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Chuong trinh cai tién tinh toan pho dong
luong cua electron dudi tac dung cua laser

phan cuc tron

Pham Nguyén Thanh Vinh

Tém tit—Trong bai bio nay, ching téi giéi thiéu
mdt phwong 4n cii tién chwong trinh dwa trén ly
thuyét doan thoi gian nhim giam thoi gian tinh
todn, tir d6 mé rong tinh toin phé dong lwong ciia
electron dudi tic dung cia laser phin cuc tron
trong toan khong gian ba chiéu. Pay la mdt buéc
phat trién ciia cong trinh [Phys. Rev. A 92, 043402
(2015)]. Nguyén tir hydrogen va argon dat dudi tac
dung cia xung laser phan cuc tron c6 do dai xung
nira chu ky dwoe sir dung dé minh hoa cho kha niing
tinh toan ciia chwong trinh sau khi dwoc cii tién.
Két qué cho thdy chwong trinh cii tién co thoi gian
tinh toan dwogc giam dang ké nhung vén giir dwgc dd
chinh x&c twong dwong véi phién bian chwong trinh
dugc sir dung trong cac nghién ciru trude day.

Tir khéa—Ily thuyét doan thoéi gian, laser phin
cuc tron, phé dong lugng

1 MO PAU

I\/Iét trong nhirng huéng nghién ctu I6n va

cling 14 muc tiéu huéng dén cua vat ly
trrong manh khi xem xét twong tac cua laser voi
nguyén tir, phan tir 1a viéc chup anh cau tric van
dao nguyén tr, phan tir [1]. Vao nam 2004, J.
Itatani va cong su d gisi thigu mot bude ngoat rat
I6n trong viéc tai tao cau truc van dao ngodi cing
cua phan tor N2 khi sir dung phuong phap chup
anh cét 16p trong khong gian toa d6. Phuong phap
nay di duoc tdng quat héa boi C. Vozzi va cong
su [2] vao nam 2011. Tuy nhién, viéc sir dung
phuong phap nay c6 mot nhuoc diém 1a phy thuoe
vao su lya chon thuat toén cat I6p ciing nhu miu
tiéu chuan (thuong la nguyén tir co cing ning
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lugng ion hdéa véi hé dang xét). Do d6, mot
phuong phap khac dang duoc ky vong sé mang lai
thong tin chinh xac hon khi tryc tiép trich xuat
thong tin cau tric cua van dao nguyén tir, phan tir
tir phd dong lugng cua electron ion héa (PEMD —
PhotoElectron Momentum Distribution). Mot sé
két qua ban dau da dwoc cong bd nhu cac tinh
chit cua van dao phan tar H,* trong phd dong
lwong ngang (TMD - Transverse Momentum
Distribution) cua electron ion héa [3, 4]; cau trlc
cua trang thai Rydberg trong nguyén tu hydrogen
cling duoc quan sat truc tiép tir do dac TMD thuc
hién b&i nhém nghién ctu cua M. J. J. Vrakking
tai vién Max Planck [5].

Ngoai ra, véi su phat trién cua cong nghé ché
tao laser, laser phan cuc tron dang dugc trong cho
s& tré thanh mot cong cu rat manh trong viéc chup
anh van dao nguyén tir, phan tir béi nhitng nhidu
loan do su tai va cham cua electron véGi ion me c6
thé duoc loai bo [6]. Do d6 electron sau khi bi ion
héa s& bay vé dau do va mang toan bo théng tin
vé& cu tric cta van dao ma tir d6 nd dugc thoat ra.
C6 nhiéu céch tiép can vé mat ly thuyét dé giai
quyét bai toan nay, trong d6 ¢6 hai phuong phép
thuong dugc sir dung. Phuong phap thir nhat dya
vao nghiém chinh xac cuia phuong trinh
Schrodinger phu thugc thoi gian (TDSE — Time
Dependent Schroédinger Equation) [7]. Mac du uu
diém 16n nhét cua TDSE la do chinh xac cao,
ngudi sir dung can phai cd ngudn tai nguyén may
tinh rat I6n, dong thoi thoi gian tinh toan ciing rat
dai. Phuong phép tht hai chiém wu thé vé thoi
gian tinh toan ciing nhu dé dang theo doi su dong
gop cua tirng qua trinh vat ly trung gian vao két
qua cudi cung 1a “gan ding truong manh” (SFA —
Strong Field Approximation) [8-10]. Tuy nhién d6
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chinh xac va tin cdy cua phuong phip nay la
khéng cao, va kho c6 thé dua vao giai thich cac
két qua cua thuc nghiém bai ba nguyén nhan sau:
moét 1a phuong phdp nay bo qua tuong tac gilra
laser v6i nguyén tir, phan tir khi electron chua bi
ion hoa, do d6 sy suy giam va thay d6i cua cac
trang théi lién két khong duoc xét dén; hai l1a viéc
bo qua twong tac giita electron va ion me khién
SFA khong thé xem xét chinh xac trang thai tan
Xa ciia ham séng; cudi cling mac di mang tén gan
dung truong manh, nhung SFA chi ¢ thé 4p dung
duge cho laser c¢6 cuong d6 nho trong ving ion
hoa xuyén ngam. Tir d6, c6 mot cach tiép can
méi c6 thé khic phuc duoc tat ca khuyét diém cua
SFA, cho két qua chinh x4c cao twong duong véi
TDSE va khong doi hoi cau hinh may tinh cao
cling nhu thoi gian tinh todn kéo dai la v6 cung
can thiét. Bo chinh 1a phwong phap tinh sé dua
trén ly thuyét “doan thoi gian” (AA — adiabatic
theory) dwogc dé xuat boi nhom nghién ctu cua T.
Morishita [11]. AA c6 thé dugc &p dung cho dién
truong co do 1on bat ky véi diéu kién 1a trudng
laser dugc st dung phéai c6 bude song du dai,
nghia 1a bién thién cham theo thoi gian. Trong
truong hop cua nguyén tir hydro, budc song laser
c6 thé ap dung t6t AA vao khoang A > 600 nm
[11].

