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MIRA Oszillator
10 nJ, 100 fs

Argonionen-
Laser 8 W Strecker

Kompressor

180 ps

Æ 2 mm

Æ 10 mm

Æ 55 mm

10 mJ

360 mJ

250 mJ
130 fs

Pockelszelle

Regenerativer Verstärker

Surelite Nd:YAG
100 mJ, 6 ns

Multipaß-Verstärker

Powerlite #1  Nd:YAG
800 mJ, 6 ns

Powerlite #2  Nd:YAG
800 mJ, 6 ns
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Al-Filter

f/3 Off-Axis-Parabolspiegel

Objektiv
CCD-Kamera

Laser

Gas-Jet

1 -Interferenzfilterw

BioMax-Schirm

CCD-Kamera mit Ojektiv

Elektronen

� /�/�����'�������7 ��� � � ��&�
������ 
�����
	����
�� �"��	
��
���%���� �$
��	� ��
	��� ��#�� !"
���
��������� +����� ���� � 
 ���
� ��
���� ��#���
��

�2	E� ���
&-������02��������������� 
p� � 

�'�
,�.".`KM�%Ky�84�����56�_&%��#���f% /��+����H��#%���V�����V#X,�!%dS./D)!Z��#�&%��+C;=D)$%!"!"�H$6D)�H�2��+�K/z���+2EFD6(*��+*<
(*��+@D)0"�"AB��+@&-�H���`����#"���]d*T)�-�BY/<*,�f%�G(�<*J3D)+@D)./96�G(* "����56���"��#C����#"��#2^'D6(�<*�6���3dS96$%!/(�(*����+���K)13��#
��.�����$%����7C."���G&%���B&"D6(�E/�G?@0%��e%&"D6(BD)!/(B&%����b"96$%!/(=0"��+@D)!/(=4�!"+�|:��������56�)(*��+���!"�=AB��+@&Fe"D)!%d
����#"� � �=zB<*�-D)�H��+@DZD).`KBz'D)./���-AB��+@&\����#]��#%����+*dS��+���#"4 	/������+_./��#%!"��4���e=!"��#%!"+�E/�G?@0%�
./���C&%��+HdS!"#/&"D)�H��#%�@D)����#UEFD6(*��+�A=��������#"�*ND)#"56�:eB&"D6(�&%����13����$%��+�96#"��#U&%!"+@?@0U{=0"96�8(*96#%<
|:��+���!"!"#"5����H����������+���#`e/!"#/&�(*96�H��� 5B��56��96#"��#�0"960"��+2EFD6(*��+���#%����#/(*���)ND)�C4�!Z&%������$%������+���#`K
L=���M����#"��+'D6?@0%�*d�D6?@0"��#�;I��+�56+)N96~6��+�!"#"58��+�0MND)���'�8D)#�����#"�_,�!%�3N9:(*!"#"5�7:96# F3}F�XKFz'D8&%���
>��)?@0/(*����AB��+�$%!"#"5:(*4������3&%�)(BE/�G?@0%���)(3�H���I&%����J3�GD6(*�8D'7%�����"$MN!"+�4���+BD)�G(=&%���'L=�����G?@0%��!"#"5:(�<
4������3&%��+=�-D)�H��+@DB�G(*��e6$`N96#"#"��#2#%!"+34���������#%����56+�����+����=L=���G&%��+3D)!%dS56��#"96�H�H��#-A=��+@&%��#`K:����#%<
����+H&%����^'D6(�<*�6���8AB��+@&\&"D6(8EFD6(*��+����G?@0%�H&%!"+@?@0\����#UO�P6PM}F� &%�G?@$:�)(_,���!"�H��#"��!"��	/�����V+
56��."��9%?@$%��K/13����$%��+�96#"��#��H���B����#"��+B$%��#"�����G(�?@0"��#813#"��+�56���C7:96#�N!"./��+CO��6PM$:��;�&%!"+@?@0/&%+���#%<
56��#�&%���)(*�)(BbM��������+=!"#/&H$`N96#"#"��#8�H���B&%����&"D)0"��#%����+@(*����0"��#/&%��#�(*4���#%������������+��V#/&%��#8|%?@0"��+��



�6P ��������	���� � � ��������� ������� ���
	 ����� � ��
�� ����� � 	���� �����

� /�/�����'������*7 � 7 � � ������
	���	����#�����
���
 � 
	����� ������� � 
	��� �����"
���� ��
	��� �����	��
	����
����� �	 ��� 
����  )������

 +�����	����
	%	#���
���
 � ������
������� � ����
���������)
��$��� 	+#
�������  ���� ��
� +�����	����
	%	#���
���
 � ������
��	, �"��
 � 
�
�� �
��
	�	����
�� � 	 
	����
� �
�����
�� 
���	  ���
��"�� �����
���
� �
�����
���
	��������
�� !"������
�,
#/D6?@0"56��AB���)(*��#-A=��+@&%��#`K613��#"�=A=��������+�� � �=zB<*�-D)�H��+@D�#"���H�_�F����#CL=���G&'7:96#2&%����|%?@0"��+��
D)!%d�K

�2	�� � ��������0�0 �
�
	 " �����
!'�
�
�����������
��� ������
�/!"+=L=�)(*�����H�_!"#"5-&%��+�E/�G?@0%����#%����#/(*���)ND)�3����b"96$%!/(IAB!"+@&%��#8bM��������+I!"#/&8|%?@0"��+�������;I��+*<
(*!/?@0/(�D)!%dS./D)!\��(VKM,�.".`K`�%Ky�:�'&%!"+@?@0�����#���.�����$%����780"960"��+_^2N!"���2�H��������#"��+'L=+���#"#%A=�������
7:96#\O�P3?V����+@(*����4��'!"#/&�(*9X&%���Hb"96$6D)����./��#"�2�H��������#"��+-;I��+�56+)N96~6��+�!"#"5�7:96#��6P�D)!%d����g<
#"� � �=zB<*�-D)�H��+@D_D)."56��."���G&%����K"c���&%��#�&%�%#/D)�H�G(�?@0"��#HL=��+����G?@0H&%��+BO�<*L=���*<*�-D)�H��+@D-4�!
7:��+�56+)N96~6��+�#�!"#/&�&"D)�H���-D)!/?@0�&%���L5�D)#/&%./��+����G?@0"�2&%�)(-b"96$%!/(-4�!���+*d�D6(�(*��#`e`$6D)�H��#X./���
�H��0"+���+���#X,�!%dS#/D)0"�H��#�!"#%����+@(�?@0"���)&%���G?�0X(*�@D)+�$:�8bM��������+'4�!"��13��#/(�D)��4:K3z����)(*�H,�!%dS#/D)0%<
�H��#'AB!"+@&%��#_4�!C����#"����L=���G&'4�!/(�D)�H�H��#"56�)(*����4���e@��#/&%����&%��+M>���+��M����#"�)(BN!"./��+@(*����!"��+�����#
J3��f%���G(�&%!"+@?@0�&%��#X�H����&%��+-bM��������+@(*�)ND)+�$:�-56��AB�G?@0%��������#�>���+�������#"��+',�!%dS#/D)0"�H�C��+@(*����4��
AB!"+@&%�:eF./���=&%��+-&"D6(CJ3��f%���M56��+@D6&%�2#"�G?@0%�'�H��0"+2N!"./��+@(*����!"��+��'ABD)+�KMz�!"+@?@0���#%����56+@D)����96#
&%��+=>���+����'��#"#"��+�0/D)��.H����#"�)(3./�)(*�����H�2����# 5�D6&%��!/(=�*ND)~6��(*�G?@08&%��+B&"D)+���#H����#"56�)(�?@0"��9:(�(*��#"�
,�#%�������FD)#X13#"��+�56���-."4�A-K/E/���G(*��!"#"5 ��./�)(*�����H�H��#`K6,�.".`K/�%Ky�_4�����56�B&%���-��#%�@(* "+��)?@0"��#/&%�
�'!"+�7:�:K%z����)(*�-����~6$%!"+�7:����#%�@(* "+��G?@0%�3#"�G?@0%�=5:D)#"4-����#"����^'D)!"~6 "+�9 	/��e"AB���'�)(I./���`����#"���
�G&%�)D)�%dS96$%!/(�(*����+�����#8^'D)!"~:(�?@0"��#8|:��+@D)0"�/4�!2��+�ABD)+�����#2ACND)+��:e:$6D)#"#HD)./��+=56!"�=&%!"+@?@02����#"��#
&%96 " /��������#X^'D)!"~ 	/�'&%��+�b"96+��

�C� � �����4��� � � O " / $ 2 � 4 ��� 8 :  ����O " �`� � O " / $ 2 � 4 ��� 8 :  
	 ���%K�O)�



� � � � ������� 	�� ����������� ����� 	���� ��� ��	�� �%O

�H���B&%��#8dS+�������#�J3D)+@D)�H������+�# � � e � � !"#/&���56��#MND)0"��+���A=��+@&%��#`K �4��./��4����G?@0"#"����&%���_^��V<(�D)�2���GD6(*��+������G(*��!"#"5"K%,�!/(B&%���)(*��+B�'!"+�7:�-��+�56��."��(*�G?@08&%!"+@?@0�z��gYF��+���#%���GD)����96#

*"� � � � O
�,+ �

� �� �
� �6�6PM�8�

O��6P`d�(
� �
+ � W� / $

2 � 4 ��� 8 : � O " �+ � W� / $ 2 � 4 ��� 8 :�� ���%Ky�:�

&%���27:96� 5�D6&%��!/(_D)."0MND)#"56��56����#%����#/(*���)ND)� *"� � �@KMb�N!"+_&%���2./���G&%��#?5�D6&%����#���+�56��./��#Z(*�G?@0
>���+����-7:96# � � �]�01y�M}F��!"#/& � � � G01H4M}F�Xe"!"#/&X(*���-��+@D)56��#���#�����#"����;I��+�0MND)����#"�G(I7:96#O0 �O-4�!"����#%����#/(*���)ND)�@(* "+�9 	/�`./���=� � � 1 F)O:�@KFz'D)�H���B��+�0MND)�����8D)#8����#"�_|: "����4���#"��#%����#/(*���)ND)�
7:96#*G �HO�P:QSRF>UT)?V�2WI!"#/&2����#"��#H|: /96�=�H���"6`}F��z�!"+@?@0"�H�)(�(*��+�e)��#H&%����&%������#%����#/(*���)ND)�
&%��#\>���+��27:96#UO�P:QSRF>UT)?V�HW�N!"./��+@(*������56��K"46P���&%��+256�)(�D)�2����#�13#"��+�56�����G(*�2��#\����#"���
|: /96�-7:96#\O%OM}F��z�!"+@?@0"�H�)(�(*��+���#%��0/D)������#`KFb�N!"+C&%���2&%���H��#/(*��96#/(*��9:(*�2E/�G?@0%�@D)�H "������!/&%�
- � ��+�0MND)���C�8D)#�#/D6?@0\^���K3�%Ky�8����#"��#�>���+��C7:96#�O6K 6:e3(*9�&"D)~X����#"4�����#"�213����$%��+�96#"��#����;=D)$%!"!"�H�GD6(*��+*dS���G&-����#"�'L=�)(�?@0"����!"#"��56!"#"5CD)!%d06%F:PM$:��;���(VK"^���K"�%K�O%G:�3��+*d�D)0"+���#H$`N96#"#%����#`K
����� � � � �M}F��./����+)ND)56�C&%���2E3ND)#"56�H&%�)('b"96$%!/(�."4�A-K`&%��+�$:96#%dS96$6D)���2J3D)+@D)�H������+B#/D6?@0^���K"�%Ky�)6C���*ABDL6)PM}F�XK

�2	�� � ����������&
��!��-� " ���
	p�'����
������
13��#"�-z2N!/(*�C�H���I����#"�����XD)56#"����7:��#%�����/�����VdS��+��B&"D6('^'D6(Ve"�H���B&%����&%��+'EFD6(*��+� "!"�G(BA=�)?@0%<
(*����AB��+�$%��K/z����_0"����+�7:��+�A=��#/&%�����C,�!/(�dVN!"0"+�!"#"58!"#%����+@(�?@0"���G&%����(*�G?@0�7:96#�&%��+'��#�	 G%O��3!"#%<
����+@(*!/?@0%����#�#%!"+'��� N�BYF#%!"#"5:(�&%!"+@?@0"�H�)(�(*��+�KFc���0"960"�Hz��G?@0%����#������6���'4�!���+�+����G?@0"��#`e
AB��+@&ZD)#�&"D6(2�XD)56#"����7:��#%�����I����#�^'D6(_�H���C0"960"���
����#%����+�56+�!"#/&"&%+�!/?@$X56������56��KI�'!"+�4��
�/������./��7:96+C&%��+CEFD6(*��+� "!"�G(C&%���2z2N!/(*�2��+�+����G?@0%�-��
��6PM�8(@�@eFAB��+@&X&"D6(-;I��#%�����`�H���'�����gdS�
����#"��+3|: "!"���:e6&%!"+@?@02&%���=����#C$%!"+�4���+I|:��+�96�H "!"�G(/�/����~6��e�dVN!"+3���*ABD��M�8(M56�%N9)YF#"����K:��#_&%���)(*��+
�/�����`$6D)#"#H&"D6(I^'D6(3D)!/(3����#"��+`$%������#"��# N�BYF#%!"#"5'7:96#2�6P6PM}F��z�!"+@?@0"�H�)(�(*��+MD)!/(�(*��+)N96�H��#
!"#/&ZN!"./��+'&%��+'z2N!/(*�-dS+����`��f% /D)#/&%����+���#`K%>���#"#X&%��+'EFD6(*��+� "!"�G('&"D)#"#X����#%��+��gYF��e%0/D)�'(*�G?@0
�8D)f%���8D)���V+-z�+�!/?@$UN!"./��+2&%��+2z2N!/(*��D)!%dS56��./D)!"��KIz'D6(_��#%�@(*����0"��#/&%�8z��G?@0%���� "+�9 	/�=AB!"+*<
&%�_�H���-&%��+@(*����./��#�����~:D)#"96+@&%#%!"#"5�AB���_��# 	 G%O��3dVN!"+-7:��+@(�?@0"���)&%��#"�_^'D6(*�X��� W eM���:eFh W e,�+V�B?@0/D)+@D)$%����+��G(*����+���K/z����_13+�56��."#"�G(�(*�2&%���)(*��+���#%����+*dS��+�96�H����+��G(�?@0"�V#8���)(�(*!"#"5 	 ��F=�3(*��#/&
dVN!"+���������!"����#�,�.".`K/�%K F24�!/(�D)�H�H��#"56�Vd�D)~6��K%b�N!"+'&%���CD)#/&%��+���#X^'D6(*�C��+�56��./��#X(*�G?@08#%!"+
�8D)+�56��#/D)�:D).%A=���G?@0"��#/&%�I�'!"+�7:��#`K �/!"�U����#"��#'�G(*�M&%��+`����#"�)D)+�� �/!/(�D)�H�H��#"0/D)#"5I4�AB�G(�?@0"��#
����#%����+�56+�!"#/&"&%+�!/?@$8!"#/&X�8D)f%���8D)����+�z��G?@0%���_&%��+���$%�HN!"./��+C&%��+Cz2N!/(*�H&"D)+�56�)(*����������eF4�!"�
D)#/&%��+���#X&%��+���f% /96#"��#%�����������Cz��G?@0%���)D).%d�D)���F��#XD)f%�GD)����+�5B�G?@0%��!"#"52!"#/&�&"D6('5:D)!"~)d@N96+��H��56�
z��G?@0%���� "+�9 	/�=��#\+@D6&%�GD)����+L5B�G?@0%��!"#"5"KIz�����L=+��������8&%�)(_+@D6&%�GD)����#]^'D)!"~6 "+�9 	/�G(2�G(*�_4�ABD)+
A=��56��#\&%��+213f% /D)#/(*��96#�&%�)(2�6���@(C7:96#\&%��+H�_N960"�ZN!"./��+2&%��+Hz2N!/(*��D)."0MND)#"56��5"eBD)./��+2��#
&%����0"����+B56��4�����56����#`e6dVN!"+�&"D6(�13f% /��+����H��#%�I+�������76D)#%����#8L=��+����G?@0_$6D)#"#X&%���)(*��+Bc��8(*�@D)#/&
7:��+�#/D6?@0"�*ND6(�(*��56�BA=��+@&%��#`K"1I(BA=��+@&%��#8�8D)f%���8D)����z��G?@0%����#H7:96#�����#"��56��#XO�P W �-��96����$MN!"����#
 "+�92?V� � ��+�+����G?@0%��K



