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1
MO DAU

Laser tir ngoai (laser UV) néi chung va laser UV cong suét cao noi riéng dong
mét vai tro quan trong trong khoa hoc, céng nghé va doi séng. Cac ngudn laser UV
da dugc wng dung nhiéu trong cac linh vuc nhu: gia cng vat liéu, vi co khi, ki thuat
vién tham, y hoc, sinh hoc, quang phé va nghién ctiru méi truong [1-6].

Céc hat sol khi trong khi quyén c6 kich thudc tir nano-mét téi micro-mét, hat
sol khi ¢6 kich thugc 1on thuong dé dang ling dong xudng cac bé mat trong khi cac
hat nho hon nhu carbon den, carbon niu, nuéc & nhidm,... s& khuéch tan trong khi
quyén trén mot pham vi rong va trong mot quang thoi gian dai. Do vay, cac hat c6
kich thudc nho thuong chiém mat ti 16 16n trong phan bd theo kich thudc cua cac hat
trong khi quyén. Theo b&o cao tai mot s6 thanh phd 16n thudc Chau A, cac hat sol khi
¢6 duong kinh nho hon 2,5 um (PM 2.5) chiém ti 18 hon 98% tong sb hat sol khi [7-
10]. Viéc nghién ctru dac trung quang hoc cua cac hat sol khi co kich thudce nho nay
doi hoi cac ngudn laser hoat dong trong ving budc song ngan. Ngoai ra, mot sé chat
khi 6 nhiém c6 phé hap thu nam trong ving budc séng UV nhu Oz (300 nm + 330
nm), SOz (320 nm + 340 nm), CS, (320 nm + 340 nm), Cl> (260 nm + 300 nm),...
[10]. Do vay, cac ngudn laser UV da dugc tich hop vao cac thiét bi nghién cau khi
quyén nhu: may dém va do kich thudc hat, may phan tich sol khi, may quang pho
Raman va céc ki thuat vién thAm nhu LDV (laser Doppler velocimeters), LIDAR (light
detection and ranging),... [10-12].

Céc nguon laser UV thuong mai chu yéu la cac laser excimer nhu KrF (248
nm), XeCl (308 nm), XeF (351 nm),... hoic céc laser UV thu dugc bang viéc bién
d6i tan sd. Tuy nhién, han ché 16n nhat cua céc laser excimer la khdng c6 kha ning
diéu chinh budc s6ng, hiéu suat bién doi dién - quang thap, trong khi d6 cac laser bién
d6i tan sé thuong co hiéu suat chuyén ddi nang lwong thap va phu thudc vao tinh thé
phi tuyén [13, 14].

Nghién ctru va phat trién cac nguon laser toan ran phat truc tiép birc xa UV sir
dung tinh thé Fluoride pha tap ion dat hiém Cerium (Ce: Fluoride) di va dang duoc
nhiéu nha khoa hoc, vién nghién ctu trén thé giéi quan tam [15-22]. Trong cac moi
treong laser Ce:Fluoride, moi treong Ce:LICAF da dugc ching minh la moi truong

laser v&i nhidu vu diém vuot troi nhu dinh phd hap thu manh tai bude séng 266 nm
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phu hop véi bom quang bang hoa ba bac bon cua laser Nd3*. Phd phat xa rong 40 nm
tir 280 nm dén 320 nm phu hop cho phét trién cac ngudn laser UV diéu chinh budc
s6ng, xung ngan. Mat do niang lwong bdo hoa cao (115 md/cm?) va ngudng phé hay

I6n (5 J/cm?) pha hop cho viéc phat trién cac ngudn laser UV cdng suat cao [23-28].

Trén thé gidi, laser UV Ce:LiCAF d3 va dang dugc phét trién theo cac hudng
nghién ctu chinh sau: vat liéu laser, cong nghé laser va tng dung. Viéc phat trién cac
phuong phap nuéi tinh thé nhu Micro pulling down, Czochralski va Bridgman da
duoc nghién cau tai Vién Vat lidu thuoe Dai hoc Tohoku - Nhat Ban [29, 30]. Bang
viéc sir dung ling kinh tan sic trong BCH, cac nha nghién ciu tai Pai hoc Osaka -
Nhat Ban d phat bac xa laser UV véi do rong pho 0,2 nm va diéu chinh lién tuc tir
281 nm dén 315 nm [19]. Hé laser UV Ce:LiCAF phét birc xa bang hep xudng toi 14
pm va diéu chinh lién tuc budc song trén dai pho tir 284 nm dén 298 nm bang céch
sir dung cac tim etalon trong BCH ciing da duoc phat trién tai Pai hoc Macquarie
Sydney - Uc [31]. Hon nita, viéc ang dung cac nguon laser UV bang hep Ce:LiCAF
vao ki thuat Lidar nghién ciru khi quyén ciing da dugc thuc hién tai trung tam nghién
ctu NASA Langley cua My [32].

Trudc nhitng két qua khoa hoc va cong nghé vé laser mang tinh cach mang
cua thé gidi, viéc nghién ciru phét trién laser UV va ang dung ngudn laser nay trong
nghién ctru cling da duoc nhiéu nha khoa hoc trong nudc quan tam. Gan day, hé laser
mau phét bic xa UV dua trén phuong phap nhan tan s6, ting dung trong hé Lidar da
dugc nghién ctu va phat trién thanh céng tai Vién Vat ly, Vién Han 1am Khoa hoc
Cong nghé Viét Nam [33]. Tuy nhién, viéc sir dung tinh thé phi tuyén dé chuyén doi
tan s tir ving budc séng nhin thiy sang ving UV dan téi ning luong laser 16i ra nho
chi ¢& vai dén vai chuc pJ. Do vay, hé Lidar st dung nguén laser nay 1am nguon kich
chi khao sat duoc khi quyén tang thap. Hon nita, moi truong phat va khuéch dai la

chat mau Rhodamine 6G c6 thé gay doc hai téi moi trudng va ngudi sir dung.

Céc nghién cau vé laser toan ran phat truc tiép buc xa UV st dung tinh thé
Ce:LiCAF ciing da duoc thyuc hién. Bang viéc st dung ciu hinh BCH Fabry-Perot,
nang luong laser 16i ra thu dugc ¢& mJ & buéc song 290 nm. Véi viéc st dung cau
hinh BCH Littrow ciing nhu phwong phap qua dé BCH, cac xung laser UV ngén (sub-

nano gidy) c6 kha niang diéu chinh budc song ciing da duoc nghién ciru va phét trién
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thanh cong [34, 35]. Tuy nhién viéc tng dung cac ngudn laser ndy van bi han ché do
nang luong laser 16i ra dudi ngudng cua nhiéu wng dung. Do vay, viéc khuéch dai
cac xung laser nay 1a hét strc can thiét.

Trén thé gisi cac hé khuéch dai truc tiép bac xa laser UV sir dung tinh thé
Ce:LiCAF ciing da dugc nghién ciru va phat trién [36-38]. Tuy nhién, cac nghién ciu
nay méi chi tap trung vao nghién ciru thuc nghiém ma chua c6 cac nghién cuu ly
thuyét. Gan day dya trén phuong trinh Frantz-Nodvik co dién, nhém nghién ctiu cua
giao su Peter Kroetz (Vién nghién ciru Max-Planck, Puc) da xay dung thanh céng
phuong trinh Frantz-Nodvik mé rong cho toan mién phé trong khuéch dai laser. Bang
viéc sir dung phuong trinh ndy, cac dic trung vé pho cua laser Ho:YLF trong bo
khuéch dai nhiéu lan truyén qua da dwoc nghién ctiru twdng minh [39].

Ttr c4c phan tich trén, viéc nghién ciru, phat trién hé phat ciing nhu hé khuéch
dai cac xung laser UV sir dung tinh thé Ce:LiCAF Ia can thiét. Xuat phét tir cac yéu
cau do, toi chon dé tai “Nghién cieu déng hoc khuéch dai xung laser ti# ngogi 280-
320 nm va dinh hwéng iing dung trong quan trdc méi trwong” lam hudng nghién
ctru chinh cho luan an tién si caa minh.

Muc tiéu cia luan an bao gom:

—  Nghién ctu dong hoc phd khuéch dai céc xung laser UV st dung tinh thé
Ce:LiCAF.

—  Phét trién hé thuc nghiém laser phat xung tin hiéu va hé khuéch dai cac
xung laser UV sir dung tinh thé Ce:LiCAF. Panh gia dic trung ciia xung
laser tin hiéu va xung laser sau khuéch dai.

—  Budc dau ung dung cac ngudn laser UV Ce:LiCAF di phat trién vao
nghién ctiu, quan trac moi truong.

Phwong phap nghién ciru:

Luan an dugc thyc hién dong thoi bang nghién cau ly thuyét va thyc nghiém.
DPong hoc khuéch dai cac xung laser UV sir dung tinh thé Ce:LiCAF s& duoc nghién
ctru dua trén phuong trinh khuéch dai Frantz-Nodvik ma rong. Céac két qua nghién
cttu md phong tdi wu duoc sir dung trong viéc thiét ké va phaét trién hé thuc nghiém.

Dua trén céac két qua nghién ciru md phong ciing nhu trang thiét bi hién co tai

Vién Vat ly, phat trién hé phat va hé khuéch dai cac xung laser UV bén lan truyén
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qua st dung tinh thé Ce:LiCAF. DPanh gia cac dic trung xung laser tin hiéu va xung
laser sau khuéch dai.

Cuong do tan xa theo goc ciia mot sb hat sol khi phéd bién trong khi quyén s&
duoc nghién ciru bang laser UV Ce:LiCAF diéu chinh budc séng. Bén canh do6, bic
xa laser UV Ce:LiCAF ciing s& duoc tng dung trong hé quang phé hap thy vi sai xac
dinh ndng d6 khi SO».

Tur c&c ndi dung nghién cuiu, luan an duoc trinh bay trong 4 chuong:
Chirong 1: Vat Iy va céng nghé trong khuéch dai laser tiz ngogi

Chirong 2: Béng hoc phé khuéeh dai cac xung laser tir ngogi si dung tinh thé
Ce:LiCAF

Chirong 3: Khuéch dai cac xung laser tiz ngoai si dung tinh thé Ce:LiCAF

Chirong 4: Ung dung laser tiz ngoai Ce:LiCAF trong quan trac méi triong

Noi dung cua luan an dugc thuc hién tai Khoa Vat ly, Hoc vién KH&CN va Trung
tam Dién tir hoc Luong tir - Vién Vit ly, Vién Han 1am KH&CN Viét Nam, duédi su
hudng dan khoa hoc caa PGS. TS. Pham Hong Minh va GS. TS. Nguyén Pai Hung.



CHUONG 1
VAT LY VA CONG NGHE TRONG KHUECH PAI LASER

Chuong 1 trinh bay tong quan vé khuéch dai laser bao gom nguyén ly khuéch
dai va c4c van dé vat ly trong khuéch dai laser. Tong hop va phan tich dic trung cta
moi truong tinh thé ciing nhu cac cau hinh khuéch dai da dwoc phat trién cho moi
truong tinh thé Ce:LiCAF. Bén canh d6, mot s tng dung cua laser UV trong gia
codng vat liéu, vi co khi va trong nghién ciru méi trudng ciing da duoc tim hiéu va
trinh bay [40, 41].

1.1.  Téng quan vé khuéch dai laser

1.1.1.  Nguyén Iy khuéch dai laser

Nguyeén ly khuéch dai laser dua trén hién tugng phat xa cudng bic, dugc chi
ra trén Hinh 1.1. Qua trinh bom s€ Kich thich cac ion ¢ trang thai co ban (E1) Ién trang
thai kich thich (Ez), cac ion sau d6 s& chuyén roi do va cham vé muc ning luong thap
nhét cia trang thai E». Phéat xa cudng bic xay ra khi méi trudng dat trang thai nghich
dao do tich liiy va photon c6 ning lwong dang bang hiéu hai muc ning luong E; va
E1 di qua mdi truong khuéch dai. Cac photon méi sinh ra va photon ban dau c6 cling
phuong truyén, cling pha va ciing tan sé hay néi cach khac qua trinh khuéch dai laser
duoc thyc hién [13, 14].

E2 I \—"\ Hoi phuc khong birc xa
Bom

i _
AN - Phat xa W\~

cudng birc ~ Photon ra

I Photon toi ‘
E1

Hinh 1.1. Nguyén Iy khuéch dai laser [14].

Nhiém vu cua mot bo khuéch dai laser 1a khuéch dai vé mit ning lwong xung
laser tin hiéu. V& cau tao, mot bo khuéch dai laser gdm hai thanh phan co ban c6 méi

quan hé mat thiét voi nhau 13 moi truong khuéch dai va ngudn bom (Hinh 1.2), cac
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dic trung quang hoc caa hai thanh phan nay s& anh huong Ién dén kha ning khuéch

dai cling nhu dic trung cta xung laser sau khuéch dai [13].

Xung laser Bom Xung laser
tin hiéu ' sau khuech dai
Mboi trwong
khuéch dai

Hinh 1.2. So @ nguyén Iy mét bé khuéch dai laser [14].

Moi truong khuéch dai hay méi truong hoat chat ¢ kha ning khuéch dai cac
birc Xa di qua né. Cac moéi trudng khuéch dai laser ¢6 thé phan loai thanh ba nhém
chinh 1a cac moi truong khi (CO2, N2, XeCl, XeF...), méi truong long (c&c dung dich
hitu co, chat 16ng chelaste,...) va moi truong ran (tinh thé Ti-sapphire, céc tinh thé
pha tap ion dat hiém Nd3*, Ce3*, Er®*,... ) hoic phan loai dya trén nguyén ly lam viéc
ba hay bén mirc nang lwong. Viéc lya chon mai truong khuéch dai s& phu thudc vao

thong sé cua laser tin hiéu can khuéch dai [13].

Pé cung cap ning lugng cho cac tam hoat chat 1a cac dién tir, phan tir hay ion
ciia moi truong khuéch dai chuyén tir trang thai co ban Ién trang thai kich thich doi
hoi phai 6 nguon nang luong tir bén ngodi (ngudn bom). Viéc lua chon nguon bom
s& phu thudc vao dic trung hap thu ctia méi truong khuéeh dai. Qua trinh bom c6 thé
thuc hién theo cac co ché nhu bom quang hoc, bom nhd va cham khéng dan hdi voi
dién tur tu do, bom hoéa hoc, bom nhiét,...[13].

1.1.2. M@t s6 vin dé vat Iy trong khuéch dai laser

MGi truong khuéceh dai: céc thdng sb tiét dién phat xa va hap thu caa moi
truong khuéch dai s& xac dinh hé s khuéch dai ban dau va thong lwong bdo hoa. Néu
khong c0 hién tugng phat xa tu phat (ASE), thoi gian luwu gitr nang luong trong moi

truong khuéch dai duoc xac dinh bai thoi gian sdng cua ion ¢ trang théi kich thich.
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Tuy nhién, khoang thoi gian nay c6 thé rat ngian dang ké khi ASE xuat hién. Do vay,
c4c thdng sb can quan tam d6i véi méi trudng khuéeh dai bao gom: tiét dién khuéch
dai va hap thu tai budc séng laser tin hiéu; Thoi gian séng huynh quang; Ning luong
b&o hoa tai budc song laser bom va budc song laser tin hiéu. Bén canh d6, ngudng
pha huy cia méi truong khuéeh dai & bude séng laser bom va buéc song laser tin

hiéu ciing can duoc dic biét quan tam.

Bang 1.1. Mot s6 moéi truong khuéch dai pho bién [13, 14].

Bwéc song PO rong  Thoi gian

M&i truong ] . Ngudn bom
(nm) pho (nm)  song (S)

XeCl 308 1,5 ~108 Phéng dién
XeF 351 <2 ~108 Phong dién
KrF 249 ~2 <108 Phéng dién
Rhodamine 6G ~578 ~50 5x10°° Laser (532 nm)
Fluorescein 550 ~ 30 4x107° Laser (532 nm)
Coumarin 448 ~ 30 5x10-° Laser (355 nm)
Ti:sapphire 780 ~ 400 106 Laser (514-532 nm)
Nd:thuy tinh 1064 ~21 3x10* Dén flash
Er:thuy tinh 1530 ~ 180 12x1073 Laser (980 nm)

Trén Bang 1.1 1a thong tin vé mot s6 méi truong khuéch dai laser pho bién.
Céac mdi truong laser khi Excimer nhu XeCl, XeF, KrF... co dic diém Ia tiét dién
khuéch dai 16n, hoat déng dugc trong ving budc séng tir ngoai. Cac moi truong laser
dang long pho bién nhu Rhodamine 6G, Fluorescein, Coumarin... dic diém chung
ctia cac moi trudng nay 14 tiét dién phat xa 16n, phd phét xa rong (> 30 nm) va hoat
dong chu yéu & viing budc song nhin thdy. Tuy nhién, cic méi truong nay cé nhugc
diém 1a thoi gian sdng huynh quang ngin (< 10 ns), thong lugng bao hoa thip nén
nang luong dat duoc 1a khong cao. Hon nita, chat mau thudng doc hai cho ngudi sir
dung va méi trudng. Cac moi trudng laser ran (Ti-sapphire, céc tinh thé pha tap ion
dat hiém Nd3*, Er®*,...) c6 dac diém la tiét dién phét xa l6n, théng lwong bao hoa cao,

tuy nhién cac ngudn laser ran cha yéu hoat dong & viing hong ngoai gan.
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Nguén bom va cau hinh bom: ngudn bom cé nhiém vu cung cip ning luong
tir bén ngoai cho méi truedng hoat cht, phan ning luong dwoc hap thu gidp cac tam
hoat chét 1a cac dién tor, phan tir hay ion cia méi trudng hoat chat chuyén tir trang
thai co ban Ién trang thai kich thich va tao ra nghich dao mat d6 do tich liy. Viéc lua
chon ngudn bom s& phu thudc vao cac dic diém cua méi truong hoat chat, phan 16n
cac moi trudng laser dang khi duoc bom bang dién, trong khi d6 cac laser mau dwgc
bom quang hoc bang céc laser khi hoac cac laser ran bién doi tan sé sang ving budc
s6ng UV hoic nhin thdy. C4c laser ran chu yéu dugc bom quang hoc bing dén flash
phét btrc xa phd rong. Tuy nhién, méi truong ran thuong chi hap thu & mot hodc mot
vai budc song cu thé. Do d6, phan 16n ning lugng tir dén flash s& chuyén thanh nhiét,
diéu nay doi hoi cac hé théng 1am mét cho tinh thé ciing nhu han ché hiéu suat chuyén
d6i laser. Pé giam thicéu cac van dé nhiét trong qua trinh bom cho tinh thé, cac nguon
laser diode c6 budc song phat xa phi hop vai phd hap thu ciia méi trudng hoat chat

dang dan dugc thay thé cho den flash.

Trong qué trinh bom cho méi truong khuéch dai, xung laser bom can dugc
ddng bo véi xung laser tin hiéu dé qué trinh khuéch dai dwugc 6n dinh va hiéu suat
chuyén d6i tir nang luong bom sang nang luong laser sau khuéch dai dat duoc 12 16n
nhat. Hon nira, su chong chap giita chum laser tin hiéu va chum laser bom ciing nhu
phan phéi ning luong bom trong méi truong khuéch dai s& ¢d anh huong truc tiép
dén chat lugng khong gian ciia chim laser sau khuéch dai ciing nhu hiéu suat ciia qué
trinh khuéch dai.

() som (b)
¥ Bom
—) - - - -— * - - - -—
Laser tin hi¢u Tinh thé Laser ra Laser tin hiéu Tinh th Laser ra

Hinh 1.3. Cdu hinh bom a). Bom ngang. b). Bom doc [13]

Hinh 1.3 chi ra hai ciu hinh bom co ban cho khuéch dai laser trang thai rin.
V6i cau hinh bom ngang (Hinh 1.3.a), chum laser bom gan nhu vudéng goc véi huéng

cua chim laser tin hiéu. Uu diém chinh cia bom ngang 13 cho phép st dung cac
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ngudn bom c6 do két hop khong gian khong cao nhu cac dén flash, cd thé d& dang
két hop nhiéu ngudén bom va cong suat bom c6 thé dugc phan b déu doc theo mai
truong hoat chat. Do vay, bom ngang thuong duoc sir dung cho khuéch dai cac laser
trang thai ran cong suat cao. Tuy nhién, ciu hinh bom ngang ciing c¢6 nhing han ché
nhu hiéu suat chuyén déi laser khdng cao, chit lugng chum tia khong tdt va co ché
lam mét cho tinh thé phic tap. CAu hinh bom doc duoc chi ra trén Hinh 1.3.b, chum
bom cung véi chum laser tin hiéu sé di doc theo truc quang hoc ctia méi truedng hoat
chat. Cdu hinh nay cho phép dat dugc sy chdng chap tt vé khong gian gitta chim
laser bom va laser tin hiéu gilp ting hiéu suat chuyén ddi laser ciing nhu chat luong
cham laser 16i ra tét hon. Phan 16n cé4c laser trang thai ran duoc bom bang laser di-ot
déu sir dung cau hinh bom doc. Tuy nhién, cu hinh bom doc c6 nhugc diém la chi
cho phép t6i da bom tir hai huéng dan téi han ché tong cong suat bom, hon nita bom

doc khong ap dung dugc cho den flash.

Khuéch dai phat xa tir phat (ASE): 1a qua trinh ma bac xa phat xa tu phét
(thuong la huynh quang) c6 thé duoc khuéch dai 18n mot mic dang ké trong moi
truong khuéch dai. ASE 13 hién twgng khdng mong mudn trong khuéch dai laser, hién
tuwong nay lam giam nghich dao do tich lity, tang tin hiéu nhiéu hoac tham chi dap tit
laser. M6i truong c6 do khuéch dai cao hoidc chiéu dai khuéch dai 16n 1a nhimg diéu
kién thuan loi cho hién tuong phét xa tu phét xay ra, hién tuong nay con co thé duoc

tang cudng khi dugc phan xa bai guong va (hoic) trén bé mat tinh thé khuéch dai.

Phan bo nang lirong cua chum laser sau khuéch dai: sau qué trinh khuéch dai,
phan b nang lugng cua chum laser 16i ra ¢ thé bi bién dang so véi laser tin hiéu,
phan b ning luong cao cuc bo ¢ thé pha hay tinh thé hoic cac hién tuong quang
phi tuyén khong mong mudn. Nguyén nhan pho bién caa hién twong nay 1a nong do
pha tap trong tinh thé khong dng nhat, tinh thé 1an tap chat hoic hiéu wng nhiét trong
tinh thé. Hinh 1.4 1a vi du vé anh huong cua hiéu tng nhiét dén phan bé nang lwong
trong tinh thé khuéch dai. Trong dé, dudng mau do biéu dién phan b nang luong cua
cham laser bom, duong mau xanh lam biéu dién bién dang nhiét bén trong tinh thé
Nd:YAG. Do bién dang nhiét gan tam tinh thé c6 dang parabol dan ti chum laser 16i

ra c6 nhitng quang sai nhat dinh [40, 41].


https://www.rp-photonics.com/solid_state_lasers.html
https://www.rp-photonics.com/solid_state_lasers.html
https://www.rp-photonics.com/high_power_lasers.html
https://www.rp-photonics.com/beam_quality.html
https://www.rp-photonics.com/solid_state_lasers.html
https://www.rp-photonics.com/diode_pumped_lasers.html
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Hinh 1.4. Bién dang cuong do cua chum laser toi (mau do)
va bién dgng nhiét (mau xanh lam) trong tinh thé Nd:YAG [42].

Bién dang xung laser tin hiéu: bién dang xung laser tin hiéu trong qua trinh
khuéch dai 1a hé qua cua khuéch dai bao hoa, hién tuong xay ra khi khuéch dai céc
xung laser cuc ngén, cdng suit cao. Trong quéa trinh khuéch dai, phan trudc cua xung
laser tin hiéu di vao moi truong khuéch dai khi méi truong ¢ nghich dao d6 tich liy
I6n nhat, phan sau ciia xung di vao khi nghich déo d9 tich liiy di suy giam mot phan.
Do d6, ning lwong khuéch dai dugc thém vao phan trude cua xung 1a nhiéu hon so

véi phan sau.

= Xung diu vao
Xung sau Kb

Cwong d% chuin héa
o
=

Thoi gian chuin héa

Hinh 1.5. Si bién dang cia xung laser sau mai lan khuéch dai [43].
Hinh 1.5 cho thdy dang xung laser tin hiéu dau vao va xung laser sau mdi lan

khuéch dai, qué trinh khuéch dai c6 xu huéng wu tién suon trude va dinh xung dich


https://www.rp-photonics.com/yag_lasers.html

11

chuyén theo thoi gian sém hon. DBé han ché hién twong bién dang xung, cac bo khuéch
dai s& hoat dong trong diéu kién tin hiéu nho, cac bo khuéch dai cong suat cao sé
duoc chia thanh nhiéu tang duoc phan lap bai cac chat hap thu bdo hoa nham diéu

chinh dang xung tin hiéu truéc khi di vao tang khuéch dai tiép theo.

