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THONG TIN PONG VE CAU TRUC PHAN TU C,H, TU
SONG HAI BAC CAO SU DUNG XUNG LASER SIEU NGAN

Nguyén Ngoc Ty", Nguyén Ping Khoa', Lé Viin Hoang?

1. Giéi thigu

Céc phan tng hoa hoc thuong xay ra trong khoang thoi gian pico (107%2)
gidy hoic nho hon, cho nén biét dugc cac thdng tin cau tric cta cic phéan tir &
khoang thoi gian femto (107°) gidy ludn 1a mo wéc cua cac nha khoa hoc [1].
Céc thong tin thu dugc trong thang thoi gian ngin nhu vay ta goi 1a théng tin
dong. Néu biét duoc cac thong tin dong vé céu trac, viéc can thiép vao cac qua
trinh trung gian trong cac phan tmg hoa hoc sé tré thanh hién thuc. Chinh vi thé,
Viéc tao ra cac nguon laser O xung c& vai femto gidy d& gilp cho céc nha vat i
c6 thé quan sat cac qué trinh trong phan tir & cap do thoi gian femto. That vay,
trong cac cong trinh c¢éng bd gan day trén cac tap chi uy tin thé gidi, cac nha
khoa hoc khang dinh kha niang chup anh dam may dién tir ciia cac phéan tir khi sir
dung cac nguon laser co cudong do cao. Cu thé, trén tap chi Nature ra ngay 16
thang 12 nam 2004, nhém nghién ciru ciia nha khoa hoc Corkum (Canada) d&
cong bo cong trinh [2] vé chup anh phan tir ni-to (N,) va di gay su cha ¥ 16n

ciing nhu quan tdm nghién ctru ciia cac nhom khoa hoc khac [3],[4].

Viéc thu dugc thong tin vé ciu triic phan tir co thé thyc hién bang nhiéu
phuong phap, vi du nhu tan xa chum dién tr nang lugng cao (U keV) [5]. Tuy
nhién, & day dang chu ¥ 1a tac gia [2] ¢4 sir dung xung laser cuc ngan (30 femto
giay) chiéu vao khi ni-to véi cac goc cia véc-to phan cuc khac nhau va do duoc
song hai phat xa ra (high-order harmonic generation — ki hi¢u 1a HHG). Qua
thong tin cac song hai nay, hinh anh dam may dién t& ngoai cung (HOMO) cua
ni-to dugc tai tao. Vi la thdng tin dugc thu nhan trong khoang thoi gian nhé hon

" NCS, Khoa Vit li, Truong DHSP Tp.HCM.
" CN, Gido vién Truong THPT Tran Quang Khai, Tp.HCM.
* TSKH, Khoa Vit 1i, Truong DHSP Tp.HCM.
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nhiéu so véi chu ki quay (pico giay) ciing nhu dao dong (c& 100 femto gidy) caa
phan tir cho nén nhém tac gia két luan d4 chup anh dugc phan tir ni-to. Nén tang
li thuyét cho viéc chup anh phan tir 43 duoc xay dung boi nhom nghién ciu cia
gido su C.D.Lin (My) vdi sy cong tac cuia mdt trong cac tac gia bai bao nay [4].
Bang phuong phap mo phong, cac tac gia d khang dinh viéc tai tao lai hinh anh
dam may dién tr cta cac phan tir thang nhu N,, O, tir séng hai bac cao la hoan
toan ¢ thé thyc hién dugc khi s dung laser 800nm c6 cuong do cuc 16n
(0 10%W /cm?). Dic biét cong trinh [4] chi ra ring chit luong viéc chup anh c6
thé nang 1én nhiéu néu st dung laser budc song dai hon, vi du 1200nm. Tai héi
nghi vat Ii Ii thuyét toan quéc 1an thir 32 tai Nha Trang (Viét Nam), kha nang tng
dung viéc chup anh phan tr CO, da dugc bao cao [6].

