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Chuong 1
Mé dau

Nghién cifu x4c dinh thong tin cAu tric ctia vt chit tif 1au da thu hit sy quan
tam ctia cac nha khoa hoc. Phuong phdp tén xa electron truyén théng (Conven-
tional Electron Diffraction - CED) [1] cho phép thu nhan thong tin ctia nguyén ta,
phén ti v4i d) phan giai khong gian cao. Tuy nhién, cac thong tin thu dugc nay 1a
"tinh", ttic da dudc trung binh bsi dao dong nhiét clia phan ti trong sudt thdi gian
do. Su phat trién vugt bac ctia cong nghé laser cho phép thim do chuyén dong
cua electron trong nguyén ti, phan t& v6i do phan gidi thoi gian cd pico gidy,
femto gidy, va gan dy 1a atto gidy. Khi xung laser manh tuong tic véi nguyén ti
hoiic phan tii, hang loat hiéu ting quang phi tuyén x4y ra. C4c hiéu ing nay dugc
hinh dung tric quan qua md hinh ba budc [2]. Theo d6, (i) dau tién, electron bi
ion héa ra ngoai; (ii) sau d6, electron dugc gia toc trong trudng dién clia laser va
tich trit ning lugng; (iii) tiép theo, dién trudng laser ddi chiéu kéo electron quay
trd vé tdi tan xa trén ion me. Néu electron tdi két hop véi ion me sé phat ra céic
photon ¢6 tan s6 cao goi 12 hiéu ting phat xa séng diéu hoa bac cao (High-Order
Harmonic Generation - HHG) [3]. Con néu electron tan xa dan hoi trén ion me
sé thu dudc pho nhiéu xa electron do laser (Laser-Induced Electron Diffraction -
LIED) [4]. Néu electron tdn xa khong dan hoi trén ion me sé thu dudc phd ion
héa kép khong lién tiép.

Trong Luan 4n, ching t6i quan tAim dén céc qua trinh CED, LIED va HHG.

1. Trude hét, chiing t6i nghién ctiu phuong phap trich xuat thdng tin ciu tric
va dong luc hoc ctia phan ti tit CED va LIED. S& di ching toi quan tAm dén hai

qua trinh nay bdi chiing c6 mdi lién hé chit ché véi nhau. Cu thé, biang 1y thuyét



tdi tan xa dinh lugng [4], tit phd LIED c¢6 thé trich xuét tiét dién tan xa vi phan
(Differential Cross Section - DCS) cua electron trén ion me, tudng tu nhu DCS
trong CED. Tut cdc do dac CED va LIED c6 thé trich xuit dudc ciu triic phan
tli. Mot trong nhiing phuong phép trich xuét thong tin phin ti 1a phuong phap
so sanh phu hgp (fitting), tiic so sanh dit liéu thuc nghiém véi dit 1iéu mod phdng
cho mdi ciu tric thir ctia phan tir. DE 4p dung phuong phap gidn tiép nay, viéc
mo phong DCS bing ly thuyét don gidn va nhanh 1 quan trong. Phuong phap
don gian 1a st dung md hinh nguyén ti doc 1lap (IAM), trong d6 chi xét dén su
giao thoa ctia cic séng khi electron tan xa chi mot 1an trén cic nguyén tii trong
phan ti [1,5]. M6 hinh IAM chi phu hgp khi electron t6i ¢6 nang lugng cao. Khi
electron t6i c6 ning lugng thap, electron c6 thé tin xa nhiéu lan trén cic nguyén
tl trong phan ti. Khi nay ly thuyét da tin xa (Multiple Scattering Theory - MS)
phit hop hon [6,7]. Tuy nhién, viéc kiém tra viing lam viéc cu thé ciia hai mé hinh
nay vdn chua duoc nghién ciiu va viéc si dung Iy thuyét MS dé’kiém tra A chinh
xdc ciia ciia mé hinh IAM la can thiét. Bén canh d6, d€ thu dudc ciu tric phan ti
chinh x4c hon, can phai xét dén hiéu ting dao dong trong mod phong DCS. Hién
nay, chuta cé mot nghién citu nao vé 1y thuyét MS khi xét dén dao dong phdn tir.
2. Viéc trich xuét thong tin phan tif tif do dac DCS trong CED da dudc thuc
hién kh4 chinh x4c khi 4p dung céc phuong phiap mo phong DCS xét dén dao
dong phan ti. Tuy vy, trong cdc cong trinh gan diy, viéc trich xult thong tin
phan ti tit DCS thu dudc tit LIED lai chua xét dén dao dong phan ti. Mic du
CED va LIED ban chit déu 1a tdn xa electron trén phn td, nhung trong CED,
phan t& dugc kich thich dao dong bdi nhiét, con trong LIED, sy ¢6 mat clia xung
laser manh lam thay d6i trang thai dao dong phan ti. Do d6, can nghién citu hiéu

iing dao dong phdn tik 1én hinh dnh nhiéu xa trong LIED. Bén canh d6, néu hiéu



ting dao dong 1én CED hoic LIED la ding k€ thi liéu c6 thé trich xudt thé ning
lién nguyén tit tiw DCS thu duoc tw CED va LIED khong?

