 = 28 ppm.

Nhu vay, két qua do nong do Os trong nghién ciru nay cho thiy gidi han phat
hién 13 khoang 8,4 ppm va gidi han do 1a khoang 28 ppm. Do sai s6 A C trong bang
dao dong tir 2,45 - 2,92 ppm, c6 thé xem giéi han phat hién 1y thuyét cua hé d6i voi
05 trong diéu kién do nay nam xap xi 7,4 - 8,8 ppm, con gidi han dinh lugng nam xap
xi 24,5 - 29,2 ppm. So sanh vé6i thuc nghiém, diém do thip nhat 13,19 ppm cao hon
gidi han phat hién 1y thuyét. Tuy nhién, gia tri nay thap hon giéi han dinh luong 100,
nén khong nén xem day 1a ving dinh luong c6 do tin cdy cao. Nguoc lai, cac diém
do tir 36,68 ppm trd 1én déu cao hon gi6i han dinh luong uée lwong va cé6 SNR 16n
hon 10, do d6 c6 thé dugc xem 1a ving dinh lugng dang tin cdy hon cta hé trong ciu
hinh thyc nghiém hién tai.

Céc cong bd gan day vé quan tric khi 6 nhiém bang phuwong phap DOAS cho
théy kha nang phat hién va dinh lugng SO> va O3 da dugc do nhay dat dén muc ppb.
Dbi v6i SO2, LOD dugce bao cao trong khoang 4 — 12 ppb, trong khi LOD dat khoang
20 ppb [104 - 105]. Pbi voi O3, cac hé do c6 dd nhay cao co thé dat LOQ nam trong
khoang 19,6 — 29,4 ppm [106 - 108]. Cac két qua nay cho thay cac k¥ thuat quang
pho, dic biét 1a UV/DOAS, c6 kha ning dap g yéu cau phat hién cac chat 6 nhiém
khi & nong do rat thip. Tuy nhién, cac gia tri LOD va LOQ phu thudc vao chiéu dai

quang hoc, d6 phén giai pho, ty so tin hiéu trén nhiéu, cong suat ngudn, thoi gian tich



95

phan va thuat toan xur Iy phd. Do d6, cac gia tri néu trén can dugc xem xét trong mdi
tuong quan véi diéu kién thue nghiém cia ting hé do. Bén cach d6, cac phuong phap

do khac co thé dat gidi han thap hon, ¢& ppt [109 - 110].

Ngudng phat hién ciia hé DOAS st dung ngudn laser UV Ce:LiCAF phd siéu
rong dugc phét trién trong luan an dat khoang 3 ppm dbi voi SO2 va 8,4 ppm ddi véi
0s. Dbi vi SO», sai s6 cia hé DOAS nho hon 2% so véi néng d6 chuén cua khi hiéu
chuan do nha cung cip cung cap. Két qua nay cho thdy ngudn laser UV phd siéu rong
c¢6 kha ning dap tmg yéu cau vé d6 6n dinh va d6 nhay ctua phép do khi 6 nhiém bang
phuong phap DOAS. So v61 cac nghién cuu trude day s dung laser tr ngoai
Ce:LiCAF c6 do rong phd hep khoang 2 nm cho nghién ctru khi 6 nhiém, viéc sir
dung ngudn laser c6 pho rong cho phép thu nhan dong thoi thong tin hap thu trén mot
khoang budc song rong, qua do khai thac dugc nhiéu dic trung hap thu cia cac phan
tir khi. Piéu nay c6 tiém ning nang cao do nhay ciia phép do va cai thién do chinh

xéc trong qua trinh xac dinh néng do cac chat khi 6 nhiém [111].

So véi cac nghién ctiru DOAS trén thé gidi, gia tri nay chua phai 12 thap nhét.
Nhiéu hé DOAS st dung laser cong suét 16n hon, quang trinh tir vai trim mét dén vai
kilomet va dau thu c6 d6 nhay cao c6 thé dat ngudng phat hién & muc ppb dén vai
chuc ppb. Tuy nhién, viéc so sanh truc tiép chi dwa trén LOD va LOQ 1a chua hoan
toan phu hop vi diéu kién do rat khac nhau. Trong luén 4n ndy, muc tiéu chinh 1a phat
trién va chirng minh kha ning Gng dung ngudn laser Ce:LiCAF pho siéu rong vao hé
DOAS. Hé do duoc thuc hién trong phong thi nghiém véi quang trinh ngin (50 cm),
cong suit laser con han ché va phd c6 do rong 16n dé do dong thoi nhiéu khi. Trong
diéu kién do, viéc dat ngudng phat hién khoang 3 ppm ddi voi SO» va 8,4 ppm d6i
v6i O3 di ching minh tinh kha thi ciia hé DOAS sir dung nguén laser UV phd rong
Ce:LiCAF. Trong tuong lai, khi ting ning luong laser, mo rong quang trinh hap thu
1én hang chuc hodc hang tram mét bé“mg hé phan xa da lan hodc do ngoai thuc dia,
dong thoi t6i uu bo thu va thoi gian tich phan, LOD va LOQ c6 thé giam tir don vi

ppm xudng mirc hang trim ppb hoic thip hon.
4.4. Panh gia kha niing wng dung va huéng phit trién
4.4.1. Danh gia kha nang wng dung cua hé do

