






57
Fe

57
Fe

119
Sn





57
Fe

57
Fe

119
Sn





57

57







Γ �0 (�0/Γ)

57
Fe 1012





3.9 × 1014 Hz 769 nm

1019



Λ







57
Fe





Γ

�W = �0 − �'
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E(r, C) = |E| ei(lC−k·r)

( |k|2 − |K|2)E − k(k · E) = |K|2
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|$ (C) |2 |% (C) |2

|$ (C) + % (C) |2 = |$ (C) |2 + |% (C) |2 + 2 |% (C)$ (C) | cos ([$ − [% ) .

c/2
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=
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=
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∑
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=
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$̂ (G,~) = e−i(= (G,~)−1) ΔI = eiX (G,~) ΔI · eV (G,~) ΔI .

X V

$̂ (l) = e−i(= (l )−1) I = e−iχ0 (l ) I/2.
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#×1 #

O 9 ∈ R
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· ˆ̀ 9∑

9 |V̂ 9 |
2

.
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d ∇
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Û
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Û
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d ← 0 ∇
Û
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ˆ̀
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∇
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∏
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∏
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Û

Û L
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√
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1√

2c22
9@

e
−(� 9@−b 9@ )

2/(222
9@ ) .

d (Û) =
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· Û |2 − b 9




2 .

∇
Û
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1

‖·‖1

'TV (Û) =
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b0, b1 · · · b"−1 ←

Δl0,Δl1 · · ·Δl"−1 ←

V̂ ← ∈ C#
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d ← 0 ∇
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9 ∈ {0, 1, . . . " − 1}
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(
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)
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2)

∇
Û
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Û
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Û ← Û + d
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=
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Δl0,Δl1 · · ·Δl"−1 ←
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∇
Û
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Û
d

Û ← Û + d

8 =<0G 8C4A

8 ← 8 + 1



Û
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∑
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Fe 2.5 μm
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ÛA Û∗
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#? #? # ∗?

# ∗? ≈ 3×109

#?/#
∗
?

f2

SNR9@ =
b 9@√

b 9@ + f2
,

b 9@ @ΔC Δl 9

Û∗

#?/#
∗
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−200 Γ 200 Γ

#?/#
∗
? −→ 1

#?/#
∗
?

f2 = 10

#?/#
∗
? =

f2

#?/#
∗
? = 0.01 f2

Û (0) 4096× 1

Γ Γ









#?/#
∗
? = 0.001

−c c

|Û | = 0



∼ 300

#?/#
∗
? = 0.01
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)min = 0 )max

"factor

"factor

)max = 102.4

� : 0 ≤ |Û? | ≤ 1 ∀ ?

Û? = 1 if |Û? | > 1
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Û∗∞

)min )max

0

)max

)max N

N@ =



1 @ΔC ≤ )max

0

Û∗� = F
−1 · diag(N ) · F · Û∗∞,

F Û∗�
57
Fe

N





57 57
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B 0.12

f

B ‖ f

B ‖ c

k

4096×1

)max ÛA

ÛA� = F
−1 · diag(N ) · F · ÛA

N
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"factor

×

)min )max

s−1
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Γ
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d (0) = −∇
Û (0)

d

d

V W

U

V = 0

W = 0

W = U

<0G 8C4A ←

U ← U0 ∈ [0, 1]

V ← V0 ∈ [0, 1]

W ← W0 ∈ [0, 1]

b0, b1 · · · b"−1 ←





Δl0,Δl1 · · ·Δl"−1 ←

V̂ ← ∈ C#

Û ← Û (0) ∈ C#

∇
Û (8−1)

d ← 0 ∈ C#

8 ← 0

d ← 0

∇
Û
d ← 0

9 ∈ {0, 1, . . . " − 1}

V̂ 9 ← V̂ Δl 9
ˆ̀
9 ← diag(V̂ 9 ) · Û

d ← d + dist(b 9 , |F · ˆ̀ 9 |
2)

∇
Û
d ← ∇

Û
d + ∇

Û
dist(b 9 , |F · ˆ̀ 9 |

2)

dgrad ← ∇Ûd − ∇Û (8−1) d

d ← −U · ∇
Û
d + V · (d − Wdgrad)

Û ← Û + d

∇
Û (8−1)

d ← ∇
Û
d

8 ← 8 + 1

8 =<0G 8C4A

Û



[ ∈ [0, 1]

[ = 0 U ′ C

d

0 < [ < 1 d

=D< 102:CA02:B �

10−4 0.3

V

(V,�, =D< 102:CA02:B) = (0.5, 0.25, 10)

U ′ U ′ = 1

8 ≥ 2

U
(8 )
1

U
(8 )
2

U (8 ) = F (8 ) · U
(8 )
1 + (1 −F

(8 ) ) · U
(8 )
2 .