�6� ��������	���� � � ��������� ������� ���
	 ����� � ��
�� ����� � 	���� �����

� /�/�����'������?7 � I � � ��
���
�����
���������� �� �
	� �"
����
��
	��� �+��
�������
���
��"���	����
"��� ��
	�$��� ����� )
�������� �
��
	��� ��#�� � ������
����������� � +����� �  �����
���� 
��  �
�� � )����
�� )#�� ������� � ��
	��� �����	��
	����
 � ������
�� �"
�����
���
��
�"���	����
�
 ��	 
����*� ��� � 
��	����
��� �
�� ������� 
��� 1��#��  �
��"� )����
�� )#�� ������� � ��
�&���� ����
	��
 � ������
�� ���� 
��
� ���
���
	���"���	����
�&���#��+� ��� ������� 
��� ���#��( �
�����
	� � ������
 �  +�����	����
	%	#���
���
 � ������
��	,*�"��
 � 	 
	����

 �
�����
�� 
���	  ���
 ������%	������
���%���, �"�� �����
���
� �
�����
���
	��������
�� !"������
�,
�2	�� � �'�
�'��
/��� " �
�
	
�����=&%��� �/������e:|:����./(*�*dS96$%!/(�(*����+�!"#"5C!"#/&H�-D)#/D)��."���G&%!"#"5C./��96./D6?@0%����#24�!H$`N96#"#"��#`e:�2!"~)<
���B&%���'^'D6(�&MN!/(*�'(*9���!/(*������+��3A=��+@&%��#`e6&"D)~C(*�G?@0_&%��+=EFD6(*��+*dS96$%!/(3����^'D6(�<*�6���I./�Vd�D)#/&FK:c��
4�!"#MND6?@0/(*�3&%���BJM9:(*������96#_&%�)(3b"96$%!/(`����;=D)$%!"!"��4�!C./�)(*�����H�H��#`e@AB!"+@&%��&%���={MD)+�56����$6D)�2<
�H��+`�H���=O�PM�2./D)+=|:���G?@$"(*��9)YH56�VdVN!"�����3!"#/&_&"D6(=D)!/(I&%����b"96$%!/(3(*���������G?@0C56�)(*��+���!"���'E/�G?@0%��e
AB���B��#2,�.".`K%�%Ky�'./��+������@(M56��4�����56��e:D)."56��."���G&%����K:L=���"&%���)(*��+356��+���#"56��#8^'D6(�&%�G?@0%���BABD)+I$:���g<
#"�_z��VdS96$%!/(�(*����+�!"#"5H&%�)('EFD6(*��+@('D)!%dS56+�!"#/&�7:96#X��96#"�G(�D)����96#/(*�VYF��$%����#�4�!���+�ABD)+�����# 	 ��F=��K
,�.".`K"�%Ky�).�4�����56��&%���-��#%�@(* "+��)?@0"��#/&%�-,�!%dS#/D)0"�H�:K%z'D_./���3&%��+B56��+���#"56��#X^'D6(�&%�G?@0%���C&%���
��#%����#/(*���)ND)�'&%�)('56�)(*��+���!"����#ZE/�G?@0%���)(B4�!�#"���)&%+���52ABD)+�e`AB!"+@&%�HD)!%d�&"D6(-��#%����+*dS��+���#"4 	/������+
7:��+�4��G?@0%������e/(*9X&"D)~X4�!/(�ND)��4����G?@0�D)!/?@0\E/�G?@0%�-7:96#?5B��$:96�2."��#/D)����96#/()N!"./��+�5/ND)#"56��#�������f:<
 /D)#/&%����+���#/&%��#�J3�GD6(*�8D8D)!%d�&%���H�-D)�H��+@D2��+@D�d�KMz����)(�dVN!"0"+����HD)������+@&%��#"5:('D)!/?@0�4�!�����#"��+
56��AB�G(�(*��#�c�#/(�?@0MND)+*dS�_!"#/&X;I��+�."+���������+�!"#"58&%�)('����56��#%�����G?@0"��#�b"96$%!/(-����+��)(*!"��������+���#/&%��#
L=���G&Fe)&"D�$:����#_D6?@0"+�96�8D)���G(�?@0-$:96+�+���56����+����)(M��.�����$%����7'4�!"+I,�."."���G&%!"#"5�7:��+�A=��#/&%���MAB!"+@&%�:K
{`+�96��4)&%����������~-(*�G?@0HD)!%dS56+�!"#/&H&%��+B|:�%�H�H����+��g�I����L=���G&_&%����JM9:(*������96#8&%�)(Ib"96$%!/(I56��#/D)!
56��#%!"58./�)(*�����H�H��#8!"#/&��G(*�-��#�,�.".`K`�%Ky�).Z&%!"+@?@0�&%��#�A=����~6��#�JMdS�����ID)#"56�)&%��!"������KMc��
#%!"#_&%���BJM9:(*������96#2&%��+I^'D6(�&MN!/(*��7:��+)ND)#/&%��+�#C!"#/&_(*96�H���3&%��#_�6���3��#_&%��#2b"96$%!/(`d�D)0"+���#C4�!
$`N96#"#"��#`e6AB!"+@&%������#LF:P6PM}F��&%�G?@$:��+3z�+@D)0%�I��#H&%��� N�BYF#%!"#"5C56�)(*���)?@$%��e6&%����z2N!/(*�'7:96#2&%��+
&%������.�����$%����7_56��56��#3N!"./��+�������56��#/&%��#�|:���������H���3����#"��+B{MD6(�?@0"��#"�GD)�H /�'D)#"56�)(*��+@D)0"���B!"#/&
&%��+B|%?@0/D)������#HAB���)&%��+�!"��D)."."56��."���G&%������(VK",�.".`K%�%Ky�6D:�@K"h�!"#H$:96#"#%���'&%���'z2N!/(*�-$:96#%��+�96�g<



� � � � ��������� ������� ���
	 �6�

Draht

Düsenmündung
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Vakuumfokus

100 mm
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phosphoreszierender Schirm

Al-Filter

Gas-Jet

Laser

Elektronen-Strahl

Magnetfeld

B = 0 kG

B = 1 kG
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Laser

Gas-Jet

hoch-Z Konverter (Pb)

Elektronenstrahl

Bleiabschirmung

Kupfer-/Eisenabschirmung

Plastik

B ~ 150 mT

Szintillator

2-MeV Positron

1 cm

optional
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Multi-MeV Electron Beam Generation by Direct Laser Acceleration
in High-Density Plasma Channels

C. Gahn,1 G. D. Tsakiris,1 A. Pukhov,1 J. Meyer-ter-Vehn,1 G. Pretzler,1 P. Thirolf,2 D. Habs,2 and K. J. Witte1

1Max-Planck-Institut für Quantenoptik, D-85748 Garching, Germany
2Sektion Physik, LMU München, Am Coulombwall 1, D-85748 Garching, Germany

(Received 17 June 1999)

We have measured angularly resolved and absolutely calibrated spectra of the multi-MeV electrons
produced by relativistic self-channeling in a high-density gas jet. Using 200 fs laser pulses with
PL � 1.2 TW, we have investigated the electron spectrum dependence on the plasma electron density
in the range of 3 3 1019 4 3 1020 cm23. The experimentally obtained results are closely reproduced
by three-dimensional particle-in-cell simulations. A detailed analysis shows that the self-modulated
laser wake field, although active, cannot explain the experimental energy spectrum. The bulk of the
fast electrons are produced by direct laser acceleration at the channel betatron resonance.

PACS numbers: 52.40.Nk, 52.60.+h, 52.70.Nc, 52.75.Di

Present-day high-power laser systems can produce ultra-
short pulses [1] with intensities well above 1018 W�cm2.
In plasma, they are subject to relativistic self-channeling
[2–8], when exceeding the power PRSF � 17�nc�ne� GW.
Here ne is the plasma electron density and nc is the
critical density, nc � 1.7 3 1021 cm23 for a laser wave-
length of 0.8 mm. Experiments [9–15] and particle-in-
cell (PIC) simulations [16,17] show that the relativistic
self-channeling of laser pulses is accompanied by electron
acceleration to multi-MeV energies that are ejected as a
low-emittance beam in the direction of laser propagation
[12]. A number of potential applications has been envis-
aged for these electrons ranging from the “fast ignitor”
concept for inertial confinement fusion [18] to laser in-
duced nuclear reactions [19].

One of the central issues in this Letter is to pinpoint
the mechanism of electron acceleration in relativistic laser
channels. The analysis is based on PIC simulations which
are in detailed agreement with new high-quality experi-
mental data presented here. The measured electron en-
ergy spectra, resolved in angle and absolutely calibrated,
pertain to electron acceleration during self-channeling in
a previously unexplored regime, characterized by fs-laser
pulses of relatively low energy (,1 J) interacting with a
high-density (ne � 0.2nc) gas jet. The numerical part is
based on direct full-scale three-dimensional particle-in-cell
(3D PIC) simulations [17] using the code Virtual Laser
Plasma Lab (VLPL) [20]. It treats the experiment in real
geometry and uses the experimental profiles of laser pulse
and target density. Previous simulations of relativistic
laser plasma interaction have used 2D PIC simulation [16]
or 3D simulations in the envelope approximation with pon-
deromotive description of electron motion [21,22].

Because the process of self-focusing is known to be
strongly geometry dependent [23], 3D geometry is a
crucial point. When exceeding the threshold in realistic
3D geometry, the electromagnetic wave abruptly shrinks
down to the nonlinear saturation limit set by electron cavi-

tation [4], while it contracts more gradually in 2D planar
geometry, allowing for stable beam propagation even
without electron cavitation. Also, 2D results strongly
depend on laser (s2 or p2) polarization, a feature
absent in experiment and 3D treatment. Concerning the
ponderomotive description of relativistic electrons, it has
been shown to fail in [24] when the laser beam focuses
down to a narrow spot. The present 3D PIC simulations
therefore represent significant progress.

In our 3D PIC simulations, we trace all electrons to
identify the origin of energy gain. The results suggest that
the electrons experience direct laser acceleration (DLA)
at the channel betatron resonance as first described by
Pukhov et al. [25]. The mechanism [25] is similar to that
of inverse free electron lasers [26], where the wiggler field
is replaced by the self-generated quasistatic electric and
magnetic fields in the channel [17,27]. The relativistic
electrons make transverse oscillations at the betatron
frequency vb � vp��2g�1�2 in these fields while drifting
along the channel together with the light. Here, g is the
relativistic g factor and vp � 4pe2ne�me is the plasma
frequency. When vb coincides with the laser frequency
as observed by the relativistic electron, the channel reso-
nance results in effective energy exchange between
laser wave and electron. Energy gain from longitudinal
plasma waves, pertinent to forward Raman scattering
or self-modulated laser wake-field acceleration [21]
and considered as the dominant mechanism in previous
experiments at lower density [9,12,13,15], plays only a
minor role in our experiment. Another way of DLA,
mediated by transverse stochastic perturbations, has been
considered in [28], and acceleration by the longitudinal
electric field of a focused laser beam is discussed in [29].

The experiment was performed with the Advanced
Ti:sapphire Laser (ATLAS) at Max–Planck–Institut für
Quantenoptik that delivers 200-fs, 250-mJ pulses at
790 nm. The laser beam was focused with an f�3 off-
axis parabolic mirror to a spot of 15 mm in diameter

4772 0031-9007�99�83(23)�4772(4)$15.00 © 1999 The American Physical Society
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containing 85% of the total energy with peak intensity of
4 3 1018 W�cm2. The focus was placed at the edge of a
free expansion helium gas jet generated by a high pressure
gas nozzle with a circular orifice of 500 mm in diameter
[7]. The transverse density profile in the interaction
region 100 mm away from the nozzle tip corresponds to
a Gaussian profile with half the peak density at the edge
of the orifice. The electron density in the tunnel-ionized
underdense plasma created by the foot of the laser pulse
is linearly proportional to the backing pressure up to a
maximum value of 4 3 1020 cm23.

In order to diagnose self-focusing and channel forma-
tion, a side-scattering imaging system at 90± to the laser
beam direction was utilized. Using an interference filter
this system took self-scattered time integrated images of
the radiation at the fundamental laser wavelength with a
spatial resolution of 5 mm.

