




























































time





−0.2 −0.1 0.0 0.1 0.2

t/Trep

−1.0

−0.5

0.0

0.5

1.0

E
(t
)

a)
E-field

envelope

0.00 0.25 0.50 0.75 1.00

t/Trep

−1.0

−0.5

0.0

0.5

1.0

E
(t
)

c)

0 2 4 6 8 10

t/Trep

−1.0

−0.5

0.0

0.5

1.0

E
(t
)

e)

−6 −4 −2 0 2 4 6

(ω − ωc)/ωrep

0.00

0.25

0.50

0.75

1.00

I(
ω
)

b)

single pulse spectrum

pulse train spectrum

−6 −4 −2 0 2 4 6

(ω − ωc)/ωrep

0.00

0.25

0.50

0.75

1.00

I(
ω
)

d)

−6 −4 −2 0 2 4 6

(ω − ωc)/ωrep

0.00

0.25

0.50

0.75

1.00

I(
ω
)

f)



Trep
CEP

time

frequency

I(f)

E(t)

CEP
2

frep

fc

fCEO

fn = n frep + fCEO 















1 2 3 4 5
frequency (Δ𝜔𝖥𝖲𝖱)

0

2

4

6

8

𝐼 𝖼
𝖺𝗏
(𝐼
𝗂𝗇
)

Δ𝜔𝖥𝖶𝖧𝖬

Δ𝜔𝖥𝖲𝖱

𝛽

a)

1 2 3 4 5
frequency (Δ𝜔𝖥𝖲𝖱)

0
0.2
0.4
0.6
0.8

1

𝐼 𝗋
𝖾𝖿
𝗅
(𝐼
𝗂𝗇
)

𝒞

𝐼𝗋𝖾𝖿𝗅,𝗋𝖾𝗌

b)







-8 -4 0 4 8
frequency (Δ𝜔𝖥𝖲𝖱)

0
2
4
6
8

𝐼 𝖼
𝖺𝗏
(𝐼
𝗂𝗇
)

cavity, 𝜙𝖽 = 0
a)

-8 -4 0 4 8
frequency (Δ𝜔𝖥𝖲𝖱)

0
2
4
6
8

𝐼 𝖼
𝖺𝗏
(𝐼
𝗂𝗇
)

cavity, 𝜙𝖽 ≠ 0
c)

-8 -4 0 4 8
frequency (𝜔𝗋𝖾𝗉 − 𝜔𝖼)

0
0.2
0.4
0.6
0.8

1

𝐼 𝖼
𝗈
𝗆
𝖻

𝐼𝖼𝗈𝗆𝖻

e)

-8 -4 0 4 8
frequency (𝜔𝗋𝖾𝗉 − 𝜔𝖼)

0

2

4

6

8

𝐼 𝖼
𝖺𝗏
(𝐼
𝑖𝑛
)

𝐼𝖼𝗈𝗆𝖻 enhanced
in cavity, 𝜙𝖽 = 0

b)

-8 -4 0 4 8
frequency (𝜔𝗋𝖾𝗉 − 𝜔𝖼)

0

2

4

6

8

𝐼 𝖼
𝖺𝗏
(𝐼
𝑖𝑛
)

𝐼𝖼𝗈𝗆𝖻 enhanced
in cavity, 𝜙𝖽 ≠ 0

d)



a)

𝜔

𝜙
𝖽

𝜙𝟢

c)

𝜔

𝜙
𝖽

𝜙𝟤

b)

𝜔

𝜙
𝖽

𝜙𝟣

d)

𝜔

𝜙
𝖽

𝜙𝟥

𝘵

𝘌
(𝘵
)





−2.0 −1.5 −1.0 −0.5 0.0 0.5 1.0 1.5 2.0

𝘓𝖼𝖺𝗏 − 𝘓𝖼𝗈𝗆𝖻 (𝜇m)

1030

1035

1040

1045

w
av

el
en

gt
h

(n
m

)

a)

