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TOM TAT
Chang tdi nghién citu dnh hieong ciia pha ban dau (CEP) ciia laser [€n i tri diém dimg ciia
phé séng diéu hda bédc cao phat ra tir nguyén tir hydro & trang thdi co ban |1s> VA trang thdi chong

chdp ciia nguyén tir Rydberg (|1S>+|68>). Bang phuwong phdp mé phong chuyén dong cia

electron trong truong laser bang tiép cdn C6 dién, ching téi da giai thich thanh cong su phu thudc
Ciia Vi tri diém dimg vao CEP. Md phong c6 dién phU hop véi két qua gidi sé phiong trinh
Schrodinger phu thugc thoi gian.

Tir khoa: song diéu hoa bac cao, diém dirng, nguyén tir Rydberg, pha ban dau.
ABSTRACT

The influence of the carrier-envelope-phase of the laser on the cutoff energy
in the high-order harmonic spectra from Rydberg atom
We investigate the influence of the carrier-envelope-phase (CEP) of the laser on the cutoff

energu in the high-harmonic spectra generated from hydrogen atom at ground state |1s> and
superposition state of Rydberg atom —— (|1s>+|63>) . By the classical simulation of the movement

of the electron in the laser field, we have successfully interpreted the dependence of the cutoff
energy on the CEP. The classical simulation is consistent with the results obtained from the time-
dependent Schrédinger method.

Keywords: high-order harmonic generation, cutoff, Rydberg atom, carrier-envelope-phase.

1.  Médiu

Mot trong nhiitng hiéu (mg phi tuyén xay ra khi tuong tac giita nguyén ti, phan tir voi
laser manh, xung cuc ngin, 1a phat xa song didu hoa bac cao (High-order Harmonic
Generation — viét tit 1a HHG) [1], [2]. S6ng HHG la nhitng photon phat ra, ¢ tin s bang
boi s6 nguyén lan tan s ciia laser. Phd HHG c6 nhing dic trung rat co ban véi ba viing rd
rét [1]. Cuong d6 HHG giam nhanh & viing tan s thdp. Sau dé, cudng d6 HHG hiu nhu
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khong d6i trong mot viing cuia tin sé duoc goi 12 mién phang. Mién phing ndy két thuc tai
mot diém goi 1a diém dumg. Sau diém ding, cudng d6 HHG giam dot ngdt.

Dé giai thich co ché phat xa phd HHG, nhom Corkum [1], [2] d& dé xuat mo hinh ba
budc hay con goi 1a md hinh Lewenstein. Theo d6, ¢ budc dau tién, laser 1am bién dang
thé nang Coulomb ctia nguyén tir, phan tir, va electron ion hoa xuyén ham ra mién lién tuc.
O bude thir hai, electron di chuyén va tich liiy ning luong dudi tic dung cua dién trudng
laser. Sau nira chu ki quang hoc, laser doi chiéu va kéo electron quay nguogc trd vé gip ion
me. Cubi cling, electron tai két hop vai ion me va phéat ra séng thir cap 1a HHG. M hinh
ba budc cung cp birc tranh vat |i vé qua trinh phat xa HHG, va du doan kha chinh xéc vi
tri diém dimg trong phd HHG theo quy luat I, +3.17U , véi | ,U, lan luot 14 thé ion hoa
va thé trong dong cuia electron trong truong laser [1], [2].

Pho HHG phat ra & bude thir ba, khi electron tai két hop véi ion me, nén né mang
thdng tin ciu triic cia nguy@n tir, phan tir. Phd HHG cho phép trich xuat thong tin khoang
cach lién hat nhan cua phén tir [3], tai tao HOMO cua phan tir [4] hay theo ddi chuyén
dong cua hat nhan [5]. Ngoai ra, song HHG mang ning luong cao, nén nd 1a ngudn tao
Xung cuc ngin, c6 do dai xung c& atto (~1078) giay [6], [7], tir d6, cho phép theo ddi cac
qua trinh cyc nhanh trong phan tir, nguyén tir nhu theo d8i dong hoc phan tir hay cac qua
trinh chuyén tiép [7].

