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BIEU HIEN BAO HOA TRONG PHO SONG PIEU HOA BAC CAO
CUA PHAN TU H; DAO PONG

PO TH| THU HA", NGUYEN NGOC TY"”

TOM TAT

Bang viéc giai s6 phuong trinh Schrodinger phy thuge thoi gian (TDSE - time-
dependent Schrddinger equation), ching i thu dwoc pho song diéu hda bdc cao phat ra
tir phan tir H, dang dao dong tuong tic voi chum laser cwong dé cao. Két qua cho thay,
1Ng Véi Cac bdc dao déng hat nhan thap, khi phan t: H; dao dgng cang manh séng diéu
hoa bdc cao phdt ra cé cuong dg cang cao. Tuy nhién véi cac bdc dao dong cao, phé song
dieu hoa cho thay c6 su bdo hoa; cuong do song khong thay doi khi cac mire dao dong tiéep
tuc tang.

T khéa; phuong phap TDSE, laser cudng d6 cao, song diéu hoa bac cao, dao dong
phan t, giai so.

ABSTRACT
Saturation performance in high-order harmonic generation

of vibrational molecule H,

By solving numerically the time-dependent Schrddinger equation, we obtain the
high-order harmonic spectra emitted from the vibrating molecule H, exposed to an
intense laser pulse. The results show that with some first vibrational levels, harmonics
generating from the molecule with a higher state are more intense. However, with highly
vibrational levels, the harmonic spectra perform a saturation which implies that the
intensity of harmonics does not change when molecular vibration level increases from a
certain value.

Keywords: TDSE method, intense laser pulse, HHG, molecular vibration, numerical
solution.

1. Gieithiéu

Trong hon hai thap ki qua cling véi sy phét trién cta ki thuat laser, cac twong tac
gitta chim laser manh, xung ngan véi nguy@n tir, phan tir ¢ dugc nghién ctu rong réi
[8, 10]. Mot trong cac nghién ctru d6 1a sy phat xa song diéu hoa bac cao (High-order
Harmonic generation, viét tit 12 HHG) [4]. HHG la hiéu g quang phi tuyén xay ra
trong qua trinh tuong tac gitra laser va nguyén tir, phan ti. Nam 1987, MCPherson va
cong sy da lan dau tién thu duoc HHG c6 bac 17, bude song 248nm trong khi neon

" HVCH, Trudng Dai hoc Su pham TPHCM
TS, Trwdng Pai hoc Sw pham TPHCM
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[12]. Nam 1994, Lewenstein d4 dé xuat mé hinh ba budc mang tén ong dé giai thich sy
phét xa song diéu hoa bac cao v6i nguyén tir [11]. Theo d6, dién tir bi ion héa theo
phuong thirc xuyén him trong budc thir nhat; trong budc tiép theo dién tir s& bi gia tc
boi truong dién cua laser; cudi cung, khi dién trudng d6i chiéu, dién tir bi kéo tro lai
két hop véi ion me va phat ra photon, chinh 13 HHG. Dya trén mé hinh nay, cac nha
khoa hoc ¢4 mé rong mé hinh sy phat xa song diéu hoa bac cao ciia phan tir trong
tuong tac voi truong laser cuc ngin, cuong do cao [7]. Két qua cho thiy cudng do
HHG nhay voi sy thay doi khoang cach lién hat nhan trong phan tir [15]. Trong cong
trinh [7], c&c tac gia da gia dinh ring cac hat nhan trong phan tir ding yén nén viéc
khao sat anh huéng cta chuyén dong hat nhéan 1én cuong d6 HHG chua duoc xét dén.
Trong cdng trinh [3], bing cach thém vao mé hinh ba budc cac ham séng mé ta chuyén
dong hat nhan dé khao sat sy anh huong ciia chuyén dong hat nhan 1én HHG. Két qua
cho thiy cuong d6 HHG phat ra nhay véi chuyén dong ctia hat nhan.

