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vin/D £¥¤ �,�<� vin �R�¦� ¤ �7�2�4�H�§�2�V�H�4�¦�R� £ �;�D�¨���<�V�X�}�-�*�V�H�,�R�D�©�2�4� D �R�¦� ¤ �7�2�4�H�§�2�V�H�4�¦�4�R�V�m�4�D�R�H��*�H�*�p�=�*�V�,���¡ª �'�<�2�4�P�=�2�D�«�2�=�2�R���P�V�¬�V�¬�4�*�*�*�D�D�;�D��m�2�®�4�,�<�M�<�§�V�4�R�4¢¯� ¤ ���2�4�H���2�V�H�4�¨�°�;�D�D�V�*�R�±�=�R�4� ¤�X�<�H� �§�¡�2�D���<�,���4�*�4�D�R�P���4�<�2�=�R�*���2�4���m�2���D�,�°�;�<�;�<�V�4¢«� ¤ �²�V�³�°�2�M�§�H�}�°�;�D�<�R�*�V�©�D�H���<�*�,�*ªµ´¶�P�,���H��4�V�P� ¤ �;�P¢H�,�:�R�¬´¸·-¹ �!º¼»}�=¢2�g�2�4�;½\¹ �K�K�B¾B¹�½o¿H���À�2�4�®´¸·-¹ �'º��R�:�2�=�2�p���D�,�®�4�D�R�4¢Á���P�=�,�*�X�2�Â�-�,�<�D�R�H��H�¥� ¤ �¬ÃHªÅÄÆ¾B¹ÈÇ�´ÊÉË¹ »Ê�Ì�D�g�2�4�P�=�2�D�%�*�H�4�;ªÍ�!�<�2�=�V�,�%�H�
ρsvin/D £ �R� ¤ ρs � ¤ �Î�*�R�m�*�,�<�p���Î�D�,�°�;�g�;�D�D�pÏ�g�2�4�R�4�*½¥�4�-�¬�2� ¤ �,�Î�4�V�§�*�4�P�V�H�4�V�,�D�§�°�;�g�2�§�,�D�,�<�Î�2�4�¯�§�2�����m���D� ¤ �M�Á�Ð�=�2���<�R�<�R�*���V��� ¤ �Ñ�*�H���=�4�,�§�*���Ò �H�4�%�;�<�7�*�H�Ó�=�V�V�,�\½y�<�*�P�4�R�<�R�4¢©�R�Ñ� ¤ �7�=�;�g�2�D�,�ÊÔÊ�dÕÊ¹�ÃHªÖ�=�;�¡½ £¦¤ �R� ¤ �*�2���,�D� � £ �V�4�×�°�;�<�2�§�,�<�,�¦�g�2�4¢H�2ªØ��*�R¢ ¤ �<�*�¬�§�4�R�D�R�=�V�¸�<�*¢2�<�,�D�D�V�H�Ñ�R� �;�4�=�V�V�,�Ñ�D�§� ¤ �7´¸·-¹ �'º�»}�=¢2�g�2�4�7�D��Ù=�P�,� £¦¤ �R� ¤ �V�¡�2�4�}�<�Î�³� £ �;¾�<�,�D� �D�*�2�V�V�4¢

ρsvin(x′)/D(x′) = 0.0432
[
(LTe(x̄

′)/ρs)
−2.58

+ 7.13U1.55
L νe∗(x̄′)

−0.42
]
x′ £ �p� ¤

x′ = ρ/ρs
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x̄′
ªÚ� ¤ �:�<�§�D�¸�4�2�V�4�Û�H�z� ¤ �×�D�*�2�V�V�4¢³�*�-�=�2�R�×ÃÆÄ-ªÝÜÞ ª�� ¤ �¦�,�V�*�,�P�<�H�Ó�<�,�³�=�,�g�;�<���D�¥¢2�g�2�4�R�*���'�V�*�4¢2� ¤ LTe �R�!� ¤ ���-�,�7�°�;�g�2�§�,�D�,�9�H�°� ¤ �¥�2�4�H���2�V�H�4���°�;�D�<�R�*�V��=�V�4� ¤«£¦¤ �R� ¤ �-�V�*�R�4�¸� ¤ �%���2�R�®�*�H���P�<�RÙ=���<�R�H�\ª�´¼�m���D� ¤ �M�Û�°�;�g�2�§�M�<�,�:�V� � ¤ �Ó�R�H�2�«�-�H�R�g�2¢H� UL £¥¤ �V� ¤�V���P�<�H�4�4�*�*�Ê� ¤ ���*�R�*�,�D�<�H�¬�*�H�R�V�V�P�V�H�=�2�V�p�D�Î�°�;�g�2�§�,�<�M� νe∗ ª ´Ê�R�Â�MÏ��=�H�4�,���<�¸�;�<�7�P�g�;�<�R�P�<�R�¡�2�V�p�²�D�R¢H�4�R�=�¡�2���¡ª� ¤ �¸�°�;�g�2�³�,�<�,�<� UL �2�4� νe∗ �D�4¢H¢H�,�P�¥�%�4� £ �2�4�H�§�2�V�H�4�9�°�;�D�D�V�*�R� �=�R�4� ¤ �D�,�<�ß���<�p���*�0Ù4��� ¤ �Ûà ¤ �§�R��V�4�4�4�M�<�R�-�¸�,�V�*�,�P�<�V�Ê�=�*�R�\ª9� ¤ �:�4�H�4�R�V�4�¡�;�D�R�<�R�*���V�0� ¤ �Ê� £ �;¾á�<�,�D�ß�D�¡�2�V�R�4¢Ó� ¤ � £ � ¤ �;�Ú�-�=�2�P�V�V�R�4�¡�;�Ú� ¤ �*�2�D��V���4�R�P�4�<�2���,�ÍÙ4�±�MÏ-�=�,�<�R�§�*���¡ª¬�¦�*¢2�D�*�D�D�R�H���2�=�2�R�-�D�V�7�H�Ú� ¤ � £¥¤ �H�V�0�=�;�g�2�D�,��ÔÊ�dÕÊ¹�ÃHªÖ�=�;���X�<�H���m�H����<�2���2���;���:� ¤ � £ �×� ¤ �;�7� ¤ � LTe/ρs �D�¡�2�R�V�4¢Ñ�*�2�-�,�<�×� ¤ �0�4�,�=�*�4�4�,�4�*�Á�H� ρsvin/D �H�±� ¤ ���*�V�m�*�M�<�R�-��=�X�2�P���¥�g�2�4�R�4�*ªÂ�K�Â�V�z�m���D� ¤ �,���m�H�4�4�7� ¤ �;�Â� ¤ � ρsvin/D �4�2�V�4�,�z�X�<�H��P�g�2�4�P�=�2�D���2�=�2�p���D�R�z�4�Ê�4�2�Â�D�*�P�=�H�4��<�Û�:� ¤ �2�4¢H�¥�V�³�,�H�V�V�R�D�V�H�=�2�R�R�D�:�<�*¢H�R�§�¦�2�4�³�;�<���4�2�9�*�R�¡�;�<�p�%�D�*�X�;�<�,�Ó�<�¸� ¤ ���4�D�,�4�2�R�V�V�4¢¸�<���DÙ=�4�R�*�4�*�¥�P�-�=�2ª� ¤ �§�4� £ �P�¡�2�V�R�4¢²�X� £ �4�<�*�4�R�,�<�7�m�2�×�n�Ú�9� ¤ �V¢ ¤ �4�2�R�4�*�×�H� ρsvin/D �2�4�"�=�¡�;�-�*���4�*�4�D�p�D�«�4�D�2�=�V�*�*½�¡�2�4�D�,��Ù4��� ¤ � LTe/ρs �D�,�<� �2�4���*�,���D�g�2� ¤ �¡�;�<�R�4¢«�4�4�Î�<�«�2�p� ¤ �Ñ�°�;�P�<�V�*�R�*�*ª±� ¤ �Á�4�*�4�P�R�D�±�=�¡�;�-�V�4¢�V�Ó�4�<�2���*�:� ¤ ���*�4�,�n¢2�±�*�H���=�4�*�§�,���%Ù4�«�D�H�§�ÎÜ2â Þ ªã`äÂåçæ}ètétê�ëtìnívînï ÄHÜ-ªÅÄHÄ-ªÖð���½oÄHÜ-ªÅÜHÄ-ªI¾áÙo½\ÄHÜ-ªÝÜHÄ-ªÖð��O½oÄHÜ-ªÝÄHÄ-ªñ¹Ê�ç½\â`Ü-ªÅÄ2â�ªI¾á�*½\â`Ü-ªÝÄ2â�ªÅ·Ð�
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� ¤ �³� ¤ �;�=�Ó�H���4�*�4�D�p�D�Ñ�4�<�2�=�V�*�:�V���Î�m�4�D�V�H�®�<�¡�2�,�<�2�Û�2�4�"�R�®�<�¡�2�M�<�2�P¾B¢2�<�2�4�³�4�,�-�V�*�*�:�V�¸�H�'�°�;�D�D�V�*�4�V�;��V�Ó�=�2�D�g�2�4�*���m�2�«� ¤ �*�R�±�2�=�M�g�;�<�V�H�\ª �'�<�,�4�V�,�<�R�4¢ö� ¤ ���4�*�4�D�p�D�÷�4�<�2�=�R�*���V�÷�n�Ú�9� øFÃ*ùÓÙ4��D�g�2�4�P�=�2�D��D�R�§�4�X�;�<�R�H�4�!�D�*�-�4�p�<�*���Û���2�V�V�=�;�D�*�§�D�¡�2�R�V�4¢Û�D�*�X�;�<�R�H�§�m�2��� ¤ �¥�g�;�<�V� vin/D £¦¤ �,�D� vin �V�!� ¤ �Ê�2�4�H���2�R�H�4��V� £ �;�<�Ñ���<�R�X�Ê���*�R�H�*�R�D�Á�2�4� D �V�}� ¤ ���2�4�H���2�V�H�4�}�4�R�V�m�4�D�R�H�®�,�H�*�R�=�*�R�*���¡ª:·-�4� ¤ �D�¡�2�R�V�4¢ £ �2�}�<�*�*�*���D�R��4�,�-�*�V�2�=�*�²Ù4�©�D�g�2�4�P�=�2�P�Ê�2�=�2�R�-�D�V�¦�2�4�¨�D�V�³�4�X�;�<�R�H�4�¦�2�4� ¤ �2�¦Ù=�,�*�Ñ�D�4�*�*�*�P�D�m�4�V�p�Ñ�;�4�=�V�R�*�²�<�§´¸·-¹ �'º
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»}�=¢2�g�2�4�2½9¹ �K�K�B¾B¹�½!¿H���ß�2�4��´¸·-¹ �'ºû�4�V�D� ¤ �;�P¢H�*�Ó�V�üøÖÜýùáªÍ� ¤ �©�4�<�,�D�*���§�°�;�=�,�³�MÏ��D�*�4�4�Ó� ¤ �R� £ �2�D�Ù4���¬�³�4�R�<�F¾B�4�V�³�*�4�D�V�H�=�2�9�P�g�;�<�R�P�<�V�*�2���2�=�2�R�-�D�V�*ª±´þ�=�;�g�2�D�,�Ó�m�2�%� ¤ �Á�2�4�H�§�2�V�H�4�7�°�;�D�<�R�*�V���=�V�4� ¤ ½9�4����4�V�³�*�4�D�V�H�4�R�*�D�¨�°�;�g�2�§�M�<�,�<�Ñ�2�4�ÿ���2���ö�2� ¤ �M�®�Ð�=�2���<�R�D�V�*� ¤ �2�¨Ù=�*�*��2�D�D�*�ÓÙ=�V�*�À�2�4��2�=�2�p���D�,�ÿÙ4��<�*¢2�D�*�D�D�R�H�\ª�àÊ���¦���2�R�0�2Ù��n�*�,�<�p���¸�V�Ú�<�Ó�4�M���*�R�2�¨���D�¡�2�V�R�4¢Ó�<�,�X�;�<�R�H�©�m�2�
ρsvin/D

Ù°�2�D�,�²�H�Î�P�g�2�4�P�=�2�D��2�=�2�R�-�D�V�Ó�2�4���§�4�p�<�R�=�R�Î�<�,¢2�<�*�D�D�R�H�\ª� ¤ �Û�2�4�H���2�V�H�4���°�;�D�D�V�*�R���=�-ÏÁ�¡�2�©Ù=� £ �D�R�D�<�,�²�2�¥� ¤ �:�D�4�þ�H�Â�4�R�V�m�4�D�R�H�¨�2�4�²�V� £ �;�<�²���D�V�X���<�,�<�§�
Γ = −D∇ne − nevin � Ã���d�¬�D�2�4�2���;�0�=�X�2�P���2�*½_� ¤ �%�2�4�H���2�R�H�4�¦�D�g�2�4�n�=�2�D�¸�V�}�4�<�*�4�H�³�V�=�2���¡½\�D��� ¤ �;�Ê� ¤ ���°�;�P�<�V�*�R�×Ù°�2�X�2�4�*�%�2�4��4�*�4�D�p�D�§�4�<�2�=�R�*���;�<�}�4�<�R���;�<�V�p�%�4�,�<�,�<�³�V�4�*�0Ù4�³� ¤ �¸�2�4�H���2�R�H�4�9�4�R�V�m�4�D�R�H�\½y�2�4�H�§�2�V�H�4�9�°�;�D�D�V�*�R�¦�=�V�4� ¤�2�4�§�°�;�D�<�R�*�V�¥�D�H���<�*�,�*ª'´Ê�=�2�p���D�R�'�H�\�4�H�4�n�g�;�<�V�H�=�;�P�%�°�;�P�<�V�*�R�¥�D�<�2�4�P�=�2�D���R�'� ¤ �}�H�4�p�%�§�,� ¤ �H�³�D�×�D�,�°�;�g�;�D�� ¤ �*�P���,�H���D�<�RÙ=���D�V�H�4�*ª��'�<�2�4�P�=�2�D�!�2�=�2�R�-�D�V���4���D�V�4¢ � ¤ ���°�;�P¾á�<�2��� ¤ �2�D�Ú�H�=� ¤ ���V�R�4�M¾K�;�-�,�g�2¢H���4�*�4�P�R�D���4�H�*��4�2�Û�2�V�V� £ �<�Á�4�,�D�,�<�§�R�4�

D
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vin
�D�,�°�;�g�;�D�*�R�_ª%�K�¸�V� �=�H�D�D�pÙ=�V�2½ ¤ � £ �,�-�,�¡½o�<�Á�4�R�P�<�R�4¢H�4�V� ¤ Ù=�M� £ �,�*��*�R�m�*�,�<�7�4�4�³�D�Á�°�;�D�<�R�*�V�Ó�D�H���<�*�*�×�2�4�
vin/D

�2�4�"�<�²�4�,�D�,�<�§�R�4� £ �R� ¤ �P�4�R�=�*�R�*���%�2�*�*���g�2�M�®� ¤ �Ó�g�;�<�V�
vin/D

�X�D�H�þ�³�¡�2�D���<�*�©�4�*�4�D�p�D�0�4�<�2�=�V�*�,ª'´}���V� £ �2�4�©�§�*�4�R�4�ß�4�*�4�D�R�D�V�*�*½4� ¤ �¸�*�R�m�*�,�Ê�H�o� ¤ � �°�;�D�<�V�,�V��D�H���<�,�*�Á�4�4�Ñ�<�±Ù=�¡�2� �m�4�*�V�R�V�4¢��2�4�¯�V�H�4� Ò �;�<�V�H���H�:�4�*���D�g�2� ¢`�2�0�H�¯� ¤ �¬�4�*�4�D�p�D���4�<�2�=�R�®� ¤ �;�=�®�V��V�Ó�=�2�D�g�2���:øÖÜýùvª��d� £ �2���4�,�§�H�4�P�D�g�;�D�*�Á�R��øÖÜýù\� ¤ �;�¦�;�¥�%�V�V�4�T¾K�;���M�g�2¢H� �4�*�4�D�R�P� n̄e = 5× 1019 m−3 � ¤ �Ù=�¡�2�À�m�4�*�V�R�V�4¢ �2�V�H�4� � vin = 0
�Ë�2�R�<�*�2���Û���R�*�V�4�Ë�=�¡�;���,�7�4�*�4�D�R�P�Û�4�<�2�=�R�*�*ª�� ¤ �4�*½H�P�<�4�4�R�*���;�D�<�,�³�4�<�V�4¢¥�<��,���2�V�=�;�<�Ú� ¤ �Ê�2�4�H���2�R�H�4�!�°�;�P�<�V�*�R���=�R�4� ¤ �4�R�D�*�,�<�p�³�X�<�H���§�¡�2�P���<�*�§�4�*�4�P�R�D�%�4�<�2�=�V�,���V�¡�2�Ó�<�Û�,�P�<�H�4�*�H�4��<�*�P�4�R�<�³�2�4� £ �D�H�4¢"�*�H�4�*�R�4�D�V�H�4�*½��R�¦� ¤ �Î�°�;�D�<�V�,�V�Î�D�H���<�*�*�§�;�<�Á�4�2�Ó�4�*¢H�V�R¢H�RÙ=�p���P���2�V�Oª�� ¤ �Á�R�³�°�2�,��H���°�;�D�<�V�,�V���D�H���<�*�,�:�H�¨� ¤ �%�4�*�4�D�p�D�¨�4�<�2�=�V�7Ù=�*�,�H�§�*� �D���2�R�z�H�4�R�_½\�V���4���<�¡�2�R�V�P�D�V�¡�2�R�R� ¤ �R¢ ¤ �4�R�V�m�4�D�R�H��*�H�*�p�=�*�V�,���<�Î�;�<�Á�g�;�-�*�ÿøÖÜýùvª·-�*�,�<�R�H��ÜÊ�4�*�D�,�D�RÙ=�*�9� ¤ ���D�<�2�4�P�=�2�D�!�§�H�4�*�=�2�4�Ó�*�H�4�¦�;�4�=�R�V�*�\ª��d�%�D�*�,�<�R�H�	��½H�4�<�2�=�R�*�9�H�

ρsvin/D
½�4�����2� ¤ �,�%�4�V�§�*�4�P�V�H�4�V�,�D�×�°�;�g�2�§�,�D�,�<���2�4�±���2���"�m���P� ¤ �,�%�-�=�2���<�p�<�V�,���;�<���4�,�<�,�D�§�V�4�*�±Ù4�"�D�<�2�4�P�=�2�D��2�=�2�R�-�D�V�Ú�H�b�%�P�,���H�z�4�V�P� ¤ �;�P¢H�,�¥�X�<�H�ß´¸·-¹ �!º»}�=¢2�g�2�4�:�2�4�Î�2� ¤ �,���<�2�4�2���;�-���2�4�Á�;�<� �*�H�³�=�V�R�*�Î�V��:�=�;�<�2�D�,�¡ªÂ�d�§�D�,�,�<�V�H��
4½-�¸�P�g�;�<�R�P�<�V�*�2�=�2�=�2�R���P�V�!�H�y� ¤ �R�9�=�;�g�2�D�M�9�R�'�¡�;�P�<�V�*�³�H�����2�4�§�³�4�R�<�p�=�V���<�*¢2�<�,�D�D�V�H��V�%�;�4�=�R�V�*�Í�<�®�4�M���*�R�2���Ñ�D�¡�2�V�R�4¢®�<�,�X�;�<�R�H���m�2�

ρsvin/D
ª±·-�*�,�<�R�H��Ä¨¢H�R�-�*�%�¬�D�4�³���;�D���H���<�*�D�4�p�<��2�4��� ¤ �¨�*�H�4�*�R�4�D�V�H�4�*ª
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� ¤ �Ê�D�V�§�4�V�;�<�V�H�4���;�<�}�¡�;�D�D�V�*�Î�H��� £ �R� ¤ �×�P�=�*�,�X�2�V�p�§�4�,�-�*�V�2�=�,�Î�-�,�<�D�R�H�Î�H�\� ¤ �7ÃHªÅÄÛ�4�V�§�,�4�D�V�H�=�2� � ÃHªÝÄÆ¾¹��:Ç�´ÊÉË¹¸»Ê���D�<�2�4�P�=�2�D�×�,�H�4�Ñø���½�
2ù £¦¤ �R� ¤ �2�V�D�©�V�4�*�R�4�4�*�7�Á�³�H�4�*�V�R�V�4¢Á�H�'� ¤ ��·-�,�<�;�=�M¾dàÊ�V�ÚÉb�;���,�
� ·4àÊÉ��©ø�
2ùvª±�d���2�R�Ú�¡�2�V�*�4�V�;�<�V�H�4�,½'� ¤ �ÎØ±�;�<�0�=�V�4� ¤ �R�%�g�;�-�*���R���<�"�2�,�*�H�4���¡ª��'�³�=�R�D�V�¡�2�Ú�2�4�H���2�R�H�4��*�R�*�,�D�<�H�Î�2�4���R�H� ¤ �¡�;���4�V�R�m�4�D�R�-�R�<�R�*� χe �2�4� χi ½��2���*�V�m�*�M�<�R�-� ¤ �¡�;�Ú�4�V�R�m�4�D�R�-�R�D� χ = 0.5(χe + χi)

�2�4��2�Ñ�*�³�=�p�<�V�¡�2�b�2�4�H���2�R�H�4�¦�4�V�R�m�4�D�V�H�¬�*�H�*�p�=�*�V�,���
D
�2� £ �*�R�Â�2�Ê�2�¬�2�4�H���2�R�H�4�¦�R� £ �;�<�Ñ���<�R�X�}���,�V�H�*�p�D�

vin
�;�<���4�D�*�\ª��d�Ó� ¤ ���*�H���=�4�*�§�,��� Ò �H�4�;½q� ¤ ���*�H�³�4�D� ¤ �*�4�D�p��� χ �D�¡�2�R�V�4¢¸�m�2�9�'É��¨���¦¾á�§�H�4���=�X�2�D���2��X�<�H� øÖÄýùb�V�Ê�;�4�=�R�V�*�\½ £¥¤ �V� ¤ �R�}�*�H�³�°�;�D�RÙ=�V� £ �p� ¤ � ¤ �7¢H�R�2Ù°�2�b�P�¡�2�V�R�4¢§�P�Ú�9�����`ÜÆ¾B� � � �¸ø�!;ù#"

χe(x) = χ(x) = αHB
−5/2
t ne(x)3/4Te(x)|∇Te(x)|1/2

× q(x)9/4ε(x)7/8κ(x)−2A−1
i A−1/8a−1/2
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χi(x) = χe(x) � Ä$�£ �R� ¤ αH = 3.08
½
Bt
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T
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1019 m−3 ½ Te �V� keV
½ ∇Te �V� keVm−1 �2�4��� ¤ � ¤ �2�R�V¾ £ �V��� ¤�H�Â� ¤ �×�P�,�°�;�g�;�D�<�FÏ²�R�²� ¤ �×�§�R���=�X�2�4� a �V� m

ª�� ¤ �Û�D�*���2�V�4�R�4¢§�-�=�2���D�R�<�R�*�¦�<�2�m�M�D�²�k�2�,�D�2� q = qψ
½_�R�H�¡�2��<�2�<�H�R�4�V�*�p�D�

ε = r/R � £ �p� ¤ r � ¤ �Ê�§�V�4�2� ¤ �2�V�V¾B�ýÏ4�V���H�o�(�=�-Ï0�P���<�k�2�*�¸�2�4� R � ¤ �Ê���)�n�2���g�2�4�R�4�*�M½��R�H�¡�2��*�R�H�4¢`�;�<�V�H�
κ
½ ¤ �-���<�H¢H�*�4�R�Ê�;�<�H�§�R�¦���2�D�'�4�4�³Ù=�,� Ai �2�4�©�2�n�=�*�,���g�;�D�V� A = R/a

�;�<�}�4�V�³�*�4�D�V�H�4�R�*�D�*ª� ¤ �:�*�H�2�D�4�V�=�;�<� x �V�Ú�*�Ð�=�2�\�<� ρ/ρw £ �p� ¤ ρ � ¤ �¸�*�V�m�*�M�<�R�-�:�g�2�4�R�4�¥�H�z�+�=�-Ï©�D���<�k�2�*� � �V�©�§�,�<�M�<�*���2�4�
ρw

� ¤ �×�*�R�m�*�,�<�p���7�g�2�4�V�4�Ê�H�Â� ¤ � £ �2�R�b�*�H���D�H���¡ª¦�K�Ê� ¤ �H�4�R�ÑÙ=�7�³�*���<�V�H�4�,�²� ¤ �;�Ê�m�2�Ê´¸·-¹ �'º�»}�=¢2�<�2�4�� ¤ ���D�*�2�V�V�4¢¨�R�±�*�-�=�;�<�R�H� � Ü$� £ �2�D���×�2� £ �*�R���2�Û� ¤ ���§�2�<�³�<�,�*�*���<�p�"�4�,�-�*�V�2�=�*�Í�D�¡�2�R�V�4¢¨�V� £ �m�2�
χ
½�<�,�=�2�P�<�*�Á�R��ø�,ýùá½ £¥¤ �V� ¤ �V���*�H�³�°�;�<�pÙ=�V� £ �R� ¤ � ¤ �¸¢H�V�2Ù°�2�\�D�*�2�V�V�4¢��n���'�-�¦¾.�$/2� � �_½=Ü$�M½4�D�*�³ø�/;ù � � ¤ �;�4�<�,�Ü-½_�P�*�,�<�R�H�0!�ª1��ªVÃHª2�Î�2�4��ø��;ùvª¦� ¤ �Û�<�,�X�;�<�R�H�²Ù=�,� £ �*�*� D �2�4�

χe
�V�¨�*�Ð�=�;�<�V�H� � �%���<�*�D�4�p�<�Ê�m�2� χi = χe

� �D�,�×�*�-�=�;�D�V�H� � Ä$�3�Ú�X�<�H� D = 0.3(χe + χi) £¦¤ �R� ¤ �V�¥�D���4�=�2�D�<�,�ÑÙ4�Î� ¤ �Û�<�;�<�V�Ó�H�Â� ¤ �Û�MÏ-�=�,�<�R�§�*���g�2��°�;�D�<�R�*�V�Î�2�4�Í�*�4�,�n¢2�±�*�H���=�4�*�§�,���Ó�<�R�§�*�*ª¬´Ê���V�4�4�R�¡�;�<�*�Í�V�µøÖÜýùv½�� ¤ � D/(χe + χi)
�g�;�<�R� £ �2�%�2�V�D��m�H�4�4���D�ÑÙ=�Î�*�H�³�°�;�D�RÙ=�V� £ �p� ¤ ¢`�2�7�H�P�*�V�R�X�;�<�R�H���2�=�2�p���D�,�%�H� D �2�4�

vin
�R��´¸·-¹ �!ºû�2�4�Í´¸·-¹ �'º»}�=¢2�g�2�4�²�4�R�D� ¤ �;�n¢H�*�0�2�4� £ �2�³�2Ù4�g�2�V�4�*���R���D�V�³�4�X�;�<�R�H�4�³�H�Ê�4�H�4�P�g�;�D�V�H�=�;�D�Í�°�;�D�<�R�*�V�Á�P�g�2�4�P�=�2�D�¡ª��d��*�Ð�=�;�<�V�H� � 
'�M½ Cv �V�Ó�«�4�R�§�*�4�D�R�H�4�V�*�D�%�k�2�,�<�2�§�2�4� xs = ρs/ρw £ �R� ¤ ρs � ¤ �©�*�V�m�,�,�<�R�-�²�D�,�°�;�<�;�D�<�pÏ�g�2�4�R�4�*ªÊ� ¤ �×�<�*�X�;�D�V�H�¨�m�2� vin �R�Ê�;�4�=�V�R�*�Ñ�V�¨� ¤ �×�*�H���=�4�,�§�*��� Ò �H�4�2½ £¥¤ �V�R�7�§�P�D�D�H�4¢H�R�Á�D�V�D�R�4¢ vin/D�4�<�2�=�R���V�×�4�D�,���R�"� ¤ ���*�4¢H�§�<�*¢H�R�H�6øÖÜ-½�Ãtâ;ùvªÁ� ¤ �V�7�P�=�,�*�X�2�9�P�<�¡�;�<�§�,���×�V�:�<�*�-�4�p�<�*���<�¨�D�R�§�4�X�;�D�Ó� ¤ ��P�D�D�H�4¢²�4�*�4�D�p�D�"�4�*�,�V�V�4�³�V�"� ¤ �§�n�<�*�,�±¢2�g�2�4�R�*��� Ò �H�4���§�¡�2�D���<�,�«Ù4��� ¤ �H�§�D�H�"�P�¡�;�D�<�,�D�V�4¢ £ �R� ¤«¤ �V¢ ¤�P�°�;�<�V�2�¥�<�,�D�H�V���<�R�H�ÀøpÃtâ;ùáª�Â�*�³�=�,�<�;�<���<�(4Ö�=�,�4�*�P�g�2�R�654�H�Ë� ¤ �7�¦¾B�§�H�4�}�=�V�2�D���2�Ú�;�<�Ê�§�H�4�,�V�*��Ù4�0�;�4�=�p���V�4¢7� ¤ �M�<���2�ç�4�R�V�m�4�D�p�Ð¾�R�D�V�*�
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�V��� ¤ �0�P�<�*�M��¢2�g�2�4�R�*��� Ò �H�4� £¦¤ �R� ¤ �;�D�0�D�*�4�4�*�*�Í�<�*�X�;�D�R���§�D�Ñ� ¤ � χe �4�2�R�4�*���X�<�H��*�Ð�=�;�<�V�H� � Ü$��øFÃHÃ*ùáªÑ�n�±� ¤ �0�D�R�§�4�X�;�<�R�H�4�*½Â� ¤ � £ �V��� ¤ �H��� ¤ �Î�n�<�*�,��¢2�g�2�4�V�*��� Ò �H�4�©�R���<�;���*���<�¨Ù=�8
�*�²½��2�³�2Ù=�D�,�P���*���MÏ-�=�,�<�R�§�*���g�2�R�R�çªð��2�

x < xq=1
½°� ¤ �Û�*�H�,�R�=�*�R�*���<� χe ½ χi ½ D �2�4�

DI
�;�<�:�*� ¤ �2�4�*�*�¨Ù4�¨�2�4�4�R�4¢ DBfq £¦¤ �R� ¤ ½_�R��Ó�<�R�§�:�;���,�g�2¢H�,�²���2�4�4�,�¡½4�g�;�-�*�¦�R���<���2�*�,�H�4���¦� ¤ � ¤ �R¢ ¤ �,�¦�P�g�2�4�P�=�2�D�¦�4�4�Û�<�§�<� £ �<�*�M� ¤ ª��Ê�,�<�2½ DB

�V�� ¤ �³ÇÚ� ¤ � �4�V�R�m�4�D�V�H���,�H�*�R�=�*�R�*�����2�4�
fq ∝ [(1− q)/q]2 ½b�D�*�Ñø��;ùáª�d�Á� ¤ �7·4àÊÉ!½_�Ó�P�g�2�4�P�=�2�D�¦�§�H�4�*�o�V���4�D�*�²� ¤ �;���D�<�*�;�<�¦�D�M�°�;�g�;�<�*�p�Î� ¤ �Û�*�H�4�4�4�,�D�R���×�2�4�²�*�H�����,�,�<�R�-�¤ �¡�;�9�V�H�D�D�,�'�<�¸� ¤ ���<�;�P¢H�,�!�=�X�;�D�*�Êø9
2ùáª�� ¤ �¦�,�<�H�P�n¾á�=�*�R�³�D�g�2�4�n�=�2�D���*�H�,�R�=�*�R�*���<���;�<�¥�D�,�'�<�:Ù=� χe = χi =

1.5 m2s−1 ½ D = DI = 0.9 m2s−1 �2�4� vin = vin,I = 10.0 ms−1 ª×� ¤ �*�D�%�4�2�R�4�*�¸�;�<���*�H�4�D�V�n�<�*���£ �R� ¤ � ¤ ���§�¡�2�D���D�*�®�<�,�³�=�,�g�;�<���D�Ó�2�4�®�4�*�4�D�p�D�Ñ�k�2�V�F¾B�H�V�'�V�*�4¢2� ¤ �:�R�¬� ¤ �Ó·4àÊÉ'ª�'�g�;�4�=�*�Ñ�*�R�*�,�D�D�H�¨�*�V�m�*�M�<� �H�²� ¤ �Û�<�*�P�V�P�<�p���p�D�²�;�D�Û�g�;���,�¨�V���<���2�,�*�H�4��� �V�²� ¤ �Û�*�H���=�4�*�§�*��� Ò �H�4�2ª� ¤ �Î�R�³�=���<�p�D�®�<�2�4�X�;�<�R�H�Í�³�H�4�*�9�m�2���¡�;�PÙ=�H���2�4�Í�;Ï��-¢H�*���D�H�R�-�*�×�g�;�<���,�-�=�;�<�R�H�4�7�m�2�³�2�R�9�R�H�4� Ò �;�<�R�H��P�g�2¢H�,�'�2�4�Ó�;�4�=�V�R�*��� ¤ �Ú�2�4�H���2�R�H�4�Â�D�g�2�4�P�=�2�D���,�H�*�R�=�*�R�*���<�'�H�=� ¤ ���§�2�V�7�=�X�2�D�§�Ê�2�V�D�Ê�<�Ê� ¤ �Ú�V�Ó�=���<�R�<�R�*�
� DI = D

½
vin,I = vin

�Mª¹ ���<�V�4¢�� ¤ �¸à ¤ �§�V� � à7���'� ¤ �2�D� �H�b�*�2� ¤ �4�R�D� ¤ �;�n¢H�2½=�2�Áà ¤ �§�R� χe �P�¡�2�V�R�4¢%�R�Ú�4�D�*�\½=�2�Ú¢H�R�-�*�0�V��¦�,�m��øpÃÆÜ-½\Ã:�;ùvª9� ¤ �:É±�§�H�4�¸�4�V�P� ¤ �;�P¢H�,�}�;�<�:�§�H�4�*�V�,� £ �R� ¤©¤ �¡�;�¦�4�R�V�m�4�D�p���p�<�V�*� £¦¤ �R� ¤ �;�<�:�*� ¤ �2�4�*�*�Ù4�¨�§�k�2�M�<�2� �H�!Ü³�<�*�X�;�D�R���¸�<�
χe
�X�<�H�¶�*�Ð�=�;�<�V�H� � Ü$�Mª¦� ¤ �7�,�-�H�V���<�R�H�¨�H��� ¤ �×�§�¡�2�D���D�*�Ñ�V�V�4�T¾K�;���M�g�2¢H��4�*�4�D�p�D���R�9�4�<�*�D�M�<�RÙ=�*�©�V�§� ¤ �Ê�P�V�§�4�V�;�<�V�H���2�4�Î�×�4�*�4�P�R�D���m�,�*��Ù°�2�,�0�V�9�*�³�=�V�2�-�*�§�<�7�*�H���P�<�H�y� ¤ �Ê�R�;�=�-Ï�H� ¤ �����<�H¢H�*�4�R�Û�;�D�H�§�*ª�´<�¬�H���D�>=Ú�;�<�R�%�³�H�4�*�\�V���;�4�=�V�R�*�0�<�Ó�,�H�³�=���<�}� ¤ �¸�4�*���D�g�2�\�4�,�4�D�R�D���D�*�-�4�p�<�*��m�2�:�¡�2�V�*�4�V�;�<�V�4¢�� ¤ ���°�;�D�<�R�*�V���D�H���D�*�³�4�4���<�Î�V�H�4� Ò �;�<�V�H�Ñ�H�9�4�,���D�g�2��¢`�2�³ø��;ùáª´Ê�³�4�H�*�4�³�*���<�*���R� ø��;ùv½9�4�*���P�g�2�p¾vÙ=�¡�2� �R�?�n�*�,�<�R�H���V���D�<�¡�;�D�*��Ù4���*�H�³�=���<�R�4¢«�k�2�P�³�V�H��¢H�4�R�4�V�4¢;¾�*�*���D�,���4�V�P�D�D�RÙ=���<�R�H�4� £ �R� ¤ �7ð��2�Ð���,�P¾á�9�V�2�4�,�§�*�H�4�;ª9� ¤ � �D�H���<�*�¸�m�4�4�,�<�R�H�©�R���¡�2�V�*�4�V�;�<�*�0Ù4���m�H�V�R� £ �R�4¢
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� ¤ ���k�2�P���4�,���D�g�2�V�×Ù4�"�§�¡�2�4�×�H���A�Ñ�H���<�8=��;�D�V�¨�*�H�4�2ª
B $:#¸(*14(M.g/ �<õ ôH1Ñô$C'/214ô � /D�VôH> ~�� /;. �<õ )��V( �=õ 14)�E®3=/ � / ~ ( � |GF²� .g/21 ~3� ô2. � /21=/D� F�~PõV~
�Â���*�P�g�;Ù=�R�V� ¤ � ¤ � �=�;�g�2�D�,�Ú�4�,�D�,�<�pÙ=�*�²�V��� ¤ �R�Ú�D�*�,�<�R�H�\½��D�g�2�4�P�=�2�P�¦�2�=�2�p���D�R���H�b�4�,���<�,�<�R�4� �2�4� ¤ �����D�H¢H�*��4�V�P� ¤ �;�P¢H�,�³�X�<�H� ´¸·-¹ �'º »}�=¢2�g�2�4�©�2�4���4�*���<�,�D�V�4� �4�V�D� ¤ �;�P¢H�*�Ó�X�<�H� ¹Ê�d�K�B¾B¹�½!¿H���ß�2�4��´¸·-¹¸�!º�V�×�;�4�=�V�V�,�\ª²� ¤ �0�2�=�2�R���P�V�×�R�×�¡�;�D�<�R�*�±�H���7�4���<�R�4¢²� ¤ �	�°�;�P¾á�D�2��� ¤ �2�D�*���H���*���D�<�,���%�2�4�Í�R�V�4�M¾B�;���,�<�2¢H��4�*�4�D�p�D� £¦¤ �R� ¤ �2�V�R� £ �Ú�<�§�4�M�<�,�<�§�R�4�¸� ¤ �:�g�;�<�R� vin/D

ª�Ç��Î�*�H���D�g�2�P�*½°�M�4�2�V�=�;�D�V�4¢Ó� ¤ �Û�*�H�*�p�=�*�V�,���<� D�2�4�
vin

�D�,�°�;�<�;�<�*�R� £ �H�4�R�²�<�*�Ð�4�R�<�7�2�²�2�=�2�R���P�V�}�H���4�H�4�P�<�;�<�V�H�=�;�D�Î�°�;�D�<�R�*�V�¸�D�g�2�4�P�=�2�P�¡ª¥�¥�*�D�4�p�<�}�X�<�H��D�g�2�4�n�=�2�D�¸�D�V�§�4�V�;�<�V�H�4� �;�D���<�;���*�®�;�Ê� ¤ �+
%!��D�V�§�7�D�R�V�*�,�:�H��� ¤ ���4�V�D� ¤ �;�P¢H�*�,½b¢H�p���*�¬�V�Ñ�g�;Ù=�V�,�%Ã��<�H��½�2�4�®�;��,³�g�2�4�X�2�b�V�H�¡�;�<�R�H�4�Ê�V�¨� ¤ �7�*�H���=�4�,�§�*��� Ò �H�4���V�¨� ¤ �×�g�2�4¢H� 0.46 ≤ x = ρ/ρw ≤ 0.68
ªÊ� ¤ ��*�2�D�D�*�P�=�H�4�4�V�4¢Ó�g�2�4¢H�Û�m�2��� ¤ �Û�,�H�2�<�4�V�=�;�<� x′ = ρ/ρs

½ £¦¤ �R� ¤ �R�¥�4�D�=�2�R�R�Î�4�D�*�Á�V�Á�³�H�4�*�V�R�V�4¢H��� ¤ �;�¥�4��4�2�:�V�4�*�R�4�4�³� ¤ �³·4à É!½b�R� 0.53 ≤ x′ ≤ 0.78
ªÓ� ¤ ���4�<�2�=�V�Ó�=�;�g��½Ë�*�H�³�4�<�R�D�V�4¢ ρs vin/D ½Ë�4�-�Ó�2� ¤ �M��<�*�R�,�4�2���¥�4�V�³�*�4�D�V�H�4�R�*�D���°�;�g�2�§�,�<�M�<� � �D�*�¸�*�-�=�;�<�R�H� � ,$�3���2�4�©���2���Î�m���D� ¤ �,�¦�-�=�2���<�p�<�V�*�,½y�;�D�:�R�4�*�V�4�4�*��V�"� ¤ ���2�4�H���2�V�H�4�¸�°�;�D�<�R�*�V�³�=�R�4� ¤ �=�;�g�2�D�,�ÛÔÊ�nÕÊ¹�ÃHªñ�=�;�¡ªÎ� ¤ �R�7�=�;�g�2�D�,�7�,�2���,�<�×� £ �R�4�³�g�2�4¢H�§�R�"� ¤ ��4�V�³�*�4�D�V�H�4�R�*�D�¦�°�;�<�2�§�,�<�,�D�¦�2�4�²� ¤ �Û�2� ¤ �,�}�Ð�=�2���<�R�D�V�*�¦�2�4�²�V�¥�4�D�*�Ñ�m�2�}�H���Ê�n�g�;�<�V�n�<�V�¡�2�o�2�=�2�p���D�R�*ª� ¤ �0´¸·-¹ �'º »}�=¢2�<�2�4���4�V�D� ¤ �;�n¢H�*� � R = 1.65 m

½
a = 0.5 m

�2�4�
κa = 1.6

�×�2�=�2�R�-�D�*�Í�;�<��4�*���<�M�<�V�4� � ¤ �2�<� £ �R� ¤ �4�*���D�g�2�ÊÙ=�¡�2� �R�?�n�*�,�<�R�H� � ¹ 0 → ¹ + ���2�4�öà ¤ �§�V� ¤ �¡�;�D�V�4¢ � �D�*�Ñ�g�;Ù=�V�±Ã���2�4� ¤ �����<�H¢H�,��� ¤ �2�<� £ �R� ¤ �4�,���D�g�2�¦Ù=�¡�2� �V�?�n�*�M�<�V�H� � � 0 → � + �Ó�2�4�¯à ¤ �³�V� ¤ �¡�;�D�V�4¢ � �D�,�²�g�;Ù=�V�Ü$�Mª«�d�Í�2�<�4�,�%�<�®�2� ¤ �V�,�-�Á�Ñ�D�R¢H�4�R�=�¡�2�����4�;�D�X�;�<�R�H�Í�H��� ¤ �0�*�V�,�,�D�<�H�Í�<�*�³�=�,�<�;�<���<���4�<�2�=�V�Î� ¤ �;�=�2½!� ¤ �� ¤ �2�4¢H�×�R�©� ¤ �:�*�V�,�,�D�<�H� ¤ �*�;�<�V�4¢³�4�D�2�=�V�Û�³�4�P�¥Ù=�Û�D�4�R�=�*�R�*���<�p�²�P�D�D�H�4¢4ª9´÷�D�R¢H�4�R�=�¡�2���¥�=�¡�;���R�4¢³�H�z� ¤ ��*�R�*�,�D�<�H� ¤ �¡�;�<�V�4¢©�4�<�2�=�V�%�g�;���*� �=�X�2�,� £¥¤ �*�"�4�<�H�*�*�,�4�V�4¢²�X�<�H� Õ Ç��}�<�Î�I=��-�7½o�J=Ú���ß�2�4�±à7�7ªo�d�� ¤ �R�9�D�*�Ð�4�*�4�*�2½�� ¤ �¦�§�¡�2�P���<�*���*�R�*�,�D�<�H�Ó�<�*�³�=�,�<�;�<���<�¥�4�D�2�=�V� £ �2�9� ¤ � £ �§�<�ÛÙ=�,�*�H�§�¦�=�;�P�<� £ �M���V�ÑøñÜýùá½�D�Î� ¤ �;�:� ¤ �Ó�*�R�*�,�D�D�H�®�<�*�Ó�=�,�g�;�<���<�%¢2�g�2�4�R�*���Û�R�*�4¢2� ¤ ½ LTe = −Te/∇Te
½b�4�,�,�<�¡�2�D�,�*ª�à ¤ �§�V� ¤ �¡�;�<�R�4¢�4���<�R�4¢³� ¤ �Û�,���D�<�*���K�°�;���<�2�¨�R�¥�³�2�<�:�,�*���D�g�2�o� ¤ �2�²�*�R�*�,�D�D�H� ¤ �¡�;�<�R�4¢ÓÙ4�©Õ Ç����V�Á�4�,���<�,�<�R�4�²½°�-�V�*�R�4�V�4¢

LTe
���2�V�4�*�Ó� ¤ �;���;�<�Á�;Ù=�H���§� £ �«�<�R�§�*�³�P���2�V�R�,�¡ª��d� ¤ �����D�H¢H�*���4�V�D� ¤ �;�P¢H�*�,½��,�V�*�,�P�<�H� ¤ �¡�;�<�R�4¢��4�4��<�©Õ Ç��}�V�Û�³�2�<�Ó�,�*���D�g�2��� ¤ �2�"�R�"�4�*���<�M�<�V�4�²½b�D�©� ¤ �;�×�D���2�R�V�,� LTe �4�2�V�4�,�¸�<�,�D�4�R�¡½Ë�<�H�4ªÓ�d�"�2�D�4�,�Û�<��m���D� ¤ �M�7�MÏ��D�*�4�"� ¤ �Ó�°�;�<�2�§�,�<�,�:�g�2�4¢H�2½Ë�D�g�2�4�P�=�2�D�7�2�=�2�R���P�V�¸�H�9� ¤ �§�4�*���D�,�<�V�4���4�V�D� ¤ �;�P¢H�*�7�R�"¹Ê�K�d�B¾á¹%½¿H���ø�/�½_ÃL
2ùç�2�4�0´¸·-¹¸�!º�½-¢H�p���*�0�V���g�;Ù=�R�7��½��R���¡�;�D�<�R�*�0�H���¡ª��n���g�;Ù=�R�*�ÊÃ}�<�+��½��2�R�D�7� ¤ �Ê�*�H���=�4�*�³�*����§�H�4�0�2�4�Í�*�H�V�R�V�D�R�H�=�2�V�p�D�®�D�*¢H�V�§�³�H��� ¤ �0�4�R�D� ¤ �;�n¢H�*�%�;�<�0�V�4�*�R�4�4�*�\ªM�Ñ�2�<�*�2�-�,�¡½��V���g�;Ù=�R�*�0ÃÎ�2�4��Ü� ¤ �×�4�<�M�4�2�V�R�V�4¢³�D���DÙ=�4�V�*�4�,���P�-�=�×�R�Ñ� ¤ �Û�=�X�2�D�§�§�V�}�*�V�2�D�D�p�=�*�¬�2�*�*�2�<�4�R�4¢0�D�§� ¤ �×�,�<�p�<�,�<�V�§¢H�R�-�*�Ñ�;�}� ¤ ��*�4�¯�H�:�D�,�,�<�V�H�N��ª

O



Table 1.
���;�<�2�§�,�<�,�D���H�©�4�*���D�,�<�V�4� �4�R�D� ¤ �;�n¢H�*���V��´¸·-¹ �'º »}�=¢2�g�2�4�6�2�=�2�R���P�*��Ù4���P�g�2�4�P�=�2�D��D�R�§�4�X�;�<�R�H�4�×�2�4�±�V�4�,�V�4�4�*�Í�V���<�²� ¤ �0�2�4�H���2�V�H�4�¸�°�;�D�<�V�,�V�§�=�V�4� ¤ �=�;�<�2�D�,�7ÔÊ�dÕÊ¹�ÃHªÖ�=�;�¡ª©� ¤ �§Ù°�2�=�2�=��½�=�X�;�D�¡�2�«�2�4�®�*�H�V�R�V�D�R�H�=�2�Â�<�*¢H�R�§�*�¸�;�<���4�*�4�2�<�*�®Ù4�¬Ç ½\� �2�4�®��·_½ç�<�,�P�=�*�,�<�p���*�p�çª��z�Ð�=�Ó�*�V�2�D�D�p�=�*�¸� ¤ ��Ú�P� � �D�<�;�4�=�*�¨�*�V�,�,�D�<�H�¨�§�H�4�L�M½4�P��Q � �V�H�©�D�*�³�=�,�g�;�D���<�Û¢2�g�2�4�R�*���)���2�4� ηi �§�H�4�¸�<���DÙ=�4�V�,�4�*�2ª· ¤ �2�ÕÊ� �Ñ�H�4� �9�R�§�

(s)

n̄e(
1019m−3

) Ip
(MA)

Bt
(T)

Pinj
(MW)

Cv

�¦�M¾¢H�R�§� �z�-�=�
Ã:�$�Hâ$� � Ü-ª2� Ä-ªÅâ ÃHªÅâ Ü-ªÅâ Ü-ªÝÄ â�ªÝÜHÄ Ç �n��QÃ:�$�Hâ$� � ��ª2! Ä-ªÅâ ÃHªÅâ Ü-ªÅâ 
4ª2/ â�ªÝÜ2â Ç ���R�Ã:�$��Ã:� � 
4ªÝÄ /�ª2� â�ª2/ Ü-ªÅâ 
4ª2/ â�ªÝÜHÄ ÇTS;� �n��QÃ:�`ÜD�$/ � Ü-ª2/ ,-ª1
 â�ª2/ Ü-ªÅâ 
4ª2/ â�ª2�Hâ Ç �n��QÃ:�`ÜD�$/ � 
4ªÝÄ Ãtâ�ªÅâ â�ª2/ Ü-ªÅâ 
4ª2/ â�ªÝÜ2â � �n��QÃ:�D
',D! � ��ª2! ÃHÃHª2/ ÃHªÅâ Ü-ªÅâ Ä-ªÅâ â�ªÝÜHÄ Ç �n��QÃ:�`ÄD/$/ � Ü-ª2/ Ä-ªVÃ ÃHªÅâ Ü-ªÅâ Ü-ªÝÄ â�ªÝÜHÄ Ç �n��QÃ:!$�D
%� É ÃHªÝÜ 
4ª2/ â�ª2/ Ü-ªÅâ Ü-ªÝÄ â�ªÝÜHÄ Ç �n��QÃ:��ÃL
4Ã à7� Ü-ªÅâ ��ªVÃ â�ª2! Ü-ªÅâ â�ªÅâ ÃHªVÃtâ ÇTS;�

ηi
�§�H�4�Ã:�$�`Ä2â à7� 
4ªÝÜ !�ª2� â�ª2! Ü-ªÅâ â�ªÅâ ÃHªVÃtâ ��S;��·

ηi
�§�H�4�ÃL
qÜ�
qÜ à7� ÃHª2� ��ª2/ ÃHªÅâ Ü-ªÅâ â�ªÅâ ÃHªÅâHâ Ç ���R�ÃL
qÜ�
%� à7� ÃHª2� ��ªU, ÃHªÅâ Ü-ªÅâ â�ªÅâ ÃHªÅâHâ Ç ���R�ÃL
%�Hâ`Ü É 
4ªÅâ Ä-ªVÃ ÃHªÅâ Ü-ªU, ÃHª1
 â�ªÝÄ2â Ç �Ú�P�0Sý�n�-QÃL
%�Hâ$! É 
4ªÅâ 
4ªU, ÃHªÅâ Ü-ªU, ÃHª1
 â�ªÝÄ2â Ç �Ú�P�0Sý�n�-QÃL
qÄ-Ã:/ � 
4ªÝÄ /�ª2� â�ª2/ Ü-ªÅâ ��ªU, â�ªÝÜHÄ Ç �n��QÃL
qÄ-Ã:� � ��ªÝÄ /�ª2� â�ª2/ Ü-ªÅâ ��ªU, â�ªÝÜHÄ Ç �n��QÃL
qÄHÜ2â � ��ª2� /�ª1
 â�ª2/ Ü-ªÅâ ��ªU, â�ªÝÜHÄ Ç �n��QÃL
qÄHÜ-Ã � 
4ªÅâ ��ªÅâ â�ª2/ ÃHªU, ��ª2/ â�ªÝÜHÄ Ç �n��QÃL
%/$��Ã � 
4ªÝÄ ,-ªÝÄ â�ª2/ ÃHªU, ��ªU, â�ªÝÜHÄ Ç �n��Q

� ¤ � LTe �4�2�V�4�,�'�R�ÓÙ=�¡�2�Ó¾ ¤ �¡�;�<�*�³�4�*���<�,�<�R�4��� ¤ �2�<�9�;�D�¥�m�H�4�4�³�D�:�4�;�P�7�<�H�:�R�R�D�D�V���<�¸�4�,�<�,�<�³�V�4�¥�2�M¾�*���g�;�D�*�R�7� ¤ �Ú�4�,�=�,�4�4�*�4�*�}�H� Cv �2�4� ρs vin/D �H�
LTe

ªÂ�d�!�R��� ¤ �4�!�4�,�*�*�D�<�;�P�Ó�<� �R�4�*�V�4�4�¦à��6�=�X�2�D�§�2��2�4� ¤ �����D�H¢H�*�¨�4�V�D� ¤ �;�P¢H�*� £ �R� ¤ �D���2�R�V�,� LTe ���2�V�4�*�*ªÚ�!�g�2�4�P�=�2�D� �2�=�2�p���D�R�¦�R�¦�¡�;�D�D�V�*�¨�H���¦�4���<�V�4¢§� ¤ ��°�;�P¾v�<�2�¨� ¤ �2�D�*�Ê�H���*���D�D�*���¸�2�4�¨�V�R�4�M¾K�;�-�,�g�2¢H�×�4�*�4�P�R�D�_ª¥�d�¨�D�*�R�*�,�<�R�4¢0� ¤ �×�4�V�D� ¤ �;�P¢H�*� �m�2�}� ¤ �×�=�;�g�2�D�,�*½� ¤ �7���2�R�²�2Ù��n�*�,�D�R��� £ �2�}�<���MÏ-�<�*�4�¨� ¤ �×�g�2�4¢H�7�H���=�V�2�D���Ó�°�;�g�2�³�,�<�,�<�,ª}´ £ �R�4�×�°�;�g�2�§�,�D�,�}�g�2�4¢H�7�R��*�2�-�,�<�*�³Ù4��� ¤ �¥� ¤ �2�<�!�V�%�g�;Ù=�V�*�¥Ã¥�<�>�;"Â�V�R�4�M¾K�;�-�,�g�2¢H���*�V�,�,�D�<�H�§�4�,�4�D�R�D� n̄e = 2.4−11.8×1019 m−3 ½�=�X�2�P���«�*���D�D�*���
Ip = 0.4 − 2.6 MA

½��<�2�D�H�V�=�2�Ú���2¢H�4�,�<�R�©�=�*�R�
Bt = 1.5 − 2.7 T

�2�4�6�4�,���D�g�2��V�?�n�,�,�<�V�H� ¤ �*�;�<�V�4¢Û�=� £ �,� Pinj = 1.4−17.5 MW
ªV�Ñ�H�P���H�ç� ¤ �¦� ¤ �2�<�9�D�*�V�,�,�<�*�Î�;�<��Ù°�2�,���*�§Ù4�³�2� ¤ �,��H�4�*�*½ £¦¤ �R� ¤ �;�<�§�2�R�§�H�P�:�V�4�*���D�V�¡�2�Oª0� ¤ �Ó�=�;�g�Á�X�<�H��´¸·-¹¸�!ºß»}�=¢2�g�2�4�Ó�4�V�P�=�V�;���*���R�«�g�;Ù=�V�,�³Ã��2�4�Ü��;�<� £ �,�V�p¾á�*�H�4�4�R�D�V�H�4�*� £ �p� ¤ �<�*�P�=�*�M�:�<� n̄e ½ Ip ½ Bt �2�4� Pinj ½o�¡�2� ¤ �H� £¦¤ �R� ¤ �4�;�<�R�*�Ê�2���,�:� £ �V�4��g�2�4¢H�2ªÊ¹ �R�D� ¤ �;�n¢H�*� £ �R� ¤ �I=��-���2�4�¬��=��-� £ �,�<���4�2� �D�R�§�4�X�;�<�,�Ñ�2�4�¬�4�2� �R�4�*�V�4�4�,�®�R�Ñ� ¤ �%�=�;�<�2�D�,�¡ª� ¤ �¸�R�V�4�M¾B�;���,�<�2¢H�Ê�4�*�4�D�R�P���H�\� ¤ � ��=��-� � ¤ �2�<���R�Î´¸·-¹ �!ºÀ»}�=¢2�<�2�4� � n̄e ' 2.2× 1019 m−3 �9�V���D�H��V� £ �m�2� �;�4�=�p���V�4¢§� ¤ �7�*�V�m�*�M�<�R�-� χ �D�*�2�V�V�4¢��H���*�Ð�=�;�<�V�H� � Ü$�M½_�D�,�ÎøÖÄýùáª��Ñ�2�<�*�2���M�¡½ £¥¤ �*�®�2�D�D�*�³Ù=�R�V�4¢

W



� ¤ ���=�;�g�2�D�,�*½Ð�4�R�D� ¤ �;�n¢H�*� £ �R� ¤ �n�¥Ç � �V���<�M�<�=�2�4�D�g�2�4�P�=�2�D�!Ù°�;�D�<�R�,�)�M½q�V�Ó�4�<�2���*�+�¦¾B�³�H�4�¥�2�4�³Õ �T�Ñ� � �4�*�;¾�*�V�2�D�D�V�*�2�'�<�¡�;�D�V�4¢²�§�H�4�,�*� £ �,�<�§�R���<�*���<�R�H�=�2�V�p�«�4�2�7�R�4�*�V�4�4�,�\ª
Table 2.

���;�g�2�³�,�<�,�<���H� ¤ �-���<�H¢H�*�²�4�R�D� ¤ �;�n¢H�*�}�R�Á´¸·-¹ �'º»}�=¢2�g�2�4�×�2�=�2�p���D�*�©Ù4�Î�P�g�2�4�P�=�2�D�¦�D�V�§�-¾�X�;�D�V�H�4�7�2�4�Í�V�4�*�R�4�4�*�Í�V���<�²� ¤ ���=�;�<�2�D�,�7ÔÊ�dÕÊ¹�ÃHªÖ�=�;�¡ª· ¤ �2�ÕÊ� �Ñ�H�4� �9�V�§�
(s)

n̄e(
1019 m−3

) Ip
(MA)

Bt
(T)

Pinj
(MW)

Cv

�¦�M¾¢H�R�§� �z�-�=�
ÃÆÜHÄD�$� à�� ÃHªÅÜ Ü-ªÝÄ ÃHªÅâ Ü-ªÅÄ â�ªÖâ ÃHªÖâHâ Ç �Ú�P�ÃL
`âD
$
 à�� â�ª1� Ü-ª1
 â�ª2/ Ü-ªÖâ â�ªÖâ ÃHªÖâHâ Ç �Ú�P�ÃL
`âD
$
 É ��ªÖâ ,-ª2� â�ª2/ Ü-ªÖâ ÃHª1/ â�ª1!Hâ �

ηi
�§�H�4�ÃL
',2â$� É ��ªÅÄ ,-ª2! â�ª2/ ÃHª1/ ��ªÅÄ â�ª1!Hâ � �P��QÃ�,D�$/$� É Ü-ªÖâ 
4ª2� ÃHªVÃ Ü-ªÖâ ÃHª1/ â�ª1!Hâ Ç �Ú�P�Ã�,D�$/$� É ��ªÖâ Ä-ª2� ÃHªVÃ Ü-ªÖâ ��ªÅÜ â�ª1!Hâ Ç �Ú�P�Ã�,D�$/$� � ��ª1/ /�ª2/ ÃHªVÃ Ü-ªÖâ !�ª1� â�ª1!Hâ Ç �Ú�P�Ã�,D�$/$� � 
4ª1/ ,-ªÝÜ ÃHªVÃ Ü-ªÖâ ��ªÅÄ â�ªÅÄ2â Ç �Ú�P�Ã�,D�$�Hâ É ��ªÖâ ,-ªU, ÃHªVÃ Ü-ªÖâ ��ªÅÜ â�ª1!Hâ ÇTS;� �P��QÃ�,D�$�Hâ É ��ª1� ,-ªÝÄ ÃHªVÃ Ü-ªÖâ !�ª1� â�ª1!Hâ Ç �Ú�P�0Sý�n��QÃ�,D�$�Hâ � 
4ª2, ��ªVÃ ÃHªVÃ Ü-ªÖâ ��ªÅÄ â�ªÅÄ2â Ç �Ú�P�Ã�,D�$/%, É Ü-ª2, Ä-ªÅâ â�ª2/ ÃHªÅÄ ÃHª1/ â�ª1!Hâ Ç �Ú�P�Ã�,D�$/%, � ��ª1! ,-ªÅâ â�ª2/ ÃHªÅÄ ��ªÅÜ â�ª1!Hâ Ç �Ú�P�0Sý�n��QÃ�,D�$/%, � 
4ª�
 !�ªÝÄ â�ª2/ ÃHªÅÄ !�ª1� â�ª1!Hâ Ç �Ú�P�Ã�,D�$/%, � Ä-ªÖâ !�ªÝÄ â�ª2/ ÃHªÅÄ ��ªÅÄ â�ªÅÄ2â Ç �Ú�P�0Sý�n��Q

X



Table 3.
�9�;�g�2�§�,�D�,�<�Â�H�=�4�*���<�M�<�V�4�÷���V�D� ¤ �;�n¢H�*���V�7¹Ê�K�K�B¾B¹�½H¿H���Í�2�4��´¸·-¹¸�!º6�2�=�2�R�-�D�*�7Ù4�Û�D�<�2�4�P�=�2�D��D�R�§�4�X�;�<�R�H�4�×�2�4���R�4�*�V�4�4�*�Í�V���D�Á� ¤ ���=�;�g�2�D�M�×ÔÊ�dÕÊ¹%ÃHªñ�=�;�¡ª

¹ �,���R�*� · ¤ �2�ÕÊ� �Ñ�H�4� �9�V�³�
(s)

n̄e(
1019 m−3

) Ip
(MA)

Bt
(T)
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�R� ±0.1

ªÛ� ¤ ���D�V�³�4�X�;�<�*�¨�4�<�2�=�R�*� �H�!� ¤ �%�,�V�*�,�P�<�H�®�4�,�4�D�R�D�¬�2�4�¬�*�R�*�,�D�<�H�Ñ�<�*�Ó�=�,�g�ý¾�<���<�%�H���2�R��´¸·-¹ �'ºÌ»}�=¢2�<�2�4�Ó�4�R�D� ¤ �;�n¢H�*�*½z¢H�p���*�¬�V�¬�g�;Ù=�V�,�ÓÃ³�2�4��Ü-½Ë�2�4�"�H�'� ¤ �Ó¹Ê�K�K�K¾á¹�½b¿H�9�÷�2�4�´¸·-¹ �'º�4�V�D� ¤ �;�n¢H�*�*½°¢H�R�-�*�Á�R�©�g�;Ù=�R�>��½=�2¢2�D�*� £ �*�V� £ �R� ¤ � ¤ �:�§�¡�2�D���<�,�©�4�<�2�=�R�*�*ª�� ¤ �¸�*�H�³�=���<�*� ne�2�4�
Te
�4�<�2�=�V�*�Ú�4� £ �,�V�o�;�¥�2�V�_�<�2�4�V� £ �R� ¤ �R�Î� ¤ � �MÏ-�=�,�<�R�§�*���g�2�ç�M�D�<�2�¡ª'� ¤ �R�¥�³�¡�2�4��� ¤ �;��� ¤ � Cv ���2�V�4�£ �2�¦� ¤ �H�D�,�¬�,�2�D�<�*�,�D�R�Á�2�4�²� ¤ �;�¦� ¤ �Û�D�V�§�4�V�;�<�*� LTe �4�<�2�=�R�*�Ê�2¢2�<�*� £ �p� ¤ � ¤ �×�TÏ��=�,�<�R�§�*���g�2�o�H�4�*�,ªÚ�d��2�4�4�R�D�V�H�\½b� ¤ �§�*�H�³�=���<�,�«� ¤ �,�<�§�2�'�*�4�M�P¢2�®�*�H���<�*���7�2�4�"�g�2�4�X�;�<�p���%�V�H�D�:�=� £ �,�Û�V�4�D�R�4�³� ¤ �§�P�,�°�;�g�;�D�<�FÏ�;�<�:�V�²¢H�H�H�¨�2¢2�D�*�*�§�*��� £ �R� ¤ � ¤ �>�Y�Ê¹��2�4�¨�4�X�2���2¢H�4�M�<�V� �§�¡�2�P���<�*�§�*���D�}�2�4�Á� ¤ �:Ù=�H�V�H�§�,�D�,���§�¡�ý¾�D���<�,�§�*���<�*½q�<�*�P�=�,�,�<�R�-�*�R�_ª�´µ�4�4�³Ù=�,���H�ç�4�V�D� ¤ �;�P¢H�*�9�X�<�H���g�;Ù=�R�*�¦Ã¥�<�(� £ �,�<�¦�2�R�<�*�2���³�D�R�§�4�X�;�D�*�§�2�4��4�V�P�*�4�D�D�*���R��øñÜýùáª7� ¤ �%¢H�H�H�«�2¢2�<�,�*�§�*���¸�H�!�*�H�³�=���<�*�«�2�4�«�§�*�2�D���<�*� ne �2�4� Te �4�<�2�=�R�*�Û�2�4�¬� ¤ ��V�Ó�°�2�,� �H�!�°�;�P�<�V�*�R�7�D�H���<�*�,�:�H�Ñ� ¤ �%�4�*�4�D�R�P�¨�4�<�2�=�V� £ �,�<���4�H�*�4�§�*���D�*�«�R��øñÜýùáª�d���2�V�4�D�R�§�4�X�;�D�V�H�4�*½2� ¤ ��Ø±�;�<���=�V�4� ¤ �R�'�R�4�*�V�4�4�,���2�4�§�m�H�4�4�³�<�¸Ù=�¦�4�*¢H�R�V¢H�pÙ=�R���D���2�R�4�*�H�³�°�;�<�,�Ó�<�� ¤ �7�2�4�H�§�2�V�H�4�Ú�°�;�D�<�V�,�V�:�=�R�4� ¤ ½ç�MÏ��*�,�4�Ê�R�Á� ¤ �×�,�*���D�g�2�o�=�X�2�D�§�Ó�<�*¢H�R�H�±øÖÜýùvª�à �4�×�*�2�¨�D�*�×�X�<�H�þ�g�;Ù=�V�Ã}� ¤ �;�'� ¤ � Cv ���2�V�4�*���R���4�*���<�,�D�V�4�¼�4�R�D� ¤ �;�n¢H�*� £ �p� ¤ �4�<�,�4�H�§�V�=�2����Ù=�*�2� ¤ �¡�;�<�R�4¢ � Pinj ≥ 2.5 MW

��g�2�4¢H�:�X�<�H�¶â�ªÅÜ��<��â�ª1��ª�� ¤ �,�¨�;�<�:�m�H�4�4�¨�<�ÓÙ=�7�2�P�D�H�*�X�;�D�*� £ �p� ¤ �V�;�P¢H� LTe �4�2�R�4�*�*ª��d�²�*�H�Ó�°�;�<�V�D�H�\½�V�Áà ¤ �§�V�}�=�V�2�D���2��� ¤ � Cv �4�2�R�4�*�Ú�H�'ÃHªÖâ%�2�4�¬ÃHªVÃ¸�;�<�¸�;Ù=�H���Ú�m�H�����<�V�³�*� ¤ �V¢ ¤ �,�¥�2�4�0� ¤ � LTe �4�2�V�4�,��;Ù=�H��� ¤ �2�V�¥�2�7�X�;�n¢H�2ª¬� ¤ � ¤ �V¢ ¤ vin/D �<�;�<�V�H�7�R�±� ¤ �Î�,�2�<���H�}à ¤ �§�R���4�V�D� ¤ �;�n¢H�*�%�;�<�§�<�,�P�=�H�4�D�RÙ=�R��m�2�Û� ¤ �³�=�¡�;���,�"�4�*�4�D�p�D�®�4�D�2�=�V�*�×�³�¡�2�D���<�*�\ª§�d�«� ¤ �Ó� £ �²� ¤ �2�<� £ �p� ¤ �R� £ �V�?�n�*�,�D�V�H� ¤ �¡�;�<�R�4¢Á�H�ÊÃHª�
�¨Ø½9�*�*���D�g�2�}à�� �2�4���§�2�D�Á�=�,�<�p� ¤ �,�g�2�}Õ Ç�� ¤ �¡�;�<�R�4¢±�;�<�¨�D���=�,�P�=�H�D�*�\½¥�D�*�D�4�R�D�V�4¢��V� LTe
���2�V�4�*�Ù=�,� £ �*�*�0� ¤ �:à ¤ �§�V� �2�4�0Ù=�¡�2�Ó¾ ¤ �¡�;�<�*�0�¡�2�D�,�¥�2�4�Î�V� Cv = 0.5

ª!ðÂ�D�H�¼�g�;Ù=�V�¸Ü×�H�4� �¡�2�Î�D�*�Ê� ¤ �;��� ¤ �
Cv

�4�2�R�4�*�Ú�V�¨à ¤ �§�R� ¤ �-���<�H¢H�*�Î�=�X�2�D���2�Ú�;�D�¸�,�V�H�D� �<��� ¤ �H�D� �V�²à ¤ �§�R� �4�*���<�,�<�R�4�ß�=�X�2�D���2�,ª!´Ê��� ¤ ��<�*�Ó�=�,�g�;�<���<��¢2�<�2�4�V�*�����R�*�4¢2� ¤ �!�;�<���2�R�D�Ê� ¤ ���<�2�§�;½ £ ���R�4�m�,��� ¤ �;���R�%à ¤ �§�R���=�X�2�D�§�2� Cv �2�4� ρs vin/D
Z
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LTe

�4�2�R�4�*�9�;�D�¥�D�§�2�V�V�M��� ¤ �2�³�R�³�4�*���<�M�<�V�4��Ù=�*�¡�2�4�P�¦�H�y� ¤ �¥�§�2�D���,�*���D�g�2�=�*�R�*�,�D�<�H�%Ù=�¡�2� ¤ �¡�;�<�R�4¢:�4�4��<�¸�V� £ �,���*�R�*�,�D�<�H�%�<�*�³�=�M�g�;�<���<�*�,ªÂ�d���R���D�*�*�Ó�X�<�H���g�;Ù=�V�[�Ê� ¤ �;��� ¤ � Cv �4�2�V�4�,�!�2Ù4�<�2�V�4�*�%�V�³à ¤ �³�V���2�4�Ù=�¡�2�Ó¾ ¤ �¡�;�<�*�©�4�*���<�,�D�V�4� �=�X�2�D���2�Ú�R�©¹Ê�K�K�K¾á¹�½y¿H�9�ü�2�4�Á´¸·-¹ �'º�4�³�4�2���4�V�R�m�,�}�³�4� ¤ �X�<�H�ß� ¤ �H�P�:�R�´¸·-¹ �'º»}�=¢2�g�2�4�Û�4�*���D�,�<�V�4�þ�4�V�P� ¤ �;�P¢H�,�*ª9Ø��:�*�H�4�*�V�4�4�:� ¤ �;� ¤ �V¢ ¤ Cv �4�2�R�4�*�¦�*�2�P�<�*�P�=�H�4�Á�D�³�D���2�R�
LTe

���2�V�4�*�¥�2�4�Á�-�V�*�¸���,�<�D��ª9´}�°�;�D�¦�X�<�H�þ� ¤ �V� LTe �4�,�=�*�4�4�,�4�*�2½ Cv �2�4� ρs vin/D �;�D�:�m�H�4�4�²�<�ÓÙ=��g�;� ¤ �M�Ê�V�4�D�,�4�D�R�<�p���¸�<�³� ¤ �×�2� ¤ �,�¦�°�;�g�2�³�,�<�,�<�¥�V�Á�<�;Ù=�V�*�×Ã:�<�\� £¥¤ �V� ¤ �TÏ ¤ �RÙ=�p�}�V�;�P¢H�¸�4�;�<�V�;�<�V�H�4�*ª�9���DÙ=�4�R�*�4�*�0� ¤ �*�2�D�"�4�D�*�4�V�,�D�Ó�2���2�4�H���2�R�H�4�Û�D�g�2�4�P�=�2�P� £¥¤ �V� ¤ �R�7�P�=�*�*�p�=�Î�<�¨� ¤ ���,�H�V�V�R�D�V�H�=�2�R�R�D��<�*¢H�R�§�2½t�4�H�§�R�=�2���b�R�4�P�g�;Ù=�R�V�R�P� �2�4�:�4�<�M�4�2�V�R�V�4¢Ú�<���DÙ=�4�R�*�4�*�'�P�-�=�2ª�� ¤ �V�Ë�V�Ó�=�2�D�g�2���o�V�P�D�4�'�*�2�:Ù=�!� ¤ �*�,�-�*��MÏ-�=�,�<�V�³�*���g�2�V�p�ÛÙ4���P�D�4�����V�4¢¸� ¤ �Ú�4�V�D� ¤ �;�P¢H�*�'�V���g�;Ù=�V�,��ÃÚ�<�ÛÜ-ª�� ¤ �¥�*�R�*�,�D�D�H�³�*�H�R�V�V�P�V�H�=�2�V�p�D�Û�°�;�<�2�§�,�<�,�
νe∗ � �V��� ¤ �¨�g�2�4¢H� 0.46 ≤ x ≤ 0.68

�§�2�4��� ¤ �¬�Ð�=�2���<�R�D�V�*� R/Lne ½ R/LTi �2�4� ηi = Lni/LTi
½�,���2�V�=�;�<�*���;�%� ¤ �Á�;�-�,�g�2¢H���g�2�4�R�4� x̄ = ρ̄/ρw = 0.57

½'�D�M�D���0�<�¬�4�V�P�<�R�4¢H�4�V� ¤ Ù=�,� £ �*�*��� ¤ �<�*�0�D�-�=�*��H�§�4�H�§�R�=�2���Ñ�<���DÙ=�4�V�,�4�*�D"�� ¤ ���Ú�P� � �P�g�;�4�=�*�÷�*�R�*�,�D�D�H�÷�§�H�4�:�²�<���DÙ=�4�R�*�4�*���m�2�
νe∗ < 1

�2�4�
R/Lne ≥ 3.5

½;� ¤ ���n��Q � �R�H�×�<�*�³�=�,�<�;�<���<��¢2�g�2�4�R�*���)�Ë�D���DÙ=�4�V�*�4�,�¥�m�2� R/LTi ≥ 6.0
�2�4�

R/Lne < 3.0
½�D�*�§øpÃÆÄýùv½=�2�4�Á� ¤ � ηi �§�H�4�Ê�<���DÙ=�4�R�*�4�*�×�m�2� νe∗ > 1

�2�4�
ηi ≈ 2
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Cv � �2�4� ρsvin/D �b�4�2�V�4�,���X�<�H�÷�D�g�2�4�P�=�2�P�!�2�=�2�R���P�V���4� �4�2���<�*�P�=�H�4���<�¸�Ê� ¤ �2�4¢H�¥�R�7� ¤ �Ú�*�H�V�R�V�D�R�H�=�2�V�R�P��<�*¢H�R�§�%�2�4�"�;�<�%�4�2�¸�*�V�*�;�<�R�¨�<�,�X�;�<�*�¬�<�©� ¤ �%�4�<�M�4�2�V�R�V�4¢0�<���DÙ=�4�R�*�4�*�Ó�P�-�=�2ª
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�d��� ¤ �V�Ú�D�*�M�<�V�H�\½4�×�=� £ �,�P¾á�X� £ �P�¡�2�V�R�4¢%�m�2� Cv �2�4�Î�2�4�4�R�D�R���}� £ �;¾v�<�,�<�Ì�P�¡�2�V�R�4¢H���m�2�

Cv
�2�4�

ρsvin/D�;�<���4�,�-�*�V�2�=�,��Ù4���§�*�2�4�7�H���³�4�R�<�p�=�V�³�<�,¢2�<�*�D�D�R�H�\ª
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Cv vGwyx rcz	j6oGnIrct$oG{hj6n3nKk|q�l*qDz	j�psj}lsn
�K� £ �2���m�H�4�4�Í� ¤ �;�7� ¤ �Î�2�4�H���2�V�H�4�:�°�;�D�<�V�,�V���=�V�4� ¤ �V�±� ¤ �0�*�H���=�4�*�³�*��� Ò �H�4�0�V� £ �,�V���§�H�4�,�V�*��Ù4��*�Ð�=�;�<�V�H� � 
'� £ �p� ¤ � ¤ � Cv �4�2�R�4�*�}¢H�R�-�*�Ñ�V�²�g�;Ù=�R�*�7Ã7�<�~��ª¦Ø��<�R�<�R�4¢0�*�-�=�;�<�R�H� � 
'�¥�R�¬�4�R�§�*�4�D�R�H�4�V�*�P��m�2�<� �V�*�2�4�0�D�
ρs
vin(x)

D(x)
= 2Cv

x

xs
� !%�

� ¤ �Ó�k�2�,�D�2� Cv �V�¸�MÏ��4�D�*�D�D�*�®Ù4�¬� ¤ �Ó�R�V�4�¡�;�¸�=� £ �M�P¾B�V� £ �2�4�<�;� Ò ½o�D�4� ¤ �2�
Cv,pl = C(x)ρpe∗(x)y1νe∗(x)y2βpe(x)y3q(x)y4LTe∗(x)y5 � ,$�

£ �R� ¤ ���4�V�³�*�4�D�V�H�4�R�*�D�©�m�4�4�,�<�V�H� C(x) £¥¤ �V� ¤ ���;���,�Î� ¤ �Ñ�¡ª ¤ ªÖ�*ª¼���*�H�4�P�<�2��� £ �R� ¤ �<�*�P�=�*�M�²�<� x ª�Ê�,�<�;½
ρpe∗ = 1.06× 10−4T 0.5

e B−1
p ρ−1

s
�V��� ¤ �}�=�H�V�H�V�=�2�_�*�V�*�M�D�<�H�0¢2�-�<�2�<�2�4�V�4���4�2�<���2�R� Ò �,�§�<� ρs � � ¤ ��*�R�m�*�,�<�p���×�D�M�°�;�g�;�D�<�FÏ0�g�2�4�V�4�*�T½

νe∗ = 1.73× 10−3ZeffneqRε
−1.5T−2

e
�R�¥� ¤ �¸�*�R�*�,�D�<�H�Á�*�H�V�R�V�D�R�H�=�2�V�R�P��°�;�g�2�§�M�<�,�!�V�4�*�R�4�4�V�4¢:�*�V�*�M�D�<�H�-¾B�,�V�*�,�P�<�H�§�2�4�Ó�*�V�*�M�D�<�H�-¾B�R�H�³�*�H�R�V�R�D�V�H�4�*½
βpe = 4.03×10−3neTeB

−2
p
�V�� ¤ �!�=�H�V�H�V�=�2�HÙ=�,�<�}�H���*�V�,�,�D�<�H�4�z�2�4� LTe∗ = LTeρ

−1
s ' Te|dTe/dρ|−1ρ−1

s
�R�b� ¤ �'�4�2�<���2�R� Ò �*�Û�*�V�*�M�D�<�H��<�*�Ó�=�,�g�;�<���<��¢2�g�2�4�R�*���¸�V�*�4¢2� ¤ ª7� ¤ �%�4�4�R�D�Û�;�<� ne �R� 1019 m−3 ½ Te �V� keV

½ ∇Te �V� keV m−1 ½ Bp�V�
T
�2�4�

R
�2�4�

ρs
�V�

m
ª¸� ¤ �×�°�;�g�2�³�,�<�,� Lq ' q(dq/dρ)−1 £¦¤ �R� ¤ ���;�<�V�,�}�V�p�D�<�V�Û�X�<�H�¶�4�V�P� ¤ �;�P¢H��<�©�4�V�D� ¤ �;�n¢H���2�4�«� ¤ �%�°�;�g�2�³�,�<�,� Te/Ti £ �,�<�Ó�4�2�×�R�4�*�V�4�4�*�«�V�«� ¤ �³�2�4�<�;� Ò ªÓ�9�H�D�P�RÙ=�V�%�4�,�=�*�4�4�,�4�*�*��H�±� ¤ �*�D�0�°�;�g�2�§�,�D�,�<� £ �R�V�9Ù=�0�4�R�D�*�4�D�D�,���X�;�<�M�¡ª

�



Ø��<�p�<�V�4¢©�*�-�=�;�D�V�H� � ,$� �R�«�R�H¢`�;�<�R� ¤ �³�V�7�m�2�<� �2�4�"�;�-�,�g�2¢H�R�4¢©���R�*�V�4�
lnCv,pl = 〈lnC〉+ y1〈ln ρpe∗〉+ y2〈ln νe∗〉+ y3〈ln βpe〉+ y4〈ln q〉+ y5〈lnLTe∗〉 � /%�� ¤ �}�;�<�p� ¤ �§�,�<�R���;���,�g�2¢H�R�4¢ � �V�4�4�V�*�;�<�*�³Ù4��Ù4�g�2�,�-�,�<�*���V�!�¡�;�D�<�R�*�§�H���'�V�³� ¤ �¥�g�2�4¢H� 0.46 ≤ x = ρ/ρw ≤
0.68 � �*�2�P�<�*�P�=�H�4�4�R�4¢§�<� 0.53 ≤ x′ = ρ/ρs ≤ 0.78

�Mª9´Ê�¦�;�4�4�<�;Ï4�R���;�<�*�p���V�R�4�¡�;�¦�m�4�4�M�<�V�H�4�}�H�b�g�2�4�V�4��;�<�©�m�H�4�4�6�H���V�H¢`�;�<�p� ¤ �§�V�0�D�*�2�V�Á�m�2���2�V���°�;�g�2�§�,�D�,�<�*½��H�4�Á�2Ù4�g�2�V�4�%�<�"�-�4�p�<�Î¢H�H�H���;�4�4�<�;Ï4�R���;�<�R�H�
〈lnX〉 ' lnX(x̄)

½ £¦¤ �,�D� x̄ = 0.57
�V�}� ¤ ���;���,�g�2¢H�×�<�2�4�V�4� � �*�2�D�D�*�P�=�H�4�4�V�4¢0�<� x̄′ = 0.65

�Mª}�d�Ñ� ¤ ��<�*¢2�D�*�D�D�R�H�®�2�=�2�p���D�R�*½
lnCv,pl

�V�¦� ¤ �:�<�*�P�=�H�4�D�7���;�<�X�;Ù=�R�2½°� ¤ �×�-�=�2���<�p�<�V�,� 〈lnX〉 �;�D�Û� ¤ �×�R�4�4�,�=�*�4�4�*����4�;�D�X�;Ù=�V�,���2�4�
y1
� ¤ �<�H�4¢ ¤ y5

�2� £ �*�R�}�2� 〈lnC〉 �;�<�²� ¤ �²�<�*¢2�D�*�D�D�R�H���°�;�<�2�§�,�<�,�D�*ªüð��2���4�g�2�,�D�V�¡�2��2�=�2�R�-�D�V�,½Ë� ¤ �Ó�P�g�;�<�R�P�<�R�¡�2�Â�°�2�,�4�2¢H�,�7·-´¸·«�2�4�"���;�<�Ó�4�D�*�6øpÃ:!�½�Ã�,ýùvª
eGfU��fA��p*q�psrhn�psrh�LqD{�qDo qD{ w nIrcn�t$u x q�psqDnIj�pð��R�D�P�¡½ £ �Ê�MÏ-�=�V�2�<�¦� ¤ �Ê�=�;�g�×�X�<�H�¼� ¤ �¦�4�*���<�,�<�R�4� �2�4� ¤ �����<�H¢H�*�0�4�R�D� ¤ �;�n¢H�*���V�0´¸·-¹ �'º »}�=¢2�g�2�4�;½4�2�¢H�R�-�*�²�R�Á�g�;Ù=�V�,�×Ã7�2�4�¬Ü-ªÚ� ¤ �,�²�*�2�P�<�*�P�=�H�4�¨�<�\�D
Ó�<�V�§�¸�D�R�V�*�*� � Õ����D
'�Tª�ð��2�¦� ¤ �Û���;�<�X�;Ù=�R�*���H�����2�V��V���D�,�<�*�P�}�V�Á� ¤ �R�¥�°�;�=�,�*½_�*�D�P�*���<�X�2�b�P�g�;�<�R�P�<�R�¡�2�o�m�¡�;�<���<�*�Ê�H�b� ¤ �V�}�P��Ù=�D�,�Ê�H�ÂÔÊ�dÕÊ¹�ÃHªÖ�=�;�¦�;�<�Û�P�4�§���;�<� Ò �*��V�©�7�*�H�4�*�R�D� �m�2�<�ß�V�0� ¤ �}�g�;Ù=�R��
4ª��K���4�<�*�P�*���<���4�4�R�4�;�D�X�;�<�Ê�P�<�;�<�V�P�D�V�*�*½-�*�2�D�<�*�V�;�<�V�H�0�*�H�,�R�=�*�R�*���<� � Ù=�*�V� £�4�X�2¢H�H�=�2���z�2�4���°�;�D�<�X�2�Ð�*�2�D�<�,�X�;�<�R�H�%�,�H�*�R�=�*�R�*���<� � �;Ù=�2�����4�V�2¢H�H�=�2���Mªz� ¤ �Ú�R�H�2�%�-�H�R�g�2¢H�9�V� V �V���4�*�4�2�D�*�Ù4�

UL
ª'àÊ�4�×�¡�2�Á�P�*�Û�X�<�H�ß� ¤ �¸�g�;Ù=�V�Ê� ¤ �;�*½°�m�2�¥�V�4�n�g�2�4�*�2½4� ¤ �:�P�g�2�4�=�;�<�²�4�M���X�;�D�V�H�Î�H� νe∗(x̄)

�MÏ��*�*�*�4�� ¤ �;�%�H� LTe∗(x̄)
Ù4���Ñ�k�2�,�<�2�%�H�¦�;Ù=�H���%�4�-�2½ £¥¤ �,�<�*�2�%� ¤ �Î�P�g�2�4�=�;�D���4�,�-�X�;�<�R�H�Í�H� βpe(x̄)

�R�7� ¤ �<�*��<�R�§�*���X�;�n¢H�,�Ú� ¤ �2�Î� ¤ �;���H� ρpe∗(x̄)
ª��d�Î� ¤ �V�Ú�=�;�g�2�D�M�¡½�� ¤ � q(x̄)

�4�2�R�4�*���g�2�4¢H�¸Ù=�M� £ �*�*�«ÃHª�
`âÓ�2�4�ÁÜ-ªÝÜHÄ-ª� ¤ �:�P�-� £ �4�*�D� � £¦¤ �R� ¤ �³�¡�2�D���<�*�Ú�4�,�-�X�;�<�R�H�4�Ú�X�<�H� �P���§�³�,�D�D�Ó�V�Î� ¤ � �=�;�g�%���2�4�Î� ¤ � �����P�<�H�D�V� � £¥¤ �V� ¤�§�¡�2�P���<�*� Ù=�2� ¤ � ¤ �7� ¤ �R�,���4�,�D�Û�H�!� ¤ �7�g�2�V���2�4�¬� ¤ �%�=�*�;���*�4�4�*�P�Û�H�'� ¤ �Ó�4�R�P�D�<�pÙ=���<�V�H�|�Ê�;�<�%�2�V�P�Á¢H�R�-�*�øpÃ:/�½�Ã:�;ùvªÓ� ¤ �Ó�<�;Ù=�V�%� ¤ � £ � � ¤ �;�¸� ¤ �%�4�V�P�D�D�RÙ=���<�R�H�"�H� νe∗(x̄)
�R�:�4�2�:�P���³�§�,�D�<�R�×Ù=���Û�n��� £ �*�«�<�0� ¤ ��<�R¢ ¤ �¡ª9� ¤ �¸�D�*�*�H�4�²�°�;�D�¥�H�b�<�;Ù=�V��
³�4�V�n�=�X�;����Ù=�2� ¤ �,�2�D�<�*�V�;�<�V�H�©�*�H�*�R�=�,�V�*���<�}�2�4�Á�°�;�D�<�V�2�\�*�2�D�<�*�V�;�<�V�H�4�,ª� ¤ ���P�g�2�4�=�;�<�Í�,�D�<�2���H���²�*�2�P�<�*�X�;�D�V�H�±�*�H�*�p�=�*�V�*��� r �V�×�*�n�<�V���;�D�*�"Ù4� SD (r) = 1/

√
N − 1 £¥¤ �V� ¤�V� â�ªRÃ�,³�m�2� Õ����D
4ªÊð��2�}�V�4�P�g�2�4�,�2½o�2�*�*�2�<�4�R�4¢��<���g�;Ù=�V�b
4½_� ¤ �7�*�2�D�<�*�V�;�<�V�H�²Ù=�M� £ �,�*� Cv �2�4� LTe∗(x̄)�V� �P�<�;�<�V�P�D�V�¡�2�R�R�²�P�V¢H�4�R�=�*�2���¡½o�D�V�4�*��� ¤ �*�p�¸�*�2�D�<�*�V�;�<�V�H�¬�*�H�*�p�=�*�V�,���×�H��¾Kâ�ª2�$���4�R�V�m�,�<�¸Ù4�Ñ�§�2�<�×� ¤ �2�¬� £ ��P�g�2�4�=�;�D���,�P�<�2�<���X�<�H� Ò �,�D�4ª«� ¤ �0�*���D�D� � �v½��I�×�H�Ú� ¤ �0�°�;�P�<�X�2���,�2�D�<�*�V�;�<�V�H�����;�P�<�pÏ"¢H�R���,�×� ¤ ���°�;�D�<�X�2��*�2�D�D�*�X�;�<�R�H�ÁÙ=�,� £ �*�*�Ñ�4�;�D�X�;Ù=�V�,� Xi

�2�4�
Xj
½y�vªñ�2ª�� ¤ �*�R�Ê�,�2�D�<�*�V�;�<�V�H� £¥¤ �*�¨� ¤ �7�R�;�=�4�*�4�*�7�H�!�2�V�Ë�2� ¤ �,��4�;�D�X�;Ù=�V�,���V�P4ñ�°�;�D�<�X�2�R�V�*���H���L5�øpÃ:/�½qÜ2â;ùvªÂ�Â� �*�P�<�R���;�<�9� ¤ ���<�2�³�=�V���R�=�2�*�*���g�2�M�7�H�°� ¤ ���°�;�D�<�X�2�Ð�*�2�D�<�,�X�;�<�R�H��*�H�*�p�=�*�V�,���<�*½ £ �³�4�D�§� ¤ �~�y¾á�P�g�2�4�D�m�2�<���;�D�V�H�®�D�¨�V�³�4�<�2�-�Ó���=�H��� ¤ �³�4�2�<���2�V�p�D�Ñ�H��� ¤ �*�p�7�4�V�n�D�<�RÙ=���D�V�H��4�4�4�,�¥� ¤ �:�4�4�R�p¾ ¤ �-�=�2� ¤ �*�P�V���H� Ò �,�D�Ó�°�;�D�<�V�2�ç�*�2�D�D�*�X�;�<�R�H�©�,�H�*�R�=�*�R�*���<�*ª�� ¤ �¸�P�g�2�4�=�;�<�©�4�,���V�;�<�V�H�Î�H�o� ¤ ��D�g�2�4�P�m�2�<�§�*�²���2�V�4�

Z = 0.5 ln [(1 +R)/(1− R)]
�H�Â� ¤ �Û�°�;�P�<�X�2�o�*�2�D�D�*�X�;�<�R�H�²�*�H�*�p�=�*�V�,��� R �*�Ð�=�2�V�

1/
√
N − d− 3 £¦¤ �M�<� d �V�Â� ¤ ���4�4�ÓÙ=�,�!�H�°��Ï��*�Ó�,�2�4�;�<�V�;�<�*�*½H�D�,�×øFÃ:/�½4Ã:�;ùáª�·-�,�P�<�V�4¢¸Õ����D
¸�2�4� d = 5�<�*�P�4�R�<�:�V�"�Î�P�g�2�4�=�;�<�«�,�D�<�2�Û�m�2�:�°�;�D�D�X�2���*�2�D�D�*�X�;�<�R�H�4�Û�H�9�;�4�4�<�;Ï4�R���;�<�*�p�Ñâ�ªVÃ:��ª%� ¤ �³�P�g�2�4�=�;�D�"�,�D�<�2�D��*�2�D�D�*�P�=�H�4�4�V�4¢Î�<�ÎÜ��2�4�M���P�<�2�4�=�;�<�Ñ�4�,���V�;�<�V�H�4� �;�<��â�ª1�%,��2�4�®â�ªÅÄD��½_�<�*�n�=�*�,�<�p���*�p�çª� ¤ � �°�;�D�<�V�2�\�*�2�D�<�,�X�;�<�R�H�©�*�H�,�R�=�*�R�*���<� £ �,�<�¸�¡�2�V�,�4�X�;�<�*�©�2� (C−1

)
ij
/
[(
C−1

)
ii

(
C−1

)
jj

]1/2 £ �p� ¤
C
� ¤ �"�*�2�D�D�*�X�;�<�R�H�ö���;�D�<�FÏ\½Ê�D�,�6øÖÜ-Ã*ùáªß�K�¨�R�²�4�2�<�*�ü� ¤ �;� (C−1

)
ii � Ù=�,�V�4¢ Ã:!�ª2/D
��m�2�

Cv
�©�*�Ð�=�2�V�

(
1− R̄2

m,i

)−1 ½ £¥¤ �,�<� R̄m,i �R�'� ¤ � £ �*�R�p¾á�-�4� £ �Ó�§�4�R�D�R�=�V���*�2�D�D�*�X�;�<�R�H�³�*�H�,�R�=�*�R�*����Ù=�,� £ �*�*�§� ¤ �¥�4�;�<�F¾�;Ù=�V�
Xi

�2�4�6�2�R�¥�2� ¤ �M�§�4�;�<�V�;Ù=�V�*�³�2�X�<�,�0�P�<�2�4�=�;�<�4�V�<�;�D�V�H���<�"�³�¡�2� Ò �,�<�4½Ú�D�,�¨�2�V�D�6øñÜ-Ã*ùáª¯àÊ�4�¨�¡�2��4�R�D�*�,�<�p�¨�4�,�<�p���7� ¤ �;� (C−1
)
ii

= (N − p− 1)−1CSSi/rmse2
i

½\�D�*�ÁøpÃ:/;ùv½ £¦¤ �,�D� CSSi �R�Ê� ¤ ���D�4�Ó¾�H�V¾B�P�-�=�;�<�*���H�o�4�;�<�V�;Ù=�V�
Xi � �,�2�D�<�*�,�D�*�©�m�2�Ú� ¤ �¸�§�¡�2�|���2�4� rmsei

�R��� ¤ �¸�D�H�2�P¾B�§�*�2�-¾B�D�Ð�=�;�<�*�Î�,�D�<�2���H��Û�R�H¢;¾B�V�R�4�¡�;�9�D�*¢2�<�*�D�P�V�H���H�
Xi

�2¢`�2�V�4�n���2�R�
p = 6

�2� ¤ �,�'�4�;�<�V�;Ù=�V�*�,ª9·Ð�=�,�*�R�=�¡�2�R�R�_½-�m�2�9� ¤ �¦�4�;�<�V�;Ù=�V� Cv "(
C−1

)
11

= 16.84
½ £¦¤ �R� ¤ �V���,�H�³�°�;�<�RÙ=�R� £ �R� ¤ (N − p− 1)−1CSS ' 0.37

�2�4�
rmse1 = 14.8 %

ª
�



Table 4.
»Ê�4�p�4�;�<�V�;�<�Û�n�g�;�<�V�n�<�V�*�,½_�*�2�P�<�*�X�;�D�V�H�¨���;�D�D�pÏ � Ù=�*�R� £ �4�V�2¢H�H�=�2���¥�2�4�¨�°�;�D�D�X�2�Ë�*�2�D�<�*�V�;�<�V�H�¨�§�ý¾�D�<�FÏ � �;Ù=�2�-���4�X�2¢H�H�=�2���z�m�2�'�=�;�D���g�2���V�H¢`�;�D�R� ¤ �§�z�H�=���;�<�X�;Ù=�R�*���V�%´¸·-¹ �'º6»}�=¢2�g�2�4�Ú�4�V�P� ¤ �;�P¢H�,� � Õ����D
'�Mª�Ê�,�<�;½

x̄ = ρ̄/ρw = 0.57
�R�¦� ¤ ���;�-�,�g�2¢H�Û�g�2�4�R�4� �2�4� UL �R�¦� ¤ �7�R�H�2�¬�-�H�R�g�2¢H�:�V� V ª»¼�®���®�0�×�!�Î�:� ·¬�Û�Î�:���¸�:���³�

Ô��;�<�V�;Ù=�V� �Ñ�¡�2� ·Ð�<�²¹ �,� ·Ð��� £ �4�*�D� �¸���D�<�H�P�V� �Ñ�V�4�R�§�4� �¬�ýÏ4�V�³�4�
Cv

¾Kâ�ª2,D/ â�ªÝÄHÄ â�ªÅâ`Ü ¾DÃHªÝÜD/ ¾<ÃHª1!�Ã â�ªVÃtâ
LTe∗(x̄)

¾<ÃHªÖâ$! â�ªÝÜ-Ã ¾Bâ�ª2��Ã ¾Bâ�ª1
%� ¾<ÃHª�
%� ¾Kâ�ª2,HÄ
ρpe∗(x̄)

¾�,-ª1!$� â�ªÝÜD/ â�ªÅâHâ ¾DÃHªÝÜD� ¾m/�ªÖâ`Ä ¾�,-ªÅÜ2â
νe∗(x̄)

¾Kâ�ª2,D� â�ª2�$� â�ª2�$/ ÃHª1/$� ¾dÜ-ªÅÄ$, Ü-ªVÃÆÜ
βpe(x̄)

¾<ÃHª2,HÄ â�ª2/`Ä ¾Bâ�ªÝÜD� ¾DÃHªÅâ%, ¾m��ªÅÜD/ ¾Kâ�ªÅÄ-Ã
q(x̄)

â�ªÝÄD� â�ªVÃ:! â�ª1
qÜ ¾DÃHªÝÜ�
 â�ª2�D
 â�ª2/�Ã
UL

¾Kâ�ª1�%, â�ªÝÄD� â�ªÅâ�Ã ¾DÃHª2��Ã ¾<ÃHªÅÜ$, â�ª1
%�
=µ�Ó�¥�¦�:�b���¦�o�Ó� ���Ó���¦�çÏ �Ó�²� �6�%�¥�¦�Ë�%� =µ�%�¦�¥�Û�Ë�%�¥�o�³� � �%���¥�\Ï��

Cv LTe∗(x̄) ρpe∗(x̄) νe∗(x̄) βpe(x̄) q(x̄) UL

Cv
Ã:!�ª2/D
 ¾

0.82
¾Bâ�ªÝÜD! ¾Kâ�ª1�D
 â�ªRÃ�, â�ªÅÜHÄ â�ªÝÜHÜ

LTe∗(x̄)
¾
0.93

ÃHªÅâHâ ¾Bâ�ª2�Hâ ¾
0.69 0.58 0.61 � f�e%�

ρpe∗(x̄)
¾
0.80 0.68

ÃHªÖâHâ ¾Kâ�ªÅÜ2â â�ªRÃ�, â�ªÅÜD/ ¾Bâ�ª2�D

νe∗(x̄) � f1e'� ¾ � f1e'� ¾

0.59
ÃHªÅâHâ

0.91 0.93 0.82

βpe(x̄)
¾
0.85 0.74 0.89

¾ � f1�%� ÃHªÖâHâ ¾
0.85

¾
0.82

q(x̄)
¾Bâ�ªÝÜ2â â�ªVÃ:� â�ªRÃL
 � f1e%� â�ªRÃÆÜ ÃHªÖâHâ ¾

0.70

UL 0.81
¾
0.71

¾
0.97 0.65

¾
0.90

¾Kâ�ªÖâ%, ÃHªÖâHâ
�%�9�n�<�V���;�D�*� � �°�;�P�<�X�2���Ú�*�2�P�<�*�X�;�D�V�H�4�}�4�R�V�m�,�<�R�4¢Î�;�}�V�*�2�P�}Ù4�Á� £ �§�n�g�2�4�=�;�<�Ñ�,�D�<�2�D�}�X�<�H� Ò �,�<�0�;�<�Û�P�-�=�*��V�Ñ�p�g�2�V�R�2½y� ¤ �H�P�7�4�V�V�m�M�<�V�4¢©�;� �V�¡�2�n�ÊÙ4�Á� ¤ �<�,�%�n�g�2�4�=�;�<�Ñ�,�D�<�2�D�:�;�D�×�D�-�=�*�Ñ�R�ÑÙ=�H�R�4�k�2�*�2ª� ¤ ���*�H�4�n�g�2���"�;Ù=�P�H�V���<�±�,�D�D�2�«�R�À�4�,�D�,�<�§�R�4�V�4¢