Trong bai bao nay, nhom téc gia thuc hién phép tinh HHG phat ra khi xung
laser 30fs (800nm, 2.10™W /cm?) tuong tac voi phan tir C,H,. Tinh toan nay
c6 y nghia thyc tién vi tir HHG ta ¢ thé xac dinh dugc dong phan Acetylene hay
Vinylidene cia C;H,. Ngoai ra trong HHG con chia thong tin dong vé cau tric
phéan t&.Trong qué trinh tinh toan, moé hinh ba budc tuwong tac Lewenstein [7]
dugc sir dung. Cac két qua vé sy phu thuoc cia HHG vao goc dinh phuong cua
cham laser phu hop véi thue nghiém méi cong bd trong nam 2007 [8] ciia nhém
nghién ctru Marangos (Anh) cho dong phan Acetylene. Ngoai ra, tir thong tin cia
HHG tinh bang Ii thuyét, chiing t6i mo phong s6 liéu thuc nghiém bang cach dua
vao cac sai s6 do dac. Tir cac sb lidu ‘thuc nghiém’ nay cac thong tin dong vé cau
trdc phan tir, cu thé 12 khoang cach giira hat nhan hai nguyén tir carbon (C), duoc
tach ra nho stir dung phuong phép so sanh thich hop [9]. Ngoai ra cdng trinh ciing
chi ra rang khoang cach giita hai hat nhan trong méi lién két C-H khdng thé trich
Xuat chinh xac tir thong tin HHG thu duoc. Két qua nay 1a dinh huéng cho céc thi
nghiém tiép theo.

2. So d6 thi nghiém

Phan tor C,H, c6 hai dong phan 1a Acetylene va Vinylidence [10], c¢6 ciu
hinh duogc trinh bay trong Hinh 1.
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HcH=117,34°, '€CH=121,31°
Hinh 1. Hai md hinh ddng phan C.H,

Pay 1a cac s lidu thu duoc tir chuong trinh toi wu hod trong phan mém
Gaussian. Cé4c sb liéu dua ra tir Gaussian phd hop kha tot véi thyc nghiém [10]
cho nén ta co thé sir dung cho md phong ciia minh. Ta thay Acetylene c6 ning
luong ion hoé cao hon Vinylidence 13 1.92 eV (sd liéu thuc nghiém 1a 1.91 eV
[10]) cho nén ddng phan nay bén hon. Ta s& xét thi nghiém cho ca hai ddng phan.

Chum laser 800nm, 2.10"W/cm?véi xung cuc ngén 30fs nhu Hinh 2
dugc cho tuong tac voi khi Acetylene (Vinilydence) theo Hinh 3.
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Hinh 2. Xung laser Hinh 3. So do twong tac

Trén so dd ta thdy phan tir C,H, dugc dinh hudng theo méi lién két C-C. Bé
c6 thé dinh phuong ta s dung laser cuong do yéu (11 102W /cm?) chiéu vao
hop khi. Cac phan tir s€ hudng theo véc to phan cuc cia laser dinh phuong. Sau
d6 ta chiéu ngudn laser cyc manh 2.10™W /cm? vao véi goc 0 giita vec-to phan
cuc cua laser i-On hoa véi truc C-C cua phan tu. Goc 0 ta goi la goc dinh
phuong, thuc chat 1 goc giita hai véc-to phan cuc cia laser dinh phuong va laser
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i-6n hod. V&i dong phan Vinylidence, ta goi ¢ 1a goc gitta mit phang chtra phan
tir v mat phang chira truc C-C clng véi véc-to phan cuc cua laser ion hoé (gia
dinh 12 phan bé dang hudng trong khong gian). Khi tinh toan ta lay trung binh
theo tat ca cac hudng cua goc @ nay.

Ta dat thiét bi thu tin hiéu laser thir cap HHG theo cung phuong truyén ciia
laser vao va chi do cac HHG c6 cung phan cuc hoac vuoéng goc vai laser vao (tu
day ta goi l1a cac HHG song song va HHG vudng goc). Cac song hai phéat ra co
tan s6 gp nhiéu lan tan s o, cua laser vao theo cong thic ® = No,. Ta s& do
cac HHG c0 tan sb tir 11w, dén 43w, . Trong phan 3 cua bai béo, ta s& giai thich
Vi sao chi do song hai trong ngudng nay.