−2.0 −1.5 −1.0 −0.5 0.0 0.5 1.0 1.5 2.0

𝘓𝖼𝖺𝗏 − 𝘓𝖼𝗈𝗆𝖻 (𝜇m)

0

5

10

𝘐 𝖼
𝖺𝗏
(𝘐
𝗂𝗇
)

b)

2.5 5.0 7.5 10.0

𝘐𝖼𝖺𝗏 (𝘐𝗂𝗇)



−7.5 −5.0 −2.5 0.0 2.5 5.0 7.5

𝘓𝖼𝖺𝗏 − 𝘓𝖼𝗈𝗆𝖻 (nm)

1020

1040

1060

w
av

el
en

gt
h

(n
m

)

a)

𝘓=0.0 nm
𝘓=-0.5 nm
𝘓=-1.5 nm

0 200

𝘐𝖼𝖺𝗏 (𝘐𝗂𝗇)

1020

1040

1060

w
av

el
en

gt
h

(n
m

)

b)
100 200 300

𝘐𝖼𝖺𝗏 (𝘐𝗂𝗇)





















Ip 

e-

e-

field-free atoma) b) c) d)

at
om

ic
 p

ot
en

tia
l

radius

MPI TI OBI

e- e-e-











laser field(1) (2) (3)

e- tunneling

acceleration
recombination

XUV



laser field

short
trajectories

long
trajectories

r

i





























z z+dz
SM1

nonlinear
medium

a)

b)

c)

CM1 CM2

SM2

dispersion

Fourier inv. Fourier

nonlinearities



−200 0 200

time (fs)

0

7

14

22

p
as
se
s

a)

950 1000 1050 1100

wavelength (nm)

0

7

14

22

p
as
se
s

b)

−200 0 200

time (fs)

0

2

4

6

8

p
ow

er
(M

W
)

c)

in, FWHM=200 fs

out, FWHM=38 fs

950 1000 1050 1100

wavelength (nm)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

n
or
m
al
iz
ed

P
S
D
(a
rb
.u
.)

d)

in, Δωin = 0.3%

out, Δωout = 5.5%

out, phase

0 2 4
power (MW)

−40 −30 −20 −10 0
log PSD (arb. u.)

−6

−4

−2

0

2

4

6

p
h
ase

(rad
)



























from oscillator

alignment monitor

cavity transmitted

cavity reflected

outcoupled harmonics
CYM (R=2061 mm)

FPM

grating mirror

CM2 (R=175 mm)

CM1 (R=100 mm)

lens

translation stage
Ta2O5

35 nm

SiO2480 nm

500 nm 150 nm

n=1.44
n=2.02

(b)

CM1

CM2

grating mirror(e)

(a)

(d)

20 40 60 80 100
wavelength (nm)

0.05

0.10

0.15

ef
fic

ie
nc

y

(c)

ta
ngen

tia
l 

plan
e

sa
gitta

l p
lan

e



132 134 136 138 140 142 144 146
curved mirror distance (mm)

10.0

12.5

15.0

17.5

20.0

22.5

25.0

27.5

fo
cu

s 
w

ai
st

 s
iz

e 
(

m
)

tangential calculated
sagittal calculated
tangential measured
sagittal measured

CYM CM1CM1

CM2

FM

(b)

0 500 1500 2000 3000250010000.0

0.5

1.0

1.5

2.0

2.5

z position (mm)

be
am

 s
iz

e 
(m

m
)

(a)

FMCYM

CM1CM2

(c)





































7th 9th 11th 13th 15th 17th 19th 21th 23th
25th

27th
29th

31th
33th

35th

Ar

Kr

Xe













skimmers

a)

gate valve

flexible bellows

mirror chamber

BL-DIF

diagnostics
chamber

to target

b)

gas
in

MC

O3

TMP0

TMP4 TMP5

TMP3

1st

2nd 3rd

TMP1

TMP2

O3 BL-DIF Mirror

target

ECDF









120 122 124 126 128 130 132 134 136

distance between curved mirrors (mm)

