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Á� 3���.�Ä:þ, �Ä�-E�Ø�D �©þé�[Ý
���zÚ 4HeÄ�D �¤©, ·

�lnØþO�
$Ud(d,γ)α�A�UNÔnÆS Ïf. dnØO�2yd-dXÚ�(ÜUÚ±9

d��+�{O��d-d�5Ñ��£, ��Woods-Saxon³ëê. ¿ddO��S Ïf�¢�êâ3

Ec.m. < 3MeV��ÎÜ��Ð, cÙ3UNÔnÆa,��AzkeV±eU«, nØO�(JéÐ/

ÎÜ¢�êâ. dnØO�(J	í, O�
8c�vk¢�êâ�¦ð(ØÜ¤�AL§U
?1

�ð(U«(�1—20keV)�S Ïf.

'�c Woods-Saxon³ >o4�[ S Ïf åP� Ñ��

1 Úó

2H(d,γ) 4He, 2H(α,γ) 6Li, 3H(α,γ) 7Li, 3He(α,

γ) 7Li �A´UNÔnÆ¥��Ø�A, ´�)

ù
�Ø��å»��. é§�3�»¥�3�´

Ýÿþ´UNÔnÆÚ�»Æ���K��, �´

u�9��¿�.��5��Ãã��. ��¤

þã?Ö, ØÔnÆ7L�UNÔnÆÚ�»Æ(3U

NÔnÆ�U«��A�keVAzkeV)Ñ\O(!

����ØàC�A��¡êâ. ^8cykEâ,

l¢�¿p¼�¦ù
�>âf3ð(ØÜ¤�AL

§¤Uu)�ð(U«(�1—20keV)¤Iêâ´é(

J�
[1]

. ùÒI�l�«nØ�.Ñu¼�ù
êâ,

ÏlnØþïÄÐ¼Ë��AÒw�c��. d

	, �NXÚ´u�·�éØ–Ø�p�^
)§Ý

��~Ð��K, Ï�{üNXé�p�^���Ü

©Ñ�©¯a, ¼��&EÒ����
�, ´·�

¼��fØ5�!$Ä5Æ��å»��.

3{ü���.ã�¥, 4He´�{ü�V�Ø,

4�ØfÓâ�.;�, �fÚ¥füü�é/¤g

^ü�. y¢��*nØO�
[2—4]

JÑ 4HeÄ�¥�

3D �, 4�Øf�g^ÍÜ/¤S = 2�g^Ê

�, = 4HeÄ�¥�3;��ÄþL =2��¥/|�

5D0 �, �«nØ�.éuD �¤©���E,�

3é��Ø(½5, ��32%—14%�m
[5,6]

. �«

¢�
[7—9]

®y²D ���3, nØO��y²XJ3

$U« (\���Uþ�u500keV�)Ø�ÄD ��

�3, nØO���A�¡A�'¢�êâ$
3�

êþ?.

3LS (=g^;�ÍÜ)ÍÜ�¹e, d-dXÚ�

U�G�k 1S0,
5S2,

3P0,1,2,
1D2,

5D0,1,2,
3F2,3,4,

5G2

�, 4He�Ä�P�α, ùp�Äo4±e�>^Ë�

(�p��>^Ë��~f��Ñ). �â>^Ë��

[��ÄþÚ�¡ÀJ½K

Ji +Jf > λ> |Ji−Jf |;

πiπf =

{

(−1)λ, Eλ-transition

(−1)λ+1, Mλ-transition
,

(1)

Ji, Jf , πi, πf ©O�d-dXÚÐ!"���ÄþÚ�

¡, λ�õ4�[L§¥1f�r��Äþþfê. �

U�>^�[Ý
�k:

〈α|E1|3P1〉, 〈α|M1|5D1〉, 〈α|E2|5S2〉, 〈α|E2|1D2〉,
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〈α|E2|5D2〉, 〈α|E2|5G2〉, 〈α|M2|3P2〉, 〈α|M2|3F2〉,
(2)

du3g�ÝØ¥Ó ^ÅðE1�[�³�, äk�

ÓÓ ^�ØmM1�[�B+
[10—13]

, d-dË�Ð¼

�AÌ�´>o4�[��z.

