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TOM TAT

Chung tdi khdo sat mét cach hé thang sir dich chuyén mire nang lwong va téc dé ion hoa
cua ion phan tiz hydro o trang thai 1oy dudi tac dong cia dién truong tinh khong doi. Su phu thuge
cua nhitng dai lwong quan sat dwoc néu trén vao khodng cach lién hat nhdn, cuong do dién trueong,
va goc dinh phwong phéan tir dwoc nghién cizu va thao lugn. Viéc so sanh céc két quda gidi sé Véi du
dodn cua i thuyét nhiéu logn bdc hai va Ii thuyét gan diing tiém cdn triong yéu twong 1ng cho
ndng lwong Va téc do ion héa ciing dwoc thao lugn nham xéac nhdn sw chinh xac cia cac tinh todn
cua ching toi.

Tir khoa: dién truong tinh, trang thai 1o, ion phan tur hydro.
ABSTRACT

The ground state of hydrogen molecular ion in a static field

We comprehensively investigate the shift of energy and the ionization rate of hydrogen
molecular ion in 1oy state induced by a uniform static field. The dependences of these observables
on internuclear distance, strength of electric field, and molecular orientation angle are thoroughly
studied and discussed. The comparisons of the numerical results with the prediction of second-
order perturbation theory and weak-field asymptotic theory for the energy and ionization rate,
respectively, are also discussed for validating our calculations.

Keywords: static electric field, 1o, state, hydrogen molecular ion.

1.  Médau

Trong nhitng ndm gan dy, su phét trién caa cong nghé ché tao laser da thuc day viéc
tao ra nhitng xung laser c6 budc song rat dai nam giita viing hong ngoai véi cudng do cao
[1]. Cac xung laser c6 budc song dai nhu vay dugc cho rang tao ra ving doan thoi gian
(bién thién rat cham so véi thoi gian), trong d6 qué trinh ion hoa dudi tac dung cua xung
laser hoan toan tuwong duong véi hién tugng xay ra khi sir dung dién truong tinh ¢6 cuong
d6 F bang gia trj tac thoi cua F(t) caa truong laser. Ngoai ra, viéc md ta chinh xac qué
trinh ion héa la can thiét cho viéc tim hiéu cac hién tuong phi tuyén trudng manh nhu sy
phat xa song diéu hoa bac cao [2], qua trinh ion hoa kép khéng lién tiép [3], ciing nhu phan
bd dong luong cua quang electron [4]. Do d6, viéc nghién ciu qua trinh ion hda cua
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nguyén tir, phan tir dudi tac dung cua dién truong tinh da thu hat dugc su quan tadm trong
nhiéu thap ki qua [5-11]. V& mat Ii thuyét, c6 mot s phwong phép tiép can cho van dé nay
nhu cic phuong phap giai s6 lién quan dén ki thuat chuyén ddi toa d6 hoic st dung ham co
so phuc [5, 12], cac ki thuat giai tich [13, 14], va cac phuong phap ban thuc nghiém [15].
Gan day, mot ki thuat giai sé dwa trén phuong phép trang thai Siegert da ra doi nham giai
quyét bai toan nay [8]. Phuong phap nay 13y y tuéng tir bai toan tinh toan cong thirc phan
tan hat nhan trong hién twong phan rd phong xa duoc dé xuét bsi Siegert vao nim 1939
[16], trong d6 ham song chi ton tai ham ngoai tuyén ma khong c6 ham song téi. Dya vao ki
thuat tinh sé ndy, tat ca cac dai luong quan sat dugc cia qué trinh ion héa nhu sy dich
chuyén ciia mirc niang luong, toc do ion hoa, phan bé dong luong ngang cua electron ion
hoa déu co thé dugc tinh toan [8, 10, 11] cho dién trudng co cudng do 16n bat Ki.