Two different diagnostics for electron detection were
employed. The first one consisted of a phosphorescent
screen placed behind a 100-mm-thick aluminum foil that
blocked the laser light and electrons with energies less
than 200 keV. The purpose of this device was to visualize
the relativistic electrons and qualitatively optimize their
production. At an electron density of 3 3 1019 cm23

a faint round spot appeared on the screen centered on
the laser axis and it became brighter at higher densities.
When a static magnetic field of 1 kG was applied between
filter and screen, this spot moved in the direction expected
for a beam of electrons. The main electron diagnostic
was a compact 45-channel magnetic spectrometer [30],
which after beam optimization replaced the filter and
screen and with which quantitative measurements of the
electron energy distribution in a range from 500 keV
up to 12.5 MeV were performed. The electrons were
collimated by an aperture located 14 cm away from the
laser focus, dispersed by a permanent dipole magnet and
finally detected by scintillating/light-guiding plastic fibers
which were coupled via a fiber optics to a cooled charge-
coupled device camera. The spectrometer was absolutely
calibrated using various b emitters and it was rotated
horizontally as well as vertically around the interaction
region up to an angle of 10± relative to the laser beam
direction thus allowing measurements of the angular
distribution of the relativistic electrons.

A typical energy spectrum that was measured in laser
beam direction (from now on denoted by 0±) at an
electron density of 2 3 1020 cm23 is shown in Fig. 1.
It follows a Boltzmann-like distribution with an effective
temperature of 5 MeV and extends to 12.5 MeV which
was the spectrometer limit.

The total number of electrons and their effective tem-
perature for different electron densities were determined
by rotating the spectrometer and, hence, scanning the
beam in steps of 2.5± in the horizontal plane. The spectra
integrated over the solid angle are shown in Fig. 2.

FIG. 1. Typical electron spectrum measured in laser beam
direction (diamonds) and exponential fit (dotted line). The
prediction of the 3D PIC simulations is also shown (solid line).

As the density is increased, relativistic electrons ap-
pear at 3 3 1019 cm23 just above the threshold for self-
focusing as can be seen from Fig. 3. Here the observed
channel lengths for the different densities are compared
to the confocal parameter (twice the Rayleigh length 2zR)
which is about 70 mm. When the density is increased to
5 3 1019 cm23, a self-focused channel of 220 mm is ob-
served and the temperature of the fast electrons rises strik-
ingly from 300 keV to 1 MeV measured at 0±. Since the
outer parts of the beam are somewhat “colder,” the angle
averaged temperature is 600 keV as shown in Fig. 2. Fur-
ther increasing the density leads to a maximum temperature
of 3.3 MeV at a density of 2 3 1020 cm23 and simultane-
ously to the longest channel of almost 400 mm. The to-
tal number of MeV electrons amounts to 2 3 1010, which
corresponds to a conversion efficiency of laser energy into
collimated electron energy of 5%.

As the plasma density increases, the self-focusing
power threshold drops, and the effective ratio P�PRSF

rises. A larger portion of the laser beam is trapped in
the channel and its length grows. At the plasma density
of ne � 2 3 1020 cm23 we observe an optimum at which

FIG. 2. Experimentally determined electron-spectrum depen-
dence on different electron densities (labeled by normal letters).
Bold letters give the effective temperatures of the (not shown)
exponential fits.
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FIG. 3. Dependence of channel length on plasma density
(diamonds are the experimental data and the dotted line is to
guide the eye). The vertical dashed line shows the theoretical
threshold for relativistic self-focusing. Inset: Image of the
longest measured channel.

most of the laser energy is trapped in the channel. This
optimal plasma density is set by the laser pulse parame-
ters. Both channel length and effective temperature of fast
electrons are maximized here. At the highest density that
could be achieved with this experimental setup, namely
4 3 1020 cm23, the number of electrons still increases,
but the temperature as well as the channel length decrease
again. This is attributed to higher energy losses due
to electron heating. Losses to ionization and ionization
defocusing [7] occur at the channel boundaries, but play
no role in the channel center, where electron trapping and
acceleration takes place.

The hottest electron spectrum at the density of 2 3
1020 cm23 is made up of a hot component of 5 MeV
in the center of the beam measured at 0± and colder
components in the outer parts, namely, 4 MeV at 5±

and finally 2 MeV at 10±. This indicates that the very
fast electrons with energies exceeding 10 MeV are more
collimated than the less energetic ones. Figure 4 depicts
this behavior. Here, the angular spread of electrons in

FIG. 4. Angular dependence of electrons with different ener-
gies. Solid symbols are experimental data, lines are Gaussian
fits to the data, and hollow symbols are results from 3D PIC
simulations.

three different energy ranges is shown. It diminishes from
16± FWHM (full width at half maximum) for 3-MeV
electrons to 9± for 11-MeV electrons. Within the accuracy
of the measurements, the electron beam appears to be
azimuthally symmetric.

Figures 1 and 4 suggest that the 3D PIC simulations
reproduce the experimental measurements dependably
not only in form but also in absolute numbers. We
should emphasize here that the 3D capability of the
code allows us to simulate closely the experimental
conditions including laser and density profile. This results
in absolute energy spectra, i.e., the number of accelerated
electrons in an energy range in a solid angle cone. We
now analyze the simulation results in more detail to
identify the dominant mechanism of electron acceleration.

Having the full information about the electron dynam-
ics in the PIC simulation, we separate the two driving
terms in the equation of motion dp2�dt � 22eEzpz 2

2e �E� ? �p� with �E� ? �p� � Expx 1 Eypy , keeping
track of

Gz � 2
Z t

0

2eEzpz

�mc�2
dt, G� � 2

Z t

0

2e �E� ? �p�

�mc�2
dt ,

(1)

in the energy g2 � 1 1 �p�mc�2 � 1 1 Gz 1 G� of
each electron. Here, Gz is the energy gain at time t due
to acceleration by the longitudinal electric field Ez mainly
representing the plasma wave (wake field), while G� rep-
resents direct laser acceleration by the transverse field E�.
The contribution of the transverse electrostatic channel
field averages to zero in G�. Notice that the relativistic
electrons are mainly moving in a forward direction along
the channel axis, while oscillating transversely and gain-
ing energy from the laser electric field (pz ¿ p� ¿ mc);
increments of p� are then converted into increments of pz

via �y 3 �B interaction.
We consider the case for the optimal experimental pa-

rameters, ne � 2 3 1020 cm23, corresponding to elec-
trons generated with highest energy. The results of PIC
simulations are shown in Figs. 5a–5h. The snapshot is
taken when the head of the laser pulse has just arrived at the
maximum plasma density in the gas jet, z � 300l. The
regular wake field exists at the head of the laser pulse only
(Fig. 5a), causing strong modulations with plasma period
in phase space (Fig. 5b–5d). Nevertheless, the compari-
son between Gz and G� in Figs. 5e–5f reveals that most
of the energy acquired is due to direct laser acceleration,
while laser wake field acceleration (LWFA) drives only a
minority of electrons. Actually, most electrons experience
a net drag from the wake field (Gz , 0 in Fig. 5e). Fig-
ure 6a, where electrons are plotted in the (Gz , G�) plane,
clearly exhibits this feature. All electrons are located in
the half-space g2 � 1 1 Gz 1 G� . 1 with the bulk in
the quadrant Gz , 0, G� . 0, giving clear evidence that
DLA is the dominant acceleration mechanism and that
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FIG. 5. 3D PIC simulations. The frames show the following:
(a) the wake field eEz�mcvp; (b) the laser field eEx�mcv0,
where v0 is the laser frequency; (c) the transverse momentum
px�mc; (d) the electron energy distribution g 2 1; (e) the gain
Gz ; (f) the transverse gain G�; all along the laser propagation
axis z. Zoom at 270 , z�l , 280 of (g) eEx�mcv0 and
(h) px�mc with the dashed line indicating jpx�mcj � 3.

LWFA decelerates rather than accelerates electrons. Sort-
ing electrons of given energy into groups of Gz . G�

(LWFA dominant) and Gz , G� (DLA dominant) leads to
the spectra in Fig. 6b. It demonstrates that LWFA plays
only a minor role in the present experiment.

Finally, a closer look into the transverse electron
dynamics is given in Figs. 5g–5h, where the z axis has
been expanded to laser wavelength resolution. Notice that
the laser amplitude a � eEx�mcv0 � 3.0 in the self-
focused channel is larger than the value a � 1.7 of the
incident pulse and that the transverse momenta of many
electrons exceed a � 3 significantly, i.e., px�mc ¿ 3.
The reason for this is resonant energy transfer from the
laser wave to electrons performing transverse oscillations
in the channel at the betatron frequency. The theory

FIG. 6. Breakdown of electron spectrum with respect to the
major acceleration mechanism. (a) Distribution of the acceler-
ated electrons in the (Gz , G�) space. The shaded histogram is
in logarithmic scale. (b) The filled circles represent the DLA
spectrum of electrons while the empty circles mark the LWFA
spectrum. The bar at the energy axis marks the range of the
electron detector used in the experiment (see text for details).

explaining the quasithermal form of the spectra has still
to be worked out.

In conclusion, we have performed a detailed experi-
mental characterization of multi-MeV electrons acceler-
ated by the 1.2-TW ATLAS laser pulse channeling in a
high-density gas jet. The angularly resolved electron en-
ergy spectra calibrated in absolute numbers are closely
reproduced by 3D PIC simulations with the VLPL code.
In the PIC simulations, we were able to separate contri-
butions from the plasma wake field and the laser electric
field itself. For the present experiment at high plasma
density, we find direct laser acceleration to be the domi-
nant process. We have checked that this result remains
valid also for lower densities as long as a self-focusing
channel is formed trapping laser power P ¿ PRSF .
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MeV g -ray yield from solid targets irradiated with fs-laser pulses
C. Gahn, G. Pretzler, A. Saemann, G. D. Tsakiris,a) and K. J. Witte
Max-Planck-Institut für Quantenoptik, D-85748 Garching, Germany
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Sektion Physik, LMU München, Am Coulombwall 1, D-85748 Garching, Germany

~Received 17 August 1998; accepted for publication 20 October 1998!

We have investigated the MeV bremsstrahlung which is emitted when fast electrons generated by
the interaction of 200 mJ, 130 fs Ti:sapphire laser pulses with a preformed plasma penetrate into a
solid target. Employing different targets the dependence of the g-ray spectrum on the atomic
number was studied. We detected single g photons with an energy up to 2.5 MeV and found a
maximum conversion efficiency of the laser energy into MeV bremsstrahlung of 431026. Data
analysis using a Monte Carlo code revealed a fast-electron temperature of 0.9 MeV. © 1998
American Institute of Physics. @S0003-6951~98!00351-9#

In recent years, prodigious advancements in short pulse
laser technology have sparked numerous new ideas based on
the fact that the output of such lasers can be focused to
intensities approaching 1020 W/cm2.1 An example from this
new regime of laser-matter interaction is a line of research in
which laser-induced nuclear reactions are investigated.2–4 In-
deed, it was only few years ago that the generation of MeV
photons in the interaction of solid targets with fs-laser pulses
was first reported.5 This was a decisive step demonstrating
an efficient pulsed source of g photons with energies extend-
ing beyond 1 MeV. As a number of photon-induced nuclear
reactions ~including pair production! possess an energy
threshold of a few MeV, it signaled the possibility of using
such a compact source to initiate those processes.

Actually, the g photons are produced via bremsstrahlung
by fast electrons penetrating into the solid target material.
The generation mechanism of fast electrons itself has been
the topic of numerous studies.6–8 For focused intensities of
the order of 1018 W/cm2, the ponderomotive force associ-
ated with the laser field accelerates the electrons predomi-
nantly in the longitudinal direction.9 However, if the target
density is subcritical, i.e., ne,1.731021 cm23 for 0.8 mm
laser light, the laser beam tends to self-focus,10 thus increas-
ing the intensity even further. Moreover, collective effects
like large amplitude plasma waves and Raman scattering in
the underdense plasma contribute to accelerating electrons to
even higher kinetic energies in the forward direction. There-
fore, for efficient fast-electron generation it is advantageous
to use subcritical plasmas like those obtained in gas targets.6

Alternatively, one can introduce a prepulse containing a
small percentage of the laser pulse energy to create a long
scale-length preformed plasma in front of a solid target,11

thus combining in one step the fast-electron generation with
the g-photon production.

In this letter we report on results in g-photon generation
with fs-laser pulses in the MeV range. In contrast to previous
experiments,5 the high-energy tail (Eg.1.0 MeV) of the g
spectrum was accurately measured using single-photon
pulse-height analysis techniques and its dependence on the

target material was determined. The analysis of the experi-
mental data was performed by means of the Monte Carlo
code GEANT,12 initially developed for high-energy physics.
This way, the energy distribution of the fast electrons re-
sponsible for the g-photons production was inferred. The so-
obtained electron temperature compares favorably with the
predictions of three-dimensional particle-in-cell ~3D PIC!
simulations of relativistically strong laser pulses interacting
with underdense plasma.13

The experiment was performed with the advanced
Ti:sapphire laser ATLAS at the Max-Planck-Institut für
Quantenoptik that delivers 130-fs, 200-mJ pulses at a repeti-
tion rate of 10 Hz at 790 nm. The laser beam was split into a
pre- and a main pulse and focused with an f /3 off-axis para-
bolic mirror ~see Fig. 1!. This results in a focal spot of 6 mm
in diameter ~full width at half maximum of the intensity! for
the main pulse and 20 mm for the prepulse yielding an in-
tensity of the order of 1018 and 1016 W/cm2, respectively.

The prepulse produced an expanding underdense plasma
on the target surface. Several hundred ps later the main pulse
interacted with this plasma ~approximately at a density of
ne51021 cm23 according to simulations described
elsewhere3!. Assuming an expansion velocity of 107 cm/s, a
plasma scale length of about 30–50 mm is obtained. In order
to achieve a high absorption, the p-polarized prepulse was

a!Electronic mail: get@mpq.mpg.de FIG. 1. Experimental setup.
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incident at 45° from the target normal. Massive targets 1 cm
thick made of aluminum, copper, and tantalum as well as of
100 mm Makrofol ~C16O3H14) on a tantalum substrate were
employed. They were rotated and shifted continuously so
that a fresh surface was provided for each shot. The three
purely metallic targets were chosen in order to study the
dependence of the g-ray spectrum on the atomic number.
The two-layer target consisting of a thin low-Z ablation layer
followed by a thick high-Z bremsstrahlung converter gives
rise to the formation of an extended preplasma which should
enhance self-focusing of the main pulse. According to Ref.
2, this combination is optimally suited for efficient g-photon
production.