Dé tao ra xung atto gidy, c6 hai yéu t6 can phai quan tdm 14 (i) ning lugng photon
HHG, tirc sy mo rong mién phiang HHG va (ii) hiéu suat phat xa HHG. Dé thoa man hai
diéu kién trén, c6 nhiéu phuong phap duoc ap dung nhu sir dung laser ¢ budc song dai
[7], chuan bi nguyén tir & trang thai chong chap [8], hay kich thich phat xa song diéu hoa
bac cao phét ra tir trang thai chong chap cua nguyén tir Rydberg [9] - [11]. Nguyén tir
Rydberg 1a nguyén tir co electron ndm ¢ trang thai kich thich cao. C6 ba phuong phéap tao
ra nguyén tir Rydberg tir viéc kich thich nguyén tir tir trang thai co ban, d6 1a phuong phap
trao d6i dién tich, kich thich do va cham bai chum electron, hodc hip thu photon. Nam
2011, Zhai va cac cong sy [9] d4 chi ra rang, khi laser twong tic v&i nguyén tir neon &

chong chap cua trang thai co ban va trang thai Rydberg %(|1S>+|6p>) s& phat xa phd

HHG véi diém ding vuot xa du doan thong thudng ciia mé hinh Lewenstein (I , +3.17U )
va Vi hiéu suat phat xa 1on hon so véi truong hop nguyén tir ¢ trang thai co ban. Didu nay
d4 chi ra tinh uu viét cia nguyén tir Rydberg trong viée trng dung phé HHG nham tao xung
atto gidy [11]. Pong thoi, Zhai va cac cong su [9] ciing nghién ctru anh hudng cua do dai
xung laser 1én sy md rong mién phang cua phd HHG. Két qua cho thdy, sy md rong mién
phing ctia phd HHG phat ra tir nguyén tir Rydberg & trang thai chong chap so Vi truong
hop nguyén tir & trang thai co ban chi xay ra khi laser tuong tac c6 do dai xung cuc ngén,
c& vai chu Ki [9]. Mt khéc, voi laser it chu Ki, pha ban dau (Carrier Envelope Phaser — viét
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tat 1a CEP) cua laser anh huong dén diém dung [9]. Su anh hudng ciia CEP 18n vi tri diém
dirng ciia phé HHG phat ra tir nguy@n tir Rydberg chi dugc Zhai nhic t6i trong [9] va chua
khao sat quy luét cling nhu dua ra 101 giai thich.

Muc tiéu cua bai b&o nay la khao sét va giai thich sy anh hudng cua CEP cua laser
1én diém dimg cia phd HHG. Dé chi tiét, ching t6i nghién ciu cho hai truong hop (i)
nguyén tur hydro ¢ trang thai co ban |ls> , (ii) nguyén tir hydro ¢ trang thai chong chap giira
trang thai co ban |ls> va trang thai Ryberg |63> v6i hé s6 dong gop nhu nhau. O day,
chung t6i chon trang thai Ryberg 1{}1|63>, ma khéng phai la |6p> nhu trong cong trinh [9],
[10], vi song song nghién ciru anh hudng cia CEP 18n vj tri diém dimg, chung t6i dy dinh
s& nghién ctru anh huong ciia CEP 18n hiéu suat phat xa HHG va s& cong bb trong twong
lai. Tuy nhién, trang thai chong chap |ls>+|6p> s& lam xuat hién nhirng diém cyc tiéu
trong phé HHG [9] nén lam anh hudng dén két qua hiéu sut phat xa HHG. Ngoai ra, du
trang thai chong chp |1s)+|6p) dé tao dugc trong thyc nghiém hon so véi [1s)+|6s) do
quy tic loc lya, nhung Avetissian va Mkrtchian [12] d4 chi ra rang, chong chap cac trang
thai |ls> + | 63> c6 thé dat dugc bang phuong phéap kich thich cong huong da photon ba mirc
bang mot xung quang hoc thich hop véi cudng dé manh.

Dé mod phong phd HHG, chung toi giai sé phuong trinh Schrédinger phy thudc thoi
gian (Time-Dependent Schrédinger Equation — viét tit 13 TDSE). Song song d6, dé giai
thich nang lwong photon tai diém dung, chung t6i mé phong bang tiép can ¢6 dién chuyén
dong cua electron trong truong laser. Chiing t61 da chi ra quy ludt anh hudng ctiia CEP 1én
diém ding va giai thich thanh cdng bang mé hinh ¢6 dién. Pay sé la co s dé chung t6i mo
rong nghién ctru anh huong ciia CEP 1én dinh luat ti 1& theo budc song cua hiéu sudt HHG
phét ra tir nguyén tir Rydberg.

