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Á� \<�TRIUMF¢�¿|^ 11C¤õ�y
�«�)prÝ (∼ 108ions/s)��5å6��{.

T�{ØÓuÊÏ3�Ó �©l�{, §|^
13MeV�$Ur6�få, �±�)�X�ØUN

Ôn¢�a,��prÝ��5å6.

'�c ��5å6 3�Ó �©l ���� å6rÝ

1 Úó

8c, ��5lfå6®²2�A^uÃXØ

UNÔn, Ø(��NõïÄ+�, ù
��5Ø�

éuØ�Æ�k�¿Â. \<�§xuTRIUMF¢

�¿���5å6�� (ISAC)®²¤õ/�)
�


þã+�a,����5å6
[1, 2]

.

�cISþ��¢�¿�)��5å6��{

Ì�kü«, =3�Ó �©l (ISOL).Ú���

� (PF).. cö´|^¥pUr6�âfñÂþq,

ÚåqØÑ�!�C½��, �A�Ô3qØp§

(∼ 1500◦C)e*Ñ?lf¿lfz, ,�^3�Ó

 �©lìÀÑ¤I��5Øå, ��²L�\�Ñ

x�¢�ªà. ù«�{�Ì�`:´å6rÝ�!

XÝpÚUþ©EÐ, �Uþd�\�ìû½, ��

)��5å�Ð©UþÃ', 3Ø(� (∼10MeV/u)

ÚØUNÔn (<1MeV/u)a,�U«�ïÄ�¡k

X��^. ":´©l�m�, ÏØUJøÆ·

�á (¦?±e)���5Øå. �ö´|^¥pU

lfå6ñÂ�qÚå�Ø��, ^>^C�Â8�

�5�¡¿\±Xz, /¤��5å. §�Ì�`:

´�±JøÆ·�á���5Øå, ·^u¥pU4

à�lβ½����5ØåÔn�ïÄ. ":´å

6rÝ�$!XÝ��ÚÄþ©Ñ�. #���PF

.C�ò�)�å65\e%;��, Uõ
å6�

UÑÝÚu�Ý, ²\�½~���·��å6Uþ,

¿æ^Ì��Sq��{Jp¢��Ý (6r�qþ

�¦È). ùü«�{�kÙ`":, U
�)¬«Ú

U«pÖ���5å6, ¿A^uØÓ�¢�.

L 1 TRIUMF¢�¿®1O��
¢�, ±9�

¦�å6rÝ9Ù�PÏ��)�A

¢� �`rÝ/ �$rÝ/

1OÒ
å6 �PÏ �)�A

(ions/s) (ions/s)

983 11C 20.4min 14N(p,α)11C 108,9 5×107

924 14O 70.6s 14N(p,n)14O 106 5×105

813 15O 122.2s 15N(p,n)15O 1011 1010

900 15O 122.2s 15N(p,n)15O 109 108

805 13N 9.97min 16O(p,α)13N 109 108

946 17F 64.5s 20Ne(p,α)17F 109 108

811 19Ne 17.2s 19F(p,n)19Ne 108 107

TRIUMF¢�¿���5å6�� ISAC¦^�

´3�Ó �©l�{, T��|^pU (500MeV)

r6�få®²¤õ/�)
 8,9,11Li, 21NaÚ 74Rb�

prÝ��5å6. �´du 11C, 13N, 14,15O, 19Ne

�Ø�ØÓ�zÆ5�, §�3qØp§e*Ñ?

lf�k����, ÏdJ±�)¢��¦�ù


��5Ø��prÝ (∼ 108ions/s)å6. L1�Ñ
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TRIUMF¢�¿®²1O��
¢�, ±9�¦�å

6rÝ9Ù�PÏ!�)�A.

�C, Berkeley¢�¿JÑ
�«|^$U�

f�)��5å6�#�{, T�{´õc5Ø�

Æ¥�)aq��5Ó ��{�ò�. |^T

�{, Berkeley¢�¿�)
�prÝ� 11CÚ 15O

å6
[3, 4]

. �ó�´|^TRIUMF¢�¿��5å

6�� ISACïÄù«#�{. du 11C�PÏ��

(20.39min)±9®²1O�¢�E983�å6�¦1),

Ïd§�ÀJ���yT�{�1�«lf. T�{

�¤õò¬¦TRIUMF¢�¿Pkü«�)��5

å6��{, U
�)�õ«a�prÝ��5å6,

�ò¬¦�T¢�¿PkÓ��ü�¢�øå�U

å, �)�c��å6Øå.