The g rays were measured by a calibrated array of four
hexagonal, 12-cm-thick NaI~Tl! scintillators coupled to pho-
tomultipliers ~PMT!. The photomultiplier signals were read
out by fast integrators/boxcar averagers and analyzed by a
multichannel analog-to-digital converter. The scintillators
were arranged in such a way that each detector simulta-
neously served as an attenuating filter for the following one
~see Fig. 1!. This arrangement ensures that pileup remains
insignificant and single g photons are detected with a high
efficiency in at least one detector. In addition, this compact
assembly helped to set up an effective shielding using lead
bricks of 15 cm thickness towards the target and 5 cm on all
other sides. A collimating aperture was formed by a 5 mm
hole in the front wall. The whole detector system was placed
180 cm away from the target, thus subtending a solid angle
of 531026 sr to the source. Due to a 1 mm thick vacuum
window ~see Fig. 1!, the first detector ~NaI-1! sees all the
photons with energy .20 keV. Arbitrarily taking the 1%
transmission point as a high-energy cutoff, the energy range
of the g photons reaching each subsequent detector is
roughly: NaI-2:.0.45 MeV, NaI-3:1.1–43.0 MeV whereas
detector NaI-4 sees no primary g photons. The actual re-
sponse amplitude of each detector includes, however, the
Compton escape events from all others. This effect is prop-
erly included in the data analysis which is performed using
the code GEANT that takes into consideration the exact geom-
etry of the detector assembly. It should be pointed out here
that this detector arrangement in connection with the code
GEANT does not exhibit a high-energy cutoff for g photons.

A typical g-pulse-height spectrum accumulated over
2000 shots by detector NaI-2 is shown in Fig. 2. For statis-
tical reasons ~count rate ;1 event per 3 shots! pileup can be

neglected, and hence, single MeV photons of up to 2.5 MeV
were detected. The signal due to the scattered radiation of the
surrounding objects and penetrating the 5 cm thick sidewall
was accumulated over 2000 shots while blocking the colli-
mating opening with 10 cm lead.

The response of all four detectors for the various target
materials employed is given in Fig. 3. As expected, the mean
energy deposited per shot increases with Z. However, the
two-layer target was not as effective as anticipated, probably
due to reduced absorption of the prepulse in the low-Z ma-
terial. The influence of the controlled prepulse was found to
be not as strong as reported at lower laser intensities.11

Blocking the prepulse reduced the g intensity by a factor of
5–6 but left the spectral shape almost unchanged. This is
attributed to the pedestal associated with the laser pulse
which weakens the influence of the prepulse. Furthermore,
changing the delay between the pre- and main pulse in the
range of 370–730 ps did not significantly affect the g yield,
indicating that for large delay times, two-dimensional effects
dominate the plasma expansion and determine the plasma
scale length.

GEANT12 requires as input the electron energy distribu-
tion and the exact geometry of the whole experimental setup
~target, shield, and detectors!. The output is the generated
bremsstrahlung spectrum per solid angle in a given direction
with respect to the electron momentum and the expected
response for each detector. Thus, the data in Figs. 2 and 3
can be unfolded to obtain the electron energy distribution.
The signal from the first detector ~NaI-1! is not considered in
this analysis, as it contains all the low-energy photons, and
therefore, it is dominated by pileup. Assuming a beam of
electrons with energy distribution f (Ee);exp(2Ee /kTe)
propagating in the laser direction, GEANT reproduces the
measured mean deposited energy in detectors NaI-2–NaI-4
for an electron temperature of Te'0.8– 0.9 MeV ~see the
inset in Fig. 3!. This value is surprisingly close to the supra-
thermal electron temperature predicted by 3D PIC
simulations.13 As expected from the similar response exhib-
ited in Fig. 3 and within the accuracy of the measurement,
there is no apparent electron temperature dependence on the

FIG. 2. Pulse-height spectrum for a tantalum target as measured by the
second detector NaI-2 ~solid line!. The shaded area shows the contribution
of the scattered radiation. The points depict the prediction of the Monte
Carlo code analysis for electrons with 0.9 MeV temperature.

FIG. 3. Mean energy per shot deposited in the four detectors for various Z
targets ~low-energy threshold 30 keV!. Inset: Comparison of the detector
response with the prediction of the GEANT code. The shaded area gives an
estimate of the temperature determination accuracy corresponding to the
statistical error bars of the measurement. All lines shown are to guide the
eye.

3663Appl. Phys. Lett., Vol. 73, No. 25, 21 December 1998 Gahn et al.
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atomic number of the target material. The total number of
fast electrons is obtained from a comparison of the measured
pulse-height spectrum with the computed one using GEANT

~see Fig. 2!. It is found that the 3D PIC simulations13 predict
by a factor ;40 more fast electrons than measured. A pos-
sible explanation is that the fast electrons penetrating the
target lose part of their energy to electrostatic fields arising
from space charge effects.8,14 However, the exact reason for
this discrepancy is not known and further investigations are
required to clarify this point.

The relative g ray yields for Eg.1.0 MeV and the total
number of suprathermal electrons for the different atomic
number targets are given in Fig. 4. The largest number of fast
electrons was obtained with an aluminum target, namely,
Ne'2.23108 in the MeV range per shot. This corresponds
to a conversion efficiency of laser energy into .1.0 MeV
electrons of he'331024. On the other hand, the highest
g-ray fluxes were seen in tantalum targets where a total num-
ber of 43106 MeV photons in 4p were generated. This
gives a laser energy into MeV-bremsstrahlung conversion
efficiency of hg'431026. As seen in Fig. 4, for the g ray
yield above 1 MeV, a dependence of the form hg;AZ is
suggested by the results, which is weaker than the hg;Z
reported in Ref. 5 that includes radiation .30.0 keV. This
can be understood in terms of the laser beam channeling
being responsible for the generation of the suprathermal elec-
trons. In high-Z material targets, the expansion velocity of
the preformed plasma is lower due to higher ion mass. As a
result, the propagation length and, therefore, the interaction

volume of the self-focused beam is smaller than in low-Z
targets. This effect offsets the higher bremsstrahlung yield
for higher atomic numbers. The same effect can be invoked
to explain the apparent Ne;1/Z scaling for the total number
of electrons ~see Fig. 4!.

In conclusion, we have investigated the MeV brems-
strahlung generated from a high-intense ultrashort laser–
solid interaction. We find that one can generate with a 10 Hz
repetition rate 43106 g photons having an energy greater
than 1 MeV.
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A novel 45-channel electron spectrometer for high intensity laser-plasma
interaction studies

C. Gahn, G. D. Tsakiris, and K. J. Witte
Max-Planck-Institut für Quantenoptik, D-85748 Garching, Germany

P. Thirolf and D. Habs
Sektion Physik, LMU München, Am Coulombwall 1, D-85748 Garching, Germany

~Received 23 July 1999; accepted for publication 5 January 2000!

We have developed a magnetic spectrometer to characterize the hot electrons generated in
high-intensity (.1018 W/cm2) laser-plasma interaction experiments. It comprises a dispersive
element consisting of a permanent dipole magnet and an electron detector incorporating 45
scintillating/light-guiding plastic fibers connected to a cooled charged-coupled device camera. The
main features of this instrument are high spectral resolution, low sensitivity to x and g rays, and
versatility due to its compact design. Performance and operational capabilities are illustrated based
on experimental results in which electron energy–spectra in the range of 520 keV to 12.6 MeV were
obtained with an energy resolution of 10% and a detection threshold of 106 electrons per MeV.
© 2000 American Institute of Physics. @S0034-6748~00!04804-8#

I. INTRODUCTION

Recently, the generation of multi-MeV electrons in the
interaction of ultraintense laser pulses with plasma has at-
tracted a lot of attention.1–11 One key issue associated with
this process is the mechanism leading to the acceleration of
electrons to multi-MeV energies. In order to be able to elu-
cidate this point, detailed information on their angular and
energy distribution is necessary. A number of diagnostic
techniques have been developed to obtain this
information.2–10 In most of these studies, an electron spec-
trometer was used in which the dispersive element was a
static magnetic field while the detectors employed were of a
different type. They included, for example, thick silicon
diodes,4 surface barrier detectors,5 uncalibrated scintillating
screens,6 or combination of scintillators connected to
photomultipliers.5,10 In this article, we describe a new type of
magnetic spectrometer in which the dispersive element ~di-
pole magnet! and the electronic part of the detector are
physically separated. The detector is an array of scintillating
fibers and therefore, the number of channels and conse-
quently the energy resolution is considerably increased com-
pared to previous schemes.4,5 The advantages of this design
are compactness, suitability for operation in vacuum, and
high energy resolution. Furthermore, since the electron de-
tectors ~scintillating fibers! discriminate against x and g rays
that are simultaneously generated to a large extent via
Bremsstrahlung, the background signal in the output is rather
low.

A schematic drawing of the spectrometer setup is shown
in Fig. 1. The electrons pass through a collimator, which
blocks the main part of the electron beam and through its
aperture lets only a small fraction enter the permanent dipole
magnet. Subsequently, they are dispersed according to their
energy and those electrons striking the scintillating fibers
produce a light signal that is proportional to their number in
the respective energy range. The thus generated light signal

is guided by total reflection in the fibers to a charge coupled
device ~CCD! camera where it is read out. A fiber optics
window which is glued directly to the CCD chip provides the
connection between the fiber ends and the chip. From the
recorded image of the fiber array, the energy spectrum can be
deduced. In what follows, the description and operational
characteristics of the various components is explained in fur-
ther detail.

A photograph of the partially dismantled spectrometer
~without the collimator and with bare scintillating fibers! is
shown in Fig. 2.

II. DISPERSIVE ELEMENT: DIPOLE MAGNET

The permanent dipole magnet utilized to disperse the
electrons according to their kinetic energy consists of a top
and a bottom array of magnets. Each array is composed of 25
pieces of 1-cm-thick ferrite permanent magnets placed on a
1-cm-thick iron plate and covered by a 3-mm-thick alumi-
num sheet. The dimensions of each pole face are 12.5 cm by
22.5 cm. The two poles are connected by a 1.5-cm-thick iron
yoke providing a 1.5 cm gap between them. The overall
height of the spectrometer is 6.5 cm. The magnetic field
reaches a maximum field strength of 150 mT. It was mapped
out with a Hall probe over a grid of 1 cm31 cm lateral
length. The projected electron trajectories were computed by
ray tracing using a two-dimensional interpolation method for
the magnetic field and calculating the deflection angle ac-
cording to the Lorentz force @see Fig. 3~a!#. The dispersion
relation deduced from these trajectories depends on the ki-
netic energy T and can be fitted by a function of the form
DT/Dx5a1b Tc, where a , b , and c are fitting parameters
and x the distance along the dispersion direction @see Fig.
3~b!#. For an infinitely small aperture diameter, the theoreti-
cal energy resolution is DT/T5(d f /T)DT/Dx with d f the
fiber diameter. For d f51 mm, this leads to a theoretical en-
ergy resolution of 1%–2% @see also Fig. 3~b!#.
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Depending on the collecting solid angle subtended by
the entrance aperture the resolution worsens in the experi-
ment due to the divergence of the incoming electron beam.
In the case of the measurement described in Sec. IV, we used
a 5 mm aperture that was placed 14 cm away from the inter-
action region resulting in an acceptance solid angle of 1 msr.
This arrangement leads to an energy resolution of about
10%.

III. ELECTRON DETECTOR: SCINTILLATING FIBERS
COUPLED TO A CCD CAMERA

The electrons are detected by round scintillating plastic
fibers with 1 mm diameter. We chose these fibers for two
reasons. First, they are made of a material with a low atomic
number and consequently they are relatively insensitive to
the x- and g-ray background12 copiously produced via
Bremsstrahlung in this kind of experiment. Hence, a large-
scale shielding of the detector is not required. Second, since
these plastic fibers are very flexible, they allow easy reposi-
tioning of the spectrometer in the vacuum chamber. They are
of the type BCF-12 manufactured by Bicron, Saint-Gobain
Industrial Ceramics, Inc. Data concerning these fibers were
taken from Ref. 13. They are equally spaced at the exit of the
spectrometer and placed perpendicularly to the plane of the

electron movement ~see Fig. 1!. The fiber bundle is 45 cm
long and guides the scintillation light to the wall of the
vacuum chamber where a 16-bit Photometrics CCD camera
with a fiber optics interface is attached.14 Their ends are
glued in matrix arrangement into an aluminum plate using
the optical cement Bicron BC-600 and the surface of the
plate including the tips of the fibers are mechanically pol-
ished ~see Fig. 2!. This plate is slightly pressed against a
fiber optics interface that is glued to the 1 in. CCD chip of
type SIA003AF by Scientific Imaging Technologies, Inc.15 A
thin film of the silicon optical grease Bicron BC-630 is ap-
plied between mask and fiber optics. The refraction index of
this grease comes close to the corresponding values for the
fibers as well as for the fiber optics so that the light loss due
to reflection at the interface between the end of the fibers and
the fiber optics is reduced. The fibers are completely
wrapped into black tape Bicron BC-638 in order to protect
them against stray light.

When the dispersed electrons traverse these fibers, they
deposit an amount of energy between 235 and 150 keV de-
pending on their initial kinetic energy. These values were
calculated by means of the Monte Carlo code GEANT,16 a
detector simulation tool originally designed for high-energy
physics. The energy lost is converted into 8000 photons per
MeV. About 4% of this light is funneled into the fiber by
total internal reflection.13,17 Due to absorption, with corre-
sponding absorption (1/e) length of 220 cm, 20% of this
forward-coupled light is lost. Therefore, each electron gives
rise to about 50 photons that reach the CCD camera. The
chip has a mean quantum efficiency of 12% in the range of
the spectrum that is emitted by the scintillation process. The
mean photon energy of the spectrum is 2.8 eV. Moreover, an
energy of 3.65 eV is required to create an electron-hole pair
in a silicon semiconductor and the camera gain amounts to
5.1 electric charges per CCD count. Thus, on the whole each
detected electron gives rise to 0.7–1.1 CCD counts depend-
ing on its kinetic energy. This value must be downgraded by
about 25% as our absolute calibration with a 137Cs b source
revealed.

FIG. 1. Schematic of the electron spectrometer setup.

FIG. 2. Photograph of the electron spectrometer. The length of the fiber
bundle is 45 cm.

FIG. 3. ~a! Electron trajectories in the magnetic spectrometer. The square
with the label Cu indicates the position of the copper block used for noise
measurements ~see Sec. IV!. ~b! Dispersion relation ~ray tracing results de-
picted by filled circles and fit by solid line, respectively! and energy reso-
lution assuming an infinite small aperture ~open squares and dotted line!.
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Figure 4 shows an image recorded by the CCD camera
in the experiment described in Sec. IV. The shining fiber
ends can clearly be seen. The hollow structure seen in the
line-out image of the individual fibers on the right is due to
the light propagating characteristics in the multimode fiber.
The lineout also indicates that the fibers are sufficiently well
separated that crosstalk on the CCD chip can be excluded.
Indeed, the crosstalk between adjacent fibers due to light
escaping from one fiber and entering the other was found to
be less than 5%. For this measurement we coupled two side
by side lying fibers to a multichannel photomultiplier, placed
106Ru b source on one fiber, and looked for coincident sig-
nals on both fibers using a gated analog-to-digital converter.

