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1.

meV TeV

Resonant

Coherent Excitation: RCE [1, 2, 3, 4, 5, 6]

(a)

1: (a) (b)

E0 exp(−ik ·r)

(b)

RCE

RCE

Rb RF RCE

[7, 8]

X

10−10 m
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108 m/s

1018 Hz

X RCE

X -VUV

RCE

[9]

[9, 10, 11]

2. RCE

V (r)

V (r) =
∑
g

Vg exp (−2πig · r) , (1)

Vg

g

v

V (r)

F

B v

F′ = γ (F + cβ × B) − γ2

γ + 1
β (β · F) ,

(2)

B′ = γ

(
B − 1

c
β × F

)
− γ2

γ + 1
β (β · B) ,

(3)

[12] c

β = v/c γ = 1/
√

1 − |β|2

F(r) = −∇V (r)

=
∑
g

2πigVg exp (−2πig · r) ,(4)

B(r) = 0, (5)

ω

N = 1

v

d(a)

(b)

N = 3

N = 10

N = 100

|S
(ω

)|
2  

/ Ν
2

. . . . .{
2: (a) N

(b)

N2

(2)

F′(r′, t′) =
∑
g

Fg exp[−2πiγg · vt′]

× exp
[
−2πig ·

{
r′ +

γ2

γ + 1
(β · r′)β

}]

(6)

Fg =

⎛
⎜⎜⎝

Fgx

Fgy

Fgz

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝

2πVgγgx

2πVgγgy

2πVggz

⎞
⎟⎟⎠ , (7)

ct′ = γ(ct − β · r), (8)

r′ = r +
γ2

γ + 1
(β · r)β − γβct, (9)

(3)
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Fg

exp

γg · v F′(t′)

g

g

1/|g|

2(a)

N v

S0(ω)

|S(ω)|2 = |S0(ω)|2 sin2(Nωd/2v)
sin2(ωd/2v)

,(10)

[1] d

N = 1, 3, 10, 100 |S(ω)|2 N2

2(b) N

N2

1/N

Q

μm

1000

φ

θ

 _
[110]

[110]

[001] C

B
A

v

Ion

 _
[110]

[110]

(a)

(b)

[001]

3: (a) (b)

(k, l, m) = (1,−1,−2)
.

3.

(6)

γg · v 3(a)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

A = (−1, 1, 0)a/2,

B = (0, 0, 1)a,

C = (1, 1, 0)a/2,

(11)

(k, l,m)

gk,l,m = kA∗ + lB∗ + mC∗, (12)

A∗ B∗ C∗

3(b)

g1,−1,−2

(12)

gk,l,m
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θ

φ

4: (a) (b) 2px

2py 2pz X

νk,l,m θ, φ

νk,l,m(θ, φ)

= γv · g
=

γv

a
{(
√

2k cos φ +
√

2m sin φ) cos θ + l sin θ},
(13)

ΔE

ΔE = hνk,l,m(θ, φ)

RCE

4(a) RCE

1.

RCE X

X

X

Si(Li)X

2.

1s 2p

RCE

3.

90

X

100%

X
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4.

F′(t′)

6

RCE X

gklm

5(a) (b) gklm

416 MeV/u He-like

Ar16+ 423 MeV/u He-like Fe24+

RCE 1s2 1S0 → 1s2p 1P1

φ = −0.23◦ −0.11◦

θ θ

(13)

Si(Li)

X RCE

(1,-1,0)

(1,-1,-2)

(1,-1,-4)

X

Fe24+

m

x

2p 1s

X I(ξ)

ξ I(ξ) = sin2 ξ

2px 2py

2pz

4(b)

2py 2pz 2px 2pz

(7)

5: (a)416 MeV/u Ar16+ (b) 423

MeV/u Fe24+

1s2p

X
(k, l, m)

(c)I /I
[11]

X I /I 5(c)

gklm
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Tilt angle θ  [deg.]

x

z

x

z

-y

x
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-y

Transition energy [eV]

