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nc ≈ 1021 cm−3

ne < 5 % nc ≈ 5 . . . 9 × 1019 cm−3
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nc ≈ 1021 cm−3 ne < 5 % nc ≈ 5 . . . 9 × 1019 cm−3
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30 J 600 ps
6 J 4 ps 4 mJ 700 fs

400 mJ
780 fs

700 mJ 800 fs 1 . . . 12 mJ 30 . . . 160 fs











λ k = 2π/λ

ω2 = ω2
pe + c2k2 ,

ω c

ωpe =

√
e2ne

ε0me
,

e ne ε0

ε0 me k
ω < ωpe ne

nc =
ε0me

e2

(
2πc

λ

)2

.

γ :=
1√

1 − v2/c2
=

√
1 +

p2

m2
ec2

,

γme me

γnc > nc

ne/(γnc)

ne/(γnc) > 1



ne/(γnc) = 1

ne/(γnc) < 1

ne < nc

ne < nc/4

5 %nc



2 10.6 μm

1054 nm
ne = 1021 . . . 1022 cm−3

1021 cm−3







< 5 %nc

> 10 nc

100 ms







800 nm 1053 nm

a0 =
λeE

2πmec2
,

e E me λ
c

a0 = 8.5 × 10−5

√
I

1016 W/cm2

λ

1 nm
.

γ :=
1√

1 − v2/c2
=

√
1 +

p2

m2
ec2

,

γ̄ =

√
1 +

a2
0

2
.

Epond = mec2 (γ̄ − 1) = mec2

⎛
⎝
√

1 +
a2

0

2
− 1

⎞
⎠ .

Fpond := −∇Epond .



a0 � 1 mec2 � λeE

Epond,NR = a2
0mec2/4 =

1

2cnc
I ,

I := cε0E2/2 ε0

∂

∂t
na + ∇ · (naua) = 0 ,

a

mana

(
∂

∂t
ua + ua · ∇ua

)
= qana

(
E + ua × B

c

)
− ∇pa .



pa = naTa ,

pa

nκ
a

= ,

κ = (2+N)/N
N κ = 1

Φ

ΔΦ = −4πe(ni − ne) .

ω0 = ω1 + ω2 ,

k0 = k1 + k2 ,

ω k 0 1 2



a0 < 0.1

A

E

z

E0 = 1/2{Ê0 [−i(−k0,vacz+ω0t)] E1 = 1/2{Ê1 [−i(k1,vacz+ω1t)]
n = 1/2{n̂ [i(k2z − ω2t)] + c.c.} c.c.

k0|1,vac k0|1

n0 N := n̂/n0

(
∂

∂t
+ vg

0

∂

∂z

)
Ê0 = −i

ω2
pe

4ω0
N Ê1ei[(k1−k0)z−(ω1−ω0)t]

(
∂

∂t
− vg

1

∂

∂z

)
Ê1 = −i

ω2
pe

4ω1
N∗Ê0ei[(k0−k1)z−(ω0−ω1)t]

(
∂2

∂t2
− c2

s

∂2

∂z2

)
N = −Ze2(k0 + k1)2

2ω0ω1memi
Ê0Ê∗

1 ei[(k0+k1)z−(ω0−ω1)t]



Ê0 Ê1 vg
0,1 =

k0,1c2/ω0,1 c
cs =

√
ZTe/mi ωpe =

√
4πnee2/me

Z Te me mi

(
ω2

2 − k2
2c2

s

) (
ω2

2 − 2ω2ω0 + 2k0k2c2 − k2
2c2
)

=
k2

2a2
0c2

4
ω2

pi .

ωpi :=
√

4πniZ2e2/mi = ωpe

√
Zme/mi

ωwc
2 = ±k2cs + iγwc

2 ,

cs :=
√

(ZTe + 3Ti)/mi

Ê0 ∝ eγwc
2

t

γwc
2 � kcs

γwc
2 =

1

2
√

2

k0,vaca0cωpi√
ω0k0,vaccs

.

