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TOM TAT

Bang cdch mé phéng, ching t6i kiém ching ]cét qua thyc nghiém vé viéc chup dnh
dong cua Iop dién tu ngoai cung (HOMO) va Iop lién ké ben trong (HOMO-1) cua phan tir
N> tur nguon phat xa song hai bdc cao do twong tdac voi chum lade manh xung cuc ngan.
Keét qua mo phong phii hop voi keét qua thuc nghiém. Chung toi cing chi ra rang de c6
duwoc hinh anh HOMO nhu két qua thuc nghiém, nguon lade can co budc song it nhat la
1200nm thay vi 800nm va voi budc song 2400nm hinh anh sé tro nén hoan hao.

Tir khéa: chup anh dong, song hai bac cao, lade xung siéu ngin.

ABSTRACT

Dynamic imaging of N, molecule by tomographic method using high-order
harmonic generation

By simulation, we confirm the recent experimental results about dynamic imaging of
the highest occupied molecular orbital (HOMO) and the second least bound orbital
(HOMO-1) of N; molecule using high-order harmonic generation (HHG) with ultrashort
pulsed laser. The reconstructed images agree with the experimental results. We point out
that in order to obtain the imagez of HOMO, like that of experimental works, the laser
must be at least 1200nm of wavelength, instead of 800nm and with 2400nm the image
quality is perfect.

Keywords: dynamic imaging, high-order harmonic generation, ultrashort laser pulse.

1.  Gidi thi¢u

Trong vong hai thap ki gan day, viéc thu nhan thong tin cau tric dong cua phan tir
bang ngudn xung lade siéu ngan da tro thanh mot trong nhitng hudng nghién cru thi vi
trong cong dong khoa hoc. Khi phan tir hay nguyén tir twong tac v6i chum lade manh,
mot trong nhing hiéu tng quang phi tuyén xay ra la sy phat xa song tht cap (chung toi
goi la song hai bac cao, viét tit 1a HHG cuta cum tir High-order Harmonic Generation)
[1]. HHG phat ra do su két hop cua dién tir da bi ion hoa trudec d6 vdi ion me vi vay
chung mang thong tin ciu trac cua phan tir. Nam 2004, hinh anh dam may dién tir 16p
ngoai cung (HOMO) cta phan tu khi N, da duogc tai tao tu ngu(‘A)n dwr liéu HHG phat ra
do twong tac giita cdc phan tir v6i chum lade héng ngoai 800nm c6 d6 dai xung
30femto gidy (fs), cuong d6 2.10"*W/cm? [3]. Thong tin vé dam may dién tir N, duoc

" TS, Truong Pai hoc Sw pham TPHCM
PGS TSKH, Truwdng Dai hoc Sw pham TPHCM
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ghi nhén trong thang thoi gian femto gidy, chinh la thang thoi gian dién ra su dao dong
cua phan tir nén dugc xem la thong tin cau trac dong. Chinh thanh cong nay dé thu hat
nhiéu mdi quan tdm ctia cac nhom nghién ciru vé viéc thu nhan cac thong tin clu trac
dong phan tu tr HHG [2, 6, 7, 8, 10]. Trong cac cong trinh [6, 7], bang cach tai tao
HOMO ciia cac phén tir thang nhu N, O,, CO, tu nguéon HHG m6 phong, chung to61 da
khang dinh két qua cua cong trinh [3 [3], dong thoi cling da chi ra sy phu thudc cua chat
luong hinh anh vao bé rong cua mién phang trong phd HHG. Theo d9, ket luan duogc
dua ra 1a dé thu dugc hinh anh véi chat lwong dwoc mé ta nhu hinh s 4 trong cong
trinh [3], nguén lade dugc sir dung phai c6 budc song dai hon 800nm, 1200nm 1a mat
vi du cu thé.