Céc két qua trinh bay & Muc 4.2 va Muc 4.3 cho thdy hé do sir dung ngudn



96

laser UV khong mode bing siéu rong ¢ kha ning Gmg dung tdt trong bai toan phan
tich khi hap thu trong ving tir ngoai. Kiém chuan hé do sir dung khi chuan SO, da
cho két qua truy hdi phii hop v6i ndng d6 danh dinh, dong thoi phép khép phd trong
QDOAS cho phd du nhé va khong con ciu tric hé thong rd rét. Diéu nay cho thiy
cAu hinh quang hoc, hé thu phd va quy trinh xt 1y dit liéu d3 duoc xay dung phi hop
cho phép do hap thu khi trong diéu kién PTN. Két qua khao sat Os cho thdy cung mot
hé thuc nghiém va ciing quy trinh xir Iy DOAS c6 thé duoc ap dung cho mot khi khac
ngoai SO>. H¢ do khong chi phat hién dugc O3 do b tao khi sinh ra ma con theo doi
duogc sy suy giam nong do Os theo thoi gian trong 6ng khi.

Vé phuong dién k¥ thuat, hé do c6 mét s6 wu diém dang chu ¥: ngudn laser
UV khong mode c6 dai phat xa 275 — 330 nm phu hop véi ving hap thy manh cia
SO va O3, nhd d6 co thé str dung cho cac phép do khi trong ving tir ngoai ma khong
can thay doi ngudn sang; cau hinh 6ng khi dai 50 cm cho phép kiém soat tot chiéu
dai quang trinh, diéu kién khi va thoi gian luu khi, thuan loi cho kiém chuan va khao
sat trong PTN; viéc sir dung QDOAS gitp chuan hoa quy trinh xir 1y, cho phép thiét
1ap thong nhat cac tham sé phan tich va danh gia truc tiép chat lugng phép khép thong
qua phé du va RMS residual.

Tir cac két qua trén, co thé thay hé do da dap ung dugc ba yéu cau co ban cia
mot hé phan tich khi trong PTN: ¢6 kha ning phat hién tin hiéu hip thu dic trung cta
khi muc ti€u, c6 kha nang truy hoi néng do véi do tin cay tdt va c6 thé ap dung cho
nhiéu loai khi hap thu trong cting mot ving phd. Py 14 co s& quan trong dé xem xét
kha ning mé rong tmg dung cta hé do vdi cac khi khac co hap thy trong ving tir
ngoai. Tuy nhién, kha ning Gng dung hién tai ctia hé do van chii yéu phu hop véi diéu
kién PTN. Viéc str dung dng khi gitip kiém soat tot diéu kién do nhung ciing dong
nghia voi viéc hé chua duge kiém chimg trong cac diéu kién ngoai méi trudng, noi
cuong d6 ngudn, nhidu nén, thanh phan khi hdn hop c6 thé thay dbi phtrc tap hon. Vi
vay, 0 giai doan nay, h¢ do dugc danh gia 1a phu hop va hi¢u qua cho nghién ctru thir
nghiém, kiém chudn va khao sat khi trong méi truong cé kiém soat, déng thoi co tiém

nang dé tiép tuc phat trién theo huéng mé rong pham vi ing dung thuc té.
4.4.2. Huwéng phdt trién hé thuwe nghiém

Trudc hét, can tiép tuc hoan thién ngudn phat laser theo hudng nang cao d¢ 6n
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dinh ning luong xung, do 6n dinh phd phat xa va do lap lai theo thoi gian. Day 13 yéu
cAu quan trong vi trong cac phép do hap thu, sy on dinh ciia ngudn sang anh hudng
truc tiép dén chat luong phé thu duoc va dén do chinh xac cua két qua truy hoi néng
d6 khi. Khi ngudn laser 1am viéc 6n dinh hon, chit luong cta phd chudn va phd hap
thu s& duoc cai thién, qua d6 giam nhidu nén va nang cao do tin cdy cta phép khép
DOAS. Hé quang va hé thu ph6 can duoc tdi vu thém dé ting ty s tin hiéu trén nhidu.
Trong nghién ctru hi¢n tai, h¢ do da cho két qua tdt dbi v4i SO, va O3 trong diéu kién
PTN, nhung khi mé rong sang cac nong d6 thap hon hoic cac khi ¢ hap thy yéu hon,
yéu cau vé chit luong tin hiéu sé tré nén khat khe hon.

