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TOM TAT

Chang t6i nghién citu anh hiong ciia pha ban dau (CEP) cia laser [8n dinh ludt ti 1é theo
buée séng cia hiéu sudt phat xa song diéu hda bdc cao (HHG) phét ra tir nguyén tir hydro tuwong
tac VGi laser cuong dd cao, xung cuc ngdn. Laser twong tdc ¢é do dai xung 1a hai chu ki quang
hoc. Két quad cho tha”’y dinh ludt & 1é cua hiéu sudt HHG giam chdm nhdt véi CEP = 0° Va gidm
nhanh nhdz véi CEP = 90° . Khi tang dan CEP ciia laser, dinh ludt ti 1é cua hiéu suat HHG giam
nhanh dan theo butc séng.

Tir khoa: song diéu hoa bac cao, dinh lut ti 18 theo budc séng, laser xung cuc ngan,
pha ban dau.

1. Médau

Mot trong nhitng hiéu g phi tuyén xay ra khi laser cuong do cao, xung cuc ngin
tuong tac voi vat chat 12 phét xa song diéu hoa bac cao (High-order Harmonic Generation,
viét tat 1a HHG). S6ng HHG Ia nhitng photon phét ra ¢6 tan sb bang boi sé nguyén lan tan
s6 laser chiéu vao nén duoc goi la song diéu hoa bac cao (Corkum, 1993; Lewenstein,
Balcou, Ivanov, L Huillier, & Corkum, 1994). Boi s6 nguyén nay duoc goi 13 bac HHG.
Nam 1987, McPherson khi nghién clru twong tac laser voi khi neon d& tao ra HHG béc cao
dau tién. Nhirg nim gin day, su phat trién cta Ki thut tao xung laser cuong do cao, xung
cuc ngin da gop phan vao viéc tao ra song HHG c6 tan sd ngay cang cao, 1én dén gap hang
tram lan tin s6 laser chiéu vao.

Thong qua viéc ghi nhan cuong do theo tan sd cta song HHG phat ra sau qua trinh
tuong tac, ngudi ta thu duoc phd HHG. Dya theo su thay d6i cuong d6 HHG theo tan s6
ma phdé HHG dugc chia thanh ba mién dic trung r6 rét (Corkum, 1993; Lewenstein et al.,
1994). O mién tan sd thap, cuong d6 HHG giam nhanh va duoc goi 1a mién nhiéu loan.
Sau d6, 1a mién phéng voi cuong o0 HHG tuong d6i 6n dinh trong mot dai tan s6 HHG. Vi
tri két thac cia mién phing dugc goi 1a diém dung (cutoff). Sau diém dung, cuong do
HHG giam djt ngot.

81



TAP CHi KHOA HOC - Trwdng DHSP TPHCM Tdp 16, S 6 (2019): 81-91

Nim 1994, Lewenstein dya vao thuyét trudng manh da phét trién mo hinh ba buge —
hay con goi 12 md hinh Lewenstein (Lewenstein et al., 1994). M6 hinh nay d4 cung cip
birc tranh tryc quan, giai thich qua trinh phat xa song HHG. Ban dau, electron bi giam
trong mot hé thé duge tao boi twong tac Coulomb giira electron va hat nhan. Khi c6 laser,
dién trudng 1am bién dang hé thé niang cta nguyén tu, phan tir, va electron bi ion héa xuyén
hdm ra mién ning luong lién tuc. Sau d6, & bude thir hai, electron duoc gia toc boi dién
truomg laser. Sau nira chu Ki quang hoc, dién truong laser ddi chiéu, electron quay tro lai gap
ion me. Liic ndy, electron ¢ dong ning quay vé cuc dai 3.17U 0 Cuébi cling, electron tai két
hop v6i ion me, chuyén tir trang thai lién tuc sang trang thai lién két va phat ra HHG. Pho
HHG thu duoc co ning lugng diém dimg theo quy luat | , +3.17U  véi | la thé ion hoa va

U, lathe trong dong clia electron trong truong laser (Lewenstein et al., 1994).