Vao thoi diém hién tai, ly thuyét doan thoi gian
did dwoc 4p dung dé tinh cho hé nguyén tir
hydrogen trong truong hop laser phan cuc thing
[11] v& m¢ rong cho laser phan cuc tron [12]. So
voi TDSE, phuong phap nay da giap cai thién
duoc rat dang ké thoi gian tinh toan. Thi du thay
vi can phai tén 1 tuan véi hé may 8 nhan chay
song song khi sir dung TDSE, viéc tinh két qua
cho hinh s6 5 trong cong trinh [12] chi can tn
khoang 30 gio véi 1 nhan may tinh khi s dung
AA [12]. Tuy nhién, nhitng cong trinh trude day
[11,12] chi tap trung khao sé&t cho bai todn hai
chiéu trong mat phing chtra vector phan cyc cia
laser véi @6 dai xung laser 1a mot nira hoac mat
chu ky quang hoc. Khi mé& rong tinh todn cho
khong gian ba chiéu, dong thai ma rong cho laser
nhiéu chu ky quang hoc, churong trinh tinh dugc
sir dung trong cdng trinh [12] s& ton rat nhiéu thoi
gian. Ngoai ra thoi gian tinh todn s& v cung lon

khi mé rong khao sat cho cac hé phan ti. Twr do,
viéc cai tién chuong trinh nham rt ngan thoi gian
tinh toan 1a vo cling can thiét.

Trong bai bao nay, ching t6i dé xuat mot y
tuong don gian dé cai tién thuat toan cia chuong
trinh nhiam rat ngan thoi gian tinh todn va van
dam bao d¢ chinh xac cuia két qua. Bé danh gia
mic do tin cdy cua chuong trinh méi, dong thoi
danh gia kha niang rat ngan thoi gian, ching toi
xem xét nguyén ti hydrogen va agron dat trong
truong laser phén cuc tron c6 d6 dai nia chu ky
va so sénh vai két qua cua cong trinh [12] d6i véi
hydrogen. PEMD cua electron ion hoda ciing dugc
ma rong tinh toan trong khong gian ba chiéu. Pay
chinh 14 nhitng m& rong can thiét cho nhitng
nghién ctu trude day [11, 12] trudc khi ¢d thé ap
dung khao sat cho bai toan phan tir. Ngoai ra, su
ma rong ndy ¢ ¥ nghia quan trong ddi véi thuc
nghiém bai ciu tric cua van dao nguyén tir, phan
tr ¢6 thé ghi nhan dugc tr PEMD trong mat
phing vudng géc voi mat phiang phan cuc cua
laser [3-5].

2 VAT LIEU VA PHUONG PHAP
Dbi voi mot electron tuong tac v6i thé hat nhan
V(r)va dugc dat trong truong laser F(t),
phuong trinh Schrédinger phu thudc thoi gian co
dang (hé don vi nguyén tir duwoc st dung trong
toan b bai bao nay)

vy _ (_%A +V(r)+ F(t)rjz//(l’,t)

ot (1)

Xung laser phan cuc tron dugc chon sao cho
vector dién truong nam trong mat phang oxygen,
nghia 14 laser duoc truyén doc theo Oz. Khi do,
phuong trinh md ta xung laser c6 dang:

F(t) = Fyexp[ —(2t/T)*](e, cos et + e, sinct) ?