2. Phuong phap

Trong bai béo nay, nghién ctru anh huong cua CEP 1én vi tri diém ding ciia phd
HHG s& dugc tiép can theo hai hudng (i) lugng tir bang phuong phap TDSE va (i) c¢6 dién
mo ta chuyén dong cua electron trong truong laser.

2.1. Phwong phdp TDSE tinh phé HHG
Phuong trinh Schrddinger cua nguyén tir hydro khi tuong tac véi laser phan cuc

thang c6 dang (trong hé don vi nguyén tir)
2

.0 V2 o1
|ay/(r,t)={—7—?+r-E(t)}w(r,t). (1)

Laser tuong tac c6 vecto phan cuc doc theo truc z, va c6 dang

E(t) = Eosinz[”?tjsin(wtw), @)
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voi Ej 0,0 lan lugt 1a cuong do cuc dai, tan s6 goc va pha ban dau (CEP) cua laser. 7 la

do dai cua xung laser. Trong bai bao ndy, laser duoc sir dung c6 cuong do 1.5x10"W/cm?,
do dai xung hai chu ki, tic 7 =2T,, v6i T, la chu ki laser.
Trude khi twong tac voi laser, nguyén tir hydro duoc chuin bi & trang thai co ban

|ls> hoac ¢ trang thai chéng chéap %(|1S>+|68>). Khi tuong tac voi laser, phuong trinh

Schrédinger (1) duoc giai bang phuong phap biéu dién bién roi rac DVR [13] va phuong
phép tach tgén tur [14].

Gia toc Iudng cuc cua hé doc theo truc z duoc tinh theo cong thirc

a,(t) =(w(r,)IVV () lw(r), ®3)
vGi V(r,t) 1a tong thé ning Coulomb va thé ning tuong tac laser Vi nguyén ta. Tin hiéu
HHG chinh Iz’%l binh phuong ciia Fourier gia toc ludng cyc (3).

X@c suat ion hoa cuia nguyén tir dugc tinh theo cong thirc

P=1- Y [cun/, (4)

Eqnim <0
voi ¢, 1ahé sé dong gop khi electron & trang thai (rmg véi s6 lugng tir n,1,m.
Dé tranh su phan xa do sy hitu han cua r trong tinh toan, ching tdi s dung ham mat
na ¢6 dang cos** [z (r—r,,)/2(f,, — T, )] véi r>r, . Trong bai bao nay, ching toi sir

cut *

dung tham s6 tinh toén véi 1, =450a.u., r,, =300a.u., 2000 diém chia DVR va 160 ham
cau. Budc nhay thoi gian duge chon 0.07 a.u. nhim dam béao tinh hdi tu ciia bai toan.
2.2. M@ hinh cé dién mé ti chuyén dgng ciia electron trong trwong laser

V6i hudng tiép can cb dién, chung toi chi quan tim dén qua trinh chuyén dong cua
electron trong dién trudng cua laser, tic budc thir hai cia mé hinh ba budc Lewenstein.
Electron chuyén dong doc theo hudng ctia vecto phan cyc cua laser.

Gia str rang khi nguyén tir hydro twong tac voi laser, electron bi ion héa tai thoi diém
t, . Dinh luat II Newton mo ta chuyén dong cua electron trong dién truomg 6 dang [15]

Z(t) = -E(). ()
Phuong trinh (5) phai thoa mén diéu kién ban dau
2(t,) =2,  2(t,) =0, (6)

Voi z, 1 vi tri cia electron ngay tai thoi diém ion hoa. Chung toi gia thiét z, =0a.u. trong
truong hop electron ¢ trang thai co ban, va z, # 0khi electron ¢ trang thai Rydberg.