The data analysis is automated with a program on a dedi-
cated PC that integrates the signal from the individual pixels
within a square encircling each fiber.

IV. OPERATION IN A LASER-PLASMA EXPERIMENT

An experiment11 in which the spectrometer described
here played an important role was carried out using the ad-
vanced Ti:sapphire laser ~ATLAS! at the Max-Planck-
Institut für Quantenoptik that delivers 200 fs, 250 mJ pulses
at 790 nm. The laser beam was focused with an f /3 off-axis
parabolic mirror to a spot of 15 mm in diameter containing
85% of the total energy. The double-Gaussian intensity pro-
file has a peak value of 431018 W/cm2. The focus was
placed at the edge of a free expansion argon gas jet provided
by a high pressure gas nozzle of the type characterized in
Ref. 18. The jet pressure reached a maximum of 0.5 bar.

The spectrometer was placed in laser beam direction 14
cm away from the interaction region. An aperture made of
8-mm-thick copper with a 5 mm hole collimated the elec-
trons. A wall made out of 3 cm lead protected the fibers
against direct bombardment by electrons outside of the spec-
trometer. In order to measure the signal caused by back-
ground radiation, the aperture was replaced by an identical
piece of copper without a hole. Figure 5 shows a typical
spectrum that we obtained after integrating over the pixels
encircled by each fiber, subtracting the background from the
signal and taking into consideration the dispersion relation
given in Fig. 3 as well as the detector efficiency derived in
Sec. III. The error bar for the electron number is associated
with shot-to-shot fluctuations, the error bar for the kinetic
energy is due to the angular spread of the electron beam ~see
Sec. II!. In addition, the signal-to-background ratio is given.
It reaches a maximum of 40 in the low energy part of the

spectrum and drops to 1 in the high energy tail where the
electron number is lower than 106 per MeV. By means of a
small size copper block that was inserted into the spectrom-
eter as shown in Fig. 3, we could estimate the influence of
scattered electrons on the measured signal. Its position was
such that it obstructed the lower part of the spectrum con-
taining the electrons with an energy of up to 1 MeV, but
allowed scattered electrons to access the blocked fibers. In
fact, the signal was now reduced to the background level
mentioned before. Since the plastic fibers are flexible, the
spectrometer could be rotated horizontally as well as verti-
cally around the interaction region up to an angle of 10°
relative to the laser beam direction thus allowing measure-
ments of the angular dependence of the electron energy dis-
tribution.

V. DISCUSSION

The usage of the spectrometer described here is not re-
stricted to experiments of the above mentioned gas-jet type,
but it can also be used in studies of laser interaction with
solid targets. Modifications can be easily implemented to
meet some special requirements associated with a specific
experiment. For example, the number of energy channels
available can be increased if an image reducer is used in
connection with the CCD detector instead of a straight piece
of fiber optics. In addition, if a different field strength of the
dipole magnet is chosen, another part of the energy spectrum
can be measured.
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Laser induced electron acceleration in the presence of static electric
and magnetic fields in a plasma
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Physics Department, Indian Institute of Technology, New Delhi 110016, India

~Received 16 February 2000; accepted 13 March 2000!

Results of a fully relativistic three-dimensional ~3-D! single particle code, supported by a theoretical
model, on direct laser acceleration of electrons in radial electric and azimuthal magnetic static fields
are presented. The ponderomotive force and the longitudinal components of the laser field are taken
into account in the code. The electron motion in the static fields is similar to the motion in a
magnetic wiggler. At resonance, when the bounce frequency of the wiggling motion is within a few
percent of the Doppler shifted laser frequency, the amplitude of transverse oscillation shows a rapid
increase accompanied by a fast rise in energy and parallel momentum. For this situation, a
theoretical model of energy exchange between the electrons and the laser provides reasonable
estimate of energy gain. The single particle code is used in Monte Carlo simulations to study the
energy distribution and angular spread of the accelerated electrons in a self-focused high intensity
laser pulse interaction. © 2000 American Institute of Physics. @S1070-664X~00!02107-8#

I. INTRODUCTION

The acceleration of electrons by lasers has been a fasci-
nating field of research for nearly three decades.1–14 The
early schemes envisaged the production of a large amplitude
plasma wave, by either beating two lasers, differing in fre-
quency by a plasma frequency, or sending a single short
pulse laser of duration comparable to a plasma period that
would accelerate energetic electrons to much higher
energies.1,2 In the beat wave scheme, the lasers exert an axial
ponderomotive force on the electrons that drives the plasma
wave, whereas in the single pulse case, the axial ponderomo-
tive force drives the plasma wave in the wake of the pulse.
Later studies with longer laser pulses15–17 revealed that the
plasma wave could be generated through the process of
stimulated Raman forward scattering. In the case of a fast
rising flat pulse the plasma wave is generated at the front of
the pulse. It focuses/defocuses the laser periodically, causing
phase modulation of the latter and in the process acquires
larger amplitude itself, giving higher acceleration gradients.
A major limitation of these schemes arises from the wave
particle dephasing. One may overcome it by the surfatron
concept18 in which a transverse static magnetic field Bsŷ is
superimposed on the plasma wave propagating along ẑ . The
magnetic field exerts a (evzBs /c) x̂ force on the electrons,
trapped in the potential energy minimum of the plasma wave
and traveling with velocity vz.vp /k , where vp and k are
the frequency and wave vector of the plasma wave. vx and
Bs give rise to a retarding force 2evxBs /c opposite to the
z-direction, thus preventing them from out-running the wave.
When the electric force on the electron due to the plasma

wave is sufficient to overcome the retarding force, the elec-
tron would remain trapped and get accelerated in the
x-direction without bound.

Recent studies with very intense short pulses,
I>1019 W/cm2, and plasma densities higher than one-tenth
critical have revealed an altogether new paradigm of electron
acceleration, where electrons are directly accelerated by the
self-trapped laser.19 Pukhov and Meyer-ter-Vehn, in their
three-dimensional particle-in-cell ~3D PIC! simulations, have
observed strong flows of relativistic electrons axially comov-
ing with the laser pulse and generating 100 MG azimuthal
magnetic fields.20 The electron energies were far in excess of
the ponderomotive potential energy and the acceleration was
directly a consequence of energy exchange with the laser,
and not by the wake field driven plasma wave. In their recent
and more extensive simulations, Pukhov et al. have identi-
fied the major mechanism of electron acceleration as
follows.21 The electron makes transverse betatron oscilla-
tions in the self-generated static electric and magnetic fields,
Esr̂ , Bsŵ; Esr̂ is produced by the plasma electron depletion
under radial ponderomotive force and the magnetic field Bsŵ
by the stream of accelerating electrons. When the frequency
of betatron oscillations coincides with the Doppler shifted
laser frequency, as seen by the relativistic electron, a reso-
nance occurs, leading to an effective energy exchange be-
tween the laser and the electron. The process requires powers
significantly higher than the critical power for self-focusing.

Recently Gahn et al.13 have reported experimental re-
sults on multi-MeV electron beam generation by direct laser
acceleration in high density plasma channels. They em-
ployed 0.79 mm, 200 fsec, 250 mJ Ti-sapphire laser pulses of
spot diameter 6 mm, giving peak intensity of 4
31018 W/cm2 on a helium gas jet. The electron densities
were varied from 331019 cm23 to 431020 cm23, i.e., up toa!Electronic mail: get@ipp.mpg.de
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quarter critical. They observed electrons up to 12.5 MeV
energy with an effective temperature Teff53.3 MeV. Teff

scales linearly with density up to 231020 cm23. The total
number of MeV-electrons in the measured energy range
amounts to 231010, giving a conversion efficiency of laser
energy into collimated electron energy of 5%. The experi-
mentally obtained results are closely reproduced by 3D PIC
simulations. The wakefield is seen to be too weak to account
for the observed energies. The bulk of the fast electrons are
produced by direct laser acceleration at the channel betatron
resonance. The energy gain by the electron from parallel
electric field appears much smaller than that from the trans-
verse field. The electrons gaining energy in the transverse
direction are strongly driven into the z-direction by v3B
force due to transverse magnetic fields.

In this paper we study direct laser acceleration of elec-
trons under radial electric and azimuthal magnetic static
fields using a fully relativistic single particle code with
built-in ponderomotive force. In contrast to the 3D PIC code,
the single particle code is not self-consistent. Although the
electric field Es can be calculated once the normalized vector
potential a0 is given, the value of the magnetic field Bs rep-
resents a free parameter and it can be only estimated. How-
ever, the greatly simplified modeling allow us to explicitly
study the resonance occurrence in the acceleration process.
The laser is taken to have Gaussian radial and temporal pro-
files while the static fields have a Gaussian taper in r but are
frozen in time. The static fields provide radial localization
and transverse bounce motion to the electrons, which in the
presence of the laser is enhanced. The laser E and B fields
provide energy and parallel momentum respectively to the
electron. We study the evolution of particle position, mo-
mentum and energy, frequency mismatch between the Dop-
pler shifted laser frequency and bounce frequency, and the
separation between the particle and the peak of the pulse.
The code is supplemented by a theoretical model of energy
exchange based on the approximation of constant amplitude
of electron velocity of bounce motion and a plane wave cw
laser.

In Sec. II we estimate the static fields produced by a
Gaussian laser beam in an otherwise uniform cold plasma. In
Sec. III we study the electron motion in a stepwise manner,
first in the static azimuthal magnetic field alone, next in com-
bined electric and magnetic static fields and finally with the
inclusion of a uniform amplitude laser over and above the
static fields. We also present an analytical model of energy
exchange between the electron and the laser. In Sec. IV we
develop the framework for numerical studies of electron mo-
tion under the combined fields of a Gaussian laser and the
static fields, and make some analytical deductions. The code
results are presented and discussed in Sec. V. Our conclu-
sions are summarized in Sec. VI.

II. LASER FIELD AND STATIC FIELDS

Consider a cold unmagnetized plasma of equilibrium
electron density n0 . A linearly polarized Gaussian laser
beam propagates through it with electric and magnetic fields

EL5A0e2 r2/2r0
2S x̂cos c2 ẑ

x

kr0
2 sin c D , ~1a!

BL5A0he2 r2/2r0
2S ŷcos c2 ẑ

y

kr0
2 sin c D , ~1b!

where c5vt2kz , k5 (v/c) h , h>(12 vp
2/v2(1

1a0
2/2)1/2)1/2, vp5(4pn0e2/m)1/2, 2e and m are electronic

charge and rest mass, a05eA0 /mcv and we have ensured
that ¹•EL50. The laser exerts a ponderomotive force Fp

5e¹Fp on the plasma electrons, where Fp52 (mc2/e)

3@(11a2/2)1/2
21# and a2

5a0
2e2r2/r0

2
. On the time scale of

a few plasma periods, the electrons in the beam illuminated
region move radially outwards, producing a radial electric
field Esr̂ . In the quasi-steady state

Es5¹Fp5 r̂E0s

r

r0
e2 r2/r0

2S 11

a0
2

2
e2 r2/r0

2D 21/2

, ~2!

where E0s5(mc2/2er0) a0
2; Es has a maximum between r0/2

and r0 . The self-consistent reduction Dn in electron density
can be obtained using Poisson’s equation. On the channel
axis one obtains Dn/n05(c/vpr0)2a0

2(11a0
2/2)21/2. For r2

!r0
2, y50, Es can be written as

Es5 x̂E0s8
x

r0
; E0s8 5

E0s

~11a0
2/2!1/2 . ~3!

The laser also produces energetic electrons that carry an
electric current and produce an azimuthal magnetic field. We
model the azimuthal magnetic field as

Bsw52B0w

r

r0
e2 r2/r0

2
. ~4!

This corresponds to a current density Jz52(B0wc/2pr0)

3(12r2/r0
2)e2r2/r0

2
. The current density is negative for r

,r0 and positive for r.r0 , while the total current is zero.
Thus the magnetic filed in Eq. ~4! corresponds to perfect
current neutralization. The net current in the interior of the
channel (0,r,r0), presumably carried by energetic elec-
trons with average density nh and velocity vz'c , is Ib0

52ecpr0
2nh52B0wcr0/5.44. In terms of nh the magnetic

field is given by B0w55.44pnher054.63108 (nh /nc)
3(r0m /lm

2 ) Gauss, where r0m and lm are channel radius and
free space wavelength in microns and nc is the critical den-
sity for wavelength l. For r2/r0

2
!1, the static magnetic field

can be written as Bsw.2B0w r/r0 . If one moves on the x
axis (y50), then the magnetic field is directed along ŷ and
is given by

Bsy52B0w x/r0 . ~5!

One may note that for x.0, Bsy is negative whereas for
x,0, Bsy is positive. Consequently, an electron moving
away from the z-axis whether along 1 x̂ or 2 x̂ will experi-
ence a v3B force along 1 ẑ . Thus the poloidal magnetic
field has the tendency to deflect the escaping electrons along
1 ẑ .

The profiles of Esy and Bsy , as given by Eqs. ~2! and
~4!, are displayed in Fig. 1 with x for y50.
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III. ELECTRON MOTION IN THE FIELDS OF A LASER
PRODUCED PLASMA CHANNEL

In this section the electron motion in the fields prevailing
in a plasma channel is discussed stepwise. First the motion in
a static magnetic field with radially increasing amplitude is
investigated. It is shown that this form of field gives rise to
the wiggling motion of the electron in the channel. The effect
of a radial electric field superimposed on the magnetic field
is also examined. Finally, it is explained how the introduc-
tion of the laser fields leads to net energy gain and its con-
version into parallel momentum.

A. Motion in a static magnetic field

We begin with two-dimensional electron motion in the
magnetic field given by Eq. ~5!. The energy, mc2g , of an
electron in a magnetic field is a constant, i.e., g
[A11p2/m2c2

5g0 , where p5p0 is the momentum. The
equation of motion, ṗ52ev3Bs /c gives py5constant. For
pz , we have

dpz

dt
5

e

c
vx

B0w

r0
x5

eB 0w

2r0c

d

dt
x2, ~6!

giving

pz2
eB0w

2r0c
x2

5p0z , ~7!

px
2
5p0

2
2pz

2
5p0x

2
2

eB 0w

cr 0
x2S p0z1

eB 0w

4r0c
x2D , ~8!

where we have chosen at t50, x50, z50, px5p0x , pz

5p0z and py50. As x increases px decreases, and becomes
zero at x56xT ~turning points! where

xT
2
5

2cr0

eB 0w
~p02p0z!. ~9!

