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1 Ú ó

k����fþf�m�ÙØê�[Ú�Z

�§B, é�OÚ��zÆ�AL§9�Ô!�f

1ÆÚþf1Æ¥AÏþf����!þf��

�Zö��äk�¿Â [1,2]. 3�f1ÆÚZ�

ÿþ¥, �få��ZöpL§®¤õ/A^
�

Z�§B�ÙØêÚÄþ�=£. C�Ac5, �

X-1Eâ�uÐ, �fþf���Z��®¤�

9:, AO´p�Ë�f�	|�A®���\ï

Ä [3−8]. ¢�þ, Gallagher| [9] ïÄ
p�Ëa

�f3·>|!�Å|Ú�ª|¥� 21sÚ 19f ü

��m��[, ¿uy
Nõk��y�. �5|

^�f�4z�Å|� Rydberg��f�d>f

/¤�*ÑÅ�, £4 Rydberg>f, ±¢y��

Ùþf��[�8�. ¿��ÏL “£�$Ä”, |

^ý9Ï��Zöpp�Ë��f�d>f, ¦Ù

l n = 70 �Åì�[� n = 80 �, (JL², ÙØ

ê�[é-1óÀ/G!rÝ!}òÇ�ëê�

~¯a, ¿�Ñ
�²;)º [10,11]. nØþ, Zhang

� [4,12] JÑ�«¦)w7á�f3��	|¥¹

�Å½��§�õ�Ðm�{, ¿^T�{ïÄO

�
p�Ëa�f3ªÇN�|¥�-u, ���

¢� [9] ÎÜéÐ�nØ(J, ¿^þfnØ)º


þãk�¢�y�.

�©|^ B �^¼ê [2,7,13−17] Úü>f�f

�.³ [18], ¦)?�f�½�Å½��§, O�

Ñgd?�f�U?(�9Å¼ê, ¿±"|Å

¼ê��Ä¥, æ^¹�õ�Ðm�{ïÄ?�

f?u�f}ò�Å|e�-u�[, ��p-u

� n = 70—74 �ÙØê[£, ©Û
}òÇÚ�

Ìép�Ë?�fÙØ�[�K�. (JL², �

�ÀJÜ·�}òÇÚ�Ì�ëê, Ò�±¢yÙ

Øê3þf�m����[, ¿?1
kÃ�?Ø.

2 nØ�{

?u�f�5}ò�Å|¥�w7á�f, 3

��éØe, �Ñ;�Úg^�ÍÜ, æ^���

f�., XÚ�M�îþ�±�¤ (ØAO`²	,

©¥þæ^�fü )

H = H0 + zE(t), (1)

ª¥ H0 = p2/2 + V (z) ´�Ñ�fg^ - ;�

�p�^�"|M�îþ, E(t) = A(t) cos(ω(t)t)

��Å|, � A(t) = A0 exp(−mt2), Ù¥ A0 �

- 1 ó À ¸ � � Ì, m ´ - 1 ó À / G ë ê,

� m = 2.4 × 10−9, ω(t) = ω0 − βt, ω0 �-1
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óÀ�¥%ªÇ, β �ªÇ}òÇ,H0 ¥� V (z) ´

w7á�fd>faÉ��f¢�³. � V (z) ®

��, �±ÏL·�ê��{, ¦)w7á�f"

|e�½�Å½��§, ¼� H0 ����Ú��

¥, ,�2± H0 ���¥�Ä¥, |^õ�Ðm�

{Ò��� H ����Ú��¥.

2.1 ???���fff���...³³³

�w7á�f?up-u��, d>f�l

�f¢, d�d>fÉ���fØÚÙ¦>fé

§��^�±{z����.³. 3�©¥, æ

^ SchweizerÚ Faßbinder[18] �Ñ�w7á�f�

.³, Ù/ª�

V = −
1

z
[Z̃ + (Z − Z̃) exp(−a1z)

+ a2z exp(−a3z) + 1], (2)

Ù¥ Z ��fSê; Z̃ �>lIP, ¥5�f� 1,

�g>l�f� 2, Xdaí; a1, a2, a3 ��½ë

ê, ©z [18] �Ñ
�
ëê��.

éu?�f, Z = 11, a1 = 7.902, a2 = 23.51,

a3 = 2.688, ?�f��.³�

V (z) = −
1

z
[(11 − 1) exp(−7.902z)

+ 23.51z exp(−2.688z) + 1]. (3)

2.2 B���^̂̂¼¼¼êêê

B �^¼êkõ«½Â�{, ~æ^±��

�¼ê��û5½Â5� B �^¼ê. 3�f

ÔnO�¥, �O�{ü�Bå�, ·�æ^�

�IO�{� de BoorÚ Cox[13] �4íúª. ù

�Í¶� de Boor-Cox4íúªéN´�Ñ B �

^¼ê��
Ä�5�. äN½Â�{´34

«m [a, b] þÀ� n + k �(: ti |¤(:S

� a = t1 6 t2 6 ts · · · 6 tn+k = b, K�½Â B

�^¼êXe:

Bi,l(x) =







1, ti 6 x 6 ti+1,

0, Ù¦,

Bi,k(x) =
x− ti

ti+k−1 − ti
Bi,k−1(x)

+
ti+k − x

ti+k − ti+1
Bi+1,k−1(x), (4)

Ù¥ k � B �^¼ê��, n � k � B �^¼ê

�ê8. B �^¼ê�©ãõ�ª, §äk)Û

¼êÚê�¼ê�5�. 3�½�«mS, ?�

�k¿Â�ëY��¼êÑ�±^T«�S��

| B �^¼êÐm. �± B �^¼ê�Ä¼ê

�, Ä¼ê���5�¤À�!:S�k', ��

5`, ¤À(:S���, ¼ê|Ò���. �©

3O�¥, ò B �^¼ê��ê�� k = 12, ê

8 n = 312, (:oê����m��� [rmin = 0,

rmax = 40000 a.u.],ù��±¦O�(J��`z.

L 1 "|ep�Ë?�f� s, p �U?� EMP (ü : hartree)

l/n 20 21 22 23 24

0(EMP) −0.001431097 −0.001289436 −0.001167814 −0.001062621 −0.000971027

0(EMP1[18]) −0.001437608 −0.001295004 −0.001172612 −0.001066785 −0.000974664

0(EQD[18]) −0.001437229 −0.001294679 −0.001172332 −0.001066542 −0.000974452

1(EMP) −0.001364727 −0.001232570 −0.001118720 −0.001019946 −0.000933699

1(EMP1[18]) −0.001364806 −0.001232638 −0.001118779 −0.001019998 −0.000933744

1(EQD[18]) −0.001364191 −0.001232109 −0.001118321 −0.001019598 −0.000933394

2.3 ÅÅÅ½½½������§§§���¦¦¦)))

¹�õ�Ðm�{ [4,12] Ì�SNXe:

du"|e³�¥%é¡5, "|e?�f�

Å¼ê�±��

ψnlm(r, θ, φ) =
Unl(r)

r
Ylm(θ, φ), (5)

Ù¥ n, l, m ©O´Ìþfê!�þfêÚ^

þfê.Ylm(θ, φ) ´¥�¼ê, Unl(r) ´»�Å¼

ê. ± B �^¼ê�Ä¼ê, »�Å¼ê Unl(r)

�Ðm�

Unl(r) =

N
∑

i=1

ciBi,k(r), (6)

ùp, Bi,k(r) ´1 i � k � B �^¼ê, ò (3),(6)

üª�\»�Å½��§
[

−
d2

2dr2
+
l(l + 1)

2r2
+ V (r)

]

Unl(r)

=EnlUnl(r), (7)

¿òÙÝK� Bi,k(r) þ, ù�éu�½��Äþ
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þfê l, ����Ý
�§

HlC = ESC, (8)

ùp S ´UÝ
. ÏLé�z§S, �±)�»

�Å¼ê Unl(r) �ê�)±9Uþ��� Enl.

�?�f?3÷ z ¶����Å|¥, d (1)

ª½Â�M�îþ����Ú��¼ê�±^

"|Å¼ê��Ä¥¦Ñ. =XÚ�Å½��§

�±�¤

i
∂ψ(r, t)

∂t
= Ĥψ(r, t), (9)

Ù¥ ψ(r, t) =
∑

k

ak(t)ψk e−iEkt �?�fgdM

�î�½�Å¼ê. K?�f Rydberg>f�ÙØ

$Ä, �±^e¡úªL«:

Pk = |ak|
2 . (10)
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ã 2 3�Ì A0 = 2.0 V/cm, Ð©ªÇ ω0 = 20.8 GHz, }ò

Ç β = 0.0025 GHz/ns��ÅóÀ�^e, ?�fp�Ëp-

u� n = 70—74 �ÙØÄåÆL§

3 (J�?Ø

|^ B �^EâÚü>f�f�.³, ��"

|e?�fp�Ë��Å¼êÚU?�. O��?

�f S, P �Ü©U?� (EMP) �uL 1, �Bu

�Ù¦nØ(J?1'�, ¦O��(J�äkÊ

H5, ·�À$-u� n=20—24�U?�, �Ù¦

�ö [18] ©O|^�.³�{ (EMP1) Úþfº�

�{ (EQD) ¤��U?��'�. lL 1 ¥�±

w��©O�� S �U?�(J�Ù¦�.³�

{ (EMP1) Úþfº��{ (EQD) ¤���U?�

Ø���� 10−6 hartree (1 hartree=27.21 eV),P �

�U?�Ø���� 10−7 hartree,¿�O�Ñ5

� P �U?ê�0u�.³�{ (EMP1) Úþf

º��{ (EQD) �U?ê��m, `²^ B �^¼

êÐm�{���"|e�U?�kép�°Ý,

ù�y
e�ÚO�}ò�Å|¥?�f�ÙØ

�[kéÐ�Ä¥.

