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TOM TAT

Nhiét dg két hop véi tir truong c6 thé anh hiedng dén phé ning lirong ciia nguyén tir hydro khi
nhiing trong plasma bi giam trong tir truong, gy ra hiéu img nhiét-tir. Diéu nay dwoc phdt hién
théng qua viéc tach chuyén déng khoi tam dé thu dwoc Hamiltonian chinh x&c. Trong cong trinh nay,
chiing téi ap dung phirong phdp toan tir FK dé khdo sat hiéu g nay 1én mirc nang lwong co ban va
cdc mike kich thich bdc nhat. Két qua thu dwoc nghiém chinh xdc bang sé dén 9 chi s6 thdp phan
Voi cuong do tir truong 1én dén 2.35x10° Tesla va nhiét ¢ 1én dén 3.16x10° K. Két qud nay chi ra
rang sie thay doi cdc mire ndng lwong cé thé quan st bang thwe nghiém, va khi xét bai todn nguyén
tir hydro nhiing trong plasma can dwoc chii y dén hiéu img nhiét-tir.

Tir khéa: nguyén tir hydro; phép bién ddi Kustaanheimo-Stiefel; phuong phép toan tir; thé
man chin; hé nguyén tir ba chiéu

1.  Giéi thiéu

Bai toan nguyén tir hydro trong tir truong 1a mot trong nhitng cha dé dau tién dugc
nghién ctru sau kham pha ctia Zeeman vé su phan tach cac vach quang phd (Zeeman, 1897).
Bai toan nay cling dong vai trd quan trong trong nghién ctru phd ning luong phat xa tir cc
sao neutron va sao lun tring véi tir truong siéu cao 10* Tesla tré 1én (Igoshev et al., 2021).
Tuy nhién, da s6 cic cong trinh chua xét téi nhom s6 hang mé ta si anh hudng cta nhiét-tir.

C6 nhiéu cong trinh nghién ctru bai toan nay bang cac phuong phap khac nhau nhu
phap bién phéan hiru han (Chen & Goldman, 1992), str dung bd co sd B-spline trong hé toa
d6 cau (Xi et al., 1992), phan tich ham song thanh dang chudi lity thira theo ban kinh va sin
ctia goc khéi (Kravchenko et al., 1996). Pic biét nam 2014, Gyanendra dung phuong phap
thé tich hiru han dé tim dugc ham song va ning luong ctia nguyén tir hydro trong tir trudng
c6 cudng do trong khoang tir 0 dén 1.41x10%G véi do chinh xac 10°° (Gyanendra, 2014).

Cite this article as: Nguyen, T. H. G., Huynh, G. P., & Ly, D. N. (2025). Thermo-magnetic effects on the
energy spectra of hydrogen atoms placed in plasma. Ho Chi Minh City University of Education Journal of
Science, 22(4), 590-602. https://doi.org/10.54607/hcmue.js.22.4.4354(2025)
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Nhitng nim gan déy, bai toan nguyén tir hydro trong tir truong van tiép tuc dugc nghién
clru sdu rong. Dién hinh 1a cong trinh (Cao et al., 2019), trong d6 phuong phap toan tir
Feranchuk-Komarov (FK) dugc st dung dé thu dugc ning luong chinh xac cao tir 12 dén 20
chit sb thap phan cho céc trang thai co ban va trang thai kich thich bac cao, tir trudng 1én dén
9.4x10"G. Tir nhitng thanh céng nay, nhom tac gia tiép tuc phat trién phuong phap FK cho
bai toan nguyén tir hydro trong plasma (D. Ly et al., 2021).