1 f g ^ � 1, é u > ^ Ë � � g ^ À J �

∆s=0, ±1, ¤kg^�2 �ëY�ò� 4He �D �

Ð¼. $U�¹duér�l%³ 5D2,
5G2 ' 5S2 �

��[��õ, �±�Ñ. Ïd$Ud+d→4 He+γ�

AÌ��>^�[�

〈α|E2|5S2〉, 〈α|E2|1D2〉, (3)

3�\��Uþ�u500keV�$U«, dul%³�

�^ 〈α|E2|1D2〉�[�f, 〈α|E2|5S2〉�[�r; 3�

\��Uþ�u500keV�«�, 〈α|E2|1D2〉�[ÓÌ

�/ .

2 nØ�.

2.1 åP�ÚÑ��Å¼ê��E

Äu±þ?Ø, ò·��ïÄ�u�%X��\

�Uþ33MeV±e,lÑ�� 5S2,
1D2 � 4He�Ä�

�©þ 1S0,
5D0 �E2�[, d-dXÚÑ��ÚåP�

Å¼ê�±^��SÜÅ¼êÚd-d�é$ÄÅ¼ê

5�E

ΨJ
LS =

fJ
LS(R)

R
[YL(R̂);(Φs=1

d Φs=1
d )S]J , (4)

ùpL´;��Äþ, S ��g^, J �o�Äþ, R

�d-d�é�I, fJ
LS(R)�d-dXÚ��é$Ä»�

Å¼ê, YL(R̂)�¥�¼ê, Φs=1
d ���SÜÅ¼ê.

·�òØ?Ø§�äN/ª, ^¢���Ø>o4Ý

��5?Ø�Ø�SÜÅ¼êéo4�[��z. ¢

�þuy�äk�"�>o4Ý, y²
�Ø¥D �

��3. c¡(Å¼ê�¦8�z)J� 4He�Ä�Å

¼ê�3D �¤©, �^§�S �ÚD �Å¼ê��

5U\5L«, =:

Ψα = cosωΨJ=0
L=S=0+sinωΨJ=0

L=S=2, (5)

Ñ��Å¼ê���

Ψ(2S+1LJ)= iL
(

4π(2L+1)

ν

)1/2
1

κ
ΨJ

LS , (6)

Ù ¥ ν, κ ´ - E � Ø � � é $ Ä � Ç Ú Å ê, �

κ =
√

2µE/~2, µ, E ©O�d-dXÚ�òÜ�þÚ

NX��é$ÄUþ, ΨJ
LS =�(4)ª�Å¼ê. Ñ�

�Å¼ê�8�z�ü 6r. (4)ª¥�»�Å¼

êfJ
LS(R)ÏL)»�Å½��§

d2f(R)

dR2
+

[

2µ

~2
(E +V (R))− L(L+1)

R2

]

f(R)= 0, (7)

��V (R)�d-dXÚ�³U, Ù¥�)¥Õ�p�^

³Úd-d�p�^���Woods-Saxon³, Ù/ªX

e:

V (R)= Vws(R)+Vc(R),

Vws(R)=
V0

1+exp

(

(R−R0)

a

) ,

Vc(R)=















Z1Z2e
2

R
forR > Rc

Z1Z2e
2

2Rc

(

3− R2

R2
c

)

forR < Rc

,

(8)

“¥Õ�»”��Rc = 1.83fm
[11]

, 3�p�^³(8)ª

¥, Ï � é · � ¤ ? Ø � ¯ K, g ^ ; � Í Ü �

L •S = 0, Üþå��zé���Ñ
[12]

. ¤±vk

�Ä§���z. Woods-Saxon³ëêV0, R0, adå

P�UþÚÑ���£5(½.