Can Iuu y xung laser thoa min diéu kign
va duoc dic trung bai bién do Fo, tan sé goc o

va d6 dai xung T.
Diéu kién ban dau ctia phuong trinh (1) c6 dang

w(r,t — —0) = g (r)exp(—iEyt) )
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Trong d6 ¢o(r) va Eo lan luot la ham séng va
gié tri nang luong cua trang thai lién két ban dau
ma tir do electron bj ion hoa va la nghiém cua
phuong trinh Schrodinger ding khi chua béat laser:

(—%A +V(r)- Eo)qﬁo(r) =0, I¢§(r)dr =1
®)

Theo AA [11], ham song w(r,t) trong phuong
trinh (1) c6 thé dugc tach ra thanh hai thanh phan:

p(rt) =, () +y,(rY (©)

VGi wa(r,t) Va wi(r,t) 1an luot |1 thanh phan ham
séng truc tiép cua electron sau khi bi ion héa va
thanh phan tan xa gay ra bai qua trinh tai va cham
cua electron va ion me. Khi st dung laser phan
cuc tron, xac suat dé qua trinh tai va cham nay
xay ra la rat nho, do d6 sé hang thtr hai trong
phuong trinh (6) c¢6 thé duoc bo qua trong nhitng
budc tiép theo dé din dit dén cong thuc tinh
PEMD vao thoi diém cudi khi xung laser da duoc
tat di [12].

Qua trinh rut ra cbng thuc giai tich cua phén
bé dong lugng dugc trinh bay rat chi tiét trong
[11], vi vay trong bai bdo nay ching t6i chi tom
tat lai nhitng két qua quan trong twong tng Vi
chuong trinh giai sd. Thanh phan ham séng truc
tiép wa(r,t) co thé duoc viét dudi dang [11]:

va(r,t) = gy (r;t) exp[—is, ()] @)

trong d6 s, (t) la tac dung luong tir va duoc
tinh theo cdng thirc

S0 =E )+ [ [E)-Eldt’  ®

va ¢ (r;t) chinh la trang thai Siegert dudi tac
dung cia dién truong tinh c6 cuong do bang
cuong do dién truong tuc thoi cua xung laser (2).
Dé thoa man diéu kién ban dau (4):
E,(t>—x0)=E,, ¢grnt—>-o)=¢() (9
PEMD dugc dinh nghia theo cong thuc:

P(k) =[1 (k) (10)

Trong d6 1(K) = <y/k(’) |y/(t - oo)> 1a bién d¢

phic cia PEMD voi K 1a dong luong va

NATURAL SCIENCES, VOL 2, ISSUE 4, 2018

w, 7 (r) 1a ham s6ng cua electron ¢ ving ti¢m

Can réat xa ion me khi truong laser da tit va duoc
chuin hoa theo diéu kign
(O |w ) =(27)’ 5(k-k') [12]. Tuong
tw nhu ham séng y(r,t), PEMD ciing c6 thé
duoc  tach  thanh  hai  thanh  phan
I(K)=1,(K)+ 1, (k) tuong ung véi tin higu ghi
nhan duoc khi electron dén thing dau do sau khi
bi ion hoa va electron dén dau do sau khi trai qua
qua trinh tai va cham véi ion me.

Ngoai ra, trong AA thanh phan 1 (K) co thé
tinh theo dang téng quat hoic dang gian lugc
(twong Gng Vvéi cac phuong trinh (22) va (30)
trong [12]). Can luu y dang tong quat cua AA chi
c6 thé &p dung duoc néu céc théng sb cua trang
thai Siegert bao gom ¢, (r;t) va E, c6 thé duoc
tinh khi xét dién truong tinh c¢6 dang phic
[12,13]. Tuy nhién, cach tinh nay hién tai chi cé
thé 4p dung cho nguyén tir hydrogen véi cau tric
cac mat nghiém phuc cua trang théai Siegert la
khdng quéa phtc tap, viéc mg rong tinh toan cho
cac hé phic tap hon van chwa dugc thyc hién.
Ngoai ra, cac phan tich trong [11, 12] da chi ra
rang d6i vai laser co bude song du lon, cach tiép
can theo dang gian luoc cho két qua chap nhan
duoc khi so sanh véi TDSE. Vi du d6 dai xung tir
khoang T =40a.u. cho laser nia chu ky twong
ung voi budc song A =580nm. Do d6, trong
nghién ctu cua ching t6i khi cai tién chuong trinh
tinh cho AA nhim &p dung théng nhat cho cac
nghién ctu sau nay voi nhirng hé phac tap hon,
I, (K) duoc xét c6 dang gian lugc nhu sau:

I (k) = exp(iz /4)(2@1/22%

xexp[iS(t;, k) —is, (t;)]

(11)

Trong phuong trinh (11), t; chinh la thoi diém
ion hda cua electron sao cho electron d6 ¢6 thé dat

duogc dong luong K vao thoi diém cudi cua xung
laser va dugc xac dinh tir phwong trinh

e, (k) =0 —t=t(k) (12)
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A, (AK ;t,) chinh Ia bién do phic caa TMD

