'—“—g = TRUONG BAI HOC SU PHAM TP HO CHIi MINH HO CHI MINH CITY UNIVERSITY OF EDUCATION
.SP.7] TAP CHi KHOA HOC JOURNAL OF SCIENCE
IssN:  KHOA HOC TU NHIEN VA CONG NGHE NATURAL SCIENCES AND TECHNOLOGY

1859-3100 Tap 15, SO 6 (2018): 55-63 Vol. 15, No. 6 (2018): 55-63

Email: tapchikhoahoc@hcmue.edu.vn; Website: http://tckh.hcmue.edu.vn

TINH PHO SONG PIEU HOA BAC CAO CUA PHAN TU CO
TUONG TAC VOI LASER HONG NGOAI SONG TRUNG

BANG PHUONG PHAP TDSE
Lé Thi Cdm Ta", Phan Thi Ngec Loan?, Trdn Lan Phwong®, Hoang Vin Hung’
! Truong Pai hoc Ton Dirc Thcfng
2 Khoa Vit i — Truong Pai hoc Sw pham TP Hé Chi Minh
Ngay nhdn bai: 27-12-2017; ngay nhdn bai stra: 17-01-2018; ngay duyét dang: 19-6-2018

TOM TAT

Phéat xa séng diéu hoa bdc cao cua phan tiz phan cuc CO tiong tic véi laser hong ngogi
song trung dwoc tinh bang phwong phdp gidi sé phuwong trinh Schrédinger phu thuge thoi gian
(TDSE) trong gdn diing mét electron hoat dong. Trong d6, anh hwéng ciia phdn cuwc 16i dong gdy
ra béi cdc electron 161 ciing dwoc tinh dén. Chiing téi da chi ra rdang, phan cue 16i déng anh huong
dén cwong dé va cuec tiéu trong phé HHG. Phwong phdp nay cho két qua phir hop véi phwong phdp
Hartree-Fock phu thudc thoi gian nhung tiét kiém thoi gian va khoi lwong tinh todn hon.

Tir khoa: song diéu hoa bac cao, phan tir CO, phan cuc 16i dong.
ABSTRACT

The calculation of the high-order harmonic generation from CO molecule exposed
to mid-infrared lasers by the TDSE method

High-order harmonic spectra from polar molecule CO interacting with a mid-infrared laser
pulse are calculated by numerically solving the time-dependent Schrddinger equation within the
single active electron approximation. The influence of the dynamic core polarization caused by the
core-electron in the laser field is also considered. We indicate that the dynamic core polarization
affects the intensity and the minimum of the HHG spectra. This method provides the results in good
agreement with the time-dependent Hartree-Fock method but it takes less time and resource
consuming.

Keywords: high-order harmonics, CO molecule, dynamic core-electron polarization.

1. Mé dau

Song diéu hoa bac cao (HHG) 1a mot trong nhiing hiéu ang quang phi tuyén phét ra
khi nguyén tir, phan tir tuong tac voi laser manh, xung cuc ngan. Co ché phéat xa HHG c6
thé hinh dung bai mé hinh béan c6 dién duoc dua ra boi nhom Corkum [1]. Dau tién, laser
manh 1am ion hoa nguyén tir, phan tir, két qua la electron bi ion héa ra mién lién tuc. Sau
d6, & budc thtr hai, electron duoc gia téc bai truong dién laser. Cudi cung, khi dién truong
laser d6i chiéu, electron bi 1ai nguoc tro vé va tai két hop véi ion me, chuyén mirc ning
luong va phat ra photon nang luong cao goi la HHG.
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Trong ba thap ki tré lai ddy, HHG thu hut rat nhiéu nghién ctu ca vé mat ca Ii thuyét
Ian thuc nghiém boi nhitng tng dung quan trong trong vat i, hoa hoc va sinh hoc. Tir phd
HHG c6 thé thu nhan duoc théng tin cdu trac, nhu hinh anh Iép van dao ngoai cing bi
electron chiém dong (HOMO) [2, 3], hay khoang cach lién hat nhan [4] ctua phan ti. Thong
tin ciu trac dong nhu chuyén dong cua electron [5] hay dao dong hat nhan [6] cua phan tu
cling duoc trich xuat tir phdé HHG voi do phan giai khdng gian cd Angstrom va thoi gian
cd femto giay (1 fs = 10™°s). Ngoai ra, HHG con la ngudn duy nhét cho phép tao xung cuc
ngén, nang luong cao c6 do dai ¢ atto gidy (1 as = 108 s) [7]. Xung atto gidy ¢ ¥ nghia
rat quan trong, boi day chinh 1a cdp do chuyén dong cua electron xung quanh hat nhan
nguyén tir, didu nay giup di sdu nghién ctru cac qua trinh lugng tir [5]. Cude chay dua rat
ngin xung atto gidy dién ra rat s6i ndi trong vai nam tré lai ddy. Nam 2008, dung laser c6
budc séng 720 nm (ving kha kién), nhom Goulielmakis d3 tao ra xung atto gidy c6 do dai
xung 80 as [8].