Ngoai mé hinh gan ding, mot hudng tiép can khac khi nghién ciu qua trinh phat
xa ndy la giai chinh xac bang s6 phuong trinh Schrédinger phu thudc thoi gian (goi 1a
phuong phap TDSE). Niam 2005, Lein dé xuét vé mat I thuyét rang cac tin hiéu song
diéu hoa trong cAc phan tir lién quan dén dao dong hat nhan va da cung cép thong tin vé
chuyén dong hat nhan tir ngudn song ndy [9]. Trong cong trinh [1], Baker va cong su
da thyc hién cac thi nghiém c6 d6 chinh xac cao tham do cac Chuyén dong cuc nhanh
cta cac hat nhan trong phan tir hai nguyén tir H, va Dy, dong thoi voi CH, va CDy tir
phé HHG. Trude d6, nam 2001, khi tinh dén sy chuyén dong cta cc hat nhan, Qu va
cong sy da thay rang sy ion hoa H, trong truong laser cuong do cao tang lén dang ké
va cac dinh song diéu hoa riéng 1é mé rong so v6i cac hat nhan cd dinh [13]. Gan day
nam 2007, Shahbaz va cong sy dd kham pha ra céc tin hiéu dac trung hat nhan trong
s6ng diéu hoa cia cac nguy@n tir hydro muonic va doteri. Vi tri diém dimg va cuong do
HHG trong mién phang déu dugc ting cuong dang ké voi nguyén tir hydro muonic do
khdi luong va kich thudc hat nhan ctia nd nho so véi nguyén tir doteri muonic [14].
Céc nghién ciru nay ¢4 dé xuat ring HHG sé& c6 nhiing thay d6i dang ké khi xem xét
chuyén dong hat nhéan.

Céc két qua trén dd md ra mot mang nghién ciru méi vé HHG khi c6 xem xét dén
chuyén dong hat nhan. Nam 2008, Jing Zhao and Zengxiu Zhao d& nghién ctru sy phu
thuoc cia HHG vao cac trang thai dao dong ban déu v =0,1,2 (v la chi sé luong tr
dic trung cho muc dao dong hat nhan) va mdi trong quan giita HHG véi khoang cach
lién hat nhan [16]. Cling trong nam 2008, Baker va cong sy d& nghién ciru thyc nghiém
Vé sy giao thoa hai tim trong HHG ctia phén tir ¢6 xét dén chuyén dong hat nhan. Va
C4C tac gia d4 dua ra két luan rang cic dao dong hat nhan giy ra sy giao thoa xdy ra &
cac bac song diéu hoa thap hon so vdi trudng hop hat nhan ding yén [2]. Nam 2010,
Ya-Hui Guo va cong su ciing nghién ctru vé mdi twong quan cia HHG va cac dao dong
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hat nhan véi cac trang thai v =0,1,2,3 cia chuyén dong hat nhan. Cac tc gia d& dua
ra nhan xét rang khi cac phan tir ban dau trong trang thai dao dong cao hon, hat nhan
dao dong manh liét, hiéu suat phat xa cia HHG dugc tang cuong [6]. Chinh vi vay,
viéc nghién ctru sy anh huéng cia dao dong hat nhan 1én HHG dang dugc phat trién
rong rdi va co y nghia khoa hoc. Tuy nhién, trong céc bai béo [2, 6, 16], cac tac gia mai
chi khao sat cho cac truong hop bac dao dong hat nhan tir 0 dén 3 ma chwa khao sat
cho cac bac dao dong cao hon va dong thoi cac tac gia moi chi dua ra két luan ring
chuyén dong hat nhan nhanh din dén sy phat xa séng diéu hoa dugc ting cudong nhung
chua chi ra cu thé sy phat xa song diéu hoa ting nhu thé nao khi v ting.