Dién trudng cua laser ddi chidu s& kéo electron quay nguoc lai va gap ion me. Thoi
diém tai két hop t, 1a nghiém cua phuong trinh

2(t,) =0. (7)
Dong ning cua electron thu duoc tir truong laser tai thoi diém tai két hop c6 dang

1
|<(tr)=EZ(tr)2 (8)

Electron tai két hop voi ion me s& phét ra photon HHG v&i nang lugng | o T K(t).
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3.  Kétqua
3.1. Phé HHG ciia nguyén tir hydro & trang thdi co bin va trang thdi Rydberg

Cuding do HHG (ddn vi bt ky)

Nang lugng HHG (eV)

Hinh 1. Phé HHG ciia nguyén ti hydro ¢ (8) trang thdi co ban | 1S> ;

; 1
(b) chong chdp giita trang thdi co ban va trang thai Rydberg ﬁd 1S> + | 63>) khi tuong tac

Vi laser ¢6 cuong dg 1.5% 10"W [ cm?, bube séng 1200 nm, d¢ dai xung 2 chu ki va CEP khac nhau

Trong phan nay, ching t6i s& trinh bay két qua phd HHG ctia nguyén tir hydro & trang
thai co ban |1s> (Hinh 1a) va chdng chap trang thai %(|1s>+|6s>) (Hinh 1b) bang phuong
phép giai s TDSE. Laser tuong tac c6 cudng do 1.5x10W/cm?, budc song 1200 nm, do
dai xung 2 chu ki va CEP khac nhau. Hinh 1 cho thay, phé HHG ¢6 nhitng dic trung co ban
VGi mién phang trai dai trén mot viing caa tan so, sau d6, két thuc boi diém dimng.

Tir két qua tinh HHG cua nguyén tir hydro ¢ trang thai co ban |1s> (Hinh 1a), ching
t6i nhan thay vi tri diém dimg phu thudc vao CEP cua laser. Vi tri diém dimg khong tuén
theo cong thue 1, +3.17U [1]. Cu thé, voi CEP =0°, diém dimng twong tmg véi photon ¢
nang luong 55 eV, tic theo cong thirc 1, +2.10U . Tang dan CEP cua laser, mién phing
cta phd HHG dugc mo rong dan véi vi tri diém dimg ting dan. Diém ding ting 1&n 71 eV
(1,+2.93U,) voi CEP=60° va 75 eV (1,+3.17U,) véi CEP =90". Bén canh do, voi

CEP >30°, trén phd HHG xuét hién hai mién phang rd rét véi cuong 6 HHG khac nhau.
Goi diém ding tng voi mién phing dau tién 1a diém dung 1, diém dimg Gng véi mién
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phang thir hai 1a diém dung 2. Vi tri diém ding 1 va 2 thu duoc tir phd HHG cta nguyén tir
hydro ¢ trang thai |ls> dugc trinh bay cu thé trén Bang 1. Sy hinh thanh hai mién phang
cling nhu sy phu thudc vi tri diém dung vao CEP cua laser s€ duogc ching t6i giai thich chi
tiét trong muc 3.2.
Béng 1. Quy ludt vi tri diém dimg 1 va diém dirng 2 tir phé HHG
va theo mé hinh cé dién ciia nguyén tir hydro ¢ trang thdi |1s>

CEP TDSE Mo hinh co dien
Piém dirng 1 Piém dirng 2 Piém dirng 1 Piém dirng 2
0° I, +2.10U, I, +2.09U,
15° l,+2.35U, l,+2.33U,
30° l,+0.17U, |, +2.54U l,+0.17U, I, +2.550,
45° Ip +O.26Up Ip +2.76Up Ip +O.26Up Ip +2.76Up
60° I, +0.37U, l,+2.93U, I, +0.36U, I, +2.92U,
75° I, +0.52U I, +3.07U, I, +0.50U, l,+3.06U,
00° Ip +O.67Up Ip +3.17Up Ip +O.68Up Ip +3.14Up

Hinh 1b biéu dién phé HHG cua nguyén ti hydro & trang thai Ryberg
%(|1S>+|63>). Ching t6i nhan thiy ring, & trang thai chong chip %(|1S>+|63>),

nguyén tir hydro cho phé HHG voi cuong d6 cao hon 1+2 bac so vi trang thai |1s>. Bén
canh d6, mién phang ctua phd HHG ciing dwoc mo rong hon so véi truong hop |1s>. Véi