3. Sbng hai bac cao va mo hinh tinh toan

Thay vi do dac s6 liéu tir so d6 thi nghiém néu ra trong phan 2, ching ta s&
mb phong cac két qua bang tinh toan Ii thuyét. Thong thuong ta ¢ thé sir dung
tinh todn tr nguyén li dau tién (ab initio) bang cach giai phuong trinh
Schrodinger bang s6. Tuy nhién véi bai toan twong tac laser cach giai truc tiép
bang sb lay rat nhiéu tai nguyén ciia may tinh va chiém kha nhiéu thoi gian. Ta sé
st dung md hinh ba budc ciia Lewenstein dé hiéu co ché phat xa song hai HHG.
M6 hinh nay xuat phat tir két qua cua Vién si Keldysh (Nga) [11] trong d6 cho
rang thay vi co ché hap thu mot pho-tdn véi laser yéu thi hip thu da photon xay
ra khi cudng do laser trung binh 1én dén x4p xi 0 10*2W /cm?. Con khi ma laser
cuc manh nhu ta dang xét 0 10%W / cm?, co ché ion hod chu yéu tuén theo hiéu
mg xuyén ham. Qua trinh ion hoé va phat ra HHG c6 thé duoc mo ta boi ba giai
doan nhu sau :

1. Electron bi kich thich va di chuyén ra mién ty do theo hiéu umg xuyén
ham.

2. Electron duoc gia toc boi truong laser.

3. Electron bi kéo nguogc lai va tn Xa v6i phan nguyén tir con lai (ion) do
tinh tuan hoan cua laser va phat ra photon tao thanh song hai.
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Hinh 4. Qué trinh phat xa HHG

Thong thudng, sau qua trinh twong tac, song hai phat ra véi cac tan s6 khac
nhau tir thap cho dén cao, gap tram lan tan sb cua laser chiéu vao. Cuong do cua
HHG phat ra thay d6i theo tan s s& c6 d6 thi nhu Hinh 5.

Acetylene
laser 800nm, 2.10™ Wicm®, 30fs
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Hinh 5 : HHG cta Acetylene
Phan tich hinh 5 ta thiy mot diéu dic biét 1a HHG phét ra c6 cac tan sd
o= (2n +1)w,. Thém nita, dén Mot tan sé nao do6 (ta goi 1a tan sb cutoff) thi

cuong d6 HHG giam rat nhanh gin nhu vé zero (Véi laser 800nm va véi
Acetylene ta c6 tan s6 cutoff khoang o, e = 43w, . D6 thi 5 duge V& theo thang
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logarithm vi cudng d6 cia HHG véi céac tan s khac nhau cich biét rat 1on. Véi
HHG tan s6 nhé (w;, =1lm,) viéc do dat rat khé va mé hinh tinh toan
Leweinstein ciing khong chinh xac cho nén thong tin dang tin ciy nhat nam trong
ving tir o, =11m, dén m,.¢ =430, ta goi 1 ving plateau [7].

Theo Lewenstein thi chi c6 I6p dién t&r ngoai cing (HOMO) chiu tuong tac
Vv6i laser. Ta ding Gaussian dé tinh toan ham séng cho HOMO. Chuong trinh
nay duoc viét bang ngon ngir Fortran 7.0 dya vao phuong phap Hartree-Fock c6
cho phép tinh thém cé4c hiéu dinh nhu phuong phap ham mat do DFT cho nén két
qua twong doi tin cdy. Sir dung bd ham co sé 6-31G+(d,p) ta thu duoc HOMO
cua Acetylene va Vinylidene nhu Hinh 6.
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Hinh 6. HOMO cuia Acetylene

St dung HOMO thu duge va dua cac thong so laser ciing nhu thong sé cia
C,H, vao chuong trinh AT-code (Iam ra do nhom giao su C. D. Lin theo mé hinh
Leweinstein str dung hiéu tmg xuyén ham luong tir) ta thu dwoc HHG nhu ¢ Hinh 5.