Can mé rong kha nang phan tich d6i v6i nhiéu loai khi hon trong ving tir
ngoai, hoic cho cac trudng hop hdn hop nhicu khi hap thy dong thoi. Huéng phat
trién ndy c6 y nghia quan trong vi né cho phép khai thac t6t hon vu thé bang phd rong
ctia ngudn laser UV khong mode. Can thyc hién thém cac phép do kiém chuan &
nhiéu mrc ndng do khac nhau dé danh gia ddy du hon cac dic trung cua hé do nhu
do tuyén tinh, gidi han phat hién, gi¢i han dinh luong va do 1ap lai trong dai néng do
rong. Trong chuong nay, hé méi dugc kiém chuén tryc tiép v6i khi chuan SO, & mot
muc néng dd xac dinh. Vi vay, viéc md rong sang cac muc néng do khac s€ gitp hoan
thién hon co s¢ dinh lugng cua hé va tao diéu kién dé danh gia dﬁy du nang luc do
ctia hé trong céc tinh hudng thyc té hon.

Can nghién ctiru mé rong hé tir cau hinh 6ng khi trong PTN sang cac cau hinh
do c6 quing duong truyén dai hon. C4u hinh hién tai pht hop cho nghién ctru co so,
kiém chuan va khao sat trong diéu kién dugc kiém soat. Tuy nhién, dé huéng t6i ing
dung thyc té trong quan tric méi truong, hé can duoc phat trién theo hudng do trén
quing dudng truyén ma hodc két hop véi cac cau hinh phan xa quang hoc nham ting
chiéu dai tuong tac va dua phép do ra ngoai diéu kién PTN. Pay la budc phat trién
quan trong dé danh gia kha ning tmg dung thuc sy cia ngudn laser UV khong mode
trong cac hé do khi moi truong.

Cubi cung, vé mat xur Iy dir li€u, tiép tuc toi uu quy trinh phan tich trong
QDOAS va chuan héa cac tham sb lua chon cho tung loai khi khao sat. Viéc xac dinh
ctra s6 phd t6i vy, bac da thire nén phu hop, cac tham sb hiéu chinh buéc song va tidu
chi danh gia chét luong phép khép sé gitp nang cao tinh 6n dinh cia qua trinh truy

hoi. Pong thoi, khi s6 lwong dir lidu do ting 1én, viéc xdy dung quy trinh xtr 1y ban
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tu dong hoac tu dong két hop v61 hoc may, hoc sau cling sé 18 mt huong can thiét dé
nang cao hiéu quéa khai thac hé do. Nhu vay, hudng phat trién ctia hé thuc nghiém
trong giai doan tiép theo khong chi dimg & viéc hoan thién timg thanh phan riéng 1¢,
ma con hudng téi nang cao ddng thoi chat luong ngudn sang, hiéu suit hé quang, kha
nang xu 1y dit liéu va pham vi ing dung cua toan bd h¢ do. Trén co s¢ do, h¢ do s
dung laser UV khoéng mode bing siéu rong c6 tiém ning tiép tuc duwgc phat trién thanh
mot cong cu phan tich khi hip thu c¢6 gia tri cho ca nghién ctru trong PTN va céc tng

dung quan trac méi trudng ve sau.
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KET LUAN CHUONG 4
Trong chuong nay, bang viéc sir dung ngudn laser UV Ce:LiCAF khong mode

pho siéu rong lam ngudn kich, h¢ DOAS da duoc phat trién nham nghién ciru va quan

tric cac khi 6 nhiém SO va Os. Cac két qua chinh dat dugc nhu sau:

>

D phat trién thanh cong hé DOAS trong PTN véi quang trinh hap thy 50 cm
st dung ngudn laser UV Ce:LiCAF khong mode phd siéu rong (275 nm dén
330 nm) lam ngudn kich.

Di tng dung thanh cong hé DOAS dé kiém chuén khi SO,. Két qua cho thiy,
khi str dung ngudn laser UV Ce:LiCAF khong mode phd siéu rong lam ngudn
kich, nong d6 SO, x4c dinh duoc 12 99,7 + 1 ppm, pht hop véi ndong do cua
khi chuan do nha san xuat cung cap (100 ppm = 2%).

ba st dung hé DOAS dé nghién ctru sy bién thién lién tuc cua néng do O3 theo
thoi gian. Két qua cho phép xac dinh ndng dd O3 nho nhat ma hé DOAS co
kha ning phat hién trong diéu kién thuc nghiém 1a khoang 13,2 ppm.

