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•  È µ�¶�³�¹CÀ/´�É�¶�»�´�¸.²�É;´�µ�¶&¸.¹
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¼U½e¾f¿"À#Á	Â5¾&Ã	Ä�Ä9¾LÃLÁ�Å'ÆÄ�Ç(È�Å$½e¾ÊÉ?Æ�È%ÅÌË�ÆeÍR¾	Ä^Î(À�ÂJÈ%Å'Ã�Å$Ç5Æ¿eÃ	Ä%Ï§ÈiÆeÀ�ÄiÁL¾YÆ�Î�¿e¾+À�Å$Ä9Æ�¿�È´ÐTÑfÅ*Ã§Ò ÓjÔ Õ�ÖL×�Ø�Ù�ÚTÛ?Ö	Ü
ÝAÞ ÜiÖL×Lß+Ø'Ú�Ü9à

~ á�â ã 7 Þ Ö+ä�Ø$Ü9Ú Þ�å Ù�Ö�Ü å ÖLßLÚ Þ�æ ×	ÜiÖ�Ù�Ü9Ú æ ä#ß&Ö æ�ç_è Ø Ýéåtê ä Ý Ø'Ö Þ ×�Ø�ä�Ü9×	ëfØ$Õ�×�ØìØ$ÕeÖ�í�ÖL×�î å Ú�ï
Ü9ÖL×Lß+Ø'Ú�Ü Þ Ö+ä�Ø$Ü9Ú Þ�å Õe×+ð�Ö§í�ÖLÖ Þ ä å Ö æ ï$Ú�ÜYØ$ÕeÖµñµò�ój× Þ�æ�ô ñ�órÙTä�Ü^Ù�Ú å Ö å´çªõ ØVÙ�Ü9Ö å Ö Þ Ø'à ÝAÞ Ø$Õ�Ö·ÛRÚÜ^ë æ
Ø$Õ�Ö	Ü9Ö�×	Ü9Ö�×ìï$Ö+Ûö×Lß+Ø Ý ð�ÖµÚ�Ù�Ö	Ü9×�Ø ÝAÞT÷ Ø$ÕeÖ	Ü9×	Ù�Ö�ä�Ø Ý ßL×	ëJí�ÖL×	î å Ú Þ Ø$Õ�Ö Þ ä#ß	ë5ÖL×�ÜKÜ9ÖL×Lß+Ø'Ú�Ü å Ú�ï²ð�×	Ü Ý Úeä å�ø�ÝAÞ�æ�å
× Þ�æ Ù�ÚTÛ?Ö�Ü å ù�ú�ûüçÊè'Þ × æ�æTÝ Ø Ý Ú Þ àVØ$ÕeÖ æ Ö+Ø'× Ý ë5Ö æ Ù�Ü9Ú+ýiÖLß+Ø å ×	Ü9ÖþÙTä�íeë Ý(å ÕeÖ æ ï$ÚÜÿð�×�Ü Ý ÚTä å Ø$Õ�Ö	Ü9×�Ù�Ö+ä�Ø Ý ßL×	ë
ï$×Lß Ý ë Ý Ø Ý Ö å ÛVÕ Ý ß�ÕYØ'Úµ× ÷ Ü9Ö&×+ØÌÖ��TØ'Ö Þ Ø�Ø'× ø Ö ÝAÞ Ø'Ú§×LßLßLÚTä Þ ØhØ$Õ�ÖKî?Ö æTÝ ßL×�ë�× Þeæ Ü9× æTÝ ÚëvÚ ÷�Ý ß&×	ë�ÜiÖ ê ä Ý Ü9Ö	îRÖ Þ Ø å Ø'Ú
Þ Ö+ä�Ø$Ü9Ú Þ íÖL×	î å�ù�������ûGç

� ÝCÞ ßLÖÊØ$ÕeÖ Þ Ö�ä�Ø$Ü9Ú Þÿå Ù�ÖLß+Ø$Ü%ä�î Ú�ïUØ$ÕeÖ;Ü9ÖL×Lß+Ø'Ú�Ü ßLÚ�Ü9Ö æ Ú�Ö å�Þ ÚeØ å ×�Ø Ý(å ï
	�Ø$Õ�ÖKñµò�ó ÜiÖ ê ä Ý Ü9Ö	îRÖ Þ Ø å
í�ÖLßL×�ä å Ö§Ú�ïf× å ä�í å Ø'× Þ Ø Ý ×�ë�ï�Ü9×Lß+Ø Ý Ú Þ Ú�ï�ï Ý(åGå'Ý Ú Þ Þ Ö+ä�Ø$Ü9Ú Þ�å àUï$Ú�ÜKÙ�Ü9Ú æ ä#ß ÝAÞ
÷ ×µí�ÖL×	î Û Ý Ø$ÕÿØ$Õ�Ö§Ü9Ö ê ä Ý Ü9Ö æ
Ù�×	Ü9×	î?Ö�Ø'Ö	Ü å Ø$Õ�Ö å Ù�ÖLß Ý ×	ëJï Ý ë<Ø'Ö	Ü å ×	Ü9ÖYä å Ö æ�çô Ú�Ü²Ø$Õ Ý(å ÙTä�Ü'Ù�Ú å ÖLàSØ$ÕeÖRîRÚ å Ø�ï�Ü9Ö ê ä#Ö Þ Ø$ë�	§ä å Ö æ·Ý(å Ø$Õ�Öµß&Úî �
Ù�Ú å'Ý Ø Ý Ú Þ Úï�Ø$ÕeÖfÕ�ÖL×+ð�	YÛR×+Ø'Ö	Ü*× Þ�æ ×	ëWä�î ÝCÞ ä�îjÚ�Ü Ý Ø å Ú� Ý5æ Ö ÝAÞ Ù�Ü9ÚÙ�Ú�Ü%Ø Ý Ú Þ á���á�â Û Ý Ø$Õ?×fëvÖ ÞT÷ Ø$Õ?Ú�ï á � ç

