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ωtr

ωtr = ω0 + k · v + µB/!.

µ = µB(mjegje −mjggjg)

δ = ωtr−ω0 + δ0 ωtr

F = −βv − κz.

β = − 8!k2δ0s0
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f(εν) =
1

e(εν−µ)/kBT − 1
.

εν ν T
µ N

T → 0

Tc

kBTc ≈ 0.94!ωN1/3.

N
ω = (ω1ω2ω3)1/3

Tc

ω ≈ 100 Hz N ≈ 1 · 106

Tc ≈ 100 nK



f(εν) =
1

e(εν−µ)/kBT + 1
.

kBT >> (εν − µ)
f(εν) = e−(εν−µ)/kBT

Tc

kBTF = !ω(6N)1/3
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a = abg

(
1− ∆B

B −B0
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abg B0 ∆B
6Li B0 = 834G

a

Tc ≈ 0.28TF eπ/2kF a

a < 0 | ↑〉 | ↓〉

kF |R∗| ' 1 R∗

kF

kF a



6Li
|1〉 |2〉

834G 543G

a
1/kF a

• 1/kF a < 0 kF a ' −1

• 1/kF a = 0
f(k) a → ∞ f(k) = i/k

EF

µ
EF µ = (1 + β)EF β

• 1/kF a > 0 1/kF a < 0

1/kF a > 0



EB = −!2/ma2

Ĥ = −J
∑

<i,j>,σ

(ĉ†i,σ ĉj,σ + h.c.) + U
∑

i
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∑
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εin̂i,σ.
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n̂i,σ = ĉ†i,σ ĉi,σ σ i εi
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)
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TN

〈ni〉 = 1 U * J

HH = JAF

∑

<i,j>

Si · Sj.

JAF = 4J2

U ∝ J · J

TN ≈ 0.01TF ...0.03TF

6Li 40K
J/U J 6Li 40K

T ≈ 0.059TF
40K

6Li

〈n〉 < 1
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23Na 6Li

10−11 mbar



350◦C



vbeam =
√

9πkBT/8m

vc

vc

vc ≈ 25 m/s

vbeam

B(z)
v

δ0(z) = k · v + µB(z)/!

k µ = µB(mjegje − mjggjg)

δ0(z) ≡ δ0

s0 →∞

amax =
!kΓ

2m
.

a = ηamax 0 < η < 1

B(z) = B0

√
1− z/z0 + Bc,



B0 = !kvbeam/µ Bc = !δ0/µ z0 = Mv2
beam/η!kγ

vbeam δ0

z0

50 G/cm

• vbeam

6Li 23Na
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• amax

η < 1
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.

η
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s0 < ∞ amax



η < 1

0
z0

•
δ0

Bc = 0

δ0 = 0 B = 0

B0 = −Bc

σ+

σ−

B(z) = 0

50 G/cm

•
1 kW

δ0

B0 Bc



−44 A −25 A −15 A 44 A 91 A
15 A

B0 = 1180 G Bc = −430 G
z0 = 0.95 m δ0 = −600 MHz

vbeam = 973 m/s η = 0.54

200◦C

4%

T = 100◦C vbeam = 913.4 m/s



973 m/s
|dB/dz|max = 1.13 kG/m 2.27 kG/m

550 mm
600 mm |dB/dz| ≈ 1.1 G/m

Bmax = 750 G
|dB/dz| ≈ 150 G/m



7.5

B(z) =
µ0

2

R2I

(z2 + R2)3/2
,

R I

z

B(z) =
µ0

2

I

d
(

z − s1√
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+
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+
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I d = 4mm Ri