Céc két qua trén cho thay, cing mot hé thyc nghiém DOAS sir dung ngudn

laser UV Ce:LiCAF khong mode pho siéu rong 1am ngudn kich cé kha ning nghién

clru va quan trac nhiéu loai khi c6 cac dai hap thu nam trong vung tir ngoai. Pay la

co s& quan trong cho viéc phét trién nguodn laser UV phd siéu rong tmg dung trong

cac hé DOAS da khi, dic biét ddi véi cac chat 6 nhiém khi quyén nhu SO» va Os.
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KET LUAN CHUNG

Luan 4n da thyc hién thanh cong viéc nghién ctru tir co s¢ 1y thuyét, mé phong,

phat trién thuc nghiém hé ngudn va khuéch dai laser UV Ce:LiCAF khong mode phd

siéu rong dén trng dung nguodn laser nay dé kiém chuan khi 6 nhiém SO,, do ndng do

khi 6 nhiém Os biang phuong phap DOAS. Cac két qua chinh dat dugc nhu sau:

>

Dya trén hé phuong trinh tde do, dong hoc phat xa cua laser Ce:LiCAF khong
mode phd siéu rong da duoc nghién cru trdng minh.

Bang thyc nghiém, hé laser Ce:LiCAF khong mode pho siéu rong di duoc phat
trién thanh cong, pho laser 16i ra ¢ dai budc song tir 275 nm dén 330 nm, ning
lugng xung dau ra dat khoang 0,3 mJ, hi¢u suét chuyén doi khoang 2%, do on
dinh nang lugng khoang +3% va d¢ phan ky cua chum tia khoang 4,07 mrad.
Bang viéc sir dung phuong trinh Frantz — Nodvik mé rong, dong hoc khuéch dai
laser UV phd siéu rong da duoc nghién ciru tudng minh.

Hé khuéch dai laser Ce:LiCAF khong mode pho siéu rong bén lan truyén qua di
dugc phat trién thanh cong. Két qua mo phong va thuc nghiém cho thiy ning
lugng laser duge khuéch dai tir khoang 0,2 mJ 1én gan 1 mJ sau bdn lan truyén
qua tinh thé, twong tng hé sb khuéch dai khoang 5 1an.

Hé DOAS st dung ngudn laser UV Ce:LiCAF khong mode pho siéu rong da
duoc phat trién thanh cong trong PTN véi quang trinh hap thu 50 cm. Két qua
kiém chuén bang khi chuan SO» néng d6 100,0 + 2 ppm cho gia trj truy hdi 99,7
+ 1 ppm. D6i vai khi O3 tir b tao khi, hé do khong chi phat hién va truy hdi duge
noéng do O3 ma con theo ddi dugc qua trinh suy giam nong do theo thoi gian.
Nong do O3 giam tir khoang 327,75 ppm & thoi diém bat ddu xubng con 13,2 ppm
sau khoang 100 phut, phan 4nh rd dic tinh kém bén cta O; trong diéu kién dng
khi. Két qua nay cho thay cing mot hé thuc nghiém va cing quy trinh xir 1y

DOAS c¢6 thé duge ap dung cho nhiéu khi hap thu khac nhau trong ving UV.

Nhu vay, két qua nghién ctru dat dugc co thé khrflng dinh réng nguén laser UV

Ce:LiCAF khong mode phd siéu rong dd phat trién 13 mot ngudn sang c6 nhiéu tiém

nang ung dung khong chi cho céc nghién ctru trong PTN ma ca nhitng nghién ctru thuc

tien. Dong thoi mo ra trién vong ung dung trong cac h¢ quan trac moi truong quang hoc,

do tir xa khi 6 nhiém va cac phuong phap quang pho UV do nhay cao trong tuong lai.



101

NHUNG PONG GOP MOI CUA LUAN AN
Luan an c6 nhiing dong gdép mdi nhu sau:

Thiét ké va xdy dung thanh cong ciu hinh laser toan ran Ce:LiCAF khong mode
phat truc tiép burc xa pho siéu rong (275 — 330 nm) véi hiéu sudt quang - quang
~ 2%, nang luong dat 0,3 mJ ma khong can cac qua trinh phi tuyén phtc tap (nhu
nhan tin sb hay soi quang tinh thé tao siéu lién tuc).