ne/nc =
0.1 800 nm 1/γwc

2 ≈ 5 ps

(
a0c

ve

)2

> 4k0,vaccs
ω0

ω2
pe

,



ve =
√

Te/me

I14λ2
μm > 1.1 × 10−1T

3

2

keV

(
Z

A

) 1

2 nc

ne

(
1 − ne

nc

) 1

2

I14 1014 W/cm2 λμm

TkeV keV Z
A = mi/mp mp

Te = 300 eV ne = 10 %nc

2×1013 W/cm2

λ = 1057 nm

Z = A = 1
ne/nc = 10 % Te = 300 eV

I = 2×1013 W/cm2

1057 nm

Ê0 Ê1

φ0 φ1

N = 0
φ2 π (

∂

∂t
+ vg

0

∂

∂z

)
Ê0 = −μN Ê1 sin θ

(
∂

∂t
+ vg

0

∂

∂z

)
φ0 = −μN

Ê1

Ê0

cos θ(
∂

∂t
− vg

1

∂

∂z

)
Ê1 = μN Ê0 sin θ

(
∂

∂t
− vg

1

∂

∂z

)
φ1 = −μN

Ê0

Ê1

cos θ

∂2N

∂t2
− N

(
∂

∂t
φ2

2

)
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s

(
∂2N

∂z2
− N

(
∂

∂z
φ2

2
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= −ΛÊ0Ê1 cos θ

N
∂2φ2

∂t2
− c2

sN
∂2φ2

∂z2
+ 2

∂

∂t
N

∂

∂t
φ2 − 2c2

s

∂

∂t
N

∂

∂t
φ2 = −ΛÊ0Ê1 sin θ



μ :=
ω2

pe

2ω0
,

Λ :=
2Ze2

memic2
,

θ := φ0 − φ1 − φ2 + φch .

φch

φ(z, t) = α(k0(z − z0) − ω0(t − t0))2

z0 t0

ω0

ω(z, t) = ω0 − ∂φ(z, t)/∂t = ω0 + 2α(k0(z − z0) − ω0(t − t0))
τ0 τch

α =
1

2τchτ0ω2
0

√
1 − τ2

0

τ2
ch

≈ 1

2ω2τ0τch
,

τch � τ

γ3
sct

3

∝ t

I1(t) = I1,0 exp

(
2γsc

2 t
2

3

(
L

vg
0

) 1

3

)
,



I1,0 L vg
0

t = L/vg
0

ωsc
2 =

1 + i
√

3

2

(
k2

0,vacv
2
0

ω2
pi

ω0

) 1

3

.

ωsc

ω0
= 3.68 × 10−3(1 + i

√
3)

[
Z

A

ne

nc

(
1 − ne

nc

)
I15λ2

μm

]1/3

γsc
2 = �(ωsc

2 ) .

1015 W/cm2 10 % nc

	(ωsc/ω0) = 0.003
ωpi/ω0 = 0.007

1/γsc
2 = 173 fs

c/γsc
2 = 52 μm

λ1,vac − λ0,vac = λ0,vac
ωsc

ω0
.

1015 W/cm2 10 % nc

1.1 nm

k2 = 2k0 − 2ω0

c

cs

c
.

	(ωsc
2 )

0.5 nc

Z/A

ζ := x + t τ := −x



E (ζ, τ) = τ3/4A(ζ
√

τ)
A

ζ
√

τ ζ τ

3/4
τs < 0.25γ−1

sc

τs = γ−1
sc 1/2

ω0 = ω1 + ω2 ,

k0 = k1 + k2 ,

ω2 k2

ω2
2 = ω2

pe + 3k2
2v2

e ≈ ω2
pe ,

ve =
√

Te/me

a0 > 3

(
ne

nc

)1/4

,

1 × 1016 W/cm2

800 nm ne/nc = 1 × 10−7

a0 = 1



ne < 1 %nc

ω1 > ω2 ≈ ωpe ω0 > 2ωpe ne < 0.25nc

(ωek − ω0)2 − (k2 − k0)2c2 − ω2
pe = 0

k1
2 = (k2−k0)2 ωek ≈ ωpe ω2

0 = k2
0c2+ω2

pe

λ1

λ0
=

k0

k1
=

√
1 − ne/nc

1 − 2
√

ne/nc
,

k0 ‖ k2

γ =
k2 vo

4

√
ω2

pe

ω2(ω0 − ω2)
,

vo

ω2 ≈ ωpe ω2 � ω0

γ =
k2 vo

4

√
ωpe

ω0
.

