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TOM TAT

Chung tdi tai tzo hinh anh chup cdt 16p ddm may electron 16p ngoai cuing (HOMO) tir pho
phat xa song diéu hoa bdc cao (HHG) cua phan tir N khi xét dén hiéu g dinh phwong khéng hoan
toan. Chiing t6i da sir dung hai cdch khdc nhau dé mo ta ham phan bo dinh phwong — (i) gidi chinh
Xac bang sé phuwong trinh Schrédinger phu thuge vao thei gian, va (i) gan ding bang ham gidi tich.
Két qua cho thdy rang, mire dé dinh phwong giam dan, dé chinh xéac cia HOMO cia phan ti giam
dan. Khi mite dé dinh phwong nhé hon 0.5, thi khéng con tdi tao dwoc chinh xac HOMO cua phan
ti. Ngoai ra, sir dung hai cach mo ta ham phan bé dink phwrong d@éu cho két qua tiwong tir nhau.

Tir khoa: song diéu hoa bac cao; phan tir N2; dinh phuong khong hoan toan; chup anh cat I16p

1. Giéithigu

K& tir khi ra doi vao nam 1960 (Maiman, 1960), laser ngay cang tao ra nhiéu dot pha
trong khoa hoc, ki thuat va cong nghé. Khi laser xung cuc ngan, cuong do cao twong tac véi
vat chat, mot trong nhitng hiéu tng quang phi tuyén xay ra la sy phét xa song diéu hoa bac
cao (High-order Harmonic Generation — viét tat 1a HHG), tirc 1a phat ra song HHG c6 tan s6
bang s6 nguyén lan tan sé cua laser chiéu vao) (Lewenstein, Balcou, Ivanov, & Huillier,
1994). Phé HHG c¢6 dang dic trung véi ba viing rd rét: (i) du tién 1 vang nhidu loan ¢ viing
tan sb thap, tai d6 cudng d6 HHG giam nhanh; (ii) sau d6 1a mién phang trai dai trén mot
mién cua tan s6, & do, cuong do HHG dugc giit 6n dinh; (iii) cudi cuing, mién phang két thic
tai diém dirng, sau do, cuong d6 HHG giam nhanh dot ngot.

HHG c6 nhiéu tng dung quan trong nhu thu nhan thdng tin cu tric nguyén ti, phan
tu (Baker et al., 2006; Haessler et al., 2015); tham do dong luc hoc cua electron (Zhang, Yu,
Chen, Jiang, & Sun, 2015) va hat nhan (Jin et al., 2012); chup anh cit 16p orbital I6p ngoai
cuing (Highest-Occupied Molecular Orbital — viét tit [a HOMO) cua phan tu (ltatani et al.,
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2004, Qin, & Zhu, 2017). Trong dé, phuong phap chup anh cit I6p HOMO phan tir 1an dau
tién duogc thuc hién bai Itatani va cac cong su (Itatani et al., 2004) tir HHG do dac tur thuc
nghiém cho phan tir N2. Sau dé, cac tac gia (Le, Le, Xie, & Lin, 2007) da bang |i thuyét,
chup anh cat I6p cho phan tir dbi xtimg nhu N va O,. C4c tac gia (Le et al., 2007) da chi ra
nhiing han ché cua quy trinh chup anh cit 6p cua Itatani (Itatani et al., 2004), va dong thoi,
dé xuat rang, dé nang cao hiéu qua cua hinh anh tai tao HOMO, nén st dung laser ¢6 buéc
s6ng dai. Bén canh d6, mot sé cac cong trinh da phat trién phuong phap dé khic phuc nhitng
khuyét diém ctia mo hinh dugc dé xuat boi Itatani, nhu st dung ham séng tén xa thay vi séng
phang cua electron ¢ viing lién tuc (Zhai et al., 2016). Sau d6, phuong phap chup anh cat 16p
da duoc tng dung khi HHG phat xa khi twong tac véi laser hai mau (Zhai et al., 2018). Gan
day, phuong phap chup anh cat 16p da dugc ma rong cho phan tir bat d6i xang CO (Qin,
Zhu, Zhang, & Lu, 2012; Chen, Fu, & Liu, 2013; Xie, Yu, Li, Wang, & Chen, 2018; Zhai et
al., 2018; Yuan et al., 2018).

