_"_-g o — TRUONG BAI HOC SU PHAM TP HO CHi MINH HO CHI MINH CITY UNIVERSITY OF EDUCATION
.SP.77 TAP CHI KHOA HOC JOURNAL OF SCIENCE
ISSN:  KHOA HOC TU NHIEN VA CONG NGHE NATURAL SCIENCES AND TECHNOLOGY

1859-3100 Tép 14, S0 12 (2017): 12-21 Vol. 14, No. 12 (2017): 12-21

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

TRICH XUAT THONG TIN DAO PONG HAT NHAN
TU PHO SONG PIEU HOA BAC CAO CUA ION PHAN TU H;, D, T;

Phan Thi Ngoc Loan”
Khoa Vat Ii - Truong Dai hoc Sw pham TP Ho Chi Minh
Ngay nhédn bai: 22-9-2017; ngay nhén bai stra: 09-10-2017; ngay duyét dang: 20-12-2017

TOM TAT

Bang phwong phdp gidi sé phirong trinh Schédinger phu thudc thoi gian ciia H;va cac
dong vi trong truong laser manh, ching téi thu dwoc phé song diéu hoa bdc cao (HHG) tinh dén
dao djng hat nhan. Trong phé HHG xudt hién nhitng dinh phu, cach dinh chinh dung bcing tan s6
dao dong ciia hat nhdan. Ching téi chi ra rang, cdu triic tinh té ndy van xudt hién khi hat nhan dao
déng o trang thai kich thich, hodc chong chdp ciia cdc trang thai voi hé so déng gop khdc nhau.
Hon nita, tan sé dao dong trich xudt dwoc tir phé HHG khéng phu thudc vao trang théi dao déng
ban dau ciia hat nhan. Tuy nhién, cdu tric tinh té chi quan sdt dwoc khi laser twong tdc ¢6 cuong
do thich hop.

Tir khoa: HHG, dao dong hat nhan, cAu trac tinh té, tan s6 dao dong, déng Vi.
ABSTRACT

Extraction of the nuclear vibration from the high-order harmonic spectra
in molecular ions H;, D;, T,

By numericalli solving the time-dependent Schédinger equation for vibrating molecular ion

H; and its isotopes in strong laser field, we have obtained the high-order harmonic generation

(HHG) spectra. In these spectra, the satellite peaks appear and surround the odd peaks with space
of nuclear vibration frequency. We show that, this fine structure exists even when the nuclei initialli
vibrate in the excited states, or in a coherent superposition of states with various populations.
Moreover, the extracting vibration frequency from the HHG spectra is not affected by the initial
vibrational states. However, the fine structure is only observed by the laser with appropriate
intensities.

Keywords: HHG, nuclear vibration, fine structure, vibration frequency, isotopes.

1.  Giéi thiéu

Phét xa song diéu hoa bac cao (HHG) 1a mot trong nhitng hiéu tng phi tuyén xay ra
khi nguyén tir, phan tir trong tac v6i trudng laser manh [1, 2]. Tir phd HHG cho phép tao
xung c6 d6 dai cuc ngan (~ 1078 gidy), mé ra huéng nghién ctru méi — vat li atto gidy, hién
dang thu hut su quan tAm cta rat nhiéu nha khoa hoc trén thé gisi [3, 4]. Ngoai ra, HHG
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con dugc timg dung nhu 1a mot cong cu hitu hiéu nham trich xuat théng tin cu trac phan tir
[5, 6], hay theo ddi chuyén dong cua dién tir va hat nhan [7-10].