Plasma Ia trang thai thur tu cia vat chét, hinh thanh trong moi trudng cac sao neutron
va sao lun tring c6 nhiét d6 khoang 2 keV (Goldston & Rutherford, 1995). Trong phong thi
nghiém, plasma ciing duogc tao ra bang laser, trong d6 phai ké dén laser-produced electron-
positron plasma cé nhiét do khoang 10 MeV (He et al., 2021; Jirka & Kadlecovd, 2023),
MCF (Magnetic Confinement Fusion) plasma (Yao et al.,, 2022) hay ICF (Inertial
Confinement Fusion) Plasma khoang 10 keV (Betti & Hurricane, 2016), laser plasma x-ray
source khoang 1 keV (Dorchies et al., 2023). Khi bi ion hoa, cac electron bi tach ra khoi cac
nguyén tir hodc phan tir, tao thanh cac ion duong va cac electron ty do chuyén dong trong
moi truong nhiét do rat cao va nhiéu dién tich. Sau d6, mét electron co thé tai két hop voi
mat proton dé tao thanh nguyén tir hydro. Luc nay, nguyén tir hydro dwoc xem nhu bi nhiing
trong plasma va sy twong tac giita electron va proton liic nay dwoc mé ta bang thé tuong tac
chin nhu thé Yukawa hay thé chin Coulomb téng quat dang cosine va e-mil (the more
general exponential cosine screened Coulomb potential - MGECSC).

C6 nhiéu cong trinh nghién ctru vé dic tinh cta cac loai plasma va phd ning luong ciia
nguyén tur hydro nhung trong no6 ( Bahar & Soylu, 2020; D. Ly et al., 2021). Tuy nhién, da
sO cac cong trinh 1i thuyét lai bo qua s6 hang tuong tac nhiét-tir trong Hamiltonian chinh xéc,
trong khi hiéu tmg nay c¢6 thé anh hudng dang ké 1én phd ning luong va gop phan lam sai
léch két qua 1i thuyét so vé6i thuc nghiém. Cong trinh (D.-N. Ly et al., 2023) nghién ctru sy
anh huong cta nhiét-tir 1én phd niang luong exciton trong don 16p TMD (Transition metal
dichalcogenide monolayers) da goi y cho chung t6i thuc hi€n nghién ctru hi€u tng nay.
Nhom tac gia di chi ra ti s6 do thay ddi nang luong 1a AE/E =3.9/16.6 cho mirc ning
luong 3s khi xét dén nhiét do 300 Kelvin va tir truong 90 Tesla, mat 14n nita khrfmg dinh hiéu
g nay khong nhitng anh huéng dén phd ning luong cua exciton hai chiéu ma con c6 thé
anh hudng 16n 1én phd ning lugng clia nguyén tir hydro ba chiéu nhiing trong plasma khi bi
giam trong tu truong.

Trong cong trinh ndy, chung t6i xét t6i s6 hang gay hiéu tng nhiét-tir trong phwong trinh
schrodinger ctia nguyén tir hydro trong tir truong voi thé chin Yukawa, tim niang luong va ham
song ctia mot vai trang thai lugng tir thip. Tir d6, chi ra rang khong thé bo qua hiéu tmg nhiét-
tir khi xét dén bai toan nguyén tir hydro nhiing trong plasma bi giam trong tir truong. Tir nhimg
thanh cong cua phuong phap toan tir FK (Cao et al., 2019; D. Ly et al., 2021, 2024), ching t6i
tiép tuc 4p dung phuong phap nay dé khao sat sy thay ddi cta ning luong theo nhiét do va tir
trrong nham danh gia mie d6 anh hudng cua hiéu img nhiét-tir 1én ning luong va ham song.
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2.  Phuwong phap toan tir FK khao sat hi€u ing nhiét-tir
2.1. Hiéu trng nhiét-tir trong plasma

Phuong trinh Schrodinger cho nguyén tir hydro trong tir truong c6 man chin trong hé
don vi nguyén ttr duoc viét dudi dang

(ﬁ —E)y/(x, y,z)=0,

R 2 2 2 o
2\ 0x° oy° oz 1+p 2\ oy ox) 8
efi\/m

—W +B(T)rx.
trong do, ta ¢6 A 1a tham s6 man chin c6 lién hé véi ban kinh Debye A, theo hé thirc
A=1/2y =354n,IT, phu thuoc vao nhiét do va mit do cia plasma (Goldston &
Rutherford, 1995), T 1a nhiét d6 tuyét ddi Iy theo don vi ning luong, T =1 a.u. twong duong
v6i 316.000 Kelvin, n, 1a mt do cua electron, N, =1a.u. twong duong véi 6.75x10%* cm>,

Tham s6 B(T)=+/3pT /(1+p)° phu thudc vao nhiét do vatisd p=m, /m, =1/1836, voi m,
14 khdi lwong hat nhan, m, 1a khdi luong electron. Pon vi chiéu dai 14 ban kinh Bohr hiéu dung
a, = 4re,h’ /( ,uez) =0.529 /& don vi ning luong 1a Hartree hiéu dung
E, = ue' /(16751 )= 27.2 6V va don vi tir truong la B, = uE; /(eh)=2.35x10° Tesla,
v6i w=m,-m, /(m,+m,)=9.11x10"" kg 1a khdi lugng rt gon.