3. Ngoai LIED, chiing t6i ciing quan tim dén qud trinh phat xa HHG. D&
tinh dugc HHG, vé ban chit Ia phdi giai phuong trinh Schrodinger phu thudc thdi
gian (Time-Dependent Schrodinger Equation - TDSE). D€ gidi truc tiép TDSE,
phan ti nhiéu electron thudng dudc xét trong md hinh mot electron hoat dong
(Single-Active-Electron Model - SAE), nhdm giam chi phi tinh toan. Trong mo
hinh SAE, electron 16p ngoai cuing sé& chuyén dong trong thé ning hiéu dung tao
bdi hat nhan va cdc electron con lai bi "dong bang", dudc goi 1a cac electron-16i.
Tuy nhién, mot s6 do dac thuc nghiém gan diy cho céc hiéu ing quang phi tuyén
phét ra tlf cic phan tif ¢6 d6 phan cuc 16n lai khong thé giai thich dudc bing 1y
thuyét khi st dung md hinh SAE. Piéu nay dit ra cau héi lidu electron-16i c6
thuc su bi "déng bing". Céch tiép cin dé kiém chiing 4nh hudng cda hiéu tng
nhiéu electron, d6 1a thém vao phuong trinh TDSE thanh phin md t4 hiéu dng
phén cuc dong 16i-electron (Dynamic Core-Electron Polarization - DCEP) [8].
Nghién ctiu ly thuyét da chi ra DCEP 4nh hudng dén cudng do cla bac diéu hoa
tai vi tri giao thoa cuc tiéu [9, 10] va di€ém ding [11] ctia phd HHG. Noéi cach
khac, DCEP lam &nh hudng t6i cudng do va hinh dang ctia phd HHG, tuy nhién,
nhitng sy thay ddi nay nhd nén khé cé thé kiém chiing biang cic do dac thuc
nghiém. Cho dén nay, vdn chua c6 thé kiém chiing duoc hiéu ing DCEP trén
phdé HHG bdng cdc do dac thuc nghiém.

Mot khia canh quan trong khic ctia phd HHG 1a bac diéu hoa, tic 1a ty s6
gitta tan s6 HHG va tan s6 laser chiéu vao. Néu xung laser du dai chiéu vao phan
tt bat dbi xing, phd HHG sé c6 ca bic diéu hoa chan va 18 [12,13]. BE dic trung

héa phd HHG chin-18, dai luong "ty s6 chin-18" dudc dinh nghia 12 ty sb giita



cudng do HHG ciia bac chin va trung binh ctia hai bac 18 lién k& [12]. Tuy vay,
bdn chdt ciia ty s6 chdn-1é cia HHG va khd ndng ding né dé dc trung cho tinh
chdt bdt doi xvng ciia hé laser-phdn ti vdn chua dugc lam ré.

Muc tiéu ciia Luin 4n Ia trich xuit thong tin ciu tric phan ti t phé tai
tan xa (LIED va HHG) thu dugc khi phan t tuong tac véi laser manh xung cuc
ngan.

Noi dung nghién citu cu thé nhu sau: (1) Phat trién phuong phdp tinh DCS
cua electron tan xa trén phéan ti khi khong xét va c6 xét t6i dao dong phéan ti.
Trudc tién, ching t6i sé kiém chiing tinh chinh x4c ctia mo hinh IAM. Ching t6i
lam rd viing 1am viéc ctia md hinh IAM va 1y thuyét MS. Sau d6, chiing toi phat
trién ly thuyét MS d€ tinh DCS ciia electron tdn xa trén phan tit dao dong; (2)
Nghién cttu 4nh hudng cta hiéu ting dao dong phan t 1én hinh &nh nhiéu xa cta
electron trén phén ti trong hai trudng hgp CED va LIED. Tu d6, chung t6i danh
gi4 kha ning trich xuit thong tin thé ning lién nguyén td tif phd CED va LIED;
(3) Nghién ctiu anh hudng ctia hiéu ting DCEP 1én ty s6 chin-1¢ ctia HHG cho
phan tit CO khi tuong tic véi xung laser. Chiing t6i sé khong chi phan tich vé
miit ly thuyét ma con so sanh véi cac dif liéu do dac thuc nghiém sén cé.
Chuong 2
Kiém chitng ving lam viéc va phat trién mé hinh tinh tiét dién tan xa
vi phan (DCS) xét dén dao dong phan tir

2.1 Kiém chiing viing lam viéc ctia mé hinh nguyén tit doc lap (IAM) va Iy
thuyét da tan xa (MS)

2.1.1 Phuong phiap md phéng: mé hinh IAM va Iy thuyét MS
Mo hinh IAM 12 m6 hinh don gian nhit d€ tinh DCS ctia electron tan xa trén

phan td. M6 hinh nay gia thiét phan ti 12 tdp hop clia cdc nguyén ti dugc xem



gan diing nhu c4c nguyén tit doc 14p, con céc hiéu tng lién két héa hoc va tdn xa
nhiéu 1an bi bd qua. Khi d6, electron t&i chi tdn xa mot 1an trén mdi nguyén ti.
Diéu nay chi phi hop khi electron t6i ¢6 ning lugng cao [1]. Do d6, bién do tan

xa ctia electron trén phan tif bing
F=Y fe™, 2.1)
J

trong do f; 1a bién do tdn xa clia nguyén ti j c6 toa do la R;.

Vi trong do dac CED, cac phén tif cia bia dugc dinh phuong hodc dinh huéng
ngiu nhién trong khong gian, nén DCS clia phan tif dudc x4c dinh bing cach lay
trung binh theo khong gian ctia binh phuong mo6 dun bién do tan xa phan td theo
biéu thic sau

do

Lot = a0~ <F2> = I+ Inol (2.2)

trong d6 I, = ¥ f7 1a tong DCS khong két hgp cia tit ca cdc tin xa bac nhét
cua electron trén cdc nguyén ti thanh phan, con I, = Yizifif; < eSRij > =
¥, i SUsRy) sm(sRl])
ti cua phan tu, véi R;; = R; —R;. Hai %) hang I, va I, dudc thé hién trong
Hinh 2.1(a) va 2.1(b).

, thé hién su giao thoa clia séng tdn xa trén tliing cip nguyén

Vi chi ¢6 sb hang I, chiia thong tin cAu triic phan td, con sb hang I, chi
12 phong nén, nén dé ting d6 nhay trong qua trinh trich xuit ciu tric phan ti,
thay vi st dung DCS, ngudi ta thudng quan tim dén yéu t6 tuong phan phan ti
(Molecular Contract Factor-MCF) dudc tinh bﬁng
I, tot — I a I, mol

M(s) = L (2.3)




Ngoai ra, mdt dai lugng khac cling thuong stt dung trong tan xa electron-phan ti
1a sM(s), dugc tinh bing tich ctia M(s) v6i gia tri d6 16n ctia vector truyén dong

Iugng s (1a hiéu cta vector song electron tan xa va song electron tGi).
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Hinh 2.1. Cic s6 hang trong md hinh IAM [(a)-(b)] va 1y thuyét MS [(a)-(h)].