0

5

10

15

20
fo
cu
s
w
ai
st

si
ze

w
0
(μ
m
)

w0,tan w0,sag

0.0

0.5

1.0

1.5

2.0

2.5

3.0

st
ab
ili
ty

g
=

|A
+
D
|/

2

gtan

gsag

tangential

sagittal







−2 −1 0 1 2

time (ms)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

vo
lt
ag
e
(a
rb
.
u
.)

transmission

error signal

cavity length











0 2 4 6 8

time (μs)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
P
re
fl
(a
rb
.
u.
)

1.0 1.1 1.2 1.3 1.4

0.2

0.4

0.6

0.8

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

1.25

P
tr
a
n
s
(a
rb
.
u.
)

EOM voltage

Prefl data

Prefl peaks

Prefl fit

Ptrans data

Ptrans fit



−505

cavity length (nm)

in
te
n
si
ty

(a
rb
.
u
.)

2.1 nm

a) scan up normprop

−5 0 5

cavity length (nm)

2.1 nm

b) scan down normprop

−505

cavity length (nm)

in
te
n
si
ty

(a
rb
.
u
.)

2.1 nm

c) scan up counterprop

−5 0 5

cavity length (nm)

2.1 nm

d) scan down counterprop

s-pol

45°

p-pol





0 20 40 60 80 100 120 140 160 180

waveplate angle (degree)

0.8

0.9

1.0

1.1

1.2

in
tr
a-
ca
vi
ty

in
te
n
si
ty

(a
rb
.
u
.)

normal propagating

counter propagating







−500 0 500

time (fs)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

in
te
n
si
ty

(a
rb
.
u
.)

Ipeak = 34TW/cm2

Tfwhm,circ = 200 fs

β = 300.9

Ein = 0.5 μJ

a)

1020 1040 1060

wavelength (nm)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

sp
ec
tr
u
m

(a
rb
.
u
.)

λFWHM,in = 11.3 nm

λFWHM,circ = 11.3 nm

b)

−500 0 500

time (fs)

100

200

300

400

500

600

700

ro
u
n
d
tr
ip
s

c)

286 288 290

frequency (THz)

100

200

300

400

500

600

700

ro
u
n
d
tr
ip
s

d)

−1

0

1

2

p
h
ase

(rad
)

−1

0

1

2

p
h
ase

(rad
)

1

2

3

4

5

6

7

total
tim

e
(μ
s)

1

2

3

4

5

6

7

total
tim

e
(μ
s)



−50 0 50

time (fs)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

in
te
n
si
ty

(a
rb
.
u
.)

Ipeak = 236TW/cm2

Tfwhm,circ = 29 fs

β = 295.0

Ein = 0.5 μJ

a)

900 1000 1100 1200

wavelength (nm)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

sp
ec
tr
u
m

(a
rb
.
u
.)

λFWHM,in = 90.8 nm

λFWHM,circ = 90.1 nm

b)

−50 0 50

time (fs)

100

200

300

400

500

600

700

ro
u
n
d
tr
ip
s

c)

280 300

frequency (THz)

100

200

300

400

500

600

700

ro
u
n
d
tr
ip
s

d)

−1

0

1

2

p
h
ase

(rad
)

−1

0

1

2

p
h
ase

(rad
)

1

2

3

4

5

6

7

total
tim

e
(μ
s)

1

2

3

4

5

6

7

total
tim

e
(μ
s)



−250 0 250

time (fs)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

in
te
n
si
ty

(a
rb
.
u
.)

Ipeak = 8TW/cm2

Tfwhm,circ = 99 fs

β = 60.9

Ein = 0.5 μJ

a)

1030 1040 1050

wavelength (nm)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

sp
ec
tr
u
m

(a
rb
.
u
.)

