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TOM TAT
Bang viéc gidi sé phuwong trinh Schrédinger phy thuge thei gian (TDSE) khi cho
phan tz H 2+ dang dao déng tirong tac véi laser cirong dé cao xung cuc ngdan, ching tdi thu
duwgc phé s6ng diéu hoa bdc cao (HHG). Hat nhan phan ti duwoc chuén bi ¢ trang thai
chong chat cua ba trang thdi dao dong dau tién véi hé so dong gop pdt ki. Keét qua cho
thay pho HHG phu thugc manh vao cau hinh Qhén tik va van toc ban dau cua hat nhan. Tor
do6 chang toi chi ra kha nang si dung HHG dé theo ddi duoc dao déng hat nhén cua phan
tr H, .
Tirkhoa: TDSE, HHG, dao d¢ong hat nhan, chong chat trang thai.
ABSTRACT

Probing nuclear vibration of H; using high — order harmonic generation

By numerically solving the Time — Dependent Schrodinger Equation (TDSE), we
calculate the High — order Harmonic Generation (HHG) spectra from H2+, exposed to an
ultra-short intense laser pulse. The molecular nuclei are prepared in the state as a
superposition of the three lowest vibrational levels with arbitrary contributions. The

results show that the intensity of HHG strongly correlated with the molecular
configuration and the initial velocity of nuclei. Basing on those facts, we point out the

possibility of probing nuclear vibration of H2+ using HHG.
Keywords: TDSE, HHG, nuclear vibration, superposition state.

1. Giéithiéu

Trong céc thap ki vira qua, su phét trien cua ki thut ché tao laser cuong do cao
xung cyc ngan gitp cho viéc nghlen ctu qua trinh tuong tac cua laser véi vat chat ¢
cap nguyen tir, phan tir duge day manh. Qua trinh tuong tac d6 co thé xay ra theo céc
co ché ion hoa da photon, ion hoa xuyén ham hoic vuot rao. Trong do, electron sau khi
bi ion hda xuyén ham s& quay tro vé va tai két hop véi hat nhan me dan dén sy phat xa
song diéu hda bac cao (HHG) [6]. Do d6, HHG phat ra mang thong tin vé céu trac cia
nguyén ti, phan tir. Tir 46 mo ra huéng nghién ciru méi 1a tim hiéu théng tin cau tric

"HVCH, Trwong Dai hoc Sw pham TPHCM; Email: lethuy35102094 @gmail.com
” TS, Trwong Pai hoc Sw pham TPHCM

75



TAP CHi KHOA HOC BHSP TPHCM Sé 12(78) nim 2015

phan tir, theo ddi chuyén dong cua dién tur - hat nhan biang cach phan tich phd HHG.
[1,7,8,11]

HHG phaét ra tir phan tir phirc tap hon so véi tir nguyén ta. DS véi phan tir, co
nhiéu hon mot tdm nén khi quay vé electron chiu thé hai tam hoic da tim. Céc nghién
ctu cho thay HHG cua phan tir phu thudc vao khoang cach lién hat nhan ciing nhu
nhay véi dao dong va chuyén dong quay cua phan tir. Do d6, HHG duoc st dung nhu
mot cong cu dé trich xuét thong tin cua phan tir nhu khoang céach lién hat nhan, cac
thong tin dong cua phan tir [4,7]. Nam 2005, Manfred Lein chi ra ring cuong do coa
HHG nhay véi dao dong hat nhan va két luan cé thé theo ddi dao dong cua hat nhan
nho phé HHG & d6 phan giai cap fs [5]. Sau do, cac cong trinh khao séat va nghién cau
su phu thudc caa cudng d6 HHG vao cau hinh phan tir va mic dao dong hat nhan duoc
thyc hién. Nam 2010, Ya Hui Guo chi ra raing HHG nhay véi trang thai ban dau caa ion
phan tr. Khi so sanh phé HHG phat ra tir H; va ddng vi D} thi thiy HHG phat ra
manh hon véi ddng vi nhe hon [3]. COng trinh nay ciing chi ra rang cuong do HHG phu
thuoc vao khoang cach lién hat nhén, xét dén dao dong cua hat nhan & muc
v=0, 1, 2, 3 va khi phan tir ban dau ¢ trong trang thai cao hon, hat nhan dao dong
nhanh dan dén HHG phat ra dugc ting cuong. Trong bai béo [9], c4c tac gia da khao
sét va chi rd sy phu thudc cia cuong d6 HHG phét ra vao cac bac dao dong V cua hat
nhan (tr v =0 dén 21). Song song d6, huéng nghién ciu sir dung HHG dé khao sét
dao dong hat nhan dugc phét trién. Nam 2008, Jing Zhao va Zengxiu Zhao ap dung cu
thé cho H}, nghién cau sy phy thugc cua HHG VAo trang thai ban du dao dong cia
phan tir va méi twong quan giita cudng d6 HHG véi khoang céch lién hat nhan. Nam
2013, Nguy2n Ngoc Ty va cong su da theo ddi dao dong hat nhan H tir phd HHG khi
hat nhan dao dong voi mac V=0, 1 [7]. Két qua thu dugc cho thiy cuong do cua
HHG khoéng chi phu thuoc vao khoang céach lién hat nhan ma con phu thudc vao van
téc cua hat nhan. Tuy nhién, cac nghién ciru trén chi mai xét dén cac dao dong hat nhan
& trang thai riéng va trang thai chong chat cua hai mirc hoic ba mirc dao dong dau tién
vGi hé sb dong gop cua ttng muc 1a nhu nhau [3,5,7,11]. Trong thyc té, béng cach su
dung laser c6 cuong do va tan s6 thich hop, nguoi ta c6 thé kich thich hat nhan dao
dong chdng chap cua cac trang thai khac nhau, voi hé sé dong gop khac nhau [2,10].
Do d6, trong bai bao nay, chung toi s€ khao sat kha nang theo di dao dong hat nhéan
cia phan t H} khi xét dén trang thai dao dong ban dau 1a chdng chat cua ba muc dao
dong dau tién caa hat nhan vai hé sé dong gop khac nhau.