0 ≤ F (8 ) ≤ 1

<0G 8C4A ←

[ ← [0 ∈ [0, 1]



U ← U0 ∈ [0, 1]

V ← V0 ∈ [0, 1]

� ← �0 ∈ [0, 1]

=D< 102:CA02:B ← 10

b0, b1 · · · b"−1 ←

Δl0,Δl1 · · ·Δl"−1 ←

V̂ ← ∈ C#

Û ← Û (0) ∈ C#

Û (8−1) ← Û (0) ∈ C#

∇
Û (8−1)

d ← 0 ∈ C#

& = 1

& (8−1) = 1

8 ← 0

d ← 0

∇
Û
d ← 0

9 ∈ {0, 1, . . . " − 1}

V̂ 9 ← V̂ Δl 9
ˆ̀
9 ← diag(V̂ 9 ) · Û

d ← d + dist(b 9 , |F · ˆ̀ 9 |
2)

∇
Û
d ← ∇

Û
d + ∇

Û
dist(b 9 , |F · ˆ̀ 9 |

2)

d2 ← d

d2 ←
[ ·& (8−1) · d

&

& ← [ ·& (8−1) + 1

& (8−1) ← &



8 ≤ 2

U ′ ← U

dgrad ← ∇Ûd − ∇Û (8−1) d

U ′ ← ADHOC STEPSIZE(d, dgrad)

C ← ARMIJO BACKTRACK(Û, d2 ,∇Ûd, d, U
′, V,�, =D< 102:CA02:B)

d ← −∇
Û
d

Û ← Û + C · d

∇
Û (8−1)

d ← ∇
Û
d

8 ← 8 + 1

8 =<0G 8C4A

Û

<0G 8C4A ←

[ ← [0 ∈ [0, 1]

U ← U0 ∈ [0, 1]

V ← V0 ∈ [0, 1]

� ← �0 ∈ [0, 1]

=D< 102:CA02:B ← 10

b0, b1 · · · b"−1 ←

Δl0,Δl1 · · ·Δl"−1 ←

V̂ ← ∈ C#

Û ← Û (0) ∈ C#

Û (8−1) ← Û (0) ∈ C#

∇
Û (8−1)

d ← 0 ∈ C#

& = 1



& (8−1) = 1

8 ← 0

d ← 0

∇
Û
d ← 0

9 ∈ {0, 1, . . . " − 1}

V̂ 9 ← V̂ Δl 9
ˆ̀
9 ← diag(V̂ 9 ) · Û

d ← d + dist(b 9 , |F · ˆ̀ 9 |
2)

∇
Û
d ← ∇

Û
d + ∇

Û
dist(b 9 , |F · ˆ̀ 9 |

2)

d2 ← d

d2 ←
[ ·& (8−1) · d

&

& ← [ ·& (8−1) + 1

& (8−1) ← &

8 ≤ 2

U ′ ← U

dgrad ← ∇Ûd − ∇Û (8−1) d

U ′ ← BB STEPSIZE(d, dgrad)

C ← ARMIJO BACKTRACK(Û, d2 ,∇Ûd, d, U
′, V,�, =D< 102:CA02:B)

d ← −∇
Û
d

Û ← Û + C · d

∇
Û (8−1)

d ← ∇
Û
d

8 ← 8 + 1



8 =<0G 8C4A

Û

ARMIJO BACKTRACK(Û, d2 ,∇Ûd, d, U
′, V,�, =D< 102:CA02:B)

C ← U ′

1 ← 0

1 = =D< 102:CA02:B

1 ← 1 + 1

C ← V · C

Û ′ ← Û + C · d

d ′ ← 0

9 ∈ {0, 1, . . . " − 1}

V̂ 9 ← V̂ Δl 9
ˆ̀
9 ← diag(V̂ 9 ) · Û

′

d ′ ← d ′ + dist(b 9 , |F · ˆ̀ 9 |
2)

d ′ − d ≤ � · C · 〈∇
Û
d2 , d〉'40;

C

ADHOC STEPSIZE(d, dgrad)

n ← 10−9

U ′′ ←
dgrad

n + 〈d , ∇
Û
d〉'40;

MIN(1, 2U ′′)

BB STEPSIZE(d, dgrad)



n ← 10−9

U1 ←
‖d‖2

〈d , dgrad〉'40;

U2 ←
〈d , dgrad〉'40;

dgrad

2

 1 ←


U1 · dgrad − d

2

 2 ←





 d

n + U1
− dgrad






2

F ←
 2

n +  1 +  2
F · U1 + (1 −F) · U2

d

d (8 ) = −∇
Û (8 )

d + ` (8 )d (8−1)

