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TOM TAT
Néng lwong trang thdi co ban ciia nguyén tir hydro trong tir trieong déu véi cuong do
lén dén 2.35x10“G dwoc tinh s6 chinh xdc dén 7 — 15 chit s6 thdp phan. O ddy, bai toan
dang xét dwoc dwa vé bai todn dao dong tir phi diéu hda bon chiéu qua phép bién doi
Kustaanheimo-Stiefel va nho d6 ma phwong phdp toan tir FK cé thé dap dung dé gidi
phuong trinh Schrodinger cho bai toan. Két qua thu dwoc [a mét mo réng dang ké so voi
cac so liéu thu trude day, dac biét la trong vung tur truong si€u cao c6 nhiéu ing dung.
Phuwong phap toan tu FK ciing duoc cadi tien cho phép tinh toan cho cdc trang thai kich
thich cao.
Tir khoa: phuong phap toan tor FK, nguyén tu hydro, tr truong, nang lugng trang
thai co ban.
ABSTRACT

Ground state energy of a hydrogen atom
in a uniform magnetic field with arbitrary strength

The ground state energy of a hydrogen atom in a uniform magnetic field are
calculated numerically with precision of seven to fifteen decimal places for the field
strength of up to 2.35x10“G. Here, the Kustaanheimo-Stiefel transformation is used to
transform the problem into that of a four-dimentional anharmonic oscillator, then the FK
operator method (FK-OM) is developed for solving the Schrodinger equation of the latter.
The precision of the obtained numerical results are a significant progression in
comparison with earlier works, especially in the practical zone of superhigh intensity of
magnetic field. FK-OM is also developed in order to calculate energy of excited states of
hydrogen atom in a magnetic field in the next work.

Keyworks: FK operator method, hydrogen atom, magnetic field, ground state energy.

1. Mé diu

Bai toan nguyén tir hydro trong tir trrong 1a mot bai toan kinh dién trong co hoc
luong tu, va da dugc nghién ctru trong mot thoi gian rat dai; mac du vay, hién nay bai
todn nay van dugc quan tdm do lién quan dén cac nghién ctru thyc nghiém vé phé cta
c4c nguyén tir dit trong tir truong manh & cac sao 10n tring va sao notron trong vat Ii
thién van (xem cong trinh [3], [10] va cac trich dan trong d6).

* ThS, Truwdng Cao dédng Néng nghiép Nam Bd; Email: xuanthnb@gmail.com
" ThS, Trwéng Dai hoc Sw pham TPHCM
TS, Trwdrng Dai hoc Sw pham TPHCM
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Trong cdng trinh nghién ctu cua cac tac gia khac, phuong trinh Schrédinger cho
nguyén tir hydro trong tir trudng dugc giai bang nhiéu phuong phap khac nhau. Phuong
phap nhiéu loan [3] chi 4p dung trong ving tir trrdng nho, phuong phap gan dung doan
nhiét [7] ciing dugc ap dung cho ving tir truong rat cao nhung ning lugng lién két lai
sai v&i két qua thuc té dén ba 1an. Nam 1984, Rsner va cac cong su [5] da tinh phd
ning luong cua nguyén tir hydro cho mot dai rong tir truong bang bd chuong trinh
Hatree-Fock cua Fischer; tuy nhién, phuong phap nay lai hoat dong kém & vung tir
truong trung binh, cOn & ving tir trudng siéu cao thi khong thay thé hién két qua. Nam
1996, Kravchenko va cac cong su dd ap dung thanh cong phuong phéap bién phan [7] dé
tim nghiém chinh xac dén 107'* cho bai toan nguyén tir hydro trong tir truong; tuy
nhién, phuong phap nay chua thé hién duoc két qua ¢ vling tr trudng siéu cao. Nam
2007, tac gia Vieyra sir dung phuong phap gan dung Born-Oppenheimer bac khong [8]
két hop voi phép bién phan, tim dugc nghiém chinh x4c bang sb cho cac trang thai kich
thich thap trong ving tir truong tir 0 dén 4.42x10°G, véi d6 chinh xac 1a 107 trong
vung tor truong 1on. Nam 2009, tac gia Thirumalai [2] &p dung phuong phap Hatree-
Fock hai chiéu cho nguyén tir hydro va heli trong khoang tir truong 0 dén 4.70x10°G,
Vv6i d chinh x4c 12 10”°. Nam 2014, Sasmal [9] ¢4 ding phuong phép thé tich gidi han
dé tim duoc ham song, ning lugng, ciu tric cua nguyén tir hydro trong tir trudng cd
cuong do trong khoang tir 0 dén 1.41x10%G véi do chinh xac 10°°. Cac phuong phap
ké trén déu chua dap ung dwgc nhu cau cia thuc nghiém trong vét Ii thién vin do chua
thu duogc phd ning lugng ctia nguyén tir hydro khi dat trong ving tir truong ¢6 cudong
do 16n hon.

