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____________________________________________ 
�. Fast ignition 

�. Central ignition 
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�. Ignitor 

!. Shock ignition 

�. Fast-shock ignition 
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�. Slutz 

�. Break-even energy 
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c fMρ α βγ ε− − −= 0 75 0 75 0 5 0 25 3301 5

��97opt
if ifE E>��9 %.��3> f��7�J 4 ����HO,8e9�� �9 �

)�U(L$�$ ,�$:� .� �$	(&�I Gfχ,�  � �8�h��9 �8.�:J 
8	 

���9.

)�U(,
( )(opt

hf ho hs ho s
f s

if if hs

E E E E
E E

χ
χ χ

η

   + −  + =      
1

hoEP�.�7&W��� ^�$ 8H�7(83� 8H 8k %,�8=	>� �$�8M

�� (F:3	�,�>	�.hoE%9H8�
8e9�� �)X(z89��� �)!U(

&�,)!"(��97O3�<� ���g	Noβ�oγ�oε4 ��� (-�

��H�7nR�I ,�$:�.

���� fχN�I �9sχe9�� �9 x9�e� �)�*(�)�U(��897
opt

cρ� � %97X�Q��_�� ���' fM$�'� �9 �~�=�� �	�8. C�� �

��M K�C��� ��$�Wn!(83� L�8� L$�$ ��8M. .��8g	N

:<. %9 �� ��M K� �. C��7s=J�L$:�. K�	�-9 ���� �J K�P�.�7
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 A+�� B/����5��% �+$. &4���� &2$�&�$C��&��1+� 5/�� $DE� ��	
����� ��

H��	
.�. C�� 7��9 %�� ��Y %9 7��������� ,Y:� 4 ��� (-� ��M K�.

Mc (mg) �{�/* X�!0/* !�X/� *"�/� �"�/�

EL(kJ) �!* !"* U�U �*U� �U**

α � � "/� 0X/� 0/�

β "{/* �/� ��!/� !"�/� UU/�

γ *{/� �!/� *X/� ��X/� UU/*

ε !�{/* �*�/* �{�/* *"X/* *00X/*

cη *U{X/* *UU"/* *0�/* *UX"/* *UX*X/*

isη *U�/* *{XX/* *{*X/* *X0"/* *{"/*

min ( . )c g cmρ −3 0�0 {X0 �"* �*{ �"�

( / )impV cm s× 710 0/� {/� �/� �/� "/�

is

L

E
E

�g�I ����� �{{/* �{{/* �{{/* �{{/* �{{/*

2���]�X[ �0/* �"/* ��/* �!/* �/*

( . )R g cmρ −2
�g�I ����� X0/� ! X/! 0U/! �

2���]�X[ �/� "/� �/! �/! �

Gopt 
�g�I ����� �*� �!{ �*� �!� !*�

2���]�X[ �*� ��! ��* ��! !*"

0 . 00 . 00 . 00 . 0 0 . 20 . 20 . 20 . 2 0 . 40 . 40 . 40 . 4 0 . 60 . 60 . 60 . 6 0 . 80 . 80 . 80 . 8 1 . 01 . 01 . 01 . 0
0 . 00 . 00 . 00 . 0

0 . 20 . 20 . 20 . 2

0 . 40 . 40 . 40 . 4

0 . 60 . 60 . 60 . 6

0 . 80 . 80 . 80 . 8

1 . 01 . 01 . 01 . 0

Mf (mg)
4.19
2.094
1.319
0.53
0.26

fχ

sχ

F a s t - S h o c k  I g n i t i o nF a s t - S h o c k  I g n i t i o nF a s t - S h o c k  I g n i t i o nF a s t - S h o c k  I g n i t i o n

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4
= 0.53 micronifλ

0.524
1.319

2.094

Mf = 0.26 (mg)

4.19

fχ

sχ

Fast-Shock Ignition

 
 6�'.2	�3 4 ��� ��<� �$  � �	 �� K-3 ,S��9fχ,Y:� 4 ��� �sχ`T  � N�J�J %9 (F:3 a�� %9 ,O�Y�J 4 ��� 4�� �$

(3�� %9 :y&� (ifE E≤ 1b �(ifE E≤ 2.$(&�I G	� �/if mλ µ=0 53(3�.