1
cua electron dudi tdc dung cua dién trudng tinh ¢
d6 16n cuong do dién truong bang dung gia tri tc
thoi cua dién truong laser vao thoi diém t,. Quy
trinh tinh s6 chinh xac gia tri cua A (AK ;t,)
duoc trinh bay cu thé trong [13] cho nguyén tir va
[3] cho phén tir. Ngoai ra Sy(t) la tc dung lwong
tir dugc tinh theo phuong trinh (8) va S (t, k) la

tac dung ¢ dién c6 dang

1.5 leer o0, 2 '
S(tk)=2k t—EL [u?(t' k) —k*]dt’ (13)
trong d6 vector U, (t,K) la gia tri dong lugng

ban dau cua electron vao thoi diém t sao cho dong
luong cua electron dang xét dat gia tri K khi laser
duoc tit di (t - oo) .

U, (t.K) =k — K, () (14)

Tinh tri riéng phie £ cho F= 0 dén
F . strdung chuong trinh Siegert

T " ¢ T ~ ,»-/ 1“‘\\ Sail T PO Ry S
( Bt ddu :?—V/i-)t)c thong so dau viao ~—<_Kiém tra F, = F > Tinh quy dgo co d'“T““.
~ 7 - / ~— e electron theo pt (14) va (15)

W Bio 16i bién do ]a:-.cr}i

-~ \/*'

voi Kk, (t)=v, —v(t). v(t) duoc xem la
dong luong cb dién thé hién sy chuyén dong caa
mot electron dudi tac dung cta dién truong F(t)

v =-[ Ft)dt, vit>w)=v, (15

3 KET QUA VA THAO LUAN

Muc tiéu chinh trong bai bao nay la cai tién
chuong trinh dua vao AA dang dugc sir dung
trong cac cong trinh [11,12] dé giam thoi gian tinh
toan nhung van gitr dugc do chinh xéc, tir d6 co
thé m& rong cho viéc xem xét PEMD trong toan
khong gian dong lwong ba chiéu. Cau truc cua
chuong trinh hién tai dugc phan tich va thé hién
trong hinh 1.

Xiéc dinh thoi diém ion hoa ¢, |
\ . ’ el
theo pt (12) cho tirng vi tri k

Tinh tac dung lwong
tir theo pt (8)

Tinh tac dung ch
dién theo pt (13)

Tinh toan bicn do phire cua TMD 4, trong pt (11)

rng voi timg thoi diém ¢ su dung chuong trinh Siegert

trong pt (11) cho timg vi tri k

Tinh bién d¢ phire cua PEMD‘

v

//

P
o, Ny
L Keét thac <

ki

1 A« -
Ghikétquara file

Hinh 1. Céu tric chinh ciia chuong trinh dugc sir dung trong cac cong trinh [11,12]

Budc dau tién, chuong trinh tinh tri riéng phuc
E cua trang thai Siegert dudi tac dung cua dién
truong tinh F=0—>F_, V6 F_  dugc chon

tuy y sao cho F_ >

o > 12 bién d6 dién truong
cua laser dugc su dung. Sau khi doc thdng sb dau
vao lién quan dén céc tham sb cua laser, ving
khong gian dong luong can tinh toan, chuong

trinh s& tai kiém tra diéu kién cua F, dé chac

chin E_ >

- > F,. Sau khi da c6 du thong tin dau
vao, chuong trinh tién hanh tinh toan quy dao c6
dién cua electron dva vao thuat toan Rungu-Kutta
[14] dé xac dinh nhiing dai lwong trong cac
phuong trinh (14) va (15). Tir d6, tac dung ¢ dién
va lugng tu twong ting trong phuong trinh (13) va
(8) duoc tinh toan. Tiép theo, chwong trinh s& ra
soat timg diém toa d6 k trong khong gian dong

lugng dé xac dinh thoi diém ion héa t. theo
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phuong trinh (12). Can luu y rang s lugng
nghiém cta phuong trinh (12) tiy thudc vao vi tri
cua k va sé chu ky laser duoc st dung. S6 lugng
nghiém nay tang 1én khi chu ky laser cang lon.
Viée xdc dinh thoi diém ion hoa t; twong tng
voi K co y nghia quan trong trong cac budc tinh
toan tiép theo bai tat ca nhirng thong sé can thiét
cua laser tng véi thoi diém t; nhu do 16n tc thoi
cia dién truong, pha ban dau cua laser déu dé
dang nhan duoc tir phuong trinh (2). Budc chuin
bi cudi cing chinh 1a tinh bién d6 phic
A, (Ak ;t) cua TMD tng vai timg gid tri cua

t. Céc thong sé can thiét dung & tinh

Ay (Ak ;t) bao gom do Ion cua dién truong

F(t) va Ak, déu da duoc suy ra khi biét t;.
Cuébi cing, chwong trinh téng hop tat ca nhimg dai
lwong trung gian dé tinh bién do phuc cia PEMD
theo phuong trinh (11) va suy ra PEMD theo
phuong trinh (10).