Û (8+1) = Û (8 ) + C (8 )d (8 )

d C

(V,�, =D< 102:CA02:B) = (0.5, 0.25, 10)

C

C

<0G 8C4A ←

U ← U0 ∈ [0, 1]



V ← V0 ∈ [0, 1]

� ← �0 ∈ [0, 1]

=D< 102:CA02:B ← 10

b0, b1 · · · b"−1 ←

Δl0,Δl1 · · ·Δl"−1 ←

V̂ ← ∈ C#

Û ← Û (0) ∈ C#

∇
Û (8−1)

d ← 0 ∈ C#

d ← 0 ∈ C#

8 ← 0

d ← 0

∇
Û
d ← 0

9 ∈ {0, 1, . . . " − 1}

V̂ 9 ← V̂ Δl 9
ˆ̀
9 ← diag(V̂ 9 ) · Û

d ← d + dist(b 9 , |F · ˆ̀ 9 |
2)

∇
Û
d ← ∇

Û
d + ∇

Û
dist(b 9 , |F · ˆ̀ 9 |

2)

U ′ ← U

d2 ← d

C ← ARMIJO BACKTRACK(d2 ,∇Ûd, d, U
′, V,�, =D< 102:CA02:B)

` ← HAGER ZHANG(∇
Û
d,∇

Û (8−1)
d, d)

d ← −∇
Û
d + ` · d

Û ← Û + C · d

∇
Û (8−1)

d ← ∇
Û
d

8 ← 8 + 1

8 =<0G 8C4A



Û

HAGER ZHANG(∇
Û
d,∇

Û (8−1)
d, d)

n ← 10−9

[ ← 0.1

[′ ← −
1

n + ‖d‖ ·MIN([,


∇

Û (8−1)
d


)

dgrad ← ∇Ûd − ∇Û (8−1) d

s ← dgrad − 2d ·



dgrad

2
n + 〈d , dgrad〉'40;

`′ ←
〈s , ∇

Û
d〉'40;

n + 〈d , dgrad〉'40;
MAX(`′, [′)



8

m
(8 )
1 = V1m

(8−1)
1 + (1 − V1)∇Û (8 ) d

m
(8 )
2 = V2m

(8−1)
2 + (1 − V2)(∇Û (8 ) d)

2

Û (8+1) = Û (8 ) − U
m̂
(8 )
1√

m̂
(8 )
2 + n

m̂
(8 )
1 =

m
(8 )
1

1 − V1
and m̂

(8 )
2 =

m
(8 )
2

1 − V2
.

n U (V1, V2)

m1 m2

m1 m2



1

∼ 100

g = g# g#



b! ∝ 2g = 2g# =
ℏ2

Δ�W

Δ�W

57
Fe g# = 141.11 b!
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_ f0

(

b) ∼
_(

2cf0
.

C

3

�1 (C) �2 (C)





~0 = 0 ~! = 0

b)4

f0 = 4 − 400 μm

f! mm b)4

b)4 ∼
_!

2cf!
.

68.5

_ = 0.086 ! ∼ 1 f! ∼ 0.2
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C > )bs





57
Fe

)bs

57
Fe



Û = eiŨ

Ũ

phase(Û) = ℜ(Ũ) = −% ·  · I

−log( |Û |) = ℑ(Ũ) = # ·  · I

% #

 I

l

Ũ

Δl 9

O ( 9 ) = |F · diag(V̂ 9 ) · e
iŨ |2.

U V =





CALC DETUNINGS()

vmax, viso

SIM HISTOGRAM()

()min,)max)

(vmax, viso, 90) s−1 s−1

vmax, viso

{20, 21 · · · 2"−1} ←

Û∗ ←

V̂ ∗ ←

90 ← 1

vmax ← 25 mm s−1

viso ← 0 mm s−1

Δl0,Δl1 · · ·Δl"−1 ← CALC DETUNINGS(vmax, viso 90

{b′0, b
′
1 · · · b

′
"−1} ← SIM HISTOGRAM(Û∗, V̂ ∗, {Δl0,Δl1 · · ·Δl"−1}

2′0, 2
′
1 · · · 2

′
"−1 ←

∑
@ b
′
0,
∑
@ b
′
1 · · ·

∑
@ b
′
"−1

v′max v′iso ← LSQFIT({20, 20 · · · 2"−1} {2
′

0, 2
′

1 · · · 2
′

"−1} vmax viso)

vmax, viso ← v′max, v
′
iso

57 57
Fe

20.70(3) s−1

−0.10(1) s−1
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diag(^ ) ^
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