Nhu da trinh bay & trén, m6 hinh ITAM phu hgp khi nang lugng ctia electron
t6i cao. Tuy nhién, khi ning lugng ctia electron t6i thip, mo hinh IAM khong con
cho gia tri DCS phu hop [14]. Khi electron téi ¢6 ning luong thip, electron c6
thé tdn xa nhiéu 1an trén cdc nguyén ti trong phan td trude khi dén may thu [6].
Do d6, cac nha khoa hoc da md rong mo hinh IAM vé mit gidi tich bang cach
thém vao mot loat cac thanh phan mo ta hiéu dng tin xa bic cao va goi 1a Iy

thuyét da tdn xa (MS) [6,7]. Theo d6, DCS ctia phan tif dugc xac dinh béi

Ivis = I +1Iss + Isp1 + Isp2 + Ipp + Ippi, (2.4)

trong d6 Isp; va Ispy thé hién sy giao thoa gilta tdn xa bac mot va bac hai nhu
trén Hinh 2.1(c), 2.1(d). Con Ipp va Ipp; mod ta giao thoa khong két hop va két

hgp gilia cac tan xa bac hai nhu Hinh 2.1[(e)-(h)].



2.1.2  So sanh hinh 4nh tin xa cta electron trén phén ti khi tinh bang mé
hinh IAM va Iy thuyét MS

Dé x4c dinh viing 1am viéc ctia md hinh IAM va MS, chung t6i so sanh DCS
tinh bing hai md hinh nay cho phén ti O, tin xa bdi cic electron tdi c6 ning
lugng khac nhau. Bén canh dé, chiing tdi ciing so sanh két qui md phong nay
v6i dit liéu thuc nghiém dudc ldy tir tai lidu [15, 16]. Hinh 2.2(a) cho thiy, khi
electron t6i c6 ning luong thap (50 eV), c6 su khac biét giita DCS tinh bing
m6 hinh IAM va ly thuyét MS, hon nita, mo hinh MS phut hop véi dit liéu thuc
nghiém hon so v6i md hinh IAM. Con trén Hinh 2.2[(b)-(c)] cho ndng lugng tan
xa cang cao (200 eV va 500 eV), md hinh IAM va ly thuyét MS cho DCS gi6éng
nhau, va phu hgp véi dit liéu thuc nghiém. Chung t6i dinh lugng su khac biét giita
DCS tinh bang mo hinh IAM va 1y thuyét MS, va biéu dién trén Hinh 2.2[(d)-(f)].
Két qua cho thiy, ning ludng tdn xa cang cao, DCS tinh bang MS cang gan vdi
DCS tinh bang IAM.

Tiép tuc, chiing toi nghién cifu su khac biét giita DCS tinh tf IAM va MS
khi niing lugng clia electron t6i thay ddi lién tuc tir 50 eV t6i 700 eV. Két qua
cho thiy, véi ning luong electron tdi thap, su sai khac giita DCS tinh bang IAM
va MS 1a dang ké. Nguyén nhan la do tan xa bic cao dong gép ding ké vao
DCS, din dén Iy thuyét MS cho két qua gan véi dif liéu thuc nghiém hon so véi
mo hinh IAM. Do d6, ly thuyét MS can dudc sit dung d€ tinh hinh anh tdn xa
electron-phan tif tai ving ning luong thip. Khi niing lugng cia electron t6i 16n
hon, su khac biét gitta DCS tinh bang hai mo hinh giam di nhanh chéng. Khi
nang lugng electron t6i 16n hon 230 eV, su sai khac cuc dai gitia hai md hinh la

nhd hon 10 %. Khi niy, md hinh IAM cho két qua tin cay.
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Hinh 2.2. DCS tinh bing mo6 hinh IAM va MS, so sanh véi dit liéu thuc nghiém khi
phén ti O; tan xa bdi electron téi véi nang lugng 50 eV (a), 200 eV (b) va 500 eV (c)
(hang trén). Dif liéu thuc nghiém dugc lay tir tai liéu [15, 16].
2.2 Phat trién Iy thuyét MS c6 tinh dén dao déng phan tir
2.2.1 Phuong phap mé phong

D€ tinh DCS cia phan ti O, bing Iy thuyét MS xét dén dao dong phan ti,

chiing t6i st dung cong thiic sau
Ly = / P(r,T )l (r)dr, (2.5)

trong d6 I, (r) dudc tinh bang 1y thuyét MS theo cong thiic (2.4). Trudng hop
tinh bang mo hinh IAM dé€ d6i chiéu, I, (r) dugc tinh theo cong thiic (2.2). Phan

bd xdc suit dao dong P(r, T) dudgc tinh bing

an IAGIE (2.6)



v6i f,(T) 1a ham phan bd Boltzmann trén cic miic dao dong khi hé phan ti dang
& trang thai can bang nhiét & nhiét d6 7. Ham séng dao dong v, (r) dudc giai tit
phuong trinh Schrodinger mo ta hat nhan O, dang dao dong trong thé niing phan
tii. Phuong trinh nay dudc ching tdi giai bang phuong phap thdi gian 4o.
222 Kétqua

Pudng cong sM(s) tinh bang ly thuyét MS khi xét va khong xét dén dao dong
hat nhéin cho ning lugng tin xa 2000 eV dudc thé hién trén Hinh 2.3 (a). D€ so
sanh, chiing tdi ciing trinh bay sM(s) tinh bing md hinh IAM. Két qua cho thiy
dao dong hat nhan lam thay d6i dudng cong sM (s) so véi trudng hop bod qua dao
dong hat nhan. Cu thé, dao dong hat nhan 1am ha thip cudng do dinh, va lam
ting bé rong ctia mbi dinh ctia clia dudng cong sM(s). Miic do suy giam cia
bién do sM(s) gy ra bdi dao dong trong md hinh IAM va MS la tuong ducng

nhau.