Pé thu duoc nghiém bang s6 c6 d6 chinh xac cao cho bai toan nguyén tu hydro
trong tir truong co cuong do bét ki, ching t6i st dung phuong phép toan tor FK [1].
Phuong phap toan tir FK (FK Operator Method, viét tit 1a FK-OM) dugc xdy dung tir
nhimg nam 1980 boi nhém nghién ciu cua cac giao su Feranchuk va Komarov va da
duoc ap dung thanh cdng cho mot loat bai todn trong vat Ii chét ran, i thuyét truong,
vat |i nguyén tir, phan tir (xem cudn sach chuyén khao [1] va cac trich din trong do).
Trong cong trinh ndy, FK-OM cai tién két hop voi phép bién ddi Kustaanheimo —
Stiefel da duoc sir dung dé chuyén bai toan nguyén tir hydro ba chiéu sang bai toan dao
dong tir phi diéu hoa bén chidu, dua ra cac cong thirc can thiét cho viéc tinh toan cac
yéu t6 ma tran bang phuong phap thuan dai s [1], phuong phép chéo héa ma tran duge
sir dung dé tim nghiém chinh xé4c bang sb.

Céu tric bai b4o gdm ba phan chinh: Phan thtr nhat gi6i thiéu FK-OM va ap dung
cho bai toan nguyén tir hydro trong tir truong cé cudng do bat Ki; phan thi hai trinh bay
két qua thu dwoc va thao luan; phan cudi cling 1a két luan va du kién phéat trién cua dé
tai.

2. Nguyén tir hydro trong tir truong

Phuong trinh Schrodinger str dung phép bién d6i Kustaanheimo-Stiefel dé tim cac

mutc nang lugng ctia nguyén tir hydro trong tir truong d& duoc trinh bay trong cong
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trinh [1, tr. 252-258]. Dé sir dung trong tinh toan cua cong trinh ndy, cac y tudng va
cong thtrc chinh s& dugc trinh bay lai trong phan nay.

Phwong trinh Schrédinger cho nguyén tir hydro trong tir truong khi viét trong hé
don vi nguyén tir co6 dang:

2 ) AN
Hy =ey, H =—%[%+%+%}—%y[x%—y%}+%y2(x2 +y2)—%, 1)
V6i: r=4/x"+y?+2%; don vi d0 dai la ban kinh Bohr a, = 4xg i’ | me? =0.529,&;
don vi nang lugng 1a hai lan hing s Rydberg R, =#’/2ma; =13.61eV; tham so tix
truong khong tha nguyén la y lién h¢ véi tr truong qua hé thuc B=2mR y/ehn Voéi
y =1 ing véi tir trudng B =2.35x10°G, Z 1a dién tich hat nhan cua nguyén tu hydro,
trong bai bao nay Z =1.
Thuyc hién phép bién d6i Kustaanheimo-Stiefel:
X =2(uu, +V,V, ),
y=2(uv, —u,v,),
Z=U2—UuZ+Vv> -V, )

V Y
¢ =arctan-L+arctan—2 , 0< ¢ <2r,
ul u2

trong do, bién sb goc ¢ dugce dua vao nhu bién toa do thir tu dé thuan tién cho tinh toan
khi chuyén sang hé toa d6 méi. Vi goc ¢ khong c6 y nghia vat i ma chi dugc dua vao
dé trong xtmg v6i khong gian bon chiéu nén ham song trong phuwong trinh Schrédinger

khong phu thudc vao ¢: % =0, trong trng v4i phuong trinh trong khéng gian (u,v):

0 0 0 0
u—-V,—+Uu, —-V, — u,,u,,v,,v, )=0. 3
[18\/1 1aul zavz 2au2j‘//(1 21 Vp 2) (3)