Céc cong trinh nghién ciru vé HHG cho thiy n6 c6 vai trd quan trong trong viéc trich
Xuat thong tin ciu trac nguyén tir, phan tar (M. Lein, Hay, Velotta, Marangos, & Knight,
2002); tai tao 16p orbital ciia phan tir (Itatani et al., 2004); tham do théng tin cu trac cia
phan tir nhu dao dong hat nhan (Manfred Lein, 2005); hay nghién ciu cau trac phan bd
electron (Chen, Yang, Chen, & Wang, 2015). Pic biét, tinh dén thoi diém hién tai, HHG 1a
ngudn duy nhét tao ra xung laser c6 do dai xung c& atto giay (Li, Laughlin, & Chu, 2014) —
¢6 y nghia quan trong trong viéc nghién ciru cac chuyén dong cuc nhanh trong phén ti,
nguyeén tir.

Dé tao ra xung atto gidy tir phd HHG, c6 hai van dé can quan tdm 13 cuong do va
ning lwong diém dimg cua phé HHG. Khi cudong do phat xa phd HHG cang 16n thi xung
atto gidy c6 cudng do cang cao. Khi ning luong diém dimg ctua phd HHG 16n thi xung atto
gidy tao ra c6 tan sd cao va do dai xung ngan (Li et al., 2014). Theo Lewenstein
(Lewenstein et al., 1994) thi nang lugng diém dimg phu thudc vao thé trong dong U 0~ A%,
VGi A 1a bude song cia laser twong tac. Mot trong nhitng phuong phép dé ting ning luong
diém dimng 1a ting budc song laser. Tuy nhién, tai mot gia tri cudng do laser xac dinh, khi
tién hanh ting budc song laser thi cuong d6 phdo HHG giam (Lewenstein et al., 1994). Su
giam nay dugc mo ta bang quy ludt, duoc goi 1a dinh luat ti 18 budc song cua hiéu suét
song diéu hoa bac cao (wavelength scaling law of HHG yield) (Du, Xue, Wang, Wen, &
Hu, 2014; He et al., 2013; Lan, Takahashi, & Midorikawa, 2010; Shiner et al., 2009a; Tate
et al., 2007; Yavuz, Altun, & Topcu, 2012; Yue, Du, Wu, Li, & Hu, 2017).

Dinh lut ti 1¢ budc song cua hiéu sudt HHG d4a duoc nghién ciru ca mit Ii thuyét (He
et al., 2013; Lan et al., 2010; Tate et al., 2007; Yue et al., 2017) lan thuc nghiém (Shiner et
al., 2009a). C4c tac gia (Shiner et al., 2009b; Tate et al., 2007) d4 chi ra rang, khi thay dbi
budc song laser, hiéu suat phat xa HHG giam theo quy luat A™ véi x ~5+6 trong ving
budc song ngin dudi 2000 nm cho nguyén ti. Ngoai ra, sy giam hiéu sudt HHG theo su
tang budc séng cOn dugc nghién ctu trong truong laser hai mau (Lan et al., 2010) hay
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trong truong khong dong nhét (He et al., 2013). Nam 2014, nhém cua H. Du (Du et al.,
2014) d4 nghién ciru dinh luét ti 1¢ theo budc song cho nguyén tir Rydberg. Gan day, nim
2017, cbng trinh (Yue et al., 2017) d& nghién ctru dinh luat ti 1¢ theo budc song cua hig¢u
sut phat xa song diéu hoa bac cao ctia phan tir H} kéo dai. Két qua cho thiy, higu sut
phat xa HHG trong nhirng truong hop nay (He et al., 2013; Lan et al., 2010; Yue et al.,
2017) giam theo budc séng chdm hon so voi truong hop laser don sic twong tic Vi
nguyén tir trong moi trudng dong nhat. Trong cac nghién ctru trén (He et al., 2013; Lan et
al., 2010; Shiner et al., 2009a; Tate et al., 2007; Yue et al., 2017) cac tac gia sir dung xung
laser nhiéu chu ki nén pha ban d4u cia laser (CEP) khong anh huong dén dinh luat ti 1& cua
hiéu sudt phat xa HHG theo budc song. Khi nguyén tir tuong tac véi xung laser it chu ki thi
gi& tri CEP anh hudng dén phé HHG va do d6, anh huong 1én dinh luat ti 18 budc song cia
cuong ¢6 HHG. Cy thé, nam 2012, I. Yavuz va c4c cong su (Yavuz et al., 2012) d chi ra
anh huong ciia CEP 1én dinh luat ti 1¢ budc song cua hiéu suit phat xa HHG phat ra tir
nguyén tir hydro & trang thai co ban trong hai truong hop CEP=0° va CEP=90°. Két qua
(Yavuz et al., 2012) cho thay khi laser c6 xung dang hinh thang, véi CEP=0° dinh luat ti 1¢
la A, giam cham hon so véi truong hop CEP=90° (A7°?). Gan day, H. Du da thu dugc
két qua tuong tu khi dung laser hai chu ki ¢c6 xung dang hinh sin binh phuong trong (Du et
al., 2014). Cuy thé, hiéu sudt HHG véi CEP=0° thay d6i theo budc séng theo dinh luat 177 ;
con véi CEP=90° la A**. Céc cong trinh (Du et al., 2014; Yavuz et al., 2012) chi nghién
ctru dinh luat ti 1¢ theo budc song hai gia tri & CEP=0° va CEP=90°. Theo hiéu biét cua
chling t6i, anh huong ciia CEP 1én dinh luét ti 16 theo budc song cua hiéu suat phat xa HHG
cta nguy@n tir, khi CEP tang dan tir 0° dén 90° van chwa duoc nghién ciru chi tiét.