Noi dung bai bao gdbm ba phan chinh. Ngoai phan m& dau, phan thir hai la
phuong phap TDSE tinh dén dao dong hat nhan dé tim ham song phu thugc thoi gian
va cuong do cia HHG. Sau do 1a két qua thu duoc khi &p dung phuong phap trén cho
ion phan tir H; khi twong tac véi laser. Cudi cung, ching toi tom tat lai mot sé két qua
va dua ra két luan va huéng phét trién.
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2. Phuong phap TDSE cho H, tinh dén dao d9ng cia hat nhan

Trong phan nay, ching tdi 4p dung phuong phap TDSE cho ion phan tir H; mot
chiéu tinh dén dao dong hat nhan. Phuong trinh Schrédinger phu thudc thoi gian cho
phan tir khi twong téc laser viét trong hé don vi nguyén tir (72=e=m, =1) nhu sau

2 2
iQ\P(x, Rit.t)=|— 0 ; __a ;
ot 20x°  2ucR
trong do, x 1a toa o cua electron, R 1a khoang céch giira hat nhan, u 1a khéi luong rit

+V; (% R) +VL(x,t)J‘P(x, Rty t), (1)

gon ctia hai hat nhan, V, (x,R) la thé Coulomb caa h¢ va V(1) 1a thé nang twong
tac gitra dién truong cua laser voi electron. Pé tranh diém ki di trong thé Coulomb,
chdng toi thé‘m vao mot tham so a goi la soft — Coulomb sao cho nang lugng caa hé
nhan dugc bang vai nang lugng caa hé thuc. Trong bai bdo nay, chung t6i sir dung
a(R) thay doi theo R. Nén, thé Coulomb c6 dang

V. (% R) = - L - . Ty (2)

\/(X+F2‘j2+a(R) \/(X_ij+a(R) "

Thé ning cua truong laser tuong tac véi electron 1a

Vi (x,t)=xE(t) = x.E, f (t)sin(w,t), (3)
v6i E,, f(t) va @, twong tng lan luot 1a cudng do dinh, ham bao va tan sé xung
laser chiéu vao.

Dé thu dugc ham song phu thuge thoi gian W (X, R,ty,,t), ching t6i ap dung
phuong phap tach toan tir tac dong Ién ham song ¢ thoi diém ban dau khi chua tuong tac
véi laser W (X, R, ty,,0). Nghiém cua phuong trinh (1) ¢6 dang tong quat theo cong thirc

W (X,R,ty t) = e W (X, R, t,,,0). (4)

V6i gan ding Born — Oppenheimer, ham song ban dau khi chua twong tac voi
laser W (X, R,t,,0) cua ion phan tir H; véi mic dao dong hat nhan duge dic trung
bai chi s lugng tir v dwgc viét dudi dang

¥ (X,R,tg,0) =D Coo(X,R)y, (R)e ™, (5)

trong d6, C, 1a hé s6 dong gop cua cac mirc dao dong hat nhan vao ham séng toan phan
cua ion phan tua. Trong bai bao, ching t6i khao sat mirc dong gop khac nhau cua ba
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trang théi dao dong dau tién 1a v=0, 1, 2.¢(X,R), z,(R)Ian luot Ia ham song cua
electron va hat nhan dao dong duoc giai bang phuong phap gan ding Bormn —
Oppenheimer.