2 ¢�

��`5, T�{Ì��)±e5�L§: $U�

få (13MeV)ñÂíNq�)a,���A�Ô (±

©f/ª), �A�Ô�¯�Xz, =£�3� ISAC

lf½öl�lfOLIS
[5]

lfz, ,�²L\�

DÑ�¢�ªà.

5gTR13£^\�ì�13MeV�$U�fåñ

Â 14NíNq�) 11C, Ù�)�A´ 14N(p,α)11C. �


/¤ 11CO2 ©f, qí¥�)0.5%��í. �)�

11CO2 ���DÑ�����§Ý (−196◦C)�ØC

gLÈì¥. 3T§Ýe, �)� 11CO2 ��v(¤

��, ,�^±íüÑ�{�qí, ?�l��¿

\9�¿§. 11CO2 ©f�)ÚXzXÚ«¿ãXã

1¤«.

ã 1 11CO2 ©f�)ÚXzXÚ«¿ã

²LXz©l�, Ck 11CO2 ���ØCgL

Èì�Ãó=£� ISACÿÁ²�
[6]

�ECRlf
[7]

ø¦^. ISACÿÁ²�«¿ãXã2. ECRlf

^He���>|±íN, ¿^���ÝL� 22Ne

¦�u�lf�5U. ,�, ò 11CO2 5\lf

 > l ¿ Ú Ñ, Ú Ñ > Ø ´ 30kV, O � � � » �

4mm. l l f  Ú Ñ � l f ¥, 11CO+ Ó k � p

° �, Ï d, ^ © Û ^ c À � 11CO+ ¿ \ ± X z.

{.1Ù u��5mm×20mm�d¿�¡, ü�

º�©O�76.2mm×76.2mmÚ50.8mm×50.8mm�

NaI(Tl)&ÿì�3{.1ÙNC (∼190mm)5ÿþ

¹Ý, a,��¹Ý5u�>f (11C β+ PC)�v

�Ñ�511keV�γ��.

ã 2 ISACÿÁ²�«¿ã

3 (J

3.1 å6rÝÚECRlf>l�Ç��Ñ

å6rÝÚECRlf>l�Ç´¢�¥ü�

I�ÿþ�þ. Ù¥å6rÝ�±ÏLXeÚ½�Ñ.

Ni+1 = F •Ni +F ′
•Pi, (1)

ª¥Ni �1 i��mm��Ð©���u)PC�

11C�ê8; F = e−dt/τ �1 i��mm�SNi Øu)

PC�'~, Ù¥dt´�mm�°Ý, τ � 11C�Æ·;

Pi = Ii
•dt´�31 i��mm�S�)� 11C�ê8,

Ù¥Ii ´1 i��mm�S�å6rÝ; F ′ ´�1 i�

�mm�SPi Øu)PC�'~.

Di = (1−F )Ni +(1−F ′)Pi, (2)

Di+1 = (1−F )Ni+1 +(1−F ′)Pi+1, (3)

ª¥Di ÚDi+1 ©O�1 iÚ1 i+1��mm�Su

)�PCê. )þã3��§, ��Ni, ��

Di+1−F •Di = (1−F ′)Pi+1+[(1−F )F ′
−(1−F ′)F ]Pi.

(4)

b�°Ý�dt��mm�SIi = Ii+1, =Pi = Pi+1, �

1)Liu W P. TRIUMF EEC experiment proposal number E983
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��å6rÝ�L�ª:

I(t) =
D(t)−D(t−dt) • e−dt/τ

dt •(1−e−dt/τ)
=

Nd(t)−Nd(t−dt) • e−dt/τ

Y •εdet
•dt •(1−e−dt/τ)

=
I ′

εdet

, (5)

ª¥Nd(t)´�3�mm� t−t+dtS&ÿì&ÿ��

γ Oê, γ�����Y �2×0.9976=1.9952 (���

>f�v�)2�γ, 11C β+ PC�©|'�0.9976),

εdet ´&ÿì�ýé�Ç, I ′ �Ø��deª�Ñ

σI′ =

√

Nd(t)+Nd(t−dt) • e−2dt/τ

Y •dt •(1−e−dt/τ)
. (6)