X
-r

a
y
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ie
ld

s
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.]
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1.6 1.7 1.8

3315 3320 3325

1.8 1.9 2 2.1

3315 3320 3325

2.1 2.2 2.3 2.4
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1P
1

2P
3/2

2P
1/2

(b) Ar17+

(a)

6: (a) 1s2p (1P) 2p (2P)
(b)

390 MeV/u Ar17+

2p
X

2p1/2 2p3/2 RCE

[13]

I(ξ) =

⎧⎨
⎩

1 (for 2p1/2),

(1 − 3
5 cos 2ξ)/2 (for 2p3/2),

(14)

[14] 6(a) 2p1/2

2p3/2

390 MeV/u H-like Ar17+

6(b) 2p1/2

2p3/2

He-like 5(a)

2p

�  

�

3
1

3
9

.5
5

 e
V

1s2 (1S
0
)

1s2p (1P
1
)

9.3 x 10-15 s

2.3 x 10-9 s

1s2s (1S
0
)

hδ
c

1
5

.0
3

 e
V

7: Ar16+ Λ

Si(Li)

LIF

5. X -VUV

ΔE1 ΔE2⎧⎨
⎩

ΔE1 = hνk,l,m(θ, φ),

ΔE2 = hνk′,l′,m′(θ, φ),
(15)

[15] 7 Λ

ν0,0,−2 21P - 21S (15.03 eV) ν1,−1,−2

11S - 21P 3139.55 eV

(13) θ � 1

ν0,0,−2 θ θ

ν1,−1,−2

X RCE

ν0,0,−2 ν1,−1,−2

X

10



8(a)

hδc = ΔE[21P-21S] − hν0,0,−2, (16)

7

11S-21P

3139.55 eV RCE

δc

hδ
c
 = 2.4 eV

hδ
c
 = 1.2 eV

hδ
c
 = 0 eV

hδ
c
 = -1.1 eV

3130 3135 3140 3145 3150

hδ
c
 = -2.3 eV

Probing Energy [eV]

N
o

rm
a

liz
e

d
 X

-r
a

y
 Y

ie
ld

 [
e

V
]

Horizontal

Vertical

 3130

 3135

 3140

 3145

 3150

-8 -6 -4 -2  0  2  4  6  8

8: (a) δ
416 MeV/u

Ar16+ X (b) δ
X

[10]

δc = 0

Autler-Townes AT

[16] AT

[17, 18] AT

hδc

(b) “avoided level crossing”

�Ω0 = 0, 3.4 eV

ΔE± = ΔE[11S-21P] ± �

√
Ω2

0 + δ2
c ,

(17)

�Ω0 21P - 21S

δc = 0

3.4 eV

[10]

2s− 2p

AT

3.4 eV

μm 2s− 2p

8(a)

AT

ν0,0,−2

7 x

4(b) 2px

(a)

2px

2py 2pz
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9(b)

ν1,−1,0

AT

ν1,−1,0 2px

ν1,−1,4 AT

2px

X

VUV [11]

6. RCE

RCE

0.0

0.2

0.4

0.6

0.8

1.0

3135 3140 3145

5.25.35.4

3135 3140 3145

5.55.65.75.8

3135 3140 3145

5.85.966.1

(b)

(a)

θ

(1,-1,0) (1,-1,-2) (1,-1,-4)

9: (a)2p

x
(b)δ = 0

X

[11]

RCE

RCE

RCE

10(a)

�ω12 |1〉 |2〉
F cos ωLt

RCE

H H =

HA + HL + VAL

HA =
1
2

�ω12(|2〉〈2| − |1〉〈1|), (18)

HL = �ωL(â†â), (19)

VAL = −ed · F(|2〉〈1| + |1〉〈2|)(â† + â),

(20)

â† â

d = 〈2|r|1〉 = 〈1|r|2〉
[19]

N

|2〉|N〉 = |2, N〉

(HA + HL)|2, N〉 =
(

�ω12

2
+ N�ωL

)
|2, N〉,

(21)

