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TOM TAT

Gan day, ching t6i di chi ra rang chi khi xét dén hiéu ing phan cue dong 16i electron
(DCeP) két qua md phong qué trinh phéat xa séng diéu hoa bédc cao (HHG) chan-lé cho phan tiz CO
maoi phu hep véi cac cong trinh thuc nghiém. Tuy nhién, chdng tdi mai chi nghién ciru cho truong
hop khi laser chiéu song song véi phan tir, tire g dinh hwéng bang 0°. Trong bai bao nay, ching
t6i mé réng nghién ciu vai tro cua DCeP 1én phé HHG chdn-lé trong trieong hop géc dinh hwéng
khac 0°. Bén canh dé, dé cé dwoc birc tranh toan dién, chiing t6i ciing nghién ciru dnh hwong cia
DCeP lén céc xung atto gidy, tixc HHG trong mién thoi gian. Dé tinh phé HHG, ching tdi gidi so
phirong trinh Schrédinger phy thuge thoi gian trong gan diing mét electron hoat dgng két hop véi
thé nang DCeP. Cdc két qua cho thdy vai trd quan trong cia hiéu ing DCeP 1én ti sé HHG chan-lé
(1a ti 1¢ giita cwong dé diéu hoa cia bdc chan va trung binh cia hai béc lé lién ké) theo cac goc
dinh huéng khac nhau. Ching t6i da trinh bay chi tiét cho géc dinh huéng 70°. Khi do, trong mién
tan so, DCeP lam ting ti s6 HHG chdn-lé so véi triong hop bé qua DCeP. Trong mién thoi gian,
DCeP lam thay déi dang ké ti s6 curong dé gidra hai xung atto giay.

Tir khoa: dinh huéng; phan cuc dong IGi-electron; ti I¢ chan-I¢; song diéu hoa bac cao

1. Meé dau

Sy phéat xa song diéu hoa bac cao (High-order Harmonic Generation — HHG) l1a mot
trong nhirng hiéu (mg quang phi tuyén xay ra khi vat chit twong tac véi laser cuong do cao
Xung cuc ngan. Su phéat xa HHG c6 thé duoc md ta theo mo hinh ba buéc béan ¢b dién nhu
sau: (i) dién truong bé cong rao thé nguyén ta/phén tir, 1am cho electron bi ion héa va
xuyén ham ra ngoai; (ii) sau do, electron duogc gia toc trong dién truong cua laser; (iii) khi
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dién truong laser ddi chiéu, electron tai két hop voi ion me va phat ra bic xa c6 tan sb
bang sé nguyén lan tan sé laser chiéu téi (Ivanov & Corkum, 1993; Lewenstein et al.,
1994). Sé nguyén nay dugc goi 1a bac cia HHG.

Ph6 HHG phan anh dic diém caa nguyén tir/phan tir me, do d6 ching duoc sir dung
dé nghién cau céc thong tin ciu trac va dong hoc cua electron va hat nhan (Baker et al.,
2006; Zhang et al., 2015), tai tao hinh anh orbital phéan ti (Chen et al., 2013; Itatani et al.,
2004; Vozzi et al., 2011). Mét trong céc thudc tinh dugc quan tdm trong qua trinh sir dung
cdng cu HHG dé tham do chinh 13 tinh bt dbi xting cua hé nguyén tir/phan tir va laser. Doi
véi hé ddi xang, gom nguyén tir hozc phan tir d6i xtmg twong tac véi xung laser nhiéu chu
ki, phd HHG chi chta toan céc dinh ng voi HHG bac Ié (McFarland et al., 2008). Déi voi
hé bat ddi xtmg nhu phan tir phan cuc (CO, OCS...) trong trudng laser ddi xing (Frumker
et al., 2012a, 2012b; Kraus et al., 2012, 2014) hoic phan tir d6i xtng trong truong laser bat
d6i xung (Niikura et al., 2010; Trieu et al., 2023; Yun et al., 2015), pho HHG xuét hién
thém cac dinh chin, dic trung cho tinh bat ddi xang cua hé.