Muc ti€u cua bai bao nay la khao sat sy anh huong cua CEP cua laser 1én dinh luét ti
¢ theo budc song cua hiéu suat HHG cua nguyén tir hydro khi tuong tac v6i xung laser it
chu Ki. Cu thé, trong bai bao ndy, ching t6i s& sir dung laser c6 do dai hai chu ki.

Dé thyc hién muc tiéu trén, trude tién, ching tdi s& tinh phé HHG tmg voi laser c¢6
CEP va budc song khac nhau tir 800 nm dén 1800 nm. Dé tinh phé HHG, ching toi giai
s6 phuong trinh Schrodinger phu thudc thoi gian (Time Dependent Schrédinger Equation —
TDSE). Ttr d0, chiing t6i s& tinh hiéu suit phat xa HHG va chi ra sy anh huong cua CEP
1€n dinh ludt ti 1¢ budc song cua hiéu suat HHG. Song song d6, m6 phdng c6 dién dé mo ta
chuyén dong cua electron trong truong laser s& dwoc tinh dé giai thich két qua tir TDSE.
Day sé& 1a co s& dé chiing t6i mé rong nghién ciru anh huong cua CEP 1én dinh luat ti 16
budc song cua hiéu sudt HHG cta nguyén tir ¢ trang thai Rydberg trong cac nghién ctu
ticp theo.
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2. Phuong phap

Trong bai bao nay, dé tinh dugc phd HHG, ching toi giai sé phuong trinh TDSE.
Dong thoi, hudng tiép can cd dién nham mo ta chuyén dong cua electron trong trudng laser
cing s€ dugc trinh bay trong muc nay.
2.1. Phwong phdp TDSE tinh phé HHG

Phuong trinh Schrddinger cho nguyén tua hydro khi twong tac v4i xung laser phan
cuc thing trong khong gian ba chiéu dugc viét trong hé toa do nguyén tir nhu sau

.0 I 1 1 r ! r

.aw(r,t){_gvz_?”.E(t)},,(r,t). M

DPién truong cia laser c6 dang

E(t)onsinz[gjsin(wt+¢), 2)
d

Trong do, cac gia tri E;, T,, o, ¢ lan lugt 1a cuong d6 dién truong cuc dai, do dai
Xung, tan sd va pha ban dau (CEP) cua laser. Trong bai bdo nay, ching tdi sir dung laser phan
cuc thang c6 dién truong hudng theo truc z, cuong do 150 TW/cm? va do dai xung bang hai
chu ki quang hoc. Chiing t6i xét truong hgp nguyén tir hydro & trang thai co ban |ls> :

Phuong trinh (1) duoc giai bang phuong phép biéu dién bién rdi rac DVR (Light,
Hamilton, & Lill, 1985) va phuong phép tch toan tir (Tong & Chu, 1997). Khi giai s6

) | g rsr s
2 ) N

TDSE, dé tranh sy phan xa, chung t6i ding ham héap thu cos”*

cut ?
(rmax - rcut

dé dam bao tinh hdi tu, chung t6i str dung cc tham sé r__ =450 a.u., r,, =300 a.u., diém
chia NDVR Ia 2000, s6 lwvgng ham cau L, =160 va budc nhdy thoi gian 0.07 a.u.