Hiéu iing quang hoc phi tuyén: Hiéu ang quang hoc phi tuyén xay ra khi mot
cham birc xa cong suét cao lan truyén trong mai trudng phi tuyén, khi d6 chiét suat
cua vat liéu s ti I¢ thuan vai cuong do dién truong cia chum bac xa téi theo céng
thirc [43]:

n =ny+ n,l. (1.1)

trong d6, | 1a cuong d6 cua buc xa téi (W), n, 1a chiét suat tuyén tinh, n, 1a hé sé
chiét suat phi tuyén (cm?/W hoic esu). Trong khuéch dai laser, cac hiéu ang phi tuyén
nhu tu hoi tu (Kerr lens) va (hoic) tu diéu bién pha (self phase modulation) néu khong
duogc kiém soét cé thé gay pha hay tinh thé hay bién dang laser tin hiéu. Tuy nhién,
hé sb chiét suat phi tuyén 1a rat nho so véi chiét suat tuyén tinh (nhé hon ~10* 1an)
dan dén cac hiéu ng phi tuyén chi say ra khi cham laser kich thich c6 mat do céng

suat rat Ion [43].
1.1.3.  Cdu hinh khuéch dai laser

Viéc lya chon cau hinh ciing nhu cac thanh phan cua bo khuéch dai laser 1a
quan trong, phu thuoc vao yéu cau cong suat laser sau khuéch dai, dic trung caa xung
laser tin hiéu va dic trung ciia moi trudng khuéch dai. V&i cac xung laser ngan ¢& ns
hodc ps, bo khuéch dai nhiéu lan truyén qua (multipass amplifiers), bo khuéch dai
nhiéu tang truyén qua (multi-stage amplifier) hoic bd khuéch dai tai phat
(regenerative amplifiers) thuong dugc st dung.

1.1.3.1.  Hé khuéch dai mét tang truyén qua

Trong cac hé khuéch dai, hé khuéch dai mot tang truyén qua (mét lan truyén
qua) ¢ cau tao don gian nhat, viéc cin chinh hé ciing khong qua phuc tap, hé cé thé
duoc sir dung cho tit ca moi truong khuéceh dai ran, long, khi. Xung laser tin hiéu tur
c4c bo dao dong théng qua mot vai gwong dan chiim s& duoc dua qua tinh thé khuéch
dai. Hé khuéch dai mot tang truyén qua con c6 uu diém 1a cac dic tinh vé phé va thoi

gian cta xung laser tin hiéu gan nhu khong thay doi sau qué trinh khuéch dai. Tuy
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nhién, hé c6 nhuoc diém 1a hé sb khuéch dai thap do khdng téi vu duoc hiéu suat
chuyén ddi laser. Hinh 1.6 1a so do hé khuéch dai Nd:YVO4 mét ting truyén qua duoc
bao c4o bai Mingming Nie, nam 2016. Hé duoc xay dung nhim danh gia cac anh
huong cua laser bom, laser tin hiéu, do chong lap giira xung bom va xung tin hiéu

cling nhu anh huéng cia ndng do pha tap ion Nd3* dén hé sé khuéch dai laser [44].

M2
808 nm HT
1064 nm HR

I P

Nd: \,V().;

M4 M3
=70 mm
106dnm _ _ — — —
4 2N )
seed | l d 1
1 . i ‘ .
T ' PBS Ml 808 nm LD
————————— o S 1064 nm HR

Hinh 1.6. So do hé khuéch dai mét tang truyén qua Nd:YVO4 [44].

1.1.3.2.  Hé khuéch dai nhiéu tang truyén qua

Hé khuéch dai nhiéu tang truyén qua thuong dugc xir dung dé phét trién cac
hé laser ran cong suat cao. V& cau tao, hé khuéch dai nhiéu tang cé thé xem nhu gdm
nhiéu bo khuéch dai mot lan truyén qua ghép ndi tiép. Poi véi cac he khuéch dai

nhiéu tang truyén qua, wu diém cua hé la:

- Mai tang (giai doan) c6 thé diéu chinh riéng biét dé dat dugc do khuéch dai
t6t nhat, viéc phan chia ning lwong bom, tinh toan tiét dién ving bom cho
mdi tang dugc ti uu, xung tin hidéu & mdi tang dé dang duoc khao sét.
- Hiéu tuong khuéch dai phat xa tu phat cd thé dugc han ché hoic loai trur
bang cac tam phin loc dat gitra cac tang.
Tuy nhién, hé khuéch dai nhiéu tang truyén qua c6 nhuoc diém 1a kich thuée
hé 16n can dung dén nhiéu yéu té quang hoc dé thiét Iap va hiéu suat khuéch dai khdng
cao [13, 14]. Hinh 1.7 1a hé khuéch dai cac xung laser ¢ budc séng 1064 nm st dung

tinh thé Nd:YVO4 dugc béo céo bai Yutao Huang nam 2019 [45]. Hé khuéch dai gom
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bdn tang truyén qua, trong d6 tang khuéch dai dau tién 12 tién khuéch dai, ba tang

khuéch dai tiép theo la khuéch dai cong suit.

. m .
e hia — — 0 1A
Leser im b 55 ud, 450 ps, —0 g0
1064 nm, | kHz
BE1
nwr Vit TP
P
Pre-amplifier — g 45 mJ
a1 . |
:
o 1 CBEl e
!_ _ gy W W j‘l.‘i:r_‘ J ) 118 ml
Ting

44.9ml

7
N
i

Laser sau KP

40,5 md, 532 nm,
1 klz, 60Mps

Hinh 1.7. So do hé khuéch dai nhiéu tang truyén qua Nd:YVO4 [45].

1.1.3.3.  Hé khuéch dqi tai phat

Heé khuéch dai tai phat dugc cau tao gom méi truong khuéch dai 6 thoi gian
lwu trit nang luong dai (thoi gian séng huynh quang ~ 10%s) duoc dat trong BCH
quang hoc. Xung laser tin hiéu s& duoc diéu khién di qua méi truong khuéch dai nhiéu
lan. Sau mét s6 chu trinh nhit dinh dugc xac dinh bai thoi gian luu trir nang lwong
hay thoi gian xung tin hiéu dat trang thai bdo hoa, xung tin hiéu dugc diéu khién ra
khoi BCH bang cong tic quang la té bao quang dién va bo phan cuc. Hé khuéch dai
tai phat c6 wu diém 1a cho hé sé khuéch dai lon, hién twong khuéch dai phat xa tu
phat duoc giam thiéu va hiéu suat chuyén doi nang lugng cao do sy chong chap tét
vé khong gian giira chim laser bom va chim laser tin hiéu

Hinh 1.8 1a so d6 hé khuéch dai tai phat duoc nhém nghién ctu tai dai hoc
Paris-Sud, Phap st dung khuéch dai cac xung laser femto gidy Yb:SrF,. Tinh thé
khuéch dai duoc dat trong mot BCH quang hoc tao béi hai gwong phang M: va M
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phan xa todn phan tai budc song laser. Laser tin hiéu di vao BCH nho tim phan cuc,
té bao quang dién Pockels dong vai trd nhu mot khéa diéu chinh hudng phan cuc cua

xung va d6 pham chit cua BCH (Q-switch budng cong hudng) [46].

Laser sau khuéch dai M4

Laser tin hiéu M3

TFP N2

M1

@_ Laser diode
16 W @ 980 nm
@=200pm

50 mm tnplets

Yb:SrF

Hinh 1.8. So do hé khuéch dai tai phat Yb:SrF, [46].

1.1.3.4. Hé khuéch dai nhiéu lan truyén qua
Khuéch dai nhiéu lan truyén qua thuong duoc st dung dé phat trién cac hé
laser ran cong suat cao do méi trudng laser ran thuong ¢ thoi gian song huynh quang
dai va thong lugng bdo hoa 16n. So d6 co ban cua mot bo khuéch dai bon lan truyén
qua duoc chi ra trén Hinh 1.9. Uu diém cua bo khuéch dai nhiéu lan truyén qua la
xung laser tin hiéu dugc dua qua mdi truong khuéch dai nhiéu lan, do dé tbi wu dugc
qua trinh chuyén d6i nang luong bom thanh nang luong laser sau khuéch dai. Xung
laser tin hiéu trong mdi 1an khuéch dai c6 thé duoc hiéu chinh doc Iap. Hon nita, bo
khuéch dai nhiéu 1an truyén qua con c6 cac wu diém nhu hé sé khuéch dai 16n, chom
laser sau khuéch dai c6 d6 6n dinh cao. Viéc thiét ké hé khuéch dai nhiéu lan truyén
qua ciing can cha y:
- Thoi gian tré giita cac lan truyén qua twong &ng voi thoi gian hoi phuc cua
moi trudng va sb 1an truyén qua duoc xac dinh bang ty sb gitra thoi gian
bom véi thoi gian hdi phuc ciia méi truong [13, 14].
- Pé ting chiéu dai khuéch dai hiéu dung thi goc giira chum laser tin hiéu va
chum laser bom trong tinh thé duoc hiéu chinh nho nhit trong mdi lan
khuéch dai [13, 14].
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Laser ra

Tinh thé khuéch dai

Bom Bom

Laser tin hiéu

Hinh 1.9. So dé hé khuéch dai nhiéu lan truyen qua [47].
Mot sé cau hinh khac cua hé khuéch dai nhiéu lan truyén qua cling da duoc
phét trién (Hinh 1.10). Trong cac ciu hinh nay, méi truong khuéch dai duoc dat gitta
hai guong cau dong tiéu dong vai trd nhu moét BCH do d6 giam thiéu dugc s thiét bi

linh kién quang hoc sir dung ciing nhur dé dang hiéu chinh hé [48, 49].

Guong ciu Guong ciu Guong ciu Guwong ciu

dong tiéu Tinh thé /T ding tiéu dong tiéu dbng tién
——— khlléc]](]z'li- ==
S = S ——— = . —— = ‘1

Guong ph::mg

Hinh 1.10. So d@6 hé khuéch dai nhiéu lan truyén qua
st dung cac gwong cau dong tiéu [48, 49].

1.1.4.  Phwong trinh Franz-Nodvik cé dién
Trong khuéch dai laser, 4p dung phuong trinh Franz-Nodvik dugc dé xuat nim
1963 1a mot phurong phap hiéu qua dé xac dinh ning luong laser sau khuéch dai theo
nang lugng laser tin hiéu va do khuéch dai ban dau [50].
Gia sir xung laser tin hiéu ngan hon nhiéu so véi xung bom va thoi gian song
huynh quang, khi ¢ anh huéng cua qua trinh phét xa tu phat va qué trinh bom co thé
bo qua. Nghich dao d¢ tich liy duoc xem 1a dong nhat trong méi truong khuéeh dai

va duoc xac dinh bang cong thuc [14]:
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on
= _ 1.2
5t oéncod . (1.2)

trong d6: n 12 nghich dao tich liy, & 1a hé sé suy giam d tich liy (inversion reduction
factor), ¢ mat &6 photon (photon/cmd), o 1a tiét dién phéat xa (cm?), ¢ 1a van téc anh
sang (cm/s).

Gia sir mdi truong khuéch dai ¢ chiéu dai hiéu dung 1a 1, vi tri chum tin hiéu
bat dau di vao moi trudng khuéch dai 1a x = 0, khi d6 mat d6 photon theo thoi gian

khi xung laser tin hiéu lan truyén qua méi treong khuéeh dai 1 [14]:
99 _ _9%¢ 1.3
cnog . c (1.3)

Bang viéc giai phuong trinh (1.2) va (1.3), Frantz va Nodvik da biéu dién qué

trinh khuéch dai xung laser tin hiéu thong qua phuong trinh:

¢((;; 2 = {1 — [1 — exp(—onx)] exp [—60¢Oc (t — ;)]}_1 (1.4)

trong do, t, thoi gian xung laser tin hiéu (s), ¢, 1a mat d6 photon ban dau, tai thoi

diém ban dau t = 0 xem nhu mat d6 phan b photon 1a dong déu trong méi trudng.

Khi d6, hé s6 khuéch dai ning luong duoc xac dinh tai vi tri x=I 1a [14]:
G=— "¢ t)dt. (1.5)
¢0tp —00 ) .

Thé phuong trinh (1.4) vao phuong trinh (1.5) va ly tich phan ta duogc:

_ 1
cdaoty

In{1 + [exp(§a¢pot,c) — 1]e™t}. (1.6)

Dé don gian, cac phuong trinh trén duoc biéu dién bang mat do nang luong
(nang luong trén mot don vi dién tich). Khi do, thong lugng laser tin hiéu la:
Ein = cot,hv. a.7)

Thong luong bdo hoa Es duoc xac dinh bang biéu thic:

st
Es =55 = 5a0" (1.8)

trong do, J;; = hvn 1a nang luong tich trir trén moi don vi dién tich & trang thai kich
thich; g, = no 1a hé s6 khuéch dai tin hiéu nho. Dbi vai méi truang khuéeh dai hoat

dong theo bon mitc nang luong, hé s6 § = 1 va nang luong tich trix khi d6 1a:
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]st = gOEs- (19)
Goi E,,; 12 nang luong laser sau khuéch dai, khi d6 hiéu suét trich xuat ning
luong (1) la ti Ié giita ning lwong trich xuat va nang luong du trir & muc kich thich

tai thoi diém xung tin hiéu di qua va duoc xéac dinh bang:

Eout—Ein
ng = =2, (1.10)

9olEs

Thay Phuong trinh (1.7), (1.8) vao Phuong trinh (1.6) ta duoc [14]:
G = E1n {1 + [exp (&) — 1] GO}. (1.11)
Ein Es
trong d0, G, = exp(g,l) 1a d6 khuéch dai ban dau
Phuong trinh (1.11) cho biét méi quan hé giira d6 khuéch dai G, ning luong
xung dau vao Ein, ning lugng béo hoa Es. Phuong trinh (1.11) dugc &p dung cho ca
hai ché do khuéch dai tin hiéu nho va ché do khuéch dai bao hoa.
Truong hop niang lugng tin hiéu dau vao 1a nho sao cho Ein/Es << 1 hoac
Go Ein/Es << 1, phuong trinh (1.11) ¢6 thé duoc rat gon thanh:
G =Gy, = exp(gol). (1.12)
Trong trudng hop khéng cé hiéu tng bdo hoa, hé sé khuéch dai tin hiéu nho
13 ham mii phu thudc chiéu dai méi truong khuéch dai. Tuy nhién, diéu nay chi cho
phép chiéu dai tinh thé tang 1én dén mot gia tri ma tai d6 nang luong laser GoEin Nho
hon so v&i nang lugng béo hoa Es:
Trong truong hop khuéch dai bdo hoa, Ei/Es >> 1, hé s khuéch dai dugc xac

dinh theo cong thuc :
G =1+ (=) gol. (1.13)

Phuong trinh (1.13) cho thay hé sé khuéch dai ting tuyén tinh véi chiéu dai
ctia mdi truong khuéch dai, khi d6 tit ca cac dién tr & trang thai kich thich déu phét
Xa va dong gép vao qua trinh khuéch dai. Trong truong hop nay, nang luong tich trir
duoc chuyén ddi thanh ning lwong chim laser khuéch dai hiéu qua nhat do d6 céc bo
khuéch dai céng sut thuong duoc thiét ké hoat dong trong diéu kién béo hoa.

Phuong trinh (1.11) ¢6 thé duoc viét lai nham thuan tién cho viéc tinh toan

nang lugng laser sau khuéch dai theo cong thuc [14]:
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E,, = E.In {1 + [exp (%) - 1] exp(gol)}. (1.14)

Véi hé khuéch dai gdm nhiéu tang hozc nhiéu lan truyén qua, phuong trinh
khuéch dai dugc ap dung lién tiép, xung laser sau khuéch dai s& 12 xung tin hiéu cho
lan khuéch dai tiép theo. Khi d6, ning luong dau ra E’,,,, tir bo khuéch dai dugc xéac

dinh theo cbng thtrc:
Eyu: = EsIn {1 + [exp (E;—?) — 1] exp(g(’)l)}. (1.16)

Sau mdi lan khuéch dai, nang luong chum laser s& tang 1én dong thoi hé s6
khuéch dai s& giam do mot phan ning luong tich trir dugc str dung cho lan khéch dai

trudc do, hé sé khuéch dai 1an tiép theo duge xac dinh bang:

9o = (1 = 1) go- (1.17)
Hiéu suat trich suat nang lugng cua bo khuéch dai nhiéu lan truyén qua khi d6

sé dugc xac dinh theo cong thuc:
771,5 = (Elout — Ein)/golEs. (1.18)

Str dung phuong trinh Franz-Nodvik c6 dién 1a cach hiéu qua dé xac dinh ning
luong 16i ra theo niang lwong dau vao cua cac bo khuéch dai laser. Tuy nhién, phuong
trinh nay ciing c6 nhitng han ché nhu chi biu dién cac dai lugng & trang théi ding
ma bo qua su phu thudc cua cac yéu té nghich dao do tich lity, tbe d6 bom ciing nhu
su bién thién ciia xung bom vao thdi gian. Hon nita, phuong trinh chi 4p dung cho
khuéch dai xung tin hiéu don sic va khéng biéu dién duoc cac hiéu wng phd trong
qua trinh khuéch dai xung laser bang rong. Do vdy, mot sb phuong trinh Franz-
Nodvik mé& rong ciing da dugc phét trién dé khic phuc cac nhuge diém trén [51-54].
1.2.  Téng quan vé mdi truong laser Ce:LiCAF

1.2.1. Moi trwong fluoride pha tgp ion Cerium

Maoi treong Fluoride pha tap ion Cerium da dugc chieng minh la hi¢u qua trong
viéc phat truc tiép cac buc xa laser trong viing UV. Viéc phat btc xa laser UV cua
cac moi truong nay dua trén dich chuyén 5d — 4f cua ion Cerium héa tri ba trong nén
Fluoride. So d6 cac muic nang luong va cac chuyén doi quang hoc caa cua ion Ce3*
duoc chi ratrén Hinh 1.11. Tai mc nang dudi 4f do twong tac spin — quy, nang luong

bi phan tach thanh hai mirc 2F72 va *Fs;2 véi khoang cach gitra hai muac la 2253 cm™,
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Murc nang luong kich thich 5d ciing bi phan chia do tuong tac spin — quy dao thanh
cac muc 2Day2 Va 2Dsy2 lan luot nam tai 49737 cm va 52226 cm™. Hon nita, twong tac
manh giira 16p dién tir 5d va cau tric mang tinh thé dan dén phd huynh quang cua cac
moi truong Ce:Fluoride mo rong tai hang chuc nm. Bén canh do, khoang cach nang
lwong giita cac muc laser trén va murc laser dudi cua ion Ce3* trong nén fluoride khé
I6n (tir 20000 cm® d&én 30000 cm™) dan t6i xac suit dich chuyén khong buc xa da
phonon 12 thap va hiéu suat luong tir cao (>90%). Tuy nhién, méi truong Ce:Fluoride
cling c6 nhuge diém 13 hap thu manh & trang thai kich thich (ESA) ddi véi bic xa tai
budc song huynh quang hoic buéc song bom. Day 1a nguyén nhan dan téi hinh thanh
cac tdm mau tam thoi hodc vinh vién, gy mat mat quang hoc tham chi dap tat hoat
dong laser. Do @6, viéc lya chon cac nén ran phi hop dé giam thiéu ti da hién twong

ESA va ting kha nang khuéch dai ciia méi truong 1a can thiét [20-24].

dg
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Hinh 1.11. So d6 cdu tric mie ndng lwong va chuyén doi quang hoc
cua ion Ce3*trong nén Fluoride [24].
Pén nay, ngudi ta da phat trién thanh cong sau méi truong tinh thé Ce:Fluoride

phét truc tiép buc xa tir ngoai trén mot dai phd rong gdom: Ce3*:LiSrAlFs (280-320
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nm); Ce3*:LiCaAlFs (280-320 nm); Ce3*:LuLiF4 (300-340 nm) va Ce3*:YLiF4 (300-
340 nm); Ce®*:LaFsva Ce®*:LuFs (275-315 nm) [24, 25, 35].

1.2.2. Cadc ddc trung ciia moi trwong Ce:LiCAF

Cho dén nay, tinh thé Ce:LiCAF c6 thé duoc nudi bang cac ki thuat 1a Micro
pulling down, Czochralski va Bridgman, cau tric cua tinh thé Ce:LiCAF la dang
Colquiriite va thuoc nhém khéng gian P31c véi hing sé mang a = 4,996 A, ¢ = 9,636
A va dién truong bén trong tinh thé song song vai truc quang hoc ¢. Khi chua pha tap,
LiCAF la tinh thé don truc vai sau nguyén ti flo (F") bao quanh mét nguyén tir lithium
(Li*), canxi (Ca%*) hoac nhdm (AI**), mdi ion Li*, Ca2* va AI** chiém mat vi tri bat
dién. Cau triic nay ciing dugc mo ta bang cach xép chong cac 16p nguyén ta kim loai

va flo song song vai truc ¢, Hinh 1.12 [20,35].
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Hinh 1.12. Cdu tric mang tinh thé cia chat nén LiCAF [20].

Doi voi moi trudng Ce:LiCAF ciing nhu cac méi trudng Ce:Flouride khéc,
hién twong hap thu & trang thai kich thich (ESA) duoc dic biét quan tim do anh huong
cua chung dén hiéu suat laser. Cac nghién ciru thuc nghiém cho thay, hién tuong ESA
ctia moi truong Ce:LiICAF 1a nho so véi cac moi truong Flouride khac, dan dén hiéu
suit luong tir cua laser Ce:LiCAF cao hon, 18n téi trén 90%. Bén canh d6, mdi trudng
laser Ce:LiCAF nay con cé nhitng wu diém ni bat so véi cac méi truong Ce:Fluoride
khac nhu:



21

Dinh phd hip thu tai budc séng 266 nm (Hinh 1.13), phu hop véi viéc bom
quang hoc bang hoa ba bac bén cua cac laser thwong mai Nd:YAG [24, 55].
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Hinh 1.13. Phé hdp thu va phét xa ciia méi trwong Ce:LiCAF [55].

Tiét dién phat xa 1on (~7,5x1018 cm?) nén hiéu suat laser cao ciing nhu
ngudng phat laser thap [22-24].

Pho phét xa rong 40 nm tir 280 nm dén 320 nm (Hinh 1.8). Do d6, méi truong
nay duoc (ng dung nhiéu trong viéc phét trién cac nguon laser UV toan ran
diéu chinh budc séng. Vi phd phat xa rong, méi trudng ciing cho phép phét
trién cac ngudn laser UV phat xung cuc ngan, theo ly thuyét méi trudng co
thé phat cac xung laser ngin xuéng tgi 3 fs [24, 55].

Thoi gian séng huynh quang ciia ion Ce3* ¢ trang thai kich thich ¢& 30 ns,
phU hop dé phat trién cac hé khuéch dai laser nhiéu lan truyén qua [22-24].

Mat do ning luong bédo hoa Ién ¢ 115 mJ/cm? va ngudng pha huy cao 5
Jlcm?, do d6 tinh thé Ce:LiCAF phu hop dé phat trién cac ngudn laser UV
cong suat cao [24]. Hon nita, viéc nghién ctiu chiét sut phi tuyén cua vat liéu
nén Fluoride cho thiy méi trudng LICAF c6 chiét suat phi tuyén nho nhit
(Hinh 1.14). Do d6 vé6i cling mot chum laser céng suat cao lan truyén trong
cac vat liéu nén Flouride thi vat liéu Ce:LiCAF s& c6 hiéu &ng phi tuyén nho
nhat va s& 1a méi truong phd hop hon cho cac ang dung laser cong suat cao,

xung cuc ngan [40].
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Hinh 1.14. Chiét sudt phi tuyén cua céc vdt lidu Fluoride
trong vung budc song tu ngoai [40].
1.2.3. Hé laser tiz ngogi dura trén tinh thé Ce:LiCAF
Véi nhitng wu diém vuot troi nhu trén, moi trudng Ce:LiICAF da duoc lya chon
cho viéc phat trién cac ngudn laser UV bang hep, laser UV xung ngan, va laser UV

cdng suat cao.
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Ce:LICAFG ™1 2160 ooy s 2
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Hinh 1.15. a) Hé laser Ce:LiCAF diéu chinh buéc séng si: dung tam etalon.
b) Viing diéu chinh buéc song véi [31].
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Nam 2015, mot hé laser UV Ce:LiCAF phét buc xa bing hep va diéu chinh
budc song di duoc Barbara Wellmann phat trién tai Pai hoc Macquarie, Uc (Hinh
1.15.a). Vi viéc st dung tim etalon dit trong BCH, cac btrc xa UV thu dugc ¢ ning
luong c& mW, do rong phd xudng téi 14 pm va diéu chinh duoc lién tuc budc song
tir 284,5 nm dén 298 nm (Hinh 1.15.b) [31].Hé laser UV Ce:LiCAF diéu chinh budéc
s6ng str dung yéu té tan sic 1a lang kinh dit trong BCH ciing da duogc Viktor A.
Fromzel (Trung tam nghién citu NASA Langley, M¥) phat trién, cham laser 16i ra c6

d6 rong phd ¢& 0,2 nm véi vang diéu chinh rong 34 nm tir 281 dén 315 nm [32].

Viéc phat trién ngudn laser UV xung ngin st dung tinh thé Ce:LiCAF ciing
da dugc chung minh. Nam 2021, bang ki thuit khéa mode BCH, hé laser UV
Ce:LiCAF phat truc tiép xung UV 100 fs da duoc phat trién boi Adam Sharp (Pai
hoc Macquarie, Uc) [26]. Hon nita, moi truong tinh thé Ce:LiCAF ciing di duoc
chang minh 1a hiéu qua trong viéc khuéch dai truc tiép cac xung laser UV fs véi cac

cau hinh khuéch dai nhiéu Ian truyén qua [37] va cau hinh bom ddng nhat [16].

Laser tin hiéu
13 mJ @ 290 nm

Chum bom 1 Chum bom 3

182 mJ V) 75 mdJ
' y“ /
Chitea bom 4 Ce:LiCAF
. om ) T
“GI(I]‘ o3 Laser ra 1X2x2cm? Chum bom 4
98 mJ @ 290 nm 65 mJ

Hinh 1.16. So d6 hé khuéch dai laser Ce:LiCAF nang hrong cao
hai lan truyén qua [36].