Ïd, å6rÝI(t)�Ø��

σI = I(t) •

√

(

σεdet

εdet

)2

+
(σI′

I ′

)2

. (7)

3å6rÝ��Ñ¥k��b�, =3°Ý�dt

��mm�S Ii = Ii+1. ��dt��v
�, þãb

��½´��v
Ð�Cq. �´l�§ (6)Ú (7)�

±wÑ: dt����, å6rÝ�Ø�σI Ò��. ã3

�Ñ
å6rÝ��éØ��ØÓ�mm�dt�C

z'X. �±wÑ: �mm�dt��, å6rÝ��é

Ø�Ò��, 3dt��1s��¹e, �éØ�3�Ü

©�m��S�L
100%. Ïd, 3å6rÝ�O�

¥dt��50s, 3T�mm�S, þãb�´���Ð

�Cq.

ã 3 å6rÝ��éØ��ØÓ�mm��Cz

ECRlf>l�Ç�|^eª�Ñ

εECR =
A(t)

A0e−t/τ
=

r(t)

εdetY A0e−t/τ
, (8)

ª¥A(t)ÚA0 ©O�{.1Ù¥�¹Ý����Ð

©¹Ý (t = 0), r(t)´�&ÿì�OêÇ.

3.2 1�Ó¢�

3 1 � Ó ¢ � ¥, 3 t=0 � �, ¹ Ý �

(15.0±1.5)mCi� 11C��m©5\ECRlf, T

¹Ý���^20µA��få3�u1min��mS=

��). ��m�u1300s (Xã4ç�«Ñ)��ÿ,

�
*ÿPC, Ê��ECR5\¹Ý. ¢�ÿþ�

&ÿì�OêÇXã4¤«, 3L�1300s��ç��

�ýêâ´¹Ý�È\, Ùmý´PC. ã¥êâ:

�mä==´du¦^
ü�ØÓ�¼�©�.

ã 4 1�Ó¢�ÿþ�oOêÇ��m�Cz

3�Ó¢�¥, du]�OêÇ�p, ÿþ��

OêÇØÓ§Ý/�uý¢OêÇ. �
�ÖT��,

|^ÿþ�êâO�
ý¢OêÇÚ¢�ÿþ�O

êÇ�'~XêR. 3¢�êâ�"à (t≈9300s), O

êÇ�é'�$, Ïd|^T:êâÚ 11C��PÏ

(20.39min)O�
l1300s�9300s�m��S�ý¢

�PCOêÇ, Xã4¥ç�mýJ�¤«. �±w

Ñ: �OêÇ�p�, ¢�þ&ÿ��PCÇ²w�

uý¢�PCÇ. ?�±�Ñý¢OêÇÚÿþ�

OêÇ�'~XêR�OêÇrÝ�Cz'X, «u

ã5. '~XêR�Ø�dü�Ï�Úå, =�A�ÿ

þOêÇ�Ø�Ú^5O�ý¢PCOêÇ�"àê

â�Ø�. ?|^T'~XêO�
¹ÝÈ\Ü©

(= t=0�1300s)�ý¢OêÇ, Xã4¥ç��ýJ

�¤«. |^T��S�ý¢OêÇ�±�Ñå6r

Ý.

ã 5 ý¢OêÇÚÿþ�OêÇ�'~XêR �

OêÇrÝ�Cz

|^ 22Na(T1/2=2.6019a)�Ý&ÿì�ýé�

Ç, ��ü�&ÿì�o�Ç� (3.513±0.007)×10−3.

éu�Óêâ, å6rÝ�O�d�§(5)Ú(7)C�
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eª,

I(t) =
D(t)−D(t−dt) • e−dt/τ

dt •(1−e−dt/τ)
=

R
Nd(t)−Nd(t−dt) • e−dt/τ

Y •εdet
•dt •(1−e−dt/τ)

= R
I ′

εdet

, (9)

σI = I(t) •

√

(σR

R

)2

+
(σε

ε

)2

+
(σI′

I ′

)2

. (10)

�Ñ�å6rÝ«uã6, ?�Ñ²þå6rÝ�

(9.9±0.4)×106ions/s.

