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TOM TAT

Phé phéat xa séng diéu hda bdc cao (HHG) cua phan ti bar doi xieng khoi lirong HD* xét dén
dao déng hat nhéin dwoc tinh bang phwong phdp gidi sé phirong trinh Schradinger phu thuge thoi
gian. Laser twong tdc c6 buéc song dai, nam ¢ ving hong ngogi song trung. Két qua cho thdy,
ngoai cdac dinh chinh tgi cac bac HHG nguyén, trong phé HHG con xudt hién cdc dinh phu, cach
dinh chinh ding bang tan sé dao déng cua hat nhan. Su tdch dinh ndy khong chi xdy ra tai bdc
HHG lé, ma con xay ra véi bac HHG chan. Tir ddy, chiing téi trich xudt thanh cong thong tin tan
s6 dao dong hat nhan tir phé HHG cua phan tiz HD™.

Tir khoa: HHG, dao dong hat nhan, phan tir bat ddi xang, tan sé dao dong.
ABSTRACT

Extracting information of the nuclear vibration from the high-order harmonic spectra

of an asymmetric molecular ion exposed to mid-infrared lasers

High-order harmonic generation (HHG) of the mass-asymmetric molecule HD™ considering
the vibrational effects is calculated by numerically solving the time-dependent Schraodinger
equation. The mid-infrared laser with the long wavelength is used. The results showed that, beside
the main peaks at the integer HHG orders, the satellite peaks appear and surround the main peaks
with equal intervals of nuclear vibrational frequency. This peak cleavage is not only observed at
the odd HHG orders, but also at the even ones. In consequence, we successfully extract the nuclear
vibrational frequency from HHG spectra of HD™ molecule.

Keywords: HHG, nuclear vibration, asymmetric molecule, vibrational frequency.

1.  Gigithiéu

Mot trong nhitng hiéu @ng phi tuyén xay ra khi laser manh twong tac véi vat chat, 1a
su phat xa séng diéu hoa bac cao (HHG) [1, 2]. Song diéu hoa bac cao 1a tap hop cac
photon phat ra khi laser twong tac véi vat lidu, c6 nang luong 16n gap nhiéu lan nang luong
cua photon laser.

Phé HHG khi laser twong tac v6i phan tir, nguyén tir khi cd tinh chat dic trung véi ba
viing rd rét [1, 2]. O vung tan sb thap, cuong 6 HHG giam nhanh. Sau d6, cudong d6 HHG
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gan nhu khong ddi trong mot mién cua tan sd, duoc goi 1a mién phang. Mién phang két
thic boi diém dung; sau do, cuong d6 HHG giam dot ngot. Bé giai thich co ché phét xa
HHG, nam 1994, nhém Lewenstein [2] dd d& xuit moé hinh ba budc va goi 1a mé hinh
Lewenstein. Theo mé hinh nay, ban dau, dién trudng laser 1am electron ion hda xuyén ham
ra vung nang luong lién tuc. Budc tiép theo, electron chuyén dong tu do trong truong dién
cua laser. Cudi cing, khi dién truong doi chiéu, electron bi 14i nguoc tré vé va tai két hop
véi ion me, nhay mirc nang lugng va phat ra cac photon cé nang luong cao goi la HHG.

Song HHG phat ra c6 nang lugng cao, do d6, HHG 1a ngudn tao xung laser c6 do dai
xung siéu ngén, ¢ atto (10™*%) giay, m& ra huéng nghién ceu méi - vat Ii atto giay [3, 4].
Bén canh d6, HHG phat ra khi electron va cham vai ion me, do d6 né mang thong tin ciu
trdc phan ti, nguyén tir. Tir phd HHG ¢4 thé trich xuét duoc thdng tin cau tric nhu khoang
cach lién hat nhan [5] hay I6p van dao ngoai cung cua phan td (HOMO) [6, 7]. Tuy nhién,
cac thdng tin cu trac trén déu 14 “tinh” va dao dong hat nhan duoc bo qua.