Trong vat li luong tir, ion phan tir hydro (H3) la mot trong nhitng hé phan ti don
gian nhat va dugc xem nhu mot nguyén mau hoan hao ciia mé hinh déng luc hoc lugng tir
mot electron hoat dong [5-7, 10]. Tuong tac cua hé phén tir nay véi dién truong tinh thu
hit sy quan tdm va nghién cau & linh vuc trudng manh trong nhitng nim gan day. Viéc
khao sat su phu thuoc vao khoang céch lién hat nhan va cuong d6 dién truong ctia cac muc
nang luong va téc do ion hoa da duoc thuc hién vao nam 1996 [5]. Mot nghién ctu sau
hon vé su phu thudc cua toc do ion héa vao khoang céch lién hat nhan cho hai trang théi
thap nhat cua ion phan tir hydro khi dién truong c6 mot s6 cudong do xac dinh [6] da duoc
cong bd trong ciing nam 1996. Mot s tinh toan khac cho trudng hop thay doi goc dinh
phuong phan tir ciing da duoc thuc hién [7, 17]. Tuy nhién, nhirng céng trinh néu trén chi
xem xét qua trinh ion hoa twong tng voi dién trudng c6 cuong do rat yéu sau trong ving
ion héa xuyén ngam. Vao nam 2012, bai toan ion phan tir hydro trong dién truong tinh da
dugc xem xét lai vai ba trang thai khac nhau cho dién truong c6 cuong do manh cling nhu
xét cho goc dinh phuong bat ki [10]. Tir d6 cho thdy, mot nghién cru mang tinh chat hé
thng va toan dién cua mic ning luong va tde do ion hda vao céc yéu to: Khoang cach lién
hat nhan, goc dinh phuong, cudng d6 dién trudng la can thiét. Trong bai bao nay, ching toi
khao sat qué trinh ion hoa cua ion phan tr hydro dudi tdc dung cia dién truong tinh voi
mot yéu tb néu trén duoc thay d6i va hai yéu t con lai duoc xem 14 tham sé khong d6i. Do
viéc tinh toan can rat nhiéu thoi gian nén ching téi chi tap trung thao luan cho trang thai co
ban (Log), trang théi kich thich thir nhat s& dwoc gisi thiéu trong nghién cuau tiép theo cua
chung t6i. P& danh gid muc do tin ciy cia chuong trinh tinh toan, chung toi so sanh két
qua giai sd véi Ii thuyét nhidu loan bac hai (NLB2) va Ii thuyét tiém can truong yéu
(TCTY) ma céc théng sb lién quan di c6 san trong [10] cho mét sé truong hop cu thé.
Chung t6i Iuu y hé don vi nguyén tir dugc sir dung trong toan bo bai bao nay.
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2. Co sé li thuyét
Dbi vai mot electron twong tac vai thé hat nhan V (r) két hop véi thé ning tuong tac
V6i dién truong tinh khong d6i F = Fe,, (F = 0), phuong trinh Schrodinger ding c6 dang

{—%A+V(r)+Fz—E}/1(r)=0- 1)

Trong bai toan ndy, ching t6i quan tam dén ion phan tir hydro chi cd duy nhat mot
electron, do d6 thé don electron V (r) dwgc md ta theo cong thuc sau

Z
\ (r) = —? , (2)
trong d6, Z = 2 1a dién tich tong cua ion me. Chlng t6i giai phuong trinh (1) trong hé toa
d6 parabolic dugc dinh nghia nhu sau [19]
E=r+z(0<& <),

n=r-z(0<n<wx),

3
(p:arctanl 0<p<2n).
X
Trong hé toa do nay, phuong trinh (1) dwoc viét lai dugi dang
o 0 En Fn?
—n—+B(n)+—+ ry=0, 4
{577?7677 )5+ }”() (4)
trong d6, chiing t6i dwa ra khai niém vé Hamilton thanh phan
o .0 &+n o’ EE F&
B(n)=—§—+‘§ U—Z—rv(r)+—§——§ (5)
oc° 8 4gn og 2 4

la mot toan tir chi tac dong vao ham caa &, ¢ phu thudc vao » nhu mot tham sé. Nghiém
cta phuong trinh (4) dugc phan tich dudi dang,

z//(r)zn_mz f, (n)®, (&0in). (6)

\4

Dbi véi F >0 va trong ving tiém can rat xa ion me [8, 10, 11]

21/21: iFJJZ 3/2 |E 1/2
;wx{ T =T

Trong d6 f, la nhitng hé s6 tiém can. Trang thai Siegert chi ton tai cho cac gia tri

