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Á� �
�«$U�>âfØ�A¥>f¶-�A�§Ý�m�'X, 3�I°��Æ¢�¿�

100kV\�ìþXÚÿþ
T = 200℃���±ÏL¥1n!ox±9JX���zq¥d(d,p)t�A

�>f¶-�A. du�30�¥�MÝ(0�é��áNUå)�§Ý,p×�eü, T§Ýe7á

L¡ØU/¤�zÔ, ��7á5Or, Ï*ÿ�
'~§e�wÍ�>f¶-�A. ù�ÿþ(J

�±^�~�.5)º. �
?�Ú�y�~�., �ÿþ
ØÓ§Ýe�zCoÚPtq¥d(d,p)t�

A�>f¶-�A, ��
>f¶-�AÚ§Ý�'5��. ¢�(J��~�.�ýó�Î.

'�c >f¶-�A §Ý�'5 �~�.

1 Úó

�>âf9Ø�A¥�·>¶-�A´ØUNÔ

nÆ���K��
[1]

. ÏL¢�¿$U�>âf�

A
)>f¶-�A�5ÆkÏu�(©Ûð(�l

fN9Ø�A¥�·>¶-�A. �d, <�ïá


�
AÏ�C�Ú�{¦¢�Øä�UNÔna,

��$U«ò�
[2—4]

, ÿþ
�X��Ø�A��¡.

ù
ÿþ�Ù/�«Ñ>f¶-�A��39Ù�U

þCz�ª³. �¢�¤J��Ü, nØó��k�


?Ð
[5—7]

.

3UNÔna,���$u¥Õ³^�U«, �

>âf�A�¡σ(E)�Uþü$Cq�ê/eü.

du���Ø�A¢�J±��ù��A�¡4��

U«, �UÏL�pU«¢�êâ�r³�$U«	

í. �
Bu	í, Ï~òσ(E)=�¤UNÔnS(E)

Ïf, Ù½Â�

σ(E)= S(E)E−1 exp(−2πη) , (1)

ª ¥ η ´ ¢ " � ë ê, d 2πη = 2πZ1Z2e
2/~ν =

31.29Z1Z2(µ/E)1/2 �Ñ. Z1 ÚZ2 ©OL«qÚ\�

âf�Ø>Öê; µÚE ©O´�z�þ(æ^�f�

þü )Ú�%X�Uþ(±keV�ü ); S(E)Ì�

L�Ø�p�^é�¡��k�z, 3Ã����¹

e�Uþ²�Cz; E−1 ´��ÙÛ¿Å��'��

ØÏf; GamowÏfexp(−2πη)L�¥Õ³^BßA

Ç, é�A�¡�Uþü$:ìeü�r³åû½

5�^, §é³^pÝÚ°Ý�Cz��¯a. Ø�

AnØïÄ�é�´àØ, Ø�A¢�¥�qØ´

¥5�f(½©f), \�âfKÏ~´k,«>Ö�

©Ù��lf. ��%X�Uþv
$�, q�f�

>f�é\�lf�qØ�m¥Õ�p�^�K�«

uã1
[5]

. \�lf�>f�kÓ���A.

lã¥�±wÑ, �àØ��¹�', q�fÚ

\�lf�>f�é�gØ>Ö�¶-�^��k�

¥Õ³^�pÝü$Ú°ÝCÄ, l¦ÿ����

f½©f�A‘Û’��A�¡σs(E)puàØ��A

�¡σb(E). ù«>f¶-�A��uòàØ�¹e

��%XUþlE Jp�Eeff = E +Ue, �A�¡�

�OÏf�L«�
[8]
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flab(E) = σs(E)/σb(E)= Ss(E)/Sb(E)≈

σb(E +Ue)/σb(E)≈

[E/(E+Ue)]exp(πηUe/E) , (2)

ª¥Ue �>f¶-³U, Ss ÚSb ©OL«¶-ØÚ

àØ�UNÔnS Ïf. dªL², �OÏf�Uþ

ü$Cq�ê/O�. 3E/Ue > 103 �U«, ¶-

�A��ÑØO. �´3E/Ue 6 102 �U«, ¶-�

AìªwÍ, eUσs(E)�r³�$U«	í, òÃ

{��ý¢�σb(E). �uð(�lfN¥�¶-�

A�¢�¿��¹kã���O, üö7I©O?