P�.� N�I �9 D��7�<�d&���H���	$�8'� �89 �� Q��_J G	�

$�V Q�O3�<�  � nR�I72���]�X[��$ ����9 %��Wn�.

3."���� 4�5� 6+��
�
������ ��7 ����	
 ���"�
�[J	�:�V y,D�� L�-9TGS.:ST  � n'��� �, �3 ��8H �

e9�� �9 (F:3 4 ��� �)�0(L$�$ ,�$:�.

)�0(.
max / ( / )F

T T ig cd
L

E
G G E E

E
= = +1

8888e9�� �$ �)�0(�8888-9 ��=�8888M�9 �D�8888�max F
T

cd

EG
E

=�

L cd igE E E= + P�88.�788H�88<� nd7�88�&88���7(883�.

( )F f fE q M Rθ ρ=P�88.�7� (F:883( )Rθ ρ � 7�888�H

%H (3� (F:3 ,8� $ :83.(MJ/ mg)fq = 3357P�8.� ���8'� 
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Nonisobaric Model
Schmitt et al.(2010)

Mf= 4.19 mg

0.261
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En
er

gy
G

ai
n

Total Laser Energy (kJ) 
 6��.�~�=�� ��M K� �. C��  � nR�I �	��. �$ �:Yc� �	$�'� �9

 C�����	�'� ��7$�V Q�O3�<� �9 �> �(��� ]�X[,S��9 7��9

�-9 ����& ��<� nY 7P�.� %9 7P�.�77� � %9 �,Y:� 4 ��� 7��9

X � L�� KY���� (F:3 a�� Q��_�� ���'��{�/*�J�"/�

,��� a�h.

f:�/� G�F:3 7� � %9 a�� �I�� �9 L�� $� >X*:X*(F:3D-T 

�=H�� ,k �$ ,8�:��� / MeVD T n He+ → + +2 3 1 4
1 1 0 2 17 6

,� ���9 .7��9 ,8�:��� 8	�J$:a@8��	�J:a( ) RR
R

ρθ ρ
ρ

≈
+7

(3�]X.[

h�� (_�,��S.����9 GW	�&��(F:83 �9 ��ηx9�8e� �� �

2��� �9]�[�[J	y,�H=�K.

)�"(L c hE E Eη = +

88988e9�� %889 %88�:J ��)�"(�[J �88	��88g y	h�88� (88_� N,

��9W	%7������HKH�== �cη��. ��� �igη�,8� (8_� ��:8J

h��,��S.���-9 � G� Q�:R %9 �� (F:3	(�:. �.

)�*(
igcd

c ig
L L

EE
E E

η η η= + 

� �$	�-9 Q�:R G�9 D���-9 N�I ���(F:3FGx9�8e� �

e9�� �9 �)��(�)��(,����9 .

)��(
( ) max

,F cF F
F

h hc h
c c

E EE GG
E EE E
E E

= = =
+ + +1 1

 

)��(.F F
T F

L c h

E E
G G

E E E
η η= = =

+

8e9�� %89 %8�:J �9 �)�*(J�:8R �$ �,8H%igE>> LE��8��9

L cdE E≈�cη η≈� �$ �(3�	Q�:R G:T c FG Gη≈.�89

�[J  � L$�_�3�	ymax F
s

cd

EG
E

=��97��IH�-9 �� � �3 D�� �

��88H :88� 4 ��88�,H88e9�� ��)�{(��8897opt
cρO883�<� � ��

/ ( ) opt
c hs cR R Rρ β ρ= + −0 4%9H�
��89 $:8�:� z9���7

�. C�� ��M K�]��[���9� �( )Rθ ρ%e9�� u�3 �)�!(��897

��IH�-9 �� ���9 D��7 �3 ��H �:8� 4 ��8�,H%89 (83$ 

,� >	�.cR���� (F:3 Z�[�H(3� L�� K.