(). = ( (7)

phuc roi rac ciia E ma phan thyc va phan 40 cia né tuong tng chinh 14 ning luong & va
tdc d6 ion héa

i
EIS—EF . (8)
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3. Kétqua vathao luan
Chdng t6i tién hanh nhitng tinh toan cho ion phan ti hydro véi ham thé ning twong
tac hat nhan — electron c6 dang
1 1

V(r)__\/r_R2+b_\/r+R2+b’ 9)
2

2

trong d6, R =(Rsin 3,0,Rcos B) vaR la khoang cach lién hat nhan. Ching toi luu ¥ rang
do gigi han cua ki thuat tinh toan, chuong trinh cta chdng tdi chi xir 1i duoc trudng hop thé
Coulomb ¢6 mét vi tri bat dinh twong ng Véi cac trudng hop cia nguyén tir. Vi vay, thé
Coulomb trong bai béo nay dugc 1am mém dé giai quyét su bat dinh tai hai vi tri cua hat
nhan, diéu nay khong lam thay ddi tinh tong quat ciing nhu cac tinh chat vat Ii cia bai toan.
Trong phan Ién cac tinh toan cua chdng tdi, tham sé 1am mém b = 0.09 duoc st dung.
Ching t6i bat dau thao luan sy phu thudc vao khoang cach lién hat nhan cia niang
luong & va tde do ion hda r trong truong hop khong c6 dién trudng va cho hai gia tri dién
truong khac nhau nhu Hinh 3.1. Géc dinh phuong trong truong hop nay dwoc ¢b dinh 1a g
= 0 (vector dién trueong song song vai truc phan tir), khoang cach lién hat nhan dugc thay
d6i tir 0 a.u. dén 8 a.u. Hai truong hop tiém can dugc xem xét dé thay duogc tinh hop I cua
tinh toan. Truong hop dau tién (mg véi R = 0, nghia 13 hai proton ciing nam tai mot vi tri
tuong (ng vai ion He*. Do d6, ning luong khi chua dua dién trudng vao phai bang
—Z? x 0.5 = —2 a.u. (6 day Z = 2 l1a dién tich tong cua hat nhan He) 1 gia tri niang luong
& trang thai co ban cua ion He*. Tuy nhién, gié tri tinh toan cho thé Coulomb mém véi
b = 0.09 la —1.35 a.u., cao hon rat nhiéu so vai du kién. Nguyén nhan cuaa sy chénh léch
chi 1a do tham sé 1am mém dugc chon c6 gia tri twong ddi I6n. Dé 1& hon, chung toi thé
hién trén Hinh 1 két qua cho b = 0.01, khi nay gia tri cia ¢ tai R = 0 142 —1.78 a.u., gan
hon véi gié tri Ii thuyét. Chiing t6i cling tién hanh tinh toan cho trudng hop thé Coulomb
that sy véi b = 0 tai R = 0 boi chwong trinh tinh toan cua ching t6i hoan toan co thé ap
dung cho truong hop chi c6 mot diém bt dinh trong thé Coulomb hat nhan. Két qua nhan
duoc chinh xac bang —2 a.u. véi do hoi tu 1a 10 chir s6 thap phan. Ngoai ra, dang d6 thi
mod ta su phu thuoc vao khoang cach lién hat nhan cia ¢ khi chua c6 dién truong voi
b = 0.09 (duong lién nét mau do) va b = 0.01 (dudng chim mau den) 1a twong tu nhau.
Do do, trong tit ca cac tinh toan tiép theo ching tdi sir dung b = 0.09 dé tiét kiém thoi
gian va tai nguyén tinh toan. Trong gigi han R — oo, ion phén ti hydro bi phan tach thanh
mot proton va maot nguyén tir hydro, vi vay nang lugng cua hé khi khong co dién truong
phai tién vé gid tri ning lugng & trang thai co ban cua nguyén ti hydro 1a —0.5 a.u. cho thé
Coulomb that va —0.4 a.u. cho thé Coulomb mém véi b = 0.09 nhu quan sat duoc trong
phan trén caa Hinh 3.1. Khi dit dién trudng vao, ning luong cua hé & ting dén cuc dai tai
mét vi tri trung gian R, va sau d6 giam dan, & day R, = 4 a.u. va 2 a.u. lan luot cho
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F =0.005 a.u. va F = 0.015 a.u.. Két qua tinh toan nay hoan toan phu hop véi nhing
cong trinh trude dy [5, 6]. Trong phan dudi cia Hinh 3.1, ching ta cd thé quan sat duoc
rang toc do6 ion héa r tang dan khi khoang céch lién hat nhan ting cho ca hai truong hop
cuong do dién truong dang xét. Khi ting khoang céach lién hat nhan thi bé day thanh thé
nang nhdt electron lién két tré nén hep lai, tir d6 1am cho x4c sudt ion héa xuyén ngam ting
lén. Tc do ion hoa trong trudng hop F = 0.015 ludn ludn 16n hon truong hop F = 0.005
khoang vai tram 1an do trong ving ion hda xuyén ngam, téc do ion hdéa phu thudc vao
cuong d6 dién trueong theo quy luat ham ma [18].
Goc dinh phuong g = ¢°