Gan day, trong cong trinh [2], nhom tac gia Haessler d3 tai tao thanh cong khong
nhitng HOMO ma con hinh anh ciia 16p dién tr lién ké bén trong (HOMO-1) cuia phan
tor N, tr dit liéu HHG do dac dugc. Trong cong trinh trén, tur nguén dir liéu HHG thuc
nghiém, céc tac gia da tinh toan dugc su dong gop cua tung 16p dién tir, day chinh 1a co
s& quan trong cho viéc tai tao thanh cong hinh anh cia ca hai dam may mot cach dong
thoi. Piéu thu vi 1a trong cong trinh [2], cac tac gia ciing da khang dinh lai két qua da
dugc ding trong cong trinh [3] voi cing mot chat lwong va diéu nay khac véi ket qua
ctia chiing toi trong cong trinh [6]. Chinh diéu nay di kich thich chung toi tién hanh
nghién ciru chi tiét hon qua trinh chyp anh cho phan tir N,.

Trong bai bao nay, chung t61 sé€ tai tao hinh anh HOMO va HOMO-1 cua phan tir
N, tur ngudn HHG mé phong. ‘Muc dich cua cong trinh nay khong chi dé kiém ching
két qua cia [2] ma con cung cdp cho ngudi doc thay mét moi quan hé sau sdc gitra chat
lwong hinh anh tai tao dugc va d6 rong cua mién phang trong phd HHG, lién quan t6i
mat thiét voi do dai bude séng ciia chum lade.

Bé cuc bai bao dugc chia 1am ba phan chinh. Trong phan 2 tiép theo, chung t6i s&
mo ta vé phuong phép tinh toan phdé HHG va quy trinh chup anh phan tir. Sau do, trong
phan 3, chung toi s€ trinh bay cac két qua vé tai tao hinh anh HOMO va HOMO-1 cua
phan tir N, tu nguon HHG md phong. Ngoai ra, chung 61 cling phan tich anh huong
ctia d6 rong mién phang ciia pho HHG t6i chit lugng hinh anh thu nhan dugc va chi ra
budc song twong ung cua chum lade dé c6 dugec mot két qua hoan chinh nhu két qua
tinh toan tir nguyén li ban dau. Cudi cing, chiing toi tom tit lai cac két qua vé qua trinh
chup anh phéan tur.

2. Mo hinh tinh toan phé HHG va quy trinh chup anh phén tir

Trong bai bao nay, mé hinh ba budc voi gan dung truong manh dugc st dung dé
tinh pho HHG [5, 9]. Trong md hinh nay, trudce hét dién tir s& bi ion hoa xuyén ham
thoat khoi rao thé tao boi phan tir va chum lade manh, sau d6 duoc gia toc trong trudng
lade va cubi cung khi trudong lade d6i chiéu, trd vé két hop voi ion me va phat ra
photon. Viéc phat trién mo hinh nay ciing dang duoc nghién ctru va hién nay da c6 mot
s mé hinh tién bo hon nhu i thuyét tan xa dinh lwong [4]. Tuy nhién, mé hinh ba budc
van déap tmg tot cic yéu cau ciia chung t6i vé mat dinh tinh. Cac chi tiét tinh toan HHG
cho phan tir c6 thé xem trong cac cong trinh [3, 9].
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Tr dit liéu HHG mo phong bang tinh toan 1i thuyét, chung t6i tién hanh chup anh
cac 16p dién tir cia N,. Qua trinh chyp anh dugc tién hanh dya trén moi lién hé gitra
cuong d0 HHG phat ra va ludng cuc dugc mo ta boi cong thirce:

SGrg)= V@' g (o onq) (1)

Trong do, S(w,q) va N(q) lan luot 1a cuong do0 HHG va tdc dd ion hoa phu thude
vao goc dinh phuong ¢ gitra truc phén tir va vecto phan cyc cua lade. a & (w) chinh la
bién do song khi dién tir quay vé tai va cham véi ion me dé phat ra photon [3, 6].