Birc tranh phat xa HHG duoc mo ta trong gan ding ban ¢ dién bang mo hinh ba
budc duoc dé xuit 1an dau tién boi Corkum [1] va sau d6 1a nhom Lewenstein [2]. Theo
d6, dau tién, dudi tac dung cua truong manh, dién tr bi ion hdéa xuyén ham ra vung lién
tuc; sau do dién tu duoc gia tdc boi dién truong cua laser; cudi cung khi laser ddi chiéu,
dién tur bi kéo nguoc tro veé, tai két hop véi ion me va phat xa HHG. Sy phat xa HHG gay
ra boi chuyén dong cua dién tu, hon nira, dién tr chuyén dong nhanh hon rat nhiéu so véi
hat nhan, do d6 thong thuong khi tinh phat xa HHG, chuyén dong cua hat nhan thuong bi
bo qua [5, 6]. Tuy nhién, chu ki dao dong ctua hat nhan (~20 fs) c6 thé so sanh duoc véi do
dai cua xung laser tuong tac, do do, cac cong trinh thuc nghiém di chi ra ring, dao dong
cua hat nhan gdy anh huong téi phé HHG [11,12]. Khi hat nhan dao dong cang manh, hi¢u
suat phat xa HHG cang tang [13, 14]. Trong [7, 9, 15], cac tac gia da chi ra kha niang thu
dugc cac thong tin nhu khodng céach lién hat nhan, van tdc ban dau cua hat nhan tir phé
HHG. Nam 2005, Lein [8] d& chirng minh mdi lién hé giira hiéu suit phat xa HHG va dao
dong hat nhan. Tu do, cac tac gia theo doi dugc su dao dong cua hat nhan tu sy phé HHG
ctia cac dong vi [8]. Két qua nay di dugc kiém chung trong cong trinh cia nhom Baker
[11]. Gan day, Nhém Bian [10] nhan th?iy, dao dong hat nhan con gay ra su dich chuyén
tan s phat xa HHG vé phia do so v&i cac bac 16, ddng thoi, chi ra kha nang thu nhan thong
tin chuyén dong cua hat nhan truc tiép tir su dich chuyén do trong phd HHG. Corso va cic
cong su [16,17] da nghién ctru phé HHG phat ra tir ion H;, D;, phan td H,,D, trong
truong laser nhiéu chu ki, va phat hién rang, ngoai cac dinh chinh tai cac bac 1é thuong
thdy trong phé HHG, con xuat hién hang loat cic dinh phy, cach déu dinh chinh voi
khoang cach chinh bang tin s6 dao dong ctia hat nhan, hinh thanh cau tric tinh té trong
phd HHG. Nhu vy, céc tac gia cho rang, c6 thé thu truc tiép thong tin tan sb dao dong cua
hat nhan tir phd HHG. Tuy nhién, trong cong trinh trén [16,17], cic tac gia méi tinh cho
trang thai dao dong co ban cua hat nhan.

Trong cong trinh ndy, chung t6i s& danh gia kha nang trich xuat thong tin tan s6 dao
dong hat nhan cia H; va cac d6ng vi tir phd HHG khi hat nhan dao dong & trang thai kich
thich, va trong truong hop hat nhan dao dong véi chong chap céc trang thai v6i hé s6 dong
gop khac nhau. Phuong phap giai sb phuong trinh Schédinger phu thudc thoi gian (TDSE)
dugc str dung dé thu dugc HHG. Trude tién, chung t6i kiém ching két qua ctia nhom
Corso [16,17], va thao luan vé viée st dung laser thich hop nham thu duoc cac dinh phu
trong phd HHG cua H;. Sau d6, ding gan ding Born-Oppenheimer, ching t6i s& thu dugc
phd HHG khi hat nhan dao dong & trang thai kich thich, va chdng chp cua céac trang thai.
Cudi cung, anh hudng ctia dong vi 1én ciu trac tinh té trong phd HHG duogc nghién ciru.
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Day 1a bai toan tién dé cho nhitng nghién ctru tiép theo ctia chung t6i cho cac phén tir phirc
tap hon, nhu phén tr bit d6i xtmg va cac phén tir 1on.
2. Phuwong phap TDSE cho phan tir H; xét dén dao dong hat nhan

Trong bai bao nay, chung t6i st dung mo hinh phan tr H, don gian véi mot chiéu
chuyén dong cia dién tir, doc theo hudng vecto phan cuc cua trudng laser. Hai hat nhan
dao dong doc theo truc ndy. Chuyén dong quay cua phan tir dugc coi nhu rit chim so véi
dao dong hat nhan nén s& dwoc bo qua. Trong hé quy chiéu khéi tdm, phuong trinh
Schodinger phu thugc thoi gian cua ion phan tou H, trong truong laser (trong h¢ don vi

nguyén tr voi i=e=m, =1) co dang

i%‘l’(x, R.t)= (—li—iiwc (X.R) +VL(x,t)]‘P(x, R.1). (1)
voi x 1a toa do cua dién tir tinh tir khdi tAm cua hé; R 1a khoang cach gitra hai hat nhan.
1 12 khéi luong rat gon cua hai hat nhan.