Xay dung va kiém ching thuc nghiém mé hinh Frantz — Nodvik da budc song
bdn 1an truyén qua, ning luong xung 1én ~ 1,0 mJ.

Ung dung ngudn laser UV khéng mode phé siéu rong 1am ngudn kich cho hé
DOAS dé kiém chuan thanh cong khi SO, va theo ddi dong hoc phan hay thuc té
cua O3 trong PTN v&i quang trinh 50 cm.
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PHU LUC

A. Tiét dién hap thu va phat xa ciia Ce:LiCAF
270.0 5.2076 0.0851
270.5 5.0396 0.0798
271.0 4.8636 0.0817
271.5 4.4673 0.0982
272.0 4.1236 0.1148
272.5 3.9495 0.1442
273.0 3.7531 0.1885
273.5 3.4546 0.2495
274.0 3.1351 0.3008
2745 3.0412 0.4037
275.0 2.4242 0.5335
275.5 23611 0.7046
276.0 2.3051 0.8479
276.5 1.9059 1.1039
277.0 1.7660 1.4339
277.5 1.6908 1.6755
278.0 1.5382 2.1138
278.5 1.3802 2.6067
279.0 1.2535 3.1555
279.5 1.1621 3.5421
280.0 1.0925 4.131
280.5 1.0085 4.7439
281.0 0.9007 5.3474
281.5 0.8025 5.7516
282.0 0.7402 6.3557
282.5 0.6981 6.9338
283.0 0.6513 7.4582
283.5 0.5979 7.7906
284.0 0.5506 8.2876
284.5 0.5158 8.6395



285.0
285.5
286.0
286.5
287.0
287.5
288.0
288.5
289.0
289.5
290.0
290.5
291.0
291.5
292.0
292.5
293.0
293.5
294.0
294.5
295.0
295.5
296.0
296.5
297.0
297.5
298.0
298.5
299.0
299.5
300.0
300.5

0.4898
0.4681
0.4462
0.4204
0.3871
0.3446
0.3009
0.2671
0.2520
0.2522
0.2606
0.2703
0.2768
0.2779
0.2713
0.2551
0.2313
0.2055
0.1833
0.1702
0.1669
0.1695
0.1737
0.1754
0.1721
0.1652
0.1567
0.1489
0.1437
0.1418
0.1422
0.1439

9.0518
9.4164
9.7137
9.9152
9.993
10.0524
9.9897
9.9249
9.7822
9.5034
9.3173
8.9767
8.5861
8.1703
7.7438
7.446
7.0031
6.5962
6.1845
5.9103
5.542
5.3083
4.9715
4.6892
4.4237
4.1824
4.0481
3.869
3.7014
3.5745
3.5028
3.4286
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301.0 0.1458
301.5 0.1471
302.0 0.1478
302.5 0.1478
303.0 0.1472
303.5 0.1461
304.0 0.1443
304.5 0.1425
305.0 0.1408
305.5 0.1399
306.0 0.1401
306.5 0.1419
307.0 0.1457
307.5 0.1517
308.0 0.1589
308.5 0.1661
309.0 0.1719
309.5 0.1752
310.0 0.1748
310.5 0.1709
311.0 0.1648
311.5 0.1574
312.0 0.1501
312.5 0.1441
313.0 0.1398
313.5 0.1377
314.0 0.1375
314.5 0.1394
315.0 0.1434
315.5 0.1494
316.0 0.1568
316.5 0.1649

3.3791
3.3576
3.3337
3.3282
3.3407
3.3797
3.4129
3.4493
3.4777
3.5282
3.5572
3.6045
3.6423
3.665

3.6651
3.662

3.6794
3.6623
3.6414
3.5893
3.532

3.4994
3.4178
3.3192
3.2302
3.134

3.011

2.9335
2.8096
2.6774
2.5441
2.4627
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317.0
317.5
318.0
318.5
319.0
319.5
320.0
320.5
321.0
321.5
322.0
3225
323.0
323.5
324.0
324.5
325.0
325.5
326.0
326.5
327.0
327.5
328.0
328.5
329.0
329.5
330.0
330.5
331.0
331.5
332.0
332.5

0.1725
0.1788
0.1831
0.1849
0.1837
0.1829
0.1775
0.1586
0.1449
0.1308
0.1177
0.1069
0.0986
0.0926
0.0885
0.0862
0.0852
0.0852
0.0857
0.0861
0.0858
0.0849
0.0838
0.0833
0.0843
0.0876
0.0931
0.0894
0.0768
0.0649
0.0625
0.0688