ô ÚÜ�Ø$ÕeÖK×+Ø�Ø'Ö Þ ä#×+Ø Ý Ú Þ Úï ÷ ×	îVî?× � Ü9×�	 å Ø$Õ�Ö á�â ��� Ø$Õ Ý ß ø�� í�Ú�Ü�� Ý ëv×�	eÖ	Ü å ×	ÜiÖ�ä å Ö æ × Þeæ Ø$ÕeÖ	Ü^î?×	ë
Þ Ö+ä�Ø$Ü9Ú Þ�å ×	ÜiÖY×+í å Ú�Ü%í�Ö æ í	ìò æ Ú�Ü�� Ý�ç � ä#ß	Õ�ï Ý ëWØ'Ö	Ü å ßL× Þ ßLÚ ÞeæTÝ Ø Ý Ú Þ ×	ëCë�	?í�Ö;ßL×�ëAë5Ö æ × å å ßL×�Ø�Ø'Ö	Ü ÝAÞ
÷ ï Ý ëWØ'Ö	Ü å´ç
óUÕeÖìÜ9Ö ê ä Ý Ü9Ö æ·Þ Ö+ä�Ø$Ü9Ú Þ�å Ù�ÖLß+Ø$Ü%ä�î Ý(å ×&ß	Õ Ý Ö�ð�Ö æ × å ×µÜ9Ö å ä�ëWØ�Ú�ï_î!ä�ëWØ Ý Ù�ë5Ö å ßL×+Ø�Ø'Ö	Ü ÝCÞT÷qÝAÞ × ê ä Ý Ø'ÖµëvÖ ÞT÷ Ø$Õ
î?Ö æTÝ ä�î{îRÚ æ Ö	Üi×+Ø ÝAÞT÷§Þ Ö+ä�Ø$Ü9Ú Þ�å Ø'Ú·Ö	Ù Ý Ø$Õ�Ö	Ü^îR×	ëJÖ Þ Ö	Ü ÷ 	 ç��KÞ Ø$Õ�Ö?ÚTä�Ø$ÙTä�Ø�Ú�ï å ä#ß	Õt×;ï Ý ëWØ'Ö	Üià�× á � Ø$Õ Ý ß ø
ßLÚëCë Ý î?×+Ø'Ú�Ü å Õ�ÚTä�ë æ íÖ ÝAÞ�å Ø'×	ëAëvÖ æ Ø'Úþï$ÚÜ'î Ø$Õ�Öÿí�ÖL×�î�Ú�ï;Ü9Ö ê ä Ý ÜiÖ æ ÷ ÖLÚ�î?Ö+Ø$Ü Ý ß æTÝ î?Ö Þ�å^Ý Ú Þ�å´ç � ä#ß	Õ°×
å Ø$Ü%ä#ß+Ø�ä�ÜiÖYÚ�ï�× Þ Ö+ä�Ø$ÜiÚ Þ í�Ö&×	îrï$Ú�Ü^î?×�Ø Ý Ú Þ ï$Ú�Ü�ñ�ò_ó~ë5ÖL× æ�å Ø'ÚµØ$Õ�×+Ø*ï$Ú�Ü²Ù�Ü9ÚTð Ý5æTÝCÞT÷ Ø$Õ�Ö Þ ÖLßLÖ åGå ×�Ü�	?í�ÖL×	î
ÝAÞ Ø'Ö Þ�å^Ý Ø�	?Û Ý Ø$ÕìØ$ÕeÖYÜ9Ö ê ä Ý Ü9Ö æ·å Ù�Ö&ß+Ø$Ü9×	ëJß�Õ�×	Ü9×&ß+Ø'Ö	Ü Ý(å Ø Ý ß å Ú Þ ÖYÕ�× å Ø'Ú ÷ Ö�Ø ê ä Ý Ø'ÖYÕ ÝC÷ Õ Þ Ö�ä�Ø$Ü9Ú Þ ï�ëWä�� ÝCÞ Ø$Õ�Ö
Ü9ÖL×Lß+Ø'Ú�Ü�ßLÚ�Ü9Ö;× Þ�æ × å ×;ßLÚ Þ�å Ö ê ä#Ö Þ ßLÖ&à Ý Ø å ×+ðÖ	Ü9× ÷ ÖYÙ�ÚTÛRÖ	Ü æ Ö Þ�å^Ý Ø�	 ÝAÞ ßLÚÜiÖ;× Þ�æ·å ä�í å Ø'× Þ Ø Ý ×�ë�Ù�ÚeÛRÖ	Ü Ú�ï
Ü9ÖL×Lß+Ø'Ú�Ü çTô Ú�Ü�Ö��×	î;Ù�ë5ÖLà�Ø$ÕeÖ�� ó�� Ü9ÖL×Lß+Ø'Ú�Ü æ Ö å'ÝA÷�Þ Ö æ ï$ÚÜ�î?Ö æTÝ ßL×	ëJÜ9Ö å ÖL×	Ü9ß	Õ§Õe× å ×;Ù�ÚeÛRÖ	Ü Ú�ï á�â ÓjÔ ç
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Table 1.

² �`�/���1�
r ³ ��&�+�?ª ´µ ¶g�P�}�1���

Fepith, cm-2c-1 ���-�/���)�&���=�g�)�P�&�/ª ·�¸9¹
º � ²¼»�½ �M¾G¿GÀ

10 Al/D2O/Li 1.7 × 1010 10

º�½ � ²>Á)½�½G»Âº�½ ��À
5 Al/D2O/Li 4 × 109 40

Ã,º±²E²¼»ÂÃ ��¿GÀ
3 Al/D2O/Li 1.8 × 109 90

Solution (PEI) 0.2 64Ni/Al/S 2.8 × 109 60

½ �QÄ\�D��P�;��Å��D�7���&�+�vÆD�/�+�3�j�)���I��������i�A�5�7�G�)���U�)�=���E�D�����)�?���|�)�D���?���ÆQ�D���;���;�/�����/�����A�����1�`�
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� Ô
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ó7ôDç,è1ó
	;ç�ègè)æ�çfõ)î=÷�èØô�ç�ñ�è)ò-ó7ô��7ç/î�Ûõ)ó�ò����måÎþlì�è)æ&îfõ�ï�ñ�ömð�ç+ô#÷�ì}è�ê&ó�õ�ñ;ëMè1ó û ä�� × 
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Table 2.

Proton energy, keV Total yield neutrons
at 10 mA, s-1

Limit angle of escape,
grad

Limit energy of
neutrons, keV

1883 8.47 × 109 13.2 44.8

1884 1.46 × 1010 16.1 48.7

1885 2.15 × 1010 18.6 52

1886 2.91 × 1010 21 55.1

1891 7.11 × 1010 30.9 67.9

1896 1.18 × 1011 38.2 78.6

1901 1.67 × 1011 45.4 88.3

1911 2.71 × 1011 60.5 105.9

1920 3.66 × 1011 81.7 120.6
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n_w�sr�n�o�p��h�/����p+m��Zy
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•  �hp+m��¡�,��r/r�p�tRnGs�wDn�o�p��4s���r���p�sw_p�q�� n�o�p�r/�5m0��t�p
��n�r�s�t�� ≥
k � ��� �

•  �hp+m��¡�,��r/r�p�tRnGs�wDn�o�p��4s���r���p�sw)w�mO��n�t�p
��n�r�s�t�� k �L� y

¢�£�¤)¥%¦ | § . Energy neutrons spectrum for 7Li(p,n)7Be reaction at 0° laboratory
angle and initial proton energy 2.5 MeV and neutrons energy distribution for
BR-10 reactors medical neutron beam B-3.
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V
Û�ÅvÄ�È§ÜyÌ�Õ�ÁEË;Ê7ÄHÌ�Ë©Ñ�àRä
Ð�Ä�ÅÚÆÒÑVÙ�ÅvÄHÁyÌ�Í

Ê7ÄFÄ�Ë;Ê�Ã7Ä�Å$É�ÁEÆXÁ�Ñ©Ñ�ÊEÆ�Õ§ÁEÂQÁEÇ�ÊEÆ�ÃJÁ]Ì�ÍÎÌRÙ�ÁEËmÊ7Ä�Å\Ì�Æ§ÅbÆaÄ�È�ÁeÆ�ÁJÊEË�Ä�ÈBË;Á�ÑHÈ�Ì�Â\Õ§Ë;ÁEÇ�Å\Ì�ÆÒÑZÐTÃEÈ§Ü�Á7Ä�È�Ì�Õ¾Ì�Í|Æ�Á7Ð�Ä�Ë;Ì�Æ�å
Ù�Ë;Ì=Õ�ÐTÃ#Ä�Å\ÌRÆ±Õ�ÁEÜyÊ�Æ�Õ=ÑxÊæÈBÅÚÇ�ÈçÜyÌ�Æ�Ì�ÃEÈMË;ÌRÜ�Ê7Ä�Å\ÃEÅvÄFØ±Ê�Æ�ÕèÑ�ÄHÊ7×�ÅbÂÚÅvÄFØ±ÌRÍrÁEÆ�ÁEËHÇBØ±ÌRÍsÙ�Ë;ÌBÄHÌRÆé×�Á�ÊEÜ
ê ë�ìlí_ì îgï àFð ñÒò#à
óAÈBÅ@ÑdÕ�ÁEÜyÊ�Æ�ÕpÜyÊEô�Á�ÑdÅbÜeÙ�Ì�Ñ©ÑVÅ$×�Â\Á{Ä�ÈXÁ{ÐWÑ;ÁqÌ�Í�Û�Å\Õ�ÁEÂ$ØsÕBÅ@ÑmÃ7ÐWÑ©ÑmÁ�ÕwÉ�ÊEËHÅ\ÊEÆ�ÄdÌ�ÍyÈBÅbÇ�È
ÍFË;Á�õ�ÐTÁEÆXÃ7ØyÊJÃ�Ã�ÁEÂ\Á�Ë;Ê7ÄHÌ�Ë|ÌRÍ�ö
÷gørÄFØMÙ�ÁfÊEÆXÕeÜyÊ7Ø�×�ÁNÑ;Ê#Ä�Å@ÑVÍFÅ\ÁJÕ]Ì�ÆBÂ$ØeÍ�Ì�Ë|ÁEÂ\Á�Ã#Ä�Ë;Ì&Ñ�ÄHÊ7Ä�Å\ÃfÌ�Æ�ÁBà