Nhin chung, cac nguon laser UV Ce:LiCAF phat bic xa bang hep hay xung
ngin thudng cé niang luong thap dudi ngudng cua nhiéu wng dung. Do do, viéc
khuéch dai vé mit ning luong cac ngudn laser nay la can thiét. Mot hé khuéch dai
nang lugng cao Ce:LiCAF hai lan truyén qua da dugc Shingo Ono (Pai hoc Tohoku,
Nhat Ban) phat trién, so d6 cau tao cua hé dugc chi ra trén Hinh 1.16 [36]. Trong cau
hinh nay, tinh thé khuéch dai Ce:LiCAF c6 kich thudc 10x20x20 mm, dugc bom hai
dau bang bén cham laser vai tong niang lwong 380 mJ tai budc séng 266 nm. Xung
laser tin hiéu c6 nang lugng 15 mJ tai budc séng 290 nm sau hai lan khuéch dai c6
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nang luong 12 98 mJ, twong tng véi hé sé khuéch dai 1a 6,5 va hiéu suat khuéch dai
13 25% [36].
1.3.  Ung dung cua laser tir ngoai

Trai qua sau thap ky phét trién, laser n6i chung va laser UV néi riéng gan lién
vé6i nhiéu thanh tu khoa hoc mang tinh dot phé ¢ cac linh vuc khéac nhau. Trong gia
cdng vat liéu vi co khi, laser 1a thiét bi duy nhat giGp ché tao ra cac chip dién tir voi
tién trinh xubng téi 7 nm. Trong y hoc, dao mé laser ¢ kha ning hoat dong 6n dinh,
d6 chinh xac cao, vét mé vé tring va khong chay mau. Trong nghién ctiu méi truong,
laser chinh la nhan té quan trong thuc day sy phat trién caa khoa hoc nghién ctu khi
quyén do c6 kha ning thuc hién cac phép do xa dua trén cac hién tuong tan xa, hap
thu, Doppler va giao thoa [56-60]. Mot s6 wng dung cu thé caa laser UV trong gia
cong vat lidu va nghién ciru moi truong duoc trinh bay trinh trong phan tiép theo.

1.3.1. Ung dung trong gia cong vat liéu, vi co khi

Véi sy phat trién nhanh chong caa nganh cong nghiép dién tir, xu huéng cac
san pham cng nghé da chic nang trong mot kich thudc nhé gon ngay cang phat trién,
diéu nay dat ra nhitng yéu cau ngay cang cao trong linh vuc co khi ché tao. Trong
nhitng nim gan day, nhitng tién bo va ang dung cua laser UV trong cong nghiép co
khi ché tao da va dang thu hut duoc nhiéu su quan tam. Cac nguon laser UV cho phép
xtr ly cac cau tric phic tap trén hau hét moi vat liéu véi d6 chinh xac cao, toe do lap
lai 16n va hiéu tng nhiét nho. Hinh 1.17 1a két qua gia cong vat liéu cua laser Nd: YAG
O budc song 355 nm trén cac vat liéu nhya (Hinh 1.17.a-d) va trén kim cuong (Hinh
1.17.¢) [59].

(@)

Hinh 1.17. Laser UV khdc trén céc vt liéu (a). Nhua PI (b). Nhya epoxy (c). Nhia
PI két hop nhya epoxy (d). Nhua acrylic két hop nheea PI. (e). Kim cuong [59].
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Khi so sanh vai cac thiét bi gia cong vat liéu sir dung laser trong viing budc song
kha kién va viing hong ngoai, thiét bi gia cong dia trén laser UV ¢6 uu diém la gia
cong chinh xac hon do kich thude chum laser UV c6 thé hoi tu nhé hon. Hon nita, laser
UV véi niang lugng photon cao c6 thé truc tiép pha va céc lién két hda hoc caa vat liu
(qué trinh quang héa) 1am cho vat liéu trong ving chiéu xa bbc hoi ma khong giy ra

c4c hiéu tng nhiét dang ké I&n cac vung lan can (Hinh 1.18).

E 2
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, |
Manh vyn (cic chatbi laser lam tan ||
/ chay hay bay hei dinh vao bé miit) o /Vl‘mg anh hwéng nhiét
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B ]
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IR laser UV laser

Hinh 1.18. So sanh vét cdt cua laser hong ngoai va tir ngoai [59].

Céc nguon laser UV dugc (ng dung trong gia cong vt lidu vi co khi chi yéu 1a
cac laser excimer dién hinh 1a Ar, (126 nm) ArF (193 nm), KrF (248 nm), XeCl (308
nm),... Uu diém cua cac nguon laser nay 1a do 6n dinh cao, cong suat 16n, budc song
cd thé xudng téi ving tir ngoai sdu dy ciing 13 cac ngudn laser UV dau tién duoc Gng
dung trong gia cong vat liéu. Hién nay, mot sé ngudn laser bién doi tan so tir cac laser
phat trong viing budc song dai hon nhu laser toan ran Nd:YAG, Ti:sapphire hoic cac
ngudn laser ban dan phat truc tiép bizc xa UV nhu ZnO, GaN véi uu diém nho gon, do
6n dinh cao ciing dwoc tng dung phd bién trong gia cong vat liéu [56].

1.3.2. Ung dung trong nghién citu méi truong

O nhiém khi quyén khdng chi gy ra cac tac dong tiéu cuc dén sirc khoe con
nguoi, doi song dong thuc vat, ma con 1a nguyén nhan chinh gay bién d6i khi hau
theo chiéu huéng tiéu cuc trén toan cau hién nay. Do do, viéc nghién ctru danh gia

khi quyén nham dua ra cac bién phap phi hop cai thién chat luong khi quyén 1a muc
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tiéu dang duoc quan tam hién nay. Bang 1.2 chi ra cac dic diém vé ving phé hap thy,
cac dich chuyén quang hoc caa mét sé khi trong khi quyén. Két qua cho thay, nhiéu
chat khi 6 nhidm c6 ving phé hip thu nam trong ving budc séng UV nhu NO, NO»,
NHa, Os... Do d6, cac hé Lidar dwa trén laser UV da duoc phét trién cho céc nghién
ctu khi quyén [10, 61, 62].

Bang 1.2. VVing quang phd hap thu cua mét sé chat khi trong khi quyén [10].

Phin ti Buocsong  Tiét dién hip thu  Dich chuyén
(nm) x 10 cm?
SO, 200-230 65 c!By — XA,
200-310 5.7 A'B; — X'A,
340-390 a®Bg — XAy

CS, 320-340 0.4
NO 200-230 24 A%Et — X710,
NO, 330-500 2.5 A’B; «— X2A,
NOs 600670 200
NH; 200-230 180 AlAg «— XA,
HNO, 330-380 5.1
O3 300-330 0.1 C«— XAy
CH:20 300-360 0.48 AlAg — XA
CHOCHO 400-480 A'A, - XA,
ClO 260-300 35 X231~ A
BrO 300-360 104 X211 — A
10 400-470 170 X211« A
Benzene 240-270 21.9 A'By, «— X'Aq,
Toluene 250-280 12.8
Xylene 250-280 2.1/6.6/20.3
(o/m/p)
Phenol 260-290 198
Cresol 250-280 20.1/31.8/87.2
(o/m/p)
Benzaldehyde 280-290 44

Hé Lidar hap thy vi sai siz dung laser Ce:LiCAF nghién cizu khi quyén.

Niam 2017, mot hé Lidar dwa trén laser UV Ce:LiCAF khao sat khi ozone tang
thap da duoc phat trién tai trung tam nghién citu NASA Langley, M§. So d6 hé laser
duoc chi ra trén Hinh 1.19. Hé str dung nguén kich thich la laser UV Ce:LiCAF c6
nang luong 0,2 mJ tan s6 lap lai 500 Hz, do rong pho 1a 0,2 nm va ving diéu chinh

budc song rong 34 nm tir 281 nm dén 315 nm, duoc chi ra trén Hinh 1.20.a.
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Hinh 1.19. H¢ laser ti ngogi Ce:LiCAF #ng dung cho Lidar
nghién cizu khi quyén [32]
Hé Lidar ciing da duoc sir dung dé khao sat nong do khi ozone tai mot s6 thanh
phd & M§. Hinh 1.20.b 12 két qua do duogc thuc hién vao ngay 31 thang 1 nam 2014
tai Langley- M§. Két qua cho thay, hé Lidar c6 kha nang khao sat ozone tir mat dat
1én dén do cao 5 km véi do phan giai thoi gian 12 5 phit va 6 phan giai khdng gian
I3 450 m [32].

Ozonesonde / LMOL lidar comparison for 2014-01-31
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Hinh 1.20. a) Viing diéu chinh buéc séng cua laser Ce:LiCAF
va b). Két qua do cua hé Lidar ngay 31 thang 1 nam 2014 tai Langley, My [32].
Nghién cizu dong hoc cua cac hat sol khi
Viéc tim hiéu vé sy phét trién, dic biét trong giai doan ban dau cua cac hat sol
khi 1a can thiét, nhim nang cao kha ning du doan anh huéng cua sol khi dén con
ngudi, dong thuc vat ciing nhu dua ra duoc c4c giai phap phu hop nhim giam luong

phéat thai [61-63]. Tuy nhién, viéc nghién ciru dong hoc cua cac hat sol khi co6 kich
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thudc nho luén la mot thach thac véi cac nha nghién ciru. Nam 2020, mot nhdm
nghién ciu tai dai hoc Vienna, Uc da phat trién mot thiét bi nghién cau dong hoc cua
cac hat sol khi dya trén cudng d6 tan xa goéc. So dd cau tao cua thiét bi dugc chi ra
trén Hinh 1.21 [63].

* _ 632 nm

b ) Chan chum
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Hinh 1.21.a). So' dé minh hoa 2D va b). 3D cua thiét bj do

cuong do tan xa Mie theo goc [63].

CAu tao chinh cua thiét bi do cuong do tan xa Mie theo géc gdm hai ngudn
laser kich thich doc lap phat bic xa & budc séng 337 nm va 632 nm. Thiét bi ciling
bao gom cé&c cam bién do tin hiéu tan xa duoc dat 1éch goc 30° so véi chum laser. Cac
bo loc duoc dat trudge cac cam bién nham dam bao cam bién hoat dong trong viing
budc song 337 nm khong nhan dugc tin hiéu tir laser phat buc xa 632 nm va nguoc
lai. Thiét bi sir dung su gidn nd doan nhiét dé gay ra hién tuong siéu bao hoa va thic
day su phét trién caa hat nuée. Tin hiéu tan xa tir cac hat nuéc sau khi bi kich thich
boi hai nguon laser s& duoc thu nhan dong thoi va so sanh vai cac két qua md phong

theo ly thuyét Mie.

Két qua khao sat duoc chi ra trén Hinh 1.22 cho thiy su twong dong vé qué
trinh phét trién cua cac hat sol khi theo thoi gian khi dugc nghién cau bang buc xa
laser UV 337 nm hoic bang bic xa laser 632 nm. Tuy nhién, viéc sir dung bic xa
laser UV kich thich gitp quan sat duoc sy phét trién cua cac hat sol khi rd hon véi do

phan giai gap hai lan so véi viéc sir dung bic xa laser 632 nm [63].
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Hinh 1.22. Cuong dé tan xa theo thoi gian cua cac hat sol khi [63].
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KET LUAN CHUONG 1

Trong chuong 1, tong quan vé van dé khuéch dai laser nhu nguyén Iy khuéch
dai, cac van dé vat ly va cac cau hinh khuéch dai laser da duoc trinh bay. Qua d6 thay
rang, cau hinh khuéch dai nhiéu Ian truyén qua 1a phi hop dé phat trién cac hé khuéch
dai cong suit cao sir dung méi trudng laser toan ran. Cau hinh nay cho hé sé khuéch
dai cao, chat lugng chim tét véi co cau hiéu chinh don gian. Do dé, cau hinh khuéch
dai nhiéu lan truyén qua s& duoc tng dung cho phét trién céc hé laser UV cong suat
cao trong cac nghién ctu & cac chuong tiép theo.

Phuong trinh khuéch dai Franz-Nodvik c¢6 dién ciing da duoc trinh bay, viéc
4p dung phuong trinh ndy 14 mot phuong phap hiéu qua dé nghién ciu qua trinh
khuéch dai cua cac xung laser don sac. Tuy nhién, phuong trinh ¢ dién nay khdng
cho phép khao sét qua trinh khuéch dai cua cac xung laser tin hiéu bang rong. Do vay
mot phuong trinh Franz-Nodvik mé rong da duoc xay dung dya trén phuong trinh ¢6
dién, phuong trinh mé rong nay cho phép khao sat sy khuéch dai trén toan mién pho
laser tin hiéu va sé duoc trinh bay trong chuong 2.

Chuong 1 ciing d3 trinh bay tong quan vé méi trudng Ce:LiCAF qua d6 thay
rang, moi trudng nay cé nhiéu wu diém dé phat trién cac nguon laser UV ciing nhu
phU hop cho viéc phat trién cac hé khuéch dai laser UV nhiéu lan truyén qua. Tuy
nhién, cac nghién ciu khuéch dai laser UV sir dung tinh thé Ce:LiCAF méi chi tap
trung vao thuc nghiém va quan tim dén niang luong laser 16i ra sau khuéch dai. Bén
nay, viéc nghién ctru twong minh cac qua trinh dong hoc dac biét 1a dong hoc phd
trong khuéch dai cac xung laser bang rong st dung tinh thé Ce:LiCAF van chua duoc
thue hién. Do vay, viéc nghién cau ddng thoi dong hoc khuéch dai va phat trién thuc
nghiém hé khuéch dai cac xung laser UV sir dung tinh thé Ce:LiCAF s& duoc nghién

ctu lan luot trong chuong 2 va chuong 3.
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CHUONG 2

PONG HQC PHO KHUECH DAl CAC XUNG LASER TU NGOAI
SU DUNG TINH THE Ce:LiCAF

Chuong 2 trinh bay cac két qua nghién ciu dong hoc phd cho bo khuéch dai
cac xung laser UV sir dung tinh thé Ce:LiCAF. Bang viéc giai phuong trinh Franz-
Nodvik mé rong, sy anh huong cua cdng suat laser bom va cac thong sé caa laser tin
hiéu nhu: c¢6ng suat, phé... 1&n dic trung cua laser sau tdm lan khuéch dai s& duoc

nghién cuu teong minh [64, 65].
2.1. Cau hinh hé khuéch dai nhiéu lan truyén qua sir dung tinh thé Ce:LiCAF

Trong thuc nghi€ém viéc thiét ké s lan truyén qua cua hé khuéch dai s& phu
thudc vao nhiéu yéu td nhu linh kién quang hoc ctia phong thi nghiém, méi trudng

khuéch dai ciing nhu cac dic trung quang hoc ciia xung laser bom va laser tin hiéu.

Laser tin hiéu

1 R,, R :
E 5 Ry, 10 14 Rys Ry, R o X :
iLaser bom 2 8 4
. Th&ukinh 1 1o
i LN Ce:LiCAF \ng 4 :
: 11 R15 13 E

Hinh 2.1. Cau hinh hé khuéch dai cac xung laser UV nhiéu lan truyén qua
sir dung tinh thé Ce:LiCAF.

Trong nghién ctru dong hoc nay, dé xem xét tudng minh duoc cac hiéu tng
phd ciing nhu qué trinh khuéch dai céng suat cua xung laser tin hiéu, mot hé khuéch
dai laser UV Ce:LiCAF tam lan truyén qua da duoc thiét ké, cau hinh caa hé duoc
chi ra trén Hinh 2.1. C4u tao chinh ctia hé khuéch dai bao gom tinh thé Ce:LiCAF va
ngudn bom. Tinh thé Ce:LiCAF duoc cit goc Brewster (54°) c6 kich thudc 5x5x8 mm,
ndng do pha tap 1% mol duoc str dung 1am méi trudng khuéceh dai. Tinh thé duoc bom

bang hoa ba bac bén cua laser Nd:YAG ¢ budc séng 266 nm, tan sé 1ap lai 10 Hz va
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d6 rong xung 1a 7 ns. Dé ting mat d6 cdng suit bom, chim laser bom trude khi dén
tinh thé duoc hoi tu bang mot thau kinh hoi tu, duong kinh vét chim bom trén bé mit
tinh thé 1a 2 mm. Cac guong phang tir R1 dén Ris c6 hé sb phan xa cao (trén 95%)

trong ving budc song tir 280 nm dén 320 nm duoc st dung dé dan chum laser tin higu.

Laser tin hiéu (laser tién khuéch dai) tir bd phat dao dong duoc dan qua bo
chuén tryc chim duogc ciu tao tir mot thiu phan ky va mot thau kinh hoi tu tiéu cu
ngrfln, chum laser tin hiéu sau khi chuan truc c6 duong kinh 1 mm. Laser tin hi¢u sau Khi
phén xa trén guong dan R; s& ti tinh thé khuéch dai Ce:LiCAF (khuéch dai lan thir
nhat), chum laser sau khuéch dai 1an thir nhat s& phan xa trén hai guong dan Rz, Rz va
trd thanh laser tin hiéu cho 1an khuéch dai thi hai. Tuong tu, xung laser sau khuéch dai
lan thir hai s& tro thanh laser tin hiéu cho lan khuéch dai th ba.... Sau tdm lan khuéch
dai, chum laser 16i ra phan xa trén guong din Ris va duoc thu nhan. Véi do rong xung
bom 7 ns tuong Gng v6i quang trinh ~2,1 m, hé khuéch dai duogc thiét ké v6i tam lan
truyén qua trong mot xung bom. Laser bom va quang trinh ctia mdi 1an khuéch dai s&
anh huong dén su hoi phuc clia moi truong. Gia sir quang trinh ciia 1an khuéch dai thir
hai 12 6 cm khi d6 d6 tré giita lan khuéch dai th hai so véi 1an khuéch dai thi nhat 13 0,2
ns. Tuong tu, d0 tré thoi gian gitta cac 1an khuéch dai tiép theo duoc xac dinh theo ciu
hinh ctia hé khuéch dai 12.0,2; 0,3; 0,3, 0,4: 0,4: 0,5 ns. Do mdi truong Ce:LiCAF c6 hiéu
suat lwong tir cao nén moi truong duoc xem nhu hdi phuc hoan toan gitra cac 1an khuéch
dai khi cong suat bom cao hon vai 1an cong suat bom bio hoa va do tré giita cac lan
khuéch dai nhu trén. Bén canh d6 nhitng phan xa tir bé mat tinh thé va phan xa khong
hoan toan trén cac bé mat guong dan téi cong suat chim laser mat mét khoang 15%
trong mét 1an khuéch dai.

Trong khuéch dai laser, su chdng chap giira laser bom va laser tin hiéu (chiéu
dai khuéch dai hiéu dung) s& anh huang 16n dén hiéu suat cua qué trinh khuéch dai.
Véi cau hinh khuéch dai nhiéu lan truyén qua duogc chi ra trén Hinh 2.1, chiéu dai
khuéch dai hiéu dung 1a I6n nhat trong hai 1an khuéch dai dau tién khi ma gdc hop
béi chim laser bom va chum laser tin hiéu la nhé nhat. Chiéu dai khuéch dai hiéu
dung nay s& giam xudng trong nhitng lan khuéch dai ké tiép khi ma gdc giira chim
laser bom va laser tin hiéu bi mé rong. Chiéu dai khuéch dai hiéu dung c6 thé duoc

xac dinh theo cong thtrc [66]:

P =121 - atan (2)] “2G) @)

1—tan(?)
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trong d6 | chiéu dai tinh thé, a duong kinh chum bom va ¥ gdc giira chum laser bom
va chum tin hiéu trong cac 1an khuéch dai. Tir so @ thiét ké duoc chi ra trén Hinh
2.1, goc léch gitra chum laser bom va chum laser tin hiéu trong tim 1an khuéch dai

lan luot 12 39, 3°, 69, 62, 10°, 10°, 15°, 159, 20°, 20°.
2.2. M0 hinh Iy thuyét cho khuéch dai laser

Thong thuong trong khuéch dai laser, phuong trinh Franz-Nodvik dugc sir
dung dé danh gia sy phu thudc cua ning luong laser sau khuéch dai vao ning luong
laser tin hiéu. So d6 khéi biéu dién qua trinh khuéch dai cac xung laser sir dung
phuong trinh Franz-Nodvik ¢6 dién duoc chi ra trén Hinh 2.2.a. Trong d6, thong
luong laser sau khuéch dai Ji s& duoc xéac dinh theo thong luong laser tin hiéu Ji1 va
d6 khuéch dai ban dau gi-1. Sau mdi lan khuéch dai, mot phan ning lugng laser tich
trit & trang théi kich thich 4J s& chuyén thanh niang luong laser sau khuéch dai dong
thoi do khuéch dai ban dau va nang luong tich trir ¢ trang thai kich thich s& giam
duoc cap nhat lai. Do hé s6 khuéch dai ban dau khdng biéu dién theo budc séng dan
t6i phuong trinh ¢6 dién nay chi cho phép biéu dién qué trinh khuéch dai vé mit nang
lugng cua cac xung laser don sac. Tuy nhién trong khuéch dai laser tin hiéu bing
rong, viéc mé phong khong chi yéu cau xac dinh duoc ning lugng ma con phai biéu
dién duoc cac dic trung pho laser sau khuéch dai, van dé nay phuong trinh Franz-
Nodvik cé dién khdng thuc hién duoc [54].

Moi trwong

khuéch dai
(a). _ Jstor, i-1 Ji
Jia i1 gi ~ AJi

Moi treong
khuech dai

Ji
Bi ~ AJi

(b). Ji1 | =9 Bir | =

Hinh 2.2. So do khoi khuéeh dai laser theo phwong trinh (a). Frantz-Nodvik ¢é dién
va (b). Frantz-Nodvik mo rong [54].
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Do vay, Peter Kroetz va cong su (Vién nghién cau Max-Planck, Puc) da dé
Xuit phuong trinh Frantz-Nodvik mé rong, phuong trinh nay dinh nghia mot dai
lwong mai 1a hé sé nghich dao d6 tich lity 8, hé sb nay ti Ié thuan véi sé ion & trang
thai kich thich va duogc xac dinh bing [39, 41, 54]:

n

B== (2.1)
trong do, n, 1a s6 ion & trang théi kich thich, N 1a téng s6 ion tham gia vao qua trinh
khuéch dai. Bang viéc dinh nghia hé sé nghich dao db tich liiy B, cac phuong trinh
nang lugng cia phuong trinh Frantz-Nodvik ¢ dién duoc chuyén ddi thanh céc
phuong trinh thong luong phd qua dé biéu dién duoc dic trung vé pho laser sau moi
lan khuéch dai. So do khdi biéu dién qua trinh khuéch dai laser theo phwong trinh
Frantz-Nodvik mo rong duoc chi ra trén Hinh 2.1.b, khi xung laser tin hi¢u di qua
moi truong khuéch dai, mot phan nang luong tich trit & trang thai kich thich s& chuyén
thanh niang luong laser sau khuéch dai dong thoi hé s6 nghich dao tich lity 8 s& giam

va duogc cap nhat sau mdi lan khuéch dai [54].

Thong qua hé sé nghich dao do tich lity B, tiét dién khuéch dai & budc song
laser tin hoac tiét dién hap thu & bude song laser bom cé thé duoc xac dinh theo cong
thac [50]:

O_g,i—l(’l) = ﬂi(o—em(l) + O_abs(l)) — Oaps(A). (2.2)

trong do, o, la tiét dién khuéch dai hoac hép thu, o,,, 1a tiét dién phat xa, o, 12 tiét
dién hap thu. Khi laser tin hiéu di qua méi trudng khuéeh dai, hé sé khuéch dai mot

lan truyén qua duoc xac dinh bang cong thie [54]:
Gi—1(4) = exp(ag;-1(A)NL). (2.3)

Nhu vay, diém khac biét giita phuong trinh Frantz-Nodvik mé rong so véi
phuong trinh ¢6 dién 13 hé s6 khuéch dai ban ddu ciing nhu thong luong laser sau
khuéch dai c6 thé duogc biéu dién theo budc séng théng qua viée xac dinh duoc hé sb
nghich dao d¢ tich lay .

Thong luong laser 16i ra J; s& ting 1én hodc giam xudng phu thudc vao moi
truong hoat chit 1a moi truong khuéch dai hodc hap thy, thong luong 16i ra s& duoc

lien hé voi thong lwong dau vao J;_; (1) theo cong thirc [54]:
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Ji®) = Jsae DTMIn |1+ Gy (exp2E = 1)) (2.4)

trong d6, T 12 hé s6 truyén trong mét lan khuéch dai (ti 1é ning lwong con lai sau khi
trir di nhitng mat mat trong qua trinh khuéch dai).
Thong luong bao hoa dugc xac dinh bang [54]:

hc
A(CemD)+ogps (/1))

Jsat W = (25)

Hé s6 nghich dao do tich lily B duoc cap nhat sau mdi lan khuéch dai va duoc
xé4c dinh bang [54]:

| [A<%—1i_1(/1)>]da

hclN

Bi = Bi-1 — (2.6)

Khi tinh dén ca mat mat do phat xa ty phét, nghich déo d tich liy s& giam

theo thoi gian va dugc xac dinh bang [54]:

* At
Bi = Biexp(——). (2.7)
trong d6, T 1a thoi gian séng huynh quang va A¢ 1a thoi gian cua mdi lat cit.

Qua trinh hiéu chinh hé s6 B do phat xa ty phat ¢ thé dugc bo qua khi xung
bom ngin hon dang ké so vai thoi gian séng cua dién tir ¢ trang théi kich thich. Céc
phuong trinh tir (2.1) dén (2.5) s& md ta qué trinh khuéch dai hoac hap thy mot lan
truyén qua. Hé s nghich dao d6 tich liy duoc xac dinh theo cong thic (2.6), hé sb
nay thé tang hodc giam phu thudc vao qua trinh d6 1a hap thu hay khuéch dai.