Ttr biéu thirc (1), ta c6 thé suy ra dugc gia tri tuyét d6i cua ludng cuc |d (w.q), dai

lwong nay duoc dinh nghia boi biéu thirc
dw,q)= (2p) i OarY,(r.qyexp gk(w)rg, )

Gia tri cia HHG va téc do ion hoa cé thé do duoc trong phong thi nghiém hodc
tinh toan nhu da trinh bay. Trong cong trinh nay, ching tdi tinh téc do ion hoa cua N,
bang hai phuong phap gén ding truong manh SFA va li thuyét ion héa xuyén ham
MO-ADK. Két qua thu duoc tir hai phuong phap nay cho N, hoan toan phu hop voi
thuc nghiém va diéu nay ciing di dugc khang dinh trong bai bdo trudc ctua chung toi
[7]. Bi€n d0 song a & (w)H khi dién tir quay ve€ s€ duoc tinh gidn tiép qua mot nguyén tir

tham chiéu c6 cung thé ion héa (I,) cua phan tur dya trén gia thiét rang trong mién
chuyen dong tu do, dién tir chiu tac dung chu yeu cua truong lade va phu thude yéu vao
cAu trac phan tir thé hién qua I,. Do do bién d¢ song dién tir quay vé tng v6i phan tir va
mot nguyén tur c6 cung I, trong cing mot diéu kién cia ngudn lade dugc xem la nhu
nhau. Khi d6 ta chi can t1nh HHG va ludng cyuc dich chuyén ctia nguyén tir nay 13 co
thé suy ra duoc gia tri cia bién do song a§ (w. Ngoai ra, nhu da trinh bay, tr biéu

thire (1) chung ta chi c6 thé thu dugc gia tri tuyét dbi cua ludng cuc. Dé thu duoc gia tri
dai s0 cua dai lugng nay, ta can chil y dén viéc ‘nhay pha cua HHG khi di qua diém cuc
tiéu trong mién phang Chinh diéu nay dan d&én viéc ludng cuc s& doi dau khi gia tri
tuyét dbi di qua diém zero [3, 6].

Cudi cung, dé thu dugc ham song mo ta ddm may di¢n tu, ta phai thyc hi¢n mot
phép bién do6i nguoc tur gia tri ludng cuc, trong truong hop nay la phép bién doi ngugc
Fourier. V&i phép bién doi nay, ham song thu dugc cang chinh xac khi mién lay tich
phan vdi bién so 1a s song k cang rong, di€u nay dong nghia véi viéc ludng cuc can
dugce tinh cho mot mién tan s 16n do mdi lién hé & = 4/2(w- 1,). Déi véi phan tir N,

k= [0.9—4.2] khi chum lade sir dung c6 budc séng 800 nm va &> = [1.0-7.5] khi budc
song tang dén 1200nm.

Trong cong trinh nay, chung t61 gid dinh cac phan tor N, dugc dinh phuong trong
mit phang xy, truc phan tir song song v&i Ox va hgp véi vecto phan cuc ciia chum lade
mot géc 6. HHG phat ra duge do theo hai phuong song song va vudng goc véi vecto
phan cyc. Hai biéu thirc chinh duoc sir dung trong qué trinh chup anh dugc cho boi
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3. Kétqua
Pé méb phong HHG, chung t6i st dung ngudn lade c6 d6 dai xung 30fs, cuong do

2.10""Wem™ voi hai truong hop bude song 800nm va 1200nm. Phan to N, duoc gia
dinh dang & cau hinh bén ung véi khoang cach N-N=1.1A. HHG dugc mo6 phong do
dién tr tt HOMO va HOMO-1 phat ra dQc 1ap véi nhau. Chﬁng to1 tién hanh tai tao
hinh anh HOMO va HOMO-1 tir cac nguén séng doc lap nay dé so sanh voi cac ket
qua da cong bo va dua ra két luan vé sy phu thudc cua chat lugng hinh 4nh vao budc
song lade st dung.
3.1. Hinh anh HOMO cua N,

 Su dung dir lieu HHG phat ra do su két hop cua dién tir & 1o6p HOMO, chung toi
tién hanh tai tao ham song cta van dao nay. Hinh &nh HOMO dugc téi tao tt HHG cua
phan tir N, dugc thé hién trong hinh 1. D¢ ti€n so sanh ching t61 v€ kém theo hinh anh
HOMO chinh xac cua N, dugc tai tao tir nguon ludng cuc tinh toan theo nguyén li ban
dau v6i mién &= [0-25].