£ (au)

-- F = 0.015 a.u.

T F =0au. (b=0.01)
-1.8 & L 1 1

0.12 T T T

I' (au)

2 4 6 8
Khoang cach lién hat nhan R (a.u.)

Hinh 3.1. Sir phu thudc ciia ndng lwong & Va toc dé ion héa T vao khodng cach lién hat
nhan R vagi b = 0.09 cho ba gia tri dai dién cua cuong do dién truong F khi goc dinh phuong la
B = 0°. Puong lién nét mau dé: F = 0, dwong gach dirt mau xanh dwong: F = 0.005 a.u., va
dwong cham gach mau xanh ld cdy dgm: F = 0.015 a.u.. Toc dé ion héa trong truong hop F =
0.005 a.u. dwoc nhdn cho 200 d@é biéu dién trong ciing thang do. Két quda cho thé nang Coulomb
mém b = 0.01 ciing dwoc biéu dién trén dwong cham mau den cho F = 0.

Hinh 3.2 mé ta sy phu thudc cua ning luong va toc do ion hoa vao cudng do dién
truong khi ¢6 dinh goc dinh phuong B = 0° tai hai khoang cach lién hat nhan tuong tung
v6i khoang céach can bang R = 2 a.u. va R = 6 a.u. rat thuong duoc sir dung trong thuc
nghiém [4]. Két qua dy doan tir nhirng Ii thuyét gan dung nhu 1i thuyét NLB2 va i thuyét
TCTY cho ning lugng va téc do ion héa ciing dugc dwa ra cho truong hop R = 2 a.u. Gia
tri ngudng trén cua cudng d6 dién truong dugc chon sao cho nam trong ving ion hoa vuot
rao, lan luot 12 0.3 a.u. va 0.12 a.u. cho R = 2 a.u. va R = 6 a.u.. Hinh 3.2 cho thiy trong
ca hai truong hop khoang céch lién hat nhan dang xét thi nang luong & ting dan khi cuong
d6 dién truong tang 1én. Trong ving ion héa xuyén ngam, F < 0.15 a.u. cho R = 2 a.u.,
ning luong ting bac hai theo F va tuan theo su dy doan cua i thuyét NLB2. Trong khi d6
d6i v6i dién truong manh trong viing ion hoa vuot rao, F > 0.15 a.u., nang lwong chi ting
theo ham bac nhat. Piéu tuong tu cho niang lwong ciing dugc quan st cho truong hop
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R = 6 a.u. Phan dudi caa Hinh 3.2 biéu dién sy phu thudc cua tde d6 ion hoa vao cuong do
dién truong. Trong ca hai truong hop, téc do ion héa ting theo ham mii trong ving ion hoa
Xuyén ngam, sau dé van tiép tuc ting nhung chi theo ham bac nhét cua F trong ving ion
hoéa vuot rdo. Ching ta c6 thé nhan thay nhiing Ii thuyét giai tich gan ding mac d c6 thé
gilp xé&c nhan d tin cay cua tinh toan nhung chi c6 thé ap dung cho dién trudong yéu trong
viing ion héa xuyén ngam. Do d6, nhitng tinh ton s6 nhu cua ching toi 1a vd cuing can
thiét dé giai thich mot cach chinh xac qua trinh ion hoa trong truong hop dién truong c6 do
manh bat ki. M6t diéu tha vi ciing c6 thé duoc rdt ra tir Hinh 3.2 13 sy khéc biét gitra quan
niém co dién va tinh toan thuc té qua trinh ion hoa. Nhu phan trén caa Hinh 3.2, khi cuong
d6 dién truong ting Ién thi ning luong bi dich chuyén xudng thip hon, nghia 13 thé ion hoa
(nang luong can thiét dé ion hoa) tang 1én va su ion hoa sé tré nén khé hon theo quan niém
co dién. Tuy nhién, duéi sy tac dong cua truong tinh dién, thé hat nhan hiéu dung bi nhiéu
loan va bé rong cua rao thé tro nén mong hon, tir d6 lam cho xac suat ion hda xuyén ngam
clia electron ting 1én rat dang ké. Khi cuong do dién truong tiép tuc ting dén gia tri da lon,
dinh cua rao thé tham chi thap hon ca mic nang lugng lién két va electron cé thé tu do
thoat ra khoi trang thai lién két véi hat nhan, d6 chinh 1a co ché ion hoa vuot rao. Do do,
quéa trinh ion hoa cua nguyén tir, phan tir khi thay doi cuong d6 dién trudong 1a mot hién
tugng hoan toan luong tir va khdng thé st dung nhitng i thuyét c6 dién dé xem xét.
Go6c dinh phuong g = 0°