T T T T T

L (b) e | AM
= = «|AM, vibration|
—MS

A B e MS, vibration]

T

‘sM(s.) (a.u.)

25 18 20 22 24 26 28 30

5 10 15 20
Momentum transfer s (a.u.) r(a.u.)

Hinh 2.3. Dudng cong tén xa phan ti sM(s) (a) vd ham phan b6 xuyén tam D(r) (b)
ctia O, khi xét dén va bd qua hiéu ting dao dong hat nhan. Két qua dudc tinh bang mo
hinh IAM va MS véi ning lugng tdn xa 2000 eV. Pudng cong D(r) dugc tinh bing mo
hinh IAM va MS phu hgp véi nhau.

Céc thong tin cAu triic phan ti, va tham sd dao dong c6 thé dugc trich xuét



truc tiép t dudng cong phan bd xuyén tim D(r) dudc tinh tt phép bién ddi
Fourier cta sM(s), tic 1a D(r) = fsM (s)sinsrds. D€ kiém tra tinh chinh xéc
ctia ly thuyét MS xét dén dao d@ngohat nhan trong viéc trich xuit ciu triic phan
td, chiing t6i trich xuat khoéng cach lién hat nhan tr D(r) v6i ning lugng tén
xa 2000 eV. Hinh 2.3 (b) biéu dién dudng D(r) khi tinh bing mo hinh IAM va
MS khi xét va khong xét dén dao dong hat nhan. Hinh vé chi ra khi khong xét
dén dao dong hat nhan, vi tri ctia dinh 12 1.230 A, triung véi dif liéu dau vao cla
phan mém GAUSSIAN dung dé€ mo6 phéng DCS. Khi xét dén dao dong hat nhan,
ngoai viéc lam cho céac dinh nay bi "nhoe", dao dong hat nhan con lam dich vi tri
dinh dén 1.237 A do tinh phi diéu hoa ciia thé niing phan ti [1]. Gia tri nay phi
hop véi du dodn Iy thuyét r, =< r~' >~! = 1.236 A. Ngoai ra, dudng D(r) tinh
bing mo6 hinh MS va IAM hoan toan phit hdp véi nhau. Do d6, ly thuyét MS xét
dén dao dong hat nhan 1a tin cay.

Chuong 3

Hiéu ng dao dong trong nhiéu xa electron thong thuong va nhiéu xa
electron do laser. Ung dung trich xuét thé ning lién nguyén tix

3.1 M5 hinh thé Morse

Thé Morse dugc tham s6 héa bdi ba tham s6 theo biéu thiic sau
V(x) = D,[1 — e ¥—¥)]2, (3.1)

trong d6 x, 1a khoang céch lién nguyén ti & trang thdi can bang, D, 1a d sau

giéng thé clia phan ki, va o 12 tham sb dic trung cho tinh phi diéu hoa.
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3.2 Trich xuét thé niing lién nguyén tir tir CED
3.2.1 Phuong phap mé phong hinh anh nhiéu xa xét dén dao dong hat
nhan

D€ md phong DCS ciia electron tdn xa trén phan ti N», ching t6i st dung
md hinh IAM theo cic cong thiic (2.2)-(2.3). D€ tinh DCS cta phan ti N, xét
dén dao dong hat nhan, ching t6i st dung cong thic (2.5), trong d6 phan b
xéc suét dao dong nhiét P(r,T) dudc tinh tif cong thic (2.6) v6i f,(T) 1a phan
bd Boltzmann. Ham séng dao dong 1a ham giai tich mo ta chuyén dong ctia hat
nhan trong thé Morse (3.1). Ngoai DCS, chiing t6i ciing tinh cdc dai luong thi
clp ctia DCS (MCF, sM(s)) bﬁng mo hinh IAM theo cong thic (2.3).
3.2.2 Do nhay clia hinh anh nhiéu xa CED

Diéu kién tién quyét d€ trich xuét thong tin 12 c4c hinh &anh nhiu xa phai
nhay véi su thay ddi thé ning phan ti. Pau tién, ching tdi danh gid so bd do
nhay bang cach ki€m tra hinh anh nhiéu xa dbi véi su thay ddi ctia mot tham sb
ctia thé Morse (trong khi giit nguyén cdc tham sb khac). Ching t6i ting dan do
thay ddi ctia tham sb thé, két qua cho thiy x, nhay hon nhiéu so véi D, va o Vi
vay, d€ biéu dién chiing t6i chon x, thay ddi 5%, con D, va o thay ddi 20% la du
d€ thiy dudc su thay di ciia sM" (s), nhu dugc thé hién 6 Hinh 3.1(a). Hinh 3.1(a)
thé hién sM"(s) ciia CED xét dén hiéu ting dao dong, khi cic electron c6 ning
lugng t6i 20 keV tan xa véi khi N tai goc tan xa nho trong khoang [0°,20°].
Hinh 3.1(a) cho thiy sM”(s) nhay nhit véi su thay d6i cda x,; dic biét, chu ky
dao dong bi thay ddi ding ké. Ngoai ra, sM"(s) ciing nhay dbi véi su thay d6i
ctia D, va . Tuy nhién, viéc thay déi D, va « chi diéu chinh bién do cta sM"(s)
& cac diém cuc tri.