Trong bai bdo nay, ching tdi nghién ctru anh hudng ctia dao dong hat nhan 1én
HHG khi ion phan tir H; tuong tac voi cham laser cuong dd cao Xung Cuc ngan.
Chung toi 4p dung phuong phép TDSE dé tinh HHG cua H, voi dao dong hat nhan
bac 0 dén 30 khi twong tac voi nhiéu trudng laser ¢ cac thong sé khac nhau dé khao
sét sy phu thugc cia HHG vao chi s6 v dic trung cho dao dong hat nhan.

B cuc bai bao gom 3 phan: Trong phan 2 tiép theo, ching toi gidi thidu vé
phuong phap TDSE cho H, véi hat nhan dao dong tur do tinh HHG. Tiép theo, trong
phan 3, chung t6i trinh bay cac két qua thu dwgc vé sw phu thudc cia HHG tir H vao
chi sé dao dong v Véi cac truong laser khac nhau. Cudi ciing, ching toi tom lai cac két
qua va thao luan.

2. Phwong phap TDSE cho H; c6 xét dén dao dong hat nhan

Trong phan ndy, chiing tdi 4p dung phwong phap TDSE cho ion phan tir H; mot
chiéu dé tinh HHG khi xét dén dao dong hat nhan. Phuong trinh Schrodinger cho ion
phan t¢ H, tuong tac vdi truong laser trong hé don vi nguyén tod (h=e=m, =1)
duoc viét nhu sau:

LWz Rt) =~ - v (2R)+V(20) [P (2R )
ot 200> 2ueR® ¢

1)

Trong d6, z 1a toa do cua dién tir, R 1a khoang cach giira hai hat nhan, g la khdi
lugng rut gon cua hai hat nhan, V. (z, R) 1a thé Coulomb cua hé, V (z,t) la thé nang
tu‘ong ‘féc gitra dién tir voi truong laser. Dé’ tranh diém ki di trong thé Coulomb, mot
hang so s& dugc thém vao, lic nay ggi la the soft-Congmb. Héng sb nay s& dugc chon
sao cho nang lugng cua hé ung voi the soft-Coulomb bang véi nang lugng cua hé thuc.
P6i v6i phan tir H;, ching tdi chon hing s6 “soft-Coulomb” bang 1. Do d6, thé
Coulomb tuong tac gitra dién tir va hat nhan c6 dang
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1 1 1
Ve(z,R)==- - . (2)
R R RY’
z—— | +1 Z+— | +1
2 2
Thé ning twong tac gitra dién tir voi truong laser dugc viét boi
V(z,t)=zE, f (t)cos(awyt), 3)

trong do, E,, f (t) VA o, lan lugt 1a cuong do dién truong cuc dai, ham bao va tan s6
cua xung laser.
Nghiém ¥ (z,R,t) cua phuong trinh (1) duoc viét dudi dang

‘P(z,R,t):exp{—ij.lfldt}lf(z,R,t:0). (4)

Trong bai béo nay ching t6i s& ap dung phuong phap tach toan tir [5] dé thu duoc
ham song phu thudc thoi gian theo biéu thuc (4), trong d6 ham séng & thoi diém ban
dau ‘~I’(Z, R,t= 0) khi chua tuong tac voi laser.

Voi gan dung Born — Oppenheimer, ham séng ban dau khi chwa twong tac voi
laser cua ion phan tor H, véi mic dao dong hat nhan déc trung boi chi sO luong tir v
dugc viét dudi dang

¥(z,Rt=0)=p(z.R)z(R). (5)

Trong do6 (p(z, R), % (R) lan luot 12 ham séng cua dién tir va hat nhan dao dong.
Ham song di¢n tr (p(z, R)duqc xac dinh bang phuong phap thoi gian 4o giai phuong
trinh Schrodinger cua dién tir chuyén dong ing véi mdi khoang cach hat nhan R c¢b
dinh