)�!(max / / / // ( )s cG Mβγ α ε− − −= 0 25 0 25 0 75 0 253384 9

�e9� �)��(8e9��  � �28��� �$ L�8� %8����]�[��897max
fG

��IH�-9 �� � �3 D�� ��H ��3 4 ���	2%9(3$ (3� L��>

��I �Hf�� (<J �� L�-9 ��opt
if ifE E>��9 �7 �83 ��8H �

�3 4 ���	[9�J Q�:R %9 2,& j:8� C:8k  � 8� �8. ��� �� �

�3	2ifλQ�:R %9( )if ifE λ��M. ,���$ .

)��(

( )

/
max

/
,

f

f
f

cd if
f c if

cd if

E E
G A

E E

β

β
β

η η
α

 
− 

 

 
− 

 

+ 
=   

 

× +

7
7 2 9 1 1826

3

9 1
2

��g	NA�fβJ�J %9�N��*** ����897�8�-9	OeJ G8�x

��.	e9��  � nR�I ��)��(28��� Q�O3�<� �9 ]{[��897�8-9 �

 �3 ��H ��83 4 ��8�	� � %89 27/ mcλ µ=0 25b�8/�.�

�.�� .α�cη$�8'� �9 x9�e�	C��8� ��,8� �=8��9 .z89���

)�!(�)��(O83�<� (-� �� ���8	�J 4 ��8� 4�� (�H8O,

���w L$�_�3� $�:� ,��$�K.max
fsG	��I �H�$ D�8� L�8-9 ��

 �3 ��H ��J 4 ����HO,8e9�� %89 %�:J �9 �� ��:8�V,)�0(�

e9�� xOk �)�X(�[J	y,�H=�K.

)�X(.max /fs
fs c F cG E Eη=

�-9 ���9 7P�.�7�,8O�H�J 4 ��� C��fsG. �8�8e9�� x8Ok ��

)�{.(s.���-9��P�.�7��97�3 4 ���	:8� 4 ��� � 2,H

�[J	y,�$:�.

)�{(,max / ( / )fs fs ifs cdG G E E= +1

max ( , , )fs cd if cG E λ λ%W	��9 j:� C:k  � ,[9�J 7�8� � ��8�&

P�.�7��9W	�����HKH& L�==���cdE(3� .hfsE	P�.� �7&W%

^�$  �3 �$ ��H ��3 4 ���	2@:�,He9�� xOk �)�U(�9��9
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'F' A+�� B/����5��% �+$. &4���� &2$�&�$C��&��1+� 5/�� $DE� ��	
����� ��

P�.� Z:��� �97 �3 �$ L�� bc� ��H ���97MJ�W& nW�^�$

(3�.

)�U(, hfs s hs f hf s is is f if ifE E E E Eχ χ χ η χ η= + = + 

isE�ifEJ�J %9�P�.� N7�<�d:8� 4 ��8�,H�83 �	2

,� �=��9 .9%H�
8e9�� �)�{(�)�U(�.�8�� 8	��89 �7fsG

%9 ,� (3$ >	�.

,
max max

fs fs
fs

f if f hfs is s hs c c

cd cd c is c if

G G
G E EE E

E E E E
χ χχ χ η η

η η

= =
+ + + +1 1

)�0(
max

fsG888e9�� %8889 %888�:J �8889 �)�X(�8889 (8883� �8889��9 
max /fs c f f fs cG q M Eη θ=.fsη	�8g �	h�8� (8_� N,

��S.����9 GW	�&�. D�� �9 ���s. ��e9�� ��)�"(Z:��� (O�.

P�.�7���� (F:3HP�.� � L�� K7&W%7�� P�8.� %9 ^�$78Hn

�<�d7��&���7e9�� xOk �)�"((3�.

)�"(,c s hs f hf
fs

L

E E E
E

χ χ
η

+ +
=

P�.�7H�<� nd7��&���7.8���8g %89 %8�:J �89 �	(8_� N

h��,e9�� xOk �)!*(9�w(3� %O3�<� n.

)!*(,hfc hs
L s f

c is if

EE E
E χ χ

η η η
= + + 

�J �8988�H N8Hz889��� �$�)�"(�)!*(�.�8�� 88	��889 �7fsη

%9 ,� (3$ >	�.