Theo quy trinh chup anh cat 16p HOMO cua phan ti, dau tién, cac phan ta can phai
dugc dinh phuong trude khi tuong tac véi laser manh dé phat ra HHG, nham tranh hiéu tng
trung binh (ltatani et al., 2004). Trong cac cong trinh trudc ddy, cac phan tir dugc gia thuyét
la dinh phuong hoan toan trong qué trinh phat xa HHG (Itatani et al., 2004; Le et al., 2007;
Qin et al., 2012; Chen et al., 2013; Zhai et al., 2018; Yuan et al., 2018). Tuy nhién, trong
thuc té, cac phan tir chi c6 thé dinh phuong mét phan (Zhou, Tong, Zhao, & Lin, 2005; Qin,
& Zhu, 2017). Pai luong dic trung cho chat lugng dinh phuong ciia mot khdi khi phan tir
dugc goi la muc do dinh phuong. Cac ki thuat dinh phuong hién nay duoc (ng dung trong
thuc nghiém s dung phuong phap va cham (Pullman, Friedrich, & Herschbach, 1990;
Aquilanti et al., 1994), phuong phép truong dién tinh (Cho, & Bernstein, 1991; Friedrich, &
Herschbach, 1991; Seideman, 1995) va phuong phap dinh phuong bang trudng laser yéu
(Bretislav Friedrich, & Herschbach, 1995; Stapelfeldt, & Seideman, 2003). Hién nay, trong
thuc nghiém, nguoi ta da c6 thé dinh phuong khdi khi véi mie d6 dinh phuong cao, dén 0,8
(De et al., 2009).

Céc cong trinh nghién ctru trude day (Zhou, Tong, Zhao, & Lin, 2005; Qin, & Zhu,
2017) di chi ra rang, tin hiéu HHG cua phan ta nhay véi goc dinh phuong va mie do dinh
phuong. Nguyén nhan 13 do HHG phat ra phu thudc vao sy phan bé cua electron, hay noi
cach khéc, su di xing cua orbital phan tir (Zhou et al., 2005). Chl y rang theo mé hinh chup
anh cat 16p cua Itatani (Itatani et al., 2004), HHG la c6ng cu nham tai tao HOMO cua phan
tir. Do do, su dinh phuong khong hoan toan caa phan tir anh hudng dén chat luong hinh anh
HOMO cua phéan tur dugc tai tao tir HHG. Trong cong trinh (Qin, & Zhu, 2017), cac tac gia
da tién hanh chup anh cip l6p co tinh dén su dinh phuong khong hoan toan cho cac phan ti
vé6i orbital phan tr c6 dbi xing khac nhau. Cac tac gia nhan thay anh huong cua muic do
dinh phuong dén hinh anh chup cat 16p phu thudc vao dang doi xing cua orbital va viing tan
s6 HHG duoc str dung dé chup anh cat 16p. Cu thé, véi phan tir cd dbi ximg mg nhu COy, thi
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hinh anh orbital tai tao dugc tir vuing HHG khéng chra cuc tiéu giao thoa sé& khong bi anh
huong boi mae d6 dinh phuong phéan tir. Trong khi d6, hinh anh dwoc tai tao tor vung HHG
c6 chta cyc tiéu giao thoa bi anh huong dang ké boi sy dinh phuong phan tir. Con ddi Véi
phan tir c6 d6i xtmg oy nhur N, du 14y bét cir viing tan s6 HHG nao, thi hinh anh orbital tai
tao duoc déu nhay véi muc d6 dinh phuong cua phan t.

Tuy nhién, trong cong trinh trén (Qin, & Zhu, 2017), cac tac gia tai tao orbital phan tu
chi tir mot viing tan sé trong mién phang ciia phd HHG, vi vay, hinh anh HOMO ti tao dugc
c6 nhiéu cu tric phu, chua thé hién ciu tric caa orbital phan tir. Cac cong trinh vé chup anh
cit 16p HOMO phan tr trude day (ltatani et al., 2004; Le et al., 2007; Qin et al., 2012; Yuan
etal., 2018; Zhai et al., 2018) déu sir dung toan bo mién phing cia HHG cho muc dich chyp
anh cat 1op. Do d6, trong bai bao nay, chung t6i nghién ciru anh huong caa su dinh phuong
phan tir 1én hinh anh HOMO tai tao duoc tir toan bo mién phang cia HHG phan ti. Ching
toi khao sét su twong quan gitra mirc d6 dinh phuong phan tir va hinh anh HOMO duoc tai
tao tir toan b mién tan sé — twong (ng véi mién phang caa phd HHG duoc st dung.

Bén canh d6, ¢ md ta su phan b dinh phuong phan tir boi truong laser yéu, nguoi ta
thuong giai phuong trinh Schrodinger (TDSE) cho phan tir quay trong dién truong laser (Lin,
Le, Jin, & Wei, 2018). Tuy nhién, d¢ giam khdi luong tinh toan, nhiéu cong trinh sir dung
gan ding bang ham giai tich ¢&& mo ta sy dinh phuong phan tir ( Lein et al., 2005; Kraus,
Baykusheva, & Worner, 2014; Yu, Li, Li, & Chen, 2017). Do d6, chung t6i s& kiém chiing
tinh chinh xac cua viéc 4p dung ham phan bé dinh phwong giai tich bang viéc so sanh ching
véi két qua giai chinh xac TDSE trong bai toan chup anh cit 15p HOMO cua phan tir.