CEP =0°, HHG cua nguyén tir H & trang thai chdng chap cho diém ding ~87 eV, tuong
tmg vé6i 1, +3.58U , 16n hon so véi cong thirc Lewenstein |, +3.17U . Dicu nay cho
thiy u'u’diém vuot trdi ciia nguyén tir Rydberg trong viéc mo rong mién phing va nang cao
hiéu suat phat xa HHG. Két qua nay d& dugc chi ra trong [9], [10] khi laser twong tac véi

nguyén tir neon ¢ trang thai iz(|1s>+|6 p>) Trong bai bao nay, chung t6i d kiém ching

2

duoc cong trinh [9], [10] cho truong hop nguyén tir hydro & trang thai iz(|1s> +| 63>) :

NG

Ngoai ra, khi nguyén tir hydro ¢ trang thai %(|1S>+|68>) tuong tac véi laser co
CEP khéac nhau, két qua trén Hinh 1b cho thdy CEP anh huéng toi vi tri diém dimg ciia phd
HHG. Khéc véi truong hop |1s>, trong truong hgp nguyén to Rydberg véi trang thai
%(|1S>+|63>), ning luong photon tng véi diém dimg giam dan khi ting CEP tir 0° dén

60°, sau do, tang dan voi CEP tang tir 75° dén 90°. Quy luat vi tri diém dimg véi timg CEP
dugc trinh bay chi tiét trén Bang 2.
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Béng 2. Quy ludt vi tri diém dimg tir phé HHG
va theo md hinh ¢é dién ciia nguyén tir Rydberg%(|1s>+|63>)

CEP TDSE M5 hinh c6 dién
o° I, +3.58U I, +3.55U
15° I, +3.48U I, +3.50U
30° I, +3.26U, I, +3.30U,
45° I, +2.94U I, +3.00U,
60° Ip +2.64Up Ip +2.69Up
75° Ip +3.OOUp Ip +2.30Up
90° I, +3.14U I, +1.89U

3.2. M@ phéng vi tri diém dirng bang mé hinh cé dién
Trong phan ndy, chling tdi s& ap dung mo hinh ¢6 dién duoc mé ta trong muc 2.2. dé
giai thich sy quy ludt phu thudc ctia ning lugng diém ding vao CEP cua laser.

3.2.1. Truong hop nguyén tur hydro ¢ trang thai co ban |ls>

3.0 N (a) ..... - E(t) o, .
Chedy ——CEPO | .
N— 20 ok :. '.. - -
E 10 _— .-.. \:: Speest __ ¢§
og 05 —_I 1 1 ...P o..l " " 1 " " —- éﬁ
S g
<O T T T T T T T T T —— =
; or b ’ [a ] <§'
=25 (D) AR CEP90 1 2
20 2.0 |- ¢ * 1 g
<3 B . - Y
= 1.5 _*-‘ "".,. .; ‘s o s L: ;g
£ 1.0 | 13
<O - .., Q A i
M 0.5 | 7 /\ - -]

0002040608 101214 16 18 20
Thai di€m ion héa (s6 chu ky)