Bai vi ti sb o kha nho, nén plasma c6 nhiét do cd vai a.u. thi S (T) méi dua 16n dé
hiéu mg nhiét thé hién rd. Trong phong thi nghiém hién nay c6 thé tao ra plasma bang laser
(Wu et al., 2021) hodc trong 10 phan trng phan hach. Nhiét dd plasma c6 thé duoc udce tinh
thong qua cuong do laser | va budc song A, cua laser bang cong thie T ~ (I/if)ﬂ3 (Miaja-
Avila et al., 2015). Nhiét d6 laser electron-positron plasma c6 thé 1én toi 10° a.u., MCF
plasma (Yao et al., 2022) va ICF plasma (Betti & Hurricane, 2016) 1én t&i 10 a.u.. Piéu
ndy cho thdy s6 hang S(T )yx trong (1) la ddng ké va can phai xét dén.

2.2. Phwong phdp todan tir FK
Khi khong xét dén hiéu ung nhiét do, S (T) =0, phuong trinh Schrédinger da dugc

giai thanh cong trong truong hop thé tong quat MGECSC (D. Ly et al., 2021). Llc nay,
moment dong lugng theo truc Oz la

~ (0 0
Iz :—l(XE—y&J (2)
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dugc bao toan. Tuy nhién, khi xét dén s6 hang gy ra hidu Gng nhiét-tir S(T)yx, ldc nay

giao hoan tur [IAZ H ] #0 dan dén quy trinh ap dung phuong phap toan tir FK s& thay doi.
Trong cong trinh nay, chung t6i sé trinh bay cac budc ap dung phuong phap nay trong

viéc giai phuong trinh (1) va cling néu ra cac budc cai tién so véi cac cong trinh trudc day.

(i) Qua phép bién d6i Kustaanheimo-Stiefel
v

—2u,V,, Z=UZ—-UZ+V}—V;, ¢=arctan—L+arctan—2,
ul u2

X=2uu,+2v\yv,, y=2uyVv,

phuong trinh (1) duoc viét thanh
1( & o o’ o’ ( 7Aj 2,02 02 42
| = t+——+—+— || e—=L, |(u +V; +u; +V
{ s(auf o2 ou o ov? (U vt e )

1 Alug +v5 +u5 +V.
+ yz(uf+vf)(u§+v§)(uf+v12+u2+v§)—Z Ca At

3)

+B(T )y (2uu, +2v1v2)(u12 VA US +V )} (u,v)=0

O day, moment dong luong

;:_l vli—uli+u2 0 -V, ﬁ 4)
2\ "oy ov, v, ‘ou,)

va goc ¢:0 - 27 duoc dua vao nhu mot bién sé thém, khi chuyén tir khong gian (u,v) vé

khong gian (x,y,z) ta can diéu kién dy /04 =0, hay la

-V, —+U,

(ul 0 0 i—vzai]g//(u,v)zo.@)
b, b

E T u,
(i) Biéu dién Hamiltonian trong phuong trinh (3) qua céc toan tir sinh, huy &, &7, b,, b,
(s=1,2) sau
i:%@f@y@ (@ +if0), B =—=(, +i,), b= o=(ar -id), (6)
2 V2 2 V2
,é ﬂA dugc dinh nghia

trong do, cac toan tir sinh, huy &, &
A 10} 10 A 0] 10 ~ 0] 1

=.[=u | S ==l U y Ps =47 Vs t s V___ 7
b f2furt 2] ofelu-2 ) Ao 2wl pof2(w-22 ) @
Viéc t6 hop nhu biéu thirc (6) gitip cho moment dong lwong theo truc | trong (4) tro thanh