Gia toc ludng cuc dién cia nguyén tir thoi diém t ¢ dang

a(t)=(w (F.O)| YV (r)+E(t)|y (F.1)), )
V6i V (r) lathé ning Coulomb ciia nguyén tir hydro.

Cuong d6 HHG duoc tinh tir gia toc ludng cuc dién nhu sau
2

P(o)= %Ta(t)exp(—ia)t)dt : (4)

Hiéu suit phat xa HHG (HHG yield) dugc dinh nghia la cuong d¢6 HHG lay tich
phan trong mot dai tan s6 @, + ,, va c6 dang
1 ¢
= Plodw, 5)

oY
voi ¢, T lan luot 12 van tdc anh sang va chu ki quang hoc cuia xung laser.

Al
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2.2. M@ hinh cé dién mé phéng chuyén dong tw do ciia electron trong trwong laser

Chng toi gia st rang, sau khi bi ion hoa ra viing lién tuc, chuyén dong cua electron
chi bi anh huéng boi laser. Anh hudng cia thé Coulomb cua nguyén tor dugc bo qua.
Chuyén dong cua electron trong dién trudng chinh 1a budc hai cia moé hinh ba budc cia
Lewenstein (Lewenstein et al., 1994). Do laser twong tac c6 phan cuc thing hudéng doc
theo truc z, do dé, chung t6i coi z 1a phwong chuyén dong cua electron. Ban déu, tai thoi
diém ion hoa t,, electron c6 vi tri ban dau z, =0 va van toc ban dau

2,(ty)=0. (6)
Dinh luat 11 Newton mé ta sy chuyén dong cua electron trong truong laser
Z(t)=-E(t). ()

Sau nira chu ki laser, dién truong d6i chiéu va kéo electron gap ion me. Tai thoi diém
tai két hop t_, electron co vi tri

z(t,)=0. (8)

Nhu vay, b6 song electron di chuyén ty do trong mién lién tuc trong khoang thoi tinh
tir thoi diém ion hoa xuyén ham dén thoi diém tai két hop

7=t —t,. 9)
Dong nang cua electron thu dugc trong dién truong

1 2
W, (t,)= > At ). (10)

Electron tai két hop véi hat nhan me va chuyén tir trang thai lién tuc vé trang thai
lién két phat ra song HHG voi nang lugng

E,=1,+W,(t,). (11)
3.  Kétqua

Trong phan ndy, chlng tdi s& trinh bay két qua tinh s phé HHG bang phuong phéap
TDSE. Sau d6, sy anh huong ciia CEP va budc song laser 18n hiéu suat phat xa HHG cua
nguyén tir hydro s& dugc trinh bay va giai thich bang mo phong c6 dién chuyén dong cia
electron trong truong laser.
3.1. Phé HHG ciia nguyén tir hydro

Két qua tinh phd HHG cuia nguy@n tir hydro khi twong tac véi laser co budc song
khac nhau dugc trinh bay trén Hinh 1. Xung laser ¢ cuong d§ 150 TW/cm?, do dai xung
hai chu ki, buéc song 800 nm, 1400 nm, va 1800 nm voéi CEP=0° (Hinh 1a), va
CEP=90° (Hinh 1b). Két qua cho thiy, phd HHG trong hai truong hop CEP=0° va
CEP=90° déu duoc dic trung boi mién phing dugc trai dai trén mot mién cua tan sd. Mién
phing két thic bai diém dimg 18 rét. Riéng truong hop CEP=90°, phé HHG c6 hai mién
phang tuong timg véi hai diém ding rd rét.
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(b) CEP=90’
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Hinh 1. Phé HHG ciia nguyén tir hydro tuwong tic véi xung laser

c6 cwong dg 150 TW/ecm?, hai chu ki, (a) CEP=0° va (b) CEP=90° Véi buréc song khéc nhau