γ

ω0
= 4.3 × 10−3

√
I14λ2

μm

(
ne

nc

)1/4

1019 W/cm2

ne = 2 % nc γ/ω0 = 0.4
1 fs 300 nm

1015 W/cm2



ne = 2 % nc γ/ω0 = 0.006
70 fs 20 μm

k2 = k0 +
ω0

c

(
1 − 2ωpe

ω0

)1/2

,

k3 = 2k0

k2 = k0 ne = 0.25nc

1 × 1016 W/cm2 800 nm
1/γ = 20 fs

6 μm

1 × 1013 W/cm2

1/γ = 700 fs

I14λ2
μm > 2 × 10−4

(
1 +

3Ti

ZTe

)2 ne

nc

Z

λ2
μm T 3

e

(ln Λei)
2

Te

Ti � Te = 300 eV ne = 0.2 nc

lnΛ ≈ 6 λ = 800 nm
I ≈ 1013 W/cm2



PL > 17.5 GW
nc

ne
,

EL > 300 mJ 3 ps

γfil

ω0
=

1

8
a2

0

ne

nc
,

a0 ω0

γfil

ω0
= 10−5I14λ2

μm

ne

nc

τfil = 1/γfil 1016 W/cm2

800 nm ne = 0.1 nc τfil = 7 ps

vo = a0c/
√

2
vo = a0c a0 � 1

Epond,rel = a0mec2/
√

2

ne < nc

Zv2
o/v2

e � 1 Z ve

νei =
1

3(2π)3/2

Zω4
pe

nev3
e

ln Λ .



ωpe =
√

e2ne/(ε0me) e

νei [1/s] = 2.91 × 10−6 Zne [cm−3]

(Te [eV])3/2
ln Λ .

ln Λ

ve/ω ω

λD :=

√
ε0kBTe

e2ne
,

kB Te

ne

νcoll = νei

ω2
pe

ω2
,

L exp(−νcollL/cη)
η =

√
1 − ne/nc

νcoll Efield = I/(nec)
I

Efield = 2Epondnc/ne Epond

Rcoll = 2νeiEpond

800 nm 1015 W/cm2

10 %nc 200 eV R = 10 eV/ps
α := Zv2

o/v2
e

α � 1

νcoll

C = 1 − 0.533

1 + (0.27/α)0.75
.

vo > ve

ve



C =

(
1 +

v2
o

3v2
e

)−3/2

1015 W/cm2

200 eV C = 0.6

ve

γLandau

ω
= −

√
π

8

ω2
peω

|k3|v3
e

e
− ω2

2k2v2
e ,

ωpe ω k

ω2 = ω2
pe + 3k2v2

e .

ω/k < 3ve

ω/k ≈ cη
η 800 nm

ne = 1020 cm−3 Te = 100 eV ω/k/ve ≈ 70 � 3

> 1020 W/cm2



v × B

12 %nc

ne/nc ∝ exp(z/LG)
LG = csτpedestal

LG � λ

ve/νei

c/ωpe

ve ve/νei > c/ωpe

ve/ω > c/ωpe

j × B

j×B



x

Fj×B = −me

4

∂vo

∂x
(1 − cos 2ωt) .

cos 2ωt

Φ Te

ne = ne0 e
− eΦ

kBTe .

v =
2a0c sin θ θ

Th = mv2/2

j × B

Th = mec2(
√

1 + a2
0 − 1)

Th [keV] =
215 (I [1018 W/cm2](λ [1 μm])2)1/3



Th = mec2
(√

1 +
√

2a0 − 1

)
.

α

α

1020 W/cm2

1.3 MeV

Z
Z/A

Z

10 % nc

200 eV
180◦

z
10 % nc

200 eV > 5 × 1012 W/cm2





τfil = 1/γfil

1016 W/cm2

800 nm ne = 0.1 nc τfil = 7 ps
L < c τfil/2 = 1 mm

170 fs

4 × 1017 W/cm2

γsc > νeine/nc

a0 >
√

2

(
νei

ω0

)1.5 ne

nc

(
mi

me

)0.5

.