Sau khi thu dugc ham séng phu thudc thoi gian (4), chung t6i thu duoc gia toc
2

cia moment ludng cuc dién a(t)=d.(t)=%<x> va cuong do cia HHG la

+00 2

J a(t) edt

—00

Se (@) qua cong thirc bién doi S, (@) =

3. Kétqua

Phan nay, ching toi trinh bay két qua phé HHG 1a ham thay d6i theo thoi gian tré
va mdi twong quan giita khoang cach lién hat nhan R, vén toc dao dong hat nhan voi
cuong 46 HHG. Chung toi da khao sat voi ba mic dao dong dau tién cua hat nhan véi
hé sb dong gop khac nhau.
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Hinh 1. Khodang cach lién hat nhdn thay doi theo thoi gian tré t, (a) va van toc
trung binh dao déng cua hat nhdn (b). Cuong do HHG bdc 21 va bdc 27 phat ra tur ion
phan tr H khi twong tac véi laser cwong dg 3.0x10*W [ cm?, buée séng 800 nm va do
dai xung 26.7 fs (c)

Hinh 1 biéu di&n khoang cach lién hat nhan, vén téc trung binh va cudng do caa
HHG phét ra bién thién theo thoi gian tré t,,, khi cho ion phan tir twong tac véi laser co
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cudng do dinh3.0x10" W / cm?, budc song 800 nm va d6 dai xung 26.7 fs (10 chu ki
quang hoc). Pau tién, ching tdi gia thiét rang hat nhan caa ion phan tir dao dong tu do
& trang théai chong chat ba mirc dao dong dau tién véi hé sb dong gop nhu nhau. Két
qua cho thdy cuong d6 HHG bién thién theo thoi gian tré cung chu ki vai khoang céach
lién hat nhan va van téc trung binh cua hat nhan (~ 18 fs). Ngoai ra, bién d6 cua
khoang cach lién hat nhan, van téc trung binh dao dong hat nhan va cuong do HHG
ciing bién diéu gidng nhau. Bién d¢ dat cuc tiéu tai t,, =146 fs va chu ki bién diéu
~300 fs. Piéu nay duogc giai thich 1a do c6 muc dao dong v =0, 1, 2 nén khoang céch
lien hat nhan, van toc va cudong d6 HHG ti & voi thanh phan
e !(BS)e o (BB (BB ygi E | E,, E, 1 ndng lugng cua hat nhan & cac mirc
dao dong twong tng, duogc tinh bang phuong phap thoi gian a0. Cac thanh phan nay
tuong tmg cac dao dong diéu hoa vai cac chu ki lan luot 128.9 fs, 17.3 fs va 18.3 fs. Do
do6, & trang thai tong hop cia ba mirc dao dong trén, bién do cua khoang céch lién hat
nhan va cuong d6 HHG bién diéu vai chu ki ~ 300 fs (bdi chung nho nhat caa ba chu ki
trén).

38 — g =144 I s
g P
g - g =S€2G
&
2
-]
8
£
3
¥
2
'l L L i
0 2 4 6 8 10
Théi gian (chu ki laser)

Hinh 2. Khodng céch lién hat nhdn thay déi theo thoi gian twong tac véi laser

Quan sat hinh 1, ching t6i nhan thiy khi cuong d6 phé HHG dat cuc dai thi lic
d6 khoang cach lién hat nhan dat gia tri cAn bang, van téc trung binh dat cuc tiéu va hai
hat nhan dang chuyén dong dang huéng lai gan nhau (dwdng thang nét lién). Nguoc lai,
cling khoang céch lién hat nhan can bang nhung hai hat nhan chuyén dong ra xa nhau
thi cuong d6 HHG dat cuc tiéu (duong thing nét dut). Piéu nay duoc gia thlch dua
vao sy thay d6i caa khoang céach lién hat nhan trong thoi gian twong tac va mdi twong
quan giira khoang céach vai thé ion hda phan tir. Vi ciing khoang céch lién hat nhan
ban dau, khoang céch nay c6 thé thay ddi theo hai céch khac nhau phu thugc vao van
tdc cua hat nhan ban dau. Két qua biéu dién trén hinh 2 cho thiy tai thoi diém cudi cua
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xung laser, khoang céach lién hat nhan tuong tng véi thoi gian tré t, =5.62 fs (ic van
téc dat cuc tiéu) co thé dat gia tri 8.46 a.u., trong khi d6 n6 chi dat 3.5 a.u. néu xung
laser duwoc mé lic 14.04 fs (lc van tdc dat cuc dai). Khi khoang cach lién hat nhan Ién
hon thi thé ion hoa phén tir giam xudng, do d6 electron xuyén ham d& hon va dan dén
cuong d6 HHG phat ra duoc ting cudng. Didu nay cho thay, cuong d6 HHG khong chi
phu thudc vao khoang cach lién hat nhan ma con phu thudc rat manh vao van téc ban
dau cua phan tir. Chling t6i ciing thu dugc két qua nhan dugc tuong tu nhu hinh 1 cho
cac HHG c¢6 bac khéc trong mién phang.
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Hinh 3. Cuong dé HHG bdc 19 thay dsi theo thoi gian tré t,, iéng véi xac suat tim thdy
hat nhan ¢ ba trang thai dau tiéen V=0, 1, 2 khac nhau.
Laser tirong tdc cé thong sé giong nhw ¢ hinh 1.