4. Két qua va so sanh véi thwe nghiém

Thay d6i cac goc dinh phuong 6 khac nhau tir 0° dén 90° ta thu duoc két
qua nhu ¢ Hinh 7.
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Hinh 7. HHG ciia acetylene theo cac goc dinh phwong khac nhau

Pé thay 6 su phu thuoc HHG vao cac goc dinh hudng khac nhau ta vé cho
CAc tan s6 cu thé 1219, 25, 29, 31 :

Acetylene
Laser 800nm, 210" Wn'cmz, 30fs

Vinylidene

HHG Signal (arb. units)

0 20 40 60 80

Alignment angle # (degrees)
Hinh 8. Sy phu thugc ciia HHG theo goc dinh phwong
Dua theo hinh 8 ta thay, dbi véi phan tir Acetylene, song hai do dugc véi

cling mot bac dao dong s& co gia tri 16n nhét khi goc dinh phuong 1a 90°. Két qua
nay hoan toan phd hop véi két qua do duoc cua nhom khoa hoc Marangos [8].
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Ngoai ra tir 8b ta thay rang véi Vinylidene thi HHG c6 cudng do cao nhat khi
goc dinh phuong 1a 0. Nhu vay dya vao tin hiéu HHG ta c6 thé phan biét duoc
dong phan ctia C,H, (Acetylene hay Vinylidene).
5. Trich xuat thong tin ciu tric tir HHG

Pé ¢6 thé tach dugc thong tin dong vé ciu triic phan tir, dic biét 1a thong tin
vé khoang cach giita cac nguyén ti, ta can khao sat xem HHG c6 nhay cam véi
sy thay d6i khoang cach giira cac hat nhan. Trong phéan tir C,H,, ¢6 hai khoang
cach 1a C-C va C-H, hinh 9 duéi day thé hién sy thay doi cua song hai khi cac
khoang cach nay duoc thay doi :

-2 —C -C =25 au
A CE =—C-C=22858u
N\ - C-C=205au

Acetylene, #=90°
Laser 800nm, 30fs, 2.10" Wiem®
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Hinh 9 : Tinh nhay cia HHG

Ta thay rang khi thay d6i khoang cach cua mbi lién két C-H tham chi dén
20% thi HHG thu dugc gan nhu khong thay d6i. Trong khi d6 chi can thay doi
10% khoang cach ciia moi lién két C-C thi HHG thay d6i twong ddi manh. Noi
khac di tin hiéu HHG rét nhay v6i mdi lién két C-C. Ta sir dung két qua nay dé
tim cach tach thong tin khoang cach C-C tur tin hiéu HHG thu duoc.

Trude hét ta mo phong két qua do thuc nghiém bang cach ding s6 liéu tinh
toan Ii thuyét va thém vao cac sai s6 do dac theo cong thirc sau :

S'experimental '(ROf CO) = STheoretical (RO J CO) X (1 + Berror 'arandom)
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O day B, |2 sai so do dac, gia dinh c6 thé 16n dén 50%; —1< &, qom <1
la ham ngau nghién cho céc gia tri tir -1 dén 1. Bang cach nay ta thu duoc s lidu
‘thuc nghiém’ cho HHG 1a S¢yperimentar(Ro,®) tmg v6i khoang cach C-C cho
truge (ki hiéu 1a R,). Trong Hinh 10, ta thiy rang mic dU sai s6 do dat HHG ¢6
thé 18n t&i 50% nhung d6 thi HHG trén thang logarithm khong thay d6i dang ké.

T T T
—clean data

-2 —&— with 20% error random
=0—with 50% error random

Acetylene, 4= 90"
Laser 30fs, 2.10" W/cm?’, 800nm
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e
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Hinh 10. HHG véi cac sai s6 khac nhau

Bay gio ta tinh toan HHG li thuyét cho cac khoang cach R khac nhau
Stheoretical (R, ®) dé 1am chuan so sanh véi két qua thuc nghiém. Dé st dung
phuong phép so sanh phu hop (least square fitting) ta dua ra dinh nghia ham so
sanh :

2
f (R) = z (S'experimental '(R 01 (D) a STheoretical (R ! (’)) )

Vi tong dugc 14y theo tan sb @ trong mién plateau. Néu ham f(R) c6 gia tri cuc
tiéu tai R, thi ta co thé xac dinh duoc gid tri thuc nghiém R, tr HHG. Két qua
dugc minh hoa trén Hinh 11, trong d6 ham so sanh dugc tinh cho ba truong hop
khoang cach C-C lan lugt bang 2.06, 2.28 va 2.51 don vi nguyén tu.
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Hinh 11. Két qua trich xuét thong tin tir HHG