RCE

HL

HT

VAL
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Energy

(a) (b) (c)

Eigenstate of
 H

A

Eigenstate of
 H

A
+H

c

Eigenstate of 
H

AC
= H

A
+H

C
+V

AC

Energy

10: (a) (b) + (c) +

HT = −�
2∇2

2M
, (22)

VAL = −eVg exp{−2πig · (R + r)},
(23)

M

K

(HA + HT )|2,K〉 =
(

�ω12

2
+

K2

2M

)
|2,K〉,

(24)

g RCE

�ω12 = hg · v − hδ, (25)

δ

10(b) K

δ � 1

K |2,K〉 |1,K+hg〉

VAL

|2, N〉 |1, N + 1〉

VAL

|1,K+hg〉 |2,K〉

H11 =
K2

2M
+

hg · v
2

+
hδ

2
, (26)

H22 =
K2

2M
+

hg · v
2

− hδ

2
, (27)

H12 =
�Ω∗

0

2
, (28)

H21 =
�Ω0

2
, (29)

Ω0 = |Ω0|eiα

�Ω0

2
= 〈2,K|VAL|1,K + hg〉,
= −eVg〈2,K| exp{−2πig · (R + r)}|1,K + hg〉,

(30)

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

|+,K〉
= sin ε|1,K + hg〉 + eiα cos ε|2,K〉,

|−,K〉
= e−iα cos ε|1,K + hg〉 − sin ε|2,K〉,

(31)
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11: |+,K〉 g0,0,−2

ε

tan 2ε = −|Ω0|
δ

, (32)

|+,K〉

g0,0,−2

11

p s ε

|−,K〉

E(±) =
K2

2M
+

hg · v
2

± �

√
Ω2

0 + δ2,

(33)

±
1S |+〉 |−〉

(17)

RCE

RCE

g

g

E = pc

E = pcβ

(7)

β → 1

RCE

ΔE = hν

RCE k k−g

E(k) = E(k − g) + ΔE, (34)

|1,K+hg〉 |2,K〉
Brillouin zone

[20]

10−10 ∼ 10−12 m

2× 10−16 m

200
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400 MeV/u Ar

100 μrad

RCE

7.

“ ” “ ”

X

30

RCE

RCE He Li

RCE

strong-field QED

GSI Li U89+ 1s22s

- 1s22p3/2 RCE [21]

ESR

8.
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1

ψ(r) −→r→∞ exp(ikz) + f(θ, φ) exp(ikr)/r (1)

1
2

f(θ, φ) |f |2

( flux)

( 2 )

2

r

l

l

φl(r) −→r→∞ sin(kr − lπ/2 + δl)

∝ e−i(kr−lπ/2) − Sle
+i(kr−lπ/2) (2)

[1–4] δl

Sl =exp(2iδl)
S (2) S

e−i(kr−lπ/2)
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e+i(kr−lπ/2)

δl =0 Sl =1 Sl 1

Sl−1 σl

|Sl − 1|2
σl ∝ |Sl − 1|2 = 4 sin2 δl. (3)

Sl |Sl|=1
2

|Sl|<1
Sl Sl−1

(3) σl

|Sl|<1

i j

Sji S

i Sji(j = 1, 2, · · ·)
i

∑
j|Sji|2 =1

j �= i

|Sii|2<1 Sii

Sl

σel

|Sii−1|2 σel > 0

3

m

p̂=−ih̄∇ v̂ = p̂/m

T̂ = p̂2/2m =−(h̄2/2m)Δ
V (r, t) Ĥ

ih̄
∂Ψ
∂t

= ĤΨ = (T̂ + V )Ψ (4)

Ψ(r, t)

P (r, t) = |Ψ(r, t)|2 (5)

j(r, t) = (Ψ∗v̂Ψ − Ψv̂Ψ∗)/2 (6)

P (r, t)
j(r, t)

[ ]/[ ]

[1, 2]