Pé nghién ciru kha nang theo ddi dao dong hat nhan khi hat nhan phan ti H; Ia
chdng chap cua nhiéu trang thai dao dong khéc nhau véi hé sé dong gop khac nhau,
trong hinh 3 chung toi trinh bay két qua thu dugc tng vai cac truong hop xac suat tim
thiy hat nhan & ba trang thai du tién v=0, 1, 2 1 nhu nhau; lan luot 12 0.3, 0.2, 0.5
va 0.2, 0.4, 0.4. Céc ti I& duoc chon la ngau nhién. Két qua cho thay, véi cac hé sé dong
gop khac nhau cia ba mirc dao dong dau tién cua hat nhan ion phén ti, ta thu dugc pho
HHG thay d6i theo thoi gian tré dat gia tri cuc dai va cuc tiéu tai nhitng thoi gian tré
giong nhau. Hon ntra, Sy bién diéu bién d¢ cua khoang céch lién hat nhan va cuong do
HHG van khong thay do6i (chu ki 300 fs). Nhu vay, hé s6 dong gop chi lam anh huong
dén bién d6 ma khong thay doi tan s bién diéu va ta cd thé theo ddi dao dong cua hat
nhan ion phan tir H; bang pho HHG trong nhiing trudng hop nay.
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Hinh 4. Cwong dé HHG bdc 19 phat ra tir ion phan tz H;
khi twong tac voi laser ¢6 cuong dé khac nhau
Chuing t6i tiép tuc nghién ciu kha ning theo dbi dao dong hat nhan phan tir H;
khi twong tac véi laser co cudng do dinh khac nhau. Két qua duoc biéu dién trén hinh 4
khi xac suat tim thay hat nhan ¢ ba trang thai dau tién v=0, 1, 2 lan luot 12 0.1, 0.2,
0.7. Khi thay ddi cuong do cua xung laser, cuong do HHG thu duoc khéac nhau. Tuy
nhién, vi tri cuc dai va cuc tiéu van khong thay doi. Nhu vay, dao dong cua hat nhan
phan tir H; c6 thé khao sat dugc tir pho HHG.
4.  Kétluan
Bang phuong phap TDSE, ching t6i thu dwgc phdo HHG caa ion phan tir H khi
tuong tac voi laser cuong do cao, xung cuc ngan. Két qua cho thay &ng vai trang thai
phan tir chong chat ba mirc dao dong hat nhan dau tién véi cac hé sb déng gop khac
nhau, cuong d6 HHG thay doi theo thoi gian tré cling chu ki véi khoang cach lién hat
nhan cuaa phan tir va dat cuc dai khi hat nhan ¢ trang thai can bang va chuyén dong lai
gan nhau. Nguoc lai, véi cung cau hinh phéan ta, hai hat nhan chuyén dong xa nhau,
cuong d0 HHG phét ra sé giam rd rét. Tu day, ching t6i co thé theo dbi dao dong hat
nhén ion phan tr H, bang phé HHG. Cong trinh nay c6 thé ma rong nghién cau cho
trudng hop hat nhan phan tir H; & trang thai chong chap ciia tat ca cac mic dao dong
cua hat nhan. Déng thoi, thong tin dao dong cua hat nhan nhu tan sé dao dong ciing co

thé dugc trich xuat tir phé HHG.
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Ghi cha: Nghién citu nay dwoc tai trg boi Quy phat trién khoa hoc va cdng nghé

quéc gia (NAFOSTED) trong dé tai ma s6 103.01-2013.37.
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