Hinh 1 cho thay, khi ting budc song laser thi ning lugng photon HHG tai vi tri diém
dirng tang. Cu thé, Hinh 1a voi CEP=0°, budc song 800 nm c6 ning lugng HHG tai vi tri
diém dimg ~33 eV, voi budc song 1400 nm la ~ 71 eV, vad ~109 eV cho budc song
1800 nm. Cac diém dimg trén thoa man cong thirc I,+2.11U . Véi CEP=90° (Hinh 1b),
phd HHG c6 hai diém dirng do c6 hai thoi diém electron bi ion héa c6 dong ning quay vé
dat gi4 tri cyc dai (Phan, Do, Nguyen, & Tran, n.d.). Piém dimg thir nhat théa man cong
thie 1, +0.65U ) va diém dimg thir hai thoa mén cong thirc | +3.18U . Luu ¥ rang, &
day ning luong diém dimg tai CEP=0° va CEP=90° tuan theo quy luat khac vé&i cong thirc
I, +3.17U  thong thuong. Nguyén nhan la laser sir dung c6 d¢ dai xung ngan, nén dong
ning electron thu duoc khi di chuyén ty do trong dién truong phy thudc vao do dai xung va
CEP cua laser (Phan et al., n.d.). Chi tiét anh huéng cia CEP 1én vi tri diém dimg trong
phd HHG d& duoc chung t6i nghién ctu chi tiét, va da giai thich thanh cdng sy phu thudce
nay bang mé hinh ¢6 dién trong (Phan et al., n.d.). Thém vao d6, ning lugng photon tai vi
tri ¢iém dimg phu thudc vao thé trong dong U, véi U, ~ A% nén budc song tang thi ning
lwong diém dung tang.

Mt khac, Hinh 1a va Hinh 1b cho thay, khi ting budc song laser thi cudng d6 phd
HHG giam. Cu thé, Hinh 1a, véi CEP=0°, cudng d6 HHG tuong tng budc song 1800 nm
thap hon 0.5 bac so véi cudng d6 HHG ciia budc song 1400 nm, va thap hon 2 bac so véi
cuong 46 HHG cua budc song 800 nm. Tuong tw, véi CEP=90° (Hinh 1b), cuong do phd
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HHG ¢ hai viing mién phang déu giam dan khi ting budc song laser. Nhu vay, khi ting
budc song laser, diém dimng cua phd HHG ting, tuy nhién, cuong 6 HHG giam. Quy ludt
giam cua cuong do HHG khi tang budc song laser tuwong tac s€ dugc ching téi khao sat chi
tiét trong muyc 3.2.
3.2. Anh hwéng ciia CEP lén dinh ludt ti Ié theo budc song ciia hiéu suit HHG ciia
nguyén t hydro

Dé khao sét chi tiét sy giam cta cudong d6 HHG theo sy ting ciia bude song, chiung
t6i khao sat budc song laser trong viing 800-1800 nm véi AA =100 nm. Higu suat phat xa
HHG, duoc ly tich phan trong viing tir | o tU, dén | o T2U,. Két qua hiéu suat HHG cho

laser v6i CEP thay d6i tir 0° dén 90° duoc trinh bay trén Hinh 2. Hinh 2 cho thdy, tai mdi
gi& tri CEP, hiéu sudt HHG giam khi ting budc song laser twong tac. Sy giam cta hiu suat
phét xa HHG khi ting budc song duge thé hién quy dinh luat ti 1& (Du et al., 2014; He et
al., 2013; Lan et al., 2010; Shiner et al., 2009b; Tate et al., 2007; Yavuz et al., 2012; Yue et
al., 2017). Theo d6, hiéu suat phat xa HHG giam theo budc song theo quy luat Al ~ 17
Tir dit lidu hiéu suat HHG duoc trinh bay trén Hinh 2, chiing tdi khép ham va thu dugc gia
tri cia x va dugc trinh bay trén Bang 1. Két qua cho thiy, véi CEP=0°, dinh luét ti 1 theo
budc song cuia hiéu suat phat xa HHG 1a A7, Quy luat ndy giam cham hon so v&i A~
véi x~5-6 khi laser c6 nhiéu chu ki (He et al., 2013; Lan et al., 2010; Shiner et al.,
2009b; Tate et al., 2007; Yue et al., 2017). Khi CEP=90°, hi¢u sut phat xa HHG giam
nhanh hon, theo quy luat A™**. Nhu vay, khi ting budc séng, laser c6 CEP=0° s& cho hiéu
suit HHG giam cham hon so véi v6i truong hop CEP=90°. Két qua nay phi hop voi cong
trinh (Du et al., 2014).