Pé tinh phé HHG phat ra tir nguyén/phan tir, mot trong sé cac phuong phap thuong
duoc sir dung la giai s6 phuong trinh Schrédinger phu thudc thoi gian (Time-Dependent
Schrédinger Equation — TDSE). Khi ap dung cho hé c6 chtra nguyén tir nhiéu electron
hodc phan tu, viéc tinh toan tré nén cong kénh va ton kém do thé ning can xay dung rat
phtic tap. Tir d6, mo hinh gan diing mot electron hoat dong (SAE — Single Active Electron)
da duoc stir dung dé don gian héa quy trinh tinh toan (Abu-Samha & Madsen, 2010). Theo
md hinh ndy, chi mot electron & 16p ngoai clng bi ion hda va chuyén dong trong dién
tredng ngoai, cac electron con lai bi dong bang cung v6i hat nhan. Tuy nhién, d6i voi nhiing
nguyén tir va phan tir c6 do phan cuc I6n, vi du nhu CO, sit dung md hinh SAE cho thay
nhiing sai léch dang ké so vai cac két qua thuc nghiém, dat ra cu hoi vé vai tro caa hiéu Gng
nhiéu electron I&n phé HHG phét ra tir phan tir (Gordon et al., 2006; Zhang et al., 2013).

D3 ¢6 nhiéu nghién cau Ii thuyét chitng minh rang hiéu tng nhiéu electron cé thé
dugc thé hién théng qua hiéu ung phan cuc dong ldi-electron (Dynamic Core-electron
Polarization — DCeP), tuc truong laser lam phan cuc céc electron 16i. DCeP déng vai tro
quan trong trong tinh todn cac hiéu (ng quang phi tuyén. Cu thé, viéc bd sung hiéu tng
DCeP trong qué trinh tinh toan da lam cho xéac suét ion hoa trén Ii thuyét tro nén phi hop
vé6i thuc nghiém (Le et al., 2018; Zhang et al., 2013). Vi qua trinh phat xa song diéu hoa
bac cao, ching t6i (Nguyen et al., 2022) d3 chi ra rang can phai tinh thém hiéu tng DCeP
dé phé HHG cho phan tir CO tinh duoc tir md hinh SAE trg nén phd hop véi thuc nghiém.
Cu thé, chung toi da tién hanh so sanh ti s6 HHG chén-lé (duoc tinh bang ti s6 cua cuong
d6 bac song HHG bac chin va bac Ié ké bén) khi co tinh dén va bé qua hiéu tng DCeP.
Két qua cho thay ti s6 HHG chin-lé khi tinh ¢én DCeP phi hop véi thuc nghiém ca vé
dang diéu va d6 16n. Tuy nhién, két qua md phong nay chi dugc thuc hién cho truong hop
truc phan tir cung phuong vdi vector phan cuc cua truong laser, nghia 1a géc dinh hudéng 6
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= 0° (Nguyen et al., 2022). Ti sé6 HHG chan-1¢ theo cac goc dinh hudng khac nhau da duoc
nghién cuau cho phén td CO trong cong trinh cia nhom tac gia (Phan et al., 2019), tuy
nhién, chi tai hai bac HHG dai dién & giita va cudi mién phang. Tir d6, chung toi dat muc
tiéu khao sat anh huong caa DCeP dén ti s6 HHG chén-lé trén toan phd HHG cua phan tr
CO khi goc dinh hudng khac 0°.

V& mit co ché phét xa, phd HHG la két qua cua qué trinh giao thoa giira cac xung
cd atto (107!8) gidy theo thoi gian. Thong tin cic xung atto gidy cho phép thim do cac
chuyén dong cua electron trong khoang thoi gian nho hon mét chu ki [c& femto (107°)
giay]. Trong thyc nghiém, phé HHG 1a dai luong dugc do trong mién tan s, con cac xung
c& atto gidy 1a dai lwong trong mién thoi gian, thu dugc thong qua phép bién doi thoi gian -
tan sd. Céc xung atto gidy nay 1a ngudn gdc cua qua trinh phéat xa phd HHG va su bat doi
xang cua chdng chinh 1a nguyén nhan tryc tiép gay ra tinh chan Ié caa phd HHG. Tuy
nhién, cac phan tich su bit ddi xtiing cua xung atto gidy méi dugc nghién ciu cho géc 0°
(Nguyen et al., 2022; Nguyen et al., 2022). Do dé, dé hiéu 5 dic diém chén 1é caa phd
HHG, ching tdi tién hanh nghién ctu anh huong cua hiéu tng DCeP I&n cac xung atto
gidy vai cac goc khac 0°.