-0.95 . . .
-0.6
~ -1.05 0.7
=
S -0.8
W -LI5
0.9
-1.25 1 1 -1.0
0-4 T T 0-06 T T T
03|
-~ 0.04 | .
=
< 02
~—
—~ 0.02 | .
0.1
0 0 1 1
0 . . . 0 0.03 0.06 0.09 0.12
F (a.u.) F (a.u.)

Hinh 3.2. Sw phu thuge vdo cuong dg dién truong cia nang lirong & VA toc dé ion héa T
voi b = 0.09 cho hai gia tri cua khoang cach lién hgt nhén: R = 2 a.u. (hinh bén trai) va R = 6
a.u. (hinh bén phdi) khi géc dinh phirong B = 0°. Puwong lién nét mau do va dwong gach mau xanh
dwong lan lwot biéu dién két qua tir gidi S6 va cdc phirong phdp gan ding. Két qua cua Ii thuyét
gan diing tiém cdn truong yéu dwoc nhdn cho 0.1 dé phl hop Vi ty 1¢ toa d@é hinh vé.
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Chung toi xem xét dén sy phu thudc vao goc dinh phuong B cua ning lwong va téc
do6 ion hoa cho hai gié tri khoang céch lién hat nhan R nhu da xét trong Hinh 2 cho ba gia
trj dai dién cua cuong do dién trudng F thay dbi tir ving ion héa xuyén ngam dén vuot rao.
Do sy di xitng cua van dao phan tir d6i voi phuong cia vector dién trudng, ching tdi chi
khao sat cho goc dinh phuong tir 0° dén 90°. Ching toi ciing biéu dién dy doan cua I
thuyét NLB2 va TCTY lan luot cho ning luong va téc do ion héa cho truong hop R = 2
a.u.. Chung t6i ciing luu ¥ rang do tc do ion hoa thay doi rat nhanh theo quy luat ham mi
ctia cudong d6 dién trudng nén ching toi chia téc do ion hoa cho hé sé dién truong [18]

o 2201 2,3
K[ 4k K
Wy, = E{?j eXp(_Ejr (10)