Pé bao toan tinh hermit caia Hamiltonian khi chuyén toa do, ta phai nhan thém
vao hai veé cua (1) thira s6 tmg véi Jacobian J = 2r ctia phép bién doi toa do (2):

rﬁw(r) =rey(r). 4
T (2) suy ra:
X +y? =4 (uf +v] ) (ug +v3),

r=u+v>+us +Vv7, (5)
o 0*  0° 16> o o8 &°

Nzt e 22 |4l 7zt a2zt a2z |
ox® oy oz 4{ou; ou, ov; ov,
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~ i 0 0 0 0
L=—2|V,—-U—+U,—-Vv,—|.
2\ “ou, oy ov, ou,

Phuong trinh (1) duoc viét lai nhu sau:

1 1 1 -
{—gA% ~3 0, —[s —Eylzj(uf V] U3 V)

(6)
1
+E},2(uf+vf+u§+v§)(uf+vf)(u22+v§)—2}z//(u1,u2,vl,v2)=0,
trong do:
2 2 2 2
By =t A =k D @
T?ooou;  ou, 2oV ov,

Hai phuong trinh (1) va (6) 1a hoan toan twong dwong nhau néu ham séng
w(u,,u,,v,,v,) théa man diéu kién (3); tuy nhién, phuong trinh (6) don gian hon vé mét
cau trac, c6 thé st dung phuong phap tinh toan dai sb.

Do toan tu fz giao hoan véi Hamiltonian trong phuong trinh (6), nén ham riéng
cua Hamiltonian trong phuong trinh (6) cling 1a ham riéng cua cua toan tur I; va bai
toan dang xét c6 sy bao toan moment dong luong quy dao. Goi m la tri riéng cua toan
tu I;, phuong trinh (6) ¢6 thé viét lai nhu sau:

(ﬁ —Z)x//(ul,uz,vl,vz)zo, (8)
VOi:
H =—EAuu —EAVV —[g—lymj(uf+vf+u§+v§)
8 142 8 1V2 2 (9)

+%y2(uf +V7 g V3 ) (uf +vE ) (uf +v3).

Phuong trinh (8) 1a phuong trinh Schrodinger ciia dao dong tir phi diéu hoa bon
chiéu.

Nhu viy, théng qua phép bién ddi Kustaanheimo-Stiefel, phuong trinh
Schrédinger cho nguyén tir hydro ba chiéu trong tir truong déu da tro thanh phwong
trinh Schrédinger ctia dao dong tir phi didu hOa bon chiéu. Can luu y la Z béy gio dong
vai tro la tri rleng Va & tro thanh mot tham sé cua phuong trinh (8) Dleu nay khéng
anh huong dén viéc sir dung FK-OM dé tim nghiém chinh xac bang sd cua phwong
trinh (8), s& duoc trinh bay rd trong cac phan sau.
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3. Phwong phap toan tir FK

FK-OM giai phuong trinh Schrédinger cho bai toan dao dong tir phi diéu hoa (8)
sé duogc thyc hién qua cac budce sau: (1) Biéu dién Hamiltonian qua cac toan tir sinh
hiy H (u;,u;,v,,v,57)— H (éi,é{, 4,.4,b,b".b, b} ); (2) Tach Hamiltonian ¢ trén

~

thanh hai thanh phan: thanh phan trung hoa H, (44, 4;4,,b/b,b/b,;7) va thanh phin
con lai xem nhu 13 nhiéu loan V ; (3) Giai phuong trinh H ‘P( ) = E( )‘Pg) dé tim
nghiém gan dung bac khong; (4) Giai phwong trinh ham riéng, tri riéng ciia ma tran
Hamiltonian dé thu dwoc nghi¢m s6 v6i d6 chinh xéac cho trude.

Céc budc dd md ta & trén duge thuc hién cu thé nhu sau:

Buée 1. Viét Hamiltonian dudi dang dai s

Céc toén tir sinh huy dugc dung trong bai toan nguyén tir hydro trong tir truong
tuan theo cac dinh nghia nhu sau:

&Szﬁ[a 1 @J &;:@LGS_L‘?];

20 0 2 OUg

ﬁAs=\/_[V+£—j B f[ = ?];

20 0V,

(s=12), (10)

trong d6, o 1a tham sé tu do duoc dua vao dé tdi wu hoa qua trinh tinh toan, cac giao
hoan tir cia cac biéu thirc (10) thoa:

[@,(@),6 (@)] =6, | B.(0). B (@) ] =5, (11)
Két hop (5) va (10), ta viét duoc: I, = —%(alﬂf —o; B+ o5 By~ 7).