Dé dinh lugng héa do nhay, ching t6i xdc dinh ham muc tiéu cho sM"(s)
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Hinh 3.1. Pudng sM"(s) (a) va ham muyc tiéu A tinh tit sM"(s) [(b)-(d)] cia CED tif Np
khi thay d6i cac tham s6 thé. Hinh (a): ting D, giam & di 20%, hoic kéo gian x, thém
5%. Hinh [(b)-(d)]: ham muc tiéu khi thay ddi timg cip tham s6 thé. Piém tring & gilia
biéu thi c4c gia tri mong dgi (gid tri tiéu chuin).

c6 dang A = Y |sM"(s) — sM"(s)|, v6i sM"(s) va sM"(s) 1an lugt 12 gia tri thi
nghiém va gia tri ky vong tai mdi gid tri ctia s. Tiép theo, chiing t6i khao sat A
khi thay d6i tiing cip tham sb thé niing trong khi c6 dinh tham s6 con lai & gia
tri tiéu chudn. Hinh 3.1 [(b)-(d)] chi ra ring A rt nhay véi cac tham sb thé nang;
tuy nhién, mic do nhay 1a khac nhau dbi v6i cac tham s khac nhau. Cu thé, A

hdi tu d6i véi x, nhanh hon nhiéu so v6i D, va o, va « hdi tu nhanh hon D,.

3.2.3 Trich xuét thé niing phén ti tir CED
Chiing t6i tién hanh trich xuét c4c tham s6 thé ning phan ti tit DCS (sM(s))
do dac thuc nghiém. Tuy nhién, vi khong c6 dit liéu thuc nghiém, ching t6i s€

md phéng DCS cho phan ti N, véi céc gid tri tiéu chuén, coi n6 1a di liéu "thuc
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nghiém", sau d6 trich xuét ngudc lai cic tham sb thé ning tit dit liéu DCS nay.
Chiing t6i st dung thuat todn di truyén (GA) nhim t6i vu qud trinh trich xuét.

Két qua trich xuit c4c tham sb thé ning x., D, va o trong mudi 1an thuc hién
GA dudc thé hién trong Bang 3.1. Bén canh do, cic gia tri trung binh ctia ching
cling véi sai sb tiéu chudn trong khoang tin ciy 95% (TB) va su khéc biét ctia
chiing so véi cdc gia tri tiéu chuin (A) cling dudc trinh bay trén Bang 3.1. Thoat
nhin, Bang 3.1 cho thiy cdc tham s6 thé ning déu c6 thé dugc trich xuat véi do
chinh x4c cao va sai sb tiéu chuin nhé. Diéu d6 c6 nghia 1a quy trinh trich xuét
hoat dong chinh xac va &n dinh. Hon nifa, thd bac cia do chinh xdc hoan toan
phi hop véi thi bac clia do nhay nhu da thao luan trong muc 3.2.2. Cu thé, viéc
trich xuét x, chinh xdc hon so véi viéc trich xuét hai tham s6 thé ning con lai vi
day 1a dai luong nhay nhét. Viéc trich xuat & chinh x4ac hon mét chiit so v6i D,
do d6 nhay tuong ting cta ching.

Tuy nhién, xem xét chi tiét hon, Bang 3.1 cho thiy do6 chinh xac ctia & va D,
dudgc trich xuit hoan toan phu thudc vao do chinh xé4c ctia x,. Vi du, & 1an thuc
hién thi ndm trong Bang 3.1, khi dd chinh xéc cta x, gidm di mot chiit sé dan
dén chénh léch ctia o va D, ting 1én kha nhiéu. Diéu dé ngu y viéc trich xuét a
va D, 1a kha thi chi khi sM"(s) dudc do v6i dd chinh xac cao.

3.3 Hiéu ting dao dong va kha ning trich xuit thé niing phan ti tit phd

nhiéu xa electron do laser (LIED)
3.3.1 Phuong phap tinh dao dong trong DCS trong diéu kién LIED

Mot trong nhitng diém khac biét quan trong nhit so v6i CED Ia trong LIED,
céc electron khong dugc chuin bi trong phong thi nghiém ma bi ion héa tir cdc
phén t& do sy tuong tac ciia xung laser cudng do cao. Do d6, DCS, ciing nhu

sM(s) phai dugc tinh dén trong s6 1a tbc d6 ion héa phu thudc vao géc. Hon nita,
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Bang 3.1. Trich xuit cic tham sb thé cia N, tit CED (20 keV, 300 K, [0°,20°]). Céc
tham s6 muc tiéu 12 x, = 2.0749 a.u., o = 1.424 a.u., D, = 0.364 a.u.
STT % o D

e
I 2.0745 1.4699 0.3421
2 2.0756 1.3454 0.4068
3 2.0755 1.3564 0.4001
4 2.0745 1.4741 0.3389
5 2.0737 1.5527 0.3076
6 2.0750 1.4077 0.3713
7 2.0759 1.3080 0.4302
8 2.0754 1.3751 0.3896
9 2.0749 1.4220 0.3650
10 2.0756 1.3321 0.4152
B 2.07506 1.40434 0.37668
+ 0.00048 | £ 0.05470 | £ 0.02774
A 0.008% 1.38% 3.48%

dao dong can phai dudc dua vao DCS theo nhu cong thiic (2.5); tuy nhién, trong
LIED, su hién dién cia xung laser cudng dd cao sé gy ra dao dong phan ti chit
khong phai 1a dao dong nhiét nhu trong CED.

Theo cong trinh [17], ham séng dao dong phu thudc thdi gian y(x,7) la

nghiém cda phuong trinh Schrodinger cla phan ti trong truong laser

x 2
2 [ 21“5 V) -5 EBWEOE® v, G2
ij

trong d6 p 1a khéi lugng rit gon ctia hat nhan, V (x) 1a thé nidng phan t, f;;(x) 1a
tensor phan cuc cua electron 16i cuia phén ti trung hoa. Phuong trinh (3.2) dugc
giai bang phuong phap tach toan i [18]. Tt d6, chiing toi thu dudc xic suit dao
dong P(x,t) = |y(x,t)|?, va thu dugc DCS theo cong thic (2.5).
3.3.2 Hiéu ting dao dong ctia hinh 4nh nhiéu xa trong diéu kién LIED
Chiing t6i md phéng sM”(s) trong diéu kién LIED véi laser c6 cudng do
2.9 x 10 W/cm?, bude séng 2300 nm, dd dai xung bay chu ky. Laser nay sé
tao ra electron c6 ning ludgng khoang 230 eV khi tdi va cham. Xdc suit ctia cic