Muén tao ra xung c6 do dai ngén hon nira, can phai tao ra cac photon HHG c6 nang
luong cao. Do d6, laser c6 budc song hong ngoai song trung da dugc Gmg dung dé nang
cao ning luong photon thu duoc trong phd HHG, tir d6 raut ngin do dai xung atto gidy [7].
Nim 2014, Chu va cong sy trong [7] da dy doan bang If thuyét ring néu sir dung hai budc
song hong ngoai 2200 nm va 1050 nm chiéu vao nguyén tir He ¢ thé rut ngin do dai xung
xubng 18 as. Ngoai ra, trong [3], cac tic gia cling da chi ra rang d6 rong cta mién phang
trong phé HHG anh hudng mang tinh quyét dinh dén chit lugng HOMO cua phan tir dugc
tai tao bang phuong phap chup anh cét 16p. Vi cudong do laser 2x10“W/cm?, néu nhu
dung laser c6 budc song 800 nm s& cho mién phang bi giéi han dudi 73 eV thi dung laser
hong ngoai song trung 1200 nm s& md rong mién phang tdi 117 eV. Céc tac gia [3] cho
rang dung laser c6 budc song dai trong phd hong ngoai, tir 1200 nm hodc dai hon s& cho
phép tai tao HOMO ctia phan tir chinh x4c hon so véi khi sir dung laser cé budc song ngan
800 nm thong thuong. Nhu vay, phd HHG thu duoc khi twong tac véi laser co bude song
dai c6 y nghia rat quan trong trong vat i atto giay.