The motion in x is governed by ṗx52 (e/c) vz

3(B0w /r0) x , which on using Eq. ~7! can be written as

d2x

dt2 52vb
2xS 11

vcx2

2r0gv0z
D , ~10!

where vb5vb0 /Ag , vb05(vcv0z /r0)1/2 and vc5eB0w /
mc , the nonrelativistic cyclotron frequency corresponding to
the magnetic field B0w . The motion is periodic in x and

nearly sinusoidal. As the Bs field has different polarities for
x.0 and x,0, it deflects the electron in 1z direction. This
is depicted in Fig. 2.

An electron that originates off-axis at t50, x5x in with
pz5p0 , px50 would have @cf. Eq. ~6!#

pz5p02

eB0w

2cr 0
~x in

2
2x2!. ~11!

Since pz cannot be greater than p0 ~as p5p0 is a constant of
motion!, the electron cannot have x.x in , hence, it would
move towards the axis. As it moves closer to axis, pz goes
down. For p0.pm , where pm5(eB0w/2cr0) x in

2 , pz will al-
ways remain positive and the orbit would be like a sinusoidal
one. However, for p0,pm , pz becomes zero at x5x1

5x in(12p0 /pm)1/2. At this point px5p0 . As x decreases
further, pz becomes negative ~i.e., the electron moves along
2 ẑ! and px starts diminishing. pz attains its largest negative
value at x50. pz becomes zero again at x52x1 . It attains
pz5p0z value at x52x in . The orbit looks like a figure of
eight as displayed in Figs. 3~a!–3~c!. If p0,pm/2, then pz

would become equal to 2p0z at x5x25x in(122p0 /
pm)1/2, before reaching the channel axis. At x5x2 , px50
and the electron returns back to x5x in following a sort of
drifting elliptical orbit @see Fig. 3~d!#. It may be interesting
to see that p05pm with x in5x0 corresponds to a beam cur-
rent Ib5mc3g/e if one assumes all the fast electrons moving
with the same parallel momentum and nh is a step function
in r . This is the well known Alfvén current.22

Now we consider the magnetic field given by Eq. ~4!. g
is again a constant of motion. We choose the initial condi-
tions at t50, r5r in , z50, w50, pr[mg ṙ5p0r , pw

[mgrẇ5p0w and pz5p0z . The azimuthal equation of mo-
tion gives

r2ẇ5

r inp0w

mg
[c1 . ~12!

The parallel momentum equation, ṗz52eBwvr /c , gives

pz1
eB0wr0

2c
e2 r2/r0

2
5poz1

eB0wr0

2c
e2 r in

2 /r0
2
[c2 . ~13!

As r increases pz increases whereas ẇ decreases. However,
ẇ always remains positive, i.e., w increases monotonically

FIG. 1. Static electric and magnetic filed profiles; Variation of E sx and Bsy

with x at y50.

FIG. 2. ~a! Trajectory of an electron originating at x50, y50, z50 with
pW /(mc)5(0.5,0.0,0.5). ~b! The variation of px /(mc) and pz /(mc) of the
same electron as a function of z/r0 . The parameters are B0w5mcv/e
5134.0 MG and r052l51.6 mm.
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with time and the electron winds around the channel like a
spiral. For p0wÞ0, r is never zero. At the turning points r
5rT , pr50, i.e., pw

2
1pz

2
5p0

2 ,

r in
2

rT
2 p0w

2
1Fp0z1

eB0w

2cr 0
~e2 r in

2 /r0
2
2e2 rT

2 /r0
2
!G2

5p0
2 . ~14!

This equation gives two real roots of rT . The electron
bounces back and forth between these values of rT . In a
special case when

p0w
2

r in
5

eB0w

c
p0z

r in

r0
e2 r in

2 /r0
2
, ~15!

2mgrẇ2 balances the radial magnetic force and the electron
moves on a spiral of constant radius with constant vz .

If initially the electron does not have an azimuthal ve-
locity, then ẇ is always zero and the electron motion is pla-
nar, just like the case discussed above, with nearly sinusoidal
~or figure of eight or elliptical! trajectory and bounce fre-
quency vb . The turning point in this case is given by @cf. Eq.
~14!#

e2 rT
2 /r0

2
5e2 r in

2 /r0
2
2~p02p0z!

2cr0

eB 0w
. ~16!

Equation ~16! would have a real root only when

eB0w

2r0c
.~p02p0z!er in

2 /r0
2
. ~17!

Electrons violating this condition will escape from the chan-
nel. The equation governing ṙ(t) can be deduced from pr

2

5p0
2
2pw

2
2pz

2 by using Eqs. ~12! and ~13! and can be inte-
grated to obtain r(t).

B. Motion in static Es and Bs fields

First we consider the two-dimensional (x – z) motion in
the limit r2/r0

2
!1, so that the static electric and magnetic

fields are given by Eqs. ~3! and ~5!. The energy and parallel
momentum equations are

mc2
dg

dt
52 eEs•v52

eE 0s8

r0
x

dx

dt
, ~18!

dpz

dt
5

e

c
vx

B0w

r0
x5

eB 0w

2r0c

d

dt
x2. ~19!

For an electron having initially t50, x50, y50, z50, px

5p0x , py50, pz5p0z and g5g05A11p0
2/m2c2 they yield

g5g02

eE0s8

2r0mc 2 x2, ~20!

pz5p0z1
eB0w

2r0c
x2. ~21!

As the electron moves away from the channel axis, its energy
decreases but parallel momentum, pz , increases. At the turn-
ing point x5xT , px50, g2

511pz
2/m2c2, i.e.,

S g02

eE0s8

2mc 2r0
xT

2 D 2

511

1

m2c2 S p0z1
eB 0w

2cr 0
xT

2 D 2

. ~22!

This equation is quadratic in xT and can be solved. For p0z

@p0x it gives

xT
2
5

p0x
2 r0

meg0~E0s8 1B0w v0z /c !
. ~23!

For an electron born off-axis at x5x in , with other initial
conditions being the same as above, x2 in Eqs. ~20! and ~21!

is replaced by x2
2x in

2 . The condition for this electron to
arrive at the channel axis (x50) is that p0.pm , which re-
mains unaffected by the static electric field.

The x-motion equation, ṗx52eEsx1evzBsy /c , on us-
ing Eq. ~18! gives

d2x

dt2 1vb
2x5

eE0s

mr 0

vx
2

c2 x , ~24!

where again

vb5

vb0

Ag
, ~25a!

but with

vb05F e

mr0
S E0s8 1

vz

c
B0wD G1/2

. ~25b!

The motion along x is periodic in t , though anharmonic,
with bounce frequency .vb . For p0z@p0x , one always has
pz@px . In this case pz remains close to p0z while px under-
goes periodic oscillations. The static electric field assists
electron confinement in x . It lowers the amplitude xT and
enhances the bounce frequency. pz is always greater than p0z

and pz oscillations are twice as rapid as px .

FIG. 3. Trajectories of electrons originated off axis, at t50, x5x in

50.25r0 , p0x50, p0y50 and for the indicated values of p0z /pm . Arrows
denote the direction of initial velocity. The parameters are B0w5mcv/e
5134.0 MG and r052l51.6 mm.

3020 Phys. Plasmas, Vol. 7, No. 7, July 2000 Tsakiris, Gahn, and Tripathi

26 Jun 2000 Downloaded to 130.183.90.231. Redistribution subject to AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.



&!;0' ���������������
������	��

In the general case when Es and Bs fields are given by
Eqs. ~2! and ~4! the energy and parallel momentum equations
on using vr5dr/dt can be written as

mc2
dg

dt
52 eE srvr5mc2

d

dt S 11

a0
2

2
e2 r2/r0

2D 1/2

, ~26!

dpz

dt
52

e

c
Bswvr52

eB 0wr0

2c

d

dt ~ e2 r2/r0
2

! , ~27!

giving

g2S 11

a0
2

2
e2 r2/r0

2D 1/2

5c1 , ~28!

pz1
eB0wr0

2c
e2 r2/r0

2
5c2 , ~29!

where c1 and c2 are constants of motion. As r goes up pz

increases while g decreases.
The azimuthal momentum equation gives

mgr2ẇ5c3 . ~30!

For an electron having initially t50, r5r in , z50, pr

5p0r , pw5p0w , pz5p0z , g5g05A11p0
2/m2c2,

c15g02S 11

a0
2

2
e2 r in

2 /r0
2D 1/2

,

c25p0z1
eB0wr0

2c
e2 r in

2 /r0
2

, ~31!

c35r inp0w .

Radial momentum at time t can be deduced from pr
2

5m2c2(g2
21)2pz

2
2pw

2 . Equating pr50 one gets the turn-
ing point r5rT . For p0wÞ0, there will be two roots of rT

between which r will bounce back and forth. The electron
trajectory would be a spiral of variable radius, lying between
rT1 and rT2 . In the case when p0w50, i.e., the electron has
no initial azimuthal velocity, the motion is planar. For large
p0z , the trajectory is nearly sinusoidal passing through the
z-axis every half-bounce period.

C. Motion in nonuniform Es and Bs fields and uniform
amplitude laser fields

Following Pukhov et al.21 we consider a model problem
where static electric and magnetic fields are approximated by
Eqs. ~3! and ~5! and the laser is taken a uniform plane wave,

EL5 x̂A0 cos~vt2kz !,
~32!

BL5 ŷhA0 cos~vt2kz !.

Under these combined fields py5const50, and the energy
and parallel momentum equations can be written as

mc2
dg

dt
52 eE"v52

eE 0s8

2r0

dx 2

dt
2eA 0vx cos~vt2kz !, ~33!

dpz

dt
5

eB0w

2cr 0

dx 2

dt
2

kvx

v
eA 0 cos~vt2kz !. ~34!

One must note that the last term in Eq. ~34! is due to the
magnetic field of the laser. If it is taken as zero, then as x
oscillates, pz will only wiggle about p0z and there is no
acceleration. Thus 2 (e/c)v3BL is the main accelerating
force in the z-direction. Of course it does not cause an en-
ergy gain, but it redirects the energy gained through the last
term in Eq. ~33! into parallel momentum. Multiplying Eq.
~34! by v/k and subtracting the resulting equation from ~33!,
we get

mc2g1

eE0s8

2r0
x2

2

v

k S pz2
eB 0w

2cr 0
x2D5mc 2g02

v

k
p0z , ~35!

where we have assumed at t50, x50, pz5p0z , px5p0x ,
g5g05A11p0

2/m2c2. One must note that on the axis of the
channel (x50), mc2g2 (v/k) pz remains constant
@5mc2g0(12v0z /ch)# at all values of z , where v0z

5p0z /mg0 . This condition also implies that gA(1
2 vzA /ch)5g0(12 v0z /ch) where subscript A denotes the
quantity on the axis. If initially v0z,vg5hc , then always
vzA will remain less than vg . Further, since pz

2
5m2c2(g2

21)2px
2 , Eq. ~35! for x50 gives the evolution of gA ~the

value of g on channel axis! as pxA ~the value of px on axis!
increases or vice versa,

pxA
2

m2c2 5gA
2 ~12h2!12bhgA212b2,

where

b5hg02

p0z

mc
. ~36!

Figure 4 shows the variation of pxA /mc and vxA /c with gA

for pox50, g051.06 and h50.98. For gA&10, gA varies
almost linearly with pxA /mc . vxA is nearly constant at
vxA /c.0.25 as gA varies from gA510 to 80.

At the turning points x56xT , px50, hence g2

511pz
2/m2c2 and Eq. ~35! gives

xT8
2
5Ag2

212

p0z

mc
2h~g2g0!, ~37!

where

xT85

xT

r0
F ha0

2

4~11a0
2/2!1/2 1

vc

v

pr0

l G 1/2

. ~38!

FIG. 4. Dimensionless transverse momentum, pxA /(mc) ~solid line!, and
velocity, vxA /c ~dashed line!, of an electron on channel axis (x50) as a
function of dimensionless energy gA for p0x50, g051.06, and h50.98.
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For h51, as g increases, xT8 tends to (g02p0z /mc)1/2

which is <1 when p0x,p0z . For h,1, xT8 can take greater
values at large g. If one plots g versus xT8 ~see Fig. 7 below!,
one finds that, for xT8,0.5, the value that g can acquire is
small. As xT8 increases beyond 0.5, the value of g rises
sharply. Thus to achieve high energies, values of xT8 of order
1 would be desirable. Since the turning point must occur
within the laser spot size, i.e., xT.r0/2, the condition xT8

.1 demands

ha0
2

4~11a0
2/2!1/2 18.5

nh

nc

pr0
2

l2 >4. ~39!

The x-momentum equation,

dpx

dt
52

eE0s8

r0
x2

eB 0w

cr 0
vzx2eS 12

kvz

v
DA0 cos~vt2kz !,

~40!

on using Eq. ~33! can be written as

d2x

dt2 1vb
2x52

eA0

mg
S 12

kvz

w
2

vx
2

c2 D
3cos~vt2kz !1

eE0s8 vx
2

mc 2r0g
x , ~41!

where vb is given by Eq. ~25!. This equation represents a
driven anharmonic oscillator with bounce frequency vb .
When the driver frequency, v2kvz , equals the bounce fre-
quency vb , the amplitude of oscillation would grow on suc-
cessive bounces as would g @cf. Eq. ~37!#. Under this condi-
tion the (v3BL)z force has a quasi-static component and
enhances pz almost monotonically with time. The resonance
condition vb5v2kvz can be written as

vb0
2

v2 5gS 12

kc

v
A12

1

g2 2

vx
2

c2 D 2

, ~42!

where

vb0
2

v2 5

e

mv2r0
S E0s8 1

vz

c
B0wD

5

l2

4p2r0
2 F a0

2

2~11a0
2/2!1/2 1

vc

v

2pr0

l

vz

c G .

From Eq. ~42! it is seen that

for g;1,
vb0

2

v2 ;g ,

whereas forg@1,
vb0

2

v2 ;g~12h !2.

Therefore, for low energy electrons (g;1) Eq. ~42! requires
large vb0

2 /v2;1 to bring them in resonance with the wave.
Because h'1, for electrons with large g the resonance con-
dition can be satisfied at smaller values of vb0

2 /v2 as dis-
cussed later ~cf. Fig. 12 below!. For h'0.95– 0.98 electrons
with energy corresponding to g;10– 100 to stay in reso-
nance with the wave would require a value of vb0

2 /v2

>0.05, i.e.,

a0
2

~11a0
2/2!1/2 1

vc

v

4pr0

l
>

0.4p2r0
2

l2 ~43a!

or

a0
2

~11a0
2/2!1/2 18.5

nh

nc

4pr0
2

l2 >
0.4p2r0

2

l2 . ~43b!