2.2 d-dXÚ�>o4Ý�Î

d-dXÚ�E2�[�Î3�%�IX¥���

QE
2µ = e

4
∑

i=1

r2
i Y2µ(r̂)

1−τzi

2
, (9)

Ù¥ri ´1 i�âf3�%�IX¥��I. τzi �1 i

�âfÓ ^13©þ. 1 i�âf3�%�IX¥�

�Iri ���SÜ�Ir12 = r1−r2, r34 = r3−r4, ±

9d-d�é$Ä�IR�m�'X�










































r1 =
1

2
(R+r12)

r2 =
1

2
(R−r12)

r3 =
1

2
(−R+r34)

r4 =
1

2
(−R+r34)

, (10)

dud-dXÚ�Ó ^T = 0, ¤±(9)ª¥��Ä>o

4Ý�Î�Ó ^Iþ (isoscalar)Ü©. (9)ª���

QE
2µ =

e

2

4
∑

i=1

r2
i Y2µ(r̂i), (11)

|^

(r×r)2µ=
4π

3
r2

∑

µ1µ2

C2µ
1µ11µ2

Y1µ1
(r̂)Y1µ2

(r̂)=
4π

3
r2Y2µ(r̂),

(11)ªéN´z�
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QE
2µ =

e

2
[R2Y2µ(R̂)+

1

2
r2
12Y2µ(r̂12)+

1

2
r2
34Y2µ(r̂34)].

(12)

�Ä���SÜ(�, N´wÑ��D �3Ð¼

L§¥´k¿Â�. d-dXÚ�>o4�Î�^TX

Ú��é$Ä�IRÚ���Ø�SÜ$Ä�Ir12,

r34 �¤. =:

Q̂= (R×R)2µ +{(r12×r12)2µ +(r34×r34)2µ}, (13)

Ù¥11�Ò´¤¢“	Ü”E2�Î, ùÜ©Ò´ò�

À�:âf�¹ed-dXÚ�CqE2�Î, 12�Ò

´¤¢“SÜ”E2�Î. w,, >o4�Î´�6ud-d

XÚ��é$ÄÚ��SÜ$Ä. 3·����nØ

O�¥ò�Ä��SÜ$ÄéË�Ð¼�A�¡��

z
[13]

.

2.3 d+d→4 He+γ�A�¡�nØúª

du3�fØ�γË�¥Uþ�MeVþ?�, �

A�Å�λ��200fm, �fØ��ÝR��3—

7fm, λ ≫ R, w,, �±^>^Ë��[��ÅCq,

¤±�fØ�>^Ë��[AÇ���
[14]

Wfi =
8π(λ+1)

~λ[(2λ+1)!]2

(

Eγ

~C

)2λ+1

B(Eλ), (14)

Ù¥Eγ �u�1f�Uþ, λ�õ4Ë��?ê,

B(Eλ) =
1

2Ji +1
|〈Ψf ||Qλ||Ψi〉|2 ��z�[Ý
�, Ji,

Ψi, Ψf , Qλ ©O��fØNXÐ��o�Äþ!Ð"

��Å¼êÚ>õ4�Î. �fØ�>^Ð¼�¡�

�[AÇ�m�'X�
[15]

σ(Ec.m.)=
∑

S=0,2

2S+1

(2S1 +1)(2S2 +1)
Wfi(Eλ), (15)

S ��g^, S1, S2 ©O�\��d-d�g^. Ec.m. �

�3�%X¥�\�Uþ.

��SÜ>o4Ýé$UÐ¼�¡��z�±O

�“SÜ”E2�Î��zÝ
�

e

4
〈Ψα||r2

12Y2(r̂12)+r2
34Y2(r̂34)||Ψ5S2

〉=

√
50

(

e2

~ν

)1/2
cosω

κ
qd

∫
∞

0

fα
s (R)f5S2

(R)dR, (16)

Ù¥�Ø�>o4Ýqd �¢�ÿþ��

qd =

(

8π

25

)1/2

〈Φs=1
d ||

( r

2

)2

Y2(r̂)||Φs=1
d 〉= 0.2860fm2 ,

(17)

Ù¦Ý
���^aq�{��. éud+d→4 He+γ

�A, \��d-d�g^©O�S1 = S2 = 1, ��Ä>

o4Ý�[λ = 2, òù
��\(15)ª��Ë��[

�nØ�¡úª�

σ(Ec.m.)=
∑

s=0,2

4π

75

2S +1

45

(

Eγ

~C

)5
1

κ2

e2

~ν
|A(2S+1LJ)|2,

(18)

Ù¥Eγ = Ec.m. +23.84MeV�u�1f�Uþ

A(1D2)=−5

2
cosω

∫
∞

0

R2fα
S (R)f1D2

(R)dR, (19)

A(5S2) =
√

50qd cosω

∫
∞

0

fα
S (R)f5S2

(R)dR+

1

2
sinω

∫
∞

0

fα
D(R)f5S2

(R)R2dR, (20)

(19), (20)ª©O�Ñ�� 1D2,
5S2 �[� 4He�Ä�

��Ì, (20)ª�1�Ü©´�ØD �¤©é>o4

Ý�[��z.