Cv
�R�Ñ�<�;���*�ÿ�V���<�¯�2�*�*�H�4���¬Ù4� £ �*�V¢ ¤ �<�,�À�<�*¢2�D�*�n¾�D�R�H��øpÃ:!�½�Ã�,ýùáª ´}�4�=�R�-�V�4¢��4�4�p�4�;�<�V�;�<�®�D�*¢2�<�*�D�P�V�H�ö�<��� ¤ �«�D��Ù=�D�,�Ñ�H�7ÔÊ�dÕÊ¹�ÃHªÖ�=�;� � Õ����D
'�T½ £¥¤ �V� ¤�*�H�³�4�D�V�D�*�0�=�;�g���X�<�H� � ¤ �¬´¸·-¹ �!º�»}�=¢2�<�2�4�¬�4�R�D� ¤ �;�n¢H�*�0�V���g�;Ù=�V�,�¬Ã¬�2�4�µÜ-½��D�*�D�4�R�D�©�R� Cv,u =

0.049LTe∗(x̄)−2.20±0.13 £ �p� ¤ �2�Í�<�³�D���4�2�V�4�0�H�}Ü-ÃHª2� Þ ª��Ê�M�<�2½!�H�4�©�P�<�2�4�=�;�<���4�,�-�X�;�<�R�H�±�H�¥� ¤ ��MÏ-�=�H�4�*���%�*�-�=�2�R�Óâ�ªRÃ:��ª¬� ¤ � Cv �4�2�R�4�*���X�<�H���D�<�2�4�P�=�2�D�Ó�2�=�2�R�-�D�V���;�<���=�R�2�D�<�*�Í�2¢`�2�V�4�n�
LTe∗(x̄)

�V��=¢H���<��ÃHª¯´Ê���4�V�D�*�4�P�D�*�6�V���D�*�M�<�V�H����½�� ¤ �<�*�¨¢2�D�H���=���H�¸�=�;�<�"�¡�2��Ù=�¨�*�V�*�;�<�R���4�V�D�*�M�<�4�*�\ª � ¤ �*�D�ú3�



�*�2�D�D�*�P�=�H�4�0�<�ÛÙ=�¡�2�Ó¾ ¤ �¡�;�<�*�0�4�*���D�,�<�V�4���=�X�2�D���2� � �V� £ Cv
�2�4�0�X�;�n¢H�

LTe∗
�M½ÐÙ=�*�2�Ó¾ ¤ �¡�;�D�*� ¤ �����<�H¢H�*��=�X�2�P���2� � �§�*�4�R�4� Cv

�2�4�©�§�*�4�R�4�
LTe∗

���2�4�¨à ¤ �§�R� �=�V�2�D���2�Ú�V�©�4�*���<�,�D�V�4�þ�2�4� ¤ �-���<�H¢H�*� � ¤ �V¢ ¤
Cv

�2�4�«�D�§�2�V�
LTe∗

�M½\�<�*�P�=�,�,�<�R�-�*�R�_ª�� ¤ �%�P�D�<�2�V¢ ¤ �¸�V�R�4���D�,�4�<�*�D�,���<�Û� ¤ � LTe∗(x̄)
�4�,�=�*�4�4�*�4�,�§�H�'� ¤ ��4�4�R���;�<�X�;�D�¦�D�¡�2�R�V�4¢4ª�ÕÊ�2�<��� ¤ �;�9� ¤ �¦�4�4�R�4�;�D�X�;�<���<�*�D�4�p���V�9�D�ÛÙ=�}�V���D�,�D�4�<�,�D�*�Î�2�'� ¤ �}�4�M�=�*�4�4�*�4�*�¸�H� Cv,u�H�

LTe∗(x̄) £¥¤ �*�¨� ¤ �7�2� ¤ �M�}�°�;�g�2�§�,�D�,�<�>4Ö�*�2�4�;�D��5 £ �R� ¤ LTe∗(x̄)
�2�*�*�2�D�4�V�4¢��<�§�g�;Ù=�R�(
4ª´}�4�=�R�-�V�4¢ £ �*�V¢ ¤ �<�,���³�4�R�<�p�=�V���R�H¢;¾B�R�V�4�¡�;�"�D�*¢2�<�*�D�P�V�H���<�ü� ¤ ���D��Ù=�D�M���H��ÔÊ�dÕÊ¹�ÃHªÖ�=�;� � Õ����D
4½´¸·-¹ �'º¯»}�=¢2�g�2�4���4�V�D� ¤ �;�n¢H�*�'�V�Ó�<�;Ù=�V�*��Ã¦�2�4�§Ü$���-�V�*�R�4��� ¤ �¥�m�H�R�V� £ �V�4¢ �D�<�p�4�;�<�V�;�<���=� £ �M�P¾B�V� £ �D�¡�2�V�R�4¢

Cv,pl = 0.065LTe∗(x̄)−1.92±0.17U 0.42±0.08
L νe∗(x̄)−0.11±0.03 � �%�

£ �R� ¤ �2�²�<�³�D�:���2�V�4�×�H��ÃL
4ª1� Þ ª¥� ¤ �7�D�2�§� £ �*�V¢ ¤ �D�V�4¢ £ �2�¦�=�,�<�m�2�<�³�*�Ñ�2�}�m�2�Ê� ¤ �×�P�¡�2�V�R�4¢§�<�*�X�;�D�V�H�¢H�R�-�*�Ñ�V�¬�*�-�=�;�D�V�H� � Ãtâ%�Mª �K� �V� �2Ù4���R�H�4�¸�X�D�H�È�*�-�=�;�<�R�H� � �%�¥� ¤ �;�Ê� ¤ ���*�R�*�,�D�<�H�¬�<�*�³�=�M�g�;�<���<�7¢2�g�2�4�R�*����V�,�4¢2� ¤ �V� � ¤ �Ó�P�D�<�H�4¢H�*�n�:�°�;�g�2�³�,�<�,� £ �p� ¤ �2�«�MÏ��=�H�4�*���Û�*�-�=�2���<�®ÃHÃHª2���<�V�³�*�:�p�<�¸�P�g�2�4�=�;�<�"�4�M���X�;�D�V�H�â�ªVÃ�,-ªÑ� ¤ �0�MÏ��=�H�4�,���Ó�H� LTe∗(x̄)
�R�7�P�g�;�<�R�P�<�V�*�2�V�R� ¤ �V¢ ¤ �p���D�R¢H�4�R�=�¡�2���¡ªÑØ���� ¤ �4���*�H�4�*�R�4�4�Î� ¤ �;�7� ¤ ��*�R�*�,�D�<�H�6�<�*�³�=�M�g�;�<���<�Ñ¢2�g�2�4�R�*���Á�R�*�4¢2� ¤ �V��� ¤ �Ñ���,���°�;�g�2�³�,�<�,�Î�H�:� ¤ �«�2�4�H���2�R�H�4���°�;�D�<�V�,�V�¨�=�V�4� ¤ ½�V���2¢2�<�*�,�§�*��� £ �p� ¤ øñÜýùáª�� ¤ �Î�V�;�=�4�*�4�*�©�H�}�Ñ�X�;�n¢H�0�4�4�³Ù=�,�Ó�H�¦�m���D� ¤ �M�§�-�=�2���D�R�<�R�*� £ �2�7�<�*�n�<�*��Ù4��<�*¢2�D�*�D�D�R�H���2�=�2�p���D�R�*ªÁ�K�7�R�×�m�H�4�4�Í� ¤ �;�×� ¤ ���V�H�2���-�H�R�g�2¢H�³�V�7�2�Í�2�4�4�R�D�V�H�=�2���°�;�g�2�§�,�<�M�7�H�Ú�V�;�=�4�*�4�*�£¥¤ �V� ¤ �V���D�D�H�4�4�*�*� νe∗(x̄)

ª¬�9�Ð�=�;�<�V�H� � �%�¸� ¤ � £ �7� ¤ �;��� ¤ ���TÏ��=�H�4�*���<�%�H� UL �2�4�
νe∗(x̄)

�;�<�§Ù=�2� ¤�P�g�;�D�V�P�<�R�¡�2�V�p���D�R¢H�4�R�=�¡�2���¡ª�� ¤ �«�R�H�2�¯�-�H�R�g�2¢H�,�0�<�;���*�6�X�<�H� � ¤ �¬�D�V�§�4�V�;�<�V�H�4�Î�;�<�¬�*�H�³�°�;�D�RÙ=�V� £ �R� ¤�§�¡�2�P���<�*�
UL

�4�2�R�4�*�*ª��d�¯� ¤ �¬�D�<�R���;�<�X�;�D�¬�P�¡�2�V�R�4¢��H�Û�,�-�=�;�<�R�H� � �%�M½¥� ¤ �«�§�*�2�4�V�4¢��H�¸� ¤ � L−1.92
Te�4�,�=�*�4�4�,�4�*�«�R�§� ¤ �;�0�R� ¤ �H�R�4�0�;�0�*�H�4�P�g�2��� UL �2�4�

νe∗(x̄)
ªÀ� ¤ ��4Å�n�g�;�<�V�n�<�V�¡�2���<�*�R�,�4�2�4�*��5 øÖÜHÜýù¦�m�2��4�<�*�4�R�,�<�R�4¢

Cv
�R�Û�4�,�=�4�*�±�2�¸� ¤ �§�;Ù=�P�H�V���<�%�4�2�V�4�Ó�H�9� ¤ �Ó�MÏ��=�H�4�*���×�H���Î�<�,¢2�<�*�D�D�R�H�"�4�;�<�V�;Ù=�V���<�V�³�*�� ¤ ���P�g�2�4�=�;�D�«�4�,�-�X�;�<�R�H�¬�H��� ¤ �R� ���;�<�X�;Ù=�R�2½\�D�*���g�;Ù=�R�b
4ªÛð��2� � ¤ �7�°�;�g�2�§�,�D�,�<� LTe∗ ½ UL �2�4� νe∗ �H�4��2Ù4�g�2�R�4�}â�ª1
`â�½=â�ªÅÜHÜÓ�2�4�¨â�ªRÃtâ�½��<�*�P�=�,�,�<�R�-�*�R�_ª�àÊ�§�R�P�<�V�4¢�� ¤ �Û�P�pÏ²à ¤ �³�V�¸�4�V�D� ¤ �;�n¢H�*�}�R�Á� ¤ �¸�<�*¢2�<�*�P�D�V�H��2�=�2�R�-�D�V� �R�:�m�H�4�4�«�D�©�4�,�D�,�<�V�2�<�;�<�Ó�P�H�§� £¥¤ �;�¸� ¤ �Ó�*�H�4�4�p�<�V�H�4�R�4¢ £¥¤ �V�R�³�Î�D�*�4�D�pÙ=�V�%�<�*¢2�<�*�P�D�V�H�®�V�¸�P�<�V�R��=�H�D�D�pÙ=�V�2ª!ð��2�9� ¤ �ÊÉo¾��2�4�8�¦¾á�§�H�4�¦�4�R�D� ¤ �;�n¢H�*�Ú�V���4�*���D�,�<�V�4�Ì�2�4� ¤ �����<�H¢H�*�\½Ð� ¤ �¦�=� £ �,�P¾B�V� £ �P�¡�2�V�R�4¢�V���*�P�D�*���<�V�2�V�R��� ¤ �©�<�2�³�0�2�Ó�R���*�Ð�=�;�<�V�H� � �%�MªØ ¤ �,�®�=�,�<�m�2�D�§�V�4¢~
;¾á���;�<�X�;�D�Û�<�*¢2�<�,�D�D�V�H�ÑÙ4�¨�4�D�R�4¢

ρpe∗(x̄)
½
βpe(x̄)

�2�
q(x̄)

�R�®�2�4�4�p�<�V�H�¨�<��� ¤ ��4�;�D�X�;Ù=�V�,�§�V���*�Ð�=�;�<�V�H� � �%�T½Ú� ¤ �²�MÏ��=�H�4�,���<�0�H� ρpe∗(x̄)
½
βpe(x̄)

�2�4�
q(x̄) £ �M�<�¨�m�H�4�4�6�D�"Ù=�¨�4�2��P�g�;�D�V�P�<�R�¡�2�V�p�0�D�V¢H�4�p�=�¡�2���¡ª9�K�¥�V�¥�P�D�<�*�P�D�*�²� ¤ �;�¥� ¤ �V�¥�V�¥�2�V�D�³�P�<�4�Û�m�2� νe∗(x̄)
½°�2�¦�R�H�4¢��2�¥�³�V�H�2�©���H�R�<�2¢H��4�,�=�*�4�4�,�4�*�§�V�¸�4�2�¸�V���D�D�H�4�4�*�*�\ª×�d�®� ¤ �%�=�;�g�2�D�M�¡½\� ¤ �%�°�;�<�2�§�,�<�,� νe∗ �4�;�<�R�*�ÊÙ4�Ñ�§�2�<�7� ¤ �2�Ñ� £ �©�2�4�� ¤ �2�R�×�2�<�4�,�D�Á�H�×���2¢H�4�p�<�4�4�2ª�ð����D� ¤ �M�<�§�2�<�2½}� ¤ �®�<�*�P�V�4�=�2�V� ln

(
Cv/Cv,pl

) £ �,�<�¬�=�V�2�D�<�,�ü�2¢`�2�V�4�n�� ¤ �Ó�V�H¢`�;�<�p� ¤ �§�¸�H�9� ¤ �³���;�<�X�;Ù=�R�*� ρpe∗(x̄)
½
βpe(x̄)

�2�4�
q(x̄)

�D�²� ¤ �*�,�«�m�2�Û� ¤ �§�;Ù=�D�*�4�*�§�H���H���<�V�R�,�<��2�4���-�=�2���<�;�<�V�Ó�4�,�=�*�4�4�*�4�*�,�*ªÁÕÊ�2�<�%� ¤ �;�Û� ¤ �³�<�§�D�%�4�2�R�4�³�H�}ÃL
4ª1� Þ �H�'� ¤ �³�=� £ �,�P¾B�V� £ �D�¡�2�V�R�4¢¨�V��*�H�4�D�R�4�,�g�;Ù=�p�Á�R� £ �,��� ¤ �2�Á� ¤ �¸�<�³�D�:���2�V�4�¸�H��Ü-ÃHª2� Þ �H�z� ¤ �Û�4�4�p�4�;�<�V�;�<� �D�¡�2�R�V�4¢4ª�� ¤ �V�¥�V�4�4�R�¡�;�<�*�Ú� ¤ ��V�Ó�4�<�2���*�³�*���!�2� ¤ �V�M���*�%Ù4�Ó�R�4�*�V�4�4�R�4¢:� ¤ �¥�V�H�2�%���H�p�g�2¢H�2ªz�d�§�2�4�4�p�<�V�H�\½`�4�4�p�4�;�<�V�;�<���D�*¢2�<�*�D�P�V�H� £ �R� ¤ Lq�2�4�©Ù=�p�4�;�<�V�;�<�}�<�*¢2�D�*�D�D�R�H� £ �R� ¤ LTe �2�4� Lq �4�R�Á� ¤ � £ � ¤ �;�¡½ £ �R� ¤ �R�Î� ¤ � �*�V�2�D���H�b�D�R�³�=�V�}�=� £ �,�¥�X� £ ��*�H�4�D�R�4�,�<�*� ¤ �M�<�2½ Cv �4�H�*�¦�4�2�¦�4�,�=�*�4�¨�D�R¢H�4�R�=�¡�2���D�R�©�H� Lq ª�� ¤ �R�¦�4�H�*�¥�4�2�}�D���4�=�2�D�Ê�2�Á�MÏ-�4�<�*�D�D�R�H��V�p���
vin/D ∝ L−1

q ∝ ∇q/q � �*���D�4�;�D���<�©�=�R�4� ¤ �M½��<�,�=�2�D�D�*���V� øñÜD�;ùáª�ð����P� ¤ �,�<�§�2�D�2½ Cv �4�H�*�§�4�2��4�,�=�*�4���P�V¢H�4�R�=�*�2���<�R�Í�H�
Te/Ti

�*�p� ¤ �,�¡ª·-��Ù=�P�<�p�<���<�V�4¢
Cv

�R�ß�*�-�=�;�D�V�H� � 
'� £ �R� ¤ � ¤ �ö�D�¡�2�R�V�4¢��V�ß�,�-�=�;�<�R�H� � �%���V�*�2�4���<� nevin ∝
neD(∇Te/Te)2 ½4�vªñ�2ª�� ¤ �¸�2�4�H���2�V�H�4���R� £ �;�<�~�=�-Ï©�V�Ú���<�p���*�0Ù4��� ¤ � �D�-�=�;�D�¸�H�o� ¤ �¸�*�V�,�,�D�<�H�0�<�*�³�=�M�P¾�;�<���<��¢2�g�2�4�R�*���¡ª¸� ¤ �V�Ê�4�<�H�*�*�P�:�¡�2�4�P�*�¸� ¤ �%�§�2�V�¨�*�H���D�D�RÙ=���<�R�H�Ñ�D�Î� ¤ ���2�4�H�§�2�V�H�4�Ê�V� £ �;�<�A�=�-Ï\ª �K�¸�V��*�H�4�4�*�M�<�*� £ �R� ¤ � ¤ ���<�,�D�§� ṽE·∇Te

�2�4�
ṽE·∇T̃e

½`�vªñ�2ª £ �R� ¤ �=�,�D�=�*�4�4�R�*�4�X�;�9�����=�2�§�R�*���H�°�D���DÙ=�4�V�*�4�,�2ª�Ê�,�<�;½
ṽE

�R�Ú� ¤ ���=�4�,�D�=�;�<�V�4¢ E×B
���D�V�X�����*�R�H�*�R�D���2�4�

T̃e
�V�Ú� ¤ � �*�R�*�,�D�<�H�Î�<�*�³�=�M�g�;�<���<���=�4�,�<�=�;�<�R�H�\ªúMú



�d���2�4�4�R�<�R�H�\½;� ¤ ���4�,�=�,�4�4�*�4�*�Ú�H� Cv �H�Û� ¤ �9�V�H�2�×�-�H�R�g�2¢H�'�D�4¢H¢H�*�P�<�Â�¦�m���D� ¤ �,���H�R�V¾B�4�V�2¢H�H�=�2�Ð�<�,�D��V�� ¤ �×�D�<�2�4�P�=�2�D�Ê���;�P�<�pÏ©�*�Ð�=�;�<�V�H�²�4�4�7�<�Ó� ¤ �%à ¤ �³�V�×�R�4�4�4�,�<�R�-�×�*�R�*�,�D�<�R�Û�=�*�R� E‖ £¥¤ �V� ¤ �R�}�*�H�4�4�*�M�<�*�£ �R� ¤ �°�;�g�2�R�V�*�����-�=�2�§�V�,�7�H���<���PÙ=�4�V�*�4�*�;ª"´Ê�7�§�*���<�R�H�4�*���;Ù=�2���2½��D�g�2�4�n�=�2�D�Ó�2�=�2�R���P�V�7�V���¡�;�P�<�V�*�Í�H����4���<�R�4¢§� ¤ �>�°�;�P¾v�<�2�¨� ¤ �2�D�7�H�Â� ¤ �×�,���D�<�*���¡ª¦àÊ��� �D�V�§�4�V�;�<�V�H�4��� ¤ � £ � ¤ �;� E‖ �R�¦�g�2�4�V�2�V�R�Î�R�4�4�,�=�*�4�4�*����2�4�¬¢H�R���,�ÑÙ4�
UL/(2πR)

½çÙ=�*�¡�2�4�D���<�*�P�V�P�<�p���7�*�Ð�4�V�R�RÙ4�<�R�4� ¤ �2�ÊÙ=�*�*�®�D�¡�2� ¤ �*�\ª(� �=�2�D�R�V�R�4�¡�;�¸�§�H�4�*�V��m�2���2�4�H���2�R�H�4�b�R� £ �;�D�(�=�-Ï4�*�Â���D�R���,�×Ù4�>�=�4�,�<�=�;�D�V�H�4���2�4�×� ¤ ��à ¤ �§�R�9�R�4�4�4�,�<�R�-���*�R�*�,�D�<�R�9�=�*�R�×�4�<�*�4�V�M�
Cv,ql ∝ E‖/νe

�V�§� ¤ �¦�=�X�;�<�*�2�³�<�*¢H�R�§�7øñÜ�
2ù_�2�4� Cv,ql ∝ E‖/ν0.5
e
�V�§� ¤ �¦Ù°�2�=�2�=�Û�D�*¢H�V�§�×øÖÜHÄýù £¥¤ �,�<�

νe
�V�%� ¤ �©�,�V�*�,�P�<�H���*�H�R�V�V�P�V�H���X�D�*�-�4�*�4�M���R�4�*�V�4�4�R�4¢"�*�V�,�,�D�<�H�-¾á�*�V�*�M�D�<�H���2�4���,�V�*�,�P�<�H�-¾B�R�H���*�H�V�R�V�D�R�H�4�*ª� ¤ �4�*½Ê�m�2�©� ¤ �V�0�°�;�D�<�V�,�V�¨�=�V�4� ¤ �*�H���D�<�pÙ=���<�V�H�¯�*�H�V�R�V�D�R�H�4�©�;�D�®�,�D�4�*�X�2�Oª�� ¤ �¬�*�H�³Ù=�R�4�*�ü�;�4�=�¡�;�<�2�4�*��H� �V�H�2�����H�p�g�2¢H�¨�2�4�6�*�H�V�R�V�D�R�H�=�2�V�p�D���R���*�-�=�;�<�R�H� � �%�³�D���4�=�2�D�D�0� ¤ �V���§�*� ¤ �2�4�V�D�²ªö´ �*�H���=�R�V�4¢Í�H�� ¤ � LTe �2�4� E‖

�*�H�³�=�H�4�*���<���R��� ¤ �Ñ�MÏ��=�,�D�V�§�*���§�V�§� ¤ �H�4¢ ¤ �0�<�"Ù=�Ñ�4�4�V�p���*�p�ç½�Ù=�*�¡�2�4�P�¬� ¤ �M���;�<�Ù°�2�D�*�©�H�Î�=�M�D�=�*�4�4�V�,�4�X�;�Ê�2�4�0�°�;�g�2�R�V�*�ç���-�=�2�§�V�,�*½��<�*�P�=�,�,�<�R�-�*�R�_½ £ �p� ¤ �-�4�p�<� �4�V�V�m�M�<�*�����<�V�§�Ê�P�¡�2�V�*�,ª'´� ¤ �;�g�2�M�<�,�<�R�P�<�V�!�X�<�*�Ð�4�*�4�,�¸�H�`�°�;�g�2�V�R�*�H�*�V�,�,�D�<�H�:�����=�2�§�R�*�\�V�\� ¤ �!�*�V�,�,�D�<�H�¸�D�g�2�4�D�p�b�X�D�*�-�4�*�4�M� ωte = k‖ve£¥¤ �V� ¤ �V���§�4� ¤%¤ �R¢ ¤ �,��� ¤ �2��� ¤ ���*�R�*�,�D�<�H�%���<�R�X���X�<�*�-�4�,�4�,� ω∗e � ¤ �;�g�2�,�D�,�<� Ò �V�4¢ �=�,�D�=�*�4�4�R�*�4�X�;�'�*�V�,�,�D�<�H������=�2�³�V�*�*ª��Ê�,�D�2½
k‖ ' (qR)−1 �V�³� ¤ �Á�°�;�g�2�V�R�*� £ �;�-�²�4�4�³Ù=�,�0�2�4� ve

�V�%� ¤ �¨�*�R�*�,�D�<�H��� ¤ �,�<���2����,�V�H�*�p�D�çª¥� ¤ �4�,½ç�<���DÙ=�4�V�,�4�*�7� ¤ �*�2�D�Á�D�4¢H¢H�*�P�<�}� ¤ �;�}� ¤ � LTe �2�4� E‖ �*�H�³�=�H�4�,���<�Ê�H�Â� ¤ ���2�4�H���2�R�H�4��°�;�D�<�R�*�V�×�=�R�4� ¤ �;�<�7�4�2� �*�H���=�V�,�"�2�4�Ñ� ¤ �H�4�V�ÑÙ=���§�H�4�*�R�*�¬�2�}� £ �0�D�M�°�;�g�;�<�7�<�,�<�³�*ª�d��� ¤ �V���*�H���<�TÏ��¡½2�<�2���2���;�¸�MÏ��=�M�<�V�§�,���<� £ �R� ¤ �4�H�-¾B�R�4�4�4�,�<�p���Ú�*���D�<�,�������<�R�-�Ú�2�4� Ò �,�<� �V�H�2�����H�p�g�2¢H��;�<�:�V���<�,�D�*�P�<�R�4¢4½y�D�R�4�*�
E‖ = 0

�4�H�*�¥�4�2�}�H�4�R�©�§�¡�2�Î�4�2�4�R� ¤ �V�4¢³Ø��;�<�:�=�R�4� ¤ Ù=��� �2�V�P�³�4�2�4�R� ¤ �V�4¢ E‖�*�H�³�=�H�4�,���Û�H�!� ¤ �§�2�4�H���2�R�H�4�Ê�°�;�D�<�V�,�V���=�V�4� ¤ ªÓ� ¤ �Ó�,���R�4�*�4�*�Ó�H���2�"�2�4�H�§�2�V�H�4�Ê�°�;�D�<�R�*�V���=�V�4� ¤ �V�� ¤ � �¡�2�D� �H� E‖ = 0
�V�Î�MÏ��=�M�<�V�§�,���<� £ �p� ¤ �V� £ �,� ¤ �-Ù4�<�R�©�,���D�<�*���¥���<�R�-� � É���=Ú¹��9�V�©�Â�2�<�:·-���4�g�©øÖÜD!;ù�2�4�Í�*�V�*�M�D�<�H���M���*�R�2�D�<�H�±�*���D�<�,���³���<�p��� � �J=�=�¹��Û�V���-=�Ô�øÖÜ$,ýù��*�2�P�<�2Ù=�2�g�;�<�*�%�2���2�4�<�;� Ò �D�,�°�;�<�;�<�V�4¢� ¤ � LTe �2�4� E‖ �D�,�<�§�*ª��Ñ�2�<�*�2�-�,�¡½\�4�H� Ò �M�<� Cv ���2�V�4�*� �m�2� UL = 0