[3–5]
V

(4) Ψ

∂

∂t

∫
V
P (r, t)dr =

∫
V

(
Ψ∗∂Ψ

∂t
+ Ψ

∂Ψ∗

∂t

)
dr

= −(i/h̄)
∫
V
[Ψ∗(ĤΨ) − Ψ(ĤΨ)∗]dr

= QT (t) + QV (t). (7)

QV (t) V

QV (t) = −(i/h̄)
∫
V
[Ψ∗(V Ψ) − Ψ(V Ψ)∗]dr

= (2/h̄)
∫
V
(ImV )P (r, t)dr (8)

V Im V

QV (t)
T̂ QT (t)
(A.2) (7)

∂

∂t
P (r, t) = −∇· j(r, t). (9)

P

j
j

(probability
current density) [3–5]
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P (r, t) j(r, t)
[4] j(r, t)

j(r, t)

(7) 2

B
φ∗ψ′′−φ∗′′ψ

(A.2)
∂

∂t

∫
V
P (r, t)dr = −

∫
S

jn(r, t)dS (10)

V S
jn dS

j(r, t)
S V

V
(10)

(9)

V

Ĥψ(r) = Eψ(r) ψ(r)

Ψ(r, t) = ψ(r)e−iEt/h̄ (11)

(4)
ih̄∂e−iEt/h̄/∂t =Ee−iEt/h̄

P (r, t) = |ψ(r)|2
(9) (10)

(11)
(6) Ψ(r, t) ψ(r)

j(r, t) j(r)

4

(1) j(r)
(6) 3
Ψ(r, t) Ψ∗(r, t) ψ(r) ψ∗(r)

jin(r)
jsc(r) jint(r)
jin(r)

v *1)

r S jsc(r)
j sc
r (r) r r−n

j sc
r (r) = (v/r2)|f(θ, φ)|2. (12)

dω S r2dω

v|f |2dω |jin| |f |2dω dω

dσ

j int
r (r)

j int
r (r) = (v/r)(1+χ)Re [f(θ, φ)eikr(1−χ)] (13)

[1–3] χ = cos θ Re

r θ j int
r (r)

θ

kr(1−χ)
θ

θ� 0
(θ = 0)

j sc
r |jin|

(12)
θ� 0

θ=0
θ

(13) θ� 0 (χ� 1)
1+χ 2 f(θ, φ) (θ→ 0 )
f(θ=0) S∫

S
j int
r (r)dS = −(4πh̄/m) Imf(θ =0), (14)

(12)∫
S

j sc
r (r)dS = v

∫
|f(θ, φ)|2dω =(h̄k/m)σ. (15)

*1) h̄k/m v
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jin(r)
S

(14) (15)

(15) θ� 0
(14)
[1–4] (14) (15)

σ = (4π/k) Imf(θ =0) (16)

σ

f(θ) δl

[1–4]

(16)
σ f(θ)

( )
( )

(2) 2 (6)
v v|Sl|2

(6)
2

5

V (8)
QV (t) (9) (10)

V

(10) (8) (9)

VIm (VIm > 0)
( )(VIm < 0)

VIm σabs

−QV |jin|σabs ψ

(8)

σabs = −QV /|jin| = −(2/h̄v)(ψ, VImψ) (17)

ri

VIm ∝∑
i δ(ri) (17) ψ

-
V

Er − iΓ/2 Γ
h̄/Γ

VIm ( -
)

[6]

VIm

(17)
δl

|Sl|= | exp(2iδl)|<1
2

(7) QT (t)

QT (t) =
−i

h̄

∫
V
[Ψ∗T̂Ψ − ΨT̂Ψ∗]dr

=
−i

2mh̄

∫
V
[Ψ∗p̂2Ψ − Ψp̂2Ψ∗]dr

=
−i

2h̄

∫
V
p̂ · [Ψ∗v̂Ψ − Ψv̂Ψ∗]dr (A.1)

(6)
j(r, t) 2

QT (t) = −
∫
V
∇· j(r, t)dr. (A.2)
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