L 2 "|ep�Ë?�f n = 70, · · · , 74 ��U?� EMP

(ü : hartree)

n l = 0 l = 1

70 −0.00010596409 −0.00010459165

71 −0.00010294498 −0.00010163058

72 −0.00010005308 −0.00009879351

73 −0.00009728135 −0.00009607360

74 −0.00009462322 −0.00009346448

À J ? � f 5 � p - u � n = 70

� n = 74 �, § � � U ? ê � 3 L 2 ¥ �

Ñ, ï Ä O � ? � f 3 ª Ç } ò � Å | ¥ ÷

X 70s → 71p → 72s → 73p → 74s ´»�ÙØê

[£A5. b�Ð©��, ?�fÙØ3 n = 70s�

þ, 	\�5}ò�Å|��Ì A0 = 2.0 V/cm,

Ð©ªÇ ω0 = 20.8 GHz �±ð½, ��}ò

Ç β ©O� 0.0016 GHz/ns, 0.0025 GHz/ns�, �

[VÇ��m�üz, Xã 1!ã 2 ¤«. ã 1 L

², � β = 0.0016 GHz/ns�, dÐ©� n = 70s,

² n = 71p → 72s → 73p �, �ª� 97.8%�ÙØ

ê�[�8I� n = 74s, ¿§B�ù��þ; ã 2

L², ��±Ù¦^�ØC,  β = 0.0025 GHz/ns

�, dÐ©� n = 70s, ��k 93%�ÙØê�

[� n = 71p, 86%�[� n = 72s �, 80%�[

� n = 73p �, ²ù 5 �ëY�ý9¯�Ï�

�, �ª=k 78%�ÙØê�[�8I� n = 74s

þ. ��Å|��Ì A0 UC� 1.2 V/cm,Ð©ª

Ç ω0 � 20.8 GHzÚ}òÇ β � 0.0016 GHz/ns�

ã 1 E,�±���, ÙØê��müzXã 3

¤«, lã 3 ¥�±wÑ, dÐ©� n = 70s ��

k 83%�[� n = 71p, ,�k 66%�[� n = 72s

�, 57%�[� n = 73p �, �ª=k� 50%�Ù
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Øê�[�8I� n = 74s þ. �ã 1 ?1'�,

�±w�, }òÇ�±ð½�, À�ØÓ��Ì, �

[�8I��VÇ��Ø�Ó, ��=k���Ù

Øê��
8I�. ¤±, þf���Z[£��

�Ø=Ú�Å|�}òÇk', �Ú�Å|��

Ìk'; �k��ÌÚ}òÇÀ�·��, â�±

�)lÐ©��8I�����[, ��ÌÚ}ò

ÇÀ�Ø·��, �Ü©ÙØêÒ¬�[�Ù¦�

þ [19−21].
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�
�NÙØ�[�}òÇÚ�Ì�m�'

X, ·�?�ÚO�
p�Ë?�f n = 72s ��

�[VÇ�}òÇÚ�Ì�Cz'X. 3ã 4 ¥,

�Å|��Ì A0 = 2.0 V/cm!Ð©ªÇ ω0 =

20.8 GHz �±ØC, }òÇl 0.0004 GHz/nsC

z� 0.005 GHz/ns�ÙØê�[�8I��C

z � ¹; ã 5 ¥ Ð « 
 � Å | � Ð © ª Ç ω0

� 20.8 GHz!}òÇ β = 0.0016 GHz/ns�±ØC,

�Ì A0 l A0 = 0.4 V/cm Cz� A0 = 5.0 V/cm

�ÙØê�[�8I��Cz�¹. lü�ã�(

J�±wÑ, �¦p�Ë�fdÐ©�¤õ/�[

�8I�, I�ÀJÜ·�}òÇ��Ì.
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4 ( Ø

$^¹�õ�Ðm�{, (Ü B �^¼êÐm

{Úü>f�f�.³��?�fp�Ë��U

?(�, �Ù¦nØO�(JÎÜ�éÐ. 3dÄ

:þ, |^���.O�
?�f3�Å|¥�Ù

Ø�[A5, �Ñ3ªÇ�5}ò�Å|¥, ��

ÀJÜ·�}òÇÚ�Ì�ëê, p�Ë?�fÙ

ØêÒU¤õ/�[�8I�. �©ïÄL², ¹

�õ�Ðm�{(Ü B �^¼êÚü>f�f�

.³UéÐ/?n?�f3�Å|¥�¯K, U
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Population transfer of high excited states of Rydberg
sodium atoms in a chirped microwave field∗
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Abstract

Using the time-dependent multilevel approach (TDMA) and combining the B-spline expansion technique and the model pote-

nial method of atom, the properties of Rydberg sodium atom are investigated. The energy level structure of high excited states and

population transfer of sodium atom in a microwave field are studied by numerical calculation, and quantum states are controlled and

manipulated by microwave field. The results show that the method we used can be applied to the investigation of the properties of

alkali-metal atoms in external field, that the population isvery sensitive to the parameters of chirped rate and field amplitude, and that

the population can be completely transferred into the target state and trapped there by changing the chirped rate and field amplitude.

Keywords: Rydberg sodium atom, energy levels, B-spline technique, population transfer
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