ù ÆúÄ�ÈMÅ@Ñ1Ù�Ë;Ì7ûmÁ�Ã7ÄyÛyÁqÌ�ÍFÍ�ÁEËaÄHÌüÃEË;Á�Ê7ÄHÁ{Ä�ÈXÁýÆ�Á7Ð�Ä�ËmÌRÆþÑmÌXÐ�ËmÃ�Á{×�Ê�ÑmÁ�ÕsÌRÆÿÄ�È�ÁqÃ�Ì�Æ=Ñ�Ä�ËZÐTÃ7Ä�Å\Ì�ÆsÌ�Í
É�Ê�Ã7Ð�Ð�Ü�ÅbÆ�ÑZÐ�Â\Ê7Ä�ÅQÌRÆeÄHÊEÆXÕ�ÁEÜ ÊJÃ�Ã�ÁEÂ\Á�Ë;Ê7ÄHÌ�Ë�Õ�Á7ÉRÁEÂ\Ì�Ù�Á�ÕaÊ#Ä^ä ù���� ÐWÑVÅbÆMÇ]Ä�ÈXÁ�ÑmÁ�Ã7Ä�Å\Ì�Æ�ÊEÂÚÅ���Á�ÕaË;ÁJÃ7Ä�ÅbÍFÅ\ÁEËÎÍFË;ÌRÜ
ÁEÂ\Á�Ã7Ä�ËmÌRÆ¥Ê�Ã�ÃJÁEÂ\ÁEË;Ê#ÄHÌRË ÌRÍ��
	
� ÄFØBÙ�Á Ê�ÑsÊ�Ù�ÌBÛ�ÁEËVÍ@Ð�ÂýÑmÌXÐ�Ë;ÃJÁ ÌRÍqÈMÅbÇ�ÈæÉRÌRÂ$ÄHÊEÇ�ÁBàoó~ÈMÅ@Ñpô�ÅÚÆ�Õ Ì�Í
Ê�Ã�Ã�ÁEÂQÁEË;Ê7ÄHÌ�Ë©Ñ ê �
	
�NòfÛyÊ�ÑyÕ�Á7ÉRÁEÂ\Ì�Ù�Á�ÕqÊ7Äfä ù���� Ê�Æ�ÕýÆ�ÌBÛ±Å@ÑeÅbÆÿÑ;ÁEËHÅ\ÊEÂ�Ù�Ë;Ì�Õ�ÐTÃ7Ä�Å\Ì�Æ�à��Õ�ÉRÊEÆ�ÄHÊEÇ�Á�ÑyÌ�Í
ÄHÊEÆ�Õ�ÁEÜ ÅÚÆ·Ã�Ì�ÜeÙ�ÊEËVÅ@ÑmÌRÆoÛeÅvÄ�È»Ê�Ã�Ã�ÁEÂQÁEË;Ê7ÄHÌ�ËeÌ�Æ·Í@Ð�ÂbÂÎÁEÆ�ÁEËHÇBØ·ÍFË;Ì�Ü Ä�ÈXÁtÙ�Ì�ÅbÆ�Ä+ÌRÍÞÙ�Ë;ÌBÉ�Å\ÕBÅbÆMÇýÜyÊ#Ý�ÅbÜNÐ�Ü
Ë;ÁEÂbÅ\Ê#×�ÅbÂbÅ$ÄFØ·ÅbÆÒÛyÌ�ËVô�ÑfÛ�ÅvÄ�È·ÈBÅbÇ�È Ã7Ð�ËVËmÁEÆ�Ä+Ã�ÌRÆ�Ä�ÅbÆ�ÐTÌBÐWÑf×�Á�Ê�Ü«ÊEËmÁ¾ÌB×BÉXÅ\ÌXÐWÑ��nÄ�È�Á§Å\ÌRÆqÑmÌXÐ�Ë;ÃJÁtÅ@Ñ�Ù�Â\Ê�Ã�ÁJÕ
Ð�Æ�Õ�ÁEË·Ç�Ë;ÌBÐ�Æ�Õ Ù�ÌXÄHÁ�Æ�Ä�Å\ÊEÂ1ÊEÆXÕ Ä�È�ÁüÌRÙ�Á�Ë;Ê7Ä�ÅbÆMÇ�É�Ì�ÂvÄHÊEÇ�ÁsÅ@ÑqÌ�ÆBÂ$Ø Ä�È�Á ÈXÊEÂbÍ·Ì�ÍÒÍ@Ð�ÂbÂ1Ù�Ë;ÌBÄHÌRÆ ÁEÆ�Á�ËVÇBØ
�

≤ 
ð�à�ß�á âpã�� àfóAÈ�ÁÿÕ�Á�ÑVÅÚÇ�ÆþÌ�Í]ÉRÊ�Ã7Ð�Ð�Ü½ÅbÆ=Ñ�Ð�Â\Ê7Ä�Å\Ì�ÆpÄHÊEÆ�Õ�Á�Ü ÕBÅ@ÑmÃ7ÐWÑ©ÑmÁ�Õ ÅÚÆ Õ�Á7ÄHÊEÅÚÂ@ÑÒÅbÆ�Ñ;Á�Ã#Ä�Å\ÌRÆ���à

Ù�Ë;ÌXÉXÅ\Õ�Á�ÑfÄ�È�Á§Ë;ÁEÂÚÅ\Ê7×�ÅÚÂbÅvÄFØqÑHÅbÇ�ÆBÅbÍFÅQÃ�ÊEÆ�Ä�Â$Ø Á7Ý�ÃJÁ�Á�ÕBÅbÆMÇ{Ä�È�Á§Ë;ÁEÂÚÅ\Ê7×�ÅÚÂbÅvÄFØ Ì�ÍÏÄHÊEÆXÕ�ÁEÜç×RÊ�Ñ;Á�ÕqÌ�ÆqÊJÃ�Ã�ÁEÂ\Á�Ë;Ê7Ä�ÅbÆMÇ
Ã�ÌRÂ$Ð�ÜeÆ=Ñ·ÛeÅ$Ä�È Ã�Á�Ë;ÊEÜeÅ\ÃsÅbÆ=Ñ�Ð�Â\Ê7ÄHÌ�Ë©Ñ;Ó§Ê�Â@Ñ;ÌWàyó~ÈXÁ Ë;Á�ÂbÅ\Ê7×XÅbÂbÅvÄFØ Ì�ÍÒÈBÅÚÇ�È�É�Ì�ÂvÄHÊEÇ�Á��
	