T T T T T T
H 0@ 150 A 300 w 450 @ 600 g 75° p 900

—_ — —_
=] =] =]
= — =
w - o

Hiéu suat HHG (don vi bat ky)

—

=]
—
o

1200 1400 1600 1800

Budc s6ng (nm)

800 1000

Hinh 2. Sw phu thuée vao buée séng cia hiéu sudt phat xa HHG, dwoe ldy tich phdn
trong ving tir 1, +U, dén | +2U . Laser twong tac c6 cuong dop 150 TW/em?, d¢ dai

xung hai chu ki, CEP ting tir 0° dén 90° véi bude nhay 15°
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Tiép theo, chung t6i nghién ctru chi tiét dinh luat ti 1& theo budc song cua hiéu suét
HHG khi thay d6i CEP ciia laser twong tac. CEP ting tir 0° dén 90°véi budce nhay 15°.
Dinh luat ti 1€ theo budc song cua cuong d6 HHG Al ~ 17 v6i x duogce trinh bay trén
Bang 1 ing v&i mdi gi tri cia CEP. Két qua cho thay, khi CEP tang thi gi tri ciia x ting
dan, tirc dinh luat ti 1& theo budc song cua cuong d0 HHG giam nhanh hon. Cu thé, CEP
tang tir 0° dén 75°, ti 1¢ budc song giam cham dan. Chung t6i nhan thay, ti 1& budc song
cuia CEP=75° , hiéu suat phat xa HHG giam theo A%, thip hon so v&i trudng hop A~
mg v&i CEP=0° Xdp xi 1 bac. Khi CEP tang tir 75° dén 90°, ti 1¢ budc song giam nhanh
V6i ti 1& budce song cia CEP=90° thap hon CEP=75° hon 2 bac. Nhu vy, CEP=0° ¢6
hiéu suat HHG giam cham nhét voi A7*7 va CEP=90° c6 hiéu suit giam nhanh nhit v&i
A7%% Khi ting CEP cua laser, dinh luat ti 16 giam nhanh dan theo budc song laser. Tém
lai, ching t6i da nghién ctru chi tiét su anh hudéng cua CEP 1én dinh luat ti 1€ theo budc
song laser cua hiéu sudt HHG, duoc iy tich phan trén cac ving tan s6 khac va cho quy luat
tuong tu.

Bdng 1. Gia tri cua x trong dinh ludt ti ¢ theo budc song Al ~ A™* cua hiéu sudt HHG,
dugce lay tich phén trong Wing tir | o U, dén | o +2U, umg voi khi CEP cua laser khac nhau
CEP 0° 15° 30° 45° 60° 75° 90°
X 4.7 4.8 51 5.3 55 5.8 8.3

Dé giai thich sy giam nhanh dan cua hiéu suat phat xa HHG theo budc song khi ting
CEP cua laser, ching t6i tinh d6 rong cua bo song electron. Theo cong trinh (Du et al.,
2014; Lan et al., 2010), dinh luat ti 1€ theo budc song giam la do dd rong cia bd song
electron a(r) lan truyén trong mién lién tuc ting theo budc song. Hon nita, do rong nay

lai ti 16 thuan véi thoi gian chuyén dong ¢ cua electron trong mién lién tuc theo biéu thirc
2
2 2 T
a(z) =ay +¥, (12)

trong do, a, 1a do rong ban dau cua bo song tai thoi diém ion hoa.

—a— /
5t=@=15° > 4

Thdi gian chuyén dong (fs)

800 1000 1200 1400 1600 1800
Budc séng (nm)