λFWHM,in = 11.3 nm

λFWHM,circ = 9.4 nm

b)

−250 0 250

time (fs)

100

200

300

400

500

600

700

ro
u
n
d
tr
ip
s

c)

286 288 290

frequency (THz)

100

200

300

400

500

600

700

ro
u
n
d
tr
ip
s

d)

−1

0

1

2

p
h
ase

(rad
)

−1

0

1

2

p
h
ase

(rad
)

1

2

3

4

5

6

7

total
tim

e
(μ
s)

1

2

3

4

5

6

7

total
tim

e
(μ
s)





980 1000 1020 1040 1060 1080 1100 1120

wavelength (nm)

−15

−10

−5

0

5

10

15
G
D
D

(f
s2
)

a)
HR mirror

IC mirror

complete cavity

980 1000 1020 1040 1060 1080 1100 1120

wavelength (nm)

−10

0

10

φ
ca
v
(m

ra
d
)

b)

980 1000 1020 1040 1060 1080 1100 1120

wavelength (nm)

π/2

0

π/2

φ
ci
rc
(r
ad
)

c)

980 1000 1020 1040 1060 1080 1100 1120

wavelength (nm)

0.0

0.5

1.0

co
u
p
lin
g
effi

ci
en
cy

d)









1025 1030 1035 1040 1045 1050 1055

wavelength (nm)

0.0

0.2

0.4

0.6

0.8

1.0

in
te

ns
ity

(a
.

u.
)

a)
incident spectrum
errorsignal 1034.2 nm
errorsignal 1039.6 nm
errorsignal 1045.3 nm

1030 1035 1040 1045 1050

wavelength (nm)

−60

−40

−20

0

20

40

60

G
D

D
(f

s²
)

b)

GDD, cavity design
GDD measured 1034.2 nm
GDD measured 1039.6 nm
GDD measured 1045.3 nm

𝑅IC𝑅cav , meas 1034.2 nm
𝑅IC𝑅cav , meas 1039.6 nm
𝑅IC𝑅cav , meas 1045.3 nm
𝑅IC99.35𝑅cav , design

0.95

0.96

0.97

0.98

0.99

1.00

m
irr

or
re

fle
ct

iv
ity



delay line

HWP

HWP

HWP

PBS

BS/PBS

QWPWP

QWP

100%

p-pol

in

out

s-pol

100%PBS

PBS

BS

BS

50%

50%

out

a) c)

d)

f)

e)

BS 50%

b)

50%

QWP













0°

45°

90°

135°

180°

225°

270°

315°

1030nm

1040nm

1050nm

a) 𝜏=-500 fs 0°

45°

90°

135°

180°

225°

270°

315°

1030nm

1040nm

1050nm

b) 𝜏=-200 fs

0°

45°

90°

135°

180°

225°

270°

315°

1030nm

1040nm

1050nm

c) 𝜏=100 fs 0°

45°

90°

135°

180°

225°

270°

315°

1030nm

1040nm

1050nm

d) 𝜏=500 fs

0°

45°

90°

135°

180°

225°

270°

315°

1030nm

1040nm

1050nm

e) 𝜏=800 fs 0°

45°

90°

135°

180°

225°

270°

315°

1030nm

1040nm

1050nm

f) 𝜏=1100 fs







800 1000 1200

wavelength (nm)

−25

0

25

50

75

100

125

150
G
V
D

(f
s2
/
m
m
)

a) b)

YAG

KDP

FS

0 1 2 3 4 5

gas pressure (bar)

0

50

100

150

200

250

300

350

400

G
V
D

(f
s2
/
m
)

c)

Xe

Kr

air

N2

He

1.80

1.82

1.84

1.86 YAG

KDP

FS

600 1000 1400

wavelength (nm)

1.44

1.46

1.48

1.50

1.52

re
fr
ac
ti
ve

in
d
ex

n





−200 0 200

time (fs)

0

11

22

34

p
as
se
s

a)

950 1000 1050 1100

wavelength (nm)

0

11

22

34

p
as
se
s

b)

−200 0 200

time (fs)

0

2

4

6

8

10

12

p
ow

er
(M

W
)

c)

in, FWHM=185 fs

out, FWHM=31 fs

950 1000 1050 1100

wavelength (nm)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

n
or
m
al
iz
ed

P
S
D
(a
rb
.u
.)

d)

in, Δωin = 0.4%

out, Δωout = 7.8%

out, phase

0 2 4 6 8
power (MW)

−40 −30 −20 −10 0
log PSD (arb. u.)