Hién nay, c6 hai hudng tiép can chinh dé tinh phd HHG. Pau tién 1a cach dung cac
mo hinh gin dung nhu mé hinh ba budc ban ¢d dién Lewenstein véi xap xi truong manh
[1], Ii thuyét quy dao lwong tir [9], hay gan day 1a Ii thuyét tai tan xa dinh luong (QRS)
[10]. Cach tiép can nay don gian, c6 thé 4p dung cho nhiing phan tir phuc tap, dong thoi
cung cip birc tranh vat |i vé co ché phat xa HHG, tuy nhién d6 chinh xac can phai dugc cai
thién hon [10]. Mot huéng tiép can khac 1a dung cac phuong phap sé ab initio, nhu
phuong phép giai s6 phuong trinh Schrodinger phu thudc thoi gian (TDSE), phuong phap
phiém ham mat d6 phu thudc thoi gian (TDDFT) hay phuong phap Hartree-Fock phu
thudc thoi gian (TDHF) [11, 12]. Cac phuong phap nay cho két qua “chinh xac”, ¢ thé so
sanh dugc voi thuc nghiém. Phuong phap TDHF va TDDFT tinh dén toan by dong gop
ctia cic 16p electron, nén khéi lugng tinh toan rat 16n, chiém nhiéu tai nguyén may tinh va
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thoi gian. Phuong phap TDSE 1a phuwong phap giai sb truc tiép tr phwong trinh
Schrodinger phu thudc thoi gian. Phuong phap TDSE méi duge ap dung dé tinh HHG cho
nguyén tir va cac phan tir don gian c6 it hon hai electron [4, 6]. Dé md rong cho cac phan
tr 16n hon, phuong phap TDSE dugc két hop v6i mo hinh gan dung mét electron hoat
dong (SAE) [13] va di cho két qua phu hop véi thuc nghiém va phuong phap ab initio
khac [12]. Theo moé hinh SAE, toan by nguyén tor dugc xem nhu chi c6 mdt electron
chuyén dong trong trudong thé gay ra bai hat nhan va céac electron khéac [13]. Phuong phap
TDSE két hop SAE di dugc 4p dung thanh céng cho nguyén tir nhidu electron. Trong cac
nghién ciru trude ddy chung toi di 4p dung phuong phép nay dé tinh xac suit ion hoa cho
phan tir Np, Oz, CO,, va phan tir phan cuc CO [14]. Ching t6i ciing dd phat trién phuong
phap TDSE két hop SAE dé tinh phd phat xa HHG cho phan tir d6i xtmg CO», tir d6 trich
xuat thong tin cdu tric phan tir [15]. Hién nay, phuong phap TDSE két hop SAE dugc coi
la phuong phéap tinh nhanh, chinh xac, dugc dung lam thude do cac phuong phap tinh mo
hinh nhu phuong phap Lewenstein, phuong phap QRS [10]. Tuy nhién, trong cac cong
trinh nghién ctru gan ddy da chi ra dong gdp cua cac 16p electron bén trong, cu thé 1a cua
dong luc hoc phan cuc 16i 1én qua trinh ion hoa cta phéan t¢r CO la quan trong [11, 14].
Vigce tinh thém ddng luc hoc cta cac electron 16p bén trong trong trudng laser cho phép thu
duogc cac két qua |i thuyét xac sudt ion hoa phi hop véi thuc nghiém [11, 14]. Ton hoa
xuyén ham 1 budc dau tién cta qua trinh phat xa song HHG [1]. Hon nira, truong phén
cuc 18i ciing anh hudong dén giai doan tai va cham cia electron véi ion me [12]. Trong
[12], cac tac gia da sir dung mo hinh mét orbital hoat dong (SAO) dé mé phong HHG phat
ra tu phan tir CO trong truong laser manh. Trong m6 hinh SAO, chi ¢6 16p orbital ngoai
cung hoat dong, con cac orbital con lai ¢ dinh cung vd&i hat nhan. Pé tinh dén anh huodng
clia céc electron 16p trong cling, cac tac gia da tinh thém dong luc hoc phéan cuc 16i két hop
SAO. Két qua nay gan nhu tuong tu khi so véi phuong phap TDHF. Tir d6 céc tac gia da
khang dinh rang, phan cyc 161 dong dong vai tro quan trong va quan sat duoc rd rang trén
phd HHG [12]. Tuy nhién, phuong phap TDHF c6 khdi luong tinh toan 16n, thoi gian tinh
toan lau.

Trong cong trinh nay, chung toi s& xay dung phwong phap TDSE két hgp mé hinh
SAE tinh dén hiéu ing phén cuc 16i dong dé tinh phd HHG ctia phan tir phan cuc CO khi
tuong tac véi laser bude song hong ngoai song trung 1200 nm va 1600 nm. Phuong phép
TDSE trong xap xi SAE d4 dugc chung t6i 4p dung dé tinh phd phat xa HHG cho phan tir
d6i xtmg CO, [15], tuy nhién chwa dugc ap dung cho phan tir phan cyc CO. Hon nita, nhu
da thao luan ¢ trén, phd HHG ¢ ving budc song dai c¢o ¥ nghia rat quan trong, tuy nhién
chua duoc tinh Ii thuyét cho phéan tir CO. Khi sir dung budc séng dai ¢ thé bo qua dong
gdp ciia cac orbital duéi HOMO [16], diéu nay 1a cho viéc sir dung SAE cang tré nén hop
li. Khi twong tac voi laser budc song dai, electron bi kéo ra rat xa so v6i nhan nén mo
phong phé HHG ¢ ving nay gap nhiéu kho khin hon so véi st dung budce song 800 nm
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thong thudng. Chung t6i chi ra ring, dung phuong phap TDSE két hop SAE tinh dén
phan cuc 161 dong cho phép thu duoc phd HHG cua phan tr phan cuc CO phu hop véi
két qua mé phong bang phuong phap TDHF, tuy nhién thoi gian va khdi luong tinh toan
it hon.
2. Phwong phap TDSE tinh pho HHG ciia phén tir phan cuwe CO

Trong phan nay, chung toi s& trinh bay phuong phap TDSE két hop SAE c6 tinh dén
hiéu tng phan cuc 161 d(f)ng duoc sir dung dé tinh phé HHG cho phan tir phan cuc CO.