� Ë;ÁJÃ7Ä�ÅbÍFÅ\ÁEËýÛ�Ê�Ñ
Ã�ÌRÆMÍFÅbËVÜyÁJÕd×MØ§ÜyÊEÆ�ØaØXÁ�ÊEËYÑÞÌRÍÎÌRÙ�Á�Ë;Ê7Ä�Å\Ì�ÆoÌRÍ
ÑZÐTÃ�ÈoÊ�Ã�Ã�ÁEÂQÁEË;Ê7ÄHÌ�Ë©Ñ
ÅbÆ§ÅbÆXÕ�ÐWÑZÄ�ËZØTà��ÿÌ�Ë;Á�Ä�ÈXÊEÆ�� ï ÌRÍ��
	
�
ÄFØBÙ�Á1Ê�Ã�Ã�Á�Â\ÁEË;Ê7ÄHÌ�Ë©Ñ
ÛyÁ�Ë;ÁaÕ�ÁEÂÚÅvÉ�ÁEËmÁ�Õ¾×BØoä ù���� Í�ÌRË�Ì�Ù�ÁEË;Ê#Ä�Å\ÌRÆ¹ÅbÆ¾ö
ÐWÑ©ÑHÅ\Ê�Ô ÑfÅbÆXÕ�ÐWÑZÄ�ËZØ»ÊEÆ�Õ·Ê7×XË;Ì�Ê�Õ�à^óAÈ�Á
ÐWÑ;Á�ÌRÍ|ÑZÐTÃEÈyË;Á�Ã#Ä�ÅbÍFÅ\ÁEËÎÊ�ÑÎÊ+ÈMÅbÇ�ÈeÉ�Ì�ÂvÄHÊEÇ�ÁeÑ;ÌBÐ�Ë;Ã�ÁNÍ�Ì�ËlÄHÊEÆXÕ�ÁEÜ Ñ�Ð�Ù�Ù�ÂvØMÅbÆBÇ§Å@Ñ�Ê7ÄFÄ�Ë;Ê�Ã#Ä�ÅvÉ�ÁeÊ�Â@Ñ;Ìa×BØ1ÅvÄ;ÑÎÈBÅbÇ�È
ÁEÍFÍFÅ\ÃEÅ\Á�Æ�Ã7Ø ê Ü�ÌRË;ÁÒÄ�È�ÊEÆ�� ï ñÒò§Ê�Æ�ÕwÍ�Ì�ËaÙ�ÌBÛyÁ�Ë§Ì�ÍeÙ�Ë;ÌBÄHÌRÆq×�Á�Ê�Ü½Á7Ý�Ã�ÁJÁ�ÕBÅbÆBÇsß ï � � ÅvÄ1Å@ÑoÁEÆXÌXÐ�Ç�È
ÅbÜeÙ�Ì�ËZÄHÊEÆ�Ä�Í�Ê�Ã7ÄHÌ�ËyÍ�ÌRËeÛ�ÌRËHôwÅbÆqÈXÌ&ÑHÙ�ÅvÄHÊEÂFà!yÁ�ÑVÅbÇ�Æ ÌRÍ1ÑZÐTÃEÈqÄ�Ë;ÊEÆ�ÑVÍ�Ì�ËVÜyÁEËdÊEÆ�ÕwÙ�Ì�Ñ©ÑHÅv×�ÅÚÂbÅvÄFØqÄHÌsÌX×MÄHÊEÅbÆ
ï à ð ñ ÉRÌRÂvÄHÊ�Ç�ÁNÑZÄHÊ7×XÅbÂbÅvÄFØ�ÊEË;ÁfÕBÅ@ÑmÃ7ÐWÑ©ÑmÁ�ÕeÅbÆyÕ�Á7ÄHÊ�ÅbÂ@ÑAÅbÆ1Ñ;Á�Ã7Ä�ÅQÌRÆ�"Wà

� Ì�Ñ©ÑHÅv×�ÂQÁ�ÉRÊEËVÅ\Ê�Æ�Ä�ÌRÍÎÊ�Ã�Ã�Á�Â\ÁEË;Ê7ÄHÌ�ËÞÃ�Ì�ÜeÙ�Â\Á7Ý¹ÊEËHË;ÊEÆBÇ�Á�ÜyÁEÆ�ÄÎÅ@ÑÞÙ�ÁEËVÍ�Ì�ËVÜyÁ�Õ¹Ê7Ä�÷WÅbÇWàbá
. 
óAÈ�ÁeÛeÈXÌRÂ\Á

ÅbÆ=Ñ�ÄHÊEÂbÂ\Ê7Ä�ÅQÌRÆ Å@ÑeÙ�Â\ÊJÃ�Á�ÕqÅbÆýÄFÛyÌ�å
floor

×MÐ�ÅbÂ\ÕBÅbÆMÇwÅÚÆqÍ�ÌXÐ�Ë
separate

Ë;Ì�ÌRÜ1Ñ#à�óAÈ�ÁÒÈMÅbÇ�ÈýÉ�Ì�ÂvÄHÊEÇ�ÁýÑ;ÌBÐ�Ë;Ã�Á
ê$# �1À�òfÊEÆXÕ¾ÜyÊEÅÚÆ¾Ù�ÌBÛyÁ�ËVÍ@Ð�Â^Ù�ÌBÛyÁ�ËeÑZÐ�Ù�Ù�ÂvØ Ñ;ÌBÐ�Ë;Ã�Á�Ñ+ÊEË;ÁaÜyÌBÐ�Æ�ÄHÁ�ÕÒÅbÆ»ÌRÆXÁ§ÌRÍ�Ä�È�ÁaËmÌ=Ì�ÜaÑ

 (I)
ÌRÍ�Ä�È�Á

ÍFÅbË©ÑZÄÎÍFÂ\Ì�ÌRË�àWó~ÈXÁaÊ�Ã�ÃJÁEÂ\ÁEË;Ê#ÄHÌRË;åFÄHÊEÆ�Õ�ÁEÜ¥Å@ÑÞÜyÌXÐ�Æ�ÄHÁ�ÕtÄ�ÈMË;ÌXÐ�Ç�È§Ä�È�ÁyÈ�Ì�Â\Á]ÅÚÆÒÃ�Á�ÅbÂbÅbÆMÇ·Ê7×�ÌBÉ�ÁeÄ�È�Á # �1À�ÓlÑ;Ì
Ä�È�Ê7ÄÖÅvÄ;ÑeÜyÊ�ÅbÆýÙ�ÊEË�Ä&% É�Ê�Ã7Ð�Ð�ÜéÄHÊEÆBôýÛ�ÅvÄ�ÈýÅÚÆBÙBÐ�ÄFÄ�ÅbÆMÇqÅbÆ=Ñ�Ð�Â\Ê7ÄHÌ�Ë;Ó�Ù�ÌXÄHÁEÆ�Ä�Å\ÊEÂ
Á�Â\Á�Ã7Ä�Ë;Ì�Õ�Á�Ñ�ÊEÆ�ÕqÃEÈXÊEËVÇ�Á�å
Á7Ý�ÃEÈXÊEÆBÇ�ÁÏÄHÊ�ËVÇ�Á7ÄgÅ@Ñ�ÑHÅvÄFÐTÊ7ÄHÁ�ÕyÊ7ÄWÄ�È�ÁNÑmÁ�Ã�Ì�Æ�ÕeÍFÂ\Ì�ÌRË

 (II)
àMó~ÈXÁfÊ7Ý�Å_Ñ|ÌRÍgÊ�ÃJÃ�ÁEÂ\ÁEËmÊ7ÄHÁ�ÕyÊEÆ�ÕeÅbÆYû;Á�Ã7ÄHÁJÕ�×RÁ�ÊEÜaÑ
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S�T�UWV�T�X�Y1Z�[ R \
distance