Qua trinh md phong khuéch dai xung laser mot 1an truyén qua bang phuong
trinh Franz-Nodvik mé rong dugc mo hinh hoa va chi ra trén Hinh 2.3. Qua trinh mo

phong gém ba budc:

(1) Thong lugng laser tin hiéu dau vao duoc chia thanh nhiing lat cat theo
nhitng khoang thoi gian bang nhau At.

(2) Céc lat cat nay lién tuc di qua moi truong khuéch dai, hé sé B duoc cap
nhat sau mdi lat cat di qua.

(3) Thong luong laser 16i ra 1a tong cua cac thong lwong thanh phan sau

qué trinh khuéch dai.
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Laser tin hi¢u

=3
%1 @ At At At
g Jj1 :> Bies] [Dieal ~ [Bpaeal
t
Thei gian l l l
@ Bj-1,i=1 = Bj-1ie2 = = Bjjien 5 )
| | | Laser sau khuéch dai
I !
@ o
Jii=1 Jijza | o | Jjien | —— E Jj
) © >
Z Thoi gian t

Hinh 2.3. M6 phdng qua trinh khuéch dai laser tin hiéu
mgét lan truyén qua [54].

Viéc md phong khuéch dai cac xung laser duoc thuc hién bang pham mém
Matlab, so d6 khéi va cac thong s6 dau vao ciia md phong duoc chi ra trén Hinh 2.4.a.
Doi véi hé khuéch dai nhiéu lan truyén qua, xung laser tin hiéu sé di nhiéu lan qua
mét thé tich khuéch dai trong thoi gian caa mot xung bom. Xung laser 16i ra cua lan
khuéch dai trude bi suy hao mét phan do mat mat tuyén tinh sé& 1a tin hiéu cho lan
khuéch dai tiép theo [54].

Céc thdng sb dau vao caa mod phong bao gom:

- Laser bom va laser tin hi€u: budc song, thong luong, do rong phé va do

rong xung.

- Moi truong khuéch dai: tiét dién phat xa o,,,(1) va tiét dién hap thu
045 (1) ciia mdi truong khuéeh dai theo bude song, chiéu dai khuéch dai,
thoi gian séng huynh quang.

- Hé sé khuéch dai ban dau B,. Tuy nhién, viéc lya chon hé s khuéch dai
ban dau B, khdng qué quan trong do sau mét vai chu trinh bom hé s6
khuéch dai ban dau B, s& hoi tu vé mot gia tri.

- Hé s6 truyén T hay 1a ti 1& nang luong laser con lai sau khi trir di cac mat
mét tuyén tinh do phan xa khong hoan toan trén cc mat guong va phan
Xa trén bé mat tinh thé trong mot lan truyén.

Laser tin hiéu dau vao s& dugc chia thanh céc 14t cit vai cling khoang thoi gian

nhu nhau. Hinh 2.4.b mé ta qua trinh mé phong khuéch dai cua mat lat cat. Cac lat
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ct s& lan luot dugc dua vao moi truong khuéeh dai, théng lwong sau khuéch dai coa

mdi lat cat dugc xac dinh bang phuong trinh (2.4), trong khi d6 phuong trinh (2.6) va

(2.7) s& cap nhat hé sé B sau khi mdi 14t cit di qua.

(@)
Nghich dao d¢ tich lay
ban dau f3,
Théng s6 dau vao Tampl(A) Tammpi(A)
GailA), Oei(A) n.T, 1 A A
Bom Khuéch dai k lin Bom Khuéch dai k lin
.lpulllp(/b M Jiu(/ﬂt] qump()b) r { Jin( /:,)
[JJ\uupl
NNN
’,/ ~~~~~
Pid ~~~~
g ) ‘ Saao
(b) _” Moé phéng khuéch dai lan k S el

Khuéch dai lat cat thir i

_IPTQ6) |,
B.a PT (2.7) B

Diéu kién
ban diu Jesee— PT (2.4) )
Bo=Ban Két qua
Bin J =)o/ True Bow= B Bin= Bou
J N Jin= Jou
o . . - False || >
i=0 | i=i+l > isn Jou=Y) -

Hinh 2.4. So do khoi cho quéa trinh mé phong khuéch dai xung laser [54].
2.3. Théng sé sir dung trong md phéng
2.3.1. Thong sé ciia linh kién va thiét bi quang

Cac thdng sb st dung trong md phong khuéch dai céc xung laser UV sir dung
tinh thé Ce:LiCAF duoc lay tir cac linh kién, thiét bi hién c6 tai phong thi nghiém
Quang tir - Vién Vat ly va dugc trinh bay chi tiét trong Bang 2.1. Céc gia tri vé théng
luong bdo hoa ctia moi treong dugc tinh toan theo cong thirc (2.5) ¢ budce song dinh
phd hap thu va dinh pho phat xa caa méi truong Ce:LiCAF. Pi véi cac budc song
nam hai bén sudn cua dinh phd hip thu va phat xa, thong lwong bdo hoa sé& ¢ gia tri

I6n hon. M6 phong sé& dugc thuc hién véi sb 1at cat caa mdi xung laser tin hiéu 1a 50
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lat cit. Bén canh d6, xung laser tin hiéu s& dén tré hon xung bom mét khoang thoi
gian du dé méi truong khuéch dai dat trang thai bo hoa va tam lan khuéch dai s&

dién ra trong thoi gian cia mot xung bom.

Bang 2.1. Céc thong sb linh kién va thiét bi sir dung trong mé phong.

Tinh thé khuéch dai Ce:LiCAF [34, 67]

Kich thuée tinh thé
Néng dé pha tap ion Ce®*
Thoi gian song hupnh quang

5x5x8 mm
1 mol %, 5x10Y" cm-3
30 ns

1,1 W/cm?
1,2 W/cm?
7,5x1018 cm?
0,1x1018 cm?

Thong lvong bdo hoa tai budc song 266 nm
Thong lvong bdo hoa tai bucc song 288,5 nm
Tiét dién hd'p thu tai buéc song 266 nm

Tiét dién phat xa tai budc song 266 nm

Tiét dién hap thu tai buéc song 288,5 nm 0,4x10718 cm?

Tiét dién phat xa tai budc song 288,5 nm 9,8x1018 cm?
Laser bom

Buoc song 266 nm

D6 réng phé (FWHM) 0,1 nm

Do rong xung, t 7ns

Duong kinh chum 2 mm
Hé s6 truyén trong mot 1an khuéch dai 0,85

30, 3% 6° 69 10° 10°
15°, 159, 20°, 20°

Goc gitra chum laser bom va laser tin hi¢u cho céc
lan khuéch dai tir 1 dén 8

2.3.2. Tiét dién khuéch dai va hap thu ciia méi truwong Ce:LiCAF

Tiét dien hap thu hoac khuéch dai cia méi truong Ce:LiCAF trong qué trinh
khuéch dai s& phu thudc vao hé sé B hay chinh 1a phu thudc vao sé ion Ce3* & trang
thai kich thich. Trong truong hop méi treong Ce:LiCAF dugc bom bdo hoa tai budc
s6ng 266 nm, sb ion Ce®* nam & trang théi kich thich khi d6 1a 16n nhat va tiét dién
khuéch dai 1a Ion nhat. Hé s nghich dao d tich lily 8 trong trudng hop nay duoc
xéc dinh bang [51]:

Oabs
(Gem + Tans)

P66 = = 98,5%.
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Truong hop trang thai kich thich cia méi truong Ce:LiCAF bi suy giam hoan
toan do phat xa tai dinh phd 288,5 nm thi s6 ion Ce3* & trang thai co ban 1a 16n nhat
va tiét dién hap thu ctia méi truong Ce:LiCAF trong diéu kién nay 1a 16n nhat. Khi
d6, hé s6 nghich dao do tich lily tai budc song 288,5 nm duoc xac dinh la Pagss =
4,5%. Nhu vay trong qua trinh bom va (hoic) khuéch dai, hé sé B ctia méi trudng
Ce:LiCAF sg lién tuc thay doi nhung luon nam trong khoang 4,5 < 8 < 98,5.

8 X10_22 1 ) 1 L) 1 L]

Khuéch dai

|
N

IS

>

Tiét dién khuéch dai hoiic hip thu (m?)
o

_8 1 L L L 1 1
260 270 280 290 300 310 320 330

Buwéc song (nm)

Hinh 2.5. Tiét dién khuéch dai hodc hap thu cia méi truong Ce:LICAF
o cac gia tri § khac nhau.

Bang viéc sir dung cong thac (2.2), tiét dién hap thu va khuéch dai cua moi
trrong Ce:LiCAF theo budc song ¢ cac gia tri f khac nhau da duoc xac dinh va chi
ra trén Hinh 2.5. V&i gia tri B 14 4,5%, tiét dién co gia tri tri 4m (duwong mau xanh) s&
dic trung cho kha ning hap thy, trong khi d6 véi gia tri B 1a 98,5%, tiét dién co gia
tri duwong (dwdng mau do) s& dic trung cho kha niang khuéch dai cia méi truong
Ce:LiCAF theo tirng budc song.

2.4. Pong hoc khuéch dai xung laser tir ngoai sir dung tinh thé Ce:LiCAF

Pé nghién ctiru cac qua trinh dong hoc cua bd khuéch dai xung laser UV
Ce:LiCAF, phuong trinh Frantz-Nodvik mo rong da duoc giai bang phan mém

Matlab véi cac théng sb dau vao duoc chi ra trén Bang 2.1.
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2.4.1. Swthay doi ciia nghich ddo dp tich liiy trong qud trinh bom va khuéch dai

Hé s6 nghich dao d6 tich liy B ti 18 thuan véi sé ion & trang thai kich thich, hé
s6 nay ciing cho biét kha ning khuéch dai trude khi xung laser tin hiéu dén moi trudng
khuéch dai. Trong trudng hop chua c6 laser bom, gia sir hé s6 nghich dao do tich liy
trong moi truong khuéch dai bang khdng, hé sé nghich dao do tich liy s& ting khi
moi truong khuéeh dai duge bom. Dé danh gia anh hudng cong suit laser bom 16n hé
s6 nghich dao d tich lity, phwong trinh Frantz-Nodvik mé rong duoc giai véi cong
suit laser bom lan luot nhan céc gia tri Ppump= 40, 80, 120, 160, 200 mW tuong (ng

bang ~ 1, 2, 3, 4, 5 lan cdng suat bao hoa tai budc song laser bom.

100

S 8ot
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i
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< —40 mW

< 40 —8omw " 7

E, —120 mW ‘\

® 5 160 mW \ .
—200 mW \\
= Xung bom N

O L 'l ~ S
0 5 10 15 20

Thoi gian (ns)

Hinh 2.6. Anh hirong cua cong sudt laser bom Ién
hé sé nghich ddo dé tich Liy
Két qua duoc chi ra trén Hinh 2.6, véi cong suat laser bom khac nhau thi qué
trinh thay d6i cua hé sé nghich dao dé tich lity trong méi treong khuéch dai 13 khéc
nhau. Cong suat bom cang 16n thi hé s6 nghich dao do tich liiy cang nhanh dat dén
trang thai bdo hoa. Tuy nhién trong diéu kién thuc té, cong suat laser bom khong thé
tang mot cach tiy y. Hon nita, viéc tang cong suat laser bom cé thé dan t6i ting higu
ing phét xa tu phét gay bat loi cho qué trinh khuéch dai. Bén canh d6 dé tang hiéu

suit khuéch dai, xung laser tin hiéu can dén méi trudng khuéch dai tré hon xung laser
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bom Mot khoang thoi gian da dé mai truong khuéch dai dat dén trang thai bao hoa.
Véi cong suat bom khoang la 200 mW thi can khoang thoi gian 5 ns dé mai trudng
khuéch dai dat dén trang thai bdo hoa, trong khi d6 véi cdng suat bom 40 mW thi

phai cudi xung bom méi trudng khuéch dai méi dat dén trang théi bao hoa.

100
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Hinh 2.7. &) Nghich dao dé tich liiy sau méi lan khuéch dai. b). Hé s6 nghich dio
do tich lity trong tirng lan khuéch dai Pin=102 mW
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Qua trinh khuéch dai xay ra khi laser tin hiéu di qua méi truong khuéch dai,
mét phan ning lwong tich trir & trang théi kich thich s& duoc trich xuat va thém vao
laser tin hiéu. Nhu vay, cing véi qué trinh khuéch dai nang luong laser tin hiéu thi
d6 tich lily ¢ trang thai kich thich cua méi trudng khuéch dai s& giam xudng sau moi
lan khuéch dai. Bé danh gia duoc sy bién thién cua hé s6 nghich dao db tich liy theo
ting 1an khuéch dai, xung laser tin hiéu c6 cong suét Pin=102va 10 mW duoc dua
t6i méi truong khuéeh dai khi méi truong dang o trang thai bom bio hoa, su suy giam
cua hé s nghich dao do tich lily sau mdi lan khuéch dai dwoc chi ra trén Hinh 2.7.(a).
Do tin hiéu dau vao nho 102 mW, hé sé nghich dao d6 tich lity suy giam khong dang
ké trong ba lan khuéch dai dau tién, & 1an khuéch dai tha tu va tha nam sy suy giam
cua hé sb nay dién ra rd rét hon khi nang luong laser tin hiéu du 16n. O nhitng lan
khuéch dai cudi, nghich dao d tich liiy gan nhu suy giam hoan toan, twong tng véi
nang luong tich trir & trang thai kich thich gan nhu can kiét. Trong khi d6 véi laser
tin hiéu ¢ cong suat manh hon 10 mW, su suy giam ning luong tich trix ¢ trang thai

kich thich dién ra r rét ngay tir nhitng lan khuéch dai dau tién.

Chi tiét vé sy thay d6i cua hé s6 nghich dao do tich liiy khi xung laser tin hiéu
di qua moi truong khuéch dai dwoc chi ra trén Hinh 2.7.(b). Trudc khi xung laser tin
hiéu dén méi truong khuéch dai lan dau tién, moi trudng dang & trang thai bdo hoa
bom, trong khi d6 gitra cac lan khuéch dai, moi trudng duge xem nhu hoi phuc hoan
toan. Nhu vay hé s6 nghich dao d6 tich liiy trudc mdi lan khuéch dai 12 98,5%. Xung
laser tin hiéu dau vao s& duogc chia thanh 50 lat cat voi khoang thoi gian mdi lat cat
bang nhau, khi cac lat cat di qua mai truong khuéch dai, d6 tich liy trong moi truong
s& giam theo sb luong céc lat ct. O ba lan khuéch dai dau khi laser tin hiéu la nho va
nghich dao d¢ tich lity trong moi truong la 16n, su suy giam nghich dao d6 tich iy
gan nhu tuyén tinh theo s6 It cit duoc khuéch dai. Trong khi d6 & cac lan khuéch
dai tiép theo khi xung laser tin hiéu du 16n, nghich dao d¢ tich lity s& suy giam nhanh

khi céc lat cit dau duoc khuéch dai va s& cham dan & céc lat cit tiép sau.
2.4.2. Anh hwong ciia cOng sudt laser bom Ién cong sudt laser sau khuéch dai

Pé danh gia anh huong ciia cong suat laser bom 1én cong suat laser sau khuéch

dai, phuong trinh Frantz-Nodvik mé rong duoc giai véi thong sé cua laser tin hiéu
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duogc gitr khong ddi, trong khi d6 laser bom nhan cac gia tri cong suat khac nhau.
Théng sb chi tiét cua laser tin hiéu va laser bom nhu sau:

- Laser tin hiéu c6 dang Gauss do rong xung 3 ns, céng suat 1a 1 mW tuong
tng véi mat do cong suat 1a 0,02 W/cm?, nho hon nhiéu so véi mat do
cdng suit bdo hoa tai budc song 288,5 nm. Laser tin hiéu c6 do rong phd
1a 1,0 nm va dinh ph tai buéc song 288,5 nm.

- Laser bom tai budc s6ng 266 nm c6 cdng suat lan lugt nhan céc gia tri 120
mW, 160 mW, 240 mW twong ng bang 3, 4 va 6 1an mat do cong suat

bom bao hoa.
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Hinh 2.8. Anh huréng cua cdng sudt bom Ién céng sudt laser sau khuéch dai
Pin=1 mW, Ppump: 120, 160, 200 mW.

Két qua khao sat anh huong cia laser bom 1én cong suat laser 16i ra dugc chi
ra trén Hinh 2.8. Trong trueong hop cdng suit laser tin hiéu dua vao bo khuéch dai la
nho va céng suét laser bom cao hon bon 1an so véi cong suat bom bao hoa, bo khuéch
dai s& hoat dong & ché d6 tuyén tinh, cong suit laser 16i ra ting sau mdi lan khuéch
dai. Vai cling cong suat laser tin hiéu 1 mW, céng suat laser sau tim lan khuéch dai
12 54 mW, 60 mW, 62 mW tuong tng véi ¢ong suat laser bom lan lwot 12 120 mW,
160 mW va 240 mW. Nhu vay, cong suit laser sau tdm lan khuéch dai s& ting khi

cong suat laser bom ting, nguyén nhan do cong suat laser bom ting thi d6 khuéch dai



44

ctia méi trudng ciing ting dan t6i cdng sut laser sau khuéch dai ting. Tuy nhién, su
thay doi cua cong suat laser sau khuéch dai khi tinh thé dugc bom & cong suat 160
mW va 240 mW la khong dang ké. Do do, cong suét laser bom duoc lwa chon & muc
160 mW & céc nghién ctu tiép.

2.4.3. Anh hwéng ciia cdng sudt laser tin higu 1én cong sudt laser sau khuéch dai

Pé danh gia anh huong cua céng suat laser tin hiéu 1én cong suat laser sau
khuéch dai, md phong duoc thuc hién véi théng sb caa laser bom & budc song 266
nm, c¢6ng suat 160 mW duoc giir khong d6i. Trong khi dé, laser tin hiéu c6 dinh phd
& budc song 288,5 nm, do rong pho 1,0 nm va cong suat trung binh lan Iuot nhan cac
gia tri 102 mW, 1 mW va 30 mW.

Két qua md phong dugc chi ra trén Hinh 2.9.(a) cho thiy, trong trudng hop tin
hiéu yéu 102 mW hoac 1 mW (cdng suat nhé hon nhiéu so vai cdng suat bdo hoa tai
budc séng 288,5 nm) qué trinh khuéch dai 1a tuyén tinh, cong suét laser ting sau mdi
lan khuéch dai. Cong suat laser tin higu 1a 102 mW va 1 mW sé& twong ung Véi cong
suat laser sau tdm lan khuéch dai lan lugt 12 42 mW (hé s6 khuéch dai 1a 4200) va 62
mW (hé s6 khuéch dai 12 62). Trong trudong hop xung laser tin hiéu c6 cong suat 30
mW (~ 0,8 1an cong suat b&o hoa tai budc séng 288,5 nm), qué trinh khuéch dai khdng
con 14 tuyén tinh, sau 4 1an khuéch dai méi truong gan nhu trong sudt va cong suét

cham laser gan nhu khong doi trong céc lan khuéch tiép theo.

Hé sé khuéch dai chi tiét cho tung Ian truyén qua duoc chi ra trén Hinh 2.9.(b).
Véi xung tin hiéu c6 cong suat 1a 30 mW hé s6 khuéch dai sau mdi lan truyén qua la
1,4:1,3:1,2;1,1;1,0;1,0; 1,0 ; 1,0. Trong khi d6 v&i xung tin hiéu 1 mW, hé sé khuéch
dai trong tam lan truyén qua lan luot 14 5.5; 3,2; 2,0; 1,8; 1,6; 1,5; 1,4; 1,3. Nhu vay, hé
s6 khuéch dai c6 xu huéng giam khi cong suat chim laser tin hiéu ting va khuéch dai
laser chi hiéu qua trong mot vai lan khuéch dai dau khi cong suat chum laser 16i ra
chua dat dén trang thai bdo hoa. Nguyén nhan do chim laser tin hidu nho chi gay suy
giam mot phan nang luong tich trir & trang thai kich thich, trong khi dé véi xung laser
tin hiéu c6 nang lugng du 16n s€ gay suy giam toan bd nang luong tich trir & trang
thai kich thich dan téi qué trinh khuéch dai tiép theo s& khong con hiéu qua. Két qua
nay la c6 ¥ nghia, cho phép thiét ké cac hé khuéch dai phu hop nham khai théc tbi da

hiéu suat caa bo khuéch dai.
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Hinh 2.9. Anh hirong cia cong suat laser tin hiéu 1én a). Cong sudt laser sau
khuéch dai va b). Hé sé khuéceh dai. Pin=102mW, 1 mW, 30 mW.

2.4.4. Anh hweng ciia bwgc song laser tin higu 1én cong sudt laser sau khuéch dai

Moi trudng tinh thé Ce:LiCAF da dugc chirng minh 1a hiéu qua trong viéc
phét cac birc xa laser UV, bing hep va diéu chinh budc song trén dai pho rong tir 281-

315 nm. Do d6, anh huéng caa bude séng laser tin hiéu 1&n cong suat laser sau khuéch
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dai cling d3 duoc khao st véi cac thong sb cua laser bom va laser tin hiéu nhu sau:

- Laser bom c6 cong suat 160 mW ¢ budc song 266 nm duoc gitr khong doi
trong qué trinh mo phong.

- Laser tin hiéu c6 dang Gauss, do rong xung 3 ns va cong suat trung binh Ia
1 mW. Laser tin hiéu c6 cting d6 rong phd 1a 1,0 nm nhung dinh phd ¢ cac
budc song khac nhau 288,5 nm, 295 nm, 300 nm, 310 nm va 312 nm,

70 T T i
288,5 nm
60 F W=295,0 nm Sy
~9-300,0 nm
50 | =-312,0 nm
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r
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Hinh 2.10. Anh hwréng cua buréc song laser tin higu 18n cong sudat
laser sau khuéch dai, Pin=1 mW, 1=288,5, 295, 300 va 312 nm.

Két qua khao sat dugc chi ra trén Hinh 2.10 cho thay, cong suat laser sau tam
lan khuéch dai 16n nhét 12 62 mW tai buéc song 288,5 nm twong (ng véi hé sé khuéch
dai 62. Cong suat laser sau khuéch dai tai bugc s6ng 312 nm la bé nhat, 24 mW tuong
g véi hé sé khuéch dai 1a 24. Cong suat laser sau khuéch dai tai budc song laser tin
hiéu 295 nm va 300 nm lan luot 14 52 mW (hé sb khuéch dai 52) va 32 mW (hé sb
khuéch dai 32).
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Bang 2.2. Cong suit laser sau khuéch dai va hé s khuéch dai

& cac buadc song laser tin hiéu khac nhau.

Buwéc song laser  Tiét dién khuéch ~ Cong suét laser Heé s6
tin hiéu (nm) dai (x1022 m?) sau Kb (mW) khuéch dai
288,5 5,8 62 62
295,0 4,0 52 52
300,0 2,2 32 32
312,0 1,8 24 24

Nhu vay, budc séng laser tin hiéu cang gan dinh phat xa cua mdi truong
Ce:LiCAF thi cong suat laser sau khuéch dai cang 16n. Nguyén nhan do buéc song
laser tin hiéu cang gan dinh phét xa caa méi truong Ce:LiCAF thi tiét dién khuéch
dai (Hinh 2.5) cang 16n, chi tiét vé tiét dién khuéch dai ciing nhu cdng suat va hé sb
khuéch dai theo budc song laser tin hiéu dugc chi ra trén Bang 3.2.

2.45. Anh hwong ciia dg réng phé laser tin hiéu 18n phé laser sau khuéch dai

Mot trong nhiing uru diém cua phuong trinh Franz-Nodvik ma rong 1a khao sat
dugc toan mién pho laser tin hiéu do d6 cho phép khao sat duoc cac hiéu ang pho
trong qua trinh khuéch dai laser. Bé danh gia hiéu ang pho trong qua trinh khuéch

dai cac thong s dua vao mé phong nhu sau:

- Laser bom nhu cong suét trung binh 160 mW & budc séng 266 nm dugc
giit khong doi.
- Laser tin hiéu bang rong ¢ do6 rong pho 1a 10 nm, dinh pho tai budc

s6ng 288,5 nm va cong suat trung binh 13 1 mW.

Két qua khao séat dugc chi ra trén Hinh 2.11.(a) cho thay, laser sau mdi lan
khuéch dai ¢ cuong d6 phd ting 1én nhung dinh phd van giir khong doi tai budc song
288,5 nm. Do rong pho laser sau mdi lan khuéch dai da bi thu hep lai, phé laser tin
hiéu rong 10 nm sau tam 1an khuéch dai da bi thu hep vé 3,5 nm, Hinh 2.11.(b). Biéu
nay duoc giai thich do tiét dién khuéch dai tai dinh pho 288,5 nm Ién hon so véi hai
bén suon phd do d6 phan nang lugng khuéch dai duoc thém vao dinh phd 1a 16n hon

S0 V&i hai bén suon pho.
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Dé khao sat duoc anh hudng cua do rong phd laser tin hiéu 1én phé laser sau
khuéch dai, md phong dugc thuc hién véi laser tin hiéu co dinh phé & buéc song
288,5 nm, nhung d6 rong phd s& nhan ca gia tri khac nhau lan luot 1a 1 nm, 3 nm, 5
nm, 7 nm va 10 nm. Két qua khao sat duoc chi ra trén Hinh 2.12 cho thay, phé laser
tin hiéu cang rong thi hiéu @ng thu hep phd trong qué trinh khuéch dai cang thé hién
rd. Sau tam lan khuéch dai, phé laser tin hiéu c6 d6 rong lan luot 1a 10 nm, 7 nm va
5 nm da thu hep con 3,5 nm, 3,3 nm va 3,0 nm. Tuy nhién, véi do rong pho laser tin

hiéu nhé hon 3 nm thi hiéu &ng thu hep vach phé gan nhu khdng danh ké.
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Hinh 2.12. Phé laser sau ting lan khuéch dai,
4=288,5 nm, FWHM=1 nm, 3 nm, 5nm, 7 nm, 10 nm.