Muc tiéu cua bai bao nay la nghién ciu anh huong cua DCeP 1én cac dai luong ca
trong mién tan sé va mién thoi gian, tir d6 cho ta birc tranh toan dién vé vai trd caa DCeP
trong qua trinh phéat xa HHG. O day, chiing toi xét trudng hop goc dinh hudng khéc 0°. Dé
tinh phé HHG, ching t6i sir dung phuong phap giai s6 phuong trinh Schrodinger véi mo
hinh thé nang SAE két hop v6i thé DCeP. C4c md ta vé md hinh tinh toan va phuong phap
dugc ching t6i néu ra trong phan 2 cua bai bao. Trong phan 3, ching tdi trinh bay céac két
qua va thao luan. Cudi cing, chung t6i dua ra cac két luan trong phan 4.

2. Mb hinh va phwong phap tinh toan li thuyét
2.1. M6 hinh laser-phan t&r CO

Phan tir CO duogc dinh phuong trén truc z, xung laser c6 vector phan cyc nam trong
mit phang xz theo huéng cia vector don vi e. GOc 6 giira truc z va vector e dugc goi la goc
dinh huéng.

Hinh 1. M hinh phan tiz CO. Laser dwroc dat trong mat phang xz
sao cho dién trueong doc theo vector don vi €, tao vai truc phan tir goéc dinh huong 6
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bién truong cua xung laser c6 dang: E(t) = eE,f (t) sin(wyt + ). Trong do,
Eo, f (1), w, lan luot 12 bién d6 cua dién truong laser, ham bao, va tan sb cua laser.
2.2. Phwong phéap giai phwong trinh Schrodinger phu thugc thai gian va tinh HHG
Phuong trinh Schrédinger phu thudc thoi gian duoc viét trong hé don vi nguyén tur
(h = e =m, = 1) nhu sau:

i%‘l’(r, t) = H¥(r,t) 1)

v6i Hamiltonian caa phan tir khi sir dung gan dang SAE, trong trudng laser phan cuc thang
6 dang:

- 1
H=Hy(r)+V(rt) = —EVZ + Voap(r) + Vi(r, t) + Vp(r, t). (2)

Trong d6, Vsag (1) 12 thé nang SAE cua phan tir, dugc xay dung theo cong trinh cua
cac tac gia Abu-Samha & Madsen (2010), V.(r,t) = r - E(t) 1a thé nang tuong tac giita
electron hoat dong va dién truong laser, Vp(r, t) la thé ning twong tac giita electron hoat
dong véi cac 16i-electron phan cuc dong. Thé DCeP dugc biéu dién nhu sau
E(tr):fcr’ 3)
véi @, 1 tong tensor phan cuc Ii-electron vai gia tri nhu trong cdng trinh cua nhém tac
gia (Hoang et al., 2017).

Dé giai phuong trinh (1), ching t6i khai trién ham séng phu thugc thoi gian 1 (r, t)
theo hé ham co s& 1a nghiém riéng cua phuong trinh Schrédinger dung. Trong khai trién
nay, cac hé so phu thudc thoi gian duoc giai bang phuong phap tach toan tir. Sau khi tim
dugc ham séng phu thudc thoi gian ¥ (r, t), ching t6i tinh gia toc ludng cuc theo thoi gian
nhu sau

d2
a(t) = 7 (W OIrl(E, ), @

va thu cuong do ciia phd HHG theo biéu thirc

S(Q) = | ] dteiota)| | (5)

Dé khao sat cac dic diém vé bién d6 va pha cua cac xung atto gidy phat HHG theo
thoi gian phat xa, ching tdi st dung phép bién doi thoi gian-tan s, cu thé 1a phép bién doi

Gabor c6 dang
exp[— (t' — t)%/207]
A(Q,t) = | dt'a(t’
0,0 = [ dra@) ZE—s

v6i Q 14 tan sb cua photon phat xa va o = 1/(3w,) nham dam bao d6 phan giai cua ca thoi
gian va tan sb. Biéu dién cua A(Q, t) duogc goi la tric do thoi gian-tan sb.