® @

Hinh 1. M6 hinh tinh toan HHG khi phdn tir CO twong tdc voi laser
v6i géc dinh hiromg 0° (a) va 180° (b)

Mo hinh bai toan duogc biéu dién nhu trén Hinh 1. Phan tir CO véi khoang cach lién
hat nhan 13 2.132 a.u duoc dinh huéng “hoan toan” bang mot laser yéu. Sau d6, mot laser
manh dugc chiéu vao phan tr v6i goc dinh hudng €. Trong bai bdo nay, ching toi quan
tam toi hai goc dinh huéng 0° va 180° nhu trong cong trinh [12]. Cu thé, goc dinh hudng
0° dugc dinh nghia 1a géc khi vecto dién truong cua laser dat cuc dai tai thoi diém t
(Hinh 2) huong theo chiéu tir C t6i O (Hinh 1a). Nguoc lai, khi vecto dién truong tai t,
hudng theo chiéu tir O t6i C, ta c6 goc dinh huéng 180° (Hinh 1b). Chung t6i s& gii thich
cu thé trong phan két qua tai sao lai dinh nghia dwa vao thoi diém t; .

Phuong trinh Schrédinger phu thudc thoi gian dugc viét trong hé don vi nguyén tir
co dang

- e (1), () () () 1 A @

trong d6, Vg, (F) 1a thé gan dung mot electron gay béi twong tic clia hat nhan va céc
electron con lai 1én electron hoat dong. Thé nang Vg, (T') dugc tinh theo md hinh LB véi
cac thong s6  =1.15 va B =0.05 [15, 17]. Thé ning tuong tac ciia laser v4i phan tir phan
cuc CO gdm hai thanh phan. Thanh phan dau tién 14 thé ning twong tac cta laser v6i ludng
cuc electron c6 dang \7L (?,t) =r- E(t) , Vo1 E(t) 1a dién trudong cua laser. Thanh phan thi

hai 1a thé nang twong tac gay boi dong luc hoc phéan cuc 16i (ctia cac electron con lai va hat
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X GE(t) |-F
nhén) voi ludng cyc electron V, (?,t) = —Q. Trong do6, d§ phan cyc cua phan tu
r

duoc dic trung boi tensor phan cuc bic hai ¢ . Do phan tir CO thing duoc dinh phwong cb
dinh doc theo truc z nén chi c6 ba thanh phﬁn duong chéo cua tensor khac khong, va cu thé
bing e, =a,, =6.72 a.U. Va a, =12.22 a.u. Phuong phép TDSE két hop mo hinh SAE
tinh dén phan cuc 161 dong cua phan tir CO da dugc chung t61 st dung dé tinh mat do ion
hoéa cta phan tir CO khi twong tac vai laser manh [14, 17]. Phuong phap giai phuong trinh
(1) tor @6 thu dugc phat xa HHG tur tuong tac cua phan td CO véi chum laser da duogc
chung t6i mé ta chi tiét trong [15].
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Hinh 2. (a) Dién truong cua laser tuwong tdac voi phan tir CO
(b) M6 phong co dién dong ning quay tré vé ciia electron theo thoi gian ion héa

Laser dwoc sir dung c6 cuong do 1% 10™ Wiem?, dé dai xung ba chu Ki
Trong nghién ctru nay, laser twong tac dugc st dung c6 dang
. 1) .
E(t)=E,,, Slnz(ljSIH(a)ot+¢CEp), 2)
T

v6i pha ban diu ¢, = 7. Ching t6i sir dung laser co do dai xung ba chu ki, cuong d¢
1x10" W/cm?. Cac thong s laser ndy dugc sir dung nham d& so sanh véi cac két qua

HHG mb phong bang phuong phap TDHF nhu trong cong trinh [12]. Dang ciia laser dugc
biéu dién trén Hinh 2a.
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3. Anh huéng ciia phan cuc 16i dong electron 1én sw phat xa séng diéu hoa béc cao
cda phan tir CO