Hinh 2. Su phu thudc ciia déng ndng electron vao thoi diém ion héa.
Laser twong tdc cé do dai xung 2 chu ki, (a) CEP = 0° va (b). CEP = 90°
Duong biéu dién cwong do laser dugc dich 1én theo chiéu doc dé dé quan sat.
Puong nam ngang thé hién dién truong bang 0.
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O trang thai co ban |ls>, nguyén tu hydro c¢6 nang lugng —0.5 a.u. Dudi tac dong
caa dién trudng laser, rao thé Coulomb bi bién dang va electron ion hda xuyén him ra
mién lién tyc. Electron chuyén dong tu do trong mién lién tyc va tich ning luong. Sau do,
khi dién truong laser ddi chiéu, electron quay trd vé, tai két hop voi ion me va phét ra
HHG [1]. Hinh 2 biéu dién dong ning cua electron thu dugc trong trudng laser tai thoi
diém tai két hop voi ion me. Chung t6i mé phong cho cac trudong hop laser twong tac cd
CEP khac nhau. Két qua cho thdy, dong ning phu thudc vao thoi diém ion héa cua
electron. Véi CEP =0° (Hinh 2a), dong ning dat cuc dai (2.09U ») khi electron thoat khoi
nguyén tir H tai thoi diém t, =~ 0.81T,, tac khi dién trudng laser gan dat gia tri cyc dai. Véi
CEP =90, md phong c6 dién cho dong ning cyc dai 3.14U | tai t, ~ 0.5T,. Tuy nhién, két
qua mo phong co dién (Hinh 2b) con cho thdy, tai t, ~1.1T,, electron bj ion héa s& cho
nang lugng cyc dai 0.68U ;. Chinh didu nay d4 dan dén hinh thanh hai mién phang trong
ph6é HHG. Hon nita, do cudng d¢ dién truong tai dinh tht hai (t, ~1.1T,) 16n hon tai dinh
dau tién (t, ~0.5T,), nén xac suat ion héa tai t, ~1.1T, 16n hon tai thoi diém t, ~0.5T,.
Diéu nay dan dén cuong d6 HHG cia mién phang thir nhat 16n hon cudng d6 ctia mién
phang thtr hai. Do do, trong phé HHG véi CEP =90° (Hinh 1b) xuat hién hai mién phang
ro rét voi cuong do khac nhau. Dong nang cuc dai cta electron trong truong laser c6 CEP
khac nhau duoc tinh tir md phong c6 dién duoc thé hién trén Bang 1. Quy luat cua diém
dirng g v&i hai mién phang khac nhau tinh bang mé hinh ¢ dién hoan toan phu hop Vvéi
két qua mo phong tir TDSE.

3.2.2. Truong hop nguyén tir hydro véi chong chdp trang thdi co ban VA trang thdi
1

Rydberg —(|1s) +|6s
= (15)+]6s)

Theo [8], tin hiéu phé HHG phat ra tir nguyén tir & trang thai chdng chap dong gop tir
bon thanh phan gia tdc ludng cuc khac nhau. Do 1a khi electron (i) bi ion hoa tir trang thai
co ban va quay Vé tai két hop véi trang thai co ban; (i) bi ion hoa tir trang thai kich thich
Vva quay Vé trang thai kich thich; (iii) ion hoa tir trang thai co ban va quay Vé trang thai kich
thich; (iv) ion hda tir trang thai kich thich va quay vé trang thai co ban. Trong d6, thanh
phan gia toc ludng cuc cudi cung (iv) dong gop chu yéu vao cudng d6 phd HHG [8]. Do
d6, dé mo phong c¢6 dién chuyén dong cua electron trong truong laser, chung t6i xét
electron bi ion hoa tir trang thai kich thich |63> .

Khéc véi truong hgp ¢ trang thai |ls>, khi nguyén tir H bi kich thich 1én trang thai
Rydberg |63>, electron c6 ning lugng lién két rat yéu (—0.014 a.u.), va rat dé thoat ra khoi

nguyén tir. Hinh 3a biéu dién tong thé ning Coulomb cia nguyén tir H va thé ning tuong
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tac cua truong laser véi electron tai thoi diém 0.015T,, tac ngay sau khi xung laser dugc
bat. Nang lugng cua electron tai trang thai Ryberg xap xi dinh ciia rdo thé va dé dang vuot
ra khoi rao thé ngay sau khi bat laser. Do d6, dé don gian, chung toi chon thoi diém ion
hoa cua electron tai thoi diém t, ~ 0 [9].

Mot khia canh khac voi truong hop ¢ trang thai co ban |ls> nira, d6 la electron &
trang thai Rydberg |63> & cach rt xa hat nhan. Hinh 3b mé ta phan bd mat do cua electron
khi nguyén tir H bj kich thich ¢ trang thai Rydberg |6s). Electron c thé phan bd trong ban
kinh tir 0 ¢én 110 a.u. Do d6, theo cdng thirc (8) va két hop gia thiét thoi diém ion hoa
t, ~0 [9], dong nang cua electron tich lily dugc khi chuyén dong tu do trong trudng laser
chi con phu thudc vao vi tri ban dau cua electron. Diéu ndy khac véi truong hop electron &
trang thai |ls> - dong ning electron trong mién ty do chi phy thudc vao thoi diém ion hoa,

do vi tri ion hoa ciia electron dugc gia thiét z, =0.