Duya theo hinh vé ta thdy ham f(R) c0 tri nho nhét tai nhilng diém R tuong
{mg v&i nhitng gia tri ban dau d4 nhap vao. Vi vay, ta thdy rang phuong phép nay
cho két qua thdng tin dong vé khoang cach giita cac hat nhan trong méi lién két C-
C. Chiing t6i d4 viét trén ngbn ngir Fortran 7.0 chuong trinh cua phuong phéap so
sanh phl hop véi céc s6 liéu HHG cho mién thay doi R rat 1on. Chuong trinh ¢6
thé sir dung cho nha thue nghiém bang cach cung cap dau vao la céc sb liéu do dac
cho HHG va dau ra 13 thong tin vé khoang céch lién hat nhan trong lién két C-C.

6. TOm tit két qua va hwéng phat trién

Nhu vay, dya trén md hinh Leweinstein vé ba budc twong tac laser véi phan
tir chiing toi d4 tinh duoc phat Xa song hai bac cao (HHG) cho hai dong phan cua
C,H, la Acetylene va Vinilydene. Két qua cho thay tir thong tin HHG chung ta ¢
thé phan biét duoc hai dong phan d6. S6 liéu tinh toan li thuyét HHG cua
Acetylene phl hop v6i sé lidu thuc nghiém méi nhit nam 2007 cia nhom
Marangos. Cong trinh chi ra rang tin hiéu HHG rét nhay véi sy thay d6i khoang
cach lién hat nhan trong lién két C-C tir ddy co thé tach thong tin nay tir tin hiéu
HHG. M6 phong thuc nghiém va viét chuong trinh trén Fortran 7.0 cho phép tir
théng tin HHG trich xuat gia tri cia khoang cach giira hai hat nhan C-C.

Nhu vay, phuong phép so sanh phu hop dugc xay dung cho cic phan ta
thang O,, N,, CO, [9] duogc tmg dung thanh cdng cho C,H,. Uu diém cia phuong
phap nay duoc thé hién & ngudn co s& dir liéu thuc nghiém t6i thiéu can phai do.
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Néu so sanh véi phuong phap chup anh cat 16p phan tir [2],[4], phuong phap nay
chi can do mot s bac dao dong caa séng hai phat ra trong ving plateau. Hon
nita, viéc do HHG chi can tién hanh theo phuong song song tmg V&i mot goc

dinh phuong cua phan tir, khong can dén 19 goc nhu phuong phap cat 16p. Cac
tinh todn cho phan ti hydrogen cyanide (HCN) va cac phan tu phtrc tap hon nhu
benzene (CgHs) dang duoc tién hanh.
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Toém tit

Théng tin dyng vé cAu tric phan tir C,H, tir séng hai bac cao
str dung xung laser siéu ngﬁn

St dung mé hinh ba budc Lewenstein, nhom tac gia d& tinh duogc phat

Xa séng hai bac cao (HHG) cho C;H, khi twong tac v&i xung laser 800nm
siéu ngén (30 fs) cuong d6 cao (2.10*W /cm?). Khao sat sy phu thudc caa
cuong d6 HHG vao goc dinh phuong dua dén két luan 13 tir thong tin HHG
ta c6 thé xac dinh duoc dong phan cua CH, (Acetylene hay Vinylidene).
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Chung tdi cling d& chi ra dugc sy nhay cia HHG véi khoang cach 1ién hat
nhan C-C va tir d6 sir dung phuwong phap so sanh phi hop dé trich xuét
thong tin d¢ dai C-C tu HHG.

Abstract

Extracting dynamic information of molecular structure C;H;
from high hamornic generation using intense laser

By using the three-step model of Lewenstein we have calculated the
high-order harmonic generation (HHG) of the C,H, interacting with 800nm

laser, ultra-short (30fs) very high laser intensity (2.10%W/cm?).
Investigation of dependence of HHG into the alignment angle leads to the
conclusion that from HHG we can determine whether Acetylene or
Vinilydene. We also show that the HHG is very sensitive to the scale of the
the internuclear of C-C bond. Thus we can use the fitting method for
retrieving the internuclear distance from HHG information.
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