Cau trdc cua bai bao dugc trinh bay nhu sau. Trong muc 2, ching tdi s& trinh bay
phuong phap dinh phwong phén tir bang TDSE; phuong phap tinh HHG cho khéi khi phan
tr dinh phuong khong hoan toan; va quy trinh chup anh cat Iép HOMO phan tir tir HHG.
Trong muc 3, chling t6i lan luot trinh bay két qua dinh phwong phan tir, va HOMO ti tao
dugc tr HHG phat ra tir phén tir dinh phuong khéng hoan toan véi mae d6 dinh phuong
khéc nhau. Cudi cing la so sanh két qua khi sir dung hai phuong phap mé ta ham dinh
phuong khac nhau — chinh xéc tir TDSE va gan dung bang ham giai tich.

2.  Phwong phap

Dé tai tao HOMO cua phan tir, chling ti can c6 ngudn dix liéu HHG thwe nghiém. Tuy
nhién, do khong cé du dir liéu HHG thuc nghiém can thiét, chiing tdi tao dir liéu HHG “thuc
nghiém” bang cach mé phong bang sé. Trong phan nay, trudc tién, ching téi s& md phong
su dinh phuong phan tir bang giai chinh xac bang sé phuong trinh Schrodinger phu thudc
thoi gian (TDSE). Sau d6, chung t6i mé phong HHG phat ra tir khdi khi phan tir N2 dinh
phuong khong hoan toan bang mé hinh Lewenstein. Cudi cling, chdng toi trinh bay tom tat
quy trinh chup anh cit Iép HOMO phan tir tir phé HHG.
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Hinh 1. M6 hinh phan ti va chim laser dinh phuwong E' , laser tham do E

Dé dinh phuong phén tir, chling t6i st dung phuong phéap dung laser yéu — hay con goi
la laser dinh phuong (Bretislav Friedrich, & Herschbach, 1995; Stapelfeldt, & Seideman,
2003). Mo hinh bai toan dugc thé hién trén Hinh 1, trong d6 E’ 13 vector phan cuc cua laser
dinh phuong, hop Véi truc phén tir goc § . Sau d6 chiéu chum laser manh hay con goi la
laser tham do E dé kich thich qua trinh twong tac truong manh, tic tao phd HHG. Géc tao
bai vector E Véi truc phan tir dwoc ki hidu 1a 9; géc gitra E va E'1a 8; g6c hop bai mat
phang chira phan tir va vecto E véi mat phing chia E, E' 12 ¢ .
2.1. Tinh ham dinh phwong phédn tir bang gidi sé phwong trinh Schrédinger phu thugc
thoi gian

Chuang t6i su dung phuong phap giai truc tiép phuong trinh Schrodinger phu thudc
thoi gian, dugc md ta cu thé trong nhiéu tai IIeu nhu trong cong trinh (Lln etal., 2018). Xet
phan tir d6i xing, duoc dat trong truong laser yéu voi cudng do va tan sé sao cho khdng gay
ra su ion hda. Hamiltonian cua hé laser-phén tir c6 dang

H,, = 532_%€(t)a§(t), )

trong do, J latoan t quay cua phanta, B = % I lahiang sé quay va | 1a moment quén tinh

ctia phan tr. o 14 tensor phan cuc cua phan tir ¢ thé dugc phan tich thanh thanh phan song
song va thanh phan vudng goc véi phan tir o, Va a, . Phuong trinh (1) tr¢ thanh

—2 E'(t)2 .
H, =BJ _TUQ" —aL)COS 9 +al], (2)
trong d6, E'(t) 1a vector phan cuc cua laser chi phuong, ¢ 1a goc giita truc phan tir vecto

chi phuong ctia dién truong cua laser E'(t). Thanh phan «, khéng phu thuéc vao goc &
nén cd thé bo qua.

Ban dau, cac phan tir & trang thai can bang nhiét & nhiét &6 T , vai cac trang thai quay
|JM)) duoc phan bé bsi ham phan bé Boltzmann nhu sau

O (T)=iexp{—w} 3)

Z(T) 21kgT

1088



Tap chi Khoa hoc Trwdong DHSP TPHCM Tréin Céng Minh va tgk

trong d6, k, 12 hang s6 Boltzmann va Z(T) Ia ham tong théng ké cua cac trang théi. Doi
Vi phan tir ddi xing, Xac suét spin caa hat nhan can duogc tinh dén. D4i véi Nz, cong thirc
trén phai dugc nhan véi mot hé s6 bd sung g, = 2 cho céc trang thai c6 s6 luong tir quay J
chanva g, =1 chocac J Ile.