3 ê�O��{

3.1 ê�O��Noumerov�{

O�Ñ��[�¡(18)y3�8(�¦)d-d

X Ú � » � Å ¼ ê. fα
S , fα

D ´ 4He Ä � ¥ S � Ú

D ��åP�»�Å¼ê, f5S2
, f1D2

�Ñ��Å

¼ê. ^ê��{¦)�§(7), ÃØåP��´

Ñ � � þ æ ^ Noumerov � { Ï é » � Å ¼ ê �

ê � ). � 
 � B ¦ ) � §(7)ª, Ú ? Ã þ j C

þ ρ ≡ κR, κ =
√

2µ|E|/~. ù �(7)ª Ò � ± z

�/Xf ′′(ρ) = B(ρ)f(ρ)��©�§, Ù¥B(ρ) =

±
(

1+
V (ρ)

|E| − L(L+1)

ρ2

)

, ±©O�AuÑ��Úå

P�. Ùê�)dNoumerov�{�Ñ�

fi+1(ρ)=

[(

2+
5h2

6
Bi(ρ)

)

fi(ρ)−
(

1− h2

12
Bi−1(ρ)

)

fi−1(ρ)

]/(

1− h2

12
Bi+1(ρ)

)

, (21)

Ù¥h�Ú�, 3O�¥�h = 0.1fm.

3.2 åP�»�Å¼ê�(½

éuåP�, �§(7)¥E < 0, åP�»�Å¼ê

�>.^���
{

ρ→ 0 f(ρ)→ ρl+1

ρ→ ρc f(ρ)→W−η,l+1/2(2κρ)
, (22)

Ù¥η = e2/~ν �Sommerfeld~ê, W−η,l+1/2(2κρ)�

whittaker ¼ê, ρc �ë�:, �¦Å¼ê1wë�,

NÁWoods-Saxon³�ëê�[Üd-dXÚ�(ÜU

23.84MeV, l(½ 4HeåP��»�Å¼êfα
S , fα

D.
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3.3 Ñ��»�Å¼ê�(½

éuÑ��, (7)ª¥E > 0, Ñ��>.^���

fout(ρ)= cosδlFl(ρ)+sinδlGl(ρ) , (23)

Ù¥Fl(ρ), Gl(ρ)©O� l �5KÚØ5K¥ÕÅ¼

ê, δl �Ø³�£. æ^�:ë�{÷vÑ��Å¼

ê3R = 30fm�m1wë�=

fin(ρ1)

fin(ρ2)
=

fout(ρ1)

fout(ρ2)
, (24)

ddN´��Ø³�£:

δl = arctan

(

Fl(ρ1)fin(ρ2)−fin(ρ1)Fl(ρ2)

Gl(ρ1)fin(ρ2)−fin(ρ1)Gl(ρ2)

)

, (25)

du"y$Ud-d�5Ñ��£�¢�êâ, ��+

�{UéÐ�£ã$Ud-d�5Ñ�y�, ^dMeier

and Glockle
[16]

^��+�{O�[Ü�d-d�5Ñ

��£5(½Woods-Saxon³rÝ, Ó�O�Ñ��

»�Å¼êf5S2
,f1D2

.

4 nØ�.¥�ëê�(½

313!ê��{�Ä:þ, 5(½nØ�.¥

���³ëê. éuåP�ÚÑ��, �½Woods-

Saxon³ëê¥�R0 = 1.70fm, a = 0.90fm. éuåP

� 1S0,
5D0 ,ÏLNÁV0, ¦nØO��d-dXÚ�(

ÜU��23.847MeV, ¼�åP���@³ëê�L

1. éuÑ�� 1D2,
5S2 , ÏLNÁV0, ¦·���n

ØO��Ø³�£U
2yd��+�{(RGM)O

��d-d�5Ñ��£, [Ü�¹�ã1Úã2. ��

Ñ����@³ëê�L1.