ne = 9 % nc Te = 200 eV
1016 W/cm2 1 μm

8 × 108 W/cm2

10 mm 80 %

1015 W/cm2



1 × 1016 W/cm2

800 nm 1/γ = 20 fs
6 μm

1 × 1013 W/cm2

1/γ = 700 fs

1/ωpe = 18 fs
1018 cm−3

π

16 μJ 5.6 mJ 87 mJ
360 5.5 mJ

4 %

ωsc � ω0 100 %
90 %



< 1 mm

γwb

ω0
=

√
2

A
a0 ,

τwb [fs] = 5.7 × 103

√
A

I14

I14 1014 W/cm2 A
170 fs

1 × 1017 W/cm2

Ti

Te < 2Ti Te > 50Ti

Iλ2
2

λ = 10.6 μm

2

5 ps 1 TW



25 fs 3 . . . 4 fs

1015 W/cm2

10%nc

Z/A

λ = 800 ne/nc = 0.1 Te = 100 eV
52 %

Lp τ0

Lp ≤ 1
2vgτ0 τs > τsc

1

ω0τsc
=

γsc

ω0
= 3.6 × 10−2

(
Z

me

mi

)1/3 (ne

nc

)1/3 (
I14λ2

μm

)1/3

γsc

g =
E

E
,



E E

E

g =
E

E

E

g′ =
E − E

E

g

η =
E − E

E



3.5 ps 3 mJ 6.5 × 1016 W/cm2 400 fs 15 mJ 5 × 1015 W/cm2

20◦

g′
rel = 32

1 ps E = 477 mJ 2 × 1014 W/cm2

15 ps E = 860 mJ 3 × 1014 W/cm2

10◦ 17 % nc 5 mm

2.5 %

300 fs



MeV
> 1019 W/cm2



a0 ni

nmax nmin

E(a0) E(ni)

ne > γnc Emax ∝ a0

ne > γnc Epeak ∝
{

a4
0 (a2

0/ni ≈ 1)

a2
0 (a2

0/ni � 1)
Epeak ∝

{
1/n2

i (a2
0/ni ≈ 1)

1/ni (a2
0/ni � 1)

ne ≥ γnc Epeak ∝ a2
0 Epeak ∝ 1/ni

ne ≥ γnc Epeak ∝ a2
0 Epeak ∝ 1/ni

ne < γnc Emax ∝ a0 Emax ∝ nmax/nmin

γme me

γnc

√
1 − ne/(γnc)

γnc =
√

1 + a2
0nc

nc = ω2
0meε0/e2 ω0

keV . . . MeV
1 %



1020 W/cm2

1.3 MeV

θ
8◦ 25◦

λD

1000 nm

ni

ni0 x < 0 x > 0

Th0

1 MeV

ne = ne0 [eΦe/(kBTe)]
Φe

ne0

Te

ε0
∂2Φe

∂x2
= e(ne − Zni) .

ne0 = Zni0 Z

x > cst

ne(x, t) = Zni = ne0e
−x
cst

−1 ,



vi(x, t) = cs +
x

t

Ess =
E0

ωpit
,

cs ωpi

σ = ε0Ess x = −cst

ωpit < 1 cst
λD0 =

√
ε0kBTe/(ne0e2) ωpit � 1

1+x/cst = 2 ln(ωpit)
vi, = 2cs ln(ωpit) E = 2Ess = 2E0/(ωpit)

E = 2
E0√

2e1 + ω2
pit

2
,

e1 ≈ 2.718 Zni − ne

dN

dEi
=

ni0cst√
2EE0

e−
√

2E/E0 ,

E0 := ZkBTe

E = 2E0

(
ln
(
tp +

√
t2
p + 1

))2
,

tp := ωpi
t√

2×e1

Emax → ∞ t → ∞

τL

2.5 (τL + 60 fs)



L 20 μm
ni0 = ne0/Z |x| < L/2

x = 0

Te

dUe

dt
= −dUions

dt
− dUfield

dt

Uions Ufield Ue = g(θ)NekBTe

Ne := ne0L
g kBTe/mec2 g = 1/2

kBTe � mec2 g = 1 kBTe � mec2

t = 0

Einitial =

√
2

e1

√
ne0kBTe

ε0
=:

√
2

e1
E0 .

tL = L/(2cs0) cs0

tL



rs = r0 + l tan θ r0

rs

rs l r0

θ = 17◦



1.5 ps 3.5 × 1018 W/cm2

10 . . . 40 μm

E = ZeEλD ≈ ZkBTe ≈ Zmic
2

⎛
⎝
√

1 +
a2

0

2
− 1

⎞
⎠ .

t � ω−1
pi

E ≈ 2ZkBTe

[
ln

(
2

ωpitacc√
2e1

)]2

,

tacc ≈ 2.5 (τL + 60 fs)
τL E ≈ Zmic

2a2
0/2 a0 � 1

E ≈ Zmic
2a0

E ∝ a0 ∝ √
I

nc nc



60◦

< 10 Hz

1300 K



ET NSA
ions ∝ √

I

I

Prad = (1 + R − T )
I

c
.