si e



−30 G

I Ri

si e
R1 = (47.76 ± 0.10) mm

R2 = (52.71± 0.14) mm
1” d = 4mm
R1 = 46.7 mm R2 = 50.7 mm

R1 R2



z = 350 mm lfit
9 = 254 mm lfit

10 = 362 mm
lexp
9 = 251 mm lexp

10 = 359 mm

6Li



D2
6Li ∆E ≈ µBgJmJB

D2
6Li

2 · 165 MHz −330 MHz
−216 MHz |F = 3/2, mF = 3/2〉 → |F =

5/2, mF = 5/2〉



±1.4 MHz/G
δ0

−216 MHz −600 MHz
384 MHz

228 MHz
−372 MHz

δ = −Γ/2
TDoppler = !Γ

2kB

2 · 150 MHz
84 MHz

−114 MHz
−30 MHz

±30 MHz

6Li
Γ

|F ′ = 3/2〉
|F = 1/2〉

+114 MHz

6Li

50% 50%



10Erecoil

1 kG
±1.4 MHz/G

±1.4 GHz

6Li

|F =
3/2, mF = 3/2〉

|F = 2, mF = 2〉





f = 4.51 mm

10 : 1

f = 6.5 mm NA = 0.62



f = 70 mm 4 : 1
1 : 1

23 mW I = 970 mA
500 mW 16 mW I = 853 mA

6Li

Rb Na



350◦C − 400◦C

10−1 Torr 330◦C

4 · 10−2 Torr

≤ 50%



2.6 mW 0.6 mW
w ≈ 0.5 mm

∆ν = ν0

√
kT/mc2 ≈ 1 GHz

δν = 228 MHz 2 GHz

23.17 MHz

6Li
6Li

ωco =
(ω1 +ω2)/2 v

F = 3/2
F = 1/2 F = 1/2



∆ν

νV CO νerr = |∆ν − νV CO|
νerr · τ τ ≈ 5 ns

1 m
sin (2πνerrt) · sin (2πνerr(t + τ)) = 1/2 · (cos (2πνerrτ) − cos (2πνerr(2t + τ)))

10 MHz

cos

100 MHz
100 MHz

f = 300 MHz
f = 750 MHz ∆ν = 330 MHz

∆ν = 780 MHz

2− 3 MHz
(1.5− 2) MHz

σ
√

2σ



2 GHz

6Li

Slower −600 MHz 75 mW 38%
MOT −60 MHz...0 MHz 215 mW 65%
Repump 168 MHz...228 MHz 200 mW 66%
Imaging ± 1.4 GHz

90%

−30 MHz 0 MHz −60 MHz
2/3

D2 589 nm

6Li
32P3/2 Γ = 10 MHz

|F = 2, mF = 2〉 → |F =

10W



3, mF = 3〉

D2
23Na ∆E ≈ µBgJmJB

|F = 2〉 → |F ′ = 2〉 |F = 2〉 → |F ′ = 3〉

2 · 110 MHz
−249 MHz |F = 2〉 → |F ′ = 3〉

δ0 = −600 MHz
−351 MHz

1.713 GHz



|F = 2, mF = 2〉 →
|F ′ = 3, mF = 3〉

2 · 112 MHz
−50 MHz 0 MHz −25 MHz

−351 MHz

|F = 2〉 → |F ′ = 2〉
|F = 2〉 → |F ′ = 3〉

+400 MHz 1.452 GHz
110 MHz

1.852 GHz −139 MHz

125 MHz

|F = 2, mF = 2〉 |F = 2, mF = 1〉
|F = 1, mF = −1〉 |F = 2, mF = 2〉

5 W
34%



|F = 1〉 σ+

|F = 2〉 → |F ′ = 2〉
|F = 2, mF = 2〉

191 MHz

|F = 2〉 → |F ′ = 1〉 |F = 2,mF = 2〉





6Li

δ = ω − ω0

δ !Γsc = Γ
δ Udip

δ →∞



νF

νF =
c

2d

c d
r < 1

F =
π
√

r

1− r

F * 1

δν =
νF

F .

τP =
1

2πδν

1/e
F * 1

Imax = Iin ·
F
π

Iin

d
R R < 0

g = 1 +
d

R
.

w0

w2
0 =

λd

2π

√
2
|R|
d
− 1

wm

w2
m =

λd/π√
(d/ |R|)[2− (d/ |R|)]

.