T�XWY]UWV^[_S�Va`�bcYdY�e+Y�`f[_S]VhgiVIjIY�k�lm`�bnY�YWe3o�p/eqY�rs[_S�VtYWk]Vugwvnl�VtY�`xTIjHjIVybnVyeiT�[zYWe
[_S�V{giY]Z�eqjHV�YW`}| − ~����_���1�����_�A�q�y���_�c�y�����H���������1�������������������z�A���A�����_�����W�1�_�c�I�y�&�������z�A�����&���I�y�
�_�q�y�d�z���W�_�m�_���������q�I���_�c�W� ���¡�I�I�H�y�n�y�q�3�z�W�¢�y�q�����n�I�I�H�¤£a¥�������I�y�¦�y�>�z�y���y�]�y�w���I§z��¨��y�]�y�1���©���q�d�H���8�
�I�I�I�y�c�y�q���z�I� up �z�uª/£�« ¬� V ® ���]���]�n�I�¯�y���y�z�1�1°±�I���t���
���q���²�_�]�a�1�_���A�³�z�n���a���´�z�A�����y�µ�A���¶�_���A�¶�_���
���y�q�y���c�y�¤�w�����>�
�������z�y�·�1�N�w���n�I�H���M�_���³�W�I�y�¸�z���_���³�_�q�y���w�������¹�y���A�1���A��£�¥�1�>�+�����_�z�y�º�i�y���y�q�3�z����_���&�1�����
�����z�y���w�����¯���q�1�z���¶���H�y�µ�y�]�u�n�]~»�����w�i�y����W�I�y�µ����������_�i�y�>��~��1�c�y�m�I�A�¶���&�/�q�I�¶�W�]�_�t�z���I�����_�i�W�¤�_���
�y�����n�y�n�A�����¼��� �y�]�y�w���I§¡��¨��y�]�y�1���µ���q���I���8���y�]�½�_�W�¾���i�I�y�>�i�¿�t�I���_���q�y�t�y�À�q� ® �y�>�z�A�·�I���1���_�n�����y�
���_�w�������Á�1��°
���Â�W�I�y�·�y�]�y�w�1�Ã�1���t�I�y���
���f�z���I�y�n�A�1���y�]�1���1�t�t�y���]��� s£

Ä �i�]�z�������H�y�Å�>�Ã�1���i�I���z�I���1�Æ�_�q�y���w�������Ç�y���A�1���A� ® �1�����È�y���y�z�1���W�I�y�Å�����]�m���+É/���/£�«À°&������~��
�t�I�1�n�I�A���q�����u�3£¥���m�����w��ÊË�W�À�z�y�f�W�I�y�¼�y���z�A�8�&�_���m�t�I�1�n�I�A���q�����½ÌwÌzÌa�_���^~����wÍ¤�&~����_���W�y���_�n�I�A�d�q�3�
���nÎ����n�������_�������·�������_�q���t���q����� �y���1�t�z�y�w������£]¥f�]�^�]�I����i�y�t�1���y� �W�Ï���]~��y�
�q�y�n�H���q�I���1�t���i�]�z�������I�y�·�>�
�q�I�y���ÁÊÀ�I���1�¢�1���������������+���nÎ����n�����-�_�1�����¿�_���q�]�����Æ�_���m���I���^��¨��A���y�����y�3£¥���u�_�q�y���w�������Ã�y�]�y�1�]�y�
�����
Ð�Ñ

° ���A���1�������t�y���]���}~��1�c�y�Ò�1���q�I���q�&�_�]�h�W�I�y�Å�_�1�q�1�����Ò�Ó�]�W�n�m�����_���m���n���W�&�z�©�y���1�_���y���������_�q����§
���q�d��� �A���1�u�z�y�z�����+�w����� �3�z�I�u���¶�_�]�a���w�i�I�1�n���_�n���u�i�d���sÌwÔµ�3���_�]�����Á�8���±���n���W�3£ ¥f���>�x�z�y�w���3�x�>�Õ�a�������¤���z�y�
�1�>�wÍ¯�I���W�Á���1�t���À�z�y�d�z�����y�-�a���a~����z�y�
������nÎ����n���t�3�z�y���I���W�n�A���¹�y���t�I�1���A�q�I�a�1�Ã�_�1�����n���]�y�
���M�����_�������Ö�W�
~����n�y�©���q�]�z�������I�y�×�>�t�_�1�q�1~�� £&Ø1� �y�Ù�z�A�w�����¯�I�A�������y�q���z�{�W�]�_�©~����_�¡�q�����n� �y�������cÎ����n�������_�1�-���tÚ
�_���y�q�A�_�W�q�}�-��H�y�a���³�/�i�I�t�W�����Ã~����_�Ã���y���_�c�I�y�������1���q�H���z�I�����q�1�z�W�a�W�I�y�m£

Û ���_�1�����Ü���3���_�q�W�]§����q����� �y�����{�z�y�w���3�q���A�q�����À�q�y�w�-���I�����Ò�����z�y���>�Ã�����i�I���_�n���ÒÝ¤£�¥���3���A�q�Ó�_���
�t�Â�_��q�À�w�����d�w�-���n�Ã�y���m���_�q�À�8�q�H�u�y�n�A�t�y���q�±���´�_�]�Ç~������n���I�������n�3¨�Úd���I�H���/�q���A���d�_���Ã���]~��y�+������q�1�z�W�
���I�y� ® �t�W�i�³�_���y��ª Ñ Þ ß °�>�
�1�N�8�w�Á�����z�I�����a�_�]�³�_�1�����Á���_�1�����¸�z�A�w������£