(8)

r 1 AtA& At+A_ A+ n A+ N
=588 -84 -6 +b;b, )
Bay gid, ching t6i nhan 2@ vao phuong trinh (3) rdi thay cac bién (u V) va cac toan tu

dao ham bang cac toan tir sinh, hity va thu duoc phuong trinh Schrédinger dang dai sd
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- m s 1 ,- ~ 2 ~
{——sz—(g—Eyijwz 7*M —2Z U +gﬂ(T)7/VT}|1//>=O. 9)

Trong phuong trinh (9) chura cac toan tir K, R, M, U da dugc gidi thiéu trong cong trinh
(Cao et al., 2019; D. Ly et al., 2021) nhung dé thuan tién cho theo doi chiing t6i ghi lai

U _e 2w (a1b1+a1b1 +87 & +b; Dy +8,b,+8505 +45 8, +b; b2+2)1 (10)
con toan tir VT xudt hién trong phuong trinh (9) 1 do xét dén hiéu tng nhiét-tir va duoc viét

lai & dang cac toan tur sinh, huy nhu sau
\7T :[(élz+ +él)(61+ +62)+(éi*+é12)(62+ +61)J
x(&b, +ab] +a/4 +b'b + &b, +&b] +&4, +bjb, +2).

Nho vao tinh chéo hoan toan tu IAZ nén tri riéng M trong phuong trinh |: |1//> =m |(//> dugc

1)

thay vao (9).
(iii) Sau @0, ching t6i str dung bd ham co sé 13 ham dao dong tir didu hoa bdn chiéu

dang dai sb trong (D. Ly et al., 2021) dé tinh toan cac yéu t6 ma tran. Tuy nhién, do giao

hoan tir [I;, H } # 0, nghia la IAZ khong bao toan nén ching toi can viét lai dudi dang

1

|k17k2'm( )
\/k 1k, 1k, +|m])!(k, +|m|)!

( a; )" (4565)"]0.0.m(@)). (12)

O day, [0,0,m(w)) = (&;)"|0(w)) khi m>0 hoac [0,0,m(w)) = (&;5")"[0(w)) khi m<0.

Trang thai chan khong |O (a))> dugc dinh nghia tir cdc phuong trinh
4,]0(w))=0, 4,|0(w))=0, b|0(w))=0, b,|0(w))=0 (13)
v6i diéu kién chuan hoa <0|0 (a))> =1. Chung t6i tinh cac yéu t6 ma tran mot cach d& dang

theo huéng dan cuia cong trinh (Cao et al., 2019; D. Ly et al., 2021) cho cac toan tir

K, Ii, |\7|, uU. Tuy nhién, yéu td ma tran cua toan tir \7 la
(Vs )ﬁlvrkf,rnq' =<k1,kz,m'|[(é§+éi)(6f+62)+(éf+a b +bl }
+b}b,

(a1b1+a1b1 +&4 +b'b +4,0, + &b + &4, +

can dugc tinh thém trong budc tinh yéu t6 ma tran.

) (14)
b +2)|n1,n2,m>.

(iv) Cudi ciing 1 giai phuong trinh ham riéng, vector riéng dé thu pho ning lwong va ham séng.
2.3. Cdc yéu té ma trin

Trong phan nay, yéu t6 ma trén ciia toan tir \7T (14) duogc tinh bang cach sir dung cac

cong thire &°[n)=+/n+1|n+1) va toan hity &|n)=+/n|n-1). Két qua thu dugc
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(VT )ﬁﬁr(lzm = (V\m\—l)kl,kz é‘\m'\,\m\—l T (\/\m\+l)k1,k2 5\m'Hm\+1' (15)
e LR

NNy

trong do, ( il l)k i va (\/‘m‘ﬂ)kl’k2 ¢6 biéu thirc tinh nhu sau:

M,ny M,ny

(Vs .
e
=y [, o, =2, + (3, + g g +[m (3n, +3n, < [m] +2)5,
+ 1, +[m[y/n, —|m[+1( 3n1+3n2+3)5k2,n2
g+ [m[Jn, —[m[+1n, <]+ 2/, +15k2,n2+1]5k1,m
+[\/n1 10,y Ly, —|m[s, ., +Jn +1yn, (30, +3n,+3)5, | (16)
+n, +1n, —|m[+1(3n, +3n, +|m|+4)s,
+n, +LJn, —[m[+Ln, —[m[+ 2./, +1§k2,nﬁl}skllnﬁ1
[ Ly, ml 1+ 2408, L [ a2, —[ml+ 15, |6,
+| Iyl =36+, <[l 2y o+ o[58
(A
i
=+ [y, i, [l fn, <[ =15, , , +fn+[m]+LyJn, [m] (3, +3n, +3) 5,

+\/W n, +1(3n,+3n, —|m[+4)5, . .,

w1, 1o, [ 1y, <26, ., |8

ky .y

+[\/n1+|m|+1\/nl+|m|+2\/n2—|m|\/n1+15k2vn2 17)
g ml+1yn, +[ml+ 2, 10 15,0 |8,
T T2 T 310,20,
T 30, 3)6, T L2 s

Yéu t6 ma tran cua cac toan tu K, Ii, M , ] duogc tinh trong cong trinh (Cao et al.,

2019; D. Ly et al., 2021) va trong cong trinh nay, ching t6i st dung lai.
2.4. Phwong trinh tri riéng - vector riéng
Bay gio, chung t6i khai trién ham séng |l//> trong (9) theo bo ham co s¢ (12)

lv)= ZZZ o

m= ﬂl‘mh

Ju = Jpum). (18)

Cach khai trién ham séng (18) din t6i c6 ba chi s6 chay m, j, j, thay vi nhu cac bo

ham song cua cong trinh trudc day chi co6 hai chi so chay 1a j, j,. Boi vi, xét dén hi¢u ung
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nhiét tir nén s lugng tir tir m=0, +1, ..., +u khong bao toan, din dén s6 luong cac yéu tb
ma tran ting 1én dang ké. Tuy nhién, chung t6i van dung tinh d6i xtng va chon bd ham co s
| NN m> theo m<0 hodc m>0. Trong d6, N,  1a s6 duong tiry chon.
Tiép tuc thay ham song (18) vao phuong trinh (9) s& thu duoc vector riéng tong quat
(H-& R)C=0, (19)

trong d6, H, R la ma trdn Hamiltonian va toan tir R. Gidi (19) s& thu duoc phd ning luong
1a céc tri riéng & va cac hang s6 khai trién C ij,m tuong tmg trong ham song (18).
3. Két qua va thao luin

Giai sb phuong trinh (19), chung t6i thu dugc nghiém s6 hoi tu tdt nhat khi tham s6 tu
do @ nim trong ving tdi vu tir 0.8 dén 1.5 cho tir trudng thip y <0.1a.u. vatr 1.5 d&én 2.5
cho tir truong cao y >0.1a.u., nhu da ching minh trong cong trinh (Cao et al., 2019; D. Ly
et al., 2021). Trong d6, mirc ning lwong co ban va kich thich thir nhét ¢ gié tri chinh xac
dén 9 chit s6 thap phan khi khai trién chudi ham séng (18) dén N =30. D6 chinh xac nay
da dé phan tich su thay doi nang luong ¢& 0.1 meV (Goryca et al., 2019). Két qua cho thay,
& mirc tir truong thap, su thay doi nang lugng theo nhiét d6 khong dang ké. Tuy nhién, khi
& vung tir truong cao su thay d6i nay 16n va c6 thé quan sat bang thuc nghiém.

Khi xét nguyén tir hydro khong bi chan boi plasma, ching t6i xem mat do plasma
n, =0, hay ban kinh Debye A, =oo. Hinh 1 cho thdy su thay d6i ning lugng khi xét dén
hiéu ng nhiét-tir, khi cuong do tir truong 1 a.u. = 2.35x10° Tesla, su thay d6i c& vai meV
& nhiét do 316000 K va vai chuc meV & nhiét do 3160000 K. Cu thé, murc 1S thay doi 0.66
meV va 6.64 meV. Mtic 25 thay d6i 3.34 meV va 23.45 meV. Mic 2p, thay doi 0.91 meV

va 9.12 meV. Mitc 2p_, c6 su thay doi 4.41 meV va 44.12 meV.