0.00 T T T T T T T T T T T
—— Tdng th€ nin

(a) 0 g g
—— Ning lugng 16s>

-0.01 \ ]
/—\

-0.02

0.04

0.02 -

Téng thé ning (a.u.)

Phan b& mit do6 electron (don vi bat ky)

-0.03 : : o : . : 0.00 5 : : 0
-100-50 0 50 100150200250 0 20 40 60 80 100
Toa dd (a.u.) Bdn kinh r (a.u.)

Hinh 3. (a) Tong thé nang ciia nguyén tit tai thoi diém 0.015T, cia laser c6 CEP = 90°
va nang heong 1ién két ciia electron tai trang thdi |6$> ;
(b) Phan bé mdt dé electron theo bdan kinh ciia nguyén ti hydro & trang thdi |6$>

Hinh 4 biéu dién dong ning cia electron thu duoc trong trudng laser néu né bi ion
hoa tir vi tri ban dau z,. Vi laser do dai xung hai chu ki, c6 CEP=0° va budc song
800nm (Hinh 4a), electron dat dong nang cuc dai 3.55U 0 néu vi tri ban dau cua electron 1a
2, =21au. Khi ting dan budc séng laser, dong ning cuc dai khong doi (3.55U,), tuy
nhién, tng voi vi tri ban dau z, tang dan. M6 phong bang mé hinh c6 dién nay phu hop
v6i két qua HHG béng tinh s6 TDSE véi diém dimg ~87 eV, tuong tmg véi |, +3.58U
(Hinh 1b).
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Dé nghién ctru anh hudng ciia CEP 18n vi tri diém dimg cia phd HHG phét ra tir
nguyén tir H & trang thai chong chip giita trang thai co ban va trang thai Rydberg, chung
t0i mb phong dong nang cua electron thu duogc trong truong laser voi CEP khac nhau
(Hinh 4b). Md hinh ¢6 dién cho thiy cang ting CEP cua laser, dong ning cuc dai cia
electron cang giam. Quy luat diém dimng cu thé cho timg CEP duoc trinh bay trén Bang 2.
So sanh vai két qua thu dugc tir TDSE, dé dang nhan thiay mé hinh ¢ dién chi phil hop véi
CEP < 75°. Con véi CEP > 75°ning luong cua photon tmg v6i diém dirng giam dan bang
mo phong c¢b dién, nhung nguoc lai, ting dan bang phwong phép giai s6 TDSE.

4.0

35+

3.0F
2.5 H

20F

4.0

—3500nm
===1200nm

135F
130

25t

120

e e e oCEPO
=== CEP30

Pong ning electron (Up)

1400nm

——1600nm ‘\

| 1 1 I | 1.0 A . 1 I
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Vi tri ban dAu ciia electron (a.u.) Vi tri ban ddu cia electron (a.u.)

Hinh 4. Su phu thudc cia dong nang cua electron vao Vi tri ban dau cua electron.
Laser tuwong tac c¢é dé dai xung 2 chu ki,

(a) CEP =0°va budc séng khdc nhau; (b) bude séng 1200 nm va CEP khac nhau.
Dé giai quyét mau thuin trén, chlng t6i biéu dién xac sut ion hda ciia nguyén tir H &

trang thai chong chap L 1s)+|6s)) khi twong tac voi laser c6 CEP =90° (Hinh 5). B6
V2

thi cho thdy, electron tir trang thai |63> bi ion hoa hét trudce 0.37T,. Theo md phong cd
dién, nhing electron bi ion héa tir trang thai Ryberg |63> s€ cho nang lugng cuc dai
1.89U, (twong ung nang lugng HHG 51 eV). Sau do, trong khoang thoi gian 0.4T, dén
0.6T,, trang thai |ls> bit dau bi ion hoa va theo md phong cb dién, nhitng electron thoét ra
tu trang thai co ban |ls> s€ cho dong nang cyc dai 3.14U , tuong Ung nang luong diém
dirng 74 eV (hinh 2b). Luu ¥ ring, diém dimg gy ra bdi electron bi ion hoa tir trang thai
|ls> I6n hon so v6i diém dimg do electron bi ion hoa tir trang thai |63>. Hon nira, theo [8],