Trong ciu trdc cua chwong trinh, phan tn
nhiéu thoi gian nhat chinh 1a qua trinh tinh toan
bién do phac A, (Ak, ;t;) g véi tung thoi diém
t;. Ngoai ra, viéc tinh A (AKk,;t;) bi lap lai
trong nhirng lan chay chwong trinh khac nhau. Do
d6, hiéu nang tinh toan cua chuong trinh van con
thap, chi phu hop khi xem xét hé don gian nhat Ia
nguyén tir hydrogen. Pdi vai nhitng hé nguyén tu
I6n hon nhu cic nguyén tir khi hiém hozc tham
chi la cac hé phan tu, thoi gian tinh 12 qua 16n dan
dén tién do nghién cau bi tri tré. Nhu vay, dé
giam thoi gian tinh toan cta chuong trinh, budc
tinh A (Ak,;t;) can phai cai tién. D¢ tranh nham

Ian, tir day tro di chung t6i goi phién ban chuong

NATURAL SCIENCES, VOL 2, ISSUE 4, 2018

trinh hién tai 1a CP (Current Program) va chuong
trinh dugc cai tién 1a IP (Improved Program).

Tur nhitng phan tich trén, chdng t6i tap trung cai
tién chuong trinh tai buoc tinh A (Ak ;t;). Cén
lru y A (AK;t) 1a mot ham phu thuge vao ba
yéu to Ak, ¢, va F lan luot 1a do I6n cua
doéng lugng ngang, goc phuong vi trong khéng
gian dong luong Vai
Ak | =(Ak, cosg,, Ak, sing,), va d6 lén cua
dién truong tinh. Trong chwong trinh cai tién, ca
tri riéng phac E(F) va A(F, Ak ,¢,) duoc
chuin bi truéc dua vao chuong trinh tinh toan
trang thai Siegert [3,13] dudi dang ma tran, vai
E(F) 1a ma tran hai chiéu [F,E] va
A(F,Ak ,p) 1a ma tran bon
[F,Ak ,¢,, A]. Saudo, IP s€ doc va luu lai toan
bo ma tran dir ligu cua E(F) va A(F,Ak,,¢,)
ngay tir budc dau tién, dong thoi s dung thuat
toan noi suy bicubic spline [14] dé noi suy ra gia
tri cia E va A(Ak,;t) tuwong wng Voi
Ak, =k—k,(t) va F(t;) . Nhu vay, IP chinh la
tinh toan gan dung cua CP dya vao bo sé liéu sin
6, do d6 dé dat duoc sy chinh xac cao trong qué
trinh ndi suy, s diém ludi duoc chon khi xay
dung ma tran dau vao phai du I6n. Didu nay dé
dang duoc thuc hién va khong chiém quéa nhiéu
thoi gian khi st dung chuong trinh tinh trang thai
Siegert [3,13], ddng thoi chi can tinh mot lan duy
nhit cho mot hé xac dinh. CAu tric cua IP duoc
mé ta trong hinh 2.

chiéu
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Tinh tri neng phirc E va bién d¢ phirc cia TMD A,
,,,,, . str dung chuong trinh Slegert

Bio 15i bién do laser }—

Bing

BZi d du r—y Doc thong s6 ddu vio Kh.m tra
- e /

Tinh quy dao ¢6 dién ctia
electron theo pt (14) va (15)

,’\—D

Xac dinh thoi diém ion héa ¢,
theo pt (12) cho timg vi tri k

NOoi suy gid tri clia 4, trong pt (11)

Tinh tac dung hr(_)fn g
tr theo pt (8)

Tinh tic dung ¢
dién theo pt (13)

[nh bién d¢ phie cua PEMD

tmg vai timg théi diém ¢,

trong pt (11) cho timg vi tri k

v

f/- 4
(Két thic <

t

Ghi két quara file

Hinh 2. CAu tric chinh cua IP. Nhimg phin da cai tién dugc danh ddu béi nén nau

Dé kiém ching sy hiéu qua cua IP, ching toi
tién hanh tinh toan cho truong hop don gian nhat
la nguyén tr hydro bang ca IP va CP. Thé ning
trong tac dugc chon c6 dang théng nhit voi
nhiing tinh toan trong [11,12]

exp| —(r /10)?
VP CEELU Bl B
r

Khi do, trang thii co ban 1S cua nguyén to
hydrogen khi chua c6 dién trudng ngoai cd nang
luong lién két E, = —0.485483. Ching toi tién
hanh tinh toan khi dat nguyén ti hydrogen dudi

tic dung cua truong laser c6 bién do
F,=0.07au. (twong 0ng VGi cudong do
| =3.51x10" W/cm?), d6 dai xung nira chu ky
VeI T =40a.u,, tan s6 g6c
o=r1T =0.079a.u. (budc song

A ~580nm). PEMD dugc tinh trong mat phang
(k..k,) voi k, €[-2505] va k, €[-2.0,0.5]
tuong g V6i s6 diém ludi duoc chon la 100 x 80.
Tong s6 nghiém cua phuong trinh (12) cho toan
mat phang (K,,k,) 1a N, =9267. Do thoi gian
st dung dé tinh toan cho cac budc con lai 1a nhu
nhau gitta CP va IP, thoi gian tinh toan t_ duoc
xét twong dwong vai thoi gian cua budce tinh bién
do A (AK,;t;) nham thé hién rd su cai tién va
dugc thé hién trong bang 1.