15

E,~E; (meV)

0139315678010
T (x316000 K)

Hinh 1. B¢ léch nang lwong ¢ nhiét dg T so véi ndng lwong khong xét dén nhiét do E, — E; khi

tir trwong 1a.u. = 2.35x10° Tesla, truong hop ban kinh Debye Ap =0
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Bing 1. Mirc nang lwong 1S thay doéi theo tir truong va nhiét do
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trong hé don vi nguyén tir khi nguyén tir hydro khéng bi chdn béi plasma

Tir truomg y _ Nhigt d9
T=0 T=001 T=01 T=1 T=10
0 -0.500000000 -0.500000000 -0.500000000 -0.500000000  -0.500000000
0.01 -0.499975003  -0.499975003 -0.499975003 -0.499975004  -0.499975015
0.1 -0.497526480 -0.497526482 -0.497526493 -0.497526611 -0.497527786
1 -0.331168897 -0.331169141 -0.331171338 -0.33119332  -0.331413
* Tai nhiét d6 T = 0, két qua trang khép véi tai liéu (Cao et al., 2019).
Bdng 2. Mic nang luong 2 _, thay doi theo tir truong va nhiét do
trong hé don vi nguyén tir khi nguyén tir hydro khéng bi chdn béi plasma
Tir trudng y _ Nhige 4o
T=0 T=001 T=01 T=1 T=10
0 -0.125000000  -0.125000000 -0.125000000 -0.125000000 -0.125000000
0.01 -0.129701127  -0.129701127 -0.129701127 -0.129701132 -0.129701185
0.1 -0.150845672  -0.150845675 -0.150845694  -0.150845892  -0.150847869
1 0.043402942 0.043401322  0.043386748  0.043240805  0.041781
* Tai nhiét d T = 0, két qua trang khop véi tai liéu (Cao et al., 2019).
Bing 3. Mirc nang luong 20, thay doi theo tir truong va nhiét do
trong hé don vi nguyén tir khi nguyén tir hydro khéng bi chan béi plasma
Tir trudmg 7 ] Nhiét do
T=0 T=001 T=01 T=1 T=10
0 -0.125000000  -0.125000000  -0.125000000 -0.125000000  -0.125000000
0.01 -0.124850375  -0.124850375  -0.124850375 -0.124850375 -0.124850377
0.1 -0.112410077  -0.112410077  -0.112410080 -0.112410110 -0.112410405
1 0.239993387 0.239993053 0.239990049 0.239959846  0.239658
* Tai nhiét d6 T = 0, két qua trang khép véi tai liéu (Cao et al., 2019).
Bing 4. Mirc nang lwong 2S thay déi theo tir truong va nhiét do
trong hé don vi nguyén tir khi nguyén tir hydro khéng bi chan béi plasma
Tur trudmg y _ Nhigt a9
T=0 T=001 T=01 T=1 T=10
0 -0.125000000  -0.125000000 -0.125000000  -0.125000000  -0.125000000
0.01 -0.124651477  -0.124651477 -0.124651476  -0.124651472  -0.124651433
0.1 -0.098089151  -0.098089151 -0.098089149  -0.098089138  -0.098089021
1 0.339531871 0.339531023  0.339523383  0.339445691  0.338669

* Tai nhiét 46 T = 0, két qua trung khép véi tai liéu (Cao et al., 2019)
Chung t6i tiép tuc tinh bon mirc nang luong 1s, 2 P, 2P, Va 2s cho truong hgp nguyén

tir hydro dat trong plasma c6 mat do n, =5.36x 10 / m®, mot loai plasma duogc tao ra trong tur

truong manh (Yao et al., 2022). Khi d6, nhiét do thay doi din dén ban kinh Debye s& thay d6i
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theo. O day, chung t6i chon hai mirc nhiétdd T =0.01 a.u.va T =1 a.u. twong Gmg véi hai gia
tr ban kinh Debye 4, =10 a.u. (5.29A) va A, =100 a.u. (52.9A). Bang 5 dén 8 trinh bay

két qua khi thay d6i tir truong tir 0 dén 1 a.u.. Két qua cho thay, khi tir truong cang 16n cac muc

ning luong cang tang dan, vi dy: ¢ tir trudng 1 a.u. do ting nay khoang 0.166 a.u. cho muc 1s,

0.194 a.u. cho muc 2p_;, 0.259 a.u. cho mtc 2p, va 0.338 a.u. cho murc 2s.