Trong bai bao nay, ching tdi tinh toan trong hé toa do cau véi ludi tinh toan co kich
thude 100 a.u. theo phuong ban kinh, gdm 380 diém chia vai 180 ham B-spline. Trén
phuong goc, ching t6i str dung 50 ham ciu véi 101 diém chia. Dé ngin sy phan xa tai bién

VP(r! t) = -

exp(iQt'), (6)
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tinh toan, ching toi sir dung thé hap thu c6 dang cos*® xuat phat tir diém xa nhit cua quy
dao ngan cua electron, nghia 1a tai 1.2E,/w3 (Yu et al., 2014).
3. Két qua vathao luan

Dé xem xét anh huong cua hiéu wng DCeP 1én phé HHG, ching toi so sanh mot dai
lwong dic trung cho phé HHG - ti s6 HHG chén-1é - khi tinh d&én va bo qua hiéu ¢ng nay
(Nguyen et al., 2022; Phan et al., 2019). Ti s6 HHG chén-I¢ duoc tinh biang cudng d6 bac
chin chia cho trung binh cudng do6 hai bac 1¢é lién ké, tirc 1a

25(2n)

NG = ST D+ s@n-1) ()
véi n 1a s6 tu nhién. Trong bai béo nay, ching t6i nghién ciu anh huong cia DCeP 18n ti s&
HHG chin-I¢ trong truong hop goc dinh hudng khéc 0°, cac két qua nay duoc trinh bay trong
muc 3.1. Tiép theo, chung t6i tinh dén cac dai luong trong mién thoi gian trong trudng hop cd
va khdng c6 DCeP trong muc 3.2. Cac két qua nay cho ching t6i biét dwoc anh husng cua
DCeP Ién phd HHG, ca trong mién tan s6 va mién thoi gian. Sau d6, méi lién hé giira cac dai
luong bat déi xang trong mién thoi gian va tan sb duoc thé hién trong muc 3.3.

Pé tinh phd HHG, ching t6i sir dung laser c6 cudng do 1a 1.5x10%* W/cm?, budc
s6ng 800 nm, d6 dai xung gom 10 chu ki quang hoc v&i ham bao hinh thang, trong d6 c6
mot chu ki tang tuyén tinh va mot chu ki giam tuyén tinh.

3.1. Tisé HHG chdn-lé khi thay déi géc dinh hwong

Trong cong trinh caa (Nguyen et al., 2022), cé&c tac gia chi ra vai tro quan trong cua
hiéu tng DCeP trong truong hop goc dinh hudng 0°. V&i myc tiéu khao sat anh hudng cua
hiéu tmg DCeP theo goc, chiing t6i d tién hanh tinh toan phd HHG khi tinh dén va bo qua
DCeP theo cic goc dinh huéng khéc nhau. Qua qua trinh phén tich, ching téi nhan thay
anh huong cua DCeP c6 su khac biét vai cac goc dinh hudng. Trong Hinh 2, ching toi
biéu didn phé HHG trong truong hop goc dinh hudng 70° nhu mét truong hop dai dién va
s0 s&nh vai truong hgp dinh hudng song song (0°).

Harmonic energy (eV) Harmonic energy (eV)
20 25 30 35 40 45 20 25 30 35 40 45
1 T T T T T T T T T T T T - T T T T T T T T T T T T
10 @ 0=0° SAE4P (b) §="70°
| | } ‘ — SAE
2 107! l | 1|
2 L] |
8 | | ‘ M ]
E 10—3 h | ‘ “ |
‘H |\ “ ! ) r\‘
1075 AR I S N N I PO T O | ) I ‘\ M ” ‘ M “ |‘H l L |||. I
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Harmonic order Harmonic order

Hinh 2. Phé HHG trong truong hop goc dinh huréng bang 0° (a) va bang 70° (b), trong
cdc trueong hop khéng tinh @én DCeP (ki hiéu 1a SAE, biéu dién bang dirong mau xanh) va
c6 tinh d@én DCeP (ki hiéu SAE+P, biéu dién bang dwrong mau dé). Ching tdi siz dung xung

laser dai 10 chu Ki, cuong dé 1.5%10* W/cm? va buéc song 800 nm
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Quan sat phé HHG & truong hop dinh hudng 0° (Hinh 2(a)), d& dang nhan thay
cudng d6 cua cac bac I¢ khi tinh ¢én DCeP c6 gia tri 16n hon han so vai khi b qua hiéu
g nay. Mit khac, anh huong cua DCeP 1én céc bac chén 1a khong dang ké. Tuy nhién,
két qua tinh cho goc dinh hudng 70° lai cho thiy hiéu tmg nguoc lai. O Hinh 2(b), cudng
d6 céc bac chin lai c6 xu hudng ting 1én dang ké khi c6 su dong gép cua DCeP, nhit 12 ¢
ving dau va gita mién phing. Trong khi dé, cudng do bac 1é hau nhu khong di khi tinh
thém hiéu ung DCeP.