b6 séng dao dong & gitia xung (T = T /2) cho thiy su tién héa theo thdi gian ddng
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Hinh 3.2. Téc do ion héa phu thudc vao géc dinh phuong (a) va xdc suit clia bé séng
dao dong phan tif ¢ diu (t = 0) va gilta (t = T /2) xung laser (b) khi N tuong tic v6i
laser. Hinh (c) trinh bay sM"(s) cta electron bi ion héa, ¢6 ning lugng tai thdi diém tan
xa 230 eV trén Nj trong ba trudng hgp: Ny & 100 K va electron téi phan ti vdi géc ngau
nhién (mau den) hoic theo phan b6 phu thudc vio géc theo tde do ion héa (mau xanh);
hoiic bao gom ca toc do ion héa va xdc suit clia cic bé séng dao dong gay ra bdi laser
tai thoi diém gita xung (mau do).

chii y so véi thoi diém ban du (7 = 0) dudc biéu dién trén Hinh 3.2(b). D€ danh
gia hiéu ting dao dong, Hinh 3.2(c) trinh bay sM" (s) cho ba kich ban: (i) xac suét
cua bo song dao dong giy ra bdi dao dong nhiét 6 100 K, cac electron tdi phan ti
v6i géc ngau nhién nhu diéu kién CED (mau den); (ii) dao dong nhiét, nhung tdc
dd ion héa phu thudc vao géc (mau xanh); (iii) xdc suit ctia bé séng dao dong
gy ra bdi laser tai thoi diém giita xung va tdc do ion héa phu thudc vao goc,
nhu diéu kién LIED (mau d6). Hinh 3.2(c) cho thy khéc v6i sM"(s) cia CED
c6 dang dao dong diéu hoa vdi bién dd gidm theo ham mii (mau den) [1], trong
LIED, viéc tinh dén toc do6 ion héa phu thudc vao géc (mau do) lam ting ding
ké sM"(s) tai gid tri ctia s gAn bang 0 va gid tri cuc dai. Ngoai ra, so sinh dudng
mau dé va mau xanh cho thay su tién héa theo thdi gian ctia x4c suit ctia b6 song

dao dong do laser gy ra lam thay ddi sM"(s) ddng k€ tai gid tri ctia vector truyén
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dong lugng s 16n. Do d6, nhd ¢6 laser, su thay ddi 16n ctia sM"(s) tai gia tri clia
5 16n sé c6 thé c6 ich trong viéc trich xuit tham sb thé.

3.3.3 Ting cudng do nhay ctia hinh dnh nhiéu xa LIED véi cac tham s6 thé

() Thermal vib.

T T
(a) Thermal vib. |

|
—
w
=]
T
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-—— 420%D.
| =2 e -20% a
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|
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Hinh 3.3. Do nhay ctia DCS [(a), (c)] va sMV(sv) [(b), (d)] Cljla c;ic electron ¢ ning
IUQng 230 eV tan xa trén phan t& N, khi thay doi céc\tham s0 thé nang trong dé xac
suat cuia cac bo séng dao dong phan ti dugc tao ra bang hai cach: dao dong nhiét &
100 K [(a), (b)] va bang xung laser (tai T = T/2) [(c), (d)].

Chiing t6i tiép tuc kiém tra d6 nhay ctia hinh dnh nhiéu xa trong diéu kién
LIED, v6i su thay ddi cda thé ning lién nguyén ti. Hinh 3.3[(c)-(d)] trinh bay
cac duong DCS va sM"(s) khi thay ddi cdc tham s thé nang a va D, thém 20%
Hinh vé cho thiy su dao dong gy ra bdi laser gitip ting cudng do nhay ctia hinh
4nh nhiéu xa. Ngay ca DCS, vbn rt kh6 phét hién do nhay trong CED thi trong
diéu kién LIED, DCS thay ddi dang ké khi thay ddi a va D,, dic biét & goc
tan xa 16n [Hinh 3.3(c)]. Do d6, sM"(s) tai gia tri cia s cao bi thay d6i dang
ké [Hinh 3.3(d)]. Pic biét, khi thay ddi o va D,, thi sM”(s) khong chi bi thay ddi
& cdc cuc tri cda sM”(s) nhu d6i véi CED [Hinh 3.1(a)], ma con thay d6i hinh
dang va chu ky dao dong ctia sM"(s).

Nguyén nhan cia sy thay d6i nay 1a do laser da thay d6i dang ké b6 song
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dao dong phan tif ca vé vi tri trung binh va dd rong b6 séng [Hinh 3.2(b)]. D&
giai thich, chiing tdi phan tich hé sb déng gép trén ting trang thai kich thich va
thdy ring xung laser kich thich hat nhan nhay 1én cac miic dao dong cao (mic
kich thich 1-4). Piéu nay khac v6i CED chi v6i dao dong nhiét, hat nhan chii yéu
nam & trang thdi co ban. Do do, su hién dién ctia xung laser cutng do cao trong
LIED gitp ting cudng do nhay vé cudng do, hinh dang va chu ky dao dong ctia
hinh 4nh nhiéu xa véi sy thay ddi tham s thé. Vi vay, c6 thé khoi phuc thé lién
nguyén ti tif hinh anh nhiéu xa LIED ma khong can yéu cau chit ché vé do chinh
xdc nhu trong CED.
Chuong 4
Hiéu @ng nhiéu electron trong HHG chan-1é ctia phan ti CO
4.1 Phuong phap mé phéng phd HHG chin-1é ctia phan tir CO

D€ tinh HHG phat ra tif phan ti CO, ching tdi d4p dung phuong phap giai
s6 phuong trinh Schrodinger phu thudc thoi gian (TDSE) st dung gan diing
SAE [19]. P€ nghién ctu hiéu ting phan cuc DCEP 1én phd HHG, chiing t6i
thém vao TDSE thanh phan thé ning phan cuc DCEP

Vy(r,t) = — —, 4.1)

v6i &, 1a tensor phan cuc cua electron 16i.
4.2 Anh huéng cta hiéu itng DCEP Ién ty s6 chin-1é cia HHG

Trude hét, chiing tdi nghién cifu anh hudng ctia hiéu ting DCEP Ién ty s6
HHG chin-1é ctia CO khi géc dinh hudng 0°. Trén Hinh 4.1, chiing tdi so sanh ty
s6 HHG chén-1¢ bang phuong phap TDSE cho CO khi bé qua va tinh dén DCEP.