�D�4�V�7�H���¸�D�V�Ó�=�V�Û�=� £ �,�¸�X� £ ��V�p���Á� ¤ �;���V���*�Ð�=�;�<�V�H� � �%�Mªð��2�'�4�P�<�V�4¢Û�2�§�2�4�4�R�D�R���Ú� £ �;¾á�<�M�<���§�H�4�*�O½ £ �¥�4�D�P���;�4�=�R�V�*�³�4� £ �*�R¢ ¤ �<�*�§�R�¡�2�P�'�D�-�=�;�D�*�'�<�,¢2�<�*�D�D�R�H��<�"� ¤ �¨´¸·-¹ �!º »}�=¢2�g�2�4�¨�D��Ù=�D�,�Î�H�ÊÔÊ�dÕÊ¹�ÃHªÖ�=�;� � Õ����D
'� £ �R� ¤ �9�Êà�=þÕÊÉo�dÕ �X�<�H� � ¤ �Á�°�2�M�4�2¢H�·-´¸·�øFÃ:!;ùáª%»Ê�D�V�4¢Î� ¤ ��·-´¸·¬�D�*�D�4�R�D�×�2�Û�n�g�;�D�<�R�4¢©�4�2�R�4�*�*½ £ �³�;�4�=�V�R�*�"�V�"�©�D�*�,�H�4���P�<�,�±� £ �*�R¢ ¤ �<�*�
� ¢H�*�4�M�g�2�V�R�D�*�|�¦�4�H�4�V�R�4�¡�;� �V�*�2�P� �D�-�=�;�D�*� �2�=�2�R�-�D�V�*½ £¦¤ �R�V�7�2�D�P�4�§�V�4¢0���*�H�4�P�<�2��� �,�D�<�2� �H� Cv ½ç�OªÖ�2ª¥� ¤ ��4�;�D�X�2�4�*� �H�

lnCv
Ù=�*�V�4¢��4�<�2�=�2�D�<�R�H�=�2�ç�<�

C−2
v
ª9� ¤ �V� £ �2�Ú�¡�;�D�<�R�*�Á�H��� £ �R� ¤ � ¤ � �4�<�H¢2�g�2� oG{hz�j øpÃ�,ýù�H�b� ¤ �:�=��Ù=�V�R�M¾B�4�H�§�2�V�Á�n�g�;�<�V�n�<�V�¡�2�ç�°�2�M�4�2¢H�¸�Ûªy� ¤ � �<�*�D�4�p�}�H�Ë� ¤ �V�¦�;�4�4�<�`�2� ¤ �R��� ¤ �¸� £ �;¾á�<�,�D�þ�P�¡�2�V�R�4¢

Cv,tt = 0.0216LTe∗(x̄)−2.58±0.38 + 0.154U1.55±0.61
L νe∗(x̄)−0.42±0.21 � Ãtâ%�

£ �R� ¤ �2�0�<�§�D�}���2�V�4�Ê�H��ÃÆÄ-ªÝÜ Þ ª!� ¤ � �D�¡�2�V�R�4¢��V��Ù°�2�D�*�Î�H�Î� ¤ �¸�4�,���<�,�<�R�4� �2�4� ¤ �-���<�H¢H�*�Î�4�V�D� ¤ �;�n¢H�*��V�Í´¸·-¹ �'ºþ»}�=¢2�g�2�4�2½!¢H�R�-�*�±�V�±�g�;Ù=�V�,�ÎÃ©�2�4��Ü-ª«� ¤ �©�4�4�³�,�<�V�*�2���*�H�4�P�g�2���D�%�R�ÍÙ=�2� ¤ �<�M�<�§���;�4�=�R��m�2�
LTe∗

�2�4�
νe∗

�g�;���*�"�;�Û� ¤ �³�;���,�g�2¢H�%�g�2�4�V�4� x̄ = ρ̄/ρw = 0.57
ª0� ¤ �§�,�H�4�P�g�2���×�R�"� ¤ �³�P�*�*�H�4��<�,�D�¶�V�}�4�R�§�*�4�D�R�H�=�2�z�R�¬�,�H���D�g�2�P�Ê�<�§� ¤ �7�*�H�4�P�g�2��� �R�Ñ� ¤ �×�4�<�P�Ê�<�,�D�²ª¦�'�-�=�;�<�R�H� � Ãtâ%�¥� ¤ � £ �}� ¤ �;�Ê� ¤ ��*�R�*�,�D�<�H�¬�<�*�³�=�M�g�;�<���<��¢2�g�2�4�R�*���¸�V�*�4¢2� ¤ �V�Ê� ¤ ���P�P�<�H�4¢H�*�P�¸�°�;�g�2�§�,�D�,� £ �p� ¤ �2�®�MÏ-�=�H�4�*���:�*�-�=�2�Â�<�H!�ª2/�<�R�§�*�¸�R�<�×�n�g�2�4�=�;�<���4�,�-�X�;�<�R�H�"�H��â�ª2�$/ £¦¤ �R� ¤ �V�:�P�g�;�<�R�P�<�V�*�2�V�R� ¤ �R¢ ¤ �R�®�D�V¢H�4�p�=�¡�2���¡ª0´Ê�Û�¡�2�"Ù=�³�D�*�*�\½� ¤ �×�TÏ��=�H�4�*���<�¦�H� UL �2�4� νe∗(x̄)

�R�²� ¤ �Û�D�,�*�H�4�¨�<�,�<� �;�<�ÛÙ=�2� ¤ �P�g�;�<�R�P�<�V�*�2�V�R�Î�D�R¢H�4�R�=�¡�2���*ª�ÕÊ�2�<�:� ¤ �;�� ¤ �×�R�H�2�¨���H�p�g�2¢H�Û�R���D�<�H�4�4�*�*�}� ¤ � νe∗ �4�M�=�*�4�4�*�4�*�2½o�OªÖ�2ª UL �2�4� νe∗ �m�2�<�È�³�°�2�p�Ê�H�Â�°�;�g�2�§�,�D�,�<�*ªÚ�K�� ¤ �H�4�R�0Ù=�Ê�³�*���<�V�H�4�,�§� ¤ �;��� ¤ �¦� £ �;¾v�<�,�<���D�¡�2�V�R�4¢��V���*�Ð�=�;�<�V�H� � Ãtâ%���V���P�V�§�R�X�;�9�D�7�2�0�H�V�m�D�,�Ú�4�H�4�R�V�4�¡�;��D�¡�2�R�V�4¢®øÖÜD/;ùvª � ¤ �7���2�V�4�*�Ê�m�2� � ¤ �	4Ö�P�g�;�<�R�P�<�V�*�2�b�<�*�R�,�4�2�4�,�D5ç�H�
LTe∗

½
UL

�2�4�
νe∗

�;�<���;�4�4�<�;Ï4�R���;�<�*�p�� ¤ �§�D�2�§�§�2�Û� ¤ �H�D�§�H�9� ¤ �Ó�=� £ �,�n¾B�X� £ �D�¡�2�R�V�4¢
Cv,pl

½Â�V�Ú�²Ü2â Þ �*�H���P�<�RÙ=���<�R�H�«�<�
Cv,tt

�4�4�³�D�Á� ¤ ��D�*�,�H�4�"�<�,�<� �V�«�*�-�=�;�<�R�H� � Ãtâ%�}�R�:�g�;�-�*�«�R���<�²�2�*�,�H�4��� � �D�,�ÓÙ=�*�R� £ �MªúI&



�d�Û�=¢H���<��Ü-½
Cv,tt−Cv,U

�R�Ë�=�R�2�D�<�*�Û�2¢`�2�V�4�P�
LTe∗(x̄)

½ £¦¤ �M�<� Cv,U �R�Ë� ¤ �'�D�*�*�H�4�×�D�,�<� �V�:�*�-�=�;�<�R�H�
� Ãtâ%�Mª×� ¤ �Ó�P�D�g�2�R¢ ¤ �:�R�V�4��¢H�R�-�*� � ¤ �Ó�4�M�=�*�4�4�*�4�*�§�H�!� ¤ ���4�<�P�¸�<�,�<� �H�

LTe∗(x̄)
ª7�K�:�R�:�m���P� ¤ �,�×�m�H�4�4��4�4�R���;�<�X�;�D�*�R�:� ¤ �;� Cv,tt−Cv,U �4�H�*���4�2���4�,�=�*�4�Ó�D�V¢H�4�p�=�¡�2���<�p�×�H� ρpe∗ ½ βpe �2�4� νe∗ ªÂð��V¢H���D���}� ¤ � £ ��Ó�,�V�¡�;�¥�*�2�D�<�,�X�;�<�R�H�Á�H�b� ¤ �Û�V�H�2�©���H�p�g�2¢H� UL £ �p� ¤ � ¤ �:�*�V�,�,�D�<�H�©�*�H�V�R�V�D�R�H�=�2�V�R�P�§�°�;�g�2�§�,�D�,� νe∗(x̄)

Ù=����4�2�9�:�P�D�D�H�4¢Û�*�H�R�V�V�4�*�;�<�R�D�_½ £¦¤ �R� ¤ �*�=�;Ù=�R�*���2�Ó�*�R�=�*�R�*�����D�R�§�4�R�<�2�4�*�H�4�'�,�P�<�V�§�;�<�V�H���H�_� ¤ ���MÏ-�=�H�4�*���<���R�� ¤ �Ê�<�,�D� Cv,U
ª9� ¤ �Ê�4�;�<�V�;Ù=�V�*� UL �2�4� νe∗(x̄)

�;�4�=�¡�;�¥�2���×�°�2�R���V�0� ¤ �Ê�<�*¢2�D�*�D�D�R�H�Á�2�=�2�p���D�R�*ª�´ �=�R�2��H�b� ¤ � Cv �4�2�R�4�*�Ú�X�<�H�ß�D�g�2�4�P�=�2�D�¥�2�=�2�p���D�R�¥�2¢`�2�R�4�P�Ú� ¤ � Cv,tt �4�2�R�4�*���4�D�*�4�V�,�D�*�©Ù4�Î�*�Ð�=�;�<�V�H� � Ãtâ%���V��4�<�*�P�*���<�*�¬�V�Á�=¢H���D�b
4ª�´Ê�¥�¡�2�²Ù=�×�D�,�*�\½_� ¤ �Û� £ �;¾v�<�,�<� �D�¡�2�V�R�4¢³���R�*�V�4�}�Ó�<�¡�2�D�H�=�;Ù=�p�Á�<�R¢ ¤ �¦�4� � �<�§�D��4�2�R�4�Û�H��ÃÆÄ-ªÅÜ Þ ���V�©���V� £ �H�Â� ¤ �Û�,�P�<�2�}�R�²�4�,�<�,�D�§�V�4�R�4¢³� ¤ � Cv ���2�V�4�*��Ù4�©�P�g�2�4�P�=�2�D�}�2�=�2�R���P�V�*ª´}�4�=�R�-�V�4¢×�*�Ð�=�;�<�V�H� � Ãtâ%���<�:� ¤ �}´¸·-¹ �'ºö»}�=¢2�<�2�4�}�4�V�D� ¤ �;�P¢H�*���R�³�g�;Ù=�R�*�}ÃÊ�2�4�ÎÜ:� ¤ � £ �9� ¤ �;���m�2�¤ �V¢ ¤�¤ �*�;�<�V�4¢Û�=� £ �,� � Pinj ≥ 4.8 MW
��� ¤ �Ê�;���,�<�2¢H�¦�*�H���D�D�RÙ=���<�R�H���H�_� ¤ �}�D�,�*�H�4���<�,�<� Cv,U

�D�
Cv,tt�V�'�D�H�§�}Ü2â Þ ª��d�§� ¤ �¦�*�2�D�Ê�H�çÕ Ç ¤ �¡�;�<�,���4�V�D� ¤ �;�n¢H�*� £ �R� ¤ �V� £ �,� ¤ �¡�;�D�V�4¢×�=� £ �,�¡½ Cv,U �,�H���D�<�RÙ=���D�*��H�©� ¤ �×�;���M�g�2¢H�ÊÙ4���`Ä Þ ª'� ¤ �4�,½=� ¤ � LTe �<�,�<� �V���4�H�§�R�=�2���¡½�Ù=���¥� ¤ � E‖ �*�H���D�<�pÙ=���<�V�H�©�§�4�P�¥�4�2�¥Ù=��4�*¢H�R�*�,�<�*�\ª�´Ê�*�*�2�D�4�V�4¢³�<�Ó�g�;Ù=�V�(
4½=Ù=�2� ¤ UL �2�4� νe∗(x̄)

�;�<�Û�*�2�P�<�*�X�;�D�*� £ �p� ¤ LTe∗(x̄)
½°�D�³� ¤ �;�}� ¤ �,��V���P�<�H�4�4�*�0�2�±�V�³�=�R�V�*�p�

LTe
�4�,�=�*�4�4�*�4�*�©�V���<�

Cv,tt
ª©�n���,�-�=�;�<�R�H� � Ãtâ%�M½z� ¤ ���,�V�m�*�,�D�R�����TÏ��=�H�4�*�����H�

LTe∗
���;�<�V�,� £ �p� ¤ � ¤ �����2¢H�4�p�<�4�4���H��� ¤ ���P�*�*�H�4���<�,�<�²ªb´}�Â� ¤ �Ú�;�-�,�g�2¢H�9�g�2�4�R�4� x̄ ½;� ¤ ���MÏ-�=�H�4�*�����*�Ð�=�2�V�¾dÜ-ªÅÄD/¸�m�2�����2�4�V� ¤ �R�4¢ Cv,U �2�4�§â �m�2�!���2�4�V� ¤ �R�4¢¸�4�D�P�'�D�,�<�²ªÂð��2��� ¤ � Cv,U �4�2�V�4�,�!�H�°� ¤ �Ú�4�V�D� ¤ �;�P¢H�*�'�V��g�;Ù=�R�*� ÃÛ�2�4�ÁÜ-½��H�4�¸�¡�2�V�*�4�V�;�<�*�Ú�*�R�m�*�,�<�p���

LTe∗
�MÏ��=�H�4�,���<�¥�R��� ¤ �¸�<�2�4¢H�Ê¾DÃHª1
7�<�×¾dÜ-ª�
4ª!� ¤ �¸�MÏ��=�H�4�,���¾<ÃHª1�`ÜÓ�V�©� ¤ �Û�=� £ �,�P¾B�V� £ �P�¡�2�V�R�4¢§�H���*�-�=�;�D�V�H� � �%�Ú�V�R�*�¦�*�R�H�D�Û�<�Ó� ¤ �×�§�R�4�4�V�Û�H�Â� ¤ �V�¦�R���<�,�D���2�vª�'�g�2�4�P�=�2�P�Û�§�H�4�,�V�V�R�4¢H� �¡�2�«Ù=�³�*�;�D�<�V�,�«�H��� £ �R� ¤ � ¤ ��� £ �;¾á�<�,�D� �P�¡�2�V�R�4¢

Cv,tt
�H���,�-�=�;�<�R�H� � Ãtâ%��D��Ù=�P�D�R�<���<�,�%�R�7�*�-�=�;�D�V�H� � 
'� £¦¤ �R� ¤ �4�<�2�-�V�4�*�z� ¤ �Ú�2�4�H���2�V�H�4�o�°�;�D�<�R�*�V�9�=�R�4� ¤ �V�×� ¤ ���*�H���=�4�*�§�,��� Ò �H�4�2ª�Â�²�k�2�*�R�V�p�g�;�<��� ¤ �³�4�D�³�H�9� ¤ �V�:�D�¡�2�R�V�4¢Á�R�"�§�H�4�*�R�V�R�4¢H�¸� ¤ �;�Û�4�²�4�2�:�V�4�*�R�4�4�³� ¤ ��·4àÊÉ!½ £ �³�V���P�<�H�4�4�*�

x′ = ρ/ρs £ �R� ¤ � ¤ �Û�,�2�D�<�*�P�=�H�4�4�R�4¢Î�;���,�g�2¢H� �4�2�R�4� x̄′ = 0.65
ª[=��H�³Ù=�V�4�R�4¢³�*�Ð�=�;�<�V�H�4� � !%���2�4� � Ãtâ%�� ¤ �*�Í�V�*�2�4�×�<�¨� ¤ ���m�H�V�R� £ �R�4¢²� £ �;¾v�<�,�<���D�¡�2�V�R�4¢Ñ�X� £

ρs
vin(x′)
D(x′)

= 0.0432

[(
LTe(x̄

′)
ρs

)−2.58

+ 7.13U1.55
L νe∗

(
x̄′
)−0.42

]
x′ � ÃHÃ��

´ÿ�m�2�<�§�4�X�;�D�V�H� £ �p� ¤ LTe∗(x′) �2�4� νe∗(x′) �<�,�-�4�R�D�*���<�2�4�X�2�V�p�§�4�,�=�,�4�4�*���Ê�k�2�,�<�2�D� f(x′)
�2�4�

g(x′)
�V�� ¤ �¸�4�<�P�Ê�2�4�Á�D�*�*�H�4�Á�D�,�<�²½��<�,�P�=�*�,�<�p���*�p�ç½ � �D�*�¸� ¤ �¸�k�2�,�<�2� C(x)

�R�Á�*�Ð�=�;�<�V�H� � ,$�I� £¦¤ �R� ¤ ���;�-� Cv,tt�g�2�4�V�2�V�R�¸�R�4�4�,�=�*�4�4�*���¡ª�´}�4�=�p���V�4¢
LTe(x̄

′) = LTe(x
′)f(x̄′)/f(x′)

�2�4�
νe∗(x̄′) = νe∗(x′)g(x̄′)/g(x′)�V�Í�*�Ð�=�;�<�V�H� � ÃHÃ��:�-�V�*�R�4�×� ¤ �0�D�¡�2�V�R�4¢®�TÏ��4�<�*�P�D�V�H�

ρs
vin(x′)
D(x′)

= 0.0795

[
f
(
x′
)2.58

(
LTe(x

′)
ρs

)−2.58

+ 7.19U1.55
L g

(
x′
)0.42

νe∗
(
x′
)−0.42

]
x′ � ÃÆÜ$�

£ �R� ¤ f(x′) = 1− 0.02x′ − 0.34x′2
�2�4�

g(x′) = 1− 3.17x′ + 2.85x′2
ª'� ¤ � LTe �2�4� νe∗ �4�<�2�=�R�*��V�©ÔÊ�nÕÊ¹�ÃHªñ�=�;�¦�;�D�Û�4�D�*�²�D�³�4�,�<�M�<�§�V�4�

f(x′)
�2�4�

g(x′)
ª�·-�R�§�4�X�;�<�R�H�4� ¤ �;���Û� ¤ � £ �²� ¤ �;��� ¤ �:�D�¡�2�V�R�4¢�V�Ñ�*�Ð�=�;�<�V�H� � ÃÆÜ$���¡�2�¬�D�,�=�X�2�*�7�,�-�=�;�<�R�H� � 
'�¦�2�4�¬� ¤ �7�P�D�<�H�4¢H�p�²�<�V�P�V�4¢ vin/D �4�<�2�=�V���4�¡�;�Ê� ¤ ���*�4¢H�;½�vªñ�2ª��R� £ �2�D��� Ù=�2� ¤ �R�®� ¤ �%�*�H���=�4�*�³�*��� Ò �H�4�Ó�2�4�"�R�®� ¤ �%�*�4¢H�Ó�D�*¢H�V�H�\ª=Ú�H�Ó�°�;�<�V�D�H� £ �p� ¤ � ¤ �*�2�D�%�V�'�k�2�*�V�R�R�g�;�<�,�\½q�R� £ ���<�M�=�X�2�*� UL �2�4� νe∗ £ �R� ¤ � ¤ ���°�;�g�2�§�,�<�M�<� E‖ �2�4�

νe
ª9´}�4�=�R���R�4¢ £ �*�V¢ ¤ �D�*�Á�<�*¢2�D�*�D�D�R�H�²�<�Ó� ¤ �:�D��Ù=�D�,�}�H�zÔÊ�dÕÊ¹%ÃHªñ�=�;� � Õ����D
'���<�*�D�4�p�<�¦�R�Á� ¤ �:�D�¡�2�V�R�4¢

Cv,tt1 = 0.0267LTe∗(x̄)−2.44±0.30 + 1.13× 105E1.73±0.68
‖ νe(x̄)−0.75±0.35 � Ã:�%�

ú3@



£ �R� ¤ �2���<�§�D�����2�V�4���H�ËÃÆÄ-ªÝÜ Þ ª�� ¤ �V���D�¡�2�R�V�4¢Ê�4�<��� ¤ �Ú�=�;�g� �2� £ �,�V�4�2��� ¤ �;���R�%�,�-�=�;�<�R�H� � Ãtâ%�TªzØ��<�p�<�V�4¢� ¤ �Ú�D�*�,�H�4�Ó�<�,�D���2�
1.13×105

(
E‖/νe(x̄)0.43

)1.73 �<�M���¡�2�R��� ¤ �;��� ¤ �¥�TÏ��4�<�*�P�D�V�H�%�V��Ù4�g�2�,�-�,�<���V���*�R�H�D��<��� ¤ ���-�=�2�P�V�V�R�4�¡�;�Ê�4�<�*�4�R�,�<�R�H� Cv,ql ∝ E‖/ν0.5
e

�m�2�¸� ¤ ��Ù°�2�=�2�=���<�*¢H�R�§�ÎøÖÜHÄýùvª¸� ¤ �R�¸�,�H�³�°�;�<�V�P�H�¬�R��;�4�4�<�2�4�<�V�;�<�2½Ë�D�V�4�,�	/Hâ Þ �H�!� ¤ �%�=�V�2�D���2�¸�D�V�³�4�X�;�<�*�®�;�<�%�V�¬� ¤ �ÓÙ°�2�=�2�=�0�<�*¢H�V�³� � �D�*�Ó�<�;Ù=�V�*�%Ã§�2�4�Ü$�Mª0� ¤ �§�4�2���,�9�*� ¤ �2�4�*�,�±�°�;�P�<�V�*�R�Ó�=�R�4� ¤ �V�×�;�P�D�<�RÙ=���D�*�"�<�¨�Á�R�V�4�¡�;�Û�<�,�<�²½ −(e/me)E‖∂f̃e/∂v‖
½z�V�� ¤ � ���<�R�X�����V�4�M�<�V�Ê�*�Ð�=�;�<�V�H� £¥¤ �,�<� f̃e �R��� ¤ �K�=�4�,�<�=�;�<�R�4¢Ó�,�V�*�,�P�<�H�0�4�V�P�D�D�RÙ=���<�R�H�©�m�4�4�,�D�V�H�©�2�4� v‖ �R�Ú� ¤ ��°�;�D�<�R�*�V�Î���*�R�H�*�R�P�Í�°�;�<�2�V�V�,���<�

B
ª

�¬�2���³�Ð�=�2�D�V�R�V�4�¡�;�R�=�4�V�0�2�4�³�-�V�4�,�<�R�¦�§�H�4�,�V�*½q�D�*��øñÜýùá½H�4�<�*�4�R�,��� ¤ �¥�V�R�4�¡�;���D�*�2�V�V�4¢ vin/D ∝ L−1
Te

½�vªñ�2ª
Cv ∝ ρsvin/D ∝ (LTe/ρs)

−1 ª¦�K�Ê�R�}�V���D�,�<�*�P�D�V�4¢�� ¤ �;�}�,�-�=�;�<�R�H�4� � �%�Ú�<� � ÃÆÜ$�¥�V�4�4�*�,�Ñ�D�*�*�2���M�¸��4�,�=�*�4�4�,�4�*���H�®� ¤ �Ó�V���-�,�<�D�%�H�9� ¤ ���°�;�g�2�§�,�D�,� LTe/ρs = LTe∗
½oÙ=���×�4�V�n�4�<�2����� ¤ �³�R�V�4�¡�;�D�R�D�¨�H�'� ¤ ��D�¡�2�R�V�4¢×�4�<�,�4�V�,�<�,�\ª9� ¤ � ∇Te ���<�p���*�0�2�4�H���2�R�H�4�!�°�;�P�<�V�*�R�¦�=�V�4� ¤ �D�,�<���V���*�Ð�=�;�<�V�H�4� � Ãtâ%���<� � ÃÆÜ$� £ �2��m�H�4�4�³�<� �D�*�2�V���P�D�<�H�4¢H�p�7�4�H�4�V�R�4�¡�;�<�R� £ �R� ¤ LTe∗ ªÂ�d�³�H���'�2�=�2�R�-�D�V�*½q� �4�2���*�=�2�4�H�§�2�V�H�4�Â�°�;�D�<�R�*�V���=�R�4� ¤�<�,�D�û���<�p���*�²Ù4�

E‖
½_�m�2� £¥¤ �V� ¤ �*�H�R�V�R�D�V�H�4�¦�;�<�×�,�<�4�,�X�2�v½ £ �2�¦�MÏ��=�,�D�V�§�*���<�2�V�R�Î�<�,�-�¡�2�V�,�\ª��Ê�,�D�2½ç�2¢`�2�R��³�4�,�=�,�4�4�*�4�*�7�H�Á� ¤ �:�k�2�,�<�2� E‖/ν0.5

e

½4�4�<�,�4�V�,�<�,�²Ù4�Á�Ð�=�2�D�V�R�V�4�¡�;��� ¤ �*�2�D�_½ £ �2���<�*�*�2�-�,�<�*�\½ £¦¤ �R�V� � ¤ ��V�R�4�¡�;�<�p�D�¬�H�9� ¤ �§�D�*�2�V�V�4¢ £ �2�:�2� ¤ �,� £ �V�D�³�4�V�P�4�<�2�-�*�\ª§�K�×�R�:� ¤ �4�×�,�H�4�*�V�4�4�*��� ¤ �;�Û�-�=�2�D�R�V�R�4�¡�;�:� ¤ �*�2�D�¤ �*�p�=�*�®�<�Î�V�4�,���<�V�X�¨� £ �0���<�R�-�V�4¢��4�<�H�*�,�D�D�*�:�H�!� ¤ �%�2�4�H���2�R�H�4�}�°�;�D�<�R�*�V�7�=�V�4� ¤ ª�à �¬� ¤ ���2� ¤ �,� ¤ �2�4�\½� ¤ �0�4�H�4�V�R�4�¡�;���D�¡�2�R�V�4¢H�7�R���*�Ð�=�;�<�V�H�4� � Ãtâ%�¸�<� � ÃÆÜ$�:� ¤ � £ � ¤ �;�7�-�=�2�P�V�V�R�4�¡�;�7� ¤ �*�2�P���V�×�<�4�R�*�Í�H���7Ù4��MÏ-�=�,�<�V�³�*���¡ª� ¤ �Û�4�4�R�4�;�D�X�;�<�:�D�¡�2�V�R�4¢ Cv,u = 0.049 (LTe(x̄
′)/ρs)

−2.20 �V���<�*�R�,�4�2���Ê�m�2�}�*�H�³�°�;�<�R�D�H� £ �R� ¤ � ¤ ��D�*�³�p¾B�,�³�=�R�<�R�¡�2�z�TÏ��4�<�*�P�D�V�H�4�¸�X�<�H�¶�D�g�2�4�n�=�2�D�:�2�=�2�R���P�V� �2�4�«�P�V�§�4�V�;�<�V�H�4�}�R��øñÜýù
Cv,se =

1

2
Ct

1

x′2

(
LTe(x

′)
ρs

)−2

� ÃL
'��2�4�
ρs
vin(x′)
D(x′)

= Ct
1

x′

(
LTe(x

′)
ρs

)−2

� ÃÆÄ$�
£ �R� ¤ Ct = 3.47×10−2 ªÂ�K�9�R�'�2Ù4�-�V�H�4�'� ¤ �;�'� ¤ ���4�4�R���;�<�X�;�D���<�,¢2�<�*�D�D�R�H���2�V�³�H�P���<�*�*�2�-�,�<�'� ¤ ���4�<�M���V�H�4��D�*�³�p¾B�,�³�=�R�<�R�¡�2�Â�<�*�P�4�R�<�*ª��d��øñÜýùá½z�,�-�=�;�<�R�H� � ÃÆÄ$� £ �2�:� ¤ � £ �"�D� £ �2�P�¬Ù=�2� ¤ �V�«� ¤ �Ó�*�2�<���2�4���R�«� ¤ ��*�4¢H�Ñ�<�*¢H�R�H�\ª·-�H�§�Ñ�-�=�2�D�R�V�R�4�¡�;�Î�§�H�4�*�V�0�R�����2���Ñ�±�D�¡�2�R�V�4¢

vin/D ∝
(
cTL

−1
Te

+ cqL
−1
q

) £¥¤ �V� ¤6£ �2�,½}�m�2��V�4�n�g�2�4�*�2½0�;�4�=�R�V�*���V���P�<�4�4�R�*�±�V� øÖÜD�;ùvª ´Ê���4�V�P�*�4�D�D�*�Ì�;Ù=�2�����m�2�±�*�Ð�=�;�<�V�H�4� � �%�Ñ�<� � ÃHÃ��M½Ó� ¤ ��V�R�4�¡�;�
L−1
Te

�P�¡�2�V�R�4¢�V�Í�4�V�n�4�<�2���*��Ù4���TÏ��=�,�<�R�§�*���¡ª ÇÚ�2�D�*���H��� ¤ �6´¸·-¹ �'º »}�=¢2�g�2�4�¯�P��Ù=�D�,�
� Õ����D
'�M½ £ �®�4�²� ¤ �"�R�V�4�¡�;�¨�,�H�³Ù=�V�=�;�<�R�H�µ�H� L−1

Te

�2�4�
L−1
q

�<���D�H�§�¬�=� £ �M�Ñ�2�4� �2Ù4�g�2�V�
Cv =

0.06
[
(1.3± 0.4)LTe(x̄)−1 − (0.5± 0.4)Lq(x̄)−1

]1.6±0.35 ª � ¤ �±�*�2�D�<�,�P�=�H�4�4�V�4¢µ�D�§�D�"�4�2�R�4�±�H�Ã:��ªÅâ Þ �R��Ù=�M�D�<�,��� ¤ �2�±� ¤ ���<�§�D�����2�V�4���H�ÊÜ-ÃHª1� Þ �H�¥� ¤ �0�4�4�p�4�;�<�V�;�<���D�¡�2�R�V�4¢ÑÙ=���Ó�4�2�<�;Ù=�R� £ �2�<�D�� ¤ �2�Ñ� ¤ �×�<�§�P�×�4�2�V�4�7�H��ÃÆÄ-ªÝÜ Þ �H�!� ¤ �7� £ �;¾á�D�,�<�¶�D�*�2�V�V�4¢0�R�¬�,�-�=�;�<�R�H� � Ãtâ%�Mª ÕÊ�2�<�Û� ¤ �;�¸�2�¬�V� £ �;�<��4�R�D�*�,�<�*�0�*���P�4�;�<���<�¥�=�V�4� ¤ � cq > 0
�M½-�2�'�4�<�*�4�V�M�<�*�0Ù4�³� ¤ �*�2�P�ç½ £ �H�4�V�§�D�*�-�4�p�<�Ê�2���MÏ-�=�H�4�*���Ú�H�o�;���V�*�2�P�Ü-ªÝÄ � �V�4�P�<�*�2���H�¸ÃHª1!%� £¥¤ �V� ¤ �R�7�H���<�D�V�4�Ó� ¤ ���P�g�;�<�R�P�<�R�¡�2�'�M�D�<�2�7Ù°�;�¡ªÎØ��§�=�4�Í� ¤ �;���²�V�R�4�¡�;���2�4�<�;� Ò �R��V�4�,�H�³�°�;�<�RÙ=�R� £ �R� ¤ �²�=�H�D�p�<�R�-�§�*���D���;�<���<�§�=�V�4� ¤ �<�M�<�²ª� ¤ �7�4�M�=�*�4�4�*�4�*�Ó�H� Cv �H�Ñ� ¤ �×�=�X�2�D���§�P� Ò �7�R�Ê�,�<�4�*�V�2�z�m�2�Ê� ¤ �7�MÏ-�D�g�;�=�H�V�;�<�V�H�Á�D�0�D�¡�2�,�<�2�P¾á¢2�g�2�4��4�,�-�V�*�*�,ª¨� ¤ �M�<�*�m�2�<�2½!�H�4�§���2�R���2Ù��n�*�,�<�p���§�H�Ú�R�4�*�V�4�4�R�4¢¬¹Ê�K�K�B¾B¹�½Â¿H�����2�4�±´¸·-¹¸�!º �4�V�D� ¤ �;�P¢H�*�7�R�ÔÊ�dÕÊ¹�ÃHªÖ�=�;� £ �2�9�<���2�p�<�,�'� ¤ �Ê���2� ¤ �R�4�}�D� Ò �2ª��n��� ¤ �¦� ¤ �2�<���H�ç�g�;Ù=�R�7��½Ð� ¤ �Ê�,�V�m�*�,�D�R���Ê�P�,�°�;�g�;�D�<�FÏ§�g�2�4�R�4�ú O



ρs
���;�<�V�,� Ù4�®�Î�k�2�,�<�2�¸�H�J��ª�´Ê�Ê� ¤ �V� �°�;�g�2�§�M�<�,�¸�H�*�*���<�:�V� LTe∗ = LTe/ρs

½o� ¤ ��� £ �;¾á�<�,�D�È�D�¡�2�V�R�4¢
Cv,tt

�R�®�,�-�=�;�<�R�H� � Ãtâ%� �2�p�<�¡�2���¨�R�4�*�V�4�4�,�Û�0�4�,�=�*�4�4�*�4�,�§�H�®� ¤ �7�=�V�2�D�����D� Ò �2ªÛ�d�¬�=¢H���D�§Ä-½\� ¤ � Cv�4�2�R�4�*�7�X�<�H���P�g�2�4�P�=�2�D�%�2�=�2�p���D�R�×�H�¦�2�R�9´¸·-¹ �'º »}�=¢2�<�2�4�2½�¹ �K�K�B¾B¹�½�¿H�����2�4�±´¸·-¹¸�!ºþ�4�V�D� ¤ �;�n¢H�*��V�Í�g�;Ù=�V�,�©Ã0�<�0�«�;�<�0�=�V�2�D�D�*���2¢`�2�R�4�P�%� ¤ � Cv,tt
���2�V�4�*���4�<�*�4�R�,�<�*��Ù4�±�*�-�=�;�<�R�H� � Ãtâ%�Tª"´Ê�Ó�*�2��Ù=��D�*�,�\½Ë� ¤ ��� £ �;¾á�<�M�<�È�D�¡�2�R�V�4¢

Cv,tt
Ù°�2�D�*�«�H�®´¸·-¹ �'º�»}�=¢2�g�2�4�%�=�;�g���4�<�*�4�V�M�<�:�g�;� ¤ �,� £ �*�R���2�V�D�0� ¤ ��2� ¤ �,� �<�2���2���;��� £ �p� ¤ �4�R�V�m�,�D�*���Û�§�2� ¤ �V�4���D� Ò � � �4�*�4�2�<�*�¬Ù4�Ñ�2�=�*�®�n���³Ù=�H�R�*� £¦¤ �R� ¤ �R�¸�;�D�D�<�pÙ=���<�*�Ñ�<�� ¤ � LTe∗ = LTe/ρs

�4�M�=�*�4�4�*�4�*�©�V�±�*�-�=�;�D�V�H� � Ãtâ%�Mª´}�4�=�R�-�V�4¢ £ �*�R¢ ¤ �<�*�%�§�4�R�D�R�=�V���D�*¢2�<�*�D�P�V�H�³�<�Ê� ¤ � £¥¤ �H�V�Ú�=�;�g�2�D�,�!ÔÊ�dÕÊ¹�ÃHªÖ�=�;� � Õ��7
%!%�M½H�*�H�³�4�D�V�D�R�4¢� ¤ �\
%!²�<�R�§�³�D�R�V�*�,�7�H��� ¤ ��´¸·-¹ �!º »}�=¢2�g�2�4�2½�¹Ê�d�K�B¾B¹�½�¿H�9�¼�2�4�±´¸·-¹ �'º �4�V�P� ¤ �;�P¢H�,�Ó�R�"�g�;Ù=�V�*��Ã�<����½��<�,�D�4�R�<���R��� ¤ �²�D�*�2�V�V�4¢
Cv,tt2 = 0.0219LTe∗(x̄)−2.54±0.41 + 992.3U1.34±0.43

L νe(x̄)−0.67±0.27 � Ã:!%�
£ �R� ¤ �2���<�§�D�²���2�V�4�¨�H�%Ã:/�ªVÃ Þ ª<�Ê�,�<�;½¥� ¤ �¨�D�*�2�V�V�4¢ £ �R� ¤ � ¤ �Ñ�*�R�*�,�D�<�H���*�H�R�V�R�D�V�H���X�<�*�Ð�4�*�4�,� νe�V�7¢H�p���*�\½�Ù=�*�*�2�4�D�0�R�7���R�*�V�4���¨�D�R�V¢ ¤ �<�p�"�D�§�2�V�V�M�Û�<�§�P�§�4�2�V�4�§� ¤ �2� νe∗ ª²�d�Í�=¢H���D�H!�½��²�=�R�2���H�Ú� ¤ �
Cv

�4�2�R�4�*�Ê�X�<�H�û�P�g�2�4�P�=�2�D�¸�2�=�2�p���D�R�Ê�2¢`�2�V�4�P�¦� ¤ � Cv,tt2 ���2�V�4�*�Ê�R�}�4�<�*�D�,���<�*� £¦¤ �R� ¤ � ¤ � £ �}� ¤ �;�Ê� ¤ ��D�¡�2�R�V�4¢0�V�¨�,�-�=�;�<�R�H� � Ã:!%�����R�*�V�4�Ê�§�g�;� ¤ �,� ¢H�H�H�²�4� �m�2�¸�2�V�Ë�<�2�4�2���;�-� £ �R� ¤ ���;�D���R�4¢��D� Ò �2ª � ¤ � LTe∗�4�,�=�*�4�4�,�4�*�Û�H�
Cv,tt2

�2¢2�D�*�*� £ �R� ¤ � ¤ �;�Ú�R�Î�,�-�=�;�<�R�H� � Ãtâ%�Mª��d�Ú�R���*�H�4�*�R�4�4�*�©� ¤ �;��� ¤ � LTe∗ = LTe/ρs�D�¡�2�R�V�4¢Î�*�2���M�<�Ê� ¤ ���4�,�=�*�4�4�*�4�*�³�H� Cv �2�4� ρs vin/D �H�Ñ� ¤ ���*�R�m�*�,�<�p���Ó�=�V�2�D���³�g�2�4�R�4�*ª7� ¤ �4�*½\� ¤ �
Cv,tt

�2�4�
ρs vin/D

�D�¡�2�V�R�4¢H�³�R���*�Ð�=�;�<�V�H�4� � Ãtâ%�Û�<� � ÃÆÜ$�×�¡�2��Ù=�Î�4�D�*���<�Ñ�4�<�*�4�R�,�³� ¤ �©�2�4�H���2�R�H�4��°�;�D�<�R�*�V�:�=�V�4� ¤ �V�Á�4�,���R�*�*� £ �R� ¤ ���;�D���R�4¢³�D� Ò ���2�4� ¤ �;���7�³�4�D�*�4�V�,�D�R���:�=�2�<�*���<�V�2�b�m�2�}�n�Ú�9�:ª�'�g�2�4�P�=�2�P�¥�P�V�§�4�V�;�<�V�H�4���H�b�2�Î�n�Ú�9�ö�R�4�4�4�,�<�R�-�:�P�*�*�=�;�<�R� £ �R� ¤ Q = Pfus/Pinj = 10
�2�4�©�m�4�D�V�H��=� £ �,� Pfus = 400MW ¤ �;�-�²� ¤ � £ �6� ¤ �;�§� ¤ �¨�*�*���P�g�2� ¤ �¡�;�<�R�4¢±�4�4�Ñ�D�±�2�R� ¤ �"�°�;�D�<�R�*�V�*���*�2�4�D�*��=�;�D�<� £ �,���D�*�³�=�,�g�;�D���<�¥�4�<�2�=�R�*�*ªP=Ú�H�Ó�°�;�<�*� £ �R� ¤ ´¸·-¹¸�!ºö»}�=¢2�g�2�4�2½Ð�H�4�}�2Ù4�g�2�R�4�}ÃHªÝÄÊ�<�V�§�,�9�D���2�R�V�,�

LTe∗ = LTe/ρs
�4�2�R�4�*�Â�2�4���}Ü-ª2/��D�V�§�*� ¤ �V¢ ¤ �M� LTe∗ �<�,�<�À�V�Û� ¤ � Cv,tt �D�¡�2�R�V�4¢}�R�×�*�-�=�;�D�V�H� � Ãtâ%�TªÂ� ¤ ��D�¡�2�R�V�4¢%�4�<�*�4�V�M�<�
Cv

�4�2�R�4�*�¥�4�*�;�}â�ª2,-½ ¤ �V¢ ¤ ���2�V�4�*���H� ρsvin/D �2�4�Á�g�;� ¤ �,���=�¡�;�-�*�Á�4�*�4�P�R�D�Î�4�<�2�=�V�,��V�¨�n�Ú�9�Ûª��Ê�,�<�2½ç� ¤ ���2�4�H���2�V�H�4�¦�°�;�P�<�V�*�R�Û�=�V�4� ¤ �R�Ê�4�4���D�§� ¤ � LTe �<�,�<�Á½ £¥¤ �,�<�¡�2�Ê� ¤ �7�*�H���P�<�RÙ=���<�R�H��H�9� ¤ � E‖ ���<�p���*�®�<�,�<� �V�:�4�*¢H�V�R¢H�RÙ=�p�Ñ�D���2�V�Oª³� ¤ �*�D�%�<�*�D�4�p�<�×�;�D�³�*�H���4�<�³�*�«Ù4�¬�D�V�³�4�X�;�<�R�H�4�:�H�!� ¤ ��n���'�¯�R�4�4�4�,�<�p���}�D�,�*�=�;�<�V� £ �p� ¤ � ¤ �}�P�¡�2�V�R�4¢×�H�ç�*�Ð�=�;�<�V�H� � ÃÆÜ$���4�D�,�0Ù=�2� ¤ �V�³� ¤ �}�*�2�<�Ê�2�4�³�V�³� ¤ �¦�*�4¢H��<�*¢H�R�H�\ª!� ¤ �Ê�D�R�§�4�X�;�D�V�H�4�*½Ð�*�H�4�4�4�,�<�*� £ �R� ¤ � ¤ �}�<�,�*�*���<�p�§�4�,�-�*�V�2�=�*� χ �D�¡�2�V�R�4¢Îø1,ýùç�2�4� χe/χ = 2/3
½

D/χe = 0.9
�2�4�

χi/χe = 2
½!�4�<�*�4�V�M�³�g�;� ¤ �M�³�=�¡�;�-�*���4�<�2�=�R�*�³�H�¥�*�V�*�M�D�<�H�\½��4�*���D�,�<�H���2�4���D�D�R�<�H��4�*�4�D�p�<�V�,���m�2�0¢`�2�n¾á�=�4�R�m�*�¯�P�*�*�=�;�<�R�H�*ªö� ¤ �¨�4�*�4�D�R�P���=�¡�;���R�4¢��V�§�m�H�4�4���<�"�R�³�4�<�2�-�©� ¤ �¨�¡�2�R�*�4�X�;�D�*��*�4�,�n¢2�¬�*�H���=�4�*�§�,���:�<�R�§�×Ù4�±Ã:/ Þ �D�*�X�;�<�p���×�<�©�0�¡�2�D� £ �p� ¤ �°�;�¸�4�*�4�P�R�D�Ñ�4�<�2�=�R�*�*½Ë�D�V�§�4�V�;�<�*� £ �R� ¤

vin = 0
ªV�Ñ�2�<�Ú�<�*�,�*�����4�H�4�R�V�4�¡�;�

τE
�D�¡�2�V�R�4¢H�ÊøFÃH½��Hâ;ù=�R�4�4�V�¡�;�D�¦�Ê�=�H�V���!�4�<�*�4�R�,�<�V�H�³�m�2�'�n�Ú�9���*�V�H�P���<�â�ª2/`Ä¥�D�V�§�*�Ë� ¤ ���4�2�R�4�9�4�<�*�4�R�,�<�*��Ù4�×�n�Ú�9�-�¦¾.�$/2� � �_½HÜ$�Mª��:�*�M�=�V�4¢ Pfus �;�V
`âHâK�¨ØÀ½;� ¤ �V���,�2�D�<�*�P�=�H�4�4��<�

Q
�4�2�V�4�,�¥�4�¡�;�ÊÄ � �<�;� ¤ �,��� ¤ �2�"Ãtâ%���m�2� £¥¤ �V� ¤ �H�4�Û�MÏ-�=�*�,�<�¥�X�;�n¢H�,� LTe∗ �2�4�²�D�§�2�V�V�M� Cv �4�2�R�4�*�*ª�d���2�4�4�R�<�R�H���<�"� ¤ �¨�2�=�2�p���D�R���;Ù=�2���2½�� ¤ �²�*�V�m�,�,�Î�H� LTe �H��� ¤ �Ñ�2�4�H���2�R�H�4�Ó�°�;�D�<�R�*�V�©�=�V�4� ¤ �V��MÏ-�=�V�2�<�*��Ù4���P�D�4�����V�4¢��2�¯à ¤ �³�V�¨�4�V�P� ¤ �;�P¢H�¬�V�6¿H��� £ �p� ¤ �*���D�<�*���0�g�2�Ó��¾B��� � ÕÊ��Ã:�$!D
%�%� £¥¤ �V� ¤�MÏ ¤ �RÙ=�R�D�³�Y�°�;�§�*�R�*�,�D�<�H���4�*�4�D�p�D���4�D�2�=�V�2ª��'�g�2�4�P�=�2�D�³�2�=�2�R�-�D�V�7�<�,�D�4�R�<�,���V�

Cv ' 0.3
�H�4�p� £¥¤ �V� ¤�V�®�D���2�R�%�,�H�³�°�;�<�*� £ �p� ¤ � ¤ � Cv ' 1.0

�4�2�R�4�*�«�4���D�V�4¢ö�*���D�D�*�����°�;�«�D�2���V��<�;Ù=�V�*��Ã��2�4��Ü-ª·-�V�³�4�X�;�<�R�H�4��� ¤ � £ �,�¯� ¤ �;�Î�4���<�R�4¢��*���P�<�*���Î�g�2�³��¾B���¯� ¤ �Ñ�*���D�<�,���Á�4�*�4�P�R�D���4�<�2�=�R�¬�R�0�*�H�4�D�V�4�M�g�;Ù=�R�Ù4�<�`�2�4�,� � �*�2�D�<�,�P�=�H�4�4�V�4¢¨�<�¨�H
`â Þ �4�,�*�V�R�4�§�H��� ¤ �§�R���<�,�<�=�2�!�V�4�4�4�,�<�2�4�*�:�×�2�4�"� ¤ �§à ¤ �§�R� ¤ �¡�;�<�R�4¢�=� £ �,�!�V���P�D�<�H�4¢H�p�×�<�*�4�4�,�*�§�V�7� ¤ �Ú�*�,���D�g�2���=�X�2�P����ªÂ´Ê�!�Ê�*�H�4�D�*�Ð�4�*�4�*�2½q� ¤ �Ú�§�¡�2�D���<�,�§�2�4�%�*�H�³�=���<�*�
LTe

���2�V�4�*�9�;�<�×ÃHªÅÄ �<�R�§�*�!�X�;�n¢H�,�9� ¤ �2���R�³� ¤ �}�*�2�D�¦�H�\�*�H�4�n�g�2���9�=�V�2�D���Û�*���P�<�*���¡ª!� ¤ � LTe �D�*�2�V�V�4¢H�'�V��*�Ð�=�;�<�V�H�4� � Ãtâ%���2�4� � Ã:!%�9�4�<�*�4�V�M�}�7�<�*�4�4�,�D�V�H�Á�H� Cv �X�<�H� ÃHªÅâ×�<�Óâ�ª2��½��R�²�2¢2�<�*�,�§�*��� £ �p� ¤ Cv ' 0.3�X�<�H� �P�g�2�4�P�=�2�D�Î�2�=�2�p���D�R�*ª
úIW



� $���ôH14)6�R> ~Dõ ôH1 ~
´¼�4�M�g�2�V�R�*�«�P�<�;�<�V�P�D�V�¡�2�!�2�=�2�R�-�D�V� �H�9� ¤ �§�2�4�H���2�R�H�4� �°�;�P�<�V�*�R�%�=�R�4� ¤ � ¤ �D�H�4¢ ¤ � ¤ �Ó�<�;�<�V� ρsvin/D £ �2��¡�;�D�D�V�*���H���ÂÙ4�Û�MÏ=�2�§�R�4�V�4¢Ê�}�V�;�P¢H���4�4�ÓÙ=�,���H�4�=�H�D�D�pÙ=�V���°�;�g�2�§�M�<�,���4�,�=�,�4�4�*�4�*�*�*ª!´��=�;�g�2�D�,�Â�*�2���,�D�V�4¢� £ �V�4�%�°�;�g�2�§�,�D�,�:�<�2�4¢H� £ �2�×�2�=�2�p���D�*�\ª³� ¤ �Ó�=�;�g�©�X�D�H��´¸·-¹ �'º¼»}�=¢2�g�2�4�Ó�;�<� £ �*�V�F¾B�*�H�4�4�p�<�V�H�4�,�£ �R� ¤ �<�*�n�=�*�,�¸�<� n̄e ½ Ip ½ Bt �2�4� Pinj � �D�*�7�g�;Ù=�R�*��Ã%�2�4�"Ü$�}�2�4�Ñ�<��� ¤ �7�4�V�³�*�4�D�V�H�4�R�*�D�Ê�°�;�g�2�§�M�<�,�<�*ª�¦�,�D�4�R�<�z�X�<�H�ö�D�g�2�4�P�=�2�D�Â�2�=�2�R�-�D�V�Ë�H�-� ¤ �'�4�V�D� ¤ �;�n¢H�*�Â�R�Û�g�;Ù=�R�*�'Ã'�<�K��½ý�*�H�³�4�<�R�D�V�4¢��4�<�2�=�V�*�b�H� ρsvin/D ½
ρpe∗