Nham 1am rd cac két luan trén, chung t6i dinh lwong héa phé HHG théng qua viéc
tinh toan dai luong ti s6 HHG chén 1é. Khi thay dbi goc dinh huéng tir 0° 1én 70°, ti sb
HHG chan-1¢ giam do tinh bat dbi ximg theo hudng chiéu laser ciing giam (Phan et al.,
2019). Trén Hinh 3, chlng tdi biéu dién céc két qua trong truong hop goéc dinh hudng 0°
() va 70° (b).

Harmonic energy (eV) Harmonic energy (eV)
20 25 30 35 40 45 20 25 30 35 40 45
) T T T T T T T T T T T T T T T T T T T T T T T T
0 @e=0° (b) 6=70° —e— SAE

Even-to-Odd Ratio

10 12 14 16 18 20 22 24 26 28 30 10 12 14 16 18 20 22 24 26 28 30

Harmonic order Harmonic order
Hinh 3. Ti s6 HHG chan-lé khi géc dinh hwéng bang 0° (a) va bang 70° (b),
trong cdc truong hop khéng tinh dén DCeP va c6 tinh dén DCeP

Hinh 3(a) cho thay khi phan tir duoc dinh huéng song song (0°), ti sé HHG trén toan
phd dao dong quanh gia tri 1 khi tinh thém hiéu tng DCeP. Viéc khong tinh dén hiéu tng
nay 1am ti s6 HHG chan-l¢ ting khoang 1 bac, dan dén sy sai léch so véi két qua thyuc
nghiém. Véi truong hop dinh hudng 70° nhu biéu dién trén Hinh 3(b), ti s6 HHG chan-lé
giam trén toan phé so vai truong hop dinh huéng song song. So sanh giira trudng hop cé
DCeP va khong c6 DCeP, ta nhan thiy ¢ ving tan sé thap (bé hon bac 18), ti s6 HHG
chén-l¢ khi khéng c6 DCeP thap hon khoang 2 bac so véi truong hop tinh dén DCeP. O
viing tan s Ién hon (tir bac 18 tré 1én), ti s6 HHG chéan-lé khi c6 DCeP van c6 do lén cao
hon so v6i khi khéng ¢6 DCeP, du hai duong biéu dién c6 d6 16n gan bang nhau.

Tir d6, ching t6i két luan rang anh huong cua hiéu tng DCeP 1én ti sé HHG chan-Ié
hay phd HHG thay doi phu thudce vao goc dinh hudng gitra truc phan tir va vector phan cuc
cua trudng laser. Dic biét, néu nhu & goc 0°, DCeP lam cho ti s6 HHG chin-1é nho hon so
véi khi khong c6 DCeP, thi & goc 70°, ti s6 HHG chin-Ié khi c6 DCeP lai cao hon nhiéu so
vé6i khi khong c6 DCeP. Hon nita, DCeP ¢6 xu hudng lam cho ti s6 HHG chan-lé gan 1

1523



Tap chi Khoa hoc Trwong DHSP TPHCM Dam My Hoa va tgk

hon. Bé hiéu & dugc nguyén nhan nay, tiép theo, chling toi nghién ctru cac dai luong trong
mién thoi gian trong ca hai trudng hop cd va khong c6 DCeP. Tir d6, chung toi rit ra duoc
anh huong cua su thay d6i HHG chin-1é nay 1én cac dai lwong vi md trong qua trinh phét xa.
3.2. Anh hwéng ciia DCeP Ién tric dé thoi gian-tdn so

40
20 1.0
20 0.5

S
o
(]
Kysuayuy

40 [ (b) SAE+P

Harmonic order

|
.O
W

30

20

A 1.0
0 5 4 6 8 07
Emission time (Optical cycles)
Hinh 4. Cuong dé trac dé thoi gian — tan so cua phé HHG khi (a) bé qua
va (b) tinh dén hiéu 1zng DCeP khi phan tiz CO dwoc dinh hiéng & goc 70°.
Thang mau cho biét curong dg cua cac xung phat HHG.