Nhung déng chu y, khi nhiét do thay d6i tir T =0.01 a.u. Ién T =1 a.u. thi cdc mirc
ning lugng dich chuyén mot khoang twong ddi 16n, khoang tir 0.065 a.u. dén 0.084 a.u.

tuong ing voi tir 1.8 eV dén 2.3 eV. So voi két qua nghién ciru sy tich mirc ning luong trén

cac sao neutron va lin tring 1a khoang 14 meV (Richer et al., 2019).
Bing 5. Mikc nang heong 1S thay doi theo tir trieong trong truong hop nhiét dé T = 0.01
va T~=~1 trong hé don vi nguyén tir khi nguyén tir hydro dat trong plasma cé mdt do
n, =5.36x10” /m°.

Nhiét 4o
T truong y T=0.01a.u. T=1a.u.
(hay A, =10 a.u.=5.29A) (hay 1, =100 a.u.=52.9A)
0 -0.407058031 -0.490074506
0.01 -0.407032534 -0.490049505
0.1 -0.404536917 -0.487600589
1 -0.236848567 -0.3212526

Bing 6. Mic nang luong 2p_, thay doi theo tir truong trong truong hop nhiét dg T = 0.01
va T~= [ trong hé don vi nguyén tw khi nguyén tir hydro dat trong plasma cé mdt do
n, =5.36x10% /m®.

— Nhiét o
Tir truong y T=001hay 4, -529A T=1hay 1, —529A
0 10.049910210 10.115293162
0.01 10.051160793 10.119945618
0.1 10.069423025 10.141056391
1 0.133581992 0.0531357

Bang 7. Mirc nang luong 2p, thay doi theo tir truong trong trieong hop nhiét do T = 0.01
va T~=~1 trong hé don vi nguyén tir khi nguyén tir hydro ddt trong plasma c6 mdt dé
n, =5.36x10 /m®.

. Nhiét do
Tir trudmg y T=0.01hay 4, =5.29A T=1hay 4, =52.9A
0 -0.046528551 20115245199
0.01 -0.049498177 10115095226
0.1 -0.032186562 -0.102634987
1 0.234592623 0.156728
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Bing 8. Mikc ndng leong 25 thay doi theo tir truong trong triweong hop
nhiét do T = 0.01 va T = I trong hé don vi nguyén twr khi nguyén tu hydro dat trong plasma
co mdtdo n, = 5.36x10% / m®.

N Nhiét do
wriruong y T=0.01 hay 1, =529 A T=1hay 4, =52.9A
0 -0.046523780 20115245174
0.01 -0.046339939 -0.114943994
0.1 -0.020585098 -0.088351553
1 0.326628955 0.249813

Chung t6i tiép tuc tinh cac ning luong ctia nguyén tir hydro dat trong cac loai plasma
khac nhau khi nhiét d6 va mat do plasma duoc xem 13 thong sé dau vao cung thay ddi. Duéi
day la cac bang gia tri cac mirc nang luong co ban va kich thich cho: T = 0.01 a.u. va

n,=7.94x10" au;T=021au van =7.94x10" au;T=1au.van, =7.94x10" a.u.;
T=10au.va n,=7.94x10"° a.u..
Bing 9. Mikc nang heong 1S thay doi theo tir truong twong iing véi nhiét do
va mdt do plasma khac nhau trong hé don vi nguyén tuir
Nhiét dj, mat do

Tw treong y T=0.01, T=0.1, T=1, T=10,
n, =7.94x107° n, =7.94x107 n, =7.94x107* N, =7.94x107
0 -0.407058031 -0.407058031 -0.407058031 -0.407058031
0.01 -0.407032534 -0.407032535 -0.407032541 -0.407033189
0.1 -0.404536917 -0.404536980 -0.404537614 -0.404607417
1 -0.236848567 -0.236859736 -0.236971628 -0.238091