2.3354
2.2078
2.074

1.9856
1.8625
1.7351
1.619

1.5079
1.4329
1.3251
1.2275
1.134

1.0706
0.9836
0.9054
0.8327
0.7647
0.7188
0.6563
0.6043
0.5489
0.5004
0.4686
0.4259
0.3864
0.3512
0.3202
0.2998
0.2725
0.2468
0.2206
0.2001
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333.0 0.0631 0.190

333.5 0.0649 0.1697

334.0 0.0637 0.1567

3345 0.0629 0.1389

335.0 0.0675 0.1267

335.5 0.0586 0.1315

336.0 0.0449 0.1267

336.5 0.0308 0.1184

337.0 0.0177 0.1157

337.5 0.0069 0.1117

338.0 0.0086 0.1267

338.5 0.0026 0.1236

339.0 0.0085 0.1184

339.5 0.0062 0.1157

340.0 0.0052 0.1117

B. Chuong trinh mé phéng dong hoc
function dy=Celnano276(t,y)

global q1 N1 sig Lc taul m n tip Ipeak;
t1=10;tipI=tip”2;m1=m+1;c=(t-t1)"2;
Ib=Ipeak*exp(-4*log(2)*c/tipl);
ml=m+1;

I=y(2:ml);
dy1=Ib+(sum(sig(:,1).*1))*(N1-y(1))-(sum(sig(:,2).*I)+1./taul )*y(1);
dy2=[];

for j=1:m

a=T(sig(j,2)*y(1)-sig(j, *(N1-y(1)));
TI1=1e+10*(Lc*(n-1))/3;
dy2=[dy2;(1*Lc*a-ql-1)*y(j+1)/T1+sig(j,2)/ max(sig(j,2))-(1e-8)*y(1)];
end;

dy=[dy1;dy2];

clc;

clear;
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close all;
x=270:0.05:340;
y=spline(sigv(:,1),sigv(:,2),X);
z=spline(sigv(:,1),sigv(:,3),X);
sigl=[x"y' Z'];
[m,c1]=size(sigl);
ml=m+1;
sig2=sigl(:,1);
sig=le-18*[sigl(:,2),sigl(:,3)];
emiss=sigl(:,1);
clear sigl;
global q1 N1 sig Lc taul m n emiss to tip Ipeak;

N1=5¢l8;

Lc=2;

R=1;

tau=25;

n=1.41;

t0=20;

tip=7;

%PumpEnergy = 10
PEj=[4 6 8 10 12 14];
for j=1:length(PEj);
PumpEnergy=PEj(j)
Epump=[];
Eout=[];
anpha=3;
I=Lc;
h=6.62606957E-34;
c=3¢l0;
vetbom=0.01;
lambda=266E-7;
AA=pi*vetbom."2*];
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Ipeak=((PumpEnergy* 1e6)/tip)*lambda*(1-exp(anpha*1))./(1E9*h*c*pi*vetbom. 2);
f1=[];
Ln=[];
taul=tau;
ql=-log(R);
f=zeros(m+1,1);
y1=[l;
x1=(];
for j=1:1:to
[x y]=ode45('Celnano276',[j-1 j],f);
f=y(end,:)";
yl=[yLyl;
x1=[x1;x];
clearx y ;
end;
tgl=x1;
tg2=yl;
Max=max(yl);
MaxI=max(Max);
[h,c]=size(yl);
MaxY I=max(y1);
al=[x1(1);x1;x1(end)];
INTP1=[];
for i=1:m
a2=[0;y1(:,i+1);0];
INT1=polyarea(al,a2);
INTPI1=[INTPIL;INT1];
clear a2;
end;
f1=[f1;,INTP1];
[mIN,nIN]=size(INTP1);
INTENSITY=max(INTP1);
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[mx1,nx1]=size(x1);
INT11=[];
for i=1:mx1
c=[1;
a3=[sig2(1,1);sig2;sig2(end,1)];
c=y1(1,2:ml);
b=c';
a4=[b(1,1);b;b(end,1)];
IN=polyarea(a3,a4);
INT11=[INTI11;IN];
ad=[];
end;
tgl=max(INT11);
XX=xI;
t1=10;tipI=tip.*2;m1=m+1;c=(XX-t1)."2;
YY=exp(-4*log(2)*c/tipl);
h=6.62606957E-34; % j.s;
c=3el0; % cm/s
E=INTP1*h*c./(1e-7*s1g2);
a3=[sig2(1,1);sig2;sig2(end,1)];
a4=[0;E;0];
IN=polyarea(a3,a4)*1000 ;
OutEnergy=round(IN * 0.7 * (p1 * vetbom."2) * 1000, 2)
Epump(j) = PumpEnergy;
Eout(j) = OutEnergy;
end;
Epump=1[4 6810 12 14]
figure(1);
plot(Epump, Eout, '-o0', ...
'"LineWidth', 2, ...
'MarkerSize', 8, ...