2.4.6. Dich dinh phé laser tin hiéu trong quéa trinh khuéch dgi

Laser tin hiéu c6 budc séng nam trong ving 280 — 320 nm ¢6 thé thu duoc tir
viéc bién ddi tan sé cac laser mau phat trong vung budc song nhin thay hoic laser
toan ran pha tap ion Titanium phét trong viing hdng ngoai. Do dé, dinh phé cua laser
tin hiéu c6 thé khdng trung véi dinh phd phat xa cia méi truong khuéch dai
Ce:LiCAF, khi d6 qua trinh khuéch dai cd thé 1am dich dinh phé laser tin hiéu. Bé

khao sat hién tugng nay ching toi di giai phuong trinh Frantz-Nodvik maé rong voi
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thong s6 cua laser tin hiéu nhu sau: d6 rong phé cua 1a 10 nm véi budc séng nam
trong khoang tir 280 dén 305 nm va dinh phd tai budc song 292 nm, laser tin hiéu c6
dang Gauss d6 rong xung 3 ns va céng suat trung binh chum tia 12 1 mW. Ngudn bom
cho hé khuéch dai van 1a hoa ba bac bén cua laser Nd:YAG & budc séng ¢ 266 nm
va cd cong suat 160 mW. Két qua duoc chi ra trén Hinh 2.13. Ta thay rang sau tam
lan khuéch dai, dinh phé laser 15 ra d3 dich 3 nm vé buéc séng 289 nm so véi laser

tin hiéu, déng thoi do rong pho laser ciing bi thu hep lai

1.0
\ ==:| asertin hiéu

= \‘ | aser sau Kb
S 08F \ -
-] [
E \
L 06f \ FWHM=10 nm’
1) \
= 'l
<@ '
= 04F \ -
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3 \

02F \‘ |
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Hinh 2.13. Hiéu firong thu hep phé trong qué trinh khuéeh dai
Pin=1 mW, =292 nm, FWHM=10 nm.

Nguyén nhan cua hién tuong dich dinh pho 1a do méi trimg Ce:LiCAF co tiét
dién khuéch dai Ion nhat tai buéc séng 288,5 nm va giam dan vé hai bén suon pho,
do @6 sau mdi lan khuéch dai phé laser c6 xu huéng dich vé phia dinh phét xa. Diéu
nay ciing dan téi pho laser sau khuéch dai c6 xu hudng uu tién suon trudc va pho
laser sau khuéch dai khdng con c6 dang Gauss. Chi tiét vé dang pho laser ciing nhu
qua trinh dich dinh phé sau tirng 1an khuéch dai dwoc chi ra trén Hinh 2.14.
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KET LUAN CHUONG 2

Trong chuong 2 bang viéc giai phuong trinh khuéch dai Frantz-Nodvik mo
rong, dong hoc phd cho bo khuéch dai Ce:LiCAF tam lan truyén qua da duoc nghién
ctru twong minh, cac két qua dat dugc bao gom:

- Panh gia duoc anh huong cua céng suat laser bom, ciing nhu cdng suat va
budéc song laser tin hiéu 1én cdng suit laser sau tirng lan khuéch dai.

- Hién tuong thu hep pho trong qué trinh khuéch dai da dugc chang minh. Chim
laser tin hiéu c6 dinh phé & budc soéng 288,5 nm va do rong phd 10 nm sau
tam lan khuéch dai da bi thu hep vé 3,5 nm. Laser tin hiéu c6 d6 rong pho 16n
thi hién tuong thu hep pho cang thé hién rd rét. Trong khi d6, hién tuwong thu
hep pho trong qua trinh khuéch dai gan nhu khong dang ké véi laser tin hiéu
¢4 d6 rong phé dudi 3 nm.

- Hién tuong dich dinh pho trong qua trinh khuéch dai ciing di duoc khao sét,
laser tin hiéu c6 d6 rong phd 10 nm va dinh pho tai budc séng 292 nm sau tdm
lan khuéch dai da dich 3 nm vé phia gan dinh phat xa cia moi trudng
Ce:LiCAF.

Cac két qua nghién ctru dat dugc cho thay kha nang hoat dong cia bo khuéch
dai cac xung laser UV st dung tinh thé Ce:LiCAF. Céc két qua nay la tién dé dé xay
dung hé khuéch dai cac xung laser UV nhiéu lan truyén qua st dung tinh thé
Ce:LiCAF trong thuc nghi¢m.
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CHUONG 3

KHUECH PAI XUNG LASER TU NGOAI
SU DUNG TINH THE Ce:LiCAF

Chuong 3 trinh bay viéc phét trién hé khuéch dai cac xung laser UV sir dung
tinh thé Ce:LiCAF duya trén cac trang thiét bi hién c6 tai tai Trung tam Dién tir hoc

lwgng tar - Vién Vat Iy, noi dung chinh bao gdom:

- Phét trién mot hé khuéch dai cac xung laser UV bing rong bdn lan truyén
qua vai xung laser tin hiéu bang rong thu duoc tir hé laser UV Ce:LiCAF
cau hinh BCH Fabry-Perot.

- Phét trién hé khuéch dai cac xung laser UV bang hep bbn lan truyén qua voi
xung laser tin hiéu bang hep thu duoc tir cac hé laser UV Ce:LiCAF cau
hinh BCH Littrow va Littman.

Hon nita, cac két qua phat trién hé thuc nghiém ciing da duoc so sanh va cho
thay su théng nhat cao vai cac két qua md phong bang phuong trinh Frantz-Nodvik

mao rong da duoc trinh bay trong chuong 2 [64, 68, 69].

3.1. Phét trién hé khuéch dai xung laser tir ngoai bing réng sir dung tinh thé
Ce:LiCAF
3.1.1. Cdu hinh hé khuéch dai

So db hé phat va hé khuéch dai cac xung laser UV str dung tinh thé Ce:LiCAF
duogc chi ra trén Hinh 3.1. Trong cau hinh nay, hoa ba bac bén cua laser Nd:YAG
(Lotis 1) tai budc séng 266 nm véi cong suat 1,2 W, tan s6 lap lai 10 Hz dugc sir
dung 1am ngudn laser bom. Céng suat chum laser bom dwoc chia thanh hai phan bang
tam chia chim F, mot phan niang luong bom cho hé phét va phan con lai cho hé
khuéch dai. Cac guong tir M1 dén Ms 1a guong dién méi, c6 hé sé phan xa cao & budc

song 266 nm duoc sir dung lam guong dan chum laser bom.

Hé laser Ce:LiCAF phat xung tin hiéu bang rong sir dung BCH Fabry-Perot
duoc ciu tao boi hai guong dién méi phang, guong cudi R1 ¢6 hé sé phan xa cao va
guong ra Rz phan xa mot phan trong ving budc song 280-320 nm. Mai trudng hoat
chat 1 tinh thé Ce:LiCAF dugc ché tao bang phuong phap Czochralski tai Dai hoc
Tohoku, Nhat Ban. Kich thuéc cua tinh thé 13 20x10x10 mm, ndng do pha tap 1%
mol. Nham tranh hién twong mat mét do phan xa trén bé mat, tinh thé duoc cit goc
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Brewster 54°. Thau kinh hoi tu L1 6 tiéu cu f=30 cm duoc sir dung dé hoi tu chim
laser bom gilp ting mat d6 cong suat bom. Thau kinh duoc dat trudc tinh thé mot
khoang 24 cm, khi d6 vét ho tu s& nam sau tinh thé giGp tranh pha huay tinh thé. Véi
cau hinh bom xién, hiéu suat chuyén ddi laser phu thuoc vao su chéng chap khong
gian gitra chum laser bom va chum laser tin hiéu bén trong tinh thé. Dé tang hiéu suat
chuyén d6i laser, goc léch giira chum bom va truc quang hoc cia BCH sé& duoc hiéu
chinh sao cho nho nhat. Chum laser sau khi ra khoi BCH duoc chuén truc bang hai
thau kinh L3 (f=-10 cm), L4 (f=10 cm) sau d6 dugc dua dén bo khuéch dai.

266 nm

Nd:YAG 4w

266 nm

i L. Rs, , :

| B 1

\ / 1
MO N —~— 7R |
: Rs \ Ce:LiCAF Ris !

l Rio |

\ Hé khuéch dai Ce:LiCAF + 288.5 nm ,/'

______________________

bon lan truyén qua
Hinh 3.1. So dé hé phéat va khuéch dai cac xung laser tir ngoai, bang réng,
bon lan truyén qua si dung tinh thé Ce:LiCAF.

Hé khuéch dai laser bon 1an truyén qua dugc cAu tao boi tAm guong tur Rs dén
Ri1 ¢6 hé sb phan xa trén 95% tai ving budc song tir 280 nm dén 320 nm cua hing
Thorlab. Tinh thé khuéch dai Ce:LiCAF dugc ché tao bang phuong phap Czochralski
tai Pai hoc Tohoku, Nhat Ban. Tinh thé c6 kich thudc 5x5x8 mm duogc cat goc
Brewster, nong d6 pha tap 1% mol. Dé ting mat d6 cong suat bom cho tinh thé khuéch
dai, chum laser bom sau khi phdn xa qua cac guong din M3, M4 duge hoi tu vao tinh thé
nho thiu kinh Lz c6 tiéu cu f=40 cm. Dé tranh pha huy tinh thé, thiu kinh dwoc dit trudc
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tinh thé khoang 30 cm khi d6 vét hoi tu s& nam sau tinh thé khuéch dai. Chum lase tin

hiéu sau khi duoc chuan truc sé duoc dan to1 bo khuéch dai, do tré cua laser tin hi€u so

véi laser bom 1a 1,5 ns. Quang trinh cua laser tin hi¢u di trong bo khuéch dai 1a 104

cm, v&i dO tré thoi gian cua cac lan khuéch dai thur 2, 3 va 4 so vai lan trude do lan

luot1a 1,5; 0,9 va 1,0 ns.

Théng sb chi tiét cua tinh thé Ce:LiCAF ciing nhu nhitng linh kién quang hoc

st dung cho hé khuéch dai duoc trinh bay trong Bang 3.1.

Bang 3.1. Cac thong sb cia moi truong Ce:LiCAF va linh kién quang hoc

st dung cho hé khuéch dai

Tinh thé Ce:LiCAF [31, 67]
Néng dé ion Ce3*
Truc quang hoc
D6 hdp thu tai 266 nm
Chiét suat
Thoi gian séng hupnh quang
GOc Brewster
Kich thuéc tinh thé

Hé s6 phan xa guong BCH

Hé s6 phan xa cia guong bom
(M1 + Ms)

Hé s6 phan xa cua guong hé
khuéch dai (Rs + Ri1)

Théu kinh bom

B chuan truc

1% mol; 5x10'" cm

c-axis

4 cmt

1,41

30 ns

54°

20x10x10 mm (tinh thé bo phat dao dong)
5x5x8 mm (tinh thé bo khuéch dai)

R1= 96%, Ro= 30% (280-320 nm)

Phan xa trén 99% (262-266 nm, 0° - 45°)

Phan xa trén 90% (280-320 nm, 0° - 45°)

L1=30 cm, L>=40 cm (245-400 nm)

L3=-10 cm, L4=10 cm (245-400 nm)

Bén canh d6, mot sb trang thiét bi duoc sir dung dé khao sat dic trung quang

hoc cua hé khuéch dai bao gdom:
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e May quang phd Avaspec véi dai phd do tir 200 nm dén 385 nm, d6 phan giai

0,6 nm duoc str dung dé danh gia cac dic trung vé pho laser.

e May do cong suat Coherent ¢6 dai cong suat do tir ImW dén 30 W, do phan
giai 1 mW, ngudng pha hay 6 KW/cm? (1,75 J/cm?) dugc st dung dé khao sat

cdng suat laser.

e Photodiode Hamamatsu S9055 véi thoi gian dap tng 250 ps két hop véi dao

dong ky s6 5 GHz cua hiang Lecroy dugc sir dung dé danh gia xung laser.

3.1.2. Dic trung phdt xa ciia hg laser tin higu Ce:LiCAF si dung cdu hinh
buéng céng huweng Fabry-Perot

Céc dac trung cua xung laser tin hiéu nhu phd, thoi gian va niang lugng s& anh

huong truc tiép dén qua trinh phat trién cua xung trong bo khuéch dai. Do vay, viéc
nghién ctru dic trung phat xa cua bo phat xung tin hiéu I can thiét. Dua trén so do
thi nghiém da trinh bay & Muc 3.1.1, hé laser Ce:LiCAF sir dung cdu hinh BCH
Fabry-Perot phat cac xung laser tin hiéu UV bing rong da dugc phat trién va dugc
chi ra trén Hinh 3.2. BCH laser c6 chiéu dai 5 cm duoc cdu tao gdm guong cudi 6
hé s6 phan xa 96% va guong ra ¢d hé s6 phan xa 30% tai budc song laser. Chum laser
bom 1éch g6c 15° so truc quang hoc cia BCH va dudng kinh vét chum laser bom trén

bé mat tinh thé 12 2 mm.

v Tam chia
chum

Théu kinh

pinhole

Tam chan, Tam chia ¢
chum

Hinh 3.2. Hé laser UV Ce:LiCAF si dung cdu hinh BCH Fabry-Perot.
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Sy phu thudc cua cng suét laser 16i ra vao cong suit laser bom d3 duoc khao
sat va chi ra trén Hinh 3.3. Két qua cho thay, hé laser UV Ce:LiCAF sir dung cau
hinh BCH Fabry-Perot c6 ngudng phat laser & 25 mW. Tang dan cdng suét laser bom
va khao sat cong suat laser 15i ra, két qua cho thay hé laser c6 hiéu suat 1a 19,5%,
cong suat laser 16i ra 16n nhit thu duoc 12 18 mW tai cdng suat bom 1a 120 mW. Véi
cdng suat laser bom 16n hon thi céng sudt laser 15i ra cua hé c6 thé dat duoc két qua
cao hon, tuy nhién cac hiéu wng nhiét trong tinh thé khi bom ¢ céng suat cao c6 thé

gay bién dang cham laser 16i ra hoic pha huy tinh thé.

20

- -
o i
T T
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Cong suat laser ra (mW)
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Céng suat bom (mW)

Hinh 3.3. Sir phu thugc cuia cong sudt laser 16i ra vao cong sudt laser bom

(cdu hinh BCH Fabry-Perot).

Dé khao sat cac dic trung phd va xung laser 15i ra cho ciu hinh BCH Fabry-
Perot, cong suat laser bom duoc gitr khong doi & gid tri 60 mW twong Gng Ion hon
ngudng phét laser ¢& 2 1an. O muac cdng suét laser bom nay, hé laser hoat dong 6n
dinh véi cong suét laser 16i ra thu duoc 1a 8 mW. Do rong xung laser 16i ra 1a 3,1 ns
duogc chi ra trén Hinh 3.4.a. Laser 16i ra c6 d6 rong pho 1a 2,0 nm nam trong khoang
budc s6ng tir 286 nm dén 291 nm vai dinh pho tai bude song 288,5 nm duoc chi ra
trén Hinh 3.4.h.
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Hinh 3.4.(a) B¢ réng xung va (b) dg réng pha laser 16i ra
(cdu hinh BCH Fabry-Perot).
3.1.3. Khuéch dgi xung laser ti¢ ngogi bing réng si dung tinh thé Ce:LiCAF
Dua trén cau hinh caa hé da duoc trinh bay trén Myc 3.1.1, hé phét va khuéch
dai cac xung laser UV bang rong bon lan truyén qua sir dung tinh thé Ce:LiCAF da

duoc phat trién va chi ra trén Hinh 3.5.

TAm chia
N chim

R-96% Thau kink¥

. ‘ . A
‘ Ce:LICARY

2=266nm

TAm chia

Hinh 3.5. H¢é phéat va khuéch dai cac xung laser UV bdng réng,
bon lan truyén qua siz dung tinh thé Ce:LiCAF.
H¢ laser Ce:LICAF phat xung tin hiéu UV bang rong stt dung BCH Fabry-
Perot da dugc trinh bay trén Muc 3.1.2, buc xa 16i ra c6 do rong phé 2,0 nm, dinh phé

phat xa tai budc séng 288,5 nm va do rong xung 1a 3,1 ns. Sau khi di qua bd chuin
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trye, duong kinh chum laser 1a 1 mm va cong suat 1a 7 mW, chim laser tin hiéu sau
d6 duoc dua t6i bo khuéch dai thong qua cac guong din. Laser bom cho hé khuéch
dai ¢ budc song 266 nm cé cong sudt 1a 160 mW, dudng kinh vét chim bom trén bé
mat tinh thé khuéch dai 12 2 mm. Thong sé dic trung cua xung laser tin hiéu ciing

nhu xung laser sau bdn 1an khuéch dai da dugc khao sét va trinh bay trén Bang 3.2.

Bang 3.2. Thong sb xung laser tin hiéu va xung laser sau bén lan khuéch dai
(hé khuéch dai cac xung laser UV bang rong).

Théng sb Xung laser tin hiéu  Xung laser sau khuéch dai
Cong suat (mW) 7,0 54

Budc song (nm) 288,5 288,5

FWHM (nm) 2,0 2,0

Do rong xung (ns) 3,1 3,1

Phé va xung laser sau bén 1an khuéch dai dugc chi ra trén Hinh 3.6. Két qua
cho thay, phé laser sau khuéch dai khéng thay doi so véi phd laser tin hiéu, laser sau
khuéch dai van c6 dinh pho tai buéc séng 288,5 nm va do rong phé ¢& 2 nm, céc két
qua nay la pht hop voi cac két qua nghién ctu bang md phong da duoc thuc hién
trong Muc 2.4.5, chuwong 2. Do rong xung laser sau khuéch dai 12 3,1 ns khong thay

d6i so véi xung laser tin hiéu dau vao.
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Hinh 3.6.(a) B¢ réng xung va (b) do rong phé laser sau khuéch dai.

Khao sat cong suat laser trong qué trinh khuéch dai cho thay, laser tin hiéu c6

cong suat 7 mW, sau bdn lan khuéch dai cong suét laser 16i ra 1a 54 mW tuong @ng
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vé6i hé sé khuéch dai 12 7,7. Chi tiét vé cong suat cling nhu hé sb khuéch dai trong
mdi lan truyén qua dugc chi ra trén Hinh 3.7. Két qua thyc nghiém (duong mau den)
cho thay, cong suét laser 16i ra sau mdi lan khuéch dai lan luot 1a 18 mW, 31 mW, 44
mW va 54 mW tuong (ng voi hé sé khuéch dai o 1an truyén qua thir nhat 13 2,5, 1an
tha hai 1a 1,7, 1an tha ba 12 1,4 va 1an thi te 12 1,3. Hon thé nita bang viéc giai phuong
trinh Frantz-Nodvik mé rong cho hé khuéch dai véi cac thong s dau vao lay tir thuc
nghiém, cong suat laser sau tirng 1an khuéch dai theo mé phong (dudng mau do trén
Hinh 3.7) ciing d3 dwoc xac dinh. Két qua cho thay c6 su phu hop tot gitra két qua

thuc nghiém va mé phong véi sai léch khoang 5%.
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Hinh 3.7. Két qua md phong va thuc nghiém khuéch dai

cdac xung laser bang rong

Nhu vay mét hé khuéch dai cac xung laser UV bang rong bén lan truyén qua
sir dung tinh thé Ce:LiCAF da duoc phat trién voi cong sut laser 16i ra dat duoc 12
54 mW tuong (ng Vi thong luong laser sau khuéch dai 12 6 W/cm?2. Néu tiép tuc tang
s6 1an khuéch dai 18n 5 1an hoac 6 1an ... thi cdng suat dat duoc sau khuéch dai s& Ion
hon. Tuy nhién, cac guong dan chum laser tin hiéu 1 cac gwong ma nhom c6 ngudng
pha huy thap néu thong luong laser sau khuéch dai tiép tuc ting c6 thé dan téi pha

hiy gwong. Viéc mo rong cham laser tin hiéu nham giam thong lugng laser sau
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khuéch dai ciing khong kha thi do kich thuéc bé mat tinh thé khuéch dai c6 giGi han.
Hon nita khi ting kich thugc cham laser tin hiéu thi viéc hiéu chinh su chong chap
gitta chum laser bom va chum laser tin hiéu trong tinh thé khuéch dai s& kho khin
hon. Do vay, s6 lan truyén qua cua hé khuéch dai duoc thiét ké 1a bén lan.
3.2. Phét trién hé khuéch dai xung laser tir ngoai biing hep sir dung tinh thé
Ce:LiCAF
3.2.1. Cdu hinh hé¢ khuéch dai

Hé khuéch dai cac xung laser UV bang hep st dung tinh thé Ce:LiCAF duoc
chi ra trén Hinh 3.8. So vdéi cau hinh hé khuéch dai cac xung laser UV bang rong da
trinh bay trong Muc 3.1.1, hé khuéch dai cac xung laser UV bing hep c6 ciu tao
tuong tu. Tuy nhién, hé laser phat xung tin hiéu bang rong su dung BCH Fabry-Perot
trong cau hinh khuéch dai bang rong da duoc thay thé bang cac hé laser phat tin hiéu
bang hep diéu chinh budc séng sir dung cau hinh BCH Littrow hoac BCH Littman.

266 nm

Nd:YAG 4w

266 nm
'/’ _____________________________________ A
| Ls !
! ( ) " 1
\ |
: Ce:LiCAF :
! RlO :
\ Hé khuéch dai Ce:LiCAF + 2885nm
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bén lan truyén qua

Hinh 3.8. So do hé khuéch dai céac xung laser tir ngoai, bang hep,
bon lan truyén qua si dung tinh thé Ce:LiCAF.
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3.2.2. Laser tin higu bdang hep sir dung cdu hinh buéng céng hweng Littrow
3.2.2.1. Cau hinh BCH Littrow

So dd hé laser UV Ce:LiCAF phat xung tin hiéu bang hep diéu chinh budc
séng str dung BCH Littrow duoc chi ra trén Hinh 3.9. Cu tao BCH Littrow gém cach
tr nhiu xa G va guong ra Rp, chim laser trong BCH sau khi nhidu xa trén bé mat
cach tir sé phan xa nguoc tro lai cung phuong vai chum laser toi. Do do, cach tir sé
dong vai tro 1am guong cudi BCH ddng thoi chon loc budc séng nhidu xa quay tre

lai tinh thé. Budc séng nhidu xa dugc xac dinh theo cong thuc Littrow [70]:
2dsina = mA. (3.1)
trong d6, a 1a goc quay cua cach tir so vai truc quang hoc cia BCH, d 12 hiang sé céach

tr, m 1a bac nhiéu xa va A 1a buéc soéng nhiéu xa.

266 nm

Nd:YAG 4w

Ce:LiCAF Laser ra

Hinh 3.9. So do hé laser Ce:LiCAF siz dung cdu hinh BCH Littrow [70].
3.2.2.2. Pdc trung phdt xa cua hé laser Ce:LiCAF si dung cdu hinh buong

cong hwong Littrow

Dua trén so d6 thi nghiém di trinh bay & Hinh 3.9, hé laser UV Ce:LiCAF sir
dung cau hinh BCH Littrow phat cac xung laser bang hep, diéu chinh buéc song da
duoc phat trién va chi ra trén Hinh 3.10. BCH laser ¢6 chiéu dai 6,5 cm duoc cau tao
gom cach tir nhidu xa (2400 vach/mm) va guong ra c6 hé s6 phan xa 30% trong ving
budc s6ng tir 280 nm dén 320 nm. Céch tir c6 kich thudc 20x20x6 mm dugc dit trén

gid vi chinh goéc c6 do chinh xac tai 0,01°,
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Hinh 3.10. Hé laser Ce:LiCAF si dung cau hinh BCH Littrow.

Tai budc song 288,5 nm tiét dién phat xa ciing nhu cong suét laser 16i ra cua
tinh thé Ce:LiCAF 1a 16n nhat. Bé phat dugc cac birc xa tai budc song 288,5 nm nay
thi géc quay cua cach tur so vai truc quang hoc cua BCH dugc xac dinh theo cong
thirc (3.1) 12 20,3°. Khi d6, sy phu thudc cua cong sut laser 15i ra vao cong suat laser

bom da dugc khao sat va chi ra trén Hinh 3.11.
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Hinh 3.11. Sur phu thugc cia cong sudt laser 18i ra vao cong sudt laser bom
(cdu hinh BCH Littrow).
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Két qua chi ra rang, ngudng phat caa hé laser UV Ce:LiCAF str dung ciu hinh
BCH Littrow 1a 40 mW. Hiéu suat laser dat dugc 1a 8,5% véi cong suat laser 16i ra
I6n nhét thu duoc 1a 8 mW tai cong suit bom 1a 120 mW. Khi so sanh véi cau hinh
BCH Fabry-Perot, ngudng phat laser ciia cau hinh BCH Littrow cao hon va hiéu suat
laser 14 thap hon. Nguyén nhan do sy chon loc buéc séng cua cach tir nhidu xa, chi
mét sé photon dugc cach tir chon theo cong thic (3.1) s& quay tro lai méi trudng hoat
chat nén cham laser trong BCH Littrow c6 mat mat I6n hon so véi BCH Fabry-Perot.

Dé khao sat cac dic trung pho va xung laser 16i ra cua hé laser Ce:LiCAF sir
dung cau hinh BCH Littrow, céng suat laser bom dugc giir khong di 14 120 mW cao
hon ngudng phat laser khoang 3 1an. Tai cong suat bom nay, d6 rong xung 1a 3,6 ns
(Hinh 3.12.a) va d6 rong pho 12 0,6 nm (Hinh 3.12.b).
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Hinh 3.12. (a) D¢ réng xung va (b) dg réng pho laser Ioi ra
(cau hinh BCH Littrow).