[_%;+Vc(z, R)]go(z, R)=E,(R)p(zR). ©)

Sau khi giai phuong trinh Schrédinger nay chdng t6i ciing thu dugc céc tri riéng
nang luong cua dién tir E,(R)va su dung nang luong nay ta giai phuong trinh
Schrddinger cho hat nhan

iR uR-ELR) 0

-—
2 10R?
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ciing bang phuong phép thoi gian 4o dé thu duoc ham song cua hat nhan dao dong
% (R)-

Sau khi thu duoc ham séng phu thudc thoi gian, ta tinh gia toc cia moment boi

biéu thire a(t) =—E(t)—(¥(2,R,1)|[VV, (z,R)|¥(z,R,t)) vatin hiéu song diéu hoa
3 I 5 . 2

thu dugc bang cach bién d6i Fourier ‘a(a))‘z = Ua(t)e'“’tdt‘ :

3. Kétqua

Trong phan nay ching t6i sé& trinh bay két qua vé su phu thudc cia HHG tir H;
theo sb lugng tir dao dong v cua hat nhan ma ching t6i dd@ khao sat véi cac laser
cuong do, budce song va chu ki khac nhau.

Str dung quy trinh tinh HHG nhu d4 trinh bay trong phan trén, ching téi tinh
cuong d6 HHG voi cac trang thai ban dau c6 mirc dao dong hat nhan khac nhau. Két
qué cho thdy, cac trang thai ban dau c6 mirc dao dong hat nhan cao hon s& phat ra HHG
¢6 cuong do cao hon. Trong hinh 1, chiing t6i trinh bay két qua HHG phat ra tir
H ing v6i cac mirc dao dong v =0,1,2,3 tuong tac véi xung laser cuong do 2x10™
W/cm?, d6 dai xung 13 fs (5 chu ki quang hoc), buéc séng 800 nm. Trong hinh 1 ta
thdy, cuong d6 HHG v6i v =1 cao hon khoang hai bac so v6i v =0, nhung véi v =2
cuong do HHG chi cao hon v =1 khoang 1,5 bac va khi v =3 thi cuong d6 HHG chi
tang khoang mot bac so véi muc v =2 . Nhu vay, vdi cac bac dao dong v cang tang thi
murc d6 tang cua cuong do HHG cang giam.

Cuting dd HHG (arb. units theo thang log10)

Hinh 1. HHG cia H; khi tuong tac véi xung laser cuong @ 2x10™ Wicm?,

do dai xung 13 s, budc song 800 nm vng voi cac mirc dao dong v =0,1,2,3

Chung t6i tiép tuc ting cac chi sd v dé khao sat sy phu thudc cuong d6 HHG vao
mirc d6 dao dong hat nhan. Theo két qua dugc trinh bay trong hinh 2 ta thiy rang khi v
tang tir 0 dén 5, cuong d6 HHG tang mot cach tuyén tinh. Tuy nhién, véi cac chi sé v
I6n hon 5 (5<v <21) cwdng d6 HHG gan nhu khong thay d6i, ¢ biéu hién giéng nhur
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mot qué trinh b&o hoa. Sy ting tuyén tinh véi cac bac dao dong nho va biéu hién bo
hoa & cac bac dao dong v 16n duge kiém ching voi tit ca cac bac trong mién phing
cua phé HHG. Trong hinh 2, ching t6i chi v& su phu thudc vao chi sé dao déng v cho
cac bac 1¢é tir 23 dén 31.