Thé Coulomb ciia hé

1 1 1
—_ - + J— s
JX-R2)2+a J(x+R2%*+a  (R2+p

v6i hé s6 1am mém Coulomb ¢, S 14n luot nhén cac gia tri béng 1 va 0.03 [17]. Ban dau,

Vc (X, R) = (2)

khoang cich lién hat nhan ¢ trang thai can bang R_. = 2.59 a.u. voi nang luong -0,781a.u.

equi
Thé tuong tac cua truong laser voi dién tir duoc viét trong dinh chuén dai nhu sau
V (x,t) = E, T (t)sin ayt, (3)
v6i E, va @, lan luot 1a cudng d¢ dinh va tan s cia laser. f(t) 1a ham bao ciia laser.
Ham séng phu thudc vao thdi gian cta hé dugc giai bang phuong phép tach toan tur
[18]

V(xR t+At)= exp(—i WAtjexp(—ifAt)exp(—i \WMJ‘P(X, R,t)+0(At%), (4)

voi V (X, R,t) 1a tong thé nang, va T 1a tong toan tir dong ning clia hé.

Vi khéi lugng cua hat nhan 16n hon rat nhiéu so voi khdi lugng cua dién tir, nén
trong gan dung Born-Oppenheimer c6 thé tich riéng chuyén dong cua hat nhan va dién tu.
Ham song ban dau ¥ (X, R, O) ctia hé dugc duoc cho bai

¥(x,R,0)=> C.o(x,R) 1, (R), (5)

trong d6, n 1 chi sb luong tir dic trung cho mirc dao dong cua hat nhan. C, lahé s6 dong

gop cua cac murc dao dong hat nhan vao ham song toan phan cta ion phan tir. (p(X, R) :
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Xn (R) 1an luot 12 ham song ctia dién tir va hat nhan duoc giai bang phuong phap thoi gian
ao [19].
Phé HHG duoc tinh tir gia toc ludng cuc a(t): - <‘I’|VVC + E|‘P> bang bién doi

Fourier
2

T a(t)e ' dt

—00

Sie (@) = . (6)

Trong bai bao nay, ludi tinh toan véi toa do khong gian 0<R<50 au. va
—512 < x <512 a.u v6i budc nhay twong tmg lan luot 13 AR =0.05a.u. va Ax=0.25 a.u.
Dé tranh su phan xa cia ham séng do giéi han cua ludi tinh toan, chung toi sir dung ham

mit na hap thy dang cos”* [7z(|x|—Xcut)IZ(XmaX—Xmin )} khi |X|>x, cho dién ti, va
c0s"*[ 7(R—=Ryy )/ 2(Rya —Ryin ) | cho khoéng céch lién hat nhén véi X, =350 au. va
R, =45 a.u. Budc nhay thoi gian At=0.1 a.u. Nhimng thong s6 nay di duoc kiém tra

nham bao dam su hdi tu khi tinh HHG.
3. Két qua va thao ludn

2 v v T v T v T r 2.90

(a)
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L
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Hinh 1. (@) Phé HHG cia phin tir H, dao déng voi trang thdi n=0.
Hinh nhé (Iong trong hinh (a)) thé hién cdu tric tinh té cua bic 17 trong phé HHG.
(b) Sw thay doi theo thoi gian ciia khodng cdch lién hat nhdn phdn twrH; .

Laser ¢é cwong dé 1x10" W.cm, buée song 800 nm, dé dai xung 256 chu ki.
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Trong muc nay, ching t6i s& trinh bay phd HHG phét ra tir phéan tir H, va cac ddng
vi dao dong trong trudng laser. Pé nghién ctru dao dong hat nhan va tranh hiéu tng dich
chuyén do ciia phé HHG khi sir dung xung laser ngan [10], chiing t6i st dung xung laser
dai 256 chu ki, c6 ham bao dang hinh thang, véi 8 chu ki bat va 8 chu ki tét.

Hinh la. biéu dién phé HHG cta H} véi trang thai dao dong ban dau n=0 khi twong

tac voi laser co cuong do 1x10" W.cm?, budc soéng 800 nm. D& dang nhén thay, song
HHG phat ra c6 cac dinh 16 nét, trong Gng voi tan sé 1a boi sd 1¢ cia tan sé laser chiéu
vao. Trong hinh v& 16ng trong Hinh 1a, chiing tdi chi cu thé cac dinh HHG tuong tng voi
bac HHG 17. Cac dinh nay cach nhau voi khoang cach tuwong tmg 0,121, =0,0069a.u.,

hinh thanh c4u trac tinh té trong phé HHG. Hon nita, str dung laser c6 s6 chu ki cang ting,
ciu trac tinh t& cang thé hién rd nét. Két qua nay twong tu cac két qua duoc nhom cua
Corso tinh toan bang phuong phap ban cb dién [16] va luong tir phi Born-Oppeinheimer
[17]. CAu tric tinh té hoan toan bién mat khi dao dong hat nhan bi bé qua.