0

5

10

15

20

p
h
ase

(rad
)















−200 0 200

time (fs)

0

11

22

34

p
as
se
s

a)

950 1000 1050 1100

wavelength (nm)

0

11

22

34

p
as
se
s

b)

−200 0 200

time (fs)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

p
ow

er
(M

W
)

c)

in, FWHM=199 fs

out, FWHM=506 fs

1000 1020 1040 1060 1080

wavelength (nm)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

n
or
m
al
iz
ed

P
S
D
(a
rb
.u
.)

d)

in, Δωin = 0.3%

out, Δωout = 3.0%

out, phase

0 1 2
power (MW)

−40 −30 −20 −10 0
log PSD (arb. u.)

0

2

4

6

8

10

p
h
ase

(rad
)



−400 −200 0 200 400

time (fs)

0

10

20

30

40

50

b
ou

n
ce
s
on

-2
00

fs
2
G
T
I
m
ir
ro
rs

TFWHM =488.7 fs

TFWHM =415.9 fs

TFWHM =336.2 fs

TFWHM =253.0 fs

TFWHM =168.1 fs

TFWHM =79.7 fs

TFWHM =50.3 fs

TFWHM =58.9 fs

TFWHM =69.3 fs

TFWHM =81.4 fs

TFWHM =98.8 fs

TFWHM =117.8 fs

TFWHM =156.0 fs

TFWHM =270.3 fs



1020 1030 1040 1050

wavelength (nm)

20

30

40

50

60

70

lo
g
P
S
D

(a
rb
.
u
.)

a)

0.7 W

1.7 W

2.9 W

4.1 W

5.3 W

9.6 W

15.7 W

22.7 W

31.2 W

39.3 W

47.1 W

54.1 W

1020 1030 1040 1050

wavelength (nm)

10

20

30

40

50

in
ci
d
en

t
p
ow

er
(W

)

b) normalized PSD (arb. u.)



−400 −200 0 200 400

time (fs)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

in
te
n
si
ty

(a
rb
.
u
.)

253 fs

163 fs

FWHMACF

a)
5.3 W 54.1 W

20 40

incident power (W)

100

120

140

160

180

p
u
ls
e
d
u
ra
ti
o
n
(f
s)

b)
26 GTI bounces

34 GTI bounces

38 GTI bounces

44 GTI bounces













0 5 10 15 20
MCP x position (mm)

0.0

0.5

1.0

1.5

2.0

M
C
P
y
p
os
it
io
n
(m

m
)

a)

12.35 12.40 12.45 12.50 12.55 12.60

−0.01
0.00
0.01
0.02

0.02 0.04

−0.02

−0.01

0.00

0.01

e− MCP hit position σx σy

0 1 2 3 4
vx (m/μs)

−1

0

1

v z
(m

/μ
s)

b)
e−

e− [3]

0 5 10 15 20
MCP x position (mm)

0

50

100

σ
(μ
m
)

c)
σx σy MCP

0 250 500 750 1000
source radius (μm)

0.0

2.5

5.0

7.5

10.0
σ
E
/E

(%
)

d)
5mm

10mm

15mm











𝖤𝗉𝗈𝗅

original Abel inverted

𝖨𝗉𝖾𝖺𝗄 = 9𝖳𝖶∕𝖼𝗆2

a)

𝖤𝗉𝗈𝗅

original Abel inverted

𝖨𝗉𝖾𝖺𝗄 = 12𝖳𝖶∕𝖼𝗆2

b)

𝖤𝗉𝗈𝗅

original Abel inverted

𝖨𝗉𝖾𝖺𝗄 = 14𝖳𝖶∕𝖼𝗆2

c)

𝖤𝗉𝗈𝗅

original Abel inverted

𝖨𝗉𝖾𝖺𝗄 = 16𝖳𝖶∕𝖼𝗆2

d)

log (PAD intensity)
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