Cutng d6 HHG (arb. units theo thang log10)
14
T

-8 L 1 1 1
o 5 10 15 20

Bic dao dong v

Hinh 2. Sy phu thuéc cua HHG vao sé lwong tir dao dong v Cua hat nhdn khi H,
tieong tac véi xung laser cuong dé 2x10™* Wicm?, 13 fs, buede séng 800 nm
Xét voi cac bdec HHG 23, 25, 27, 29, 31

Chung i tiép tuc khao sat hién twong ndy khi cho phan tir trong tic véi cac
chim laser ¢6 cac théng sé cuong do, do dai xung va budc séng khac nhau. Sy phu
thudc cua cuong do HHG vao sb lugng tir dao dong v & bac 23 vai cac thong s laser
khac nhau dugc thé hién trong hinh 3. Két qua trén hinh cho thay hién twong da dé cap
van xay ra voi truong hop céc thong s laser khac nhau. Piéu ndy cho thay sy ting
tuyén tinh va bdo hoa trong phd HHG khi xét dén dao dong hat nhéan 1a ban chét céu
trdc cua phan tir.
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Bic dao dong v

Hinh 3. Su phu thuéc cua HHG vao sé lwong tr dao dong v Cua hat nhdn khi H,
twong tdc véi cde xung laser voi théng sé khac nhau xét véi cdc bic HHG 23
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15 T T T T 18 T T T T

th€ ion héa theo R | Tri trung binh cia R

@ | (b)

Thé& ion héa (a.u)
Tri trung binh ctia R (a.u)

Khodng cdch lién hat nhan R (a.u) Bac dao dong v

Hinh 4. a) Thé ion héa cia H; theo khodng cdch lién hat nhin R
b) Tri trung binh ciia khodng cdch lién hat nhan R theo sé lirgng tir dao déng v

Pé giai thich hién twong trén, ching toi dira vao anh huéng cia khoang céach lién
hat nhan 1én tc do ion hoa. Hinh 4 biéu dién sy phu thudc cta thé ion hoa | , Cua H,
vao khoang cach lién hat nhan R va sy thay doi ciia khoang cach nay khi hat nhan ¢
trong cac mirc dao dong cao hon. Trong hinh 4b, khi hat nhdn H, & trong cac trang
thai dao dong cao hon thi khoang cach lién hat nhan ciing s€ tang 1én, tirc 1a phén tir bi
kéo gi&in. Pong thoi trong hinh 4a, & giai doan dau, ching ta c6 thé thay khi khoang
céch lién hat nhan tang thi tbc d6 ion hoa giam, khi d6 hiéu suét phat xa song diéu hoa
tang. Diéu ndy giai thich cho sy ting tuyén tinh ciia cuong d6 HHG véi v tir 0 dén 5.
Khi khoang cach 1ién hat nhén tang toi mot gioi han nhat dinh thi thé ion hoa thay doi
khong nhiéu. Diéu nay c6 thé 1a nguyén nhan gay ra biéu hién bdo hoa cia HHG & cac
bac dao dong v 16n.
4.  Kétluan

Ching t6i da s dung phuong phap giai sé TDSE trong d6 ¢ ap dung phuong
phap thoi gian 4o va phuong phép tach toan tir dé khao sat sy phu thudc cia HHG
vao bac dao dong v cua hat nhan voi phén tor H, khi twong tac véi cac xung laser
c6 cuong do, d6 dai xung va chu ki khéc nhau. Béi véi cac bac dao dong v nho, khi
bac dao dong v trong khoang tir 0 dén 5 thi HHG tang mot cach tuyén tinh. Déi vai
c4c bac dao dong v cao hon, cudng ¢6 HHG gan nhu khong thay ddi, c6 biéu hién
gidng nhu mot qua trinh béo hoa. Hién tuong nay duoc chung toi giai thich dwa trén
sy giam cua thé ion hoa khi hat nhan phén tor & cac trang thai dao dong cao hon.
Nhu Vay, cac két qua thu dugc cho thay su tang tuyén tinh va dat gia tri bo hoa

trong phdé HHG nguyén nhan do ban chét ciu tric ning luong cua phan tir khi xét
dén dao dong hat nhan.

190



Tap chi KHOA HOC BHSP TPHCM D6 Thi Thu Ha va tgk

10.

11.