)!�(.( ) ( )hfhs c c
fs c s f

L is L if

EE
E E

η η
η η χ χ

η η
= + − + −1 1

888e9�� %8889 %888�:J �8889 �)!�(�'J �888	 Nfs cη η≈��88897

( ),L if isE E E>(3� ���w�9 .��97sχ =0�fχ =08e9�� �

)!�(J�J %9��$ �89 %89 N,�83 4 ��8�	:8� � 2,H8H��� 

,� 	�9�H�. %�<R %��<,(3�.

 �3 �$ ��8H ��J 4 ��8��H8O,O83�<� (83� a i ��$ �89,

�G�F:883fsθ889 �h C��88S�.� �88��7&�88ST,�� �8897��88�� a�88�J7

& %���  � (F:3W���. �̂$,&�  �W���8� 7�8� �83	 � n8R�I 2

��9W	���:J ��H.:.�,�8� �&8�8e9�� x8Ok �� �)!�(8e9�� ��)!!(

h Q�:R�$�.

)!�(,

c

c

R

fs R

dr

dr

ρ

θ

ρ

=

+

∫

∫

0

0

7

)!!(,
hfc c hs

hs

RR R R

c hs c
R

dr dr dr drρ ρ ρ ρ
′′

′

′= + +∫ ∫ ∫ ∫
0 0 0

H��(7��hfR′�hsR′�hsρ′J�J %9�& Z�[� �9 �~�=�� NW%7��

 �3 ^�$ ��H ���7�3	:8� � 2,H&�8ST �,&8W�� � %89 ^�$7

P�.�7f hfEχ�s hsEχ�,���9.

%�:J �9e9�� %9�)�(��M�L�,�$:8� 8H ��89 %7ifE E= 1

��$	K:
/

///
f c f copt

hf hf fE E
χ ρ χ ρ

χ

−
− −−

 
   

  ′ = = =
  
  

 

1 851
1 850 541 85

140 140
100 100

��9�=9 �	G

HP�8.� K-83  � ��8� %�3�7�8<�d�83	�89 (83�  �� K8� 2

/
c c f cρ ρ χ ρ−′→ = 0 54.�OJ  � L$�_�3� �9	F� n�e9�� � ��)�(�

S��9,Rhf′%9fχ Q�:R %9	�,����9.

( ) // / /

/

/ /

,

hf f c f c

f hf

R

R

χ ρ χ ρ

χ

−− −′ = =

=

0 970 54 0 5243 0 97

0 5243

0 52258 0 52258
 

)!�(

 �3 �'. ��H ��83 4 ��8�	�$ 2dρ∫8e9�� x8Ok �)!X(

%9 ,� (3$ >	�.

)!X(./
hfR

c f c hfdr Rρ χ ρ
′

=∫ 0 5243

0

��97O3�<� �& K-3W�%9 f:9�� ^�$  �3 ��8H �:8�,H4���

H (3� Q��_�� }E��	I �$ ������� GH& (F:3 ��� K8W�^�$

��H�7�� L��:��	�,�>	P�.� ��� �7�3 �	� �	h�,7�� %89 �>

S.:ST,����HKH(3� %��9�� (F:3 �$� .��97(F:3DT �

/ (g cm )h hRρ −< 20 4�/ keVhT < 2 5�9 �~�=��β < 1�

/γ <0 5.��=T C�[���,�k  � 8	 �� 4 ��8� x8H�7(F:83

Q�:R ,�. h� $�	��$ ��7&W�^�$H$:8F �8J (83� �>  � ���

���h	�k  � �	&:J x�:<. %9 �_&> Q��� bc� � ��568� a�8�.�

$:� .�=9��9	S��9 G,/hs hsRρ β′ ′ ′=0 4%9sχ�� ,8� �89 ��:8J 
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H��	�.$�'�	K��. C�� 7��������� ,S��9 $��>�9 (-� L�� %O3�<� �%9 ��Msχ.