Khi cac phan tir thiang duogc dit trong truong dién cia mot laser, dién trudng cua laser
kich thich su chong chap cua cac trang thai quay hay con goi la bé song quay cua tirng phan
te. Su tién hdéa cua b6 song quay theo thoi gian tir trang thai ban dau la
W (3.6t =—0)=|IM), véi ¢ la goc phuong vi, dugc tinh tir TDSE véi Hamiltonian
tuong tac trong phuong trinh trén

oY, (9.4t 2 E(t) , ,

|% =|BJ —#(0{" —al)coszg Yo (F.4.1). 4)

Phuong trinh trén phdi duoc giai cho ting trang thai [JM ) ban dau. Can chi y, véi
cac chuyén doi trang thai quay cua phan tu, tac chuyén doi Raman, quy tic loc lya véi
AJ =0,12 duoc ap dung. Khi sir dung laser phan cuc thing, sé luong tir M duoc bao toan,
nén nghiém phuong trinh trén c6 dang nhu sau

Yo (9,4.1)=D.C, (IM )Y, (.9) (5)

=

Phuong trinh ndy duoc giai s6 bang phwong phép tach toan tir (Lin et al., 2018).

Doi véi phuong phap dinh phuong gan dung doan nhiét, sau khi tat truong laser yéu
tai thoi diém t. , b6 song quay sé tiép tuc tién hoa theo thoi gian

¥, (9, 81) :ZCJ,(JM 1)e YL (9.9), (6)

véi E, =BJ'(J'+1)latrj riéng ciia ham cau.

Sau khi giai phuong trinh Schrédinger phu thudc thoi gian cho tirng trang thai ban dau
|JM ), mat do xac suat phan b dinh phuong theo géc va thoi gian ciia cac phan tir duoc
biéu dién nhu sau

p(9.t)= sz ¥, (2.0.1) (7)

Muc d6 dinh phuong luc nay duoc tinh nhu sau

(cos® 9') = Zfsz(S',t)cos2 I'sinddd. (8)
0

2.2. Phwong phdp tinh HHG cua phan tw dinh phwong khéng hoan toan

Sau khi khdi khi N2 dugc dinh phuong, laser manh dwgc chiéu vao nham thu nhan
HHG. Ham phan b dinh phwong (7) dwoc chuyén tir hé quy chiéu gan voi laser dinh phuong
sang hé quy chiéu gan véi laser manh nhu sau

ps(S0.t)=p(F(60.9.9).1), 9)

trong do, dinh i cosin trong hinh cau md ta méi lién hé gitta cac goc nhu sau
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0S¥ = €0s.9c0s A +sinJsinHcosg.
Cuong d6 HHG cua khéi khi, dugc phat ra theo hai phuong song song (duoc ki hiéu
véi chi sb z), va vudng goc (chi s x) vai vector phan cuc cua laser manh, duoc mo ta

Sy, (@)~ U.[ A (3.0.0)p, (19,(0)sin19d19d(0‘2 ,

. 2

Sy, (@)~ m A (%.0.0)p, (19,(/))S|nl9d9d(0‘ :

Sy, (@) va S, (w) dugc goi 12 HHG song song va HHG vuong goc, dugc lay trung
binh theo ham phan b4 dinh phuong. A (Sp.0)va A (9,¢,0) 12 bién do cia HHG song
song va vudng goc cua phan ti, dugce dinh phuong c¢d dinh véi géc $va ¢ trong khong
gian. Bién 6 HHG cua mot phan tir duoc chlng t6i tinh bang mé hinh Lewenstein, duoc
trinh bay chi tiét trong (Lewenstein et al., 1994).

2.3.  Phwong phdp chup danh cat l6p HOMO cia phan ti

Quy trinh chup anh cat I6p HOMO cuia phan tir duoc dua ra boi Itatani va cac cong su
(Itatani et al., 2004). Chung tdi trinh bay lai phuong phép nay cho trudng hop phan tir ¢d
dinh trong khdng gian véi goc 9va ¢ . Khi khéi khi dinh phuong khong hoan toan, quy
trinh tuong tu.

Trong gan dung truong manh cuong d6 HHG duoc biéu dién nhu sau
S(@.9)~ N(9)o*|a[ k(@) ]d (.9

(10)

(11)
trong d6, S(®,9) 1a cudong dd HHG ma phan tir, nguyén tir phat ra véi tan sé @. N(J9) la
toc d ion hda ciia phan tir, nguyén tir. a| k (@) ] 1a bién do séng phang mo ta electron quay

tré lai tuong tac voi ion me, a(a), 9)= (27[)73/2

_[dF‘PO(r,S)Fexp[ik(a))x] |a vector ludng
cuc chuyén doi tir trang thai ban du W, (r,9) — dugc mé ta bai ham séng HOMO, 1én trang
thai electron tu do. Hé s6 tén sic k (@)= \/Z(T—Ip)thé hién méi lién hé giita s song cua
electron tu do va tan s6 HHG, véi | la thé ion hoa cua phan tir.