R T

I/(2cnc)
a2

0

1836

ve

ωpe

λD =
ve

ωpe
≈ c

ω0

√
γ

nc

ne
≈ λ

ve ≈ c
λ

vHB

(1 + ηR)
2I

c

1 − vHB

1 + vHB
= nimiv

2
HBγ2

HB

γHB := (1 − vHB2/c2)−1/2

vHB

c
=

u

1 + u

u =

√
1

2c2

me

mi

nc

ni

√
I

1.4 × 1014 W/cm2

(
λ

1 μm

)2



me mi ni nc

vHB � c

vnonrelativ.
HB

c
=
√

1 + ηR

√
menc

2mini
a0

ni = 1 nc

1020 W/cm2 12 %

a0

v = 2vHB

E = 2mpc2 u

1 + 2
√

u
.

E ∝ (v )2 ∝ I/ni

1019 W/cm2

E = mic
2 F 2

L

2(FL + 1)
,



FL := 2
∫

I(t)dt/(nilc
2)

E ∝ a4
0 a0

E ∝ a2
0 a0 � 1

j × B

a0 > π
ne

nc

l

λ

l

L �
λMF = v

ν v ν





∂

∂t
ui = 0 .

∂/∂x(niui) = 0
−vsh x → ∞

niui =
−n0

Z
vsh .

ui∂/∂xui = −Ze/(mi)∂/∂xΦ
Φ = 0 x → ∞

mi

2
u2

i + ZeΦ =
mi

2
v2

sh .

ni =
n0

Z
vsh

(
v2

sh − 2
ZeΦ

mi

)−1/2

,

miv
2
sh >

ZeΦ

ξ := x/λD φ := iΦ/Te

Msh := vsh/cs

d2φ

dξ2
= eφ − Msh√

M2
sh − 2φ

.

dφ/dξ

0 =
1

2

(
dφ

dξ

)2

+ Usoliton(φ)



Usoliton(φ) := −
(

eφ + Msh

√
M2

sh − 2φ + 1 + M2
sh

)
Usoliton

Φ(ξ)
ξ U(φ)

Msh

φ < M2
sh/2 =: φcr

d

dφ
Usoliton(φ = 0) = 0 ,

Usoliton(0) = 0
Usoliton(φ � 0) < 0 Usoliton(φcr) > 0 φm

Usoliton(φcr) = 0

Usoliton(φ ≥ 0) ≈ −φ2

2

(
1 − 1

M2
sh

)
< 0 ,

Msh > 1

Usoliton(φ = φcr = M2
sh/2) = eM2

sh
/2 − M2

sh − 1 > 0

Msh < 1.58 · · · ≈ 1.6

φ = 0

φm

φ = 0

φ φm

φ = 0 U(φ) = 0

φ φm

φ



fi = f0e
v+vsh

ui

F (Φ) :=

∫
(v+vsh)2<2ZeΦ/mi

fi(v)dv

Φ
x → ∞ Φ = 0 F (Φ = 0)

(v + vsh)2 < 2ZeΦ/mi

n0 → n0(1+F (0)) niui = −n0vsh/Z → −n0vsh/Zn0(1+F (0)) x → ∞
n0 → n0(1 − F (0)) x → −∞

d2φ

dξ2
=

⎧⎪⎪⎨
⎪⎪⎩
[
(1 − F (0))eφ − Msh(1−F (0))√

M2−2φ

]
ξ < 0[

(1 + F (0))eφ − Msh(1−F (0))√
M2−2φ

− 2F (φ)

]
ξ > 0

−2F (0)

1 6.5
(2 . . . 10) × 2π/ωpi ωpi =

√
Zme/miωpe

vp > cs

cs =
√

ZkBTe/mi

MHB = vHB/cs > 1
M = vsh/cs

vsh ≈ vHB

M

√
kBTh

mi
= a0

√
1 + ηabs

√
1

2

me

mi

nc

ni
.



kBTe = 0.8a0mec2

a0 � 1

M =

√
1

0.4

nc

ni
a0 ,

M ∝ I1/4λ1/2n
−1/2
i

v =
v′

sh + v0

1 +
v′

sh
v0

c2

v′
sh =

1Mcs

1 + M2 c2
s

c2

κ
5/3 γHB

n2

n1
=

κγHB + 1

κ − 1
≈ κ + 1

κ − 1

vsh

c
=

(κγHB + 1)
√

γ2
HB − 1

1 + γHB + κ(γ2
HB − 1)