¥ (au)

4 -4 -2 0 2 4 & % -4 2 0 2z 4 L] 4 -4 -2 0 2 4 &
X{auw} X{au) X({au}

Hinh 1. HOMO cua N, duoc tdi tao tr HHG voi: (a) lade 800nm,
(b) lade 1200nm so voi (c) ham song chinh xdc

Trong hinh 1, chung ta c6 thé thay khi sir dung ngudn lade c6 budc song 800nm
dé phat HHG, hinh anh HOMO cuia N, thu dugc chi thdy rd phan phan bb xung quanh
hai hat nhan nito. Phan phan b trong khoang giita hai hat nhan thu dugc trong truong
hop nay khong rd khi so v6i truong hop tinh toan chinh xac. Dicu nay co thé dugc giai
thich 1a do d6 rong mién phang cia HHG khi st dung lade 800nm chi tir bac 11 dén
bac 39 tmg v6i k> = [0.9-4.2], do d6 luong thong tin ludng cuc dua vao biéu thirc 3),
(4) khi tai tao hinh anh HOMO khong nhiéu. Pé ting d6 rong mién phang cia phd
HHG ciing 1a tang luong thong tin ludng cuc dua vao (3), (4), ching tdi tang budc song
cta lade 1én 1200nm vi do rong mién phéng ti 1& véi binh phuong budc song. Hinh anh
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HOMO duoc tai tao tu nguén HHG khi st dung lade c6 budc song 1200nm dugce thé
hién trong hinh 1b. So sénh hinh 1b va 1c ta théy hinh &nh HOMO duogc tao duyng tur
ngudon HHG ¢6 sy phu hop vo1 hinh anh HOMO chinh xac. Piéu nay duoc giai thich 1a
do d¢ dai mién phang lac nay tir bac 17 dén bac 109, do do ludng cyc ciing dugce tinh
toan trong mot mién rong hon cua s6 song, k* = [1.0-7.5]. Piéu nay dan dén két qua
hinh 4nh HOMO gan véi két qua chinh xac hon khi sir dung hai biéu thirc (3) va (4) dé
tai hién lai hinh anh HOMO cua N,.

Vé6i hinh 1, chung ta chi c6 thé so sanh mét cach dinh tinh su giéng hay khéc
nhau vé hinh dang cua HOMO tai tao va két qua tinh toan chinh xac. Pé so sanh mot
cach chi tiét hon, chung toi v& cic mit cat ham song tai y=0. Trong hinh 2, ngoai ham
song cia HOMO duogc téi tao tir nguén HHG tng véi hai truong hop cia budce song la
800nm va 1200nm, ching t61 con vé ham song chinh xac dugc tinh theo nguyén 1i ban
dau. Ngoai ra, chiing t6i con v& thém ham séng duogc tai tao tir ngudn ludng cuc tinh
toan 1i thuyét ing v6i hai trudng hop k* = [1.0-7.5] twong tng budc séng 1200nm va
k=10.9-4.2] tuong tng véi budc song 800nm.
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Hinh 2. Mt cat ham séng HOMO ciia N, Y (x,y = 0)

Trong hinh 2, ching ta c6 thé thiy ham song dugc tai tao tur ngudén HHG phu hop
t6t voi ham song xay dung tir luong cyc li thuyet trong ca hai truong hop bude song
800nm va 1200nm. Dleu nay ching to rang mdi quan hé (1) 1a dang tin cdy dé trich
xudt ludng cyc tir ngudn HHG va cho két qua phu hop véi cac tinh toan chinh xéc.
Hon nita, trong hinh 2 chiing ta ciing thay rd két qua ham séng trich xuat tt HHG khi
su dung lade c6 budc song 1200nm phu hgp hon truong hop 800nm khi so sanh voi
ham song tinh toan chinh xac. Diéu nay din chung t6i dén két luan viéc sir dung nguén
lade c6 budc song dai hon trong quy trinh chup anh phén tir s& cho két qua t6t hon,
nghia 1a hinh anh HOMO thu duoc c6 chat luong t6t hon. Phan nay ching toi 1ap lai
két qua cong bd trong [6].