Phé HHG tinh bang phuong phap TDSE két hop SAE cia phan tir CO tuong tac véi
laser c6 budc song 1200 nm (tirc o =0.038 a.u.) duoc thé hién trén Hinh 3, va budc
s6ng 1600 nm (@ =0.029 a.u.) dugc thé hién trén Hinh 4. Tai hai goc 0° va 180°, HHG

chi ¢ phan cuc song song v&i phuong cia dién truong laser.

di€ém dirng

diém dirng3
cuc tiéu

Cudng d6 HHG (don vi bat ky)

Satemgtyt,
sannnsygr’
ey L)
X7)
&«

0l10‘20I30‘4DI50I60
Ning lugng photon (eV)
Hinh 3. HHG ciia phan tir CO khi twong tac véi laser cé cuwong do 1x10™ Wiem? budc séng
1200 nm, ba chu ki véi géc dinh huwéng 0° (a) va 180° (b). Két qua c6 tinh dén hiéu vmg phdn cuc
16i ddng (dwong nét dirt mau do); va khéng tinh dén hiéu img phan cuec 16i dong (dwong nét lién
mau den)

Phé HHG trong ca Hinh 3 va 4 déu c6 dang dic trung v6i mién phang co cudong do
HHG hau nhu khong d6i. Mién phang nay trai dai trén mot ving cua tan sb, sau do, két thuc
tai diém dimg. Sir dung laser c6 cudng d6 1x10** W/cm?, vé6i bude song 1200 nm, diém dimg
ctia phd HHG tuong tmg véi ning luong HHG 51 eV (Hinh 3). Véi laser budc song dai hon
1600 nm, mién phang da dugc mo rong toi nang lugng 78 eV (Hinh 4). Chii ¥ rang, diém
dung nay khong tun theo cong thirc 317U +1.321 , v6i U va |, 1an luot 1a thé trong dong
clia electron trong truong laser va thé ion hoa clia phan tir [1]. V6i laser cuc ngén chiing t6i sir
dung trong nghién ctru ndy, mé phong ¢ dién cho ning lwong HHG cuc dai tuan theo cong
thirc 2.89U | + 1, (Hinh 2b). Nang lugng photon cyc dai tinh toan tir cong thirc nay la 53 eV
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v6i laser 1200 nm, va 83 eV véi laser 1600 nm, phu hop véi két qua mé phong bang TDSE
(Hinh 3 va Hinh 4). Ngoai ra, c6 thé thiy hau nhu phdé HHG duoc tao thanh tir nhiing electron
bi ion héa xung quanh thoi diém t,, day chinh la li do chung t6i str dung hudng cua laser tai

thoi diém t, va truc phan tir € dinh nghia goc dinh hudng.

T T T T T

107 (a) OOI dlél‘rll dl‘;’ng;

‘

-
)

e

cececer el STEv

Cudng do HHG (don vi bat ky)