Dé tinh giatri a[ k()] tasé ding nguyén tix tham chiéu c thé ion hoa twong duong

thé ion hoa cua phan tir can khao sat, tir d6 tinh dugc bién do séng phang nhu sau

a[k()]= 0[S ()]

V6i S, (@) V& drer (k) lan luot la cuong do HHG va ludng cyc dich chuyén caa nguyén tir

e (k)‘_; , (12)

tham chiéu twong @ng. Tur biéu thic (11) va (12) ta c6 thé tinh duoc gia tri tuyét doi cua
ludng cuc dich chuyén caa phan tir

d(k,@)| =N (9)[dws (K)|{/S(,8)/ S (@). (13)
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Ham séng trong hé quy chiéu phan tir thu dwoc tir dit liéu ludng cuc dich chuyén bang
cach &p dung dinh Ii cét 16p Fourier (Kak, & Slaney, 2001)

XP(X,y) = J.dSI d e Oeosd+ysing) [cos&dX (@,9)+singd, (a)S)] ,
0 0

Yy (x,y)=[d3 ] dee """ x[ —sin9d, (,9)+cos9d, (@,9)], (14)
0 0

\P(x,y)=%(x‘{’(x,y)/ X+ y¥(xy)/ y).

Cha y ring trong cong thic (14), ludng cuc dich chuyén duogc trich xuat tir “thuc
nghiém” biang cong thirc (13), tic 1a trong hé quy chiéu gin vai phong thi nghiém, da duoc
xoay Vé hé quy chiéu gan véi phan ta. Tir do, ta thu dugc ham séng cua HOMO phan tir.

3. Kétqua vathio luan

Trong phan nay, trudc tién, ching toi trinh bay két qua mé phong su dinh phuong cia
phan tir N2 trong trudng laser yéu. Sau do, chiing t6i trinh bay két qua tinh toan phdé HHG
“thuc nghiém” vai cac muc do dinh phuong khac nhau. Tu d6, tai tao hinh anh HOMO cua
phan tir. Cudi cuing, ching tdi s& so sanh chit lwong hinh anh chup cét 15p HOMO cuaa phan
tir khi sir dung cach mé phong sy dinh phuong phén tir khac nhau — sir dung gan dung bang
ham giai tich, va ham chinh xac giai tir TDSE.

3.1. Két qud mirc dp dinh phwong ciia phan tie Ny si dung trwong laser yéu
(a) (b)

08

<cos’9>=0.73
- = <cos’@>=0.50
- - <cos’ #> =033

0.7 |-

0.6

e

03

2
<cos ¢>

02

0.1

0.0 1 I 1 I I 1 1 !
0 2 4 6 8 10 12 14 16 0 20 40 60 80 100 120 140 160 180

Théi gian tré (ps) 310
Hinh 2. (a) Sw phu thugc cia mize dg dinh phwrong theo thoi gian tré; (b) ham phan bé dinh
phuong ,0(19','{). Xung laser dwoc Sur dung cé budc séng 800 nm, do dai xung 60 fs, va
cwong dp 7=10% Wiem?, 2x 10" W/em?, va 5x10'2 W/cm? d@é dat mirc dg dinh phirong lan
lwot 120.73, 0.50, va 0.33. Nhiér do cua khoi khi la 20K ,
bau tién, chung téi trinh bay két qua TDSE dinh phuong cho khoi khi phéan tir N2 ¢
nhiét d6 20 K, str dung laser dinh phuwong c6 budc séng 800 nm vai chu ki cua laser 12 60 fs,
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cuong do laser 1a 7x10* W/cm?. Hinh 2(a) thé hién su phu thudc cua mic d6 dinh phuong
(cos® &) vao thoi gian tré, tic thoi gian sau khi tat laser dinh phuong. Két qua cho théy,

muc dat gia tri cuc dai (= 0.73) vao khoang thoi diém ~ 3.9 ps sau khi tét laser dinh phuong.
Bén canh d6, gia tri chat luong dinh phuong dat cuc dai tai thoi diém ~12.3 ps. O cac thoi
diém cyc dai ndy, phan tir vu tién sap xép theo phuong phan cuc cua laser dinh phwong. Tuy
nhién, vao thoi diém ~8.1ps, gi4 tri mirc do dinh phuong dat cuc tiéu, tac 13 cac phan ta
dinh phuong vudng goc véi vector phan cuc cua laser dinh phuong. Két qua nay phi hop
Vi cong trinh nghién ciru trude day (Lin et al., 2018). Dé khao sat cac qua trinh trudng manh
ctia phan tir, ngudi ta thudng chon thoi diém cac phan tir duoc dinh phuong tét nhat dé chiéu
laser manh vao. Trong bai bao nay, dé khao sat hinh anh chup anh cat Iép HOMO ciia phéan
tar N2 chding tdi lay mirc d6 dinh phuong cao nhét trong qua trinh dinh phuong.