r v . - r : '
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Biac HHG Thoi gian (s6 chu ky laser)

Hinh 2. Cdu tric tinh té trong phé HHG tai bdc 23 (a) va
dao dong cua khodng cdach lién hat nhan (b) cia H; vdi trang thdi n=0 trong truong laser

co cuong do khac nhau. Laser co buoc song 800nm va do dai 256 chu ki.
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bé gidi thich hién tuong nay, dao dong cua hat nhan duogc biéu dién thong qua su
phu thudc cua khoang cach lién hat nhan theo thoi gian duoc thé hién trong Hinh 1b.
Chung t61 nhan théy khoang cach lién hat nhan dich chuyén khoi vi tri ban dau, sau d6 dao
dong diéu hoa voi chu ki bang 8,4 chu ki laser (tirc ~ 22 fs), twong tmg voi tan sé dao dong
ld ®,/8,4=0,12@,. Nhu vay, chung t6i xac nhan lai két qua thu duoc trong [16, 17].
Trong cong trinh [16], cac tac gia cho rang, su dich chuyén cta khoang cach lién hat nhan
khéi vi tri can bﬁng la tuong ddi nho, do d6 hat nhan dao dong trong hd thé cua dién tir véi
dang x4p xi hé thé diéu hoa véi tan sb ti 18 nghich v6i khoi lwong hat nhan. Su dich chuyén
nho cua khoang cach lién hat nhan lam pha v& dbi xtng cua thé Coulomb khi
(X,t) > (=X,t +T /2), voi T 1a chu ki ctia laser [16], lam xuat hién cac dinh phu trong
phd HHG.
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aib
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Hinh 3. Cdu triic tinh té trong phé HHG (ct trdi) va dao déng cia khodng cdch
lién hat nhan (cét phdi) khi phan tir H, dao dong véi trang thdi n=1 (hinh a,b) va n=2
(Hinh c, d).

Tiép theo, chung toi s& khao sat cau triic phd HHG khi ion phéan tir H} tuong tac véi
laser ¢6 cuong do khac nhau (Hinh 2). Chung t6i nhan thiy ciu trac tinh t& van xuét hién
trong phd HHG. Tuy nhién, khi cuong dd laser giam, khoang céch gitta cach dinh phu tang
dan. Véi cuong d6 laser 1a 1x10** W.cm?, 0,9x10* W.cm?, 0,8x10" W.cm?, 0,6x10"
W.cm? khoang cach gitra cach dinh lan lugt 1a 0,12@,, 0,127w,, 0,132w,, 0,14w,.

Nguyén nhan 1a do cudng do laser cang giam, chu ki dao dong cta khoang cach lién hat
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nhan giam tuong Ung la 8,4T, 8T, 7.5T , 7T (Hinh 2b). Cudng do laser tuong tac cang
nhd, khoang céch lién hat nhan dich chuyén khoi vi tri can bﬁng cang it, do do6 dang thé
nang dién tir cang gidng dang h thé diéu hoa. Tuy nhién, néu tiép tuc giam cudng do laser
tuong tac thi hiéu suat phat xa HHG thap, va mién phang ctia phd HHG cang hep gay kho
khin trong viéc quan sat cdu trac tinh té. Mit khac, néu laser qua manh (>1.5x10"
W.cm?), su phan li gitra hai hat nhan chiém wu thé, do 0, trong phd HHG khong con xuat
hién céc dinh phuy tuong ung véi dao dong hat nhan. Nhu vay, chung toi két luan rﬁng, chi
c6 mot ving cudng do laser thich hop cho phép quan st ciu trac té trong phd HHG.

e 10%-90% 1
= 50%-50%

2 ——64%-36% |

Cudng do HHG (theo thang log10)

l " 1 L 1 " 1 L 1 | ‘L !
10.80 10.85 10,90 10.95 11.00 11.05 11.10 11.15 11.20
Bic HHG

Hinh 4. Cdu tric tinh té trong phé HHG khi phdan tir HS dao djng véi chong chap
cdc trang thai n=0 va n=1 vdéi xdac sudt lan lwot la 10% va 90% (dwong dam mau den);
50% va 50% (dwong mau xanh),; 64% va 36% (dwong manh mau do).