Trong maot thap ki gan day, trich xuat théng tin ciu trac dong caa phan ta nhu dao
dong hat nhan dugc nghién ctu s6i dong [8-12]. Pang cht y, vao 2007, nhom Corso [10,
11] da trich xuét thanh céng tan s6 dao dong cua hat nhan truc tiép tir phdé HHG. Céc tac
gia [10, 11] da chi ra rang, khi ion H}, D}, phan tir H,, D, tuong tac véi laser nhiéu chu
Ki, ngoai cac dinh HHG tai cac bac ¢, con xuét hién cac dinh phu cach dinh chinh bang
nang lugng dao dong cua hat nhan. Sau d6, chung t6i da md rong nghién ciru su tach dinh
trong pho HHG ciia H; va cac ddng vi cho cac bac dao dong cao hon, va da chi rang, van
c6 thé trich xuat dugc tan s6 dao dong hat nhan tir phé HHG [12]. Tuy nhién, cac cdng
trinh trén [10-12] méi chi nghién ctu cho cac phan tir dbi xtmg. DSi véi cac phan tir bat
d6i xting, kha nang trich xuat thong tin tin sé dao dong hat nhan tir su tach dinh trong phd
HHG van chua dugc nghién ciu. Do d6, phan tir bat ddi xing khdi luong don gian nhu
HD* s& 1a d6i twong nghién cau cua ching tdi trong bai bao nay.

Ngudn laser Ti:sapphire véi budc song hdng ngoai 800nm, thuong duoc ding trong
nghién ctu HHG [3, 5, 6, 8-12]. Trong nhitng nim gin day, cac nha khoa hoc cha y dén
nhitng ngudn laser budc séng dai, nam & ving hong ngoai song trung bai nhitng wu viét
ctia nd. Nhirng ngudn laser méi nay dwoc tng dung dé rit ngan do dai xung atto giay [4].
Mt khac, trong cdng trinh [7], cac tAc gia di khang dinh rang, st dung laser c6 budc séng
dai s& nang cao chat lwong hinh anh HOMO cuia phén tir dwoc tai tao tir phd HHG. Nhur
vay, laser hong ngoai song tam trung c6 vai trd quan trong trong nghién ciu vat ly atto
gidy, dac biét, trong thu nhan théng tin cau trdc phan tir tir phd HHG. Trich xuét tan sb dao
dong hat nhan truc tiép tir phd HHG [10-12] méi chi duoc nghién ciru cho laser budc song
800 nm. Trong bai b4o nay, ching t6i s& kiém ching sy tach dinh HHG khi phan tir tuong
tac véi laser co6 budce song dai 1200 nm.
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Muc tiéu caa ching toi 1a nghién ctu trich xuét théng tin tan sé dao dong hat nhan tir
su tach dinh HHG cua phan tu bat déi xing khéi lwong HD* khi tuwong tac vai laser hong
ngoai so6ng trung. Phé HHG s& duoc tinh bang phuong phap giai sb phuong trinh
Schrodinger phu thudc thoi gian (TDSE). Dao dong hat nhan bit cap véi chuyén dong cua
hé electron va duoc giai ddy du luong tor bang phuwong phap phi Born-Oppenheimer.
Chung t6i chi ra kha ning trich xuét tin sé dao dong hat nhan truc tiép tir phd HHG cua
phan tir bat ddi xtmg. DAy sé& 1a bai toan khoi dau cho nhirng nghién ctu tiép theo vé kha
ning trich xuét théng tin dao d6ng hat nhan cho céc phan tir khdng chi bat déi xang khéi
luong, ma con bat d6i xtimg dién tich.

2. Phwong phap TDSE tinh phé HHG cho phan tir bit d6i xing xét dén dao dong
hat nhan

Trong phan nay, ching t6i s& trinh bay phuong phap giai s6 phuong trinh
Schrédinger cho phan tir bat ddi xang. lon phan tir ¢ hai hat nhan va mot electron. Bé
giam bot lugng tinh toan, hat nhan va electron chuyén dong mét chiéu, cing phuong véi
vecto phan cuc cua truong laser.

Phuong trinh Schrédinger phu thudc thoi gian trong hé don vi nguyén ti vai
h=e=m, =1 codang

i%‘l’(x, Rt) = H¥(x R,1), )

1 8 1 ¢
2u1, X% 2u, OR?
v6i x 14 toa do caa dién ta tinh tir khdi tam caa hé; R 1a khoang céch giira hai hat nhan.