≈ a0

2

√
nc

2np

Zme

mi
(1 + κ) ,

γHB ≈ 1

8 % nc



2 10 000 nm
1.1 × 1019 cm−3

200 bar

3 × 1012 particles/MeV/sr
0.6 MeV ne/nc = 6 800 μm

a0 ≈ 0.5 1.1 MeV

2 6 ps 25 ps

6nc

1 × 109 particles/MeV/sr
1.4 MeV

2

2nc

a0 = 2.1
18 MeV

107 particles/MeV/sr

a0 3
10 MeV

√
Iλ2

a0

a0 > 200
1.7 × 1021 cm−3 1.1 × 1021 cm−3

2 7 × 1019 cm−3



ne < γnc

L > cτ τ

a0

P := p − eA p

A Ω = ∇ × P

B1 = −μ0en1c2√
γ/ωpe1

γ =
√

1 + a2
0/2 ωpe1 =

√
n1e2/mε0

n1

pB = B2/(2/μ0)

ls ≈ c
√

γ/ωpe1

n1 n2

∇×Ω
Ω/n
B2 = B1(n1 + n2)/2n1

vA = B2/
√

μ0Ampn2/Z Z

A mp μ0

n1 � n2

a0 � 1
Eions,MV A

A
≈
(

Z

A

)
m2

ca0

2
√

2

n1

n2
.

Eions ∝ a0



ne < 1%nc











5 J 30 fs

532 nm



10 Hz
≥ 30 fs ≤ 2 J ≥ 30 fs ≤ 13 mJ

6 nm 1057 nm
12 J 450 fs

60 J 450 ps

6 nm







0.1 . . . 1 mm
0.1 . . . 10 mm

1 . . . 1000 bar
10−4 mbar



cs =
√

κkBT/mm

mm kB

κ :=
Cp

CV

Cp CV κ = 5/3
κ = 7/5

v M := v/cs M = 4 . . . 6

L
λMF = 1/(

√
2πr2

W n) rW

n
L > 103λMF

n = 1021 cm−3 rW = 120 pm
λMF = 16 nm

> 100 μm

F (z) n
T p

F0

F
= M

(
1 +

κ − 1

κ + 1
(M2 − 1)

)−1

2

κ+1

κ−1

,





κ

κ F (z)

2.9 3.5 1.9×1020 cm−3 2.2×1020 cm−3

16 %

ζ = arcsin(1/M)

θ =
π

2

(√
κ + 1

κ − 1
− 1

)
− νP M (M, κ) ,

νP M (M, κ) :=

√
κ + 1

κ − 1
arctan

√
κ − 1

κ + 1
(M2 − 1) − arctan

√
M2 − 1





zI

dE zI

M = 3 . . . 4 500 μm
zI = 750 μm . . . 1000 μm

300 μm

δG

δG =

∫ δ99

0
dy

(
1 − u(y)n(y)

u∞n∞

)
,

y u n u∞
n∞ δ99

99 % u∞

δG = 0.05dE



λ = 632.8 nm

z
N

I(xl, θl, z) l = 1 . . . N
θl N 180◦

4◦

35 μm
1.22 λ0 F = 9 μm λ0 = 633 nm F = 12



(x, y, z)
(xl, yl, z)

IG(xl, θl, z) I (xl, θl, z)
φ (xl, θl, z) φR(xl, θl, z)

φ′

z

φ′(z) = 2π
z sin θBS

λ
,

θBS

I(xl, z) = I0 + 2 I1 cos

(
2πz

d
+ φ(z)

)
= I0 + I1

(
ei [2πz/d+φ(z)] + c. c.

)
.

d c. c.

I (xl, θl, z) ∝ ei [2πz/d+φ(z)]

I (xl, θl, z) ∝ ei 2πz/d

φ(xl, θl, z) = �
[
log

(
I (xl, θl, z)

I (xl, θl, z)

)]

�
N

180◦



z

η(xl, yl, z) − η0

φ(xl, θl, z) =

∫ +∞

−∞
k(η(xl, yl, z) − η0)dyl .

k := 2πη/λ η0

45
φ(xl, θl, z)

|kl|

Δφ(x, y, z) =
N∑

l=1

Δθ

︸ ︷︷ ︸
∫ +∞

−∞
dkle

2πiklxl

︸ ︷︷ ︸ |kl|︸︷︷︸
∫ +∞

−∞
dxle

−2πiklxl

︸ ︷︷ ︸φ(xl, θl, z) .

Δφ

2π
= (η − 1)

L

λ0

L λ0

η2 − 1 =
αn

ε0
,

n α ε0

n =
2ε0

α

λ0

L

Δφ

2π
.