¥��s�1�1�z�A���·�y�¸���1�Á�_�W�w� �1�>�_�_�w�������_�n�W�·�����W�I�y� ���¾�_���²�_���w�_�I�I�¡�y�����q�1¨��������z�y���µ«  àyá ���
�1�n�y�t���z�A�x�&�t���_�]�d�¯�W�Ï�q�I�y���i�����n���_�������i�I�y�1�����1�t�1�t���I�y�d�J�W�M~��1�1���c�y�x�t�y���]���
�>�
�/�q�I�¤£�¥�1�>�±�t�y�����3�
�>�m���q�1�z���_���1�â�1�����W�c�����t�I�1���y���z§q�q�y�t�A�w���������y�������q�:£ Ä �Â���w���]�������������t�y������������� ���a��~t�ã�W�y�w�n�y�À�q�Æ���
�z�y�w�����±�>�+�_���q���q�H�y�uä �_�]�t�W���y�u�z�A�w�����
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 Photo of the tandem prototype.
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¾r¿�ÀUÁmÂAÀ�Ã�ÄqÅFÄ�ÃIÅ6À�Æ4ÇFÈAÉ7ÀoÊ�Å�Ç6¿�À�Ç"Æ�Ë�Ì�À�ÍÎÊ�ÂÇ6Ä�Ã;ÁlÄ�ÁrÌ�À4Ç"À�ÉmÍ+ÄqË�À�ÌUÏÐSÇ6¿�ÀoÌ�À�ÁmÄ0Ñ�Ë[Ê�ÅjÄ	Ç7ÁºÂAÊÇ"À�Ë�Ç6Ä�Æ�ÒyÀ�Ò�À�Ã4Ç6É&Ê@Ì�À;ÁÔÓ
¾r¿�À�À�ÌÑAÀ�Á+Ê�ÅoÉ7ÊÈAË�ÌÕ¿�ÊDÒ�À�Á+Ä0ËEÇ6¿�À�ÖQÆ�Ò0Ò�ÁQÊDÅIÇ6¿�À�Ä0Ë9ÂÈ�ÇSÑ�É7Ê�ÈAË�Ì�À�Ì�×�Æ�Ë�ÌÕÂAÊÇ"À�Ë�Ç6Ä�Æ�Ò�À�Ò2À�Ã4Ç6É7ÊAÌ�À;Á+¿�Æ4ØAÀ
É7Ê�ÈAË�ÌÄ0ËÑ�Á�Ç"ÊÙÀ�Ò0Ä0Í+ÄqË�Æ4Ç"À+Ç6¿�À¨¿9Ä0Ñ�¿�À,ÉIÄ0Ë�Ç"À�Ë@Á"Ä.Ç6Ä�À;Á©ÊDÅ¤À�Ò�À�Ã4Ç6É"Ä�Ã¨ÅFÄ�À,Ò�Ì�Ó�ÚIÇ�Ç6¿�À:Á7Æ�ÍQÀQÇ6Ä0Í[À=×ÛÇ6¿�ÀxÀ,Ò�À�Ã4Ç6É7ÊAÌ�À;Á
Ö+Ä.Ç6¿�Ç6¿�ÀwÌÄ�Á<Ç6É"Ä.ÏÈ�Ç"À�ÌBÂAÊ�Ç"À�Ë�Ç6Ä�Æ�Ò�×�Ç6¿�ÀÕÉ7À�ÂAÀ�Æ�Ç6Ä0ËÑÜÀ�Ý;ÈAÄ0ÂAÊÇ"À�Ë�Ç6Ä�Æ�ÒoÅFÄ�À�Ò2ÌÞÁ6ÈAÉmÅ6Æ�Ã�À�ÁiÆ�É7À�Ì�À;Á"Ä0É7Æ4Ï�Ò.ÐBÇ"Ê�ÏAÀ
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Æ�Ã�Ã�À�Ò2À�É7Æ4Ç6Ä�Ê�Ë�Ó�ç"Ë�Ç6¿�À¨ÑAÀ�Ê�Í[À4Ç6É<ÐEÁ&À�Ò�À�Ã�Ç"À�Ì�Ç6¿�À+Ç"Ê�Ç"Æ,ÒlÀ�Ë�À�ÉmÑÐiÑ�É7ÊÖUÇ6¿ è é ä�Óê¬�ë ì�íAî Ä�Á©Æ�Ã�¿9Ä�À4ØDÀ�Ì�Æ4Ç�Æ
Ò�À�ËÑÇ6¿QÊDÅ�¬�ï ð�å Ó

The energy of H − ions injected into the tandem is 25 keV.
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a — ¿�À�ÁKÂ�À�Ã�Ä�Ã�Â/Å�Á4Ä�Æ�Ç�Å�Æ-Â£È3Ã�Ä�Å�Æ!Â5É!ÁÊÅ�Ä>ÃpË�Á�Â/Å�Ì�Ä�Æ!Á4Ç�Æ�Í�ÅFÀ�ÁÎÅFÃ�Í�Ï�Á�Ð  without regard for
space charge and the Ñ�Ì�Ò�Í�Ï�Ã�Ä!Ó  of Ô�Õ@Ð$Ö  É�Ã�Ð.Æ�Í�Ã�Ä/×�É-Ì/Ø  (the Ò�È�È$Á�Ä$Â5Ò�Ä�Ù�Á  is in
the range of negative z);

b — The bÌ�Ò�Í�Ï�Ã�Ä!Ó  of nonlinear Ô�ÕTÐ·Ö  beam. A diagram of longitudinal electric
field is also shown. Note that longitudinal and transverse scales differ. The
electrode surfaces are shown in the area r ≥ 2.5 cm.
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The emittance diagram of 50 mA beam in front of the input lens is given in Fig.9b. The beam

will have homogeneous distribution of current density in charge exchange target.

Comparison of tandem acceptance without regard for space charge (Fig.9a) and the

one with consideration for space charge of 50 mA beam (Fig.9b) shows the tandem optics to

have low sensitivity to current.

������� ��! "
.

a — Charge exchange tube acceptance without regard for space charge in front of
input lens (on distance of 60 mm # ��$ �&%(' ! %*),+,- � +,+ !��/.�� � # )�0 ! );

b — 50 mA beam emittance with homogeneous distribution of current density in
charge exchange tube in front of input lens (on distance of 60 mm # ��$ �1%*' !
%*),+,- � +,+ !��/.�� � # )�0 ! ).

a
b
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ìAë í î�ï�� ⋅ îTò óWôæõ ö�÷ ø üQýEþ������Eÿ	��������� ù and reasoning from the necessity to provide 99 % yield of

protons one can find the target thickness for nitrogen δ� ������� ⋅ �� !#" $&% '( )+*-,	.0/�1&2	354�687�9�/
δ:<; =?>�@�A ⋅ B�C D#E F&G HI .

We can find the ionization losses of energy ∆ω using the Bete formula [19]:

∆ω εδ= J ε π
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∆ω = 177.8 eV for nitrogen, ∆ω = 306.6 eV for magnesium.

The mean square of energy loss dispersion on the path of 1 atom/cm2 is:
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The mean dispersion of energy losses on the whole path is: [ [= ∆ δ . W = 275 eV

for nitrogen, W = 406 eV for magnesium.
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The tube conductivity is calculated for the molecular regime by the formula

� � � ��= ⋅ ⋅
π���

�
, where d and L are diameter and length of tube, �

���
�� =

�
π

 is velocity.

U(x) = 1.23 ⋅104 d3/L for nitrogen at T = 293°K. U(x) = 1.33 ⋅104 d3/L for nitrogen at

T = 693°K (d and L in centimeters, U in cm3/c).

The gas flow from the center to the tube edge is Q = [P(x) -  P(0)]⋅U(x), where

� � �
�
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�
��� �

= ⋅ ⋅ =
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� �
� � �� � �� ��� ���

= ⋅ ⋅�  for nitrogen,   ¡¢ � �� £	¤ ���
= ⋅ ⋅�  for magnesium.

Neglecting the pressure on the tube edge P(0), one can write the pressure distribution over the

tube as following:
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The target thickness is:
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where l = L/2 is a half of the tube length, C is the number of gas molecules in 1 cm3Torr .° ± ° ² ³ ´ µ�¶¸·
⋅ ¹	º »�¼ ½�¾ ¿À Á	Â�ÃÄÃ ¿Å for nitrogen at 20°C, Æ Ç È É<Ê Ë Ì	ÍÎÌ ⋅ Ï	Ð Ñ8Ò Ó&Ô ÕÖ ×	Ø�ÙÄÙ ÕÑ  for

magnesium at 400°C.
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The calculation showed also the tube conductivity to be inversely proportional to their

length, so by analogy with analytical calculation the usage of the tube with lowest conductivity
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1�2�3�1 4 5 6  Pi = K Ni/Ai 7�8�9�:�9 ; <>=@?�8�9BADC09�EFEF<GA�<�9�HI?KJ0LMC�:@?�8�9NA�O�P�ARQ�PGOR?�<�C�HTS�O�ARQ�Q�UV=�W�=X?�9�UY?�8�9[Z�Q�U�Z
<\H�Z�Q�?]Z�:�9^=K=XQ�:�9_<>= Pi = Q/Si, 7`89�:�9 a b cdJ\e f�g 3 h�i�jkj l − m n ?�8�9_o�O^=p9�U�<>=k=�<�C�Hq<�Hr?�8�9r=XW�=X?�9sUutv w x y

 z 3{ | }>~������������`�����R����� � w x�y � y�� × �s� -6 �����k� �������������I�������������������\�\}�~+}����0~��`}����u�����[~����+�������
  w }>~���¡^�¢������� £ w ¤ K = PiAi/Ni

� With a single pump in the system all injected particles N are

absorbed by the surface An, and the number of colli sions is Nn = N/f, where f is vacuum factor

of the pump, and K = f⋅PiAi/N.