Chdng t6i biéu dién cuong d6 trac do thoi gian — tan sé cua toan phd, dugc tinh bang
phép bién d6i Gabor (Biéu thic (6)), khi ¢ va khdng c6 DCeP trén Hinh 4 cho truong hop
goc dinh hudng 70°. Cac xung c& atto gidy phat ra theo thoi gian, cach nhau mot nua chu
ki quang hoc, giao thoa vai nhau, tir @6 hinh thanh nén phdé HHG do duoc trong mién tan
s6. Hinh 4(a) cho trudng hop khong tinh dén DCeP cho thiy, cac xung phat HHG lién tiép
¢6 cuong do nhu nhau & viing tan s thap. Su giao thoa cua cac xung cd tinh bat déi xing
thap hinh thanh nén phé HHG chi yéu chitra cac bac lé, dan dén ti sé HHG chan-lé c6 gia
tri bé nhu trong Hinh 3(b). O viing tan sb cao, cac xung lién tiép tré nén bat déi xang, 1am
cho cudng d6 cac bac chin cua phd HHG cao, din dén ti s6 HHG chin-I¢ tang 1én. Nguoc
lai, Hinh 4(b) khi tinh dén DCeP cho thay mot xu huéng khac trong cudng do tric d6 thoi
gian — tan sb, tai day cac xung phat HHG lién tiép ludn c6 sy bat di xtng rd rét, dan dén
cuong do bac chin ciing nhu ti s6 HHG chin-Ié ting 1én & toan phd nhu trén Hinh 3(b).
Qua phan tich trén, ta nhan thay vai trd cua hiéu tmg DCeP 1a lam ting su bat ddi xung
giira cac xung phat HHG cho tét ca cac bac, dan dén cudng d6 bac HHG chin tiang 1én so
véi khi khong c6 DCeP.

10
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Hinh 5. Cuong dé trdc do thoi gian va pha theo thoi gian
cua xung phat HHG tqi bdc 14 (a, b) va bdc 26 (c, d)
khi c6 tinh dén va bé qua hiéu iing DCeP.Phan tir CO duwoc dinh hwong ¢ goc 70°.
Cdc dwong dirt nét mau xam twong ving Véi thoi diém phét xa ciia xung phat HHG.

Pé minh chtmg rd rang hon, trén Hinh 5, ching t6i biéu dién cudong do va pha cua
trac do thoi gian cho bac 14 va bac 26, dai dién cho bac HHG ¢ viing tan sé thap va cao.
Khi céc xung giao thoa vai nhau, pha cua cac xung tai thoi diém phat xung dong vai tro
quan trong. Chung toi da thé hién pha ciia cac xung nay tai thoi diém phat xung bang céc
dudng nét dut mau xam nhu trén Hinh 5(b) va 5(d). Ching cho thiy, véi ca hai bac 14 va
26, pha cua cac xung phat HHG khi tinh dén va bo qua DCeP khdng cd sy chénh léch
nhiéu. Mt khac, do léch pha gitra hai xung phat HHG lién tiép ludn xap xi bang 180°, ca
trong trudng hop bac song didu hoa 14 va 26. Nhan xét nay cho thiy anh huéng caa DCeP
lén pha cua xung phat HHG 14 khong dang ké. Tuy nhién, vai tro cia DCeP 1én cuong do
trac do thoi gian 1a rat rd rét. Cu thé, tai bac 14 (Hinh 5(a)), cac xung phat HHG khi khong
tinh dén DCeP ¢6 sy dong déu rd rang so véi truong hop c¢6 DCeP. Cung véi viéc do léch
pha xap xi 180°, su giao thoa ctia hai xung nhu nhau lam triét tiéu bac chan nhu bac 14.
Nguoc lai, khi tinh dén DCeP, sy bat ddi xing rd rét vé cuong do cua hai xung lién tiép

1 L L | 1 1
44 46 48 50 52 54 56
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lam xuat hién bac chin c6 cudng do cao hon. Xu hudng bat dbi xtng gitra hai xung lién
tiép nay duoc 1ap lai ¢ bac 26 (Hinh 5(c)) ca khi tinh dén va bo qua hiéu tng DCeP. Tir do,
ti s&6 HHG chén-lé tai bac 26 khi c6 va khong c6 DCeP ¢6 do 16n xap xi nhau nhu trong
Hinh 3(b).