1.5 ns

280 eV
1.5 ns

280 eV

S(λ) λmin λmax

λcom =

∫ λmax

λmin
S(λ) λ dλ∫ λmax

λmin
S(λ) dλ

.

Δλ =
√

8 ln(2)

(∫ λmax

λmin
S(λ)(λ − λcom)2dλ∫ λmax

λmin
S(λ)dλ

)1/2

,

√
8 ln(2)



E ∝ e−t2/τ2−iαt2

t =
ω0 − ω

2α
,

ω0 ω
τmin

τmin

τ0
=

√
τ

τ0
,

τ τ0

0 10 % nc

λ0 1.46 λ0

λ0 = 800 nm 800 nm 1170 nm
λ0 = 1057 nm

1057 nm 1550 nm

900 nm 1700 nm

1150 nm

550 nm





Δt
Δx

Δt

Δx
=

2n sin(φ/2)

c
,

n c
φ

τ ξ

τ

ξ
= K

Δt

Δx
,

K K = 1/1.414
K = 1/1.55 K = 1

Δt/Δx φ

Δt/Δx

n φ

φ
φ

5 mm 500 mm



0.6◦ φ = 12◦

5%

I ∝ √
A

E ∝ τI

107

1021 W/cm2 1014 W/cm2









b
l = Ase l/b s

A





10.6 μm
1054 nm

1×1018 W/cm2

5 ps 1053 nm



z

1054 nm 210 J
5 ps f/3 10 μm

30 %
2.2 × 1019 W/cm2 a0 = 4.2

γnc = 4.6 × 1021 cm−3

5 Hz

150 μm 10 μm 45 μm
1018 W/cm2 a0 = 0.93

300 ps 1 ns
20 mJ

1013 W/cm2

6 × 1012 W/cm2



150 μm −1 ns
0 ns

1 mm × 300 μm
500 μm

0.4 mm

H2

360 mm 0◦

0◦ 21◦ 20 mm
±20 mrad





5 ps

1.2 mm 0.4 mm
0.4 mm

1 eV

150 μm f/3
10 μm 2.2 × 1019 W/cm2 a0 = 4.2

45 μm 3×1018 W/cm2 a0 = 1.6
γnc = 4.6 × 1021 cm−3 γnc =

1.9 × 1021 cm−3





1 ps 5.5 × 1020 W/cm2 1053 nm
2 mm 4 nc

2+

40 MeV < 180 mrad

ne = 1.4 nc E = 0.4 MeV
ΔE/E ≈ 0.3 ne = 2.5 nc E = 0.55 MeV

ΔE/E ≈ 0.16

2.7 nc

> 250 mrad

I1/4n−1/2 I1/2n−1/2√
I/ni

ηabs = 0.2
1 1.6





1273 μm 16 μm 48000 × 600
x x = 0

20 ps Δt = 0.06 fs
1 ns

1.9 ns

5 ps

80 : 1

2.7 nc

a0

1 1 ns
1 1.9 ns
4 1 ns
4 1.9 ns

1 ns 2.7 nc

a0 = 1 150 μm





11.7 ps
1 ns

a0 = 1 a0 = 4

a0 = 1 a0 = 4





ω0 c/ω0

1 ns 1.9 ns a0 = 1

4/3

0.8 MeV 4 × 1012 particles/MeV/sr



vhb vsh

a0 vhb/c EHBA vsh/c ECSA

1 1 ns 0.013 0.37 MeV 0.017 0.54 MeV
1 1.9 ns 0.018 0.61 MeV 0.024 1.08 MeV
4 1 ns 0.049 4.54 MeV 0.065 8.03 MeV
4 1.9 ns 0.080 12.00 MeV ≥ 0.1 19.00 MeV