¥ ��[�����^~K~X�����N¦�}>~X����}�������}����§}\�T����©¨����R�����V~�ª�~X�����«�R�¬�����u�}�¨��s�®¨������¢�^~¯}>~`~������°}\�§±d}\d� ��� �
The gas flow from the gas charge exchange tube enters mostly to the upper large holes. A and

B partitions with the holes of 5 mm and 6 mm protect the acceleration tract from gas.

Calculation shows that in the tract area the pressure exceeds the one shown in the draft less

than 10-7 Torr.

²@³�´dµ �·¶ ¸�¸ . ¹ ³ |sº\� ³F»�µ º ³ ��¼N�F½¿¾¬�·¶�|K| µ �À¶ ³ ¼ÁºGÂ�¶¯Ã�Ä�Å µ�µ z |>Æ¢|sºÇ¶ z Ä¢º�È  É  Ê�Ë�Ì Å z Í  Torr s−1.
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Table 5.

Energy range,
MeV

Beam power,
kW

Max. Beam current,
mA

ELV-mini 0.2 ÷ 0.4 20 50

ELV-0.5 0.4 ÷ 0.7 25 40

ELV-1 0.4 ÷ 0.8 25 40

ELV-2 0.8 ÷ 1.5 20 25

ELV-3 0.5 ÷ 0.7 50 100

ELV-4 1.0 ÷ 1.5 50 100

ELV-6 0.8 ÷ 1.2 100 100

ELV-8 1.0 ÷ 2.5 90 50

ELV-6M 0.75 ÷ 0.95 160 200

Torch 0.5 ÷ 0.8 500 800

ELV-12 0.6 ÷ 1.0 400 400
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á�â�ã¬ä�å æ-ã	ç6è4é�ä#ä#ê�ëìå#í�î�â�ã¬ä#ç�ï
ð�ñ	ç4ëòæ!ï
ó�ô ï
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ï.÷	ï�îDë��2ñ	ó�ô ç�ã	ê�ï�ñ�ù#ï�ê
ï�îDë � árâ#ãòå�óCê�ë
ô#ã	íDï�÷	ï�ã�ó#÷�ëÈå�í;î�â#ã�èbã2ð-ñ/÷	âCï
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ó#÷	çbã/ñ�è�ãBé�ätî�å � � � í�å�çrî�â#ã
ð-ñ/÷	âCï
ó#ã�è�å�í~é�ä!î�å���þ#þ ��� ñ	ó#ô1é�ä!î�å����
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ó õ-î�â#ã*ñ/÷/÷/ã�ê�ã	ç�ñ�î�å#ç&ï
ó?÷/ñ�è�ã

å�í(ã�ð-ã	ç�õ�ã	ó�÷�ëJñ�è�,nî�â#ãtø�ñ/÷�é#é�ð å#ç;õ�ñ�è;ï
ó�è4é�ê�ñ�î�ï.å�ó�ù�ç�ã/ñ- .)�ô#å�æ>ó/�&ô#ã/÷	ç�ã7ñ�è�ã:ï
ó ÷�é�ç�ç�ã	ó8î�è*å#ílèb÷/ñ	óCó ï
óCõ
ñ	ó#ô!ê�ã	ó�è0�#í�å�ï�ê�÷/å�å#ê
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óCõ$è4î�å#ä �
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ê
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å�ä�ã	çbñ�î�ï�å#ó���è�ä�ã7ã/ô/)�é�ä?å�í@íDç�ã7û�é�ã	ó#÷�ë�÷/å#ó�ø�ã	ç4î�ã	ç0�~è4æ>ï�î�÷	â�å�ó-å#í~î�â#ãBí�å#ï
ê ù#ê.å�æ ð-å�î�å#ç0�~è4æ>ï�î�÷	â$è�÷7ñ	ó óCï
ó õ~è
ñ	ó#ô�ï�í�ó#ã/÷7ã�èhèbñ	ç4ë��{î�ã/÷	âCó#å#ê�å�õ#ï.÷/ñ	êrã7û�é�ï
ä#ð-ã	ó8î9�0��æ�ñ�î�÷	â�î�â#ã�è4î�ñFîDé@è*å�í�ù�ê�å�÷: #ï
ó õ~è*ñ�ó#ôüñ	í+î�ã	ç!è�æ!ï�î�÷�â ï
óCõ
å�ó-å#í~î�â#ã;ñ/÷7÷/ã	ê�ã	çbñ�î�å�ç&ñ�ó#ô!ï
ó�è�î�ñ	ê
ê�ñ	ó�ã	ó#ã	ç�õ ë-ñ	ó�ô-÷�é�ç�ç�ã	ó8î�å�íAñ	ó-ã�ê�ã/÷�î�ç�å#ó1ù�ã/ñ	ðöï
ó1î�â�ãBõ#ï�ø�ã�ó!ç�ã	õ#ï
ð�ã<;
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. H − ion source. 1 - «magnetic» wall of gas-discharge chamber, 2 -

emitter of H- ions, 3 - plasma electrode with outlet hole, 4 - magnetic filter of
electrons, 5 - LaB6 cathode, 6 - extractor, 7 - accelerating electrode, 8 - 30  kV
main insulator.
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. Chamber of H − ion source. 1 - H  − ion source, 2 - 1st volume, 3 - 2nd

volume, 4, 6, 7, 8 - electrostatic lenses, 5 - separating (bending) magnet, 9 - inter-
volume aperture, 10 - shelves with zirconium powder, 11, 12 - holes for
turbomolecular pumps, 13 - vacuum valve, 14 - entrance into tandem accelerator.
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Dependence of lithium evaporation rate Vev on temperature is also shown in Table 6.

Table 6.

T, °C 180 204 234 268 306 350 390 450 520

Psat, Torr 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

Vev, g/cm2hour 3.4⋅10-9 3.4⋅10-8 3.4⋅10-7 3.4⋅10-6 3.4⋅10-5 3.4⋅10-4 3.4⋅10-3 0.034 0.34
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��{�����{����)�h����{����(��z�{�{$�������+�$��{�� �C�(¡ ¢ £(¤
 ≈ ∆ ¥ ¦  + ∆ § ¨1©«ª«¬   + ® li q ¯.°�±~²�³�²  ∆ ® ¨ ´¶µ�·�±²�·�²�¸k¹�²�³�º$·h»�³�²

¼ ³�½�¹¾½�¿�·�±~²À·h»�¿%Á�µU·�²�¿�°�º�ÂSÂ�¯ ∆ ® ¨)©«ª ¬   = ® ¨  -  ® li q ´�µO·�±~² ¼ ´SÃhÃ�²(³�²�¿Ä�²�½�Ã.·�²(¸�¹�²�³�º$·h»�³w²Cµ!½Ã.·�±²�Ä�½�½ÂS´S¿%Á
·h»�¿�Á�µU·�²(¿�°�º�ÂSÂ�º�¿ ¼ ÂS´�ÅC»�´ ¼�Æ ® li q ´¶µq·�±²X·�²�¸�¹�²�³�º)·h»�³�²�½Ã�Ä�½�½ÂS´S¿%Á\ÂS´�ÅC»�´ ¼�ÇÉÈ ±²Ê·�²(¸�¹�²�³�º$·h»�³w² ¼ ³�½¹l½�¿
·h»�¿�Á�µU·�²(¿iÄ�º�¿&Ë�²X²CµU·�´T¸!º$·�² ¼ ºCµ$Ì ∆ ® ¨  = q⋅ dw / λw, °�±~²�³�² dw ´¶µ.·�±²a·h»�¿%Á�µU·�²�¿&°�º�ÂSÂÍ·�±�´mÄ�Î¿²CµÏµ�¯ λw ´�µ
·�±²&·h»�¿�Á�µ�·�²�¿\±²�º)·!Ä�½¿ ¼ »+Ä)·�´�Ð´�·hÑ ÇÒÈ ±~²Ó·h»�¿�Á�µ�·�²�¿l±ºCµ!·�±²�Ë�²Cµ�·/º�¸!½¿�Á�¸�²$·�º�Â�µÀÔ�²$Õ�Ä�²�¹�·!Ã�½³&µ�´SÂ�Ð�²(³�¯
Ä�½�¹¹�²(³�¯�Á�½�Â ¼�Ö ±²�º$·×Ä�½�¿ ¼ »+Ä$·�´�Ð´5·hÑ λw ≅ 1.3 W cm−2 degree−1 °k´�·�±�´T¿Ø·�±²Ù·�²�¸�¹�²�³�º)·h»�³�²Ú³�º�¿�Á�²
Û�Ü