O trén, chung toi da thao luan cau trac tinh té ctia phd HHG khi hat nhan phan tir H,
dao dong & mirc co ban n=0. Tiép theo, chung t6i md rong khao sat xem cdu trac nay co
xuat hién cho trudng hop hat nhan dao dong v6i mirc cao hon khong. Hinh 3a va 3c lan
luot thé hién ciu trac trong phé HHG tai bac HHG cu thé cho trang thai dao dong n=1 va
n=2. Ngoai cac dinh chinh tai cac bac 1¢, trong phd van c6 nhiing dinh phu cach dinh chinh
lan luot 1a 0,132w,va 0,138, (twong tng chu ki dao dong 7,5T va 7,2T (Hinh 3b,3d))
cho trang thai n=1 va n=2. C6 thé thdy rang, trang thai dao dong ban dau cua hat nhan
khong anh hudng nhiéu dén chu ki dao dong cua hat nhan. Diéu nay d& hiéu vi nang lugng
ban dau chi lam thay ddi bién do dao dong (tuc khoang cach lién hat nhan), ma khong anh
huong téi tan sé dao dong ctua h¢. Luu y rﬁng cuong do laser dugc chon sao cho d¢ dich
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chuyén ctia khoang cach lién hat nhan khoi vi tri can bang du nho va hat nhan con dao
dong. Bac dao dong cang cao, thé ion hoa cua phan tir cang giam, dan dén xac xuit ion hoa
cang tang, hién tuong phan li cang dé dang xay ra. Mt khac, bac dao dong cang ting, mién
phang cua phé HHG cang bi thu hep lai. Do d6, bac dao dong ting, mién cuong do laser
cho phép quan sat cau trc tinh t& cang giam. Trong truong hop ban dau, hat nhan dao
dong véi chong chap cua hai trang thai n=0 va n=1, chung t6i thu duoc két qua twong tu
(Hinh 4). Khoang cach giita cac dinh phu va dinh chinh (tai bac 1¢) trong phd HHG khéng
phu thudc vao hé s6 dong gop cia cac trang thai.

4717 295

g
)
S

2.85
-6

2.80

Yy SR OX L LR

2.75

Khoang cach lién hat nhan (a.u.)

2.70

Cudng do HHG (theo thang logl0)

3 - 4 | 2_65 " 1 i 1 n 1 n
22.8 22.9 23.0 23.1 23.2 32 40 48 56 64

Béic HHG Thdi gian (s6 chu ky laser)

Hinh 5. Cdu triic tinh té trong phé HHG (a) va khodng cdch lién hat nhdn (b) cia
cac dong vi H, D, T, trong truong laser. Laser cé cwong do 110" W.cm?, buéc
song 800 nm, do dai xung 256 chu ki.

Cudi cling, ching toi khao sat phd HHG cho cac dong vi H:, D}, T, tinh dén dao
dong hat nhan (Hinh 5). Phdé HHG dugc tinh bang phuong phap phi Born-Oppenheimer.
Khoang cach giita cac dinh trong cau tric tinh té (Hinh 5a) cach nhau lan lugt 1a 0,120,
0,09a,, 0,075, , trong Gmg vai chu ki dao dong (Hinh 5b) 1a 8,4T , 10,9T, 13,3T cho
H;, D;va T, . Hat nhan cang nang thi chu ki dao dong cang tang, hat nhan dao dong cang
cham. Theo li thuyét c6 dién, tan s6 dao dong ti 16 nghich véi \/; [16,17], phu hop véi tan
s6 dao dong trich xudt tric tiép dugc tir phd HHG.
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4.  Kétluan

Nhu vay, trong bai bdo nay, chung t6i da chi ra kha nang trich xut tan sé dao dong
hat nhan tir phd HHG khong chi cho truong hop hat nhan dao dong ¢ trang thai co ban, ma
ca cho trudng hop hat nhan ¢ trang thai kich thich, va chdng chap cac trang thai véi hé sb
dong gop khac nhau. Trong phéd HHG xuét hién nhimg dinh phu, cach dinh chinh tai bac 1&
bang tan s6 dao dong cua hat nhan. CAu trac tinh té chi quan sat duoc khi laser twong tac
¢ cudng do thich hop.Trang thai dao dong ban dau cua hat nhan cang cao, ving cuong do
laser cho phép quan sat cu tric tinh té cang hep. Tir nhirng két luan nay, chung t6i dit ra
huéng phat trién tiép theo cua chung toi 1a khao sat cdu trac tinh té trong phd HHG cho

nhirng phan tir phirc tap hon nhu HD*, HT*, HeH*" ...

% Tuyén bé vé quyén loi: Tac gid xac nhan hoan toan khéng cé xung dot vé quyén loi.
% Loi cam on:
Nghién ctu nay duoc tai tro béi Truong Bai hoc Sw pham TP HS Chi Minh qua dé tai cap
Trwong, mé sé CS2016.19.09.
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