3.2. Hinh anh HOMO-I ciia N,

Trong phan nay, ching t6i tiép tuc ap dung quy trinh chup anh tir nguén HHG
cho 16p dién tir HOMO-1 cta phan tir N,. Chiing t6i ciing str dung cac ngudn lade bude
song 800nm va 1200nm dé tinh HHG phat ra do sy két hop cua dién tir tir 15p HOMO-
1 v6i ion me va tai tao ham song cua 16p dién tir nay theo quy trinh da mo ta & trén.
Vi nguén lade 800nm, ching t6i thu nhan dugc ham song HOMO-1 cua N, dugc vé
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trong hinh 3a. Twong tu, hinh 3b 1a két qua khi lade c6 budc song 1200nm. Chung toi
cling tai tao ham song HOMO-1 ciia N, tir ngudn ludng cuc i thuyét duge tinh theo
nguyén li ban dau, dugc xem nhu ham song chinh xéac, duoc vé trong hinh 3c. So sanh
v6i két qua dugc cong bd trong cong trinh [8], ching toi nhan thay c6 su twong dong vé
hinh dang ctia HOMO-1 thu duoc tir nguén HHG thuce nghiém va két qua ham song
dugc tai tao tir nguon HHG tinh toan theo gan ding truong manh. Hon nita, nhin vao
hinh 3a, 3b va 3¢, chung ta thdy réng hinh &nh HOMO-1 ctia N, thu nhan tor HHG trong
ca hai truong hop phu hop voi két qua tinh toan chinh xac. Diéu nay 1a do HOMO-1
cia N, c6 d6i xung P> g0om hai phan d6i xng véi nhau qua du’ong thang y=0. Do d6

néu xét chi xet vé hinh dang cia HOMO-1 thi s& thdy rang ngudn lade 1200nm khong
lam tdng chat lugng hinh 4nh nhiéu nhu da l[am cho truong hop HOMO.

Y(auw)

S
X {a.u.) X {au) X (au.)

Hinh 3. HOMO-1 cua N, twr HHG voi (a) lade 800 nm,
(b) lade 1200 nm so voi (c) ham song chinh xdc
pé nghién ctru mdt cach chi tiét su phu thudc cua chét lugng hinh anh HOMO-1

doi1 véi bude song cia nguodn lade, chung t61 so sanh cadc ham song tai x=0 dugc vé
trong hinh 4.

o
¥ (A

Hinh 4. Mt cat ham séng HOMO-1 ciia N, Y (x= 0,y)

Trong hinh 4, chung t6i v& ham song duogc tai tao tir HHG tng v&i ngudn lade
800nm va 1200nm. Ngoai ra dé so sanh, ching t6i vé thém ham song chinh xac va ham
song dugc tai tao tir ludng cuc 1i thuyét trong khoan gia tri k lan luot twong tng véi
budc song 800nm va 1200nm. Theo hinh 4, ching ta nhan thay rang két qua ham song
tir nguéon HHG va két qua tir ludng cuc li thuyet phu hop véi nhau trong ca hai truong
hop cua budce song 800nm va 1200nm. Diéu ndy mot 1an nira khang dinh do tin cay cho
biéu thirc (1) trong qué trinh chuyp anh HOMO-1. Ngoai ra khi so sanh véi ham song
chinh xac, ching ta lai thiy rang ham song tai tao tit HHG st dung lade 1200nm cho
két qua phu hop hon két qua khi sir dung lade 800nm. Cu thé, ham séng thu nhén tir
ngudn lade 1200nm c6 phan tring khép v6i ham song chinh xac nhiéu hon dang ké so
v6i truong hop st dung lade 800nm.
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3.3. Swphu thujc chit lwong hinh anh vao bwdc séng nguén lade

Pé tim hiéu sy phu thudc cta chat lugng hinh anh vao chiéu dai budc song cia
nguén lade sir dung, chiing t61 tién hanh tai tao hinh anh HOMO va HOMO-1 ciia N, tir
ludng cuc tinh toan li thuyét v6i cac khoan gid tri & khac ‘nhau, twong tmg voi cac budce
song lade khac nhau. Nhu da trinh bay trong phan 2 vé quy trinh chup anh phan tu,
hinh anh cac 16p dién tir thu dugc s€ cang gan voi két qua chinh xac néu ludng cuc
dugc tinh toan trong mién gia tri s6 song k cang rong. Chung t61 tién hanh ting gia trj
s6 song k va tai tao ham song cac 16p dién tir twong ung. Két qua cho thay khi gia tri &
tang thi ham séng dugc tai tao cang tién gan dén ham séng chinh xac. Pic biét, khi gia
tri k ting dén mot gia tri twong Gmg v4i budc song 2400nm thi ham séng tai tao gan
nhu trung vo1 ham song chinh xac.