Bang 1. Thoi gian tinh toan t,

t (9
Hexemxét | N, x Nky N,
CP IP

Nguyén tir 100x 80 9267 63589 23
hydro

Nguyén tir 250 x 200 57354 396086 24
hydro

Nguyéntr | 250x200 | 57354 | ~1987156 | 23

argon (*)

Nguyén tir 250x1 255 9940 4

argon

(*) du doan thoi gian tinh

Nhu thé hién trong Bang 1, khi sé diém luai 1a
100 x 80, CP can 63589 s ~ 17.7 h dé hoan thanh
viéc tinh toan, IP chi can 23s. Khi s diém ludi
dugc ting 1én dén 250 x 200 nham ting d6 phan

giai cia PEMD, N =573%4 |3 CP cin sir dung

khoang 3960865 ~110h ~ 4.58 ngay dé tinh toan

trong khi thoi gian tinh khi st dung IP hau nhu
khong thay doi, chi xap xi 24 s. Can luu ¥ rang,
nhitng kiém ching néu trén déu la nhitng tinh
toan trong mat phang (k, ky), khi mé rong ra cho
toan khong gian ba chiéu (K ,k ,+K,) thi thoi gian
tinh khi sir dung CP s& tang ty Ié thuan véi s6
diém Iudi dugc sir dung trén truc K, .Ching toi
ciing dwa ra dy doan vé thoi gian tinh toan khi mo
rong xem xét cho nguyén tir phirc tap hon nhu
nguyén tir argon dudi tdc dyng cua cung xung
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laser. Bé nhan dugc gié tri A (Akl;ti) c6 do hoi
tu cao thi s6 h¢ ham co s¢ sir dung dé khai trién
ham séng khong thay ddi nhung sb hang trong
khai trién ham song Siegert [13] phai ting khoang
15 lan. Khi nay thoi gian tinh cho mdi budc ung
v6i nguyén tir argon ting khoang 5 lan so véi
nguyén tur hydrogen, vao khoang
19871565 ~ 552 h ~ 23 ngay. Viéc st dung nguyén
tir argon ¢6 y nghia khang dinh lai két luan vé tinh
hiéu qua cua IP nén chdng toi chi khao sat PEMD
doc theo truc K, va di qua diém Kk, (0) (duong
dut nét mau trang trong hinh sé 3) véi s diém
lugi 2501, khi d6 CP tinh hét 9940s~2.76h,
va IP chi can khoang 4s dé hoan thanh viéc tinh
toan. Nhitng két qua trén da khang dinh sy vuot
troi cua IP so voi CP vé& mit thoi gian tinh ton.
Tiép theo, két qua tinh toan khi sir dung IP
dugc so séanh voi CP dé phan tich d chinh xac
cua IP boi day 1a tiéu chuan chinh danh gia mirc
do tin cdy cua IP nham 4p dung cho nhitng hé
phuc tap hon trong cac nghién cttu sau nay. Hinh
3 mb ta PEMD cua nguyén tir hydrogen duéi tac
dung cua laser nira chu ky véi cac théng s6 nhu da
duoc trinh bay & phan trén. Trong hinh 3a va 3b,
PEMD duoc tinh trén toan mat phang (k,,k,)
khi k, =0, day ciing chinh 1a mat phing phan cuc
ctia trudng laser. Trong hinh 3a, duong cong lién
nét mau tring thé hién quy dao cd dién cua
electron K, (t,). Két qua cho thdy PEMD dugc

phan b theo dang hinh xuyén bao quanh duong
lién nét mau tring trong Hinh 3a. Ngoai ra, hinh
3¢ va 3d ciing thé hién PEMD doc theo duong cat
di qua k,(0) =(-0.67,-0.74) (hai duong dut nét
mau tring trong hinh 3a) cho IP va CP nham dé
dang hon trong viéc so sanh. Két qua cho thay
tinh toan tir IP hoan toan trung khop vai CP véi
sai s6 tuong ddi giita hai phuong phap luén nho
hon 2% trong mién dwoc khao sat & hinh 3¢ va 3d
(xem hinh 3e va 3f). Ngoai ra d6 sai léch tuong
d6i (RE — Relative Error) giira IP va CP trong
toan mat phang (K,,K,) ciing da duoc tinh toan

va ludn nhé hon 2% nhu di thé hién cho hai
duong cat dai dién | va 1. Can Iuu y rang CP ludn
cho két qua chinh xac hon boi CP tinh truc tiép