Toan tir |, vira thu dugc khong c6 dang chéo héa, dé chéo hoa I, ching toi sir
dung céc toan tr sinh, hily méi nhu sau:

=l -iA) s & = (a ik ),
65=\/1§( +|ﬂs),b+ ﬁ(&+_lﬂs)’

Thay (12) vao (9), chiing t6i c6 dugc dang dai sb cia Hamiltonian:

Q)

(s=12). (12)
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20\ 2

}/2 A A A A ~ ~ ~ ~
A+A + A+ A + A A A+t A+t

160)3( a +b'b +aa, +b,b, +2+4b +4a,b, + +4, 2)

va dang dai s6 ciia toan tir |, :

A

L:j@@—@@—@@+&@)

Pé don gian hoa bai toan, chiing ti dung hé thong cac toan tir méi:
N, =4'a +b'b,, N, =44, +b;b,, M =4'b’, M; =&;b;.

Céc toan tir nay thoa cac hé thirc sau:

[V N =N, +1, [N +1]=2M, , [N, +1M, ]=20;.

Hamiltonian (13) dugc biéu dién qua cac toan tir (15) nhu sau:

16a)
Buwéc 2. Tach Hamiltonian (17) thanh hai thanh phdn

s (N +N, +2+M, +M, + M, +M+)(N1 +1+M1+Mf)(N2+1+M2+M§).

(13)

(14)

(15)

(16)

(17)

Theo budc 2 cua FK-OM d4 trinh bay ¢ trén, can phai tach riéng toén tir trung
hoa I—Ai0 VA toan tir nhidu loan V tir Hamiltonian (17). Tuy nhién, bang cach chon b
ham séng co s& 1a ham riéng cia dao dong tir didu hbq bbn ghiéu ung voi cac toan tir
sinh huy (12), vi¢c tdch Hamiltonian (17) khong con can thiét nira vi by ham song co

A

s¢ cling chinh 1a ham riéng cua H,.

B6 ham co s¢ dudi dang ham riéng cua dao dong tur di€u hoa bon chiéu dugce viet

nhu sau:

|annsn4(w)>=m(éi) (A) (61) (6§)n4|0(60)>,

voi: n =0,1,2,..(i=14).

B6 ham co s (18) ¢6 tinh truc giao va dugc chuan hoa tir diéu kién:
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4,(0)|0(@)) =0; b, (®)[0())=0; (0(w)|0())=1. (19)

Do I; dugc bao toan nén ham riéng cua Hamiltonian trong phuong trinh (8) ciing

la ham riéng cta cua |, :

- —-n,+n,—n

1, |n1n2n3n4 (w)> Z%mmznsm (w)>’ (20)
khi do6 ta co:

n,—n,+n,—n, =2m, (21)

vo1 m 1a tri riéng cla I;
Miat khac, tir diéu kién tu do ctia bién s ¢, ta co:
(”51 ~ &4, +b'b, —bb, )| nn,nn, (@) =(n —ny+n,—n,)[nnnn, (@) =0,  (22)
hay:
n,+n,=n,+n,. (23)
B6 ham co s& méi thoa cac didu kién (18), (21), (23) ¢6 dang:

|n1'n2’m>=\/nl!nz!(n1+|m|)!(n2+|m|)!(M1) (Mz) joom). 4

trong d6: |m) = (56; )" 0) khi m=0 va [m)=(a/;)"[0) khi m<0.

B6 ham co sé (24) 12 b ham dbi ximg tru voi:

n=n,+n,+|m|, (25)
la s6 luong tir chinh (n=|m|,|m|+1,...), trong d6 m 14 s6 luong tir tir (M =0,£1,£2,...),
n, va n, la cac s6 nguyén 16n hon hodc bang khdng. Chung lién quan dén sb lugng tir
quy dao | theo cong thirc:

| =2n,+|m|. (26)

Biéu thtrc (26) cho thay,
Khi d6i chd n, va n, thi bo ham co s¢ (24) khong thay d6i dang, nén ta c6 thé viét bo
ham co so dudi dang di ximg va phan d6i xtng sau:

m| 1256 chén thi | chan, |m| 156 1& thi | 1& va |m[<I.