__mm, . (mpemy)
lun (ml+m2) :ue_(

A=

+V. (X, R)+V_ (x,1),

lan Iuot 1a khdi lugng rdt gon caa hai hat nhan va
m, +m, +1)

electron, véi m;, m, la khdi lugng cua hai hat nhan.
Thé Coulomb cua hé

q q 0.9
V.(X,R)=— 1 . 2 ihe Y 2
c00R) \/(x—zl)2+a \/(x+22)2+a +\jR2+,B @

véi hé s6 1am mém Coulomb «, B lan lugt nhan cac gié tri bang 1 va 0.03 [11]. q,,q, lan
m, m,

(m,+m,) (m,+m,)

cua hai hat nhan so voi khdi tm caa hai hat nhan. Ban dau, phan tir HD* c¢6 khoang cach

luot 1a dién tich caa hai hat nhéan. z, = Rvaz,= R lan luot 12 vi tri

lién hat nhan la 2.636 a.u. véi nang lugng —0.7770 a.u.
Thé tuong tac cia truong laser véi dién tir dugc viét trong dinh chuan dai nhu sau
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V, (x,t) = D-E(t){—(uw}—m}lz(t), 3)

m, +m,+1

(Chmz - qzml)
m, +m,

v6i D 14 toan tir ludng cuc. Véi A = la tham sb bat ddi xung. Laser duoc sir
dung c6 dang E(t) = E, f (t)sin ot voi E, va @, lan lugt 1a cudng do dinh va tan s6 cia
laser, f(t) la ham bao cua laser.

Phuong trinh Schrodinger dugc giai s6 bang phuong phap TDSE. Chi tiét phuong
phép giai sé phwong trinh (1) da duoc chlng tdi trinh bay trong cac cdng trinh trude [9,
12]. Ttr ham séng phu thudc thoi gian, gia tbe ludng cuc dugc tinh theo dinh 1i Ehrenfest

d? A
a(t) _W<\P(x, R.1)[B] ¥ (x R,t)> -
=i ¥(x,R,1)
He

=a,(t) +Aa, (1),

oH oH
OX oR

W(X, R,t)> +i<\P(x, R, 1)

n

A w(X, R,t)> 4)

VGi a,(t) va a,(t)la gia toc ludng cuc caa electron va hat nhan. Pho HHG chinh 1 binh
phuong cta bién d6i Fourier ca gia téc ludng cuc caa hé. Trong bai bao nay, ching toi st
dung luéi tinh toan véi cac thong sb tuong tu nhu trong [12] dé mé phong HHG.
3. Kétquava thao luan

Trong phan nay, ching toi s& trinh bay két qua tinh phé HHG cho phan tir bat dbi
xtng. Pau tién, trén Hinh 1, ching tdi biéu dién phé HHG cho phan tir HD* khi bo qua
dao dong hat nhan, tuong tac véi laser cuong do 4x10* W/em?, 1200 nm, 150 chu ki. Két
qua cho thay, khi khong xét dén dao dong hat nhan, phé HHG xuit hién cac dinh déu dan
tai c4c bac HHG 1é. Hon nita, do laser twong tac c6 nhiéu chu ki, cac dinh cua phé HHG
xuat hién rat cao, sic nét. Két qua nay tuong tu phé HHG cta phén tir d6i xang H; khi
khong xét dén dao dong hat nhan [12]. Mat khéc, laser hong ngoai budc song dai 1200 nm
cho phép kéo dai mién phing 1én t6i ning luong 72 eV, cao hon so vé6i 62 eV khi sir dung
800 nm [12].
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Hinh 1. Phé HHG cua phan tir HD* khi khéng xét dén dao déng hat nhan
khi twong tdc véi laser c6 cwong dg 4x10™ W/em?, 1200 nm, 150 chu ki.
Hinh nhé biéu dién chi tiét phé HHG cac tir bdc 77 dén bdc 83.