cuong do phé HHG dong gop boi electron bi ion hoa tir trang thai kich thich 16n hon rat
nhidu so véi cudng d6 HHG gy ra boi electron thoat ra tir trang thai co ban. Do do, trong
phé HHG tinh toan bang TDSE (Hinh 1b), c¢6 hai diém diung Gng véi hai mién phang co
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cudng do khac nhau. Mién phing thir nhat véi diém dimg |, +1.89U , gay ra bdi electron
bi ion hoa tir trang thai kich thich, va diém dung |, +3.14U do electron bi ion hoa tu
trang thai co ban. Véi CEP =75, hién tugng xay ra twong tu véi CEP =90°. Nhu vay,
chiing t6i két luan rang, véi CEP > 75°, sy tham gia cuia electron dugc ion hoa tir trang thai

co ban |ls> 1a nguyén nhan lam ting ning luong diém ding trong phd HHG.

[1s>

05_ H H T A\l T H T h

= = = Xdc sudtion héa||1s>
Xdc sudtion héa|1s>+|6s>
—E()

Xdc sudtion hda
\
/

0.0 0.2 0.4 0.6 0.8 1.0
Thoi gian (chu ky laser)

Hinh 5. X&c sudt ion héa ciia nguyén tir & trang thdi co ban |ls> Va trang thdi chong chdp
1
V2

XAc sudt ion héa tir trang thdi |ls> duwoc nhén 1én 3 lan cho dé nhin.

(|1S>+|63>) khi twong tdc véi laser c¢6 bude séng 1200nm, CEP=9( .

Duong biéu dién cgt*dng do laser duoc d_ici} 1én theo chiéu doc dé dé quan sdt.
Duong nam ngang mau xanh thé hién dién truong bang 0.

Nhu vdy, bang mé hinh ¢é dién mo ta chuyén dong cua electron trong dién truong
cua laser, chung toi da giai thich thanh cdng quy luat phu thudc cta vi tri diém dimg cua
phé HHG vao CEP cua laser.

4.  Kétluan

Bang phuong phép giai s6 phuong trinh Schrédinger phu thudc thoi gian, ching t6i

d4 tinh duoc phd HHG ciia nguyén tar H ¢ trang thai co ban |ls> va nguyén ttr Rydberg &

trang thai %(|13> + | 68>) khi twong tac v6i laser c6 CEP khac nhau. Két qua cho thay, quy

luat cta diém dimng cia phé HHG phu thudc vao CEP cua laser. Khi nguy@n tir ¢ trang thai
co ban |ls>, niang lugng diém ding ting dan khi ting CEP. Trong truong hop nguyén tir &
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trang thai %(|1s>+|65>) , nang luong diém dimg giam dan khi ting CEP cua laser tir 0°
dén 60% sau d6 tang dan khi CEP > 75°. D¢ giai thich anh huong ciia CEP laser 1én diém
dimg cia phd HHG, ching t6i dd ding mé hinh ¢6 dién mo ta dong ning cia electron
chuyén dong trong dién trudng cua laser. MO phong c¢6 dién phil hop tt véi két qua tinh s6

tir TDSE. Luu Y rang, trong truong hop nguyén tir Rydberg %(|1S>+|65>) tuong tac vdi

laser c6 CEP > 75°, su tham gia ctia electron bi ion hoa tir trang thai co ban da lam ting
ning luong diém dimg. Nhu vay, chung t6i da giai thich thanh cong sy anh hudng ciia CEP
Ién vi tri diém ding trong phd HHG ctia nguy@n tir hydro & trang thai co ban va trang thai

chong chap %(|1s>+|65>). Pay s& 1a co so dé chung t6i mo rong nghién ciu anh

huong ciia CEP 1én dinh luat ti 1€ theo budc song cua hi¢u suat HHG phat ra tu
nguyén tu Rydberg.

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

% Loi cdm on: Nghién ctu nay duoc tai tro béi Truong Pai hoc Sw pham Thanh phé
H6 Chi Minh qua dé tai ma sé6 CS2017.19.49. CAac tac gid chén thanh cdm on
TS Hoang Vian Hung — Khoa Vat i, Truong Pai hoc Sw pham Thanh phé H6 Chi Minh da
hé tro ki thuat gidi TDSE tinh ph(‘i HHG.
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