'MarkerFaceColor', 'r');
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Nlam = length(sigv(:,1)");
PumpEnerg =[4 6 8§ 10 12 14];
%PumpEnerg = [4 8 10 14];
Np = length(PumpEnerg);
spectra_raw = zeros(Nlam, Np);
base spectrum = (le-18 * sigv(:,3))';
fork =1:Np
scale k = PumpEnerg(k) / max(PumpEnerg);
spectra_raw(:,k) = base spectrum * scale k;
end;
figure(1349); clf;
hold on; grid on;
colors = jet(Np);
fork =1:Np
plot(sigv(:,1)', spectra_raw(:,k), ...
'Color', colors(k,:), ...
'LineWidth', 2, ...
'DisplayName', sprintf('E_ {pump}=%.2f mJ', PumpEnerg(k)));
end
xlabel('Wavelength (nm)','FontSize', 12);
ylabel('Intensity (a.u.)','FontSize', 12);
title("Emission Spectrum vs Pump Energy','FontSize', 12);
legend('show");
box on;
spectra_norm = spectra_raw ./ max(spectra_raw, [], 1);
figure(13490);
clf;
hold on;
grid on;
colors = jet(Np);
fork=1:Np
plot(sigv(:,1), spectra_norm(:,k), ...
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'Color', colors(k,:), ...

'LineWidth', 2, ...

'DisplayName', sprintf('E_ {pump} = %.2f mJ', PumpEnerg(k)));
end
xlabel("Wavelength (nm)', 'FontSize', 12);
ylabel('Normalized Intensity (a.u.)', 'FontSize', 12);
title('Normalized Emission Spectra vs Pump Energy', 'FontSize', 12);
legend('show');
C. Chwong trinh mé phéng khuéch dai
clear all; clc; close all; format long
sigmas(:,1)=sig(:,1);
sigmas(:,2)=1e-22%*sig(:,2);
sigmas(:,3)=1e-22*sig(:,4);
figure(1);
plot(sigmas(:,1), sigmas(:,2),'r','linewidth',2)
beta0=0.5;
betal=7.4997/(7.4997+0.117);
beta2=0.2671/(0.2671+5.621);
eg0=beta0*(sigmas(:,2)+ sigmas(:,3))- sigmas(:,3);
egl=betal*(sigmas(:,2)+ sigmas(:,3))- sigmas(:,3);
eg2=beta2*(sigmas(:,2)+ sigmas(:,3))- sigmas(:,3);
y=sigmas(:,1)*0;
wavelength P=linspace(264,268,100);
Abs_pump=spline(sigmas(:,1),sigmas(:,2),wavelength P);
Ems_pump=spline(sigmas(:,1),sigmas(:,3),wavelength P);
PP=[(1e-9*wavelength P)', Abs pump', Ems pump'];
sigmas_pump=PP;
wavelength S=linspace(270,340,7000);
Abs_seed=spline(sigmas(:,1),sigmas(:,2),wavelength S);
Ems seed=spline(sigmas(:,1),sigmas(:,3),wavelength S);
SS=[(1e-9*wavelength S)', Abs seed', Ems_seed'];

sigmas_seed=SS;
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p_inv_start=0.0455;

N _pump_slices=50;

N _seed_slices=50;

Number of single passes=4;

N _gain ion_density=5%10"23;

T losses=0.9;

h=6.62606957*10"(-34);

c=3*10"8;

tau_gain=25*(10"-9);

length_crystal=0.02;

a=0.002;

anpha=[5 5 10 10]*p1/180;

length amply=length crystal-1/(4*a)*((length_crystal-
a*tan(anpha/2)).”2).*tan(anpha/2)./(1-tan(anpha/2))

Pump_energy=0.10; % J

%hhhjj=[0.06 0.08 0.1 0.12];

%for jj=1:length(hhhjj);

%Pump_energy=hhhjj(jj);

pump time=0.1; % s

pump time pulse=7*10"-9; %

radius_laser and pump mode=0.001; % m

radius_laser and seed mode=0.0005; % m

Pump fluence=Pump energy*pump time/(radius laser and pump mode”2*pi);

FWHM _ Gauss pump=7*10"-9; % m

sigma_gauss pump=FWHM _Gauss_pump/50;

lambda 0=266*10"-9; % m

delta_lambda pump=sigmas_pump(2,1)-sigmas_pump(1,1);

norm_spectral pump=0.48/(sqrt(2*pi)*sigma_gauss pump)*exp((-
(sigmas_pump(:,1)-lambda_0)."2)/(2*sigma_gauss pump”2));