ã 6 1�Ó¢�å6rÝ��m�Cz

ECR��Ç�|^�§(8)O��Ñ, ��Ð©

¹Ý�A0=(15.0±1.5)mCi=(5.55±0.56)×108Bq. �

Ó¢�¥, 31300s��ÿ, �
*ÿPC, Ê��

ECR5\¹Ý, Ïd=U�ÑECR>l�Ç�

e�εECR > (1.9±0.2)%.

3.3 1�Ó¢�

1�Ó¢��8�´u�ù«å6�)�{��

E5. 3 t = 0��, ¹Ý� (37.0±3.7)mCi(I20µA

��fåì���2min)� 11C��m©5\ECRl

f. �1�ÓØÓ�´, �Ó¥�
ÿþ(½�

ECR�Ç, 11C�����5\ECRlf. �


~�pOêÇÚå�æÈ�A, 3ü�&ÿì�c¡

©O��ü¬Y<5ü$OêÇ. #�o&ÿ�Ç�

Ý� (1.22±0.02)×10−3.

ã7«Ñ
�Ó¢�oOêÇ��m�Cz, ã

¥J���â"à¢�êâO��ý¢PCOê

Ç. �±wÑ3�Ó¢�¥Ä�þ�Ø
pOêÇ

Úå�æ^�A, ¤±ØI�éOêÇ?1?�,

Ïd, |^�§(5)Ú(7)�±O��Ñ1�Ó�å

6rÝ, (J«uã8. ?�Ñ²þå6rÝ�

(3.9±0.3)×106ions/s. Ó�/, |^�§(8)�±O�

�Ñ�Ó¥ECR��Ç, εECR = (0.72±0.07)%.

ã 7 1�Ó¢�ÿþ�oOêÇ��m�Cz

ã 8 1�Ó¢�å6rÝ��m�Cz

3.4 ¢�(Jo(

L2o(
üÓ¢�(J. ØÓ�ECR�Ç´

duüÓ¢�¥�$1^�ØÓ. du8c¢�¥

5\lf���þ4�, ÏdprÝ� 11Cå6�

U±YA�©¨, �õêþ 11C���ëY5\ò¬

��ò�prÝå6�±Y�m.

L 2 üÓ 11C¢�(Jo(

Ð©�� å6rÝ/ ECR
¢�Ó

¹Ý/(mCi) (ions/s) >l�Ç

1 15.0±1.5 (9.9±0.4)×106 >(1.9±0.2)%

2 37.0±3.7 (3.9±0.3)×106 (0.72±0.07)%

|^TR13£^\�ì\��$Ur6�fåU


N´/�)¹Ý�1 Ci(I50µA��fåì���

20min)� 11C��. �â8c¢�(J�±��: ¦

^T¹Ý���U
�)rÝ���4×108ions/s�

11Cå6, U
÷v®²1O�¢��YE983��¦.

4 (Ø�?�Ú�¢�Oy

�g¢�L²|^T�{U
�)¢��¦�p

rÝ��5å6, ùò¦�Nõ®1Oõc%��å

6�¢��Y�¢�¤��U, �¦�TRIUMF¢�

¿Pk
Ó��ü�¢�øå�Uå.

8c¢�¥, �$�lf�Ç��
�prÝ

å6��). TRIUMF¢�¿Oy	ï��#�p

�Çlf^ul�lf��(OLIS), Ó�#�
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O��p�Çlf^u ISAC�3�¢�. 3�ò

UY�¢�ïÄ, ¿ïEl£^\�ì�lf�å

6DÑ+�, ¦����±Y5\�ª¤��U, ù

ò?�ÚJp�¼��å6rÝ, ò�å6�±Y

�m.
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Production of Intense Radioactive Beams Using

Low Energy Protons *
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Abstract An approach for the production of intense (∼ 108ions/s) radioactive ion beams, which differs from the

standard ISOL (Isotope Separation On-Line) technique, has been demonstrated successfully using 11C at the TRIUMF

laboratory of Canada. By using this approach, the low energy (13MeV) protons can be utilized to produce a range of

radioisotopes of interest to the nuclear astrophysics research programs.

Key words radioactive ion beam, isotope separation on line, projectile fragmentation, beam intensity
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