Pé khao sat kha nang diéu chinh budc song cua hé laser Ce:LiCAF sir dung
cau hinh BCH Littrow thi céng suit laser bom can phai du 16n dé khuéch dai duoc
c4c buc xa ¢ hai bén suon phd. Do vay, céng suat laser bom cho hé duogc giit khong
d6i 1a 120 mW, dong thoi thay doi goc giira cach tir va truc quang hoc cia BCH tir
19° dén 23°. Két qua cho thay, hé laser Ce:LiCAF sir dung ciu hinh BCH Littrow ¢6
kha nang diéu chinh lién tuc budc séng trén mot dai phd rong 11 nm, tir 285 nm dén
296 nm. Cac budc s6ng nam trong ving diéu chinh cua hé laser UV Ce:LiCAF st
dung cau hinh BCH Littrow duoc chi ra trén Hinh 3.13.
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Hinh 3.13. Cac birc xg nam trong ddi diéu chinh buréc song cua laser
Ce:LiCAF cdu hinh BCH Littrow. (a) bwéc song ngan nhdt trong dai diéu chinh 285

nm, (b) budc séng tai dinh phat xg 288,5 nm (c) budc séng 292 nm va (d) buéc sdng
dai nhdt trong ddi diéu chinh 296 nm.

3.2.3. Laser tin hig¢u bing hep sir dung cdu hinh buéng céng hwéng Littman
3.2.3.1. Cdu hinh BCH Littman

Mot sé tng dung c6 thé doi hoi cac ngudn bic xa laser UV ¢6 do don sic cao
hon so véi cac birc xa thu duoc tir BCH Littrow nhu wng dung vé giao thoa, quang

pho.... Khi d6, h¢ laser UV Ce:LiCAF phét xung tin hi¢u bang hep diéu chinh budc
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s6ng st dung ciu hinh BCH Littman s& duoc thay thé cho hé laser phat xung tin hiéu
st dung cau hinh BCH Littrow. So d6 hé laser UV Ce:LiCAF si dung cau hinh BCH
Littman duoc chi ra trén Hinh 3.14 [71].

266 nm

Nd:YAG 4(1’ T I T e :::::‘:‘:‘E:::‘::5‘:”:::‘:5‘;:;‘?;
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Ce:LiCAF aserta

Hinh 3.14. So' d6 hé laser Ce:LiCAF si dung c4u hinh BCH Littman.

Buong cong huong Littman duoc tao boi gwong cudi R1, gwong ra Rz va cach
tr nhiéu xa G. Trong mét chu trinh di lai trong BCH, chim laser bi nhidu xa hai lan
trén bé mit c4ch ta. Lan tha nhat: Cham laser ra khoi tinh thé, sau khi nhiu xa trén
bé mat cach tir chum laser dén gwong R1. Lan tha hai: Sau khi phan xa trén guong R1
chum laser quay tré lai bé mat cach ta. Boi véi cau hinh BCH Littman, do rong pho
laser 15i ra s& phu thudc vao chiéu dai hiéu dung cua cach tir (46 rong vét laser trén
bé mat céch tir). Do d6, cach tir s& dugc quay goc sao cho chim laser tgi phu kin trén
bé mat céch tir. Viéc chon loc bude song dugc thuc hién bang cach quay guong cudi

R1 va budc song laser 16i ra duoc xac dinh theo cong thic Littman [70, 71]:
A; = (d/m)/(sinf + sing). (3.2)

trong d6, 6 1a goc giira chum laser va phap tuyén cua cach tu; ¢ 1a goc tao boi phap
tuyén caa cach tir va phap tuyén cua guong phan xa Ry, d 12 hing s6 cach tir, m 1a bac

nhiéu xa.
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3.2.3.2. Ddc trung phdt xa cua hé laser Ce:LiCAF si dung cdu hinh busng

cong huong Littman

Dua trén so do hé laser Ce:LiCAF sir dung cdu hinh BCH Littman da dwoc
trinh bay trén Hinh 3.14, h¢ laser Ce:LiCAF sur dung cau hinh BCH Littman phét cac
xung laser UV bang hep da dugc phat trién va chi ra trén Hinh 3.15. BCH Littman c6
chiéu dai 11 cm duoc ciu tao bi mot guong ra co hé s6 phan xa 90%, guong cudi c6
hé s6 phan xa 96 % trong viing budc song laser va cach ta nhidu xa (2400 vach/mm).
Dé vét laser trén bé mit cach tir 1a 1on nhat, cach tir duoc quay goc 6 = 65° so Véi
tryc quang hoc cia BCH. Guong cudi cia BCH duoc dit trén gia vi chinh goc voi
g6c quay la 17,6° so vai phap tuyén cach tir khi d6 buc xa laser 16i ra co budc song
dugc xac dinh theo cong thirc (3.2) 14 288,5 nm.
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Hinh 3.15. Hé laser Ce:LiCAF si dung cau hinh BCH Littman.

Sy phu thudc cua cdng suét laser 16i ra theo cong suit laser bom da duoc khao
sat. Két qua cho thay, ngudng phét cia hé laser ¢ cong suat bom 1a 120 mW. O cong
suit laser bom 160 mW (khoang 1,3 lan trén ngudng), cong suat laser 16i ra thu dwgc
1 1,5 mW tuong &ng vai hiéu suat laser khoang 1%. Céac dic trung phd va thoi gian
cuia xung laser 16i ra tai céng suat laser bom 160 mW ciing di duoc khao sat. Két qua
cho thay, d6 rong xung laser 16i ra 1a 3,9 ns (Hinh 3.16.a) va d6 rong pho 1a 0,6 nm
(Hinh 3.16.b).
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Hinh 3.16.(a) Bé réng xung va (b) dé réng phé laser 16i ra
(cau hinh BCH Littman).

Pé khao séat kha nang diéu chinh budc song cua hé laser UV Ce:LiCAF phat
bang hep st dung cau hinh BCH Littman, cdng suat laser bom duoc gitt khong d6i &
muc 160 mW. GAc giira guong cudi BCH va phap tuyén cua cach tir thay doi tir 12,5°
dén 19,5°. Két qua cho thay, hé laser Ce:LiCAF sir dung cau hinh BCH Littman c6
dai diéu chinh buéc song 1a 4,5 nm tir 286 nm dén 290,5 nm. Hinh 3.17 chi ra céc
buéc séng nam trong ving diéu chinh budc song cua hé laser Ce:LiCAF sir dung ciu
hinh BCH Littman. Hinh 3.17.a 1a budc s6ng ngan nhat trong dai diéu chinh, 286 nm;
Hinh 3.17.b 14 budc song dinh phét xa, 288,5 nm; Hinh 3.17.c 1a budc séng nam trong
dai diéu chinh, 289 nm va Hinh 3.17.d 1a budc séng dai nhat trong dai diéu chinh,
290,5 nm.

Khi so sanh vai hé laser Ce:LiCAF sir dung cau hinh BCH Littrow, hé laser
Ce:LiCAF st dung cau hinh BCH Littman c6 ngudng phat laser cao hon va hiéu suat
laser thip hon. Nguyén nhan do trong mét chu trinh di lai trong BCH Littman chum
laser bi nhidu xa hai lan trén mit cach tir dan téi mat mat trong BCH 16n hon. Bén
canh d6, vung diéu chinh budc séng cua hé laser Ce:LiCAF sir dung cau hinh BCH
Littman ciing nhé hon so véi cdu hinh BCH Littrow. Nguyén nhan do c6ng suat laser
bom cho cau hinh BCH Littman thap chi bang 1,3 lan trén ngudng phét dan téi khdng
khuéch dai dugc cac birc xa hai bén swon phd. Bé dat duge ving didu chinh rong hon,
cdng suit bom cho hé laser UV Ce:LiCAF sir dung cau hinh BCH Littman can phai
I6n hon. Tuy nhién, c6ng suét laser bom khong thé ting qua cao do cac hiéu ng nhiét
c6 thé dan toi pha huy tinh thé.
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Hinh 3.17. C4c bic X nam trong ddi diéu chinh cua laser Ce:LiCAF cdu hinh BCH
Littman. (a) buwéc soéng ngan nhat trong dai diéu chinh 286 nm, (b) budc séng dinh

phéat xa 288,35 nm, (c) buéc song nam trong ddi diéu chinh 289 nm, (d) bwéc séng dai
nhdt trong ddi diéu chinh 290,5 nm.

3.2.3.3. Phat dong thoi hai biic xg laser tir ngoai bang hep diéu chinh buéc
s6ng si dung tinh thé Ce:LiCAF

Mot s6 tng dung nhu giao thoa ké, hé terahertz va hé Lidar hap thy vi sai, ...
[72-76] yéu cau cac hé laser cd kha ning phat dong thoi hai buc xa laser bang hep

diéu chinh budc séng. Tuy nhién, viéc phat dong thoi hai buc xa laser UV cha yéu
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thu dugc bang viéc nhan tan sé tir hai bic xa c6 bude soéng dai hon, do d6 kich thuéc
hé kha 16n. Hon nita, c4c nghién ciru phat dong thoi hai bic xa trude day cling moi
chi tap trung vao ving buéc song hdng ngoai va nhin thiy. Do vdy, mot hé laser
Ce:LiCAF st dung cu hinh hai BCH Littman phéat d6ng thoi hai xung laser bing hep

da duoc dé xuit, so dd hé laser dugc chi ra trén Hinh 3.18.

o) —
I 2/66‘&“ URZ

Hinh 3.18. So do hé laser tir ngogi Ce:LiCAF phdat dong thoi

hai bic xa bang hep.

Trong cau hinh nay, chum laser sau khi bi nhiu xa trén mat cach tir, mot phan
s& dén guong Ry phan con lai dén guong Rs. Nhur vay, hé laser s& c6 hai BCH Littman
hoat dong ddng thoi, dung chung cach tir va moi treong hoat chat. BCH tht nhat duoc
thiét 1ap bai guong Ri, cach tir G va guong ra Ry; BCH con lai duoc thiét 1ap boi
guong Rs, cach tir G va guong Rz. Viéc chon loc budc séng trong méi BCH duoc

thuc hién doc 1ap bang cach quay guong R1 va guong Ra.

Trudéc khi phét trién thuc nghiém, viéc nghién ciru danh gia kha nang phat xa
cling nhu toi vu cac thiét bi, linh kién str dung trong hé 1a can thiét. Bang viéc giai hé
phuong trinh toc do viét cau hinh hai BCH Littman véi cac thong sé duoc lay tir cac
linh kién hién cd tai phong thi nghiém Quang tir - Vién Vat ly, viéc phat dong thoi
hai birc xa laser UV, bang hep da duoc chang minh va chi ra trén Hinh 3.19. Két qua
cho thy, hai btrc xa laser UV bang hep duoc ghi nhian déng thoi tai cac bude song
290,0 nm va 289,7 nm véi d6 rong phd phat xa cua laser 16i ra 1a 0,002 nm. Céc két

qua nay 13 c6 y nghia lam co s& cho viéc phat trién hé thuc nghiém.
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Hinh 3.19. (). Tién trinh phé 3D va hai birc xa UV bdng hep tai buéc song
(b) 289,7 nm va (c) 290,0 nm thu nhdn dong thoi.

3.24. Khuéch dgi xung laser ti ngogi béing hep sir dung tinh thé Ce:LICAF

Dua trén so do hé da duoc trinh bay trén Hinh 3.8, hé khuéch dai xung laser
UV bang hep str dung tinh thé Ce:LiCAF di dugc phét trién va chi ra trén Hinh 3.20.
Cac birc xa thu duoc tir hé laser UV Ce:LiCAF sir dung c4u hinh BCH Littrow da
duoc trinh bay trong Muc 3.2.3 duoc dan toi bo khuéch dai bdn lan truyén qua. Chim
laser tin hiéu trude khi dua vao khuéch dai c6 cac thdng sé gom dinh phé tai budc
song 288,5 nm, do rong phé la 0,6 nm va do rong xung 3,6 ns. Sau khi chuan truc,
chum laser c¢6 duong kinh 12 1 mm va céng suat chum 1a 7 mW. Céng suét laser bom
cho hé khuéch dai 12 190 mW ¢ budc song 266 nm. Cac dic trung quang hoc cua
xung laser tin hiéu va xung laser sau bdn lan khuéch dai duoc khao sat va trinh bay

trén Bang 3.3.
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Hinh 3.20. H¢ phét va khuéch dai cac xung laser tiz ngoai biang hep
bon lan truyén qua sir dung tinh thé Ce:LiCAF.

Bang 3.3. Thong sb xung laser tin hiéu va xung laser sau khuéch dai

(Hé khuéch dai cac xung laser UV bang hep).

Thong so Xung laser tin hiéu  Xung laser sau khuéch dai
Cong suat (mwW) 7 49

Budc séng (nm) 288,5 288,5

FWHM (nm) 0,6 0,6

Do rong xung (ns) 3,6 3,6

Do rong xung laser sau bon lan khuéch dai 1a 3,1 ns khong thay doi so véi
xung laser tin hiéu dau vao va duoc chi ra trén Hinh 3.21.(a). Pho cua laser sau bén
lan khuéch dai duoc chi ra trén Hinh 3.21.(b), laser sau khuéch dai c6 do rong pho
0,6 nm va dinh phé tai buéc song 288,5 nm. Nhu vay, pho laser sau khuéch dai khong
thay d6i so vai pho laser tin hiéu, cac két nay la phi hop véi céc két qua nghién ctu
dong hoc phd bang phuong trinh Frantz-Nodvik mé rong da dugc thuc hién trong
Muc 2.4.5, chuong 2.
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Hinh 3.21.(a) Bé réng xung va (b) do réng pho laser sau khuéch dai

Véi cdng suit laser tin hiéu 1a 7 mW, cong suat laser dat dwgc sau bdn lan
khuéch dai 12 49 mW twong tng vai hé s khuéch dai 12 7,0. Cac két qua thuc nghiém
vé cong suat dat duoc (duong nét lién mau den) va hé sé khuéch dai (duong nét dit

mau den) trong mdi 1an truyén qua duoc chi ra trén Hinh 3.22.
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Hinh 3.22. Két qua md phdng va thiec nghiém khuéch dai

cdc xung laser bang hep.
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Bang viéc giai phuong trinh Frantz-Nodvik mé réng da dugc trinh bay trong
chuong 2 Véi véi cac diéu kién mé phong duoc ldy tir hé thuc nghiém, cong suat
(duong nét lién mau do) va hé sé khuéch dai (duong nét dut mau do) sau mdi lan
truyén qua ciing da duoc xac dinh bang mé phong va chi ra trén Hinh 3.18. Két qua
cho thay c6 sy pha hop tét gitta md phong va thuc nghiém trong ba lan khuéch dai
dau tién. Trong lan khuéch dai thir tu, cong suat laser sau khuéch dai theo thuc nghiém
nho hon ~ 15% so véi két qua md phong, nguyén nhan c6 thé do hiéu chinh sy chéng
chap gitta chum laser bom va chum tin hiéu chwa dwogc tét trong lan khuéch dai tha

tu nay.
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KET LUAN CHUONG 3

Chuong 3 trinh bay cac két qua thuc nghiém phat trién hé khuéch dai xung

laser UV str dung tinh thé Ce:LiCAF tai phong thi nghiém cta Trung tim Dién tir hoc

Luong tir, Vién Vat ly, bao gom:

Phat trién hé khuéch dai cac xung laser UV bang rong bon lan truyén qua sir
dung tinh thé Ce:LiCAF. Hé khuéch dai dugc bom bang hoa ba bac bén cua
laser Nd:YAG tai buéc séng 266 nm, cdng suat bom 1a 160 mW. V&i xung
laser tin hiéu c6 dinh pho tai budc song 288,5 nm va do rong phd 2 nm, laser
sau khuéch dai c6 dic trung vé pho khong thay doi so vai xung laser tin hiéu,
cac két qua nay Ia phu hop vai cac nghién ciu vé dong hoc phd da duoc thuc
hién trong chuong 2. Xung laser sau bon lan khuéch dai c6 cong suat dat duoc
1a 54 mW tuong tng vai hé s6 khuéch dai 7,7 lan, két qua thyc nghiém nay
cho thay sy phi hop tét (sai s6 khoang 5 %) véi két qua mé phong bang
phuong trinh Frantz-Nodvik mé rong.

Hé khuéch dai cac xung laser UV bang hep bbn lan truyén qua sir dung tinh
thé Ce:LiCAF ciing da dugc phat trién. Xung laser tin hiéu bing hep c6 cong
suat 7 mW, do rong pho 0,6 nm tai budc song 288,5 nm sau bon lan khuéch
dai cac dic trung vé pho cua laser sau khuéch dai khong thay ddi so véi laser
tin hiéu. Trong khi d6, cong suat laser sau khuéch dai 13 49 mW tuong Gng Voi
hé s6 khuéch dai 7. Khi so sanh két qua thyc nghiém va mé phong bang
phuong trinh Frantz-Nodvik ma rong cho thay su phil hop cao trong 3 lan
khuéch dai dau tién. Tuy nhién trong lan khuéch dai thir tu, c6 sy sai léch gitta
két qua thuc nghiém va mé phong, nguyén nhan do viéc hiéu chinh su chong

chap gitta chum laser tin hiéu va laser bom chua duoc tét.

Khi so sanh cac két qua dat duoc cua hé khuéch dai cac xung laser UV da phat

trién véi nguon laser UV cho cac hé Lidar trén thé giéi va tai Viét nam [12, 32, 33],

hé khuéch dai cac xung laser UV Ce:LiCAF véi cong suat trung binh khoang 50 mwW

cho ca truong hop bang rong va bang hep 1a dép ung du cac diéu kién cho hé Lidar

nghién ctiu khi quyén ciing nhu cac tng dung nghién ctru méi truong khac. Do do,

mét s ing dung ban dau cua nguon laser UV Ce:LiCAF trong nghién ciru méi truong

s& duoc thyc hién trong phan tiép theo.
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CHUONG 4

UNG DUNG LASER TU NGOAI Ce:LiCAF
TRONG QUAN TRAC MOI TRUONG

Noi dung Chuong 4 trinh bay ¢ng dung cia ngudn laser UV Ce:LiCAF da
dugc phét trién trong Chuong 3 cho c&c nghién ciru quan tric moi truong. Mot hé
quang phd hap thu vi sai tng laser UV Ce:LiCAF budc dau da duoc phat trién trong
phong thi nghiém cho viéc xac dinh mat @6 khi SO,. Hon nira, cedng do tan xa theo
goc ciia mot sd hat sol khi phé bién 13 carbon den, carbon nau va nuéc 6 nhiém ciing
da dugc nghién ciu bang Iy thuyét tan xa Mie. Cac anh hudng cua kich thudc hat,

budc song kich thich 1én cuong do tan xa cling da dugc chi ra [69].

4.1.  Phat trién h¢ quang pho hap thu vi sai xdc dinh mat @ khi SO

Quang phoé hap thu vi sai (DOAS-Differential Optical Absorption
Spectroscopy) la ki thuat xac dinh nong do cua cac chat khi trong khi quyén bang
cach do hap thu bang hep cua céc chat khi trong ving quang phé UV va kha kién
[77-79]. Cac hé DOAS da chimg minh dugc ¢ong cu hiéu qua xac dinh nhiéu loai
chat khi trong khi quyén nhu O3, SO, NO, NO>...[80-83]. Mot hé DOAS co ban bao
gom mot ngudn phét buc xa bang rong va céc thiét bi quang hoc dugc thiét lap dé
phat va thu nhan btc xa sau khi di qua khi quyén. Viéc lya chon nguén bic xa kich
thich cho cac hé DOAS phu thudc vao d6i tegng can nghién ctu, mit troi hoic anh
sang tan xa tr mat troi hoac cac dén Xe-non la nguon sang bang rong pho bién cho
cac hé DOAS. Tuy nhién, cac ngudn sang ciing c6 nhugc diém nhu phd cua mit troi
c6 cong suat thap, trong khi d6 dén Xe-non c6 do phan ky cao dan ti quang duong
di ctia anh sang trong khi quyén bi han ché. Do vay, viéc phét ang dung cac ngudn
laser UV cong suat cao bang rong vao cac hé DOAS la can thiét [10].

4.1.1. Hé quang phé hdp thu vi sai #ing dung laser tir ngogi Ce:LiCAF

Khi quyén 1 hd hop gom nhiéu chat khi, trong d6 nhiéu chét khi 6 nhiém nhu
SOz, NO, NOz ... ¢6 phé hap thu nim trong viing budc song tir 280 nm dén 300 nm
[10, 83-87]. Do dé, viéc ung dung ngudn laser UV Ce:LiCAF bang rong, cong suat
cao vao hé DOAS la can thiét, gilp ma ra cac nghién ciu xac dinh nong do khi nay

trong khi quyén. Trudc khi phat trién hé va thuc hién cac phép do trong khi quyén thi
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viéc nghién ctru danh gia kha ning hoat dong cua hé trong diéu kién phong thi nghiém
la can thiét. Do vay, mot hé DOAS ung dung laser UV Ce:LiCAF da duoc xay dung
trong phong thi nghiém cho viéc xac dinh ndng d6 chat khi chuan SO, so dd hé thi
nghiém duoc chi ra trén Hinh 4.1. C4u tao caa hé c6 thé duoc chia thanh ba b phan

gom: Hé laser; Binh chira khi; Hé thu tin hiéu va xir Iy sé liéu.

Hinh 4.1. So do hé thi nghiém khdo séat nong dé khi SO
bang ki thudt quang phé hap thy vi sai.

Hé laser: Hé khuéch dai cac xung laser UV bing rong Ce:LiCAF da phat trién
trong Chuong 3 duoc str dung 1am ngudn bic xa kich thich cho hé DOAS. Pé ting
d6 hap thu, cham buc xa laser duoc din qua binh khi hai lan thong qua cac guong

dan R1, R1, Rs ¢6 hé s phan xa cao trong viing budc séng UV.

Binh cheza khi: Binh ¢6 chiéu dai 0,5 nm véi hai cira s6 dugc 1am bang thach
anh cho phép cac birc xa nam trong ving UV truyén qua. Bon van tir S; dén Ss ¢

nhiém vu bom va xa khi lién tuc trong binh.

Hé thu tin hiéu va xiz Iy sé liéu: Tin hiéu laser théng qua cép quang s& dugc
dan toi may quang phd. May quang phé s& ghi nhan cac dic trung phd caa chum bic
Xa laser Ce:LiCAF trong hai truong hop, khi binh chira khi va khi binh khéng chura
khi. Dit liéu vé phd sau d6 s& dugc xtr Iy bang phan mém Q-DOAS va cho két qua vé

mat do khi chira trong binh.
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4.1.2. Do mdt dp khi SO, bang hé quang phé hdp thu vi sai

Dua trén so d6 hé thi nghiém da duoc thiét ké, hé DOAS khao séat nong do khi
da duoc phat trién trong diéu kién phong thi nghiém (Hinh 4.2). Ngudn buc xa kich
thich cho hé 1 laser Ce:LiCAF c6 cong suat 10 mW, d6 rong phd 2 nm véi bude séng
nam trong khoang tir 286 nm dén 291 nm va dinh phé phat xa tai buéc séng 288,5
nm. Ba guong dan chum laser 1a gwong ma nhdm c6 hé sé phan xa trén 90% trong
ving budc song tir 280 - 320 nm. Cac dic trung vé phd cua laser sau khi di qua binh
khi s& dwoc thu nhan bang may quang phd Avantes c6 d6 phan giai 0,6 nm. Bé dam
bao ndng d6 khi SO trong binh ludn duy tri & mic 100 ppm, dong khi dwge bom vao

binh véi cong suat Ién tai 3 lit/pht.

Piu thu

Hinh 4.2. Hé thi nghiém khdo sét nong dg khi SO
bang ki thugt quang phé hap thy vi sai.

Céc dic trung pho cua laser Ce:LiCAF sau khi di qua binh trong trudng hop
binh khéng chura khi SO2 va ¢6 chia khi SO2 da dugc ghi nhan va chi ra trén Hinh
4.3. Sau khi dix liéu phé dugc xtu ly bang phan mém Q-DOAS, két qua cho thay nong
d6 khi SOz do dugc 1a 100 ppm vai sai s6 phép do 1a nho ¢& 6%. Nhu vay, viéc tng
dung laser tir ngoai Ce:LiCAF vao ki thuat DOAS cho phép xac dinh dugc chinh xac
nong do khi SO2 véi sai s6 thap. Céc két qua dat duoc 13 co sé cho viéc nghién cau
xac dinh néng d6 céac chat khi c6 phé hap thu nim trong ving budc séng UV. Can
cha y rang, hé DOAS nghién ciu ndng d6 chat khi duoc thyc hién trong diéu kién
phong thi nghiém voi quang duong chim laser di trong chat khi ngén chi 1 m. Do do,

cong suat cham laser kich thich khoang 10 mW 1a da. Tuy nhién, dé thuc hién dugc
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cac phép do trén pham vi rong thi viéc sir dung chum burc xa laser Ce:LiCAF c6 céng
suat Ion 1a can thiét.

0.5 = e

— Binh khéng chira khi
A-~——— Binh chura khi

0.4
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Hinh 4.3. Phé laser thu duwoc trong hai trieong hop khi binh chiza khi
va khéng chiza khi SOa.