NATURAL SCIENCES, VOL 2, ISSUE 4, 2018

bién do A, (Ak ;t,) tir trang thai Siegert [3,13],

con IP trich xuat bién do A, (Ak
tran dir liéu dau vao dua trén phép noi suy bicubic
spline [14]. Su sai léch nay 1a diéu khéng thé
tranh khoi va c6 thé duoc lam giam di mot cach
dé dang bang cach ting s6 diém lugi trong ma
tran dir ligu dau vao cua A (AKk,;t) nhu da

;t) tr mot ma

phan tich & phan trén. D6 sai léch 2% chinh 1a su
xé&c nhan rang di liéu dau vao ma chuéan bi da du
56 diém ludi can thiét dé thu duoc két qua co do

tin cay cao.
CP
5/
=
(b)
-5 -1 05 0
k., (a.u.)
15 . . 15
P
CP
= 10 (©) g 10+ (d)
S
= /A
—_~
& st 5 /
o . . ) 0 . .
-5 -1 =05 0 -5 -1 0.5 0
k. (a.u.) k, (a.u.)
2 . . 2 . .
L5+
& .
m
I~
0.5

05 0 1.5 -1 -0.5 0
k, (a.u.)

-ll.5 -1
k. (a.u.)

Hinh 3. PEMD cua nguyén tir hydro duge dat dudi tic dung cta
F, =0.07au,
@=0.079a.u., vd T =40 a.u. khi tinh bang IP (hinh a) va CP
(hinh b) trong mat phing (k,, ky) khi k, =0. Trong Hinh a,

laser phan cuc tron nta chu ky co

dudng cong lién nét mau tring thé hién quy dao c¢b dién ka (ti)
clia electron, hai dudng dut nét mau tring twong tmg véi truong
hop k,,(0) (1) va k, (0) (D). Hinh ¢ vi d twong tmg véi
PEMD doc theo dudng I va II. Hinh e va f thé hién sai s6 twong
déi gitra IP so voi CP tuong tmg v6i hinh ¢ va d.

Viéc giam rat dang ké thoi gian tinh toan gidp
chang t6i dé dang ma rong tinh toan PEMD tur hai
chiéu trong mat phang phan cuc cua laser sang
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toan mién khéng gian ba chiéu. Hinh 4 md ta
PEMD trong mit phang (k,,k,) chira duong dat
nét sé 2 trong hinh 3a, nghia la di qua diém
k,,(0) =—0.67 . Trong mat phing (k,.,k,) khong
c6 su tdc dong cua ngoai luc nén PEMD trong mat
phang nay chinh 1a TMD va duoc ky vong chira
dung rat nhiéu théng tin vé ciu trdc cua van dao
nguyén tir, phan t&c ma tir d6 electron bi ion hda
bai truong laser [3-5]. Ngoai ra, viéc do dac
PEMD trén mit phiang nady bang thuyc nghiém
hoan toan cé thé dugc thuc hién trong thoi gian
ngin sip toi voi sy phat trién cua cong nghé do
dac. Do d6 viéc mo rong tinh toan c6 y nghia rat
guan trong trong viéc tao nén mong ly thuyét cho
phan tich thuc nghiém. Hinh 4 cho thay PEMD
trong mat phang (k,,k,) 1a nhimg duong tron

ddng tam thé hién tinh chat ddi xing ciu cua
trang thai 1s ctia nguyén tir hydrogen.
0

-0.5

k, (a.u.)

0.5 0
k. (a.u.)

0.5

Hinh 4. PEMD trong mit phéng (ky, k;) chira dwong 1 trong
Hinh 3a khi nguyén tir hydro dugc dat dudi laser dugc su dung
trong Hinh 3

Cudi cung, chang t6i md rong tinh toan cho
nguyén tir argon. Khi nay thé ning tuwong tac
V(r) trong gan dang mot dién tir hoat dong co
dang:

V(r)=-

Zeﬁ (r) (17)
—r )

Trong d6 gié tri bieu kién Z_ (r) 1a mot ham

phu thudc vao bén kinh r va dwoc dé xuét boi
[15, 16]:

Zy () =N —(N-1){1-[(b/a)(e" -1)+1]*} (18)