+ 1
In,n,,m) =—(|n1,n2,m>+|n2,n1,m>); n >n,,
V2
(27)

-1
In,n,,m)” =—=(|n,n,,m)—[n,,n,m)); n, >n,.
V2
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Néu chon bd ham co s& ciia bai toan 1a bo ham & (27) thi: I <n.
Sau khi ¢6 bd ham co s, chung t6i tinh cac yéu t6 ma tran ciia Hamiltonian (17).

Yéu t6 ma tran nay c0 thé viét twdng minh nhu sau:
0} 1 (ym 2
e

iio ko = 4 bk kiky 20\ 2 166{)3 I J2 Kk
trong do:

A~ A~

Dj1j2'k1k2—<j1j2m|(N +N, +2-M, =M, - M, = M; )| kk,m),

)
Ry e, = <Jljzm|(N +N, +2+M, +M, + M +M; )|k1k m), (29)
‘)

= (iyjom|(N, +N, +2+M, +M, +M; +M;

Khlz kk, ™
X(N, +14 My + M )(N, +1+ M, + M )[gk,m).

Céc két qua tinh cho thiy, ma tran D, R 1a ma tran c6 nim dudng chéo, ma tran K
la ma tran c6 21 duong chéo, cac phan tir khac bang khong. Diéu nay thuéan 1¢i cho viéc
giai phuong trinh tim nghiém s6 ¢ budc sau.

Buwéc 3. Tim nghiém gan diing béc khéng

Ning lwong gan diing bac khong cho cac trang thai luong tir 12

2 2
© _@  ym, 3(k, +k, )(|m|+2) + m|(|m|+ 3) + 6k,k, + 2]-——22— (30
gklkzm 2 2 86()2|: ( 1 2)(| | ) | |(| | ) 172 ] k1+k2+|m|+1( )
Trong tru‘ong hop tir truomg nho ¥ U , biéu thirc nay tro thanh:
o _@ m_z_w 31
ke 2 2 n+1’ (1)
. 09
Vai @ dugc xac dinh tir diéu kién: %:o [1, tr. 270]. Ta thu dugc:
o
_Z. o ___ 2 ym (32)

kikom

n+1’ 2(n+1)* 2

Biéu thirc (32) cho phép tim nghiém gan dung bac khong cia nguyén tir hydro
trong tu truong.

Pé tim nghiém géan dung cua cac bac Ién hon khong cua nguyén tir hydro trong tir
truong, chung t6i tinh thém cac bo chinh cho ning luong va ham soéng nhu trong li

thuyet nhiéu loan. Tir treong ¢ cuong do cang lon thi can thyc hién tlnh toan vai cac
bac b chinh cang cao dé thu duoc nghiém vdi d§ chinh xdc mong mudn .
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Budc 4. Giai phwong trlnh trj riéng, vector riéng ciia ma trin Hamiltonian dé thu
dwge nghiém chinh xac bang sé.

Trong cac cong trinh khac cia nhoém, cac tac gia da su dung phwong phap toan tir
FK va so d6 vong lap cing cac chuong trinh tinh s6 phu hop dé giai quyét bai toan va
thu két qua. Trong cong trinh nady, ching toi tinh truc tiép bang cach chéo hda ma tran
Hamiltonian tuong ting.

Trudce tién ching t6i biéu dién ham riéng cta phwong trinh (8) theo dang t6 hop
tuyén tinh ctia bd ham co sé dbi ximg.

s Nm

chknkm|k1’n k, |m| >

s njm

RRpIp) Coi [k =k = [m[, m) (33)
k, =n—k —|m|,

voi s 1 bac b chinh. Khi bac bd chinh s —» « thi w7} =, 1a ham riéng chinh
xac cuia Hamiltonian trong phwong trinh (8). Tuy nhién, trong giai chinh xac bang sb
thi chiing tdi chon s 1a s6 hitu han du 16n dé sai sé cua tri riéng |e® — eV |< Ag®
Ae® cho trude.
Thay ham riéng (33) vao phuong trinh (8), ta dugc phuong trinh ham riéng tri
riéng ciia ma tran Hamiltonian trong (8):
(HR_Z)XZ[g_mjiRX’ (34)
2 )20
voi: H® 12 ma tran vuong cé cac yéu té ma tran 1a:
2

HR o =2D,, ,, +—2—K, (35)

Jiz kiko 4 I iz Keko 166()3 Iz ik !

va R 1a ma tran vudng c6 cac yéu to ma tran Rk da biét trong biéu thirc (29), X la
ham riéng, Z latri riéng, & ddy Z =1 nhu di néi trong phan trén.