4.2.  Nghién ciru dic trng tan xa cia mot sé hat sol khi bang laser tir ngoai
diéu chinh bwéc séng Ce:LiCAF

Céc hat sol khi trong khi quyén 1a nguyén nhan chinh dan tsi bién d6i khi hau
theo hudng tiéu cuc, gay anh hudng dén sic khoe dong thuc vat. Trong do, nudc &
nhiém c6 ngudn goc tir qua trinh bay hoi cua séng, ho,... carbon den c6 ngudn géc
tir qua trinh d6t chay nhiét do cao (dong co diesel, khu cong nghiép,...), carbon nau
c6 nguon goc tir qua trinh d6t chay chat hiru co (chay rimg, dot rac thai,...), dong gop
I6n vao thanh phan hat sol khi PM 2.5. Do @6, viéc nhan biét, phan loai cac hoat sol
khi nay la can thiét nham dua ra cac bién phap phu hop gilp giam luong phét thai,
cai thién chat lugng bau khi quyén [8-10].

Viéc xac dinh thanh phan kich thuéc hat ¢é thé s dung tan xa Mie, phuong
phap nay dua trén méi twong quan giira phan b cuong do tan xa va kich thudc hat
[88-90]. N6i mot cach don gian, cac hat Ion thi tdn xa anh sang thanh cac goc nho
trong khi cac hat nho tao ra céc kiéu tan xa goc 16n hon. Hon nita, cac hat khac nhau

6 dic trung tan xa khac nhau, do d6 c6 thé duya trén cac dic trung tan xa dé xac dinh
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loai hat. Theo ly thuyét tan xa Mie, tn xa nguoc va tan xa theo géc cua cac hat lan
luot duoc xac dinh theo cong thuc [91]:

Qsca = = i 2n + D(lay|? + b, ]2) . (4.1)

Qp = 1Z2m2n+ (=D (an = ba)I? . (4.2)

trong d6, Q.. 12 ham tan xa theo goc, Q, 1a ham tan xa nguoc; a,,, b, 1a cac hé sé tan
xa Mie, n = (1,2,3...) |a c4c bac cua ham Bessel, x = 2ma/A 1a hé sb kich thuée
hat véi a la ban kinh caa hat sol khi va A 1a budc song laser kich thich. Tan xa Mie
s& dugc ap dung cho cac hat dang cau, c¢o kich thudc 16n ¢& bude song tré 1én véi hé
s6 kich thuéc hat nam trong khoang tir 0,2 dén 2000 [91].

4.2.1. Thong sé si dung trong md phéng

Pé danh gia dic trung tan xa cua cac hat sol khi ciing nhu xem xét wu diém
cua Vviéc sur dung laser budc song ngan nghién ctu tan xa hat, hai bic xa laser tai
budc song 532 nm va 288,5 nm duoc st dung. Budc song 532 nm la hoa ba bac hai
cua cac laser Neodymium thuong mai nhu Nd:YAG hoac Nd:YVOs, trong khi do
budc song laser 288,5 nm thu duoc tur hé laser UV Ce:LiCAF phat birc Xa bang hep
da duoc phat trién trong chuong 3. Pdi tugng nghién ciru cac dic trung tan xa la cac
hat sol khi 6 nhiém pho bién trong khi quyén bao gom nudc 6 nhiém, carbon den va
carbon nau. Trén Bang 4.1 14 chiét suat phac cua nude 6 nhiém, carbon nau va carbon
den dbi vai hai birc xa laser kich thich 532 nm va 288,5 nm [92].

Bang 4.1. Chiét suat phtc caa nudc & nhidém, carbon nau va carbon den

ddi vai hai buc xa laser kich thich 532 nm va 288,5 nm [92].

.. o Chiét suat tai cac buéc song laser
Poi twong nghién ciru

532 nm 288,5 nm
Nudc 13n tap chit 1,54 +i0,015 1,54 +i0,015
Carbon den 1,77 +10,631 1,70 +10,641
Carbon nau 1,52 +10,182 1,57 +10,031

Don hat carbon thuong co6 kich thudc vai chuc nano mét, tuy nhién trong khi
quyén céc hat nay thuong khong ton tai doc 1ap ma két dinh véi nhau tao thanh dam

véi kich thuéc tir 0,1 pm dén ~ 2,5 pm. Trong khi d6, cac hat nuée trong khi quyén
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c6 dang cau véi khoang bién thién duong kinh 16n, cac hat nho nhat cé kich thuéc ~
0,01 pm, trong khi c4c hat 16n ¢6 kich thudc ¢& vai chuc um. Tuy nhién, phan bé chi
yéu cua cac hat nudc van nam trong khoang PM 2.5 um. Do vy, nghién ciu s& duoc

thuc hién trén cac hat sol khi c6 kich thuéc lan luot 12 0,1 um, 0,4 umva 1,2 um.

Trén bang Bang 4.2 1a kich thuéc hat va hé sb kich thuéc hat dugc tinh toan
theo budc song 532 nm va 288,5 nm. Hé s kich thudc hat nam trong khoang 1,18
dén 17,72 khi kich thich bang budc séng 532 nm va nam trong khoang 2,18 dén 32,67
khi kich thich bang budc song 288,5 nm, cac gié tri cia hé sé kich thudc hat nay la
phu hop véi ly thuyét tan xa Mie.

Bang 4.2. Hé sb kich thudc hat duoc xac dinh theo budc song.

A (nm) 532 nm 288,5 nm
a (um)
0,1 1.2 2,2
0,4 4,7 8,7
1,2 14,2 26,1

4.2.2. Anh hwong ciia kich thwéc hat lén dic trung tdn xq theo goc

Pé danh gia anh hudng cia bude song kich thich dén tan xa gdc caa céc hat,
hai buc xa laser don sic tai cac budc song 532 nm va 288,5 nm lan luot kich thich
vao hdn hop cé4c hat sol khi carbon den, carbon nau va nuéc 6 nhidm. Hinh 4.4 12 két
qua md phong tan xa theo goc cua cac hat sol khi trong treong hop ban kinh hat co
d6 16n 12 0,1 pm; 0,4 um hoic 1,2 um duoc chi ra trén, két qua cho thay:

- Hat c6 ban kinh 0,1 pm: Khi kich thich hat bang budc séng 532 hoic 288,5
nm; cudng do tan Xa theo phuong thuin (goéc 0% lén hon so véi cudong do tan Xa
nguoc (goc 180°). Tuy nhién, cuong do6 tan xa goc cua ba loai hat nay khdng cé nhiéu
sur khéc biét dan toi khdng thé nhan biét dugc cac hat nay bang tan xa goc. Diéu nay
duogc giai thich do ban kinh hat nho hon budc séng kich thich dan tan xa goc thé hién
khong ro rét.

- Hat c6 ban kinh 0,4 um: Cudng d6 tan xa cua mdi hat da thé hién rd sy thay
d6i theo goc khi kich thich bang budc song 532 nm. Tuy nhién, viéc phan biét ba loai

hat nugc 6 nhiém, carbon den va carbon nau khé dat duoc do cuong do tan xa theo
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g6c cua ba loai hat nay kha twong dong. Trong khi d6, cudng d6 tan xa theo goc cua
3 loai hat nay thé hién su khac biét Ién khi duoc kich thich bang buéc séng 288,5 nm.
Vi du: tai goc tan xa nguoc, cudng do tan xa cta hat carbon den rat nho gan nhu bang
khong, trong khi nudc 6 nhiém cé cudng do tan xa manh nhét I6n hon ¢& mot bac so
Vé6i hat carbon nau. Diéu nay dugc giai thich do budc song kich thich ngan hon dan
c4c hat khi kich thich bang buéc séng 288,5 nm s& c6 cudng do tan xa 16n hon so véi
budc séng 532 nm. Hon nita, cac dic trung tan xa theo goc thé hién ciing 1 rang hon.
Do vay khi kich thich vao mét hdn hop cac hat c¢6 kich thuée 0,4 pm bang laser UV
288,5 nm, ta hoan toan co thé nhan biét duoc cac loai hat trong hdn hop.

- Hat 6 ban kinh 1,2 pm: Cudng d6 tan tan xa thay doi nhanh theo goc khi
duoc kich thich bang budc séng 532 nm hoic 288,5 nm. Do d6, viéc phan biét cac
loai hat ndy ¢ thé thyuc hién duoc. Tuy nhién, dé xac dinh duoc dic trung tan xa theo
g6c cua cac hat doi hoi phai sir dung nhiéu cam bién dat trén mit phing tan xa.

0 4 €0 g

120 60 120 oy 120 00

150 150 30

210 330

150 30

180 180

210 330 210

240 300 240 300 240 300
270 19 270

0,1 pm 0,4 pm 1,2 pm
A=532nm

90 0 g 0
120 60 120 60 120 60

150 150 30 150 30

180 180 0 180

210 210 330 210 330

240 300 240 300 240 300

270 0’1 “m 270 0’4 um 270 1’2 “’m

A=288,5 nm

——Nuwdc 6 nhiem ——Carbon den Carbon nau

Hinh 4.4. Cuong do tan xa theo géc cua cac hat carbon den, carbon nau

va nuweédc 0 nhiém véi kich thudc khac nhau.
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4.2.3. Anh huéng ciia budc séng kich thich @én tan xa nguwoc

Moi trudng laser UV Ce:LiCAF dugc chang minh 1a c6 kha nang diéu chinh
budc séng trén mot dai pho rong tir 280 nm dén 320 nm. Do d6, viéc nghién ciu anh
hudng cua budc song laser kich thich 1én cuong d6 tan xa nguoc cua cac hat sol khi
gom nuéc 6 nhidm, carbon den va carbon niu di dugc khao sat. Do khoang bién thién
buéc song 1a nho dan téi ¢d thé xem chiét suat caa cac hat sol khi ndy véi viing budc
s6ng t6i 1a khong d6i. Khao sat dugc thuc hién véi cac hat co cung kich thuée 0,4
um. Két qua nghién cau anh huéng cua bude song laser kich thich 1én cudng d6 tan
Xa nguoc cua cac hat sol khi dugc chi ra trén Hinh 4.5.

Két qua chi ra rang véi ciing dai budc song kich thich va kich thudc hat khong
d6i, cuong d6 tan xa nguoc cia nudc 6 nhidm 14 16n nhat gap ~2 1an so véi tan xa thu
dugc tir carbon nau. Trong khi d6, cudng d6 tan xa cia carbon den gan nhu khong
dang ké. Piéu nay cd thé duoc giai thich do ban chat caa mdi hat sol khi. Hat carbon
den c6 chiét suat phirc cao hon nhiéu so véi carbon nau va nudc 6 nhiém. Do do, phan
I6n brc xa laser kich thich tai s& bi hap thu, chi mot phan bi tAn xa. Hon nita, két qua
nghién ciru con chi ra budc séng phi hop nhat trong dai diéu chinh dé khao sat tan

Xa nguocC cua cac hat sol khi nay 1a tir 280 d¢én 290 nm hoic tir 305 dén 320 nm.

6 v ~
—Nuwéc & nhiém
——Carbon den
§- St Carbon nau T
&0
=
S 4
=
E
.cé 3
= 2
x10
1 — T _l_--—-—_ [l
280 290 300 310 320

Bwéc song (nm)

Hinh 4.5. Sy phu thugc cua cuong do tan xa nguoc cua hat carbon den, carbon ndiu

va nuéc 6 nhiém cé kich thuéc 0,4 pm vao buéc song laser kich thich 1én.
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Nhu vay, viéc nghién ciru danh gia cac dic trung tan xa ctia cac hat sol khi PM
2.5 bang laser UV bang hep Ce:LiCAF di dugc phét trién s& cho hiéu qua hon so voi
c4c birc xa ving nhin thiy va hong ngoai. Céc két qua nghién ciru mé phong dat duoc
méi chi 1a budce dau, viéc nghién ctu ¢d thé mé rong cho tng dung nhan biét hat sol

Khi cting nhu xac dinh kich thudc hat trong thuc nghiém.
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KET LUAN CHUONG 4
Chuong 4 trinh bay viéc phat trién mot hé quang phd hap thu vi sai ¢ng laser
UV Ce:LiCAF cho viéc xac dinh mat d6 khi SO,. Trong diéu kién phong thi nghiém,
hé quang phd hap thu vi sai cho két qua khao sat véi do chinh xac cao, sai s6 phép do
khoang 6%. Céc két qua dat duoc 1a co sé cho viéc nghién ciru xac dinh nong do cac
chat khi c6 pho hap thu nam trong viing buéc séng UV trong khi quyén nhu SOz, Os,
NO2, NO...

Chuong 4 cling da danh gia cuong do tan xa theo goc ciia mot sé hat sol khi
pho bién trong khi quyén 1a carbon den, carbon nau va nuéc 6 nhiém bang Iy thuyét
tan xa Mie. Két qua cho thay hiéu qua cua viéc st dung ving budc song ngan hon
khao sat tan xa cua cac hat sol khi. Hon nira khi danh gia anh hudng cua budc song
kich thich 1én cudng d6 tn xa nguoc cua , két qua cho thiy ving bude song 280 dén
290 nm hoac tir 305 dén 320 nm 1a phit hop cho cac nghién ciru vé cac hat sol khi nay

Cac két qua dat dugc c6 thé mé rong cho tng dung nhan biét cac hat sol khi

cling nhu xac dinh kich thudc hat sol khi nay trong thuc nghiém.
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KET LUAN CHUNG

Véi viéc nghién ctiru dong hoc va phat trién mot hé khuéch dai cac xung laser
UV st dung tinh thé Ce:LiCAF dinh huéng ¢ng dung trong quan tric méi trudng,
luan 4an da dat duoc mot sb két qua chinh nhu sau:

Pong hoc phd cho bo khuéch dai Ce:LICAF tam lan truyén qua da dugc nghién
ctru trdng minh, anh huong cia cong suit laser bom, ciing nhu cong suat va budc
song laser tin hiéu 1&n cong suat laser sau tirng 1an khuéch dai da dugc nghién cau.
Hién tuong thu hep pho trong quéa trinh khuéch dai da dwoc chang minh. Chum laser
tin hiéu c6 dinh pho & budc song 288,5 nm va do rong phd 10 nm sau tam lan khuéch
dai da bi thu hep vé 3,5 nm. Laser tin hiéu c6 do rong pho 16n thi hién twong thu hep
phd cang thé hién rd rét, vai laser tin hiéu c6 do rong phd dudi 3 nm hién tugng thu
hep phd trong qué trinh khuéch dai gan nhu khong dang ké. Hiéu twong dich dinh
pho trong qué trinh khuéch dai cling da duoc khao sat, laser tin hiéu c6 do rong pho
10 nm va dinh phé tai budc séng 292 nm sau tam lan khuéch dai da dich 3 nm vé phia
gan dinh phat Xa cua moi truong Ce:LiCAF.

Heé khuéch dai cac xung laser UV bang rong bon lan truyén qua st dung tinh
thé Ce:LiCAF di dugc phat trién thanh cdng, xung laser tin hiéu tir BCH Fabry-Perot
VGi cong suat 7 mW & budce song dinh pho 288,5 nm va do rong phd 2 nm sau khi di
qua bd khuéch dai, cong suit laser thu dugc 13 54 mW tuong (ng véi hé sé khuéch
dai 12 7,7. Hon nita, bang viéc sir dung phuong trinh Frantz-Nodvik mé rong, dong
hoc khuéch dai nhiéu lan truyén qua cia cac xung laser UV bang rong cling da duoc
nghién ciru twong minh. Céc két qua nghién ctu ly thuyét va thuc nghiém cho thay

su théng nhat cao vai sai léch khoang 5%.

Hé khuéch dai cac xung laser UV bing hep ciing dd dwoc phét trién thanh
cong. Cac xung laser UV bang hep tir BCH Littrow véi cong suat 7 mW ¢ buéc song
288,5 nm sau bdn 1an khuéch dai cong suat laser thu dugc 12 49 mW tuong Gng Voi
hé sé khuéch dai 7. Cac két qua mo phong bang phuong trinh Frantz-Nodvik mé rong
va thi nghiém cho thay sy phi hop cao.

Budc dau tng dung laser UV Ce:LiCAF trong hé quang phd hap thu vi sai cho
viéc xac dinh mat do khi SO2. Két qua khao sét cho thay do chinh xac cao véi sai s6

phép do 6%. Luan an ciing dd danh gia cudng do tan xa theo gdc caa mot sé hat sol
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khi phé bién 1a carbon den, carbon nau va nudc 6 nhidm. Két qua cho thay, hiéu qua
cua viéc sir dung ving budc song ngan khi khao sat tin xa ctia céc hat sol khi theo ly
thuyét tan xa Mie. Cac két qua c6 thé ma rong cho wng dung nhan biét cac hat sol khi

cling nhu xac dinh kich thudc hat trong thuc nghiém.

Céc két qua nghién ciru cua luan &n khdng chi co ¥ nghia khoa hoc ma con cho
thdy tinh ung dung thyc tién cao. Cac hé laser tir ngoai Ce:LiCAF c6 khuéch dai da
phat trién thanh cdng cho thay trién vong ung dung cua ching trong nhiéu linh vuc

nhu y hoc, sinh hoc, va dic biét trong nghién ctru vé mai truong.
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PHU LUC

A. Tiét dién hap thu va phat xa cia Ce:LiCAF
265.0000 5.5204 0.1111
265.5000 5.5673 0.1153
266.0000 5.5553 0.1165
266.5000 5.5197 0.1145
267.0000 5.4444 0.1127
267.5000 5.2979 0.1150
268.0000 5.0868 0.1248
268.5000 4.9420 0.1403
269.0000 4.5919 0.1570
269.5000 4.2387 0.1709
270.0000 3.8575 0.1821
270.5000 3.7330 0.1930
271.0000 3.6027 0.2061
271.5000 3.3091 0.2250
272.0000 3.0545 0.2581
272.5000 2.9256 0.3131
273.0000 2.7801 0.3830
273.5000 2.5590 0.4529
274.0000 2.3222 0.5168
2745000 2.2527 0.5835
275.0000 1.7957 0.6950
275.5000 1.7490 0.8704
276.0000 1.7667 1.1804
276.5000 1.4784 1.2086
277.0000 1.3081 1.5266
277.5000 1.2524 1.9390
278.0000 1.1394 2.1930
278.5000 1.0224 2.4426
279.0000 0.9285 2.5797
279.5000 0.8607 2.9747
280.0000 0.8093 3.3367
280.5000 0.7470 3.6396
281.0000 0.6672 4.0194
281.5000 0.5944 4.3430
282.0000 0.5483 4.7156
282.5000 0.5170 5.0633
283.0000 0.4824 5.4504
283.5000 0.4429 5.8848
284.0000 0.4079 6.3512
2845000 0.3821 6.4855
285.0000 0.3628 6.7485
285.5000 0.3467 6.8820
286.0000 0.3305 7.1311
286.5000 0.3114 7.3713
287.0000 0.2867 7.4271



287.5000
288.0000
288.5000
289.0000
289.5000
290.0000
290.5000
291.0000
291.5000
292.0000
292.5000
293.0000
293.5000
294.0000
294.5000
295.0000
295.5000
296.0000
296.5000
297.0000
297.5000
298.0000
298.5000
299.0000
299.5000
300.0000
300.5000
301.0000
301.5000
302.0000
302.5000
303.0000
303.5000
304.0000
304.5000
305.0000
305.5000
306.0000
306.5000
307.0000
307.5000
308.0000
308.5000
309.0000
309.5000
310.0000
310.5000

0.2553
0.2229
0.1979
0.1867
0.1868
0.1930
0.2002
0.2050
0.2059
0.2010
0.1890
0.1713
0.1522
0.1358
0.1261
0.1236
0.1256
0.1287
0.1299
0.1275
0.1224
0.1161
0.1103
0.1064
0.1050
0.1053
0.1066
0.1080
0.1090
0.1095
0.1095
0.1090
0.1081
0.1069
0.1056
0.1043
0.1036
0.1038
0.1051
0.1079
0.1124
0.1177
0.1230
0.1273
0.1298
0.1295
0.1266

7.4409
7.5165
7.5117
7.2807
7.2076
6.9913
6.7203
6.4603
6.2314
5.9290
5.6938
5.2917
4.9600
4.6185
4.4651
4.2228
3.7779
3.6690
3.5736
3.3913
3.2209
2.9801
2.8294
2.6823
1.0687
2.4347
2.3038
2.2312
2.1907
2.1350
2.0644
2.0047
1.9647
1.9427
1.9308
1.9181
1.8943
1.8602
1.8233
1.7885
1.7502
1.7013
1.6473
1.6027
1.5746
1.5388
1.4632
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311.0000 0.1221 1.3619
311.5000 0.1166 1.3093
312.0000 0.1112 1.2926
312.5000 0.1067 1.2717
313.0000 0.1036 1.2160
313.5000 0.1020 1.1424
314.0000 0.1019 1.0804
3145000 0.1033 1.0353
315.0000 0.1062 0.9923
315.5000 0.1107 0.9427
316.0000 0.1161 0.8893
316.5000 0.1221 0.8364
317.0000 0.1278 0.7867
317.5000 0.1324 0.7378
318.0000 0.1356 0.6875
318.5000 0.1370 0.6364
319.0000 0.1361 0.5883
319.5000 0.1326 0.5461
320.0000 0.1263 0.5095
320.5000 0.1175 0.4771

B. Chwong trinh mé phéng khuéch dai

clear all; clc; close all; format long

% sing=[wavelength gain emission absoption ]

sig = [I;

sigmas(:,1)=sig(:,1); % buoc song

sigmas(:,2)=1e-22*sig(:,2); % gain (emmission - ASE)
sigmas(:,3)=1e-22*sig(:,4); % hap thu

%% tinh cac gia tri cho toan miem pho

%beta tai dinh hap thu 266 va phat xa 288.5: beta=hap thu/(hap thu + phat xa)
beta0=0.5; % He so nghich dao do tich luy, chon gia tri 35 %;

betal= 7.4997/(7.4997+0.117); % beta tai dinh hap thu 266 0.117  7.4997
=0.9846

beta2= 0.2671/(0.2671+5.621); % beta tai dinh phat xa 288.5 5.621 0.2671
=0.0454

eg0=beta0*(sigmas(:,2)+ sigmas(:,3))- sigmas(:,3); % tiet dien pho khuech dai voi
beta0

egl=betal*(sigmas(:,2)+ sigmas(:,3))- sigmas(:,3); % tiet dien pho khuech dai voi
betal, dinh hap thu

eg2=beta2*(sigmas(:,2)+ sigmas(:,3))- sigmas(:,3); % tiet dien pho khuech dai voi
beta2, dinh phat xa

y=sigmas(:,1)*0;

%% Load absorption and emission cross sections

%% Wavelength ranges for pump

wavelength_P=linspace(264,268,100); % Define pump wavelengths
Abs_pump=spline(sigmas(:,1),sigmas(:,2),wavelength_P); % ham noi suy tiet dien
hap thu
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Ems_pump=spline(sigmas(:,1),sigmas(:,3),wavelength_P); % ham noi suy tiet dien
phat xa

PP=[(1e-9*wavelength_P)', Abs_pump’, Ems_pump];

sigmas_pump=PP;

%% Wavelength ranges for pump and seed

wavelength_S=linspace(284,296,4000); % Define pump wavelengths
Abs_seed=spline(sigmas(:,1),sigmas(:,2),wavelength_S); % ham noi suy tiet dien
hap thu

Ems_seed=spline(sigmas(:,1),sigmas(:,3),wavelength_S); % ham noi suy tiet dien
phat xa

SS=[(1e-9*wavelength_S)', Abs_seed’, Ems_seed';

sigmas_seed=SS;

%% RA starting parameters

p_inv_start=0.0455; % Initial inversion prior pumping cycle (here: 24.5 % is value
for Ho:YLF when it is transparent for the seed wavelength)

%% Slicing Parameters defining the number of slices the pump and seed fluence is
sliced in

N_pump_slices=20;

N_seed_slices=20;

Number_of single passes=4;

%% Define Laser Amplifier Parameters

N_gain_ion_density=5*10"23; % m”3 (here this value is 1 % Holmium in YLF)