�. �
O�ð(¥�9Ø�AÇ, Äk�©Û¢�

¿ÿþ¥�>f¶-�A, (½Ue Úflab(E), l�

Ñ���σb(E). >f¶-�A���A�¡,p�

åÏ3u¥Õ³^BßAÇ�Cz, �L�TAÇ�

GamowÏfÃ{Ny>f¶-�AÚå�Cz, (J

¦�A�¡�,pLy�Ss(E)�O�.

ã 1 q�f�>f�é\�lf�qØ�m¥Õ

�p�^�K�(§ÜÚn�z�«¿)

Rn, Ra ÚRc ©O�qØ�»!q�f�»Ú\�l

f²;;,�$:, EC �¥Õ³^.

lÿþ�Ss(E)�ÑUe �Ú½Xe: (1)^õ�

ªé¶-�A��ÑØO�pU«êâ?1ëêz©

Û, [ÜÑàØ�Sb(E); (2)�¶-�Aìª²w�

$U«	íSb(E); (3)±Ue ������½ëê, |

^	í�Sb(E)U(2)ª[ÜSs(E)êâ.

î8, 3�I°��Æ�100kV\�ìþÚ¿�

|�Gran Sasso/eØUNÔn¢�¿®ïÄLd(d,

p)t, 3He(d,p)4He��X��Ø�A¥�>f¶-�

A, ÿÑ
§��>f¶-³.

y��Æ���¢��|3|^�zAl!�

zZr Ú�zTa q?1d(d, p)t�A�¢�¥, ÿ�


 É ~ � � > f ¶ - ³, ( J © O �(190±15)eV,

(297±8)eV, (322±15)eV
[9]

.

�
�yT�|�¢�(J, �\
)>f¶

-�A�Å�, °��ÆDTL¢�¿�ïÄ�|3

100kV\�ìþæ^�X��z7áq!�zý�

NqÚ�z��NqmÐ
d(d,p)t�A�XÚïÄ.

¢�(JL², �õê�z7áq¥�>f¶-�

A��, �zý�NqÚ�z��Nq¥�>f¶

-�A�é��
[10, 11]

. ÏLé�«0����Ôn

�zÆ5�!¬N(�Ú>f�Ú³, \�âfÚq

Ø�9$Ä, \�âf?\�zqÔ������A

��ï�
[10, 11]

, vkuy�>f¶-�A�'�Ï

�. >f¶-�A´d>f��·>³Úå�, du

Cq�¥é¡, 3�f�»Ra ±S, >f��·>³

´~ê, Cq�uZ1e/Ra, Ïd>f¶-³�±�¤

Ue = Z1Z2e
2/R. �«nØ�.��O3uéR�Ø

ÓÀJþ. ?�Ú�©ÛL², XJé7á¥�>f

�OgdCq, æ^�lfNÔn��~�.�±é

¢�(J�ÑÜn�)º
[12]

. 3T�.¥�~�»�

RDebye =

(

ε0kT

nρae2

)1/2

, (3)

ª¥ε0 �0>~ê, nL«z��fØ±��gd>

fê, ρa �ü NÈS��fê. Ïd, >f¶-³�

L«�

Ue =
1

4πε0

Z1Z2e
2

RDebye

, (4)

ò~§e7á�;.ëêT = 293K, neff = 1(neff L

«z��Ø±�é>f¶-³k�z�k�>f

ê)!ρa = 6×1022/cm3 �\(3)ªÚ(4)ª, �Ñ�>f

¶-³Ue = 300eV, �¢�(JÄ�ÎÜ.

�
�yþã)º, ^¤kÿþ�Ue O��A�

neff , (J�|^��Õá�¿�Xê�{���7á

¥gd>fê�N�Î. �~�.´�«²;��.,

vk�Äþf�A, ¤±7L²L?�Ú�¢��y.

l(3)ªÚ(4)ª�±wÑ>f¶-³�§Ý�²��

¤�', ?1§Ý�'5�ïÄ´�©7��.