L 1 ³�.æ^�³ëê

G� V0/MeV R0/fm a/fm Rc/fm EB/MeV

åP�1S0 −75.70 1.70 0.90 1.83 −23.847

åP�5D0 −192.35 1.70 0.90 1.83 −23.847

Ñ��5S2 45.50 1.70 0.90 1.83

Ñ��1D2 −48.10 1.70 0.90 1.83

ã 1 S ��£��3�%X¥\�Uþ�'X

ã 2 D ��£��3�%X¥\�Uþ�'X

3$U«, Ï~^UNÔnÆ�S Ïf5L«ê

â'��B, Ù½Â�

S(Ec.m.)= σ(Ec.m.)Ec.m. exp(2πη) . (26)

3L1 ¥�³ëê�Ä:þ, ÏLNÁnØ�

.(5)ª¥�·Üëêω �[ÜUNÔnÆS Ïf�

�3�%X¥�\�UþEc.m. ��6'X�¢�ê

â��ω =−0.389, �Au 4He¥D �AÇ�14%.

5 nØO�(J

U N Ô n Æ S Ï f S(Ec.m.)! Ë � Ð ¼ � ¡

σ(Ec.m.) � n Ø O � ( J � ¢ � ( J � ' � 3 ã

3!ã4�Ñ (ã¥¢�êâ�g©z [5,17—21]). l

ã¥�±wÑ3Ec.m. < 3MeVU«nØO�(J�

ã 3 �A�¡��3�%X¥\�Uþ�'X

ã 4 S Ïf��3�%X¥\�Uþ�'X
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¢�ÎÜ��Ð, cÙ3Ec.m. < 500keVU«nØO

�(J�¢�ÎÜ�éÐ, Ec.m. > 500keVU«nØ

�²w$u¢��. 3��\�Uþ$u500keV±e

U«, éUNÔnÆS Ïf��zÌ�´d-dXÚ�

Ñ�� 5S0 �[� 4He� 1S0 +5 D0 åP�, 500keV±

þU«, Ì�5gd-dXÚ�Ñ�� 1D2 �[� 4Heå

P� 1S0 ��z.

6 (Ø�?Ø

^���.nØO�
d+d→4 He+γ�A�U

NÔnÆ�S ÏfS(Ec.m.)ÚË�Ð¼�¡σ(Ec.m.).

dnØO�2yd-dXÚ�(ÜUÚ[Üd��

+�{O��d-d�5Ñ��£, ��Woods-Saxon

³ëê, ¿ddO��S Ïf�¢�êâ3E < 3MeV

��ÎÜ��Ð, cÙ3UNÔnÆa,��Az

keV±eU«nØO�(JUéÐ/ÎÜ¢�êâ,

ddònØO�(J	í�8c�vk¢�êâUN

ÔnÆa,��20keV±eU«, O�Ë�Ð¼�¡

ÚUNÔnÆa,��S Ïf. �nØýó� 4HeÄ

�D �·Ü�AÇ14%'Ù¦©z�Ñ�� p. k

'¯K�k�?�Úc[ïÄ.

3d·�AOa��¥I�fU�ÆïÄ��J

ïÆ¬?1�kÃ?Ø!
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Theoretical Calculations of S-factor in 2H(d,γ) 4He at

Low Energies *

MA Yin-Qun1,2;1) MA Zhong-Yu1 TIAN Yuan1

1 (China Institute of Atomic Energy, Beijing 102431, China)

2 (Department of Physics, Taiyuan Teachers College, Taiyuan 030001, China)

Abstract We study one of the most important reactions 2H(d,γ)4He with an astrophysical interest. A phenomeno-

logical model is adopted where the D-state component of the colliding deuterons and D-components in 4He ground

state are considered. Woods-Saxon potential parameters are obtained by reproducing the binding energy of d-d system

and d-d elastic scattering phase shifts calculated by the resonating group method. A comparison of theoretical results

with the experiment data is made at the energy range Ec.m. < 3MeV. In particular, rather good agreement with the

experiment data of the astrophysical S-factor can be obtained below 500keV. Due to the lack of experiment data at the

energies around 0—20keV required in the investigation of the stellar nucleosynthesis, an theoretical extrapolation of the

S-factor down to stellar energies is performed.

Key words Woods-Saxon potentials, electric quadrupole transition, S-factor, bound state, scattering state
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