Hinh 3. Thoi gian chuyén déng ciia electron trong mién lién tuc img véi ning luong electron
1.5U,. Laser c6 buoc song tir 800 nm dén 1800 nm véi CEP tir 0° dén 90°
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Thoi gian chuyén dong ciia electron trong mién lién tuc ¢ Ung véi ning luong
1.5U, dugc ching t6i tinh bang mo phong cd dién va trinh bay trén Hinh 3 cho cac CEP

cua laser khac nhau. Hinh 3 cho thdy, vdi mdi CEP ¢6 dinh, thoi gian chuyén dong tu do
cua electron ¢ ting dan khi ting budc song laser. Thoi gian chuyén dong r s& 1am cho
hiéu suit phat xa HHG giam (Du et al., 2014; Lan et al., 2010). M3t khéc, khi ting dan gia
tri CEP cua laser, thoi gian chuyén dong ciia electron trong mién lién tuc ting, do do, do
rong bo song tang nén hiéu suat HHG giam dan. Chinh diéu nay d4 lam cho dinh luat ti 1¢
theo budc song ciia hiu sudt phat xa HHG giam nhanh dan khi ting CEP cua laser.
Truong hop CEP=90°c6 thoi gian chuyén dong tu do cua electron 16n nhit nén dinh luat ti
Ié budc song giam nhanh nhét. Nguoc lai, CEP=0° ¢6 thoi gian chuyén dong r ngan nhat
nén hiéu suat HHG giam theo budc song cham nht.
4. Kétluan

Duya vao phé HHG duoc tinh bang phuong phéap giai s6 TDSE cho nguyén tir hydro
khi tuong tac véi xung laser hai chu Ki voi pha ban ¢au CEP khéac nhau, chiing t6i d4 chi ra
anh hudong cua CEP laser Ién dinh luat ti 1¢ budc song cua hi¢u sut phat xa HHG. Khi gia
tri CEP ¢6 dinh, ting budc song laser twong tac thi hiéu sudt phat xa HHG giam va dugc
mo ta boi dinh luat ti 1& ciia budc song Al ~ A~*. Khi gia tri CEP tang dan tir 0° dén 90°,
gid tri ciia x tang dan, tirc hidu suat HHG giam nhanh dan theo budc séng. Thong qua mo
phong ¢ dién chuyén dong ciia electron trong trudng laser, chiing t6i nhan thay, khi CEP
tang thi thoi gian chuyén dong tu do ciia electron ting dan, do d6, hiéu suat phat xa HHG
giam dan. Nhu vy, ching t6i d4 giai thich thanh cdng sy anh huéng ciia CEP 1én dinh luat
ti 1& budc song cua hiéu suat HHG cho nguyén tir hydro & trang thai co ban. Py sé& 1a co
& dé chiing t6i m& rong nghién ciu anh huong CEP 1én dinh ludt ti 1& budc song cia hiéu
suat HHG cho nguy@n tir Rydberg.

% Tuyén bé vé quyén loi: CAc tac gid xac nhén hoan toan khéng c6 xung dét vé quyén loi.

% Loi cdm on: Nghién ctru nay duoc tai tro béi dé tai Khoa hoc va Coéng nghé cép
Truong Pai hoc Sw pham Thanh phé H6 Chi Minh, mad sé6 CS2017.19.49. Céac tac
gia chan thanh cam on TS Hoang Van Hwng — Khoa Vét li, Truong Pai hoc Sw pham
Thanh phé H6 Chi Minh da hé tro ki thuét gidi TDSE tinh phé HHG.

TAI LIEU THAM KHAO
Chen, J., Yang, Y., Chen, J., & Wang, B. (2015). Probing dynamic information and spatial
structure of Rydberg wave packets by harmonic spectra in a few-cycle laser pulse. Physical
Review A, 91(4), 043403.
Corkum, P. B. (1993). Plasma perspective on strong-field multiphoton ionization. Physical Review
Letters, 71(13), 1994.

89



TAP CHi KHOA HOC - Trwdng DHSP TPHCM Tdp 16, S 6 (2019): 81-91

Du, H., Xue, S., Wang, H., Wen, Y., & Hu, B. (2014). Wavelength scaling of high-order harmonic
yield from a Rydberg atom in a few-cycle pulse. Journal of the Optical Society of America
B, 31(7), 1621.

He, L., Wang, Z., Li, Y., Zhang, Q., Lan, P., & Lu, P. (2013). Wavelength dependence of high-
order-harmonic yield in inhomogeneous fields. Physical Review A, 88(5), 053404.

Itatani, J., Levesque, J., Zeidler, D., Niikura, H., Pépin, H., Kieffer, J. C., ... Villeneuve, D. M.
(2004). Tomographic imaging of molecular orbitals. Nature, 432(7019), 867.