3©Û¢�(J�wÑ, ��±ÏL¥1n!o

x±9JX7á���>f¶-³ÊH��, �U�

Ñþ�. ù�U´du§�é��áNUåér, �

�5\��7á5ü$¤E¤�. ��é��áNU

å¬�X§Ý�,pwÍ/eü. XJ�ÿ½ù


���>f¶-³¿�yþãíÿ, ,pq�§Ý?

1d(d,p)t�A�ÿþ´���1��{.

2 ¢��{

�
ÿþ��±ÏL¥1n!ox±9JX�

��>f¶-�A, ¿�u�^�~�.)º7áq



1 12 Ï Qv�µ$U�>âfØ�A¥>f¶-�A�§Ý�'5 1133

¥��>f¶-�A�k�5, ·�3°��Æ�

100kV\�ìþÿþ
�z7áq¥d(d,p)t�A�

§Ý�'5.

¢�C��Vm«uã2. 100kV\�ìJø�

D+
3 å6ÏL =^c!d¿¤!×£ì!>à�ß

ºÚO���, 3qþ/¤�»10mm�å�. q�½

3��7á²�þ, ÏL�¡¡È�20mm×20mm!

þÝ�1mm�A�7f�éq?1>\9. N!

>6rÝ�¦7f��§Ý3¿§�800℃��S

ëYUC. 7f��q�m^MACOR(�\ó>b

machinable glass ceramic)ý�. de�þ�g��7

f�!1mmþ�MACOR, 3mmþ�Ô¬!1mmþ

�MACORÚ�zq. þ¡�MACORk���»�

5mm�¥%�, Ù¥�\�¬�q�>��Î/7f

�, ^5D�Ïå6ñÂ3q¥%�)�9þ, ;

�q�§Ý�å6rÝÚUþ�CzUC. æ^ü

�9¯&�©Oÿþ7f�Úq�§Ý. �C�¥7

f�Úq��p§Ý�©O�750℃Ú340℃. 3ål

q62cmÚ280cm?©O��
Φ= 3mmÚΦ = 6mm

�ü�O��. �Jpq¿¥�ý�Ý, q3O���

\þ
��e%�41cm��Ô+. 3qþi4cm!

�éå6130◦ ��{�
4�k�¡È600mm2
!þ

Ý100µm�Si&ÿì, ^5&ÿ�A�ÔpÚ t. &ÿ

ìþCX
0.75µmþ�Ni�±{	Ñ��âf. tÚ

p�UÌ«uã4. \�âfê´ÏLlqþÚÑ>6

P¹�. du t�Uþ�$, �;�D(�K�, ¼�

êâ��P¹
�A�)��f. �â&ÿì�áN

�Ú±cÿL�d(d,p)t�A��©Ù¼ê
[13], �Ñ

�A���¡.

ã 2 ¢�Sü«¿ã

¢�m©�ÄkN!\37f�¡þ�>6, ¦

q�§Ý½3ý½�, ,�^35keV�Kr+ åéq

�L¡?1�'?n. �e�^D+
3 å6éq?1l

f5\, �lf5\���Ú�, UCUþÿþþq¥

d(d,p)t�A���. éuD+
3 å6, UþN!���

´20—90keV(ED+
3

= 3Ed, Ed �\��Ø�Uþ), Ú

��5keV. �
¦�U/~�qþ§Ý�Þá(�u

2℃), ÿþL§¥òqþ�å6rÝ��32µA±e.

3 êâ?n�¢�(J

3.1 þq¥��A��

¢�¥��ÿ��´þq¥��é��:

Y ∞

rel (Ed, θ)=
Np

N
, (5)

ª¥Np �&ÿìP¹��fê, N �\�âfê. �

â4�&ÿì�áN�Ω, ¢�¿X��%X�áN

�=�ÏfKΩ(Ed, θ)Ú®ÿL�ù�U«d(d, p)t

�A��©Ù¼êW (Ed, θ)
[13]

, �±�Ñþq���

È©L�ª, 2òéqþ�È©=��éUþ�È©,

��

Y ∞(Ed, θ)= Ω

∫R

0

KΩ(Ed, θ)W (Ed, θ)σ(Ed)dx=

Ω

∫0

Ed

KΩ(Ed, θ)W (Ed, θ)σ(Ed)
dx

dE
dE =

Ω

∫Ed

0

KΩ(Ed, θ)W (Ed, θ)σ(Ed)εeff(Ed)
−1dE,(6)

ª¥R�\�âf3q¥��§, εeff(Ed)�qá�é

\�âf�{��+.