Tai thoi diém thoi gian tré ~ 3.9 ps, tirc mic do dinh phuong dat (cos®9') = 0.73, ham

phan bd dinh phuong p(&,t) dugc bicu din trén Hinh 2(b). Dong thoi, chung t6i cling

biéu dién ham phan bd dinh phuong cho cic truong hop muc do dinh phuong
(cos’9') =050, va (cos’9') = 0.33 tng vai laser dinh phuong 6 cuong do 2x10* W/em?,

va 5x1012 W/cm?. Két qua cho thy, cac phan tir hiu nhu tap trung xung quanh géc ¢ = 0°
hoic & =180°. Khi muc do dinh phwong giam dan, mat d6 phan bé & cac gc nay giam
dan, va tang su phan bd & cac goc khac. Voi (cos*9') = 0.33 ham phan bd ¢6 dang phan bd

déu, tac (g véi khdi khi phan tir phan bb dang hudng.
3.2. Chup dnh cat lop HOMO phan ti N2 dinh phwong khéng hoan toan

Str dung ham phan b dinh phuwong thu dugc & myc trén, chiing t6i 4p dung cong thirc
(10) dé tinh HHG trung binh cua khdi khi dinh phuong khong hoan toan. Két qua dugc tinh
bang md hinh Lewenstein v4i ham song ban dau cua phan tir N2 duoc tinh tir phan mém
GAUSSIAN (Frisch, Plata, & Singleton, 2009). Laser manh c6 budc séng 1200 nm, cudng
do 2x10™ Wiecm?, @6 dai xung 11 chu ki quang hoc. Chiing t6i str dung xung laser c6 ham
bao la ham Gaussian. Két qua dugc thé hién trén Hinh 3(a) cho HHG song song va Hinh
3(b) cho HHG vudng gdc trong hé quy chiéu gan vai phong thi nghiém, phat ra tir khéi khi
N2, khi goc 6 =30", véi mic ¢ dinh phuong 1 (hoan toan), 0.73, va 0.50 (khdng hoan toan).
Két qua cho thdy, sy dinh phuong khéng anh huong dén diém ding caa phé HHG, tai bac
99, phtt hop bac 97 theo dinh lut diém dimg |, +3.17U , v6i U | 14 thé trong dong. Tuy

nhién, muic d6 dinh phuong anh huong dén cudong d6 HHG va vi tri diém cyc tiéu trong pho
HHG. Cu thé, khi mtc do dinh phuong giam, cuong d6 HHG giam, diém giao thoa cuc tiéu
dich vé phia bac HHG cao. Nguyén nhan la do khi mirc d6 dinh phuong giam, déng gop cua
HHG gay ra boi cac goc &' 1on tro 18n dang ké, 1am anh hudng dén cudng d6 va cu tric
phd HHG.
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T T T
(a) song song

Cudng d6 HHG (don vi bat ky)

——<cos’9>=0.73
-- <cos’9>=0.50

Bac HHG

Hinh 3. Cuong dé HHG song song (a) va vudng goc (b) véi cac mure do dinh phuong
khac nhau, khi @=30°. Xung laser véi buéc song 1200 nm, cuong dé 2x10* Wicm?,
7 do dai xung 11 chu ki quang hoc duoc sur dung
Tu pho HHG, ching t6i tach ludng cuc dich chuyén theo phuong song song va vudng
g6c theo cong thic (13). Hinh 4 biéu dién d6 16n caa ludng cuc dich chuyén trong hé toa do

gan véi phong thi nghiém cho gia tri k* =[0.13,13.96], tic st dung céc bac HHG trong

viing mién phang tir bac 17 dén diém dirng — bac 99. Két qua cho thay khi phan tir dinh

phuong hoan toan, <c0529’> =1, ludng cuc dich chuyén phu thudc manh vao k2. Tuy nhién,

khi giam dan muc do dinh phuong, do 16n cua ludng cuc dich chuyén thay doi, va tién dan
vé 0. Sy giam dan vé 0 ngu Y rang, ludng cuc dich chuyén mat dan tinh cau trac theo k2,
tic theo ning luong; tién doan sy mat dan ciu tric trong khong gian dao cua nd, tic khong
gian toa 6. Nhu vy, muac do dinh phuong phan tir anh huong dén ludng cuc dich chuyén,
do d6, du doan s& anh hudng dén hinh anh chup cat I6p cia HOMO cua phan ti.

T T T T T M T T T
4 - -
= (a) songsong ... <cos? g1
< <cos”9%=0.73
L 2|7 2 g g
%‘ == <C0Ss" 9>=0.50
_\:'
p— 0+
><
=
-2 1 1 1
° T T T
=
©
£
—_—
—_=. i (b) vudng goéc
= k]
1 1 1 1 1 1
o 2 4 6 8 10 12 14
2
k7(a.u.)