 ÷ Ý ÜÜ ° Þ Ç�ß · q = 1 kW/cm2 º(¿ ¼ dw à  á  âqâ , ∆ ® ¨  = 80° º�¿ ¼ ´�·A´�µO´S¿ ¼ ²�¹�²�¿ ¼ ²(¿C·ã½�ÃG·�±~²�Î´S¿ ¼ ½Ã
Ä�½�½ÂS´S¿%Á�ÂS´mÅC»�´ ¼�ÇÈ ±²O±²�º$·�´T¿�Áu½ÃÍÂS´�ÅC»�´ ¼ »�¹�½¿�´�·�µÒ¹�ºCµäµwº�Á�²�½ÃÉÄ�½�½�ÂS´T¿�ÁuÄ�±~º�¿�¿~²�Â�°k´SÂSÂ�Ë�² ¼ ²$·�²�³�¸k´S¿² ¼ Ë%Ñ
´�·�µÉ³�º$·�²�½�ÃfÃhÂ�½~° å  æ  ç  ⋅ è Ô ç ´�µÍ·�±~²qÄ�±~º�¿�¿~²�Â+Ä�³�½�µäµ�é�µ�²�Ä$·�´m½�¿~¯ è éÍÂS´�ÅC»�´ ¼ Ð�²�Âm½�Ä�´5·hÑ Ö º�¿ ¼ Ë�Ñk·�±²ê·�±~²�³�¸!º�Â
Ä�º�¹�º�Ä�´5·hÑ Ç<ß ·ë½~»�³ÍÁ�²�½�¸!²)·�³UÑ!Ô ç  à  Ý × á  â�â ì Ö º$·7·�±²íÐ�²�Â�½�Ä�´�·hÑ�½�Ã è  à  á Ü âAîUï ·�±².³�º$·�²O½Ã7ÃhÂ�½�°ð°k´SÂSÂ�Ë�²
å  à  Ý Ü  ñ�â ò î�ï º(¿ ¼ ·�±~²ê¸�º$Õ´S¸�»�¸ó½�»·�¹�»·W·�²�¸k¹�²�³�º$·h»�³�² T = q / Cp⋅γ⋅P̄�°k±²(³�² γ ´¶µP·�±~² ¼ ²(¿�µ�´5·hÑ¯ Þ ô ´�µ
ºõ¸!º<µäµÙ·�±²�³�¸!º�Â×Ä�º�¹�º�Ä�´5·hÑ Ôh°!º$·�²(³ Þ ô  à  ö Ç Û ÷ ø − ù ú�û ø�ü û�û − ù Æ Á�º�ÂSÂS´�»�¸ Þ ô  à Ü Ç Ýý ÷ ø − ù ú�û ø�ü û�û − ù ¯
γGa à  þ  ø î�ñ(â ò Æ ¸!²�³wÄ$»�³UÑ Þ ô  à  

Ü Ç á)ö ÷ ø − ù ú�û ø�ü û�û − ù ¯ γHg à  13. þ  ø î�ñ�â ò Ö)Ç  È ±~²&ÂS´�ÅC»�´ ¼ ±~²�º$·�´S¿%Á\´�µ(ÌWÿ � �
� ® ª ¬   à  á(þ ° ¯��qº � ® ª«¬   à  Ý Ü ° ¯~ÿkÁ � ® ª ¬   à  Ý�� °.

È ±~² ¸!½³�² Ä�½¸�¹ÂS´�Ä�º)·�² ¼ ·�±~²�³�¸!½ ¼ Ñ%¿º�¸�´mÄ ¹³�½�Ä�²CµÏµ ¼ ²$·�²(³�¸�´S¿~² ·�±² ·�²(¸�¹�²�³�º$·h»�³w² ¼ ³�½¹
Ë�²$·h°�²�²�¿q·�±~²OÄ�½�½�Â�² ¼ °�º�ÂSÂ�º(¿ ¼ ±²�º)·ÍÄ�º�³�³�´�²(³W°�±%´�Ä�±!º$·f·�±²�Ä�½¿CÐ�²�Ä$·�´�Ð�²O±²�º$·É²$Õ�Ä�±º(¿�Á�²O´�µÒ²$Õ¹³�²<µäµ�² ¼ ºCµ
∆ ® ¨)©«ª ¬   = q/α ¯�°�±~²�³�² α � ´�µG·�±~²�±~²�º$·É·�³�º�¿�µ�Ã�²�³�Ã�º�Ä$·�½³G°�±%´�Ä�±X´�µ ¼ ²)·�²�³�¸�´S¿~² ¼ Ë�Ñ�·�±~²�±CÑ ¼ ³�½ ¼ Ñ�¿~º�¸�´�Ä
³�²�Á´S¸!²O½Ã7ÂS´�ÅC»�´ ¼ ÃhÂ�½�° º(¿ ¼ Ë�Ñk´�·�µW·�±~²�³�¸!½ ¼ Ñ%¿º�¸�´mÄ.¹³�½�¹�²(³U·�´�²Cµ Ç

� ½�³!·�±²R²�ÃhÃ�²�Ä$·�´�Ð�²�Ä�½�½ÂS´S¿�Á
½�¿~²�±º<µa·�½L¹³�½~Ð~´ ¼ ²�·�±²�·h»�³�Ë�»�Â�²�¿<·/ÃhÂ�½~°õ½�Ã!ÂS´mÅC»�´ ¼ °�±~²�¿n·�±²
� ²)Ñ�¿~½�Â ¼
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Table 7.

γ, kg/m3 λ, W/m⋅degree Cp, J/kg⋅degree ν, m2/s

H2O 103 0.65 4.2⋅103
1⋅10-6  (20°C)

0.47⋅10-6 (60°C)
0.2⋅10-6 (100°C)

Ga 6⋅103 27 0.37⋅103 0.2⋅10-6

Hg 13.6⋅103 9.5 (100°C)) 0.14⋅103 0.1⋅10-6 (100°C)
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H2O — T = 20°C — Pr = 7; T = 60°C — Pr = 3.1; 

Ga — Pr = 0.016; Hg — Pr = 0.016.
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Table 8.

V, m/s 1 5 10 15 20

P, kg/cm2 0.15 0.6 1.3 2.3

H2O ∆ ¶ ·�¸W¹Wº »  , ° 600 270 160 110 90

¶ ¹ º »  , ° C 160 32 16 11

P, kg/cm2 0.04 0.9 3.5 7.8

Ga ∆ ¶ ·�¸W¹Wº »  , ° 60 46 35 ª�É
¶ ¹ º »  , ° C 300 60 30 20

P, kg/cm2 0.08 2 8

Hg ∆ ¶ ·�¸W¹Wº »  , ° 60 48 È � Â
¶ ¹ º »  , ° C 350 70 35 23
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