Cac quan sat trén cho goc dinh hudng 70° hoan toan nguoc lai so vai goc 0°. Trong
cdng trinh caa nhém tac gia (Nguyen et al., 2022), chung t6i da chi ra rang ¢ goc 0°, DCeP
lam cho d¢ léch pha gitta hai xung atto gidy thay d6i tir cing pha sang nguoc pha, dan dén
thay doi dang ké ti s6 HHG chin-lé. Khi d6, do léch pha giira hai xung atto gidy dong vai
tro then chét trong anh huong cia DCeP [18n phé HHG chin-1¢é caa goc 0°. Nguoc lai, Voi
g6c 70°, DCeP hau nhu khong thay doi dang ké do léch pha, ma thay ddi sy bat dbi xang
vé cudng do giita hai xung atto gidy. Ldc nay, su bat ddi xung cuong do cua hai xung atto
gidy déng vai tro quyét dinh trong phé HHG chin-lé.

3.3. Lién hé giira ti s6 HHG chdn-lé va d¢g bét déi xirng ciia hai xung atto gidy

Tiép theo, chiing toi dinh lugng hda méi lién hé giira ti s6 HHG chén Ié (mién tan s6)
va su bt ddi xtmg va do léch pha (mién thoi gian). Tir d6, chung t6i thu dugc vai trd cia
DCeP Ién phd HHG chin-Ié thong qua anh huong 1én tric d6 thoi gian. Dé lam duoc viéc
nay, dau tién, ching t6i dinh lugng hoa cac dai lugng bat dbi xing trong trac do thoi gian,
véi do léch cuong d6 gitra hai xung

2|A1(2n)]|A4,(2n)|
k(2n) =
|41 (2n)|% + |4, (2n)|?
va d¢ léch pha gitra ching

Ap(2n) = ¢,(2n) — ¢, (2n). ©)

Trong d06, |A;(2n)| va ¢;(2n) 1a bién d6 va pha cta xung phat HHG cuia bac 2n tai
thoi diém thw i trong chudi xung phat HHG. Gia tri cia x(2n) nam trong khoang [0, 1],
Vi can dudi twong ng voi do bat dbi xing gitra hai xung la cuc dai. x(2n) cang ting thi
mtc do bat dbi xung gitta hai xung cang giam. Tai x(2n) = 1, hai xung d6i xung
hoan toan.

Theo co ché giao thoa giita c4c xung atto gidy tao song diéu hoa bac cao, ching ta co
duoc méi quan hé tryc tiép gitra ti s6 HHG chén-lé (dai luong trong mién tan s) va do bt
d6i xung vé cuong do va pha giita hai xung phat HHG (dai luong trong mién thoi gian)
nhu sau (Nguyen et al., 2022):

2k(2n) cos Ap(2n)
1+ k(2n) cos Ap(2n)

Do @06, nghién cttu anh huong cua DCeP 1én k(2n) va A¢(2n) cho ta cai nhin dinh
luong vé anh huong cia DCeP 1én ti s6 HHG chin-l¢. Tai ddy, ching t6i tinh toan véi hai
xung phat HHG xung quanh hai thoi diém t, = 4.3T, va t, = 4.8T,, Véi T, la chu ki
quang hoc cua xung laser. Hai dai lwong k(2n) va A¢(2n) dugc ching toi biéu dién trén
Hinh 6.

(8)

n@2n) =1- (10)
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Hinh 6. D¢ bdt doi xirng cwong do (a) va dé léch pha (b) cua hai xung phat HHG lién tiép
khi xét dén DCeP va bé qua DCeP. Géc dinh huéng 1a 70°

Hinh 6(a) cho thiy, xét trén toan phd HHG & goéc dinh huéng 70°, d6 bat ddi xing
cudng do gitra hai xung lién tiép c6 khoang bién thién khong qué Ion. Khi bo qua hiéu tng
DCeP, d6 bat dbi xtmg cudng do gan bang 1 & nhitng bac HHG dau va giam nhe vé 0.8
g véi viing gitta mién phang. Con khi tinh dén, x(2n) ¢ dang twong ty nhu khi bo qua
DCeP, nhung véi cuong do giam khoang 0.2. Diéu nay cho thay DCeP c6 tac dung ting
déu sy bat dbi xung cudng do giira hai xung phat HHG ké nhau. V&i do léch pha duoc thé
hién trén Hinh 6(b), ta c6 thé khiang dinh DCeP khong anh hudng dén do léch pha giira hai
xung phat HHG. Cu thé, A¢(2n) giir gia tri xap xi bang 180° trén toan phé HHG.