Chwong trinh tinh dugc viét bang ngon ngit FORTRAN, két hop sir dung thu vién
Intel® Math Kernel Library (Intel® MKL), ching t6i giai chinh xac bang s6 phuong
trinh (34), tim pho nang lugng, hdam song cua nguyén tir hydro trong tir truong déu voi
d6 sai s Ae® cho trude. Két qua tinh s6 ¢6 do chinh xéac tir 7 dén 15 chir sd, s& duoc
thao luan ¢ phan sau.
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3.  Két qua va thao luin
3.1. Vai trd ciia tham sé tw do @

Tham sb tw do w déng vai tr0 rat quan trong trong qué trinh tim nghiém chinh
Xac bang s6 cta phuong trinh (35), V6i cling mot gid tri ciia cuong do tir truong ngoai,
C4c gi4 tri khac nhau ctia tham s6 @ cho tdc d6 hoi tu khac nhau. Tuy gia tri ciia » €6
the chon tir diéu kién 0c(;),, /0w =0, 1a diéu kién dugc viét trong gn diing bic khong
theo y nghia 1a ning lwong ciia bai toan khong phu thudc vao gia tri ctia tham s6 o,
nhung Kkét qua tinh s6 cho théy gia tri @ dugc chon theo diéu kién nay chua ti vu, khi
cuong do tir trudng ngodi cang on thi gid tri  nay cang xa véi gia tri toi uu ciia tham
s6 ty do. Trong cong trinh ndy, o dugc chon tly Y sao cho tdc do hoi tu cia bai toén 14
nhanh nhit va két qua tinh sb dat d6 chinh x4c cao nhét. Chiing toi nhan thiy rang ing
v6i mdi gia tri ciia tham s tir trudng ¥ €6 Mot ving gid tri cia tham sb ty do e 1am
cho nghiém chinh xac béng sd hdi tu nhanh nhét vé gia tri chinh xac, ching t6i goi 1a
“mién gid tri 161 uu (o " Néu chon tham sb tu do trong mién gia tri Wt » bac bd chinh
dugc giam toi thiéu nén thoi gian tinh todn dwgc rit ngan va tai nguyén cta may tinh
ciing s& dugc tiét kiém tdi da.

Pé minh hoa, chung t6i xét mot trudng hop cu thé 1a trudng hop y = 200a.u., su
phu thudc ctia @ vao logarit cta sai sé trong truong hop nay dugc mé ta trong Hinh 1.
Hinh 1 cho thay viing omega t&i wu tng véi s = 50 1a @, = 30.0 +1.6; tmg vois =
70 12 0%y = 30.3 = 1.5; va timg véi s = 90 12 0y = 32.6 + 1.6. Sy phu thudc clia
gidtri o, Vvao tir trudng y duge md ta trong Hinh 2. Hinh 2 cho thay khi bac b6 chinh
thay d6i tir 50 dén 90 thi luén c6 mot viing “giao cit” giira cac ving gia tri o,

o tuong

g, va gia tri cia  c6 thé dugc chon Iya tir ving Oy DAY dé rat ngan thoi gian tinh

toan dén murc toi vu.

5 250
vy=200au §=50 +
6 ' 200
~ 7T s=50 ]
2 3 : _ 150 |
= s=70 =y
s 8 100 |
Lo
50
0 1
20 30 40 50 0 4000 8000 12000
(0] Y
Hinh 1. S phu thuéc ciia o vao logarit Hinh 2. Su phu thudc ciia tham sé tw do toi wu
Ciia sai s6 Ae trong truong hop y = 200 a.u Wopt VAO tir truong y o trang thai co ban

48



TAP CHi KHOA HOC BHSP TPHCM Cao Hé Thanh Xudn va tgk

Cac két qua khéo §ét tham sb tu do tdi uu wopt dugc tich hgp vao chuong trinh
tinh tu dong dugc viét bang ngén nglr FORTRAN.
3.2. Nang lwong trang thdi co bdan