Trong hinh 5a, chiing t6i vé ham song HOMO Y (x,y= 0) cua N, dugc tai tao tir
ludng cuc li thuyét v6i cac bude song tuong tng tir 2000nm, 2300nm va 2400nm.

* (x=ly)

¥ (xy0)

[ E-E-E-E-EEEEEEE]
SerErERZBEERER

-7 T U S U ST S SISV ST S Y 7% U S SR SR Y S v s i

aaaaaaaaaaaaa

Hinh 5. Ham song Y (x,y= 0) cua (a) HOMO va (b) HOMO-1 cua N

tdi tao tir ledng cuee li thuyét

Theo hinh 5a, ta c6 thé thdy, Gmg voi budc song 2000nm ham séng
Y (x,y= 0)c6 phan dinh gifta cao hon ham séng chinh x4c. Khi budc soéng tang, do
cao ctia dinh nay giam dan va tring véi vi tri ctia ham song chinh xac khi budc song
dat gia tri 2400nm.

Mot cach tuong ty, ching toi cling nghién ctru sy phu thudc ’cﬁa chét lugng hinh
anh HOMO-1 cua N, va budc song cuia nguon lade su dung. K&t qua thu duogc cho
truong hgp HOMO-1 cling twong tuy nhu HOMO, nghia 1a khi gia tri budc song tang thi
chat lugng hinh anh thu dugc cling tang 1€n. Cu thé, voi budc song 2400nm ham song
HOMO-1 thu dugc trung khép véi ham song tinh toan chinh xac. Trong hinh 5b, ching
t6i v& ham séng caa HOMO-1Y (x= 0, y) cua N, dugc tii tao tir ludng cuc 1i thuyét
ing voi cac gia tri bude song twong tmg 2000nm, 2300nm va 2400nm. Hinh anh
HOMO-1 cua N, trong hinh 5b ciing cho thay khi budc song tang tr 2000nm, ham
song tai tao tién dan vé phia ham soéng chinh xac. Khi budc séng dat 2400nm, ham
song tai tao lic nay trung khdp véi ham song tinh todn 1i thuyeét.

4. Kétluan

Trong cong trinh ndy, ching t6i str dung m hinh ba budc dé tinh toan HHG cia
phén tir N tir hai 16p dién tr HOMO va HOMO-1 doc lap nhau. Sau do, bang cach ap
dung quy trinh chup anh cat 16p, chung t61 tai tao ham song cua cac 16p dién tir cua
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phén tir trong thang thoi gian femto gidy. Ching toi thay rang hinh anh HOMO dugc
tai tao tur nguon HHG st dung lade 800nm khong giong voi két qua da dugc cong b
trong trich dan [2] trong khi ¢6 hinh anh HOMO-1 lai phu hop t6t v6i két qua cua [2].
Tuy nhién, khi tang budc bong lade 1én 1200nm, hinh &anh HOMO va ca HOMO-1 thu
nhan dugc co chat lugng tot hon va phut hop véi cac tinh toan 1i thuyét. Hon nira, ching
t61 cling nhan théy duoc chit luong hinh anh ctia ca HOMO va HOMO-1 cua N, sé&
hoan toan trung hop véi tinh toan 1i thuyét tir nguyén li ban dau néu lade duoc sir dung
c6 bude song 2400nm.

~ Ghi chi: Cong trinh nay duoc thuc hién trong khuon kho d‘é"tdi nghién cueu khoa hoc
cdp co so cua Truong Pai hoc Suw pham TPHCM nam 2011 (md so CS.2011.19.50).
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