3.2 �q����Ñ

3é��Uþm�∆��S, KΩ(Ed, θ)W (Ed,

θ) εeff(Ed)
−1 �±w�~ê, l�½Âk�Uþ

Ed-eff
[5]. 3∆��Sσ(Ed-eff)��±w�~ê, Ïd

k�UþEd-eff ?��q���L«�

Y (Ed-eff , θ)= ∆−1Ω×

∫E

E-∆

KΩ(Ed, θ)W (Ed, θ)εeff(Ed)
−1σ(Ed)dE =

αεeff(Ed-eff)−1σ(Ed-eff) , (7)

ª¥α = ΩKΩ(Ed, θ)W (Ed, θ).

�q���ÏLéþq��?1�©�Ñ, =

Y (Ed-eff , θ)= (Y ∞(Ed, θ)−Y ∞(Ed−∆Ed, θ))/∆Ed ,

(8)

òd(8)ª¦Ñ��q���\(7)ª=����A�

¡9S Ïf.

3.3 U
e

�(½

�â¢�ÿ��Ss(E)�ÚdpU¢�êâ	

í���Sb(E)�, ±Ue ���½ëêU(2)ª?1

[Ü, Ò�±(½Ue �¢��.

3 20℃ Ú 200℃ ÿ þ � � z Hf q � U N Ô n
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Ss(E)ÏfÚ��MÝ«uã3. lã¥�±wÑ,

200℃���MÝ(y)�k20℃��4.4%, >f¶-³

'20℃�O�12�±þ.

ã 3 T = 200℃ Ú T = 20℃ ��z Hfq¥ d(d,

p)t�A�Ss(E)�9Ue �[Ü(J

L 1 ¢�(J

Material T/℃ Ue/eVa solubility yb na
eff neff (Hall)c

metals

Sc 200 320±50 0.11 2.6±0.8 2.2±0.4

Ti 200 290±65 0.20 1.6±0.7 4±1

Y 200 270±75 0.09 2.6±1.4 2.7±0.5

Zr 200 205±70 0.13 1.1±0.7 (1.1±0.2)

Lu 200 265±70 0.08 2.2±1.2 3.4±0.7

Hf 200 370±70 0.04 4.0±1.5 (3.2±0.6)

La 200 245±70 0.09 2.4±1.4 2.9±0.6

Ce 200 200±50 0.11 1.5±0.7 (1.2±0.2)

Nd 200 190±50 0.08 1.4±0.7 (2.2±0.4)

Sm 200 314±60 0.08 3.5±1.3 10±2

Eu 200 120±60 0.05 0.8±0.8

Gd 200 340±85 0.08 4.2±2.1 2.2±0.4

Tb 200 340±80 0.18 3.9±1.8

Dy 200 340±70 0.09 4.9±2.0 1.5±0.3

Ho 200 165±50 0.07 0.9±0.5

Er 200 360±80 0.05 4.3±1.9 6±1

Tm 200 260±80 0.05 2.2±1.4 1.0±0.2

Yb 200 110±40 0.13 0.4±0.3 (0.6±0.1)

insulator

C 200 <50 0.15

metals: T -dependence

20 640±70 0.14
Co

200 480±60 0.02

20 675±50 0.06

100 530±40 0.06

Pt 200 530±40 0.05

300 465±38 0.04

340 480±70 0.04

5: aØ�¥��){��+�XÚØ(½5; bb½k20%

�Ø(½5; cd*ÿ�¿�Xê�Ñ(b½TXêk20%�Ø�),

)Ò¥��Ç16fê.