Bing 10. Mirc nang luong 2p_;

thay déi theo tir truong

twong wng voi nhiét do va mdt do plasma khac nhau trong hé don vi nguyén tir

Nhiét dd, mat do

Tu troeong y T =0.01, T=0.1, T=1, T=10,
N, =7.94x10°° N, =7.94x107° n, =7.94x107* n, = 7.94x1073
0 -0.049910210 -0.049910210 -0.049910210 -0.049910210
0.01 -0.051160793 -0.051160798 -0.051160846 -0.051161324
0.1 -0.069423025 -0.069423109 -0.069423948 -0.069432337
1 0.133581992 0.133518612 0.132878877 0.126486

Bing 11. Mirc nang lwong 2p, thay doi theo tir trirong

twong ung voi nhiét do va mat do plasma khac nhau trong hé don vi nguyén tie

Nhiét d, mat d¢

Tir trueomg T=0.01, T=0.1, T=1, T=10,
N, =7.94x107° N, =7.94x107° n, =7.94x107 n, =7.94x107
0 -0.046528551 -0.046528551 -0.046528551 -0.046528551
0.01 -0.049498177 -0.049498173 -0.049498130 -0.049497705
0.1 -0.032186562 -0.032186576 -0.032186715 -0.032188109
1 0.234592623 0.234560745 0.234233169 0.230964
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Bing 12. Mirc ning lwong 2s thay déi theo tir truong
twong wng voi nhiét do va mdt do plasma khac nhau trong hé don vi nguyén tir
Nhiét dg, mat do

Tir trudng T=0.01, T=0.1, T=1, T =10,
n, = 7.94x10°° n, = 7.94x107° n, =7.94x107* n, =7.94x107
0 -0.046523780 -0.046523780 -0.046523780 -0.046523780
0.01 -0.046339939 -0.046339939 -0.046339940 -0.046339947
0.1 -0.020585098 -0.020585097 -0.020585086 -0.020584981
1 0.326628955 0.326609135 0.326403775 0.324356

4. Kétluan

Trong cong trinh nay, chung t6i da khao sat hi¢u trng nhiét-tir I€n murc nang luong co
ban 1s va kich thich bac nhét 2s, 2 P, va 2p_, ctia nguyén tir hydro nhiing trong plasma bi
giam trong tir truong. Két qua thu dugce nghiém chinh xac bang s6 dén 9 chir s6 thap phan
v6i cuong d0 tr truong 1én dén lau.=2.35x10° Tesla va nhiét d6 1én dén
10 a.u. = 3160000 K, trong trudng hop nguyén tir hydro khong bi chin boi plasma va truong
hop nguyén tir hydro dit trong cac loai plasma khac nhau. Két qua cho thiy, ngoai sy thay
d6i cac mirc nang lugng ctia nguyén tir hydro do tac dong ciia tir truong ngoai, phd nang
luong con bi dich chuyén khi ddng thoi nhung nguyén tir hydro trong plasma c6 nhiét do va
mat do tuong ing khac nhau dugc bao quanh boi tir truong déu. Két qua ciing chi ra rang,
su thay ddi nay co thé quan sat béng thuc nghiém va can xem xét dén hiéu ung nhiét-tur khi
xét bai toan nguyén tir hydro nhung trong plasma bi giam trong tir truong déu.

% Tuyén bé vé quyén loi: Cac tac gid xac nhan hoan toan khéng cé xung dét vé quyén loi.

% Loi cdm on: Céac tac gid chan thanh cdm on GS TSKH Lé Van Hoang da goi y véan dé
nghién ctru cho bai bao nay.
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ABSTRACT

The combined influence of temperature and magnetic fields can alter the energy spectra of a
hydrogen atom embedded in a magnetically confined plasma, giving rise to a thermo-magnetic effect.
This study explores the phenomenon by separating the center of mass motion to derive the exact
Hamiltonian of the system. This work applies the FK operator method to analyze its impact on the
ground and first excited energy levels. Numerical solutions accurate to nine decimal places are
obtained for magnetic field strengths up to 2.35x10° Tesla and temperatures up to 3.16x10° K.
These results indicate that the energy level shifts are experimentally observable, highlighting the
importance of considering thermo-magnetic effects in plasma-embedded hydrogen atom systems.

Keywords: hydrogen atom; Kustaanheimo-Stiefel transformation; operator method; screened
Coulomb potential; three-dimensional atomic system
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