½
νe∗
½
βpe
½
q
�2�4�

LTe∗
�2�4�Î���2�����m���P� ¤ �,�}�Ð�=�2���<�R�D�V�*���R�Î� ¤ �¸�*�H���=�4�*�³�*��� Ò �H�4�2½ £ �M�<�:�,�H�³�=�V�R�*��V��� ¤ �¨�P�=�*�*�V�2�Ê�2�4�H���2�V�H�4�%�°�;�D�<�R�*�V�Á�=�R�4� ¤ �=�;�g�2�D�,��ÔÊ�dÕÊ¹�ÃHªÖ�=�;�*ª6�K���R�§�*�³� ¤ �2�D� Ò �*��� ¤ �;�§�P�g�2�4�P�=�2�D��2�=�2�R�-�D�V�Ó�V�§�4�,�*�*�D�<�;�P���<���4�,�<�M�<�§�V�4�©� ¤ �¨�2�4�H���2�R�H�4�Ó�°�;�D�<�R�*�V�Î�=�V�4� ¤ �2�4� vin/D

�X�<�H� �§�*�2�D���<�*��4�*�4�D�p�D�"�4�<�2�=�R�*� £ �p� ¤ �D�4�p�=�*�V�*���³�2�*�*���<�2�,�±�2�4�±�<�¨�D�,�°�;�g�;�D�0� ¤ ���*�V�m�*�M�Ó�H���°�;�D�D�V�*�R���D�H���<�*�*���H��� ¤ ��4�*�4�D�p�D���4�<�2�=�R�2½��D�*�ÍøÖÜýùvª� ¤ �×�2�4�H���2�V�H�4�Ú�°�;�D�<�R�*�V�Û�=�R�4� ¤ �V�Ñ�Ó�D�,�}�H�!à ¤ �§�R�2½yÉ\¾Ú�2�4�A�¦¾á�§�H�4�Û�4�,���<�,�<�R�4�¶�2�4� ¤ �����D�H¢H�*��4�V�P� ¤ �;�P¢H�,�Í�X�D�H� ´¸·-¹ �'º »}�=¢2�g�2�4�;½§¹Ê�d�K�B¾B¹�½7¿H�9� �2�4��´¸·-¹ �'º £ �2�"�,���2�V�=�;�<�*�÷Ù4��D�g�2�4�P�=�2�D��D�R�§�4�X�;�<�R�H�4�*½��4�D�R�4¢«�¨�P�=�*�,�X�2�����M�<�D�V�H�±�H�Ú� ¤ �¨ÃHªÝÄÆ¾á¹ûÇ�´ÊÉË¹ »Ê�¼�D�g�2�4�P�=�2�P�Ó�,�H�4�©�2�4���;�4�=�R�-�V�4¢¨� ¤ ��D�g�2�4�n�=�2�D�¸�§�H�4�*�z�4�,�D�,�<�pÙ=�*�"�V�Ñ�D�,�,�<�V�H�«Ü-ª �d� £ �2�Ê�m�H�4�4�®� ¤ �;�Ê� ¤ �%�2�4�H���2�V�H�4�}�°�;�D�D�V�*�R�×�=�V�4� ¤ �V�¨� ¤ ��*�H���=�4�*�³�*��� Ò �H�4�Ó�R� £ �*�R���§�H�4�*�V�,�¬Ù4�Ñ�*�Ð�=�;�<�V�H� � 
'� £ �R� ¤ � ¤ � Cv ���2�V�4�*� ¢H�p���*�¬�V�Ñ�g�;Ù=�V�,�ÓÃ��<�H��ª� ¤ � Cv ���2�V�4�*� �;�D�7�V� £ �R�¨Ù=�¡�2�Ó¾ ¤ �*�;�<�*�¬�4�*���<�,�<�R�4�¶�=�X�2�D�§�2�*½ç�§�*�4�R�4�¶�V�¨Ù=�¡�2�%¾ ¤ �¡�;�<�,� ¤ �-���<�H¢H�*��=�X�2�P���2���2�4� ¤ �V¢ ¤ � �*�V�H�P�¸�<�©Ã����V�¨à ¤ �§�R�:�4�*���D�,�<�V�4� �2�4� ¤ �-���<�H¢H�*�©�=�V�2�D���2�*ª_�Ê�R¢ ¤ Cv �4�2�V�4�,�¦�;�<��m�H�4�4�0�<�×Ù=� �2�D�D�H�*�V�;�<�*� £ �R� ¤ �D�§�2�V� LTe �4�2�R�4�*�Ú�2�4�����V�,�¦���,�D�<��ª�´}�°�;�D���X�<�H�¼� ¤ �;�¡½ Cv �2�4� ρsvin/D�;�<�Á�<�;� ¤ �,�§�R�4�D�*�4�D�p�<�R�-�Á�<�«� ¤ �²�2� ¤ �,�Ó�°�;�g�2�§�,�<�M�<�³�R���g�;Ù=�V�*�©Ã²�<��� £¥¤ �V� ¤ �4�;�D�Í�X�;�n¢H�*�p�çª�´Ê�4�2� ¤ �,��V�Ó�=�2�D�g�2���Û�D�*�D�4�R���R�×� ¤ �;�¡½��*�H���P�g�;�D�«�D�Ñ� ¤ �*�2�<�,�<�R�¡�2�'�4�D�*�4�V�,�D�V�H�4�*½�� ¤ � Cv �2�4� ρsvin/D �4�2�V�4�,�×�X�<�H��D�g�2�4�n�=�2�D�7�2�=�2�p���D�R�Û�4�²�4�2�:�<�*�P�=�H�4���<�Á�Á� ¤ �2�4¢H�§�R�"�*�H�V�R�V�D�R�H�=�2�V�p�D�¨�<�*¢H�R�§� � ÇÊ½o�À�2�4�"��·G�¸�2�4�±�;�<��4�2�Ê�*�R�¡�;�<�p�Á�<�*�V�;�<�*�¨�<�§� ¤ �:�D�-�=�7�H�Â�4�<�M�4�2�V�R�V�4¢§�<���PÙ=�4�V�*�4�*� � �Ú�P�±½°�P��Q��2�4�
ηi
�³�H�4�:�Mª´û�4�<�R�4�*�R�°�2�¥�D��Ù=�D�,���H�}ÔÊ�dÕÊ¹�ÃHªÖ�=�;�*½ £¦¤ �R� ¤ �*�H�Ó�4�<�V�D�,�³� ¤ �²�=�;�g�®�X�<�H� � ¤ �²´¸·-¹ �'ºÈ»}�=¢2�g�2�4�� ¤ �2�<�¦�V�Á�g�;Ù=�R�*�×Ã7�2�4�¬Ü � Õ����D
'�T½ £ �2�¦�MÏ4�2�§�V�4�,�Á�4�<�P�¡ªÚ´Ê�²�,�D�D�*���<�V�2�z�P�<�;�<�V�P�D�V�¡�2�o�D�4�§�§�;�D�Î�*�2���,�D�V�4¢�4�4�R���;�<�X�;�D�'�P�<�;�<�V�P�D�V�*�*½ý�*�2�D�<�,�X�;�<�R�H�Û�*�H�*�p�=�*�V�,���<���2�4�×�°�;�D�<�V�2�q�,�2�D�<�*�V�;�<�V�H�:�*�H�*�R�=�,�V�*���<� £ �2�z¢H�p���*�:�V�Û�<�;Ù=�V�
4ª�´}�4�=�R�-�V�4¢×�³�4�R�<�p�=�V�¦�R�H¢;¾B�R�V�4�¡�;� £ �,�V¢ ¤ �<�*�§�D�*¢2�<�*�D�P�V�H�§�<�Û� ¤ �V���D��Ù=�P�,�Ú�H�_ÔÊ�dÕÊ¹�ÃHªÖ�=�;�9�D�*�D�4�R�D�*���V�§� ¤ ��=� £ �,�P¾B�V� £ �D�*�2�V�V�4¢ Cv,pl �R�%�,�-�=�;�<�R�H� � �%� £ �p� ¤ �2�%�<�³�D���4�2�R�4���H�ËÃL
4ª1� Þ ªÂ�K��� ¤ � £ ��� ¤ �;��� ¤ �Ú�*�V�*�M�D�<�H��<�*�Ó�=�,�g�;�<���<�%¢2�g�2�4�R�*���Û�R�*�4¢2� ¤ �V�Ê� ¤ �Ó�-�,�¨�°�;�g�2�§�M�<�,�¸�H�'� ¤ �Ó�2�4�H���2�R�H�4� �°�;�P�<�V�*�R�%�=�R�4� ¤ �2�4�®� ¤ �;�¸�R�<��MÏ-�=�H�4�*�����V�Ó�P�g�;�<�R�P�<�R�¡�2�V�p� ¤ �R¢ ¤ �R�Í�D�R¢H�4�R�=�¡�2���¡ª6Ç��Í�*�H���D�g�2�n�¡½�� ¤ �²�MÏ-�=�H�4�*���<�§�H�}� ¤ �Á�4�V�³�*�4�D�V�H�4�R�*�D��°�;�g�2�§�M�<�,�<�

ρpe∗(x̄)
½
βpe(x̄)

�2�4�
q(x̄) £ �,�<�×�m�H�4�4�¨�<�³Ù=�7�4�2�¦�P�g�;�<�R�P�<�R�¡�2�V�p�Î�D�V¢H�4�p�=�¡�2���¡ª�´�� ¤ �*�,�Á�H����2���¬�m���D� ¤ �M�7�-�=�2���<�p�<�V�,�¸Ù4�¬�<�*¢2�<�,�D�D�V�H�±�2�=�2�p���D�R�:�<�M���¡�2�R�*�«� ¤ �;�:� ¤ �³�R�H�2�"���H�p�g�2¢H���V�×�2�"�2�4�4�R�<�R�H�=�2��°�;�g�2�§�M�<�,�Ú�H�Ë�V�;�=�4�*�4�*� £¥¤ �V� ¤ �*���<�,�D�Ú�D�H¢H�,� ¤ �,� £ �R� ¤ νe∗(x̄)

ª'� ¤ � �MÏ��=�H�4�,���<�¥�H� UL �2�4� νe∗(x̄)
�;�<�Ù=�2� ¤ �P�<�;�<�V�P�D�V�¡�2�R�R���D�R¢H�4�R�=�¡�2���¡ª��K���R�9�P�P�<�*�D�D�,�0� ¤ �;� Cv,pl �V�9�R�4�4�,�=�*�4�4�*�����H�ç� ¤ �¥�*�V�,�,�D�<�H���*�H�R�V�R�D�V�H�=�2�R�R�D��°�;�g�2�§�M�<�,�¡½��2�Û�V�H�4¢¨�2�×� ¤ �³�V�H�2�"�-�H�R�g�2¢H�Ó�V�×�4�2�7�R�4�*�V�4�4�,�\ª� ¤ �%�=� £ �M�P¾B�V� £ �D�¡�2�V�R�4¢Á�R�"�*�-�=�;�D�V�H� � �%� �P�4¢H¢H�*�P�<�¸� ¤ �;�:� £ �©�H�V�V¾B�4�V�2¢H�H�=�2���<�,�<�§�¸�*�H���D�D�RÙ=���<�%�<�� ¤ �:�2�4�H���2�V�H�4�Ú�R� £ �;�<�~�=�-Ï "9àÊ�4�Û���<�p���*�ÎÙ4�Î� ¤ �:�D�Ð�=�;�<�¸�H�b� ¤ �¸�*�V�,�,�D�<�H�Î�<�*�³�=�,�<�;�<���<� ¢2�g�2�4�V�,���}�2�4��V�4�4�M�=�*�4�4�*�����H�°� ¤ �¦�*�H�R�V�R�D�V�H�=�2�R�R�D�:�°�;�g�2�§�,�<�M���2�4�%� ¤ �¥�2� ¤ �,�����<�p���*�%Ù4��� ¤ �}à ¤ �§�R�¥�R�4�4�4�,�<�R�-�¥�,�V�*�,�P�<�V��=�*�R�±�2�4�±Ù°�2�P�*�±�H���*�H�V�R�V�D�R�H�4�*ªÎ� ¤ �R�×�V�4�¡�²�R�×�D���4�=�2�D�D�*��Ù4�"�-�=�2�P�V�V�R�4�¡�;�Û�P�g�2�4�P�=�2�D�7�³�H�4�*�V�:�m�2�×� ¤ ��=�X�;�D�¡�2�%�2�4�%Ù°�2�=�2�=�Ê�<�*¢H�R�§�*��øÖÜ�
4½qÜHÄýùvª�� ¤ � LTe �2�4� E‖ �<�,�<�³���;�<�Ú�MÏ��=�,�,�<�*���<�ÊÙ=�Ú�4�*�*�H���=�V�,�\½-�D�R�4�*�� ¤ �,�¨�;�<�7Ù°�2�D�*�¬�H�¬�=�,�P�=�*�4�4�V�*�4�V�;�×�2�4�¨�°�;�g�2�R�V�*�z�����=�2�§�R�*�*½_�<�,�P�=�*�,�<�p���*�p�ç½ £ �R� ¤ �Ð�4�R�<�7�4�R�V�m�,�<�,���:�<�R�§��D�¡�2�R�*�*ª��Ñ�2�<�*�2���M�¡½_� ¤ ���,�-�V�4�*�4�*���H�!�2�®�2�4�H���2�V�H�4�¦�°�;�P�<�V�*�R�×�=�V�4� ¤ �V�Ñ�4�H�-¾á�V�4�4�4�,�<�p���%�*���D�<�,���:���D�R����MÏ-�=�,�<�V�³�*���<� £ �p� ¤ Ò �,�D�×�V�H�2�Ó���H�R�<�2¢H���,�H���4�<�§��� Cv �§�H�4�,� £ �R� ¤ �D�,�°�;�<�;�<� LTe �2�4� E‖ �*�H�Ó�=�H�4�*���<�

ú3X



�2�4���<�4�V�,�7�H���×� ¤ �§�=� £ �,�P¾B�V� £ �D�*�2�V�V�4¢¨�R���*�-�=�;�D�V�H� � �%�Mªð��2�²�4�D�<�R�4¢6�2� �2�4�4�R�<�p���«� £ �;¾á�D�,�<� �³�H�4�*�v½ £ �,�V¢ ¤ �<�*� �4�H�4�R�V�4�¡�;�Ñ�R�¡�2�P�¨�D�Ð�=�;�<�*�Ñ�2�=�2�p���D�R� £ �2��;�4�=�V�R�*���D�¬� ¤ �Î�D��Ù=�D�M�§�H�¥ÔÊ�dÕÊ¹�ÃHªÖ�=�;� � Õ����D
'�Mª®�d�%���R�*�V�4�,�Í� ¤ �0� £ �;¾á�<�M�<� �D�¡�2�V�R�4¢®�V� £ � Cv,tt �2�4�
ρsvin/D

½¥¢H�p���*���R�6�,�-�=�;�<�R�H�4� � Ãtâ%�³�2�4� � ÃHÃ��M½ £ �p� ¤ �2���<�§�D�²���2�V�4�¨�H��ÃÆÄ-ªÝÜ Þ ª � ¤ �Ñ�MÏ��=�H�4�,����H�
LTe∗(x̄)

�V�©�P�g�;�<�R�P�<�V�*�2�V�R� ¤ �R¢ ¤ �R�¯�D�V¢H�4�p�=�¡�2���¨�2�4�ü� ¤ �«�MÏ-�=�H�4�*���<�¨�H� UL �2�4�
νe∗(x̄)

�;�<�®Ù=�2� ¤�P�g�;�D�V�P�<�R�¡�2�V�p�ü�D�R¢H�4�R�=�¡�2���*ª �d� £ �2�Ñ�V�4�m�,�D�D�*�À� ¤ �;� LTe∗ = LTe/ρs
�V�¨� ¤ �±���,�ö�°�;�<�2�§�,�<�,�Ñ�H�%� ¤ ��2�4�H���2�R�H�4�³�°�;�D�<�R�*�V�Á�=�R�4� ¤ �V���<�2���2���;���*½��R���2¢2�<�*�*�³�*��� £ �R� ¤ øÖÜýùvªü� ¤ � ∇Te ���<�R�-�*�6�2�4�H���2�V�H�4��°�;�D�<�R�*�V�Î�=�V�4� ¤ �<�,�<� �V���,�-�=�;�<�R�H�4� � Ãtâ%�×�<� � ÃÆÜ$���TÏ ¤ �RÙ=�p�<�§�¬�P�D�<�H�4¢H�p�Í�4�H�4�V�V�4�*�;� LTe∗ �D�¡�2�R�V�4¢4ª��d��2�4�4�R�D�V�H�\½q�:�4� £ �2�4�H�§�2�V�H�4���°�;�D�<�R�*�V���=�V�4� ¤ �<�,�<�����D�R���,�ÓÙ4�

E‖
½`�m�2� £¥¤ �V� ¤ �*�H�V�R�V�D�R�H�4�!�;�<�¥�R�³�=�2�D�g�2���*½£ �2�%�TÏ��=�,�<�R�§�*���g�2�R�R�®�4�V�D�,�2���,�<�,�\ª®�K���V���;�D�P�<�RÙ=���<�,�Í�<�¬�¨�V�R�4�¡�;�7�<�,�D�²½ −(e/me)E‖∂f̃e/∂v‖

½��V�±� ¤ ����<�R�X�����V�4�M�<�V�}�,�-�=�;�<�R�H�\ªP�Ê�=�2�D�R�V�V�4�*�;��� ¤ �*�2�D� £ �2���m�H�4�4�0�<� ¤ �*�R�Î�R�4�*���<�V�X�³� £ �7Ù°�2�D�R�}�4�<�H�*�*�P�D�*�Ú�H�\� ¤ ��2�4�H���2�R�H�4���°�;�D�<�V�,�V�}�=�V�4� ¤ ª�àÊ�Î� ¤ �¸�2� ¤ �,� ¤ �2�4�\½�� ¤ � �4�H�4�R�V�4�¡�;�<�p�D���H�o� ¤ �¸�D�¡�2�V�R�4¢H���V�Î�*�-�=�;�D�V�H�4� � Ãtâ%��<� � ÃÆÜ$�Û� ¤ � £ ��� ¤ �;���-�=�2�D�R�V�R�4�¡�;�7� ¤ �*�2�D�±�R�7�4�V�P�4�D�2���*�ÍÙ4���MÏ��=�M�<�V�§�,���¡ª«� ¤ �Î���2�V���*�H���P�<�RÙ=���<�R�H�Í�D�
Cv,tt

�R�Á�*�Ð�=�;�<�V�H� � Ãtâ%���V���4�4�:�<��� ¤ � LTe �<�,�D�²½ £¥¤ �,�<�¡�2�¦� ¤ � E‖ �<�,�<� �*�H���D�D�RÙ=���<�*��Ù4�©�;Ù=�H���ÊÜ2â Þ ª� ¤ �}� £ �;¾v�<�,�<�¼�D�¡�2�V�R�4¢��V�0�*�-�=�;�D�V�H� � ÃÆÜ$�M½Ð�4�,�<�p���*�Î�X�<�H�Ì�*�Ð�=�;�<�V�H� � ÃHÃ��M½ £ �2���D�4�*�*�,�D�D�m�4�V�p�©�;�4�=�V�V�,�Î�R��D�R�§�4�X�;�<�R�H�4��Ù=�2� ¤ �V�%� ¤ �¦�,�2�<�}�2�4�§�R�³� ¤ �¥�*�4¢H�¥�<�,¢H�V�H�\ªÂ�K�9�*�2�³�<�,�=�V�2�*�}�*�Ð�=�;�<�V�H� � 
'�!�2�4�Ó� ¤ �¥�n�D�<�H�4¢H�R��<�R�D�V�4¢
vin/D

�4�*�;�¥� ¤ � �*�4¢H�;ª!Ø��,�V¢ ¤ �<�*�©�4�4�R���;�<�X�;�<�Ê�<�,¢2�<�*�D�D�R�H�©�<�,�D�4�R�<�,�Á�V� Cv,u ∝ L−2.20
Te

£¦¤ �R� ¤ �R��*�R�H�D�:�<�%� ¤ �Û�P�*�§�p¾á�*�³�=�p�<�V�¡�2� Cv,se ∝ L−2
Te

�D�¡�2�R�V�4¢³�X�D�H�þ�D�<�2�4�P�=�2�D�Ê�2�=�2�p���D�R�¦�2�4�Á�D�V�§�4�V�;�<�V�H�4�:øñÜýùáª� ¤ �¸�D�¡�2�R�V�4¢%�H�b� ¤ �¸�2�4�H���2�R�H�4���°�;�D�<�R�*�V� �=�V�4� ¤Î£ �p� ¤ � ¤ �Ê�=�X�2�D�����D� Ò � £ �2���MÏ��=�R�2�<�*�0Ù4�0�4�;�D�-�V�4¢� ¤ �Ó�*�V�m�*�M�<�R�-�§�D�,�°�;�g�;�P�<�pÏ®�g�2�4�V�4� ρs Ù4�«�©�k�2�,�<�2�Û�H����ª§´}�4�=�p���V�4¢ £ �,�V¢ ¤ �<�*�«�§�4�R�<�p�=�V���<�*¢2�<�,�D�D�V�H�®�<�ÔÊ�dÕÊ¹�ÃHªÖ�=�;� � Õ��7
%!�½4�2�V�_´¸·-¹¸�!º»}�=¢2�<�2�4�2½4¹Ê�d�K�B¾B¹�½=¿H���µ�2�4�©´¸·-¹ �'ºÀ�4�V�P� ¤ �;�P¢H�,�¥�R�Î�g�;Ù=�R�*� Ã¸�D�¡�%����R�*�V�4�,�®� ¤ �%�MÏ��4�D�*�D�D�R�H� Cv,tt2 �V�¬�*�-�=�;�<�R�H� � Ã:!%�MªÛ�K�<� LTe∗ = LTe/ρs
�D�*�2�V�V�4¢Á�2¢2�<�*�*� £ �R� ¤ � ¤ �;�¸�H�

Cv,tt
�V�Ñ�*�-�=�;�D�V�H� � Ãtâ%�}�2�4�Ñ�*�2���M�<�Ê� ¤ ���4�,�=�*�4�4�*�4�*�Ó�H� Cv �2�4� ρsvin/D �H�¬� ¤ �7�*�V�m�*�M�<�R�-�%�=�V�2�D����g�2�4�R�4�*ªÊ� ¤ �4�*½ç� ¤ �7�D�¡�2�R�V�4¢��V� £ �Ê�R�¨�*�-�=�;�<�R�H�4� � Ãtâ%�Ú�D� � ÃÆÜ$�¥�¡�2�¨Ù=�7�4�D�*�Ñ�<�§�4�<�,�4�V�,�Ê� ¤ ���2�4�H�§�2�V�H�4��°�;�D�<�R�*�V�%�=�V�4� ¤ �R���4�,���R�*�*� £ �R� ¤ ���;�D���R�4¢Á�D� Ò ���2�4���R�"�P�Ú�9�:ª·-�V�§�4�V�;�<�V�H�4�¸�H���2�"�R�4�4�4�,�<�p���³�n�Ú�9���D�*�*�=�;�<�R� £ �p� ¤ Q = 10

� ¤ � £ �*�"� ¤ �;�Û� ¤ �³�*�*���P�g�2� ¤ �¡�;�D�V�4¢�4�4�Ê�<�%�2�R� ¤ �×�°�;�D�<�R�*�V�,�Ú�D�*�4�4�*�*� LTe ½4�D�7� ¤ �;��� ¤ � LTe/ρs �<�,�<�Ì�R�0�*�-�=�;�<�R�H� � Ãtâ%�!�<�R�D�*�Ú�*�H�4�D�R�4�,�g�;Ù=�R�_ª� ¤ �V� �<�,�<� �V� �<�*�n�=�H�4�D�RÙ=�R�³�m�2�¸� ¤ �³�2�4�H�§�2�V�H�4�Ê�°�;�D�<�R�*�V�7�=�V�4� ¤ �V�¬�P�Ú�9�:½ £¦¤ �R�V��� ¤ � E‖ ���<�p���*�¬�<�,�<��V�¦�4�*¢H�V�R¢H�RÙ=�R�©�D���2�R�vªÚ� ¤ �×� £ �;¾á�<�,�D� �D�*�2�V�V�4¢
Cv,tt

�4�<�,�4�V�,�<�
Cv

�4�2�R�4�*�}�4�¡�;�¸â�ª2,³�2�4� ¤ �V¢ ¤ ρsvin/D�4�2�R�4�*� �V�Ñ�n���'� £¥¤ �V� ¤ �*�2�P�<�*�P�=�H�4�«�D�Î�g�;� ¤ �,� �=�¡�;���*�®�4�*�4�D�p�D�Ñ�4�<�2�=�V�*�,ª�·-�V�§�4�V�;�<�V�H�4� �;�4�=�p���R�4¢Î� ¤ ��D�¡�2�R�V�4¢Ó�H�Â�*�-�=�;�D�V�H� � ÃÆÜ$�Ú�R�Á� ¤ �Û�,�2�<�×�2�4�²�,�4¢H�:�<�*¢H�R�H�4�¥�-�V�*�R�4�*�©�=�¡�;�-�*�¨�4�*�4�D�p�D�0�4�<�2�=�V�,�Ê�2�4�¨�2�Ã:/ Þ �R�³�4�<�2���,�§�*�����H�_� ¤ �¥�*�4�,�n¢2�%�*�H���=�4�*�§�*���'�<�V�³���2�-�,�9���°�;�'�4�*�4�D�R�P�Ó�4�<�2�=�R�¦�¡�2�P� £ �R� ¤ vin = 0
ª
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