T losses=0.8; % Single pass losses
h=6.62606957*10"(-34); % W*s
c=3*10"8; % m/s

tau_gain=25*(10"-9); % s, Gain life time of Ho:YLF
%% chieu dai khuech dai
length_crystal=0.008; % m

a=0.005; % chieu cao & va sau cua tinh the
anpha=[3 3 6 6]*pi/180; % goc giua chum bom va chum tin hieu
length_amply= length_crystal-1/(4*a)*((length_crystal-

a*tan(anpha/2))./2).*tan(anpha/2)./(1-tan(anpha/2)) % m

Pump_power=0.08; % W

pump_time=0.1; %s

radius_laser_and _pump_mode=0.0005; % m

% Define spectral pump pulse (with Gaussian spectrum, but could be any shape in
principle)
Pump_fluence=Pump_power*pump_time/(radius_laser_and_pump_mode”2*pi);
FWHM_Gauss_pump=1*10"-9; % m
sigma_gauss_pump=FWHM_Gauss_pump/2.35; % nm

lambda 0=266*10"-9; % m
delta_lambda_pump=sigmas_pump(2,1)-sigmas_pump(1,1);
norm_spectral_pump=1/(sqrt(2*pi)*sigma_gauss_pump)*exp((-(sigmas_pump(:,1)-
lambda_0).72)/(2*sigma_gauss_pump”2));
Spectral_Pump_pump=norm_spectral_pump*Pump_fluence*delta_lambda_pump;
% Spectral pump pulse fluence
[p_inv_out_pump,J_pulse_out_pump,p]=Sub_function_slice fluencel(Spectral Pu
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mp_pump,N_pump_slices,...
pump_time,p_inv_start,sigmas_pump,tau_gain,h,c,N_gain_ion_density,length_crys
tal,T_losses);
ppp=p_inv_out_pump;
%% Define spectral seed pulse (here Gaussian Shaped, but could be any shape in
principle)
Seed_energy=0.5*(10"-3); % Seed pulse energy is
seed_pulse_duration=1.3*(10"-9);% not really important... just used to correct
inversion decay during pulse amplification,
%which is neglegible typically. Value here defined analogous to the value of the
pumping time
%Dbecause then same subfunctions can be used for the pumping and for the
amplification process.
F_seed=Seed_energy/(radius_laser _and_pump_mode”2*pi); % Calculate pulse
fluence
FWHM_Gauss_seed=0.2*10"-9; % m
sigma_gauss=FWHM_Gauss_seed/2.35; % nm
%sigma_gauss=FWHM_Gauss_seed; % nm
lambda _0=288.5*10"-9; % m
delta_lambda_seed=sigmas_seed(2,1)-sigmas_seed(1,1);
norm_spectral_seed=1/(sqrt(2*pi)*sigma_gauss)*exp((-(sigmas_seed(:,1)-
lambda_0)./2)/(2*sigma_gauss”2));
J_pulse_in=norm_spectral_seed*F seed*delta_lambda_seed; % Spectral seed pulse
that is amplified during burst
J_seed_spectrum_normalized=J_pulse_in/max(J_pulse_in);
%% Simulation of pulse amplification (in loop repeated for Number_of RT):
FWHM=[];
for j=1:Number_of single_ passes
[p_inv_out_seed(j),J_pulse_out(:,j)]=Sub_function_slice fluence(J_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);
J_pulse_in=J_pulse_out(:,));
E_pulse_energy(j)=sum(J_pulse_out(:,j),1)*(radius_laser_and_pump_mode”2*pi);
p_inv_out_pump(j+1)=p_inv_out_seed(j);
J_spectrum_after_each_single _pass(j,:)=J_pulse_in/max(J_pulse_in);
%% FWHM spectrum
z11=] spectrum_after_each_single_pass(j,:); % Cuong do pho
x01=sigmas_seed(:,1)*10"9; % buoc song khao sat
for w= 1:length(z11)
if z11(w)>=0.5
XXx5=x01(w);
ZZ1=z11(w);
buocsongphattrai=xxx5; % Diem phia ben trai
break; %ngat
end
end
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for w=1:length(z11)
If z11(w)<=0.5 & x01(w)>xxx5
XXx6=x01(w);
272=711(w);
buocsongphatphai=xxx6; % Diem phia ben phai
break;
end
end
FWHM_PHO=(buocsongphatphai- buocsongphattrai);
FWHM=[FWHM FWHM_PHO];
end
E_out=[Seed_energy E_pulse_energy]; % j nang luong laser ra
GG=[1E_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];
%9%9%%%%%%%%%%%%%%
function [p_1,Ji] =
Sub_func_single_fluence_propagation(p_inv_start,J_pulse in,sigmas,dt_slice,...
tau_gain,h,c,N_gain_ion_density,length_crystal, T_losses)
% This function calculates the spectral amplification of each individual fluence slice.
wavelength=sigmas(:,1);
p_O=p_inv_start;
J_sat=h*c./(sigmas(:,1).*(sigmas(:,2)+sigmas(:,3))); % Equ. (5) in Paper
sigma_g=(p_0*(sigmas(:,2)+sigmas(:,3))-sigmas(:,3)); % Equ. (3) in Paper
Gi=exp(sigma_g*N_gain_ion_density*length_crystal); % Equ. (2) in Paper
Ji=J_sat*T_losses.*log(1+Gi.*(exp(J_pulse_in./J_sat)-1)); % Equ. (4) in Paper
spectral_delta_p=(Ji/T_losses-
J_pulse_in).*wavelength/(c*h*N_gain_ion_density*length_crystal);
% The delta_beta of Equ. (18) in the Paper, calculated for each spectral component.
%It sais how much each spectral component individually reduces the inversion.
delta_p=sum(spectral_delta_p); % The sum of all spectral_delta_p results in the total
delta_p
p_1=(p_O-delta_p)*exp(-dt_slice/tau_gain);
% This calculates the inversion decay to correct the inversion during
%the considered pumping/amplification slice (Equ. (7) in my Paper).
%For amplification, this is completely neglegible, but for the pumping process is has
an effect.
end

C. Chwong trinh md phéng ddng hoc phat ddng thoi 2 buéc song

function dy=Cequenching2(t,y)
global Ipeak g1 g2 N1sigL1 L2 Lctaul mtipnd;
t1=10; %
tipl=tip"2; %
ml=m+1; m2=ml+1l; m3=2*m+1;
c=(t-t1).72;
Ib=Ipeak*exp(-4*log(2)*c/tipl); %
I=y(2:m1)+y(m2:m3);
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dyl=Ib+(sum(sig(:,1).*1))*(N21-y(1))-(sum(sig(:,2).*I)+1/taul).*y(1); 9

dy2=[]; dy3=[];

for j=1:m
a=sig(j,2).*y(1)-sig(j,1).*(N1-y(1));
T1=2*(L1+Lc*(n-1))/30; %ns, cm,

dy2=[dy2;(2*Lc*a-q1(j)).*y(j+1)/T1+(1e-28)*y(1)]; % cm/ps"2
T2=2*(L2+Lc*(n-1))/30; %ns, cm,
dy3=[dy3;(2*Lc*a-q2(j)).*y(j+m+1)/T2+(1e-28)*y(1)];
end;
dy=[dy1;dy2;dy3];
%%%%%%%%%%
maxil=[];maxi2=[];vachtt2=[];
Guongi=195.5:0.1: 198.8;
for ii=1:length(Guongi)
Guong2=Guongi(ii); %
siglll=1]
xx1=275:0.0001:320; %
yyl=spline(sig111(:,1),sig111(:,2),xx1); ¢
zz1=spline(sig111(:,1),sig111(:,3),xx1); 9
sigll=[xx1'yyl' zz17; %
Guongl1=198.2635; %
vetlaser1=0.001; %m
LCT1=0.01; %m
anphal=acosd(vetlaserl/LCT1); %
vetlaser=LCT1/2; %
mm=1; %
dd=1/2400000; %
lamdatt1=(dd/mm)*(sin(anphal*pi/180)+sin(Guongl*pi/180)); %
deta_lamdal

sqrt(2)*(lamdatt1”2)./(pi*vetlaser)*((sin(anphal*pi/180)+sin(Guongl1*pi/180))); %

lamdatt2=(dd/mm)*(sin(anphal*pi/180)+sin(Guong2*pi/180)); %
deta_lamda2

sgrt(2)*(lamdatt2”2)./(pi*vetlaser)*((sin(anphal*pi/180)+sin(Guong2*pi/180))); %

x01l=lamdatt1*1e9;
x011=x01-0.01;
x012=x01+0.01; x013=deta lamdal*1e9; x02=lamdatt2*1e9;
x021=x02-0.01; x022=x02+0.01; x023=deta lamda2*1e9;
vachtt2=[vachtt2 x02];
x001=x011:0.0001:x012;
y001=spline(sigl1(:,1),sig11(:,2),x001);
z001=spline(sig11(:,1),sig11(:,3),x001);
sig01=[x001" y001' z001';

x002=x021:0.0001:x022;
y002=spline(sig11(:,1),sig11(:,2),x002);
z002=spline(sig11(:,1),sig11(:,3),x002);
sig02=[x002' y002' z002';
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sigl=[sig01; sig02]; %

[m,c1]=size(sigl);

ml=m+1;

sig2=sigl(:,1); %

sig=1e-18*[sig1(:,2),sigl(:,3)]; %

clear sigl sigl1l sigl111;
xel=(sig2-x01)."2;
r11=0.35*exp((-4*log(2)*xel)/(x013).72);
rl=rll+1le-5; %
xe2=(sig2-x02)."2;
r22=0.35*exp((-4*log(2)*xe2)/(x023).72);
r2=r22+1e-5; %

global Ipeak g1 g2 N1 sig Lk Lctaul mtipnd L1 L2;

N1=5e17; L1=10; L2=10+10*LCT1/2; Le=1; d=1; taul=25; n=1.41;

tip=7,;
t0=30; P=20E5; anpha=3; I=Lc; h=6.62606957E-34; ¢=3el0;
vetbom=0.05; lambda=266E-7; %

Ipeak=P*lambda*(1-exp(-anpha*1))./(LE9*h*c*pi*I*vetbom."2); %
r3=0.6; gl=-log(r1*r3); qg2=-log(r2*r3);
f=zeros(2*m+1,1);
fi=[]; Ln=[]; vyi=[; x1=[];

for j=1:1:to;
[X y]=ode45('Cequenchingl’,[j-1 j1.f);
f=y(end,:)";
yl=[yLyl; x1=[x1;x];
clear x y;
end;
al=[x1(1);x1;x1(end)];
INTP1=[];
for i=1:m %tich phan cuong do laser 1 theo thoi gian

a2=[0;y1(:,i+1);0];
INT1=polyarea(al,a?);
INTP1=[INTPL;INTL1];
clear a2;
end;
figure(1);
xx11=sig2(1,1):0.00001:sig2(m/2,1);
yngl=spline(sig2(:,1),INTP1(:,1),xx11);
tgol=max(yngl);
maxil=[maxil tgol];
plot(xx11,yngl); hold on;
z11=yngl/tgol; %
xk1=xx11; %
for w= 1:length(z11)
if z11(w)>=0.5
XXx1=xk1(w);
%ZZ1=z211(w);



109

buocsongphattrail=xxx1; %
break; %ngat

end

end
for w=1:length(z11)

If z11(w)<=0.5 & xk1(w)>xxx1
XXx6=xk1(w);
%ZZ2=z11(w);
buocsongphatphail=xxx6; %
break;

end

end
FWHM_PHO1=(buocsongphatphail- buocsongphattrail)*1000 %(pm)
%% Tien trinh pho thoi gian BCH1
[mx1,nx1]=size(x1);
INT11=[];
for i=1:mx1
a3=[sig2(1,1);sig2;sig2(end,1)];
ccl=y1(i,2:ml);
b=ccl’,
a4=[b(1,1);b;b(end,1)];
IN=polyarea(a3,a4);
INT11=[INT1L;INJ;
a4=[l;
clear a3
end;
tgl=max(INT11);
QX X=x1;
t1=10;
tipl=tip.~2;
c0=(x1-t1)."2;
YY=exp(-4*log(2)*c0/tipl);
%%
INTP2=[];
fori=I'm %
a3=[0;y1(:,(i+1+m));0];
INT=polyarea(al,a3);
INTP2=[INTP2;INT];
clear a3;
end;
%% figure 4...
figure(4);
xx22=sig2(1+m/2,1):0.00001:sig2(m,1);
yng2=spline(sig2(:,1),INTP2(:,1),xx22);
tgo2=max(yng2);
maxi2=[maxi2 tgo2];
plot(xx22,yng2); hold on;
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%%
z12=yng2/tgo2; %
xk2=xx22; %
for w= 1:length(z12)
if z12(w)>=0.5
XXX2=Xk2(w);
%ZZ3=212(w);
buocsongphattrai2=xxx2; %
break; %ngat
end
end
for w=1:length(z12)
If z12(w)<=0.5 & xk2(w)>xxx2
XXXT=XK2(W);
%ZZ4=212(w);
buocsongphatphai2=xxx7; %
break;
end
end
FWHM_PHO2=(buocsongphatphai2- buocsongphattrai2)*1000 %(pm)
%%
INT22=[];
hl=mil+1;
h2=2*m+1;
for i=1:mx1
a3=[sig2(1,1);sig2;sig2(end,1)];
cc2=y1(i,h1:h2);
b=cc2';
a5=[b(1,1);b;b(end,1)];
INT=polyarea(a3,a5); %
INT22=[INT22;INT]; %
a5=[l;
end;
end
D. Chwong trinh md phéng tan xa goc caa hat sol khi
%The following text lists the Program to compute the Mie Efficiencies:
function result = Mie(m, x)
% Computation of Mie Efficiencies for given
% complex refractive-index ratio m=m'+im"
% and size parameter x=k0*a, where kO= wave number in ambient
% medium, a=sphere radius, using complex Mie Coefficients
% an and bn for n=1 to nmax,
% s. Bohren and Huffman (1983) BEWI:TDD122, p. 103,119-122,477.
% Result: m', m", x, efficiencies for extinction (gext),
% scattering (gsca), absorption (qabs), backscattering (gb),
% asymmetry parameter (asy=<costeta>) and (qratio=qb/qsca).
% Uses the function "Mie_abcd" for an and bn, for n=1 to nmax.
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% C. Matzler, May 2002.

if x==0 % To avoid a singularity at x=0

result=[real(m) imag(m) 000000 1.5];

elseif x>0 % This is the normal situation
nmax=round(2+x+4*x"(1/3));

nl=nmax-1;

n=(1:nmax);

cn=2*n+1,;

cln=n.*(n+2)./(n+1);

c2n=cn./n./(n+1);

X2=X*X;

f=mie_abcd(m,x);

anp=(real(f(1,:))); anpp=(imag(f(1,:)));
bnp=(real(f(2,:))); bnpp=(imag(f(2,:)));
g1(1:4,nmax)=[0; 0; 0; 0]; % displaced numbers used for
g1(1,1:n1)=anp(2:nmax); % asymmetry parameter, p. 120
g1(2,1:n1)=anpp(2:nmax);

g1(3,1:n1)=bnp(2:nmax);

g1(4,1:n1)=bnpp(2:nmax);

dn=cn.*(anp+bnp);

g=sum(dn);

gext=2*q/x2;
en=cn.*(anp.*anp+anpp.*anpp+bnp.*bnp+bnpp.*bnpp);
g=sum(en);

gsca=2*q/x2;

gabs=qgext-qsca;

fn=(f(1,:)-f(2,))).*cn;

gn=(-1)."n;

f(3,:)=fn.*gn;

g=sum(f(3,:));

qb=0g*q'/x2;
asyl=cln.*(anp.*g1(1,:)+anpp.*g1(2,:)+bnp.*g1(3,:)+bnpp.*gl(4,’));
asy2=c2n.*(anp.*bnp+anpp.*bnpp);
asy=4/x2*sum(asyl+asy2)/gsca;

gratio=gb/qgsca;

result=[real(m) imag(m) X gext gsca gabs gb asy gratio];
end;

%The following text lists the basic program to compute the Mie Coefficients an, bn,
%cn, dn and to produce a matrix of nmax column vectors [an; bn; cn; dn]:

function result = Mie_abcd(m, x)

% Computes a matrix of Mie coefficients,a n,b n,c n,d n,

% of orders n=1 to nmax, complex refractive index m=m'+im",

% and size parameter x=k0*a, where kO= wave number

% in the ambient medium, a=sphere radius;

% p. 100, 477 in Bohren and Huffman (1983) BEWI.:TDD122

% C. Matzler, June 2002
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nmax=round(2+x+4*x"(1/3));

n=(1:nmax); nu = (n+0.5); z=m.*x; m2=m.*m;
sgx= sqrt(0.5*pi./x); sqz= sqrt(0.5*pi./z);

bx = besselj(nu, X).*sgx;

bz = besselj(nu, z).*sqz;

yX = bessely(nu, X).*sgx;

hx = bx+i*yx;

bix=[sin(x)/x, bx(1:nmax-1)];

blz=[sin(z)/z, bz(1:nmax-1)];

yi1x=[-cos(X)/x, yx(1:nmax-1)];

hix= blx+i*ylx;

ax = X.*b1x-n.*bx;

az = z.*b1z-n.*bz;

ahx= x.*h1x-n.*hx;

an = (m2.*bz.*ax-bx.*az)./(m2.*bz.*ahx-hx.*az);
bn = (bz.*ax-bx.*az)./(bz.*ahx-hx.*az);

cn = (bx.*ahx-hx.*ax)./(bz.*ahx-hx.*az);

dn = m.*(bx.*ahx-hx.*ax)./(m2.*bz.*ahx-hx.*az);
result=[an; bn; cn; dn];

%The following text lists the program to compute the absorption efficiency
%Equation (9):

function result = Mie_abs(m, x)

% Computation of the Absorption Efficiency Qabs

% of a sphere of size parameter Xx,

% complex refractive index m=m'+im",

% based on nj internal radial electric field values

% to be computed with Mie_Esquare(nj,m,x)

% Ref. Bohren and Huffman (1983) BEWI:TDD122,
% and my own notes on this topic;

% k0=2*pi./wavelength;

% x=kO0.*radius;

% C. Matzler, May 2002
nj=5*round(2+x+4*x.”(1/3))+160;

e2=imag(m.*m);

dx=x/nj;

X2=X.*X;

njl=nj+1,

Xj=(0:dx:x);

en=Mie_Esquare(m,x,nj);

enl1=0.5*en(nj1).*x2; % End-Term correction in integral
enx=en*(xj.*xj)'-enl; % Trapezoidal radial integration
inte=dx.*enx;

Qabs=4.*e2.*inte./x2;

result=Qabs;
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% The following text lists the program to compute and plot the (?, ?) averaged
% absolute-square E-field as a function of x’=rk (for r<0<a):
function result = Mie_Esquare(m, X, nj)

% Computation of nj+1 equally spaced values within (0,x)
% of the mean-absolute-square internal

% electric field of a sphere of size parameter X,

% complex refractive index m=m'+im",

% where the averaging is done over teta and phi,

% with unit-amplitude incident field;

% Ref. Bohren and Huffman (1983) BEWI: TDD122,

% and my own notes on this topic;

% k0=2*pi./wavelength;

% x=kO0.*radius;

% C. Méatzler, May 2002

nmax=round(2+x+4*x"(1/3));

n=(1:nmax); nu =(n+0.5);

ml=real(m);

m2=imag(m);

abcd=Mie_abcd(m,x);

cn=abcd(3,.);

dn=abcd(4,:);

cn2=abs(cn)."2;

dn2=abs(dn).”2;

dx=x/nj;

for j=1:n;j,

Xj=dx.*j;

Z=m.*X]j;

sgz=sqrt(0.5*pi./z);

bz = besselj(nu, z).*sqz; % This is jn(z)
bz2=(abs(bz)).n2;

blz=[sin(z)/z, bz(1:nmax-1)]; % Note that sin(z)/z=j0(z)
az = blz-n.*bz./z;

az2=(abs(az)).”2;

z2=(abs(z))."2;

nl =n.*(n+1);

n2 =2.*(2.*n+1);

mn=real(bz2.*n2);

nnl=az2;

nn2=bz2.*nl1./z2;

nn=n2.*real(nn1+nn2);

en(j)=0.25*(cn2*mn'+dn2*nn’);

end;

xxj=[0:dx:xj]; een=[en(1) en];

plot(xxj,een);

legend('Radial Dependence of (abs(E))"2")
title(sprintf('Squared Amplitude E Field in a Sphere, m=%g+%gi x=%g',m1,m2,x))
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xlabel('r k')
result=een;

clear all;
ml = 1.327; % real refractive index
m2 = 2.89*10"-6; % imagine refractive index
m=ml + 1li*m2;
r =100; % radius of a particle
d = 2*r; % diameter of a particle
wavelen = 1064; % laser wavelength
X = pi*d/wavelen; % size parameter
X2 = X*X;
Q = Mie(m,x);
den = (pi*x2*Q(5));
np = 360;
nx = (1:np);
dt = 2*pi/(np-1);
theta = (nx-1).*dft;
Sp = zeros(1,np);
Tot=0;
forj=1:np
u = cos(theta(j));
a=mie_S12(m,x,u);
SL=a(1)*a(1);
SR=a(2)*a(2)’;
Sp(j) = (SL + SR)/den;
end
I = Sp(1);
forj=1:np
if I>Sp(j)
1=Sp();
n=j;
end
end
Sp = Spll;
k = 10/Sp(n);
Sp = k*Sp; % For log scale to be positive
Sp =1og10(Sp); % Log scale
polar(theta,Sp)
title(sprintf("Mie angular scattering: m=%g+%ogi, x=%g',m1,m2,round(x,2)));

% The following text lists the program to compute a matrix of ?n and ?n
% functions for n=1 to nmax:

function result=Mie_pt(u,nmax)

% pi_nand tau_n, -1 <=u=cos? <=1, nl integer from 1 to nmax
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% angular functions used in Mie Theory
% Bohren and Huffman (1983), p. 94 - 95
p(1)=1;

t(1)=u;

p(2)=3*y;

t(2)=3*cos(2*acos(u));

for n1=3:nmax,
pl=(2*n1-1)./(n1-1).*p(nl-1).*u;
p2=n1./(n1-1).*p(nl1-2);

p(n1)=pl-p2;

t1=nl1*u.*p(nl);

t2=(n1+1).*p(nl1-1);

t(n1)=t1-t2;

end;

result=[p;t];

clear all
clear all;
format long;
%Mie intensity
m=2.28 + 0.59i;
ml=real(m);
m2=imag(m);
r=0.1:0.01:3; % the radius of the sphere
nsteps=Ilength(r);
wavelen=[280 290 300];
wavelen=wavelen*10"-3;
Iw=length(wavelen);
gb=zeros(nsteps,1);
gbs=zeros(nsteps,Iw);
for i=1:lw
for j=1:nsteps
x=2*pi*r(j)/wavelen(i); % the size parameter
nmax=round(2+x+4*x"(1/3));
nl =nmax-1;
n=(1:nmax);
cn=2*n+1;
cln=n.*(n+2)./(n+1);
c2n=cn./n./(n+1);
X2=X*X;
f=Mie_abcd(m,x);
fn=(f(1,:)-f(2,:)).*cn;
gn=(-1).”n;
f(3,:)=fn.*gn;
g=sum(f(3,:));
qb()=a*q/x2;
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end
gbs(:,i)=smooth(gb(:,1),20);
end
plot(r,qbs)
legend('280','290",'300",'310")
title(sprintf( Amorphous carbon: m=%g+%gi',m1,m2));
xlabel('Radius’)

%The following text lists the program to compute the two complex
%scattering amplitudes S1 and S2:

function result = Mie_S12(m, X, u)

% Computation of Mie Scattering functions S1 and S2
% for complex refractive index m=m'+im",

% size parameter x=k0*a, and u=cos(scattering angle),
% where kO=vacuum wave number, a=sphere radius;
% s. p. 111-114, Bohren and Huffman (1983) BEWI:TDD122
% C. Méatzler, May 2002
nmax=round(2+x+4*x"(1/3));

abcd=Mie_abcd(m,x);

an=abcd(1,);

bn=abcd(2,:);

pt=Mie_pt(u,nmax);

pin =pt(1,’);

tin=pt(2,);

n=(1:nmax);

n2=(2*n+1)./(n.*(n+1));

pin=n2.*pin;

tin=n2.*tin;

S1=(an*pin'+bn*tin’);

S2=(an*tin'+bn*pin";

result=[S1;S2];

function result = Mie_tetascan(m, X, nsteps)

% Computation and plot of Mie Power Scattering function for given
% complex refractive-index ratio m=m'+im", size parameters x=k0*a,
% according to Bohren and Huffman (1983) BEWI:TDD122

% C. Métzler, May 2002.

nsteps=nsteps;

ml=real(m); m2=imag(m);

nx=(1:nsteps); dteta=pi/(nsteps-1);

teta=(nx-1).*dteta;

for j = 1:nsteps,

u=cos(teta(j));

a(:,))=Mie_S12(m,x,u);

SL@)= real(a(1,))*a(1.)));
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SR(j)= real(a(2,j)*a(2,j));

end,;

y=[teta teta+pi;SL SR(nsteps:-1:1)]’;

polar(y(:,1),y(:,2))

title(sprintf('Mie angular scattering: m=%g+%gi, x=%g',m1,m2,X));
xlabel('Scattering Angle")

result=y;

m=2.28 + 0.59i;
ml=real(m);
m2=imag(m);
wavelen=280:0.1:310;
wavelen=wavelen.*10"-3;
nw=length(wavelen);
r=[2.55 10];
nr=length(r);
gb=zeros(nw,1);
gbs=zeros(nw,nr);
for i=1:nr
for j=1:nw
x=2*pi*r(i)/wavelen(j);
nmax=round(2+x+4*x"(1/3));
nl=nmax-1;
n=(1:nmax);
cn=2*n+1;
cln=n.*(n+2)./(n+1);
c2n=cn./n./(n+1);
X2=X*X;
f=Mie_abcd(m,x);
fn=(f(1,:)-f(2,:)).*cn;
gn=(-1)."n;
f(3,:)=fn.*gn;
g=sum(f(3,:));
qb()=a*q/x2;
end
qbs(:,i)=qgb(:,1);
end
wavelen=wavelen.*10"3;
plot(wavelen,gbs)
legend('r = 2.5','r =5.0','r = 10.0")
title(sprintf('Silicon dioxide SiO_2: m=%g+%gi',m1,m2));
xlabel("Wavelength (nm)")

%The following text lists the program to compute the a matrix of Mie
% efficiencies and to plot them as a function of x:
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function result = Mie_xscan(m, nsteps, dx)

% Computation and plot of Mie Efficiencies for given

% complex refractive-index ratio m=m'+im"

% and range of size parameters x=k0*a,

% starting at x=0 with nsteps increments of dx

% a=sphere radius, using complex Mie coefficients an and bn
% according to Bohren and Huffman (1983) BEWI:TDD122
% result: m', m", x, efficiencies for extinction (gext),

% scattering (gsca), absorption (gabs), backscattering (gb),
% gratio=gb/qgsca and asymmetry parameter (asy=<costeta>).
% C. Matzler, May 2002.

nx=(1:nsteps)’;

x=(nx-1)*dx;

for j = 1:nsteps

a(j,:)=Mie(m,x(j));

end,;

output_parameters = 'Real(m), Imag(m), x, Qext, Qsca, Qabs, Qb, <costeta>,
Qb/Qsca’

ml=real(m);m2=imag(m);

plot(a(:,3),a(:,4:9)) % plotting the results
legend('Qext’,'Qsca’,'Qabs’,'Qb','<costeta>",'Qb/Qsca’)
title(sprintf('Mie Efficiencies, m=%g+%gi',m1,m2))
xlabel('x")

result=a;