Lan, P., Takahashi, E. J., & Midorikawa, K. (2010). Wavelength scaling of efficient high-order
harmonic generation by two-color infrared laser fields. Physical Review A, 81(6), 061802(R).

Lein, M., Hay, N., Velotta, R., Marangos, J. P., & Knight, P. L. (2002). Interference effects in high-
order harmonic generation with molecules. Physical Review A, 66(2), 023805.

Lein, Manfred. (2005). Attosecond probing of vibrational dynamics with high-harmonic
generation. Physical Review Letters, 94(5), 053004.

Lewenstein, M., Balcou, P., Ivanov, M. Y., L’Huillier, A., & Corkum, P. B. (1994). Theory of
high-harmonic generation by low-frequency laser fields. Physical Review A, 49(3), 2117.

Li, P. C,, Laughlin, C., & Chu, S. I. (2014). Generation of isolated sub-20-attosecond pulses from
He atoms by two-color midinfrared laser fields. Physical Review A, 89(2), 023431.

Light, J. C., Hamilton, I. P., & Lill, J. V. (1985). Generalized discrete variable approximation in
guantum mechanics. The Journal of Chemical Physics, 82(3), 1400.

Phan, N.-L., Do, K.-N., Nguyen, T.-P., & Tran, P.-H. (n.d.). The influence of the carrier-envelope-
phase of the laser on the cutoff energy in the high-order harmonic spectra from Rydberg
atom. HCMUE Journal of Science, (accepted).

Shiner, A. D., Trallero-Herrero, C., Kajumba, N., Bandulet, H. C., Comtois, D., Légaré, F., ...
Villeneuve, D. M. (2009a). Wavelength scaling of high harmonic generation efficiency.
Physical Review Letters, 103(7), 073902. https://doi.org/10.1103/PhysRevLett.103.073902

Shiner, A. D., Trallero-Herrero, C., Kajumba, N., Bandulet, H. C., Comtois, D., Légaré, F., ...
Villeneuve, D. M. (2009b). Wavelength scaling of high harmonic generation efficiency.
Physical Review Letters, 103(7), 073902.

Tate, J., Auguste, T., Muller, H. G., Saliéres, P., Agostini, P., & Dimauro, L. F. (2007). Scaling of
wave-packet dynamics in an intense midinfrared Field. Physical Review Letters, 98(1),
013901.

Tong, X., & Chu, S. (1997). Theoretical study of multiple high-order harmonic generation by
intense ultrashort pulsed laser fields: A new generalized pseudospectral time-dependent
method. Chemical Physics, 217, 119.

Yavuz, I., Altun, Z., & Topcu, T. (2012). Wavelength scaling of high-order-harmonic-generation
efficiency by few-cycle laser pulses: Influence of carrier-envelope phase. Physical Review A,
86(4), 043836.

Yue, S., Du, H., Wu, H., Li, J., & Hu, B. (2017). Wavelength dependence of high-harmonic yield
in stretched molecules. Chemical Physics, 494(August), 56-60.

90



TAP CHi KHOA HOC - Trwdng DHSP TPHCM Dé Thi Kim Ngdn va tgk

THE INFLUENCE OF THE CARRIER-ENVELOPE-PHASE
OF THE LASER ON THE WAVELENGTH SCALING LAW
OF HIGH-ORDER HARMONIC GENERATION
Do Thi Kim Ngan, Phan Thi Ngoc Loan”

Ho Chi Minh City University of Education

*Corresponding author: Phan Thi Ngoc Loan — Email: loanptn@hcmue.edu.vn
Received: 13/11/2018; Revised: 29/11/2018; Accepted: 23/3/2019

ABSTRACT

This paper investigates the influence of the carrier-envelope-phase (CEP) of the laser on the
wavelength scaling law of high-order harmonic generation (HHG) yield from hydrogen atom,
exposed to an ultrashort and intense laser. The laser duration is two optical cycles. The results
show that, the scaling law is slowest decreased with cep = o° and fastest decreased with
CEP =90°. As the CEP of laser increases, the wavelength scaling law of HHG vyield is faster
decreased.

Keywords: high-order harmonic generation, wavelength scaling law, ultrashort laser, carrier-
envelope-phase.
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