O day, ty s6 HHG chén 1& dugc tinh bing ty sb clia cuong do bac chin chia cho
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trung binh cudng do cda hai bac 18 lién ké. Xung laser dugc st dung c6 10 chu
ky, budc séng 800 nm, cudng do 1.5 x 10'* W/ecm?. Trén Hinh 4.1, chiing t6i
ciing biéu dién dif liéu thuc nghiém di dudc cong bd trude d6 trong cic cong
trinh [12, 13]. Hinh 4.1 cho thAy DCEP lam thay d&i ty s6 HHG chan-1¢ 1én dén
tif 5-10 1an. Hon nifa, chi khi tinh d&&n DCEP mdi 1am cho ty s6 HHG chin-1é phu
hop véi dit lidu thuc nghiém ci vé cudng do va hinh dang. Pic biét, chiing t6i
cling quan sat thiy vi tri cuc dai tai 28 eV gay ra do hién tugng cong hudng hinh
dang [20]. Sau d6, chiing tdi ciing tién hanh nghién cifu anh hudng ctia DCEP
1én cac géc dinh hudng khac va thu dude két qua tuong tu ring DCEP &nh hudng
déng ké dén ty s6 HHG chén-1é. Nhu vy, hiéu ing DCEP 1én ty s6 HHG chén-1&
rit 10 rét.

Harmonic order
2010 12 14 16 18 20 22 24 26 28 30
T anar T T : : : T T T

IAY & SAE

15F i % —=—SAE+P 4
i % expt. [ Frumker, Phys. Rev. Lett. (2012) ]

O expt. [ Kraus, Phys. Rew. Lett. (2014) ]
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Hinh 4.1. Ty s6 HHG chén-1é ctia CO khi mo phong bing TDSE, c6 xét dén DCEP
(SAE+P) va bd qua DCEP (SAE). Dit liéu thuc nghiém 14y tir [12, 13].
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4.3 Anh huéng ctia hiéu ing DCEP Ién tric do thoi gian cha HHG

D€ gidi thich &nh hudng rd rét ctia DCEP theo ty s6 HHG chin-1é, chiing toi
tim hiéu nguyén nhan giy ra soéng diéu hoa chin va 1é. V& ban chit, su tao séng
diéu hoa 1a su giao thoa két hop ciia cac xung atto gidy dudc phat ra cach nhau
ntia chu ky laser [3]. V& miit to4n hoc c6 thé biéu dién bién dd phiic ctia séng
diéu hoa c6 tan s6 nay (@ 1a tan sb laser) 1a A(n) = Aj(n) — Ay (n)e™ ™, trong
d6 Aj(n) va Ay(n) 1a bién do phic ctia séng diéu hoa phat ra tir hai ddu ctia phan
t CO [12]. Két qua 13, c4c séng diéu hoa 18 (chin) dudc gy ra bdi su giao thoa
ting cudng (triét tidu) clia hai xung atto gidy lién tiép. Do d6, ching tdi c6 thé
rit ra dudc do 16n ciia ty s6 HHG chan-18

2 K(n)cosA¢(n)
1+ Kk(n) cosA¢(n)’

n(n) = (4.2)

2|A A P N
trong d6 k(n) = |A1| (1;)(|Z)4‘—||A22((I:1))‘|2 € [0,1] la d0 mat can bang cudng do gitta

hai xung atto gidy lien k& va A@(n) la do 1éch pha gitta ching. Bién d6 phuc cia

cdc xung atto gidy A;(n), A2(n) c6 thé thu dugc tir gia tbc ludng cuc cam tng
a(t) (thu dugc tit phuong trinh TDSE) thong qua phép bién déi thdi gian-tan sd
f — (' —1)?/)202
nhut phép bién ddi Gabor A(w,1) = [ di'a(r') P —1)/207]
oV2m

Trén Hinh 4.2, chiing ti biéu dién cudng do va pha ctia tric do thdi gian khi

exp(iot’).

c6 va khong ¢6 DCEP & bac 22. Hinh 4.2(a) cho thady DCEP lam ting cudng do
xung atto gidy phat ra tai thoi diém 7 ~ (1.25+k) Ty (v6i k = 1 —8 va T 1a chu ky
laser), trong khi gan nhu loai bd céc xung céch dé nita chu ky, t’ ~ (1.76 +k)Tp.
Miic du truong hop SAE thé hién do mét cin bang cudng do 16n, nhung khi xét
thém DCEP, cudng d tric do thdi gian hoan toan ngudgc lai véi trudng hop SAE.

Tuong tu nhu cudng do, pha ctia trac do thoi gian ciing thay ddi dang ké khi tinh
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Hinh 4.2. Cudng d6 (c) va pha (d) ctia tric d6 thdi gian cho bic HHG 22 dugc mo
phéng tit phuong trinh TDSE khi bé qua (SAE) va xét dén DCEP (SAE+P).