Ning lugng HHG (eV)
Hinh 4. Tuong tu nhu Hinh 3 nhung voi budc song 1600 nm

Chung t6i tinh phd HHG cho ca hai truong hop (i) bo qua va (i) xét dén hiéu ung
phan cyc 18i dong cta phan tir CO. O trudng hop dau tién (i), chung toi chi tinh dén hoat
dong ctia mdt electron ngoai cung, cac electron con lai va hat nhan dugc coi 1a “dong
bang”, tic st dung mo hinh SAE va bo qua dong luc hoc cua cac electron con lai. Két qua
nay dugc chiing t6i biéu dién bang duong nét lién mau den trén Hinh 3 va Hinh 4. Trong
truong hop con lai (i), ngoai thé SAE, phan cyc 16i dong dugc tinh dén thong qua thé phan
cuc V, (,t) va phd HHG duoc biéu dién bing duong nét dit mau dé. Ta thdy, cuong do
ph6 HHG c6 tinh dén hiéu timg phan cuc 16i ¢6 cudng d6 16n hon so voi khi khong xét dén
hiéu tmg nay véi goc dinh huéng & =0°. Nguogc lai, v6i goc dinh hudng € =180°, phd
HHG khi xét dén dong luc hoc 18i yéu hon so voi khi bi bo qua. Két qua nay hoan toan
gidng nhéan dinh trong céng trinh [12] khi laser c6 budc séng 800 nm. Trong [12], cac tac
gia giai thich hién tugng nay 1a do su thay ddi xac sudt ion hoa khi tinh dén hodc bo qua
dong luc hoc phan cuc 161. Nhu vay, hi€u ing tang cuong hodc suy giam cuong d6 HHG
khi xét dén dong luc hoc phan cuc 16i 13 phd quat cho ca viing budc song dai.
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Dic biét hon, bén canh cuong d6 phd HHG, dong luc hoc cua 16p electron bén trong
con anh hudng t6i diém cyc tiéu trén phdo HHG. Tir Hinh 3b va Hinh 4b, ing véi goc dinh
huéng @ =180°, co6 thé nhin thiy rit & diém giao thoa cuc tiéu Gmg voi ning luong HHG
¢ 40 eV cho ca hai budc séng 1200nm va 1600 nm. Su khong phu thudc vao thong sd
laser cho thay giao thoa cuc tiéu phan anh céu trac cua phan tor CO. Két lusn nay giéng
cong bd cua cac nghién ctru vé giao thoa cuc tiéu trong cic cong trinh nghién ciru trude
day [4]. Trong [4], cAc tac gia giai thich giao thoa gy ra boi b6 song electron bang mod
hinh hai tdm, va vi tri giao thoa chi phu thudc vao cdu trac phan tir va su dinh phuong cua
n6 trong trudng laser. Tuy nhién, khi xét d&én phan cuc 16i dong cua 16p electron bén trong,
cuc tiéu dugc nhin thiy r6 nét hon so véi khi bo qua hi¢u Gmg nay. Két qua cua ching toi
bang phuong phap TDSE cho budc song dai twong ty nhu két qua ciia Zhang va cac cong
su [12] cho budc song 800 nm bang phuong phap TDHF. Trong [12], cac tac gia cho rang,
tai goc @=180°, khi tinh dén dong luc hoc phan cuc 15, cac electron quay tré vé s& nhin
orbital 16p ngoai cuing bi bién dang (kéo dan ra hodc co vao) nhiéu hon, so vai khi chi tinh
mot orbital hoat dong SAO. Piéu nay din dén cuc tiéu cia moment ludng cuc quang tai
két hop tai thoi diém tai két hop sau hon khi tinh dén dong luc hoc cia 16p electron bén
trong. Nhu vy, bang phuong phap TDSE sir dung mé hinh SAE tinh dén phan cuc 16i
dong cho két qua twong tu nhu phwong phap TDHF.

4.  Kétluin

Nhu vay trong bai bao nay, chung t61 da xay dung dugc phuong phdp TDSE trong
gan ding mot electron hoat dong, c6 xét dén anh huong cta phan cuc 16i dong va mod
phong thanh cdng phé HHG cho tuong tac ctia CO véi laser hdng ngoai. Chung toi di chi
ra rang, hiéu tng phan cuc 16i dong lam ting (6 =0°) hoic giam (8 =180°) cudng do phd
HHG. Hon nitra, phan cyc 161 lam thay ddi do bién dang orbital ctia phan ti CO, dan dén
lam rd hon diém cyc tiéu giao thoa trén phd HHG so vai khi bo qua hiéu tng nay. Diéu
nay hoan toan tring hop véi cong két qua thu duoc trong cong trinh ciia Zhang va cac cong
su [12] thu dugc bang phuong phap TDHF cho phén tir phan cyc CO. Qua d6, chung toi
ching minh vé mit phuwong phap 1a c6 thé st dung TDSE trong gan diing mét electron, co
xét dén anh hudng ciia phan cuc 16i dong dé tinh HHG khi twong tac voi laser hong ngoai.
Phuong phap nay rit ngan thoi gian va khdi luong tinh toan so voi phuong phap TDHF.

% Tuyén bé vé quyén lgi: CAc tac gig xac nhan hoan toan khéng c6 xung dét vé quyén loi.

% Loi cdm on: Nghién ctru nay duoc tai tro béi Bo Gido duc va Bao tao cho dé tai ma sé
B2016.19.10 va béi Truong Pai hoc Sw pham TP HS Chi Minh cho dé tai cép co sé 2016
ma sé CS2016.19.08.
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