Hinh 4. Lirong cuc dich chuyén cia phan ti No véi mize dé dinh phwong khdc nhau.
Géc dinh phuong la 0 =30°. Laser ¢6 thdng sé nhu trén Hinh 3 dwoc sir dung
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Hinh 5. HOMO cua phén tir N2 duwroc tai tao tr HHG dinh phwong khong hoan todan
Vol muee do dinh phwong khdc nhau

Véi ludng cuc dich chuyén gan véi hé quy chiéu phong thi nghiém thu duoc tir HHG
“thyc nghiém”, chung t6i dung phép quay dé chuyén ching vé hé quy chiéu gan véi phan tir,
sau d6 ding phép bién doi Fourier nguoc dé thu duge hiam séng (xem phuong trinh (14)). Hinh
anh HOMO phén tir N2 duoc tai tao tir HHG véi mae d6 dinh phuong khac nhau dugc trinh
bay trén Hinh 5. Hinh 5(a) thé hién hinh anh mé phong HOMO cua khdi khi phan tir N2 dugc
dinh phuong hoan toan. Chiing to6i nhan thay, HOMO cua N2 ¢6 cau tric ba thiy rd rét, phu
hop véi két qua céc cong trinh cong bé truée day (Itatani et al., 2004; Le et al., 2007; Qin,
& Zhu, 2017)]. Hinh 5(b)-5(d) thé hién hinh anh HOMO ciia phéan tir N2 khi mitc d6 dinh
phuong giam dan. O Hinh 5(a)-5(b), khi mtrc d6 dinh phuong cao, ching t6i van c6 thé nhin
thay rd c4c thly cua phan tir No. Tuy nhién, khi giam muac d6 dinh phuong, su twong phan
giira cac thuy giam cang rd rét. G Hinh 5(c) va 5(d), véi mtc do dinh phuong thap, ching
t6i khong con thay rd hai thiy ciia phan tar No. Ldc nay, hinh anh HOMO cua phan tir gan
gidng nhu orbital cua nguyén tir, trc phan bd cua dam may electron khdng con phu thudc
vao géc cuc. Biéu nay co thé giai thich 1a do khi khdi khi dugce dinh phuong kém, thi hiéu
&ng trung binh 1am mét di tinh cAu tric cua phé HHG, va ludng cuc dich chuyén. Do d6, st
dung HHG trung binh héa bi mat tinh ciu tric, s& khdng con phu hop dé chup anh cat 16p
HOMO cua phan tir. Ching toi két luan rang, véi mtc do dinh phuong dat dugc trong phong
thi nghiém hién nay (~0.8), thi cau tric caa HOMO cua phan tir van c6 thé duoc tai tao tir
phd HHG véi chat luong tt. Tuy nhién, khi mac do dinh phuong thap, khéng con thu nhan
duoc HOMO phan tir. Chang tdi nhan thiy muac d6 dinh phuong gidi han dé hinh anh thu
duoc van con thay rd hai thiy caa phan tir N2 1 0.50.
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3.3. Sirdung gan ditng bang ham gidi tich mo td ham phan bé dinh phwong

Ngoai viéc sir dung ham phan b dinh phuong thu duoc bing céch giai chinh xéac bing
s6 TDSE (xem muc 2.1), trong nhiéu cong trinh nhu (Lein et al., 2005; Kraus et al., 2014;
Yu et al., 2017), c4c tac gia st dung gan dung bang ham giai tich ¢&& mé ta chung. St dung
gan ding bang ham giai tich cho phép tinh toan nhanh, tiét kiém thoi gian va tai nguyén tinh
toan, va cho phép dua ra cac két luan ca vé mat dinh tinh va dinh luong vé anh huéng cua
murc d6 dinh phuong 1én cac hiéu (ng vat Ii trudng manh (Lein et al., 2005). Trong tiéu muc
nay, ching t6i kiém tra xem, liéu rang viéc sir dung gan ding bang ham phan bé giai tich
(Lein et al., 2005) c¢6 anh hudong dén két luan vé anh huong cua chat luong dinh phuong dén
hinh anh HOMO tai tao tir HHG caa khéi khi phan tar N2 dinh phuong khong hoan toan.

Ham phan b dinh phuong dugc mo ta gan ding bang ham giai tich nhu sau

p L (15)

trong d6, tham sé S >1 dé kiém soat ham phan b va mic d6 dinh phuong (Lein et al.,
2005). Khi £ =1, cac phan tir dugc dinh phuong hoan toan. A 1a hé s6 chuan hoa.

Gén dang Chinh xac
<cos’9>=050 — <cos’9>=050
<cos’9>=073 — <cos’¥>=073 f

Ham phan bé dinh phudng

Hinh 6. Phan bé dinh phirong ciia ham gidi tich (nét dit) va
ham chinh xac tir TDSE (nét lien) cho hai mize dé dinh phirong 0.73 va 0.50
Dé s0 sanh tryc quan ham phan bé dinh phwong giai tich (15), va phan bé dinh phwong
giai chinh xac tir TDSE (muc 2.1), trén Hinh 6, ching t6i biéu dién chung cho hai truong
hop mic df dinh phuong (cos’9') =0.73 va(cos’9')=0.50 . Két qua cho thay, hai cach

biéu dién ham phan bd (gan dung va chinh xac) dang va do 16n trong tu nhau. Sy tuong tu
nay s& dan dén su twong tu vé HHG, va ludng cuc dich chuyén khi sir dung hai cach biéu
dién khéc nhau ciia ham phan bo.