Conditions ~39! and ~43! must be satisfied simultaneously.
It may be noted that in the absence of static fields, Eqs.

~35! and ~40! give the well known result px /(mc)
52a0 sin c, g5g0@11 (a0

2/2) (11b0z)sin2 c# for an elec-
tron with p0x50, b0z5v0z /c when h51.23,24 The maximum
energy that an electron can attain in this case is limited to
g5g0@11 (a0

2/4) (11b0z)# . Moreover, this energy is not
retained with the electron when it is run over by the wave
and left behind the pulse. The resonant acceleration in the
presence of static fields can produce energies far beyond this
limit.

D. An estimate of energy gain

In order to have an appreciation of the acceleration pro-
cess we model x-motion as

x.
vxA

vb
sinS E vbdt D , vx.vxA cosS E vbdt D , ~44!

where vb5vb0 /g1/2 if vz.c @cf. Eq. ~25!#. Using this value
of vx in Eq. ~33! and ignoring the (d/dt) x2-term as it aver-
ages out to zero over a bounce period, one obtains

dg

dz
52

eA0vxA

2mc2
vz

cos F , ~45!

dF

dz
5

v2vb2kvz

vz
, ~46!

where F5vt2*vbdt2kz1F0 and F0 is the initial phase
of the wave as seen by the electron. Equations ~45! and ~46!
can be combined to obtain

dg

dF
52

eA0vxA cos F

2mc2~v2vb0 /g1/2
2kvz!

. ~47!

If we assume vxA independent of g ~consistent with the fact
that vxA is fairly constant over a large range of gA in Fig. 4!

and write vz /c5(12 1/g2
2 vxA

2 /2c2)1/2, then Eq. ~47! can
be integrated to obtain

F~g !52P sin F1c1 , ~48!

where

F~g ![g2hA~12a0!g2
21

1h cos21
1

gA~12a0!
22g1/2

vb0

v
, ~49!

P5a0vxA/2c , a05vxA
2 /2c2, and c15F(g0)1P sin F0 is the

constant of integration with g0 as the initial g.
In Fig. 5 we have plotted F(g) as a function of g for

h50.98, vb0 /v50.2, and a050.03, 0.05, 0.07. As g in-
creases F(g) first decreases, attains a minimum, Fmin , at g
5gopt , and then rises. For one value of F one obtains two
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values of g. For electrons having c12P,Fmin , F in Eq.
~48! cannot take all values from 0 to 2p. Such electrons are
trapped. For c12P.Fmin all values of F are allowed, cor-
responding to untrapped electrons. The separatrix is given by

F~g !2Fmin5P~12sin F !. ~50!

In Fig. 6 we have plotted the separatrix and phase space
behavior of trapped and untrapped electrons for h50.98,
vb0 /v50.2, a050.03, P50.18. The cross points of the
separatrix occur at g5gopt , F5p/212np . The largest
value the right-hand side of Eq. ~50! can take is 2P . If one
draws a horizontal line at a height of 2P from Fmin in Fig. 5,
this cuts the F(g) curve at two points R and S; R corre-
sponds to the bottom of the separatrix and S to the top. The
span gS2gR is the maximum energy that a trapped electron
can acquire. For the parameter mentioned, gS2gR.75 for
h50.98.

The electrons having c12P.Fmin are untrapped and lie
above the separatrix. For such an electron of initial energy
g0 (.gopt) one may draw a horizontal line in Fig. 5 at a
height of 2P above the g0 point. The intersection point of
this line with the right branch of the F(g) vs g curve gives
the maximum value of g to which this electron can be accel-
erated.

Similar models have been discussed in connection with
electron acceleration in a Langmuir wave25 and with inverse
free-electron laser ~FEL! acceleration.26,27

IV. MOTION IN GAUSSIAN LASER AND STATIC
FIELDS

In the combined fields of the laser and the static fields
given by Eqs. ~1!, ~2!, and ~4!, the energy and parallel mo-
mentum equations, on writing vr5dr/dt , can be written as

mc2
dg

dt
5mc 2

d

dt S 11

a0
2

2
e2 r2/r0

2D 1/2

1

eA0

kr 0

x

r0

3sin cvze
2 r2/2r0

2
2eA0 cos cvxe2 r2/2r0

2
, ~51!

dpz

dt
52

eB0wr0

2c

d

dt
e2 r2/r0

2
1

eA 0

kr 0

x

r0
sin ce2 r2/2r0

2

2

ekA0

v
vx cos ce2 r2/2r0

2
. ~52!

The last term in Eq. ~51! and also in ~52! are the domi-
nant accelerating terms. Multiplying Eq. ~52! by v/k and
subtracting from ~51! we have

d

dt Fmc2g2

v

k
pz2mc 2S 11

a0
2

2
e2 r2/r0

2D 1/2

2

v

2kc
eB0wr0e2 r2/r0

2G
52

eA0vx

k2r0
2 e2 r2/2r0

2
sin c~v2kvz!. ~53!

As the electron passes through x50, the term inside the big
parentheses on left attains an extremum value. If right-hand
side of Eq. ~53! ~arising due to the Ez field of the laser! were
negligible ~valid for a0!2pr0 /l!, then

g2

pz

hmc
2S 11

a0
2

2
e2 r2/r0

2D 1/2

2

vc

v

pr0

hl
e2 r2/r0

2

5constant5c2 . ~54!

This is the constant of motion derived in Ref. 21 generalized
for Gaussian laser and static fields. For an electron with ini-
tial conditions at t50, r50, pz5p0z , pr50, g5g0 ,

c25g02

1

h
Ag0

2
212~11a0

2/2!1/2
2

vc

v

pr0

hl
. ~55!

At the turning point x5xT , pr50, pz /mc5Ag2
21 one ob-

tains from the above equation g at the turning point,

gT5

1

12h2 @2Qh1~11Q2
2h2!1/2# , ~56!

where

Q5hF S 11

a0
2

2
e2 xT

2 /r0
2D 1/2

2S 11

a0
2

2 D 1/2

1

vcpr0

vhl
~e2 xT

2 /r0
2
21 !2

1

h
Ag0

2
211g0G .

We have plotted gT as a function of xT /r0 in Fig. 7 for a
typical case. Although gT is a less sensitive function of

FIG. 5. Variation of F(g) as a function of g for vb0 /v50.2, h50.98 and
the indicated values of a05vxA

2 /(2c2).

FIG. 6. Phase space behavior ~g vs F! of trapped and untrapped electrons.
The parameters are vb0 /v50.2, h50.98 and P50.18.
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xT /r0 than in the case of uniform plane wave,21 it still shoots
up quite rapidly as xT /r0 increases beyond 0.5.

On the axis g5gA , pz5pzA such that gA2 (1/h)pzA /
mc 5g02 (1/h)Ag0

2
21, and pxA is given by Eq. ~36!. One

may also note that mc2g2 (v/k) pz would be maximum on
axis or at the minimum attainable value of r . The equations
governing px and py are

dpx

dt
52eEsr

x

r
1

e

c
vzBsw

x

r
2eA0S 12

kvz

v
D

3cos ce2 r2/2r0
2
1eA0

vy

v

y

r0
2 since2 r2/2r0

2
, ~57!

dpy

dt
52eEsr

y

r
1

e

c
vzBsw

y

r
2eA0

vx

v

y

r0
2 sin ce2 r2/2r0

2
.

~58!

It may be pointed out that the ponderomotive force due to the
Gaussian laser is inherently included in these equations. If at
t50, y50, py50, then y will always remain zero, and the
particle will move in the x – z plane. For such particles Eq.
~57! in conjunction with Eq. ~51! gives

d2x

dt2 1vb
2x52

a0

g
vc e2 x2/2r0

2F S 12

kvz

v
2

vx
2

c2 D
3cos c2

vxvz

c2

x

kr0
2 sin cG , ~59!

where

vb5

vb0

Ag
~60a!

with

vb05

c

r0
F a0

2

2~11 ~a0
2/2! e2 x2/r0

2
!1/2

1

vcvzr0

c2 G 1/2

e2 x2/2r0
2
.

~60b!

The x-motion is anharmonic. As the amplitude of oscillation,
xT , grows, the bounce period will also rise. One may define
an effective vb by replacing x2 in ~60b! by xT

2 /2. The energy
equation, Eq. ~51!, averaged over a bounce period, can also
be written as

dg

dt
>2va0

vx

c
e2 xT

2 /2r0
2

cos c . ~61!

The effective field strength of the laser for energy gain is

thus reduced from a0 to a0e2 xT
2 /2r0

2
. As long as xT /r0<0.5

this reduction is not very strong. For vx.vxA cos vbt, Eq.
~61! takes the form of model Eq. ~45!.

V. NUMERICAL SOLUTION

In this section, we describe and discuss the main results
of the three-dimensional, fully relativistic single particle
code developed to study the dynamics of relativistic elec-
trons interacting with short-duration, intense laser pulses.
The objective is to elucidate the mechanism of the energy
exchange between an electron and the laser in a more real-
istic case in which not only the radial profile is an arbitrary
function of r but, most importantly, the duration of the in-
teraction is finite. The computer code calculates the nonlin-
ear electron motion in the static fields and the laser fields as
given by Eqs. ~1!, ~2! and ~4!. The ponderomotive force is
inherently built in the code and the static fields are assumed
frozen in time. However, we have added a temporal Gauss-
ian amplitude envelope on the laser field by replacing A0 in
Eq. ~1! by A0 exp@2(t2(z2z0)/vg)

2/tL
2# where vg5hc is the

group velocity of the laser, z0 is the initial position of the
pulse peak and tL is its duration. Furthermore, the wave
under the pulse propagates with the phase velocity vp

5c/h . This enables us to study the evolution of particle
motion from the arrival of the pulse to the entire duration of
interaction. In most of the cases studied, the electron is po-
sitioned at the origin of the coordinate system and the laser
pulse at distance uz0u52ctL behind it. The interaction ar-
rangement is depicted in Fig. 8.

In the computer code, the integration procedure em-
ployed solves the relativistic Lorentz equation for the three
spatial components as a function of time using fourth-order
Runge–Kutta method.28 The numerical integration is ex-
tended from t50 up to t5200tL . The computational tem-
poral step is chosen Dt5TL/100 where TL is the laser period.
The fields used in the equation dp/dt5eE1eb3B are
evaluated at the electron position at each computational step.
The p and dp/dt values are then used to compute the first-
and second-order derivatives of the electron coordinates with
respect to time from the relation d2r/dt2

5 (d/dt)
3(cp/Ap2

1m2c2). The updated electron coordinates and

FIG. 7. Variation of gT ~dimensionless beam energy at the turning point x
5xT! with xT /r0 for h50.95 and 0.98. The rest of the parameters are g0

51.81, a053.0, and pvcr0 /(vl)56.28. The dotted line depicts the same
variation as predicted by the single particle code @see Fig. 9~a!#.

FIG. 8. Schematic of the interaction process. At t5t0 the laser pulse is
located behind the electron at a distance z052ctL . At later times (t.t0),
the electron is overtaken by the pulse and the interaction begins.
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the rest of the dynamical quantities ~momenta px , py , pz

and total energy g! are subsequently computed. The stability
and accuracy of the code was benchmarked against the ana-
lytical theory for the electron motion in a plane e-m
wave.23,24 It was found that the code results reproduced with
high accuracy the well known rest frame figure-eight motion
of the electron even for values of a.6 and for long interac-
tion periods.

In view of our recent experiments on laser acceleration
of electrons at Max-Planck-Institut für Quantenoptik13 we
have employed the following set of parameters: l
50.8 mm, tL5100 fsec, r0 /l52, peak laser intensity IL

5231019 W/cm2 (a053), z0522ctL . As the primary in-
tention here is to expound upon the acceleration mechanism,
these parameters, although realistic, do not exactly match the

experimental situation described in Ref. 13. The static elec-
tric field has been estimated as E0s5mc2a0

2/(2er0)
'2Fp /r0 , while the static magnetic field was estimated
from B0w5mcv/e , giving vc /v51. It should be pointed
out here that the peak laser intensity of 231019 W/cm2 is by
a factor of ;10 higher than the experimentally available.
This enhancement factor comes about when the total laser
power is funneled through a single channel of 2r054l in
diameter as the results of the 3D PIC simulations evince.20

Moreover, although the electric field value is self-
consistently determined once the normalized vector potential
a0 is given, the value of the magnetic field B0w represents a
free parameter. However, it was found that reducing the
value of the B-field by a factor of 2 does not affect qualita-
tively the conclusions drawn from the numerical studies pre-

FIG. 9. Evolution of various dynami-
cal quantities in the interaction of an
electron with a propagating laser pulse
in the presence of static electric and
magnetic fields. ~a! Variation of the
normalized x- and z-coordinate with
time. ~b! Variation of the normalized
x- and z-momentum with z . ~c! Varia-
tion of the peak of the pulse relative to
the electron position and of the total
energy with time. The averaged over
few bounce periods total energy is de-
noted as ^g&, and ~d! the dimensionless
frequency mismatch as a function of
time. The heavy line is the same but
averaged over several bounce periods.
For comparison the averaged total en-
ergy is also shown. The parameters
used here are h50.95, g051.81, a0

53.0 ~see also text for more details!.

FIG. 10. Evolution of various dynami-
cal quantities in the interaction of an
electron with a propagating laser pulse
in the presence of static electric and
magnetic fields. As in Fig. 9 except
h50.98 and g051.06 ~see also text
for more details!.
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sented here. These parameters were used throughout the nu-
merical studies of the electron acceleration unless stated
otherwise.

A. Energy gain of electrons initially on axis

In this case, the initial conditions chosen at t50 were
x in50, y in50, z in50, p0x50, p0y50. The initial electron
energy was varied between g051,...,3. For the linearly po-
larized laser field along the x-axis, the motion is confined in
the x – z plane, i.e., two-dimensional with y50 at all times.
We studied the temporal evolution of x , z , px , pz , g, rela-
tive position of the electron with respect to the peak of the
laser pulse Dz5z2zL , and dimensionless frequency mis-
match Dv/v5(v2kvz2vb)/v . The bounce frequency is
determined from the numerical solution using the relation
vb5@ ud2x/dt2u/uxu#1/2. The numerical integration was car-
ried out to a maximum time interval of 100tL . The results
are displayed in Fig. 9 for h50.95 and in Fig. 10 for h
50.98.