Véi N 14 gid tri dién tich cua hat nhin tuong
wng. Trong nghién ctu nay, ching t6i quan tam

dén electron hoat dong nam & phan 16p ngoai
cling, tuong Gng Vvéi 16p 3p véi s6 luong tir tir
ludn nhan gid tri m=0. Bo thong sb (a,b) dugc
su dung trong tinh toan la (1.704, 2.0810). Khi do,
nang lugng ion hda cia electron & trang thai dang
xét 12 0.579069, tring khép véi cac két qua cua
[17]. Nguyén tir argon dugc dat dudi su tac dung
ctia xung laser c6 théng sé twong tu Véi truong
hop cuaa hydrogen. V& mit thoi gian tinh toan, IP
da thé hién sy vuot troi so véi CP nhu phén tich &
trén. hinh 5 cho thay két qua tinh PEMD doc theo
hai duong cit trong hinh 3a (hinh 5a va 5b lan
luot twong tng v6i dudng cit I va 1) 1a nhu nhau
d6i véi IP va CP. Do léch twong ddi RE giira hai
két qua van luén nho hon 1% (hinh 5¢ va 5d). Day
chinh Ia sy tai khang dinh do tin cay cua IP. Tir d6
c6 thé két luan IP 1a du tin cay dé tinh toan cho
nhiing hé phic tap hon hoac xem xét bai toan can
d6 phan giai cia PEMD lon.

45 ——1pP + CP A 45 - /\\ ]

- (a) (b) \
5 30t E 301 fr \ i
z \
Aoast / \ { 15} -

0 : : 0

1 T T 1 -

(©) (d)

9
= o5} 1 ost i
m
[

) [\ S A . y

25 <15 05 05 2 -1 0

k, (a.u.) k, (a.u.)

Hinh 5. PEMD cua nguyén tir argon duoc dat dudi tdc dung

cua cung xung laser dugc sir dung trong hinh 3 twong ung

véi duong cit doc theo kax(0) (Hinh &) va key(0) Hinh b;

Hinh ¢ va d thé hién sai sé tuong ddi giita IP so véi CP

tuong tng véi hinhavab

Ngoai ra biéu hién caa PEMD d6i vé6i nguyén
tir argon la twong tu nhu véi nguyén tir hydro.
Nguyén nhan la do laser dugc s dung c6 bién do
di¢n truong yeu F;=0.07a.u. tuong Gng véi
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hi¢u tng ion hda xuyén ngam cua electron. Do d6
van dao nguyén tir khéng bi nhiu loan manh thé
hién & viéc TMD (Hinh 3d va 5b) cé dang phan
bd Gauss. Khi ting F, sao cho electron bi ion hoa

theo hiéu tng vuot rao, van dao nguyén tir dugc
du doan s& bi nhidu loan rat manh, anh huong dén
su phan bd cua electron bén trong van dao, va
TMD s& khéng con giit dugc dang phan b Gauss
[3,13]. Tir d6 PEMD duogc du doan s& co biéu
hién khac di rat nhiéu so véi nhirng két qua duoc
trinh bay trong bai bado nay. Nhirng khao sat nay
s& duwgc xem xét trong nghién cuu tiép theo cua
chlng t6i.
4 KET LUAN

Trong bai bdo nay, ching toi di dé& xuit mot
giai phap du don gian nhung c6 hiéu qua rat cao
trong viéc cai tién chuong trinh tinh toan dya vao
AA nhim xem xét PEMD cuia nguyén tir dudi tac
dung cua truong laser phan cuc tron. Két qua
khao sat cho thdy thoi gian tinh toan duoc rit
ngan rat dang k& Nguyén nhéan 1a do trong IP
Ay(AK ;t) dugc trich xuat dya vao phuong

phap noi suy tir mot dir liéu san co thay vi dugc
tinh chinh xac cho tirng diém trong CP. B6 di liéu
nay chi can chuan bi mot 1an cho mai hé xac dinh.
Két qua phan tich ciing cho thy viéc rit ngan thoi
gian khong anh huong dén tinh chinh xac va do
tin cay cua IP so voi CP khi sai léch tuong ddi
gitta hai phién ban nay ludn nhé hon 2%. Pay
chinh 12 mot tién dé c6 y nghia rét I6n trong viéc
ma rong khao sat PEMD trong toan mién khong
gian ba chiéu ciing nhu cho nhiing hé I6n hon nhur
phan tir trong nhiing nghién cau tiép theo.

Loi cam on: Pé tai nay dwoc tai tro kinh phi
boi truong Dai hoc Suw phagm TP.HCM duoi hinh
thire dé tai khoa hoc va cong nghé cap truong ma
56 CS.2017.19.51.
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Abstract—In this paper, we propose an improved
method to curtail the time consumption of
calculation within the adiabatic theory for the
photomomentum distribution (PD) of hydrogen and
argon atoms. The method is then extended for three-
dimensional PD induced by circularly polarized
laser. The study is an extension of the work [Phys.
Rev. A 92, 043402 (2015)] and a direct comparison

of calculating efficiency based on that work is made.
The hydrogen and argon atoms exposed to half-cycle
laser pulses are used for illustration the applicability
of the improved program. The results shows
significant reduction in calculation time as well as
good consistence between the current results and
previous studies.

Index Terms—the time consumption of calculation, circularly polarized laser.