2

3 × 1012 particles/MeV/sr 0.6 MeV
ne/nc = 6 7 × 1019 cm−3

ne/nc = 2
18 MeV 107 particles/MeV/sr

60 MeV









3 μm 20 fs

12 % . . . 21 %nc

0.5 mm . . . 1 mm

0.5 mm
5 % . . . 13 %nc

450 mJ
260 fs

1016 W/cm2

440 μm 60 μm 90 μm

4 × 1015 W/cm2



f = 2200 mm

f/21
8.4 μm

715 . . . 1050 nm

≥ 60 nm 800 nm
100 μm 0.5 nm

≈ 90 %

4 mm 30 mm

30 fs



M = 4 M = 2
M = 2

30 mm

f/73 18 μm

f/55



10 mm

30 fs/px 30 fs
15 ps

7 fs/px
7 fs 3.5 ps

900 nm 1400 nm

1.2 % nc 13 % nc

90◦

f/4

4 × 1014 W/cm2 8 × 1015 W/cm2

γ = 0.1
γ = 0.02



1013 W/cm2 1014 W/cm2

2.4 × 1016 53 mJ
630 mJ

ne L 1/e

T

ne

L
T T exp

e T th
e

ne L T T exp
e T th

e

90 bar 600 μm 21 % nc 1 mm 9 ± 2 % 134 eV 670 eV
60 bar 600 μm 15 % nc 1 mm 12 ± 2 % 85 eV 580 eV
90 bar 600 μm 11 % nc 0.8 mm 19 ± 2 % 51 eV 500 eV
90 bar 300 μm 17 % nc 0.5 mm 21 ± 8 % 76 eV 610 eV

T = exp

(−νeiLne/nc

ηc

)

νei =
1

3(2π)3/2

Zω4
pe

nev3
e

ln Λ ,

≈ 50 eV ≈ 130 eV T exp
e







1013 W/cm2

415 μm 500 μm
1 ns

ne

Tgas Tplasma

ne

Tgas Tplasma

ne Tgas Tplasma

9 % nc 15 ± 6 % 21 ± 4 %
11 % nc 15 ± 1 % 28 ± 1 %
13 % nc 12 ± 5 % 35 ± 6 %

Te = 300K
1×1014 W/cm2

700 fs 4 × 1014 W/cm2

1 ns 780 fs 3 × 1016 W/cm2



















20 fs

25 nm
11.9 mJ

163 fs 7 × 1013 W/cm2 21 %nc

20 % 2 mJ

820 nm









1 %
4×1013 W/cm2

400 fs 1 nm

20 . . . 40 %
4 × 1014 W/cm2 5 . . . 10 %nc

290 . . . 230 fs

α = −2 × 10−7

|α| > 1 × 10−6

800 nm 30 fs
0.78 ps . . . 1.7 ps |α| = 2 × 10−6 . . . 5 × 10−6



5 nm

450 fs 4 ps α = −2×
10−7

600 μm ne = 10 %nc 1.7 ps
4 × 1015 W/cm2 160 fs 1.7 × 1014 W/cm2

800 nm 15 %

1.7 ps



30 nm

0.6 nm

5 nm α = −7.8×10−7

30 nm

±2 ps

30 nm 5 ps







160◦

◦

4”

700 fs f/40



























1057 nm

12 %

3 × 1015 W/cm2 6 × 1016 W/cm2

1013 W/cm2 5 × 1015 W/cm2 12 mJ
0.2 %

−2 ps







210 J 5 ps a0 ≈ 1 2.5 nc

200 . . . 800 keV
4 × 1012 particles/MeV/sr

150 mrad

2

10 μm
ne/nc = 6
ne/nc = 2 18 MeV

a0 = 200

2 . . . 4 × 1015 W/cm2

0.78 . . . 4 ps 5 % . . . 21 %nc



1 %
40 %

30 . . . 700 fs 1013 W/cm2

6 nm 60 nm 30 . . . 160 fs 700 fs

1/γsc
2 = 173 fs

∝ t3/4

1/γsc
2 3/4

6 nm
4 ps |α| = 2×10−7

800 nm 30 fs



0.78 ps . . . 1.7 ps |α| = 2 × 10−6 . . . 5 × 10−6

|α| = 2 × 10−7

|α| = 5 × 10−6

20 ps
20 ps c/2 = 3 mm

0.5 mm

1015 W/cm2









μ





e
c

me

mp

ε0

e1

kB

Cp

CV

λMF

rW

ζ
T
F
p
n

M
νP M

κ
mm

α
η



I
λ
ω
A

a0

vg

γ
Epond

Fpond

Prad

R
T
vo

E
ν
R

C
C

LG

Fj×B j × B

Φ
ω
φ
λ
k

k
τ

0 ω λ k I
1 ω λ k I

Δt



2 ω λ k

γwc
2

γsc
2 γsc

nc

ne

η
Te

Ti

cs

mi

A
Z

νei

ωpe

ωpi

ve

ln Λ
η

λD

Th

Th

Th

Th

γfil

τfil

γwb

gabs

grel

g′
rel

ηamp

vHB

γHB

p
E

















































√
I/ni



1 ns

1.9 ns



5 nm
30 nm
30 nm
30 nm

5 ps