12.

13.

TAI LIEU THAM KHAO

Baker S., Robinson J. S., Haworth C. A., Teng H., Smith R. A., Chirila C. C., Lein
M., Tisch J. W. G., Marangos J. P. (2006), “Probing Proton Dynamics in Molecules
on an Attosecond Time Scale”, Science 312, 424.

Baker S., Robinson J. S., Lein M., Chirila C. C., Torres R., Bandulet H. C., Comtois
D., Kieffer J. C., Villeneuve D. M., Tisch J. W. G., va Marangos J. P. (2008),
“Dynamic Two-Center Interference in High-Order Harmonic Generation from
Molecules with Attosecond Nuclear Motion”, Phys. Rev. Lett. 101, 053901.

Chirila C. C. and Lein M. (2005), “High-order harmonic generation in vibrating
molecules”, Journal of Modern Optics 53, 113-124.

Corkum P.B. (1993), “Plasma Perspective on Strong Field Multiphoton lonization”,
Phys. Rev. Lett. 71, 1994.

Feit M. D., Fleck J. A, and A Steiger (1982), “Solution of the Schrodinger equation
by a spectral method”, J. Comput. Phys. 47, 412-433.

Guo Y. H., He H. X, Liu J. Y., He G. Z. (2010), “Sensitivity of High-order
Harmonic Generation to Nuclear Motion”, Journal of Molecular Structure:
THEOCHEM 947, 119.

Hay N., Velotta R., Lein M., de Nalda R., Heesel E., Castillejo M., and Marangos J.
P. (2002), “High-order harmonic generation in laser-aligned molecules”, Phys. Rev.
A 65, 053805-8.

Kanai T., Takahashi E. J., Nabekawa Y., and Midorikawa K. (2008), “Observing
molecular structures by using high-order harmonic generation in mixed gases”, Phys.
Rev. A 77, 041402(R)-4.

Lein M. (2005), “Attosecond Probing of Vibrational Dynamics with High-Harmonic
Generation”, Phys. Rev. Lett. 94, 053004.

Lein M. (2007), “Molecular imaging using recolliding electrons”, J. Phys. B: At.
Mol. Opt. Phys. 40, R135-R173.

Lewenstein M., Balcou Ph., Ivanov M. Y., L’Huillier A., Corkum P. B. (1994),
“Theory of High-Harmonic Generation by Low-Frequency Laser Fields”, Phys.
Rev.Lett. 49, 2117.

McPherson A., Gibson G., Jara U., Johann H., Luk T. S., Mclintyre I. A., Boyer K.,
and Rhodes C. K. (1987), “Studies of Multiphoton Production of Vacuum-ultraviolet
Radiation in the Rare Gase”, Journal of the Optical Society of America B 4(4), 595.
Qu W. X,, Chen Z. Y., Xu Z. Z., Keitel C. H. (2001), “Nuclear Correlation in
lonization and Harmonic Generation of H, in Short Intense Laser Pulses”, Phys.

Rev. A 65, 013402.

191



Tap chi KHOA HOC BHSP TPHCM Sé 47 ndm 2013

14. Shahbaz A., Muller C., Staudt A., Burvenich T. J., and Keite C. H. (2007), “Nuclear
Signatures in High-Order Harmonic Generation from Laser-Driven Muonic Atoms”,
Phys. Rev. Lett. 98, 263901.

15. Zao T., Chelkowski S., Bandrauk A. D. (1993), “Harmonic generation by the H,
molecular ion in intense laser fields”, Phys. Rev. A 48, 3837.

16. Zhao J. and Zhao Z. (2008), “Probing H, Vibrational Motions with High-order
Harmonic Generation”, Phys. Rev. A 78, 053414.

(Ngay Toa soan nhén duwoc bai: 05-6-2013; ngay phan bién danh gia: 19-6-2013;
ngay chép nhan dang: 21-6-2013)

192