T6m lai, anh huong cia DCeP 1én do bat d6i xang vé cudng d6 va pha cia cac xung
phat HHG lién tiép da duoc nghién ciru trong truong hop goc dinh hudng 70°. Cu thé, hiéu
mg DCeP tac dong dén do bat ddi xting cudng do théng qua viéc 1am chénh léch cudong do
gitta hai xung phat HHG lién tiép. Bén canh d6, & goc dinh hudng nay, DCeP khdng lam
anh huong dén do léch pha gitra hai xung phat HHG ké nhau.

4. Kétluan

Trong bai bao nay, chdng tdi nghién ciu Ii thuyét anh huong cua hiéu ang DCeP 1én
phd HHG trong truong hop goc dinh hudng khac 0° trén ca hai phuwong dién: trong mién
thoi gian va mién tan s6. Chung toi sir dung phuong phap giai s6 phuong trinh Schrodinger
két hop véi thé ning gan ding SAE va tinh dén thé nang DCeP. So véi truong hop dinh
phuong song song, viéc dinh phuong khac 0° cua phan tir cho thiy anh husng ciia DCeP
lén phd HHG c¢6 sy khac nhau khi goc dinh phuong thay doi. O goc dinh phuong 70°, hiéu
tmg DCeP 1am ting cuong do ti s6 HHG chin-I¢ ciing nhu d6 bat d6i xung cua phd HHG
S0 Vvéi truong hop boé qua DCeP. Di sau vé co ché vat Ii, DCeP lam tang sy bat ddi xiing
cuong do caa hai xung c& atto gidy lién tiép chiu trach nhiém giao thoa va phat xa HHG.
Tuy nhién, DCeP khéng anh hudng dén do léch pha cua cac xung trong mién thoi gian
nay. Diéu nay hoan toan khac biét so véi truong hop goc dinh phuong 0° khi d6 1éch pha
dong vai tro quyét dinh dén anh hudng cua DCeP 1én ti s6 HHG chin-1é. Céc két luan trén
cho thay vai tro quan trong va khdng thé bo qua cua hiéu tng DCeP trong qué trinh tinh
toan mé phong su phat xa song HHG.
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< Tuyén bé vé quyén loi: Cac tac gid xac nhan hoan toan khéng cé xung dét vé quyén loi.

% Loi cdm on: Xin cdm on TS Lé Thj Ca4m Tu da hé tro cong cu source code TDSE. Nghién
clu nay duoc tai tro béi Bé tai nghién cdu cdp B Gido duc va Pao tao (Viét Nam), ma sé
B2024-SPS-04.
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ABSTRACT

We have recently demonstrated that incorporating Dynamic Core-electron Polarization
(DCeP) into simulation aligns the high-order harmonic generation (HHG) of CO molecules with
experimental data. However, the previous study was limited to the case where the laser is
irradiated parallel to the molecule, corresponding to an orientation angle of 0°. In this paper, we
extend the investigation of DCeP’s role in odd-even HHG to include various molecular
orientations beyond 0°. Additionally, we examine the DCeP effect on attosecond bursts, focusing
on harmonic generation in the time domain. To calculate HHG, we numerically solve the time-
dependent Schrddinger equation under Single Active-Electron approximation (SAE), incorporating
DCeP potential. The results demonstrate the substantial role of DCeP on the even-odd HHG ratio
(the ratio of even-order harmonic intensity to the average of two adjacent odd orders) across
different molecular orientations. A detailed analysis at an orientation angle of 70° indicates that,
in the frequency domain, DCeP increases the even-to-odd ratio compared to the case without
DCeP. In the time domain, DCeP remarkably changes the intensity ratio between consecutive
attosecond bursts.

Keywords: alignment; dynamic core-electron polarization; even-to-odd ratio; high-order
harmonic generation
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