Cudi cung, ching tdi sir dung HHG phét ra tir phan tir N2 dinh phwong khong hoan
toan, ma sy dinh phuong dugc md ta biang ham giai tich gan dung, dé tai tao hinh anh HOMO.
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Két qua duoc biéu dién trén Hinh 7, va so sénh véi truong hop ham dinh phuong duoc giai
chinh xéc tir TDSE. Két qua cho thay, véi ciing mot mirc d6 dinh phuong, vé mat dinh tinh,
chat luong hinh anh HOMO téi tao duoc tir HHG véi hai cach md ta ham dinh phuong khéc
nhau, 13 trong dwong nhau. Dé phén tich dinh lugng, trén Hinh 8, ching tdi trinh bay anh
chup l4t cit ham song cho cac trudng hop y =—0.5, y =0, y =0.5 khi so sanh hai cach mo

ta dinh phuong & ca¢ mirc d¢ dinh phuong 1an luot Ia (cos® 9') = 0.50, va (cos® &) =0.73.
Két qua cho thay, mic du st dung cach mo ta ham phan bé dinh phuong khac nhau, nhung
|4t cit caa HOMO gidng nhau. Nhu vay, ching toi két luan ring mé ta dinh phuong phén tir
gan dang bang ham giai tich, van cho két qua chinh xac vé mit dinh tinh va dinh luong.

.83838

l -0.1000

3 g 0.02000

[
\ G.D Iomm
— 0.2600

x (a.u.)

Hinh 7. So sanh HOMO cua phan ti: N2 véi cac mite do dinh phirong khéc nhau.
Su dinh phuong cua phan tu duoc mo ta gan dung bang ham giai tich [(a) — (b)],
va ham chinh xac ter TDSE [(c) - (d)]

[Tarveas | ®lv=o

v (au)

T
(c)y=0.5

03}

Chinh xac

—C0s #==0.73

| =——=coss>=0.50
Gan ding

= <Cos°§==073

= <cos"§==0.50

02

Z(a.u.)

01

YT

-01

420 2 4 4 202 4 420 24
X(a.u.) X(a.u.) X(a.u.)
Hinh 8. Lat cat tgi (@) y =—0.5, () y=0, () y=0.5
cua HOMO phan ti N2 véi cac muee do dinh phwong khdc nhau. Sy dinh phuong cua phén tir
dwoc Mo ta gan dung bang ham gidi tich [(a) — (b)], va ham chinh xac ter TDSE [(c) - (d)]
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4. Kétluan

Trong bai bao nay, ching t6i da khao sat anh hudng cua sy dinh phuong khong hoan
toan Ién hinh anh HOMO téi tao dugc tir phd HHG. Két qua cho thiy, su dinh phuong anh
huéng rd rét dén chit lwong hinh anh HOMO. Muc do dinh phuong giam dan dén giam su
tuong phan, tic 1am mat di tinh cAu tric cua hinh anh HOMO. Khi muc d6 dinh phurong nho
hon 0.5, hinh anh HOMO cua phan tir N2 khdng thé hién dwoc ciu trdc cua phan tir, ma gan
¢ ddi xing cau twong ty nhu nguyén tir. Cudi cuing, ching toi két luan rang sir dung gan
dang bang ham giai tich dé mé ta ham dinh phwong phan tir van cho két qua dang tin cay,
va giam duoc khbi lwong tinh todn so véi giai chinh xac tir TDSE.

% Tuyén bé vé quyén loi: CAc tac gid x4c nhan hoan toan khéng cé xung dét vé quyén loi.

% Loi cdm on: Nghién ciru nay duoc tai tro béi dé tai co sé trong diém cua Truong Pai hoc
Sw pham Thanh phé Hé Chi Minh, ma sé CS2020.19.057P.
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ABSTRACT

Using the molecular tomography method, we reconstruct the highest-occupied molecular
orbital (HOMO) from the high-order harmonic generation (HHG) emitted from N, molecules when
considering the alignment effect. We utilize two different approaches to describe the alignment
distribution — (i) exactly by numerically solving the time-dependent Schrédinger equation and (ii) by
an approximately analytical function. The results show that when lowering the degree of alignment,
the accuracy of the reconstructed molecular HOMO decreases. When the alignment degree is less
than 0.5, the HOMO cannot be reconstructed exactly. Also, the two different approaches of the
alignment distribution offer the same results.

Keywords: high-order harmonic generation; N, molecules; partially alignment; tomography
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