ÿþ
��±ÏL¥1n!ox9JX�¤k�

�, ¢�(J�uL1. X·�¤ýÏ�, ¤kù
�

�é��áNUå3200℃�ÑkéwÍ�eü, Ï

*ÿ��>f¶-�AÊHOr. ò¤kÿþ�Ue

��\(3)Ú(4)ªO�Ñ�«7á�neff, (J�|^

¿�Xê�{���7á¥gd>fêneff(Hall)�

N�Î. ��'é, �ÿþ
T = 200℃��zCq¥

�d(d,p)t�A. duC´ý�N, �,200℃���

MÝd20℃��0.35ü�0.15, E�*ÿ�²w�>

f¶-�A(L1).

��ÿþ
�zCoÚ�zPtq¥>f¶-³�

§Ý�'5. lL1¥�±wÑ, �X§Ý�,p, >

f¶-³Åìü$. ã4�Ñ
20℃Ú300℃��z

Ptq�ÿþ(J93T§Ýe��MÝ. ã5¥�¢

�:�20—340℃��SØÓ§Ýe�zPtq�>f

¶-³, J���~�.ýó�>f¶-³�§ÝC

z��. �~�.vkýóneff �§Ý�'5, �

´¢Sþ�§Ý�Czneff �u)UC. �Ä�ù�

CzéUe K�, ·�d¿�Xê��ØÓ§Ýe�

neff . 3T§Ý��SPt�¿�XêO�20%
[14]

, �

�neff(Hall)�A/eü. �âneff(Hall)�Ñ�Ue �

§Ý�CzXã¥¢�¤«, �¢�(JÚ�~�.

�ýóÄ��Î.

ã 4 T = 20℃ Ú T = 300℃ ��z Pt q¥ d(d,

p)t�A�Ss(E)�9Ue �[Ü(J

ã 5 �zPtq¥>f¶-³�§Ý�Cz
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4 ©Û�?Ø

é'~§�p§�¢�(J�±wÑ, �z7á

q¥�>f¶-�A�é�r, ¦+§�§Ý,p¥

eü�³¶��NÚ�7á¥�>f¶-�A%©

ªé$. é7á¥�>f�OgdCq�, �z7á

q¥�>f¶-�A�§Ý�CzÎÜ�~�.�ý

ó. �u��oXd{ü�²;�.U
�Ð�£ã

�z7áq¥�¢�(J´����?�ÚïÄ�

¯K.

dg¢�´éØ�A�¡§Ý�'5�Ägÿ

þ, 8c, ¢�êâ?n¥�3ü�¡�Ø(½5: �

´Bragg¸±e�{��+�vk¢�êâ, �Ðæ

^nØ?µ�(J; �´àØSb Ïf�$U	í�U

¬�5�½�Ø�. �
�°(/ïÄ>f¶-�A,

ÿþBragg¸±e�{��+ÚUNÔna,�U«

àØ��¡´�~7��.
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Temperature Dependence of Electron Screening at Low Energy *

ZENG Sheng1;1) F. Raiola2 B. Burchard2 C. Rolfs2 LIAN Gang1

1 (China Institute of Atomic Energy, Beijing 102413, China)

2 (Ruhr-Universität, Bochum D-44780, Germany)

Abstract For a deep understanding of the electron screening effects, we cooperated with the astrophysics group of

Ruhr University to study the electron screening in the d(d,p)t reaction for the deuterated metals of groups 3 and 4 of

the periodic table and the lanthanides, at a sample temperature T = 200℃, using the D+
3 beams provided by the 100kV

accelerator of Dynamitron-Tandem-Laboratorium. The hydrogen solubility in the samples dropped to a level of a few

percent (compared to T = 20℃) and a large screening became observable. With the classical plasma model of Debye

applied to the quasi-free metallic electrons, the deduced number of valence electrons per metallic atom agrees with the

corresponding number from the Hall coefficient, for all metals investigated. Finally, we measured the screening for the

metals Co and Pt as a function of sample temperature, in part between T = 20℃ and 340℃. The data agree with the

Debye model; they represent the first observation of a temperature dependence of a nuclear cross section.

Key words electron screening, temperature effects, Debye model
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