dé biéu dién trong cung thang do nhu phan dudi cua Hinh 3.3. Tai khoang cach can bing
R = 2 a.u., ning luong ting dan trong khi téc do ion hoa giam dan khi ting goéc dinh
phuong . Diéu nay cho thay dudi diéu kién dang xét, phan tir dé dugc ion hda khi tryc
caa nd song song Vvai vector cuong do dién truong. Trong treong hop dién truong manh
turong (g Vi co ché ion hoa vuot rao, ca Ii thuyét NLB2 va TCTY déu khong thé mo ta
duoc niang luong va toe do ion hda. VGi R = 6 a.u., xem xét mot cach tong quat thi ning
lwong & tai B = 90° van 16n hon tai B = 0° va toc d6 ion hoéa r tai B = 90° nho hon so
v6i B = 0°. Tuy nhién, mot diéu tha vi c6 thé nhan thiy rang ca ning luong va téc do ion
hoa trong trudng hop nay déu dat cuc dai tai cing mot gia tri trung gian cua goc dinh
phuong . Vi tri cuc dai nay dich chuyén vé phia goc dinh phuong 16n hon khi cuong do
dién trudng ting 1én (tai B = 65° cho F = 0.05 a.u. va g = 82° cho F = 0.12 a.u.). Pang
tiéc dir liéu du doan tir Ii thuyét NLB2 va TCTY khéng sin c6 cho truong hop nay. Mot
diéu can luu y 1a d6i véi truong hop R = 6 a.u., khi dit dién trudong vao thi hai mic ning
lugng cua trang thai co ban dang xét 1sg, (m = 0) va trang thai kich thich thir nhat
1so,(m = 1) kha gan nhau, do d6 viéc chuong trinh ty dong nhay sang trang thai khac so
VGi trang théi can tinh trong qua trinh thay d6i goc dinh phuong hoan toan c6 thé xay ra. Vi
vy chung t6i di can than kiém tra gia tri caa sé luong tir tir m twong ung véi kénh chiém
vu thé khi goc dinh phuong dugc thay doi. Két qua cho thdy m = 0 cho tat ca cac goc dinh
phuong duoc xét, day chinh 1a bang chung khing dinh khong cé su tu dong chuyén trang
thai nhu da dé cap. Biéu hién su phu thudc cia nang luong va tdc d6 ion hoa vao goc dinh
phuong cho trudng hop R = 6 a.u. 1a mot két qua hay va van 1a mot cau hoi mo ddi voi
ching t6i. Viéc giai thich toan dién co ché vat li ding sau hién tuong nay sé& duoc trinh bay
trong nhitng nghién cau tiép theo.
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Hinh 3.3. Su phu thugc ciia ndng lwong € Va toc dg ion héa rvdo goc dinh phiong B Véi b
= 0.09 cho hai gia tri cua khoang céch lién hat nhan: R = 2 a.u. (bén tréi) va R = 6 a.u. (bén
phdi) cho ba gia tri dai dién ciia cuong dé dién truong F. Trong hai hinh bén trdi, dwong lien nét
va dirt nét lan lieot thé hién két qud ter gidi so va céc Ii thuyét gan diing bao gom NLB2 va TCTY.

4. Kétluan

Trong bai bao nay, chiing toi da khao sat mot cach ¢ hé thong hai dai lugng quan sat
dugc bao géom ning luong va toc d6 ion hoa dbi véi trang thai co ban cua ion phan ti
hydro dudi tac dung cua dién truong. Su phu thudéc cua hai dai luwgng néu trén vao mot
trong ba yéu t6 bao géom khoang cach lién hat nhan, cuong d6 dién truong va goc dinh
phuong dugc xem xét ki ludng. Két qua cua ching tdi phd hop tt véi nhitng tinh toan
trude day va ciing co thé duoc mé ta bang Ii thuyét gan dung khi dién treong yéu cho mot
s6 truong hop cu thé, day chinh 13 sy x&c nhan tinh tin cay cta chuong trinh tinh toan.
Chung t6i cling quan sat dugc xu huong la cia hai dai lugng trén trong truong hop R = 6
a.u. khi thay doi goc dinh phuwong. Piéu nay da truyén cam hing cho ching toi tiép tuc
nhitng khao sat sau hon dé dwa ra 101 giai thich twong minh. Chang t6i lwu ¥ rang trén quan
diém caa nhirng nha thuc nghiém trong linh vuc ndy, su phu thudc vao goc dinh phuong cd
thé dugc trich xuat tir phd dong luwong cia electron ion héa. Do d6 tinh toan nay cé y nghia
thuc tién cao trong linh vuc twong tac giira laser va phan tu.
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