Tiép theo, ching tdi tiép tuc tinh phd HHG cua phan tir bat ddi xing HD* khi xét dén
dao dong hat nhan va duoc thé hién trong Hinh 2a. Trong trudng hop nay, ngoai cac dinh
tai bac I¢, trong phd HHG con c6 céac bac chan. Sy xuat hién bac chin trong phé HHG la
do su phé v& d6i xting trong Hamiltonian (1) khi c6 bat déi xang khéi luong hat nhan phan
tir qua phép bién d6i P,:x ——x,t—>t+T,/2. Dic biét, néu phong to chi tiét cac dinh
HHG (hinh nho goc phai Hinh 2a), ching toi nhan thdy cac dinh HHG bi tach ra thanh
nhiéu dinh phu, mdi dinh phu cach nhau déu din, va cach dinh chinh véi tan sb
Aw, .= 0.168w,=0.0064 a.u. Sy tach dinh HHG cua cac phan tu d6i xtmg nhu H; va céc
ddng vi cua nd da duoc quan sat boi nhém Corso va cac cong su [10, 11] tai cac bac HHG
lé. Tuy nhién, chang t6i chi ra rang, ddi véi phan tir bat d6i ximg nhu HD', sy tach dinh
khong chi xay ra véi bac HHG Ié, ma con quan sat duoc tai ca bac HHG chan. Bén canh
do6, su thay doi cia khoang cach hat nhan trung binh theo thoi gian dugc biéu dién trén
Hinh 2b. Két qua cho thay, hat nhan phan tr HD" bi kéo dan tur trang thai can bang voi
R=2.64a.u. cho dén R=2.8la.u. Sau do, hat nhan dao dong diéu hoda véi chu ki dao
dong T,, ~6T,. Su dao dong cua hat nhan Iam xuat hién thém thanh phan thé nang dao
dong voi chu ki T, [10], do do, trong pho HHG xuat hién sy tich dinh HHG véi khoang
cach gitra cac dinh w,,, =1/6T, =0.167@,=0.0063 a.u. Gia tri nay twong ung véi khoang
cach cach dinh phu A, . =0.0064a.u. quan sat duoc tur pho HHG (Hinh 2a).
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Hinh 2. (a) Phé HHG cua phan tiz HD* khi xét dén dao déng hat nhan
(b) Gia tri trung binh khodng céch lién hat nhan theo thoi gian
Laser duot it dung ¢6 cuong dé 1x10* W/em?, 1200 nm, 150 chu ki
Chuing t6i ciing da khao séat kha ning trich xuét thong tin dao dong hat nhan caa HD*
tir sy tach dinh HHG khi thay doi cudong do6 laser va duogc biéu dién trén Hinh 3. Ciing
tuong tu nhu trudong hop H; [12], su tach dinh HHG ctia HD™ chi quan sat duoc trong mot
ving cudng do laser thich hop. Véi laser ¢6 cudong do 1.5x10™ W/ecm?, su tach dinh HHG
mo din va mét hin voi cuong do laser 16n hon 2x10 W/cm?. Nguyén nhan 1a do khi
cuong do laser twong tac 16n, hai hat nhan phan tir bi kéo dan ra, véi khoang céch lién hat
nhan léch dang ké so vai gia tri can bang. Khi nay, khoang céach lién hat nhan mét dan su
dao dong, do d6 trong phd HHG khong con quan sat duoc sy tach dinh [12]. Véi cuong do
laser yéu, xé&c suét ion hoa electron rat thip, do d6, khong hinh thanh dwgc phd HHG. Nhu
viy, tuong tu nhu truong hop phan tir d6i xing H;, déi voi HD', sy tach dinh trong phd
HHG chi quan sat dugc trong vung cuong do laser tuong tac thich hop. Hon nira, hi¢u ung
nay ciing duoc quan sat khi sir dung laser bugc séng tam trung.
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Hinh 3. Phé HHG cua phan tir HD™ khi xét dén dao dong hat nhan
twong tac voi laser 1200 nm, 150 chu Ki, cuong do khac nhau

4.  Kétluan

Trong bai bao nay, chung toi da chi ra rang, co thé trich xuét thdng tin tan sé dao
dong hat nhan tir phé HHG cua phan tir bat ¢6i xing HD* . Khi xét dén dao dong hat nhan
xay ra su tach dinh HHG thanh cac dinh phu, cac déu nhau va bang tan s dao dong cua hat
nhan. Dic biét, su tach dinh nay khdng chi quan sat dugc & cac bac Ié ma con thiy duoc &
cac bac chan. Hon nita, su tach dinh HHG nay chi quan sat dugc khi laser tuong tac co
cuong do thich hop.

% Tuyén bé vé quyén lgi: Cac tac gid xac nhan hoan toan khéng cé xung dét vé quyén loi.

% Loi cdm on: Nghién ctru nay duoc tai tro béi Bo Gido duc va Pao tao cho dé tai ma sé
B2016.19.10.
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