Pé khao sat ning luong clia trang thai co ban, chung t6i x4c dinh gia tri Dy
v6i mdi gia tri cua tham sb tir truong y Vva thay ddi sb bac bd chinh dé tim nghiém

ung

bang s6 chinh x4c ctia nang lugng lién két E, tuong tmg véi timg gid tri cu thé ciia .
Pé tién viéc so sanh véi cac tac gia khac, ching t6i sir dung dinh nghia vé ning luong
lien két nhu sau: E, =y —2¢ . Céac két qua tinh s6 cta chung t6i dat d chinh xac tir 7
dén 15 chir s6, thé hién trong Bang 1. Tir cac s lidu so sanh trong bang, co thé thay
dugc nghiém thu dugc bdi FK-OM cho phép thu dugc nghiém véi dd chinh xéc cao
hon cac cong trinh trude d6; dong thoi, phuong phép ciing cho phép xic dinh ning
luong trong vung tur trudong si€u cao — la vung c6 y nghia rng dung, dap g dugc nhu
cau cua thuc nghiém [4].
Bdng 1. Nang liong lién Két ciia nguyén tir hydro ¢ trang théi co ban

Y Ep ref[8] ref{7] ref[2] ref[5]
0.02 | 1.01980008817880 1.01981 | 1.0198002
0.04 | 1.03920140353701 1.03921 | 1.0392012
0.10 | 1.09505296080219 1.09505296 1.09505296 1.09511 | 1.0950533
0.14 | 1.13039620598641 1.13041 | 1.1303963
0.20 | 1.18076313006953 1.18081 | 1.1807633
0.40 | 1.32921075973643 1.32931 | 1.3292114
1.00 | 1.66233779346632 1.662332 1.66233779 1.66241 | 1.6623387
1.40 | 1.83233152537548 1.83240 | 1.8323329
2.00 | 2.0444278153302 2.04452 | 2.0444281
4.00 | 2.5615960321042 2.56163 | 2.5615961

10.00 | 3.4955943274362 3.4948 3.49559433 | 3.49565 | 3.4955942
14.00 | 3.922425139980 3.92256 | 3.9224252
20.00 | 4.430797030878 443081 | 4.4307972
100.00 | 7.579608472 7.564 7.57960847
400.00 | 11.703302320 11.70230
1000.00 | 15.3248464 15.23 15.32484649
2000.00 | 18.609529440 18.60896
4000.00 | 22.408240 22.40829
10000.00 | 28.27800 27.96
40000.00 | 38.81758
100000.00 | 44.90045
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4.  Kétluan

Trong cong trinh nay, ching toi da &p dung thanh cdng FK-OM két hop vai phép
bién d6i Kustaanheimo — Stiefel dé tim nghiém chinh xac bang sb cho trang thai co ban
ctia nguyén tir hydro trong tir truong déu voi do chinh xac bat ki. Chung t6i ciing xay
dung dugc chuong trinh tinh toan tu dong trén ngdn ngir 1ap trinh FORTRAN, trong do
da tich hop két qua khao sat dé chon ving gi tri t6i wu ctia tham s6 tu do @ nhim thu
dugc nghiém cho bai toan vdi tdc d6 cao, cho phép chung toi thu duge nang luong co
ban cho nguyén tir hydro trong mién bién ddi cta tir truong tir khong dén siéu cao
(2.35x10*G), véi d6 chinh xac cao (46 chinh xac twong d6i 1a 10™° cho vang tir
truong yéu va trung binh, 1077 cho viing tir trudng cao va siéu cao). Két qua nay 1a mot
sw mo rong dang ké so voi cac s lidu thu trude dy, ca vé do chinh xac 1an mién gia tri
cta tir truong, dic biét 1a trong ving tir trudng siéu cao c6 nhiéu ing dung. Nghién ciru
nay ciing ¢6 y nghia trong viéc phat trién phwong phéap cho cac trang thai kich thich ciia
bai toan ciing nhu cho viéc mé rong cac nguyén tir co nhiéu dién tir hon.

Ghi ch: Nghién ciru nay dwoe i tro béi Quy Phdt trién Khoa hoc va Cong nghé
Quéc gia (NAFOSTED,) trong dé tai ma so 103.01-2014.44; PGS TSKH Lé Vin Hodng
da dat vin dé cho nghién ciu va hwdng dan ching téi trong qud trinh thiee hién cong
trinh.
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