Ireflected = r · Iin



F = 10

νq,m,n = νF (q + (m + n + 1)
arccos (|g|)

π
),

q (m, n)
T0,0

g = 0

2d

R f = −R/2
g = 0 d = |R|

w0(d) R



|R| = 1.50 m d = 10 cm λ = 1024 nm
w0 = 296 µm wm = 301 µm

w0

r1 r2

r1 r2

τP

µs F > 105

T00

d g
(q, n, m) (q′, 0, 0)

δν

T00

85%

λ = 780 nm





ν
νF

1 kHz
kHz − MHz

1 kHz

µ σ
σ/µ

7th 60 Hz



σ/µ = 0.1%

3.7 µm 0.4 mrad
1.5 kHz

νF

T00

T13 T31 T22

T11

(q, m, n) m+n



178.3 MHz = νF · 2 · arccos (g)/π

11.0 MHz = νF · (1− 4 · arccos (g)/π).

d = 40.8 cm R = 1.48 m
dexp = 41 cm

Rm = 1.50 m

I(n,m)(ν) = I0
e−(n+m)/9.86

1 + (2F/π)2 sin2 (π · ν/νf − (n + m) arccos (g))

F = 150
n+m 9.86

n+m ≤ 14



T00 Tn,m

33.3%
35%

T00

7 ms

UHG
n,m(x, y) = N · Hn(

√
2x)e−x2/2 · Hm(

√
2y)e−y2/2

Hn(x)
Tn,m



T10

20 ms

T10

T10

n = 1
m = 0

T14,0

(ρ, φ, z)

ULG
l,m (ρ, φ) = N ·

( ρ

w

)m

Lm
l

(
2ρ2

w2

)
· exp

(
− ρ2

w2

)
· e−ik ρ2

2R−imφ+i(m+2l+1)ζ

z
N Lm

l w



T14,0

82 ms

k R ζ

m 0= 0
Lm

l (ρ = 0) = 0
m = 0 l ρ > 0

l = 1

ULG
l,m (ρ, φ) (l,m)

(l,±m) ∝ sin2 (mφ)
(l = 0, m = ±3)

π/3

(k, n)

k + n = 3

U(x, y) = ρ3L3
0

(
2ρ2

)
· e−ρ2 · sin (3φ) + ε1 · UHG

0,3 (x, y) + ε2 · UHG
1,2 (x, y),

Lm
l m!



l = 1 m = 0 84 ms

x = ρ cos (φ)
y = ρ sin (φ)

ε1 ≈ −0.02

ε2 ≈ −0.04



290 ms





6Li 23Na

Li2 NaLi

6Li



T/TF

λ λ/2

NaLi



6Li
6Li

6Li D2

1/2
1

λ 670.977338 nm
Γ 2π · 5.8724 MHz
vrec 9.886776 cm/s
Trec 3.53581152 µK
TD 140.91 µK
gI −0.0004476540
gJ(22S1/2) 2.0023010
gJ(22P3/2) 1.335
Isat 2.54 mW/cm2

D2
6Li

D2
6Li ∆E ≈ µBgJmJB



23Na
23Na

23Na
D2

1/2
3/2

λ 589.1583264 nm
Γ 2π · 9.7946 MHz
vrec 2.9461 cm/s
Trec 2.3998 µK
TD 235.03 µK
gI −0.00080461080
gJ(32S1/2) 2.00229600
gJ(32P3/2) 1.33420
Isat 6.2600 mW/cm2

D2
23Na

D2
23Na ∆E ≈ µBgJmJB



30 mm



100 µF

1 µF

0.1 µF

0.47 Ω 3 W



Eext

(ωlaser±ω) Eext ω

Eext ω ≈ 50 MHz

C ≈ 10 pF
d ≈ 1 cm l ≈ 3 cm

ωres

ωres

50 Ω

ωres

34%
1 W

2 W

ωres

3mm · 3mm · 20mm LiNbO3







8000 km





40K −87 Rb

6Li 7Li 23Na
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