Spectral Pump pump=norm_spectral pump*Pump_ fluence*delta lambda pump; %

Spectral pump pulse fluence
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[p_inv_out pump,] pulse out pump,p]=Sub function slice fluencel(Spectral Pump
_pump,N pump_slices,...

pump_time pulse,p inv_start,sigmas pump,tau gain,h,c,N gain ion_density,length ¢
rystal, T losses);

ppp=p_inv_out_pump;

Seed energy=0.2*(10"-3);

Y%ttyjj=[0.1*(10"-3) 0.2*%(10"-3) 0.4*(10"-3) 0.6*(10"-3)];

%for jj=1:length(ttyjj);

%Seed_energy=ttyjj(jj);

seed pulse duration=3*(10"-9);

F seed=Seed energy/(radius _laser and seed mode”2*pi);

FWHM Gauss seed=16*10"-9; % m

Y%mnmnjj=[12*10"-9 14*10"-9 16*10"-9 20*10"-9]; % m

%for jj=1:length(mnmnjj);

%FWHM_Gauss_seed=mnmnjj(jj);

sigma gauss=FWHM_Gauss_seed/50;

lambda 0=288.5*10"-9;

delta lambda seed=sigmas_seed(2,1)-sigmas_seed(1,1);

norm_spectral seed=0.48/(sqrt(56*pi)*sigma_gauss)*exp((-(sigmas_seed(:,1)-
lambda_0).72)/(2*sigma_gauss”2));

J pulse in=norm_spectral seed*F seed*delta lambda seed;

J seed spectrum_normalized=J pulse in/max(J pulse in);

xxx=norm_spectral seed*F seed*delta lambda seed/max(norm_spectral seed*F see
d*delta_lambda seed);

J1J pulse in= (SS(:,2)/(max(SS(:,2))))*(max(J_pulse in));

FWHM=[];

for j=1:Number of single passes j

[p_inv_out seed(j),] pulse out(:,j)]=Sub function slice fluencel(JJJ pulse in,N see
d slices,...

seed pulse duration,ppp,sigmas_seed,tau gain,h,c,N gain ion_density,...
length_amply(j),T losses);
JJJ pulse in=J pulse out(:,j);
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E pulse energy(j)=sum(J pulse out(:,j),1)*(radius laser and seed mode”2);
p_inv_out pump(j+1)=p_inv_out seed(j);
J spectrum_after each single pass(j,:)=JJJ pulse in/max(JJJ pulse in);
JJ spectrum_after each single pass(j,:)=JJJ pulse in;
z11=] spectrum_after each single pass(j,:);
x01=sigmas_seed(:,1)*10"9;
for w= 1:length(z11)
if z11(w)>=0.5
xxx5=x01(w);
271=z11(w);
buocsongphattrai=(xxx5);
break;
end
end
for w=1:length(z11)
if z11(w)<=0.5 & x01(w)>xxx5
xxx6=x01(w);
272=711(w);
buocsongphatphai=(xxx6);
break;
end
end
FWHM _ PHO=(buocsongphatphai- buocsongphattrai);
FWHM=[FWHM (FWHM_ PHO+1.0)];
end
E out=[Seed energy E pulse energy]; % j nang luong laser ra
GG=[ E_out(2)/E_out(1) E_out(3)/E_out(2) E_out(4)/E_out(3) E_out(5)/E_out(4)];
anpha=[ppp p_inv_out seed];
figure(2);
plot(sigmas_seed(:,1)*10"9,] seed spectrum normalized,'r',
sigmas_seed(:,1)*1079,JJJ pulse in/max(J pulse in),'b','linewidth',2)
figure(3);



128

plot(sigmas_seed(:,1)*10"9,sigmas_seed(:,2)/max(sigmas_seed(:,2)),'r,
sigmas_seed(:,1)*1079,JJJ pulse in/max(JJJ pulse in),'b','linewidth’,2)

figure(4);

plot(sigmas_seed(:,1)*1079,J spectrum_after each single pass,
sigmas_seed(:,1)*1079,sigmas_seed(:,2)/max(sigmas_seed(:,2)))

figure(5);

plot(sigmas_seed(:,1)*1079,JJ spectrum_after each single pass,
sigmas_seed(:,1)*1079,sigmas_seed(:,2))% pho laser

figure(6);

plot([0:1:Number of single passes],E out*1000,'linewidth',2); hold on

FWHM=[1e9*FWHM_Gauss_seed, FWHM];

figure(7);

plot([0:1:Number of single passes], FWHM,'linewidth',2); hold on