Mc (mg) �{�/* X�!0/* !�X/� *"�/� �"�/�

βo {*X/* {{{/* U!�/* 0��/* 0{�/*

γo X��/* �0X/* ���/* ��U/* !{0/*

εo �0"/* ��!/* �0/* �0/* !X�/*

�'J 8	 8eF N,.��83> (8&�I  � ��� 4 ��8� 8H�7sχ =0�88J

:88� 4 ��88�,Hsχ = 1J�J %88988��889 �~�88=�� Noβ β′ =�

β β′ =Q�:R %9( )o o sβ β β β χ′ = + −$�$ ��M. .�:8k %9

��9 %9�M�7�8�$7&8W�^�$(keV)hsT γ ′= 5��8M (O8�. �

���� (F:3H& ��8M %9 L�� K8W�. ^�$ 8� J�J %89 �8��'J N8	N

( )o o sγ γ γ γ χ′ = + −�( )o o sε ε ε ε χ′ = + −$�:8888888� ��

���w L$�_�3� ,��$�K.� �$ 8	 S�8�9 Q�:8R G,& Z�[8� 8W �^�$

��H�7e9�� �9 �)!{(L$�$ ,�$:�.

)!{(.hs cR ε β γ α ρ
−−′ ′ ′ ′=
5

1 3727

�g	Nα&�ST �,���� (F:3H�L�� Kcρn8Ow %8�I�� %9 �

f:89�� 4 ���  � ,8� S.:8ST  � n'�8�� � $:8�,4 ��8�

 %9 � (3� (F:3sχS��9,�.���. .

J�<�n7��2��� ]�*[�� �9	�Q�O83�<� � ��8M K8� C��

$�V7��97�<J
	'����(F:3 K�$��<� �$ �L$���h 7� �

P�88.�7�88<�d��88��HKH& L�88==88� ��( , ) (kJ)cdE ∈ 25 2500�

��888888�� (V�8888883H�8888883:� ��888888� K�(F:8888883

( / , ) (cm/ s)impV ∈ × 71 5 5 10�( / , )α ∈ 0 7 4z9��� %9 �)!U(

�J)�*(J�J %9���9 N7��S.��&�ST G,&�8ST ��8�$ �(F:83,

<e3,& ��M �W�(3� L�� ��=� ^�$.

)!U(,
/

/
/

/imp
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c
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=    ×   
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)!0(
//

/ ,impL is
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1 85

0 9 7
345
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o
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o

T
γ =

5
o�

/
hs

o
Rρ

β =
0 4

o�c
o

hs

P
P

ε = o

o

$�'�  � L$�_�3� �9 �	�

C��� �$ L�� %�������97P�8.�78H�8<� nd&8���7LE�

=r���Gis

L

E
E

�impV�αz9��� �$)!U(&�,)�*(%8e9�� � �

)�X(��8897cP o� � %8897c avρ ρ=�/c mλ µ=0 248%889

(8883$ ,888� >	��888=C��888��.888e9�� %8889 %888�:J �8889 �

c

c cc

E
I

Rη τπ
−  

≈  
 

15
15 2

1 1
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4
%8889 L�888� ��888�=-9 Q�888� �

W.cm−15 210�� �97�8.� (F:83 ve3,H8�I��  � n8Ow �

� � %9 � 4 ���7�=-�7.�� ,���� `JHKHL�==c nsτ ≈ 1�$

�I �~I15(3�.

%89 %8�:J �9( )
c

hs

R

c c c hs
R

dr R Rρ ρ
′

′ ′= −∫&�8ST,<e83,8Hn

e9�� xOk (F:3 �)��(%9,� (3$ >	�.

)��(, /( ) /
cR

c c hs f c hfdr R R Rρ ρ β χ ρ′ ′ ′= − + +∫ 0 5243

0

0 4 

e9�� �$ �)��(9 Z�[��.��,���� (F:3H Q�:R %9 L�� K	�

%9 hsR′(3� %��9��.

)��(. f
c hs

c

M
R R

π ρ
′ ′≈ +3 3 3

4

2888��� Q�O8883�<� ]�[��888M. ,888� �888=�$888H��8889 %7

kJopt
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Fast-Shock Ignition
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