Two striking features of the results for electrons origi-
nated on the axis (x in50) are as follows. First, a large en-
ergy gain occurs when the amplitude of x-motion acquires a
value xT >0.4r0 . In this case the electron attains vz.vg in
the front of the pulse and moves ahead of the peak of the
pulse thus terminating the interaction @see Figs. 9~c! and
10~c!#. Those electrons that acquire smaller amplitude of
x-motion, attain smaller energies, have vz,vg and are run-
over by the pulse. The residual energy left with these elec-
trons, after the passage of the pulse, is small. This is illus-
trated in Fig. 11 where the two cases are juxtaposed. As a
matter of fact, the result depicted in Fig. 11~a! resembles the
one-dimensional case for a single electron interacting with a
plane wave laser pulse23,24 where an electron with initial en-
ergy g0 and initial z-velocity b0zc acquires a peak value of
g.g0@11 (a0

2/4) (11b0z)# in the proximity of the peak of
the pulse, and reverts back to g.g0 after the passage of the
pulse. Thus in the present case 2D effects and static fields are
effective in electron acceleration when xT /r0>0.4. Second,
the amplitude of x-motion rises gradually with the arrival of

the pulse @see Figs. 9~a! and 10~a!#. Whenever a sudden jump
to xT /r0;0.4 takes place there is a rapid rise in g and pz

~see also Fig. 7!. A comparison of Fig. 9~a! with Fig. 9~d!
shows that this occurs when Dv/v5(v2kvz2vb)/v , av-
eraged over few bounce periods, passes through zero, from a
negative value to positive value. In fact nonaveraged Dv/v
exhibits large fluctuations @see Figs. 9~d! and 10~d!#. When-
ever (Dv/v) rms50.02 and ^Dv/v& passes through zero
there is a large rise in g. Otherwise, the rise in the final value
of g is small as in the case shown in Fig. 11~a! where
(Dv/v) rms@0.02. The beat oscillations observed in x(t)
correspond to bounce period averaged frequency Dv.

In Fig. 12 we have plotted Dv/v as a function of g
assuming vx.0, and employing Eq. ~25! for vb and for h
50.95, 0.98. We note that uDv/v2(v2kvz)/vu5vb /v
;1/Ag , hence Dv/v'12h for large values of g. How-
ever, as seen in Fig. 12, for h50.95, uDv/vu<0.02 is
achieved earlier for a value of g'15, but it remains within
the 62% limit over a narrower range of g, hence, less en-
ergy gain is expected. On the other hand, for h50.98, the
electrons would satisfy the resonance criterion uDv/vu
<0.02 for all energies above g525. Figures 9~d! and 10~d!
indeed confirm that sharp rise in g occurs at g'10 for h
50.95 and at g'20 for h50.98. The attainment of reso-
nance condition, however, is in general sensitive to the initial
value of g0 .

For h50.95 ~corresponding to n0 /nc50.23, a053!
large acceleration occurs for g0>1.8. In this range of g0 ,
the electron never reaches the peak of the pulse. It is always
ahead of the peak as in Fig. 11~b!. For larger values of g0 ,
the occurrence of the sudden energy increase, indicating the
resonance between the betatron oscillations and the wave,
takes place at increasingly later times while vz5vg and
Dv/v,0 for fairly long time. In this case the electron
moves faster and it takes longer time to acquire the addi-
tional energy increase necessary in order that the resonance
becomes effective.

The behavior for h50.98 ~corresponding to n0 /nc

50.1, a053! is similar. However, in this case the energy
gain is much larger, g;75 for g0;1.06. The pulse travels
with a larger group velocity than in the h50.95 case and
interacts with the accelerated electron for a longer duration.
This value of energy gain is consistent with the upper bound

FIG. 11. Variation of the electron-laser pulse distance Dz and of the dimen-
sionless electron energy with time. In the case of energy, the light gray
curve is the g(t) variation while the solid line is the same averaged over few
bounce oscillations ~a! for g051.10 and ~b! for g051.80. The rest of the
parameters are as in Fig. 9.

FIG. 12. Dependence of the normalized frequency mismatch on g for h
50.95 and h50.98 @see Eq. ~25!#. The rest of the parameters are a053,
vc5v , and r052l . The shade region indicates the range of Dv/v for
which resonance is attained.
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on the energy gain by our theoretical model for a0

5vxA
2 /2c2.0.0320.18. The parallel momentum of the ac-

celerated electron is much larger than the transverse momen-
tum.

For electrons originated off axis at x5x inÞ0, the effects
of static fields and 2D laser profile are important right from
the beginning. The x-motion of off-axis born electron is
strongly anharmonic, hence, resonance condition for efficient
energy exchange is satisfied only approximately and the en-
ergy gain is relatively smaller. Moreover, due to the pre-
dominance of static fields in electron motion, a substantial
fraction of energy gained by the electron around the peak of
the pulse is left with the electron even after it is run over by
the pulse.

B. Electron energy distribution and angular spread

Experiments have shown that the accelerated electrons
from relativistically self-focused laser channels possess a
quasi-thermal energy distribution and emerge in the forward
direction in the form of a low-emittance beam.8,13 These are
two distinct features that the direct laser acceleration mecha-
nism predicts. The single particle code described in Sec. V
has been used as the core piece in a fully relativistic Monte
Carlo simulation of large number of electrons ~typically
2000–5000!. These calculations are used to assess the effec-
tive temperature and angular energy spread of the accelerated
electrons after the pulse has propagated throughout the
length of the channel.

The electrons are initially (t50) distributed uniformly
but at random positions over the surface of a disc with radius
r/r050.5 placed at z50. They are released with an initial
momentum which is also randomly chosen but with a prob-
ability corresponding to an isotropic Maxwellian distribution
with temperature Te0 . Only electrons with pz.0 are consid-
ered. The trajectory of each electron is determined by nu-
merical integration carried out to a maximum time interval of
20tL which corresponds to an interaction length of L
;600 mm. The pulse is initially positioned at z0522ctL

and the wave is linearly polarized along the x-axis. Other
parameters are a053.0, t l5100.0 fs, r052l , l50.8 mm,
vc /v51 and h50.98.

At the end of the interaction we record the final electron
energy, its radial position and its final momentum. The nor-
malized number density Ne /N tot distribution as a function of
energy is obtained by counting the number of electrons Ne

received at the end of the interaction (t520tL) within an
array of energy bins having width DE52 MeV. It should be
pointed out here that all electrons, i.e., those that acquired
their energy by resonant interaction with the field and those
that happened to be within the pulse when the interaction
terminated, are counted. In Fig. 13 the energy distribution for
three initial electron temperatures is shown. It is seen that the
Monte Carlo simulation predicts indeed a quasi-thermal en-
ergy distribution for the accelerated electrons. The effective
temperature of electrons having E>5 MeV is ;7 MeV and
appears to be independent of the initial electron temperature
Te0 . The latter seems to influence only the relative number
of electrons having E,5 MeV to those having E.5 MeV.

Indeed, a run with Te050 produced approximately the same
energy distribution for E.5 MeV. The effective temperature
of ;7 MeV is by a factor of <2 within the values that have
been reported from various experiments.8,12,13 These results
indicate that the randomness in the initial radial location of
the electron is sufficient to thermalize the accelerated elec-
trons.

The angular ~relative to laser propagation! distribution of
electrons emanating from a self-focused laser channel is a
subject of great interest8,12,13 because it is ultimately con-
nected to the detailed electron dynamics during the interac-
tion period. From the theoretical point of view, the objective
is to find a ‘‘footprint’’ which is uniquely associated with a
particular acceleration mechanism and which can be experi-
mentally verified.

In our Monte Carlo simulations, an accelerated electron
emerging out of the channel after the pulse has traveled its
length z5L has finite transverse momenta px , py . The angle
of emergence relative to the z-axis is ur

5tan21 Apx
2
1py

2/pz . In contrast to the case of a linearly
polarized Gaussian beam in vacuum,24 the quantity g
2pz /(hmc) is not a constant of motion. This is due to the
introduction of the static fields as given by Eqs. ~3! and ~4!
and the z components of the electric and magnetic fields of
the laser. As as consequence, the angle of emergence is not
uniquely determined by the initial and final electron energies.
However, as was discussed in Sec. IV, when the Ez field of
the laser can be neglected, a generalized constant of motion
can be derived that involves the radial position of the elec-
tron and is given by Eq. ~54!. It is seen that the final values
of px , py depend not only on the initial and final electron
energy g but also on x , y coordinates of the electron at the
beginning and at the end of the interaction besides the rest of
the plasma and laser parameters. In the diagram of Fig.
14~a!, we give the angle of emergence ur for each electron in
the Monte Carlo simulation and its final energy g. Only elec-
trons having g.5 are shown. It is seen that for a given g
there is a maximum angle of emergence. This maximum
value can be deduced from the approximate constant of mo-
tion given in Eq. ~54! for initial values g51, pz50, r5r0

and final value of radius r50 upon using the relation
pr

2/pz
2
5(g2

21)/(gbz)
2
21. The agreement between the

Monte Carlo simulation results and the analytical expression
for the constant of motion c2 as depicted in Fig. 14~a! indi-

FIG. 13. Number density electron energy distribution for three different
initial electron temperatures as obtained from the 3-D Monte Carlo simula-
tions.
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cates that, for the case considered, the parallel laser fields are
weak enough to allow to a good approximation the conser-
vation of c2 .

The contour plot of number density Ne /N tot in the x – y
plane shown in Fig. 14~b! gives the location of the electrons
at the end of the interaction with final energy E.5 MeV
while the one in Fig. 14~c! gives their two dimensional an-
gular distribution at the same time. Here tan ux5px /pz and
tan uy5py /pz . For a given x in , y in the electron of different
g0 will emerge at different values of x , y in the exit plane.
The Monte Carlo simulations indicate that the electron mo-
tion is predominantly in the direction of laser polarization,
i.e., along the x-axis, and that the electrons have higher prob-

ability to be found near their turning point @see Fig. 14~b!#.
Their angular distribution is also elongated along the polar-
ization direction, signifying that the spread in the y-direction
is the initial velocity spread but in x-direction is modified
due to acceleration mechanism. The ones that emerge at the
axis will have largest px and hence the largest angle ux

5tan21 px /pz with respect to channel axis. The ones that
leave at the turning points will move at small ux and emerge
nearly parallel to channel axis. The angular distribution
shown in Fig. 14~c! implies that the maximum number of
electrons are not those that leave the channel at their turning
points but those with somewhat smaller values of x . To elu-
cidate this point further we have decomposed the angular
distribution of Fig. 14~c! into the contributions from elec-
trons emanating from different radial locations. As illustrated
in Fig. 15, electrons leaving the channel near the turning
point produce a single spot which is split into two away-

FIG. 14. ~a! Distribution of all accelerated electrons to g.5.0 having initial
temperature Te0550.0 keV in the ur – g space. The maximum angle of
emergence for a given final energy is reproduced by the analytical expres-
sion for the constant of motion in Eq. ~54! ~solid line!. ~b! Spatial distribu-
tion of electrons having final g.gmin510.7 in the x – y plane after the
interaction with the laser pulse is over and ~c! the corresponding angular
profile of the electron beam. The contour plots are linear and the heavy
white contour denotes the 50% level. The double arrow indicates the polar-
ization direction.

FIG. 15. Each frame shows the angular profile of electrons with final g
.gmin510.7 emerging from an annulus indicated in the upper left corner.
The percentage of the electrons involved is also given. The contour plots are
linear and the heavy white contour denotes the 50% level.
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moving spots as the electron source approaches the axis. It
appears that most electrons leave the channel at a radial po-
sition of 0.4r0,r,0.6r0 . It should be mentioned here that
in this single particle approach space charge effects in the
beam of the fast electrons are not included. However, they
can be significant8 and their effect would be to wash out the
structure in the angular distribution predicted here. Indeed,
recent experiments8,13 have not reported any angular struc-
ture with one exception,12 but this is attributed to different
effects.

VI. DISCUSSION AND CONCLUSION

The scheme of direct laser acceleration of electrons by
the B-loop or inverse FEL mechanism21 requires in general
high laser intensity and strong magnetic field. For r0 /l;2,
a0;3 (I0.231019 W/cm2), an electron density of fast elec-
trons nh.0.03nc is required. However, at plasma density
n0.0.2nc , the group velocity of the pulse is too slow to
catch up with the accelerated electron, reducing the duration
of interaction and diminishing the energy gain. Further, at
higher density, i.e., at lower h, higher values of g can be
attained only at higher xT . Since static Er , Bw fields and the
laser fields fall off rapidly beyond x>r0 one must have xT

,r0 , hence h>0.9 is desirable.
For a0!2pr0 /l , g(12vz /hc) at any given value of r

is independent of time. As r increases g(12vz /hc) de-
creases. For electrons originated at r50, as they acquire en-
ergy their transverse momentum pxA on axis rises almost
linearly with g, whereas vxA /c remains fairly constant over a
large range of g.

The energy gain is large for large h as phase matching
conditions for these electrons can be satisfied more easily. In
the case of on-axis born electrons, only those accelerated
electrons retain their energy which moves ahead of the peak
of the pulse. The energy of the ones that are run over by the
pulse is largely given back to the pulse. Of course if the
length of the channel is truncated before that, then the elec-
trons can retain the energy.

One may mention that the present study assumes static
fields to be frozen in time. This may be a reasonable approxi-
mation for static magnetic field, Bs , if it is produced by the
stream of fast electrons, created in front of the laser pulse. As
these electrons are accelerated to high energies by the main
body of the laser pulse, their velocities ~limited by c! do not
increase much, hence Bs remains fairly constant in time. The
static electric filed, however, will evolve with the laser pulse.
For pulse lengths longer than the plasma period, the static
electric filed Es would remain nearly equal to ¹Fp . Its
z-component would inhibit the ponderomotive force induced
acceleration of electrons. One may treat the plasma as an
assembly of two groups of electrons: one, cold electrons with
g051 forming the majority and, second, fast electrons with
g0.1, a minority. The former will continue to have ^pz&
.0, would remain out of bounce resonance and for them g
.(11a2/2)1/2. After the passage of the laser pulse their en-
ergy reverts back to g;1. However, for the fast electrons the
parallel ponderomotive force is greatly enhanced due to
bounce resonance and they gain energy.

As far as the present analytical treatment is concerned,
one noticeable qualitative change would occur in the con-
stant of motion c2 @Eq. ~55!#, where a0 should be taken zero,
as outside the laser pulse a050. The effect of c2 appears on
energy gain through vxA . At g@a0 , vxA is not very sensitive
to c2 , hence, the estimate of energy gain is fairly reasonable
for a flat top pulse. A self-consistent evolution of static fields
and electron energy gain is beyond the scope of the present
single particle study.

The scheme of direct laser acceleration envisages preac-
celeration of electrons to energies of a few hundred keV. A
probable scenario could be the excitation of a plasma wave
in the front foot of the laser pulse via forward Raman insta-
bility that could accelerate the electrons.
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