dén DCEP, nhu dugc thé hién trong Hinh 4.2(b). Hai xung ~ 4.25T; va ~ 4.76T,
gan nhu cuing pha (A® = 44°) trong trudng hop SAE. Tuy nhién, trong trudng
hgp SAE+P, d6 1éch pha tré thanh ngudce pha (AP =~ 107°).
4.4 Lién hé giita hiéu ing DCEP Ién triic d6 thoi gian va ty sé chin-1é HHG
Tir anh hudng 1o rét ciia DCEP 1én tric dd thoi gian, ching toi chi ra né
chinh 12 nguyén nhan ma DCEP 4nh huéng dén ty sb chin-1&. Trén Hinh 4.3,
ching t6i biéu dién cic thanh phan cla cong thic (4.2), k(n) va —cosA¢(n).
Céc thanh phan nay dudc tinh tif hai xung atto gidy phat ra tai 4.76Ty va 5.25T.
Hinh 4.3(a) cho thAy DCEP khong chi bién diéu k(n) theo ning lugng séng diéu
hoa ma con giam dang k& vé cuong do. Ngoai su mit can bing cuvng do, viéc
bé qua DCEP con 1am sai 1éch ddng ké do 1éch pha giiia hai xung atto gidy lién
tiép [Hinh 4.3(b)]. Trén Hinh 4.3(c), chiing toi biéu dién ty s6 HHG chén-1& dudc
xy dung lai tif cdc thanh phan k(n) va —cosA¢(n) cla cdc xung atto gidy lién
ké bing cach sit dung cong thiic (4.2). Cac thanh phan déu dudc tinh dén DCEP.
Két qua cho théy ty s6 HHG chén-1é xay dung lai tit cong thic (4.2) rit phi hop
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Harmonic order
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Hinh 4.3. Gia tri cla k(n) (a) vd —cosA¢(n) (b) cla hai xung atto gidy lién ké phat
ra tai 4.76T; va 5.25T; cho céc trudng hop khong xét DCEP (SAE) va xét dén DCEP
(SAE+P). Trong Hinh (c), ty s6 HHG chéin-1& dudc tinh bing cong thiic (4.2), sau d6
dugc so sanh v6i két qua tii gidi phuong trinh TDSE khi xét dén DCEP.

v6i két qua tinh dugc tif phuong trinh TDSE cé vé cudng do va hinh dang. Diéu
thd vi 12 cdc Hinh 4.3(b) va 4.3 (c) cho thiy —cosA¢(n) va ty 1& chin 1é ¢6 cling
dang bién diéu. Nhu vy, chiing t6i két luan rang DCEP hiéu chinh cudng do va
pha ctia cdc xung atto gidy, 1am cho ty s6 HHG chin-1é thay d6i ddng ké, phu
hdp hon véi thuc nghiém.

Chuong 5

K&t ludn va hudng phat trién

Két luan: Luan 4n da hoan thanh viéc trich xuit thong tin phan t{ tf phd téi tan
xa clia electron trén phan ti, bao gdm phd LIED va HHG, khi phan tii tuong tic
véi laser manh, xung cuc ngan. Céc thong tin phan tit & ddy bao gdm céu tric

hinh hoc va dao dong clia phan ti tit phd LIED, va thong tin dic trung cho phan
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tt phan cuc tit phd HHG.

1. Pa phat trién duge phuong phap tinh tiét dién tan xa vi phian (DCS)
khi electron tan xa trén phén ti ¢6 xét dén dao dong phén ti. Diu tién, ching
t6i da 1am rd duge vung lam viéc ctia mo hinh IAM va ly thuyét MS. Ly thuyét
MS nén dudc ap dung khi céc electron t6i c6 ning lugng thip tan xa trén phan ti.
Ngudc lai, khi electron téi c6 ning luong cao, md hinh IAM cho két qué chinh
xéc va phit hgp v6i DCS tinh bing ly thuyét MS. Sau d6, ching t6i da phat trién
ly thuyét MS c6 tinh dén dao dong phan tii. Cac thong tin ciu triic va thong tin
dao ddng trich xuit dudc tir md hinh IAM va ly thuyét MS xét dén dao dong hoan
toan phu hgp véi nhau & vung nang lugng electron téi cao.

2. Pa khao sat hiéu ng dao dong lén hinh anh nhiéu xa cta electron
trén phan ti trong diéu kién CED va LIED, va chi ra kha ning sit dung cic
hinh anh nhiéu xa nay dé trich xuét thé ning lién nguyén tir. Két qua cho
thiy trong diéu kién CED, c6 kha ning trich xut dudc thé ning lién nguyén ti,
tuy nhién, yéu cau phép do dac hinh anh nhiéu xa phai c6 do chinh xac cao. Con
trong diéu kién LIED, sau khi xiy dung phuong phiap mo phong hiéu ting dao
dong gay ra bdi laser, ching toi da chi ra rang su hién dién ctia cic laser cudng
dd cao lam md rong cac bd song dao dong phén ti theo thai gian va kich thich
hat nhan 1én mic dao dong cao hon, din dén hinh anh nhiéu xa ctia LIED thay
ddi nhiéu so véi truong hop CED. Diéu d6 gitip cho c6 thé trich xult dugc thé
ning tuong tic tif nhiéu xa LIED.

3. Pa chi ra ty s6é HHG chin-1é 1a dai lugng diic trung ndi tai cho phan
t phan cuc va chi ra anh hudng dang ké ciia DCEP 1én ty s6 HHG chén-1é
ciia phan tir CO. Hiéu ing DCEP 4nh huéng dén ca cudng do va hinh dang ctia
ty s6 HHG chén-1é. Chi khi xét dén hiéu ting DCEP, ty s6 HHG chén-1é méi phi
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hgp véi dit liéu thuc nghiém. Chung t6i ciing chi ra nguyén nhan la DCEP lam
thay d6i cudng do va dic biét 1a pha trong tric dd thoi gian.

Hudng phat trién: Ching t6i sé tiép tuc md rong bai todn trich xuit thong tin
dao dong phan ti khi sit dung xung laser c6 budc séng ngan va sit dung ly thuyét
MS dé tinh toan DCS ctia phan ti. Bén canh d6, chiing t6i tiép tuc md rong bai
toan trich xuét thong tin ciu triic ctia phan ti tit phd LIED khi c6 miit ca hai xung
laser: xung bom va xung tham do. Ngoai ra, chiing t6i dang xem xét anh hudng
cla cac orbital 16i 1én HHG. Bén canh d6, nghién citu cho cac phén tit 16n hon,

khong thang dang dudc tién hanh.
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